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Abstract: Application of the geometry (HOMA, EN, GEO) and magnetism based (NICS, 
NICS(1)) indices of aromaticity to optimised geometry of the ring in 12 meta – and 12 
para – substituted benzoic acids and their anions by use of DFT computations at 
B3LYP/6-311+G(d,p) level has shown a very low substituent effect on the π-electron 
delocalisation. This resembles (qualitatively) the resistance of benzene (and typical 
aromatic systems) against reactions leading to the change of π-electron delocalisation. 
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Introduction 

 
Substituent effect is one of the most frequently used terms in organic chemistry: in the last 7 years 

every day there appear about 20 papers in which this term is used in the title, in keywords or in the 
abstract [1]. These effects are most frequently quantified by use of a variety of substituent constants 
[2]. The idea was introduced by L. P. Hammett in the 30s of the 20th century [3] but till now it has 
been mainly playing a very important role in the description of the electronic influence of one group in 
an organic compound on another. Sometimes the substituent effect on the aromatic moiety itself is 
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important. The most typical case in organic chemistry is the directing effect of substituents [4]. Hence 
it is understandable to look at the changes in π-electron delocalization in the substituted ring(s). 
Moreover, the ring in substituted benzene derivatives typical of applying the Hammett treatment is the 
transmittor of the effect. Thus any knowledge on how this moiety is influenced by substituent effect is 
a subject of interest. 

Recently Exner et al. [5] studied energetics of the acid-base equilibria for substituted benzoic acids 
applying an isodesmic reaction (1): 

X-Ph-COOH + PhCOO- == X-Ph-COO- + Ph-COOH    (1) 

And then additionally they took into account two other isodesmic reactions (2) and (3): 

  X-Ph + Ph-COOH == X-Ph-COOH + PhH       (2) 
  X-Ph + Ph-COO- == X-Ph-COO- + PhH       (3) 

Energies of these reactions, ∆1, ∆2, ∆3 were derived by use of the DFT computation at B3LYP/6-
311+G(d,p) level, and also by use of thermochemical data with a good agreement between them. 
However, none of these energies correlated well with σm and σp. If the donor para substituents were 
excluded, then the correlations improved. Moreover, if the two-parameter regression was applied to 
meta and para substituted series with σI and σR as descriptors, the correlations became much better, 
with the correlation coefficient usually better than 0.96. Undoubtedly, in both reaction series, the meta 
and para ones, the energies ∆2, ∆3 represent well the non–additivity energy of the intramolecular 
interactions between the substituents and the functional groups COOH and COO-. A question then 
arises: are these effects related in any way to the changes in π-electron delocalisation in the ring? 

It is well known that the substituent effect is associated with an electron delocalisation [2b-e]. The 
question is how π-electron delocalisation in the ring depends on the substituent effects. In order to 
answer this question geometries of 25 meta and para substituted benzoic acids and their anions have 
been used for estimation of π-electron delocalisation parameters: the geometry based HOMA [6], EN 
and GEO [7] and magnetism based NICS [8] and NICS(1) [9]. 

 
Methods 

Following the Hellmann-Feynman theorem [10] distribution of electronic density in the molecule 
determines the forces acting on the nuclei, which in turn, define geometry of the molecule in question. 
Thus geometry may be a source of reliable information on the electron distribution, and employing 
appropriate references, may be used for description of π-electron delocalization. Thus aromaticity 
index HOMA [6, 7] may be used firmly [11] for estimation of π-electron delocalisation except in a few 
cases like planarized cyclooctatetraene [12] and alike [13]. The extended form of HOMA [7] allows 
one to get information about the nature of dearomatisation. If dearomatisation is due to an increase of 
bond alternation, then the GEO index is large; if dearomatisation is due to bond elongation, then the 
EN term is large. The formula used is: 

 ( ) ( ) GEOEN1RR
n

RR1HOMA 2
iav

2
avopt −−=



 −+−−= ∑αα    (4) 

where n is the number of bonds taken into the summation; α is a normalisation constant (for CC bonds 
α = 257.7) fixed to give HOMA = 0 for a model non-aromatic system and HOMA=1 for the system 
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with all bonds equal to the optimal value Ropt assumed to be realised for full aromatic systems (when 
CC bond Ropt is equal to 1.388 Å); Ri stands for a running bond length. The magnetism based indices – 
NICS [8] and NICS(1) [9] are simply a negative value of the absolute shielding estimated in the centre 
of the ring and 1 Å above it. All data discussed were calculated by use of the DFT computation at 
B3LYP/6-311+G(d,p) level taken from ref [5]. 

