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The temperature and pressure dependencies of the rate constant of the recombination reaction CCl, +
CCl; + M — C3Cly + M have been theoretically studied between 300 and 2000 K. Quantum-chemical cal-
culations were employed to characterize relevant parts of the potential energy surface of this process.
The limiting rate constants were analyzed using the unimolecular reaction theory. The resulting low
pressure rate constant can be represented as ko =[Ar] 3.5 x 10723 (T/300 K)~37 exp(—1560 K/T) cm?
molecule' s 1.

The high pressure rate constants derived from a simplified statistical adiabatic channel model (SSACM)
and from a SACM combined with classical trajectory calculations (SACM/CT) are k., = (1.7 £ 1.0) x 10712
(T/300)°8 %1 cm3 molecule™! s~! and k.. = (5.4 + 3.0) x 1073 (T/300)%7 * ®! cm® molecule~! s~*. The fal-
loff curves were represented in terms of these limiting rate constants. Reported experimental results are
satisfactorily described with the present model. The calculations indicate that the CCI, + CCl, reaction
proceeds via the stabilization of C,Cly4, with a contribution of the C,Cl3 + Cl — C,Cl,4 reaction, and at

sufficiently high temperatures the channel CCl, + CCl, — C,Cl, + 2Cl becomes relevant.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

A large number of free radicals and metastable species can be
generated via infrared multiphoton dissociation. Appreciable con-
centrations of these species are produced under low-pressure
and short-time irradiation conditions, making the technique ideal
for detailed kinetic studies.

The pyrolysis and photolysis of chloroform, CHCls;, under a
broad range of conditions has been extensively studied in the past
few decades [1-17]. Reaction pathways to give account of the
products determined at different stages of the reaction have been
described. The three center HCl elimination reaction CHCl; —
CCl, + HCI is the dominant initiation step [1,2,7,10,12-15]. The
dominant pathway proposed to explain the formation of the main
reaction product, C,Cly, is the recombination reaction of two
dichlorocarbene radicals, CCl, [1,2,14].

CCly + CCly + M — C,Cly + M (1)
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This process has been scarcely studied. Won and Bozzelli [1] studied
the pyrolysis of CHCls in a reaction system consisting of 1% CHCl3 in
760 Torr of Ar in the 800-1073 K temperature range. Gas chromato-
graphic analysis was used to determine the concentrations of reac-
tants and products as a function of temperature at different reaction
times. They proposed a kinetic reaction mechanism consisting of 31
species and 67 elementary reactions to describe the reactant loss
and the product formation. The rate constant for reaction (1) calcu-
lated using the unimolecular quantum version of the Rice-
Ramsperger-Kassel (QRRK) theory was 1.1 x 107'2 exp(1300 K/T)
cm’® molecule™! s~!. Kumaran et. al. [2] studied the pyrolysis of
1% and 4% CHCl; in Kr between 1282 and 1878 K. They used the
laser schlieren technique to measure the CHCl; decomposition
while the time resolved Cl formation was followed by the atomic
resonance absorption spectroscopic technique. A reaction mecha-
nism consisting of six elementary reactions was used to describe
the secondary CCl, chemistry. To study the CCl, recombination
reaction they carried out RRKM calculations on the dissociation of
C,Cly to give 2CCl,. They estimated the equilibrium constant for
C,Cly 2 2 CCl, and calculated the third order recombination rate
constant in the falloff region. The resulting values were fitted with
the expression 1.6 x 10732 exp(3000 K/T) cm® molecule~2 s~!. More
recently, Zhu and Bozzelli [14] analyzed previous results of the
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thermal conversion of CHCl3 to CCl, in the presence of Cl, over the
846-908 K temperature range using a detailed mechanism that
included 38 elementary reactions. The QRRK rate constant for the
CCl, self-recombination reported for a pressure of 0.1 atm over
the 300-2000 K range was 3.0 x 1075 (T/300 K) 42 exp(—4600 K/
T) cm® molecule™! 571,

In previous works [16,17] we have experimentally determined
the room temperature rate constant for reaction (1) using the laser
induced fluorescence technique (LIF). In Ref. [16] The CCI, radicals
were produced by infrared multiphoton dissociation (IRMPD) of 1
Torr of CDCl5 in the presence of 0-30 Torr of Ar. The LIF technique
allowed us to simplify the analysis of the reaction mechanism and
determine the reaction rate constant in a direct manner. The value
obtained for the rate constant at the high pressure limit was k., =
(6.7 +0.2) x 107" cm® molecule ' s~

In the present work a theoretical study of the temperature and
pressure dependencies of reaction (1) is reported. The relevant
molecular properties were determined using density functional
theory (DFT) and ab initio quantum-chemical calculations. Differ-
ent approaches of the unimolecular reaction rate theory were
employed to predict the rate constants.

