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Predissociation dynamics of the A 237 state of SH and SD

Martyn D. Wheeler, Andrew J. Orr-Ewing,? and Michael N. R. Ashfold
School of Chemistry, University of Bristol, Bristol BS8 1TS, United Kingdom

(Received 8 July 1997; accepted 11 August 1997

The technique of cavity ring-down spectroscopy has been used to investigate predissociation in the
A 23" state of the SH and SD radicals. Spectra were recorded @-the(1,0) band of SH and the

(1,0, (2,0 bands of SD. Linewidth measurements of transitions to individual rovibrational levels of
the A state revealed increasing predissociation rates with vibrational and rotational quantum
number. These and all other available data have been reproduced, quantitatively, by Fermi Golden
Rule calculations employing the bdsixperimentally determingdnalytic potential for thé\ state

and ab initio repulsive potentials and spin—orbit coupling matrix elements.1%7 American
Institute of Physicg.S0021-960807)00543-§

I. INTRODUCTION ing of the electronic predissociation of the-state. More
recently the SHA-X transition has been employed as a
The SH radical is of importance in fossil fuel combus- probe to measure nascent rotational distributions arising
tion processes and as an intermediate in a wide variety dfom the 266 nm photolysis of §$ using the technique of
naturally occurring reactions yielding sulphur containingdegenerate four-wave mixinddFWM)’ which, unlike LIF
pollutants. It is a direct product of 43 photolysis in the as a detection scheme, should not suffer from signal loss due
upper atmosphere, and is of astrophysical relevance givet nonradiative processes such as predissociation.
the significant abundance of sulphur in the interstellar me-  Predissociation rates for SH and 0?3+ v/ =0 were
dium. determined accurately by LIF studies. Ubaetsal1®° re-
The SHA 23" —X I electronic transition was first ob- corded high resolution LIF spectra of SH in a molecular
served in absorption by Lewis and Whitand has been the peam to measure lifetime broadening of spectral lines and
subject of numerous subsequent studiésRamsay’ and  observed arN’ dependence to tha 23" v’ =0 predisso-
later Johns and Ramsaysed flash photolysis of 48 and  ciation rates. The natural lifetimes decrease monotonically
D,S to obtain UV spectra of thd,0), (1,0, and(2,0) bands  from 3.2+ 0.3 ns forN’ =0 to 0.95+0.02 ns forN’ =9, with
of the A 22" —X I transition of SH and SD using a grating e-parity levels(corresponding to th&, components of the
spectrograph and performed a detailed rotational analysi®\ 25" stat¢ having slightly shorter lifetimes than the
These workers reported sharp rotational lines in 0®)  f-parity (F,) levels. These lifetime values are in good agree-
band while the(1,0) and(2,0) bands of SH were observed to ment with the results of quenchiffgand time-resolved fluo-
be diffuse, indicating the onset of rapid predissociationrescence decay experimeftsKawasakiet al** measured
Ramsa$ estimated rotational linewidths in t&,0) band of  fluorescence lifetimes of SB 23+ v'=0,N'=0-13 and
~0.1cmt implying a lifetime of SHA?S", v'=1 of  ohserved a monotonic decrease with increasiig from
~50 ps. In comparison, the radiative lifetime of 3 * 198+7 to 44+1ns, with e-parity levels again having
v'=0 was experimentally deduced to be 8240 ns(730  slightly shorter lifetimes.
+180 ns for SD' in fairly close agreement witlab initio Electronic structure calculatioffs?*suggest that the in-
calculations giving an estimate of 704 HsFurther evidence teractions resulting in predissociation of tRe?S.* states of
for the predissociation of tha ?S* state came from flame SH and SD are similar to those occurring in the OH radical.
emission spectfd which showed the SHA-X (0,0) band  Predissociation of the O 23 * state has been much stud-
and the SDA—X (0,0 and(0,1) bands, but no emission for jed both experimentalff?® and theoretically’?® The
v'>0. Similarly, laser induced fluorescengdF) studies of A 25" state of OH is crossed by three repulsive electronic
SH and SD failed to detect fluorescence frof>0 levels of  states that dissociate to the atomic fragments3PQ(
theA 237 state!®!*Excitation of SH on theéA—X transition  +H(2S). These repulsive’S ™, 25, and “II states are
has been used to study SH—Ar and SHz®an der Waals coupled to the bound 23 state via spin—orbit couplings,
complexe¥® and SH embedded in matrices of argon andand the extent to which these states affect the predissociation
krypton® The presence of one or more Ar atoms bound torate varies with the vibrational level of the OM 23 * and
SHA 23* increased the fluorescence lifetimewdf=0 lev-  the rotational quantum number; for example, for @HS ",
els to as long as 600 ns; for Ar—SH the increase in thg,’=3 rates are 0.3810°s! for N'=0 and 1.58
natural lifetime depended on the number of quanta of excix 10'° s~ for N’ = 14, with rates fore-parity (F,) levels up
tation of the Ar—SH stretch. SH contained within a rare-gaso 10% higher than forf-parity (F,) levels. Recent Fermi
matrix showed complete quench- Golden Rule calculations of the predissociation rates of OH
A 23" v', N’ levels employingab initio electronic wave
aAuthor for correspondence. Faf0117) 925 1295; Electronic mail: a.orr- functions for theA 22+, 427! 227’ and4H states and com-
ewing@bristol.ac.uk puted values of the spin—orbit coupling between these states
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showed excellent agreement with the available experimental The 532 nm output of a Nd:YAG®Quantel YG68DIlaser

