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Isotope Effects in the Reactions of Chloroform Isotopologues with Cl, OH, and OD
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The kinetic isotope effects in the reactions of CHCl;, CDCls;, and *CHCI; with Cl, OH, and OD radicals
have been determined in relative rate experiments at 298 4 1 K and atmospheric pressure monitored by long
path FTIR spectroscopy. The spectra were analyzed using a nonlinear least-squares spectral fitting procedure
including line data from the HITRAN database and measured infrared spectra as references. The following
relative reaction rates were determined: kCHC13+Cl/kCDC13+C1 =328+ 001, kCHC13+Cl/k13CHC13+Cl = 1.000 £ 0003,
kcuci,+on/kepen+on = 3.73 £ 0.02, kenci+on/kiscnci+on = 1.023 £ 0.002, kencl,+on/kepci+op = 3.95 £ 0.03,
and kcycr+on/kecnci+op = 1.032 £ 0.004. Larger isotope effects in the OH reactions than in the Cl reactions
are opposite to the trends for CH, and CH;Cl reported in the literature. The origin of these differences was
investigated using electronic structure calculations performed at the MP2/aug-cc-PVXZ (X = D, T, Q) level
of theory and are compared with previously calculated values for the other methane derivatives. The
Born—Oppenheimer barrier heights to H abstraction are 12.2 and 17.0 kJ mol~! at the CCSD(T)/aug-cc-
pVTZ level of theory for OH and Cl, respectively. The reaction rate coefficients of the two elementary vapor
phase reactions including the *H and '*C kinetic isotope effects were calculated using improved canonical
variational theory with small curvature tunneling (ICVT/SCT) and the results compared with experimental

data.

1. Introduction

The average global atmospheric concentration of chloroform
has, on the basis of data from nine years of field measurements,
been calculated to be 18.5 pptv with seasonal, altitudinal, and
latitudinal variability.! This variability is the result of short
lifetime of ca. 6 months for chloroform in the atmosphere
because of its reaction with hydroxyl radicals.> Global atmo-
spheric chloroform budgets have been presented by several
groups.!* The inventories of McCulloch and of Khalil and
Rasmussen agree in setting the total emission of chloroform to
be 660 & 220 Gg yr~! and 350—600 Gg yr~', respectively.

Anthropogenic sources of chloroform are mainly from the
pulp and paper industry and from drinking and wastewater
treatment, with a smaller contribution from the pharmaceutical
industry.">* Some discrepancies can be found in the literature
concerning the magnitude of the anthropogenic contribution.
A value of 10% of the total is reported by several groups.!** A
recent study reports that around 1990, 50% of atmospheric
chloroform had an anthropogenic origin and that this has
declined to about 29% more recently.’ According to Worton et
al.,> the error in the numbers reported earlier is due to an
overestimation of the natural sources of chloroform to the
atmosphere. A decrease in atmospheric chloroform since about
1990 is also reported by Trudinger et al.’

The dominant natural source is an unidentified, probably
biological, process in the oceans, whereas soil processes
constitute the second most important contribution.>¢ McCulloch
reports yearly contributions of chloroform from oceans and soil
processes to be 360 £ 90 Gg and 220 £ 100 Gg, respectively.
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Other sources, such as geological contributions and anaerobic
fermentation contribute only a few gigagrams per year.? In
summary, the uncertainties in the natural sources are large.

The main atmospheric sink for chloroform is reaction with
hydroxyl radicals; other processes such as aerobic degradation
and dechlorination by methanogens in soil and sediment are
not significant loss processes on the global scale but may have
local importance.>” Small amounts of chloroform are transported
to the stratosphere, where photolysis is the most important
removal process.! The reaction of chloroform with hydroxyl
radicals is estimated to be the largest source of phosgene, CCLO,
to the atmosphere.?

Whereas chloroform is not classified as a greenhouse gas or
considered to be a threat to the ozone layer, its reactivity is
important for understanding the behavior of the chlorinated
methane derivatives. The other methane derivatives, methyl
chloride, CH;Cl, methylene chloride, CH,Cl,, and carbon
tetrachloride, CCly, all have important environmental effects.

