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Reaction dynamics of CI +CH3;SH: Rotational and vibrational distributions
of HCI probed with time-resolved Fourier-transform spectroscopy
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Rotationally resolved infrared emission spectra of HGI(L—3) in the reaction of Ct CH;SH,
initiated with radiation from a laser at 308 nm, are detected with a step-scan Fourier-transform
spectrometer. Observed rotational temperature of HEW —3) decreases with duration of reaction
due to collisional quenching; a short extrapolation to time zero based on data in the range 0.25—-4.25
uS yields a nascent rotational temperature of 80 K. The rotational energy averaged for
HCl(v=1-3) is 8.2:0.9 kJmol '}, yielding a fraction of available energy going into rotation of
HCI, (f,)=0.10+0.01, nearly identical to that of the reactiorHl,S. Observed temporal profiles

of the vibrational population of HCli(=1-3) are fitted with a kinetic model of formation and
quenching of HCIp=1-3) to yield a branching rati®68=5):(25+4):(7+1) for formation of
HCl(v=1):(v=2):(v=23) from the title reaction and its thermal rate coefficiepi=(2.9+0.7)

x 10" cm® molecule 's™1. Considering possible estimates of the vibrational population of
HCIl(v=0) based on various surprisal analyses, we report an average vibrational energy 36
kdmol ! for HCI. The fraction of available energy going into vibration of HCI(i§,)=0.45
+0.08, significantly greater than a valé,)=0.33+0.06 determined previously for €IH,S.
Reaction dynamics of GIH,S and Cl CH;SH are compared; the adduct €HCI)H is likely

more transitory than the adduct8ICl. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1634558

I. INTRODUCTION reported distributions of rotational energies of HX typically
have large uncertainties.
The energy disposal into HXX=F,CI,Br) from reac- In previous work® we employed step-scan time-resolved

tions of halogen atoms with hydrogen-containing specie$-ourier-transform spectroscogyR-FTS to investigate the
maintains interest because these reactions generate vibmgaction

tionally excited HX products? In these reactions, the newly

form_ed H-X bond carries most _of the vibrational excitation,  c|+H,S—HCI(v,J)+HS, 1)
leaving the other product vibrationally cold.

Typical experiments for studying internal energies of HX
are performed either with a fast-flow reactor with a cold-
wall flow reactor using the arrested-relaxation technitjge.
conventional Fourier-transform infraréBTIR) spectrometer

and derived a nascent rotational distribution of HCI product
by a small extrapolation from results determined 0.5-4s0
after initiation of the reaction with a laser. Our results show

. ) rotational energy of 8:81.5 kJ mol'* HCI, much greater
replaces previously employed monochromator or mfraretﬁ]an a value 4.5 kJmot reported previously using the ar-

(IR) interference filters to provide improved sensitivity andrested relaxation methddThe fraction of available energy
spectral resolution, but the temporal resolution has been typboing into rotation of HCI isf.=0.12+0.02. With added
: ; > =0. .02.

cally in the ms range. In these experiments of bimoleculaiy rier gas to facilitate rotational thermal equilibrium, the
reactions, rotational quenching is generally non-negligible S@emporal evolution of vibrational populations of HG)( re-
that direct detection of products in their nascent rotationalgrded with TR-FTS provides information on rates of forma-
distribution is difficult. Observed rotational distributions tjon and quenching of HCH), hence the vibrational distri-
typically contain substantial low-J components due topytion of the HCI product. A branching ratio of 0.48.01
quenching; hence the nascent rotational distribution was dgpr formation of HClp=2)/HCl(v=1) was determined;
rived by assuming a Boltzmann distribution and transform-combining an estimate of the vibrational population of
ing the observed distribution to the high-J envelope to cortCl(v=0) based on a surprisal analysis of previous inves-
rect for quenching effects.Because of such a limitation, tigations on the reaction €ID,S2 we reported an average
vibrational energy of 234 kJ mol* for HCI. The fractions

Author to whom correspondence should be addressed. Electronic maif a@vailable energy going into vibration of HCI if,)
yplee@mx.nthu.edu.tw; Fax: 886-3-5722892. =0.33+0.06.
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According to chemical dynamics of the reaction typell. EXPERIMENTS
X+HY with a heavy-light-heavy mass relationsfiphe The apparatus employed to obtain time-resolved IR

fractions of available energy transforming into vibrational . . . .
: ; . emission spectra has been described previously; only a
and rotational energies of HXf,) and (f,), respectively, . o :
brief summary is given here. The photolysis beam from a

should be nearly independent of Y. On the other hand, i eCl laser (308 nm, 41 Hz repetition ratewith a fluence
available energy were statistically distributed, Y of a mMOre o 13 eni2 was er’nployed to photodissociateG, to pro-
complex structure would compete successfully for €NCT9%uce CI atoms to initiate the reaction. Emission of reaction

