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Abstract

Understanding the mechanisms of petroleum thermal cracking is critical to develop more efficient and eco-friendly petroleum
cracking processes. Asphaltenes are the main component of petroleum subjected to cracking processes. Thermal cracking
mechanisms of petroleum were explored by computational methods using 1,2-diphenylethane (DPE) as a model molecule in
this study. The overall mechanisms were divided into four steps including initiation, H-transfer reaction, H-ipso reaction, and
termination represented by seven reactions. We carried out extensive quantum chemistry calculations at high levels of theory to
accurately explore the minimum energy pathways as the mechanisms of the proposed reactions. The reaction energy and barriers
in terms of enthalpy and free energy and their temperature dependence were calculated in the vacuum and in both polar and
nonpolar solvents using the polarizable continuum model (PCM) method. The temperature dependence of the target reaction
barriers are characterized in different environments and provides computational guidance for future development for petroleum
thermal cracking. As the first reported systematic investigation of petroleum cracking mechanisms, this study provided a
comprehensive theoretical description of petroleum cracking processes with valuable information about temperature and solvent

dependence.

Keywords Thermal cracking mechanisms - Petroleum - Asphaltene - Reaction pathway - Free energy profile

Introduction

Petroleum is a naturally occurring mixture containing thou-
sands of different compounds with wide range of molecular
weight [1-3]. Through thermal cracking process, the heavy
weight constituents can be converted into lower weight prod-
ucts. The part of light weight products will be further refined
before its launch on the market [4, 5]. Petroleum is a compli-
cated mixture with a wide range of fractional compositions. In
general, petroleum is consisted of four main components in-
cluding asphaltenes, resins, saturates, and aromatics [6].

The thermal decomposition of organic molecules have
been studied for many decades [7]. For example, theories of
bond energies and bond strength related to each constituent
were studied to determine the reactivity and thermal stability
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of petroleum [4, §]. Also, the stereochemistry is an important
factor on the reactivity and properties for organic molecule
[9]. Because the thermal decomposition of petroleum is a
complicated process, mechanistic understanding of this pro-
cess is essential for improving the refinery operations.
Therefore, more economic and environment friendly thermal
cracking process could be developed and drive the develop-
ment of modern petrochemical industry [10].

To achieve this goal, it is necessary to delineate petroleum
thermal cracking mechanisms for improving cracking process
with higher efficiency. In general, thermal cracking of petro-
leum includes catalytic cracking and hydrocracking. A cata-
lytic cracking is an ionic process aided by a catalyst [11-13],
and hydrocracking needs a hydrogen-rich environment [4,
14]. Both catalytic and hydrocracking experimental and theo-
retical studies have been active during the past several decades
[7, 15, 16].

In early studies, many industrial variables including tem-
perature, pressure, and time were controlled to adjust a crack-
ing process and produce different types of products and resi-
dues for further processing [17-19]. In many experimental
studies, the variable controlling method is still a primary

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00894-019-4273-3&domain=pdf
http://orcid.org/0000-0002-2488-0239
mailto:ptao@smu.edu

15 Page2of 14

J Mol Model (2020) 26:15

choice. For example, the large components in petroleum with
molecular weights between 534 and 763 g/mol in liquid were
investigated under the temperature from 365 to 420 °C to
reveal the selectivity and the nature of addition products
[20]. It was found that when the light components of petro-
leum such as n-alkanes were generated, some of the complex
heavy components in the asphaltenes were also produced. In
another research, a kinetic model with 132 free-radical reac-
tions were proposed to describe the thermal cracking of
tetralin [21]. The model was tested with the experimental data
in the temperature range of 350-500 °C. It was revealed that
the formation of 1-methylindole decreased with the tempera-
ture, whereas the other two formations of n-butylbenzene and
naphthalene increased during the process of tetralin thermal
cracking. Building a kinetic model with a number of reactions
in a specific pressure and over a temperature range were also
used in a study describing n-butylcyclohexane thermal crack-
ing process at high pressure 100 bar and in the temper-
ature range of 375-425 °C [22]. It was shown that in
the thermal cracking of n-butylcyclohexane, both al-
kanes and cycloalkanes were generated by the breaking
of'the side alkyl chain. Controlling temperatures and pressures
are often used to test the proposed kinetic model based on the
experimental data.

