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We report results of two-color resonant four-wave mixing experiments on highly predissociated
levels of the methylthidor thiomethoxy radical CHS in its first excited electronic stamzAl.
Following photolysis of jet-cooled dimethyl disulfide at 248 nm, the spectra were measured with a
hole-burning scheme in which the probe laser excited specific rotational transitions in i 3
spectral simplification afforded by the two-color method allows accurate determination of line
positions and homogeneous linewidths, which are reported for the C-S stretching $tates 3
=3-7 and combination states'®(v=0-2), 2'3"(v=3-6), and 12!3%(y=0,1) involving the
symmetric CH stretching (v;) mode and the CK umbrella (v,) mode. The spectra show
pronounced mode specificity, as the homogeneous linewidth of levels with similar energies varies up
to two orders of magnitudeys is clearly a promoting mode for dissociation. Derived vibrational
wave numbersy;, w,, andw; of the A state agree satisfactorily witib initio predictions. ©2005
American Institute of Physic§DOI: 10.1063/1.1867333

. INTRODUCTION gies, geometries, and vibrational wave numbers ofXRE

and/orA %A, states of CHS

There have been many experiments to record spectra of
the methylthio radical including electronic absorpfidtt
and emissiort/ photoelectron and photodetachm&ht?
microwave?! laser-induced fluorescend&lF),>2° photo-

fragment yield?’ fluorescence depletid, and degenerate

key intermediate in reactions relevant to modeling the atmozy ;r-wave mixing?® These experiments have provided infor-
spheric sulfur cyclé,unambiguous analysis of its spectra and 1 44ion on geometries, spin-orbit splitting, and some spectral

information concerning photochemical processes of its ex- . =9 ~ 5 .
cited states are valuable both for the monitoring of the radi-p arameters for CkS in bOthX~ E andA®A, states. Vibronic

cal in reactions of environmental importance and for under@nalysis of LIF spectra of thé-X system performed in this

standing its chemistry. laboratory identified all six vibrational modes of the’E
From a basic perspective, G8lis a prototype for inves- State, but only v, (CHz umbrella=1098 cm* and v,
tigation of mode selectivity in predissociation because itsC—S stretch=401 cm* were characterized for thé?A;
first electronically excited statd ?A,, is crossed by quartet state’® An abrupt decrease of intensity in the fluorescence
and doublet repulsive states correlating with the€Xcitation spectrum was observed above 27 321'crand
CHy(X 2A,")+S(®P) asymptote. This situation is analogous attributed to predissociation of the?A, state. No emission
to that found for the methoxy radic4CH;O) and other Wwas observed above 28 016 ¢h{1490 cn* above theA
members of this famil§:’ Like methoxy, CHS has a’E X origin).
ground electronic state and is thus subject to a Jahn-Teller Pushkarskyet al”® employed fluorescence depletion to
distortion. Theoretical interest in this molecule has been moextend observed features ’[;fZAl to 2979 cm' above the
tivated in part by the interactions between Jahn-Teller angtansition origin; the two features of greatest wave numbers,
spin-orbit effects in the degenera)NKezE ground staté.Sev- 37 and 235, have lifetimes~0.5 ps. Biseet al?’ recorded
eral ab initio calculations have produced estimates of enerphotofragment yield spectra of GH produced on laser pho-
todetachment of a rapid beam of mass-selectedSCHand
dAuthor to whom correspondence should be addressed; Electronic maipbserv":}d extended vibronic bands of the-X system up to
yplee@mail.nctu.edu.tw 31763 cm? (5237 cm?! above the origin which were as-

