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ABSTRACT: A key stratospheric loss process for ozone
depleting substances (ODSs) and greenhouse gases (GHGs) is
reaction with the O(1D) atom. In this study, rate coefficients,
k, for the O(1D) atom reaction were measured for the
following key halocarbons: chlorofluorocarbons (CFCs) CFCl3
(CFC-11), CF2Cl2 (CFC-12), CFCl2CF2Cl (CFC-113),
CF2ClCF2Cl (CFC-114), CF3CF2Cl (CFC-115); hydrochloro-
fluorocarbons (HCFCs) CHF2Cl (HCFC-22), CH3CClF2
(HCFC-142b); and hydrofluorocarbons (HFCs) CHF3
(HFC-23), CHF2CF3 (HFC-125), CH3CF3 (HFC-143a),
and CF3CHFCF3 (HFC-227ea). Total rate coefficients, kT,
corresponding to the loss of the O(1D) atom, were measured
over the temperature range 217−373 K using a competitive
reactive technique. kT values for the CFC and HCFC reactions were >1 × 10−10 cm3 molecule−1 s−1, except for CFC-115, and the
rate coefficients for the HFCs were in the range (0.095−0.72) × 10−10 cm3 molecule−1 s−1. Rate coefficients for the CFC-12,
CFC-114, CFC-115, HFC-23, HFC-125, HFC-143a, and HFC-227ea reactions were observed to have a weak negative
temperature dependence, E/R ≈ −25 K. Reactive rate coefficients, kR, corresponding to the loss of the halocarbon, were
measured for CFC-11, CFC-115, HCFC-22, HCFC-142b, HFC-23, HFC-125, HFC-143a, and HFC-227ea using a relative rate
technique. The reactive branching ratio obtained was dependent on the composition of the halocarbon and the trend in O(1D)
reactivity with the extent of hydrogen and chlorine substitution is discussed. The present results are critically compared with
previously reported kinetic data and the discrepancies are discussed. 2D atmospheric model calculations were used to evaluate
the local and global annually averaged atmospheric lifetimes of the halocarbons and the contribution of O(1D) chemistry to their
atmospheric loss. The O(1D) reaction was found to be a major global loss process for CFC-114 and CFC-115 and a secondary
global loss process for the other molecules included in this study.

1. INTRODUCTION

Accurate climate change modeling relies on accurate input
kinetic and photochemical parameters for the atmospheric loss
processes of key ozone depleting substances (ODSs) and
greenhouse gases (GHGs). Quantifying the atmospheric loss
processes of ODSs and GHGs is essential for determining their
atmospheric lifetimes and, thus, evaluating their long-term
impact on the environment and climate system. A key
stratospheric loss process for trace species is gas-phase reaction
with the O(1D) atom. As a result, O(1D) kinetics of
atmospherically relevant compounds have been studied over
the years using a variety of experimental techniques (see the
NASA/JPL Chemical Kinetics and Photochemical Data
Evaluation1 for an overview of O(1D) atmospherically relevant
kinetic studies). In spite of these efforts, the kinetic parameters
for several key halocarbon compounds still have a relatively

high degree of uncertainty, which impacts the accuracy with
which their atmospheric lifetimes, ozone depletion potentials
(ODPs), and global warming potentials (GWPs) can be
calculated.
O(1D) atom reactions proceed via several product channels
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where in this study “compound” represents a ODS or GHG
halocarbon. The branching ratios for the channels in reaction 1
and the products formed are dependent on the chemical
composition of the molecule, i.e., the presence of H, F, and Cl
atoms in the halocarbon. The total rate coefficient for reac-
tion 1, kT, which corresponds to the loss of the O(1D) atom, is
defined as kT = k1a + k1b + k1c and the reactive rate coefficient,
kR, i.e., the loss of the halocarbon, is given by kR = k1b + k1c. The
reactive rate coefficient is of particular interest in atmospheric
modeling in that it leads to the removal of the halocarbon from
the atmosphere and the activation of reactive chlorine for
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons
(HCFCs). The uncertainties in the currently available rate
coefficient data and a lack of experimental data, in some cases,
has led the recommendations for use in atmospheric models1 to
have relatively large uncertainties at the temperatures most
relevant to stratospheric chemistry; uncertainty factors of 2−4
are recommended for the low temperature rate coefficients in
many cases.
In this study, total rate coefficients for the O(1D) reaction

with CFCl3 (CFC-11), CF2Cl2 (CFC-12), CFCl2CF2Cl (CFC-
113), CF2ClCF2Cl (CFC-114), CF3CF2Cl (CFC-115), CHF2Cl
(HCFC-22), CH3CClF2 (HCFC-142b), CHF3 (HFC-23),
CHF2CF3 (HFC-125), CH3CF3 (HFC-143a), and CF3CHFCF3
(HFC-227ea) were measured at temperatures in the range 217−
373 K using a competitive reaction method. The rate coefficient
temperature dependence for these reactions was expected to be
weak over the temperature range that is most relevant to
atmospheric chemistry. However, the lack of experimental data
has led to relatively large estimated uncertainties in the O(1D)
rate coefficients and, thus, the need for experimental temper-
ature dependent data.
Reactive rate coefficients, kR, were measured for the O(1D)

reactions with CFCl3 (CFC-11), CF3CF2Cl (CFC-115),
CHF2Cl (HCFC-22), CH3CClF2 (HCFC-142b), CHF3
(HFC-23), CHF2CF3 (HFC-125), CH3CF3 (HFC-143a), and
CF3CHFCF3 (HFC-227ea) using a relative rate method at
296 K, except for the CFCl3 (CFC-11) reaction, which was also
measured at 240 K. The results from the laboratory kinetic
measurements were used as input to the Goddard Space Flight
Center (GSFC) 2D atmospheric model2,3 to evaluate the
potential impact of the present kinetic results on the local and
global annually averaged atmospheric lifetimes for these
compounds, the fractional contribution of the O(1D) reaction
to their atmospheric loss, as well as the range of uncertainty in
the calculated lifetime due to uncertainties in the O(1D) kinetic
parameters.

2. EXPERIMENTAL DETAILS

Two independent experimental methods were used in this
study to measure rate coefficients for the reaction of O(1D)
with a series of halocarbons. In total 11 halocarbons were
studied as given earlier and listed in Table 1 including 5
chlorofluorocarbons (CFCs), 2 hydrochlorofluorocarbons
(HCFCs), and 4 hydrofluorocarbons (HFCs). Reactive rate
coefficients, kR, were measured using a relative rate method
with Fourier transform infrared spectroscopy (FTIR) used to
measure the loss of the halocarbon and reference compound.
Total rate coefficients, kT(T), were measured over a range of
temperature, 217−373 K, at ∼35 Torr (He) total pressure
using a competitive reaction method. The experimental methods
are described separately below.

2.1. Relative Rate Method. Reactive rate coefficients, kR,
were measured relative to that of a reference compound

Table 1. Summary of Experimental Conditions and Total
Rate Coefficients, kT(T), i.e., O(

1D) Loss, Obtained in This
Work for the O(1D) + Halocarbon Reactionsa

halocarbon
temp
(K)

concn range
(1014 molecules cm−3)

kT(T)
b (10−10 cm3

molecule−1 s−1)

CFCl3 CFC-11 217 0.21−0.94 2.32 ± 0.20
241 0.33−1.06 2.39 ± 0.20
296 0.26−2.14 2.35 ± 0.18
339 0.25−1.43 2.48 ± 0.21
372 0.22−1.21 2.41 ± 0.20

CF2Cl2 CFC-12 217 0.25−0.94 1.68 ± 0.14
241 0.28−1.02 1.62 ± 0.16
296 0.27−1.50 1.57 ± 0.13
339 0.28−1.23 1.60 ± 0.14
372 0.24−1.20 1.59 ± 0.13

CFCl2CF2Cl CFC-113 217 0.23−0.89 2.21 ± 0.18
240 0.21−0.84 2.33 ± 0.20
296 0.23−1.03 2.43 ± 0.16
373 0.16−0.94 2.30 ± 0.20

