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Polychlorobenzenes serve as important solvents and 
precursors in chemical manufacturing for industrial 
applications and agricultural production. The wide use and 
relatively high inertness of polychlorobenzenes as aromatic 
systems have led to their progressing accumulation in natural 
environment and pollution of air, soil, plants, groundwaters 
and coastal sediments.1–6 Aside from their own hazard, 
polychlorobenzenes, being inevitably exposed to sunlight 
irradiation, can undergo a slow degradation in biosubstrates, 
under both aerobic and anaerobic conditions, into other 
compounds unwelcomed by biosphere. In this sense, 
1,2,4-trichlorobenzene is the most remarkable representative 
of the polychlorobenzene family. The half-life of this chloroorganic 
contaminant produced annually in amount of several thousand 
tons varies between 128 and 1284 h (5–53 days) under 
photooxidation in air.7 It is one of the 188 chemicals 
recognized as the hazardous air pollutants under the US Clean 
Air Act8 and it is blacklisted by the US National Primary 
Drinking Water Regulations.9 Accumulation of 
polychlorobenzenes as well as their decay products in living 
organisms can provoke misregulation of homeostasis, 
depression of immune system and carcinogenesis.10–12

The destiny of different chloroaromatic compounds in natural 
environment is governed in many aspects by the strength of  
covalent C–Cl bond, since the main paths of their destruction via 
photodecomposition and oxidation involve formation of aryl 
radicals and chlorine atoms as intermediates.13,14  
A controllable transformation of wasted polychlorobenzenes and 
related polychlorobiphenyls into usable or  environmentally safe 
compounds is also proposed to involve dissociation of the C–Cl 
bond on the basis of chemically, thermochemically, 
electrochemically or radiolytically stimulated reactions.15–21 
While the exact scenario of the C–Cl cleavage within 

polychlorobenzenes can be essentially different or yet debatable 
for a particular process (radicalization, ionization, preliminary 
fission of HCl, substitution, etc.), the energy of C–Cl bond 
dissociation remains the fundamentally important parameter for 
analyses of both molecular stability and ascertainment of the 
degradation paths of polychlorobenzenes. Therefore, a great 
effort has been undertaken for accurate theoretical description of 
bond dissociation energies within polychlorobenzenes or their 
derivatives to complement scarce experimental data.22–25

Despite the modern progress in computational facilities, the 
high-level ab initio calculations of polychlorobenzenes as for many 
other organic molecules rely on information about the state of an 
individual molecule (i.e. an extremely rarefied gas phase at 0 K). 
Though, a more practical interest evolves regarding the states of 
molecules closely resembling their genuine surrounding in  
a solution or on a surface. In the present work, we employ a tight-
binding approach of the density functional theory method for 
molecular dynamics simulations of mono-, di- and trichlorobenzenes 
(MCB, DCB and TCB, respectively) in different media.† After 

The state of molecules of mono-, di-, and trichlorobenzenes 
in the gas phase and methanol solution is explored using 
quantum chemical molecular dynamics simulations. It is 
proved that saturation of chloroaryl radicals in methanol is 
realized using a hydrogen atom from the methyl group of 
solvents rather than from the hydroxyl group in most cases. 
No evident correlation was established between the lifetimes 
and other properties of radicals or their parent molecules, 
pointing to the importance of a solvate shell as a factor 
controlling the migration and diffusion of H atoms during 
the saturation of chloroaryl radicals.

†	 Computational aspects.
All the molecular dynamics (MD) simulations were carried out using the 
self-consistent charge density functional tight-binding (SCC–DFTB) 
method26,27 in conjunction with universal force field (UFF) method28  
for a correct description of intermolecular dispersion interactions as 
implemented in deMon 1.1 program.29,30 The 3OB parametrization 
set31,32 of Slater–Koster parameters developed for covalently bound 
biological and organic systems was employed throughout all the 
simulations. The family of chloroaromatic species was represented by 
monochlorobenzene (MCB), 1,2-, 1,3- and 1,4-dichlorobenzenes 
(DCBs), and 1,2,3-, 1,2,4- and 1,3,5-trichlorobenzenes (TCBs).
	 At the first stage, the C–Cl bond dissociation energies in the gas phase 
and in the methanol solution were determined using SCC–DFTB/UFF 
method. The methanol solution was simulated as a periodic cubic supercell, 
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validation of the chosen scheme by comparison with available 
theoretical and experimental data on C–Cl bond dissociation 
energies in the gas phase, the C–Cl bond dissociation and the 
lifetimes of the forming aryl radicals are investigated for 
molecules dissolved in methanol as an universal solvent. The 
proposed calculational scheme can become a useful tool in 
behavioral study of other chloroaromatic molecules embedded 
in a medium.

