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Abstract. Smog chamber/FTIR techniques were used toradicals. HFC-134a has a direct global warming potential of
study the products and mechanisms of OH radical and CIL430 over a 100 year time horizon; a factor of 8 lower than
atom initiated oxidation of trans-GEH=CHF in 700 Torr  the CFC-12 that it replaced (World Meteorological Organi-
of N2/O2 diluent at 295-1 K. Hydroxyl radical initiated ox-  zation, 2007).
idation leads to the formation of GEHO and HC(O)F in Unsaturated hydrofluorocarbons are a class of compounds,
yields which were indistinguishable from 100% and were which are potential replacements for CFCs and saturated
not dependent on the Lpartial pressure. Chlorine atom HFCs in air conditioning units. In general, unsaturated
initiated oxidation gives HC(O)F, GEHO, CRC(O)CI, hydrofluorocarbons react more rapidly with OH radicals,
and CRC(O)CHFCI.  The yields of C§C(O)ClI and have shorter atmospheric lifetimes, and have lower global
CRC(O)CHFCI increased at the expense of HC(O)F andwarming potentials than saturated hydrofluorocarbons.
CRCHO as the @ partial pressure was increased over the Prior to their large-scale industrial use an assessment
range 5-700 Torr. The results are discussed with respeaf the atmospheric chemistry, and hence environmen-
to the atmospheric chemistry and environmental impact oftal impact, of these compounds is needed. The present
trans-CECH=CHF. paper provides information concerning the atmospheric
oxidation products of trans-GEH=CHF. Specifically,
smog chamber/FTIR techniques were used to determine
1 Introduction the products of the OH radical and Cl atom initiated
oxidation of trans-CECH=CHF. The present work builds
Recognition of the adverse environmental impact of chlo-upon a recent kinetic study in which valuesigCl+trans-
rofluorocarbon (CFC) release into the atmosphere (MolinaCRRCH=CHF)=(4.64:0.59)x 10011 and k(OH+trans-
et al., 1974; Farman et al., 1985) has led to an internationaCFsCH=CHF)=(9.251.72)x 10~ *3cm® molecule* s~1
effort to replace these compounds with environmentally acin 700 Torr total pressure at 296K were determined
ceptable alternatives. Saturated hydrofluorocarbons (HFCsjSgndergaard et al., 2007).
have become widely used CFC replacements. For example,
CRCFH, (HFC-134a) is used as the working fluid in all )
modern vehicle air conditioning systems. Hydrofluorocar-2 EXperimental
bons do not contain chlorine and hence do not contribute toE

the well established chlorine based catalytic ozone destrucf- xp((ajrltmentl\s;l V\t/tere pgr formleo% '2_: Fi 401 Pty rex rteact\j)vr :?ter—
tion cycles (Wallington et al., 1994). The atmospheric life- aced to a Mattson Sirus spectrometer (Walling-

: : ; : o ton and Japar, 1989). The reactor was surrounded by 22 flu-
time of HFCs is determined by their reactivity towards OH .
y Y orescent blacklamps (GE F15T8-BL), which were used to

photochemically initiate the experiments. The products of

Correspondence tol. J. Wallington the atmospheric oxidation of trans-gEH=CHF were inves-
BY (twalling@ford.com) tigated by irradiating trans-GEH=CHF/CHONO/O,/N>
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Fig. 1. Infrared spectra acquired befof@) and after(b) UV irra-
diation of a mixture of 34.9 mTorr trans-GEH=CHF, 82.3 mTorr
CH3ONO, 19.6 mTorr NO and 126 Torr4£in 700 Torr total pres-
sure of N diluent. Pane{c) show the residual IR features after sub-
traction of features attributable to trans4tTFH=CHF, H,0, NO,
and HCHO from panel (b). Pangld) and(e) show reference spec-
tra of HC(O)F and CECHO, respectively.

and trans-CECH=CHF/Cb/O>/N> mixtures. All samples of
trans-CRCH=CHF used in this work were supplied by Hon-
eywell International Inc. at a purity99.9% and were used
without further purification.

