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Using FTIR smog chamber techniqu&fCl + CRROCRCRH) = (2.704 0.52) x 106, k(OH + CROCK-

CRH) = (2.26 & 0.18) x 107%5, k(Cl + CROC(CR),H) = (1.58 £ 0.27) x 1078 andk(OH + CFROC-
(CRs)oH) = (3.26 £ 0.95) x 1076 cm® molecule! s were measured. The atmospheric lifetimes of
CROCRCF,H and CROC(CFR),H are estimated to be 27 and 216 years, respectively. Chlorine atom initiated
oxidation of CROCRCF:H in 700 Torr of air in the presence of N@ives CEOC(O)F in a molar yield of

36+ 5% and COFEin a molar yield of 174t 9%, whereas oxidation of GBC(CF),H gives CROC(O)CFk;

and COFR in molar yields that are indistinguishable from 100%. Quantitative infrared spectra were recorded
and used to estimate global warming potentials of 3690 and 8230 (100 year time horizon, relativ fiar CO
CROCRCFH and CROC(CHR),H, respectively. All experiments were performed in 700 Torr gf diluent

at 296+ 2 K. An empirical relationship can be used to estimate the preexponential factor, which can be
combined withk(298 K) to give the temperature dependence of reactions of OH radicals with organic
compounds proceeding via H-atom abstraction: Adg(= (0.239+ 0.027) logk(OH)/n) — (8.69+ 0.372),

k(OH) is the rate constant at 298 K ands the number of H atoms. The rates of H-atom abstraction by OH
radicals and Cl atoms at 298 K from organic compounds are related by the expressig@h)yE (0.412

+ 0.049) logk(Cl)) — (8.16 £ 0.72). The utility of these expressions and the atmospheric chemistry of the
title hydrofluoroethers are discussed.

1. Introduction A substantial kinetics database exists for hydrogen atom
abstraction reactions of OH radicals and Cl atoms with a wide
range of organic compounds® Examination of these data

provides useful relationships for testing new results for consis-

2 . !
spheré has led to an international effort to replace these tency with previous measurements on related compounds, and

compounds with environmentally acceptable alternatives. Hy- for the prediction and extrapolation of data where no measure-
drofluoroethers (HFESs) are a class of compounds that have been

suggested and used as possible CFC and Halon replacementg](:fnts.‘.eX'St' Two.pre.d|ct|ons can be madg with regsonable
in applications such as the cleaning of electronic equipment, reliability for the kinetics of H-atom abstraction reactions by

heat transfer, lubricant deposition, and fire suppression. OH radl_cals. F_wst, the value 6{298 K) can be estimated qu_
. . . comparison with related compounds using structure activity
HFEs do not contain chlorine and therefore do not contribute relationshing However. that method is not presently useful for
to chlorine based catalytic destruction of stratospheric ozone.fI th ps.Ho\ . v to the lack fp fici yt data f
Prior to large-scale industrial use an assessment of the atmo- voroetners, owing mainly o the fack ol sutlicient data tor

spheric chemistry, and hence environmental impact, of HFEs calibration of group effects. Second, if ori{298 K) is known,

is needed. Prompted by this need, we have conducted a Stud)gstimates of the temperature dependence can be obtained quite

of the atmospheric chemistry of @GBCHCFH and CROC- reliably on the basis of a relationship betwdd298 K) and

(CFs)H. Smog chamber/FTIR techniques were used to deter- the preexponential factdrCorrelations can be demonstrated
mine the following parameters for these compounds: (i) kinetics Petween the rate constants of H-atom abstraction from organic

of reactions with chlorine atoms, (ii) kinetics of reactions with compounds by OH radicals and Cl atoms. These correlations

hydroxy! radicals, (iii) infrared spectra, (iv) atmospheric life- can be used to test new OH and Cl data for consistency, and to
times, and (v) global warming potentials. estimate Cl reaction rates in cases where only OH data are

available (and vice versa). The kinetics data for reactions of Cl

* Corresponding authors. E-mail addresses: twalling@ford.com, @and OH with CROCRCFH and CROC(CF).H measured
wdemore@earthlink.net. herein were used to refine and extend these correlations.
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Recognition of the detrimental environmental impact of
chlorofluorocarbon (CFC) and Halon release into the atmo-
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2. Experimental Section

All experiments were performed in a 140-liter Pyrex reactor
interfaced to a Mattson Sirius 100 FTIR spectromét&he
reactor was surrounded by 22 fluorescent blacklamps (GE
F40BLB) that were used to photochemically initiate the experi-
ments.

Cl atoms were generated by photolysis 0$:Cl

cl, %2l 1)

OH radicals were generated by UV irradiation of £LMNO/
NO/air mixtures:

CH,ONO™CH,0 + NO )
CH.0 + O, — HCHO + HO, 3)
HO, + NO — OH + NO, )
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Figure 1. Decay of CEOCRCF,H versus CECFH (solid symbols)
and CHCIFR, (open symbols) in the presence of Cl atoms in 700 Torr
air (circles), airt NOy (triangles), or N (diamonds), diluent at 29%

3.5

Reactant and product concentrations were monitored using2 K.

in situ Fourier transform infrared spectroscopy. IR spectra were
derived from 32 coadded interferograms with a spectral resolu-
tion of 0.25 cnt! and an analytical path length of 27.1 m.

Reference spectra were acquired by expanding known volumes.

of reference compounds into the chamber.

