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Abstract The lowest reaction pathway or one of the
favored possible paths in the CVD process of preparing
boron carbides with BCl;-C3;Hg(propene)-H, precursors
was searched theoretically, which involves 95 transition
states and 103 intermediates. The geometries of the species
were optimized by employing the B3PW91/6-311G(d,p)
method. The transition states as well as their linked inter-
mediates were confirmed with frequency and the intrinsic
reaction coordinates analyses. The energy barriers and the
reaction energies were evaluated with the accurate model
chemistry method at G3(MP2) level after a non-dynamical
electronic correlation detection. The heat capacities and
entropies were obtained with statistical thermodynamics,
and the heat capacities were fitted into analytical equations.
The Gibbs free energies at 298.15 K for all of the reaction
steps were reported. The energies at any temperature could
be derived classically by using the analytical heat capaci-
ties. All the possible elementary reactions, including both
direct decomposition and the radical attacking dissocia-
tions, for each reaction step were examined, and the one
with the lowest energy or energy barrier was further
studied in the next step. It was found that there are 19
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reaction steps in the lowest path to produce the final BC3
cluster including two steps of initializing the reaction chain
of producing H and Cl radicals. The highest energy in the
lowest reaction pathway is 215.1 kJ/mol at 298.15 K and
that for 1,200 K is 275.1 kJ/mol. The results are compa-
rable with the most recent experimental observation of the
apparent activation energy 208.7 kJ/mol.

Keywords Pathways - Propene and boron trichloride -
Decomposition

1 Introduction

Continuous carbon fiber reinforced silicon carbide matrix
composite (C/SiC) is one of the most promising structural
materials for high temperature applications such as rocket
nozzles, aeronautic jet engines and aircraft braking systems
[1-5]. However, the matrix cracks produced due to the
mismatch of thermal expansion between the fiber and
matrix are unavoidable [6]. These cracks generally remain
open throughout the application of the material and, con-
sequently, the carbon fibers and pyrolytic carbon (PyC)
interface would be consumed by the oxidizing medium.
This drawback limits the long-term applications of C/SiC
in high-temperature oxidizing environments [3, 4]. The
investigation of reliable oxidation-resistant component (or
coating) attracted much attention. Boron-containing mate-
rials were recognized as one of the most successful oxi-
dation protection systems [7—11]. This is due to that the
low viscosity B,O3 formed in situ is able to fill the cracks
and slow down the in-depth diffusion of moisture and
oxygen [3, 12].

The preparation of boron carbides (also denoted as the
self-healing materials) was widely conducted [13-20], in
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which the temperature chemical vapor deposition (CVD)
or chemical vapor infiltration (CVI) is the most privi-
leged method [21]. A number of reactive gaseous mix-
tures were found available, such as BCly/C¢Hg [22, 23,
26], BCI3/C,H,/[24], BCl3/C3Hg [25], BCIl3/CH4/H,
[27-30] and BCl3/C3;Hg(propene)/H, [31-34]. Although
boron carbide was firstly synthesized by Joly and Hebd
[35], attempts to fabricate high quality boron carbide
have never stopped. Way et al. [22] and Cermignani et al.
[23] deposited B,C;_, with BCl3-C¢Hg gaseous mixtures
and obtained a maximum boron content of 15-17 at.%.
Derre et al. [24] prepared a boron-doped carbon of 22
at.% boron with BCl3-C,H, precursors. Jacques et al.
[25] deposited BC, coating of 33 at.% boron with BCl;-
C3Hg. A detailed study by Kouvetakis et al. [26] revealed
that BC; could be synthesized with CVD method by
using benzene and BCl; gases at 800 °C. More experi-
mental and theoretical investigations were carried out
with the BCIl;-CH4-H, gaseous system [27-30]. The
BCl5-C3Hg(propene)-H, system also drew much attention
in the most recent years [31-34]. Wenbin Yang et al. [31,
32] observed that deposition temperature had great
influence on the depositing rates, morphologies and
bonding states of B-C coating and the concentration of
boron decreased with increasing temperature. Yongsheng
Liu et al. [33] reported that a mixture of BCl;-
CsHg(propene)-H, could be used to fabricate boron-
doped carbon coating with the low pressure chemical
vapor deposition (LPCVD) technique and found five
types of bonding states: B-C, B-sub-C, BC,0, BCO, and
B-O. An apparent activation energy of 208.74 kJ/mol
below 1,273 K in the system was also reported [33]. In
addition to the study of the BCl; + CH4 + H, system by
Yan Zeng et al. [29], Tao Wang et al. [34] in our group
carried out a relatively complete theoretical research on
the gas phase reaction thermodynamics in the CVD
process of preparing boron carbides via the precursors of
BCl5-C3Hg(propene)-H,.

However, the detailed kinetics (or mechanisms) of the
CVD process of preparing boron carbides with BCls-
C;Hg(propene)-H, precursors has not been reported so far.
This is also understandable since the experiments have
great difficulties in measuring the intermediates and the
transition states (to determine the elementary reactions and
their kinetics properties, for example) in the high-temper-
ature system with complicated reactions. The present work
will thus develop the lowest reaction pathway of
C;Hg + BCl; + H, decomposition with theoretical calcu-
lations based on the first principles. This includes the
determination of the intermediates (IM) [29, 34, 65] and
transition states (TS), the connection of the reaction path-
ways (by examination of the intrinsic reaction coordinates
(IRC)), determination of the energies of the species as well
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as the activations energies with accurate model chemistry
method and the determination of the rate control steps.

2 Computational methods and strategy

Density functional theory (DFT), complete active space
self-consistent field (CASSCF) and high accurate model
chemistry calculations were carried out for the reaction
pathways of the C3Hg + BCl; + H, system by using the
Gaussian-03 program [36]. The geometries of reactants,
transition states, intermediates and products were opti-
mized by employing the DFT-B3PWO91 [37, 38] method
combined with 6-311G(d,p) basis sets. This method was
chosen because it was found to reproduce the molecular
geometries systematically better than a number of other
methods [39, 40]. Frequency analyses at the same level
of theory were proceeded with the optimized geometries
to determine the harmonic vibrational frequencies, the
zero-point energies (ZPE; scaled by 0.9631 [41]) and to
confirm the structure being a stationary species or a
transition state (i.e., without or with solely an imaginary
frequency, respectively). The intrinsic reaction coordi-
nates [42] for both forward and reverse directions started
at each TS were also calculated to verify the correct
connections.

