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Inc. (USA), Eif Atochem S.A. (France), Hoechst AG (Germany), ICI Chemicals & Polymers, Ltd. (UK), LaRoche
Chemicals Inc. (USA), Rhone-Poulenc Chemicals Ltd. (UK), and Solvay S.A. (Belgium).
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UV Absorption Cross-Sections and Atmospheric Photolysis rates of CCI3CHO,
CCIgFCHO and CCIFo,CHO

O.V. Rattigan, O. Wild and R.A. Cox

Centre for Atmospheric Science, Department of Chemistry, University of Cambridge,
Lensfield Road, Cambridge CB2 1EW, UK.

Introduction

Halogenated aldehydes are produced in the degradation of
hydrochlorofiuorocarbons (HCFC's)! which are considered as potential
replacements for CFC's. In the atmosphere the removal of these aldehydes can
occur in a number of ways including photolysis, reaction with the hydroxy! radical,
uptake into clouds followed by rainout and deposition to the ocean. An accurate
knowledge of the absorption cross-section is required in order to estimate the
photolysis lifetime. In the troposphere temperatures fall with altitude therefore we
need to determine the temperature dependence of the absorption cross-section.

In this work the absorption cross-sections for CCIzCHO, CCIoFCHO and CCIFoCHO
have been determined over the wavelength range 200-400 nm at temperatures in
the range 298-240 K. The absorption cross-section for CCI3CHO is in good
agreement with previous measurements by Libuda et al.2. The values obtained by
Gillotay et al.2 are higher by approximately 10%. Gillotay et al.3 also determined the
temperature dependence of the absorption cross-section for CClsCHO.

Experimental

Absorption cross-section measurements were made using a dual beam diode array
spectrometer which has been described in detail previously4. CCi3CHO was
obtained from Fluka with a stated purity of 99%. CCIF2CHO was prepared by
dehydration of the hydrate CCIF2CH(OH)2 with concentrated sulphuric acidS and
coliected at 198 K. The infrared spectrum was in excelient agreement with Yamada
et al.5. CCIoFCHO was prepared according to the method of Yamada et al.6. Heating
the polymerised sample provided a vapour pressure of approximately 3.0 Torr at 298
K sufficient for spectral measurements.

Results
(i) Room Temperature

Measurements of CCI3CHO, CCloFCHO and CCIFoCHO absorption spectra were
made in the wavelength range 200-380 nm at several pressures in the range 0.20-
10.0 Torr. The absorbance showed good agreement with the Beer iLambert Law
provided the absorbance was less than 0.80. The absorption cross-section data are
shown in Figs. 2-4. All three aldehydes show strong absorption in the region 230-
380 nm with maximum absorption cross-sections of 10.4 x 10-20 cm2 molecule!.




13.8 x 10-20 ¢cm2 molecule-! and 16.4 x 10-20 ¢cm2 molecule-! for CCI3CHO,
CCIoFCHO and CCIF2CHO respectively. The band maxima showed a shift to longer
wavelengths on substitution of Cl by F.

(i) Temperature Dependence

Absorption measurements were also made at several temperatures in the range
298-240 K. At each temperature ai least 5 spectra were recorded and the data
averaged to produce the absorption cross-section at that temperature. The spectra
illustrated in Figs. 2-4 show a decline in the cross-section in the long wavelength tail
of the absorption band, at wavelengths > 330 nm, and a corresponding increase in
the cross-section around the band maxima with decreasing temperature. The
standard deviation on the absolute values for CCI3CHO at 298 K were approximately
3% for wavelengths < 340 nm increasing to 50% near 355 nm. At 243 K the standard
deviations were 5% increasing to 50% at 350 nm.

Discussion

The halcgenated acetaldehydes show characteristic absorption in the region 240-

340 nm with band maxima around 290 nm which is attributed to the n->IT" transition
of the carbonyl group. However, it appears that substitution of Ci by F shifts the band

centre to longer wavelengths. Thus for CCIgCHO the n->IT* band has a maximum at
289.4 nm, in CCIoFCHO the band centre is at 290.6 nm and in CCIF2CHO the band
maximum is at 300 nm. Libuda et al.2 have also measured the UV absorption cross-
section for CCI3CHO using a diode array detector. They report a maximum cross-
saction at 290 nm of 9.73 x 10-20 cm2 molecule-1 in good agreement with a value of
10.4 x 10-20 cm2 molecule-! from the present work. Gillotay et al.3 determined the
absorption cross-section for CCI3CHO. The shape of the spectrum is in good
agreement with the present work although their cross-section at the band centre is
higher by approximately 10%. There are no previous measurements of the
absorption cross-sections for CClogFCHO and CCIF2CHO with which to compare. The
shape of the spectra are typical of acetaldehydes. The absorption spectrum for
CCIF2CHO shows structure similar to that observed in the spectrum of CH3CHO?2.

All three aldehydes showed a distinct variation in the absorption cross-section with
temperature, see Figs. 2-4. The decrease in the cross-section in the wings of the
absorption bands is compensated for by an increase at the band maxima with
declining temperatures due to a reduction in the population of the vibrational and
rotational levels of the ground electronic state of the molecules at the lower
temperatures’.The magnitude of the temperature dependence for CCI3CHO is in
good agreement with recent results by Gillotay et al.3. The best fit to the temperatu~

dependence for the halogenated aldehydes was obtained by plotting log1g o versus
temperature using a linear least squares analysis routine. Table 1 shows the room
temperature cross-sections for CCI3CHO together with the recommended
temperature coefficients from the present work. Cross-sections at any temperature
can then be calculated from the following expression: logig 6 = log1g oz98 + B[T-
298].

Photolysis Lifetimes

The absorption cross-sections for CCI3CHO, CCloFCHO and CCIF2CHO were used
to calculate atmospheric photolysis lifetimes. These calculations were carried out




using the Cambridge two dimensional model’. Atmospheric conditions appropriate
to a Northern Hemisphere Spring were used and assuming a photodecomposition
quantum efficiency of unity. Table 2 shows the calculated lifetimes due to photolysis
and reaction with OH for conditions appropriate to 30° N and 8.75 km. The results
show that photolysis is the major removal process for the halogenated aldehydes i
the troposphere for example the photolysis lifetime for CCl3CHO is approximately a
factor of 30 faster than the reaction with the OH radical. In the case of the fluorinated
aldehydes CCIoFCHO and CCIF2CHO photolysis is at least two orders of magnitude
fester than reaction with the OH radical. These results indicate that in the
troposphere the halogenated aldehydes CCI3CHG, CCl2FCHO and CCIF2CHO
produced from the photo-oxidation of HCFC's will be removed primarily by
photolysis. However, if the photolysis quantum yield is significantly less than unity
then the photolysis lifetimes will be longer and reaction with the OH radical may
therefore become important. Therefore there is a need to determine accurately the
photolysis quantum yield for the halogenated aldehydes.
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Table 1 Absorption cross-section data for CCl3CHO.

Wavelength/nm  o29g/10-20 cm? molecule™ B/10-4 K-1

200 115.1 3.53
» 48.19 7.66
10.92 12.8

2.034 38.0

0.774 50.5

1.827 9.20

3.977 1.06

6.722 -1.88

9.318 -2.32

10.32 -2.09

9.019 -2.02

6.074 1.72

3.063 7.63

1.121 12.7

0.194 39.8

350 0.020 61.2

Note: The B values refer to the temperature dependence obtained from a plot of
log1o o versus temperature.

Table 2 Lifetimes due to photolysis and reaction with OH
Jihrs ToH/NrS
CCI3CHO 38 130
CCIoFCHO 1.3 200
CCIF2CHO <1 270

Calculations were carried out for 30°N and 8.75 km using the Cambridge 2-d model
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SUMMARY

This is the final report for work sponsored by SPA-AFEAS INC., under contract CTR90-
2/P90-007 from 1/7/1990 to 30/6/1992 on the Spectra and Photochemistry of the
Degradation Products of Hydrochlorofluorocarbons and Hydrofluorocarbons. This report
contains the absorption cross-section measurements of

(1) Acetyl halides; CF3COCI, CF3COF and CH3CGF

(2) Halogenated aldehydes; CCi3CHO, CCl,FCHO and CCIF,CHO
(3) Carbony! chloride (COClp)

(4) Formy! fluoride (HCOF)

(5) CF2CIC(0)YOoNO?

(6) CF3COOH

It also includes the final progress report for work carried out from 1/4/92-30/6/92 ie
(7} Temperature dependent cross-section measurements of CClhb,FCHO

(8) Studies on the photo-oxidation of HFC 134a.

(9) Analysis of spectra and preparation of final report.

Absorption cross-sections for CF3COCI, CF3COF, CH3COF, CF3COOH, CCIl3CHO.
CCIF2CHO. CCI,FCHO, CCIiF>C(0Q)0O;NO,. COCl; and HCOF have been measured in
the wavelength region 200-370 nm, using a dual beam diode array spectrometer. The
temperature dependence of the absorption cross-sections was investigated for CF3COCI,
CF3COF, CCi3CHO, CCIF,CHO and CClFCHO. Absorption over most of the
wavelength range showed a distinct temperature dependence, with a significant decline in
the cross-section in the long wavelength tail with decreasing temperature. From the
calculated atmospheric photolysis lifetimes it was concluded that in the troposphere
photolysis is an important removal process for CF3COCl, CCl3CHO, CCIF,CHO,
CCIFCHO and CCIF2C(0)O2NO> but is unimportant for CF3COF, CF3COOH,
CH3COF, HCOF and COCl».

The chlorine initiated photooxidation of HFC 134a (CF3CH2F) has been studied in the
temperature range 235-320 K and 1 atmosphere total pressure using UV absorption.
Trifluoroacetyl fluoride (CF3COF) and formyl fluoride (HCOF) were observed as the
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major products. Infrared analysis of the reaction mixture also showed carbonyl fluoride
(COF>) as a major product. By measurement of the yields of HCOF and CF3COF as a
function of oxygen concentration, the rate of the unimolecular decompositiun of the alkoxy
radical, CF3CHFO was determined relative to its reaction with O»:

CF3CHFO  + O CF3COF HO» )

CF3CHFO CF; HCOF 8

Inclusion of other recently published results leads to the following recommended

expression for the rate constant ratio k7/kg:

k7/kg = 8.7 x 10726 exp(4305/T) cm3 molecule™!

INTRODUCTION

Significant increases in the use of selected hydrochlorofluorocarbons (HCFCs) and
hydrofluorocarbons (HFCs) are expected to occur over the next few decades following the
phase out of CFC's. Unlike the CFC's removal of the HCFCs and HFCs in the
troposphere can occur by reaction with the hydroxyl radicall. Several types of
photochemically active products may be formed following the initial attack of the HCFCsl.
Although the reaction of the hydroxyl radical with HCFCs has been the subject of several
recent studies2-> the subsequent fate of the primary products is still uncertain. Once formed
in the troposphere these products may be removed in a number of ways including
photolysis, uptake into clouds and subsequent rainout, deposition to the ocean and reaction
with the hydroxyl radicall.

The objective of this study was to determine the UV-visible absorption cross-sections for a
number of degradation products of the HCFCs and HFCs, so that their removal due to
atmospheric photolysis could be determined. Temperatures in the troposphere decrease by
approximately 6-7 K per 1 km rise in altitude. Previous work in this laboratory6.7.8 has
shown that the UV absorption cross-sections of halogenated carbonyls and aldehydes also
vary significantly with temperature. Therefore, in order to accurately estimate the removal
rate due to photolysis of the HCFC and HFC oxidation products their UV absorption
cross-sections have been determined as a function of temperature.
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HFC 134a (CF3CH»F) is a proposed replacement for difluorodichloromethane (CFC 12)
which is widely used as a refrigerant and in air conditioning systems. In the troposphere
OH initiated oxidation of HFC 134a leads to the formation of the oxy radical CF3CHFO.
Subsequently. this radical may either react with molecular oxygen to form CF3COF and
HO,, (7), or undergo unimolecular decomposition to CF3 and HCOF, (8):

CF3CHFO  + 0, CF3COF HO, (7)

CF3CHFO CF3; + HCOF (8)

The primary product distribution from the oxidation of HFC 134a therefore depends on the
relative rates of reactions (7) and (8). The UV absorption cross-sections for CF3COF and
HCOF have been measured in this study and this information has been used to determine
the yields of these products in the chlorine photosensitized oxidation of HFC 134a%:10,

Measurement of the yields as a function of [O;] and temperature gave information on the
reaction mechanism and :rabled a determination of the rate constant ratio ky/kg in the
temperature range 235-320 K. During the course of this work a number of other studies of
the photooxidation of HFC 134a have beer carried out!1-14 which have greatly aided in the
understanding of the complex reaction scheme and in the determination of the kinetic
parameters.

Recently. the results from this work have been used in two-dimensional numerical model
studies®15 and the fraction of CF3COF (which may subsequently hydrolyse to
trifluoroacetic acid) formed from the degradation of HFC 134a in the troposphere has been
calculated®.

