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Generated in the Photolysis of S@Qat 193.3 nm

Katsuyoshi Yamasaki,* Fumikazu Taketani, Kazuyuki Sugiura, and Ikuo Tokue
Department of Chemistry, Niigata Urarsity, Ikarashi, Niigata 950-2181, Japan

Kentaro Tsuchiya
National Institute of Adanced Industrial Science and Technology,
16-3 Onogawa Tsukuba Ibaraki 305-8569, Japan

Receied: Nawember 3, 2003; In Final Form: January 18, 2004

Rate coefficients for deactivation of SOX", » = 1-5) by collisions with S@ and nascent vibrational
populations inv = 0—2 in the photolysis of SPat 193.3 nm have been determined. A single vibrational
level of SO(XX") was detected with laser-induced fluorescence (LIF) excited via tRe-BX3Z~ system.
Time-dependent profiles of LIF signals were recorded as a function of the pressures Git$3@rved profiles
were analyzed by the integrated-profiles method and reproduced well by convolution calculations. Overall
rate coefficients for vibrational relaxation of Sy SO, have been determined to be (4£70.5) x 10712
(v=1),(6.7+0.4) x 102 (v =2), (7.2+ 0.7) x 102 (v = 3), (6.1+ 1.0) x 10 *? (v = 4), and (8.6+
0.7) x 1072 (v = 5) in units of cni molecule* s™* (the quoted errors ares® We have also found that 63%
of the vibrational deactivations ef= 2 by SQ are governed by double-quantum relaxation: #.0.9) x
10 2 cm?® molecule* s for y =2 — v =0 and (2.5 0.9) x 102 cm® molecule* st forv =2— v =

1. Ab initio calculations enable us to find two stable complexes:—OSO and S© S0, indicating that
attractive interactions play a significant role in the relaxation. The nascent vibrational distributions of SO
have been measured to be 0:62.1/0.75+ 0.1/1.0 forv = 0/1/2. The differences in vibrational distributions
reported by bulk and beam experiments are attributed to the difference in the temperature of parent SO

Introduction given clear evidence of inverted distributions over 0—2.

. . However, photofragments with high vibrational energies=(
bezzesiosrgdlclgl Qa;naygza?ﬁg;?foﬁgegtg]n% ”;?r% rssstzrr%r;e;?ll and 5) have too small kinetic energy to detect by the TOF
u ) play Imp e | ustion sy technique. Felder et &.have concluded that about 90% of SO
sulfur-containing compoundsSO is also a key species of

hemical followi hotodi ati £ 90th fragments are populated im= 1 and 2; on the other hand,
chemical processes Toflowing pnotodissociation ot € Kawasaki and Safdave reported relatively broad distributions
atmospheres of earflplanets’ and interstellar cloudsThere

N over v = 0—3 which are similar to those measured in bulk
have been several reports on the nascent vibrational energy

distributions of SO(XZ") generated in the photolysis of $O experiments by Kolbe and Leskovar,

at 193 nne~12 All the studies agree that vibrational distributions Therei have been_ few studies on vib.rational rglaxation of
peak at = 2 and that most of the SO is populated in the levels SO(Xz~). Kanamori et al. observed the time evolution of the

v < 2. There, however, have been unsolved discrepancies inPPulation in each vibrational level. They, however, did not
vibrational distributions and generation of high vibrational levels determine the rate coefficients of vibrational relaxation, because

v =4 and 5. rotational relaxation was not distinguished from vibrational
relaxation under their experimental conditions (a few tens of
mTorr). Kolbe and Leskovéralso recorded time-dependent
profiles of populations in vibrational levels. Diffusion loss was
too fast in their experiments<( 200 mTorr) to establish
quantitative results on vibrational relaxation, although their data

Kanamori et al. measured vibrational distributions by tunable
infrared diode-laser spectroscopy, reporting that there are a few
percent populations im = 5 in contrast to no population in
= 4. They have also found that rotational distributions differ
from thermal distributions and that higher rotational levels are '~ . . . .
pgpultatid ?:1 ?osvtvet:u\t/%r;t%nilt s?;teg. ?(0|%§t§n§ Leesigvire |nd|cgted that the vibrational rela_xat|on of= 2 in SO(5%)/
detected SO by millimeter-wave rotational spectroscopy and Ar mixture is faster than that of = 1. o o
reported that the relative populationof= 5 is about 2%. They, In the measurement of rate coefficients for vibrational