CH3ONO+hv — CH30+ NO 2)
CH3O+0, — HO;+HCHO 3)
HO>+NO — OH+NO; 4)

CH3ONO was synthesized by the drop wise addition of
concentrated sulfuric acid to a saturated solution of NaNO
in methanol. Other reagents were obtained from commercial
sources at purities-99%. Experiments were conducted in
700 Torr total pressure of MO», or air diluent at 2951 K.

Concentrations of reactants and products were moni-
tored by FTIR spectroscopy. IR spectra were derived from
32 coadded interferograms with a spectral resolution of
0.25cn! and an analytical path length of 27.1m. Unless
stated otherwise, quoted uncertainties are two standard devi-
ations from least squares regressions.

3 Results

3.1 Products of OH radical initiated oxidation of trans-
CRCH=CHF

To investigate the products and mechanism of the reaction
of OH radicals with trans-CdCH=CHF, reaction mixtures
consisting of 8.3-34.9mTorr trans-C§FCH=CHF, 82.3—
117.3 mTorr CHONO, 0-19.6 mTorr NO, and 126—700 Torr
Oz in 700 Torr total pressure of Ndiluent were introduced
into the chamber and subjected to UV irradiation. Fig-
ure 1 shows IR spectra at 1750-1950¢nobtained before

(a) and after (b) subjecting a mixture containing 34.9 mTorr
trans-CECH=CHF, 82.3 mTorr C5JONO, 19.6 mTorr NO,
and 126 Torr @ in 700 Torr of Nb diluent to 6 min of UV
irradiation. The consumption of trans-eEH=CHF was
6%. Subtraction of IR features attributable toZCIH=CHF,
H>O, NO, and HCHO (product of C#ONO photolysis)
from panel (b) gives the product spectrum shown in panel
(c). Comparison of the IR features in panel (c) with the ref-
erence spectra of HC(O)F and €FHO in panels (d) and (e)
shows the formation of these products. The banded structure
in panel (a) reflects absorption by NO.

HC(O)F and CECHO were the only identified carbon
containing products of the OH radical initiated oxidation of
trans-CBCH=CHF. Figure 2 shows a plot of the observed
formation of HC(O)F and C§#CHO versus loss of trans-
CRCH=CHF. The yields of HC(O)F and GEHO were
indistinguishable. There was no discernable effect on the

Chlorine atoms were produced by photolysis of molecularHC(O)F and CECHO yields of varying the @partial pres-

chlorine,
Clb+hv — 2CI (1)
OH radicals were produced by photolysis of §LHNO in

the presence of NO in air,

Atmos. Chem. Phys., 8, 3143347, 2008

sure over the range 126-700 Torr, or having NO present,
or absent, in the initial reaction mixtures. As seen from
Fig. 2, for consumptions of trans-gEH=CHF of <1 mTorr,
(<10% of initial concentration) the linear least squares fit to
the combined data set has a slope =8:938 which is in-
distinguishable from 100%.

www.atmos-chem-phys.net/8/3141/2008/
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Fig. 2. Formation of HC(O)F (triangles) and GEHO (circles)

versus loss of trans-GEH=CHF observed following the UV ir-

radiation of mixtures of 8.32—9.18 mTorr trans4tHH=CHF and

which NO was not present in the initial reaction mixture. Fil
symbols were obtained in experiments in which up to 19.6 mTo
NO was present initially.

For consumptions of GGEH=CHF greater than 1 mTo
the observed yields of HC(O)F and &FHO are less tha

CHF
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CF;CH(*)CHF(OH) +— CF,CH=CHF + OH — CF;CH(OH)CHF(*)

0,
CF,CH(0OOe)CHF(OH)
lNO
CF,CH(Os)CHF(OH) + NO,
l A
+CHF(OH)(*)
[o:

0,
CF,CH(OH)CHF(OO#)
lNO
CF,CH(OH)CHF(Os) + NO,
l A
CF,CH(OH)(*) +[HC(O)F]
o

[cr.cHO]+ o

Fig. 3. Mechanism of OH radical initiated oxidation of trans-
CR3CH=CHF, boxes indicate observed products.