Since the C3Hg 4+ BCl3 4+ H, system is so complicated
that it may involve too many reaction paths, intermediates
and transition states, an exploration of the complete reac-
tion mechanisms is temporarily unpractical for us. Alter-
natively, we employed a strategy to examine each reaction
step in detail and chose the path with the lowest energy
barrier as the feasible path to proceed into the next step.
Obviously, this choice cannot promise to identify the glo-
bal most favorable path of the reaction. This is because that
the next step may have a higher barrier than the steps
existed in the higher paths of the last step. However, this is
probably a practical strategy for a kinetics study of a
complicated system, which has not been seen so far. In this
way, the further work may systematically examine the next
lowest paths.

In determination of the computational methods of the
energies, the non-dynamical electronic correlations were
firstly examined with CASSCF/6-31G(d,p) calculations
[43-48]. The active space was chosen to be (4, 5; i.e., 4
active electrons in 5 active orbitals) for closed and (5,5) for
open shell systems. It was found that all of the dominant
configuration coefficients are larger than 0.90 except only
one for TS35 by 0.87, and the detailed results are listed in
Supplement 1. Therefore, a single reference-based method
is acceptable in this work. It should be noted that a cal-
culation with the multi-reference configuration interactions
even for medium size basis sets needs computational
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expenses that exceeds our resources for the C3Hg + BCl;
+ H, system.

The G3MP2 [49, 50] method was thus chosen because it
has been widely used [51, 52] in the accurate calculations
of molecular energies or reaction energies (e.g., the mean
absolute deviation for the G2/97 test set [53, 54]
is £1.30 kcal/mol [49]). This work used the B3PW91/6-
311G(d,p) optimized geometries for the G3MP2 energy
evaluations.

Heat capacity, entropy, enthalpy and Gibbs free energy
of the species at 298.15 K were evaluated with the standard
statistical thermodynamics procedures by wusing the
B3PW91/6-311G(d,p) geometries and frequencies. The
heat capacities as a function of temperature in 200-2,000 K
were also developed with the same method and fitted into
an analytical equation (Eq. 1). By using the heat capacities,
the energy and the energy barriers at any temperature (e.g.,
1,200 K, a temperature close to the generally adopted
reaction condition [20, 55-59]) were derived classically.

3 Results and discussion
3.1 Structure and vibrational frequencies

A total number of 103 intermediates and 95 transition
states associated with the singlet, doublet and triplet
potential energy surfaces are involved. The structure,
symmetry and electronic state are shown in Fig. 1 (in the
alphabetic order of C-H-B-Cl for IM’s and TS’s). The
Cartesian coordinates are listed in Supplement 2 and will
be used in the high temperature heat capacity and entropy
evaluations in the rotational partition function calculations.
The vibrational frequencies are listed in Supplement 3 and
will be used in the evaluation of the vibrational partition
functions.

3.2 Energies

The energies (Uj k), standard enthalpies (Hog.15 k) and
Gibbs free energies (Gpog.15 k) obtained with G3(MP2)
combined with standard statistical thermodynamics are
listed in Supplement 4. The activation energies and reac-
tion energy changes, including enthalpies, entropies and
Gibbs free energies, for the 95 transition states associated
reactions as well as the reactions without transition state at
298.15 K are listed in Supplement 5. The standard molar
heat capacity Cﬁ,m and entropy S8 are calculated statisti-
cally with the ideal gas model. The results for 298.15 K are
listed in Supplement 6. In order to simplify the applications
of the high-temperature entropy, enthalpy and Gibbs free
energy evaluations, polynomial fit of the theoretical heat
capacities are carried out within 200-2,000 K. The data are

fitted into Eq. 1 (consistent with the form of Ref. 60), and
the results are listed in Supplement 7.

Cln=ao+aiT +aT” + asT° + a,T* (1)

As shown in Supplement 7, all of the correlation
coefficients are larger than 0.999 except that, 0.9989 for
BCl,, representing that the fit is very accurate. When
compared with the available experiments [60—64] as shown
in Table 1, the enthalpies of formation and the Gibbs free
energies of formation for the stable intermediates [29, 65]
are generally in very good agreements. The deviations for
C3H6’ C3H5, CH3C1, CH4, CH3, BC13, HCI1 and H2 arc
within 10 kJ/mol. Large deviation is in BCl, possibly due
to a questionable experimental data in Refs. [60], [61] and
[63], but it is consistent with Ref. 64 as presented in Ref.
[29].

3.3 Reaction pathways of C;Hg 4+ BCl; decomposition

The potential energy profile diagrams obtained using the
relative Gibbs free energies (in kJ/mol) at 298.15 K at
G3(MP2)//B3PWII1 level are illustrated in Figs. 2, 3, 4, 5,
6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18 and 19. All the
reactions linked in the figures are spin consistent or are
consistent with the Wigner—Witmer rules [66] except for
the homogenous bond-cleavage in the singlet surface.
Figure 2 illustrates all of the possible intermolecular
reaction paths of the reactants Cs;Hg + BCl;. Figure 3
shows all the possible decompositions of the adduct IM99
produced via the lowest barrier path in the last step. Figs. 4
5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17 and 18 express
the decomposition of the further intermediates found with
the same strategy (as presented in Sect. 2). Figure 19 is the
proposal of the final lowest reaction pathways. It should be
noted that some of the pure thermodynamic processes (i.e.,
the process in which a TS is unable to be located in the
radical attacking reactions) are not shown in the figures,
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Fig. 1 Structure, symmetry and electronic state of the reactants,
product, intermediates and transition states in the C;Hg + BCl3 + H,
system obtained with B3PW91/6-311G(d,p) (listed in the alphabetic
order of C-H-B-Cl)
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Table 1 Standard enthalpies of formation AfHS1 (298.15 K) and Gibbs free energies of formation AfG?n (298.15 K) predicted [29, 65] with
G3(MP2) and the comparisons with available experiments

Species (symmetry, state)

ArHY (298.15 K; kJ/mol)

A:G® (298.15 K; kJ/mol)