leading to HX with less interal energy. In or(_JIer to und.er'products were collected with a Welsh cell and detected with
stand the effect of the structure of Y on reaction dynamics . . .
we extend investigation of reactidf) to the reaction a step-scan Fou_rler-transform IR spectrometer eqmp_ped V\_”th
a Cak, beamsplitter and an InSb detector. The transient sig-
Cl+ CH3SH—HCl(v,J) + CHsS(v,J). (2a  hal of the InSb detectofrisetime 0.22us) was amplified
(bandwidth 1 MHz before being digitized with either an
Dill and Heydtmann employed the arrested relaxationinternal digitizer(16-bit digitizing resolution, Sus temporal
method to observe IR chemiluminescence of HCI from reacresolution or an external data-acquisition bodf®-bit digi-
tions (1) and(2a) with a FTIR spectrometer; Cl atoms were tizing resolution, 25 ns temporal resolutjoifo decrease the
produced from microwave-discharged,Cl They observed duration of data acquisition, a filter passing 2010—-3310%tm
for reaction(1) emission from only HCl¢=1) with a rota- for detection of HCI was used to facilitate undersampling of
tional distribution peaked neal’ =4, but for reaction(2a)  interferograms. At each scan step data were typically aver-
emission from HCIp =1 and 2 with rotational distributions aged over 60 laser pulses; 6450 scan steps were performed to
peaked atl’=2 and 1, respectively. For reactig@a), they vyield an interferogram resulting in a spectrum of resolution
reported a rotational energy of 5.3 kJmbland a ratio of 0.5 cmi L.
vibrational distributions 0.10:0.90 for HGIE2):HCl(v Typical flow rates and partial pressures are 0.07-0.24
=1), corresponding to an average vibrational energy of 38.3TP cnis * and 0.022—-0.075 Torr for C}$H, 0.22—0.45
kJmol ! if the population of HCIp=0) is assumed to be STPcnis *and 0.070—0.142 Torr for,El,, and 0.32—4.14
negligible. The internal energy of the G8l product was un- STP cnis * and 0.10-1.30 Torr for Ar; STP implies a stan-
investigated. dard temperature of 273 K and pressure of 1 atn(@gott
Nesbitt and Leon® detected IR chemiluminescence of Specialty Gases, 99.9995%nd CHSH (AGA Specialty
HCI to determine the rate coefficienk,,=(1.820.4) Gases, 99.5% were used without purification. ,Sl,
x 10 Pcm*molecule 's™! for reaction (2a); they used (Riedel-de Hae, 99% was degassed at 180 K before use.
S,Cl, as a source of Cl and initiated the reaction with laser
irradiation at 300 nm. More recent measurements on the ra
coefficient of reaction(2a) range from 1.X10 ° to 2.0 fi. REsuLTS AND pISCUSSION

x 10" *cm® molecule * s1.1112 Nesbitt and Leon® used We employed $Cl, rather than Gl as a source of Cl
also C} as a source of Cl and observed a chain reaction witlatoms because GI3 reacts with Gl to propagate chain
a length smaller than that expected for reacti@a), fol-  reactions:®*® Photodissociation of &I, in a molecular
lowed by beam at 308 nm has been extensively investigated with frag-
mentation translational spectroscdpyAs discussed previ-
CH;S+ Cl,— CH;SCH-ClI. (3 ously, the average translational energy of Cl atoms immedi-

ately after photolysis at 308 nm is 64 kJmyl yielding
an average collisional energy of 38 kJmblbetween ClI
Cl+ CHySH— HCl+ CH,SH, (2p) and CHSH. At a pressure of 0.32 Torr, there are more
than 12 collisions within 1us; hence most Cl atoms are
and later determined the rate coefficient to kg=(4.3 thermalized within 1us. At 0 K reactiong2a and(2b) have
+1.0)x 10" *2cm® molecule * s~ 1.1 Nicovich et al. inves-  enthalpies of reactionAH =—68.2kJmol* and AH°
tigated reaction(2) using CLCO as a source of Cl; they =-—42.0kJmol?, respectively, derived from enthalpies of
reported a small negative temperature dependenkg afid  formation (in kJmol'Y) of Cl (119.62,*® CH,SH
found no kinetic isotope effect when they replaced;6H  (—12.12) 1 CH;S (131.42)%° CH,SH (157.59)?* and HCI
with CD5SD, indicating that formation of an energized ad- (—92.13.2® Hence the available energies for reactid@s)
duct is rate determinind Although both reactiongl) and  and(2b) at 298 K are~79.4 and 53.2 kJ mof, respectively,
(2a) have small negative activation energy, only the formerafter taking into account translational and rotational energies
shows a substantial kinetic deuterium-isotope effetience  of Cl and CHSH; theoretical calculations predict no barrier
reaction mechanisms of these two reactions might be differfor reaction(2a).22 An available energy used for reactic?g)
ent. Comparison of internal state distributions of reactionin previous work was 75 kJ mot.’
products from these reactions might provide further informa-  Parket al. used tunable infrared diode laser to probe the
tion on the details of their reaction mechanism. transition CIEP,,,) — CI(?P5,,) and reported that the relative
Here we report measurements of internal-energy distriyield of CI(?P;,) is 0.48+0.06 from photolysis of &, at
butions of HCI produced from reactiof2a) by means of 308 nm?3 The rate coefficient of quenching of €R,,,) by
TR-FTS in emission mode and compare with those deterAr is small?* (3.0+1.0)x 10 *cm®molecule *s™%, but
mined for HCI from reactior(1).® that by SCI, is much larger. Based on the data of Park