Catalytic cracking can be very efficient to improve the
cracking performances and has been studied extensively,
with many catalysts proposed. For example, Ni-Pd
nanocatalysts were studied in the catalytic thermal
cracking of n-C, asphaltenes [23]. It is proven that the
Ni-Pd nanocatalysts improved the performance of a
cracking process. Another example is zeolites. The ef-
fects of zeolites frameworks and structure on the perfor-
mance of alkane cracking process has been studied dur-
ing the past 70 years. In addition, computational
methods were also employed to delineate the catalytic mech-
anisms and predict the effect of catalyst composition on pe-
troleum cracking [24].

For theoretical investigation of petroleum thermal cracking
mechanisms, quantum chemistry methods serve as the main
approaches [25-28]. Petroleum as a complicated mixture and
its thermal cracking processes with large number of elemen-
tary reactions represent major computational challenges. To
overcome these, many theoretical works were carried out
through modeling molecules to represent main components
in a mixture [29-31]. For example, as an asphaltene model
molecule, Quinolin-65, has been investigated including the
thermal decompositions and interactions between the model
molecules. As the result, a new reaction pathway in Quinlin-
65 and 1,3-hydrogen shift mechanism was proposed [32]. In
another study, coal structures were represented as different
functional groups, including oxygen-containing groups, ali-
phatic hydrocarbon groups, sulfur-containing groups,
nitrogen-containing groups, and free radicals [33, 34]. It was
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reported that the aliphatic hydrocarbon groups should be fur-
ther explored in the reaction mechanism of spontaneous com-
bustion of coal.

Most thermal cracking reactions are free radical reactions
and could be divided into initiation, propagation, and termi-
nation stages [35, 36]. Propane and butane have been used as
molecular models for the theoretical studies of the petroleum
pyrolysis in hydrogen thermal plasma using density functional
theory (DFT) [37]. In another study, hydrogen atoms reacting
with toluene and ethyl radical reacting with 4-ethyltoluene
were studied to explicate a plasma-driven catalytic hydroge-
nation mechanism using DFT methods [38]. Also, the bond-
dissociation energy of C-C scission and reaction barrier ener-
gy of the hydrocarbon thermal cracking were calculated by
DFT and Moller-Plesset perturbation theory (MP2) methods
[39] In these theoretical studies, the reaction mechanisms with
detailed structural, energetic information, reaction pathway
were obtained. [28, 40-43]

Although with much in depth information about the reac-
tion mechanisms, the molecules being used for thermal crack-
ing processes thus far are oversimplified models without ap-
propriate representation of the actual chemical processes. 1,2-
diphenylethane (DPE) (Scheme 1) is a model molecule used
in an investigation of the asphaltenes (one significant fraction
of petroleum [44-46]) thermal cracking reaction [47]. This
relatively simple model molecule with two benzene rings as
terminal groups well represents the chemical complexity of
asphaltenes in general. Therefore, using DPE as a model sys-
tem could provide a new insight into the asphaltenes thermal
cracking processes. In this study, using DPE as the model
molecule, the asphaltenes cracking reactions mechanisms are
computationally investigated in details using various levels of
theory including DFT, Moller-Plesset perturbation theory,
coupled cluster, and complete basis set composite methods.
The elementary reaction steps including initiation, H-transfer,
H-ipso, and termination are characterized through intrinsic
reaction coordinates method with both energetic and structural
information. The solvent and temperature dependence of en-
thalpy and free energy barriers of these reactions are also
investigated. The systematic investigation on petroleum
cracking mechanisms could provide a theoretical foundation
for radical reactions and future experimental studies. The re-
maining of the article is organized as materials and methods
section, “Results and discussion” section, followed by a brief
conclusion section.

