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50 years of Chemistry at the Universidad Autónoma Metropolitana

*Guest editors: Julio César Almanza Pérez, email: jcap@xanum.uam.mx. Jorge Garza, email: jgo@xanum.uam.mx, 
Ignacio González, email: igm@xanum.uam.mx, Gregorio Guzmán-González, email: gguzmang@izt.uam.mx, 
J. Alberto Ochoa-Tapia, email: jaot@xanum.uam.mx

Fundamental chemistry and applied chemistry 
have played important roles in our country. For the 
past 50 years, the Universidad Autónoma 
Metropolitana (UAM) has contributed in both 
directions, initiating impactful projects and often 
addressing societal issues. In fundamental chemistry, 
new methodologies have been developed from an 
experimental standpoint, from the perspective of 
theoretical methods, or even from both viewpoints. 
From an applied perspective, projects have been 
developed that have culminated in the filing of 
patents or the creation of industrial prototypes.

For these reasons, this special issue of the 
Journal of the Mexican Chemical Society (J.Mex.
Chem.Soc.) features contributions from various 
perspectives, each with a unique touch from the 
research groups responsible for the respective 
publications. These contributions are organized in 
different sections: Perspectives, Historical Reviews, 
Full articles, Overviews, and Reviews. It is important 
to note that within UAM, there is only one 
Department of Chemistry. However, chemistry as a 
discipline is developed across various departments 

DOI: http://dx.doi.org/10.29356/jmcs.v68i4.2360

1Departamento de Ciencias de la Salud. División de Ciencias Biológicas y de la Salud. Universidad Autónoma 
Metropolitana-Iztapalapa. Av. Ferrocarril San Rafael Atlixco 186. Col. Leyes de Reforma 1ª Sección, 09310 
Iztapalapa. Ciudad de México. México.
2Departamento de Química. División de Ciencias Básicas e Ingeniería. Universidad Autónoma Metropolitana-
Iztapalapa. Av. Ferrocarril San Rafael Atlixco 186. Col. Leyes de Reforma 1ª Sección, 09310 Iztapalapa. Ciudad 
de México. México.
3Departamento de Ingeniería de Procesos e Hidráulica. División de Ciencias Básicas e Ingeniería. Universidad 
Autónoma Metropolitana-Iztapalapa.  Av. Ferrocarril San Rafael Atlixco 186. Col. Leyes de Reforma 1ª Sección, 
09310 Iztapalapa. Ciudad de México. México.

and different campuses of our institution. For this 
reason, the Guest Editors of this special issue belong 
to different Divisions of the Iztapalapa campus, 
developing research activities in various disciplines 
associated with chemistry, which guarantees to 
have to a broad perspective on the reception of 
articles, especially during the peer review process 
that was carried out for all the articles received.

Thus, the audience will find articles of different 
natures. For example, topics range from biological 
systems to highly theoretical subjects like 
fundamental quantum chemistry. This diversity 
represents the varied chemistry topics developed at 
the UAM by highly consolidated research groups 
and their collaborators. It is essential to mention 
that the reviewers involved in this special issue are 
from different institutions around the world, as is 
usually the case in a scientifically rigorous journal 
like the J.Mex.Chem.Soc. Therefore, the content 
presented in this special issue has been carefully 
reviewed with cutting-edge topics.

In order to publish the highest number of 
articles received by the deadlines proposed by the 

Julio César Almanza-Pérez1,*, Jorge Garza2,*, Ignacio González2,*, Gregorio Guzmán-González2,*, 
J. Alberto Ochoa-Tapia3,*
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The Guest Editors of this special issue of the 
Journal of the Mexican Chemical Society extend 
their gratitude to all the authors, reviewers, and the 
editorial team of this journal for their efforts. We 
hope that the published articles are well received 
and that the lines of research involved demonstrate 
their impact over the next 50 years. Long live 
UAM.

Mexico City, October 2024.

Guest editors

Julio César Almanza-Pérez
Jorge Garza

Ignacio González
Gregorio Guzmán-González

J. Alberto Ochoa-Tapia

publisher, it was necessary to divide the special 
issue into two parts. The first part will be the last 
number of 2024, corresponding to Volume 68, issue 
4, and the second will be the first number of 2025, 
corresponding to Volume 69, issue 1. The selection 
of articles for each issue has been carried out with 
the idea of showing the diversity of the specialties 
of chemistry trying to balance the fundamental and 
applied contributions.
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Abstract. The synthesis and characterization of two air-stable ruthenium (II) complexes from readily available 

triazole-based ligands are described. Both ruthenium complexes, one bearing a bidentate ligand (C-1) and the 

other a tridentate ligand (C-2), were tested as catalysts in the transfer hydrogenation of ketones and aldehydes 

using ethanol as a sustainable hydrogen source under aerobic conditions. Notably, the C-2 complex displayed 

exceptional efficiency under relatively mild conditions, demonstrating a wide substrate tolerance encompassing 

both alkyl and aryl ketones, as well as aryl aldehydes. Furthermore, our findings highlight the potential of Ru(II) 

complexes as effective catalysts for the hydrogenation of carbonyl bonds using ethanol, representing a green and 

sustainable approach without the necessity for an inert gas. 

Keywords: Catalysis; transfer hydrogenation; ruthenium; triazole; ethanol. 

 

Resumen. En este trabajo se describe la síntesis y caracterización de dos complejos de rutenio(II) estables al aire 

con ligantes basados en triazoles. En general, los triazoles pueden obtenerse fácilmente a través de reacciones 

simples utilizando reactivos comercialmente disponibles. Ambos complejos de rutenio, uno con un ligante 

bidentado (C-1) y el otro con un ligando tridentado (C-2), se probaron como catalizadores en reacciones de 

hidrogenación por transferencia de cetonas y aldehídos, utilizando etanol como fuente sostenible de hidrógeno en 

condiciones aeróbicas. En particular, el complejo C-2 mostró una eficiencia excepcional en condiciones 

relativamente suaves, demostrando una amplia tolerancia tanto con cetonas alquílicas como aromáticas, además 

de hidrogenar eficientemente aldehídos aromáticos. Estos resultados ponen de manifiesto el potencial de los 

complejos de Ru(II) como catalizadores eficaces para la hidrogenación de enlaces carbonilo utilizando etanol, lo 

que representa un enfoque ecológico y sostenible sin necesidad de un gas inerte. 

Palabras clave: Catálisis; hidrogenación por transferencia; rutenio; triazol; etanol. 
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Introduction 

    
Transition metal-catalyzed transfer hydrogenation reactions are among the most effective methods for 

reducing unsaturated C=O, C=N, and C=C bonds. [1] This process offers significant advantages over traditional 

catalytic hydrogenation, as it eliminates the need for molecular hydrogen, high-pressure reactors, and harsh 

reaction conditions, thereby enhancing safety and convenience in both laboratory and industrial settings. In 

essence, transfer hydrogenation involves the transfer of a proton and a hydride from the donor molecule to the 

unsaturated substrate. Various hydrogen donors, such as alcohols,[2] formic acid,[3] and water,[4] have been 

employed in transfer hydrogenation reactions. These donors are not only inexpensive and readily available, but 

also much safer to handle than molecular hydrogen. 

Among the non-H2 hydrogen sources in transfer hydrogenation, alcohols have emerged as effective 

hydrogen donors.[2] Isopropanol, in particular, is the most commonly used hydrogen source for reducing a wide 

range of substrates, as its oxidized product, acetone, can be easily removed from the reaction mixture. Unlike 

secondary alcohols, primary alcohols have an unfavorable redox potential and are generally oxidized to aldehydes, 

which are much more reactive than the acetone obtained from isopropanol.[5] Consequently, the use of primary 

alcohols as hydrogen sources is limited compared to secondary alcohols. However, primary alcohols such as 

methanol and ethanol are very attractive in terms of sustainability, as they can be obtained from renewable 

biomass, natural gas, or carbon dioxide.[6] The use of primary alcohols in transfer hydrogenation remains 

challenging due to various limitations. For instance, methanol produces formaldehyde as a by-product, which 

under strong reaction conditions can generate carbon monoxide, potentially poisoning the catalyst. Additionally, 

formic acid, another by-product, can neutralize the base commonly used in these catalytic transformations.[6] 

In this context, over the last few decades, a wide variety of homogeneous transition metal catalysts, 

including noble metals such as ruthenium,[7-9] rhodium,[10-13] and iridium,[14-16] as well as more cost-effective 

options like nickel,[17] cobalt,[18] iron [19] and others, have been developed for catalytic transfer hydrogenation 

reactions.[19-21] In general, catalytic systems employing precious metals tend to perform effectively under 

relatively milder conditions compared to those based on non-precious metals. Interestingly, catalysts based on 

ruthenium have shown remarkable catalytic activity in the activation of alcohols and their subsequent use as a 

hydrogen source in the hydrogenation of carbonyl bonds.[7-9]  

Since Grützmacher and co-workers reported the use of ethanol as the hydrogen source in transfer 

hydrogenation reactions in 2008,[22] numerous studies on ruthenium-catalyzed transfer hydrogenations utilizing 

ethanol have been conducted (Fig. 1). For example, in 2016, Khaskin et al. employed a Ru(II)-phosphine catalyst 

bearing a tridentate SNS ligand (A) for the transfer hydrogenation of esters using ethanol at 80 °C in the presence 

of a strong base (KOtBu) and toluene as the solvent.[23] Two years later, Weingart and Thiel reported on a Ru(II)-

phosphine complex featuring a tridentate NNN ligand (B) for the reduction of aldehydes and ketones with ethanol 

using a strong base under a constant N2 flow at 40°C, yielding satisfactory results.[24] However, it's worth noting 

that the use of strong bases in transfer hydrogenation is not ideal due to the possibility of aldehydes undergoing 

ketone α-alkylation, leading to non-selective reactions.[25]  

Subsequently, Bagh's group reported the use of a Ru(II) complex with a triazole-based ligand (C) as an 

effective catalyst for the transfer hydrogenation of a large number of aldehydes and ketones bearing various 

functional groups using both methanol and ethanol under aerobic conditions and relatively mild conditions in the 

presence of potassium carbonate, utilizing alcohol as both the solvent and the hydrogen source, resulting in 

excellent yields.[5] In 2022, Gong et al. developed a bidentate Ru(II)-NC (D) catalyst effectively catalyzing the 

transfer hydrogenation from azoarenes to hydrazoarenes with excellent selectivity.[25] They used 3 mol % of 

catalyst with a weak base and ethanol as the hydrogen source at 120 °C for 24 hours under an inert atmosphere. 

Recently, Wang et al. also used the same Ru(II)-NC (D) catalyst for transfer hydrogenation of ketones 

using ethanol under weak base conditions. In this catalytic protocol, the reactions were carried out under an argon 

atmosphere at 120 °C for 5 hours using 10 mol% of catalyst. The results suggest that the reaction is almost as 

efficient when the reaction is carried out under air.[26] According to Albrecht et al., the transfer hydrogenation of 

ketones using ethanol could also be catalyzed by an air-stable, coordinatively unsaturated ruthenium (II) complex 

(E), reaching 66 % and 40 % yields with ethanol and methanol, respectively, after 24 hours at 80 °C.[27] Pratihar's 

research group has also reported the use of a waste shrimp shell-based tetrazene-Ru (II) p-cymene (F) catalyst for 

the transfer hydrogenation of aldehydes with ethanol.[28] 
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Fig. 1. Representative examples of well-defined ruthenium catalysts for the transfer hydrogenation (TH) of 

C=O, C=N and C=C bonds using ethanol as the hydrogen source. 

 

 

 

As can be seen, the choice of ligands in ruthenium complexes as transfer hydrogenation catalysts plays a 

crucial role. In this regard, 1,2,3-triazoles, which can be easily synthesized via a copper(I)-catalyzed azide–alkyne 

cycloaddition reaction (CuAAC), have been extensively used as ligands in coordination chemistry. This is due to the 

presence of electron lone pairs on the triazole N2 and N3 atoms, which can coordinate with metal ions, forming stable 

metal complexes. Additionally, the predictable and modular composition of triazole-based ligands allows for fine-

tuning of the steric and electronic properties of their metal derivatives by modifying the constituent substituent groups. 

Motivated by the potential applications of ruthenium metal complexes and considering the importance of 

triazole ligands, we became interested in developing the chemistry of triazole-based ruthenium compounds. 

Ruthenium and triazole moieties form an effective combination for producing bioorganometallic compounds with 

potential biological and catalytic properties. In addition, given the growing demand for environmentally friendly 

methodologies and inspired by recent advancements in catalytic processes utilizing ethanol as a hydrogen source in 

transition metal-catalyzed transfer hydrogenations, herein, we disclose the synthesis and full characterization of two 

new air-stable triazole-based Ru(II) complexes and their catalytic evaluation in the homogeneous transfer 

hydrogenation of ketones and aldehydes under relatively mild conditions (1 mol% [Ru], 10 mol % of K2CO3 90 °C, 

3 and 24 h, in air), using ethanol as both the hydrogen source and solvent. This process produces secondary and 

primary alcohols in good to excellent yields with high selectivity. 

 

 

Experimental 

 
General considerations 

Unless otherwise noted, all experiments were performed in air. All solvents were purchased from 

commercial suppliers and used without further purification.  All other chemicals and filter aids were reagent grade 

and were used as received. Column chromatography was performed on silica gel (Merck, 230-700 mesh). 

Elemental analyses were performed in a Thermo Scientific Flash 2000 elemental analyzer. NMR experiments 

were recorded at 300 K on Bruker Avance DMX-500 (500 MHz) spectrometer using TMS or residual proton 

solvents as internal standard; and H3PO4 as external standard. The deuterated solvent used was CDCl3 and DMSO-

d6; chemical shifts (δ) are quoted in ppm and coupling constants in Hz; to indicate the multiplicity of the signals 

of 1H NMR spectra, the following abbreviations have been used: (s) singlet, (d) doublet, (t) triplet, (at) apparent 
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triplet, (m) multiplet, (dd) double doublet, (bs) broad signal. Catalysis products were quantified with a GC-MS 

Agilent 6890N chromatograph equipped with a 30 m DB-1MS Agilent capillary column, coupled to an Agilent 

Technologies 5973 Mass Spectrometer equipped with an Inert Mass Selective Detector. FTIR spectra of the 

samples were recorded using a Perkin–Elmer 600 spectrometer using the attenuated total reflectance (ATR) 

method. The absorbance peaks are reported in reciprocal centimeters (cm-1). Mass Spectrometer equipped with an 

Inert Mass Selective Detector. Mass spectra were recorded on mass spectrometer model micrOTOF II (Bruker 

Daltonics Inc.) using the Compass platform (otofControl and DataAnalysis from Bruker Daltonics Inc.). Spectra 

were acquired in positive mode with a capillary voltage of 4500 V, nebulizer gas: 0.5 Bar, drying gas 4.0 L/min 

and a drying temperature of 150 °C. 

 

Synthesis of ligands L1 and L2 

Synthesis of ligand L1 (2-(4-phenyl-1H-1,2,3-triazol-1-yl)phenol) 
Ligand L1 was synthesized according to the literature procedure.[5,29] Sodium ascorbate (0.200 g, 1.0 

mmol) and CuSO4·5H2O (0.025 g, 0.1 mmol) were added to a solution of 2-azidophenol (1.340 g, 10.0 mmol) in 

a 1:1 mixture of water and tert-butanol (50 mL). Thereafter, phenylacetylene (1.32 mL, 11.0 mmol) was added 

dropwise. The reaction mixture was stirred at 90 °C for 24 h. The resultant mixture was then added to ice-cold 

water (100 mL), resulting in the formation of a yellow-green precipitate. The yellow-green solid was isolated by 

filtration and then purified by column chromatography using silica gel and a 1:1 mixture of ethyl acetate and 

hexanes as eluent. The final product was isolated in 82 % yield as a light-yellow pure solid. 1H NMR (500 MHz, 

CDCl3) δ 9.89 (s, 1H), 8.30 (s, 1H), 7.93 – 7.89 (m, 2 H), 7.52 – 7.45 (m, 3H), 7.44 – 7.37 (m, 1H), 7.32 (ddd, J = 

8.3, 7.3, 1.5 Hz, 1H), 7.22 (dd, J = 8.3, 1.3 Hz, 1H), 7.03 (ddd, J = 8.1, 7.3, 1.4 Hz, 1H). 13C NMR (126 MHz, 

CDCl3) δ 149.6, 147.9, 129.9, 129.7, 129.2, 129.1, 126.2, 122.9, 120.4, 119.7, 119.5. ESI-TOF: 238.0971 

[(M+H)]+ (100 %), calculated for C14H11N3O: 237.0902.  

 

Synthesis of ligand L2: (2-(4-(6-(1-(2-hydroxyethyl)-14,2,32-triazol-4-yl)pyridin-2-yl)-1H-

1,2,3-triazol-1-yl)ethan-1-ol) 
Ligand L2 was synthesized in three steps using an adapted procedure documented previously.[30]  

Synthesis of 2,6-bis((trimethylsilyl)ethynyl)pyridine: In the first step, 2,6-dibromopyridine A (2.13 g, 

8.95 mmol), CuI (200 g, 1.05 mmol), and Pd(PPh3)4 (620 g, 0.88 mmol) were added to a 100 mL Schlenk flask. 

Then, 36 mL of anhydrous THF and 6 mL of Et3N were added. The resulting yellow solution was stirred at room 

temperature under a nitrogen atmosphere for 15 minutes. Next, ethynyltrimethylsilane (2.19 g, 22.9 mmol) was 

added dropwise via syringe into the solution, and the reaction mixture was stirred under a nitrogen atmosphere for 

10 hours. After the reaction time, the resulting mixture was added to a separatory funnel along with 10 mL of 1 M 

NH4Cl aqueous solution and extracted with dichloromethane (3 x 20 mL). The organic phase was dried with 

Na2SO4, filtered, and evaporated under reduced pressure, generating a brown solid. This solid was purified by 

flash chromatography using silica gel and a 5:95 mixture of EtOAc/Hexanes as eluent. The product, 2,6-

bis((trimethylsilyl)ethynyl)pyridine, was isolated in 98.1 % yield as a light-brown solid. 1H NMR (500 MHz, 

CDCl3): δ 7.57 (dd, J = 8.1, 7.5 Hz, 1H), 7.36 (dd, J = 7.8, 0.3 Hz, 2H), 0.24 (s, 16H). 13C NMR (126 MHz, CDCl3) 

δ 143.5, 136.3, 126.8, 103.3, 95.5, 77.4, 77.2, 76.9, -0.2. 

Synthesis of 2,6-diethynylpyridine, B: In the second step, 2,6-bis((trimethylsilyl)ethynyl)pyridine (1 g, 

3.31 mmol) and 15 mL of dichloromethane were added to a round-bottom flask equipped with a magnetic stirrer. 

NaOH (530.3 mg, 13.25 mmol) dissolved in 15 mL of methanol was then added to the flask. The reaction mixture 

was stirred at room temperature for 30 minutes. After this time, the solvent was removed under reduced pressure, 

and the crude product was immediately purified by chromatography using silica gel and a 10:90 mixture of 

EtOAc/Hexanes as eluent. The product 2,6-diethynylpyridine, B, was isolated in 98 % yield as a light-yellow solid. 
1H NMR (500 MHz, CDCl3) δ 7.62 (t, J = 7.8 Hz, 1H), 7.42 (d, J = 7.8 Hz, 2H), 3.14 (s, 2H). 13C NMR (126 MHz, 

CDCl3) δ 142.8, 136.6, 127.2, 82.2, 77.8. 

In the final step, a 100 mL round-bottom flask was charged with 2,6-diethynylpyridine (250 mg, 1.966 

mmol), CuSO4·5H2O (99.68 mg, 0.399 mmol), sodium ascorbate (158.18 mg, 0.7984 mmol), and 7.5 mL of tBuOH. 

Then, 2-azidoethan-1-ol (3.93.7 mg, 4.52 mmol) in 7.5 mL of water was added. The reaction mixture was heated at 

100 °C for 24 hours. After the reaction time, the resulting mixture was added to a separatory funnel along with 10 

mL of 1 M NH4Cl/EDTA aqueous solution and extracted with ethyl acetate (3 × 20 mL). The organic phase was 
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dried with Na2SO4, filtered, and evaporated to approximately 2/3 of the total volume under reduced pressure. A 

precipitate formed, which was filtered and washed with a minimum volume of cold ethyl acetate. Ligand L2 was 

isolated in 86 % yield as a white crystalline solid. 1H NMR (500 MHz, DMSO) δ 8.62 (s, 2H), 7.97 (s, 3H), 5.10 (s, 

2H), 4.51 (t, J = 5.4 Hz, 4H), 3.86 (s, 4H), 3.33 (s, 1H). 13C NMR (126 MHz, DMSO) δ 150.0, 146.9, 138.1, 123.8, 

118.2, 59.8, 52.5. ESI-TOF: 302.1359 [(M+H)]+ (100 %), calculated for C13H15N7O2:  301.1287. 

 

Synthesis of ruthenium complexes C-1 and C-2 

Synthesis of ruthenium complex C-1 
A 100 mL round-bottom flask equipped with a magnetic stirring bar was charged with 200.0 mg (0.218 

mmol) of [Ru(PPh3)3H2CO]31, 39 mg (0.218 mmol) of ligand L1 and 20 mL of THF. To this solution, 46 μL (0.744 

mmol) of Et3N was added, and the resulting reaction mixture was heated at 67 °C for 48 hours. The resulting 

solution was evaporated under reduced pressure, and the residue was purified by flash chromatography on silica 

gel using EtOAc/hexanes (20:80) as the eluent. Complex C-1 was isolated as a white-off powder in 68 % yield. 
1H NMR (500 MHz, CDCl3) δ 7.65 – 7.58 (m, 14H), 7.45 – 7.41 (m, 2H), 7.39 – 7.33 (m, 1H), 7.31 (s, 1H), 7.25 

– 7.14 (m, 18H), 6.65 (ddd, J = 8.5, 6.9, 1.8 Hz, 1H), 6.50 (dd, J = 8.4, 1.4 Hz, 1H), 6.09 (dd, J = 8.0, 1.8 Hz, 1H), 

6.03 (ddd, J = 8.1, 6.9, 1.4 Hz, 1H), -11.40 (t, J = 19.9 Hz, 1H).13C NMR (126 MHz, CDCl3) δ 204.7, (t, J= 15 

Hz), 160.7, 147.3, 134.8 (at, J = 20.4 Hz), 134.2 (at, J = 6.0 Hz), 130.4, 129.1, 128.8, 128.3 (d, J = 5.4 Hz), 127.8 

(at, J = 4.6 Hz), 126.2, 125.9, 125.8, 120.4, 116.9, 112.5. 31P{1H} NMR (126 MHz, CDCl3) δ 40.9. ESI-TOF: 

892.1745 [(M+H)]+ (100 %), calculated for C51H41N3O2P2Ru: 891.1742. Anal. Calcd. for C-1, C51H41N3O2P2Ru: 

C, 68.76; H, 4.64; N, 4.72. Found: C, 68.75; H, 4.78; N, 4.75.  

 

Synthesis of ruthenium complex C-2  
A 100 mL round-bottom flask equipped with a magnetic stirring bar was charged with 117.4 mg (0.24 

mmol) of [RuCl2(CH3SOCH3)4], 100 mg (0.24 mmol) of ligand L2, and 10 mL of THF. The resulting reaction 

mixture was heated at 67 °C for 24 hours. The solution was then evaporated under reduced pressure, and the 

residue was purified by flash chromatography on silica gel using CH3OH/acetone (50:50) as the eluent. Complex 

C-2 was isolated as an orange solid in 81.9 % yield. 1H NMR (500 MHz, DMSO) δ 9.15 (s, 1H), 8.19 (d, J = 8.3 

Hz, 1H), 8.12 (t,1H), 4.59 (t, J = 5.1 Hz, 2H), 3.89 – 3.83 (m, 2H), 3.53 (s, 3H). 13C NMR (126 MHz, DMSO) δ 

146.30, 137.20, 125.67, 118.24, 59.38, 54.07, 46.63, 23.28. Anal. Calcd. for C-2, C15H21Cl2N7O3RuS: C, 32.67; 

H, 3.84; Cl, 12.86; N, 17.78. Found: C, 32.71.; H, 4.01; N, 17.59. The ESI-TOF mass spectra of C-2 exhibited an 

[(M-Cl) + K]+ ion peak at m/z 556.05 calculated for C15H21ClN7O3RuS. 

 

Catalytic experiments 
The reactions were performed in 25 mL reaction tubes equipped with an inner magnetic stirring bar using 

a Carousel 12 Plus reaction station. The tubes were charged with a mixture of the corresponding Ru catalyst (0.01 

mmol), ketone or benzaldehyde derivatives (1 mmol), base (0.1 mmol), and 4 mL of ethanol or isopropanol. The 

reaction mixture was stirred and heated at 90 °C or at room temperature for different reaction times. After the 

prescribed reaction times, the resulting mixtures were cooled to room temperature, filtered through Celite, and 

analyzed by GC-MS. After taking an aliquot for GC-MS analysis, selected crude products were purified by silica 

gel column chromatography using ethyl acetate/hexanes as the eluent and analyzed by 1H NMR. 

 

 

Results and discussion 

 
Synthesis and characterization of ruthenium complexes C-1 and C-2 

Bidentate ligand L1 was synthesized using an adapted procedure documented previously,[5] utilizing 

commercially available 2-aminophenol and ethynylbenzene, as outlined in Scheme 1. L1 was obtained in two 

steps through Sandmeyer/click copper-catalyzed azide−alkyne reactions and isolated as a light-yellow solid with 

a yield of 82 % after purification by flash chromatography. This ligand was further characterized by 1H and 
13C{1H} NMR spectroscopy and structurally confirmed by direct comparison of previously reported data (full 

details are provided in the experimental section).  
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Ligand L2 was easily obtained owing to the flexibility of copper-catalyzed azide−alkyne cycloaddition 

method. Consequently, the reaction between 2-azidoethanol and 2,6-diethynylpyridine yielded the desired 

tridentate ligand L2 as a white solid in a good yield of 86 % after purification by chromatographic column, as 

illustrated in Scheme 2. Due to the C2-symmetry in L2, only a few resonances were observed in the 1H NMR 

spectrum (SI, Fig. SI12). The spectrum of L2 displayed a characteristic singlet at 8.62 ppm assigned to the proton 

of the triazole moiety, as well as a multiplet at 7.99 – 7.9 ppm resulting from the overlap of the pyridyl signals. 

The methylene bonded to the -OH group appeared as an apparent quadruplet at 3.86 ppm, and the methylene 

attached to the triazole ring was observed as a triplet at 4.51 ppm, while the alcohol moiety presented a triplet 

signal at 5.10 ppm. Additionally, 13C{1H} NMR study and mass spectrum of L2 confirmed the formation of the 

tridentate L2 (see SI, Fig. SI13). 

 

 
Scheme 1. Synthesis of bidentate ligand L1 and ruthenium complex C-1. 
 

 

 

 
Scheme 2. Synthesis of bidentate ligand L1 and ruthenium complex C-1. 
 

 

 

The ruthenium (II) complex C-1 was obtained through the facile coordination of L1 with 

[RuH2(PPh3)3CO] in the presence of Et3N, resulting in an air-stable off-white solid with a yield of 68% (Scheme 

1). Similarly, the reaction of the tridentate N-donor ligand L2 with [RuCl2(DMSO)4] in tetrahydrofuran at reflux 

temperature yielded air-stable complex C-2 as an orange solid in 81.9% yield (Scheme 2). 

The identities of the newly synthesized ruthenium (II) complexes C-1 and C-2 have been confirmed 

through multinuclear NMR (1H, 13C and 31P for C-1 only), ESI-TOF mass spectrometry, and satisfactory 

elemental analysis. As expected, the 1H and 13C NMR spectra of bidentate ruthenium (II) complex C-1 are 

consistent with C1-symmetry.  In the 1H NMR spectrum of C-1, a triplet at -11.42 ppm with 2JH-P = 19.9 Hz is 

observed, attributed to the Ru-H signal, consistent with its cis-position relative to two equivalent PPh3 groups 

(Fig. 2). Furthermore, signals for aromatic protons were observed in the range of 6-7.66 ppm, integrating to 40 

protons. The proposed structure of C-1 was also further confirmed by 13C{1H} NMR, which exhibited a triplet 

signal for the CO ligand due to its coupling with two equivalents, mutually cis-phosphorus nuclei at 204.5 ppm 

(2JC-P= 15 Hz). Additionally, the phosphorus atoms of the PPh3 groups appeared as a singlet at 40.9 ppm in the 
31P{1H} NMR spectrum, confirming their equivalence due to their mutual transposition. The resulting mass 

spectrum is consistent with the formation of complex C-1, showing the molecular ion ESI-TOF: 892.1745 
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[(M+H)]+ (100%), calculated for C51H41N3O2P2Ru: 891.1742. The CO stretching frequency for C-1 was 

observed at 1922.1 cm-1 and it is indicative of strong  Ru–CO backbonding. Results from the elemental 

analysis of C-1 also validate the proposed structural formulation. 

The Ru(II) tridentate pincer complex (C-2) was characterized in solution by 1H and 13C NMR, with its 

proton and carbon resonances shifting to higher frequencies compared to those of the free ligand L2 (vide supra) 

due to coordination to the metal center. Additionally, a new signal appears at 3.5 ppm as a singlet in the 1H 

NMR spectrum, integrating to 6 protons, which is assigned to a coordinated molecule of dimethyl sulfoxide to 

the ruthenium metal center, thus confirming the formation of the desired C2-symmetric complex C-2. In the 13C 

NMR, the signal of the carbon from coordinated dimethyl sulfoxide is observed at 46.57 ppm. In Fig.  3, a 

comparison of the 1H NMR spectra of the free ligand L2 and C-2 is presented. The ESI-TOF mass spectra of 

C-2 exhibited an [(M-Cl) + K]+ ion peak at m/z 556.05 calculated for C15H21ClN7O3RuS, and the elemental 

analysis also confirmed its chemical composition. 
 

 
Fig. 2. 1H NMR spectrum ruthenium complex C-2  
 

 

 

 
Fig. 3. Comparison of the 1H NMR spectra of the free ligand L2 and its ruthenium complex C-2 illustrates a 

shift of the resonance to higher frequencies due to the coordination of L2 to the metal center. The complete 

spectra are provided in the supporting information. 
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Catalytic activity 
With both ruthenium pincer complexes in hand, their catalytic activity in the transfer hydrogenation of 

ketones and aldehydes using primary (EtOH) and secondary (isopropanol, IPA) alcohols as hydrogen donors 

was then examined and compared. We began the investigation by evaluating the activity of both ruthenium 

complexes (C-1 and C-2) in the catalytic transfer hydrogenation reaction of 4-bromoacetophenone, using 

K2CO3 as a base in either ethanol or isopropanol (Table 1). Among the screened complexes, C-2 was the most 

efficient catalyst in both alcohols, affording the 1-(4-bromophenyl)ethan-1-ol product in 89.3 % and 76.2 % 

yields in ethanol and isopropanol, respectively, at 90 °C for 24 h (entries 2 and 4).  The distinctive reactivity 

observed in the C-1 and C-2 complexes bearing bidentate and tridentate ligands was attributed to the electronic 

effects and the thermal stability provided by the mer-tridentate pincer ligand to the catalytic compound C-2. 

On the other hand, comparing the performance of C-2 in both alcohols, it was better in ethanol, despite 

isopropanol being a better hydrogen transfer agent than ethanol (see Table 1, entries 2 and 4). This was attributed 

to the low solubility of complex C-2 in the secondary alcohol. Based on this result, we decided to conduct a 

reaction of 4-bromoacetophenone in the presence of K2CO3 using a mixture of IPA:H2O (7:3), considering that C-

2 is highly soluble in water. However, the yield remained poor (58 %) (entry 5). Reactions carried out either at 

room temperature or without a catalyst did not show any conversion (entries 7 and 8). Additionally, GC-MS 

monitoring of the reactions in ethanol revealed the formation of acetaldehyde, resulting from the dehydrogenation 

of ethanol, at the beginning of the reaction during the induction period (6–12 h). Subsequently, ethyl acetate was 

produced. We propose that the induction period is related to the generation of hydrides necessary for catalysis, and 

then acetaldehyde reacts with ethanol to produce ethyl acetate and release hydrogen. 

 

Table 1. Transfer hydrogenation reaction of 4-bromoacetophenone and either ethanol or isopropanol catalyzed 

by ruthenium complexes C-1 and C-2a. 

 

Entry [Ru] Hydrogen source T (oC) T (h) Yield of 2 (%)b 

1 C-1 IPA 90 24 70.5 

2 C-2 IPA 90 24 76.2 

3 C-1 Ethanol 90 24 33.5 

4 C-2 Ethanol 90 24 89.3 

5 C-2 IPA/H2O, 7:3 90 24 58 

6 C-2 ethanol 90 12 51.3 

7 C-2 ethanol r.t. 24 ND 

8 None ethanol 90 24 ND 

aReaction conditions: 4-bromoacetophenone (1.0 mmol), [C-2] (1 mol%), EtOH (4.0 mL), K2CO3 (0.1 mmol). bYields 

were determined by CG-MS and are the average of two independent runs. ND = Not detected. r.t.= room temperature. 

 

 

As is well known, transfer hydrogenation reactions are strongly dependent on the base used. Thus, 

various bases were tested under the optimized reaction conditions using the best-found catalyst, C-2 (Table 2). 
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The results obtained revealed that Cs2CO3 and K2CO3 afford the best yields (Table 2, entries 1 and 2). Since 

K2CO3 is cheaper than Cs2CO3, the former will be used in the following experiments. 

 

Table 2. Transfer hydrogenation reaction of 4-bromoacetophenone with EtOH catalyzed by ruthenium complex 

C-2 using different bases.a 

 

Entry Base Yield of 2 (%)b 

1 K2CO3 86.3 

2 Cs2CO3 86.6 

3 Na2CO3 78.1 

4 Li2CO3 85.1 

5 NaOH 50.0 

6 Et3N 18.5 

aReaction conditions: 4-bromoacetophenone (1.0 mmol), [C-2] (1 mol%), EtOH (4.0 mL), base (0.1 mmol) for 

24 h. bYields were determined by CG-MS and are the average of two independent runs.  

 

 

To explore the effectiveness of complex C-2, the transfer hydrogenation reaction was also performed 

under the above reaction conditions with different catalyst loadings (Table 3). When 1 mol % of C-2 was used, 

1-(4-bromophenyl)ethan-1-ol was obtained in 86.3 % yield after 24 hours (entry 3). Reducing the amount of 

catalyst to 0.1 and 0.5 mol % (entries 1 and 2) resulted in low to moderate yields of the alcohol product in 24 

hours. Consequently, a catalyst loading of 1 mol % was used for further studies. 

 

Table 3. Effect of catalyst C-2 loading.a 

 

Entry mol % of C-2 Yield of 2 (%)b 

1 0.1 33.1 

2 0.5 52.2 

3 1 86.3 
aReaction conditions: 4-bromoacetophenone (1.0 mmol), [C-2] (0.1-1 mol%), EtOH (4.0 mL), K2CO3 

(0.1 mmol) for 24 h. bYields were determined by CG-MS and are the average of two independent runs.  

 

 

Hence, considering the optimized reaction conditions (1 mol % of C-2, 10 mol % K2CO3, at 90 °C for 

24 hours in a closed vial and encouraged by these results, we turned our attention to extend the scope of this 
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reaction to a series of substituted acetophenones to examine their electronic and steric effects (Table 4). 

Interestingly, variation of the electronic nature of the aromatic ring had little impact on the reaction efficiency 

and as a result, neutral (entry 1) along with electron-withdrawing and electron-donating substituents at para-

positions provided the desired alcohol products in good yields (entries 2-7). On the other hand, meta-substituted 

acetophenones (entries 8-10) were hydrogenated slightly less effectively than the corresponding para-

substituted derivatives (entries 5-7). Likewise, a good yield was achieved for the transfer hydrogenation of 

diaryl ketones. For instance, benzophenone yielded the desired reduced product, diphenylmethanol, with an 

85 % yield (entry 11). Similarly, the use of aliphatic ketones, such as cyclohexanone, gave the corresponding 

secondary alcohol in a good yield (entry 12). 

 

Table 4. Transfer hydrogenation reaction of ketones with EtOH catalyzed by ruthenium complex C-2.a 

 

Entry Ketone (1) Alcohol (2) Yield (%) TOF (h-1) 

1 

  

88.5b 3.68 

2 

  

89.3b/84c 3.72 

3 

  

89.0b/83.2c 3.70 

4 

  

90.1b/85c 3.75 

5 

  

93b/89.0c 3.75 

6 

  

88.7b/86c 3.69 

7 

  

87.9b 3.66 

8 

  

78.9b/76.2c 3.28 

9 

  

84.8b 3.53 

10 

  

85.8b/81c 3.57 
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11 

  

85b 3.54 

12 

  

79.9b 3.32 

aReaction conditions: Acetophenone derivative (1.0 mmol), [C-2] (1 mol%), EtOH (4.0 mL), K2CO3 (0.1 mmol) for 24 

h. bYields were determined by CG-MS and are the average of two independent runs. cYields of isolated compounds.  

 

 

Thereafter, the transfer hydrogenation of aldehydes with ethanol was investigated under the optimized 

reaction conditions found for ketone reductions (Table 5). First, benzaldehyde was tested, and complete 

conversion with a quantitative yield of benzyl alcohol was obtained. Based on this result, we decided to optimize 

the reaction time and performed the hydrogenation of benzaldehyde at different times: 24, 12, 6, and 3 hours. 

Excellent yields were achieved at 24 hours (100 %, Table 5, entry 1) ,12 hours (100 %, Table 5, entry 2) and 6 

hours (100 %, Table 5, entry 3), while at 3 hours the yield of the product was very poor (31 %, Table 5, entry 

4). As expected, the reduction of aldehydes was easier than that of ketones, completing the reaction in only 6 

hours. Then, we examined some substituted benzaldehydes using 1 mol % of C-2 and 10 mol % of K2CO3 at 

90 °C for 6 hours, generating the primary alcohol with excellent yields. 

 

Table 5. Transfer hydrogenation reaction of aldehydes with EtOH catalyzed by ruthenium complex C-2.a 

 

Entry Ketone (1) Alcohol (2) Yield (%) TOF (h-1) 

1b* 

 

 
 

100c 4.16 

2b** 

 

 

 

100c 8.33 

3b*** 

 

 

 

100c 16.6 

4b**** 

 

 

 

31c 10.3 

5 

 

 

 

100c 16.6 

6 

  

95c/91d 15.8 
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7 

 
 

97.5c/92d 16.25 

8 
  

99c 16.5 

aReaction conditions: Benzaldehyde derivative (1.0 mmol), [C-2] (0.1-1 mol%), EtOH (4.0 mL), K2CO3 (0.1 mmol) for 6 h. 
bReaction conditions: Benzaldehyde (1.0 mmol), [C-2] (1 mol%), EtOH (4.0 mL), K2C03 (0.1 mmol) for: *24 h, ** 12h, ***6 h 

and ****3 h.  cYields were determined by CG-MS and are the average of two independent runs. dYields of isolated compounds.  

 

 

Based on literature reports,[32,33] a comprehensive mechanistic proposal for the hydrogenation of carbonyl 

bonds catalyzed by the ruthenium complex (C-2) is illustrated in Scheme 3. The mechanism likely involves the 

release of labile ligands from C-2, either through a dichlorination process or DMSO release, followed by ketone 

coordination to generate intermediate I. This step is presumably promoted by heating. Subsequently, 

intermediate I reacts with ethanol in the presence of a base to form a ruthenium-ethoxide complex II. This is 

followed by hydride addition to the β-position and β-hydride elimination, resulting in the release of 

acetaldehyde and the formation of the hydride complex III. Acetaldehyde is known to react with additional 

ethanol to form ethyl acetate and release hydrogen. Finally, the ruthenium complex III reacts with another 

ketone, releasing the secondary alcohol and regenerating the catalytically active ruthenium complex I. 

 

 
Scheme 3. Mechanistic proposal for the TH of ketones with ethanol catalyzed by C-2. 

H

O

OH

S

H

O S

OH

RuHN

N

N

N

N N

NN

N N

OHHO

Ru

X
X

X

O

R2R1

X

O

R2R1

O

H3C H
EtOH

H2

O

H3C O CH3

O

R2R1

OH

R2R1
H

I

III

RuN

N

N

O

R2R1

O

C

II

H

CH3

H

RuN

N

N

O

H

H

R2

R1

H3C OH Base+

BaseH

X

X

X

+   HCl
X



Article        J. Mex. Chem. Soc. 2024, 68(4) 

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

 

 

557 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

Conclusions 

 
In summary, two new ruthenium complexes with triazole-based ligands (C-1 and C-2) have been 

synthesized in a facile manner with good yields. Both complexes were fully characterized. Complex C-2, 

bearing the mer-tridentate ligand, proved to be air-, water-, and thermally stable, as well as a highly active Ru 

catalyst for the homogeneous hydrogenation of C=O bonds, selectively producing alcohols. It operated under 

relatively mild conditions and addressed a broad substrate scope, covering alkyl- and aryl-ketones as well as 

aryl-aldehydes. The transfer hydrogenation of ketones and aldehydes using ethanol as the source of hydrogen 

and solvent produced secondary and primary alcohols in good to excellent yields with high selectivity. The 

successful use of this Ru(II) species suggests its potential for other transformations. Efforts to further explore 

its catalytic activity in other hydrogenation reactions are currently underway in our laboratory, as well as the 

exploration of the potential biological activity of this compound, given the high-water solubility of C-2 and its 

biological components, such as triazole moieties. In addition, current investigations are focused on further 

mechanistic details. These results will be disclosed in due time. 
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Abstract. Polymer electrolytes with high ionic conductivity are actively searched for their application as solid 

electrolytes in lithium batteries. Here, we show new borate single lithium-ion conducting polymers with high 

ionic conductivity and lithium transference number values. For this purpose, eight new methacrylic lithium 

borate polymers were synthesized and characterized with varying chemical compositions focusing on the linker 

between the polymer chain and the pendant borate ionic group and its substituents. The polymers with the 

optimum ethoxy linker and fluorinated pendant groups show a low Tg value and the highest ionic conductivity 

value of 1.29×10-4 S.cm-1 at 60 °C. This value is among the highest ionic conductivity reported for a single 

lithium-ion conducting homopolymer. These polymers show a high lithium transference number (between 0.88 

and 0.96) and electrochemical stability close to 4.2 V vs Li+/Li, making them promising candidates for 

application as solid electrolytes in lithium batteries. 

Keywords: Lithium-ion; lithium-ion batteries; polymer electrolytes; ion transport; solid electrolyte. 

 

Resumen. Se buscan activamente electrolitos poliméricos con alta conductividad iónica para su aplicación como 

electrolitos sólidos en baterías de litio. Aquí, mostramos nuevos polímeros conductores de iones de litio de borato 

simples con valores muy altos de conductividad iónica y número de transferencia de litio. Para ello, se sintetizaron 

y caracterizaron ocho nuevos polímeros metacrílicos de borato de litio con composiciones químicas variables 

centradas en el enlazador entre la cadena polimérica y el grupo iónico borato colgante y sus sustituyentes. Los 

polímeros con el enlazador etoxi óptimo y los grupos colgantes fluorados muestran un valor Tg bajo y un valor 

superior de conductividad iónica 1,29×10-4 Scm-1 a 60 °C. Este valor es uno de los más altos de conductividad 

iónica a 60 °C. Este valor es uno de los valores más altos de conductividad iónica a 60 °C. Este valor es uno de 

los más altos valores de conductividad iónica registrados para un solo homopolímero conductor de iones de litio. 

Estos polímeros muestran un elevado número de transferencia de litio (entre 0.88 y 0.96), y una estabilidad 

electroquímica cercana a 4.2 V vs Li+/Li que los convierten en candidatos prometedores para su aplicación como 

electrolitos sólidos en baterías de litio. 

Palabras clave: Ion-litio; baterías de ion-litio; electrolitos poliméricos; transporte de iones; electrolito sólido. 
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Introduction 

    
Solid polymer electrolytes (SPEs) are of interest for developing the next generation of solid-state 

batteries for applications such as electric vehicles where safety is necessary. The main properties sought for 

SPEs are high ionic conductivity,[1] good mechanical strength, high lithium transference number, thermal and 

electrochemical stabilities, and good compatibility with electrodes.[2,3] Polyethers such as PEO are the most 

popular polymers for SPEs due to their ability to dissolve lithium salts by electrostatic interactions between 

ether oxygens and lithium ions.[4–6] Nowadays, poly(ethylene oxide) (PEO) is the standard polymer matrix 

for SPEs, part of commercial solid-state lithium batteries for the transportation sector.[4,7] The optimized PEO 

SPEs show high ionic conductivity values in the order of 10-3 S.cm-1 at 70 °C.[8] However, their low lithium 

transference numbers (𝑡𝐿𝑖+  < 0.25) and electrochemical stability window (< 4.2 V vs Li+/Li) limit their 

applications in lithium metal batteries with high-voltage cathodes. 

Single lithium-ion conducting polymer electrolytes (SLICPEs) are a family of SPEs composed of an 

anionic polyelectrolyte with lithium counter-ion.[9] They show a lithium transference number close to unity 

(𝑡𝐿𝑖+  ≈ 1).[3,10,11] Its high interest is due to the limited formation of ionic concentration gradients in the solid 

electrolyte, which can limit dendritic growth on the lithium anode. However, in most cases, the overall ionic 

conductivity of SLICPEs is much lower than one of the best PEO SPEs.[12]  

Nowadays, the SLIPCEs with the highest ionic conductivity are based on anionic polyelectrolytes 

having sulphonamides [13] or tetrahedral borates.[14,15] These single-ion conducting homopolymers show 

ionic conductivity values still lower than 1×10−6 S cm−1, e.g. Poly(LiMTFSI), [16,17] and Poly(STFSI)[18,19] 

with 1×10−12 and 7.6×10−6 S cm−1 at 25 °C, respectively or 6×10−6 S.cm−1 at 25 °C for lithium polyvinyl alcohol 

oxalate borate (LiPVAOB).[20] These values of the SLIPCEs can be increased by blending with other polymers 

such as PEO.[21–23] For instance, Olmedo-Martínez et al. [24] measured an ionic conductivity of 2.1×10−4 

S.cm-1 at 70 °C for an optimized mixture of PEO with Poly(LiMTFSI). In another example, Meabe et al. 

measured an ionic conductivity of 3.2×10-5 Scm-1 at 25°C with a blend of PEO and LiFSI.[25] Very recently, 

we reported a new family of single lithium-ion conducting polymer electrolytes based on highly delocalized 

borate groups.[1] The synthesis and the effect of the nature of the pendant substituents linked to the boron atom 

on the ionic conductivity were reported, highlighting the highest ionic conductivity reported for a single lithium-

ion conducting polymer of 10−4 Scm−1 at 60 °C.[26] 

The main objective of this article is to investigate the effect of the ethoxy linker between the polymer 

chain and the borate group and its substituents to increase further the ionic conductivity of borate-based single 

lithium-ion conducting polymers.[27,28] After establishing the optimal ethoxy linker length and based on the 

previous work investigating the different substituent groups, optimized SLICPEs with varying pendant groups 

are presented, and their ionic conductivities are discussed. An in-depth study of the influence of the fluorine 

substituents on the ionic conductivity of SLICPEs is presented, and the relation between the electron density of 

borate groups and the number of ethoxy groups serving as ionic transport pathways in SLICPEs is discussed. 

Finally, the lithium transference number and electrochemical stability window for polymer electrolytes were 

assessed to confirm their potential for lithium battery applications. 

 

 

Experimental 

 
Materials 

All chemicals, including 2-Hydroxyethyl methacrylate (HEMA, 97 %, Aldrich), Poly(ethylene glycol) 

methacrylate (PEGMA, molecular weight of 360 and 500 g•mol-1, Aldrich), Borane tetrahydrofuran complex 

solution 1.0 M in THF (BH3, Aldrich), n-Butyl lithium 2.5M solution in hexanes, (nBuLi, ACROS), 2,2´-

Azobisisobutyronitrile (AIBN, initiator, 98 %, Aldrich), Trimethyl borate (TMB, ≥98 %, Aldrich), Triethyl 

borate (TEB, ≥95%, Aldrich), Triisopropyl borate (TiPB, ≥98 %, Aldrich), 1,1,1,3,3,3-Hexafluoro-2-propanol 

(HFiP, ≥99%, Aldrich), 1,1,1-Trifluoro-2-propanol (TFP, 97 %, Aldrich), were used as received. Triethylene 

glycol monomethyl ether (TEG, 95%, Aldrich) was distilled at the rotary evaporator at 70 °C and reduced 

pressure. The methanol (MeOH) and hexane solvents from Scharlab were dried with anhydrous MgSO4 before 
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use. BH3-THF complex and n-Butyl lithium are highly moisture-sensitive reagents, so they must be handled 

under an inert atmosphere in all steps. 

 

Methods 
NMR spectra were recorded for 1H, 19F, and 11B NMR spectroscopy analysis with the Avance III 400 

MHz. Fourier transform infrared (FT-IR) spectra were obtained using the Nicolet 6700 FTIR spectrometer over 

the 4000-400 cm−1 range. The thermal properties of the polymers were evaluated by DSC (SDTQ-600 TA 

instruments) with a heating rate of 10 °C/min−1 from -70 to 100 °C under N2 flow. The glass transition 

temperatures (Tg) were measured by the onset temperature extrapolated in the second heating scan.  

Ionic conductivity values were obtained by EIS measurements using an Autolab 302N 

potentiostat/galvanostat (Metrohm AG) equipped with a temperature controller (Microcell HC station). The 

samples were placed between two stainless steel electrodes with a surface area of 0.5 cm2 and a thickness of 

0.1 mm. The measurements were performed every 10 °C between 95 and 25 °C with a frequency range set from 

0.1 MHz to 0.1 Hz and 10 mV amplitude. The ionic conductivity values of SLICPEs were calculated following 

equation (1) based on literature:[29] 

 

𝜎 = (1 𝑅𝑏⁄ ). (𝑑 𝑆⁄ ) (1) 
 

where 𝜎 is the ionic conductivity (S cm-1), 𝑑 is the thickness (cm), 𝑆 is the area (cm2) of the stainless-steel 

electrodes, 𝑅𝑏 (Ω) is the bulk resistance extracted from the Nyquist plot obtained by EIS. Each test was repeated 

at least three times, and the results showed an average with the standard deviation. The activation energy 𝐸𝑎 of 

SLICPEs was calculated according to Arrhenius equation (2) based on literature:[30,31] 

 

𝜎 = 𝜎0. 𝑒𝑥𝑝(−𝐸𝑎 𝑅𝑇⁄ ) (2) 
      

where 𝜎0 is the pre-exponential factor related to the conductivity at infinite temperature, 𝐸𝑎 is the activation 

energy for ion mobility, 𝑅 is the universal gas constant (8.314 J mol-1 K-1), and 𝑇 is the absolute temperature. 

The lithium-ion transference numbers (𝑡𝐿𝑖+) were evaluated in Li|SLICPE|Li symmetric coin cells 

employing the direct current (DC) polarization/alternating current (AC) impedance method. A 10 mV (∆V) 

potential is applied to polarize the SLICPEs during chronoamperometry. 𝑡𝐿𝑖+ were calculated following the 

equation (3) proposed by the Evans-Vincent-Bruce method:[32,33] 

 

𝑡𝐿𝑖+=(𝐼𝑠𝑠(∆𝑉−𝐼0𝑅0)) (𝐼0(∆𝑉−𝐼𝑠𝑠𝑅𝑠𝑠))⁄  (3) 

    

where 𝐼𝑠𝑠 is the steady-state current for the sample polarized, 𝐼0 is the initial value of the current upon 

polarization, 𝑅𝑠𝑠 and 𝑅0 does EIS obtain the electrode resistances after and before the polarization, respectively. 

The electrochemical stability windows were evaluated with a Li|SLICPE|stainless-steel coin cell, using 

linear sweep voltammetry (LSV) in a range from 2 to 6 V vs Li+/Li at a scan rate of 0.2 mVs−1 at 25 °C. 

 

General procedure of lithium-ion monomer synthesis 
A series of lithium borate methacrylic salts was synthesized. Their general chemical structure called 

LBBn(OR)2 is represented in Fig. 1(a). They are composed of a methacrylic acid group for polymer network 

formation by the polymerization reaction, an ethoxy chain, where different lengths are investigated (n=1, 7, and 

9); a single ion part, with a boron atom as the anionic center ionically bonded to a mobile lithium ion; a butyl 

function giving rise to the B-C bond; and two pendant groups (-OR), on which different functions are tested 

(such as moderate and high electron-withdrawing or self-solvation capabilities) for modulation of the electron 

density of the borate groups. 

The seven monomers substituted with aliphatic groups (-R) such as methyl, ethyl, and isopropyl 

(LBBn1(OMe)2, LBBn7(OMe)2, LBBn9(OMe)2, LBBn1(OEt)2, LBBn7(OEt)2, LBBn1(OiP)2, and LBBn7(OiP)2) 

were synthesized following the method A as shown in Fig. 1(a-b). To synthesize the three monomers, 

LBBn1(OMe)2, LBBn1(OEt)2, and LBBn1(OiP)2, HEMA (10 mmol, 1.3 g) and dry hexane (30 ml) were charged 
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into a flask of 100 ml. Concerning the three monomers synthesis of LBBn7(OMe)2, LBBn7(OEt)2, and 

LBBn7(OiP)2, PEGMA with a molecular weight of 360 g.mol-1 (10 mmol, 3.6 g) and dry hexane (30 ml) were 

charged into a flask of 100 ml. Then, for LBBn9(OMe)2 synthesis, PEGMA with a molecular weight of 500 

g.mol-1 (10 mmol, 5.0 g) and dry hexane (30 ml) were charged into a flask of 100 ml. Then, the solutions were 

stirred with argon flow and cooled in an acetone-liquid nitrogen bath, ensuring a constant magnetic stirring to 

avoid solidification of the system. 1 molar equivalent (1 eq.) of Tri-R borates “B(OR)3” was added dropwise 

according to the desired monomer. TMB (10 mmol, 1.04 ml) for LBBn1(OMe)2, LBBn7(OMe)2, and 

LBBn9(OMe)2 monomers synthesis. TEB (10 mmol, 1.7 ml) for LBBn1(OEt)2 and LBBn7(OEt)2 monomers 

synthesis. TiPB (10 mmol, 2.2 ml) for LBBn1(OiP)2 and LBBn7(OiP)2 monomers synthesis. The reaction mixtures 

were slowly heated to RT and stirred for 2 h. Subsequently, the systems were cooled again in an acetone-liquid 

nitrogen bath, and 1 eq. of nBuLi 2.5 M in hexane (10 mmol, 4 ml) was added dropwise. The precipitates formed 

were heated to RT and stirred for another 2 h more before being filtered and washed with cold diethyl ether. The 

white monomers obtained were placed in vials and dried on a vacuum line at 40 °C for 24h.  

The method B shown in Fig. 1(a) and Fig. 1(c) was followed to synthesize the monomers 

LBBn1(OF6iP)2, LBBn7(OF6iP)2, LBBn7(OF3iP)2, LBBn1(OGly)2, LBBn1(OGlyOF6iP), and 

LBBn1(OGlyOF3iP). 30 ml of dry hexane were charged into the 100 ml two-neck flask with HEMA (10 mmol, 

1.3 g) except for LBBn7(OF3iP)2 and LBBn7(OF6iP)2 synthesis which used PEGMA with a molecular weight 

of 360 g.mol-1 (10 mmol, 3.6 g). The solutions were stirred with argon flow and subsequently cooled in an 

acetone-liquid nitrogen bath, avoiding solidification of the system. 1 eq. of BH3-THF complex solution of 1 M 

in THF (10 mmol, 10 ml) was carefully added "dropwise." At the same time, H2 was expelled from the system 

with nitrogen flow. Then, the reaction mixtures were slowly warmed to RT and stirred for 30 min more. Before 

adding the subsequent reagents, the systems were cooled in an acetone-liquid nitrogen bath. Afterward, the 

systems were heated to RT for 1 hour to ensure that H2 releases were complete. 2 eq. of alcohols according to 

the desired monomer were added dropwise such as HFiP (20 mmol, 4 ml) for LBBn1(OF6iP)2 and 

LBBn7(OF6iP)2; TFP (20 mmol, 4 ml) for LBBn7(OF3iP)2; and TEG (20 mmol, 4 ml) for LBBn1(OGly)2. For 

LBBn1(OGlyOF6iP) and LBBn1(OGlyOF3iP), two different alcohols were added dropwise separately: first, 1 

eq. of TEG (10 mmol, 4 ml), and secondly, 1 eq. of HFiP for LBBn1(OGlyOF6iP) and TFP (10 mmol, 4 ml) for 

LBBn1(OGlyOF3iP). Finally, for each synthesis, 1 eq. of nBuLi 2.5 M in hexane (10 mmol, 4 ml) was added 

dropwise following the same temperature control protocol. The reaction mixture was stirred at RT for another 

2 hours. Finally, the product was precipitated and washed with cold diethyl ether. The monomers obtained were 

placed in vials and dried in a vacuum line at 40 °C for 24h. 

 

pLBBn1(OMe)2. Yield: 0.9 g (97 %). 1H NMR (400 MHz, D2O): δ (ppm) = 3.75-3.44 (dt, 4H, CO-O-CH2-

CH2-O-B), 3.24 (s, 6H, B-O-CH3), 1.72 (s, 3H, CH2-C(CH3)-CH2), 1.49 (q, 2H, B-CH2-CH2-), 1.32 (sx, 4H, B-

CH2-CH2-CH2), 1.24 (br, 2H, -(CH2-C(CH3))-), 0.87 (t, 3H, (CH2)3-CH3); 11B NMR (400 MHz, D2O): δ (ppm) 

= 3.8 (s, -CH2-B-(OR)2). 

 

pLBBn7(OMe)2. Yield: 0.9 g (89 %). 1H NMR (400 MHz, D2O): δ (ppm) = 3.59 (dt, 28H, CO-O-(CH2-CH2)7-

O-B), 2.54 (sx, 6H, B-O-CH3), 1.70 (s, 3H, CH2-C(CH3)-CH2), 1.47 (q, 2H, B-CH2-CH2-), 1.30 (q, 2H, B-CH2-

CH2-CH2-), 1.20 (br, 2H, -(CH2-C(CH3))-), 1.01 (m, 2H, B-(CH2)2-CH2-CH3), 0.83 (q, 3H, (CH2)2-CH3); 11B 

NMR (400 MHz, D2O): δ (ppm) = 2.5 (s, -CH2-B-(OR)2). 

 

pLBBn9(OMe)2. Yield: 1.9 g (63%). 1H NMR (400 MHz, D2O): δ (ppm) = 3.70-3.60 (dt, CO-O-(CH2-CH2)9-

O-B), 2.54 (s, 6H, B-O-CH3), 1.71 (s, 3H, CH2-C(CH3)-CH2), 1.48 (q, 2H, B-CH2-CH2-), 1.30 (q, 2H, B-CH2-

CH2-CH2-), 1.22 (br, 2H, -(CH2-C(CH3))-), 1.01 (q, 2H, B-(CH2)2-CH2-CH3), 0.82 (t, 3H, (CH2)3-CH3); 11B 

NMR (400 MHz, D2O): δ (ppm) = 2.4 (s, -CH2-B-(OR)2). 

 

pLBBn1(OEt)2. Yield: 1.25 g (91 %). 1H NMR (400 MHz, D2O): δ (ppm) = 3.63-3.56 (dt, 4H, CO-O-CH2-

CH2-O-B), 3.31 (c, 4H, B-O-CH2), 1.71 (s, 3H, CH2-C(CH3)-CH2), 1.48 (q, 2H, B-CH2-CH2-), 1.29 (sx, 2H, B-

CH2-CH2-CH2), 1.21 (br, 2H, -(CH2-C(CH3))-), 1.14 (t, 6H, B-O-CH2-CH3), 0.86 (q, 4H, B-(CH2)3-CH3); 11B 

NMR (400 MHz, D2O): δ (ppm) = 2.8 (s, -CH2-B-(OR)2). 
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pLBBn7(OEt)2. Yield: 4.1 g (7 7%). 1H NMR (400 MHz, D2O): δ (ppm) = 3.61-3.58 (dt, 28H, CO-O-(CH2-

CH2)7-O-B), 2.81 (q, 4H, B-O-CH2), 1.69 (s, 3H, CH2-C(CH3)-CH2), 1.47 (q, 2H, B-CH2-CH2-), 1.29 (q, 2H, 

B-CH2-CH2-CH2-), 1.19 (br, 2H, -(CH2-C(CH3))-), 1.13 (t, 6H, B-O-CH2-CH3), 1.01 (m, 2H, B-(CH2)2-CH2-

CH3), 0.85 (q, 6H, (CH2)3-CH3); 11B NMR (400 MHz, D2O): δ (ppm) = 2.3 (s, -CH2-B-(OR)2). 

 

pLBBn1(OiP)2. Yield: 1.08 g (87 %). 1H NMR (400 MHz, D2O): δ (ppm) = 3.98 (m, 2H, B-O-CH(CH3)2), 

3.67-3.56 (dt, 4H, CO-O-CH2-CH2-O-B), 1.71 (s, 3H, CH2-C(CH3)-CH2), 1.49 (q, 2H, B-CH2-CH2-), 1.30 (sx, 

3H, B-CH2-CH2-CH2), 1.21 (br, 2H, -(CH2-C(CH3))-), 1.15 (d, 12H, B-O-CH(CH3)2), 1.01 (d, 2H, B-(CH2)2-

CH2-CH3), 0.86 (q, 4H, B-(CH2)3-CH3); 11B NMR (400 MHz, D2O): δ (ppm) = 2.8 (s, -CH2-B-(OR)2). 

 

pLBBn7(OiP)2. Yield: 2.1 g (95 %). 1H NMR (400 MHz, D2O): δ (ppm) = 3.98 (m, 2H, B-O-CH(CH3)2), 3.63-

3.49 (dt, 28H, CO-O-(CH2-CH2)7-O-B), 1.71 (s, 3H, CH2-C(CH3)-CH2), 1.49 (q, 2H, B-CH2-CH2-), 1.32 (q, 

2H, B-CH2-CH2-CH2-), 1.23 (br, 2H, -(CH2-C(CH3))-), 1.14-1.12 (d, 12H, B-O-CH(CH3)2), 1.01 (m, 2H, B-

(CH2)2-CH2-CH3), 0.86 (q, 3H, (CH2)3-CH3); 11B NMR (400 MHz, D2O): δ (ppm) = 3.1 (s, -CH2-B-(OR)2). 

 

pLBBn1(OF6iP)2. Yield: 1.32 g (91 %). 1H NMR (400 MHz, D2O): δ (ppm) = 4.63 (sp, 2H, B-O-CH(CF3)2), 

3.63-3.56 (dt, 4H, CO-O-CH2-CH2-O-B), 1.71 (s, 3H, CH2-C(CH3)-CH2), 1.49 (q, 2H, B-CH2-CH2-), 1.30 (sx, 

2H, B-CH2-CH2-CH2-), 1.24 (br, 2H, -(CH2-C(CH3))-), 1.11 (c, 2H, B-(CH2)2-CH2-CH3), 0.86 (q, 3H, B-

(CH2)3-CH3); 11B NMR (400 MHz, D2O): δ (ppm) = 7.8 (s, -CH2-B-(OR)2); 19F NMR (400 MHz, D2O): δ (ppm) 

= -75.89 (s, CF3). 

 

pLBBn7(OF6iP)2. Yield: 6.6 g (9 2%). 1H NMR (400 MHz, D2O): δ (ppm) = 4.67 (m, 2H, B-O-CH(CF3)2), 

3.70-3.55 (dt, 28H, CO-O-(CH2-CH2)7-O-B), 1.71 (s, 3H, CH2-C(CH3)-CH2), 1.48 (q, 2H, B-CH2-CH2-), 1.30 

(sx, 2H, B-CH2-CH2-CH2-), 1.26 (br, 2H, -(CH2-C(CH3))-), 1.12 (m, 2H, B-(CH2)2-CH2-CH3), 0.86 (q, 3H, 

(CH2)2-CH3); 11B NMR (400 MHz, D2O): δ (ppm) = 8.8 (s, -CH2-B-(OR)2); 19F NMR (400 MHz, D2O): δ (ppm) 

= -75.89 (s, CF3). 

 

pLBBn7(OF3iP)2. Yield: 2.7 g (68 %). 1H NMR (400 MHz, D2O): δ (ppm) = 4.51-4.19 (m, 2H, B-O-

CH(CF3)(CH3)), 3.70-3.55 (dt, 28H, CO-O-(CH2-CH2)7-O-B), 1.71 (s, 3H, CH2-C(CH3)-CH2), 1.49 (q, 2H, B-

CH2-CH2-), 1.30 (sx, 2H, B-CH2-CH2-CH2-), 1.26 (br, 2H, -(CH2-C(CH3))-), 1.12 (m, 2H, B-(CH2)2-CH2-CH3), 

1.02 (d, 6H, B-O-CH(CF3)(CH3)), 0.86 (q, 3H, (CH2)3-CH3); 11B NMR (400 MHz, D2O): δ (ppm) = 4.3 (s, -

CH2-B-(OR)2); 19F NMR (400 MHz, D2O): δ (ppm) = -75.98 (s, CF3). 

 

pLBBn1(OGly)2. Yield: 3.54 g (68 %). 1H NMR (400 MHz, D2O): δ (ppm) = 3.61-3.53 (m, 28H, O-CH2-CH2-

O), 3.07 (s, 6H, CO-CH3), 1.65 (s, 3H, CH2-C(CH3)-CH2), 1.43 (m, 6H, B-CH2-CH2-), 1.25 (m, 6H, B-CH2-

CH2-CH2-), 1.16 (br, 2H, -(CH2-C(CH3))-), 1.06 (m, 2H, B-(CH2)2-CH2-CH3), 0.81 (m, 9H, B-(CH2)3-CH3); 

11B NMR (400 MHz, D2O): δ (ppm) = 3.6 (s, -CH2-B-(OR)2). 

 

pLBBn1(OGlyOF6iP). Yield: 2.16 g (91 %). 1H NMR (400 MHz, D2O): δ (ppm) = 4.47 (sp, 1H, B-O-

CH(CF3)2), 3.62-3.46 (m, 16H, O-CH2-CH2-O), 3.40 (s, 3H, -O-CH3), 1.62 (s, 3H, CH2-C(CH3)), 1.41 (m, B-

CH2-CH2-), 1.24 (m, B-CH2-CH2-CH2-), 1.07 (m, B-(CH2)2-CH2-CH3), 1.02 (br, -(CH2-C(CH3))-), 0.79 (m, B-

(CH2)3-CH3); 11B NMR (400 MHz, D2O): δ (ppm) = 5.9 (s, -CH2-B-(OR)2); 19F NMR (400 MHz, D2O): δ (ppm) 

= -78.2 (s, CF3). 

 

pLBBn1(OGlyOF3iP). Yield: 2.97 g (78 %). 1H NMR (400 MHz, D2O): δ (ppm) = 4.51 (sp, 1H, B-O-

CH(CF3)(CH3)), 3.54-3.63 (m, 28H, O-(CH2-CH2)7-O), 3.49 (s, 3H, -O-CH3), 1.71 (s, 3H, CH2-C(CH3)), 1.49 

(m, B-CH2-CH2-), 1.30 (m, B-CH2-CH2-CH2-), 1.15 (d, 12H, B-O-CH(CF3)(CH3)), 1.10 (m, B-(CH2)2-CH2-

CH3), 1.01 (br, -(CH2-C(CH3))-), 0.86 (m, B-(CH2)3-CH3); 11B NMR (400 MHz, D2O): δ (ppm) = 4.3 (s, -CH2-

B-(OR)2); 19F NMR (400 MHz, D2O): δ (ppm) = -78.2 (s, CF3). 
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The general procedure of polymerization  
The synthesized boron-based monomers were used to obtain a series of SLICPEs using the random 

radical polymerization method. The following example describes the procedure used for the synthesis of the 

linear polymer pLBBn1(OMe)2: LBBn1(OMe)2 monomer (0.95 g), AIBN (0.0040 g, 3 wt%), and methanol (0.40 

ml) were gently mixed in a Schlenk tube at RT. To remove as much oxygen as possible, the system was bubbled 

for 3 min with a flow of argon and an additional 30 min after the reagents were added. The reaction flask was 

immersed in a hot oil bath at 60 °C and left for 6h. After the reaction, the polymers were dried on a rotary 

evaporator, thoroughly dried at 60 °C under vacuum for 24 h, and stored in the glove box. The monomers 

LBBn1(OR)2, LBBn7(OR)2, and LBBn9(OR)2 were used for obtaining pLBBn1(OR)2, pLBBn7(OR)2, and 

pLBBn9(OR)2 SLICPEs following the same polymerization method described above. 

The obtained polymers pLBBn1(OMe)2, pLBBn1(OEt)2, pLBBn1(OiP)2, and pLBBn1(OF6iP)2 were 

white solid; pLBBn7(OMe)2, pLBBn7(OEt)2, pLBBn7(OiP)2, pLBBn9(OMe)2, pLBBn7(OF3iP)2, 

pLBBn1(OGly)2, pLBBn1(OGlyOF3iP) were gels; and pLBBn7(OF6iP)2, pLBBn1(OGlyOF6iP) were viscous 

liquids. 

 

Preparation of SLICPEs  
The SLICPEs made with the white solid polymers such as pLBBn1(OMe)2, pLBBn1(OEt)2, 

pLBBn1(OiP)2, and pLBBn1(OF6iP)2 were prepared by dissolution, drop-casting, and evaporation. A solution 

of 10 wt.% of polymer in MeOH was mixed, and 200 µL was drop-casted onto an 11 mm diameter silicone 

mold. First, the SLICPEs were dried at RT under nitrogen flow for 6h and then under vacuum in a BUCHI glass 

oven at 60 °C for 2h. The SLICPEs made with the gel polymers such as pLBBn7(OMe)2, pLBBn7(OEt)2, 

pLBBn7(OiP)2, pLBBn9(OMe)2, pLBBn7(OF3iP)2, pLBBn1(OGly)2, and pLBBn1(OGlyOF3iP) were prepared 

with a hot press at 60 °C under 10 bars for 5 min. The thickness of the obtained membranes for the gel polymers 

was around 70 µm. The viscous liquid polymers such as pLBBn7(OF6iP)2 and pLBBn1(OGlyOF6iP) were used 

as is, without any particular physical preparation for tests. 

The tests with gel SLICPEs in contact with lithium metal, the polymers were used in an Ar–filled glove 

box. In the first step, the polymers were placed inside sealed airtight pockets inside the glove box to be pressed 

at 60 °C under 10 bars for 5 min, avoiding moisture environment contact. In the second step, the lithium metal 

was placed on the made SLICPE membrane and closed together inside a sealed airtight pocket to be pressed in 

the same condition that it had previously been. 

 

 

Results and discussion 

 
Synthesis of lithium borate monomers and their single lithium-ion conducting polymers 

The methacrylic borate SLICPEs studied in this work were synthesized following the three steps shown 

in Fig. 1(a). Different ethoxy methacrylate monomers were chosen as reactants: 2-hydroxyethyl methacrylate 

(HEMA) to have one ethoxy repeating unit as linker (n1), and two poly(ethylene glycol) methacrylates to have 

seven and nine ethoxy repeating units (n7, and n9 respectively). The first step of the synthesis involves the 

covalent bonding of the ethoxy methacrylate group to the boron atom by a -C-O-B- bond. This step is carried 

out using two different methods: A and B methods, which are detailed in Fig. 1(b) and Fig. 1(c). Method A 

allows the synthesis of BMn(OR)2 in one step by using Tri-R borates as reagents where the R substituents of 

interest are already bonded to the boron. Method A is used to synthesize the seven SLICPEs with R as aliphatic 

substituents (methyl, ethyl, and isopropyl): pLBBn1(OMe)2, pLBBn1(OEt)2, pLBBn1(OiP)2, pLBBn7(OMe)2, 

pLBBn7(OEt)2, pLBBn7(OiP)2, pLBBn9(OMe)2. Method B splits the one-step method A into two steps; it is 

used for reagents where the R substituents of interest are not bonded to the boron. The steps include adding 

Borane to obtain the bond with the boron atom in the form -C-O-BH2, then adding the alcohol R-OH to get the 

two desired -O-R substituents in BMn(OR)2.  
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Fig. 1. (a) Synthetic routes for the general preparation of pLBBn(OR)2, and the two synthetic routes to prepare 

monomers BMn(OR)2 following the (b) method A, and (c) method B. 

 

 

 

In the second stage (Fig. 1(a)), nBuLi is added to the boron atom to give rise to the formation of the 

boron-lithium salts of the form LBBn(OR)2, generating a covalent bond (-C-B-). Finally, the different monomers 

were polymerized in the last stage using a conventional free radical polymerization method, adding AIBN as 

an initiator. After the reaction, the polymers were purified, dried, and stored in the glove box.  

All synthesized polymers are summarized in Table S1 with their corresponding name. Polymers, 

including three different linkers, were designed with one ethoxy unit, seven ethoxy units, or nine ethoxy units 

between the methacrylic polymer chain and the borate anion. They are classified into four categories of lithium 

borate polymers created according to the chemical characteristics of the substituents such as aliphatic, 

fluorinated, self-solvating, and the last group includes a fluorinated substituent and an ethylene glycol 

substituent, as shown in Fig. 2.[34,35] 
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Fig. 2. The chemical structure of synthesized lithium borate SLICPEs. 

 

 

 

Structure and thermal characterizations of lithium borate SLIPCEs 

NMR and FTIR characterized each monomer and polymer to confirm their chemical structures. For 

example, Fig. S1 and Fig. 3(a) show the 1H NMR and FTIR spectra with peak assignment for the monomer 

LBBn7(OMe)2 in blue and polymer pLBBn7(OMe)2 in red. All monomers and polymers present similar signals in 
1H NMR spectra (Fig. S1), such as the butyl group bonded to the boron atom in the region of 0.5 to 1.8 ppm, the 

methyl and polyethylene oxide of the methacrylate group around 1.7 and 3.5-3.7 ppm respectively. Depending on 

the substituents bound to the boron, the NMR signal is different, and in the context of our example, it is the methyl 

group found at 2.5 and 2.8 ppm. The typical markers of methyl methacrylate monomers are the vinylic protons 

between 5.2 and 6.2 ppm corresponding to the methylene group, which are absent for the polymers, confirming 

the total polymerization in addition to the methyl signal around 1.2 ppm. The FTIR spectra (Fig. 3(a)) show similar 

peaks for monomers and polymers corresponding to the alkane groups between 2800 and 3000 cm-1 and for 

carbonyl groups at 1710 cm-1. Besides, the peak corresponding to the alkene groups at 1635 cm-1 is present for the 

monomers and absent for the polymers, which once again confirms the full extent of the polymerization. 

Fig. 3(b) shows the 1H NMR spectra for pLBBn7(OiP)2, pLBBn7(OF3iP)2, and pLBBn7(OF6iP)2 

polymers. In general, the assignment of peaks in the 1H NMR spectra shows a septet associated with the 

unprotected carbon-alpha proton of the (1,1,1,3,3,3-hexafluoropropan-2-yl)oxy with a chemical shift at 4.7 ppm 

for pLBBn7(OF6iP)2. The septet signal shows a decrease in intensity and a shift to the high field (4.2 ppm) due 

to the effect of the substitution of three fluorine atoms by hydrogens as a substituent in the SLICPE 

pLBBn7(OF3iP). This behaviour is even more pronounced for the SLICPE pLBBn7(OiP)2, in which hydrogens 

substitute all fluorine atoms, and the septet is shifted to 4.0 ppm. 

In addition to 1H NMR analysis, 11B and 19F NMR spectra were studied to complement the analysis of the 

chemical structure of monomers and polymers and to elucidate the effect of the different electron-withdrawing groups 

on the electron density of the borate group. Due to the similar molecular structures of SLICPEs pLBBn7(OiP)2, 

pLBBn1(OGly)2, pLBBn1(OGlyOF3iP), pLBBn7(OF3iP)2, pLBBn1(OGlyOF6iP), and pLBBn7(OF6iP)2 SLICPEs 

these were selected for comparison and analysis of the degree of deprotection and electron density of the central 

boron atom, these were selected for comparison and analysis of the degree of deprotection and electron density of the 

central boron atom by 11B NMR (Fig. S2). This is related to the chemical shifts of the signals towards the low field, 
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indicating less interaction with other nuclei, and is related to the increased mobility of the lithium ions through the 

shift of the single 11B NMR signal associated with the tetra-coordinated boron atoms.[36-38] 

The chemical shift of the pLBBn7(OiP)2 signal is between 2.3 and 3.8 ppm for the other aliphatic 

polymers (Fig. S2.i). The signals are located in the high fields due to the moderate electron-withdrawing groups 

of aliphatic substituents, which do not influence the electron density of the boron atom. In the same way, 

pLBBn1(OGly)2 has a signal with a chemical shift of 3.6 ppm (Fig. S2.ii). Regarding the signals of polymers 

pLBBn1(OGlyOF3iP), pLBBn7(OF3iP)2, pLBBn1(OGlyOF6iP), and pLBBn7(OF6iP)2, they have chemical shifts 

of 4.3, 4.3, 5.9, and 8.8 (Fig. S2-iii-vi). The chemical shifts move towards lower fields than the aliphatic 

polymers, implying a higher degree of deprotection and decreased electron density on the boron atom. This 

effect is related to the fluorinated groups, which increase the electro-withdrawing capability. We can notice the 

correlations between the evolution of chemical shifts and the increase of fluorine atoms for pLBBn7(OiP)2 < 

pLBBn7(OF3iP)2 < pLBBn7(OF6iP)2 and for pLBBn1(OGly)2 < pLBBn1(OGlyOF3iP) < pLBBn1(OGlyOF6iP). 
 

 
Fig. 3. (a) FTIR spectra for monomer LBBn7(OMe)2 and polymer pLBBn7(OMe)2; and (b) 1H NMR spectra 

for pLBBn7(OiP)2, pLBBn7(OF3iP)2, and pLBBn7(OF6iP)2. 
 

 

 

Table S2 reports the Tg values determined by the DSC technique. All the polymers reported are 

amorphous, and their Tg values are below -40 °C. In the first instance, the Tg values obtained for the 

pLBBn1(OR)2 type SLICPEs are compared. The lowest value of tg = -73 °C is presented for the pLBBn1(OGly)2 

SLICPEs and is associated with the mobility of the pendant ethoxy chains to the borate group, which confers a 

high intrinsic ability to self-solubilize due to the easy interaction of the ions with the ethoxy groups. The 

decrease of free ethoxy groups in SLICPE pLBBn1(OMe)2 decreases the mobility of the chains which is 

reflected in the increase of the value of Tg = -65 °C. The SLICPE pLBBn1(OGlyOF6iP)2 with a value of Tg = 

-60 °C goes out of the trend, which is associated with a strong interaction between fluorinated groups and 

lithium ions that decreases the mobility of the principal and pendant polymer chains of SLICPE. 

Now, consider the Tg values of pLBBn7(OR)2 SLICPEs type. Here, the mode of the ethoxy chain 

linking the main chain of the polymers with borate groups is a crucial factor. The decrease of Li+ in SLICPEs, 

due to the increase of the O/Li+ ratio, is not the primary determinant in the system. The size and electron-

withdrawing ability of the substituent groups on the borate groups play a significant role in affecting the chain 

mobility of SLICPEs. This refers to the Tg values of -55, -50, and -40 °C obtained for SLICPEs pLBBn7(OMe)2, 

pLBBn7(OEt)2, and pLBBn7(OF6iP)2, respectively. 

 

Ionic conductivity of borate SLIPCEs 
The ionic conductivity of each new borate SLICPE was measured, and the results are discussed using 

three comparison axes. Firstly, we compare the three SLICPEs pLBBn(OMe)2, composed with methyl-oxy 

substituents in the borate pendant groups and differentiated with an increasing number of ethoxy units in the 

linker such as n1, n7, or n9. Secondly, optimized SLICPEs with ethoxy linker fixed at n7 and some different 

aliphatic and fluorinated oxy substituents in the borate pendant groups are discussed. Thirdly, the influence of 

the fluorine number on ionic conductivity is examined by comparing SLICPE. 
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Effect of size of the ethoxy linker between the methacrylic polymer and borate group (n1, n7, and n9) 
First, we investigated the effect of increasing the number of ethoxy units (n1, n7, and n9) on the linker 

between themethacrylic polymer backbone and the borate group on the ionic conduction properties. The 

compared SLICPEs must be composed of similar final substituents -(OR)2, chosen by methyl-oxy substituents 

to have a single variable to assess the effect of ethoxy repeat unit length properly. The chemical structures and 

pictures of the concerning pLBBn(OMe)2, which are pLBBn1(OMe)2, pLBBn7(OMe)2, and pLBBn9(OMe)2, are 

shown in Fig. 4(a). Their ionic conductivity results are shown in Fig. 4(b). Exclusively in this part for simplicity, 

pLBBn1(OMe)2, pLBBn7(OMe)2, and pLBBn9(OMe)2 will be referred to n1, n7, and n9. The increase in the size 

of the linker showed an effect on the physical appearance of the polymers. This effect was well observed for 

pLBBn(OMe)2, as shown in Fig. 4(a), which is a powder for n1 and viscous solids for n7 and n9.[39,40] 

 

 
Fig. 4. Comparison of select SLICPEs pLBBn(OMe)2 type: (a) Chemical structures and pictures and b(of 

SLICPEs and (b) the temperature dependence of the ionic conductivity for SLICPEs.  i) pLBBn1(OMe)2, ii) 

pLBBn7(OMe)2, and iii)  pLBBn9(OMe)2. 

 

 

 

As shown in Fig. 4(b), the highest ionic conductivity is measured for the SLICPE with intermediate 

ethoxy length (n7) for all temperatures between 25 and 95 °C. Indeed, the ionic conductivity values for n7 were 

1.58×10-6 and 7.64×10-6 S cm-1 at 25 and 60 °C respectively, whereas the values were less than 10-6 S.cm-1 for 

n1 and n9 (3.29×10-8, and 8.86×10-7 S cm-1 for n1 and 1.33×10-7, and 1.02×10-6 S cm-1 for n9 at 25, and 60 °C, 

respectively). The increase in ionic conductivity with the increase in the ethoxy repeat unit from 1 to 7 can be 

explained by the O/Li+ ratio, which increases from 5 to 11. In other words, the contribution of ethoxy groups 

helps the self-solvating ability of borate groups, providing better ionic transport pathways for n7 than for n1. 

However, when the number of ethoxy repeat units was increased beyond 7, for example, at n9, the measured 

ionic conductivity was lower, although the O/Li+ ratio increased to 13. In conclusion, the self-solvation 

capability is improved but also limited with the Li+ concentration. The optimized O/Li+ ratio seems to be around 

11, corresponding to a polymer with an intermediate ethoxy linker (seven units) for the aliphatic substituents. 

 

Table 1. The activation energy for pLBBn(OMe)2 SLICPEs with n1, n7, and n9. 

Name Ea (eV) 

pLBB1(OMe)2 0.302 

pLBB7(OMe)2 0.136 

pLBB9(OMe)2 0.176 
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Moreover, the activation energies (𝐸𝑎) were calculated using the Arrhenius equation (2), and the values 

for the three pLBBn(OMe)2 SLICPEs are presented in Table 1. The 𝐸𝑎 values provide information on the strength 

of the coulombic interactions and can be related to the temperature dependence of the ionic conductivity. The 𝐸𝑎 

value for n7 and n9 (0.136 and 0.176 eV respectively) are close, the curves have parallel behaviors to each other in 

the function of the temperature, whereas 𝐸𝑎 for n1 (0.302 eV) is much larger and shows a very temperature-

dependent behavior. The ionic conductivity trend was reversed between n1 and n9 above 70 °C. n1 shows a greater 

temperature dependence with ionic conductivity values of 3.29×10-8 and 5.81×10-6 S.cm-1 at 25 °C and 90 °C 

respectively, whereas the ionic conductivity was more constant for n9 with values of 1.34×10-7 and 2.44×10-6 S.cm-

1 at 25 and 90 °C respectively. Besides being explained by the values of 𝐸𝑎, this behaviour is due to the generation 

of spaces and conduction pathways due to the movement of substituent groups compared to the proportion of the 

polymer. The ionic transport is through hopping between the borate anionic centers for n1, whereas it is 

preferentially promoted by the movement of the ethoxy chains for n7 and n9. 

 

Effect of the different borate substituents with the ethoxy linker of n7 
Based on the previous study, four SLICPEs with the best ethoxy linker showing 7 units (pLBBn7(OR)2) 

and different aliphatic or fluorinated substituents were compared in Fig. 5. The chemical structures and pictures 

of the concerning pLBBn7(OR)2 are shown in Fig. 5(a), and their ionic conductivity results in Fig. 5(b). 

pLBBn7(OF6iP)2 is a viscous liquid polymer as shown the picture in Fig. 5(a-i). The three other polymers are 

malleable materials forming excellent transparent films (pictures in Fig. 5(a-ii-iv)). 

 

 
Fig. 5. (a) Chemical structures and pictures of n7 SLICPEs i) pLBBn7(OF6iP)2, ii) pLBBn7(OEt)2, iii) pLBBn7(OMe)2, 

and iv) pLBBn7(OiP)2; and (b) temperature dependence of the ionic conductivity for n7 SLICPEs. 

 

 

 

As a trend, the ionic conductivity curves (Fig. 5(b)) are higher for the four SLICPEs n7, with values of 

1.58×10-6, 3.95×10-6, 4.18×10-7, 1.80×10-5 S.cm-1 at 25 °C for pLBBn7(OMe)2, pLBBn7(OEt)2, pLBBn7(OiP)2, 

pLBBn7(OF6iP)2; compared to their n1 homolog, with values of 3.29×10-8, 4.42×10-9, 7.78×10-9, 2.35×10-7 S.cm-

1 at 25 °C for pLBBn1(OMe)2, pLBBn1(OEt)2, pLBBn1(OiP)2, pLBBn1(OF6iP)2 respectively (Fig. S3). 

Moreover, n7 SLICPEs depend less on temperature than their n1 counterpart, and n7 aliphatic SLICPEs follow 

a similar trend between them with increasing order pLBBn7(OiP)2 < pLBBn7(OMe)2 < pLBBn7(OEt)2. 

The ionic conductivity is greatly improved with the fluorinated substituents for pLBBn7(OF6iP)2. This 

can be explained by the decrease in the electron density of the boron atom, as shown in the 11B NMR study 

previously. The boron atom is highly deprotected for pLBBn7(OF6iP)2 compared to the aliphatic ones due to 

the electronic delocalization effect with the electron-withdrawing fluorinated substituents. The interaction 

energy between Li+ and the borate group is lower for pLBBn7(OF6iP)2 helping the Li-ions mobility. In addition, 

the viscous liquid texture promotes the mobility of ions compared to materials in the form of films.  
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The ionic conductivity of pLBBn7(OF6iP)2 with values of 1.80×10-5, 1.29×10-4, and 3.05×10-4 Scm-1 

at 25, 60, and 90 °C respectively, follows very closely the ionic conductivity of pLBBn1(OGlyOF6iP) with 

values of 3.26×10-5, 1.65×10-4, and 3.28×10-4 S cm-1 at 25, 60 and 90 °C respectively. pLBBn7(OF6iP)2 has an 

O/Li ratio of 11 mainly due to its intermediate ethoxy linker (n7) and a F/Li ratio of 12 thanks to its two identic 

pendant groups isopropyl-oxy with six fluorine atoms (-O-CH-(CF3)2). Its chemical structure promotes ionic 

conductivity with the effects of lithium solvation by oxygen atoms and of the delocalization of the anionic 

charge of the boron atom with the electro-withdrawing groups. pLBBn1(OGlyOF6iP) comprises a shorter ethoxy 

linker (n1). Still, its O/Li ratio is 8, which is higher than for the aliphatic n1 SLICPEs (O/Li ratio of 5), and this 

is due to one of its pendant groups constituted of glycol substituents. The other pendant group is an isopropyl-

oxy substituent with six fluorine atoms (-O-CH-(CF3)2), which gives an F/Li ratio of 6. The 11B NMR study 

shows signals for pLBBn7(OF6iP)2 and pLBBn1(OGlyOF6iP) with chemical shifts of 8.8 and 5.9 ppm, 

respectively (Fig. S2-v-vi), which are in the lowest fields compared with the other studied polymers. The degree 

of deprotection of the borate group is higher for pLBBn7(OF6iP)2 than for pLBBn1(OGlyOF6iP), which means 

the interaction energy between Li and borate group is lower for pLBBn7(OF6iP)2 (Fig. S4). However, contrary 

to the values of the ratios, the size of the electron-withdrawing group, and the NMR study, the ionic conductivity 

of pLBBn7(OF6iP)2 is slightly lower than for pLBBn1(OGlyOF6iP). The difference is probably due to the 

geometry of the polymers. The ethoxy chain on the pendant position on the boron atom for pLBBn1(OGlyOF6iP) 

gives more availability for the lithium solvation, unlike the position between the boron and polymer backbone. 

A modeling study could help to understand and validate this hypothesis.  

 

 

Influence of the fluorine content of the substituents 

In this part, the evolution of ionic conductivity is discussed for two comparison cases of SLICPEs with 

different numbers of fluorine atoms and the same structures. In the first case, pLBBn1(OGlyOF3iP) and 

pLBBn1(OGlyOF6iP) are compared, their chemical structures and pictures are shown in Fig. 6(a.i-ii), and their 

ionic conductivity results in Fig. 6(b). For the second case, pLBBn7(OiP)2, pLBBn7(OF3iP)2, and 

pLBBn7(OF6iP)2 are shown in Fig. 6(a.iii-v), and Fig. 6(c). 

 

 
Fig. 6. (a) Chemical structures and pictures of SLICPEs i) pLBBn1(OGlyOF3iP), ii) pLBBn1(OGlyOF6iP), iii) 

pLBBn7(OiP)2, iv) pLBBn7(OF3iP)2, and v) pLBBn7(OF6iP)2. Temperature dependence of ionic conductivity 

for (b) SLICPEs with 1 ethoxy linker (i-ii), and c) SLICPEs with 7 ethoxy linkers (iii-v). 

 

 

 

In the first case (Fig. 6(a.i-ii) and Fig. 6(b)), the SLICPEs pLBBn1(OGlyOF3iP) and 

pLBBn1(OGlyOF6iP) are compared. Although they are composed of the ethoxy linker of n1, they have an O/Li+ 

ratio of 8, which is higher than for the aliphatic n1 SLICPEs (O/Li+ ratio of 5) and this is due to the glycol 
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substituent on pendant groups. As discussed before, the increase of the O/Li+ ratio helps the lithium-ion 

solvation, and this can explain why pLBBn1(OGlyOF3iP) and pLBBn1(OGlyOF6iP) have higher ionic 

conductivity than the aliphatic pLBBn1(OR)2. In addition, pLBBn1(OGlyOF3iP) and pLBBn1(OGlyOF6iP) have 

a similar geometric structure with two pendant groups linked to the boron, which are: one group of triethylene 

glycol monomethyl ether, and the other group is an isopropyl-oxy geometry with different atoms. The 

isopropyl-oxy group is composed of six atoms of fluorine (-O-CH-(CF3)2) with a symmetric arrangement for 

pLBBn1(OGlyOF6iP) while pLBBn1(OGlyOF3iP) has a hybrid composition with three atoms of fluorine and 

three of hydrogen (-O-CH-(CF3)(CH3)) with an asymmetric arrangement. So, the F/Li+ ratio increases from 3 

to 6 for pLBBn1(OGlyOF3iP) and pLBBn1(OGlyOF6iP), respectively. This increase in the F/Li+ ratio slightly 

impacts the energy density of the borate groups, as it was observed in the 11B NMR study with chemical shifts 

of 4.3 and 5.9 ppm for pLBBn1(OGlyOF3iP) and pLBBn1(OGlyOF6iP) respectively (Fig. S2-iii and v). The 

ionic conductivity values also increase, from 3.43×10-6 to 3.26×10-5 S.cm-1 at 25 °C for pLBBn1(OGlyOF3iP), 

and pLBBn1(OGlyOF6iP) respectively. The ionic conductivity higher for pLBBn1(OGlyOF6iP) can be 

explained once again by the increase in F/Li+ ratio, which strengthens the electron-withdrawing capability on 

the pendant groups and decreases the electron density on the borate groups. Thus, the Li+ mobility is promoted 

by a lower interaction energy between Li+ and borate for pLBBn1(OGlyOF6iP) than for pLBBn1(OGlyOF3iP), 

as confirmed by the ionic conductivity values. 

In the second case (Fig. 6(a.iii-v) and Fig. 6(c)), the SLICPEs have a similar geometric structure 

composed of two identic groups of isopropyl-oxy geometry with different atoms with increasing fluorine atoms. 

The two isopropyl-oxy groups are aliphatic (-O-CH-(CH3)2) for pLBBn7(OiP)2, while the six hydrogens on each 

isopropyl groups are changed for fluorine atoms (-O-CH-(CF3)2) for pLBBn7(OF6iP)2. pLBBn7(OF3iP)2 has a 

hybrid composition with two isopropyl-oxy groups composed each of three atoms of fluorine and three of 

hydrogen (-O-CH-(CF3)(CH3)2) in an asymmetric arrangement. The F/Li+ ratio increased from 0, 6, and 12 for 

pLBBn7(OiP)2, pLBBn7(OF3iP)2, and pLBBn7(OF6iP)2 respectively; and the ionic conductivity values are 

4.18×10-7, 1.34×10-7, and 1.80×10-5 S.cm-1 at 25 °C respectively. It is worth mentioning that the increasing 

evolution of the ionic conductivity is pLBBn7(OF3iP)2 < pLBBn7(OiP)2 < pLBBn7(OF6iP). The ionic 

conductivity behaviour of pLBBn7(OF3iP)2 is the lowest and even lower than pLBBn7(OiP)2. Therefore, in other 

words, the ionic conductivity does not evolve following the F/Li+ ratio in this case. Although the 11B NMR 

study had shown an evolution of chemical shifts with the increase of fluorine atoms for pLBBn7(OiP)2, 

pLBBn7(OF3iP)2, and pLBBn7(OF6iP)2 with chemical shifts of 3.1, 4.3, and 8.8 respectively (Fig. S2.i, iv, and 

vi), the ionic conductivity trend is different for pLBBn7(OF3iP)2. However, we can observe that the chemical 

shifts do not evolve continuously, and those of pLBBn7(OF3iP)2 and pLBBn7(OF6iP)2 are very close compared 

to those of pLBBn7(OiP)2. The asymmetric arrangement of (-O-CH-(CF3)(CH3)) groups in pLBBn7(OF3iP)2 

probably plays a complex role in lithium mobility, and this hypothesis could be better explained with a modeling 

study of molecular orbitals. 

 

Lithium transference number and electrochemical stability of optimized SLICPEs 
The single lithium-ion conducting characteristics were evaluated by measuring the lithium transference 

number (𝒕𝑳𝒊+) for the n1 and n7 optimized homopolymers, which are pLBBn1(OGly)2, pLBBn1(OGlyOF6iP), 

pLBBn7(OEt)2, and pLBBn7(OF6iP)2. The 𝒕𝑳𝒊+ measurements are shown in Fig. 7. The 𝒕𝑳𝒊+ values are 𝟎. 𝟗𝟐, 𝟎. 𝟗𝟑, 

𝟎. 𝟖𝟖, and 𝟎. 𝟗𝟔 for pLBBn1(OGly)2, pLBBn(OGlyOF6iP), pLBBn7(OEt)2, and pLBBn7(OF6iP)2 respectively. 

These are high values because they are close to 1, as expected for single-ion polymers. The high ionic 

conductivity values describe the ionic transport in SPE, which is promoted by the molecular structure of the 

designed polymers.[34] In highly conductive SLICPEs, ionic transport is determined by the degree of negative 

charge delocalization in anionic centers, which decreases the interaction energy in the ionic pair.[2,38] 

Furthermore, generally accepted models for Li+ transport in SPEs involve coupling to the segmental motion of 

the polymer backbone, and a more flexible backbone is naturally beneficial for conductivity.[4] 

The resistance is significantly reduced with viscous liquid homopolymers. Indeed, the electrochemical 

impedance responses show very high resistances for the two solid SLICPEs with resistance around 75 kΩ for 

pLBBn1(OGly)2 and higher than 1000 kΩ for pLBBn7(OEt)2 (inset Fig. 7(a) and Fig. 7(c). While the resistance 

is improved by a decrease of values less than 3 kΩ for the two viscous liquid SLICPEs pLBBn1(OGlyOF6iP) 

and pLBBn7(OF6iP)2 (inset Fig. 7(b) and Fig. 7(d)).  
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Fig. 7. Lithium transference number (𝑡𝐿𝑖+) evaluation: typical current transient obtained at the polarization of 

10 mV for Li|pLBBn(OR)2|Li symmetrical cells at 60 °C (inset: Nyquist plot for the same cell before and after 

polarization) for the SLICPEs (a) pLBBn1(OGly)2, (b) pLBBn1(OGlyOF6iP), (c) pLBBn7(OEt)2, and (d) 

pLBBn7(OF6iP)2. 

 

 

 

 
Fig. 8. Linear sweep voltammograms (v = 2 mV.s-1) obtained in the Li| pLBBn1(OGlyOF6iP)|stainless steel cell at 60 °C. 

 

 

 

To evaluate the electrochemical stability of the homopolymer electrolytes, the cyclic voltammetry of 

Li|pLBBn(OR)2|stainless steel cell at 60 °C was studied for pLBBn1(OGlyOF6iP). The result in Fig. 8 shows an 

electrochemical stability close to 4.2 V vs Li+/Li, confirming its excellent properties as a solid electrolyte for 

lithium batteries. 
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Conclusions 

 
New single-ion lithium conducting polymer electrolytes based on highly delocalized borate groups 

have been synthesized and characterized. This work shows the effects of the chemical structure on the ionic 

conductivity values. It highlights the importance of the polymer design in order to achieve the highest ionic 

conductivity values.  

First, the effect study of increasing the ethoxy repeat extender (from n1, n7, to n9) on the ionic 

conductivity showed the contribution of ethoxy groups helps the self-solvating capability, providing better ionic 

transport pathways but is also limited. The linker with the highest conductivity is the one with seven ethoxy 

units n7 (O/Li+ ratio of 11). As an alternative, the O/Li+ ratio can be increased by playing with the nature of the 

substituent on the pendant group and not with the ethoxy repeat extender, for example, with glycol groups for 

pLBBn1(OGly)2 or pLBBn1(OGlyOF6iP). 

Then, SLICPEs with optimized ethoxy linkers (n7 and O/Li+ ratio of 11) and different aliphatic and 

fluorinated pendant groups showed that the SLICPE with fluorinated pendant groups (pLBBn7(OF6iP)2) 

achieved the highest ionic conductivity values compared to the aliphatic ones. In fact, increasing the number of 

fluorine atoms in the substituent groups of SLICPEs improves the electron-withdrawing capacity, which is 

reflected in the increase of ionic conductivity. 

In general conclusion, pLBBn1(OGlyOF6iP) and pLBBn7(OF6iP)2 show, to our knowledge, the highest 

ionic conductivity reported for a lithium single-conduction homopolymer (1.65×10-4 and 1.29×10-4 S.cm-1 

respectively at 60 °C). The single ion-conducting properties were confirmed by its high 𝑡𝐿𝑖+, 0.93 and 0.96 for 

pLBBn1(OGlyOF6iP), and pLBBn7(OF6iP)2 respectively. The chemical structures of the two optimized 

SLICEPs are schematized in Fig. 9 with a summary of their properties. Future work will focus on the 

investigation of the optimized SLIPCEs in lithium batteries. 

 

 
Fig. 9. Chemical structures of the two optimized SLICEPs, values of ionic conductivities, and lithium 

transference number for pLBBn1(OGlyOF6iP) and pLBBn7(OF6iP)2. 
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Abstract. Every year, many tons of fine particles are emitted to the atmosphere due to the sugarcane-mills 

operation and for inadequate agricultural practices such as sugarcane burning. In order to foster a deeper 

knowledge about the levels and source contributions of particles and their toxic species, the City of Cordoba was 

selected for two PM2.5 sampling campaigns to be carried out in the center and in a rural location at 9 km far, during 

harvesting and non-harvesting seasons; additionally, the chemical source profiles from sugarcane burning and 

sugar mills were determined. The PM2.5 levels in the City of Córdoba ranged from 29.9 to 102.1 g m-3 and from 

13 to 36.6 g m-3 in the harvest and non-harvest periods, respectively, but toxic chemical species rose up to nine 

times representing an important risk health. Total carbon concentrations during harvesting were around 67 % and 

64 %. With the chemical source profiles and the PM2.5 airborne concentrations, the Chemical Mass Balance Model 

was applied for source reconciliation, evincing that sugarcane processes accounted with 22 % of fine particles, 

vehicles with 34 to 38 %, secondary inorganic aerosols from 16 to 24 %, and suspended particles from roads from 

10 to 20 %. The results show that inhabitants in this area are exposed to high levels of PM2.5 in harvesting, with a 

high risk to their health. This study provides valuable information to the authorities for the PM2.5 control strategies 

design and protect the population health, during harvesting.  

Keywords: PM2.5; sugarcane; biomass burning; CMB model;  source profiles. 

 

Resumen. Cada año, se emiten muchas toneladas de partículas finas a la atmósfera debido a la operación de los 

ingenios azucareros y a prácticas agrícolas inadecuadas como la quema de caña de azúcar. Con el fin de fomentar 

un conocimiento más profundo sobre los niveles y las contribuciones de origen de las partículas y sus especies 

tóxicas, la ciudad de Córdoba fue seleccionada para llevar a cabo dos campañas de muestreo de PM2.5 en el centro 

y en una ubicación rural a 9 km de distancia, durante las temporadas de cosecha y no cosecha; además, se 

determinaron los perfiles químicos de la quema de caña de azúcar e de los ingenios. Los niveles de PM2.5 en la 

ciudad de Córdoba oscilaron entre 29.9 y 102.1 μg m-3 y entre 13 y 36.6 μg m-3 en los períodos de cosecha y no 

cosecha, respectivamente, pero las especies químicas tóxicas se incrementaron hasta nueve veces, lo que 

representa un importante riesgo a la salud. Las concentraciones totales de carbono durante la cosecha fueron 

aproximadamente del 67 % y el 64 %. Con los perfiles químicos de origen y las concentraciones de PM2.5 en el 

aire, se aplicó el Modelo de Balance de Masas Químicas para la reconciliación de fuentes, demostrando que los 

procesos de caña de azúcar representaban el 22 % de las partículas finas, los vehículos el 34 al 38 %, los aerosoles 

secundarios del 16 al 24 %, y las partículas suspendidas de las carreteras del 10 al 20 %. Los resultados muestran 

mailto:vma@azc.uam.mx
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que los habitantes de esta zona están expuestos a niveles altos de PM2.5 durante la cosecha, con un alto riesgo para 

su salud. Este estudio proporciona información valiosa a las autoridades para el diseño de estrategias de control 

de PM2.5 y proteger la salud de la población, durante la cosecha. 

Palabras clave: PM2.5; caña de azúcar; quema de biomasa; modelo CMB; perfiles de fuentes. 

 

 

Introduction 

    
Sugarcane is cultivated in tropical countries and represents a significant economic impact for the 

agroindustry of the producing countries that yield sugar and ethanol [1]. 

More than half of the sugarcane harvest worldwide is done manually, involving the crop burning to 

remove foliage, snakes and venomous insects; after harvesting, mostly straw and residues are also burned for 

land preparing and pests control [2,3].  