data?® was used to pump a dye las@pectra Physics PDL}3p-
The SHA 23" state is similarly crossed &, ~, 23, erating with DCM and Rhodamine 610 dyes. The dye laser

and“II repulsive states that correlate with®8() and HES)  output energy was typically 30 mJ and had a bandwidth of

at large internuclear separation. Riad Ma{gmerformed de- ~0.07 cm%. Part of the dye laser fundamental was sepa-

tailed ab initio electronic structure calculations of the poten-rated from the main laser beam using a quartz flat and di-
tial energy curves for all four of these states and for therected into an iodine LIF cell and artadon (free spectral

spin-orbit and Coriolis couplings between the states. Predisange 0.492 cm?) for accurate wavelength calibration. The
sociation rates based on theseinitio results were not, how-  standard deviations of fits to the well-documentedX

ever, calculated. The experimental data with which to comspectrd* and ‘¢alon fringes were<0.01 cni'. The remain-

pare such calculated rates hag, qntil now, been sparse, an{b laser beam was frequency doubled in a KDP crystal
mezas+ure,me,nt of accurate lifetimes for 31';' 185_3‘;11(1 SDhoused in a homebuilt autotracker and the residual funda-
A“X7,0',N" levels has been restricted td=(1. A mental light was removed using a filter. The resultant UV
comparison of predzlss;omanon rates of X" with the oo had an energy of 3—6 mJ per pulse and was injected
much-studied OHA %™ should highlight the effects of the i the ring-down cavity(RDC) through one of the cavity
different spin—orbit interactions in these first- and second—end mirrors. The UV mirror¢éResearch Electro-Optics, 7.75
row hydride radicals. mm diam, 4 mm thick quartz substratdsad a specified re-

(CRBgzg_tsef::;%llj; scgectcr?)\g(t:)cl)pignpﬂft;)i\:; ofs&icgfjgizgzﬂectivity of >99.9% at 320 nm aha 2 mradius of curva-
ciatedv’ N’ levels of SH and SDA 23 * for o’ >0 because ture. They were mounted 1.6 m apart in PTFE disks con-

o . . . : nected to the glass flow cell by flexible bellows. Fine control
it is a direct absorption technique and because the high sen- . s ) : )
o of the mirror positions was achieved using micrometer
sitivity of CRDS allows measurement of SH and SD spectra . ; .
screws located alongside the bellows, and mirror alignment

at low pressures where collision-induced broadening is neg- as assisted by a helium—neon laser. Light escaping from
ligible. We have recently demonstrated the power of CRD N e
9! v y pow the RDC was detected by a photomultipliEMI 9592)

for studies of molecular predissociations in which the life- ; .
times of the predissociated states are less th&00 ps32 mounted behind one of the mirrors. Background fluorescence

CRDS therefore provides a complementary method to Llr_arising from the U_V _Iaser beam passing throggh the mirror
which is better suited to study the decay of Ionger-livedSUbStrates was eliminated by a filter placed in front of the

states. In an earlier communicatidhyve reported a high- PMT. The signal from the PMT was digitized using a d'igital
resolution cavity ring-down spectrum of the 23" —X 21T osullogcope(LeCroy 940()_ and transferred to a PC via a
(1,00 band of SH. From the accurately determined spectrafPPIB intérface for analysis. Care was taken to ensure that
linewidths, we extracted predissociation rates forSRs *,  the ring-down signal was a single-exponential decay. Ring-
v'=1,N'=0-8 and compared the experimental data withdown times (1¢) were typically~10 us at 306 nm. Spectra
Fermi Golden Rule calculations using a combination of thevere recorded by monitoring the variation of the ring-down
ab initio spin—orbit coupling values and repulsive state po-time with wavelength.
tentials of Riad Man&4 and a potential for thé 23 * state The flow tube consisted of a 25 mm diam glass tube with
obtained from spectroscopic and photochemical data. Théeveral ports along its length for pressure gauges and gas
calculated and measured predissociation rates were in quatiléts. The flow tube was evacuated by a rotary puiég-
titative agreement. In this paper we extend this work towards connected close to one end of the tube by a vibration-
present the cavity ring-down spectra of the SbDisolating bellows. The pressure in the cell was monitored by
A 237X 21 (1,0) and(2,0) bands. From the CRD spectra capacitance manometer gaugés 10 and 0—-1000 Torand
we determine predissociation rates which we compare teéould be regulated using a throttling valve before the rotary
Fermi Golden Rule calculations using the same potentialpump. SH was formed in a continuous flow via the reaction
and coupling functions. As a further test of our theoreticalof hydrogen atoms with ;. The hydrogen atoms were
model, we calculate the variation of the predissociation rateformed by microwave discharge of, KBOC High Purity in
with N’ for SH and SDA 23" v’=0 and compare the re- a phosphoric-acid coated mullite tu®0 cm long, 12 mm
sults with previous experimental studies. The result is a unie.d) and were introduced to the RDC 33 cm from one end;
fied experimental and theoretical picture of the mechanisnthey reacted in the RDC with a few mTorr of,8 (Mathe-
of predissociation of SH/SIA 23 % v'<2, as well as pre- son, 99.5% purity introduced further upstream. Typical
dictions for the predissociative behavior of high€rlevels.  pressures of Klin the discharge were 0.5-1.0 Torr and the
microwave discharge operated-ab0 W input power. Care-
ful control of the gas mixes using needle valves suppressed
the formation of $ which was observed as a by-product of
The cavity ring-down spectroscopy apparatus used téhe reaction to form the SH. Measurement of the widths of
record spectra of the SH and SB-X bands consists of a nonpredissociated lines in the, 8-X spectrur?® in the
pulsed dye laser system, a glass flow tube bounded by higlvavelength region of the SH experiments established the UV
reflectivity mirrors, signal detection and acquisition electron-laser linewidth in our experiments as 0.09 ChFWHM,
ics, and wavelength calibration equipment. with the line shape well described by a Gaussian function.