 
Results and Discussion 

Computation of HOMA, EN, GEO, NICS and NICS(1) for 25 meta– or para– derivatives of 
benzoic acids and their anions gave the results presented in Tables 1 and 2. 

Table 1. Computation of HOMA, EN, GEO, NICS and NICS(1) for 25 
meta– or para– derivatives of benzoic acids.   

Entry  Substituent HOMA GEO EN NICS NICS1 σ 
1  H 0.982 0.004 0.015 -9.73 -11.38 0 
2  3-CH3 0.978 0.005 0.018 -9.89 -11.36 -0.06 
3  3-CH3Cl 0.981 0.003 0.016 -10.17 -11.38 -0.09 
4  3-CF3 0.985 0.003 0.012 -10.39 -11.54 0.44 
5  3-CHO 0.977 0.005 0.019 -9.64 -11.37 0.36 
6  3-COOCH3 0.980 0.003 0.017 -9.75 -11.35 0.33 
7  3-CN 0.976 0.005 0.019 -10.38 -11.54 0.62 
8  3-NH2 0.973 0.006 0.021 -10.17 -10.70 0 
9  3-NO2 0.988 0.005 0.007 -10.95 -11.58 0.73 
10  3-OH 0.984 0.003 0.013 -11.10 -11.32 0.1 
11  3-OCH3 0.976 0.008 0.017 -11.05 -11.46 0.11 
12  3-F 0.985 0.010 0.005 -11.85 -11.73 0.34 
13  3-Cl 0.987 0.005 0.009 -10.75 -11.48 0.37 
14  4-CH3 0.970 0.008 0.022 -9.62 -11.16 -0.16 
15  4-CH2Cl 0.977 0.006 0.017 -10.14 -11.31 0.12 
16  4-CF3 0.985 0.004 0.012 -10.59 -11.72 0.53 
17  4-CHO 0.972 0.011 0.018 -9.98 -11.57 0.43 
18  4-COOCH3 0.977 0.007 0.016 -10.06 -11.54 0.45 
19  4-CN 0.972 0.011 0.018 -10.56 -11.66 0.67 
20  4-NH2 0.951 0.025 0.024 -9.08 -9.88 -0.62 
21  4-NO2 0.987 0.005 0.007 -11.23 -11.76 0.78 
22  4-OH 0.977 0.010 0.013 -10.27 -10.74 -0.36 
23  4-OCH3 0.967 0.015 0.018 -10.30 -10.93 -0.29 
24  4-F 0.987 0.008 0.005 -11.33 -11.36 0.05 
25  4-Cl 0.987 0.004 0.010 -10.50 -11.32 0.22 
esd  0.0084 0.0049 0.0052 0.6335 0.4054 0.3548 

mean  0.978 0.007 0.015 -10.377 -11.325 0.2028 
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Table 2. Computation of HOMA, EN, GEO, NICS and NICS(1) for 25 
meta– or para– derivatives of benzoate anions. 

Entry  Substituent HOMA GEO EN NICS NICS1 σ 
1  H 0.978 0.001 0.021 -9.72 -11.50 0 
2  3-CH3 0.976 0.001 0.022 -9.789 -11.37 -0.06 
3  3-CH3Cl 0.975 0.002 0.022 -10.07 -11.74 -0.09 
4  3-CF3 0.979 0.002 0.019 -10.36 -11.67 0.44 
5  3-CHO 0.964 0.009 0.028 -9.42 -11.39 0.36 
6  3-COOCH3 0.970 0.005 0.025 -9.62 -11.38 0.33 
7  3-CN 0.967 0.002 0.026 -10.34 -11.65 0.62 
8  3-NH2 0.977 0.002 0.022 -10.13 -10.79 0 
9  3-NO2 0.985 0.002 0.013 -10.73 -11.57 0.73 
10  3-OH 0.985 0.002 0.014 -11.05 -11.36 0.1 
11  3-OCH3 0.983 0.002 0.016 -11.05 -11.55 0.11 
12  3-F 0.980 0.013 0.007 -11.85 -11.78 0.34 
13  3-Cl 0.986 0.004 0.010 -10.90 -11.59 0.37 
14  4-CH3 0.977 0.002 0.022 -9.71 -11.31 -0.16 
15  4-CH2Cl 0.972 0.005 0.023 -9.99 -11.38 0.12 
16  4-CF3 0.980 0.003 0.017 -10.35 -11.69 0.53 
17  4-CHO 0.956 0.014 0.029 -9.39 -11.40 0.43 
18  4-COOCH3 0.963 0.010 0.027 -9.55 -11.36 0.45 
19  4-CN 0.960 0.013 0.028 -10.29 -11.63 0.67 
20  4-NH2 0.978 0.001 0.021 -9.95 -10.67 -0.62 
21  4-NO2 0.978 0.006 0.015 -10.51 -11.48 0.78 
22  4-OH 0.984 0.001 0.015 -10.83 -11.23 -0.36 
23  4-OCH3 0.978 0.003 0.019 -10.88 -11.45 -0.29 
24  4-F 0.985 0.008 0.006 -11.66 -11.68 0.05 
25  4-Cl 0.987 0.003 0.010 -10.78 -11.53 0.22 
esd  0.0085 0.0042 0.0075 0.6659 0.2609 0.3549 