Oxidation of naturally occurring organic sulfur
compound$? such as dimethy! sulfidéCH;SCHy), dimethyl
disulfide (CH3;SSCH;), and methanethio[CH;SH) in the
atmosphere produces the methyltliar thiomethoxy radi-
cal, CH;S, as a reactive intermediaté As this species is a
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signed to vibrational progressions of &nd 23" (0<v  pand of theA« X transition. Although this band is predisso-
<15). We employed degenerate four-wave mixing to inves—iative, as evidenced by a minute fluorescence quantum
tigate highly predissociative levels of G8 in the A%A; yield,?® it shows resolved rotational structure in DFWM
staté® and observed bands from 1180 to 5020 trabove spectrojr.9 Moreover, the intensedand allows the use of a
the origin; the results showed that the vibrational structure atveaker probe beam; scattered light due to the probe beam is
higher energies was inconsistent with a continuation of thénence diminished. For all recorded TC-RFWM spectra, we
3? and 23 progressions, and we tentatively identified newset the probe wavelength to achieve resonance with a se-
progressions B°, 413", and 23°4! involving symmetric lected rotational transition in the3and and scanned the
CHj; stretching (v;) and asymmetric CH stretching(v4)  wavelength of the grating laser.
modes. Details of the TC-RFWM experiment have been reported
As the spectroscopy of CJ$ has progressed, so has re- previously>>** The pump beams were generated with a dye
search on its photochemistry. Measurements of radiative lifelaser (Lambda Physik, Scanmate 2E, tunable in a spectral
time show a significant decrease for vibrational levels of theegion 338—361 ninpumped with a XeCl excimer laser at
A state =800 cni! above the origif>?*?®® Bise et al?’ 308 nm(Lambda Physik, LPX 105 The frequency-doubled
used an indirect method to measure the lifetimes of highlyoutput of a dye lasefLambda Physik, Scanmate 2E-OG,
predissociative levels of tha %A, state; their reported life- ~361 nm pumped Wlth the SQCOHd harmon32 nn of a
times are significantly longer than those reported by PushNd:YAG (YAG—yttrium aluminum garnet laser (Spectra
karsky et al?® who applied fluorescence depletion to mea-Physics, GCR-bwas employed as a probe. The dye lasers
sure lifetime broadening for the’@<7) and 23(yv<5) haveltemporal pulse widths 6—7 ns and fundgmental spectral
progressions. The latter authors demonstrated that the predf§2ewidths ~0.1 cnT. In some critical experiments when
sociation was mode selective, with a promoting modé® small jitter between pump and probe beams_ was required, the
and also proposed that, in the region in which excitatior32 Nm output of the Nd:YAG laser was split into two beams
involves less than three quanta =f a second nonradiative With an energy ratic=2:1 to pump two dye laserSpectra
decay channel for the~A2A1 state, possibly leading to Physics PDL-3, and Scanmate 2E-QD&eir outputs were

CH,S+H, might exist. In our previous work of DEWRT freguency—doubled with sepgrate BBO crystals to provide re-
homogeneous broadening of rovibronic lines leading to overgu'red wavelengths for grating and probe beams. The laser

: . . avelengths were calibrated with a waveme(Burleigh
lapped band structures prevented detailed information O(Ss\//A-SSOO; accuracy +0.2 ).

lifetimes of these predissociative states from being obtained. . . .
P 9 These experiments utilized a forward-box geometry, in

Two-color resonant four-wave mixingf C-RFWM) has . .
g ) tg/hlch a beam splitter and a few total reflectors were em-

been demonstrated to be an excellent tool to investigal oved to obtain two nearlv parallel arating beafas and
highly predissociative states; its double-resonance nature hg‘l, y yp N 9 9 fog
w,) that cross at a small angle-1°) near the nozzle of a

advantages over DFWM in selecting a specific rovibronic o e
v 9 v ! g pecinc rovi ' ypersonic jet. A temporally coincident probe be&éay)

state, hence providing unambiguous spectral assi nment e S .
P 9 9 P g ropagating in the same direction crossed the grating beams

and linewidth measurements. When used in a hole-burnin e . .
’% an angle satisfying the phase-matching condition. The

scheme, in which the pump and probe beams share a cot— inout b hould I tall dt v i
mon lower level and the signal is thus derived from the ree input beams should overiap spatially and temporafly in

ground-state grating, the signal intensity is unaffected by théhe medium of interest. The resultgnt S|gn<'_;1I bdm) was.
lifetime of the upper levell We have applied TC-RFWM to allowed to travel 2—3 m before being spatially filtered with

detect highly predissociative electronic staR&®*, C23* an iris, convex leng(f=10 cm and a pinhole(diameter