Experiments were performed at 2262 K in 700 Torr of
N2/O; diluent. All reagents except GBNO were obtained from
commercial sources at purities99%. Samples of GOCF,-
CRH and CROC(CR),H were supplied by Great Lakes
Chemical Corp. Ultrahigh purity nitrogen, oxygen, and synthetic
air diluent gases were used as received;@NO was prepared
by the dropwise addition of concentrated3®, to a saturated
solution of NaNQ in methanol and was devoid of any detectable
impurities using FTIR analysis.

In smog chamber experiments unwanted loss of reactants
reference compounds and products via photolysis and hetero

geneous reactions need to be considered. The reactant an

reference compounds used in the present work@QCH,CF,H,
CEOC(CE)zH, CoH4, CH,, CRCFRH, CHC|F2, and CECH3)

do not absorb at wavelengths above the Pyrex cute800
nm). Photolytic loss of these compounds will not be a complica-
tion in the present work. To test for the presence of hetero-
geneous reactions, product mixtures obtained after UV irradia-
tion were allowed to stand in the dark in the chamber for 30
min. There was no observable<2%) loss of reactants or

“t”, and Kreactant@Nd Kreference@re the rate constants for reactions
of Cl atoms or OH radicals with the reactant and reference.
Photolysis of CHONO is a convenient source of OH radicals
in relative rate studies. However, @BINO itself reacts with
OH at a moderate rate (with a rate constant of approximately 3
x 10713 cm® molecule’® s7119), scavenges OH radicals, and
makes loss of a less reactive compound (e.gsGTH,CRH

and CROC(CR).H) small and difficult to measure. In the
present work we used a variation on the conventional relative
rate method in which the loss of the reactant {CEFR,CFH

or CROC(CR),H) was monitored indirectly by observing the
formation of its oxidation products (GBC(O)F and/or CO§.
High initial concentrations of GJOCFRCFRH and CROC-
(CRs)2H (595—2401 mTorr) were used to facilitate monitoring

‘the oxidation products resulting from sma#@.1%) consump-

gons of CROCRCRH and CROC(CR).H. Unless stated
otherwise, all uncertainties are 2 standard deviations from the
linear regressions. Molar yields specified in this work are defined
as mole of product formed per mole of substrate degraded.

3. Results

3.1. Relative Rate Study ok(CI+CF;OCF,CF,;H) and k-
(CI+CF30C(CF3)2H). Experiments were performed to measure
the kinetics of reactions 5 and 6 relative to reaction®7

products, suggesting that heterogeneous reactions are not a

significant complication in the present experiments. Analysis

of the IR spectra was achieved through a process of spectral

stripping in which small fractions of a reference spectrum were
subtracted incrementally from the sample spectrum.

The relative rate method is a well-established technique for
measuring the reactivity of Cl atoms and OH radicals with
organic compound$Kinetics data are derived by monitoring
the loss of a reactant compound CECRCFRH or CROC-
(CFR3)2H in the present work) relative to one or more reference

compounds. The decays of the reactant and reference are then

plotted using the expression

I ([reactanqo)

_ kreactanrI

[reference]

- 1
[reaCtamJ kreference

([referencql)
0

where [reactan] [reactant] [reference], and [reference]are
the concentrations of reactant and reference at timgsatd

CF,OCF,CF,H + Cl— CF,OCF,C(s)F,+ HCl  (5)

CF,OC(CR),H + Cl— CF,0C()(CF;), + HCI  (6)
CF,CF,H + Cl — products @)
CHCIF, + Cl — products (8)
CF,CH;+ Cl — products 9)

The initial concentrations were 3:33 mTorr CROCRCFH

or CRROC(CFRg)2H, 0—20 mTorr NO, 0.1-3.8 Torr Chand 3.1~

7.6 mTorr of one of the three references in 700 Torr air, gr N
diluent at 296 K. The observed losses of ;0EFR,CFRH and
CROC(CR),H are plotted versus those of the reference
compounds in Figures 1 and 2. As seen from Figure 1, there
was no discernible effect of diluent or presence of NO on the
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Figure 2. Decay of CROC(CF).H versus CECHjs in the presence of
Cl atoms in 700 Torr air diluent at 296 2 K.
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reactivity of Cl atoms toward GOCFCFH. We expect the
same in the case of GBC(Ck).H.

Linear least squares analyses of the data in Figures 1 and 2

give ks/k; = 1.01+ 0.12,ks/ks = 0.168+ 0.021, andkg/ky =
(4.38 £ 0.75) x 1072 Using literature values df; = 2.5 x
10161 andks = 1.70 x 107154 givesks = (2.53 4 0.30) x
10716 and (2.864 0.36) x 10716 cm? molecule® s71. Usingkg
= 3.6 x 10712 gives ks = (1.58 £+ 0.27) x 1018 cm?
molecule’l s™1. We choose to quote a final value fkythat is
the average of the individual determinations together with
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Figure 3. IR spectra obtained before (A) and after (B) a 105 min

uncertainties that encompass the extremes of the individualirradiation of a mixture containing 204 mTorr gFCRCFH, 50 mTorr

determinations. Henceks = (2.70 &+ 0.52) x 10716 cm?
molecule’* s7%.

