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Abstract. The possible correlation between Hammett’s constant (σp ), a characteristic parameter of functional
groups with electrodonating or electroaccepting properties, and two indices of global reactivity were calculated in the gas phase. Parameters associated to a set of 22 structural variants of isatoic anhydride (2H –3,
1–benzoxazin–2,4(1H )–dione, ISA), replaced with diverse functional groups, were explored applying linear
and quadratic statistical models for numerical analysis of the results.
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1. Introduction
Quantitative structure-activity relationship (QSAR)
models have had an impressive development, thanks
to the historically fundamental contributions of Crum–
Brown, 1 Hammett, 2 and Hansch, 3 among others. The
models have been successfully applied to biochemical
systems, including interactions based on electronic,
steric, and hydrophobic parameters with a systematic selection of the functional groups present in
the molecule under study. The exponential growth of
QSAR and the QSPRs shows that it is necessary to
have a greater number of empirical descriptors, as well
as theoretical and experimental ones, that reflect the
molecular properties and explain physical, chemical
and biochemical phenomena. The models are especially
useful as predictors in areas like chemical or biological
response, drug modelling, and toxicity studies. 4
Based on these successes, one of the main objectives of organic physical chemistry is to determine
how the electronic properties of a functional group
effects the reactivity of a molecule. 5,6 Studies of
these effects, using established empirical relationships
between parameters that are determined experimentally
∗ For

correspondence

and those that are calculated with computational methods, such as Density Functional Theory (DFT), 7 have
shown utility in various reports. 8–10 Part of the success
of this approach is due to the fact that DFT provides a
solid framework to study chemical reactivity, 7,8 calculated by simple equations that describe global and local
indices of reactivity.
The behaviour of the reactivity, based on how these
indices change, can explain whether the response of the
system is due to withdrawing or donation charge. This
distinction is of fundamental importance from the physical chemist’s point of view. Recent reports 11 demonstrate an interest in characterizing the reactivity with
a molecular function related to an explicit response,
such as a charge transfer process. Gázquez et al. 12 have
proposed a set of global reactivity descriptors. Thus,
Gázquez et al. 12 , tried to define the indices of global
and local reactivity using a model charge transfer mechanism. The proposed model may involve non-integer
electron transfer between the molecular system and
its surroundings. Here, the surroundings are modelled
as an idealized free-electron bath, with zero chemical
potential at 0 K.
The proposed model is based on a Taylor Series
expansion of the energy, E, as a function of the number of electrons, N , keeping terms up to second order.
Given the discrete character of the energy function in
719
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terms of the number of electrons, Gázquez et al. 12 , proposed a second degree interpolating function with different parameters for each of the intervals (one spanned
between N -1 and N and the other one between N
and N +1). The first interval corresponds to a process
of electronic charge donation to the molecular system,
whereas the second one corresponds to the attraction
of an electronic charge. In both cases, the expansion is
done around N , the number of electrons in the reference
state. The characteristics of each curve are such that the
difference in the first lateral derivatives of the energy
with respect to the number of electrons (with a constant external potential) is equal to the common curvature of both parabolas in N . These first derivatives are,
by definition, the chemical potentials μ− and μ+ , which
drive the processes of charge donation and attraction,
respectively. 13–16 The common curvature is equal to the
second partial derivative of the energy with respect to
the number of electrons. This derivative is, by definition, the chemical hardness η. 17 These adjustments correspond to the fact that the direction of charge flow is
fundamentally driven by the chemical potential.
Therefore, following Gázquez et al. the electrodonating power, ω− , and the electroaccepting power, ω+ , are
defined in terms of the square of the chemical potential,
(μ± )2 , and by the common hardness, η, associated with
both processes. This fact satisfies the relationship:
ω∓ =

