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Long path length Fourier transform infrared (FTIR)-smog chamber techniques were used to study the
kinetics of the gas-phase reactions of Cl atoms, OH radicals and O3 with trans-3,3,3-trifluoro-1-chloro-
propene, t-CFsCH=CHCI, in 700Torr total pressure at 295+2K. Values of k(Cl+t-CF;CH=CHCl)=
(5.22+£0.72) x 10~ cm3 molecule~! s—1, k(OH + t-CF3 CH=CHCI) = (4.40 + 0.38) x 10~'3 cm? molecule~! s~!
and k(O3 +t-CF3CH=CHCl)=(1.46 + 0.12) x 10-2! cm3 molecule~! s~!, were established (quoted uncer-
tainties are 20; see Experimental section). The IR spectrum of t-CF; CH=CHCl is reported. The atmospheric
lifetime of t-CF3sCH=CHCl is determined by reaction with OH radicals and is approximately 26 days. The
global warming potential of t-CF; CH=CHCI is approximately 7 for a 100-year time horizon.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Recognition of the adverse environmental consequences of the
release of chlorofluorocarbons (CFCs) into the atmosphere [1,2] has
led to an international effort to replace these compounds with envi-
ronmentally acceptable alternatives. While safeguarding the ozone
layer has been at the center of these efforts, concerns related to
global climate change are becoming an increasingly important con-
sideration in the choice of alternative compounds because of their
significant atmospheric lifetime and radiative properties.

Saturated hydrofluorocarbons (HFCs), such as CH,FCF3 (HFC-
134a), have become widely used CFC replacements. HFCs do not
contain chlorine and therefore do not contribute to chlorine-
based catalytic destruction of stratospheric ozone [3]. Unsaturated
hydrochlorofluorocarbons are a class of compounds which has been
developed as potential replacements for CFCs and saturated HFCs
in air conditioning units. Prior to any large-scale industrial use an
assessment of the atmospheric chemistry, and hence, environmen-
tal impact, of these compounds is needed. To address this need,
the atmospheric chemistry of t-CF3CH=CHCI was investigated. The
kinetics of the gas-phase reaction of Cl atoms and ozone with
t-CF3CH=CHCI were determined at Ford Motor Company (Ford)
and at University of Copenhagen (Copenhagen) using smog cham-
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ber/Fourier transform infrared (FTIR) techniques. The IR spectrum
of the title compound and the kinetics of its gas-phase reaction with
OH radicals were measured at Ford. Results are reported herein.

2. Experimental

Detailed descriptions of the experimental procedures can be
found elsewhere [4]. Therefore, only brief descriptions are given in
the subsections below. Chlorine atoms were produced by photolysis
of molecular chlorine:

Cly+hv— Cl + Cl (1)

OH radicals were produced by photolysis of CH3ONO in the pres-
ence of NO in air:

CH30NO + hv— CH30 + NO (2)
CH;0 + 0, — HO, + HCHO (3)
HO, +NO — OH + NO, (4)

In relative rate experiments the following reactions take place:

Cl + Reactant — products (5)
Cl + Reference — products (6)
OH + Reactant — products (7)
OH + Reference — products (8)
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It can be shown that

Reactant Reference
n <[ ]t0> _ KReactant Ln ([ ]f0> )

[Reactant]; / ~ Kgeference [Reference],

where [Reactant], , [Reactant];, [Reference], , and [Reference]; are
the concentrations of reactant and reference at times ty and t,
and Kgeactant and Kgeference are the rate constants for the reac-
tant and the reference. Plots of Ln([Reactant], /[Reactant];) versus
Ln([Reference], /[Reference];) should be linear, pass through the
origin, and have a slope of kreactant/KRreference- The kinetics of the O3
reaction were studied using an absolute rate method, in which the
pseudo first order loss of Reactant was measured in the presence
of excess Os. A linear plot of the pseudo-first-order rate constants
versus the initial O3 concentration gives a slope of kq:

O3 +Reactant — products 9)

In smog chamber experiments it is important to check for
unwanted loss of reactants and products via photolysis, dark
chemistry and heterogeneous reactions. Control experiments were
performed at Ford and Copenhagen, in which mixtures of reactants
(except Cl; or CH30NO) in air were subjected to UV irradiation for
15 min and reactant/product mixtures obtained after the UV irradi-
ation were allowed to stand in the dark in the chamber for 30 min.
There was no observable loss of reactants or reference compounds
suggesting that photolysis, dark chemistry and heterogeneous reac-
tions are not a significant complication in the present work.