and D 2T of CH radical in a flamé? 35 the obser\'/ed r0\'/i- 0.15 mn) in combination, and was subsequently filtered with
bronic transitions numbered two to three times those reﬁ”‘lc’lf’v't%tt’r!eat:af?gl?ﬁz;iﬁiﬁr:(rgcvcgl\;')lti%sﬁEn?nod;jﬁionnrg’
orted previously with laser-induced fluorescence or conven- ) i
b P y ghromator (Jobin—Yvon, HR 320, 0.32 m focal length,

tional absorption methods. We demonstrated also tha 00 ) bef detect h hot itioli
although its signal has a quadratic dependence on concentra- grooves mnt) before detection with a photomultiplier

tion of species of interest, TC-RFWM can be applied to bothtube (Hamamatsu, R959PThe photomultiplier signal was

stablé®*" and unstabi® species in supersonic jets. In this amplified and averaged with a gated boxcar averggem-
work we applied TC-RFWM in the hole-burning scheme toford Research Systems, SR25ind the data were §ubse-
investigate highly predissociative levels of €¥in a super- q“er?“y tr_an;ferred to a computer for further processing. The
sonic jet. In addition to confirming our assignment of pro- relative timing among the lasers, pulsed nozzle, and data

gressions involving the symmetric GHitretching(v;) mode, acquisition systems was controlled with a digital delay gen-

lifetimes of these states are measured for the first time, Cone_rator (Stanford Research Systems, DGE3%o diminish

L : : o scattered laser light, we employed a crossed polarization
firming the mode-selective nature of the predissociation. 2
9 P scheme(YXXY ), using Fresnel rhombs to rotate the polar-

ization and Glan-laser polarizers to select the polarization of

each beam. The polarization notation used here employs the
We employed TC-RFWM with a ground-state gratiog ~ conventional labeling schente,, oy, wg, w,).>°

hole-burning scheme in which the pum(grating forming A mixture of dimethyl disulfidgDMDS) in helium was

and probe transitions shared a common lower level. For thgenerated by bubbling helium through a liquid DMDS

probe transition, we selected specific rotational lines in the 3sample at~296 K. Additional helium was added down-

Il. EXPERIMENTS
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stream to dilute further the mixture before expansion through (a) -
a pulsed nozzléGeneral Valve, orifice diameter 1 mnThe 4 -] 3" band (DFWM) a
concentration of DMDS was estimated to be less than 1%. b
The opening duration of the pulse valve was S80and the
stagnation pressure was typically 2 atm, which led to a typi-
cal background pressure-1x 10 Torr. CH;S radicals
were produced on photolysis of DMDS at 248 nm using a
KrF excimer laserLambda Physik, LPX 150T The pho-
tolysis laser beam-8 mJ pulse* was loosely focused with a 0 . . . . : ) :
cylindrical lens to a point several nozzle diameters down- 27700 27704 27708 27712
stream from the orifice. From its laser-induced fluorescence Wave number / cm’

spectrum, the temperature of GH was estimated to be
10-15 K, depending on experimental conditions. DMDS
(Aldrich, 99%) and He(Scientific Gas Products, 99.9995%
were used without further purification.

Arbitrary Unit.

probe line b probe line a

—
O
~

IIl. RESULTS AND DISCUSSION

We reported previously DFWM spectra of jet-cooled

CH;,S in its A2A, state? The first prominent feature ob-
served in the DFWM spectrum was thé Band, of which
Fig. 1(a) displays a high-resolution scan showing the rota-
tional structure. TC-RFWM scans were performed on tuning
the wavelength of the grating beams with the probe beam
tuned to excite rotational lines at 27707.2 and
27 703.8 cr?, in the 3 band observed in DFWNmarkeda
andb, respectively, in Fig. )]. These two lines correspond
mainly to transitionsK,=0«K’=1 from J’=9/2 and 3/2
(parity +) andJ’=9/2 (parity —), respectively, according to
spectral simulation with SpecVie‘\‘/?/. Figure 1b) illustrates 5 | (& DFWM spectrum of the 8band of theAX transition of
TC-RFWM spectra recorded by scanning the wavelength oft-cooled CHS. Labels % corresponds mainly |J', parity K., S)
grating beams over the*aind $ bands; one dominant tran- -|J",parity K},5)=[9/2,-,0,1/3-(9/2,+,1,1/2, [1/2,-,0,1/2
sition and some additional weaker features were observed|3/2.+.1,1/2, [3/2,-,0,-1/2-[3/2,+,1,1/3, and [11/2,-,0,
. .. . . 71/2-19/2,+,1,1/2 and ‘b” corresponds to|9/2,+,0,-1/2-|9/2,
Observed rovibronic lines for all vibrational bands measured ', 7 712,+,0,1/3-9/2,~,1,1/3,  [3/2.+.1,~1/2-|5/2.
in this work were thus assumed to correspond to rotational 2,1/2, and|3/2,-,1,-1/3-|5/2,+,2,1/2. (b) TC-RFWM spectra re-