They also proposed a possible involvement of the reaction
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FIG. 1. Infrared emission spectra of HCI in spectral region 2400—3200' aecorded after irradiation of a flowing mixture of,&, (0.142 Torr),
CH,SH (0.075 Torr), and Af0.102 Tory with a XeCl excimer laser at 308 nm. Spectral resolution is 0.5%®0 laser pulses were averaged at each scan
step.(A) 0.25—0.75us; (B) 0.75-1.25us, (C) 1.25-1.75us, and(D) 0.25—-6.25us after laser irradiation. Assignments are shown as stick diagtdmsjues

are listed in parentheses.

et al,?® with 10 mTorr of SCl, and 1.99 Torr of Ar in the vibration-rotational lines in theP branch, as described
system, 90% of CHP;,) is quenched within 75us after  previously’ Representative semilogarithmic plots of
production. In our experiments we employed 142 mTorr ofP,(J')/(23'+1) versus J'(J'+1) for HCl(v=1) are
S,Cl,; hence most CRP,,,) is expected to be thermalized shown in Fig. 2. Data of overlapped lin&(J') for v=1,
within 5 us. J'=3,4,6,10, 11, and 13, are not shown. Fitted Boltzmann-
By decreasing the pressure of the reagent as much dgpe rotational distributions yield rotational temperatures
possible while maintaining a satisfactory ratio of signal t01110+90 K (0.25-0.75us), 110070 K (0.75-1.25us),
noise, we recorded emission of HCI with a fast external digi-
tizer at 25-ns resolution, followed by averaging every 20
consecutive time-resolved spectra to yield spectra with tem- 1
poral resolution of 0.54s; a nascent rotational population of

. . e t=025075ps,T,=1110K
HCI was subsequently derived by short extrapolatiort to 0] m t=075-125ps, T, = 1100 K
=0 based on observed population. To determine the vibra- » v Bﬁlﬁgﬂgfﬁ’a = 990K
tional distribution of HCI, we added about 1.3 Torr of Ar to ™~ .. T, =300 K

thermalize the rotational distribution and used an internal I Te. @ — T,=1270K
16-bit digitizer at Sus resolution to obtain temporal profiles ]
of HCI(v) up to 500us after initiation of reaction. Under
experimental conditionst&5 us) for measurements of ro-
tational distribution of HCI, the presence of excessive
CI(?P4;,) might have a small effect on the rotational distri-
bution, whereas for measurements of vibrational distribu-
tions (t=5 us), CI?P,,) and CIP,,) are thermalized.

In[P (J)/(2J'+1)]

A. Nascent rotational distribution of HCl  (v)

Figure 1 shows emission spectra of HCI recorded 0.25—
0.75, 0.75-1.25, 1.25-1.75, and 0.25—6.&5after photoly-
sis of a flowing mixture containing ,&l, (0.142 Torr),
CH;SH (0.075 Torr), and Af0.102 Tory at a spectral reso-
lution of 0.5 cm L. Assignments based on spectral param- . ~
eters reported by Arunanet al.z_5 and Coxon and 0 50 w00 150 200 250
Roychowdhur$® are shown as stick diagrams; notations .
P(J") andR(J") are used. Trace C of Fig. 1 shows emission JJ+H)
of HCI(v=1) with rotational levels]’ up to 16 and weak Fig. 2. semilogarithmic plots of relative rotational populations of HCI(
emission of HCIg=2 and 3 with J’ up to 14 and 10, re- =1) after irradiation of a flowing mixture of &I, (0.142 Torr),
spectively, but at shorter timesuch as traces A and)Bhe ~ CHsSH (0.075 Torr), and Af0.102 Tory with a XeCl excimer laser at 308

: : : ' nm. (A) 0.25-0.75us; (B) 0.75-1.25us, and(C) 1.25—1.75us after laser
poorer S|gnal to noise ratio allows measurements Oﬁp o irradiation; data reported by Dill and Heydtmé&Ref. 7; symbolO) are

only 151_ 12, and 8 for HCl(_: 1-3), r.especfciyely. Arelative  inciuded for comparison. Solid lines represent least-squares fits. For traces
populationP,(J’) was derived from intensities of observed (B)-(D) the y-axes are displaced vertically for clarity.
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TABLE I. Rotational temperatureT(), rotational energyk,), and nascent rotational ener@‘r’o of HCI(v)
produced from Ct CH;SH in various reaction periods.