Unless otherwise stated, quoted uncertainties are two standard
deviations from the least squares regressions (forced through zero),
together with our estimated uncertainties (£1% of the initial con-
centration) associated with the IR spectral analysis of the relative
reactant and reference concentrations.

2.1. FTIR-smog chamber system at Ford

Experiments were performed in a 140-1 Pyrex reactor interfaced
to a Mattson Sirus 100 FTIR spectrometer. The reactor was sur-
rounded by 22 fluorescent blacklamps (GE F15T8-BL) which were
used to photochemically initiate the experiments. CH30NO was
synthesized by the drop wise addition of concentrated sulfuric
acid to a saturated solution of NaNO, in methanol. O3 was pro-
duced from O, via silent electrical discharge using a commercial
03 ozonizer. Samples of t-CF3CH=CHCI were supplied by Honey-
well International Inc. at purities >99.9%. All other reagents were
obtained from commercial sources at purities >99%.

Relative rate and absolute rate experimental methods were used
as described above. Experiments were conducted in 700 Torr total
pressure of air/N; diluent at 295 4+ 2 K. The loss of t-CF3CH=CHCI
and reference compounds was monitored by FTIR spectroscopy
using a calibrated analytical path length of 27.1 m and a spectral
resolution of 0.25cm~1. A liquid nitrogen cooled midband MCT
detector was used in this study. Infrared spectra were derived from
32 coadded interferograms. Reactant and reference compounds
were monitored using absorption features over the following
wavenumber ranges (cm~1): CoH,, 650-800; C;Hy4, 900-1000; Os,
980-1070; t-CF3CH=CHCI, 669, 847, 935, 1311, and 1648.

2.2. FTIR-smog chamber system at University of Copenhagen

The Copenhagen experiments were performed in a 100-1 quartz
reactor equipped with a Bruker IFS 66V FTIR spectrometer. The
experimental setup was equipped with a temperature control
system that kept the temperature steady at 293 +0.5K. An InSb
detector was chosen for this study. Chlorine atoms were pro-
duced by photolysis of Cl, according to reaction (1), using UVA

lamps (Osram Eversun L100/79) with the main emissions peak
at 368 nm. Ozone was produced using a commercially available
ozone generator from Os-Technology. The ozone was preconcen-
trated using a silica gel trap, reducing the amount of O, introduced
into the chamber. Samples of t-CF3 CH=CHCl were supplied by Hon-
eywell International Inc. at purities >99.9%. All other reagents were
obtained from commercial sources at purities >99%.

Relative rate and absolute rate experimental methods were
used as described above. The Cl atom relative rate experiments
were conducted in 700 Torr total pressure of N, diluent. Ozone
kinetics experiments were conducted in 700 Torr total pressure
of air diluent. The White-type optical system propagating the IR
beam through the reaction chamber had a path length of 86 m.
Spectra were obtained at a resolution of 0.115cm~! and were
derived from 64 coadded interferograms. Reactant and reference
compounds were monitored using absorption over the following
wavenumber ranges (cm~1): CoHj, 3175-3375; C,Hy, 2940-3040;
03,2950-3065; t-CF3CH=CHCI, 3060-3130. FTIR spectra were ana-
lyzed using a linear least squares fitting procedure developed by
Griffith [5]. Reference spectra of O3 and HCl were taken from the
HITRAN database [6], and used to improve the spectral fitting for
the larger molecules. For the other components, reference spec-
tra were recorded using the same conditions (700 Torr, 293 + 0.5 K)
employed in the kinetics experiments.