(μ∓ )2
,
2η

(1)

which describes the propensity of the system to donate
or accept a charge in fractional quantities without saturation. This propensity is simultaneously determined by
the square of the respective chemical potential as well
as by the resistance (described by η) to the exchange of
electronic charge with the surrounding environment. In
a similar manner, these authors show that the chargeaccepting process stabilizes the system in a way that the
larger values of ω+ entail a greater power for electron
acceptance, whereas the charge-donation process destabilizes the system, meaning that smaller values of ω−
imply a greater electron donating ability.
Under this approach, our work has the goal of determining the possible relationship between Hammett’s
constant (σp ) and a linear combination of the indices
(as calculated in gas phase) of the electroaccepting, ω+ ,
and the electrodonating, ω− , power 12 of isatoic anhydride (2H –3,1–benzoxazin–2,4(1H )–dione, ISA, see
figure 1). 19–22 We also study the monosubstituted compound with 22 different functional groups. This analysis will allow us to test Hammett’s constant (σp ), as
reported by Hansch et al. 18 who found that a positive
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Figure 1. Chemical structure of ISA.

value of σp is associated with an electron accepting substituting group, while a negative value is associated with an electron donating substituting group.
With the obtained model, 23 we also explore the electronic contribution intrinsic to Hammett’s constant for
this molecular system. The different substituent groups
were applied to the ISA system in a similar way to the
one used in the substituted ethylene study carried out by
Domingo et al. 10
2. Theoretical model
The practical calculations of the global indices of reactivity (such as ω+ and ω− ), under the approximations of
Gázquez, were performed by substituting the approximating terms in finite differences of the derivatives
involved in the definitions of μ± and η in equation (1).
This expressed in terms of the vertical ionization potential, I , and the electron affinity, A. The formulae are
written in terms of the electronic energy, E, as follows:
I = E [N − 1, V (r )] − E [N , V (r )] ,

(2)

A = E[N , V (r )] − E[N + 1, V (r )],

(3)

where N refers to the number of electrons of the neutral
molecule, N +1 to the anion, and N -1 to the cation. V (r )
indicates that the external potential remains constant.
Gázquez et al. propose the following expressions for ω+
and ω− :
(3I + A)2
,
(4)
ω− =
16 (I − A)
(I + 3A)2
.
(5)
16 (I − A)
These equations show that, up to this approximation, the electrodonating power is a reactivity index that
assigns a greater weight to I in comparison to that of
the electron affinity, A. In contrast, the electroaccepting power exhibits the opposite behaviour, assigning a
greater weight to A than to I . Finally, the electrofilicity
ω+ =
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index assigns equal weights to both, I and A, 24 without distinguishing between the charge-donating and
charge-accepting processes. This index quantifies only
the stabilization in energy when the system acquires
the maximum amount of electronic charge from its
surroundings.
Gázquez et al. also consider a study of local properties that characterize the charge-donating and chargeaccepting processes. This study leads us to the task of
finding possible correlations among these indices and
the Hammett’s constant, all of which may be very relevant; however, this task will be deferred to a later
work.
3. Computational details
The geometry of ISA was fully optimized from the
atomic positions determined by X-ray diffraction. 25 The
level of calculation employed consists of the hybrid
functional, B3LYP, and the Dunning’s augmented and
correlated basis set, aug-cc-pVDZ. This level of calculation produced comparable results to those in an
experimental study of ISA performed in a previous
work. 26 Calculation of the frequencies, at the same
level, showed that the geometry corresponds to a local
energy minimum. Each functional group was substituted on the optimized geometry, and the structure
obtained was completely re-optimized, including frequency calculations.
In every case, I and A were obtained using equations (2) and (3). To accomplish this, single point calculations were performed for the cationic and anionic
systems. These systems were based on the optimized
geometry of the respective neutral molecule, thus assuring that V (r ) is constant in every case. For the ionic
systems, the UB3LYP/aug-cc-pVDZ level of calculation was used, and the results showed no spin contamination. All calculations were performed using the
computational package Gaussian 03. 27 The calculated
values for I and A were substituted in equations (4) and
(5) to obtain ω+ and ω− , respectively.
4. Statistical details
The calculated values we obtained for ω− and ω+ have
shown frequency distributions that approximately follow the Gaussian model. The normality assumption
is accepted to validate the statistical inferences about
regression and correlation parameters. Under the normality assumption and for the calculation of the determination coefficient (R2 ), 23 one must keep in mind that
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the obtained values are point estimations and that a
more conservative analysis should include interval estimates. Thus, for instance, a point estimation of R2 equal
to 0.902 based on a sample of size n = 22 (as it
actually corresponds to our experimental data) yields
a 95% confidence interval that ranges from 0.5944 to
0.9178 (see section 5). Doubling our sample size would
not substantially increase the lower limit (which corresponds to the worst scenario) as it can be calculated. 23
Note that the confidence interval of R is symmetrical
around the observed value only with large values of n.