A number of absolute and relative rate studies have been
reported for the CHCl; + Cl and CHCl; + OH reactions. The
Cl reaction has been studied at room temperature®® and over
temperature ranges of 222—298'" and 297—854 K.!! The OH
reaction has been studied at room temperature'> and in the
temperature ranges 245—375,'3 295—955,'% and 293—358 K.
The currently recommended rate constants at 298 K are (1.20
=+ 0.18) x 107" for the ClI reaction and (1.00 & 0.15) x 10713
cm?® molecule™! s7! for the OH reaction.'®

In a theoretical investigation of the interaction of OH with
chloroform at the MP2/6-31+G(d,p) level of theory, the barrier
height of the reaction could not be determined, which the authors
interpret as being a consequence of its flatness.!”!3 A recent
report on the effect of isotopic substitution on vibrational
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TABLE 1: Components Included in Spectral Fit for the Different Reaction Mixtures and Wavelength Ranges Used in the

Analyses

reaction mixture

wavelength range (cm™!)

components

CHCI/CDCl5/Cl 710—1260
CHCIy/"*CHCI,/C1 710—1260
CHCI5/CDCl;/OH 710—950
CHCI/"*CHCly/OH 710—800
CHCI5/CDCl;/0OD 710—950
CHCI/"*CHCly/OD 710—795

frequencies of chloroform and chloromethane is in good
agreement with experimental values. '

The large uncertainties in the atmospheric budget of chloro-
form indicate the need for a better understanding of the sources
and sinks. Knowledge about the stable isotope composition of
chloroform, and fractionation factors in atmospherically relevant
reactions can be used as a tool in the determination of the
atmospheric chloroform budget.” In the present work, we report
determinations of kinetic isotope effects in the reactions of
chloroform with the atmospherically important radicals Cl and
OH. The OD radical has also been investigated to give additional
information on the reaction.

2. Experimental and Computational Methods

2.1. Relative Rate Experiments. The relative rate method
can be used if there are no other reactions other than the
investigated one that consume the reactants to a significant
degree. If this is true, then the following expression is valid

ln( [A]°) _Ka m([B]O) (1)
[Al,] kg \[B],

where [Alo, [A];, [Blo, and [B], are the concentrations of the
compounds at times 0 and #. In a plot of In([A]y/[A],) versus
In([B]o/[B],), the slope will equal the relative rate of the reaction.

Relative rate experiments were carried out in a 250 L
electropolished stainless steel smog chamber equipped with a
White-type multipass mirror system giving an optical path length
of 120 m. UV lamps were mounted in a quartz tube in the
reaction chamber. The components of the reaction mixtures were
introduced to the chamber via a Pyrex gas handling system by
flushing with synthetic air (AGA 4.0). Chloroform isotopologue
concentrations were in the range of 1.3 to 3.0 ppm and standard
laboratory grade Cl, was in the range of 2.0 to 10.0 ppm.
Chloroform and Cl, gas were purified by several freeze—pump—
thaw cycles before being introduced to the reaction chamber.
Volume fractions of H, (AGA 4.5) and ozone in the OH
experiments were around 3 x 10* and 400 ppm, respectively.
Additional synthetic air was flushed into the reaction chamber
until a final pressure of about 1013 mbar was reached.

The consumption of reactants was monitored using Fourier
transform infrared spectroscopy (FTIR). The spectra were
recorded using a Bruker IFS 66v infrared spectrometer with a
liquid-nitrogen-cooled MCT detector at a resolution of 0.5 cm™!.
For each spectrum, 128 scans were coadded to give an
acceptable signal-to-noise ratio, and the interferograms were
Fourier transformed using boxcar apodization. During each
experiment, the reaction mixture was photolyzed 7—15 times,
giving a total photolysis time of 2 to 3 h. Each photolysis step
was followed by a stabilization time, typically two minutes,
before the FTIR spectrum was recorded. The experiments were
terminated when around 50% of the reactant species were
consumed. For each reaction, the experiment was repeated three
to four times. To check for possible dark reactions, the reaction
mixture was left in the cell during a time period corresponding

CHCI;, CDCl;, CCLO

CHCl;, '*CHCI;, CCL,0, *CCL,0

CHCI;, CDCl3, O3, CO,, CCLO

CHCl;, *CHCI;, 03, CO,, CCL0, *CCLL,0
CHCI;, CDCl3, O3, CO,, CCLO

CHCl;, '*CHCI;, 03, CCL,0, *CCLO

to a standard experiment; no change in the composition of the
reaction mixture was detected during this time period. Photolysis
experiments with only chloroform in the cell show that the
compound is not photolyzed by the lamps used to initiate the
radical species. This is consistent with the published UV-
absorption cross section of chloroform.!®

2.2. Chemicals and Radical Production. The chloroform
isotopomers used in the study, CHCl;, CDCl; (99.8 atom % D,
Aldrich), and *CHCl; (99 atom % '3C, Isotech), where purified
by three freeze—pump—thaw cycles. CHCl; was stabilized by
1% ethanol; this was removed by the addition of a small amount
of concentrated sulfuric acid.

