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Laser-initiated chemical reactions: CI + H2S~HCI + HS: Rate 
constant, product energy distribution, and direct detection 
of a chain mechanism 
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(Received 13 March 1978) 

Laser-initiated, time-resolved infrared chemiluminescence techniques are used to study the detailed 
kinetics of chlorine/hydrogen sulfide systems. Measurements on the Cl+H2S->HCl+HS reaction are 
carried out by pulsed laser photolysis of S2Ci2 ..... S2CI+Cl in a flowing mixture with H2S, while detecting 
vibrational chemiluminescence from the HCI product. The measured rate constant for the Cl + H,S 
reaction is 6.0 ± 1.2X 10- 11 cmJ molecule-I sec-I at 296'K. The vibrational product distribution is 
predominately excitation of HCl to v = I and v = 2, with the ratio (v = I):(v = 2) = 15. The dynamical 
interpretation of the Cl+H2S reaction data is discussed. Photolysis of C12-+2Cl in the presence of H 2S 
produces a rapid chain reaction, Cl+H2S-+HCI+HS, HS+CI2-+HSCI+CI. The chain mechanism and 
its real time development are observed directly from the product chemiluminescence signal. 

I. INTRODUCTION 

There has been considerable interest in reactions of 
the type A+BC-AB+C, from the standpoint of their dy
namics, rates, and vibrational population distributions. 1 

Reactions that produce substantial vibrational excitation 
in the products have been extremely important for chem
ical lasers. a Such reactions may also lead to sources 
of infrared emission in the upper atmosphere. 3 A wide 
variety of experimental methods have been used to study 
A + BC reactions, 4-8 and a wealth of data has been ob
tained. There are relatively few thorough studies of 
atom plus triatomic, A+ BCD- AB+ CD, reactions. In 
this case, the vibrational states of either or both prod
uct molecules can potentially be excited by the available 
reaction exothermicity. The partitioning of reaction en
ergy in such A+ BCD systems will be a.sensitive indica
tor of the dynamics in the reaction. Most frequently it 
is observed that the newly formed molecular bond car
ries away most of the vibrational excitation. 1 

In this paper we report a detailed study of one such 
A+ BCD system, CI+ HaS- HCI+ HS, AH=- 13 kcal/ 
mole. 9 The reaction exothermicity is sufficient to ex
cite primarily either the HCI or HS product to v = 1. The 
techniques of laser initiation of the reaction and detec
tion of time- resolved infrared chemiluminescence are 
used to make measurements on the reaction rate con
stant and the extent of vibrational excitation in the HCI 
and HS products. 

Pulsed laser chemiluminescence methods offer a pow
erful means to extract novel kinetic data from the time 
and amplitude information of excited states. In this pa
per we report one of the few direct observations of the 
realtime development of a chain reaction mechanism. 

a)Present address: Imperial Chemical Industries Limited, Run
corn, Cheshire, England WA74QE. 

b)staff Member, Quantum Physics Division, National Bureau 
of Standards and Alfred P. Sloan Fellow. 

Photolysis of CIa in CIa/HaS mixtures is observed to un
dergo a rapid chain sequence, (a) Cl+ H~ - HCI+ HS, (b) 
HS + Cl2 - HSCl+ Cl. The chain reaction is detected di
rectly from the time behavior and amplitude of the HCI 
product vibrational chemiluminescence. Further devel
opment of these experiments may provide valuable de
tailed methods to study and analyze chain reactions for 
combustion and explOSion phenomena. 

In the experiments described, CI atoms are generated 
by pulsed laser photolysis of either CIa or S2Cl2 in a flow 
of Cla(SaC1a), HaS, and Ar. The Clz source is observed 
to undergo a chain reaction, whereas the SzClz source of 
Cl atoms does not propagate the chain. ThUS, kinetic 
data on the elementary CI+ HaS reaction step are readily 
obtained in the absence of further complicating reactions 
by using SaCl2 as the source of CI atoms. Rate constants 
are measured directly from the time development of the 
product vibrational chemiluminescence, primarily HCl 
(v = 1). Amplitude measurements using various interfer
ence filters and gaseous filters allow estimates of the 
relative vibrational population distributions to be made 
for the Cl+ H2S- HCl+ HS reaction. A discussion of the 
dynamical interpretation of the Cl+ H2S rate data is 
given. 

