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Alternative Fluorocarbons Environmental Acceptability Stu

The West Tower, Suite 400 13338 H Street NW., Washington, D.C. 20005
» Tel: 202-898-0906 Fax: 202-789-1206

24 March 1994

Document Processing Center (TS-790) CB‘
Office of Pesticides and Toxic Substances o

U.S. Environmental Protection Agency com|“s No '
401 M Street SW

Washington, DC 20460

Re:  8(d) Health and Safety Reporting Rule (Notification/Reporting), OPTS-84024A:
FRL-3528-4; Significant New Use Rule and Addition to Health and Safety Data Reporting
Rule, OPTS-50574B; FRL-3743-6

COMPOUND TSCA CHEMICAL SUBSTANCE CAS NUMBER yowezl3
INVENTORY NAME

ey o= 22

HCFC-21 Methane, dichloro-fluoro- 75-43-4
HCFC-22 Methane, chloro-difluoro- 75-45-6
HCFC-142b Ethane, i-chloro-1,1-difluoro- 75-68-3
HFC-152a Ethane, 1,1-difluoro- 75-37-6
HCFC-133a Ethane, 2-chloro-1,1,1-trifluoro- 75-88-7
HCFC-123 Ethane, 2,2-dichloro-1,1,1-urifluoro- 306-83-2
HFC-125 Ethane, pentafluoro- 354-33-6
HFC-134a Ethane, 1,1,1,2-tetrafluoro- 811-97-2
HCFC-132b Ethane, 1,2-dichloro-1,1-difluoro 1649-0%-7
HCFC-141b Ethane, 1,1-dichloro-1-fluoro- 1717-00-6
HCFC-124 Ethane, 2-chloro-1,1,1,2-tetrafluoro 2873-89-0

Degr Coordinator:

As required under the subject TSCA 8(d) rule published at 54FR8484, the Alternative Flyoro-
carbons Environmental Acceptability Study (AFEAS) submits on behalf and at the request ot its
sponsors the following information on studies to investigate the potential atmospheric
environmental effects of the subject 8(d) chemicals. AFEAS is a consortium of 12 tluorx arbon
manufacturers organized to fund environmental studies on HCFCs and HFCs. The AFEAS
companies are:

AFEAS Member Compantes: Akzo Chemicals International BV (Neth.), Allied-Signal Inic. (USA}. Asahi Glass
Co., Ltd. Japan), Ausimont S.p.A. (Italy), Daikin Industries, Ltd. (Japan), E.I. du Pont de Nemours & Co.,
Inc. (USA), Eif Atochem S.A. (France), Hoechst AG (Germany}, ICI Chemicals & Polymers, Ltd. (UK). LaRoche
Chemicals Inc. (USA). Rhone-Fouienc Chemicals Ltd. (UX), and Solvay S.A. (Belgium).




Akzo Chemicais BV

AlliedSignal Inc.

Asahi Glass Co., Ltd.

Ausimont S.p.A.

Daikin Industries, Ltd.

E.I. du Pont de Nemours & Co., Inc.
EIf Atochem S.A. / EIf Atochem North America
Hoechst AG

ICI Chemicals & Polymers, Ltd.
LaRoche Chemicals Inc.
Rhone-Poulenc Chemicals, Ltd.
Solvay S.A.

AFEAS has recently approved for funding the following reportable projects:

. Principal Investigator: T.L. Bott
Stroud Water Research Center, 512 Spencer Road, Avondalc, Pennsylvania 19311
Title: Incorporation into Biomass AFEAS Ref, #SPY1-18.13/BP93-21

Principal Investigator: R. Kannuck, P. Rardon, and W. Kenyon -
DuPont Haskell Laboratory, P.O. Box 50 Elkton Road, Newark, Delaware 19714-0050
Title: Trifluoroacetic Acid: Terrestrial Plant Toxicity AFEAS Ref. #SP91-18.14/BPY3-14

Principal Investigator: T.L. Bott
Stroud Water Research Center, 512 Spencer Road, Avondale, Pennsylvania 19311
Title: Effects on Normal Acetate Metabolism AFEAS Ref. #5PY1-18.15/BPY3-20

Principal Investigator: S.E. Schwarzbach, J.P. Skorupa, and J. Sefchick

U.S. Fish and Wildlife Service, Sacramento Field Office, 3310 El Camino Avenue — Suite
130, Sacramento, California 95825

Title: Review of Evaporative Concentration Potential of Conservative Soluble Tracers
in Selected Wetland Systems AFEAS Ref. #SPYi-i8.16/BPY3-22

Principal Investigator: P. Newman, M.R. Schoeberl, and R.B. Rood

NASA Goddard Space Flight Center, Greenbelt, Maryland

Title: Field Support for the Airborne Southern Hemisphere Ozone .~ 'nent and the
Measurements for Assessing the Effects of Stratospheric Aircraft M . 'a (ASHOE/
MAESA) AFEA * “.ef. #P93-41be

The following AFEAS-sponsored projects have been completed; the final reports are provided
for:

Principal Investigator: O. Rattigan and R.A. Cox ew“é 00007213

University of Cambridge, Lensfield Road, Cambridge CB2 1EW, UK .

Title: Spectra and Photochemistry of Degradation Products of HCFCs and HFCs
AFEAS Ret. #P90-(07
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Principal Investigator: R. Zellner, A. Hoffmann, V. Mérs, and W. Malms

Universitit Gottingen, 37077 Géttingen, Germany -
Title: Time Resolved Studies of Intermediate Products in the Oxidation of HCFCs and
HFCs 294 0000 24¢f AFEAS Ref. #P91-065

Principal Investigator: J.M. Lobert, T.J. Baring - University of Colorado. Boulder,
Colorado:; J.H. Butler, S.A. Montzka, R.C. Myers, and J.E. Elkins — NOAA/CMDL,
Boulder, Colorado 86900215

Title: Ocean / Atmosphere Exchange of Trace Compounds AFEAS Ref. #P91-068

Principal Investigator: E.C. Tuazon and R. Atkinson, Statewide Air Pollution Research
Center, University of California, Riverside, California 92521

Title: Experimental Investigation of the Products Formed from the Tropospoheric
Reactions of Alternative Fluorocarbons Q(’q YOOOOZ\ ([,  AFEAS Ref. #P91-082

Principal Investigator: C. George, J.Y. Saison, J.L. Ponche, P. Mirabel
Université Louis Pasteur, Strasbourg, France

Title: Kinetics of Mass Transfcr of COF,, CF,COF, and CF,COCI at the Air/Water
Interface N AFEAS Ref. #P$2-089

Principal Investigator: K.-D. Asmus 8@({00002{ 7

Hahn-Meitner-Institut Berlin, Glienicker Strasse 100, D-14109 Berlin, Germany

Title: Exploratory Study on the Possible Degradation of Trifluoroacetic Acid by Semi-
conducting Material 8&44 00 OoUB AFEAS Ref. #P93-110

Principal Investigator: H. Sidebottom

University College Dublin, Department of Chemistry, Dublin, Ireland 8G°"( Q000 Z/ q
Title: STEP-Halocside/AFEAS Workshop on Kinetics and Mechanisms for the Reactions

of Halogenated Organic Compounds in the Troposphere AFEAS Ref. #SPY1-15

. Principal Investigator: R. Thompson ,

Brixham Environmental Laboratory, Zeneca Ltd., Brixham, Devon UK -

8@]«(0000120 1. Title: Sodium Trifluoroacetate: Determination of its Effect in Soil on Seed
Germination and Early Plant Growth of Wheat AFEAS Ref. #SP91-18.6
8044 poooz2! 2, Title: Sodium Trifluoroacetate: Determination of its Effect in Soil on Seed
Germination and Early Plant Growth of Sunflower and Mung Bean AFEAS Ref. #SPY1-18.6

-~

Title: Sodium Tri“aoroacetate: Toxicity to Duckweed AFEAS Ref. #5P91-18.7
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You may contact me at (202) 898-0906 if you have any questions regarding this submission.

Sincerely,

Katie D. Smythe f
AFEAS Program Administrator

AFEAS
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Summary:

Research carried out over the two years since the previous
STEP-HALOCSIDE/AFEAS Workshop (May 1991) has provided detailed
kinetic and mechanistic data for the atmospheric breakdown of
nydrofluorocarbons (HFCs) and hydrochlorofluorocarbons (HCFCs),
propesed as alternatives for chiorofluorocarbons (CFCs). Laboratory
studies on these compounds have now reached a stage where their
environmental acceptability can be judged on the basis of firm
scientific evidence. Although a few areas still exist where further
research is required, it now seems timely to review the progress
made since the publication of the WMO Scientific Assessment of
Ozone Depletion (1991).

The dominant loss process for HFCs and HCFCs in the atmosphere
is through reaction with the OH radical, with minor contributions
from reactions with 0(1D) and C1 atoms 1in the stratosphere.
Photolysis of HCFCs is also important in the stratosphere and leads
directly to the formation of Cl1 atoms. Rate constant data for the
OH radical reactions have been determined in various loboratories,
employing different experimental techniques, and have been
critically evaluated. The uncertainty in the values is of the order
of +20%. In order to calculate the tropospheric 1ifetimes of these
compounds an estimate of the hydroxyl concentration fieid is
required. The average lifetimes of the HCFCs and HFCs are generaily
calculated by scaling to the average tropospheric lifetime of
methyl chloroform, for which an independent estimate has been
obtained from analysis of the measured concentrations of this
compound and of its estimated emissions. Errors in the tropospheric
1ifetime of methyl chloroform are likely to be in excess of 10% and
hence the overall error in the absolute atmospheric lifetimes of
HFECs and HCFCs are probably in the region of +40%. Relative to one
another, their 1ifetimes are much less uncertain. Abscrption cross-
sections for HFCs and HCFCs are now reasonably well known and
provide photolytic loss rates for HCFCs in the stratosphere.
Photolysis of HFCs is of no atmospheric significance.

Reaction of OH radicals with HCFCs and HFCs leads to formation
of haloalkyl radicals, which under atmospheric conditions form the
corresponding peroxy radicals. A generalized scneme for the
subsequent reactions of these radicals is shown in Figure 1. The
peroxy radicals may react with NO, NO, and HO, radicals under
tropospheric conditions. The available evidence suggests that the
major loss process, for conditions typical of the troposphere, is




by reaction with NO to give the alkoxy radical. The hydroperoxides,
pernitrates and nitrates have been shown to have limited stability
and transport to the stratosphere will be negligible. Thermal
decomposition or photolysis of these species either 1leads to
regeneration of CX,CYZOO* or formation of CX;CYZO- .

There are a number of possible reaction pathways for the
degradation of haloalkoxy radicals:

C-C1 bond cleavage:
CX3CY01 O- CX,CYO + Ccl

C-C bond cleavage:
CX,CYZO- Cx, + CYZO

hydrogen abstraction:
CX3CYHO- + CX3CYO + HOZ'

Experimental data concerning the reactions of haioalkoxy radicals
has come mainly from chlorine atom initiated oxidation of
halogenated alkanes and alkenes, although oxidation has also been
initiated via OH radical reactions and photolysis. A number of
general conclusions concerning the relative importance of the
various reaction channels may be drawn from the resuits of the
experimental data:

(1) CX;HO radicals (X=H, Cl1 or F) eliminate a Cl1 atom except for
(}QC10»where reaction with 0, is the dominant reaction.