transitions identical to the selected probe transition; specificorded with a YXXY polarization scheme; linesandb in (a) were selected

cally, when a line corresponding t0§=3 and K;=0 is s&ragt?r:atgléla;ss the probe transition while scanning the wavelength of the
probed, observed TC-RFWM lines correspond to upper ley2 M9 '

els with v;=3 and K,=0. For extremely predissociated
lines, acceptable ratios of signal to noise were achieved onl
when lineb was probed; hence we report vibrational wave

numbers of all vibrational levels of th& %A, state based on
experiments with lind probed. Because several states wer
marked by the grating beams, occasionally additional weak Two intense progressions, assigned asidd 237, have
lines were observete.g., the 8 line in Fig. 1 and the 33  been characterized previously by {Fphotofragment yield
line in Fig. 2. According to spectrum simulation, they are spectreﬁ7 fluorescence depletion spec(t—?’:DS),28 and our re-
likely due to transitions from)"=7/2, K;=2 andJ’=5/2,  centwork with DFWM? Wave numbers reported previously
K7=2 for lines at low-energy and high-energy sides, respecfor the progression “3are nearly identical to those deter-
tively. mined using TC-RFWM fow=4-7 andwithin 4 cnit for

A portion of the TC-RFWM spectra of C}$ is illus- 3% and 3 bands. The slight discrepancy for line positions
trated in Fig. 2 for the combination band¥32 (v=3-5 and  between our TC-RFWM and DFWM experiments reflects
1'3¥ (v=0-2. The state-selected TC-RFWM spectra arethe fact that in our DFWM work we could only estimate line
much simpler than those from LIF or DFWM, allowing more positions from the contour of highly predissociative bands
accurate determination of line positions and homogeneoushowing no rotational structure. For both measurements un-
line widths. These spectra clearly demonstrate a pronouncezkrtainty in determining peak positions is greater for higher
increase in line width with increasing quantawgf consis-  vibrational levels because of the severe lifetime broadening.
tent with previous report%?’28 In the following discussion, Vibrational wave numbers, derived by subtracting
we focus first on the vibrational assignments and second o026 523.2 crii* (the corresponding link in the origin band of
the lifetimes determined from measured linewidths. The fit-LIF) from an observed wave number of each line, and their

5

Arbitrary Unit.

4435

gng procedure used to extract wave numbers and homoge-
neous widths of lines is discussed in Sec. Ill C.

N Progressions 3 ¥ and 213
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1n3 64 41 The 2'3¥ progression in the TC-RFWM spectrum begins

2’3 1 - _ -

] at v=3 and extends tov=6. Our previous DFWM

4 experiment%9 showed 23" bands up tov=7, with wave

numbers that deviate within 3 ¢ffor 2'3° and 23° bands

o from this work. The discrepancy is more significant for un-

] resolved DFWM bands associated with the higher vibrational

4 levels, as also found for the progression discussed above.
- Vibrational energies of upper states in th&wu3<6) and

213"(v=<4) progressions are described with an equation

(with i=2, x5,=0, andv,=1 in this casg

Av=A+wy(v3+0.5 — X303+ 0.5° + o/ (v] +0.5)
=% (v] +0.5% = x/3(v{ +0.5(v3+0.5), (2)