P=0.32 Torr P=0.81 Torr

Time/us T /K 2,P,()3 E(v) E(v)® T, /K =;P,(J)? El(v) E(u)°
HCI(v=1) E’=8.9+0.4kJmol!

0.25-0.75 1116 90 2933 8.+0.7 84 107& 60 2792 7.90.5 85
0.75-1.25 1108 70 4691 8.600.6 8.3 105& 60 4367 7.90.5 86
1.25-1.75 99& 70 5942 7806 91  926- 90 4907 7.40.8 9.3
1.75-2.25 928 60 6625 7.405 93 89 40 5712 6.90.5 8.9
2.25-2.75 898 40 7197 7.602 89 846 30 6686 6805 9.2
HCI(v=2) E’=7.1+0.5kI mor?

0.25-0.75 108&110 1011 6.660.7 6.3 1026:210 960 6.61.4 6.8
0.75-1.25 104150 1381 5810 6.4 1016140 1210 6.+1.0 6.9
1.25-1.75 99&110 1606 5408 62 87- 80 1390 5706 7.5
1.75-2.25 856 80 1815 5506 6.6 850-110 1765 5.30.8 7.2
2.25-2.75 88& 30 1823 5802 7.5 79& 40 2077 5406 7.7
HCl(v=3) E%=4.5+0.4 kJ mol'*

0.25-0.75 1108180 207 3.905 4.0 1048200 173 3210 35
0.75-1.25 106f:170 232 3.605 3.9 976150 212 3708 4.3
1.25-1.75 968160 272 3.606 4.2  90@140 215 3.406 43
1.75-2.25 916 90 294 3.803 48 85100 255 3.7#0.6 4.9
2.25-275 88% 70 308 3203 48  79& 80 354 3.609 52

P, (J) =(relative integrated emittangf(instrumental response facjdiEinstein coefficient; arbitrary unit.
bEO=E, X (TYUT,); T=1150+80 K.

and 990-70 K (1.25-1.75us) for HCI(v=1); unless oth- similar; an average vaIuTt-S?: 1145+ 30K is thus obtained.
erwise noted, the uncertainties represent one standard devi@ensidering possible errors, we repdft= 1150+ 80 K.

tion in fitting. Also shown in Fig. 2 is the rotational distribu- Average rotational energiés for HCl(v=1-3) are de-
tion of HCI(v=1) reported by Dill and Heydtmanhtheir  rived on summing a product of level energy and normalized
results contain two distributions corresponding to temperapopulation P,(J) for all observed rotational level in each
tures ~300 K and ~1270 K, with the highJ component vibrational state; for overlapped lines, the populations are
having a temperature similar to our measurements. Emissiogstimated with interpolation based on Boltzmann plots such
lines associated with HGi(=2,3) are treated similarly to as the ones in Fig. 2. Nascent average rotational enelEgSies
derive corresponding rotational temperatures; results arere derived on multiplying experimental rotational energies
summarized in Table I. Overlapp&{J’) lines arel’ =4, 5,

6, and 11 forv =2, andJ’' =4, 6, and 7 forw = 3.

Rotational distribution of HCI produced via chanri2b)
has little effect on our measurements because its rate coeffi-
cient is<3% of that of reactiori2a). Under our experimental
conditions for measurements of rotational distribution of
HCI, with a reaction duration of less than /s, nearly all
HCIl is produced from reactio(2a).

Derived rotational temperatures of HGK 1) as a func- ]
tion of reaction periods are shown in Fig. 3 for two total 1000 -
pressure$0.32 and 0.81 Tojr The rotational temperature is f
smaller at a greater pressure or for a larger reaction period =~ .
because of quenching. We fitted all data to an exponential 1
decay 1

] e 320 mTorr
1200 — _ u 810 mTorr
regression fitting

T, =298+ (T°— 298 exp —kt) (4) 1

in which T? is the nascent rotational temperature &nig a 1
decay coefficient that varies linearly with pressure. Values 1
T9=1180+20 and 115820 K were derived for HCK 600 T T T
=1) in experiments with pressures of 0.32 and 0.81 Torr, 0 1 2 3 4
respectively. Similarly, value§?=1l40t010 and 1116:30 Time / s

K were derived for HClp=2), and T;=1170+20 and - . B .
1120+10 K for HCI(v=3) in experiments at pressures 0.32 of penod afto tadiaton: sald Ines represent loast.squmes fts o(e
and 0.81 Torr, respectively. All rotational temperatures aresee text.
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FIG. 4. Infrared emission spectra of HCI in spectral region 2400—3200 cetorded at 16.9s (A) and 201.9us (B) after photolysis of a flowing mixture
of S,Cl, (0.072 Torr), CHSH (0.022 Torr), and Af1.29 Tor) with a XeCl excimer laser at 308 nm. Spectral resolution is 1.0%1®0 laser pulses were
averaged at each scan step. Assignments are shown as stick diagrams.

