
DOE/ER/13469--T2

DE92 013503
PROGRESS REPORT

DEPARTMENT OF ENERGY
(DE-FG03- 86ER- 13469)

"RESEARCH IN CHEMICAL KINETICS"

Department of Chemistry
University of California
Irvine, California 92717

Progress Report on work carried out during the contract period from

January 1, 1991 to December 31, 1991

PRINCIPAL INVESTIGATOR: F. SHERWOOD ROWLAND

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-

ence herein to any specific commercial product, process, or service by trade name, trademark, __'_ [_
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

IIi IIISTRIgUTIONOFTHISDOCUMENTtS UNLIMITED
)

| " ," ' n ' '_ Ilqll' 'qlll ' II'" ' " ' 1_'¢_, 4w, _ * '_ ' '*'_'_'_*" '"



' •_ ._:'ar3, _,_cm-l,

FIGURE 2

_oo.oot

ii
I". ,,

83,_8 . _-

_u_so_
8E5. O

cl_-I .

,..

°' ' "L"
,t_'l ,

. .

Oo,

,? . _'.

0'.00 _ ! 1 : ( t ' :
,;000 3500 3000 2_00 2000 *.500 _000 ©m"_ 500

BI Y: :5 scone, 4.0cm-_

CarDonyl Fluor_ll [CFL>OI, 8,7 torr



71.44 _ _ 1 _ _ I _
4000 3500 3000 @500 2000 1500 1000 ca _ 500

9t/05/06 14:15 ._,,',_n_t¢.._ ,_,',.,,,,,._t,+_e..J
Z: 64 scan,,,. 2.0cm-l. Olff



' 4

The expected reactions ,a'c as follows (analogous mechanism to reference): 3

.... CF3CH2F + CI _ CF3CHF + HCI (2)

CF3CHF + 02 _ CF3CHFO2 (3)

2CF3CHFO2 _ 2CF3CHFO + O2 (4)

CF3CHFO + O2 _ HO2 + CF3CF(O) (5a)

CF3CHFO + 132 _ FO2 + CF3CH(O) (5b)

CF3CHFO _ CF3+CHF(O) (5c)

CF3CH(O) + C1 _ CF3-C(O) + HCI (6)

CF3-C(O) + 02 _ CF3C(O)O2 (7)

CF3C(O)02 _ CF30+CO2 (8)

CF30 _ F+CF2(O) (9)

Preliminary studies show CF3CF(O) and CF2(O) to be products of this reaction. The
effect of varying the irradiation time on the yields of these two products is shown in Figures 5 and
6 for two samples with different 02 concentrations. The presence of CF2(O) suggests that
CF3CH(O) might also be a product, as shown in the possible mechanism. The FTIR spectrum of
CF3CH(O) has not yet been obtained due to the extreme difficulty in handling the material.
Attempts will be made to prepare an authentic sample of CF3CH(O) for spectral measurement.
CHF(O), expected from reaction 5c, was not observed as a product in these runs. 4

Waveleneths Identified and Assumed in Figure 4

Wavelength (cm-l_ ._omoound

691.6 CF3CF(O)
760.1 CF3CF(O)
773.9 CF2(O)
896.2 To be identified

. 1029.9 CF2(O)
1052.0 To be identified
1083.9 To be identified
1212.2 CF3CF(O)
1253.3 CF3CF(O)
1280.7 To be identified
1338.9 To be identified

II

L_ 1821.4 CC1F(O)a

i 1835.6 CC1F(O)a1849.6 CC1F(O)a
1897.8 CF3CF(O)

a Byundeterminedmechanism.SeeReference3.

Subsequent experiments will involve the influence of 02 concentration, the impact of the
presence of N2, and a pressure study. This study may also be expanded to other hydrofluoro-
carbons and hydrochlorofluorocarbons.



5
0 Torr HFC-I 34a Fig. 5:1.98 torr HFC-134a

x Torr CF3CFO 4.81 torr C12
91.46 torr 02

.._ [] Torr CF2O
I

!__ _
C.
_ l -

.J

i

El 2 4 6 8 18 12 14 16

Time (mill)

o Torr HFC-134a Fig. 6:1.91 torr HFC-134a

x Torr CF3CFO 4.85 torr C12
123.33 torr 02

[] Torr CF20

L._

| 0 l - -

.
8 2 4 6 8 18 12 14 16

Time (rain)



REFERENCES FOR SECTION I

I. Sukornick, B. "Potentially Acceptable Substitutes for the Chlorofluorocarbons: Properties
and Performance Features of Hl=C-134a, HFC-123, and HCFC-141 b", Int. J. T,_ermo.,
1989, 10, 553-561.