however, made no measurementof 4 and simply assumed relaxation, rotational motion must be thermalized sufficiently
no population iny = 4. In contrast to these studies, Chen et faster than that of vibration. Inert gases, for example, rare gases

all! have reported no populations in>= 3. They employed  @nd molecular nitrogen, at a few tens of Torr, must be introduced

the laser-induced fluorescence (LIF) technique to detect SO andt© & system to accelerate rotational relaxation exclusively. In
assigned observed peaks to the rovibrational transitions via theth® present study, we haves detected SQ(X v = 0-5) by
ASTT—-X3%~ system. Photofragment time-of-flight (TOF) mass LIF excited via the BE™—X%" system and recorded time-

translational spectroscopy employed by several gfotfgdhas ~ dependent profiles as a function of the pressures of i§@
buffer gas at 50 Torr of N We have analyzed the observed

* Corresponding author. Fax-81-25-262-7530. E-mail: yam@scux.sc. ~data by the integrated-profiles method coupled with convolution
niigata-u.ac.jp. calculation based on the linear response theory. This method
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TABLE 1: Excited and Observed Vibrational Bands of SO
in the B3~ —X3X~ System

excited observed
band excited rotational lide ey /nmP band  Agps/nM
0—0  P11(13)+ Ps3(13) 241.97 6-12 350.8
1-1  Py(15)+ P33(15) 24514 114 368.5
2—-2 R(14y 248.06 2-17 401.2
0—2  Pyy(15) + P33(15) 256.06 0-12 350.8
1-3  Ru(15) + Rs3(15) + Px(10) 259.14 14 368.5
2—-4  R(7Yf 262.58 2-17 401.2
2— R(14y 270.16 2-17 401.2

aThe labels of rotational lines are defined to Al;(N""), whereN
is the quantum number of total angular momentum apart from spin
and the subscriptisandj represent spin sublevels of upper and lower
states? Wavelengths in the aif. Spin sublevels are not assigned.

enables us to determine not only the rate coefficients for
vibrational relaxation of SO, » = 0—5) by collisions with
SO, but also nascent vibrational distributions immediately
following the photolysis. We present evidence that 63% of the
vibrational deactivations of = 2 by SQ are double-quantum
relaxation ¢ = 2 — v = 0) and discuss the mechanism of the
vibrational relaxation of SO(¥~) and photodissociation of
SO,

Experimental Section

The experimental apparatus has been described previbusly,
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Hel43.5 x 1071%(y» = 0) by Arf and 2.6x 1079 (v = 0) by
SQ,,8 in units of cn? molecule s™1. Rotational states are in
thermal equilibrium within at most 2 ns after the photolysis in
the present experiments. After rotational motion is thermalized
by collisions with a buffer gas, LIF intensity excited via a single
rotational line represents the time evolution of the population
in a vibrational level of interest.

The ASIT-X3Z" transitions of SO may appear over the nearly
identical wavelength range with theéB —X32~ systemt5-30
and fluorescence via the®—X3Z~ system was observed in
the present experiments. The intensity of théllA-X3X~
transition, however, was less than 3% in the total fluorescence,
which is consistent with relative absorption cross sectien
(ASIT — X327)/0(B3Z~ < X3%7) = 0.0274 Also, photoemis-
sion from SQ is negligible, because the photoabsorption cross
sections of S@at the excitation wavelengths & 250 nm), 1
x 10718 ¢ 143L.323re smaller than that of SO{B~ — X3X7)
by a factor of 2.5 x 10* which more than offsets the
concentration ratio [SE[SO] ~ 200 in the present study.

The flow rates of all the sample gases were controlled with
calibrated mass flow controllers (Tylan FC-260KZ and STEC
SEC-400 mark3) and mass flow sensors (KOFLOC 3810).
Linear flow velocity was 10 cm irrespective of buffer gas
pressures. Total pressure y(lKuffer) was monitored with a
capacitance manometer (Baratron 122A). The total pressure
measurement together with the mole fractions as measured by
the flow controllers gave the partial pressures of the reagents.

and specific features for the present study are given herg. SO 1o cylinders of S@3%)/N, and N (99.9999%) were delivered

(2—23 mTorr) in a buffer gas (Nat 50 + 0.5 Torr) was
introduced to a reaction cell and photolyzed at 193 nm with an
ArF excimer laser (Lambda Physik LEXtra50, 19 Hz) at 298
+ 2 K. Vibrational levels of SO(X=~, » = 0—5) were detected
by LIF with a N&*":YAG laser (Spectron SL803, 355 nm)

by Nihon-Sanso and used without further purification.

