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ABSTRACT: The gas-phase hydrogen abstraction reaction of 1,2- ¢l £l r
dichloro-1,1-difluoroethane (CH,CICCIF,) with OH and CI o o F%—’;{H [FM@N ﬂga]
radicals is theoretically investigated by employing density functional %_g H’UH cl |

theory methods combined with coupled-cluster-based composite FRoR T o .
schemes. The mechanism and kinetics of the degradation entrance il H—0 HY \”0
channels of CH,CICCIF,, recently detected with increasing o o L VI/HOMT_ | o7 a | o
concentration in the atmosphere, is elucidated by using cost- ~\ / OH x 10714 N/
effective ab initio triple-slash dual-level direct dynamics, jChS// FQ %H [k(‘:'[w / "OMT=5.65j|>cmj molecule™ JF/FZ} \H
B2PLYP-D3(BJ)/jun-cc-pV(T+d)Z///M06-2X-D3/jun-cc-pV(T x oA -
+d)Z. Thermal rate constants are calculated over the temperature N / c| A \H-Cog ol £
range of 200—1000 K by adopting both canonical- (CVT) and Fﬂ’ M F4>*< '
microcanonical (pVT)-variational transition state theory also F"H\Cl,r“

including the microcanonically optimized multidimensional tunnel-

ing transmission coefficient (W OMT). The theoretical rate coeﬂiaent for the H-abstraction reaction initiated by the OH radical is
computed to be kSi{/#OMT = 1.72 x 107 cm® molecule™ s and KT/#OMT = 1.57 x 107* cm® molecule™ s at 298 K, in
excellent agreement with the available experimental data. The rate constant for the H- abstractlon reaction by the Cl atom, here
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obtained for the first time, is predicted to be k&/T/#OMT =

molecule™! s7!

= 5.96 X 107** cm® molecule™ s™! and kT/#OMT =
at 298.15 K, thus showing increased efficiency with respect to the OH—prompted reaction.

5.65 X 107* cm

KEYWORDS: atmospheric chemistry, halogenated organics, environmental pollutants, computational chemistry,

intermolecular hydrogen transfer

1. INTRODUCTION

Hydrochlorofluorocarbons (HCFCs) were adopted in the late
1980s as direct substitutes of chlorofluorocarbons (CFCs) since
the use of latter compounds was prohibited by the Montreal
Protocol.’ CFCs were widely used as refrigerants, blowing
agents, solvent, and insulators; however, because of their high
chemical and thermal stability, they diffuse to the stratosphere
where UV irradiation causes the homolytic dissociation of the
C—Cl bond. The ensuing Cl atom then destroys stratospheric
ozone in a catalytic process of chain reactions.” The introduction
of HCFCs as alternatives to CFCs aimed at exploiting their
shorter atmospheric lifetimes, thus ensuring that a smaller
fraction of the emitted amount is transported to the strato-
sphere. This feature comes from the presence of C—H bonds in
the molecule that makes them reactive toward the oxidant
species present in the troposphere (mostly hydroxyl and
chlorine radicals). Therefore, the ozone depletion potential
(ODP) of HCFCs is much smaller than that of CFCs. HCFCs,
however, present strong absorptions in the infrared spectral
region (very notably within the 8—12 ym atmospheric window),
and hence they can contribute to global warming.> Con-
sequently, the Montreal protocol amendment in 2007 was
designed to gradually reduce their use and completely phase
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them out (by 2020 for developed countries and 2030 for
developing countries).

Irrespective of the mentioned regulations, very recently, an
international network of climate scientists detected an
increasing atmospheric concentration of 1,2-dichloro-1,1-
difluoroethane (CH,CICCIF,),* also known as HCEC-132b
or Freon-132b, which was initially intended as a replacement for
CFC-113 (CF,CICFCL,) in different industrial applications.”~’
While some investigations on its properties and photochemical
processes have been performed over the years,”~ ' to the best of
our knowledge, those involving the mechanisms and kinetics of
reactions relevant to atmospheric chemistry are very limited.