E, at each interval by a correction fact'ﬁP/T,. As Table I HCI(v=1-3) obtained upon photolysis of the flowing mix-
shows, this small correction for quenching yields consistenture yielding spectra in Fig. 4. We employed a commercial
nascent average rotational energies. We average values listeihetic modeling programfacsiMILE (Ref. 27 to fit all three
in Table | to obtainEy(v)=8.9+0.4, 7.1-0.5, and 4.50.4  temporal profiles collectively according to a model contain-
kJ mol ! for v =1-3, respectively; the decreaseEﬁ(v) as  ing the following reactions:
v increases is because less rotational levels were observed.

Cl+ CH3SH—HCI(v=1) + CH;3S,

An averaged nascent rotational energ;E?=8.2

.iO.QOkJ morl' for HC'(U:1'—3) .vvas.derived on multiply- rate=kb,[Cl], branching y;, (5)

ing E; (v) by its corresponding vibrational population, to be

discussed later. The only previous reporof E, Cl+ CH3SH—HCl(v=2) + CH3S,

=5.3kJmol ! is about 65% of our value. =K ch b hi 6
The highest rotational level J(=8) observed for rate=Kka,[Cl], branching y,, )

HCI(v =3) lies 9024 cm* above the ground state. With the Cl+ CH3SH— HCl(v=3) + CH;,S,

same energyJ' =24 and 17 of HClp=1) and HCIlp | _

=2), respectively, might be populated. The absence of rate=ky,[Cl], branching s, (7)

higher levels in the spectra might reflect limited detectivity.
If we assume a Boltzman distribution and associate extrapo-
lated population with unobserved lines for=1 and 2, we
derive average rotational energiE§(v=1)=9.6i 0.3 and
E?(u=2)=8.7t 0.4kJmol'l. The average rotational en-
ergy of HClp=1-3), E’=9.1+0.9kJmol %, should be
considered as an upper limit.

100

B. Vibrational distribution and rate coefficient

Experiments were carried out with flowing gaseous
mixtures containing sCl, (~0.070 Torr), CHSH (0.022—
0.042 Torr), and Af~1.3 Torp; HCI emission was recorded
at 5-us intervals. Figure 4 shows emission spectra of HCI at
a spectral resolution of 1.0 cmrecorded at 16.9 and 201.9
us after photolysis of a flowing mixture containing
S,Cl, (0.072 Torr), CHSH (0.022 Torr), and Af1.29 Tor».

The signal to noise ratios of these spectra are superior to
those recorded for rotational distribution measurements be-
cause a 16-bit ADC was used and because more HCl was

Relative population

produced at a later reaction period. We confirmed a nearly 0 100 300 400
thermal(~350+50 K at 5us) distribution for rotation under
these experimental conditions. We averaged results from se- Time / us

lective rovibrationalP(J") lines to yield relative vibrational

populrations;\]’ =2,4-8forv=1,0"'=2-4,7,8f00=2, e ofSCl,(0.072 Torr), CHSH (0.022 Torr), and A(L.29 Torp with
andJ’'=1, 2, 5 forv =3 were selected. a XeCl excimer laser at 308 nnD, HCI(v=1); O, HClv=2); ¢,
Figure 5 shows representative temporal profiles ofHCI(v=3).

FIG. 5. Temporal profiles of HCI() recorded after photolysis of a flowing
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TABLE Il. Experimental conditions and fitted rate coefficients and branching ratios for the reacttcd@HgEH— HCl(v,J) + CH5S.

Expt. No. 1 2 3 4 5 6

Pc,sn/mTorr 22 25 29 35 39 42

Ps,ci,/mTorr 72 68 70 69 68 71

P, /mTorr 1290 1320 1300 1280 1320 1310

Laser fluence/mJ cnf 77 80 79 78 79 80

% S,Cl, photolyzed 3.0 3.1 3.1 3.0 3.1 3.1

Kq1/10*s™% 0.80+0.02 1.09-0.03 1.310.02 1.58-0.07 1.63-0.04 1.59-0.05

kg2/10*s7? 1.29+0.09 1.55-0.10 1.82-0.12 2.22-0.19 2.64-0.10 2.92-0.23

kqa/10*s™? 3.7+0.9 5.2+1.4 7.651.3 6.8-2.9 7.7:3.3 8.2+3.4

Kpo/10¢s72 10.8+0.8 12.6-1.8 25.0:3.2 28.8:3.8 40.0:4.3 40.2:4.1

100y, /(y1+ Y2t 73) 66+4 66+5 69+9 68+5 70+5 71+6

100y, /(y1+ Y2+ v3) 27+3 26+3 26+3 25+3 23+4 22+3
Cl+CH;SH—HCI(v=1)+CH,SH, rate=ky,[ClI], in which f, is the ratio of the vibrational energy of HCI to