CF2ClCF2Cl CFC-114 217 0.23−0.93 1.42 ± 0.12
241 0.28−1.17 1.49 ± 0.12
296 0.22−1.22 1.43 ± 0.09
337 0.28−1.10 1.46 ± 0.11
373 0.16−0.94 1.34 ± 0.11

CF3CF2Cl CFC-115 217 0.23−0.93 0.752 ± 0.069
241 0.92−2.26 0.743 ± 0.070
296 0.67−1.22 0.702 ± 0.054
373 0.16−0.94 0.719 ± 0.060

CHClF2 HCFC-22 217 0.74−1.95 1.115 ± 0.064
241 0.64−2.58 0.989 ± 0.049
296 0.22−1.22 0.996 ± 0.074
373 0.40−1.70 1.088 ± 0.104

CH3CClF2 HCFC-142b 217 0.24−1.07 1.72 ± 0.10
241 0.30−1.11 1.79 ± 0.10
296 0.23−1.01 1.86 ± 0.09
373 0.28−0.85 1.78 ± 0.16

CHF3 HFC-23 217 8.54−22.3 0.100 ± 0.007
240 5.32−22.8 0.100 ± 0.008
296 4.73−33.0 0.096 ± 0.007
352 4.23−30.7 0.095 ± 0.005
372 4.87−26.8 0.095 ± 0.006

CHF2CF3 HFC-125 217 7.02−16.4 0.108 ± 0.008
241 7.34−25.0 0.104 ± 0.007
296 7.16−28.6 0.101 ± 0.004
373 4.69−17.3 0.103 ± 0.007

CH3CF3 HFC-143a 217 0.42−2.47 0.721 ± 0.035
241 0.62−2.91 0.691 ± 0.053
296 0.37−3.23 0.708 ± 0.044
336 0.48−2.60 0.702 ± 0.060
373 0.58−3.29 0.680 ± 0.040

CF3CHFCF3 HFC-227ea 217 6.27−19.8 0.107 ± 0.006
241 5.47−29.4 0.110 ± 0.009
296 7.16−28.6 0.097 ± 0.006
373 4.69−17.3 0.096 ± 0.008

aOther experimental conditions: [n-C4H10] (reference compound) in
the range (0.7−2) × 1013 molecules cm−3; [O3] in the range (4−8) ×
1012 molecules cm−3, and 30 to 40 Torr (He) total pressure.
bUncertainties are at the 2σ level from the precision of the linear least-
squares fit of the data.
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+ →O( D) reference products1
(2)

by measuring the simultaneous loss of the reactant and
reference compound. Experiments were performed using an
apparatus described in greater detail in previous studies from
this laboratory.4,5 The apparatus consisted of a Pyrex reactor
(100 cm long, 5 cm i.d.) coupled to an external FTIR absorp-
tion cell at 296 K. The FTIR was used to measure the loss of
the reactant and reference compounds.
Provided that the reactant and reference (ref) compounds

are lost solely via reaction with O(1D) the rate coefficients for
the reactant and reference compound are related by

=
k

k
(reactant)

(ref)
ln([reactant] /[reactant] )

ln([ref] /[ref] )
t

t

R

R

0

0 (I)

where [reactant]0 and [ref]0 are the initial reactant and refer-
ence compound concentrations and [reactant]t and [ref]t are
the concentrations at time t. In an attempt to minimize
systematic errors in kR(reactant), experiments were performed
using multiple reference compounds in many cases. The refer-
ence compounds used in this study were N2O, NF3, CHF2Cl
(HCFC-22), and CF3CF2Cl (CFC-115).
Experiments were performed by first mixing the reactant and

reference compounds in the reactor by circulating the gases
between the reactor and infrared absorption cell using a Teflon
diaphragm pump at a total pressure of ∼180 Torr (He bath
gas). The initial reactant and reference concentrations in the
mixture were measured by infrared absorption using a multipass
absorption cell with a 360 cm path length. Infrared spectra were
recorded at a spectral resolution of 1 cm−1 between 500 and
4000 cm−1 with 100 coadded scans. Ozone was then added
slowly to the reaction mixture by passing a small flow of He
through a 195 K silica-gel trap containing O3. O(

1D) radicals
were produced in the reactor by passing the output of a pulsed
KrF excimer laser (248 nm) along the length of the reactor

ν+ → + Δ

→ + ∑

hO (248 nm) O( D) O ( ) (3a)

O( P) O ( ) (3b)

3
1

2
1

3
2

3

where the O(1D) yield is 0.9.1 The photolysis laser fluence was
measured at the exit of the reactor and was varied between 10
and 40 mJ cm−2 pulse−1 over the course of the study. The O3
steady-state concentration in these experiments was (1−6) ×
1014 molecules cm−3. The halocarbon concentrations were in
the range (3−8) × 1014 molecules cm−3 and the N2O con-
centration was ∼2 × 1015 molecules cm−3. The system pressure
increased over the course of the experiment from 100 to ∼600
Torr (He) due to the addition of the O3/He mixture. The loss
of the reactant and reference compounds was measured while
circulating the gas mixture.
In the absence of O3 the reactant and reference compounds

were found to be stable with respect to a change in total
pressure, exposure to the photolysis laser beam, and gas circu-
lation over the duration of a typical experiment, with <0.4%
change in the reactant concentrations. The reaction mixtures
were also stable when O3 was added to the mixture, but with
the photolysis laser off.
2.2. Competitive Reaction Method. In the competitive

reaction method, OH radicals were produced by the reaction of
O(1D) with n-C4H10 (n-butane)

+ ‐ → +nO( D) C H OH products1
4 10 (4)

and monitored using laser induced fluorescence (LIF). That is,
O(1D) atoms were not detected directly, but O(1D) atoms
were converted to OH radicals whose temporal profile was
measured by LIF. Total rate coefficients were determined from
an analysis of the OH radical temporal profiles in the presence
of known concentrations of the halocarbon. The experimental
apparatus5−7 and methods5,8 employed have been used in
previous studies from this laboratory and are described in
greater detail elsewhere. A brief summary is presented here.
OH temporal profiles were measured using laser induced

fluorescence (LIF) following excitation of the A2Σ+(v=1) ←
X2Π(v=0) transition at ∼282 nm using the frequency doubled
output from a pulsed Nd:YAG pumped dye laser. OH fluores-
cence was detected using a photomultiplier tube (PMT) after it
passed through a band-pass filter (308 nm, fwhm = 10 nm).
The delay time between the photolysis and the probe lasers,
i.e., the reaction time, was typically varied over the range 10−
1000 μs.
O(1D) radicals were produced in the 248 nm (KrF excimer

laser) pulsed laser photolysis of O3, reaction 3. The photolysis
laser fluence was monitored at the exit of the reactor and was
varied between 10 and 30 mJ cm−2 pulse−1 over the course of
the study. The initial O(1D) concentration was estimated to be
in the range (1−5) × 1012 molecules cm−3.
The OH temporal profiles were described by a biexponential

expression

= − ′ − − ′S t C k t k t( ) [exp( ) exp( )]OH Loss Rise (II)

where SOH(t) is the OH radical fluorescence signal at time t, C
is a constant that is proportional to the total OH radical
concentration, and k′Loss and k′Rise are the pseudo-first-order
rate coefficients for the loss and formation of the OH radical,
respectively. The rate of the initial rise in the OH radical
concentration is a measure of the pseudo-first-order loss of
O(1D) in the system

′ = ‐ + + ′ +

= +

+k k n k k k

k k

[ C H ] [O ] [reactant]

[reactant]

bRise 4 4 10 O( D) O 3 T

0 T

1
3

(III)

where kb′ is the pseudo-first-order rate coefficient for O(1D) loss
due to reaction with background impurities and diffusion out of
the detection volume. kLoss′ was primarily determined by the
reaction of the OH radical with n-butane

