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ARTICLE INFO ABSTRACT

Keywords: The CCl, + HCl — CHClI; (1) insertion reaction has been investigated by ab initio molecular orbital and kinetic
CCl, calculations. The geometries of reactants, products and transition state were optimized with a large number of
HCl density functional theory (DFT) formulations combined with the 6-311 + + G(3df,3pd) basis set. The reaction
CHCls barriers calculated with G4(MP2)//DFT and G4,//DFT theories of 1.16 + 0.27 and 0.61 =+ 0.26 kcal mol ~! are

Quantum-chemical calculations
Transition state theory
Halogenated radicals

consistent with the barrier height of AEy* = 1.54 + 0.30kcalmol ™' estimated from the room temperature
experimental rate constant. Calculated enthalpies of reaction of —53.97 + 0.09 (G4(MP2)//DFT),
—55.27 + 0.09 (G4//DFT) and —56.52 + 3.90 kcal mol~! (DFT) agree well with experimental values. The
obtained rate constants over the 300-2000 K temperature range at the high and low pressure limit can be
expressed as k; ..(G4(MP2)//DFT) = (4.8 = 1.8) x 107'* (T/300K)*'2* %! and k, ..(G4//DFT) =
(9.8 + 3.4) x 10~ (T/300K)"77 * °16 in cm® molecule ™' s ', and k; o = [HC] 3.40 x 10~ 7 (T/300 K) ~ %7
exp(—2218 K/T) cm® molecule ™' s~ . Falloff curves for the intermediate pressure range obtained for the re-
actions (1, —1) with these rate constants and a derived central broadening factor of Feene = 0.16 + 0.84 exp

(—T/331K) + exp(—7860K/T) were compared with reported experimental rate data.

1. Introduction

Halogenated hydrocarbons such as chlorinated methanes and
ethanes, vinyl chloride, polychlorinated biphenils (PCBs) and DDT
(dichlorodiphenyltrichloroethylene), among others, constitute a family
of hazardous wastes [1]. These types of compounds, have been fre-
quently used as solvents in industrial areas because of their advanta-
geous properties such as being non toxic and cheap. Organohalogens
are very poorly biodegradable and, due to their strong chemical stabi-
lity, energetic destruction processes are required. Particularly, chlorine
containing radicals are obtained in the decomposition of chlorinated
hydrocarbons [2] and are important intermediates in stratospheric
chemistry. The destruction of halocarbons is more likely to form toxic
halogenated by-products in the presence of O,. The incineration of
chlorocarbons may proceed through the elimination of a very reactive
chlorine atom accelerating the process of decomposition [3]. The pre-
sence of chlorine also prevents the oxidation of CO to CO, and favours
the production of harmful products such as dioxins, furans and phos-
gene. The thorough understanding of the chemical kinetic steps in-
volved in chlorinated hydrocarbon combustion would contribute to
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utilize incineration in a more effective manner, to better assess the
applicability and limitations of this process and to control the emission
of toxic compounds. In addition, the manufacturing of chemicals by the
controlled oxidation and pyrolysis of chlorinated hydrocarbons may be
made possible through the detailed knowledge of their reaction path-
ways.

Since the development of high power lasers in the infrared and
vacuum ultraviolet spectral ranges much research has been carried on
in the field of laser decomposition of halogenated hydrocarbons and
organohalogenes. UV photolysis and Infrared MultiPhoton Dissociation
(IRMPD) have been extensively applied to the study of the fluoro-
chlorocarbene radicals' kinetics. Photolytic methods have been suc-
cessfully applied to generate radicals in the gas phase and allow the
control of the degree of internal excitation of the fragments and, the
combination of the photolysis with molecular beams allows for efficient
cooling of the fragments.

In the last decades, development of organic and computational
chemistry as well as of laser technology has enhanced interest in car-
bene chemistry. Halocarbenes are ideal systems for understanding the
spectroscopy, photochemistry and photophysics of carbenes.
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Dichlorocarbene, CCl,, is one of the most typical carbenes. It undergoes
direct insertion reactions into single bonds as well as addition to mul-
tiple bonds. These characteristics confer a high reactivity to this species.
Its physical and chemical properties have been extensively studied.
Most of the investigations have been focused on its spectrum.

The ground state singlet CCl, biradical is formed in the pyrolysis,
combustion and photolysis of chlorinated hydrocarbons and is the main
product in the thermal decomposition of CHCl; and CCl,CO [4]. Hine
et al. have also studied the formation of CCl, in the basic hydrolysis of
CHCl; [5] and Huie et al. have obtained CCl, radicals through the O
(®P) 4+ CF»CCl, — F5CO + CCl, [6] reaction.

At present, the kinetics of this radical is an active area of research
since it is a highly reactive intermediate. Especially, its reactivity with
species such as Oy, HO,, NO,, FO, and ClOy (x = 0, 1, 2) is very im-
portant in atmospheric chemistry. Kinetic modeling of these processes
is essential for understanding their mechanisms and the success of the
models depends on having accurate information regarding the rate
constants and the mechanisms of the reactions.

Previous studies of the kinetics of CCl, radicals with halogenated
and unsaturated hydrocarbons as well as with simple molecules of at-
mospheric interest have been carried on by different authors. In 1980
Tiee et al. [7] determined the reaction rate constants of CCl, with NO,
F5, CO and C3Hg and reported an upper limit for the rate constants of
the reactions with O, and C,H,4. In 2000, Merelas et al. [8] measured
the rate constants for the collisional removal of CCl, generated in the
IRMPD of CF, = CCl, by simple alkenes and CF, = CCl, at room tem-
perature. In 2003 Shestov et al. obtained CCl, radicals by photolysis of
CCl, using a 193 nm excimer laser and studied its kinetics with Cl, and
NO in the 300-750K temperature range [9,10]. In 2004 Liu et al.
[11,12] produced CCl, radicals by CCl, UV photolysis and determined
the reaction rate constants with NO, C,H,4, N,O, CCl,, CHFCl,, CF,Cl,
and CH,Cl, by time resolved laser induced fluorescence. They also
determined the rate constant for the reactions with CH,Cl, and C,H,
and proposed that they proceed through insertion and cycloaddition
mechanisms. In 2008, using laser photolysis of CCly and photoioniza-
tion mass spectrometry, Eskola et al. [13] made the first direct mea-
surements of the reaction rate constants of the CCl, radicals with Br,
and NO, at temperatures between 266 and 365 K.

Regarding these previous works, discrepancies are found in the re-
ported values of the rate constants of the reactions of CCl, with CoHy
and NO. On one hand, Tiee et al. have reported a rate constant of
3 x 1073 em® molecule ™! s~ ! for the reaction with NO and an upper
limit of 3 x 10~ '® cm® molecule ~! s~ ! for the reaction with C,H,4 [7].
On the other, for the reaction with C,H4 values much higher than the
one reported by Tiee have been obtained by other authors. Merelas
et al. [8] reported a rate constant of 2.4 x 10~ 2 cm® molecule™ s~!
while Liu et al. [11] obtained 3.5 x 10~ % cm® molecule ™! s . For the
CCl, + NO reaction, Liu et al. [11] obtained a rate constant value of
7.5 x 10~ '® cm® molecule ~* s ™! which is almost a factor 2 higher than
that measured by Tiee et al. [7]. The only experimental value of the rate
constant of the reaction of CCl, with CO, 5 x 10~'* cm® molecule ™!
s~ 1, has been reported by Tiee et al. [7]. However, Shestov et al. cal-
culated this parameter using transition state theory and obtained a
significantly smaller value of 3.8 x 10™'% cm® molecule ™" s™* [4].

