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Infrared (IR) spectra of hydrogen sulfide (H2S), some of its complexes, and their photolysis products are
studied in rare-gas matrixes (Ar, Kr and Xe) at 7.5 K. In all of these matrixes, H2S is found to undergo
hindered rotation. The vibration-rotation structures of monomeric H2S are observed at 2651-2615, 2640-
2600, and 2625-2580 cm-1 in Ar, Kr, and Xe matrixes, respectively. Furthermore, the H2S dimer and the
H2S‚‚‚H2O complex are observed in various matrixes. Upon UV-induced decomposition of H2S, IR absorptions
of SH radical appear at 2607 cm-1 (Ar) and 2594 cm-1 (Kr). The SH radical is also observed to be complexed
with H2S (2563, 2553, and 2550 cm-1 in Ar, Kr, and Xe, respectively) and water (2556 cm-1 in Kr).

1. Introduction
Hydrogen sulfide (H2S) is a molecule playing an important

role in atmospheric chemistry as a constituent of the sulfur
cycle.1 Also, H2S has been used as a model system for
investigating different aspects of photodissociation both in the
gas phase2-16 and condensed phase.17-19

The IR absorption of H2S is rather weak, which complicates
its experimental study using the Fourier transform infrared
(FTIR) technique. In the gas phase, the antisymmetric (ν3) and
symmetric (ν1) stretching bands are known to center at 2628
and 2614 cm-1, respectively.20 In rare-gas matrixes, the assign-
ments of the IR spectrum of H2S are controversial. In an Ar
matrix, the antisymmetric and symmetric stretchings were
assigned at 2629.1 and 2582.5 cm-1 by Barnes and Howells21

or at 2581.8 and 2568.8 cm-1 by Pacansky and Calder.22 In a
Kr matrix, the corresponding values are 2617.7 and 2576.0
cm-1 21 compared with 2575.7 and 2566.1 cm-1.22 Tang and
Brown measured the Raman spectrum of matrix isolated H2S,
and they reported the symmetric stretching at 2619 cm-1 in Ar
matrixes.23 In solid nitrogen, the IR spectra of monomeric H2S,
reported by different groups are in good agreement with each
other.21,23,24The IR spectra of (H2S)2 and H2S‚‚‚H2O complexes
have been studied in solid Ar,21,25 Kr,21 and N2.24 In solid Ar,
(H2S)2 absorbs at 2582 cm-1, and in the H2O‚‚‚HSH complex,
the S-H stretching is found at 2587 cm-1.25

In our previous study, it was noticed that at 7.5 K monomeric
H2S possesses a number of quite narrow IR absorption lines in
the S-H stretching region, for example, from 2615 to 2651
cm-1 for Ar matrixes,19 which was interpreted as rotational
structure.26 In free-standing crystals of Kr and Xe, Koga et al.27

have found that monomeric H2S undergoes rotation as well.
They assigned the rotational structure mainly to the antisym-
metric stretch (ν3). Also, the antisymmetric stretch of the
hydrogen-bonded S-H in (H2S)2 was assigned at 2575 and 2573
cm-1 in Kr and Xe crystals. In a Kr matrix, the 2575 cm-1

absorption was earlier assigned to the symmetric stretch of the
acceptor H2S of (H2S)2 by Barnes and Howells.21

Photolysis of H2S has been examined to a great extent both
theoretically2-9 and experimentally,10-16 mostly in the gas phase.
The first electronic absorption band of H2S lies in the∼180-

270 nm region with an absorption maximum near 193 nm, being
due to the A1B1-X1A1 transition.10 The bound1B1 state and
the repulsive1A2 state cross each other in the Franck-Condon
region leading to predissociation of the1B1 state via the1A2

surface.2,5 The main photodissociation channel of H2S yields
SH(X2Π3/2,1/2) radicals in the vibrational ground state2,11,12with
cold rotational state distribution.2,7,9Irradiation at 193 nm excites
a SH radical to the repulsive2Σ- and2∆ states, which lead to
direct dissociation.15 SH radicals are also known to predissociate
in the gas phase under UV excitation at the A2Σ+-X2Π
transition via the4Σ- state.