3. Results and discussion

3.1. Relative rate study of k(Cl +t-CF3CH=CHCI) at Ford and
Copenhagen

The kinetics of reaction (10) were measured relative to those of
reactions (11) and (12):

Cl + t-CF3CH=CHCI — products (10)
Cl + C;H4 — products (11)
Cl + C,H,; — products (12)

Initial reaction mixtures employed at Ford consisted of
2.80-3.82 mTorr of t-CF3CH=CHCI, 100-102 mTorr Cl,, and either
10.0-19.8 mTorr CyHy4, or 7.20-10.6 mTorr Cy;H,, in 700 Torr of
air diluent. Reaction mixtures employed at Copenhagen con-
sisted of 5.6-47.8 mTorr of t-CF3CH=CHCl, 100-200 mTorr Cl;,
and either 4.1-7.1 mTorr of C;H4 or 3.1-5.0mTorr of C,H5, in
700Torr of Ny diluent. The observed loss of t-CF3CH=CHCI ver-
sus those of the reference compounds is plotted in Fig. 1. Linear
least squares analysis of the data in Fig. 1 gives the results
shown in Table 1. The measured rate constant ratios were placed
on an absolute scale using ki; =9.29 x 10~ 1! cm3 molecule~1s~!
[7] and ki3 =5.07 x 10~ cm3 molecule~1s=1 [7]. The values for
k1o obtained using different experimental setups at Ford Motor
Company and University of Copenhagen were, within the exper-
imental uncertainties, indistinguishable. We derive a final value
for kig, which is the average of the determinations with error
limits which encompass the extremes of the determinations, of
ki0=(5.22+0.72) x 10~ cm3 molecule~!s~1,

While there have been no previous studies of kg, we can com-
pare our result with data for the reactions of chlorine atoms with
propene and other halogen substituted propenes, presented in
Table 2 [8-13]. The reaction of chlorine atoms with propene pro-
ceeds primarily via electrophilic addition to the )C=C{ double bond.
Substitution of the electron donating CHs group by the electron
withdrawing CF; group would be expected to lower the reactiv-
ity of chlorine atoms towards the substituted propene. While the
reactivities of t-CF3CH=CHCI, t-CF3CH=CHF, E-CF3CF=CHF and Z-
CF3CF=CHF, are all comparable and/or within the error limits of the
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Fig. 1. Kinetic data for reactions of Cl atoms with t-CF3CH=CHCI measured at
295 +2Kin 700 Torr of air (Ford, A) and in 700 Torr of N, (Copenhagen, B). The error
bars reflect uncertainty (£1% of the initial concentration) in the determination of
the reactant concentrations.

individual determinations, inspection of Table 2 reveals a general
trend of decreased reactivity with increasing number and electron
withdrawing strength of the halogen substituents.

3.2. Relative rate study of k(OH +t-CF3sCH=CHCI) at Ford

The kinetics of reaction (13) were measured relative to reactions
(14) and (15):

OH + t-CF3CH=CHCl — products (13)
OH + Cy;H4 — products (14)
Table 1

Results of the Cl atom relative rate experiments
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Fig. 2. Decay of t-CF3CH=CHCl vs. C;H; (circles) and C;Hy4 (squares) in the presence
of OH radicals in 700 Torr of air at 295 + 2 K. The error bars reflect uncertainty (1%
of the initial concentration) in the determination of the reactant concentrations.

OH + C3H; — products (15)

Initial reaction mixtures consisted of 27.9-32.8 mTorr of
t-CF3CH=CHCI, 100-330mTorr CH30ONO, and 2.35-7.65 mTorr
CyHy or 1.47-2.74mTorr CyHy, and 0-25.4mTorr NO. Fig. 2
shows the loss of t-CF3CH=CHCI plotted versus loss of the

reference compounds. Linear least squares analysis gives
k13/k14=0.0534+0.003 and  ky3/k15=0.5064+0.031.  Using
k14=8.52x 1012 [14] (atmospheric pressure, 298K) and

ki5=8.45x10"13 [15] gives Kki3=(4.52+0.26)x10"13 and
(4.28 £0.26) x 1013 cm3 molecule~! s~1. Indistinguishable values
of ki3 were obtained using the two different references. The fact
that consistent values of ki3 were derived from experiments using
different reference compounds suggests the absence of significant
systematic errors in the present work. We choose to cite a final
value which is the average of the individual determinations with
error limits which encompass the extremes of the determinations,
yielding kq3=(4.40+0.38) x 10~13 cm3 molecule~1s~1. No result
has been reported for kq3 previously.