Tetrachloroethylene, C,Cly, is a widely used chlorinated solvent,
and is one of the main products obtained in the self-recombination
reaction between CCl, radicals and the knowledge of its kinetics is very
important in understanding the impact in tropospheric chemistry.
Kumaran et al. [14], Won et al. [15] and Zhu et al. [16] have studied
the thermal decomposition of CHCl; and have reported values of the
rate constant of the self-recombination reaction between CCl, radicals.
Kumaran et al. studied the pyrolysis of 1% and 4% CHCl3 diluted in Kr
between 1282 and 1878 K. They used the laser-schlieren technique to
measure CHCl; decomposition rate and followed Cl formation by time-
resolved Cl atom resonance absorption. They set forth a kinetic reaction
mechanism consisting of six elementary reactions to describe the
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secondary CCl, chemistry and reported the rate constant value of the
self-recombination reaction in the low pressure regime. In 2003 Zhu
et al. studied the thermal chlorination of CHCl; and proposed a me-
chanism of 38 reactions to explain the Cl, concentration decrease [16].
They characterized rate constants as functions of pressure and tem-
perature using QRRK theory and performed master equation calcula-
tions for the analysis of stabilization effects. They reported CHCl; —
CCl, + HCI to be the main channel for CHCl; decomposition and cal-
culated the rate constant value of the self-recombination reaction at
0.1 atm pressure in the 300-2000 K temperature range. In other work,
Won and Bozzelli studied the pyrolysis of 1% CHCl; diluted in 760 Torr
of Ar in the 800-1073 K temperature range and determined the time
and temperature dependence of the reactant and products formation by
gas chromatography [15]. They proposed a detailed kinetic reaction
mechanism consisting of 31 species and 67 elementary reactions to
describe the loss of reactant and the formation of products and calcu-
lated the temperature dependence of the self-recombination reaction
rate constant in a 760 Torr of Ar bath.

The reactions of intermediate products formed in the decomposition
of chlorinated compounds with HCI are very important in atmospheric
chemistry since significant quantities of HCl are generated from at-
mospheric reactions of Cl with diverse chlorinated methanes. For ex-
ample, Won studied the thermal decomposition of C,Cl, in excess of Hy
and found that Cl formed in the decomposition process reacts very ef-
ficiently with H, to form HCI with a high yield [2]. In reference [17]
Schug et al. studied the thermal decomposition of CHCIF,, CHF3; and
CHCl; behind incident and reflected shock waves, reporting expressions
for the low and high pressure limiting rate constants. No kinetic data
was reported for the inverse recombination reactions. Bryukov et al.
showed that HCI formation is the main mechanism in the reaction of Cl
with CH4, CH3Cl, CH,Cl, and CHCl; [18]. Knowledge of the kinetic
parameters of the reactions of HCl with chlorocarbons is very important
for understanding the efficiency of the UV decomposition of these
compounds in the atmosphere as well as in their pyrolysis and com-
bustion during the disposal of hazardous wastes. Especially, the reac-
tion of CCl, with HCI significantly affects the CHCl; decomposition
efficiency.

In our laboratory we have extensively studied the kinetics of the
CCl, radical with a flash-photolysis facility with laser induced fluores-
cence (LIF) detection technique. In these studies CCl, radicals were
obtained from the IRMPD of CDCl; in mixtures with Ar, O,, HCI and
NO, [19-27] and the products formed have been determined by Fourier
Transform Spectrometry. In mixtures with Ar, C,Cl, was observed as a
major product while in mixtures with HCl we have also observed CHCl;
as a major product. These products are associated to the CCl, + CCl,
and CCl, + HCI reactions. In the experiments with NO, and O,, CCl,O
was observed as one of the main products and its formation could be
explained by the mechanisms: CCl, + NO,— CCL,O + NO and
CCl, + O3 — CCl,0 + O. These studies motivated a thorough search in
the literature of information regarding the kinetic parameters of these
reactions which led us to realize that kinetic information about CCl,
reactivity was quite scarce.

The implemented LIF detection technique allowed to considerably
simplify the reaction mechanism and to determine the CDCl; IRMPD
probability [19] and the reaction rate constants of the CCl, radicals in a
direct manner [28,29]. We have reported the first direct determination
of the rate constant of the self-recombination reaction of CCl, radicals
and of the association reaction between CCl, and HCI. The rate constant
of the self recombination reaction determined in the high pressure limit
was k.. = (6.7 + 0.2) x 1072 cm® molecule ™! s~ . The LIF tech-
nique was also used to determine the rate constant of the reaction be-
tween CCl, radicals and HCI [29]. The enthalpy of the CCl, + HCl —
CHCl,, + Cl reaction can be estimated in 18.9kcalmol~! [30] and,
since the reaction CCl, + HCl + M — CHCI3 + M (1) is exothermic in
56 kcal mol~! [31], the first reaction was thus not included in the ki-
netic analysis. The determined rate constant for this process is k; =
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(2.7 = 0.1) x 10~ '* cm® molecule "' s~ ! and no pressure dependence
was observed for k; in the HCl 5-40 Torr pressure range.

Although halocarbenes such as CCl, have proven to be valuable
benchmarks for comparing experiments with ab initio theory, few
theoretical works about the reactivity of these radicals have been re-
ported in the literature. In the works of Liu et al. the mechanism of the
CCl, + CH,Cl, [11], CCl, + C,H, and CCl, + H,O [12] gas phase re-
actions were studied both experimentally and theoretically using high
level ab initio theory, but no kinetic calculations have been performed.
Pliego et al. [32] investigated the potential energy surface for the
H,0 + CCl, reaction at the ab initio SCF and MP2 levels of theory
employing DZP basis set in order to determine the mechanism of the
basic aqueous decomposition of CCl,. In 2004 Merrer et al. studied the
reaction paths for addition of CCl, to 1,2-disubstituted cyclopropenes
using hybrid density functional theory [33]. In 2007 Li et al. studied the
mechanism, thermodynamics and kinetics of the CCl, insertion reaction
into CH,O using B3LYP optimized geometries and CCSD(T) single point
energy calculations [34]. Shestov et al. studied the thermochemistry of
the CCl, + CO reaction using CCSD(T)/6-311+ G(3df)//CCSD/6-
31G(d) level of theory and calculated the rate constant using transition
state theory [4]. In a previous work we have theoretically studied the
temperature and pressure dependence of the CCl, self-recombination
reaction rate constant between 300 and 2000K [35]. We employed
quantum chemical calculations to characterize the potential energy
along the reaction coordinate and determined the relevant molecular
properties using density functional theory (DFT) [36] and ab initio
methods. We have determined the high pressure rate constant by
SSACM [37] and SACM/CT [38] calculations and the rate constant in
the low pressure regime by the Troe's factorized formalism [39-40].

We have found limited information in the literature regarding re-
action (1), and particularly, significant discrepancies are found in
previous reports regarding the barrier height of reaction. In the study of
the thermal decomposition of CHCl;, Kumaran et al. [14] estimated a
value of 3.8 kcalmol ! for the back insertion barrier. Zhu et al. [16]
calculated a value of 57 kcalmol ! for the decomposition barrier of
CHCl3, and reported a barrier value of approximately 1 kcal mol ™! for
the reverse insertion reaction. Herman et al. [41] estimated a reverse
CDCl; decomposition barrier of 2.8-6.5kcalmol~'. The room tem-
perature experimental rate constant value of reaction (1) suggests that
the reaction proceeds through an electronic potential with a low energy
barrier for the entrance association channel. Thus, this reaction is a
useful benchmark for assessing the efficiency of different quantum-
chemical models for determining its energetics.

In the present work, the kinetics of reaction (1) was studied using
different DFT and ab initio quantum-chemical models to characterize
their minimum energy path along the reaction coordinate, and unim-
olecular reaction rate theory was used to calculate the rate constant
over wide pressure and temperature ranges. The results of the present
work are very important to assess the discrepancies found in the lit-
erature regarding the thermochemistry of reaction (1), and for a com-
plete understanding of its kinetics. The present work completes the
information found in the literature regarding the CCl, radical kinetics
and contributes to the development of kinetic models for application in
the description of the combustion, pyrolysis and photolysis reactions of
chlorinated hydrocarbons.