2. Theoretical methods

The electronic structure calculations were carried out using the
Gaussian 09 package [18]. The harmonic vibrational frequencies
and rotational constants were determined with different
approaches of the density functional theory. The standalone func-
tional B97-D3 [19] and the following hybrid functionals B3LYP
[20], B97-2 [21], B98 [22], mPW1PW91, mPW1LYP, mPW3PBE
[23], TPSSh [24], B3PW91 [25-29], BH&HLYP, B3P86 [30], BILYP
[31-33], PBE1PBE [34,35], PBEh1PBE, X3LYP [36], B97-1 [37],
APF, APF-D [38], mPW1PBE, LC-®PBE [39-42], CAM-B3LYP [43]
were combined with the MG3S basis set [44]. The basis set param-
eters were taken from Ref. [45]. This is a triple-zeta polarized basis
set with diffuse functions on all heavy atoms which is equivalent to
the Pople’s 6-311+G(3d2f,2df,2p) basis set for H to Si atoms [46].
The reaction enthalpies and the electronic potential curves along
the minimum energy pathways (MEP) were obtained from density
functional theory and ab initio quantum-chemical calculations. The
limiting high pressure rate constant was determined with a simpli-
fied version of the statistical adiabatic channel model, SSACM [47],
and with the statistical adiabatic channel model/classical trajec-
tory, SACM/CT, formulation developed for linear rotor + linear rotor
type of reactions. [48]. The low pressure rate constants, ko, were
estimated using the strong collision low pressure rate coefficients,
kg, obtained with a factorized model [49,50]. The pressure depen-
dence of the rate constants in the intermediate falloff range were
obtained with a recently formulated reduced falloff curves method
[51,52].

3. Results
3.1. High pressure rate constant for CCl, + CCl, — C5Cly

The experimental study of Ref. [16] shows that reaction (1) is
very close to the high pressure region. At the high pressure limit,
radical recombination reactions and the reverse unimolecular
bond fission process are dominated by the dynamics of the
intramolecular process occurring above the reaction threshold
energy. These type of reactions exhibit potential energy surfaces
with a smooth transition between the reactants rotational modes
and the specific vibrational motions of the formed molecule. In
the frame of the SSACM the high pressure recombination rate con-
stant is expressed as

koc :frigid kfzt (2)
Here kP is the phase space theory rate constant which provides an
upper bound to k.. and f;,, is the so-called thermal rigidity factor
that accounts for the contributions of the degrees of freedom
orthogonal to the reaction coordinate, the transitional modes [53].
kf depends on centrifugal contributions which are determined by
the isotropic part of the potential and it is given by

L L 3)
21‘c,ukT el*<cent

In this equation, p denotes the reduced mass of the reaction
partners and, for reaction (1), the electronic weight factor is fe =
Qei(C2Cl4)/Qei(CCl,)? = 1. The evaluation of the centrifugal pseudo-
partition function Q,,, requires the knowledge of the centrifugal
barriers Eq(J) (where J is the total angular momentum) which are
obtained from the maxima of the expression V(r, J) = Do{1 — exp
[—B(r — )]} + Beent () JJ + 1). The first term is a Morse potential
with a range parameter $ and equilibrium bond distance r.. The
second term takes into account the centrifugal potential, where
the centrifugal constant By (1) varies along the MEP.

The centrifugal pseudo-partition function is approached with
the expression,

1/v
G =T(143) (&) @

Here the centrifugal constants C, and v are obtained from the cen-
trifugal threshold pattern (see below).

For the present case, the effects of the potential anisotropy on
k.. are accounted for in the rigidity factor,

~ =k
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In this expression, the pseudo-partition functions of the con-
served and the transitional modes are denoted by Qj* and Q,,,
respectively, Qo and Q,;, are the rotational and vibrational parti-
tion functions of CCl,, respectively, ¢* is the effective symmetry
number, and AEy, is the adiabatic zero point barrier for the lowest
reaction channel. The decoupling of J due to the factorization and
separation of the loosening oscillators and rotors is corrected by
the angular momentum coupling correction factor F,,,. The quanti-
ties denoted by *, as well AEg,, depend on g and the looseness
parameter o, defined as V(r) = Ve exp[—o(r — re)], which account
for the potential anisotropy. Here v, are the equilibrium vibra-
tional frequencies of the transitional modes and r. the C—C equilib-
rium bond distance in C,Cl,.

In a more recent formulation, the dynamics of the interaction
between two linear rotors is treated as a combination of SACM
and classical trajectory (CT) calculations. As in Ref. [47], a Morse
potential and simple attenuation switching functions for the tran-
sitional modes are employed in this SACM/CT model [48]. For the
present reaction, the CCl, radical was approached as a quasi-
linear rotor with the C,, symmetry axis assimilated to a C.., axis
of a linear rotor, forming by association, a quasi-linear adduct
C,Cly. Then the rigidity factor at 0 K is given by

Frigia = exp(—AEo,/kT) (5)

frigia(T—0)=(1+1.5Z+ 24)‘1/4 -

where Z=(%¢/2.34 and Cegr= {[(re)]?/2BDe} (KT/D?*P-1 [1+0.4
(20/p — 1)+ (20/p — 1)?]. The geometrical average of the transi-
tional frequencies at the equilibrium configuration is denoted by €
(re) (see below), B is the average of the two lowest rotational con-
stants of the CCl, radical and D, is the Cl,C—CCl, bond dissociation
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Fig. 1. Potential energy curve for C,Cly — CCl, + CCl,. (—): B3LYP/6-311+G(3df);
(-): CBS-QB3; (—) G4.

energy. The computed fga(T — 0) values were afterwards cor-
rected by small temperature dependencies with the equation:
Seigid(T) = frigia(T = 0) [1 — (2.31Cegr) (Bre)'? exp(X/2.044)] with X =
In(kT/De) — B Tecm, being recy the distance between the center of
mass of CCl, radicals in C,Cl,.

