
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
5/

20
24

 1
:4

9:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Insights into the
Key Laboratory of Life-Organic Analysis

Engineering, Qufu Normal University, Qufu

163.com; lignip@163.com

Cite this: RSC Adv., 2017, 7, 12775

Received 18th January 2017
Accepted 14th February 2017

DOI: 10.1039/c7ra00783c

rsc.li/rsc-advances

This journal is © The Royal Society of C
one-electron reduction behavior
of tetrachloro-o-benzoquinone: a DFT and
molecular dynamics study

Chao Guo, Weihua Wang,* Wenling Feng and Ping Li*

In this study, the one-electron reduction behavior of tetrachloro-o-benzoquinone (o-TCBQ) has been

systematically investigated at the B3LYP/6-311++G** level of theory in combination with the ab initio

molecular dynamics. It was found that the explicit water molecules have slight effects on the geometry

of o-TCBQ. On the contrary, the introduction of an electron can make the geometry change

significantly. Moreover, the C2v symmetry of neutral and anionic o-TCBQ in the gas phase has been

changed to be C2 symmetry in solution. All the electron affinity and vertical detachment energies are

positive in the gas phase and in solution, increasing with the increasing of the dielectric constant of the

bulk solvent. Therefore, explicit water molecules and bulk solvents can efficiently enhance the electron-

accepting ability of the o-TCBQ, reflecting the intrinsic nature of o-TCBQ as a good electron acceptor

in different media.
1. Introduction

As a class of toxic intermediates, halogenated quinones can
initiate many harmful effects in vivo, such as acute hepatoxicity,
nephrotoxicity, and carcinogenesis.1,2 Some of them, such as
tetrachloro-p-benzoquinone (p-TCBQ), tetrachloro-o-benzoqui-
none (o-TCBQ), and 2,5-dichloro-1,4-benzoquinone (DCBQ), are
the major genotoxic and carcinogenic quinoid metabolites of the
widely used pesticides chlorinated phenols like pentachloro-
phenol (PCP), where PCP has been classied as a group 2B
environmental carcinogen by the International Agency for
Research on Cancer (IARC). Meanwhile, they can also be
produced during the oxidation or destruction of halophenols and
other polyhalogenated persistent organic pollutants (POPs).3–5

Moreover, some chloro- and bromo-benzoquinones have been
identied as new disinfection byproducts in drinking water.6,7

Recently, more andmore studies have shown that chlorinated
benzoquinones, such as p-TCBQ and DCBQ, can react with the
organic hydroperoxides or benzohydroxamic acids to produce
the hydroxyl radical, organic alkoxyl radicals, and quinone
ketoxy radicals experimentally,8–17 which can be used to partially
elucidate the potential carcinogenicity of the polyhalogenated
aromatic environmental pollutants since these active radicals
can cause oxidative damage to the DNA, protein, and lipids.13

Despite the extensive studies on the structure and chemical
reactivity of p-TCBQ experimentally and theoretically,8–26

however, its isomer, namely o-TCBQ, has been paid less
, School of Chemistry and Chemical

, 273165, P. R. China. E-mail: wwh78@

hemistry 2017
attentions although o-TCBQ has been involved in the toxicity of
the bleached kra chlorination effluent many years ago.27–32

Moreover, considering the fact that p-TCBQ behaves as a good
electron acceptor generally and its chemical reactivity is gov-
erned by its intrinsic property, so some questions remain
unclear for o-TCBQ. For example, is it a good electron acceptor
like p-TCBQ? If so, how about the molecular dynamics for its
electron-accepting process? How about the inuences of the
explicit water and bulk solvent on its electron-accepting ability?

To address these questions, in this study, the electron
affinity (EA) associated with the one-electron reduction behavior
of o-TCBQ as well as its F- and Br-substitution species has been
systematically investigated employing the density functional
theory (DFT) and ab initio molecular dynamics. To our best
knowledge, no relevant theoretical studies have been reported
on the one-electron reduction behavior of o-TCBQ in different
media. Expectedly, the present results not only can provide new
insights into the electron-accepting processes of o-TCBQ and its
derivatives in the redox reactions, but also can pave the way for
the future study of the chemical reactivity of o-TCBQ and its
derivatives with other species.
2. Computational methods