2. Theoretical methods

The canonical transition state theory (CTST) was employed in the
determination of the rate constants of the CCl, + HCl — CHCl; inser-
tion reaction in the high pressure regime, k; .. [42]. The low pressure
rate constants k; o were obtained using the theory of thermal unim-
olecular reactions at low pressures developed by Troe [39,40]. The fall
off curves were described by fully empirical representations of the
RRKM theory that interpolates between the low and high pressure va-
lues [43]. The molecular properties of reactants, product and transition
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state were determined using the density functional theory (DFT) com-
bined with the 6-311 + + G(3df,3pd) basis set. Regarding density func-
tional methods, B3LYP is among the most widely used ones, yielding
accurate predictions for many properties. In the present work, we have
made a complete characterization of DFT theory performance in the
calculation of the barrier height of the reaction. Diverse DFT formula-
tions were employed. Becke three parameter hybrid functionals B3LYP
[44], B3P86 [45] and B3PW91 [46-50] were used. Among one para-
meter hybrid functionals BILYP [51-53], PBE1PBE [54,55], PBEh1PBE,
mPWI1PW91 and mPWI1PBE [56] were also used. Among functionals
including LYP correlation O3LYP [57] and X3LYP [58] were used. The
long range corrected functionals LC-wPBE [59-61], CAM-B3LYP [62]
and wB97X-D [63] were employed. The hybrid functionals M06-2X
[64], M05-2X and BMK [65] which include the Generalized Gradient
Approximation (GGA) were also used. Other hybrid functionals em-
ployed were B97-1 [66], B98 [67], TPSSh [68], M06-HF [69], BH&
HLYP [70], M06 [69] and mPW3PBE [56]. The double hybrid func-
tionals B2PLYP [71] and mPW2PLYP [72] were also used. Among hy-
brid density functionals developed for thermochemical kinetics, in ad-
dition to the abovementioned M06-2X and BMK, the MPW1K [73],
BB1K [74] and KMLYP [75] approaches were employed. The barrier
heights and the reaction enthalpies were calculated with the G4 [76]
and G4(MP2) [77] composite models. These approaches to the CCSD(T)
theory provide average absolute deviations from the G3/05 test set of
accurate thermochemical experimental data of 0.83 and
1.04 keal mol ~, respectively. All calculations were carried out with the
Gaussian 09 package [78].

3. Results
3.1. Thermochemistry of the reaction

The geometries of the reactants, products and the transition state
were optimized using the aforementioned DFT levels. The molecular
structure of the transition state for the studied insertion reaction is
shown in Fig. 1. The geometrical parameters along with the harmonic
vibrational frequency assigned to the reaction coordinate are listed in
Table 1. The configuration of the transition state is approximately
planar with a mean rcy value of 1.40 A and a mean « HCCL, angle of
13.2. IRC calculation confirmed that the transition state links the re-
actants CCl, and HCl with the product CHCl5.

The reaction proceeds via a three center HCI insertion. IRC calcu-
lation performed at the B3LYP/6-311+ +G(3df,3pd) level of theory
shows that the reaction proceeds through the insertion of CCl, into the
HCI bond almost as an association between the hydrogen atom of HCIL
and the carbon atom of CCl,, without the formation of an association
complex. The overall result is the insertion of the C into the HCI bond,
implying the rupture of the HCl bond and the initial formation of the
C—H bond, and subsequently the C-Cl bond is formed giving the CHCl;
molecule. Calculations of the energetics of the reaction along the re-
action coordinate are described in Fig. S1 of the Supplementary
Material and an animation of the molecular geometry along the

rCH 7
HCle
- wd <
- “«©
- e

~CLCCL JHCCL P

rCCIa

Fig. 1. Structure of the transition state for the CCl, + HCI — CHCl; reaction.
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Table 1
Geometrical parameters of the transition state for reaction CCl, + HCl — CHCl;. Bond lengths in A, angles in degrees (see Fig. 1) and frequencies in cm ™1,

Level of theory recla rcH recle THCle «Cl,CCl, £HCCl, «Cl,CHCl. v
B3LYP 1.69 1.42 2.84 1.47 114.5 11.1 73.8 491i
BMK 1.70 1.36 2.78 1.50 114.2 15.2 72.8 458i
MO06-2X 1.67 1.31 2.72 1.55 115.6 19.1 74.0 633i
MO05-2X 1.66 1.37 2.77 1.50 115.1 15.9 73.5 1097i
B2PLYP 1.68 1.38 2.80 1.48 114.8 12.9 74.7 602i
mPW2PLYP 1.67 1.37 2.79 1.49 115.0 13.4 73.7 643i
MO6-HF 1.65 1.28 2.66 1.58 116.1 24.2 75.3 970i
X3LYP 1.68 1.42 2.84 1.47 114.5 11.2 74.2 496i
O3LYP 1.68 1.44 2.85 1.46 114.3 9.5 73.8 282i
PBE1PBE 1.67 1.43 2.83 1.45 114.4 11.4 73.6 254i
B97-1 1.69 1.44 2.84 1.46 113.9 11.5 72.9 282i
B98 1.69 1.42 2.83 1.46 114.0 11.6 73.0 298i
mPW1PWI1 1.67 1.42 2.82 1.46 114.5 11.6 73.4 305i
PBEh1PBE 1.67 1.43 2.83 1.45 114.4 11.6 73.4 305i
B3P86 1.68 1.46 2.85 1.44 114.1 10.5 73.5 207i
BH&HLYP 1.66 1.31 2.78 1.54 116.2 13.8 76.6 803i
B3PW91 1.68 1.44 2.85 1.45 114.3 10.7 73.6 265i
mPW3PBE 1.68 1.46 2.85 1.44 114.1 10.5 73.5 215i
BILYP 1.68 1.39 2.83 1.49 114.8 11.8 74.1 615i
LC-wPBE 1.65 1.27 2.73 1.56 116.5 18.0 76.1 613i
CAM-B3LYP 1.66 1.34 2.79 1.52 115.7 14.0 75.3 637i
TPSSh 1.69 1.44 2.85 1.46 113.8 11.1 72.7 394i
MO06 1.68 1.45 2.79 1.45 113.9 15.2 70.5 168i
mPW1PBE 1.67 1.42 2.83 1.46 114.4 11.5 73.6 276i
wB97X-D 1.67 1.33 2.76 1.53 115.5 15.3 74.5 507i
MPW1K 1.67 1.34 2.78 1.51 116.0 13.5 76.3 548i
KMLYP 1.64 1.33 2.76 1.51 116.2 14.2 77.6 604i
BB1K 1.67 1.34 2.78 1.51 115.7 13.6 76.1 701i

reaction coordinate is given in the electronic material.

Barrier heights of the CCl, + HCI reaction were calculated with the
DFT formalisms employed and the resulting DFT barrier heights are
shown in Table 2. A summary of the barrier heights calculated with the
different density functionals used is presented in the Supplementary
Material, describing the calculated barrier heights adding Grimme’s
dispersion correction and long range correction in pure functionals,
Table S1 and Table S2, respectively. In Table S3 of the Supplementary
Material we also illustrate the calculated barrier heights using the M06-
2X functional with different basis sets. Calculated energies for CCl,,
HCl, CHCl; and CHCl;* are listed in Table S4 of the Supplementary
Material. As can be seen, the derived barrier heights for almost all the
DFT formalisms are negative. Analysis of the barrier height calculations
with the density functional theory has shown that the only functionals
that produce positive values are BH&HLYP and MO6-HF, giving
0.79 kcal mol ~* and 1.41 kcal mol ~*, respectively. The BH&HLYP hy-
brid functional has shown to predict transition state geometries and
barrier heights reasonably well, despite being inferior to B3LYP for
thermochemical properties, and the MO6-HF functional has shown good

Table 2
Barrier heights, AEy*, and reaction enthalpies, AH,°, (in kcal mol %) for
CCl, + HCl — CHCl; calculated with different DFT methods.