G3(MP2) Exp. G3(MP2) Exp.
C3Hg(C,,'A") 18.9 19.70 & 1.10° 53.3
20.0°
20.2¢
C3Hs (Cay,’Ay) 166.9 171.00 £ 3.00° 183.4
161¢
Hy(Doon,' =) —47 0 —4.6 0
CH,(T4,'A)) —74.3 —74.60 + 0.30° —53.0 —50.768°
—74.873 £ 0.34° —50.5°
—74.6°
—74.5 + 0.4¢
CH;(D31,%A,") 143.4 146.30 £ 0.50° 1415 147.950°
145.687 + 0.80° 147.9°
145.7°
145.8 + 1¢
BCl3(Dsp,'AY) —412.5 —403.0 + 2.1 —394.6 —387.969"
—403.0 + 2.1° —388.7°
—403.8°
—404¢
—412.54°
BCly(Cay,?A1) —35.4 —79.50° —46.7 —92.544°
—79.50 + 12.6°
—83 + 63¢
—28.45°
CH;CI(Csy,'A)) —82.9 —81.87 & 0.60* —56.3 —60.146°
—83.68 + 2.1°
—81.9¢
—82.0 £+ 0.5¢
HCI(C,,,'Y) —93.9 —92.31 + 0.10° —96.0 —95.300°
—92312 £+ 0.21° —95.3°
—92.3°
@ Ref. [60]
® Ref. [61]
© Ref. [62]
4 Ref. [63]
© Ref. [64]

neither will be discussed. The concentration distribution of
these species can be found in the thermodynamics inves-
tigations [34].

3.3.1 Initial reactions
In the system of preparing B,C, with C3H¢ + BCl; + H,

precursors, the initial formation of B-C bond or B-C,
structures should be emphasized. Figure 2 illustrates the

@ Springer

paths of the intermolecular reactions of C3Hg + BCl;. It is
shown that there are fourteen reaction paths to form the B-
C bond within four different types of reactions: (1) the
addition of BCl; into the C=C bond, (2) Cl shifts onto
propene associated with the formation of B-C bond, (3) the
release of HCI1 and (4) the release of H,.

The lower energy steps are in the first type of reactions.
These are the addition of BCI; into the C=C bond to form
IM99 and IM97 via TS76 and TS72 with energy barriers of
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Fig. 2 Initial reaction pathways
of C3Hg 4+ BCls. Data in the
square brackets are the

298.15 K relative Gibbs free
energies (in kJ/mol) obtained at
G3(MP2)//B3PWOII level

Fig. 3 Direct and indirect (via
free radical attacking)
decomposition pathways of
CH;CHCICH,BCl, (IM99).
Data in the square brackets are
the 298.15 K relative Gibbs free
energies (in kJ/mol) obtained at
G3(MP2)//B3PWO1 level. a is
for the direct decomposition of
IM99. b is for the paths of IM99
attacked by a hydrogen radical.
c is for the paths of IM99
attacked by a chlorine radical
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Fig. 4 Decomposition reaction
pathways of IM85 radical. Data
in the square brackets are the
298.15 K relative Gibbs free
energies (in kJ/mol) obtained at
G3(MP2)//B3PWO1 level

Fig. 5 Direct and indirect (via
free radical attacking)
decomposition pathways of
CH3CHCHBCI, (IM79). Data in
the square brackets are the
298.15 K relative Gibbs free
energies (in kJ/mol) obtained at
G3(MP2)//B3PWOI level. a is
for the direct decomposition of
IM79. b is for the paths of
decomposition of IM79 attacked
by hydrogen radical. ¢ is for the
paths of decomposition of IM79
attacked by chlorine radical
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Fig. 6 Decomposition reaction
pathways of IM58 radical. Data
in the square brackets are the
298.15 K relative Gibbs free
energies (in kJ/mol) obtained at
G3(MP2)//B3PWOI level

IM55+C1[294.4]

IMS1+H [235,

IMS50+H [121.9]

IM7+CHj; [90.7]

Fig. 7 Direct and indirect (via
free radical attacking)
decomposition pathways of
CH;CCBCl, (IM50). Data in
the square brackets are the
298.15 K relative Gibbs free
energies (in kJ/mol) obtained at
G3(MP2)//B3PWOI level. a is
for the direct decomposition of
IM50. b is for the paths of
decomposition of IM50 attacked
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125.6 and 127.0 kJ/mol, respectively. Actually, IM99 and
IM97 are conformational isomers with respect to the
internal C-B bond rotation. For the complicated reaction
system, the study of the subsequent decompositions of the
slightly higher path of TS72 — IM97 is a further work for
us. It should also be noted that there is a chiral C atom in
either IM97 or IM99 associated with TS72 and TS76.
Figure 2 shows the structure of the (R)-IM99 and the (S)-

IM97. The decomposition paths of the corresponding
enantiomers (S)-IM99 and (R)-IM97 are identical and will
not be discussed repeatedly. The intermediate IM99 in the
lowest energy path of reactants — TS76 — IM99 is thus
the reactant of the next step of our interests.

For type (2), a Cl atom shifts onto the middle or the
terminal C atom of propene associated with the B atom
binding onto the same C atom to produce IM96, IM98 and
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IM28+H [398.4]

TS18 [394.9]

IM32+Cl [321.4]

IM23+H, [314.9]

IM26+HCI [264.8]

IM39 [223.3]
TS21 IM41 [212.1]

[215.1] IM40 [180.9]

IM37 [0.0]

Fig. 8 Decomposition reaction pathways of IM37 radical. Data in the
square brackets are the 298.15 K relative Gibbs free energies (in kJ/
mol) obtained at G3(MP2)//B3PWI1 level

TS22 [380.1]

IM33+Cl [347.7]

IM27+HCI [214.1]

IM29+H [172.3] TS20[190.2]

TS24 IM43 81.0

[131.6]

IM42 [23.8]

1M40 [0.0]
1IM44 [-83.4]

Fig. 9 Decomposition reaction pathways of IM40 radical. Data in the
square brackets are the 298.15 K relative Gibbs free energies (in kJ/
mol) obtained at G3(MP2)//B3PW91 level

IM35+C1[369.8]

IM29+H [255.7]
TS26 [173.2]

1M44[0.0]
IM45 [-80.3]

Fig. 10 Decomposition reaction pathways of IM44 radical. Data in
the square brackets are the 298.15 K relative Gibbs free energies (in
kJ/mol) obtained at G3(MP2)//B3PW91 level
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IM30+H [411.6]