Theoretical background

DPE, representing a main structural feature of asphaltene
(Scheme 1), is used as the model molecule to study the ther-
mal cracking reaction of asphaltene. The DPE thermal crack-
ing mechanism including initiation, H-transfer reaction, H-
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Scheme 1 The chemical
formulas of asphaltene and
1,2-diphenylethane (DPE)

1,2-diphenylethane

Asphaltene

ipso reaction, and termination stages are represented by seven  [48]. Since the initial H atom in reaction (4) attacked an ipso
elementary reactions illustrated in Scheme 2 [47]. Reactions position on DPE, in this study, reactions (4) and (5) are re-
(4) and (5) have been referenced as “hydrocracking” reactions. ferred to as H-ipso reaction in Scheme 2. All seven reactions
The mechanistic sequences of reactions (4) and (5) were first  are subjected to detailed computational studies at various
proposed in thermolysis of toluene as a path for dealkylation  levels of theory.

Scheme 2 The mechanism of 1. Initiation
thermal cracking including

initiation, H-transfer, H-ipso, and
termination from reactions (1)—(7 O .
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The geometry optimizations were carried out using unre-
stricted Becke’s three-parameter Lee-Yang-Parr (uB3LYP)
functional as a hybrid DFT method [49-52], MP2 [53-57],
coupled cluster single and double with perturbative triple
(CCSD(T)) method [58—61], and a complete basis set method
(CBS-QB3) [62, 63]. Intrinsic reaction coordinate (IRC)
method [64, 65] are employed to characterize minimum
energy pathways (MEPs) for elementary reactions at
uB3LYP and MP2 levels of theory with 6-31+G(d,p)
basis set. The optimized geometries were subjected to
single points energy calculations at uB3LYP/aug-cc-pvtz
and CCSD(T)/6-311+G(d,p) levels of theory. In addi-
tion, the polarizable continuum model (PCM) is used
to calculate the free energy and enthalpy barriers with
water and toluene as solvents, respectively, in tempera-
ture range from 0 to 800 K at uB3LYP/6-31+G(d,p)
level of theory. All calculations were carried out using
Gaussian16. [66].

Results and discussion
Initiation reaction of DPE thermal cracking

Reaction (1) of hemolytic C-C bond dissociation leading to
two radicals represents a transformation between a closed
shell singlet state and an open shell triplet state. To explore
the potential energy surface of both states, the energy profiles
of the C-C bond breaking were calculated at uB3LYP/6-31+
G(d,p) level of theory and plotted in Fig. 1a. The energy pro-
files of the singlet and triplet states cross at point with C-C
distance as 2.96 A with energy around 62 kcal/mol with re-
gard to singlet ground state. The energy profile in triplet state
has an energy peak, and the energy of singlet state increases

1(2)
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Fig. 1 Computational results of reaction (1). a The energy profile along
scanning the distance between C23 and C24 of DPE at B3LYP/6-31+
G(d,p) level of theory, in the triplet state (green triangle) and the singlet
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monotonously along the elongated C-C bond length. The
atoms are labeled in Fig. 1b.

Potential energy profile of DPE thermal cracking

The energy profiles of reactions (1)—(6) at various levels of
theory are plotted in Fig. 2a—f, including the energies of reac-
tant, transition state, and product geometries. The reaction
barriers and reaction energies of reactions (1)-(6) are listed
in the Table 1 as AE* and AE, respectively. The energy
profiles are calculated using four levels of theory in-
cluding B3LYP, MP2, CBS-QB3, and CCSD methods
with 6-31G+(d,p) basis set.

For reaction (1) of homolytic C-C bond dissociation lead-
ing to two radicals, a high reaction barrier is calculated at
B3LYP/6-31G+(d,p) level of theory due to the transformation
from a singlet reactant to a triplet product (Fig. 2a). The ener-
gy of reactant geometry is obtained in the singlet state. The
geometry of transition state is approximated as a triplet state in
the intersection of singlet and triplet energy profiles. This re-
action is very endothermic with reaction energy around
60 kcal/mol to essentially break C-C single bond.

For reaction (2), in which benzyl radical extracts a hydro-
gen atom from H, molecule to produce a toluene and regen-
erate a He radical, the barriers calculated by MP2, B3LYP, and
CBS-QB3 methods are close to each other within 1 kcal/mol
range (Table 1 and Fig. 2b). CCSD method overestimates the
barrier by about 14 kcal/mol comparing to the other three
methods. This reaction is rather endothermic based on the
results from CCSD, B3LYP, and CBS-QB3 methods.
However, the MP2 results suggest that this step reaction is
only slightly endothermic by more than 2.2 kcal/mol.

