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Abstract

New insight is provided into the chemistry of 12 para-substituted nitrobenzene compounds, using the high-level computational
method G3(MP2) and DFT methods. The results show that the chemical properties of the nitrobenzene molecules, such as
reduction potential, ionization energy, proton affinity, pK,, interaction energy of the fragments, hyperpolarizability, exaltation
index, band gap, UV electron excitation, and QTAIM properties, are controlled by the strong coupling between the nitro group
(NO,) and the nature of the various para-substituents via the benzene ring as their conducting link. As the electron donating
tendency of the para-substituent increases in the molecules, the electron cloud around the nitro group also increases, resulting in
contraction of the N—-C bonds and elongation of the N=0O bonds, consequently leading to gradually increasing electron conduc-
tivity, polarizability, and ionization energy but lower proton affinity, thereby progressively impeding the reduction potential of the
molecules. The experimental reduction potential was reproduced to a high degree of accuracy, with a mean absolute deviation
(MAD) of 0.048 V, depending on the computational method used and the choice of the free energy circle. Additionally, the
experimental electron affinity and proton affinity of the 12 molecules were reproduced to a high degree of accuracy.

Keywords Reduction potential - Electron affinity - Proton affinity - pK, - QTAIM properties - Hyperpolarizability - NEDA

analysis - Electron excitation

Introduction

Researchers have shown interest in the reduction mechanism
ofnitrobenzene and its protonation to phenylhydroxylamine
and aniline for decades [1]. These nitro-aromatic compounds
are known to have significant biological applications in
drugs, such as antibacterial, antiprotozoal, and anticancer
agents [2]. The reduction of the nitro group, redox reactivity,
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and radical stability are of significant importance in their
biological activity [2, 3].

The p-CHO substitution of compounds with low elec-
tron affinities (EAs), such as the benzonitrile series, were
reported to result in significantly higher EA than with p-
CN substitution, while the reverse was observed in para-
substitution of nitrobenzene compounds, where the p-CN
substituent instead was found to give a higher EA than p-
CHO [4-6]. This reverse observation in compounds with
low EAs is owing to the m-electron withdrawing effect in
relation to the field effect of substituents and was also
found to be consistent with the concept of varying reso-
nance demand (degree of mt-delocalization of the negative
charge into the aryl 7t-system) of the substituents [6].

Both reduction potential and pK, values are very important
parameters in the subfields of chemistry and biology [2, 7]. In
many instances, computational quantum methods are often
used to reproduce and provide better insight into the experi-
mental reduction potential [8—11] and pK, [7, 12, 13] of dif-
ferent compounds. In this study, the chemistry of 12 nitroben-
zene derivatives (Fig. 1), whose experimental reduction
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potentials have been reported in literature [3], are studied com-
putationally in terms of their reduction potential, proton affin-
ity, pK,, and other electronic properties. The experimentally
measured reduction potential of the 12 molecules decreases
(becomes more negative), in going from molecule 1 to mole-
cule 12. Since molecules bonded to strong electron donating
groups generally have a lower reduction potential than mole-
cules bonded to electron withdrawing groups, the electron
donating tendency of the para-substituents R will be consid-
ered as increasing from molecule 1 to 12, i.e., the NO, group
will be considered the most electron withdrawing group, while
the amine groups are electron donating.

Methods

Calculation of reduction potential and electron
affinity

In this study, two slightly different thermodynamic cycles (cy-
cle 1 and 2) were used to compute the reduction potentials of
the 12 molecules, as shown in Fig. 2.

The reduction potential (E) is calculated from the free
energy expression of cycle 1 (AG,y,), as reported in literature
[10]:
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Fig. 1 The schematic representation of the nitrobenzene molecules 1-12,

as well as the fragmentation of the molecule into three fragments, for the
purpose of natural energy decomposition analysis calculations
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Fig. 2 The schematic representation of the two free energy cycles that
were used in this study for the computation of the electrode reduction
potentials

In the application of cycle 1 (see Fig. 2), an experimental
absolute reduction potential of the Fc/Fc* couple (Fc = ferro-
cene) in acetonitrile solution (4.980 V) [14] was used as our
reference electrode, instead of using Esyg (4.28 V), which is
the absolute reduction potential of the standard hydrogen elec-
trode [10]. The values of the two Gibbs free energy terms in
Eq. 2 can be expressed as:

AAG, = AG{(M)~AG(M)
and

AGY, = G'(M")-G"(M)
= [Uo(M") + ZPE(M ") 4+ AG o (M "))
~[Uo(M) 4+ ZPE(M) 4 AG herm(M)]
= [HO(Mi) + AGem (Mi)]f[HO (M) + AGuerm (M)] (3)
= AHO (M_> + [AGlherm (M_)iAGtherm (M)]
—EA (M) + [AGlherm(Mi)fAGtherm(M)]
—EAM) + AAG prerm

AGerm In Eq. 4 is the thermal correction to the Gibbs free
energy of the reaction in the gas phase, while AH is the
enthalpy change, with the electron affinity obtained from:

EA = —AHy(M) = Ho(M)-Ho(M")
= {Uc(M) + ZPE(M) }—{U.(M") + ZPE(M ")}

The accuracy of the electron affinity EA (therefore also the
enthalpy change AHy) is very important for the successful
reproduction of the reduction potential. In this regard, a
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high-level computational method, G3(MP2), which was de-
signed particularly for the prediction of reliable thermochem-
istry for free radicals [15, 16], was used in this study to com-
pute the EA values. In addition to this expensive high-level
G3(MP2) method, different DFT methods were also used, in
order to determine the accuracy level in reproducing the ex-
perimental reduction properties and electron affinities (EA),
when compared with this specialized G3(MP2) method. The
G3(MP2) method can become prohibitively expensive as the
size of molecules increases, and could be replaced by cheaper
DFT methods, if the degree of accuracy proved comparable.

The application of the second cycle (Fig. 2) uses the gas-
phase adiabatic ionization energies (IPs) and solvation ener-
gies (AG) [17] in the following expression:

_Aern
E°(vsNHE ineV) = —EnE
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23.06
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IP in the above expression represents the phase adiabatic ion-
ization potential, which is the enthalpy change of one-electron
reactions in the gas-phase (either in eV or in V for le transfer);

AGM) and AG{(M") (both in kcal mol ") are the solva-
tion effects of the Gibbs free energy; and

AS is the gas phase entropy, where 23.06 is the conversion
factor for kcal mol™ to V for le™ transfer.

Further, in the application of cycle 2, the experimental ab-
solute reduction potential of the Fe/F¢™ couple in acetonitrile
solution (4.980 V) [14] was used as our reference electrode,
instead of —4.44 V for a normal hydrogen electrode (NHE)
[17]. Just as has been applied in the original implementation
of the method (for cycle 1), a correction value of 0.28 V was
also applied to the reduction potential values in cycle 2, both
when using Eq. 5 [17] as well as Eq. 1.