OH radicals were produced by photolysis of a mixture of O;
and H, (AGA 4.0)

0;+h—0('D)+0, )
O('D)+H,—~OH+H (3)
H+0,—~O0H+0, @
H+ 0,—HO, (5)
HO,+ 0,— OH + 20, (6)

Ozone was produced from O, (AGA 5.0) using a MK II ozone
generator from BOC. The photolysis was carried out using a
Philips TUV 30 W lamp with A,,,x ~ 254 nm. Reaction 3 lead
to the production of OH radicals in both the ground and excited
vibrational states.?'"* Literature values for the collisional
quenching rates of vibrationally excited OH by O, and N, are
10715 and 107" cm® molecule™ s, respectively,? which is
comparable to the OH reaction rate with CHCl;. However, the
concentrations of O, and N, are 10° times higher than that of
CHCIs. It can therefore be concluded that CHCIl; almost
exclusively reacts with OH in the vibrational ground state.

OD radicals were produced by the same procedure using D,
(99.8 atom % D, Isotech).

CI atoms were produced by the photolysis of Cl, using two
Philips TLD-08 fluorescence lamps, A ~ 350 nm, and leading
to the production of ground-state chlorine atoms

CL, + hv—2Cl @)
2.3. Data Analysis and Reference Spectra. The spectra for
the different reaction mixtures were analyzed using a nonlinear
least-squares spectral fitting procedure developed by D. Grit-
fith.’ The spectral regions analyzed (C—H bending and C—Cl
stretching regions) and the components used in the analysis are
given in Table 1. H,O and HOCI spectra for the analysis were
taken from the HITRAN database,”® whereas for the other
components, high-resolution FTIR spectra were used. These
reference spectra were produced using the same equipment as
that used in the relative rate experiments but with a resolution
of 0.25 cm™! and 512 scans. The sample of '*CCL,0 was
produced in situ by complete conversion of *CHCl;.
24. Electronic Structure Calculations. Electronic structures
and vibrational frequencies for reactants, first-order saddle
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Figure 1. FTIR spectra in the C—H region of CDCl;, CHCl;, and
3CHCI; showing the v4 and vs bands.

points, and products in the reactions of chloroform with chlorine
and hydroxyl radicals were calculated at the MP2 and CCSD(T)
levels of theory using Dunning’s correlation consistent aug-cc-
PVXZ (X =D, T), basis sets. The Gaussian 03 software package
was used for the calculations.?’

The saddle points of the reactions were found using the QSTN
method. The minimum energy path connecting the transition
states to reactants and products was computed using the intrinsic
reaction coordinate (IRC) method?® with a step size of 0.02 u'?
Bohr. QST and IRC calculations were performed using the aug-
cc-PVDZ basis set. Hessians were calculated at nonstationary
points along the reaction paths at the same level of theory.

2.5. Calculations of Rate Coefficients. The rate coefficients
were calculated using interpolated variational transition-state
theory by mapping (IVTST-M)? using data from the electronic
structure and frequency calculations.

Rate coefficients were calculated in the range of 200—1000
K using the POLYRATE program.*® The rates for the isotopi-
cally substituted reactions were calculated according to the
method of Fast et al.’' In addition to conventional transition
state theory (TST), calculations were also performed using
canonical variational transition state theory (CVT) and canonical
unified statistical theory (CUS).* The small curvature tunneling
approach (SCT) was used to represent the tunneling effect.
Energies for nonstationary points along the minimum energy
path calculated at the MP2/aug-cc-PVDZ level were corrected
using the ISPE** method, with CCSD(T)/aug-cc-PVTZ energies
computed at stationary points. Frequencies at the MP2/aug-cc-
PVDZ level were scaled using a factor of 0.959.

For the chlorine atom, two electronic states, separated by 882
cm™! and with degeneracies of four and two, were included in
the calculation of its electronic partition function. The OH
radical has two electronic states separated by 140 cm™!, both
with a degeneracy of two, that were included in the calculations.