All the geometries have been fully optimized at the B3LYP/6-
311++G** level of theory, where the reliability and efficiency of
the method has been veried by a number of investigations on
the various systems.20,33–41 Subsequently, vibrational frequency
analysis has also been performed at the same level of theory to
identify the nature of the optimized structures.
RSC Adv., 2017, 7, 12775–12782 | 12775
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To better clarify the nature of the intermolecular H-bonds
between o-TCBQ and water molecules, the atoms in molecules
(AIM) theory has been employed on the basis of the optimized
structures.42 In terms of the AIM theory, the interatomic inter-
action is indicated by the location of a bond critical point (BCP).
Once the BCP has been localized, various properties can be
evaluated at this position in space. For example, the interatomic
interaction strength can be estimated from the magnitude of
the electron density (rbcp) at the BCP. Similarly, the ring struc-
tures are characterized by the location of a ring critical point
(RCP). Furthermore, the nature of the interatomic interaction
can be predicted from the topological parameters at the BCP,
such as the Laplacian of electron density (V2rbcp) and energy
density (Hbcp), where the Hbcp is composed of the potential
energy density (Vbcp) and kinetic energy density (Gbcp). Gener-
ally, the sign of V2rbcp reveals whether charge is concentrated
(V2rbcp < 0) as in covalent bonds (shared interaction) or
depleted (V2rbcp > 0) as in ionic bonds, H-bonds, and van der
Waals interactions (closed-shell interaction).

To evaluate the electron redistribution behavior for o-TCBQ
upon capturing an electron, natural bond orbital (NBO) anal-
yses have also been carried out on the basis of the optimized
geometries at the B3LYP/6-311++G** level of theory.43

To gain the microscopic details of the one-electron reduction
process for o-TCBQ, electron capture dynamics of o-TCBQ has
been investigated by means of Atom Centered Density Matrix
Propagation (ADMP) molecular dynamics44–46 at the B3LYP/6-
311G* level of theory on the basis of the optimized neutral state.
As for the ADMP approach, it belongs to the extended Lagrangian
approach to molecular dynamics using Gaussian basis functions
and propagating the density matrix. Unlike plane wave Car–Par-
rinello (CP) molecular dynamics, it is not necessary to use pseu-
dopotentials on hydrogen or to use deuterium rather than
hydrogen in the dynamics. Fictitious masses for the electronic
degrees of freedom are set automatically and can be small enough
that thermostats are not required for good energy conservation.
Here, the dynamics calculations were performed under condition
of constant total energy. The time stepsize was 0.1 fs and a total of
5000 steps were calculated. The ctitious electronic mass is 0.1
amu and the initial nuclear and electron kinetic energy are zero.
No thermostats are chosen to control the nuclear temperature.

To characterize the one-electron reduction behavior of
o-TCBQ, the main terms discussed below have been dened as
follows:

(a) Adiabatic electron affinity (AEA):

AEA ¼ H(neutral) � H(anion)

where H(neutral) and H(anion) refer to the enthalpy of the opti-
mized neutral and anionic states, respectively.

(b) Vertical electron affinity (VEA):

VEA ¼ E(neutral) � E(anion/neutral)

where E(neutral) and E(anion/neutral) are the electronic energy of the
optimized neutral state and the anionic state at the same
geometry of the former neutral state, respectively.
12776 | RSC Adv., 2017, 7, 12775–12782
(c) Vertical detachment energy (VDE):

VDE ¼ E(neutral/anion) � E(anion)

where E(neutral/anion) and E(anion) are the electronic energy of the
neutral state at the same geometry of the anionic state and the
optimized anionic state, respectively.

To qualitatively assess the degree of the structural changes
for neutral state upon electron attachment and solvation,
deformation energy has been calculated as the energy difference
between the neutral state at the geometry of its optimized states
in different media and the optimized neutral state.

To investigate the solvent effects on the relevant energy
quantities mentioned above, the polarizable continuum model
(PCM)47,48 has been employed within the framework of the self-
consistent reaction led (SCRF) theory. All the geometries have
been fully optimized in a series of bulk solvents characterized by
different dielectric constants from 1.43 to 78.36. Additionally, to
investigate the effects of the adjacent explicit water molecules,
the mono- and dihydrated o-TCBQ complexes have been
constructed.

All the calculations have been carried out using Gaussian 09
program.49
3. Results and discussion
3.1 Structural features

Unlike p-TCBQ possessing D2h symmetry, as displayed in Fig. 1,
the optimized o-TCBQ has C2v symmetry in the gas phase, which
is consistent with the experimental result.50 Subsequently, on
the basis of its optimized structure, ADMP molecular dynamics
calculations have been carried out to provide more details of the
electron-accepting process on the assumption of vertical elec-
tron attachment.

