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a b s t r a c t

Aquathermolysis is often proposed as a method to reduce the viscosity of heavy oils. In the present work
we have investigated the aquathermolysis reaction of cyclohexyl phenyl sulfide in water medium by
means of density functional theory. The water molecule was considered as a reagent and as a catalyst.
We have shown that ab initio quantum chemistry methods could be applicable for comparative analysis
of chemical reaction pathways in aquathermolysis processes. The obtained results could be useful for the
systems like tert-alkyl (secondary-alkyl) thiophenyl ethers, which could be formed in heavy oils at harsh
conditions. The scheme of different reaction directions with corresponding calculated values of reaction
barriers, which are correlated with experimental data, is presented and could be used for comparison
with other reaction mechanisms.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The heavy oil production keeps increasing globally due to short-
fall of conventional light crude oil. The heavy oil consists of high
molecular mass compounds, including asphaltenes and resins,
which are the main cause of high viscosity. Extremely high viscos-
ity and an abundant amount of heteroatoms (S, O and N) in the
structure of heavy oil molecules present major challenges for
exploration, transportation and processing of heavy oil. Thus, in
order to facilitate production, it is necessary to improve the rheo-
logical properties of heavy oil. This can be achieved either by
increasing the temperature or by using special chemical transfor-
mations during heavy oil processing. One of the proposed methods
to reduce the viscosity is aquathermolysis [1–3]. Aquathermolysis
is a thermal cracking of large hydrocarbon molecules in the pres-
ence of water and in the absence of oxygen. The typical tempera-
tures for aquathermolysis range from about 200 �C up to water
critical point conditions (374 �C at 218 atm) [4]. The ability of
water to carry out condensation, cleavage, and hydrolysis reactions
can be explained by favorable changes in its chemical and physical
properties, which at higher temperatures becomemore compatible
with reactions of organic compounds. For example, the dissocia-
tion constant (KW) of water as it approaches the critical point, is
about 10�11:30, which is about 3 orders of magnitude higher than
the value at normal conditions (10�13:99) [5], which makes the sol-
vent properties of water at 250–350 �C comparable to properties of
polar organic solvents at room temperature. Under those condi-
tions water can act as either acidic or basic catalyst, and its reactiv-
ity can often be reinforced by autocatalysis from water-soluble
reaction products [6]. Note, however, that once the critical point
is passed the value of KW decreases again dramatically [6].

Over the past decade, significant aquathermolysis processes
researches have been focused on the development of the detailed
reaction schemes and associated kinetic parameters (see [4] and
references therein). However, most of the literature provides only
qualitative insights into the chemical interactions of bitumen with
steam condensate (or pure steam) while detailed studies of
aquathermolysis reactions mechanisms at the molecular level are
still relatively rare [7–9]. In Ref. [7] new mechanism for the cat-
alyzed thermal decomposition of formic acid was proposed and
analyzed by using B3LYP approach. It was established that decom-
position barrier of HCOOH is lowered by 30% in the presence of one
water molecule, by 50% in the presence of two water molecules
and by 60% in the presence of another HCOOH molecule. In Ref.
[8] the ab initio calculations of the standard enthalpies of forma-
tion, enthalpy of dissociation of the SH and gas-phase acidity for
a large number of small sulfur-containing molecules in the gas
phase at a temperature of 298.15 K were performed. In Ref. [9]
the thermodynamic parameters of conversion reactions of some
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heavy oil components under the action of steam and heat were cal-
culated using semiempirical PM6 method.

Our paper presents another systematic and in-depth study of
aquathermolysis related chemical reaction mechanisms by using
nonempirical quantum chemical methods. Out of a number of high
molecular weight compounds that heavy oil consists of (asphalte-
nes, resins and other heavy hydrocarbons) we singled out
cycloalkyl aryl sulfides as an object of our study for the following
reasons. In general, cycloalkyl aryl sulfides have been identified
as being responsible for forming abundant cross-link bridges
within macromolecular network of heavy oil hydrocarbons [10]
thus also being at least partially responsible for high heavy oil vis-
cosity. The key feature of cycloalkyl aryl sulfides is know to be C–S
heterobond. The cleavage of heterobonds in the presence of water
could thus be one an important heavy oil viscosity reductionmech-
anism in the process of aquathermolysis [1,3].