The reactivity of Cl atoms toward GBCF,CFH is indis-
tinguishable, within the experimental uncertainties, from that
toward CRCRH (k7 = 2.5 x 10716 1), This seems reasonable
based upon expectations that Cl atoms will not react witk- CF
OCR, and CF; groups, and that the influence of these groups
on the reactivity of the CfH group will be similar

3.2. Products of Cl Atom Initiated Oxidation of CF3O-
CF,CF;H in the Presence of NQ in Air Diluent. To elucidate
the atmospheric oxidation mechanism ofsOEFR,CFH experi-
ments were performed using mixtures of 92710 mTorr Ck-
OCFR,CRH, 500 mTorr C}, and 9.7/50 mTorr NO in 700 Torr
of air diluent. When low to moderate amounts of :0EF,-
CF.H were used the quantity of oxidation products formed
within the typical experimental time scale<{3 h) was too small
for reliable quantification. When large amounts of ;OEF,-
CFH were used the products could be readily quantified but
the IR features of CfOCRCFH were saturated and it was not
possible to measure the consumption o§GEFR,CFH directly.

A Cl atom tracer compound, CHEH (5 mTorr), was added to
the reaction mixtures to provide an indirect measure of the CF
OCRCF,H consumption. Consumption of CHEl was mea-
sured directly via FTIR spectroscopy and the r&tici+crcizr
=2.70x 10716/2.09x 1014 13=0.0129 was used to calculate
the consumption of GOCF,CFRH.

Figure 3 shows IR spectra acquired before (A) and after (B)
a 105-min irradiation of a mixture containing 204 mTorr£F
OCFRCRH, 50 mTorr NO, 4.7 mTorr CHGF and 0.5 Torr
Cl,in 700 Torr of air diluent. The consumption of CHEIwas
60%. Comparison of the IR features shown in Panel C with
reference spectra of CH§H, CROC(O)F, and COfshown in
panels D, E, and F shows the loss of Chi¢land the formation
of CROC(O)F and CO¥: Figure 4 shows plots of the observed

NO, 4.7 mTorr CHCJF and 0.5 Torr Glin 700 Torr of air diluent.
Panel C shows the difference between panels A and B. Reference
spectra of CHGF, CROC(O)F and COfare shown in panels BF.
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Figure 4. Yield of COF, and CROC(O)F from the reaction of Cl
atoms with CEOCF,CFH in the presence of NCn 700 Torr of air
diluent at 296+ 2 K.
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formation of CROC(O)F and COFkversus the calculated loss
of CROCRCF,H. The concentration of NO was varied by a
factor of 5 with no discernible effect on the product yields. The
lines through the data in Figure 4 are linear least-squares fits
that give molar yields of CJFOC(O)F and COfof 36 + 5%

and 1744 9%, respectively. The observed formation of GOF
and CROC(O)F accounts for 82 7% of the reacted GOCF,-
CRH. We estimate that uncertainties in the rate constant ratio
ks/kci+cHeize contribute an additional 20% uncertainty to the
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product yields. Hence, within the combined uncertainties we 1.0

can account for 100% of the loss of EFCFRCFH. g-: [ A: Before Irradiation

The simplest mechanism that explains the experimental 04 L
observations is given below: 02 w/\“wy/\m%m

0.0
Cl + CF,OCF,CF,H — CF,OCF,CF,(s) + HCI  (5) 08| B: After Iradiation

06 [

CF,OCF,CF,(s) + O,— CF,OCF,CF,006) (10) 04 m%
02

Absorbance,,

CF,0CF,CF,00() + NO — CF,0CF,CF,0(s) + NO 00
OCRLRO06) OCRLROC) 2 0.08 |- C: Difference (A-B)
(12) 0.06 -
0.04
CF,0CFE,CF,0(e) — COF, + CF,OCF,(e) (12) g-gg M\f’\/\ﬂ"m
CF,0CFE,(s) + O, —~ CF,OCE,00() (13) D: CF,OC(O)CF,
CF,0CFE,00() + NO — CF,0CE,O(e) + NO, (14) —__—'—/L—_"
CF,OCFE,O(s) — CF,0(e) + COF 15
3 2 ( ) 3 ( ) 2 ( ) E: COF2
When NO is present, the fate of @B radicals will be reaction
with NO to give COR and FNO*
CF3O(O) + NO — COF2 + ENO (16) 1700 1750 1800 1850 1900 1950 2000

Wavenumber (cm™)

It is interesting that CFOC(O)F is a product in the oxidation  Figure 5. IR spectra obtained before (A) and after (B) a 138 min
of CFROCRCFRH. By analogy to the behavior of GB, the irradiation of a mixture containing 1.2 Torr @8C(Ck).H, 7.3 mTorr

source of CEOC(O)F is probably the reaction of CFO NO, 1 Torr Ch, and 5 Torr Q in 700 Torr of N diluent. Panel C
radicals WithE(lle(' ) P y GoCR shows the difference between panels A and B. Features attributable to

CINO have been subtracted from panel C for clarity. Reference spectra
of CROC(O)CR and COF; are shown in panels D and E.