In rare-gas solids, a number of studies on the photolysis of
H2S has appeared.17-19,28,29Photodissociation dynamics studies
of H2S by Zoval et al.17,18 give two dissociation channels: (I)
SH+ H and (II) S+ H2. Both dissociation channels have nearly
equal quantum yields when dissociation wavelength is around
225 nm, but at 193 nm dissociation channel I is dominant due
to more probable exit of the H atom from the rare-gas cage. In
fact, in our study of H2S photolysis employing 193 nm radiation
in low-temperature matrixes, channel II was not observed at
all.19 Also, in the gas phase, channel II has not been observed,
which indicates that it is completely a cage-induced reaction
which can depend on matrix morphology. The IR absorption
appearing at 2540.8 cm-1 in the photolysis of H2S in an Ar
matrix was assigned to the SH radical,28,29but recently we have
suggested an alternative assignment at 2607 cm-1.19

According to Zoval et al.,17,18 the electronic predissociation
of SH(A) radical is blocked in Ar and Kr matrixes. Nevertheless,
the photodissociation of SH radicals in a Kr matrix was
experimentally observed while exciting at 332 nm.18 Two-
photon dissociation via ionic potentials was tentatively suggested
as responsible for this process, because it was absent in an Ar
matrix. Later, this photodissociation was found to happen at
other SH vibration resonances as well but not between them.19

Although the majority of the molecules do not rotate in solid
matrixes, several small molecules and radicals undergo nearly
free or hindered rotation. A water molecule shows almost
unhindered rotation in solid argon, and the time dependence of
the absorption intensities of different transitions was interpreted
to originate from the slow nuclear spin conversion of the ortho-
para equilibrium from room temperature to matrix temperature* Corresponding author. E-mail: isoniemi@csc.fi.
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equilibrium.30-36 Also, HF,37 NH3, and ND3
38 undergo almost

unhindered rotation in solid argon. In solid nitrogen, NH3 and
ND3 molecules librate.39 CH4 has a hindered vibration-rotation
spectrum in Ar, Kr, and Xe matrixes,40 and the time dependence
of the absorption intensities is due to the nuclear spin conver-
sion.41,42 In solid Kr, SO2 shows rotational motion only in the
asymmetric vibration.43 In Ar matrixes, HNCO rotates only
around one inertial axis.44 Apkarian and Weitz45 used rotational
analysis for the experimentally observed hindered rotation of
CH3F in octahedral potential field. CN radicals undergo strongly
hindered rotation in rare-gas matrixes, and the rotational
constants decrease by 35% and 14% from the gas-phase value
in Kr and Xe matrixes, respectively.46 In rare-gas matrixes and
free-standing crystals of Kr and Xe, H2S has been observed to
rotate.19,26,27

Rotation in the rare-gas lattices can be treated by the crystal
field model or by the rotation-translation coupling (RTC)
model.47-52 In the crystal field model, perturbation on the
molecule is created by electrostatic barrier exerted by the
environment;45 i.e., the octahedral potential field of the rare-
gas lattice splits and shifts the rotational levels. There exists a
number of studies on rotation of molecules in octahedral
field48,49 for linear,50 regular tetrahedron,51 and symmetric top
molecules.45 General group theory consideration for matrix
isolated molecules at a site of a crystal field of any symmetry
was presented by Miller and Decius.52 The RTC model considers
additionally the coupling between molecular translation and
rotation, which is due to the difference between the molecular
center of mass and the center of electrical interaction.45

In this work, IR spectra of H2S and some of its complexes
and photolysis products are studied in solid rare-gas matrixes
(Ar, Kr, and Xe) at 7.5 K. In all of these matrixes, H2S is found
to undergo hindered rotation. The vibration-rotation spectra
are simulated by using an approach of reduced rotational con-
stants. The IR absorption of SH radicals is reliably assigned in
Ar and Kr matrixes, and the IR absorptions of complexes of
SH are reported in Ar, Kr, and Xe matrixes. This work is par-
tially motivated by our present attempts to experimentally inves-
tigate photolysis of H2S2 in rare-gas matrixes. Because H2S is
the only thermodynamically stable molecule of hydrogen sul-
fides (H2Sx),53 it is always present in H2S2 samples, and contra-
dictory data on H2S complicate the interpretation of such studies.

