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Spectroscopic and kinetic study of the gas-phase CS2 Cl adduct
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Abstract

Time-resolved UV–vis absorption spectroscopy (TRUVVAS) has been coupled with 248 nm laser flash photolysis (LFP) of Cl2CO in the
presence of CS2 (and in some cases O2, NO or NO2) to generate the CS2 Cl radical adduct in the gas phase and study the spectroscopy and
kinetics of this species. CS2 Cl is found to possess a strong absorption band atλmax≈ 365 nm withσmax= (2.3± 0.7)× 10−17 cm2 molecule−1

(base e) and a weaker band atλmax≈ 480 nm; the gas-phase spectrum of CS2 Cl is very similar to the previously reported liquid-phase
spectrum in CCl4 solvent. Reaction of CS2 Cl with O2 is found to be very slow; our data suggest that the rate coefficient for this reaction
at 240 K is less than 5.0× 10−18 cm3 molecule−1 s−1. Rate coefficients for CS2 Cl reactions with CS2 Cl (k3), NO (k5), and NO2 (k6) were
measured at 240 K and, in units of 10−11 cm3 molecule−1 s−1, were found to be 2k3 = 15± 6, k5 = 2.2± 0.5, andk6 = 1.3± 0.4, where the
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uncertainties are estimates of accuracy at the 95% confidence level.
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1. Introduction

The existence of an addition complex between CS2 and
atomic chlorine was first postulated in the 1950s to explain
how use of CS2 as solvent in studies of liquid-phase photo-
chlorination reactions dramatically increases the selectivity
for tertiary versus primary hydrogen abstraction[1–3]. Sev-
eral decades after its existence was first postulated, a CS2 Cl
adduct in CCl4 solvent was observed by Chateauneuf[4]
using UV–vis spectroscopy as the detection technique. The
observed liquid phase spectrum has a strong absorption
feature atλ ∼ 370 nm and a weaker feature atλ ∼ 490 nm[4].
Based on the data obtained using both the pulse radiolysis
and laser flash photolysis (LFP) techniques, Chateauneuf
reported a rate coefficient of 1.7× 1010 M−1 s−1 for the
liquid-phase addition of Cl to CS2 and an equilibrium
constant of 1900 M−1 for Cl + CS2 ↔ CS2 Cl [4]. The reso-
nance Raman spectrum of CS2 Cl in CCl4 solvent has been
observed by Wang et al.[5] using an excitation wavelength
(369 nm) that is in resonance with the strong absorption band.
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Comparison of observed vibrational frequencies with th
obtained from electronic structure calculations suggests
the complex formed by the addition of Cl to CS2 is SCS Cl,
not S2C Cl as had been suggested by earlier theore
studies[6–8]. Similar conclusions have been reached c
cerning the structure of CS2 OH, which has been studie
extensively in the gas phase because of its importan
atmospheric chemistry[9–24]. A recent theoretical stud
of CS2 Cl complexes and their isomerization reacti
[25] reports that (i) formation of SCSCl is essentially
barrierless process, whereas formation of S2C Cl has a
barrier of 74 kJ mol−1; (ii) the 0 K bond dissociation energi
for SCS Cl and S2C Cl are 33 kJ mol−1 and 28 kJ mol−1,
respectively; (iii) the barrier for isomerization of SCSCl
to S2C Cl is 55 kJ mol−1; and (iv) the isomerization barri
is reduced to 11 kJ mol−1 in the presence of Cl atoms v
formation of a low-energy transition state with Cl ato
weakly attached to both the carbon atom and one of the s
atoms.

Interest in the atmospheric chemistry of CS2 centers
around its role as a source of OCS, the longest-lived and
concentrated atmospheric sulfur species[26,27]; transpor
of OCS to the lower stratosphere followed by photol
1010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2005.08.013
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and oxidation of the photolytically-generated sulfur atoms
is thought to be an important source of the persistent sulfate
aerosol layer in the lower stratosphere[26,28,29]. While
CS2 oxidation in the atmosphere is thought to be dominated
by reaction with the OH radical[26,27,30], the gas-phase
reaction of atomic chlorine with CS2 has been studied exper-
imentally because of its potential importance as an additional
atmospheric sink for CS2. Martin et al. [31], employing a
competitive kinetics technique, found that in the presence of
O2 the apparent bimolecular rate coefficient for destruction
of CS2 by Cl is of the order 10−13 cm3 molecule−1 s−1 and, in
1 atm N2 + O2 at 293 K, increases by nearly a factor of three as
the O2 partial pressure increases from 50 to 760 Torr. Martin
et al. interpreted their results in terms of a mechanism that is
analogous to the generally accepted mechanism for OH + CS2
reaction, i.e., formation of a weakly-bound CS2 Cl adduct
that reacts with O2 in competition with decomposition back to
reactants:

Cl + CS2 + M → CS2 Cl + M (1)

CS2 Cl + M → Cl + CS2 + M (-1)

CS2 Cl + O2 → products (2)

Nicovich et al. [32] employed the laser flash
photolysis–resonance fluorescence (LFP–RF) technique to
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chemistry. However, the results reported in this study are
useful for developing an understanding of (i) the kinetics
and spectroscopy of gas-phase adducts of radicals with sul-
fur compounds; and (ii) differences (or similarities) between
gas- and liquid-phase adduct spectroscopy and kinetics.

