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Photodissociation of HrS in krypton matrices is followed by monitoring laser-induced fluorescence from the SH photofragment. 
No evidence of an energy threshold for dissociation is observed. Quantum yields of dissociation, referenced to gas-phase absorp- 
tion cross sections, increase nearly linearly from 0.04+ 0.01 to 0.25 f. 0.08, in the spectral range between 266 and 193 nm (excess 
energies of 0.75-2.5 eV) . In addition to the SH + H direct dissociation channel, production of S atoms is observed. The latter 
channel is ascribed to secondary, in-cage collisions between the SH and H fragments to produce S+H*. 

1. Introduction 

As one of the simplest prototypes of condensed 
phase reactive dynamics, the photodissociation of 
hydrides in rare-gas solids has been the focus of both 
experimental and theoretical studies in recent years 
[ l- 111, The photodissociation of HI in crystalline 
xenon was the first system considered [ l-4 1. Clas- 
sical molecular dynamics simulations of this system 
revealed that the cage exit of the H photofragment 
is significantly delayed, l-3 ps, and proceeds after 
extensive thermalization by collisions with the im- 
mediate cage [ I]. Mixed quantum/classical simu- 
lations, in which the H atom is treated as a quantum 
particle, did not change this aspect of the dynamics 
[ 2 1. Extensive experimental studies on the HI/Xc 
system have yielded fragmentary information in 
support of the model [ 3,4]. These experiments have 
been complicated by interferences from previously 
unsuspected ionic dynamics [ 4 1. It is now clear that 
in the case of al hydrogen halides isolated in heavy 
rare-gas solids, Xe and Kr in particular, charge sep- 
aration and trapping proceeds very efficiently. The 
resulting charged centers are strong chromophores, 
therefore, ionic photoprocesses mask the neutral 
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photodissociation dynamics [ 4,5 1. In related stud- 
ies, in a series of experimental investigations, 
Schwentner et al. detailed the photodissociation of 
H20/D20 in rare-gas solids [ 6-101. A major high- 
light of these studies was the observation of energetic 
thresholds to photodissociation; suggesting that: dis- 
sociation is controlled by cage exit of the H atom, 
and that this process is better described as a sudden 
crossing of a cage barrier which is potential in nature. 
The Hz0 data were therefore interpreted in a picture 
which was in sharp contradiction with the delayed 
cage exit scenario derived from the HI studies. More 
recent MD simulations, and statistical calculations 
for sudden cage exit have failed to reproduce the 
conclusions derived from the Hz0 experiments [ 111. 
The present investigations on H2S were in part 
prompted by these discrepancies. 

The photodissociation of H2S has been the subject 
of extensive theory [ 12-161 and experimentation 
[ 17-23 ] in the gas phase. Two electronic surfaces, 
‘AZ, ‘B,, are nested in the first absorption contin- 
uum, and cross in the Franck-Condon region. Away 
from the Czv geometry of the ground state, in the C, 
geometry, both surfaces have ‘A“ symmetry. As such, 
they are not allowed to cross, but remain strongly 
coupled [ 12 1. The absorption spectra can be satis- 
factorily simulated with the assumption of absorp- 
tion to two adiabatically coupled surfaces: one purely 
dissociative along the HS-H coordinate, 1 ‘A”, and 
the other, 2 ‘A”, purely bound but predissociative 
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[ 13,161. Resonance Raman studies indicate a dy- 
namic interplay between these two surfaces [ 151, 
nevertheless dissociation appears to be prompt 
throughout the first absorption continuum [ 15-23 1. 
This situation is quite different from that of HZ0 in 
which the equivalent excited electronic surfaces are 
well separated energetically, and the first absorption 
leads to a purely dissociative surface [ 241. This is an 
important difference between H2S and H20, and one 
that should be kept in mind in comparing the solid- 
state data. 