The different approach between cycle 1 and cycle 2 (Fig. 1)
is clear when comparing Egs. 2 and 3 with Eq. 4. In cycle 1

7AGgas o EA(M)_AAGtherm

nkF nk

—AA Gtherm
nkF

= FEAM) + (forEAinV)
is used and in cycle 2 the adiabatic IP and entropy term is used
IP + % =—-FA + % (since in the current case IP =
—EA).
The microscopic difference in cycle 1 and cycle 2 is thus
the difference between the value of the thermal free energy
correction AAG ., and the entropy term —TAS.

Calculation of pK,

pK, is defined as the negative log of the acid dissociation
constant, K,, for the reaction MH," — H," + M. The thermo-
dynamic cycle [12] shown in Fig. 3, was used for the compu-
tation of the pK, values of the 12 molecules.

Thus, the pK,=—Ilog K, and can be calculated from the
reaction free energy AG 4.

The AG,y, is calculated from the gas phase free energy
(AGyg,s) and the change in the solvation free energy (AAGg):

AGy, = AGgus + AAGy, (6)

The values of AG,,s and AAG;, were computed from:

AGys = G*(M,) + G (Hy ) =G° (MH,) )
AAG = AG(M]) + AG(H|)-AG(MH,)

The gas phase free energy of proton, GO(H+g) was taken as
—6.28 keal mol ! [7, 12] and the proton solvation free energy,
AG(H",) was taken as —264.3 kcal mol ' [18], which falls
within the range of 254 to 265 kcal mol ™', confirmed by many
different values that have been reported in literature [7, 12, 19,
20]. This large variation range (of 11 kcal mol ' or 0.477 eV)
for proton free energy, can by itself introduce an error of up to
8.062 to the computed pK, value, which is one reason why the
accurate prediction of the pK, is generally regarded as an
elusive goal [7], even though the theoretical prediction of
pK, values remains of considerable importance [7]. Liptak
and Shields (2001) [12] provided a comprehensive review of
the various values of the proton solvation free energy.

Calculation of proton affinity

The computed proton affinity (PA) of the molecules (M) at
temperature T, was defined in terms of their gas phase reac-
tion: M(g) + H*(g) — MH*(g) and was computed from the
corresponding enthalpy change [21]:

PA(M) = —-AH®(T) (8)
= AH (M, T) + AHY(HT, T)-AHY (MH®, T)

AG

MH*, ™0 M+ H",

-AG (MH") AG (M) G.(HY)
+ AG as +
MH g — %% Mg + H g

Fig. 3 The schematic representation of the free energy cycle that was
used to compute pK,
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The value for the enthalpy of formation of the hydrogen,
A/HO(H+, T), was taken as 6.1398 kJ mol™, as reported in
literature [22].

Calculation of molecular dipole, polarizability,
and exaltation index

The following are some of the other calculated parame-
ters of the molecules, as used in the static electric field
(F) expression:

E = By Pt ayFiF
= Hilt i Qi

2 gﬁl]kF,Fij_ injlel'FijFl_

©)

1
26

(i) Dipole moment (L;), using L= (uzx + uzy + uzz)l/ 2)
(ii) Linear polarizability tensors (o), using:

Aoy = 1/2 (0t + %yy) -0t
Axy = {1/2 [(ocxxﬂxyy)z + (ot (yy—00,) + 6 (0P + s + oczyz)] }

Aas = {(Aaz)z—(ml)z} "

1/2

for the first three polarizabilities o, o, and o3 [23]

(ii1) Hyperpolarizability (), namely the first hyper-
polarizability tensor ({3;,), using a quasi-pythagorean
problem [24, 25], as well as o= (Bx” + By2+
B,H"), where:

6x = (ﬁxxx + Bxyy + szz)
By = (Byyy + Byxx + Bys,) and
ﬁz = (ﬁzxx + ﬁzyy + Bzzz)'

(iv) The term E° in the static energy expression is the energy
in the absence of an electronic field, while iy is the
second hyperpolarizability tensor and the i, j, and k la-
bels refer to the x, y, and z components, respectively
[26].

(v) The exaltation index (I'), expressing the difference in
atomic and molecular polarizabilities, calculated by
using the expression I'=<a>— ¥, <a>, [23], where
<ae>=1/3 (otey + &y + &) and where the values of the
sum of atomic polarizability of the atoms (3 ;< ox>;)
were calculated from online data of the atomic polariz-
ability [27].

@ Springer

Natural energy decomposition analysis

The interaction between different fragments in a molecule can
be studied, using natural energy decomposition analysis
(NEDA):

AE = EYg—(Ed, + Evg)

where o is the wave function of the AB complex, while {5
and Py are the wave functions of the isolated fragments A and
B.

The NEDA energy of interaction (AE) is then computed,
using the five components of the self-consistent field (SCF)
interaction energy, as partitioned by the Kitaura and
Morokuma method (KM), into the electrostatic (ES), polari-
zation (POL), charge transfer (CT), exchange (XC) energy
components, and a coupling term (MIX) [28, 29]:

AE = EL 4+ CORE + CT

EL in the expression is the electrical energy and CORE
refers to the net repulsive components, which are calculated
from:

EL = ES + POL + SE
CORE = XC + DEF-SE

DEF is the deformation energy of the perturbed wave func-
tion and SE is the self-energy correction, which is the polari-
zation penalty. The fragmentation of the molecule into three
fragments for the purpose of these NEDA calculations is
shown in Fig. 1.

Computational method

The functional B3LYP with the basis set 6-31+G(d) were
used for the optimization of the nitrobenzene molecules, in
the gas and solvent phases. Acetonitrile was used as solvent
medium for the computation of the reduction potentials.
Single point energy calculations were done using the
ROCCSD(T,FrzG3)/GTBas2 and ROMP2(FrzG3)/
GTMP2LargeXP quantum chemical methods, as described
for the G3(MP2) method [15, 16]. In this work, a slight mod-
ification to the original G3(MP2) method [15, 16] was also
applied, namely changing the optimization basis set from 6-
31G(d) to 6-31+G(d), as has also been used in a previous
report [10]. Further, five additional DFT methods, namely
MO06/6-311+G(2df,2p), M06/6-311+G(3df,3pd), M06 L/6—
311+G(2df,2p), B3LYP/6-311+G(2df,2p), and M06-2X/6—
311+G(2df,2p), were also used for single point energy calcu-
lations, instead of the high-level computational method
G3(MP2), using the same optimized geometries obtained by
B3LYP/6-31+G(d). This functional M06 has been reported to
be optimal for estimation of thermodynamic parameters [30].
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The solvation model based on density (SMD) [31], which
is the polarizable continuum model (PCM), was used to com-
pute the free energy of solvation (AGg). The SMD model
applies the integral equation formalism variant (IEF-PCM)
to solving the nonhomogeneous Poisson equation, with opti-
mized atomic coulomb radii and non-electrostatic terms, from
parameters that include solvent accessible surface area as well
as atomic and molecular surface tensions [32]. The default
parameters were used for the SMD solvation model.

The pK, and the protonation affinity (PA) of the molecules
(M(g) + H"(g) — MH(g)*) were computed in both acetonitrile
and aqueous water solution, using the G3(MP2) method and
DFT method of B3LYP/6-311+G(df,p), for optimization and
solvation energy. The solvation Gibbs free energy (AGs) ob-
tained from G09, was corrected by AG’ = AG, + RTIn(RT/
P°V%) [10], where P° and V° indicate the values at the standard
thermodynamic temperature of 298 K.