28770 28785

N

213 o

in which Av is a vibrational wave number relative to the
origin, A is a constant to account for zero-point energy, and
w3=wy+0.5¢3. We excludexy, from the fitting because

there is no information orx;, from this progression. Ob-
served vibrational wave numbers and fitted spectral param-
eters are listed in Table |. Derived spectral parameters in
progressions Band 23" are essentially the same as those
from our previously reported DFWM work, but deviations
between observed and calculated wave numbers, less than
1 cnil, are diminished through accurate determination of
band positions. Similar to the progressioh 8nes corre-
----- T sponding to 23"(v=5-7) were excluded from the fitting be-
80180 30195 cause of large deviations from E(R); wave numbers pre-
Wave number / cm’ dicted for these lines are listed in brackets in Table I for
FIG. 2. Rebresentative TC-REWM sbectra of e X svstem of it comparison. Predicted wave numbers of these lines in the
coolled.CI-gSprecorded with a YXXY po?arization scheme.yl'he probeJ beam 213 _prOgrESSIOn ar? greater than observed values, whereas
was fixed at 27 703.8 cth (line b in Fig. 1) and the scan steps are 0.001 nm predicted values of lines’and ¥ are smaller than observed

for narrow bands and 0.01 nm for broad bands. Spectra in the left and righyalues. A Fermi resonance between members '6f and
panels show B’ and 23 progressions, respectively. 2l3v (v=4o0r5 might take place.

Arbitrary Unit.

4

corresponding uncertainties in measurements are listed iB. New progressions 1 13" and 1123V
Table I. The observed uncertainty in peak position was de-
termined from the fif{see below, for narrow lines the error
was taken as the uncertainty of wave number measuremen
0.2 cnmmt. The origin of this transition (vy,) lies at
26 526.7 ct,*® corresponding to the a lingransition K

In our DFWM experimentg? from observed spacings
the intense lines denoted\’ (29492.2 cmt) and B’
@9 826.6 cm') appeared to belong to one progression,
whereas line< (30 180.3 cmY), D (30 492.9 cmY), andE
- v . . (30 797.5 cr') appeared to belong to another progression;
4?@2%@?:2?%2 t:;igtsba(;d'l_”: DFWM. and TC they were tentatively assigned té31 and 43", respectively.
RFWM to fit the 3 progression by Ieasi squares’ to an equa—T hese bandsexcept banc) are c.ompared in Fig. 3 With
tion TC-RFWM spectra recorded in this work. Based on this as-
' signment, three features 23 (29514 cm?), 23°
, D, (29503 cm?), and T (29 492 cm?) might appear and over-
V=0t (0310) ~ Xaa)vg ~ Xa3(v3)*, (1) |ap each other in the region near 29 500-&nWe observed
only two features in TC-RFWM spectra when lilewas
in which v3 is the vibrational quantum number of the C—S probed: one at 29 462.2 ¢thas a laser-limited linewidth
stretching(v;) mode andws g, indicates the harmonic vibra- and the other at 29 500.4 chis significantly broadetFig.
tional wave number when only, is considered. Fitted spec- 2). The broad feature is readily assigned to tA8°2and.
tral parameters are listed in Table I. Unless otherwise notedihe narrow line at 29 462.2 ciy showing a vibrational
all listed uncertainties represent one standard deviation iwave number of 2939.0 ¢ih corresponds to a weak shoul-
fitting. We found that observed high-energy levels7 and  der in the DFWM spectrum. Possible assignments for this
8) deviate from Eq(1) beyond uncertainties in wave number energy level are/,, v,, and 25. We reject the assignment to
measurements; these lines were therefore excluded in the fit, and 2v5 because small activity is expected for transitions
ting. Deviations of experimental from calculated values arenvolving v, vs, and v due to the small Jahn—Teller inter-
less than 0.7 ciit for v<6. Wave numbers predicted fof 3 action; we thus assign this line together with lines at
and % according to Eq(1) with derived spectral parameters 29 828.7 and 30 182.8 crhobserved in TC-RFWMcorre-
are listed in brackets in Table | for comparison. lated with bandsB’ and C in previous DFWM spectrum
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TABLE |. Assignments and vibrational wave numbéis cm™) of observed TC-RFWM transitiond 2A1