CF,0CFE,0(e) +NO — CF,OC(O)F+ FNO  (17)
irradiation of 1.2 Torr CEOC(CR).H, 7.3 mTorr NO, 1 Torr

Cl, and 5 Torr @ in 700 Torr of N> diluent. Panel C shows the
difference between panels A and B. The IR features in panel C
can be compared with the IR spectra of ;:0E(O)Ck and
COFR,, shown in panels D and E. Features attributable to CINO
have been subtracted from panel C for clarity ;0E(O)CH

and COF, were observed as major oxidation products in these
experiments. As shown in section 3.1, OE(CF).H reacts
sSlowly with Cl atoms. When using moderate amounts—<10
100 mTorr) of CROC(CR).H it was not possible to measure

¢ its oxidation products within an acceptable experimental time

Although reaction with NO is an important loss mechanism for
CROCR0(e) in the present smog chamber studies, this reaction
is not likely to be of importance in the atmosphere where the
concentration of NO is much lower. The unimolecular reaction
(15) is likely to be the predominant loss mechanism fog-CF
OCR0O(e) radicals at atmospherically relevant NO concentra-
tions. It is interesting to note that though we have strong
evidence for two different competing fates for {CFCF,0(e)
radicals (reactions 15 and 17) there was no observable effec
on NO concentration on the relative yields of CCihd Ck-
OC(O)F. The simplest explanation for this observation is tha

a significant fraction of the GFOCR.0(s) radicals produced in ~ SPan €3 h). By using large amounts of GBC(Ck)2H, the
reaction 14 are formed with sufficient internal excitation to 2Psolute concentration of products increased sufficiently to
undergo prompt decomposition and are not available to reaCtbecome detectable. However, under these conditions saturation

with NO. qf the IR spectra makgs it impossible to measure the consump-
A possible explanation for the somewhat low carbon balance ok 9f CQQC(_C Rs)2H directly. The loss of CEOC(CRy)zH was
in these experiments is the formation of LERC(O)F via monitored indirectly by following the Iqss of a more reactive
reaction of NO with the CRDCR,CFR,0 radical: tracer compound: CHCH= Consumption of. CHCIE was
measured via FTIR spectroscopy and combined itkg =
CF;0CF,CF,0(s) + NO — CF,OCF,C(O)F+ FNO (18) 1.58 x 10718/1.70 x 1071° = 9.24 x 1074 to calculate the
consumption of CEOC(CR),H.
CROCF,C(O)F is not commercially available and we do not Experiments were performed using mixtures of 1.2 Torr of
have an IR spectrum for this species. After subtraction of CFROC(CFs).H, 1 Torr of Ch, 3.7—15 mTorr NO, and 5 Torr
features attributable to CQRnd CECOC(O)F, there were no  of O, in 700 Torr of N, diluent. Figure 6 shows plots of the
residual features in the carbonyl stretching region at 3800 observed formation of CQFand CROC(O)CK versus the
2000 cnTl. It seems reasonable to believe that the IR spectrum calculated loss of GOC(CR),H. The lines through the data
of CRsOCF,C(O)F will have a carbonyl feature that is similar in Figures 6 give molar yields of 9% 6% for CRROC(O)CR
in magnitude, but shifted somewhat in frequency, from that in and 83+ 7% for COR, in the Cl atom initiated oxidation of
CROC(O)F. Using the absorption cross section obC@®)F CROC(CR),H in the presence of NO. The data were corrected

as a guide, we estimate an upper limit®10% for the Chk- for COR, formation from the reaction of Cl atoms with CHGIF
OCRC(O)F yield. We estimate that uncertainties in the rate constant iatl@
3.3. Products of Cl Atom Initiated Oxidation of CF3;0C- contribute an additional 20% uncertainty to the product yields.

(CF3)2H in the Presence of NQ in No/O, Diluent. Figure 5 Within the experimental uncertainties we can account for 100%
shows IR spectra acquired before (A) and after (B) a 138 min of the loss of CEOC(CF;).H.
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The simplest explanation for the experimental observations 16
is reaction 6 followed by reactions 1+23: » A
ol A
CF,0C(CR),H + Cl — CF,0C(CE),(s) + HCI  (6) il S
CF,0C(CFE),(e) + O, — CF,0C(CF),00() (19) E 10k CF,0C(O)CF,
(S
CF;0C(CF,),00() + NO — CF,0C(CF;),O(e) + NO, E 08
(20) 3] OcoF,
8 0.6 - o
CF,0C(CF,),0(s) = CF4(e) + CF,OC(O)CF,  (21) o oa a*
r O
CF;5(e) + O,— CF;000) (22) o2 L N
CF,00() + NO— CF;0(e) + NO, (23) 0.0 .
00 02 04 06 08 10 12 14 16 18
As discussed in section 3.2, the fate of;OFadicals is reaction A CF,O(CF,),H calculated (mTorr)
with NO to give COR and FNO* Figure 6. Formation of CFOC(O)OCF; (triangles) and COF(circles)
following Cl atom initiated oxidation of CfOC(CFR).H in the presence
CF;0(e) + NO— COF, + FNO (16)  of NO in 700 Torr of N/O; diluent at 296 K.

In the mechanism given above the sole fate of theQiF-
(CR)20(e) alkoxy radical is elimination of a GFradical
(reaction 21). An additional possible fate of {FC(CFs),O(e)
radicals is elimination of a GJ© radical to give CEC(O)CFs.

IR features of CEC(O)CF; were sought but not found. An upper
limit for the yield of CRC(O)CF; of 5% was established. It is
possible that small amounts of gBNO, are formed via

CF,0 + NO, + M — CF,ONO, + M (24)

0.0010

0.0008

0.0006

0.0004
Evidence for CBONO, was sought in the product spectra but

not found. An upper limit of 5% was established for thesCF
ONO, molar yield.