Level of theory  AE,* AH° Level of theory ~ AE,* AH°

B3LYP —-2.93 —-51.31 BH&HLYP 0.79 —55.14
BMK -0.89 —58.25 B3PW91 -3.97 —54.72
MO06-2X —-1.28 —58.63 mPW3PBE —4.92 —56.15
MO05-2X —2.00 —60.14 B1LYP -1.79 —51.00
B2PLYP —-2.61 —54.42 LC-wPBE —0.083 —61.62
mPW2PLYP —-2.70 —55.65 CAM-B3LYP —-1.67 —55.86
MO6-HF 1.41 —65.88 TPSSh —4.37 —53.50
X3LYP -3.29 —52.30 MO6 —-2.78 —54.39
PBE1PBE —5.05 —57.98 mPW1PBE —4.39 —57.06
B97-1 —4.09 —54.24 B98 —3.68 —53.68
mPW1PW9I1 —4.28 —56.79 PBEh1PBE —5.04 —57.72
B3P86 -5.15 —56.52 O3LYP -1.78 —48.69
MPW1K —-3.79 —61.38 BB1K -1.77 —58.49
KMLYP —-3.98 —64.91 wB97X-D —-1.96 —56.05

overall performance in systems where the use of full Hartree-Fock ex-
change is important, to avoid the error of self interaction at long range.
Especially, the geometry of the transition state obtained with the M06-
HF functional differs significantly from those obtained with the other
functionals. The rcy length is significantly smaller than the ones ob-
tained with other functionals with a value of 1.28 A and the HCCI, angle
is the highest with a value of 24.2 degrees. Also, the absolute values of
the frequencies associated to the reaction coordinate, 970i cm ™! with
MO6-HF and 803i cm ™' with BH&HLYP are higher than the ones cal-
culated with the other functionals except for the M05-2X functional for
which a value of 1097i cm ™" is obtained.

In order to obtain a better value for AE,”, more accurate ab initio
electronic structure calculations were carried out. First, we describe the
calculations with the CCSD(T)/cc-pVnZ//B3LYP/6-311 + + G(3df,3pd)
level of theory using the correlation consistent basis sets cc-pVnZ
(where n = D, T and Q). The total electronic energies for the transition
state (TS), CCl, and HCl as a function of basis set are shown in Fig. 2. An
extrapolation with the function E(n) = Ecps + B exp (—Cn) was used to
approach the complete basis set limit. The results obtained (in Hartrees)
for the different species are Ecpg(TS) = —1417.845240, Ecps
(CCly) = —957.472212 and Ecps(HCl) = —460.372885. B3LYP/6-
311+ +G(3df,3pd) zero-point energies (in Hartrees) are 0.011222,
0.004065 and 0.006707 for TS, CCl, and HCI, respectively. The calcu-
lated barrier heights with the different levels of theory are 2.48, 1.38
and 0.70 kcal mol ~* for n = D, T and Q, respectively. And, the resulting
barrier height at the complete basis set limit, AE,* = AEcgs + AEp
(where AEcps = Ecps(TS) — (Ecps(CCly) + Ecps(HCD) and AEzp = Ezp
(TS) — (Ezp(CCly) + Ezp(HCD)), is 0.19kcalmol ™%, showing better
performance than DFT models. The results of the calculations of the
electronic contribution to the barrier height are summarized in Table 3.

To ensure that the transition state of reaction (1) is well treated with
a single reference based wavefunction, the T1 diagnostic of Lee and
Taylor was employed [79,80]. The T1 diagnostic is often used as a
qualitative estimate of the degree of multireference character of a
system. For a closed shell species, a value of T1 = 0.02 has been sug-
gested by Lee and Taylor as a threshold value. For considerably greater
values, the reliability of single reference methods would become
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Fig. 2. Plots of total electronic energy (in Hartrees) for the transition state, CCl,
and HCI as a function of the basis set size. The dotted lines indicate the ex-
trapolated energy values.

questionable. As can be observed in Table 3, the computed T1 values of
the transition state decrease as the quality of the basis set increases.
Therefore, at the complete basis set limit, a T1 value lower than 0.02
could be surely expected, supporting the present CCSD(T) results.
Hence, according to the above considerations, we made single point
energy calculations at the G4 and G4(MP2) levels using molecular
structures obtained from the DFT calculations. The threshold energies
and the reaction enthalpies at 0K calculated with G4 and G4(MP2)
levels of theory are listed in Table 4. Tables S5 and S6 of the Supple-
mentary Material show the energies calculated for all the species with
the G4//DFT/6-311+ +G(3df,3pd) and G4(MP2)//DFT/6-311+
+G(3df,3pd) levels of theory. It can be observed that the anomalous
results obtained with the DFT theory are now corrected. The mean
values of AE,” calculated with the G4 and G4(MP2) levels of theory are
0.61 kcalmol ™! and 1.16 kcalmol~!. Although these results are in
good agreement within the theoretical error, the AE,” obtained at the
G4(MP2) level of theory is ~0.5kcal mol ™' higher than the one ob-
tained at the G4 level. Fig. S5 of the Supplementary Material illustrates
the results of the barrier heights calculated with the different quantum-
chemical models. As detailed in the Supplementary Material, lower
values in the calculation of the barrier height with the G4 theory are

Table 3
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Table 4

Barrier heights and reaction enthalpies (in kcal mol™!) calculated for
CCl, + HCl — CHCl3 at 0K with the G4 and G4(MP2) models. Single-point
energy calculations were performed with molecular geometries optimized at
the DFT level of theory with the 6-311 + + G(3df,3pd) basis set.

Level of theory AE," AH,°

G4(MP2) B3LYP 1.00 —53.89
BMK 1.52 —53.76
MO06-2X 1.42 —53.96
MO05-2X 1.05 —53.98
B2PLYP 1.16 —53.92
mPW2PLYP 1.26 —53.90
MO6HF 0.84 —54.16
X3LYP 1.01 —53.93
PBE1PBE 1.10 —53.97
B97-1 1.03 —53.97
B98 1.13 —53.94
mPWI1PW9I1 1.14 —53.96
PBEh1PBE 1.04 —53.97
B3P86 0.85 —53.99
BH&HLYP 1.85 —53.78
B3PWI1 0.96 —54.00
mPW3PBE 0.91 —54.01
B1LYP 1.20 —53.88
LC-wPBE 1.65 —54.03
CAM-B3LYP 1.63 —53.96
TPSSh 0.75 —54.05
MO6 1.17 —54.07
mPW1PBE 1.15 —53.97
APF 1.04 —53.99

G4 B3LYP 0.42 —55.20
BMK 0.95 —55.13
MO06-2X 0.85 —55.25
MO05-2X 0.50 —55.25
B2PLYP 0.61 —55.46
mPW2PLYP 0.70 —55.18
MO6HF 0.32 —55.40
X3LYP 0.47 —55.21
PBE1PBE 0.55 —55.27
B97-1 0.48 —55.28
B98 0.58 —55.26
mPW1PW91 0.59 —55.26
PBEh1PBE 0.49 —55.28
B3P86 0.31 —55.30
BH&HLYP 1.25 —55.04
B3PWI1 0.42 —55.31
mPW3PBE 0.37 —55.31
BILYP 0.65 —55.15
LC-wPBE 1.07 —55.28
CAM-B3LYP 1.04 —55.22
TPSSh 0.23 —55.37
MO6 0.66 —55.41
mPW1PBE 0.60 —55.27
APF 0.49 —55.29

due to calculations including fourth order perturbation theory.

A histogram of the AE,* values derived from all employed methods
is depicted in Fig. 3. Fig. 4 shows the mean values and the standard
deviation of the AE,* calculated with the different methods. The barrier
height values calculated using DFT theory, DFT-D3 theory and DFT
including the long range correction were —2.8 + 1.8, —4.7 = 1.5
and —2.7 * 1.1kcalmol™'. In the Supplementary Material we present
a review of the precision of different chemistry models regarding the
calculation of chemical reaction barrier heights. From Fig. S4 of the

CCSD(T) total electronic energies (in Hartrees) for CCl,, HCl and CHCl;*. Barrier heights in kcal mol~!. The calculated T1 values are indicated in parentheses.