Initially, Watson et al."? studied the kinetics of the reaction
between HCFC-132b and OH radicals (reaction R1) in the
temperature range of 250—350 K, by flash-photolysis resonance
fluorescence obtaining an effective Arrhenius equation for the
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rate constant characterized, however, by a quite large
uncertainty interval in the derived exponential and preexpo-
nential factors. Subsequently, the same reaction was reinvesti-
gated in the temperature range of 249—473 K using the
discharge-flow technique,14 resulting in the following Arrhenius
equation (in cm® molecule™ s7'): koy = 5.54 X 107%
T+ exp{—(252 + 377)/T}. With the aim of extending the
temperature range of the rate equation, Fang et al."> performed
an additional study over the temperature interval of 295—788 K
by means of laser photolysis/laser-induced fluorescence (PLP/
LIF), deriving the following Arrhenius equation: ko = (8.53 +
4.06) X 107" T2 exp{—(937 + 296)/T} in cm® molecule™
sL

CH,CICCIE, + OH — CHCICCIE, + H,0 (R1)

While the OH-initiated oxidation has been widely exper-
imentally investigated by different research groups, the kinetic
details of the reaction between HCFC-132b and the Cl atom
(reaction R2) have never been determined either experimentally
or theoretically. In this respect, it is worth mentioning that the
Cl-atom-initiated degradation of some HCFCs and HFCs has
been studied with regard to both reaction rate coefficient
measurements and the identification of stable end-prod-
ucts, 0718 leading to the conclusion that Cl-atom reaction rate
coeflicients are greater than those of the analogous OH reactions
for both abstraction and addition processes. Thus, the increased
Cl atom reactivity may compensate to some extent for its
atmospheric abundance being lower than the OH radical, and it
can impact the overall degradation rates of HCFCs and HFCs in
the troposphere, especially in the coastal regions where the
abundance of CI atoms is higher.

CH,CICCIE, + Cl — CHCICCIE, + HCl (R2)

Due to the unexpected increase in the atmospheric
concentration of HCFC-132b, each reaction relevant to its
atmospheric chemistry and each process that contribute to
determining the overall atmospheric lifetime need to be carefully
characterized and understood. This implies investigating the
reaction pathways leading to atmospheric degradation, with
careful examination of the possible intermediates and products,
starting from the reactions involving the most important OH
and Cl atmospheric scavengers, also with the aim of under-
standing the environmental impact of this compound. With
these premises, in this work, we undertake the theoretical
investigation of the entrance channel for the degradation of
HCFC-132b initiated by the OH and ClI radicals, in order to
shed light on the corresponding reaction mechanisms and fill the
actual gaps in the available thermochemical and kinetic data.

2. COMPUTATIONAL METHODS

The CH,CICCIF, + OH (reaction R1), and CH,CICCIF, + CI
(reaction R2) reactions were investigated by employing tri;)le—
slash dual-level (X//Y///Z) direct dynamics calculations'” ™!
over a temperature range of 200—1000 K. In this methodology,
the path-reaction swath data for calculating the optimized
multidimensional tunneling were computed at a lower-level Z,
rotational constants and Hessians were evaluated at an
intermediate level Y, and single-point electronic energies were
refined at a high level of theory X. Theoretical rate constants
were calculated using variational transition state theory
(VTST)* in both canonical and microcanonical frameworks
including semiclassical multidimensional tunneling.”> More in
detail, the mapping of the potential energy surface (PES) was
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performed first using the hybrid meta-GGA MO06-2X func-
tional”* augmented by DFT-D3 Grimme’s dispersion correc-
tions with zero damping,” in conjunction with the jun-cc-pV(T
+d)Z basis set,” which includes an additional set of polarization
d functions, required to achieve a consistent description of
second-row elements.””** The stationary points on the M06-
2X-D3 PES were characterized through the computation of
analytical second-order derivatives. The M06-2X-D3 minimum
energy path (MEP) was followed in mass-scaled Cartesian
coordinates by the Page—Mclver method”” using a step size of
0.003 au and a scaling mass of 1 amu, with molecular Hessians
calculated at each step. The normal-mode analysis was
performed in redundant curvilinear coordinates,” to avoid
spurious small imaginary frequencies that appear when working
in cartesian coordinates.