CH,FO and CHF,0 radicals react with O, to give the
corresponding carbonyl fluorides and HO, radicals.Fluorine
atom loss or reaction with 0, are unimportant for CF;0
radicals. The chemistry of these species 1is discussed in
detail below.

CX4CH,0 radicals (X=H, Cl or F) react predominantly with O, to
form the aldehyde and HO, radicals.

CX4CC1,0 and CX;CFCI10 radicals decompose by C1 atom elimination
rather than C-C bond fission.

CX4CF,0 radicals undergo C-C bond breaking.




CX3CHYO radicals (Y=C1 or F) have two important reaction
channels. The relative impcrtance of the C~-C bond breaking
process and reaction with 0, is a function of temperature, 0O,
nressure and the total pressure and hence varies considerably
with altitude. Recent 1laboratory results for the CF3CHFO
radical, when wused 1in tropospheric model calculations,
indicate that 35 to 40% of HFC-134a reieased 1into the
atmosphere will be converted to CF;CFO.

Halogenated aldehydes, CX,CHO, are formed as primary products
in the OH initiated oxidation of HFCs and HCFCs of structure CX4CHy .
These species may further degrade by photolysis or by reaction with
OH radicals, with typical 1lifetimes of the order of several days.
The reported experimentail data show that photolysis, to form CX,4
radicals, is the dominant removal process for CX;CHO. However, the
minor channel dinvolving reaction with OH radicals can lead to
formation of acyl peroxynitrates, which appear to be thermally
stable under conditions typical of the upper troposphere. It 1is
therefore expected that their lifetimes will be controlled by
photolysis and can be approximated to that of CH#XO)OﬂM%. The
yields of the acyl peroxynitrates will be largely dependent on the
stabilities of tpe precursor radicals, CXSéO. Kinetic studies show
that whereas 05300 is relatively stable and leads to formation of
CﬁC(O)Of, CC1,4C0 Iapid1y decomposes. It is hence possible that
CF{HCO and CFCMCO radicals are sufficently stable that small
amounts of CF,C1C(C)O,NO, and CFC1,C(0O)O,NO, may result from the
oxidation of CF3C1CH3 and CFC]QCH3 and might give rise to a minor
flux of chlorine into the stratosphere.

Reactions of OH radicals with the fully halogenated carbonyl
ccmpounds CC]ZO, CC1FO, CF,0, CX,CFO and CX,CC10 have been shown to
Be unimpo-tant and absorption cross section measurements indicate
that only for CCMO and cxgxno is photolysis important in the
troposphere. Photolysis and reaction with OH radicals may be
important for CHC10 in the troposphere whereas both these sinks are
negligible for CHFO. In the troposphere, the carbonyl halides and
acid halides are Tikely to be removed by heterogeneous processes.
A1l of these compounds are soluble in water, where they react
further forming halogenated acids or hydrogen halides and carbon
dioxide. The rate of these processes depends on both the Henry’s
constant and the hydrolysis rate constant. These data have now been
determined for most of the compounds and the iifetimes estimated
suggest that the major sink is by uptake in atmospheric and ocean




waters with a geographical distribution depending on the local rate
at which the parent HFC or HCFC decomposes. This, in turn, will
depend on the local OH concentration. Trifluorcacetic acid is the
hydrolysis product of both CF4CFO and (ﬁ%CC]O and at the present
time 1its environmental fate 1is wuncertain. It appears to be
resistant to abiotic decomposition although recent results seem to
indicate that surface photolysis of this compound may have some
impor tance.

Trifiuoromethyl radicals are produced as reaction
intermediates in the atmospheric degradation of HFCs and HCFCs
which contain the CFy group. Further reaction of éFa with O, and NO
leads to the formation of CF,0 radicals. The possible reactions of
CF0-in the troposphere and the stratosphere are given in Figure 2.
The available kinetic and mechanistic evidence indicates that the
loss of CFy0 radicals in the troposphere is largely dominated by
hydrogen abstraction from CH, and possib1yiyo to form CFOH, and by
reaction with NO to form CF,0. Although CFﬁniis relatively unstable
under laboratory conditions, this is probably due to heterogeneous
processes. It seems 1likely, therefore, that CF,OH loss in the
troposphere will Tlargely take place at aerosol surfaces or by
hydrolysis in cloud water. Reaction with CHy and NO will also be
major sinks for CF40¢in the stratosphere. CF,OH is expected to be
photochemicaily stable 1in this region and by analogy with
structurally similar compounds, reaction with OH will be very slow.
Circulation back to the troposphere and loss by hydrolysis is
likely to be the sink for this species. The lifetime of CF,0,
formed by the reaction of CF40ewith NO, is sufficiently long that
diffusion into the troposphere followed by hydrolysis is the major
fate of this compound. Recently it has been proposed that the
reaction of CF,0° with O, may be 1important in the stratosphere
leading to the catalytic loss of 0;. The importance of this chain
process depends critically on a number of factors: the rate
constants for the reactions of CF 0 with Oy and for the sink
reactions with CH,;, NO and possibly NO, , the relative concentrations
of these species and the levels of CFy radicals generated from
HCFCs and HFCs in the stratosphere. The limited experimental data
seem to suggest that O; loss due to reaction with CF,0 radicals will
be minor.




The major conclusions that can be drawn from recent
laboratory-based studies are:

.Calculated atmospheric 1lifetimes for HFCs and HCFCs may have
substantial uncertainties arising, mainly, from uncertainties in
the OH radical rate constant data and tropospheric OH field
strengths. The absolute fluxes of unchanged HFCs and HCFCs into the
stratosphere will be subject to the same uncertainties but relative
to each other the fluxes are much more certain.

«Irrespective of the flux of unchanged HFCs and HCFCs to the
stratosphere, the amounts of degradation products diffusing into
the stratosphere are expected to be minimal. Thus, chlorine-
containing products from the degradation of HCFCs in the
troposphere will not contribute significantly to chlorine locading
in the stratosphere.

-Tentative evidence for the involvement of the CF,0 radical in
catalytic cycles leading to loss of Oy in the stratosphere has been
reported. The available data indicate that O loss through this
cycle will be small, if not negligible.

Archie McCulloch, Howard Sidebottom,

ICI Chemicals and University Coilege Dublin,
Polymers Limited, Ireland.

Runcorn, U.K.




Figure 1: Atmospheric Degradation Scheme for HFC/HCFC.
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Figure 1: Continued
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Figure 2: Atmospheric Reactions of the CF, Radical.
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Rate Constants for the Reactions of OH With HFC-134a (CF3CH,¥) and HFC-134 (CHFyCHF3)
W. B. DeMore

Jet Propulsion Laboratory, California Institute of Technology
Pasadena, California, U. S. A.

Recent results from this laboratory[1] have indicated that the currently accepted rate constant for HFC-134a
may be too high. Also, the data base for HFC-134 is limited to the early study of Clyne and Holt [2]. In the present
work relative rate measurements have becn made to better establish the rate constants for these two HFCs. The
results provide information on the internal consistency of the recommended raie constants for the reference
reactants CHyq, CH3CCl3, and HFC-125.

The experimental method was similar to that previously used to measure relative rate constants for OH
reactions with CHy and CH3CClj3 [3]. The OH radicals were produced by UV photolysis of O3 in the presence of
water vapor in a slow-flow, temperature-controlled photochemical reactor. All experiments were at atmospheric
pressure. Each reactant is depleted by the OH reaction in a manner similar to that of the atmosphere. The rate
constant ratio is obtained from the relation:

Kenctant = In(DF)epctam
reference ln(DF)refereme (I)

The quantity DF (depletion factor) is given by:

DF = (Initial Conc)

(Final Conc.) I

Initial reactant concentrations were in the range 1014 t0 1015 cm3, and depletion factors were normally about
1.1 to 1.5. Concentrations were monitored with a Nicolet 20SX FTIR operated at 0.5 cm’! resolution in the
absorbance mode using a White cell with a three-meter path length. Infrared spectra of HFC-134a and HFC-134
are shown in Figures 1 and 2. The photolysis cell was quartz with a water jacket for temperature control. The light
source was a low pressure Hg lamp.

Figure 3 shows 298 K data plotted according to Equation I for HFC-134a and HFC-134, both with reference to
CH;3CCl3. The ratio of slopes is 1.5, which indicates that the reaction of HFC-134 with CH is 1.5 times faster
than that of HFC-134a at 298 K.

Six rate constant ratios and their temperature dependences were measured: k(CH3CCi3)/k(134a),
k(CHg)/k(134a), k(125)/k(134a), k(CH3CCl3)/k(134), k(134)/k(134a), and k(134)/k(125) The results for all ratios
measured are shown in Arrhenius form in Figure 4(a-f).

Table 1 summarizes all the ratios measured, in Arrhenius form, as derived from linear least squares fits of the
data shown in Figure 2. Table 2 lists the calculated rate constants for HFC-134a, based on the three reference
compounds used. Table 3 shows the resulting rate constants for HFC-134.

Table 1. Ratios Measured and Their Temperature Dependence

Ratio Arrhenius Expression? Ratio at 298 K

K(CH3CCl3) / k(1342) (1.22 £0.17) exp ((219 £ 44)/T) 2.54
K(CHy) / k(134a) (2.24 +0.78) exp((-82  115)/T) 1.70
k(125) / k(134a) (0.48 £ 0.12) exp ((12 £ 79¥T) 0.50
k(CH3CCl3) / k(134) (0.84 1 0.10) exp (212 £ 37)/T) 1.7
k(134a) / k(134) (0.85 £ 0.07) exp ((-80 £ 25)/T) 0.65
k(125) / k(134) (0.48 £ 0.11) exp ((-109 £ 77)/T) 0.33

(a) Errors shown are standard deviations. Actual uncertainties are approximately a factor of 1.3 in the A-factor
ratios and 75-125 K in the AE/R values.




Table 2. Derived Rate Constants for HFC-134a and Comparison with Previous Recommendations.

k (134a) k(298 K) Reference Reference Rate Constant ~ Source
Compound

This work
1.5 x 10712 exp(-1769/T) 3.9x10°15 CH;3CCl3 1.8 x 101 2exp(-1550/T)  JPL 92-20
1.3 x 10712 exp(-1738/T) 38x10°13 CH, 2.9 x 10"12exp (-1820/T)  JPL 92-20
1.2 x 10712 exp(-1712/T) 38x10°15 CF3CFH 5.6 x10"exp(-1700/T)  JPL 92-20

JPL 92-20

1.7 x 1012 exp(-1750/T) 48x10°15
IUPAC

8.4 x 10°13 exp(-1535/T) 4.9x10°15

Units are cm>/molecule-s.

