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Abstract. We have computationally explored the fulfillment of the 
Maximum Hardness Principle in chemical reactions. To this end we 
have selected a well-defined series of 34 exothermic chemical reac-
tions (the so-called BH76 test) and we have calculated the hardness of 
reactants, transition state, and products. Our results show that for only 
18% of the reactions studied the hardness of the reactants is, at the 
same time, lower than that of the products and greater than that of the 
transition state, in agreement with the Maximum Hardness Principle. 
In most reactions we find that either the transition state has a higher 
hardness than the reactants or the reactants are harder that the products 
or both, and, therefore our results show that the Maximum Hardness 
Principle is disobeyed in most chemical reactions.
Key words: Maximum Hardness Principle, Hardness, Conceptual 
Density Functional Theory – Chemical Reactivity, HOMO-LUMO 
gap.

Resumen. Hemos explorado computacionalmente el cumplimiento del 
Principio de Máxima Dureza en las reacciones químicas. Para este fin 
se han seleccionado una serie bien definida de 34 reacciones químicas 
exotérmicas (el denominado test BH76) y se ha calculado la dureza de 
los reactivos, el estado de transición, y los productos. Nuestros resulta-
dos muestran que únicamente en el 18% de las reacciones estudiadas 
los reactivos presentan una dureza que es, al mismo tiempo, menor que 
la de los productos y mayor que la del estado de transición, de acuerdo 
con el Principio de Máxima Dureza. En la mayoría de las reacciones 
nos encontramos con que o bien el estado de transición tiene una du-
reza superior a la de los reactivos o bien los reactivos son más duros 
que los productos o ambos, y, por tanto, nuestros resultados indican 
que el Principio de Máxima Dureza no se cumple en la mayoría de 
las reacciones químicas.
Palabras clave: Principio de máxima dureza, ureza, teoría funcional 
de densidad conceptual, rectividad química, HOMO-LUMO gap.

Introduction

In 1987, Pearson stated for the first time the Maximum Hard-
ness Principle (MHP) under the form that “there seems to be a 
rule of nature that molecules arrange themselves to be as hard 
as possible” [1]. In the context of the conceptual density func-
tional theory, [2] assuming differentiability of the electronic 
energy, E, with respect to number of electrons, N, the hardness 
is defined as:

 
2

2
E
N v f( )

 (1)

and it is a measure of the resistance of the system to a change 
in the number of electrons.

A formal proof of the MHP based on statistical mechan-
ics and the fluctuation-dissipation theorem was given in 1991 
by Parr and Chattaraj [3] under the constraints that µ and v(r→) 
must remain constant upon distortion of the molecular struc-
ture. There is no single chemical process that satisfies these two 
severe constraints. However, relaxation of these restrictions 
seems to be permissible and it has been found that in most cases 
the MHP still holds even though the chemical and external 
potentials vary during the analyzed chemical process.

The MHP principle has been successfully applied to the 
study of molecular vibrations [4, 5], internal rotations [6], ex-
cited states [7], aromaticity [8], and different types of chemi-

cal reactions [9, 10]. Nontotally symmetric vibrations are par-
ticularly interesting because in these nuclear displacements the 
chemical and external potentials keep approximately constant 
[4], thus closely following the two conditions of Parr and Chat-
taraj required for the strict compliance of the maximum hard-
ness principle. In a series of papers [11], some of us have shown 
that, although these principles are obeyed by most nontotally 
symmetric vibrations, there are some nontotally symmetric 
displacements that refuse to comply them. A similar situation 
holds for chemical reactions. In exothermic chemical reactions, 
one must expect in the light of the MHP that the hardness de-
creases along the reaction coordinate from the reactants to the 
transition state (TS) and increases from the TS to the products. 
According to the MHP the hardness of the products should be 
higher than that of the reactants, and this in turn larger than that 
of the TS. In this context, it is relevant to note that Prof. José 
L. Gázquez in a series of important studies [12] have found in-
teresting relationships between reaction energies and hardness 
differences between products and reactants and also between 
activation energies and changes in hardness when going from 
reactants to TS [13]. Let us note in passing that the hardness 
profile computed along the reaction coordinate has been used 
as a tool to detect spurious stationary points in the potential 
energy surface [14].