Inhibition of direct dissociation by the solid lat- 
tice, and promotion of recombination, is the classi- 
cal definition of the cage effect [25]. While in the 
case of diatomics, recombination is the only observ- 
able cage effect, in the case of triatomics (polyatom- 
its) new reactive channels can be promoted by the 
caging of photofragments. Caging of the hot SH and 
H photofragments can in principle promote the in- 
direct S( 3P, ‘D, ‘S) +HZ channel, where such chan- 
nels are energetically accessible. Evidence for this 
cage-induced reaction is obtained in the present by 
ObSeNatiOn of the photoproduction of atomic sulfur 
- both by direct laser-induced fluorescence from 
S( ‘&ID), or via S2 thermoluminescence. The 
branching ratio between the iwo dissociation chan- 
nels is now being studied. here we limit the discus- 
sion to studies in which the photodissociation of HPS 
is followed by laser-induced fluorescence from the 
SH (A-+X) photoproduct, the spectroscopy of which 
in solid Ar and Kr was recently reported [ 261. Note, 
these measurements yield the overall photodissocia- 
tion probability of H2S. The available data on H20 
dissociation in matrices were obtained by monitor- 
ing the photoproduction of OH radicals (photo- 
production of H has also been followed in Xe [ 10 ] ), 
and as such pertain to overall dissociation quantum 
yields as well. A direct comparison of these mea- 
surements is therefore meaningful. The main result 
to be presented in this report is that: in contrast with 
the case of matrix-isolated HZO, no energetic thresh- 
old for dissociation is observed in the case of HIS. 
The absence of an energetic dissociation threshold 
would be in agreement with the MD simulations, 
which predict cage exit only after extensive ther- 
malization. 

2. Experimental 

It is most desirable to carry out these photodyn- 
amical studies in solids of known morphology. Ide- 
ally, isolation of the molecule in a crystalline lattice 
is sought. As such, a significant effort was expended 
to trap H2S in free standing crystals of Ar and Kr, 
which provide longer range crystallinity than matri- 
ces. Even at dilutions of 10000: 1, H2S aggregates in 
Ar, as in the recently reported case of N20 [ 271. In 
free standing crystals of Kr, dimerization of HIS 
could not be prevented. This was verified by infrared 
studies, and the photoproduction of S, which could 
be followed by its intense B-X fluorescence [ 28,291. 
The relative intensity of SH versus SZ laser-induced 
fluorescence was subsequently used as a guideline for 
the extent of isolation of H2S in different media. The 
infrared absorption of H2S doped crystalline Kr, 
dominated by dimer absorptions, is shown in the in- 
set to fig. 1. The fluorescence spectrum of SH excited 
ontheA(v=l)tX(v=O)transitionat311 nm [22], 
andS2excitedontheB(3Z;,V=3)+X(3Cg,v=0) 
transition in the same crystal are shown in fig. 1, on 
the same absolute scale. The SZ absorption coeffl- 
cient and quantum yield of emission is expected to 
be significantly smaller than that of SH in this range, 
however the fluorescence intensities are comparable. 
Due to this extensive dimerization, free standing 
crystals were abandoned for the dynamical studies. 
However, due to the dvantages of high optical qual- 
ity and long pathlength, absorption spectra were re- 
corded in such a crystal at an estimated dilution of 
1: 100000. Ip the spectral range of 200-280 nm 
(short wavelength limit dictated by the operating 
range of the spectrometer), the band profile closely 
agrees with the gas-phase spectrum of H2S which was 
also recorded on the same instrument. 

The photodissociation measurements were con- 
ducted in matrices prepared by pulsed deposition. 
At dilutions of 1: 10000, no evidence for S2 forma- 
tion with UV irradiation was, found. Based on the 
detection sensitivities used, it is possible to assert that 
the dimer concentration in the matrix was four or- 
ders of magnitude less than that of the free standing 
crystal krypton. The premixed gas samples were de- 
posited at 17 K, through a pair of solenoid valves, 
with a dead volume of 2 cm3 and at a back pressure 
of 200 Torr. Either sapphire, or rhodium-coated cop- 
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Fig. 1. Top panel: SH(A-+X) emission spectrum in free standing 
crystal krypton, from a sample with nominal HrS:Kr ratio of 
I : 10000. Also shown is the infrared absorption spectrum of 
(H2S)2. The absorption at 2566 cm-’ is assigned to the H-bonded 
stretch while the line at 2575.5 cm-’ is assigned to the free SH 
stretch (see ref. [30] ). Lower panel: Sr(B-rX) emission spec- 
trum obtained after UV irradiation of the crystal. 

per were used as substrates. H2S of 99.5% purity and 
Kr of 99.999Oh purity were used without further pu- 
rification. Passivation of the metal manifold was 
necessary to retain the H2S concentration in the 
sample. 