TS16 [278.9]
IM38 [254.5]

IM42 [187.5]

1IM45 [0.0]
Fig. 11 Decomposition reaction pathways of IM45 radical. Data in

the square brackets are the 298.15 K relative Gibbs free energies (in
kJ/mol) obtained at G3(MP2)//B3PW91 level

TS15 [338.2]

IM30+H [224.1]

IM36+Cl [190.5

IM29+H [148.5]

IM23+H, [110.2]

IM42 [0.0]

Fig. 12 Decomposition reaction pathways of IM42 radical. Data in
the square brackets are the 298.15 K relative Gibbs free energies (in
kJ/mol) obtained at G3(MP2)//B3PW91 level

IM95 via TS73, TS74 and TS70 with energies of 167.8,
175.1 and 190.3 kJ/mol, respectively. These barriers are
moderate for the gas phase reactions especially at higher
temperatures. The respective reaction paths should also be
a further work for us. Type (3) is for the release of an HCI
molecule. There are five different paths to produce IM77,
IM80, IM79, IM77 and IM78 via TS75, TS66, TS68, TS63
and TS64 with 155.7, 189.6, 193.9, 237.3 and 242.7 kJ/
mol, respectively. In these paths, IM77 could be produced
via either TS63 or TS75. The energy values show that the
release of an HCI molecule is also moderate for the reac-
tions. For type (4), a molecular H, can be dissociated from
one C atom of propene either at its -CH; or = CH, ter-
minal to form IM64, IM65, IM66 and IM67 via TS65,
TS67, TS69 and TS71 with energy barriers of 295.7, 304.8,
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Fig. 13 Direct and indirect (via
free radical attacking)
decomposition pathways of
C3;HBCl, (IM29). Data in the
square brackets are the

298.15 K relative Gibbs free
energies (in kJ/mol) obtained at
G3(MP2)//B3PWOI level. a is
for the direct decomposition of
IM29. b is for the path of
decomposition of IM29 attacked
by hydrogen radical. ¢ is for the
path of decomposition of IM29
attacked by chlorine radical
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1M24 [0.0]
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Fig. 14 Decomposition reaction pathways of IM24 radical. Data in
the square brackets are the 298.15 K relative Gibbs free energies (in
kJ/mol) obtained at G3(MP2)//B3PW91 level
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TS5 [234.9]

IM18 [109.5]

IM19 [39.5]

1IM23 [0.0]

Fig. 15 Decomposition reaction pathways of IM23 radical. Data in
the square brackets are the 298.15 K relative Gibbs free energies (in
kJ/mol) obtained at G3(MP2)//B3PW91 level
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Fig. 16 Decomposition reaction pathways of IM18 radical. Data in
the square brackets are the 298.15 K relative Gibbs free energies (in
kJ/mol) obtained at G3(MP2)//B3PW91 level

IM16+Cl1[365.7]

TS8 [219.1]

IM13+Cl1[155.1]

IM21 [38.6]

1IM20 [0.0] IM22 [-44.0]

Fig. 17 Decomposition reaction pathways of IM20 radical. Data in
the square brackets are the 298.15 K relative Gibbs free energies (in
kJ/mol) obtained at G3(MP2)//B3PW91 level
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Fig. 18 Direct and indirect (via
free radical attacking)
decomposition pathways of
C;BCl1 (IM13). Data in the
square brackets are the

298.15 K relative Gibbs free
energies (in kJ/mol) obtained at
G3(MP2)//B3PWOI level. a is
for the direct decomposition of
IM13. b is for the paths of
decomposition of IM13 attacked
by hydrogen radical
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Fig. 19 Proposal of the final lowest reaction pathways of CsHe 4+ BCl; pyrolysis. Data in the path are the relative Gibbs free energies (in kJ/
mol) obtained at G3(MP2)//B3PWO1 level. a is for the reaction pathways at 298.15 K and b is for those at 1,200 K

311.6 and 305.1 kJ/mol, respectively. The energies are obvi-
ously higher than the other types of reactions, predicting that
these reaction pathways are relatively unfeasible. The
branching ratios of the reaction rate, if approximately
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estimated with the Boltzmann’s factor o = exp[—(E; — E»)/
RT), are 1.8, 1.9 x 10° and 2.5 x 107 for the lowest barrier
reaction via TS76 with respect to the next lowest energy paths
via TS72, TS75 and TS73, respectively.
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3.3.2 Decomposition of IM99 intermediate

Figure 3 presents the decomposition paths of the interme-
diate CH;CHCICH,BCl, (IM99) produced in the lowest
energy path of the initial reactions (Fig. 2). Figure 3a is for
the direct decompositions, and there are three different types
of reactions: (1) the dissociation of an HCI molecule, (2) the
dissociation of amolecular H, and (3) the homogenous bond-
cleavages. The production of propylene-boron-dichloride
(IM79) by decomposing the HCl from the middle of the
CCCB chain of IM99 via TS77 with an energy of 197.4 kJ/
mol is a low energy path lying 130.7 kJ/mol below TS81 of
producing IM82. Other types of reactions need much higher
energies. The rate branching ratio for the low energy path is
1.5 x 10" with respect to the next low one. However, the
gaseous phase reactions at higher temperatures should fol-
low radical mechanisms. For example, Qu et al. [67] in our
group examined the reaction paths of propene pyrolysis and
reported that the most favorable paths are mainly in the
radical attacking chain reactions. In that work, the authors
suggested that the initial production of an H atom could be
the ground state propene(X'A’) exciting into its lowest
triplet state(a®A) with an energy of 270.2 kJ/mol and then
conducting a bond-cleavage to produce an H atom with an
energy of 148.7 kJ/mol. This also applies to the present work
because propene is one of the reactants of this work. The
initial production of a Cl radical needs an energy of 303.3 kJ/
mol if it is produced by the decomposition of IM99 (into
IM91 + Cl) as shown in Fig. 3a or that of 454.7 kJ/mol if
decomposed from the BCI; precursor (an experimental value
of 400.7 kJ/mol for the decomposition of BCl; — BCl, +
Cl can be obtained by using the data from the NIST-JANAF
Tables [61], but the data for BCl, is questionable [29]). The
energy, 303.3 kJ/mol, is moderate for an initialization of a
reaction chain. Subsequently, the H and Cl radical attaching
reactions are shown in Fig. 3b, c.

