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Rate coefficients for the reaction, OMt CCILCHO (chloral)— products Ks), were measured over the
temperature range 233115 K using the pulsed laser photolysis-laser-induced fluorescence method, and were
determined to beks(T) = (1.79 &+ 0.17) x 102 exp[—(240 £ 60)/T] cm® molecule® s™*. The quoted
uncertainties are at the 95% confidence level with= Aona, and include estimated systematic errors. Our
results are compared with those from previous work and the differences are discussed. UV absorption cross
sections of CGICHO were measured between 200 and 345 nm and over the temperature rar@éQ40

These measurements are in good agreement with previously reported values. The quantum yields for O, H,
and Cl atoms in CGCHO photolysis were measured via atomic resonance fluorescence detection following
pulsed excimer photolysis. Upper limits for the O atom quantum yield in,C@D photolysis at 308 and

248 nm were measured to be0.01 and<0.02, respectively. The H atom quantum yields in §&XHO
photolysis at 193, 248, and 308 nm were 0409.01,<0.01, and<0.002, respectively. The Cl atom quantum

yield in the photolysis of CGCHO at 308 nm was 1.3 0.3. The rate coefficient for the reaction €l
CCI3CHO was determined to Hg(298 K) = (5.4 + 0.7) x 107 '2cm?® molecule* s™1. These results are used

to evaluate the tropospheric lifetime of GCHO and the significance of chlorine transport from
methylchloroform degradation to the lower stratosphere.

Introduction has been investigated previouf§.® However, there are
considerable discrepancies among the reported valués, of
which range from (8.6 to 18 1072 cm® molecule’® s71, at
298 K. To our knowledge, only one measurement of its
temperature dependence, byle®t al* between 298 and 520
K, has been reportedkyT) = (1.56 & 0.33) x 10712 exp[-
(6004 100)/T] cm3 molecule* s™1). However, Dbeet al. did
not cover tropospheric temperatures (ifes298 K). Therefore,
OH + CH,CCl,— H,0 + CCI,CH, (1) further measurements & are warranted.
CCICHO has a UV absorption spectrum typical of aldehydes
CCI,CH, + O, + M — CCI,C(OO)H, + M 2 and shows a strong absorption at wavelengths less than 250
nm and another weak electronic transition in the actinic region
CClL,C(OO)H, + NO — CCLC(O)H, + NG, ®) of the atmosphere; 290 nm. Photolysis of C@QCHO in the
CCI,C(O)H, + O, — CCLCHO + HO, ) a_ltmosphere wi_II occur almo_st exclusively vi_a this _vveal_< transi-
tion. The possible photolysis channels available in this wave-

In the determination of the ozone depletion potential of a length region are
compound such as GBCl, it is necessary to understand not - cc|,CHO + hv — CCl, + CHO
only its atmospheric lifetime but also those of its degradation

Chloral (CCkCHO) can be a stable product in the atmospheric
degradation of organic compounds containing more than two
carbons and a CegQroup. There are no significant anthropo-
genic sources of CgCHO and methylchloroform (C§CCls)
is the primary source of CEgCHO in the atmosphere. Chloral
is produced from CBCCl; via the following reaction sequence:

products. Degradation products containing halogens produced AH°(298 K) = 69 kcal mol *, 4 = 415 nm (6a)
in the troposphere may still transport halogen to the stratosphere. — CCLCO+ H

Therefore, in the case of methylchloroform, a complete evalu- s

ation of the impact of CECCl; on the atmosphere needs an AH,°(298 K) = 87.5 kcal mol*, 1 = 327 nm (6b)

understanding of the atmospheric loss processes ofCHD,

and its degradation products. — CI+ CCIL,CHO

CCILCHO is expected to have a relatively short atmospheric AH°(298 K) = 71 kcal mol'!, A = 403 nm (6c)
lifetime due to its loss via reaction with the OH radical, UV
photolysis, and dry and wet depositibAThe rate coefficient — CCLH + CO
for the reaction of the OH radical with chloral, AH°(298 K)= —9 kcal mol'* (6d)
OH + CCl,CHO — products (5) The wavelengths listed with each photolysis channel are the
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energetic thresholds calculated using the thermochemical datahe reactor. The measured concentrations were the same, to

from DeMore et al’,Rayez et al® and the others noted below.  within 2%, showing that there was no significant loss of chloral

The additivity method of Bensdi® was used for estimating  in the reactor.

the heat of formation of C@CHO (AH;°(298 K) = —42.0 kcal The OH radicals were produced as follows: (1) photolysis

mol~1). This value can also be estimated by taking the average of H,O; at 248 nm (KrF excimer laser, laser fluence® mJ

of the heats of formation of £Llg (AH°(298 K) = —35.3 kcal cm~2 pulsel), (2) photolysis of GH,O at 266 nm (fourth

mol~1) and (CHO), glyoxal, (AH;°(298 K) = —48.5 kcal harmonic of Nd:YAG laser, laser fluence-B mJ cni? pulse’?),

mol~%). The dissociation energy for (6c) is the average of the and (3) photolysis of HONO at 355 nm (third harmonic of Nd:

C—ClI bond dissociation energies in-©CCls, CI-CHCl,, and YAG laser, laser fluence-846 mJ cn1? pulsel). The use of

CRCICCL—CI. A full evaluation of the photolytic loss of  different OH sources enabled us to identify the possible

chloral in the atmosphere requires accurate knowledge of itsinfluence of secondary reactions and thus reduce systematic

UV absorption cross sections as a function of temperature, theerrors.

quantum yield for its photodissociation over the range of actinic  All experiments were carried out under pseudo-first-order

wavelengths, and identification of the photoproducts. conditions in [OH] ([CCCHO]/[OH]o >10%). Therefore, OH
The UV absorption cross sections of chloral have been temporal profiles should follow a simple exponential rate law:

reported by Gillotay et &l and Rattigan et @.atT < 298 K.