Il. EXPERIMENT
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FIG. 1. Experimentalbottom) and simulatedtop) spectra of part of the SH 23, *—X 2II (1,0) band, with rotational line assignments indicated by the combs

above the spectra. The simulation was performed using spectroscopic constants from Refs. 9 and 38 and assumes a temperature of 300 K. The line shapes ir

the simulation are a convolution of a Gaussi&iwWHM 0.09 cn?) and a LorentziafFWHM 1.0 cni™?) function.

SD was produced by the reaction of®with D atoms
formed from a microwave discharge in, DSpectra Gases,
Research Gradaunder the conditions described aboveSD
was synthesised by the reaction ofd, in D,O with FeS in
a deuterated vacuum line and was stored inzadlass bulb.

to record the SHA—X (2,00 band were foiled by a combina-
tion of poor Franck—Condon factors for the transition, the
likely very large lifetime broadening of the spectral lines,
and the strong overlapping 8 *3, -X °%; (6,0 band that
could not be eliminated by adjustment of theS H atom

Prior to studying SD, the entire vacuum apparatus was de%ixing ratio. In addition, the reflectivities of our mirror sets

terated by overnight exposure to,@, and the microwave

discharge tube was coated with deuterated phosphoric aci

Although the reaction of H atoms with,8 should produce

SD cleanly, the reaction with D atoms was found to give

better SD signal with less SH contamination.

8t the wavelengths appropriate to tf&0) band were sub-
stantially less than the maximum mirror reflectivity and the
maximum ring-down time observed at 290 nm wauég.
Figure 1 shows the CRDS spectrum of the 8H3, " —X 2I1

The experimental design precludes any detrimental ef(1,0 band over the wavenumber range 32390-32670

fects of cavity modes on our specffa’ The longitudinal
mode spacing of the RDC is calculated to be 0.003tm

cm ! together with a simulation derived using the literature
values for the grourid and excited® states. The simulation

much narrower than either the laser bandwidth or the width&ssumes a temperature of 300 K, a Gaussian instrument func-
of the spectral features under investigation. The lifetimes fotion of FWHM 0.09 cm?, and a Lorentzian component of
SH and SDA X", as discussed below, are shorter than thethe line profile of FWHM 1.0 cm? to allow for homoge-

cavity round trip time of the laser pulse-(L0O ns), so coher-

neous lifetime broadening. The simulation reproduces the

ent effects of multiple pulses interacting with the SH/SD gpserved positions, intensities and widths of the spectral
excited state can be neglected. The short lifetimes of the Sk very well, but to interpret the effects of predissociation

and SDA-state levels also mean that the spectral linewidth
are greater than the laser bandwidth, thereby ensuring th

satisfied.

Ill. RESULTS

Spectra were recorded of the SM23*—X 2I1 (1,0
band and of the SIA 23, "X 211 (1,0 and(2,0) bands, all

s precisely as possible, we fitted unblended spectral lines as

- . ) %scribed below to determine accurately the homogeneous
conditions appropriate to Beer—Lambert law absorption are

widths of individual rotational levels.

The excited states of SKBD) can, in principle, decay
via two routes, radiative decay and predissociation. If the
rate constants for these two processes are denotegand
kKore respectively, the total rate of decay of the excited state
is determined by an overall rate constémtk g+ Kpe- The

of which fall in the wavelength range 298—317 nm. Attemptsnatural lifetime of the excited state( = 1/k) is related to the

J. Chem. Phys., Vol. 107, No. 19, 15 November 1997
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TABLE I. SHA 25" p'=1, N’ lifetimes. Error limits in the quoted life-

: . . . ) . SK‘ N
times correspond toin the fit of the experimental linewidths. 2N '1 é é )t g é7
T T T T T !
Lifetime/ps 13 12 11 10 9 8
N’ e parity f parity
1 5.45'0%; A
2
4 5.19i8;%g 4.64_8;85
5 4.97,*8;gg 4-7¢gig%
6 4.65,*8% 4.08 057
7 459705
8 46158 — N