Kinetic data for the reactions of hydroxyl radicals with propene
and fluorinated propenes are presented in Table 2 [8-13,16-20].
Based on the structural similarity, one might expect the reactiv-
ity of t-CF3CH=CHCI towards OH radicals to be comparable to
that of t-CF3 CH=CHEF. Interestingly, the reactivity of t-CF3 CH=CHCl
is substantially lower (roughly a factor of 2). As with chlorine
atoms, the reaction with hydroxyl radicals proceeds mainly via
electrophilic addition to the YC=C( double bond [14]. Hence, the
reactivity towards OH radicals is expected to decrease with the
introduction of electron withdrawing substituents such as CF3-
groups, chlorine and fluorine. Inspection of Table 2 reveals that the
reactivity of OH radicals towards propene is greater than the flu-
orinated propenes and that there is a general trend toward lower

Setup Reference Ker, ch=crcl/ Kreference Kkgeference (x10~11 cm3 molecule~1s1) Keiycrsci=chcl (x107 11 cm3 molecule~1 s~ 1)
Ford (air) CyH, 0.55 + 0.04 929 (7] (511+0.37)
Ford (air) St 1.03 + 0.06 507 [7] (5.22 +0.30)
Copenhagen (N;) CyHy 0.59 + 0.05 9.29(7] (5.48+0.46)
Copenhagen (N3) CyH, 1.00 + 0.09 5.07 [7] (5.07 £ 0.46)
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Table 2

Rate constants (cm> molecule~! s~!) for reactions of Cl, OH, and O3 with t-CF3CH=CHCI and analogous halogenated propenes measured at 295+ 3K (where multiple
determinations exist, the value given is the average of the determinations with error limits that encompass the extremes of the individual determinations)

kOH k03

Compound ka
CF5CF=CF, (2.7+0.3)x 1011 [11]
Z-CF3CF=CHF (4.36+0.48) x 10-11[12]
E-CF3CF=CHF (5.00+0.56) x 1011 [12]
t-CF3CH=CHF (4.64+0.59) x 10-11 [13]
t-CF3CH=CHCI? (5.2240.72) x 10-112
CF3CF=CH, (7.03+0.59) x 1011 [10]
CF3CH=CH, (9.07 +1.08) x 10-11 [8]

(

CH3CH=CH, 2.7+0.7)x 10710 [9]

(2.3+0.7) x 10-12 [11,16-19] (6.2+1.5)x 1022 [21]
(1.26 +£0.20) x 10-12 [12,20] (145 +0.15) x 10-21 [12]
(215+0.23) x 10-12 [12] (1.98 +£0.15) x 1020 [12]
(9.25+1.72) x 10~ 13 [13] (2.81+0.21) x 1021 [13]
(4.40+0.38)x 10-13 2 (146 +£0.12) x 10-21a
(1.10+0.22) x 10-12 [10,17,20] (2.77£0.21) x 1020 [10]
(1.45+0.33) x 10-12 [8,17] (3.5+0.3) x 10-19 [8]
(2.9+0.3)x 10-11 [9] (1.0£0.1)x 10717 [9]

2 Determined in this work.

reactivity with increasing fluorination. However, in contrast to this
general trend, perfluoropropene is significantly more reactive than
the less fluorinated propenes. Furthermore, in contrast to a simple
trend of decreasing reactivity with increasingly electron withdraw-
ing substituents, as noted above, CF3CH=CHF is more reactive than
CF3CH=CHCL. It has recently been suggested that hydrogen bonding
between OH and fluorine could lead to the observed enhance-
ment of the reactivity of OH radicals towards the highly fluorinated
propenes [13]. Computational work would be useful to investigate
this suggestion.