5. Results and discussion
A calculation of the strength of association between ω−
and ω+ shows that these variables have a high squared
correlation, R2 = 0.956, for a linear model and even
higher, R2 = 0.966, for a quadratic model.
The following multiple linear regression model
seems a natural first choice to get a good fit for σp :
−
+
σfit
p = b0 + b1 ω + b2 ω ,

(6)

where ω− and ω+ are the independent variables. This
model gives rise to the corresponding point estimations for the regression coefficients and their respective
significance probabilities. It turns out that the regression coefficient for the ω− variable is not significantly
distinct from zero (significance probability = 0.685);
because of this result, even when R2 = 0.870, one can
omit the ω+ variable. This decision is also supported
by the fact that ω− and ω+ are almost linearly dependent as functions and the multicollinearity statistics are
significant. Therefore, we shall consider the following
reduced model:
 − 2
−
.
(7)
σfit
p = b0 + b1 ω + b2 ω
It is apparent from figure 2 that the fitting carried out
through the quadratic model (Eq. 7) is better than the
corresponding one for the linear model (Eq. 6). This
conclusion is also corroborated when the corresponding
determination coefficients are calculated: R2 = 0.869
for the linear model vs. R2 = 0.903 for the quadratic
model (see table 1).
Additionally, the ‘leave out one observation, cross
validation’ procedure was used. As described by
Allen, 28 we obtained the sum of squares of the discrepancies for the given model by leaving out one observation, fitting the given model to the rest of the data,
and then predicting the one left out, thus obtaining the
square of the discrepancy and, finally, repeating this for
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Figure 2. Curvilinear regression between ω− and σp .

all single data point omissions. This process was followed for several competing models, as discussed in the
Appendix I. The results of this cross validation are summarized in table 2. Model 1 is the same one as equation (7), and it is cross validated in this fashion because
2
  fit
σp − σp = 0.34 corresponds to the smallest value
among all of these models. Thus, with the quadratic
model, one gets an increase of 0.034 in the explaining
fraction of the ω− variable (R2 difference). The regression coefficients for the quadratic model are presented
in table 1.
We present the results of our calculations in table 3;
the quantities that appear in the third column of table 3
were calculated using model (7). As table 3 shows,
the calculated values for the electron-donating and
the electron-accepting powers are, in general, similar to the ones given by Hammett’s constant. For
the compound under consideration, unsubstituted ISA
(X = H), the Hammett’s constant equals zero. For
compounds with electron-donating functional groups,
σp systematically decreases through negative values