Gillotay et al. reported absorption cross sections between 170 [OH], = [OH] exp(—k'st) 0)

and 320 nm for temperatures ranging from 210 to 295 K, while ! 0

Rattigan et af. covered 206-360 nm at 296 and 243 K. | ] )

However, there are significant differences between the two dataWhere ks = ks[CCIsCHO] + k4. kqy is the first-order rate

sets in the wavelength range of atmospheric interest. To our CO€fficient for the loss of OH in the absence of @CHO and

knowledge, there are no quantitative measurements of thelS due to the reaction of OH with its photolytic precursors (and

quantum yields for photodissociation of GCHO or for impurities in the precursor, e.g., N@ HONO), diffusion out
formation of products. of the detection zone and reaction with impurities in the bath
The Henry’s law solubility constant of chloral (34 166 M gas. The values d; were obtained from the slopes of plots of

atm )12 is the only available information on its possible wet ks vs [CCkCHO]. Most of the experiments were performed at
chemistry. There are no other data for the evaluation of the & total pressure of around 100 Torr of either He or a mixture of
heterogeneous loss of chloral in the atmosphere. He and Sk However, 24 Torr of He was used in one
In this paper, we report rate coefficients for reactiorks, experiment at room temperature to check for the pressure
between 233 and 415 K, UV absorption cross sections o§-CCl dependence dfs.
CHO and their temperature dependence, and quantum yields UV Absorption Cross Sections.UV absorption cross sec-
for production of H, O, and Cl atoms. Using these data and tions of CCkCHO were measured over the wavelength range
estimates of the heterogeneous loss of chloral, we have evaluated00—345 nm at seven temperatures between 240 and 360 K. A

its atmospheric degradation pathways. D? Iamp (30 W) coupled to a 0.25 m spectrometer equipped
with a diode array detector was used. The spectrometer covered
Experimental Section a 80 nm block with a resolution of 1 nm. The absorption

The apparatuses used in this study were (1) a pulsed lase rspectrum between 200 and 345 nm was obtained from measure-
photolysis-laser-induced fluorescence (PLP-LIF) system to ments in two overlapping wavelength blocks of 80 nm width.

- . . To minimize any systematic error in measuring the temperature
measure the rate coefficient for OH reaction with gXHO, . dependence of CELHO cross sections, we used two absorption
(2) a diode array spectrometer to measure the UV absorption

i f CGTHO funct fi i 3 cells (35 cm long) connected to each other and filled with the
Cross sections o 10 as a function of temperature, (3) @ g5o CGCHO samplet315one cell was at 298 2 K and the
pulsed laser photolysis-vacuum UV resonance fluorescence

PLP-RF s t th t ields for th other at a variable temperature. Thermostated liquid was
( d- t') apfpa:a us 1o mt_easu|r_(|e Oe qLaarélum y'; j or € sirculated through the jacket of the second cell to regulate its
production of atomic species (H, O, an ),_an (4) a gas temperature. We measured the ratios of the absorbances in the
chromatograph to analyze end products following pulsed laser

; h two cells at various CGCHO pressures. The measured relative
Ee:]tg:y)t/)?af)v(\)/f CGICHO. The apparatuses are described sepa- temperature dependence of the cross sections were placed on

OH Rate Coefficients. The apparatus and procedures em- ?n i]b?omte rsctalre b);g;ge;sunng the absorption cross sections at
loyed to measuréds are described in detail elsewhéfe? oom temperatu e_( ) .
'Ilj'herefore only a brief summary is presented below . The UV absorption cross section of GCHO at 213.9 nm
A 150 (,:n? Z\cketed Pyrex rgact(?r mounted in a.vacuum used in the OH Kinetic measurements, (3:26.12) x 10°°
: J y . : . cn? molecule, was determined by slowly flowing the com-
housing was heated or cooled by circulating a fluid from a

o ; ..~ pound through a 25.4 cm or a 10 cm long absorption cell at a
thermostated bath through its jacket. Gas mixtures containing known pressure and measuring the absorbance. The quoted error
the OH precursor, buffer gas, and chloral were flowed slowly

. . 1 is 20 precision of the mean of many sets of measurements. This
E:I:)rr?:g:trgt]%nceclylf ((lzerﬁ)?gl ﬂ%Wtr\l/:l?%ty.fls :Sm ms )t r'(l;he as value agrees very well with the one measured using the diode
lon. ! wing 9 IXIUre Was array spectrometer, (3.180.10) x 10-19 cn? molecule’? (see
measured by its absorption at 213.9 nm (Zn pen-ray lamp) in

below), as well as those reported by Gillotay et’a{3.5 x
two 100 cm long cells, one located before and the other after 1019 cn? molecule at 295 K) and by Rattigan et a(3.1 x

10719 cn? molecule’® at 296 K).

* Address correspondence to this author. E-mail: talukdar@al.noaa.gov.

NOAA, RIAL2, 325 Broadway, Boulder, CO 80305. Photolysis Quantum Yields.CCICHO was flowed slowly
T'National Oceanic and Atmospheric Administration. through a reactor (flow velocity= 15-20 cm s?) and
zgwg&gg&ers'w of Colorado. photolyzed at 193 (ArF), 248 (KrF), or 308 (XeCl) nm, using

Il Also associated with the Department of Chemistry and Biochemistry, Pulsed excimer lasers. H, O, and Cl atoms produced upon
University of Colorado, Boulder, Colorado 80309. photolysis were detected using atomic resonance fluorescence.
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TABLE 1: Summary of Experimental Conditions and Measured Values ofks

[OH]o (20w buffer ga¥/ [CCIsCHO] (108 ks + o (107 3cm?
T(K) OH sourcé molecule cm?)P pressure (Torr) molecule cm?d) molecule? s71)d
233 HONO 11 He/SE50 1.3-12 6.69+ 0.09
233 HONO 43 He/S§104 1.8-13.9 7.014+0.10
251 Q/H0 6—20 He/100 1.+11.6 7.05+ 0.09
252 HONO 21 He/S§105 1.2-131 7.55+ 0.06
253 HONO 40 He/S§104 1.5-12.8 7.944 0.02
271 HONO 46 He/S§104 1.2-11.6 7.62+ 0.04
295 HONO 38 He/S§#106 1.2-13.8 7.98+ 0.06
295 HONO 37 He/24 1413.8 7.88+ 0.05
296 HO, 25 He/105 1.921.6 7.47+0.34
297 Q/H0 5-20 He/103 1.716.3 8.04+ 0.15
323 HONO 48 He/105 0:913.1 8.33+ 0.05
327 HO, 6—24 He/105 1.819.0 9.20+ 0.12
348 Q/H0 4-16 He/105 1.515.5 8.85+ 0.13
374 HO, 4-16 He/105 1.215.5 10.6+ 0.61
413 QJ/H,0 5-15 He/105 14114 10.2+ 0.27
415 HO, 4-18 He/104 1.411.7 11.7+0.08

2 Photolysis wavelengths are 355 nm for HONO, 266 nm fgiHgD, and 248 nm for kD,.  [OH], was calculated using the measured laser

power and precursor concentratiGiSk; was ~40% of the total pressuréUncertainties are thedlprecision of the least-squares fits kg‘vs
[CCIsCHQ].