In addition to structural and spectroscopic parameters of the
molecular species, the calculation of k., requires the knowledge
of some features of the potential energy surface of the reaction.
As abovementioned, the radial (isotropic) potential curve along

the MEP is necessary for the prediction ofka. The resulting curves
calculated at the B3LYP/6-311+G(3df), CBS-QB3 [54] and G4 [55]
levels of theory are depicted in Fig. 1. In the last two models, opti-
mized structures at the B3LYP/6-311G(2d,d,p) (CBSB7 in the Gaus-
sian 09 package) and B3LYP/6-31G(2df,p) levels are respectively
employed.

As for the related reaction CF, + CF, — CoF,4 [56], Figs. 2 and 3
show a sharp departure from planarity when the C—C bond dis-
tance increases. In fact, as is seen in Fig. 3, the angle & formed by
the planes containing the CCl, radicals and the original plane of
the C,Cl; molecule increases abruptly from about 0° at ~1.5A to
about 70° at large elongations. An animation is given in the elec-
tronic material illustrating this behavior.

On the other hand, if the C,Cl, is forced to retain the planar
structure, unrealistic potential curves with pronounced electronic
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Fig. 3. Calculated § angle (in degrees) along the MEP for C,Cly — CCl, + CCl, at the
B3LYP/6-311+G(3df) level.

barriers are obtained. This fact could be probably attributed to
the  bond rupture when elongation increases.

The G4 model approaches the results obtained with the high-
level ab initio method CCSD(T) combined with an extrapolated
CBS basis set. Fig. 4 shows the G4 curve and the fit obtained for
the high part of the potential using a Morse function with param-
eters D.=117.0kcalmol™!, r.=1.344A, and B=3.23A"1 As
observed, a much better fit is clearly obtained with a Morse poten-
tial with an r-dependent B given by the equation by + by(r —re)
+by(r — 1)

However, similar k”* values of 3.76 x 107'° and 3.19 x 1071°
cm® molecule™'s™!, and 9.59 x 107'° and 8.24 x 1071°cm?
molecule™! s™! were obtained at 300K and 2000 K with these
curves, for the SSACM formalism. Therefore, the above standard
potential with p=3.23 A~! was used for all kinetic calculations.
For comparison, potential curves computed at different DFT levels
are included in Tables S1.1-S1.7 (see Supplementary Material). The
parameters of the Morse potential are included in Table 1. It should
be noted that the resulting average f value of (3.10 + 0.28) A~ is in
good agreement with the obtained with the G4 potential. On the
other hand, the average DFT dissociation energy of (114 + 6) kcal
mol~! is only 3 kcal mol~! smaller than the predicted by the G4
model.

Fig. 2. C,Cl, configurations computed along the MEP for C,Cl4 — CCl, + CCl, at the B3LYP/6-311+G(3df) level.
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Fig. 4. Potential energy curve for C,Cl; — CCl, + CCl,. (W): G4; (—): Morse potential
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Table 1
Morse parameters for the dissociation reaction C,Cl4y — CCl, + CCl, for different DFT
levels.

Level of theory De/kcal mol~! p/A?
B3LYP 110 3.16
B97-2 113 3.21
B98 110 3.10
mPW1PW9I1 118 3.11
PBEPBE 112 2.65
TPSSh 110 2.93
BLYP 101 2.85
PBELYP 104 2.70
B97-D3 106 2.63
B3PW91 116 3.10
BH&HLYP 116 3.70
B3P86 118 2.96
B1LYP 109 3.29
mPWI1LYP 110 3.29
mPW3PBE 117 3.03
PBE1PBE 120 3.03
PBEh1PBE 119 3.05
X3LYP 111 3.20
B97-1 110 3.09
APF 118 3.06
APF-D 119 2.88
mPW1PBE 118 3.11
LC-®wPBE 126 3.77
CAM-B3LYP 117 3.42

*

As abovementioned, to calculate Q,,,, the rotational constants
Bcent(r) along the MEP and the parameters C, and v are required.
The computed Beene(r) values at the B3LYP/MGS3S level are depicted
in Fig. 5. A fit using the expression Been(r) = Be/[1 + a4z + a»z%] with
z=p(r — re) [47], leads to the parameters B. = 3.59 x 107 2cm ™!, a;
=9.76 x 1072 and a, = 9.88 x 107>,

The C, and v values were obtained from the Eq(J) — Eo(J = 0) = C,
[JU + 1)]" relationship (Fig. 6), where the Eq(J) values are calculated
from the maxima of the above given centrifugal potential V(r, J).
The B., a;, a,, Cy, and v values derived from different DFT models
are listed in Table S2.1 of the Supplementary Material.