The C—H—OH torsional mode in the transition state of the
CHCl; + OH reaction was treated anharmonically using the
hindered rotor method.?*

3. Results and Discussion

3.1. Experimental Study. Figure 1 shows the FTIR spectra
of the three chloroform isotopologues in the C—H bending
region. The vs(E) band of CHCls, situated around 775 cm™!,
overlaps with the corresponding bands for both CDCl; (747
cm™!) and BCHCl; (752 cm™'), but the peaks are separated
enough that analysis is straightforward. The v4(E) band of
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Figure 2. FTIR spectra of a mixture of CHCl; and '*CHCI; during
reaction with CIL.

CDCls, located around 915 cm™!, is well separated from the
corresponding band for CHCls, at about 1220 cm™'. The v4(E)
band of '*CHCI; (1217 cm™") overlaps with the corresponding
band for CHCIs, but the bands are sufficiently separated to make
an analysis possible.

Relative rate data for the investigated reactions are presented
in the following sections. The relative rate plots contain data
from three or four independent experiments.

3.1.1. Cl Radical Reaction. The stable products of the
reaction between chloroform and ClI radicals are hydrochloric
acid, HCI, and phosgene, CCl,0. Reactions 8 to 11 below show
the steps in the reaction mechanism resulting in the phosgene
product.

CHCI, + C1— CCl, + HCl (8)
CCl, + 0,— 00CCl, )
00CCl, + 00CCl, —20CCl, + 0, (10)
0CCl,—CCLO +Cl (11)

None of the products complicate the analysis of IR spectra.
The HCI bands fall outside the spectral range used for analysis.
Phosgene has its strong v4(B;) band around 850 cm ™!, and there
is essentially no overlap with the chloroform isotopologues.
Figure 2 shows an example of an FTIR spectrum of the analyzed
region of a mixture of CHCIl; and *CHCl; during reaction.

Relative rate plots of the decay of mixtures of CHCl3/**CHCl3
and CHCI;/CDCl; are shown in Figures 3 and 4. Kinetic isotope
effects of kCHCI3+CI/k]3CHCl3+Cl = 1.000 £ 0.003 and kCHCl3+CI/
kepey+ar = 3.283 £ 0.011 were derived from the slopes of the
graphs.

3.1.2. OH Radical Reaction. The reactions of the chloroform
isotopologues with hydroxyl radicals result in the stable products
water, phosgene, and hypochlorous acid, HOCI. The initial
reaction between chloroform and hydroxyl radical, reaction 12,
is followed by reactions 9—11 to yield the phosgene product

CHCI, + OH— CCl; + H,0 (12)

The Cl resulting from reaction 11 will compete with OH to
react with chloroform. However, H; is in large excess compared
with chloroform, and the Cl atoms will be consumed by reaction
with Hy, so this potential interference can be neglected. Because
of the presence of both OH radicals and ozone, hydroperoxy
radicals will be produced in the chamber
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OH +0,—HO, + 0, (13)

These hydroperoxy radicals will compete with the self
reaction of OOCCl;, resulting in CC1300H or OCCl; according
to reactions 14 and 15. The product of reaction 14 will
decompose into phosgene and hypochlorous acid according to
reaction 16.

00CCl, +HO,—CCL,00H + 0, (14)
00CCl, +HO,—0CCl, + 0, + OH (15)
CCL,00H — COCl, + HOCI (16)

Reactions 10 and 14 have similar rates (4.07 x 107'? and
49 x 1072 cm® molecule™ s71),* and because of high
concentrations of OH and ozone, concentrations of HO, are
likely to be higher than concentrations of OOCCI;, favoring
reactions 14 and 15. Another possible reaction partner for
OOCCI; is ozone, resulting in OCCl; production and thus
phosgene. All of the mentioned reaction series will result in
the production of Cl atoms, either through reaction 11 or as a
result of photolysis of HOCI that is readily photolyzed at the
wavelength of the lamp used in the experiment
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Figure 3. Relative rate plot showing the decay of CHCI; and *CHCl;

during reaction with Cl. 43 data points from 5 independent experiments
give ke = 1.000 £ 0.003.
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Figure 4. Relative rate plot showing the decay of CHCl; and CDCl;
during reaction with CI. 64 data points from 4 independent experiments
give ko = 3.283 £ 0.011.
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HOCI1 + hy — OH + Cl a7y

Whereas up to one Cl may be produced by these processes
for every OH that reacts with CHCl;, the ratio (kcj+p,[Ha1)/
(kci+cre,[CHCIL]) is ca. 200, which means that less than 1% of
the CI that is produced will react with CHCl;. The resulting
correction to the KIE is insignificant.