The reaction (3), in which 2-phenylethyl free radical ex-
tracts a hydrogen atom from H, molecule to produce

state (red round dot). b The geometries of two radicals at the intersection
point on the singlet surface
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ethylbenzene and regenerate a He radical, is chemically simi-
lar to the reaction (2). The reaction barrier calculated by four
different methods ranges from 10.7 kcal/mol using B3LYP
functional to 16.4 kcal/mol using CCSD method (Fig. 2c).
This reaction is endothermic based on CCSD, B3LYP, and
CBS-QB3 methods. For MP2 method, the results indicate that
reaction (3) is exothermic by less than 5 kcal/mol.

The reaction (4), in which He radical binds with DPE to
produce a new radical, is an exothermic reaction with a low
reaction barrier, which is shown by the calculations using
B3LYP, MP2, and CBS-QB3 methods in Fig. 2d. The calcu-
lated barriers range from effectively 3.8 kcal/mol using MP2
method to 18.9 kcal/mol using CBS-QB3 method (Table 1).
The exothermicity of this step of reaction is also shown by all
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three levels of theory ranging between — 15.4 and — 25.8 kcal/
mol.

The barriers generated by B3LYP and CBS-QB3 methods
of reaction (5), in which radical product of reaction (4) breaks
into benzene and 2-phenylethyl free radical, are 18.6 kcal/mol
and 22.1 kcal/mol, respectively, with difference as 3.5 kcal/
mol. As comparison, the MP2 method overestimates the bar-
riers by about 10 kcal/mol higher than B3LYP method. The
reaction (5) is endothermic based on the results of both
B3LYP and CBS-QB3 methods, but exothermic based on
the result of MP2 method.

In the reaction (6), benzyl radical extracts a hydrogen atom
from DPE to produce toluene and generate another radical.
Due to the chemical complexity, only B3LYP calculations
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Table 1 Reactions (1)—~(7) in

B3LYP, MP2, CBS-QB3, and Reaction barriers/energies (kcal/mol) ~ B3LYP MP2 CBS-QB3 CCSD

CCSD methods with 6-31G+ : . N :

(d,p) basis set. AE* represents the AE AE AE AE AE* AE AE AE

reaction barrier (kcal/mol), AE

represents the reaction energies Reaction (1) 62.2 586 - - - - - -

(kcal/mol) Reaction (2) 19.9 165 205 22 209 138 347 205
Reaction (3) 10.7 35 151 -4l 11.7 2.6 164 0.7
Reaction (4) 38 —-258 189 —-154 59 -216 - -
Reaction (5) 18.6 6.7 283 -78 221 121 - -
Reaction (6) 18.9 -1.7 - - - - - -
Reaction (7) 74 —485 - - - - - -

were successfully completed for reaction (6). This step of
reaction has 18.9 kcal/mol barrier and is slightly exothermic
by less than about 1.6 kcal/mol.

The reaction (7) represents a transformation between a
closed shell singlet state and an open shell triplet state
(Scheme 2). To explore the potential energy surface of both
states, the energy profiles of the H-transfer reaction were cal-
culated at uB3LYP/6-31+G(d,p) level of theory and plotted in
Fig. 3a. The energy profiles of the singlet and triplet states
cross at the C9-H15 distance as 1.81 A with energy around
55 kcal/mol with regard to singlet ground state. The energy
profile of the crossing point is represented as transition state in
Fig. 3b. The reaction energy in Fig. 3b shows that the reaction
(7) is exothermic with reaction energy as —48.5 kcal/mol
(Table 1).