2. Experimental technique

The LFP–TRUVVAS apparatus used in this study is sim-
ilar to the one we employed in a spectroscopic and kinetic
study of the Cl S(CH3)2 adduct[34]. A schematic diagram
of the apparatus is shown inFig. 1. Major elements of the
apparatus include a pulsed KrF photolysis laser (248 nm),
a 75 Watt xenon arc lamp cw probe light source, an insu-
lated Pyrex, jacketed reaction cell (100 cm long, 40 mm i.d.),
a pre-mixing and pre-cooling cell, a monochromator to iso-
late the probe wavelength, a photomultiplier tube (PMT) to
detect the probe radiation, an oscilloscope to record the tem-
poral evolution of the transmitted probe radiation, a computer
to store and average the waveforms from the oscilloscope,
and numerous optical components to manipulate and align
the photolysis and probe beams. As depicted inFig. 1, the
UV–vis probe beam was directed through the reaction cell to
overlap collinearly with the photolysis beam. The monochro-
mator entrance and exit slits were set at 1.5 mm, providing
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irectly confirm the occurrence of reactions(1) and (-1).
ate coefficients for reactions(1) and(-1) were determine
s a function of temperature and pressure over the ra
93–258 K and 30–600 Torr N2. From the temperatu
ependence ofk1/k−1, Nicovich et al. were able to deduc
K adduct bond dissociation energy of 40± 3 kJ mol−1, in

easonable agreement with the recently reported theor
CS Cl bond dissociation energy of 33 kJ mol−1 [25].
ased on the observation of the dependence of obs
l temporal profiles on [O2], Nicovich et al. conclude

hat k2 < 2× 10−15 cm3 molecule−1 s−1 at T = 230 K and
= 30 Torr O2. Wallington et al.[33] studied the gas-pha
l + CS2 reaction using an experimental approach simila

he one employed by Martin et al.[31]. These investigato
oncluded that the overall reaction was much slower than
eported by Martin et al. (k < 4× 10−15 cm3 molecule−1 s−1)
nd suggested that the loss of CS2 observed in the Marti
t al. study was not the result of Cl + CS2 + O2 reaction
ut rather the result of OH + CS2 + O2 reaction, with OH
enerated primarily by the secondary reaction of Cl w
H3OOH.
In this paper we report the results of an experim

al study of the gas-phase Cl + CS2 reaction that couple
FP with time-resolved UV–vis absorption spectrosc
TRUVVAS). The gas-phase absorption spectrum of
S2 Cl adduct is reported for the first time, and
RUVVAS technique is used as a probe to investigate
inetics of CS2 Cl reactions with O2, NO, NO2, and CS2 Cl.
s expected, based on the results of Wallington et al.[33],
S2 Cl is found to be of little importance in atmosphe
spectral resolution of 5.5 nm (full width at half maximu
WHM).

The reaction and pre-mixing cell were surrounded b
nsulated Pyrex jacket through which ethanol was flo
rom a reservoir, enabling the cell temperature to be
rolled. The temperatures of the reaction gas mixture
he two ends of the cell were measured with thermocou
he temperature gradient between the ends of the cel

ypically ±2 K, and the average of the temperatures m
ured at the two ends was taken to be the cell temper
ry nitrogen gas was sprayed on the quartz cell wind

o prevent condensation of water vapor when the cell
ooled.

The CS2 Cl adduct was generated by photolyzing Cl2CO
n the presence of CS2. The absorption cross-section
l2CO at 248 nm is 8.93× 10−20 cm2 molecule−1 [35], and

he typical photolysis fluence was∼20 mJ cm−2 pulse−1; the
ulse duration was∼25 ns.