Typical profiles of the total energy curves of both singlet 
and triplet states of polychlorobenzene molecules in the gas 
phase are displayed in Figure 1 for MCB as an example. The 
singlet state of MCB is the ground state with a deep single 
energy minimum at an equilibrium C–Cl distance of ~1.75 Å. 
All conformers of singlet MCB during MD simulation preserve 
its planar configuration with the Cl atom placed in the plane of 
the benzene ring. In contrast, the total energy curve for MCB in 
the triplet state does not possess a well-defined minimum and 
is plateau-like in shape in a wide range of C–Cl distance values. 
Conformations of triplet MCB demonstrate a notable distortion 
of the benzene ring with the C–Cl fragment pointing out-of-
plane of the former benzene ring (see insets in Figure 1).

The obtained total energy functions allow estimation of the  
C–Cl bond dissociation energy (BDE) required for the formation 
of a (chloro)phenyl radical. The BDE was calculated as the 
difference between the energy of the triplet state with a C–Cl 
distance of 3 Å and the energy of the singlet state with an 
equilibrium C–Cl distance. The BDE values found for all the 
explored chloroarenes fall in the range of 83.5–93.3 kcal mol–1 
and are listed in Table 1 alongside with the available experimental, 
thermochemically derived or quantum-chemical data. 

Noticeably, the predictive power of molecular dynamics 
using SCC–DFTB method does not concede that of the more 
sophisticated quantum-chemical methods. Yet it does not employ 
any approximation of the temperature factor and accounts for 
energies averaged statistically over an ensemble of thermally 

spanning on 30 Å in all three directions and containing 402 methanol 
molecules (2412 atoms) and a single chloroarene molecule (12 atoms). The 
volume of the supercell was chosen as the sum of experimentally tabulated 
molecular volumes of individual components. All intra- and intermolecular 
interactions within the solvent were treated using UFF method. UFF was 
employed as well for description of intermolecular interactions between 
chloroarene and solvent molecules, hence, realizing QM/MM coupling. 
The atom charge formula of methanol corresponded to 
C−0.292H+0.189

3O−0.657H+0.382. Dissociation of the C–Cl bond was reproduced 
as a set of consecutive MD simulations at a fixed bond length, varying from 
1.4 to 3.0 Å with a step of 0.05 Å. Every but the first MD simulation was 
performed as for the NVT ensemble during 1 ps with a time step of 0.5 fs 
and using the global Berendsen thermostat33 with the time constant 100 fs 
at temperature T = 300 K. The first (initial) MD simulation included 
preliminary thermalisation during 5 ps under the same MD conditions. The 
total energy curves for singlet and triplet states of a chloroarene molecule 

were plotted after statistical averaging of the total energies of all supercell 
conformers appearing on the equilibrium MD trajectory.
 At the second stage, the lifetime of a chlorarene radical in the methanol 
solution was estimated. Here, the full quantum-chemical SCC–DFTB 
description of solution was employed. The model was represented as  
a periodic cubic supercell with the lattice parameter 11.16 Å, containing 
18 methanol molecules together with a chlorarene species, i.e. radical or 
molecule (119 or 120 atoms in total). Preliminary, every model solution 
of molecular chlorarene in the singlet state was thermalised as the NVT 
ensemble during 10 ps with a time step of 0.5 fs and using the global 
Berendsen thermostat with the time constant 100 fs at T = 300 K. 
Afterwards, a single Cl atom was deleted, forming a desired radical in  
a doublet state. Then, the solution was annealed under the same MD 
conditions with the smaller time step 0.1 fs until capture of a hydrogen 
atom from the methanol medium. Dynamic stability of the new C–H 
bond was confirmed by further MD simulation continued for 0.2 ps.