This agricultural practice annually generates tons of pollutant particles that have adverse effects on the 

health of people living in sugarcane-growing areas, causing and exacerbating cardiorespiratory diseases [4,5]. 

Hospital admissions for asthma crises, respiratory diseases, hypertension, and long-term kidney problems, 

particularly among harvesters, increase during harvesting periods [6,7]. Atmospheric fine particles are able to 

damage living organisms due to their so small sizes that can penetrate very deep into the lungs, but also due to 

their composition, since some elements, such as metals, can generate free radicals or reactive oxygen species 

(ROS) capable of inducing oxidative stress in the cells [8]; moreover, organic compounds like some polycyclic 

aromatic hydrocarbons (PAH) in particles are immunosuppressants and have mutagenic and carcinogenic 

properties [9]. In addition, particles resulting from incomplete biomass burning contain black carbon in soot, 

which is a short-lived climate pollutant (SLCP) that increases the greenhouse effect, contributing to global 

warming and climate change [10,11]. 

In Mexico, sugar production generates around 450,000 direct jobs and brings indirect benefits to more 

than 2.2 million people. Veracruz contributes with 40 % of national production [12]. More than 80 % of the 

harvest is done manually with pre-burning harvest between November and May [13]. Although Mexico has an 

air quality standard for respirable and fine particles (PM10 and PM2.5), monitoring is only performed in cities 

with more than 500,000 inhabitants. Therefore, all the sugarcane-growing areas with fewer inhabitants have 

very little information on air pollution and lack timely notifications to protect themselves against particle 

concentration levels and their toxic contents, which can be very high during harvesting as was reported in the 

sugarcane areas of Morelos and Chiapas, where PM2.5 concentrations were up two folds higher during 

harvesting and toxics, such as polycyclic aromatic hydrocarbons levels rose 2 to 6 times in that period [14,15]. 

During the harvesting period, the primary sources of particle emissions, which enclose a great number of 

inorganic and organic compounds and elemental carbon are believed to originate predominantly from sugar mills 

and agricultural burning, although the contribution from vehicles on freeways and trucks transporting sugarcane 

from fields to mills is also significant [11]. It has been reported that during harvest the visits to hospitals are 

increased due to the exacerbation of cardiorespiratory illness [16], moreover, some compounds included in the 

airborne particles from sugarcane burning and sugar-mills possess carcinogenic and mutagenic activity, 

representing a health risk for the population [17]. Recently, a comprehensive study reported that exposure to the 

ashes from sugarcane burning can lead to respiratory, cardiovascular, and renal health issues and that studies 

related to the ashes chemical characterization and funding are needed to understand the damage and toxicological 

mechanisms on people [18]. Given these multifaceted factors, it is imperative for environmental authorities to 

discern the relative PM2.5 contributions of sugarcane processes and other sources to effectively safeguard public 

health. Mass balance receptor models have been developed to address this need, facilitating the identification and 

quantification of particle sources; among them, the Chemical Mass Balance model (CMB) has proven to be 

particularly valuable in delineating particle sources from individually collected samples, because it is possible the 

quantification of every source contribution in individual samples, differing of other multivariate analyses, as the 

Principal Component Analysis that only generates a qualitative diagnostic or the positive matrix factorization 

which requires a large number of analyzed samples [19,20,21]. In the context of sugarcane-growing regions 

specifically, Afshar-Mohajer et al. [22] conducted a study quantifying the contribution of several sources to the 
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presence of polycyclic aromatic hydrocarbons, thereby shedding light on the complex dynamics of air pollution in 

these areas, however, there is a lack of information related to the composition of PM2.5, their inorganic species and 

the origin of them. Against this backdrop and guided by the evidences that toxic species concentrations present in 

particles escalate during harvesting, this study was undertaken for over a year to characterize the chemical 

composition of atmospheric particles with the objective to ascertain the concentrations of PM2.5 and PM10 and 

associated toxics to which people residing in the most significant sugarcane-producing area are exposed. 

Additionally, PM2.5 chemical source profiles were determined for both, sugar mills and sugarcane burning, 

enabling the estimation of sources contribution to the presence of PM2.5 and its chemical species in the city center 

of Cordoba and a rural area located 9 km far using the CMB model. 

 

 

Experimental 

 
Sampling sites 

The Cordoba municipality is a medium city of the Veracruz State with around 200,000 inhabitants of 

which 45.7 % are men and 54.3 % women [23]. It is located at 860 m above sea level (18° 53’N; 96° 56’W) 

and is surrounded by eight sugar mills and hundreds of hectares of sugarcane crops, which are burned every 

year during harvesting emitting hundreds of particulate matter (PM) tons which can cause adverse effects in the 

exposed population, especially in agriculture workers (17 %) followed by the children up to 10 years old which 

constitute around 24 % and the 16 % of vulnerable population of adults over 60 years [23]. The sampling 

campaigns were carried out during the sugarcane harvesting and no-harvesting seasons from January 2015 to 

November 2016, but the sampling began four months before in the rural site, since in the downtown a special 

permission was required. The Municipal Palace (MP) in the Cordoba downtown was the first site for the 

particles monitoring, whereas a rural zone, 9 km far from the city and located in the Postgraduate College (PC), 

was the second sampling site. PM2.5 Hi Vol samplers (Tisch Environment), with conditioned Whatman quartz 

fiber filters, were used to collect 24 h integrated samples each two weeks (Fig.1).  

In the rural site PC, was installed also a PM10 Hi Vol sampler, in order to know the PM2.5 fraction 

related to PM10, since in this location there are many sugarcane crops and an intense agricultural activity. After 

collection, filters were wrapped with foil and stored at 4 °C before gravimetry and chemical analyses. The 

meteorological parameters were registered in the station of the Veracruz University. 
 

 
Fig. 1. Location of sampling sites Municipal Palace (MP) and Postgraduate College (PC) and sugarcane-mills. 



Article        J. Mex. Chem. Soc. 2024, 68(4) 

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

 

 

579 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

Chemical source profiles  
For the development of the PM2.5 chemical profile of sugarcane-mills, a sampling campaign of one 

week was performed at 200 m downwind from one sugar mill, when the sugarcane harvest had finished and 

there were no more burnings; whereas the PM2.5 chemical profile from crop burnings was carried out sampling 

at one km downwind from the sugar fields during five burning practices, at the beginning of the harvesting 

season when sugar mills activity was starting.   

 

Chemical analyses 
Organic and elemental carbon analyses were performed in duplicate in an Optical Carbon Aerosol 

Analyzer with reflectance correction (Sunset Lab, Forest Grove, OR USA), to measure the organic (OC) and 

elemental carbon (EC) concentrations, according with the NIOSH-5040 method described by Birch and Cary 

[24]. 

PAH were extracted ultrasonically with dichloromethane (Bransonic), during three times for 10 min 

periods at 10 °C and concentrated in a rotary evaporator for further quantification analysis with a chromatograph 

(GC model HP 6890) coupled with a mass spectrometer using a 30 m HP5-MS capillary column (0.25 mm ID, 

0.25 m film thickness).  

For the ion analyses, a soluble fraction was extracted with Milli-Q deionized water in an ultrasonic 

bath (Branson bath, 3210) during 15 min for further evaporation at 60 ºC. Samples were filtered, and the 

ammonia ion was quantified with an NH4
+ selective electrode and a Thermo ORION STAR potentiometer. 

Other ions were analyzed twice by HPLC chromatography (Jasco LC-NetII/ADC) with a BioLC ED50 

electrochemical detector (Dionix) and a IC-Pak Anion HR, 75x4.6 mm column (Waters).  

The elemental analysis was carried out by digestion of 35 cm2 of the filter with nitric acid and 

perchloric acid in a Savillex Teflon, leading to dryness and rebuilding with a diluted acid solution. The solution 

was analyzed through an inductively-coupled plasma atomic emission spectrometer ICP-AES for major 

elements and with ICP-MS for trace elements (Thermo X series). SiO2 and CO3
2− were indirectly determined 

based in stoichiometric relationships. 

 

Chemical Mass Balance Model  
The Chemical Mass Balance (CMB) receptor model use multivariate analysis to estimate particles and 

chemical species source contributions based on the degree to which source profiles can be combined to 

reproduce ambient concentrations[19,25]; the CMB model requires as input data the chemical receptor 

concentrations, the source profile chemical composition obtained in this study and in previous researches as 

well as data uncertainties to estimate the source contributions for the PM2.5 total mass and finally the standard 

errors of those estimations. The CMB8.2 software was used for the estimations [19]. The fundamental equation 

of receptor model (equation 1) is derived from the mass conservation equation and represents the relationship 

between the concentration of aerosol measured at the receptor and that emitted by the sources. 
 

𝐶𝑖 =∑ 𝐹𝑖𝑗 ∗ 𝑆𝑗
𝐽

𝑗=1
   (1) 

 

where: 

Ci = Concentration of “i” pollutant measured  

Fij = Fraction emitted of “i” pollutant by the source “j”  

Sj = Calculated contribution of “j” source 

J = Number of contributing sources 

 

Environmental data obtained from sample characterization were combined with chemical profiles 

derived from sugarcane burning and mill emissions developed in this study. Additionally, source profiles of 

light-duty and diesel vehicles, were included [26]. Agricultural soils paved and unpaved roads, and limestone 

processes from previous studies were profiles also utilized [27]. Moreover, source profiles from industrial 

facilities available in the Speciate database [28] were incorporated into the analysis. 
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Quality assurance 
Prior to sampling, quartz filters underwent calcination at 600 °C for 4 hours to eliminate any adsorbed 

organic matter. Flow calibration procedures were conducted before sampling during each season. Following 

calcination, the filters were stored in a controlled environment for 48 hours at a constant temperature of 25 ± 

5 °C and relative humidity of 45 % ± 5 % before being weighed using an analytical balance. To validate 

elemental analysis, standard urban dust reference material (SRM 1649a) was utilized adding 20 mg to a 4 cm2 

blank filter to determine the analysis accuracy, following the same handling and analysis procedure as the filters 

and blanks. The performance of the CMB model was assessed based on the recovery mass percentage and 

various statistical parameters R2 and Chi2, blank filter to check the accuracy of the analysis.  

 

 

Results 

 
Fine particles and carbonaceous compound concentrations 

The meteorological conditions prevailing in the 3 sampling periods: harvesting (January 1st to May 

27th 2015), non-harvesting (May 30th to November 20th), and harvesting (February 5th to March 5th), are 

presented in the rose winds of Fig. 2, where it is possible to observe that the dominant winds originated from 

the east in the first harvest period and in the non-harvest period, while in the second harvest period there was 

also a significant influence of west winds, although with lower speed. This means that most of the year the 

emissions from the rural zone are transported to the center; however, in the latter part of the harvest period, 

there was a noticeable influence of westward winds, albeit at a reduced velocity.  

 

 
 

Fig. 2. Wind speed and direction during sampling campaigns. 

 

 

 

The time series of PM2.5 concentrations in the downtown area (MP) and at the rural site (PC), alongside 

the PM10 concentrations at the PC is illustrated in Fig. 3. The PM10 concentrations at the PC ranged from 44 to 

147 µg m-3 during harvesting, with the air quality maximum permissible limit exceeded on 7 days of 35 samples. 

The PM2.5/PM10 ratio varied from 64 to 71 %, indicating a predominance of fine particles over coarse ones. 

During the harvesting season, PM2.5 concentrations at both sites were two times higher than those during non-

harvesting periods, highlighting the significant impact of various sugarcane processes on air pollution. 

Furthermore, PM2.5 concentrations in the downtown area (MP) were consistently 15 % to 40 % higher than 

those recorded at the rural site, indicating a notable contribution from vehicular and commercial activities. PM2.5 

mass concentrations ranged from 34 to 102 µg m-3 in the city and from 27 to 90 µg m-3 at the rural site during 

harvesting. Statistical analysis using the Mann-Whitney test revealed significant differences between sampling 

periods and locations (P value ≤ 0.05). Throughout the harvesting season, the PM2.5 Mexican air quality standard 

of 45 µg m-3 (NOM-025-SSA1-2014) was exceeded 18 times at the MP site out of 22 samples (16 with very 

poor air quality and 2 with poor air quality), while at the PC site, there were 14 exceedances in 35 samples (7 

with very poor air quality and 7 with poor air quality). Conversely, during the non-harvesting season, the air 

Jan 1st - May 27th, 2015 May 30th - Nov 20th, 2015 Feb 5th - March 5th, 2016 
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quality standard was not exceeded at either site. However, the USEPA standard of 35 µg m-3 was surpassed on 

40 % of days. These results show the necessity of major supervision in the sugarcane-mills emission, as well as 

the reduction of biomass burning. 

Although the concentrations during the harvest period were lower than those observed in Morelos state, 

close to the Zacatepec sugar mill, they were higher than those reported in Chiapas [14], while the PM10 

concentrations during harvesting were similar to those reported by de Andrade et al. [17], who shows the 

mutagenic activity of atmospheric particles emitted during the harvest season. Several authors have reported an 

increase in hospital admissions due to high pollution levels reached during the harvesting season, resulting in 

exacerbations of asthma, various respiratory diseases, and aggravation of cardiovascular problems in various 

cities in Brazil [16,29]. In addition, studies in Brazil and Mexico reported an increase in diseases, whereas 

several deaths have been associated to sugarcane burning in South Florida [30]; then, avoiding preharvest 

burning undertaking green cane harvest, would represent an improvement in health [31]. 

 

 
Fig. 3. Time series of PM2.5 and PM10 concentrations in Cordoba, Veracruz. 

 

 

 

Fig. 4 presents the averages of PM2.5 and PM10 concentrations, alongside the average concentrations 

of total carbon (TC) contained within the particles, which constitutes the most abundant species formed by the 

sum of organic and elemental carbon (OC + EC). The TC average concentrations were around two times higher 

in harvesting than in non-harvesting (23 vs 10 µg m-3, respectively). The OC/TC ratio ranged from 0.87 to 0.92 

in both particle sizes, which is higher to the studies performed in Mexico City in 1997 and 2009, with a ratio of 

0.73 and 0.76 with TC concentrations average of 15.8 and 15.4 µg m-3, respectively [32,21]. Other 

characterization studies performed in rural zones in Europe reported lower PM2.5 and TC concentrations than 

this study in the non-harvest season [33], in opposite, the PM2.5 concentrations in rural zones in Chine are at 

least twice than those found in this study, with concentrations of 115 µg m-3 and 24 µg m-3 of TC, which are 

alike to those found in non-harvest season [34]. The greater TC concentration in PM2.5 at MP compared to the 

TC concentrations in PM10 and PM2.5 suggests the contribution of organic carbon from urban sources such as 

restaurants and intense vehicular traffic, among others. The high TC concentration in the sugarcane zone 

indicates a low combustion efficiency in the processes occurring in the sugarcane processing, whereas the 

significant contribution of sugarcane burning, and sugarcane mills is confirmed by observing that TC decreases 

by a third during the non-harvest season; of especial mention is the 60 % increasing of EC in harvest, since this 

is a climatic forcer and has been proposed that the ban of sugarcane burning could reduce the 7 % of total black 

carbon in Mexico [11], this measure, besides to be a mitigation action for climate change would have co-

benefices in the air quality improvement. 
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MPL Maximum permissible limit 

Fig. 4. (a) Average PM10 and PM2.5 concentrations and (b) average concentration of carbon species. 
 

 

 

Polycyclic aromatic hydrocarbons in PM2.5 
PAH are compounds characterized by two or more fused aromatic rings, typically formed during the 

pyrolysis or incomplete combustion of organic matter, leading to soot formation [14]; although these compounds, 

contained in the organic carbon fraction of PM2.5 were not used into the Chemical Mass Balance for source 

apportionment, due to the absence of source profiles for this compound family, 17 PAH recommended by the 

USEPA, were measured and characterized owing to their pronounced toxicity. The quantified PAH encompassed 

a range of compounds including: naphthalene (NAP), methylnaphthalene (MNAP), acenaphthylene (ACY), 

acenaphthene (ACE), anthracene (ANT), phenanthrene (PHE), benzo[a]pyrene (BAP), benzo[b]fluoranthene 

(BBF), benzo[a]anthracene (BAA), fluorene (FLU), fluoranthene (FLT), pyrene (PYR), chrysene (CRY), 

benzo[k]fluoranthene (BKF), 2-methylnaphthalene (MNAP), dibenzo[a,h]anthracene (DBA), indene[1,2,3-

cd]pyrene (IND), and benzo[ghi]perylene (BGP). Despite PM2.5 and organic carbon exhibited higher 

concentrations in the city in comparison to the rural zone, Fig. 5 reveals that during harvesting, the highest 

concentrations of PAH were observed in the rural site, which is in close proximity to and surrounded by sugarcane 

fields that were eventually burned. Conversely, the city is situated farther away from biomass burning sites; 

although, during the non-harvesting period, most PAH exhibited higher concentrations in the city (MP), 

underscoring the significance of local sources. The sum of PAH were 5.3 and 2.9 ng m-3 in PC and PM, 

respectively in the harvest time, and individual PAH were 2 to 7 times greater than during the no-harvest period, 

primarily due to crop burning, emissions from sugar mills, and diesel emissions from numerous trucks queuing to 

unload harvested sugarcane, these results are in agreement with a study reported in Brazil [17] where 

concentrations were five times greater in harvest than in non-harvest. It is common during harvesting to observe 

soot particles suspended in the air or deposited on the ground. In non-harvest season the sum of PAH were 1.1 and 

1.5 ng m-3 in PC and PM, showing the contribution of traffic and other combustion sources in the downtown. Of 

particular concern is the contribution of carcinogenic compounds to the PAH mixture, accounting for 57-58 % and 

59-61 % during the harvest and non-harvest periods, respectively. 

 

 
Fig. 5. Polycyclic aromatic hydrocarbons concentrations in harvesting and no-harvesting periods. 
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The assessment of carcinogenic potential involves the sum of the concentration of each individual PAH 

multiplied by its toxic equivalent factors which were proposed by Nisbet and Lagoy [35] to determine the 

benzo[a]pyrene equivalent concentration (BAPeq). The relative individual contribution of cancer risk and the 

BAPeq during the harvest season in the rural site of Cordoba is presented in Table 1, where is possible to observe 

that BAPeq increased three times in MP and two times in PC and the individual PAH increase from 2 to 7 times 

such as BBF. Although the annual BAPeq averages in PC and PM were lower with 641 and 419 pg m-3 respectively, 

than the annual PM10 European Union and WHO [36] recommendation of 1000 pg m-3 for health protection, they 

exceeded the annual PAH  limit of the United Kingdom of 250 pg m-3 and France of 100 pg m-3 [37]; furthermore, 

inhabitants are exposed to high levels of PAHs during six continuous months in the harvest period, with significant 

health impacts associated to sugarcane processes.  
 

Table 1. Carcinogenic potential (BAPeq) of the Polycyclic Aromatic Hydrocarbon in PM2.5. 

 BAPeq [pg/m3] 

Compound TEF Harvesting No-harvesting 

 

Toxic 

Equivalency 

Factor 

MP 

PM2.5 

urban 

PC 

PM2.5 

rural 

MP 

PM2.5 

urban 

PC 

PM2.5 

rural 

Naphtalene 0.001 0.07 0.063 0.032 0.022 

2-Methylnaphtalene 0.001 0.019 0.015 0.013 0.011 

Acenaphtylene 0.001 0.032 0.022 0.005 0 

Acenaphtene 0.001 0 0 0 0 

Fluorene 0.001 0.014 0.005 0.004 0.003 

Phenanthrene 0.001 0.251 0.084 0.036 0.023 

Anthracene 0.01 0.18 0.15 0.07 0.05 

Fluoranthene 0.001 0.297 0.133 0.053 0.018 

Pyrene 0.001 0.303 0.126 0.049 0.06 

Benzo [a] anthracene 0.1 9.9 6.1 2.4 2.6 

Chrysene 0.01 1.33 1.07 0.41 0.2 

Benzo[b]fluoranthene 0.1 81 31.1 13.2 10.6 

Benzo[k+j]fluoranthene 0.1 47.6 34.3 14.4 11.6 

Benzo[a]pyrene 1 720 298 139 141 

Indene[1,2,3-cd]pyrene 0.1 77.3 50.9 30.4 18 

Dibenzo[a,h]anthracene 1 71 86 118 72 

Benzo [g,h,i] perylene 0.01 12.8 7.99 4.38 2.83 

Total Benzo[a]pyrene eq  1022 516 322 259 
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The PAH increase in sugarcane pre-harvest burning has been documented in studies conducted in 

Brazil, United States, and Mexico, as well as PAH levels increase in several urban sites in the winter season; a 

comparison among several studies is presented in Table 2; due to the lack of data, some comparisons were made 

with PAH in PM10. The carcinogenic potency as BAPeq is a good parameter for comparison among different 

studies since they are directly obtained from PAH individual concentrations and the TEFs.  

 

Table 2. Comparison of PAH levels and BAPeq (carcinogenic potency) from biomass burning with other studies. 

Site 
PM 

µg/m³ 

Ʃ PAH 

ng/m³ 

BAP 

ng/m³ 

BAP eq 

ng/m³ 
Reference 

Cuernavaca, 

Morelos, México 

PM2.5 

- 25.4-22.5 2.6-2.2 - 
Saldarriaga et al., 

2015[38] 

Zacatepec, Morelos 

México harvest 

PM10 

72-203 3.9-5.8 0.46 1.014 Mugica et al. 2015[14] 

Araraquara, Brazil 

harvest PM10 

76-182 

 
11.6 0.5  

de Andrade et al., 

2012[17] 

Araraquara, Brazil 

harvest PM10 
29-41 14.1 ± 13 0.26  

de Assunsao, et al. 

2014[39] 

Sao Paolo, 

sugarcane belt 
   0.13-3 

Scaramboni et al., 

2024[40] 

Mexico City PM10 52-164 0.7-17.8 0.04-1.4 0.41-2.18 Mugica et al., 2010[41] 

North, China 57.7 ± 37 15.3 ± 8.8 1.5 ± 1.2 - Wang et al., 2018[42] 

Tehran, Iran 32.1 ± 17 12.2 ± 7 0.23 ± 0.17 29 ± 5.7 Taghvaee et al., 2018[43] 

Venice, Italy 32.2 ± 25 9.8 ± 12.5 1.2 ± 1.8 1.9 ± 2.6 Masiol et al., 2012[44] 

Thessaloniki Greek 36 ± 19 9.4 ± 9.3 0.7 ± 0.8 0.85 ± 0.4 Manoli et al., 2016[45] 

Florence, Italy 13.6-29.6 13-3.6 0.2-1 0.79-3.3 Martellini et al., 2012[46] 

Changzhou, China 28.9-308 235.29 24.5 41.1 Bi et al., 2020[47] 

PC Harvest 44.3 ± 19 5.3 ± 2.6 0.7 ± 0.4 1.02 This study 

PC No Harvest 20 ± 8.4 1 ± 0.2 0.1 ± 0.08 0.25 This study 

MP Harvest 62.4 ± 23 2.9 ± 0.8 0.2 ± 0.1 0.5 This study 

MP No Harvest 28.1 ± 8 1.5 ± 0.4 0.1 ± 0.05 0.32 This study 

Bold: studies in harvest season 

 

 

The ƩPAH in this study during harvesting are similar to that reported in the sugarcane zone of 

Zacatepec, México, as well as the estimated BAPeq that is into the range of that reported in the Sao Paolo 

sugarcane belt; but ƩPAH are lower than the values reported in two studies in Araraquara, Brazil during harvest, 

in the cities of Cuernavaca, Mexico, Theran, Venice, Florence, Changzhou and Thessaloniki, showing that PAH 

have usually higher total mass and carcinogenic potency in cities than in rural sites. Quite high values in the 

cities of Iran and China are explained for the high traffic of diesel vehicles as well as by industrial activities. 
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Elemental composition of PM2.5 
The PM2.5 characterization is detailed in Table 3, presenting average concentrations of chemical species 

identified and quantified in the 57 samples analyzed during both, harvesting and non-harvesting periods. The rise 

of individual concentrations in harvest is evident in almost all the species. Toxics elements concentrations such as 

Cu, Pb and Cd increased 9, 2 and 3 times in the Cordoba center. A Kruskal-Wallis test was conducted on all data, 

revealing significant differences between the two seasons at both sites (P value < 0.05). In general, higher 

concentrations of the major species were quantified during harvest.  

 

Table 3. Concentrations of chemical species in PM2.5 samples and developed source profiles. 

 Municipal Palace (MP) Postgraduate College (PC) Source profiles 

Period Harvest Non-harvest Harvest Non-harvest 
Sugarcane-

mill 

Crops 

burning 

 Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

µg m-3 

PM10 - - - - 86.2 26.2 49.3 12.5     

PM2.5 71.1 19.98 45.39 7.29 59.77 19.32 27.88 9.54 73.6 25.6 85.49 21.8 

TC 30.85 6.35 15.35 3.27 22.85 5.67 11.63 3.3 19.14 5.91 26.3 6.37 

OC 27.85 5.92 13.55 3.05 20.04 5.07 10.32 2.7 16.99 4.22 19.73 4.55 

EC 3 0.53 1.8 0.22 2.81 0.74 1.31 0.8 2.15 0.47 6.58 0.69 

SiO2 1.7 0.39 0.74 0.14 2.1 1.78 0.66 0.02 7.66 0.27 1.81 0.62 

Al2O3 0.39 0.16 0.30 0.06 0.72 0.71 0.04 0.01 1.62 0.09 0.38 0.11 

Cl- 0.13 0.08 0.08 0.1 0.12 0.06 0.07 0.2 0.05 0.03 0.08 0.04 

NO3
- 0.47 0.24 0.99 0.10 0.91 0.59 0.23 0.14 0.72 0.21 0.11 0.08 

SO4
2- 9.01 1.94 6.87 1.36 8.86 4.49 2.78 2.94 1.98 1.54 2.85 1.72 

NH4
+ 3.98 0.95 1.92 0.25 2.21 1.11 0.61 0.45 0.27 0.73 1.87 0.64 

Na 0.07 0.03 0.09 0.04 0.71 0.31 0.23 0.18 6.35 0.05 0.01 0.01 

K 0.98 0.143 0.58 0.31 0.68 0.35 0.23 0.21 0.7 0.32 17.23 2.76 

Mg 0.06 0.02 Bdl 0.16 0.09 0.07 0.01 0.01 1.29 1.1 0.16 0.06 

Al 0.19 0.10 0.23 0.11 0.38 0.38 0.2 0.09 1.62 0.97 0.38 0.18 

P 0.04 0.02 0.06 0.05 0.05 0.03 0.02 0.01 0.52 0.41 0.075 0.06 

Ca 0.37 0.05 1.21 1.00 0.54 0.39 0.13 0.2 3.89 1.92 0.34 0.26 

Ti 0.02 0.01 0.00 0.02 0.02 0.02 0.01 0.02 0.09 0.06 Bdl Bdl 

Fe 0.24 0.07 0.29 0.14 0.24 0.23 0.05 0.02 0.41 0.13 0.07 0.04 
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 Municipal Palace (MP) Postgraduate College (PC) Source profiles 

Period Harvest Non-harvest Harvest Non-harvest 
Sugarcane-

mill 

Crops 

burning 

 Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

ng m-3 

Li 0.17 0.05 0.08 0.00 0.15 0.08 0.01 0.01 0.87 0.54 Bdl Bdl 

Be Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl 0.03 0.02 Bdl Bdl 

Sc 0.01 0.00 0.01 0.01 0.01 Bdl Bdl Bdl 0.04 0.02 Bdl Bdl 

V 3.58 0.59 2.36 0.69 4.12 4.80 1.24 0.54 2.23 1.53 0.91 0.62 

Cr 0.06 0.01 0.05 0.00 0.25 0.44 0.06 0.01 4.64 1.97 Bdl Bdl 

Mn 12.69 2.82 4.61 1.47 13.13 12.16 2.59 1.1 11.86 3.25 2.95 1.15 

Co 0.10 0.03 0.04 0.07 0.12 0.09 0.04 0.01 0.27 0.17 0.32 0.14 

Ni 2.00 0.85 0.90 0.27 2.79 2.94 0.007 Bdl 0.71 0.41 2.08 0.99 

Cu 149.8 74.84 16.09 3.27 22.90 11.17 16.6 12.3 24.87 14.8 4.89 2.58 

Zn 106.5 26.24 38.21 Bdl 45.94 21.77 32.8 17.5 70.14 29.8 14.47 9.36 

As 0.53 0.10 0.81 Bdl 0.40 0.15 0.17 0.1 1.11 0.09 1.08 0.85 

Se 0.16 0.18 0.13 0.06 0.25 0.19 0.063 0.02 0.47 0.23 Bdl Bdl 

Rb 2.00 0.31 0.99 0.08 1.79 0.79 0.80 0.21 1.91 1.1 0.81 0.53 

Sr 1.50 0.31 0.71 0.08 2.91 2.68 0.03 0.01 7.89 5.32 2.2 0.98 

Y 0.01 Bdl 0.01 Bdl 0.01 Bdl 0.005 Bdl 0.05 0.02 Bdl Bdl 

Zr 5.12 0.56 0.15 Bdl 3.85 2.39 3 0.92 4.04 2.26 4.99 2.33 

Nb 0.08 0.04 0.03 0.02 0.07 0.05 0.04 0.01 0.05 0.03 0.05 0.03 

Cd 0.35 0.07 0.09 Bdl 0.26 0.14 0.13 0.02 0.11 0.07 0.32 0.18 

Sn 4.50 1.20 0.73 Bdl 3.27 2.86 1.4 0.57 0.64 0.42 1.72 1.2 

Sb 1.28 0.27 1.66 0.43 1.28 0.56 0.48 0.21 1.58 0.89 0.86 0.63 

Cs 0.04 0.04 Bdl Bdl 0.05 0.05 Bdl Bdl 0.14 0.07 0.1 0.05 

Ba 13.39 5.60 24.12 0.00 12.99 8.86 3 1.1 28.31 9.43 Bdl Bdl 

Tl 0.08 0.01 0.01 0.01 0.09 0.07 0.01 0.01 0.03 0.01 0.17 0.13 

Pb 15.22 6.30 7.27 3.66 14.65 7.62 5.55 3.23 2.07 1.03 3.81 2.26 

Bi 0.06 0.04 0.01 0.04 0.04 0.04 0.01 Bdl 0.14 0.1 Bdl Bdl 
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Th 0.01 Bdl 0.01 Bdl 0.01 Bdl 0.01 Bdl 0.08 0.04 Bdl Bdl 

U 0.01 Bdl 0.01 Bdl 0.01 Bdl 0.01 Bdl Bdl Bdl Bdl Bdl 

Bdl: below detection limit 

 

 

Although the concentrations of trace elements may appear similar in the examined cases, these small 

differences are used by the model for multivariate analysis with the source profiles, allowing the estimation of 

their contributions, for instance, the PM2.5 inorganic composition of this study is quite different from PM2.5 

compositions in Mexico City [21,48]. Notable disparities emerged between the two profiles, establishing each 

as a distinct fingerprint; the profile associated with sugarcane-mills exhibits elevated levels of metals such as 

Ca, Mn, Cu, Cr, V, and Sr in the emissions, whereas the biomass burning profile reveals the characteristic 

presence of potassium. Fig. 6 illustrates the PM2.5 mass reconstruction in each site at the two seasons. The most 

abundant components were the carbonaceous species composed by elemental carbon (EC) and organic matter 

(OM), which was estimated with OC multiplied by the factor of 1.8 for the hydrogen and oxygen accounting of 

an average molecular weight of the organic compounds [49].  

 

 
Fig. 6. Composition of PM2.5 in harvest and non-harvest in the urban and rural sites. 

 

 

 

The OM contribution in the urban site during harvest was 24 % higher than in non-harvest due to the 

combined effect of sugarcane processes and the activities of the city; while in the rural site the OM influence 

was higher in non-harvest, because is an agricultural zone with additional crops than sugarcane, which are 

planted and harvested throughout the year, in addition to livestock and poultry farming in the area.  

The second abundant component were the secondary aerosols composed by the (NH4)2SO4 and 

NH4NO3, which are formed in the atmosphere when the SO4
2- and NO3

- ions react with the NH3 gas emitted by 

the organic matter decomposition, this component is estimated by the stochiometric relations ([SO4
2- ]x1.375 

and [NO3
-]x 1.29.The (NH4)2SO4 was the major contributor in all cases, due to the use of diesel in vehicles and 

in the processes of the mills and other factories and that the presence of nitrate was low in general.  

The geological or crustal component was estimated with the sum of the metal oxides, calculated for 

each oxide with its stochiometric relationship (Al2O3 = Al x1.89; Fe2O3 = [Fe] x1.43; CaO = [Ca] x 1.4; K2O = 

[K] x 1.2; MgO = [Mg] x 1.66; Na2O = [Na] x 2.7;  TiO2 = [Ti] x 1.67; P2O6 = [P] x 2.29; and  the SiO2 = Al2O3 

x 2.5) [50]. The crustal fraction in particles was similar in both seasons in the city, meaning that were generated 
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locally, but for the rural site the crustal component was twice in harvest than in non-harvest, which implies that 

transportation in the rural area during the harvest season caused the suspension of a large amount of soil 

particles. Except for particles composition from the urban site in harvest with around 1 % contribution, the trace 

metals accounted for 0.2 % of PM2.5 total mass. 

 

Source reconciliation with the CMB model application 

To the best of our knowledge, the chemical mass balance model had not previously been applied for 

source attribution using elemental composition profiles in sugarcane areas, although it had been applied for the 

case of PAH [50]. The CMB model successfully identified 9 sources during the harvest and up to 6 in no-

harvest. Table 4 shows the source contribution ranges during the two periods at the urban and rural sites, 

whereas Fig. 7 presents the average source contributions solved by the CMB model in the 62 samples analyzed. 

It is possible to observe that the source chemical profiles developed in this study constitute two new chemical 

signatures which were recognized in the CMB model for differentiate and separate the emissions of the sugar-

mills operation from the sugarcane burning emissions as well as from the other used profiles.  

 

Table 4. Source contribution of PM2.5 in the urban and rural sites and CMB model performance. 

 MP 

harvesting 

PC 

harvesting 

MP non-

harvesting 

PC Non-

harvesting 

Source 

Particles from roads 9.9-15.5 6.8-17.5 18.2-22.3 17-30.7 

Agricultural soil 5.2-6.1 4.7-21.9 5.8-7.4 6-14.9 

Limestone plant 0-5 1.5-11 5.4-7.5 5.4-7.5 

Gasoline vehicles 11 a 36 6.8-34 25-30.7 25-30.7 

Diesel vehicles 11 a 21 12.4-21.4 13.4-20.5 13.4-20.5 

Secondary aerosols 14-24 15-21.7 13.9-23.3 9.7-14.9 

Other factories 0 1-8 0 0 

Sugar mill 3 a 29.2 3-17.8 0 0 

Biomass burning 5 a 21 2-18-2 0 0 

Performance 

R2 0.96±0.03 0.95±0.03 0.93±0.02 0.98±0.01 

Ch2 3.9±1.03 3.6±1.02 3.6±0.7 3.4±1.3 

Measured/Calculated 1.1±0.06 0.97±0.04 1.02±0.02 0.96±0.02 

 

 

The parameters fell within acceptable ranges, indicating the robust performance of the CMB model. 

The coefficient of determination (R2) values averaged between 0.97 and 1, while the Chi2 values were close to 

4, and the ratio of measured to estimated mass averaged 1.01. The contribution to the presence of PM2.5 in the 

atmosphere from sugarcane burning combined with the operation of the sugar mill was approximately 22 %, 

with a greater contribution of emissions from sugarcane mills in the downtown area, as dominant winds 

transport emissions from surrounding mills; meanwhile, sugarcane field burning contributes similarly in both 

sites. The most significant contribution is attributed to vehicular activity, as a freeway passes close to the PC 
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site and an interstate highway is located 2 miles away from both sites. During harvesting, in addition to these 

roads, there are significant diesel vehicular PM2.5 emissions from the many old trucks transporting harvested 

sugarcane to the sugar mills. The total vehicular contribution ranged between 34 and 38 %, with similar levels 

at both sites; during non-harvesting periods, gasoline vehicles accounted for more than 30 % and diesel vehicles 

for 27 % in the MP site, as it is also impacted by traffic from numerous streets. This suggests vehicular 

regulation measures, especially in the renovation of trucks. As was mentioned before, secondary aerosols are 

important contributors to the fine suspended particles, due to the high temperatures and combustion emissions 

that favors their formation.  

 

 
Fig. 7. Source reconciliation of PM2.5 in the sugarcane zone in Cordoba, Veracruz. 

 

 

 

The emissions from agricultural soils are caused by wind and soil cleaning and preparation for 

cultivation; therefore, the highest contribution was in the rural area (PC), where most crops are located, with 

11 % and 8 % during harvesting and non-harvesting periods, respectively. Vehicle traffic on paved and unpaved 

roads also has a significant contribution ranging between 11 % and 23 % across different sites and seasons. A 

limestone facility is located between the two sites, a little closer to the PC that is in operation the whole year. 

Nevertheless, the contribution of this source is not only from the plant, since limestone is applied in order to 

neutralize the soil with pH from 4.5 to 5.5. Different blends of CaCO3 and CO are applied onto the sugarcane 

stalks post-harvest, acting as a nutrient booster for the mother plant, facilitating better absorption of nitrogen, 

phosphorus, and potassium. This practice is performed for the soil preparation of other crops as well. 

Consequently, the impact of this source is more pronounced in the rural site during the non-harvesting season, 

where the majority of crops are cultivated, contributing to over 6 % of the total PM2.5 mass. Even during the 

harvesting season, this source remains relevant as lime application typically commences in December, 

following the clearing of soil from the initial sugarcane harvesting. 

 

 

Conclusions 

 
The detailed chemical analysis of the elements and compounds that comprise fine atmospheric 

particles suspended in the air, known as PM2.5, not only provides a diagnosis of the presence of toxic species 

for living organisms but can also be used in receptor models to determine the contribution of various emitting 

sources. 

This study demonstrates that during the sugarcane harvest season, PM2.5 concentrations were 

duplicated, exceeding the maximum permissible limits of the Mexican standard on 70 % of days, resulting in 

poor or very poor air quality. The 60 % increase in elemental carbon or black carbon during harvesting presents 
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an opportunity for achieving co-benefits in climate change mitigation and air quality improvement through 

decision-makers' actions. 

The successful generation of chemical source profiles for the two main sugarcane processes, was 

achieved for the first time, because the source signatures were able to differentiate and separate emissions from 

mills and burnings, which had not been previously published, as well as to identify the contribution from the 2 

to 5 % lime application in the field to neutralize the soil. During the harvest, mills contribute to PM2.5 emissions 

between 9 and 15 %, while biomass burning contributes around 9 %, vehicles contribute 36 % on average, and 

road dust and agricultural soil contribute from 18 to 22 %. 

Of special concern is the increase in toxic species in particles, which can be up to 9 times higher 

compared to the non-harvest season. In particular, some carcinogenic polycyclic aromatic compounds were up 

to 7 times higher, and some inorganic toxics increased their concentration up to 9 times, mainly in urban areas 

where the population density is higher. This diagnosis should be used by environmental and health authorities 

to reinforce the need for control measures, in both, mills and in crop fields. Additionally, these results 

underscore the importance of conducting health risk assessments in the area. 
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Abstract. Various opportunistic microorganisms, such as bacteria and fungi, are responsible for multiple 

infectious diseases, which represent a threat to global health. Essential oils (EOs) have shown antimicrobial and 

antioxidant properties, making them an excellent alternative to control multi-resistant bacteria. In this work, for 

the first time, the antimicrobial and antioxidant activities of four EOs were evaluated, namely Trixis angustifolia 

DC (EOTA), Dalea bicolor Humb & Bonpl. Ex Willd (EODB), Tagetes parryi A.Gray (EOTP) and Eupatorium 

glabratum Kunth (EOEG). They were obtained by hydrodistillation, and their chemical composition was 

determined by GC-MS (Gas chromatography-mass spectroscopy) using HP5-MS column. Their antimicrobial 

and antioxidant activities were determined by the microdilution method and the DPPH and ABTS techniques, 

respectively. The main compounds of the EOs were piperitone (36.67 %) for EOTA, β-pinene (27.25) for 

EODB, verbenone (31.13 %) for EOTP and α-cadinol (7.78 %) and bornyl acetate (6.45 %) for EOEG. The 

EOs EOTA, EODB, EOTP and EOEG inhibited the development of Candida at a concentration of 62.5–500 

µg/mL, whereas the antibacterial activities of these oils were observed at concentrations from 125–500 µg/mL. 

The antioxidant activity of EOTA and EODB were IC50 = 0.641, 1.195 mg/mL, whereas those of EOTP and 

EOEG was lower. These results show that four EOs have antimicrobial activity. 

Keywords: Essential oils; composition; antimicrobial activity; antioxidant capacity. 

 

Resumen. Diversos microorganismos oportunistas, como bacterias y hongos, son responsables de múltiples 

enfermedades infecciosas, que representan una amenaza para la salud mundial. Los aceites esenciales (EOs) 

han demostrado propiedades antimicrobianas y antioxidantes, lo que los convierte en una excelente alternativa 

para el control de bacterias multirresistentes. En este trabajo, por primera vez, se evaluaron las actividades 

antimicrobianas y antioxidantes de cuatro EOs: Trixis angustifolia DC (EOTA), Dalea bicolor Humb & Bonpl. 

Ex Willd (EODB), Tagetes parryi A.Gray (EOTP) y Eupatorium glabratum Kunth (EOEG). Los aceites se 

obtuvieron por hidrodestilación y se determinó su composición química por GC-MS (cromatografía de gases-

espectrometría de masas) utilizando una columna HP5-MS. Sus actividades antimicrobiana y antioxidante se 

determinaron por el método de microdilución y las técnicas DPPH y ABTS, respectivamente. Los principales 

compuestos de los aceites esenciales fueron piperitona (36,67 %) para EOTA, β-pineno (27,25 %) para EODB, 

verbenona (31,13 %) para EOTP y α-cadinol (7,78 %) y acetato de bornilo (6,45 %) para EOEG. Los aceites 

esenciales EOTA, EODB, EOTP y EOEG inhibieron el desarrollo de Candida a una concentración de 62,5–

500 μg/mL, mientras que las actividades antibacterianas de estos aceites se determinaron a concentraciones de 

125–500 μg/mL. La actividad antioxidante de EOTA y EODB fue de IC50 = 0,641, y 1,195 mg/mL 
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respectivamente, mientras que las de EOTP y EOEG fueron menores. Estos resultados muestran que los cuatro 

EOs tienen actividad antimicrobiana. 

Palabras clave: Aceites esenciales; composición; actividad antimicrobiana; capacidad antioxidante. 

 

 

Introduction 

    
Multi-resistant bacteria (ESKAPE) represent an inherent problem for the world population. In the 

United States, the estimated number of annual infections is higher than 2 million, whereas in developing 

countries, communicable diseases are the main cause of mortality, and emerging and re-emerging infectious 

diseases represent a major issue [1]. Antibiotic resistance jeopardises the achievements of modern medicine by 

impeding the treatment and prevention of infections. Some ESKAPE pathogens (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, 

Escherichia coli) can tolerate transient exposure to high doses of antibiotics without changes in their minimum 

inhibitory concentration (MIC). This tolerance is associated with the irreversible destruction of the active site 

of the antibiotic, modification of the bacterial target site, reduction of antibiotic accumulation by mutation or 

loss of membrane channels and persistence through cells embedded in biofilms [2,3]. 

The World Health Organization (WHO) and Pan American Health Organization (PAHO) have drawn 

special attention to multidrug-resistant bacteria, generating a critical priority list that includes dangerous 

multidrug-resistant bacteria that may be of nosocomial origin or acquired in the community. They are classified 

by their degree of lethality, treatment and hospitalization time; the ease with which they are transmitted between 

animals, from animals to people and between people. The list is divided into critical, high, and medium priority 

levels, which include S. aureus, E. coli, E. faecalis and P. aeruginosa [4]. 

Additionally, yeasts of the genus Candida are opportunistic human pathogens [5] that affect mucous 

membranes. More than 90 % of clinical infections are caused by species of the genus Candida, such as C. 

glabrata, C. albicans, C. krusei and C. tropicalis, highlighting their virulence factors such as membrane and 

cell wall barriers, dimorphism, biofilm formation, signal transduction pathways, proteins related to stress 

tolerance, hydrolytic enzymes and toxin production [6]. Therefore, the study of these yeasts, whose incidence 

has increased in the last three decades, is imperative, due to the increase in the Acquired Immune Deficiency 

Syndrome (AIDS) epidemic, an increasingly aging population, a greater number of immunocompromised 

patients and the more widespread use of medical devices permanent [4]. Resistance to antifungals has increased 

in many Candida species, contributing to treatment failure and amplifying intra-hospital issues [7]. 

Free radicals are chemical species present in the body that can cause oxidative stress, damaging cells 

and body functions, which can result in various diseases such as cancer, arthritis and respiratory diseases, among 

others. Antioxidants have the ability to scavenge free radicals, playing an important role in defending the body 

against different chronic diseases [8]. It is therefore essential to develop new compounds with antimicrobial 

and antioxidant activity. In this context, plants are a source of secondary metabolites, many of which have these 

two effects, and one of these constituents is EOs, which are complex mixtures containing between 20 and 60 

components, mainly monoterpenes, sesquiterpenes, aliphatic and aromatic compounds [9]. 

The composition of essential oils (EOs) varies with temperature, climate, plant maturity and season, 

among others, and this variability could influence the properties of the EOs [10]. They play an important role 

in protecting plants from pathogens and predators [11] and are applied in the production of food, flavours, 

cosmetics and pharmaceuticals [12]. The bioactive compounds of EOs present various biological activities such 

as anti-inflammatory, analgesic, anti-cancer [13], antimicrobial and antioxidant activities [14,15]. Different EOs 

from plants of the family Asteraceae have antioxidant and antimicrobial activities [16], such as those from 

Achillea millefolium subsp. millefolium Afan [17] and Pulicaria inuloides [18]. Some EOs of plants of the 

Fabaceae family also possess these activities, such as those from Myrocarpus frondosus [19]. 

Recent studies found that some extracts of aerial parts of Trixis angustifolia, Dalea bicolor, Eupatoriun 

glabratum and some species of Tagetes have antimicrobial activity against different bacteria [20-22]. However, 

there are no reports about antimicrobial effects of the EOs of these plants. 
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In this study, we determined the composition of four EOs from plants of the family Asteraceae, namely 

essential oil of Trixis angustifolia (EOTA), essential oil of Tagetes parryi (EOTP) and essential oil of 

Eupatorium glabratum (EOEG), and of one EO from a plant Dalea bicolor of the family Fabaceae, namely 

EODB. For the first time, the antioxidant capacities of these EOs were evaluated, as well as their antimicrobial 

activities toward two Gram (+) bacteria and two Gram (-) bacteria and their antifungal activities toward four 

Candida species. 

 

 

Materials and methods 

 
General 

The aerial parts of T. angustifolia, D. bicolor, T. parryi and E. glabratum, were collected in San Luis 

Potosí State, México. The plants were identified by the taxonomist José García Pérez, and a voucher specimen 

of each plant was deposited in the Herbarium Isidro Palacios of the Universidad Autónoma de San Luis Potosí 

(Table 1). 

 

Table 1. Data about plant species, and yield of EOs. 

Plant Species Date and place Coordinates Plant part 
Yield 

(w/w) 

Voucher 

number 

Trixis 

angustifolia 

February 2008, 1 km from 

the junction to 

Guadalcázar, SLP 

22°38'23.7"N 

100°30'49.0"W 

Aerial 

parts 
0.64 SLPM44557 

Dalea bicolor 

February 2014, at the 

Cañada del Lobo dam, San 

Luis Potosí, SLP 

22°05'44.0"N 

100°57'56.9"W 

Aerial 

parts 
0.45 SLPM57550 

*Tagetes parryi 

November 2013, Agua 

Blanca, Municipality of 

Villa de Zaragoza, SLP 

22°03'35.7"N 

100°37'11.5"W 

Aerial 

parts 
0.54 SLPM31975 

Eupatorium 

glabratum 

February 2008, in the 

Realejo, community of 

Guadalcázar, SLP 

22°39'57.4"N 

100°25'04.4"W 

 

Aerial 

parts 
0.19 SLPM44553 

*Previosly reported by González-Velasco [23]. 

 

 

Essential oil extraction 
The EOs were obtained by hydrodistillation from the aerial parts of the fresh plants. They were 

extracted with diethyl ether, and this solvent was eliminated under reduced pressure at 20 °C. The EOs were 

then stored at 5 °C.  

 

Composition of the EOs 
The composition of EOs was determined by GC-MS using a chromatograph (Agilet Technology, 

model 6890N) connected to a selective mass detector model 5973 Network (MSD, Agilent Technologies, 

Wilmington, DE, USA). An HP-5MS capillary column (30 m length, 0.25 mm internal diameter, and 0.25 µm 

film width) (J&W, Folsom, CA, USA) was used for the separation. The EOs samples (10 µL) were diluted with 

acetone (1 mL) and the injector temperature was 240 °C, operated in the splitless mode, and the carrier gas was 

helium at 1mL/min. The oven temperature was programmed at 50 °C/3 min, with a heating rate of 3 °C/min up 

to 240 °C/2 min. The MSD was operated at 70 eV, the ion source was set a 150 °C, and the transfer line was at 

240 °C and the mass range was analyzed 15-600 m/z. The software MSD ChemStation (Agilent B.04.02) was 
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used for data recording and the compounds were identified based on their mass spectra by comparison with the 

spectra reported in the Wiley 09 and NIST11 libraries. In addition, the Kovak index was calculated for each 

peak, with reference to the n-alkane standards (C6-C26) running under the same conditions. 

 

Microorganisms 
We used four yeast and four bacterial species. The yeasts, Candida albicans ATCC 10231, C. glabrata 

ATCC 32554, C. krusei ATCC 90878 and C. tropicalis ATCC 750, were inoculated in sterile Sabouraud 

dextrose broth and incubated at 37 °C/24–48 h. The bacteria, Staphylococcus aureus ATCC 6538, Enterococcus 

faecalis ATCC 29212, Escherichia coli ATCC 8739 and Pseudomonas aeruginosa ATCC 9027, were 

inoculated in sterile tryptocasein soy broth and incubated at 37 °C/24 h. 

 

Inoculum preparation 
First, 100 µL of bacterial and yeast suspensions were individually inoculated in 8 mL of sterile 

tryptocasein soy broth and sterile Sabouraud dextrose broth and incubated at 37 °C for 24–48 h. The 

microorganisms were then adjusted to a density of 105 colony-forming units (CFU)/ mL (corresponding to 0.5 

McFarland standards). Finally, the suspensions were diluted to 1:1,000 with saline solution [24]. 

 

Determination of the minimum inhibitory concentration (MIC) 
The antimicrobial activity of the EOs was evaluated by the microdilution technique in 96-well plates 

to determine the MIC. First, 50 µL of sterile tryptocasein soy broth (for bacteria) [24] and sterile Sabouraud 

dextrose broth (for yeasts) [25] were pipetted into 96-well plates. Then, 50 µL of EOTA, EODB, EOTP and 

EOEG were added, and a serial dilution of each extract was subsequently carried out to obtain concentrations 

of 500, 250, 125, 62.5, 31.25, 15.6, 7.8, 3.9, 1.95 and 0.97 µg/mL. Finally, 50 µL of the 1:1,000 dilution of 

bacterial or yeast inoculate was added and incubated at 37 °C/24 h. As positive inhibition controls, we used 

fluconazole and itraconazole (250 to 0.12 µg/mL) for yeasts and ciprofloxacin (100 to 0.95 µg/mL) for bacteria. 

The MIC was determined at an absorbance of 625 nm. The activity of the EOs was compared with those of the 

respective controls; all tests were carried out six times. 

 

Antioxidant activity 2,2-Diphenyl-1-picrylhydrazyl DPPH assay 
The DPPH test was performed according to the method of Williams [26], with modifications. The 

reaction mixture contained 100 µL of 0.208 mM DPPH and 100 µL of the EOs dissolved in methanol [400–

12.5 µg/mL]. The negative control consisted of 100 µL of 0.208 mM DPPH with 100 µL methanol. We used 

TROLOX (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; 0–40 µg/mL) as a positive control. 

Absorbance was determined at a wavelength of 517 nm after 20 min in the dark. The reductive capacity of the 

EOs was determined using the following equation: 

 

RSA % = (Acontrol-AEO/Acontrol) x 100 
 

where Acontrol is the absorbance of the negative control, and AEO is the absorbance of the EO. The concentrations 

of the samples responsible for a 50 % decrease in the initial activity of the DPPH free radical (IC50) were 

calculated by linear regression. 

 

 

Antioxidant activity ABTS assay 
The radical scavenging capacity of the EOs was determined with ABTS (2,2’-azinobis-3-

ethylbenzothiazoline-6-sulfonic acid) as described elsewhere [27]. An ABTS+radical solution was prepared by 

mixing 7 mM ABTS solution and 2.45 mM potassium persulphate (K2S2O8) in a 1:1 (v/v) ratio. The solution 

was incubated at room temperature in the dark for 12 h and subsequently diluted with water to obtain an 

emerald-green solution with an absorbance close to 1,000. The negative control consisted of 20 μL methanol 

and 180 μL ABTS+; TROLOX was used as a positive control (0–40 µg/mL). The assay was performed in a 96-

well plate, where 20 μL of EO dissolved in methanol in a range of 500–100 μg/mL was mixed with 180 μL 
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ABTS+ solution, incubated for 20 min at room temperature in the dark and read at a wavelength of 734 nm. 

The RSA % was determined according to the following equation: 

 

RSA % = (Ac-As)/Ac) x 100 
 

where Ac is the control absorbance, and As is the sample absorbance. The concentrations of the samples 

responsible for a 50 % decrease in the initial activity of the ABTS free radical (IC50) were calculated by linear 

regression. 

 

Statistical analysis 
The data obtained between MIC and four EOs against four species of Candida and MIC of four EOs 

against Gram (+) and Gram (–), species were analyzed, by ANOVA test. The data obtained calculating the 

DPPH and ABTS indexes were analysed by Tukey’s test. The data was analyzed using statistical program 

inerSTAT20-a v. 1.3. A p-value of less than 0.05 was considered statistically significant. 

 

 

Results 
 

Chemical composition of the EOs 
The chemical composition of the EOs was determined by GC-MS [28]. We found the three EOs 

(EOTA, EOTP, EOEG) oxygenated compounds predominate 89.58 %, 69.14 %, 40.59 %, respectively. In the 

case of EODB the oxygenated compounds represent only 24.8 %. The table 2 is shown for the first time the 

composition of EOTA. Overall, 34 compounds were identified, accounting for 86.47 % of the oil; the main 

compounds were piperitone (38.67 %), 1,8-cineole (14.14 %) and α-terpineol (6.38 %). 

 

Table 2. The chemical composition of EOTA. 

Compound Rt (min) 
Relative Abundance 

(% ± SD) 
RIR RIE 

Isovaleric acid 6.11 2.37 ± 0.37 816 808 

2-Methylbutyric acid 6.76 2.45 ± 0.57 839 838 

α-Phellandrene 10.38 0.53 ± 0.01 1007 1003 

p-Cymene 11.30 0.47 ± 0.01 1011 1022 

1,8-Cineole 11.62 14.14 ± 0.42 1023 1029 

β-cis-Ocimene 12.45 0.19 ± 0.00 1024 1047 

Linalool 14.83 1.07 ± 0.03 1082 1097 

(E)-p-Menth-2-en-1-ol 15.73 0.44 ± 0.06 1123 1117 

cis-p-Menth-2-en-1-ol 16.60 0.39 ± 0.02 1118 1136 

4-Terpineol 18.34 0.18 ± 0.04 1175 1173 

3,9-Epoxy-1-p-menthene 18.70 0.12 ± 0.03 1178 1181 

α-Terpineol 19.03 6.38 ± 0.07 1172 1188 
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Compound Rt (min) 
Relative Abundance 

(% ± SD) 
RIR RIE 

trans-2-Hydroxy-1,8-cineole 20.68 0.11 ± 0.05 1228 1224 

Piperitone 22.16 38.67 ± 0.48 1243 1257 

β-Bourbonene 27.55 0.12 ± 0.00 1386 1378 

β-Elemene 27.92 0.78 ± 0.02 1387 1387 

α-Gurjunene 28.60 0.34 ± 0.00 1412 1402 

Caryophyllene 29.00 1.34 ± 0.00 1421 1412 

α-Bergamotene 29.77 0.23 ± 0.02 1427 1431 

Humulene 30.40 0.25 ± 0.02 1454 1447 

Aromandendrene 30.70 0.41 ± 0.01 1455 1454 

α-Muurolene 32.39 0.13 ± 0.03 1494 1496 

δ-Cadinene 33.33 4.11 ± 0.08 1514 1520 

Elemol 34.36 0.86 ± 0.03 1535 1545 

Palustrol 34.98 0.80 ± 0.03 1562 1561 

Spathulenol 35.41 0.22 ± 0.02 1569 1571 

Guaiol 36.23 1.95 ± 0.03 1588 1592 

Ledol 36.37 0.43 ± 0.00 1597 1595 

2-(4a,8-Diethyl-2,3,4,4a,5,6,7,8-

octahydro-2-naphthalenyl)-2-

propanol 

36.56 1.14 ± 0.02 1598 1600 

Agarospirol 37.24 0.55 ± 0.08 1631 1619 

δ-Cadinol 38.06 0.28 ± 0.12 1646 1641 

β-Eudesmol 38.15 0.18 ± 0.01 1644 1644 

α-Cadinol 38.36 0.38 ± 0.03 1641 1650 

Bisabolol 39.49 2.06 ± 0.05 1683 1681 

Total identified  86.47   

Total unidentified  13.53   

Retention time (Rt), retention indexes in the literature (RIR), and retention indexes calculated (RIE), Standard Deviation (SD) 

duplicated analysis. 
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For EOTP, 21 constituents were determined [23], according for 87.49 % of the EO (Table 3); the main 

compounds were dihydrotagetone (25.77 %) and verbenone (31.13 %). 

 

 

Table 3. The chemical composition of EOTP. 

Compound Rt (min) 
Relative Abundance 

(% ± SD) 
RIR RIE 

3-Hexenol-1-ol 5.66 0.16 ± 0.00 838 806.3 

β-Phellandrene 10.03 0.37 ± 0.04 964 957.0 

β-Pinene 10.13 0.32 ± 0.02 961.7 960.3 

β-Myrcene 10.86 0.21 ± 0.01 979 985.6 

α-Phellandrene 11.40 0.23 ± 0.00 997 1000.0 

1,8-Cineole 12.63 1.46 ± 0.02 1023 1028.2 

trans-β-Ocimene 13.06 2.10 ± 0.12 1034 1037.1 

Dihydrotagetone 13.87 25.77 ± 1.57 1055 1054.1 

Chrysanthenone 17.20 0.31 ± 0.10 1099 1123 

Neo-allo-ocimene 17.46 0.17 ± 0.09 1131 1128.4 

Tagetone 18.70 19.76 ± 1.47 1124 1153 

4-Terpineol 19.75 0.11 ± 0.02 1161 1188.5 

α-Terpineol 20.42 0.55 ± 0.01 1172 1188.5 

2-Ethylidene-6-methyl-3,5-heptadienal 21.22 0.37 ± 0.05 1182 1205 

Verbenone 22.95 31.13 ± 3.19 1228 1242.4 

Thymol 23.47 0.14 ± 0.06 1266 1253.6 

Isopiperitenone 24.32 2.31 ± 0.34 1249 1271.9 

Eugenol 29.96 1.46 ± 0.05 1392 1393.3 

Caryophyllene 31.06 0.34 ± 0.04 1424 1418 

p-Cresol 33.12 0.11 ± 0.07 
1503.

9 
1474.1 

Elemol 36.61 0.10 ± 0.01 1535 1551.2 

Total identified  87.49  

Total unidentified  12.51  

Retention time (Rt), retention indexes in the literature (RIR), and retention indexes calculated (RIE).  
Standard Deviation (SD) duplicated analysis. This composition was reported for González-Velasco [23]. 
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In EODB, we identified 46 compounds (Table 4), accounting for 65.98 % of the total EO; the main 

component was β-pinene (27.25 %), followed by tau-cadinol (6.73 %), β-myrcene (6.23 %) and camphene 

(3.85 %). 

 

Table 4. The chemical composition of EODB. 

Compound Rt (min) 
Relative Abundance 

(% ± SD) 
RIR RIE 

(E)-2-Hexenal 7.35 0.12 ± 0.00 822.4 810.8 

Camphene 11.25 3.85 ± 0.09 943 926.3 

Benzaldehyde 11.79 0.36 ± 0.01 927.2 942.5 

β-Pinene 12.59 27.25 ± 0.53 961 966.1 

β-Myrcene 13.29 6.23 ± 0.04 981 986.9 

α-Phellandrene 13.89 0.06 ± 0.01 997 1003.1 

(3E)-3-Hexenyl acetate 14.07 0.05 ± 0.01 983 1006.8 

3-methyl-3-vinylciclohexanone 14.23 0.03 ± 0.01 1115 1009.9 

α-Terpinene 14.49 0.04 ± 0.01 1008 1015.2 

p-Cymene 14.89 0.05 ± 0.00 1025 1023.2 

Limonene 15.10 1.88 ± 0.01 1018 1027.3 

1,8-Cineole 15.23 0.25 ± 0.01 1020 1030.0 

β-Ocimene 16.11 1.15 ± 0.09 1024 1047.5 

γ-Terpinene 16.62 0.06 ± 0.02 1047 1057.6 

trans-Sabinene hydrate 17.05 0.08 ± 0.00 1050 1066.3 

Terpinoleno 18.13 0.11 ± 0.00 1080 1087.7 

Linalool 18.71 1.14 ± 0.06 1082 1099.3 

Pinocarveol 20.66 0.10 ± 0.02 1143 1137.7 

Camphor 20.97 0.14 ± 0.01 1146 1143.7 

Endo-Borneol 22.04 0.15 ± 0.01 1148 1164.7 

4-Terpinenol 22.62 0.25 ± 0.04 1162 1176.1 

α-Terpineol 23.29 0.70 ± 0.01 1172 1189.1 

Myrtenol 23.58 0.17 ± 0.02 1212.8 1195.0 

cis-3-Hexenyl valerate 25.34 0.05 ± 0.01 1243 1232.0 

Bornyl acetate 27.97 2.34 ± 0.04 1270 1287.9 
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Compound Rt (min) 
Relative Abundance 

(% ± SD) 
RIR RIE 

Lavandulyl acetate 28.18 0.13 ± 0.00 1292 1292.2 

Myrtenyl acetate 29.84 0.21 ± 0.08 1299 1327.6 

δ-Elemene 30.43 0.62 ± 0.03 1334 1340.1 

Eugenol 31.29 0.12 ± 0.01 1363 1358.4 

Methyl cinnamate 32.46 0.54 ± 0.01 1380 1383.3 

β-Elemene 32.94 0.12 ± 0.10 1387 1393.5 

Caryophyllene 34.21 0.77 ± 0.00 1421 1422.8 

Humulene 35.73 0.33 ± 0.05 1454 1459.0 

γ-Muurolene 36.71 0.19 ± 0.01 1471 1481.8 

δ-cadinene 38.03 0.20 ± 0.02 1514 1513.2 

6-Epishyobunone 38.31 2.06 ± 0.16 1538 1519.8 

6-Epi-shyobunol 38.57 0.68 ± 0.00 1555 1525.9 

Elemol 39.76 1.09 ± 0.14 1535 1554.2 

Elemicin 39.98 0.14 ± 0.06 1531 1559.2 

Caryophyllene oxide 41.26 0.78 ±0.09 1575 1589.5 

Viridiflorol 41.60 0.55 ± 0.08 1594 1597.6 

Guaiol 41.80 1.48 ± 0.07 1588 1602.4 

Dehydroxy-isocalamendiol 42.17 2.06 ± 0.24 1593 1612.2 

tau-cadinol 43.54 6.73 ± 0.52 1628 1647.8 

7R,8R-8-Hydroxy-4-isopropylidene-

7-methylbicyclo[5.3.1]undec-1-ene 
46.59 0.40 ± 0.01 1754 1727.1 

Isocalamendiol 47.55 0.18 ± 0.04 1725 1752.2 

Total identified  65.98   

Total unidentified  34.02   

Retention time (Rt), retention indexes in the literature (RIR), and retention indexes calculated (RIE). Standard Deviation (SD) 

duplicated analysis. 
 

 

Finally, 45 compounds were determined in EOEG, corresponding to a total of 54.00% (Table 5), the 

major compounds were α-cadinol (7.78 %), bornyl acetate (6.45 %), and caryophyllene oxide (5.96 %). 
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Table 5. The chemical composition of EOEG. 

Compound Rt (min) 
Relative Abundance 

(% ± SD) 
RIR RIE 

β-Pinene 9.17 0.45 ± 0.01 961.7 949 

Myrcene 9.90 0.23 ± 0.00 981 983 

α-Phellandrene 10.38 0.12 ± 0.01 1007 1002 

p-Cymene 11.27 1.16 ± 0.06 1025.4 1021 

Limonene 11.44 0.19 ± 0.00 1018 1025 

1,8-Cineole 11.55 0.02 ± 0.01 1023 1027 

trans-β-Ocimene 12.46 0.03 ± 0.00 1034 1046 

Linalool 14.83 0.25 ± 0.02 1081 1085 

Fenchol 15.31 0.21 ± 0.03 1100 1107 

Perillen 15.59 0.12 ± 0.01 1109 1113 

(E)-p-2-Menthen-1-ol 15.72 0.25 ± 0.00 1123 1116 

α-Campholenal 15.94 0.11 ± 0.01 1120 1121 

cis-2-p-Menthen-1-ol 16.60 0.19 ± 0.02 1118 1135 

(Z)-β-Terpineol 16.87 0.27 ± 0.00 1125 1141 

Endo-Borneol 17.73 0.41 ± 0.03 1148 1159 

Terpinen-4-ol 18.32 0.18 ± 0.01 1175 1172 

α-Terpineol 18.95 2.03 ± 0.04 1172 1186 

cis-Sabinol 19.47 0.74 ± 0.08 1179 1197 

(E)-Carveol 19.81 0.37 ± 0.03 1206 1204 

cis-Carveol 20.33 0.49 ± 0.08 1207 1216 

Methylthymol 21.04 0.96 ± 0.02 1215 1232 

Bornyl acetate 23.32 6.45 ± 0.14 1285 1283 

Carvacrol 24.23 0.30 ± 0.01 1278 1303 

Myrtenyl acetate 24.85 1.70 ± 0.21 1306 1317 

α-Cubebene 26.07 0.09 ± 0.02 1350 1345 

α-Copaene 27.17 0.17 ± 0.01 1376 1369 

β-Bourbonene 27.54 0.19 ± 0.01 1386 1378 
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Compound Rt (min) 
Relative Abundance 

(% ± SD) 
RIR RIE 

Alloaromadendrene 29.79 0.69 ± 0.03 1459 1431 

Aristolene 30.02 0.22 ± 0.04 1423 1437 

α-Curcumene 31.73 1.60 ± 0.03 1472 1479 

Carvacryl propionate 31.91 0.43 ± 0.15  1484 

β-Bisabolene 32.13 0.81 ± 0.07 1500 1489 

α-Muurolene 32.39 0.96 ± 0.03 1494 1496 

γ-Cadinene 32.91 1.70 ± 0.03 1505 1509 

δ-Cadinene 33.34 3.93 ± 0.03 1514 1519 

Nerolidol 34.99 0.90 ± 0.04 1545 1560 

Spathulenol 35.42 2.18 ± 0.01 1577 1571 

Caryophyllene oxide 35.61 5.96 ± 0.35 1576 1576 

Ledol 35.94 1.77 ± 0.08 1597 1584 

(4-tert-Butylphenoxy)methyl acetate 36.44 0.21 ± 0.09 1563 1597 

Humulene-1,2-epoxide 36.59 0.47 ± 0.06 1601 1600 

Cubenol 37.35 0.76 ± 0.09 1631 1621 

tau-Muurolol 37.89 4.88 ± 0.24 1628 1636 

α-Muurolol 38.05 1.08 ± 0.21 1646 1641 

α-Cadinol 38.40 7.78 ± 0.33 1641 1650 

Total identified  54.00   

Total unidentified  46.00   

Retention time (Rt), retention indexes in the literature (RIR), and retention indexes calculated (RIE).  Standard 

Deviation (SD) duplicated analysis. 

 

 

Minimum inhibitory concentration 
The antimicrobial activity of the four oils was tested in vitro on four yeasts, two Gram (+) bacteria and 

two Gram (-) bacteria. As controls were used fluconazole and itraconazole for yeasts and ciprofloxacin for 

bacteria. The results (table 6) showed that any of the EOs inhibited the growth of C. krusei. However the other 

three yeasts were sensitive to all EOs, and the highest antimicrobial activity was found against C. albicans, with 

an inhibition concentration of 62.5 µg/mL. C. tropicalis was inhibited by EOTA, EOTP and EOEG and the oils 

had activity on C. glabrata at 250 µg/mL. It should be noted that the EOs inhibited the growth of three yeasts 

examined, with MIC values ranging from 62.5–250 µg/mL, highlighting the inhibitory activity against C. 

albicans and C. tropicalis (Table 6). 

 



Article        J. Mex. Chem. Soc. 2024, 68(4) 

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

 

 

604 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

Table 6. Minimum inhibitory concentration of four EOs against four species of Candida. 

Essential oils 

MIC of yeast [µg/mL] 

C. krusei C. glabrata C. tropicalis C. albicans 

EOTA 500 250 125 62.5 

EODB 500 250 250 62.5 

EOTP 500 250 125 62.5 

EOEG 500 250 125 62.5 

Fluconazole 0.97 1.95 0.97 0.24 

Itraconazole 0.48 0.12 0.12 0.12 

p value using ANOVA test p=0.0607 

 

 

Table 7 shows the antibacterial activities of the EOs, with MIC values ranging from 125–500 μg/mL. 

The four oils presented mean inhibition of S. aureus and P. aeruginosa at a concentration of 125 μg/mL, except 

for EOTA, which inhibited P. aeruginosa at 500 μg/mL. However, the activity of EOTA against E. coli was 

highest at a concentration of 250 μg/mL with respect to EODB, EOTP and EOEG. In contrast, any EOs inhibited 

the growth of E. faecalis.  

 

Table 7. Minimum inhibitory concentration of four EOs against Gram (+) and Gram (–), species. 

EOs 

MIC of bacteria [µg/mL] 

Gram (+) Gram (-) 

S. aureus E. faecalis E. coli P. aeruginosa 

EOTA 125 500 250 500 

EODB 125 500 500 125 

EOTP 125 500 500 125 

EOEG 125 500 NA 125 

Ciprofloxacin 0.19 0.19 0.095 0.19 

NA (not activity). p value using ANOVA test p=0.1104 

 

 

Antioxidant activity (DPPH and ABTS) 
The antioxidant activities of the EOs were calculated in terms of the radical scavenging activity 

(RSA) %, which reflects the capacity of the EOs to reduce the concentrations of the radicals DPPH and ABTS. 

The EOs EOTA, EODB and EOTP showed antioxidant activity. With DPPH the IC50 values were 0.814, 1.195 

and 1.050 mg/mL, respectively, and with ABTS IC50 values were 0.183, 0.252, 0.137. However, EOEG had a 

lower antioxidant activity DPPH (IC50 = 3.480 mg/mL) and ABTS (IC50= 0.410 mg/mL) (Table 8). 
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Table 8. DPPH and ABTs radical scavenging activity of EOs. 

EOs 

DPPH ABTS 

RSA ± SE % IC50 [mg/mL] RSA ± SE % IC50 [mg/mL] 

EOTA 21 ± 1.61a 0.814 14 ± 0.54ab
 0.183 

EODB 20 ± 0.46a 1.195 10 ± 0.44b 0.252 

EOTP 21 ± 0.32 a 1.050 22 ± 0.14a 0.137 

EOEG 6 ± 0.091 b 3.480 7 ± 0.05b 0.410 

Trolox 86 ± 0.70 0.005 90 ± 2.25 0.002 

DPPH (1,1'-diphenyl-2-picrylhydrazine), ABTS (2,2’-azinobis-3-ethylbenzothiazoline-6-sulfonic acid, RSA 

(radical scavenging activity). p value between EOs using Tukey´s test DPPH p<0.003 and ABTS p<0.009. Means 

not joined by the same letter show significant differences. 

 

 

Discussion 

 
Infectious diseases caused by microorganisms and their resistance to antimicrobials have increased the 

costs of hospital care as well as morbidity and mortality, making them some of the major public health problems 

[1,29]. Between 2016 and 2020, ESKAPE pathogens were the most isolated in hospitals [1], and candidiasis 

infections have increased in the last three decades [30]. The results of this study on ATCC microorganisms 

suggest need future research in clinical isolates. 

In the present research, the inhibitory activity of EOTA against Candida strains and Gram (+) and 

Gram (-) bacteria was observed (Tables 6 and 7). This inhibition could be due to piperitone, whose antifungal 

effect has been described [31]. 1,8-cineol, a compound present in EOTA, inhibits the growth of different 

Candida species by blocking hyphal transition, the expression of genes that code for ergosterol biosynthesis 

(ERG11), and efflux pumps (CDR1 and CDR2) [32]. This suggests that in our study, these compounds are 

responsible for the inhibition of C. glabrata, C. tropicalis and C. albicans. 

1,8-cineole also inhibits the growth of Gram (+) and Gram (-) bacteria by modifying the permeability 

of the bacterial membrane, an intracellular and morphological alteration of the cell, which could explain the 

inhibition observed for S. aureus and E. coli (125 and 250 µg/mL, respectively) [33]. 

Dihydrotagetone, the main bioactive component of EOTP, has antibacterial activity against Gram (+) 

and Gram (-) bacteria and also decreases the oxidative damage of food [34]. In our study, we observed 

antibacterial activity of EOTP on S. aureus and P. aeruginosa (125 µg/mL), as well as antifungal activity mainly 

on C. albicans and C. tropicalis (62.5 and 125 µg/mL, respectively). 

Another bioactive compound is β-pinene, which is one of the main bioactive compounds identified in 

EODB, with antibacterial and antifungal activity. Rivas da Silva [35] documented its ability to inhibit the 

formation of biofilms in C. albicans and, consequently, the growth of this yeast. This effect is similar to the 

inhibition of growth observed for C. albicans at 62.5 µg/mL, and EODB was also able to inhibit C. glabrata 

and C. tropicalis (250 µg/mL). In contrast, the antibacterial activity against S. aureus and P. aeruginosa was 

125 µg/mL. This may be related to the lipophilic nature of EO, which allows this oil to easily cross the cell 

wall, causing microbial death [36]. 

The main components of EOEG are α-cadinol, caryophyllene oxide and tau-Muurolol. This EO 

showed antifungal activity to the three yeasts studied, highlighting its activity to C. albicans and C. tropicalis; 

the antibacterial activity was the same as that presented by EODB to S. aureus and P. aeruginosa. Other authors 

also reported the antimicrobial activity of caryophyllene oxide to S. aureus [37]. 

The antimicrobial activities of the EOs tested in this study suggest that they can be used as alternatives 

in the treatment of nosocomial infections caused by multiresistant bacteria [38]. The EOs have antimicrobial 
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activity, especially against different Candida strains. However, some in vivo studies about the toxicity of these 

oils will be done in the close future. 

Oxidative stress is generated by an excess of free radicals and has been associated with different 

diseases such as atherosclerosis, cancer, hypertension [39] and infections [40]. The antioxidant capacity of the 

four oils was determined by scavenging-methods using DPPH and ABTS. These oils diminished stable radicals, 

but their antioxidant activity was low (table 8). Then, these results suggest that the antimicrobial and antioxidant 

effect are not related. In this study was determined the antioxidant capacity by two assays, because the DPPH 

assay determined radical dissolved in organic solvents then this assay is suitable to hydrophobic systems, 

whereas ABTS assay is useful to lipophilic and hydrophilic antioxidant systems [41] 

 

 

Conclusions 

 
The rise of multidrug resistant microbes has produced high rates of morbidity and mortality, therefore, 

one of the main challenges of researches is to find new efficient drugs to treat infectious diseases. Many EOs 

possess antimicrobial activity, which could be attributed to synergism between their components. In the future 

might explore the activity of the main compounds and the synergistic mechanism. 

The results obtained of this study show that EODB, EOEG, EOTP have a low antioxidant activity, 

which might relate to their oxygenated components.  

This study tested the antifungal activity of these EOs against the yeasts, C. albicans, C. glabrata, C. 

krusei and C. tropicalis, and against the bacteria, Staphylococcus aureus, Enterococcus faecalis, Escherichia 

coli and Pseudomonas aeruginosa. The results show that EODB, EOEG, EOTP and EOEG inhibited the growth 

of bacteria Gram+ and Gram - also, they have antimicrobial activity against C. glabrata, C. tropicalis and C. 

albicans. The results of this study suggest need future research in clinical isolates. 
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Abstract. In current work, we prepared a series of ten 4-aryloxy-5-benzylidenebarbiturates and hydantoins as 

1,3-thiazolidine-2,4-dione bioisosteres. An in silico pharmacological consensus analysis (PHACA) was 

conducted to assess the pharmacokinetic, pharmacodynamics, biopharmaceutical, and toxicological properties 

of compounds 1-10. The goal was to identify computationally safe hits using a color-coded system resembling 

a traffic light. The compounds identified as safe computational hits through PHACA were 1, 2, and 4 from the 

barbiturate series, which were then selected by in vitro assays targeting PPAR-γ, GPR40, and GLUT-4 gene 

expression. Additionally, these three compounds underwent in vivo evaluation through a glucose tolerance 

curve assay conducted on normoglycemic mice. Compounds 1 and 4 exhibited antihyperglycemic effects within 

the first thirty minutes post-administration. Molecular docking studies were conducted to clarify the dual effect 

and binding mode of compounds 1, 2 and 4 on PPAR-γ and GPR40. Compounds 1 and 4 exhibited robust in 

vitro and in vivo efficacy and could be considered as multitarget modulators with antidiabetic effect. 

Keywords: Diabetes; bioisosteres; multitarget effect; pharmacological consensus analysis. 

 

Resumen. En este trabajo se preparó una serie de diez 4-ariloxi-5-bencilidenobarbituratos e hidantoínas como 

bioisósteros de la 1,3-tiazolidina-2,4-diona. Se realizó un análisis de consenso farmacológico in silico (PHACA) 

para evaluar las propiedades farmacocinéticas, farmacodinámicas, biofarmacéuticas y toxicológicas de los 

compuestos 1-10. El objetivo era identificar hits computacionales seguros utilizando un sistema codificado por 

colores que se asemeja a un semáforo. Los compuestos identificados como hits computacionales seguros fueron 

1, 2 y 4 de la serie de barbituratos, que se eligieron para ensayos in vitro dirigidos a la expresión génica de 

PPAR-γ, GPR40 y GLUT-4. Además, estos tres compuestos se sometieron a una evaluación in vivo mediante 

un ensayo de curva de tolerancia a la glucosa realizado en ratones normoglucémicos. Los compuestos 1 y 4 

exhibieron efectos antihiperglucémicos dentro de los primeros treinta minutos posteriores a la administración. 

Se realizaron estudios de acoplamiento molecular para clarificar el efecto dual y el modo de unión de los 
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compuestos 1, 2 y 4 en PPAR-γ y GPR40. Los compuestos 1 y 4 exhibieron una sólida eficacia in vitro e in 

vivo, por lo que pueden considerarse moduladores polifarmacológicos con efecto antidiabético. 

Palabras clave: Diabetes; bioisósteros; efecto polifarmacológico; análisis de consenso farmacológico. 

 

 

Introduction 
    

Type 2 diabetes (T2D) is a metabolic disorder characterized by hyperglycemia exceeding 110 mg/dL, 

often stemming from inadequate insulin production or insufficient insulin action [1]. One approach to managing 

hyperglycemia involves activating peroxisome proliferator-activated receptors of the gamma subtype (PPAR-

γ) just like to synthetic 1,3-thiazolidine-2,4-diones. Natural PPAR-γ agonists include both saturated and 

unsaturated fatty acids, such as eicosanoids and prostaglandins. Conversely, synthetic ligands function as 

insulin-sensitizing drugs by either fully or partially activating PPAR-γ, thereby enhancing the expression of 

target genes crucial for glucose-sensing in pancreatic β-cells of diabetic individuals [2]. These target genes may 

include the solute carrier family 2 (facilitated glucose transporter), member 4 (GLUT-4), among others [2]. 

Another mechanism for regulating glucose levels involves the G protein-coupled receptor 40 (GPR40), 

predominantly found in pancreatic β-cells and enteroendocrine cells of the gut. Activation of GPR40 by medium 

to long chain fatty acids stimulates insulin secretion specifically when glucose concentration is high, without 

affecting insulin exocytosis during low glucose levels [3]. This intriguing mechanism hints at the potential of 

using small molecule agonists, such as 1,3-thiazolidine-2,4-diones, for GPR40 in treating T2D offering a novel 

approach as insulin secretagogues with a reduced risk of hypoglycemia [4]. 

The aim of this study was to design, synthesize, and evaluate a series of ten 3-aryloxy-5-

benzylidenebarbiturates and hydantoins as 1,3-thiazolidine-2,4-dione bioisosteres. These compounds were 

screened through in vitro, in vivo, and in silico methods, employing combined screening strategies. The objective 

was to develop a single molecule capable of targeting multiple pathways for treating diabetes, specifically aimed 

at activating PPAR-γ, GLUT-4, and GPR40. Multitarget efficacy aligns with the concept of polypharmacology, 

whereby multiple drug targets are modulated to achieve a desired therapeutic outcome [5].  Compounds 1–10 were 

designed by leveraging the structure of benzylidene-1,3-thiazolidine-2,4-dione compounds, which adhere to the 

characteristic 4-point unified pharmacophore seen in synthetic GPR40 and PPARγ agonists [2, 5, 6]. These 

features include: (A) an acidic group (1,3-thiazolidine-2,4-dione or surrogates); (B) a centrally substituted 

benzene; (C) a second lipophilic region; and (D) a flexible connector facilitating various conformations. Given 

these similarities, it is reasonable to infer that these barbiturates 1-5 (calculated pKa = 4.0) and hydantoins 6-10 

(calculated pKa = 6.8) may exert similar agonistic effects on these targets, owing to their shared acidic properties 

with 1,3-thiazolidine-2,4-dione (calculated pKa = 5.9). Scheme 1 shows the reported antidiabetic unified 

pharmacophore of multitarget compounds [5]. It is important to note that the pharmacophore consists of four 

structural features starting with an acidic head that can be replaced by carboxylic acids or their surrogates that 

maintain an acidic pKa, such as the azaheterocycles mentioned above. The development of multi-target 

compounds for GPR40, PPAR-γ and some other proteins implied in the diabetic pathogenesis may provide 

additional therapeutic benefits in preventing or delaying the development of diabetic complications. 
 

 
Scheme 1. Unified antidiabetic pharmacophore with multitarget activity. 
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Experimental 

 
Chemistry 

Reagents, materials, and solvents sourced from Merck/Sigma-Aldrich were utilized without further 

purification. Melting points, left uncorrected, were determined using an EZ-Melt MPA120 automated melting 

point apparatus. Reaction progress was monitored via TLC on 0.2 mm precoated silica gel 60 F254 Merck 

plates. NMR spectra were acquired on a Varian Oxford instrument operating at 600 MHz for 1H nuclei and 150 

MHz for 13C nuclei. Chemical shifts (δH and δC values) are reported in parts per million (ppm), while 

homocoupling patterns are expressed in Hertz (Hz). Mass spectrometry (EI-MS) was conducted on a JEOL 

JMS-700 spectrometer using the electronic impact method. 

 

General procedure for the synthesis of barbituric derivatives 1-5 
A mixture of barbituric acid (1 equivalent) and piperidine (30 % mol) were dissolved in 10 mL of 

toluene and stirred at 60 °C for 20 min. Besides, 1.1 equivalents of ether-aldehyde precursors 10-15 and benzoic 

acid (30 % mol) were added and heated to reflux (~90°C) for 2-10 h. Continuous removal of water formed was 

allowed with the help of the Dean-Stark apparatus. The reaction mixture was cooled, and the yellow solid was 

filtered off and dried.  

 

5-(3-methoxy-4-(quinolin-2-ylmethoxy)benzylidene)pyrimidine-2,4,6 (1H,3H,5H)-trione (1). Orange 

crystals, yield 93 %, m.p. 187 °C (dec). 1H NMR (600 MHz, DMSO d-6) δ: 2.79 (s, 3H), 5.02 (s, 2H), 6.72 (dd, 

1H, Jo = 7.67 Hz), 6.79 (d, 1H, Jo = 8.32 Hz), 6.88 (dd, 1H, Jo = 7.45 Hz), 7.08 (m, 3H), 7.38 (m, 1H), 7.51 (s, 

1H), 10.24 (s, 1H), 10.38 (s,1H), ppm. 13C NMR (150 MHz, DMSO d-6) δ: 56.0 (C-7), 72.2 (C-8), 112.2 (C-

2), 113.8 (C-5), 119.3 (C-10), 120 (C-3’), 126.9 (C-1), 127.63 (C-6’), 128.3 (C-6), 128.9 (C-5’), 129.7 (C-8’), 

130.2 (C-7’), 133.9 (C-8a’), 139.0 (C-4’), 145.5 (C-3, C-4), 147.3 (C-13), 148.8 (C-11), 151.1 (C-9), 158.2 (C-

2’), 168.2 (C-12), ppm. MS: m/z (% rel. int.) 403 (M+, 1 %), 91 (M-312, 100 %), 148 (M-255, 45 %). 

 

5-(3-methoxy-4-(naphthalen-1-ylmethoxy)benzylidene)pyrimidine-2,4,6 (1H,3H,5H)-trione (2). Yellow 

powder, yield 86 %, m.p. 202.3 – 204.2°C. 1H NMR (600 MHz, DMSO d-6) δ: 2.93 (s, 3H), 4.84 (s, 2H), 6.56 (d, 

1H, Jo = 8.56 Hz), 6.73 (m, 3H), 6.85 (d, 1H, Jo = 6.96 Hz), 7.08 (dd, 1H, Jm = 2.04 Hz, Jo = 6.8 Hz), 7.12 (d, 1H, 

Jo = 8.34 Hz), 7.16 (d, 1H, Jo = 6.78 Hz), 7.24 (m, 1H), 7.43 (s,1H), 7.57 (d, 1H, Jm = 2.1 Hz), 10.34 (s, 1H), 10.47 

(s, 1H), ppm. 13C NMR (150 MHz, DMSO d-6) δ: 55.9 (C-7), 68.9 (C-8), 112.9 (C-2), 115.9 (C-5), 117.5 (C-10), 

124.3 (C-3'), 125.8 (C-6'), 126.0 (C-6), 126.5 (C-7'), 127 (C-1), 127.4 (C-2'), 128.9 (C-4'), 129.4 (C-5'), 131.6 (C-

8'), 131.8 (C-1'), 132.2 (C-8a'),133.7 (C-4a'), 148.4 (C-4), 150.6 (C-3), 153.1 (C-9), 155.8 (C-13), 162.7 (C-

11),164.4 (C-12), ppm. MS: m/z (% rel. int.) 402 (M+, 1 %) 128 (M-274, 100 %) 141 (M-261, 25 %). 

 

5-(4-([1,1'-biphenyl]-3-ylmethoxy)-3-methoxybenzylidene)pyrimidine-2,4,6(1H,3H,5H)-trione (3). 

Yellow powder, yield 83 %, m.p. 173.2 – 175.4 °C. 1H NMR (600 MHz, DMSO d-6) δ: 3.61 (s, 3H), 5.03 (s, 

2H), 6.62 (s, 2H), 6.84 (d,1H, Jo = 7.62 Hz), 7.34 (t, 1H, Jo = 7.38 Hz), 7.39 (d, 1H, Jo = 7.56 Hz), 7.41 (d, 1H, 

Jo = 7.32 Hz), 7.45 (t, 3H, Jo = 7.62 Hz), 7.58 (d, 1H, Jo = 7.56 Hz), 7.63 (d, 2H, Jo = 7.56 Hz), 7.69 (s, 1H), 

9.94 (s, 2H), ppm. 13C NMR (150 MHz, DMSO d-6) δ: 55.9 (C-7), 70.7 (C-8), 112.2 (C-2), 113.8 (C-5), 119.3 

(C-10), 126.5 (C-4'), 126.5 (C-2'), 127.1 (C-2'', C-6''), 127.2 (C-6'), 127.9 (C-3'), 129.4 (C-3'', C5''), 129.5 (C-

4''), 138.7 (C-9), 140.4 (C-4), 140.6 (C-3), 145.7 (C-6), 148.8 (C-12), 151.1 (C-11, C-13), ppm. MS: m/z (% 

rel. int.) 428 (M+, 1 %), 167 (M-261, 50 %). 

 

4'-((2-methoxy-4-((2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene)methyl) phenoxy)methyl)-[1,1'-

biphenyl]-2-carbonitrile (4). Yellow powder, yield 79 %, m.p. 239.9 – 240.0 °C. 1H NMR (600 MHz, DMSO 

d-6) δ: 3.33 (s, 3H), 4.83 (s, 2H), 7.08 (s, 1H), 7.12 (m, 4H), 7.29 (m, 1H), 7.40 (d, 1H, Jo = 8.89 Hz), 7.41 (dd, 

1H, Jo = 8.52 Hz), 7.45 (t, 1H Jo = 8.02 Hz), 7.76 (d, 1H, Jo = 8.89 Hz), 7.79 (s, 1H), 7.92 (d, 1H, Jm=1.49 Hz), 

10.68 (s, 1H), 10.8 (s, 1H), ppm.13C NMR (150 MHz, DMSO d-6): δ: 56.3 (C-7), 70.3 (C-8), 110.9 (C-6''), 

113.1 (C-2), 116.1 (C-5), 117.9 (CN), 119.3 (C-10), 126.0 (C-6), 128.7 (C-1), 129 (C-3', C-5'), 129.7 (C-2', C-

6'), 130.9 (C-2''), 132.1 (C-4''), 134.3 (C-3''), 134.6 (C-5''), 137.7 (C-1'), 138.4 (C-4'), 144.9 (C-1''), 148.7 (C-
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4), 150.9 (C-3), 153.3 (C-9), 156.1 (C-13), 163.1 (C-11), 164.7 (C-12), ppm. MS: m/z (% rel. int.) 453 (M+, 

1 %) 192 (M-261, 100 %), 165 (M-288, 10 %). 

 

5-(3-methoxy-4-(2-morpholinoethoxy)benzylidene)pyrimidine-2,4,6(1H,3H,5H)-trione (5). Beige crystals, 

yield 56 %, m.p. 218.3 – 221.9 °C. 1H NMR (600 MHz, DMSO d-6) δ: 3.42 (m, 10H), 3.72 (s, 3H), 4.12 (s, 2H), 

7.49 (dd, 1H Jo = 7.10 Hz), 7.61(dd, 1H, Jo = 7.16 Hz), 7.94 (d, 1H, Jo = 7.62 Hz), 8.44 (s, 1H), 11.09 (s, 2H), 

ppm.13C NMR (150 MHz, DMSO d-6) δ: 43.7(C-7), 52.66 (C-9), 55.5 (C-2', C-3'), 56.1 (C-1', C-4'), 64.5 (C-8), 

111.7 (C-2), 119.0 (C-11), 128.6 (C-5), 129.2 (C-6), 132.9 (C1), 144.7 (C-3), 148.6 (C-4), 150.7 (C-10), 151.6 (C-

12, C-14), 167.7 (C-13), ppm. MS: m/z (% rel. int.) 375 (M+, 1 %), 128 (M-247, 100 %), 85 (M-290, 20 %). 

 

General procedure for the synthesis of hydantoin derivatives 6-10 
A mixture of hydantoin (1 equivalent) and piperidine (60 % mol) were dissolved in 10 mL of toluene 

and stirred at 40 °C for 20 min. On the other hand, 1.1 equivalents of ether-aldehyde precursors 12-16 and 

benzoic acid (60 % mol) were added and heated to reflux (~90°C) for 10-15 h. Continuous removal of water 

formed was allowed with the help of the Dean-Stark apparatus. The reaction mixture was cooled, and the solid 

was filtered off and dried.  

 

(Z)-5-(3-methoxy-4-(quinolin-2-ylmethoxy)benzylidene)imidazolidine-2,4-dione (6). Green powder, yield 

62 %, m.p. 245.1 – 247.0 °C. 1H NMR (600 MHz, DMSO-d6) δ: 3.90 (s, 1H), 5.67 (s, 1H), 6.50 (s, 1H), 7.26 

(d, 1H, Jm = 1.98 Hz), 7.33 (t, 2H), 7.63 (t, 1H, Jo = 7.63 Hz), 7.68 (ddd, 1H, Jo = 7.44 Hz, Jm = 1.98 Hz), 7.77 

(d, 1H, Jo = 7.02 Hz), 8.05 (d, 1H, Jo = 8.28 Hz), 8.09 (dd, 1H, Jm = 1.86 Hz, Jo = 6.6 Hz), 8.21 (d, 1H, Jo = 7.98 

Hz), 10.66 (s, 1H), 11.27 (s, 1H), ppm. 13C NMR (150 MHz, DMSO-d6) δ: 56.1 (C-7), 68.8 (C-8), 109.7 (C-

9), 113.4 (C-2),125.7 (C-6), 126.3 (C-5), 126.5 (C-3’), 126.7 (C-1), 127.1 (C-6’), 128.8 (C-10), 129.0 (C-4a’), 

129.3 (C-5’), 131.6 (C-8’), 132.8 (C-7’), 133.7 (C-4’), 148.8 (C-4), 149.6 (C-3), 156.2 (C-8a’), 158.8 (C-12), 

166.1 (C-2’), 174.3 (C-11), ppm; m/z (% rel. int) 375 (M+, 1 %), 264.2 (M-111, 36 %), 222 (M-153, 12 %). 

 

(Z)-5-(3-methoxy-4-(naphthalen-1-ylmethoxy)benzylidene)imidazolidine-2,4-dione (7). Yellow powder, 

yield 66 %, m.p. 233.1 – 235.2 °C. 1H NMR (600 MHz, DMSO-d6) δ: 3.78 (s, 3H), 5.54 (s, 2H), 6.38 (s, 1H), 7.14 

(d, 1H, Jm = 1.98 Hz), 7.20 (dd, 1H, Jm = 1.92 Hz, Jo = 8.76 Hz), 7.21(d, 1H, Jo = 8.4 Hz), 7.50 (t, 1H, Jo = 7.74 

Hz), 7.55 (m, 2H), 7.65 (d, 1H, Jo = 7.86 Hz), 7.92 (d, 1H, Jo = 6.9 Hz), 7.96 (d, 1H, Jo = 7.68 Hz), 8.09 (d, 1H, Jo 

= 8.76 Hz), 10.49 (s,1H), 11.16 (s, 1H), ppm. 13C NMR (150 MHz, DMSO-d6) δ: 56.1  (C-7), 68.8 (C-8), 109.7 

(C-9), 113.4, (C-2), 114.1 (C-6), 123.3 (C-5), 125.7 (C-3'), 126.3 (C-6' y C-7'), 126.5 (C-2'), 126.7 (C-4'), 128.8 

(C-5'), 129.0 (C-1), 129.3 (C-10), 131.6 (C-8'), 132.8 (C-4a'), 148.8 (C-1' y C-8a'), 156.2 (C-4),158.8 (C-3), 166.1 

(C-12), 174.3 (C-11), ppm; m/z (% rel. int) 374 (M+, 1 %), 142 (M-232, 100 %), 115.0 (M-259, 30 %). 

 

(Z)-5-(4-([1,1'-biphenyl]-3-ylmethoxy)-3-methoxybenzylidene)imidazolidine-2,4-dione (8). Yellow 

powder, yield 84 %, m.p. 238.9 – 241.2 °C. 1H NMR (600 MHz, DMSO-d6) δ: 3.82 (s, 3H), 5.19 (s, 2H), 6.36 

(s, 1H), 7.07 (d, 1H, Jo = 8.22 Hz), 7.14 (s, 1H), 7.17 (dd, 1H, Jm = 2.04 Hz, Jo = 7.86 Hz), 7.32-7.37 (m, 1H), 

7.41-7.48 (m, 4H), 7.62 (d, 2H, Jo = 7.68 Hz), 7.67 (s, 1H), 7.72 (s, 1H), 9.82 (s, 1H),10.62 (s, 1H), ppm. 13C 

NMR (150 MHz, DMSO-d6) δ: 57.3 (C-7), 65.8 (C-8), 119.1 (C-9), 123.0 (C-2), 123.7 (C-5), 130.6 (C-10), 

132.9 (C-6), 136.2 (C-6’), 136.3 (C-2’), 136.4 (C-1), 136.7 (C-5’), 136.9 (C-3’’ y C-5’’), 137.6 (C-4’),139.0 

(C-2’’), 139.2 (C-4’’y C-6’’), 147.7 (C-1’), 150.0 (C-1’’), 150.4 (C-3’), 158.3 (C-4), 159.2 (C-3), 168.4 (C-12), 

183.9 (C-11), ppm; m/z (% rel. int) 400 (M+, 2 %), 121 (M-279, 45 %), 93 (M-307, 56 %). 

 

(Z)-4'-((4-((2,5-dioxoimidazolidin-4-ylidene)methyl)-2-methoxyphenoxy) methyl)[1,1'-biphenyl]-2-

carbonitrile (9). Yellow powder, yield 76 %, m.p. 226.1 – 228.0 °C. 1H NMR (600 MHz, DMSO-d6) δ: 3.84 (s, 

3H), 5.20 (s, 2H), 6.37 (s, 1H), 7.09 (d, 1H, Jo = 8.4 Hz), 7.15 (d, 1H, Jm = 2.04 Hz), 7.18 (d,1H, Jm = 2.04 Hz, Jo 

= 8.34 Hz), 7.59 (m, 6H), 7.78 (dd, 1H, Jo = 7.7 Hz, Jm = 2.6 Hz), 7.94 (d, 1H, Jo = 7.8 Hz), 10.48 (s,1H), 11.15 (s, 

1H), ppm. 13C NMR (150 MHz, DMSO-d6) δ: 56.2 (C-7), 69.8 (C-8), 109.5 (C-6''), 110.6 (C-2), 113.3 (C-9), 

113.8 (C-5), 119.0 (CN) 123.3 (C-6 y C-10), 126.5 (C2''), 126.7 (C-2', C-6'), 128.5 (C-4''), 128.7 (C-1), 129.2 (C-

3''),130.6 (C-5''), 134.0 (C-5'), 134.3 (C-3'), 137.8 (C-1'),138.0 (C-4'), 144.6 (C-1''), 148.7 (C-4), 149.6 (C-3), 156.2 

(C-12), 166.1 (C-11), ppm; m/z (% rel. int) 425 (M+, 1 %), 281.0 (M-144, 40%), 192 (M-233, 100 %). 
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(Z)-5-(3-methoxy-4-(2-morpholinoethoxy)benzylidene)imidazolidine-2,4-dione (10). Yellow powder, yield 

84 %, m.p. 237.3 – 238.9 °C. 1H NMR (600 MHz, DMSO-d6) δ: 2.69 (t, 2H, Jo= 5.64 Hz), 3.57 (t, 4H, Jo = 4.44 

Hz), 3.82 (s, 3H), 3.84 (s, 4H), 4.10 (t, 2H, Jo = 5.84 Hz), 6.38 (s,1H), 6.99 (d,1H, Jo = 8.28 Hz), 7.12 (d, 1H, 

Jm = 1.92 Hz), 7.17(dd, 1H, Jm = 1.93 Hz, Jo = 9.06 Hz), 10.48 (s, 1H), 10.61 (s, 1H), ppm. 13C NMR (150 MHz, 

DMSO-d6) δ: 47.7 (C-9), 54.1 (C-7), 56.2 (C-1’, C-4’), 57.4 (C-2’ , C-3’), 66.7 (C-8), 109.6 (C-10), 113.3 (C-

3), 113.6 (C-2), 123.4 (C-6), 126.3 (C-1), 126.7 (C-11), 149.0 (C-4), 149.4 (C-3), 166.1 (C-13), 174.3 (C-12), 

ppm; m/z (% rel. int) 347 (M+, 1 %), 296 (M-51, 9 %), 264 (M-83, 32 %). 

 

General method of synthesis for precursors 12 - 16. 
A solution of 4-hydroxy-3-methoxybenzaldehyde (11) and potassium carbonate (2.2 equivalents) was 

prepared in acetonitrile and stirred at room temperature for thirty minutes. Aryl bromides 17-21 (1.1 

equivalents) were added gradually, and the mixture was heated to reflux for 2-5 h. Upon completion of the 

reaction, the solvent was evaporated under reduced pressure, and the resulting solids were washed with cold 

water to remove excess K2CO3. The crude solid products underwent recrystallization in ethanol. 

 

3-methoxy-4-(quinolin-2-yl-methoxy)benzaldehyde (12). Beige crystals, yield 52 %, m.p. 108.3 – 109.9 °C. 
1H NMR (600 MHz, DMSO-d6) δ: 4.00 (s, 3H), 5.55 (s, 2H), 7.05 (d, 1H, Jo = 8.22 Hz), 7.37 (dd, 1H, Jm = 1.75 

Hz, Jo = 7.02 Hz), 7.46 (d, 1H, Jm = 1.7 Hz), 7.56 (dd, 1H, Jm = 1.4 Hz, Jo = 7.8 Hz), 7.68 (d, 1H, Jo = 8.5 Hz), 

7.75 (dd, 1H, Jm = 2.5 Hz, Jo = 7.7 Hz), 7.84 (d, 1H, Jo = 8.1 Hz), 8.19 (d, 1H, Jo = 4.98 Hz), 8.9 (d, 1H, Jo = 

5.38 Hz), 9.83 (s,1H), ppm; m/z (% rel. int) 293 (M+, 25 %), 142 (M-151, 100 %) 

 

3-methoxy-4-(naphthalen-1-ylmethoxy)benzaldehyde (13). White crystals, yield 95 %, m.p. 98.5 – 99.8 °C. 
1H NMR (600 MHz, DMSO-d6) δ: 3.80 (s, 3H), 5.66 (s, 2H), 6.60 (d, 1H, Jo = 5.64 Hz), 7.43 (d, 1H, Jm = 2.0 

Hz), 7.48 (d, 1H, Jo = 8.28 Hz), 7.53 (dd, 1H, Jm=1.32 Hz, Jo = 7.02 Hz), 7.56 (m, 2H), 7.69 (d, 1H, Jo = 6.96 

Hz), 7.95 (d, 1H, Jo = 8.28 Hz), 7.99 (d, 1H, Jo = 7.38 Hz), 8.10 (d, 1H, Jo = 7.86), 9.87 (s, 1H), ppm; m/z (% 

rel. int) 292 (M+, 1 %), 264 (M-28, 100 %) 128 (M-164, 100 %) 

 

4-([1,1'-biphenyl]-3-ylmethoxy)-3-methoxybenzaldehyde (14). White crystals, yield 64 %, m.p. 84.1 – 

85.4 °C. 1H NMR (600 MHz, DMSO-d6) δ: 3.84 (s, 3H), 5.30 (s, 2H), 7.32 (d, 1H, Jo = 8.52 Hz), 7.38 (t, 1H, 

Jo = 6.78 Hz), 7.43 (s, 1H), 7.48 (m, 4H),7.56 (d, 1H, Jo = 8.10 Hz), 7.66 (m, 3H), 7.77 (s, 1H), 9.85 (s, 1H), 

ppm; m/z (% rel. int) 318 (M+, 12.5 %) 167 (M-151, 100 %). 