Package G09 [33] was used for all calculations of molecu-
lar polarizability. Only the natural energy decomposition anal-
ysis (NEDA) [29] was obtained by using the NBO 6.0G pro-
gram [34, 35], which was compiled with GAMESS (US) [36]
source code, using the B3LYP/6-311+G(2df,p) method. The
rendering of the molecules was done using the packages vimd
[37], chimera [38], and AIMAII [39].

Statistical processing

All statistical information from the linear regression Eq. Y =
by + b1 X; were derived using the R statistical package [40].
The quality of the relationship between the derived predictor
(X4) and response (Y) is defined in terms of the quality of the
following values:

by (intercept), by (slope), R?, F-statistic, residual standard
error (RSE), P value, and t-value. The detailed explanation of
these statistical parameters is provided in the supplementary
information document.

Results and discussion

The B3LYP/6-31+G(d) optimized geometry of each of the
molecules is shown in Fig. 4, with the numbering of the
atoms.

Electron affinity

The values of the experimental [6, 41-43] and computed elec-
tron affinities of the molecules are given in Table 1 and cor-
related graphically in Fig. 5a. The high-level computational
method G3(MP2) produced the best results in reproducing

experimental values according to their mean absolute devia-

/ ‘E exp —E cale I

tion, MAD=0.066 (MAD = ZH5-E54) ywhile among the

five DFT methods, the best results were obtained by M06 L/
6-311+G(2df,2p) (MAD =0.160) and M062X/6-311+
G(2df,2p) (MAD =0.182). A high correlation was observed
between the experimental and the calculated EA (R*=0.912—
0.923), with p value ranges from 2.65E % to 4.7E %, as shown
in Fig. 5(a). Among the 12 molecules, only molecule 7 (with
substituent p-OCO(CH3)) has poor alignment in the correla-
tion of the computed EA values with the experimental EA
(Fig. 5a).

It is expected that electron affinity and reduction potential
should be related, since reduction potential is the potential at
which an electron is transferred from the electrode to a neutral
molecule (or ion) in solution, while electron affinity is the
amount of energy released when an electron is added to a
neutral molecule (or ion) in the gaseous state in order to form
the negative ion of the molecule (or reduced ion). The corre-
lation between the experimental reduction potentials E*
(Table 2) and the experimental EA values (Table 1) is shown
in Fig. 5b (left). A high correlation was indeed observed be-
tween the experimental reduction potentials and the experi-
mental EA (R*>=0.906). The computed EA, using the six
different computational methods listed, also significantly cor-
related with the experimental reduction potentials £, with R-
squared values ranging from R*=0.984 to 0.988 (and p-
values ranging from 6.49E """ to 6.39E %), see Fig. 5b (right).
However, the values of the computed EA aligned more
smoothly with the experimental E° (Fig. 5b right) than the
experimental EA with experimental E° correlation, in the case
where molecules 7 (with p-OCO(CHj3)) and 11 (with substit-
uent p-NH,) did not align as strongly as the others (Fig. S5b
left).

It is very clear from the results of experimental and com-
putational calculated EA values (Table 1) that increasing the
electron donation strength of the para-substituent R (in going
from molecule 1 to 12 in Fig. 1) results in a lower value of EA,
i.e., molecule 12 with the electron donating group NH(CH3)
has a lower affinity for adding an electron than molecule 1
with the electron withdrawing group NO,. This linear relation-
ship between EA and reduction potential E® (Fig. 5b) is due to
the electronic influence of the R substituent on the energy of
the molecule owing to the good electronic communication
between the R substituent and the NO, group via the benzene
ring.

Reduction potential of the molecules

The experimental reduction potential £° of the nitro group of
all the listed nitrobenzenes was characterized as one electron
(1e") reduction, except for molecule 1, which was character-
ized with two successive one electron (le ) reduction process-
es owing to its two NO, substituents (dinitrobenzene) [3]. The
theoretical reduction potentials were computed from the
B3LYP/6-31+G(d) optimized geometries of the molecules

@ Springer
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Fig. 4 The 12 B3LYP/6-31+G(d) optimized geometries of the neutral nitrobenzene molecules, showing their atomic numbering

in the neutral and anionic states. Results obtained by using the
higher level theory of G3(MP2), as well as the five DFT
methods (as outlined in “Atomic electrophilicity and
nucleophilicity”), are given in Table 2. The values of the pa-
rameters used to compute the reduction potential by the com-
putational methods G3(MP2) and M062x(2df,2p) are in the
supplementary material (Table S1).

The degree of accuracy in reproducing the experimental
results via calculations, according to their mean absolute de-
viation (MAD) from the experimental E” values, are shown in
Table 2. Among all the methods, G3(MP2), M06/6-311+
G(3df,3pd), and M062x/6-311+G(2df,2p) have the lowest de-
viation in reproducing the experimental results. The plots

Table1  The experimental electron affinity (EA in eV) of the molecules,
obtained from NIST [41] and other indicated references, as well as the
computed EA, using the high-level computational method G3(MP2) and

comparing the level of reproduction of the experimental re-
duction potential E° at various levels of computational tech-
niques are shown in Fig. 6 for the best four computational
methods. The accuracy of reproducing the experimental re-
sults was found to depend on the combination of the choice
of free energy circle (cycle 1 or cycle 2 in Fig. 2) and the
computational methods. The best results when using free en-
ergy circle one (Fig. 6(al) to 6(a3)) was obtained using the
high-level G3(MP2) method, with a MAD of 0.067 V (from
Table 2). On the other hand, the best level of accuracy when
using free energy circle two (Fig. 6(b1) to 6(b3)) for comput-
ing the reduction potential was obtained using the DFT meth-
od M062X/(6-311+G(2df,2p), with a MAD of 0.048 V (from

the five indicated DFT methods. All EA values are given in eV, and the
mean absolute deviation (MAD) is stated

Exp-EA G3(MP2) MO6(2df,2p) MO6(3df,3pd) MO06 L(2df2p) B3LYP(2df2p) MO062x(2df.2p)
1 2.00 [42] 1.95 2.40 2.36 231 245 225
2 1.72 [42] 1.73 2.02 1.99 1.90 2.05 1.95
3 1.69 [43] 1.66 2.02 1.99 1.95 2.06 1.91
4 1.56 [41] 1.55 1.87 1.85 1.79 1.92 1.77
5 1.50 [43] 1.51 1.75 1.72 1.60 1.81 1.70
6 1.26 [42] 1.29 145 1.42 1.28 1.50 143
7 1.461 [6] 1.12 1.30 1.28 1.16 1.36 125
8 1.01 [42] 1.07 1.22 1.20 1.05 1.26 1.19
9 0.95 [42] 1.00 1.14 112 0.96 1.18 L1
10 0.872 [6] 0.92 1.02 1.00 0.82 1.06 1.01
1 0.915 [6] 0.84 0.87 0.86 0.67 0.93 0.89
12 0.72 0.79 0.77 0.56 0.82 0.78
MAD 0.07 0.23 0.21 0.16 0.26 0.18
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Fig. 5 (a) The correlation of the
experimental EA (in eV) with

computed EA values (graphs are -
shown for two functionals B3LYP

and G3(MP2), and (b) the e
correlation of the experimental
reduction potential £ (V vs Fe/ S5
Fc*) with the experimental EA v
and the computed EA (graph is &
shown for functional M062x), as
obtained from the six different 1.2
computational methods listed
0.9
1.0 1.5 20 25
B3LYP.2df.2p.
X, R b, b, RSE t-values P-values F-statistic
G3(MP2) 0912 0.046 00986 0.119 9.676 4.7TE06 93.63
mos(2df2p) 0.919 0198 0.748 0.114  10.115 3.25E-06 102.30
mos(3df3pd) 0.919 0.204 0.756 0.115 10.087 3.33E-06 101.70
moeL(2df2p) 0.921 0.389 0.688 0.113 10.259 2.89E-06 105.20
BaLYP2dr2p) 0923 0.161 0.749 0.112 10367 2.65E-06 107.50
moe2x(2df2p) 0.914 0.135 0.818 0.118 9.784 4.29E-06 95.73
b)