II. EXPERIMENTAL 

The apparatus consists of a gas handling system and 
flow reaction cell, a frequency-doubled dye laser for 
pulsed dissociation of reagents, and an infrared detec
tor and computer Signal averaging system to collect the 
infrared chemiluminescence signals. A schematic of 
the experimental arrangement is shown in Fig. 1. 

The gas handling system is comprised of pyrex storage 
bulbs and tubing. Stopcocks with viton "0" rings coated 
with a Teflon-based grease are used throughout. The 
reaction flow tube consists of a quartz vessel, 3 cm in 
diameter, with infrasil windows sealed directly on the 
sides to transmit the laser, and a sapphire window for 
transmission of infrared emission attached to the top 

J. Chern. Phys. 69(2), 15Jul. 1978 0021-9606178/6902·0839$01.00 © 1978 American Institute of Physics 839 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

141.217.58.222 On: Thu, 27 Nov 2014 03:05:14



840 M. Braithwaite and S. R. Leone: Laser-initiated chemical reactions 

PLOTTER r 
l.rl 

SIGNAL 
AVERAGER I 
COMPUTER 

TRANSIENT 
11\00000000000 
'I' 0000000000 

00000000000 
DIGITIZER 1------. 

PHOTODIODE 
TRIGGER 

CURRENT 
FEEDBACK 
PREAMPLIFIER 

In Sb 
DETECTOR 

FIG. 1. Experimental apparatus 
for reaction studies by laser
initiated, infrared chemilumi
nescence. A flashlamp pumped, 
frequency-doubled dye laser is 
used as a photodissociation 
source of atoms. Infrared 
chemiluminescence signals from 
product molecule vibrational 
states are detected with an InSb 
detector and signal averaged 
to enhance the signal to noise. 
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REAGENT 
INLET BEAM 

SPLITTER 
FLOW / 
CELL ../ 

with black wax. The gases used in these experiments and 
their purities are: Ar(99. 999%), HCl(99%), HBr(99%), 
H2S(99.8%), and CI2(99. 96%). S2CI2(99%) was supplied 
as a liquid. With the exception of the argon buffer gas, 
all reagents were degassed at 77 oK several times and 
then distilled at a few Torr vapor pressure, retaining 
only the middle fraction of the distillate. The gases are 
mixed with a series of inlets 10 cm before the fluores
cence window. Under the typical flow rates and pres
sures listed in Table I, pre reaction problems 10 of SCI 
with Hil are negligible. These flow rates are also ~uf~ 
ficient for study of the chain reaction of CI with H S 2 2 , 

since the gas mixture is refreshed rapidly enough to 
keep ahead of the diffUSion of the chain burning reagents. 
Pressures in the reaction vessel are measured with a 
0- 50 Torr inductance manometer. The gas forepres
sures are measured with monel Bourdon type gauges. 
Flows are monitored with ball flow meters or electronic 

TABLE I. Typical flow conditions for laser 
initiated chemiluminescence experiments. 

Gas Flow (~moles/sec) 

Argon 235 

~CldArgon (10%) 3 

H2S/ Argon (10%) 0-12 

Gas Typical pressure (Torr) 

Argon 40 

~C1a 0.05 

H2S 0-0.2 

-

mass flow meters, and are adjusted with monel or stain
less steel fine metering valves. 

A commercial flashlamp pumped dye laser is used for 
a photodissociation light source to generate halogen 
atoms. The frequency doubled output at 300 nm produces 
1 mJ pulses with 2 jJ.sec duration. The laser beam is 
collimated by a 50 cm focal length quartz lens. A mul
tiple reflection mirror arrangement is used to enhance 
the absorption of the laser beam by the S2Cl2 and Cl2 in 
the reaction celL A 1. 3 cm x 1. 3 cm, 77 ° K, InSb detec
tor is used to obtain time- resolved signals of the prod
uct vibrational chemiluminescence. The signals are 
captured by a transient digitizer, with the sweep initiated 
by a photodiode detecting the laser pulse. The digital 
data of amplitude versus time are subsequently stored 
and added in a signal averager to enhance the signal to 
noise. For a typical reaction, X+ HY- HXt + Y, where 
t denotes vibrational excitation, the progress. of the re
action is monitored by the time- resolved infrared emis
sion of the vibrationally excited product molecules. Dif
ferent states of the product molecules may be monitored 
independently by proper selection of gaseous and inter
ference filters to isolate specific bands on the detector. 
A typical set of signals from the HCI product of the CI 
+ H~ - HCI+ HS reaction is shown in Fig. 2. Shown on 
two different time scales are the rapidly riSing portion, 
corresponding to the formation of the vibrationally ex
cited species, and the subsequent slow decay due to vi
brational deactivation of the excited product molecules. 
Linear semilogarithmic plots of amplitudes versus time 
are obtained from the risetime portion of the signal after 
correcting for the slower vibrational deactivation time. 10 