3.3. Absolute rate study of k(O3 +t-CF3CH=CHCI) at Ford and
Copenhagen

The kinetics of reaction (16) were studied by observing the decay
of t-CF3CH=CHCI when exposed to O3 in excess in the reaction
chambers at Ford and Copenhagen:

O3 + t-CF3CH=CHCI — products (16)

An OH radical scavenger (cyclohexane) was added to the reac-
tion mixtures to avoid potential problems associated with the loss
of t-CF3CH=CHCI via reaction with OH radicals formed in reac-
tion (16) [14]. Initial concentrations of reactants at Copenhagen
were 6.9-14.2 mTorr t-CF3 CH=CHCI, 15.6-20.3 mTorr cyclohexane,
and 3.42-4.36Torr O3 in 700 Torr of air diluent. Initial concen-
trations of reactants at Ford were 5.9-6.3 mTorr t-CF3CH=CHClI,
14.0-30.6 mTorr cyclohexane, and 414-2070 mTorr O3 in 700 Torr
of air diluent. Variation of the [cyclohexane]/[t-CF3CH=CHCI] ratio
over the range 2.2-5.2 had no discernable effect on the observed
decay of t-CF3CH=CHCI suggesting that loss via reaction with OH
radicals is not a significant complication. The loss of t-CF3 CH=CHCI
followed pseudo first-order kinetics in all experiments (see insert
in Fig. 3).

A plot of the pseudo first-order decay of t-CF3CH=CHCI ver-
sus O3 concentration is shown in Fig. 3. A linear least squares
fit to the data gives kqg=(1.4640.10) x 10-2! cm3 molecule~1s-1,
We choose to cite a final value for kg, with error limits which
include two standard deviations from the least squares regres-
sion and a propagated 5% uncertainty in the O3 calibration, of
ki6=(1.46 £0.12) x 102! cm3 molecule~'s-1.

The result is compared to the reactivity of Os towards
propene and analogous fluorine substituted propenes in Table 2
[8-10,12,13,21]. In its reaction with O3, t-CF3CH=CHF is less reac-
tive than its non-substituted counterpart by a factor of 6850. The
reaction occurs by electrophilic addition to the )C=C( double bond.
When compared with Cl atoms and OH radicals, O3 has the lowest
reactivity and hence, is most sensitive to the presence of electron
withdrawing constituents. The existing literature shows a broad
trend of decreasing reactivity towards O3 with increasing num-
ber and electron withdrawing strength of the halogen constituents.

However, there are exceptions to this broad trend as evident from
inspection of the data in Table 2. The present work shows that t-
CF3CH=CHCI has a remarkably low reactivity towards Os; lower
than the corresponding fluorinated compound ¢t-CF; CH=CHF, lower
than E-CF3CF=CHF, and comparable to Z-CF3 CF=CHF. It is clear that
decreasing reactivity with increasingly electron withdrawing sub-
stituents is not entirely sufficient to explain the observed reactivity
trend. Computational work would be of interest to investigate the
factors involved in determining the trend of reactivity of the halo-
propenes towards ozone.

3.4. Infrared spectrum of t-CF3sCH=CHCI

The IR spectrum of t-CF3CH=CHCI measured in the
present work in 700Torr of air diluent at 295+2K is
shown in Fig. 4. t-CF3CH=CHCl has IR features at 669, 847,
935, 1152, 1311 and 1648cm-!. The total (600-1800cm1)
integrated IR absorption cross-section of t-CF3CH=CHCl is
(1.74 £ 0.20) x 1016 cm molecule~!. Individual IR band absorption
cross-sections are 6.22 x 10718 (600-690cm1), 2.15 x 1017 (750-
1030cm~1), 1.27x 106 (1030-1350cm~!) and 1.78 x 10-17
(1600-1790) cm molecule~!. There are no literature IR data for
t-CF3 CH=CHCI to compare with our result.