Detection of these atoms, acquisition of the temporal profiles, we estimate that the detected impurities constitut@d4% of
processing of the data, and determination of quantum yields by chloral. Therefore, we assume that the purified sample 0§-CCl
using a reference compound are discussed in detail else-CHO had a purity>99.6%.
wherel4.16.17
All quantum yields were measured at room temperature, 298 Results and Discussion
+ 2 K. The photolysis laser fluence was varied by a factor of . . . .
2 and the chloral concentration was varied by a factor of 10.  OH Rate Coefficients. As mentioned in the Experimental
The H atom quantum yield was measured at 193, 248, and 3pgSection, OH temporal profiles were _m_easured in an excess of
nm. At 193 nm, photolysis of HBr was used as the reference. chloral. The second-order rate coefficidgtwas derived from
Photolysis of CHSH at 248 nm was employed as the reference the linear least-squares fit of the measured valuesodt
to determine the H atom vyield at both 248 and 308 nm. various [CCYCHO] to the expressiork; = ks[CCIzCHO] +
Photolysis of Q@ was used as the reference to determine the O Kd. The obtained values d§ are listed in Table 1 along with
atom, OFP), yields at both 248 and 308 nm. Since photolysis the experimental conditions used to derive these rate constants.
of Oz predominantly generates @), O atom yields were In general, the precision of these measurements, as indicated
measured in 1:1 mixtures of HesMit total pressures in the range by the slope of thé vs [CCECHO] plots were within 5% at
50—100 Torr. Nb in the mixture completely quenched D] to the 2 level.
OCP) within 1us. The Cl atom quantum yield was measured At room temperature (nominally 29297 K in the present
only at 308 nm and Glwas used as the reference compound. study) we measureld; using three different sources of OH. We
The photolyte concentration was measured by UV absorption also varied pressures from 24 to 100 Torr of He (in one case
in a 100 cm long glass cell equipped with quartz windows and we used a mixture of 60 Torr of He and 50 Torr ofgpENd
located upstream of the photolysis cell. The @ncentration ~ [OH]o from 5 to 40x 10'°cm3. In all cases, the OH temporal
was measured by absorption at 253.7 nm. Concentrations ofprofiles were exponential and the plots kgf vs [CCLCHOQ]
both HBr and chloral were measured using 184.9 nm (Hg pen were linear. The obtained valueslafdid not vary, within the
ray lamp), while that of CE5H was measured using 213.9 nm  precision of our measurements, with the experimental conditions.
(Zn lamp). In addition to UV absorption, the concentration of The intercept obtained by the linear least-squares analyklss of
chloral was also measured using calibrated mass flow meters.vs [CCECHQ] data agreed with the measured valukspfvhich
The detection sensitivity for H, O, and Cl atoms in the reactor was measured by following the temporal profile of OH in the

via resonance fluorescence was determined to RelPB, 1 x absence of chloral. Therefore, we believe that the measured
10, and 1x 1(° atom cnt3, respectively'f for 1 s integration values ofks at room temperature were not affected by secondary
under the conditions of our measurements. reactions. The four values & measured between 295 and 297

Materials. The bath gases used had the following purity: He K were normalized to 298 K using @R value of 240 K (see
>99.9995% (UHP), S&>99.99% (Instrument grade), ang O below) and a weighted average of this value was used to derive
>99.999% (UHP). Helium was bubbled through theOu ks(298 K). We estimate an uncertainty in the measurement of
sample for several days prior to use to reduce the water [CCIsCHO] of about 7% (at 95% confidence level) and this is
concentration. The $D, purity was estimated to be 90%. added to the standard deviation of the mean of the weighted
CClLCHO, devoid of inhibitors, was purified by trap-to-trap ~average to obtain the uncertainty in the average valules-of
distillation with collection of the middle fraction. The manu- (298 K) given in Table 2.
facturer stated purity was 99.6%. According to the supplier Use of the Q/H,O mixture always led to the expected
(Crescent Chemicals CO.), the sample contained traces of 2,2-exponential OH decays and invariance of measukgdn
dichloroethanol, 2,2,3 trichlorobutanol, water, and HCI. Gas experimental variables such as [QHlaser fluence, pressure,
chromatographic analysis using a DB-5 column and a flame and linear gas flow rate through the reactor. Similarly, the
ionization detector (FID) showed a few peaks due to these variation of these parameters while usingd4d or HONO, at
impurities. Assuming that the response of the flame ionization the temperature shown in Table 1, had no effect on the measured
detector for these impurities is the same as that fosCBO, rate constants. However, there were some difficulties with using
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TABLE 2: Comparison of the Previous Values ofks with Our Results

k(298 Ky (10722 A (10 ?2cm? measurement
cm® moleculet s™) moleculet s™) f(298y (E/R £+ AE/R) (K) temp (K) technique ref
15.64+ 3.3 12+ 3) 1.2 600+ 100 298-520 DF-RF 4
17.8+ 3.1 298 RRK, PR-RA 5
8.6+ 1.7 298 PLP-RF 3
16+ 2 298 RR, PLP-RF, PLP-RA 6
10.5+1.8 298 RR 1
12.84+ 2.5 298 DF-RF 1
8.9+ 1.5 298 DF-EPR 1
8.3+ 0.8 1.79 1.1 240+ 60 233-415 PLP-LIF this work

a2¢ uncertainties as quoted in the references. The quoted uncertainty for this work includes estimated systematic fegrareertainty at a
given temperature is given H{T) = f(298) exp|[(AE/R)((1/298) — (1/T))]|. ¢ DF, discharge flow; RF, resonance fluorescence; RR, relative rate;
PR, pulsed radiolysis; RA, resonance absorption; PLP, pulsed laser photolysis; EPR, electron paramagnetic resonance; LIF, laser-indened.fluores
4 CHzCOOGHs with (kon = 1.75x 1072 cm?® molecule® s™%) was used as the reference compousHsCHs (Kon = 5.96 x 10712 cm? molecule*

s was used as the reference compounsobutane Kop = 2.34 x 10-%2 cm® molecule® s™%) was used as the reference compouidosi
obtained from the weighted average of our values around room temperature after correction for the diffefefite iquoted error is the sum of
the precision and the estimated systematic error in measuringQEIC]] at 95% confidence level.“A” has been adjusted to reprodukgsx.