A variety of lasers were used as dissociation 
sources: the doubled output of an excimer pumped 
dye laser (Lambda Physik EMG 10 1 /FL2002 ) was 
used in the spectral range between 255 and 2 17 nm; 
an ArF excimer laser (Lambda EMG 20 1) for dis- 
sociation at 193 nm; at the longest wavelength of the 
measurements, at 266 nm, due to the very weak ab- 
sorption of H2S (a._,= 1.44~ 1 0m20 cm2) the fourth 
harmonic of a mode-locked YAG laser was used to 
provide the necessary photon flux. The SH dissocia- 
tion product was probed with an excimer pumped 
dye laser (Lambda EMG201 /FL3002). The probe 

laser excites the SH (A, U= 0) e (X, V= 0) transition 
at 332 nm [ 22 1. The Stokes shifted SH (0,O) emis- 
sion at 4 17 nm was collected and dispersed through 
a 0.75 meter monochromator (SPEX 1702) and de- 
tected with a photomultiplier tube (Hamamatsu 758) 
using an averaging digital oscilloscope (Tektronix 
2430). Care is taken to probe an area smaller than 
that of the dissociation: typically, 20 pJ pulses over 
an area of 3x low3 cm2 is used to probe. The dis- 
sociation laser energy is measured by a factory-cal- 
ibrated Joulemeter (Gentec ED 100)) and the beam 
area is measured by scanning a 50 pm pinhole in the 
sample plane. The photoproduction of S atoms was 
verified by thermoluminescence - after completion 
of experiments, when the solid is warmed to above 
30 K, thermoluminescence from S2 is observed (see 
emission spectrum in fig. 1). 

3. Results and discussion 

A typical growth curve in SH fluorescence as a 
function of irradiation time, is shown in fig. 2. The 
growth curve is well tit by a single exponential, as 
indicated in fig. 2. It was verified that in the power 
range of measurements the photodissociation is sin- 
gle photon induced. As mentioned above, in addi- 
tion to the SH+ H channel, there is clear evidence of 
S atom formation in this photodissociation process. 
As such, photoexcitation fo the H2S impurity in Kr, 
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Fig. 2. Growth curve of SH(A-+X) emission, from a matrix of 
H2S: Kr ratio of 1: 10000, irradiated at 225 nm, at a laser inten- 
sity of 8.4 mJ/cmr. The emission is monitored by exciting the 
same volume at 332 nm, on the (0,O) transition of SH(AtX). 
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H,S+~V-+H,S* , a(n), 

may result in one of three outcomes, 

(1) 

H,S*+H,S, PI, (2a) 

H,S*-+H+SH, pz , (2b) 

HzS*+S+Hz , ~3 9 (2c) 

with probabilities, p,, p2, and p3 of recombination, 
cage exit of H atom, or cage-induced reaction to form 
S atoms, respectively. The thermodynamic threshold 
for the latter channel depends on the electronic state 
ofsatom: 3.02eVforS(3P),4.17eVforS(‘D) and 
5.77 eV for S( ‘S) #‘. The time evolution of the SH 
fragment, which is monitored in these experiments, 
is then given as: 

SH(t) = ‘~~~~~2 [ 1 -exp( -a@)] , (3a) 

where 

@= 
P2 +P3 

PI +P2 +P3 ’ 
(3b) 

in which I is the photon flux, and t the irradiation 
time. The product a$, the total photodissociation 
cross section of H$, is directly obtained from the 
exponential fits to the data. These are illustrated in 
fig. 3b. The data span a range of over three orders of 
magnitude. To extract the photodissociation quan- 
tum yield, @, the absorption cross sections are needed. 
We have used both the gas-phase absorption cross 
sections, and those derived from the absorption 
measurements in crystal Kr. The latter data are used 
after normalization to the gas-phase curve, by simply 
matching the end points of the spectra, see fig. 3a. 
This procedure is mandated by the fact that the ab- 
solute number density of the H2S in the crystalline 
sample is not known. As can be seen, the absorption 
profile of H2S in its red wing is quite similar to that 
of the gas phase. However, due to the fact that a re- 
liable absolute number density in Kr is not available, 
the derived quantum yields could in principle be off 
by a proportionality constant which is wavelength 
independent, A second source of error in absolute 
quantum yields is introduced by the fact that we do 