Results and Discussion

Laser-Induced Fluorescence Excitation Spectra of SO via

pumped frequency-doubled dye laser (Lambda Physik LPD3002the B3:~—X3X~ System.Figure la shows an LIF excitation

with a BBO | crystal). The vibrational transitions-0, »'—1,
V=2, =3, 2-4, and 2-5 bands, where/ = 0—2, in the
B3=~—X3Z~ system were excited with laser dyes: coumarin
480, LD 489, and coumarin 500. Fluorescence from SO(
was collected with a quartz len§ € 80 mm) through a UV
band-pass filter (Toshiba UV-D3Fmax = 76% at 350 nm, full
width at half-maximum (fwhm)= 90 nm) and focused on the
photocathode of a high-gain photomultiplier tube (PMT)

spectrum observed with a UV band-pass filter. Because the
vibrational constant of the 3~ state of SOwe' = 1150.695
cm 1, is two times larger than that ofB~, we = 622.5 cnr1;33
v'—v" bands appear close to' (+ 2)—(v" + 1) bands. The
heads of thed + 2)—(¢"" + 1) bands are located at shorter
wavelength than those of the'—" bands, and thus the
rotational lines of the/—2" bands always overlap with those
of the ¢ + 2)—(v"" + 1) bands. Though seemingly a single

(Hamamatsu R1104). When spectral congestion needed to béand, the spectrum shown in Figure 1la consists of twel(0
avoided, fluorescence was dispersed with a monochromatorand 2-2) vibrational bands. The rotational transitions of the

(JEOL JSG-125Sf = 125 cm, fwhm= 3 nm) and detected
with another photomultiplier tube (Hamamatsu R928). The

4—3 band overlap with those of the—2 band; however,
vibrational levels/ > 4 are nonfluorescent because of efficient

wavelengths of the monochromator were tuned to those of the predissociation by way of the3 state3334 To separate the

0—12 (350.8 nm), +14 (368.5 nm), and 217 (401.2 nm)
bands on excitation td =0, 1, and 2, respectively. Fortunately,

spectrum into the components, dispersed fluorescence via the
0—12 (350.8 nm) and217 (401.2 nm) bands was monitored.

the three vibrational bands have no overlap with other vibrational Figure 1, parts b and ¢, shows wavelength-resolved excitation
bands, which makes it possible to detect a single vibrational spectra of the 22 and G-1 bands, indicating that such action

level of SO(XZ"). Signals from the PMTs were averaged with

spectra are useful to detect a single vibrational level.

a gated integrator (Stanford SR-250, the sampling gate width The X2~ and BZ~ states of SO are classified as Hund’s
was 100 ns) and stored on a disk of a PC after A/D conversion case (b) in a good approximation, becauysg(2B) are 3.6

(Stanford SR-245).
To record the time profiles of dispersed LIF intensities of a

(X3=7) and 3.5 (B="),%® where 1 is a spin-spin coupling
constant and is a rotational constarif. Selection rules for

vibrational level, the wavelength of the probe laser was tuned rotational transitions in Hund'’s case (b) ak& = +1 andAJ
to rotational lines, and then time delays between the photolysis= 0, &1, resulting in twelve branches in*&—3% transition:
and probe laser were continuously scanned with a homemadesix main branchesXJ = AN) and six satellite branched =
delay generator. The wavelengths of excitation and observationAN).%® The intensity of satellite branches falls off rapidly with

are listed in Table 1. The number of data points in a time profile
was 2000 with a step size of @s. The buffer gas () at 50
Torr may be sufficient for instantaneous rotational relaxation,

based on the reported rate coefficients for rotational relaxation

of SO by various collision partners: 7.8 1071° (v = 2) by

guantum numbeN, and consequently, most of the observed
rotational lines are assigned to the main branches as shown in
the insets of Figure 1, parts b and c.