As displayed in Fig. 2, the potential energy decreases suddenly
from point a to b, corresponding to the electron-accepting
process. Obviously, structural changes occur for the selected
bonds although the C2v symmetry is still kept upon capturing an
electron. As a result, all the C–X (X ¼ C, O, Cl) bonds have been
weakened except for the C–C single bond within the six-
membered ring. In other words, the single- and double-bond
difference in the six-membered ring of o-TCBQ decreases upon
capturing an electron. Moreover, those structural changes can be
further conrmed by the optimized anionic o-TCBQ. For
example, the C1–O7, C3–C4, and C3–Cl9 bonds have been
increased by about 0.034, 0.025, and 0.030 Å aer introduction of
an electron, respectively. On the other hand, the opposite is true
for the C1–C2, C2–C3, and C4–C5 single bonds, which has been
decreased by about 0.045, 0.028, and 0.056 Å, respectively.
Especially, these structural changes can be further conrmed by
the corresponding electron densities at the BCPs of the C–X
bonds. As shown in Table 1, the electron densities at the BCPs for
the C–X and C–C single bonds have been decreased and
increased upon electron capture, respectively.

To elucidate these phenomena, the lowest unoccupied
molecular orbital (LUMO) of o-TCBQ has been constructed
considering the fact that the additional electron may enter its
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The optimized isolated and hydrated o-TCBQ before and after capturing an electron, where the selected intermolecular distances are
given in Å.
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LUMO. As displayed in Fig. 3, all the LUMOs are characterized
by p antibonding orbital except for the p bonding characters
between the C–C single bonds (e.g., C1–C2 bond). Therefore,
these bonds mentioned above should be weakened and
strengthened since the additional electron enters the anti-
bonding and bonding orbitals, respectively. As a result, as
shown in Table 2, the corresponding deformation energy for
o-TCBQ upon capturing an electron is 5.46 kcal mol�1.

In bulk solvents, the original C2v symmetry of o-TCBQ has
been changed to C2 symmetry before and aer capturing an
electron, exhibiting the solvent effects on the geometry.
However, as for the p-TCBQ, its D2h symmetry is still kept in
solvents before and aer capturing an electron at the same
level of theory.20 Moreover, as shown in Fig. 4, the structural
changes increase with the increasing of the dielectric
constant. Moreover, the geometry of o-TCBQ is no longer
changed at 3 ¼ 10.
Fig. 2 The evolution of the potential energy relative to that of o-TCBQ
at 0 fs (top) and the selected bond lengths of o-TCBQ (bottom) upon
capturing an electron.

This journal is © The Royal Society of Chemistry 2017
To investigate the inuences of the adjacent water molecules
on the EA of o-TCBQ, microhydrated complexes containing one
and two water molecules have been constructed. As shown in
Fig. 1, o-TCBQ interacts with the water molecules via intermo-
lecular H-bonds, which can be reected from the presence of the
bond critical points for those H-bonds as shown in Fig. 5. For the
monohydrated case, two complexes named o-TCBQ1W1 and o-
TCBQ1W2 have been located. In o-TCBQ1W1 complex, two inter-
molecular H-bonds have been observed, where water molecule
acts as proton donor. Similarly, the same is also true for the
other complex o-TCBQ1W2. As can be seen from the large H-bond
distances ranging from 2.075 to 2.447 Å, these H-bonds should
be weak. Actually, these H-bonds are mainly predominated by
the electrostatic interactions in nature since the corresponding
Laplacians of the electron density and energy densities at the
BCPs of these H-bonds are positive within the framework of the
AIM theory. As for the dihydrated case, the second water mole-
cule mainly interacts with the rst water molecule via intermo-
lecular H-bond. Moreover, the H-bond distance between two
water molecules is shorter than that of the H-bond between o-
TCBQ and water molecule. Therefore, the H-bond interaction
between water molecules should be stronger than the interac-
tion of o-TCBQ with water molecule, which can be further
conrmed by the larger electron density at the BCP of the former
H-bond than the latter. As expected, the inuences of water
molecules on the geometry of o-TCBQ are small due to the weak
interaction between them. This point can be further conrmed
by the calculated small deformation energy of o-TCBQ upon
microhydration, where the deformation energies are 0.09, 0.10,
and 0.15 kcal mol�1 in o-TCBQ1W1, o-TCBQ1W2, and o-TCBQ1W2,
respectively. However, all the intermolecular H-bonds have been
strengthened more or less upon capturing an electron although
the interaction modes are still kept, which can be reected from
the shorter H-bond distances relative to those of the neutral
cases. This point can be understood since the negative charges
on the proton acceptor increase upon capturing an electron as
mentioned below.
RSC Adv., 2017, 7, 12775–12782 | 12777
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Table 1 The topological parameters at the BCPs for o-TCBQ and its
hydrated complexes before and after capturing an electrona