EXPERIMENTAL

2.1. Apparatus

The apparatus, illustrated schematically in Fig. 1, consisted of a dual beam diode array
spectrometer. A collimated beam from a deuterium lamp (Hamamatsu 30 watt, L 1636)
was passed through a beam splitter (Oriel Scientific. model 78150) and the two beams
(reference and sample) were coliected in optical fibre couplers (Oriel Scientific model
77800) either directly (reference) or after passage through a 1 meter long jacketed quartz
cell (sample). The temperature of the cell could be regulated in the range 298-230 K by
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flowing ethanol through the inner jacket from a thermostatically controlled cooling unit.
Evacuated double-end window assemblies prevented frosting on the optical faces at the low
temperatures. The light beams from the tvo optical fibres were directed one above the other
into the 500 um wide inlet slit of a 275 mm Czerney-Tumer spectrograph (Acton Research
Corporation 'Spectropro 275') using an optical fibre adapter (Princton Instruments model
OFA X1.5). The spectrograph contained three indexible holographic gratings mounted on a
turret under direct software control. Generally a 600g/mm grating giving a spectral
resolution of i.2 nm and a spectral range of 75 nm was used to disperse the beams onto
two 512 channel unintensified silicon diode arrays (Reticon). However, in the case of
HCOF a 2400g/mm grating with a spectral resolution of 0.3 nm (FWHH) was also used
and a 150g/mm grating with a spectral resolution of 3.0 nm (FWHH) and a spectral range
of 300 nm was used to record spectra for CF2CIC(0)02NO». The detector function was
controlled by an SI-180 O-SMA detector controlier (Spectroscopy Instruments GmbH)
which incorporated a 14 bit ADC coupled to a Dell 316SX computer. Software packages
were used for linearisation of the wavelength scale, for background subtraction and
averaging of the data and for calculation of the absorbance using the reference spectrum to
correct for changes in the source lamp intensity. The main limitation in the accuracy in the
absorbance measurements was the drift with time of the bascline, due apparently to
inhomogeneities in the source output affecting the reference and sample beams differently.
This limited the accuracy of measurements to + 0.0005 absorbance units, corresponding to
a cross-section of approximately 10-23 cm2 molecule™1 for the partial pressures used.

Gases were introduced to the sample cell from a conventional Pyrex glass vacuum line,
fitted with Youngs greaseless taps. Pressures were measured on calibrated Baratron gauges

(100 Torr MKS 222 A or 1000 Torr MKS 122 AA).

2.2. Preparation of samples

CF3COCl (97%), CF3COF (97%), CH3COF (97%) and CF3COOH (99.5%) were
obtained from Fluorochem Ltd. COCl2(99%) was obtained from Matheson. CCl3CHO was
obtained from Fluka with a stated purity of 99% but contained traces of the hydrate
CC13CH(OH)>. It was transferred under a ritrogen atmosphere to a trap on the vacuum
line. All the samples were degassed and trap to trap distiled prior to use. The spectrum for
CH3COF was found to change with time, possibly due to hydrolysis on the cell walls to
form acetic acid. A ifresh sample was used each time for absorption measurements. Because
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of this instability the temperature dependence of the absorption cross-section was not

investigated.

CCIF,CHO was prepared by dehydration of the hydrate CCIF2CH(OH), with concentrated
sulphuric acid!6 and collected at 198 K. Several successive distillations of the product were
carried out. The infrared spectrum was in excellent agreement with Yamada et /. 16.

A sample of CCl2FCHO polymer was obtained from Howard Sidebottom, University
College Dublin. The sample was prepared according to the method of Yamada et al.17.
Heating the polymer provided a vapour pressure of approximately 3.0 Torr at 298 K
sufficient for spectral measurements.

Formyl fluoride was prepared by the reaction of formic acid with benzoy! chloride using
dry KHF; at 333 K18, The formy] fluoride was first purified by passing through a trap at
255 K to remove benzoyl chloride vapours and then trapped at 78 K. Several successive
distillations of the formyl fluoride were carried out. The IR spectrum was in excellent
agreement with that of Morgan et al.1%.

RESULTS
3.1. Acetyl halides
3.1.1. Room Temperature

Measurements of CF3COC], CF3COF, CH3COF were made in the wavelength range 200-
370 nm at pressures in the range 0.20-20.0 Torr. The absorbance showed good agreement
with the Beer Lambert Law provided the absorbance was < 0.80. Iinaccuracies in the cross-
section measurements in the short wavelength region (<220 nm) arose because of the low
lieht levels transmitted by the optical fibres at shorter wavelengths. In the longer
wavelength region, at vapour pressures > 10 Torr, a small residual absorbance (< 0.001
Absorbance units) was detected for all the samples up to 370 nm which generally increased
with increasing partial pressure. This was thought to be due to the presence of a low level
of scattered UV light of shorter wavelengths scattered within the spectrograph and was
therefore subtracted out from all the spectra. Absorption cross-section data are illustrated in
Figs. 2-4. Absolute cross-sections averaged over 5 nm intervals are shown in Tables 1-3.
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CF3COC! has a strong absorption band in the 200-215 nm region and a second somewhat
weaker broad absorption band between 215 and 330 nm with a maximum absorption cross-
section at 255 nm of 6.80 x 10-20 cm2 molecule™l, (Fig. 2). CF3COF has a broad
absorption band between 200 and 300 nm with a maximum absorption cross-section at 214
am of 13.8 x 10-20 cm2 molecule-1, (Fig. 3). CH3COF appears to have two overlapping
absorption bands in the UV, the first one with a maximum absorption cross-section at 207
nm of 12.4 x 10-20 cm2 molecule™l, and a second band appearing as a shoulder near 260
nm and extending out to 310 nm (Fig. 4).

3.1.2. Temperature Dependence

Absorption measurements of CF3COCI1 and CF3COF were also made at several
temperatures in the range 298-233 K. At each temperature at least five spectra were
recorded and the data averaged to produce the absorption cross-section at that temperature.
The spectra show a definite temperature dependence for both molecules. The spectra for
CF3COC! show a decline in the cross-section over the absorption band 215-330 nm, the
decline being more pronounced in the long wavelength tail at wavelengths > 290 nm. The
temperature dependence also extends into the shorter wavelength region of the spectrum
particularly at wavelengths < 215 nm (Fig 2). In the case of CF3COF the decline is
apparent in the wings of the absorption band, the cross-sections show an increase with
decreasing temperature around the band maximum (Fig. 3). A more detailed investigation
was undertaken for CF3COCL Measurements of the cross-section were carried out at six
different temperatures in the range 296 K to 227 K. Fig. 5 shows a plot of logjo (cross-
section) versus temperature (K) in the wavelength range 290-315 nm. The data shows a
good linear fit over the entire temperature range. The slopes of the plots increase with
increasing wavelength reflecting the increased temperature dependence at the longer

wavelengths.
3.2. Halogenated aldehydes
3.2.1. Room Temperature

Measurements of CCl3CHO, CCl2FCHO and CF2CICHO absorption spectra were made in
the range 200-380 nm at several pressures in the range 0.20-10.0 Torr at room
temperature. The absorbance showed good agreement with the Beer Lambert Law provided
the absorbance was less than 0.80. A plot for CF2CICHO is illustrated in Fig. 6. The
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absorption cross-section data are shown in Figs. 7-9. Absolute cross-sections averaged
over 5 nm intervals are listed in Tables 4-6. All three aldehydes show strong absorption in
the region 230-380 nm with a maximum absorption at 289 nm for CCi3CHO, 290 nm for
CC1L,FCHO and 300 nm for CCIFoCHO. The magnitude of the cross-section at the
absorption maximum increased on substitution of Cl by F, see Tables 4-6.

3.2.2. Temperature Dependence

Absorption measurements were also made at several temperatures in the range 298-240 K.
At each temperature at least 5 spec.ra were recorded and the data averaged to produce the
absorption cross-section at that temperature. Figs. 7-9 illustrate the temperature dependence
of the cross-sections for CCl3CHO, CClh)FCHO and CCIF>CHO. The spectra show a
small but definite temperature dependence. The spectra show a decline in the cross-section
at the long wavelength tail of the absorption band, at wavelengths > 330 nm and a
corresponding increase around the band maxima with decreasing temperature.

3.3. Carbony! chloride (COCly)

COCl, absorbs strongly in the 200-215 nm region and has a second weaker broad
absorption band from 215-305 nm with a maximum absorption cross-section at 233 nm of
13.7 x 10-20 cm2 molecule1 (Fig. 10).

3.4. Formyl flueride (HCOF)

Absorption measurements were made in the wavelength range 220-280 nm using a
600g/mm grating with a spectral resolution of 1.2 nm (FWHH). The spectrum shows fine
structure in this region and is illustrated in Fig. 11. Absorption measurements were also
carried out at several temperatures in the range 298-230 K. The absorption cross-section
did not show any variation with temperature. A spectrum was also recorded using a
2400g/mm grating with a spectral resolution of 0.3 nm (FWHH) and is shown in Fig. 12,

3.5. Peroxyacetyl nitrates

Preparation of the peroxynitrates CF3CC120,NO; and CFCl,CH20OoNO; was attempted by
the chlorine initiated photooxidation of HCFC 123 and HCFC 141b respectively in the
presence of NO. Complications occurred due to the reaction of Cl with NO and NO; and
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the halogenated products. This appeared to be due to the slow reactions of Cl with the
HCFCs20. Experimnents were then carried out using the aldehyde CF2CICHO in order to
obtain a spectrum of CF,CIC(0)0,NO;. Experiments were carried out at room temperature
with the ratio of [CF2CICHOV[NO2] of approximately 5.0 so as to minimise the formation
of CINO». A 150g/mm grating with a spectral range of 300 nm and a spectral resolution of
3.0 nm (FWHH) was used. The residual spectra were obtained after stripping of
absorbances due to Clz, CF2CICHO, NO; and CINO,. Absorption cross-sections for
CF>CIC(0)0;NO, were calculated based on the amount of NO> consumed. The spectrum
is illustrated in Fig.13. However there is considerable uncertainty in the absolute cross-
section (Table 9) and the spectral shape because of the need to correct for several absorbing

species.

3.6. Trifluoroacetic acid

CF3COOH exhibits a single absorption band with a broad maximum near 215 nm and
extending out to approximately 275 nm (Fig. 14). Absolute cross-sections averaged over 5
nm intervals are shown in Table 10.

3.7. Photooxidation of HFC 134a

For the photooxidation study mixtures of CF3CH2F (8-12 Torr), Cl, (1.0 Torr, 5% in Nj)
and O, (20-730 Torr) were made uptoa total pressure of 760 Torr using N> (17-731 Torr)
and premixed for several hours. Trradiation in the wavelength range 300-400 nm using
Philips TL/09 Lamps was used to drive the Cl atom initiated photooxidation of HFC 134a.
At regular time intervals prior to and during this photolysis, UV spectra of the reaction
mixture were recorded. Fig.15 shows three sequential spectra taken following 111, 171
and 243 seconds of irradiation. As can be seen from these spectra, there is a buildup of
absorption around 230 nm, attributable to product formation and a reduction of absorption
around 300 nm attributable to chlorine consumption, with increasing irradiation time.

Spectral stripping routines were applied to the sequential spectra for the identification and
quantification of products formed during the photooxidation. CF3COF and HCOF
reference spectra reported above were used, accounting for the temperature dependence of
the CF3COF spectrum. However, owing to the very weak UV absorption at wavelengths
available to this study of HFC 134a, consumption of the hydrofluorocarbon could not be
monitored. Yields of the two main products were therefore expressed in terms of the
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molccular chlorine consumed, given that the experimental conditions were arranged such
that chlorine atoms were converted stoichiometrically into CF3CHFO; radicals. Chlorine
cross-sections were taken from the current NASA evaluation2l. A graph of product
formation against chlorine consumption gave the chlorine based yield as the gradient, and
the small non-zero intercept, where present, was attributed to differential baseline shifting
of the sample and reference beams and neglected. Errors on individual yields were taken
from these graphs and combined with a+ 5 % uncertainty in cross-sections. Typically, this
resulted in a total error on the yield of + 8 %. Following spectral stripping of Cly, HCOIF
and CF3COF, the bascline of UV absorption showed no additional significant absorbance.

Experiments were carried out at four different temperatures in the range 320-235 K and at
various oxygen partial pressures. Chlorine based yields of HCOF and CF3COF obtained
are shown in Table 12. As can be seen from Table 12. with the exception of the 235 K
data, the combined yield of CF3COF and HCOF is in excess of the amount of chlorine
consumed (ie the total product yield > 2.0). Not all spectra were analysed for the CF3COF
yield, however, since this quantity proved - be difficult to ascertain and of limited use in
extracting branching ratios. This is discussed further below.