(2b)  the total available energy, we used a surprisal analysis with a
model to estimate the vibrational distribution of HZ# 0)
HCl(v=3)—HCl(v=2), rate=kg[HCI(v=3)], (8  for reaction(2a from the observed distribution of HGI(

d yield a distribution of HClg=0):(v=1):(v=2):(v =3)

HCI(v=1)—HCl(v=0), rate=kq[HCl(v=1)], =(13%2):(59+2):(22*+3):(6*=1). The distribution yields
(100 an average vibrational energy of 4%2.0 kJmol L.
in which k|2a: Koo X[ CHsSH] and k'2b=k2b><[CH3SH] are Hossen_loppet al® used time-resolved infrared diode la-
pseudo-first-order rate coefficients, akg—kqs are rate co- Eg;absorptlon spectra to probe DCI produced from the reac-

efficients of vibrational quenching. Reacti@b) is exother-
mic to populate only HCi{<1). We found that if reaction Cl+D,S—DCl(v,J)+DS(v,J) (12
(2b) were not included in the model, satisfactory fitting for
the temporal profile of HCl{=1) could not be obtained.
Typically we fit the later portion of temporal profiles
with a single exponential decay to derive estimates o
kq1—Kqs, followed by fitting all temporal profiles collec-
tively with the above model by keeping<'2b=4.3
X 10 *2cm®* molecule 's™! and estimatedy; —kq3 invari-
ant to derive estimates pCl], (relative valug, k'Za, volyq,
and y3/y,. All parameters excepk'2b were further opti-
mized to provide the best fit. Values k’ga, vil(y1+ ¥2
+v3), Y2/(y1+ v2+ v3), andkqi—Kgs thus derived under
various experimental conditions are listed in Table II; we
report an averaged ratig/;:y,:y3=(68x5):(2514):(7
+1), corresponding to the branchifiglCl(v=1)]:[HCl(v

and determined a vibrational distribution of DK 0): (v
=1):(v=2)=(33=7):(56+7):(11+3). If we assume that
he dynamics of reactiond), (2a), and(12) are similar and
ave similar surprisal plots with the cold-DS modassum-
ing that available energy does not distribute into vibration of
DS), we derive a ratio[ HCI(v=0)]/[HClI(v=1)]=0.75
which yields a vibrational distribution of HGl=0):(v
=1): (v=2): (v=3)=(34%+2): (45+2): (17+3): (4% 1);
an average vibrational energy of 3%2.0 kJ mol ! for HCI
is thus derived.
The population of HClg=0) is clearly critical to the

determination of average vibrational energy of HCI, but we
are unable to obtain this information with the TR-FTS tech-

=2)]:[HCI(v=3)]. Our observed distribution corresponds hique. Results from the last two estimates[ piCl(v=0)]

to a vibrational temperature greater than that reported by D"\?/zlrl\:gsaz éc(;slil]brlr?orralniisoirisgfn;?:evjir:ﬁ t";‘]‘ée;"’r‘foer I(|):n|tth ese
and Heydtmann withHCl(v=1)]:[HCl(v=2)]=9:1/ ' ' ’

There is no information on the relative population of covering both values.
HCl(v=0). Dill and Heydtmanh assumed thafHCI(v

=0)]=0 and derived an average vibrational energy of 38C. Transition state and reaction dynamics
kJmol %, corresponding to a fraction of available enef@$  of Cl+CHsSH and Cl+H,S

kJ mol * used by themgoing into the vibration of HCI to be With the B3LYP/aug-cc-pvTZ density-functional

A average vibrational energy of 474 b3 rlabout 25% (NEOTV™2 USing heGAUSSIAN oa program we performed
9 9y ' calculations to locate structures of a transition s{@ig1)

greater than the previous report. However, we think that thisand an adduct CES(CI)H with Cl attaching to the S atom
isg;Jmpnon likely underestimates the population of HCI( for the reaction CtCH3;SH. Geometries of the adduct and
Assuming that available energy does not distribute intoT.Sl’ gnd displacement vectors corres_pondin.g to imaginary
vibration of CHS so that the reaction is similar to ClI vibrational wave nu_mbgrs of TS1 pred!gted with the B3LYP
1 H,S, and a prior function method are shown in Fig. 6. The transition state has a H—CI
’ bond length of 1.675 A, smaller than a value of 1.72 A

PO(f,)=(1—f,)%2(1—f,)%, (11)  previously reported by Wilson and Hir&,who employed
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(A) i Cl+ CH3SH TS1 (A)
109.950 97.72 66 40 0 — -7.2
1099 (97.0°) @ P

118.4°%
1.345 C
(1.33)

g
3

1.086 1.821 g4 544 2.644 118.3° -‘
(1.09) (1.8) ) P (2.61) dihedral angle : ‘
(91.7 3 ZH-S-C-H=-66.4(-52.1) J A?“ \
adduct 6 HCl + CH3S
: -60.6
(B) transition state for H-abstraction TS2 (B)
11.3
1815 C | + H ZS :—|
107.41° (1.80) (11'4126) 0 ‘ i
(107.1°) ‘ '
: . 1.675 \
1.087 WL g 9743 (1.72) ;
(1.09) (96.3) o 3 dihedral angle: R
1.088 138.56 ZClI-H-S-C=-83.10(-83.7) Adduct2 |
(1.09) 122.6° -33.4 —
( ) HCl+ HS
-46.4

MP4/6-311++G (3df,2p)//B3LYP/aug-cc-pVTZ

(C) FIG. 7. Potential energiegn kJ mol %) for reactions Ck CH;SH (A) and
") b Cl+H,S (B) calculated with MP4/6-31% +G(3df,2p)//B3LYP/
¥ * 1.1° aug-cc-pVTZ.