 

4'-((4-formyl-2-methoxyphenoxy)methyl)-[1,1'-biphenyl]-2-carbonitrile (15). White crystals, yield 64 %, 

m.p. 161.0 – 162.3 °C. 1H NMR (600 MHz, DMSO-d6) δ: 3.86 (s, 3H), 5.31 (s, 2H), 7.32 (d, 1H, Jo = 8.22 Hz), 

7.44 (d, 1H, Jm = 1.92 Hz), 7.56 (dd, 1H, Jm = 1.98 Hz, Jo = 8.4 Hz), 7.59 (dd, 1H, Jm  = 2.82 Hz, Jo = 7.86 Hz), 

7.63 (m, 5H), 7.80 (dd, 1H, Jm = 3.36 Hz, Jo = 7.45 Hz), 7.97 (d, 1H, Jo=7.44 Hz), 9.86 (s,1H), ppm; m/z (% rel. 

int) 343 (M+, 5 %) 192 (M-151, 100 %). 

 

3-methoxy-4-(2-morpholinoethoxy)benzaldehyde (16). White crystals, yield 84 %, m.p. 268.7 – 269.9 °C. 
1H NMR (600 MHz, DMSO-d6) δ: 2.43 (t, 4H), 3.27 (t, 4H), 3.32 (s, 3H), 3.50 (t, 2H), 4.28 (t, 2H), 6.96 (d, 

1H, Jo = 8.28 Hz), 7.15 (d, 1H, Jm = 1.92 Hz), 7.32 (dd, 1H, Jo = 9.06 Hz, Jm = 1.92 Hz), 8.88 (s,1H), ppm; m/z 

(% rel. int) 265 (M+, 1%), 236 (M-29, 5 %), 98 (M-167, 100 %). 

 

Biological Assays 

Gene expression of GLUT-4 and PPAR-γ  

C2C12 myocytes (ATCC/CRL-1772) were incubated and maintained in DMEM medium 

supplemented with 10 % fetal bovine serum (SFB), 0.5 mM sodium pyruvate, 1 mM L-glutamine, 0.05 mM 

non-essential amino acids, and 0.1 mg/L gentamicin, under a humidified atmosphere of 5 % CO2 at 37 °C [3]. 

The cells were treated with a varying concentrations of compounds 1, 2 and 4 by 24 h to assess mRNA 

expression levels of GLUT-4 and PPAR-γ. 
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Cell culture of the RIN-m5F line 
RIN-m5F pancreatic insulinoma cells (ATCC/CRL-11605) were procured and cultured in 75 cm2 

flasks until reaching confluence. The cells were maintained in RPMI 1640 medium supplemented with 10% 

fetal bovine serum (SFB), 0.5 mM sodium pyruvate, 1 mM L-glutamine, 0.05 mM non-essential amino acids, 

and 0.1 mg/L gentamicin, under a humidified atmosphere of 5% CO2 at 37°C [3]. The culture medium was 

refreshed every 48 h. 

 

Evaluation of the relative expression levels of PPAR-γ, GLUT4, and GPR40 
C2C12 and RIN-m5F cells were plated individually in 6-well plates at a density of 8x104 cells per well 

and treated with compounds 1, 2, and 4 at a concentration of 1 µM. Muscle cells were treated with 5 µM 

pioglitazone as a control, while β-pancreatic cells received 400 µM glibenclamide. Following a 24-h incubation 

period, total RNA was extracted from the cells using TRIZOL reagent. The RNA samples were assessed for 

purity by measuring absorbance at 260 and 280 nm, with an OD ratio (260/280) of 1.9 ± 0.2, indicating minimal 

contamination. Reverse transcription of 2 μg mRNA was carried out using the ImProm II reverse transcription 

system (Promega, Wisconsin, USA). The resulting cDNA was subjected to amplification using SYBR Green 

master mix (ThermoScientific, USA) and primers targeting the PPAR-γ, GLUT4, and GPR40 genes, with 36B4 

and β-actin serving as reference genes. Amplification was performed using a rotor-gene system (Techne, 

PrimePro48, UK). ΔCt values were computed for each sample and gene of interest by subtracting the Ct value 

of the reference gene from the Ct value of the target gene. Relative changes in gene expression (ΔΔCt) were 

determined by subtracting the ΔCt of the control group from the ΔCt of the test group, and then reporting the 

result as 2−ΔΔCt [2,3,7,8]. 

 

Insulin secretion 
RIN-m5F cells were plated in 6-well plates at a density of 8 x 104 cells per well and allowed to reach 

70-80% confluence. Following this, the cells were treated with glibenclamide (400 µM) and compounds 1, 2, 

and 4 (1 µM) for 24 h [9].  

 

In vivo antidiabetic assay 

Animals 
Male C57BL/6 mice, weighing 25 ± 5 g, were accommodated in animal cages with a 12-h light-dark 

cycle. The mice were kept in a controlled environment at 25 °C, with free access to water and food. All 

experiments involving mice were conducted in accordance with protocols approved by the Mexican government 

NOM-065-ZOO-1999 and NOM-033-ZOO-2014 and were further authorized by the Institutional Ethics 

Committee of the Universidad Autónoma Metropolitana (dictum 1857), adhering to the guidelines outlined in 

the US National Institutes of Health Publication #85-23, revised in 1985. 

 

Oral glucose tolerance test 
Normoglycemic mice were separated in five groups (n = 6): 

Group 1: Compound 1, 100 mg/kg. 

Group 2: Compound 2, 100 mg/kg. 

Group 3: Compound 4, 100 mg/kg. 

Group 4: control (isotonic saline solution, ISS). 

Group 5: positive control (glibenclamide, pioglitazone or linagliptin, 5 mg/kg). 

 

A load of 2 g/kg of glucose or sucrose solution was administered to mice 30 min after test samples. 

Then blood samples were obtained at time 0 (before oral administration), 0.5, 1, 1.5, 2, and 3 h after the vehicle, 

positive control, and compounds administrations, from the caudal vein. Glycemia was estimated by the glucose 

dehydrogenase method using a commercial glucometer (Accu-Chek, Performa; Roche®). The percentage 

change of glycemia for each group was calculated in relation to the initial (0 h) level [10]. 
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Statistical analysis 
To examine the disparities in the percentage variation of glycemia and the quantification of in vitro 

mRNA PPAR-γ, GLUT-4, and GPR40 expression, we utilized ANOVA, supplemented with a Dunnett's 

multiple test. All data are presented as mean ± S.E.M. with significance set at p < 0.05, and the analysis was 

conducted using GraphPad Prism 5.0.  

 

Molecular docking 
Docking calculations were conducted using the licensed Molecular Operating Environment (MOE) 

version 2020.0901 [11]. The crystal structure of PPAR-γ complexed with rosiglitazone PDB ID: 4EMA, and 

4PHU complexed with TAK-875 at a resolution of 2.54 and 2.33 Å respectively, were retrieved from the Protein 

Data Bank (http://www.rcsb.org/pdb) [12, 13]. The unnecessary molecules were removed, the hydrogen atoms 

and charges were adjusted using the Amber14:EHT forcefield from the MOE suite (Chemical Computing Group 

Inc. http://www.chemcomp.com). The 3D structure of compounds 1, 2 and 4 was constructed and minimized 

in MOE using the MMF94xforcefield. Docking simulations were conducted, considering all residues within a 

4.5 Å sphere centered on the atoms of the cocrystallized ligand. The Triangle Matcher and Alpha Triangle was 

selected as the placement function, the scores were calculated with the London ΔG function and the selection 

of the best poses was made using the GBVI/WSA ΔG (Generalized-Born Volume Integral/Weighted Surface 

area). This process was validated by reproducing, through docking, the same pose as the cocrystallized ligand 

in the PPAR-γ (RMSD = 1.0369 Å) with a score of –8.4423 Kcal/mol and GPR40 crystal structure with a score 

of –11.3657 Kcal/mol (RMSD = 0.4234 Å). A value less than 2 Å suggests that the docking simulation 

parameters are effective in accurately reproducing the ligand pose within the protein. One hundred 

conformations were generated for each ligand, and the top-ranked conformation, determined by the docking 

score, was chosen for subsequent investigations in molecular docking. Following the molecular docking 

process, we scrutinized the optimally calculated binding poses, and graphical representations were generated 

using Surface Maps and Ligand Interaction tools in MOE and The PyMOL Molecular Graphics System, Version 

3.0, Schrödinger, LLC. [14]. 

 

In silico prediction of biopharmaceutics, pharmacokinetics, and toxicological profile 
For the estimation of the ADMET properties, to build the in silico pharmacological consensus analysis 

[15], we employed online programs like Molinspiration (https://www.molinspiration.com) [16], ADMETLab 

3.0 (https://admetlab3.scbdd.com/) [17], MetaTox 2.0 (https://www.way2drug.com/metatox) [18]. The 

operation of these ADMET predictors involves three main steps: A) Input: cleaning individual molecules or 

batches of molecules using SMILES notation to input chemical structures; B) Operation: calculating the 

ADMET properties of these molecules using deep learning models; and C) Output: determining which result 

files to return. The modular design of this system allows for flexible combinations of functionalities. The 

calculation of ADMET properties includes molecular basic properties, physical chemistry, medicinal chemistry, 

absorption, distribution, metabolism, excretion, and toxicity, among others. 

 

 

Results and discussion 

 
Chemistry 

Compounds 1–10 were prepared starting from 4-hydroxy-3-methoxybenzaldehyde (11), which was 

reacted via SN2 with adequately substituted arylbromides 17–21, to obtain the ether-aldehyde precursors 12–

16. These compounds were then condensed under Knoevenagel conditions with barbituric acid to afford 

compounds 1–5 or with 2,4-imidazolidinedione (hydantoin) to give compounds 6–10 (Scheme 2).  

 

http://www.rcsb.org/pdb
http://www.chemcomp.com/
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Scheme 2. Synthesis of compounds 1–10. Reagents and conditions: (A) K2CO3, acetonitrile, reflux; (B) 

Barbituric acid, piperidine (0.3 equiv), benzoic acid (0.3 equiv), toluene, Dean-Stark apparatus, reflux; (C) 1,3-

imidazolidine-2,4-dione (hydantoin), piperidine (0.6 equiv), benzoic acid (0.6 equiv), toluene, Dean-Stark 

apparatus, reflux. 

 

 

 

To synthesize the hydantoin series, it was imperative to double the quantity of the Knoevenagel 

additives (piperidine and benzoic acid) owing to the low yields obtained from the initial procedure. This could 

be attributed to the poor solubility of hydantoin. When hydantoin reacts with piperidine in an acid-base reaction, 

it forms a more soluble anion. This process requires twice the amount of both additives in the Knoevenagel 

reaction. 

 

In silico Pharmacological Consensus Analysis 
We conducted an in silico pharmacological consensus analysis (PHACA) and summarized the results 

in Table 1 using a traffic light system [15]. PHACA integrates calculations from biopharmaceutical properties, 

pharmacodynamics and pharmacokinetic predictions, toxicity assessments, and additional experimental data. 

The rationale behind pharmacological consensus analysis lies in the agreement among multiple predicted 

parameters indicating a compound's activity, low toxicity, and favorable pharmacokinetic profile. Accordingly, 

selecting a compound with a high score across various predictions enhances confidence in its suitability for 

synthesis. Thus, a compound receiving high scores from multiple predictions is more likely to exhibit desirable 

behavior in biological assays compared to one with high scores from a single prediction [15]. 

Table 1 presents the results of Pharmacological Consensus Analysis, which involves assessing various 

properties and assigning them a color-coded classification. Unsatisfactory profiles are marked in red, 

satisfactory profiles in yellow, and very satisfactory profiles in green. A final score is computed by summing 

the numeric values assigned to each profile (very satisfactory: +1; satisfactory: 0; unsatisfactory: -1). A higher 

score indicates superior combined pharmaceutical properties, prioritizing the molecule for synthesis and/or 

experimental biological evaluation. The analysis utilizes validated online programs like Molinspiration (Rule 

of 5) [16], ADMETLab (Human intestinal absorption Ames toxicity, carcinogenicity) [17], MetaTox 2.0 

(molecular targets) [18], and ACD ToxSuite (hERG blockade, CYP inhibition) [19]. The biosimulation results 

suggest that compounds 1-10 demonstrate safety and favorable pharmacokinetic (PK) and pharmacodynamic 

(PD) properties, enhancing both permeability and intestinal absorption. 

 

 

17: R= Quinolyn-2-yl

18: R= Naphth-1-yl

19: R= Biphenyl-3-yl

20: R= 2´-Cyanobiphenyl-4-yl

21: R= Morpholin-4-ylmethyl

R-CH2-Br

A

11

B C

1: R= Quinolyn-2-yl

2: R= Naphth-1-yl

3: R= Biphenyl-3-yl

4: R= 2´-Cyanobiphenyl-4-yl

5: R= Morpholin-4-ylmethyl

12: R= Quinolyn-2-yl

13: R= Naphth-1-yl

14: R= Biphenyl-3-yl

15: R= 2´-Cyanobiphenyl-4-yl

16: R= Morpholin-4-ylmethyl

6: R= Quinolyn-2-yl

7: R= Naphth-1-yl

8: R= Biphenyl-3-yl

9: R= 2´-Cyanobiphenyl-4-yl

10: R= Morpholin-4-ylmethyl
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Table 1. In silico pharmacological consensus analysis (PHACA). 

 
Barbiturates Hydantoins 

1 2 3 4 5 6 7 8 9 10 

Pharmacodynamics 

Molecular 

Docking 
          

Molecular 

targets (GPR40, 

PPAR-γ) 

          

Pharmacokinetics 

Human intestinal 

absorption 
          

PGP inhibition           

Toxicity 

CYP´s inhibition           

hERG blockage           

Ames toxicity           

Carcinogenic           

OECD/LD50 
          

Biopharmaceutics 

Properties 

Solubility           

Permeability           

Final Score 10 10 8 10 5 5 7 6 6 5 

 

 

Moreover, the compounds demonstrate potential in silico affinity for GPR40 and PPAR-γ and display 

favorable predictions for low cardiotoxicity, with no indications of carcinogenic or mutagenic effects. These 

descriptors are crucial in drug design to anticipate appropriate biopharmaceutical and pharmacokinetic profiles. 

Based on the analysis scores, compounds 1, 2, and 4 present the most promising biosimulation profiles with the 

highest score values (Final Score =10) (Table 1) and were thus selected as safe computational hits for prioritized 

in vitro and in vivo assays. This was the cut-off value (Final Score =10) that was taken into account to prioritize, 

using PHACA, the molecules that would be candidates for bioassays. On the other hand, for the hydantoin series 

(6-10), all resulted in low scores below 7, and compound 3 had a score of 8, indicating they were not prioritized 

for further in vitro or in vivo experiments to save financial resources and reduce the number of animals used. 

 

In vitro results 

Relative expression of PPARγ and GLUT-4 
Myocytes are cells with active metabolic like to adipocytes, in both types cells it’s possible develop 

the insulin resistance. In this paper, myocytes were used to assess the impact of selected safe computational hits 

1, 2 and 4 on PPAR-γ and GLUT-4 expression. Cells were treated with selected compounds, and pioglitazone 
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(5 μM) as a positive control, for 24 h, and mRNA expression levels were evaluated. Fig. 1 illustrates that only 

compounds 1 and 2 significantly elevate relative expression levels of PPAR-γ (approximately three to fourfold). 

Activation of PPAR-γ has the potential to reduce glucose levels in diabetic individuals by mitigating insulin 

resistance. Furthermore, our findings suggest that compound 1 induces GLUT-4 expression more effectively 

than pioglitazone. Multiple lines of evidence suggest that elevated levels of GLUT-4 expression in skeletal 

muscle play a crucial role in regulating glucose homeostasis [2,3,6]. 
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Fig. 1. Effect of compound 1, 2, 4 and Pioglitazone (Pio) on relative PPAR-γ expression (A) and GLUT-4 levels 

(B) in C2C12 myocytes. Results are expressed as relative expression of mRNA (mean ± S.E.M, n = 4). *p < 

0.05 compared with control. 
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Fig. 2. Effect of compound 1, 2, 4 and glibenclamide (Gli) on relative GPR40 expression (C) and insulin levels 

(D) in RInm5F cells. *p < 0.05 compared with control. 

 

 

 

Conversely, compounds 1, 2, and 4 exhibited a notable 7- to 12-fold increase in GPR40 expression 

(Fig. 2). To confirm whether the substantial increase in GPR40 expression induced insulin release, we assessed 

the compounds in RINm5F cells. These cells are involved in insulin secretion and intracellular calcium release 

[3]. We observed a reasonable insulin secretion induced by compound 1, comparable to that induced by 

glibenclamide. 

 

In vivo antidiabetic effect of compounds 1, 2 and 4 
Compounds 1, 2 and 4 were the most active against three targets identified as critical elements in 

diabetes in this work. Consequently, they were selected to evaluate their in vivo activity in a glucose tolerance 

test. Glibenclamide, pioglitazone and linagliptin served as positive controls for antidiabetic activity. The effects 
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of compounds 1, 2, and 4 were assessed following a single oral dose of 100 mg/kg administered via the 

intragastric route (Fig. 3). 
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Fig. 3. In vivo oral Glucose Tolerance Test: Assessment of the impact of compounds 1, 2, and 4 on blood 

glucose levels following a single oral dose of 2 g/kg glucose in normoglycemic male C57BL/6 mice. Each plot 

displays the mean values along with the standard error of the mean (SEM) for six separate experiments. ***p 

< 0.05 indicates significance compared to the control group. 

 

 

 

In the glucose tolerance test conducted with C57BL/6 mice (Fig. 3), the efficacy of compounds 1 and 

4 is evident, as they demonstrate effectiveness within the initial 30 min of the test, mitigating the hyperglycemic 

peak. Furthermore, a notable decrease in glucose concentration is observed over the subsequent 60 min, with 

significant differences compared to vehicle. Compound 4 maintains its decreasing trend throughout the 

experiment, reaching levels below the basal levels along with glibenclamide, linagliptin and pioglitazone 

(positive controls), while compound 1 remains relatively stable. 

Compound 1 demonstrated a clear increase in relative PPAR-γ expression, which was consistent with 

a rise in GLUT4 levels. A similar pattern was observed with the increase in GPR40 and insulin secretion. 

Conversely, compound 4 exhibited poor in vitro activity but significantly increased GPR40 expression by more 

than sevenfold, which may have contributed to its notable in vivo antihyperglycemic effect. This could be 

attributed to the reactive nitrile group in compound 4, which can form reversible covalent adducts with proteins, 

primarily through reactive cysteine or serine side chain residues. One potential additional target implicated in 

this reversible covalent effect is dipeptidyl peptidase-4 (DPP-4), a serine protease that inactivates incretin 

hormones and is a widely exploited target for treating type 2 diabetes mellitus. It has been established that the 

nitrile warhead in vildagliptin and saxagliptin forms a reversible covalent bond with the Ser-630 residue [20]. 

This hypothesis suggests that compound 4 may have an expanded multitarget effect, which should be verified 

experimentally in future investigations. 

 

Molecular docking studies 
Based on in silico pharmacological consensus analysis (PHACA) compounds 1, 2 and 4 were chosen 

to test their in vitro expression on PPAR-γ and GPR40 and their activation products GLUT-4 and insulin, 

respectively. To establish a correlation between their presumed binding patterns and their experimental 

activities, molecular docking was conducted on these targets. To validate our molecular docking model, the 

Root Mean Square Deviation (RMSD) was calculated as a measure of re-docked success of rosiglitazone over 

PPAR-γ with a value of RMSD =1.0369 Å and a score of −8.4423 Kcal/mol. The molecular docking reveals 

that compounds (Fig. 4) 1, 2 and 4 occupied the ligand binding pocket of PPAR-γ and form hydrogen bonds 

with His-323 and His-449, essential interactions for the activation of this receptor, in addition an interaction 

with Met-364 was observed in all compounds. However, compound 1, exhibiting the highest activity in vitro, 
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demonstrated an additional H-arene interaction with Cys-285. This interaction has been linked to 

conformational changes in PPAR-γ that could potentially contribute to its activation [21]. 

 

 
 

 
 

 
 

Fig. 4. 3D and 2D binding model of compounds 1, 2 and 4 into the ligand binding pocket of PPAR-γ. 

 

 

Compound 1, Score=- 9.1337 Kcal/mol 

Compound 2, Score=- 9.5212 Kcal/mol 

Compound 4, Score=- 9.4552 Kcal/mol 
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With respect of GPR40, the validation with co-crystal molecule TAK-875 has a RMSD =0.4234 Å and 

a score of −11.3756 Kcal/mol. 

Molecular docking on GPR40 (Fig. 5) suggests that compounds 1, 2 and 4 established electrostatic and 

hydrogen bonds with Arg-183 and Arg-258 residues, which are characteristic of GPR40 allosteric agonists [22]. 

Additionally, compounds 1 and 4, were the most potent in the in vitro and in vivo assays, showed an additional 

H-arene interaction with Phe-87, Val-84 and Leu-135. This could improve the interaction and affinity of the 

compounds with the GPR40 binding site and explain their experimental biological activity. 

 

 
 

 
 

 
 

Fig. 5. 3D and 2D binding model of compounds 1, 2 and 4 into the ligand binding pocket of GPR40. 

 

 

 

Compound 1, Score=- 7.3604 Kcal/mol 

Compound 2, Score=- 7.7780 Kcal/mol 

Compound 4, Score=- 7.6835 Kcal/mol 
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Conclusions 

 
In conclusion, taken together these results suggest that benzylidenebarbiturates (compounds 1-5) 

showed better predicted pharmaceutical properties than the hydantoin isosteres (compounds 6-10), behaving as 

safe computational hits through a pharmacological consensus analysis. Compounds 1, 2, and 4 have been 

recognized as experimental multitarget modulators of PPAR-γ, GLUT4, and GPR40 proteins, displaying in vivo 

antihyperglycemic effects alongside predicted pharmacokinetic and toxicological profiles conducive to their 

potential as antidiabetic candidates. 
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Abstract. Peptides and proteins rich in positively charged residues have been the most frequently reported for 

TiO2 biomineralization since their identification is based on peptide screening on its negatively charged surface. 

To achieve optimum interaction of the peptides with the biomimetic synthesis precursors rather than interaction 

with the final product, in this work, a selection of peptides with biomineralization activity was proposed by 

performing a biopanning directly on the precursor Titanium(IV) bis(ammonium lactate) dihydroxide (TiBALDH). 

Using two phage display libraries (12- and 7-mer) in different buffer systems, four possible sequences with 

biomineralization activity of TiO2 were identified: TNWQALAYMQRH (TN), ENHWSLSTLMSS (EN), 

GLHTSATNLYLH (GL), TWYPNRPPILEL (TW). The selection of buffer and concentration of TiBALDH were 

vital for a reliable identification. Synthetic peptides with sequences TN and EN, were selected for in vitro 

biomineralization of TiO2. Both peptides were able to form anatase nanoparticles at room temperature. However, 

the EN sequence showed lower activity than TN, specially in acetate buffer, requiring a higher concentration to 

initiate biomineralization. These changes in reactivity can be attributed principally to different states of protonation 

of the residues mainly due to the glutamic acid in EN.  Although the secondary structure determined by circular 

dichroism results in disordered chains, a common motif could be identified between the two peptides -pol-pol-W-

pol-x-x-x-x-M-, where the W and M residues match. The results provide new possibilities for using combinatorial 

techniques to find new biological templates for nanomaterial synthesis. 

Keywords: Phage display; peptides; titanium oxide; biopanning; biomineralization. 

 

Resumen. Péptidos y proteínas ricas en residuos con carga positiva han sido frecuentemente reportados para la 

biomineralización de TiO2, ya que su identificación se basa en la detección de péptidos sobre su superficie con 

carga negativa. Para alcanzar una interacción óptima del péptido con el precursor biomimético, en lugar de la 

interacción con el producto final, en este trabajo, se propuso realizar un biotamizado empleando el precursor 

dihidroxilactatotitanato(IV) de bis-amonio (TiBALDH) para seleccionar péptidos con actividad de 

biomineralización. Empleamos dos librerías de fago desplegado (12 y 7 residuos) en diferentes soluciones 

amortiguadoras, identificando cuatro posibles secuencias con actividad biomineralizante de TiO2: 

TNWQALAYMQRH (TN), ENHWSLSTLMSS (EN), GLHTSATNLYLH (GL), TWYPNRPPILEL (TW). La 

elección del amortiguador y la concentración de TiBALDH fueron vitales para una selección confiable. Los 

péptidos sintéticos TN y EN, fueron escogidos para la biomineralización de TiO2 in vitro. Ambos péptidos fueron 

capaces de formar nanopartículas de anatasa a temperatura ambiente, sin embargo, la secuencia EN mostró menor 

actividad que TN, especialmente en amortiguador de acetatos, requiriendo una concentración mayor para iniciar 

la biomineralización. Estas diferencias de reactividad pueden ser atribuidas principlamente a los estados de 
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protonación de los residuos de ácido glutámico en EN. Aunque la estructura secundaria determinada por dicroísmo 

circular mostró cadenas desordenadas, se identificó un motivo común entre los dos péptidos—pol-pol-W-pol-x-

x-x-x-M-, donde los aminoácidos W y M coinciden. Los resultados abren nuevas posibilidades para usar técnicas 

combinatorias para hallar nuevas plantillas biológicas para la síntesis de nanomateriales.  

Palabras clave: Fagos desplegados; péptidos; óxido de titanio; bioselección; biomineralización. 

 

 

Introduction 

    
In nature, biomolecules (DNA, lipids, peptides, and proteins) are responsible for using the available 

resources around them to guide the synthesis of inorganic materials, by a process called biomineralization. Proteins 

or peptide motifs that can biomineralize silica, nacre, bones, nanoparticles among others, have been found in 

several organisms [1-4]. Albeit some helpful inorganic structures are produced by distinct proteins; which have 

been identified and sequenced, other materials with relevant technological applications, such as TiO2 are not 

produced naturally by biomolecules [5]. 

For this reason, several efforts have been made to find sequences with biomineralizing activity for non-

biogenic materials. For example, microorganisms have been used to introduce titanium precursors into their 

metabolism to synthesize TiO2 nanostructures, but this method does not provide information on the biomolecules 

involved in biomineralization [6,7].  

Alternatively, the combinatorial technique known as biopanning allows the selection of peptides that bind 

specifically to a target [8]. In particular, the M13 phage display library consists of a collection of phages genetically 

engineered to express random amino acid sequences (between 7 and 12 residues) on solvent-exposed regions of 

protein site p3, which have been widely used to find peptides with affinity to a specific target [9]. Thus, the affinity 

of millions of different sequences can be tested in a single experiment. Mostly, the screening experiments are done 

against the material of interest; however, although some selected peptides show an affinity for specific oxides, 

they are necessarily not the best template to induce the formation of a particular structure from a precursor [10].  

For example, making the biopanning on TiO2 surfaces a great number of peptide sequences have been 

proposed for biomineralizing TiO2 nanoparticles in their different crystalline phases and shapes [11-13]. However, 

some of these peptides did not exhibit biomineralizing activity and there is not a clear correlation between the role 

of each amino acid in biomineralization [11]. Some authors suggest that positive charges, eg. arginine or lysine 

residues, are necessary to interact electrostatically with the negative charge of the oxide and their charge seems to 

be closely related to the biomineralization yield of TiO2 [11,14,15]. However, a few peptides without these positive 

charge residues have been reported [16,17], either as isolated motifs or as building blocks attached to other 

platforms, to be capable of producing controlled TiO2 crystalline structures. Accordingly, the sequence with an 

affinity to the surface of the material is not the unique factor that ensures the biomineralizing [18]. 

Therefore, to identify of sequences with biomineralizing activity, it is necessary to perform biopanning 

directly on the molecular precursors instead of on a solid phase. Żelechowska et al. has tested this hypothesis, 

modifying the biopanning approach, selecting peptides that, in the presence of a precursor, can bind it and further 

induce the formation of a given inorganic material, eg. ZnO [19]. As well this approach has been helpful in finding 

peptides with catalytic activity for organic reactions [20]. Thus, biopanning on a molecular target can be a 

promising route for finding specific peptides to biomineralize TiO2. 

In this work, we proposed to use an alternative target. Instead of using TiO2 (final material), we employed 

the precursor titanium(IV) bis(ammonium lactate)dihydroxide (TiBALDH), which is water soluble. It has been 

reported that this precursor coexists with TiO2 nanoparticles in the equilibrium, and it shifted toward its production 

can be guided by experimental parameters such as solvent polarity and solution dilution, among others [21]. 

Accordingly, in a previous work, we investigated its stability also in different buffers, presence of ions and pH [22]. 

Then, TiBALDH was used to identify sequences that have biomineralization activity and affinity to the final material. 

Thus, if TiO2 particles are formed, it will be indicated that there are phages with sequences that catalyze the reaction, 

which may also interact with the particles formed. These phages can be recovered from the aqueous solution by 

centrifugation, and, after DNA sequencing, the peptide sequence attached to TiO2 can be known. With this 

methodology, it can be assured that the sequences obtained from biopanning have biomineralization activity with 
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TiBALDH, thus minimizing the requirement of a positive charge on the precursor. Once the sequences were 

deciphered, these two peptides were tested for TiO2 biomineralization at room temperature to demonstrate that this 

methodology can be applied to find specific sequences that may work on biomineralization using other precursors.  

 

 

Experimental 

 
Biopanning in homogeneous phase  

The biopanning to identify TiO2 binding peptides was performed according to the protocol recommended 

by the manufacturer of the phage display libraries (New England BioLabs, Ph. D. Phage Display Libraries). Phage 

display libraries of 7- and 12-mer were used, modifying the section of the target material. An acidic, a neutral, and 

a basic buffer solution (sodium acetate pH 4.5, sodium phosphate pH 7.0, and Tris buffer pH 8.0) were chosen, 

and deionized water was a negative control. In brief, ~1011 phages were added to 500 µL of TiBALDH (Sigma 

Aldrich, stored at 4 °C) 50 mM in the respective buffer. The mixed solution was placed at room temperature for 5 

days to ensure the interaction of the peptides exposed on p3 proteins with the titanium precursor and consequent 

TiO2 biomineralization. After incubation, the solution was centrifuged (14 000 rpm, 10 min), washed and phage 

eluted according to the New England Biolabs protocol. In each round of biopanning, the eluate was amplified and 

titrated for subsequent clone selection (20 for each experiment). DNA sequencing was performed by Eurofins 

MWG Operon (Louisville, KY). Three panning rounds were performed.  

 

Biomineralization of TiO2 using peptides 
The peptide sequences were selected from biopanning results. Two peptides, TN (TNWQALAYMQRH) 

and EN (ENHWSLSTLMSS) (purity ≥ 96 %) were synthesized by Biomatik (USA). A stock solution of each 

peptide of 5.0 mg/mL was prepared in sterile deionized water. Solutions of TiBALDH 50 mM in Tris or acetate 

buffer (100 mM) were prepared with different peptide concentrations. After incubation for 24 h, the solution was 

recovered by centrifugation (14 000 rpm, 10 min), washed once with the corresponding buffer solution, and dried 

at room temperature. The biomineralized TiO2 was characterized by dispersion light scattering (Zetasizer Nano, 

Malvern Panalytical), transmission electron microscopy (JEOL 2010 operated to 200 KeV), and Fourier 

Transform infrared spectroscopy (Spectrum GX, Perkin Elmer) equipped with ATR. To monitor the content of Ti 

in the biomineralization process, soluble Ti(IV) was quantified by colorimetry using Tiron (4,5-dihydroxy-1,3-

benzenedisulfonic acid) [23]. Briefly, 10 µL of the titanium sample was added to 190 µL of Tiron 5 mM in acetate 

buffer. The mixture was incubated at room temperature for 2 h, and then the UV-vis absorption spectrum was 

acquired (NanoDrop 2000). The percentage of Ti(IV) was calculated with the absorption ratio (at 380 nm), 

assuming the absorption of TiBALDH in water at the same molar concentration was 100 %. 

 

Circular dichroism 
Circular dichroism (CD) spectra in the 250-190 nm region were registered with a JASCO J-715 

instrument (Jasco Inc., Easton, MD) using a 1.00-mm- path length cell. Peptides were dissolved in water at 

concentrations ca. 0.1 mg/mL (pH ca. 6.7) and spectra were recorded at 25.0 °C. Spectral raw data were 

transformed to mean residue ellipticity [].  

 

 

Results and discussion 

 
Biopanning 

Biopanning was performed using three buffered media (pH 4.5, pH 7.0, and pH 8.0) and deionized water as 

a negative control. Both 12- and 7-mer phage display libraries were tested to study the effect of peptide length on 

biopanning. In the first step, the phage display library was put in contact with the TiBALDH solution (50 mM) and 

incubated for a few days (Fig. 1(a)). Several days were necessary to guarantee the specific interaction, reaching of 

the equilibrium, and biomineralization of TiO2 on the p3 protein (Fig. 1(b)). Phage-TiO2 conjugates were recovered 
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by centrifugation since phage alone did not precipitate at 14000 rpm (Fig. 1(c)). Finally, the eluate was plated to 

verify that phages with probable biomineralizing activity were recovered. This procedure was repeated twice.  

 

 
Fig. 1. Scheme biopanning procedure in homogeneous solution with TiBALDH as a target. 
 

 

 

Interestingly, after the first biopanning cycle with TiBALDH, the results were similar with both 12- and 

7-mer libraries (Table 1). For the negative control and the acetate buffer (pH 4.5), it was not possible to recover 

phages (no plaques were detected); this implies that the interaction of M13 mutants with the titanium precursor 

under those conditions was not adequate to induce TiO2 biomineralization. A possible explanation is that the 

negative charge of TiBALDH is repelled by the phage, which is also negative. Also, it is known that small TiO2 

nanoparticles can be redissolved in citrate buffer, probably both factors hampering its production in detectable 

amounts. On the contrary, as was expected phages were recovered (plaques were clearly visible on the E. coli 

lawn) in phosphate and tris buffer. Indeed, it has been reported that phosphates promote the formation of TiO2 

nanoparticles in the presence of TiBALDH; however, they are trapped inside of their nanoparticles as a 

contaminant [16]. Conversely, Tris buffer does not react with TiBALDH; according to our size measurements, no 

shifts were detected, while phosphates increase dramatically its size from units to hundreds of nm as reported 

before [22]. Then, Tris buffer should allow phages with specific interaction and/or biomineralizing activity to be 

rescued by centrifugation, forming plaques, as shown in Table 1.    

 

Table 1. Phages recovered after the first round of biopanning in TiBALDH (50 mM) in the selected buffers 

(100 mM). 

Buffer pH Plaques after 1st biopanning cycle* 

Acetate 4.5 No 

Water 7.0 No 

Phosphate 7.0 Yes 

Tris 8.0 Yes 

* The results correspond to both 12- and 7-mer phage display libraries. 
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Since no plaques were obtained in acetate and water systems, the second biopanning cycle was not 

continued in those systems. Three rounds were completed with phosphate and Tris buffer, and phages were 

recuperated, eluted, and plated. To identify the sequences, we selected 20 clones in each experiment of the 7-

mer biopanning. For the 12-mer library, 20 and 40 plaques for PB and Tris were selected, respectively all clones 

found are shown in Table 2. 

 

Table 2. Sequences found in biopanning experiments of TiBALDH. 

Plaque 
Sequence 

12-mer library 7-mer library 

 PB Tris PB Tris 

1 TWYPNRPPILEL ISGPWASYAIGP WT WT 

2 FEDPRTWWVTHL WT TGFHLTM WT 

3 TNWQALAYMQRH WAKDPSWKVRGN YEPYKRI WT 

4 VSNKMPDGENWR GLHTSATNLYLH QILVHKN WT 

5 SLNGPIHRLLKT IPLGRDGGSYQR FHPRTTS WT 

6 GWYAASGTSLLS GYSFIDPPRKFH QGYGVPT TPTAPVR 

7 WT AIWPKTELFLIS TTPLSHR WT 

8 ENHWSLSTLMSS WT GRLDTGI WT 

9 TFYLVNPGSRLG RPDIQLLPNSWA HNIKETH WT 

10 GLHTSATNLYLH GLHTSATNLYLH LRSDPVV WT 

11 TTKFPPFVSVLS VASRIHPLGIDP DSSLFAL GMHETHV 

12 TWYPNRPPILEL QLLPGLLKEHVQ WT WT 

13 ENHWSLSTLMSS TLPAILQSSGTR WT WT 

14 SLRWPVAVHHSN KGSLDARLLSR YLGFDVH WT 

15 VSLSGVSSNSRV TNWQALAYMQRH SRPPVPA WT 

16 DWSSWVYRDPQT WT IKHPFGF FASRSDT 

17 SGVYKVAYDWQH - SPNYNII YGAKNNL 

18 TLSDWGYGNFRA WT GMLSDGR QYYSFDH 

19 DWSSWVYRDPQT GVLHNLTAATSL ASTLIVF TPPlVWT 

20 VFSSMVHVLNTH VPVSNVWPWRPE IHANWSP NIPSLPF 

21 - GTGLVTLPRLTV - - 

22 - WT - - 
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Plaque 
Sequence 

12-mer library 7-mer library 

 PB Tris PB Tris 

23 - GDLLTFQNFVMK - - 

24 - TNWQALAYMQRH - - 

25 - DWSSWVYRDPQT - - 

26 - SQDIRTWNGTRS - - 

27 - DWSSWVYRDPQT - - 

28 - SILDGWLVVDSS - - 

29 - DWSSWVYRDPQT - - 

30 - DWSSWVYRDPQT - - 

31 - VPSWFFANWGPS - - 

32 - GFYSNLVGSINV - - 

33 - DWSSWVYRDPQT - - 

34 - DWSSWVYRDPQT - - 

35 - TDSPTSQRQPYG - - 

36 - DWSSWVYRDPQT - - 

37 - DWSSWVYRDPQT - - 

38 - DWSSWVYRDPQT - - 

39 - DWSSWVYRDPQT - - 

40 - DWSSWVYRDPQT - - 

WT: wild-type phage. In red and green are indicated W and M, respectively, and the motif that is shared is underlined. 

 

 

The 12-mer library gave 5 sequences that were repeated at least once. Table 3 contains the sequences most 

frequently found in the 12-mer library experiments. The most frequent sequence was DW (DWSSWVYRDPQT), 

found in both experiments (phosphate and Tris). At first sight, the DW peptide could be considered as a sequence 

capable of promoting TiO2 formation from TiBALDH, but in combinatorial techniques such as biopanning, it is 

common to find false positives. A literature search found that this sequence has been reported with affinity to several 

systems, including polypropylene (the material of the tubes used in biopanning) [24,25]. 

Thus, the most frequent sequence DW was discarded in addition to GLHTSATNLYLH, which has 

also been found in some experiments but does not present similarity with the system studied here [26-28]. 

Therefore, the sequences considered for biomineralization experiments were TN (TNWQALAYMQRH) and 

EN (ENHWSLSTLMSS) because of the contrasting isoelectric points. It should be noted that despite this 

dissimilar charge, a sequence alignment carried out with [29] Clustal Omega showed that, although the 

similarity was not high, peptides EN and TN share a common motif that can be represented as follows: -pol-



Article        J. Mex. Chem. Soc. 2024, 68(4) 

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

 

 

630 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

pol-W-pol-x-x-x-x-M-, where pol and x denote polar and any amino acids, respectively. The two coincident 

residues, W and M, have hydrophobic characteristics that could serve as the stabilizers of the nanoparticle 

aggregates, while the hydrophilic motif -pol-pol- at one end would be responsible for interacting 

electrostatically with the titanium complex. This motif can be used as a starting point for the design of peptides 

with high yield in TiO2 biomineralization. Another reason for choosing EN and TN peptides was to try not to 

use sequences with R or K in the central positions of the peptide [11]. 

It is important to note that when the alignment analysis was performed among all the 12-mer peptides 

found in the biopanning, it is observed that the DW peptide has a coincidence respect to the TN in residues W 

and Y. Thus, we do not ignore the possible biomineralizing activity of DW and further experiments are needed 

to establish this correlation between aromatic residues. 

With respect to the 7-mer peptides found in biopanning, did not have consensus sequence. Furthermore, 

the alignment does not show any matching motifs with peptides EN and TN, which is the reason why 7-mer 

peptides were being discarded for this job. However, the align analysis shows that peptides LRSDPVV, and 

SRPPVPA have a motif -S-pol-P-apol-V-; where pol and apol means polar and nonpolar respectively, and peptides 

QILVHKN, and TTPLSHR match in residues L and H, making them good candidates for future research.  
 

Table 3. Most frequent sequences found in biopanning experiments. 

Peptide Frequency Sequence Buffer pI* 

DW 13 DWSSWVYRDPQT PB and Tris 4.47 

TN 3 TNWQALAYMQRH PB and Tris 9.06 

GL 3 GLHTSATNLYLH PB and Tris 7.38 

TW 2 TWYPNRPPILEL PB 6.25 

EN 2 ENHWSLSTLMSS PB 5.50 

*Isoelectric point (pI) was calculated using the Protein Calculator [30]. Where red and green letter shows 

the same amino acid. 

 

 

Structural characterization of EN and TN peptides 
Circular dichroism spectra of the selected peptides in the far-UV region are shown in Fig. 2, where it 

can be seen that the most salient feature is the intense negative peak ca. 200 nm, with [] between 13,000 and 

19,000 deg cm2 dmol-1. It is known that such intense negative CD bands appear in spectra of short lysine- and 

proline-rich peptides [31] and have been attributed to some content of polyproline II conformation in those 

peptides. However, this spectral shape is also similar to that corresponding to the unordered or coil structural 

type described in a CD spectral basis used for the analysis of peptide CD spectra [32]. 
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Fig. 2. CD spectra of EN (solid line) and TN (squares) peptides in water, pH ca. 7.0. Calculated spectra reconstructed 

from results of analysis by the CONTIN-LL algorithm are shown as dashed lines for EN and circles for TN.  
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Quantitative estimations of the secondary structures of EN and TN were carried out using two well-

known algorithms used for protein secondary structure determinations: CONTIN-LL (implemented in the 

online server DichroWeb) [33] and BeStSel [34]. Further analysis was performed employing an unconstrained 

linear combination of basis spectra for typical secondary structures in peptides [32].  For both of the peptides, 

the three methods gave concordant results (Table 4) indicating coil (unordered) structure as the most abundant, 

followed by beta strands. However, the contents of turns were rather variable. 

 Overall, analyses of CD spectra seem to point to the presence of a few residues in beta-strand 

conformation in both EN and TN, and the major number of residues in unordered (irregular structure). 
 

Table 4. Predictions of secondary structure from circular dichroism spectra. 

Peptide Method Helix Beta Turns Coil (unordered) 

EN BeStSel 3 31 19 48 

EN Contin 5 17 14 64 

EN Multiple linear regresion 6 21 0 72 

TN BeStSel 0 39 21 40 

TN Contin 6 22 15 56 

TN Multiple linear regresion 0 0.37 0.04 0.60 

 
 

Biomineralization of TiO2 using the selected peptides 
Thus, the two peptides, namely TN and EN, were used for biomineralization experiments, although 

EN was found in phosphate buffer, it was also employed in Tris buffer for comparison purposes. Although at 

pH 8.0 the TN peptide is positively charged and the EN peptide is negatively charged (Fig. 3), no difference 

was observed in the biomineralization product, suggesting that the reaction does not depend on the protonation 

state of the basic residues (R and H).   

In Tris buffer, both EN and TN peptides were able to biomineralize TIBALDH at ≥ 2.0 mg/mL 

concentrations. Considering that EN peptide did not emerge in Tris, a low biomineralization activity was expected 

under these conditions. However, Fig. 3 shows how both TN and EN peptides at 2.0 mg/mL caused a similar increase 

in particle size. The particles of 3 nm present in TiBALDH solution are related to the equilibrium between titanium 

lactate polymers probably caping a TiO2 core [21]. In presence of peptides the chemical equilibrium is modified due 

to the molecular interaction between carboxylic groups, and hydrogen bonds, probably by forming micelle-type 

arrangements [35]. The biomineralization products were analyzed by TEM (Fig. 4), where nanoparticles with 

crystalline planes corresponding to the anatase phase are observed with both peptides. The difference between the 

sizes obtained by DLS and TEM can be explained by the formation of electrostatically stabilized agglomerates.   
 

 
Fig. 3. Size particle distribution of TiBALDH (50 mM) alone in Tris buffer (dotted line), and after addition of 

TN peptide (dashed line) and EN peptide (continuous line). 
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Fig. 4. TEM images of TiO2 nanoparticles biomineralized from TiBALDH in Tris buffer and the peptides (a) 

TN and (b) EN. 

 

 

 

The influence of pH and protonation states were studied using the acetate buffer. When peptides in the 

presence of acetates are mixed with TIBALDH, an evident increase in the biomineralization product is 

observed. Both peptides generate a precipitate whose size makes its characterization impossible by DLS. In 

acetate buffer, the TN peptide could precipitate TiO2 even at concentrations of 0.5 mg/mL while the EN peptide 

caused precipitation at concentrations ≥ 2.0 mg/mL.  

To determine the percentage of biomineralized TiO2, the amount of soluble titanium (TiBALDH) was 

quantified (Fig. 5). In the case of the TN peptide (originally found in Tris buffer biopanning), the amount of 

remaining TiBALDH was 32 and 26 % in Tris and acetate buffer, respectively, these values are similar to those 

peptides joined to proteins [19] whose activity is larger than isolated peptides. The acetate buffer, in the absence 

of peptide, also decreases the soluble Ti(IV); the low pH and the presence of carboxylic groups can be 

responsible of this behavior [21]. On the contrary, EN peptide shows percentages of remanent TiBALDH of 82 

and 40% in Tris and acetate buffer, respectively more similar to values reported by other groups for isolated 

peptides [11, 16]. The lower biomineralization activity of the EN peptide could be explained since this sequence 

was not specific to that medium. In the case of acetate medium, considering that the isoelectric point (pI) of EN 

peptide is 5.5, at pH 4.5 it has a lower positive charge than the TN peptide, thus its activity in acidic 

environments could be related to the protonation state of the more acidic residues. 

 

 
Fig. 5. Percentage of TiBALDH remaining after biomineralization for each peptide (EN in green and TN in 

blue) in Tris buffer and acetate buffer and negative control in absence of peptides (Q in yellow). 
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The peptide residues that change their protonation state from pH 8.0 (Tris) to 4.5 (acetate) are 

glutamate and histidine for EN and histidine for TN. Because both peptides contain histidine, therefore the 

protonation state of glutamate is probably what influences the difference in reactivity between peptides. At pH 

4.5 the Glu residue in EN is protonated and could cause a decrease in biomineralization activity because few 

carboxylate groups are available to coordinate with the titanium species. A study of the molecular dynamics of 

peptides may also help explain their reactivity in terms of flexibility and accessibility to their functional groups. 

Finally, the infrared spectra of the oxides obtained with the EN and TN peptides are shown in Fig. 7, 

where the characteristic band of the Ti−O bonds is below the ṽ 800 cm-1. It is also observed that the samples 

prepared in the presence of Tris present a band in ṽ 1045 cm-1 that corresponds to C−O bonds in alcohols, which 

is possibly due to the remaining molecules from the buffer. 

 

 
Fig. 7. FTIR spectra of TiO2 biomineralized in the presence of TN and EN peptide in distinct buffers. TN-TiO2 

in Tris (a) and acetate (b) buffers. EN-TiO2 in Tris (c) and acetate buffers (d). EN-TiO2 is the material prepared 

with EN peptide and TN-TiO2 corresponds to TN peptide. 

 

 

 

In all samples, bands associated with the peptide are present; specifically, amide I bands appearing in 

the region of intermolecular beta structures (ṽ 1610−1625 cm-1) are possibly caused by the interaction of the 

peptide with the surface of TiO2. Although the intensity of amide bands varies depending on the sample, the 

most intense ones were observed for EN, which would imply a better affinity of EN for TiO2.  However, despite 

having a high affinity for TiO2, EN displays low biomineralizing activity.  

Based on the above results, it can be concluded that the identification of peptides with biomineralizing 

activity with a particular precursor is feasible for TiO2. However, the results demonstrate the importance of 

having a specific sequence for each buffered medium since the EN peptide was not found in Tris Buffer; 

although biomineralization activity is observed, it shows a poor efficiency. In addition, caution must be 

maintained when selecting peptides because of false positives. The type of material of the vessel where 

biopanning takes place should not interfere with phage selection.  

 

 

Conclusions 

 
Solution-phase biopanning using a phage display library and TiBALDH as a TiO2 precursor was 

proposed as an alternative method to identify sequences with biomineralizing activity. Using a 7-residue library 

it was not possible to identify consensus sequences, while in the 12-residue library, the sequences 

TNWQALAYMQRH (TN), ENHWSLSTLMSS (EN), GLHTSATNLYLH (GL), TWYPNRPPILEL (TW) 

were found at least twice. TN and EN peptides were tested for TiO2 biomineralization using the precursor 
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TiBALDH; both peptides presented activity in 0.1 M Tris (pH 8.0) medium producing crystalline TiO2 

nanoparticles of ~ 5 nm at room temperature. At pH 4.5 in acetate buffer, the EN sequence was less active than 

TN, requiring a higher concentration to initiate biomineralization. These pH-dependent changes of reactivity 

can be attributed to the different states of protonation of the peptides, and mainly to the glutamic acid in EN. 

Furthermore, the effect of the peptide conformation on its biomineralizing capacity can be ruled out since both 

peptides seemingly display unordered conformations in solution. A biopanning methodology using precursors 

instead of the target material would be applied as a more convenient approach to directly find sequences with 

biomineralization activity. 
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Abstract. The research largely focuses on investigating the mechanisms of protein folding and unfolding in 

proteins, namely triosephosphate isomerase, glucosamine-6-phosphate deaminase, laccase, and 

bacteriophage M13. The article examines the mechanisms of protein denaturation and renaturation using 

kinetic equations, thermodynamic models, and molecular dynamics (MD) simulations. These results enhance 

our understanding of the thermodynamic and kinetic characteristics of these proteins. Furthermore, the study 

highlights the importance of conserved residues, as well as the influence of environmental conditions such 

as pH and temperature on protein stability and folding. These discoveries have potential implications in 

biotechnology and medicine, including the creation of protein-based products and therapies for infectious 

diseases, and neurodegenerative disorders. The paper acknowledges the groundbreaking contributions of Dr. 

Andrés Hernández Arana to the field of protein physical chemistry in México. His work has greatly 

influenced the progress of research in the areas of protein stability and kinetics. 

Keywords: Protein stability; folding and unfolding; fluorescence and circular dichroism spectroscopy; 

differential scanning calorimetry; kinetics. 

 

Resumen. La investigación se centra en los mecanismos de plegado y desplegado de proteínas; estos 

mecanismos incluyen la triosafosfato isomerasa, la glucosamina-6-fosfato desaminasa, lacasa y el 

bacteriófago M13. Se utilizan ecuaciones cinéticas, modelos termodinámicos y simulaciones de dinámica 

molecular (MD) para analizar los mecanismos de desnaturalización y renaturalización de proteínas. Estos 

hallazgos nos ayudan a comprender mejor las características cinéticas y termodinámicas de estas proteínas. 

Además, el estudio destaca la importancia de los residuos conservados y puentes salinos en las proteínas, así 

como el impacto de los factores ambientales como el pH y la temperatura en la estabilidad y el plegado de 

las proteínas. Estos hallazgos tienen repercusiones en los campos de la biotecnología y la medicina, como la 

creación de productos y terapias basados en proteínas para enfermedades infecciosas y trastornos 

neurodegenerativos. El artículo reconoce el trabajo pionero del Dr. Andrés Hernández Arana en México en 

el campo de la termodinámica de proteínas. Su trabajo ha sido fundamental para el avance de la investigación 

en las áreas de cinética y estabilidad de proteínas. 
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Introduction 

    
Biophysical methods for studying proteins 

Studying protein dynamics is not just an academic pursuit. It is a crucial step towards understanding 

the role of structural flexibility and dynamics in protein activity and catalytic efficiency, which in turn 

informs the design of proteins with enhanced activity. Differential scanning calorimetry (DSC), fluorescence 

spectroscopy, circular dichroism (CD) spectroscopy and molecular dynamics (MD) simulation are crucial 

methods for investigating protein characteristics, providing valuable information on their composition, 

durability, and performance [1-4]. This combination enables the verification and improvement of theoretical 

models, resulting in a more comprehensive and precise understanding of the protein folding process.  

Differential Scanning Calorimetry is an effective method to study how heat affects proteins and how 

their structures change. It does this by precisely measuring the flow of heat energy caused by changes in 

structure caused by temperature. This technique provides extensive information on crucial thermodynamic 

characteristics, such as the melting temperature (𝑇𝑚), the enthalpy change (∆𝐻), the heat capacity change 

(∆𝐶𝑝), the Gibbs free energy change (∆𝐺), and the entropy change (∆𝑆). These measurements are critical for 

understanding protein stability in a variety of contexts and developing more robust proteins for industrial 

and therapeutic applications. It is crucial to understand how past processes affect the present behavior of a  

protein, as in some cases, denaturation processes cannot be reversed, and the scanning rate significantly 

impacts studies on protein unfolding using differential scanning calorimetry [5-8]Hysteresis, a phenomenon 

that illustrates the influence of a system's past trajectory on its current state, plays a crucial role in 

investigating unfolding and refolding processes and comprehending the branching points in folding 

landscapes [9,10]. Mathematically, the heat capacity𝐶𝑝) of the sample is defined as (equation 1):  

 

𝐶𝑝 =
𝑑𝑄

𝑑𝑇
   (1) 

 

where 𝑑𝑄 is the amount of heat added and 𝑑𝑇 is the change in temperature. The temperature difference (𝑑𝑇) 

between the sample and reference changes each time the sample undergoes an exothermic or endothermic 

transition, causing a proportional difference in heat flow rate (𝑑𝑄) which is critical for accurately determining 

the thermodynamic parameters and understanding the thermal behavior of proteins [11]: 

 

∆𝐻 = ∫ ∆𝐶𝑝𝑑𝑇

𝑇𝑓

𝑇𝑖

 (2) 

 

where ∆𝐶𝑝 is the difference in heat capacity between the unfolded and native states, and 𝑇𝑖  and 𝑇𝑓  are the initial 

and final temperatures of the transition. The melting temperature (𝑇𝑚) is identified as the point where the heat 

capacity exhibits a maximum, indicating the temperature at which the protein unfolds. The Gibbs free energy 

change (∆𝐺) can be related to ∆𝐻 and ∆𝑆 using the equation 3 [11]:  

 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆  (3) 

 

Gaining an understanding of these interconnections enables a more sophisticated analysis of 

differential scanning calorimetry data, which in turn leads to a more profound comprehension of protein 
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thermodynamics and folding processes. This knowledge also aids in the development of resilient proteins for 

a variety of purposes. A typical plot from a differential scanning calorimetry experiment is shown in Fig. 1. 

It displays a graph of heat absorbed (endothermic) and heat given off (exothermic) as a function of the 

sample's temperature. It is crucial to emphasize that Fig. 1 does not represent all possible transitions in a 

single sample. Rather, it serves as a visual representation of the most often observed forms of transition. 

 

 
Fig. 1. Differential scanning calorimetry curve. 

 

 

 

Circular Dichroism is a spectroscopic technique that measures the difference in absorption of left-

handed and right-handed circularly polarized light by chiral molecules. This method is widely used to study 

protein conformation, stability, and ligand-protein interactions. By looking at the different ways that circularly 

polarized light is absorbed, circular dichroism gives information about the secondary and tertiary structures of 

biomolecules. This lets scientists figure out how changes caused by mutations, or the environment affect those 

structures. Ellipticity 𝜃 in circular dichroism is related to the difference in absorbance (∆𝐴𝑏𝑠) by the equation 

4 [3,12]: 

 

𝜃 = 32.98𝑥∆𝐴𝑏𝑠 (4) 

 

Additionally, molar ellipticity (𝜃𝑚) calculated as (equation 5): 

 

𝜃𝑚 =
100 ∙ 𝜃

𝐶 ∙ 𝑙
    (5) 

 

where 𝜃 is the ellipticity in degrees, 𝐶 is the molar concentration of amino acids, and 𝑙 is the cell length in cm. 

 

The far-ultraviolet spectrum, ranging from 180 to 240 nm, offers a means to assess a protein's 

secondary structure composition. Fig. 2 shows the characteristic circular dichroism spectra of the secondary 

structures α-helix, β-sheet, and random coil. In circular dichroism studies of unfolding processes, the spectra 

can be taken at different temperatures to monitor structural changes; another, more convenient, option is to 

monitor those changes as the temperature is continuously varied with a constant heating ramp, which allows for 

the calculation of the fraction of unfolded protein and thus the equilibrium constant for the process. The van’t 

Hoff analysis, derived from the temperature-dependent equilibrium provides the van't Hoff enthalpy (∆𝐻) and 

entropy (∆𝑆), the midpoint of the unfolding transition (𝑇𝑚), and the unfolding free energy (∆𝐺). These 

parameters are crucial for understanding the stability and folding behavior of proteins under varying thermal 

conditions [12-14] 
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Fig. 2. Displays the circular dichroism curve representing the typical secondary structures: α-helix (red), ꞵ-

sheet (green), and random coil (black). 

 

 

 

Fluorescence spectroscopy, on the other hand, is a technique used to study the emission of light from 

a substance after it has absorbed light of a different wavelength. Fluorescence spectroscopy is an analytical 

method that is both very sensitive and selective. It is used to study the structural and thermodynamic 

characteristics of proteins. This approach utilizes the fluorescent properties of amino acids like tryptophan 

and tyrosine to detect proteins at low levels and observe real-time changes in protein structure, such as folding 

and unfolding. The thermodynamic parameters assessed include the free energy of the denaturation process 

and its cooperativity. Fluorescence intensity is related to the concentration of the fluorophore by equation 6 

[15,16]:  

 

𝐼𝐹 = 𝑘0 ∙ 𝜙𝐹 ∙ [𝐹] (6) 

 

where 𝐼𝐹  is the fluorescence intensity, 𝑘0 is a constant depending on the detection system, 𝜙𝐹 is the fluorescence 

quantum yield, and [𝐹]is the fluorophore concentration expressed like (1 − 10−𝜀𝑐𝑙). 

If dilute solutions are used so that less than 2 % of the excitation energy is absorbed, an 

approximation can be made that simplifies the fluorescence spectroscopy analysis. In this scenario, the 

absorbance (𝐴𝑏𝑠) is sufficiently low, allowing us to assume that the relationship between fluorescence 

intensity (𝐼𝐹) and the concentration of the fluorophore [𝐹]) is linear. This linearity arises because Beer-

Lambert's law, which describes light absorption, can be approximated as follows for very low absorbance 

values (equation 7) [17,18]: 

 

𝐼𝐹 = 𝑘0 ∙ 𝜙𝐹 ∙ 𝜀𝑐𝑙  (7) 

 

Protein fluorescence, particularly from tryptophan residues, is highly sensitive to the molecule's 

surrounding environment. Tryptophan residues inside the protein's interior are found in less water -soluble 

environments, resulting in a change in the wavelength at which they emit light. In nonpolar settings, the 

fluorescence maximum occurs at shorter wavelengths, whereas in polar situations, it shifts towards longer 

wavelengths. So, changes in the protein that affect the area around tryptophan residues, like protein -ligand 

interactions [19], structural changes, or unfolding, will change the fluorescence spectrum. Fluorescence's 

sensitivity makes it an excellent tool for examining protein dynamics, as seen in Fig. 3. 
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Fig. 3. Intrinsic fluorescence. Protein unfolding, followed by the movement of a tryptophan residue from the 

hydrophobic internal enviroment, to the aqueous outside (shown by the red dots). The tryptophan 

fluorescence spectra are shown on a graph under two conditions: native (blue) and denaturied (red). The 

redshift is found (arrow) when the maximum emission moves toward longer wavelengths. 

 

 

 

Molecular Dynamics simulation enables the observation of protein’s dynamic behavior at the atomic 

scale, providing vital atomistic information to comprehend the fundamental principles of protein stability and 

unfolding. These simulations have the capability to compute thermodynamic characteristics such as Gibbs free 

energy (∆𝐺), enthalpy (∆𝐻), entropy (∆𝑆), and, under some circumstances, heat capacity change (∆𝐶𝑝) 
[1,18,20,21]. 

Newton's second law is used in molecular dynamics simulations to calculate the trajectories of atoms 

(equation 8): 

 

𝐹 = 𝑚 ∙ 𝑎  (8) 

 

where 𝐹 is the force acting on an atom, 𝑚 is the atom's mass, and 𝑎 is the atom's acceleration. 

 

The interaction law is determined by the potential function 𝑈(𝑟1, … , 𝑟𝑁), which represents the potential 

energy of 𝑁 interacting atoms based on their locations, 𝑟𝑖 = (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖). The force acting on the 𝑖 − 𝑡ℎ  atom is 

dictated by the gradient in relation to atomic displacements. The equation 𝐹𝑖 = ∇𝑟𝑖
𝑈(𝑟1, … , 𝑟𝑁) represents the 

relationship between the force 𝐹𝑖 and the position vector ∇𝑟𝑖
𝑈 [22]. 

The components of the gradient are given by (equation 9): 

 

𝐹𝑖 = (
𝜕𝑈

𝜕𝑥𝑖
,

𝜕𝑈

𝜕𝑦𝑖
,
𝜕𝑈

𝜕𝑧𝑖
) (9) 

 

Discovering an accurate potential to replicate authentic energy surfaces is complex, yet it simplifies 

calculations. Atomic force field models and classical molecular dynamics rely on empirical potentials that 

include specific functional forms to accurately depict the system's physics and chemistry. The following is 

an example of a force field commonly used in biosystems simulations (equation 10): 

 

𝑈(𝑟1, … , 𝑟𝑁) = ∑
𝑎𝑖

2
(𝑙𝑖 − 𝑙𝑖0)2

𝑏𝑜𝑛𝑑

+ ∑
𝑏𝑖

2
(𝜃𝑖 − 𝜃𝑖0)2

𝑎𝑛𝑔𝑙𝑒

 (10) 
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+ ∑
𝑐𝑖

2
[1 + 𝑐𝑜𝑠(𝑛𝜔𝑖 − 𝛾𝑖0)]

𝑡𝑜𝑟𝑠𝑖𝑜𝑛

 

+ ∑ 4𝜀𝑖𝑗
[(

𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

]

𝑎𝑡𝑜𝑚 𝑝𝑎𝑖𝑟

+ ∑ 𝑘
𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
𝑎𝑡𝑜𝑚 𝑝𝑎𝑖𝑟

 

 

In this equation  

• The first term sums over all bonds, with 𝑎𝑖 representing the bond strength and (𝑙𝑖 − 𝑙𝑖0) 

being the deviation from the equilibrium bond length. 

• The second term sums over all angles, with  𝑏𝑖 representing the angle force constant and 
(𝜃𝑖 − 𝜃𝑖0)  being the deviation from the equilibrium angle. 

• The third term sums over all torsions, with 𝑐𝑖 representing the torsional force constant and 
[1 + cos(𝑛𝜔𝑖 − 𝛾𝑖0)] accounting for the periodic torsional potential. 

• The fourth term sums over all pairs of atoms not bonded chemically, with 

4𝜀𝑖𝑗
[(

𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

] representing the Lennard-Jones potential. 

• The final term sums over all pairs of point charges 𝑞𝑖 and  𝑞𝑗 separated by distance 𝑟𝑖𝑗 , 

representing the Coulomb potential 𝑘
𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
 

 

Replica exchange molecular dynamics (REMD) is an advanced approach in Molecular Dynamics 

simulation that greatly enhances the exploration of different conformations in a protein's structure. This 

technique is particularly useful for studying the intricate mechanisms involved in protein folding [23,24] 

The combination of these experimental and computational methodologies allows for the examination 

of mutation consequences, exploration of protein-ligand interactions, and comprehension of the variables that 

influence protein aggregation, folding, and unfolding. Adopting this approach is crucial for enhancing our 

comprehension of basic biological events and has substantial implications in the fields of drug development 

and biotechnology. Table 1 displays the essential experimental techniques and their corresponding 

thermodynamic parameters used to evaluate protein stability.  

Gaining a comprehensive understanding of the processes involved in protein folding and unfolding is 

crucial in the field of biophysical chemistry research. This knowledge allows for significant insights into the 

structure, dynamics, and function of proteins. Understanding this information is vital for proteins like 

triosephosphate isomerase (TIM), glucosamine-6-phosphate deaminase (G6PD), laccase, and bacteriophage 

M13, since they perform critical tasks in many biological processes [7,25-33]. 

The researchers in the Department of Biophysical Chemistry at the Universidad Autónoma 

Metropolitana (UAM), Iztapalapa campus, are dedicated to understanding the processes involved in protein 

folding and unfolding. These mechanisms have a profound impact on catalysis, metabolism, and biological 

activity. Scientists use experimental methods such as spectroscopy and calorimetry to examine the changes in 

protein structure and stability under various situations, such as fluctuations in temperature and variations in 

denaturant concentration. The study's findings provide important insights into the molecular pathways 

responsible for protein misfolding and aggregation, which are occurrences associated with neurodegenerative 

disorders. For instance, the processes of unfolding and refolding TIM proteins take place gradually within a 

certain temperature range where both the native and unfolded forms exist simultaneously. Researcher studies 

at UAMI have developed time-dependent kinetic equations to explain the unfolding and refolding mechanisms 

of TIM, G6PD, and laccase proteins. These equations include variables like as temperature and heating rates, 

which contribute to a more comprehensive comprehension of the hysteresis cycles seen in experiments. These 

discoveries provide valuable information on the thermodynamic and kinetic characteristics of these proteins, 

enhancing our understanding of protein folding and stability [7,25-30,32,33]. 

The main difficulties related to the irreversible thermal denaturation of proteins in aqueous solutions 

arise from the clumping together of unfolded polypeptide chains at elevated temperatures. Aggregation may 

result in irreversibility during the unfolding of proteins, making it challenging to use equilibrium 
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thermodynamics to investigate protein denaturation. Irreversible unfolding curves are often found in oligomeric 

proteins that consist of subunits of moderate to large size. 

Hysteresis cycles in protein unfolding-refolding profiles during temperature scanning are characterized 

by distinct, non-overlapping paths for unfolding and refolding [33]. 

This suggests that equilibrium conditions are not achieved inside the transition area. The difference 

between the temperature-dependent curves during heating and cooling results in a loop-shaped pattern, which 

is often associated with the sluggish kinetics of the unfolding and refolding operations. This occurs within a 

temperature range where both the native and unfolded states coexist in equilibrium. The protein's sluggish 

response speeds lead to distinct behaviors throughout the processes of heating (unfolding) and cooling 

(refolding), which ultimately result in hysteresis. Examining these cycles yields useful observations on the 

dynamics of protein unfolding and refolding processes, revealing the protein transitions.  

 

Protein transition models: two-state mechanisms and their implications 
Temperature-induced transitions in small proteins can often be represented, as a simpler two-state 

model involving only two molecular species: the native (N) and the unfolded (U) states. This model assumes 

that the populations of protein molecules are nearly at equilibrium at any temperature. Therefore, equilibrium 

thermodynamics can be used to determine the basic thermodynamic parameters of the unfolding process, such 

as the enthalpy and entropy changes associated with the transition from N to U. If differential scanning 

calorimetry data are available, it is also possible to calculate the heat capacity change, thus allowing for a 

complete description of the native−protein stability given by the Gibbs free energy change as a function of 

temperature. 

A linkage between thermodynamics and kinetics can be easily found by writing the unfolding and 

refolding reactions as first-order unimolecular reactions, since the equilibrium constant for the N ↔ U transition 

is then expressed as 

𝐾 =
𝑘𝑢

𝑘𝑟
. This dynamical formalism, as shown below, is also very useful for analyzing systems that are reversible 

yet far from equilibrium. 

 

More complex models and irreversibility 
In many cases, however, some complicating factors preclude a thermodynamic, straightforward 

analysis. For many large proteins (i.e., those with a molecular mass of about 25 kDa or larger), irreversible 

reactions, such as aggregation or chemical modification of some amino acid side chains, taking place when the 

protein is (partially) unfolded, prevent the recovery of the native structure and its biological activity. In some 

instances, aggregation can be avoided by decreasing protein concentration, thus making the system reversible; 

in other cases, even though the N to U process can be made to behave reversibly under low protein 

concentrations, the unfolding−refolding curves show that the overall system is far from equilibrium. 

The first case reviewed below exemplifies how irreversibility has been dealt with in many early studies 

of protein thermal unfolding; in summary, data analysis has been carried out by assuming that irreversibility 

reactions occur more slowly than unfolding−refolding processes, and thus the equilibrium formalism can be 

applied to those data, with the inclusion of an irreversible step at the end of unfolding: N ↔ U → D, where D 

stands for an irreversibly denatured molecular form that can be the initiator of molecular aggregation. 

 

Glucosamine-6-phosphate deaminase 
The thermal unfolding of glucosamine-6-phosphate deaminase, an allosteric enzyme whose structure 

is described as a trimer of dimers (Mr = 178.2 kDa, Fig. 4), was studied by Hernández-Arana et al. using the 

scanning calorimeter at the Biophysical Chemistry Laboratory in UAMI. The unfolding/denaturation process 

of the enzyme was irreversible in the wide concentration range compatible with the experiments (0.6 to 7.3 

mg/mL); however, analysis of scanning endotherms showed that the process is complex, involving several 

hexameric intermediates and, probably, two dissociated states. Evidence from this analysis suggested that some 

transitions are close to equilibrium, whereas at least one transition introduces irreversibility. Furthermore, 

applying an equilibrium formalism for data analysis seemed justified, provided scanning rates above 0.75 K/min 

were used.[7] 
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Fig. 4. Displays the three-dimensional structure of glucosamine-6-phosphate deaminase, which can be 

identified by its PDB code 1FS5 and UniProt code P0A759. The upper section depicts the hexameric 

arrangement of glucosamine-6-phosphate deaminase. The protein undergoes a 90° rotation in three different 

orientations, which emphasizes the presence of six monomers colored in bright green, blue, orange, red, gray, 

and warm yellow. The hexamer is presented as a cartoon image with the same color scheme, located in the 

bottom left corner. Glucosamine-6-phosphate deaminase is classified as belonging to the alpha/beta class. It 

has a 3-layer structure with an α/β/α sandwich architecture and a Rossmann fold topology (CATH: 

3.40.50.1360). 

Furthermore, it has a distinctive signal of glucosamine/galactosamine-6-phosphate isomerase (Prosite). The 

lower middle portion exhibits a monomer that emphasizes the amino acids in the active site: ASP72, ASP141, 
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HIS147, and GLU148. The α-helices are shown in the color green, the β-sheets in the color purple, and the 

loops in the color light gray. The enzymatic reaction type and catalytic mechanism are given on the left. 

During the ring-opening process of α-D-glucosamine 6-phosphate, the hydroxyl group at C1 is deprotonated 

by HIS147. The oxyanion undergoes a collapse, resulting in the C-O link breaking. This process also leads 

to the deprotonation of HIS147 by the newly created oxyanion. ASP72 removes a proton from the carbon 

that is connected to the amino group. The carbanion that is formed initiates a rearrangement of the double 

bond, removing a proton from ASP72. Water undergoes electrophilic addition across the π link between 

carbon atoms C1 and C2. The water molecule approaches from the same side as ASP72. ASP72 works as a 

base by taking away a proton from the newly attached hydroxyl group. This gets rid of the ammonia in the 

substrate. When released, ammonia removes a proton from ASP72, forming ammonium and res toring the 

enzyme to its original state. The linear product spontaneously cyclizes outside the enzyme's active region, 

forming β-D-fructofuranose 6-phosphate and ammonium [34]. 

 

 

 

By assuming that six two-state sequential transitions are involved in the global process (two of which 

involve dissociation into subunits, eq. 1), the authors developed a set of equations describing the behavior of 

differential scanning calorimetry endotherms. Fitting to experimental data gave enthalpy changes and Tm  

(i.e., the temperature at the maximum of the heat capacity curve) seemingly reasonable for the unfolding and 

dissociation values expected of protein subunits of similar size. 

 

Triosephosphate isomerase 
Triosephosphate isomerase from Saccharomyces cerevisiae (yTIM) is an enzyme that has a 

molecular weight of 54.52 kDa, with each subunit weighing 27 kDa (as shown in Fig. 5). Its biological 

function is to facilitate the reversible conversion between the triosephosphate isomers dihydroxyacetone 

phosphate and D-glyceraldehyde 3-phosphate. Hernández-Arana and colleagues have conducted research on 

this topic for more than twenty years, using circular dichroism as well as other calorimetric and spectrometric 

methods [25-28,32]. 

The triosephosphate isomerase dimer requires denaturation at around 63 °C, according to data 

reported by Hernández-Arana and colleagues. The unfolded state of yTIM is maintained when a temperature 

heating ramp of 0.2 °C/min is applied. Still, as seen in Fig. 6, a cooling ramp of 2 °C/min restores its original 

characteristics, indicating that there may be related events in the folding process. Some oligomeric proteins 

exhibit hysteresis cycles that may indicate a complex folding mechanism. This is backed up by research 

conducted between 2001 and 2022, which highlights the significance of dimer formation or stability in the 

folding and function of yTIM. Later on, similar findings were made in complex proteins, where functional 

areas impact the early folding process and impede folding. Even though these regions make folding more 

complicated, they may also affect other kinetic behaviors that are related to the system's stability.  

The lack of hysteresis in lysozyme may be ascribed to its enduring monomeric structure and its two-

state heat transition. This process exhibits a denaturation enthalpy (∆𝐻) and heat capacity (∆𝐶𝑝) that signify 

a substantial but reversible alteration in structure. Specifically, the thermodynamic parameters for lysozyme 

unfolding−refolding are within a range that leads to fast unfolding and refolding reactions within the 

transition region; therefore, the two-state system is very near to equilibrium at any temperature of the heating 

or cooling curves. In addition, this process reduces water-repellent surface contact and promotes effective 

and fast restoration of the original structure, preventing misfolding side reactions. 

However, because of its dimeric structure and a more intricate denaturation process, yTIM displays 

noticeable hysteresis. The enthalpy change (∆𝐻) required for denaturation of yTIM is much greater, 

indicating the need to disrupt a larger number of intermolecular connections throughout the process. In 

addition, the heat capacity (∆𝐶𝑝) in yTIM is much higher, suggesting a notable change in the exposure of 

polar and nonpolar surfaces after denaturation. The higher ∆𝐶𝑝 value means that there are a lot of hydrophobic 

surfaces, which helps the unfolded subunits stick together. This makes it harder for them to get back to 

normal, which is what causes the hysteresis that we see. 
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Fig. 5. Depicts the tridimensional configuration of triosephosphate isomerase (yTIM), which can be identified 

by its PDB code 1YPI and UniProt code P00942. The top part illustrates the dimeric configuration of yTIM. 

The monomers are shown in blue and red, while the dimer is illustrated in a cartoon depiction with the same 

color scheme. This highlights the active site amino acids: ASN10, LYS12, HIS95, GLU165, and GLY171. 

yTIM is categorized as an alpha/beta class protein, characterized by an Alpha/Beta Barrel structure, a TIM 

Barrel topology, and belonging to the Aldolase class I homology (CATH: 3.20.20.70). Moreover, it has a unique 

and recognizable molecular pattern and characteristics of the triosephosphate isomerase family (Prosite). The 

bottom portion displays a monomer with the "TIM barrel" fold. The secondary structural components are shown 

using α-helices in the color green, β-sheets in the color purple, and loops in the color light gray. This section 

focuses on three specific mutants: C125A, C126S, and C225Q. The enzymatic reaction type and catalytic 

mechanism are given on the left. By taking away a proton from the alpha-carbonyl carbon of glycerin phosphate, 

GLU165 acts as the catalytic base. HIS95 is deprotonated by the enolate. It is stronger for the hydrogen bond 

between the residue and the enol-transition state when HIS95 is deprotonated than when it is protonated. Now, 

HIS95 is the catalyst that helps the enol turn into an aldehyde while also selectively deprotonating C2. The 

formation of the final D-glyceraldehyde 3-phosphate is complete [34]. 
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Fig. 6. Hysteresis landscape for yTIM unfolding investigations. (A) Diagram of the lysozyme's unfolding-

refolding process, characterized by overlapping equilibrium curves. The graphs illustrate the fast 

unfolding−refolding kinetics that lead to a molecular system being very close to "equilibrium" at any 

temperature registered during the scanning. (B) Hysteresis graph associated with yTIM unfolding−refolding 

curves. In contrast to lysozyme illustrated in Figure A, the "equilibrium" unfolding and folding contours fo r 

yTIM are not equivalent. The 2.0 °C/min−heating and cooling cycle (curves 1 and 3) allows recovery of 

yTIM native structure and enzymatic activity. On the other hand, the heating and cooling process at 

0.2 °C/min creates a misfolded state that makes it harder for yTIM to return to its original shape and structure, 

as shown in curves 2 and 4. For a two-state model, the apparent (hypothetical) equilibrium during the 

transition is denoted by the dashed line in the center. Figure redrawn from [25]. 

 

 

 

Hysteresis is a phenomenon in which systems delay their response to imposed stressors. This delay 

is caused by a bifurcation in the folding topography, as demonstrated by Hernández-Arana and colleagues' 

research on thermal unfolding and refolding in yTIM. In these experiments, a bistable system is shown, 

where the equilibrium state is defined by both the current and the beginning circumstances, acting as a 

memory for the system. Hysteresis occurs when the present and previous states of a system interact to affect 

its current state. Fig. 6 shows the results of the hysteresis-generating tests performed on yTIM, which include 

different ramps of heating and cooling. Curves 1 and 3 show quasi-perfect hysteresis behavior for yTIM, 

where the final state approaches the initial state but via a different pathway. On the other hand, curves 2 and 

4 fall outside the hysteresis "zone," indicating non-ideal hysteresis. The dashed line shows the limit of ideal 

folded and refolded processes. The figure illustrates the intricate complexity of the folding domain. This 

finding provides further evidence that mechanisms other than folding might be influencing temperature-

induced instability. When the functional dimer is formed, hysteresis takes place, as seen by the complex 

folding landscape of yTIM. Specifically, the stability of yTIM and the length of the catalytically active dimer 

half-life are determined by the temperature-dependent kinetic barrier to the unfolding mechanism. 

Significantly, hysteresis in TIM is reduced when heating and cooling rates are lower. 

The hysteresis model of the TIM protein, as shown in Fig. 7, demonstrates a progressive temperature 

change at a rate of 2 °C per minute. This model exhibits unfolding at about 70 °C, followed by refolding by 

a different pathway. Approximately half of the protein remains in its folded configuration at a temperature 

of 45 °C, and its original shape is restored when the temperature is lowered to 25 °C. The enzyme activity 

recovers almost entirely, reaching roughly 95 % while maintaining the original structure [25]. 
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Fig. 7. Model for ideal yTIM hysteresis. Hysteresis is a characteristic that accounts for a system's delayed reaction 

to external forces. This phenomenon may occur when there is a split in the unfolded landscape, causing the system 

to have two stable conditions. This finding suggests that the system's equilibrium is influenced by both the initial 

and final states, demonstrating the system's ability to preserve structural information. The two graphs shown depict 

hysteresis curves, with red indicating unfolding and blue representing refolding, from experimental data; the 

separation between these two curves along the heating and cooling routes is noted, but it is important to highlight 

that the native state remains the same at the start and end of the cycle. Solid lines are simulations computed using 

a couple of differential equations (one, first-order reaction for unfolding and the other second-order for refolding), 

which together reproduce the characteristics of the hysteresis cycle, thus demonstrating that yTIM 

unfolding−refolding is a reversible far-from-equilibrium transition under kinetic control [33]. 

 

 

 

Recent studies on yTIM indicate that the hysteretic effect may be absent in some conditions. For example, 

mutations like ARG189-ASP225 or D225Q that disrupt the ionic interactions, or mutations like C126A and C126S1 

that stop catalysis, could reduce this effect [26-28]. Hysteresis happens when folding transition states change because 

domain or monomer transitions affect complicated unfolding processes. Cohesive cooperation, on the other hand, 

makes refolding more efficient. Also, hysteresis can be seen in protein aggregation and association events, which 

shows how hard it is to get back to the original tertiary structure. This is particularly true for proteins like yTIM, 

which are very stable and have complex topologies like barrel superstructures. Hernández-Arana's current study on 

yTIM folding, supported by spectroscopic evidence, uses molecular dynamics simulations to clarify folding states. A 

first-order kinetics study showed that the structures of unfolded and refolded yTIM are different at different pH levels. 

This suggests that the unfolding and refolding processes are separate [32]. 

This is consistent with TIM's resistance to temperature and pH variations, indicating that it folds almost 

completely and returns to its original shape when refolded. The analysis showed a decrease in helix content and an 

increase in unordered structures over time, following first-order kinetics and consistent with changes in ellipticity 

values at fixed wavelengths. Rate constants derived from structural fractions matched those from circular dichroism 

data variations at specific wavelengths. Molecular dynamics simulations performed with AMBER and OPLS force 

fields captured essential elements of the unfolding process observed in circular dichroism experiments. The 

simulations demonstrated significant loss of helical regions and an increase in coil structures at high temperatures. 

Additionally, beta strands appeared more resilient at elevated temperatures. The unfolding process occurred faster at 

high pH, aligning with experimental observations. However, structural differences between low- and high-pH 

unfolded yTIM were relatively small in Molecular dynamics simulations, indicating the need for further refinement 

of Molecular dynamics simulations procedures to better match experimental data. 

However, we believe that our progress in computational studies of protein unfolding can be beneficial in 

this field. Nonetheless, the task of estimating the fundamental process behind protein folding has not yet been tackled. 

In this context, we are working on a simple approach that allows us to accurately calculate the metastable states of 

protein unfolding in yTIM using Markov State Models (MSM) with PyEMMA [7,25-30,32,33]. This approach is 

based on computing the folded and unfolded states at different temperatures and pH using molecular dynamics 
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simulations [35]. From this, the essential secondary structure conservation quantities are obtained and used to 

calculate the conformational stability of the protein. With this approach, we have successfully calculated the 

mechanisms of yTIM, representatives of the major structural classes, as well as small stability differences due to 

changes in solution conditions. This approach can permit us to understand the dynamic conformational behaviors 

before conducting in-vitro experiments. 

 

Irreversible transition in proteins  
Hernandez-Arana and colleagues' investigation of the laccase enzyme has provided valuable 

knowledge on its possible use in several industries and biotechnologies, including the food, textile, and 

environmental sectors. Laccase, seen in Fig. 8 and identified as PDB: 1GYC and UniProt: Q12718, can catalyze 

the oxidation of phenolic substances, making it very important in several industries [36]. 

Laccase is a particular type of enzyme that contains several copper atoms and is made up of 499 amino 

acids. Significant amounts of alanine (10.6 %) and glycine (7.8 %) make up this enzyme. It also has 4.0 % 

histidine residues (20 amino acids), with 2 % of them being located in the active region (Fig. 8). In addition, 

laccase has 12 % protonable residues, of which 4 % are exposed to the solvent on its surface. This exposure 

could have a significant impact on the enzyme's activity and folding state. For example, the laccase enzyme 

derived from Trametes versicolor has the highest level of activity at a pH of 3.5, whereas a pH of 6.5 is most 

favorable for maintaining its structural integrity. Ten of the twenty histidine residues are crucial because they 

coordinate the four copper ions inside the active site. These ten histidine residues are very important for keeping 

copper ions stable and allowing electron transfer processes for substrate oxidation to happen during the catalytic 

cycle. In addition, histidines play a vital role in maintaining the structural stability of the enzyme. They help to 

ensure that the enzyme is correctly folded and that the active site remains intact. Histidine residues connecting 

domains 1 and 3 operate as "structural staples," and the four coppers hold them together like glue (Fig. 8). The 

four coppers are made up of T1, T2, and T3 copper sites, which are linked by the conserved motifs HXHG, 

HXH, HXXHXH, and HCHXXXHXXXXM/L/F. Th 

 

 
Fig. 8. This figure depicts the arrangement of Trametes versicolor laccase. The blue color represents the surface structure. 

The 3-domain structure is organized with Domain 1 embracing amino acids 1 to 130 and marked in yellow, Domain 2 

embracing amino acids 131 to 300 and highlighted in red, and Domain 3 embracing amino acids 301 to 499 and 

highlighted in blue. The histidine and cysteine residues, coupled with the copper ions present in the active site, are 
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highlighted. The laccase enzyme is seen on the far right, with its secondary structure color-coded: α-helices are represented 

in green, β-sheets in purple, and loops in light gray. Laccase is considered a member of the main β-class, with a β-Sandwich 

architecture, an immunoglobulin-like topology, and cupredoxin-blue copper protein homology, according to the CATH 

database (CATH: 2.60.40.420). In addition, it includes the Multicopper oxidase signatures (Prosite). 

The 2D representations in the lower left corner illustrate the catalytic site and its relationships. In the center of the 3D 

model, the catalytic location is displayed. This picture demonstrates the interconnection between CYS453, HIS452, and 

HIS454, which together constitute an electron route. Both pictures depict the OH molecule as an intermediate in the 

oxidation process, while the H2O molecule is the result of the redox reaction. The enzymatic reaction type and catalytic 

mechanism are given on the left. The first active site, called the "blue site," is close to the surface and is where organic 

substrates like phenols or aromatic and aliphatic amines go through oxidation. This lets the T1 copper ion get electrons 

through a bonded HIS458 residue. HIS395 and CYS453 complete the coordination of the T1 copper ion, which is not 

exposed to the solvent. The electrons that are taken out of the substrates are sent through two internal electron transfer 

pathways that start with CYS453, the T1 copper ligand. The electrons are then divided between HIS452 and HIS454, which 

respectively attach to the T3(a) and T3(b) copper ions in the second active site. In this process, oxygen molecules undergo 

reduction and join together to form water molecules. This site consists of a trinuclear copper cluster, which is composed of 

a T2 copper ion and two T3 copper ions organized in a triangle pattern. It is located between domains I and III and is attached 

to eight histidine residues and two water molecules. The T2 copper is tri-coordinated, forming bonds with HIS64, HIS398, 

and a single water molecule. The two T3 coppers exhibit tetra-coordination. T3(a) copper is coordinated by residues 

HIS111, HIS400, and HIS452, whereas T3(b) copper is coordinated by residues HIS66, HIS109, and HIS454. 

Furthermore, a water molecule is asymmetrically bound between the two T3 copper ions [34]. 
 

 
 

In 2012, Hernández-Arana and his colleagues conducted groundbreaking research using differential 

scanning calorimetry to assess the heat capacity of the enzyme laccase. Using this approach, they were able to 

investigate the thermal changes that occurred in the enzyme in both its native and unfolded forms under a variety 

of pH settings. The work of Hernández-Arana and others showed that the way copper ions are coordinated inside 

the laccase enzyme may affect how much heat it can hold (see Fig. 9). The data provided important information 

about the protein's thermal properties. For instance, laccase forms heat-denatured forms related to "molten-

globule-like" structures, thus resembling other proteins such as α-lactalbumin, staphylococcal nuclease, and 

apomyoglobin. At low pH, the compact denatured state of laccase has residual structure and a low heat capacity, 

in contrast to the extended denatured state formed at pH 9.0. 

The presence of copper ions and their interactions with the protein matrix can affect the magnitude in the 

protein's heat capacity, particularly during the thermal denaturation process. Therefore, heat capacity studies may 

provide insights into the thermodynamic characteristics of copper-containing proteins (see Fig. 9), especially when 

pH is imposed as an experimental variable. 
 

 
Fig. 9. The specific heat capacity (Cp) of a laccase protein in various structural states is plotted against the pH 

of the surroundings. Specific heat capacity is a characteristic that specifies how much thermal energy is needed 

to increase a substance's temperature by a certain amount. The graph shows four unique groupings of data points 
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that reflect various laccase states: native-compact, native-extended, denatured-compact, and denatured-

extended. The "native" state refers to the laccase in its folded and fully functioning form, usually at 

physiological pH values. As the pH varies, the protein's conformation may alter, making it more "compact" or 

"extended." With subsequent pH fluctuations, the laccase eventually achieves a "denatured" condition in which 

it loses its functional three-dimensional structure. The graph depicts how the specific heat capacity varies with 

conformational state and pH, which is critical for understanding laccase's stability and function under different 

situations. Redrawn from Biophysical Chemistry, 2012 [29]. 

 

 

 

The work by Hernández-Arana et al. showed that changes in the specific heat capacity of denatured 

laccase depend on pH. These changes show that the protonation or deprotonation of certain residues, like 

histidine residues, is important for keeping laccase's three-dimensional structure stable. The importance of 

pH in influencing the laccase enzyme's stability is highlighted. Histidine residues play an essential role in 

laccase folding since they are required for catalysis and tertiary structure. They operate  as scaffolding, 

anchoring coppers at the active site and enhancing laccase's functional structure. They also serve as a route 

for the electron transport circuit used in laccase oxidation-reduction action. By looking more closely at 

specific heat capacity at different pH levels, Hernández-Arana and his colleagues learned more about the 

thermodynamic aspects of laccase folding and unfolding processes. This explains the irreversible processes 

involved in laccase folding, as seen in Fig. 9. When pH approaches 7.5, denatured laccase functions similarly 

to a completely solvated polypeptide chain, taking on a disordered structure comparable to an unfolded 

polypeptide chain. Denatured laccase retains some structural integrity between pHs 4.5 and 5.5. This 

demonstrates the significance of histidine residue protonation for enzyme stability. In the cited research, 

Equation 11 was used to explain how denatured laccase converts from compact to stretched configurations 

as a function of pH [29]. 

 

𝑑𝑙𝑛 (
𝐾𝑒𝑞

𝑑𝑝𝐻
) = −2.303(𝑉𝐸 − 𝑉𝐶) (11) 

 

This equation shows the connection between changes in the logarithm of protonation equilibrium 

and the number of protons connected to the denatured laccase forms that are compact (C) and extended (E), 

which are shown as VE and VC, respectively. Its aim is to represent VE and VC as explicit pH functions., The 

constant 𝐾𝑒𝑞  represents the equilibrium transition between VE and VC
, allowing for a quantitative 

understanding of how specific amino acid residues affect the transition between these conformations. 

Furthermore, from analysis of experimental data, it was found that two histidine residues are most likely 

involved in the heat capacity change shown in Fig. 9.  

In a 2016 paper published in Analytical Biochemistry, Hernández-Arana and his colleagues found 

that the excess molar heat capacity function (Cp) for the Myceliophthora thermophila laccase denaturation 

displays a complex profile that can be analyzed by four sequential irreversible steps (Fig. 10). These authors 

devised an analysis method consisting in step-by-step deconvolution of experimental CP curves that rendered 

kinetic constants and activation parameters for each of the four individual steps. Parameters derived from the 

analysis help us understand the thermal denaturation of the Myceliophthora thermophila laccase enzyme in 

more depth; moreover, these parameters can be used to extrapolate the denaturation kinetics constants to 

other temperatures, thus giving a way to estimate the stability of the enzyme under conditions in which it is 

employed in commercial processes [30]. 
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Fig. 10. Specific heat capacity (Cp) of laccase from Myceliophthora thermophila as a function of temperature. 

The graph shows a trend in which the specific heat capacity varies with temperature, with at least four peaks 

marking the temperature at which the laccase absorbs the greatest heat per unit rise in temperature. This suggests 

that four individual reaction steps take place during laccase denaturation. The graph's peaks show irreversible 

denaturation transitions, some of them involving structural transitions in which copper atoms participating in 

structural staples have probably been lost. The differential scanning calorimetry profile was recorded at a rate 

of 0.5 °C/min at pH 6.0; the solid line shows the experimental curve Cp, obs curve (dotted line). The solid line, 

on the other hand, shows the calculated curve (Cp, calc), which was constructed by the deconvolution method 

described in reference 10. 

 

 

 

Filamentous bacteriophage M13 
In 2019, Hernández-Arana and colleagues conducted research that specifically examined the thermal 

cooperativity in the aggregation of the filamentous bacteriophage M13, commonly referred to as M13. Their 

study yielded valuable insights into the stability and dynamic characteristics of the M13 coat structure under 

varying environmental conditions [31]. 
 

 
Fig. 11. Structural interpretation of the filamentous M13 phage capsid, which can be identified by its PDB code 2MJZ 

and UniProt code P69541. On the left, the multimeric organization of M13 is displayed, in which each individual 

subunit is determined by a P8 protein. The capsid undergoes a 90° and 180° rotation in three distinct orientations, 

revealing the existence of multimers that are colored in 35 different hues. The lower section displays the same 

orientations, but with ribbon representations in a cartoon-like manner. On the left, the M13 phage and the monomeric 

unit P8 are shown with their secondary structures color-coded. The α-helix is predominantly purple, while the N-ter 

and C-ter coil sections are depicted in gray. The M13 bacteriophage is classified as belonging to the Mainly Alpha 
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class and has an Up-down Bundle architecture and single α-helix topology (CATH: 1.20.5.80), characterized by being 

engaged in coiled-coils or other heli x-helix interactions. Filamentous phages are elongated and semiflexible viruses 

composed of single-stranded DNA that have a unique affinity for infecting bacteria. The M13 phage, belonging to 

the Inoviridae family, has a length of roughly 1 micrometer and a diameter of around 7 nanometers. The P8 subunit 

consists of a single helix, six connections between helices, and beta turns. The structure is mostly formed of α-helical 

subunits that are stacked together in pentamers. These subunits exhibit a type II β-turn at the N-terminal. Each 

subsequent pentamer is separated by a vertical distance of 16.6–16.7 Å and an angular displacement of 36.1-36.6°. 

A repeated hydrophobic stacking pocket makes the subunit packing stronger. Each subunit adds a different 

hydrophobic residue to one of four pockets that are spread out along the subunit sequence. 

 

 

 

The denaturation process of M13 exhibits notable changes in cooperativity in response to variations 

in pH and ethanol concentration. The denaturation process becomes more cooperative at elevated pH levels 

or greater ethanol concentrations. Specifically, the first denaturation phase gets more cooperative as the 

activation enthalpy for this step rises. Cooperativity is significantly enhanced by the presence of ethanol, 

particularly at values of 30 % and 50 %. The enhanced cooperativity is ascribed to the reinforcement of 

electrostatic contacts between DNA and proteins, which is caused by a reduction in the dielectric constant of 

the solvent [31]. 

P8 moieties have a vital function in modifying the arrangement of M13 bacteriophage molecules in 

response to surrounding conditions. Due to its versatility, the M13 coat structure has a high degree of 

malleability. When the virus is exposed to ethanol, it undergoes cooperative denaturation in more significant 

areas, demonstrating its capacity to adapt to environmental changes dynamically. 

The M13 bacteriophage has remarkable heat stability compared to other viruses and nanostructures 

often used in research and applications. The M13 bacteriophage is characterized as a virus that can withstand 

high temperatures and the presence of high levels of ethanol without being affected. At higher temperatures, 

this virus undergoes denaturation, which occurs at a temperature higher than other filamentous and rod-like 

viruses, such as the rigid tobacco mosaic virus (TMV). The temperature at which denaturation is maximized 

(𝑇𝑚) is twelve Celsius degrees higher than TMV at the same pH. Furthermore, the denaturation process of 

M13 exhibits a level of cooperativity equal to or greater than that of TMV under certain circumstances . The 

results indicate that the M13 bacteriophage has remarkable resistance to changes in temperature and shows 

a high degree of cooperation, making it a desirable option for a range of uses in biotechnology, materials 

science, and nanotechnology. The virus's ability to withstand extreme temperatures and environmental 

conditions creates opportunities for developing novel materials and technologies that may use its distinctive 

characteristics. The M13 bacteriophage has remarkable flexibility and adaptability to various pH levels and 

ethanol concentrations, enabling it to preserve its structural integrity and functionality even under diverse 

environmental circumstances. Due to its properties, it is well-suited for several applications in biotechnology 

and industry, including targeted medication delivery, gene therapy, and the formation of self -assembling 

nanostructures [31]. 

 

 

Conclusions 

 
This work offers a comprehensive understanding of the dynamics and stability of important proteins 

by using modern biophysical methods such as differential scanning calorimetry, fluorescence, and circular 

dichroism. The research conducted at UAMI has provided valuable insights into the folding mechanics, 

stability, and possible biotechnological uses of proteins such as triosephosphate isomerase, Glucosamine-6-

phosphate deaminase, laccase, and filamentous bacteriophage M13. Advancements like as deconvolution in 

differential scanning calorimetry analysis have facilitated a more thorough understanding of denaturation 

processes. The combination of multiples disciplines in this technique has significant promise for expanding 

the field of biotechnology and developing novel protein-based medicines. 
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A Tribute to Dr. Andrés Hernández Arana, a Trailblazer in the Physical Chemistry of Proteins 

in México 

Dr. Andrés Hernández Arana is a well-regarded authority in the field of protein thermodynamics, 

with a remarkable career spanning five decades. He first studied biochemical engineering at IPN's National 

School of Biological Sciences. He then went on to get both a Master's and Doctorate in Chemistry from 

UAMI. Dr. Hernández Arana led the creation of the " Biofisicoquímica" (Biophysical Chemistry) research 

area in 1992 while serving as Head of the Chemistry Department at UAMI from 1989 to 1993. This area has 

evolved into a center for cutting-edge research, with a particular emphasis on investigating the stability of 

thermodynamic systems, studying the kinetics of proteins, and using sophisticated spectroscopic, 

calorimetric, and computational techniques. His scientific impact is demonstrated by the publication of more 

than 70 scientific papers and the guidance provided to 14 Master's and 13 Ph.D. students. The commitment 

of Dr. Hernández Arana has had a profound influence on Mexico's scientific community, creating an enduring 

heritage that continues to motivate successive generations of scholars. 
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Abstract. The effects of quantum interferences and interaction strength on the entropic uncertainty relations, and 

on mutual information correlation sums, are examined in two-level superposition states of two coupled oscillators. 

The presence of quantum interferences results in a movement of the entropy sums toward the uncertainty relation 

bound, for both attractive and repulsive interaction potentials. On the other hand, these interferences suppress the 

statistical correlations in the presence of an attractive potential, while the correlations increase for a repulsive one. 

In general, stronger interactions between particles move the entropy sums away from bound, with the result that 

the systems possess larger statistical correlations. However, there are superposition and attractive interaction 

regimes, where the entropy sum of an interacting system can actually lie closer to the bound, in comparison to the 

corresponding non-interacting one. In these cases, the statistical correlations between particles is lesser for the 

interacting systems, as compared to the non-interacting ones. These effects are not observed when repulsive 

potentials are present. Here, the non-interacting systems lower-bound both the entropy sums and correlation 

measures. These results offer insights into the nature of superposition or quantum interference effects in interacting 

quantum systems, and the behavior in terms of the entropic uncertainty relations, statistical correlations and 

interaction strength. 

Keywords: Entropic uncertainty relations; mutual information; information theory; momentum space; coupled 

oscillators. 

 

Resumen. Se examinan los efectos que las interferencias cuánticas y la magnitud de la interacción tienen sobre 

las relaciones de incertidumbre entrópicas, así como sobre las sumas correlaciones me didas a través de la 

información mutua, en estados de superposición de dos niveles de dos osciladores acoplados. La presencia de 

interferencias cuánticas da como resultado un movimiento de las sumas entrópicas hacia la cota de la relación de 

incertidumbre, tanto para potenciales de interacción atractivos como repulsivos. Por otra parte, en presencia de un 

potencial atractivo, estas interferencias suprimen las correlaciones estadísticas, mientras que las correlaciones 

aumentan en presencia de uno repulsivo. En general, con interacciones más fuertes entre partículas, las sumas de 

entrópicas se alejan de la cota, dando como resultado mayores correlaciones estadísticas en los sistemas. Sin 

embargo, existen regímenes de superposición e interacción atractiva, en los cuales la suma entrópica de un sistema 

interactuante puede estar más cerca de la cota, en comparación con el sistema no interactuante correspondiente. 

En estos casos, las correlaciones estadísticas entre partículas son menores para los sistemas interactúantes que para 

los no interactuantes. Estos efectos no se observan en los potenciales repulsivos. En este caso, los sistemas no 

interactuantes establecen límites inferiores tanto para las sumas entrópicas como para las medidas de correlación. 

Estos resultados dan información sobre la naturaleza de los efectos de superposición o interferencia cuántica en 
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sistemas cuánticos interactuantes, y su comportamiento en términos de relaciones de incertidumbre entrópica, 

correlaciones estadísticas y fuerza de interacción. 

Palabras clave: Relaciones de incertidumbre entrópica; information mutua; teoría de la información; espacio 

de momento; osciladores acoplados. 

 

 

Introduction 

    
The Heisenberg uncertainty principle is a principal element of quantum mechanics. Much discussion 

has centered around its analysis and interpretation, and of the limits it provides about the behaviour of quantum 

systems. In recent decades, there has been a migration away from the textbook Kennard-Robertson formulation 

in terms of standard deviations [1], to ones in terms of Shannon information entropies, or indeed of other 

entropies. Developments in femtosecond spectroscopy allow one to examine chemistry at the uncertainty limit 

[2]. To celebrate the fiftieth anniversary of UAMI, we will first present a brief review of what has been 

accomplished with information theory in previous years, before moving on to discuss the particular problem. 

The Shannon entropic uncertainty relation [3–6] is given as 

 

𝑆(𝑁⋅𝐷)𝑥
+ 𝑆(𝑁⋅𝐷)𝑝

> ln(𝜋𝑒ℏ)𝑁⋅𝐷 (1) 
 

where D is the dimension of the system and N is the number of particles. The focus of this work will be to 

consider D = 1 and one and two particle systems, for which we will employ the notation of St  and ST , to indicate 

the respective entropy sums in the equation above. The Shannon entropies in position (x) and in momentum (p) 

space are defined in terms of the one-particle wave functions or densities as 

 

𝑆𝑥 = 𝑆1𝑥
= −∫ |Ψ(𝑥)|2 ln|Ψ(𝑥)|2 𝑑𝑥,                      

 

𝑆𝑝 = 𝑆1𝑝
=  −∫ |Φ(𝑝)|2 ln|Φ(𝑝)|2 𝑑𝑝.     

(2) 

         
The integration limits depend on the particular coordinate system that is used to represent the system. 

The wave function, Ψ(x), in the position representation, is connected to Φ(p), the one in the momentum 

representation, by the Dirac-Fourier transform. All densities used in this work are normalized to unity and the 

integration limits are (-∞, +∞). 

One-particle Shannon entropies can also be obtained from a N-particle wave function or density, by 

first integrating over the N−1 particles to obtain one-particle reduced densities, 

 

𝜌(𝑥) = ∫ | Ψ(𝑥, 𝑥2, ⋯ , 𝑥𝑁)| 2𝑑𝑥2 … 𝑑𝑥𝑁 , 
 

𝜋(𝑝) = ∫ | Φ(𝑝, 𝑝2, ⋯ , 𝑝𝑁)|2𝑑𝑝2 … 𝑑𝑝𝑁, 
(3) 

 
Shannon entropies for these reduced densities are obtained by replacing |Ψ(x)|2 and |Φ(p)|2 by the 

reduced densities, ρ(x) and π(p), in Eq. (2). The Shannon entropies in each representation are measures of the 

(de)localization in the underlying distributions. Their values increase as the distributions delocalize and 

decrease when they localize. In fact, the Shannon entropy of a continuous distribution can be negative-valued, 

in contrast to a discrete one which is lower-bounded by zero. It should not be surprising that these measures 

have attracted attention in quantum chemistry, where questions of electron localization and delocalization are 

prevalent concepts. These are global measures of (de)localization in the system, in contrast to local ones which 

aim to locate regions within the system where electrons are localized. In a more general context, localization is 
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associated with phenomena resulting from wave interference, within the quantum mechanical framework. There 

has been keen interest in understanding the behaviour of the Shannon entropy sum in a variety of different 

quantum systems [6–24]. In quantum chemistry, one of the first works involved a study of the behaviour in 

neutral and charged atoms, as well as in the harmonic oscillator, in ground and excited states [7]. The idea put 

forth at this time was that the entropy sum serves as a measure of wave function quality and could be thus 

employed in quantum chemistry. The Shannon entropy, in the context of atomic systems, is a functional of the 

one-electron density, so it should also not be surprising that this work originated from a renowned density 

functional laboratory. Later, it was proposed that the entropy sum could be used as a correlation measure in 

atomic systems [10]. These ideas propelled interest into the study of molecular systems [25,26]. It was also 

noted that the position space Shannon entropy emerges naturally from the logarithmic mean excitation energy 

within the local plasma approximation, used in stopping power measurements and experiments [27]. 