2. Experimental Section

Mixtures of hydrogen sulfide (H2S) with rare gases were
prepared by standard manometric procedures. H2S of 99.85%
purity (Merck), Ar of 99.9999%, and Kr and Xe of 99.997%
purity (Aga) were used without purification. Gas mixtures were
sprayed onto a CsI substrate through a1/16 in. capillary in various
proportions (M/A) 300-2000). During deposition, the sub-
strate temperature was 7.5 K for Ar, 20 K for Kr, and 30 K for
Xe matrixes. After the deposition of Kr and Xe matrixes, the
temperature was slowly lowered to 7.5 K. A closed-cycle helium
cryostat (DE-202, APD) was used for cooling. The temperature
was measured by a silicon diode (accuracy 0.5 K), and a resistive
heater was used to control temperatures. In annealing, Ar and
Kr matrixes were typically heated to 30 K, and Xe matrixes to
50 K.

H2S was photolyzed by an excimer laser (ELI 76, Estonian
Academy of Science) at 193 nm (ArF) with pulse energies of
5-20 mJ and pulse duration of∼10 ns. Selective decomposition
of SH radicals was achieved by doubled radiation of an optical
parameter oscillator (OPO Sunlite with FX-1, Continuum) with
pulse energy of∼10 mJ in the UV and the pulse duration of

5-7 ns. Photolysis products were monitored by measuring IR
absorption spectra or laser-induced fluorescence (LIF). The IR
spectra were used for the detection of H2S and SH and their
complexes, and luminescence spectra were used to detect SH,
S and S2.19

The IR spectra were measured by using a Nicolet 60SX FTIR
spectrometer with resolution of 0.25 or 1 cm-1 co-adding 100-
500 scans for one FTIR spectrum. The luminescence spectra
were measured by a single spectrometer (Spex 270M, resolution
0.3 nm) equipped with a gated ICCD camera (Princeton
Instruments). OPO radiation was used for electronic excitation
in LIF measurements. The wavelength of the OPO radiation
was monitored by a pulsed wave meter (WA-4500, Burleigh)
with accuracy of 0.1 cm-1. The pulse energy was measured by
a laser power meter (MAX 5200, Molectron).

3. Infrared Spectra of H2S

3.a. Experimental Results.In Ar, Kr, and Xe matrixes,
several IR absorption features of H2S were observed in the S-H
stretching region around 2600 cm-1, as shown in Figure 1. IR
absorption spectra of H2S in symmetric and antisymmetric
stretching regions show complex fine structures, marked with
M, in the 2651-2615, 2640-2600, and 2625-2580 cm-1

regions in Ar, Kr, and Xe matrixes, respectively. The spacing
of the absorption lines is∼1-3 cm-1 in all matrixes. Addition-
ally, relatively strong absorptions, marked with D, are seen at
lower wavenumbers 2582, 2575, and 2573 cm-1 in Ar, Kr, and
Xe matrixes, respectively. In Ar and Kr matrixes, the strong
absorption D has a sideband, marked with C, at higher
wavenumbers 2586 and 2579 cm-1, respectively. Weaker
absorptions, marked with T, are seen at lower M/A ratios in Ar
and Kr matrixes at 2577 and 2566 cm-1, respectively. In the
H2S bending region only very weak absorptions are observed.

Figure 1. Stretching region of H2S in (a) Ar, (b) Kr, and (c) Xe
matrixes. M is the H2S monomer, C is the H2S‚‚‚H2O complex, D is
the H2S dimer, and T is the H2S trimer. The resolution is 1.0 cm-1,
and the M/A ratio is 300.
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Figure 2 shows the M/A ratio dependence of the IR spectrum
of H2S in Kr matrixes. The ratios of the gas mixtures are 300,
1000, and 2000 in the upper, middle and lower trace, respec-
tively. The intensity of absorptions M shows roughly linear
dependence on the M/A ratio. The absorption intensity of D
have higher order dependence on the M/A ratio, whereas the
absorption intensity of C shows less systematic dependence. In
concentrated matrixes (M/A) 300), the absorption T becomes
visible. The M/A ratio dependence is similar in Ar, Kr, and Xe
matrixes, and the shape of the M structure is M/A ratio
independent.