100 — T T T T authors reportetts = (1.56 4+ 0.33) x 10712 cm?® molecule’?

s~1. This value is nearly a factor of 2 larger than ours and does
not overlap even when the large reported uncertainty is included.
It is of interest to note that Oie et al., using the same
experimental setup, reported rate coefficients for the reactions
of OH with (CHs),CHCHO (4.46x 101t cm?® molecule* s™1)

and (CH)3CCHO (5.16x 10711 cm?® molecule s71) that are
higher than the current recommendations (2:63071! and
2.65 x 1071 cm® molecule! s71, respectively}® The higher
values for these two reactions could be an indication of

L1l systematic errors in Oge et al.’s system.
15 20 25 30 35 40 45 50

1000T, K ' The other previous measurementketere performed only
Figure 1. Plot of ks (on a logarithmic scale) vs T/from this work at room temperature. Using the laser photolysis-resonance
and previous work. Our data: open circles (HONO photolysis), open fluorescence method and the photolysis of nitric acid at 248
squares (RO, photolysis), open triangles ¢Qphotolysis). The solid nm as the OH source, Balestra-Garcia étatainecks = (0.86
line is th_e weighted linear least-squares fit of our data to the Arrhenius 4 0.17) x 10712 ¢m? moleculer s, which is in good
expression to geks(T) = 1.86 x 1071%~T cm® molecule™ s™*. agreement with our value. The values of Nelson et af.and
Results from previous kinetic studies are plotted for comparison as 6 >
Débe et al* (open inverted triangle and dotted line), Balestra ét al. of Scollard et al*, which are twice our values, are assumed to
(solid square), and Barry et A(open diamond). be superseded by the results of Barry et at. 298 K who
obtained a rate constant that is about 30% higher than our value.
HONO atT >350 K and using KO, at T < 270 K as the OH As mentioned by Barry et al.secondary reactions led to faster
precursors. In these cases, OH temporal profiles were not strictlyloss of chloral in the relative rate measurements of Nelson et
exponential and yielded progressively lower valueskpfat al® and Scollard et #l.These two relative rate determinations
longer reaction times. Thie; values obtained from fitting only ~ Were made in the same laboratories, using the photolysis gf CH
the initial portions of the temporal profiles to eq | yielded values ONO in air for the OH source. In their papér$the authors
that were 18-20% lower than those measured usingHRO indicated that the reactions of OH with chlorinated aldehydes
mixtures as the OH precursor. It should be noted that the valuesin the presence of Jead to a chain reaction involving chlorine
of ks measured using £H,0 atT > 350 K andT < 270 K, atoms. Barry et al. suggested that even with added NG)ldg C
where the OH temporal profiles were exponential, agreed with to scavenge Cl atoms, it is possible that not all Cl atoms were
the values obtained by extrapolating the data derived from scavenged and loss of GCIHO and the reference compounds,
HONO or HO, source afl < 350 K orT > 270 K, respectively. ~ CeHsCHs and CHC(O)OGHs, may have occurred. The rate
We suspect that chloral may have undergone reaction wiia H  coefficients for Cl atom reactions witheBsCHs (5.9 x 1071
on the walls and led to a product that regenerated OH on acm® molecule® s)! and CHCOOGHs (2 x 107! cm®
longer time scale. We do not know what caused the nonexpo- molecule* s™1)2%are larger than that of Cl with C&ZHO (5.4
nential OH temporal profiles when using HONO as the OH x 1072 cm® molecule® s71, this work). Therefore, one would
source aflf > 350 K. Therefore, we discarded the valuekof expect Nelson et al. and Scollard et al. to measure a lower value
measured using ¥, at T < 270 K and HONO aff > 350 K. of ks if Cl atoms were involved. Thus, the explanation of Barry
The measured values & shown in Table 1 are plotted in et al. for the higher value oks measured previously is
the Arrhenius form in Figure 1. They were fitted to the puzzling. Since the reference compounds are not photolyzed in

3 -1 A
lecule s
© B oo~
11
.

cm mol

13
—
(=]

10°

50

conventional Arrhenius form, this system, photolysis of chloral in these studies could lead to
higher values for its loss rate and, hence, a higher measured
k= Ae ERT 10 value ofks. Scollard et al. reported that variations in photolysis

light intensity, which would alter the CI atom production rate
The obtained values o% and E/R are listed in Table 2 along ~ and CC4CHO loss rate, did not alter the measured valuksof
with our ks(298 K) value and those reported in previous studies.  Barry et alt used three different techniques to measkge
Dobeet al? used the discharge flow-resonance fluorescence In the relative rate method, they produced OH by photolysis of
technique to measuig between 298 and 520 K. At 298 K, the Oz in the presence of water vapor and used 2-methylpropane
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a7 T T T T T T T Only Dobe et al* measureds as a function of temperature.
They measureds between 298 and 520 K (see Figure 1) and
reported a significantly larger activation energy than that
measured by us. Since their 298 K value is also much larger
than ours, as well as those from other previous studies, it is
possible that Dbe et al. had some systematic error in their
measurements. If we were to assume that this systematic error
was solely due to their quantification of chloral concentration,
we could compare the measured values of activation energies.
Clearly, Ddbe et al. reported a higher value of the activation
energy than what we measured. It is not clear as to why this
difference exists. It is possible that the Arrhenius plot for this
reaction is curved. However, it is not clear that the Arrhenius
plot can be nonlinear enough to account for the differences
between theéE/R values of De et al. and ours.