The entropy sum is also of interest in quantum chemistry, since it combines perspectives from both the 

position and momentum space representations. While the position or coordinate space representation is 

prevalent in quantum chemistry, there has also been efforts to develop a momentum space quantum chemistry 

[28]. Other avenues of interest include study of the time dependent behaviour of St, which has been analysed in 

simple systems [29,30]. There has also been interest in the application of these measures to study Bose-Einstein 

condensates [21,22]. The relation of the entropy sum with the entropies of the marginals of the Wigner phase-

space distribution has also been documented [31]. Shannon entropies of phase-space quantum distributions have 

been considered [31,32]. 

Recently, there has been considerable activity in the examination of the entropy sum in confined 

quantum systems, to examine the influence of physical barriers, potentials, and static and dynamic external 

fields [33–44]. To date, these studies have been limited to few-particle systems, however one can expect that 

larger systems will be addressed in the near future. Several groups in both the chemistry and physics 

departments of UAM-Iztapalapa are actively engaged in using Shannon measures to furthering the 

understanding of behaviour in confined quantum systems. 

One can also consider the Shannon entropies of the pair densities in position and in momentum space, 

for two or more particle systems. To date, these entropies have not seen a widespread interest, as compared to 

the one-particle ones. Pair densities represent the probabilities of finding one particle with a particular position 

(momentum), and the other particle with another position (momentum). Thus, questions of particle interaction, 

and indeed chemical bonding in molecular systems, should be naturally encoded into these quantities. There is 

active research into the development of a pair density functional theory [45–47]. 

The Shannon pair entropy components and their sum [in Eq. (2)] have been examined in atomic 

systems [48–50] and in two- and three-particle coupled oscillators [51,52]. These entropies can be defined in 

terms of two-particle wave functions as (𝑆Γ = 𝑆2𝑥
, 𝑆Π = 𝑆2𝑝

) 

 

𝑆Γ = −∫ |Ψ(𝑥1, 𝑥2)|2 ln |Ψ(𝑥1, 𝑥2)|2 𝑑𝑥1𝑑𝑥2,       
 

𝑆Π = −∫ |Φ(𝑝1, 𝑝2)|2 ln |Φ(𝑝1, 𝑝2)|2 𝑑𝑝1𝑑𝑝2.   
 

(4) 

                                                     

The ST results from summation of SΓ and SΠ. One can also calculate Shannon pair entropies from 

reduced densities of N-particle systems which have been reduced by integrating over N−2 particles, 

 

Γ(𝑥1, 𝑥2) = ∫ |Ψ(𝑥1, 𝑥2, ⋯ , 𝑥𝑁)|2𝑑𝑥3 ⋯ 𝑑𝑥𝑁 ,   
 

Π(𝑝1, 𝑝2) = ∫ |𝛷(𝑝1, 𝑝2, ⋯ , 𝑝𝑁)|2𝑑𝑝3 ⋯ 𝑑𝑝𝑁 .  
(5) 

 
For the two-particle systems in this work, there is no reduction to get the pair density since it is the 

squared norm of the two-particle wave function. It is hoped that the coming years will bear witness to an 

increasing interest in pair density information measures, especially in molecular systems. 
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The electron correlation problem is one that is particularly relevant in quantum chemistry, and results 

from the fact that there is no exact solution to the Schrödinger equation when electrons interact through 

repulsive Coulomb potentials. Indeed, quantum chemistry can be conceived as a field devoted to the 

development of methods to obtain approximate solutions of varying accuracies. Hence, there was a need for a 

measure to adequately capture the inclusion or exclusion of interaction effects in the wave function. The 

correlation energy was introduced [53] as the difference between the exact non-relativistic energy and the 

Hartree-Fock energy of the particular system. This quantity was thus used as a measure of evaluating the 

approximate wave function. It is important to emphasize here that this evaluation is not directly based on the 

wave function but rather on its corresponding energy. Furthermore, the Fermi correlation due to the 

antisymmetry of the wave function, is not included, since it is presumably subtracted out in the Hartree-Fock 

reference. 

On the other hand, other avenues of defining correlation through statistical correlation measures have 

a long history [54–56]. This seems a natural evolution due to the Born interpretation of the wave function as a 

probability density. Hence, correlation is measured here not from the energy perspective, but rather from the 

wave function characteristics, in terms of the associated probability distribution. The statistical correlation 

coefficient from statistics was introduced as one such measure [55,56]. It captures linear relations between 

variables by examining differences between (linear) expectation values of the pair densities and those of the 

one-particle densities. One advantage is that these measures do not depend on the selection of a particular 

external reference such as Hartree-Fock. However, they include all correlation effects, including those from the 

interactions and also the symmetry of the wave function. 

Pair mutual information is another statistical correlation measure, which is capable of capturing the 

non-linear correlations. It has been utilized in many distinct areas, both in its discrete and continuous forms [52, 

57–65]. It is defined in position and in momentum space as 

 

  𝐼𝑥 = ∫ Γ(𝑥1, 𝑥2) ln [ 
𝛤(𝑥1, 𝑥2)

𝜌(𝑥1)𝜌(𝑥2)
] 𝑑𝑥1𝑑𝑥2 = 2𝑆𝜌 − 𝑆Γ ≥ 0 

 

 

(6) 

𝐼𝑝 = ∫ Π(𝑝, 𝑝2) ln [ 
Π(𝑝1, 𝑝2)

𝜋(𝑝1)𝜋(𝑝2)
] 𝑑𝑝1𝑑𝑝2 = 2𝑆𝜋 − 𝑆Π ≥ 0 (7) 

                             
In this work, the marginals of the pair densities in the denominator of the logarithmic arguments are 

the one-particle reduced densities defined in Eq. (3) with N = 2. Note that the two marginals are equal, due to 

particle indistinguishability of the quantum mechanical density. In the general case, these are not necessarily 

equal. These measures have been examined in the ground and excited states of atomic systems and coupled 

oscillators [51, 52, 66]. The sum of the position and momentum space mutual information will be given as 

 

It = Ix + Ip = 2St − ST ≥ 0. (8) 

 

It quantifies the correlation, by taking the weighted difference between the one- and two-variable 

entropy sums. Statistical correlation measures provide a means to directly examine, interpret and relate 

behaviour, with that of the interactions that are present in a particular system. This is distinct from the previous 

vision of defining a correlation measure for the purpose of classifying the goodness of an approximate wave 

function. Quantum chemistry calculations yield approximate wave functions and densities. Thus, there is always 

the question if interpretation of phenomena from a particular calculation is valid, or a product of the limitations 

of the particular method that is used. In these instances, model systems which yield exact wave functions and 

densities, can offer a guide to illuminate the path forward. One such system consists of two oscillators that are 

coupled by a harmonic two-body potential [67] and has been used in density functional theory [68–74]. 
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The model: Two-particle coupled oscillators 

 
The Hamiltonian of two coupled oscillators in canonical coordinates in position space, considering 

atomic units (m = ћ = 1) is 

 

   𝐻 = −
1

2
(

𝜕2

𝜕 𝑥1
2 +

𝜕2

𝜕 𝑥2
2) +

1

2
𝜔2(𝑥1

2 + 𝑥2
2) ± 𝜆2(𝑥1 − 𝑥2)2, (9) 

 

where ω is the natural frequency of the oscillators and λ is the intensity of the interaction potential, with the 

positive sign for the attractive case and the negative sign for the repulsive case. The value of 𝜆 is bounded for 

the repulsive case by 𝜆 < 𝜔/√2 in order to obtain a bound state. 

The canonical coordinates in position space (x1, x2) can be transformed into Jacobi coordinates (R, r), 

thus the eigenfunction is separable in the new coordinates, and can be written as a product of two eigenfunctions 

 

Ψ(𝑥1, 𝑥2) = 𝜓𝑛𝑅
(𝑅)𝜓𝑛𝑟

(𝑟) (10) 
                                 

with 

 

𝜓𝑛𝑅
(𝑅) = (

𝛼1

1
4

2𝑛𝑅  𝑛𝑅! 𝜋
1
2

)

1
2

 𝑒−
1
2√𝛼1𝑅2

 𝐻𝑛𝑅
(𝛼1

1
4 𝑅),       𝑛𝑅 = 0,1, … (11) 

  

𝜓𝑛𝑟
(𝑟) = (

𝛼2

1
4

2𝑛𝑟  𝑛𝑟! 𝜋
1
2

)

1
2

 𝑒−
1
2√𝛼2𝑟2

 𝐻𝑛𝑟
(𝛼2

1
4 𝑟),       𝑛𝑟 = 0,1, …  (12) 

 

Here α1 = ω2, α2 = ω2 ± 2λ2, Hn(x) is an nth− order Hermite polynomial and nR and nr are the quantum numbers 

labelling the center of mass (R) and relative (r) coordinates. The symmetry of the wave function is controlled 

by the value of the nr quantum number. Symmetric wave functions have even-valued nr, while in antisymmetric 

ones they are odd-valued. For example, the |𝑛𝑅 𝑛𝑟 ⟩ = | 00 ⟩ state is symmetric while the |01⟩ one is 

antisymmetric. 

The wave function in momentum space, can be obtained by applying the Fourier transform to the wave 

function in position space to get 

 

Φ(𝑝1, 𝑝2) = 𝜙𝑛𝑅
(𝑃)𝜙𝑛𝑟

(𝑝), (13) 
             

with  

 

𝜙𝑛𝑅
(𝑃) = (−𝑖)𝑛𝑅 (

1

2𝑛𝑅  𝑛𝑅!  𝛼1

1
4 𝜋

1
2

)

1
2

 𝑒
−

𝑃2

2 √𝛼1  𝐻𝑛𝑅
(

𝑃

𝛼1

1
4

),       𝑛𝑅 = 0,1, … 

 

(14) 
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𝜙𝑛𝑟
(𝑝) = (−𝑖)𝑛𝑟 (

1

2𝑛𝑟  𝑛𝑟! 𝛼2

1
4 𝜋

1
2

)

1
2

 𝑒
−

𝑝2

2 √𝛼2 𝐻𝑛𝑟
(

𝑝

𝛼2

1
4

),      𝑛𝑟 = 0,1, … (15) 

 

The pair densities in each representation are obtained as the squared norm of the respective wave 

function, while the reduced densities or marginals are obtained by integration over one of the original variables. 

In the non-interacting limit (λ = 0), the wave function can be expressed as symmetric or antisymmetric 

products of orbitals, where each orbital is the harmonic oscillator solution for a particular quantum number. 

Taking the non-interacting state with quantum numbers (0,1) in position space as one example yields, 

 

Ψ0,1 = 𝜓0(𝑥1)𝜓1(𝑥2) − 𝜓1(𝑥1)𝜓0(𝑥2),   (16) 
  

where the orbitals here are given as    

 

𝜓𝑛(𝑥) =
1

√2𝑛𝑛!
 (

𝜔

𝜋
)

1

4
 𝑒−

𝜔 𝑥2

2  𝐻𝑛(√𝜔 𝑥) ,      − ∞ ≤ 𝑥 ≤ ∞,      𝑛 = 0,1, ….   (17) 

 

The momentum space wave function can be defined in an analogous manner with orbitals 

 

𝜙𝑛(𝑝) =
(−𝑖)𝑛

√2𝑛𝑛!
 (

1

𝜋 𝜔
)

1
4

 𝑒−
𝑝2

2𝜔 𝐻𝑛 (
𝑝

√𝜔
),      − ∞ ≤ 𝑝 ≤ ∞,      𝑛 = 0,1, …. (18) 

 

  The motivation behind this work is an examination of the Shannon entropies and mutual information 

sums in two-level superposition states. As one particular example, wave functions for a two-level system 

comprised of ground (|00⟩) and excited (|01⟩) states of two interacting oscillators can be written as 

 

Ψ0001 = 𝑐1|00⟩ + 𝑐2|01⟩ , (19) 
 

here |c1|2 + |c2|2 = 1. The corresponding density matrix in this basis can be written as 

 

𝜌′ = (
𝑐1

∗ 𝑐1 𝑐1
∗ 𝑐2

𝑐2
∗ 𝑐1 𝑐2

∗ 𝑐2
), (20) 

 

where the information about quantum interferences is contained in the off-diagonal terms. The c1 and c2 

coefficients can be imaginary numbers but for simplicity we will restrict ourselves here to only consider real 

numbers. Hence, we fix the phase between the two coefficients at either zero or 180 degrees. 

The superposition of states is a particular feature of quantum mechanics. We wish to examine how the 

entropic sums change in these states, with regard to the individual states comprising the superposition, and in 

relation to the uncertainty bound. Stronger uncertainty relation statements are related with values lying closer 

to the bound [75]. The bound exists due to the incompatibility of the position and momentum representations 

in quantum mechanics and is the best one can hope for. The entropy sum provides a quantitative measure of 

this incompatibility, and one can probe this for its dependence on the system parameters. From this perspective, 

it is a measure of the correlation between the position and momentum variables. If the one and two-variable 

(particle) entropy sums are measures of the position-momentum correlations, then the differences between 

them, the mutual information sum, should contain information about the influence of particle interaction on 

these correlations. Such arguments, based on consideration of Wigner functions, have been detailed [32,76]. 

One can ask how do these superposition states behave with regard to the entropic uncertainty relations, 

and how does this depend on the values of the coefficients? Furthermore, one can expect statistical correlations 
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solely due to the superposition and quantum interferences that exist between the individual states. How are 

these additional correlations influenced by the interactions (attractive or repulsive) between the two particles? 

Hopefully, the ideas and results presented here will serve as a base to understand the effects of superposition 

which occur in other contexts, such as the behaviour of systems under the effects of external fields, or 

expansions in terms of multi-determinantal wave functions. In such cases, the physical description and 

information about these processes are mapped onto the coefficients.  

 

Results and discussion 

 
Harmonic oscillator 

We begin the discussion by considering a two-level system of the harmonic oscillator comprised of 

the ground and first excited state. We wish to illustrate concepts here with one oscillator, that will aid in 

understanding the subsequent behaviour presented for two coupled oscillators. The wave function in position 

space is 

 

Ψ01(x) = c ψ (x) + c ψ (x), (21) 
 

and the integrals defining the information measures were evaluated numerically. 

 

 
Fig. 1. Left: Plots of the entropic sum St of the Ψ01 superposition states with (red curve) and without (blue curve) 

quantum interferences varying 𝑐1
2. The value of ω is set at unity and the horizontal dashed line is the 1 + ln π 

bound. Right: Plots of the entropic sum St (black curve) and its position (red curve) and momentum (blue curve) 

components vs. ω for the Ψ01 superposition state with 𝑐1 = 𝑐2 = 1/√2. 

 

 

 

The Shannon entropy sum as a function of 𝑐1
2 is presented in Fig. 1. When 𝑐1

2 = 0, the system is in the 

first excited state, while when 𝑐1
2 = 1, it is in the ground state. One observes that the entropy sum decreases 

monotonically with 𝑐1
2, until it saturates the uncertainty bound which is given by the dashed horizontal line. 

This concurs with the result that the uncertainty bound is saturated with the harmonic oscillator in its ground 

state [7,77]. Moreover, the entropy sum decreases from the first excited state to the ground state. This is in 

agreement with the result that the entropy sum increases with quantum number [7]. 

One can also examine the effects of the quantum interferences by eliminating them from the expression 

for the densities. This is achieved by suppressing the resulting 𝑐1𝑐2 cross terms in the expressions for the 

densities. Fig. 1 illustrates that elimination of the quantum interferences moves the system further away from 

the uncertainty bound. On the other hand, the behaviour of the entropy sum, with and without quantum 

interferences, is distinct. The observed non-monotonic behaviour when no interferences are present, illustrate 

that there must be systems with different coefficients whose entropy sums are equal in value. 

Studies of the ground and excited states of the harmonic oscillator have shown that their entropy sums 

are constant-valued as a function of ω, due to scaling of the wave function. This also holds for hydrogenic 

1    0                       2    1 
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atoms when the nuclear charge is increased [7]. The right-hand side of Fig. 1 presents the behaviour of the 

entropy sum and its components for a superposition state, when ω is varied. The position space Shannon entropy 

decreases (localization), while the momentum space entropy increases (delocalization). The entropy sum here 

is also constant valued and lies above the uncertainty bound. 

 

 

Fig. 2. Left column: Position and momentum space densities for the superposition state with 𝑐1 = 𝑐2 =
1

√2
  and 

𝜔 = 1. Middle column: Position and momentum space densities for the superposition state with 𝑐1 = 𝑐2 =
1

√2
 

and 𝜔 = 1 and no quantum interferences. Right column: Position and momentum space densities for the 

superposition state with 𝑐1 = 𝑐2 =
1

√2
  and 𝜔 = 5. 

 

 

 

The observed behaviours in Fig. 1 can be further analysed by examining the underlying position and 

momentum space distributions. These are presented in Fig. 2. The effects on the densities from (addition) 

removal of the quantum interferences can be seen by comparing the left and middle columns. These 

interferences induce a localization of the position space density toward the positive x regions. That the 

localization occurs in the positive x regions depends on the particular choice of coefficients. For example, the 

localization occurs in the negative 𝑥 regions when 𝑐2 is negative-valued. 

On the other hand, there are no observed effects on the momentum space densities, which are equal. It 

is important to emphasize that this effect in momentum space, is a result of the different parities of the states 

used to construct the superposition, and the properties of the Fourier transform. The even parity ground state 

when Fourier transformed is real-valued while the odd parity first excited state is imaginary. Hence, there are 

no quantum interferences in momentum space, since these cancel when the density is constructed by multiplying 

the wave function by its complex conjugate. Thus, the differences in behaviour between entropy sums with and 

without quantum interferences, is due to position space. There is no cancellation if the states are of the same 

parity, and we shall return to this point in the last section. 

Comparison of the left and right columns of Fig. 2 illustrates that larger ω localizes the position space 

density, while it delocalizes the density in momentum space. This is consistent with the behaviours of Sx and Sp 

presented in Fig. 1. The localization induced in the position space density from increasing ω, must be of an 

equal magnitude to the delocalization that the momentum density experiences. This is the reason why St is 

constant valued with ω. 

 

Coupled oscillators 
We now move on to analyse the behaviour when two oscillators interact either in an attractive or 

repulsive manner. Here, we will examine how the Shannon pair entropy sums, reduced entropy sums, and 
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mutual information sums behave as 𝑐1
2 is varied, and also as the intensity of the attractive or repulsive interaction 

potential is increased. The two superposition states that we will consider are symmetric (Ψ0001) and 

antisymmetric (Ψ0111) with respect to particle exchange. The last section is devoted to discussion of the Ψ0020 

symmetric state which is of even parity.  

 

Symmetric state 

 

 
Fig. 3. Left: Plots of the Shannon pair entropic sum, 𝑆𝑇  𝑣𝑠 𝑐1

2 for the superposition function Ψ0010, with attractive 

potential (λ = 5), with (red curve) and without (blue curve) quantum interferences. The horizontal dashed line 

is the 2(1 + ln π) uncertainty bound. Center: Plots of the reduced entropic sum St from the superposition function 

(λ = 5) with (red curve) and without (blue curve) quantum interferences. The curves in black correspond to the 

superposition state with different values of λ (0-solid,1-dashed, 2-dotted). The horizontal dashed line is the 1 + 

ln π bound. Right: Plots of the information sum 𝐼𝑡  𝑣𝑠 𝑐1
2 for the superposition function (λ = 5) with (red curve) 

and without (blue curve) quantum interferences. Curves in black are as previously defined. The value of ω is 

set at unity in all curves. 

 

 

 

The Shannon pair entropy sums are presented in Fig. 3. These results are similar to the ones in Fig. 1 

for St of the single oscillator. ST saturates the uncertainty bound for the ground state system when 𝑐1
2 = 1, and 

increases as 𝑐1
2 decreases, as the state moves towards the first excited one. One characteristic of these two-

particle systems is that their ST values are independent of the interaction strength (λ). Thus the curves which are 

presented are representative for all values of λ. The interpretation upon comparison of the curves with and 

without quantum interferences, is that the interferences move the ST values closer to the bound. 

This is also consistent with the curves for St presented in the center plot, with some important 

differences. First, the reduced entropy sum, St, does depend on λ. Different curves in black, corresponding to 

different λ values, are now presented. We ask the reader to consider the solid line for the non-interacting system 

with λ = 0. The curve when λ = 2 (dotted) is above the non-interacting one, which shows that interactions 

increase St, with movement away from the bound. This occurs for all values of 𝑐1
2. 

On the other hand, one can observe that there is a region of 𝑐1
2 values where the curve for relatively 

weaker interactions with λ = 1 (dashed line), lies below the non-interacting one. This effect is due to the 

superposition, since all interacting values are above those of the constituent states at 𝑐1
2 = 0, and at 𝑐1

2 = 1. 

Furthermore, the presence of minima in the St curves when interaction is included can be attributed to these 

interactions. Note that the non-interacting curve does not present a minimum. As 𝑐1
2 approaches unity, the 

interacting systems move away from the bound which results in the minima. Even the curve for λ = 1, which is 

below the non-interacting curve at smaller 𝑐1
2, is now above it as 𝑐1

2 approaches unity. 

Inspection of the curves for the mutual information sums shows that the curve corresponding to no 

quantum interferences, lies above the one with the interferences present. In general, the correlation is larger with 

increasing λ. However, similar to St, there is a region where the λ = 1 curve dips below the non-interacting one. 

Thus, superposition in an interacting system can result in a correlation that is smaller than the corresponding non-

interacting case, when in the presence of an attractive potential. One can also observe that the relative orderings at 

𝑐1
2 = 0,1 are as expected. That is, the mutual information sums increase with increasing λ. 

These tendencies can be further probed by examining how It changes with λ for different values of 𝑐1
2. 

The curves presented in Fig. 4 illustrate that It presents minima at the chosen values of 𝑐1
2. Thus, there are 
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regions where increasing the intensity of interactions yields a smaller correlation, opposite to the increasing 

general tendency, present in the larger λ regions. These minima are due to the St component as shown in the 

row below, since ST is constant valued with λ.  

 
Fig. 4. First row: Plots of the mutual information sum, It vs. λ from the superposition function Ψ0010, with 

attractive potential. Left: (𝑐1
2 = 0.2) Middle: (𝑐1

2 = 0.5) Right: (𝑐1
2 = 0.8). Second row: Plots of St for the 

systems in the row above. The value of ω is set at unity in all curves.  

 

 

 

 
Fig. 5. Left: Plots of the reduced entropic sum, St, from the superposition function Ψ0010, with repulsive potential 

(λ = 0.7), with (red curve) and without (blue curve) quantum interferences. The curves in black correspond to the 

superposition state with different values of λ (0-solid, 0.25-dashed, 0.5-dotted). The horizontal dashed line is the 

1+ln π bound. Center: Plots of the information sum It vs. 𝑐1
2 for the superposition function (λ = 0.7) with (red 

curve) and without (blue curve) quantum interferences. Curves in black are as previously defined. Right: Plots of 

the Ix (red curve) and Ip (blue curve) components with λ = 0.7 vs. 𝑐1
2. The value of ω is set at unity in all curves.  

 

 

 

We now focus our attention on the results for the repulsive potential in Fig. 5. The corresponding 

curves for ST are not presented here, since they are exactly the same as the ones for the attractive potential in 

Fig. 3, as the ST values do not depend on the value or nature of the potential. The results in the relative ordering 

of the St curves with and without quantum interferences, is consistent with those from Fig. 3 for the attractive 

potential. That is, the quantum interferences move the values closer to the uncertainty bound. However, one 

can see that this effect is smaller for the repulsive case as compared to the attractive one. It is also noteworthy 

that all different λ-valued curves are bounded by the non-interacting one, and these are ordered with the 

particular λ value. Increased interaction thus induces a movement of St away from the uncertainty bound, for 

all 𝑐1
2 values. This is distinct from the attractive case, where the λ = 1 curve was observed to be lower than the 

non-interacting one, in a region of 𝑐1
2 values.   
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Examination of the λ = 0.7 curves for the mutual information sum show that the correlation is now larger 

when the quantum interferences are included. This is different from the attractive case (Fig. 3), where the opposite 

is observed. Furthermore, all the different λ-valued curves are lower bounded by the non-interacting curve. The It 

curves increase in value away from the non-interacting one as λ increases. Again, this is distinct from the attractive 

case. The Ix and Ip components are also presented. In contrast to Ip, Ix presents a minimum. While Ip > Ix at smaller 

𝑐1
2, the two components approach each other in value at larger 𝑐1

2, and are equal when 𝑐1
2 = 1. 

 

Antisymmetric state 
 

 
Fig. 6. Left: Plots of the Shannon pair entropic sum, ST vs 𝑐1

2 for the superposition function Ψ0111, with attractive 

potential (λ = 5), with (red curve) and without (blue curve) quantum interferences. The horizontal dashed line 

is the 2(1 + ln π) uncertainty bound. Center: Plots of the reduced entropic sum St from the superposition function 

(λ = 5) with (red curve) and without (blue curve) quantum interferences. The curves in black correspond to the 

superposition state with different values of λ (0-solid, 1-dashed, 2-dotted). The horizontal dashed line is the 1 

+ ln π bound. Right: Plots of the information sum It vs. 𝑐1
2 for the superposition function (λ = 5) with (red curve) 

and without (blue curve) quantum interferences. Curves in black are as previously defined. The value of ω is 

set at unity in all curves. 

 

 

 

The plots for the antisymmetric state with attractive potential are presented in Fig. 6. The results are 

consistent with those presented and discussed for the symmetric state. There are, however, some notable 

differences in the curves for St and It. In general, the curves are ordered with respect to their λ-values. Moreover, 

it seems that the region where the λ = 1 curve dips below the non-interacting (λ = 0) one, is smaller for this 

antisymmetric state as compared to the symmetric one (Fig. 3). This effect is not as pronounced here as was 

seen for the symmetric state, and thus suggests that this could be due to wave function symmetry. 

 

 
Fig. 7: Left: Plots of the reduced entropic sum, St, from the superposition function Ψ0111, with repulsive potential 

(λ = 0.7), with (red curve) and without (blue curve) quantum interferences. The curves in black correspond to the 

superposition state with different values of λ (0-solid, 0.25-dashed, 0.5-dotted). The horizontal dashed line is the 

1+ln π bound. Center: Plots of the information sum It vs. 𝑐1
2 for the superposition function (λ = 0.7) with (red 

curve) and without (blue curve) quantum interferences. Curves in black are as previously defined. Right: Plots of 

the Ix (red curve) and Ip (blue curve) components with λ = 0.7 vs. 𝑐1
2. The value of ω is set at unity in all curves. 
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Fig. 7 presents the results for the antisymmetric state in the presence of repulsive potentials. The curves 

are again consistent with those for the symmetric state. However, now Ix > Ip, which is opposite to that observed 

in the symmetric state. 

 

Same-parity superposition state 
 

 
Fig. 8. Left: Plots of the Shannon pair entropic sum, ST , vs. 𝑐1

2 for the superposition function Ψ0020, with repulsive 

potential (λ = 0.7), with (red curve) and without (blue curve) quantum interferences. The horizontal dashed line is 

the 2(1 + ln π) uncertainty bound. Center: Plots of the reduced entropic sum St from the superposition function (λ 

= 0.7) with (red curve) and without (blue curve) quantum interferences. The horizontal dashed line is the 1 + ln π 

bound. Right: Plots of the information sum It vs. 𝑐1
2 for the superposition function (λ = 0.7) with (red curve) and 

without (blue curve) quantum interferences. The value of ω is set at unity in all curves. 

 

 

 

Results are presented here for a symmetric superposition state Ψ0020 with components |00⟩ and |20⟩, 
in the presence of a repulsive potential. There are now two additional effects that are present here. The first is 

that the second component is a more highly excited state. The second is the even-function parity of both 

components, which results in quantum interferences being present in momentum space. 

Fig. 8 illustrates that these effects provoke differences from the previous results. First, the result that 

ST and St are closer to the respective bound when quantum interferences are present, is only valid for particular 

(smaller) values of 𝑐1
2. At larger values, the curves invert, and it is the curve without quantum interferences that 

is closest to the bound. This crossover between regimes occurs at 𝑐1 = 𝑐2 = 1/√2 for 𝑆𝑡, while it is shifted to 

the right in the ST crossover. 

The behaviour of the mutual information sum is consistent for the other states with repulsive potentials. 

That is, the correlation is larger with quantum interferences. There is another difference in the case of attractive 

potentials (λ = 5), which is not presented here for brevity. The curve with the quantum interferences now lies 

above the one without the interferences. This is similar to the result for the repulsive potential, and different 

from the previous ones presented for attractive potentials. Analysis of different λ values is not presented here 

since the resulting curves are very close together. These results highlight the importance of additional effects 

when higher excited states and parities are taken into consideration. 

 

 

Conclusions 

 
The effects of superposition on the entropic uncertainty relations and mutual information sums, are 

examined in two-level superposition states of two coupled oscillators. The changes in behaviour with the 

presence of an attractive or repulsive interaction potential, and the interaction strength, are explored. We find 

that the inclusion of quantum interferences generated by the superposition, leads to a movement of the entropy 

sums toward the respective uncertainty bound, when compared to the respective states with no quantum 

interferences. This is observed in the presence of both attractive and repulsive inter-particle potentials. 

However, there are notable differences when examining the correlation sums. The presence of quantum 

interferences augments the correlation in the presence of a repulsive potential, while it suppresses the correlation 
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when an attractive potential is present. We also observe that superposition in the presence of attractive 

potentials, is able to generate states which are lesser correlated than the corresponding non-interacting ones. On 

the other hand, this is not observed for the repulsive potential, where all values are lower bounded by the 

corresponding non-interacting ones. The regions where the interacting states with attractive potentials are lesser 

correlated than the non-interacting ones, are observed to be smaller when the state is antisymmetric. The role 

of function parity and excitation in the superposition state, and their effects on the information measures, are 

discussed. 
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Abstract. This year the 50th anniversary of the Metropolitan Autonomous University is celebrated. It is for this 

reason that the JMCS decided to publish a special issue with contributions from professors from the Department 

of Chemistry. We thank the Editorial Committee of the issue for the invitation to write an article about the 

academic work that has been done in the Analytical Chemistry Area of this Department. We hope that we have 

managed to give a good description of the achievements we have had since the Analytical Chemistry Area was 

founded in the Iztapalapa Unit of the Metropolitan Autonomous University. 

Keywords: General Analytical Chemistry teaching; Generalized Species and Equilibria Method (GSEM); 

chemical equilibrium. 

 

Resumen. En este año se celebra el 50 aniversario de la Universidad Autónoma Metropolitana. Es con ese motivo 

que el JMCS decidió publicar un número especial con contribuciones de profesores del Departamento de Química. 

Agradecemos al Comité Editorial del número la invitación para hacer una contribución acerca del trabajo 

académico que se ha hecho en el Área de Química Analítica. Esperamos que hayamos logrado dar una buena 

descripción de los logros que hemos tenido desde que se fundó el Área de Química Analítica en la Unidad 

Iztapalapa de la Universidad Autónoma Metropolitana. 

Palabras clave: Enseñanza de Química Analítica General; Método de Especies y Equilibrios Generalizados 

(MEEG); equilibrio químico. 

 

 

Introduction 

    
In mid-2000, the creation of the most recent Academic Area of the Department of Chemistry at the 

Metropolitan Autonomous University, Iztapalapa Unit (UAM-Iztapalapa), was authorized: the Analytical 

Chemistry Area. 

This concluded a work of some 22 years that María Teresa Ramírez-Silva (Tere) and I had undertaken, 

beginning at the Faculty of Higher Studies-Cuautitlán of the National Autonomous University of Mexico 

(FESC-UNAM, by its acronym in Spanish), and which continued at the UAM-Iztapalapa to since 1985, within 

the Electrochemistry Area. 

But at the same time, when the Area of Analytical Chemistry was founded at the UAM-Iztapalapa, the 

path towards the establishment of a Mexican School of General Analytical Chemistry began. 
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Our training within the Charlot’s School of General Analytical Chemistry 

 
Gaston Charlot conceived the teaching of General Analytical Chemistry, which aims to describe 

chemical reactions and other physicochemical processes in an analytical manner and then apply this knowledge 

in a systematic and controlled way. This allows not only to develop methods of chemical analysis, but also to 

transcend the explanation and development of other physicochemical procedures that occur in chemical 

synthesis and industrial chemistry (among other parts of chemistry), which are applied in solving problems in 

many sectors of society. [1] 

As students at FESC-UNAM we learned this approach of General Analytical Chemistry thanks to 

Margarita Rosa Gómez-Moliné (Rosamar), Helmut Pitsch and Michel Cassir. [2,3]. But there we were also trained 

as teachers, and we were given the freedom to make innovations in the teaching of analytical chemistry [4]. 

When Tere and I were hired at the UAM-Iztapalapa (between 1985 and 1987) we were in charge of 

teaching Analytical Chemistry in the Undergraduate and Graduate Studies in Chemistry. 

 

 

Approach to Analytical Chemistry at the UAM-Iztapalapa 
 

This is how we were able to translate our approach to teaching the discipline in the study programs of the 

Analytical Chemistry subjects of the Bachelor's Degree. This approach is made up of four items: Chemical 

Analysis, Physicochemical Processes Analysis, Instrumental Analysis and Chemometric Analysis. 

Of these four areas, the one that really characterizes Charlot's method is the Physicochemical Processes 

Analysis, since this is what makes this Analytical Chemistry transcend from typical problems of chemical analysis 

to other problems of application in the chemistry of materials or industrial chemistry. [5] 

Today, teaching Analytical Chemistry in our undergraduate courses begins with the main tools of 

Charlot's method (such as reaction prediction scales, predominance-zone diagrams, parameters of force and 

stability of species, tables of variation of substance quantities, chemical separations for chemical analysis, among 

others) in Brønsted's acid-base chemistry. With this, it is possible to have a robust model to predict and interpret 

what happens in acid-base titrations and in the preparation and application of pH buffer solutions. 

Charlot's tools developed for the study of Brønsted acid-base systems are so useful that they can be 

applied to other types of reactions, such as those that occur in the formation of coordination compounds and redox 

processes. However, in Charlot's approach this is done when it is assumed that the processes in these systems are 

two-components (or occur through the exchange of one particle) [6], which is actually a simplification. –somewhat 

crude– of the real behavior of these systems. 

In the case of our teaching, after studying the topics from Brønsted acid-base to pH buffer systems and 

acid-base titrations, we proceed to learn the systems where coordination compounds and redox species are formed 

through the Generalized Species and Generalized Equilibria Method; or simpler: Generalized Species and 

Equilibria Method (GSEM) [7]. 

GSEM not only allows the study of the systems described above, but also many others, including 

separation processes such as selective precipitation, liquid-liquid extraction and ion exchange. This is why this 

topic is included in the mandatory Analytical Chemistry courses at the UAM-Iztapalapa 

Finally, Analytical Chemistry curriculum in the Bachelor's Degree also considers aspects of Instrumental 

Analysis and Chemometrics in different courses. 

In the following sections of the article, the different areas where it is thought that the greatest contributions 

have been made to teaching (with this approach) or to the knowledge of Analytical Chemistry will be considered. 

 

 

Contributions to Analytical Electrochemistry and Supramolecular Chemistry 

 
Perhaps the main contribution to electrochemical field has been the proposal to using carbon paste 

electrodes in multiple studies, modifying the electrode surface with substances such as conductive polymers, 

surfactants or cyclodextrins. [8-14] 
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Fig. 1. shows an example of this kind of research in neurotransmission field. 

 

 
Fig 1. In 2009 Tere, with students and other professors of UAM-Azcapotzalco, received the research award of 

CBI Division of UAM, by the paper cited as [10], related with the effect of sodium dodecilsulfate (SDS) in the 

electrochemical behavior of dopamine over a carbon paste electrode. 

 

 

 

Tere also proposed using composite graphite-epoxy electrodes to construct Flow Injection 

Electroanalytical systems. [15-17] 

The Analytical Chemistry Area was one of the first groups in Mexico to use conductive polymers to 

develop highly selective ion sensors, by the collaboration of Tere with Dr. Salvador Allegret, form Barcelona. 

And with the aid of Dr. Manuel Palomar-Pardavé (from Materials Area of UAM-Azcapotzalco) it was possible 

to use theoretical current transients models (used at that time mainly to study the electrodeposition of metals) 

to fit the experimental data and obtain important information about the electropolymerization process, the 

diffusion of the ion through the polymer, and its correlation with the analytical performance. [18] 

Taking about the contributions in the field of cyclodextrins and their polymers, and neurotransmitters, 

it is important to mention that in the comprehensive characterization of these systems, Charlot’s approach was 

used, and all of these led to the development of important quantitative methodologies for trace determination 

of lead, mercury, and cadmium. [19-21] 

 

 

Contributions to Brønsted's acid-base teaching and research 

 
From an educational point of view, possibly the greatest contribution has been the development of a 

robust calculation algorithm to predict and interpret titration curves, as well as their first derivative, which has 

also led to interesting interpretations of the concept of buffer capacity. [22-25] 

Nevertheless, teaching Brønsted acid-base systems with this approach requires knowledge of the 

acidity constants, and this led to establishing a line of research to determine these parameters. Thus, in 1990 the 

SQUAD program [26] was captured and compiled, as part of a master's thesis [27]. SQUAD determines acidity 

constants by fitting absorption spectra of systems of different chemical composition by non-linear least squares. 

Acidity constants of organic substances (such as curcumin, mangiferin, and neurotransmitters, among 

others) have been determined, in aqueous solution and in other solvents; confirming previously reported values, 

but also providing unreported values in some cases (see Fig. 2). [28-33] 
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Fig. 2. This spectrophotometric study of curcumin is consistent with three pKa values, and not with two as 

reported until 2004. Reference [29] is one of our most cited papers. (Adapted from [29].) 

 

 

 

As it can be seen in these works, various experimental methods (such as NMR, capillary 

electrophoresis, potentiometry, conductimetry, voltammetry) are frequently used to confirm the values obtained 

experimentally. [34,35] 

Since it is sometimes not possible to do experiments to confirm the information obtained by 

spectrophotometry or potentiometry, in 2008 Annia Galano joined the group, with the aim of complementing 

the experimental studies with the help of computational chemistry and providing some relevant information, 

generally structural, but also kinetic (see Fig. 3). [36-42] 

 

 
Fig. 3. Manfigerin (H4MGF) has antioxidant activity. In reference [40] the overall rate constant was calculated 

by computational chemistry calculations, and pKa values were confirmed by NMR studies. The species 

contributing the more to this rate constant is H2MGF2− if 3.5 pH  9.0, even though not always is the 

predominant species. This demonstrates that H2MGF2− is more labile to hydrogen abstraction than H3MGF− and 

H4MGF. (Adapted from [40].) 

 



Historical Review        J. Mex. Chem. Soc. 2024, 68(4) 

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

 

 

675 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

We were pioneers in carrying out this type of multidisciplinary theoretical-experimental studies in the 

same Analytical Chemistry group. 

 

 

Contributions to the determination of equilibrium constants of coordination and 

inclusion compounds 

 
Despite using SQUAD to refine acidity constants has been our most frequent work, formation constants 

of coordination and inclusion compounds have also been determined in systems with pharmacological 

properties and material precursors, mainly. [43-51] 

 

 

Contributions to systematize Charlot's method for teaching General Analytical Chemistry 

 
There are several innovations that we have made to Charlot's approach during these forty-five years, 

which we have not collected in books nor articles. But some contributions are worth mentioning regarding the 

use of the reaction prediction scale and to the construction of the predominance zone diagrams, giving maximum 

importance to the role played by the dismutation equilibria of the ampholytes in their construction (from the 

reaction prediction scale). [52,53] 

We have also studied the validity of the approximations of representative equilibria, insisting on the 

advantages of Charlot's method when using only the equilibrium with the greatest physical significance in the 

system, and not the complete set of independent equilibria. Generally, this description can give an approximate 

answer, within the error margin considered acceptable [54]. 

It was also possible to demonstrate that Charlot's method is applicable to the study of systems in which 

polynuclear species are formed and, then the so-called thermodynamic mechanism of polymerization was 

established [55]. 

Finally we must highlight a work where it is demonstrated that species distribution diagrams 

summarize the distributions of the species of a system, as discrete variable distributions. There the variables are 

the stoichiometric coefficients of the components in the species, and the interpretation of an intrinsic buffer 

capacity is given as the variance of those distributions [56]. 

We think that this work may be the precursor of a statistical thermodynamics of substance quantity for 

particle polydonor systems and with polynuclear species. 

 

 

The generalized species and equilibria method 

 
The scheme shown in Fig. 4 describes the contributions of Brønsted's acid-base theory and Arrhenius's 

theory of electrolytic dissociation to the emergence of the donor/receptor/particle model proposed by Charlot 

in the 1940s in France. 

Although in essence Charlot's method follows Brønsted's acid-base theory (when the exchanged 

particle is the proton), it generalizes it to the exchange of other particles [6]. This generalization can be done 

very well for two-components systems, but when there are more components and the simultaneous exchange 

of two or more particles appears, Charlot's generalization is not so good. In those cases, then, the same French 

professors introduce the definition of conditional constants and complexation coefficients made by Professor 

Anders Ringbom [57,58]. 

We have made some contributions to the donor/receptor/particle model to improve the understanding 

of Mexican students, as noted in the previous section. One of them consists of a more direct formalization within 

the Chemical Thermodynamics framework, closely following the approach of Professors Smith and Missen 

[59], especially for the definition of components and the set of independent equilibria in a system. 
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Fig. 4. Brief timeline and conceptual relationship of several methods used in Solution Chemical Equilibria 

Theory. This theory is applied in different Chemistry branches and is very useful in many cases. 

 

 

 

But something that we also sought during some time was to generalize the Charlot's method to systems 

where there are more than two components under buffer conditions. 

Charlot's method for two-components systems (M-L), which are polydonors of the L particle: 

(𝑀𝐿𝑛/𝑀𝐿(𝑛−1)/. . ./𝑀𝐿𝑗/. . ./𝑀𝐿/𝑀/𝐿), has a complete set of n independent equilibria (containing all the 

chemical information of the system), which are selected from the collection of formation equilibria 

 

𝑀𝐿𝑖 + (𝑗 − 𝑖)𝐿 ⇄ 𝑀𝐿𝑗      𝑤𝑖𝑡ℎ    𝐾𝑀𝐿𝑗

(𝑗−𝑖)𝐿
=

[𝑀𝐿𝑗]

[𝑀𝐿𝑖][𝐿](𝑗−𝑖)
  ,   𝑖 < 𝑗 

 

and the set of dismutation equilibria 
 

(𝑘 − 𝑖)𝑀𝐿𝑗 ⇄ (𝑗 − 𝑖)𝑀𝐿𝑘 + (𝑘 − 𝑗)𝑀𝐿𝑖  𝑤𝑖𝑡ℎ  𝐾
(𝑗−𝑖)𝑀𝐿𝑘

(𝑘−𝑖)𝑀𝐿𝑗 =
[𝑀𝐿𝑘](𝑗−𝑖)[𝑀𝐿𝑖]

(𝑘−𝑗)

[𝑀𝐿𝑗]
(𝑘−𝑖)

 , 𝑖 < 𝑗 < 𝑘 

 

From a set of n independent equilibria, Charlot's method selects the equilibrium with the greatest 

physical significance (given the initial conditions of the system) or representative equilibrium, as if it were the 

only one present in that system. 

Thus, for three-components systems (M-L-X), where X is the buffered component (pX = constant), 

the generalization of the method leads to the proposal of a generalized species scheme that follows a model of 

polydonors of the L´ generalized particle:  (𝑀𝐿𝑛´/𝑀𝐿(𝑛−1)´/. . ./𝑀𝐿𝑗´/. . ./𝑀𝐿´/𝑀´/𝐿´), in agreement with de 

definitions of generalized species 
 

𝐿´ ≡ 𝐿 + 𝐿𝑋+. . . +𝐿𝑋𝑖+. . . +𝐿𝑋𝑜 
 

𝑀´ ≡ 𝑀 + 𝑀𝑋+. . . +𝑀𝑋𝑖+. . . +𝑀𝑋𝑝 
                                   … 

𝑀𝐿𝑗´ ≡ 𝑀𝐿𝑗 + 𝑀𝐿𝑗𝑋+. . . +𝑀𝐿𝑗𝑋𝑖+. . . +𝑀𝐿𝑗𝑋𝑞 
                     … 

𝑀𝐿𝑛´ ≡ 𝑀𝐿𝑛 + 𝑀𝐿𝑛𝑋+. . . +𝑀𝐿𝑛𝑋𝑖+. . . +𝑀𝐿𝑛𝑋𝑟 
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with molarities 

 

[𝐿´] = [𝐿] + [𝐿𝑋]+. . . +[𝐿𝑋𝑖]+. . . +[𝐿𝑋𝑜] = [𝐿]𝛼𝐿(𝑋) 

 

[𝑀´] = [𝑀] + [𝑀𝑋]+. . . +[𝑀𝑋𝑖]+. . . +[𝑀𝑋𝑝]  = [𝑀]𝛼𝑀(𝑋) 

  ... 

[𝑀𝐿𝑗´] = [𝑀𝐿𝑗] + [𝑀𝐿𝑗𝑋]+. . . +[𝑀𝐿𝑗𝑋𝑖]+. . . +[𝑀𝐿𝑗𝑋𝑞] = [𝑀𝐿𝑗]𝛼𝑀𝐿𝑗(𝑋) 

           … 
[𝑀𝐿𝑛´] = [𝑀𝐿𝑛] + [𝑀𝐿𝑛𝑋]+. . . +[𝑀𝐿𝑛𝑋𝑖]+. . . +[𝑀𝐿𝑛𝑋𝑟] = [𝑀𝐿𝑛]𝛼𝑀𝐿𝑛(𝑋) 

 

where 𝛼𝐿(𝑋), 𝛼𝑀(𝑋), 𝛼𝐿(𝑋), … , 𝛼𝑀𝐿𝑗(𝑋), … , 𝛼𝑀𝐿𝑛(𝑋)   are the complexation coefficients of L, M,…, MLj, …, 

MLn ,which depend of the molarity of the buffered component, [X], through polynomials (with exponents that 

are natural or integer numbers and coefficients that are global formation constants of the species involved in 

each case). 

With these generalized species definitions, generalized formation equilibria can be defined 

 

𝑀𝐿𝑖´ + (𝑗 − 𝑖)𝐿´ ⇄ 𝑀𝐿𝑗´     𝑤𝑖𝑡ℎ    𝐾𝑀𝐿𝑗´
(𝑗−𝑖)𝐿´

=
[𝑀𝐿𝑗´]

[𝑀𝐿𝑖´][𝐿´](𝑗−𝑖)

= 𝐾𝑀𝐿𝑗

(𝑗−𝑖)𝐿
𝛼𝑀𝐿𝑗(𝑋)

𝛼𝑀𝐿𝑖(𝑋)[𝛼𝐿(𝑋)]
(𝑗−𝑖)

 

 

as well as the generalized dismutation equilibria 

 

(𝑘 − 𝑖)𝑀𝐿𝑗´ ⇄ (𝑗 − 𝑖)𝑀𝐿𝑘´ + (𝑘 − 𝑗)𝑀𝐿𝑖´   𝑤𝑖𝑡ℎ   𝐾(𝑗−𝑖)𝑀𝐿𝑘´

(𝑘−𝑖)𝑀𝐿𝑗´
=

[𝑀𝐿𝑘´](𝑗−𝑖)[𝑀𝐿𝑖´]
(𝑘−𝑗)

[𝑀𝐿𝑗´]
(𝑘−𝑖)

= 𝐾(𝑗−𝑖)𝑀𝐿𝑘

(𝑘−𝑖)𝑀𝐿𝑗
[𝛼𝑀𝐿𝑘(𝑋)]

(𝑗−𝑖)
[𝛼𝑀𝐿𝑖(𝑋)]

(𝑘−𝑗)

[𝛼𝑀𝐿𝑗(𝑋)]
(𝑘−𝑖)

 

 

𝐾𝑀𝐿𝑗´
(𝑗−𝑖)𝐿´

 representing the conditional formation constant of the generalized species MLj´ from the 

generalized species MLi´, while 𝐾(𝑗−𝑖)𝑀𝐿𝑘´

(𝑘−𝑖)𝑀𝐿𝑗´
 represents the conditional dismutation constant of the generalized 

species MLj' that gives rise to the generalized species MLk' and MLi'. Substituting subscripts i, j, k properly, all 

generalized equilibria of each type in the system are obtained. 

From these two sets of generalized equilibria, n independent generalized equilibria are selected. 

It can be shown that if the value of pX is imposed on the system, the complexation coefficients and 

the conditional constants are constant [60], so under these conditions everything that was done with simple 

chemical equilibria in the system, with Charlot´s Method, can be done with generalized equilibria, namely: 

diagrams of predominance zones, reaction prediction scales, tables of variation of substance quantities, reaction 

schemes for complexation or redox titrations, separation conditions of different chemical species, etc. 

GSEM is different from the Ringbom´s method, because in the latter only one equilibrium of “primed 

species” is handled, which in the case of particle polydonor systems will have a conditional constant that does 

not depend only on the buffered pX. 
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GSEM is generalizable to systems of four or more components with double or multiple buffering, since 

the multiconditional constants, of the second-order or higher-order generalized equilibria, only depend on the 

conditions imposed for the buffered components. [60] 

Finally, GSEM can be handled approximately with representative equilibria, constructed with the 

predominant species for each generalized species. This can make it very intuitive. [61-63]. Fig. 5. shows the 

different approaches to the description of complexation titration of Cu(II) with EDTA at imposed pH = 5.0 with 

a buffer of acetic acid/acetate 0.25 M. 

Although GSEM has been documented by us in a doctoral thesis [60] and different articles [64-72], 

where its potential is shown to make graphical representations in multi-component and multi-reacting systems 

(considering the formation of coordination compounds, polynuclear species, redox equilibria, condensed 

phases, liquid-liquid extraction or ionic exchange), its full potential has not been shown in books and articles, 

generalizing Charlot's method in calculations, which could make it more popular. We teach Analytical 

Chemistry using GSEM from 1985 to this date. 

It is necessary to mention the contributions provided by Dr. Ignacio González (who agreed to direct 

my doctoral thesis [60]) and Dr. Jorge Ibáñez to the GSEM, established in some publications [64-70]. 

 

 
Fig. 5. Several models that could be considered to explain the complexation reaction of Cu(II) wth EDTA. (a) 

Approximated definitions of generalized species Cu´, Y´ and CuY´ at buffered pH = 5.0, without considering 

the effect of acetates buffer. (b) Approximated definitions of generalized species AcO´, Cu´´, Y´´ and CuY´´ at 

buffered pH = 5.0 and imposed pAcO´ = 0.6 ([AcO´ = 0.25 M). (c) Approximated definitions of generalized 

equilibria used to explain the complexation reaction. The last approach is the best. Data have been taken from 

[57] and HYDRA database from MEDUSA software. [73] 

 

 

Conclusions 

 
A summary of the contributions that we have made to the development of General Analytical 

Chemistry has been presented, both from a teaching and research point of view. 

The starting point was the approach of Professor Gaston Charlot's method to Analytical Chemistry, 

particularly his view that individuals trained in it are expected to be creative and approach the solution of 

problems in a reasoned manner, involving all knowledge and experimentation that may be available. 

In our approach to the study of Analytical Chemistry problems, it is always important to consider the 

chemical species that may be present in the system. We think that this way of approaching knowledge should 

not be lost, but should be enriched, along with the physicochemical processes analysis that can be present in 

chemical analysis, industrial chemistry, materials chemistry, etc. 
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Other groups in Mexico are making other developments, but it is necessary that we communicate and 

join forces so that a consolidation of a Mexican School of General Analytical Chemistry can be achieved. 
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Abstract. This paper aims to trace essential milestones in the history of the investigation activities developed 

throughout the past four decades in the Laboratory of Pharmacology of the Universidad Autónoma Metropolitana 

Iztapalapa (LFUAMI), emphasizing the contribution of Dr. Rubén Román-Ramos, the leader who guided and 

promoted the chemical and pharmacological investigation of natural products in the LFUAMI. Dr. Rubén Román-

Ramos impacted the development of new generations, who continue contributing to and strengthening this field, 

both outside and inside our university, by developing the science and technology in chemistry and pharmacology 

research. From this historical review of the LFUAMI, it is possible to identify leading features in its different 

periods; the periods are characterized by the scientific evidence primary generated, the methodological impact in 

the results, and technological development and impact in the state of the art. It should be noted that the periods 

overlap, creating a cumulative effect. To conclude, we will summarize the historical milestones and present some 

research avenues currently pursued and some perspectives. 

Keywords: Medicinal plants; anti-diabetic plants; hypoglycemic plants; phytochemistry; pharmacology. 

 

Resumen. Este artículo es una revisión acerca de la investigación desarrollada durante los últimos 40 años en el 

Laboratorio de Farmacología de la Universidad Autónoma Metropolitana Iztapalapa (LFUAMI), enfatizando la 

contribución del Dr. Rubén Román Ramos, profesor quien guió y promovió la investigación químico-

farmacológica de este laboratorio, impactando en la formación de nuevas  generaciones de investigadores, quienes 

continúan su legado en la investigación de productos naturales, fortaleciéndolo, tanto dentro como fuera de nuestra 

universidad. A través de esta revisión histórica fue posible identificar algunas de las características sobresalientes 

de cada periodo del LFUAMI en las últimas cuatro décadas, destacando la calidad de la evidencia científica 

generada, la influencia metodológica y el desarrollo tecnológico de los distintos estudios, así como su impacto en 

el estado del arte. Para concluir, se resumen algunos de los desarrollos más relevantes, se presentan algunas de los 

trabajos recientes y las perspectivas de investigación más importantes de este consolidado grupo de trabajo. 

Palabras clave: Plantas medicinales; plantas antidiabéticas; plantas hipoglucemiantes; fitoquímica; 

farmacología. 
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Introduction 

    
This paper offers a concise historical review of the systematic research conducted in the pharmacology 

laboratory of the Universidad Autónoma Metropolitana Iztapalapa (LFUAMI) over the past four decades, 

highlighting its evolution and contributions to biomedical sciences. The paper comprises four parts. The first 

one explores the origin and essential characteristics of the laboratory, spanning from its establishment in 1986 

to the year 2000. The second part presents the three main periods of the laboratory's evolution: The foundation, 

the strengthening, and the diversification periods, covering the years 2001 to 2010. The third part explores the 

technological period, spanning from 2011 onwards. These periods are characterized by distinct features, 

including scientific evidence, methodological diversity, and technological development. The last part of the 

paper summarizes the main elements of the laboratory's history and presents future research directions. 

 

 

Foundation period by Professor Ruben Roman-Ramos (1986-2000) 

 
The establishment of the LFUAMI was influenced by a global surge of interest in the study of 

medicinal plants, particularly evident in Mexico during the late 1970s. This period coincided with the creation 

of the Mexican Institute for the Study of Medicinal Plants (IMEPLAM), reflecting a growing recognition of the 

potential therapeutic benefits of natural substances. In Mexico, researchers and institutions alike were drawn to 

the study of medicinal plants, driven by a desire to explore traditional healing practices and uncover potential 

new sources of pharmacological agents.  

Dr. Rubén Román-Ramos (Fig. 1), a University of Peoples Friendship graduate in Moscow, Russia, 

obtained a bachelor's and doctoral degree in medicine, specializing in Endocrinology. He began his illustrious 

research career at the IMEPLAM under the mentorship of Dr. Xavier Lozoya Legarreta, then the institute's 

director. At IMEPLAM, Dr. Román-Ramos embarked on groundbreaking research focused on the therapeutic 

potential of indigenous Mexican plants for managing diabetes mellitus. Utilizing his expertise in endocrinology 

and experimental medicine, he implemented an innovative experimental model involving pancreatectomized 

rabbits. This model enabled him to systematically study the potential efficacy of traditional medicinal plants, 

including Tecoma stans ("tronadora"), Cecropia obtusifolia ("guarumo"), and Opuntia streptacantha ("nopal"), 

in controlling diabetes mellitus [1-3]. Dr. Román's pioneering work in this area established him as a trailblazer 

in ethnopharmacology and positioned him as a leading authority on the anti-diabetic properties of Mexican 

flora. His research laid the groundwork for subsequent investigations into the therapeutic potential of natural 

remedies for managing diabetes mellitus, contributing significantly to our understanding of traditional medicine 

practices in Mexico. 

 

 
Fig.1. Dr. Rubén Román-Ramos. 
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The LFUAMI was founded in 1986 by Dr. Rubén Román Ramos to make progress in research and 

education in pharmacology and chemistry. This idea created a space dedicated to interdisciplinary 

pharmacological research to provide students and teachers access to state-of-the-art facilities and resources, 

contributing their experience to developing academic programs and research initiatives within the university. 

From his ingress in 1986 until 2023, Dr. Roman served as the head of the LFUAMI, and all that time, offered 

technical consultancy in the areas related to drug activity, natural products, and diabetes mellitus, beginning to 

undertake sponsored research projects as per norms of the UAM. Under the leadership of Dr. Román-Ramos, 

the LFUAMI quickly became a hub of scientific inquiry and innovation. Through collaborative research 

projects and educational programs, the laboratory played a pivotal role in advancing knowledge and 

understanding of pharmacology within the university community and beyond, integrating medical, biological, 

and chemical perspectives, and reflecting an avant-garde vision in the field.  

In addition to the plants previously mentioned, Dr. Roman-Ramos conducted research on the effects 

of Garcinia cambogia ("garcinia") and other compounds and pharmaceutical formulations for obesity [4]. This 

research included investigations into the first thiazolidinedione, troglitazone (Rezulin), for diabetic patients. 

However, due to its hepatotoxic effects, troglitazone was ultimately withdrawn from the market. This research 

led to new thiazolidinediones, such as rosiglitazone and pioglitazone. Dr. Román-Ramos was involved in 

clinical research on rosiglitazone, contributing to our understanding of its therapeutic effects. [5-6]. 

As a full-time professor at our university, Dr. Roman-Ramos served in academic and administrative 

positions, including the Head of Area, Head of Department, Director of Division, and Coordinator of the PhD 

Programme in Biological Sciences at UAM, among other academic and administrative positions. He holds the 

prestigious National Researcher Level III title, awarded by the National System of Researchers (SNI) of 

CONACYT, now CONAHCYT. Dr. Roman-Ramos has significantly contributed to education and research, 

having imparted over 250 undergraduate and graduate courses. He is also the author of over 140 scientific 

publications and has participated in over 400 congresses and conferences. In addition to his academic 

achievements, Dr. Roman-Ramos has shown innovation and entrepreneurship with five patented models. His 

dedication to his work is evident in the more than 4,500 citations. 

 

 

Strengthening and diversification period (2001-2020) 

 
In the previous period, the biological assays in vivo, utilizing experimental animals, were mainly 

designed to determine the hypoglycemic and antihyperglycemic effects from a quantitative perspective. During 

this period of strengthening and diversification, researchers explored new methods and chemical tools for 

qualitative and quantitative analysis. A notable emphasis was on advancing in vitro assays, leveraging cellular 

culture techniques for more detailed assessments. Additionally, researchers utilized extractive methodologies 

to isolate natural products, facilitating the subsequent processes of compound isolation, purification, and 

identification by phytochemistry techniques. These approaches not only broadened the scope of research but 

also enhanced the precision and depth of both qualitative and quantitative analyses. Since its inception, our 

research group's focus has expanded and evolved under the successful leadership of Dr. Roman-Ramos, who 

has maintained high levels of academic productivity and facilitated the progression of the original research line. 

Since 1986, our research has primarily centered on pharmacological studies of medicinal plants for managing 

diabetes mellitus. Over time, this focus has broadened to encompass plants, other natural sources, and synthetic 

resources. Furthermore, our research has extended to include other related metabolic pathologies such as 

obesity, hypertension, and various dysfunctions. This evolution has led to our current research line: 

Pharmacology and chemistry of substances for treating metabolic syndrome (MS) and other chronic 

degenerative diseases.  

During this period, our primary aim was to conduct high-quality research in the area, focusing on 

advancing chemical-pharmacological investigations of natural products at a mechanistic level. This endeavor 

involved the rational design of computer-assisted drugs and the adoption of cutting-edge techniques to elucidate 

various plants' molecular mechanisms of action. Our goal was to deepen our understanding of these mechanisms 

and pave the way for innovative approaches to drug development. The results of these investigations have 

allowed our working group to be recognized as a benchmark in research into natural resources with potential 
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usefulness in treating MS-related diseases, both at the national and international levels. The transcendence of 

this research line resides in the epidemiologic importance of this syndrome worldwide [7,8].  

Management of MS typically requires a multifaceted approach, often involving polypharmacy, i.e., the 

administration of various medications such as anti-obesity agents to address weight management, anti-diabetic 

drugs to regulate blood sugar levels, hypolipidemic medications to manage lipid abnormalities, antihypertensive 

drugs to control high blood pressure, and antithrombotic agents to reduce the risk of blood clots, among others. 

However, the use of multiple medications concurrently can pose challenges, including potential side effects, 

drug interactions, and complications related to polypharmacy. Therefore, careful consideration and monitoring 

are essential in optimizing treatment outcomes for individuals with MS [7].  

An alternative approach to mitigate the challenges associated with polypharmacy lies in using specific 

components derived from medicinal plants. These components have demonstrated "multitarget" actions capable 

of comprehensively addressing the complexities of MS. They affect carbohydrate and lipid metabolism and 

vascular health and possess anti-inflammatory and antioxidant properties. Moreover, they offer the potential to 

target the underlying issue at the core of MS, namely insulin resistance [9]. Hence, our current line of research 

aims to clarify the medicinal properties of various potential medicinal resources, establishing a rational basis 

for their therapeutic use in the MS. In general, our research group has contributed to the discovery and 

development of bioactive molecules through their chemical and pharmacological characterization, trying to 

explain their effects not only at the organism level but also at the cellular and molecular level with a mechanistic 

approach. Several research questions have emerged regarding the study of these resources:  

Do they produce hypoglycemic, antihyperglycemic, antihypertensive, antioxidant, and anti-

inflammatory, anti-obesity activities? Do they reduce insulin resistance? Do they act through several molecular 

targets? Can they have only one pharmacological effect or multiple? What are their action mechanisms, and is 

their action dose-dependent?  

We have devised a comprehensive strategy based on bioassay-guided chemical studies to answer these 

questions. This strategy encompasses in vitro, in situ, and in vivo biological studies, including acute, subacute, 

and chronic evaluations of extracts, fractions, or pure compounds isolated and identified through conventional 

extractive techniques and chromatographic and spectroscopic methods. Parameters measured during these 

studies include blood glucose levels, plasma insulin, triglyceridemia, cholesterolemia, liver transaminase levels, 

inflammatory cytokines, oxidant stress markers, and various transcription factors. Different cell lines, such as 

adipocytes, hepatocytes, skeletal muscle, macrophages, endothelial, pancreatic, and isolated tissues, have been 

used in vitro. The techniques used in these studies were RT-qPCR, ELISA, epifluorescence, Western Blot, 

histological analysis, kinetics, and enzyme activity, including the chemical synthesis of biomolecules. In 

addition, spectrometric and spectroscopic techniques, such as UV-visible, infrared, mass spectroscopy, nuclear 

magnetic resonance, and coupled techniques for the chemical characterization and identification of active 

substances. For some of the identified compounds were performed studies of molecular docking in silico. 

Table 1 lists some of the medicinal plants studied in the LFUAMI. Among the most relevant are 

Tillandsia spp (“heno”), Hibiscus sabdariffa (“Jamaica”), Psacalium spp (“matarique”), Cecropia obtusifolia 

(“guarumbo”), Catharanthus roseous (“vinca”), Ibervillea sonorae (“wereque”), Smilax dominguensis 

(“cocolmeca”), Punica granatum (“granada”), Tagetes lucida (“pericón”) and Cucurbita ficifolia 

(“chilacayote”) among other. In addition to medicinal plants, our research has extended to include the study of 

marine seagrasses, the beetle Ulomoides dermestoides, and jellyfish. Through collaborative efforts with various 

laboratories from other national institutions, we have successfully identified and isolated several active 

compounds from these natural resources. Some of these compounds are detailed in Table 2: triterpenes, such as 

α-amyrin, lupeol, oleanolic acid, and ursolic acid; phenolic acids, chlorogenic acid, and 4-hydroxybenzoic acid; 

flavonoids, such as luteolin, kaempferol, quercetin, apigenin and rutin; D-chiro-inositol, and a variety of 

compounds of lipidic nature, such as β-sitosterol, lauric acid, oleic acid, among others. Other supplements or 

drugs with interesting properties were also studied, such as glycine, cannabidiol, metformin, and rosiglitazone, 

among other compounds of natural or synthetic origin (Table 2). These compounds originate from diverse 

natural and synthetic sources and hold promise for further pharmacological investigation and potential 

therapeutic applications. These plants and compounds were evaluated in our laboratory throughout different 

experimental conditions, showing diverse activities with utility in metabolic diseases, such as anti-diabetic, 

hypoglycemic, anti-inflammatory, antioxidant, hypolipidemic, vasorelaxant, antihypertensive, and, particularly 

in the treatment of the MS. In addition to UAM-Iztapalapa, several other institutions have been involved in 
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these investigations, including UAM- Xochimilco, Chemical Institute (UNAM), FES Iztacala (UNAM), 

Facultad de Farmacia (UAEM), Specialties Hospital (IMSS), Centro de Investigación Biomedica del Sur 

(CIBIS-IMSS), Escuela Superior de Medicina (IPN), Instituto Nacional de Nutrición "Salvador Zubiran," 

Instituto Nacional de Cardiología "Ignacio Chávez," Hospital de Pediatría, Hospital Infantil de México 

"Federico Gómez," to mention a few. We sincerely thank all researchers from other institutions who have 

supported us. These collaborations have been instrumental in advancing our research and development 

objectives related to the study of natural and synthetic products. 

Among the myriad resources investigated within our laboratory, particular attention must be drawn to 

the exhaustive research conducted on the fruit of Cucurbita ficifolia (C. ficifolia), colloquially known as 

chilacayote. This fruit, with its rich history of empirical use in our country for managing diabetes, has been the 

focal point of our research endeavors. Through rigorous chemical and pharmacological investigations at the 

experimental level, our research group has uncovered significant insights into the therapeutic potential of C. 

ficifolia. The elucidation of its bioactive components and pharmacological properties represents a milestone 

achievement, showcasing the transformative impact of our research efforts. Moreover, our findings hold 

promise for advancing our understanding of traditional remedies and potentially developing novel treatments 

for metabolic disorders. Thus, the research surrounding C. ficifolia stands as a testament to the dedication and 

innovation of our research group in the pursuit of scientific knowledge and its application to improve human 

health. In studying this engaging edible and medicinal resource, its investigation resulted in some technological 

developments in vias of scalation and marketing. In the next section, two special contributions of the LFUAMI, 

the technological development of nutraceutical products from C. ficifolia fruit and the in-silico analysis using 

a simplified method to perform molecular coupling simulations assisted by a computer, will be discussed. 

 

 

Technological period (2021- ) 

 
The culmination of these extensive studies, which began with in vivo and in vitro experimentation and 

progressed to the application of in silico simulation methods, represents a significant milestone in the history 

of the LFUAMI. This milestone is embodied by the fruit of C. ficifolia, an engaging edible and medicinal 

resource of Mexican medicinal, whose study was initially proposed by Dr. Rubén Roman [12]. It represents 

some of the transcendent results in chemical and pharmacological research by our research group, culminating 

in a technological development with potential to commercialization. Another milestone in the history of the 

LFUAMI is its contribution to computer-assisted rational drug design. Both situations will be commented in 

the next section.  

 

Chemical and Pharmacological Studies of the fruit of C. ficifolia and its technological 

development  
Extracts were derived from the juice of mature fruits and subjected to chemical characterization. The 

aqueous extract demonstrated antihyperglycemic effects in both healthy rabbits and those with alloxan-induced 

diabetes, as well as in healthy rats and mice and those with streptozotocin-induced diabetes, in both acute and 

subacute studies [11-12], [26-27]. Normal mice had No toxic effects at usual doses [28]. In addition, the extract 

increased insulin levels in healthy animals and RINm5F cells, increasing the calcium store and insulin RNAm 

expresion, which was corroborated by confocal microscopy and RT-qPCR, respectively [33-34]. Regarding its 

extra-pancreatic effects, quantitative and histological assessments using Periodic Acid-Schiff (PAS) staining 

revealed an increase in liver glycogen accumulation. This regulation of glycogen synthesis enzymes and 

phosphorylase activity was validated through Western Blot analysis [36]. In mice with streptozotocin-induced 

diabetes, it was demonstrated that the expression of PPAR-α in the liver is increased, a transcription factor 

involved in lipid metabolism, without affection on PPAR-γ [39]. The antioxidant effect was evaluated in 

different organs due to C. ficifolia in this same model. Increased GSH and decreased malondialdehyde were 

observed in the liver, kidney, and heart [29]. The antioxidant effect was also observed in mice with STZ-induced 

diabetes and 3T3-L1 adipocytes, with increased GSSG/GSH ratio, glutathione peroxidase, and reductase 

glutathione, with a decrease in hydrogen peroxide. These findings confirm the antioxidant action of C. ficifolia 

[30,32]. The anti-inflammatory action of C. ficifolia was investigated in mice with monosodium glutamate-
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induced obesity. After 30 days of extract administration, two pro-inflammatory cytokines, TNF-α and resistin, 

were reduced [35]. Similar findings were observed in vitro using 3T3-L1 adipocytes, where protein and 

expression levels of TNF-α and IL-6 were measured [32]. In summary, C. ficifolia exhibited hypoglycemic, 

antioxidant, and anti-inflammatory effects, as demonstrated in different experimental models, including studies 

involving type 2 diabetic patients [98-99].  

Concerning the chemical components of the fruit, previous studies have suggested D-chiro inositol 

(DCI), an isomer mediating insulin action, as one of the main constituents that may be participating in the above 

actions [101-102]. DCI is also an activator of the glycogen synthase and pyruvate dehydrogenase enzymes, 

regulates the oxidative stress in adipocytes, exhibits reduction of pro-inflammatory cytokines (TNF-α, IL-6, 

and resistin), preventing the inflammatory damage in adipocytes 3T3-L1. In these studies, performed in our 

laboratory, DCI also increased the PKB activation, exhibiting insulin-mimetic effects in 3T3-L1 adipocytes 

[32]. Therefore, this compound may be beneficial for treating obesity and non-insulin-dependent diabetes 

mellitus (103) and should be considered in future studies. 

The fruit also contains phenolic acids such as p-coumaric acid, p-hydroxybenzoic acid, p-

hydroxyphenyl acetic acid, and gallic acid; the flavonoid catechin; salicin, and phytosterols such as stigmast-

7,22-dien-3-ol and stigmast-7-en-3-ol, β-sitosterol, among others [36,95]. It has been suggested that all these 

compounds may act in synergy, explaining their multiple pharmacological effects and their health benefits, 

sometimes equivalent to agents used to control type 2 diabetes [36]. 

It is clear then that the data that are so far available in research into the medicinal properties and 

chemical components of the fruit of C. ficifolia sustain insulin-secretagogue action, as well as hypolipemic, 

anti-inflammatory, and antioxidant properties. The evidence suggests that this fruit may help treat metabolic 

diseases; however, for massive use, it is necessary to examine other aspects, such as its acceptability, 

applicability, feasibility, and transfer in different contexts. In addition, it is essential to explore pharmacokinetic 

processes associated with active molecules and metabolites. 

Therefore, we propose using this fruit as a raw material for developing bio-functional foods, 

nutraceutical ingredients, and phyto-medicines that can be useful in controlling MS and associated diseases. 

Promoting the utilization of this fruit in the processing of bio-functional foods could have a dual impact. Not 

only could it directly enhance the population's health, but it also presents economic opportunities by stimulating 

cultivation and increasing production of this plant, bolstering the economies of the regions where it is grown. 

It also provides viable alternatives for producing healthy food and ingredients that meet the dietary needs of the 

population. 

In this regard, thanks to the support of Dr. Socorro Josefina Villanueva-Rodríguez, researcher at the 

Food Technology and Assistance Center of the State of Jalisco, AC (CIATEJ), who held a sabbatical stay at the 

UAM-I Pharmacology Laboratory, four product proposals were obtained based on the fruit of C. ficifolia. After 

characterizing the bromatological and phytochemically properties of the raw material (chilacayote fruit), several 

formulations of nutraceutical juices, instant soups, nutritional boots, and a phyto-medicine were obtained and 

studied. These formulations underwent a sensory evaluation to select the most acceptable products for potential 

commercialization. The selected formulations were again subjected to physicochemical, phytochemical, 

bromatological, and biological assessments. Their components (polyphenols, phytosterols, flavonoids, sugars, 

and carotenoids), antioxidant capacity (DPPH and ABTS), and glycemic effects were determined with 

encouraging results. 

We must stress that the food and nutraceutical utility of these preparations is based on the results 

obtained from the basic research carried out with the fruit of C. ficifolia in what goes this century by our working 

group of LFUAMI. Today, there is a need to continue the expansion of these technological advances, which 

help treat metabolic diseases and reach their massive use. 

 

Pharmacology laboratory and its contribution to the rational design of computer-assisted drugs 
Molecular docking has become a powerful computational tool for new drug research and design, 

playing a pivotal role in predicting interactions between drug-related ligands and their potential receptors [104]. 

Table 3 lists some of the analyzed compounds in LFUAMI, in collaboration with other institutions, by molecular 

docking. Since our in vivo and in vitro research is about metabolic activities, the receptors involved are related 

to modulating actions of carbohydrate and lipid metabolism, such as PPAR-α, PPAR-γ, PPAR-δ, GPR40, and 
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α-glucosidase enzyme, among others. The compounds investigated have generally resulted in multitarget 

activity, which might represent certain therapeutic advantages for treating complex diseases such as MS.  

Although these results reinforce the potential utility of the compounds studied, more extensive studies 

of simulation in silico involving other types of metabolism regulatory receptors are still needed. However, 

molecular docking and the virtual screening simulation software currently available require researchers to make 

numerous configurations and navigate unintuitive menus, which requires significantly optimizing the process. 

Therefore, there is a pressing need to design a cohesive set of computational programs to expedite work with 

multiple ligands and receptors while simplifying simultaneous simulations. Such a framework would greatly 

facilitate the adoption of these techniques by researchers seeking to explore new ligands.  

In this context, our laboratory has designed an accessible and user-friendly open-source software, 

which provides a robust format for presenting results and with a format simple for interpreting large amounts 

of data.  This tool is extensively described in another article of this volume of the Journal of Mexican Chemical 

Society. The idea was to develop a simple yet reliable tool to manage the molecular docking process. 

Furthermore, the program's source code is free and has perpetual access to local computational resources.  

When facing virtual screenings with extensive libraries of ligands and target proteins, this tool saves 

valuable research time and investment of monetary resources from the budget in subscription plans for online 

services. The tool was built using existing molecular docking software. From there, a suite of interconnected 

computer programs has been meticulously designed with dual objectives: to accelerate workflows involving 

numerous ligands and target proteins and to streamline simulations, thus making these techniques more 

accessible. Thus, the tool was conceived as open-source software, free and simple to use. Furthermore, one of 

the objectives was to create a robust results presentation format conceptualized as a massive report of rows and 

columns. In this way, the large amount of data obtained is intended to be easy to filter, discriminate, and 

interpret. This automated computational tool capable of performing multiple simultaneous molecular docking 

studies offers a significant advantage in this field, because it automates the preparation of ligands and receptors 

for the docking simulation, generates configuration files for each docking process, executes docking and site 

preparation procedures concurrently, and organizes comprehensive reports detailing the simulation results. The 

idea is that this proposal will greatly facilitate the widespread adoption of this instrument to explore new 

therapeutic targets. The proposal of this instrument is already widely disseminated through standard 

communication channels within the scientific community. Information for accessing the program is now 

available in another article in this volume of the Journal of Mexican Chemical Society. 

 

 

Present and future 

 
The LFUAMI has significantly contributed to the discovery and development of medicines. Many of 

the resources investigated have the potential to be utilized as raw materials for the development of functional 

foods, phyto-medicines, and pharmaceuticals. However, clinical assessments and their implementation in the 

therapeutic still need to be initiated. LFUAMI now has everything necessary to continue to carry out high-

quality research in the field of pharmacology, applying cutting-edge research techniques associated with the 

evaluation of medicines with a potential use for the treatment of metabolic diseases, including diabetes mellitus, 

obesity, dyslipidemias, hypertension, inflammation and oxidant stress, among others, with the ability to support 

research from other research groups in our university and other institutions at request, promoting collaboration 

and facilitating wider research initiatives.  

It is essential to emphasize that the research achievements of the LFUAMI have been made possible 

through collaborative agreements with various institutions both within the country and abroad, including inter-

institutional partnerships and collaborations within our university. Additionally, we owe much gratitude to the 

dedicated students who have contributed to our laboratory, choosing to pursue their research projects with us. 

Their tireless efforts have been crucial to moving forward in our research goals and we sincerely appreciate his 

commitment and contributions. LFUAMI has received more than 300 students for research activities. Our 

efforts have led to the publication of more than 120 articles, which have over 5000 citations. These significant 

outputs underscore the LFUAMI's commitment to fostering student involvement and its dedication to producing 
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impactful research outcomes in pharmacological research, contributing in a relevant manner to the state of the 

art in this area of knowledge. 
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Table 1. Medicinal resources studied at LFUAMI in collaboration with other laboratories from national and 

international institutions. 

Scientific name Family Used part Preparation 
Experimental 

model 
References 

1. Acourtia thurberi (A. 

Gray) Reveal & R.M. 

King. 

Asteraceae Rhizome Decoction 

Fasted normal 

mice 

GTT in rabbits 

[10] 

2. Agastache mexicana 

(Kunth) Lint &Epling) 
Lamiaceae Complete Organic extract 

GTT in mice 

Phytochemical 

analysis 

[105] 

3. Allium cepa L. Amaryllidaceae Bulb Decoction GTT in rabbits [11] 

4. Allium sativum L. Amaryllidaceae Bulb Decoction GTT in rabbits [11] 

5. Aloe barbadensis Mill. Asphodelaceae Stems 

Juice 

Polyphenolic extract 

from the gel 

GTT in rabbits. 

Mice with insulin-

resistance 

[12] 

[13] 

6. Aquillea millefolium L.  Flowers Organic extract 

GTT in mice 

Phytochemical 

analysis 

[106] 

7. Artemisia mexicana 

Willd. ex Spreng. 
Asteraceae Complete Decoction GTT in rabbits [14] 

8. Astianthus viminalis 

(Kunth) Baill. 
Bignoniaceae Leaves Decoction GTT in rabbits [14] 

9. Banisteriopsis caapi 

(Spruce ex Griseb.) 

C.V. Morton and 

Psychotria viridis Ruiz 

& Pav. (ayahuasca) 

Malpighiaceae 

 

 

Rubiaceae 

Leaves and 

stem 
Decoction 

Review and a 

toxicologic 

clinical case 

[15-16] 

10. Bauhinia divaricata 

L. Fabaceae Leaves Decoction GTT in rabbits [17] 

11. Bidens odorata Cav. Asteraceae 
Leaves and 

branches 

Organic extracts 

Fat acids 

Castor oil-induced 

diarrhea mice 

Carbachol-

induced ileum 

contraction in rats 

[18] 

12. Bidens pilosa L. Asteraceae Complete Decoction GTT in rabbits [14] 

13. Bocconia arborea S. 

Watson 
Papaveraceae Complete Organic extract 

GTT in mice and 

Phytochemical 

analysis 

[107] 

14. Brassica oleracea L. Brassicaceae Inflorescence Juice GTT in rabbits [11] 

15. Brassica oleracea L. 

var. botrytis 
Brassicaceae Leaves Juice GTT in rabbits [11] 

16. Buddleia americana 

L. 
Scrophulariaceae Flowers Decoction GTT in rabbits [17] 
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Scientific name Family Used part Preparation 
Experimental 

model 
References 

17. Calea zacatechichi 

Schltdl. 
Asteraceae Inflorescence Decoction GTT in rabbits [17] 

18. Cannabis L. sp Cannabaceae Inflorescence Comercial oil 

Review 

3T3-L1 

adipocytes 

[7] 
[Outcome 

unpublished] 

19. Catharanthus roseous 

(L.) G. Don 
Apocynaceae 

Flower, 

leaves, stem, 

and roots. 

Aqueous and organic 

extracts. 

Phenolic- fraction 

Normal mice. 

3T3- L1 

adipocytes 

Alloxan-induced 

diabetic mice. 

RINm5F 

pancreatic cells 

[19,20,21] 

20. Caulerpa 

sertularioides (S.G. 

Gmelin) M. Howe 

(Chlorophyta) 

Caulerpaceae Complete Aqueous extract 
STZ-induced 

diabetes mice 
[22] 

21. Cecropia obtusifolia 

Bertol. 
Urticaceae Leaves 

Decoction 

Aqueous extract 

GTT in rabbits 

RINm5F 

pancreatic cells 

[12,23] 

22. Cleoserrata serrata 

(Jacq.) Iltis 
Cleomaceae Aerial parts 

Organic extracts. 

Polyphenol mixture 

TPA- and 

carrageenan-

induced 

inflammation 

[24] 

23. Citrus aurantium L. 

 
Rutaceae Fruit Juice GTT in rabbits [14] 

24. Cnidoscolus 

multilobus (Pax) I.M. 

Johnst. 

Euphorbiaceae Leaves Decoction GTT in rabbits [14] 

25. Coix lachryma-jobi L. Poaceae Seems Decoction GTT in rabbits [17] 

26. Crataegus pubescens 

(C. Presl) C. Presl 
Rosaceae Root Decoction GTT in rabbits [17] 

27. Cucumis sativus L. Cucurbitaceae Fruit 

Juice 

Fractions from aqueous 

extract (containing 

glycine, asparagine, and 

arginine) 

GTT in rabbits 

Dysfunctional 

3T3-L1 

adipocytes 

[11,25] 

28. Cucurbita ficifolia 

Bouché 
Cucurbitaceae Fruit 

Juice 

Aqueous extract 

Fraction from aqueous 

extract (containing 

chlorogenic acid) 

Fermented juice 

GTT in rabbits 

Normal mice 

Alloxan-induced 

diabetic rabbits 

and mice 

STZ-induced 

diabetes mice 

MSG-induced 

obese mice 

[11-12, 

26-39] 
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Rat aortic rings 

3T3-L1 

adipocytes 

RINm5F 

pancreatic cells 

HepG2 

Hepatocytes 

Scientific name Family Used part Preparation 
Experimental 

model 
References 

29. Cuminum cyminum L. Apiaceae Seeds Decoction GTT in rabbits [11] 

30. Cynodon dactylon 

(L.) Pers. 
Poaceae Complete Decoction GTT in rabbits [17] 

31. Eriobotrya japonica 

(Thunb.) Lindl. 
Rosaceae Leaves Decoction GTT in rabbits [12] 

32. Eucaliptus globulus 

Labill. 
Myrtaceae Leaves Decoction GTT in rabbits [12] 

33. Euphorbia preslii 

Guss. 
Euphorbiaceae Complete Decoction GTT in rabbits [14] 

34. Euphorbia prostrata 

Aiton 
Euphorbiaceae Complete Decoction GTT in rabbits [14] 

35. Exostema caribeaum 

(Jacq.) Roem. & 

Schult. 

Rubiaceae Bark Decoction GTT in rabbits [14] 

36. Eysenhardtia 

polystachya (Ortega) 

Sarg. 

Fabaceae Stem Decoction GTT in rabbits [14] 

37. Mangostana 

cambogia Gaertn. 

(Syn.: Garcinia 

cambogia (Gaertn.) 

Desr. 

Clusiaceae N.I. Formulation Obese patients [4] 

38. Guaiacum coulteri A. 

Gray. 
Zygophylaceae Bark Decoction 

GTT in rabbits 

Alloxan-induced 

diabetic rabbits 

[12,26] 

39. Guazuma ulmifolia 

Lam. 
Malvaceae Leaves Decoction GTT in rabbits [14] 

40. Hibiscus sabdariffa L. Malvaceae Calyces 

Aqueous extract. 

Dichloromethane extract 

Triterpenoids 

MSG-induced 

obese mice 

Diuresis in rats 

Diuresis in in situ 

kidney model 

GTT in mice 

3T3-L1 

adipocytes 

[40-42] 
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Scientific name Family Used part Preparation 
Experimental 

model 
References 

41. Ibervillea sonorae (S. 

Watson) Greene 
Cucurbitaceae Root 

Monoglycerides 

Fat acids 

Normal and 

diabetic mice and 

rats. 

Rat aortic rings 

3T3-L1 

adipocytes 

[19,43-46] 

 

42. Jatropha dioica Sessé 

ex. Cerv. 
Euphorbiaceae Roots Decoction GTT in rabbits [14] 

43. Jatropha 

neopauciflora Pax. 
Euphorbiaceae Latex Phenols and flavonoids 

Antimicrobial and 

antifungal models 

Wound healing 

tensiometric 

method. Normal 

and diabetic mice. 

[47-48] 

44. Lactuca sativa L. Asteraceae Leaf Juice GTT in rabbits [11] 

45. Lepechinia 

caulescens (Ortega) 

Epling 

Lamiaceae Leaf and stem Decoction 

GTT in rabbits 

Alloxan-induced 

diabetic rabbits. 

Normal mice 

3T3-L1 

adipocytes 

[12,14, 

19,26] 

 

46. Mangifera indica L. Anacardiaceae Leaves Decoction GTT in rabbits [14] 

47. Marrubium vulgare 

L. 
Lamiaceae Complete Decoction GTT in rabbits [17] 

48. Mentha piperita L. Lamiaceae Complete Decoction GTT in rabbits [14] 

49. Musa ensete J.F. 

Gmel. 
Musaceae Seems Decoction 

Normal mice 

3T3- L1 

adipocytes 

[19] 

50. Musa sapientum L. Musaceae Flowers Decoction GTT in rabbits [14] 

51. Olea europaea L. Oleaceae Leaves Decoction GTT in rabbits [14] 

52. Opuntia ficus indica 

(L.) Mill. 
Cactaceae Stem 

Juice 

Polysaccharides 

GTT in rabbits 

Normal mice 

GTT in mice 

Alloxan-induced 

diabetes mice 

[14,49] 

53. Opuntia 

streptacantha Lem. 
Cactaceae Stem 

Juice 

Polysaccharides 

 

Pancreatectomize

d rabbits 

A clinical case 

GTT in rabbits 

Normal mice 

GTT in mice 

Alloxan-induced 

diabetes mice 

[1-3,11-

12,49] 
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Scientific name Family Used part Preparation 
Experimental 

model 
References 

54. Parmentiera edulis 

Raf. 
Bignoniaceae Fruit Juice GTT in rabbits [14] 

55. Pavonia schiedeana 

Steud. 
Malvaceae Leaf Decoction GTT in rabbits [17] 

56. Persea americana 

Mill. 
Lauraceae Seems Decoction GTT in rabbits [14] 

57. Phaseolus vulgaris L. Fabaceae Pod Decoction GTT in rabbits [11-12] 

58. Physalis 

philadelphica Lam. 
Solanaceae 

Calices of the 

fruit 
Decoction GTT in rabbits [17] 

59. Plantago major L. Plantaginaceae Seeds 
Aqueous and organic 

extracts 

Normal 

Alloxan-induced 

diabetes mice 

Normal mouse 

cells Transformed 

human cells 

[50-51] 

60. Psacalium 

decompositum (A. 

Gray) H. Rob. & 

Brettell 

Asteraceae Rhizome 

Decoction 

Aqueous and organic 

extracts 

Sesquiterpenoids 

Polysaccharide fractions 

Fructooligosaccharides 

GTT in rabbits. 

Fasted normal 

mice 

Alloxan-induced 

diabetes mice 

Normal rats 

Fructose-induced 

obese rats 

[10,52-56] 

61. Psacalium peltatum 

(Kunth) Cass. 
Asteraceae Rhizome Decoction 

GTT in rabbits 

Alloxan-induced 

diabetes rabbits 

Fasted normal 

mice 

Alloxan-induced 

diabetes mice 

STZ-induced 

diabetes-mice 

[10,12,26, 

57-59] 

62. Psidium guajava L. Myrtaceae Fruit Juice 
GTT in rabbits 

 
[11] 

63. Punica granatum L. Lythraceae Peels Aqueous extract 

Normal mice 

GTT in mice 

STZ-induced 

diabetes mice 

Antioxidant 

capacity in vitro 

[60] 

64. Randia echinocarpa 

DC. 
Rubiaceae Fruit Decoction GTT in rabbits [14] 

65. Rauvolfia tetraphylla 

L. 
Apocynaceae Leaves Decoction GTT in rabbits [14] 
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Scientific name Family Used part Preparation 
Experimental 

model 
References 

66. Rhizophora mangle 

L. 
Rhizophoraceae Stem Decoction GTT in rabbits [14] 

67. Salpianthus 

macrodonthus Standl. 
Nyctaginaceae 

Leaf and 

stem. 

Roots 

Decoction GTT in rabbits [12,14] 

68. Salvia polystachya M. 

Martens & Galeotti 
Lamiaceae Complete Terpenoids GTT in mice [61] 

69. Senna crotalaroides 

(Kunth) H.S. Irwin & 

Barneby 

Fabaceae 

Leaf and 

stem. 

Roots 

Chloroform extract 

TPA-induced ear 

edema, cytotoxic 

activity 

[62] 

70. Senna skinneri 

(Benth.) H.S. Irwin & 

Barneby 

Fabaceae Leaves Decoction GTT in rabbits [15] 

71. Senna villosa (Mill.) 

H.S. Irwin & Barneby 
Fabaceae 

Leaf and 

stem. 

Roots 

Chloroform extract 
TPA-induced ear 

edema 
[63] 

72. Serjania triquetra 

Radlk. 
Sapindaceae Stem Decoction GTT in rabbits [14] 

73. Solanum 

verbascifolium L. 
Solanaceae 

Leaves and 

stem 
Decoction GTT in rabbits [12] 

74. Smilax dominguensis 

Willd. 
Smilacaceae Root Chloroform extract 

GTT in mice 

Phytochemical 

analysis 

[Outcome 

unpublished] 

75. Spinacia oleracea L. Amaranthaceae Leaves Juice GTT in rabbits [11] 

76. Spyridia filamentosa 

(Wulfen) Harvey 

(Rhodophyta) 

Spyridiaceae Complete Aqueous extract 
STZ-induced 

diabetes mice 
[64] 

77. Tagetes lucida Cav. Asteraceae Aerial parts Aqueous extract 

Antidepressive 

forced swimming 

test 

[65-67] 

78. Bignonia stans L. 

(Syn.: Tecoma stans 

(L.) Juss. ex Kunth 

Bignoniaceae Leaf and stem Decoction GTT in rabbits [12] 

79. Teucrium cubense 

Jacq. 
Lamiaceae Leaf and stem Decoction GTT in rabbits [12] 

80. Thalassia testudinum 

Banks & Sol. ex K.D. 

Köning (marine 

phanerogam) 

Hydrocharitaceae Complete Aqueous extract 

Hemolytic activity 

Phytochemical 

analysis 

[68] 

81. Tillandsia recurvata 

(L.) L. 
Bromeliaceae Complete Aqueous extract 

Normal and 

diabetic mice 
[69] 
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GTT=Glucose tolerance test; STZ=Streptozotocin; MSG=monosodium glutamate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scientific name Family Used part Preparation 
Experimental 

model 
References 

82. Tillandsia usneoides 

(L.) L. 
Bromeliaceae Complete Flavone 

Review 

C2C12 myoblasts 

Hepatocytes 

RINm5F 

pancreatic cells 

[70-72] 

83. Vaccinium 

angustifolium Aiton 
Ericaceae Fruit 

Fermented juice with 

Serratia vaccinii bacteria 

Anthocyanins and 

proanthocyanidins 

3T3-L1 

adipocytes 
[73] 

84. Heliotropium 

verdcourtii Craven 

(Syn.: Tournefortia 

hirsutissima L. 

Heliotropiaceae Stem Decoction GTT in rabbits [14] 

85. Trigonella foenum-

graceum L. 
Fabaceae Seeds Decoction GTT in rabbits [14] 

86. Turnera diffusa Willd. Passifloraceae Leaves Decoction GTT in rabbits [14] 

87. Ulomoides 

dermestoides Chev. 

(beetle) 

 Complete Lipid fraction 
STZ-induced 

diabetes mice 
[74] 

88. Urtica dioica L. Urticaceae Complete Decoction GTT in rabbits [17] 
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Table 2. Compounds identified and studied in LFUAMI in collaboration with other laboratories from national and international institutions. 

Compound name Chemical Structure Origin Biological activity References 

1. Cacalol 

 

Psacalium 

decompositum 
Anti-inflammatory [53,5] 

2. Cacalone 

 

Psacalium 

decompositum 
Anti-inflammatory [53,75] 

3. Cacalol acetate 

 

Psacalium 

decompositum 
Anti-inflammatory [76] 

4. Maturin acetate 

 

Psacalium 

decompositum 
Immuno-stimulator [53,77] 
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Compound name Chemical Structure Origin Biological activity References 

5. Fructo-oligosaccharides 

 

Psacalium 

decompositum 

Hypoglycemic. 

Anti-inflammatory. 
[54-55] 

6. Galphimine-A 

 
 

Galphimia glauca Anxiolytic [78] 
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Compound name Chemical Structure Origin Biological activity References 

7. Peltalose 

 

Psacalium peltatum Hypoglycemic [59,100] 

8. D-chiro-inositol 

  

Cucurbita ficifolia 

Anti-inflammatory. 

Hypoglycemic. 

Antioxidant. 

[32] 

9. Tilianin 

 

Agastache mexicana 

Anti-diabetic. 

Anti-

hyperlipidemic. 

Anti-inflammatory. 

[79] 

10. Chlorogenic acid 

 

 
 

 

Cecropia obtusifolia 

Dual agonist: 

Insulin-

secretagogue and 

PPAR agonist 

[9] 
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Compound name Chemical Structure Origin Biological activity References 

11. Oleanolic acid 

  

Salvia polystachia 

PPAR dual agonist. 

Hypo-glycemic. 

Antihyperglycemic. 

α-glucosidases 

inhibitor. 

[61,80] 

12. Ursolic acid 

 

Salvia polystachia 

Hypoglycemic. 

Antihyperglycemic. 

α-glucosidases 

inhibitor. 

[61] 

13. α-amyrin 

  

Hibiscus sabdariffa 

Antihyergly-cemic. 

PPAR-dual agonist 

AMPK-allosteric 

activator 

Insulino-mimetic 

[42,81] 

14. Lupeol 

  

Hibiscus sabdariffa 
Antihyperglycemic 

PPAR-dual agonist. 
[42] 
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Compound name Chemical Structure Origin Biological activity References 

15. Monoglyceride mixture 

 

Ibervillea sonorae Hypoglycemic [45] 

16. Cannabidiol 

  

Cannabis sp. Ani-inflammatory 
[Outcome 

unpublished] 
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Compound name Chemical Structure Origin Biological activity References 

17. Fat acids mixture 

 
Lauric acid 

 
Myristic acid 

 
Pentadecanoic acid 

 
Palmitic acid 

 
Stearic acid 

Ibervillea sonorae Hypoglycemic [45] 

18. 4′-({4-[(Z)-(2,4-dioxo-1,3-thiazolidine-5-

ylidene)-ethyl]-phenoxy}methyl)-1,1′-biphenyl-2-

carbonitrile 

 

Synthetic 
Anti-diabetic. 

PPAR-dual agonist. 
[82] 

19. Glycine 

 

Aminoacid 

Anti-inflammatory. 

Antioxidant 

Inhibitor. 

competitive of the 

TNF-α receptor 

[83-89] 
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Compound name Chemical Structure Origin Biological activity References 

20. Rosiglitazone 

 

Synthetic Insulin-sensitizer 
[5-6] 

 

21. Metformin 

 

Synthetic Insulin-sensitizer [6] 

22. Nicotine 

 

Synthetic Anti-depressant [90] 

23. Monosodium glutamate 

 

Synthetic 
Toxicity metabolic 

Inducer of obesity 

[91-92] 

 

24. Streptozotocin 

  

Streptomyces 

achromogenes 

Inducer of 

experimental 

diabetes 

[93] 
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Compound name Chemical Structure Origin Biological activity References 

25. 2-(4-(2-((1H-benzo[d]imidazol-2-yl)thio)-

acetamido)phenoxy) acetic acid (1), and 2-(4-(2-

((5-methoxy-1H-benzo[d]imidazol-2-yl)thio)-

acetamido)-phenoxy)-acetic acid (2) 

 

Synthetics 

Anti-diabetic. 

PPARγ/ GPR40 

dual agonists 

[94] 

26. 4-hydroxybenzoic acid 

 

Cucurbita ficifolia 

Insulin-

secretagogue 

PPAR agonist 

Liver glycogen 

storage promotor 

[95] 

27. β-sitosterol 

 

Cucurbita ficifolia 

Insulin-

secretagogue 

PPAR agonist 

Liver glycogen 

storage promotor 

 

[95] 

28. {4-[({4-[(Z)-(2,4-dioxo-1,3-thiazolidine-5- 

ylidene)-methyl]-phenoxy} 

acetyl)amino]-phenoxyacetic acid 

 

 

Synthetic 

Anti-diabetic in 

non-insulin-

dependent diabetes 

rats 

[96] 
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Compound name Chemical Structure Origin Biological activity References 

29. 5,7,4´-trihydroxy-3,6,3',5´-

tetramethoxyflavone 

 

Tillandsia usneoides Antihyperglycemic [97] 

30. Achillin 

 

Achillea millefolium 

 
Antidiabetic [105] 

31. Leucodin 

 

Achillea millefolium 

 
Antidiabetic [105] 

32. Dihydrosanguinarine 

 

Bocconia aerboria Anti-nociceptive [106] 
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Table 3. Some analyzed compounds in UAM´s pharmacology laboratory with collaboration with other institutions by molecular docking and their potential 

biological activity. 

Compounds Chemical structure Receptors 
Potencial 

activity 
Referencias 

4′-({4-[(Z)-(2,4-dioxo-1,3-thiazolidin-5-ylidene) 

methyl]-phenoxy} methyl)-1,1′-biphenyl-2-

carbonitrile 

 

PPAR-α 

PPAR-γ 

PPAR-α/γ 

dual 

agonist 

[82] 

{4-[({4-[(Z)-(2,4-dioxo-1,3-thiazolidin-5-

ylidene)-methyl]-phenoxy} acetyl)-amino] 

phenoxy} acetic acid 

 

PPAR-γ 
PPAR-γ 

agonist 
[96] 

Tilianin 

 

PPAR-α 
PPAR-α 

agonist 
[79] 

2-(4-(2-((1H-benzo[d]imidazol-2-

yl)thio)acetamido)-phenoxy)-acetic acid 

 

PPAR-γ 

GPR40 

PPAR-

γ/GPR40 

dual 

agonist 

[94] 
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Compounds Chemical structure Receptors 
Potencial 

activity 
Referencias 

2-(4-(2-((5-methoxy-1H-benzo[d]imidazol-2-yl) 

thiol)-acetamido)-phenoxy)-acetic acid 

 

PPAR-γ 

GPR40 

PPAR-

γ/GPR40 

dual 

agonist 

[94] 

α-amyrin 

 

PPAR-δ 

PPAR-γ 

AMPK 

PPAR-δ/-γ 

dual 

agonist 

AMPK 

allosteric 

activator 

[42,81] 

Lupeol 

 

PPAR-δ 

PPAR-γ 

PPAR-δ/-γ 

dual 

agonist 

[42] 

Glycine 

 

 

 

TNF-α1 

TNF-α 

partial 

agonist 

[89] 
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Compounds Chemical structure Receptors 
Potencial 

activity 
Referencias 

Oleanolic acid 

 

α-glucosidase 

SGLT1 

α -

glucosidas

e inhibitor 

SGLT1 

inhibitor 

[61] 

Ursolic acid 

 

α-glucosidase 

SGLT1 

α -

glucosidas

e inhibitor 

SGLT1 

inhibitor 

[61] 
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Abstract. Molecular simulation methods are the bridge between molecular interactions and the macroscopic 

properties of matter. The equations of statistical mechanics give the probabilistic method of Monte Carlo while those 

of Newton are the bases of Molecular Dynamics, which is deterministic. A molecular simulation predicts the 

movement of molecules and hundreds of physicochemical properties can be obtained to understand its behavior at 

different thermodynamic conditions. The molecular simulation methods were developed in the 1950s in United States 

of America and in the 1980s in Mexico, where Universidad Autónoma Metropolitana (UAM) was a pioneer. It is a 

multidisciplinary field that involves mathematicians, chemists, physicists, engineers from different disciplines, 

biologists, computer scientists, etc. Supercomputers have played an important role in its development. Currently, the 

United States, China and the European Community have everyone more than 100 supercomputers in the TOP500 

ranking, while Canada and Brazil have 10, Spain 3, Argentina 1 and Mexico none. These resources allow increasing 

the training capabilities, the production of research articles, the organization of academic events, etc. 

In this work, we make a review of the development of molecular simulations at UAM and in Mexico. The diffusion 

and promotion of this research field has been undertaken by academic leaders from several universities. We have 

organized 12 Molecular Dynamics Workshops nationwide to teach and put the basic concepts into practice and 

13 international Meetings on Molecular Simulations to discuss the state of the art in research projects. The 

number of articles in molecular dynamics grows exponentially over time; in 2023, more than 250,000 were 

published worldwide. Mexico contributed 10 % and the UAM 10 % of those published in Mexico. There are more 

than 32 Mexican leaders living in Mexico who have published around 120 articles with at least 100 citations, 

according to Web of Science. About 70 % belong to the National System of Researchers at levels III and Emeritus. 

The research lines range equations of state in liquids, phase equilibrium, development of simulation methods and 

force fields, polar fluids, electrolytes, colloids, polymers, drug/protein interaction, protein folding, among others. 

Keywords: Molecular simulations; molecular dynamics; Monte Carlo; simulation in Mexico; workshop and 

meetings; force fields; condensed matter; supercomputing.  

 

Resumen. Los métodos de simulación molecular son el puente entre las interacciones moleculares y las propiedades 

macroscópicas de la materia. Las ecuaciones de la mecánica estadística dan el método probabilístico de Montecarlo 

mientras que las de Newton son las bases de la Dinámica Molecular, que es determinista. Una simulación molecular 

predice el movimiento de las moléculas y se pueden obtener cientos de propiedades fisicoquímicas para comprender 

su comportamiento en diferentes condiciones termodinámicas. Los métodos de simulación molecular se desarrollaron 

en la década de 1950 en Estados Unidos de América y en la década de 1980 en México, donde la Universidad 

mailto:jra@xanum.uam.mx
http://dx.doi.org/10.29356/jmcs.v68i4.2291
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Autónoma Metropolitana (UAM) fue pionera. Es un campo multidisciplinario que involucra a matemáticos, 

químicos, físicos, ingenieros de diferentes disciplinas, biólogos, informáticos, etc. Las supercomputadoras han jugado 

un papel importante en su desarrollo. Actualmente, Estados Unidos, China y la Comunidad Europea cuentan con más 

de 100 supercomputadoras en el ranking TOP500, mientras que Canadá y Brasil tienen 10, España 3, Argentina 1 y 

México ninguno. Estos recursos permiten incrementar las capacidades de formación, la producción de artículos de 

investigación, la organización de eventos académicos, etc.  