3.4. Relative Rate Study of the OH+ CF;0CF,CF;H and
the OH + CF30C(CF3),H Reaction in 700 Torr of Air. The
kinetics of reactions 25 and 26 were measured relative to 0.0000Cy ! ! ! ! ! ! !
reactions 27 and 28: 00 02 04 06 08 10 12 14 16

Ln ( [Reference],, / [Reference], )

0.0002

Ln ( [CF,OCF,CF,H], / [CF,OCF,CFH],

CF,OCECF,H + OH— products (25)
—~ 0.00020
CF,0C(CF),H + OH — products (26) =
C,H, + OH — products 27 s
24 produ 27 S 000015 |
C,H, + OH— products (28) 8"
o
Experiments were performed using mixtures of-1102 Torr ;g 0.00010
CROCFRCFH or CROC(CR).H, 9—12 mTorr NO, 97140 L
mTorr CHONO and 3.6-7.4 mTorr of one of the reference w” -
compounds in 700 Torr air diluent at 2262 K. As mentioned % 0.00005 -
in section 2, the loss of GBCRCFH and CROC(CF;).H was o,
inferred from the formation of their oxidation products: £F (Lé
OC(O)F and COFfor CROCRCRH, and COF, for CROC- -
(CR)zH. As discussed in sections 3.2 and 3.3, the Cl atom - 0-00000" o1 02 03 oa 05

initiated oxidation of CEOCF,CFH in the presence of NO Ln ([C,H.]. / [C.H,])
gives CROC(O)F and COFin molar yields of 36+ 5% and 2200 T BT
174+ 9%, whereas the Cl atom initiated oxidation of OfE- Zﬁﬂlrfs;an'&%gsi (();qﬁsrcég)ﬁfc(a:lgzxinzngxgoicdggE)%{H\izrjilézlg#?oo
: . A

E)Clt:ﬁ)'ZH m.”}g t[;]rets_er_]cg_ Otf N@'ﬁei)lC%OC(%gyE ?I_rll'd COEI. Torr ai'r at 296 K The loss of GOCF,CFH was calculated from 'the

0oth in a yield that IS Iindistinguishable Trom 0. 1NETreaclions ¢ormation of either CFOC(O)F (open symbols) or CQF(solid
of Cl atoms and OH radicals with GBCR.CFH and CEOC- symbols). The loss of GB(CFR,),H was calculated from the formation
(CR3)2H proceed via the same mechanism; hydrogen atom of COR.
abstraction. It is reasonable to expect that the products of the
Cl atom initiated oxidation of CFOCF,CFH and CROC- loss in the OH kinetics experiments can be estimated using the
(CRs)2H will be the same as those of the OH radical initiated product yields determined in sections 3.2 and 3.3. Hence, the
oxidation. Consequently, the gBCRCFH and CROC(CFR),H data for CROCFR,CRH and CROC(CF).H shown in Figure 7
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TABLE 1: Comparison of k(298 K) for OH Abstraction Te-11
Reactions from Selected Fluorocarbons and the ® A, Tijdcabons
Corresponding Fluoroethers in Which a F Atom Has Been e ~—- Fltto Hydrocarbon data
Replaced by a CRO Group - DA @ F Compounds
k(298 K) B % . 37’2“"’“"‘2“"“
ompunds
compound (cm® moleculet s7Y) source = % = g’;?g;:“ﬁzm
CHsF 2.0x 1071 JPL 97-8 *  Sclakpands
CH,OCF, 12 1014 JPLO7-4 i \Qe , x | Fuwosiom
CRH 2.8x 1076 JPL 97-4 =4
CROCRH 4.1x 10716 JPL 97-4 E
CRCRH 1.9% 10715 JPL 97-4 c fle12
CROCRCFRH 2.3x 10715 this work < -
CRCHFCR 1.7x 10715 JPL 97-4 -
CROC(CR).H 3.3x 10716 this work -
were determined using molar yields of 36% JO(O)F and B
174% COF, for CRROCRCFH and 100% COFfor CROC-
(CFRs)2H. Overlapping spectral features obscured the detection {613 .

of CROC(O)CFR, and hence only the formation of C@®was -10 12
used to calculate the consumption of OE(CFR),H.

The lines through the data in Figure 7 are linear least-squares o ]
fits that givekos/koy = (2.614 0.19) x 1074, kog/kog = (2.66+ Figure 8. Logarithmic plot ofk(OH) data from Table 2, showing the
0.20) x 103, and kog/kos= (3.86 + 1.12) x 104 Quoted dependence oA-factors on the magnitude &{298 K).
uncertainties are two standard deviations from the linear
regressions together with our estimate of the uncertainty
associated with the product determination. As seen from Figure
7 (top), the use of either GBC(O)F or COR as markers for
the consumption of GOCFR.CF,H produces indistinguishable log(A/n) = (0.239£0.027) logk/n)—(8.69+ 0-372)(”)
results. The relative rate data can be placed upon an absolute
basis using literature values kf; = 8.66 x 10712 5andkyg =
8.45x 10713 1610 give kos = (2.26+ 0.16) x 1075 and (2.25
4+ 0.17) x 10735, and kys = (3.26 + 0.95) x 10716 cn?®
molecule’! s71. We choose to quote final values that are
averages of the individual determinations with error limits that

encompass the extremes of the individual determinations. Hence - .
kos = (2.26 4 0.18) x 10715 andkyg = (3.26 % 0.95) x 10716 Predictions of the\-factor using eq Il are normally accurate to

cm? molecule’® s1. within a factor of 1.5, corresponding to an uncertaintyeilR
of about 100 K. Thus the reliability of these estimates is
comparable to that of most experimental data, provided that

: ; k(298 K) is known accurately. Table 3 lists the calculated
previouslyl” the CRO group has an effect on OH abstraction .
rate constants similar to that of the F atom. In particular, the Arthenius parameters for GBCRCRH and CROC(CR)H.