The spectra from the reactions are demanding to analyze
because of the presence of ozone at concentrations that produce
saturated absorption bands. The strong v;(B,) ozone band
centered at about 1040 cm™! could not be reproduced properly
in the spectral analysis. Therefore the analysis was restricted to
a narrower wavelength range than that of the analysis of the
corresponding reactions with CI. (See Table 1.) Figure 5 shows
an example of a spectrum taken during the reaction of OH with
CHCl; and CDCl;. The v,(A;) ozone band, centered around 700
cm™!, is easily fitted in the analysis, as can be seen in the residual
of the fit.

Relative rate plots of the decay of mixtures of CHCly/'*CHCl;
and CHCI3/CDClj are shown in Figures 6 and 7. The kinetic
iSOtOpC effects kCHCl3+OH/k13CHCI3+OH = 1.023 £+ 0.002 and
kCHC]3+OH/kCDC]3+OH =3.726 £ 0.015 were determined from the
slopes of the graphs. That is, the kinetic isotope effect is larger
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Figure 5. FTIR spectra of a CHCl; and CDCl; mixture during reaction
with OH and residual of fit. Also included is the spectrum of ozone in
the region.
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Figure 6. Relative rate plot showing the decay of CHCI; and *CHCl;
during reaction with OH. 50 data points from 3 independent experiments
give ks = 1.023 £ 0.002.



Reactions of Chloroform Isotopologues

1,5 e
el s

— 1,0 /’4
o A,H«‘
I
Q ﬂ
% % - CHCI, /CDCI, reaction with OH
= 0,5 1 " — kJk, =3.727£0.015

.

00

0,0 I 052 ‘ 04
In{(CDCI,) /(CDCL,)]
Figure 7. Relative rate plot showing the decay of CHCl; and CDCl;
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TABLE 2: Summary of Experimental Results and
Comparison with Kinetic Isotope Effects in the Reactions of
Chloromethane and Methane

kinetic isotope effects

isotopologues Cl OH OD
CHCI5/CDCly 3.28 £0.01 3.73 £0.02 3.95+0.03
CHCl3/"3CHCl3 1.000 % 0.003 1.023 4+ 0.002 1.032 4+ 0.004
CH,Cl,/CD,Cl1,* 3.62 £0.04 4.05 +£0.07
CH,Cl,/CHDCL,* 1.582 +0.024 1.84 £0.04
CH,Cl,/"*CH,C1,* 1.039 4+ 0.005
CH;Cl/CD;CI* 491 +£0.07 39+04
CH;CI/CHD,CI*! 2.27 £0.04 2.03 £0.05
CH;Cl/CH,DCI*! 1.42 £ 0.04 1.41 £ 0.05
CH;Cl/'3CH;CI* 1.070 + 0.010 1.059 4+ 0.008
CH,/CD,* 147+£0.3 7.36 +0.88
CH,/CHD;* 473 £0.04 3.30 £ 0.50
CH,4/CH,D,* 243 £0.02 1.81 £0.28
CH,/CH;D* 1.459 £ 0.006 1.25 £0.14
CH,/'3CH,* 1.06 £ 0.01 1.0039 + 0.0004
CH;0H/CD;0H? 3.011 4+ 0.059 2.566 4+ 0.042
CH;OH/CHD,0H*  1.536 £ 0.060 1.326 + 0.021
CH;0H/CH,DOH?’ 1.162 + 0.022 1.119 4+ 0.045
CH;0H/"*CH;0H* 1.055 £ 0.016 1.031 4+ 0.020

for the reactions of chloroform with OH than for the corre-
sponding reactions with Cl. This is the same trend as that for
the reaction of methylene chloride, CH,Cl,, with OH and Cl,
whereas the opposite is true for methane, CH4, and methyl
chloride, CH;Cl. (See Table 2.) This different ordering of the
kinetic isotope effects is a motivation for further investigation
of the system using computational methods.

3.1.3. OD Radical Reaction. The features of the spectra from
the reaction between chloroform and OD radicals are much the
same as those for the reactions with OH radicals. An additional
complication in the analysis is the production of deuterated water
(HDO, D,0) and deuterated hypochlorous acid (DOCI).

Relative rate plots of the decay of mixtures of CHCly/'*CHCl,
and CHCl5/CDCl; are shown in Figures 8 and 9. From the slopes
of the graphs, we find the kinetic isotope effects kcpcr,+on/
kl}CHCl_ﬁ-OD = 1.032 £+ 0.004 and kCHC13+OD/kCDC13+OD =3.948 +
0.026. That is, the isotope effect is larger in this reaction than
for the corresponding reactions with the normal hydroxyl radical.