To evaluate figq the correlation scheme of the transitional
modes must be characterized. In the SSACM (Eq. (5)), the number
of disappearing oscillators (including the K rotor), which correlate
with the two CCl, rotors, is equal to six. The corresponding corre-
lation scheme is: C(C,Cly) « ex — A(CCly) (m = 1), Vewist < Etwist —
A(CCly) (m=2), Vs rock < &s_rock = B(CCly) (m=3), Vs_wagg <
€s_wagg — B(CC12) (m = 4)v Va_rock < €a—rock = C(CCI2) (m = 5) and

0.040
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" 0020
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Fig. 5. Dependence of Beene 0N z = B (r—re) for C;Cly — CCly + CCl, calculated at the
B3LYP/MGS3S level. For the results of the fit see the text.
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Fig. 6. Centrifugal barrier dependence on J(J + 1). Calculations performed at the
B3LYP/MG3S level.

Va—wagg < €a—wagg — C(CCly) (m=6). The mode denoted by Viwist
=110cm™' corresponds to the CCl, twist motion, Vs_ ok =176
cm ! and V,_rock = 347 cm ! are the symmetric and antisymmetric
rocking modes, and Vs_wagg = 288 cm ™' and V,_yagg =512 cm ™! are
the symmetric and antisymmetric wagging modes. In the SSACM,
the evolution of these specific vibrational modes along the MEP
is accounted for by the above defined o looseness parameter. As
Fig. 7 shows, a linear logarithmic decay of vi(r) is observed for
the disappearing oscillators computed at the B3LYP/MGS3S level.

A similar behavior has been observed for the other DFT methods
employed. The resulting o values are given in Table 2.

As Table 3 shows, the average of the derived individual o
parameters in Table 2 is (1.28 £0.21) A~! (with 3o significance),
i.e.,, comparable with the value obtained from a large number of
experimental recombination reactions, (1.06 + 0.30) A~! [53].

Besides, the resulting average ratio o/p=1.28 A"'/3.23 A7 1=
0.40 is in reasonable agreement with the obtained in Ref. [53] of
(0.46 £ 0.09).

Using the individual oo parameters, =323 A~!, v~ 1.01, and

Cy ~ 0.012, SSACM values for kijt, frigia and k., for each DFT model

employed were derived. Results for k., and fiigiq are given in Tables
S3.3 and S3.4 of the Supplementary Material. The average values
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Fig. 7. B3LYP/MG3S harmonic transitional frequencies along the MEP for C;Cly —
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Table 2
o Values (in A~") for the different transitional modes calculated at different levels of
theory.

Level of CCl, CCl, CCl, CCl, CCl,
theory twist s-rock a-rock s-wagg a-wagg
BH&HLYP 1.49 1.35 1.63 1.24 0.55
B98 1.39 1.13 1.54 1.21 0.82
B97-2 1.35 1.46 1.54 1.22 0.82
mPW1LYP 1.41 1.35 1.56 1.24 0.76
X3LYP 1.39 1.37 1.54 1.22 0.79
mPW1PBE 1.48 1.29 1.57 1.28 0.87
B1LYP 1.35 1.32 1.55 1.21 0.71
PBELYP 1.25 1.70 1.37 1.07 0.87
mPW3PBE 1.45 1.31 1.53 1.23 0.93
PBEPBE 1.37 1.63 1.38 1.10 0.91
B97-D3 1.27 2.03 1.37 1.17 1.21
mPW1PW91 1.48 1.30 1.57 1.28 0.87
TPSSh 1.59 1.66 1.48 1.30 0.95
B97-1 1.37 1.03 1.53 1.16 0.85
B3PW91 1.42 1.33 1.54 1.24 0.84
BLYP 1.17 1.40 1.37 1.08 0.76
B3LYP 1.37 1.42 1.51 1.17 0.70
B3P86 1.43 1.38 1.54 1.26 0.90
PBE1PBE 1.50 1.34 1.57 1.24 0.92
PBEh1PBE 1.51 1.47 1.56 1.23 0.92
APF 1.46 1.32 1.55 1.23 0.91
APF-D 1.48 1.69 1.56 1.19 1.26
LC-®wPBE 1.34 1.02 1.61 1.19 0.71
CAM-B3LYP 1.50 1.34 1.62 1.21 0.75

derived from these kinetics’ data are given in Table 4. The deviation
between the k., values computed with the different DFT models,
relative to the mean value, and over the 300-2000 K range is
~30-50%.

For the SACM/CT calculations, for each DFT model, the average of
the o values corresponding to the different transitional modes
(Table 3) was employed. The deviation between the k., values
obtained with the different DFT models, relative to the mean value,
and over the 300-2000 K range is ~30-50%. The average values
derived from these kinetic data are given in Table 5 and detailed data
can be found in Tables S3.5 and S3.6 of the Supplementary Material.

k.. values calculated with SSACM are a factor of 3 higher than the
ones calculated with the SACM/CT formulation developed for linear
rotor + linear rotor addition. The predicted temperature depen-
dence for the SSACM and SACM/CT rate coefficients are k., = (1.7 *
1.0) x 1072 (T/300)*8 * ! cm> molecule~! s~! and k.. =(5.4 * 3.0)
x 10713 (T/300)%7 * ®! cm> molecule ! s~!, respectively. The uncer-