In addition to the UV yield analysis, qualitative experiments to determine the composition

of the reaction mixture following photolysis were carried out using IR spectroscopy. A

spectrum of a typical photolysed mixture of HFC 134a, Clp. Oz and N3 is shown in

Fig.16. In addition to the major products, absorptions attributable to COF2. HF and SiFy4

were observed. The yield of HCOF was found to agree with that observed in the UV.
DISCUSSION

4.1. UV Absorption cross-sections

4.1.1. Room Temperature

The absorption spectra of the halogenated carbonyls CX3CXO show strong absorption ig
the UV, and by analogy with the aldehydes and ketones, bands due to the n -> II

electronic transition of the C=0 group are expected. It appears that substitution of the
halogen on the carbonyl carbon X-C=0 has the effect of shifting the absorption to shorter
wavelegths. In CH3COF, Fig. 4, the n -> H band appears as a shoulder at 260 nm on the

more intense absorption band centred around 208 nm. This may be compared to CH3CHO
%
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where the n -> IT" band centre is at 290 nm22, Substitution of the halogen on the B -C
atom also modifies the absorption spectrum sigrliﬁcantly. Thus CF3COCI, Fig. 2, has an
absorption band, believed to be due to the n -> I1 transition, centred at 255 nm whereas in
CF3COF, Fig. 3, the band is blue shifted to 214 nm. In the halogenated aldehydes the band
centre is around 290 nm. However it appears that substitution of Cl by F shifts the band
centre to longer wavelengths’. Thus CCI3CHO, Fig. 5, the n -> m band has a maximum
at 289 nm, in CCIo)FCHO the maximum is at 291 nm and in CCIF2CHO the band
maximum is at 300 nm. Libuda et al.22 and Gillotay et al.23 have recently measured the
UV absorption spectrum for CCI3CHO. Libuda et al.22 used a diode array detector and
report a maximum cross-section of 9.73 x 10-20 cm?2 molecule-! at 290 nm compared to
11.6 x 10-20 cm? molecule! at 288 nm obtained by Gillotay et /.23 in a dual-beam
apparatus with a photomultiplier detector system. Our value of 10.4 x 10-20 cm2 molecule-]
at 289 nm is approximately midway between these two measurements.

The COCI; spectrum shows two overlapping absorption bands indicating that two or more
electronic transitions are involved. The more energetic one is possibly due to a IT->IT*
transition and the band centred at 233 nm and extending out to 305 nm possibly due to the
n->IT* of the C=0 bond. The absorption cross-sections are in good agreement with earlier
workers24.25 and also with the more recent measurements of Gillotay et al.23 and Meller et
al6,

HCOF shows considerable fine structure in the UV absorption spectrum from 220 to 260
nm. The UV absorption spectrum shows good agreement with previous measurements by
Giddings and Innes2’ although there is some ambiguity concerning the absolute magnitude
of their cross-section data. Similar structure has been observed in the UV spectra for
HCOCI28 and HCOH2 which is likely due to the resolution of vibrational structure in
these simple molecules. The band centre shows a shift to shorter wavelengths in the series
HCOH, HCOCI, HCOF possibly reflecting the increased electronegativity trend. This is in
contrast to the aldehydes where the band maximum shows a shift to longer wavelengths
with increased fluorination.

Metller et al.26 also measured the UV absorption cross-sections of CF3COCI and CF 3COF
at room temperature. Their results are in excellent agreement with the data from the present
study. Jemi-Alade et al.30 have measured the absorption spectrum of CF3COCI between
220 and 290 nm, as part of their work on the chlorine initiated oxidation of
hydrohalocarbons. The shape of their absorption spectrum closely resembles that obtained
in the present work, and they report a cross-section of 6.72 x 10-20 cm2 molecule™! at 250
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nm which is in excellent agreement with a value of 6.80 x 10-20 cm2 molecule-! from the
present work.

There are no previous spectra for CF2CIC(0)O2NO; with which to compare. However the
spectrum is typical of a peroxyacetyl nitrate with a steady increasing absorption towards
shorter wavelengths and a cut off at 310 nm. Compared to peroxyacetyl nitrate3! the cross-
sections are approximately a factor of 2 larger at wavelengths < 260 nm increasing to
almost a factor of 10 at 300 nm.

Basch et al.32 previously recorded the absorption spectrum of CF3COOH at 298 K as part
of their work on the electronic spectra of a series of amides, acids and acyl fluorides. They
observed two distinct spectra depending on the vapour pressure used. At low pressures of
about 1 Torr a sharply structured spectrum characteristic of the monomer was observed,
whereas at relatively higher pressures, the spectrum consisted of a broad continuous band
with a maximum around 210 nm. The shape of their second spectrum closely resembles
that obtained in the present study and at the pressures of around 10 Torr used in this work
our spectrum is probably due to the dimer species. Basch et al.32 have not reported
absolute UV cross-section data for CF3COOH however, from their published spectrum we
estimate a cross-section of 1.12 x 10-1% cm2 molecule"! at the band maximum for the dimer
species. This is approximately 40% larger than our measured value of 7.8 x 10-20 ¢cm2

molecule-!,
4.1.2. Temperature dependencies

CF3COCl, CF3COF, CCi3CHO, CF,CICHO and CFCI,CHO all showed a significant
variation in the absorption cross-section with temperature, Figures 2, 3 and Figures 7-9,
which was different for all the compounds. The variation was more pronounced in the
long wavelength tail but the temperature dependence aiso extended into the shorter
wavelength absorption bands, Figures 2 and 7. Gillotay et al.23 have recently measured the
temperature dependence of the UV cross-sections for COCl,, CCl3COCI and CCl3CHO.
They observed similar temperature dependencies of the cross-sections in all cases ie a
decrease in the cross-section with decreasing temperature in the tail of the absorption bands
whereas only a relatively minor change in the cross-sections with temperature was
observed at the band maxima. The magnitude of the temperature dependence for CCl3CHO
matches well with that of the present study.

For CF3COCI a more detailed study of the temperature dependence of the absorption cross-
section between 296 K and 227 K was undertaken. The temperature dependence for
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CF3COCl is illustrated in Fig. 5 where log10 ¢ is plotted against temperature for selected
wavelengths in the tail of the UV absorption band. The intercepts and slopes of these plots,
obtained by linear regression analysis, are given in Table 11. In general the slopes of these
plots, B values, increase with increasing wavelength reflecting the increased importance of
the temperature dependence at longer wavelengths.

The temperature coefficients obtained from the plot of logig ¢ vs T can be used to obtain
cross-sections outside the experimental range by extrapolation. This is particularly
important for the purposes of calculating the photodissociation rate of CF3COCI at
temperatures relevant to the upper atmosphere. The linearity in the plot in Fig. 5 suggests
that the cross-section can be calculated for any temperature from the equation:

108100' = log10 0,95 * BIT-298]

It is believed that the decrease in cross-section with decreasing temperature is due to a
reduction in the population of the vibrational and rotational levels of the ground electronic
state of the molecule at the lower temperatures33. The total integrated absorption in a single
band remains constant, the decrease in the cross-section in the wings of the absorption
band is compensated for by an increase at the band maximum. This is apparent in
CF3COF, CCI3CHO, CF2CICHO and CFCI;CHO, Fig. 3 and Figs.7-9, where there is
little overlap of the two absorption bands, but not in CF3COCl, Fig. 2, due to the
predominant influence of the tail of the strong absorption band centred at < 200 nm. A
similar effect has been observed in the spectra for HNO3 and CH30NO»34 which also
have two overlapping absorption bands.

4.2. Photooxidation of HFC 134a

On photolysis of CF3CH;F/Cl2/O, mixture: the following reactions take place:
Ch + hv 2C1
Cl CF3;CHF

CF3CHFO,
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The experimental conditions were selected such that rapid conversion of the alky! radical,
CF3CHF, into peroxy radicals CF3CHFO; ensued, reaction (3). The peroxy radicals then
self-react leading to the formation of molecular products or CF3CHFO radicals.

CF3CHFO, + CF3CHFO, = CF3CHFOH + CF3COF + Op 4)
CF3CHFO + CF3CHFO + O) 5)

Reaction of CF3CHFO2 with NO (6) has been found to be rapid33-36 and in the
troposphere it is likely to dominate over the self-reaction.

CF3CHFO, + NO = CF3CHFO + NGOy (6)

The atkoxy radicals, CF3CHFO, produced in the above reactions may either react with
oxygen, or undergo unimolecular decomposition:

CF3CHFO  + O CF3COF HO (N
CF2CHFO Ck + HCOF (8)
The final product distribution reflects this branching. Analysis of the measured product
yields in terms of the CF3CHFO rate constant ratio ky/kg was carried out using two
separate techniques®.
4.2.1. Arithmetic derivation of k7/kg
The branching ratio for the nonterminating channel of the CF3CHFO,, radical self-reaction

is defined as o = kaf(ks + ks) Similarly, the branching ratio for the CF3CHFO radical
reaction with oxygen is defined as .

B =k7[02] /(k7[O2] + kg)

The existence of total product yields in excess of the chlorine consumption in the present
study (see Table 12) is evidence for the further production of these products via secondary
chemistry or the regeneration of Clp. Wallington et al37 have shown that CF30 radicals
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react with HFC 134a in this photooxidation to form CF30H and with excess HFC 134a
(10 Torr) used in the present study this is the most probable fate of CF30 leading to the
regeneration of CF3CHFO; radicals.

CF0 + CF3CH»F CF;0H CF3CHF 9
This reaction thus leads to the production of CF3CHFO; radicals without the concomitant
consumption of Clp. CF30H was observed to decay in the dark to give COF2 and HF37:
products observed in the IR spectrum of the photolysed mixture in the present study.
CF;0H COF, + HF (10
and the reaction of HF with the cell walls is the most probable source of SiF4.
A chain reaction is therefore taking place, wherein both products CF3COF and HCOF are

formed and CF3CHFO, is regenerated. A relationship between the yield of HCOF and
and B was derived:

1/y(HCOF) = {(1+0)20}[02] {k7/ks} + {(1-aB)/20}

where 0 is the fractional efficiency of production of CF30 radicals from CF3.

A plot of 1/y(HCOF) vs [02] at 293 K is shown in Fig 17 which shows good linearity and
lends confidence to the analysis technique. Using values of a from the work of Wallington
et al 11 values of 6 and k7/kg have been calculated.

A similar approach was taken to try to quantify the CF3COF yield in terms of a and B.
However. unlike HCOF, this compound is formed in small amounts in a number of
different chonnels in the photooxidation of HFC 134a. The sensitivity of the yield to
changes in a and B is consequently reduced. Furtheremore, because of the difficulties in
stripping the smooth spectrum of this compound off the composite UV spectrum of the
products the uncertainty in the CF3COF yield was somewhat larger than that in HCOF,
where its structured spectrum greatly facilitates spectral stripping. Hence no meaningful
estimates of branching ratios could be produced from the CF3COF yields.
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4.2.2, Kinetic Modeiling

A computer simulation of the experimental system was also carried out using the
FACSIMILE program. The kinetic model used was based on a reaction mechanism similar
to that used by Wallington et al.11,

The unknown rate coefficients, kg (unimolecular decomposition of CF3CHFO) and ki (the
rate of Cly photolysis) were obtained by fitting computer-generated concentration-time data
for Cl,, HCOF, CF3COF and other products, to experimental data obtained in 16
experiments covering a range of temperatures and Oy partial pressures. The values of ks
obtained from the simulation are plotted in Arrhenius form in Fig 18 and are listed in table
13, together with the data from the arithmetic treatment. The agreement between the values
obtained from the two methods is good.

Table 13 shows the Arrhenius parameters for reaction (8) obtained from the various
studies. The unimolecular decomposition kg was calculated in each case using the
expression: k7 = 6.0 x 10-14 exp(-925/T) cm3 molecule! s-! as used in this study. All
values except those of Maricq and Szente!2 are close to the high pressure limit according to
the data of Wallington et al.1! Nevertheless the A-factors are all significantly lower than
the typical value of 1013 - 1014 5-1, expected for a radical decomposition at the high
pressure 1imit38. This suggests that the reaction may not be as close to the high pressure
limit as the data of Wallington et a/.!! indicate. Further experimental investigation of the
pressure dependence is clearly needed to establish this.

The recommended expression kg = 6.9 x 10-11 exp(-4960/T) s°1 in Table 13 is based on
the mean of the experimental values at 293 K and the E/R values from Wallington et al.!1,
Tuazon and Atkinson!3 and the present work, excluding the data at 235 K. The temperature
dependence obtained from the present work if the 235 K data are included, and from the
lower pressure data of Maricq and Szentel2, both lead to unrealistically low A-factors and
are therefore not included in the evaluation.

ATMOSPHERIC REMOVAL RATES
5.1. Photolysis Rates

Photodissociation of the HCFC degradation products is possible following absorption in
their UV absorption spectra. The solar radiation is strongly attenuated in the UV at
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wavelengths 220-290 nm by absorption due to ozone. Two spectral regions therefore play
a major role in the photolysis of the HCFC and HFC oxidation products. The first region,
around 200 nm becomes more important at higher altitudes, above 25 km, whereas the
second region > 290 nm is dominant below 20 km3%, Fig. 19 shows a plot of solar flux40
versus wavelength at 300 mbar (upper troposphere) which clearly illustrates that
wavelengths greater than 290 nm have the major contribution to photolysis in the

troposphere.

CF3COF. CH3COF, HCOF, COCl; and CF3COOH, (Tables 2,3.7.8 and 10). absorb
strongly in the middle UV with little or no significant absorption beyond 300 nm.
Therefore, photodissociation is likely to be unimportant for these compounds in the
troposphere. However, CF3COC! and the halogenated aldehydes have significant
absorption at wavelengths > 300 nm, (Tables 1, 4-6). and photodissociation is a potentially
important removal process.

The absorption cross-section measurements were used to calculate atmospheric photolysis
lifetimes for CH3COF, CF3COF, CF3COCI, CF3COOH. CCi3CHO, CFCl,CHO and
CF,CICHO. These calculations were carried out using the Cambridge two-dimensional
madel4!l. An albedo of 0.35 was used and a photodecomposition quantum efficiency of

unity was assumed.