All experiments were carried out under “slow-flow” con
ions, i.e., the linear flow rate of the reaction mixture thro
he reaction cell (typically 10 cm s−1) was fast enough t
eplenish the volume of the reaction cell between pho
is laser pulses (typical laser repetition rate was 0.14
ut slow enough that kinetic observations could be

yzed assuming static conditions. Concentrations of
S2 and Cl2CO were measured in situ in the slow-fl
ystem by UV photometry at 213.9 nm (Zn penray la
ight sources) and by mass flow measurements. In
f 10−19 cm2 molecule−1, the cross-sections used to c
ert 213.9 nm absorbances to concentrations were 36[36]
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Fig. 1. Laser flash photolysis/UV–vis absorption spectroscopy apparatus: HR 248, high reflectivity 248 nm mirror; PMT, photomultiplier tube; BPF, band pass
filter; PM, power meter; PG, pressure gauge; FM, flow meter; TP, temperature probe.

and 1.26[34] for CS2 and Cl2CO, respectively. The Cl2CO
absorption cell was 25 cm in length and was positioned
upstream from the mixing chamber; the mixing dilution
factor was determined from mass flow measurements. The
CS2 absorption cell was 5.6 cm in length and was posi-
tioned downstream from the mixing chamber; correction for
Cl2CO absorbance was made based on the dilution-corrected
upstream absorption measurements in the 25 cm cell. In the
kinetics experiments, the concentrations of NO and NO2
were determined from mass flow measurements. A certified
NO/N2 mixture (Matheson, 1.87% NO) was used to sup-
ply NO. Nitrogen dioxide was transferred into a 12 L Pyrex
bulb and diluted with O2. The NO2 mole fraction of the
NO2/O2 mixture was measured frequently using UV photom-
etry at 366 nm (Hg penray lamp light source); the absorption
cross-section used to convert measured absorbances to NO2
concentrations was 6.05× 10−19 cm2 molecule−1 [37]. The
pure gases used in this study were obtained from Air Products
(O2, N2) and Matheson (Cl2CO, NO2), and had the follow-
ing stated minimum purities: N2, 99.999%; O2, 99.994%;
Cl2CO, 99.0%; and NO2, 99.5%. The N2, O2, and NO2,
were used as supplied. The Cl2CO was degassed at 77 K
prior to use. HPLC grade carbon disulfide (Aldrich) had
a stated minimum purity of 99.9+%. The carbon disulfide
was transferred under N2 into a vial fitted with a high-
vacuum stopcock and degassed repeatedly at 77 K before
u

3. Results and discussion

When Cl2CO was photolyzed in the presence of CS2,
absorption of the UV–vis probe beam was observed through-
out the 320–550 nm spectral region. Absorption was observed
only when both CS2 and Cl2CO were simultaneously sub-
jected to LFP. When the photolyzed mixture contained
only Cl2CO, CS2, and N2, the observed absorbance (A)
decayed slowly with time according to second-order kinetics.
Under the experimental conditions employed, the appear-
ance of absorbance was very fast compared to the decay of
absorbance. Hence, the peak absorbance for each experiment
could be determined with good accuracy by plottingA−1 ver-
sus time and extrapolating back tot = 0 using a linear fit to
theA−1 versus time data.

3.1. Adduct identification

Evidence verifying the identity of the absorbing species
was obtained by measuring its appearance rate. Absorbance
temporal profiles were recorded and analyzed using a non-
linear least squares fit to the sum of an exponential rise and
decay (seeFig. 2). In this set of experiments, absorbance dis-
appearance resulted primarily from radical–radical reactions
and was not a first-order process. The first-order absorbance
disappearance rate,k , is thus a parameterized rate coeffi-
c at are
se.
d
ient rather than the sum of actual loss processes th
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Fig. 2. Typical absorbance (base e) temporal profile observed following
laser flash photolysis of Cl2CO/CS2/N2 mixtures. Experimental conditions:
T = 240 K;P = 100 Torr; concentrations in units of 1013 molecules cm−3 are
[CS2] = 1870, [Cl2CO] = 900, and [Cl]0 ≈ 0.5. The solid line is obtained from
a nonlinear least squares fit of the data to the sum of an exponential rise and
decay. Best fit appearance (ka) and disappearance (kd) rate coefficients in
units of s−1 areka = 1.30× 105 andkd = 804.

quantitatively attributable to specific first-order processes.
However, because the observed absorbance loss rates are
slow compared to the rapid rate of absorbance appearance,
the parameterization of the absorbance disappearance as a
first-order process does not seriously impact the reliabil-
ity of the analysis to determine the pseudo-first-order rate
coefficient for absorbance appearance. As shown by the
example inFig. 2, the quality of the double exponential
fits is quite good as long as the fit is limited to a small
fraction of the decay. Pseudo-first-order appearance rate coef-
ficients (ka) were measured at 365 nm in N2 buffer gas. As
shown in Fig. 3, a plot of ka versus [CS2] is linear over
the range of CS2 concentrations employed. The linearity
of the ka versus [CS2] plot up to the fastest appearance
rate measured (ca. 300,000 s−1) demonstrates that the rate-
limiting step in the production of the absorbing species is

F
T gives
t
w data
p

the Cl + CS2 reaction under the conditions investigated. The
slope of theka versus [CS2] plot yields the second-order
rate coefficientk1 = (5.2± 0.8)× 10−12 cm3 molecule−1 s−1

at 240 K and 100 Torr total pressure, where the uncer-
tainty is 2σ and represents precision only. The value mea-
sured here fork1(P, T) is in good agreement with the
value (4.8± 0.3)× 10−12 cm3 molecule−1 s−1 reported by
Nicovich et al.[32] based on measurements of Cl atom decay
using atomic resonance fluorescence spectroscopy as the
detection technique. As expected sinceka = k1[CS2] + k−1,
the intercept of theka versus [CS2] plot is very close to
the valuek−1 (240 K, 100 Torr N2) ∼ 32,000 s−1 reported by
Nicovich et al.[32]. The data inFigs. 2 and 3provide strong
evidence that the species being observed is indeed the CS2 Cl
adduct formed from the reaction of Cl with CS2.