Table 3

Average o values obtained from all DFT methods.
Level of theory a/A! Level of theory a/A!
BH&HLYP 1.25 TPSSh 1.40
B98 1.22 B97-1 1.19
B97-2 1.28 B3PWI1 1.27
mPWI1LYP 1.26 BLYP 1.16
X3LYP 1.26 B3LYP 1.23
mPW1PBE 1.30 B3P86 1.30
B1LYP 1.23 PBE1PBE 1.31
PBELYP 1.25 PBEh1PBE 1.34
mPW3PBE 1.31 APF 1.29
PBEPBE 1.28 APF-D 1.44
B97-D3 1.41 LC-wPBE 1.17
mPW1PW91 1.30 CAM-B3LYP 1.28

Table 4

Average values for the SSACM high pressure rate coefficients k..”** and k.. (in cm?
molecule ~! s7') and the rigidity factors figa for CCl, + CCl, — C,Cly calculated with
the o values of Table 2 and f=3.23 A",

T (K) KPSt frigia koo

300 3.76 x 10710 3.51 x 1073 133 x 10712

500 4.84 x 10710 487 x 1073 238 x 10712

1000 6.81 x 10°1° 6.59 x 103 451 x 1072

1500 832 x 10710 722 x 1073 6.04 x 10712

2000 9.59 x 1071° 736 x 1072 7.10 x 10712
Table 5

SACM/CT high pressure rate coefficients k..”** and k.. (in cm® molecule ! s~') and
rigidity factors fiigiq for CCl, + CCl; — C,Cl4 calculated with the o values of Table 3.

T(K) kP frigia koo

300 1.93 x 10710 275 x 1073 531x 10713
500 234 x10°1° 324 %1073 7.60 x 10713
1000 3.04 x 1071° 4,03 x 1073 123 x 10712
1500 3.54 x 10710 455 x 1073 1.61 x 10712
2000 394 x10°1° 495 %1073 1.95 x 10712

tainties in the fitted parameters are estimated as 1o of the results
obtained for the different functionals employed. On one hand, the
variations in the values calculated for k. P are due to differences
in the calculation of the centrifugal energy. As previously described
in the SACM/CT model, the interaction of two linear species forming
a quasi-linear adduct is considered. In the SSACM the centrifugal
potential is approximated with that of a symmetric top molecule
and Q,, is calculated considering a quasi-diatomic or quasi-
triatomic centrifugal potential for the adduct, described by the mean
value of the two smallest rotational constants. On the other hand,
rigidity factors calculated in the SSACM formalism differ from those
calculated by SACM/CT in that the coupling between the angular
momentum and the conserved and disappearing oscillators is
neglected in SACM/CT. The difference between the values obtained
for these factor with both formalisms is within 40%.

In a previous work we determined k., = (6.7 £ 0.2) x 10 *> cm?
molecule™! s~! by extrapolation of the measured second-order rate
coefficients over the 0-30 Torr of Ar range (1 Torr of CDCl3) with a
simple Lindemann-Hinshelwood expression. Within theoretical
and experimental uncertainties, both SSACM and SACM/CT room
temperature values are in good agreement with the experimental
result.

3.2. Low pressure rate constant for CCl, + CCl, — C,Cly

In addition to the intramolecular dynamics inherent to the lim-
iting high pressure rate coefficients, the recombination reactions in



6 N.D. Gomez et al./ Computational and Theoretical Chemistry 1121 (2017) 1-10

Table 6

Contributing factors to ko for CCl, + CCl, + Ar — C5Cly + Ar. Z;; in cm® molecule ™ s77, ko/[M] in cm® molecule 2 s~ and Kc in molecule cm .
T/K ZL] Qvib FE Frot ﬁc KC kD/[M]
300 413 x 1071° 17.29 1.06 7.46 0.24 82 x 107 221 %1072
500 4.53 x 10710 205.20 1.10 5.46 0.16 1.01 x 10724 1.76 x 1026
1000 532 x10°1° 2.6 x 10* 1.21 3.44 0.085 392 x 10° 217 x 10728
1500 593 x 10°1° 8.9 x 10° 1.35 2.58 0.055 4.00 x 10" 1.06 x 1072°
2000 6.43 x 10710 1.4 x 107 1.51 2.09 0.039 3.20 x 10" 1.08 x 1073°

the intermediate falloff region depend also on specific intermolec-
ular processes assisted by molecular collisions. At the low pressure
limit, these last processes are predominant and taken into account
by the low pressure rate coefficient kq. A convenient and frequently
employed approach to estimate kg is provided by the Troe’s factor-

ized formalism: ko = B¢ k(s)c [49,50]. Here, the strong-collision rate

coefficient, kgc, is characterized by the equilibrium population of
molecular states, and the collision efficiency, ., depends on inter-

molecular energy transfer processes. k(s)c is given by,

Puibn (Eo)KT Eo
Qun(G,CTy) P (* kT

In this expression, Z; is the collision frequency between the
excited adduct and the bath gas M; E, is the threshold or dissocia-
tion energy, given by the reaction enthalpy AgH° at 0 K; pyipn(Eo) is
the harmonic vibrational density of states evaluated at Eq; Fg takes
into consideration the energy dependence of pPyibn(Eo); Fann
accounts for anharmonicity; F; for the rotational effects on state
densities; Fyotine describes the internal rotor behavior (almost 1
for the present reaction); Qin(C5Cly) is the vibrational partition
function of the dissociated molecule and K¢ is the equilibrium con-
stant estimated, as usual, from the molecular partition functions.
For pyipn(Eo) and F., the values 2.31 x 10 (kcal mol~!)! and
1.75 were respectively employed. The expressions for the respec-
tive correction factors are given in Ref. [49,50]. Calculated factors
and resulting ko values are listed in Table 6 and Table S4.1 (see
Supplementary Material)).