Vibrational Relaxation of SO(X3E~, » = 1-5) by SQ..
Figure 2 shows the time profiles of the LIF intensities of the
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Figure 1. Laser-induced fluorescence excitation spectra of &= B

X3z~ system of SO. Fluorescence was monitored through a UV band-
pass filter, (a); fluorescence was dispersed with a monochromator at
401.2 nm (217 band), (b); fluorescence was dispersed with a
monochromator at 350.8 nm+{d2 band), (c)Pso, = 1.4 mTorr and
Pwa(N2) = 5 Torr. The delay times between the photolysis and probe
laser were 2(s. The insets in b and ¢ show rotational assignments of Figure 2. Time-dependent profiles of the LIF intensities of SGEX,

0.5 1.0 1.5

o
0

Delay time / ms

the 2-2 and 0-1 bands in the BE~—X53Z~ system. v = 0-5). Pso, = 7.0 mTorr andPya(N2) = 50 Torr. The wavelengths
of excitation and observation are listed in Table 1. The time axis
vibrational levels of SO(X=~, v = 0—5) at 504 0.5 Torr (\b) corresponds to the delay between the photolysis and probe laser pulse.

of total pressure. The available energy that can be depositedThe step size of a time scan i$, and a single data point represents
into SO fragments is calculated to be 6100 énfrom the averaged signals from 10 laser pulses.

. . o _ 7
ingggéegr?rfl;ﬂIiigc’:ﬁgdﬁﬁgstg—z?g ”5':]3,(5; 23;,;’8 nr(:S(E?lo 333 = 1.7712Kinetic analysis must be made to clarify the deactiva-
cm1). The average eﬁectro}rllic gnegrgy of thé oxygen atoms tion mechanism of vibrationally excited SO by collisions with
OCPy, J = 0 1, and_ 2).’ 80 crt, ®is r_legligibly small compared Tﬁe fates of vibrationally excited SOfX~, ) generated in
to the confidence limits of the available energy. Parent BO the photolysis are as follows '
equilibrium at 298 K has an average internal energy 475cm

the rotational and vibrational energies are 311 tmnd 164 K,
cm1, respectively. The line width (fwhm) of the photolysis laser SO(Xp) + M — SO(Xp'") + M 1)
is about 100 cm?, and thus the highest vibrational level of the kso
SO fragments iy = 5 whose term value is 6137 ch3 SO(Xp) + SO M) — SO, + Sor (SO} +M (2)
Actually, the time profiles ofv = 5 show single-exponential
decay, indicating that the populations in the levels 5 are SO(Xw) + O (+M) A SQ, (+M) (3)
negligibly small.

There are some features in the time-dependent profiles. ko2
Significant growth seen in the profiles aof = 0 shows SO(X) + SO,— products (4)
vibrational relaxation from higher levels. The slightly positive K
curvatures ok = 1 and 3 also show relaxation to these levels. SO(X) — diffusion (5)
The present study gives the first direct evidence for the
production ofy = 4. No growth in the profiles ob = 1 is Wherek[“f'u., is a rate coefficient for vibrational relaxation from
surprising, because it is well-known that the population ia to v"" by collision partners M (M= SO, or Ny), ki,o ku, and

2 generated in the photolysis at 193 nm is larger than that in O are rate coefficients of reactions with SO, O, and,SO

v
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respectively, andy, is the rate of diffusion loss from the volume
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from v to v'" at given pressures of S@nd buffer gask,, =

irradiated with a probe laser. Rate coefficients of reaction 2 have kSOZ[Soz] + KY%2[N,]. Integration of eq 8 fromt = 0 to an

been reported to be 35 10715 cm?® molecule! s71 39 for the

vy

arbitrary timet giveg34448

products S@+ S and 4.4x 10731 ¢ molecule? s71 40 for
formation of the SO dimer by M= N,. The concentrations of
SO and O generated in the present study are estimated to b
less than 5x 10'2 cm™2 from the experimental conditions: "
photolysis laser fluence<( 1 mJ cn1?) and photoabsorption (K1t kd)(ll/ﬂ) 41 dt) (9)
cross section of SPat 193 nm (7.9x 10718 cm2 1), The

calculated time constants of reaction 2, 57 s{S0D) and 3.5 Wherelg is the LIF intensity immediately after the photolysis.

s [(SO}Y], are much longer than the observed decays. Troe’s If the plots based on eq 9 for adjacent vibrational levels show
groupg“42has reported reaction 3 to be in the low-pressure region linear correlation, the slopes and intercepts of regression lines
at 50 Torr of N, and the third-order rate coefficients are given give the first-order vibrational relaxation rates and relative
to be 7.7x 1073 cmf molecule? s1. The time constant of  detectivities. However, none of the plots for= 0 according
reaction 3 in the present study is estimated to be 163 ms.to eq 9 are linear at any pressure of ;5@dicating that not
Reactions 2 and 3, therefore, are negligible in the present study.only single-quantum vibrational relaxation &€ 1 — v = 0)
Unfortunately, there has been no report on the rate coefficientsbut also double-quantum cascade< 2 — v = 0) by collisions

of reaction 4. We have found that the ratios between the intensity with SO, must be taken into account. Therefore, the following