+ ‐ → +nOH C H H O products4 10 2 (5)

where k5 = 2.35 × 10−12 cm3 molecule−1 s−1 9 and partially due
to diffusion out of the detection volume. Under the conditions
of our experiments kLoss′ was typically <100 s−1.
Total rate coefficients were determined from a nonlinear

least-squares analysis of a series of OH temporal profiles mea-
sured with different halocarbon concentrations. [n-C4H10],
[O3], and total pressure were held nearly constant during the
measurement of the OH temporal profiles. The reactant
concentration was typically varied over the range (1−6) × 1014

molecules cm−3. The n-butane and O3 concentrations were
determined from the measured gas flows and pressure to be
(0.7−2) × 1013 molecules cm−3 and (4−8) × 1012 molecules cm−3,
respectively, and the reactor pressure was in the range 30−40 Torr
(He). The halocarbon concentration was determined from
measured flows and pressures as well as online infrared absorp-
tion. The two concentration determination methods agreed to
better than 5%. A linear least-squares analysis of (kRise′ − k0)
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versus [halocarbon] yielded the bimolecular total rate co-
efficient for the O(1D) + halocarbon reaction.
2.3. Materials. He (UHP, 99.999%) was passed through a

molecular sieve trap at liquid nitrogen temperature prior to
entering the vacuum systems. CFCl3, CF2Cl2, CFCl2CF2Cl,
CF2ClCF2Cl, CF3CF2Cl, CHF2Cl, CH3CF2Cl, CHF3,
CHF2CF3, CF3CH3, and CF3CHFCF3 samples (≥99%) were
degassed in freeze−pump−thaw cycles during mixture
preparation. NF3 (electronic grade, 99.99%), N2O (99.99%),
and n-C4H10 (n-butane, 99.93%) samples were degassed in
freeze−pump−thaw cycles during mixture preparation. Dilute
mixtures of the compounds were prepared manometrically in

12 L Pyrex bulbs. Ozone was produced by flowing O2 through a
commercial ozonizer and collected in a silica gel trap at 195 K.
Dilute mixtures of O3 in He (∼0.1%) were prepared off-line in
a 12 L Pyrex bulb for use in the LIF experiments. FTIR
absorption measurements were used to periodically measure
the O3 mixing ratio during the course of the study.
Gas flows were measured with calibrated electronic mass flow

meters and pressures were measured using 10, 100, and 1000
Torr capacitance manometers. The photolysis and probe lasers
were operated at 10 Hz repetition rate. The gas flow velocity,
9−16 cm s−1, ensured a fresh sample of gas in the LIF reaction
volume for each photolysis pulse. The gas circulation in the

Table 2. Total Rate Coefficients for the O(1D) + Halocarbon Reactions Obtained in This Work and Reported in Previous
Studiesa

haocarbon
temp

range (K)
k(296 K)b

(10−10 cm3 molecule−1 s−1)
Ac (10−10 cm3

molecule−1 s−1) E/Rc (K) exptl method/uncertaintyd ref

CFCl3 CFC-11 173−343 2.2 ± 0.7 2.2 0 E Davidson et al.10

298 2.4 ± 0.2 RA Force and Wiesenfeld11

2.3 (+1.0/−0.7) 2.3 0 Rec; f(298 K)2 = 1.44, 2g = 100 NASA/JPL eval1

217−373 2.35 ± 0.18 2.39 ± 0.20 0 ± 25 CR; f(298 K)2 = 1.14, 2g = 0 this work

CF2Cl2 CFC-12 173−343 1.45 ± 0.5 1.45 0 E Davidson et al.10

298 1.4 ± 0.2 RA Force and Wiesenfeld11

1.4 (+0.8/−0.5) 1.4 0 Rec; f(298 K)2 = 1.56, 2g = 100 NASA/JPL eval1

217−373 1.57 ± 0.13 1.47 ± 0.12 −(25 ± 8) CR; f(298 K)2 = 1.12, 2g = 0 this work

CFCl2CF2Cl CFC-113 2 (+2.5/−1.1) 2 0 Rec; f(298 K)2 = 2.25, 2g = 100 NASA/JPL eval1

298 2.33 ± 0.40 CR Baasandorj et al.8

217−373 2.43 ± 0.16 2.32 ± 0.20 0 ± 50 CR; f(298 K)2 = 1.14, 2g = 0 this work

CF2ClCF2Cl CFC-114 298 1.32 ± 0.07 RF Ravishankara et al.14

298 1.42 ± 0.25 CR Baasandorj et al.8

1.3 (+0.6/−0.4) 1.3 0 Rec; f(298 K)2 = 1.44, 2g = 100 NASA/JPL eval1

217−373 1.43 ± 0.09 1.30 ± 0.20 −(25 ± 50) CR; f(298 K)2 = 1.14, 2g = 0 this work

CF3CF2Cl CFC-115 298 0.50 ± 0.04 RF Ravishankara et al.14

0.5 (+0.22/−0.15) 0.5 0 Rec; f(298 K)2 = 1.44, 2g = 50 NASA/JPL eval1

217−373 0.702 ± 0.054 0.65 ± 0.07 −(30 ± 30) CR; f(298 K)2 = 1.14, 2g = 0 this work

CHF2Cl HCFC-22 173−343 0.95 ± 0.30 0.95 0 E Davidson et al.10

298 1.08 ± 0.20 RF Warren et al.15

1.0 (+0.32/−0.24) 1.0 0 Rec; f(298 K)2 = 1.32, 2g = 100 NASA/JPL eval1

217−373 0.996 ± 0.074 1.04 ± 0.35 0 ± 100 CR; f(298 K)2 = 1.17, 2g = 0 this work

CH3CF2Cl HCFC-142b 2.15 ± 0.20 RF Warren et al.15

2.2 (+0.97/−0.67) 2.2 0 Rec; f(298 K)2 = 1.44, 2g = 100 NASA/JPL eval1

217−373 1.86 ± 0.09 1.80 ± 0.12 0 ± 45 CR; f(298 K)2 = 1.14, 2g = 0 this work

CHF3 HFC-23 298 0.084 ± 0.008 RA Force and Wiesenfeld11

298 0.098 ± 0.006 RF Schmoltner et al.18

0.091 (+0.019/−0.016) 0.091 0 Rec; f(298 K)2 = 1.21, 2g = 100 NASA/JPL eval1

217−373 0.096 ± 0.007 0.087 ± 0.003 −(30 ± 10) CR; f(298 K)2 = 1.10, 2g = 0 this work

CHF2CF3 HFC-125 298 1.23 ± 0.06 RF Warren et al.15

298 0.10 (+0.1/−0.05) LIF Kono and Matsumi19

1.2 (+0.39/−0.29) 1.2 0 Rec; f(298 K)2 = 1.32, 2g = 100 NASA/JPL eval1

217−373 0.101 ± 0.004 0.095 ± 0.011 −(25 ± 30) CR; f(298 K)2 = 1.14, 2g = 0 this work

CH3CF3 HFC-143a 298e 0.40 ± 0.05 LIF Kono and Matsumi19

0.44 (+0.55/−0.24) 0.44 0 Rec; f(298 K)2 = 2.25, 2g = 50 NASA/JPL Eval.1

217−373 0.708 ± 0.044 0.65 ± 0.06 −(20 ± 25) CR; f(298 K)2 = 1.14, 2g = 0 this work

CF3CHFCF3 HFC-227ea Rec NASA/JPL eval1

217−373 0.0975 ± 0.006 0.079 ± 0.016 −(70 ± 50) CR; f(298 K)2 = 1.2, 2g = 0 this work
aCR: competitive reaction method. LIF: laser induced fluorescence. RF: resonance fluorescence. RA: resonance absorption. E: emission. Rec:
recommendation. All experimental studies used pulsed laser photolysis methods to produce O(1D) atoms. The Davidson et al. reported value is the
average of values obtained over the specified temperature range (no temperature dependence was observed within the precision of the
measurements). bUncertainties in this work at the 2σ level from the precision of the measurement. cUncertainties at the 2σ level from the precision
of the fit. dThe uncertainty parameters f(298 K) and g are defined as f(T) = f(298 K) exp(|g[(1/T) − (1/298)]|), where f(T) is an uncertainty factor
for k(T), f(298 K) is the 1σ estimated uncertainty factor for the room temperature rate coefficient, k(298 K), and g is a parameter used to describe
the increase in uncertainty at temperatures other than 298 K. The 2σ uncertainties are given as f(298 K)2 and 2g. The f(298 K)2 values for “this
work” are estimated from the range in the experimental data obtained at all temperatures (see Supporting Information for Arrhenius plots).
eReported as “room temperature”.
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relative rate experiments was ∼12 L min−1 with a ∼6 s resi-
dence time in the reaction cell. The uncertainties quoted
throughout this paper are 2σ (95% confidence level) unless
stated otherwise.