CROCF: group has an effect similar to the €Broup, and Two important conclusions can be reached on the basis of
therefore predictions for compounds containing the@EF Figure 8. First, it is clear that there is a dependenca-fsictor
group can often be made by comparison with the analogous©n the magnitude of the rate constant, with faster reactions
compound containing the Ggroup. Some examples of these having largerA-factors. Second, there is no dependence of
relationships are shown in Table 1, including the present A-factor on the nature or degree of halogenation of the
results The CROCRCRH rate constant is, as expecfed Molecules; C-H bonds in halogen compounds show the same
similar to that of CECHF,. However, the CROC(CF);H rate A-factor behavior as €H bonds in hydrocarbons. The large

Log(k/n(H))

significantly from the present. The relationship betwéeiactor
andk(298 K) can be expressed as follows

The quantityn is the number of H atoms. Activation temper-
atures can then be calculated from the equation

E/R= —298 InWA) ()

3.5. Estimates and Correlations for the OH and CI
Abstraction Reactions. 3.5.1. OH Reactions. As shown

constant is surprisingly slow, and @EHFCF; is only an deviation of some of the halogen compound data points from
compound. uncertainties (particularly in th&-factor). The hydrocarbon data

When k(298 K) is known, reliable values of the Arrhenius show much less scatter.
parameters can be obtained by takn’]g advantage of correlations 3.5.2.Cl ReactionSAlthOUgh the database for Cl abstraction
between k(298 K) and the preexponential factors of the reactions is less extensive than that for OH, sufficient data are
reactions. Table 2 listsA-factors andk(298 K) values from  available in JPL 97-4 to derive an equation similar to (Il) for
JPL 97-4 for H-atom abstraction by OH radicals from a variety Cl abstraction reactions for the purpose of estimating the
of substrates containing a single type of B bond. The latter Arrhenius parameters. However, the uncertainties are about
restriction avoids any ambiguity resulting from differeft twice as large, which will be reflected in larger uncertainties
factors at different reaction sites. The cycloalkane data are fromfor the calculated E/R parameters.
DeMore and Baye¥ These data, normalized to a per-hydrogen
basis, are plotted logarithmically in Figure 8. In a previous log(A/n) = (0.209+0.052) logk/n)—(8.52£0.707) (1V)
publicatiorf the data were based on relative rate measurements
taken in the JPL laboratory. Those data, being self-consistent, The resulting Arrhenius parameters for the Cl reactions with
showed somewhat less scatter but otherwise do not differ CRROCRCFH and CROC(CR;),H are shown in Table 4.
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TABLE 2: A-Factors and k(298 K) Values for H-Atom Abstraction Reactions of OH Radicals with Compounds Containing
Only One Type of C—H Bond, Taken Mainly from JPL 97-43 (See Text and Figure 8)