32320 32330 32340
Wavenumber / cm’”

FIG. 2. Experimentafbottom) and simulatedtop) spectra of part of the SD
A 237X 21 (1,0) band, with rotational line assignments indicated by the

associated radiative and pred|SSOC|at|ve “fet'mer§d and comb above the spectra. The simulation was performed using spectroscopic

Tore: respectively, via constants from Refs. 9, 12, and 39 and assumes a temperature of 300 K. The
line shapes in the simulation are a convolution of a GausgafHM
1 _ 1 4 1 ) 0.09 cm'}) and a LorentziafFWHM 0.14 cni?) function.

T  Trad Tpre

iative lifeti 29+ 1 —
Thf dfdl,JSed radiative lifetimes of M 151)%_0 and SD Torr used in our experiments, pressure broadening is ex-
A %7 v’ =0 are of the order of 700800 nswhereas the ected to result in a linewidth contribution €f0.001 cm'%.

natural lifetimes measured in this study are less than 100 ps. Figure 2 shows a portion of the spectrum of the SD
Since it is reasonable to assume only a srRatlependence A2S*_X 2 (1,0 band in the wavenumber range

in the A—X electronic transition moment and thus a small35 310_32 350 ciit. The signal to noise ratio in this spec-
v’-dependence to the radiative lifetime of testate, we can -, is worse than in the equivalent SH band, presumably
thus safely equate the measured natural lifetimes with thBecause of the less efficient production of SD in our dis-

i atva [ifeti 25+ .1
predlssgmatlybe gfetlm_es of t2§h 37 v'>0 levels. ibut charge flow system. Shown with the experimental spectrum

As escribe prewous@f, omogeneous contributions ¢ 4 gimy|ated spectrum calculated using the spectroscopic
to the widths of spectral lines were determined by flttlngConstants for SD in itX 21T and A 235+ state<123% The

unblended spectral lines to a Voigt profile. The Voigt profile | ,saqt correspondence between the observed and measured

is a Egnvglu:]icon of af (?]aulssianIfunctir?mrres%ondinglto Lhe 4ine shapes is obtained if the 0.09 tMFWHM Gaussian
combined effects of the laser line shape and Doppler broaqp gy ment function is convoluted with a Lorentzian profile

ening and a Lorentzian functioficorresponding to the ef- of T=0.14 cm* (FWHM). This homogeneous broadening
fects. of I.|fet|me br.oademr')g 'I_'he FWHM.Of the Gaussian g equivalent to an upper state lifetime -of30 ps. The signal
fEnCtIOI’I is determined by flltLlng Z?Itr?]nsmons lthat overlap 44 nojse ratio and the modest homogeneous broadening pre-
the SH and SD specira. Although the Doppler componenten; accurate fitting of unblended spectral lines to determine

due to SH and Swill differ slightly, the bandwidth of the the N’ dependence of the predissociation rate. The line-

UV laser beam dominates the Gaussian “instrument” funC-iqihs are virtually at the limit we can determine reproduc-
tion and we determine a FWHM of 0.09 cththat we at-

i . i he | bandwidth. Thi ) ibly with our UV laser bandwidth and hence we restrict our-
tribute primarily to the laser bandwidth. This Gaussian con-qy e 1o the observation that the lifetimes of the &85, *
tribution to the Voigt profile is held fixed during the line

"=1 rotational levels are=30 ps.
fitting, and this fitting then determines the FWHM of the v P

L i The h linewidth As mentioned above, we were unable to record spectra
orentzian componeml',“. '€ homogeneous linew! ths are of the SHA—X (2,0) band because of a combination of un-
related to the natural lifetimes by

favorable factors. We were, however, successful in observing

portions of the SDA—X (2,0) band and part of this spectrum
(2)  in the wavenumber range 33 430—33 520 ¢ris shown in

Fig. 3. The figure also shows a simulation of the band cal-
The results of this fitting process are listed in Table | for SHculated as described above and including a homogeneous
A 23" v'=1,N"=0-8. Within the errors of the measure- contribution to the spectral line shapes with=2.3 cni'®
ments, we observe no difference in predissociation rates fdFWHM. This value ofl" was determined by fitting the com-
the e- and f-parity rotational levels ofv’=1. The fitting plete experimental spectrum to a simulation with the line-
assumes that unresolved hyperfine structure and pressundédth as a floated parameter. The spectrum is overlapped by
broadening make negligible contributions to the lineshapesa band of the §B—X transition, and much of the apparent
Hyperfine splittings 0f<0.03 cm* have been measurfd “noise” in the spectrum is in fact sharp, unbroadened S
for SHA 23 % v’=0, N’ =14 while, at the pressures ef1  spectral lines. The procedure used to deterniim@ecludes

I(em™)= 2mweT’

J. Chem. Phys., Vol. 107, No. 19, 15 November 1997
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R, and "Q,(N") —————— relative roles of the different repulsive states in the predisso-
Q ad B, | | | |7 |6 .5 432 ciation mec_:hf_;mism and make_: apparent the origins of the ob-
6 5 4 302 1 served variations of the predissociation rates witrandN’

PN 7 ~ . ! for this system. The calculations neglect the effects of the
parity of the rotational levels but we will return to this point
later.