The liquid phase Cl + CS2 rate coefficient of
1.7× 1010 M−1 s−1 reported by Chateauneuf[4] is very
near the diffusion-controlled limit, while the rate coefficient
obtained in this study is about a factor of 50 below the gas
kinetic limit. Although solvent effects undoubtedly play
some role in the liquid phase kinetics, the most important
factor accounting for the difference in observed rate coeffi-
cients is probably that liquid-phase conditions are equivalent
to the gas-phase high pressure limit, which is not approached
at pressures where gas-phase kinetic data for reaction(1) are
available. In fact, the pressure dependence results reported
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ig. 3. Plot ofka vs. [CS2] for data obtained atT = 240 K andP = 100 Torr N2.
he solid line is obtained from a linear least squares analysis; its slope

he second-order rate coefficient (5.20± 0.84)× 10−12 cm3 molecule−1 s−1

here the uncertainty is 2σ and represents precision only. The open
oint is the one obtained from the data shown inFig. 2.
y Nicovich et al.[32] suggest thatk1(P, T) is much close
o the low pressure limit than it is to the high pressure l
t T = 240 K andP = 100 Torr N2.

.2. Adduct absorption spectrum

The absorption spectrum of CS2 Cl adduct was measur
t 100 Torr total pressure (N2 buffer) and 240 K. A referenc
avelength of 365 nm was selected. Absorption mea
ents were made at this reference wavelength after ever
easurements at other wavelengths. This was done in

o account for systematic drifts in experimental parame
uch as laser power, [Cl2CO], optical alignment, etc. ov
ime. Absorbance measurements at wavelengths othe
65 nm were normalized to the average of the “before”
after” 365 nm absorbances. The adduct absorption c
ection was carefully measured at 365 nm, and all c
ections were then determined by applying the normaliz
actor to the carefully measured reference cross-section

Reagent concentrations employed in the 365
ross-section measurements at 240 K were (in unit
013 molecules cm−3): [CS2] ≈ 7000; [Cl2CO] = 5–200

Cl]0 = 0.05–2. Values forA0 (defined below) were obtaine
y extrapolation ofA−1 versus time (t) data tot = 0. High
S2 concentrations were employed in order to obtain∼95%
onversion of Cl to CS2 Cl at equilibrium (based on th
quilibrium constants reported by Nicovich et al.[32]).
ach cross-section measurement involved averaging∼50
hotolysis laser pulses. To verify reproducibility, multi
bsolute cross-section measurements at 365 nm and re
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cross-section measurements at other wavelengths were made
over a period of several days. The adduct cross-section
at 365 nm (σ365) was determined from the data using the
following relationship:

σ365 = A0

l[Cl]0F
(I)

In Eq.(I), A0 is the absorbance at a time shortly after the laser
flash when Cl and adduct have reached equilibrium but negli-
gible radical decay has occurred,l the absorption path length
(100 cm), [Cl]0 the concentration of chlorine atoms produced
by the laser flash, andF the fraction of Cl atoms converted
to adduct (taken to be the adduct equilibrium fraction). As
typical for gas-phase spectroscopic data, the absorbance is
defined asA = ln(I0/I), i.e., it is a base e value. Cross-sections
obtained from Eq.(I) were found to be independent of [Cl]0
over the range specified above, i.e., Beer’s law was obeyed.
Evaluation of [Cl]0 required (i) careful measurements of
[Cl2CO] and laser power; (ii) assumption of a quantum yield
of 2.0 for production of Cl from 248 nm photolysis of Cl2CO;
and (iii) careful measurements of the photolysis laser beam
cross-sectional area and its divergence down the length of the
cell (the laser beam area increased by a factor of 1.5 between
the cell entrance and exit and was assumed to be the aver-
age of the entrance and exit areas for purposes of evaluating
[Cl] ).
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Fig. 4. Absorption spectrum of the CS2 Cl adduct.