Figure 1 Total energy curves for the supercells containing a single molecule of 
MCB (a) in the gas phase and (b) in the methanol solution. The data for singlet 
and triplet states are plotted using black and red dots, respectively. The insets 
depict a typical conformation of molecule at the corresponding equilibrium  
C–Cl distance. For clarity, methanol molecules are not rendered. SCC–DFTB/
UFF MD simulations were performed as for the NVT ensemble at T = 300 K.

Table 1 The C–Cl bond dissociation energy (BDE) for individual molecules of mono-, di- and trichlorobenzenes obtained in the present MD SCC–DFTB 
simulation at T = 300 K compared with the available experimental or thermochemical data and with the data obtained by the former high-level DFT and 
CCSD calculations extrapolated to T = 298 K. 

Molecule Bond

BDE/kcal mol−1

Exp.34 SCC–DFTB
(MD 300 K) (this work)

CCSD(T,Full)
(298 K)22

DFT B3P86
(298 K)23

DFT B3LYP
(298 K)24

DFT BLYP
(0 K)25

MCB C–Cl(1) 95.1a 93.27 97.33 94.13 89.46 88.18

1,2-DCB C–Cl(1) 92.2 88.99 97.45 92.71 87.57 86.06

1,3-DCB C–Cl(1) 89.9 92.36 97.14 93.39 88.65 87.30

1,4-DCB C–Cl(1) 93.7 87.21 97.76 94.16 89.40 88.24

1,3,5-TCB C–Cl(1) 94.5 92.25 96.95 92.72 87.92 86.50

1,2,3-TCB
C–Cl(1) - 86.19 96.95 - 86.36 84.75

C–Cl(2) - 87.35 97.69 - 85.84 84.16

1,2,4-TCB

C–Cl(1) - 84.08 97.97 - 87.70 86.33

C–Cl(2) - 83.50 97.40 - 87.03 85.50

C–Cl(4) - 83.55 97.54 - 88.74 87.51
a 94.5 (thermochem.)35, 94 (thermochem.).36
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excited conformations. Both experimental and calculated data do 
not permit to conclude on a clear pattern of the BDE as a function 
of the type of polychlorobenzene. In general, the heavier 
chlorination of the benzene ring, the lower the BDE for the first 
homolytic dissociation. In contrast to other DFT studies, our data 
hint that homolytic C–Cl dissociation of meta-substituted 
1,3-dichloro- and 1,3,5-trichlorobenzene may require a slightly 
larger energy, comparable to that for MCB. Probably, initiation 
of their dissociation would require more harsh conditions, than 
in the case of ortho- and para-substituted chlorobenzenes.

Successful operation of the chosen calculational scheme in 
sufficiently accurate quantitative description of homolytic C–Cl 
cleavage in the gas phase enables its extension on dissolved 
chlorobenzenes.† Methanol was chosen as a model solvent, since 
it contains both hydrophobic and hydrophilic groups reproducing 
a natural environment like humus or biological medium. In 
addition, methanol is considered as a perspective medium and 
sacrificing agent for catalytic photodestruction of chloroarenes 
under UV irradiation.37,38

The total energy curves for the exemplary case of the MCB 
molecule in singlet and triplet states in methanol are plotted in 
Figure 1. The general profiles of the curves resemble those for 
molecules in the gas phase, yet a noise and new local minima 
become apparent due to both thermally induced reorganization 
of the methanol structure and interactions of the solute with 
labile solvent molecules. Therefore, the curves were 
approximated using 6-order polynomials for further analysis. 
According to calculations of solvation energies, solvation of all 
polychlorobenzenes in methanol is exothermic and gets stronger 
with the number of chlorine atoms and their mutual remoteness, 
i.e. with the molecular surface area available for interaction with 
solvent (Table 2).