One of the potential sources of error in our measurements of
ks is the presence of impurities in the sample of chloral. For
the reasons listed below, we do not believe that the contributions
of the impurities were significant. First, we used an uninhibited
sample of chloral, which (according to the vendor) w&9.6%
pure. Thus, the main possible source of olefins in chloral was
avoided. Second, according to the vendor, possible impurities
in chloral are 2,2-dichloroethanol, 2,2,3-trichlorobutanol, and
HCI. We distilled this sample to drive off HCI and to purify it
with respect to other impurities, and used only the middle
fraction of the distillate. Third, we analyzed this middle fraction
via GC analysis using a DB-5 column and a flame ionization
detector (FID). This GC analysis showed a few peaks, which
/ were very small compared to that of chloral. If we assume the
FID response factor of the impurity peaks to be the same as
that for chloral, we estimate that the mole fraction of the sum
of these detected impurities to be less than 0.4% in the sample.
Using this level of impurities, assuming the impurities to be
chlorinated alcohols, and assuming a rate coefficient®fx
10712 cm® molecule! s71 for their reaction with OH, we
calculate their contribution to the measured valueégfo be
less than 2%. (The rate coefficients for the reaction of OH with
ethanol and butanol are 3.8 1072 and 8.6 x 10712 cm?®
molecule* s™1, respectively. We do not expect the chlorination
Figure 2. (a) Absorption cross section of GIHO (chloral) at 298 of these alcohols to increase their reactivity with OH.) Note
K measured in this work (solid line) as a function of wavelength. Data ¢ HCI, even if it were present, cannot contribute significantly

of Gillotay et al*! (dashed line) and Rattigan et?alopen circles) are - -
shown for comparison. (b) The ratio of absorption cross sections at to the measured value & because the rate coefficient for its

temperatured (360, 340, 320, 280, 260, and 240 K) to that at 298 K réaction with OH is comparable tg. Because of these reasons,
as a function of wavelength. Clearly, this ratio shows a decrease aswe are confident that reactive impurities did not contribute
temperature decreases except between 250 and 300 nm. The curvesignificantly to the measured values lgf This conclusion is
are in ascending order of temperatures, from 240 to 360 K as clearly supported by the Arrhenius behaviorlgf If there were highly

arametor that destribos the fomperature depandence of the absorptiGlc2CtVe impurities in chioral, we would expeig to show a
Eross sections by the expressionap‘)(ﬁ[,l)/o(ZQSa)] = B(T — 298), as P Hwarkedly _curved Arrhen!us line, with the lower temperature
a function of 4. Our results are shown as the solid line. The Vvalues being less sensitive to temperature. Last, it should be

parametrization of the data from Gillotay et'&l(open squares) and  hoted that the presence of the reactive impurities in our sample
Rattigan et af. (solid circles) are shown for comparison. could not be the source of the discrepancy with the previous
results because our measured valuels; @fre lower than those
as the reference compourd®H + (CHz)sCH) = 2.34 x 10712 reported previously.
cm® molecule* s%). They obtaineds = (1.05+ 0.18) x 10~ UV Absorption Cross Sections. The absorption cross
cm?® molecule! st Using the discharge flow-resonance sections for CGICHO at 298 K measured in this work are
fluorescence and discharge flow-electron paramagnetic reso-plotted in Figure 2a and listed in Table 3 at 2 nm intervals.
nance methods, they obtained (12®.25) x 10 '?and (0.89  The temperature dependence of the £IEIO cross sections is
+ 0.15) x 10712 cm? molecule’ s, respectively. Since these  best visualized as the ratig(T,1)/0(298K 1), which is shown
results overlapped within the quoted uncertainties, these authorsn Figure 2b. The absorption cross sections were measured at
reported a mean value of (141 0.2) x 10712 cm® molecule™® 360, 340, 320, 280, 260, and 240 K, and they all clearly decrease
st at 298 K. They did not attempt to identify the reasons for with decreasing temperature above 290 nm, the wavelengths
the small differences between the three methods. We note herdmportant for atmospheric photolysis. The absorption cross
that the values they obtained using the relative rate method andsections also decrease with decreasing temperature below 240
discharge flow-EPR technique agree quite well with our values. nm.

4
molecule )
—
)
I
|

2

Cross section (cm

o(T, M/ 5(298 K, 2)

0.015

|
G}
\.tL

0.010

B(K")
I

0.005

Wavelength (nm)
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TABLE 3: CCI 3;CHO Absorption Cross Sections and - X
Temperature C(S)efficients Defined by Inp(T,A)/6(2984)] = [X] = [CCI,CHO] 0;(CCLCHO) 7 (CCLCHO)F() (V)

B(T — 298)

whereF(1) is the photolysis laser fluence (photon chpulse?)