I’ Values used are from ref. [ 201, except for the bond energy of 
SH for which the value of 3.62 eV is used according to ref. [23]. 
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Fig. 3. (a) Gas-phase absorption cross section of HIS (0 ) re- 
corded at 10.7 Tot-r in a cell of 5 cm pathlength, and the absorp- 
tion spectrum in crystal Kr ( x ) after normalizing the end points 
to the gas-phase values. (b) Photodissociation cross sections, as 
obtained from growth curves. (c) Photodissociation, quantum 
yields as referenced to gas (0) and solid Kr ( X ) absorption cross 
sections. 

not take scattering losses into account. The matrices 
prepared in the present studies are consistently op- 
tically scattering. The absorption cross sections, pho- 
todissociation cross sections, and extracted photo- 
dissociation quantum yields, are collected in table 1. 
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Table 1 
Experimental data: excitation wavelength (A), excess energy (E .,), absorption cross sections (a), photodissociation cross section 
(a@), and dissociation quantum yields (#) based on gas and solid-state absorption cross sections 

I E W8Sa’ %s b) t&C) NJ 
(nm) (W (Mb) (Mb) (cm’) 

193 2.52 6.50 6.50 1.50x lo-‘* 
217 1.81 1.75 2.24 1.67x lo-l9 
225 1.61 0.763 1.09 5.90x 10-20 
230 1.49 0.445 0.606 4.37x 10-20 
240 1.26 0.130 0.156 9.00x lo-2’ 
245 1.16 0.069 0.078 3.90x 10-Z’ 
250 1.06 0.039 0.039 2.10x 10-Z’ 
255 0.96 0.026 0.026 1.38x lO-2’ 
266 0.76 0.014 0.014 5.96x lO-22 

‘) E.,,= hv-Do; &=3.91 eV. 
b, Mb= lo-** cm2. 
‘) Absorption cross sections in kr, with end points normalized to the gas-phase values. 
*) Quantum yields based on a, 
‘) Quantum yields based on uKr- 

@sd’ @Kre’ 

0.230 0.230 
0.074 0.058 
0.054 0.038 
0.072 0.052 
0.057 0.048 
0.050 0.044 
0.054 0.054 
0.053 0.053 
0.041 0.041 

The same data are presented graphically in fig. 3. A 
systematic deviation, as large as 25%, exists between 
the quantum yields obtained from the gas phase, and 
the normalized solid-state absorptions. The devia- 
tion could be made much smaller by a different 
choice of points for normalization, however, this 
would not significantly change the conclusions to be 
presented. The indicated error bars are mainly de- 
termined by the uncertainty in the dissociation laser 
intensity. The large error bar associated with the 
measurement at 193 nm, is due to the shot-to-shot 
instability of the particular laser used. 

The photodissociation quantum yields in fig. 3 are 
presented as a function of excess energy - energy 
above the dissociation limit of H2S, E=hv-De and 
&=3.91 eV [ 161. In the 0.75-2 eV range of excess 
energies, the quantum yields show a linear depen- 
dence, and within the errors of the measurement can 
be extrapolated to zero intercept. This is the main 
result that we wish to convey with this paper. 

The observed excess energy dependence of pho- 
todissociation quantum yields is in sharp contrast 
with the equivalent measurements of HZ0 dissocia- 
tion in rare-gas matrices in which a sharp energetic 
threshold for dissociation probabilities is extracted 
[ 6-91. In the case of H,O/ISr, the threshold occurs 
at an excess energy of 1.5 eV. The threshold is as- 
cribed to the potential energy barrier for cage exit - 

the energy for passage of the H atom through the D3,, 
window formed by three mutual nearest-neighbor Kr 
atoms. The observation of such a threshold, would 
clearly imply that the molecular dissociation is de- 
termined by the sudden cage exit of the H atom over 
a barrier which is potential in nature, i.e. without ex- 
tensive thermalization. 

Given the similarity of systems, such a dramatic 
difference in behavior was not expected. Note, what 
is measured in these experiments is the overall pho- 
todissociation probability of the parent molecule. A 
process, which could be determined by either the cage 
exit of the H atom, eq. (2b), or by the in-cage re- 
action of photofragments, eq. (2~). Initial estimates 
of the branching ratios indicate that both channels 
are equally important in the measured range of ener- 
gies. If the cage exit of the H photofragment is the 
dominant dissociation channel, then the lack of an 
energetic threshold in dissociation probabilities 
would be consistent with the scenario of delayed exit. 
On the other hand, if the dissociation channel is 
dominated by the S+H2 channel, one would be 
forced to conclude that the H atom exit is not sud- 
den. In either case, our data are more consistent with 
the molecular dynamics simulations, which pre- 
dicted a delayed exit of the H photofragment: the hot 
H atom loses most of its initial kinetic energy on the 
time scale of 100-200 fs by collisions with cage at- 
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oms, and exists the “hot” cage several picoseconds 
after dissociation [ 11. 