Species BCP rbcp V2rbcp Vbcp Gbcp Hbcp

o-TCBQ C1–C2 0.2380 �0.5270 �0.2357 0.0520 �0.1837
0.2549 �0.5953 �0.2114 0.0626 �0.1488

C2–C3 0.2687 �0.6628 �0.3047 0.0695 �0.2352
0.2786 �0.6975 �0.2568 0.0824 �0.1744

C3–C4 0.3292 �0.9306 �0.4846 0.1260 �0.3586
0.3123 �0.8434 �0.3228 0.1119 �0.2109

C4–C5 0.2629 �0.6335 �0.2922 0.0669 �0.2253
0.2878 �0.7342 �0.2725 0.0890 �0.1836

C1–O7 0.4153 0.0152 �1.4081 0.7060 �0.7022
0.3860 �0.2339 �0.6326 0.5741 �0.0585

C3–Cl9 0.2062 �0.2996 �0.2189 0.0720 �0.1469
0.1914 �0.2582 �0.1305 0.0659 �0.0646

C4–Cl10 0.2059 �0.3001 �0.2174 0.0712 �0.1462
0.1907 �0.2577 �0.1292 0.0648 �0.0644

o-TCBQ1w1 C1–C2 0.2386 �0.5302 �0.2363 0.0519 �0.1844
0.2585 �0.6127 �0.2811 0.0640 �0.2172

C2–C3 0.2713 �0.6764 �0.3099 0.0704 �0.2395
0.2809 �0.7101 �0.3426 0.0826 �0.2601

C3–C4 0.3287 �0.9284 �0.4824 0.1252 �0.3573
0.3134 �0.8501 �0.4373 0.1124 �0.3249

C4–C5 0.2628 �0.6329 �0.2917 0.0667 �0.2250
0.2874 �0.7335 �0.3598 0.0882 �0.2716

C1–O7 0.4128 0.0116 �1.3944 0.6987 �0.6958
0.3804 �0.2408 �1.1769 0.5583 �0.6186

C2–O8 0.4119 0.0096 �1.3890 0.6957 �0.6933
0.3804 �0.2409 �1.1768 0.5583 �0.6185

C3–Cl9 0.2069 �0.3010 �0.2198 0.0723 �0.1475
0.1933 �0.2645 �0.1991 0.0665 �0.1326

C4–Cl10 0.2072 �0.3042 �0.2197 0.0718 �0.1479
0.1926 �0.2635 �0.1967 0.0654 �0.1313

C5–Cl11 0.2071 �0.3037 �0.2194 0.0718 �0.1477
0.1926 �0.2635 �0.1967 0.0654 �0.1313

O8–H14 0.0131 0.0476 �0.0084 0.0101 0.0018
0.0201 0.0726 �0.0143 0.0162 0.0019

O7–H15 0.0089 0.0310 �0.0058 0.0068 0.0010
0.0201 0.0725 �0.0143 0.0162 0.0019

o-TCBQ1w2 C1–C2 0.2385 �0.5295 �0.2360 0.0518 �0.1842
0.2577 �0.6090 �0.2794 0.0636 �0.2158

C2–C3 0.2693 �0.6663 �0.3057 0.0696 �0.2361
0.2784 �0.6978 �0.3376 0.0816 �0.2560

C3–C4 0.3293 �0.9309 �0.4844 0.1258 �0.3586
0.3137 �0.8509 �0.4384 0.1129 �0.3256

C4–C5 0.2629 �0.6335 �0.2920 0.0668 �0.2252
0.2876 �0.7339 �0.3604 0.0885 �0.2720

C1–C6 0.2717 �0.6777 �0.3108 0.0707 �0.2401
0.2826 �0.7171 �0.3471 0.0839 �0.2632

C5–C6 0.3283 �0.9267 �0.4814 0.1249 �0.3565
0.3123 �0.8444 �0.4341 0.1115 �0.3226

C1–O7 0.4103 0.0089 �1.3803 0.6913 �0.6891
0.3781 �0.2286 �1.1681 0.5554 �0.6126

C2–O8 0.4155 0.0166 �1.4097 0.7069 �0.7028
0.3863 �0.2315 �1.2087 0.5754 �0.6333

C3–Cl9 0.2067 �0.3012 �0.2198 0.0722 �0.1475
0.1930 �0.2635 �0.1987 0.0664 �0.1323