(—5(2E3,2 of CH;S. Relative to the rotational line at 26 523.2¢nin the origin band; lineb in Fig. 1 was
probed. Uncertainties in measurements are listed in parentheses and predicted wave numbers are listed in

brackets.
v 3 213 113 11013 21314y
0 g 1095.9 2939.0 (0.2 3966.2(0.2
1 401.F 1489.9 33055 (0.2 4276.3%0.4) 4358.%
[4322.1]
2 794.7 1874.5 3659.6 (0.3 4667.5
3 1180.6 (0.2 22525 (0.2 4970.8
4 1558.0 (0.2 2619.3 (0.2
5 19256 (0.2 2973.7 0.9
[2980.3
6 22872 (0.9 3324.F 1.3
[3332.3
7 2643.9(0.4) 3669.0°
[2639.5
[3676.0
8 2987.3°¢
[2983.9
w0 409.9+0.4 410.2+0.6 410+1 410+0
X3 4.10+0.06 4.14+0.07 4.1+0.1 4.15+0.09
®}0) 2940+1 2940+2
o) 1096.7+0.8 1097+2
X3 8.5+0.3 8.6+0.4
X! 37.5+0.7 37.5+0.7
X1o 701

“Observed in LIF(Ref. 29.

PThese lines were excluded from the fitting; see text.

‘Observed only in DFWMRef. 29.

(Ref. 29] to the £3° progression withy =0—2.Fitting these

peak positions by least squares to [E2). with

i=1, x;,=0,

andv;=1 yields wj=410+1 cm*, x3;=4.1£0.1 cm?, w;
=2940+1 cm?, andx;,=37.5+0.7 cm?, as listed in Table I.
The derived frequency is consistent widlb initio predic-
tions, as discussed in detail below, thus confirming our origito a new progression. As the line at 30 489.4 trmoorre-
sponds to a vibrational wave number of 3966.2 §npos-
Two additional lines at 30489.4 and 30799.5¢m sible assignments for this vibrational level avg+v,, v,
above the 13?2 line at 30 182.8 crit were observed in the +3ws, 1v,+2v5, and v, +vg. Except the assignment tq + v,,
TC-RFWM spectra, which correlate with banBsand E in

nal assignment.

rejected this assignment because: first, the intervals do not
follow the pattern observed for the low-lying members of
this progression, and second, we found that the first of these
bands isnarrowerthan the 132 band, which is unexpected if
this band is 132. Thus, it is clear that these two bands belong

all others involve at least one nontotally symmetric mode
previous DFWM spectrurﬁ? Although these seemed at first and are expected to be weak. We thus assign these two fea-
to be higher members of thé@ progression, we ultimately tures to the 12! and 123! bands.

Arbitrary Unit.

A B 8 c o D
| 1 p
T LI T T T T T
112!
%

— ——
29450 29500

29800 29850
Wave number / cm’

T L
30150 30200

FIG. 3. Comparison of DFWMupper
trace, Ref. 29and TC-RFWM spectra

of the A-X system of CHS with scan
steps 0.01 nm. TC-RFWM bands s
2135 and 23! vs 2'3°% demonstrate the
pronounced mode specificity observed
in this system, withy; a promoting
mode for dissociation.

30450 30500 30550
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TABLE II. Comparison of vibrational wave numbe(is cm™?) of 3(2E3,2 andRZAl states of CHS and CHO.

CH;0 CHsS
X2Ey, AA X2Eg, AZA,

Vibrational mode Expt. Expt. calé Expt. Expt. calé
vi(ay) 2840 2947.8 312@916 ¢ 2940 3186(2978
vy(ay) 1412 1289.3 1392300 1313 1097 12401159
v(ay) 1047 662.4 759709 727 410 439410
v4(€) 2885 3077.8 32898066 ¢ 3367(3147)
vs(e) 1465 1403.0 1494396 1496 1488(139))
vg(e) 1210 929.5 1034966 586 d 746 (697
Ref. 6 6, 42 13 26 29, this work 13

*EOM-IP/TZ2P(Ref. 13; values scaled by 0.935 are |

isted in parentheses.