Figure 3b shows the decomposition paths for IM99
attacked by an H radical at different sites. A CI, H atom or
the —CHj; group in IM99 could be dissociated. The energies
are much smaller compared to the direct decompositions.
On the left hand side, three radicals IM86, IM85 and IM&7
and a molecular H, from each are produced. The low
energy path is for the H on the middle C being decomposed
via TS89 with an energy of 50.1 kJ/mol. The next lower
paths (via TS93, TS94, TS90, TS88 and TS92) lie a few
kilojoules higher in energy, corresponding to the rate
branching ratios of 2.2, 5.9, 1.3 x 10°, 1.3 and 9.5 x 10",
It is also shown that the decomposition of a ClI atom on the
C atom needs a small energy of 58.9 kJ/mol via TS91 to
produce IM94 and an HCl molecule. The only higher
energy path is the decomposition of a CH3 group to pro-
duce IM10 and a methane molecule via TS95 with an
energy of 169.3 kJ/mol. Therefore, all the lower energy

decomposition paths are possible if there is no other even
lower energy path.

However, Fig. 3c shows that the decomposition of an H
atom in IM99 attacked by a Cl atom needs an energy not
more than 41 kJ/mol (or 10 kcal/mol) except for the ter-
minal CH; group in IM99 being dissociated via TS87 with
a higher energy of 154.7 kJ/mol. The release of an HCl
molecule for breaking the C—H bond on the terminal CHj3
group of IM99 will produce IM87 via TS84, TS83 and
TS86 with energies of 26.0, 30.2 and 40.5 kJ/mol,
respectively. The dissociation of the H atom on the carbon
linking BCl, terminal will also produce an HCI molecule
and IM85 via TS85 with 25.8 kJ/mol, which is the lowest
energy path in the present reaction step. It should be noted
that TS85 lies only 0.2 kJ/mol lower than TS84 and the
product IM85 is more stable than IM87 by 35.2 kJ/mol.
The rate branching ratios for the reactions in Fig. 3c are
1.1,5.7,3.6 x 10%and 3.6 x 10*2. Compared with the low
energy path of H attacking reaction in Fig. 3b, the lowest
path of CI attacking reaction in Fig. 3c has a rate branching
ratio of 1.8 x 10* Therefore, the radical IM85 should be
considered as the reactant of the next reaction step although
IM87 produced here via TS84 should have a similar con-
centration in the reaction system.

3.3.3 Decomposition of IM85 radical

As shown in Fig. 4, the decomposition of IM85 has three
types of reactions: (1) the dissociation of a radical (H, Cl or
CH;), (2) intra-molecular H or CI shift, (3) the release of a
H, molecule. Among which, the lowest energy path is
IM85 decomposing into IM79 and a Cl atom without
passing transition state. The energy is 60.6 kJ/mol. Other
six pathways to dissociate the H, Cl and CHj radicals have
energies or energy barriers at least 44.5 kJ/mol higher. In
the reaction of intra-molecular H or CI shift, IM88 corre-
sponds to the H atom on the middle C shifting onto the C
linking B (via TS51). The energy barrier is 141.8 kJ/mol.
The reactant IM85 and IMS87 are isomers produced from
the 1-3 H shift linked by TS50 with an energy barrier of
177.9 kJ/mol. IM85 can also transform into IM89 by a Cl
atom shifting onto the neighboring C atom with a barrier of
236.4 kJ/mol. However, these reactions need energies
higher (at least 81.2 kJ/mol) than the lowest path. The
release of a H, molecule from the terminal CH; group of
IM8S5 to form IMS53 via TS54 needs an extraordinarily high
energy of 441.1 kJ/mol. Therefore, IM79 is considered as
the reactant of the next step.

3.3.4 Decomposition of IM79 intermediate

Figure 5 presents the decomposition paths of the interme-
diate CH;CHCHBCI, (IM79). Figure 5a is for the direct

@ Springer



534

Theor Chem Acc (2010) 127:519-538

decomposition. It is shown that the low energy path is the
H atom on the C atom linking B shifting onto the middle C
via TS46 with an energy of 261.0 kJ/mol. It should be
noted that the Gibbs free energy at 298.15 K of the product
IM83 is slightly higher than that of TS46 by 1.4 kJ/mol.
However, the energy obtained in the geometry optimiza-
tions of B3PW91/6-311G(d,p) is 5.4 kJ/mol lower. This is
understandable because the stationary points from G3MP2
and B3PWO91 could be different and the entropy or the
thermal correction of the energies for an IM and a TS
would be different. The path in which the H atom on the
methyl group conducting a 1,3-H-shift to form IM77 via
TS47 lies 8.9 klJ/mol higher than the low energy path.
IM79 may also conduct two other isomerization reactions:
the H atom on the CH; terminal shifting onto the B atom
with a Cl shifting onto the neighboring C simultaneously
via TS44 with an energy of 295.2 kJ/mol, and the H
located on the middle C shifting onto the C linked with B
via TS42 with an energy barrier of 329.2 kJ/mol. Addi-
tionally, HCl, CH4 and H, can be dissociated from IM79.
By passing TS49 with a barrier of 287.8 kJ/mol, a four-
member ring product (IM54) is formed. By converting
IM79 into IM6, an energy of 383.9 kJ/mol is required.
TS43 and TS48 link the same reactant (IM79) and product
(IM48 + H,) with barriers of 373.6 and 424.1 kJ/mol,
respectively. IM49 is the product of a H, released from the
CHj; terminal in IM79 via TS41 with a barrier of 418.6 kJ/
mol. The homogenous bond-cleavages without passing TS
are also shown in Fig. 5a. The energies range from 325.9 to
469.3 kJ/mol. For all the direct reactions, the barriers or
energies are above 261.0 kJ/mol.

IM79 can be attacked by either H or CI radical in the
system with very small barriers as shown in Fig. 5b and c.
TS61, TS60 and TSS9 in Fig. 5b are the transition states of
releasing a H, molecule from IM79 if it is attacked by H
radical. The energies are 52.7, 67.2 and 68.1 kJ/mol. If the
terminal methyl group is attacked by H, a CH, molecule is
released and the IMS8 radical is remained. Compared with
the dissociation of H, the barrier, 192.7 kJ/mol, of disso-
ciating CHj is higher. Figure 5c shows IM79 being attacked
by Cl. IM79 may decompose into IM58 + HCI via TS56
with an energy of 30.4 kJ/mol or into IM8 + CH;3Cl via
TS57 with an energy of 184.9 kJ/mol. Obviously, IM58
radical is the ongoing reactant in the next step.