-1.2

g g
1.6
iy EY = b, + b, X,
1.8 1812
0.9 12 15 18 0.8 12 16 2.0
Exp.EA MO62x.2df.2p.

X, R: b, b, RSE tvalues P-values F-statistic
EA-exp 0.906 -2.078 0.477 0.062 9.323 6.39E-06 86.91
G3(MP2) 0.985 -2.134 0.527 0.027 25520 1.96E-10 651.10

MO6(2df,2p) 0.987 -2.058 0.403 0.025 27.380 9.78E-11 749.70
MO6(3df3pd) 0.986 -2.055 0.406 0.026 26.310 1.45E-10 692.10
MO6L(2df2p) 0.984 -1.951 0.368 0.028 24890 2.51E-10 619.50
B3LYP(2di2p) 0.988 -2.074 0.401 0.024 28.540 6.49E-11 814.60
MO62x(2df2p) 0.987 -2.090 0.439 0.025 27.930 8.04E-11 780.10

Table 2). A significant improvement in reproducing the exper-
imental reduction potential was observed when the polariza-
tion of the basis set 6-311+G was changed from (2df,2p) to
(3df,3pd), using the DFT functional M06 (Table 1). In this
case, when using cycle 1 the MAD decreased from 0.133 V
to 0.115 V, and when using cycle 2 the MAD decreased from
0.092 V to 0.075 V. It follows that the methods G3(MP2) and
M062X/6-311+G(2df,2p), which produced the best results in
reproducing the experimental potential £, were also found to
best reproduce the experimental EA to a minimal error (“see
Conclusions™).

All the molecules from 1 to 12 align strongly with the
experimental trend, as shown in Fig. 6(a2) and 6(b2) respec-
tively, for the best methods for cycle 1 and 2. The details of the
statistical correlation between the experimental reduction po-
tentials and the computed values are listed in Fig. 6(a3) and
6(b3), when using cycle 1 and cycle 2, respectively. All the
computational methods gave a very high level of experimental
correlation in a very close range of R*=0.954 to R*=0.990
(with the p-values significantly low 3.16E™'* to 5.29E %)
when using free energy circle 1 (Fig. 6(a3)); while for circle
2 the correlation also was R?=0.945 to R?=0.990 (with the
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Fig. 6 (1) Graph of the ( alcle 1

experimental (E”) and the 07

computed reduction potentials al). -=-Ep &0 az).

(showing the best four of the ¢ G3-RAD it

computational methods) for the MOS(3d3pd)

12 molecules, (2) graph of the

correlation of the results of one of 4 Moa(2di2p) g4

the theoretical methods with ex- » MOG2xQdf2p) 3

perimental E”, and (3) a statistical

analysis of the correlation be- 16 b, E°=b +h. X

tween the experimental value and - 0 i

the six different theoretical

methods, for (a) when the free '2~11 b33 456789101112 1.8(

energy cycle 1 was used and (b) . Molecul EX 16 1.4 -1.

when the free energy cycle 2 was X uzes B B CIpT) —

used. The basis set 6-3 11+G was L3)_ 1 R o L RSE tvalues P-values F-statistic

used together with various polar- G3(MP2) 0.954 0.413 1.236 0.047 14.367 5.29E-08 206.40

izations, as indicated in brackets Mo6(2df2p) 0.992 -0.497 0.731 0.020 34.330 1.04E-11 1179.00

for each of the DFT functional M06(3df3pd) 0.991 -0.463 0.745 0.020 33.890 1.18E-11 1148.00

methods Mo6L(2df2p) 0.990 -0.543 0.626 0.022 31.120 2.75E-11 968.60
B3LYP(2df2p) 0.993 -0.538 0.726 0.018 38.710 3.16E-12 1499.00
Mo62x(2df,2p) 0.987 -0.291 0.855 0.025 27.947 7.99E-11 781.00

b2). R?=o0.984

Red. Pot.

9

o E”=b,+bX,

-2'313 1b2 3 456789101112 1.8
Molecules 17 woezxaarze
b3). X R? b, b, RSE tvalues P-values F-statistic
G3(MP2) 0945 0307 1108 0.051 13.085 1.29E-07 171.20
Mo6(2df2p) 0.990 -0.498 0.689 0.022 31.030 2.84E-11 962.60
M06(3df3pd) 0.989 -0466 0.701  0.023 30.380 3.5E-11 923.10
mo6L(2df2p) 0.988 -0542 0594 0.025 28.050 7.69E-11 787.00
B3LYP(2df2p) 0.990 -0.537 0.683 0.022 31.950 2.12E-11 1021.00
Mo62x(2df2p) 0.984 -0.308 0.796 0.028 24.415 3.03E-10 596.10

gradual decrease in the values of the calculated oxidation
potentials (Table S2) and IE (Table 3) was observed from
molecule 1 to 12. The computed oxidation potentials
highly correlated with the experimental IE (R*=0.943 to
0.949, p value=3.90 x 107 to 6.46 x 10~ ") (Fig. 7). Since
a molecule with a higher electron donation tendency of
the para-substituent (such as 12, with pNH(CH3)) has a
lower ionization energy IE, it consequentially also has a
lower oxidation potential.

Statistically, there is also a reasonable correlation obtained
between the experimental reduction potential £ and the com-
puted oxidation potential (R*=0.728 to 0.789, p value =
2.60x 10~ to 4.18 x 10~%) (Fig. S2). Many of the computed
oxidation potentials of the molecules aligned strongly with the

experimental reduction potential £, except for molecule 1
(with p-NO,). It is obvious from the results that molecules
like 1, with a higher tendency toward reduction (less negative
reduction potential), have a lower tendency toward oxidation
and are consequentially characterized with higher oxidation
potentials (Fig. S2) and IE (Fig. S1a).