Table 3. Derived Rate Constants for HFC-134 and Comparisen with Previous Recommendations.

k (134 k(298 K) Reference Reference Rate Constant
Compound

This work
2.1 x 10712 exp(-1762/T) 5.7x10°13 CH;CCl3 1.8 x 10712 exp(-1550/T) JPL 92-20
1.5 x 10°12 exp(-1660/T) 57x 16715 CF3CFH2 1.3 x 10712 exp(-1740/T) This work?
1.2 x 10°12 exp(-1591/T) 58x10°15 CFiCFH 5.6 x 10713 exp(-1700/T) JPL 92-20

JPL 92-20
8.7 x 1012 exp(-1500/T) 57x 10715

57x10°15

Units are cm>/molecule-s.
(a.) See Discussion Section.

Some consistency checks may be noted in Table 1. The ratio k(134a)/k(134a, when calculated from the ratios of
each HFC versus CH3CCl3, is 0.68 at 298 K, compared to the directly measured value 0.65. Simiiarly, the same
ratio obtained from the HFC-125 ratios is 0.66. The temperature dependences and A-factor ratios are slightly
different, although within experimental error, and all indicate a higher E/R for HFC-134a compared to HFC-134.

The previously measured ratio k(CH3CCl3)/k(CHy) [3] can also be compared with the value calculated from
the data of Table 1, using the ratios for CH3CCl3 and CHy versus HFC-134a. The result is 0.54 exp(301/T),
compared to the directly measured value of 0.62 exp(291/T).

Discussion

The derived rate constants for both HFC-134a and HFC-134 (Tables 2 and 3) from the different reference
compounds are in remarkably good agreement. This implies that the rate constant data used for the reference
compounds are self-consistent. It seems clear, however, that the presently recommended rate constant for HFC-
134a in JPL 92-20{4] and TUPAC(5] is high by about 25%, from the standpoint of consistency with the reference
compounds. Both the JPL 92-20 and the ITUPAC recommendations for HFC-134a are based on recent and extensive
absolute measurements of the rate constant for this reaction. All studies report higher rate constants for HFC-134a




than would be consistent with the present work, although the actual data points of Gierczak et al., [6] near 298 K
are only about 12% higher than those of the present work. The reason for higher results in other studies is not
known, although absolute rate measurements for OH reactions sometimes give high values as a result of impurity
effects, secondary reactions, or wall losses. [7,8].

The present results for HFC-134a imply that the atmospheric lifetime is 25% longer than would be calculated
from presently recommended rate constants [JPL 92-20, 1992; IUPAC, 1992] Based on the ratio
k(CH3CCl3)/k(134a) from the present work (Table 1), the lifetime of HFC-134a with respect to OH loss is 2.7
times longer than that of CH3CCl; at an average atmospheric temperature of 277 K.

The previous database for HFC-134 is limited to the work of Clyne and Holt [1979], who obtained the rate
constant expression k = 2.8 x 1012 exp(-1800/T) for the temperature range 294-434 K. This corresponds to a
k(298 K) value which is about 17% higher than that of the present work. The JPL 92-20 recommendation, 8.7 x
10713 exp(-1500/T) is based only on the Clyne and Holt data at 294 K (k = 5.3 x 10-15 ¢cm3/molec-s.), with the
temperature dependence being an estimate. From this expression, k(298 K) = 5.7 x 10°15. Thus the JPL 92-20
recommendation agrees with the present work at 298 K.

Based on the three rate constants obtained in the present work for both HFC-134a and HFC-134 (Tables 2 and
3), the following expressions are recommended:

k(134a) = 1.3 x 1012 exp(-1740/T)
k(298 K) = 3.8 x 10715 cm3/molec-s

k(134) = 1.6 x 1012 exp(-1680/T)
k(298 K) = 5.7 x 10~13 ¢m3/molec-s

These were obtained by averaging the Arrhenius parameters in Tabies 2 and 3, respectively. They are consistent
with the directly measured ratio k(134)/k(134a) (Tabie 1). The absolute uncertainty for both rate constants at 298
K is probably 10% or less, considering the excellent agreement from different reference compounds. The
uncertainties in the E/R values are about + 150 K.

This work was carried out by the Jet Propulsion Laboratery, California Institute of Technology, under contract
with the National Aeronautics and Space Administration.
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Figure 1. Infrared spectrum of HFC-134a in the absorbance mode.
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Figure 2. Infrared spectrum of HFC-134 in the absorbance mode.
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Figure 3. Relative depletions factors at 298 K for HFC-134a and HFC-134 versus CH3CCl3, plotted according
to Equation 1.
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Introduction

Hydrofluorocarbons (HFCs) are important substitutes for chlorofluorocarbons (CFCs).
Since they do not contain chlorine, they are not expected to harm the ozone layer. However, they
strongly absorb IR radiation in wavelength regions where CO, and H,O do not absorb, and are
therefore greenhouse gases. In order to calculate their global warming pctentials, their
atmospheric lifetimes are needed.

The < ominant loss process for HFCs in the atmosphere is their reacton with OH, with
minor contributions from reactions with O(1D) and Cl in the stratosphere. UV photolysis does not
contribute to tropospheric or stratospheric removal of HFCs since they do not absorb at

wavelengths greater than about 145 nm [1]. We report here measurements of the reaction rate

coefficients of OH and O(ID) with CH3F, CH2F2, CI‘IF3, C2H5F, C4H2F8 and C5H2F10, as




well as calculated values of their atmospheric lifetimes. A detailed report will be published

elsewhere[2].

Experiments and Results
The extensively purified HFC samples used in this study were carefully analyzed for

impurities. In none of the reactions the impurities can contribute more than about 2% to the
measured rate coefficients.

The techniques employed in this study have been described in detail elsewhere [3]. Briefly,
the OH reaction rate coefficients were measured using the pulsed-phoiolysis / pulsed laser-
induced fluorescence technique. A gas mixture containing the HFC, He buffer gas, and the OH
precursor was flowed through a thermostatted reaction cell. Photolysis and probe lasers
intersected in the cell at 90°. OH was produced from the photolysis of HONO (at 355 nm), HyO,
or HNO3 (at 266 nm), or H,O dissociated by a flash lamp (165-185 nm). OH was probed by
exciting it at 281.9 nm from a pulsed tunable dye laser and collecting the resultant fluorescence
with a photomultiplier mounted orthogonally to both laser beams. The delay between the two
lasers was varied and thus temporal profiles oi OH were obtained. The measurements were
carried out under pseudo-first order conditions in OH, i.e. [HFC] >> [OH], at various
concentrations of the HFCs, to obtain the second order rate coefficients. Experimental conditions,
such as [OH],,, total pressure, laser fluence or lamp power, OH source, and linear gas flow rate
were varied to check for possible errors. Rate coefficients were measured over a range of
temperatures, typically from 243 to 373 K, and fit to Arrhenius expressions. The results obtained

are summarized in Table 1. The errors listed are at the 95% confidence limit and include an

estimated 5% systematic error in the determination of the HFC concentrations.

The rate coefficients for reaction of O(!D) with the HFCs were determined using the
laser-photolysis / resonance fluorescence technique, described in detail in Ref. 4. Briefly, mixtures
of HFC, He and ozone were flowed through a reaction cell. 248 nm laser pulses from a KrF

excimer laser dissociated the ozone to give 90% O(1D) and 10% O(3P). A CW microwave-




Table 1: Summary of rate coefficient parameters for the OH + HFC reactions determined
in the present work.

compound

A,

cm3molecule! sl

E/R,
K

AE/R,K

k(298),

cm3molecule-1s-1

f(298)

CH,F
CHF;
C,H;F
CsHyF o

1.75x10-12
6.93x10-13
2.69x10-12
7.71x10-13
6.46x10-13

1300
2300
750

1550
1600

100
100
100
60
50

2.23x10-14
3.08x10-16
2.17x10-13
4.25x10-15
3.01x10-15

1.17
1.09
1.13
1.20
1.12

f(298) is at the 95% confidence level.
f{T) = f(298) * exp[AE/R * (1/T - 1/298)]

powered resonance lamp was used to excite the O(3P) at about 130 nm, and the fluorescence was
collected with a photomultiplier at right angles to both the laser and the lamp. O(3P) was formed
primarily from reaction of O(1D) with ozone and quenching of O(1D) by the HFC. Analysis of the

measured O(3P) profiles yielded information on the processes of interest, namely the overall rate

coeficients for the loss of O(1D) due to reaction with the HFCs, and the fractions of these rate

coefficients attributed to quenching of O(1D) to OQ3P). From this information the rate coefficients
for icss of HFC in the reaction with O(1D) (responsible for atmospheric removal of HFC) were

calculated and are summarized in Table 2.

Atmospheric Lifetimes of the HFCs

The rate coefficients for reaction of the HFCs with OH (this work and Ref. 5), O(1D) (this work),
and Cl (Ref. 6; only measured for CH3F, CH,F,, and CHF3) were incorporated into a one-
dimensional photochemical model described in detail previously [7]. The model calculated the
annual cycle of temperature and the O4-HO,-NO,.-ClO, species concentrations from 0 to 80 km
at 30° north latitude, with photolysis and reaction rate coefficients updated to Ref. 8. The OH

field was normalized to obtain a 6.1-year photochemical lifetime for CH;3CCls. (Prinn [9]




Table 2: Summary of rate coefficient parameters for the O(1D) + HFC reactions
determined in the present work.

compound Total rate coefficient for Branching ratio | Rate coefficient for removal
removal of O(1D), for quenching | of HFC,
cm3molecule-!s-1 cm3molecule-1s-!

CH,F (1.65+0.15)x10-10 0.11£0.05 (1.47+0.16)x10-10
CH,F, (5.13%0.33)x10-11 0.70+0.11 (1.54+0.57)x10°11
CHF, (9.76+0.60)x10-12 1.02+0.03 <1x1013

CoHsF (2.61+0.40)x10-10 0.18+0.05 (2.14+0.35)x10-10
C4H,Fg (1.7620.25)x10-11 0.97+0.09 <2.5x10°12
CsH,Fpg (2.06+0.06)x10-10 0.91+0.04 <3x10-11

deduced a total atmospheric lifetime of 5.7 years, which includes a contribution due to ocean
hydrolysis corresponding to a lifetime of 85 years). The calculated lifetimes are summarized in
Table 3.

The assumptions upon which the model is based are valid only for compounds with
atmospheric lifetimes between 2 years (the time scale for interhemispheric mixing) and a few
hundred years. Also, molecules like CoHsF will not attain a uniform spatial distribution in the
troposphere, and hence our calculated lifetime is only approximate.

The results of the calculations indicate that by far the dominant removal process (=98% of
the total loss) is reaction with OH in the troposphere. Even in the stratosphere, reactions with

O(1D) and Cl typically play only minor roles.

Table 3: Atmospheric lifetimes and annually averaged fractional losses in the atmosphere
due to OH, O('D), and Cl calculated using the -dimsasisnal model.

compound atmospheric lifetime | loss due to OH loss due to Q{(1D) loss due to Cl

CH;F 3 years 0.99 3.0x1073 7.8x1073
CH,F, 6 years 1.00 1.4x1073 2.0x1073
CHF, 270 years 1.00 7.3x104 4.1x104
C,HsF 90 days 1.00 5.1x10°° -
C4H,Fy 16 years 1.00 9.0x104 .
CsH,F g 23 years 0.98 1.5x102 -
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Laboratory studies of some halogenated hydrocarbons:
measurements of rates of reaction with OH and comments on
interferences in OH kinetics.
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1l.Introduction.