Basis Set CCl, HCl CHCl;* CCl, + HCl — CHCl5*
cc-pVDZ —957.198289 —460.254586 —1417.449371 (0.0203) 2.20
cc-pVTZ —957.386775 —460.337209 —1417.722238 (0.0195) 1.10
cc-pvVQZ —957.445565 —460.362126 —1417.807021 (0.0190) 0.42

CBS limit —957.472212 —460.372885

—1417.845240 —0.09
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the different levels of theory utilized.

# -1
AE;" [kcal mol ]
IS

DFT-D3 DFT LC-DFT G4(MP2) G4
Method

Fig. 4.Mean and standard deviation values of AEy* calculated for
CCl, + HCl — CHCl3 using different quantum chemical methods.

Supplementary Material we can observe that the precision attained by
DFT methods has a similar magnitude to the barrier height calculated
with the G4(MP2) and G4 chemistry models. The most precise DFT
approach is the heavily parameterized hybrid meta-GGA MO06-2X
functional, yielding a mean unsigned error for the DBH24/08 database
of 0.98 kcal mol ~! [81]. The rest of the functionals have mean unsigned
errors ranging from 1.2 kcal mol ~! (BB1K) to 6.38 kcal mol ~! (TPSSh).

The methods with best performance are the G4(MP2)
(MUE = 0.59kcalmol™!) and the G4 (MUE = 0.58kcalmol 1), re-
sulting in barrier heights of 1.16 = 0.27 and 0.61 = 0.26 kcalmol %,
respectively. It can also be observed that, within the theoretical error,
the AEO# value calculated with the CCSD(T)/CBS level of theory of
0.19 kcal mol ~* is in good agreement with those derived from the G4
and G4(MP2) calculations.

In Fig. 5 we illustrate the results adding dispersion and long range
corrections to the pure models BLYP, BPW91 and PBEPBE. Barrier
height values using single point energy calculations with the G4(MP2)
and G4 theories are also shown. As can be observed DFT models in-
cluding dispersion give the worst results. Addition of long range cor-
rection results in higher values of the barrier height, and the best per-
formance is attained by G4(MP2) and G4 levels of theory. It can be as
well observed that, although equivalent within theoretical error, the
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Fig. 5. AEy” values calculated for CCl, + HCl — CHCl5 using different levels of
theory. DFT-D3 corresponds to the hybrid DFT theory including D3 version of
Grimme's dispersion [82]. DFT are the calculations with B3LYP, B3PW91 and
PBE1PBE hybrid functionals. LC-DFT corresponds to the results of the calcu-
lations including long-range corrections. G4(MP2) and G4 are the calculated
barrier heights using single point energy calculations at the employed opti-
mized geometries.

calculations using the G4(MP2)//DFT/6-311 + + G(3df,3pd) level of
theory are systematically higher than the ones obtained with the G4//
DFT/6-311 + + G(3df,3pd) chemistry model.

The enthalpy of reaction calculated with the density functional
theory was —56.52 + 3.90kcalmol™!, while values of
—53.97 *+ 0.09kcalmol ™! and —55.27 *+ 0.09kcal mol ' were re-
spectively obtained with the G4(MP2) and G4 theories. These results
are comparable within theoretical error, even though G4(MP2) and G4
theories result in more precise values. The reaction enthalpy may be
obtained from the measured enthalpies of the species of interest.
Employing the NASA heats of formation at 0 K for the species HCI, CCl,
and CHCl3 of —22.02 + 0.02, 54.6 = 0.2 and
—23.4 %= 0.6kcalmol ™!, the value AH,° = —56.0 + 0.6 kcalmol !
is obtained. This value is in very good agreement with the values cal-
culated in the present work. Table 5 summarizes the results.

The threshold energy for the reverse dissociation reaction (—1) is
calculated as the sum of the enthalpy of the dissociation reaction and
the energy barrier for the insertion process: Eq = AHo° + AEy*. From
DFT, G4(MP2) and G4 calculations the threshold energy of the HCI
elimination form CHCl; is determined to be 56.52, 55.13 and
55.88 kcal mol ~!. Kumaran et al. determined by RRKM calculations an
E, value of 56 kcal mol ™! in good agreement with the thermochemical
calculations of the present work. In other work, Herman et al. [41]
estimated an enthalpy of AHzgo x° = 56 *= 3kcal mol~?! for the dis-
sociation reaction and measured the translation energy of the fragments
produced in the IRMPD of CDCls. They performed RRKM calculations
supposing that the fragments were rotationally and vibrationally cold,
and obtained that the velocity distribution of the fragments was con-
sistent with a reverse barrier in the 2.8-6.5kcalmol™! range. This
value is significantly higher than the one calculated in the present work,

Table 5
AH,° values for the CCl, + HCl — CHCl; reaction.

Method AH,° [kecal mol™1]
DFT —-56.52 = 3.90
G4//DFT —55.27 = 0.09
G4(MP2)//DFT —53.97 + 0.09
Ref. 31 —-56.0 = 0.6
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suggesting that the fragments might be rotationally and vibrationally
excited in their experiments. The barrier height calculated in the pre-
sent work is in good concordance with the estimation of Zhu et al., who
calculated for the decomposition barrier a value of 57 kcalmol ~?, es-
timated for the enthalpy of reaction at 0 K a value of 56 kcal mol ~ ! and
reported a barrier value of about 1 kcal mol ~?! for the reverse insertion
reaction [16].

The derived molecular properties described in the present Section
were employed in the calculation of the rate constants of both the in-
sertion and the reverse dissociation reaction. The Sections 3.2-3.4 will
we focused on the estimation of the rate constants in the high and low
pressure limits and in the intermediate fall-off range.

3.2. High pressure rate constant

The CCl, + HCl — CHCIl; reaction proceeds through a transition
state located at the energy maximum along the reaction coordinate over
the potential energy surface. Therefore, the high pressure recombina-
tion rate constant k; .. can be studied using the canonical version of the
transition state theory (CTST) [42]

_ kgT Qcpcis

o= o—AES [kpT

h QccrQua (@)

Here Qcuciz#», Qcciz and Qe are the total partition functions
(electronic, translational, rotational and vibrational) of the transition
state CHCl;%, CCl, and HCl. The partition functions were calculated
employing the DFT molecular parameters, and for the transition state
barrier height we used the results obtained with the G4 and G4(MP2)
calculations. The results obtained for k,,.. at 300 K are listed in Tables 6
and 7.

The mean value of the high pressure rate constants calculated with
the G4//DFT and G4(MP2)//DFT methods are (1.4 = 0.6) X 10~ '3
and (5.1 = 2.3) x 10™'* cm® molecule ™! s, respectively. The pre-
exponencial factor calculated as A.. = kgT/h Qcuciz+/Qcc2Quc at
300K is (3.6 = 1.7) x 107 '® cm® molecule ™! s~!. The unique ex-
perimental value reported for the insertion rate constant is the one
obtained in our laboratory at room temperature and over the 5 to
40 Torr HCl pressure range: ki = (2.7 = 0.1) X 10~ ¢cm® mole-
cule™! s™' [29]. Using this experimental value and the above pre-
exponential factor we found that the insertion reaction CCl, + HCl
proceeds with an energy barrier of AE,” = 1.54 + 0.30kcal mol ™!, as
illustrated in Fig. 6 and in good agreement, within theoretical error,
with the values calculated using the G4(MP2) and G4 theories.

In Figs. S2 and S3 of the Supplementary Material we show that the
performance of the models employed in the present work for the de-
termination of the barrier height of the CCl, + HCl reaction, are similar
to the one observed in the calculation of the barrier heights of diverse
reactions in the HTBH38/04 benchmark database [83].