mean  0.976 0.005 0.019 -10.357 -11.446 0.202 
 
Evidently, the substituent effect on π-electron delocalisation is very small, when HOMA, EN and 

GEO are used. Comparison of the ranges of variation by means of the ranges themselves (a difference 
between the maximum and the minimum value) variance as well as interquartile ranges [14] indicates 
a slightly stronger effect for para substituted acids and their anions, than for meta systems. 
Nevertheless the variation of HOMA aromaticity index is within a few percent of the whole scale of 
HOMA (0.0 for nonaromatic systems, 1.0 for a fully aromatic one). As a rule EN terms are greater 
than GEO terms. This means that the elongation of bond length is a more important factor than the 
alternation represented by the GEO term. Also rings in acid molecules are slightly more influenced 
than those in anions. 

Interestingly, the electron donating substituents affect the ring more strongly in acid derivatives, 
than in the case of anion. This is clearly due to the nature of the reaction site (or the fixed group). In 
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the first case this is the electron accepting COOH group, whereas in the second case it is the anionic 
COO- group. Moreover, the carboxylate - group has its own strong local resonance effect and hence its 
negative charge is weakly involved in the interactions with the π-electron system of the ring. 

The NICS and NICS(1) illustrate a similar behaviour, but NICS(1) which is more responsible for 
π-electron delocalisation [9] varies as a rule less strongly than NICS measured in the center of the ring. 
This is shown clearly by all parameters of dispersion: the ranges, variance, and the interquartile ranges. 
Due to very small variation of aromaticity indices in most cases any relationships to substituent 
constants failed. The only exception is the case of p-substituted acids where there exists good 
correlation between NICS(1) and sigma as shown in Figure 1. 

Figure 1 Dependences of σ substituent constants on NICS (r=-0.905) for p-substituted acids. 
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The above results may be compared with analogous data for exocyclically substituted fulvene [15] 

and heptafulvene [16]. In both cases very good correlations with σp (and σp
- for electron accepting 

substituents in the case of fulvene and σp
+ for the electron donating substituents in the case of 

heptafulvene, respectively) were observed and the dispersion of the data measured by variance or 
interquartile ranges was around ten times greater than in the case of meta and para substituted benzoic 
acid derivatives and their anions. 

It seems reasonable to interpret the above as follows. In the case of benzene derivatives the 
changes in π-electron delocalisation are mostly possible in the direction of a decrease in aromaticity – 
and this is not easy to be realized. A π-electron system in aromatic compounds has a tendency to retain 
its structure, this observation being one of the criteria of a most general definition of aromaticity [17] 
which states that aromatic are cyclic π-electron systems exhibiting: 

(i) increased stability when compared with acylic analogues,  
(ii) averaged bond lengths, intermediate between the typical single and double bonds, 
(iii) induction of the π-electron ring current when the system is exposed to external magnetic field 

and  
(iv) the tendency of the system to retain its π-electron structure in chemical reactions – 

substitution is privileged over the addition reactions. 

Those which fulfill all four criteria (i) – (iv) are defined as fully aromatic compounds [15].  
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Statistical analysis of polysubstituted benzene derivatives [18] based on molecular geometry of 
2045 rings has shown that the variations in HOMA index, taken as mean values of 12 different 
topological ways of substitution, are in the range between 0.866 and 0.995, which means that the 
dispersion of HOMA values is much smaller than that observed for individual rings in polycyclic 
benzoid hydrocarbons (0.271 – 0.862), thus indicating a much stronger effect from the topological 
location of the ring than the substituent effect. 

 
Conclusions 
 

As a general conclusion it may be stated that similarly to the resistance of benzene (and most 
typical aromatic systems) in chemical reactions to change its π-electron structure, i.e. to maintain the 
π-electron delocalisation, the substituent effect as a kind of perturbation meets similar resistance to 
change the π-electron delocalisation in the ring. 
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