From these plots, the rate of the Cl+ H~ reaction is de
termined. For a few very short time experiments, the 
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FIG. 2. Typical infrared chemilwninescence signals from the 
reaction Cl+H2S-HCl(v)+HS using ~Cl2 as the photodissocia
tion source of Cl atoms. (a) Risetime indicative of Cl+H2S
HCl + HS reaction rate constant. (b) Decay due to eventual 
vibrational deactivation of the HCl(v). The spike is due to elec
tronic noise. 

observed risetime, Tobs, was corrected for the finite re
sponse time of the detection system, Tapparatus = 1.75 JJ.sec, 
according to the equation Treal = (~bserved - T !,paratusP

/Z
• 

III. RESULTS 
A. The CI + H 2 S -+ Hel + HS reaction 

In the typical laser- initiated study of chlorine atom 
reactions, e. g. CI+ HI and CI+ HBr, 10 molecular Clz is 
used as the photolysis source of CI atoms. When mix
tures of Clz + HzS in argon are photolyzed by 300 nm la
ser pulses, product HCI(v) chemiluminescence signals 
are observed. However, both the time behavior and 
amplitude of the signals indicate that a more complex 
set of reactions is taking place, and not simply the ele
mentary reaction Cl+ HzS - HCl+ HS. In a comparison 
with the signals from CI+ HBr- HClt + Br, which is 
known to be a simple, single step reaction, the Cl+ HzS 
Signals are 10-100 times greater in amplitude. One 
such comparison run is shown in Fig. 3, where the Clz 
pressure was held constant, and HzS merely substituted 
for HBr in the reaction. Since HzS is not photolyzed by 
the 300 nm light, it is apparent that the signal behavior 
is due to a chain mechanism, which is discussed below. 

Other photolysis sources of CI atoms were sought 
which would suppress the chain reaction, in order to 
study the initial CI+ HzS - HCI+ HS reaction step directly. 
The molecule SzClz was found to produce CI atoms on 
dissociation with 300 nm light, with no apparent addi
tional chain or side reactions. The photochemistry of 

SzClz in the near ultraviolet is not well understood. In 
the flash photolYSiS of SzClz at A> 185 nm, A> 200 nm and 
A> 300 nm, Donovan et al. 11 suggest that the primary 
product is SCI. In our work, however, reactions char
acteristic of direct production of CI atoms are observed 
both with HBr and HzS when SzClz is photolyzed at 300 
nm. If SCI is also a primary product of the SzClz photo
lysis, it does not appear to play any further role in the 
reaction kinetics. In addition, the results of Donovan 
et al. 11 are obtained with kJ flash energies, which may 
introduce some biradical reactions which are not present 
in our mJ laser pulse system. There is no information 
at this time on the relative contributions of CI(ZP II z) and 
Cl(zP3/Z) atoms in the photolYSiS of SzClz, although this 
distribution may affect the observed rates. 

A straightforward set of kinetic equations may be used 
to describe the short time behavior of the CI+ HzS ex
periments performed with the SzClz source: 

SzClz ~ SzCI+ CI 

CI + HzS ~ HCI + HS till = - 13 kcal/mole (1) 
"HCl 

HClt + m -EL.. HCl+ m , 

where kl is the rate constant of the CI+ HzS reaction, and 
kI,!.Cl is the vibrational deactivation rate constant for HCI 
with various gases in the system. The possibility exists 
in reaction (1) that either HCI or HS could be excited vi
brationally. A similar vibrational deactivation pathway 
exists for HS, 