3. RESULTS AND DISCUSSION

In this section the kinetic results obtained for the CFC, HCFC,
and HFC compounds included in this study are presented and
compared with previously reported values, where available.
Discrepancies among previously reported total and reactive rate
coefficients were resolved in many cases as a result of this work,
in particular large discrepancies existing for the CHF2CF3
(HFC-125) and CF3CF2Cl (CFC-115) reactions were resolved.
Rate coefficient data are reported for CF3CHFCF3 (HFC-227ea)
for which there were no previous measurements available. The
kinetic results from this work are summarized in Tables 1−4.
The uncertainties in kT(T) and kR, based on the precision and
accuracy of the present measurements, are significantly reduced
from those reported in the current recommendations for
O(1D) kinetics for use in atmospheric modeling1 (Table 2).
Examples of the experimental results are presented below,
whereas detailed summaries of the results for each of the 11
halocarbons included in this work are provided in the
Supporting Information. The trend in O(1D) reactivity with
halocarbon composition is also discussed briefly.
A representative set of OH temporal profiles measured in the

determination of the total rate coefficient, kT(296 K), for the
O(1D) + CF3CF2Cl (CFC-115) reaction is shown in Figure 1.
The OH temporal profiles obtained under other experimental
conditions and for the other halocarbons were of similar quality
and precision to those shown in Figure 1 (see Supporting
Information). The overall precision of the measurements was

high, and the OH radical temporal profiles show a systematic
increase in the rate of rise and a general decrease in the total
OH radical production with increasing halocarbon concen-
tration. Nonlinear least-squares fits of the OH radical profiles to
eq II are included in Figure 1, and in all cases the fits
reproduced the experimental data to within the precision of the
measurements. The obtained (kRise′ − k0) values from several
independent experiments are shown in Figure 2 for the
CF3CF2Cl (CFC-115) reaction. The agreement among the
independent experiments was good and a least-squares fit of the
combined data set yielded kT(296 K) for the O(1D) +
CF3CF2Cl (CFC-115) reaction; see results given in Table 1.
kT(T) was measured over the temperature range 217−373 K

for each of the 11 halocarbons. A summary of the experimental
conditions and rate coefficient results is given in Table 1. The
O(1D) atom reaction with CF2Cl2 (CFC-12), CF2ClCF2Cl
(CFC-114), CF3CF2Cl (CFC-115), CHF3 (HFC-23),
CHF2CF3 (HFC-125), CH3CF3 (HFC-143a), and CF3CHFCF3
(HFC-227ea) showed weak, but measurable, temperature depend-
ence in kT(T). For the other halocarbons, kT(T) showed no
measurable dependence on temperature within the precision of
the measurement. The measured kT(T) values were fit to an
Arrhenius expression, kT(T) = A exp(−E/RT), and the obtained
pre-exponential A factors and E/R values are given in Table 2
along with the measured kT(296 K) values (Arrhenius plots for all
the halocarbons are given in the Supporting Information).
Reactive rate coefficients, kR, for CFCl3 (CFC-11), CF3CClF2

(CFC-115), CHF2Cl (HCFC-22), CH3CF2Cl (HCFC-142b),
CHF3 (HFC-23), CHF2CF3 (HFC-125), CH3CF3 (HFC-143a),
and CF3CHFCF3 (HFC-227ea) were measured at 296 K. A
representative set of relative rate data for the O(1D) + CF3CF2Cl
(CFC-115) reaction is shown in Figure 3, where experimental

Table 3. Reactive Rate Coefficient, kR, Results at 296 K for the O(1D) + Halocarbon Reactions Included in This Work

reference compound

halocarbon compound
kR(ref)

(10−10 cm3 molecule−1 s−1)a kR(ref) source kR/kR(ref)
b

kR
b

(10−10 cm3 molecule−1 s−1)

CFCl3 CFC-11 N2O 1.27 ± 0.25 NASA/JPL1 1.66 ± 0.07 2.11 ± 0.09
N2O 1.29 ± 0.25c NASA/JPL1 1.74 ± 0.04 2.24 ± 0.05c

CF3CF2Cl CFC-115 NF3 0.22 ± 0.03 Baasandorj et al.5 2.32 ± 0.06 0.510 ± 0.013
CF3CHF2 (HFC-125) 0.0733 ± 0.009 this work 7.22 ± 0.45 0.529 ± 0.033
CHClF2 (HCFC-22) 0.770 ± 0.013 this work 0.662 ± 0.010 0.510 ± 0.008

0.516 ± 0.018 (avg)
CHClF2 HCFC-22 NF3 0.22 ± 0.03 Baasandorj et al.5 3.50 ± 0.06 0.770 ± 0.013
CH3CF2Cl HCFC-142b CHClF2 (HCFC-22) 0.770 ± 0.013 this work 1.38 ± 0.03 1.06 ± 0.023

CF3CF2Cl (CFC-115) 0.516 ± 0.018 this work 2.23 ± 0.03 1.15 ± 0.015
1.11 ± 0.027 (avg)

CHF3 HFC-23 NF3 0.22 ± 0.03 Baasandorj et al.5 0.105 ± 0.002 0.0235 ± 0.0040
CF3CHF2 HFC-125 NF3 0.22 ± 0.03 Baasandorj et al.5 0.365 ± 0.030 0.0795 ± 0.0070

CHF3 (HFC-23) 0.0235 ± 0.0040 this work 2.86 ± 0.14 0.0672 ± 0.0066
0.0733 ± 0.009 (avg)

CH3CF3 HFC-143a NF3 0.22 ± 0.03 Baasandorj et al.5 1.93 ± 0.04 0.423 ± 0.008
CF3CF2Cl (CFC-115) 0.516 ± 0.018 this work 0.74 ± 0.03 0.380 ± 0.015
CHClF2 (HCFC-22) 0.770 ± 0.013 this work 0.49 ± 0.01 0.370 ± 0.015

0.391 ± 0.011 (avg)
CF3CHFCF3 HFC-227ea NF3 0.22 ± 0.03 Baasandorj et al.5 0.31 ± 0.033 0.0677 ± 0.0070

CHF3 (HFC-23) 0.0235 ± 0.0040 this work 3.02 ± 0.22 0.0696 ± 0.0053
CF3CHF2 (HFC-125) 0.0733 ± 0.009 this work 0.99 ± 0.06 0.0725 ± 0.0044

0.0699 ± 0.005 (avg)
aUncertainties in reported literature values are 2σ, where NASA/JPL1 reports an absolute uncertainty and Baasandorj et al.5 reports the precision of
their relative rate measurement. The 2σ uncertainties from “this work” were taken from the measurement precision reported in the final column.
bUncertainties are 2σ from the precision of the measurement. cReference rate coefficient and measurement at 240 K.
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results obtained using three different reference compounds are
shown. The loss of the reactant halocarbon relative to that of the
reference compound obeyed eq 1 in all cases. In general, there
was very good agreement in the kR values obtained in experi-
ments performed using different reference compounds; the
agreement was better than 10%. The results obtained in the
relative rate experiments for all the halocarbons are summarized
in Table 3. As a result of the high precision of the present relative
rate measurements, the absolute uncertainty in kR(296 K) is
primarily determined by the absolute uncertainty in the N2O and
NF3 reference reaction rate coefficients (Table 3), which are
estimated to be ±20% at the 2σ level of uncertainty. The present
results are scalable if the reference rate coefficients used in this
work are revised in the future.
The reactive yields, kR(296 K)/kT(296 K), obtained using

the combined results from this work are compared with
previously reported reaction product yields and quenching
branching ratios in Table 4. It should be noted that reactive
yields from this work are provided primarily for comparison
purposes, whereas the measured kR values, which are inde-
pendent of kT, should be used for input in atmospheric model
calculations.