increases in concentration with consumption of trans-
CRsCH=CHF) with the alkoxy radicals formed in the sys-
tem leading to the formation of small amounts of nitrates
(CRSCH(ONQG)CHF(OH) and CECH(OH)CHF(ONQ)).
Spectral congestion and the absence of authentic samples of
CRCH(ONGy)CHF(OH) and CECH(OH)CHFONQ pre-
cluded the detection of small amounts (approx. 1 mTorr) of
these nitrates. The concentration of N@wards the end

of the experiment was approximately 10 mTorr. Rate con-

stants for reactions of Nwith alkoxy radicals are typi-
109.1-113.8 mTorr CEDNO in 700 Torr total pressure of air dilu-  cally 1x10~11 to 5x10~ 12 cm~3 molecule 1 s~1 and hence

ent at 2961 K. Open symbols were obtained in experiments in the pseudo first order loss rate of RO radicals with re-

led
rr of

spect to reaction with N® are expected to be approxi-
mately 1¢ s~1. This is comparable to the rates of decom-

position reported for fluorinated alkoxy radicals, for exam-
ple kgisd CFRCFHO)=(2:1)x10*s~1 at 297 K (Maricq and

rr
n

Szente, 1992). Formation of nitrates via reaction of alkoxy
radicals with NQ is a plausible explanation of the curvature

100% indicating that either the efficiency of conversion of ggap in Fig. 2. In the atmosphere the reactions of the alkoxy

S ~ radicals with NQ will not be of any significance and we did
or there are significant losses of these products at highep pursue the origin of the curvature further.

trans-CRCH=CHF into HC(O)F and CJCHO is lower,

trans-CRCH=CHF conversions, or both. To test for h

erogeneous loss of HC(O)F and 4FHO, reaction mix-

et-

By analogy to the well established oxidation mechanism
of propene (IUPAC, 2007), the reaction of OH radicals with

tures were allowed to stand in the dark for 15 min; theretrans—CECH=CHF is expected to proceed via addition to the

was no discernable loss<@%) of either compound. The

largest conversion of GEH=CHF was 25%. Howeve

even at 25% conversion of GEH=CHF the loss of HC(O)F
and CRCHO via secondary reactions with OH radicals will
be of relatively minor importance as their reactivity with

OH are less than that of trans-gEFH=CHF; k(OH + trans-

CRCH=CHF)=(9.25:1.72)x10" 13 (Sgndergaard et al.,

2007),k(OH+HC(O)F)<4x10~1° (Wallington et al., 1993)
and k(OH+CRCHO)=5.7x 10~ ¥ cm® molecule 1 s1 (IU-

PAC, 2007). Using the method outlined by Meagher et

>C=C< double bond. The mechanism of the OH radical

" initiated oxidation of trans-CJCH=CHF which explains the

observed formation of HC(O)F and @EHO is shown in

Fig. 3. The results from the present work indicate that ir-
respective of whether the OH radicals add to the terminal,
or central carbon atom, the subsequent reactions lead to the
formation of one molecule of both HC(O)F and 4TFHO.

3.2 Products of Cl atom initiated oxidation of trans-

CFsCH=CHF

al. (1997) it can be calculated that secondary loss via re-
action with OH consumes<0.06% and 9% of HC(O)F The products of the Cl atom initiated oxidation of trans-
and CRCHO, respectively, for a 25% consumption of CFRsCH=CHF were studied using the UV irradiation of trans-
CFRCH=CHF/CbL/O2/N2 mixtures. Mixtures consisting of
It seems likely that the curvature in Fig. 2 reflects 6.6—8.4 mTorr trans-GFEH=CHF, 102.9-134 mTorr gbnd
5-700 Torr of @ in 700 Torr total pressure of Ndilu-

CFsCH=CHF,

a lower yield of both HC(O)F and GEHO with in-

creased consumption of @EH=CHF. A plausible ex-

planation of this effect is the reaction of NQwhich

www.atmos-chem-phys.net/8/3141/2008/

ent were introduced into the reaction chamber and sub-

jected to UV irradiation. Figure 4 and 5 show IR spectra

Atmos. Chem. Phys., 8, 31472008
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Fig. 5. Infrared spectra acquired befofa) and after(b) UV ir-
Fig. 4. Infrared spectra acquired befdi and aftei(b) UV irradia-  radiation of 6.6 mTorr trans-GFEH=CHF and 109 mTorr Glin
tion of 6.6 mTorr trans-C§CH=CHF and 109 mTorr Glin 700 Torr 700 Torr of air diluent. Panelc) show a reference spectrum of
of air diluent. Pane{c) show the residual IR features after subtrac- Hc(O)F. Pane(d) show the residual IR features after subtraction
tion of trans-CRCH=CHF from panel (b). Pane(g) and(e)show  of trans-CRCH=CHF and HC(O)F from panel (b). Parfe) shows
reference spectra of GEHO and CEC(O)CI, respectively. a reference spectrum of GEHO.