PEOM-IP/6-31Gd, p) (Ref. 13; values scaled by 0.935 are listed in parentheses.
‘Dispersed fluorescence list4§=2774 cnit and v,=2706 cm? (Ref. 26.

dProposed to be 635 cthin LIF (Ref. 26.

We fit observed lines to an equation involving three vi-
brational modes(with x;;=X5,=0, and v;=v,=1 in this
case,

3

Av=A+, o] (

i=1
- X1,(v1 + 0.5 (v, +0.5), (3

in which Av andA have the same meaning as in E2), and
w3= w30 +0.5¢3+0.5¢3 We excludex;; and x;, from the
fitting because information or;; and x;, from these pro-
gressions is lacking. The fitted valug,=70+1 cn! indi-
cates a strong interaction betweenand v,. Other param-
eters are similar to those derived from fitting two
progressions, as listed in Table .

Equation(3) was sufficient to fit the wave numbers of all
observed lines involving no more than two different vibra-

3
v/ +0.5 - > Xa(v] +0.5(vs+0.5
i=1

tional modes. It fails to predict as accurately wave numbers

of the 1:2'3! line that involves all three totally symmetric

vibrational modes. This line was excluded from the final fit,
but is still listed in Table I, along with the corresponding
wave number predicted with EB3). The fitting of this line

Table Il summarizes observed vibrational wave numbers
o Of statesA °A; andX °E of CH,S and CHO;**the raw

and scaled results of theoretical calculatiSren the A A,
state are listed for comparison. Experimental vibrational

wave numbers oA ?A, states of CHS and CHO agree well
with theoretical calculations when predicted values are
scaled by a factor of 0.935; this scaling factor was derived by
comparison of predicted values with experiments of;OH
Our observation ofwj=2940 cm* (w;=2994 cm') for
CH,S is slightly greater than the scaled theoretical value of
2978 cm' and the observation ofvy,=1097 cn* (w;
=1136 cm?) is slightly smaller than the scaled theoretical
value 1160 crit both are within expected error limits.

C. Predissociation of the A 2A,

In general, the total line-shape function of the TC-
RFWM signal involves integration over the velocity distri-
bution and is difficult to express in a simple analytic form,
being dependent on relaxation processes and lifetimes of the
states involved® However, in the limiting case in which

requires the introduction of additional interaction parametershomogeneous broadening dominates, the line-shape function

but such a fitting is unfeasible with only one additional line
available for the progression'2'3v. A similar situation was
also observed in thA-X system of CES*

Lines at 30881.7, 31190.7, and 31 494.0 &mob-

can be approximated with a simple Lorentzian squared func-
tion, as shown previousf:** To account for the laser line
width, we fit the observed line profile to the square of a Voigt
function using a nonlinear least-squares routine. The Gauss-

served in our previous DFWM spectrum, were tentativelyian component was fixed to reproduce the laser-limited line

assigned as either thé®4 or 11213" (y=1-3).%° Now that

width (~0.2 cml) observed in the four line€3s, 34, 2133,

the latter has been assigned, the only possible assignment fand %) for which no lifetime broadening was observed.

these lines is B"4!. However, wave numbers of these lines
cannot be fitted satisfactorily with E3), as in the case of
11213 discussed above.

It is reasonable to ask why thé3t progression seems to
terminate abruptly at =3, when for the 23" and 3 progres-
sions the Franck—Condon maximum is nea3. As is ex-
plained below, the expected line width of3# based on the
trend observed for the'® progression exceeds 100 tn
Thus, a truncation of the® progression ab=2 is likely

The predissociation lifetimeis related to the Lorentzian
line width by

7=1/27cl’ (4)

in which ¢ is the speed of light in cm$ andI” is the FWHM

in cmL. Lifetimes of predissociative levels thus estimated
from observed line widths are listed in Table III; each listed
value is the mean of at least five independent measurements
and the errors represent one standard deviation. The data are

due to a broadening of this feature beyond our detectioplotted in Fig. 4 for comparison. We did not make a con-

limits.

certed effort to explore the power dependence of the TC-
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TABLE Ill. Vibrational wave numbers, assignments, and lifetimes forﬁﬁé\l state of the CHS radical.