3.3.5 Decomposition of IM58 radical

Figure 6 shows the decomposition paths of IM58 radical.
The isomerization, the radical (H, CH; or Cl) and HCl
molecule releasing could be conducted. The lowest energy
path is that the H on the middle C atom decomposes from
IM58 without passing transition state with an energy of
121.9 kJ/mol. The dissociation of a CHj3 radical via TS34
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needs 17.1 kJ/mol more. The rate branching ratio is
9.9 x 10°. The energy, 294.4 kJ/mol, of decomposing a Cl
from the BCl, terminal of IM58 is much higher. IM58 could
also close its carbon chain associated with the H on the
terminal methyl group being dissociated to form IM51 via
TS33 with an energy of 295.2 kJ/mol. On the right hand
side of Fig. 6, the transition states (TS32, TS31, TS30,
TS38, TS36, TS35) and the energy barriers (174.1, 192.4,
200.1, 203.3, 253.1 and 318.6 kJ/mol) that link IM58 rad-
ical and its respective isomers (IM57, IM60, IM59, IM63,
IM62 and IM61) are shown. All the isomers are the products
of H shift except for IM63 and IM59, which are the products
of the CI on the B atom shifting onto the neighboring C
atom. IM58 may also decompose into a four-member ring
product of IM46 and an HCI molecule via TS37 with a high
barrier of 349.8 kJ/mol. Therefore, the decomposition of
the next step starts from IMS50.

3.3.6 Decomposition of IM50 intermediate

Figure 7 is for the decomposition pathways of CH;CCBCl,
(IM50). Figure 7a shows the homogenous bond-cleavages
and the CI shifting reaction. The dissociation of an H atom
needs a higher energy of 345.4 kJ/mol. The decomposition
of a Cl atom or a CHj; radical needs even higher energies
by 455.1 and 490.7 kJ/mol, respectively. IM50 may also
convert into a three-member ring IM52 via TS27 with an
energy of 380.8 kJ/mol through a 1,2-Cl-shift process.
Figure 7b is for the decomposition of IM50 attacked by H
radical. The H, Cl atom or the CH; group could be dis-
sociated (via TS39, TS29 and TS40) with the release of H,,
HCI and CH,4 molecule. The energies are 55.9, 119.2 and
208.9 kJ/mol. Figure 7c shows the decomposition of IM50
attacked by Cl. The decomposition of the CH; group to
form IMS and a CH;Cl molecule via TS28 needs an energy
of 256.5 kJ/mol. Therefore, the lowest energy path is to
decompose an H in IM50 attacked by H with the formation
of IM37 and H,. IM37 is the reactant of the next step.

3.3.7 Decomposition of IM37 radical

Figure 8 shows the decomposition paths of the IM37 rad-
ical. The isomerization, the radical (Cl or H) and the
molecule (HCI or H,) releasing could be proceeded. The
lowest energy path is that IM37 transforms into a three-
member ring (IM40) via TS21 with an energy barrier of
215.1 kJ/mol. The Cl on the BCl, group could shift onto
the neighboring C atom (via TS19) or onto the terminal C
(via TS13) with energies of 289.0 kJ/mol and 317.3 kJ/
mol. The dissociation of Cl or H atom from IM37 without
passing a transition state needs an energy of 321.4 or
398.4 kJ/mol, respectively. An HCl molecule could be
released via TS17 with an energy of 350.6 kJ/mol to form a
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linear intermediate IM26. Both of the H atoms on the
terminal —CH, group could be decomposed via TS18 to
form IM23 and a H, molecule with an energy barrier of
394.9 kJ/mol. Accordingly, the decomposition of the next
step starts from IM40.

3.3.8 Decomposition of IM40 radical

As shown in Fig. 9, the decomposition of IM40 has three
types of reactions: intra-molecular H or CI shift, the disso-
ciation of an H or a Cl radical and the release of an HCI
molecule. Among those, the lowest energy path is the H on
the C atom shifting onto the neighboring C via TS24 to
produce IM44 with an energy of 131.6 kJ/mol. The H shifts
onto the other C atom via TS20 needs 58.6 kJ/mol more. The
ClI shifting reaction via TS23 to form IM43 has an energy
barrier of 328.9 kJ/mol. On the left hand side of the figure,
the H and CI radical releasing reactions need energies of
172.3 and 347.7 kJ/mol, respectively. An HCl molecule
could also be dissociated form IM40 via TS22 to form IM27,
but the barrier is 380.1 kJ/mol. The branching ratio of the
reactionrateis 1.4 x 10 for the lowest energy path via TS24
with respect to the next lowest one (IM40 — IM29 + H).
As a result, IM44 is the reactant of the next step.

3.3.9 Decomposition of IM44 radical

Figure 10 is for the decomposition pathways of IM44.
Three reactions were found and the lowest one is that the H
on the C atom shifts onto the C linking BCI, via TS26 to
produce IM45 with an energy barrier of 173.2 kJ/mol.
IM44 may also release H or Cl radical without passing any
transition state to form IM29 and IM35. The energies are
255.7 and 369.8 kJ/mol, respectively. Obviously, IM45 is
the reactant of next step.

3.3.10 Decomposition of IM45 radical

Figure 11 presents the decomposition paths of IM45. The
lowest energy path is that the linear C chain in IM45 bends
and forms an isomer IM42 via TS25 with a barrier of
192.1 kJ/mol. The Cl atom in the BCI, group could shift onto
the neighboring C via TS16 with an energy barrier of
278.9 kJ/mol. On the left side of the figure, three paths to
dissociate a Cl and two H radicals to produce IM34 + CI,
IM28 + H and IM30 + H are shown. The respective ener-
gies are 324.4, 381.2 and 411.6 kJ/mol without transition
state. So, the next step will be the decomposition of IM42.

3.3.11 Decomposition of IM42 radical

Figure 12 demonstrates the decomposition pathways of
IM42 by releasing an H or a Cl radical and a H, molecule.