The expected ηProduct > ηReactant > ηTS order is followed 
by most of the reactions analyzed to date, although there are 
also many examples in which a breakdown of the MHP is 

v(r→)
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observed [15]. In the most frequent situation, the MHP works 
for the most stable species but the minimum of hardness along 
the reaction coordinate does not coincide with the TS location 
[10]. The failure of the MHP is usually attributed to the fact 
that neither the chemical potential nor the external potential 
are kept constant along the reaction coordinate. Still, we think 
it is of interest to know whether the applicability of the MHP 
to chemical reactions is general and there are just a few excep-
tions to a general rule or, alternatively, the failure of the MHP 
in chemical reactions is so common that this principle is not 
useful in chemical reactivity studies. To our knowledge such a 
study has not been carried out yet. Thus, the main goal of the 
present paper is to analyze the validity of the MHP in chemical 
reactions. To reach our goal we will study a well-defined set of 
chemical reactions (the so-called BH76 set [16]) and we will 
analyze whether the expected ηProduct > ηReactant > ηTS order is 
followed by these reactions.

Computational details

The set of reactions chosen for our study is referred as the sub-
set BH76 [16] that is part of the GMTKN30 database [17]. All 
calculations in this work have been carried out with the BLYP 
[18] functional employing the large Ahlrichs’ type quadruple-ζ 
basis set def2-QZVP [19] and with the help of the NWChem 
6.0 program [20]. In all cases we have made use of the opti-
mized geometries for reactants, transition states, and products 
provided by the previous studies [16].

A finite difference approximation to Eq. (1) leads to the 
following working definition for the hardness:

 η = I - A, (2)

where I and A are the first vertical ionization potential and 
the electron affinity of the neutral molecule, respectively. Eq. 
(2) can be approximated by the energy of the frontier HOMO 
(eH) and LUMO (eL) molecular orbitals using the Koopmans’ 
theorem (I ≈ -eH and A ≈ -eL) [21]:

 η = eL - eH. (3)

In DFT the connection between eL and A and especially 
that between eH and I is deep-rooted and goes back to the 
Janak’s theorem [22]. How well these frontier eigenvalues ap-
proximate the experimental values is another question. In any 
event, the error in the approximation should be similar for all 
stationary points along the reaction coordinate and, therefore, 
trends obtained from Eq. (3) or Eq. (2) are expected to be the 
same.

For reactions having two reactants or products, we have 
calculated the hardness as the difference between the lowest 
LUMO and the highest HOMO of the two isolated reactants. 
For those reactions in which we obtained a negative value of 
hardness for the products (i.e. the lowest LUMO is lower in 
energy than the highest HOMO as, for instance in the SN2 

reaction between F- + CH3F), we have calculated the corre-
sponding product complex of the reaction and we have con-
sidered the hardness of this product complex as the hardness 
of the products. In addition, in reactions where the energy of 
separated products was higher than that of the transition state, 
we have also used the hardness of the corresponding product 
complex. In the case of the reactants, we have optimized the 
reactant complex in all cases and used it for the calculation of 
the hardness, with the only exception of reactions where we 
have been unable to find a reactant complex. For the geometry 
optimization of these reactant or product complexes, we have 
employed the same methodology as for the initial GMTKN30 
database [17], thus these geometries have been optimized at 
the QCISD/MG3 level [23], where the MG3 is the modified 
G3Large basis set. It is also called the B3LargeMP2 basis set, 
which is the same as 6-311++G(3d2f,2df,2p) for H-Si [24], but 
improved for P-Ar [16].