Predissociation rates were calculated using a slightly
modified version of the programconT.*° The program re-
quires potential functions for the bound and repulsive states
involved in the predissociation mechanism and the relevant
functions are taken from a combination @b initio calcula-

3440 | 3360 | 33480 | 33500 | 33520 tions and experimental data. The first three dissociative
Wavenumber / o states, the =7, 1237, and 1*II states, arisépredomi-
nantly) from the electron configurations

FIG. 3. Experimentalbottom and simulatedtop) spectra of part of the SD

A 237X 2[I (2,0 band, with rotational line assignments indicated by the
combs above the spectra. The simulation was performed using spectroscopic
constants from Refs. 9, 12, and 39 and assumes a temperature of 300 K. The
Lorgntzian compongnt of the line shapes in the simulatioq was floated as a ...3(72177440-250-16012773; 1 4H,

variable parameter in a fit to the experimental spectrum, giving a FWHM of

2.3 cnTl. As in previous figures, the Gaussian component of the line shape . . .

was fixed with FWHM 0.09 cmt. The sharp features in the experimental @nd the only available information about the form of these

spectrum are overlapping rotational lines of theBS-X transition. dissociative potentials comes froaf initio calculations. In
this work, we make use of the results of the most recent of

, , _ . theseab initio studies of the potential energy functiéhs
measurement of th&l" dependence of the predissociation pich are calculated to cross the outer limb of ¢ initio)

2% + r_ H i TP ITH
rate from SDA_ 2/ v'=2. Dlrec'F fitting of _smgle lines A 25+ state potential aR,(14S)=1.71 A, Ry(1237)
to establish thidN’ dependence is not feasible t_)ecause _thezl_90 A, andR,(1I1)=2.04 &, respectively. We fit the
widths of the features mean there are in fact no isolated line
in the spectrum. A value oF =2.3 cm! corresponds to a

SDA 23 p’=2 lifetime of 2.3 ps. _ 2
Vied R)=D+A —[b;(R—R,)+b,(R—R , 3
In Table Il we have collected together all the available el R) expl ~[ba( ®)+bal ok &

i i i 25+ 7 ;
exp_en_mental_mformatlon on ,SH and SO v p_)re_dls— whereD, the energy at the potential asymptote was fixed at
sociative lifetimes. The variation of the predissociation rate_ g, .\+1 easured relative to th state minimum. so

with v’ and with hydrogen isotope can be understood Ny 1 pe in agreement with the knofhrmsymptotic splitting

terzms+of the proximity of _the vib_rational er;ergy levels of the between the!D and 3P, states of atomic sulphur

A. 24 ?tage t_o the czossmg points of _th!e 2 an_d repul- (9239 cm’l). A, by, andb, are fitted parameters, aril,

sive "X ' %", and lj_potentlals. This point will be ad-  jefines the S—H bond length about which we expand the

dressed in more detail in Sec. V. potential. The choice oR, is arbitrary (but determines the
fitted values of the remaining paramejeand was initially

IV. CALCULATIONS chosen to be thab initio value for the crossing poing..

The availability in the literature oéb initio potentials ~Once the repulsive potentials are fitted to functions of the
for the various electronic states of SH and for theform of Eq.(3), however, the value dR, can be adjusted to
R-dependence of the spin—orbit coupling between the eledhove the whole potential function to longer or shofeas a
tronic states has permitted us to perform detailed calculation@eans of varying the crossing point energy and internuclear
of the rates of predissociation of individual, N’ levels of ~ Separation.

SH and SDA 23* and to compare these calculations with ~ The ab initio potential for theA X" state proved too

our experimental data. The results of this analysis clarify thdnaccurate for the purposes of our calculation since it did not
reproduce the known vibrational frequencies and energies of

SH (SD) nor does it asymptotically give the correct energy
TABLE Il. Summary of the variation of SH/SIA 23 * v’ lifetimes for of S(lD) relative to SEP). Consequently, we chose to fit
experimentally observed levels typically over the rahje=0—10. available experimental data to obtain a more accu te
Lifetime potential. We used two sources of experimental data; the
results of 121.6 nm photolysis of,B (and D,S)*?**3and of

30217 40%50%6012 7%, 143,125

3b initio repulsive potentials to analytic functions of the form

v’ SH Sb rotationally and vibrationally resolved spectroscopic studies

0 3.20-0.95 rfs 247-38 nd of the A—X transitions of SH and SB?® The former experi-

1 5.45-4.61 ps 35-24 ps ments established the well depf,, of the boundA 23,*

2 231 ps state potential as—8675+100cm ! [relative to the
*Taken from Ref. 18. asymptotic products HS(*D,)] as well as the energies of
bTaken from Ref. 21. several SH (SD) A?3" v’ levels not observed in
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< 6000 S
£
3 W
3
> 4000 3
2
2000 .
v'=0
0 HCS)+S(CP) DCS)+SCP)
1 2 3 4 51 2 3 4 5
R/A