In the case of the triplet state of a (poly)chlorobenzene 
molecule, the amplitude of energy noise exceeds the shallow 
minima of energy, if exist. The rise of  new local minima on the 
energy curve for the singlet (ground) state may be related to the 
cage effect of the solvent and to existence of one or several stable 
configurations of solvates. Interaction of the MCB molecule 
with a methanol medium causes an elongation of the C–Cl bond 
by ~0.1 Å and an increase in BDE by ~0.8 kcal mol−1, compared 
to those in an isolated MCB molecule. Similar profiles of the 
total energy curves can be observed for other polychlorobenzenes. 
For majority of compounds the BDE values become higher by 
0.6–12.5 kcal mol−1 due to solvation; hence, the solvate shell 
obstructs C–Cl dissociation and migration of the Cl atom into 
solution (Table 2). The only meta-substituted 1,3-dichloro-  
and 1,3,5-trichlorobenzenes demonstrate the opposite trend, 

possessing the BDEs lower by 9.6 and 1.9 kcal mol−1, 
respectively.

MD simulations of polychlorobenzenes in the triplet state 
did not unveil their spontaneous dissociation in the methanol 
solution during 0.1 ns, which can be accepted as the lower 
bound for their lifetime. Employment of MD simulations also 
permits a direct estimation of lifetime of forming a chloroaryl 
radical as the time period required for the aryl radical to capture 
an atom from solvent and, consequently, to saturate. This 
scheme does not require any preliminary assumption on the 
molecular structure and vibrational modes of the transition state 
as well as accounts the influence of solvent as a statistical 
ensemble of particles at a given temperature. Saturation of 
chloroaryl radicals in methanol is possible via two paths of H 
atom capture: from either methyl or hydroxyl groups, forming 
hydroxymethyl ∙CH2OH or methoxy radical ∙OCH3, respectively. 
All available conjectures on the reaction products give 
preference to the formation of ∙CH2OH and they are based 
mostly on the lower formation energy of ∙CH2OH compared to 
that of ∙OCH3 in the gas phase.38

The lifetime of a (chloro)aryl radical can be traced quantitatively 
using MD trajectory by analysis of the least distance between the 
unsaturated carbon atom and hydrogen atoms either in methyl or 
in hydroxyl groups of methanol molecules. A typical time 
evolution of these least C–H interatomic distances is displayed 
for the case of the 3,5-Cl2C6H3∙(1) radical (i.e. 1,3,5-TCB with 
the Cl atom eliminated from position 1) (Figure 2). Initially, H 
atoms are located at minimal distances about ~2.5–3 Å from the 
unsaturated C atom, which corresponds to the van der Waals 
distances. With the launch of MD simulation, these distances 
oscillate over time between 1.7 and 4 Å, reflecting approach and 
divergence of different methanol molecules to the unsaturated C 
atom as well as molecular internal rotation of methyl and 
hydroxyl groups since these processes are also characterized by 
a change in the distances to the unsaturated C atom. This 
competition between the H atoms of methyl and hydroxyl groups 
is observed until the time of ~710 fs. Afterwards, a sharp drop in 
the least interatomic distance between some H-atom of methyl 
groups and the unsaturated C atom proceeds, evidencing capture 
and formation of the apparently covalent C–C bond with the 
length of ~1.1 Å. Simultaneously, an increase in the least 
interatomic distance between the carbon atom under 
consideration and the H atoms of hydroxyl groups is observed, 
which corresponds to the values characteristic of the van der 
Waals distance between the carbon atom within the new C–H 
group of the benzene ring and the hydroxyl H atom. Such a 
process was found for almost all the investigated radicals, except 
for two of them. In most cases, the reaction path includes the 

Figure  2  Least distance between the unsaturated C atom in the 
3,5-Cl2C6H3∙(1) radical (1,3,5-TCB with Cl atom eliminated from position 1) 
and the H atoms in (1) methyl and (2) hydroxyl groups in methanol. The insets 
from top to bottom show the structures at notable times corresponding to the 
existence of the initial radical in the methanol solution, to the rise of the C–H–C 
transition complex between a radical and a methanol molecule and to the 
appearance of final products: 1,3-DCB molecule and hydroxymethyl radical. 
For clarity, unreacting methanol molecules are not depicted. SCC–DFTB MD 
simulations were performed as for the NVT ensemble at T = 300 K.

Table  2  The C–Cl bond dissociation (BDE) and solvation (ΔHsolv) energies 
for molecules of mono-, di- and trichlorobenzenes in methanol at T = 300 K. 
The confidence interval does not exceed ±3 kcal mol−1. SCC–DFTB/UFF 
MD simulations were performed as for the NVT ensemble.