HS 

HSt +m!§....HS+m 

Since HCI(v = 1) requires 8.3 kcal/mole excitation ener
gy and HS(v = 1) is 7.4 kcal/mole, and given only 13 
kcal/mole available exothermicity, the predominant vi-

t 

o 

EVIDENCE FOR CHAIN MECHANISM 

CI+H2S--HS+HCI 
HS+CI2 --HSCI+CI 

20 40 
t (fLsec) 

x 20 

80 

FIG. 3. HCl(v) product signals showing evidence for the chain 
reaction behavior of Cl2/H2S mixtures. In the plot labelled Cl 
+ H2S, a mixture of a few Torr each of Cl2 and H2S is photolyzed 
to produce Cl atoms. In the plot labelled Cl+HBr, HBr gas is 
substituted for H2S at the same flow rate. The Cl+HBr signal 
has been plotted on a 20 times more sensitive scale. 
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FIG. 4. Plot of the HCI vibrational emission rate, l/THCl t vs 
PHZS ' for the reaction CI+HzS-HCl(v)+HS. The points for 
p?: 0.1 Torr overlap with the time of the tail of the laser pulse. 

brational excitation is expected to be in either HCI(v = 1) 
or HS(v = 1). More exactly, a fraction of the transla
tional energy is always available to the reaction, as well 
as the energy of any activation barrier. This can amount 
typically to 2 or 3 kcal. In addition, the heat of forma
tion of the HS radical is still relatively uncertain. Thus, 
the 13 kcal/mole exothermicity could be in error by sev
eral kcal/mole. In light of these facts, we find no dis
crepancy in observing a small amount of vibrational ex
citation to HCI(v = 2) in the CI+ HzS reaction product. 

Since the HzS concentration is always in great excess 
compared to the CI atom density generated by the photo
lysis laser (> 10l4jcc compared to 10l3jcc), the CI atoms 
react with the HaS in a pseudo-first-order manner. If 
either product molecule is excited vibrationally a signal 
will be seen. The kinetics of the formation and deactiva
tion of excited product molecules in such a system has 
been worked out numerous times before. The result is 

[HCl(v= l)]t =A{ exp(-~ k~Cl[m]t)_ exp(kl[HaS]t)}. 

Thus a time- dependent signal is observed which has a 
double exponential form. The first term is indicative of 
the slow vibrational deactivation, and the second term, 
the rise time, is characteristic of the rate of reaction 
(1). From the measured risetimes and pressures of 
HaS, the rate constant k 1 is extracted directly. Identical 
expressions may be written for the excited species HCI 
(v = 2), HS( v = 1), and HS( v = 2), whe re only the constant 
A takes on different values depending on'the exact par
titioning of the reaction exothermicity among the differ
ent vibrational states. Thus we are able to extract in
formation concerning the relative extent of vibrational 
excitation in the HCI and HS products from relative amp
litude measurements. 

After properly fitting the deactivation part of the fluo
rescence curves, e. g. as in Fig. 2b, the correct rise
time of the reaction is obtained. Figure 4 shows the set 
of data taken for the rate constant determination of re
action (1), plotted as 1/7 vs [HaS]. The HaS pressure 
was varied from 0-0.13 Torr. A least-squares fit of 

the data in Fig. 4 gives kl = 6. O±·1. 2X 10-11 cm3 molec- I 

sec-l at 296 OK, where the error quoted is two standard 
deviations from the mean. This rapid reaction rate 
constant is similar in magnitude to others measured, 
such as the exothermic CI+ HBr (S. 4X 10-IZ cm3 molec- I 

sec-I) and CI + HI (1. 55X 10-10 cm3 molec-l sec-I) sys
terns. 10 

In a separate set of experiments, the relative produc
tion of the vibrational states HCI(v = 2), HCl(v = 1), and 
HS(v = 1,2) were measured. This was accomplished in 
the following manner. First the entire signal from all 
excited state products is observed using a germanium 
flat on the detector, which transmits uniformly the emis
sion from the HCI and HS, but blocks scattered laser 
light. An evacuated, 1 em path, gas filter cell was per
manently mounted between the detector and the reaction 
cell. This cell was filled with 300 Torr of HCI to block 
the entire HCI(v = 1- 0) emission, which is a substantial 
fraction of the entire Signal. The remaining signal from 
an average of six runs comprised 12±6% of the total sig
nal amplitude. The rather large error associated with 
this measurement is a result of the poor signal to noise. 
The time behavior of this remaining Signal rises with the 
same rate as the total signal, but decays somewhat more 
rapidly. The laser power was varied over a factor of 
two, and no change in the risetime of this Signal was 
found. Thus, the Signal could not be the result of sec
ondary energy transfer processes such as 2HCl(v = 1) 
~ HCl(v = 2) + HCl(v = 0), which would depend on the con
centration of excited species in the laser beam volume. 
Thus it is most likely that the Signal is from a direct 
reaction product of the Cl+ HaS and probably either HCI 
(v=2) or HS(v=1,2). 