FIG. 4. Potential energy curves used in the calculations of SH and 8D" predissociation rates. The horizontal lines show the energies of the vibrational
levels of theA 23" states of SHleft) and SD(right). The zero of energy is defined as the minimum of #h&> " state potential.

absorption spectroscopy. Thestate potential energy curve We parameterized these matrix elements as a Taylor expan-
was constructed using an extended Rydberg funttion sion in the shifted distance coordinat®R,), to yield an

effective coupling functiorHS9(R),
V(R) =~ De(1+ayp+azp?)expl — asp), (4) pling (R)

where p=R-R,, the distortion from the equilibrium bond HSA(R) =mg+my(R—R,) +my(R—Ry)%. )
length Re=1.423 A) anda, and a, are fitted parameters )

describing the shape of the potential. We refitted the previ] € values of all parameters required for E@g.and(S) are
ously tabulated experimental data for both SH and SD, silisted in Table Ill. Having set up the potentials we calculated
multaneously, to yield the following unified values of the the bound,(v,NJ, and coontmuum,(E,N|, wave functions
parametersa,;=2.90 A", a,=-2.33A 2, using a suit- Using the progranBconT* to solve the radial Schdinger
ably modified version of the prograneveL.* This program ~ €duation and determine the matrix elements,

solves the one-dimensional ScHiwger equation for a cho- S0 . _ S0

sen potential and minimises the squares of the residuals be- HYEN;v.N) =(E.N[H™AR)[v.N). ©
tween the observed and calculated term values. Aséate 1 fing| stage of the calculation is to use the Fermi Golden

potential used in subsequent calculations reported in this pgy e approximation to evaluate the predissociation rates of
per was shifted upwards in energy Dy, so that the refer- o 7 "N’ |evels of theA state. The rate constant for pre-

ence zero of energy for all potential functions is taken as th%issociation of a particulap’, N’ level with energyE is
bottom of theA-state well. '

Figure 4 shows the boundl 23 and repulsive 13,
1237, gnd 1*I1 potentials .use(:i in the subsequent analysis,  k(y’,N')=(472Gg/h)|(E,N'|[HSR)[v',N"}2. (7
along with the calculated vibrational levels of tAestate for
SH and SD. From this picture it is apparent that the mostHere, G, is the ratio of electronic degeneracy factors of the
significant contribution to the predissociation rate of lov  final and initial states.
levels of theA state is likely to be from interaction with the Predissociation rates were calculated, as a function of
143~ state. A similar interaction has been invoked as thethe bound state’ andN’ quantum numbers, for interaction
main contributor to the predissociation of law levels of  with each of the three repulsive curves. As expected, the
the correspondingh 23" states of both OH and OFY.To  rates obtained for the SH and D?3 " v'<1 levels inter-
quantify the contributions to the predissociation from theacting with the higher lying £~ and 1°I1 states were
three different repulsive states}3~, 123, and 1*Il, we  several orders of magnitude smaller than those from interac-
have taken the calculated spin—orbit coupling matrix eletion with the 143~ state. For SDA 23" v’ =2 the rates of
ments HSOA 23+ 14%7), HSYA23%,1237), and predissociation via the 35~ and 1*I1 states are calculated
HSY(A 23%,14I1) which are a sensitive function of S—H to be 1 and 18 times slower than for predissociation via
bond length in the region of the respective crossing péthts. the 13~ state, but for SHA 23" v’ =2 the corresponding

calculated using
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TABLE Ill. Parameters for the potentials and coupling functions used in the calculations of the SHISD
v',N’ predissociation rates. All parameters are defined in the text.

by b, D A Ry mg my m,
JA-1 JA=2 Jem™t fem™t 1A Jem™t /A=t em™? JA=2cm™t
143~ 3.26 0.13 —564 4626.17 1.68 44 140 60
125 2.20 0.17 —564 6730.83 1.87 50 109 -37
1411 2.53 0.27 —564 8494.46 200 -162 67 54

rates are both only one order of magnitude slower, suggesand coupling functions we have chosen for the calculations
ing the onset of significant predissociation via routes otheare probably not unigue in being able to model the experi-

than crossing to the 4~ potential. mental data but, as is apparent from the figures, the agree-
Figures 5—-9 show a comparison of the calculated ananent between experiment and calculations for all data sets is
experimental predissociation lifetimes for SHA2S* p’ excellent. The calculations for SH and SD match not just the

=0,1 and SDA%3" v'=0,1,2. The experimental data in absolute rates and lifetimes for different states, which
Figs. 5 and 7 are from Ubachet al!®'® and Kawasaki vary by about five orders of magnitude, but also reproduce
et al,?! respectively. The data for SB’=0 has been con- theN’ dependence for the different. The greatest discrep-
verted from fluorescence lifetimes to predissociative life-ancies are for S@'=1 but, as pointed out in Sec. lll, the
times using the known radiative lifetime of S&3 .10 linewidths in the SDA-X(1,0) band are very close to our
The calculated data were obtained as described abowxperimental instrument function so precise determination of
after optimization of the repulsive potentials to give thethe homogeneous contributions to the linewidths is particu-
shown match with thé\’-dependent SHA 23 * v’ =1 ex- larly difficult for this transition.
perimental data. This optimization was done in a trial-and-
error fashion by making minor adjustments to thé3T V. DISCUSSION
state potential from which we find, by inspection, that the
experimentally measured SH\Jv'=1 lifetimes are repro-
duced best if the whole 4>~ state potential is shifted by
—0.03 A from theab initio value, i.e., ifR, is decreased