at 675-1000cm* and 1650-2000crit, respectively, ob-  and 109mTorr Gi in 700 Torr of air diluent. As seen
tained before (a) and after (b) subjecting a mixture containingrom Figure 6 the formation of HC(O)F, GE(O)H,
6.6 mTorr trans-CECH=CHF and 109 mTorr Glin 700 Torr  cr,c(0)Cl and CEC(O)CHFCI scaled linearly with
air diluent to 20s of UV irradiation. Comparison of the IR he |oss of trans-GFEH=CHF over the range of trans-
features formed in low and high fDexperiments revealed Ccr,CH=CHF consumption of 10-95%. The linearity
that four products were formed in the chamber; HC(O)F,of the formation of HC(O)F, CFCHO, CRC(O)CI
CRCHO, CRC(O)CI, and a product with a broad absorp- and CRC(O)CHFCI suggests that loss of these com-
tion feature in the carbonyl stretching region centered alhounds via secondary reactions is not significant. This
1801 cn1* which we attribute to the ketone @E(O)CHFCI  gpservation is consistent with the fact that CI atoms
(see below). We do not have a calibrated reference speceact much more slowly with these products than with
trum for CRBC(O)CHFCI. The concentration of this com- the parent trans-GFEH=CHF compound; k(Cl+trans-
pound in the chamber was estimated by assuming that thgr,CH=CHF)=(4.64-0.59)x 10-11 (Sendergaard
carbonyl stretching band integrated absorption cross sectiog; )., 2007), & (Cl+HC(O)F)=(1.9+ 0.2)x 1015
at 1780-1820cm! is the same as that in GE(O)CHCI (Meagher et al., 1997), and k(Cl
(1.06x 101" cm molecule* (Nakayama et al., 2007)). + CF3CHO)=(1.85+ 0.26)x 10-22¢m molecule L s~

Figure 6 shows a plot of the concentrations of HC(O)F, (Sulbaek Andersen et al., 2004). Previous work has shown
CRCHO, CRC(O)CIl, and CBC(O)CHFCI versus the that CRC(O)CI is not lost by heterogeneous processes,
loss of trans-CECH=CHF observed following the UV photolysis, or reaction with Cl atoms in the chamber used in
irradiation of a mixture of 6.61 mTorr trans-@EH=CHF the present work (Mggelberg et al., 1995).

Atmos. Chem. Phys., 8, 3143347, 2008 www.atmos-chem-phys.net/8/3141/2008/
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Fig. 7. Observed molar yields of HC(O)F (triangles), {FHO
(circles), CRC(O)CI (crosses) and GE(O)CHFCI (squares) ver-
sus the @ partial pressure following the UV irradiation of
trans-CRCH=CHF/Ch/N2/O, mixtures at 700 Torr total pressure.
Curves through the GFE(O)CHFCI and CEC(O)CI are fits to the
data using the expressions described in the text. The curves through
the HC(O)F and CECHO data are polynominal fits to aid visual
As shown in Fig. 7, the yields of HC(O)F, GEHO,  inspection of data trends.
CRC(O)Cl and CEC(O)CHFCI varied with [Q]. In ex-
periments with high [@] the yields of CEC(O)CI and
CRC(O)CHFCI increased at the expense of HC(O)F and
CRCHO. As in the case of the OH radical attack, the re-
action of Cl atoms with trans-GEH=CHF is expected to
proceed via electrophilic addition to the terminal and centralcr,c(Oe)HCHFCI 4 O, — CFsC(O)CHFCI4 HO, (8)
carbon atoms:

Fig. 6. Formation of HC(O)F (triangles), GE(O)CHFCI
(squares), CECHO (circles) and, CEC(O)CI (crosses) versus loss
of trans-CRCH=CHF observed following the UV irradiation of
a mixture of 6.6 mTorr trans-GEH=CHF and 109 mTorr Glin
700 Torr of air diluent.