The hydroxyl radical, OH, is the primary initiator of hydrocarbon
oxidation in the troposphere. Compounds containing hydrogen are likely
to be attacked by OH

RH + OH - R + Hp0 (1) .
Knowledge of the rate coefficient for the reaction of OH with
hydrocarbons, hydrofluorochlorocarbons (HCFCs), and
hydrofluorocarbons (HFCs) is important. The results determined from
kinetic measurements are used in evaluating the lifetimes of the HCFCs
and HFCs in the atmosphere and in atmospheric models as well.
Discrepancies in rate constant determinations are a cause for concern.
Whilst a rogue value can be eliminated by an evaluation panel, the

origin of the discrepancies is one of our goals.

We have determined rate constants for the reaction of OH with several
HCFCs/HFCs in a newly constructed discharge-flow resonance fluorescence
system. Wayne et al.[l] have considered three possible sources of

interferences in the determination of OH rate constants: i) impurities;

ii) secondary reactions involving OH; and iii) heterogeneous (surface)

reactions.

Previous measurements made in our laboratory[2] on a different system
for reactions of OH with HCFCs and HFCs agree with other research groups

for some compounds and disagree for other compounds.




Wayne et al.[1l] have shown that impurities and secondary reactions are
unlikely to be the source of the interferences in the reaction of OH
with CH3CFCl, (HCFC-141b) in their system. We have found that the
impurity levels for unsaturated species in HCFC/HFC samples barely
exceed 100 ppm. Zhang et al.{3] have redetermined the rate constant for
the reaction of OH with HCFC-141b and their study shows that impurities
do not contribute to the rate constant in their system either. Our
attention has been focused on the nature of the surface of the flow
tube. Surface effects have been reported by various research groups, for
example in the reaction of OH with dimethylsulphide[4-6], the reaction

of OH with ketene[7], and in general by Wayne et al.[1] and Howard{8].

2. Experimental

A discharge-flow resonance fluorescence system was used to make the
kinetic measurements. The flow tube {100 cm in length and 3.4 cm i.d.)
was fabricated from stainless steel and was internally lined with PTFE.
Seven injectors were equally spaced 10 cm apart starting from the centre
of the detection cell. The OH radical was generated by passing Hp
diluted in helium through a microwave discharge upstream and mixing it
with NO, diluted in helium. Hydroxyl radical concentrations were
measured by irradiating with light from an OH discharge lamp and
detecting the resonance fluorescence orthoganally by an EMI 9597 QA
photomultiplier with an interference filter (308 nm) and honeycomb fitted
before the front window of the PMT. The signal from the PMT was
processed by an EMI amplifier/discriminator and was passed into a rate
meter and then to a chart recorder.

An Edwards EIM80 backing pump connected to a Roots blower provided the
necessary pumping for the flow tube. A calibrated flow meter (Jencons

RS3) was used in all experiments for the main helium flow(BOC commercial

grade), and calibrated mass flow controllers (Tylan FC-260} were used for

all other flows.

Linear flow velocities ranged from 5 to 15 ms-1 and the flow tube
pressure, typically 2-5 torr, was measured by a capacitance

manometer (MKS Baratron).




The concentration of OH used in experiments was

(5—10)><1010 molecule cm™ > and the concentration of the co-reactant used
in experiments was roughly (1—20)x1014 molecule cm_3, giving
[co-reactant]/[OH] = 1000-20,000 and hence allowing the use of pseudo-
first order conditions. Experiments at elevated temperatures were
performed by heating the flow tube with a Hotfoil G4 heating tape
controlled by a Cal 9900 temperature contrvller. Experiments at
sub-ambient temperatures were carried out by encasing the flow tube in a
cold box in which solid carbon dioxide was placed. The temperature was
monitored by six evenly spaced thermocouples along the flow tube and

kept constant by gently heating the tube to the required temperature.

Sub-ambient temperatures were maintained for up to two hours.
3. Results and discussion

The kinetics were performed in our system by normalizing the OH
concentration, [OH]{, to fluorescence signals, [OH]y when no co-reactant
was present. It was assumed that the OH concentrations were proportional
to the fluorescence intensities. We extracted the pseudo first order
rate constant, k', from ln{OH]O/ln[OH]t = k't, where k' = k[co~reactant]
and k is the second-order rate constant for the reaction. A summary of
rate constants measured at room temperature is shown in table 1.

A typical second-order plot is shown in figure 1, for the reaction of CH
with CH3CHF, (HFC-152a). A straight liae is obtained which passes through
the origin. A similar case is shown in figure 2 but with the
experimental point at the origin omitted to demonstrate that the line in
fact passes through the origin without that point being included in the
linear regression analysis. However, good behaviour of this kind is not

always observed, as shown in figure 3 for the reaction of OH with

CH3CFCly (HCFC-141b); a positive intercept is clearly apparent. The

intercept lies outside the 95% confidence error limits. Forcing the
gradient through the origin yields a rate coefficient a factor of two

larger than the recommended value.

The assumption that the rate constant for wall loss of OH, k., is

constant throughout the experiment, as the co-reactant concentration is




changed, may not be valid. We have observed an interesting phenomenon
with our co-workers in Germany. Figure 4 shows a second-order plot for
the reaction of OH with methylvinyloxirane using a
discharge-flow-mass-spectrometer system described previouslyl[9]. The
important difference compared with the apparatus used in Oxford is that
the OH radical was injected through a moveable inlet and the flow tube
was coated with halocarbon wax. The observed loss of OH, and hence k',
is much greater than expected at low concentrations of co-reactant and
k' does not increase linearly with [co-reactant]; at higher
concentrations, the plot becomes linear. The intercepts are very high
for reactions of OH with epoxides, of the « rder 300 s~ 1 to 500 s~1. In
systems where OH is injected through a moveable inlet, it is often
assumed that the intercept in the second-order plot is the rate constant
for the wall loss. However, this assumption can only be valid if kw is
not a function of the co-reactant concentration. Measurements of the OH
as a function of distance along the flow tube in the absence of
co-reactant show that k, is less than 30 s™1 for halocarbon wax,
Teflon{(PTFE), phosphoric acid, and boric acid surfaces used in
discharge-flow OH kinetics. The abnormally high intercept of the linear
portion of the second-order plot thus suggests that the surface activity
is modified by the presence of the co-reactant. One simple approach to
this problem is to postulate the existence of just twe types of wall
site, one appropriate to the "clean" surface when no reactant is
present, and the other occupied by the reactant. If the fraction of
covered sites is 0, the expression for k' now becomes

k'= kl[co-reactant]+ {9k:+(1—9)k3}. k: is the rate constant for wall
loss of OH when the surface is completely covered by the co-reactant and
ka is the rate constant for wall lo:s of OH in the absence of co-
reactant(i.e. ca.30 s™1). If we assume that the adsorption of the
co-reactant on the flow tube wall can be described by Langmuir's
isotherm[10], then it follows that O = K[RH]/(1 + K[RH]) where K is the

Langmuir constant and [RH] is the co-reactant concentration.

k'= k[RH]+ { (k- kS)R[RH]/(1+K[RH])) + kO




At high concentrations of co-reactant, k' therefore reduces to

k[RH] + k:; when no co-reactant is added, k' = kg.

It must be stressed that the quantity k' defined here is measured only
in experiments such as those in which the OH is admitted into the flow
tube through a sliding injector. In collaboration with our co-workers in
Germany, data for the reaction of OH with methylvinyloxirane have been
fitted to a function based on the form just derived. The rate constant
for the reaction of OH with methylvinyloxirane is three orders of
magnitude larger than the rate constant for the reaction of

OH + HCFC-141b. The adsorption of HCFC-141b seems less severe than that
of methylvinyloxirane, and the technique used in Oxford would not reveal
an adsorption of HCFC-141b so obviously as in the methylvinyloxirane
case. We believe that some adsorption of HCFC-141b may still occur in
our system with the Teflon lined tube, but thes effect on the kinetics
appears much less pronounced. The adsorption of material on the flow

tube wall is dependent on the nature of the surface(i.e.the coating).

Our results shown in table 1 are in good agreement with the values
recommended by NASA[11l] and IUPAC{[12] evaluation panels. Experiments
will be conducted employing a selection surfaces to elucidate further
the rdéle played by adsorption in interfering with kinetic measurements

in systems containing the hydroxyl radical.

Acknowledgements.

DJK kindly thanks Dr R.N.Schindler and Mr T.Jungkamp for the use of
their data and the Department of tha Environment for the supply of

compounds and for the support of a CASE studentship awarded by SERC.

4. References.

1. Wayne R.P, Canosa-Mas C.E, Heard A.C, and Parr A.D.
Atmos. Environ. 26A, 13, (19%2) 2371-2379.

2. Brown A.C, Canosa-Mas C.E, Parr A.D, and Wayne R.P
Atmos.Envir. Vol 24A, 9, (1990) 2499

3. Zhang Z, Huie R.E, and Kurylc M.J.

J.Phys Chem. 96, {1992)1533-1535




4. Abbat J.P.D, Fenter F.F, and Anderson J.G.

J.Phys.Chem. 96, 4, (1992) 1780

5. Macleod H, LeBras G, and Poulet G.

J.Chim. Phys. 80, (1983) 287

6. Hsu Y.C, Chen D.S, and Lee Y.P.

Int.J.Chem.Kinet. 19, (1987) 1073.

7. Oehlers C, Temps F, Wagner H.Gg, and Wolf M.

Ber. Bunsenges. Phys. Chem.96, 2 (1992) 171.

8.Howard C.J. J.Phys Chem 83,1 (1979) 3

9. Schonle G, Rahman M.M, and Schindler R.N.

Ber. Bunseges.Phys Chem. 91, (1987) 66-75.

10. Atkins P.W. Physical chemistry 3ed. (1986) 777.

11. NASA Panel for data evaluation. Chemical kinetics and photochemical
data for use in stratospheric modelling. JPL 92-1 (1992) Evaluation
no.10.

12. Atkinson R, Baulch D.L, Cox R.A, Hampson R.F, Kerr J.A, and Troe J.
IUPAC subcommittee on gas kinetic data evaluation for atmospheric
chemistry. Atmos. Environ 26A, 7, (1992) 1187-1230.

Table 1. A summary of the rate constants determined in our system for

the reaction of HCFC/HFC with OH at room temperature.

Compound HCFC/HFC k

identification | cm® molecule~l g~1

CH3CFCl, HCFC-141b (5.4+1.6)x10713

CH3CF,C1 HCFC-142b (2.240.3)x10713

CH3CHF, HCFC-152a .3+0.2)x10714

CHC1,CF3 HCFC-123 .140.2)x10714

CH3CClj HCFC-140 .0£0.2)x107 14

CC13CHO CHLORAL (1.340.2)x10712

CH3CFCl, HCFC-141b A = 4.8x10713
/R =1327£220 K1

a




Figure 1. A second-order plot for the Figure 2. A second-order plot for the
reaction of OH with CHCl3CFg reaoction of OH with CHCHF,
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Introduction

Because of scientific evidence that has identified atmospheric chlorine and bromine (and their
associated oxides, ClO and BrO) as the principal catalytic agents for the destruction of stratospheric
ozone in the polar regions and as strong contributors to ozone loss at mid-latitudes{1], international
environmental legislation has established phaseout deadlines for chiorofluorocarbons (CFCs) as
well as other halogenated compounds. T hus, the environmental and technologicai acceptability of
suitable industrial alternatives to the banned chemicals have become the subjects of considerable

research activity.