Detailed experimental studies of chemical reactions of some
compounds – cyclohexyl phenyl sulfide, in particular – with water,
acids and liquid hydrocarbons were performed in Refs. [10–12],
and a large number of reaction paths leading to a variety of prod-
ucts were identified.

To the best of authors’ knowledge, the work presented here is
the first quantum chemical investigation of the aquathermolysis
of cyclohexyl phenyl sulfide. Here we have studied the mecha-
nisms of initial steps of some cyclohexyl phenyl sulfide reactions:
cleavage, hydrolysis and proton-catalyzed cleavage. Comparisons
made between calculation results and available experimental data
provide useful initial reference for applicability of different calcu-
lation methods in further studies.
1 MedeA version 2.16. MedeA is a registered trademark of Materials Design, Inc.
Angel Fire, New Mexico, USA.
2. Theoretical methods

The results presented in this paper were obtained by using
GAUSSIAN 03 [13] and VASP [14–17] quantum chemistry com-
puter codes.

Calculations using the GAUSSIAN 03 [13] program were based
on density functional theory where PBE [18] and B3LYP [19,20]
functionals were used with TZVP [21–23] basis set. In addition to
these widely popular functionals, we also have used proposed in
[24] xB97X-D functional, which includes empirical atom–atom
dispersion corrections. ThexB97X-D is known to yield satisfactory
accuracy for thermochemistry, kinetics, and non-covalent interac-
tions. In the GAUSSIAN program, we have found and calculated the
energy and the structure of minima and transition states on the
potential energy surface (PES) by performing an optimization of
all geometrical parameters. Reliability of obtained transition states
was confirmed by the identifying a single imaginary mode and by
the calculations of the intrinsic reaction coordinate (IRC) [25].

In order to take into account the temperature effects, the Gibbs
free energy was considered,

G ¼ E0 þ Evib þ PV � TðStrans þ Srot þ SvibÞ; ð1Þ

where E0 is the electronic energy obtained from DFT calculations,
Evib is a zero point and vibrational energy, and Strans; Srot and Svib
are translational, rotational, and vibrational entropy contributions
respectively. All thermodynamic quantities in Eq. (1) were calcu-
lated according to standard formulas given in textbook [26].

In general, aquathermolys processes, including the catalytic
processes, take place in condensed phase and/or at the interface
between solid and liquid phases. On the other hand, there are com-
puter codes for studying the structures and properties of con-
densed matter, such as crystals, surfaces and other periodic
systems. In the present paper, calculations based on density func-
tional theory (DFT) methods within periodic boundary conditions
were performed using Vienna Ab-initio simulation package (VASP
5.3) [14–17] integrated into MedeA software package.1 The elec-
tron–ion interactions were described by using the projector-
augmented wave (PAW) method. The PAW method is a frozen-core
all-electron method that uses the exact shape of the valence elec-
trons wave functions instead of pseudo-wave functions [27]. The
H(1s), C(2s22p2), O(2s22p4) and S(3s23p4) electrons of valence shell
were treated explicitly, whereas remaining electrons of cores were
taken into account by using pseudopotentials. Exchange and
correlation effects were considered within the generalized gradient
approximation (GGA). Several different functionals have been
used in VASP calculations: PBE [18], PBE with semi-empirical
dispersion-correction DFT-D approach proposed by Grimme [28] in
order to account for dispersive Van der Waals interactions (below
referred to as PBE + D2), and BLYP functional [19,29]. Plane waves
(PW) were included up to a cutoff of 400 eV (further increasing of
cutoff energy up to 600 eV did not result in significant changes
of energy), and the Brillouin zone was sampled at its C-point.
Convergence accuracy value of 10�6 eV was used to calculate
electronic energies, and geometry relaxation was performed using
the conjugate gradient method until the forces on atoms were less
than 0.01 eV/Å. In the case of a charged system, an additional
neutralizing background charge is applied by VASP and dipole and
quadrupole corrections are taken into account. The simulation cell
size was set to 15 � 15 � 15 Å3, and it was verified that further cell
size increase leads to the energy changes of less than 0.25 kcal/mol.
The vibrational properties within VASP were calculated using the
MedeA-PHONON module, which implements a quasiharmonic
approximation where the forces are calculated from the
Hellmann–Feynman theorem [30] and six small frequencies associ-
ated with rotational and translational motion are eliminated.