3.1. O(1D) + Chlorofluorocarbons (CFCs). Total rate
coefficients, kT(T), were measured in this work for the chloro-
fluorocarbons (CFCs): CFCl3 (CFC-11), CF2Cl2 (CFC-12),
CF2ClCFCl2 (CFC-113), CF2ClCF2Cl (CFC-114), and
CF3CF2Cl (CFC-115). kT(296 K) for the CFCl3 (CFC-11)
and CF2Cl2 (CFC-12) reactions agree well with values reported
in the earlier studies of Davidson et al.10 and Force and
Wiesenfeld,11 where agreement is to within ∼9%. kR(T) was
measured for the CFCl3 (CFC-11) reaction at 240 and 296 K
with N2O as the reference compound and found to be inde-
pendent of temperature to within the precision of the measure-
ment, ∼5%. A reactive yield of (0.90 ± 0.07) was obtained for
this reaction using the present results, which is consistent with
the ClO yields of 0.88 ± 0.18 and 0.79 ± 0.04 reported by
Takahashi et al.12 and Feierabend et al.,13 respectively. The ClO
radical product channel is expected to be the major, if not the
only, reactive channel in this reaction; this implies 5−20%
O(1D) quenching in this reaction. Our measured kR is also
consistent with the O(1D) quenching branching ratio reported
by Force and Wiesenfeld11 of 0.12 ± 0.04. Therefore, the
available data for the CFC-11 and CFC-12 reactions are in
good agreement where the estimated 2σ uncertainties in kT(T)

Table 4. Summary of Reactive Yields for the O(1D) + Halocarbon Reactions Obtained in This Work and the Results Available
from Earlier Studies

halocarbon reactive yielda quenching yield ClO yield OH yield exptl methodb ref

CFCl3 CFC-11 0.90 ± 0.07 RR this work
0.12 ± 0.04 RA Force and Wiesenfeld11

0.88 ± 0.18 LIF Takahashi et al.12

0.79 ± 0.04 CRDS Feierabend et al.13

CF2Cl2 CFC-12 0.14 ± 0.07 RA Force and Wiesenfeld11

0.19 ± 0.05 0.87 ± 0.18 LIF Takahashi et al.12

0.76 ± 0.06 CRDS Feierabend et al.13

CFCl2CF2Cl CFC-113 0.80 ± 0.10 CRDS Baasandorj et al.8

CF2ClCF2Cl CFC-114 0.25 ± 0.09 RF Ravishankara et al.14

0.85 ± 0.12 CRDS Baasandorj et al.8

CF3CF2Cl CFC-115 0.70 ± 0.07 RF Ravishankara et al.14

0.72 ± 0.06 RR this work
CHF2Cl HCFC-22 2 Atkinson et al.20

1 Green and Wayne17

0.55 ± 0.1 RA/A Addison et al.16c

0.28 ± 0.06 RF Warren et al.15

0.56 ± 0.03 CRDS Feierabend et al.13

0.77 ± 0.06 RR this work
CH3CF2Cl HCFC-142b 0.76 ± 0.19 RR Green and Wayne17

0.26 ± 0.05 RF Warren et al.15

0.60 ± 0.04 RR this work
CHF3 HFC-23 0.77 ± 0.12 RF Force and Wiesenfeld11

1.02 ± 0.03 RF Schmoltner et al.18

0.25 ± 0.02 RR this work
CHF2CF3 HFC-125 1.5 RR Green and Wayne17

0.85(+0.15/−0.22) RF Warren et al.15

0.24 ± 0.04 0.6 ± 0.1 LIF Kono and Matsumi19

0.73 ± 0.09 RR this work
CH3CF3 HFC-143a 1.1 RR Green and Wayne17

0.18 ± 0.04 0.38 ± 0.06 LIF Kono and Matsumi19

0.55 ± 0.04 RR this work
CF3CHFCF3 HFC-227ea 0.72 ± 0.07 RR this work

aUncertainties reported for “this work” are 2σ from the measurement precision. bAll studies used pulsed laser photolysis to produce O(1D)
combined with the detection methods given in the table. Key: RR, relative rate technique; RF, atomic resonance fluorescence; RA, resonance
absorption; CRDS, cavity ring-down spectroscopy; LIF, laser induced fluorescence; A, transient absorption. cAlso reported yields for CF2 (0.45 ±
0.10), O(3P) (0.28 +0.10/ −0.15), and OH (0.05) with O(3P) from the reaction channel yielding CF2 and HCl.
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and kR(296 K) from the precision of the present work are 8 and
5%, respectively. On the basis of the limited temperature
dependence measurements performed in this work for the
CFC-11 reaction and for CFC-12 in a previous study from this
laboratory by Feierabend et al.,13 the change in the reactive
yield over the temperature range 200−296 K is expected to be
minor, <5%, for the halocarbons included in this study.
kT(296 K) for the CF2ClCFCl2 (CFC-113) and CF2ClCF2Cl

(CFC-114) reactions are in good agreement with our recently
reported values.8 The present measurements, however, have
extended the temperature range of the kinetic measurements

and found a weak negative temperature dependence, E/R =
−(25 ± 50), for the CF2ClCF2Cl (CFC-114) reaction.
Our measured kT(296 K) for the CF3CF2Cl (CFC-115)

reaction is ∼40% greater than the value reported by Ravishankara
et al.14 This difference is greater than the combined 2σ
uncertainties of the two measurements and the reason for this
discrepancy is unknown. kR(296 K) for this reaction was measured
with NF3, CF3CHF2 (HFC-125), and CHF2Cl (HCFC-22) used
as reference compounds (Figure 3). The individual kR(296 K)
values are in very good agreement (Table 3), with an aver-
age reactive rate coefficient of (5.16 ± 0.18) × 10−11

cm3 molecule−1 s−1. Our kR(296 K) value is actually slightly
greater than the value of kT(296 K) reported by Ravishankara
et al.,14 (5.0 ± 0.4) × 10−11 cm3 molecule−1 s−1, which implies a
possible error in their kT(296 K) value, and a factor of 3 greater
than the kR(296 K) value derived from their reported O(1D)
quenching yield. Taking kR(296 K) and kT(296 K) measured in
this work gives a reactive yield of 0.73 ± 0.03. This result
contradicts the large O(1D) quenching yield, 0.70 ± 0.07,
reported for the O(1D) + CF3CF2Cl (CFC-115) reaction by
Ravishankara et al.,14 which is currently recommended for use
in atmospheric models.1 Using the present results in model
calculations significantly alters the calculated atmospheric
lifetime for CFC-115 as described in the Atmospheric Implications
section below.

3.2. O(1D) + Hydrochlorofluorocarbons (HCFCs). kT(T)
and kR(296 K) were measured for the hydrochlorofluoro-
carbons (HCFCs) CHF2Cl (HCFC-22), and CH3CF2Cl
(HCFC-142b). kT(296 K) for the O(1D) + CHF2Cl (HCFC-22)
reaction is in good agreement, to within 8%, with the results
from the studies of Davidson et al.10 and Warren et al.15

Davidson et al.10 also reported kT(T) over the temperature
range 173−343 K. Their study extended to temperatures lower
than included in the present work and established a rate
coefficient temperature dependence, E/R = −(50 ± 50) K. The
present measurements are of higher precision than the Davidson
et al. study and a least-squares fit yields E/R = 0 ± 50 K.

Figure 1. O(1D) + CF3CF2Cl (CFC-115) reaction kinetic data
obtained using the competitive reaction method (see text for details).
Representative OH radical temporal profiles are obtained at 296 K and
35 Torr (He) for a range of CF3CF2Cl (CFC-115) concentrations as
given in the legend. The lines are nonlinear least-squares fits of the
OH temporal profiles (see text).