These concentration dependencies and matrix shifts suggest
that the absorptions M, showing a fine structure and being in
the higher wavenumber region, belong to monomeric H2S. In
free-standing crystals of Kr and Xe, similar absorptions have
been assigned to the vibrational-rotational absorptions of the
antisymmetric stretch of H2S monomer by Koga et al.27

The absorptions C and D are shifted to lower wavenumbers
due to complexation of H2S. The absorption C is assigned to
H2S‚‚‚H2O complex as suggested previously by Barnes et al.
in an Ar matrix.25 We also observed weak bands of the water
symmetric (3589 cm-1) and antisymmetric (3702 cm-1) stretches
in the H2S‚‚‚H2O complex in Ar matrixes in accordance with
Barnes et al.25 The absorptions D originate from H2S dimers.25,27

The absorption T belongs most probably to H2S trimers.
The IR absorptions of the H2S‚‚‚H2O complex is assigned to

2579 cm-1 in a Kr matrix. According to our ab initio calcu-
lations, the absorptions of the H2S dimers and the H2S‚‚‚H2O
complex are believed to originate from symmetric (ν1) stretching
of the electron acceptor H2S in the complexes.54 The absorptions
of H2S trimer are assigned to 2577 and 2566 cm-1, in Ar and
Kr matrixes, respectively.

Also, we measured the IR spectra of H2S in Ar matrixes at
different temperatures. For higher temperatures, broadening of
the lines and minor intensity redistribution was observed, and
the fine structure disappears at above 15 K. Due to broadening,
it is difficult to make any quantitative comparisons between
the spectra at different temperatures. It is important to note that
the temperature dependence is reversible; i.e., the spectrum
recovers its fine structure under decreasing the temperature.

3.b. Simulations of the Vibration-Rotation Spectra.The
fine structure M, seen in Figures 1 and 2, is clearly too complex
to originate from site effects of nonrotating molecules. A natural
explanation for the spectrum is the rotation fine structure like
in the case of H2O.30-36 However, the vibration-rotation
structures cannot be explained fully using the gas-phase
rotational constants and allowed transitions at 7.5 K as shown
in Figure 3a,b and as discussed by Koga et al.27 In particular,
experimental spacing appears to be very small when compared
with the simulated structure.

We attempted to model the observed spectrum by modifying
the rotational constants of the asymmetric top to fit the
experimental spectra. The rotational constants were calculated
by the method of combination differences with suitable assign-
ment of the vibration-rotation transitions. Table 1 shows the
assigned transitions, and those marked withb were used in the
method of combination differences in Ar and Kr. This set of
bands gives the rotational constants of the upper vibrational state.
The rotational constants of the upper and ground vibrational
states were assumed to be equal for both vibrations, because
the data are too limited for obtaining the three rotational
constants for both vibrational states. This assumption was made
on the basis of the fact that the gas-phase rotational constants
are within( 0.2 cm-1 in the vibrational ground and first excited
state,20,55 which is below our resolution (0.25 cm-1) and the
experimental line width. However, it should be noted here that
the interaction between a rotating molecule and matrix depends

Figure 2. M/A dependence of H2S absorptions in a Kr matrix. The
upper trace M/A) 300, the middle trace M/A) 1000, and the lower
trace M/A ) 2000. The notation and resolution are the same as in
Figure 1.

Figure 3. Simulation of a vibration-rotation spectrum of H2S in an
Ar matrix. (a) The experimental vibration-rotation spectrum of H2S
with resolution of 0.25 cm-1. (b) The simulated vibration-rotation
spectrum of H2S with the gas-phase rotational constants at 7.5 K.
Relative intensities of P, Q, and R branches are equal to 1. (c) The
simulated vibration-rotation spectrum of H2S, with reduced rotational
constants. The line width in the spectrum is 1.0 cm-1.
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on the effective size of the rotating molecule which can lead to
different constants for the ground and excited states. To estimate
the transition wavenumbers, rotational energy levels were
calculated with the obtained rotational constants by using the
known analytic expressions for low-lying energy levels.56

Table 1 includes the measured and calculated transition
wavenumbers in Ar and Kr matrixes at 7.5 K. Figure 3a shows
the measured and Figure 3c shows the calculated vibration-
rotation spectrum of H2S assuming one matrix site in an Ar
matrix at 7.5 K. The calculated vibration-rotation spectrum is
obtained by assuming that the transition intensities depend on
the Boltzmann distributions of the vibration-rotation ground
states, theMJ degeneracy of the upper and lower levels, the
type of a transition band, and the statistical weights due to
nuclear spins. The Boltzmann distributions of the rotational
states of the ground vibrational states are calculated at the matrix
temperature (7.5 K). The symmetric stretching band of H2S is
of type B having strong R and P branches (weight 0.3) and a
weak Q branch (weight 0.25). The antisymmetric stretching band
is of type A having a strong Q branch (weight 1) and weak R
and P branches (weight 0). Experimentally, absorption intensities
do not change over time scale of 24 h, so fast conversion of the
nuclear spins to matrix temperature equilibrium of the nuclear
spins is assumed; i.e., population of ortho states is weighted by
a factor of 3 and para states by a factor of 1. In the simulation,
the intensity ratio between the symmetric and antisymmetric
stretches was chosen equal to our experimental ratio between
these bands.