Lifetimes
Wave numbers Chiang and Le& Pushkarskyet alP This work  Biseet al’
(cm) Assignment (ns) (ng) (ps) (p9)
26 526.7 o° 1130(70) 1090 (55)
26 927.6 a3t 860(30) 870 (40)
273214 3? 250(20) 300 (30
27 622.6 2t 480(30) 460 (30
27707.8 3 72(30 <35 f
28 015.6 2131 85 (15) 60 (20)
28084.7 3 0.010< 7<10 f 25
28398.9 2132 0.010< 7< 10
28 452.6 3k 0.0015 ©) 1.5514) 10
28 779.% 2133 0.010< 7<10 f 25
28812.6 36 0.0004 (1) 0.4810) 4
29145.9 2134 0.0010 2 1.0914) 8
29170.6 3’ 0.0005 (1) 0.5313) 2
29 462.2 i f
29 500.4 235 0.0004 (1) 0.35 (6)
29828.7 i3t 15 (2
29851.4 336 0.09 (5)
30182.8 132 0.28 (3)
30489.4 ! 0.46 (3)
30799.5 1213t 0.3510)

“Reference 26.

PReference 28.

‘Reference 27.

YObserved only in LIF or DFWMREef. 29.

®Listed wave numbers are from TC-RFWM spectra with laén Fig. 1 probed, whereas their widths were
averages of those measured from TC-RFWM spectra with both &resd b in Fig. 1 probed. Lines above
29170 cm* are from spectra with liné probed.

fLaser-limited linewidth.

RFWM signal; however, based on our qualitative observagressions are consistent with measurements of Pushkarsky
tions of the signal to laser power, it seems clear that we werand Miller using fluorescence depletidhwhich are listed in
not in the power saturation regime. The linewidths observedable IIl for comparison. This is important confirmation of
for the strongest transitio(8%) are consistent with expected the validity of our data reduction procedures. We also in-
laser linewidth; it would be more difficult to saturate highly clude in Table Il the results of Biset al.,?’” who used an
dissociative transitions. Our results for the&hd 23" pro-  indirect method to estimate the lifetimes. Their reported val-
ues are overestimated in comparison with those obtained in
our measurements and those of Pushkarsky and Miller.
l' g I 1 The lifetimes of the 13" and 123" progressions were

;
g 2'3 A

determined here for the first time. Previous work has shown
that levels above 27 321.4 ¢M(3?) are highly predissocia-
tive, but the 1 line at 29 462.2 cit showed no evidence of

(2]

a2 ] - A lifetime broadening. However, the addition of one quanta of
GEJ 14 ® . vz leads to a tenfold decrease in lifetime, illustrating the
= 3 g O 1’2 mode specificity in the dissociation previously revealed for
% ] o A L J the 3 and 23" progressions by Pushkarsky al’® Figure 3

shows other examples of this mode specificity, and the trend
observed in each progression in Fig. 4 clearly demonstrates
that v; is a promoting mode for dissociation. Comparing the
! ' : ' J ' levels 2 (7~480ng, 1' (10 ps<7<10n9, and 23! (r
28000 29000 80000 31000 ~0.46 p3, we discern that the rate of predissociation is also
Wave number / cm’ a function of energy. We look forward to theoretical studies
on the predissociation rates in this system.

o

-
|

[ J

FIG. 4. Dependence of lifetimes in the— X system on vibrational mode

and energy in TC-RFWM experiments. Progressioh$(3, v=3-7), 2'3° IV. CONCLUSION

(®, v=3-6), 1'3" (A, v=0-2), and £2'3* (#, v=0 and 1 are marked

with different symbols. The arrows indicate bands for which no lifetime We demonstrate the advantages of two-color resonant

broadening was observed, indicating that the lifetime exceetf3 ps. four-wave mixing in investigating highly predissociated lev-
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els of CH;S in its A?A;. We confirmed vibrational assign-
ments of new progressions'd and 123" involving the
symmetric CH stretching modér;) and measured quantita-
tively their lifetimes. The vibrational wave number ig

=2940 cm?, consistent with theoretical calculations. The

spectra show pronounced mode specificity witha clear
promoting mode for dissociation.
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