The transition states (TS) of the reactions were determined
using the nudged elastic band method [31], which is based on an
explicit mapping of the reaction path. For each reaction a set of
several images was used. It should be noted that this method is
reliable only if there are no additional intermediate states between
reagent and products of chemical reaction. In addition, the image
closest to the transition state has been relaxed using a quasi-
Newton algorithm to obtain the transition state. The transition
states (TS) of the reactions were located by using the climbing
image nudged elastic band method (CI-NEB) and additionally ver-
ified by using frequency analysis to identify a single imaginary
mode associated with found TS.

Taking into account that the VASP program is widely used for
studying the structures and properties of condensed matter, such
as interaction of catalysts with surfaces, it was very interesting
to compare the results obtained by VASP and GAUSSIAN programs
for such quantities as free energy changes and reaction barriers. On
the one hand, we have used a wide range of functionals for the
exhaustive studying of chemical reactions, as is usual in quantum
chemical researches. On the other hand, PBE functional is realized
in both computer codes and it was used for direct comparison. In
presented below comparison results we will denote the calcula-
tions done in GAUSSIAN by TZVP (reflecting the choice of TZVP
basis for GAUSSIAN calculations). The calculations done in VASP
will be denoted by 400 (referring to 400 eV plane wave basis cutoff
energy).
3. Results and discussion

In order to study the reactions of cyclohexyl phenyl sulfide in
water medium we have considered several reaction mechanisms
as initial steps – homolytic cleavage, proton-catalyzed cleavage
,
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and hydrolysis. The first two reactions were considered by
Katritzky and co-authors as a possible reaction route of cyclohexyl
phenyl sulfide aquathermolysis process [12], whereas the last one
is studied for the first time in the present paper.

3.1. Verification of methods

In order to show the reliability of methods used, we have vali-
dated them by comparing the calculated dissociation energy of
molecules containing S–S, S–C and S–H bonds with known exper-
imental data [32]. The calculated values as well as experimental
data and their comparison are given in Table 1. As one can see,
the PBE level of theory gives the lowest average absolute error of
energy obtained by using GAUSSIAN (2.83%) as well as by VASP
programs (4.97%). So this functional will be used as a major one
for further calculations of reactions including the C–S bond cleav-
age. At the same time, the comparison with other methods in some
special cases also will be given.

3.2. Homolytic cleavage

The reactions of homolytic cleavage of C–S bond in cyclohexyl
phenyl sulfide are shown on the reaction schemes as the R1 and
R2. Both reactions are barrier-free. The Gibbs free energy changes
for these reactions in a dependence on the temperature are shown
in Fig. 1.

S
S• + • ðR1Þ

S
S• + • ðR2Þ

Reaction R1 has less value of Gibbs free energy change (about
50 kcal/mol) in comparison to reaction R2 (about 70 kcal/mol, see
Fig. 1). The products of the reaction R1 could attach hydrogen
and form thiophenol, which was experimentally detected in a sig-
nificant amount (about 11 at.%), whereas only traces of cyclohex-
anethiol (about 0.3 at.%) were obtained [11,12,33]. Gibbs free
energy changes for the reactions R1 and R2 are higher in compar-
ison with ones considered below (proton catalyzed cleavage R3
and hydrolysis R4, R5), and such reaction paths should not be the
major route in aquathermolysis processes at low temperatures.
As was shown in Ref. [11], at 250 �C cyclohexyl phenyl sulfide
underwent cleavage faster under aqueous conditions (ionic path-
way) than under thermal conditions (radical pathway). However,
with increasing the temperature such thermal cracking could
become a dominant process.

3.3. Reaction of proton catalyzed cleavage

S +H+

(a)

H+

S

(b)
SH + +

ðR3Þ
As was already mentioned, the dissociation constant of water as

it approaches the critical point conditions is up to three orders of
magnitudes higher, than for the normal conditions. Thus, the
amount of hydrogen ions H+ increases significantly and water
can act also as an acid-catalyst. The hydrogen ion H+ weakens
the C–S bond and allows to break it with less energy costs. The
hydrogen ion H+ in water medium usually form the aqueous cation
H3O+.
We have considered the interaction of one hydronium ion H3O+