En este trabajo hacemos una revisión del desarrollo de simulaciones moleculares en la UAM y en México. La difusión 

y promoción de este campo de investigación ha sido llevada a cabo por líderes académicos de varias universidades. 

Hemos organizado 12 Talleres de Dinámica Molecular a nivel nacional para enseñar y poner en práctica los conceptos 

básicos y 13 Simposios internacionales sobre Simulación Molecular para discutir el estado del arte en proyectos 

de investigación. El número de artículos sobre dinámica molecular crece exponencialmente con el tiempo; en 2023, 

se publicaron más de 250.000 en todo el mundo. México aportó el 10 % y la UAM el 10 % de los publicados en 

México. Hay más de 32 líderes mexicanos viviendo en México que han publicado alrededor de 120 artículos con al 

menos 100 citas, según Web of Science. Alrededor del 70 % pertenece al Sistema Nacional de Investigadores en los 

niveles III y Eméritos. Las líneas de investigación abarcan ecuaciones de estado en líquidos, equilibrio de fases, 

desarrollo de métodos de simulación y campos de fuerza, fluidos polares, electrolitos, coloides, polímeros, interacción 

fármaco/proteína, plegamiento de proteínas, entre otras. 

Palabras clave: Simulación molecular; dinámica molecular; Monte Carlo; simulación en México; talleres y 

simposios; campos de fuerza; materia condensada; supercómputo. 

 

 

Theory and molecular simulations to understand matter 
 

It is well recognized that the father of molecular simulations is Professor Bernie J. Alder (1925-2020), 

from the University of Lawrence Livermore National Laboratory in the United States of America. He published 

the first works in the mid-1950s on Monte Carlo and Molecular Dynamics applied to hard spheres systems [1]; 

he predicted a first order solid-liquid phase transition driven by entropic effects, also, that the phase diagram of 

this system did not contain a liquid-vapor equilibrium. He developed his simulations on the fast computer on 

those days, UNIVAC and then IBM, which had two CPUs and one processor. The weight of the machine was 

around 52 tons. A smart phone today has more computer power than NASA´s supercomputer in 1960. This 

paper has more than 1800 citations according with Web of Science (WofS) and is still being cited. Professor 

Alder received the National Medal of Science from President Barack Obama in 2009. 

Professor Jorge Barojas was the first Mexican that published an article on molecular dynamics from 

his PhD research with Professors D. Levesque and B. Quentrec in France in 1973. They used the Lennard-Jones 

potential to simulate diatomic homonuclear liquids and compared their equation of state and their structure 

factor with experimental values of nitrogen finding a good agreement [2]. Professor Barojas returned to Mexico 

and, though he did not work anymore in molecular simulations field, he is regarded as a pioneer in science 

outreach in Mexico, an activity that in his time was not popular between his colleagues, but time has shown the 

relevance of his work in promoting specific vocation, including editorial production on this area. 

Professor Gustavo A. Chapela obtained his PhD with Professor John S. Rowlinson at Imperial College 

London, United Kingdom, and published two seminal articles about the liquid-vapor interface also using the 

Lennard-Jones potential. In these works, they applied Monte Carlo and Molecular Dynamics with 255 particles 

to obtain the coexisting densities and surface tension at temperatures from the triple to critical points. Binary 

mixtures were also studied [3,4]. The latter paper has more than 350 citations and it is still cited. The results 

were obtained in a CDC supercomputer of those days. Professor Chapela returned to Mexico to work at the 

Physics Department at UAM-Iztapalapa where he began to promote molecular dynamics. 

In those years UAM had a CDC fast computer but it was used, mainly, for administrative tasks, not for 

research. The computer was in the Rectoría General, in the north of Mexico City, near to Toreo de Cuatro 

Caminos forum. The bachelor´s degree in computer science was created in early 80s. The students developed 

their Fortran programs using card punchers and typed cards as those shown in Fig. 1. The same tools were used 
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by researchers. The cards had to be submitted from UAM-Iztapalapa to Rectoría General building to compile 

the program. The compiled version was returned to UAM-Iztapalapa to correct the errors.  

 

 
Fig.1. Card puncher (left panel) and card for the sum X + Y in a fortran program (right panel). 

 

 

 

The cards sometimes were sent on motorcycles from UAM-Iztapalapa to Rectoría General. In some 

cases, it is said that the driver dropped the cards and rearranged them inside the box as he could but in disorder, 

so that they could be compiled. In those cases, when the list of the compiled version of the program was returned 

to the author, it turned out that it contained more errors than in the previous version. 

 

 

Gustavo Chapela: founding father of molecular dynamics at UAM and in Mexico 

 
The UAM-Iztapalapa is pioneer in the development and application of molecular simulation methods 

in Mexico. Professor Chapela and his group published in 1980, in Spanish, an internal report for the División 

de Ciencias Básicas e Ingeniería of UAM-Iztapalapa. This was the first simulation carried out in Mexico. The 

cover of this internal report is shown in Fig. 2.  

 

 
Fig. 2. Internal report titled Dinámica Molecular de Mancuernas Duras Vibrantes en Dos Dimensiones by G. 

A. Chapela, S. E. Martínez-Casas, R. H. Saavedra-Barrera and R. Soto. 
 

 

 

Professor Chapela and Sergio E. Martínez-Casas published the first molecular simulation article made 

in Mexico in an international Journal in 1983 [5].  

In the 80s and 90s, research performed in Mexico around Simulation and Molecular Theory, (SMT), 

was mainly based on the statistical mechanics methods. It involved predicting thermodynamic, dynamic and 
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structural properties from potential models, such as hard spheres, square well, Lennard-Jones or Yukawa 

interactions. The results of molecular simulations were used to both, testing statistical mechanics theories and 

understanding the effect that molecular interactions have on macroscopic properties. Systems studied included 

liquids, electrolytes, colloids, polymers, among other applications. 

It is important to keep the community together, therefore, several efforts were made to promote theory, 

simulation, and experimental work. The Winter Meeting on Statistical Physics, where Professors Fernando del Río 

and Leopoldo García-Colín were promotors, has been organized continually for more than 50 years. The Meeting 

on Complex Fluids in San Luis Potosí was pioneered by Professor Magadaleno Medina Noyola and his group and it 

has been organized for more than 30 years. Professor José Alejandre organized in 1998 an international meeting at 

the Instituto Mexicano del Petróleo in Mexico City, the event titled Simposio de Simulación Molecular y Técnicas 

Experimentales en Problemas del Petróleo was attended for more than 200 participants. 

The importance of the SMT topic lies in the fact that there is currently better knowledge about the role 

played by molecular interactions, and it is viable to use the methodology to generate new knowledge and support 

technological innovation. In this sense, in industrialized countries, as a development strategy, research centers 

that use SMT methodologies have already been created. Explaining the physical phenomena of molecular 

systems from the interactions of the constituent atoms based only on experimental data is incomplete because, 

in general, these data lack the resolution needed to attain atomistic detail. Therefore, in many cases, this is 

carried out through trial and error, which is expensive and requires a long time. 

Nowadays, the interactions can be obtained with quantum mechanics where electrostatic and polarization 

contributions can be included with or without chemical reactivity. Some of the computational methodologies are 

classical and ab initio molecular dynamics, Monte Carlo, mesoscopic dynamics, QM/MM, etc. 

Currently, thanks to the enormous advance in supercomputer development technology and molecular 

simulation methods, a wide range of complex problems in chemistry, physics, biology and engineering can be 

studied and understood at the molecular level. It is well known that the forces between atoms and molecules 

determine the physical and chemical properties of matter. With molecular simulation methods, the movement 

of molecules and the way they interact are studied. The application of these methods has allowed us to have a 

better knowledge of the role that these forces play in the description of a large number of physical phenomena. 

It is estimated that they can impact the development of areas such as health (design of better drugs), energy 

(materials to transport and store fuels more efficiently, biofuels, renewable materials such as lithium batteries, 

solar cells) and the environment (friendly solvents, separation and storage of contaminants). 

 

 

National Prizes of Sciences and Arts in Mexico 

 
In Mexico, 5 national prizes in physical-mathematical sciences have been awarded to researchers who have 

made important scientific contributions in the field of statistical mechanics and some of them also in molecular 

simulations.  

Leopoldo García Colín-Scherer - National Prize for Sciences and Arts 1988. He was interested in the 

study of statistical physics of nonequilibrium systems, nonlinear irreversible thermodynamics and its astrophysical 

and cosmological applications, hydrodynamics, superfluidity, and the glass transition. He was founder and professor 

of the Escuela Superior de Física y Matemáticas in Instituto Politécnico Nacional (IPN) in 1961, Universidad 

Autónoma de Puebla in 1964, the Facultad de Ciencias UNAM in 1967, Physics and Chemistry departments of 

UAM-Iztapalapa in 1974; he was subdirector of the Instituto Mexicano del petróleo in 1967, he was also researcher 

at the Nuclear Center Salazar (1966) and at the Instituto de Investigaciones en Materiales in UNAM in 1984. He 

published 52 articles and the most cited (Physics Reports 465 (2008) 149–189) has 104 citations. 

Alberto Robledo Nieto - National Prize for Sciences and Arts 2008. He simultaneously studied 

Chemical Engineering, Chemistry and Physics at UNAM. He completed his PhD in Statistical Mechanics at the 

Department of Theoretical Physics at the University of Saint Andrew, in Scotland. His valuable, original and 

varied contributions to knowledge in areas of physical chemistry within the framework of statistical mechanics 

stand out. For around 40 years he has taught courses in Facultad de Química and Facultad de Ciencias in UNAM. 

He has also developed the infrastructure used by the research groups of the thermophysics laboratory of Facultad 

de Química in UNAM. His specialty is statistical physics and his research frequently involves the description of 
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phase transitions in condensed matter. He has published around 200 articles and the most cited (Physical Review 

E 66 (4), (2002) 045104) has 153 citations. 

Marcelo Lozada-Cassou - National Prize for Sciences and Arts 2010. His scientific contributions can be 

divided into two groups: a) Development of the fundamental theory of many-body physics; b) Prediction of new 

physicochemical phenomena, which have subsequently been experimentally verified by other researchers. His work 

on the electrical double layer is widely recognized as pioneering for understanding the structure of inhomogeneous 

fluids. He also contributed to the development of fluid transport theories. His PME theory contributed to the 

understanding of charged particle electrophoresis, and significantly improved the theory of Wirsema, O'Brien and 

White. His works have been published in major and widely recognized textbooks for students; graduates in physical 

chemistry. It should be noted that he has generated basic scientific ideas that he later transformed into 19 international 

and 12 national patents currently in the process of industrial development at the IMP, under the premise of the 

connection between first-class science and effective attention to priority problems of the country. He has published 

121 articles and the most cited (Nanotechnology 13 (2002) 495–498) has 197 citations. 

Magdaleno Medina Noyola - National Prize for Sciences and Arts 2013. He has been focused on the 

study of the physicochemistry of complex fluids. His contributions have been at the forefront in the description of 

such properties in the context of colloidal suspensions and micellar solutions. His work includes important and diverse 

contributions both to theory in general and to the understanding of specific phenomena, including the theory of liquids 

and ionic fluids, works that were pioneers in a topic that currently constitutes a topic of great interest in physics. 

statistics. Regarding his contribution to the development of academic infrastructure, the formation of Statistical 

Physics groups at Centro de Investigación y de Estudios Avanzados (CINVESTAV) stands out in the 1980s. In 1984, 

he restarted the Advanced Summer School in Physics. He formed the Statistical Physics and Physiochemistry of 

Complex Fluids group of the Instituto de Física in Universidad Autónoma de San Luis Potosí, from which a small 

and excellent group of researchers emerged who have obtained important support, such as emerging fields and links 

with industry of the oil. He also highlights the Statistical Physics and Complex Fluids group at the University of 

Sonora. He has published 121 articles and the most cited (Phys. Rev. Lett. 60, 2705. 1988) has 196 citations. 

Fernando del Río Haza - National Prize for Sciences and Arts 2015. His research has contributed to 

the knowledge of the structure and thermodynamics of this system. His main research contributions form a 

coherent set, and can be separated into four groups: 1) the so-called square well model systems, 2) the theoretical 

equation of state of real substances, 3) the effective intermolecular potentials, and 4) the systems with Coulomb 

interaction. He is a researcher trainer with the direction of more than 40 doctoral, master's and bachelor's theses. 

Likewise, his teaching activity is manifested in several books and more than 150 courses taught. He has published 

87 articles and the most cited (Molecular Physics, 100(15). (2002),2531–2546) has 103 citations.  

All of them have promoted the development of science along the Mexican country. The information used 

to describe the activities that granted them the prize was taken from https://www.gob.mx/sep/acciones-y-

programas, https://www.webofscience.com and https://scholar.google.com. 

 

 

The birth of a molecular simulation group in Mexico 

 
Over the years the number of researchers and students in the molecular simulation field has increased. 

In 2009, Professor José Alejandre and Roberto López Rendón (†), his PhD student, organized the first Molecular 

Simulation Symposium at UAM-Iztapalapa. Professor Alejandre, who got his PhD under the supervision of 

Professor Chapela, was working in the Chemistry Department of that institution. The objective of the 

symposium was to promote the molecular simulation field among the Mexican community and learn about the 

state of the art in both methods and applications. The lectures were given by Mexican experts in theory of 

liquids and the classic methods of Molecular Dynamics and Monte Carlo. All the invited colleagues agreed to 

participate, and the event was held in one day. The talks were given in Spanish. The speakers were Professors 

Fernando del Río (UAM-Iztapalapa), Minerva González-Melchor (BUAP), Jorge López-Lemus (UAEMex), 

Gustavo A. Chapela (UAM-Iztapalapa), Pedro Orea (IMP), Ana Laura Benavides (UG), Humberto Saint-Martin 

(UNAM), José Alejandre (UAM-Iztapalapa), Gerardo Odriozola (IMP), Roberto López-Rendón (UAMex) and 

Gerardo Pérez (UAMC). The picture of the participants taken in the Cuicacalli Room is shown in Fig. 3. 

 

https://www.gob.mx/sep/acciones-y-programas/
https://www.gob.mx/sep/acciones-y-programas/
https://www.webofscience.com/
https://scholar.google.com/
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Fig. 3. Participants at the first Molecular Simulation Symposium at UAM-Iztapalapa in 2009. 

 

 

 

Given the great success with students and researchers in the field of molecular simulations in the first 

Symposium, Professor José Alejandre proposed to organize a Workshop in the summer and a Meeting on 

winter. In the Workshops, the basic aspects of the methodology and the use of highly parallel programs such as 

GROMACS, DL_POLY, LAMMPS and NAMD should be taught by national researchers who are experts in 

the field of molecular simulation. Participating students should carry out the computer experiments on their 

own computers. More information about the Workshops is given below. 

 

 

International meetings on molecular simulations in Mexico 

 
The main purposes of the Meeting are to promote research in molecular simulation in Mexico and 

establish collaborations with both, national and international researchers. Also, the Meeting is an opportunity 

that allows us gathering a group of people to share their research and knowledge about molecular simulations. 

The Meeting offers a series of lectures in which experts from Mexico and other countries present results and 

accomplishments of their research. There is also a poster session where members of the community, students 

and researchers, can discuss their results. The Organizing Committee has taken the initiative of gathering both 

academic and industrial experts in a common place, the aim of these meetings is to establish and understand 

problems which industry deal with in order to find out how molecular simulation methods can contribute to 

resolving them. Nowadays, with the great advances in computer technology and simulation methodologies, it 

is important for the productive sector that academics know the troubles in the industry and that industry knows 

the reaches of molecular simulations. In Fig. 4 a picture of the participants of the second Molecular Simulation 

Meeting at UAM-Iztapalapa in 2010 is shown. 

 

 
Fig. 4. Participants at the second Molecular Simulation Meeting at UAM-Iztapalapa in 2010. 
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The main objectives of the Meeting have been:  

1) Promote research in the field of Molecular Simulation in Mexico and establish scientific collaborations 

with national and international researchers. 

2)  Motivate graduate and postgraduate students to discuss their research. 

3) Promote the mobility of students and researchers between different institutions at a national and 

international level. 

4) Establish a national/international molecular simulation network. 

5) Grant recognition every two years to a national researcher in the field of Molecular Simulation. 

The number of national researchers, undergraduate and graduate students has increased with time. 

Noticeably in recent years, this has been reflected in the increase in research papers published in high-impact 

international journals. Given the high academic level of the Meetings, a special volume was published in the Journal 

of Molecular Liquids in 2012 with research results presented at the Meeting. There is also a poster session where 

students at different levels and young researchers participate. In 2015, The Journal of Chemical Theory and 

Computation awarded $250 usd to each of the three best posters of the Meeting thanks to the initiative of Professor 

Julián Tirado-Rives and his wife, MsC Patricia Morales de Tirado, for get these important supports. This award 

helped raise the level of content of around 40 works presented. The jury has been made up of national and 

international researchers. The winners are normally graduate students. The award, academic and economic, is a 

good incentive to continue working in this field. The names of the winners and the title of their works are given in 

Table 1. In Fig. 5 the winners of the Poster session in the 7th Meeting on Molecular Simulations in 2015 can be seen. 

 

Table 1. Name of the poster winners in the Meetings of Molecular Simulations from 2015. The years 2020 and 

2021 the Meeting was not organized because the COVID pandemia. 

Meeting Name Institution Title of the work 

7th in 

2015 

Sandra Guadalupe 

Hernández Ríos 
UASLP 

A comparison of different force fields for calculating 

[C4MIM][BF4] vapor-liquid equilibria using molecular 

simulations 

Janett Torres Ruíz IPN 
Evaluación in silico de posibles inhibidores terapéuticos 

contra el virus de la rabia 

Alexander Pérez 

de la Luz 
UAM-Iztapalapa Re-parameterizing a force field for formamide molecule 

8th in 

2016 

María del Rosario 

Eustaquio-

Armenta 

BUAP The line tension of an ionic fluid 

Sandra Acebes 

Barcelona 

Supercomputing 

Center, Spain 

In silico Rational Enzyme Engineering of Manganese 

Peroxidase through Biophysical and Biochemical 

Modeling 

Jorge Alberto 

Aguilar-Pineda 
UAM-Iztapalapa 

Reparameterization of force fields for nitrogen 

compounds in liquid phase 

10th
 in 

2018 

Ana Beatriz 

Salazar Arriaga 
IIM-UNAM 

Desorption of alkanes from a graphite surface produced 

with different surfactants: anionic and betaine by 

Molecular Dynamics 

Minerva Valencia IIM-UNAM 
CO2 capture using Na-Y siliceous type zeolite modified 

with SDS 

Jonatan Isaí 

Sánchez Sánchez 
BUAP 

Computational modeling of boron nitride nanotube 

applied to biomedicine 
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Meeting Name Institution Title of the work 

11th in 

2019 

Laura María 

Castro González 
UNAM 

Design of multifunctional antioxidants derived from 

sesamol 

Valeria García 

Melgarejo 
UAM-Iztapalapa 

Development of force fields for molecular fluids using 

explicit water 

Saúl Juan Carlos 

Salazar Samaniego 
BUAP 

Interaction information in threéparticle quantum systems 

and synergic effects 

12th in 

2022 

José Luis Godínez 

Pastor 
BUAP Orientational aspects of boron nitride nanotubes in water 

Christopher 

Aldahir Martínez 

López 

UG 

Understanding the Aluminum ion adsorption from 

anodizing wastewater on hydroxyapatite using 

Molecular Dynamic Simulation 

Oscar Olvera Neria 
UAM-

Azcapotzalco 

Structure prediction of insulin with mutations using 

AlphaFold 

13th in 

2023 

Luis A. Castillo-

Félix 
ITC 

Theorethical-experimental study of the rheological 

behavior of the ionic liquid 1-butyl-2,3-

dimethylimidazolium tetrafluroborate 

Sofía del Carmen 

Torres Revuelta 
IIM-UNAM 

Stability study of phospholipid vesicles, DPPC, with 

cholesterol for the transport of an insulin monomer: zeta 

potential and interactions of amino acid residues with the 

polar heads of phospholipids, a study with molecular 

dynamics 

Ana Beatriz 

Salazar Arriaga 
IIM-UNAM 

Aplicación de campos eléctricos en la fisicoquímica de 

la desorción de una mezcla de hidrocarburos y 

tensoactivos: Dodecilsulfato de sodio (SDS), sobre 

grafito: un estudio por dinámica molecular 

Fig. 5. Winners of the Poster session in the 7th Meeting on Molecular Simulations in 2015. From left to right. 

Alexander Pérez de la Luz (UAM-Iztapalapa), Patricia Morales de Tirado (JCTC), Julian Tirado-Rives (Yale 

University, USA), Sandra Guadalupe Hernández Ríos (UASLP) and Janett Torres Ruíz (IPN). All of the 

winners were awarded with a prize of $250 usd provided by the Journal of Chemical Theory and Computation. 
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The Meeting is organized in two and half days. The number of conferences is around 15 given by 

around 4 researchers from other countries, 7 consolidated Mexicans researchers and 4 graduate/postdocs 

participants. The guests speakers have come from different countries such as: United States, Spain, England, 

Germany, Ukraine, Portugal, Canada, Peru and Chile. 

The information of the Meetings can be found in the web page https://www.dci.ugto.mx/~molsim. In 

Fig. 6 attendees to the 7th Molecular Simulation Meeting in 2015 are shown. 

Fig. 6. Participants at the 7th Molecular Simulation Meeting in 2015. The photo was taken in front of the 

Cathedral in the Zócalo of Mexico City. 

Professor José Alejandre was the organizer of the first Meeting on Molecular Simulations in 2009, 

since then, he has been member of all the Meetings celebrated anually until 2023. The year 2021 y 2022 the 

Meeting was cancelled because the COVID pandemic. The number of organizers has increased with time. In 

2024, the Meeting is being organized by Professors Jorge López-Lemus (UAEMex), Edgar Núñez-Rojas 

(CONAHCyT-UAM), Omar Castrejón (ITC), Héctor Domínguez-Castro (UNAM), Cesar Millán-Pacheco 

(UAEM), Susana Figueroa Gerstenmaier (UG), Alexander Pérez de la Luz (UAM), Francisco Alarcón Oseguera 

(UG) and José Alejandre (UAM). See also Fig. 7. The members of the Organizing Committee in previous years 

can be found in web page https://www.dci.ugto.mx/~molsim. 

Fig.7. The institutions where the Organizing Committee work for. 

Molecular Simulation prize. Being part of a community 

The Selection Committee to evaluate the proposals of the simulation community to award the prize to 

a researcher for the next Meeting are the last three winners of the simulation prize. The prize is awarded every 

two years during the Meeting to a national researcher whose research area is molecular simulation and who has 

made relevant scientific contributions in that field. The training of students and the promotion of molecular 

simulation in Mexico and abroad are also considered. The Prize consists of a diploma given during the special 

dinner of the event. 

https://www.dci.ugto.mx/~molsim
https://www.dci.ugto.mx/~molsim
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Prizes have been awarded to UAM-Iztapalapa researchers: Professors Gustavo A. Chapela in 2010, 

Fernando del Río in 2012 and José Alejandre in 2014. Professor Alejandro Gil-Villegas from Universidad de 

Guanajuato, Campus Leon, was awarded in 2016. In 2018 the prize was received by Professor Héctor 

Domínguez from UNAM and finally, the last prize was awarded to Professor Ramón Castañeda Priego from 

Universidad de Guanajuato , Campus Leon, in 2022. In 2020 there was not prize because the Meeting was not 

organized due to the Covid pandemic. Fig. 8 shows the winners of Molecular Simulation Prize. 

Fig. 8. Winners of the prize of the Molecular Simulation Meetings. From lef to right: Professors José Alejandre, 

Gustavo A. Chapela, Fernando del Río, Héctor Domínguez, Ramón Castañeda and Alejandro Gil-Villegas. 

Picture was taken during the 12th Meeting organized in the hotel NH in the center of México City (2022). 

Funding. Paying is not a simulation 

The Meetings have been organized thanks to the high interest of the Organizing Committee. Sometimes 

they have to pay their own expenses and also those of their students. The División de Ciencias Básicas e 

Ingeniería from UAM-Iztapalapa has given us financial support for all the Meetings. The support has been used 

to pay accommodation and transportation for some students and invited speakers. In some cases, the Rectoría 

of UAM-Iztapalapa and Rectoría General have also supported us. In years 2012, 2013, 2014 and 2018 

CONAHCyT approved financial support to organize the corresponding Meeting on Molecular Simulations. It 

was possible to pay accommodation and transportation for most of students and invited speakers. The number 

of participants grew significantly during those years. In the last three meetings we have been forced to charge 

a registration fee to recover part of the expenses. 

In general, in Mexico, university academic programs do not include mandatory molecular simulation 

courses. In some of them, the students can take optional courses given by their thesis director in most of the 

cases. That is one of the reasons why the organization of these Meetings is important. The students and 

researchers have the opportunity of knowing the state of the art research that is being doing in this field. The 

financial support allows to increase the number of participants. 

National workshops on Molecular Dynamics 

Professor Alejandre has always been concerned in providing students with updated information on the 

methodologies to undertake scientific investigation either on the theoretical basis of the molecular modeling 

and simulation techniques, the development of molecular models and computational algorithms or even their 

application to provide mechanistic explanations of specific physicochemical phenomena in condensed phases, 

in terms of the motions and interactions of the constituent molecules. This urge enticed him from the very first 
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Meeting on Molecular Simulation (MMS 1, 2009), to propose that the event should encourage students not only 

to present their own research, but also to learn more about the topics relevant to the field; thus, a first session 

of the event was devoted to three two-hour lectures on (1) the foundations of calculations of electronic structure, 

(2) the foundations of molecular dynamics simulations and (3) a “hands-on” workshop in which the students

would get to perform some actual computations of simple systems.

Whereas the first two subjects can be taught in a standard, conventional manner, the third one posed a 

significant challenge as it requires adequate computers, computer codes and, most importantly, some previous 

knowledge on “computer handling” from the students. Despite this difficulty, the proposal’s success can be 

gauged by the enthusiastic participation of tens of students. However, it became clear that the attendees had 

various levels of knowledge and skills, leading to a wide variety in the benefits that they could get from the 

experience. It also became clear that the subjects relevant to molecular modeling and simulation were not part 

of any curricula in Chemistry or Physics in Mexico. 

As a consequence, and at Professor Alejandre’s initiative, the project of a Taller de Dinámica 

Molecular (TDM, Workshop on Molecular Dynamics) was born with the aim of grouping as many colleagues 

as possible, who worked on the disciplines of molecular modeling and simulation and were convinced of the 

necessity of sharing and extending the knowledge they got from abroad, as well as the convenience of 

constituting a Mexican community firmly based on preparing new generations of scientists with the ability to 

undertake what is now known as multi-, inter- and transdisciplinary research in molecular science, combining 

the traditionally separate disciplines of biology, chemistry, computational science, mathematics and physics to 

pursue the understanding of complex phenomena in the terms described above. 

The first TDM took place from July 25th to 29th, 2011, hosted by the colleagues at Universidad de 

Guanajuato (UG), see Fig. 9, led by Professor Ana Laura Benavides who was the main organizer of the 

workshop. The attendees were mainly the students of the instructors who lectured at that time. It is worth to 

mention that each lecturer and each attendee covered his own expenses regarding housing and food. While UG 

provided the halls, general logistics and coffee, cookies were a generous contribution from Professor Benavides. 

Each attendee was asked to bring along his own computer. Each instructor provided the programs and input 

data files required for his lecture by means of a memory key. All the software used in the workshops has been 

Open-Source code. The attendees were distributed in three groups according to their own appreciation of their 

level: beginners (B), intermediate (I) and advanced (A). 

The TDM was hosted by UG until 2013, then moved to Cuernavaca where Professor César Millán, 

from Facultad de Farmacia at Universidad Autónoma del Estado de Morelos (UAEM), and Professor 

Humberto Saint-Martin, from Instituto de Ciencias Físicas (ICF) at Universidad Nacional Autónoma de México 

(UNAM), undertook the organization with the help of colleagues from BUAP, UAM, UG, UNAM and 

Tecnológico Nacional de México (TecNM). Fig. 10 shows participants of the 4th TDM held at the ICF, UNAM. 

Younger colleagues from Universidad de Guadalajara are now in the Organizing Committee. 

The polls that were conducted in the first six TDM’s showed the need to include new topics in the 

Program; ever since, the subjects to be covered have been updated every year so that the TDM currently includes 

state of the art topics with a high demand from new communities, such as students and researchers in 

Biochemistry and Pharmacy. The evolution of the TDM is summarized in Table 2, from the original three 

groups (B), (I) and (A) to those added in 2017, when the (I) was eliminated: (Ap) applications in general 

physical chemistry; (P) “programmers”, for attendees interested in developing force fields and algorithms, as 

well as in parallel programming; (BF) applications of molecular modeling and simulation to Biochemistry and 

Pharmacy; (QM) for those interested in classical molecular dynamics of atoms moving in the potential energy 

of the electrostatic repulsion between nuclei and the potential energy computed from “on-the-fly” electronic 

structure calculations. 

It is worth to mention that the highest demand from the TDM is for the groups of beginners and of 

applications to biochemistry and pharmacy. More modern topics, such as ab initio molecular dynamics, have 

also been considered; courses in the use of Machine Learning techniques and the use of Artificial Intelligence 

will be included as of 2025. 

The event was financially supported by ICF in 2014. From 2015 to 2018, additional funding was 

provided by the Government of the State of Morelos, through the now extinct Secretaría de Innovación, Ciencia 

y Tecnología (SICyT-Morelos), and by the Mexican Federal Government through the also now extinct Special 

Program to Support Scientific, Technological and Innovation Activities from Consejo Nacional de Ciencia y 
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Tecnología (then CONACyT, now CONAHCyT). This funding is labeled as “Full” in Table 2. Fig. 11 shows 

participants of the 8th TDM held at the ICF, UNAM, Cuernavaca, Morelos in 2018. 

The change of both the State and the Federal governments entailed the extinction of the escrows for 

scientific projects, thus a much more limited access to funds for all scientific activities; a solution had to be 

found to keep the TDM going. The Organizing Committee decided to charge a fee starting in 2019, that should 

cover all housing and meal expenses for the lecturers and attendees. The results vastly surpassed the 

expectations, to such an extent that a surplus was obtained and allowed the whole TDM to be held at the same 

location where the attendees were lodged. This is labeled as “Self” in Table 2. 

The 10th TDM had to be delayed for one year, due to the “confinement by COVID” in 2020; it was 

performed online in 2021 and the invitation was successfully extended to other Spanish speaking countries, mainly 

in Latin America. The fee was then used for Zoom accounts and for the use of remote computing. Fig. 12 shows 

a snapshot of a screen with online participants during the 10th TDM in 2021. Though the number of attendees was 

cut down to less than 25% of the 8th and 9th TDM’s, the event is still ongoing and expected to grow again. 

Table 2. The twelve TDM workshops that have taken place since 2011; due to the COVID confinement, the 

event was not done in 2020. The asterisk (*) in the number of attendees indicates an estimate. The next TDM 

has the “lucky number” 13, that should result in a vigorously renewed event. 

No. Year Dates Place Groups 
No. 

Attendees 

Financial 

support 

1 2011 July 25 to July 29 Guanajuato B, I, A No 

2 2012 August 20 to August 24 Guanajuato B, I, A No 

3 2013 August 5 to August 9 Guanajuato B, I, A No 

4 2014 July 28 to August 1 Cuernavaca B, I,  A 60* ICF 

5 2015 July 27 to July 31 Cuernavaca B, I, A 80 Full 

6 2016 July 25 to July 29 Cuernavaca B, I, A 171 Full 

7 2017 July 31 to August 4 Cuernavaca 
B, A, Ap, P, 

BF 
190 Full 

8 2018 July 30 to August 3 Cuernavaca 
B, A, Ap, P, 

BF 
200* Full 

9 2019 July 29 to August 2 Cuernavaca 
B, A, Ap, P, 

BF 
200* ICF+Self 

* 2020 COVID None 

10 2021 August 2 to August 6 Online 
B, A, Ap, P, 

BF 
45 Self 

11 2022 August 1 to August 5 Online 
B, A, Ap, P, 

BF, QM 
61 Self 

12 2023 
November 20 to November 

22 
Hybrid 

B, A, Ap, P, 

BF, QM 
60* Self 

13 2024 June 24 to June 28 Cuernavaca In progress Self 
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Fig. 9. Lecturers and attendees to the 1st TDM, Universidad de Guanajuato, 2011. 

Despite the difficulties, it is now clear that the event will keep attracting the interest of future 

developers and users of molecular modeling and simulation techniques. Moreover, several former alumni have 

volunteered to lecture on their own areas of expertise, all related to molecular sciences, and provided the TDM 

with a continuous renewal of topics. That is to say, the new generations are keenly aware of the relevance of 

the field and willing to contribute to its progress by updating not only the topics to be taught, but also how 

communication with colleagues is established throughout the Spanish-speaking communities, for instance, a 

Facebook group is already available at https://www.facebook.com/groups/144556469018023 

Fig. 10.  Lecturers and attendees to 4th TDM, Cuernavaca, 2014. 

Fig. 11. Lecturers and attendees to 8th TDM, Cuernavaca, 2018. 
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Fig. 12. Lecturers and attendees to 10th TDM, online, 2021. 

Computer Simulations in the world, Mexico and at UAM 

In Fig. 13 it can be observed the number of articles published in the world, in Mexico and in UAM 

organized per decades. Topics searched in the Web of Science were Molecular Dynamics and Monte Carlo 

Simulations [6]. In Fig., decades are defined with the initial year. It was considered as the first molecular 

simulation article J. Chem. Phys. 27, 1208 (1957) by B. J. Alder and T.E. Wainwright in 1957. It is interesting 

to note that throughout the world there was a great advance in molecular simulation research from 1990 to 1991 

and these years coincide with the development of the LINUX operating system [7]. Also, in 1991, with Java, 

object-oriented programming began to be relevant in the field of computing [8] and the Gopher protocol was 

created at the University of Minnesota; this is an internet system that preceded the world wide web [9]. 

In Fig. 13 it can be seen that the production of Molecular Dynamics articles in Mexico is 1% of the 

world and that, in turn, the articles production of UAM is 10% of Mexico's production. In the case of Monte 

Carlo articles, the trend is the same, however, the production of articles about MC, in general, is lower than that 

of MD articles. 

Fig. 13. Number of articles per decades in the world, in Mexico and at UAM. The information is extracted from 

Web of Science where the legends "Molecular Dynamics" and "Monte Carlo simulations" were searched. 
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Molecular Dynamics and Monte Carlo simulations articles production of different 

countries and Mexico 

In the Fig. 14 it can be observed the global production and two examples of countries that produce more 

than a half of the molecular dynamics articles in the world. Decades are denoted as it has been already described. 

These countries are the United States of America and China, which, as can be seen in the Fig., had considerable 

growth starting in 2011. On the other hand, the United States has been increasing its production constantly. 

With a production equivalent to around 10 % of world production we have Spain, Canada and Brazil. 

Finally, as it has been already explained in Fig. 13, we present three countries whose production is, on average, 

1 % of world production, these countries are Argentina, Chile and Mexico. 

The trends in Monte Carlo articles are presented in the right panel of Fig. 14 and they are similar to 

those shown in the previous figure. 

Fig. 14. Number of articles by decade in the world and different countries. The information is extracted from 

Web of Science where the legend Molecular Dynamics was searched, left panel. The Monte Carlo search are 

shown in the right panel. The number of supercomputers, NSC, within the TOP500 ranking in 2023 that every 

country had is shown in the figure. 

Supercomputing in the world. May the power be with us 

The development of computer simulations requires the use of high performance computers. How are we in 

Mexico compared with other countries? The TOP500 project ranks the world’s fastest computers twice a year from 

1993 [10]. Fig. 15-A shows countries that have high-performance computers measured in peta-FLOPS (a peta-flop 

means 1015 floating point operations per second) since November 2006. Currently, the United States has the largest 

number of supercomputers on the list, with 161 machines. As of November 2006, the United States had 306 

supercomputers, as it was on a downward trend of machines until 2021; the decrease in the number of supercomputers 

and the increase in the production of simulation articles (see Figures 13 and 14) may be due to the efficient use of 

computational resources. The European Union is in second place with 112 machines, in recent years it has a constant 

trend in the number of machines, but as of 2021 it shows an increase in the number of machines. China is in third 

place with 104 machines, but in 2006 it only had 18 and in 2010 it had 228 machines. As of 2020, China has had a 

decrease in the number of machines. Countries such as: Canada, Brazil and Spain have a smaller number of high-

performance machines than the US and China. While Mexico practically does not have a high-performance machine 

since 2017, see Fig. 15-B. In 2007 China had 9 supercomputers in the rank TOP500 in 2007 then went to around 230 

in 2019, an increase of 25 times in 12 years. Finally, in 2023 they have around 100. It is probably that because the 

new computers are faster than the older the calculations are performed in less time. That might the same situation in 

USA. Although Argentina and Chile do not have a significant presence in the number of supercomputers in the world, 

their production of simulation work is comparable to that of Mexico (see Figures 13 and 14). By analyzing articles 
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from 2022 and 2023, it can be seen that this advance in production may be due to collaborations with research groups 

from other countries such as France, Germany, USA and India. 

In Mexico we have the Delta Metropolitana de Cómputo de Alto Rendimiento formed by UNAM, UAM 

and CINVESTAV (IPN). The idea was to connect the computers of the three institutions, but for some reason it is 

not working. It seems that even putting together the three computer the TOP500 ranking is not reached. The 

information provided in this work is useful to understand how is the supercomputing development in Mexico. 

Without powerful computers not only the molecular simulation community is affected but also other areas of 

knowledge as electronic structure, astronomy, etc. 

Fig. 15. Number of supercomputers in several countries as a function of time. (A) USA, China and Europe. (B) 

China, Canada, Spain, Brazil, Argentina and Mexico. 

Molecular Dynamics and Monte Carlo simulations in Mexico 

In Fig. 16 the distribution of molecular dynamics articles production is presented for decades indicated 

in Mexico. It is interesting to observe that in the first decade (1984-1993) in Mexico there were only seven 

institutions performing Molecular Dynamics simulations. Also, from 1984 to 2003 UNAM published most of the 

half articles of the molecular simulations field; on this period, UAM was in second place publishing molecular 

dynamics articles. In the decade 1994-2003 several institutions began to work in the field, mainly UG, UAEM, 

UANL, UASLP and UMSNH. These institutions have had presence in the las three decades. Also, from 2004 IPN 

started to increase its production. From 1994 to 2013 the IMP made an important contribution to the production 

of molecular dynamics articles, however, from 2013 to 2024 this contribution decreased significantly. 

Fig. 16. Distribution of the articles production of different Mexican institutions. The search was Molecular Dynamics 

in the Web of Science. The results are given periods of ten years. The number of articles per decade is: (45:1984 to 

1993), (350:1994 to 2003:), (940:2004 to 2013) and (2037:2013-2023). The total number of articles is 3372. 
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In Fig. 17 the distribution of Monte Carlo simulations articles production is presented for decades 

indicated in Mexico. In the decade from 1984 to 1993 there were only five institutions publishing articles on 

this topic, UNAM, IPN, UAM, CINVESTAV and UASLP. From 1994 IMP, UG, UAEM and BUAP started to 

work and publish on this direction. 

Fig. 17. Distribution of the articles production of different Mexican institutions. The search was Monte Carlo 

simulations in the Web of Science. (27: 1984 to 1993), (336:1994 to 2003), (597; 2004 to 2013) and (726: 2013 

to 2023). The total number is 1686. 

Most cited articles of the Mexican molecular simulations community 

A list of articles in molecular simulation field by at least one Mexican author with more than 100 

citations is presented in Table 3. 

The molecular simulation community is still in its development stage. The first articles published in 

international journals in this area were developed in the 1980s. It is a relatively new subject. To evaluate the 

impact of the Mexican community in this field we decided to look for the articles with WofS citations greater 

than 100. The names of the Group leader in bold face letter, the number of citations, reference and doi for every 

of the highlighted papers are given in Table 3. A chronological analysis by topics is made with the following 

arbitrary classification: 

1. Purely theoretical investigations that use molecular simulations to compare their description of either

ideal or realistic systems, denominated as “Basic Theory” (BT) in Fig. 18. 

2. Development of algorithms and programs, ranging from MD engines to analysis tools (AP).

3. Design of novel molecular models and/or parameterizations of force fields (FF).

4. Applications to novel descriptions of various physicochemical phenomena and systems (PP) and,

due to its growing relevance and ongoing participation of researchers in biological sciences, a separate account 

was made for 

5. the use of MMS in describing biomolecular systems and looking for pharmaceutical drugs (BioPh).

The main journals where articules with more than 100 citations have been published are

J. Chem. Phys (15), Phys. Rev. E (6), J. Phys. Chem. B (5), Phys. Rev. Lett (3), Molec. Phys (2) and J.

Phys. A: Math. Gen (2).  Surface Science (2), Chem. Review (1), Nature (1), Structure (1) 

The first high-impact article dates to 1977, with the pioneering work of Professor Gustavo A. Chapela 

on describing a gas-liquid surface of a system of Lennard-Jones molecules through MD and Monte Carlo 

simulations, to provide computational and numerical support to simulations of complex systems of particles 

with a simple model of their interactions. 

Though research in different topics was undertaken by several Mexican groups, for the first years (1977 

to 1990), the most relevant was only on the use of MMS to validate basic theoretical work, as done by Professor 

Marcelo Lozada-Cassou, who used Monte Carlo simulations to validate several results from the hypernetted-

chain and mean-spherical integral equations, and Professor Magdaleno Medina-Noyola, with studies of the 
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electrical double layer and on the diffusion of solutes through various solvents. Professor Fernando del Río has 

made important contributions in the development of theoretical thermodynamics for liquids. 

Table 3. Group leader, first author, number of citations, references and DOI of molecular simulation articles 

published by Mexican researchers living in Mexico and having more than 100 citations. The DOI for article 

with (*) is: 10.1002/(SICI)1096-987X(19990415)20:5<511::AID-JCC4>3.0.CO;2-8. There are 32 group 

leaders shown in bold letters. 

Group 

Leader 
First Author Citations Reference DOI 

Alejandro 

Gil-Villegas 

Gil Villegas, A. 901 
J. Chem. Phys. 106,

4168–4186 (1997)
https://doi.org/10.1063/1.473101 

Amparo Galindo 347 

Molecular Physics, 

vol. 93, Issue 2, 

p.241-252 (1998)

https://doi.org/10.1080/00268979809482207 

Eduardo 

Buenrostro-

González 

222 
AIChE Journal; 

2004 , 50, No. 10 
https://doi.org/10.1002/aic.10243 

Amparo Galindo 189 

J. Phys. Chem. B

1999, 103, 46,

10272–10281

https://doi.org/10.1021/jp991959f 

Clare McCabe 118 

J. Phys. Chem. B

1998, 102, 41, 8060–

8069 

https://doi.org/10.1021/jp982331s 

José 

Alejandre 

José Alejandre 601 
J. Chem. Phys. 102,

4574–4583 (1995)
https://doi.org/10.1063/1.469505 

Mark E 

Tuckerman 
414 

J. Phys. A: Math.

Gen. 39 5629 (2006) 
https://doi.org/10.1088/0305-4470/39/19/S18 

Andrij 

Trokhymchuk 
407 

J. Chem. Phys. 111,

8510–8523 (1999)
https://doi.org/10.1063/1.480192 

Minerva 

González-

Melchor 

149 
J. Chem. Phys. 125,

224107 (2006)
https://doi.org/10.1063/1.2400223  

Pedro Orea 110 
J. Chem. Phys. 123,

114702 (2005)
https://doi.org/10.1063/1.2018640  

Raúl Fuentes-

Azcatl 
102 

J. Phys. Chem. B

2014, 118, 5, 1263–

1272 

https://doi.org/10.1021/jp410865y  

Chapela, 

Gustavo A. 

Gustavo A. 

Chapela 
353 

J. Chem. Soc.,

Faraday Trans. 2, 

1977,73, 1133-1144 

https://doi.org/10.1039/f29777301133  

https://doi.org/10.1063/1.473101
https://doi.org/10.1080/00268979809482207
https://doi.org/10.1002/aic.10243
https://doi.org/10.1021/jp991959f
https://doi.org/10.1021/jp982331s
https://doi.org/10.1063/1.469505
https://doi.org/10.1088/0305-4470/39/19/S18
https://doi.org/10.1063/1.480192
https://doi.org/10.1063/1.2400223
https://doi.org/10.1063/1.2018640
https://doi.org/10.1021/jp410865y
https://doi.org/10.1039/f29777301133
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Group 

Leader 
First Author Citations Reference DOI 

Garzon, 

Ignacio L. 

I. L. Garzón 363 
Phys. Rev. Lett. 81, 

1600 (1998) 
https://doi.org/10.1103/PhysRevLett.81.1600  

K. Michaelian 329 
Phys. Rev. B 60, 

2000 (1999) 
https://doi.org/10.1103/PhysRevB.60.2000  

Cecilia Noguez 288 
Chem. Soc. Rev., 

2009,38, 757-771 
https://doi.org/10.1039/b800404h  

José M. Soler 170 
Phys. Rev. B 61, 

5771 (2000) 
https://doi.org/10.1103/PhysRevB.61.5771  

Ignacio L. Garzón 117 
Phys. Rev. B 54, 

11796 (1996) 
https://doi.org/10.1103/PhysRevB.54.11796  

J. Jellinek 101 

Atoms, Molecules 

and Clusters 20, 239-

242 (1991) 

https://doi.org/10.1007/BF01543982  

Perez-

Aguilar, 

Jose 

Manuel 

Ge Fang 400 

NATURE 

COMMUNICATIO

NS (2018) 9:129 

https://doi.org/10.1038/s41467-017-02502-3  

G. Glenn

Gregorio
208 

Nature; 547(7661): 

68–73. (2017) 
https://doi.org/10.1038/nature22354  

Irina Kufareva 138 
Structure 22, 1120–

1139, 2014 
https://doi.org/10.1016/j.str.2014.06.012  

Yiming Zhao 128 

Nature 

Communications 

volume 7, 11221. 

(2016) 

https://doi.org/10.1038/ncomms11221  

Ascencio, 

Jorge A. 

M. José

Yacamán
381 

J. Vac. Sci. Technol.

B 19, 1091–1103

(2001) 

https://doi.org/10.1116/1.1387089  

H. E. Troiani 141 
Nano Letters 2003, 3, 

6, 751–755 
https://doi.org/10.1021/nl0341640  

J. A. Ascencio 125 
Surface Science 396 

(1998) 349-368 
https://doi.org/10.1016/S0039-6028(97)00689-4  

Ascencio J.A. 101 
Surface Science 447 

(2000) 73–80 
https://doi.org/10.1016/S0039-6028(99)01112-7  

Laura 

Dominguez 

Phuong H. 

Nguyen 
372 

Chem. Rev. 2021, 

121, 4, 2545–2647 
https://doi.org/10.1021/acs.chemrev.0c01122  

Christian Frantz 150 
J Cell Biol  . 2008 

Dec 1;183(5):865-79 
https://doi.org/10.1083/jcb.200804161  

https://doi.org/10.1103/PhysRevLett.81.1600
https://doi.org/10.1103/PhysRevB.60.2000
https://doi.org/10.1039/b800404h
https://doi.org/10.1103/PhysRevB.61.5771
https://doi.org/10.1103/PhysRevB.54.11796
https://doi.org/10.1007/BF01543982
https://doi.org/10.1038/s41467-017-02502-3
https://doi.org/10.1038/nature22354
https://doi.org/10.1016/j.str.2014.06.012
https://doi.org/10.1038/ncomms11221
https://doi.org/10.1116/1.1387089
https://doi.org/10.1021/nl0341640
https://doi.org/10.1016/S0039-6028(97)00689-4
https://doi.org/10.1016/S0039-6028(99)01112-7
https://doi.org/10.1021/acs.chemrev.0c01122
https://doi.org/10.1083/jcb.200804161
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Group 

Leader 
First Author Citations Reference DOI 

Galindo-

Murillo, 

Rodrigo 

Marie Zgarbová 333 

J. Chem. Theory

Comput. 2015, 11,

12, 5723–5736 

https://doi.org/10.1021/acs.jctc.5b00716  

Rodrigo Galindo-

Murillo 
301 

J. Chem. Theory

Comput. 2016, 12, 8, 

4114–4127 

https://doi.org/10.1021/acs.jctc.6b00186  

Rodrigo Galindo-

Murillo 
134 

Nucleic Acids 

Research, 43, 

11,2015, 5364–5376 

https://doi.org/10.1093/nar/gkv467  

Rodrigo Galindo-

Murillo 
118 

Biochimica et 

Biophysica Acta 

1850 (2015) 1041–

1058 

https://doi.org/10.1016/j.bbagen.2014.09.007  

Jose L 

Medina-

Franco 

Sabrina 

Castellano 
154 

J. Med. Chem. 2011,

54, 21, 7663–7677
https://doi.org/10.1021/jm2010404  

T Scior 142 

Curr Med Chem . 

2009;16(32):4297-

313 

https://doi.org/10.2174/092986709789578213  

Dirk Kuck 140 

Bioorganic & 

Medicinal Chemistry; 

18, 2, 2010, 822-829 

https://doi.org/10.1016/j.bmc.2009.11.050  

Maykel Cruz-

Monteagudo 
118 

Drug Discov Today . 

2014;19(8):1069-80 
https://doi.org/10.1016/j.drudis.2014.02.003  

Narender Singh 116 

J. Chem. Inf. Model.

2009, 49, 4, 1010–

1024 

https://doi.org/10.1021/ci800426u  

Koester, 

Andreas M. 
Matthias Krack 153 

J. Chem. Phys. 108,

3226–3234 (1998)
https://doi.org/10.1063/1.475719  

Jose L 

Rodriguez-

Lopez 

M. G. Méndez-

Medrano
227 

J. Phys. Chem. C

2016, 120, 9, 5143–

5154 

https://doi.org/10.1021/acs.jpcc.5b10703  

Grégory Guisbiers 158 
ACS Nano 2016, 10, 

1, 188–198 
https://doi.org/10.1021/acsnano.5b05755  

J. L. Rodríguez-

López 
127 

Phys. Rev. B 67, 

174413 (2003) 
https://doi.org/10.1103/PhysRevB.67.174413  

F. Aguilera-

Granja
100 

Phys. Rev. B 66, 

224410 (2002) 
https://doi.org/10.1103/PhysRevB.66.224410  

https://doi.org/10.1021/acs.jctc.5b00716
https://doi.org/10.1021/acs.jctc.6b00186
https://doi.org/10.1093/nar/gkv467
https://doi.org/10.1016/j.bbagen.2014.09.007
https://doi.org/10.1021/jm2010404
https://doi.org/10.2174/092986709789578213
https://doi.org/10.1016/j.bmc.2009.11.050
https://doi.org/10.1016/j.drudis.2014.02.003
https://doi.org/10.1021/ci800426u
https://doi.org/10.1063/1.475719
https://doi.org/10.1021/acs.jpcc.5b10703
https://doi.org/10.1021/acsnano.5b05755
https://doi.org/10.1103/PhysRevB.67.174413
https://doi.org/10.1103/PhysRevB.66.224410
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Group 

Leader 
First Author Citations Reference DOI 

Arturo 

Rojo 

Domínguez 

Leticia Arregui 227 

Microbial Cell 

Factories,18, 200 

(2019) 

https://doi.org/10.1186/s12934-019-1248-0  

Marcelo 

Lozada-

Cassou 

C Velasco-Santos 197 
Nanotechnology 13 

(2002) 495–498 
https://doi.org/10.1088/0957-4484/13/4/311  

Manuel Quesada-

Pérez 
192 

CHEMPHYSCHEM2

003, 4, 234-248 
https://doi.org/10.1002/cphc.200390040  

Marcelo Lozada‐

Cassou 
190 

J. Chem. Phys. 77,

5150–5156 (1982)
https://doi.org/10.1063/1.443691  

DOUGLAS 

HENDERSON 
161 

Journal of Colloid 

and Interface 

Science, 114, 1, 1986 

https://doi.org/10.1016/0021-9797(86)90250-X  

Enrique 

Gonzales‐Tovar 
149 

J. Chem. Phys. 83,

361–372 (1985)
https://doi.org/10.1063/1.449779  

Markus Deserno 119 

J. Phys. Chem. B

2001, 105, 44,

10983–10991

https://doi.org/10.1021/jp010861+  

Medina-

Noyola, M. 

M. Medina-

Noyola
195 

Phys. Rev. Lett. 60, 

2705 (1988) 
https://doi.org/10.1103/PhysRevLett.60.2705  

Magdaleno 

Medina‐Noyola 
146 

J. Chem. Phys. 73,

6279–6283 (1980)
https://doi.org/10.1063/1.440125  

Sosa-

Peinado, 

Alejandro 

Daniel-Adriano 

Silva 
183 

PloS Comput Biol 

7(5): e1002054. 

(2011) 

https://doi.org/10.1371/journal.pcbi.1002054  

Jose L 

Rivera 

José L. Rivera 177 
Nano Letters 2003, 

3, 8, 1001–1005 
https://doi.org/10.1021/nl034171o  

José L. Rivera 152 
Phys. Rev. E 67, 

011603 (2003) 
https://doi.org/10.1103/PhysRevE.67.011603  

José L Rivera 117 
Nanotechnology 16 

186 (2005) 
https://doi.org/10.1088/0957-4484/16/2/003  

D. Mckay a 114 

Journal of Solid State 

Chemistry 181 (2008) 

325–333 

https://doi.org/10.1016/j.jssc.2007.12.001  

Osorio-

revilla 

guillermo 

Tzayhri 

Gallardo-

Velázquez 

156 

Food Research 

International 42 

(2009) 313–318 

https://doi.org/10.1016/j.foodres.2008.11.010  

Ofelia G. Meza-

Márquez 
117 

Meat Science 86 

(2010) 511–519 
https://doi.org/10.1016/j.meatsci.2010.05.044  

https://doi.org/10.1186/s12934-019-1248-0
https://doi.org/10.1088/0957-4484/13/4/311
https://doi.org/10.1002/cphc.200390040
https://doi.org/10.1063/1.443691
https://doi.org/10.1016/0021-9797(86)90250-X
https://doi.org/10.1063/1.449779
https://doi.org/10.1021/jp010861
https://doi.org/10.1103/PhysRevLett.60.2705
https://doi.org/10.1063/1.440125
https://doi.org/10.1371/journal.pcbi.1002054
https://doi.org/10.1021/nl034171o
https://doi.org/10.1103/PhysRevE.67.011603
https://doi.org/10.1088/0957-4484/16/2/003
https://doi.org/10.1016/j.jssc.2007.12.001
https://doi.org/10.1016/j.foodres.2008.11.010
https://doi.org/10.1016/j.meatsci.2010.05.044
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Group 

Leader 
First Author Citations Reference DOI 

José M 

Vásquez-

Pérez 

Gerald Geudtner 154 
Comput Mol Sci, 

2012, 2: 548–555 
https://doi.org/10.1002/wcms.98  

Ortega-

Blake, Ivan 

Mauricio 

Carrillo-Tripp 
143 

J. Chem. Phys. 118,

7062–7073 (2003)
https://doi.org/10.1063/1.1559673  

Humberto Saint-

Martin 
114 

J. Chem. Phys. 113,

10899–10912 (2000)
https://doi.org/10.1063/1.1324711  

Dominguez, 

Hector 
H. Dominguez 127 

J. Phys. Chem. B

2000, 104, 22, 5302–

5308 

https://doi.org/10.1021/jp994479x  

Faustino 

Aguilera-

Granja 

J.M. Montejano-

Carrizales
122 

NanoStructured 

Materials, 8, 3, 169-

287,1997 

https://doi.org/10.1016/S0965-9773(97)00168-

2  

F. Aguilera-

Granja
100 

Phys. Rev. B 66, 

224410 (2002) 
https://doi.org/10.1103/PhysRevB.66.224410  

Mariano 

Lopez de 

Haro 

M. López de

Haro
125 

J. Chem. Phys. 78,

2746–2759 (1983)
https://doi.org/10.1063/1.444985  

Jose-

Manuel 

Martinez-

Magadan 

J. H. Pacheco-

Sánchez 
118 

Energy Fuels 2003, 

17, 5, 1346–1355 
https://doi.org/10.1021/ef020226i  

Santamaria, 

Ruben 

R. 

SANTAMARIA 
116 

J. Comput. Chem,

20, 5, 511-530

(1999) 

* 

Mendoza-

Huizar, 

Luis 

Humberto 

L.H. Mendoza-

Huizar
114 

JEAC, 521 (2002) 

95–106 
https://doi.org/10.1016/S0022-0728(02)00659-

9  

Martinez-

Guajardo, 

Gerardo 

Gerardo 

Martínez-

Guajardo 

111 
Chem. Commun., 

2011,47, 6242-6244 
https://doi.org/10.1039/c1cc10821b  

Diego Moreno 101 
Chem. Commun., 

2014,50, 8140-8143 
https://doi.org/10.1039/c4cc02225d  

Ramirez-

Solis, A. 

Bernard 

Kirtman 
110 

J Chem 

Phys  .128(11):11410

8 (2008) 

https://doi.org/10.1063/1.2885051  

Alejandro 

Ramírez-Solís 
102 

Inorg. Chem. 2004, 

43, 9, 2954–2959 
https://doi.org/10.1021/ic0351592  

https://doi.org/10.1002/wcms.98
https://doi.org/10.1063/1.1559673
https://doi.org/10.1063/1.1324711
https://doi.org/10.1021/jp994479x
https://doi.org/10.1016/S0965-9773(97)00168-2
https://doi.org/10.1016/S0965-9773(97)00168-2
https://doi.org/10.1103/PhysRevB.66.224410
https://doi.org/10.1063/1.444985
https://doi.org/10.1021/ef020226i
https://doi.org/10.1016/S0022-0728(02)00659-9
https://doi.org/10.1016/S0022-0728(02)00659-9
https://doi.org/10.1039/c1cc10821b
https://doi.org/10.1039/c4cc02225d
https://doi.org/10.1063/1.2885051
https://doi.org/10.1021/ic0351592
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Group 

Leader 
First Author Citations Reference DOI 

Ana Laura 

Benavides 
A. L. Benavides 107 

J. Chem. Phys. 144,

124504 (2016)
https://doi.org/10.1063/1.4943780  

Jesus 

Muñiz 
Jesus Muñiz 106 

Chem. Eur. 

J.2011,17, 368 – 377
https://doi.org/10.1002/chem.201001765  

Ramon 

Castaneda-

Priego 

Aaron P. R. 

Eberle 
137 

Phys. Rev. Lett. 106, 

105704 (2011) 
https://doi.org/10.1103/PhysRevLett.106.1057

04  

Aaron P. R. 

Eberle 
100 

Langmuir 2012, 28, 

3, 1866–1878 
https://doi.org/10.1021/la2035054  

Fernando 

del Rio 

FERNANDO 

DEL RIO 
103 

MOLECULAR 

PHYSICS, 2002, 

100, 15, 2531-2546 

https://doi.org/10.1080/00268970210132522  

Alvarez-

Ramirez, 

Fernando 

Fernando 

Alvarez-Ramírez 
101 

Energy Fuels 2013, 

27, 4, 1791–1808 
https://doi.org/10.1021/ef301522m  

Fig. 18. Number of articles in indexed journals with more than 100 citations (WofS) as a function of time 

(decades) published by Mexicans researchers from the 1970s to date. 

This changed in the next three decades (1991 to 2020), when molecular models, force fields and 

programs of Mexican origin started to be used to describe different physicochemical phenomena. Among others, 

it is worth mentioning the efforts by Professor Iván Ortega-Blake and his collaborators to use the interaction 

energies obtained from quantum calculations of electronic structure as “learning sets” to parametrize complex 

and sophisticated models for molecular dynamics simulations (see for instance the polarizable MCDHO water 

model [11]). Other lines of research to be highlighted are those of Professor José Alejandre to develop efficient 

codes to sample the isothermal-isobaric ensemble [12], on one hand, and to adequately consider long-range 

forces [13] to calculate correctly the surface tension of polar and ionic systems. 

  Research on biosystems and pharmaceutical drugs has become more relevant from 1991 to date, 

see Fig. 18, with relevant contributions by Professor Nina Pastor and Professor César Millán-Pacheco [14], as 

well as Professor Rodrigo Galindo-Murillo [15]. The application of molecular modeling and simulation to 

https://doi.org/10.1063/1.4943780
https://doi.org/10.1002/chem.201001765
https://doi.org/10.1103/PhysRevLett.106.105704
https://doi.org/10.1103/PhysRevLett.106.105704
https://doi.org/10.1021/la2035054
https://doi.org/10.1080/00268970210132522
https://doi.org/10.1021/ef301522m
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determine properties of nanoclusters and of materials also deserves to be remarked, mentioning the 

contributions of Professor Ignacio Garzón, see Table 3, and of Professor Miguel José Yacamán [16]. 

It is important to mention that Alejandro Gil-Villegas heads the list in table 3 with the article (Journal 

of Chemical Physics 106(10):4168-4186, (1997)), he was part of the research team that developed the Statistical 

Associating Fluid Theory for potentials of Variable Range (SAFT-VR). 

This shift to studies of bigger, more complex systems, has been possible due to access to high-

performance, number-crunching computers. Unfortunately for the community, this access has been 

compromised in the last six years because of restricted funding from the federal government. A new strategy 

must be found, otherwise Mexican contributions will be severely reduced. 

Leader researches in the SNI performing Molecular Dynamics simulations 

In Fig. 19 the SNI level of molecular simulation professors mentioned in Table 3 is described as a 

distribution. Here it is possible to observe that the most of professors have a level 3 while there is a significant 

number of emeritus professors. 

Fig. 19. Distribution of Sistema Nacional de Investigadores (SNI) levels in Mexican simulation research with 

more than 100 citations.  The total number of researchers is 32. 

Conclusions 

Since the beginning of molecular simulations in the 1950s to date, the progress in this field of research 

has been notable worldwide, from the point of view of publications, in 1957 two articles on Molecular Dynamics 

were published while in 2023 the figure is 31296  (WofS), this, of course, is directly associated with 

technological advancement in computing:  The United States of America, China, Germany and Japan have 

excellent supercomputing facilities and it is assumed that also a large number of researchers. They produce 

more than half of scientific articles in the world. It is interesting to see that China, in 2007 had around 10 

supercomputers in the TOP500 ranking and it increased to 230 in 11 years. The number of publications 

increased and surely also the number of researchers. Cleary, there is a correlation between the number of 

supercomputers and publications in every country. More computers, more researchers, more publications and 

more development. 

The research in molecular simulations in Mexico began around 30 years after the first molecular 

simulation work published in 1957. Professor Gustavo Chapela learned the methods in the United Kingdom in 

the 1970s and introduced them at UAM-Iztapalapa in the 1980s. Professor José Alejandre along with other 

Mexican researchers such as Professors Ana Laura Benavides and Humberto Saint-Martin have enthusiastically 

promoted the field through courses, conferences, Workshops and Meetings at the national and international 

level. The objectives set when the Meeting on Molecular Simulations was created have been largely met. The 

community collaborates in national and international projects. The number of students and postdocs in the field 

is growing up as it can be seen from the poster sessions of the Meetings on Molecular Simulations. New 
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members from different institutions are joined every year to the Organizing Committees which warrant the 

continuation of promoting this field in the country. The world knows the contributions made for the Mexican 

community in molecular simulations. The Journal of Chemical Theory and Computations has given several 

times economical support to award the best three poster in the Meetings. The prize of the Meeting has been 

awarded to 6 researchers with a high academic profile. There are around 32 leaders that have published articles 

with more than 100 citations (WofS) in several fields. The Journal of Molecular Liquids published a special 

issue with results presented in one of the Meetings. The research topics were grouped into five categories. It is 

shown that research is moving from the basic science, where statistical mechanics methods were used to study 

complex problems but with simplified models of molecular interactions, to much more complex systems in 

liquids, electrolytes, surfactants, polymers, ionic liquids, proteins, bilayers, etc. That trend probably is the same 

in other countries. 

In summary, the simulation community in Mexico is developing cutting-edge research and the number 

of students and postdocs in the field are increasing; however, budget limitations at public universities and 

research facilities have resulted in the scarcity of “tenure-track positions”; moreover, as the competition for a 

job is open to the international scientific community, the future may look gloomy for young Mexican 

professional scientists; thus novel and creative solutions have to be found. The private industry supports the 

molecular simulation research in developed countries; more efforts have to be put on convincing both Mexican 

and international investors, that it is worth supporting this field through projects and the hiring of postgraduate 

personnel. On the other hand, we also have to join efforts with colleagues that use supercomputers for scientific 

research, to convince governments that investing on basic and applied science and on high-power computing 

facilities will be profitable. We hope that, soon, the teaching of molecular simulation methods will increase the 

number of mandatory courses in disciplines such as chemistry, physics, biology and different types of 

engineering. The fact that in the last years several professionals who work for various industries have attended 

the TDM gives us a moderate, but justified optimism on the future. 
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Abstract. The solar thermochemistry laboratory of the Metropolitan Autonomous University was created in early 

1982 to promote the development of solar technology in our country. A decade ago, the priority objective of 

designing thermal energy storage systems that allow moderating the effects of intermittent solar radiation was 

proposed. This not only allows us to reduce the consumption of fossil fuels but also contributes to the mitigation 

of global warming by reducing carbon dioxide emissions. This paper highlights the benefits of research as a driver 

for advancing solar thermal technology and research efforts to develop heat storage systems. The work includes 

an overview of current thermal energy storage methods and their future projection. This work reports research 

developed with mixtures based on strontium carbonate doped with five compounds. The objective was to reduce 

agglomeration and sintering problems while significantly increasing the effective conversion and energy storage 

density. The experimental results demonstrate that the SrCO3+CaCO3 and SrCO3+SnO2 mixtures present better 

performance and stability than others. Finally, this article emphasizes the potential benefits of research, such as 

advancing solar technology, reducing carbon emissions, providing cleaner energy, and collaborating to address 

energy poverty. 

Keywords: Thermochemical energy storage; concentrated solar power; strontium carbonate; effective 

conversion; volumetric energy density. 

 

Resumen. El laboratorio de termoquímica solar de la Universidad Autónoma Metropolitana fue creado a 

principios de 1982 para impulsar el desarrollo de la tecnología solar en nuestro país. Hace una década se propuso 

como objetivo prioritario diseñar sistemas de almacenamiento de energía térmica que permitan moderar los efectos 

de la radiación solar intermitente. Esto no sólo nos permite reducir el consumo de combustibles fósiles, sino que 

también contribuye a la mitigación del calentamiento global al reducir las emisiones de dióxido de carbono. Este 

artículo aborda los beneficios de la investigación como motor para el avance de la tecnología solar térmica y los 

esfuerzos de investigación para desarrollar sistemas de almacenamiento de calor. El trabajo incluye una revisión 

general de los métodos actuales de almacenamiento de energía térmica y su proyección futura. Se reportan las 

investigaciones desarrolladas con mezclas a base de carbonato de estroncio dopado con cinco compuestos. El 

objetivo es reducir los problemas de aglomeración y sinterización, al mismo tiempo que aumentar 

significativamente la conversión efectiva y la densidad de almacenamiento de energía. Los resultados 

experimentales demuestran que las mezclas SrCO3+CaCO3 y SrCO3+SnO2 presentan mejor rendimiento y 

estabilidad que otras. Finalmente, este trabajo enfatiza los beneficios potenciales de la investigación, como el 

http://dx.doi.org/10.29356/jmcs.v68i4.2298
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avance de la tecnología solar, la reducción de las emisiones de carbono, el suministro de energía más limpia y la 

colaboración para abordar la pobreza energética. 

Palabras clave: Almacenamiento termoquímico; energía solar concentrada; carbonato de estroncio; conversión 

efectiva; densidad volumétrica de energía. 

 

 

Nomenclature 

 
C Heat capacity (J/K)  N Nth cycle 
c Specific heat capacity (J/kg·K)    Acronyms 
Dm Energy density (kJ/kg)  CSP Concentrating solar power 

Dv 
Volumetric energy density 
(GJ/m3) 

 
DNI Direct normal irradiance (kWh/m2/year) 

E Thermal energy (J)  EDS Energy Dispersive Spectroscopy  
g Gas  GHGs Greehouse gases 
G Gibbs energy (free energy) (kJ)  HoSIER High Radiative Flux Solar Furnace from IER-UNAM 
H Enthalpy (kJ)  HT High temperature 
K Equilibrium constant  HTF Heat transfer fluid 
Wh Watt-hora  IER Renewable Energy Institute 
m Mass (kg).  IIM Materials Research Institute 
p Pressure (Pa)  IRENA International renewable energy agency 

ρ Mass density (kg/m3) 
 

LACYQS 
The National Laboratory for Solar Concentration 
Systems and Solar Chemistry 

R Gas constant (8.314 J/mol⋅K)  LCOE Levelized cost of energy 
S Entropy (kJ/K)  LHS Latent heat storage 

s Solid 
 

LTQSUAM 
Solar thermochemistry laboratory at Metropolitan 
Autonomous University 

T Temperature (K)  PCM Phase change material 
T* Turning temperature  PV Photovoltaic 
Tm Melting temperature  SEM Scanning electron microscopy 
To Reference temperature  SHS Sensible heat storage 
Xeff Effective conversion  SOFC Solid Oxide Fuel Cell 
 Greek letters and subscripts  TES Thermal storage system 
ΔHR Reaction enthalpy (kJ/kg)  TGA Thermogravimetric analyzer 
λ Latent heat (kJ/kg)  TRL Technology Readiness Levels 
ξ Reaction yield  TQ Thermochemical 
δ Stoichiometric constant  UNAM National Autonomous University of Mexico 
cal Calcination  USD United States dollar 
car Carbonation  XRD X-Ray Diffraction 

 

 

Introduction 

    
The Solar Thermochemistry Laboratory was established at UAM-I in 1982. It is a leading and 

pioneer laboratory in the field of solar thermochemistry in Latin America. It has been recognized as a school 

of excellence in this study area for over forty years. Graduates from the laboratory have gone on to create 

their laboratories at other institutions, and we have been working to establish a research network to promote 

research on the use of concentrated solar energy for chemical processes. The primary focus of  this research 

is on thermal energy storage systems, producing clean energy vectors, and developing industrial chemical 

processes at medium and high temperatures using concentrated solar energy, such as oil coke gasification or 

cement or ceramics production. The research potentially benefits using solar energy at medium and high 
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temperatures, reducing carbon emissions, and providing cleaner and more constant energy sources that help 

mitigate global heating. 

Climate change is currently a priority and a critical situation that demands immediate resolution and 

political will. It is a global concern, and its mitigation should be the highest priority for all countries. 

Moreover, it poses a significant threat to global food security, sustainable development, and poverty 

eradication. The greenhouse gases (GHGs) produced by human activity are the primary driver of climate 

change [1]. Thermal and Power generation contributes substantial CO2 emissions and other gases to the 

environment, necessitating the exploration of new technologies to mitigate them [2]. Renewable energy 

sources like wind and solar power have been in used for years, offering a clean and sustainable way to 

generate electricity. However, they also present a challenge: their intermittent and unpredictable nature leads 

to fluctuations in the transmission and distribution of electrical energy. This is particularly true for solar 

energy, which exhibits day-night cyclicality, resulting in low plant factors. 

However, despite these challenges, solar energy has many applications that make it a valuable option 

for energy production. Photovoltaic systems (PVS) solar energy can be directly converted into electrical 

energy. Alternatively, concentrated solar power systems can convert solar energy into mechanical energy, 

which can then be used to generate electricity. Solar energy can also produce heat for various applications, 

such as passive heating of buildings, active heating of water or air, cooling, or industrial  processes [3,4]. 

Additionally, it can be used to produce solar fuels such as hydrogen, syngas, and kerosene [5].  

By harnessing solar energy's power, we can reduce our reliance on non-renewable sources and help 

create a more sustainable future. While solar energy may have its challenges, it offers many benefits that 

make it a valuable option for energy production. Solar thermal energy is an important renewable, abundant, 

and clean source. It is a resource that can be exploited to help replace fossil fuels. There are currently different 

technologies to make use of this renewable resource at its different levels of operating temperatures. In these 

technologies, evacuated tube collectors, collector heat pipes, and compound parabolic collectors are the most 

common for low-temperature flat plate collectors. The most currently used for high temperatures are 

parabolic troughs, followed by concentrated solar towers, and Fresnel and dish collectors represent a minor 

fraction. 

Scientific and technological research is essential to address the problem of intermittency in solar 

energy and promote its use as a clean energy source to reduce the impact of global warming. One of the most 

promising mechanisms to achieve this goal is to store thermal energy and then release it to an optimal 

temperature for a given application. Although concentrating solar systems for solar power generation have 

been extensively tested in industrial thermal energy applications, they still suffer from low plant capacity 

factors, which limits their efficiency. Several solar thermal energy storage systems have been proposed based 

on the sensible heat of substances that can overcome the disadvantage of the intermittence of solar energy. 

Fig. 1 illustrates the importance of energy storage in meeting a specific power requirement most feas ibly. 

The loading and unloading operation of the storage is observed throughout the day. The discharge happens 

when the solar resource is insufficient or at night, while the load occurs when there is a surplus or the demand 

decreases [6-8]. 

Utilizing solar thermal energy in industrial processes is vital to achieving sustainable and 

environmentally responsible industrial operations. This renewable energy source harnesses the sun's 

abundant and inexhaustible heat to meet the substantial energy demands of various industrial sectors. As the 

global community intensifies its focus on reducing greenhouse gas emissions and transitioning towards 

cleaner energy sources, solar thermal technology emerges as a promising solution with significant potential 

for industrial applications. Scientific research has extensively explored the technical feasibility, economic 

viability, and environmental benefits of integrating solar thermal energy into industrial processes. IRENA 

(2012) [9] has highlighted the immense potential of solar thermal systems to provide process heat at high 

temperatures required by industries while reducing reliance on fossil fuels and mitigating carbon emissions. 

Examples of possible uses include steam generation, drying processes, and chemical reactions such as 

calcination processes in the cement industry. 
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Fig. 1. Function of thermal storage in a CSP plant. Adapted from [6-8]. 

 

 

 

Solar thermal technology encompasses various solar collectors and concentrating systems, each 

tailored to meet specific industrial heat requirements. Research by Romero et al. (2019) [10] has delved into 

the design, optimization, and performance analysis of various solar thermal collectors, including parabolic 

troughs, solar towers, and dish collectors, elucidating their efficacy in industrial heat generation. Furthermore, 

integrating thermal energy storage systems with solar thermal plants has garnered significant attention in 

scientific literature. Frazzica and Cabeza (2019) [11] and Palacios et al. (2020) [12] have explored advanced 

thermal storage materials and techniques, enabling the efficient storage and utilization of solar heat for industrial 

processes, thereby enhancing system reliability and flexibility. 

CSP is becoming competitive compared to other renewable energy systems, even with conventional 

fossil fuels. Solar thermal plants using central tower technology operate worldwide under two different 

schemes. The first scheme uses molten salts as a heat transfer fluid and energy storage system coupled to a 

steam turbine. The second scheme is like the first one but uses a gas turbine [12-14]. These operating schemes 

need high efficiencies to compete in the electricity market. Therefore, there is an opportunity to propose new 

power cycles and forms of thermal energy storage that can generate electricity at a lower cost per kWh. These 

new arrangements are expected to increase the global efficiency of solar-electrical power and the capacity 

factor, which is the number of hours of operation per year.  Fig. 2 shows how the number of storage hours 

affects the capacity factor for different solar concentration technologies. The graph illustrates the importance 

of having a high-efficiency storage system for these technologies. For instance, when it comes to central tower 

technology, without storage, the average plant capacity factor is around 30%. However, when the storage 

capacity is more than 10 hours, the plant capacity factor significantly increases to 77%. This means that with a 

more efficient storage system, the technology can become more competitive compared to other technologies. 

Nonetheless, there is still a need to improve thermal storage efficiency. 

There are 58 solar thermal power plants in operation, with the vast majority utilizing parabolic trough 

technology. While some plants use Fresnel and central tower technology, most use parabolic troughs. 

Furthermore, 38 solar thermal plants are currently under construction and mostly use parabolic trough 

technology. There are plans for additional plants in the future. It is critical to note that the focus is on lowering 

the levelized cost of energy (LCOE) to become more competitive with other clean technologies such as PV, 

wind, geothermal, and micro-hydro [15]. 

Various alternatives for energy storage are being researched to ensure availability during periods of 

insufficient solar resources, such as at night. The first central tower solar thermal power plants utilizing 

supercritical CO2 (sCO2) as a working fluid are anticipated to be operational by 2030. Simultaneously, research 

into new solar thermal energy storage solutions will continue. 
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Fig. 2. Capacity factor trends for CSP technologies by direct normal irradiance and storage duration, 2010-

2022. From [15]. 

 

 

 

Solar thermal energy storage systems can be categorized into three distinct technologies: sensible heat, 

latent heat, and chemical reaction heat. To gain a better understanding of each of these systems, the following 

section provides a brief explanation of each. 

This paper will provide an overview of our laboratory's latest work results. The first part presents a 

brief overview of the current state of thermal energy storage (TES), exploring its applications, plant 

technologies, materials, and state of research. Section 2 discusses various types of energy storage classified by 

storage duration, heat exchange type, and storage time interval, including a detailed analysis of the different 

technologies available for sensible, latent, and thermochemical energy storage. Section 3 presents the 

thermodynamics of reactions. Section 4 explains the materials and methods employed in the laboratory 

experiments studied in recent years. This section covers the materials selected for studying thermochemical 

storage, the methods of characterization and analysis, and the calculation of storage density and effective 

conversion. Lastly, section 5 outlines an outlook and conclusions. 

 

 

Thermal Energy Storage 

 
The storage of solar energy has been a great challenge, allowing for rapid development in materials 

and technologies that cushion daily variations in solar flux. However, these developments lead to new 

challenges in developing cost-effective materials and components. 

For more than four decades, the storage of solar energy has been a significant concern for the 

technological advancement of solar power systems. Over the years, several systems have been proposed to 

boost the efficiency of power plants [16-22] and other applications at lower temperatures. 

There are three forms of thermal energy storage: sensible, latent, and thermochemical heat, as 

illustrated in Fig. 3, which contains relevant information from the following references [23-27]. Among these, 

sensible heat is the most developed technology, but its drawback is its low energy storage density and 

temperature, which are not constant. Latent heat, on the other hand, is less developed but has a slightly higher 

energy storage density. The phase change energy involved in this process could be very attractive; deep research 

to find the material that covers the needed at a lower price is necessary. The most attractive solution, however, 

is chemical energy storage, which is currently under development. 
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Fig. 3. Mechanisms of thermal energy storage. Adapted from [23].  

 

 

 

The choice of thermal energy storage method depends on the operating temperature and the amount of 

thermal energy desired to be stored. Fig. 4 gives an idea of the applications of the three principles described. 

Currently, new materials and methods are being investigated to improve their performance and stability. 

 

 
Fig. 4. Operating temperature and thermal energy storage capacity. Adapted from [24]. 

 

 

 

For energy storage, the molten salt FLiNaK (46.5 % LiF, 11.5 % NaF, and 42 % KF) for sensible heat 

storage can reach temperatures up to 1003 K [21,28,29]. This temperature is compatible with the gas turbine 
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inlet temperature, which typically operates between 973 and 1273 K and is more efficient [30-32]. According 

to F. Crespi [33], the best-performing configuration is the Brayton cycle with partial cooling. However, such 

systems require an energy storage system with higher temperature and storage capacity per unit mass. 

Thermochemical storage has a higher energy density than sensible and latent heat energy storage, as shown in 

Table 1. Furthermore, it allows for a prolonged storage period, increasing the plant capacity factor and 

improving the hours of operation per year of a solar tower power plant. 

Table 1. Properties of different thermal storage medium. Adapted from [34-38]. 

Storage technologies 
Sensible heat 

storage 

Latent heat 

storage 

Thermochemical 

heat storage 

Storage shape Thermal Thermal Thermochemical 

Efficiency (%) 50 – 90 75 – 90 75 - 100 

Initial capital cost (USD/kW) (2020) 3400 – 4500 6000 – 15000 1000 – 3000 

Energy cost (USD/kWh) (2020) 0.1 - 13 10 - 56 8 - 100 

Energy storage density (kWh/m3) 25 100 ~500 

Energy storage density (kWh/kg) ~0.02 – 0.03 ~0.05 - 1 ~0.5 - 1 

Storage capacity (MW) 0.1- 300 0.1- 300 0.1 - 300 

Sensible energy storage materials and systems 

Sensible heat storage takes advantage of the thermophysical properties of materials, particularly the 

heat capacity of solids and liquids Although gases make it possible to store sensible heat, their storage capacity 

per unit volume is very small, so they are not considered in most applications. Sensible heat storage involves 

storing thermal energy by raising the temperature of a substance [39]. The total change of the internal energy 

of a material during a charging and discharging process is related to its storage capacity. The amount of thermal 

energy stored is a function of the specific heat capacity of the substance, the change in temperature, and the 

mass density, according to the relation: 

2

1

T

T
E m cdT=  (1) 

Solids have a greater thermal storage capacity than liquids; however, the latter can flow through pipes. 

The simplest example of sensible heat storage is buildings that are heated during the day due to solar radiation 

incident on their wall surfaces. The stored heat is released during the night to heat the interior of the building. 

Sensible heat can also be stored in sand and rocks. These systems are highly sustainable if the heat is taken 

from solar energy. Table 2 presents the thermophysical properties of solids used for sensible heat storage. 

Sensible heat storage in liquids is one of the most common for low-temperature applications; for 

example, at temperatures below 373 K, water is one of the most used fluids due to its high specific heat capacity 

(4.182 J/g K). Water has several advantages, including its non-toxicity. And non-flammable nature, high 

availability, and the potential to eliminate the need for heat exchangers when used as a working fluid in solar 

collectors. Liquid metals such as aluminum, copper, and lead can be used in sensible heat storage [40-42]. Its 

advantages are high thermal conductivity and density, but its cost is usually relatively high compared to other 

materials used for TES. 
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Table 2. Thermophysical properties of solids used in sensible heat storage. Data from [43]. 

Material 
Density 

(kg/m3) 

Specific heat 

capacity (J/kg K) 

Volumetric heat capacity 

(x106 J/m3K) 

Alumina spheres 3953 1157 4.574 

Aluminium 2710 896 2.428 

Basalt 3000 920 2.76 

Brick 1800 837 1.507 

Clay 1458 879 1.282 

Concrete 200 880 0.176 

Gabbro 2911 643 1.872 

Glass 2710 837 2.268 

Gravelly earth 2050 1840 3.772 

HT ceramic 3500 866 3.031 

HT concrete 2750 916 2.519 

Iron 7900 452 3.571 

Magnetite 5177 752 3.893 

Refractory bricks 3000 1150 3.45 

Sandstone 2200 712 1.566 

Slags 3770 912 3.438 

Steel 7840 465 3.646 

Vitrified asbestos 3120 1034 3.226 

Water 988 4182 4.132 

Wood 700 2390 1.673 

Zirconia 5999 597 3.581 

There are various alternatives for temperatures above 373 K but below 573 K, including thermal oils 

(synthetic, mineral, and organic), molten salts, and liquid metals. Some oils, such as Dowtherm and Therminol, 

are suitable for temperatures between 373 and 573 K. These can degrade over time and pose flammability 

problems. Concentrating solar plants use thermal oils, including vegetable oils. Synthetic oils are generally 

preferred over traditional mineral oils because they have better thermophysical properties (lower viscosity, 

higher thermal conductivity, and higher heat capacity) [40-42]. Barrasso et al. (2023) [44] present the 

thermophysical properties of some of the liquids proposed to store heat. Thermal oils have the advantage of a 

low vapor pressure compared to low-viscosity fluids. Their handling is relatively simple, and their storage is 
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carried out in tanks at lower pressure.  Table 3 shows the thermophysical properties of oils used as thermal 

storage media. 

When the temperature exceeds the limits of organic thermal oils, molten salts are used to store heat at 

temperatures of up to 823 K. Eutectic mixtures have been studied for sensible heat and latent heat storage for 

over forty years. Eutectic mixtures include the ternary mixture of salts, like Hitec, which is a eutectic mixture 

of water-soluble, inorganic salts of potassium nitrate, sodium nitrite, and sodium nitrate (53 % KNO3, 7 % 

NaNO3, and 40 % NaNO2), whose melting temperature is 415 K and used up to 727 K. The binary mixture of 

salts is widely used (60 % NaNO3 and 40 % KNO3) [44,45]. Sodium hydroxide, with a melting temperature of 

593 K, is usable up to 1073 K, highly corrosive, and difficult to contain at high temperatures; it is the second 

most used molten salt [12]. 

Table 3. Properties of liquids oils and molten salts to sensible Heat Storage capacity. Data from [12]. 

Substance Fluid 

Melting 

temperature 

[K] 

Temperature 

range [K] 

Density 

[kg/m3] 

Heat 

Capacity 

[J/kg K] 

Comments 

Calorie HT43 Oil - 283–588 888 2300 
Non-oxidizing at 

high temperatures 

Therminol 55 Oil - 291–588 672 2400 Density at 573 K 

Therminol 66 Oil - 282–618 770 2100 Density at 618 K 

Dowtherm A Oil 285 285–533 897 - 1043 2200 Eutectic mixture 

Hitec Molten salt 415 423–863 - 1550 -- 

Draw salt 

(50% NaNO3–

50% KNO3) 

Molten salt 779 523–863 - 1550 -- 

Sodium 
Liquid 

metal 
593 398–1033 927 1300 

Reacts violently 

with water and 

oxygen 

 Latent energy storage materials and systems 

A latent storage system (LTES) consists of a substance capable of undergoing a phase transition in the 

considered temperature range, and the supplied heat is stored as latent heat. The thermal energy is used to break 

the molecular bonds and allow the change of state (fusion-vaporization) without temperature variation: it is an 

endothermic process that accumulates heat, making it available later. The stored thermal energy is a function 

of the mass and of the latent heat of fusion of the substance, according to the relation: 
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E m= (2) 

where E = Stored energy, kJ; m = mass of material, kg;  =Latent heat, kJ/kg. To reach the melting temperature, 

a specific amount of sensible heat must be supplied. This energy will only be recovered when the material cools 

to its initial temperature. However, in a continuous system, this energy remains stored and unused. Some 

sensible heat is supplied to superheat the material after it has slightly melted. The equation is as follows: 

2

1
1 2

m

m

T T

T T
E m c dT c dT = + +

    (3) 

where c1 and c2 are the specific heat capacities at the initial and final phases, respectively, T1, T2, and Tm refer 

to the initial, melting, and final temperatures, respectively. Like sensible heat storage systems, latent heat 

storage presents unavoidable energy losses, even if the containers are properly thermally insulated. 

LHS systems are classified based on the type of phase change process involved, such as solid-solid, 

solid-liquid, solid-gas, and liquid-gas. However, the latter two transformations are not commonly used due to 

the complexities associated with volume changes, and solid-solid transformations have little associated heat. 

So, the most common option is solid-liquid transitions due to their high heat storage density and the minimal 

volume changes necessary for effective storage [46]. 

Phase change materials used to store heat in solid-liquid transitions can be classified into organic, 

inorganic, and eutectic materials, as reported in the references [46-48]. Fig. 5 shows the thermodynamic 

characteristics of thermal storage and some examples of these materials, and it contains relevant information 

from the following references [48-53]. 

Fig. 5. Phase change materials characteristics and some examples as thermal energy storage. Adapted from [48-53]. 

Table 4 presents the melting temperature and latent heat of some of the most common latent heat 

storage media materials. 

Eutectic refers to a mixture whose melting (solidification) point is lower than that corresponding to 

each component in its pure state. Eutectic mixtures have high stability in the liquid state, and their constituents 

are insoluble in the solid state. Eutectic mixtures can combine inorganic-inorganic, inorganic-organic, or 

organic-organic compounds. Table 5 shows the eutectic mixtures commonly used as sensible heat storage 

media. 
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Table 4. Melting temperature and latent heat of some of the most common materials used as latent heat storage 

media. Data from [52-54]. 

Category Material 
Melting temperature 

[K] 

Latent heat 

[kJ/kg] 

Organic 

Bees Wax 334.8 177 

Benzoic acid 394.7 142.8 

Cetyl alcohol 322.3 141 

Dyphenyl amine 325.9 107 

Glycerin 290.9 198.7 

Hydrophosporic acid 328 213 

Isomalt 420 275 

Pentaerythritol 460 255 

Phenol 314 120 

Polyethylene glycol 35000 341.7 166.9 

Polyethylene glycol 600 285.5 129.1 

Quinone 388 171 

Stearic acid 342 209 

Inorganic 

Ca(NO3)2 834 - 

CaCl2 6H2O 302 190.8 

CoSO4 7H2O 313.7 170 

KNO3 606 266 

LiClO3 3H2O 281 155 - 253 

LiNO3 526 - 

LiNO3 2H2O 303 296 

LiNO3 3H2O 293 189 

MgCl2 987 452 

MgCl2 6H2O 390 167 

Na(NO3)2 6H2O 330 169 

Na2 CO3 1127 275.7 

NaNO3 580 172 

NaOH H2O 337.3 273 
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Table 5. Eutectic mixtures commonly used as sensible heat storage media. Data from [55] 

Salt mixture 
Latent heat 

[kJ/kg] 

20Li2CO3+60Na2CO3+20K2CO3 (wt%) 279 

44 Li2CO3 + 56 Na2CO3 (wt%) 370 

52.1 NaCl + 47.9 CaCl2 (mol%) 155.6 

25 KCl + 29 NaCl + 66 CaCl2 (wt%) 245 

48 NaCl + 52 MgCl2 (wt%) 351 

24 KCl + 47 BaCl2 + 29 CaCl2 (wt%) 219 

80.5 LiF + 29.5 CaF2 (wt%) 820 

33.5 NaF + 66.5 NaCl (mol%) 533.8 

53.3 NaCl + 46.7 Na2SO4 (mol%) 232.3 

The materials that store latent heat must have specific thermophysical and chemical properties to 

perform their function adequately. Thermophysical properties: melting temperature in the operating range, high 

latent heat of phase transition per unit volume, high thermal conductivity of both phases, small volume change 

in phase transformation, low vapor pressure at operating temperature, high nucleation rate, and adequate 

crystallization rate. Chemical properties: long-term chemical stability, fully reversible solidification-melting 

cycle, compatibility with container construction materials, non-toxic, non-flammable and non-explosive to 

ensure safety, various authors have reported these criteria [53,56]. 

Most phase change materials do not fully meet those criteria. However, recent advances in the design 

of new materials for energy storage, including nanomaterials, have opened new possibilities for improving 

material performance [53]. 

Thermochemical energy storage; materials and systems 

Scientific literature extensively discusses reversible chemical reactions for thermochemical energy 

storage, and some of these references are [8,57-62]. These reversible reactions allow the accumulation of 

substantial energy in small amounts of matter that can be stored at room temperature for long periods and then 

released at high temperatures. This heat storage method is based on bidirectional endothermic and exothermic 

reactions. In the endothermic reaction, the thermal energy supplied to the system is stored in the chemical bonds 

of the molecules, while the exothermic reaction releases the stored thermal energy. The amount of thermal 

energy stored depends on the reaction enthalpy of the material, and the amount of matter involved in the process, 

as well as the yield of the reaction, according to the following expression: 

RE m H =   (4) 

An excellent example of a reversible reaction to store thermochemical energy is the dissociation of a 

metal sulfate [63] (MSO4) see Eq. 5. The sulfate dissociation reaction is carried out at high temperature in a 

reactor with an adapted solar concentration system that provides the heat necessary to carry out the reaction. 
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On the other hand, the product recombination reaction is exothermic and takes place in a heat exchange reactor 

where the stored energy is recovered. The temperature level that occurs in recombination is lower than that of 

the dissociation stage. The efficiency of thermochemical heat storage systems largely depends on the 

temperatures of both reactions, the reaction rate, and the conversion yield. 

1
4 2 22 RMSO MO SO O H + +  (5) 

Thermochemical systems are a viable option for storing thermal solar energy. However, several critical 

challenges still need to be addressed and overcome to reduce the adverse effects of sintering, agglomeration, 

loss of material porosity, and unstable material structure on conversion performance [63]. Structural stability 

techniques (supports), chemical spacers, composite materials, etc., can be used to reduce or mitigate the adverse 

effects described above. Therefore, we consider this research line crucial to promoting the widespread adoption 

of solar energy technology. 

Thermodynamics and materials for chemical heat storage 

Considering an isothermal and isobaric reactive process inside a closed system in mechanical 

equilibrium with the surroundings. Then, as the system reaches the thermodynamic equilibrium, the total Gibbs 

energy decreases continuously until it reaches a minimum value with respect to all possible changes at the given 

T and P, according to the following relation: 

( )
,

0
T P

dG  (6) 

Changes in the free energy of the system are compute with the relation: 

G H T S =  −  (7) 

In its natural state, the system tends to reach a state of lower energy and higher entropy. Lower energy is 

preferred because it will make the system more stable. 

Enthalpy fundamentally influences the number of bonds and bond-breaking forces in the reactants 

relative to the bonds formed in the products. 

Most common chemical reactions are exothermic in their natural direction. In an exothermic reaction, the 

reactants have a relatively high amount of energy compared to the products. As the reaction proceeds, energy is 

released into the environment. However, when an endothermic reaction is possible, the TΔS term is of fundamental 

importance to reach equilibrium. This means that chemical reactions to store thermal energy must have a positive 

ΔS. Therefore, reactions in which a greater number of moles of products are obtained with respect to one of the 

reactants are preferred, as well as reactions where a change occurs in the aggregation state of the species involved. 

When equilibrium is reached in a reversible chemical reaction, the reaction rate in one direction becomes 

equal to the corresponding reaction rate in the opposite direction. The equilibrium constant (K) is the ratio of the 

rate constants of each of these reactions. 

The equilibrium constant (K) of the system is determined from the standard Gibbs energy change: 

0 lnG RT K = − (8) 

0 0 lnH T S RT K −  = − (9)
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Considering the equilibrium condition of the system where the proportion of the concentration of products 

and reactants are the same, the pressure and temperature are constant, and no species are added or removed from the 

system, we can consider that K=1. In this situation, the turning temperature (T*) can be written as: 

*
0

0

H
 = T

S




(10) 

The turning temperature T* represents the operating temperature T at which a system can store and release 

heat. If the operating temperature of the system exceeds the turning temperature (T>T*), the equilibrium constant 

will be greater than 1 (K>1). Under these conditions, the standard enthalpy and entropy changes (ΔH°, ΔS°) are 

positive, which favors the endothermic reaction that stores energy. On the other side, when the operating 

temperature is lower than the turning temperature (T<T*), the equilibrium constant will be less than 1 (K<1). In 

this scenario, an exothermic or recombination reaction prevails and releases the accumulated energy. For example, 

in a thermochemical system intended to store heat at 1373 K and release it at 973 K, the value of T* must be within 

the range of approximately 973 K to 1373 K. Therefore, an initial analysis should focus on examining the relation 

ΔH°/ΔS° to identify reactions that have the potential to store and release heat at the desired temperature. 

In the context of energy storage systems, studying the thermodynamic properties of materials can help 

select the most suitable one based on the temperature of the thermal source [64]. Table 6 provides the 

thermodynamic properties and chemical reactions of some compounds used to store energy. 

Table 6. Thermochemical properties and chemical reactions of some compounds to store energy. 

Group 

reaction 
Reaction 

Turning 

Temperature 

[T*, K] 

Gravimetric 

energy storage 

density [kJ/kg] 

Reaction Enthalpy 

[kJ/mol] 

Oxides 

6Mn2O3 = 4Mn3O4 + O2(g) 1272.81 202.10 31.91 

2BaO2 = 2BaO + O2(g) 1157.61 432.64 73.26 

Rh2O3 = Rh2O + O2(g) 1246.99 982.14 249.28 

2V2O5 = 2V2O4 + O2(g) 1831.01 992.92 180.59 

2Co3O4 = 6CoO + O2(g) 1206.37 842.39 202.85 

2Mn3O4 = 6MnO + O2(g) 1974.14 850.61 194.63 

4CuO = 2Cu2O + O2(g) 1392.00 809.87 64.42 

2Li2O2 = 2Li2O + O2(g) 414.69 746.17 34.23 

6Fe2O3 = 4Fe3O4 + O2(g) 1675.14 496.38 79.27 

2MgO2 = 2MgO + O2(g) 478.34 380.20 21.41 

Cr5O12 = 2.5Cr2O3 + 2.25O2(g) 380.01 279.37 126.27 

2PtO2 = 2PtO + O2(g) 695.31 276.55 62.80 

2PbO2 = 2PbO + O2(g) 675.79 263.03 62.92 

2Sb2O5 = 4SbO2 + O2(g) 790.42 291.48 94.29 
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Group 

reaction 
Reaction 

Turning 

Temperature 

[T*, K] 

Gravimetric 

energy storage 

density [kJ/kg] 

Reaction Enthalpy 

[kJ/mol] 

Oxides 

6UO3 = 2U3O8 + O2(g) 944.24 123.18 35.23 

4MnO2 = 2Mn2O3 + O2(g) 802.13 480.87 41.81 

2Na2O2 = 2Na2O + O2(g) 1432.89 1596.17 124.47 

2SrO2 = 2SrO + O2(g) 661.38 281.93 33.72 

Tl2O3 = Tl2O + O2(g) 1118.11 424.22 193.76 

2TeO2 = 2TeO + O2(g) 1044.87 520.91 83.14 

SeO2 = Se + O2(g) 1401.06 1657.48 183.91 

Carbonates 

Hydroxides 

CaCO3 = CaO + CO2(g) 1159.25 1655.75 165.72 

SrCO3=SrO + CO2(g) 1423.15 1366.22 201.69 

MgCO3 = MgO + CO2(g) 577.34 1173.99 98.98 

BaCO3 = BaO + CO2(g) 1830.52 835.76 164.93 

PbCO3 = PbO + CO2(g) 584.25 314.01 83.91 

CdCO3 = CdO + CO2(g) 567.43 560.01 96.56 

ZnCO3 = ZnO + CO2(g) 394.36 544.91 68.33 

Li2CO3 = Li2O + CO2(g) 1879.10 2423.38 179.07 

Fr2CO3 = Fr2O + CO2(g) 2033.46 986.35 499.10 

RaCO3 = RaO + CO2(g) 1772.30 1171.97 335.22 

Tl2CO3 = Tl2O + CO2(g) 698.33 258.33 121.09 

Ca(OH)2 = CaO + H2O(g) 790.67 1353.66 100.30 

Mg(OH)2 = MgO + H2O(g) 538.36 1334.73 77.84 

Be(OH)2 = BeO + H2O(g) 346.96 1191.71 51.28 

Mn(OH)2 = MnO + H2O(g) 464.18 754.02 67.07 

Sr(OH)2 = SrO + H2O(g) 1019.54 727.87 88.53 

Ba(OH)2 = BaO + H2O(g) 1282.82 546.63 93.66 

Ni(OH)2 = NiO + H2O(g) 347.01 516.06 47.85 

Zn(OH)2 = ZnO + H2O(g) 328.82 499.03 49.60 

Cd(OH)2 = CdO + H2O(g) 400.74 409.54 59.97 
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Group 

reaction 
Reaction 

Turning 

Temperature 

[T*, K] 

Gravimetric 

energy storage 

density [kJ/kg] 

Reaction Enthalpy 

[kJ/mol] 

Hydroxides 2LiOH = Li2O + H2O(g) 1337.07 1117.24 26.76 

Hydrates 

MgH2 = Mg + H2(g) 561.65 3030.93 79.78 

CaH2 = Ca + H2(g) 1291.52 3857.09 162.37 

TiH1.72 = Ti + 1.72/2H2(g) 952.56 2666.94 132.37 

2NaH = 2Na + H2(g) 699.59 2426.29 58.23 

BaH2 = Ba + H2(g) 1402.06 1406.97 196.06 

Mg2FeH6=2Mg+Fe+3H2 673.15 2160.00 77.40 

MgNiH4=Mg2Ni+2H2 723.15 1159.70 64.60 

NaMgH3=NaH+Mg+H2(g) 798.15 1721.00 86.60 

NaMgH2F=NaF+Mg+H2(g) 828.15 1416.00 96.80 

CaH2+2Al=CaAl2+H2 873.15 865.00 83.10 

SrH2 = Sr + H2(g) 1296.21 2042.00 183.04 

CeH2 = Ce + H2(g) 1246.79 1508.07 214.35 

2KH = 2K + H2(g) 690.38 1473.14 59.08 

2LiH = 2Li + H2(g) 1211.06 8386.13 66.66 

Sulfates 

2MgSO4 = 2MgO + 2SO2(g) + O2(g) 1312.51 2816.69 339.02 

2MnSO4 = 2MnO + 2SO2(g) + O2(g) 1339.99 2368.58 357.65 

2FeSO4 = 2FeO + 2SO2(g) + O2(g) 1306.92 2279.84 346.32 

2CoSO4 = 2CoO + 2SO2(g) + O2(g) 1279.08 2125.38 329.41 

2CuSO4 = 2CuO + 2SO2(g) + O2(g) 1156.23 1888.37 301.39 

2ZnSO4 = 2ZnO + 2SO2(g) + O2(g) 1259.58 1787.23 288.53 

2CdSO4 = 2CdO + 2SO2(g) + O2(g) 1366.28 1703.81 355.19 

2NiSO4 = 2NiO + 2SO2(g) + O2(g) 1194.92 2076.60 321.37 

MgSO4 = MgO + SO3(g) 1458.42 1870.19 225.10 

MnSO4 = MnO + SO3(g) 1490.55 1701.22 256.88 

FeSO4 = FeO + SO3(g) 1441.25 1629.99 247.60 

CoSO4 = CoO + SO3(g) 1404.19 1485.10 230.18 
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Group 

reaction 
Reaction 

Turning 

Temperature 

[T*, K] 

Gravimetric 

energy storage 

density [kJ/kg] 

Reaction Enthalpy 

[kJ/mol] 

Sulfates 

CuSO4 = CuO + SO3(g) 1212.00 1276.48 203.73 

ZnSO4 = ZnO + SO3(g) 1397.33 1180.62 190.60 

CdSO4 = CdO + SO3(g) 1538.45 1201.86 250.55 

NiSO4 = NiO + SO3(g) 1268.29 1440.26 222.89 

From the list of materials in Table 6, the storage density was plotted as a function of the turning 

temperature in three large blocks (Fig. 6). The blocks show the application spectrum according to the solar 

technology they can operate. This is a non-limiting proposal and allows a quick selection of the appropriate 

material for each solar technology depending on the operating temperature. For example, lithium hydride has a 

very high storage density with an inversion temperature of 1211 K, making it suitable for central tower solar 

systems. The challenge of this material is to cope with the phase change that occurs at a temperature of 965 K, 

with a phase change enthalpy of 43.6 kJ/mol. 

Fig. 6. The gravimetric thermal storage density of selected salts and oxides at the turning temperature. From the [8]. 

It is evident from Fig. 6 that hydroxides are a promising option for temperatures ranging from 250 to 1250 

K. Magnesium and calcium hydroxides exhibit optimal characteristics for temperatures below 700 K, while strontium

and barium hydroxides show promise for higher temperatures, albeit with slightly lower thermal storage capacity.

Among carbonates, calcium, strontium, and barium demonstrate the best attributes for high temperatures; Magnesium

and zinc exhibit similar characteristics to hydroxides at moderate temperatures. The selected sulfates exhibit superior

characteristics to hydroxides and carbonate at high temperatures. However, it is essential to conduct a detailed

evaluation due to the production of sulfur dioxide and sulfur trioxide and the cost of materials used in the processes.
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A thorough analysis of carbonates and lithium hydroxides with high storage capacity at high temperatures is 

necessary. Additionally, ammonium salts exhibit sufficiently interesting characteristics at intermediate temperatures 

(between 500 K and 700 K) to warrant separate research. 