The resulting strong collision rate constant can be represented
between 300 and 2000 K by the equation

ke = (1/Ko)[M) 2y )Fm FeFoFroine — (7)

ko© =[Ar]7.2x 107(T/300 K)"* exp(—1330 K/T) cm® molecule ™' s~
(8)

And the equilibrium constant is given by the expression,

K. = 5.6 x 10%°(T/300 K) "9 exp(58000 K/T) molecule cm™3
9)

The limiting low pressure rate coefficient including weak colli-
sion effects resulted in,

ko = [Ar]3.5x 107*(T/300 K)*7 exp(—1560 K/T) cm? molecule™ s~
(10)

The . values were derived from the expression [50]
—(AE) ~ Fi kT /(1 - p/?) (11)

with a temperature independent average energy transferred in up
and down C,Cly - Ar collisions of —(AE) ~ 100 cm™'. This value is
found to be in good agreement with previously reported values
for large polyatomic molecules over wide ranges of vibrational exci-
tation [57]. The temperature dependence is generally found to be
small for most cases, and almost negligible for noble gases.
Evaluation of I<3C and K. requires knowledge of E. In the present
work this parameter was calculated with the G4 method, obtaining
114 kcal mol . There is certain uncertainty in the values reported

in the literature for AH°(CCl,) and A{H%C,Cl,). The values
reported in the NIST-JANAF [58] thermochemical database tables
are AH(CCl,)=56.96 kcal mol~!, and AH®(C5Cly) = —2.85 kcal
mol~!, respectively, resulting in Eo =117 kcal mol~!. The values
of the thermochemical database for combustion reported by Burcat
and Ruscic [59] are A{H’(CCl,) = 55.32 kcal mol~' and AH?(C,Cly)
= —5.60 kcal mol !, thus, the calculated dissociation energy is Eq =
116 kcal mol~!. Demaison et al. [60] studied the thermochemistry
of CF, and CCl, radicals and calculated the heats of formation at 0 K
using W2 method, reporting AH°(CCl,) = 54.48 kcal mol~!. The
heats of formation at O K for CF,, CCl, and CBr, radicals were com-
puted by Sendt et al. [61] employing the CCSD(T) method in the
complete basis set limit. The results obtained for CCl, are similar
to those reported by Demaison et al. Combining the AHO(CoCly)
values reported in the NIST-JANAF and Burcat et al. tables with
those of A{H°(CCl,) reported by Demaison et al. leads to dissocia-
tion energies of 112 kcal mol~! and 115 kcal mol~", respecteively.
Taking into account the dispersion of the enthalpy of reaction val-
ues of the CCl, self-recombination reaction, the uncertainty of the
Eo value can be estimated in 2 kcal mol~!. This uncertainty in Eq
leads to an uncertainty in ki of 20% and of + 4 cm~' in —(AE).

3.3. Rate coefficients in the falloff range

The transition of the recombination rate constants from the low
to the high pressure range was carried out with the following fal-
loff expression [52]:

k/k. = Fu(x)F(x) (12)

where X =ko/k,, Fu(x) is the Lindemann-Hinshelwood factor
defined as

Fiu(x) =x/(1+x) (13)
and F(x) the broadening factor given by

_ T+x
F(x) = T (14)
with
In(2)
- {ln(Z/Fcent)} [1-015(1 -x%)] (15)
q= (Fcent - 1)/ln(Fcent/1O) (16)

The essential magnitude in the broadening factor F(x) is the cen-
ter broadening factor, Feen. Eqs. (14)-(16) reproduce very well the
asymmetric broadening factors for broad falloff curves, as charac-
terized by values of the center broadening factors F..,. below
~0.4. Previously proposed expressions for F(x) work equally well
for Feene > 0.4. The expressions of Eqs. (13)-(15) allow for the rep-
resentation of falloff curves over much larger ranges of Fent, COvVer-
ing all cases of practical need. A description of the determination of
Fcent and F(x) is given in Section 5 of the Supplementary Material.
Over the 300-2000 K temperature range Fc.n. varies between 0.2
and 0.04. An appropriate representation of Fee, including weak
collision effects is given by
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k (cm’ molecule™ s™)

Ar (molecules cm™)

Fig. 8. Falloff curve for CCl, + CCl, + Ar — C,Cly + Ar. Experiment (Ref. [16]), Q.
Fitting parameters —(AE) = 60 cm~!, T= 600 K and k., = 7.2 x 10~'*> cm® molecule '
s~!, (Red line). Eq. (12) with F(x)=1, (Blue line). Fitting with T =300 K (Dashed
black line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Feent (A1) = exp(—T/1800 K) + 0.88[exp(~T/170 K)

— exp(~T/1800 K)] + exp(—8100 K/T) 17)