In this thermal cracking process of DPE, the generation of
H atoms is a key issue since the high bond dissociation energy
of H, (104 kcal/mol) makes it an unlikely source of hydrogen
atom radicals [48]. Therefore, an initial reaction with H, mol-
ecule to form a hydrogen atom is necessary, such as the H-
transfer reactions (2) and (3). In 1980, it was discovered that
the thermolysis reaction of DPE produced benzyl radicals, and
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Fig. 3 Computational results of reaction (7). a The energy profile along
scanning the distance between C9 and H15 of DPE at B3LYP/6-31+
G(d,p) level of theory, in a triplet state (green triangle), and a singlet
state (red round dot). The geometry of TS is labeled adjacent to the
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the consequence reaction in the presence of H, produced ben-
zene and ethylbenzene [67]. Accordingly, the reactions (1-5)
in Scheme 2 are proposed as reaction mechanism for the DPE
thermolysis. The key steps of this proposed mechanism are H-
transfer and H-ipso reactions, which are also referred to as
hydrocracking process and were identified as a path for
dealkylation in the thermolysis of toluene. It was proposed
that benzyl radicals generated by reaction (1) are more favor-
able to react with the DPE (reaction (6)) rather than with H,
(reaction (2) or (3)), since the bond dissociation energy for the
H-H bond (104 kcal/mol) is greater than the C-H bond
(86.1 kcal/mol) in DPE [48]. Our calculations of the reactions
(2) and (6) listed in Table 1 also support this. The barriers for
reactions ((2), (3), and (6)) are rather low, suggesting that these
are not kinetically controlled reactions. Based on the energies
calculated by various levels of theory, reaction (6) is likely to
be an exothermic reaction. Reactions ((2) and (3)) are likely to
be endothermic, and are more thermodynamically favorable
than reaction (6).

The single point energy profiles of reactant, transition state,
and product at high levels of theory, uB3LYP/aug-cc-pvtz and
CCSD(T)/6-311G+(d,p), are plotted in the Fig. 4. The
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keal/mol
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Fig.4 The single point energies of reactant, transition state and product geometries along the reaction pathway (1)—(6) at uB3LY P/aug-cc-pvtz (red line)
and CCSD(T)/6-311+G(d,p) (blue line) levels of theory

geometries optimized by uB3LYP level theory were For reaction (1), the high energy barrier obtained using a
used to produce the single point energy values. The  smaller basis set is confirmed at uB3LYP/aug-cc-pvtz level of
reaction barriers and energies of reactions ((1)—(6)) are  theory. This reaction is very endothermic. For reaction (2), the
listed in Table 2. single point energy barriers generated at two levels of theory

Table 2 The single point energies

of reactant, transition state, and Reaction barriers/energies (kcal/mol) uB3LYP/aug-cc-pvtz CCSD(T)/6-311G+(d,p)
product for pathways (1-6) at : :
uB3LYP/aug-cc-pvtz and AE AE AE’ AE
CCSD(T)/6-311+G(d,p) levels of
theory. AE* represents the Reaction (1) 61.0 575 - -
reaction barrier (kcal/mol), AE Reaction (2) 17.0 13.9 16.5 7.0
represents the reaction energies Reaction (3) 9.4 23 12.0 ~09
(kcal/mol) )
Reaction (4) 3.6 -22.0 7.6 —20.5
Reaction (5) 17.4 8.0 233 132
Reaction (6) 14.6 2.5 16.9 1.3
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Fig. 5 The minimum energy pathways of reaction (2). a Energetic
profiles using uB3LYP (green triangle) and MP2 (red round dot)
methods with 6-31+G(d,p) basis set. b The transition state geometry

are close to each other around 17 kcal/mol within 1 kcal/mol
range (Table 2). This reaction is endothermic based on both
methods. The reaction (3) barriers from single point calcula-
tions around 10 kcal/mol agree with the ones calculated at
uB3LYP/6-31G+(d,p) and CBS-QB3 methods, and is lower
than the ones calculated at MP2 and CCSD with 6-31G+(d,p)
basis set. Reaction (3) is slightly exothermic by less than about
0.6 kcal/mol based on uB3LYP/aug-cc-pvtz method, and is a
slightly endothermic reaction based on the CCSD(T)/6—
311G+(d,p) method. Therefore, it is likely that this reaction
is close to thermodynamically neutral.