3.2. Computational Study. 3.2.1. Electronic Structure and
Frequency Calculations. There is an overestimation of the
experimental values of bond lengths and angles by less than
1% in the optimized molecular structure of CHCls; this is
consistent with previous studies at the same level of theory.!%3
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Figure 9. Relative rate plot showing the decay of CHCl; and CDCl;
during reaction with OD. 34 data points from 3 independent experiments
give ke = 3.948 + 0.026.

Structures of saddle points of the two reactions, optimized at
the MP2/aug-cc-pVXZ (X = D, T) levels, are shown in Figure
10. The saddle point structure of the reaction with hydroxyl
radical has C; symmetry, whereas the corresponding structure
for the chlorine reaction has Cs;, symmetry. We note that the
larger basis set gives slightly more reactant-like saddle points
than the smaller basis set.

The rotational barrier for the OH group in the saddle point
structure for the CHCl; + OH reaction was calculated to be
80.5 cm ™! at the MP2/aug-cc-PVDZ level of theory.

3.2.2. Reaction Path Following and Rate Constants. Figure
11 shows the minimum energy path, Vygp, and the vibrational
adiabatic potential energy curve, VS, as a function of the
reaction coordinate for the CHCl; + CI reaction, and Figure
S1 in the Supporting Information shows the vibrational frequen-
cies calculated in POLYRATE using electronic structure data
calculated at the CCSD(T)/aug-cc-PVTZ//MP2/aug-cc-PVDZ
level of theory as a function of the reaction coordinate. The
corresponding data for the reaction between chloroform and
the hydroxyl radical are shown in Figure 12 and Figure S2 in
the Supporting Information. The chlorine reaction has a medium
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Distances (A)
C-HL L1912(L179Y) Aughes
HI-0 13187 (13224) 400 HI—O-H2Z 98527 (98.280)
Lt C-HL-0 1724730
HE-O 0.5759{0.9712) CH—C-C12 112263 (112.345)
C-Cll 17736 (17559) Cll-C-Cl2 111948 (111.972)
Cl2-C-C13 111948 (111.972)

C-CI2 1.7644 (1.7470)
C1 - CI3 1.7644 (1.7470)
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Angles
C-H-Cl 180.000 (180.000)
Cl-C-Cl 112903(112913)

W

Distances (4)
C-H 1.2049 (1.1869)
H-Cl4 16171 (1.6262)
c-a 1.7583 (1.7420)

Figure 10. MP2/aug-cc-PVDZ and MP2/aug-cc-PVTZ (in parentheses) structures of the transition states H—O—H—CCl; and CI-H—CCls.
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Figure 11. Minimum energy, Vygp, and vibrational adiabatic potential
energy curve, VS, as a function of reaction coordinate for the CHCls
+ Cl — CCl; + HCI reaction. Electronic structure data calculated at
the CCSD(T)/aug-cc-PVTZ//MP2/aug-cc-PVDZ level of theory used
as input for the reaction rate calculations.
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Figure 12. Minimum energy path, Vygp, and vibrational adiabatic
potential energy curve, VC,, as function of the reaction coordinate for
the CHCl; + OH — CCl; + H,O reaction. Electronic structure data
calculated at the CCSD(T)/aug-cc-PVTZ//MP2/aug-cc-PVDZ level of
theory used as input for the reaction rate calculations.

height (17.0 kJ/mol) and broad reaction barrier. The barrier for
the hydroxyl radical reaction is somewhat lower (12.2 kJ/mol)
but much narrower. Energetics of the reactions of chloroform,
methylene chloride, methyl chloride, and methane with CI and
OH, calculated at the MP2/aug-cc-PVDZ//CCSD(T)/aug-cc-
PVTZ level of theory, are presented in Table S3 in the
Supporting Information. For both reactions, the C—H stretching
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Figure 13. Arrhenius plot for the CHCl; + CI reaction. Thicker full
drawn line: JPL recommendation; dashed line: TST; line with filled
symbols: CVT/SCT with contribution from spin orbit coupling; line
with open symbols: CVT/SCT. Electronic structure data calculated at
the CCSD(T)/aug-cc-PVTZ//MP2/aug-cc-PVDZ level of theory used
as input for the reaction rate calculations.

mode of chloroform is the reactive mode, as indicated by the
dramatic decrease in the vibrational frequency in the vicinity
of the saddle point. Figure 13 shows the calculated TST, CVT/