Comparison of the experimental and calculated values of the rate

Table 6
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constant show that the most exact values are those obtained by single
point energy calculations with the G4(MP2) theory using geometries
optimized at the BMK/6-311+ +G(3df,3pd) and MO06-2X/6-311 +
+ G(3df,3pd) levels of theory. Regarding the performance of DFT theory
for the determination of transition state geometries, Xu et al. used the
TSG48 database to assess the performance of the Minnesota density
functionals and 26 other high performance and popular density func-
tionals for locating transition state geometries [84]. They concluded
that most of the hybrid meta-GGAs combined with the MG3S basis set
predict better transition state geometries than GGAs and hybrid GGAs,
MO06-2X and BMK were found among the meta-GGAs with better per-
formance and the widely used B3LYP hybrid functional was found to
have a poor performance. The values of the rate constant calculated in
the present work with the G4//M06-2X/6-311 + + G(3df,3pd) and G4//
BMK/6-311 + +G(3df,3pd) combined models are also in very good
agreement with the experimental result. The predicted temperature
dependence for k;,.. between 300 and 2000K is

ki = (48 + 1.8)x10714(T/300 K)*12£0cm? molecule~1s~!

(G4(MP2)//DFT) 2

ki = (98 + 3.4)x10714(T/300 K)*77=06cm3molecule™s~!

(G4//DFT) 3)

Uncertainties correspond to + 1 o (Table S8 of the Supplementary
Material).

3.3. Low pressure rate constant

At the low pressure limit the recombination reaction is determined
by the intermolecular energy transfer. Therefore, the efficiency of the
molecular collisions must be taken into account for the calculation of
the low pressure rate coefficient, ko. This parameter was determined by
Troe's factorized formalism: ko = 8 ko* [39,40]. The strong collision
recombination rate constant, k%, is characterized by the equilibrium
population of molecular states and by the collision efficiency, ., which
account for intermolecular energy transfer processes. The expressions
for ko*° and . are given by Egs. (4) and (5)

ke = (1/Kc) (M2, Puib (go,)kB T ox

E
b p(_ch_;)ngnhFEEotE'otint

C)

8,
— (AE) » Fgky T———
ERETEN) ©)

Here Z;j is the Lennard-Jones collision frequency between the
formed excited adduct and the collider bath gas M, E, = AH,® + AE," is
the threshold dissociation energy at 0K, pyipn(Eo) is the harmonic vi-
brational density of states evaluated at E,, F is a correction factor that
accounts for the energy dependence of pyip,n(Eo), Fann takes into account

High pressure limit rate constants calculated for CCl, + HCI — CHCl; at 300 K using the G4(MP2)//DFT level of theory. Employed barrier heights and enthalpies are

listed in Table 4.

Level of theory k1, [em® molecule ™! s™1]

Level of theory k1, [em® molecule ™! s71]

G4(MP2)//B3LYP 6.91 x 107
G4(MP2)//BMK 2.25 x 10714
G4(MP2)//M06-2X 2.57 x 1074
G4(MP2)//M05-2X 8.71 x 1074
G4(MP2)//B2PLYP 519 x 10714
G4(MP2)//mPW2PLYP 4.45 x 1071
G4(MP2)//MO6HF 1.01 x 1073
G4(MP2)//X3LYP 6.84 x 107
G4(MP2)//PBE1PBE 5.30 x 10714
G4(MP2)//B97-1 5.70 x 1074
G4(MP2)//B98 474 x 1071
G4(MP2)//mPW1PW91 5.01 x 10714

G4(MP2)//PBEh1PBE 6.26 x 10714
G4(MP2)//B3P86 8.29 x 10714
G4(MP2)//BH&HLYP 1.84 x 10714
G4(MP2)//B3PW91 6.77 x 10714
G4(MP2)//mPW3PBE 7.33 x 10714
G4(MP2)//B1LYP 499 x 10714
G4(MP2)//LC-wPBE 2,11 x 107+
G4(MP2)//CAM-B3LYP 2.43 x 10714
G4(MP2)//TPSSh 9.93 x 10714
G4(MP2)//M06 414 x 107
G4(MP2)//mPW1PBE 482 x 1071
G4(MP2)//APF 5.88 x 10714
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Table 7
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High pressure limit rate constants calculated for CCl, + HCl — CHCl; at 300 K using the G4//DFT level of theory. Employed barrier heights and enthalpies are listed

in Table 4.

Level of theory k1, [em® molecule™! s™]

-1 -

Level of theory k1, [cm® molecule™! s™1]

G4//B3LYP 1.82x 10713
G4//BMK 5.93 x 10~
G4//M06-2X 6.67 x 10714
G4//M05-2X 218 x 10713
G4//B2PLYP 1.30 x 10713
G4//mPW2PLYP 1.13x 107"
G4//MO6HF 2.41 x 10713
G4//X3LYP 1.69 x 10~ 13
G4//PBE1PBE 1.33x 107"
G4//B97-1 1.43 x 10713
G4//B98 1.19 x 10713
G4//mPW1PW91 1.26 x 10713

G4//PBEh1PBE 1.57 x 1073
G4//B3P86 2.05 x 10713
G4//BH&HLYP 5.03 x 1074
G4//B3PW91 1.67 x 10713
G4//mPW3PBE 1.81 x 1073
G4//B1LYP 1.25 x 10713
G4//LC-wPBE 557 x 10714
G4//CAM-B3LYP 6.53 x 10714
G4//TPSSh 2.37 x 10713
G4//M06 9.71 x 10714
G4//mPW1PBE 1.21 x 10713
G4//APF 1.48 x 10713

AE,'=1.54 kcal mol"

Energy

Reaction coordinate

Fig. 6. Reaction scheme for CCl, + HCl — CHCl;. AH,° is the reaction enthalpy
and AE," the activation energy barrier.

the vibrational anharmonicity, F,, accounts for the rotational con-
tributions to the threshold energy and the vibrational density of states
and F,oin: describes the internal rotor behavior (taken as 1 for the
present reaction), Qi is the vibrational partition function of the
formed adduct, (AE) is the mean energy transferred by the collisions
between the vibrationally excited CHCl; and the buffer gas M and K. is
the equilibrium constant evaluated from the total molecular partition
functions, as determined in Eq. (6). {AE) is calculated with Eq. (7), as a
function of the mean energy transferred in deactivating collisions,
{AEgowny, considered independent of temperature.

AHY
K, = Qccr2 Qe exp(— o )

Qcuciz RT (6)

<AEdown >2

(AE) = ——\"down)
<AEd0wn> + FE kB T (7)

Zy; was calculated using the Lennard-Jones parameters eycy/
kB = 360 K, oya = 3.305 A, eCHClB/kB = 327K and JOcHCI3 — 5.43A
[85]. The value p yipn(Ep) = 1.94 X 107 (kcal mol 1) ! was calculated

using the Whitten-Rabinovitch [86] approximation and for a reaction
with a barrier, the value F,,, = 1 was employed. F,,, was calculated
assuming the case I potential of Waage and Rabinovitch [87], using the
ratio of moments of inertia IT/I = UgtIc")/Ulc) = 1.72,
AHy° = 56.52kcal mol ~! as determined with the DFT level of theory
and AE," = 1.54 kcal mol " !, as determined with the calculations of the
present work and the experimental rate constant [29]. We assumed a
temperature independent <AEq,w,> value of 787 cm ™Y, as reported by
Kumaran et al. for Kr in their study of the thermal decomposition of
CHCl5. This value was taken in the present work as a representative
value of the mean energy transferred in the collision between CHCl3
and usual buffer gases as Kr, Ar, N, and He [88]. The frequencies of the
vibrational modes and the CHCl; rotational constants were obtained
with the B3LYP/6-311 + + G(3df,3pd) level of theory. The derived fre-
quencies in cm ™~ ! were, 259 (CCl; d-deform), 365 (CCl; s-deform), 667
(CCl3 s-stretch), 732 (CCl; d-stretch), 1242 (CH bend), and 3188 (CH
stretch). The calculated rotational constants were A = 0.11, B = 0.11
and C = 0.056cm ™. The values for the transition state vibrational
frequencies are 65, 142, 345, 641, 768, 848, 1050 and 1062 cm ™. The
rotational constants of the transition state are A = 0.12, B = 0.055 and
C = 0.038 cm ™. The temperature dependence of the factors in Egs. (4)
and (5) are listed in Table 8. The derived expressions for k; o and K.
over the 300-2000 K range are

kio = [HCI] 3.40 x 10~27(T/300 K)~%7exp(—2218 K/T) cm? molecule™*
57! (8)

K. = 1.18 x 10%%(T/300 K)%lexp(—29, 478 K/T) molecule cm™3 9

In Section 3.4 we describe the analysis of the pressure dependence
of the rate coefficient of the insertion and the reverse dissociation re-
action using a parameterized model, that interpolates the rate constant
values between the previously determined low and high pressure rate
coefficients. A comparison with previous reported data of the dis-
sociation rate constant will be given. And, in particular, previous report
of the insertion rate constant in reference [29] will be analyzed in terms
of the calculations of the present work.