Table 14 shows the tropospheric lifetimes with respect to photolysis. reaction with OH and
physical removal for CH3COF, CF3COF, CF3COOH. CF3COCI1 and CCI3CHO. The
photolysis lifetimes for CH3COF, CF3COF and CF3COOH are relatively long eg CH3COF
41 yrs, CF3COF 3 x 103 yrs and CF3COOH 6 x 103 yrs. Photolysis will therefore be
unimportant for these compounds in the lower atmosphere and other possible removal
processes such as reaction with hydroxyl radicals and physical removal therefore need to be

considered.

The photolysis lifetimes for CF3COCl, CCI3CHO, CCl,FCHO and CCIF,CHO are
relatively shorter than those for CH3COF, CF3COF and CF;COOH and photolysis is a
potentially important removal process for CF3COCl, CCl;CHO, CClFCHO and
CCIF»>CHO, see Tables 14 and 15.

Gillotay et al.23 have calculated the photolysis lifetime for COCl- at various altitudes for
SZAs of 0° and 60°. Since the absorption cross-section show a cut off at 305 nm
photolysis in the troposphere was found to be reiatively unimportant (photolysis lifetime
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>100 yrs). HCOF absorbs further in the UV than COCI3 and thus is expected to be stable
with respect to photolysis in the troposphere.

The absorption cross-sections for CF2CIC(OYO2NO3 are a factor of 2 larger than that of
peroxyacetyl nitrate at wavelengths < 260 nm and approximately an order of magnitude at

300 nm. see Table 9. Therefore. since the photolysis lifetime for peroxyacetyl! nitrate in the
troposphere is 9G days3! the lifetime for CF2CIC(0)02NO2 is expected to be at least a

factor of 2 shorter ie < 45 days.
5.2. Comparison with removal by O and hydrolysis

The photolysis lifetimes were calculated using the UV absorption cross-sections determined
in the present study. OH lifetimes were calcuiated at 30" N using the Cambridge two-
dimensional model4!. For CH3COF no rate data for the reaction with OH have been
reported, thus the value for the reaction of OH with CH3COCI*? (k = 0.91 x 10-14 ¢m3
molecule-! s-1) has been used. Because of the lack of Henry's Law solubility data for the
HCFC and HFC oxidation products the removal rate by cloud water or deposition to the
ocearn is difficult to assess. Wine and Chameides! suggested that the hydrolysis lifetimes
for acid halides are dominated by transport to the marine environment and cloudy regions
and are of the order of 1-2 months. Worsnop ei /.43 were unable to determine any
significant uptake of gaseous acetyl halides into droplets and thus removal by rainout was
expected to be unimportant. However, recent modifications to their apparatus suggested
that the removal rate of COCl>. CF3COCI and CF3COF due to hydrolysis in cloud water is
of the order of 1-2 months#4,

Therefore, since phetolysis and reaction with OH are very slow for CH3COF and
CF3;COF. (Table 14), then transport to the marine environment and cloudy regions with
physical removal is likely to be the major loss process in the troposphere. Hydrolysis
products include CH3COOH and HF from CH3COF and CF3COOH and HF from
CF3COF. The results from the present study suggest that photolysis of these acids is
relatively unimportant and physical removal processes will therefore dominate.

For CF3COC! both photolysis (lifetime 1 month) and physical removal processes (1-2
months) are the main loss processes. Hydrolysis of CF3COCI will form CF3COCH and
HCl. These acids HC1 and CF3COOH are water soluble and will be removed in
precipitation.
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Photolysis and reaction with hydroxyl radicals, (Table 15) are the main loss processes for
the halogenated aldehydes. Provided the photolysis quantum yield for the halogenated
aldehydes, CX3CHO, is greater than or equal to that for CH3CHO* photolysis is likely to
be their major fate in the troposphere’, see Table 15. The photolysis lifetimes vary from
3.4 hours for CCI3CHO to less than 1 hour for CCIF,CHO. The corresponding lifetimes
due to reaction with the hydroxyl radical are 130 hours and 270 hours respectively. The
major photolysis products COClp, COFCI and COF)! are expected to be removed by
hydrolysis in cloud water on a time scale of approximately 1-2 months#,

HCOF is stable with respect to photolysis in the troposphere. The reaction with OH has not
been determined therefore the reaction with Cl (k¢p = 2 x 10715 cm3 molecule s-1)!! was
used as an upper estimate for koy. This would predict a lifetime due to reaction with OH of
approximately 16 yrs. Therefore, by analogy with CH3COF, HCOF is expected to be
removed by hydrolysis in cloud water (lifetime of 1-2 months).

Peroxynitrates are known to undergo thermal decomposition
RONO; + M = RO, + NO; + M (1D

into RO> + NO»46, However at higher altitudes where the temperatures are low the reaction
may be sufficiently slow so that peroxynitrates can act as longer lived reservoir
compounds. This is particularly important in the case of acetyl peroxynitrates because of
the increased stability of the acyl radical. Kirchner et al.46 studied the thermal
decomposition of CF>CIC(Q)0O2NO;7 at 313 K using FTIR. They report a rate constant of
2 x 1016 exp (-116 kJ mol"I/RT) s-1 at 1000 mbar. At 233 K this corresponds to a thermal
lifetime of approximately 160 yrs. Therefore, in the upper troposphere photolysis is likely
to be the main loss process for CF2CIC(O)0»NO> whereas at ground level thermal
decomposition is likely to dominate.

CONCLUSION

The absorption cross-sections for CH3COF, CF3COOH, CF3COCl, CF3COF, CCl3CHO,
CF,CICHO, CFClCHO, CF2CIC(0)02NO2, COClz and HCOF have been determined
over the wavelength range 200-370 nm. A significant temperature dependence in the
absorption cross-sections was observed for CF3COCI, CF3COF, CCi3CHO, CF,CICHO
and CFCIbCHO which was particularly pronounced in the long wavelength tail of their
absorption spectra. The calculated atmospheric photolysis rates suggest that in the lower
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atmosphere photolysis is an important removal process for CF3COCI1. CF,CICHO,
CFCI2CHO, CCI3CHO and CF2CIC(O)O2NO? but that physical removal processes in
cloudy regions and in the marine environment are more important for CH3COF. CF3COF,
CF3COOH, COCl; and HCOF.

The chlorine initiated photooxidation of HFC 134a (CF3CH,F) has been studied in the
temperature range 235-320 K and 1 atmosphere total pressure using UV absorption,
Trifluoroacety! fluoride (CF3COF) and formyl fluoride (HCOF) were observed as the
major products. Infrared analysis of the reaction mixture also showed carbonyl fluoride
(COF3) as a major product. By measurement of the yields of HCOF and CF3COF as a
function of oxygen concentration, the rate of the unimolecular decomposition (kg) of the
alkoxy radical, CF3CHFO was determined relative to its reaction with O (k7). Based on
results from this study and elsewhere the following recommended expression for the rate
constant ratio ky/kg was obtained:

k7/kg = 8.7 x 10-26 exp(4035/T) cm3 molecule’!
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Table 1 Absorption Cross-sections for CF3COCI

Cross-Section x 1020 /cm2 molecule-?
Wavelength/nm 296 K 253K

200 37.98 33.83
205 14.75 12.81
210 3.526 2.678
215 1.041 0.711
220 1.106 0.910
225 1.687 1.621
230 2.871 2.744
235 4.009 3.966
240 5.092 5.074
245 5.972 5.947
250 6.571 6.520
255 6.796 6.676
260 6.606 6.433
265 5.967 5.742
270 5.126 4.890
275 4.217 3.978
280 3.111 2.901
285 2.166 1.985
290 1.386 1.249
295 0.809 0.706
300 0.425 0.358
305 0.198 0.159
310 0.077 0.056
315 0.024 0.016
320 0.007 0.005
325 0.002 0.001
330 0.000 0.000




final report

Table 2 Absorption Cross-section for CF3COF

Cross-Section x 1020 /cm?2 molecule-?

Wavelength/nm 293K 238K

200 9.354 9.456
205 11.47 11.63
210 13.14 13.16
215 13.63 13.69
220 12.87 13.09
225 11.11 11.40
230 8.775 9.106
235 6.299 6.551
240 4.074 4.179
245 2.348 2.298
250 1.220 1.157
255 0.552 0.491
260 0.216 0.179
265 0.070 0.047
270 0.026 0.010
275 0.010 0.003
280 0.003 0.001
285 0.002 0.000
290 0.001 0.000
295 0.000 0.000
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Table 3 Absorption Cross-section for CHy OF

Cross-section x 1020/cm2 molecule-!

Wavelength/nm 296 K

200 11.26
12.16
11.96
10.53
8.345
5.974
3.829
2.186
1.135
0.566
0.311
0.206
0.158
0.120
0.090
0.056
0.029
0.016
0.008
0.004
0.002
0.001
0.000
0.000
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Table 4 Absorption Cross-section for CCI3CHO

Cross-section x 1020/cm?2 molecule-1
Wavelength/nm 296 K 243 K

200 115.1 110.7
205 86.14 81.89
210 48.19 43.20
215 23.88 20.32
220 10.92 9.179
225 4.759 3.527
230 2.034 1.264
235 0.944 0.430
240 0.774 0.418
245 1.135 0.882
250 1.827 1.633
255 2.799 2.659
260 3.977 3910
265 5.360 5.388
270 6.722 6.878
275 8.012 8.368
280 9.318 9.625
285 10.08 10.35
290 10.32 10.62
295 9.886 10.06
300 9.019 9.245
305 7.671 7.602
310 6.074 5.942
315 4.572 4.446
320 3.063 2.790
325 1.901

330 1.121

335 0.498

340 0.194

345 0.086

350 0.020

355 0.002

360 0.000
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Table § Absorption Cross-Section for CF2CICHO

Cross-section x 1020/cm2 molecule-1
Wavelength/nm 298 K 245K

240 0.384 0.417
245 0.703 0.751
250 1.184 1.276
255 1.910 2.021
260 2.875 3.082
265 4.181 4.451
270 5.802 6.154
275 7.623 8.108
280 9.651 10.29
285 11.61 12.32
290 13.48 14.37
295 14.74 15.59
300 15.67 16.70
305 15.49 16.08
310 15.18 15.99
315 13.22 13.80
320 11.63 12.13
325 9.367 10.03
330 6.553 6.583
335 4.800 4.840
340 2.784 2.944
345 1.516 1.393
350 0.730 0.599
355 0.113 0.070
360 0.034 0.024
365 0.011 0.007
370 0.000 0.000
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Table 6 Absorption Cross-section for CCl2FCHO

Cross-section x 1020/cm2 molecule-!

Wavelength/nm 296 K

240 0.795
245 1.069
250 1.587
255 2.377
260 3.470
265 4.853
270 6.514
275 8.343
280 10.10
285 11.79
290 12.98
295 13.76
300 13.60
305 1291
310 11.52
315 9.783
320 7.969
325 5.599
330 3.904
335 2.449
340 1.229
345 0.623
350 0.244
355 0.041
360 0.016
365 0.007
370 0.000
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Table 7 Absorption Cross-section for HCOF

Cross-section x 1020/cm2 molecule-?
Wavelength/nm 298 K

220-225 8.124
225-230 7.779
230-235 6.037
235-240 3.741
240-245 2.047
245-250 1.033
250-255 0.355
255-260 0.096
260-265 0.019
265-270 0.007
270-275 0.000

Table 8 Absorption Cross-section for COCI12

Cross-section x 1020/cm2 molecule-!