Following a well-consolidated procedure, equilibrium
geometries (and hence moments of inertia) and harmonic
vibrational frequencies of the stationary points on the reactive
PES were refined by using the B2PLYP double hybrid
functional,”* augmented by DFT-D3 dispersion with Becke—
Johnson (ieimping,35’36 in conjunction with jun-cc-pV(T+d)Z
basis set. This level of theory has been demonstrated to provide a
very good trade-off between accuracy and computational cost,
providing equilibrium geometries and vibrational frequencies of
about the same quality as coupled cluster with singles, doubles,
and perturbative triples, CCSD(T), coupled to a triple-{ basis
set.”’~** Finally, electronic energies of the stationary points on
the PES were further improved by applying the recently
developed composite scheme “jun-cheap” (JChS)*"** on top of
B2PLYP-D3/jun-cc-pV(T+d)Z geometries. While interested
readers are referred to the specific literature for a complete
account, here we only mention that the jChS starts from the
CCSD(T)/jun-cc-pV(T+d)Z energy within the frozen-core
approximation that is improved by the extrapolation to the
complete basis set (CBS limit)*> and the inclusion of core-
valence (CV) correlation performed using the Moller—Plesset
second-order perturbation theory."*

Thermal rate constants of the reactions investigated were
computed by means of variational transition state theory with
interpolated optimized corrections (VIST-IOC)* over the
200—1000 K temperature range using both the canonical
(CVT) and microcanonical (4VT) formulations.*>*” CVT rate
constants are given by

31-33

CVT/m _ . 1GT
K=YH(T) —ngmk (T, s) (1)

AT, s).

GT 0
T 8) = o R D)

exp(—/Vep(s
xp(—fVyiee(s)) 2

where ¢ is the reaction path degeneracy; f# stands for (KzT) ™/,
with Ky and T being, respectively, the Boltzmann constant and
the temperature;  is Planck’s constant; ®®(T) is the reactants’
partition function product per unit volume; Vygp(s) is the
classical energy along the minimum energy path (MEP) s; and
Q(T, s) is the product of the rotational, vibrational, and
electronic partition functions of the generalized transition state.
According to yVT, which improves CVT by considering that the
reactants are equilibrated microcanonically (in a fixed-energy
ensemble) rather than canonically, the rate constant expression
is defined as

VT . GT
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Figure 1. Reactive PES of the H-abstraction reactions from CH,CICCIF, by the OH (black, solid) and ClI (blue, dashed) radicals, using the B2PLYP-

D3(BJ) ZPE-corrected jChS relative energies (kcal mol™).

N*V'(E)
hp(E) 4)

where N*VI(E) is the sum over states of the transition state
obtained by variationally minimizing N7 (i.e., the number of
states at a given generalized transition state) with respect to the
reaction coordinate s and p(E) is the density of states (DOS) of
the reactants.

Quantum tunneling was also included by multiplying CVT
and VT rate constants by a transmission coeflicient ky
calculated by the microcanonically optimized multidimensional
tunneling (#OMT) ,*® which chooses the laréest value between
the small-curvature tunneling (SCT),””™* and the large-
curvature tunneling (LCT).**>"**7>® The LCT was evaluated
with the LCT method (version 4),”® using the interpolated
large-curvature tunneling in two dimensions (ILCT2D)
algorithm.59 The reason for including the yOMT tunneling is
that the skew angles f# (defined, for a typical reaction A + BC -
AB + C,as¢ = cos \/mAmC/(mA + my)(mg + my), with m,
mass of the species i of the reactions under study) were found
around 15° for (reaction R1) and 11° for (reaction R2), which
indicate that the reaction path curvature is large.6O In the
following, acronyms TST, CVT, and uVT are used to,
respectively, denote conventional transition state theory,
canonical variational transition state theory, and microcanonical
variational transition state theory results without tunneling. The
calculated rate coefficients in the 200—1000 K temperature
range were then fitted to a modified Arrhenius equation of the

type

k AT Xp( ]
= e
RT

YU(T) =0

()