A-factor k(298 K)
compound (cm® molecule s71) (cm® molecule* s™)
F compounds ChF 3.00x 10712 2.00x 107
CHyF2 1.90x 10712 1.00x 10
CHR; 1.00x 1012 2.80x 10716
CHFCH:F 3.40x 10712 9.40x 10714
CRCH;s 1.80x 10712 1.20x 107%
CRCH:F 1.50x 107%2 4.20x 10715
CHRCHR, 1.60x 10712 5.70x 10715
CRCHR 5.60x 10713 1.90x 107%
CROCH; 1.50x 10712 1.20x 10+
CRHOCRH 1.90x 10712 2.30x 10715
CROCHFR, 4.70x 10713 4.10x 10716
CRCF.CHF 1.50x 10°%2 4.20x 10715
CRCH,CR; 1.30x 1012 3.20x 10716
CRCHFCR 5.00x 10718 1.70x 107%
CRCH,CH,CF; 3.00x 10712 7.10x 10715
CHR,CFR.CFCRH 7.80x 107 4.60x 10715
CRCH,CRCH,.CF; 1.20x 1072 2.60x 10715
CI/F compounds CKCIF 2.80x 10712 3.90x 107
CHFCL 1.70x 10712 2.60x 1071
CHFCI 1.00x 10712 4.70x 10715
CHsCFCkL 1.70x 10712 5.70x 1071
CH:;CRCI 1.30x 10712 3.10x 10°%
CH.CICFRCI 3.60x 10712 1.70x 10+
CHCI,CFRCI 1.00x 10712 490x 10714
CHFCICFC} 1.00x 10712 1.50x 1074
CH.CICR; 5.20x 10 1.30x 10+
CHCI,CR; 7.00x 10713 3.40x 107
CHFCICECI 9.20x 1072 1.30x 1074
CHFCICR 8.00x 10713 8.60x 10715
CHs;CFR,CFCL 7.70x 10718 2.60x 10715
CRCRCHCI, 1.00x 10712 2.50x 10714
CRCICRCHFCI 5.50x 103 8.30x 10715
Cl compounds CkClI 4.00x 10712 3.60x 10714
CH.Cl, 3.80x 10712 1.10x 10718
CHCl, 2.00x 1072 1.00x 10713
CH;OCI 2.40x 10712 7.20x 10713
CHsCCl; 1.80x 10712 1.00x 1074
CCI5CHO 8.20x 107%? 1.10x 10 %2
Br/F compounds CHfBr 1.10x 10712 1.00x 1074
CH:BrCR; 1.40x 10712 1.60x 1074
CHFBrCRK 7.20x 10713 1.80x 10+
Br/Cl/F compounds CHCIBrGF 1.30x 1012 450x 10714
CHFCICRBr 9.30x 10718 1.40x 1074
Br compounds ChgBr 4.00x 10712 2.90x 10
CH,Br; 2.40x 10 %2 1.20x 10°%
CHBr3 1.60x 10712 1.50x 10718
hydrocarbons CH 2.50x 1072 6.30x 1071
H.CO 1.00x 10°1* 1.00x 10
CoHs 8.70x 10712 2.40x 10713
c-CsHe 7.28x 107%2 7.64x 107
c-C4Hg 1.62x 1071t 2.08x 10°%2
c-GsHio 257x 10°% 4.83x 10712
c-CsHa2 3.58x 10711 6.69x 10712
TABLE 3: Predicted Arrhenius Parameters for Reaction of TABLE 4: Predicted Arrhenius Parameters for the Reaction
OH Radicals with CF30CF,CF,H and CF;OC(CF3),H, of Cl Atoms with CF30CF,CF;H and CF;OC(CF3),H, Based
Based on the Observed Correlation betweei-Factors and on the Observed Correlation betweerA-Factors and k(298
k(298 K) K)
observed(298 K) predictedA-factor  predicted observeck(298 K)  predictedA-factor predicted
fluoroether  (cm® molecules™) (cm®molecule?s™) E/R(K) fluoroether  (cm® molecule s%) (cn?® molecule s™%)  E/R (K)
CROCRCFRH 2.26x 10715 6.5x 1071 1685 CROCRCRH 2.70% 10-16 1.7 % 1012 2604
CROC(CR)H 3.26x 10716 4.1x 10713 2124 CFOC(CR)-H 1.58x 10718 5.8 1013 3816

The correlation is more exact for the slower reactions, in which
the rate constants are dominated largely by the effects of strong
C—H bond energies. Other effects evidently come into play for
the faster reactions, because the scatter is larger than can be
explained by experimental error. As seen from Figure 9, the
relative reactivities of Cl atoms and OH radicals with the HFEs
studied in the present work are consistent with expectations
log(k(OH)) = (0.412£0.049) logk(Cl))—(8.16£0.72) (V) based upon the existing database.

Useful estimates ok(298 K) can often be made by taking
advantage of the correlation betwelg®H) andk(Cl), shown
in Figure 9 (data taken from JPL 97-4 and the present work).
The line through the data in Figure 9 is a least-squares fit that
gives
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Figure 9. Plot of logk(OH)) vs logk(Cl)): circles, data from JPL 800 1000 1200 1400 1600 1800 2000
97-# for saturated hydrofluorocarbons, hydrochlorofluorocarbons, Wavenumber (cm™)

hydrofluoroethers, and chloroalkanes; triangle ;@ERCFH (this

work); square, CEOC(CF)H (this work). Figure 10. IR spectra of CFOCRCFH and CROC(CF):H in 700

Torr air diluent at 296+ 2 K.

3.6. Atmospheric LifetimesThek(OH) Arrhenius parameters
derived in section 3.5 and given in Table 3 can be used to
provide estimates of the atmospheric lifetimes o§GERCFH
and CROC(CFR)2H. The atmospheric lifetime of GJECl; with
respect to reaction with OH radicals is 6 yeHtsThe rate
constant for reaction of OH radicals with G@EICl; is k = 1.6
x 10712 exp (—1520M) cm?® molecule? s™1.4 Scaling the HGWP... =
reactivity of CROCRCFH and CEOC(CF):H to that of CH- HFE
CCl; provides an estimate of the atmospheric lifetimes for these IFpee |[ThreMorc-ua|[ 1 — eXpCt/tyee) )
compounds. The optimal temperature for such a scaling analysis 1— expt/tepc_qq)
is 272 K20 From the data given in Table 3 and the expression
fpr !((OH + CH3CCls) given above we estimate atmospheric \here IFiee IFere-11, Murs, Mcereo11, Thee, and tere1q are
lifetimes for CROCRCFH and CROC(CR):H of 27 and 216 the instantaneous forcings, molecular weights, and atmospheric

mately 8-12um, i.e., 800-1250 cnt?). This same region only
accounts for 46% of the absorption by 4CFC(CF),H.