Wavelength/nm 296 K

200 26.20
205 17.67
210 12.15
215 10.23
220 10.41
225 11.78
230 13.17
235 13.60
240 12.82
245 11.08
250 8.837
255 6.582
260 4.538
265 2.772
270 1.690
275 0.936
280 0.419
285 0.171
290 0.060
295 0.019
300 0.005
305 0.00i
310 0.0
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Table 9
Absorption Cross-section for CFrCIC(0Q)02NO; and CH3C(O)O2NO»

Wavelength/nm Cross-section x 1020/cm2 molecule™? at 298 K

CF>CIC(0)0aNO» CH3C(0)0NO» ™

225 82.49 55.0
230 68.66 39.9
235 53.95 29.0
240 41.37 20.9
245 31.43 15.0
250 23.04 10.9
255 17.34 7.90
260 12.78 5.70
265 9.836 4.04
270 7.349 2.79
275 6.112 1.82
280 4.897 1.14
285 3.180 0.716
290 2.348 0.414
295 1.618 0.221
300 0.999 0.105
305 0.531 0.000
310 0.000

* Absorption cross-sections determined by Senum et al.29
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Table 10 Absorption Cross-Section for CF3COOH

Cross-Section x 1020 /cm2 molecule-1

Wavelength/nm 296 K

200 5.201
205 6.484
210 7.229
215 7.585
220 7.760
225 7.209
230 6.025
235 4.463
240 2.892
245 1.685
250 0.870
255 0.390
260 0.155
265 0.050
270 0.013
275 0.006
280 0.000

Table 11 Temperature Dependence of CF3COCI absorption cross-sections

Wavelength/nm 1021 (5p/cm?2 molecules1)@  (B/K-1 X 103)b

290 6.866 1.028
300 1.346 1.672
305 0.424 2.253
310 0.070 3.487
315 0.0086 4.905
320 0.0042 6.370

antercept and Pslope obtained from a plotof logjo 6 =log1o 6o + BT
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Table 12: Yields of Products From HFC 134a Photooxidation

T/K [0, /11018 molec cm™3 y(HCOF) y(CF3COF)

293 5.98 2.48 1.35
9.89 1.96 1.87
19.3 1.35 1.65
24.0 1.15 1.85

0.822 0.98
2.06 0.75
3.25 0.60
4.11 0.59
4.77 0.60
6.11 0.36

5.71 1.54
10.59 1.07
14.27 0.725
17.73 0.754

9.78 3.78
12.20 4.50
17.80 3.12
22.20 3.00
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Table 13: Arrhenius parameters for the reaction CF3CHFO CF3 + HCOF

Al x10°11 (E/R)/K k293 /(s x 10-4) Reference
45 5407 4.2 This work
16.7 5150 39 This work
3.6 4832 S Wallington et al !}
1.9 4760 . Tuazon and Atkinson!3

0.0037 2200 . Maricq and Szente!2

6.9 4960 3. RECOMMENDEDN
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Table 14 Tropospheric lifetimes for the acetyl halides

Removal CH3COF CF3COF CF3COCl1 CCi13CHO  CF3COOH

photolysis 41 yrs 3000 yrs 33 days 3.4 hrs >6x 103 yrs
OH 3 yrs - - 7 days *
hydrolysis all 1-2 months

Photolysis lifetimes are daily averaged tropospheric values

OH lifetime CH3COF was calculated assuming kon CH3COCH¥2 and an average OH

concentration of 1 x 106 molecule cm™3,

* OH rate constant not determined.

Table 15 Lifetimes for halogenated aldehydes and carbonyl halides

Removal CCl3CHO  CCLFCHO CCIF,CHO HCOF CoC1z
OH 7 days 11 days 17 days 16 yrs* --
Photolysis 3.4 hrs 1 hr <l hr >7x 105 yrs  >100 yrs*
Hydrolysis -2 Months

* The OH lifetime HCOF was calculated assuming k(Cl + HCOF)3 =2x 1015 cm3

molecule’1 51,

+ Estimated from Gillotay et al.23

(\‘“l—b
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Figure Captions

Figure 1: Schematic diagram of UV Diode array spectrometer.

Figure 2: Absorption spectrum of CF3COCI at 296 K and 233 K.

Figure 3: Absorption spectrum of CF3COF at 293 K and 239 K.

Figure 4: Absorption spectrum of CH3COF at 296 K.

Figure 5: Plot of logarithm of the absorption cross-section at selected wavelengths
against temperature for CF3COCI. Lines show least squares linear
regression slopes.

Figure 6: Beer-Lambert law plot of CF2CICHO absorbance at 298 K.

Figure 7: Absorption spectrum of CCI3CHO at 296 K and 243 K.

Figure 8: Absorption spectrum of CFCI2CHO at 296 K and 253 K.

Figure 9: Absorption spectrum of CFoCICHO at 298 K and 245 K.

Figure 10: Absorption spectrum of COCl2 at 296 K.

Figure 11: Absorption spectrum of HCOF at 298 K and 1.2 nm resolution.

Figure 12: Absorption spectrum of HCOF at 298 K and 0.3 nm resolution.

Figure 13: Absorption spectrum of CFoCIC(0)O2NO2 at 296 K and 3.0 nm
resolution.

Figure 14: Absorption spectrum of CF3COOH at 296 K.

Figure 15: Photolysis of CF3CH2F/Cl2/O?2 mixtures at 295 K.

Figure 16: Infrared spectrum of photolysed mixture of CF3CHF/Clo/O,.
Figure 17: Plot of (HC(O)F yield)'! vs [O»] at 293 K.

Figure 18: Arrhenius plot for the CF3CHFO radical decomposition.

Figure 19: Plot of logarithm of the solar flux versus wavelength at 300 mbar.
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Figure 17: 1/y(HC(O)F) vs [02] at 293 K
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Figure 18 : k5 from 2 analyses using
k4 = (6.0 x 10-14) exp(-925/T)
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Appendix 1: Published Papers

I) O. Rattigan, E. Lutman, R.L. Jones, R.A. Cox, K. Clemitshaw and J. Williams. J.
Photochem. Photobiol. A: Chem., 66, 313, (1992).

2) O. Rattigan, E. Lutman, R.L. Jones, R.A. Cox, K. Clemitshaw and J. Williams, J.
Photochem. Photobiol. A: Chem., 69, 125, (1992).

3) O.V. Rattigan, O. Wild, R.L. Jones and R.A. Cox, J. Photochem. Photobiol. A:
Chem., 73, 1, (1993).

4) O.V. Ratiigan, O. Wild and R.A. Cox, "UV Absorption Cross-Sections and
Atmospheric Photolysis Rates of CCI3CHO. CCI,FCHO and CCIF,CHO",
CEC/EUROTRAC Workshop LACTOZ-HALIPP Working Group. Leuven, Belgium,
September, (1992).
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J. Photochem. Photobiol. A: Chem., 69 (1992) 125-126

Corrigendum

J. Photochem. Photobiol. A: Chem., 66 (1992) 313-326

Temperature-dependent absorption cross-sections of gaseous nitric
acid and methyl nitrate

O. Rattigan, E. Lutman, R. L. Jones, R. A. Cox, K. Clemitshaw and J. Williams

The intercepts and slopes in Table 3 obtained from the plot of log,, o=10g,, oo +BT in Fig. 7 are
not the least squares linear regression values as stated on page 321. The correct values should be as
follows:

TABLE 3

Temperature dependence of HNO; and CH,ONQ,; absorption cross-ssctions

Wavelength 0o (X10°' cm?® per molecule)* B (K~'x10%°
{nm)

HNO, CH.ONG; HNO; CH,ONO;

270 5.63 §.91 1.56 141
280 4.33 R 1.38 1.70
290 1.89 . 1.71 200
300 0.71 . 1.86 258
310 0.14 .129 261 3.23
320 0.0012 . 777 6.56
330 0.0002 . 7.90 7.38

*Intercept
*Slope of plot of log,, o=log, op+BT

As a consequence of this error, Table 4 should also be corrected. The correct Table 4 is shown
below.
TABLE 4

Recommended cross-sections for HNO,

Wavelength Cross-section at 298 K B*
(nm) (% 10® cm?® molecule ™Y (K~1x10%)

190 1560.0 0

200 661.0 0

210 105.0 1.09
220 141 1.09
230 545 1.52
240 244 1.52
250 1.92 1.52
260 1.86 1.52
270 1.59 1.52
280 1.10 1.52
290 0.613 1.95
300 0.243 2.61
310 0.081 N
320 0.017 7.82
330 0.003 >7.82

*The B values refer to the temperature dependence obtained from the equation logie o=10g,0 O +B(T~-298)

Elsevier Sequoia
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not least because of the low vapour pressures of these compounds at temperatures
rclevant to the troposphere and lower stratosphere. Although the present work has
provided improved accuracy of measurements of the HNO; and CH;ONO, absorption
cross-sections there is still a need for further improvement in the determination of
the temperature dependences in the long-wavelength tail, particularly for HNO; in
view of its importance with regard to stratospheric ozone depletion.
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Abstract

Absorption cross-sections for CF,COCI, CF,COF, CH,COF, CCI,CHO and CF.COOH have been measured in
the wavelength region 200-360 nm. using a dual-beam diodec-array spectrometer, with a spectral resolution
(FWHM) of 1.2 nm. The temperature dependence of the absorption cross-sections was investigated fcr CF,COC),
CF,COF and CCI,CHO. Absorption over most of the wavelength range showed a distinct temperature dependence,
with a significant decline in the cross-section in the long wavelength tail with decreasing temperature. The
calculated atmospheric photolysis lifetimes suggest that in the troposphere, photolysis is an important removal
process for both CF,;COC} and CCl,CHO but is unimpernant for CF.COF, CF,.COQOH and CH,COF.

1. Introduction

A significant increase in the use of selected
hydrochlorofluorocarbons (HCFCs) and hydro-
fluorocarbons (HFCs) as replacements for the
CFGs is expected to occur over the next decade.
The removal of these compounds from the at-
mosphere initiated by hydroxyl radical attack is
expected to lead to several types of photochemically
active products [1). These include hydroperoxides
(ROOH) and peroxynitrates (RO,NO,) formed by
the reaction of RO, radicals with HO, and NO.
respectively, and halogenated carbonyls formed by
the oxidation of RO, (where R is a halogen-
substituted alkyl radical).

Tropospheric removal of the halogenated car-
bonyls can occur in a number of ways including
photolysis, hydrolysis and reaction with hydroxyl
radicals [1]. Determination of the relative impor-
tance of these degradation pathways requires a
knowledge of the atmospheric lifetime for each
process. In order to assess the importance of
photolysis the absorption cross-sections need to
be determined. Furthermore, temperatures in the
troposphere decrease by approximately 6-7 K per
1 km rise in altitude. It is therefore important to
determine the absorption cross-sections of these
halogenated carbonyls at atmospheric tempera-
tures. Except for the recent work of Gillotay et

1010-6030/93/86.00

al. [2], previous measurements of the UV ab-
sorption cross-sections of the halogenated car-
bonyls [3-6] have been confined to room tem-
perature.

In the present study. the absorption cross-sec-
tions for CF.COCI, CF,COF, CH;COF, CCl,CHO
and CF;COOH have been determined in the wave-
length range 200-360 nm. The first four compounds
are possible products arising from the oxidation
of HCFC 123 (CF;CHCL,), HFC 134a (CF,CH,F),
HFC 152a (CH,CHF.) and 1,1,1-trichloroethane
respectively. CF;COOH can be formed in the
hydrolysis of CF;COCl and CF;COF, as well as
in the reaction of CF,CO, with HO; [1]. The
temperature dependence of the absorption cross-
sections for CF,COCl, CF,COF and CCl,CHO
has also been determined in the range 296-233
K.

2. Experimental details

Absorption measurements were made using a
dual-beam diode-array spectrometer, illustrated
schematically in Fig. 1. A collimated beam from
a deuterium lamp (Hamamatsu 30 W, L 1636)
was passed through a beam splitter (Oriel Scientific,
model 78150) and the two beams (reference and
sample) were collected in fibre-optic couplers

© 1993 - Elsevier Seguoia. All rights reserved
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Fig. 1. Schematic diagram of UV diode-array spectrometer.

(Oriel Scientific, model 77800) either directly (ref-
erence) or after passage longitudinally through a
1 m long jacketed quartz cell (sample). The tem-
perature of the cell could be regulated in the
range 298-230 K by flowing ethanol through the
inner jacket from a thermostatically-controlled
cooling bath (Statim). Evacuated double end-win-
dow assemblies prevented frosting on the optical
faces at low temperatures. The light beams from
the fibre-optic couplers were directed one above
the other into the 500 um wide inlet slit of a 275
mm Czerny-Turner spectrograph (Acton Research
Corporation, ‘Spectropro 275’). A 600 groove
mm ™! holographic grating was used to disperse
the beams, on to two 512 channel unintensified
sificon diode arrays (Reticon). The detector func-
tion was controlled by an SI-180 O-SMA detector
controller coupled to a Dell 316 SX computer.
Software packages were used for linearisation of
the wavelength scale, for background subtraction
and averaging of the data, and for calculation of
the absorbance using the reference spectrum to
correct for changes in the source lamp intensity.

The main limitation in the accuracy of the
absorbance measurements was the drift with time
of the baseline, caused apparently by inhomo-
geneities in the source output affecting the ref-
erence and sample beams differently. This limited
the accuracy of measurements to +0.0005 absor-
bance units, corresponding to a cross-section of
approximately 10~ 2* cm?® molecule ™! for the partial
pressures used.

U
Fibre Optic Adapter ~

Computer

Gases were introduced to the cell from a con-
ventional static vacuum system constructed of Pyrex
glass employing Youngs greaseless taps. Pressures
were measured using calibrated Baratron gauges
(100 Torr MKS 222 A and 1000 Torr MKS 122
AA).

CF;COCl (97%), CF;COF (97%), CH:COF
(97%) and CF:COOH (99.5%) were obtained from
Fluorochem Ltd. CCI,CHO was obtained from
Fluka with a stated purity of 99% but contained
traces of chloral hydrate (CClL;CH(OH),).
CCl,CHO was therefore transferred to a trap under
a nitrogen atmosphere to exclude water vapour.
All samples were degassed and trap-to-trap dis-
tilled prior to storage on the vacuum line.

3. Results

3.1. Room temperature measurements
Measurements of CFCOCI, CF;COF, CH,COF,
CCl;CHO and CF;COOH absorption spectra were
mad- ‘n the wavelength range 200-360"nm at
sevci. . daiffrent pressures up to somewhat lower
1 .%2 't :ated vapour pressure. Inaccuracies
v . .ction measurements in the short
w«i.ion (less than 220 nm) arose because
.o light levels transmitted by the optical
ﬁbre; ar skorier wavelengths. In the longer wave-
length region, the residual absorbance was not
significantly greater than the baseline drift of ap-
proximately +0.0005 absorbance units. The ab-
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sorbance showed good agreement with the
Beer-Lambert Law provided the absorbance was
less than 0.80. The absorption cross-section data
are shown in log form (base 10) in Figs. 2-6.
Absolute cross-sections, averaged over 5 nm in-
tervals, are listed in Tables 1-4.
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Fig. 6. Absorption spectrum of CF;COOH at 296 K.