All quantum chemical calculations were performed using the
Gaussianl6 suite of programs,61 while direct dynamics
computations were carried out using Polyrate 2017-C** and
Gaussrate 17-B*® codes.

3. RESULTS AND DISCUSSION

3.1. Thermodynamic Evaluation. The mechanism of the
OH- and Cl-initiated H-abstraction reactions of HCFC-132b is
depicted in Figure 1, and the geometries of the stationary points
are collected in Figure 2, where some representative structural
parameters are also reported. Relative electronic and ZPVE-

894

corrected energies with respect to the separated reactants
obtained at the levels of theory used in this study are listed in
Table 1.

3.1.1. H-Abstraction by the OH Radical. The OH +
CH,CICCIF, reaction (reaction R1) is expected to occur
through direct H-abstraction from the —CH,Cl group. The
reaction proceeds via an Sy2-type pre-reactive complex PRCqy
(Figure 2), which features an intermolecular H-bond between
the oxygen lone pair of the radical and one of the two equivalent
hydrogen atoms of the CH,Cl group. Then, by overcoming a
barrier of about 3 kcal mol™" passing through TSqy, the “three-
centers/four-electrons” post-reactive complex POSTqy is
reached, which subsequently releases the CHCICCIF, radical
and H,0 as products. As seen in Table 1, at the jChS//B2PLYP/
jun-cc-pV(T+d)Z level of theory, the pre-reactive complex
PRCy is at a ZPVE-corrected energy of about 2.3 kcal mol™
below the reactants, whereas the post-reactive complex POST oy
is about 22.3 kcal mol ™! more stable than the reactants and about
2.2 kcal mol™" more stable than the separated products. These
complexes are stabilized by the hydrogen bond attractive
interaction, as evidenced by the fact that they are lower in energy
than reactants and products, respectively. It has to be noted that
both pre- and post-reactive complexes need to be considered in
gas-phase kinetics simulations since their presence narrows the
width of the reaction barrier, significantly affecting the tunneling
contribution to the rate coefficients. Overall, the reaction R1 is
predicted to be exothermic by —20.1 kcal mol ™ according to the
jChS corrected for ZPVE contributions evaluated at the
B2PLYP level of theory.

3.1.2. H-Abstraction by the Cl Atom. The reaction between
CH,CICCIF, and CI (reaction R2) proceeds, analogously to
(reaction R1), via the direct H-abstraction from the CH,CI
group. As reported in Figure 1, it involves pre- (PRC;) and
post-reactive (POST ;) complexes, which have a relative energy
with respect to reactants of —2.4 and —6.9 kcal mol™" at the
jChS//B2PLYP /jun-cc-pV(T+d)Z level of theory, respectively.
In these complexes, the Cl atom weakly interacts with the
hydrogen atoms of the —CH,Cl group. The optimized
structures of these complexes as well as of products and the
connecting transition state are given in Figure 2 together with
selected bond distances. As can be seen in Table 1, the reaction is
exothermic by —5.2 kcal mol™, presenting a forward barrier
height of 2.5 kcal mol ™.

https://doi.org/10.1021/acsearthspacechem.3c00025
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POSTon POSTq

Figure 2. Optimized geometries of the species in the reactive PES for the OH- and Cl-initiated H-abstraction from CH,CICCIF, at B2PLYP-D3(BJ)/
jun-cc-pV(T+d)Z and M06-2X-D3/jun-cc-pV(T+d)Z (in italics) levels of theory. Representative bond distances (A) are also reported.