25
=
g
-
g
x
on
20§
=
5]
7
o |8
T"’ 15 L8 (e}
(=} 5 "o 2 4 60 80 100 120
-
~— time (min)
B
2
2 10
&
4
0.5 [
0.0 1 1 1 I 1 1 1

00 20 40 60 80 100 120 140 16.0

[O,] (10" molecule cm™)

Fig. 3. Pseudo-first order loss of t-CF3 CH=CHCl vs. O3 concentration. Data obtained
at Ford Motor Company and at University of Copenhagen are shown with open sym-
bols and gray symbols, respectively. The insert shows the decay of t-CF3 CH=CHCl
when exposed to 414 mTorr (open circles), 911 mTorr (open upward triangles),
1.47 Torr (open downward triangles), 2.07 Torr (open squares), 3.42 Torr (gray circles)
and 4.36 Torr (gray triangles) of O3 in 700 Torr of air at 295+ 2 K.
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Fig. 4. IR spectrum of t-CF3 CH=CHCI in 700 Torr of air, 295 4 2 K (base e).

4. Implications for atmospheric chemistry

The present work improves our understanding of the
atmospheric chemistry of t-CF3CH=CHCI. Cl atoms and OH
radicals react with t-CF3CH=CHCl with rate coefficients of
(5.22+£0.72) x 1011 and (4.40 £0.38) x 10~13 cm3 molecule~1s-1,
respectively. O3 reacts with t-CF3CH=CHCl with a rate constant
of (146 +0.12) x 102! cm3 molecule~! s~!. ¢-CF3CH=CHCI is not
expected to undergo wet or dry deposition or photolysis [17] to an
appreciable extend. Cl atoms are not present in the atmosphere in
sufficient quantities to have a significant influence on the lifetime
of t-CF3 CH=CHCl.

The value of k(OH + t-CF3 CH=CHCl) derived in the present work
can be used to provide an estimate of the atmospheric lifetime of
t-CF3CH=CHCI. Using a global weighted-average OH concentration
of 1.0 x 106 molecules cm~3 [22] leads to an estimated lifetime of t-
CF3CH=CHCl with respect to reaction with OH radicals of 26 days. In
a similar fashion our value for k(O3 + t-CF3 CH=CHCl) derived above
can be combined with the global background concentration of O3
of approximately 35 ppb [23] to provide an estimate of the atmo-
spheric lifetime of t-CF3CH=CHCI with respect to reaction with O3
of 25 years. Hence we conclude that the atmospheric lifetime of
t-CF3CH=CHClI is determined by reaction with OH radicals and is
approximately 26 days. The approximate nature of this lifetime
estimate should be stressed; the average daily concentration of OH
radicals in the atmosphere varies significantly with both location
and season [24]. The values above are estimates of global aver-
age lifetimes; local lifetimes could be different from those quoted
above.

Using the method outlined by Pinnock et al. [25], the IR spectra
of CF3CH=CHCI shown in Fig. 4 and the IR spectrum of CFC-11 [26]
we calculate instantaneous forcings for t-CF3CH=CHCI and CFC-11
of 0.214 and 0.26 Wm~2 ppb~1, respectively. Values of the halo-
carbon global warming potential, HGWP [27], for t-CF3CH=CHCI
(relative to CFC-11) can then be estimated using the expression

(1m):

HGWP t—CF3CH HCl t—CF3 CH= -
W <H F. [=( T CF2 CH=CHC “A(F( 11

IFcrc11 Tcrc-11Me—crsc=cHCI

(I

5 1 — exp(—t/Tt_crch=cHct)
1 — exp(—t/Tcrc-11)

where IF;_cp, ch—cnct, IFcrc-11, Mr—crycH=cHcl, Mcrc-11, Te—CF3CH=CHCI
and Tcpc.qp are the instantaneous forcings, molecular weights
and atmospheric lifetimes of t-CF3CH=CHCI and CFC-11, and ¢t
is the time horizon over which the forcing is integrated. Using
T¢_cFscH=cHcl = 26 days and Tcpc.11 =45 years [28] we estimate that

the HGWP of t-CF3CH=CHCI relative to CFC-11 is 3.8 x 103 for a

20-year horizon and 1.5 x 103 for a 100-year time horizon, respec-
tively. Relative to CO,, the GWP of CFC-11 on 20- and 100-year time
horizons are 6730 and 4750, respectively [28]. Therefore, relative
to CO,, the GWP of t-CF3CH=CHCI is approximately 26 for a 20-
year horizon and 7 for a 100-year time horizon. t-CF3CH=CHCI
has a negligible global warming potential and will not make a
significant contribution to radiative forcing of climate change. It
has been estimated that compounds with a tropospheric lifetime
of 25 days, uniform landmass emissions, approximately the same
mass as CFC-11 and containing one chlorine atom have an ozone
depletion potential of approximately 0.003 [29]. The contribution
of t-CF3 CH=CHCl to stratospheric ozone depletion is expected to be
negligible given its very short-atmospheric lifetime.