Reaction (4) is rather exothermic (Fig. 4d) according to
both uB3LYP and CCSD(T) methods with reaction barrier
lower than 8 kcal/mol, which is in the agreement with the
energy profiles illustrated in Fig. 2d. Both levels of theory
show that this reaction is endothermic. It is likely that reaction
(4) is the main driving reaction of cracking process with the
significant exothermicity. For reaction (5), the single point

(b)

optimized at uB3LYP/6-31+G(d,p) level of theory with labels of C12-
H16. The distance between C12 and H16 is the key atomic distance of x-
axis in (a)

energy barrier is 17.4 kcal/mol and 23.3 kcal/mol using
uB3LYP/aug-cc-pvtz and CCSD(T)/6-311G+(d,p), respec-
tively (Fig. 4e and Table 2). For reaction (6), uB3LYP/aug-
cc-pvtz and CCSD(T)/6-311G+(d,p) method results are con-
sistent in both reaction barrier and reaction energies. This
reaction has barrier around 15 kcal/mol and is slightly endo-
thermic with reaction energy under 3 kcal/mol (Fig. 4f and
Table 2).

The minimum energy pathways of H-transfer, H-ipso,
and termination reactions

The MEPs of H-transfer, H-ipso, and termination including
reactions (2)—(5) are constructed using IRC method and plot-
ted and illustrated in Figs. 5, 6, 7, and 8. The MEPs of reac-
tions (2)—(4) were generated by both MP2 and DFT methods
with 6-31G+(d,p) basis set. The MEP for reaction (5) was
obtained at B3LYP/6-31G+(d,p) level of theory only.

1(a)

137 > UB3LYP
] e MP2

= B

= 8]

g ]

g 3

oo

2]
-
1.0 1.2 1.4 1.6 1.8 2.0 2.2

Distance (4)

Fig. 6 The minimum energy pathways of reaction (3). a Energetic
profiles using uB3LYP (green triangle) and MP2 (red round dot)
methods with 6-31+G(d,p) basis set. b The transition state geometry
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optimized by uB3LYP/6-31+G(d.p) level of theory with labels of C15-
H19. The distance between C15 and H19 is the x-axis in (a)
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Fig. 7 The minimum energy pathways of reaction (4). a Energetic

profiles using uB3LYP (green stars) and MP2 (red points) methods with
6-31+G(d,p) basis set. b The transition state geometry optimized at

In reaction (2), the free radical generated in reaction (1)
extracts a hydrogen atom from H, and produces a toluene
molecule and a hydrogen atom radical. The MEP of reaction
(2) using both uB3LYP functional and MP2 methods with 6—
31+G(d,p) basis set are plotted in Fig. 5a along the key atomic
distances between C12 and H16 forming carbon-hydrogen
bond. The geometries of transition states obtained using these
two methods have similar key atomic distances (C12-H16) as
1.24 A and 1.34 A in uB3LYP and MP2 methods, respective-
ly. The actual reaction process proceeds to the opposite direc-
tion to the x-axis as the carbon-hydrogen distance decreases.
The B3LYP functional underestimates the reaction barrier
about 2 kcal/mol comparing to the MP2 results from reactant
to transition state progress. However, from transition state to
product, the reaction barriers of MP2 method are much lower
than the B3LYP method.

In reaction (3), the 2-phenylethyl free radical extracts a
hydrogen atom from H, to generate ethylbenzene molecule
and regenerate a He radical. The MEP of reaction (3) using
B3LYP functional and MP2 methods with 6-31+G(d,p) basis

uB3LYP/6-31+G(d,p) level of theory with labels of C3-H29. The
distance between C3 and H29 is the x-axis in (a)

set are plotted in Fig. 6a along the key atomic distance. The
key atoms (C15 and H19) forming carbon-hydrogen bond are
labeled in Fig. 6b. The geometries of transition state have a
similar key atomic distance (C15 and H19) forming carbon-
hydrogen bond as 1.37 A and 1.39 A in B3LYP and MP2
methods, respectively. The actual reaction process proceeds
to the opposite direction to the x-axis as the carbon-
hydrogen distance decreases. The B3LYP functional underes-
timates the reaction barrier by 4.05 kcal/mol comparing with
the MP2 results. However, the shape of energetic reaction
profiles along the key atomic distance are similar between
B3LYP and MP2 methods. Despite the difference of energet-
ics, both B3LYP and MP2 methods give similar progress of
the reaction.