1E-11 5
1E-12 47
Tm ]
2
=
3
< 1E-13
] ]
=
2
-~
1E-14 4
1E-156 T T r T r T v |
1 2 3 4 5

1000/T (K™

Figure 14. Arrhenius plot for the CHCI; + OH reaction. Thick full
drawn line: JPL recommendation, full drawn line with open symbols:
TST; dashed lines: CVT/SCT, upper one with hindered rotor ap-
proximation; lines with filled symbols: CVT/SCT with contribution from
spin orbit coupling, upper one with hindered rotor approximation.
Electronic structure data calculated at the CCSD(T)/aug-cc-PVTZ//MP2/
aug-cc-PVDZ level of theory used as input for the reaction rate
calculations.
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TABLE 3: Summary of Calculated and Experimental KIES at 298 K*

iSOtOpC reaction KIETST KIECVT KIECUS KIECVT/SCT KIECUS/SCT CXptl results
CDCl; + Cl 7.94 3.10 3.24 3.85 4.03 3.28 £0.01
BCHCI; + Cl 1.0088 1.0032 1.0034 1.0010 1.0012 1.000 +£ 0.003
CDCl; + OH 7.14 7.48 7.48 4.05 4.05 3.73 £0.02
BCHCI; + OH 1.0061 1.0105 1.0105 1.0096 1.0096 1.023 £ 0.002
CDCl; + OD 7.11 6.72 6.56 2.99 292 3.95£0.03
BCHCI; + OD 1.0057 1.0102 0.9864 0.9480 0.9256 1.032 £ 0.004

“KIE = kCHC13+X/kisolopereaclion where X = Cl, OH, OD.
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Figure 15. Classical barrier height versus per-atom H/D KIEs in the
reaction with OH radicals for methane, methyl chloride, methylene
chloride, chloroform, and methanol. A, D; @, D,; ¢, D;; H, D,.
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Figure 16. Classical barrier height versus normalized per-atom H/D
KIEs in the reaction with Cl atoms for methane, methyl chloride,
methylene chloride, chloroform and methanol. Spin orbit coupling is
not included in the calculated barrier heights; contribution from spin
orbit coupling would give methanol a small positive barrier.’” A, D,
., D2, ‘, D3, ., D4.

SCT, and CUS/SCT rate constants in the temperature range of
200—1000 K for the CHCI; + CI reaction, together with the
values currently recommended by JPL.' The Arrhenius-type
temperature dependence in the recommendation is not repro-
duced by the calculations; the deviation in the results increases
as the temperature decreases and is taken to be an indication of
complex formation in the reaction.

An Arrhenius plot for the CHCl; + OH reaction is shown in
Figure 14. This Figure includes the JPL experimentally derived
rate recommendation, the TST rate constants, and the CVT rate
constants with small curvature tunneling contribution. CVT/
SCT results are presented for two different treatments of the
C—H—OH torsional mode in the transition state, harmonic
oscillator and hindered rotor. The hindered rotor treatment of
the C—H—OH torsional mode is essential in this case and results
in a decent reproduction of the experimental results.

3.2.3. Kinetic Isotope Effects. Table 3 summarizes the
calculated and experimental kinetic isotope effects for the
investigated reactions at 298 K. The table includes the values
obtained from regular transition state theory, canonical varia-
tional transition state theory, and canonical unified statistical
theory. CVT and CUS results are presented with and without
small curvature tunneling.

3.2.3.1. Deuterium Isotope Effects. From the difference
between TST and CVT results, one can see that the variational
effect is pronounced in the reaction between chloroform and
chlorine atoms and is less important in the reaction with
hydroxyl radical isotopologues. For the chlorine reaction, the
variational effect is larger in the parent molecule reaction than
in the deuterated molecule reaction, lowering the KIE. The fact
that the variational effect is important implies that translations
along the imaginary degree of freedom at the transition state
are linked to the vibrational degrees of freedom at relatively
short distances along the reaction coordinate from the transition
state. This is further supported by the rapid change in vibrational
frequencies close to the transition state. (See Figure S1 in the
Supporting Information.) The vibrational frequencies for the OH
reaction do not change as dramatically; here only the reacting
mode shows a large change. (See Figure S2 in the Supporting
Information.)