Table 8

Contributing factors to k; o for reaction CCl, + HCl + M — CHCls + M. Z;; and k; ¢ in cm® molecule™" s™', and K. in molecule cm 3. M = HCL
T [K] ZLJ Qvib FE Fmt ﬁc kl,o Kc
300 474 x 107 1° 2.65 1.07 5.84 0.61 2.58 x 107%° 2.82 x 1071
1000 5.81 x 107 1° 1.39 x 10? 1.29 2.89 0.22 1.41 x 1073 2.74 x 10
1250 6.12 x 107 1° 4.42 x 10? 1.39 2.48 0.16 5.16 x 10~ 32 6.99 x 10'°
1500 6.40 x 107 1° 1.24 x 10° 1.49 2.18 0.12 2.05 x 1032 2.62 x 10'®
1750 6.66 x 107 *° 3.16 x 10° 1.61 1.94 0.09 8.74 x 10733 3.31 x 10%°
2000 6.90 x 10~ 1° 7.37 x 10° 1.75 1.76 0.06 3.96 x 1073 2.13 x 10%°
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3.4. Rate constant in the falloff range

The rate constants in the intermediate pressure range were derived
by interpolation between the limiting rate constants k; o and k;,.. em-
ploying the reduced expression

k
K = Fp (X)F (x) 10)
with x = ky 0/k1,. [42]. The factor Fiu(x) = x/(1 + x) is the result of
the simple Lindemann-Hinshelwood mechanism. The broadening factor
F (x) accounts for the multistep character of the energy transfer process
assisted by collisions. Different expressions have been proposed for this
factor and Egs. (11)—(13) reproduce very well the asymmetric broad-
ening factors for broad falloff curves, characterized by values of the
center broadening factors, F.e, = F(x = 1), lower than 0.4. Other
proposed expressions for F(x) perform equally well for Fe, > 0.4
[42].

1+ x
F = o an
with
n = [ﬂ] [1 = 0151 — x9)]
In(2/Fent) (12)
q= (Eem - 1) /ll’l (Eem/lo) (13)

The essential magnitude in the broadening factor is the center
broadening factor, F.ep. This can be expressed as Feent = Feent C Feent- o
where Feep V¢ = [3C°'14 is the weak collision center broadening factor
and Fe,C the strong collision center broadening factor [89,90] cal-

culated with Eq. (14)

_ (1.06logy ¢ (sk) )2'2
F, =10  1+Cis2 a4)

Here C; and C, are given by Egs. (15) and (16)
Ci= 0lexp(25 bl — 022b — 6 X 1071%;5) (15)

Co= 19 + 46 x 107p>28 (16)

where s, and by, are the modified Kassel parameters, defined as

U# — 1.6
= vib — (st Eo +a(E)Ey
Sk_1+kBT andbk—<s_1) ( T

brational modes of CHCls. Here U,,” is the transition state vibrational
energy and a(E,) the Whitten-Rabinovitch correction factor. The para-
meters s, and by were calculated using the above molecular parameters
of CHCl;. The results of the calculations are shown in Table 9 together
with the calculated F ., parameters.

The derived F_ ., values are very well reproduced between 300 and
2000 K by the expression

), s being the number of vi-

Een = 016 + 0.84 exp(=T/331 K) + exp(—7860 K/T) a7

In what follows, we compare the results of the present work with
those previously reported. Temperature and pressure dependence of the
rate constant were calculated using the above Feeny, k1,0 and k; .. values.
In Fig. 7 we depict the k_; . values calculated for the CHCl;

Table 9
Modified Kassel parameters and central broadening factor for reaction
CCl, + HCl — CHCl;.

T [K] Sk by Feent™© Feent™® Feent
300 3.31 15.51 0.93 0.55 0.51
1000 6.14 16.76 0.81 0.25 0.20
1250 6.61 15.41 0.77 0.24 0.18
1500 6.94 14.10 0.74 0.24 0.18
1750 7.20 12.93 0.71 0.25 0.18
2000 7.40 11.91 0.68 0.26 0.18
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Fig. 7. Arrhenius plots for k_; .. —: This work. ——: Schug et al. [17]. -

Won et al. [15]. O: Kumaran et al. [14]. -(0-(J-: Zhu et al. [16]. +: Kumaran
etal. atp = 9.4 x 10'” molecules cm ™2 [14]. -x-x-: Won et al. at 1 atm pressure
of Ar [15]. -*-*-: This work at Kr = 9.4 X 107 molecules cm~* and using
{AEgonn> = 787cm™ ', -0-0-: This work at 1atm and using <AEqpuwn> =
787 cm ™!,
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Fig. 8. Arrhenius plots for k_q0/[M]. —: This work for M = Kr and using
{AE4own> = 787 cm™!, as determined by Kumaran et al. [14]. —: Troe's

formalism from Kumaran et al. [14]. o: RRKM formalism from Kumaran et al. *:
Schug et al. [17].

decomposition reaction and those reported by Kumaran et al. [14], Won
et al. [15], Zhu et al. [16] and Schug et al. [17]. Also, in Fig. 8 we
compare the calculated k_, o with previous reported values.

Kumaran et al. calculated the rate of CHCl; dissociation using RRKM
theory and Troe's semiempirical formalism considering Kr as buffer in
the 1300-1900 K temperature range [14]. Their results were consistent
with their own experimental results provided that E, = 56 kcal mol ™ *,
similar to our G4(MP2) and G4 values. The resulting RRKM rate con-
stant log (k_1,../s” 1) = 15.21-58.97 (kcal mol ~!)/(2.303RT) leads to
the value 4.37 x 10° s~! at 1500 K which is in good agreement with
those obtained using the Egs. (2) and (9), (2.3-5.2) X 108, and (3) and
(9), (2.9-5.9) x 10° s~ 1. Using the model of the present work in the
calculation of k_; .. with AE,? = 1.54kcalmol ! as estimated from
the experimental rate constant [29], and AH,° = 56.52 kcal mol ™1, as
determined with the DFT models, would give k_;, .. = 3.6 X 10°s71!
at 1500 K, which is also in very good agreement with the result of
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Kumaran et al. [14]. In Fig. 7 we can observe a very good agreement
between the k_;, .. values calculated at 1000-2000 K and those from
Kumaran et al. [14]. We also illustrate the experimental results of Ku-
maran et al. for a concentration of p = 10'® molecules cm ™2 between
1300 and 1900 K, observing a very good agreement with the present
results obtained for M = Kr and a {AEg4,w,> parameter as reported in
reference [14]. We can also observe that our results are a factor 1.7
smaller than those reported by Won et al. [15].

For the low pressure dissociation rate constant Kumaran et al. re-
ported k_, o/[Kr] = 9.34 x 10 T~ 2 exp(— 33,480 K/T) cm® mole-
cule™* s™! using an older Troe's formalism and 2.51 x 10%® T~C exp
(—32,536 K/T) cm® molecule ! s~ ! with the RRKM method [14]. The
results of our calculations using Kr as buffer gas over the 1000-2000 K
range are illustrated in Fig. 8, observing a very good agreement with
the results obtained by Kumaran et al. These equations led to the values
5.89 x 107 '* and 6.41 x 10™** cm® molecule ! s~ ! at 1500 K. Using
Egs. (8) and (9) of the present work we obtain 5.12 x 10~ ** cm® mo-
lecule ™! s, in very good agreement with the results of Kumaran et al.
[14].