Molecule Bond BDE/kcal mol−1 ΔHsolv/kcal mol−1

MCB C–Cl(1) 94.1 −18.9

1,2-DCB C–Cl(1) 93.5 −19.6

1,3-DCB C–Cl(1) 82.8 −20.5

1,4-DCB C–Cl(1) 91.6 −24.7

1,3,5-TCB C–Cl(1) 90.4 −21.7
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C–H–C transition state observed usually in the period of ~10–40 fs 
[maximum is 170 fs for 2,3-Cl2C6H3∙(1) radical], and it ends by 
the formation of a saturated aromatic ring and a hydroxymethyl 
radical ∙CH2OH. The exceptions were found for the 3-ClC6H4∙(1) 
radical (i.e. 1,3-DCB with the Cl atom eliminated from position 1) 
and 1,2-Cl2C6H3∙(4) (i.e. 1,2,4-TCB with Cl atom eliminated 
from position 4). The 2,3-Cl2C6H3∙(1) radical gets saturated 
using the H atom of a hydroxyl group, giving rise to the methoxy 
radical ∙OCH3, i.e. the reaction path includes the C–H–O 
transition state. In the case of the the 1,2-Cl2C6H3∙(4) radical, 
neither transition state nor final reaction stage have been 
observed during 5000 fs. Likely, this behavior is related to the 
stable solvate shell – an extended network of methanol molecules 
bound via hydrogen bonds, forming around the radical.

The lifetimes of all the explored polychlorophenyl radicals in 
the methanol solution rarely exceed 500 fs (Table 3). Their 
mutual comparison as well as search for a correlation with BDE 
values of the corresponding C–Cl bonds or with the solvation 
energies of parent molecules do not unveil a consistent pattern. 
Keeping in mind the dynamic nature of the environment and the 
observation of the long-lived 1,2-Cl2C6H3∙(4) radical, the main 
regulation of the lifetime of polychlorophenyl radicals should be 
more likely related to structure and rigidity of the solvate shell 
rather than to the characteristics of intra- and intermolecular 
interactions involving chlorinated aromatic molecules.

Thus, the molecular and radicalized lower polychlorobenzenes 
have been investigated both in the gas phase and in the methanol 
solution using quantum chemical molecular dynamics 
simulations at room temperature. The solvent was modeled 
either at the hybrid SCC–DFTB/UFF level or using the fully 
quantum-chemical SCC–DFTB description. Simulations of 
polychlorobenzenes in the gas phase yield the results that are 
comparable to the available experiments and to the data from the 
more sophisticated DFT schemes, while the simulations directly 
in an environment like methanol are performed for the first time.

The results on C–Cl bond dissociation energies and on radical 
saturation observed for polychlorobenzenes in methanol suggest 
that the mechanisms governing the stability of molecules and 
radicals in natural environment should not be proposed solely on 
the basis of the data obtained for the gas phase and should account 
for a different construction of the solvate shell around different 
(even isomeric) polychlorobenzenes. Typically, the C–Cl bond 
dissociation consumes a higher energy in methanol, than in the gas 
phase, yet in a different degree depending on the number of Cl 
atoms and their mutual remoteness within the molecule. The direct 
life simulation of polychlorophenyl radicals in methanol unveils 
that possible deviations from well-accepted mechanisms of their 
saturation can be more spread. Namely, the reaction of the 
3-ClC6H4∙(1) radical with a methanol medium has yielded a less 
stable methoxy radical ∙OCH3 instead of the expected 
hydroxymethyl radical ∙CH2OH. An anomalously long lifetime of 
the 1,2-Cl2C6H3∙(4) radical has been registered, which does 

correlate with the so far inexplicable half-life of hazardous 
1,2,4-trichlorobenzene in natural environment being the longest 
one among other chlorobenzenes. The absence of a precise 
correlation between the lifetimes and the thermodynamic 
properties of polychlorophenyl radicals additionally underlines 
that involvement of the solvate shell should not be ruled out in 
determination of environmental distribution of chloroaryl radicals.

The work of T.I.G. was performed within the state 
assignment AAAA-A19-119012290113-8. The work of N.S.K. 
and A.N.E. was performed within the state assignment 
AAAA-A19-119031890025-9.
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