3.1.1. CF;cocql

Trifluoroacetyl chloride absorbs strongly in the
200-215 nm region with a second, somewhat
weaker, broad absorption band between 215 nm
and 330 nm with a maximum absorption cross-
section of 6.80x 10~ cm” molecule ™! at 255 nm

(Fig. 2).

3.1.2. CF;COF

Trifluoroacetyl fluoride has a broad absorption
between 200 nm and 300 nm with maximum ab-
sorption  cross-section of 138x107* cm’
molecule ™! at 214 nm (Fig. 3).

3.1.3. CH;COF

Acetyl fluoride appears to have two overlapping
absorption bands in the UV, the first one with a
maximum absorption cross-section of 12.4x10-%
cm® molecule™! at 207 nm, and a second band
appearing as a shoulder near 260 nm and extending
out to 310 nm (Fig. 4).
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TABLE 1. Absorption cross-section for CF,COCl

Cross-section X 10° cm? molecule ™!

Wavelength (nm) 296 K 253 K 233 K

200 37.98 33.83 31.88
205 14.75 12.81 12.02
210 3.526 2.678 2.560
215 1.041 0.711 0.695
220 1.106 0.910 0.834
225 1.687 1.621 1.578
230 2.744 2674
235 . 3.966 3.874
240 : 5.074 4.975
245 R 5.947 5.84s
250 . 6.520 6.414
255 X 6.676 6.553
260 . 6.433 6.317
265 . 5.742 5.625
270 . 4.890 4.785
275 . 3.978 3.878
280 . 2,901 2.817
285 R 1.985 1.914
290 . 1.249 1.197
295 . 0.706 0.668
300 . 0.358 0.334
305 X 0.159 0.145
310 . 0.056 0.048
315 R 0.016 0.012
320 . 0.005 0.004
325 X 0.001 0.001
330 . 0.0 0.0

TABLE 2. Absorption cross-section for CF,COF

Cross-section X 10%° ¢cm? molecule ™!

Wavelength (nm) 293 K 238 K

200 9.354 9.456
205 11.47 11.63

210 13.14 13.16

215 13.63 13.69

220 12.87 13.09

225 11.11 11.40

230 8.775 9.106
235 £.299 6.551
240 4.074 4.179
245 2.348 2.298
250 1.220 1.157
255 0.552 0.491
260 0.216 0.179
265 0.070 0.047
270 0.026 0.010
275 0.010 0.003
280 0.003 0.001
285 0.002 0.000
290 0.001 0.000
295 0.000 0.000

TABLE 3. Absorption cross-section for CH,COF and CF.COOH
at 296 K

Cross-section X 10°* em® molecule ™!

CH:COF CF,COOH

Wavelength (nm)

200 11.26 5.201
205 12.16 6.484
210 11.96 7.229
215 10.53 7.585
220 8.345 7.760
225 5.974 7.209
230 3.829 6.025
235 2.186 4.463
240 1.135 2.892
245 0.566 1.685
250 0.311 0.870
255 0.206 0.390
260 0.158 0.155
265 0.120 0.050
270 0.090 0.013
275 0.056 0.006
28¢ 0.029 0.000
285 0.016

290 0.008

295 0.004

300 0.002

305 0.001

310 0.000

3.1.4. CCl;CHO

Trichloroacetaldehyde exhibits strong absorp-
tion between 200 nm and 230 nm, and a second,
somewhat weaker, absorption between 230 nm and
355 nm with a maximum absorption cross-section
of 10.4X107% cm? molecule~! at 289 nm (Fig.
5).

3.1.5. CF;COOH

Trifluoroacetic acid exhibits a single absorption
band with a broad maximum near 215 nm, ex-
tending out to approximately 275 nm (Fig. 6).

3.2. Temperature dependence of cross-sections

Absorption  measurements of CF.COF,
CF;COCl and CCI;CHO in the wavelength range
200-360 nm were made at several temperatures
in the range 296-233 K. At each temperature at
least five spectra were recorded and the data
averaged to produce the absorption cross-section
at 0.15 nm intervals. The standard deviations on
the cross-sections for CF,COCl at 296 K were
approximately 2% at wavelengths less than 300
nm increasing to 70% near the limit of measurable
absorbance at 325 nm. At 233 K the standard
deviation was 4% at wavelengths less than 300
nm increasing to 80% at 325 nm. Figures 7-9
illustrate the temperature dependence of the cross-
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TABLE 4. Absorption cross-section for CC1,CHO

Cross-section X 10%° cm® molecule ™’

Wavelength (nm) 296 K 243 K

110.7
81.89
43.20
20.32

9.179
3.527
1.264
0.430
0.418
0.882
1.633
2.659
3.910
5.388
6.878
8.368
9.625
10.35
10.62
10.06
9.245
7.602
5.942
4.446
2.790

200 1151
205 86.14
210 48.19
215 23.88
220 10.92
225 4.759
230 2.034
235 0.944
240 0.774
245 1.135
250 1.827
255 2.799
260 3.977
265 5.360
270 6.722
275 8.0i2
280 9.318
285 10.08
290 10.32
295 9.886
300 9.019
305 7.671
310 6.074
315 4.572
320 3.063
325 1.901 1.741
330 1.121 0.951
335 0498 0322
340 0.194 0.114
345 0.086 0.043
350 0.020 0.004
355 0.002 0.000
360 0.000 0.000
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Fig. 7. Temperature dependence of CF;COCI absorption cross-
section in the wavelength range 200-320 nm.
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different for each of the compounds investigated.
The spectra for CF;COCI (Fig. 7) show a decline
in the cross-section with decreasing temperature
over most of the longer wavelength absorption
band (215-330 nm), the decline being more pro-
nounced in the long wavelength tail of this band
at wavelengths greater than 290 nm. The tem-
perature dependence also extends into the shorter
wavelength region of the spectrum particularly at
wavelengths less than 215 nm. In the case of
CF,COF and CCl,CHO (Figs. 8 and 9) the decline
is mainly apparent in the wings of the absorption
bands, the cross-sections show an increase with
decreasing temperature around the band maxima.

A more detailed investigation was undertaken
for CF,COCL. Measurements of the cross-section
were carried out at six different temperatures in
the range 296~227 K. Figure 10 shows a plot of
log,o ovs. temperature (K) for selected wavelengths
in the long wavelength tail. The data show a good
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TABLE 5. Temperature dependence of CF,COCI absorption
cross-sections

10%' (g, cm™* molecule ™ ')* (B/IK ™' x10%°

o (T=0 K)

Wavelength
(nm)

1.028
1.672
2.253
3.457
4.9)5
6.370°

290 6.866
300 1.346
305 0.424
310 0.070
315 0.9086
320 0.7042

*Intercept and slope obtained from a plot of log,, o=log,e 0 = BT
>The B value at 320 nm was extrapolated from a plot of logy,
B vs. wavelength.

linear fit over the entire temperature range. In
general the slopes of the plots show an increase
with increasing wavelength as the temperature
dependence becomes more marked, Table 5.

The spectrum for CH;COF was found to change
with time, possibly because of hydrolysis on the
cell walls to form acetic acid. A fresh sample was
used each time for absorption measurements. Be-
cause of this instability, the temperature depen-
dence of the absorption cross-section was not
investigated. Since the spectrum for CF,;COOH
does not extend beyond 280 nm, photolysis is
therefore relatively unimportant in the troposphere
and hence the temperature dependence of the
cross-section was not investigated.

4. Discussion

The absorption spectra of the halogenated car-
bonyls CX,CXO show strong absorption in the
UV, and by analogy with the aldehydes and ketones,
bands caused by the n—II* electronic transition
of the C=0 group are expected. It appears that
substitution of the halogen on the carbonyl carbon
X-C=0 has the effect of shifting the absorption
to shorter wavelengths. In CH,COF, Fig. 4, the
n—II* band appears as a shoulder at 260 nm on
the more intense absorption band centred around
207 nm. This may be compared with CH,CHO
where the n—TI* band centre is at 290 nm.
Substitution of the halogen on the B-C atom also
modifies the absorption spectrum significantly.
Thus CF;COC], Fig. 2, has an absorption band,
believed to be a result of the n —II* transition,
centred at 255 nm whereas in CF;COF, Fig. 3.
the band is bluc shifted to 214 nm. In CCI,CHO,
Fig. 5, the n—1I1* band has a maximum around
289 nm, extending out to 360 nm.

The UV absorption cross-sections for CF;COCI
and CF,COF have previously been determined by
Meller et al. [3] using a diode-array spectrometer.
They report maximum absorption cross-sections
of 6.87x10"% cm? molecule™! at 255 nm and
14.1x10°%® cm® molecule™! at 212 nm for
CF,COCI and CF,COF respectively, in excellent
agreement with values of 6.80x107%° cm’
molecule™! at 255 nm and 13.8x107%* cm?
molecule ™! at 214 nm from the present study.
Jemi-Alade et al. [7] have measured the absorption
spectrum of CF,COCI between 220 nm and 290
nm, as part of their work on the chlorine-initiated
oxidation of hydrohalocarbons. The shape of their
absorption spectrum closely resembles that ob-
tained in the present work, and they report a
cross-section of 6.72 X 10~ cm* molecule ~' at 250
nm which is also in excellent agreement with the
present work. Libuda et al. [6] and Gillotay et al.
[2] have measured the absorption spectrum for
CCI,CHO. Libuda et al. [6] used a diode-array
spectrometer and reported a maximum cross-sec-
tion of 9.73X10°%° c¢m® molecule™’ at 290 nm
compared to 11.6x107% cm* molecule ™ at 288
nm obtained by Gillotay et al. {2] in a dual-beam
apparatus with a photomultiplier detector system.
Our value of 10.4x10~% c¢m? molecule ™! at 289
nm is approximately midway between these two
measurements.

4.1. Temperature dependences
Trifluoroacetyl fluoride, trifluoroacetyl chloride
and trichloroacetaldehyde all showed a significant
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variation in the absorption cross-section with tem-
perature (Figs. 7-9) which was different for all
three compounds. The variation was more pro-
nounced in the long wavelength tail but the tem-
perature dependence also extended into the shorter
wavelength absorption bands. Gillotay et al. [2]
have recently measured the temperature depen-
dence of the UV absorption cross-sections for
COCl,, CCl,COCI and CCI,CHO. They also ob-
served a decrease in the cross-section in the tail
of the absorption bands with declining tempera-
tures whereas only a relatively minor change was
observed at the band maximum. The magnitude
of the temperature dependence for CCl,CHO
matches well with that of the present study.

The temperature dependence for CF;COCI is
illustrated in Fig. 10 where log,, o is plotted against
temperaturc for selected wavelengths in the tail
of the UV absorption band. The intercepts and
slopes of these plots, obtained by linear regression
analysis, are given in Table 5. The slopes of these
plots, B values, increase with increasing wavelength
reflecting the increased importance of the tem-
perature dependence at longer wavelengths. How-
ever, because of the large uncertainty (about 80%)
in the cross-section at the lowest temperature in
the longer wavelength region, the B value at 320
nm was extrapolated from a plot of log,, B vs.
wavelength.

The temperature coeflicients obtained from the
plot of log,, o vs. T can be used to obtain cross-
sections outside the experimental range by ex-
trapolation. This is particularly important for the
purposes of calculating the photodissociation rate
of CF:COCI at temperatures relevant to the upper
troposphere. The linearity of the plots in Fig. 10
allows the cross-section to be calculated for any
temperature in the range 200-300 K from the
equation:

loglo o= loglo Oy +BT

It is believed that the decrease in the cross-
section with decreasing temperature is caused by
a reduction in the population of the vibrational
and rotational levels of the ground electronic state
of the molecule at the lower temperatures [8].
The shape of the UV absorption spectrum results
from a Boltzmann-weighted average of the ab-
sorption spectra from each vibrational level in the
ground electronic state. Absorption from higher
vibrational levels have maxima at longer and shorter
wavelengths than the maxima in the absorption
from the ground vibrational level. As the tem-
perature decreases, the contribution from higher
vibrational levels decreases, which results in a

decrease in the cross-section in the wings of the
absorption spectrum and a corresponding increase
at the band maximum. This is apparent in both
CF;COF and CCI,CHO (Figs. 8 and 9) where
there is little overlap of the two absorption bands,
but not in CF;COCI (Fig. 7) because of the pre-
dominant influence of the tail of the strong ab-
sorption band centred at less than 200 nm. A
similar effect has been observed in the spectra
for HNO, and CH;ONOQ, {9] which also hae two
overlapping absorption bands.