Zhu et al. [16] studied the thermal decomposition reaction of CHCl;
in the presence of Cl, and determined from QRRK calculations the rate
constant for the dissociation reaction. The rate expression in the high
pressure regime determined using calculations at the G3//B3LYP/6-
311G(d,p) level is 9.09 x 10" T%°*! exp(—57.1 kcalmol ~'/RT) s~ *.
The results of the calculations at 1000-2000 K are illustrated in Fig. 7,
observing a very good agreement with the present work. Their values at
1000, 1500, and 2000 K of 2.1 x 10% 4.5 x 10° and 6.9 x 10% s~ are
in very good agreement with the results of our calculations using AE,"
= 1.54kcalmol™! and AHy° =56.52kcalmol™!, 1.4 x 102
3.6 x 105, 6.2 x 10® s™1, respectively. The rate constant reported by
Zhu et al. at O0.latm and using <AEgown> = 1000 em™ ! s
5.84 x 100 x T787 exp(—63.9 kcalmol ~!/RT) s™1. The calculated
rate coefficient at 1000 K using Zhu et al. expression [16] is 5.4577,
which is in excellent agreement with the result of the calculation using
the model of the present work 6.3 s~ !, with the <AEgwn> employed by
Zhu et al.

Won et al. calculated the CHCI; dissociation rate constant as a
function of pressure and temperature [15]. They reported Arrhenius
expressions for the rate constants in the high pressure limit of
1.6 x 10"  exp(—56kcalmol '/RT) s~ ' and 5.2 x 10'? exp
(—51.5kcalmol~'/RT) s ! for 1 atm Ar pressure. Evaluation of these
expressions in the temperature range of their experiments is illustrated
in Fig. 7. It can be observe that similar results are obtained using the
expressions for k_j ., k_1,0 and Fee, derived in the present work. For
example, utilizing the rate expressions of Won et al. work we obtain at
1000K the values k_; .. = 1.1 x 10> s~ ! and k_;(1 atm) = 345~ ..
Using Egs. (2) and (9) we obtaink_; .. = 1.7 X 10%s~ ! and using Egs.
(3) and (9) k_1,.. = 2.2 x 10%>s7 ! in good agreement with the values
obtained with Won et al. expressions [15]. The result of the calculation
using the above “experimental” AE,” = 1.54kcalmol ! value and
AHo° = 56.52kcal mol ™! is 1.38 x 102 s, in better agreement with
the result of Won et al. [15]. The rate constant obtained at 1 atm of Ar
using the model of the present work with <AE>j,wn = 787 cm ™! [14] is
k_1(1atm) = 195!, in very good agreement with the value reported
by Won et al. [15].

In their study of the thermal decomposition of the CHCIF,, CHF3
and CHCl; compounds behind incident and reflected shock waves,
Schug et al. determined the temperature dependence of the high and
low pressure limit rate constants [17] between 1050 and 1380 K. The
data derived from the expression k_;.. = 1.8 X 10'* exp(-(55 + 3)
kcal mol™!/RT) s~ ! and the single rate constant k_qo/
[Ar] = 9.3 x 10® cm® mol ™! s™! determined at the mean temperature
of the experiments, 1200 K, are depicted in Figs. 7 and 8. Both sets of
results exactly match if, as before, the values AE,* = 1.54kcal mol !
and AH,° = 56.52 kcalmol ™! are employed. Using Egs. (8) and (9) of
the present work we estimate k_;,0/[M](1200K) = 9.7 X 10% cm®

10
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Fig. 9. Falloff curves for reaction CCl, + HCl—-CHCl; at 300K. @:
Experimental rate constants from Ref. 28. gray line: Calculated with
AHo° = 56.52 kcal mol ™%, AEy* = 1.54 kcal mol ™%, ¢<AEgowny = 787 cm ™, and
Fann = 1. black line: Calculated with AH,° = 56.52kcalmol ™!, AE,* =
1.54kcalmol ™!, <AEgown> = 787 cm ™}, and F,n, = 1.79 (see text).
Calculated with AHy® = 52.2kcal mol ™!, AE,* = 3.8 kcal mol ™! and <AEgown>
= 787 cm ™! (Kumaran et al. [14]).

mol ™! 571
etal [17].

Regarding reaction (1), Fig. 9 shows the experimental rate constants
measured over the 5-40 Torr range of HCl [29] and the calculated
falloff curves at 300 K. The collision efficiency parameter . was cal-
culated using <AEgown> = 787 cm ™2, as determined for Kr by Kumaran
et al. [14]. In Fig. 9 it can be observed that the rate constants derived
from the present modeling with AE,* = 1.54kcalmol ! are in very
good agreement with the experimental rate data. A better agreement
could be obtained if an anharmonicity correction factor [39] in Eq. (4)
of Fgup = 1.79 is employed. Although this treatment is strictly valid for
a combination of Morse (barrierless) type oscillator with harmonic os-
cillators, all above results indicate that reaction (1) proceeds via a small
height barrier located over a very flat potential surface. Therefore, the
model of Ref. 39 could be assumed approximately valid for the present
case. The resulting falloff curve is depicted in Fig. 9.

Also, in Fig. 9 we depicted the calculated rate constants using the
formalism of the present work and the thermodynamic parameters as
estimated by Kumaran et al., AHy° = 52.2kcalmol™! and AE,* =
3.8 kcal mol ~! [14]. It can be observed that rate constants significantly
underestimate the experimental values. Hence, the experimental results
of Ref. 29 confirm that the reaction is very close to the high pressure
limit and exhibit a recombination energy barrier about a factor of two
smaller than the one reported by Kumaran et al. [14].

in very good agreement with the value reported by Schug

4. Conclusion

The CCl, + HCl — CHCl; insertion reaction has been studied over
the 300-2000 K temperature range. Molecular structures and harmonic
vibrational frequencies for the transition state and all species were es-
timated using several DFT formalisms with the 6-311+ + G(3df,3pd)
basis set. The energetics was determined by single-point calculations
employing the G4(MP2)//DFT and G4//DFT models. The calculated
mean reaction enthalpies and reaction barrier heights at 0K are
—53.97 = 0.09kcalmol™' and 1.16 = 0.27kcalmol™' at the
G4(MP2)//DFT  level, and —55.27 = 0.09kcalmol™' and
0.61 = 0.26 kcalmol ~! at the G4//DFT level. The AH,° value calcu-
lated with the DFT models is —56.52 + 3.90 kcalmol %, in good
agreement with those derived at the G4(MP2) and G4 levels of theory.



N.D. Gémez, et al.

The threshold energies for the reverse dissociation process are
—55.13 * 0.36 and —55.88 = 0.35kcal mol~'. These values are in
good agreement with those reported by Kumaran et al. [14], Won et al.
[15], Zhu et al. [16] and Schug et al. [17]. The calculated low pressure
rate constant can be expressed as ki o= [HCI] 3.40 x 10~% (T/
300K) %% exp(—2218K/T) cm® molecule™! s~!. The determined
high pressure rate constants at the G4(MP2)//DFT and G4//DFT levels
are k; .. = (4.8 = 1.8) x 107" (T/300K)*'2*°%1° and k; . =
(9.8 *+ 3.4) x 107 (T/300K)*77 =16 cm>® molecule™! s~!. The
experimental room temperature rate constant measured in the falloff
regime [29] is consistent with these limiting rate constants. The mod-
eling with a broadening factor of Feep = 0.16 + 0.84 exp(-T/
331K) + exp(—7860K/T) suggests that the reaction barrier at 0K is
about 1.5 kcal mol ~ 1.
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