Before moving to the assessment of the chemical kinetics, it is reactions R1 and R2 is the enthalpy of the reaction OH + HCl —
interesting to note that the difference of the enthalpies of H,O + CI. According to the present calculations, the latter has
895 https://doi.org/10.1021/acsearthspacechem.3c00025
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Table 1. Relative Electronic (AE) and Ground-State A (E + ZPVE) Energies (kcal mol ") of the Stationary Points on the Reactive
PES for the OH- and Cl-Initiated H-Abstraction from CH,CICCIF,

AE A(E + ZPVE)

M06-2X° B2PLYP* jChS M06-2X” B2PLYP® jChs?
RI: CH,CICCIF, + OH 0.00 0.00 0.00 0.00 0.00 0.00
PRCoyy —4.50 -3.12 -3.14 —341 —226 —228
TSon 4.19 3.18 4.96 2.33 120 2.98
POST o —22.46 —22.33 —22.65 —22.06 —22.05 —22.37
CHCICCIF, + H,0 —18.18 —18.84 —-19.13 —19.08 —19.81 —20.10
R2: CH,CICCIF, + Cl 0.00 0.00 0.00 0.00 0.00 0.00
PRC —3.83 —3.38 —2.67 —3.51 —-3.10 —-2.39
TSq 6.13 S.14 7.04 1.45 0.57 247
POST, —291 —3.29 —-3.04 —6.72 —7.18 —6.93
CHCICCIF, + HCl 0.11 —0.63 —0.43 —4.64 —5.40 —5.20

“In conjunction with the jun-cc-pV(T+d)Z basis set. YElectronic and ZPVE at the M06-2X-D3/ jun-cc-pV(T+d)Z level. “Electronic and ZPVE at
the B2PLYP-D3(BJ)/jun-cc-pV(T+d)Z level. dehS electronic energy corrected for ZPVE at the B2PLYP-D3(BJ)/jun-cc-pV(T+d)Z level.

30 L ) 1 — . . L L . L 1 ) . .
rmm———TT -\ - G —__—"--‘\ G
——— (gt === V| | mmmem=——" - AN -—=V
28 ~ a 30 4 \ a
~
(b) AN Vaier \ — Vaer
26 4 S~o ~ a N
— “ N — So
o S< S 20 A S~o
S S~
£ 21 ~ | £ S
—8 -~ L=~ ~~ L
~ 4
= 8- o~ -
> e
o0
20 6 o 04
[}
= =
M o44 @
~10 -
2-
0 T T T T T T 20 T T T T T T T
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
S (bohr) S (bohr)

Figure 3. Classical potential energy curve (Vyp, solid) and ground-state vibrationally adiabatic energy curve (V<, dotted line) as a function of s at the
jChS//B2PLYP-D3(BJ)/jun-cc-pV(T+d)Z///M06-2X-D3 /jun-cc-pV(T+d)Z level of theory, for the HCFC-132b H-abstraction reaction initiated

by OH (a) and CI (b).

resulted to be —14.9 kcal mol™" in good agreement with the
value listed in the Active Thermochemical Tables (ATcT),**
thus providing further support to the reliability and accuracy of
the adopted approach.

3.2. Kinetic Results. 3.2.1. Reaction Path Degeneracy. On
the basis of the mechanisms described above, the reaction path
symmetry factor, o, for reactions R1 and R2, which accounts for
the number of equivalent reaction paths, was taken into account
according to the general expression’”*®

_ n1sOr
(6)

where nyg and ny are the number of enantiomers and o1 and oy
are the symmetry numbers of the transition state and the
reactants, respectively. The symmetry point groups for the
reactants are Cg for CH,CICCIF, and C,, for OH, yielding o =
1, and the CI symmetry number is also 1, being an isolated atom.
The symmetry point group for both transition states is C,
leading to o1 = 1. The number of enantiomers for the reactants
is 1, whereas the transition state has two enantiomers, hence the
symmetry number for reactions R1 and R2 is 2. Hereafter, all of
the theoretical rate constants are multiplied by a factor of 2 to
consider the reaction path degeneracy.