In an Ar matrix, the reduced rotational constantsA, B, andC
appeared to be 3.5, 2.6, and 2.0 cm-1, respectively, and the
band origins are at 2624.6 and 2648.5 cm-1 for symmetric (ν1)
and antisymmetric (ν3) stretches, respectively. A similar simula-
tion of the vibration-rotation spectrum performed in a Kr matrix
gives the reduced rotational constants of 3.9, 3.4, and 2.4 cm-1

for A, B, andC, respectively, and the band origins of 2607.5
and 2636.8 cm-1 for symmetric (ν1) and antisymmetric (ν3)

stretches, respectively. In Xe matrixes, the rotational constants
are difficult to be calculated with the method of combination
differences because of the lack of resolved transitions, but the
band origins are estimated to be at 2596 and 2620 cm-1 for the
symmetric (ν1) and antisymmetric (ν3) stretching modes,
respectively. By using the reduced rotational constants, the
vibration-rotation structures are modestly well fitted within the
resolution used.

In the gas phase, the rotational constants of H2S are known
to beA ) 10.2 cm-1, B ) 8.9 cm-1, andC ) 4.7 cm-1,20,55

differing considerably from the matrix values obtained. This
difference might indicate a strong interaction between H2S and
the rare-gas lattice, which is in agreement with assumed fast
relaxation of nuclear spins. Qualitatively, this considerable
decrease of the rotational constants can be discussed in terms
of partially connected movement of surrounding atoms. Con-
sidering the whole system of H2S surrounded by rare-gas atoms,
the effective moment of inertia of the H2S molecule is increased
from the gas phase due to the interactions with the matrix cage.
It should be emphasized that the rare-gas shell is not considered
to rotate with the H2S molecule. It is interesting to compare
the rotational constants obtained in Ar and Kr matrixes. We
obtained larger rotational constants in Kr compared to Ar, which
might show that the cage size, being larger in Kr, plays a more
important role than direct interactions with the lattice atoms.
Actually, the same trend was observed by Schallmoser et al.
for CN radicals in Xe and Kr matrixes.46

The model discussed above reproduces rotational structure
of the spectra quite well, but the intensity distribution is
represented less satisfactory as seen in Figure 3c. Also, the real
physical significance of the reduced rotational constants obtained
is questionable. The antisymmetric stretch has only a Q branch,
and the reason for the very small intensity of P and R branches
is not clear. On the other hand, strong interaction with the lattice
can have a profound effect on the intensities of the individual
transitions. The model of reduced rotational constants could be
refined by including, for example, matrix site effect on H2S
and nonrotating absorptions of H2S.

To consider the problem more quantitatively, one can examine
the rotation of an asymmetric top in octahedral potential field
of the rare-gas lattice.45,48-52 In this approach, low potential
barriers established by interaction with the rare-gas environment
cause shifts and splittings of the rotational levels. Such an
analysis is quite complicated in the case of an asymmetric top
and requires extensive theoretical studies.

It should be mentioned that our assignment for monomeric
H2S absorptions in Ar and Kr matrixes disagrees with those
given by Barnes et al.21,25 (see Table 2) and Koga et al.27 but
agrees reasonably well with that given by Tang and Brown.23

The disagreement between this study and that by Barnes et
al.21,25 is probably due to a stronger complexation and higher
measurement temperature in the latter. Also, the matrix shifts
for the symmetric and antisymmetric stretching modes against
the gas-phase values reported by Barnes et al.25 differ by ∼30
cm-1 compared with the matrix shifts for H2O being quite small
for both modes. Our small matrix-induced perturbations for H2S
are in reasonable agreement with the case of H2O. Koga et al.27

consider the vibration-rotation structure mainly due to the S-H
antisymmetric stretch. This is in contradiction with the gas
phase where the total band intensities for the symmetric and
the antisymmetric stretches are 0.1776× 10-19 and 0.4520×
10-20 cm-1/molecule cm-2.20 In our opinion, the assignment
of the observed structure to the both vibrations is more plau-
sible.