Thermochemical research at LTQSUAM 

The development of thermochemical storage systems follows a precise route to a model of thermal 

storage integrated into a commercial CSP plant. Fig. 7 describes the objectives and methods for developing 

thermochemical energy storage technology integrated into a commercial CSP plant. 

Our research group is currently working on the first two stages and moving on to the third stage on a 

pilot scale. We are collaborating with the Concentration and Solar Chemistry National Laboratory of the 

Renewable Energy Institute (IER-UNAM) research group to develop thermochemical experiments on a larger 

scale using the laboratory's solar furnace (HoSIER). Also, with the Materials Research Institute (IIM-UNAM) 

in developing new materials based on perovskite-type oxides. The following sections describe the research 

carried out in terms of materials to store thermal energy and to generate hydrogen. 

More than 100 mixtures [61,65,66] have been proposed for both thermochemical storage and the production 

of hydrogen and other green fuels. However, not all of them meet the expectations for their use or the basic criteria 

for their selection [67]. Thermochemical energy storage offers several key advantages [68,69]: 

1. High energy storage density: The theoretical capacity of storage is high due to the high enthalpies of

reactions by mass or volume. This is important for space within facilities and for transporting energy from distant 

thermal sources. 

2. Storage at room temperature: The products can be cooled and stored at room temperature, simplifying

storage of large amounts of materials without needing high-temperature storage. Careful design of reactors and heat 

exchangers is required to maintain system efficiency. 

3. Long-term storage: Thermochemical systems can store energy for long periods without degradation.

4. Ease of transport: Since the products are at room temperature, reversible reactions can transport thermal

energy over great distances. 

5. High temperature: Some reactions can be carried out at high temperatures to generate electricity and

provide constant power. 

Fig. 7. Objectives and methods aimed at the development of thermochemical energy storage technology 

integrated into a CSP plant. 
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The systematization of criteria for the thermochemical energy storage and hydrogen production 

processes has been proposed by Browns et al. (2002) [70], Abanades (2005) [64], André et al. (2016) [61], and 

Santamaria (2023) [8]. These criteria can be used to select thermochemical storage systems. The proposed 

reactions are grouped into hydroxides, carbonates, hydrides, sulfates, pure oxides, mixed oxides, and 

perovskites. Their evaluation requires thermodynamic analysis before deciding on the best selection. Some of 

these reactions may be quickly discarded when considering toxicity, environmental security, or economic 

criteria based on the price of the compounds. 

Metal sulfates applied in thermal storage systems 
Research at LTQSUAM focused on investigating the potential use of metal sulfates in thermochemical 

solar heat storage systems. The advantages of various metal sulfates based on Mg, Al, Fe, Co, Ni, Cu and Zn, 

were analyzed and evaluated according to previous thermodynamic studies [71-73]. 

The theoretical conditions of decomposition and recombination were studied considering the existence 

of simultaneous chemical equilibrium states and the possibility of several oxidation states of metals. Simulation 

tools were used to calculate the minimum value of the Gibbs energy under specific pressure and temperature 

conditions, and the composition of the equilibrium mixtures was determined [71,74]. The potential of each 

reaction to store thermal energy was evaluated with theoretical analyses of thermal storage cycles and chemical 

equilibrium studies. The thermal storage capacity changes depending on the specific reaction, according to the 

following equilibria: 

4 3 ( )gMSO MO SO + (11) 

4 2 ( ) 2 ( )0.5g gMSO MO SO O + + (12) 

Table 7 presents the gravimetric storage density for both reactions. 

Table 7. The gravimetric storage density (kJ/kg) of some metal sulfates. 

System Mg-O-S Al-O-S Fe-O-S Co-O-S Ni-O-S Cu-O-S Zn-O-S 

SO2 3240 2550 2290 2500 1800 1940 1860 

SO3 2420 1820 1540 1860 1730 1550 1740 

Perovskites 
In addition to the study of pure compounds, some mixtures of compounds and mixed oxides have been 

studied in the literature, including perovskites, for their advantages of structural stability and their ability to 

reduce sintering phenomena. Perovskites are single-phase non-stoichiometric compounds with high melting 

points, high mobility of oxygen ions, and exceptional stability at high temperatures. Perovskite oxides are 

attractive as redox materials due to their relatively low operating temperature and superior oxygen transport 

capabilities in the crystalline structure at high temperatures. These materials are known for their unique 

structure, which allows for easy replacement of cations by similar elements. This tolerance to cationic 

substitution generally improves their transport properties compared to other families, such as spinels, 

pyrochlores, or garnets [75,76]. The oxygen vacancies in perovskite structures and their oxygen ion-conducting 

properties make ABO3 perovskites ideal for energy storage through O2 exchange (Eq. 13). 

3 3 2

1

2
ABO ABO O   − − − +  (13)



Overview J. Mex. Chem. Soc. 2024, 68(4)

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

762 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

Perovskite oxides have a unique structure known as ABO3, with cation A being alkali, alkaline earth, or 

lanthanide, and cation B usually being a transition metal. These oxides are promising catalysts for hydrogen 

production and store thermal energy due to their immunity to structural changes, porosity for oxygen transport, 

and ease with which they release and occupy sites. Unlike traditional couples in redox cycles, perovskite oxides 

do not undergo discrete structural phase changes during the redox process, simplifying the reactor where 

thermochemical reactions occur [77]. Some perovskites offer the interesting ability to store and release oxygen in 

a continuous way following the variation of temperature. The maximum chemical energy storage was found to be 

250 kJ/kg with a reducing condition of 1523 K and pO2,red = 10−3 bar, for the perovskites as La1-xSrxCoyFe1-yO3-δ 

and La1-xSrxCoyMn1-yO3-δ [78]. 

To develop a perovskite-type oxide for the conversion of solar energy into fuels (H2 and synthesis 

gas), two criteria are used: 1) the oxide must present a high release of oxygen at the lowest possible 

temperature; 2) refers to the thermochemical process favorable for the dissociation of H2O and CO2. In the 

literature, the catalytic properties of lanthanum-substituted chromites (LaCrO3) have been reported for their 

application in the direct oxidation of CH4 in anode materials of solid oxide fuel cells (SOFC) [79]. 

Understanding the peculiarities of doping effects is essential to finding and describing the possible 

applications of LaCrO3 oxide compounds. The substitution of alkaline earth metals (Ca, Sr, and Mg) and 

transition metals (Mn, Fe, Co, and Ni) in the LaCrO3 network gives rise to different catalytic behaviors 

according to the substitution element. For example, in the substitution of sites A and B, Sfeir et al. (2001) 

[80] report that Sr and Ni are the most active and suitable substituents for the purpose of LaCrO 3 anodes in

SOFC.

In our laboratory, we have been working with the following materials: the perovskite oxides 

La0.7Sr0.3Mn0.9Cr0.1O3-δ, La0.2Sr0.8Fe0.8Co0.1Cr0.1O3-δ, and La0.6Sr0.4Cr0.8Co0.2O3-δ. These oxides have been 

synthesized and characterized. In the synthesis stage, we used the method proposed by Pechini [81], and we 

applied x-ray diffraction (XRD) and energy dispersive spectroscopy-scanning electron microscopy 

techniques (EDS-SEM) for the structural and morphological characterization of the oxides. The results of 

these studies are not reported in this work, as they are still being characterized and subject to preliminary 

testing. 

Sintering and agglomeration phenomena 
One of the problems that arises during thermochemical storage is the inefficiencies in the cyclic process 

of endothermic and exothermic reactions since sintering and particle agglomeration phenomena occur. In these 

phenomena, porosity strongly influences the effective conversion performance. 

Figure 8 shows the difference between sintering and agglomeration. The latter involves grouping 

particles by heating at high temperatures, while sintering refers to the particles' porosity and the solid's 

densification. Both phenomena prevent gases from diffusing from the surface to the bulk of the material and 

thus decrease the effective conversion. Several techniques, including ceramic supports and chemical spacers, 

could solve these problems. 

Fig. 8. Agglomeration and sintering phenomenon. 
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Strontium carbonate improved with different materials 
The research group in the LTQSUAM research group joins these efforts to determine the best mixture 

or composite to achieve high stability and reduce the effects of sintering and agglomeration that occur in cyclic 

processes of endothermic and exothermic reactions. Below are some of the materials studied by the research 

group and the most relevant results obtained during the study of these mixtures and composites. Strontium 

carbonate is gaining relevance because it has a high energy storage density (1366.22 kJ/kg) and very promising 

conversion rates, but it sinters more easily than other carbonates such as CaCO3. 

0

3 2(g)SrCO SrO+CO 234 /rH kJ mol  = (14) 

Interest in strontium carbonate has grown in the last decade due to substantial progress in its performance 

with different ceramic additives. Some research to improve the performance of strontium carbonate is reported in the 

literature; P. Ammendola et al. (2020) [82] proposed the mixture of SrCO3 with 19 wt% of Al2O3, authors performed 

calcination/carbonation cycles at 1323 K, after evaluated 10 cycles they reported an effective conversion Xeff,1=0.43 

and Xeff,10=0.33. A.P. Vieira et al. (2021) [83] mixed SrCO3 with 20 wt% of SiO2, the authors evaluated the sample 

for 15 cycles at an operating temperature of 973 K, they report having obtained a storage density of 658 kJ/kg. N. 

Amghar, et. al. (2023) [84] used SrCO3 with 10 wt% of ZrO2, they performed calcination/carbonation processes at 

1173 K during 10 cycles. Effective conversion reported is Xeff,1=0.86 y Xeff,10=0.69. 

Calcium carbonate is a compound that has been extensively studied in the literature; it has a high storage 

density (1655.75 kJ/kg), and various mixtures have been proposed to avoid sintering effect and achieves high 

effective conversion values [85]. 

0

3 2(g)CaCO CaO+CO 178 /rH kJ mol  = (15) 

For instance, J.M. Valverde et. al. (2012) [86] proposes using a mixture of CaCO3 with 15 wt% SiO2, 

obtaining an operating temperature of 1,123 K, and evaluating it in 100 cycles. They report a storage density of 

199 kJ/kg. P.E. Sánchez Jiménez et. al. (2019) [87] propose using a mixture of CaCO3 with 20 wt% MgO, 

obtaining an operating temperature of 1123 K, evaluating 30 cycles and reporting a storage density of 927 kJ/kg. 

K.T. Møller et. al. (2020) [88] propose using a mixture of CaCO3 with 20 wt% Al2O3, Ca5Al6O14, obtaining an 

operating temperature of 1173 K, evaluating 500 cycles and reporting a storage density of 1,060 kJ/kg. R. 

Anwar et. al. (2023) [89] propose using a mixture of CaCO3 with 20 wt% ZrO2, obtaining an operating 

temperature of 1157 K, evaluating 40 cycles, and reporting a storage density of 696 kJ/kg. 

According to the selection criteria outlined by A. Santamaria and H. Romero-Paredes (2023) for 

thermochemical energy storage materials [8], key considerations include abundance, high storage capacity, 

affordability, absence of side reactions, and non-toxicity. Based on a comprehensive review of literature 

focusing on enhancing the performance of strontium carbonate, this study aims to evaluate the compositions 

listed in Table 8, showing their respective theoretical CO2 absorption capabilities. These mixtures represent 

novel materials proposed to improve strontium carbonate's effective conversion in each calcination-carbonation 

cycle. The proportions specified in Table 8 are based on a mass basis. Table 9 details the purity levels of the 

materials utilized in these mixtures. 

Table 8. Proposed mixtures to improve SrCO3. 

Sample 

Composition (wt %) 
Theoretical CO2 

absorption (wt%) 
SrCO3 CuO CaCO3 Li2CO3 ZnO CeO2 SnO2 

SrCO3 100 - - - - - - 29.80 

SrCu5 95 5 - - - - - 28.31 
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Sample 

Composition (wt %) 
Theoretical CO2 

absorption (wt%) 
SrCO3 CuO CaCO3 Li2CO3 ZnO CeO2 SnO2 

SrCu10 90 10 - - - - - 26.82 

SrCu20 80 20 - - - - - 23.84 

SrCu30 70 30 - - - - - 20.86 

SrCu40 60 40 - - - - - 17.88 

SrCa5 95 - 5 - - - - 30.51 

SrCa10 90 - 10 - - - - 31.22 

SrCa20 80 - 20 - - - - 32.64 

SrLi20 80 - - 20 - - - 35.75 

SrZn20 80 - - - 20 - - 23.84 

SrCe20 80 - - - - 20 - 23.84 

SrSnO20 80 - - - - - 20 23.84 

Table 9. Properties of the materials used. 

Compound SrCO3 CuO CaCO3 Li2CO3 ZnO CeO2 SnO2 

Brand 

Sigma-

Aldrich 

≥99.9% trace 

metals basis 

Sigma-Aldrich 

≥99.9% trace 

metals basis 

Sigma-

Aldrich 

≥99.0% 

Meyer 

≥99.0% 

J.T. Baker 

Analyzed 

≥99.0% 

Sigma 

Aldrich 

99.9% 

Sigma 

Aldrich 

99.9% 

CAS 1633-05-2 1317-38-0 471-34-1 554-13-2 1314-13-2 1306-38-3 18282-10-5 

Methodology 

The experiments were carried out using a combined thermogravimetric analyzer (TGA) and 

differential scanning calorimetry (DSC) STA 449 F3 Jupiter from NETZSCH. This analyzer has a highly 

sensitive balance (<0.1 μg) and a silicon carbide furnace that allows working at temperatures up to 1773 K. The 

sample mass used in each experiment was 25.5 ± 5 mg. For the calcination experiments, a controlled argon-

inert atmosphere with a 40 ml/min flow rate was maintained. Carbonation procedures were carried out under a 

CO2/Ar atmosphere with a 30/10 ml/min flow rate. This work proposes the next experimental protocol: first, 

the calcination stage, wherein the sample is heated at a rate of 30 K/min until reaching 1473 K to ensure 

complete calcination. Next, carbonation was carried out at different temperatures in each experiment: 1173, 

1223, 1273, and 1323 K, and they were maintained for 5 minutes with the gas flow described previously. These 

stages were iterated twice to observe the multicycle conversion behavior of the sample and determine the 

optimal carbonation temperature. Once the ideal Tcarb is determined for the pure compound, it will be the same 
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for all mixtures. Finally, a comparative analysis of the results obtained with the pure compound (SrCO3) and 

all mixes proposed are carried out to see if improving the conversion rate when passing through the calcination-

carbonation cycles is possible. In this case, its performance will be evaluated in 4 cycles. 

The microstructure of the samples at different stages was investigated using scanning electron 

microscopy (SEM) using a JEOL JSM 7600F microscope. 

X-ray diffractograms of the samples were acquired before and after the multicycle test using a Bruker

D8 Advance diffractometer with Cu K∝ radiation. The data were measured in the range from 15° to 80° in 2𝜃 

with a step size of 0.2, for 38.4 s per point. 

Preparation of SrCO3 based mixes 
The mixtures were made as described in Fig. 9. They are prepared so that a composite is not formed, for each 

addition is expected to stabilize the effective conversion in each cycle and delay the sintering of SrCO3. 

Fig. 9. Preparation of mixtures of SrCO3. 

Effective conversion and energy density 
The results obtained at each mix will be compared to determine the operating conditions where a higher 

conversion rate is obtained. The effective conversion (Xeff) is defined as follows [90]: 

2

Carb,i i SrO
eff

i CO

m -m MM
X =

m MM
N

  
    

   
(16) 

where mi and mcarb,i are the mass of the sample before and after the storage and release steps in the N cycle, and 

MMSrO and MMCO2 are the molar masses of SrO and CO2, respectively. 

The calculation of energy density is determined with the following equation: 

2CO

m R

i N

m
D = ΔH

m

 
 
 

(17) 

where ΔHR is 5318.18 kJ/kg CO2 and mCO2 is mcarb,i - mi. 

To calculate the volumetric energy density, GJ/m3, Eq. (17) is multiplied by the density of the oxide 

being carbonated, in this case strontium oxide: 

v mD =D ×ρ (18)
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Results 

Firstly, the operating parameters of pure strontium carbonate were determined with the help of TG analysis. 

The calcination temperature (Tcal) was established at 1473 K, slightly higher than T* (1423.15 K), so that dissociation 

is promoted. The carbonation temperature (Tcarb) is in the range of 1173 K to 1373 K, below T* to promote 

recombination. However, the experiments showed that the best carbonation behavior is obtained at Tcarb = 1173 K. 

With these parameters pure strontium carbonate was evaluated during nine calcination/carbonation 

cycles. Fig. 10 shows the results of effective conversion, volumetric energy density obtained and XRD patterns. 

Fig. 10(A) shows the results as a function of the effective conversion and the energy density storage, it is 

observed that in the first cycle, 99.76 % effective conversion is achieved. As the cycles pass, the conversion 

decreases, having in the last cycle an effective conversion of 2.33 %, which coincides with the behavior reported 

by S. Zare Ghorbaei and H. Ale Ebrahim, who evaluated 20 cycles; In the last cycle, they reported a conversion 

yield of approximately 1% [91]. The theoretical volumetric energy density (Dv) of SrCO3 is 10.61 GJ/m3 [92]. It 

is observed that in the first cycle, it is very close to this, but then it decreases similarly to the effective conversion, 

reaching 1.24 GJ/m3 in the 9th cycle. Fig. 10(B) shows the XRD patterns of unprocessed SrCO3 in the TGA, and 

after 9 cycles of calcination-carbonation, ending in carbonation. It is observed that it coincides with ICDD-PDF 

00-005-0418 of SrCO3, and as the cycles pass, it also coincides with ICDD-PDF 00-027-1438 of Sr(OH)2 8H2O

and with ICDD-PDF 00-019-1276 of Sr(OH)2. The growth of characteristic peaks indicates that the material is

agglomerating. Fig. 11 shows the scanning electron microscopy (SEM). Fig. 11(A) shows the sample white of

SrCO3 has a cylindrical shape, and in Fig. 11(B), the sample after 4 cycles, and it is clearly seen as the particles

are agglomerating and most likely also sintering, which is why the effective conversion is rapidly reducing.

Fig. 10. SrCO3 analysis results (A) effective conversion and volumetric energy density results, (B) XRD for 

SrCO3 before and after being subjected to nine calcination/carbonation cycles ending in carbonation. 

Fig. 11. SEM micrographs of SrCO3, (A) without process and (B) of the samples subjected to 4 

calcination/carbonation cycles, ending in carbonation. 
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The proposed mixtures were evaluated with the same operating temperatures (Tcal=1473 K and 

Tcarb=1173 K) defined for strontium carbonate. Fig. 12 shows the results obtained where the following 

observations stand out: 

a) The mixture SrLi2O (80 % SrCO3+ 20 % Li2CO3) shows the best behavior with the passage of

cycles, however, it generates inconveniences in the handling of this compound since a solid -liquid phase 

change is observed. Therefore, it is advisable to study the mechanisms of use of this compound.  

b) The mixture SrCa2O (80 % SrCO3+ 20 % CaCO3) also shows acceptable behavior during each

cycle, since a high conversion rate is maintained during each cycle. Fig. 13(A) shows that after four cycles, 

it has Xeff,4=0.62, which is compared to SrCO3 Xeff,4=0.05; This represents 12 times better with the proposed 

mixture. 

c) Another interesting mixture is SrSnO2O (80 % SrCO3+20 % SnO2), this has a lower effective

conversion rate but is more stable; For the first cycle we have Xeff,1=0.43, and for the fourth cycle, 

Xeff,4=0.42, which compared to the pure compound still has an 8 times better improvement with the 

proposed mixture. 

Although it does not have a very high effective conversion like the SrCa20 mixture, it is more 

stable, and a more in-depth study can be carried out to evaluate the feasibility of using this compound as 

an energy storage medium. 

Fig. 12. Analysis of the different mixtures with 20% additive with respect to the pure SrCO3 compound. 

Sample nomenclature: SrCa2O (80 % SrCO3+ 20 % CaCO3), SrLi2O (80 % SrCO3+ 20 % Li2CO3), SrZn2O 

(80 % SrCO3+ 20 % ZnO), SrCe2O (80 % SrCO3+ 20 % CeO2) and SrSnO2O (80 % SrCO3+20 % SnO2). 

Furthermore, the volumetric energy density (Dv) of each of these mixtures was calculated and 

compared with the Dv value of SrCO3. 

Fig. 13(B) shows that the mixture with the best performance during the four cycles is that of 

SrLi20 with an average of Dv =9.7 GJ/m3, followed by SrCa20 with an average of Dv=6.46 GJ/m3, and in 

third place, SrSnO20. mixture with an average of Dv =3.65 GJ/m3. 

All values Dv are higher than that of pure strontium carbonate, which has an initial average of Dv 

=4.51 GJ/m3 but it decreases quickly. 

For all the above, the properties observed in the mixtures of SrCa20 and SrSnO20 make them 

feasible to implement in a thermochemical energy storage system that operates under central tower plant 

conditions. These proposals seek to increase the capacity factor of a central solar tower power plant to 

contribute to mitigating climate change with new forms of energy generation from concentrated solar 

energy. 
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Fig. 13. Comparison of the proposed mixtures with the pure compound; A) effective conversion and B) 

volumetric energy density. 

Conclusions 

The development of thermal energy storage systems covers a broad spectrum. Sensible heat systems 

are currently the most used in solar power plants, so they have experienced considerable technological advances. 

Thermochemical systems have a high application potential. Research shows they have gained increasing 

relevance and interest within the global scientific and technological community in recent years. 

Research at the Solar Thermochemistry Laboratory at UAM has significantly advanced systems based 

on reversible reactions. Initial attention was focused on sulfates because they have a high gravimetric heat 

storage density. However, there are substantial drawbacks during sulfate dissociation. 

In recent years, research has been oriented toward studying other less complex compounds for their 

integration into solar-thermal energy storage systems. For this purpose, strontium carbonate was selected. The 

research has focused mainly on turning temperature, storage capacity, and effective conversion. 

In this sense, chemical dopants and physical spacers have been proposed to address these issues. This 

approach has shown promising results, leading to an increased conversion rate and improved performance 

during long cyclic processes. 

The findings indicate a substantial improvement in the effective conversion of the strontium-calcium 

carbonates and strontium-tin oxide mixtures with 12 and 8 times than the pure compound, respectively. 

Furthermore, this study found that the mixture of strontium and lithium carbonates can work 

adequately but melts at 973 K, which is lower than the carbonation temperature. This phenomenon limits its 

development and causes more sintering as the cycles progress. 

On the other hand, the mixture of strontium carbonate with tin oxide is the most stable, even though 

the calcination doesn't completely occur. However, this mixture is also a promising option for thermochemical 

storage systems. 

We have been working on preparing compounds that guarantee excellent stability and durability 

properties. By synthesizing strontium-based cermet, we aim to achieve greater stability and reduce particle 

agglomeration caused by fluctuating polarizations due to temperature changes and secondary chemical reactions 

that occur during reversible reactions. 

Additionally, the research focuses on synthesizing, characterizing, and applying perovskites for energy 

storage through RedOx reactions and hydrogen production through these compounds' reduction-hydrolysis. 

This research will help us achieve our goal of improving solar energy use and reducing the impact of source 

intermittency. 
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Abstract. The Salvia genus is one of the most extensive in the Lamiaceae family. The  Salvia genus comprises 

approximately 900 species worldwide, 33 of which exist in the Valle de México, the most populated region of 

Mexico. The taxonomic identification of these species often represents a problem because they present a great 

variety of synonyms or variations in their nomenclature, like S. polystachya with 12 synonymies. The traditional 

medicinal uses of Salvia species in Mexico are varied and include treatment for around 97 diseases. At least 20 

species of the Salvia genus have well-documented medicinal ethnobotanical information with various uses, 

including gastrointestinal disorders, gynecological problems, promoting childbirth, antipyretic, disinfecting 

wounds, diabetes, and respiratory issues. The phytochemistry of the Salvia species from the Valle of Mexico is 

also vast and diverse; at least 315 chemical compounds have been identified, mainly terpenoids, that have 

received significant attention due to their multifaceted biological activities. Among the activities mentioned ar e 

anticancer, anti-hyperglycemic, anti-fungal, anti-inflammatory, or anti-microbial. Some of the compounds 

present more than one biological activity. Given their extensive structural diversity, terpenoids represent a great 

source of compounds for developing new therapeutic agents. However, additional clinical and experimental 

studies are still needed to elucidate the mechanisms of action, optimal doses, and potential toxicity of the isolated 

compounds.  

Keywords: Salvia spp.; lamiaceae; medicinal plants; terpenoid compounds; phytochemistry; pharmacology. 

 

Resumen. El género Salvia es uno de los más extensos en la familia Lamiaceae. El género Salvia comprende 

aproximadamente 900 especies alrededor del mundo, de las cuales 33 se encuentran en el Valle de México, la 

región más poblada de México. La identificación taxonómica de estas especies representa frecuentemente un 

problema al presentar una gran cantidad de sinonimias o variaciones en su nomenclatura, como S. polystachya 

que tiene 12 sinonimias. Los usos en medicina tradicional de Salvias en México son var iados, incluyendo 

tratamiento para alrededor de 97 enfermedades. Por lo menos 20 especies del género Salvia tienen información 

bien documentada de sus usos médicos y etnobotánicos, con una amplia variedad de usos que incluye desórdenes 

gastrointestinales, problemas ginecológicos, promotores de parto, antipirético, para desinfectar heridas, diabetes 

o problemas respiratorios. La fitoquímica de las especies de Salvia del Valle de México es también amplia y 

diversa. Por lo menos 315 compuestos químicos han sido identificados y aislados, principalmente terpenoides, 

que han recibido gran atención debido a sus actividades biológicas multifacéticas, como anticancerígenas, 

antihiperglucémicas, antifúngica, antiinflamatorias o antimicrobianas. Algunos de los compuestos presentan más 

de una actividad biológica. Dada su extensa diversidad estructural, los terpenoides representan una amplia fuente 

de compuestos para el desarrollo de nuevos agentes terapéuticos. Sin embargo, estudios clínicos y experimentales 

mailto:aaaf@xanum.uam.mx
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adicionales son necesarios para elucidar el mecanismo de acción, dosis óptimas y toxicidad potencial de los 

compuestos aislados. 

Palabras clave: Salvia spp.; lamiaceae; plantas medicinales; compuestos terpenoides; fitoquímica; farmacología. 

 

 

Introduction 

    
The Lamiaceae (Labiatae) family comprises approximately 236 genera and 7,173 species [1,2]. The 

genus Salvia is one of the most extensive groups in this family, representing around 900 species worldwide [3,4]. 

The term Salvia comes from the Latin "salvare," meaning "to heal or be safe and unharmed," referring to the 

healing properties of these species [2,5-9], which are recognized in worldwide traditional medicine. In the 

Americas, around 500 species are registered in Mexico, Central America, and South America, representing the 

second most diverse territory, with approximately 312 species, of which 75 to 88% are endemic [5,10 -12]. In 

Mexico, the most significant number of Salvia species is concentrated in the western and southeastern, along the 

Occidental Sierra Madre, the Trans-Mexican Volcanic Belt, and the Sierra Madre del Sur. 

Salvia species are typically shrubs or climbing shrubs from 30 to 150 cm tall that can be annual or 

perennial [12]. Their stems are angular, characteristic of the Lamiaceae family, with leaves that are usually 

velvety or hairy, and they can often be rugose, entire, toothed, lobed, or pinnate. The flower stalks produce small 

bracts different from the basal leaves. Inflorescences are borne in clusters or panicles that produce brightly 

colored flowers, depending on the species [7,9,12]. The calyx is tubular or bell -shaped without a bearded throat, 

divided into two lips (that is why the name of labiates): the upper whole or tridentate and the lower cleft. The 

corolla is usually bilabiate. The stamens are two short structures with bicellular anthers. Many species have 

trichomes (hairs) on the surface of the leaves, stems, and flowers [7,9,12].  

Several Salvia species have great economic importance due to their edible, aromatic, and medicinal 

properties. Many of these species contain high amounts of essential oils, phenolic compounds, antioxidants, and 

other valuable chemical constituents [5]. The main compounds described in the Salvia species are terpenoids and 

flavonoids. Aerial parts, especially flowers and leaves, contain flavonoids, triterpenoids, and monoterpenes, 

while the roots contain primarily diterpenoids [7,9,10]. Salvia species have been used since ancient times for 

different ailments, ranging from aches to epilepsy, and the primary uses are for treating colds, bronchitis, 

tuberculosis, hemorrhages, and menstrual disorders, among others [7,9]. The Mexican Salvia species are highly 

valued for their medicinal, nutritional, and ritualistic uses and are often used as part of vernacular medicine or in 

mystical/religious rituals. Prominent examples are Salvia divinorum (“planta de la pastora”), which is a 

hallucinogen plant used in rituals by the Mazatecas, an endemic population in the northeastern of Oaxaca [13], 

and Salvia hispanica (chia), which is widely used as a food source since pre-Hispanic times [14].  

Ramamoorthy (2001) botanically identified 33 Salvia species in the Valle de México [9] (Table 1). The 

Valle de México has an altitude of 2,240 meters (7,350 ft), covering around 7,866 km2, and includes 16 town 

halls in Mexico City, 59 municipalities of the State of Mexico, and one municipality in the State of Hidalgo [15]. 

Geographically, it is located between the Anahuac Lake and Volcano Region of the physiographic province of 

the Neo-volcanic Axis and is surrounded by the mountains of Monte Alto, Monte Bajo, and Las Cruces, as well 

as the Sierra Nevada and Chichinauhtzin mountain range (Fig. 1). This surface presents intermountain, valleys, 

plateaus, and ravines, as well as semi-deep land, in which are located the lakes of Texcoco, Xochimilco, and 

Chalco. There are also isolated topographic prominences, such as the "Cerro de la Estrella," the "Cerro del 

Peñón," and the "Cerro de Chapultepec." The Valle de México also represents the most populated region of 

Mexico, with more than 20 million inhabitants, who often agree with these species despite their lack of knowledge 

about their medical uses and properties. In this region, 33 species of Salvia had been recorded [9]. Although 

several researchers worldwide have contributed ethnobotanical, phytochemical, and pharmacological information 

for some of these species [5,16-19], it is still necessary to continue working on the supplementation and 

organization of this information. In certain instances, these species exhibit a broad range of botanical synonyms 

or variations in their nomenclature, which can result in some confusion, like S. polystachya, that have 12 botanical 

synonymies and 11 common names. Therefore, their taxonomic identification often represents a problem. This 

review aims to organize and synthesize the ethnobotanical, pharmacological, and phytochemical knowledge of 

the 33 Salvia species described by Ramamoorthy in the Valle de México [9]. These species have been extensively 



Review J. Mex. Chem. Soc. 2024, 68(4)

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

776 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

documented by diverse research groups in Mexico and other regions, including Europe and Asia [20 -25]. Our 

primary objective is to critically analyze and compare these data, advancing their study at the 

ethnopharmacological, phytochemical, and therapeutic levels. By doing so, we seek to validate the traditional 

uses attributed to these remarkable plant species. 

Table 1. Scientific name of the 33 Salvia species described by Ramamoorthy in the Valle de México [9]. 

1. 
S. axillaris Moc & Sessé ex

Benth.
2. S. carnea Kunth. 3. S. chamaedryoides Cav.

4. S. circinata Cav. 5. S. concolor Lamb. ex Benth 6. S. elegans Vahl.

7. S. filifolia Ramamoorthy 8. S. fulgens Cav. 9. 
S. gesneriiflora Lindl &

Paxton

10. S. helianthemifolia Benth. 11. S. hirsuta Jacq. 12. S. hispanica L.

13. S. keerlii Benth. 14. S. laevis Benth. 15. S. lavanduloides Kunth.

16. S. leucantha Cav. 17. 
S. melissodora Lag. Me

Vaugh.
18. S. mexicana L.

19. S. microphylla H.B.&H. 20. S. misella Kunth. 21. S. mocinoi Benth.

22. S. moniliformis Fern. 23. S. oreopola Fern. 24. S. patens Cav.

25. S. polystachya Cav. 26. S. prunelloides Kunth. 27. S. pulchea DC.

28. S. reflexa Hornem. 29. S. reptans Jacq. 30. S. stachyoides Kunth.

31. S. tiliifolia Vahl. 32. S. tubifera Cav. 33. S. verbenacea L.

Fig. 1. The delimitation of Mexican metropolitan areas (Valle de México). Modified from OECD, 2015
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Methodology 

Information from the 33 species of Salvias recorded by Ramamoorthy in the Valle de México [9] 

was obtained from diverse databases, such as Web of Science, Google Scholar, Google Books, Scopus, 

ScienceDirect, SpringerLink, Wiley Online, PubMed, textbooks, taxonomic reviews, university theses, 

and SciFinder. With the obtained data, such as botanical characteristics, botanical synonymy, empirical 

uses, and biological activities, a meta-analysis was performed, and the compounds isolated were 

documented.  

Results and discussion 

Botanical synonymy, popular names, and distribution 
Plant nomenclature is ruled by the International Code of Botanical Nomenclature, which aims to 

provide a correct and accepted name for a taxon based on publication priority. The application of the norms 

of the code and the taxonomic studies that imply some change in the circumscription of the taxon result in 

changes in nomenclature and botanic synonymy, such that in the study of medicinal plants, the synonymies 

can be a problem by creating confusion in any investigation [26,27]. Therefore, the first step was 

identifying which species had synonyms or some variation (Table 2), highlighting that many of the Salvia 

species studied (84 %) presented some of these conditions. The plant with a significant number of 

synonyms was S. polystachya, with 12 synonymies, seven variations, and three subspecies, followed by S. 

carnea, with 13 synonymies and two variations: S. fulgens, with 11 synonymies and three variations, and 

S. mexicana with nine synonymies and three variations. This situation illustrates how easy it is to make

mistakes when working with species Salvia, so taxonomic identification is a priority before any study.

Another frequent problem for species identification focuses on popular or common names with

ethnobotanical relevance. However, In Mexico, the popular names vary depending on the region where

they are found. Of the included species in the present study, 57.6% had more than one popular name,

where "mirto," "chia," and "salvia" are the most used. S. microphylla is recognized with 18 popular names,

followed by S. lavanduloides with 15 names. The consulted bibliography recorded a single popular name

for five species; no popular name for nine species was documented. The importance of the correct name

of the plant species consists in being able to avoid confusion or even a duplicate work for incorrect use of

the names; in the case of S. circinata (S. amarissima), it is possible to observe publications with both

names; it is essential to corroborate the correct and accepted scientific name of the plant. [28,29].

The geographical distribution of these 33 species is not exclusive to the Valle de México. Most 

of them are distributed in several states of Mexican territory (Table 2). The data indicate that in the state 

of Michoacan, there are around 27 species, followed by the State of Mexico with 18, and the State of 

Hidalgo with 17. The best-distributed species in Mexico are S. polystachya and S. hispanica (Table 2). 

These data are essential if we consider that the same common name can be used to name different specie s 

of the same or other genera, or a single species can receive several names, which vary from one region to 

another, and because some species share the same distribution in the Valle de México, including Ciudad 

de México, Estado de México, and Hidalgo. We agree with [2] that research focused on medicinal plants 

requires essential botanical assistance, especially in taxonomy and nomenclature.  

The distribution of the plants in the different regions also affects the kind and concentration of 

secondary metabolites in the plant. In S. hispanica, the weather, altitude, humidity, and nutrients of the 

region of Veracruz, which is in the East of Mexico, with significant humidity, being a jungle area, are not 

the same conditions that the State of Durango, in the north of the country, with a desert cl imate. The 

different territorial, geographic, and climatic conditions provoke changes in the metabolites, and it may 

affect all the Salvia species that have a wide distribution in the country, even in the same species with 

different geographical distribution. These changes are a significant area of study to determine the impact 

of the different conditions in synthesizing metabolites of pharmacological interest [28,30]. 
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Table 2. Scientific name, botanical synonymy, popular names, and distribution of Salvia species from the Valle 

de México. 

Scientific name Botanical synonymy / Varieties Common name 

Distribution in 

other states of 

Mexico 

S. axillaris Moc & Sessé 

ex Benth.  

= S. cuneifolia Benth. 

= S. axillaris var. axillaris. 

Hisopo de Puebla 

Vegeta 

Durango 

Guanajuato 

Hidalgo 

Jalisco 

Michoacán 

Oaxaca 

Puebla 

San Luis Potosí 

Tlaxcala 

Veracruz 

S. carnea Kunth. 

= S. membranacea Benth.  

= S. pseudogracilis Epling. 

= S. myriantha Epling. 

= S. natalis Epling 

= S. carnea var. carnea. 

= S. debilis Epling. 

= S. gracilis Benth. 

= S. iodochroa Briq. 

= S. irazuensis Fernald. 

= S. killipiana Epling. 

= S. martensii Galeotti. 

= S. membranacea var. villosula Benth. 

= S. purpurascens M. Martens & Galeotti. 

= S. sidifolia M. Martens & Galeotti. 

= S. simulans Fernald. 

Chía 

Chiapas 

Guerrero 

Hidalgo 

Michoacán 

Oaxaca 

Nayarit 

Veracruz 

S. chamaedryoides Cav. 

= S. menthifolia Ten. 

= S. chamaedrifolia Andrews. 

= S. chamaedryoides var. isochroma 

Fernald. 

= S. chamaedrys Willd. 

Mirto 

Hidalgo 

Morelos 

Nuevo León 

Puebla 

San Luis Potosí 

Zacatecas 

S. circinata Cav.  
= S. amarissima Ort. 

= S. amara Jacq. 

= S. hirsuta Sessé & Moc. non Jacq. 

Bretónica  

Chupona 

Diabetina  

Hierba de cáncer 

Hierba de tapón  

Prodigiosa 

Ñadri (otomí) 

Estado de México 

Guerrero 

Michoacán 

Oaxaca 

San Luis Potosí 

Veracruz 

S. concolor Lamb. ex 

Benth 

= S. cyanea Benth. 

= S. cyaniflora A. Dietr. 

= S. cyanifera Otto ex Benth. 

Hierba 

Colima 

Estado de México 

Guerrero 

Jalisco 

Michoacán 

Morelos 

Puebla 
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Scientific name Botanical synonymy / Varieties Common name 

Distribution in 

other states of 

Mexico 

S. elegans Vahl. 

= S. camertonii Regel. 

= S. incarnata Cav. 

= S. longiflora Sessé & Moc. 

= S. microcalyx Scheele. 

= S. punicea M. Martens & Galeotti. 

= S. rutilans Carrière. 

= S. elegans var. sonorensis Fernald. 

= S. microculis Poir. 

Flor del cerro  

Hierba del burro 

Limoncillo 

Mirto 

Mirto de campo 

Mirto de flor roja 

Mirto inglés 

Mirto mocho 

Salvia 

Toronjil de monte 

Jetcho deni (otomí) 

Chihuahua 

Durango 

Estado de México 

Hidalgo 

Michoacán 

Oaxaca 

Puebla 

Sonora 

Veracruz 

S. filifolia Ramamoorthy NS NS 

Guanajuato 

Michoacán 

Estado de México 

S. fulgens Cav. 

= S. cardinalis Kunth. 

= S. boucheana Kunth.  

= S. cardinalis Kunth. 

= S. incana M. Martens & Galeotti. 

= S. grandiflora Sessé & Moc. 

= S. orizabensis Fernald. 

= S. pendula Sessé & Moc. 

= S. schaffneri Fernald. 

= S. fulgens var. boucheana (Kunth) Benth. 

= S. fulgens f. boucheana (Kunth) Voss. 

= Piaradena fulgens (Cav.) Raf. 

Mirto 

Mirto macho 

Mirto macho del 

popo 

Pinyesi (mazahua) 

Estado de México 

Michoacán 

Puebla 

Tlaxcala 

S. gesneriiflora Lindl & 

Paxton 

= S. barbata Sessé & Moc. 

= S. fulgens f. gesneriiflora (Lindl. & 

Paxton) Voss. 

Aparicua 

Flor de colibrí 

Flor de chuparrosa 

Flor de 

Tzintzungaraman 

(purépecha) 

Estado de México 

Jalisco 

Michoacán 

Puebla 

S. helianthemifolia 

Benth. 
NS Mirto corriente 

Guanajuato 

Guerrero 

Hidalgo 

Jalisco 

Michoacán 

Morelos 

Querétaro 

San Luis Potosí 

Veracruz 
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Scientific name Botanical synonymy / Varieties Common name 

Distribution in 

other states of 

Mexico 

S. hirsuta Jacq. 

= S. cryptanthos Schult. 

= S. phlomoides Cav.  

= S. sideritidis Vahl. 

= S. bracteata Poir. 

= S. ciliaris Sessé & Moc. 

= S. ciliata Poir. 

= S. nepetifolia Desf. 

NS 

Durango 

Estado de México 

Guanajuato 

Hidalgo 

Oaxaca 

Querétaro 

San Luis Potosí 

Texcoco 

Tlaxcala 

Zacatecas 

S. hispanica L. 

 

= S. hispanica var. chionocalyx Fernald.  

= S. hispanica var. intonsa Fernald.  

= S. neohispanica Briq. 

= S. prysmatica Cav. 

= S. schiedeana Stapf. 

= S. tetragona Moench. 

= Kiosmina hispanica (L.) Raf. 

= S. chia Colla. 

= S. chia Sessé & Moc. 

Chía 

Chía blanco 

Tzozolxochitl 

Coahuila 

Chihuahua 

Durango 

Guanajuato 

Guerrero 

Jalisco 

Michoacán 

Morelos 

Oaxaca 

Puebla 

San Luis Potosí 

Sonora 

Veracruz 

S. keerlii Benth. NS NS 

Durango 

Guanajuato 

Hidalgo 

Michoacán 

Nuevo León 

Oaxaca 

Querétaro 

San Luis Potosí 

Tamaulipas 

Zacatecas 

S. laevis Benth. 

= S. laevis Benth.  

= S. comosa Peyr.  

= S. comosa var. hypoglauca Fernald.  

= S. hypoglauca Briq. 

= S. pseudocomosa Epling. 

Salvia real 

Palmita 

Durango 

Estado de México 

Guanajuato 

Hidalgo 

Jalisco 

Michoacán 

Oaxaca 

Puebla 

Querétaro 

San Luis Potosí 

Veracruz 
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Scientific name Botanical synonymy / Varieties Common name 

Distribution in 

other states of 

Mexico 

S. lavanduloides Kunth. 

= S. agnes Epling.  

= S. humboldtiana Schult.  

= S. lavanduloides Kunth var. latifolia 

Benth. 

= S. fratrum Standl. 

= S. lavanduloides var. hispida Benth.  

= S. purpurina La Llave. 

Altamisa 

Alucena 

Azulilla 

Cantuesco 

Cenicilla 

Chabacal 

Ordoncillo 

Lucema 

Lúcuma 

Mazorquita 

Poleo 

Salvia morada 

Yaxal nich vomol 

(tzotzil) 

Recámpona 

(mazahua) 

Cuetehton (náhuatl) 

Chiapas 

Estado de México 

Guerrero 

Hidalgo 

Michoacán 

Morelos 

Oaxaca 

Puebla 

Veracruz 

S. leucantha Cav. 
= S. bicolor Sessé & Moc. 

= S. discolor Kunth. 

= S. leucantha f. iobaphes Fernald. 

Algodoncillo 

Cordoncillo 

Cordón de Jesús 

Cordón de San 

Francisco 

Lana 

Rabo de gato 

Salvia cruz 

Salvia real 

Moco de pavo 

Moradoxóchitl 

(náhuatl) 

Tochomixochitl 

Estado de México 

Hidalgo 

Michoacán 

Morelos 

Oaxaca 

Puebla 

San Luís Potosí 

Tabasco 

Zacatecas 

S. melissodora Lag. Me 

Vaugh. 

= S. scorodoniaefolia Poir. 

= S. scorodoniae Desf. ex Poir. 

= S. scorodoniaefolia var. crenaea Fernald. 

= S. scorodonia Benth. 

= S. dugesii Fernald. 

Orégano 

Tkulh origan (tepeh) 

Tikolh origam 

Chihuahua 

Durango 

Guerrero 

Hidalgo 

Michoacán 

Oaxaca 

Zacatecas 

S. mexicana L. 

= S. mexicana L. var. mexicana  

= S. mexicana var. minor Benth. 

= S. mexicana f. minor Sessé & Moc. 

= S. mexicana var. major Benth. 

= Hemistegia mexicana (L.) Raf. 

= Jungia altissima Moench. 

= S. amethystina Salisb. 

= S. lupulina Fernald. 

= S. nitidifolia Ortega. 

= S. papilionacea Cav. 

= Sclarea mexicana (L.) Mill. 

= Sclarea mexicana (L.) Dill. 

Chía 

Marrubio 

Tacote 

Tapachichi 

Azul-sipari 

(purépecha) 

Charahuesca 

(purépecha) 

Ichukuta (purépecha) 

Tapachichi 

Chiapas 

Chihuahua 

Jalisco 

Michoacán 

Morelos 

Oaxaca 

Sinaloa 

Tlaxcala 

Veracruz 

Zacatecas 
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Scientific name Botanical synonymy / Varieties Common name 

Distribution in 

other states of 

Mexico 

S. microphylla H.B. & H. 

= S. microphylla Kunth. var. microphylla.  

= S. microphylla var. neurepia.  

= S. grahamii Benth.  

= S. lemmonii A. Gray.  

= S. microphylla Sessé & Moc.  

= S. microphylla var. canescens A. Gray. 

= S. microphylla var. wislizeni A. Gray.  

= S. obtusa M. Martens & Galeotti. 

= S. odoratissima Sessé & Moc. 

= S. lesemia coccinea Raf. 

Diente de acamaya 

Hierba de mirto 

Mastranzo 

Mirto 

Mirto blanco 

Mirto de castilla 

Mirto chico 

Mirto de huerto 

Mirto violeta 

Toronjil 

Verbena 

Mistro 

Mistru 

Mishto (tzotzil) 

Tzil bomol (tzotzil) 

Ix tasalak (tepehua) 

Mustia (purepecha) 

Kaisto nchia 

(popoloca) 

Chiapas 

Durango 

Estado de México 

Guanajuato 

Hidalgo 

Jalisco 

Michoacán 

Nuevo León 

Puebla 

Tamaulipas 

Veracruz 

S. misella Kunth. 

= S. riparia Kunth. 

= S. lateriflora Fernald. 

= S. obscura Benth. 

= S. viscosa Sessé & Moc. 

= S. privoides Benth. 

= S. occidentalis var. obscura (Benth.) M. 

Gómez 

Chía 

Hierba del cáncer 

Hierba de golpe 

Quelite lengua de 

toro 

Venenosa 

Baja California 

Guerrero 

Michoacán 

Tamaulipas 

Veracruz  

S. mocinoi Benth. 

= S. lophantha Benth. 

= S. rubiginosa Benth. 

= S. rubiginosa var. hebephylla Fernald. 

= S. saltuensis Fernald 

= S. zacuapanensis Brandegee. 

= S. lophanthoides Fernald. 

NS 

Guerrero 

Jalisco 

Michoacán 

Puebla 

S. moniliformis Fern. NS NS 
Estado de México 

Morelos 

S. oreopola Fern. NS NS 

Estado de México 

Morelos 

Oaxaca 

S. patens Cav. 

= S. decipiens M. Martens & Galeotti. 

= S. grandiflora Née ex Cav. 

= S. macrantha Schltdl. 

= S. spectabilis Kunth. 

= S. staminea M. Martens & Galeotti. 

Flor de gallito  

Quiquiriquí 

Mirto 

Mirto azul 

Estado de México 

Hidalgo 

Michoacán 

San Luis Potosí 
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Scientific name Botanical synonymy / Varieties Common name 

Distribution in 

other states of 

Mexico 

S. polystachya Cav. 

= S. polystachya Ort. 

= S. brevicalyx Benth. 

= S. caesia Willd. 

= S. cataria Briq. 

= S. compacta Kuntze. 

= S. compacta var. irazuensis Kuntze. 

= S. compacta var. latifolia Kuntze. 

= S. compacta var. oerstediana Kuntze. 

= S. durandiana Briq. ex T. Durand & 

Pittier. 

= S. eremetica Cerv. ex Lag. 

= S. flexuosa C. Prezl ex Benth. 

= S. lilacina Fernald. 

= S. lineatifolia Lag. 

= S. menthiformis Fernald. 

= S. polystachya var. albicans Fernald. 

= S. polystachya subsp. caesia (Humb. & 

Bonpl.) Briq. 

= S. polystachya subsp. compacta (Kuntze) 

Alziar. 

= S. polystachya subsp. durandiana Briq. 

= S. polystachya var. philippensis Fernald. 

= S. polystachya var. potosiana Briq. 

= S. polystachya var. seorsa Fernald. 

= S. reducta Epling. 

Alchichía 

Azulema 

Chía de campo 

Hierba chica 

Lucemilla 

Mirto                                                                                                                                                                                                                                                                                                                                 

Poleo azul 

Romerillo 

Santomexochitl  

Ulcema 

Xilpapah 

Chiapas 

Colima 

Estado de México 

Guanajuato 

Guerrero 

Hidalgo 

Jalisco 

Michoacán 

Morelos 

Nayarit 

Oaxaca 

Puebla 

Querétaro 

San Luis Potosí 

Tamaulipas 

Tlaxcala 

Veracruz 

S. prunelloides Kunth. 
= S. prunelloides f. minor Loes. 

= S. rhombifolia Sessé & Moc. 

= S. trichandra Briq. 

Hierba de gallo 

Oreja de venado 

Salvia azul  

Suimalh nanakl 

(tepech) 

Chiapas 

Durango 

Michoacán 

Nuevo León 

San Luis Potosí 

Zacatecas 

S. pulchea DC. 
= S. ancistrocarpha Fernald. 

= S. doliostachys Lag. ex Benth. 
NS 

Estado de México 

Michoacán 

S. reflexa Hornem. 
= S. aspidophylla Schult.  

= S. trichostemoides Pursh. 

Almaraduz grande 

Chía 

Mimititán 

Estado de México 

Michoacán 

Nuevo León 

Zacatecas 

S. reptans Jacq. 

= S. angustifolia Cav.  

= S. angustifolia var. glabra Briq. 

= S. angustifolia var. glabra A. Gray. 

= S. heterotricha Fernald. 

= S. leptophylla Benth. 

= S. linearis Sessé & Moc. 

= S. linifolia M. Martens & Galeotti. 

= S. virgata Ortega. 

= S. unicostata Fernald. 

Hierba de golondrina 

Hierba de pozuña 

Romerillo 

Chiapas 

Estado de México 

Hidalgo 

Jalisco 

Michoacán 

Puebla 

Zacatecas 
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NS = Not specified 

 

 

Botanical characteristics  
The different species of the Salvia genus have similar morphological characteristics [31]. Table 3 enlists 

some botanical characteristics reported by Ramamoorthy in 2001 [9], complemented by Lara-Cabrera [32]. Most 

of these species (75.5 %) are "perennial herbaceous" of 0.15 m (S. helianthemifolia Benth.) to 4 m (S. fulgens 

Cav.) and can be found at different altitudes ranging from 650 to 2400 meters. In the different species, the leaves 

vary in size from 5-8 mm to 50-140 mm long and have various shapes, from elliptical to ovate. The flowering time 

in plants is of great importance; it involves essential changes in metabolism and the translocation of nutrients, 

ensuring the production of seeds and, therefore, the survival of the species [33,34]. In the salvias studied, it was 

possible to document data on flowering times for 14 species, less than half (42.2 %) of the studied plants, and no 

pattern was observed in these data, so it is possible to find different species of Salvia in bloom throughout the year. 

The colours of the bilabiate calyx and the corolla are also diverse (red, pink, blue, lilac, and white), although the 

blue corolla is predominant (69.7 %). However, in at least nine species (27.3 %), the colour of the corolla can be 

variable. Habitat and altitude, among other abiotic and biotic environmental factors, can modify their physical or 

chemical characteristics, impacting the secondary metabolism's evolution and phenotypic plasticity [35]. 

Considering the similarity observed in the distinct Salvia species, it is essential and necessary to take 

special care in the taxonomic identification to avoid correlation errors and extrapolation [26], which could put in 

risk the reproducibility and continuation of pharmacological and chemical studies with these species [2,30]. The 

chemical composition varies between species, seasons, and habitats, as well as the stage of development or the 

plant organ (ontogeny of leaves, flowers, and fruits), factors that lead to significant qualitative differentiations 

where the composition can undergo significant changes. Some components can vary from traces (10 %) in the 

initial stages up to 50-70 % in the full bloom stage [36], which should be considered in phytochemical studies.   

Scientific name Botanical synonymy / Varieties Common name 

Distribution in 

other states of 

Mexico 

S. stachyoides Kunth. 

= S. elongata Kunth. 

= S. stricta Sessé & Moc. 

= S. simplex Spreng. 

= S. betónica Schult. 

Salvia Negra 

Michoacán 

Morelos 

Veracruz  

S. tiliifolia Vahl. 

= S. fimbriata Kunth. 

= S. myriantha Epling. 

= S. obvallata Epling. 

= S. psilophylla Epling. 

= S. tiliifolia Lag. 

= S. tiliifolia var. albiflora (M. Martens & 

Galeotti) L.O. Williams.  

= S. tiliifolia var. alvajaca (Oerst.) L. O. 

Williams. 

= S. tiliifolia var. cinerascens Fernald. 

= S. tiliifolia var. rhyacophila Fernald. 

= S. tiliaefolia Vahl. 

Chia chimarrona 

Chupona 

Hierba de gallo 

Limpia tuna 

Tronadora 

Chiapas 

Hidalgo 

Michoacán 

Nuevo León 

Sonora 

Tamaulipas 

Veracruz 

Zacatecas 

S. tubifera Cav. 

= S. excelsa Benth.  

= S. monochila Donn. Sm. 

= S. venosa Fernald. 

= S. longiflora Willd.  

NS 

Hidalgo 

Guerrero 

Veracruz 

S. verbenacea L. = S. vervenaca L. NS NS 
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Table 3. Botanical characteristics of Salvia species from Valle de México. [10] 

Plant name Habitat Leaves Flowers Flowering 
Altitude range 

(meters) 
Vegetation 

S. axillaris 
Perennial-herbaceous 

Ascending: NS 

Sessile obovate to 

oblanceolate 

Rounded apex 

7 - 12 x 30 - 45 mm 

Bilabiate calyx 

Corolla: Light lilac / 

white 

NS 

 
2400-2800 

Grasslands 

Bushes 

Quercus forest 

Juniperus forest 

S. carnea 
Perennial-herbaceous 

Ascending: 0.5-1.5 m 

Ovate 

Acuminate apex 

30 - 90 x 20 - 60 mm 

Bilabiate calyx 

Corolla: Pink / 

White 

Sep - May 2800-3500 

Mountain mesophyll forest 

Quercus forest 

Pinus forest 

Pinus-Quercus Forest 

Abies forest 

S. chamaedryoides 
Herbaceous-perennial / 

subshrub 

Ascending: 20-80 cm 

Ovate to deltoid-elliptic 

Rounded apex 

6 - 20 x 3 - 10 mm 

Bilabiate calyx 

Corolla: Blue 
NS 2300-2800 

Grassland 

Bushes 

Quercus forest 

Juniperus forest 

S. circinata 
Perennial-herbaceous 

Ascending: 30 cm-1.5 m 

Ovate 

Acumite apex 

30 - 100 x 12 - 45 mm 

Bilabiate calyx 

Corolla: Blue-

purple/white 

Aug - Nov 1650-2800 

Grassland 

Bushes 

Disturbed Areas 

S. concolor 
Perennial-herbaceous 

Ascending: 50 cm-2 m 

Ovate to ovate-deltoid 

Acuminate apex 

50 - 120 x 30 - 120 mm 

Bilabiate calyx 

Corolla: Dark blue. 
Sep 2650-3300 

Coniferous forest 

Mesophilic forest 

S. elegans 

Perennial-herbaceous 

/ Bushy 

Ascending: 80 cm-2m 

Ovate 

Acute apex 

8 - 6 x 6 - 35 mm 

Bilabiate calyx 

Corolla: Red 
NS 2550-3100 

Mountain mesophyll forest 

Abies forest 

Pinus forest 

Quercus forest 

S. filifolia 
Perennial-herbaceous 

Ascending: ± 35 cm 

Sessile 

Lineal sometimes 

Oblanceolate / narrowly-

oblanceolate 

Acute apex 

10 - 60 x 2 - 3 mm 

Bilabiate calyx 

Corolla: Blue 
Jul - Nov 2390-2800 

Encino deteriorated forest 

Pinus forest 

Quercus forest 
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Plant name Habitat Leaves Flowers Flowering 
Altitude range 

(meters) 
Vegetation 

S. fulgens 
Arbustive 

Ascending: 1-4 m 

Ovate 

Acute apex 

30 - 140 x 15 - 70 mm 

Bilabiate calyx 

Corolla: Deep 

red/white 

NS 2650-3400 

Mountain mesophyll forest 

Juniperus forest 

Mixed forest 

Pinus-Encino Forest 

S. gesneriiflora 
Climbing shrub 

Ascending: 80 cm-2.5 m 

Ovate 

RouNSed apex 

30 - 110 x 30 - 80 mm 

Bilabiate calyx 

Corolla: Red 
Oct - May 1950-3200 

Mesophyll forest 

Quercus forest 

Mixed forest 

Coniferous forest 

Pinus forest 

Pinus-Quercus Forest 

Shores of agricultural crops 

S. helianthemifolia 
Perennial-herbaceous 

Ascending: 15-70 cm 

Elliptic-orbicular 

Rounded apex 

10 - 50 x 4 - 20 mm 

Bilabiate calyx 

Corolla: Blue 
Aug - Apr 2000-3200 

Mountain mesophyll forest 

Quercus forest 

Pinus forest 

Pinus-Quercus Forest 

Coniferous forest 

Secondary scrub 

S. hirsuta 
Perennial-herbaceous 

Ascending: 20-60 cm 

Oblong-elliptic 

Obtuse apex 

20 - 35 x 10 - 14 mm 

Bilabiate calyx 

Corolla: Blue 
Jun - Oct 2250 – 2600 

Grasslands 

Scrubs 

Disturbed areas 

S. hispanica 
Perenne 

Ascending: 1 m 

Ovate-lanceolate 

Acuminate apex 

30 - 60 x 10 - 20 mm 

Bilabiate calyx 

Corolla: Purple/blue 
Sep - Nov 2050-2500 

Quercus forest 

Tropical deciduous forest 

Mixed forest 

S. keerlii 
Bushy 

Ascending: 1-3.5 m 

Ovate 

Acute-obtuse apex 

20 - 40 x 7 - 30 mm 

Bilabiate calyx 

Corolla: Blue to 

purple/white 

Jul - Dec 2170-3100 

Quercus forest 

Juniperus forest 

Pinus-Quercus Forest 

Juniperus-quercus forest 

Submontane xerophytic scrubland 
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Plant name Habitat Leaves Flowers Flowering 
Altitude range 

(meters) 
Vegetation 

S. laevis 
Perennial-herbaceous 

Ascending: 30-70 cm 

Lanceolate-oblong-

lanceolate 

Acute apex 

25 - 80 x 3 - 12 mm 

Bilabiate calyx 

Corolla: Blue 
Jun - Nov 1520 -3200 

Quercus forest 

Xerophytic scrubland 

Abies forest 

Pinus forest 

Pinus-Quercus Forest 

Mesophyll forest 

Grasslands 

Scrubs 

S. lavanduloides 
Perennial-herbaceous 

Ascending: 50 cm-1 m 

Elliptic 

Acute apex 

30 - 90 x 6 - 15 mm 

Bilabiate calyx 

Corolla: Blue 
Oct - May 1650 -3300 

Mountain mesophyll forest 

Quercus forest 

Pinus-Quercus Forest 

Mixed forest 

Secondary vegetation 

S. leucantha Ascending: 45 cm-1 m 

Lanceolate 

Acute apex 

40 - 120 x 4 - 18 mm 

Bilabiate calyx 

Corolla: White and 

covered with purple 

hair 

Sep - Dec 1000-2800 

Pinus forest 

Encino forest 

Xerophytic scrublands 

S. melissodora 
Perennial-herbaceous 

Arbustive 

Ascending: 50 cm-2 m 

Oval 

Ovate-oblong / ovate-

deltoid 

Acute apex 

10 - 50 x 70 - 30 mm 

Bilabiate calyx 

Corolla: Blue-

purple/white 

Jul - Mar 1550 - 2600 

Xerophytic scrubland 

Slopes 

Hill 

S. mexicana 
Perennial-herbaceous 

Arbustive 

Ascending: 50 cm-3 m 

Ovate 

Acuminate apex 

60 - 180 x 25 - 120 mm 

Bilabiate calyx 

Corolla: Blue 
NS 2250 - 3000 

Quercus forest 

Pinus forest 

Disturbed areas 

S. microphylla 
Arbustive 

Ascending: 40 cm-1.5 m 

Elliptic oval or deltoid 

Acute to rounded apex 

10 - 70 x 4 - 30 mm 

Bilabiate calyx 

Corolla: Red 
NS NS 

Juniperus forest 

Encino forest 

Mixed forest 

Evergreen forest 

Pinus forest 

Pinus-Encino Forest 

Xerophytic scrubland 

Grassland 
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Plant name Habitat Leaves Flowers Flowering 
Altitude range 

(meters) 
Vegetation 

S. misella 
Perennial-herbaceous 

Ascending: 50 cm-1.5 m 

Opposite sessile/elliptic 

Acuminate apex 

20 - 50 x 10 - 20 mm 

Bilabiate calyx 

Corolla: Blue 
NS 650-2250 

Mountain mesophyll forest 

Disturbed vegetation of tropical 

deciduous forest 

The transition zone between the 

mountain mesophyll and encino 

forest 

S. mocinoi 
Perennial-herbaceous 

Arbustive 

Ascending: 50 cm-2 m 

Ovate 

Acute / acuminate apex 

15 - 55 x 6 - 28mm 

Bilabiate calyx 

Corolla: Blue 
NS 2400-2650 

Mountain mesophyll forest 

Pinus forest 

Oak forest 

S. moniliformis 
Perennial-herbaceous 

Ascending: 40 cm-1 m 

Elliptic 

Acute apex 

20 a 35 x 8 – 10 mm 

Bilabiate calyx 

Corolla: Blue 
NS 2300-2800 

Mountain mesophyll forest 

Coniferous forest 

Pinus forest 

Oyamel forest 

S. oreopola 
Herbaceous 

Ascending: ± 40 cm 

Deltoid-ovate 

Acute apex 

14 - 40 x 10 - 35 mm 

Bilabiate calyx 

Corolla: Blue 
NS 2600 Pinus forest 

S. patens 
Perennial-herbaceous 

Ascending: 30 cm-1 m 

Ovate to ovate-deltoid 

Acute apex 

50 - 140 x 40 - 120 mm 

Bilabiate calyx 

Corolla: Blue 
NS 2500-2800 Quercus forest 

S. polystachya 
Perennial-herbaceous 

Arbustive 

Ascending: 50 cm-3.5 m 

Ovate - elliptic 

Acuminate apex 

30 - 140 x 20 - 70 mm 

Bilabiate calyx 

Corolla: Blue-

violet/white 

Jun.-Nov. 2250-2900 

Encino forest 

Pinus forest 

Grassland 

Secondary scrub 

Disturbed areas 

S. prunelloides 
Perennial-herbaceous 

Ascending: 15-40 cm 

Rhomboid 

Ovate-rhomboid / oblong 

Acute to rounded apex 

7 - 60 x 7 - 27 mm 

Bilabiate calyx 

Corolla: Blue 
NS 2400-3600 Coniferous forest 
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Plant name Habitat Leaves Flowers Flowering 
Altitude range 

(meters) 
Vegetation 

S. pulchea 
Perennial-herbaceous 

Arbustive 

Ascending: 1-2 m 

Ovate 

Acute-acuminate apex 

25 - 140 x 25 - 60 mm 

Bilabiate calyx 

Corolla: Red 
NS 2350-2400 

Grassland 

Xerophytic scrubland 

 

S. reflexa 
Perennial-herbaceous 

Ascending: 20 cm-1 m 

Oblong-elliptic / linear 

Acute apex 

15 - 60 x 4 - 10 mm 

Bilabiate calyx 

Corolla: White 
NS 2250-2600 

Scrub 

Disturbed areas 

S. reptans 
Perennial-herbaceous 

Ascending: 30 cm-1 m 

Linear or linear-oblong 

Acute-rounded apex 

5 - 8 x 1 - 5 mm 

Bilabiate calyx 

Corolla: Purple/blue 
NS 2300-2700 

Pinus forest 

Encino forest 

Grassland 

Scrub 

Disturbed areas 

S. stachyoides 
Perennial-herbaceous 

AsceNSing: 50 cm-1 m 

Elliptic 

Acute apex 

25 - 70 x 7 - 32 mm 

Bilabiate calyx 

Corolla: Blue 
NS 2800-3100 

Pinus forest 

Grassland 

S. tiliifolia 
Perennial-herbaceous 

Ascending: 20 cm-1.5 m 

Ovate-orbicular 

Acute apex 

10 - 50 x 10 - 50 mm 

Bilabiate calyx 

Corolla: Blue 
NS 2300-2600 Ruderal weed 

S. tubifera 
Perennial-herbaceous 

Ascending: ± 2 m 

Ovate-orbicular 

Acuminate apex 

50 - 160 x 40 - 110 mm 

Bilabiate calyx 

Corolla: Scarlet red 
NS 2300 Xerophytic scrubland 

S. verbenacea 
Herbaceous 

Ascending: ± 20 cm 

Ovate-oblong 

Rounded apex 

50 - 90 x 20 - 56 mm 

Bilabiate calyx 

Corolla: Blue 
NS 2300 NS 

NS: Not specified 
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Traditional uses and pharmacology 
Regarding Traditional Medicine, Mexico is recognized as the second most important country in the world 

that uses that kind of therapy, with a tremendous ancestral tradition and richness in the use of medicinal plants to treat 

different diseases and for ritual, only right after China [37]. The different ethnic groups living in Mexico maintain 

deep and ancestral knowledge of medicinal plants as traditional practices and beliefs about diseases and cures [37]. 

This cultural legacy dates back to published works written in the 16th century and still survives in modern Mexico 

[38]. The use and knowledge of medicinal plants by the Mexican population is a common practice for three main 

reasons: 1) the need to treat diseases, 2) an extensive flora, and 3) the existence of many indigenous groups that 

preserve their traditions [39]. Unsurprisingly, the population turns to various species of Salvia to treat diverse 

ailments, given the botanical abundance and diversity these plants represent in Mexico.  

Table 4 provides a detailed account of the ethnobotanical uses we have documented for the 33 Salvia species 

included in this study. Based on our data, we can infer that leaves are the most frequently employed part of various 

Salvia species. This preference arises due to the ease of leaf collection and the minimal impact on plant viability. In 

some cases, the complete plant, or other parts of the plant (roots and steam) used are specifically described. 

Comparing the metabolites expressed in different plant parts is essential to comprehensively understand metabolite 

synthesis. Investigating whether specific compounds are localized to certain plant regions or distributed uniformly 

across the entire plant represents a critical avenue for further research.  

Of the 33 species registered in the Valle de México, 20 are used for everyday purposes, mainly S. 

verbenacea, S. polystachya, S. lavanduloides, and S. elegans (Fig. 2). These species' most frequently reported uses 

were gastrointestinal diseases, such as stomach pain and diarrhea. Notably, diarrhea remains a significant health 

problem in Mexico, ranking as the second most common ailment across all age groups [40]. Additionally, these Salvia 

species find application in promoting childbirth, managing gynecological issues (such as menstrual colic), and serving 

as antipyretic agents. Furthermore, they are utilized for wound treatment, diabetes management, and respiratory 

conditions (Table 4). 

Pharmacological studies play an essential role in unraveling the therapeutic potential of medicinal plants. In 

the case of Salvia species, approximately 13 out of the 33 species (representing 39 %) have undergone pharmacological 

scrutiny involving investigations into extracts, fractions, and isolated compounds. A total of 28 distinct pharmacological 

effects have been documented, with notable prominence given to antioxidant, anti-bacterial, and anti-hyperglycemic 

properties. Among the studied species (Fig. 2), S. verbenacea stands out with 11 reported pharmacological activities, 

followed by S. polystachya (9 activities) and S. circinata (5 activities). The predominant mode of preparation for these 

species involves herbal infusions or tisanes, in which the bioactive compounds are extracted using water and heat [41]. 

Table 4 provides a comprehensive overview of pharmacological studies across diverse Salvia species. Notably, 

cytotoxic and anticancer activities emerge as promising avenues, offering new prospects for cancer treatment. Some 

species exhibit anti-bacterial, anti-fungal, and anti-parasitic effects. Other species are also used for treating fever, rheum, 

and edema, while their anti-inflammatory, antinociceptive, and antipyretic actions are similar to non-steroidal anti-

inflammatory drugs (AINEs). The actions at the level of the nervous system, derived by their traditional uses of cultural 

connotation ("susto," "mal de ojo," "aire"), were recorded as anti-depressants, anxiolytics, and neuroprotective in 

different experimental conditions. 

Interestingly, our pharmacological investigations align with the effects observed in traditional medicine. 

Specifically, many studies have focused on medicinal plant species' gastrointestinal and gynecological effects. However, 

it is crucial to emphasize that the number of research validating these plants' traditional uses is limited. For example, 

while 120 traditional uses have been documented for 20 species, only 42 specific studies have been conducted on 12 

Salvia species (Fig. 3). Even more pertinent is that only a handful of these studies have developed into identifying the 

pure compounds responsible for those effects. Some species have yet to be studied; for example, based on this work, 

species such as S. filifolia and S. laevis lack pharmacological studies that support the attributed medicinal uses; 

furthermore, no specific compounds have been identified in these species.  

Our comprehensive review underscores the imperative to validate the diverse traditional uses attributed to 

Salvia species. Certain species, such as S. polystachya and S. circinata, have been associated with hypoglycemic effects 

through the inhibition of α-glucosidases and sodium-dependent glucose cotransporter-1 (SGLT-1) [28,42]. Furthermore, 

Salvia species find application in hypertension management, with emerging evidence at the vascular level. However, 

studies supporting these effects in other Salvia species remain scarce and underscore the need for multidisciplinary 

research, including bioassay-guided studies, to validate all traditional uses. 
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Table 4. Medicinal uses and pharmacological effects of identified Salvia species from the Valle de México. 

Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. axillaris Expectorant          X     [70] 

S. chamaedryoides 

“Espanto”    X       Anti-bacterial X X X 

[71–72] Abortive          X Hypoglycemic X X X 

“Aire”    X           

S. circinata 

“Espanto”   X        Anti-conceptive X X X 

[16,29, 

71-75] 

“Aire”   X        Anti-hyperglycemic X  X 

Analgesic          X Anti-inflammatory X  X 

Anti-diabetic   X        Anti-MDR   X 

Diarrhea   X X       Cytotoxic   X 

Helminthiases          X     

Lack of appetite   X            

Menstrual colic   X            

Rheumatism X              

Stomachache          X     

Ulcers          X     

Vomit   X            
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Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. elegans 

“Espanto” X   X       Anti-hypertensive X X  

[8,39, 

71,72, 

76-82] 

“Mal de ojo”          X Anti-depressant X   

“Aire” X          Anxiolytic X   

“Aire” (in babies)   X  X X         

Anxiety          X     

Cooling X              

Cough          X     

Fever        X       

Injured feet          X     

Insomnia X  X            

Knocking / edema   X X X  X        

Measles   X  X  X        

Pain in the knees          X     

Postpartum   X  X  X   X     

Relapse of Ladies      X         

Sick shower   X  X X         

Skin rashes          X     
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Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. elegans 

Stimulate saliva          X     

[8,39, 

71,72, 

76-82] 
Stomachache   X  X  X        

Vomit          X     

S. filifolia Deposition          X     [83] 

S. fulgens 

“Fuegos” induced by fever         X      

[39,72] Sleeping draught    X X          

Sleeping draught (infants)   X  X X         

S. gesneriiflora 

Diarrhea   X        Antioxidant X   

[40,76, 

84,85] 
Stomachache   X        

Spasmolytic X   

Anti-inflammatory X   

S. hispanica 

Bile          X Antioxidant X   

[4,39, 

84] 

Cathartic          X     

Cough          X     

Diarrhea X      X        

Expulsion of larvae / foreign 

bodies from the eyes 
       X       

Eye burns          X     

Labor pain          X     
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Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. hispanica 

Laxative          X     

[4,39, 

84] 

Muscle pain   X            

Nutritional supplement        X       

Spit blood          X     

S. laevis 
Kidney diseases   X            

[72,76, 

86] 
Promote conception    X           

S. lavanduloides 

“Torzón”          X     

[39,72,

79,81, 

87] 

“Aire”     X          

Alopecia   X X           

Anti-dysentery   X X           

Antipyretic   X X           

Bronchitis   X X  X         

Coldness (children)          X     

Controlling vaginal bleeding          X     

Cough   X X  X         

Diarrhea          X     

Fever          X     
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Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. lavanduloides 

Gallbladder condition   X  X X         

[39,72,

79,81, 

87] 

Gynecological diseases          X     

Hemostatic   X X           

Oxytocic   X X           

Paralysis          X     

Stomachache          X     

Toothache          X     

Vomit          X     

Wash wounds          X     

Whooping cough   X X           

S. leucantha 

“Espanto”      X     Anti-bacterial   X 

[4,39, 

71,72, 

76,87-

89] 

Abortive X  X        Cytotoxic   X 

“Aire” X   X           

Bile (courage) X              

Chest/lung pain X  X            

Cough   X            

Kidney Diseases    X      X     
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Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. leucantha 

Liver disease    X      X     

[4,39, 

71,72, 

76,87-

89] 

Matrix fall      X         

Menstrual colic   X            

Postpartum    X           

Relapse of ladies    X           

Stomachache X  X            

Stops menstruation   X            

S. melissodora 
Diarrhea          X     

[79,90] 

Pain          X     

S. mexicana 

Bile   X        Anti-inflammatory X   

[72,79,

91,92]. 

Diarrhea   X        Antioxidant X   

Menstrual colic   X            

Promote conception X              

Stomachache          X     

S. microphylla 

“Empacho” X   X      X Anti-microbial   X [39-

40,72, 

76,83, 

84,89, 

93,94] 

“Espanto” X  X X      X     

“Mal de ojo”      X         
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Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. microphylla 

“Aire”               

[39-

40,72, 

76,83, 

84,89, 

93,94] 

Anti-dysentery   X X           

Bile          X     

Bone strengthening               

Diarrhea   X       X     

Earache   X            

Gynecological diseases X              

Headache   X            

Insomnia    X           

Leg scald    X           

Menstrual colic   X       X     

Nerves      X         

Postpartum baths   X X           

Promote conception    X      X     

Stomachache   X X           

Waist pain    X           
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Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. misella 

Bruising   X  X      Antioxidant X   

[39,95,

96] 

Erysipelas   X   X         

Skin rashes     X          

Warts   X  X          

Wash wounds   X  X          

S. patens 

Children's restroom (3 months)          X     

[77] Infected wounds          X     

Joint heating          X     

S. polystachya 

Anti-abortion    X       Anti-protozoal X   

[39-

40,72, 

76,83, 

84,89, 

93,94] 

Anti-diuretic          X Anti-amoebic   X 

Anti-dysentery        X   Anti-giardial   X 

Anti-gastric          X Anti-hyperglycemic X X X 

Anti-hemorrhagic          X Antioxidant X   

Anti-malarial          X 
Acts over dermal 

fibroblast expression 
  X 

Antipyretic          X 
Protective 

(Cerebral ischemia) 
X   

Scabies          X 
α-Glucosidase 

Inhibitor 
  X 
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Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. polystachya 

Diarrhea    X       SGLT1 Inhibitor   X 

[39-

40,72, 

76,83, 

84,89, 

93,94] 

Diuretic    X           

Emollient          X     

Flu          X     

Gastritis    X           

Hair growth    X           

Headache    X           

Menstrual colic    X           

Nosebleed   X X           

Parasites    X           

Promote conception X              

Purgative    X      X     

Stomachache          X     

Wounds disinfect X              

Wound healing X              

S. reflexa Stomach affections X              [72] 
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Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. reptans 

Diarrhea X   X X      Anti-bacterial X X X 

[72,94] 

Fever X              

Stomachache X   X X          

Swelling X    X          

Twists X              

Wound healing X              

S. tiliifolia 

Abscesses          X Neuroprotective   X 

[39,91,

92,95, 

96,101] 

Mumps          X     

Snake bite          X     

Vomit          X     

S. verbenacea 

Abscesses X  X        Anti-bacterial    

[20] 

“Aire” X          Anticancer    

Anti-hypertensive      X     Anti-fungal    

Antipyretic   X        Anti-hemolytic    

Anti-rheumatic   X        Anti-hyperglycemic    

Antiseptic   X        Anti-hypertensive    

Anti-spasmodic X  X        Anti-leishmanial    
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Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. verbenacea 

Anti-sweat  X X        Antioxidant    

[20] 

Anxiety          X Anti-parasitic    

Astringent  X X        Immunomodulatory    

Carminative  X X        
Inhibitory effect of 

xanthine oxidase 
   

Wound healing X  X   X X  X  Skin effect    

Cooling   X            

Contusion  X             

Cough X              

Dermatological  X             

Diabetes  X             

Digestive problems  X X     X       

Disinfectant  X X            

Diuretic   X            

Fever   X            

Genitourinary   X            

Healing   X            

Healing of burns X  X            
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Plant name Traditional use Part used 
Pharmacological 

effect 
Extract Ref. 

  Cp Ap L B S F R Sd Fr NS  Ext Frt IC  

S. verbenacea 

Insomnia          X     

[20] 

Laryngitis   X            

Menstrual colic   X            

Respiratory problems   X            

Stomachache X              

Vulnerary  X X            

Wound treatment   X            

Wound eyes   X            

Cp = Complete plant; Ap = Aerial parts, L = leaf; B = Branch; S = Steam; F = Flower; R = Root; Sd = Seed; Fr = Fruit; NS = Not specified; Ext = Extract; Fr = Fraction; IC = Isolated compound 
 

 

 

 
Fig. 2. Salvias traditionally more used and with more pharmacological studies. 
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Fig. 3. More frequent traditional uses of Salvias and its most studied pharmacological effects. 

 

 

 

Phytochemical studies 
During the 1980s and 1990s, several research groups in Mexico, led by Alfredo Ortega, Lydia Rodriguez-

Hahn, and Baldomero Esquivel, initiated innovative research focused on identifying compounds from extracts of 

Mexican sages. These first studies laid the foundation for subsequent research due to the rich content of secondary 

metabolites, including terpenoids and flavonoids. [43-47]. The aerial parts of these Salvia species, especially the 

flowers and leaves, harbor phenolic compounds, including flavonoids and terpenoids (such as monoterpenoids, 

diterpenoids, and triterpenoids); interestingly, diterpenoids were predominantly localized in the roots [46].  

In conjunction with other phytochemical studies, we compiled information in Table 5 from 56 sources 

that report on compounds from 20 Salvia species, resulting in a total of 315 identified compounds (Fig. 4). 

Among these, S. leucantha stands out with an impressive 92 reported compounds, followed closely by S. 

verbenacea (81 compounds) and S. circinata (34 compounds). Notably, 43 of these compounds are described 

in more than one species, highlighting β-sitosterol, as well as ursolic and oleanolic acids that were reported in 

8 and 7 different species of Salvia, respectively, compounds that have been identified as the most common 

terpenes in the Salvia genus [45,46], evidencing the phylogenetic relationships in these species. 

Phenolic compounds and terpenoids are the main components in fruits, vegetables, and various spices 

used for nutritional purposes [48]. Interestingly, the therapeutic active principles in several plant-derived 

medicinal extracts are also flavonoids and terpenoids [49,50]. In plants, terpenoids exhibit the most remarkable 

structural diversity, which includes diverse subclassifications. For example, the diterpenoids could be classified 

as clerodanes, kauranes, abietanes, or casbanes, to name a few [51]. They provide a chemical defense against 

environmental stress and a mechanism to repair wounds and injuries. In addition, mainly monoterpenes are 

usually responsible for the characteristic fragrance of many plants (pollinator attraction). On the other hand, 

high concentrations of terpenoids can be toxic and, therefore, constitute an essential weapon against herbivores 

and pathogens, such as anti-food or insecticides [44,51-54]. 

In recent years, there has been growing pharmacological interest in these compounds due to their 

diverse biological activities that can focus on the prevention and therapy of various diseases, as documented in 

various studies. Our research data further support this trend, revealing that many of the 315 compounds 

documented (Table 5) are terpenoids (mainly diterpenes, sesquiterpenes, and monoterpenes). While the 

phytochemical studies on Salvia species do not explicitly focus on identifying biological effects, some working 

groups have determined that diterpenes stand out mainly for their anti-inflammatory, antitumor, anti-diabetic, 

and antiviral activities. The monoterpenes show anti-microbial activity against pathogens such as 

Mycobacterium tuberculosis [55] and inhibit the growth of fungi such as Rhizoctonia solani [56]. For their part, 

sesquiterpenes have been shown to have a broad spectrum of biological activities that include anti-microbial, 

cytotoxic, anti-inflammatory, anti-bacterial, anticancer, antiviral, and anti-fungal properties, in addition to 

exerting effects on the central nervous and cardiovascular systems [57]. 

As previously mentioned, among the most reported compounds in these Salvias species are the 

pentacyclic triterpenes: the ursolic acid, a triterpenoid, is extensively studied and boasts a multitude of biological 

effects:  it acts as an insulin mimetic, insulin sensitizer, anti-inflammatory, antioxidant, anticancer, anti-obesity, 
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anti-diabetic, antiangiogenic, anti-microbial, cardioprotective, neuroprotective, hepatoprotective, anti-skeletal 

muscle atrophy and thermogenic [31,58-60]. Likewise, oleanolic acid, an isomer of ursolic acid, has effects such 

as hepatoprotective, anti-inflammatory, anti-hyperglycemic, antioxidant, anticancer, and neuroprotective 

[42,60,61]. Another noteworthy compound reported in various Salvias species is β-sitosterol, a phytosterol whose 

chemical structure is similar to cholesterol, which has diverse biological actions described that include anxiolytic, 

sedative, analgesic, angiogenic, anthelmintic, antimutagenic, immunomodulatory, anti-bacterial, anticancer, anti-

inflammatory, genotoxic, hypolipidemic, hypocholesterolemic, hepatoprotective, and respiratory diseases; 

furthermore, β-sitosterol promotes wound healing and exhibits antioxidant and anti-diabetic effects [62,63]. 

Another important group of compounds in the Salvia species are the flavonoids, a class of polyphenolic 

compounds that are naturally biosynthesized in plants. The subgroups of flavonoids include flavones, flavonols, 

flavanones, flavanonols, anthocyanidins, flavanols, and isoflavones [64,65]. Flavonoids have long been known 

to be synthesized at specific sites. They are responsible for the color and aroma of flowers and fruits to attract 

pollinators, protect plants from different biotic and abiotic stresses, and act as unique UV filters, detoxifying 

agents, and defensive anti-microbial compounds [64-67]. These natural products are well known for their 

beneficial effects on health, such as anti-diabetic, antiulcer, antiviral, antioxidant, anti-inflammatory, 

antimutagenic, cytotoxic, and anticarcinogenic [64,65,68]. 

The diverse compounds described from the Salvia species (Fig. 4) are evidence of structural variability, 

mainly from the terpenoid structures, where a minimum change in the position or the presence and absence of 

some functional groups changes the type of compound reported. This, in turn, could generate a different activity 

that can be observed in biological assays [28]. Besides, some of the same compounds in different species could 

not be at the same concentration [30,69] and might affect the expected effect. 

 

Table 5. Isolated compounds of Salvia species from Valle de México. 

Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. axillaris 
Aerial 

parts 

Roots 

Acetone 1 Terpenoid 

20-nor-abietane 

cryptotanshinone 

(cryptotanshinone) 

[23, 
102] 

S. 

chamaedryoides 

Aerial 

parts 
Dichloromethane 

- - Furano diterpenes 

[22] 

2 Terpenoid 
7α-hydroxybacchotricuneatin 

A 

3 Polyphenol Galdosol 

4 Polyphenol Rosmanol 

5 Terpenoid Salvimicrophyllin B 

6 Terpenoid Splendidin C 

7 Terpenoid Tilifodiolide 

S. circinata 

Aerial 

parts 

Flowers 

Leaves 

Acetone: 

Methanol 

Ethyl acetate 

Hexane 

Methanol 

Aqueous 

8 Terpenoid (E)-pinocarvyl acetate 

[18, 
23, 

29, 

73, 
103-

105] 

9 Flavonoid 

2-(3,4-dimethoxy phenyl)-5,6-

dihydroxy-7-methoxy-4H-

chromen-4-one 

10 Aromatic 3-methoxy-p-cymene 

11 Flavonoid 
5,6,4´-trihydroxy-7,3´-

dimethoxyflavone 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. circinata 

Aerial 

parts 

Flowers 

Leaves 

Acetone: 

Methanol 

Ethyl acetate 

Hexane 

Methanol 

Aqueous 

12 Flavonoid 5,7-O-diacetylacacetin 

[18, 

23, 

29, 

73, 
103-

105] 

13 Flavonoid 6-hydroxy luteolin 

14 Terpenoid Acetylamarissinin B 

15-21 Terpenoid Amarisolide A-G 

22-25 Terpenoid Amarissinins A-D 

26 Flavonoid Apigenin 

27 Flavonoid Apigenin-7-O-β-D-glucoside 

28 Polyphenol Caffeic acid 

29 Polyphenol Chlorogenic acid 

30 Phenol Ferulic acid 

31 Terpenoid Germacrene D 

32 Flavonoid Iso-quercitrin 

33 Terpenoid Oleanolic acid 

34 Flavonoid Pedalitin 

35 Flavonoid Phloretin 

36 Flavonoid Phlorizin 

37 Flavonoid Quercetin 

38 Phenylpropanoid Rosmarinic acid 

39 Flavonoid Rutin 

40 Terpenoid Spathulenol 

41 Terpenoid Teotihuacanin 

42 Terpenoid Ursolic acid 

43 Terpenoid α-amyrin 

44 Terpenoid α-bourbonene 

45 Terpenoid α-caryophyllene 

46 Terpenoid β-caryophyllene 

47 Terpenoid β-selinene 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. circinata 

Aerial 

parts 

Flowers 

Leaves 

Acetone: 

Methanol 

Ethyl acetate 

Hexane 

Methanol 

Aqueous 

48 Terpenoid β-sitosterol [18, 
23, 

29, 

73, 
103-

105] 

49 Terpenoid δ-elemene 

S. elegans 
Flowers 

Leaves 

Seeds 

Aqueous ethanol 

50 Alcohol 2-propanol 

[8,80,
82,10

6] 

51 Flavonoid 3-acetoxy-7-methoxyflavone 

52 Alcohol 3-octanol 

53 Amino acid Cystine 

31 Terpenoid Germacrene D 

54 Terpenoid 
Hederagenin (3β,23-

dihydroxyolean12-en-28-oic) 

55 Terpenoid Linalool 

56 Fatty acid Linoleic acid 

57 Fatty acid Linolenic acid 

58 Amino acid Lysine 

59 Amino acid Methione 

33 Terpenoid Oleanolic acid 

40 Terpenoid Spathulenol 

60 Aldehyde trans-3-hexenal 

61 Terpenoid trans-ocimene 

42 Terpenoid Ursolic acid 

46 Terpenoid β-caryophyllene 

S. fulgens 
Aerial 

parts 
Acetone 

62 Terpenoid 
10β-hydroxybacchotricuneatin 

A (Bacchotricuneatin A) 

[19, 
23, 

24, 

107-
110] 

63 Terpenoid 

nt-19-acetoxy-15,16-epoxy-6-

hydroxy-3,13(16),14-

clerodatrien-18-al 

64 Terpenoid 

ent-19-O-acetoxy-15,16-

epoxy-3,13(16),14-

clerodatrien-6,18-diol 

65 Terpenoid 
7α-hydroxy-neoclerodane-

3,13-diene-18,19:15,16-diolide 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. fulgens 
Aerial 

parts 
Acetone 

66 Terpenoid Dehydrokerlin 

[19, 

23, 

24, 
107-

110] 

67 Terpenoid Salvifulgenolide 

68 Terpenoid Salvigenolide 

69 Terpenoid Sandaracopimaric acid 

70 Terpenoid trans-1,2-dihydrosalvifaricin 

48 Terpenoid β-sitosterol 

S. gesneriiflora 
Aerial 

parts 

Methanol 

Hexane 

Dichloromethane 

- - Alkaloids 

[85, 

111] 

- - Anthraquinones 

- - Coumarins 

- - Saponins 

28 Polyphenol Caffeic acid 

29 Polyphenol Chlorogenic acid 

38 Phenylpropanoid Rosmarinic acid 

42 Terpenoid Ursolic acid 

68 Terpenoid Salvigenolide 

S. hirsute Roots Acetone 

71 Terpenoid 14-deoxycoleon U 

[112] 

72 Terpenoid 7α-acetoxy-royleanone 

73 Terpenoid 8,11,13-abietatriene 

74 Terpenoid 8,13-abietadiene 

75 Terpenoid Cryptojaponol 

76 Terpenoid Demethylcryptojaponol 

77 Terpenoid Royleanone 

78 Terpenoid Salviphlomone 

79 Terpenoid Sugiol 

80 Terpenoid Taxodione 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. hispánica Seeds 

Ethanol 

Methanol 

Hydrochloric acid 

in ethanol 

28 Polyphenol Caffeic acid 

[4, 

113, 
114] 

29 Phenol Chlorogenic acid 

81 Flavonoid Daidzin 

82 Polyphenol Gallic acid 

83 Flavonoid Kaempferol 

84 Ethyl ester Protocatechuic ethyl ester 

37 Flavonoid Quercetin 

38 Phenylpropanoid Rosmarinic acid 

85 Fatty acid α-linolenic acid 

S. keerlii 
Aerial 

parts 
Acetone 

86 Terpenoid Kerlin 

[23, 

108, 
115] 

87 Terpenoid Kerlinic acid 

88 Terpenoid Kerlinolide 

S. lavanduloides 

Aerial 

parts 

Flowers 

Roots 

Acetone 

Methanol 

72 Terpenoid 7α-acetoxy-royleanone 

[19, 

23, 

108, 
111, 

116-

118] 

89 Terpenoid Horminone 

90-94 Terpenoid Salvianduline A-E 

42 Terpenoid Ursolic acid 

48 Terpenoid β-sitosterol 

S. leucantha 
Aerial 

parts 

Flowers 

Acetone 

Chloroform 

Methanol 

Hexane 

95 Terpenoid 1,10-di-epi-cubenol 

[19, 
21, 

24, 

39, 
76, 

88, 
89, 

107, 

118-
120] 

96 Terpenoid 1,8-cineole 

97 Alcohol 1-octen-3-ol 

98 Terpenoid 20-hydroxydugesin B 

99 Terpenoid 
2-epi-6,7-dihydrosalviandulin 

E 

100 Terpenoid 3-epi-tilifodiolide 

101 Ketone 3-octanone 

102 Terpenoid 3β-methoxyisopuberulin 

103 Ketone 4-methylene-isophorone 

104 Terpenoid 6,7-dehydrodugesin A 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. leucantha 
Aerial 

parts 

Flowers 

Acetone 

Chloroform 

Methanol 

Hexane 

105 Terpenoid 6,7-dehydrodugesin B 

[19, 

21, 
24, 

39, 

76, 
88, 

89, 

107, 
118-

120] 

106 Terpenoid 6,7-dihydrosalviandulin E 

107 Terpenoid 7-epi-α-eudesmol 

108 Aromatic Apiole 

109 Terpenoid Aromadendrene 

110 Terpenoid Bicyclogermacrene 

111 Terpenoid Borneol 

112 Terpenoid Bornyl acetate 

113 Terpenoid Camphene 

114 Terpenoid Cedrene 

115 Terpenoid cis-cadin-4-en-7-ol 

116 Terpenoid cis-muurola-3,5-diene 

117 Terpenoid Citral 

118 Terpenoid Citronellal 

119 Terpenoid Citronellol 

120 Ketone Dehydrosabinaketone 

121 Terpenoid De-O-acetylsalvigenolide 

122 Benzodioxol Dillapiol 

123 Terpenoid Dugesin B 

100 Terpenoid 3-epi-tilifodiolide 

124 Terpenoid Eremoligenol 

125 Terpenoid Eudesma-4(15)7-dien-1β-ol 

126 Terpenoid Geraniol 

127 Terpenoid Geranyl acetate 

128-

129 
Terpenoid Germacrene A, B 

31 Terpenoid Germacrene D 

130 Terpenoid Globulol 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. leucantha 
Aerial 

parts 

Flowers 

Acetone 

Chloroform 

Methanol 

Hexane 

131 Terpenoid Guaiol 

[19, 

21, 

24, 

39, 

76, 
88, 

89, 

107, 
118-

120] 

132 Alcohol Heptanol 

133 Terpenoid Hinesol 

134 Terpenoid Isocaryophyllene 

135 Flavonoid Isosalipurpol 

136 Terpenoid 
Isosalvipuberulin 

(Isopuberulin) 

137 Terpenoid Isothujanol 

139-

142 
Terpenoid Leucansalvialin F-J 

55 Terpenoid Linalool 

143 Terpenoid Linalyl acetate 

144 Terpenoid Linalyl formate 

145 Terpenoid neo-α-clovene 

146 Aldehyde Nonanal 

147 Terpenoid p-cymene 

148 Flavonoid 

Quercetin-3-O-α-L-

rhamnopyranosyl-(1→6)-β-D-

glucopyranoside 

90-94 Terpenoid Salvianduline A-E 

149 Terpenoid Salvifaricin 

150-

153 
Terpenoid Salvileucalin A-D 

154 Terpenoid Salvileucantholide 

155-

158 
Terpenoid Salvileucanthsin A-D 

40 Terpenoid Spathulenol 

159 Terpenoid Spiroleucantholide 

160 Terpenoid Terpinen-4-ol 

161 Terpenoid Terpinolene 

7 Terpenoid Tilifodiolide 

162 Terpenoid Tiliifolin C 

163 Terpenoid t-muurolol 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. leucantha 
Aerial 

parts 

Flowers 

Acetone 

Chloroform 

Methanol 

Hexane 

164 Terpenoid trans-calamenen-10-ol 

[19, 

21, 

24, 

39, 

76, 

88, 
89, 

107, 

118-
120] 

165 Terpenoid trans-calamenene 

166 Terpenoid trans-β-farnesene 

167 Terpenoid Viridiflorol 

168 Terpenoid α-bulnesene 

169 Terpenoid α-cadinene 

170 Terpenoid α-cadinol 

171 Terpenoid α-copaene 

172 Terpenoid α-guaiene 

173 Terpenoid α-humulene 

174 Terpenoid α-muurolol 

175 Terpenoid α-pinene 

176 Terpenoid α-terpineol 

177 Terpenoid β-acoradiene 

178 Terpenoid β-atlantol 

179 Terpenoid β-bourbonene 

46 Terpenoid β-caryophyllene 

180 Terpenoid β-copaen-4α-ol 

181 Terpenoid β-elemene 

182 Terpenoid β-gurjunene 

183 Terpenoid β-phellandrene 

184 Terpenoid β-pinene 

185 Terpenoid β-thujone 

186 Terpenoid γ-cadinene 

187 Terpenoid γ-terpinene 

188 Terpenoid δ-cadinene 

49 Terpenoid δ-elemene 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. melissodora 
Aerial 

parts 

Acetone 

Ethyl acetate 

189 Terpenoid 

1-isopropyl-4b,8,8-trimethyl-9-

oxo-4b,5,6,7,8,8a,9,10-

octahydrophenanthrene-2,3,10-

triyl triacetate 

[19, 

23, 
108, 

122, 

123] 

190 Terpenoid 

2α-hydroxy-7α-acetoxy-12-

oxo-15:16-epoxy-neoclerodan-

3,13(16),14-trien-18: 19-olide 

191 Terpenoid 
2β-7α-dihydroxy-ent-cleroda-

3,13-diene-18,19:16,15-diolide 

192 Terpenoid 

2β-acetoxy-7α-hydroxy-ent-

cleroda-3,13-diene-

18,19:16,15-diolide 

193 Terpenoid 
2β-hydroxy-7-oxo-ent-cleroda-

3,13-diene-18,19:16,15-diolide 

194 Terpenoid 
2β-hydroxy-ent-cleroda-3,13-

diene-18,19:16,15-diolide 

195 Terpenoid 
7-oxo-ent-cleroda-3,13-diene-

18,19:16,15-diolide 

196 Terpenoid 

7α-acetoxy-2β-hydroxy-ent-

cleroda-3,13-diene-

18,19:16,15-diolide 

197 Terpenoid 
7α-acetoxy-ent-cleroda-3,13-

diene-18,19:16,15-diolide 

198 Terpenoid 
7α-hydroxy-ent-cleroda-3,13-

diene-18,19:16,15-diolide 

65 Terpenoid 
7α-hydroxy-neoclerodane-

3,13-diene-18,19:15,16-diolide 

199 Terpenoid 
7β-18,19-trihydroxy-ent-

cleroda-3,13-dien-16,15-olide 

200 Terpenoid 
7β-hydroxy-ent-cleroda-3,13-

diene-18,19:16,15-diolide 

201 Terpenoid Brevifloralactone 

202 Terpenoid Maytenoquinone 

203 Terpenoid Melisodoric acid 

33 Terpenoid Oleanolic acid 

204 Terpenoid Portulide C 

42 Terpenoid Ursolic acid 

48 Terpenoid β-sitosterol 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. mexicana 

Aerial 

parts 

Flowers 

Leaves 

Acetone 

Chloroform 

Hexane Methanol 

205 Terpenoid Arbutin 

[92] 

206 Terpenoid Betulinic acid 

207 Terpenoid Betulinol 

208 Terpenoid Salvimexicanolide 

209 Terpenoid Salviolide 

42 Terpenoid Ursolic acid 

48 Terpenoid β-sitosterol 

S. microphylla 

Aerial 

parts 

Leaves 

Stems 

Roots 

Acetone 

210 Terpenoid 12-methoxycarnosic acid 

[19, 

25, 

108, 
124, 

125] 

211 Terpenoid 
14α-18-

dihydroxyisopimaradiene 

212 Terpenoid 14α-hydroxyisopimaric acid 

213 Phenolic ester 
2-(p-hydroxyphenyl) ethyl 

eicosaheptanoic acid ester 

214 Terpenoid 7,15-isopimaradien14α, 18-diol 

215 Terpenoid 7-oxo-sandaracopimarate 

216 Terpenoid 7-oxo-sandaracopimaric acid 

217 Terpenoid 
7α-acetoxyisopimara-8(14),15-

diene-18-oic acid 

218 Terpenoid 
7α-acetoxysandaracopimaric 

acid 

65 Terpenoid 
7α-hydroxy-neoclerodane-

3,13-diene-18,19:15,16-diolide 

219 Terpenoid 
7α-hydroxysandaracopimaric 

acid 

220 Terpenoid 
8(14),15-sandaracopimaradien-

7α,18-diol 

221 Carcocyclic 8α-hydroxy-β-eudesmol 

222 Ester 
Eicosaheptanoic acid 2-(p-

hydroxyphenyl) ethyl ester 

223 Terpenoid Erithrodiol 3-acetate 

224 Cumaric acid Hexacosylferulate 

225 Terpenoid Lupeol 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. microphylla 

Aerial 

parts 

Leaves 

Stems 

Roots 

Acetone 

215 Terpenoid 
Methyl 7-

oxosandaracopimarate 

[19, 
25, 

108, 

124, 
125] 

226 Terpenoid 
Methyl 7α-

hydroxysandaracopimarate 

227 Terpenoid Microphyllandiolide 

33 Terpenoid Oleanolic acid 

5 Terpenoid Salvimicrophyllin B 

228-

230 
Terpenoid Salvimicrophyllins A, C, D 

220 Terpenoid 
Sandaracopimara-8(14),15-

diene-7α,18-diol 

42 Terpenoid Ursolic acid 

231 Terpenoid β-eudesmol 

48 Terpenoid β-sitosterol 

S. patens Flowers Aqueous 232 Flavonoid Protodelphin [126] 

S. polystachya 

Aerial 

parts 

Flowers 

Leaves 

Steams 

Acetone 

Acetone: 

Methanol 

Ethanol 

233 Terpenoid 15-epi-polystachyne G 

[17, 

23, 

42, 
98, 

100, 

107] 

234 Flavonoid 
3',5,6,7-tetrahydroxy-4´-

methoxyflavone 

66 Terpenoid Dehydrokerlin 

235 Terpenoid Linearolactone 

33 Terpenoid Oleanolic acid 

236-

243 
Terpenoid Polystachines A-H 

149 Terpenoid Salvifaricin 

244-

247 
Terpenoid Salvifilines A–E 

42 Terpenoid Ursolic acid 

S. reflexa Leaves Acetone 

248 Terpenoid 

15,16-epoxy-8α-

hydroxyneocleroda-

2,13(16),14-triene-

17,12R:18,19-diolide 
[127] 

249 Terpenoid 6β-hydroxysalviarin 

250 Terpenoid 8α-hydroxysalviarin 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. reflexa Leaves Acetone 

33  Oleanolic acid 

[127] 251 Terpenoid Salviarin 

48 Terpenoid β-sitosterol 

S. reptans 
Aerial 

parts 

Roots 

Acetone 

n-hexane 

252 Terpenoid 
1α,2α-epoxy-3,4α-

dihydrolinearolactone 

[23, 
19, 

93, 
108, 

128] 

253 Terpenoid 8α,9α-epoxy-7-ketoroyleanone 

254 Terpenoid Diosmetin 

89 Terpenoid Horminone 

235 Terpenoid Linearolactone 

33 Flavonoid Oleanolic acid 

255 Terpenoid Salvireptanolide 

42 Terpenoid Ursolic acid 

48 Terpenoid β-sitosterol 

S. tiliifolia 
Aerial 

parts 

Roots 

Acetone 

104 Terpenoid 6,7-dehydrodugesin A 

[76, 
101, 

23, 

108, 
129, 

130] 

256-

257 
Terpenoid Dugesins A, B 

258 Phenol Ferruginol 

136 Terpenoid 
Isosalvipuberulin 

(Isopuberulin) 

259 Terpenoid Puberulin 

94 Terpenoid Salvianduline E 

149 Terpenoid Salvifaricin 

260 Terpenoid Salvifolin 

261 Terpenoid Salyunnanins I 

262 Terpenoid Tilifolidione 

S. verbenacea 

Fruits 

Leaves 

Roots 

Seeds 

Steams 

Essential oils 

Methanol 

Petroleum ether 

263 Aldehyde (E)-2-hexenal 

[23] 

264 Terpenoid (E)-caryophyllene 

265 Terpenoid (E)-β-caryophyllene 

266 Terpenoid (E)-β-farnesene 

267 Terpenoid (E)-β-ionone 



Review        J. Mex. Chem. Soc. 2024, 68(4) 

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

 

 

816 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

 

Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. verbenacea 

Fruits 

Leaves 

Roots 

Seeds 

Steams 

Essential oils 

Methanol 

Petroleum ether 

268 Terpenoid (E)-β-ocimene 

[23] 

269 Carboxylic acid (Z)-9-octadecenoic acid 

270 Terpenoid (Z)-β-ocimene 

95 Terpenoid 1,10-di-epi-cubenol 

96 Terpenoid 1,8-cineole 

271 Terpenoid 13-epi-manool 

272 Terpenoid 2,3-dihydro-1,4-cineol 

273 Terpenoid 4-terpeniol 

274 Flavonoid 
5-hydroxy-3,4’,7-

trimethoxyflavone 

275 Flavonoid 
5-hydroxy-7,4'-

dimethoxyflavone 

276 Terpenoid 
6-13-hydroxy-7a- 

acetoxyroyleanone 

277 Aldehyde 9,12,15-Octadecatrienal 

26 Flavonoid Apigenin 

278 Aromatic Benzaldehyde 

110 Terpenoid Bicyclogermacrene 

28 Polyphenol Caffeic acid 

113 Terpenoid Camphene 

279 Terpenoid Camphor 

280 Terpenoid Carnosic acid 

281 Terpenoid Caryophyllene oxide 

282 Flavonoid Cirsilineol 

283 Flavonoid Cirsiliol 

116 Terpenoid cis-muurola-3,5-diene 

184 Terpenoid cis-muurola-4(14),5-diene 

164 Terpenoid E-Caryophyllene 

181 Terpenoid epi-13-manool 
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Scientific name 
Parts 

used 
Extract(s) used No. Classification Compounds Ref.. 