In reaction (4), DPE binds with a hydrogen atom forming
carbon-hydrogen bond to generate a new free radical. The
MEP of reaction (4) using B3LYP functional and MP2
methods with 6-31+G(d,p) basis set are plotted in Fig. 7a
along the key atomic distance. The key atoms are labeled as
C3 and H29 in transition state geometry of reaction (4)

1(a) (b)
207 —— UB3LYP
= 15 Clg
O 4
g
T 107 4 ,
R S r
X N
w57 X A
0 ‘jﬂlllﬁ“iill\“
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1.5 1.7 19 21 23 25 27 29 31

Distance (4)

Fig. 8 The minimum energy pathways of reaction (5). a Energetic profiles using uB3LYP/6-31+G(d,p) (green stars). b The transition state geometry
optimized by uB3LYP/6-31+G(d,p) level of theory with labels of C15-H18. The distance between C15 and H18 is the x-axis in (a)
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Fig. 9 The free energy barriers and enthalpies of a2, a3, a4, a5, and a6

reactions with different solvents in temperatures range from 0 to 600 K at
uB3LYP/6-31+G(d,p) level of theory. a Enthalpy barriers with solvent

illustrated in Fig. 7b. The transition states generated by
uB3LYP and MP2 methods are quite different in geometries

Table3  The temperatures and pressures for water and toluene as solvents

Temperature (K) Pressures (atm)

For water For toluene
300 1 9.87
350 1 9.87
400 9.87 9.87
450 98.96 9.87
500 986.92 19.74
550 986.92 29.61
600 986.92 39.48

@ Springer

" 400 1500
Temperature (K)

300 600

water. b Enthalpy barriers with solvent toluene. ¢ Free energy barriers
with solvent water. d Free energy barriers with solvent toluene

and energy, indicating that this reaction represents a theoreti-
cal challenge.

In reaction (5), benzene and toluene are generated by
breaking carbon-carbon bond of free radical produced in re-
action (3). The MEP of reaction (5) is only calculated at
B3LYP/6-31G+(d,p) level of theory, which is plotted in
Fig. 8a along the key atomic distance between C15 and C18
as illustrated in Fig. 8b. The barrier of reaction (5) is
18.22 kcal/mol with the key atomic distance as 2.18 A.

The temperature and solvent dependence of reaction
barriers

The temperature dependence of reaction barriers in terms of
enthalpy and free energy ((2)—(6)) is investigated in the tem-
perature range from 300 to 600 K with water and toluene as
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solvents (Fig. 9). To keep water and toluene in liquid state, the
pressures used in the calculations corresponding to the tem-
peratures are listed in the Table 3. Toluene is a common used
solvent for extractions in pyrolysis [68], and the reaction bar-
riers in water is calculated as a comparison.

Reaction (2) has the highest enthalpy reaction barrier
around 300 K in both water and toluene. The reaction barrier
slowly decreases with increasing temperature up to 600 K.
The trend for barrier of this reaction in free energy is opposite.
The free energy reaction barrier is a minimum around 300 K
and increases significantly up to 800 K, showing that the en-
tropic effect is predominant in high temperature. Reaction (3)
is similar, but the trend is less prominent. For reaction (3), the
barrier in enthalpy remains almost constant along the temper-
ature change. The free energy barrier for reaction (3) in tolu-
ene increases moderately after 300 K comparing with reaction
(2). However, the free energy for reaction (3) in water de-
creases moderately from 300 to 600 K.

The enthalpy barriers of reactions (4) moderately decreases
from 300 to 600 K and the free energy barriers increase in the
temperature range. The trend of decreasing or increasing of
reaction (4) are less obvious than the trends in reaction (3).
This is probably due to the lack of entropic factor with single
hydrogen atom radical.