Experimental results for the rate coefficients of the self-
recombination reaction of CCl, radicals of Ref. [16] were fitted
with expressions (12)-(16), employing —(AE), T and k., as fitting
parameters. k., was allowed to vary within 2o of the theoretical
values resultant from SSACM and SACM/CT calculations. Theoret-
ical results are consistent with experimental values provided T is
in the 500-700 K range, —(AE) within 10 cm~! and 250 cm™' and
k.o =(7.2+0.4) x 10713 cm® molecules~! s~!. We may also fit the
experimental falloff curve with the widely used simple symmetric
broadening factor, Fé;é[t”“‘)g(x/m)z” with N=0.75-1.2710g(Fcent)
[62]. Within experimental and theoretical scatter, this equation
provides satisfactory representations of the experimental falloff
curve, obtaining similar results as those using Eqgs. (14)-(16).
Fig. 8 shows the experimental results obtained in Ref. [16] for
Ar pressures in the 1-30 Torr range, and the results of the calcu-
lations with —(AE)=60cm™!, T=600K and k.= 7.2 x 10713 cm®
molecules ' s~!. By contrast to this very good fit, a modeling

CCL+CCl,
0

-25.2

7

using T=300K strongly overestimates the experimental falloff
curve.

Regarding temperature effects, intermolecular energy transfer
is of great interest for understanding fundamental pyrolysis reac-
tions and laser induced chemistry. Oref and Tardy [57] and Hippler
and Troe [63] reviewed the collisional energy transfer in highly
excited polyatomic molecules. Energy transfer in small molecules
at low levels of excitation was reviewed by Flynn [64]. The range
of —(AE) values found in the present work is consistent with that
of other systems at different excitation and temperature condi-
tions. The high uncertainty in —(AE) is due to the correlation
between T and g as expressed in Eq. (11) and the dependence of
k& on T as described in Eq. (8).

The range of temperatures found in the fitting can be interpreted
in terms of the energy relaxation of the CCl, radicals obtained in the
dissociation of CDCls. Spectroscopic studies of radicals obtained in
the DMFIR of molecules show that the nascent radicals are charac-
terized by a high vibrational excitation. Stephenson et al. [65] stud-
ied the energy partitioning in the CF, radicals generated in the
collision-free multiphoton dissociation of CF,HCI, CF,Br, and CF,Cls.
The average vibrational energy of the CF, fragments was 3.6 kcal
mol~! for CF,HCl, 1.8 kcal mol~! for CF,Br, and 2.9 kcal mol~" for
CF,Cl,. These values are consistent with vibrational Boltzmann dis-
tributions at 1160 K (CF,HCI), 790 K (CF,Br,) and 1050 K (CF,Cl,).
Thus, vibrational relaxation will produce a temperature increase

that depends on the heat capacity of the buffer gas. Price and Rata-
jczak [66] studied the Cl+ NOCI — Cl, + NO, Cl + SFsCl — ClI; + SF5
and Br + NOBr — Br, + NO abstraction reactions at room tempera-
ture using a flash photolysis time of flight mass spectrometry sys-
tem. They estimated that the temperature increases following the
photolysis of NOCI, NOBr and SFsCl as the ratio of the excess energy
liberated by the reaction to the total heat capacity of the gaseous sys-
tem, and reported temperature increments of 750, 530 and 130 K,
respectively. In a similar way, the temperature increment in our sys-
tem can be estimated from the knowledge of the excess energy
attained by CDCl; molecules in the DMFIR process. To our knowl-
edge there are no previous works regarding the energy partitioning
of CCl, radicals obtained by multiphoton dissociation of molecules
reported in the literature. Although we have not determined the
vibrational excitation attained by CDCl; molecules in the DMFIR
process, we expect the samples would not be much heated in the
experimental conditions of our work. This statement is made on
one hand due to the high rate of dissociation of chloroform above
the dissociation energy threshold. On the other hand, the experi-
mental values of the rate constants reported have a weak pressure
dependence consistent with the temperature range resulting from

the fit.

+
TS 5-C,CL+CI %420
Vs T4 :

/
/

a-C,CL+Cl/

Fig. 9. Schematic energy diagram (in kcal mol ') for the self-recombination reaction of CCl, radicals. Calculations performed at the G4 level.



N.D. Gomez et al./ Computational and Theoretical Chemistry 1121 (2017) 1-10

C.Cl,

a-C,Cl,

s-C,Cl,

A )
I
270 43270
J )

J )
J )
J 1.63 1.22 1.63 J

CCl;

1.64

1.20

1.64 '

Fig. 10. Molecular geometries of the species depicted in the energy diagram showed in Fig. 9. Calculations correspond to the G4 model.

3.4. Reaction mechanism and discussion

Fig. 9 shows the schematic energy diagram for the CCl, + CCl,
reaction based on G4 results. The geometries of the different spe-
cies are depicted in Fig. 10.