We are now in a position to compare the variation of the
predissociation rates of SH and S®23* with hydrogen
isotope and with vibrational and rotational level. The calcu-
from 1.71 A to 1.68 A. This new value &, is also used in lations described in the previous section reproduce quantita-
Eq. (5) for the coupling function. The crossing point of the tively the magnitudes and variation of these rate; and we can
A 23* and 13~ potentials then occurs &,=1.75A. The  USe the_potentlgls, energy levels gnd wave functlops from the
repulsive potentials shown in Fig. 4 are all shifted inwardsc@lculations to interpret our experimental observations and to
by 0.03 A from theirab initio crossing points with the make predictions about the predissociation for levels with

state, and all other calculated results displayed in Figs. 5—§/>2' ) o )
make use of these slightly shifteab initio 143, 123, The predissociation rate for a particular state depends on

1411 potentials and coupling functions and were notthe extent of overlap of the bound state and continuum wave

and
and this overlap will be greatest for energy levels

: 6
optimised for each experimental data set. The potentialg"mctlonsél

4 10
SH(A) v'=0
A SH(A) v'=1
8
% a
= =6
2 gt d ;
3 &
3 =4
2
0 L L | L P L L ! L 0
0 1 2 3 4 5 6 7 8 9 6 1 2 3 4 5 6 7
N N'

FIG. 5. Lifetimes of SHA 2% v’ =0. Experimental results are shown by FIG. 6. Lifetimes of SHA 23 v’ =1. Experimental results are shown by
circles, @; e parity, O; f parity; diamonds are the results of calculations circles, ®; e parity, O; f parity; diamonds are the results of calculations
described in the text. Experimental data are taken from Refs. 18 and 19. described in the text.
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SD(A) v'=
2504 8000
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FIG. 7. Lifetimes of SDA 25" v’ =0. Experimental results are shown by
circles, ®; e parity, O; f parity; diamonds are the results of calculations /\ /\
described in the text. Experimental data are taken from Ref. 21.
o ey W

in close proximity to the energy of the crossing point be-
tween theA 237 and repulsive-state potentials. The varia-
tion of the predissociation rate with’ is summarized in
Tazble; I, ?nq Flgz' ALShOWS 4a plot of the po_tentlals for theFIG. 9. Calculated boundA(2%*) and continuum (23 ~) nuclear radial
A%T, 157, 1737, and 111 states used in the calcula- wave functions for SD. The bottom panel shows the/SEE.* v’ =0 wave
tions. These calculations demonstrate that the predissociatiaiinction and the 3~ wave function of the same energy. The top panel
of thev’ =0,1, and 2 levels is dominated both for SH and SDshows the SDA 23" v' =2 wave function and the 4.~ wave function of
by crossing to the £3~ state and it is clear from the figure the same energy.

that the large increase in predissociation rate for Sh'as

increases from 0 to 1 is caused by the closeness sfl to

R/A

the energy of the crossing. Likewise, because of isotopic
effects, the vibrational levels of SD lie lower in the potential
than those of SH with the same vibrational quantum number.
Hence, we observe a faster predissociation for Sk 1
than for SDv’=1. The energy of Sb' =2, however, is
greater than that of Sk’ =1 and the former state predisso-
ciates about twice as quickly as the latter. Our calculations of
the rate for predissociation of SiD =2 predict a lifetime of

80

~
(=]

SD(A) v'=1

w 60 ~2.3 ps in extraordinarily good agreement with the experi-
= mental result. To illustrate the influence of the overlap of the
g 30 bound @A 23 ") and continuum (£ ) nuclear radial wave
'§ functions on the predissociation rate, Fig. 9 shows plots of
0 24 the calculated SDA 23" v’ =0 andv’'=2 wave functions
together with continuum wave functions of the same energy;
22 it is evident that proximity to the crossing of the2S* and
20 143~ potentials substantially enhances this overlap in the
' SD(A) v'=2 latter case.
18 No experimental lifetime data exist for either SH or SD
for levelsv’>2 with which to make a comparison to this
1.6 model. However, from a purely theoretical point of view it is
5 > : s s o still interesting to see what predictions can be made for these

higher vibrational levels in order to understand the roles of
the 23~ and“Il dissociative state&lso shifted inwards by
—0.03A from their ab initio values and assuming the
S Bstony. For remeons sutined n e 1ot werwere i 1o gve an"oiculated? values of the spin—orbit coupling matrix ele-
experimenta.l variation of lifetime wittN’ for these vibrational Ievels%] SD ments)'. qu IeveIS_WIthU’$2 the dommar?t pred.lssouatlon.
A 25t p'=1 has an experimentally measured lifetime 080 ps whilst ~ Foute Is via the’S ™ state as already mentioned in the previ-
that for SDA 22* v'=2 is 2.3 ps. ous section. However, for higher vibrational levels e

Nl
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little or no variation withe/f parity. For SHv' =1, we ob-
serve no significant difference between the predissociation
rates ofe and f-parity levels.