A 0(298 K) (1020 B A 0(298 K) (1020 B : : :
(nm) cn? molecule)) (10-4K-1) (nm) cn? moleculel) (10-¢K-Y) at wavelengthl, g,(CCICHO) is thxe absorptlon_ Cross section
of chloral (cn? molecule®), and ®7(CCILCHO) is the quan-
200 186.9 22.0 274 8.46 —0.931 ) . ; :
202 1525 239 276 8.99 —0.584 tum yield for production of X in the photolysis of chloral at
204 121.8 27.2 278 9.49 —-0.412 wavelengthl. The atomic resonance fluorescence sig8@{),
206 95.7 30.6 280 9.94 —0.481 i i ion. i =
508 8 1 o8> 103 0238 |shpr0|:é)rt|onal to tthet a}lE(r)]m (;oncentratlon, i.8X) = C[X],
212 42.6 40.9 286 10.8 0.475
214 31.8 44.0 288 109 0.750 S(X) = C[CCI,CHQO] 0,(CCI,CHO) CIJf(CCI3CHO) F(A)
216 23.8 47.2 290 10.9 1.09
218 17.7 502 292 108 151 V)
220 13.1 52.9 294 10.6 1.96
222 9.75 55.6 296 10.3 2.38 Similarly, the signal obtained upon photolyzing the reference
224 7.24 57.6 298 9.92 2.71 compound, Ref, is
226 5.39 59.0 300 9.25 3.07 ’ '
228 4.06 60.4 302 8.77 3.60 X
230 3.07 60.5 304 8.17 4.37 S(X)get = CIX] et = C[Ref] 0;(Ref) @) (Ref) F(1)  (VI)
232 2.39 59.5 306 7.50 5.25
ﬁgg‘ };ZS ig:g 323 2:?2 2;32 In these experiments, the laser fluenE¢}), was monitored
238 1.43 41.6 312 5.58 7.90 with a power meter after the reaction cell. We plot&d)gef
240 1.39 33.0 314 4.98 9.30 F(1) vs [Ref] to yieldmy as the slope,
242 1.41 24.0 316 4.33 11.2
244 1.53 16.4 318 3.68 13.2 %
246 1.66 10.4 320 3.09 15.1 m, = Co,(Ref) @7 (Ref) (VI
248 1.91 6.50 322 2.51 16.7
250 2.18 373 324 2.09 18.5 — - ;
252 254 150 326 176 211 A similar plot for photolysis of CGICHO vyieldedm, as the
254 2.92 0.324 328 1.43 25.0 slope,
256 3.36 —0.569 330 1.12 30.3
258 3.84 —-0.877 332 0.849 36.6 — X
260 4.35 -1.23 334 0.590 433 m, = Co;(CCLL,CHO) ®; (CCLCHO) (Vi
262 4.90 -1.65 336 0.373 49.8
ggg 2.88 —1.6% g3g 8.23; gg.g Assuming the coefficien€ is the same for the reference and
.07 -1.5 4 1 . i i i
268 6.68 1A 342 0.136 65.0 chloral experlments,xeqs VIl and VIII can be comblned to yleld
270 7.28 —122 344 0.100 69.0 the quantum yield®; (CCI,CHO), for the formation of X in
272 7.88 —-1.07 chloral photolysis,
The measured temperature-dependent absorption cross section qDX(CCI CHO) cI)X(R f)rr_12 o,(Ref) (1%
data is well represented by the following parametrization: 2 3 2 m, ¢,(CCLCHO)
In o(TA) = B(T — 298) (1) Theref(_)re, the quantum yield in the photolysis of gCHO is
0(2984) determined relative to a reference compound from measured

concentrations, measured atomic fluorescence signals, and the

The B parameter values obtained from the least-squares fit to known quantum yield of the reference compound. The absolute
the data are listed in Table 3 along with the room-temperature values of the laser fluence are not required. The reference
cross section. The parametrization reproduces the measuredompounds used in this study are listed in the Experimental
absorption cross sections to withifll% up to 300 nm, and to  Section.
within +5% above 300 nm. The derivel values are also All quantum vyields were measured at 298 K and are
plotted in Figure 2c. summarized in Table 4. The absorption cross sections for the

The absorption cross section data from the studies of Gillotay various reference compounds used here are listed in Table 5.
et alll and Rattigan et &.are also plotted in Figure 2a for As shown in Table 4, the yields of O and H atoms were found
comparison. The agreement between the three studies, in generatp be small or below our detection limit at 193, 248, and 308
is good. Our data are in very good agreement with that of nm. It is not surprising that the quantum yield for O atom is
Rattigan et al. a > 290 nm, the region of atmospheric essentially zero because there are no thermodynamically allowed
photolysis. However, the agreement with the Gillotay et al. data channels for O atom production. As in the case of acetalde-
in this wavelength region is not as good. The source of the hyde?! our data clearly shows that H atoms are not produced

differences with the Gillotay et al. data is not known. with a significant yield in the band responsible for atmospheric
Gillotay et all! and Rattigan et &.also reported the  photolysis.
temperature dependence of the ¢IHO absorption cross The quantum yield for the production of Cl atoms in the 308

sections. TheB parameters obtained from their cross sections nm photolysis (laser fluence 2—30 mJ cnT?) of chloral was
are shown in Figure 2c for comparison. Although there are measured by photolyzing (2-6.5) x 10" cm~2 of chloral in
significant differences at the short wavelengths, the der®ed 45—55 Torr of He. The temporal profiles of Cl atoms were
parameters are in good agreement in the wavelength range ofmeasured and the initial concentrations of Cl atoms were
atmospheric interest. obtained by extrapolating the temporal profiles to time zero.
Photolysis Quantum Yields for Atoms.The concentration Clearly, Cl atoms were observed upon chloral photolysis. The
of X (X = H, O, or CI) produced in the pulsed photolysis of yield of chlorine atoms was determined as described above to
CCIsCHO is given by be 1.3+ 0.3. The quoted error includes the estimated uncertain-
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TABLE 4: Summary of the Quantum Yields Determined in
This Work

Talukdar et al.

various concentrations of C{4HO yielded a room-temperature
rate coefficient for reaction 8 of (5.4 0.7) x 10712 cm?

photolysis wavelength, nm ®(O3P) ®(H) ®(Cl) molecule’! s1. The quoted uncertainty includes the @ecision
193 0.04+ 0.005 of the slope ofk:3 = kg[CCI3CHOQ] + kq vs [CCLCHO] plot
248 <0.02 <0.01 (whereky is the first-order rate constant for the loss of Cl in
308 <0.01 <0.002 1.3£0.3

TABLE 5: Absorption Cross Sections Used in the Data
Analysis

the absence of CgCHO) and an estimated 8% uncertainty in
CCICHO concentration. At very high photolysis laser fluence
(~37 mJ cnt?), when the initial Cl atom concentrations were
>5 x 10" atom cnv3, the Cl atom temporal profiles were

molecule A (nm) o (10" molecule”) reference nonexponential. The nonexponential behavior was likely due
CCLCHO 118:;‘:-95 ?f‘-f 1111 to the contributions of Cl atom reaction with other radicals at
213.9 0.326 this work short reaction times. However, at lower concentrations the CI
248 0.0191 this work atom temporal profiles were exponential for at least two
308 0.0686 this work lifetimes. Only low Cl atom concentration data were included
Os %gg 65 11%% 2277 in the rate coefficient determination.
308 0.134 27 Our value ofkg is somewhat lower than that reported by
Cl, 308 0.170 28 Scollard et ab ((7.1 & 0.5) x 10712 cm?® molecule’! s71), and
HBr 184.95 2.36 29 Platz et aP3 ((6.0 + 1.3) x 1012 cm® molecule’? s71). Both
CH:SH 1223;.9 11‘_%% 2390 of these studies used relative rate technique techniques with
248 0.30 31 CsHsCHjz (5.59 x 107 cm® molecule'? s71) and GHsCI (8.04

ties in the absorption cross sections of chloral andi@ference

x 10712 cm® molecule® s71) as the reference compounds.
Uncertainties in the rate coefficients for the reference compounds

compound), and in the measured concentrations of chlorine andmay be responsible for the differences in the reported values

chloral.
The unit yield of chlorine in chloral photolysis was surprising

for reaction 8.
Stable End Products.In a few experiments, either pure GCI

since the major expected photolysis channel was to produceCHO (~20 Torr) or a~2% mixture of CC4CHO in He or Q