08

v
IO)/'/(‘) v+l Z/+lv

0‘1/+1

of » = 0 immediately following the photolysis and the recovery
of the signal, for example, Figure 2f, are independent of the
partial pressures of SOwithin the error limits of +7%.
Accordingly, SO appears nonreactive toSfdder the present
experimental conditions. However, the total population of
3—5 is very small (less than 1096%13, and it cannot be
deduced from the recovery of = 0 that SOf = 3—5) are
nonreactive to S® SO might be regenerated by a reaction of
O + SO, — SO + 0,. There, however, has been no kinetic

study of this reaction at around room temperature. The rate

coefficient at 298 K is tentatively estimated to be 4310726
cm?® molecule’? s71 by extrapolation using Arrhenius param-
eters,A = 8.3 x 1072 cm® molecule® s andE, = 81.5 kJ
mol~1, effective over the temperature range of 48000 K43
Regeneration of SO, whose time constant3 x 101 s, is
negligible in the present study.

The time profiles of the levels < 2 are hardly affected by
relaxation fromy > 3, if at all. Actually, the profiles ob = 2
show clear single-exponential decay at all pressures of SO
First, the time profiles of < 2 were analyzed on the assumption
of single-quantum relaxation. The rate equation of a given
vibrational level is

d
W] 401,150 + Kz, I + 11 -

(2 1[SO)] + K2 _4[N,] + k2] (6)
where the first term on the right side represents production of
alevely from v + 1 and the second term corresponds to removal
of the levelv by relaxation and diffusion. It is assumed that the
rates of diffusion loss of different vibrational levels are identical
at the same buffer gas pressure. Up-conversion, fraonw +

1, can be negligible, because the rdfo + 1 <~ v)/k(v + 1 —

v) is estimated to be 0.004 fromSO(X3Z™)] = 1150.695

cm 133 The observed LIF intensity of the level, |, is
proportionally related to the concentration [
l,=a,[v] (7)

whereq, is a detectivity of the level. Substituting eq 7 for
the concentrations in eq 6, we obtain the following equation in
terms of the observed intensity.
dl,
dt

(08

v

= k1/+l,v |1/+l - (ku,v—l + kd)ly (8)

O”u+1

wherek,, is an apparent first-order rate of vibrational relaxation

equations were used to analyze the profileg ef 0—2

= (Kt kyy t kd)fot I, dt’ (10)

0
|2_|2

for v = 2,

(|1—|2)/f0‘|2dt'—k — (kpo+ k) (f5 1y lt/ [1, )

(11)

for v =1, and

t R o) g, ot '
(|0—|8)/j(’)|2dt—kzoazjtkloal(folldtlfolzdt)—

ka(f3 lodt/ [ 1, dt) (12)

for » = 0. Equations 10 and 11 are in principle equivalent to
single-exponential and double-exponential analysis, respectively.
Equation 11 offers an advantage in the analysis of the profiles
with kyq kio + kq.%64749 Integrated values of the signal
intensities are calculated by the trapezoid formula. Unequivocal
determination of all the rate coefficienti&s, Koo, kio, andky,
and relative detectivitiesyi/a, og/ag, andag/oy, are made from
the partial regression coefficients of these equations. It should
be noted that one of the detectivities is arbitrary, for example,
oz = 1, because relative concentrations instead of absolute
concentrations are necessary. Populations in the levels3
are too small to obtain the rate coefficients for level-to-level
relaxation fromy = 3 tov < 2, and consequently, only overall
relaxation rate coefficients aof > 3 have been determined.
Figure 3 shows S@pressure dependencies of the first-order
deactivation rates of S@(= 1-5). The plots are made after
subtraction of the rates of diffusion loss from total removal rates.
The slopes of the straight line fit from regression analysis
correspond to the bimolecular rate coefficients for deactivation
of SO(EZ", v) by collisions with SQ: (4.7 & 0.5) x 10712,
(6.7+0.4)x 10712 (7.24+ 0.7) x 10712 (6.1+ 1.0) x 10712,
and (8.64 0.7) x 1072 in units of cn? molecule* s* for v
=1, 2, 3, 4, and 5, respectively (the quoted errors aie Phe
time profiles ofv = 0—2 are governed by processes 1 and 5,
and the slopes give overall vibrational relaxation rate coef-
ficients. Forv = 2, relaxation rate coefficients specific to the
final levels, kp1 andkyo, have also been determined to be (2.5
+ 0.9) x 102 and (4.2+ 0.9) x 102 cm® molecule’® s,
respectively. Rate coefficients obtained in the present study are
listed in Table 2.