2. Gillotay, D.; Simon P. "TemperatureDependence of Ultraviolet Absorption Cross-Sections
of Alternative Chlorofluoroethanes", J. Atmos. Chem., 1991, 12, 269-285.

3. Edney, E.O.; Gay,, B.W., Jr.;Driscoll, D.J. "Chlorine-Initiated Oxidation Studies of
Hydrochlorofluorocarbons: Results for HCFC- 123 (CF3CHC12)and HCFC- 141b
(CFC12CH3)", J. Atmos. Chem., 1991, 12, 105-120.

r

4. Olah, G.A.; Kuhn, S.J. "Formylation with Formyl Fluoride: A New Aldehyde Synthesis
and Formylation Method", J. Am. Chem. Soc., 1960, 82, 2380-2382.

li
.... '_ll ..... RI '



II. ABSTRACTION REACTIONS BY THERMAL CHLORINE ATOMS WITH
HFC-134a

Thermalized 38C1atoms from the neutron irradiation 1 of CCIF3 were used to determine the
relative rate constants for HFC-134a and other alkanes and haloalkanes versus a common
competitor, vinyl bromide, at 4000 torr, with measurement of the decomposition product,
CH2=CH38C1, formed following 38C1addition to CH2=CHBr. 2"5 Alkanes and haloalkanes with

38C1 + CH2=CHBr _ C2H3Br38C1* _ CH2=CH38CI + Br (1)
,i

well-known rate constants for reactions 6 with chlorine atoms are chosen as the competitor
molecules for the conversion of the measured relative rate constants onto an absolute scale.

Vinyl bromide proved to react too quickly with chlorine atoms to allow accurate
measurement of the rate constant for C1atom reaction with HFC- 134a (Fig. 1). The common
competitor was therefore changed to bromotrifluoroethylene, lt was found by using ethat_e as a
competing reagent that the formation of CF2=CF38CI from CF2=CFBr at a total pressure of 41.300
torr of CCIF3 is about three times slower than the corresponding reaction with CH2=CHBr to
form CH2=CH38CI.

38C1 + CF2=CFBr --, C2F3Br38C1* _ CF2=CF38C1 + Br (2)

The reciprocal yields of CF2=CF38C1, with allowance for a 5% loss of total 38chlorine
through hot reactions, are plotted against competitor ratios (see Fig. 2). These lines provide slopes
whose ratios give the ratios of the respective rate constants. Methane and methyl chloride, whose
rate constants for reaction with chlorine atoms are well-known, were used as the reference
reactants.

Measured Slopes and Rate Constants for Reactions of Chlorine Atoms with the
Competing Reagents

Competing Measured
]Le,.agg_ _ k(298_ Referenq_

CH4 .029+.002 (1.0!-0.10) E-13 6
CH3C1 .159+.013 (4.9_+0.98)E - 13 6
CH3F (3.61+0.10)E -13 7
CH3F 3.4 E -13 8
CH3F .063+.005 (2.17_+0.31) E -13 this work a

HFC- 134a .0039+.0003 (1.33:t.-0.20) E -14 this work a

a Using methane as the reference line.

As seen from the above table, the ratio (5.48_+0.59)of the respective slopes measured for CH4 and
CH3CI agree within experimental error with the ratio of their respective rate constants (4.9+1.1).
However, the rate constant determined for CH3F in our experiments is about 40% lower than the
value reported in the literature. 7 For chlorine atom reaction with HFC-134a, the present study
indicates a rate constant of (1.33:fO.20)x10 -14cm 3 molecule -1 s-I at 298K. Additional
confirmation of the rate constants determined for CH3F and HFC-134a is being sought from
further experiments using H2 as a reference reactant. As can be seen in Figure 2, the data points
for RH=CH4, CH3F and CH3CI appear to show a slight upward curvature suggesting lower
measured yields of CF2=CF38CI (than would be expected for a linear fit) at the higher
[RH]/[CF2=CFBr] ratios. Whether this curvature is caused by the involvement of non-thermal
38C1reactions is currently being checked through a temperature study 9 of the different competitive
systems.