To determine further which additional species is ac
tually excited, an available interference filter which iso
lates only the HCl( v = 2 - 1, 1- 0) lines were used. ,Figure 
5 shows the vibration- rotation spectral lines of both 

HCI(V=i) 

3.5 

HS(V=t) 
I----.....A-----" 

INTERFERENCE 
FILTER 
TRANSMISSION 

4.0 

A (fLm) 

FIG. 5. The spectral lines of HCl(v = 1) and HS(v = 1) and the 
overlap of the interference filter used to look only at HCl(v). 
The relative amplitudes have been chosen to reflect the calcu
lated transitions strengths of HCl(v = 1-0) vs HS(v = 1-0). 
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HCI(v = 1) and HS(v = 1), with the transmission curve of 
this interference filter superimposed. The filter blocks 
the HS lines completely, and transmits a large fraction 
of the HCI(v = 1- 0) lines. Since the anharmonicity shift 
of HCI(v = 2 - 1) is only 103 cm-1, this filter also passes 
nearly the same fraction of the HCI(v = 2- 1) lines. The 
same experiment was carried out, first measuring the 
total signal, and then the fraction transmitted when 300 
Torr of HCI was added to block the HCI(1- 0) emission. 
The ratio of signals was essentially the same using this 
interference filter. Thus it appears that the species 
primarily responsible for the Signal which is not blocked 
by the HCI gas is most likely HCl(v = 2). On the basis 
of these measurements and taking into account the radia
tive lifetimes of HCI(v = 1) and HCI(v = 2), we estimate 
that the ratio HCI(v = I/HCI)(v = 2) is approximately 15. 
A qualitative comparison of the HCI signal amplitude 
from the CI+ HaS reaction versus the CI+ HBr reaction 
indicates that a substantial (- 95) fraction of the total 
HCI product molecules are excited to HCl(v = 1), how
ever pre reaction in the case of the CI+ HBr prevented 
very accurate measurements. 

Whether the HS fragment is excited to any extent at 
all is difficult to answer. From the experimental ob
servations, no component of the signal can be attributed 
to HS(v = 1,2) at this time. However, our ability to de
tect HS(v = 1) in emission depends entirely on the finite 
signal to noise of the experiment and the radiative life
time of the HS(v = 1) for spontaneous emission. Detec
tion of HS(v = 1) has not been reported in emission, so 
the strength of its vibrational transition is uncertain. 
To determine our experimental limit in detecting HS(v = 1), 
a calculation was made by Wendoloski to determine the 
relative transition dipole moments of HCI and HS. la The 
dipole moments and their derivatives were obtained at 
a selfconsistent field level using Pople's 4-31 G type ba
sis sets, 13 augmented by an energy optimized 2sp bond 
function. The dipole derivatives were calculated numer
ically using displacements of ± O. 02 and ± O. 04 'A from 
Re. For HCl, a {l/ar was calculated to be 0.910 D A-I, 
compared to an experimental value of O. 928 D A-I. 14 

For HS, a {l/ ar is O. 290 D A-I, which gives a calculated 
radiative lifetime for HS(v = 1) which is nearly ten times 
longer than for HCI(v = 1). Since the signal amplitude is 
proportional to Ihul> our capability to detect HS(v = 1) 
is a factor of ten worse than for HCl(v" 1). Because of 
the low signal to noise even in our best runs, we can only 
estimate that any excitation into HS(v = 1,2) is probably 
less than 30% of the HCl(v = 1) concentration. 