Acknowledgements

We thank R. Singh (Honeywell International Inc.) for provid-
ing the high-purity samples of t-CF3CH=CHCI used in this study.
OJN, MS]J and EJKN acknowledge financial support from the Danish
Natural Science Research Council and the Villum Kann Rasmussen
Foundation for the Copenhagen Center for Atmospheric Research
(CCAR). MPSA acknowledges financial support from the Comer
Foundation and thanks E.S. Rowland and D.R. Blake (University of
California, Irvine) for helpful discussions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.jphotochem.2008.05.013.

References

[1] MJ. Molina, ES. Rowland, Nature 249 (1974) 810.

[2] J.D. Farman, B.G. Gardiner, J.D. Shanklin, Nature 315 (1985) 207.

[3] TJ. Wallington, W.E. Schneider, ]. Sehested, O.]. Nielsen, ]J. Chem. Soc., Faraday
Discuss. 100 (1995) 55.

[4] TJ. Wallington, S.M. Japar, J. Atmos. Chem. 9 (1989) 399.

[5] D.W.T. Griffith, Appl. Spectrosc. 50 (1996) 59.

[6] L.S. Rothman, D. Jacquemarta, A. Barbeb, D. Chris Benner, M. Birk, L.R. Brown,
M.R. Carleer, C. Chackerian Jr., K. Chance, L.H. Coudert, V. Dana, V.M. Devi, ].-M.
Flaud, R.R. Gamache, A. Goldman, J.-M. Hartmann, K.W. Jucks, A.G. Maki, J.-Y.
Mandin, S.T. Massie, J. Orphal, A. Perrin, C.P. Rinsland, M.A.H. Smith, ]. Tennyson,
R.N. Tolchenov, R.A. Toth, J. Vander Auwera, P. Varanasi, G. Wagner, J. Quant.
Spectrosc. Radiat. Transf. 96 (2005) 139.

[7] TJ.Wallington, ].M. Andino, .M. Lorkovic, E.W. Kaiser, G. Marston, J. Phys. Chem.
94 (1990) 3644.

[8] M.P.Sulbaek Andersen, O.J. Nielsen, A. Toft, T. Nakayama, Y. Matsumi, R.L. Water-
land, R.C. Buck, M.D. Hurley, T.J. Wallington, ]. Photochem. Photobiol. A: Chem.
176 (2005) 124.

[9] R. Atkinson, D.L. Baulch, R.A. Cox, ]J.N. Crowley, R.F. Hampson, R.G. Hynes, M.E.
Jenkin, M.]. Rossi, ]. Troe, IUPAC Subcommittee, Atmos. Chem. Phys. 6 (2006)
3625.

[10] OJ. Nielsen, M.S. Javadi, M.P. Sulbaek Andersen, M.D. Hurley, T.J. Wallington, R.
Singh, Chem. Phys. Lett. 439 (2007) 18.

[11] M. Mashino, Y. Ninomiya, M. Kawasaki, T.J. Wallington, M.D. Hurley, ]. Phys.
Chem. A 104 (2000) 7255.

[12] M.D. Hurley, J.C. Ball, T.J. Wallington, J. Phys. Chem. A 111 (2007) 9789.

[13] R. Sendergaard, O.J. Nielsen, M.D. Hurley, T.J. Wallington, R. Singh, Chem. Phys.
Lett. 443 (2007) 199.

[14] ].G. Calvert, R. Atkinson, J.A. Kerr, S. Madronich, G.K. Moortgat, T.J. Wallington,
G. Yarwood, The Mechanisms of Atmospheric Oxidation of the Alkenes, Oxford
University Press, Oxford, 2000.

[15] M. Serensen, E.W. Kaiser, M.D. Hurley, T.J. Wallington, O.J. Nielsen, Int. J. Chem.
Kinet. 35 (2003) 191.