3.2.2. Reaction Path Properties. The MEP calculations for
each reaction were performed based on triple-slash dual-level

NROTs
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direct dynamics using the jChS//B2PLYP-D3(BJ)/jun-cc-
pV(T+d)Z///M06-2X-D3/jun-cc-pV(T+d)Z level of theory
within the VTST-IOC approach. The overall flux for the
reactions R1 and R2 is solely determined by the H-abstraction
step, meaning that, the dynamical association process that leads
to the pre-reactive complex is not considered kinetically
relevant. However, as mentioned before, pre- and post-reactive
complexes do influence the tunneling transmission coefficient
and the variational characteristics of the transition state. The
importance of these complexes has already been pointed
out,”*~%® and therefore they are explicitly taken into account
in the kinetics calculations performed by the Polyrate program.
The classical potential energy curve, Vyp, and the ground-state
vibrationally adiabatic potential energy curve, V¢, as a function
of the distance along the MEP for reactions R1 and R2 are shown
in Figure 3. The location of the maximum on the V{(s) curve for
reaction R1 is comparable with the Vygp curve, so the variational
effect for this reaction is unlikely to be important. On the
contrary, for reaction R2, the maximum of VE(s) is shifted in the
s direction toward the reactants, thus suggesting that variational
effects can be significant.

3.2.3. Thermal Rate Constants. The thermal rate constants
obtained by CVT/pOMT and yVT/uOMT methods for the H-
abstraction reactions over the temperature range 200—1000 K
are shown in Figure 4, whereas Table S2 in the Supporting

https://doi.org/10.1021/acsearthspacechem.3c00025
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Figure 4. Calculated rate coefficients at the jChS//B2PLYP-D3(BJ)/jun-cc-pV(T+d)Z///M06-2X-D3/jun-cc-pV(T+d)Z level of theory between
200 and 1000 K for the CH,CICCIF, + OH reaction (right) and the CH,CICCIF, + CI reaction (left). For the former reaction, the available

experimental values are also reported.

Table 2. Comparison of the Arrhenius Parameters for the Reaction between CH,CICCIF, and OH”

reference T (K) Arrhenius rate expression 12, experimental technique/theoretical method
ref 137 250—350 3% 107 exp[—(1578)/T] 3.14 FP-RF
this work 200—1000 5.63 X 107 exp[—(1661/T)] 3.30 CVT/uOMT
200—1000 5.75 X 107" exp[—(1689/T)] 3.35 uVT/uOMT
ref 15 295—788 (8.53 + 4.06) X 107" T** exp[—(937 + 296)/T] 1.86 + 0.59 PLP-LIF
this work 200—1000 4.10 X 107" T>? exp[—(706/T)] 1.40 CVT/uOMT
200—1000 445 x 107" T>2 exp[—(756/T)] 1.50 uVT/uOMT

“Activation energy (E,) in kcal mol™. b

(+400, —230), (0.79, —0.46).

Reported uncertainties for preexponential factor, exponential factor, and activation energy: (+6, —1),

Information (SI) collects the full list of values for all of the
applied methods (TST, CVT, uVT, CVT/uOMT, and uVT/
#OMT). For the reaction between HCFC-132b and the OH
radical, the available experimental data are also reported. The
results with SCT transmission coefficients are neither listed nor
plotted for reaction R1 because they were computed always
higher than the LCT ones, so they coincided within the whole
temperature range here considered with the yOMT.