4.2. Atmospheric photolysis rates
Photodissociation of the HCFC degradation
products is possible following absorption in their
broad continuous UV absorption spectra. The solar
radiation is strongly attenuated in the UV at
wavelengths from 220-290 nm by absorption re-
sulting from ozone. Two spectral regions therefore
play a major role in the photolysis of the halo-
genated carbonyls. The first region, around 200
nm, becomes more important at higher altitudes,
above 25 km, whereas the second region greater
than 290 nm is dominant below 20 km [10]. Figure
11 shows a plot of log,, (solar flux) vs. wavelength
at 300 mbar (upper troposphere) [11] which

300 mbar

Log10 Solar Flux (Photon cm=2 5=1)
o
[}

° .
e 1 | \
0 te 1 T 1

170 220 270 320 370
Wavelength nm

Fig. 11. Plot of logarithm of the solar flux vs. wavelength at 300
mbar.
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clearly illustrates that wavelengths greater than
290 nm have the major contribution to photolysis
in the troposphere.

The absorption cross-sections shown in Tables
1-4 were used to calculate globally averaged tro-
pospiieric  photolysis lifetimes for CH;COF,
CF,COF, CF,COOH, CF,COCl and CCLCHO
(Table 6). These calculations were carried out
using the Cambridge two-dimensional model [12].
An albedo of 0.35 was used, and a photodecom-
position quantum efficiency of unity was assumed.

Table 6 lists the tropospheric lifetimes with
respect to photolysis, reaction with OH and physical
removal for CH,COF, CF;COF, CF;COd,
CCl,CHO and CF,COOH. The OH lifetime for
CCl,CHO was calculated using the rate constant
of 1.6 X107 '? cm® molecule ™! s™! determined by
Scollard et al. [13]. For CH;COF no rate data for
the reaction with OH have been reported, thus
the value for the reaction of OH with CH;COCl
[14] (k=0.91x 10" cm® molecule " s~ ') has been
used. Since the Henry's Law solubilities for the
acid halides are not well known, the removal rate
by cloud water or deposition to the ocean is difficult
to assess. Wine and Chameides {1] estimated that
the hydrolysis lifetimes for acid halides are dom-
inated by transport to the marine environment
and cloudy regions, and are of the order of 1-2
months. Worsnop et al. [15] were unable to de-
termine any significant uptake of gaseous acid
halides into droplets, and thus removal by rainout
was expected to be unimportant. However, recent
modifications to their apparatus have enabled them
to determine uptake coeflicients and Henry’s Law
constants for COCl,, CF;COCI and CF,COF [16].
Their estimated lifetimes of these compounds be-
cause of removal in cloud water are approximately
20 d.

Both photolysis and reaction with OH are very
slow for CH;COF and CF,COF (Table 6). There-
fore, transport to the marine environment and
cloudy regions with physical removal is likely to
be their major loss process in the troposphere.

TABLE 6. Tropospheric lifetimes for the halogenated carbonyls

Hydrolysis products include CH,;COOH and HF
from CH,COF and CF,;COOH and HF from
CF;COF. The results from the present study sug-
gest that photolysis of these acids is relatively
unimportant and physical removal processes will
therefore dominate.

For trifluoroacetyl chloride both photolysis
(lifetime =33 d) and uptake into cloud water
(lifetime =20 d) are the main loss processes. Hy-
drolysis of CF,COCl! will form CF;COOH and
HCI. These acids HCl and CF;COOH are readily
soluble in water and will be removed by precip-
itation.

Photolysis (lifetime =3.4 h) and reaction with
hydroxyl radicals (lifetime =7 d) are the main loss
processes for trichloroacetaldehyde. Therefore,
provided the photolysis quantum yield is greater
than or equal to that for CH,CHO [17], photolysis
is likely to be the major removal mechanism for
trichloroacetaldehyde in the higher troposphere.
The major photolysis products are COCl. and CO;
[14]. COCl, is expected to be removed by hydrolysis
in cloud water on a time scale of approximately
20 d [16].

5. Conclusion

The absorption cross-sections for CF,COCI,
CF;COF, CH,COF, CCL,CHO and CF.COOH
have been measured over the wavelength range
200-360 nm. A significant temperature dependence
in the absorption cross-sections was observed for
CF,COCl. CF,COF and CCl,CHO, which was
particularly pronounced in the long wavelength
tail of their absorption spectra. The calculated
atmospheric photolysis lifetimes suggest that in
the lower atmosphere, photolysis is an important
removal process for CF;COCI and CCl;CHO but
that physical removal processes in cloudy regions
and in the marine environment are more important
for CH.COF, CF,COF and CF;COOH.

CH,COF
41 yrs
3 yrs®
1-2 mths?

CF,COF
3X10° yrs

Removal
*Photolysis
OH
Hydrolysis

20 d°

CCl:CHO CF,COOH
34 h 6Xx10% yrs
7d e

120 df 1-2 mths?

CF,Codl
33d

20 d&°

*Photolysis lifetimes are globally averaged tropospheric values.

®OH lifetime CH;COF calculated assuming k(OH) CH,COC! [14].

‘OH rate constant not determined.

SHydrolysis lifetimes are upper estimates taken from Wine and Chameides [1}].

*Worsnop et al. [16].
fAssumed the same as CH,CHO [16}.
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Abstract

Absorption cross-sections for HNO; and CH;ONO, were measured in the wavelength
region 220-340 nm, using a dual-beam diode array spectrometer, with a spectral resolution
of 0.3 nm. The results at room temperature were in good agreement with earlier measurements.
Absorption over most of the range showed a distinct temperature dependence, with a
similar decline in cross-section with decreasing temperature in the range 295-239 K for
both molecules. The results have quite large effects on the calculated photodissociation
rate of HNO, in the lower stratosphere, especially at the low temperatures and high solar
zenith angles (SZA) characteristics of the polar winter and spring. For example, at 20 km
altitude, with an SZA of 80°, the photolysis rate at a temperature of 200 K is approximately
a factor of 5 smaller than at 298 K.

1. Introduction

Nitric acid is the major reservoir for nwrogen oxides in the stratosphere. It is
formed by the association reaction of the hydroxyl radical with NO, and by the
heterogeneous reaction of dinitrogen pentoxide, N;Os, with water, on the surface of
aerosol particles. The latter process is thought to be an important mechanism for the
sequestration of stratospheric NO, at high latitudes in winter time, especially during
the polar night when polar stratospheric clouds form [1].

The release of nitrogen oxides from the FNO; reservoir occurs by reaction with
hydroxyl radicals and by photodissociation of HNO;:

OH +HNO,=H,0 +NO, 1)
HNO, +hyv=0H+NO, )

Photodissociation of nitric acid occurs following absorption in its broad continuous
UV absorption spectrum which starts near 330 nm and increases in intensity down
to 190 nm. In the stratosphere, ozone absorption strongly reduces the photodissociation
rate in the range 220-290 nm. Consequently, two spectral intervals play a major role
in HNOj, photolysis: the first interval around 200 nm is most important at high altitudes

TAuthor to whom correspondence should be addressed.
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(above 25 km) and the second interval at around 300 nm, becomes dominant in the
lower stratosphere at altitudes below 20 km [2].

Considering the importance of HNQ; in stratospheric chemistry, there have been
surprisingly few investigations of the absorption spectrum and photochemistry of HNO;.
The currently recommended values for the absorption cross-sections [3, 4] are based
on the data of Molina and Molina reported in 1980 [S] as part of their study of the
spectrum of HO,NO,. These data agree well with the earlier data of Biaume [2] and
those of Johnston and Graham [6), except near the long-wavelength tail of the absorption,
where the uncertainty in all three studies is rather large. This uncertainty is due to
the small HNO; cross-sections and also to the need to correct for the presence of
small amounts of NO, impurity [2], which absorbs strongly in this region and seems
to be unavoidably present in samples of pure HNO,.

The need for accurate values for the HNO; photodissociation rates in the long-
wavelength tail has recently become more important because of the critical role played
by this process in the chemical changes in the lower stratosphere that are related to
polar ozone depletion.

The extent to which the active chlorine species ClO can participate in photo-
chemically driven ozone depletion cycles depends on the availability of NO,, which
converts ClO to the inactive chlorine reservoir, chlorine nitrate (CIONQ;):

CIO+NO,+M=CIONO, +M (3)

Thus higher concentrations of NO; tend to suppress the ozone-depleting reactions of
ClO. The availability of NO, is determined by the rate at which it is released from
its major reservoir, HNO;, which is primarily controlled by HNO; photodissociation
in the high latitude springtime. Thus HNO; photodissociation exerts a controlling
influence on the rate of “recovery” of the perturbed chemistry in air parcels which
have been processed by exposure to polar stratospheric clouds (PSCs) in the north
or south polar wintertime vortex [7]. The conditions for this recovery involve high
solar zenith angles and low temperatures. We have therefore reinvestigated the UV
spectrum of HNO; in the range 200-345 nm, with particular emphasis on determination
of the temperature dependerce of the absorption cross-sections near the long-wavelength
tail of absorption in the near-UV region.

The alkyl nitrates have significance for tropospheric chemistry [§] and these
molecules also exhibit a broad continuous UV absorption spectrum similar to HNO;,
which leads to photodissociation in the atmosphere, eg.

CH,CNO; +hv=CH,0 + NO, 4

There have been three recent studies devoted to the measurement of the absorption
cross-sections of the alkyl nitrates [8-10]. There is reasonably good agreement between
the results of these studies in the wavelength regions where they overlap, including
the important long-wavelength tail, but all studies were restricted to room temperature.
To extend the data for the purposes of calculating atmospheric photolysis rates, we
measured the absorption cross-section for methyl nitrate over the range 200-340 nm
as a function of temperature in the range 233-294 K. Analogous measurements for
several C, to s alkyl nitrates will be the subject of a separate report.

2. Experimental details

Absorption measurements were taken using a dual-beam diode array spectrometer.
A well collimated beam from a deuterium lamp (Hamamatsu 30 W, L 1636) was
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passed through a beam splitter (Oriel Scientific, model 78150) and the two beams,
reference and sample, were collected in optical fibre couplers either directly (reference)
or after passage through a 1 m long jacketed quartz sample cell (sample). The
temperature of the cell could be regulated in the range 230-300 K by circulating
cooled ethanol through the jacket. Evacuated double end-window assemblies prevented
condensation on the optical faces. The light beams from the two optical fibres were
directed one above the other into the 500 um wide inlet slit of a 275 mm Czerny-
Turner spectrograph (ARC, Spectropro) using a fibre optic adapter (Princton Instrument
Co., model OFA X1S) The spectograph contained three indexable holographic gratings
mounted on a turret under software control. A 600 groove mm™' grating giving a
spectral resolution of 0.3 nm and a range of 75 nm in each spectrum was used for
the present study. The detector consisted of two 512 channel unintensified silicon
diode arrays (Reticon), one above the other, ir a cooled (—20 °C), evacuated housing,
mounted at the focal plane of the spectrograph. The detector function was controlied
by an SI-180 0-SMA detector controller (Spectroscopy Instruments GMbH) which
incorporated a 14-bit ADC, coupled to a Dell 316 SX computer. Software packages
(Spectroscopy Instruments GMbH, POSMA) were used for calibration and linearization
of the wavelength scale, for background subtraction and averaging of the data, and
for calculation of absorbance using the reference spectrum to correct for changes in
the source lamp intensity.

The main limitation of accuracy in the absorbance measurements for broad band
spectra was the drift with time of the baseline, due apparently to inhomogeneities in
the source output affecting the “reference” and “sample” beams differently. This
baseline drift affected measurements at the 0.0005 absorbance unit level for continuous
absorption: discrete absorption features, eg. NO; at approximately 340 nm, could be
detected at the 0.0001 absorbance ievel. Poor transmission of the optical fibres for
light below 220 nm limited the accuracy of absorption measurements at the short-
wavelength end of the range.

Gases were introduced to the sample cell from a conventional Pyrex glass vacuum
line, with Youngs greaseless taps. Pressures were measured on calibrated Baraton
gauges (100 Torr MKS 222, A 1000 Torr MKS 122 AA).

Pure HNO; was vacuum distilled from a 3:2 mixture of previously cooled sulphuric
acid (Fisons 98%) and nitric acid (Kock-Light 70%¢) held at 273 K, into a trap cooled
in liquid nitrogen. Several successive distillations were then performed, a middle fraction
being retained in a trap cooled to 195 K (solid CO:). The product was a white
crystalline solid at this temperature.

When HNO, vapour was introduced to the sample cell from the reservoir, variable
amounts of NO, impurity were found to be present, the amount relative to HNO,
tending to decrease in successive samples. Clearly some decomposition of the HNO,
occurred both in the sample and in the transfer process. Absorption cross-sections
were determined from data coliected with relatively low levels of NO, present, typically
of the order of 0.5%. Even so, NO, absorption accounted for at least 505 of the
sample absorbance at 320 nm.

Some absorption measurements where made at room temperature using HNO,
vapour taken from a sample of reagent grade concentrated HNO; which had not been
distilled from a mixture with sulphuric acid. These samples contained lower amounts
of NO; (approximately 0.02%) compared with the “pure” HNO;. Absolute cross-
sections could not be determined from these measurements because the samples
contained an unknown amount of water vapour, together with HNO,. However HNO,
spectra obtained from these samples showed no syste aatic difference from those
derived after subtraction of larger amounts of NO,.




A reference sample of NO, was prepared by reaction of NO (Cambrian Gases,
Research grade) with O, (B.0.C., Research grade) and stored in a blackened 3 | bulb.