[16] M.K. Dubey, T.F. Hanisco, P.0. Wennberg, J.G. Anderson, Geophys. Res. Lett. 23
(1996) 321.

[17] V.L. Orkin, R.E. Huie, M.J. Kurylo, J. Phys. Chem. A 101 (1997) 9118.

[18] K. Tokuhashi, A. Takahashi, M. Kaise, S. Kondo, A. Sekiya, E. Fujimoto, Chem.
Phys. Lett. 325 (2000) 189.

[19] A. Mcllroy, EP. Tully, J. Phys. Chem. 97 (1993) 610.

[20] V.C. Papadimitriou, R.K. Talukdar, RW. Portmann, A.R. Ravishankara, J.B.
Burkholder, Phys. Chem. Chem. Phys. 10 (2008) 821.

[21] G.Acerboni,].A. Buekes, N.R. Jensen, J. Hjorth, G. Myhre, CJ. Nielsen, J.K. Sundet,
Atmos. Environ. 35 (2001) 4113.


http://dx.doi.org/10.1016/j.jphotochem.2008.05.013

M.PS. Andersen et al. / Journal of Photochemistry and Photobiology A: Chemistry 199 (2008) 92-97 97

[22] R.G. Prinn, J. Huang, RF. Weiss, D.M. Cunnold, PJ. Fraser, P.G. Simmonds, A.
McCulloch, P. Salameh, S. O’'Doherty, R.H.J. Wang, L. Porter, B.R. Miller, Science
292 (2001) 1882.

[23] B.J. Finlayson-Pitts, ].N. Pitts Jr., Chemistry of the Upper and Lower Atmosphere,
Academic Press, London, 2000.

[24] G.Klecka, R. Boethling, J. Franklin, L. Grady, P.H. Howard, K. Kannan, R}J. Larson,
D. Mackay, D. Muir, D. van de Meent, Evaluation of Persistence and Long-Range
Transport of Organic Chemicals in the Environment, SETAC Press, Pensacola,
2000.

[25] S. Pinnock, M.D. Hurley, K.P. Shine, T.J. Wallington, TJ. Smyth, J. Geophys. Res.
100 (1995) 23227.

[26] Y. Ninomiya, M. Kawasaki, A. Gushin, L.T. Molina, M. Molina, T,J. Wallington,
Environ. Sci. Technol. 34 (2000) 2973.

[27] D.A. Fisher, C.H. Hales, W. Wang, M.K.W. Ko, N.D. Sze, Nature 344 (1990)
513.

[28] P. Forster, V. Ramaswamy, P. Artaxo, T. Berntsen, R. Betts, D.W. Fahey, ]. Hay-
wood, J. Lean, D.C. Lowe, G. Myhre, ]. Nganga, R. Prinn, G. Raga, M. Schulz, R.
Van Dorland, Changes in atmospheric constituents and in radiative forcing, in:
S.Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, H.L.
Miller (Eds.), Climate Change 2007: The Physical Science Basis. Contribution
of Working Group I to the Fourth Assessment Report of the Intergovernmen-
tal Panel on Climate Change, Cambridge University Press, Cambridge, United
Kingdom/New York, NY, USA, 2007.

[29] World Meteorological Organization (WMO), Scientific Assessment Of Ozone
Depletion: 2006, Technical Report 50, WMO Global Ozone Research and Mon-
itoring Project, Geneva, Switzerland, 2006.



	Atmospheric chemistry of trans-CF3CHCHCl: Kinetics of the gas-phase reactions with Cl atoms, OH radicals, and O3
	Introduction
	Experimental
	FTIR-smog chamber system at Ford
	FTIR-smog chamber system at University of Copenhagen

	Results and discussion
	Relative rate study of k(Cl+t-CF3CHCHCl) at Ford and Copenhagen
	Relative rate study of k(OH+t-CF3CHCHCl) at Ford
	Absolute rate study of k(O3+t-CF3CHCHCl) at Ford and Copenhagen
	Infrared spectrum of t-CF3CHCHCl

	Implications for atmospheric chemistry
	Acknowledgements
	Supplementary data
	References