with cyclohexyl phenyl sulfide (R3.a) and the subsequent cleavage
of S–cyclohexyl bond (R3.b). It can be seen that as the result of full
geometry optimization of reaction cluster consisted of hydronium
ion and cyclohexyl phenyl sulfide the H+ cation moves from hydro-
nium ion towards S ion, see Fig. 2. Thus, the energy of the cluster is
decreased with proceeding of the reaction R3.a. We are mostly
interested in the reaction of cleavage of cyclohexyl phenyl sulfide
R3.b, which is barrier-free reaction. The Gibbs free energy change
(DG) of R3.b reaction is about 30 kcal/mol and decreases with
increasing of temperature (see Fig. 3). The presence of hydrogen
ion H+ indeed decreases the activation energy of cleavage reaction
which was proposed in previous experimental works by Katritzky
et al. [33]. Acid-catalyzed (or proton catalyzed) reaction mecha-
nism seems to be a major route in process of cyclohexyl phenyl
sulfide aquathermolysis at the condition of sufficient hydrogen
ion H+ concentration.
3.4. Hydrolysis

Besides the reactions considered in previous works [11,33,12]
we have studied the hydrolysis of cyclohexyl phenyl sulfide along
two reaction paths (R4 and R5).
S
+ H2O SH + OH

ðR4Þ
S
+ H2O OH + SH

ðR5Þ
The transition states for both reactions (Fig. 4) were found.

Validity of transition states founded was confirmed by the pres-
ence of a single imaginary frequency and the calculations of Inter-
nal Reaction Coordinate (IRC) [25]. The results of IRC calculations
showed that downhill from the potential barrier top to one direc-
tion results to the geometrical structure of complex of cyclohexyl
phenyl sulfide with one water molecule (see Fig. 5), and in another
direction – to the structure of complex consisted of products for
reactions R4 and R5 (see Fig. 6).

The energy diagram for these reactions T ¼ 298 K and for
T ¼ 523 K is shown in Fig. 7. As one can see the high transition
state energy (about 70 kcal/mol) indicates that such reactions are
difficult to proceed. One can suppose, that presence of additional
water molecules could significantly decrease the reaction barrier,
as it already was shown in Ref. [7].

The dependencies on the temperature of Gibbs free energy
changes DG as well as reaction barriers DG– for reactions R4 and
R5 with respect to the pre-reaction complexes (Fig. 5) for different
functionals computed by using both codes (VASP and GAUSSIAN)
are shown in Fig. 8. As one can see, the difference between free
energy changes for given reactions calculated by different pro-
grams and several functionals is about 2 kcal/mol which is small
enough and comparable to the experimental error. The values of
the reaction barriers DG– calculated by different approaches
(Fig. 8b) show slightly larger scatter (about 10 kcal/mol), but
demonstrate the similar tendencies for the reactions R4 and R5.
Thus, comparative analysis shows that the results obtained by
VASP are comparable with the results obtained by quantum chem-
ical calculations on the good level of theory within GAUSSIAN
program.



Table 1
Comparison of the S–S, S–C and S–H bond dissociation energy (kcal/mol) calculated by using of different DFT methods with experimental data.

GAUSSIAN VASP

PBE B3LYP xb97XD PBE PBE + D2 BLYP Exp. [32]

CH3SSCH3! CH3SS + CH3 59.24 54.72 61.08 57.89 59.01 51.05 57.4 ± 1.5
CH3SSCH3! 2�CH3S 63.39 55.51 60.23 66.92 68.52 58.72 65.2 ± 0.9
HSSH! 2HS 65.58 57.38 61.15 65.66 66.18 57.44 64.7 ± 1.0
HSSH! HSS + H 72.76 74.80 76.37 64.11 64.43 64.55 76 ± 3.5
CH3SCH3! CH3S + CH3 75.95 69.55 75.18 76.28 77.45 68.83 73.6 ± 0.8
CH3SH! CH3S + H 87.82 88.08 89.14 88.66 89.01 87.92 87.4 ± 0.5
CH3SH! CH3 + SH 78.88 72.10 77.11 81.25 81.73 73.48 74.7 ± 1.0
HSH! HS + H 92.69 92.22 93.15 95.96 96.13 94.35 91.10 ± 0.01

Ave. abs. error (%) 2.83 5.43 3.70 4.97 5.93 7.44

Fig. 1. The Gibbs free energy change (DG) for homolytic cleavage reactions (R1) and
(R2) in a dependence on the temperature T (K).

Fig. 2. The geometric structure of cyclohexyl phenyl sulfide with hydronium ion
cluster after optimization at PBE/400 level of theory by using VASP program.