To calculate the chemical potential we have followed the 
same procedure as that for calculating the hardness but using 
the following working equation:

 1
2
( )L H  (4)

Results and discussion

Table 1 collects the results of the hardness of reactants, transi-
tion state, and products for the 34 reactions of the BH76 set 
analyzed in our study. In all cases, reactants and products have 
been placed in such a way that the reaction is exothermic (or 
thermoneutral) and this has forced us to change the direction 
for some of the reactions in the original BH76 set [16]. There-
fore, in all reactions that are not thermoneutral (29 reactions), 
the hardness of the products should be higher than that of the 
reactants according to the MHP. Our results show that this is 
not the case. In particular only 13 out of 28 (i.e., about 46%, 
less than 50%) of the reactions have a larger hardness for the 
products than the reactants. On the other hand, according to the 
MHP, the hardness of the transition state should be lower than 
that of the reactants and this relation is followed by 18 out of 
the 34 reactions studied (i.e., about 53%). As a whole, if we 
require that at the same time ηProduct > ηReactant and ηReactant > 
ηTS, we find that only 6 of the reactions studied fulfilled the 
MHP (about 18%). The rest of the reactions disobey the MHP 
because either the transition state has a higher hardness than the 
reactants or the reactants are harder that the products or both.

Of course, these results are not totally unexpected because 
we know that the constraints that µ and v(r→) must remain 
constant along the reaction coordinate are not satisfied by any 
chemical reaction. However, our results show that changes in 
chemical potential when going from reactant to product through 
the transition state are not particularly small for those reactions 
that follow the MHP. For instance, the NH2 + C2H5 reaction that 
partially obeys the MHP and the CH3 + ClF one that completely 
disobeys it have a very similar change in chemical potential 
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(about 1.5 eV between the hardest and the softest species). 
Although, it is usually said that relaxation of these restrictions 
seems to be permissible and the MHP holds for most chemical 
reactions even though the chemical and external potentials vary 
during the analyzed chemical process, our results show clearly 
that this is not the case. In fact, we can conclude that it is the 
other way round: most chemical reactions fail to follow the 
MHP and, therefore, we discourage the use of this principle to 

analyze chemical reactivity, except in the few cases where the 
chemical potential may be kept relatively constant.

Finally, one may wonder what would happen if we use Eq. 
(2) or other ways to compute the hardness [25] of reactants, 
transition states, and products. Although we have not checked 
this aspect, the results obtained using Eq. (3) are so clear that 
it is very likely that would not dramatically change by varying 
the procedure used to compute the hardness. Moreover, we 

Table 1. The results hardness and chemical potential (both in eV) for reactants, transition state, and products for the BH76 set of reactions under 
study. All reactions have been written in the direction that they are either exothermic or thermoneutral. The shortest distance (in Å) between the 
reactants in the reactant complex is also given for those reactions having a reactant complex.