769.5i cm™ combination is a major factor in determining the internal
energies of HCI. The large internal energy of the product
FIG. 6. Qeometry of addudtr) and trgnsition statéB) and'its asspciated HCIl is consistent with rapid motion of the reacting H atom,
vector displacementéC) for the reaction CtCH;SH predicted with the . . . . . .
B3LYP/aug-cc-pVTZ method. Displacement vectors corresponding toWhICh leaves without Interacting with the remainder of the
imaginary wave numbers are shown with a solid arrow. Bond lengths havéadical fragment CES. Our observation is consistent with
unit of A. Results from Wilson and Hir¢Ref. 22 are listed in parentheses. such a model. With an available energy of 79 kJ Tﬁpthe
fraction of energy that leads to rotational energf,), is
0.10+0.02. This value is nearly identical to that determined
the MPZfull)/6-311G* method to predict the transition for the reaction between &IH,S, indicating perhaps a simi-
structure. Their reported molecular parameters are listed pafar kinematic constraint in both reactiofisAs in the case of
enthetically in Fig. 6 for comparison. The angle of-€lI-S, CI+H,S, the modified impulse model failed to predict the
138.6°, predicted in this work is greater than a value 122.6totational energy of HCI produced from €ICH;SH. The
predicted previously. The displacement vector for motion ofsmall value ofa=1.1° calculated for the vector of reaction
the reacting H atom in the reaction coordinate is only 1.1%oordinate for TS1 implies little rotational energy for HCI
from the H—CI band. The adduct has an S—CI bond lengtlirom reaction(2a), in contrast to the experimental observa-
2.644 A, slightly greater than a previously reported value oftion. The impulse model also fails if we assume that the
2.61 A?2 Predicted vibrational wave numbers are 37.9,impulse is exerted along the H—S bond of the TS1; according
115.1, 223.6, 698.2, 820.3, 933.6, 1035.2 1323.7, 1346.Qp Eq.(10) in Ref. 6, the torque angle af=41.4° yields a
1459.7, 1463.4, 3051.7, 3132.6, 3147.5, and 7605 * for  rotational energy~33 kJmol ! for HCI.
TS1 and 103.3, 139.4, 230.6, 410.0, 692.0, 794.8, 962.9, Kinetic measurements on reacti¢@a showing the ab-
1096.8, 1351.5, 1466.0, 1473.2, 2683.2, 3061.6, 3149.4ence of a deuterium kinetic isotope effééndicate that the
3164.9 cm? for CH;S(CI)H. formation of the adduct is rate-determining and the adduct
Rate coefficients of both reactions ©H,S and CI further undergoes rapid reaction to form products. If an ad-
+ CH3SH show a small negative temperature depend&nce,duct CHS(CHH is formed initially, rearrangement of the ad-
indicating that these reactions proceed via adduct formatiorduct to form CHS and HCI is expected to provide greater
Energies calculated for both reactions with MP4/6-8311 rotational excitation of HCI than direct abstraction. As a
+G(3df,2p) at geometries optimized with B3LYP/aug-cc- large fraction of available energy is deposited into HCI, we
pVTZ are shown in Fig. 7. Calculated exothermicity-861  however expect such an adduct to be ephemeral so that sub-
and —46 kJ mol ! for reactions(2a) and (1) at 0 K, respec- stantial redistribution of energy does not occur.

tively, are slightly smaller than experimental values-¢68 In contrast, even though the rate coefficient of the reac-
and —58 kJ mol L. At this level of calculation, we could not tion Cl+H,S also has a small negative temperature depen-
locate transition states for the direct abstraction path. dence, it exhibits a substantial kinetic isotope effect with rate