of the ketone CEC(O)CHFCI in a yield which varies with
[O2] shows that CEC(Oe)HCHFCI radicals undergo reac-
tion with O, and decomposition via C-C bond scission:

CF3C(O8)HCHFCI+ M —> CFsCHO+ CHFCl(e) + M (9)

CF3CH=CHF+ Cl — CF3CH(e)CHFCI (5a) ) ) _ )
The CHFCle) radicals formed in Reaction (9) will

— CF3CHCICHF(s) (5b) add @, undergo reaction with other peroxy radicals
in the system to give CHFCI(&) radicals, and decom-
The radicals produced in Reaction (5) will react with O pose via Cl atom elimination to give HC(O)F (Tua-
to give peroxy radicals which will undergo self- and cross- zon et al., 1993). The data in Fig. 7 contain infor-
reaction to give the corresponding alkoxy radicals (in themation concerning the rate constant rafiglks. The
equations below M represents a third body): yield of CRC(O)CHFCI, Ycrco)cHrcl, can be de-
scribed by the expressionc¥;co)cHrcl = Y CRCH(Os)CHFCI
CRCH(e)CHFCI+ Oz + M — CRCH(OQe)CHFCI+ M (6a) (kg[O2]/(kg[O2]+ke))+C, where EFCH(Os)CHEC is the yield
of CRSCH(Oe)CHFCI radicals in the systentg andkg are
the rate constants for Reactions (8) and (9), and C is thg [O
independent yield of GF(O)CHFCI (e.g. from self-reaction
of CR3CH(OOs)CHFCI peroxy radicals).
CFsCHCICHROOs) + RO; — CFsCHCICHR(Os) + RO+ O3 (7h) The curve through the GE(O)CHFCI data in Fig. 7
is a fit of the expression above to the data which
Decomposition via C-C bond scission or reaction gives kg/ko=(8.0+2.6)x 10~ cm® molecule’®. This value
with Oy are likely fates of the C{#CH(Oe)CHFCI and can be compared to the analogous rate constant ratio
CF3CHCICHF(O») alkoxy radicals. The observed formation ko, /kdiss=(3.8+1.8)x 10~18cm® molecule? measured for

CF3CHCICHR(e) + O2 + M — CF3CHCICHROOs) + M (6b)

CF3CH(OOe)CHFCI+ RO, — CFsCH(Os)CHFCI+ RO+ O, (7a)

www.atmos-chem-phys.net/8/3141/2008/ Atmos. Chem. Phys., 8, 31412008
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The curve through the GE(O)CI data in Fig. 7

(6a)lo, (60)[o is a fit of the expression above to the data which
CF,CH(OO#)CHFCI GFGHCICHF(GO®) gives ki1g/k11=(4.6+1.9)x 10 cm® molecule’. This re-
[vo [vo sult is larger than the previous more direct determination
CFSAC/H(O"C“F%: NO; ACFSCHC'CHHO"\SENOE of k10/k11=(2.14:0.4)x 10~ 2 cm?® molecule ! (Magelberg et
© @ al., 1995). A likely explanation for this discrepancy lies in
mHFCK;) CR.ClocHea CF“ZHC”'“W CFLCHAICIOIF + HO: the indirect and complex route by which §EHCI(Os) radi-
CHF;(OO.) CF}CHQCI(OO,) cals are formed in the present system. As indicated in Fig. 8,
[vo NO decomposition and reaction with,CGare possible compet-
CHIFAC"O'“NOZ CTC‘;“C"O')*N% ing fates for CECHCICHF(O») radicals. Increased loss of
CF,CHO)+ CI CRCHCICHF(Gs) via reaction with @ at high [&] will
e (el -+ lead to a decreased yield of gEHCI(Oe) radicals and hence

CRC(O)CI. The net effect will be to cause the §HO)CI
yield to plateau at a lower [£) which will lead to an overes-
timation of k1o/k11. To investigate this effect further would
require the use of [g} levels higher than 700 Torr where a