B. The chain reaction of el 2 + H 2 S 

In the earlier work of Coombe et aI. 15 on an HClchem
ical laser using CIa/HaS, it was postulated that a chain 
reaction mechanism was unlikely and that the only per
tinent reaction leading to the HCl( v = 1- 0) laser was the 
fast CI + HaS - HCI + HS step. As we have already men
tioned above, when CIa is photolyzed in a flowing mix
ture with HaS, a chain reaction is observed directly 
from the product HCI chemiluminescence, which is one 
to two orders of magnitude greater than signals without 
the chain (Fig. 3). The experimental results conclusive
ly indicate that a second reaction is important, 

(2) 

which generates another CI atom for each one used up by 
Reaction (1). It is likely that the advantage of the addi
tional chain mechanism in the CIa/HaS chemical laser is 
balanced by the deleterious effect of the strong deactiva
tion15 of HCl(v = 1) by HaS. Thus the CljHaS chemical 
laser does not show the true potential of a chain reaction 
laser. 

The product vibrational distribution in the chain reac
tion was analyzed with the same techniques described in 
Sec. lIlA. In this case, once again, no vibrational emis
sion from HS was observed. This is not a surprising 
result, since in addition to the expected weakness of the 
HS(v = 1) emission, now the HS is also consumed by re
action (2). As the HCl(v) product builds up over many 
cycles of the chain, the concentration of HS and CI re
main at relatively constant and small concentrations. 
The vibrational emission from HCI was found to have a 
much greater fraction of states in (v> 1), as determined 
again by the attenuation of the signal with the HCI gas 
filter cell. The relative amounts of HCl(v> 1) : HCl(v = 1) 
varied with the CIa/HaS composition and pressures. The 
raw data signals were typically composed of 50% in HCI 
(v> 1). There are three possible reactions which are 
exothermic enough to contribute significantly to the HCI 
(v> 1) population 

CI + HS -+ HCI(v) + S till = - 31 kcal/mole (Ref. 9) (3) 

HSCI+ Cla- SCla+ HCl(v) !lli = - 30 kcal/mole (4) 

Cl+ HSCI- HCl(v) + SCI !lli = - 39 kcal/mole. (5) 

In Reactions (4) and (5) the heats of formation of HSCI, 
SCla, and SCI have been taken to be + 2, - 5, and + 14 
kcal/mole respectively. 15.18 Reaction (3) is certain to 
be a rapid, contributing reaction. Reaction (4) may have 
some geometriC barriers to reaction, and thus it is un
certain whether this reaction would contribute at all. 
Reaction (5) again is likely to be rapid and may repre
sent the most Significant contribution to the additional 
product HCl. This is especially true since the concen
tration of HSCI accumulates in time and will serve to ef
fiCiently remove CI as its pressure becomes large. The 
chain reaction Signal behavior, and the extent of excita
tion in HCl(v > 1) could be adequately accounted for by 
reactions (1), (2), and (5), however, we cannot rule out 
the possibility of reactions (3) and (4) being important 
also. 

At this time we have not undertaken a detailed experi
mental study of the chain reaction mechanism. How
ever, from a brief analysis of the kinetics and some typ
ical chain data behavior, we can make some qualitative 
comments concerning the mechanisms and magnitudes 
of rates. The chain reaction was examined for a num
ber of runs with Clz pressures in the range of O. 6- 3 
Torr and HzS pressures of O. 01- O. 1 Torr. If we ignore 
for the moment the effects of reactions (3), (4), and (5), 
and only solve the kinetics of the chain steps (1) and (2), 
we get a simple result. The form of the HCl(v) emis
sion as a function of time after the laser pulse is given 
by 
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[HCl(v) 1 =At + B[l- exp(- ct)] . 

We see that there is a brief exponential induction time, 
which depends on C =kl[H~]+k2[Clz], followed by a sig
nallinear in t, whose slope is governed by A =k\[HzS] 
x kz[C Iz][ClJo/(k1 [HzS] + kz[Clz]) 0 Typically, the initial 
concentration of chlorine atoms [CI]o is small com
pared to the concentrations of HzS and Clz' Thus, 
the chain steps (1) and (2) can make many cycles before 
depleting the original reagent concentration. The initial 
rate of rise of the linear portion of the signal approaches 
k\[HzS][ CI]a if kz[ Clz]» k JHzS]' and approaches 
kz[Clz][Cl]a if kl[HaS]»kz[Clz]' Experimentally we find 
that the rising signal has a definite linear regime and that the 
the limit of k1[HzS][CI]o is reached when [Clz] '" 10-20[HzS]. 
Thus it would appear likely that the rate constants kl and 
kz are of similar orders of magnitude. The reduction 
of signal to noise with decreasing Clz pressure precluded 
using Clz pressures low enough to extract the rate con
stant kz exactly from the experiments. An experiment 
is being prepared to use SzClz as a constant, well-de
fined source of initial [CI]a atoms, and then to add vary
ing amounts of CIa through an additional reagent inlet, 
to obtain kz. 