Reaction (5) shows the most interesting dependency on
both temperature and solvent. The enthalpic barrier of this
reaction with increasing temperature keep a plateau from
300 up to 600 K. The free energy barrier of reaction (5) slight-
ly decreases in water solvent. However, the trend is complete-
ly reversed in toluene. As a key hydrocracking reaction step,
reaction (5) seems to be a good candidate as a target to opti-
mize hydrocracking efficiency.

The overall entropy barriers of reaction (6) in water have an
increasing trend in temperature range from 300 to 600 K. The
barriers at 400 K and 450 K are lower than the barriers at other
temperatures. At 600 K, the barrier has the highest value.
However, all the entropy barriers of reaction (6) in water are

50

40

30

AH (kcal/mol)

0 200

400 600
Temperature (K)

800

1000

AG (kcal/mol)

around 17 kcal/mol, which means that the increments or dec-
rements on the barriers are small. Meanwhile, the free energy
reaction barriers of reaction (6) in water solvent increase from
temperature 300 to 450 K and has obvious fluctuations when
the temperatures are higher than 450 K. The lowest free ener-
gy barrier occurs at 600 K. The free energy barriers of reaction
(6) in toluene as solvent keeps increasing towards high tem-
perature. The fluctuated free energy barriers of reaction (6) in
water are suspected due to the pressures and temperatures
used to maintain the liquid phase of water. The entropies of
reaction (6) in water are sensitive to the parameters including
temperatures, pressures, and volumes of the system. In the
temperature range from 300 to 450 K, the entropy barriers
heavily depend on the temperatures, therefore the free energy
barriers increase with the increasing temperature. From tem-
perature 500 to 600 K, the pressure and volume are more
dominant parameters. So, the free energy barriers have the
fluctuations under their combined contributions illustrated in
Fig. 9c.

In addition, the temperature dependence of reaction bar-
riers in terms of enthalpy and free energy ((2)—(6)) is investi-
gated in the temperature range from 0 to 1000 K in vacuum
(Fig. 10). For reactions (2), (3), (4), (6), the enthalpy barriers
have a maximum at 50 K and moderately decrease from 100
to 1000 K. The enthalpy barriers of reaction (5) have no ob-
vious trend and seems be constant in the whole temperature (0
to 1000 K). The free energy barriers of reactions (2), (3), (4),
(6) have a converse trend with their curves of enthalpies. They
have a decrement at 50 K and keep increasing in temperature
range from 100 to 1000 K. Reaction (4) has a lower increasing
slope than reactions (2), (3), (6). It has a lower increasing slope
comparing with reactions (2), (3), (6). The free energy barrier
of reaction (5) decreases slightly in the temperature range
from 0 to 1000 K.

Although PCM was not parametrized for wide range of
temperature usage, there are some computational studies
about temperature dependence of chemical systems using
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Temperature (K)

Fig. 10 The enthalpies (a) and free energy (b) barriers of a2, a3, a4, a5, and a6 reactions in vacuum in temperatures range from 0 to 1000 K at uB3LYP/

6-31+G(d,p) level of theory
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PCM [69-71]. Our temperature calculations do provide some
reasonable indication about the general trend of reaction ener-
gies regarding temperature changes and should be considered
as a valuable guidance about the target reactions.

Summary

The DPE thermal cracking mechanism is represented by ini-
tiation, H-transfer, H-ipso, and termination reactions. The key
energies including barriers and overall reaction energies of
representing reactions were calculated at various levels of the-
ory, including B3LYP, MP2, CBS-QB3, and CCSD. Single
point calculations with large basis sets were also carried out.
In addition, detailed reaction pathways of these reactions were
investigated using IRC method and DFT and MP2 methods.
Both temperature and solvent dependency of the reaction bar-
riers of these reactions were investigated in details. Key reac-
tions with either prominent temperature dependency or sol-
vent dependency were identified. The temperature depen-
dence of the enthalpy and free energy barriers in the high
temperature range revealed the importance of the entropic
contribution and provided valuable information for future op-
timization in petroleum thermal cracking industry. As summa-
ry, the detailed quantum chemistry calculations of the DPE
thermal cracking reaction provides great insight into the
asphaltene thermal cracking mechanisms and could be used
to further improve the petroleum thermal cracking efficiency.
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