Critical to an assessment of the environmental acceptability of CFC alternatives is a detailed
understanding of the atmospheric degradation of such compounds. Qur research focuses on two
areas of investigation (chemical reactivity and photolysis) that, to a large extent, control
atmospheric degradation mechanisms. In the troposphere, the atmospheric lifetimes of most
chemicals are governed primarily by their rates of reaction with OH radicals and, to a lesser degree,
by solar photolysis. However, in the stratosphere, ultraviolet photolysis can play a very important
role in defining a chemical's atmospheric lifetime and also specifies the amount and altitude of
release of chlorine (important in quantifying ozone depletion potentials).

Over the past several years, researchers in our laboratories have been conducting a comprehensive
program of investigation on the reactivities of a large num ber of ~tmuspheric trace gases and
proposed CFC alternatives with respect to the OH radical. The relatively low reactivity of some of
these chemicals (having OH rate constants in the 10-15 cm3 motecule'! s-1 range) coupled with the
need for very precise and accurate rate constant determinations has required increased sample
purification and measurement sensitivity. More recently, we have begun to focus onthe
determination of UV absorption cross-sections for CFC alternates using both gas phase and hquid
phase measurements. These new studies have quantitatively characterized the roles of
sample/window absorption and scattered light in our experiments and permit extension of the
measurements to long.r wavelengths where the absorption cross-sections are quite small and aie
often are subject to large uncertainties as evidenced by differences in values reported in the
literature. This paper summarizes our completed and ongoing OH reaction studies with CFC
alternatives and a few other related atmospheric trace gases usirg an improved version of the flash
photolysis resonance fluorescence technique that was developed in our laboratories neariy 25 years
ago. These studies have sought to minimize the unwanted effects due to reactive impunties as well
as secondary reactions associated with primary reaction and/or photolysis products. Similarly, an
update on recent UV absorption cross-section measurements is presented, highlighting our recently
developed methodology of using liquid phase results to extend the gas phase measurements to
regions of extremely low absorptivity.




Experimental

Rate Constant Measurements: The flash photolysis resonance fluorescence technique was
employed for all OH reaction rate studies as described in earlier publications from our
laboratory.[2,3] A double-walled, thermally controlled Pyrex reaction cell (100 cm3 volume)
reaction cell was used in a "slow flow" mode. Reaction mixtures were generated and used in two
different manners. First, they could be prepared manometrically in glass storage bulbs and slowly

flowed through the cell at total pressures between 5 and 200 Torr (1 Torr = 0.133 kPa) at a typical

flow rate of 0.36 cm3 s-1. Alternatively, they could be prepared just upstream from the cell by the
confluence of separate flows of organic reactant, OH photolytic precursor, and inert diluent gas.

OH radicals were typically produced by the flash photolysis (A=165 nm) of 0.1-0.2 Torr of H2O
and monitored over several reaction e-folding times following the flash by their resonance

fluorescence at 308 nm (A23 + — X2[], 0-0 band). The latter was excited by a microwave-
powered cw OH resonance lamp (~1 Torr of He saturated with water vapor) and monitored at right
angles to both the flash and resonance lamps through an interference filter. Bothspecially
fabricated N> or commercially available Xe flash lamps were employed for the OH production, the
latter type providing a faster repetition rate and better flux reproducibility. The fluorescence decay
(directly proportional to the OH concentration at the low concentrations generated) was recorded on
a microcomputer based multi-channel scaler as a summation of multiple flash photolysis
experiments. These OH decay curves were then analyzed using a weighted linear least squares
routine (In(fluorescence signal) vs. time) to derive the first order decay rates. St veral such
determinations were made for each set of experimental conditions. In all cases, the hydrocarbon
reactant was in great excess over the OH concentration (1010 - 1011 molecules cm-3) so that first
order kinetic behavior applied to the OH radical disappearance and the decays were extremely well
represented by an exponential fit. Thus, first order decay rates were determined over a range of
reactant concentration (at each temperature in temperature dependent studies) and the second order
rate constants were derived from weighted linear least squares plots of the decay rate vs.
concentration data. The reactant cell temperature was controlled by the passage of appropriate
heating or cooling fluids between the walls of the vessel.

UV Cross-Section Measurements: The spectrometer system used for the gas phase measurements
has been described previously.[4,5] It consists of a 1 m normal incidence vacuum monochromator

employing a 600 lines/mm grating blazed at 150 nm and provided with a 20 cm cell.
Interchangeable vacuum UV and UV photomultipliers, analog to digital circuitry, computer-
controlled wavelength stepping motor drive, and computerized data acquisition complete the
experimental arrangement. Data for diffuse absorbers such as those discussed bere only required
measurements every 0.2 cm and a precision (as determined from measurement repeatability) was
approximately 2%. For the liquid phase measurements, a dual-beam Cary 219 spectrophotometer
was employed along with three pairs of precision cells (0.01, 1.0, and 5.0 cm in length).
Wavelength accuracy was verified using the 279.3 nm and 287.6 nm lines of a holium oxide glass
filter and the precision of the liquid phase measurements was determined from a comparison of
absorption cross-sections obtained at a given wavelength using the various cells.

In most cases, hydrocarbon samples were obtained as special preparations from industrial or other
research labs. The purity of such samples were verified using gas chromatography and gas
chromatography / mass spectrometry. When necessary, repurification was performed by vacuum
distillation techniques. Ultra high purity inert diluent gases were used from commercial suppliers.




Results and Discussion

OH Rate Constants: The results of our past few years of research on the chemical reactivity of
atmospheric trace gases and CFC alterniatives towards OH are presented in Tables[and II. In
cases where there are other recent studies that have taken care to exclude kinetic effects due to
reactive impurities and secondary reactions, agreement with the present results are quite good.
This level of agreement among the published data and recommeuded kinetic parameters for
atmospheric modeling are detailed in the latest publication by the NASA Panel for Data
Evaluation.[6] For the more recent, yet unpublished, work from our laboratory (HFC-227ea,
HEC-245ca and methane) we have only published data from other laboratories for methane with
which to compare our results. Qur methane rate constants compare quite favorably with those
from the very recent study by Vaghjiani and Ravishankara[7}, which indicate a significantly slower
rate of reaction between methane and OH in the atmosphere and are the basis for the latest
modeling recommendations{6]. The level of agreement between the present results and those of
reference [7] can be scen from Figure 1 where, despite differences in the Arrhenius parameters
derived from the individual data sets, agreement between the measured values is better than 10%
over the entire temperature range of measurement below 300K.

The primary utility of the kinetic data present herein is in the calculation of atmospheric lifetimes.
While exact lifetime calculations are best performed using a full atmospheric photochemical model
and must take into account loss mechanisms other thar gas phase reaction or photolysis, an
estimate of the tropospheric lifetime can be obtained by a comparison with that for methyl
chloroform (CH3CCh).[8] Such a calculation assumes that the reaction with OH is the dominant
tropospheric loss mechanism for both CH3CCl3 and the compound of interest and, hence is useful
only in a semi-quantitative manner to compare the relative lifetimes of species whose atmospheric
photochemistries are similar. The overall atmospheric lifetime is then calculated from the sum of
the reciprocals of the tropospheric lifetime and the stratospheric lifetime (estimated from modeling
calculations).[1] Considering only tropospheric loss due to reaction with OH, the tropospheric
lifetime for any compound can be approximated by the tropospheric lifetime of CH3CCl3

multiplied by the ratio of rate constants (at 277K) for the reaction of OH with CH3CCh and the
compound of interest. A tropospheric lifetime for CH3CCl3 of approximately 7.0 years with
respect to reaction with OH can be calculated by adjusting the total lifetime of 5.7 years[9] for the
estimated 85 year lifetime due to ocean loss and the 47 year lifetime calculated for stratospheric
loss.[1] Thus, using a value for the rate constant for OH + CH3CCh of 6.7 X 10-13from
reference {6] the tropospheric lifetimes of the compounds listed in Table I can be calculated.
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Figure 1: Arrhenius plot of our recent data for the reaction OH + CH4. The Arrheuius fit to our
data is given by the solid line. The dashed line is calculated from the Arrhenius parameters
recommended in reference [6] as derived from the data of reference [7}]. v
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Compound A-Facto? E/R+(AE/R) k(298K)® k(277K)® AT (K)

CHoFCF3 3.7 1990+280 0.46 0.28 270-400 [10.11]
(HFC-134a)

CH3CHF3 0.96 940+130 4.1 32 270-400 [10]
(HFC-152a)

CF3CHFCF3 . 1620+100 . X 270-365 [12]
(HFC-227ea)

CHF2CF2CHaF . 1660+170 . . 260-365 [12}
(HFC-245¢ca)

CHF>CF2CF2CHF2 , 1510+260 , . 245-419 {13]
(HFC-338pce)

CF3CHFCHFECF2CF3 . 1400+180 , . 250-400 [13])
(HFC-43-10-mee)

CHCI2CF3 . 1040+140 X . 270-400 {10]
(HCFC-123)

CHsCEFClo . 1620+290 . . 250-400 [10.11]
(HCFC-141b)

CH3CF2Cl . 16601200 ] , [10,11}
(HCFC-142b)

CF3CF2CHCl . 1290+90 . . [14]
(HCFC-225¢a)

CF2CICF2CHFC 0.68 1300+180 . . {141
(HCFC-225¢cb)

CHy 6.3 20304100 . \ [12}
(Methane)

CH3Br 5.79 1560+150 . . {15])
(Methy! Bromide)

CCl1xCH2 2.30 -472+105 [16]
k1,1-Dichlorcethene)

cis-CHCICHC1 2.21 -65489 (16}
(cis-1,2-Dichloroethene) ‘

trans-CHCICHC1 0.537 {16}
(trans-1,2-Dichloroethene)

a in units of 10-12cm3molecule-1s-1
b in units of 10-14cm3 molecule-! s-1




Compound k(298K)2

CF30CH3 (Trifluoromethyl Methyl Ether) 2.14
CF30OCHF?3 (Trifluoromethyl Difluoromethyl Ether) 035
CHEF20OCHF? (Bis-Difluoromethy! Ether) 2.47
CF3CH20CH3 (1,1, 1-Trifluoroethyl Methyl Ether) 62.4
CF3CH20CHF; (1,1,1-Trifluoroethyl Difluoromethyl Ether) 123
cyclo-CE,CHFCF,0 (1,1,2,3,3-Pentafluorooxetane) 0.25
cyclo-(CF2)30 (Perfluorooxetane) <0.02

2 jp units of 10-14cm3molecule-1 s-1

-Seciions: Despite the significant attention that has recently been given to the
determination of the cross-sections for the solar photolysis of many atmospherically important
compounds, significant differences still occasionally exist between results reported in the literature,
particular in regions of low absorptivity. Possible sources of measurement errors in such regions
inciude adsorption of the compound on the optical windows, scatiered light contributiors,
fluctuations and drift in the monitoring light intensity, and sample impurities. We have conducted
systematic studies of such contributing factors in our gas phase studies. In addition, we have also
adopted an alternative approach to the measurement of small cross-sections, ramely the
determination of the absorption cross-sections in the liquid phase and the translation of the liquid
phase results into gas phase cross-sections. As described in our first publication utilizing this
technique{4], the conversion can be accomplished by using a smali, empirically determined
wavelength shift. Using this methodology, the composite gas phase and adjusted liquid phase data
for CF3CF2CHCI, (HCFC-225ca) from 170-270 nm and CF2CICF,CHFCl (HCFC-225¢b) from
170-250 nm can be represented by the equations

logio(c225¢ca) = -17.966 + (4.542 x 10-2X) - (2.306 x 10-3X2) + (1.042 x 10-5X3)

and

logio{o225ck) = -17.714 - (2.175 x 10-2X) - (1.484 x 103X2) + (1.147 x 10-5X3)

where o is in units of cm?2 and X = (A-160 nm).