Proton affinity

The protonation of compounds like nitrobenzene, aniline, and
benzaldehyde are known to take place at the substituent itself,
unlike protonation of compounds like toluene, bromobenzene,
biphenyl, and iodobenzene, which takes place on the ring
[44]. Therefore, the proton affinities of the nitrobenzene

@ Springer
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Table 3  The experimental (obtained from NIST database [41]) and
computed ionization energy (IE) at 298 K. All values are given in eV,
and the mean absolute deviation (MAD) is stated

Exp- G3(MP2) MO06 L(2df2p)
IE
1 10.30 10.60 10.11
2 10.59 10.49 9.75
3 10.27 10.27 9.52
4 10.07 10.02 9.13
5 9.81
6 10.00 9.82 9.40
7 9.70 9.38 8.83
8 10.16 9.97 9.69
9 9.46 9.63 9.06
10 9.00 9.00 8.66
1 8.60 8.48 8.23
12 8.17 8.16 7.93
MAD 0.12 0.55

molecules in this work were computed by the protonation of
one of the oxygen atoms of the NO, unit of the molecules
(Table 4). The experimental PA values (Table 4) of the mole-
cules were reproduced by DFT computations to a significant
level of accuracy, especially when the DFT method B3LYP/6—
311+G(df,p) was used (with MAD =0.125 eV), compared to
the high-level G3(MP2) method (with MAD =0.205 eV).
The experimental reduction potentials (E°) of the mole-
cules show significant correlation (R*=0.711) with their

Fig. 7 The correlation of the

experimental IE (eV) with the

computed oxidation potential (in

V versus SHE), calculated by two

different functionals G3(MP2) 10
and MO6 L, using both (a) the first

(1st) and (b) the second free en-

a)

Table 4 The experimental proton affinity obtained from the NIST
database [41], and the computed proton affinity obtained by G3(MP2)
and B3LYP methods. All values are given in eV, and the mean absolute
deviation (MAD) is stated

Exp- G3(MP2)(df,p) B3LYP(dfp)

PA
1 7.730 7.780
2 8.040 7779 7919
3 8.241 7.962 8.044
4 8.543 8.067 8.177
5 7.888 7.963
6 8.117 8.277
7 8.428 8.345 8.553
8 8.295 8.173 8.288
9 8.449 8.348 8.511
10 8.580 8.766
1 8.975 8.867 9.034
12 9.241 9.033 9.178
MAD 0.205 0.125

experimental proton affinities (Exp-PA) (Fig. S1b).
However, contrary to IE, the proton affinity is in a reverse
relation with the reduction potential of the molecules. As the
electron cloud around the NO, group increases from molecule
1 to 12, owing to the increasing tendency of electron donation
ofthe 12 para-substituents R, the IE of the molecule decreases
and the PA increases, which consequentially impedes reduc-
tion of the molecule (the reduction potential values are shifted

ergy cycles (2nd) in each compu- %-_ "i
tation, as listed in the statistical o o
analysis of these correlations 9
IE =b, +bX,
1
15 2.0 25 X 15 2.0 25 3.0 35
1st. MOGL_2df 2p. 2nd-G3(MP2)
X, R: b, b, RSE  tvaes Pvaues Fstafisic
1°G3MP2) 0944 6577 1099 0193 12.360 6.00E-07 152.70
1*Mo6L(2df2p) 0949 6423 1410 0184 12.990 390E-07 168.90
2=Gg3mpz) 0946 6568 1079 0191 12490 546E-07 156.10
2@Mo6L(2df2p) 0943 6441 1367 0194 12.250 646E-07 150.00
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more negative, away from 0 V). The experimental ionization
potential (Exp-IE) was also found to be highly correlated with
the experimental proton affinity Exp-PA (with R*=0.927, p
value = 1.27E ™), as well as correlated with the computed PA,
obtained by computational methods G3(MP2) and B3LYP
(with R*=0.932 to 0.953), see Fig. 8.

PKa

Another important property that was computed for all 12 mol-
ecules, is the pK,, calculated in both acetonitrile and water
media. Limited experimental values are available for the pK,
of the molecules, and therefore the calculated pK, values (the
acid dissociation constant at logarithmic scale of the reaction
MH*; — H," + M,) were related to the experimental PA in-
stead (enthalpy change of the reaction M(g) + H*(g) —
MH(g) from Table 4. The wide range of proton solvation free
energy, which alone can introduce an error of up to 8.062 into
pK, as previously discussed, contributes significantly to the
reason why accurate computation of the pK, is also regarded
as an elusive goal [7].

The values of the computed pK, of the molecules, cal-
culated at different levels of theory and in both acetonitrile
and water media, are shown in Table 5. Generally, the pK,
values decrease from molecule 1 to 12, indicating an in-
crease in acidity from 1 to 12. A very significant change in
the computed pK, value was observed in the different re-
sults, when obtained by different computational methods.
For example, there was a marked difference when compar-
ing the G3(MP2) and B3LYP results, or when changing the
basis set from 6-31+G(d) to 6-311+G(df,p). Additionally,

the solvent used in the calculations (acetonitrile or water),
had a large influence on the computed values. The water
medium resulted in much lower calculated pK, values,
when compared to acetonitrile. All the computed values
differed significantly from the two available experimental
pK, values, although the two experimental values follow
the same trend as the calculated pK,.

The computed pK, values were correlated with the exper-
imental proton affinities (Fig. 9) for lack of sufficient experi-
mental pK, data. The computed pK, was found to decrease
with an increase in experimental PA, while the high-level
computational method G3(MP2) produced a better correlation
(R2 =0.919, p value = 1.73E-4,) compared to the DFT method
B3LYP (R? = 0.887, p value = 4.74E-4). The computed pK,, of
the molecules decreases from molecule 1 to 12 as their elec-
tron withdrawing tendency decreases (Fig. 9, Table 5), while
their proton affinity increases. This systematic decrease in the
pK, is further evidence of very strong electron communication
between the para-substituent R and the NO, group via the
benzene ring, leading to an increase of the electron cloud
around the NO, owing to the increasing electron donation
from molecule 1 to 12.

Atomic electrophilicity and nucleophilicity

The ability of the atoms in the molecules to act as the center
for nucleophilic (f*), electrophilic (f) or radical ( 1), attack
was examined using Fukui indices. The change in electronic
distribution was examined, when changing from the neutral
state (N electron system) to the reduced state (N+1) and oxi-
dized state (N—1). Under a constant external potential v(r), the

Fig. 8 The correlation of the 2 _ 2 _
experimental ionization energy a) R 0.927 b) R = 0.953
(Exp-IE in eV) with both (a) ex-
perimental proton affinity (Exp-
PA) and (b) computed proton af-
finity (in eV), calculated by two 10 10
different computational methods B i
G3(MP2) and B3LYP(df,p) for r -
the system, (c) the statistical I ]
analysis of these correlations
9 9
IE =b, +bX,
2 12
8.00 8.25 8.50 8.75 9.00 9.25 8.0 8.4 8.8
) Exp.PA G3.RAD )
c) X R? b, b, RSE  tvalues P-values F-statistic
Exp.PA 0927 27186 -2059 0.248 -8.699 1.27E04 7568
G3(MP2) 0953 24626 -1.808 0.178 -13.450 2.90E-07 180.80
| B3LYP(dip) 0932 23746 -1674 0213 -11.080 151E-06 122.80
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Table 5 The computed pK, of the

molecules in both CH;CN and Exp pK, CH;CN medium Water medium

water media using G3(MP2) and

B3LYP computational methods G3(MP2) B3LYP(d) B3LYP(dfp) G3(MP2) B3LYP(df,p)
1 31.9 279 27.4 29.1 23.2
2 32.7 26.9 24.9 28.8 20.9
3 30.7 26.0 24.0 27.5 20.6
4 30.2 25.1 23.0 27.1 19.8
5 33.0 28.8 24.8 27.8 20.9
6 30.4 24.3 22.2 27.4 19.1
7 29.0 22.3 21.0 27.8 18.8
8 3.98° 29.2 23.7 21.7 26.0 18.5
9 28.8 23.1 19.5 25.2 16.9
10 25.4 18.7 16.5 23.5 14.6
11 1.02% 20.6 139 11.9 19.5 10.6
12 19.8 134 10.9 18.1 9.8