I I
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III. CHLORINE ATOM REACTIONS WITH VINYL BROMIDE

The addition of thermal chlorine atoms to CH2=CHBr has been previously studied by us
using radioactive 38C1atoms.1 In those experiments carried out in the pressure range 50-4000
torr, CC1F3was used as the bath gas and HI as the scavenger for collisionally stabilized radicals.
CH238C1CH2Brwas observed as the chief product at high pressures with yields exceeding 75% at
4000 torr, while at low pressure, the major product was CH2=CH38CI. The obvious precursorfor
CH2=CH38C1 in these experiments is the vibrationally excited CH2CHBr38C1* radicals,
Collisional stabilization of these radicals, followed by reaction with Hl, would be expected to form
CH3CHBr38C1. However, the yield of this product was always <0.1%. The observed
dependence of the yields of CH238C1CH2Br and CH2=CH38C1 on total pressure and
[HI]/[CH2=CHBr] ratios in these experiments could be fitted with either one of two proposed
mechanisms. In mechanism (A), 38C1atoms added predominantly to the CH2 end of the olefin-
forming CH238C1CHBr* as in Reaction 1. Isomerization of these radicals to form
CH2CHBr38Cl* by a 1,2-C1atom shift

38C1 + CH2=CHBr --> CH238CICHBr * (1)

CH238CICHBr * _ CH2CHBr38C1* (2)

CH2CHBr38C1* _ CH2=CH38C1 + Br (3)

(Reaction 2), followed by the rapid loss of Br (Reaction 3) resulted in the formation of the product
CH2=CH38C1. This "anti-Markovnikov" addition of (21followed by Reactions 2 and 3 has been
previously proposed to explain the formation of CH2=CHCI, observed as a product in molecular
beam2, 3 and infrared chemiluminescence 4 studies. However, the product yield data observed in
our 38C1experiments could not be explained by Reactions 1-3 alone, and we found it necessary to
include the additional reaction steps, 4-6, in order to obtain quantitative fits to the yield data.

CH238C1CHBr* _ CH2=CHBr + 38C1 (4)

CH238C1CHBr* + M _ CH238C1CHBr + M (5)

CH238CICHBr + Hl _ CH238CICH2Br + I (6)

In these experiments, besides serving as a radical scavenger, Hl functioned also as a
competitor for thermal 38C1through Reaction 7. In mechanism (A), the loss of Br from
CH2CHBr38C1* (Reaction 3) is very rapid such that no collisional stabilization of these radicals
occurred in the pressure range studied.

38C1 + Hl --,, H38C1 + I (7)

The alternative mechanism (B) involved the postulate that 38C1atoms reacted to form both
CH238C1CHBr* and CH2CHBr38Cl* in generally comparable initial yields, No 1,2-C1atom shift
occurs in this mechanism, and CH2CHBr38CI* radicals formed in (8) either lose the bromine as in
(3) or are collisionally stabilized as in (9). The stabilized radicals are postulated to undergo a 1,2-
bromine atom shift (10) prior to reaction with Hl (11).

38C1 + CH2=CHBr _ CH2CHBr38Cl* (8)

CH2CHBr38Cl* + M --> CH2CHBr38C1 (9)

CH2CHBr38C1 _ CH2BrCH38C1 (10)

CH2BrCH38C1 + Hl --> CH2BrCH238CI (11)
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This 1,2-bromine shift satisfactorily explained the absence of CH3CHBr38C1 as an
observed product, while the measured CH238C1CH2Br could be formed in this mechanism from
reaction with H1 of either CH238CICHBr as in (6) or CH2BrCH38CI as in (11).

Of these two proposed mechanisms, the mechanism (B) involving 38C1addition to both the
carbon atoms of CH2=CHBr was preferred by us because in the parallel experiments with
CH2=CHF, both CH238CICH2F and Cd3CH38C1F were observed with only a weak °'anti-
Markovnikov" preference of 2:1 favoring addition to the CH2 end.5 Furthermore, the direction of
the 1,2-bromine shift postulated in (B) is consistent with the observations reported earlier that such
halogen shifts occta' away from a multiple-halogen substituted carbon atom toward the CH2 end of
the radical. 6,7

The present experiments are being carried out with the goal of obtaining confirmation as to
which of these two mechanisms is operative, The photolytic method for generating C1atoms has
been used in these experiments, and D2S served as the radical scavenger. The products formed
were separated by gas chromatography and analyzed by mass spectrometry. The critical postulate
in mechanism (B) is the 1,2-bromine atom shift (10) to form CH2BrCHCI radicals. With D2S as
the radical scavenger, these radicals would form CH2BrCHDC1 as in (12).