A similar study has been conducted for HCFC-141b (CH3CFCl;) and a manuscript is in
press.[18] A plot of both the gas phase and unshifted liquid phase data is shown in Figure 2.
Using the overlap region between 230-240 nm to determine a wavelength shift of 3.5 nm, the gas
phase data from 190-240 nm can be combined with the shifted liquid phase data from 230-260 nm

to give an absorption spectrum where the cross-sections (in units of cm?) are given by

log1(0141b) = - 971.66885 + 17.6328 A - (12.1201 x 10-2\2) + (3.68081 x 10-4)\3)
- (4.18928 x 10-A%)




This procedure permits a determination of small gas phase cross-sections (from the liquid phase
data) in a measurement region where (as shown in the figure) the gas phase data themselves exhibit

significant flare-off due toscattered light effects

Experiments have now also been performed for CH3CCl3 (methyl chloroform) and CF3CHCl
(HCFC-123) and are underway for CF3CHFCl (HCFC-124) and CH3CF2Cl (HCFC-142b). A
temperature controlled assembly that permits the near simultaneous acquisition of both gas phase
and liquid phase data has been fabricated and should permit extension of these measurements to a
wide variety of compounds as a function of temperature in the near future.
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Figure 2: Gas and liquid phase absorption cross-section data for HCFC-141b (CH3CFClp). The
lines drawn through the data indicate the wavelength regions over which the two data sets were
used to derive the composite fit as described in the text.
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1 - Introduction :

The haloacetaldehydes, CX3CHO (X = H, F and/or CI) arc
intermediates in the atmospheric degradation of haloethanes CX3CHj3. The
CX3CHO species further degrade through photolysis or OH reaction. A
knowledge of the kinetics and mechanism of these removal steps is required to
estimate the atmospheric lifetimes of CX3CHO and the relative yields of the
halogenated species produced. The OH + CX3CHO reaction may be
particularly important since it can lead to the production of PAN-type
compounds which might be sufficiently long-lived to transport chlorine into the
stratosphere.

The rate constants for the reaction of OH with several chloro-fluoro
acetaldehydes have been recently measured using complementary techniques
(the literature results are summarized in reference 1). Agreement between the
data sets is satisfactory except for the reaction OH + CCl;CHO for which a
discrcpancy of a factor 2 exists between the different determinations. The
substantial data base now available for k (OH + CX3CHO) can be used to
interpret the reactivity of OH with haloacetaldehydes using both empirical and
semi-empirical methods.

The present paper reports a new determination for the rate constant of
the reaction OH + CCI3CHO and also on empirical and semi-empirical
calculations concerning the reactivity of OH with CX;CHO.




2. Kinetic study of the reaction OH + CCl3CHO
The reaction of OH with CC13CHO :
OH + CCI13CHO ---> H,0 + CC1l3CO D

has been studied in Orléans using the discharge flow-EPR method. The
pseudo-first order kinetics of OH were monitored by gas phase EPR, in the
presence of excess of CCl3CHO. Initial concentrations of the reactants were :
[OH], = (0.4 - 2.8) x 1012 ¢cm3 and [CC13CHO], = (0.03 - 1.79) x 1014 cm3.
The internal wall of the flow tube was coated with halocarbon wax in order to
minimize wall reactions. The pseudo-first order plot, -din[OH)/dt = k;
[CCI3CHO], is represented in Figure 1.

The rate constant derived at 298 K is :
k; = (0.89 + 0.15) x 10-12 ¢cm3 molecule-1s!

The error is two standard deviations.
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Figure 1 : Reaction OH + CCI3CHO : pseudo-first order plot.




This value can be compared with the literature values (reporied in
reference 1) and the two recent determinations obtained using pulse radiolysis -
UV absorption [2] and discharge flow-UV absorption techniques [3]. The
values given in Table I range from 0.86 10-12 t0 2.0 x 10-12 cm3 molecule-1s-!.

k Technique Reference

(10-12 cm3 molecul = s-1)

1.6 £ 0.3 Dobé et al, (1989)

=12 Starcke et al, (1990)
1.8+ 03 Nelson et al, (1990)
2002 Zabel et Becker, (1991)
1.6 + 0.2 Scollard et al, (1991)
0.86 = 0.09 Balestra et al (1992)

1.37 £ 0.14 Scollard et Téton, (1992)
1.28 + 0.25 Canosa-Mas et al, (1992)
1.68 = 0.27 Nielsen (1992)

0.89 * 0.15 This work (1993)

Table I:  Rate constant of the reaction OH + CCI3CHO at 298 K.
DF-RF : discharge flow-resonance fluorescence, RR : relative
rate, LP-RF : laser photolysis - resonance fluorescence, PR-UV :
pulse radiolysis - UV absorption, DF-EPR : discharge flow-
electron paramagnetic resonance.

The discrepancy of a factor of 2 between the rate constants is outside the
reported experimental errors of the measu:ements. There is no evident

explanation for such large variations in the data.




3. Theoretical i on of ivity of OH with hal \dehvd

The data base available for theoretical interpretation includes the rate
constant values for the reactions of OH with CH3;CHO, CH,CICHO,
CHC1L,CHO, CCi13CHO, CHCIFCHO, CCl,FCHO, CHF,CHO and CF3CHO.

On a empirical basis, a linear relationship was found [4] between
In kyggx and the electronegativity of the CX3 group in CX3CHO (Figure 2).
The electronegativity scale used was that of Huheey [5] which takes into
account the bonding of CX3 to CHO.

] i A
8 10
Group electronegativities CH3

Figure 2 : Plot of In kgy against the group electronegativities of CX3 in
CX3CHO. kgy are from reference 1.

The linearity of the plot suggests that the group electronegativities
represent a measure of the inductive effect of CXj in the transition state of the




reaction. The free energy of activation for OH + CX3CHO would therefore
seem to be a strong function of the electron withdrawing effect of the

substituents.

In order to further investigate the electron withdrawing effect suggested
by the empirical method described above, the MNDO-PM3 [6] semi-empirical
molecular orbital method has been employed to calculate the energies,
geometries and net electronic charge distributions for reactants and transition
states [7, 8]. Calculation of the electron densities on the aidehydic hydrogen
atom shows that the net positive charge increases with the degree of
halogenation. of the methyl group. As expected for reaction with the
electrophilic OH radical, there is a good correlation between the rate constants
and the net charge on the abstracted hydrogen atom, (Figure 3).

o
CH2C1,’

_C1F2 —)E

CC13

130
qH7* (x1000)

Figure 3 : Plot of In kgyg for OH + CX3CHO reactions as a function of the
net electronic charge of the H atom of the carbony! group in the

transition state.

The reaction of the OH rcdicals with the aldehydes are all highly
exothermic and hence the transition states are expected to be reactant-like
throughout the series. Our calculations confirm this suggestion since the results
show that in the transition states, the aldehydic C-H bond increases by only




about 0.15 A, whereas the incipient H-O bond of the product HyO molecule is
lengthened by at least 0.4 A relative to the equilibrium bend distance in HyO.

Calculation of the charge distributions within the transition states shows
how the approach of the OH radical creates a charge displacement in both the
reactant species. For the transition state, the net charges on the CX3 and CO
groups and on the aldehydic hydrogen atom become more positive, whereas
the negative charge on the oxygen atom of the OH radical increases when
compared to the reactant compounds. These changes in the electron densities
decrease as the electronegativy of the CX3 group increases. The polarity of the
incipient bond between the aldehydic hydrogen and the oxygen atom of the OH
group is hence greatest for reaction with CH3CHO and is reduced on

halogenation, for example :

CH3;CHO

103q :
reactants :

transition 103q :
state :

103 q

CCl3CHO

103q :
reactants :

transition  103q :
state :

103 q




Thus the smaller the eleciron withdrawing effect of the CX3 group in the
reactant aldehyde, the greater is the potential for charge separation between the
H and O atoms of the forming H-O bond in the transition state, thereby
increasing the stability of the transition state with respect to the reactants. The
linearity of the free energy plot of the experimental rate constant data against
the polarity of the incipient H-O bond, qg-qp, given in Figure 4, provides
support for this conclusion.
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Figure 4 : Plot of In kgy against the polarity of the incipient H-O bond.

Conclusions :

For the OH + CCI3CHO reaction an uncertainty of a factor 2 still
remains on the experimental determinations of the rate constant at 298 K. For
the OH + CX3CHO reactions, both empirical and quantum mechanical
calculations indicate that the changes in reactivity are mainly due to inductive
effects in the transition states. The experimental determinations of k (OH +
CX3CHO) indicate that the OH reaction could compete with photolysis to
remove CX3CHO in the atmosphere. For CCl3CHO, the lifetime towards OH
reaction is of the order of the week, and the photolysis lifetime of 7 hours,
assuming a photodissociation quantum yield of unity [9]. This photolysis
lifetime however represents a lower limit since the quantum yield would be
expected to be lower than unity. If the OH reaction significantly competes with
photolysis, this can be a source of the PAN type compound, CCl3C(0)C,NO,,
which can be long-lived enough to transport chlorine to the stratosphere.
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1. Introduction

In this research concerning the alternative hydrofluoro(chloro)carbons, rate constants
were measured for reactions of nitric oxide with fluoro(chloro)ethylperoxy radicals
(briefly RO9) resulting from the tropospheric degradation of H(C)FC's.

In the atmosphere, the H(C)FC's will react with OH-radicals to produce an
haloalkylradical which will result in a peroxyradical through subsequent reaction with
0s.

Three major reaction routes are open to the peroxyradical:

ROz +NO — RO +NOy (1a)
— nitrate (1b)

RO7 +HO3 — ROOH + 0y )

RO2 +RO7 — 2RO + 0y (3a)
—> (aldehvketone + alcohol + O3) (3b)

In order to predict the fate of the ROy-radicals in the troposphere, the rate constants
of the competing reactions above must be known.

In this work, a direct measurement was made of the rate coefficient kj, at 290K, for
RO from HFC 134a, HFC 143a and HCFC 142b. The k; are derived from the shape
of NO»-growth profiles upon reacting the peroxyradical with an excess NO, at various
NO-concentrations.