“The two experimental pKa were taken from reference [45]

Fukui indices can be expressed in terms of the change in
electronic density p(r), with respect to the change in the num-
ber of electrons (N) [46]:

op
f(r) = (W) ,
A higher positive value of the Fukui function (f;) of an
atom in a molecule is an indication that the atom will act as

the center for higher nucleophilic (f*), electrophilic (f7) or
radical attack (f°) [47]. The site with the highest value of a

was found not to be the most reactive site [48—50]. The natural
population analysis (NPA) of the atomic charges, g(N), which
was obtained from a M062X/6-311G(d,p) single point calcu-
lation on the B3LYP/6-31+G(d) optimized geometry, was
used to calculate the Fukui indices, using the condensed
Fukui functions of a j-atomic site for the electrophilic (f;) or
nucleophilic (£ ) or radical (/30 ) attack:

[ =4;(N)=q;(N-1)
fi= f]_,-(N +1)=¢;(N)

fi=

4N + 1)=q,(N-1)]

Fukui index indicates a high reactivity, though in some cases it 2
o et oz ) ww )
(Exp-PA in eV) with the comput-
ed pK, value, calculated by 9.00- 9.00
G3(MP2) and B3LYP(df,p)
methods, in (a) acetonitrile (indi-
cated by *) and (b) water as me- | ]
diltll’n, vzrlith) (c) tlg; )stati;tical anal- § 875 E 879
ysis of these correlations g u%
. 8.50- 8.501
8.25- — & 8.25
PA =b, +b X
8.00- 2 8.00- 2
20 25 30 20.0 22:5 25.0 27.5
*G3(MP2) G3(MP2)
c) X R b, b, RSE  tvalues P-alues F-stafistic
*G3(MP2) 0919 10.724 -0.080 0122 -8.237173E-04 67.85
*B3LYP(df,p) 0897 9899 -0.070 0137 -7.234354E-04 52.34
G3(MP2) 0889 10.861 -0.093  0.143 -6.918451E-04 47.86
B3LYP(dfp) 0883 9965 -0.085 0.147 -6.726525E-04 45.24
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The centers for the Fukui electrophilic attack (f) of the
molecules were obtained by subtracting the electronic density
orbital of the cationic molecule (an (N—1) electron system)
from that of the neutral molecular orbital (N electron system),
using Multiwfn [51, 52] multifunctional wavefunction ana-
lyzer (with iso-value 0.005). The nucleophilic attack (f*)
centers, on the other hand, were obtained by subtracting the
electronic density orbital of the neutral molecule from that of
the anionic molecular orbital (an (N+1) electron system). The
natural population analysis (NPA) is a good choice for the
Fukui density surface, since it is able to differentiate the re-
active site [48], though it also has a tendency to overestimate
iconicity [53]. Another advantage of the NPA method is re-
lated to its insensitivity to the basis-set used, because of its
application of the occupancy-weighted symmetric orthogo-
nalization procedure, for transforming the non-orthogonal
atomic orbitals into an orthogonal set [54]. The values of
the Fukui indices of selected atoms in the molecules are in
the supplementary material (Table S3), while the feature of
their nucleophilic attack (tendency to accept electrons) and
electrophilic attack (tendency to donate electrons) properties
are shown in Fig. 10.

The atoms which represent the center for stronger nucleo-
philic attack (f*) are the N and two O atoms of the NO, unit,
and the para-carbon atoms of the benzene ring (Fig. 10 a). The
two O atoms are the strongest center for the nucleophilic at-
tack and their nucleophilic properties generally increase (larg-
er f* value), as the electron donating tendency of the para-
substituent R increases, in going from molecule 1 to 12. This
evidently shows that in all 12 molecules the para-substituent R
is strongly coupled with NO,, via strong electron communi-
cation through the benzene ring [3]. The calculated Fukui
center for nucleophilic attack (f*) being concentrated on the
NO, group (Fig. 10 a) is in agreement with the fact that the
electron involved in the first reduction of all molecules 1-12 is
concentrated on the NO, group [3].

The ortho and the meta carbon atoms of the benzene ring in
six of the molecules act as a very strong center of electrophilic
attack (higher values of ™), except in molecules 4, 6, 7, 10,
11, and 12, where the substituent atoms and/or para C carbon
dominate the electrophilicity, as shown in Fig. 10b and also in
Supplementary Table S3. The atoms that act as strong electro-
philic centers were also observed to act as centers for radical
attack (high f jo values). Similarly, the two O atoms of the NO,
group can also act as centers for radical attack.

Intra-molecular QTAIM properties

The quantum theory of atoms in molecules method (QTAIM)
defines chemical bonding and structure of a chemical system,
based on the topology of the electron density, expressed
amongst others as four types of critical points, namely an atom

critical point, bond critical point, ring critical point, and cage
critical point. The atom critical points define the position of
atoms, and bond critical points define an existence of bonds.
The values of the gradient of electron density (Vp) and its
Laplacian (V2p) provide complementary information. A neg-
ative value of V?p < 0 is an indication that the bond is an open
shell interaction, like covalent bonds, while a positive value of
V?p >0 depicts a closed shell interaction, such as hydrogen
bonds [55].

The plots of the surface of V2p are shown in Fig. 11, where
the solid line regions represent regions of charge concentra-
tion (V?p < 0), which are analogous to the electron pairs in a
Lewis structure [55], as in covalent bonds. Supplementary
Table S4 lists the following values, for selected bonds involv-
ing atoms N, O, and F, namely: the electron density (Vp), its
Laplacian (V?p), bond ellipticity (part of the indicators that
determine the strength of bonds), the Laplacian of repulsive
contribution to virial field (V2Vrep, also part of the indicators
that determine the strength of bonds), internuclear distance
(Ax), kinetic energy of electron (G), potential energy of elec-
tron (energy density (V)), and their ratio (—G/V). When the
ratio —G/V > 1, it is indicative of a noncovalent interaction,
but in the presence of covalent interactions, the ratio becomes
smaller than unity (-G/V < 1) [56].