In our experiments, the linear portion of the signal 
for the chain reaction lasts for only 5-10 cycles of the 
chain. Then the slope of the signal starts to decrease. 
There are several reasons for this behavior. First, the 
limiting reagent can be depleted substantially causing the 
chain reaction to end. This depends on the density [CI]a, 
and thus on the focussing and energy of the laser. Typi
cally our [CI]o is less than 1% of the [Clz]' but this can 
be a substantial fraction of the [HaS], if the HzS is the 
limiting reagent. Second, HCI(v) is efficiently deacti
vated by several species in the gas mixtuare, such as 
HaS. Third, depletion of CI atoms can occur by reac
tions of CI with HS and HSCI. In our estimation, this 
third reason is an important intrinsic chemical effect 
which terminates the chain reaction. Since we do ob
serve a substantial fraction of the total vibrational che
miluminescence from HCI in v> 1, these reactions are 
viewed to be very important in causing the eventual slow 
down of the chain steps (1) and (2). Finally, of course, 
there are termination effects due to radical and atom re
combinations in the gas phase and on the walls, and the 
eventual passage of the excited species in the flow out of 
the view of the detector. In all of the experimental con
ditions looked at here, the signals are actually over be
fore the excited species would pass from the detector 
view. 

All of these effects can be readily built into a more 
detailed kinetic model, in order to extract precise rate 
data for chain reactions using the pulsed laser, infrared 
chemiluminescence techniques. The potential of such 
methods for learning more about combustion and explo
sion phenomena is readilyapparedt, and virtually unex
plored. 

IV. DISCUSSION AND CONCLUSION 

The dynamical picture of the CI+ HzS reaction (1) ap
pears to have many similarities to other A+ BCD type 

reactions. 1 Trajectory studies for this class of reac
tions predict a high degree of vibrational excitation will 
be retained in the newly formed AB bond if the energy re
lease occurs on an attractive energy surface. 1 The bond 
order of the CD fragment rarely changes significantly, 
thus the CD molecule is almost completely unperturbed 
by the reactive event. Our experimental results indi
cate excitation predominantly in the newly formed HCl 
product of the CI+ HzS reaction. No excitation was ob
served in the HS product. Although the experiment was 
unable to detect less than about 30% excitation in the HS 
fragment, the large extent of HCl(v = 1,2) production ob
served would appear to preclude a similarly large frac
tion of excitation in the HS. The rapid, 6 x 10-11 cm3 

molec-I sec-I rate constant for the CI+ HzS reaction also 
indicates a close Similarity to the reactions CI+ HBr and 
Cl+ HI. As in these reactions, 10.17 we expect the Cl+ HzS 
reactions to have little or no activation barrier and an 
initially attractive energy surface. In the model of Mei 
and Moore, 17 the Cl atom would attack the S atom in HaS 
first because of a strongly attractive potential. Within 
the time scale of the collision, one of the H atoms rotates 
around to then react with the CI and depart along the exit 
channel with the Cl. Secondary encounters between the 
HCI and HS fragments would appear unlikely, since these 
might favor redistribution of the vibrational excitation 
to the lower frequency HS fragment. 

The experimental chain reaction results indicate that 
the reaction (2) of HS with CIa is also rapid, even though 
nearly thermoneutral. This reaction provides the nec
essary step in propagating the chain reaction between 
Clz and HaS. A further series of atom-radical reactions, 
(3)- (5), appear to be excellent possibilities for impor
tant chain termination steps. Two of these reactions, 
(3) and (5), are expected to be rapid and may produce 
HCl in higher vibrational states as well. The chain re
action mechanism has not been explored in detail. How
ever, it is evident that the laser- initiated techniques de
scribed here can be used as a powerful means of sorting 
out the pertinent kinetic data in chain reaction events. 
Thus we expect the further development of these chain 
reaction experiments to provide valuable new methods 
to study combustion and explosion phenomena. 
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