The CCl, + CCl, reaction starts with the formation of a highly
vibrationally excited complex C,Cl;. Afterwards, the reaction pro-
ceeds via its collisional stabilization to C,Cl4 or dissociation to
C,Cl; + CL. In the absence of secondary reactions that deplete the
concentration of the Cl and C,Cl; species (by instance Cl + Cl + M
— Cl + M or the C,Cl5 self reaction which are expected to be slow),
the fast reverse process CyCls+ Cl - C,Cly (koo = 8.4 x 1071% cm?
molecules™! s™! at 500 K, see Table S6.1 of Supplementary Mate-
rial) completes the quantitative formation of C,Cly. The participa-
tion of the Cl elimination channel CCl, + CCl, — C,Cl, + 2Cl has
been reported in high temperature experiments. This process
was observed by Kumaran et al. in the thermal decomposition of
CHCl; under varying density conditions and over the 1282-1878
K temperature range [2]. In that work, the C;Cl; formation thor-
ough reaction CCl, + CCl, — C;Cl5 + Cl followed by the very fast
process C,Cl3 — C,Cl, + Cl was proposed. This last process has been
experimentally and theoretically studied by Bryukov et al. [67].
They found that Cl elimination proceeds via a transition state that
connects the asymmetric (a) and symmetric (s) equilibrium config-
urations of the C,Cls radical (see Figs. 9 and 10). Further chemical
transformation of the symmetric structure can be expected to favor
dissociation via a very loose complex.

Reaction (1) was also considered as the main process in the
mechanism postulated by Won and Bozzelli [1]. They studied the
thermal decomposition of CHCl3 diluted in Ar. QRRK calculations
were performed to obtain the respective rate constants in high
pressure conditions at 773-1273 K. The high pressure rate con-
stant value of the i-C5H- self-recombination reaction, 5.3 x 10~ 12
cm® molecule~' s, was used for that of the CCl, radicals self-
recombination reaction. The results obtained with the SACM/CT
and SSACM formalisms in the same temperature range are 1.2 x
1072 cm® molecules ' s~! and 4.5 x 107> cm® molecules ' s~ !,
respectively. These results could explain the overestimation of
the final concentration of C,Cl; observed by Won and Bozzelli in
their experiments.

4. Conclusions

In a previous work the kinetics of the CCl, + CCl, — C,Cl4 asso-
ciation reaction has been experimentally studied [16]. The rate
constant determined in the high pressure regime is (6.7 £ 0.2) x
10713 cm® molecule™! s, In the present study, the dependence
of the rate constant over large temperature and the total pressure
ranges was theoretically investigated. In the low pressure regime
the rate constant calculated using Troe’s factorized formalism is
ko = [Ar] 3.5 x 10723 (T/300 K)~%7 exp(—1560 K/T) cm> molecule™!
s~!. The values calculated at the high pressure limit with the
SSACM and SACM/CT formalisms are k. =(1.7+1.0)x 10712
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(1/300)°8 %1 cm® molecule ' s™! and k. =(54%3.0)x 10
(1/300)°7 £ %1 cm3 molecule™! s, respectively. The experimental
results of Ref. [16] for varying Ar pressure are consistent with
the model values provided T is in the 500-700 K range, —(AE)
within 10 and 250 cm™! and k. =7.2 x 10" *> cm® molecules™’
s~1. This rate constant is consistent with those obtained with the
SSACM and SACM/CT.

An analysis of the potential energy surface for the CCl, self-
recombination reaction at the G4 level of theory showed that there
is no barrier to recombination, and that the initially formed mole-
cule has a vibrational excitation of ~114.1 kcal mol~!. The energy
of C,Cl; +Cl is 25.2 kcal mol~! below of the reactants. The C—Cl
bond strength in C,Cls is 23.9 kcal mol~!. The energy of C,Cl, +
2Cl is about 3.4 kcal mol™! higher than that corresponding to
2CCl,. Then, in the absence of secondary reactions of the Cl and
C,Cl3 species, alternative to the C,Cl; + Cl recombination, the CCl,
recombination proceeds via the formation of C,Cl, by collisional
stabilization of the excited complex and by recombination of
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Appendix A. Molecular parameters used in the modeling

Vibrational frequencies (cm™!): C,Cl,: 288, 347, 1000, 176,
908, 512, 310, 777, 110, 237, 447, 1571. CCl,: 730, 335.2, 757.9;
CCl,: 335, 730, 760 (from Ref. [68]).

Rotational constants (cm'): C,Cl,: 0.057, 0.046, 0.026. CCl:
1.67,0.12, 0.11 (from B3LYP/MG3S calculations).

Dissociation energy, D.: 117 kcal mol~! (from G4 calculations).

Enthalpy of reaction at 0K, AH},: 114 kcal mol™' (from G4
calculations).

Lennard Jones parameters: c;(C,Cly)=0.57 nm, oy(Ar) =
0.35 nm, g/kg(C2Cly) =430K, €/k(Ar) =114 K, (from Refs. [56,69]).

Appendix B. Supplementary material

Supplementary data include a video of the CCl, self-
recombination. Calculated high pressure rate constants using the
models SSACM and SACM/CT. Determination of the low pressure
rate constant. Troe’s formalism used to obtain the central broaden-
ing factor Fee, and its temperature dependence. Temperature
dependence of the Kassel parameters (S and By). Determination
of the rate constant for the Cl elimination reaction from C,Cly,
C,Cl4—C,Cl3+Cl. Supplementary data associated with this article
can be found, in the online version, at https://doi.org/10.1016/
j.comptc.2017.10.004. These data include MOL files and InChiKeys
of the most important compounds described in this article.
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