~
~
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HOF (a) 2.3 mTorr

0.5

L i i i i 1
(b) 7.0 mTorr

OIIIIIIII
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[SO,] / 10™ molecules cm™

Figure 3. SG; pressure dependence of the first-order deactivation rates
of SO(XZ", » = 1-5). Their slopes correspond to the rate coefficients
for deactivation of SQf by SQ. The intercepts represent the
deactivation rates of S@)( by N, at 50 Torr.

— T

TABLE 2: Rate Constants for Vibrational Relaxation of
SO(X3E~, v = 1-5) by Collisions with SO

ke (4.74+ 0.5) x 10712 1.0F
kzob (42:|: 09) x 10712 I
kot (2.54+ 0.9) x 10712
ket (7.24£0.7) x 10712
ke (6.1+ 1.0) x 10712 -
ket (8.6+ 0.7)x 10712 05

2In units of cn? molecule* s7%; the quoted errors arec2®k;
represents the rate constant for relaxation from i to v = j. ¢ Rate
constants for overall deactivation.

Relative populations

(c) 16.3 mTorr

N -

SIS
I

SIS
(Il
abhw

0=
Relative intensities of recorded time profilggl,; at timet g e
are co_n\_/grted into relative concentrationB[[v'] using rglative Time / ms
detectivities: fJ/[+'] = (I./l,)(ow//o); the observed profiles can,  gigure 4. Time evolutions of concentration profiles of SO 0—2)
therefore, be so scaled as to make their ordinates common. Thext different SQ pressuresPso, = 2.3 mTorr, (a); 7.0 mTorr, (b); 16.3
time evolutions of relative populations in= 0—2 are shown mTorr, (c). Pwa(N2) = 50 Torr. The ordinates are common to all the
in Figure 4 which is merely a small subset of the results. To Vibrational levels, and the profiles are so depicted as to make the sum
ascertain that appropriate parameters are obtained in the analysi€f Populations ofx = 0—2 unity. The gray dots are observed signals,
fitting based on convolution was made. Rate equations for and the black lines represent fitting curves obtained by analytical
. . . . ) . . . solutions given by eq 13.
vibrational levels, which are inhomogeneous linear differential
equations, can be solved by the well-known variation of
parameters, and the following analytical solutions are obtained

The order of the rate coefficients determined in the present

study may reflect near-resonavit-V energy transfer from SO-
_ —kt L ) (v) to SQ.. The following propensities are derived by a simple

(] =Tloe ™+ Z (k”'”ﬁ) [vle (13 theory of energy transfé (i) the selection rule for vibrational
relaxation of a harmonic oscillator i&v = 1; (ii) transition
wheres’ =1 and 2 forr = 0 andv’ = 2 forv = 1. The second  probabilities for energy transfer increase with vibrational
term on the rlght side is called a convolution |nte@a‘/h|ch quantum numbers; (|||) the efficiency af—V energy transfer
is also derived as an output from a linear system whose impulsejs strongly dependent on the energy mismatch between the
response is&! [k, is a first-order total removal rate (including  \iprational guantum energies; a small energy defect leads to
diffusion loss) of a level]. As shown in Figure 4, the observed {54 energy transfer. The vibrational quantum energies of
time profiles are reproduced well at all pressures 05.SO SOOEE-, » = 1-5) are 1138-1087 cn%, and these levels

IThe[_e ha¥(as Obe)gzn_ fe\ll<v l?)uam'?t;j’ e kstugu;s on dv[[bra:tlgnal can be dealt with as a harmonic oscillator as a result of the
relaxation o (&"). Kolbe and Leskovdrhave detecte small anharmonicitywexe = 6.3773 cmt.33 The vibrational

vibrational levels of SO(X=™) by millimeter-wave spectros- .
copy, reporting that relaxation ef= 2 by SGQ and Ar is faster Srl:irl]tg/ ”;'52” ;rg :}esv?gg?gre] cl,fl gg};( l)thigfgr?)am|13n%8e
than that of» = 1, which is qualitatively in agreement with our 3 e ’ ’ y!