C4–Cl10 0.2065 �0.3017 �0.2183 0.0715 �0.1469
0.1919 �0.2612 �0.1957 0.0652 �0.1305

C5–Cl11 0.2073 �0.3047 �0.2199 0.0718 �0.1480
0.1925 �0.2632 �0.1967 0.0654 �0.1312

C6–Cl12 0.2073 �0.3013 �0.2205 0.0726 �0.1479
0.1929 �0.2628 �0.1985 0.0664 �0.1321

O7–H14 0.0165 0.0662 �0.0109 0.0137 0.0028
0.0264 0.1045 �0.0213 0.0237 0.0024

Table 1 (Contd. )

Species BCP rbcp V2rbcp Vbcp Gbcp Hbcp

o-TCBQ2w1 C1–C2 0.2384 �0.5295 �0.2357 0.0517 �0.1840
0.2586 �0.6137 �0.2811 0.0638 �0.2173

C2–C3 0.2699 �0.6692 �0.3070 0.0699 �0.2372
0.2781 �0.6969 �0.3363 0.0811 �0.2553

C3–Cl9 0.2063 �0.2999 �0.2190 0.0720 �0.1470
0.1939 �0.2666 �0.2001 0.0667 �0.1334

C3–C4 0.3292 �0.9305 �0.4841 0.1258 �0.3584
0.3143 �0.8543 �0.4400 0.1132 �0.3268

C4–C5 0.2631 �0.6343 �0.2925 0.0669 �0.2255
0.2876 �0.7344 �0.3602 0.0883 �0.2719

C1–C6 0.2724 �0.6809 �0.3119 0.0709 �0.2411
0.2842 �0.7250 �0.3510 0.0849 �0.2661

C5–C6 0.3278 �0.9248 �0.4801 0.1245 �0.3557
0.3119 �0.8433 �0.4328 0.1110 �0.3218

C1–O7 0.4078 0.0051 �1.3670 0.6842 �0.6829
0.3749 �0.2362 �1.1508 0.5459 �0.6049

C2–O8 0.4151 0.0141 �1.4070 0.7053 �0.7017
0.3869 �0.2277 �1.2124 0.5777 �0.6347

C4–Cl10 0.2065 �0.3019 �0.2184 0.0715 �0.1469
0.1925 �0.2628 �0.1964 0.0654 �0.1311

C5–Cl11 0.2072 �0.3044 �0.2198 0.0719 �0.1480
0.1936 �0.2668 �0.1984 0.0659 �0.1326

C6–Cl12 0.2093 �0.3025 �0.2230 0.0737 �0.1493
0.1921 �0.2603 �0.1972 0.0661 �0.1311

O7–H14 0.0190 0.0770 �0.0132 0.0162 0.0030
0.0356 0.1281 �0.0317 0.0318 0.0002

O13–H18 0.0275 0.1023 �0.0215 0.0236 0.0020
0.0303 0.1048 �0.0241 0.0251 0.0011

a The data in italics refer to the results of the corresponding anionic
state.

12778 | RSC Adv., 2017, 7, 12775–12782
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3.2 Electron redistribution and spin density analyses

To further conrm the residence of the additional electron, the
highest occupied molecular orbitals (HOMOs) of the anionic
o-TCBQ and its hydrated complexes have been constructed to
compare with the LUMOs of the neutral o-TCBQ. As displayed in
Fig. 3, both the HOMOs and LUMOs are similar to each other.
Therefore, similar to p-TCBQ,20 the additional electron should
enter the HOMO of o-TCBQ, resulting in the corresponding
structural changes mentioned above.