S. verbenacea 

Fruits 

Leaves 

Roots 

Seeds 

Steams 

Essential oils 

Methanol 

Petroleum ether 

185 Terpenoid epi-α-cadinol 

[23] 

186 Acetate Ethyl hexadecanoate 

30 Terpenoid Ferulic acid 

31 Flavonoid Germacrene D 

287 Flavonoid Hesperidin 

288 Fatty acid Hexadecanoic acid 

89 Terpenoid Horminone 

289 Terpenoid Limonene 

55 Terpenoid Linalool 

56 Fatty acid Linoleic acid 

290 Flavonoid Luteolin 

291 Terpenoid Manool 

292 Terpenoid Methyl carbonate 

293 Fatty acid 
Methyl ester of 6-octadecenoic 

acid 

294 Terpenoid Methyl eugenol 

295 Flavonoid Naringenin 

296 Alkane Nonane 

297 Alkane Octane 

298 Fatty acid Oleic acid 

147 Terpenoid p-cymene 

299 Aromatic Phenyl acetaldehyde 

300 Aromatic p-hydroxybenzoic acid 

301 Terpenoid Phytol 

302 Flavonoid Retusin 

38 Phenylpropanoid Rosmarinic acid 

303 Terpenoid Sabinene 

304 Flavonoid Salvigenin 
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used 
Extract(s) used No. Classification Compounds Ref.. 

S. verbenacea 

Fruits 

Leaves 

Roots 

Seeds 

Steams 

Essential oils 

Methanol 

Petroleum ether 

305 Terpenoid Salvinine 

[23] 

40 Terpenoid Spathulenol 

80 Terpenoid Taxodione 

161 Terpenoid Terpinolene 

306 Terpenoid trans-sabinene hydrate 

307 Alkane Tricosane 

308 Terpenoid Tricyclene 

309 Terpenoid Verbenacine 

310 Flavonoid Verbenacoside 

167 Terpenoid Viridiflorol 

171 Terpenoid α-copaene 

173 Terpenoid α-humulene 

175 Terpenoid α-pinene 

311 Terpenoid α-terpinyl acetate 

312 Terpenoid α-thujene 

46 Terpenoid β-caryophyllene 

231 Terpenoid β-eudesmol 

193 Terpenoid β-phellandrene 

313 Terpenoid γ-amorphene 

186 Terpenoid γ-cadinene 

188 Terpenoid δ-cadinene 

314 Terpenoid δ-selinene 
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Fig. 4. 
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Fig. 4. 

 

 
 

 

 

 

 

 



Review        J. Mex. Chem. Soc. 2024, 68(4) 

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

 

 

821 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

 

Fig. 4. 
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Fig. 4. 
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Fig. 4. 
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Fig. 4. 
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Fig. 4. 
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Fig. 4. Chemical components from Salvia spp. from Valle de México. 
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Conclusions 

 
The several Salvia species in the Valle de México represent a vast plant resource with metabolites of 

pharmacological interest that play a significant role in Mexican Traditional Medicine. Salvia species represent 

a vast therapeutic use and have great potential for developing new bioactive compounds for treating diverse 

diseases due to the great variety of metabolites generated under diverse conditions, even in different populations 

of the same species. The data presented seek to promote research into these species through bio-assay-guided 

chemical studies that support their empirical use and the development of new herbal treatments. Enlarging the 

identification of new metabolites present in these plant species, taking into consideration that the variations of 

metabolites structures, the wide variety of Salvias and the poor study with some of them, could also generate 

new research opportunities in diverse areas of study. Finally, expanding the chemical, biological and 

pharmacological information might serve to develop methods of production of these plants, preserve them and 

improve their production and economic impact. 
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Abstract. The electrochemical study of sulfide minerals has emerged as a vital area for enhancing sustainable 

methods for extraction and recovery of metals. This field encompasses diverse investigations. The use of Mineral 

Carbon Paste Electrodes (CPE) is one of the strategies developed in México, and their application for analyzing 

systems of extractive metallurgy range from analyses of bacterial-mineral interactions to key studies that have 

delved into understanding mineral dissolution mechanisms, with a particular focus on minerals such as galena, 

sphalerite, copper sulfides, and silver minerals. In addition, research efforts have been directed towards exploring 

copper and zinc concentrates leaching, as well as cyanidation refractoriness. These studies aim to advance 

extraction efficiency and sustainability in the mining industry. 

Keywords: Sulfide minerals; electrochemistry; extractive metallurgy. 

 

Resumen. El estudio electroquímico de los minerales de sulfuro ha surgido como un área vital para mejorar los 

métodos de extracción y recuperación de metales de manera sostenible. Este campo abarca diversas 

investigaciones. La utilización de electrodos de pasta de carbono (CPE) es una de las estrategias desarrolladas en 

México, y su aplicación para analizar sistemas de metalurgia extractiva abarca desde análisis hasta interacciones 

bacteria-mineral. Estudios clave se han centrado en comprender los mecanismos de disolución mineral, con un 

enfoque particular en minerales como la galena, la esfalerita, los sulfuros de cobre y los minerales de plata. 

Además, los esfuerzos de investigación se han dirigido a explorar la lixiviación de concentrados de zinc y la 

refractariedad a la cianuración. Estos estudios tienen como objetivo avanzar en la eficiencia y sostenibilidad de la 

extracción en la industria minera. 

Palabras clave: Sulfuros minerales; electroquímica; metalurgia extractiva. 

 

 

Introduction 

    
The electrochemistry of sulfides has been studied from various perspectives. Initially, thermodynamics 

specialists constructed the first Eh-pH diagrams, defining the stability conditions of various sulfide mineral 

systems. These were applied, for example in explaining the metal matte refining process, the dissolution kinetics 

of sulfides and particularly the electrochemical mechanisms involved. Another trend was to study the 

electrochemical characteristics of sulfide minerals, such as their resistivity, finding that under certain conditions 

they could behave like metals, although most of them behaved as semiconductors [1]. 

The production of sulfuric acid through the oxidation of pyrite in an autoclave may be considered as 

one of the earliest hydrometallurgical processes involving sulfide minerals. Several reports studied the effect of 

conditions such as oxygen pressure, temperature, and acidity, among others [1]. Initially, there was discrepancy 

regarding the dissolution mechanisms; some researchers assumed that leaching occurred over the whole area of 

mailto:rcruz@uaslp.mx
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the exposed pyrite surface, by adsorbed oxygen through a completely molecular route to sulfates, as sulfur 

formation was not observed during the oxidation process of pyrite. Peters and Majima [2] adopted Woodcock's 

suggestion [3] that anodic dissolution from the bottom of deep pits could explain the constant dissolution rate 

if the rate-limiting step was oxygen reduction and considered that this could be demonstrated through an 

electrochemical study of pyrite. The Peters and Majima study [2] was the first to show that pyrite could dissolve 

both anodically and cathodically, followed by various studies on the mechanisms and kinetics of mineral 

leaching to explain the results of experimental sulfide systems. 

On the other hand, regarding the application of electrochemistry in sulfide flotation, the earliest studies 

were conducted by Woods [4], who employed cyclic voltammetry to investigate the oxidation of ethyl xanthate 

using a galena electrode. This was the first study to use an electrode other than mercury or platinum, which are 

commonly used for studying electrochemical reactions related to adsorption. 

Following the studies of Ernest Peters and Ronald Woods, a series of investigations were conducted 

using bulk mineral electrodes to study various aspects of mineral leaching and flotation processes. Additionally, 

through the combination of spectroscopic and electrochemical techniques, some bases of the surface speciation 

were established to define the mechanisms and processes of these two important unit operations in extractive 

metallurgy. Most of these studies were reported in the proceedings of the ECS (Electrochemical Society) 

symposia on Electrochemistry in Mineral and Metal Processing I to VIII (1984-2010) [5-12].  

The mentioned electrochemical studies required the construction of a working electrode made of bulk 

mineral, that was as simple as encapsulating in resin a piece of the massive mineral and preparation of the probe 

obtained to expose the mineral surface. Later, the construction of mineral electrodes was as advanced as 

preparing rotating disk [13] and even rotating-ring disk electrodes [14,15], hence enabling in-depth kinetic and 

mechanistic studies. However, construction of these types of electrodes is not always suitable for all minerals, 

due to conductive characteristics, such as the case of sphalerite, or when they are contained in concentrates or 

mineral waste. The electrochemistry group at UAM-Iztapalapa took advantage of the so-called carbon paste 

electrode technique (CPE) to solve these issues, but unlike other groups that used commercial carbon paste to 

prepare the electrodes [16,17], UAM´s group developed a technique where ground mineral was mixed with 

graphite powder and then silicon oil was added to obtain the paste. In this way, this group led by Ignacio 

González [18-22] was able to demonstrate the advantages offered by carbon paste-mineral electrodes (CPME), 

highlighting the reproducibility of the electrochemical response obtained.  

The development of the CPME at UAM-Iztapalapa triggered a wide range of mineral electrochemistry 

studies, particularly aimed at understanding flotation, leaching, and reactivity aspects, involving sulfide 

minerals and this has been the cradle of many researchers that are either starting or already have consolidated 

careers at different universities and research centers throughout Mexico. The following is an account of 

contributions over a span of more than 30 years.   

 

 

Electrochemical Interactions Between Bacteria and Mineral Surfaces (early approach) 

 
Early studies focused on the interaction between bacteria and minerals in solution, particularly how 

bacterial adhesion to mineral surfaces is affected. The use of CPME, allowed characterization of fresh mineral 

samples [21,22], as well as of mineral samples that had been subjected to chemical or biological processes [23].  

Cruz et al [24] examined the electrophoretic mobility of the bacterium A. ferrooxidans and arsenopyrite 

(FeAsS), finding that the bacterium shows low electrophoretic mobility and consistently presents a negative 

charge, regardless of pH. It was observed that at pH levels below 2.5, there was a favorable electrostatic 

interaction between the bacterium and the mineral, which should enhance bacterial adhesion to arsenopyrite 

under optimal pH (1.8) conditions. However, this was not observed when FeAsS was exposed to A. ferrooxidans 

in a culture medium of acid characteristics. 

By employing cyclic voltammetry and CPE containing arsenopyrite, with and without different 

biological and chemical treatments, these authors found that adhesion efficiency of bacteria is either low or 

absent due to preferential dissolution of Fe(II) from FeAsS under acid conditions, which modifies the mineral 

structure. In this way, it was shown that Fe(II) ions are a more available source of energy for A. ferrooxidans 

and hence it enables their oxidation to Fe(III), promoting then a non-contact dissolution of arsenopyrite.  
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Thus, the electrochemical response of CPE-FeAsS in a culture medium (Fig. 1(a)) was compared to 

that of realgar (As2S2) in the absence (Fig. 1(b)) and presence of Fe(II) ions (Fig. 1(c)). From this, it was shown 

that the process labelled as A, corresponds to oxidation of Fe(II) and process C1 to the corresponding reduction 

of Fe(III).  

The acid dissolution that gives place to preferential release of Fe(II) from FeAsS and formation of a 

structure that is alike As2S2, shows why there is a better resemblance of Fig. 1(c) with Fig. 1(a), showing that 

indeed at the interface there is preferential oxidation of Fe(II) to Fe(III), when it is available. 

 

 
Fig. 1. Electrochemical response of CPME in a culture medium (pH=1.8) for A. ferrooxidans, where M = (a) 

FeAsS, (b) As2S2, (c) As2S2 and Fe(II) in solution. From reference [24]  

 

 

 

Advances in Carbon Paste Electrodes (CPE) for Mineral Dissolution Studies 

 
Once the capacity and versatility of carbon paste electrodes (CPE) for studying metallic minerals 

dissolution mechanisms were established, a series of studies on sulfide minerals of interest to Mexico were 

developed. Given that sulfide minerals are the primary source of base metals, and that flotation is key to their 

separation, it is relevant to establish many of the interfacial phenomena involved to improve the efficiency of 

this process. Likewise, despite the efficiency of pyrometallurgical processes, they are detrimental to the 

environment and that has prompted the development of hydrometallurgical processes as a greener alternative. 

However, a major handicap of hydrometallurgical processes is that their efficiency is limited due to issues such 

as elemental sulfur formation and insoluble salts that passivate the mineral surface when sulfides are involved. 

The following are some examples of this, where several scenarios were evaluated based on the applied mineral 

treatment or processing, and a systematic strategy for the application of electrochemical techniques, mainly 

voltammetry, chronoamperometry, and their combinations, was developed for each mineral study based on its 

complexity. 

(a) (b) 

(c) 
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Galena (PbS) Dissolution Mechanisms 
Several studies were reported related to the electrochemical oxidation of galena and characterization 

of the species responsible for the slow dissolution kinetics of this mineral [25-27]. These studies utilized 

CPE-galena in a perchloric acid medium. Typical voltammograms obtained on CPE-galena without 

electrolyte agitation are shown in Fig. 2, with the potential sweep started in negative and positive directions 

from the open circuit potential (0.1 V). Other experimental conditions are described in the figure. The 

comparison of the voltammograms indicated that processes (B') and (C') are related to oxidative processes 

in (A'), while (D) and (D') correspond to the reduction of galena. The authors conducted an extensive 

voltammetric study on CPE-galena, varying the cathodic (Eλ–) and anodic (Eλ+) switching potentials, through 

which it was possible to assign the reactions corresponding to each peak or potential interval in the 

voltammograms. Additionally, through chronoamperometry, surface sulfur species formation was promoted 

and then characterized by voltammetry started in the negative direction. The authors reported that PbS 

oxidizes to elemental sulfur and Pb(II) in a potential range of 0.5 to 0.6 V vs. SCE, and that at potentials 

above 0.6 V vs. SCE, sulfur oxidizes to PbSO4. It was found that the presence of elemental sulfur and PbSO4 

on the galena surface inhibits its dissolution, resulting in slow dissolution kinetics. This understanding is 

crucial for developing more efficient hydrometallurgical processes for lead extraction, based on inhibiting 

the stability of insoluble sulfur species. 

 

 
Fig. 2. Typical voltammograms obtained on CPE-galena (80:20 % weight) in 1.0 M HClO4, (ν = 100 mV s-1). 

The potential scan was started in the direction: (a) negative and (b) positive. From reference [25] 

 

 

 

Sphalerite (ZnS) Electro-Oxidation 

Another mineral of economic interest is sphalerite, a zinc sulfide mineral. Cisneros et al [26] carried 

out a study of this sulfide mineral and reported difficulty in generating a voltammetric signal from this 

mineral, which was consistent with that reported by Alberg y Asbjörnsson [17]. Despite evaluating two 

samples of sphalerite, voltammetry did not yield significant results. Only through analysis by varying the 

switching potential were determined two potential regions: one at <0.5 V, where sphalerite oxidizes to form 

elemental sulfur and zinc cations, and the other at E>0.5 V, where the formed sulfur species were thiosulfate 

and sulfates (Fig. 3). However, a sequential mechanism could not be proposed. The studies were carried out 

in a 1.0 M NaClO4 medium at pH 2, and it was observed that the iron content affects the conductivity of the 

sphalerite. However, the presence of pyrite in one of the samples (flotation concentrate) was not considered, 

therefore it was not possible to figure out the real effect of iron in solid solution with sphalerite. Hence, the 

main contribution of the sphalerite study was the application of anodic dissolution of sphalerite in perchloric 

acid and the effect of chloride ions on the oxidation of the mineral. The current recorded at different potentials 

versus the chloride content in the electrolyte allowed the generation of amperometric curves that defined two 

behaviors (Fig. 4). At potentials below 0.6 V, chloride enhances the dissolution process, which was 

associated with the porosity of elemental sulfur in the presence of these ions. At potentials where soluble 
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sulfur species are generated, higher chloride content limits dissolution, which the authors attributed to the 

formation of zinc chloride precipitates. 

 

 
Fig. 3. Typical cyclic voltammograms obtained on CPE with different sphalerite samples (40:60 % weight) 

in 1.0 M NaClO4 at pH 2, (ν = 100 mV s^-1). The potential scan was started in the positive direction. (a) 

Sphalerite concentrate (13.8 % Fe in solid solution); (b) natural ZnS (0.43 % Fe in solid solution). From 

reference [26]. 

 

 

 

 
Fig. 4. Effect of chloride concentration on the voltammetric dissolution current of CPE-sphalerite (40:60 % 

weight), at the different potentials marked in the figure. Potentials were selected for the different oxidation 

stages: (a) when elemental sulfur is produced, (b) when S2O3
2- and SO4

2- are produced. From reference [26] 

 

 

 

This study was complemented by including a comparison of the electrochemical behavior of 

sphalerite and galena, since these minerals are generally associated in polymetallic sulfide deposits [28]. In 

the comparison of the voltammograms for both sulfides, a region of very low current is observed up to 0.6 

V for both minerals (Fig. 5). Beyond this potential, the current increases, but it is much higher for galena. 

The authors concluded that the initial stage is similar for both minerals, forming elemental sulfur and 

dissolved cations. Subsequently, oxidized sulfur species are formed; however, the reactivity of galena in the 

second region is up to twice that of sphalerite, which could be due to its p-type semiconductor character, that 

has greater sensitivity to oxidation. 
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Fig. 5. Comparison of the voltammograms of (a) CPE-galena (80:20 % weight) (thin line), with the 

corresponding voltammogram of (b) CPE-sphalerite (40:60 wt.%) (thick line), in 1 M NaClO4, pH = 2. The 

scan was started in the positive direction, at 100 mV s-1. From reference [28] 

 

 

 

Zinc concentrate leaching 
Currently, the production of a specific metal concentrate requires the application of complex 

flotation circuits to separate each one of the metallic sulfides present in the ore. Despite this, some mineral 

concentrates still contain impurities that represent drawbacks for the actual pyrometallurgical processes, 

either from an economic or environmental standpoint. This type of concentrates are denominated complex 

minerals concentrates. To establish the basis for alternative hydrometallurgical processes for complex zinc 

concentrates, an electrochemical study of this mineral was carried out by Nava et al [29].  The anodic 

dissolution mechanism of a complex zinc concentrate was studied using a more elaborated strategy 

combining several common electrochemical techniques with CPE-mineral. Voltammograms with CPE-

complex zinc concentrate in 1.7 M H2SO4 electrolyte, starting the potential scan in both the negative and 

positive directions from the open circuit potential (Fig. 6), identified potential intervals where di fferent 

components of the concentrate were activated. Chronoamperometry was applied at different constant anodic 

potential pulses for 180 seconds within the established potential ranges. The charge from 

chronoamperograms was integrated to construct an anodic charge versus electrolysis potential curve. From 

this data four potential zones, where the charge variations occur, were determined. Interestingly, the electro-

dissolution of the concentrate is progressive and favored by increasing the applied potential . The authors 

attributed these trends to the oxidation of the various minerals in the concentrate.  

The authors verified this by analyzing the different metals in the electrolyte and the modified surface 

of the CPE-zinc complex concentrate after each potential pulse. The dissolved metals in the liquor were 

analyzed using anodic stripping with thin-film mercury electrodes. The results identified electrochemical 

reactions during the oxidation of the complex zinc concentrate and how the release of Zn, Cd, Pb and Cu is 

dependent on the potential applied (Fig. 7). This provides a basis for selecting chemical or biological 

oxidizing agents that can selectively dissolve these metals sulfides from the concentrate, avoiding products 

that inhibit leaching. 
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Fig. 6. Typical voltammograms obtained on CPE-complex zinc concentrate (80:20 % weight) in 1.7 M H2SO4, 

(ν = 100 mV s-1). The potential scan started from the open circuit potential (- 21 mV) in the direction: (a) 

negative, (b) positive. From reference [29] 

 

 

 

 
Fig. 7. (a) Anodic re-dissolution peak currents (Ipra), obtained in the liquor containing the different electro-

dissolved metals (indicated in the figure) after the CPE-complex zinc concentrate (80:20 % weight) was 

oxidized at different potentials.[29] 

 

 

 

Copper sulfide mineral reactivity 

Copper sulfides are the main source of copper and among them the most relevant is chalcopyrite 

(CuFeS2), as it is the main source worldwide. Unfortunately, CuFeS2 is highly refractory in sulfate acid media 

under oxidizing conditions, hence, making it difficult to extract copper. Despite years of research on this 

mineral, for a long time there was no agreement on the cause of this unreactive behavior which was previously 

attributed to passivation due to formation of a sulfur layer. At the present time, it has been confirmed that it is 

due to a metal-deficient copper polysulfide that results from a solid-state transformation of the chalcopyrite 

surface during the oxidation reaction [30]. This was something that in fact, was exposed through CPE-CuFeS2 

in the study of Lázaro et al. [20] and it was further supported by a study of Nava and González [31,32] that 

coupled CPE-CuFeS2 with anodic stripping voltammetry for a detailed characterization of the products formed 

at different potential regions. In this manner, these authors showed that the metal-deficient polysulfide was the 
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main product at potentials lower than 1 V/SHE. More recently, the CPE technique has allowed electrochemical 

comparisons of mineral surface modification with organic agents and how this can improve dissolution of 

CuFeS2 [33]. 

Likewise, the electrochemical behavior of three copper minerals, CuFeS2, chalcocite (Cu2S), and 

bornite (Cu5FeS4) in sulfuric acid has demonstrated that under similar dissolution conditions CuFeS2 presents 

the lowest dissolution kinetics [34]. Electrochemical techniques, such as cyclic voltammetry and 

electrochemical impedance spectroscopy, analyzed the minerals' dissolution reactions and mechanisms. Bornite 

had the highest dissolution rate with less tendency for passivation, suggesting higher reactivity in sulfuric acid 

compared to the other minerals. Voltammetric curves indicated that chalcocite and not bornite is an intermediary 

product of chalcopyrite reduction and this was the result of comparing the reduction peak C2 shown in the 

voltammogram of Fig. 8, which is in correlation with results obtained with chalcopyrite [20]. 

 

 
Fig. 8. Typical cyclic voltammograms obtained with chalcocite–CPE (20 wt.%, using silicon oil binder) in a 1 

M H2SO4 solution, at v=20 mV s-1. The scan potential was started in a different direction from open circuit 

potential (EOCP=0.15 V/SCE): (a) positive direction; (b) negative direction. The arrows indicate the scan 

potential direction. From reference [34]. 

 

 

 

Silver minerals and cyanidation refractoriness 
An interesting study compared the electrochemical behavior of silver mineral samples from different 

origins to study the refractoriness to cyanidation, a common leaching method [35]. Despite similar silver 

content, the samples differed in iron content and silver phases present. One sample contained diverse sulfosalts 

of silver like aguilarite, freibergite, polybasite, and hessite, while the other mainly contained acanthite. The 

study proved that the more complex mineral silver sample is less susceptible to electrochemical oxidation and 

thus more refractory to cyanidation than silver in acanthite (Fig. 9). This was demonstrated using 

electrochemical techniques and correlated with leaching studies, showing that silver in acanthite is more active 

to oxidation and easier to extract. This study provides a quick assessment of the refractory properties of silver 

minerals, beneficial for predicting extraction efficacy by cyanidation. In another study, the same author 

demonstrated that the reactivity of acanthite contained in this concentrate favors the voltammetric oxidation of 

pyrite due to a galvanic effect of the former on the latter [36]. This is because the rest potential (equilibrium 

potential) of acanthite is higher than that of pyrite. To prove this, the authors [35,36] compared the mineral 

sample responses before and after selectively leaching out the acanthite phase. The galvanic effect of acanthite 

can be observed also in comparison with Fig. 9, where the current of anodic oxidation occurs at a lower potential 

in Fig. 9(a) (with acanthite) compared to Fig. 9(b) (without acanthite). The galvanic effect enhances the 

reactivity of pyrite, which is one of the main species known as cyanicides in the cyanidation process. 

About silver sulfosalts, in Mexico there are an important presence of this mineral in polymetallic ores. 

The unique properties of sulfosalts affect metallurgical processes like leaching and flotation. Understanding the 
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reactivity and electrochemical behavior of silver sulfosalts is essential for optimizing silver recovery methods 

and improving metallurgical efficiency. Melendez et al [37] examined the reactivity of ruby silver minerals, 

proustite and pyrargyrite, using carbon-paste and paraffin-impregnated graphite electrodes. Samples were 

synthesized and characterized through various methods, including XRD and SEM-EDS. 

 

 
Fig. 9. Typical voltammograms obtained on CPE-mineral (70:30% weight) in 0.3 M NaCN at pH 10.60, (ν = 

25 mV s-1). The potential scan was started in the positive direction from the open circuit potential. (a) Pyrite 

concentrate with acanthite (ii), (b) Pyrite concentrate without acanthite(iii). Thin line, acanthite (i in a and b). 

From reference [35] 

 

 

 

The investigation focused on the oxidation and reduction processes, influenced by the ligand-to-metal 

charge transfer transition. Despite differences in As and Sb content, the reactivity was similar due to the solid-

state structures and oxidation states. The pnictogen (As or Sb) affected the conduction and valence band edges, 

modulating reactivity. Anodic dissolution and silver reduction processes were linked to specific band states, 

and the difficulty in dissolving these minerals in cyanide was attributed to the presence of AsS3 and SbS3 groups. 

 

 

Assessment of sulfide mineral reactivity in mining residues 

 
The commitment to sustainable development in mining involves the restoration and control of potential 

impacts during the various stages of a mining project. In precious and base metal mining from sulfides, an 

important aspect is assessing the environmental impact that solid waste, such as tailings or waste rock, can 

cause. A characteristic factor of sulfide systems is the generation of Acid Rock Drainage (ARD), which forms 

through the weathering of mining residues, resulting in acidic effluents with high iron and heavy metal content. 

With the aim of identifying the alteration processes occurring in sulfide minerals, primarily pyrite, a 

collaborative group of researchers from UAM-Iztapalapa, the Institute of Metallurgy at UASLP, and the 

University of British Columbia developed a strategy that successfully determined the factors and processes 

affecting the reactivity of iron sulfides from different mining sites and deposit types. This strategy yielded 

results comparable to those obtained using techniques defined by the relevant environmental standards.  

Fig. 10 presents the voltammograms obtained for six samples of pyrite collected in different mining 

sites [38]. The typical response of pyrite is a low current zone followed by an abrupt increase of current 

associated with pyrite oxidation. It can be observed that each sample has unique features in the oxidation peak. 

From these responses a series of parameters were established, such as charge under the curve, current increase-

to-potential ratio, and onset potential of oxidation (Table 1). 

From the comparison of voltammetric response (Fig. 10) and the electrochemical parameters, it was 

proposed that Huckleberry pyrite was the most reactive among all the samples analyzed, and that the degree of 
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reactivity of the pyrite samples decreased following the order: Huckleberry, Louvicourt 1, Zimapán, Tizapa, 

Louvicourt 2, and Brunswick. Therefore, since Brunswick pyrite was the least reactive, it presented the lowest 

I/E ratio [38]. 

In addition, the evolution of pyrite reactivity through alteration (weathering) process, were also 

evaluated from the changes in electrochemical parameters obtained for samples of pyrite with different 

alteration time and allowed for the determination of the effect of mineral texture and associations with other 

minerals on the reactivity of pyrite. 

 

 
Fig. 10. Typical voltammograms obtained for pyrite samples from different origins: H, Huckleberry; L1, 

Louvicourt 1; L2, Louvicourt 2; T, Tizapa; Z, Zimapán; B, Brunswick. The voltammograms were obtained 

from a 50 % CPE-pyrite in 0.1M NaNO3 at 20 mV s-1. (a) Complete voltammetric response, (b) low current 

region of the voltammograms. From reference [38] 

 

 

 

Table 1. Electrochemical parameters associated with the CPE-mineral voltammetric response for pyrite 

samples before (fresh) and after 4 and 10 weeks of weathering. The electrochemical characterization was carried 

out in 0.1 M NaNO3. From reference [38]. 

Sample 
OCPa 

(V) 

Eb I=10 A (V/SSE) I/Ec Rate (μA/mV) Qd (mC) 

Fresh 4 weeks 
10 

weeks 
Fresh 

4 

weeks 

10 

weeks 
Fresh 

4 

weeks 

10 

weeks 

Huckleberry -0.27 0.37 0.43 0.43 1.86 1.38 1.37 5.84 3.27 3.16 

Louvicourt 1 -0.27 0.40 0.46 0.49 1.54 1.20 0.71 4.52 2.79 1.57 

Louvicourt 2 -0.19 0.49 0.43 0.46 0.70 1.24 0.94 1.50 3.15 2.17 

Tizapa -0.18 0.47 0.42 0.49 0.98 1.38 0.64 2.13 2.50 1.49 

Zimapán -0.17 0.44 0.46 0.47 1.47 1.22 1.25 3.47 2.79 2.18 

Brunswick -0.29 0.44 0.43 0.41 0.44 1.33 1.62 1.41 3.32 4.78 

aOCP-Open circuit potential of CPE-fresh mineral 
bI/E Rate - current increase as potential increase ratio  
cE(I=10mA) - onset potential in forward scan for pyrite oxidation process 
dQ – Charge evaluates from the area below the pyrite oxidation voltammograms 
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The strategy previously described was also applied to pyrrhotite, another iron sulfide with common 

presence in Mexican mining residues [39]. For this mineral it was established that the formation of FeOOH 

and S0 layers on the mineral surface was the main factor affecting reactivity. Identifying these factors would 

not have been possible with only knowledge of the samples mineralogical characteristics and the results from 

the application of kinetic tests. Finally, the strategy was validated by the study of mining residues from 

different sites, where it was confirmed the advantages of electrochemical techniques to determine the activity 

of sulfides under different mineral associations and weathering conditions [40]. 

Hence, knowledge of specific effects of each type of impurity on the oxidative capacity of the 

mineral, as well as the surface layers formed on the mineral, can be used as a basis for developing a method 

to assess and predict the potential for Acid Rock Drainage (ARD) from mining residues containing sulfide 

minerals (Fig. 11). 

 

 
Fig. 11. Evolution of the voltammetric behavior of the mining waste sample at different alteration times: (a) 

unleached, (b) 2 weeks, and (c) 10 weeks. CPE-Mineral at 50 % in 0.1M NaNO3. The potential scan was 

started in the positive direction at 20 mV s-1. From reference [40] 

 

 

 

Advancements in characterization techniques and electrochemical studies for 

understanding bacteria-mineral interaction in sulfide systems 

 
Fifteen years after the initiation of electrochemical studies of minerals in Mexico, and with 

advancements and access to interface characterization techniques, it became possible to confirm the nature 

of the phases formed during the mechanisms predicted by electrochemical and thermodynamic diagram 

studies. With more options for spectroscopic and microscopy techniques, studies on bacteria-mineral 

interactions were again undertaken, which have gained interest due to the cost-effectiveness of bioleaching 

systems compared to other alternatives for the valorization of mining residues. Consequently, a series of 

electrochemical investigations on pyrite and chalcopyrite, the main minerals of interest in bioleaching, were 

developed and a summary of the works contributing to this are listed in Table 2 [41,42]. 

It must be noted that for the application of characterization techniques, it was necessary to use bulk 

electrodes. This was because, once the stages involved in the oxidative process were defined using CPME, 

the potentiostatic pulses needed to generate specific surface conditions on a bulk electrode of the mineral 

under study were determined. Spectroscopic and microscopic techniques permitted the definition, rather than 

just inference, of the mechanisms and surface products generated. Furthermore, by incorporating 

microbiological staining techniques, the conditions for the formation of biofilms from different bacterial 

strains, both on pyrite and chalcopyrite, were established. 
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Influence of the surface speciation on biofilm attachment to chalcopyrite 
The passivation of chalcopyrite is an industrial concern. It is considered that the redox potential of 

the solution must be controlled during leaching to avoid the formation of passive phases. Lara et al. [42] 

demonstrated that it is crucial to consider the interfacial potential rather than the bulk solution potential, as 

interfacial conditions include the biofilm/mineral system and its biological, chemical, physical, and 

electrochemical properties. Using traditional strategies in CPE-Mineral studies, four potential zones were 

established based on the chronoamperograms of chalcopyrite in CPE (Fig. 12). 

 

Table 2. Summary of contributions to the understanding of Bacteria-Mineral Interaction in Sulfide Systems 

by Mexican researchers. 

Authors Paper title Journal Year/Ref 

Lara et al 

Influence of the sulfur species 

reactivity on biofilm conformation 

during pyrite colonization by 

Acidithiobacillus thiooxidans 

Appl. Microb. Biotech 2012 [41] 

Lara et al 

Influence of the surface speciation 

on biofilm attachment to 

chalcopyrite by Acidithiobacillus 

thiooxidans 

Appl. Microb. Biotech 2013 [42] 

Saavedra et al 

Interactions of mimic weathered 

pyrite surfaces (FeS2) with acidic 

culture media (0 K): An approach 

for (bio)leaching applications 

Hydrometallurgy. 2018 [43] 

Mendez-Tovar et al 

Electrochemical monitoring of 

Acidithiobacillus thiooxidans 

biofilm formation on graphite 

surface with elemental sulfur 

Bioelectrochemistry 2019 [44] 

Saavedra et al 

Attachment of Leptospirillum sp. 

to chemically modified pyrite 

surfaces. Fast and simple 

electrochemical monitoring of 

bacterial-mineral interactions 

Hydrometallurgy. 2021[45] 

 

 

Oxidative potentiostatic pulses defined for each zone were applied to massive chalcopyrite 

electrodes for one hour in sterile culture medium at pH 2 and Raman spectroscopy was employed to analyze 

superficial phases, while bacteria colonization was observed by SEM (Fig. 13). [42] In zone I, low oxidative 

capacity phases, such as Sn
2− (e.g., Cu1−xFe1−yS2), were obtained, where A. thiooxidans poorly colonized the 

electrode surface and did not form a biofilm. A progressive increase in cell density was observed on 

chalcopyrite surfaces with covellite and mainly S0 in zones II and III. In zone IV, a well-developed and 

adherent biofilm with a high content of exopolysaccharides was formed. The cells of A. thiooxidans were 

embedded in the exopolysaccharides and partially covered by covellite (CuS) and S0 aggregates. Covellite is 

generated as a secondary phase during chalcopyrite leaching and is then oxidized to S0 and Cu2+. The results 

confirmed that the activity of A. thiooxidans and biofilm formation in the presence of CuS and S0 phases 
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indicate that the biofilm structure results from surface speciation on chalcopyrite; this knowledge has 

contributed to understanding how cells interact with the surface and the environment in bioleaching systems. 

 

 
Fig. 12. Typical current transients obtained on unmodified bulk chalcopyrite electrode in ATCC-125 medium 

(pH 2). The applied potential pulse, Ean, is varied involving zones I, II, III, and IV from (a) and (a′). The 

applied potentials are indicated in the figure. (b) Charges as a function of the applied potential pulse, Ean. Q 

values were evaluated from the typical current transients obtained on unmodified MCE (a, a′). The different 

zones are indicated in the figure. From reference [42] 
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Fig. 13. SEM images collected on abiotic leaching control samples (a–c) and surfaces from biotic assays (a′–

b′, and c′) for electrooxidized chalcopyrite surface by application of Ean in each zone indicated. The main 

secondary phases are indicated in the figure, based on EDS analysis. From reference [42]. 

 

 

 

Electrochemical Monitoring of bacteria attachment to pyrite surfaces 
Despite the complexity of obtaining quality results in such a complex system as the electrolyte-

bacteria-mineral, strategies were established, and electrochemical impedance spectroscopy studies were 

developed. These studies allowed the characterization of the properties of this triple layer interface. In a study 

focused on the adhesion of Leptospirillum sp. bacteria to modified pyrite surfaces, electrochemical impedance 

spectroscopy (EIS) was used to monitor this bacteria-mineral interaction. The objective was to develop a fast 

and simple method for evaluating bacterial adhesion to minerals, particularly in biohydrometallurgical 

processes [45]. The results showed significant changes in low frequencies depending on the chemical 

characteristics of the modified surfaces (Fig. 14). Nyquist diagrams showed varying complexities based on the 

chemical species at the pyrite and surface-modified pyrite interfaces. Additionally, the EIS allowed tracking of 

the initial steps of bacterial adhesion to pyrite electrodes, and a correlation was found between changes in phase 
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angle measured by EIS and the number of adhered bacteria determined by direct counting. The spectra for pyrite 

and surface modified pyrite electrodes were fitted to different proposed equivalent electric circuits (Fig. 15) and 

in this way a quantitative relationship between the impedance spectra and surface states and the attachment of 

Leptospirillum sp. to electrode surfaces was established. 

This study provided the basis for the development of sensors for rapid and multiplexed monitoring of 

bacterial adhesion in biohydrometallurgical processes. 

 

 
Fig. 14. Nyquist plots obtained for pyrite and pyrite modified electrodes (indicated in the figure). EIS were 

performed before (0 h, closed symbols) and after (6 h, open symbols) the addition of Leptospirillum sp. 

bacterium. Solid lines correspond to the equivalent electric circuit adjustment. 0K medium pH 1.8 was used as 

the electrolyte. From reference [45] 

 

 

 

 
Fig. 15.  Scheme describing interface conditions and their respective equivalent electric circuit assigned for the 

adjustment of impedance spectra shown in Fig. 14, for pyrite and surface modified pyrite electrodes. From 

reference [44] 
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Comprehensive mexican contribution to the electrochemical study of sulfide minerals 

 
In the earlier sections, we have highlighted the significance and main contributions to the 

electrochemical study of mineral sulfides by Mexican researchers. The reviewed documents are products 

generated during the training of some of these researchers at UAM-Iztapalapa, under projects led by Professor 

Ignacio González. Fig. 16 shows the historical production at UAM-Iztapalapa, as well as the output generated 

by researchers from Professor González's school, some still as collaborations with him but led by researchers 

at their respective universities. These universities include Universidad Autónoma de San Luis Potosí (UASLP), 

Universidad Autónoma del Estado de Hidalgo, Universidad Juárez del Estado de Durango (UJED), and outside 

of Mexico, Universidad Industrial de Santander in Colombia and Universidad de Buenos Aires in Argentine. 

This co-generation of articles began in 2010 (Fig. 16), expanding fields of study or applying already 

established ones to conditions of interest in the states where the research groups in electrochemistry of metals 

and minerals are located. Examples include the work of a researcher at UJED on the alteration of mining 

residues in the calcareous environments of Mexico, and studies on the interaction of collectors and the effect of 

associations and water quality in flotation systems by the UASLP's mineral electrochemistry group. The 

production of articles in Mexico on this subject amounts to around 70 peer-reviewed articles, of which 70% 

have been published in JCR journals, and likewise, 70 % have been produced at UAM-Iztapalapa under the 

direction of Professor Ignacio González. 

Although this number might seem low compared to topics developed by a larger number of research 

groups, it is important to note that the community dedicated to mining and extractive metallurgy is not very 

large and has decreased for two reasons: the migration to topics such as the synthesis and production of 

nanoparticles (adding value to metals and minerals) and the closure of mining companies in several developed 

countries, along with the belief that most research topics in this field were exhausted. However, the importance 

and impact of mining have been growing over the past 10 years (from 300 to almost 1300), as evidenced by the 

increase in the number of citations received by scientific outputs from our country (Fig. 16). 

 

 
Fig. 16. Comprehensive production and citation generated from sulfide minerals electrochemistry research. 

Data compiled from Web of Science.    

 

 

 

Effective strategies and methodologies have been developed to generate data essential for creating 

reaction models in both bio and hydrometallurgical systems at laboratory and industrial scales. The impact of 

water and energy conservation on the criticality of emerging metals for the energy transition requires the 

development of processes with low resource consumption. There are extensive opportunities for both 
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fundamental and applied research in critical metal extraction processes, where chemists hold a significant 

advantage over other professions. 

 

 

Conclusions 

 
The brief account of the works here presented are a sample of the ways in which mineral 

electrochemistry research has contributed, impacted and transcended in the research field of mining operations, 

especially those involving mineral sulfides. It has been particularly important to highlight how some of the 

initial research results have matured and advanced through time because of UAM´s school and the relevance of 

continuing forming human resources in Mexico that are able to apply the techniques and research strategies that 

have been developed. The sustainability of many production processes depends on overcoming many challenges 

that are bound to the current complexity of valuable minerals, the demand of circular economy approaches and 

the more stringent environmental laws, hence mineral electrochemistry plays a key role in achieving the 

sustainability goal.     
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Abstract. Over the past few decades, battery research has primarily focused on reducing costs and increasing 

energy density. There have been significant efforts to identify alternative cathode materials that could replace 

cobalt-based ones, with the goal of finding more environmentally friendly and cost-effective options. In this 

context, copper-based cathodes have emerged as promising candidates. The appeal of copper-based cathodes 

lies in their relatively high abundance, particularly in Mexico, their high theoretical energy density, and the 

potential to enhance their properties by altering their chemical structure. In recent years, numerous research 

initiatives in Mexico have aimed to make Li2CuO2 cathodes a viable option. This review examines the recent 

advances and future perspectives of these efforts, with a particular emphasis on the latest attempts to modify 

the synthesis route and incorporate multiple dopants to create synergistic effects. 

Keywords: Li2CuO2; cation doping; anion doping; dual doping; in situ analyses. 

 

Resumen. Durante las últimas décadas, la investigación sobre baterías se ha enfocado principalmente en la 

disminución de costos y el incremento de la densidad energética. Se han realizado importantes esfuerzos para 

identificar materiales catódicos alternativos que podrían reemplazar a los materiales basados en cobalto, con el 

objetivo de encontrar opciones rentables y con menor impacto al medio ambiente. En este contexto, los 

materiales catódicos basados en cobre se han convertido en candidatos prometedores. El interés por los cátodos 

basados en cobre radica en su abundancia relativamente alta, particularmente en México, su alta densidad 

energética teórica y la cualidad de mejorar sus propiedades alterando su estructura química. En los últimos años, 

numerosas propuestas de investigación en México han tenido como objetivo hacer de los cátodos de Li2CuO2 

una opción viable. Este resumen recopila los avances recientes y las perspectivas a futuro de estos esfuerzos, 
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con especial énfasis en los últimos intentos de modificar la ruta de síntesis y, a su vez, incorporar múltiples 

dopantes para crear efectos sinérgicos. 

Palabras clave: Li2CuO2, dopaje catiónico, dopaje aniónico, dopaje dual, análisis in situ. 

 

 

Introduction 

    
In recent years, concerns about climate change and greenhouse gas (GHG) emissions have grown 

significantly. The impact of GHG on humanity’s immediate future is uncertain; however, most environmental 

forecast studies suggest a challenging future if emissions continue to rise. To mitigate GHG emissions, a shift 

towards a more renewable energy sector appears to be the most direct approach. Several milestones have been 

achieved in this regard over the past few years. The installation of solar power reached 1185 GW in 2022 [1], 

wind power reached 906 GW in 2021 [2] and tidal power generation reached 527 MW [3] worldwide. These 

efforts underscore the significance of the energy transition and the commitment of some sectors to enhance the 

utilization of renewable energy. However, as the utilization of renewable energy increases, so does the need for 

energy storage solutions. Energy storage is the ideal solution to synchronize energy production and 

consumption for the benefit of the consumer, who would otherwise need to adjust to periods of peak production.  

Storing energy in batteries in the form of chemical energy has advantages in terms of energy density, 

voltage and response time when compared to mechanical energy storage systems. However, for large scale 

renewable energy storage, improvements still need to be made. One of the significant challenges lies in the cost 

associated with energy storage. Lithium-ion batteries (LIB) require costly production processes, demanding 

substantial amounts of transition metals and lithium to produce cathode materials. In this regard, Mexican 

institutions have set to replace cobalt chemistries for more abundant elements like copper. In addition, Mexico’s 

legislation has stablished lithium sources as a strategic mineral. This has led to the creation of LitioMx, a state-

owned company, to develop the extraction and production of lithium products [4]. This development and 

Mexico’s signing of the Paris agreement in 2016 creates a scenario where the promise of LIBs holds a bright 

future and a strong commitment to reduce GHG emissions.  

Copper-lithium oxides have been reported since early 70’s, where the specific crystalline structure 

seems suitable for several magnetic and electric applications [5–7]. Copper in an +2 oxidation state forms 

crystalline structures consisting of edge-sharing [CuO4] nearly square planar units lying on the bc plane which 

are linked together along the b-axis. Joining the chains between them are [LiO] layers in which the local 

symmetry around the metallic atoms is D2d [7]. The nature of the structure with two lithium ions per copper 

make it theoretically possible to achieve a specific capacity of 490 mAhg-1. However, while the oxidation of 

Cu+2 to Cu+3 does take place during charging, any additional capacity has been demonstrated to arise from 

irreversible oxygen evolution [8–12]. Seminal works have focused on deciphering the changes occurring during 

lithiation, indicating that irreversible phase transformations cause poor long-term cycling. The transition from 

Li2CuO2 to Li1.5CuO2 seems to be the more stable transformation, yielding in only one quarter of the full 

theoretical capacity. Further works have relied on doping and the formation of solid solutions with other metal 

ions to increase the stability and specific capacity [10,11,13]. However, the exact nature of doping and its effect 

remained elusive. Perea-Ramírez et al. [14] conducted a study on the electronic structure of Li2CuO2 when 

doped with various transition metals. The impact of these transition metals on the density of states is significant, 

as they shift the preference from oxygen states to metallic ones. This shift potentially increases the useable 

capacity before reaching oxygen evolution potentials. Furthermore, the study demonstrated that there are 

several strategies available to modify the electronic structure, making the use of Li2CuO2 in LIBs feasible [14].  

This review begins by examining the properties of unmodified Li2CuO2. It then dives into the effects 

of doping with a single transition metal, such as Ni, Co, Fe, and Mn, which were explored as potential dopants 

to enhance stability. Subsequently, the use of anionic dopants and in situ XRD techniques are also summarized. 

The formation of mixed phases is subsequently reviewed, followed by an evaluation of the effects of multiple 

doping. The review presents information from the past eight years to assess the potential of copper as a base 

metal for commercial Lithium-Ion Battery (LIB) applications.  
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Properties of unmodified Li2CuO2 

 
Generally, Li2CuO2 is synthesized using a conventional solid-state synthesis method, using lithium 

oxide and copper oxide as the precursors (eq. 1), with an excess of lithium oxide to compensate for loss of 

lithium as a result of sublimation. This reaction is carried out at 800 °C, common factors affecting yield are 

temperature, heating, and cooling ramps as well as temperature hold times. 
 

CuO + Li2O →  Li2Cu𝑂2 eq. 1 
 

To modify the material, reaction 1 can be modified to include other precursors in the appropriate 

stoichiometric ratios to form the desired compound. For instance, NiO has been used to integrate Ni to form solid 

solutions, similarly CuF2 has been added to add fluorine as an anodic dopant [15]. The quantities of these extra 

compounds should be carefully examined since sufficiently high amounts can lead to the formation of secondary 

phases. Moreover, since the oxidation state of copper in CuO is 2+, the addition of other compounds with different 

oxidation states should be carefully chosen to compensate the charges.  

Li2CuO2, upon exposure to atmospheric conditions, it decomposes to oxides, including CuO, Cu2O and 

Li2O, as well as the possible generation of Li2CO3 (Li2CuO2 + CO2 → Li2CO3 + CuO). These degradation 

mechanisms consequently decrease battery capacity. For this reason, samples must be stored under inert gas to 

prevent the formation of segregated phases or surface modifications.  
 

In a battery, the electrochemical reactions that Li2CuO2 undergoes are as follows:  
 

Li2CuO2 →  Li1.5CuO2 + 0.5 Li+ + 0.5 e− 

 
eq. 2 

Li1.5CuO2 →  𝐿𝑖CuO2 + 0.5 Li+ + 0.5 e− 

 
eq. 3 

𝐿𝑖CuO2 →  CuO + 0.5 O2 + Li+ +  e− eq. 4 
 

In Fig. 1, the charge/discharge profiles for Li2CuO2 at two potential windows are shown (C/15), the 

corresponding 50th cycles are shown as dashed lines [16]. For the first potential window of 1.5 to 4.2 V, the specific 

capacity is approximately 225 mAhg-1, and the discharge capacity is 180 mAhg-1. However, during the second cycle, 

the discharge capacity begins to decrease continuously, which is attributed to the irreversible changes in Li2CuO2, 

impeding the intercalation of Li+ ions. For the profile at the potential window of 2.1 to 3.8 V, during the first cycle, a 

charge capacity of 160 mAhg-1 and a discharge capacity of 110 mAhg-1 is observed. Starting from the second cycle, the 

behavior is stabilized due to the extraction of one lithium ion from Li2CuO2, indicating improved structural stability.  
 

 
Fig. 1. Galvanostatic charge/discharge characteristics on the first 50 cycles with Li2CuO2 cathodes in extended 

voltage range from 1.5 - 4.2 V (blue) and shortened voltage window from 2.1 - 3.8 V (black). Reprinted from 

data in [16] with the authors permission. 
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Structural phase transition and O2 evolution processes occur during the delithiation of various cathode 

materials such as layered oxides, Li2CuO2, being not the exception. Perea-Ramirez et al. performed electronic 

structure calculations of pristine Li2CuO2 and modified with other transition metal ions, which demonstrated 

that the evolution of oxygen at potentials higher than 3.8 V was due to a greater density of states of oxygen 

close to the Fermi level with respect to Cu, promoting its oxidation and, as consequence the formation of phases 

that inhibit structural reversibility and affect the electrochemical performance of Li2CuO2 [14]. This situation 

generates the need to propose alternatives to improve its structural and electrochemical behavior. 

 

 

Effect on properties of Li2CuO2 doped with metallic cations 

 
By incorporating metal cations from other transition metals (TM) into Li2CuO2, we can enhance its 

reversible capacity and stability. This provides a clear alternative for mitigating the drawbacks of the 

unmodified Li2CuO2. However, depending on the specific nature of the dopant, we can find several outcomes.  

Fig. 2 provides a summary of the characterization of Li2CuO2 in its unmodified form, as well as its 

modifications when combined with Mn, Fe, or Ni. The materials were synthesized via the solid-state method 

and also characterized using EPR, Mossbauer, and XRD techniques [12]. This characterization demonstrates 

the effective incorporation of TMs into Li2CuO2, forming a solid solution without the presence of a secondary 

phase. 7 Li MAS NMR spectra of Li2CuO2 and TMs-Li2CuO2 are shown in Fig. 2(a). The spectra exhibit two 

signals, one at near 0 ppm and the other at 340 ppm. The signal near 0 ppm is attributed to surface impurities 

such as LiOH or Li2CO3, which are not detectable by XRD. The signal at 340 ppm arises from Fermi contact 

associated with interchain interaction via Cu-O-Ti-O-TMs, where spin transfer occurs from paramagnetic 

copper to lithium through oxygen [19]. The slight shifts in the signals indicate changes in the local chemical 

environment of lithium due to the presence of TMs. 

 

 
Fig. 2. (a) 7Li MAS NMR spectra and (b) dQ/dV of Li2CuO2 and MTs-Li2CuO2, and (c) ex situ XRD patterns 

of Li2CuO2 and Mn-Li2CuO2. XRD patterns of both samples correspond to: i) discharge of the first cycle, ii) 

charge of the second cycle, and iii) discharge of the fifth cycle. Figure reproduced from [12] with the author’s 

permission. 

 

 

 

The electrochemical performance of the materials was analyzed within a potential window of 1.5 to 

4.2 V vs Li+/Li. dQ/dV profiles for the second and fifth cycles of each material are presented In Fig. 2(b). 
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Li2CuO2 and Mn- and Fe-Li2CuO2 exhibit three oxidation peaks between 2.8 – 3.3 V and one reduction peak 

(or two in Mn-Li2CuO2 case) between 3.0 – 2.4 V in the second cycle. These peaks are associated with different 

lithiation states, as reported by Masquelier et al. [8]. However, at around 3.9 V, another oxidation peak 

associated with the oxidation of O2− to O2 is observed, which is more intense for Li2CuO2 and Fe-Li2CuO2, 

indicating a greater O2 evolution. O2− vacancies are probably generated it the lattice inducing structural 

instability, forming CuO, which is reduced at 1.8 V, which was observed in both materials. For material 

modified with Mn, the reduction peak does not occur, indicating lowered O2− oxidation. On the other hand, in 

the material modified with Ni, oxidation processes occur at a different potential than the pristine material. This 

is likely due to the oxidation of Ni2+ to Ni3+, causing nickel to leave the lattice, and forming a new phase like 

LiNiO2 [9]. 

Mn-Li2CuO2 shows no significant changes between the second and fifth cycles. The presence of 

manganese in the lattice enhances the structural reversibility of Li2CuO2, which was confirmed by conducting 

ex situ XRD analysis at different charge and discharge cycles (Fig. 2(c)). This analysis confirmed the presence 

of orthorhombic and monoclinic phases during lithium-ion insertion and extraction respectively, which is not 

observed for pristine Li2CuO2. 

Based on these results, it is clear that transition metals as dopants, improve the electrochemical 

performance, such as increasing specific capacity or enhancing material structural stability. For example, Fe or 

Ni might serve as active cations during oxidation, providing greater capacity, while Mn doping is inactive but 

can serve as a structural pillaring agent. 

Considering these results, Li2CuO2 has been simultaneously doped with Mn4+ and Co2+ or Ni2+ ions to 

improve its structural stability and increase its capacity and retention [20]. The doping was carried out using a 

molar concentration of 2.5 % of each TM through solid state synthesis in which a ball milling process was used 

for 10 minutes at a frequency of 25Hz. 

The XRD patterns of the samples Co-Li2CuO2, Ni-Li2CuO2, CoMn-Li2CuO2 and NiMn-Li2CuO2 (as 

shown in Fig. 3) confirm that all samples share the same structure. They all possess the orthorhombic phase 

characteristic of Li2CuO2, without any formation of segregated phases. These results corroborate the formation 

of a pure phase even with the doping of two TMs, implying that all the dopant ions can be incorporated into the 

structure of the pristine material and are coordinated in a square plane coordination. The specific case for Co2+ 

ions is interesting since the normal coordination in this geometry is complicated, so the distortion of the unit 

cell that may be generated is imperceptible at these conditions. 

 

 
Fig. 3. XRD pattern of the Li2CuO2 and all modifications with one or two transition metal ions. Figure 

reproduced from [20] with the author’s permission. 

 

 

 

Regarding the electrochemical behavior, the charge-discharge profiles allow us to identify that 

Li2CuO2 synthesized with this methodology increases its capacity and allows it to retain more than 50% of the 
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capacity after 50-cycles (Fig. 4 (a)). In the samples doped with two types of cations (labeled as CoMn-Li2CuO2 

and NiMn-Li2CuO2), it is clear that they do not yield higher capacity than the pristine material (Fig. 4 (b)). The 

material doped with Co2+ cations (labeled as Co-Li2CuO2) has slightly better electrochemical behavior than 

Li2CuO2 because it maintains marginally greater retention (Fig. 4 (c)). Many reports recently have included 

more than one dopant in the structure, claiming improved properties [21–23], based on results herein mentioned, 

dual doping has a net positive effect, although just marginal.  

 

 

 
Fig. 4. (a) Galvanostatic charge/discharge profiles on the first and fiftieth cycles with Li2CuO2 and doped 

samples in extended voltage window 1.5-4.2 V, (b) Cyclic performance and (c) Charge retention during 

discharge. The Li0|1 M LiPF6|Active material: carbon black: PVDF (75:15:10 wt%) cell was cycled at C/10 at 

25°C. Figure reproduced from [20] with the author’s permission. 

 

 

 

Fluorine as an anionic doping agent 

 
Anion doping Li metal oxide cathode materials has been reported as an alternative to increase the 

electrochemical performance, voltage stability and potentially inhibiting the evolution of oxygen [24–26]. As 

pointed out in previous sections, the predominant failure mechanism for Li2CuO2 is the evolution of O2 during 

charging as cycling progress, limiting its practical application despite its promising characteristics. A lot of 

efforts have been made to incorporate fluorine into the structure of Li2CuO2 via a simple modified solid-state 

reaction [15]. Given differences in valence between O and F, it was expected that the doped Li2CuO2 would 

yield a Cu and O deficient structure, as suggested by equation 5. Different compositions of the F-doped Li2CuO2 

were explored (2.5, 5.0 and 10 mol%). XRD analysis showed that the cell parameters in the a and c directions 

decreased as a function of fluorine concentration [15]. The decrease in cell parameters has been attributed to 

the smaller ionic radius of F (1.36 Å) occupying oxygen sites (O ionic radius: 1.40 Å); specifically, in planes 

200 and 013. 

 

Li2O + (1 − 2x)CuO + xCuF2 → Li2Cu1−xO2−2xF2x Eq. 5 

(a) 

(b) 

(c) 
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Cycling the F-doped materials under constant current (0.1 C), showed the positive effects of the 

introduction of fluorine. The unmodified material exhibited a characteristic poorly defined plateau during the 

first charge, and a low initial Coulombic efficiency (55 %). In contrast, F-doped materials showed a well-

defined plateau near 3.3 V, with improvement in Coulombic efficiency, up to 69 % (Fig. 5(A)). While all the 

F-doped samples showed higher overpotential during initial charge, the 2.5 % and 5.0 % showed less 

overpotential and improved reversibility. Among the F-doped variants, 5.0 mol% F-doping yielded the best 

electrochemical performance. Although the capacity retention at cycle 10 was only 57 % of the initial capacity, 

Coulombic efficiency improved to 99 % (Fig. 5(B)). Overall, the F-doped cuprate (5.0 mol%) demonstrated 

improved capacity retention, discharging 133 mAhg-1 compared to 83 mAhg-1 for the pristine Li2CuO2 on the 

10th cycle. Performance gains were not observed when F-doping exceeded 5.0 mol %. XRD refinement revealed 

that the introduction of the fluorine precursor during the synthesis of F-doped Li2CuO2 promoted the formation 

of a secondary CuO phase [15]. As a result, any doping beyond the 5.0% threshold proved to be 

counterproductive. 

 

 
Fig. 5. Typical voltage profiles of Li0|1 M LiPF6|Active material: carbon black: PVDF (75:15:10 wt %) at first 

(A) and tenth (B) cycle. Cycling rate: 0.1C. Adapted with permission from Ref.[15]. Copyright 2020 American 

Chemical Society. 

 

 

 

In-Situ XRD and gases generation during cycling 

 
In situ techniques are needed to gain direct information about chemical reactions and transformations 

beyond that obtained by the current-voltage curves. In this section gas detection and structural transformations 

are revised.   

To assess the effectiveness of inhibiting O2 evolution, Differential Electrochemical Mass Spectrometry 

(DEMS) was employed during a voltage scan in the positive direction. The scan ranged from the open circuit 

potential up to 4.5 V vs Li, ensuring O2 evolution. Both pristine Li2CuO2 and 5.0 mol% F-doped Li2CuO2 were 

studied. For the pristine Li2CuO2, results confirmed the O2 formation starting at 4.1 V (Fig. 6). The correlation 

between ionic current and faradaic current associated to O2 evolution was the first reported for Li2CuO2, 

confirming that the second oxidation process at 4.35 V is the lattice O oxidation. Approximately 23.3 % of 

oxygen in the cathode was lost as O2 (0.032 mmol) during the electrochemical perturbation. Notably, the 

presence of fluorine improved electrochemical performance by inhibiting oxygen evolution across all explored 

potentials. The voltammogram for the doped material still exhibited an oxidation peak related to oxygen, but 

without actual oxygen evolution. This behavior could be attributed to the reversible oxygen redox reactions as 

previously reported [27]. Nonetheless, F-doped Li2CuO2 still suffers from significant capacity fade, however 

these incremental improvements suggest that leveraging novel modification methods can be used to further 

improve the material’s properties.  
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Fig. 6. Linear step voltammograms and Oxygen (m/z = 32) ion current of Li0|1 M LiPF6|Active material: carbon black: 

PVDF (75:15:10 wt%) cells. Adapted with permission from Ref.[15]. Copyright 2020 American Chemical Society.  

 

 

 

Although doping is a suitable strategy, the solubility of an ion within a crystalline structural is crucial, 

exceeding the solubility limit can lead to the formation of other phases or impurities that may either enhance or 

limit the capacity of an active material. Several publications report the effect of additional ions within the 

structure; however, the presence of impurities or secondary phases make it impossible to make a fair 

comparison.  

To analyze the effect of secondary phases formation, Martínez-Cruz et al. [28] synthesized the phase 

Li2Cu0.5Ni0.5O2/LiNi0.5Cu0.5O2 (orthorhombic/rhombohedral phase, respectively) using the solid-state method 

under different atmospheres: N2, air, or O2. The materials synthesized in an oxygen atmosphere exhibited 

superior electrochemical performance due to a higher weight percentage of the LiNi0.5Cu0.5O2 phase compared 

to the material obtained under other atmospheres. In situ XRD demonstrated that the rhombohedral phase 

enhances charge retention and structural reversibility (Fig. 7). During charging of LiNiCu-O2, signals from both 

rhombohedral and orthorhombic phases are observed. However, at the 3.4 V plateau, reflections from the 

orthorhombic phase decrease in intensity, while those from the rhombohedral phase remain stable, indicating 

that the latter does not participate in the electrochemical process. In the second plateau, at 3.7 V, the reflections 

from the rhombohedral phase undergo directional changes, suggesting alterations in the crystalline structure 

during lithium ion deintercalation. At 4.2 V, with increased oxidation, signals from the rhombohedral phase 

continue to shift in the same direction as in the previous plateau. During discharge, reflections from the 

rhombohedral phase return to their original values, while those from the orthorhombic phase significantly lose 

intensity, indicating a collapse in the crystal lattice like that observed in Li2CuO2. Changes in reflections from 

the rhombohedral phase during charging suggest a decrease in the parameter “a” and an increase in the 

parameter “c”, which are reversed during discharge, indicating structural reversibility likely related to the 

presence of Cu3+ in the LiNiO2 structure. 

To better understand the effect of copper on LiNiO2 (LNO), in situ XRD analysis was conducted on 

both LNO and Cu-LNO samples (Fig. 8(a)). This analysis allowed observation of the changes occurring at 

higher potentials (phase transitions), facilitating the correlation between capacity retention and structural 

stability. The in situ XRD experiments indicate that the main degradation mechanism is related to the increased 

fraction of the formed phase (Fig. 8(b)) and changes in interlayer distances (Fig. 8(c)). These characteristics 

confirm a positive effect of copper inclusion.  
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Fig. 7. In situ XRD patterns of Li2Cu0.5Ni0.5O2/LiNi0.5Cu0.5O2 in lithium half-cell cycled between 1.5 – 4.2 V at 

C/15 rate. The green and red vertical dashed lines in the direction patterns indicate peaks related to the 

orthorhombic and rhombohedral phases, respectively. Figure reproduced from [28] with the author’s permission. 

 

 

 

 
Fig. 8. (a) In situ XRD patterns of LNO and Cu-LNO in lithium half-cell cycled between 3.0 – 4.3 V at C/15 

rate. (b)  The relative fraction of phase transitions was obtained through the deconvolution of the (101) plane 

reflection in the in situ XRD pattern during charging. The black and blue areas correspond to the fractions of 

the initial phases, while the orange and green areas correspond to the phases formed during charging. (c) 

Schematic representation of the LNO unit cell. Figure reproduced from [28] with the author’s permission. 

 

 

The results obtained are consistent with other modifications previously performed on LiNiO2, in which 

the substitution of other transition metal ions in the Ni positions improve the reversibility of H2 to H3 phases 

at high potentials, providing greater structural stability that is reflected in capacity retention [29–32]. Therefore, 

the Cu-LNO phase proves to be attractive as a cathode material for LIBs, although a phase mixture is obtained, 

the results indicate an overall improvement over the pure phase.  

https://doi.org/10.1016/j.jelechem.2022.116034


Review        J. Mex. Chem. Soc. 2024, 68(4) 

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

 

 

861 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

Li2CuO2 dual doping: Anionic and cationic agents 

 
Lastly, we present for the first time our most recent efforts to modify Li2CuO2 using a dual-doping 

strategy. These new results use both cationic and anionic dopants, specifically using manganese and fluorine. 

This is done to inhibit oxygen from participating in the redox processes during the initial extraction of Li, 

thereby preventing the formation of O2. The F- ions occupy the sites where O resides in the Li2CuO2 lattice, and 

doping with Mn also causes modifications in the cell parameters that provide structural stability. The 

synthesized material, containing up to 5.0 % dopants is stable and isostructural to Li2CuO2 (Fig. 9).  

Galvanostatic cycling was carried out at C/10 using Li2CuO2 cathode electrodes doped with Mn and F 

prepared under inert conditions. The materials that have been dual-doped display a second plateau, which is 

associated with oxygen evolution around 4.1V. However, it’s important to note that the materials with 2.5 % 

and 3.5 % doping show a less pronounced plateau compared to the other materials. It can be inferred that the 

amount of oxygen remaining within the material's network is higher in these cases, compared to the others 

where more O2 is formed. During the discharge process, Cu+1 is formed in all materials, contributing to material 

degradation. By cycle 10, the only material that shows improvement over the pristine material is the one with 

3.5 % MnF2, as evidenced by the charge retention in Fig. 10.  

 

 
Fig. 9. XRD of dual anionic and cation doping Li2CuO2 with MnF2 at 2.5 %, 3.5 % and 5.0 %. 

 

 

 

 
Fig. 10. Charge/discharge diagram of Li2CuO2 doped with MnF2 at 2.5 %, 3.5 %, and 5.0 % of Li0|1 M 

LiPF6|Active material: carbon black: PVDF (75:15:10 wt%) cells, cycled at C/10 at 25°C. The solid line 

represents the first cycle, and the dashed line represents cycle 10. 
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Finally, Table 1 summarizes the various modifications and effects on the structure and electrochemical 

properties of Li2CuO2, based on the results discussed in this work.  

 

Table 1. Summary of widely investigated dopants and their effect on Li2CuO2. 

Dopants Description Key results References 

Undoped Pure Li2CuO2 phase. 

Baseline capacity and performance, 

prone to oxygen evolution and 

structural instability. 

[16] 

Ni 
Incorporation of 50 % Ni to 

form secondary phase. 

Increase in capacity and 

introduction of new redox 

processes. 

[17] 

Ni 
5 mol % of Ni2+ to form solid 

solutions. 

Higher initial capacity but 

generation of new irreversible 

phase. 

[12] 

Mn Doping with 5 mol % Mn4+. 
Improvement in structural stability, 

reduction in O2 evolution. 
[12] 

Fe 
Limited solubility of Fe3+ at 5 

mol%. 

Increase in specific capacity, but 

higher O2 evolution. 
[12] 

F 
Anionic doping, replacement of 

O2- with F-. 

Improvement in coulombic 

efficiency, inhibition of oxygen 

evolution. 

[15] 

Mn and Co 
Dual doping with Mn4+ and 

Co2+. 

Marginal increase in reversible 

capacity and capacity retention. 
[20] 

Mn and Ni 
Dual doping with Mn4+ and 

Ni2+. 

No significant increase in capacity 

compared to the pure material. 
[20] 

Mn and F 
Anionic (F-) and cationic (Mn4+) 

doping. 

No significant improvement 

compared to individual doping. 

Reported 

herein 

Ni 
Phase control, synthesis under 

different atmosphere. 

Improved electrochemical 

performance, higher LiNi0.5Cu0.5O2 

phase as a result of synthesis in O2 

atmosphere. 

[28] 

 

 

Conclusions 

 
Numerous strategies have been explored to modify the electrochemical properties of Li2CuO2, 

primarily aiming to enhance its electrochemical and structural reversibility. Although these modifications have 

not yet yielded a reversible capacity that renders this material practical, they have increased the specific capacity 

by introducing redox active centers. Moreover, comprehensive studies of this material have shown that while 

inactive centers bolster structural stability, they decrease capacity. Anion doping has proven effective in 

mitigating oxygen evolution at higher potentials. However, despite efforts in dual doping and element 

combinations, none have resulted in significant improvements compared to individual doping.  
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Therefore, we propose that future advancements in Li2CuO2 could involve applying successful 

techniques and knowledge from other cathode chemistries. For example, the impact of crystallinity (single 

crystal vs. polycrystalline) and faceting on various cathodes has been well-documented, demonstrating that 

cycling performance and oxygen loss inhibition can be achieved by controlling the crystallography of the active 

material [33,34]. Although single crystal Li2CuO2 has been successfully synthesized in characterization reports, 

the electrochemical performance of single crystal Li2CuO2 electrodes remains unexplored [35,36]. Investigating 

this could lead to a deeper understanding of Li2CuO2 and potential performance improvements. 

Furthermore, it is widely recognized that the electrode-electrolyte interface plays a critical role in 

achieving long, stable cycling, especially since electrode redox reactions and degradation originate at this 

interface [37,38]. Therefore, future studies should prioritize stabilizing the electrolyte – Li2CuO2 interface. 

Protective coatings such as LiNbO3, for instance, have been shown to enhance rate capability and improve 

capacity retention [39–41].  

In conclusion, there are still abundant opportunities to apply our learnings to further enhance Li2CuO2. 

With ongoing research and development, we remain hopeful that Li2CuO2 will eventually emerge as a viable 

Li-ion cathode material for Li-ion batteries. 
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Abstract.This review presents an in-depth analysis of the progress and achievements in the study of porous 

structures by the Physicochemical of Surfaces Academic Area at the Universidad Autónoma Metropolitana, 

Iztapalapa's Chemistry Department. A straightforward model for depicting disordered structures has been 

introduced here, facilitating the discovery of correlations between adjacent elements within these structures. 

Such correlations have proven to be crucial in the classification and analysis of different disordered porous 

materials and have been instrumental in the interpretation and categorization of nitrogen adsorption isotherms. 

Keywords: Adsorption isotherms; Physicochemical of surfaces academic area, and porous media. 

 

Resumen. Este artículo proporciona una revisión completa de los avances y aportes realizados en la 

caracterización de estructuras porosas dentro del Área Académica de Fisicoquímica de Superficies del 

Departamento de Química de la Universidad Autónoma Metropolitana, Iztapalapa. Dentro de esta Área 

Académica se ha desarrollado un modelo simple para describir estructuras desordenadas, que permitió 

visualizar la correlación entre elementos vecinos que constituyen dichas estructuras. Estas correlaciones han 

resultado en un factor clave para clasificar y categorizar diversos medios porosos desordenados, además de 

servir como herramientas útiles para interpretar y clasificar las isotermas de adsorción del nitrógeno. 

Palabras clave: Isotermas de adsorción, área académica de Fisicoquímica de superficies, y medios porosos. 
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Introduction  

 
Porous media play a crucial role in various technological applications, serving as catalytic supports, 

membranes, filters, and separation and sensing devices for gas molecules and solutions [1]. In recent years, 

there has been remarkable advancement in synthesizing modern porous solids with ordered structures, including 

Mobil Composition of Matter No. 41 (MCM-41), Santa Barbara Amorphous-15 (SBA-15), and Metal-organic 

frameworks (MOFs) [2-4]. These advancements allow precise characterization of the size and geometrical 

structures of such materials. The surface area of porous solids can be evaluated through gas adsorption, using 

the Brunauer-Emmett-Teller (BET) equation, which is widely employed for predicting and explaining the 

adsorptive properties of solids [5,6]. Additionally, another crucial parameter in characterizing porous solids is 

the pore size distribution (PSD). Three groups of techniques have become essential tools for determining PSD 

with high precision. The first group consists of theoretical techniques derived from the classical theory of 

liquids, known as classical density functional theory (DFT) [7-9]. The second group includes molecular 

simulation techniques such as Monte Carlo simulations and molecular dynamics simulations based on force 

fields [10-12]. The third group comprises advanced techniques, including quantum based methods and ab initio 

molecular dynamics for studying pore size distribution in complex materials [13-16]. 

However, several decades ago, before the advent of modern solids, it was very difficult to describe in 

a precise manner the structure of materials such as Vycor glasses, silicas, carbons and clays. And even more 

complex, to establish a direct correlation between solid structure and the physicochemical phenomena occurring 

during their technological applications. In this context, numerous scientific efforts aimed to provide a theoretical 

framework for understanding the effect of pore geometry and interconnection over the most used technique to 

characterize porous solids: adsorption of gasses. During the 1950s, 1960s and 1970s the study of adsorptive 

properties in cylindrical pores yielded valuable insights into interpreting adsorption isotherms. Examples 

include the Barrett-Joyner-Halenda (BJH) method [17], which was widely used for determining PSD; the 

Broekhoff de Boer description [18], and the studies conducted by Everett and Haynes [19] that delved into the 

intricate processes of capillary condensation and evaporation of gases that have been adsorbed. 

Another significant approach during those days was the development of porous network models. These 

models aimed to capture the interconnected nature of pore elements using lattices with different geometries. 

Within such lattices, two key elements are distinguished: sites and bonds. Sites represent points where two or 

more bonds converge, while bonds are passages connecting two neighbouring sites. Another important 

characteristic of lattice geometry is the coordination number or connectivity (C), denoting the number of bonds 

connecting two neighbouring sites. Typically, the connectivity remains constant within each  different lattice. 

In this way, a 3D-lattice can be envisioned as an integrated network of sites and bonds interconnected 

throughout a volume. Examples of such lattices include the simple cubic lattice (C=6), the body-centered cubic 

lattice (C=8), and the face-centered cubic lattice (C=12). 

By associating sites and bonds with different geometries and sizes, researchers can simulate, besides 

adsorption, irreversible transport processes in porous media, such as fluid displacement and diffusion of gases 

and solutions, which remain active fields of research nowadays [20-22]. However, reversible or steady-state 

processes, such as gas adsorption, represents a formidable challenge. At each equilibrium state, these processes 

involve an interplay between the geometry of statically confined fluids and the physical attraction between the 

porous solid walls and the adsorbed gas. Moreover, a confined fluid is not a homogenous phase, since the 

density of the adsorbed fluid varies as a function of the distance from the solid wall. Nevertheless, in the 1970s, 

1980s, and early 1990s, several authors conducted ingenious studies combining simple thermodynamic 

equations of homogeneous phases and percolation theory applied to porous networks [18-20]. These studies 

aimed to elucidate the relationship between pore element interconnection, shape, and gas adsorption 

development. Additionally, methods were developed to calculate the connectivity of porous networks [26]. 

These methods validated the importance of porous networks as a useful model for interpreting and predicting 

the shape of adsorbed gas isotherms. During this period, the Academic Area of Physicochemical of Surfaces 
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(AAPS) developed porous networks embodied with correlation, which are described in detail below. 

Henceforth, the acronym AAPS will be used. 

 

Dual Site-Bond Model (DSBM)  

 
During the 1980s, the AAPS proposed the Dual Site-Bond Model (DSBM) to describe porous materials 

with internal structures formed by porous networks composed of interconnected pores and channels, such as 

Vycor glasses and silica gels [4]. These amorphous materials can be characterized by lattices composed of 

interconnected sites and bonds. The starting point of the DSBM begins by addressing the relationship between 

the sizes of interconnected elements that form a porous network. Defining the size of a pore network material 

is an ambiguous concept. The DSBM resolves this by defining the size of a pore cavity (site) as the radius RS 

of the largest sphere that could be accommodated within the cavity. Similarly, the size of a bond is defined as 

the radius RB of the largest cylinder that could fit inside the pore channel connecting two sites, or as the radius 

of the largest circle that would be accommodated inside the pore window connecting two pore cavities. Since a 

site is a pore element where C-bonds converge, its size must be sufficient to accommodate these bonds. 

Conversely, since a bond is a channel or a window connecting two sites, its size must be smaller or equal to 

either of the sites it connects. This leads to the Construction Principle (CP): “the size of any site must always 

be bigger or at least equal to the size of any of its C-bonds”. See Fig. 1 for a schematic representation.  

  

 
Fig. 1. Schematization of sites and bonds forming a porous network with square geometry. The CP is depicted, 

showing that the size of any site is always bigger or at least equal to the size of any of its C-bonds. 

 

 

 

Two equations ensure the fulfillment of the CP throughout pore networks, given by, 

 

𝐵(𝑅) ≥ 𝑆(𝑅) (1) 

  

𝜙(𝑅𝑆, 𝑅𝐵) = 0, ∀𝑅𝑆 < 𝑅𝐵 (2) 
 

where 𝐵(𝑅) and 𝑆(𝑅) are the fractions of bonds and sites of sizes 𝑅𝐵 or 𝑅𝑆 smaller or equal to the value R, 

respectively. Thus, they are defined as the integral of the normalized size probability density functions of sites, 

𝐹𝑆(𝑅𝑆) and bonds, 𝐹𝐵(𝑅𝐵), as follows, 
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𝐵(𝑅) = ∫ 𝐹𝐵(𝑅𝐵)𝑑𝑅
𝑅

0

 (3) 

  

𝑆(𝑅) = ∫ 𝐹𝑆(𝑅𝑆)𝑑𝑅
𝑅

0

 (4) 

 

Additionally, in Eq. (2) the function 𝜙(𝑅𝑆, 𝑅𝐵) is a correlation function that restricts the joint 

probability, 𝐹(𝑅𝑆, 𝑅𝐵), of finding a site of size 𝑅𝑆 ∈ (𝑅𝑆, 𝑅𝑆 + 𝑑𝑅𝑆) connected to any of its C-bonds of size 

𝑅𝐵 ∈ (𝑅𝐵, 𝑅𝐵 + 𝑑𝑅𝐵) in the following way, 

 

𝐹(𝑅𝑆, 𝑅𝐵) = 𝐹𝑆(𝑅𝑆)𝐹𝐵(𝑅𝐵)𝜙(𝑅𝑆, 𝑅𝐵)𝑑𝑅𝑆𝑑𝑅𝐵 (5) 
 

 

where 𝜙(𝑅𝑆, 𝑅𝐵) must satisfy the restriction given by Eq. (2). Then, according to Eq. (5), the joint probability, 

𝐹(𝑅𝑆, 𝑅𝐵), becomes equal to zero for  𝑅𝐵 > 𝑅𝑆. The expression of  𝜙(𝑅𝑆, 𝑅𝐵) meeting this latter condition is [27], 

 

𝜙(𝑅𝑆, 𝑅𝐵) =
𝑒𝑥𝑝 (−∫

𝑑𝑆
𝐵(𝑅) − 𝑆(𝑅)

𝑅𝑆
𝑅𝐵

)

𝐵(𝑅𝑆) − 𝑆(𝑅𝑆)
 

 (6) 

 

The Eq. (1), often referred to in the literature as the first law of the DSBM, specifies how the functions 

𝐹𝐵(𝑅𝐵) and 𝐹𝑆(𝑅𝑆) are defined to ensure an adequate quantity of C-bonds connected to any site in the pore 

network. Fig. 2 displays the values of 𝐵(𝑅) and 𝑆(𝑅) corresponding to three different pairs of the functions 𝐹𝐵 

and 𝐹𝑆; condition 𝐵(𝑅′) ≥ 𝑆(𝑅′), ∀𝑅′ is always met for values of R’>0. Additionally, the normalized overlap, 𝛺, 

between functions 𝐹𝐵 and 𝐹𝑆 is presented; note how 𝛺 = 0 in the graphic depicted on the left; 𝛺 = 1/3 (indicated 

by the red area) for the case in the middle, and 𝛺 = 1 (total overlap between 𝐹𝐵 and 𝐹𝑆) in the rightmost case. 

 

 
Fig. 2. Illustration of the first law of the DSBM. Each of the uniform distribution functions 𝐹𝑆 and 𝐹𝐵 satisfy 

the condition 𝐵(𝑅′) ≥ 𝑆(𝑅′), ∀𝑅′. The values of B and S corresponds the shaded areas. b1 (bonds) and s1 (sites) 

denote the sizes of the smallest pore elements, whereas b2 (bonds) and s2 (sites) correspond to the sizes of the 

largest pore elements. Parameter 𝛺 represents the normalized area of overlap between 𝐹𝐵 and 𝐹𝑆. 

 

 

 

On the other hand, Eq. (2), commonly referred to in the literature as the second law of the DSBM, 

imposes local constraints on connected sites and bonds in order to satisfy the CP. The value of  𝜙(𝑅𝑆, 𝑅𝐵) 

depends on the value of 𝛺 .When 𝛺 = 0, 𝜙(𝑅𝑆, 𝑅𝐵) always equals 1, as any bond from 𝐹𝐵(𝑅𝐵) can be connected 

to any site with size 𝑅𝑆  without violating the CP. However, for 0 < 𝛺 ≤ 1, the value of of 𝜙(𝑅𝑆, 𝑅𝐵) depends 
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on the specific interval where 𝑅𝐵 and 𝑅𝑆 are located. Fig. 3 illustrates different values of 𝜙(𝑅𝑆, 𝑅𝐵) shown in 

equation (7), for uniform density distribution functions, resulting from different values of  𝛺 [23-26]. 

 

𝜙(𝑅𝑆, 𝑅𝐵) =
𝑒𝑥𝑝 (−∫

𝑑𝑆
𝐵(𝑅) − 𝑆(𝑅)

𝑅𝑆
𝑅𝐵

)

𝐵(𝑅𝑆) − 𝑆(𝑅𝑆)
 

 

where 

𝛽(𝑅𝑆, 𝑅𝐵) =

{
 

 
(𝑅𝑠 − 𝑠1) (𝑏2 − 𝑠1)  ⁄ 𝑖𝑓 𝑅𝐵 ≤ 𝑠1 𝑎𝑛𝑑 𝑅𝑆 ≤ 𝑏2 (𝐼)

1 𝑖𝑓 𝑅𝐵 ≤ 𝑠1 𝑎𝑛𝑑 𝑅𝑆 > 𝑏2 (𝐼𝐼)

(𝑅𝑠 − 𝑅𝐵) (𝑏2 − 𝑏1)  ⁄ 𝑖𝑓 𝑅𝐵 > 𝑠1 𝑎𝑛𝑑 𝑅𝑆 ≤ 𝑏2 (𝐼𝐼𝐼)

(𝑏2 − 𝑅𝐵) (𝑏2 − 𝑠1)  ⁄ 𝑖𝑓   𝑅𝐵 > 𝑠1 𝑎𝑛𝑑 𝑅𝑆 > 𝑏2 (𝐼𝑉)

 

 

 

 

 

 
Fig. 3. Different values of 𝜙(𝑅𝑆, 𝑅𝐵) for overlapped uniform distribution functions 𝐹𝐵 and 𝐹𝑆. Roman numbers 

indicate the expression in eq. (7). b1 (bonds) and s1 (sites) denote the sizes of the smallest pore elements, whereas 

b2 (bonds) and s2 (sites) correspond to the sizes of the largest pore elements 

 

 

 

Pore Size Segregation Effect 
 

One of the original contributions of the DSBM lies in its simple and systematic description of the size 

correlation among neighbouring pore components. Several methods for constructing porous networks have 

followed the principles of the DSBM [28-31]. However, the porous networks with the maximum randomness 

and isotropy among neighbouring sites and bonds can be constructed using the method find in [29] which is 

I II 

III IV 
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referred as the Pure MC method, inspired by the Monte Carlo sampling method of the NVT ensemble. This 

method involves randomly assigning sizes 𝑅𝐵 and 𝑅𝑆 from fixed functions 𝐹𝐵(𝑅𝐵) and 𝐹𝑆(𝑅𝑆), respectively, to 

bonds and sites of a given lattice. Subsequently, one Monte Carlo step is carried out executing 𝑁 transitions 

(where 𝑁 is equal to the total number of sites and bonds of the porous network). These transitions involve the 

interchange of sizes of two randomly chosen sites or two randomly chosen bonds in the lattice, according to the 

associated transition probabilities defined by the Metropolis algorithm [32,33]. The Monte Carlo steps are 

repeated until all the sites of the pore network satisfy the CP. The topology of pore networks obtained with this 

construction method is depicted in Fig. 4 [34], where three porous networks with C = 4 and different values are 

presented. In this figure, three sizes of sites are presented: small, medium, and large; the intervals of 𝑅𝑆, match 

these classifications by equalizing three areas below 𝐹𝑆. This figure illustrates two extreme cases and one that 

lies midway between them. The first extreme case corresponds to porous networks with 𝛺 → 0 (see Fig. 4(a)); 

in this case, the size of the three domains formed with sites of similar sizes is quite small, and they are spatially 

distributed at random.  The intermediate case is depicted in Fig. 4(b), where  𝛺 ≈ 0.7; the three domains possess 

a size that is neither too large nor too small, but rather intermediate. Finally, the second extreme case is 

represented for the condition 𝛺 → 1, (see Fig. 4(c)); in this instance, the domains have a large size and are 

distributed evenly in all directions. 

 

 
Fig. 4. Illustration depicting the spatial arrangement of domains within square porous networks, where each 

domain consists of sites of comparable size. The networks are characterized by 𝐶 = 4 and a length of 100 nodes. 

Every pixel corresponds to a single site. Panel (a) 𝛺 = 0.31, panel (b) 𝛺 = 0.68, and panel (c) 𝛺 = 0.92. Sites 

of small, medium, and large sizes are represented by the colors green, red, and yellow, respectively. 

 

 

 

Domains with uniformly sized sites can be described using a correlation length, which quantifies the 

size of regions within a porous network where the sites are strongly interrelated. This quantity is linked to the 

correlation function C(r), which represents the relationship of site sizes in the vicinity of surrounding locations 

and is defined as follows, 

 

𝐶(𝑟) =
⟨(𝑅𝑖 − 𝑅𝑆)(𝑅𝑗 − 𝑅𝑆)⟩

[〈(𝑅𝑖 − 𝑅𝑆)〉2 〈(𝑅𝑗 − 𝑅𝑆)〉2]
1
2⁄
 (8) 

 

where 𝑅𝑖 and 𝑅𝑗 are two sites separated by 𝑟 lattice positions, and  𝑅𝑆 is the medium size of 𝑅𝑆. Then, if 𝑟 = 1, 𝑅𝑖 

and 𝑅𝑗 are connected to the same bond. The relation between the correlation length 𝜉 and C(r), goes as, [35,36] 

 

𝐶(𝑟) = 𝑒𝑥𝑝 (−
𝑟

𝜉
) (9) 

(a) (b) (c) 
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Fig. 5 presents a graph of 𝜉, as a function of 𝛺 calculated through Eq. (9) for pore networks with C = 

4 and different values of  𝛺. This figure suggests two things. First, the size of the domains with sites of similar 

sizes have a typical value of 𝜉 → 0 for 𝛺 → 0, 𝜉 → 3 for 𝛺 ≈ 0.7, and 𝜉 → ∞, for 𝛺 → 1. A comparative 

analysis of Figs. 4 and 5 can be insightful for understanding the relationship between the values of 𝜉 and the 

dimensions of the domains, especially considering the nearly identical sizes of the sites involved. And second, 

𝜉 is a function of 𝛺. The variation of 𝜉 in relation to 𝛺 can be interpreted physically in the following manner. 

Pore cavities of comparable dimensions aggregate into domains, the size of which changes in direct proportion 

to the Ω value. This grouping of pores into domains based on size allows for a structured categorization, 

reflecting the influence of Ω on the spatial distribution within the material. 

 

 
Fig. 5. Representation of the correlation length 𝜉 as a function of 𝛺 for pore networks with 𝐶 = 4 and uniform 

distribution functions 𝐹𝐵 and 𝐹𝑆 [37]. 

 

 

 

Refinements of the DSBM 

 
The DSBM, as outlined previously, is inadequate for characterizing the internal structure of materials 

lacking a porous network texture. This model does not account for the complexities of materials without such 

geometries, such as MCM-41 or SBA-15 materials, which are characterized by their pores arranged in a 

hexagonal cylindrical array. In the context of the DSBM framework, the model was enhanced by two key 

modifications: the inclusion of spatial interference between bonds and the introduction of variable connectivity. 

 

 

Geometric interference of bonds 

 
The early 1990s witnessed the advent of advanced materials such as MCM-41, SBA-15, and SBA-16, 

among others, signifying a significant development in the field of material sciences. [4]. These solid materials 

feature organized structures, which facilitates the accurate determination of pore sizes. The DSBM sought to 

describe structured materials by integrating suitable enhancements, maintaining its straightforwardness. This 

involved examining the alterations in the texture of porous networks that occur when the geometric interference 

of bonds converging at a single site is prevented [38]. Fig. 6 illustrates this concept.  
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Fig. 6. Geometrical interference of four bonds converging the same site. Panel (a), the sizes of the bonds are 

sufficiently large to cause mutual interference. Panel (b), the sizes of the bonds are sufficiently minimal to 

prevent any mutual interference. 

 

 

 

This last figure shows two scenarios involving four bonds connected to a single site on a square 

lattice. In Fig. 6(a), geometrical interference occurs among the bonds, with the four bonds of equivalent size 

as the site itself. As a result, the site losses its circular geometry. Fig. 6(b), illustrates four bonds converging 

the same site without overlapping. This last configuration maintains the site circular shape of the site and 

ensures that the bonds do not obstruct one another. Then, if the sites of the networks have to keep its cavity 

geometry, the elements of the pore network have to be linked with a CP different than previously defined. It 

should be noted that geometric interference may not be applicable to all porous materials being studied. The 

significance of these limitations can vary depending on the specific characteristics and applications of the 

material in question. Therefore, it is essential to evaluate the relevance of geometric restrictions on a case -

by-case basis. For instance, the pores in plate-like materials do not interfere with each other; in this case the 

Hele-Shaw cells (spaces between rugged-parallel plates) [39] would describe much better the proper linkage 

among pores. Graphically, the size of any pair of bonds orthogonally connected to one site of size 𝑅𝑆 on a 

square lattice, and subjected to geometrical restrictions, must fall within the area bounded by a circle of 

radius 𝑅𝑆 and two perpendicular axis intersecting at the center of the circle, as depicted in Fig. 7. This area 

is defined as the incumbent volume of a site of size 𝑅𝑆 when connected to two perpendicular bonds of sizes 

𝑅𝐵1 and 𝑅𝐵2. 

 

 
Fig. 7. Permitted sizes of two bonds orthogonally connected to one site. Any point located in the red area 

(incumbent volume of the site  𝑅𝑆) do not interfere with each other. 

 

 

(a) (b) 
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The updating of the firs law that guarantee the fulfilment of geometric restrictions among the 

components of a porous network, is as follows, 

 

𝐵𝐶(𝑅𝑆) ≥ 𝑆(𝑅𝑆), ∀𝑅𝑆 (10) 
 

where 𝐵𝐶(𝑅𝑆) represents the fraction of bonds of size 𝑅𝑆 or smaller that lie in the incumbent volume of sites 

smaller than or equal to 𝑅𝑆. The general expression for 𝐵𝐶(𝑅𝑆) can be articulated through the following equation 

(the integral boundaries are defined according to the type of lattice involved.) [40], 

 

𝐵𝐶(𝑅𝑆) = {∫ ⋯∫ 𝐹𝐵(𝑅𝐵1)⋯
⬚

0

𝑅𝑆

0

𝐹𝐵(𝑅𝐵𝐶)𝑑𝑅𝐵1⋯𝑑𝑅𝐵𝐶}

1 𝐶⁄

 (11) 

 

where  𝑅𝐵1 , 𝑅𝐵2 … 𝑅𝐵𝐶 are the sizes of the C-connected bonds of sites of sizes 𝑅𝑆  and 𝐹𝐵(𝑅𝐵1)⋯𝐹𝐵(𝑅𝐵𝐶) are 

the corresponding density functions of these bonds. For their part, the probability density function for the joint 

event of having a site of size 𝑅𝑆 connected to bonds of sizes 𝑅𝐵1⋯𝑅𝐵𝐶 , is represented as follows,  

 

𝜌(𝑅𝑆 ∩ 𝑅𝐵1⋯𝑅𝐵𝐶) = 𝐹𝑆(𝑅𝑆)𝐹𝐵(𝑅𝐵1)⋯𝐹𝐵(𝑅𝐵𝐶)𝜙(𝑅𝑆, 𝑅𝐵1⋯𝑅𝐵𝐶) (12) 

 

Then, the updating of the second law can be written as, 

 

𝜙(𝑅𝑆, 𝑅𝐵1⋯𝑅𝐵𝐶) = 0, outside the incumbent volume (13) 

 

where the expression of the correlation function changes as follows [40],  

 

𝜙(𝑅𝑆, 𝑅𝐵1⋯𝑅𝐵𝐶) =
𝑒𝑥𝑝 (−∫

𝑑𝐵𝐶
𝐵𝐶 − 𝑆

𝐵𝐶(𝑅𝑆)

𝐵𝐶(𝑅𝐶)
)

𝐵𝐶(𝑅𝐶) − 𝑆(𝑅𝐶)
 

(14) 

 

where 𝑅𝑐 is the minimal size of a site that accommodates the precise set of 𝑅𝐵1⋯𝑅𝐵𝐶bonds without geometric 

interference. The revised version of the CP is presented as follows: “While every bond converging into a site 

must be smaller in size than this last cavity, a pair of adjacent bonds converging to the site have still to assume 

the right combination of sizes to prevent any physical interference between them before meeting together into 

the site” [38,42]. 

 

 

Variable connectivity 

 
To integrate variable connectivity one can introduce the notion of “virtual (closed) bonds” within a 

porous network that maintains a constant connectivity 𝐶𝑚 [38, 41]. Refer to Fig. 8, which illustrates the sites of 

a square network with  𝐶𝑚 = 4, connected to “virtual bonds”. 
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Fig. 8. Representation of the concept of virtual or closed bonds of sites of a square network with 𝐶 = 4. The 

solid phase is represented in brown color.  

 

 

 

Physically, “virtual bonds” represent the solid phase; mathematically, their size corresponds to 𝑅𝐵 =

0. Then, the local connectivity of any i-site (𝐶𝑖) is given by, 

 

𝐶𝑖 = 𝐶𝑚 − 𝐶𝑖,0, ∀𝑖 (15) 
 

where 𝐶𝑖,0 is the number of virtual bonds of the i-site. If the average of 𝐶𝑖 is calculated in the last equation, the 

average connectivity of the porous network (𝐶) is obtained,  

 

𝐶 = 𝐶𝑚(1 − 𝑓0) (16) 

 

where 𝑓0 stands for the fraction of closed bonds in the porous network. Taking into account the definition of 

closed bonds, 𝐹𝐵 is redefined as follows, 

 

𝐹𝐵(𝑅𝐵) = {
𝑓0, for 𝑅𝐵 = 0

𝐹´𝐵(𝑅𝐵), for 𝑅𝐵 > 0
 (17) 

 

This last definition for 𝐹𝐵 makes Eqs. (1)-(6) still valid. The following normalization condition holds, 

 

∫ 𝐹´𝐵(𝑅𝐵)𝑑𝑅𝐵 = 1 − 𝑓0

∞

0

 (18) 

 

Fig. 9 shows the graphical representation of 𝐹𝐵 and 𝐹𝑆 for porous networks with variable connectivity. 
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Fig. 9. Representation of the density functions 𝐹𝐵 and 𝐹𝑆  for porous networks with variable connectivity. 
 

 

 

Correlated Networks with geometric restrictions and variable connectivity 
 

The interplay of variable connectivity and geometric restriction of bonds results in the formation of 

porous networks exhibiting simultaneous segregation based on size and connectivity when the density functions 

FB and FS overlap [42]. Throughout the 2010s, the AAPS introduced a variety of advanced computational 

techniques for the development of porous network structures. These innovative methods have significantly 

contributed to the field, offering new insights and approaches to the construction of these complex systems 

[30,38, 43 - 45]. Refer to Fig. 10 to observe the simultaneous effects of size and connectivity segregation. This 

figure presents visual representations of central sections of porous networks with 𝐶 = 4 and different values of 

𝜉(0.94,3.0,9.0); it is organized into two columns. The top row displays central planes representing the spatial 

distribution of sites in three sizes: small, medium, and large. The bottom row shows color-coded central 

sections, which illustrate the spatial arrangement of site connectivity. In the image, orange pixels represent sites 

where  𝐶𝑖 = 1,2. Sites with 𝐶𝑖 = 3,4 are indicated by blue pixels. Finally, gray pixels denote sites with 𝐶𝑖 =

5,6. Each column in this figure corresponds to the same porous network: the first column, from left to right, 

corresponds to 𝜉 = 0.94; the second column to 𝜉 = 3.0; and the third column to 𝜉 = 9.0. 
 

 

 

Fig. 10. Schematization of the spatial distribution of the connectivity and sizes of sites on cubic porous networks with  𝐶 =

4 and a length of 100 nodes. (a), (d) 𝜉 = 0.94. (b), (e) 𝜉 = 3.0. (c), (f) 𝜉 = 9.0. Top row represents sizes of sites: green 

(small), red (medium), yellow(large). Bottom row stands for local connectivity of sites: orange 𝐶𝑖 = 1,2. Blue 𝐶𝑖 = 3,4. 

Gray 𝐶𝑖 = 5,6. Each pixel represents one site. Each image corresponds to middle planes of cubic porous networks. 

(a) (c) 

(d) (f) (e) 

(b) 
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Fig. 10 is described as follows. As 𝜉 → 0, the sizes and local connectivity of sites become randomly 

assorted throughout the space; see Figs. 10(a) and 10(d). This situation corresponds to distributions 𝐹𝐵 and 𝐹𝑆 

being sufficiently separated on a graph, allowing every site within 𝐹𝑆 to accommodate any combination of 

𝑅𝐵1⋯𝑅𝐵𝐶 bonds without any geometric interference. Yet, when 𝜉 > 1, the sizes of adjacent sites become 

increasingly alike, leading to the formation of distinctive domains with a typical size 𝜉, as illustrated in Fig. 

10(b). This phenomenon is completely equivalent to what has been outlined in preceding sections. However, 

the novel aspect highlighted is the effect of connectivity segregation, as depicted in Fig. 10(e). This phenomenon 

involves the clustering of sites that share comparable values of local connectivity. In Fig. 10(e), adjacent sites 

are spatially organized based on their Ci values. The sites with Ci values of 5 and 6, those with 3 and 4, and 

those with 1 and 2, are each clustered into separate, cohesive domains. These domains are visually differentiated 

by gray, blue, and orange colors, respectively. When the parameter ξ significantly exceeds 1, the structure of 

the porous networks transitions into configurations predominantly characterized by two major connectivity 

domains. Specifically, one domain exhibits local connectivity Ci of either 1 or 2, whereas the other domain is 

distinguished by higher Ci values to 5 or 6, as depicted in Fig. 10(f). These domains are separated by a dispersed 

interface composed of sites with Ci 3 or 4. The observed phenomenon arises from the distributions of FB and 

FS, particularly when the variable ξ attains its peak value in relation to the network's average connectivity. 

Geometric interference indicates that the best approach is to connect the smallest feasible site capable of 

supporting a sequence of bonds RB1…RBC of the largest dimensions, thereby achieving a local connectivity of 

Ci=5 or 6. In contrast, larger sites should be linked to bonds of similar size. This approach is practical when 

these bonds are classified by FB as large and the sites demonstrate a local connectivity of Ci=1 or 2, with their 

respective Ci-bonds situated on directly opposite sides of the site. To complement Fig. 10, Fig. 11 presents 

drawings of the domains. These domains in Fig. 11 are characterized by alternating sites of high and low local 

connectivity, providing a visual representation of the spatial distribution of connectivity values within the 

domain. This illustration highlights the contrast and interplay between regions of differing connectivity levels. 

 

 

Fig. 11. Cubic networks with a high correlation are structured into regions measuring 5x5x5. (a)  𝐶 = 6. (b) 

𝐶 = 4. (c) 𝐶 = 2. Colors are utilized to create a contrast. 

 

 

 

Interpretation of N2 isotherms through correlated Porous Networks 

 

Assumptions 

The straightforward geometry of porous networks enables a useful qualitative analysis of the shape of 

the boundary curves (both ascending and descending) and the Primary Ascending and Descending Scanning 

Curves of N2 isotherms, based on the sizes, geometry, and interconnection among porous entities. The pore 

(a) (b) (c) 
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volume of sites and bonds can be controlled by establishing a suitable distance from the node (center of each 

site) to the node of the porous network. To obtain N2 isotherms, the following rough assumptions are made for 

the adsorption processes (whether boundary or primary ascending curve). 

I. During adsorption, as the pressure of the adsorbing gas increases, an adsorbed layer, denoted by 

thickness t, progressively forms on the surface of sites and bonds. The value of t can be calculated 

using a suitable equation, such as the Halsey-type equation [46]. 

II. The adsorbed layer on each site and bond reaches a limit value at a certain pressure, imposed by the 

balance between the mechanical equilibrium of the adsorbed phase and the physical attraction of the 

pore walls. The classical Kelvin equation provides a corresponding radius of curvature, 𝑅𝐶, that 

defines the porous elements ready to condensate, written as, 

 

𝑅𝐶 =
2𝜎𝑙𝑣𝑣𝑙

𝑅𝑔𝑇𝑙𝑛(𝑝 𝑝0⁄ )
 (19) 

 

where 𝑅𝑔 is the gas constant, 𝑇 is the absolute temperature, 𝜎𝑙𝑣 is the interfacial tension between liquid and 

vapor phases,  𝑝 is the gas bulk pressure, 𝑝0 is the saturation pressure defined by 𝑇, and 𝑣𝑙  is the molar volume 

of the liquid phase of the adsorptive. 

III. The condition for the onset of capillary condensation is given by (𝑅𝐵 − 𝑡) ≤ 𝑅𝐶 2⁄ . However, if at 

least one of its two neighboring sites of the bonds is already filled with condensate, they acquire a 

hemispherical interface at one of its ends. This could trigger the advancement of the meniscus to the 

other end of the bond if it also fulfills the condition 𝑅𝐶 2⁄ ≤ (𝑅𝐵 − 𝑡) ≤ 𝑅𝐶 . This latter mechanism of 

condensation is a cooperative effect known as advanced adsorption [47]  

IV. As for sites, they develop a continuous hemispherical liquid-vapor interface if either all of their C 

bonds or at least C-1 bonds are already occupied with condensate. Then, if this condition is satisfied, 

and also (𝑅𝑆 − 𝑡) ≤ 𝑅𝐶, the sites are immediately occupied by condensate. On the other hand, the 

following suppositions are assumed for the desorption processes (either boundary or primary 

descending curve). 

V. Occupied pores (sites or bonds) with condensate can evaporate if they have reached the condition 𝑅𝐵 ≥

𝑅𝐶 or 𝑅𝑆 ≥ 𝑅𝐶, and if there exists a liquid-vapor interface at their junctions that promotes the 

development of evaporation of the pore entity. The latter condition is met if exists a pathway from the 

evaporating pore to the bulk vapor phase (for the boundary descending curve) or at least one of its 

connected pores have not been filled with condensate (primary descending curve). Thus, desorption is 

controlled by the classical pore-blocking effect [48,49] and the percolation phenomenon. 

VI. Once a pore entity is emptied, as the pressure steadily declines, the thickness of the adsorbed layer 

correspondingly diminishes. 

 

It is important to note that the suppositions outlined above do not allow for an accurate assessment of 

the shape of the isotherms. Detailed molecular simulation methods have shown that the form of the isotherms 

is influenced by the trajectory over a landscape of metastable states of the thermodynamic potential, which is 

influenced by the detailed molecular configurations of the adsorbed gas molecules and the microscopic 

characteristics of the surface of the pore walls [50].  