for accepting the vibrational energy of SQ@s long as single-

results. Gong et & have employed time-resolved FTIR : axati —1 lusively. H th
emission spectroscopy to detect vibrationally excited S&(X quantum relaxationdv = 1) occurs exclusively. However, the

and determined rate coefficients of vibrational relaxation by SO overall vibrational relaxation rate coefficients obtained in the
of (1.5 0.3) x 10-2 cm® molecule? s1 on the assumption present study show a smaller dependence on vibrational quantum

of single-quantum relaxation. Their value is smaller than those NUmber than expected. Furthermore, we have found that 63%

obtained in the present study by a factor ob3<( 1) to 6 ( = of the deactivations oy = 2 proceed via double-quantum
5). They did not detect emission specific to a single vibrational relaxation. The energy defes€ of double-quantum relaxation,
level and gave averaged rate coefficients over the vibrational SO = 2) + SO — SO@ = 0) + SOy(v1 = 2) + AE, is 40
levels generated in the photolysis of S8 193 nm. Also, the ~ ¢m * which is larger than 13 cmt for single-quantum relax-

IR emission from SO partly overlapped with that from 5@ ation. The findings cannot be explained by the simyteV

= 1). It might be suggested that the spectroscopic interferenceenergy transfer between S@@nd SQ. It should be noted that

is a cause of the discrepancy between the rate constants, althougthe propensities derived by the theory of energy transfer are
this is by no means certain. based on an exponential repulsive interaction between colliding

v>v
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TABLE 3: Nascent Vibrational Distributions of SO(X 3£~) Generated in the Photolysis of S@at 193.3 nn#

v=0 v=1 v=2 v=3 v=4 v=>5 condition detection refs
0.27 0.55 1.0 0.43 0.05 beam TOF 9
0.07 0.34 1.0 0.07 beam TOF 10
0.07 0.30 1.0 beam TOF 12
o° 0.3 1.0 <0.07 4] <0.1 bulk IR 7
0.56 0.87 1.0 0.08 e 0.05 bulk MW 8
0.09 0.30 1.0 0 0 0 bulk LIF 11
0.52+0.1 0.75+0.1 1.0 h h h bulk LIF this work

aNormalized with population im = 2: [v]o/[v = 2]o. ® Time-of-flight mass* No population was assumetiinfrared absorptior No measurement
was made! Millimeter-wave absorption? Laser-induced fluorescence (LIF) via thélA—X32~ system.! Detected! LIF via the BBZX—X3" system.

molecule$-53and these are not always applicable to the cases populations inv = 0 and 1 might be due partly to the incorrect
where attractive interactions are important. assignment of the spectra. Relative populations given by Kolbe

We have performed ab initio calculatiddsand found two and Leskovdrare in good agreement with ours despite different
triplet complexes £3;: OS—0SO and S© SO, both of which detection technique. Although no measurement was made for
are3A" states. The energies of the complexes, calculated with v = 4 in their study, evidence of the generationof= 4 is
UCCSD(Full,T)/aug-cc-pVTZ1//B3LYP/aug-cc-pVTZA-1% are given by the present study. Unfortunately, we were not able to
lower than those of the reactants (SC8Q,) by —8.7 kJ mof? determine the relative populations in> 3 because of little
(OS-0S0) and—12.3 kJ mol?! (SO-S0G,) with zero-point correlation of the profiles among the levels< 2 andv > 3.
energy correction. The nonexponential potentials with the The fact indicates sufficiently small populations in> 3
attractive interactions increase the probability of the quantum compared to those in < 2, which is consistent with the results
number change witthy > 2. It may, therefore, be suggested reported by the previous studies.

that vibrational relaxation of SO by S@roceeds via transient Kawasaki et af:® and Felder et a%12 have employed the

complexes: photofragment TOF mass spectroscopy. Both groups have re-
ported thatr = 2 has the largest population, although distribu-

SO@) + SO, — [S,05] — SO@ — Av) + SO, tions derived by Kawasaki et al. are broader than those of Feler