The other possible source of differences in the predisso-
ciation rates for thee and f-parity rotational levels is the
difference in energy. For SH or SR 23 the e-parity level
lies slightly higher in energy than thieparity level of the
sameN’ quantum number. We have investigated the effect
of this very small energy shift on the calculated predissocia-
tion rates and find it to be negligible.

v It is interesting to compare the lifetime data for tAe
states of SH, SD with that of OH, OD to see the effects of a
FIG. 10. Variation of prt_adisspci_ation rate with egch indiyidugl dissociative hegvier nucleus on the magnitude of the Spin—orbit interac-
Sstgti ?;ci the total predissociation rate for the first six vibrational levels Oftion. In OH the crossing point of the 25+ and 143 ~ states
occurs between’ =3 andv’=4 and, as a result, the lowest
few rotational levels inn’ =0 and 1 show no predissociation
at all, however, even in’'=3 the lifetime of the highest
state rapidly becomes the main predissociation channelbserve®2® rotational level is still as long as 33 ns in con-
whilst the 23~ state only ever seems to play a minor role. trast with SH ¢ =1) for which 7<5 ps. This is largely a
This point is illustrated in Fig. 10 which shows the calculatedreflection of the smaller spin—orbit coupling matrix elements
predissociation rates of SHA] via each individual channel associated with the first row hydride.
as well as the total rate plotted against the rotationless levels
of v’=0-5. The total rate reported here is simply a summay/|. CONCLUSIONS
tion of the three individual rates from a giveri level

Our calculations also reveal the origins of the rotational
dependence of the lifetimes of Si{ =0,1 and SDv’=0.
The bound and continuum wavefunctions are solutions of th
radial Schrdinger equation and, fal’>0, the potential is
modified by addition of a centrifugal term giving

kprt x10™ (SJ)

We have used a combination of experimental and theo-
retical methods to understand the predissociation of the low
yibrational states of SH and SP 25", As is the case with
OH, the first electronically excited state of SH is predissoci-
ated by three repulsive states, th&31", 125, and 1°II
states, which all correlate with &)+ H(2S) at large inter-

72 d2p A2 N'(N’+1) nuclear separation. CRDS measurements ofAhe (1,0
—— == +|V(R)+ —————|¥=EV¥. (8 bandsof SHand SD and ti2,0) band of SD reveal the rates
2p dR 2u R of predissociation through homogeneous broadening of spec-

The vibrational and i funct dth tral lines. The lifetimes determined from the predissociation
€ vibrational and continuum wave tunctions and th€ Overy ;.5 naye peen compared with Fermi Golden Rule calcula-

T o
lap between tSem tr:justhpend .|mp_l|c:|tla/ on thle rC\)lt'?ttr']onaltions that make use of an experimentally derived empirical
qyantum numboer an’ this variation in the over ap vish potential for theA 23 % state andab initio values for the
gives the observedN’ dependence of the predissociation 143, 125, and 1*I1 potentials and for the spin—orbit

rate. Our calculations show that for vibrational levels Iowercoupling between the bound and repulsive states. The com-
. . . . o . f)arison of experimental and theoretical results reveals that
potentials, the predissociation rate increases with increasing predissociation of tha state levels with)’ <2 is domi-
molecular rotation, whereas for vibrational levels lying .., by coupling to the 45~ state, but that the other re-

above (tjhe tc:rt(?SS|hgtpo(;nt, €.g. ?}4%2)6_the gfftgct of tm_ pulsive potentials should start to contribute to the predisso-
creased rotation 1S 1o decrease the predissociation rate. — qaiinn of higherv' levels. The rotational dependence of the

. Tlhle callculatlor?s neg(;gct th_e gffect of Fﬁ:'ty of th? rota- 5 o dissociation rates determined by us fordhe 1 level of
tional levels on the predissociation rate. The experimental,, (A) and by others for the’ =0 levels of theA state of

18,19 ’r_— H
data:zg)ff Ul;a[;:hs’e_t gl. h for SH IlI) b_o 'an.c]jc. of ngf\f/asakl SH and SD is reproduced quantitatively by the calculations
.et atlh ort Uf - ;’ owa ima f uttrsllgnt| icant It erenc.fhwhich show the variation to be the result of centrifugal con-
In the rates of predissociation 1or n€ o parities, With iy, iions to the potential energy functions. The value of

e-parity levels having slightly shorter lifetimes thérparity CRDS as a method of studying fast molecular predissocia-
levels. Similar effects have been observed for the predissch—on is clearly demonstrated

ciation of OHA 23" in several vibrational levels, and cal-
culations of the predissociation rates for OH reproduce this,
difference. The effect in OH is attributed to the nature of theACKI\IOV\/LEDGMENTS
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