Fig. 3. The Gibbs free energy change (DG–) in proton-catalyzed cleavage reaction
R3.b, calculated at the level of PBE/400 and PBE/TZVP in a dependence on the
temperature T (K).

Fig. 4. The geometric structure of transition states for reactions R4 (top) and R5
(bottom), calculated at the PBE/400 level of theory by using VASP program.

Fig. 5. The geometric structure of complex consisted of reagents for the reactions
R4 and R5, calculated at the PBE/400 level of theory by using VASP program.
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Fig. 6. The geometric structure of complex consisted of products for reactions R4
(top) and R5 (bottom), calculated at the PBE/400 level of theory by using VASP
program.

Fig. 8. The Gibbs free energy difference (a) and reaction barrier (b) for reactions R4
(red) and R5 (blue), calculated by using GAUSSIAN (. . ./TZVP) and VASP (. . ./400)
codes in a dependence on the temperature T (K). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

142 Y.V. Lysogorskiy et al. / Computational and Theoretical Chemistry 1078 (2016) 138–145
3.5. Solvent effects

The above-mentioned reaction paths were studied for the reac-
tions within the gas phase. In this case the solvent effects are
neglected. Meanwhile, the aquathermolysis reaction proceeds in
a water environment at high temperature and high pressure [12].
Generally speaking the right way of considering the solvent effects
is the application of polarizable continuum model (PCM) to the
supermolecule, consisting of reagents, surrounded by a shell of
water molecules [34] or use the ONIOM or QM/MM approach for
bigger systems (see, for example, Ref. [35]).

In this work in order to estimate the value of solvent effects, we
have applied the PCM in the frame of a self-consistent reaction field
69.6 (71.1)

78.4 (81.6)

C6H
0

TS (R5)

C6H11SPh + H2O

TS (R4)

Δ

Fig. 7. The energy diagrams for the hydrolysis of cyclohexyl phenyl sulfide (reactions R4
water molecule at the xB97XD/TZVP level by using the GAUSSIAN program. The valu
temperature conditions (523 K, 100 bar, values in parentheses).
(SCRF) [36] by considering the reaction complex without water
molecules shell within GAUSSIAN [13] program.We found the tran-
sition states for reactions R4 andR5with optimization of all geomet-
rical parameters atmoderate values of dielectric permittivity e ¼ 20
by using PBE andxB97XD functionals. It should be emphasized that
single imaginary frequencies at transition states of R4 and R5
remained and its value did not change significantly. The change of
electron energy contribution to reaction barrier DE– after optimiza-
tion is less than 1kcal/mol in comparison to unoptimized geometry.

It should be noticed that the value of water dielectric permittiv-
ity e changes from 78 at normal conditions down to a value of
about 2 at critical point [37,38]. In order to evaluate the effects
of solvent on the Gibbs free energy change DG and reaction barrier
DG–, we recalculated the electronic energy E0 in the range e from 2
to 80 with a framework of PCM for two reactions – R4 and R5. The
corresponding dependencies of DE and DE– on the dielectric per-
mittivity are given in Fig. 9.

As one can see, the change of electronic energy DE does not
depend significantly on the dielectric permittivity in both
5.5 (6.95)
7.8 (9.3)

C6H11SH + PhOH
11OH + PhSH

and R5) calculated with respect to the cluster of cyclohexyl phenyl sulfide with one
es are given for normal conditions (298 K, 1 bar) and also for high pressure–high
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Fig. 9. Change of electronic energy DE (a) and electronic energy contribution to reaction barrier DE– (b) for reactions R4 and R5 with respect to the solvent dielectric
permittivity of e calculated with GAUSSIAN.
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reactions, the magnitude of effect is about 1 kcal/mol in the range
of e from 2 to 80. On the other hand, sensitivity of DE– to solvent
dielectric permittivity is higher. The maximum change is for bar-
rier of the reaction R4 calculated by xB87XD/TZVP method – from
DE–ðe ¼ 1Þ ¼ 69 kcal/mol to DE–ðe ¼ 80Þ ¼ 59 kcal/mol. The gen-
eral trends for both reaction barriers is its increasing with decreas-
ing the dielectric permittivity, and as consequence with increasing
the temperature. One can notice that because water dielectric con-
stant decreases significantly at specific temperatures of aquather-
molysis, the calculations without taking solvent effects into
account could be used at least for qualitative comparison of differ-
ent reaction paths.