CCl;z and CHO radicald? However, we believe that Cl atoms

(total pressure between 900 and 1100 Torr in a static cell) was

are indeed the primary photolysis products because of thephotolyzed by many pulses (30660000 shots) from a KrF
following reasons. The measured chlorine atom concentration (248 nm) pulsed excimer laser in a 30 cm long cell. Most of

at a given concentration of chloral varied linearly with laser
fluence from 2 to 38 mJ cn?. Also, the measured initial Cl

the experiments were performed with low laser fluences,
mJ cn1? pulse’l, but fluences as high as 20 mJ chpulse?

atom concentration at a fixed value of the photolysis fluence were used in a few cases. The postphotolysis mixture was
varied linearly with chloral concentration. Therefore, we do not analyzed using a gas chromatograph equipped with a flame
believe that a multiphoton process was responsible for the jonization detector (FID) and a thermal conductivity detector

production of CI atoms. These observations also exclude the(TCD).

possibility of Cl atom production via the sequential photolysis
of chloral producing CGlfollowed by its photolysis at 308 nm.
A calculation also shows that the sequential photolysis would

We detected CO, CHgland GClg as products when C¢gl
CHO neat (or in He) was photolyzed. Photolysis of gZHO/
O, mixtures led to the formation of CO and CQGind no

not account for the observed Cl atoms even if the absorption CHCIl; was observed. We did not deduce quantitative yields

cross section of CGladicals produced in the photolysis at 308
nm were 1x 10716 cnm?. (The peak absorption cross section of
thermalized CGl radicals at its absorption maxima, 2112
nm, is (1.45+ 0.35) x 1017 cn®?, but it is conceivable that
vibrationally excited CGl absorbs at longer wavelengths.)
Variation of the gas flow velocity through the reactor did not
affect the measured Cl atom quantum yield, thereby confirming
that accumulation of the photolysis products did not contribute
to the observed Cl atoms. It is not possible to producesCCI
radicals that are sufficiently energetic to undergo further
dissociation to give CGland Cl atoms:

CClL,CHO— CCl, + Cl + CHO
AH,°(298 K)= 137.8 kcal mol*, 1 < 207.7 nm (7)

Therefore, we believe that Cl atoms are primary photolysis

from these measurements. All the products, except phosgene,
were identified by comparison with analytical standards. Phos-
gene was identified on the basis of the retention time for the
column used in our experiment. Calculations showed that the
number of chloral molecules that absorbed light, and hence the
number that dissociated, was much smaller than the number of
chloral molecules destroyed. Therefore, it is clear that chloral
was lost via a chain reaction mechanism. The absence of £HCI
in the presence of £ when CCj radicals can be scavenged,
shows that CHGl is not a primary product of C@CHO
photolysis. Thus, the molecular channel in the photolysis of this
aldehyde,

CCIL,LCHO+ hv — CCI;H + CO (9)

does not appear to be important at 248 nm. Such a molecular

products. Since, it is not energetically possible to eliminate more channel is well established in the photolysis ofG®. Our
than one Cl atom in the photodissociation at 308 nm, we assume®Pserved products in the presence and absence ,0r®

that the quantum yield for Cl atoms in chloral photolysis at
308 nm is unity.

consistent with the conclusion of Ohta and Mizog@ghhat
the photodegradation of C4&QHO (wavelength range: 360

In the course of the Cl atom quantum yield measurements, it #00 nm) in the presence of,Proceeds via a chain mechanism

was observed that the reaction,

Cl + CCIl,CHO— products (8)

leading to CCJO, CO, and CQ@ On the basis of their
observation, Ohta and Mizoguéhispeculated that the photo-
dissociation of CGICHO led to CC4 and HCO radicals that
could propagate the chain reaction. Their speculation can be

was rapid. Analyses of the Cl atom signal temporal profiles at justified as follows: The absorption spectrum of chloral is
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similar to that of other aldehydes with an absorption band wE T T

centered around 300 nm. This band has been assigned to an n 14l

— p* electronic transition on the carbonyl gro&ijtmospheric wl

photolysis of CGICHO takes place by absorption in this band. = "

Thus, the primary photolysis products are expected to bg CCI < Y

and HCO radicals. Contrary to their interpretation, we believe 3 85

that Cl atoms are the primary products in their photolysis °er p

experiments (wavelength range: 30000 nm), as observed by 4

us at 308 nm photolysis, and the following reactions of Cl and 2r

CCI3CHO can lead to the products observed by both us and 0l el

Ohta and Mizoguchi: 107 10° 10°
Loss Rate Coefficient (s ')

CCl,CHO + hv — CCL,CHO + ClI (6a)

Figure 3. Calculated first-order rate coefficient for atmospheric loss
of chloral as a function of altitude using diurnally averaged OH

CCI,CHO + Cl — CCI,CO + HCI (8) concentration profile, the solar flux for 30N (summer), 305 DU of
ozone, and a standard atmosphere temperature profile. The loss rate
CClLCO+ M — CCl,+ CO+ M (10) due to reaction with OH is given by the dashed line, while the loss

rate via photolysis is shown as a solid line.