Consequently, these suppositions are not capable of describing phenomena such as cavitation, which 

results from molecular fluctuations of the adsorbed phase [51,52]. Nevertheless, the N2 isotherms of networks 

constructed under the framework of the DSBM have proven to be a very useful tool, providing a simple 

framework for qualitatively interpreting the appearances of boundary curves (ascending or descending) and 

primary scanning curves (ascending or descending) [53]. This is described next. 

Figs. 12 and 13 provide a summary of poorly correlated and highly correlated N2 isotherms at 77 K, 

depicting porous networks with diverse mean connectivity values. It is evident from these figures that the 



Review        J. Mex. Chem. Soc. 2024, 68(4) 

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

 
 

879 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

appearance of the boundary curves cannot be strictly classified as types H1, H2, or H3 of the original IUPAC 

classification of sorption hysteresis loops [48], although they exhibit hybrid shapes with different degrees of 

these IUPAC types, depicted in Fig.14. In broad terms, networks with 𝛺 = 0 (left columns of Figs. 12 and 13) 

are typically associated with H1 loops, though a transition to H2 types occurs if the volume of bonds 

significantly exceeds the volume of sites [53]. In contrast, highly correlated porous networks (right columns of 

Figs. 12 and 13) yield cycles with sloping ascending and descending boundary curves, representing hybrids 

between H1 and H3 loops. 

 

 
Fig. 12. Simulated nitrogen sorption isotherms at 77 K on porous networks. In this figure, 𝜃𝑣 represents the 

degree of filling of the porous network with adsorbate, while 𝑝 represents the gas bulk pressure, and 𝑝0 is the 

saturation pressure. The adsorption hysteresis loops are organized according to 𝐶 and 𝛺. Sets of primary 

descending curves are included. Reproduced from [53] with permission from the Royal Society of Chemistry. 
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Fig. 13. Simulated nitrogen sorption isotherms at 77 K on porous networks. In this figure, 𝜃𝑣 represents the 

degree of filling of the porous network with adsorbate, while 𝑝 represents the gas bulk pressure, and 𝑝0 is the 

saturation pressure. The adsorption hysteresis loops are organized according to 𝐶 and 𝛺. Sets of primary 

ascending curves are included. Reproduced from [53] with permission from the Royal Society of Chemistry. 

 

 

 

 
Fig. 14. Diagrammatic illustration of the original IUPAC categorization for sorption hysteresis loops [48]. 
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Adsorption and desorption in poorly correlated (Ω=0) porous networks 

 
In order to understand the shapes of the boundary curves of the isotherms in Figs. 12 and 13, the 

concept of multiplex (independent domain) must be introduced. A multiplex is a unit cell consisting of a site 

and its C-half bonds (half, because one bond is shared with two sites). See Fig. 15. This multiplex can 

condensate and evaporate without networking effects, because it is assumed that each one maintains immediate 

contact with the bulk phase of the adsorbing gas. If the algorithm to simulate N2 adsorption, described in the 

previous section, is applied to the set of multiplexes that comprise each porous network in Figs. 12 and 13, we 

obtain the set of isotherms presented in Fig. 16. 

  

 
Fig. 15. (a) Visual representation of a porous network, and (b) the concept of multiplex. 

 

 

 

From the last figure, it is observed that the ascending boundary curves of poorly correlated networks 

(left column of Fig. 13) practically coincides with those of the multiplex´s isotherms in Fig. 16 (left column). 

However, the descending boundary curves of these uncorrelated porous networks differ considerably from those 

of the multiplexes. The coincidence of the ascending boundary curves of networks and multiplexes can be 

explained by the significant difference in sizes between connected sites and each of their C-bonds. This 

difference of sizes implies that the pressure required for filling the bonds is small enough compared to the 

pressure needed for the filling their connected sites. Consequently, when the sites are ready to be occupied with 

condensate at certain pressure, almost all of their connected bonds are already occupied with condensate. This 

suggests that for poorly correlated networks, it is possible to accurately calculate the pore size distribution of 

sites using the ascending boundary curves when the volume of sites is considerably greater than that of the 

bonds, or the pore size distribution of bonds when the volume of bonds is considerably greater than that of the 

bonds [53]. As for the descending boundary curves of poorly correlated networks, the great difference between 

the curves of networks and multiplexes can be entirely explained by percolating phenomenon. This phenomenon 

states that the position of the knee in the descending boundary curves is influenced by the value of the mean 

connectivity 𝐶 [54]. This is due to the almost random spatial distribution of sizes of bonds throughout each of 

the uncorrelated porous networks. Another consequence of this is the challenge in deducing the distribution of 

pore sizes among sites or bonds from the boundary desorption curves, given the concurrent occurrence of the 

classical pore blocking effect and the percolation phenomenon. 

 

(a) 
(b) 
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Fig. 16. Comparison of isotherms between porous networks and sorption curves obtained with multiplexes. 

Both structures possess the same pore-size distributions. Reproduced from [53] with permission from the Royal 

Society of Chemistry. 

 

 

 

Adsorption and desorption in highly correlated porous networks 

 
For highly correlated porous networks, the shapes of their loops are associated with hybrid types 

between the H1 and H3 classification (right columns of figures 12 and 13). To quantify the extent of cooperative 

effects during the course of the boundary curves, a comparison must be made with the isotherms of the 

independent domains (multiplexes) through Fig. 16 (right column). In this way, the cooperative effects due to 

the advancement of hemispherical meniscus through the ends of bonds increase as the mean connectivity, 𝐶 

decreases. While it is almost absent for porous network with 𝐶 = 6 (check out the coincidence between the 

ascending boundary curves of the network and the one of the multiplexes; Fig. 16, bottom right column), it is 

very strong for the porous network with 𝐶 = 2 (note the strong divergence between the ascending boundary 

curves between the porous network and that one of multiplexes; Fig. 16, top right column). The observed 

phenomenon can be attributed to the significant correlation between the sizes within the porous network and 

the average value of 𝐶, which is 2. This network comprises an array of elongated cylindrical capillaries, each 

featuring a variable cross-sectional area. The larger sections correspond to the sites, while the narrower sections 
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represent the bonds. These long capillaries are connected among them through the connection of sites with 𝐶 >

3, which act as manifold capillary distributors. Then, once a small enough bond (minimum of a cross-sectional 

area of a long capillary) fills independently with condensate, at its corresponding value of pressure, immediate 

condensation occurs in their two connected sites (given the similar size among them), which then triggers the 

advancement of the hemispherical meniscus throughout the whole structure of the long capillary. On the other 

hand, porous network with 𝐶 = 6 are composed of domains with sites with very similar sizes connected through 

bonds with also very similar sizes among them, but considerably smaller, due to the geometrical restriction, 

than those of the sites of the domain. This difference in size between 𝑅𝐵 and 𝑅𝑠 in each domain promotes the 

independent condensation of bonds and sites at each value of pressure during the course of the ascending 

boundary curve. Then for this porous network, the ascending boundary curve can be depicted as a succession 

of orderly of filling of independent domains according to the size of sites and bonds, from small pore domains 

at the beginning of the curve to large pore domains at the onset of the ascending boundary curve. The 

cooperative effects during the course of the ascending boundary curve for porous network with 𝐶 = 4 are 

intermediate between the cases for 𝐶 = 2 and 𝐶 = 6. 

The boundary curves delineating highly correlated porous networks exhibit a less pronounced descent 

compared to those of uncorrelated structures. Additionally, the knees of these curves appear at higher pressure 

values when contrasted with an uncorrelated porous network possessing an equivalent mean connectivity. This 

phenomenon can be elucidated by examining percolation in correlated lattices. Research indicates that an 

increase in the correlation length leads to a lower percolation threshold. Essentially, as the degree of correlation 

intensifies, it becomes easier for a network to reach a state of percolation, facilitating the process at a quicker 

rate [55, 56]. Then, the boundary descent curves of each porous network differ from the corresponding 

multiplex. This mismatch is significantly greater in the case of 𝐶 = 2 (Fig. 16, top right column), while it is 

moderate for 𝐶 = 4 ,(Fi. 16, middle right column) and nearly non-existent for 𝐶 = 6 (Fig. 16, bottom right 

column). The strong correlation observed between the network and multiplexes' isotherms, particularly in 

highly interconnected porous networks with an average connectivity of 6, indicates that assuming an accurate 

meniscus geometry can yield precise calculations of pore size distribution. This is crucial for analyzing the 

ascending or descending parts of boundary curves. Such insights are essential for characterizing and analyzing 

porosity and pore structures [53]. 

 

 

Primary ascending and descending scanning curves 

 
The primary ascending and descending scanning curves of the isotherms indicate the existence of pore 

domains that behave either independently or in a connected manner.  [56]. In this analysis, the primary scanning 

curves of the weakly correlated networks, as shown in the left columns of Figs. 12 and 13, tend to approach the 

lower (for descending scanning curves) or upper (for ascending scanning curves) endpoints of the corresponding 

hysteresis loop. This convergence suggests the existence of interconnected pore domain behaviour, specifically 

the pore blocking phenomenon. This description is also relevant for a highly correlated porous network where 

the average mean connectivity is 2. The isotherms in the top right of Figs. 12 and 13 illustrate this, as they are 

influenced by significant cooperative effects during adsorption and pore blocking phenomena during 

desorption. In turn, when examining the primary ascending and descending scanning curves of highly correlated 

structures, it is intriguing to note that for structures with intermediate and low medium connectivity, these curves 

tend to converge towards the boundary curve within a narrow pressure range. This merging is clearly observed 

in isotherms e and f, as illustrated in Figs. 12 and 13. These figures suggest a nearly flat line (𝐶 = 6) or a gently 

sloping curve (𝐶 = 4) intersecting the corresponding boundary curves. It is significant to recognize that the 

specific patterns of the primary descending scanning curves in a highly correlated porous network, characterized 
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by an average connectivity of 2, provided a framework for the AAPS to conduct experimental studies on the 

cooperative phenomena observed in undulated SBA-15 materials. [57]. 

 

 

Conclusions 

 
The Academic Area of Physicochemical Surfaces has significantly advanced the field by introducing 

the DSBM, a model that simplifies the understanding of porous materials' texture and their nitrogen sorption 

properties. Utilizing dual pore size distributions for sites and bonds, the DSBM aids in constructing a theoretical 

framework of porosity, connecting diverse porous structures. This model enables the analysis of porous 

topologies by examining the dimensions and interconnectivity of adjacent pore elements. Notably, the 

correlation length within the DSBM is crucial for identifying domains with similarly sized pores. As a tool, the 

DSBM is pivotal in deciphering complex patterns in sorption data, illuminating the spatial arrangement of pores 

and their connections within a solid matrix. This is achieved through qualitative examination of nitrogen 

adsorption curve shapes and their association with cooperative behaviors during adsorption and desorption 

processes. While fully characterizing a porous solid's texture from gas sorption remains elusive, the DSBM 

offers a comprehensive guide for interpreting experimental outcomes by qualitatively assessing the boundary 

curves and primary scanning curves. 
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Abstract. Coffee is not only a delicious beverage but also an important dietary source of natural antioxidants. We 

live in a world where it is impossible to avoid pollution, stress, food additives, radiation, and other sources of 

oxidants that eventually lead to severe health disorders. Fortunately, there are chemicals in our diet that counteract 

the hazards posed by the reactive species that trigger oxidative stress. They are usually referred to as antioxidants; 

some of them can be versatile compounds that exert such a role in many ways. This review summarizes, from a 

chemical point of view, the antioxidant effects of relevant molecules found in coffee. Their mechanisms of action, 

trends in activity, and the influence of media and pH in aqueous solutions, are analyzed. Structure-activity 

relationships are discussed, and the protective roles of these compounds are examined. A particular section is 

devoted to derivatives of some coffee components, and another one to their bioactivity. The data used in the 

analysis come from theoretical and computational protocols, which have been proven to be very useful in this 

context. Hopefully, the information provided here will pro-mote further investigations into the amazing chemistry 

contained in our morning coffee cup. 

Keywords: Free radicals; scavengers; reaction mechanisms; kinetics; trends in activity; coffee components. 

 

Resumen. El café no solo es una bebida deliciosa, sino también una importante fuente dietética de antioxidantes 

naturales. Vivimos en un mundo donde es imposible evitar la contaminación, el estrés, los aditivos alimentarios, 

la radiación y otras fuentes de oxidantes que eventualmente conducen a trastornos de salud graves. 

Afortunadamente, existen sustancias químicas en nuestra dieta que contrarrestan los peligros planteados por las 

especies reactivas que desencadenan el estrés oxidativo. Por lo general, se les denomina antioxidantes; algunos de 

ellos pueden ser compuestos versátiles que ejercen dicho papel de muchas maneras. Este artículo de revisión 

resume, desde un punto de vista químico, los efectos antioxidantes de moléculas relevantes encontradas en el café. 

Se analizan sus mecanismos de acción, tendencias en la actividad y la influencia del medio y el pH en soluciones 

acuosas. Se discuten las relaciones estructura-actividad, y se examinan los roles protectores de estos compuestos. 

Se dedica una sección particular a los derivados de algunos componentes del café, y otra a su bioactividad. Los 

datos utilizados en el análisis provienen de protocolos teóricos y computacionales, que han demostrado ser muy 

útiles en este contexto. Se espera que la información proporcionada aquí promueva investigaciones futuras sobre 

la química contenida en nuestra taza de café matutina. 

Palabras clave: Radicales libres; depuradores; mecanismos de reacción; cinética; tendencias de actividad; 

componentes del café. 
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Introduction 

    
Since ancient times, natural products have been widely appreciated by humankind. The main reason 

is that they are beneficial for health issues and our general well-being. However, only in the last centuries 

technology and science developments have allowed to pass empiricism and deepened into the knowledge 

about the bioactive substances found in natural products, as well as on their specific functions and medicinal 

effects.  

Regarding coffee, its origin has been traced to Ethiopia,[1] currently the fifth producer 

worldwide.[2] The legend says that goat herders noticed their animals restless at night after eating the berries 

of the coffee plant. After trying the fruit, they felt energized and became accustomed to consuming it. Such 

a stimulating effect is still one of this beverage’s appeals, albeit coffee is much better understood and more 

widely consumed today than twelve centuries ago. In fact, coffee currently ranks as one of the most consumed 

beverages and stands as the second commodity worldwide.[3]  

According to the annual review (2021/23) of the International Coffee Organization, the Arabica 

variety represents 57 % of the coffee production, and Robusta the other 43 % (Fig. 1). The top producers are 

Brazil, Vietnam and Colombia, in that order, with approximately 61, 32 and 12 billion bags of 60 kg, 

respectively. On the other hand, the leading consumers are the USA, Brazil, Germany, Japan and France (27, 

22, 8.7, 7.2 and 6.2 billion bags of 60 kg, respectively).  

Based on the data obtained from the Scopus database (Fig. 2), the number of scientific publications 

on coffee has grown exponentially over the years. The same trend is followed by its antioxidant properties. 

Today, many of the chemical components of coffee have been identified and a large proportion of them have 

been investigated. For example, there are 68,971 reports on caffeine, 2,641 of them published last year. The 

oldest record found in the search for antioxidative properties of coffee dates back to 1940.[4] It dealt with 

the “antioxygens” produced by roasting and considered several species. Among them, pyrrole, proline, 

thioglycolic acid, and caffeic acid were identified as those with the highest protection factor against rancidity. 

 

 
Fig. 1. Coffee production and consumption stats (in million bags of 60 kg), according to the annual review 

(2022/23) of the International Coffee Organization. https://www.icocoffee.org/documents/cy2023-24/cmr-0224-

e.pdf, accessed March 7, 2023. 

 

 

 

Antioxidants are inherently appealing substances, both from scientific and pragmatic points of view. 

They help counteracting the dangerous effects of oxidative stress (OS), which arises from the imbalance 

between production and consumption of oxidants in living systems. OS is considered a chemical stress and has 

been associated with multiple health issues, including neurodegeneration, [5-16] cancer,[17-28] cardiovascular 

diseases,[29-38] diabetes,[39-46] rheumatoid arthritis,[47-51] renal [52-60] and pulmonary[61-66] failures, 

ocular disorders,[67-72] preeclampsia and fetal development complications.[73-77]  
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Fig. 2. Number of published researches on coffee and coffee + antioxidant, according to Scopus, consulted on 

March 7, 2024. 

 

 

 

Antioxidant protection is one of the many health benefits attributed to coffee, [78-99] and other natural 

products. However, not all its components exhibit such activity, and those that do, have diverse mechanisms of 

action and efficiency. Phenolic compounds, in general, are recognized as highly efficient for counteracting the 

deleterious effects of OS. Phenolic acids, in particular, are among the most potent antioxidants present in 

coffee.[100-106] Other components identified as efficient antioxidants include melanoidins,[107-110] 

heterocycles[111,112] Maillard reaction products,[100,112-114] and some volatile compounds.[111,112,115-

119] Regarding caffeine, some studies suggest that it acts as an antioxidant, [110,120] while others indicate that 

the antioxidant properties of coffee are not directly related to caffeine but to the presence of other 

components.[121-123]  

Quantifying antioxidant activity is a challenging task. This is probably because there is no universal 

assays to do it,[124] and because the available ones depend on the reaction mechanism, which can vary from 

one antioxidant to another. In fact, they have been classified as electron transfer and hydrogen atom transfer-

based assays. In addition, some of these assays are meant to estimate the antioxidant capacity of total phenols 

lacking the specificity to differentiate among various phenolic compounds. Complicating matters further, 

conflicting trends may be obtained when different experimental techniques are employed to evaluate the 

antioxidant activity of phytochemicals.[125]  

When using theoretical and computational chemistry, other difficulties arise. Probably, the most 

important ones are: (i) the unavoidable use of simplified models for mimicking chemical environments; (ii) the 

necessary balance between accuracy and computing time that must be taken into account when a particular level 

of theory is chosen; (iii) the fact that for establishing reliable trends, calculations must be performed using the 

same methodology and approximations; (iv) the importance of considering all the possible mechanisms and 

sites of reaction.[126] Therefore, it becomes evident that assessing antioxidant activity is a complex task, 

regardless of if it is pursued using experimental or theoretical approaches. 

Previous publications, where experimental techniques were used to evaluate the antioxidant activity of 

coffee and its components in vitro, have been reviewed thoroughly. [78,127] Therefore, molecular insights on 

such activity are the main focus of the analyses and discussion here. The data used to do that derived from 

computational and theoretical strategies, that have been demonstrated to be useful and reliable to study the 

antioxidant chemistry. Several aspects are considered, including structure-activity relationships, the influence 

of solvent and pH, reaction mechanisms, and the influence of redox metals. Trends in antioxidant activity are 

proposed for several coffee components and compared with Trolox as a reference. The reviewed data is 

expected to contribute to enhance the current knowledge on the chemical aspects related to the antioxidant 

effects of coffee, thereby promoting further investigations into the chemistry of this beverage. 
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Chemical overview 

 
Chemical components are responsible for the taste, aroma and bioactivities of coffee. However, its 

chemical composition is complex and depends on the variety, growing conditions, and processing.[128] 

Nevertheless, it has been reported that the main components of raw coffee beans include carbohydrates, which 

account for about 60 % of their total weight. [129] They also have significant amounts of cellulose, grease, 

proteins, amino acids, tannic acid, and starch. In addition, there is a diversity of other minor and trace substances 

in coffee beans. There are numerous publications providing detailed information on the chemical composition 

of coffee. [129-133] A brief summary of this composition is provided in Table 1. 

 

Table 1. Chemical compounds present in coffee beans.  

Family Compounds Ref. 

Alkaloids Caffeine, Theobromine, Theophylline, Trigonelline. [134-139] 

Amino acids 

Alanine, Arginine, Asparagine, Aspartic acid, Cysteine, Glutamate, 

Glutamine, Glycine, Histidine, Isoleucine, Leucine, Lysine, 

Phenylalanine, Proline, Serine, Threonine, Tryptophan, Tyrosine, 

Valine. 

[140-144] 

Carotenoids 
α-Carotene, β-Carotene, Antheraxanthin, Lutein, Neoxanthin, 

Violaxanthin, Zeaxanthin. 

[135,145, 

146] 

Fatty acids 
Arachidic, Docosanoic, Eicosenoic, Lauric, Linoleic, Linolenic, 

Myristic, Oleic, Palmitic, Stearic, Tetracosanoic, Tricosanoic Acids. 

[141,142, 

144,147] 

Flavonoids 

Apigenin, Catechin, Delphinidin, Epicatechin, Epicatechin Gallate, 

Fisetin, Hyperoside, Isoquercitrin, Kaempferol, Luteolin, Myricetin, 

Patuletin, Quercetin, Quercitrin, Rutin. 

[135,145] 

Organic acids 
Acetic, Butyric, Citric, Formic, Lactic, Malic, Oxalic, Quinic, Succinic, 

Tartaric Acids. 

[136,144, 

145,148-150] 

Phenolic acids 

3-OH-Benzoic, Benzoic, Caffeic, Caftaric, Chlorogenic, Cinnamic, 

Dicaffeoylquinic, Dihydrocaffeic, Ferulic, Gallic, Gentisic, p-

Coumaric, p-Hydroxybenzoic, Protocatechuic, Sinapic, Syringic, 

Vanillic Acids and Caffeic Phenylester. 

[129,135-

137,139,145,149,

151-155] 

Sugars Arabinose, Fructose, Glucose, Saccharose, Sucrose. 
[135,139, 

150,154,156,157] 

Terpenes 

16-O-Methylcafestol, Atractyligenin, Cafestol, Caffarolides, 

Caffruones, Cofarysloside, Ent-kaurane Diterpenoid, Kahweol, 

Mascarosides, Paniculoside, Triterpenoids, Tricalysiolides, Ursolic 

Acid, Villanovane. 

[135,158-164] 

Volatiles 

Alcohols, Alkanes, Aldehydes, Carboxylic acids, Esters, Fatty acids, 

Furans, Ketones, Lactones, Oxazols, Pyrazines, Pyrimidines, Pyrroles, 

Terpenes, Thiazoles, Thiophenes, 4-Ethylguaiacol, 4-Vinylguaiacol, 

Caffeol, Eugenol, Furfural, Furaneol, Guaiacol, Phenol. 

[135,139, 

144,148,153,165-

170] 

Xanthone Isomangiferin, Mangiferin [135,143] 

Phytosterol Sitosterol [135] 
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Bioactivity overview 
 

The versatile bioactivity of coffee has also been thoroughly reviewed. [171-176] Coffee has numerous 

health benefits from its chemical composition, provided that it is moderately consumed. Some of them are 

summarized in Table 2. However, as is the case with almost everything, amounts mediate the balance between 

benefits and harms. It has been pointed out that high consumption of coffee may compromise coronary health, 

posing risks for pregnant and postmenopausal women, and has the potential for addiction, where withdrawal 

could trigger muscle fatigue and related problems. [171] 

 

Table 2. Some health benefits of coffee components.  

Benefits Key components Ref. 

Antibacterial 

caffeic acid 

caffeic acid phenethyl ester 

chlorogenic acids 

eugenol 

ferulic acid 

furaneol 

guaiacol 

isoeugenol 

protocatechuic acid 

scopoletin 

vanillic acid 

[177-179] 

[155, 180] 

[181] 

[182-190] 

[191-194] 

[195] 

[196-198] 

[190, 199-202] 

[203-208] 

[209-214] 

[204, 215, 216] 

Anticarcinogenic 

4-vinylguaiacol 

cafestol and kahweol 

caffeic acid 

caffeic acid phenethyl ester 

chlorogenic acids 

eugenol 

ferulic acid 

quercetin 

mangiferin 

protocatechuic acid 

tannic acid 

theobromine 

vanillic acid 

vanillin 

[217, 218] 

[219-222] 

[223-228] 

[229-233] 

[181, 234] 

[235-251] 

[252-266] 

[267-271] 

[272] 

[273-279] 

[280-289] 

[290-292] 

[293-297] 

[298-306] 

Antidiabetic 

cafestol 

caffeic acid 

caffeol 

chlorogenic acids 

isoeugenol 

scopoletin 

trigonelline 

[307, 308] 

[309-313] 

[129, 314] 

[309, 315-320] 

[321] 

[322-326] 

[327] 

Antifungal 

caffeine 

eugenol 

furaneol 

isoeugenol 

vanillin 

[328] 

[329-334] 

[195] 

[335-338] 

[339-341] 
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Benefits Key components Ref. 

Anti-inflammatory effects 

4-ethylguaiacol 

caffeine 

dicaffeoylquinic acids 

dihydrocaffeic acid 

eugenol 

ferulic acid 

flavonoids 

mangiferin 

phenolic acids and 

pyrocatechol 

p-coumaric acid 

rutin 

theophylline 

vanillic acid 

vanillin 

vanillyl alcohol 

[342-344] 

[345] 

[346] 

[347] 

[182, 348-353] 

[354, 355] 

[272] 

[346] 

[272] 

[356] 

[357-362] 

[346] 

[363-367] 

[368-375] 

[376-382] 

[383] 

Anti-obesity 
chlorogenic acids 

kahweol 

[315, 384-387] 

[388-390] 

Cardioprotection 

caffeic acid 

chlorogenic acids 

dihydrocaffeic acid 

ferulic acid 

[391-395] 

[234, 396-399] 

[400] 

[401-407] 

Cognitive enhancement 

paraxanthine 

protocatechuic acid 

theobromine 

vanillic acid 

[408, 409] 

[410-413] 

[414, 415] 

[416, 417] 

Gastroprotection 
chlorogenic acids 

vanillin 

[234] 

[418, 419] 

Hepatoprotection 

caffeic acid 

chlorogenic acids 

dihydrocaffeic acid 

paraxanthine 

theobromine 

vanillin 

[420-423] 

[234] 

[424] 

[425-427] 

[428] 

[429-432] 

Immunoregulation 
p-coumaric acid 

protocatechuic acid 

[361] 

[433, 434] 

Kidney protection 
protocatechuic acid 

theobromine 

[435-439] 

[440-443] 

Neuroprotection 

caffeine 

caffeic acid 

chlorogenic acids 

dihydrocaffeic acid 

eugenol 

ferulic acid 

isoeugenol 

paraxanthine 

[444-465] 

[129, 466-468] 

[129, 469-478] 

[479] 

[480] 

[481-491] 

[480, 492] 

[460, 493-496] 
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protocatechuic acid 

quercetin 

scopoletin 

tannic acid 

theobromine 

trigonelline 

vanillin 

vanillic acid 

vanillyl alcohol 

[497-510] 

[267, 511-520] 

[521-526] 

[527-532] 

[533-535] 

[129] 

[379, 536-540] 

[541-544] 

[545] 

Lipid-Lowering Effects 
caffeic acid 

chlorogenic acids 

[546] 

[234, 314, 546, 547] 

 

 

Based on the data reported in Table 2, it becomes evident that moderate consumption of coffee, i.e., 

one to four cups a day,[176] may provide beneficial effects. In particular, for inflammation, obesity, diabetes, 

cancer, cardiovascular diseases, microbial infections, and neurodegeneration. It seems worthwhile noticing that 

the health benefits mentioned in Table 2 are not necessarily attributed to antioxidant activity. In fact, many of 

them involve direct interaction with enzymes and other biotargets. Antioxidant activity is not included in this 

table because it is the main focus of this review, thus a whole section has been entirely devoted to it (section 5). 

 

 

Derivatives 

 
Considering the myriad of benefits offered by coffee components, it is not surprising that many 

investigations have been devoted to design and synthesize derivatives based on their molecular frameworks. 

Many of them keep the bioactivity of the parent molecules, and many others have shown new and improved 

effects. Albeit a detailed analysis of this point escapes the purpose of this review, it seems worthwhile 

summarizing (Table 3) some of the great efforts made so far to obtain new molecules from coffee components. 

Thus, the interested reader can get more comprehensive information on this topic from the provided references.  

 

Table 3. Some previous studies on derivatives based on antioxidants found in coffee. 

Parent molecule Ref. 

caffeic acid [395, 548-559] 

caffeine [560-568] 

chlorogenic acid [569-576] 

eugenol [577-596] 

ferulic acid [252, 254, 597-629] 

guaiacol [630-632] 

isoeugenol [337, 633-636] 

isoferulic acid [637, 638] 

p-coumaric acid [359, 639-645] 

protocatechuic acid [646-652] 



Review        J. Mex. Chem. Soc. 2024, 68(4) 

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

 

 

895 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

Parent molecule Ref. 

scopoletin [326, 653-664] 

theobromine [665-673] 

theophylline [674-695] 

vanillic acid [696-702] 

vanillin [703-729] 

xanthine [730-753] 

 

 

Theoretical and computational chemistry plays an important role in the design of new compounds. 

There are numerous tools available that allow evaluating important properties of derivatives, particularly when 

they are meant to be used as medical drugs. Some useful descriptors in this context are those known as ADME 

(Absorption, Distribution, Metabolism y Excretion) properties. They comprise the octanol/water partition 

coefficient (logP), molecular weight, number of H bond donors, number of H bond acceptors, molar refractivity, 

number of non-hydrogen atoms, and polar surface area. There are other important properties to consider such 

as synthetic accessibility and toxicity. Using computational strategies allows building candidates, sampling the 

chemical space and evaluating the potential of the new molecules for the intended purpose. In addition, these 

strategies save time, resources, and even animal testing. Thus, they have become relevant tools for the 

development of new formulations with health benefits. 

 

 

Antioxidant activity 

 
Theoretical and computational chemistry plays an important role in the design of new compounds. 

There are numerous tools available that allow evaluating important properties of derivatives, particularly when 

they are meant to be used as medical drugs. Some useful descriptors in this context are those known as ADME 

(Absorption, Distribution, Metabolism y Excretion) properties. They comprise the octanol/water partition 

coefficient (logP), molecular weight, number of H bond donors, number of H bond acceptors, molar refractivity, 

number of non-hydrogen atoms, and polar surface area. There are other important properties to consider such 

as synthetic accessibility and toxicity. Using computational strategies allows building candidates, sampling the 

chemical space and evaluating the potential of the new molecules for the intended purpose. In addition, these 

strategies save time, resources, and even animal testing. Thus, they have become relevant tools for the 

development of new formulations with health benefits. 

 

Table 4. Some antioxidants found in coffee. 

Common name Structure IUPAC name Ref. 

4-ethylguaiacol 

 

4-ethyl-2-methoxyphenol [754-756] 

4-vinylguaiacol 

 

4-ethenyl-2-methoxyphenol [757-759] 
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Common name Structure IUPAC name Ref. 

caffeic acid 

 

(E)-3-(3,4-

dihydroxyphenyl)prop-2-

enoic acid 

[312,391,760-772] 

caffeine 

 

1,3,7-trimethylpurine-2,6-

dione 
[450,773-776] 

chlorogenic acid 

 

(1S,3R,4R,5R)-3-[(E)-3-

(3,4-dihydroxyphenyl)prop-

2-enoyl]oxy-1,4,5-

trihydroxycyclohexane-1-

carboxylic acid 

[96,391,760,777-788] 

dihydrocaffeic 

acid 
 

3-(3,4-

dihydroxyphenyl)propanoic 

acid 

[789-791] 

eugenol 

 

2-methoxy-4-prop-2-

enylphenol 

[349,350,578,792-

805] 

ferulic acid 

 

(E)-3-(4-hydroxy-3-

methoxyphenyl)prop-2-

enoic acid 

[354,355,481,758,806-

813] 

guaiacol 
 

2-methoxyphenol [814,815] 

isoeugenol 

 

2-methoxy-4-[(E)-prop-1-

enyl]phenol 
[190,202,816] 

isoferulic acid 

 

(E)-3-(3-hydroxy-4-

methoxyphenyl)prop-2-

enoic acid 

[817-820] 

mangiferin 

 

1,3,6,7-tetrahydroxy-2-

[(2S,3R,4R,5S,6R)-3,4,5-

trihydroxy-6-

(hydroxymethyl)oxan-2-

yl]xanthen-9-one 

[821] 

paraxanthine 

 

1,7-dimethyl-3H-purine-2,6-

dione 
[822] 

p-coumaric acid 

 

(E)-3-(4-

hydroxyphenyl)prop-2-

enoic acid 

[357,766,823-827] 



Review        J. Mex. Chem. Soc. 2024, 68(4) 

Special Issue 

©2024, Sociedad Química de México 

ISSN-e 2594-0317 

 

 

897 
Special issue: Celebrating 50 years of Chemistry at the Universidad Autónoma Metropolitana. Part 1 

Common name Structure IUPAC name Ref. 

protocatechuic 

acid 
 

3,4-dihydroxybenzoic acid [204,828-841] 

quercetin 

 

2-(3,4-dihydroxyphenyl)-

3,5,7-trihydroxychromen-4-

one 

[842] 

scopoletin 
 

7-hydroxy-6-

methoxychromen-2-one 
[843-848] 

tannic acid 

 

[2,3-dihydroxy-5-

[[(2R,3R,4S,5R,6S)-3,4,5,6-

tetrakis[[3,4-dihydroxy-5-

(3,4,5-trihydroxybenzoyl) 

oxybenzoyl]oxy]oxan-2-

yl]methoxycarbonyl]phenyl] 

3,4,5-trihydroxybenzoate 

[849-859] 

theobromine 

 

3,7-dimethylpurine-2,6-

dione 
[860,861] 

theophylline 

 

1,3-dimethyl-7H-purine-2,6-

dione 
[861-863] 

vanillic acid 

 

4-hydroxy-3-

methoxybenzoic acid 
[864-868] 

vanillin 

 

4-hydroxy-3-

methoxybenzaldehyde 

[432,756,865,869-

873] 

vanillyl alcohol 
 

4-(hydroxymethyl)-2-

methoxyphenol 
[874,875] 

xanthine 

 

3,7-dihydropurine-2,6-dione [822,860] 
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Antioxidant activity (AOx) can arise from a variety of processes. This review focuses on chemical ones, 

albeit there are other protection routes that involve enzymatic systems. From a chemical point of view, AOx can 

be roughly grouped into the following categories. 

 

AOX-I (or primary AOX, or chain braking, or free radical scavenging activity).  
It involves the direct reaction with oxidants, mainly free radicals yielding less reactive species or ending 

the radical chain process. During such a process, the antioxidant acts as a sacrificial target that prevents the 

oxidation of crucial biomolecules, such as DNA, proteins, and lipids. However, the amounts of these biomolecules 

in living organisms are significantly higher than those of chemical antioxidants that might be consumed in the diet 

or as dietary supplements. Consequently, to be efficient as a primary antioxidant, a molecule must react with 

oxidants faster than the biological target. This makes imperative to establish some quantitative thresholds that 

allow identifying a particular chemical as a primary antioxidant. The rate constants of the •OOH damage to 

polyunsaturated fatty acids have been proposed to that purpose.[126] It ranges from 1.18103 to 3.05103 M-1s-

1,[876] at acid pH values, i.e. when the molar fraction of HOO is 1. Since lipids are the most easily oxidized 

among the biomolecules mentioned above, i.e., those reacting the fastest with free radicals, it is expected that any 

molecule capable of protecting them from oxidation would also be capable of protecting proteins and DNA.  

Important points arise from this analysis. The first one is that kinetics is a key aspect when evaluating 

free radical scavenging activity. In addition, it is also important to consider the nature of the free radical. •OH is 

so reactive that it would react with almost any molecule, usually at diffusion-limited rates. In fact, it might be 

assumed that •OH will react with the first molecule it finds near its production site. It has been known for over a 

decade that peroxyl radicals are among the oxidants likely to be efficiently scavenged to counteract oxidative 

stress.[877-880] Thus they are a logical counterpart of chemicals when analyzing AOX-I. This kind of AOX, will 

be further discussed in the sections 5.1 to 5.3. The other categories are briefly summarized next. 

 

AOX-II (or secondary AOX, or preventing, or OIL behavior).  
It may involve diverse chemical routes besides direct free radical scavenging processes. Among them, 

probably the most relevant one is usually referred to as OH-inactivating ligands (OIL) behavior.[881,882] It 

involves metal chelation and may occur by sequestering metal ions from reductants or by deactivating OH radicals 

as soon as they are produced via Fenton-like, or Haber-Weiss recombination, processes. The metal chelation step 

can take place, at least, through two pathways. Namely, by the direct chelation mechanism (DCM) or by the 

coupled deprotonation-chelation mechanism (CDCM). The latter may become the most important one for 

antioxidants acid protons. 

 

AOX-III (or tertiary AOX, or fixing AOX, or repairing AOX).  
Preventing biomolecules from oxidative damage is not always possible. Therefore, repairing them 

after damage is an important way of preserving their chemical integrity. The routes involved in such a process 

depend on the nature of the damage. Formal hydrogen atom transfer (f-HAT) restores allylic hydrogens to 

lipids. The same mechanism is involved when the most frequent lesions on Cys, Tyr, Leu, Met, and His are 

fixed, while single electron transfer (SET) repairs oxidized Tyr and Trp. DNA damage, on the other hand, 

may occur in at least three different ways, and, logically, the repairing route depends on the kind of damage. 

One electron loss from guanine, the nucleobase most easily oxidizable, [883] is repaired by SET from the 

antioxidant. One H loss from the deoxyribose units, yielding C-centered radicals; [884-887] is repaired by f-

HAT from the antioxidant. Particular attention deserves the formation of the 8-OH-dG adduct by addition of 

an OH radical, which in turn yields the most abundant DNA lesion, i.e., 8-oxo-7,8-dihydro-2′-

deoxyguanosine. [888]. The latter is considered a biomarker of oxidative stress, [1243,1244] and it has been 

proposed that such a damage can be fixed via sequential hydrogen atom transfer followed by dehydration 

(SHATD). [889] 

 

AOX-IV (or versatile AOX, or multifunctional AOX, or multipurpose AOX).  
This would apply to molecules capable of exerting their antioxidant activity through two or more of the 

above-described mechanisms, or by one of them and triggering enzymatic AOX. 
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AOX-I chemical routes 

 
Free radical scavenging processes in living organisms occur in complex chemical environments. 

Numerous species are present in biological media, which may influence or be involved in competing reactions. In 

addition, antioxidants’ reactivity depends on their chemical nature and may be modulated by the polarity of the 

environment and pH. Some of the most common chemical routes that may contribute to the observable AOX-I 

activity are detailed in Table 5.  

 

Table 5. Some of the most common chemical routes that may contribute to the observable AOX-I activity 

(HnAntiox and •R represent the antioxidant and the free radical, respectively). 

Single Step Mechanisms 

Radical Adduct Formation (RAF) 

 

HnAntiox + •R → [HnAntiox-R]• 

 

Relevant for antioxidants with multiple bonds and 

electrophilic free radicals. Viable in polar and non 

polar media.  

Examples:  

Carotenoids + •OOH, [890] or benzylperoxyl [891] or 

alkyl, alkoxyl, and alkylperoxyl radicals. [892]  
•OH scavenging activity of caffeine, [123] gentisic 

acid, [893] hydroxybenzyl alcohols, [894] edaravone, 

[895,896] melatonin,[897] and its metabolites, 

[898,899] carnosine, [900] and rebamipide. [901] 

Single Electron Transfer (SET) 

 

HnAntiox + •R → HnAntiox +• + R- 

 

Relevant for electrophilic free radicals and 

antioxidants that are good electron donors. Viable 

in polar media. 

Examples: 

For antioxidants curcumin,[902] and highly 

galloylated tannin fractions.[903]  

Edaravone derivatives + •OH, •OCCl3 and 

CH3COO•.[904]  

Resveratrol with oxygen radical.[905]  

Catechin analogues with ROO•. [906]  

Carotenoids with CCl3OO• [907,908] and •NO2 

[909,910]. 

Formal Hydrogen Atom Transfer  

(f-HAT) 

 

HnAntiox + •R → Hn-1Antiox• + HR 

 

Relevant for antioxidants with labile H atoms. 

Viable in polar and non-polar media. 

Examples: 

Polyphenols, [911] chlorogenic acids, [912] 

procyanidins, [913] chalcones,[914] cynarine, [912] 

orientin, [915] capsaicin, [916] silybin, [912] α-

mangostin, [917] fisetin, [918] hydroxychalcones, 

[919] baicalein, [918] ellagic acid, [920]  

Lipoic acids, [921] glutathione, [922] tryptophan, 

[923], N-acetylcystein amide.[924] 

Multiple Step Mechanisms 

Sequential Proton Loss Electron Transfer 

(SPLET) 

 

HnAntiox → Hn-1Antiox- + H+ 

Hn-1Antiox- + •R → Hn-1Antiox• + R- 

 

Relevant for antioxidants with acid protons. Viable 

in polar and protic solvents. 

Examples: 

Curcumin, [925, 926] esculetin, [927] alizarin, [928] 

deoxybenzoins,[929] hydroxybenzoic acids, [930-

933] resveratrol, [934, 935] fraxetin, [936] 

piceatannol, [937] morin, [938] hydroxychalcones, 

[939-941] xanthones, [942] flavonoids, [943] 

quercetin, [944] kaempferol, [945] gallic acid, [946] 

Trolox, [947] isoflavonoids, [948,949] baicalein, 

[950] purpurin.[951] 
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Multiple Step Mechanisms 

Sequential Electron Proton Transfer (SEPT) 

 

HnAntiox + •R → Hn-1Antiox•+ + R− 

Hn-1Antiox•+ → Hn-1Antiox• + H+ 

 

Relevant for antioxidants that are good electron 

donors. Viable in polar and protic solvents. 

Examples: 

Baicalein, [952] astaxanthin, [953] quercetin, in the 

presence of bases that have HOMO energies lower 

than that of the SOMO of its radical cation.[954]  

DPPH and galvinoxyl radical scavenging activity of 

vitamin E models. [955]  

The theroxyl radical-scavenging process of α-

tocopherol.[956] 

Sequential Proton Loss Hydrogen Atom Transfer 

(SPLHAT) 

 

HnAntiox → Hn-1Antiox− + H+ 

Hn-1Antiox− + •R → Hn-2Antiox•− + HR 

 

Relevant for antioxidants with acid protons and 

labile H atoms. Viable in polar and protic solvents. 

Examples: 

α-mangostin, [917] ellagic acid, [957] propyl gallate, 

[958] caffeic and other phenolic acids. [959]  

Esculetin + •OOCH3 and •OOCHCH2 radicals. [927]  

Gallic acid + •OH. [960] 

 

 

Trends in activity 

 
As previously mentioned, kinetics is crucial to assess free radical scavenging activity. Therefore, this 

analysis will be based on rate constants. However, for trends to be fair, it is essential to consider reactions with 

the same radical and that the rate constants (k) are estimated with the same methodology, and under the same 

conditions. Those reported in Table 6 correspond to reactions between coffee components and the HOO• radical, 

in non-polar media that mimic lipid environments. Those reported in Table 7 correspond to the same reactions 

but in aqueous solution, at physiological pH, i.e., pH=7.4. To facilitate comparisons, their log(k) values have 

been plotted in Fig. 3. Trolox has been included as a referent antioxidant. The main metabolites of caffeine are 

also included in the analyses. 

 

Table 6. Overall, or apparent, rate constants (k) of the reactions between coffee components (and Trolox as 

reference) and HOO•, in non-polar environments. 

Component k (M-1 s-1, at 298 K) Ref. 

caffeic acid 3.93E+04 [101] 

caffeine 3.19E+01 [123] 

dihydrocaffeic acid 4.95E+04 [101] 

eugenol 2.49E+03 [961] 

ferulic acid 9.13E+03 [101] 

guaiacol 1.55E+03 [961] 

mangiferin 7.74E+03 [101] 
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Component k (M-1 s-1, at 298 K) Ref. 

p-coumaric acid 4.35E+03 [101] 

paraxanthine 1.05E+00 [962] 

protocatechuic acid 5.14E+03 [963] 

quercetin 4.39E+03 [101] 

theobromine 5.34E+01 [962] 

theophylline 4.21E+00 [962] 

Trolox 3.40E+03 [947] 

vanillin 9.75E+01 [961] 

vanillic acid 1.29E+01 [961] 

vanillyl alcohol 5.67E+03 [961] 

 

 

Table 7. Overall, or apparent, rate constants (k) of the reactions between coffee components (and Trolox as 

reference) and HOO•, in aqueous solution at physiological pH. 

Component k (M-1 s-1, at 298 K, pH=7.4) Ref. 

caffeic acid 2.69E+08 [101] 

caffeine 3.29E-01 [123] 

dihydrocaffeic acid 1.04E+08 [101] 

eugenol 1.55E+06 [961] 

ferulic acid 3.36E+08 [101] 

guaiacol 2.38E+06 [961] 

mangiferin 5.52E+08 [101] 

p-coumaric acid 8.51E+07 [101] 

paraxanthine 4.18E-02 [962] 

protocatechuic acid 1.26E+07 [963] 

quercetin 8.11E+09 [101] 

theobromine 2.76E-01 [962] 

theophylline 3.86E-02 [962] 

Trolox 8.96E+04 [947] 
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Component k (M-1 s-1, at 298 K, pH=7.4) Ref. 

vanillin 1.54E+05 [961] 

vanillic acid 1.65E+07 [961] 

vanillyl alcohol 4.12E+06 [961] 

 

 

The values in Tables 6 and 7 were all computed with the Quantum Mechanics-based Test for Overall Free 

Radical Scavenging Activity (QM-ORSA).[126] This computational protocol was designed to calculate reliable rate 

constants in solution and was validated by comparisons with experimental data. The electronic calculations necessary 

to obtain the rate constants reported in Tables 6 and 7 were carried out with the M05-2X Density Functional Theory 

approach, combined with basis sets 6-31+G(d) to 6-311++G(d,p), and the SMD solvation model to mimic solvent 

effects. All possible reaction mechanisms and sites were taken into account, and the overall (or apparent) rate 

coefficients were estimated as the sum of the rate constants of each thermochemical viable reaction path. More details 

on this protocol can be found elsewhere.[126]  

According to the gathered data, dihydrocaffeic acid and ferulic acid are the most efficient HOO• scavengers 

in non-polar media and aqueous solution, at pH=7.4, respectively. The trend in non-polar environment was found to 

be dihydrocaffeic acid > caffeic acid > ferulic acid > mangiferin > vanillyl alcohol > protocatechuic acid > quercetin 

> p-coumaric acid > eugenol > guaiacol > vanillin > caffeine > theobromine > vanillic acid > theophylline > p-

xanthine. In aqueous solution such a trend changes to quercetin > mangiferin > ferulic acid > caffeic acid > 

dihydrocaffeic acid > p-coumaric acid > vanillic acid > protocatechuic acid > vanillyl alcohol > guaiacol > eugenol 

> vanillin > caffeine > theobromine > p-xanthine > theophylline. 

 

 

Fig. 3. log(k) for the reactions between coffee components (and Trolox as reference) with HOO•. The red line 

corresponds to the reaction of HOO• with polyunsaturated fatty acids. 

 

 

 

The threshold above-mentioned, i.e., 103 M-1s-1, corresponds to the reaction of HOO• with polyunsaturated 

fatty acids, and has been used to identify the coffee components that are expected to be efficient as free radical 

scavengers in biological systems. It has been marked with a red line in Fig. 3. According to this criterion, 

dihydrocaffeic, caffeic, ferulic, protocatechuic, and p-coumaric acids, as well as vanillyl alcohol, eugenol, and 

guaiacol should be capable of preventing peroxyl damage to biomolecules both in lipid and in aqueous environments. 

For the latter, vanillin and vanillic acid also seem to be suitable for that purpose. 
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It seems worthwhile mentioning that the reactions of caffeine and its metabolites p-xanthine, 

theobromine, and theophylline with HOO• are too slow to protect lipids from the oxidative damage caused by 

this kind of radicals. This is in line with previous works. Šeremet et. al. found that the antioxidant properties of 

coffee brews do not depend on their caffeine content. [122] Miłek et. al. reported that while ‘specialty’ quality 

coffees have similar caffeine content as other brands, they significantly surpass them in antioxidant activity. 

[121] Based on the likeliness of f-HAT and SET mechanisms as protective routes, Petrucci et. al. concluded 

that caffeine can hardly be considered as an antioxidant. Thus, despite of being the most emblematic coffee 

component, this brew's antioxidant activity arises from its phenolic species, not from caffeine. 

 

Structure-activity relationships 

 
The reaction mechanism contributing the most to the antioxidant activity of the analyzed coffee 

components is reported in Tables 8 and 9 for lipid and aqueous environments, respectively. The most reactive 

site or species are also reported in these tables. The relatively low reactivity of caffeine and its metabolites p-

xanthine, theobromine, and theophylline can be attributed to their lack of the phenol moiety. They have not 

labile H atoms to be involved in f-HAT, nor acid protons that favored deprotonation and, consequently, the 

SPLET mechanisms, i.e., SET from the anions. Thus, the main chemical route involved in their reactions with 

HOO• is the radical adduct formation. 

 

Table 8. Main reaction mechanism and most reactive site in the reactions between coffee components and 

HOO•, in non-polar environments. 

Component Mechanism Site Ref. 

caffeic acid f-HAT 

 

[101] 

caffeine RAF 

 

[123] 

dihydrocaffeic acid f-HAT 

 

[101] 

eugenol f-HAT 

 

[961] 

ferulic acid f-HAT 

 

[101] 

guaiacol f-HAT 
 

[961] 
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Component Mechanism Site Ref. 

mangiferin f-HAT 

 

[101] 

p-coumaric acid f-HAT 

 

[101] 

paraxanthine RAF 

 

[962] 

protocatechuic acid f-HAT 

 

[963] 

quercitin f-HAT 

 

[101] 

theobromine RAF 

 

[962] 

theophylline RAF 

 

[962] 

vanillin f-HAT 

 

[961] 

vanillic acid f-HAT 

 

[961] 

vanillyl alcohol f-HAT 
 

[961] 
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Table 9. Main reaction mechanism and most reactive site or species in the reactions between coffee components 

and HOO•, in aqueous solution at physiological pH. 

Component Mechanism Site or species Ref. 

caffeic acid SPLET phenolate anion [101] 

caffeine RAF 

 

[123] 

dihydrocaffeic acid SPLET phenolate anion [101] 

eugenol SPLET phenolate anion [961] 

ferulic acid SPLET phenolate anion [101] 

guaiacol SPLET phenolate anion [961] 

mangiferin SPLET phenolate anion [101] 

p-coumaric acid SPLET phenolate anion [101] 

paraxanthine RAF 

 

[962] 

protocatechuic acid SPLET phenolate anion [963] 

quercetin SPLET phenolate anion [963] 

theobromine RAF 

 

[962] 

theophylline RAF 

 

[962] 

vanillin SPLET phenolate anion [961] 

vanillic acid SPLET phenolate anion [961] 

vanillyl alcohol SPLET phenolate anion [961] 

 

 

The phenolic structural feature seems to be the key to the high efficiency of coffee components as 

peroxyl radical scavengers. In lipid media, the OH group acts as H donor leading to AOX-I via f-HAT. In 

aqueous solution, their acid-base equilibria rule reactivity. At physiological pH, there is enough phenolate 
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fraction, which is excellent as electron donor. Thus, under such conditions, the SPLET mechanism becomes the 

highest contributor to the antioxidant activity of phenolic compounds in general, and of the phenolic compounds 

present in coffee.  

The solvent also plays an important role in this context. The antioxidant + HOO• reactions are faster 

in aqueous solution, i.e., polar and protic solvent, than in lipid media (Tables 6 and 7, and Fig. 3). In addition, 

the fact that water is a polar and protic solvent promotes the SPLET mechanism, which was proposed by 

Litwinienko and Ingold, [925,964-966] and it is recognized as more efficient than f-HAT, and certainly much 

more than RAF, when phenols scavenge free radicals. 

 

 

Perspectives 

 
Albeit much information has been retrieved from the investigations on coffee, some aspects still 

deserve further research. Some of the many questions to be answered in more detail are: 

• -How much does the presence of redox metals modify the chemistry of the coffee 

components? 

• -How effective are they as chelating agents? 

• -Would they act as OH inactivating ligands? 

• -Are any of them capable of repairing oxidatively damaged biological targets? 

• -Which of them can be considered multifunctional antioxidants? 

• -Are their derivatives safe enough to be used as medical drugs? 

• -What are the metabolites of these derivatives, and what properties do they have? 

Nature gave us coffee. Revealing its chemical wonders is up to us.  

 

 

Summary 

 
Many natural products are known for their health benefits, but they comprise a large variety of 

components. Thus, it is essential to identify their bioactive substances as well as the specific functions and 

medicinal effects of these substances.  

Coffee is a complex mixture containing many chemicals, including alkaloids, amino acids, 

carbohydrates, carotenoids, fatty acids, flavonoids, organic acids, phenolic acids, sugars, terpenes, and volatile 

compounds. It is also known to have many beneficial properties such as antibacterial, anticarcinogenic, 

antidiabetic, antifungal, anti-inflammatory, anti-obesity, cardioprotective, gastroprotective, hepatoprotective, 

and neuroprotective effects, provided that it is consumed in moderate amounts. The chemicals responsible for 

such valuable effects have been summarized in this review, as well as numerous investigations devoted to the 

design and synthesis of their derivatives. 

The antioxidative protection of coffee has been related to most of its benefits. Several reaction 

mechanisms contributing to this protection were overviewed. Namely: radical adduct formation (RAF), single 

electron transfer (SET), formal hydrogen atom transfer (f-HAT), sequential proton loss electron transfer 

(SPLET), sequential electron proton transfer (SEPT), and sequential proton loss hydrogen atom transfer 

(SPLHAT). The ones contributing the most to the antioxidant activity of several coffee components were 

discussed.  

The trends in free radical scavenging activity showed that phenolic acids are the ones contributing the 

most to the antioxidant effects of coffee, while alkaloids are not efficient for that purpose, at least as chemical 

antioxidants. Thus, despite being the most emblematic coffee component, the antioxidant activity of this brew 

does not arise from caffeine. In fact, it is not expected to be a good free radical scavenger.  

The structure-activity relationships were associated with the main reaction mechanisms and the role of 

the solvent on the reactivity of the explored compounds. Alkaloids, i.e. caffeine and its metabolites p-xanthine, 

theobromine, and theophylline, mainly react via RAF, regardless of the solvent nature. Phenolic compounds, 
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on the other hand, mainly react via f-HAT in non-polar media, and via SPLET in aqueous solution, at 

physiological pH.   

Although there are many aspects to be explored in the context of coffee chemistry, this review is meant 

to provide molecular insights on one of its main effects, i.e., antioxidant protection. The data gathered here 

demonstrate that computational and theoretical chemistry are very helpful tools to understand the molecular 

insights of antioxidants, and also for the design of new compounds that combines this behavior with other health 

benefits. Hopefully, this review will contribute to a better understanding of the chemistry of our morning cup 

and promote further investigations on this topic. 
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Abstract. Intermolecular interactions have great relevance in the stability of chemical systems. The most studied 

non-covalent interactions are hydrogen bonds, but they are not the only ones. Dihydrogen bonds or hydrogen - 

hydrogen contacts, as well as those that occur between heteroatoms, have also shown to play an important role in 

the molecular structure of biomolecules, solids, surfaces and other chemical systems. In this article we summarize 

the main contributions of our group to the study of these intermolecular interactions. 

Among the most important results generated in our group is the estimation of the interaction energy of the 

unconventional hydrogen bond C-H•••O, which showed its relevance in various systems. In addition, software 

programmed on graphic processing units was created in our group to analyze electron density using the Quantum 

Theory of Atoms in Molecules (QTAIM). This code has allowed us to study non-covalent interactions in large 

systems. 

Keywords: Hydrogen bonds; Electron density; QTAIM; Non-covalent interactions. 

 

Resumen. Las interacciones intermoleculares tienen una gran relevancia en la estabilidad de sistemas químicos. 

Las más estudiadas son los puentes de hidrógeno, pero no han sido las únicas. Los enlaces dihidrógeno o los 

contactos hidrógeno-hidrógeno, así como las interacciones que ocurren entre heteroátomos, también han 

mostrado un papel importante en la estructura molecular de biomoléculas, sólidos, superficies y otros sistemas 

químicos. En este artículo resumimos las principales contribuciones de nuestro grupo hacia el estudio de estas 

interacciones intermoleculares. 

Entre los resultados más importantes generados por nuestro grupo es la estimación de la energía de interacción 

de puentes de hidrógeno no convencionales C-H•••O, los cuales han mostrado su relevancia en varios sistemas. 

Además, el código computacional programado sobre tarjetas gráficas creado en nuestro grupo permite analizar 

la densidad electrónica usando la teoría cuántica de átomos en moléculas (QTAIM). Este código computacional 

nos ha permitido estudiar interacciones no covalentes en sistemas de gran tamaño. 

Palabras clave: Puentes de hidrógeno; densidad electrónica; QTAIM; interacciones no covalentes. 
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Introduction 

    
In 1937, Linus Pauling defined hydrogen bonds as a cohesive force relevant to the stability of 

molecules. In this definition, hydrogen bonds present hydroxyl or amino groups with carbonyl or hydroxyl 

groups considered as receptors [1]. The main idea at that time considered only oxygen and nitrogen atoms as 

donors or acceptors of the hydrogens that formed the interaction. This kind of interactions are now named 

conventional hydrogen bonds. 

The possibility that other types of atoms might form hydrogen bonds was questioned for a long time. 

The existence of other hydrogen bonds with different donor and acceptor atoms that are not typically 

electronegative is currently recognized. This is the case of the carbon atom in the C-H bond to form a C-H•••O 

interaction. Such interactions are called non-conventional hydrogen bonds. 

Although the hydrogen bond in the International Union of Pure and Applied Chemistry (IUPAC) gold 

book [2] continues to be defined with basically the same characteristics as it was at the beginning, the same 

organization recognizes a new definition of hydrogen bond [3] that integrates the new discoveries of 

interactions. A new broad but not vague definition is intended that considers the visions of different areas of 

our discipline, but it is clear that this is a difficult task. After several discussions, finally in 2009 the following 

new definition was established [3]:  

“The hydrogen bond is an attractive interaction between a hydrogen atom from a molecule or a 

molecular fragment X-H in which X is more electronegative than H, and an atom or a group of atoms in the 

same or a different molecule, in which there is evidence of bond formation. The evidence for hydrogen-bond 

formation may be experimental or theoretical, or ideally, a combination of both. A typical hydrogen bond may 

be depicted as X-H···Y-Z, where the three dots denote the bond. X-H represents the hydrogen-bond donor. The 

acceptor may be an atom or an anion Y, or a fragment or a molecule Y-Z, where Y is bonded to Z. In specific 

cases X and  Y can be the same with both X-H and Y-H bonds being equal. In any event,  the acceptor 

is an electron-rich region such as, but not limited to, a lone pair in Y or a π-bonded pair in Y-Z”. 

In this definition, different types of atoms can be considered as hydrogen donors or acceptors. It also 

establishes that it is essential to have evidence. In this sense, theoretical and computational chemistry 

contributed greatly to the study of hydrogen bonds, not only to provide evidence, but to study their nature, 

which in many cases have not been completely clarified. 

The role of hydrogen bonds (conventional and unconventional) is recognized today as the main 

intermolecular interaction in various chemical systems and different materials.  Other types of intermolecular 

interactions, where there is still much research to be done, have appeared on the scene [4-8] that may be as 

important as hydrogen bonds, namely dihydrogen bonds (H•••H bonds) and non-covalent interactions between 

heteroatoms.  

In our group, conventional and unconventional hydrogen bonds as well as other intermolecular 

interactions, have been studied for more than 20 years using theoretical and computational chemistry tools. This 

paper summarizes our main contributions to this topic. It is not intended to be a review article, but rather to 

highlight the work that has been developed in the Department of Chemistry at the UAM Iztapalapa, which has 

contributed to the understanding of non-covalent interactions in many different systems. The UAM is a recently 

created University, which is turning fifty years old, but important research work has been carried out in many 

fields, and Theoretical and Computational Chemistry is not an exception. 

 

Biological macromolecules 

 
Hydrogen bonds are weaker than covalent bonds or interactions between ions, but it has been 

recognized that they can be crucial to form the structure of biological macromolecules such as proteins, DNA 

or carbohydrates. Conventional and non-conventional hydrogen bonds can be found in these macromolecules, 

with a wide range of interaction energies. The interaction energies of hydrogen bonds depend on the atoms 

involved and on the geometric parameters such as the distance between the acceptor (A) of the bridge and the 

participating hydrogen (H), the distance between the acceptor and the donor (D) of hydrogen, and the D-H•••A 

angles. Shorter distances and more linear angles imply higher energies (more strength) of the hydrogen bond. 

With these parameters, hydrogen bonds can be classified as strong, medium-strength or weak, considering 
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Jeffrey's classification as a reference [9]. This classification is as follows: Jeffrey categorizes H bonds with 

donor-acceptor distances of 2.2-2.5 Å as “strong, mostly covalent”, 2.5-3.2 Å as “moderate, mostly 

electrostatic”, 3.2-4.0 Å as “weak, electrostatic” 

With this classification, many systems can be studied. As an example, we consider the C-H•••O hydrogen 

bond that was one of the most controversial and relevant weak interaction in the structure of proteins and 

carbohydrates. In 2000 [10] our group estimated, by using N,N'-dimethylformamide dimers as a model and high-

quality ab-initio calculations, a binding energy of the C-H•••O=C interaction between 2.1 and 4.0 kcal /mol 

depending on the linearity of the bond. The role of linearity in the strength of C-H•••O=C hydrogen bonds was 

clearly demonstrated by Density Functional Theory (DFT) calculations [11]. Although each hydrogen bond is 

weaker than conventional hydrogen bonds, the presence of many C-H•••O bonds strengthens the interactions 

and contributes to the conformation of biological macromolecules. 

Many computational codes use Gaussian functions to represent orbitals. Although such functions are 

convenient for some numerical approaches, estimations of intermolecular interaction energies exhibit the Basis 

Set Superposition Error (BSSE). Usually, the estimation of the BSSE is obtained by using the counterpoise 

method [12-14]. We have shown that this error can be reduced when using Kohn-Sham (KS) method instead of 

correlated methods based on the wave function [15]. Therefore, if the basis set is large enough, in DFT-KS 

calculations the BSSE can be negligible on the estimation of hydrogen bond energies. 

The new definition of hydrogen bonds suggests that there must be theoretical or experimental evidence 

to ensure their presence. Theoretical and computational chemistry are useful tools to provide this evidence based 

on the analysis of the electron density. Scalar and vector fields of electron density are very important to find and 

characterize intermolecular interactions. To this purpose, Quantum Theory of Atoms in Molecules (QTAIM) [16] 

has been widely used to establish intra and intermolecular interactions, in particular, hydrogen bonds. The electron 

localization function (ELF) is another scalar field that is also used for this purpose[17]. By testing conventional 

and non-conventional hydrogen bonds, our group found that critical points of the electron density and ELF are 

localized almost in the same contact region giving a relationship between both approaches [18].  

 

Graphics processing units for atoms and molecules 
Due to the importance of the analysis of scalar and vector fields of electron density to find and 

characterize intermolecular interactions, our group developed a software to use Graphics Processing Units 

(GPUs), and thus enable to study of non-covalent interactions in large molecules. This software has been called 

GPUAM, which stands for Graphics Processing Units for Atoms and Molecules [19-21]. With this software it 

is possible to analyze the gradient and the Laplacian of the density, to find the critical points that denote 

interactions, to obtain other fields such as the ELF, the electrostatic potential, and the Non-Covalent Interactions 

(NCI) index for large systems [22,23]. The GPUAM has been meticulously designed to run efficiently on GPUs 

using CUDA-C programming techniques. The grid used to analyze 3D scalar or vector fields is distributed 

across all threads involved in one or multiple GPUs within a server. Therefore, the efficiency of GPUAM is 

directly related to the number of threads available in the GPUs. Detailed information about the kernel designed 

in CUDA for grid distribution can be found in reference [19]. This grid-based approach is well-suited for GPU 

implementation, making the search for critical points in electron density highly efficient. Consequently, the 

QTAIM can be applied to large systems, as discussed below. 

By using GPUAM, it is possible to investigate models of cavities of up to 800 atoms to study the 

interaction of drugs with proteins at the level of ab initio DFT methods. As an example, with QTAIM and 

GPUAM we characterized the non-covalent interactions between the N3 inhibitor and the main protease of 

SARS-CoV and SARS-CoV-2 [23]. We found that there are conventional and unconventional hydrogen bonds, 

as expected, but also H•••H interactions that are generally not considered in these systems.  

Using the same methodology, we also studied the intermolecular interactions between risperidone and 

the dopamine receptor DRD2 [24]. Risperidone is a drug used to treat schizophrenia. We compared the 

interactions of dopamine with DRD2 and those of risperidone with the same receptor, all using the QTAIM and 

the NCI (Figure 1). We found that the interaction energy depends more on the number of interactions than on 

the strength of each interaction. In this same topic, we show the importance of the salt bridge in the interaction 

of antipsychotic drugs with the dopamine receptor and its relationship with reactivity indices generated by DFT 

[25]. 
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Fig. 1. Electron density in the Risperidone (orange) - DRD2 (green) system, which contains 571 atoms. 

 

 

 

 We also studied the intrinsic chemical reactivity of several drugs, dopamine agonists and antagonists, 

and their interaction with DRD2 in order to elucidate the action mechanism. We found a correlation between 

the ability to donate or accept charge and the strength of the interaction with the dopamine cavity in DRD2 [26-

28].  

 

 

Inclusion complexes 

 
Macromolecules form cavities and this is very useful for housing small molecules without altering 

their structure. The polarity as well as the functional groups that can form hydrogen bonds or other interactions, 

promote the inclusion of small molecules in the cavities of macromolecules. Intermolecular interactions 

between guest and host are the driving forces of inclusion complexes. The formation of inclusion complexes 

produces favorable changes on physicochemical characteristics of the host, such as solubility, dissolution rate, 

stability and biodisponibility. 

 

Inclusion compounds with cyclodextrins 
Cyclodextrins (CD) are macrocycles with truncated cone cavities that make them good for 

encapsulating compounds for various applications in the pharmaceutical or food industries. In the inclusion 

complexes that form CDs, intermolecular interactions between the guest and the host are of great importance. 

The shape of the CD defines the distribution of the electron density within the cavity. The electron density can 

be mapped to their electrostatic potential. CDs have negative electrostatic potential in the widest part of the 

cavity and positive in the narrowest section. Therefore, CDs have a total dipole moment that determines how 

the guest molecule is introduced and interacts within the cavity. [29]. 

As we mentioned previously, physicochemical properties of the host are modified by the formation of 

complex. For example, the optical properties of the included compound. This was demonstrated for 4-dimethyl-

aminobenzonitrile. The electrostatic potential of the CD cavity and intermolecular interactions change the 

fluorescence of the compound. Taking advantage of this experience, 4-dimethyl-aminobenzonitrile was 

proposed as a CD antenna to be used as an optical sensor [30]. 

More recently, molecular dynamics calculations show that α, β, and γ-CD cause significant CDs 

deformations when complexing molecules such as sertraline and abacavir. Ab initio DFT calculations showed 

that X-ray structures are maxima at the potential energy surface (PES), and that not only hydrogen bonds are 

responsible for the stabilization of the inclusion complex, but other interactions such as H•••H and Lewis acid 

base type interactions [31,32]. Deformation of cyclodextrins is an important element to be considered in 

inclusion compounds. The deformation can be obtained from docking and dynamic molecular techniques, and 
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it is crucial to do this before applying DFT methods to characterize non-covalent interactions. Distortions found 

in α-CD are presented in Figure 2. Structure on the left side corresponds to that obtained from X-ray 

experiments. The structure on the right side corresponds to the average structure obtained from classical 

molecular dynamics. From this figure it is evident the distortion observed when the α-CD is submitted to 

movements induced by classical molecular dynamics. The adequate description of the PES of different 

conformations due to conventional and non-conventional hydrogen bonds, depends on the correct description not 

only of intermolecular interactions, but also intramolecular, as it was demonstrated for the alanine dipeptide [33].  

 

 
Fig. 2. Molecular structure of the α-CD from X-ray information (left side) and from classical molecular 

dynamics (right side).  

 

 

 

Mesoporous materials 
The mesoporous materials such as SBA15(SiO2) have applications in several fields due to the elevated 

specific surface areas where adsorption of a variety of substances is possible in their channels that can be 

released under certain conditions. Specifically, we evaluated a material with a SiO2 matrix whose pores trap 

fluconazole molecules. Fluconazole is a corrosion inhibitor, and the idea is to have a reservoir of a corrosion 

inhibitor agent to use this material as a self-healing material [34]. From the electron density analysis of 

structures proposed by docking, we found that the fluconazole is mainly trapped by non-canonical interactions 

such as F•••O; O•••O; N•••O; C•••O, as well as C-H•••O hydrogen bonds. Just in one structure, conventional 

hydrogen bonds are observed. The analysis of the nature of intermolecular interactions is important since the 

liberation rate depends on them. In this study, conditions of release were proposed to use the material in coating 

metals.  

 

Clathrates 
Methane hydrates or clathrates are other compounds that trap molecules such as methane. These are 

boxes formed with water molecules linked by hydrogen bonds. Non-polar compounds such as methane can be 

housed inside. Clathrates are found in nature at the bottom of the arctic oceans, and can also be synthesized in 

the laboratory. They have been thought of as alternative energy sources or as possible structures to store 

hydrogen. In our group we widely explore the potential energy surface of the formation of the methane hydrate 

CH4–(H2O)12 with ab initio methods [35]. We found conventional hydrogen bonds between water molecules as 

expected, and C-H•••O hydrogen bonds when water interacts with methane (Figure 3). The most stable 

structures found for CH4–(H2O)12 clusters are nest-like instead of cages trapping the methane molecule. Finally, 

with high quality ab initio methods, we stated that CH4–(H2O)12 clusters could exist up to 179 K, which means 

that it is possible the existence of these clusters on Mars, that was a discussion topic at that time. 
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Fig. 3. Methane in a water box with conventional hydrogen bonds (left); QTAIM analysis where bond critical 

points and bond paths describe conventional and non conventional hydrogen bonds (right).  

 

 

 

Molecular conformers 
 

Hydrogen bonds and other interactions are also important factors in the structural conformations of different 

molecules and the physicochemical properties that they can display. For example, hydrogen bonds are crucial for the 

decomposition of three common neonicotinoids used as insecticides [36] or the formation of clusters of 

NaCl(H2O)2[37]. The solvation of Cu2+ ion is also important. In this case, we used a modified version of the simulated 

annealing method to explore the potential energy surface of [Cu(H2O)n]2+ with n=12, 16 and 18 in order to find the 

coordination number of Cu2+ ion. By using QTAIM we found that the fivefold coordination is preferred and the 

fourfold coordination cannot be considered in studies where the Cu2+ion is solvated by water molecules [38]. 

Conformations of N-(2-benzoylphenyl)acetamide [39] are interesting since the most stable conformation in 

gas phase is stabilized by the hydrogen bond between the N-H of the acetamide and the carbonyl group that joins the 

two rings. However, another conformer close in energy is stabilized by a weaker C-H•••π. This study makes clear 

that including dispersion correction in DFT calculations is essential to correctly describe molecular conformations. 

Ferulic acid is another interesting example. DFT calculations and electrochemical experiments showed 

that planar structures play an important role in the antioxidant capacity [40]. Dimers and trimers of this acid show 

weak intramolecular interactions that produce bent conformers. However, the presence of more than one ferulic 

acid unit can lead to donating more than one electron. Other example is the adduct formed between 1,4-

benzoquinone and benzoic acid that presents a planar configuration, which is stabilized by two hydrogen bond 

interactions: one involving OH•••O and the other CH•••O. This finding was further supported by electrochemical 

analyses [41]. The presence of hydrogen bonds is also important in intramolecular contacts, something that was 

revealed in studies with dopamine [42]. 

The methodology used gives us the possibility to study Raman spectroscopy signals that allow us to 

investigate the pathogenesis and progression of Parkinson Disease (PD). It has been reported that 5-S-cysteinyl-

dopamine (CysDA) is a toxic compound for dopaminergic neurons, which induces the pathogenesis and 

progression of PD. To quantify CysDA by Raman spectroscopy, a solid graphene oxide (GO) substrate was 

proposed in order to increase the intrinsic low sensitivity of the Raman scattering and the interference of the 

fluorescence signal of biomolecules. We demonstrated that CysDA is adsorbed on GO by a wide variety of 

intermolecular interactions as hydrogen bonds and interactions between heteroatoms. These interactions explain 

the main band shifting observed in the FTIR spectrum of the CysDA/GO complex. Furthermore, the interaction 

of CysDA with GO leads to the quenching of the fluorescence of CysDA, which permits to obtain the Raman 

spectrum of this molecule [43]. 

The antioxidant capacity of catechols and resorcinols is well known. Catechol presents an O-H•••O 

interaction due to the ortho position of the OH in the phenolic ring. When there are different substituents, the 

energy of the interaction found is modified [44]. The analysis of this interaction with different density fields 

showed that with the O-H•••O interaction, the O•••O repulsion of the two OH groups is avoided. In both resorcinols 
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and substituted catechols, it was found that the antioxidant capacity is not affected, but “the electron donating 

groups favor electronic changes along the reaction path, increasing the spontaneity of the hydrogen atom transfer 

mechanism” [45]. 

 
 

Intermolecular contacts in crystals 
Many-body effects are enhanced in crystals and the behavior of some isolated molecules is altered 

when they are immersed in a periodic system. For example, tricyclic orthoamides present the eclipsed all-trans 

conformer more stable than the corresponding alternated conformation, which is quite strange for isolated 

molecules. The reason for this conformation involves two effects shown in Figure 4, non-covalent interactions 

with water molecules and the packing involved in the crystal [46]. 

 

 
Fig. 4. The role of water molecules in the eclipsed all-trans conformer of tricyclic orthoamide. 

 

 

 

The packing in a crystal is an important point to be considered for intermolecular interactions since the 

pressure exerted over a system is mapped on the contacts between molecules. For urea, our group described in 

detail how the hydrogen bond is altered as a function of the pressure. It is worth noting that the structures used in 

this study were obtained from experimental data, in particular, X-ray structures [47]. The changes of hydrogen 

bonds have an impact on the electron density voids observed in the crystal structure as it is shown in Figure 5. 

 

 
Fig. 5. The gray isosurfaces are the electron density voids of urea crystal at the (001) and (010) planes at 0.0047 

GPa (a and b); 1.48 GPa (c and d) and 3.10 GPa (e and f). 
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For many reasons, the adsorption phenomena are relevant for physical and chemical processes. In these 

processes, non-covalent interactions are crucial to correctly describe host-guest contacts. In particular, Metal 

Organic Frameworks (MOF) have been used to confine substances considered as pollutants. Our group 

investigated systems where MOFs are the host and CO, CO2, SO2, benzene, toluene and I2 are the guests. The 

MIL-3(Al)-TDC MOF increases its adsorption capacity if molecules of water are within the MOF. This result 

sounds strange. However, the directionality of hydrogen bonds between MOF and water induces a better 

interaction between MOF and CO2.  This conclusion was obtained from theoretical methods [48]. A similar 

effect is observed for the adsorption of CO2 in InOF-1 MOF, which is enhanced when 2-propanol is confined 

within the MOF [45]. The relevance of the InOF-1 MOF to trap substances is evident from experimental and 

theoretical studies [49-53]. 

 

 
Fig. 6. SU101 MOF as dopamine carrier. 

 

 

Electronic structure methods are mandatory to elucidate the non-covalent interactions between MOF 

and guest molecules. CO and SO2 adsorption sites within NOTT-401[54], I2 in MIL-53(Al)-TDC [55] are 

examples where the analysis of the electron density provides insight of non-covalent interactions in these 

systems. Another example is the analysis of the electron density and related quantum chemistry scalar fields to 

understand the differences between isostructural MFM-300(Sc) and MFM-300(In) systems [56]. 

The MOFs have been considered to be carrier drugs. In our group, dopamine encapsulated by SU-101 

MOF [57], and phenylethylamine, dopamine or sertraline within Mg2(olsalazine) MOF [58] have been analyzed 

as possible drug delivery systems (Figure 6). For both MOFs the analysis of the electron density is quite 

important, by using NCI and QTAIM analysis we have characterized the difference between the open metal 

sites in Mg(olz)2 and SU-101 MOFs [58]. 

 

 

Conclusions 

 
In this paper we have mentioned the works where some actual and former professors of the Chemistry 

Department have contributed to the understanding of non-covalent interaction. From molecules to crystals, 

intermolecular contacts have been analyzed by using mainly the electron density and related quantum chemistry 

scalar fields. In all reports mentioned in this paper, the electron density has been obtained through the density 

functional theory. Our GPUAM software was used in molecular and periodic systems to analyze the electron 

density scalar fields. Our research has contributed to visualize the important role of non-covalent intermolecular 

interactions, not only conventional hydrogen bonds, but others as H•••H and heteroatoms contacts. We 

recognize the effort performed by other groups around the QTAIM and molecular interactions in our country, 

such efforts have been highlighted in reference [59].  
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The non-covalent index has been widely explored in our group in all the systems we have studied, 

however, only qualitative observations can be deduced from here. It is important to have quantitative 

information from the NCI or other scalar fields, and for this reason we are working on this. More investigations 

are needed to study other interactions such as those between heteroatoms that appeared in all the systems studied 

in our group. 
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Abstract. The study of confined quantum systems has been a subject of fundamental interest of research at the 

Universidad Autónoma Metropolitana (UAM) for over 30 years. This summary highlights the contributions of the 

present authors from UAM in this field considering various quantum systems under different confinement 

conditions. The paper is divided into two sections: one focusing on atoms and molecules confined by closed and 

open hard walls, and the other on systems confined by closed and open soft walls. As UAM celebrates its 50th 

anniversary, it is a timely moment to reflect on the development of collective efforts of the Chemistry and Physics 

departments in contributing to knowledge in this intriguing and interesting field. 

Keywords: Confined systems; systems under high pressure; electronic structure under extreme conditions. 

 

Resumen. El estudio de sistemas cuánticos confinados ha sido objeto de fundamental interés en la Universidad 

Autónoma Metropolitana (UAM) sobre 30 años. Este resumen resalta las contribuciones de la autora y autores de 

la UAM en este campo considerando varios sistemas cuánticos bajo diferentes condiciones de confinamiento. El 

artículo está dividido en dos secciones: una enfocándose en átomos y moléculas confinadas por paredes duras 

cerradas y abiertas, y la otra en sistemas confinados por paredes suaves cerradas y abiertas. Como la UAM celebra 

su 50 aniversario, es un buen momento para mostrar el desarrollo de esfuerzos colectivos de los departamentos de 

química y física en la contribución del conocimiento en este interesante e intrigante campo. 

Palabras clave: Sistemas confinados; Sistemas bajo altas presiones; Estructura electrónica bajo condiciones 

extremas. 

 

 

Introduction 

    
The first theory of metallic sodium and a method to calculate the binding properties of metals was 

put forward by Wigner and Seitz since 1933.[1,2] Their work gave rise to the celebrated Wigner-Seitz cell 

model, whereby each atom in the crystal lattice is surrounded by a polyhedron formed by bisecting planes 

between the atom and its neighbors. Without further details, we deem this was the first confined system 
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studied, which led to the first serious band structure calculations of metallic sodium. A few years later, 

Michels, De Boer and Bijl,[3] followed by Sommerfeld and Welker,[4] studied how the polarizability of the 

hydrogen atom varies when subjected to very high external pressures. Their work proposed that the hydrogen 

atom is enclosed in a spherical cavity of radius r0 with impenetrable walls, which simulate the effects of the 

rest of the negative charges surrounding the atom. They solved approximately the Schrödinger equation for 

a set of states, and with an approximate wave function they calculated the polarizability through Kirkwood’s 

method.[5] We can say that these fundamental studies constitute a milestone for the quest for properties of 

confined quantum systems, which has become an active field of research in physics and chemistry 

worldwide.[6-9] 

Noteworthy in this aspect, the significant contribution from professors and students of the 

Universidad Autónoma Metropolitana (UAM) - Iztapalapa is hereby acknowledged. Since the establishment 

of UAM 50 years ago, many research groups in this institution have made important contributions to science 

in different fields of knowledge. Particularly, in the case of the study of electronic properties of atomic and 

molecular systems submitted to non-conventional conditions, such as quantum confinement, the chemistry 

department and the physics department have combined efforts to generate new ideas and techniques to tackle 

various related problems. It is worth mentioning here that this research activity has promoted appropriate 

local and international meetings around this topic. This article appraises the efforts developed by our research 

groups at UAM-Iztapalapa to study confinement effects on the electronic properties of atomic and molecular 

systems. Of course, this summary is not meant to be exhaustive but to provide an insight into our main 

contributions to the knowledge and applications of confined quantum systems. 

The starting point is the time-independent Schrödinger equation within the Born-Oppenheimer 

approximation 

 

�̂�𝛹 = 𝐸𝛹, (1) 

 

With 
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where N and M represent the number of electrons and nuclei, respectively, and positions of nuclei with atomic 

charge ZA are represented by RA. The position of electrons are represented by ri. In the context of this article, 

𝑣𝑐 is quite important since this term represents the confinement imposed over the system. For molecules, 

there is an additional term to the total energy within the Born-Oppenheimer approximation that takes into 

account the interaction among nuclei, 

 

𝐸𝑛𝑛 = ∑∑
𝑍𝐴𝑍𝐵

|𝑅𝐵 − 𝑅𝐴|

𝑀

𝐵>𝐴

𝑀

𝐴=1

 (3) 

 

Atomic units (a. u.) will be considered in this article. 

The confinement models to be discussed here consist of closed or open geometric boundaries 

defining 𝑣𝑐, whose barrier height may be infinite (hard wall confinement) or finite (soft wall confinement). 

For clarity of presentation, in the following sections, we shall refer separately to our achievements for hard 

wall and soft wall confinement in all cases. 
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Confinement imposed by hard walls 

 
In this Section, we present an account of our relevant contributions concerning hard wall confinement 

for various atomic and molecular systems spatially limited by closed and open geometric boundaries of different 

shapes. We begin with the hydrogenic atom, which is the simplest yet fundamental system in the Periodic Table. 

Then, we proceed to the two-electron helium-like system, many-electron atoms, and molecular systems. 

 

 

Hydrogen atom 
 

Historically, the confinement imposed over a hydrogen atom was based on a model in which the 

hydrogen nucleus is clamped at the center of an impenetrable sphere, and the electron moves in the sphere under 

the coulombic attraction of the nucleus. The important ingredient in this model is an infinite potential on the 

sphere’s surface such that the wave function or electron density is canceled on the surface. In mathematical 

terms, the wave function must satisfy the Dirichlet boundary conditions. The confined hydrogen atom has 

spherical symmetry, so as in any central potential, the angular solution of the Schrödinger equation is given by 

the spherical harmonics Yl,m(θ,ϕ). Therefore, it is only necessary to solve the radial Schrödinger equation subject 

to the boundary conditions. 

Researchers who worked on this problem before 1979, approximating the solution of the Schrödinger 

equation, could not obtain the energies accurately. They obtained 3–4 decimal places approximately in the 

energies calculations and a smaller number in the physical properties. Since the late 1970s, significant efforts 

have been reported to solve the Schrödinger equation of the hydrogen atom enclosed by hard walls.[10-12] 

Precisely, within these efforts, the UAM-Iztapalapa started to work with contributions in this field. 

On one hand, the variational method was used with an elegant wave function, constructed as the 

product of a wave function of the free system multiplied by a cut-off function to ensure that the boundary 

condition is satisfied to obtain a good approximation to the energy of the confined system.[11,13] On the other 

hand, a series method gave a high-accuracy numerical approximation; the energies obtained by this method 

reported energies with 10–11 accuracy figures, giving energies below those reported previously.[12,14] One 

element to note in the used series method is that the wave function, in addition to depending on the coordinates, 

also depends explicitly on the energy.[12] In a later paper,[14,15] the power series method and a solution based 

on the confluent hypergeometric function were used to obtain energy with an error of less than 1 × 10−100. 

Although the hydrogen atom has one electron, this system exhibits many characteristics shown by many-

electron atoms, which will be discussed below. For example, the orbital energy appears to cross between 

different states when the atom is under extreme confinement. If the hydrogen atom is confined at r0 = 1.0 a. u. 

the orbital energy ordering is ϵ1s < ϵ2p < ϵ3d < ϵ2s..., where the energy degeneracy disappears. The common 

electron configuration ordering no longer exists16 as can be appreciated from Fig. 1. 
 

 
Fig. 1. Orbital energies for the hydrogen atom confined by spherical hard walls with several confinement radii r0. 
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The confined quantum systems, particularly the spherically confined hydrogen atom, show abrupt 

changes in their physical properties when the size of the cavity containing them is reduced, i.e., as the pressure 

grows. The magnetic screening constant, Fermi contact term, polarizability, and the pressure as a function of 

the cavity radius r0 are depicted in Fig. 2. 

From Fig. 2, as the radius r0 decreases the magnetic screening constant, the Fermi contact term and 

pressure increase rapidly, whereas the polarizability decreases quickly, indicating that the confined hydrogen 

atom is harder than the corresponding free atom. For these reasons, the confined hydrogen atom limited by 

spherical hard walls is a system of continuing interest.[14,15,17-23] 

 

 
Fig. 2. Magnetic screening constant σ, Fermi contact term, polarizability and pressure for the ground state of 

the hydrogen atom confined by spherical hard walls with several confinement radii r0. 

 

 

 

The hydrogen atom has also been studied under spatial limitation due to closed and open hard walls 

with different shapes.[24-28] We must mention that the case of single atoms localized at arbitrary positions 

along the major axis of ellipsoids is implicit within the treatment of diatomic molecules. For this reason, the 

hydrogen atom is also considered when the molecular systems H2 or H2
+ are under study.[29] The Fermi contact 

term, which has a direct relationship with the electron density at the nucleus, is one crucial result since this 

quantity is reduced for extreme confinements.[24] Thus, not for all confinement shapes is the electron density 

accumulated at the nuclei when the system is confined under small regions. Additional confinement shapes 

have been considered for the hydrogen atom.[30-36] 

 

 

Many-electron atoms 

 
The study of the electronic structure of many-electron atoms is a challenge since there is no analytical 

solution for the corresponding Schrödinger equation because the electron-electron interaction is present in this 

equation. Researchers have developed computational codes to obtain the wave function or electron density of atoms 

and molecules, and the number of these codes has increased with the arrival of new hardware. However, several of 
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the mentioned computational codes have been designed to obtain wave function or electron density without spatial 

restrictions. Thus, confined many-electron systems pose additional difficulties in obtaining their electronic structure 

under these circumstances. Naturally, the helium atom is a good candidate for this class for elucidating changes in its 

electronic structure under hard-wall confinement. Using a simple variational ansatz for the wave function, the total 

ground state energy has been estimated for this atom confined by a sphere with hard walls.[11,37] With more 

sophisticated methods, such as those based on correlated Hylleraas functions, the total energy has been reported with 

high accuracy for the ground state and the first triplet state of this confined atom.[38-39] Also the correlation energy 

of this system has been estimated by several techniques.[14,40-46] The direct variational method or the use of 

correlated Hylleraas functions is limited to atoms with small number of electrons. Thus, methods designed to study 

many-electron systems, like Density Functional Theory (DFT) or Hartree-Fock (HF) method, have been applied to 

these systems by implementing new numerical codes. Along with DFT, there are several proposals, Thomas-Fermi 

approaches, [47-50] Kohn-Sham model, [51,52] or wave function methods.[40,43,44,52-55] 

Estimations of confinement radii where atoms are ionized [54,56] and how the shell structure [57] is 

affected by this confinement are examples where the design of new computational codes exhibits their value. 

The s−d transition observed experimentally in some alkali-metals has also been observed as electronic 

configuration transitions [58-60] by using this confinement model. Chemical reactivity indices defined in the 

context of the DFT have been analyzed and show that for extreme confinement, an atom is not infinitely hard 

since the electronic transitions are such that the atom goes to states where it is soft.[61] Thus, this simple 

confinement model gives insight into how the electronic structure of atoms reacts under spatial restrictions. 

 

 
Fig. 3. Exchange energy, XE, for helium atom confined by hard walls obtained by Hartree- Fock (solid line), 

PBE (dashed line) and hybrid exchange functional with 50 % of Hartree- Fock (dot-dashed line). 

 

 

 

It is well known that within the DFT, the exact exchange-correlation functional is unknown, and 

consequently, many approximations are used to account for the electron-electron interaction. For the 

confinement imposed by hard walls, the exchange energy delivered by some functionals is similar to that 

provided by the HF method. The behavior of the exchange energy obtained by the Perdew-Burke-Ernzerhob 

(PBE) exchange functional is similar to that observed by the HF method, as can be seen from Fig. 3. In the 

same plot, the half-and-half (0.5 of HF and 0.5 of PBE9 method shows behavior similar to that provided by 

PBE and HF. For this confinement, the HF exchange energy is the lower limit, and any of the approximations 

based on PBE are above HF results.[62] Thus, PBE exchange functional and hybrid functionals built with these 

approximations are appropriate for studying atoms confined by hard walls. 

Several applications have been reported for many-electron atoms under the confinement imposed by 

hard walls defined either by closed or open boundaries. In one case, the pressure dependence of the mean 

excitation energy of bulk atoms in a given material has been estimated to account for the rate of energy loss of 
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heavy ions penetrating the material.[63,64] In the case of hard open boundaries, the surface scattering potential 

of helium atoms close to a planar boundary is related to the ground-state energy shift imposed by the spatial 

restriction due to the plane. This approach has also been extended to study the scattering and penetration of 

heavy ions in nanolayered materials.[65,66] 

 

 

Molecules 

 
Some molecular systems have been studied under spatial restrictions. In this connection, the simplest 

molecular system under study is the one-electron diatomic molecular ion H2
+ and its isomers like HeH++, 

confined by a hard spheroidal cavity. For convenience, the Schrödinger equation is written in terms of prolate 

spheroidal coordinates that incorporate the intrinsic symmetry involved in diatomic molecules.[24] This set of 

coordinates consists of families of mutually orthogonal confocal spheroids, ξ, and hyperboloids, η, such that 

fixed values of the variable ξ ∈ [1, ∞) define ellipsoids of revolution around the internuclear axis with 

eccentricity 1/ξ. 

In this approach, the Dirichlet boundary conditions are satisfied when the wave function is canceled at 

an arbitrary ξ0, which defines the confining cavity. When the nuclear positions coincide with the foci, the 

Schrödinger equation becomes separable, and analytical methods deliver exact results for the total energy and 

the corresponding wave function.[24] However, when the nuclear positions are set arbitrarily along the major 

axis, the Schrödinger equation becomes non-separable, and approximate methods such as the variational one 

have been used to obtain appropriate results.[26] The total energy of this system exhibits important changes 

when ξ0 is reduced since it acquires large values when ξ0 → 1.[24] 

Using the exact electron density, the chemical bond of the H2
+ molecule has been studied under 

extreme conditions.[67,68] The electron density along the internuclear axis is depicted in Fig. 4. In this case, 

the hydrogen atoms are localized at z = ±1 a.u. The electron density exhibits a cusp at the hydrogen nuclei 

positions for large values of ξ0, corresponding to moderate confinements. 

However, for strong confinements, ξ0 close to 1, such a cusp disappears, and the electron density 

accumulates at the middle of the nuclei; the kinetic energy is very large, and the nuclei are incapable of binding 

the electron involved in this molecule. 

 

 
Fig. 4. Electron density of the H2

+ molecule under several confinements defined by ξ0. Hydrogen atoms are 

localized at z = ±1 a.u. 

 

 

The electron density evaluated at a nucleus position ρ(RN ) as a function of ξ0 is presented in Fig. 5. 

This figure shows that there is confinement where ρ(RN ) is a maximum, and it goes to zero when ξ0 → 1, 

corroborating that the nuclei do not bind an electron for extreme confinements. 
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Fig. 5. Electron density evaluated at a nucleus position, RN, of the H2

+ molecule. 

 

 

 

The H2 molecule involves the electron-electron interaction, so there is no exact solution, and 

consequently, the wave function must be approximated.[28,69] Estimating the correlation energy for the confined 

H2 molecule exhibits a behavior similar to that of the helium atom. It seems that two electrons confined under 

different circumstances respond similarly. Although the H2
+ molecule contains only one electron, the behavior of 

the chemical bond is similar to that observed for the H2 molecule, which contains two electrons.[28] This result 

enhances the importance of the study of confined one-electron systems. 

Concerning other studies of molecular confinement by hard spherical cavities, the use of the floating 

spherical Gaussian orbital (FSGO) representation for molecular orbitals allowed the calculation of pressure effects 

on the ground-state energy and molecular conformation of methane, ammonia and water as well as pressure-

induced changes in the dipole moment of water and ammonia.[70,71] Finally, concerning molecular confinement 

by hard open boundaries, exact solutions of the Schrödinger equation for the H2
+and HeH2+ molecular ions, 

confined in dihedral angles and in the Born–Oppenheimer approximation, have been constructed, whereby the 

potential energy curves for the ground, first, and second excited states of the homonuclear H2
+ molecule and for 

the metastable state of HeH2+ are reported illustrating their variations with the confining angle.[72] 

 

 

Confinement imposed by soft walls 
 

Hard wall confinement models constitute the first simple approach to exploring changes in the electronic 

properties of atoms and molecules due to spatial limitation. However, the confinement imposed by hard walls is 

known to overestimate, in general, the change in these properties compared to more realistic situations. Therefore, 

confining potentials with finite barrier height have been proposed as more appropriate models. This confinement is 

called finite potential, penetrable walls, soft walls or padded walls. This type of potential takes into account, in some 

way, the attractive forces between particles, such as the van der Waals force, among others. The potential vc = ∞ used 

for the hard wall confinement is replaced by one where vc=vo and the treatment of the Schrödinger equation is 

radically different from those used for hard wall. For this case, the logarithmic derivative of the wave function must 

be the same on the boundaries that define the confinement instead of the Dirichlet boundary conditions. 

 

Hydrogen atom 
Again, the hydrogen atom has been a hallmark study system for this kind of confinement. Consider a 

hydrogenic system with nuclear position of charge Z, clamped at the center of a spherical soft wall cavity of radius r0 

and barrier height v0. In this case, the most commonly used confining potential is the step potential, which is defined 

as follows: Let r0 be the radius of the spherical cavity, then, vc = 0 for 0 < r < r0 and vc = v0 for r > r0, where v0 is a 

constant. The corresponding Schrödinger equation has spherical symmetry, hence the angular solutions are the 
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spherical harmonics Yl,m(θ, ϕ) and only the radial solutions have to be found. This step potential divides the space into 

two spherical regions, in the first one 0 < r < r0, the radial solution is denoted by Rin(r), while in the second, r > r0, 

the radial solution is called Rout(r). The interior and exterior solutions of the radial Schrödinger must be continuous 

with continuous derivative in the whole space, particularly at r = r0. Then, the boundary conditions are: Rin(r0) = 

Rout(r0) and dRin/dr|r0 = dRout/dr|r0. 

There are several reports where this system is analyzed from different points of view. [10,14,73-76] One of the 

most successful approximate methods is the nonlinear variational method.[77] In that approach the authors use two 

different ansatz functions for each of the two regions of space, the energy is obtained by requiring that these two functions 

and their derivatives at r = r0 are continuous, this implies the minimization of the energy functional in two variational 

parameters. The energies obtained by this procedure have 4 − 5 decimal places of accuracy for different values of r0. 

In another method, the authors [14] used a power series in the variable r, described in a previous section, to 

represent the wave function Rin in the region 0 < r < r0, and the exact solution for Rout for the other region.[10] The 

energies obtained by this method have an accuracy of 10 digits. In another paper, the authors [15] used the exact wave 

functions for the internal and external solutions. Like most non-perturbative methods, the energies are obtained 

numerically by solving a transcendental equation. Using this approach, the authors obtained accurate energies for the 

ground state and some excited states. This method was also used to study the energy correction of a hydrogen atom 

confined in a penetrable spherical box by considering an atomic nucleus of finite size, [78] and to study the ground 

state energy of confined muonic atoms.[79] 

For the hydrogen atom confined in a penetrable spherical cavity, a few physical properties such as magnetic 

screening constant, Fermi contact term, polarizability and pressure were calculated. Fig. 6 shows the behavior of these 

physical quantities as a function of the confinement radius and the barrier height v0.  In this figure, we can see the 

difference in the physical properties of the atom confined inside a penetrable barrier of different heights and an 

impenetrable one. The electron of an atom confined in a penetrable barrier escapes from the potential well as the 

confinement increases, i.e. as r0 decreases. The consequence is that the magnetic shielding constant, the Fermi contact 

term, and the pressure do not grow indefinitely, whereas the polarizability grows quickly in this limit. 

 

 
Fig. 6. Magnetic screening constant σ, Fermi contact term, polarizability and pressure for the ground state of 

the hydrogen atom confined by hard and soft walls as a function of the confinement radii r0. 
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Results from these studies show appreciable differences between hard and soft walls, where soft 

walls give a better idea about the confinement. We can mention how a finite potential allows the electron’s 

escape when the confinement is increased and how the information theory is useful to describe the 

delocalization of the electron density.[74,76] Similarly, for a given confinement radius and barrier height, 

the energy spectrum for all available bound states and several continuum states (pseudo-continuum) was 

obtained by solving the Schrödinger equation for the hydrogen atom within spherical soft and hard walls. 

The results indicate important differences in the behavior of the mean excitation energy of the confined atom 

as the confining barrier height changes.[80] Also, concerning other confining geometries with soft and hard 

walls, the bound-state energy spectrum and its evolution for a hydrogen atom located along the axis of a 

standard cylindrical confining cavity with either impenetrable or penetrable confining boundaries were 

obtained by solving the stationary Schrödinger equation using a finite differences approach. It was found that 

in general the energy levels evolve with an increasing value as the nuclear position is shifted from the central 

position up to a cylinder cap.[36,81] 

 

 

Many-electron atoms 

 
For many-electron atoms, numerical approaches are more sophisticated in this case than those used 

for the confinement imposed by hard walls.[46,52,62,77,82-86] Naturally, the richness delivered by many-

electron atoms immersed within soft walls is impressive. For example, the shell structure of the beryllium 

atom is affected drastically when this atom is squeezed by a finite potential.[84,87] By contrasting the results 

obtained by DFT between hard and soft walls, approximations to DFT describe the exchange energy similarly 

to that presented by HF theory for confinement imposed by hard walls, since DFT exchange functionals and 

HF predict this quantity deeper when the confinement is increased. However, for confinement imposed by 

soft walls, there are appreciable differences between approximations of DFT and HF method.[62,85] In Fig. 

7, there is a comparison between three exchange functionals (LDA, Becke88 and PBE) and HF method. From 

here, it is evident that the three exchange functionals predict an exchange energy above that predicted by HF 

for moderate confinement radii. However, this behavior is reversed for strong confinements where HF 

exchange energy exceeds the predictions of these three exchange functionals. This result suggests that people 

must carefully use computational codes that simulate systems under high pressure since not all DFT 

approximations work appropriately. It is worth noting that there are different ways to impose the confinement 

by soft walls, which are not limited to using model potentials.[86,88-90] 

 

 
Fig. 7. Exchange energy, XE, for helium atom confined by soft walls obtained by Hartree-Fock (solid line), 

PBE (dashed line), Becke88 (dotted line) and LDA (dot-dashed line) exchange functionals. 
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Molecules 
For molecular confinement imposed by soft walls only a few efforts have been put forward within the 

Born-Oppenheimer approximation, mainly to find the electronic structure of simple diatomic molecules under 

such conditions. A preliminary approach to model dense molecular hydrogen’s electronic properties and 

molecular conformation was proposed, where the H2 molecule is viewed as a caged-in system within a spherical 

boundary with finite potential barrier height v0. A self-consistent treatment was employed using the FSGO 

representation of molecular orbitals. This molecular confinement model was put forward to calculate density 

effects on the rate of energy loss of energetic protons traversing dense hydrogen.[91] On the other hand, exact 

solutions to the corresponding Schrödinger equation have been reported for the hydrogen molecular ion H2
+ 

enclosed by a penetrable spheroidal cavity with nuclear positions located at the focii.[92] When the nuclear 

positions are located arbitrarily along the major axis in this system, the Schrödinger equation is no longer 

separable. Hence, this non-separable problem for the confined H2
+ and H2 molecules in their ground states was 

treated variationally.[93] In this way, given a finite height for the confining barrier potential, the independent 

variation of the nuclear positions from the cavity size and shape is allowed. In both cases, an important 

dependence of the equilibrium bond length and total energy on the confining barrier height is observed for fixed 

cavity sizes and shapes. As the cavity size is reduced, the limit of stability of the confined molecule is attained 

for a critical size. The advent of more powerful computing facilities makes the super-molecular approach for 

endohedral confinement studies a good alternative to obtain an idea of how the electronic structure can be 

changed in molecules enclosed by soft walls.[29,94] 

 

 

Informational entropies 

 
In the quantum theoretic information there are several measures and uncertainty relations, through 

which it is possible to find a deeper explanation of the physical properties of systems such as localization-

delocalization, electronic correlation, quantum entanglement, avoided crossings, etc. The theoretic 

informational measures are functionals of the probability density, in configuration or momentum spaces. Some 

of those entropic measures are the Shannon entropy, Fisher information, Kulback-Leibler, Renyi and Tsallis 

entropies, disequilibrium, and, some entropic complexities. The Shannon entropy is a global measure, whereas 

the Fisher information is local and sensitive to local variations in probability density. 

In confined systems, Shannon entropy and Fisher information are used as a measure of particle 

localization-delocalization in an atom or molecule. 

 

Confinement imposed by hard walls 
Studies about localization–delocalization have been made on the hydrogen atom, in two [32,33] and 

three dimensions,[73] the helium atom [95] and many-electron atoms.[87] In a spherical box with impenetrable 

walls, the atom cannot ionize as the pressure increases, decreasing the confining radius. So, as the external 

pressure increases, the electron density inside the box also increases, and the Shannon entropy in the 

configuration space decreases (localization). It was found that at the same box size closed-shell atoms have a 

lower Shannon entropy than the open-shell atoms. This indicates that closed-shell atoms have a more compact 

density than open-shell atoms. 

 

Confinement imposed by soft walls 
With this type of confinement, the Shannon entropy for the hydrogen atom [73,96] and many- electron 

[86] atoms have been mainly studied. For a finite barrier height v0, as the pressure on the atom increases, the 

Shannon entropy decreases (localization) until it reaches a minimum value. As the pressure continues to 

increase, the Shannon entropy begins to increase rapidly (delocalization), and if the pressure continues to 

increase, there comes a point at which the electron escapes from the well (autoionization). 
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Challenges and perspectives 

 
The study of atoms or molecules under confinement imposed by model potentials presents an intrinsic 

problem; there is no general computational code for obtaining the corresponding electronic structure. In our 

opinion, computational techniques like finite difference approx- imation or the finite element method (FEM) 

must be considered in large projects such as NWChem or Gaussian, to mention some examples, since these 

techniques are convenient for imposing different boundary conditions. Currently, in UAM-Iztapalapa there is 

an effort to solve HF or DFT using FEM for atoms and diatomic molecules confined by several potentials.[52] 

This is the first step in building a computational code to study the electronic structure of atoms and molecules 

confined by different potentials. This code opens many possibilities for studying the chemical bond of many-

electron diatomic molecules under extreme conditions. 

 

 

Concluding remarks 

 
The present account of research efforts developed within the chemistry and physics departments at 

UAM-Iztapalapa in the past three decades toward understanding the behavior of confined quantum systems 

indicates a substantial degree of relevant contributions to knowledge in this field. This is a good theme to 

acknowledge and celebrate the 50th anniversary of UAM for the continuing support of our research activities 

along this time span. Of course, the growing interest of different research groups worldwide in this field makes 

it imperative to continue our efforts to contribute with timely new ideas. 

The ideas and developments related to confined quantum systems by Professor Eugenio Ley-Koo have 

been crucial to our group. We dedicate this article to Eugenio in recognition of his contributions. We are deeply 

saddened by his passing and will greatly miss his lessons, seminars, and discussions on theoretical physics. 
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