Figure 2. Pseudo-first-order rate coefficient data, k′Rise − k0, obtained
for the O(1D) + CF3CF2Cl (CFC-115) reaction in three independent
experiments. The line is a linear least-squares fit of the data. The
experimental conditions and results are summarized in Table 1.

Figure 3. Reactive rate coefficient data for the O(1D) + CF3CF2Cl
(CFC-115) reaction obtained at 296 K with CHF2Cl (HCFC-22),
NF3, and CF3CHF2 (HFC-125) as reference compounds (see text for
details). The lines are linear least-squares fits to the data. The obtained
rate coefficient ratios and kR values are summarized in Table 3.
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The present measurements, therefore, do not differ significantly
from the current recommendations1 (Table 2), but lead to a
considerable reduction in the overall estimated uncertainties in
kT(T) and kR.
kR(296 K) for the CHF2Cl (HCFC-22) reaction was

determined using NF3 as the reference compound (Table 3).
kR(296 K) and kT(296 K) from this work for the CHF2Cl
(HCFC-22) reaction yielded a reactive branching ratio of
0.77 ± 0.03. This agrees with the O(1D) quenching yield of
0.28 ± 0.06 reported by Warren et al.15 to within the combined
2σ uncertainties of the measurements. The reactive yield is
greater than the ClO radical yield of 0.56 ± 0.03 and 0.55 ± 0.1
reported by Feierabend et al.13 and Addison et al.,16

respectively (Table 4). The difference implies that ∼20% of
the total reaction proceeds through a H-atom abstraction
channel, although direct measurements of the OH radical yield
are currently not available in the literature. We recommend a
0.56 reactive yield for the ClO radical and a 0.21 yield for the
OH radical should be used in atmospheric model calculations.
kT(296 K) for the O(1D) + CH3CF2Cl (HCFC-142b)

reaction is ∼15% less than reported by Warren et al.,15 which is
the only other measurement of kT(296 K). The combined 2σ
uncertainty limits from the two studies overlap slightly. The
present work established that this reaction has a negligible
temperature dependence, E/R = 0 ± 45 K, between 217 and
374 K. kR(296 K) was measured using CHF2Cl (HCFC-22)
and CF3CF2Cl (CFC-125) as reference compounds, which
yielded kR(296 K) values that agreed to within 8%. An average
value is reported in Table 3. The relative rate study of Green
and Wayne17 yields a higher reactive branching ratio, 0.76 ±
0.19, when combined with kT(296 K) from this work, although
it agrees with the present results within the combined 2σ
uncertainty limits. Warren et al.15 reported a O(1D) quenching
yield of 0.26 ± 0.05, which corresponds to a reactive yield that
falls slightly outside the combined uncertainty limits with the
present work. The reason for this discrepancy is unknown. It is
likely that both ClO and OH radicals are formed as products in
this reaction, although no experimental measurements are
currently available. As discussed below, it is expected that the
ClO radical yield would be greater than the OH radical yield in
this reaction.
3.3. O(1D) + Hydrofluorocarbons (HFCs). kT(T) and

kR(296 K) were measured for the hydrofluorocarbons (HFCs)
CHF3 (HFC-23), CHF2CF3 (HFC-125), CH3CF3 (HFC-143a),
and CF3CHFCF3 (HFC-227ea) and the results are described
separately below.
kT(296 K) for the O(

1D) + CHF3 (HFC-23) reaction is 10%
greater than the value reported by Force and Wiesenfield11 and
in good agreement with the value reported by Schmoltner
et al.,18 to within 2% (Table 2). kT(T) was measured at five
temperatures in the range 217−374 K and showed a weak
negative temperature dependence, E/R = −(30 ± 10). The
agreement with previous results combined with the high
precision of the present work enable a significant reduction in
the estimated uncertainties for this reaction (Table 2).
kR(296 K) for CHF3 (HFC-23) was measured using NF3 as

the reference compound. The average of three independent
experimental measurements yielded a rate coefficient ratio of
0.105 ± 0.002. Taking our kT(296 K) value gives a reactive
yield of 0.24 ± 0.04, which is consistent with that inferred from
the measured O(1D) quenching yield of 0.77 ± 0.12 reported
by Force and Wiesenfeld.11 In a more recent study, Schmoltner
et al.18 reported a O(1D) quenching yield of 1.02 ± 0.03, i.e.,

no measurable reactive channel. It is clear from our relative rate
experiments that there is a significant reactive component to
this reaction in contrast to the Schmoltner et al. study. In part,
as a result of the discrepancy in the Force and Wiesenfeld and
Schmoltner et al. results there was not a recommendation given
in the NASA/JPL evaluation for use in atmospheric modeling.1

Including a O(1D) reactive loss for CHF3 (HFC-23) in
atmospheric models primarily impacts its local stratospheric
lifetime as discussed in the Atmospheric Implications section
below.
kT(296 K) for the O(1D) + CHF2CF3 (HFC-125) reac-

tion was measured in this work to be (0.101 ± 0.004) × 10−10

cm3 molecule−1 s−1. Previously reported values of kT(296 K)
from studies by Warren et al.15 and Kono and Matsumi19 differ
greatly, by nearly a factor of 10 (Table 2). Our kT(296 K) value
is in good agreement with the value of 0.100 (+0.01/−0.005) ×
10−10 cm3 molecule−1 s−1 reported by Kono and Matsumi.19

kT(T) was measured in our work at four temperatures between
217 and 373 K and found to have a weak negative temperature
dependence, E/R = −(25 ± 30). The present work resolves
the large discrepancy in the previously reported values of
kT(296 K) and the high precision of the present results enables
a significant reduction in the estimated uncertainties.
kR(296 K) for the CHF2CF3 (HFC-125) reaction was

measured using CHF3 and NF3 as reference compounds. The
results from the two reference compounds agreed to within
15% (Table 3), and the average value corresponds to a reactive
yield of 0.73 ± 0.09 when combined with our kT(296 K). There
are three previous studies, which are listed in Table 4, with
which to compare our results. The relative rate study of Green
and Wayne17 would correspond to a reactive yield substantially
greater than 1 and, therefore, seems to be in error. Warren
et al.15 report a high O(1D) quenching yield for this reaction,
0.85 (+0.15/−0.22), whereas Kono and Matsumi19 report a
much lower value, 0.24 ± 0.04, and a high OH radical yield,
0.6 ± 0.1. The present results are in good agreement with the
results from the Kono and Matsumi study for the overall
reactive yield. The reason for the large discrepancy with the
Warren et al. study is unknown. The NASA/JPL recommen-
dation1 for the CHF2CF3 (HFC-125) reaction was based on
the values reported by Warren et al.,15 which has been shown in
the present study to be in error. It should be noted, however,
that the errors in the kT(298 K) and kR(296 K) values reported
in the Warren et al. study offset in atmospheric model
calculated lifetimes. Therefore, although the rate coefficient
recommendations require major revision the overall impact on
calculated atmospheric lifetimes may not be as large, as shown
in the Atmospheric Implications section below.
kT(298 K) for the CH3CF3 (HFC-143a) reaction was mea-

sured to be ∼45% greater than the value reported by Kono and
Matsumi19 (Table 2). The level of agreement between the
results from the present work and that of Kono and Matsumi
for the other halocarbons common to the two studies is in most
cases better than this. The reason for the discrepancy for
CH3CF3 (HFC-143a) is unknown. kT(T) was measured in this
work at five temperatures between 217 and 373 K and the high
precision of the measurements yielded a weak negative
temperature dependence in kT(T), E/R = −(20 ± 25).
Due in part to the discrepancies in the measurements of

kT(T) for the CH3CF3 (HFC-143a) reaction, kR(296 K) was
measured in the present work using NF3, CF3CF2Cl (CFC-115),
and CHF2Cl (HCFC-22) as reference compounds. The results
obtained using the different reference compounds were in good
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agreement (Table 3), where the spread in the obtained
kR(296 K) values was ∼13% and the average value was
(0.391 ± 0.011) × 10−10 cm3 molecule−1 s−1; this corresponds
to a reactive yield of 0.55 ± 0.04. The study of Green and
Wayne17 reported a reactive yield of 1.1 for this reaction. The
study of Kono and Matsumi19 reported a O(1D) quenching
yield of 0.18 ± 0.04 and a OH radical yield of 0.38 ± 0.06.
Therefore, the available experimental results of the reactive
yield for this reaction are in poor agreement. The good
agreement in the kR(296 K) values obtained in this work for
three different reference compounds gives us confidence in the
value measured in this work, although the product yields for
this reaction are more uncertain.
To the best of our knowledge kT(T) and kR(296 K) for the