(Av = 1) (14) et al. The difference in distributions migh; reflect the difference
in the temperature of parent 2Kawasaki et af.reported the
The intercepts of Figure 3 correspond to the first-order temperature of rotation of SOn a molecular beam to be 50
deactivation rates of S@)by N, at 50 Torr. Quantitative results 100 K and that of vibration to be 16@00 K. Felder et al'?
on deactivation by Blare not obtained, because the errors of 0N the other hand, measured translational temperature to be 2 K
the intercepts are large and because no measurements at differefifistead of the temperatures of rotation and vibration. In general,
total pressures were made in the present study. Neverthelesstotational temperature in a molecular beam is close to that of

the rate coefficients of deactivation of SQpy N, monotoni- translation, and consequently, the rotational and vibrational
cally increase with quantum numberfrom 3 x 10 26to 2.5 temperatures of S0n the experiments by Felder et al. might
x 10715 c¢m? molecule? s7! for » = 1-5, suggesting that ~ be much lower than those by Kawasaki et al. The relatively
relaxation of SOf) by N, is governed by a slow—T high temperature of parent S the study of Kawasaki et al.
mechanism. can be a cause of the broad vibrational distributions similar to

Nascent Vibrational Populations of SO Generated in the ~ those measured by the bulk experiments at room temperature.
Photolysis of SQ at 193.3 nm.Relative detectivities, that is,  The line widths of the light at 193 nm from excimer lasers used
nascent populations, were dealt with as variables instead ofin all the studies are nearly identical, and thus the large
constants in the analysis; nevertheless, all the relative popula-difference under the two conditions is the temperature of the
tions present at the time immediately after the photolysis were Parent S@ 298 K in bulk experiments and < 100 K in beam
little dependent on S&pressures (Figure 4). The initial relative  experiments:®1%-12The thermal population in the low-lying
populations inv = 0—2 determined at different SQoressures ~ mode (517.7 cm?) of SO, at 298 K is larger than that at 100
have been averaged, and the resultant distributions are#9.52 K by a factor of 140. Vibrational excitation prior to photoex-
0.1/0.75+ 0.1/1.0 fory = 0/1/2. Nascent populations in= citation could influence the dissociation dynamiés’

3—5, on the other hand, cannot be determined, because neither Not only vibration but also rotation might be a cause of the
relative detectivities among = 3—5 nor the rate coefficients  difference in the vibrational distributions reported under beam
for relaxation fromy > 3 to v < 2 are obtained. The nascent and bulk conditions. Ebata et @I.NrecordNed the fluorescence
vibrational populations are listed in Table 3 together with the excitation spectra of SOvia the CB,—X'A; system. They
previously reported values. There are large discrepancies incompared spectra recorded under different conditions (at room
vibrational distributions measured in bulk experiments. Kan- temperature and in a supersonic free jet) and reported that the
amori et al’” employed infrared absorption spectroscopy and fluorescence quantum yield is smaller at higher rotational levels.
measured the differences instead of the ratios of populations in Their observations suggest that higher rotational levels are likely
adjacent vibrational levels. They assumed no population in  to couple with dissociating potentials, and as a consequence,

= 0, which led to the underestimation of the populatiom i the photodissociation mechanism might be different at high and
1. Chen et al! detected SO by the LIF technique, and their low rotational levels of parent SO
spectra (Figure 1 in ref 11) show peaks assignable to'thd Cosofret et aP? have recently studied the photolysis of SO

andv'—4 bands in the BE~—X3Z~ system, indicating genera-  between 202 and 207 nm by a resonance-enhanced multiphoton
tion of v = 3 and 4; nevertheless, they assigned the spectra toionization TOF product-imaging technique, reporting that the
rovibrational transitions only via the3A[—X3Z~ system. Their nascent vibrational distributions of SO are strongly dependent
conclusion that there were no populationsvie 3 and small on the initially prepared excited state of SQPhotolysis at



2388 J. Phys. Chem. A, Vol. 108, No. 13, 2004

wavelengths different by only about 1 nmA% = 300 cnt?l)
provided a large change in the product vibrational distribu-
tions: most of the populations are in= 0 for wavelengths
shorter than 203 nm, and = 0—2 are evenly populated in

dissociation at wavelengths longer than 203 nm. The difference

was attributed to avoided crossing with repulsi#€e surface

below 203 nm. It might be suggested that there are also different
dissociation mechanisms at around 193 nm: product distribu-
tions under beam conditions reflect a single dissociation
dynamics, and at least two different dissociation mechanisms

are responsible for the photolysis under bulk conditions.
Summary
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