To gain the information for the electron density redistribu-
tion upon capturing an electron, electron density difference
maps have been constructed on the basis of the geometry of o-
TCBQ before and aer capturing an electron vertically. As dis-
played in Fig. 6, the loss of the electron density is mainly
observed in the regions along the C]C double bonds (e.g., C3]
C4 and C5]C6 bonds) as well as the peripheral regions of the C
and O atoms. This point is consistent with the elongation of the
double bonds upon capturing an electron. However, the gained
electron density is mainly distributed on the regions along the
C–C single bond and the carbonyl O atom and four Cl atoms. As
a result, on the basis of the NBO analyses, it was found that all
the atoms have gained several electrons ranging from 0.10 to 0.15
except for those C atoms associated with the C]C double bonds.

As for the hydrated o-TCBQ, as displayed in Fig. 6, the elec-
tron density distribution is similar to that of the isolated
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The LUMOs/HOMOs for the neutral/anionic o-TCBQ and its hydrated forms. The isodensity contours are 0.02 electron per bohr3.

Table 2 The calculated deformation energies for o-TCBQ in the
selected speciesa

3 o-TCBQ o-TCBQ1w1 o-TCBQ1w2 o-TCBQ2w1

1.00 0.00/5.46 0.09/5.84 0.10/5.63 0.15/5.81
78.36 0.34/7.29 0.34/7.50 0.39/7.57 0.35/7.56

a All the units are in kcal mol�1. The data before and aer the slash refer
to the results of the neutral and anionic states, respectively. The data for
3 ¼ 1.00 refer to the results in the gas phase.

Fig. 4 The dependence of the deformation energy of o-TCBQ before
and after capturing an electron on the 3 of the solvents.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
5/

20
24

 1
:4

9:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
o-TCBQ, suggesting slight effects of adjacent water molecules
on the electron density distribution upon accepting an electron.
On the other hand, the effect of the water molecule can be also
reected from the electron density distribution of o-TCBQ upon
monohydration. As shown in Fig. 6, the loss and gain of the
electron density are concentrated on the positions of the H
atom of the H-bond donors and the O atom of the H-bond
acceptors, respectively. This point is consistent with the
formed intermolecular H-bonds between water molecules and
o-TCBQ mentioned above.

To conrm the distribution of the additional electron, we
have performed the spin density analyses for the anionic
o-TCBQ and its hydrated complexes on their optimized struc-
tures. As displayed in Fig. 7, nearly half of the introduced
electrons are localized on the six-membered ring except for the
regions containing C3–C4 and C5–C6 bonds. For the other half
of the unpaired electrons, they have been observed on the two
carbonyl O atoms. Similarly, the same is also true for the
hydrated o-TCBQ, implying that the adjacent water molecules
have no effects on the distributions of the unpaired electron.

3.3 Electron affinity

As mentioned above, from the molecular dynamics results in
Fig. 2, the time scale is about 6 fs in the whole process of the
electron capturing, accompanying with the corresponding
structural relaxation. The energy decreases from point a to
b suggest that the electron capturing process is favorable
This journal is © The Royal Society of Chemistry 2017
thermodynamically. Actually, the corresponding Gibbs free
energy change is �72.2 kcal mol�1 in the electron-accepting
process.

Table 3 gives the calculated vertical and adiabatic EAs of
o-TCBQ in the gas phase and in different solvents. In the gas
phase, the calculated VEA and AEA are 2.85 and 3.12 eV. Here,
the large difference between VEA and AEA (about 0.27 eV) is
consistent with the structural relaxation mentioned above.
Obviously, the positive value of EA suggests that anionic o-TCBQ
is more stable than the neutral state. In bulk solution, as dis-
played in Fig. 8, all the EAs have been increased by about 0.50–
1.65 eV with the increasing of dielectric constant, suggesting
that the EA of o-TCBQ is solvent-sensitive. Similarly, the same
phenomenon has also observed for p-TCBQ.20 Thus, the bulk
solvents can efficiently enhance the electron-accepting ability of
o-TCBQ signicantly.

As for the hydrated o-TCBQ, as shown in Table 4, the
calculated VEA and AEA are all positive and larger than those of
RSC Adv., 2017, 7, 12775–12782 | 12779
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Fig. 5 Themolecular graphs of the neutral and hydrated o-TCBQbefore and after capturing an electron, where the BCP and RCP are denoted as
small red and yellow dots, respectively.

Fig. 6 Electron density difference maps for o-TCBQ and its mono-
hydrated form upon capturing an electron (left and right) and the
neutral o-TCBQ upon monohydration (middle). The blue and violet
regions represent the depleted and increased electron density,
respectively. The isodensity contours are 0.004 electron per bohr3.