O(1D) + CF3CHFCF3 (HFC-227ea) reaction have not been
reported previous to this study. The reactive yield in this
reaction is high, 0.72 ± 0.07, and is similar to that for the
O(1D) + CHF2CF3 (HFC-125) reaction measured in this work.
The O(1D) reaction represents a stratospheric loss process for
this molecule as discussed below.
3.4. Trends in O(1D) Reactivity. An examination of the

O(1D) + halocarbon rate coefficients obtained in the present
study, Tables 1−4, as well as those from previous studies,1

show a systematic trend in kR(296 K) in which reactivity in-
creases with increasing H- and Cl-atom substitution. Previous
studies have shown that perfluorinated compounds are un-
reactive, kR(296 K) values <1 × 10−14 cm3 molecule−1 s−1,5,14 as
the abstraction of a F-atom is endothermic. The extent of
fluorination influences kR(296 K) for a halocarbon not only
through occupying reactive sites but also via the inductive effect
of a F-atom or CF3 group on the C−H or C−Cl bonds. The
greatest inductive effect is for substitution on the α-carbon;
fluorination at a β site is substantially less influential. For example,
the results from our study show that CHF2CF3 (HFC-125)
and CF3CHFCF3 (HFC-227ea), which each contain a single
H-atom available for abstraction, have similar kT(296 K) and
kR(296 K) values, 0.0733 × 10−10 and 0.0699 × 10−10 cm3

molecule−1 s−1, respectively. kR(296 K) for CHF3 (HFC-23),
however, is approximately a factor of 3 less, 0.022 × 10−10

cm3 molecule−1 s−1, although its kT(296 K) value is similar to
those for CHF2CF3 (HFC-125) and CF3CHFCF3 (HFC-227ea).
This difference most likely reflects the increased fluorine inductive
effect; the C−H bond strength in CHF3 (HFC-23) is ∼3
kcal mol−1 stronger than in CHF2CF3 (HFC-125). kR(296 K)
for the CH3CF3 (HFC-143a) reaction is consistent with
this trend, although kR(296 K) is greater, 0.391 × 10−10

cm3 molecule−1 s−1, primarily due to the greater number of
available H-atoms for abstraction. Although it is difficult to
assign a specific rate coefficient, each H-atom in a halocarbon
molecule contributes (0.05−0.13) × 10−10 cm3 molecule−1 s−1

to the overall kR(296 K) value.
The effective kR(296 K) for a Cl-atom abstraction is

significantly greater than that for a H-atom. It is also less
sensitive to the degree of fluorination, e.g., kR(296 K) for CFCl3
(CFC-11) and CF3CF2Cl (CFC-115) roughly scale with the
number of available Cl atoms, although the degree of
fluorination is significantly different. kR(296 K) values per Cl
atom fall in the range (0.5−0.7) × 10−10 cm3 molecule−1 s−1 for
the halocarbons studied here.
The high precision of the present measurements enabled the

determination that a majority of the O(1D) reactions in this
study displayed a weak negative temperature dependence in
kT(T). Reactions having a weak negative temperature dependence

implies the formation of a prereactive complex in the reaction
mechanism. The formation of reactive complexes has been
proposed previously (see Kono and Matsumi19 and references
within), but experimental evidence supporting this hypothesis is
rather limited.

4. ATMOSPHERIC IMPLICATIONS

Reaction with the O(1D) atom is primarily a stratospheric loss
process. Other atmospheric loss processes, such as reaction
with the OH radical and UV photolysis, are also important
tropospheric and stratospheric loss processes for the
halocarbons considered in this work; UV photolysis in the
stratosphere is a dominant loss process for the chlorine con-
taining CFCs and HCFCs, whereas the OH reaction is
important throughout the troposphere and stratosphere for
the hydrogen containing HCFCs and HFCs. The O(1D)
reaction, therefore, is expected to be a secondary loss process
for the majority of the molecules included in this study,
particularly for molecules with atmospheric lifetimes less than
∼50 years. In this work, the Goddard Space Flight Center
(GSFC) 2D atmospheric model2,3 was used to evaluate the
local and global annually averaged lifetimes of the compounds
included in this study and the fractional contribution of the
O(1D) reaction to their atmospheric loss. The range in the
calculated lifetime due solely to the uncertainty in the O(1D)
kinetics was also quantified using the 2D model calculations.
The model calculated lifetimes are compared with values
calculated using the O(1D) kinetic parameters currently recom-
mended for use in atmospheric modeling by the NASA/JPL
data evaluation panel.1

Model runs were performed using the O(1D) kinetics from
the present work while holding other model input to the
NASA/JPL recommended values. Base model runs were also
performed using the NASA/JPL recommended input kinetic
and photochemical parameters. The range in atmospheric
lifetimes was calculated using the high and low rate coefficient
values determined from the 2σ estimated uncertainty limits in kR
from this work; kR is the most relevant O(1D) kinetic parameter
for the calculation of a molecules atmospheric loss rate.
The greatest differences in kR(296 K) between the present

work and the NASA/JPL recommendations are found for the
CF3CF2Cl (CFC-115) and CHF3 (HFC-23) reactions, where
the differences are factors of ∼3.5 and ∼7, respectively. The
differences for the CF2ClCFCl2 (CFC-113), CF2ClCF2Cl
(CFC-114), CH3CClF2 (HCFC-142b), and CHF2CF3 (HFC-125)
reactions are less, but still significant, with differences in the
12−23% range. There is currently very limited experimental
data for the temperature dependence of the reactive rate
coefficient, kR(T). Results from this work for the CFCl3 (CFC-11)
reaction and previous work from our laboratory13 for the
CF2Cl2 (CFC-12) reaction observed no significant temperature
dependence in kR and the reactive yield, respectively. It was,
therefore, assumed in the 2D model calculations that kR was
temperature independent.
The estimated uncertainties in kR(296 K) from the present

work are 10%, or less, and are significantly less than the NASA/
JPL recommended values (see Table 2 for a comparison of the
estimated uncertainty factors). The difference in estimated
uncertainties are substantially greater at reduced temperatures
where the uncertainties obtained in the present work are nearly
a factor of 10 less for the majority of the reactions studied.
The reduction of uncertainty leads to significantly reduced
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uncertainty in the model calculated stratospheric local loss rates
for the O(1D) reaction.
The global annually averaged O(1D) vertical concentration

profile calculated from the 2D model is shown in Figure 4; the
concentration reaches a maximum of ∼100 atom cm−3 near
45 km. The calculated first-order loss rates, kR[O(

1D)], for the
halocarbons included in this work are also shown in Figure 4.
The mesospheric (∼50−90 km region) loss due to O(1D)
reaction is significant; however, the atmospheric abundances of
the CFCs, HCFCs, and HFCs are very small in this region of
the atmosphere. Thus, the contribution of the mesospheric loss
to the atmospheric lifetime is minor for most of the halo-
carbons considered here. The exception is CF3CF2Cl (CFC-115)
for which the mesospheric loss contributes about 10% to its overall
loss. The shape of the vertical profiles for the different molecules
are very similar due to the weak temperature dependence for the
O(1D) reactions, and the difference in kR values for the CFCs,
HCFCs, and HFCs is reflected as the difference in the
magnitude of the altitude dependent loss rates. The local life-
times are a minimum near the [O(1D)] maximum at ∼45 km
with the shortest local lifetimes being in the range of 1 to 2 years,
e.g., for several of the CFCs and CH3CF2Cl (HCFC-142b). The
compounds with the longest local lifetime are the highly
fluorinated HFCs CHF3 (HFC-23), CHF2CF3 (HFC-125), and
CF3CHFCF3 (HFC-227ea).