3.6. Discussion

The initial steps which determine the kinetics of five different
directions of the reactions of cyclohexyl phenyl sulfide in water
medium were studied by means of density functional calculations
at different levels of theory by using GAUSSIAN and VASP com-
puter codes.

The comparison of electronic energy values (reaction DE0 and
activation barriers DE–

0 ) is given in Table 2. As one can see, the
results of electronic energy values for PBE functional in GAUSSIAN
and VASP codes are well comparable. The difference could be
explained by using different basis sets. Furthermore, the tendency
of electron energy changes for different reactions is the same for all
functionals and codes. Moreover, the vibrational contributions
(zero point energy, thermal energy and entropy terms, see Eq.
(1)) to Gibbs free energy calculated in PBE/400 and PBE/TZVP are
coincide as well, as could be seen from Figs. 1, 3 and 8.

Thus, it should be noted that the plane wave approximation
gives reliable energetic results which coincide with ones obtained
within traditional GAUSSIAN basis sets.

The results of calculations of reaction paths for homolytic cleav-
age, proton catalyzed cleavage and hydrolysis are summarized in
Figs. 10 and 11. The first three reactions were considered by
Katritzky and co-authors [12], whereas hydrolysis of cyclohexyl
Table 2
Comparison of the electronic energy values (reaction energy change DE0 and
activation barriers DE–

0 with respect to pre-reaction complexes, in kcal/mol) for the
reactions of thermal cleavage (R1, R2), proton catalyzed cleavage (R3) and hydrolysis
(R4, R5).

Reaction Energy GAUSSIAN VASP

PBE B3LYP xb97XD PBE PBE + D2 BLYP

R1 DE0 61.5 64.9 74.8 61.8 66.8 52.4
R2 DE0 83.4 77.6 86.0 84.2 88.4 75.8
R3.b DE0 43.6 38.6 47.9 38.2 43.2 27.6

R4 DE0 7.4 6.3 6.6 9.0 9.8 5.3
DE–0 56.6 61.9 69.3 58.4 58.9 52.9

R5 DE0 6.2 4.8 4.4 6.7 8.6 5.0
DE–0 62.0 70.6 76.4 64.5 64.2 65.7
phenyl sulfide were considered for the first time in the present
work.

In the work of Siskin and co-authors [10] it was shown that at
250 �C after 5.5 days 1-methylcyclopentene and thiophenol was
formed as major products from cyclohexyl phenyl sulfide. It was
also reported that reaction was very accelerated in the presence
of an acidic clay (calcium montmorillonite) but that in the pres-
ence of a weak base (calcium carbonate) the reactivity was consid-
erably reduced. At 460 �C cyclohexyl phenyl sulfide show extensive
reactions after only 7 min [11]. The products vary, but in water
medium the major products consists of 1-methylcyclopentene,
thiophenol, cyclohexylbenzene and biphenyl. In this medium,
desulfurization occurs readily, presumably via acid-catalyzed
mechanism, i.e. via the reaction of proton transfer [11] (reaction
R3 in the present paper). The similarity of the products between
the nonaqueous and aqueous reactions and the varieties of minor
products suggest that radical reactions can occur in all cases (reac-
tions R1 and R2 in present paper).

The calculated value of activation energies for homolytic cleav-
age reaction R1 (45–50 kcal/mol) is directly coincide with the acti-
vation energy of Athabasca bitumen thermal cracking reaction
(50 kcal/mol) (see [4] and references therein). The slight difference
between experimental data and our results could be due to the
several reasons: (a) present calculations do not consider the sol-
vent effects for homolytic cleavage; (b) we are considering cyclo-
hexyl phenyl sulfide only as a model compound; (c) generally
speaking, thermal cracking includes the cleavage not only of the
C–S, but also C–N and C–O hetero bonds.

The results of calculations demonstrate that reaction R3 has the
lowest cleavage barrier among the reactions R1–R5 studied in
present paper (24 kcal/mol, Figs. 10 and 11). Note that the products
of reaction R3 were not observed experimentally in the work of
Katritzky et al. [12], there it was shown that the final product of
reaction chain started with R3 reaction is 1-methylcyclopenten.
It has the largest final yield percentage (in terms of moles and
percentage of starting material) equal to 27%. This data is agreed
well with the results of our calculations.