Table 1
Absorption cross-sections for the CS2 Cl adduct as a function of wavelength
at a spectral resolution of 5.5 nm FWHMa

λ σ

320 1.56
325 1.67
330 1.66
335 2.68
340 3.68
345 6.17
350 10.86
355 16.17
360 19.36
365 23.20
370 18.48
375 13.05
380 6.29
385 2.35
390 1.72
395 1.47
400 1.41
405 1.18
410 1.70
415 2.07
420 2.12
425 1.95
430 2.73
435 2.83
440 2.77
445 2.86
450 3.13
455 3.76
460 3.49
470 3.42
480 3.94
490 3.07
500 2.73
510 1.71
520 1.26
530 0.44
550 0.33
600 0.19

a Units areλ (nm) andσ (10−18 cm2 molecule−1).
0
The assumption of a quantum yield of 2.0 for Cl at

roduction from Cl2CO photolysis is based on strong exp
mental evidence that ClCO is not produced with signific
ield as a stabilized photolysis product. Maul et al.[38]
ave studied the photo-dissociation dynamics of Cl2CO using
35 nm pulsed laser excitation and resonance enhance

iphoton ionisation (REMPI)–time of flight mass spectro
try (TOFMS) detection. Based on the analysis of kin
nergy release in the photolysis products, Maul et al. con

hat photo-dissociation of Cl2CO occurs by concerted relea
f the three photofragments Cl + Cl + CO[38]. Temperature
nd pressure-dependent rate coefficients for ClCO unim
lar dissociation are reported in literature[39]. Based on

hese rate coefficients, we expected to see evidence fo
l atom production after the photoflash in studies of l

emperature chlorine atom kinetics carried out in our
ratory, that employed 266 nm photolysis of Cl2CO as the
l source[40,41], if thermalized ClCO was produced a
hotolysis product. Observed Cl atom temporal profiles

owing laser flash photolysis of Cl2CO/N2 mixtures showe
o evidence for Cl atom production by post-flash chemi
s mentioned above, transient absorption was observed
hen both Cl2CO and CS2 were present in the reaction m

ure. Hence, if ClCO was produced, it was not detected
nterfering absorber in this study.

The adduct spectrum measured in this study atT = 240 K
ndP = 100 Torr N2 is shown inFig. 4, and is given in dig

tized form in Table 1. The CS2 Cl absorption spectru
as also measured at 298 K and was found to be id
al to the spectrum obtained at 240 K within the preci
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and accuracy of the measurements. The similarity between
the gas-phase absorption spectrum reported in this study
and the published liquid-phase spectrum[4] lends further
support to our conclusion that the species observed in this
study is the CS2 Cl adduct. Consideration of uncertainties
in the parameters that must be known to obtain the adduct
cross-section (see above) leads to an estimate of±30%
for the accuracy of the measured cross-section at 365 nm
(95% confidence level). We report this cross-section to be
σ365≈ σmax= (2.3± 0.7)× 10−17 cm2 molecule−1.

As discussed in Section1, comparison of calculated vibra-
tional frequencies for SCSCl and S2C Cl with frequen-
cies measured using resonance Raman spectroscopy provides
compelling evidence that the strong band at 365 nm results
from absorption by SCSCl [5]. An important question that
remains to be answered concerns the origin of the weak band
observed at longer wavelength. Does this band result from
promotion of ground state SCSCl to a lower-energy excited
electronic state, or is it an absorption band of the S2C Cl iso-
mer? Further experimental and theoretical research appears
to be needed to answer this question. We have employed the
theoretical energetics, structures, and vibrational frequencies
reported by Phillips and co-workers[5,25] to evaluate the
equilibrium constant for SCSCl ↔ S2C Cl. It appears that
even if the initially generated SCSCl equilibrates rapidly
with S C Cl, only a few percent of the adduct molecules
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Fig. 5. CS2 Cl absorbance temporal profile plotted as [CS2 Cl]−1

vs. time. Experimental conditions:T = 240 K; P = 100 Torr N2;
[CS2] = 1.0× 1017 molecules cm−3. The solid line is obtained from a
linear least squares analysis; its slope gives 2k3 = (1.70± 0.04)× 10−10 cm3

molecule−1 s−1 where the uncertainty is 2σ and represents precision only.

absorbance temporal profile, plotted as [CS2 Cl]−1 versus
time, is shown inFig. 5. The linearity of the [CS2 Cl]−1 ver-
sus time plot is consistent with the hypothesis that CS2 Cl
loss is dominated by reaction(3), and the self-reaction
rate coefficient, 2k3, is obtained from the slope of the plot.
The average of 17 experiments like the one depicted in
Fig. 4 gives 2k3 = (1.5± 0.3)× 10−10 cm3 molecule−1 s−1,
where the uncertainty is 2σ and represents precision only.
The accuracy of the derived value for 2k3 is limited by
the accuracy of [CS2 Cl], which in turn is limited by
the accuracy of the CS2 Cl absorption cross-section at
the monitoring wavelength (365 nm), i.e.,±30% (see
above). Taking the CS2 Cl absorption cross-section and
imprecision to be the two main sources of uncertainty, we
report 2k3 = (1.5± 0.6)× 10−10 cm3 molecule−1 s−1, where
the uncertainty represents accuracy at the 95% confidence
level.