Figure 4. Vertical profiles of the atmospheric first-order loss rate
coefficients, kR[O(

1D)], for the O(1D) + halocarbon reactions
included in this work (see legend) calculated using the GSFC 2D
model and the reactive rate coefficients, kR, from this work. The right-
hand panel shows the model calculated global annually averaged
O(1D) vertical profile.

Table 5. Atmospheric Fractional Losses and Lifetimes Calculated for Year 2000 Steady-State Conditions Using the GSFC 2D
Model for the Molecules Included in This Study

lifetime (years)

fractional loss this work NASA/JPL

halocarbon O(1D)a OH hν troposphericb stratosphericb mesosphericb globalb globalc

CFCl3 CFC-11 0.018 0.002 0.980 1524 62.9 >50000 60.4 60.4
(0.019) (1480−1565) (62.8−62.9) (60.3−60.5) (59.9−61.8)

CF2Cl2 CFC-12 0.053 0.006 0.941 5910 108.7 >50000 106.7 106.7
(0.051) (5689−6127) (108.5−108.8) (106.4−106.8) (104.6−109.1)

CFCl2CF2Cl CFC-113 0.062 0.938 5994 100.1 >50000 98.5 98.2
(0.067) (5534−6466) (99.88−100.3) (98.1−98.8) (94.1−101.4)

CF2ClCF2Cl CFC-114 0.219 0.781 21160 233.9 2882.0 214.1 210.0
(0.249) (18450−24220) (229.4−237.8) (2819−2954) (210−217) (192.7−224.3)

CF3CF2Cl CFC-115 0.673 0.327 36440 664.1 4810 574 987.4
(0.365) (31180−42870) (607.4−726.9) (4642−4989) (528−625) (785.6−1180)

CHClF2 HCFC-22 0.011 0.987 0.002 12.7 240.0 4993 12.1 12.0
(0.013) (12.7−12.7) (235.5−244.2) (4939−5048) (12.0−12.1) (12.0−12.1)

CH3CClF2 HCFC-142b 0.027 0.959 0.014 19.1 256.50 3818.0 17.7 17.5
(0.041) (19.0−19.1) (249.0−264.0) (3803.0−3837.0) (17.6−17.7) (17.2−17.7)

CHF3 HFC-23 0.002 0.998 238.9 5286 73060 227.9 226.4
(0.085) (238.9−238.9) (5249−5319) (72200−73830) (227.8−227.9) (223.4−228.3)

CHF2CF3 HFC-125 0.039 0.961 32.3 394.2 6045.0 29.7 29.3
(0.050) (32.21−32.30) (363.90−425.9) (5603.0−6569) (29.4−29.9) (28.7−29.8)

CH3CF3 HFC-143a 0.024 0.976 54.5 835.0 11000 51.0 50.1
(0.041) (50.78−54.5) (800.3−869.5) (10410−11610) (50.8−51.1) (47.8−51.2)

CF3CHFCF3 HFC-227ea 0.008 0.992 44.5 797.0 12820 42.0
(44.5−44.5) (779.1−813.3) (12350−13260) (41.9−42.1)

aFractional loss obtained using O(1D) rate coefficients from this work with values in parentheses obtained using NASA/JPL evaluation1

recommended O(1D) rate coefficients. bGlobal annually averaged lifetimes obtained using O(1D) rate coefficients taken from this work and other
model input parameters taken from the NASA/JPL evaluation,1 the values in parentheses are the range in lifetime calculated using the 2σ uncertainty
extremes in the kR.

cGlobal annually averaged lifetimes obtained using O(1D) rate coefficients from the NASA/JPL evaluation.1 The values in
parentheses are the range in lifetime calculated using the 2σ uncertainty extremes in the kR from the NASA/JPL evaluation.
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As mentioned earlier, the O(1D) reaction is a secondary loss
process for many of the compounds considered here. Table 5
provides a breakdown of the model calculated fractional losses
due to the O(1D) and OH reactions and UV photolysis for
each of the compounds. The O(1D) reaction contributes only a
few percent to the global annually averaged total loss for most
of the compounds, but ∼22 and ∼67% for the atmospherically
long-lived compounds CF2ClCF2Cl (CFC-114) and CF2ClCF3
(CFC-115), respectively. The fractional O(1D) loss for the
NASA/JPL recommended kinetic parameters is included in
Table 5 for comparison with the present work. In most cases
the differences in the fractional loss between the present work
and NASA/JPL are small due to the small differences in the
O(1D) rate coefficient data. The largest differences are for the
CF3CF2Cl (CFC-115) and CHF3 (HFC-23) reactions due to
the significant differences in kR obtained in the present work as
discussed in the Results and Discussion section. The global
annually averaged tropospheric, stratospheric, mesospheric, and
overall atmospheric lifetimes are given in Table 5. The overall
lifetimes obtained using the present results are in most cases
similar to the values obtained using the NASA/JPL
recommendations (Table 5), with a few exceptions; the
exceptions are for the long-lived CF2ClCF2Cl (CFC-114) and
CF3CF2Cl (CFC-115) compounds that are lost primarily via
O(1D) reaction.
The ranges in lifetime due to the uncertainty in the O(1D)

kinetics are also given in Table 5. In most cases, the range in
lifetime is relatively small. This is primarily due to the small
contribution of the O(1D) reaction to the total atmospheric loss
as shown by the fractional loss contributions given in Table 5 and
the reduced level of uncertainty in the O(1D) kinetic data
obtained in the present work. Using the present kinetic results,
the uncertainties in the O(1D) reaction are expected to have a
minor impact on calculated atmospheric lifetimes for the ODSs
and GHGs included in this work.

5. CONCLUSIONS
The present kinetic study has refined the total and reactive rate
coefficients for the O(1D) reaction with the following key
atmospheric halocarbons: chlorofluorocarbons (CFCs) CFCl3
(CFC-11), CF2Cl2 (CFC-12), CFCl2CF2Cl (CFC-113),
CF2ClCF2Cl (CFC-114), CF3CF2Cl (CFC-115); hydrochloro-
fluorocarbons (HCFCs) CHF2Cl (HCFC-22), CH3CClF2
(HCFC-142b); and hydrofluorocarbons (HFCs) CHF3
(HFC-23), CHF2CF3 (HFC-125), CH3CF3 (HFC-143a), and
CF3CHFCF3 (HFC-227ea). This work reports temperature
dependent kinetic data, over the temperature range 217−373 K,
which was previously unavailable for many of these
halocarbons. The total rate coefficient, i.e., the O(1D) atom
loss, showed a weak temperature dependence for most of the
halocarbon reactions (Table 2), and the present results enable a
significant reduction in the estimated uncertainties in the rate
coefficient data used in atmospheric models. The reactive rate
coefficients obtained in this work, as summarized in Tables 3
and 4, show a general trend in reactivity where a hydrogen
and chlorine atom contribute approximately 0.1 and 0.6 ×
10−10 cm3 molecule−1 s−1, respectively, to the halocarbons
reactive rate coefficient.
The rate coefficient data reported here resolve significant

discrepancies in previously reported values for the CF2ClCF2Cl
(CFC-114), CF3CF2Cl (CFC-115), CHF3 (HFC-23), and
CHF2CF3 (HFC-125) reactions, provides new data for the
CF3CHFCF3 (HFC-227ea) reaction, and also provides the

kinetic data needed to improve the accuracy of modeled
stratospheric chemistry. As part of this work, 2D model
calculations were used to evaluate the local and global annually
averaged atmospheric lifetimes for each of the halocarbons
included in this study (Table 5). In addition, the fractional
contribution of the O(1D) reaction to the atmospheric loss of
the halocarbon was determined (Table 5); the O(1D) reaction
is a major loss process for CF2ClCF2Cl (CFC-114) and
CF3CF2Cl (CFC-115) and a minor global loss process for the
other halocarbons included in this study. The O(1D) kinetic
data obtained in this study are recommended for use in future
lifetime evaluations, in ozone depletion and global warming
potential calculations, and as input to model calculations of
ozone recovery and climate change.
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