TABLE 1: Experimental and Simulated Transition
Wavenumbers of H2S in Ar and Kr Matrices

Ar Kr

mode transitiona measd/cm-1 calcd/cm-1 measd/cm-1 calcd/cm-1

ν3 202 221 2643.4 2632.0 2632.0
ν3 111 110 2647.8 2647.9 2635.8 2635.8
ν3 110 111 2647.8(s) 2649.1 2635.8(s) 2637.8
ν3 211 212 2650.6 2650.2 2635.8(s) 2639.9
ν3 322 303 2653.9(s) 2654.2 2641.6
ν3 221 202 2653.9 2653.6 2643.0
ν3 331 312 2656.4 2656.8 2643.4
ν1 321 212 2641.7 2643.8 2631.1 2631.8
ν1 330 221 2645.5(s) 2644.7 2629.2 2630.6
ν1 322 211 2641.7(s) 2641.3 2626.9 2626.3
ν1 220 111b 2638.1 2638.0 2624.4 2623.3
ν1 221 110b 2636.9 2637.2 2622.1 2621.6
ν1 212 101b 2634.5 2634.2 2619.0 2618.5
ν1 202 111 2632.2 2632.7 2616.7 2617.8
ν1 111 000 2630.0 2630.2 2613.8 2613.8
ν1 221 212 2628.5 2629.1 2613.8(s) 2612.2
ν1 110 101b 2626.6 2626.1 2610.4 2609.1
ν1 101 110b 2622.8 2623.1 2606.5 2606.6
ν1 212 221 2622.8(s) 2620.1 2602.4 2602.9
ν1 000 111b 2619.2 2619.1 2600.8 2601.3
ν1 111 202 2616.5 2616.5 2597.2
ν1 101 212 2614.0 2615.0 2596.6
ν1 110 221 ∼2612 2612.0 2593.5

a The notation of the transition is J′K′aK′c J′′K′′aK′′c. b The named
transitions are used in the method of combination differences. s indicates
a shoulder of the absorption.
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4. Infrared Spectra of the Photolysis Products

Irradiation at 193 nm in rare-gas matrixes dissociates H2S to
H atom and SH radical or to H2 molecule and S atom. SH
radicals photodissociate further to S and H atoms.17-19 The
observed kinetics of 193 nm photolysis of H2S in a Kr matrix
is shown in Figure 4a, where the H2S concentration was
measured as integrated IR absorption intensity of the monomeric
lines and SH radicals and S atoms were measured by LIF.
Photolysis scheme is essentially the same as in ref 19. Similar
photolysis kinetics can be seen in an Ar matrix. In a Xe matrix,
the self-limitation of the photolysis due to the strong absorption
of 193 nm by H atoms makes the analysis more difficult.57

Under 193 nm photolysis absorptions at 2607.0 and 2563 cm-1

in Ar, at 2594, 2556.4, and 2552.8 cm-1 in Kr, and at 2563.2
cm-1 in Xe matrixes appear. These absorptions are assigned to
SH radical and its complexes.

To identify SH absorption in Kr matrixes, we used specific
resonant decomposition of SH radicals. To remind, SH does
not predissociate under UV excitation at the A1Σ+-X2Π
transition via4Σ- state in a Kr matrix, but it dissociates by a

two-photon process via electronic transition (0,0) at 332.5 nm,
(1,0) at 315 nm, (2,0) at 300.3 nm, etc.17,19 Off-resonance
radiation of SH, for example at 323.0 nm, has no dissociative
effect on SH. Figure 5 presents the result of the experiment
verifying the absorptions of SH radical. Figure 5a shows the
formation of SH radical at 2590 cm-1, marked with an asterisk,
under 193 nm photolysis (1500 pulses) of H2S. Resonance
irradiation of SH at 300.5 nm (5000 pulses) and 315.0 nm (3000
pulses) destroys this SH absorption completely (Figure 5b). It
is to be noted that also SH luminescence disappears completely
during the resonance irradiation. Annealing of the matrix at 30
K regenerates the SH radical absorption at 2590 cm-1 (Figure
5c). Also the SH luminescence is recovered at this stage. Figure
5d shows the result of off-resonance irradiation at 323.0 nm
(5000 pulses) which has effect neither on the SH absorption
nor on the observed luminescence. Further resonance irradiation

TABLE 2: Absorptions of H 2S and Comparison with the Literature

mode gas phase Arj Kr j Xej Barnes et al., Ar Barnes et al.,c Kr Barnes et al.,c N2 Nelander,e N2