To this end, the Discharge-Flow-technique in combination with Molecular Beam
Sampling Mass Spectrometry (EI) was applied.

The method was validated earlier on the basis of the known k(CF30, + NO) rate
constant. [1]

2. Experimental

The apparatus comprises a conventional fast-flow reactor and a three-stage
differentially-pumped molecular beam sampling system with an Extranuclear
Quadrupole Mass spectrometer housed in the last stage. The flow reactor consists of a
2,8 cm inner diameter quartz tube, with a side arm equipped with a microwave cavity,
and a set of two coaxial, movable injector tubes (see fig. 1). In zone I, F-atoms,
created upstream from F in a microwave discharge (F, dissociation yield ~98%) are
converted into haloalkyl radicals through reaction with a large excess of the
appropriate H(C)FC. In zone II, where a very high amount of O, and a smaller amount
of NO is added, the haloalkylradicals rapidly lead to RO, which subsequently reacts
with NO, yielding NOy and haloalkyinitrate. The i(NO5*)-versus-time profiles are




monitored by moving the two coaxial injectors together towards the sampling point,
i.e. by changing the lenght of zone II (from O to 24 cm) at constant length of zone I
(4cm). The rate constants of the RO, + NO-reactions were derived from the shape of
the i(NO,*)(t) profiles at various NO-concentrations. The NO5*-sigaals are recorded
at an electron energy of 40 eV or 14 eV, the lower value was chosen for the cases
where H(C)FC can give rise to an m/e=46 fragmention.

ZONE NI
R+ 02 — ROZ

F+ HCWC RO2 +NO—> RO 'Q-NO2

FIG 1 : FLOW REACTOR

The experiments were performed at a total pressure of 2 torr (He = bath gas) at 290 K.
The average flow velocity was about 1800 cm/s.

The RO, radicals were created by reacting F-atoms ([F]o=5 1012 molec cm3) with a
large excess of H(C)FC ([H(C)FC]=5 1014), resulting in RO, through subsequent
reaction of the so formed R-radical with a large excess of Oy ([O2]~5 1013). The
concentration of NO ranges from 1013 to 5 1013 molec cm3.

3. Data analysis

The data analysis consists of two steps. The first is an analytical approach based on a
simple model, containing only:

RO7 +NO — RO +NOj } =k
—> nitrate 1]

At constant [NO], the NO;-growth is then given by:

[NO,]=cst(1-e)
k = k,[NO]




This simple approach gives us a first approximation of k (and k) and allows one to
establish the time-scale zero and to make the appropriate corrections for diffusional
transport.

Secondly, in a kinetic modelling approach, the kj-value is improved by including all
side-effects that influence the NOy* profile shape. The extended reaction mechanism
adopted thereto comprises all reactions of probable importance, i.a. secondary NO»-
formation and NO5-removal as well as mutual reaction of ROg; this second step also
takes into account the decrease of the NO-concentration and contribution to the
NO;*-signal from fragment ions of nitrates and pernitrates:

RO +NO — RO +NO; } ki
—> nitrate 1
RO7 + NO3 — ROsNOy
ROz +RO3 - 2RO+ 0y
— RCH +R"CHO + 0,
RO +NO3 —->»RONO,
RO+NO —RONO
RO+03 —»RjRyC=0+HO,
RO — R'+ aldeh/ketone
J 05}
R'O2 + NO— R'0O; + NO,
—>nitrate
etc...
In our conditiors, the reaction of RO + O, will be slow because of the low 0]
concentration. Thus the most important reaction pathways of RO will be the RO +
NO-reaction or, in some cases, the thermal decomposition of RO. When RO
decomposes it leads through subsequent reactions to a delayed formation of a second
NO».

It must be emphasized that only a few of the above reactions are of importance;
sensitivity analysis reveals that for each of the cases considered here the NO,* profile
shape is determined predominantly by the rate constant kj of the RO3 + NO re .ction.
Numerical integration of the full set of kinetic equations for differemt "trial” values of
kj, and comparison of the generated NO*-profiles with the experimental i(NO,*)-
shape provides the best k}-value. The computed NO,? signal is taken as the weighted
sum of [NO3], [nitrates] and [pernitrates], with sensitivity ratios 1 : 3 : 1.1 at 40 eV
[1]; at 14 eV, the .-lative sensitivities of nitrates and pernitrates w.r.t. NOp are
approximately 3 times lower. Thus, at each [NOJ], a first-order k=ky;[NO] is
“reconstituted”. The slope of the resulting k vs. [NO] plot gives kp; together with its
95% confidence interval.

4. Results

L. CF3CHFQ5 + NO (RO; arising from HFC 134a)

The extended model is given below; the adopted rate constants, known or estimated,
are for our experimental conditions.




CF3CHFO; + NO

CF3CHFO3 +NO»
CF3CHFO + NO
CF3CHFO + NOp
CF3CHFO
CF3+ 0y

CF307 +NO
CF30, + NO
CF30,7 + NOp
CF30 +NO
CF30 +NO»

2 CF3CHFO,

—CF3CHFO + NOy
—CF3;CHFONOy
—CF3CHFO2NO2
—CF3CHFONO
—CF3CHFONO,
— CF3 + CHFO

— CF302

— CF30 +NOy

— CF30NOy

— CF3072NO;

— CF30NO

— CF30NO7

— 2 CF3CHFO + Oy

k1a

k1p=0.02 x kia

kq=8 10-12

ks=2 10-11

kg=1.5 1011
ky >1500s-1
kg=5.05 10-13
ko=1.5 10-11

kjo=1.510"13
kj1=9 10-12
ky2=110-11
ky3=5 1012

ky=4.110-12
k14=3.110"12
kq5=8 10-12

— CF3CHFOH + CF3CFO + Oy
2 CF30, — PROD
CF307 + CF3CHFO, — PROD

In this case, the main fate of the alkoxyradical, CF3CHFO is fast decomposition to
CF3 and CHFO. The evidence is three-fold: i) fairly large CHFO-signals were
observed; ii) there was no significant reduction of the CHFO-signal upon increasing
[NO), which means that the CF3CHFO + NO-reaction can only barely compete with
the decomposition, iii) the final NO5-signals at large [NO] were markedly higher then
obtained for ROy = CF303 in identical conditions. The delayed secondary NO2
formation here causes an underestimation of k1 by ~ 50% in the simplified single-step
approach. The final k; (= kj3 + kjp) value deduced from the full model for the

CF3CHFO7 + NO-reaction is (1.56 + 0.45) 10-11 cm3molec-1s-1; the error indicated
is 20, including an estimated systematic error of 30%.
Our present result is 20% higher then the values reported by Wallington and Nielsen

[7] and by Howard et al. [6].
Figure 2 shows the plot of the pseudo first order rate constant versus the NO-

concentration based on the extended model.

300
k(s l)

3.00e+13 400e+13

5.00e+13
INO}(meolec cm's)

figure 2: k vs. [NOJ




2. + NO (RO3, arising from HFC 143a)

In this case the extended mechanism only includes 12 reactions, because in contrast
with the CF3CHFO5 reaction, the CF3CH,O alkoxyradical does not decompose.
Indeed, concurring with Howard et al. [6], we did not find any evidence for
decomposition products and the magnitude of the measured NO»j-signals gives no
indication for secondary NOj-formation. Our findings are in keeping with the
unfavourable energetics for the decomposition of CF3CH20 to CF3 and CH7O. The
main fate of the alkoxyradical in our case is reaction with NO to form a nitrite.

The extended modelling procedure results in a bimolecular rate constant for the
CF3CH,0, + NO-reaction of (1.15 % 0.30) 10-11 cm3molec-1s-1, this result is here
only 30% above that of the simple, single-step model.

1
J0te+i3 4.00e+13

(1} " 1
(X108 Le+13

-3
INO] (molec em )

figure 3: k vs, [NOY

3. CFCICH,0; + NO (RO arising from HCFC 142b)

Also in this case no decomposition of the alkoxyradical occurs, and the kinetics are
uncomplicated, with the NO,%-shape determined almost uniquely by kj. Only the
mutual RO reaction appears to have a slight effect.

We did not complete the full analysis yet, but as usual we expect an increase in k-value
of ~ 30%, which would result in a bimolecular rate constant for the CFpCICH0, +
NO-reaction of ~1.3 10-11 cm3molec-1s-1

Figure 3 shows the plot of k versus the NO-concentration, for the simpie model.




3.00e+13 4.00e+13

[NO](molec am™d)

figure 4: k vs. [NO] (simple model)

5. Conclusions

Table 1: Rate constants of RO; + NO reactions at 290K.

ROy rate coefficient * reference

CF30, 1.53 1]
1.78 [2]
1.45 31
CCi30, 1.86 [4]
1.7 [3]
CFCl20, 1.45 31
1.60 [5]
CF,ClO7 1.6 3]
CF3CHFO2 1.56 this work
1.3 [6]
1.28 N
CF3CH,0, 13 [6]
L.15 this work
CF3CClh0O, 1.5-2.0 (8]
CF3CF202 1.4 [6]
CF,CICH07 this work

* in units of 10-11 cm3molec-ls !

The present results are listed in table 1, together with k(RO2 + NO) data for other
haloalkylperoxyradicals. All data are in fairly narrow range, from 1.15 to 2.10-11




cm3molec-1s-1, i.e. aprreciably higher than the rate constants for CH30, + NO and
CyHs505 + NO (both near 7.5 10-12). A closer inspection of the results for the
halogenated radicals reveals a slight trend: the reactivity towards NO increases with
the number of electronegative substituents (F, Cl, CF3, CF2Cl) on the a-carbon. This
observation confirms earlier conclusions [1].

As regards the fate of the H(C)FC degradation products, our results strongly support
earlier findings that CF3CHFO decomposition in CF3 plus CHFO is a fast proces
[9,10]. On the other hand, CF3CH,0 and CF,CICH2O decompose only slowly and
their major tropospheric reaction route is expected to be H-abstraction by O5.
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1. Introduction

By international agreement, industrial production of CFCs will be phased out.
Hydrofluorocarbons (HFCs) are one class of potential CFC substitutes. Prior to large
scale industrial use, it is important to establish the environmental impact of the
release of HFCs into the atmosphere. Following release, HFCs will react with OH
radicals in the lower atmosphere to produce fluorinated alkyl radicals which will, in
turn, react with O, to give peroxy rodicals. There is relatively little information
available concerning the aimospheric fate of the fluorinated alkyl peroxy radicals.

As part of a collaborative study between Risg and Ford on the atmospheric
fate of HFCs, we have conducted experimental studies of a series of HFCs: CH,F,
CH,F,, CHF,, CF,CFH,, CF,HCF,H, and CF;CF,H. A pulse radiolysis technique was
used to measure the UV absorption spectrum, self reaction kinetics, and the rate of
reaction with NO of the peroxy radicals. The products following the self reaction of
the peroxy radicals were determined using a FTIR spectrometer coupled to an atmo-
spheric reactor. Selected results from both experimental systems will be reported.