The source of disagreement between the present 
data and those on Hz0 if not experimental in nature, 
then could point to an important difference in the 
dynamics of these two molecules. Two independent 
measurements are needed for the extraction of dis- 
sociation quantum yields, the photodissociation cross 
section, a$, and the molecular absorption cross sec- 
tion, Q. Measurement of absolute absorption cross 
sections in the solid state is usually the more difficult 
task. This task is complicated by uncertainties in ab- 
solute number densities, difficulty in accounting for 
scattering background contributions to characterist- 
ically broad bound-to-repulsive absorptions, and po- 
tential interferences from impurity and aggregate ab- 
sorptions. In the present, we measured the absorption 
profile in the spectral range of interest, in a free 
standing crystal of high optical quality, with a do- 
pant dilution of order 1: 100000. Due to the uncer- 
tainty in the number density of dopants, we then re- 
lied on normalizing the profile to the gas-phase 
spectrum of H2S. Only because the normalized spec- 
tra are quite similar, is this procedure acceptable. 
Nevertheless, all of our measurements are subject to 
an uncertainty in absolute quantum yields, which 
however is a constant throughout the spectral range 
of measurements. In the case of H20, strongly shifted 
absolute absorption spectra are recorded in different 
matrices. In addition to spectral shifts, the devel- 
opment of a red wing is noted in all samples. it is in 
the spectral range of the red wing that dissociation 
thresholds are observed. If these red wings, the ori- 
gin of which is not clear, were due to absorbers other 
than isolated Hz0 monomers, then a false threshold 
would be extracted from the photodissociation cross 
sections. This hypothesis could in principle be tested 
by dilution experiments. 

The observed difference in behavior between Hz0 
and H2S photodissociation could be more funda- 
mental in nature. The fact that in HZ0 the first ab- 
sorption is purely dissociative, while in H2S mixed 
states are accessed, could affect the dissociation dy- 
namics in a profound manner. In the case of H2S, at 
an excess energy of 1.5 eV, we estimate nearly equal 
contributions ‘to dissociation via the SH+H and 
S + H2 channels. This channel has not been reported 
in the Hz0 studies, even though it should have been 
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accessible in the energy range of the studies. If in- 
deed the 0 + H2 channel is not important in the solid 
state-dissociation of HzO, then it would be con- 
cluded that the observed dynamics are more strongly 
affected by the molecular electronic surface, as op- 
posed to the pure mechanics of H atom cage exit. 

4. Conclusions 

The photodissociation probability of H2S isolated 
in matrix Kr shows a mild, linear dependence on ex- 
cess energy. The dissociation proceeds via two chan- 
nels: cage exit of H and in-cage reaction between SH 
and H fragments to yield S atoms. Based on the total 
dissociation probabilities as a function of excess en- 
ergy, it is possible to assert that the data are incon- 
gruent with the sudden cage exit model suggested by 
the recent experimental studies of Hz0 dissociation 
in rare-gas matrices [ 6-91. Our data are consistent 
with the delayed cage exit of H photofragments sug- 
gested by earlier molecular dynamics simulations, 
and experimental studies on HI dissociation in Xe 
[ l-41. The possible sources of disagreement be- 
tween the HZ!3 and Hz0 data are suggested to be 
either experimental in nature, mainly associated with 
the determination of absorption spectra in matrices, 
or due to differences in electronic surfaces accessed 
in these two systems. 

To date, photodissociation studies in solids have 
mainly emphasized the nuclear dynamics of photo- 
fragments on a single electronic surface, e.g. delayed 
versus sudden cage exit. The control of dynamics by 
electronic degrees of freedom has for the most part 
been ignored, despite the fact that dissociation prob- 
abilities are determined by cage exit versus recom- 
bination, therefore minimally a two-surface prob- 
lem. In the case of H,S, the presence of several 
reactive channels could enable the determination of 
the interplay between electronic and nuclear degrees 
of freedom. Measurements of branching ratios be- 
tween these different channels are now in progress in 
our laboratory. Theoretical simulations of many- 
body, multisurface dynamics, will be necessary for 
the interpretation of such data, and in general for 
progress in the field of condensed phase reactive 
dynamics. 
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