Fig. 7 The spin density maps for o-TCBQ and its hydrated complexes
after accepting an electron. The isodensity contours are 0.004 elec-
tron per bohr3.

Table 3 The calculated AEA, VEA, and VDE of o-TCBQ in different bulk
solventsa

3 AEA VEA VDE

1.00 3.12(3.07) 2.85(2.75) 3.32(3.31)
1.43 3.63 3.35 3.82
1.52 3.70 3.42 3.89
1.91 3.92 3.65 4.12
4.71 4.45 4.17 4.65
10.13 4.63 4.35 4.85
24.85 4.73 4.44 4.95
36.56 4.75 4.46 4.97
78.36 4.77 4.48 4.99

a All the units are in eV. The data in parentheses refer to the results of
the p-TCBQ.20
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the results in the gas phase. Therefore, the adjacent water
molecules around o-TCBQ are favorable to the capture of an
electron although the presence of water molecules has a slight
12780 | RSC Adv., 2017, 7, 12775–12782
effect on the geometry of o-TCBQ as mentioned above. More-
over, as shown in Table 4, all the EAs are further signicantly
increased with the increasing of the 3 in bulk solvents. For
example, the calculated VEA (3.22 eV) and AEA (3.53 eV) for
o-TCBQ1w1 have been increased to 4.54 and 4.84 eV in aqueous
solution, respectively. Additionally, note that the interaction
modes of water molecules in the hydrated o-TCBQ have a large
effect on the EA in the gas phase. However, this phenomenon
disappears in aqueous solution. For example, the EA of
TCBQ1w1 is larger by about 0.12 eV than that of TCBQ1w2 in the
gas phase. In aqueous solution, the EAs of them are equal to
each other.

Compared with the p-TCBQ, o-TCBQ has a larger EA value,
implying its strong electron-accepting ability. Moreover, the
halogen-substitution effects on the EA have been investigated.
As a general rule, as shown in Table 4, the EA increases in the
order of F-, Cl-, and Br-substituted case.

As also shown in Tables 3 and 4, on the basis of the anionic
o-TCBQ, all the calculated VDEs are positive in the gas phase
and in solution. Moreover, as displayed in Fig. 8, all of them
increase with the increasing of the 3 of bulk solvents, which is
This journal is © The Royal Society of Chemistry 2017
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Table 4 The calculated AEA, VEA, and VDE of the halogen-substituted
and hydrated o-TCBQ complexesa

Complexes AEA VEA VDE

TCBQ1w1 3.53(4.84) 3.22(4.54) 3.86(5.07)
TCBQ1w2 3.41(4.84) 3.09(4.53) 3.73(5.07)
TCBQ2w1 3.53(4.84) 3.04(4.54) 3.91(5.08)
F-TCBQ 3.05 2.67 3.32
Cl-TCBQ 3.12 2.85 3.32
Br-TCBQ 3.15 2.90 3.32

a All the units are in eV. The data in parentheses refer to the results in
aqueous solution employing PCM model.

Fig. 8 The calculated AEA, VEA, and VDE as a function of the 3 of the
solvents.
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also true for the p-TCBQ.20 Similarly, the explicit water mole-
cules also make the VDE signicantly increase. Therefore, the
anionic state of o-TCBQ should be stable with respect to the
detachment of an electron.

In summary, similar to p-TCBQ, o-TCBQ should behave as
a good electron acceptor in the charge-transfer reactions in
different environmental media.
4. Conclusions

In this study, the one-electron reduction behavior of o-TCBQ
has been systematically investigated theoretically. The main
conclusions are summarized as follows.

(1) Large geometrical changes occur for the o-TCBQ if an
additional electron has been introduced. Meanwhile, the C2v

symmetry of neutral and anionic o-TCBQ in the gas phase has
been changed to be C2 symmetry in solution. Moreover, the
intermolecular H-bonds between o-TCBQ and water molecules
have been strengthened upon accepting an electron.

(2) The electron-accepting ability of o-TCBQ can be enhanced
by the adjacent explicit water molecules although they have
slight effects on the geometry of o-TCBQ.

(3) Similar to p-TCBQ, the EA and VDE of o-TCBQ are positive
in the gas phase and in bulk solution, which increase with the
This journal is © The Royal Society of Chemistry 2017
increasing of the dielectric constant of the bulk solvent.
Therefore, o-TCBQ is a good electron acceptor in different
media.
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