The correlation of the experimental reduction potential
(E”) with internuclear distance (note: not the same as elec-
tronic bond distance) of N—C and N=O for the NO, group in
each of the 12 molecules, in their neutral (R?=0.843) and
reduced state (R* = 0.565), are shown in Supplementary Fig.
S3. The internuclear distance (Ax)n_c is longer in the neutral
molecules (2.74-2.80 A) than in their reduced forms (2.63—
2.71 A), while (Ax)n—o is longer in the reduced form (2.39—
2.45 A) owing to the additional electron density than in the
neutral molecules (2.32-2.34 A) (see Table S4). Another in-
teresting pattern is the gradual decrease in the N-C internu-
clear distance of the neutral molecules from 1 to 12, while the
N=0 bond gradually increases in the neutral molecules from 1
to 12. The implication is that as N=O increases and N-C
decreases in length, owing to the increasing electron donating
tendency of the para-substituent of the molecules from 1 to 12,
their reduction potential simultaneously shifts toward more
negative values, therefore progressively reducing the possibil-
ity of reduction.

The QTAIM properties (Vp, Vzp, bond ellipticity, Verep, G,
V, and —G/V) of these two bonds (N-C and N=0O) also dem-
onstrate a similar pattern as shown in Supplementary Fig. S4.
The values of the p, bond ellipticity, G, and ratio —-G/V of the
N—C bond generally are lower in the neutral state than in the
reduced state of the molecules, with a gradual increase in their
values from molecule 1 to 12, corresponding to the decrease in
electron withdrawing ability of the R para-substituent,
resulting in a progressive increase in shift of reduction potential
to more negative values. The reverse was found for the values
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Fig. 10 The electronic density surface representative of the (a) Fukui center for nucleophilic attack (f*), or the (b) Fukui center for electrophilic attack
(f") of the 12 molecules, obtained using Multiwfn [51, 52] multifunctional wavefunction analyzer (iso-value 0.005)

of Vand Vzp of the same N—C bonds, which are higher in the
neutral than the reduced state, and decrease consistent with the
decrease in electron withdrawing ability of the para-substituent
R from molecule 1 to 12. In the reduced state, the change in
these QTAIM internuclear bond properties of the N=0O bond
from molecule 1 to 12 is reasonably correlated with the gradual
change in observed experimental reduction potential (R* =
0.632-0.893), more so than for the N-C bond properties
(R2 =0.057-0.769). However, in the neutral state, the
QTAIM properties of N-C are more correlated with the de-
creasing experimental reduction potential (R = 0.742-0.928),
than those of the N=0 bond (R* = 0.365-0.885).

The properties of N=0 show a trend directly opposite to the
trend of the N-C internuclear bonds. The p, bond ellipticity,
G, and ratio —-G/V values of the N=0O internuclear bond are
higher in the neutral state than in the reduced state of the
molecules (gradual decrease in their values from molecule 1
to 12), while its V and Vzp of bonds are lower in the neutral
than in the reduced state (increasing corresponding to the de-
crease in electron withdrawing R substituent from molecule 1

@ Springer

to 12). Evidently, an increase in the electron cloud around
NO.,, either as a result of moving from the neutral to reduced
state, or as a result of the presence of a stronger electron
donating group (in going from molecule 1 to 12), leads to a
decrease in the internuclei bond distance of N—C, but an in-
crease in Ax of N=O. This consequently leads to increasing
internuclei bond strength of N-C, as is evident from the in-
creasing values of p, bond ellipticity, G, and ratio —G/V of the
N—C internuclei bonds, simultaneously with lower values of V
and V?p (from the lower to higher electron cloud around
NO,), but to a weaker bond strength of N=O.

The values of ratio —G/V show an appreciable correlation
with V2p, especially in the reduced state of the molecules (R* =
0.886), as shown in Supplementary Fig. SS5. The implication is
that the stronger bonds are characterized with lower values of
V?p and ratio —G/V. The values of ratio ~G/V are within the
range of covalent interaction, since -G/V < 1 [56].

The QTAIM atomic properties of the N, O, F, and CI atoms
in the molecules are supplied in Supplementary Table S5,
showing the atomic charges (q), atomic Lagrangian (L),
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Fig. 11 The representative
structures of molecules 1, 5, 8,
and 12, showing the plot of the
Laplacian of the electron density
(V?p in e ay ), the bond critical
points (BCP), and some selected
atomic charges and BCP values
for (a) the neutral and (b) anionic
molecules, using the QTAIM
method as implemented in
AIMALL

atomic electron kinetic (K), and the intra-atomic dipole mo-
ment (|_intra|). The change in the atomic properties of the N
atom of the NO, group, based on the effect of the para-
substituents (R) on the reduction potential of the 12 molecules,
is shown in Supplementary Fig. S6. The atomic charge of the
N atom of the neutral molecule decreases, while its intra-
atomic dipole increases from molecule 1 to 12 (R*=0.722
to 0.895), as the reduction potential shifts to more negative
values. In the reduced state, both the atomic charge and dipole
moment of the N atoms decrease with the shift of reduction
potential to more negative values. These reduced states are
characterized with a higher intra-atomic dipole of N atoms,
but lower atomic charges, when compared to the neutral
states.

Natural energy decomposition analysis (NEDA)

Each of the 12 molecules is fragmented into three, as indicated
in Fig. 1, where the common NO, group constitutes fragment
one, the benzene ring is fragment two, and the para-substituent
R is fragment three. The interaction between the fragments
was studied using the natural energy decomposition analysis
(NEDA, for details see the experimental section) which is an
important concept that can be used to calculate the interacting
energy of the fragments (AE) [29], in terms of their five com-
ponents, namely, electrostatic (ES), charge transfer (CT), po-
larization (POL), exchange (XC), and electrical (EL) energy
contributions, etc. The contribution of the five components
ES, CT, POL, XC, and EL to the total interaction of the
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Fig. 12 The feature of each 600

contribution of the electrostatic

(ES), polarization (POL), 400

exchange energy (XC), and

electrical (EL) energy compo- 200

nents to the total interaction ener-

gy E (where AE=EL + CORE +

CT) of the three fragments in 0

molecules 1 to 12. (where

CORE =XC + DEF - SE; and -200

DEF is the deformation energy of

the perturbed wave function and -400

SE is the self-energy correction).

All energies are in kcal mol ' -600
-800

fragments (AE in kcal mol ™) in each of the 12 molecules is
given in Supplementary (Table S6) and the features of their
changes are shown in Fig. 12, except for the contribution of
CT. The order of the inter-fragment interactions (AE) of the
molecules is as follows: 12>11>10>7>1>2>8>5>9>
6>3>4 according to the strength of their interactions in
terms of AE. The stronger inter-fragment interactions in mol-
ecules like 12, 11, 10, 7, and 1 can be traced to their highly
favorable electrical and electrostatic energies between the
fragments. The inter-fragment polarization energy (POL) of
molecules 2 and 6 is highly unfavorable (large positive value)
for their inter-fragment interactions, but is compensated for by
the molecules’ most favorable CT values compared to the rest
of the molecules (Table S6).