The lowest energy path is to dissociate the H on the C atom
linking the BCl, group to form IM29 with an energy of
148.5 kJ/mol. Decomposing a CIl atom needs 42.0 kJ/mol
more. The release of the other H atom in IM42 requires a
higher energy of 224.1 kJ/mol. Actually, a H, molecule
could also be released via TS15 with an even higher energy
barrier of 338.2 kJ/mol. The rate branching ratio is
23 x 107 for the lowest energy reaction
(IM42 — IM29 4+ H) with respect to the next lowest
energy path (IM42 — IM36 + Cl). Therefore, intermedi-
ate IM29 is the ongoing reactant in the next step.

3.3.12 Decomposition of IM29 intermediate

Figure 13 shows the decomposition pathways of C;HBCl,
(IM29). Figure 13a is for the CI shifting, the HC] molecule
releasing and the homogenous bond-cleavages reactions.
The path that the Cl atom in the BCl, group shifts onto the
C atom linked with an H atom via TS10 has a high energy
barrier of 265.8 kJ/mol. Dissociating an HCl molecule
from IM29 to produce IM13 needs a higher energy of
351.4 kJ/mol. The energies of the homogenous bond-
cleavage reactions as shown in the left hand side of the
figure are more than 408.1 kJ/mol. For the H and ClI radical
attacking reactions as shown in Fig. 13b—c, the energy
barriers are much lower. The one for H attacking is
82.2 kJ/mol to produce IM24 via TS14 and that for the CI
attacking is only 44.0 kJ/mol to produce IM24 via TS12.
The rate branching ratios is 4.9 x 10° for the lowest
energy path. Thus, IM24 is the reactant in the next step.

3.3.13 Decomposition of IM24 radical

Figure 14 illustrates the decomposition paths of IM24
radical for the isomerization and the CI dissociation reac-
tions. The lowest energy path is that the three-member ring
of the C atoms opens to form a more stable intermediate
IM23 via TS7 with an energy of 64.3 kJ/mol. IM24 may
also dissociate a Cl atom to form IM15 without passing a
transition state but needs much higher energy of 383.8 kJ/
mol. The next step will start from IM23.

3.3.14 Decomposition of IM23 radical

Figure 15 shows the decomposition paths of IM23 for Cl
shift and Cl release reactions. The lowest energy path is
that a Cl atom in the BCI, group shifts onto the neighboring
C atom via TS6 with an energy of 185.3 kJ/mol. The Cl
shifting onto the terminal C atom via TS5 needs 49.6 kJ/
mol more. The energy for the CI dissociation reaction
without passing transition state is 380.2 kJ/mol, and the
product is a linear intermediate IM12. The branching ratio
of the reaction rate is 4.9 x 10® for the lowest path (via
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TS6) with respect to the next lowest energy one (via TS5)
and IM18 is the reactant of the next step.

3.3.15 Decomposition of IM18 radical

Figure 16 demonstrates the decomposition paths of IM18
radical for its isomerization and Cl releasing reactions. The
lowest energy path is that the three-member ring in IM18
transforms into a four-member ring in IM20 via TS3 with
an energy barrier of 48.0 kJ/mol. The CI on the C atom
shifting onto the terminal C to form IM19 via TS2 needs a
higher energy of 300.4 kJ/mol. On the left hand side of the
figure, different sites of Cl atom in IM18 are dissociated to
produce IM14 and IM16. The energies are 270.4 and
391.5 kJ/mol, respectively. Therefore, the decomposition
of the next step starts from IM20.

3.3.16 Decomposition of IM20 radical

Figure 17 shows the decomposition pathways of IM20. The
ClI dissociation and CI shift reactions are involved. The
lowest energy, 155.1 kJ/mol, path is to dissociate the Cl
atom on the C atom without transition state. The release of
the Cl on the B atom needs much higher energy of 365.7 kJ/
mol. The CI shift reactions are shown on the right hand side
of the figure. The CI atom either on the B atom or on the C
atom could shift onto the neighboring C atom. These cor-
responds to IM22 (via TS4) and IM21 (via TS8) with the
energy barriers of 175.8 and 219.1 kJ/mol, respectively.
The rate branching ratio is 4.2 x 10 for the lowest energy
path IM20 — IM13 + CI) with respect to the next lowest
one (via TS4). Thus, IM13 is the reactant of the next step.

3.3.17 Decomposition of IM13 intermediate

Figure 18 is for the decomposition paths of intermediate
IM13, which is also the last reactant to produce a C;B
cluster. Figure 18a presents the direct decomposition
reactions of IM13. It shows that either the CI shift (to form
IM17 via TS1) or the CI release (to form C;B) reaction
requires quite high energy by 481.7 or 499.2 kJ/mol,
respectively. However, Fig. 18b shows that the dissociation
of the last remaining Cl atom via TS9 needs a barrier of
only 154.0 kJ/mol by H attacking. Therefore, the C;B
cluster in 2A; state with Ca, symmetry is the ultimate
product of the lowest energy pathway of the C3Hg (pro-
pene) +BCl; + H, pyrolysis system.

3.4 Proposal of the lowest paths
According to the discussions of this paper, one of the

possible lowest reaction pathways can be drawn. The ini-
tialization of the reaction chain is the production of the H

@ Springer

radical from propene [67] and the Cl radical from IM99 (a
dot will be used to emphasize the species being a radical)

(1) C3Hg — C3H;(a’A) — TS58 — H- + IM74(C;Hs-)
(2) IM99 — IM91 + CI..

The respective energy barriers (Gibbs free energies) in
reaction (1) are 270.2 and 148.7 kJ/mol at 298.15 K [67],
and the energy for IM99 decomposing into IM91 and Cl
radical in (2) is 303.3 kJ/mol. But for temperature at
1,200 K, the energy for reaction (2) decreases into
179.5 klJ/mol and those for reaction (2) change to 233.9
and 153.4 kJ/mol. These energies at any other temperatures
can also be obtained with classical thermodynamics by
using the data listed in the supplementary materials. It
should be noted that the production of H radical by direct
decomposition of propene at 1,200 K needs a smaller
energy of 226.2 kJ/mol, which is even smaller than that in
the electronic excitation as presented in Ref. [67]. There-
fore, the production of the radicals (H and CI) at 1,200 K
should be

(1) C3Hg — H-+IM74(C3Hs-)  (with226.2kJ/mol)
(I")  C3He — C3H; (a’A) — TS58 — H- +IM74(C;Hs-)
with233.9and viaTS58 with 153.4kJ /mol

(2)  IM99 — IM91 +CI-  (with 179.5kJ/mol).