CCl+ O, + M~ CClLO, + M 1) ~5 days, we assume that chloral is removed by this process
with a lifetime of 2-3 days. (Note: The kD, removal rate is
2CCLO, —~ 2CCLO + O, (12) not limited by its solubility, but rather by the frequency of
CCLO + M — COCL + Cl + M (13) precipitation). Thus, it is clear that the major loss process for

chloral is photolysis, especially for that produced from£H
CCls, which is destroyed mostly in the tropical mid-troposphere.
It is possible that the lifetime of chloral, if emitted directly into
the atmosphere, could be longer in the winter time and could

CCLCO+ 0, +M —CCLCOO, + M (14)

2CCLCOG, —~ 2CCLCO, + O, (15) be limited by nonphotolytic processes, such as wet deposition.
The tropospheric lifetime of CECHO is relatively short and
CCl,CO, + M — CCl; + CO, + M (16) is predominantly controlled by its photolysis. The photolysis

of CCI3LCHO is expected to produce GOl via the following

If reaction 14 does not compete with reaction 13, one could sequence of reactions in the atmosphere

still get CQ, via Cl atom reaction with CO in the presence of
Oz o _ CCLCHO + hv — CCL,CHO + Cl (6a)
Atmospheric Lifetime of CCI3CHO. The first-order rate
coefficients for the tropospheric loss of GCHO due to its
photolysis and reaction with OH were calculated using the
methodology described earli#r.The diurnally averaged OH
concentration profile and the solar flux for 30 and July 4 OOCCLCHO + NO/(RG,) —

CCLCHO+ 0,+M — OOCCLCHO+M  (17)

with an overhead ozone column abundance of 305 DU for a OCCLCHO+ NO,/(RO+ 0,) (18)
US Standard Atmospheéfewere those from our previous
work 24 The temperature-dependent absorption cross sections OCCLCHO+ M — CCLO + HCO+ M (19)

measured in this work were employed along with the standard
temperature profile of the US Standard Atmosphere. The
photodissociation quantum yield for removal of @QCHO was
taken to be unity on the basis of the Cl atom quantum yield
from its photolysis at 308 nm, the center of the band, which
leads to atmospheric photolysis. The calculaledlue and the
first-order rate coefficient for the loss via reaction with OH,
are shown in Figure 3. The tropospheric photolysis lifetime is

The possible production of CHEVia photolysis cannot be
completely ruled out because we did not measure Ghi€ld
in photolysis at longer wavelengths.

The reaction of chloral with OH also leads to the formation
of CCLO in the troposphere via the following sequence of
reactions:

on the order of 510 h, while the lifetime via reaction with OH + CCLCHO— H.O + CCLCO (5)
OH is 10-15 days. 3 2 $
In addition to the quantified loss due to OH reaction and CCl,CO+ 0O, + M — CCLC(O)OO+M  (14)

photolysis, chloral may be removed from the troposphere via
wet deposition and reactions with NOr Os. The reaction of CCl,C(0)O0+ NO/(RG)) —

chloral with ozone will be negligibly small because aldehydes CCl,C(0)O+ NO,/(RO+ O,) (20)
do not react with ozon® Even if we assume that NQeacts
with chloral with a rate coefficient of~2 x 10715 cmd CClLC(0)0O+M —CCl; + CO, + M (16)

moleculel s71 at 298 K, the rate coefficient for the reaction of .
NO; with the analogous aldehyde, the lifetime of chloral with CCl+ 0, +M —~ CCLOO+ M (1)
respect to this process would b€..5 year (assuming an average CCLOO+ NO (RQ)) — CCLLO + NO,/(RO+ 0,) (21)
[NO3] ~1 x 10" cm3). Therefore, the contribution of NO

reaction to the removal of chloral is negligible. The Henry’s CClLO+M —CCLO+ClI+ M (22)

law solubility constant for chloral in water is3.4 x 10° M

Atm~112This value is similar to that of yD, in water. On the Therefore, it appears that the degradation of chloral will lead
basis of the evaluated wet deposition removal rate fgtof to either CCJO or, to a small possible extent, CHCI
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The atmospheric fate of C&D has been evaluated in a recent M. J. Chemical Kinetics and Photochemical Data for Use in Stratospheric

; ; Modeling, Evaluation number 12. Jet Propulsion Laboratory, 1997.
modeling study by Kindler et & They conclude that the (8) Rayez, M. T.. Scollard, D. J.: Treacy, J. J.; Sidebottom, H. W.:
tropospheric removal of C@D is determined via wet deposition  pgjestra-Garcia, C.: Teton, S.: LeBras, Ghem. Phys. Lettl994 223

to be on the order of 70 days. We can estimate the lifetime of 452-458.

CHCl; to be~0.5 year on the basis of the rate coefficient for Yor|£9)195796”50n1 S. WThermochemical Kinetic2nd ed.; Wiley: New
its reaction with OH. Therefore, the chemical removal of £CI (1'0) Cohen, N.: Benson. S. VChem. Re. 1093 93, 2419-2438.

CHO in the troposphere leads to the production of significantly  (11) Gillotay, D.; Simon, P. C.; Dierickx, L. Ultraviolet absorption cross-
longer-lived species, C&D and CHC4, and one cannot assume  sections of some carbonyl compounds and their temperature dependence.
that destruction of methylchloroform and its main oxidation (19u9612(1renn|al ozone symposium; University of Viginia: Charlottesville, VA,
prOdl_JCt: CCICHO, completely prevents the transport of it§ (12) Betterton, E. A.; Hoffmann, M. REnviron. Sci. Technol1988
chlorine to the stratosphere. Thus, stratospheric chlorine loading22, 1415-1418.

; och (13) Talukdar, R. K.; Burkholder, J. B.; Schmoltner, A.-M.; Roberts, J.
due to CHCCL ShOl_JId include the t.ranSport O.f c O.m M.; Wilson, R.; Ravishankara, A. R. Geophys. Re4995 100, 14163~
the troposphere. This may also be important in analyzing the 14773
stratospheric COGlabundance, which currently assumes that  (14) vaghjiani, G. L.; Ravishankara, A. R. Chem. Phys199Q 92,
it originates only via stratospheric degradation of {8l 996-1003. chold Talukd - Ravishank - sol
Finally, this production of longer-lived species in the atmos- . (13) Burkholder, J. B.; Talukdar, R. K., Ravishankara, A. R.; Solomon,

: ) . . S.J. Geophys. Red993 98, 22937-22948.
pheric degradation of species points to a need for the complete  (16) Talukdar, R. K.; Warren, R. F.; Vaghjiani, G. L.; Ravishankara,

understanding of such processes. A. R.Int. J. Chem. Kinet1992 24, 973-982.
(17) Warren, R. F.; Ravishankara, A. Rt. J. Chem. Kinet1993 25,
833-844.
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