CH2BrCHC1 + D2S _ CH2BrCHDC1 + DS (12)

The reaction with D2S of CH2C1CHBr radicals formed from (1) plus (5) would lead to
CHzC1CHDBr as in (13) and would be distinguishable from the isomer formed in (12). If any

CH2C1CHBr + D2S _ CH2C1CHDBr + DS (13)

CH2CHBrC1 radicals react with D2S prior to the 1,2-bromine atom shift, the product formed.
CH2DCHBrC1 is gas chromatographically separable from the isomers formed in (12) and (13).
Therefore, if CH2BrCHDCI is present in the reaction products, there will be evidence for the
existence of Reaction 10, In addition, the percent of the stabilization product with the structure
CH2BrCHDC1 will determine to what degree "anti-Markovnikov" addition is appropriate in
describing the system.

Several well known chlorine atm sources include C12,t-butyl hypochlorite ([CH3]3COCI)
and phosgene (COC12). C12photodissociates at --500 nm to give two near-thermal Cl's. t-Butyl
hypochlorite has a weak absorption at 334 nm and yields one near-thermal C1. The third
dissociates at 253.7 nm to give CI + COCI*. COCI* then dissociates to provide overall 2C1 and
one CO. Ali three of these were applied in the present study.

Initial work with C12showed this reagent could not be used. In the dark, reaction between
C12and the vinyl bromide produced only CH2C1CHCII3r. The product was the result of a
heterogeneous reaction seen by Knox. 8 Vinyl chloride was not observed in the product spectrum.
If atomic chlorine had been generated in the reaction system, then vinyl chloride should have been
seen. lt was concluded that, due to the fast rate for the heterogeneous reaction, ali the C12had
reacted before the system could be photo-irradiated, lt was thought that Halocarbon wax or
Teflon-coated cells could slow down this reaction, but these cells displayed the same problems as
bare quartz.

The next set of reactions using t-butyl hypochlorite were more successful. Non-irradiated
reaction mixtures displayed traces of CH2CICHC1Br, thought to be the result of C12impurity in the
t-butyl hypochlorite. The irradiated samples showed vinyl chloride so CI was generated.
However, this yield was very low due to the small cross section for t-butyl hypochlorite at 253.7
rim.

The next set of experiments used COC12. This source did not have any of the problems
associated with the first two. At 253.7 nm, the absorption cross section is large, 9.1x10 "4torr"1
cm -1 (base 10), and the quantum yield of CO is unity. 9 In addition, work by Heicklen has shown
that this reagent only reacts by a free radical mechanism, l0

The reactions were carried out with equal concentrations of D2S, vinyl bromide and
phosgene (~0.1 torr). These gases were measured into a vacuum line and then condensed in the
reaction cell using liquid nitrogen. A balance of N2 was then added between 105 and 450 torr.
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The cells were removed from the liquid nitrogen and allowed to warm to room temperature.
Correcting for temperature effects, the final pressures were between 406 and 1742 torr. The
samples were irradiated for 5 minutes at 253.7 nm using a low pressure Hg lamp. The
condensable products were then collected with liquid nitrogen and analyzed using gas
chromatography followed by mass spectroscopy. A typical gas chromatogram is shown in Figure
1. The decomposition product, vinyl chloride, identified by its retention time and mass spectra,
was quantified using tPJe = 62. The two deuterated stabilization products, CH2BrCHDCI and
CHDBrCH2CI, identified by mass spectra, co-eluted and were quantified together using m/e = 64.
In addition, some fully protonated stabilization product, CH2BrCH2CI, co-eluted. The D2S used
in these experiments had a specified isotopic purity of > 97%. lt appears that HDS is formed in the
reaction vessel by isotopic exchange reactions of D2S on the glass surface, and the observed
CH2Bff2_H2CIis presumably formed by H abstraction from HDS by the bromochloroethyl
radicals. CH2BrCH2C1 was quantified using the fragment peak at m/e = 63. When the yield of
decomposition divided by stabilizations plotted versus the reciprocal pressure (Figure 2), a linear
fit is seen. This pressure effect is consistent with an addition-decomposition mechanism occurring
in the system.