From Table 3, it is clear that the tunneling effect should be
included to give reasonable results for the kinetic isotope effects.
It is interesting to note that for the reactions with chlorine atoms,
the inclusion of the tunneling contribution increases the kinetic
isotope effect, whereas the opposite is true for the reaction with
the hydroxyl radical. Because tunneling occurs more easily for
the lighter species (H) compared with heavier (D) species, tu-
nneling effects are normally expected to favor the reaction of
the lighter isotopologues, giving a larger isotope effect, as in
the case of the reaction CHCl; + Cl. The opposite trend can be
seen when the reaction barrier is sufficiently low; in these cases,
the change in zero-point energy (ZPE) resulting from deuteration
makes a relatively large contribution to the barrier. This larger
barrier results in a larger tunneling probability for the deuterated
species. The same effect is seen in calculations on the CH;0H
+ OH?” and CH;F + OH?® reactions.

The reaction between chloroform and deuterated hydroxyl
radicals, OD, has the largest isotope effect in the experimental
part of this study. The trend is not reproduced in the calculations,
where the isotope effect is underestimated.
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3.2.3.2. 3C Isotope Effects. For the reactions involving
carbon 13, the calculated CVT/SCT and CUS/SCT results are
in the same order as the experimental results: KIEcyci,+on >
KIEcHc+c1- The calculated results overestimate the experimental
results for the chlorine reaction and underestimate the results
for the hydroxyl radical reactions. The opposite is seen for the
isotope effects in the reaction between chloroform and OD;
experimentally, this is the largest of the '*C isotope effects,
whereas the calculations predict an inverse isotope effect.

3.2.3.3. Temperature Dependence in the Isotope Effect. Table
S1 in the Supporting Information shows the kinetic isotope
effects for the reaction between chlorine and chloroform
isotopologues in the temperature range of 200—1000 K. The
temperature dependence of the KIE is strong for the reaction
with the deuterated species, and the tunneling contribution
becomes less important as the temperature increases. The
temperature dependence and the role of tunneling are small in
the reaction with the '*C species. The trends are similar for the
reactions with hydroxyl radicals (Table S2 in the Supporting
Information), except that the tunneling contribution is more
important for the '*CHCIl; + OD reaction than for the other
reactions with 13C species.

4. Comparison and Discussion

In this work, we have presented experimental and theoretical
kinetic isotope effects for the reactions between chloroform
isotopologues and the atmospherically relevant radicals OH and
Cl. The study completes the investigations of OH and Cl
reactivity with the series of compounds CH,—,Cl, for n = 0 to
4. A summary of experimental kinetic isotope effects from this
study and recent studies of reactions of CH4, CH;Cl, CH,Cl,,
and CH3;0H with OH and Cl is shown in Table 2. Increasing
number of chlorines decreases the kinetic isotope effect in the
fully deuterated species. A trend for methane and methyl
chloride is that the isotope effects are larger for the reactions
with chlorine than for the reactions with hydroxyl radicals. For
chloroform and methylene chloride, the trend is the opposite
with larger isotope effects for the OH reactions. The reaction
barriers are generally higher for the reactions with CI atoms
than for reactions with OH. The table also shows that the
reaction barrier is lowered with an increased number of
chlorines.

We have evaluated the deuterium isotope effects in the
reactions of the chloromethanes, methanol, and methane with
OH and Cl. The common standard is the relative reactivity of
a hydrogen/deuterium atom in each molecule. We assume that
the reaction rate for each molecule is the linear sum of per-
atom reaction rates. For example, the KIE kcy,ci/kcrp,ci is due
to 3ky/(ky + 2kp). When this KIE is multiplied by (KIE(kn/kp)
+ 2)/3, the ratio ky/kp for CHD,Cl + CI results, termed the
“algebraic ky/kp ratio”. KIE(kn/kp) is determined using kcp,ci/
kcp,ci. The algebraic ku/kp ratio is seen to vary with the classical
reaction barrier for both the Cl and OH reactions, as shown in
Figures 15 and 16. The reaction barrier increases with decreasing
chlorination; from left to right, the Figures show methanol,
chloroform, methylene chloride, methyl chloride, and methane.
The ky/kp ratio increases with the barrier height, clearly showing
the increased reactivity of H relative to D. The cause of the
kinetic isotope effects for these reactions can be divided into
two essential parts; tunneling and change in ZPE. As the barrier
height increases, the role of tunneling increases, favoring the
reaction of the lighter species. For the reactions with lower
barrier heights, the change in ZPE is more important for the
kinetic isotope effects. One result of this is the scatter we see

Nilsson et al.

in the points for each compound in Figure 15. In the OH
reactions, the change in ZPE is important, and because every
added deuterium increases the ZPE, the relative reactivity of H
changes with the number of deuterium substitutions.
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