Concerning the other routes of reactions of cyclohexyl phenyl
sulfide in water medium according to Katritzky et al. [12], the ther-
mal cleavage yields to the formation mostly the thiophenol (11%
final yield percentage) rather than cyclohexanethiol (0.3% final
yield percentage). This result correlates well with calculated cleav-
age barriers for reactions R1 (50 kcal/mol) and R2 (70 kcal/mol)
respectively.

As could be seen from Table 2 and Fig. 11, addition of the water
molecule as a reagent in reaction R4 and R5 leads to the lowering
of reaction barrier in comparison to R1 and R2 reactions at low
temperatures. These results are in agreement with the results of
Ref. [7], where it was established that decomposition barrier of
HCOOH (64.6 kcal/mol) is lowered by 30% in the presence of one
water molecule (45.5 kcal/mol), by 50% in the presence of two
water molecules (34.7 kcal/mol) and by 60% in the presence of
another HCOOH molecule (26.7 kcal/mol). Thus, the water mole-
cules could act as a catalyst.
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Fig. 11. The Gibbs free energy change/reaction barrier for reactions R1–R5,
calculated at the PBE/400 level of theory in a dependence on the temperature T (K).
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We have analyzed the temperature influence on the reactions
barriers. As could be seen from Fig. 11, proton catalyzed reaction
mechanism (R3) is a major route in process of cyclohexyl phenyl
sulfide aquathermolysis at the condition of sufficient hydrogen
ion H+ concentration in whole temperature range. With increasing
the temperature above the critical point, H+ concentration
decreases and thermal cracking (R1) should become a dominant
process. Also, there is a tendency that at low temperatures hydrol-
ysis reaction (R4) is more preferable than thermal cracking (R1).
This is confirmed by the experimental data [11], which shows that
at 250 �C cyclohexyl phenyl sulfide underwent cleavage faster
under aqueous conditions (ionic pathway) than under thermal
conditions (radical pathway).
4. Conclusions

In the present paper we have studied on the molecular level a
number of mechanisms of aquathermolysis reactions, including
C–S heterobond cleavage: thermal cracking (R1, R2), proton cat-
alyzed cracking (R3) and hydrolysis (R4, R5). We have considered
water molecules as a reagent (reactions R4 and R5) and its ions
(H3O+) as a catalyst (reaction R3).

Firstly, it was established, that thermal cracking (reactions R1
and R2) of these compounds needs a big amount of energy (which
is rather probable at the conditions of oil formation) and could
happen only at harsh reaction conditions.

Secondly, catalytic reaction with involvement of hydrogen
cation is most favorable for the formation and transformation of
thiophenyl-sec-alkyl (tert-alkyl) radicals and reduces the energy
required to break the C–S heterobond significantly.

Thirdly, the presence of water in the reaction is a key point. The
process of its involvement in various reactions with radical parti-
cles becomes more favorable. In that case one could obtain another
synthetically significant results, such as the formation of phenols
and alkanols. Addition of water directs reaction on kinetically-
controlled path. If water is not available, then the reactions of iso-
merization, recombination and other typical processes of radical
transformations starts. In terms of production, radicals are formed
at high temperatures during the oil treatment as well as at extreme
conditions in oil reservoir.

The obtained results could be useful for the systems like tert-
alkyl (secondary-alkyl) thiophenyl ethers, which could be formed
in heavy oils at extreme conditions.

Concerning the predictive capabilities, our results could be used
to assess the feasibility of different reactions directions, as well as
rates and energetic parameters of chemical compounds which con-
tain branched alkyl and aryl groups at the sulfur atom.

We have shown that ab initio methods could give us the correct
trends and tendencies for possible chemical reactions paths on
base of model compounds, such as cyclohexyl phenyl sulfide with
water molecule, thereby we have demonstrated its applicability for
comparative studies of chemical reaction pathways in an aquather-
molysis processes. Theoretical analysis of reactions paths based on
the results of ab initio calculations are an obligatory condition for
comprehensive understanding of the chemical reaction mecha-
nisms, especially when catalysts are involved. The efficiency of cat-
alysts is associated with the decreasing of the reaction barriers. We
have presented the scheme of different reaction directions with
corresponding calculated values of reaction barriers, which map
onto experimental trends, and could be used for comparison with
other reaction mechanisms.
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