In order to obtain information aboutk4, it is necessary
to employ experimental conditions where absorption signals
are very low. Hence, it has not proven possible to obtain a
quantitative value fork4. Examination of the dependence of
the CS2 Cl disappearance rate on [CS2] while keeping [Cl]0
approximately constant does, however, suggest thatk4 > k3.

3.4. Kinetics of the CS2 Cl + O2 reaction

O

C )

C d in
2 s
a
t s to
C orr
2
ould exist as S2C Cl at the temperatures employed in
tudy. Hence, if the theoretical information is accurate,
f the weak long-wavelength band originates from S2C Cl,
he peak absorption cross-section for this band, define

(480 nm)≈ σpeak= A0(l[S2C Cl])−1 must be extremel
arge, i.e., approaching 10−16 cm2 molecule−1.

.3. Radical–radical reaction kinetics

When reaction mixtures containing only Cl2CO, CS2,
nd N2 are subjected to 248 nm laser flash photol
nd detectable levels of CS2 Cl are generated, we expe

hat CS2 Cl loss will be dominated by the followin
adical–radical reactions:

S2 Cl + CS2 Cl → products (3

l + CS2 Cl → products (4

In the limit of very high [CS2], the ratio [CS2 Cl]/[Cl]
ecomes large and reaction(3) is expected to dominate t
dduct removal. As the CS2 concentration is reduced, rea

ion (4) is expected to become an important adduct
echanism.
To experimentally determinek3 at T = 240 K and

= 100 Torr, experiments were carried out us
CS2] ∼ 1× 1017 molecules cm−3; at this temperature an
CS2], the ratio [CS2 Cl]/[Cl] is approximately 24[32]. The
oncentrations of Cl2CO employed in these experiments w
n the range (1.5–26)× 1015 molecules cm−3, and values fo
Cl]0 were in the range (6–90)× 1012 atoms cm−3. A typical
To investigate the kinetics of the reaction of CS2 Cl with
2,

S2 Cl + O2 → products (2

S2 Cl absorbance temporal profiles were measure
00 Torr of O2 at T = 240 K with experimental condition
djusted to relatively high [CS2] and low [Cl]0 in order

o minimize the contribution of radical–radical reaction
S2 Cl removal. Temporal profiles observed in 200 T
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Fig. 6. CS2 Cl absorbance temporal profile plotted as [CS2 Cl]−1 vs.
time. Experimental conditions:T = 240 K; P = 200 Torr O2; [CS2] = 6.1×
1016 molecules cm−3; and [Cl2CO] = 7.4× 1014 molecules cm−3. The
straight line is obtained from a linear least squares analysis; its slope gives
2k3 = (1.46± 0.02)× 10−10 cm3 molecule−1 s−1 where the uncertainty is
2σ and represents precision only. The curved lines are simulations of the
[CS2 Cl]−1 vs. time plots expected ifk2 had the values shown in the figure
(in units of cm3 molecule−1 s−1).

O2 were indistinguishable from those observed in N2 bath
gas; a plot of [CS2 Cl]−1 versus time for a typical experi-
ment is shown inFig. 6. The data are well described by a
straight line, and the second-order rate coefficient obtained
from the slope is equal within experimental uncertainty to
the value of 2k3 obtained from the data with N2 as the bath
gas (see above). We conclude that our data show no evi-
dence for a reaction between CS2 Cl and O2. In order to
put a reasonable upper limit onk2, kinetic simulations were
carried out for a simple two-reaction scheme, i.e., reactions
(2) and (3), with 2k3 fixed at the value obtained from the
slope of [CS2 Cl]−1 versus time plot andk2 varied. Plot-
ted in Fig. 6 are simulated temporal profiles fork2 = 0.5,
1.0, and 2.0× 10−17 cm3 molecule−1 s−1. We conclude that
upward curvature in [CS2 Cl]−1 versus time plot would have
been observed ifk2 > 5.0× 10−18 cm3 molecule−1 s−1, and
we adopt this value as the upper limit fork2 that is consistent
with our data.

As discussed above, little or no ClCO is thought to be
generated from 248 nm photolysis of Cl2CO. In the pres-
ence of 200 Torr O2 at 240 K, any thermalized ClCO that
was produced would rapidly react with O2 to generate
ClC(O)OO[42]. The UV absorption spectrum of ClC(O)OO
has recently been observed in cryogenic matrices[43]; this
species absorbs only very weakly to the red of 300 nm and did
not interfere with the detection of CSCl in this study even
i ck
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t n of
C