For reaction Rl, the rate constants obtained at 298.15 K
within the pVT and CVT framework and accounting for
microcanonically optimized multidimensional tunneling
(LOMT) are KAT/HOMT = 157 x 107 cm® molecule™ s7!
and kSY/#OMT = 1,72 x 107", respectively. Both values are in
excellent agreement with experimental measurements by Fang et
al."> and Watson et al,,'* who obtained a rate constant ko of
1.61 X 107"* and 1.50 X 10™** cm® molecule™ s, respectively.
In contrast, the rate constant determined by Jeong et al.'* (koy; =
2.95 X 107" cm® molecule™ s7'), is about 50% larger than our
theoretical results as well as than the experimental ones from refs
13 and 15. This may be due to the presence of impurities in the
CH,CICCIF, sample used in the experiments carried out in ref
14. For this reason, the rate coeficients determined by Jeong et
al."* are not included in Figure 4.

As can be appreciated from Figure 4, and
KN T/HOMT are both in excellent agreement with the experimental
outcomes over the whole temperature range, with deviations
within a factor of 0.75—1.06 and 0.74—0.97, respectively,
compared to the most recent experimental results.”” On the
contrary, from the supporting Table S2, it can be observed that
TST, CVT, and uVT underestimate the rate constants at all
temperatures, especially in the temperature range 200—400 K
because they neglect the contribution from tunneling effects,

kCVT/ﬂOMT
OH

897

which are significant for the H-abstraction reaction. It should be
noticed that, as expected, the variational effect (defined as the
ratio between variational CVT and conventional TST rate
constants) is not significant for this reaction, ranging from 0.75
at 200 K to 0.89 at 1000 K. Furthermore, it is worth mentioning
that the CVT and uVT rate constants are similar at all
temperatures.

For reaction R2, neither experimental nor theoretical data are
available to compare. The rate constants calculated by TST,
CVT, CVT/uOMT, uVT/uOMT, CVT/SCT, and uVT/SCT
are collected in Table S2 in the Supporting Information (SI).
From this table, it can be observed that the CVT and yVT values
are similar at all temperatures, whereas TST rate constants are
slightly higher than CVT and uVT rate constants at low
temperatures, but the differences between them become smaller
with increasing temperature, thus suggesting that the variational
effect is only important at low temperatures. Tunneling effects
are also significant only at lower temperatures (200—300 K),
with the yOMT and SCT transmission coefficients at T =200 K
being 1.9 and 1.6, respectively. The yOMT transmission
coefficient is found to be slightly higher than the SCT one at
all of the temperatures, thus reflecting that the dominant
tunneling mechanism in reaction R2 is the large-curvature
tunneling.

3.2.4. Arrhenius Parameters. Arrhenius parameters obtained
by different experimental techniques are listed in Table 2, where
they are compared with the theoretical counterparts by the
different theoretical methods employed in this work for reaction
RI1. The theoretical rate coefficients were also fitted using the
two-parameter Arrhenius equations. Even though we do not
recommend two-parameter Arrhenius fits in general, we present
them in Table 2 simply as a way to make comparisons with the
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results obtained by Watson et al."> For the CH,CICCIF, + Cl
reaction, the parameters of the modified Arrhenius expression,
eq S, are fitted to the calculated (CVT/uOMT, uVT/uOMT,
CVT/SCT, uVT/SCT) rate constants in the temperature range
of 200—1000 K, the corresponding values being summarized in
Table 3.

Table 3. Modified Arrhenius Expressions for the
CH,CICCIF, + Cl Reaction Obtained in the 200—1000 K
Temperature Range”

Arrhenius rate expression E, theoretical method
2.22 X 1078 T** exp[—(1070/T)] 2.12 CVT/uOMT
1.90 X 107" T>** exp[—(1038/T)] 2.06 uVT/uOMT
2.35 X 1078 T** exp[—(1116/T)] 221 CVT/SCT
2.01 X 107" T** exp[—(1084/T)] 2.15 uVT/SCT

“Activation energy (E,) in kcal mol™".