from zero to −0.66 when the substituent is NH2 , the
most electron-donating one of the series. In a consistent manner, the values calculated for ω− decrease
from 5.66 eV (when X = H) to 4.98 eV (the value
associated with the NH2 substituent). For ω− values, the decreasing tendency is not strictly uniform; for instance, compounds with the CH3 (CH2 )2 -,
(CH3 )2 CH-, CH3 CH2 -, CH3 -, and (CH)3 C- substituent
groups have an electron-donating capacity less than that
for ISA without a substituent but greater than that for
NH2 CH2 -. We emphasize that a smaller ω− value corresponds to a greater electron-donating capacity. Likewise, ω− values associated with positive σp increase
from 5.66 eV (when X = H) to 7.20 eV (corresponding
to the NO2 substituent). This trend indicates decreasing
electron-donating capacity.
Pertaining to the electroaccepting capacity, ω+
decreases from 0.85 eV to 0.74 eV, representing weaker
electroaccepting capacity, stressing the 0.94 eV value
for the compound with substituent CH2=CH−, the
largest value in this range, and lying above the associated ISA value without a substituent. On the other
side of the scale, toward the electron-attracting substituents, the tendencies of ω+ and ω− are consistent
with the ones shown by the values of σp : ω− increases
from 5.6 eV to 7.20 eV for NO2 (the most electronattracting compound), and ω+ increases from 0.85 eV
to 1.60 eV, again showing increasing electroaccepting
capacity. Just as in the negative part of σp , the positive
indices do not have a uniform increment with respect to
σp . Perhaps this behaviour is due to the solvent effect
present in σp and also to the fact that it is not considered
in these gas phase calculations. Another possible factor for this discrepancy, although to a lesser extent, may
be the basis set used, which might not be sufficient in
some cases to describe with accuracy of the substituent
effect of the compound, especially those in the second
and third rows of the periodic table.

Table 1. Regression coefficients of two models (linear and quadratic) to fit σp using ω− as
the independent variable.
Model
R2
Lineard
Quadratice

0.869
0.903

Model summary and parameter estimation
Model summary
Parameter estimation
Fa
df1b df2c Significance
B0
b1
b2
132.814
88.884

1
2

20
19

0.000
0.000

−3.521
−10.326

0.623
2.907

−0.190

a
F is the Fisher’s test statistic. b df1 is the number of degrees of freedom in the numerator for the Fisher’s distribution corresponding to the model. c df2 is the number of degrees
of freedom in the denominator for the Fisher’s distribution corresponding to the model.
d
Equation (6). e Equation (7)
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Table 2.
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Descriptive statistics for squares of discrepancies in six models.

Squared
discrepancy
for model

N

Minimum

Maximum

Sum

Mean

Model 1
Model 2
Model 3
Model 4
Model 5
Model 6

22
22
22
22
22
22

.00
.00
.00
.00
.00
.00

.07
.11
.07
.20
.26
.15

.34
.51
.42
.75
.96
.53

.0153
.0232
.0193
.0339
.0435
.0241

Valid N

22

−
+
Table 3. σp , σfit
p and calculated electrodonating and electroaccepting powers, ω , ω , as
well as I and A for ISA with different substituents, X, on the aromatic ring.

X
NH2
OH
CH3 O(CH)3 CCH3 CH3 CH2 (CH3 )2 CHCH3 (CH2 )2 NH2 CH2 CH2 = CHH
F
SH
CNCH2 Br
Cl
CHO
CO2 H
COCH(CH3 )2
NCCN
NO2

σp

−
σfit
p (ω )

ω− (eV)

ω+ (eV)

I (eV )

A (eV )

−0.66
−0.37
−0.27
−0.20
−0.17
−0.15
−0.15
−0.13
−0.11
−0.04
0
0.06
0.15
0.18
0.23
0.23
0.42
0.45
0.47
0.49
0.66
0.78

−0.56
−0.15
−0.32
−0.20
−0.13
−0.16
−0.18
−0.18
−0.21
−0.08
0.04
0.24
−0.09
0.32
0.23
0.24
0.54
0.36
0.28
0.48
0.56
0.75

4.98
5.42
5.23
5.36
5.44
5.41
5.38
5.38
5.35
5.51
5.66
5.94
5.49
6.08
5.93
5.95
6.50
6.15
6.01
6.37
6.54
7.20

0.74
0.86
0.80
0.72
0.82
0.81
0.81
0.81
0.80
0.94
0.85
1.01
0.94
1.08
1.06
1.04
1.26
1.08
1.07
1.22
1.27
1.60

8.00
8.51
8.29
8.57
8.70
8.65
8.60
8.60
8.58
8.36
9.07
9.05
8.33
9.08
8.83
8.92
9.31
9.23
8.95
9.19
9.36
9.64