Nicovich et al. [32] studied the effect of added O2
on Cl + CS2 ↔ CS2 Cl equilibration kinetics and con-
cluded thatk2 < 2× 10−15 cm3 molecule−1 s−1 at T = 230 K
and P = 30 Torr O2. Wallington et al. [33] used their
measured upper limit “effective” rate coefficient of
4× 10−15 cm3 molecule−1 s−1 for CS2 reaction with Cl at
298 K in 700 Torr air in conjunction with values fork1 and
k−1 reported by Nicovich et al.[32] to deduce the upper limit
rate coefficientk2 (298 K) < 8× 10−17 cm3 molecule−1 s−1.
Hence, the observations reported in this paper reduce the
upper limit value fork2 by a factor of 16 compared to the
limits reported previously, although it is worth noting that our
data were obtained at 240 K, while the upper limit reported by
Wallington et al.[33] is based on data at 298 K, but requires
extrapolation of Nicovich et al. results to higher temperature
and pressure in order to obtain estimates fork1 andk−1 at
P = 700 Torr air andT = 298 K.

3.5. Kinetics of CS2 Cl reactions with NO and NO2

The reactions of CS2 Cl with NO and NO2 were studied
atT = 240 K andP = 30 Torr (N2 bath gas) under pseudo-first-
order conditions with [NOx] � [CS2 Cl].

CS2 Cl + NO → products (5)
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f it was generated with significant yield. In back-to-ba
xperiments where we interchange N2 and O2 as the bat
as but experimental conditions otherwise remain cons

he observed peak transient absorbance remains unch
ithin experimental uncertainty. This observation is con

ent with other evidence that supports prompt productio
l with a quantum yield of 2.0 from Cl2CO photolysis.
d

S2 Cl + NO2 → products (6

The reagent concentrations (in units of molecules cm−3)
sed in these experiments were as follows: [Cl2CO] =
.5× 1015; [Cl]0 = (2–4)× 1012; [CS2] ≈ 3× 1017; [NO] =
2–26)× 1014; [NO2] = (1–25)× 1014. Relatively low-
adical concentrations were employed in order to minim
he effect of radical–radical side reactions, i.e., reac
3) and (4), on the observed absorbance temporal pro
xperimental conditions of high [CS2], low temperature
nd low pressure minimized the contribution of Cl react
ith NO and NO2 to observed CS2 Cl kinetics.

l + NO + M → ClNO + M (7)

l + NO2 + M → ClNO2 + M (8a)

l + NO2 + M → ClONO + M (8b)

or [CS2] ≈ 3× 1017 molecules cm−3 and T = 240 K, the
quilibrium concentration of CS2 Cl exceeds that of Cl b
ore than a factor of 30[32].
As typified by the data shown inFig. 7, absorbance deca

ere exponential, i.e., plots of lnA versus time were lin
ar, as would be expected under the experimental cond
mployed (see above). Measured pseudo-first-order d
ates (kd), obtained from the slopes of plots like the one sh
n Fig. 7, are plotted as a function of [CS2] in Fig. 8. The
lopes ofkd versus [CS2] plots give the following second
rder rate coefficients in units of 10−11 cm3 molecule−1 s−1:
5 = 2.17± 0.07 andk6 = 1.33± 0.09; uncertainties are 2σ
nd represent precision only. The NO2 concentration dat
lotted inFig. 8are corrected for dimer formation assum
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Fig. 7. Typical absorbance (base e) temporal profile observed following
248 nm laser flash photolysis of Cl2CO/CS2/NOx/N2 mixtures atT = 240 K
andP = 30 Torr. The data shown were obtained with NOx = NO2. Concen-
trations in units of 1013 molecules cm−3 are [CS2] = 19000, [NO2] = 259,
[Cl2CO] = 150, and [Cl]0 ≈ 0.36. The solid line is obtained from a linear
least squares analysis of the ln absorbance (A) vs. time (t) data att > 5�s;
its slope gives the pseudo-first-order decay rate 29,900 s−1.

a 240 K equilibrium constant of 6.2× 10−17 cm3 molecule−1

for NO2 + NO2 ↔ N2O4 [44]; the magnitude of the correction
ranged from 0.6% to 14% for the range of NO2 concentrations
employed to measurek6. The value fork6 reported above is
derived under the (certainly valid) assumption that CS2 Cl
is much less reactive toward the closed shell species N2O4
than it is toward the open shell species NO2.