Due to the co-elusion of the three stabiliz_tion products, determination of the ratio of
[CH2BrCHDC1] t_ [CH2C1CHDBr] required a great deal of data reduction. Treating the
stabilization prod_cts as a single compound, the percent deuterium was determined on the CH2Br
end, then used to find the ratio. First, a standard was run of the fully protonated product,
CH2BrCH2C1, and each peak in the mass spectra was assigned. Then the mass spectra generated
during the elution of the stabilization products were integrated. Using the assignment of peaks
made with the protonated standard, the percent deuterium on the brominated side of the molecule
was then determined by the change in relative peak intensities. The chlorinated side could not be
used to confirm the results due to the interference of doubly charged ions. This number was then
added to the percent of product that was fully protonated. The average value over the 19 nJns
made, 73%, represents the percent of the deuterated stabilization product with the deuterium on the
brominated end. The percent of the product that was the result of bromine migration is then 100 -
73 = 27%.

Using the rate constants derived in our previous studies, a computer model was developed
to estimate the percent of stabilization product resulting from bromine migration in CH2CHBrC1 as
a function of pressure. A plot of these results, along with our experimental data, are shown in
Figure 3. Our data do not show the pressure dependence predicted by the model, and more model
calculations are cmTently being carried out to examine this. However, our average value for the
percent bromine migration agrees with the model within the error of the experiment. Most
importantly, this result supports the existence of a 1,2-bromine migration in the radical intermediate
postulated in mechanism B of our previous work.
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I. GAS PHASE OXIDATION STUDIES OF HYDROFLUOROCARBONS AND
ItYDROCHLOROFLUOROCARBONS BY FTIR

There is considerable interest in substitutes for CFC- 11 and CFC- 12 and their subsequent
reactions in the earth's atmosphere. The proposed substitutes for the CFCs are hydrofluoro-
carbons (HFCs) and hydrochlorofl|aorocarbons (HCFCs). In the troposphere, these molecules are
exacted to react with OH radicals resulting in the formation of haloalkyl radicals. Very little
information is available at the present time on the subsequent reactions of such haloalkyl radicals
under atmospheric conditions. We have inifi_.teda series of photochemical experiments with
product identification and measurement by FTIR for understanding the oxidation mechanism of
these haloalkyl radicals.

Our initial experiments have involved HFC- 134a (CF3CH2F), which has been proposed as
a possible substitute for CFC-12, used for air-condition,.',g and refrigeration. 1 The U.V.
absorption cross section data 2 indicate that solar photoly_,s cannot be a tropospheric removal
process for CF3CH2F. Hence, oxidation initiated by OH radicals is the expected tropospheric
removal process for CF3CH2F. The production of CF3CHF radicals from this compound can be
accomplished by reaction with either OH (Equation 1) or with CI (Equation 2).

CF3CH2F + OH _ CF3CHF + H20 (1)

CF3CH2F + CI _ CF3CHF + HC1 (2)

Because of the greater ease of production of C1atoms as compared to OH radicals, our
initial experinaents have involved the use of reaction 2 to produce CF3CHF radicals and
examination of their subsequent oxidation in the presence of 02. The photodissociation of C12at
340 nm was used to generate C1atoms. Small amounts (2 to 4 tc.,rr)of HFC- 134a and C12are
mixed with 80 to 100 torr of O2 in an FTIR cell (with potassium bromide windows) also equipped
with windows (Suprasil) enabling ultraviolet (UV) radiation to pass through the cell. The cell and
its contents are then subjected to UV radiation (using an Oriel 1000 watt Xe-Hg arc lamp and a
Bausch & Lomb Monochromator) at a wavelength of 340 nanometers for incremental time
intervals. After each exposme to radiation, the cell is carried to a Perkin-Elmer Model 1600 FTIR
and analyzed by FFIR. The percent transmission of infrared radiation by the products is
determined by subtracting the spectrum of the non-irradiated sample from the spectrum of the
irradiated sample. The percent transmissions are converted to torr by use of calibration curves.
Figures 1-3 show sample spectra of the parent compound (HFC-134a) and two of the products
(CF2(O) and CF3CF(O)). Figure 4 shows the difference spectrum obtained following a 60-minute
irradiation of a mixture of HFC-134a (3.98 torr), C12(2.06 torr), and 02 (81.72 torr).

Wayelength_ Ij_ed in Calibration Curves

Compound Wavelength (cm'l_

HFC- 134a 666.7
CF2(O) 691.6

CF3CF(O) 773.9

NOTE: Thesewavelengthswerechosenbecauseof
minimumabsorptionby the othercompo-
nentsin thecell at thesewavelengths.
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