ηR ηTS ηP P > R ? R > TS ? µR µTS µP dR-R

H + N2O → OH + N2 5.91 1.49 1.42 N Y -4.38 -4.43 -7.13 —
H + HF → HF + H 5.77 a 1.93 5.77 a — Y -4.13 -3.61 -5.03 3.326
H + HCl → HCl + H 5.54 a 2.00 5.54 a — Y -4.51 -4.88 -4.36 2.632
H + CH3F → HF + CH3 5.60 a 1.69 2.16 N Y -4.16 -3.41 -5.03 3.142
H + F2 → HF + F 2.13 a 2.41 0.20 N N -6.41 -7.24 -5.03 3.046
CH3 + ClF → CH3F + Cl 0.87 1.20 0.27 N N -4.73 -5.41 -3.87 —
F- + CH3F → CH3F + F- 3.26 a 5.69 3.26 a — N 2.86 2.19 -3.87 2.575
Cl- + CH3Cl → CH3Cl + Cl- 3.31 a 4.19 3.31 a — N 1.63 0.72 -3.73 3.190
F- + CH3Cl → Cl- + CH3F 3.26 a 4.45 3.41 a Y N 2.37 1.66 5.62 2.503
OH- + CH3F → CH3OH + F- 2.33 a 4.01 4.16 a Y N 3.32 2.60 -3.18 2.662
H + N2 → HN2 5.54 a 1.89 1.69 N Y -4.60 -4.47 -3.84 3.855
H + CO → HCO 5.28 a 2.24 1.59 N Y -4.72 -5.07 -3.98 3.884
H + C2H4 → C2H5 4.52 a 2.15 1.96 N Y -4.27 -4.17 -3.40 3.797
CH3 + C2H4 → C3H7 2.16 1.40 1.91 N Y -3.05 -3.43 -3.46 —
HNC → HCN 7.84 5.21 4.58 Y N -4.89 -5.48 -4.13 —
H + HCl → H2 + Cl 5.20 a 1.52 0.63 N Y -5.19 -6.96 -4.81 2.655
OH + H2 → H2O + H 1.42 1.91 6.61 Y N -3.58 -6.46 -3.76 —
CH3 + H2 → CH4 + H 2.16 1.70 7.59 Y Y -2.24 -4.00 -4.53 —
OH + CH4 → H2O + CH3 1.42 1.62 2.16 Y N -3.79 -5.66 -3.76 —
H + H2 → H + H2 5.76 a 2.25 5.76 a — Y -4.49 -4.74 -1.92 3.471
OH + NH3 → H2O + NH2 1.56 a 1.61 2.55 Y N -5.62 -5.85 -3.76 2.721
HCl + CH3 → Cl + CH4 2.02 a 1.32 0.63 N Y -4.86 -5.78 -7.98 2.346
OH + C2H6 → H2O + C2H5 1.42 1.53 1.96 Y N -3.83 -5.38 -3.76 —
F + H2 → HF + H 1.02 1.94 6.76 Y N -5.12 -8.60 -5.03 —
OH + CH3 → O + CH4 2.09 0.83 2.09 Y N -4.21 -6.14 -7.13 —
H + PH3 → H2 + PH2 4.44 a 1.87 1.55 N Y -4.27 -4.67 -4.81 4.601
H + OH → H2 + O 1.43 a 1.51 2.09 Y N -7.02 -7.09 -4.81 2.541
H + H2S → H2 + HS 3.90 a 1.62 0.61 N Y -4.12 -5.41 -4.81 3.000
O + HCl → OH + Cl 1.24 1.25 0.18 N N -4.79 -7.70 -7.13 —
NH2 + CH3 → NH + CH4 1.09 a 0.97 3.22 Y Y -4.92 -4.76 -6.02 2.675
NH2 + C2H5 → NH + C2H6 0.32 a 0.76 3.22 Y N -4.50 -4.48 -6.02 2.579
C2H6 + NH2 → C2H5 + NH3 2.70 1.39 1.96 N Y -6.28 -4.07 -3.40 —
NH2 + CH4 → NH3 + CH3 2.70 1.46 2.16 N Y -3.48 -4.35 -3.07 —
C5H8 → C5H8 3.84 3.79 3.84 — Y -3.42 -3.41 -3.42 —

a For these compounds, hardness has been calculated from either a reactant or product complex.
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think that our main conclusion would also not be modified if 
the number of reactions studied is increased. However, for a 
general conclusion, it would be necessary to collect and analyze 
a larger number of reactions.

Conclusions

In this work, we have calculated the hardness of reactants, 
transition state, and products for the BH76 test that contains a 
series of 34 exothermic chemical reactions. Our results show 
that in most reactions (about 82%) either the transition state 
has a higher hardness than the reactants or the reactants are 
harder that the products or both, and, therefore our results show 
that the Maximum Hardness Principle is disobeyed in most 
chemical reactions. Although for a more general conclusion 
one should analyze a larger set of reactions, from the results 
obtained we discourage the use of the Maximum Hardness 
Principle to analyze chemical reactivity.
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