The induced energy (cp — def) and dipole moment of the
three fragments in each of the molecules are shown in
Supplementary Fig. S7, and the data are in Table S7. The
induced energy (in kcal mol™") and dipole (in Debye) were
calculated from the difference between the perturbed states
(def) values (i.e., each fragment in the absence of the effect

Fig. 13 The plot of the molecular 250.00
band gap (in eV), dipole (in
Debye), hyperpolarizability (3 in
esu), the first and second
polarizabilities (A1, Ax2), and
exaltation index (I") for all 12 ni-
trobenzene molecules

200.00

m ES m POL
B Electrical ® Total Interaction(E)

XC

|f1r|r|r|f1[|r|r|[|[|[|

1 2

3 4 5 o6 7 8 9 10 11 12

of other fragments) and that of their values in the presence of
other fragments (cp). All three fragments have a significant
induced energy (between —1 and —0.3 kcal mol "), while the
induced dipole is only significant in the fragments of mole-
cules 2, 3, 4, 5, 6, and 8, especially in their fragment three
(para substituent R). The induced dipole of fragment one
(NO,) is insignificant in all the molecules (less than 0.06
Debye), except in molecule 6 with R = p-Cl1 (0.61 Debye).

Molecular properties

Molecular properties, such as the molecular band gap, dipole,
hyperpolarizability (3), first and second polarizabilities (Axl,
A«x?2), and exaltation index (I") are shown in Fig. 13 and the
values are given in Table S8. A higher value of
hyperpolarizability (3) and exaltation index (I'), accompanied
with a lower band gap, was obtained in the molecules with
electron donating para-substituents R (molecules 10, 11, and
12), while molecules 1 to 5, with electron withdrawing para-
substituents, have lower hyperpolarizability ({3), a lower

= Band-gap (eV)
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100.00 p
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exaltation index (I'), and a higher band gap (Fig. 13). The
results of the correlation of hyperpolarizability (3) with
Axl, Ax2, and I (Fig. S8) clearly show the gradual increase
in the first and second polarizabilities and the exaltation index
(I"), as hyperpolarizabity increases in value from molecule 1 to
12, according to the decrease in electron withdrawing tendency
of the para-substituent R. A highly negative value of I' indi-
cates high stability, while a highly positive value means low
stability, as has been used to estimate the stabilities of the
atomic clusters and for the relative aromaticity [24, 57]. This
implies that as the conducting strength of the molecule in-
creases from 1 to 12 in terms of lower band gap, and as their
possible application as nonlinear optical (NLO) materials in-
creases in terms of higher hyperpolarizability values, their

stability decreases in terms of a higher positive value of the
exaltation index (I).

A significant level of correlation was obtained when the
computed values of the HOMO, LUMO, band gap, and dipole
moment of the 12 molecules were correlated with the avail-
able experimental PA and IE values (Fig. S9). There was a
gradual increase in the values of the HOMO, LUMO, and
significant increase in the dipole moment, as the values of
Exp-PA increased from molecule 1 to 12, but resulted in de-
creasing energy band gap. A reverse of this observation for PA
was observed in the correlation of experimental IE with these
molecular properties.

The UV excitation

The features of the UV excitation in the molecules are
shown in Fig. 14, and the full description of the nature of
the UV excitation peaks, in terms of the electron transition
between the orbitals and the fragment contribution is in the
supplementary material (Table S9). There is a gradual
bathochromic shift of the peak above 250 nm to a progres-
sively longer wavelength from molecule 1 to 12, as the
strength of electron donation increases (Fig. 14). The
bathochromic shift to a longer wavelength is in agreement
with available experimental UV absorption maxima, as ob-
tained from the NIST database [41], namely at A~=ca.
260 nm for molecules 1 to 8, with the peak shifting to
A =320 nm for molecule 10 and to A =370 nm for mole-
cule 11. This provides further insight into the gradually
increasing trend of electron conductivities and nonlinear
optics (NLO) applicability. However, a hypsochromic shift
(of the peak above 250 nm) to lower absorption values and
shorter wavelength was observed from molecule 1 to 12.

The features of the HOMO (or H-1) to LUMO electron
transfer in molecules, such as 1, 2, 3, 4, 5, and 6, with a
slightly electron withdrawing para-substituent group R, pre-
dominantly occur from fragment two to fragment one (see Fig.
2), while a little also is transferred to fragment 3; however,
very negligibly in molecules 5 and 6 (Table S9). In the mole-
cules with a stronger electron donating group like 10, 11, and
12, the HOMO (or H-1) to LUMO electron excitation occurs
from the contribution of both fragments two and three to frag-
ment one. A very high percentage of electron transfer from the
para-substituent R (fragment three) to NO, (fragment one) is
further evidence of very strong electron coupling between the
NO, group and the para-substituent R, via the aromatic ben-
zene ring [3].

Conclusions

In this study, a new insight into the chemistry of 12 para-
substituted nitrobenzene compounds was obtained, using
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different computational methods. The optimized geometry of
the molecules was obtained by DFT methods, and their prop-
erties were studied using the higher level computational meth-
od G3(MP2) and the DFT methods. The results obtained can
be summarized as follows:

* Among the adopted DFT methods, M062X(6-311+
G(2df,2p)) competitively reproduced the experimental
reduction potentials to a very high accuracy (MAD =
0.048 V), to the same degree as the high-level compu-
tational method G3(MP2) (with MAD =0.067 V), de-
pending on the choice of the free energy circle used in
the calculation of the reduction potential. Therefore,
when G3(MP2) calculations become prohibitively ex-
pensive as the size of the molecule increases, afford-
able DFT methods can instead be used with confidence
to calculate reduction potentials to a high level of
accuracy.

* The high-level computational method G3(MP2) produced
the best agreement with experimental electron affinities
(MAD =0.066 eV) and the DFT method B3LYP/6-311+
G(df,p) the best agreement with experimental proton af-
finities (MAD =0.125 eV).

» The benzene ring acts as a strong coupling link between
the nitro and para-substituents. Therefore, increasing the
electron donating ability of the para-substituent from mol-
ecule 1 to 12 resulted in a higher density electron cloud
around NO,, while reducing its susceptibility to further
reduction consequently resulted in a lower, more negative
reduction potential.

*  The NO, group acts as the main center of chemical action
for many of the observed chemical properties, in terms of
reduction potential, proton affinity, etc., and was also
found to be the most significant center for nucleophilic
(f*) attack, using Fukui indices.

* The strong electron coupling between the various para-
substituents and the NO, group via the aromatic benzene
ring was also confirmed through a higher percentage of
electron excitation from the para-substituent of molecules
10, 11, and 12 (fragment 3) to the NO, group (fragment 1),
which was accompanied by a bathochromic shift to a lon-
ger wavelength, as well as increasing polarizabilities,
hyperpolarizabilities, a lowering of the band-gap, and in-
creasing values of the exaltation index.

* The increasingly negative (lower) experimental reduction
potential of the molecules from 1 to 12 was also accom-
panied by decreasing electron affinity and ionization en-
ergy, with simultaneously increasing proton affinity and
consequently decreasing pK, values.

* A gradual increase in HOMO and LUMO energies from
molecules 1 to 12 was accompanied by a significant in-
crease in the dipole moment but a decrease in energy band

gap.

@ Springer

* The QTAIM properties of the NO, group (such as bond
lengths) change significantly with increasing electron
cloud around NO,, either owing to moving from the neu-
tral state to the reduced state, or to the increase in electron
donating tendency of the para-substituents from molecule
1 to 12, therefore resulting in increasingly longer internu-
clear N=O bonds (weakened) but decreasingly shorter N—
C bonds (strengthened). These properties were also found
to correlate significantly with the experimentally obtained
reduction potentials of these 12 molecules.
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