0.48
0.63
0.56
0.53
0.55
0.54
0.54
0.54
0.52
0.77
0.56
0.82
0.77
0.92
0.91
0.89
1.17
0.92
0.92
1.12
1.18
1.57

The regression analysis, as shown in the statistical results, exhibits a strong linear correlation between
σp and the square of the ω− values, according to the
equation below:
 −
 2
= −0.19 ω− + 2.91ω− − 10.33.
(8)
σfit
p ω
For this fitting model, the square of the correlation

−
can be
coefficient is such that R2 = 0.90 and σfit
p ω
interpreted as the theoretical contribution to the experimental value of the Hammett’s constant. According to
this value of R2 , 90% of the variation of σp is explained
by the variation of ω− .

 −
The calculated values of σfit
for all of the series
p ω
of substituted ISA compounds are compared with the
corresponding values for σp in the first two columns
of table 1. The scale determined by σfit
p indicates that
the ISA derivative with the most electron-donating substituent, NH2 , corresponds to the negative value with
the smallest value of σfit
p , which is −0.56. Similarly, the
ISA compound with the most electron-attracting substituent, NO2 , is associated with the largest value of σfit
p ,
which is 0.75. Therefore, our results are in good agreement with those of other authors using an analogous
methodology. 29,30

724

J S Durand-Niconoff et al.

We emphasize the fact that the statistical analysis of
the regression coefficient for ω+ in the Eq. (6) is not
significantly different from zero. For this reason, even
though R2 = 0.87, one can omit ω+ as a variable in our
model. That is, the variability of σp can be explained in
a reasonable way by ω− only.
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6. Conclusions

Appendix I. Six final competing models
+

−

The global indices ω and ω were calculated using
DFT for a series of ISA derivatives. These quantities
may be used to estimate the intrinsic electronic contributions related to Hammett’s constant, σp , taking into
account 22 functional groups that are usually present
in organic molecules. In general, it was found that
the electroattracting (ω+ ) and electrodonating capacity
(ω− ) both follow approximately the same trend as that
the proposed scale using our model
of σp . Additionally,
 −
for σfit
ω
is
consistent,
at least with the most extreme
p
values given for σp . These calculations give us an idea
about the ability of electrodonating and electroattracting capacity with respect to activation and deactivation
of functional groups in these compounds. These results
may be applied to studies using (QSAR) models. 3,31,32
In addition, we found a good fit for this set of
molecules. However, the model may or may not be
transferable to other types of organic compounds, and
further work about this issue is needed. We thus can
conclude that this fit yields reliable results for ISA and
its substituted derivatives, but evaluation of this and
other models is required when working with different
types of molecules.
We are aware that our results only show the global
reactivity of this family of molecules. We are convinced of the need to continue this analysis by introducing local reactivity indices, since these will be
helpful for detecting reactivity sites on each molecular
system. We are currently working on exploring the relationship between the Hammettt constant and the local
indices, ω+/− . We are also applying local indices that
have shown adequate results to explain molecular reactivity, such as: (a) the relative electrophilicity (s + /s − )
and relative nucleophilicity (s − /s + ), 33 which help to
predict preferable intramolecular reactive sites; and (b)
the group softness (sg ), 34 which can be computed by
adding the sum of the local softness of the reacting
atom and the atoms in its neighbourhood (i.e., the atoms
bonded to the reactive atom), this local index was found
to effectively predict intermolecular reactive sequences.
The results of these analyses will give an insight on the
local reactivity for these molecular systems.
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Model 1:
Model 2:
Model 3:
Model 4:
Model 5:
Model 6:

σfit
p
σfit
p
σfit
p
σfit
p
σfit
p
σfit
p

= b0 + b1 ω− + b2 (ω− )2
= b0 + b1 A + b2 I
= b0 + b1 A + b2 A2 + b3 I + b4 I 2
= b0 + b1 ω− + b2 ω+ + b3 A + b4 I
= b0 + b1 I + b2 I 2
= b0 + b1 A + b2 A2

Model 1 corresponds to the one shown in equation (7)
in the text.
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