Methyl nitrate was synthesized by the low temperature nitration of methanol [11]).
The authenticity of the liquid product after vacuum distillation was verified by 'H
nuclear magnetic resonance and from Fourier transform IR spectroscopy. The purity
of the sample was assessed at greater than 99%; no NO, could be seen in the gas
phase UV spectra.

3. Results

3.1. Nitric acid

Measurements of HNO; absorption spectra in the wavelength ranges 200-275 nm
and 269-344 nm were made at several different temperatures in the range 238-297
K. At each temperature, several pressures of HNO; were used up to a maximum
somewhat less than the vapour pressure of HNO; at that temperature. This limited
the HNO; pressure to approximately 0.8 Torr at the lowest temperature (238 K) and
to about 35 Torr at room temperature. Consequently, the accuracy with which small
absorptions in the long-wavelength tail could be measured was considerably reduced
at the lower temperatures. However, the very large absorption cross-sections in the
short-wavelength region (less than 220 nm) could not be determined accurately because
of the difficulty in the measurement of the small partial pressures of HNO; required,
together with inaccuracies related to the low light levels transmitted by the optical
fibres at shorter wavelengths. Consequently, we do not report cross-section measurements
at wavelengths below 220 nm.

All HNO; spectra in the 269-344 nm region required correction for the NO,
present in the sample. This correction was based on scaled subtraction of a reference
spectrum of NO,, utilizing the characteristic vibrational structure in the N O, absorption
near 340 nm. In these corrections, account had to be taken of the presence of N,O,
which is in equilibrium with NC,. Based both on the known equilibrium constant [12]
and on measurements of the NO, reference spectrum at different NO; partial pressures,
the amounts of NO, were generally too small for significant N,0O, absorption in this
region, even at the lower temperatures. Nevertheless, reference spectra were recorded
at each temperature to match as closely as possible the actual amounts of NO, present
in the samples so that any N,O, absorption could be accounted for.

Figure 1 illustrates a typical HNO; spectrum recorded at 294 K with P(HNO;)=29.8
Torr in the long-wavelength region, together with the scaled NO, reference and the
residual after its subtraction. At HNO; pressures below approximately 5 Torr, the
residual absorbance at greater than 340 nm was not significantly greater than the.
baseline drift of approximately + 0.0005 absorbance units. At higher pressures of HNO,
a small continuous level of absorption, which generally increased with HNO, pressure,
could be detected up to at least 370 nm. A similar effect was noticed with high
pressures of methyl nitrate, and is thought to be due to the presence of a low level
of UV light of shorter wavelengths scattered within the spectrograph. This residual
continuous absorption, which was of the order of 0.001 absorbance units, was subtracted
assuming that HNO; absorption near 345 nm was negligible.

At each temperature, data from at least five experiments at different HNO,
pressures were averaged to give the absorption cross-sections at 0.15 nm intervals.
The standard deviations on the average values at 293 K were approximately 2.5% for




0.03

0.02

0.01

Absorbance (base 10)

Cc

000 1 ] 1 1
310 315 320 325 330 335 340
Wavelength nm

Fig. 1. Absorption spectrum of HNO, in the region 310-340 nm: A, spectrum from 29.8 Torr
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Fig. 2. Beer-Lambert law plot of nitric acid absorbance at 294 K after correction for the NO,
component.

wavelengths less than 300 nm, increasing to 95% near the limit of measurable absorption
at about 335 nm. At 239 K the standard deviation was 6.5% at 300 nm increasing to
95% at 320 nm. Conformity with the Beer~Lambert law was excellent provided the
absorbance was less than unity; selected data are presented in Fig. 2. Figure 3 illustrates
the temperature dependence of the HNO; cross-sections recorded in the 269-344 nm
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Fig. 3. Temperature dependence of the nitric acid absorption cross-section in the wavelength
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TABLE 1
Absorption cross-sections for HNQO; and CH,ONO,

Wavelength Cross-section o (X10% cm? per molecule)
(nm) -

HNO, CH,0NO,

293 K 294 K

12.34 66.8
7.73 . 29.3
5.15 157
3.44 9.00
243 5.57
2.00 4.07
1.88 3.68
1.82 3.27
1.84 3.08
1.73 2.76
1.55 231
1.36 1.96
1.08 155
0.821 X 117
0.587 0.842
0.394 0.562
0.247 0.357
0.145 0.207
0.0794 0.155
0.0407 0.0584
0.0198 0.0279
0.0052 0.0118
0.0042 0.0052
0.0014 0.0015
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region, using the data at 238 K, 263 K and 295 K. The spectra show a clear decline
in the cross-section with decreasing temperature throughout the region, the effect
being partict:larly noticeable near the long-wavelength tail. The temperature dependence
also extends into the shorter-wavelength region, as can be seen from the cross-sections
at 293 K and 239 K listed in Table 1.

3.2. Methyl nitrate

Measurements of methyl nitrate absorption spectra were made-in the wavelength
ranges 200-276 nm and 269-344 nm at 233, 238, 248 and 294 K. As with HNO; the
maximum pressures that could be used were limited by the vapour pressure of CH;0ONO,

at each temperature. However, the higher vapour pressures and absence of NO,
contamination allowed more accurate measurements of the weak absorption in the
long-wavelength tail, compared with HNO;. The temperature dependence of the
CH,ONO, spectrum is illustrated in Fig. 4 using the data at 238 K and 294 K listed
in Table 1. The absorption cross-section decreases with decreasing temperature through-
out the wavelength range; the magnitude of the temperature effect is similar to that
of nitric acid.

4. Discussion

4.1. Comparison with previous work

The HNO; absorption cross-sections measured at 294 K in the present work are
compared with previously reported values in Fig. 5. At wavelengths less than 300 nm
they show very good agreement with those reported by Molina and Molina [5], Biaume
[2] and Graham and Johnston [6]. Table 2 shows a comparison of the values in the
long-wavelength tail. The values obtained in the present work are higher than those
reported by Biaume [2] and those of Molina and Molina [5], but are lower than those
reported by Graham and Johnston [6]. It is difficult to state how significant these
differences are in view of the uncertainty arising from the need to correct for absorption
due to NO, at these wavelengths. The present experimental technique provides more
spectral information for making this correction, but our samples apparently contained
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TABLE 2

Comparison with cross-sections from previous work

Wavelength Cross-section o (X 10?° cm? per molecule) at 298 K
(nm)

HNG,

This
work

1.55

0.247
0.079
0.020
0.004

more NO, than those measured by Biaume [2]. Molina and Molina [5] did not report
details of any corrections they made. The consistency of the cross-sections determined
in the present work with differing amounts of NO, gives us some confidence in the
values we report, which suggest a slightly higher absorption at wavelengths greater
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than 310 nm than is recommended in the NASA and IUPAC evaluations [3, 4], which
were based on the data of Molina and Molina {5].

Figure 6 shows a comparison of the present absorption cross-section measurements
for methyl nitrate with literature values. They show excellent agreement with those
reported by Roberts and Fajer [8] in the region of atmospheric interest, i.e. at
wavelengths greater than 270 nm. The earlier data of Taylor et al. [9] are significantly
higher in this region, by up to a factor of 2. At shorter wavelengths all the reported
data are in reasonably good agreement.

4.2. Temperature dependencies

There are apparently no previous measurements of the temperature dependence
of either the HNO; or CH;ONO, absorption spectra with which to compare our
results. The present results show that both molecules have similar spectra, their absolute
cross-sections are comparable and their temperature dependences match well. This is
not altogether surprising since the ~ONO, chromophore is responsible for absorption
in both molecules. The similarity in the temperature dependences is illustrated in Fig.
7 where logy, o is plotted against temperature for selected wavelengths in the “tail”
of the UV absorption band. The intercepts and slopes of these plots, obtained by
linear regression analysis, are given in Table 3. The slopes of these plots are similar
and increase with increasing wavelength. There is more scatter on the HNO; data
owing to the smaller absorptions and the necessity to correct for NO, interference.
At less than 270 nm the temperature coefficients remained fairly constant down to
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temperature for methyl nitrate (closed symbols) and nitric acid (open symbols). The lines show
least squares linear regression slopes.

TABLE 3
Temperature dependence of HNO; and CH,ONO, absorption cross-sections

Wavelength oy (X107 em? per molecule)? B (K~ 'x10°)*
(nm)

HNO, CH,0NO;, HNO,

270 6.35 8.75 4.16
280 4.31 4.85 3.54
290 1.3% 217 533
300 0.73 0.63 4.64
310 0.088 0.129 9.23
326 0.0012 0.6035 178
330 - 0.0009 -

*Intercept and slope of plot of log,, o=log;, oo+BT

AY
the start of the second absorption band near 230 nm, whereafter the temperature
dependence declined.
The temperature coefficients from the plots of log,, o vs. T can be used to obtain
cross-sections outside the experimental range by extrapolation. This is particularly
important for the purposes of calculating the photodissociation rate of HNO, at
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temperatures relevant to the polar stratosphere. Table 4 shows recommended cross-
sections at 298 K, which were obtained by averaging the data from the present work
with those from refs. 2, > and 6, together with the recommended temperature coefficients
based on the present work. The absorption cross-section can be calculated for any
temperature from the equation:

log,o o= loglo O208 +B[T"‘ 298]

The linear dependence of the cross-section used for extrapolation does not have any
theoretical basis. The shape of the nitrate spectra indicates that two or more electronic
transitions are involved, with overlapping absorption bands. The integrated absorption
in a single band is expected to show little temperature dependence on theoretical
grounds [13]. The increase in cross-section in the wings of the band is compensated
for by a decrease at the band maximum, as the band broadens with increasing
temperature, owing to the increasing number of rotational-vibrational states available.
In regions of overlap these effects can act in opposite directions. Thus the positive
temperature dependence of the HNO; and CH;0NO, cross-sections in the “shoulder”
region near 260 nm could be due to the predominant influence of the tail of the
strong absorption band centred at less than 200 nm.

4.3. Calculation of atmospheric photolysis rate

Atmospheric photolysis rates of HNO; were computed using the absorption cross-
sections shown in Table 4, over a range of temperatures, altitudes and solar zenith
angles (SZAs). For these calculations, which were carried out using the photolysis
model of Lary [14], atmospheric profiles of temperature and ozone appropriate to 70°
N in winter were used. The model includes the effects of multiple scattering in a
spherical horizontally stratiform atmosphere. The calculations were performed for a
ground albedo of 0.3, although the effects of clouds were not considered. The quantum

TABLE 4

Recommended cross-sections for HNO,

Wavelength Cross-section at 298 K B
(nm) (% 10 cm? molecule™") (K"1x10%)

190 1560.0
200 661.0
210 105.0
220 14.1
230 545
240 2.44
250 1.92
260 1.86
270 1.59
280 1.10
290 0.613
300 0.243
310 0.081
320 0.017
330 0.003
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Fig. 9. Contribution of different wavelength intervals to HNO, photolysis as a function of altitude:
J(HNO,) is given for a temperature of 200 K and an SZA of 0°.

yield for HNO; photodissociation was assumed to be unity throughout the wavelength
region of interest.

The resuits are shown in Figs. 8 and 9. In Fig. 8 the calculated HNO; photolysis
rates for SZAs between 0° and 100° at 10, 20, 30 and 50 km altitude, and at temperatures
between 200 and 298 K, are presented. At all altitudes and SZAs the photolysis rates
show a significant monotonic decrease at colder temperatures. However, the decline
is more marked at lower altitudes with a 25% difference between J(HNO;) at 298 K
and 200 K at 50 km and 0° SZA, increasing to 85% at 10 km. This difference increases
at higher SZAs.

These features can be explained as follews. The temperature dependence of the
HNO, cross-section is more marked at longer wavelengths, see Fig. 7. At both lower
altitudes and higher SZAs the stratospheric absorption, due primarily to ozone, shifts
the wavelengths which contribute to photolysis of HNO; to longer wavelengths, at
which the absorption shows greater temperature dependence.

The relative contribution at different wavelengths to the total photolysis of HNO,
is illustrated in Fig. 9. The data shown are calculated for a solar zenith angle of 0°
and a temperature of 200 K. It is evident that at high altitude (50 km) the contribution
of light absorption near 200 nm is greater than 300 nm. At altitudes of 20 km and
below, photolysis predominantly results from absorption at wavelengths longer than
300 nm. Peak photolysis occurs at 310 nm for 0° SZA and the peak moves to even
longer wavelengths at larger SZAs. As absorption at longer wavelengths becomes more
important, the significance of the temperature dependence increases. An implication
of these results is that the lifetime of HNO; with respect to photodissociation releasing
NO, (reaction 2), at the low temperatures prevalent in the lower stratosphere, is
longer than calculated using currently recommended values for the HNO, absorption
cross-sections [3, 4]. Consequently the rate of “recovery” of the perturbed chemistry
in air parcels which have been exposed to PSCs or sulphate aerosols is expected to
be slower. This would allow a greater extent of ozone depletion to occur in these air
parcels, through the established photochemical reaction mechanisms involving ClO.

These results highlight the need to determine accurately the temperature de-
pendence of the absorption cross-sections in the long-wavelength tail. Unfortunately,
the absorption of HNOj; and other molectles of atmospheric significance is very weak
in this region and accurate cross-section measurements present a considerable challenge,