3.3. Atmospheric Lifetime. It is generally assumed that the
tropospheric lifetime of HCFCs can be estimated by considering
that their removal from the atmosphere occurs mainly through
reaction with OH and Cl radicals. In that sense, the overall rate
of removal 7.4 can be expressed as

1 1 1

Teff

cl (7)

where 7¢; = (kg X [C1]) ™ and 7oy = (koy X [OH]) ™" Using the
values of K&{/#OMT= 157 x 107 cm? molecule™ s™' and
K T/HOMT — 565 x 107 cm® molecule™ s7! calculated at
298.15 K and the latest global average atmospheric [OH] and
[Cl] concentrations of 1.09 X 10° and 1.0 X 10* molecule cm™3,
respectively,””’" the atmospheric lifetime for CH,CICCIF, is
estimated to be around 1.9 years. Obviously, when using the
average global concentration of Cl, the contribution of reaction
R2 for the removal of CH,CICCIF, (HCFC-132b) from the
atmosphere appears negligible because of the larger OH column
density. However, in coastal areas, the scenario may be different
since the Cl concentration is found to be much higher. Hence,
the contribution from the reaction against Cl radicals is crucial
for the determination of the atmospheric lifetime of
CH,CICCIF, (HCFC-132b), especially at the marine boundary
layer.

Ton

4. CONCLUSIONS

HCFC-132b (CH,CICCIF,) has been newly detected in the
atmosphere with a sub-ppt concentration and growing trend
over the last decade, in opposition to the current international
regulations that prohibit the use of ozone-depleting substances.
With this premise, the present work aimed at investigating the
reaction mechanism and kinetics of the H-abstraction reactions
of CH,CICCIF, initiated by the OH and Cl radicals, being this
the entry step involved in the main atmospheric degradation
pathway. The reactive potential energy surface and the related
reaction and activation energies have been computed by using
an accurate and cost-effective strategy relying on a hybrid
CCSD(T)-based composite scheme/density functional theory
computational protocol. In particular, a triple-slash dual-level
approach to direct dynamics using the interpolated optimized
corrections methodology at the jChS/ /B2PLYP—D3(B_])/jun—
cc-pV(T+d)Z///M06-2X-D3 /jun-cc-pV(T+d)Z level has been
adopted for simulating reaction kinetics. The rate constants have
been calculated by using both CVT and uVT theories
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augmented through a microcanonically optimized multidimen-
sional tunneling correction (uOMT) over the 200—1000 K
temperature range. For the OH-initiated reaction, the kinetic
rate constants have been found to be in perfect agreement with
the available experimental data, with deviations being within a
factor of 0.74—0.97.

The H-abstraction reaction initiated by the Cl atom has been
investigated here for the first time. The overall reaction pathway
mirrors that of the OH-initiated process, even though the latter
has been computed to be exothermic by about —20 kecal mol™,
while the exothermicity has been predicted around —S5 kcal
mol™" when the reaction is initiated by CL. From the computed
rate constants, the following three-parameter Arrhenius
expression (in cm® molecule™ s7') in the temperature range
of 200—1000 K has been derived: kg = 2.01 x 107'®
T>* exp[—(1084/T)]. The obtained results show that at
room temperature, the H-abstraction by Cl is about 3.6 times
faster than the OH-initiated reaction. This suggests that, despite
the lower atmospheric abundance of Cl, even this removal
process can be of some relevance in determining the overall
HCFC-132b atmospheric lifetime, especially in those environ-
ments characterized by increased levels of Cl (e.g, the marine
boundary layer).

The present results not only provide reliable kinetic data with
experimental accuracy but also present the application of an
accurate yet cost-effective computational strategy to model gas-
phase reactions involving this class of molecules that is being
applied to HCFC-132b as well. The subsequent atmospheric
processing of the radical produced by the initiation step,
currently investigated in our group, will be the subject of an
upcoming publication as well as a detailed characterization of
HCFC-132b spectroscopic properties, particularly in the
infrared region, being of relevance for understanding its
contribution to global warming.
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