The ongoing lowest reaction pathways, in which the
reaction in each step has the lowest energy barrier or the
lowest energy, of the C3He + BCl3 + H, pyrolysis system
are shown in Fig. 19 [‘(a)’ for 298.15 K and ‘(b)’ for
1,200 K].

The chemical reactions are (TS, energy or energy bar-
riers at 298.15 K are shown in the parentheses following
each reaction)

(3) C3Hg+BCl3—IM99 (viaTS76with125.6kJ/mol)
4)  IM99-+Cl-—IM85-+HCI

(viaTS85with25.8kJ/mol)

(5) IM85 — IM79 + Cl- (with60.6kJ/mol)
(6) IM79 + Cl- — IM58 + HCI

(via TS56 with 30.4 kJ/mol)
(7) IM58 — IM50 + H-  (with 121.9 kJ/mol)
(8) IMS50+H- — IM37 (viaTS39 with 56.0 kJ/mol)
(9) IM37 — IM40 (via TS21 with215.1 kJ/mol)
(10) IM40 — IM44  (via TS24 with 131.6 kJ/mol)
(11) IM44 — IM45 (viaTS26 with 173.2kJ/mol)
(12) IM45 — IM42  (viaTS25 with 192.1 kJ/mol)
(13) IM42 — IM29 +H- (with 148.5 kJ/mol)
(14) IM29 + Cl- — IM24 + HCI

(via TS12 with 44.0 kJ/mol)

(15) IM24 — IM23  (via TS7 with 64.3 kJ/mol)
(16) IM23 — IM18 (via TS6 with 185.3 kJ/mol)
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(17)  IMI18 — IM20 (viaTS3 with48.0kJ/mol)
(18)  IM20 — IMI13 + Cl-  (with 155.1 kJ/mol)
(19) IMI3 +H- — C3B + HCI

(via TS9 with 154.0kJ/mol).

It is shown that all the energy barriers are not more than
215.1 kJ/mol. The values are moderate for the gas phase
pyrolysis reactions. The highest energy step is that IM37
transforms into the three-member ring IM40 with an
energy of 215.1 kJ/mol in reaction (9). The higher energy
steps are reactions (11), (12), (16), (18) and (19) corre-
sponding to the energies in the region of 150-200 kJ/mol
by 173.2, 192.1, 185.3, 155.1 and 154.0 kJ/mol.

For temperature at 1,200 K, the respective energies for
reactions (3-19) are 275.1, 50.9, —50.1, 125.0, 11.9, 136.7,
239.5, 135.5, 172.9, 203.5, 45.9, 127.9, 73.9, 191.9, 70.9,
52.9 and 247.6 kJ/mol. It should be noted that reactions
(3), (9), (12) and (19) have energies higher than 200 kJ/mol
by 275.1, 239.5, 203.5 and 247.6 kJ/mol, respectively. It is
also noted that all the energies of the radical attacking
reactions [except reaction (4)] increased more than 80.0 kJ/
mol [i.e., reactions (6), (8), (14) and (19)] mainly due to a
negative entropy change of the reaction. But the energy at
1,200 K for isomerization reactions [i.e., reactions (9),
(10), (11), (12), (15), (16) and (17)] remains almost
unchanged (or not more than 23.0 kJ/mol) mainly due to an
unchanged entropy of the reaction. It is also interesting that
the energies of radical releasing reactions (5), (7), (13) and
(18) decreased more than 100.0 kJ/mol (i.e., from 60.6 to
—50.1, 121.9 to 11.9, 148.5 to 45.9, 155.1 to 52.9 kJ/mol)
benefited from a positive entropy change of the reaction.
Therefore, the highest energy barrier of the lowest paths is
275.1 kJ/mol at 1,200 K.

4 Conclusions

A kinetic research on the gas phase reaction pathways of
C;Hg-BCl5-H, system was carried out theoretically. A total
number of 95 transition states and 103 intermediates in the
system were obtained with density functional theory at
B3PWO91/6-311G(d,p) level. The intrinsic reaction coordi-
nates were calculated with the same method to confirm the
linked profiles. Molecular energies were evaluated with the
high accurate model chemistry method at G3(MP2) level
after a non-dynamical correlation diagnosis with the
dominant configuration coefficient of a complete active
space self-consistent field (CASSCF) calculation. Heat
capacity, entropy, enthalpy and Gibbs free energy correc-
tions at 298.15 K were calculated with standard statistical
thermodynamics by using the optimized geometries and the
scaled theoretical frequencies. The heat capacities (as a
function of temperature) were calculated statistically and

fitted into polynomials, which can be used in the high
temperature evaluations of the Gibbs free energies
classically.

Potential energy surface profiles of the C3;Hq-BClz-H,
pyrolysis system including direct decompositions and the
radical attacking reactions were illustrated in the order of
gradual decompositions. The energy barriers or the reaction
energies were examined by using the Gibbs free energies at
298.15 K. It was found that the lowest energy paths are
mainly in the radical attacking chain reactions. There were
19 reaction steps in the lowest paths including two steps to
produce H and Cl radicals. The lowest decompositions
paths were proposed as: CsHg 4+ BCl; —» IM99 —
IM85 —» IM79 — IM58 —» IM50 —» IM37 — IM40 —
IM44 — IM45 — IM42 —» IM29 - IM24 — IM23 —
IM18 — IM20 — IM13 — C;3;B. The respective energy
barriers are 125.6, 25.8, 60.6, 30.4, 121.9, 56.0, 215.1,
131.6, 173.2, 192.1, 148.5, 44.0, 64.3, 185.3, 48.0, 155.1
and 154.0 kJ/mol at 298.15 K. For a typical temperature
(1,200 K) adopted in the experiments, the energies change
into 275.1, 50.9, —50.1, 125.0, 11.9, 136.7, 239.5, 135.5,
172.9, 203.5, 459, 127.9, 73.9, 1919, 70.9, 52.9 and
247.6 kJ/mol. These data indicated that the decomposition
paths are feasible in the experimental condition.
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