We expect that the kinematic effect of the-EBl-Smass  coefficient decreasing by a factor of 2 whep®replaces
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H,S.! To explain this effect, Nicoviclet al. suggested that 0.45

dissociation of the energized adduct back to reactants com-

petes successfully with the H-transfer reaction; whess D 0.40 1

replaces HS the rate of the reactive path slows down con- 0.35 4

siderably, whereas the dissociation rate of energized adduct |

changes little. Our calculations showing FSP1 kJ mol'? - 0.30 -

above the energy of 6IH,S and TS*7 kJ mol ! below the NG '

energy of C CH;SH are consistent with this model. S o025
With an available energy of 79 kJ md| the fraction of —

energy that produces vibrational excitation of HCI{i,) X 020 |

=0.45+0.08, greater than a value ¢f,)=0.33+0.06 re-

ported for reactior(1);% the error limits barely overlap. That 0.15 1

reaction of Cl with CHSH produces more vibrational exci-

tation of HCI than that from the reaction of Cl with,B does 0.10 -

not conform to a statistical model because;SH has many

more internal degrees of freedom and is hence expected to 0.05 1

retain most available energy if the energy were distributed o0 b~

statistically. Our observation of a greater value{6f) for
reaction(2a) is consistent with the model in which the ad-
duct in reaction(2a) is more transitory than that in reaction

(1); energy redistribution |slless_ facile in reactl(ﬁa), h,ence. FIG. 8. Plot of pseudo-first-order rate coefficieldga as a function of
the other fragment C4$ gains little energy. As described in [ch,sH); the solid line represents least-squares fitting of data to(E).
the previous paragraph, our calculations also support that
TS1 is more transitory than TS2. Another aspect about the
enhanced vibrational excitation of HCI in the reaction ClI
+ CH,SH is that the distance between H and Cl in the trangreater than values (1.1-210 °cm®molecule ts™?!
sition state, predicted to be 1.675 A, is greater than the valueeported previousl{’~*?but with overlapping error limits.
1.619 A predicted for the reaction €H,S; the former de-
viates more from HCI in its equilibrium structure and is ex-
pected to be associated with greater vibrational excitation.
To provide more detailed information on this reaction
and to compare with experimental results, further theoretical Rotationally resolved infrared emission of HEI(
gtudies on '_the potential energy surfaces and associated reac- _ 3) is observed with a step-scan Fourier-transform spec-
tion dynamics are needed. trometer in laser-initiated reaction of €CH;SH. The aver-
age rotational energy and its fraction of partition derived in
this work, E,=8.2+0.9kJmol ! and(f,)=0.10+0.01, are
D. Rate coefficient of CI +CH;SH—HCI+CH,S much greater than in a previous report, but nearly identical to
] o ) ) our previous determination for the reaction oftCGH,S. The
Pseudo-first-order rate (.:OfoICIEI"ﬂéa. derived with  gimilarity in rotational energies of HCI product from both
model fitting of temporal profiles of vibrational populations ¢4 ctions indicates that it might be kinematically constrained:
of HCl(v=1-3) are listed in Table ||| and plotted as a func- e siryctural complexity of the molecular reactant has little
tion of [CH3SH] in Fig. 8. Althoughky, may be derived by  gtfact on the rotational distribution of HCI produced from its
fitting the rise of the population of HCb(=3), model fitting  e4ction with CI. The observed vibrational distribution of
Wlth a!l data provides ratel cpefﬁments Wlth' less U”_C?”a'n'HCI, (v=1):(v=2):(v=3)=(68=5):(25=4):(7=1),
ties. Blmglecular rate coefficienks, were derived on fitting 5,4 an estimate off ,)=0.45+0.08 indicate more vibra-
an equation tional excitation of HCI than previously reported for this
kga: Ko, X [ CHsSH] + intercept. (13) _reac_tion _and also _for_the _reactior! ofﬂHZS. The qlifference_
in vibrational excitation is consistent with a difference in
A value of (2.93-0.13)x 10 °cm® molecule s ™! is de-  predicted H-CI bond distances in transition structures of
rived. When we fit the data with zero intercept in Efj3),  these reactions. The pronounced vibrational excitation is also
we derive ky,=(2.99+0.03)x 10 °cm® molecule *s 1. consistent with a more transitory adduct for the reaction Cl
Considering that errors de’Za in model fitting are~15% and  + CH3SH: kinetic isotope effects observed only for the re-
in measurements of flow rates and pressure-aB8 and action ChH,S but not for Ck CH;SH (Ref. 11) are consis-
1%, respectively, and that these experiments were not spéent with this picture. Potential energy of the transition state
cifically designed for accurate kinetic measurements so thaif the reaction G+ CH3;SH, but not of CiH,S, calculated
only a small range of CH;SH] was employed, we report a to be smaller than the initial energy of the reactants supports
rate coefficientk,,=(2.9+0.7)x10 cm®molecule *'s!  this model. Our time-resolved Fourier-transform spectra
for reaction(2a), with listed uncertainties representing esti- have demonstrated improved temporal resolution and detec-
mated errors. The value &f, derived in this work is slightly  tion sensitivity in determining internal-state distributions of

012 3456 7 8 91011121314
[CH,SH] / 10" molecule cm™

IV. CONCLUSION
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products from bimolecular reactions, especially in measuring?A. Mellouki, J. L. Jourdain, and G. Le Bras, Chem. Phys. L&#8 231

nascent rotational distributions that could previously not be

determined directly and accurately.
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