2. Experimental

Two different experimental systems were used as part of the present work. A
pulse radiolysis transient UV kinetic spectrometer was used to study the UV absorp-
tion spectrum and self reaction kinetics of RO, radicals, while a Fourier

# permanent address: SRL-E3083, Ford Motor Company, P.O. Box 2053, Dearborn,
Michigan 48121-2053, USA




transform infrared (FTIR) spectrometer was used to investigate the products follow-
ing the self reaction of RO, radicals. The experimental systems have been described
in detail in previous publications [1,2] and will only be discussed briefly here.

Peroxy radicals were generated by the radiolysis of SF,/O,/HFC gas mixtures
in a one liter stainless steel reactor with a 30 ns pulse of 2 MeV electrons from a
Febetron 705B field emission accelerator. SF, was always in great excess and was
used to generate fluorine atoms:

SF¢ + 2-MeV ¢ -+ F + product (1)
F + HFC - R + HF 2
R+0,+M - RO, +M 3)

Two sets of experiments were performed using the pulse radiolysis system.
First, the ultraviolet absorption spectrum of RO, radicals was measured by observing
the maximum in the transient UV absorption at short times (10-40usec). Second,
using a longer time scale (0.5-2 msec), the subsequent decay of the absorption was
monitored to determine the kinetics of reaction (4):

RO, + RO, ~ products 4)

To monitor the transient UV absorption, the output of a pulsed 150 Watt
xenon arc lamp was multi-passed through the reaction cell using internal White cell
optics (40 cm path-length). Reagent concentrations used were; SF,, 948 mbar; O,, 2
mbar; and HFC 50 mbar. All experiments were performed at 298 +2K. Ultra high
purity O, was supplied by L’Air Liquide, SF, (99.9%) was supplied by Gerling and
Holz and RFCs (>99%) was obtained from Fluorochem. All reagents were used as
received.

The FTIR system was interfaced to a 140 liter pyrex reactor. Radicals were
generated by the UV irradiation of mixtures of HFC and Cl, in air at 700 torr total
pressure at 298K using 22 blacklamps (GE-BLB-40). The loss of reactants and the
formation of products were monitored by FTIR spectroscopy, using an analyzing path-
length of 28 meters and a resolution of 0.25cm™. Infrared spectra were derived from
128 co-added spectra. Reference spectra were acquired by expanding known volumes
of a reference material into the reactor. Ultra pure synthetic air was supplied by
Matheson Gas Products, and HFCs were obtained from PCR, Inc. at a stated purity

of >99%.




3. Results

The UV spectra of CH,FO,, CHF,0,, CF,0,, CF,CF,0,, CF,HCF,0,, and
CF,CFHO, radicals were measured using the pulse radiolysis technique. After the
pulse radiolysis of HFC/O,/SF, mixtures a rapid increase in absorption in the
ultraviolet was observed, followed by a slower decay. No absorption was observed in
the absence of SF,. We ascribe the UV absorption following radiolysis of
HFC/0,/SF, mixtures to the formation of fluorinated peroxy radicals and their
subsequent loss by self reaction.

To illustrate some typical data we present here detailed results for CH,FO, [3].
Results for CHF,0, [4], CF,0, [5], CF,CF,0, [6}], CF,HCF,0, [7}, and
CF,CFHO, [8] radicals are available elsewhere.

Measurement of absolute absorption spectra requires calibration of the initial F
atom concentration. Additionally, experimental conditions have to be chosen such that
there is stoichiometric conversion of F atoms to the appropriate radical. The yield of
F atoms was established by two techniques. First, by monitoring the trans.ent absorp-
tion at 216.4 nm due to methyl radicals produced by radiolysis of SF,/CH, mixtures
and using a value of 4.12x10™"7 cm? molecule ™! for o(CH,) at 216.4 nm [9]. Second,
by monitoring the transient absorption at 250 nm due to CH;0, radicals following

radiolysis of SF,/CH,/O, mixtures and using 6(CH,0,) = 3.92x10™"® cm” molecule ™
at 250 nm [10]. Values of [F], derived from both methods differed by less than
10%.

To work under conditions where the F atoms are converted stoichiometrically into
CH,FO, radicals, it is necessary to consider potential interfering secondary chemistry.
Potential complications include: (ii) competition for the available F atoms by reaction

with molecular oxygen;

F+0,+M - FO,+ M 5)
(ii) reaction of CH,F radicals with CH,FO, radicals:
CH,F + CH,FO, - CH,FO + CH,FO
and (iii) reaction of F atoms with CH,F and/or CH,FO, radicals:

F + CH,F - products
F + CH,FO, - CH,FO + FO




The rate constant for reaction (5) has been measured previously in our laboratory
[11], ks = 1.4 and 2.0x10™" cm® molecule ™" sec™! at 600 and 1000 mbar of SF,
diluent, respectively. There are no literature data concerning the kinetics of reactions
(6-8). Hence, we cannot calculate their importance. Instead, to check for the presence
of complications in our experiments caused by unwanted radical-radical reactions, two
series of experiments were perfcrmed. First, the transient absorption at 240 nm was
observed in experiments using ;CH;F] = 10 mbar, [O,] = 40 mbar, and [SF] = 550
mbar with the radiolysis dose varied by over an order of magnitude. Figure 1 shows
the observed maximum of the transient absorption of CH,FO, at 240 nm as a
function of the dose. Second, the maximum in the transient absorption was measured
in experiments using full dose, [CH;F] = 10 mbar, [O,] = 40 mbar with the SF
concentration varied between 50 and 950 mbar. Figure 2 shows the maximum
absorption at 240 nm plotted as a function of SF, concentration. From Figure 1 and 2
it can be seen that, with the exception of the data obtained using full dose and SF;
concentrations greater than 600 mbar, the initial absorption was linear with both the
radiolysis dose and the SF, concentration. Under our experimental conditions, the
formation of CH,FO, increased linearly with the initial yield of F atems and hence
reactions (6-8) are of negligible importance. For experiments employing the full
radiolysis dose and SF, concentrations greater than 600 mbar initial absorptions were
10-20% lower than expected based upon extrapolation of the data obtained at lower
SF, concentrations. This behaviour is ascribed to secondary chemistry at high F atom
concentrations resulting in incomplete conversion of F into CH,FO,. Consequentially,
the majority of our experiments were performed using [SF;] < 600 mbar.

To test for complications caused by reaction (5), experiments were performed with
the CH,F concentration varied over the range 0.8-20 mbar with all other parameters
fixed (full dose, [SF] = 550 mbar, [O,] = 40 mbar). Within our experimental
reproducibility (+ 5%) no effect on the maximum transient absorption at 220 nm was

discernable indicating that the formation of FO, radicals is not significant under our
2

experimental conditions. Using a value for o(FO,) at 220 nm of 1.34x10™" cm
molecule ! [12], we calculate that less than 2% of the fluorine atoms react to form
FO, under experimental conditions of [CH;F] = 10 mbar and [O,] = 40 mbar. This
observation, combined with a previous measurement of k; = 1.4x10~ 1 ¢cm? mole-
cule ! sec™! at 600 mbar of SF, diluent[18], leads to a lower limit for the rate

constant of the reaction of the reaction of F with CH,F of k(F+CH,F) 2 3x107"" cm®
-1

molecule ™! sec
The solid lines in Figures 1 and 2 are linear least squares fits to the data obtained

using SF, concentrations less than 600 mbar and have slopes of 0.324+0.012 and
(5.67£0.26)x10™* respectively (errors represent 2¢). From these slopes absorbances




(log,,) of 0.324 and 0.567 are calculated for experiments using full radiolysis dose and
either 550 or 1000 mbar of SF, respectively. Combining these initial absorbances with
the calibrated yield of F atoms of 2.7x10" cm™2 at 1000 mbar of SF; at full irradia-
tion dose gives 0 ¢yyr0x(240 nm) = (4.19+0.16) and (4.03+0.18)x10"'® cm?
molecule ™}, respectively. Within the quoted errors these determinations are in
agreement. We choose to quote the average of these values with error limits which
encompass the uncertainties associated with each determination, hence 0 y5r02(240
nm) = (4.1120.26)x10"® cm® molecule ™. Errors quoted thus far represent the
statistical uncertainty associated with our measurements, we estimate that, in addition,
there is 10% uncertainty in the absolute calibration of the F atom yield. Combining
the statistical and possible systematic errors, we arrive at ocypo2(240) = (4.11:0.67)
x 107 ¢cm™? molecule ™.

To map out the absorption spectrum of CH,FO, radicals, experiments were
performed to measure the initial absorption between 220 and 300 nm following the
pulsed irradiation of SF,/CH,F/O, mixtures with SF, = 550 mbar. Initial absorptions
were then scaled to that at 240 nm and converted into absolute absorption cross
sections. Results are shown in Figure 3.

The pulse radiolysis technique was also used to measure the UV spectra of
CHF,0,, CF,0,, CF,CF,0,, CF,HCF,0,, and CF,CFHO, radicals. In general, there is
reasonable agreement between the various studies. For CF,CFHO, the spectra of
Wallington and Nielsen [8] and Maricq and Szente [13] are in agreement. However,
the data from Jemi-Alade et al. [14] is approximately 40% lower. Wallington and
Nielsen [8] and Maricq and Szente [13] both used the reaction of F atoms with HFC-
134a as a source of CF;CFHO, radicals. Jemi-Alade et al. [14] employed the reaction
of Cl atoms with HFC-134a. Chlorine atoms react slowly with HFC-134a, and fiuorine
atom attack is three orders of magnitude more rapid. A possible explanation for the
anomalously low absorption cross sections reported by Jemi-Alade et al. is the loss of
Cl atoms with a reactive impurity in their work.

The fate of RO, radicals in the atmosphere is determined by reaction with

NO, NO,, HO,, or other RO, radicals:

RO, + NO - products 9

RO, + NO, + M- RO,NO, + M (10)
RO, + HO, - products (11)
RO, + R’0O, - products (12)

The relative importance of reactions 9-12 depends on NO, NO,, HO, and RO,
concentrations as well as the values of the respective rate constants ky-k;,. In remote




areas NO, concentrations as low as 1 ppt have been measured [15], decreasing the
importance of reactions 9 and 10. However, in urban areas with higher NO,,
concentration reaction 9 and 10 will be the major sink for RO, radicals.

The reaction of RO, radicals with NO can proceed through two channels:

RO, + NO - RO + NO, (9a)
RO, + NO + M - RONO, + M (9b)

In this work we have used the pulse radiolysis technique to investigate reaction 2 for
a number of alkyl and halogenated alkyl peroxy radicals: CH;0,, C,H;O,,
(CH,),CCH,0,, (CH,),CC(CH,),CH,0,, CH,FO,, CH,CIO,, CH,BrO,, CHF,0,,
CF,ClO,, CHF,CF,0,, CF,CF,0,, CFCI,CH,0,, and CF,CICH,0,.

The formation of NO, from reaction (9a) was followed by monitoring the
absorption of NO, at both 400 and 450 nm in order to assure that there was no
interference from other transient species in the system. The observed formation of
NO, was always first order. No significant difference between experiments done at
400 and 450 nm was detected. Detailed information on these experiements and results
are given be Sehested et al. [16]. In Table 1 out results have been compared with
results from previous investigations published in the literature. In Figure 4 the rate
constant has been plotted to indicate structure reactivety relationships.
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