CFsCH(Os)CH,Cl radicals (Nakayama et al., 2007). The in- decrease in the yield of GE(O)Cl would be expected with
creased importance of decomposition as an atmospheric fafgcreased loss of GEHCICHF(Gs) via reaction with Q.
of CFsCH(Os)CHFCI compared to GFEH(Os)CH,Cl radi- Such experiments are beyond the scope of the present work.
cals is consistent with theoretical work showing that the bar-
rier to C-C bond scission decreases as the degree of fluoring - Armospheric chemistry and environmental impact of
substitution on the two carbon atoms becomes more even and trans-CF3CH=CHF
the bond becomes less polar (Somnitz et al., 2001). The lim-
iting value for the CEC(O)CHFClyield reached athigh 0 The present work improves our understanding of the atmo-
provides a measure dfs,/(ks,+ksy)=47+7%. The mea- spheric chemistry of trans-GEH=CHF. The atmospheric
sured total carbon yield at 700 Torr air is approximately 90%. |ifetime of trans-CECH=CHF is dictated by its reaction with
Figure 8 shows the mechanism of Cl atom ini- OH radicals (Sgndergaard et al., 2007) and has been esti-
tiated oxidation of trans-GEH=CHF which is con- mated at approximately 2 weeks. The OH initiated oxida-
sistent with our experimental observations. From tion of trans-CECH=CHF gives CECHO and HC(O)F in
kelko=(8.00+2.6)x 10-19cm® molecule’® it can be calcu- yields of approximately 100%. GEHO is removed from
lated that in 700 Torr of @the reaction with @ accounts  the atmosphere via photolysis and, to a lesser extents, re-
for 92% of the CECH(Oe)CHFCI radicals with decomposi- action with OH radicals (Chiappero et al., 2006) and addi-
tion accounting for the remaining 8%. Given the estimatetion of water to give the hydrate (Sulbaek Andersen et al.,
of ksu/(kss+ksp)=47+7% we then expect a 4% HC(O)F 2006). Photolysis gives GFand HCO radicals (Chiappero
yield resulting from addition of Cl atoms to the terminal et al., 2006) while reaction with OH gives @FO radicals.
carbon atom (left hand side of Fig. 8). Hence, we can at-CFs radicals will add @ to give CRO; radicals which are
tribute the bulk of the approximately 40% HC(O)F yield then converted into CQF(Wallington et al., 1994) which
in experiments in 700 Torr of Hto the decomposition of hydrolyzes to give C@ and HF. CECO radicals will add
CRCHCICHF(Gs) radicals. Decomposition via C-C bond 0, to give CRC(O)O, radicals, the majority of which will
scission is therefore the dominant fate ofsCIHCICHFOf) be converted into COf with a small fraction converted into
radicals. Finally, the increase in the yield of £KO)CI CRC(O)OH via reaction with H@ radicals (Hurley et al.,
with [O2] evident in Fig. 7 is consistent with the expected 2006). The hydrate, GEF(OHY), is lost via reaction with
competition between reaction withoGnd decomposition OH radicals to give CEC(O)OH. The available data sug-
for the available CECHCI(Oe) radicals. The yield of gestthatwhile CEC(O)OH is not a natural component of the
CRC(O)CI, Ycrcoycl, can be described by the expres- freshwater environment (Nielsen et al., 2001), it is a natural
sion Ycrco)cl=Y crcHel0s) (k10[O2)/(k10[O2]+k11))+C,  component of the background oceanic environment (Frank et
where YcrcHelos) IS the yield of CRCHCI(Oe) radicals  al., 2002), and any additional burden associated with trans-
in the systemkip andkqq are the rate constants for Reac- CFsCH=CHF oxidation will be of negligible environmental
tions (10) and (11), and C is the jDindependent yield of  significance. We conclude that the products of the atmo-

Fig. 8. Atmospheric mechanism of Cl atom initiated oxidation of
trans-CRCH=CHF, boxes indicate observed products.

CRC(O)CI. spheric oxidation of trans-GEH=CHF will have negligible
environmental impact.

CRCHCI(Oe) + 0, — CRC(O)CI+ HO, (20)

CRCHCI(Oe) + M — products (12)

Atmos. Chem. Phys., 8, 3143347, 2008 www.atmos-chem-phys.net/8/3141/2008/
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