For [Cl]0 ≤ 4× 1012 per cm3 (see above), reactions(3)
and (4) contribute <600 s−1 to the early time part of
observed decays and even less at longer times after
the flash. Since most measured decay rates exceeded
10,000 s−1 (seeFig. 8), we conclude that the occurrence of
radical–radical side reactions does not compromise the accu-
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racy of the reported values fork5 andk6. At T = 240 K and
P = 30 Torr N2, k7 ∼ 1.5× 10−13 cm3 molecule−1 s−1 [45]
and k8a+ k8b≡ k8 ∼ 2× 10−12 cm3 molecule−1 s−1 [46]. In
our experiments, about 30% of the bath gas was CS2, which
is more efficient than N2 as a third body. Hence,k7 andk8
are a little faster under our experimental conditions than the
literature values given above. Nonetheless, it is clear that the
values fork5 andk6 reported in this study are much faster
than the known values fork7 andk8; this observation, along
with the establishment of experimental conditions where the
equilibrium concentration of CS2 Cl was much greater than
the equilibrium concentration of Cl, leads to the conclusion
that reactions(7) and (8) made negligible contributions to
CS2 Cl kinetics in this study. To our knowledge, no kinetic
data are reported in the literature for the reaction of Cl atoms
with N2O4. However, given that (i) a relatively small fraction
of NO2 existed in the dimer form under the experimental
conditions employed (see above); and (ii) Cl is almost cer-
tainly much more reactive with NO2 than with N2O4, it seems
safe to assume that the Cl + N2O4 reaction had a negligible
influence on CS2 Cl kinetics in this study.

Since side reactions have little or no impact on the
accuracy of the reported rate coefficients, it appears that
accuracy is limited by precision and by the accuracy with
which the concentrations of NO and NO2 are known
(estimated to be±5% for each). Hence, we report the rate
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ig. 8. Plots of pseudo-first-order adduct decay rate (kd) vs. [NOx] for data
btained atT = 240 K andP = 30 Torr N2. Solid lines are obtained from li
ar least squares analyses; their slopes give rate coefficients (in u
0−11 cm3 molecule−1 s−1) of 2.17± 0.07 and 1.33± 0.09 for the reaction
f CS2 Cl with NO and NO2, respectively (uncertainties are 2σ and rep
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ata shown inFig. 7.
oefficients k5 = (2.2± 0.5)× 10−11 cm3 molecule−1 s−1

ndk6 = (1.3± 0.4)× 10−11 cm3 molecule−1 s−1, where the
ncertainties represent accuracy at the 95% confidence

Although there are no other reported measuremen
5 and k6 with which to compare our results, it is
nterest to note that the rate coefficients reported in
tudy are very similar in magnitude to the rate co
ients for the reactions of (CH3)2S Cl with NO and NO2
1.2× 10−11 and 2.7× 10−11 cm3 molecule−1 s−1, respec
ively) that were measured by Urbanski and Wine u

technique analogous to the one employed in this s
34]. Urbanski and Wine also observed no reactivity
CH3)2S Cl with O2. In a recent conference presentat
imilar results have also been reported for reaction
CH3)2(O)S Cl with NO, NO2, and O2, i.e., in units o
0−11 cm3 molecule−1 s−1 rate coefficients are 1.5, 1.9, a
1× 10−7, respectively[47]. It appears that Cl adducts
ulfur compounds react rapidly with compounds like
nd NO2, where transfer of the chlorine atom to gene
lNO, ClNO2, or ClONO is energetically favorable. Becau
l OO is bound by only∼20 kJ mol−1 [48], the chlorine

ransfer reaction between the sulfur adducts and O2 can-
ot occur atT < 300 K. While thermochemistry can expla
hy NO and NO2 are highly reactive and O2 is unreac

ive toward chlorine adducts with sulfur compounds, th
ppears to be little correlation between the rate coeffic
nd adduct bond strength for the energetically favor
Ox reactions. All the adduct + NOx rate coefficients sum
arized above are similar in magnitude even though theCl
ond strengths (at 0 K) are quite different (37± 6 kJ mol−1
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for SCS Cl [25,32], 72± 4 kJ mol−1 for (CH3)2(O)S Cl
[47,49], and 85± 12 kJ mol−1 for (CH3)2S Cl [8,50,51]).
Diau and Lee have deduced rate coefficients for the
reactions of CS2 OH with NO and NO2 by examin-
ing the effect of added NOx on OH + CS2 ↔ CS2 OH
equilibration kinetics [52]; they obtain a very fast
rate coefficient (4.2× 10−11 cm3 molecule−1 s−1) for the
CS2 OH + NO2 reaction, but a much slower rate coefficient
(7.3× 10−13 cm3 molecule−1 s−1) for the CS2 OH + NO
reaction. A mechanistic understanding of the differences in
reactivity of NO and NO2 toward CS2 OH remains to be
developed.

3.6. Role of CS2 Cl in atmospheric chemistry

In the marine boundary layer (MBL), Cl concentrations
are typically 104 atoms cm−3 [53] and have been reported to
be as high as 105 atoms cm−3 in some locations[54]; these
concentrations are 10–100 times lower than typical daytime
OH levels, but are higher than Cl concentrations in other
regions of the troposphere[55]. On the other hand, the rate
coefficient for Cl addition to CS2 is a factor of 5–10 faster
than the rate coefficient for OH addition to CS2 under typi-
cal MBL conditions (P ∼ 1 atm; 250 K <T < 310 K) [12,32].
Removal of CS2 by OH is a relatively efficient process in
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