Values of the HGWP (Halocarbon Global Warming Potential)
for CRROCR,CF,H and CROC(CR).H (relative to CFC-11) can
be estimated using the expreson

IFcrc-11\Tcre-11Mue

years, respectively. lifetimes of the HFE and CFC-11, artdis the time horizon
3.7. IR Spectra and Global Warming Potentials of over which the forcing is integrated. UsingCROCRCFH)
CF30CF,CF;H and CF30OC(CF3),H. IR spectra of CEOCF,- = 27 yearsg(CROC(CR),H) = 216 years, and(CFC-11)=

CRH and CROC(CR),H recorded in 700 Torr of air diluent 45 years’® we estimate that the HGWPs of gFCF,CF,H and

at 296 K are shown in Figure 10. The integrated cross section CRsOC(CFR),H (relative to CFC-11) are 1.07 and 1.06 for a 20
(650—-1500 cnt?) values are (3.63 0.18) x 10-% and (4.36 year horizon and 0.80 and 1.79 for a 100 year horizon,
+ 0.22) x 10716 cn? molecule* cm™! for CRsOCRCR:H and respectively.

CROC(CR).H, respectively. There are no literature data for Relative to CQ, the GWPs of CFC-11 on 20 and 100 year
either CROCRCFH or CROC(CR),H to compare with the  time horizons are 6300 and 4680Hence, relative to C@ the
results from the present work. The integrated IR absorption crossGWPs of CEFOCFR,CRH and CEOC(CF;).H are 6740 and 6680
section (656-1500 cn1?l) of CRROCRCF,H can be compared  for a 20 year horizon and 3690 and 8230 for a 100 year time
to that of the corresponding HFC, gEFR,CFRH, 2.1 x 10716 horizon, respectively.

cn? molecule1.2! As noted previously?2 the IR absorption by

HFEs appears to be substantially greater than that of analogoug}. Implications for Atmospheric Chemistry

HFCs. The fundamental cause of this effect is not clear and e present here a large quantity of self-consistent kinetics

would be an interesting subject for future research. and mechanistic data concerning the atmospheric chemistry of
Using the method of Pinnock et 8B the IR spectra of Cf CFOCRCRH and CROC(CR),H. As with all saturated
OCRCF:H and CROC(CF).H shown in Figures 10, and the HFEs2’ the atmospheric lifetime of these compounds is
IR spectrum of CFC-11 reported elsewhéteye calculate determined by the reaction with OH radicals and is ap-
instantaneous forcings for @@CR,CRH, CROC(CR).H, and proximately 27 and 216 years for gFCRCF,H and CROC-
CFC-11 of 0.43, 0.40, and 0.26 Whppb?, respectively. It (CRs)2H, respectively.
is of interest to note that though the integrated absorption In addition to reaction with OH radicals, organic compounds
intensity of CROCRCF,H is 17% smaller than that of GF are removed from the atmosphere via photolysis, wet deposition,
OC(CR)2H, the instantaneous forcing of @@CF,CFH is 8% dry deposition, and reaction with N@adicals, Cl atoms, and
greater than that of GBC(CF;).H. This is explained by the  Os. For saturated compounds such ag@EFR,CFH and Ck-
fact that a greater proportion (65%) of the absorption by-CF  OC(CFg).H reaction with NQ radicals and @are typically too
OCRCF.H lies in the atmospheric window region (approxi- slow to be of importance. The average concentration of Cl atoms
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in the troposphere is several orders of magnitude less than that

of OH radicals’® In the present study we observe that OH
radicals are 8 and 206 times more reactive than Cl atoms toward
CROCRCFRH and CROC(CR),H, respectively. Reaction with

Cl atoms will not be a significant atmospheric loss mechanism
for either CROCF,CRH, or CROC(Ck),H. Ethers do not
absorb at UV wavelengths 190 nn?° and fluorination shifts
the absorption further into the vacuum UV region. Photolysis
will not be a major fate of either GBCRCFH or CROC-
(CR3).H. Highly fluorinated molecules such as §FCF,CRH

and CROC(CR),H are hydrophobic and wet deposition is
unlikely to be of importance. Finally, the volatility of these
compounds will render dry deposition an unlikely removal
mechanism. In conclusion, the atmospheric lifetime of@EF,-
CF,H and CROC(CFR).H is determined by reaction with OH
radicals.

With regard to the environmental impact of {FCF,CRH
and CROC(CFR),H we can make the following statements. First,
CROCRCF,H and CROC(CRs),H do not contain any chlorine
and will not contribute to stratospheric ozone depletion via the
well-established chlorine based chemistry. As with all hydro-
fluorocarbons (HFCs) and hydrofluoroethers (HFESs), the ozone
depletion potential of CFOCRCF,H and CROC(CFs).H is for
all practical purposes zef8:31Second, the atmospheric lifetime
of CROCF,CFH and CROC(CFs)zH is approximately 27 and
216 years, respectively, and consequently these compounds hav
relatively large GWPs (see section 3.7). Third, atmospheric
oxidation of CROCF,CFRH gives COR, whereas C§OC-
(CFR3)2H gives CROC(O)CR and COFE. The atmospheric fate
of COF, and CROC(O)CKH; is likely uptake into rain, cloud,
and ocean water, followed by hydrolysis to produce,@G@d
HF from COR, and CEC(O)OH and HF from CEOC(O)CR.14
At the levels anticipated in the environment, the atmospheric
oxidation products of CfOCF,CFRH and CROC(CR),H are
not of concern.

A method to estimate Arrhenius parameters for reactions of
OH radicals and Cl atoms with saturated organic compounds is
presented and discussed. The method is based on the correlatio
of preexponential factors witk(298 K). Finally, a correlation
between the rate constants for reactions of OH radicals and ClI
atoms with saturated hydrofluorocarbons, hydrochlorofluoro-
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