H2S ν1 2614.41a 2624.6h 2607.5h 2596i 2582.5c 2576.0 2619.5 2619.3
H2S ν2 1182.7b 1180 1176.9 1179.0c 1176.9 1179.6
H2S ν3 2628.46a 2648.5h 2636.8h 2620i 2629.1c 2617.7 2632.6 2630.4
H2S dimer 2581.5 2575.2 2572.5 2582d 2576 2580.3f 2579.0f

2617.8g 2617.7g

H2S‚‚‚H2O
H2S ν1 2585.5 2579.0 2587d 2574.2
H2O ν1 3589 3590d 2628.1
H2O ν3 3702 3703d

H2S trimer 2577 2566

a Reference 20.b Reference 60.c Reference 21.d Reference 25.e Reference 24.f Donor. g Acceptor.h Band origin of vibration-rotation band
(transition 000 000).i Approximated band origin of vibration-rotation band.j Present study.

Figure 4. (a) 193 nm photolysis kinetics of H2S in Kr matrixes. SH
and S are detected by LIF and H2S by FTIR. (b) Correlation between
SH luminescence and the 2594 cm-1 absorption band. Figure 5. Identification of SH radical absorption in a Kr matrix (M/A

) 1000). The SH absorption is marked by an asterisk (/), C is the
H2S‚‚‚H2O complex, D is the H2S dimer, and C′ and D′ are the
complexes of SH radical. Spectrum a) is the UV-irradiated H2S sample,
and (b) and the situation after OPO radiation at 300.5 and 315.0 nm.
The spectra after subsequent annealing (c), off-resonance irradiation
(d), and resonance irradiation (e) are shown.
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at 332.5 nm (5000 pulses), shown in Figure 5e, destroys SH
absorption and luminescence completely. It is important to note
that the resonance irradiation has no effect on the other
absorptions except on the absorption at 2594 cm-1 due to SH
in solid Kr. Figure 4b demonstrates the correlation between the
SH luminescence and 2594 cm-1 absorption band at different
stages of the photolysis, which also confirms our assignment.
On the basis of a natural matrix shift and photolysis kinetic
correlation, the 2607.0 cm-1 absorption in solid Ar is assigned
to the SH radical. In a Xe matrix, SH absorption was not
observed, which can be explained by reduced decomposition
of H2S because of self-limitation of H2S photolysis.57

In the photolysis studies by Acquista and Schoen28 and by
Barnes et al.,29 the absorption at 2540.8 cm-1 was assigned to
the SH radical in Ar matrix. We did not observe this absorption
at all. The experiments of Acquista and Schoen28 and Barnes
et al.29 were performed in more complexed matrixes, and the
absorption 2540.8 cm-1 belongs possibly to some photolysis
product of H2S multimers. Furthermore, this absorption seems
to be too far from the gas-phase value of the SH radical
absorption at 2591.8 cm-1.58

At 193 nm photolysis, new absorptions, in addition to those
of monomeric SH radicals, were observed at 2563.2 cm-1 in
Ar, at 2552.8 and 2556.4 cm-1 in Kr, and at 2550.3 cm-1 in
Xe matrixes. Figure 6 shows the result of 193 nm photolysis of
H2S at 7.5 K in a Kr matrix. The spectra are difference spectra
where an initial spectrum is subtracted from that after photolysis.
The numbers of laser pulses are 1500, 3000, and 5000 in the
upper, middle, and lower traces, respectively. Positive absorp-
tions indicate the increase of products and negative absorptions
show the decrease of the precursors. Assuming that the relative
intensities and matrix shifts of SH‚‚‚H2S and SH‚‚‚H2O
complexes are similar to those of H2S dimers and H2S‚‚‚H2O
complexes, the absorption C′ at 2556.4 cm-1 and D′ at 2552.8
cm-1 in a Kr matrix (see Figure 6), can be tentatively assigned
to SH‚‚‚H2O and SH‚‚‚H2S, respectively. Similarly, the absorp-
tions at 2563.2 and 2550.3 cm-1 are tentatively assigned to the
HS‚‚‚H2S complex, in Ar and Xe matrixes, respectively. All
SH complex wavenumbers are collected in Table 3.

5. Annealing
During annealing of a photolyzed Ar matrix at 30 K, recovery

of SH radicals and H2S and their complexes with H2O and H2S
is observed. The H atoms become mobile at these temperatures
in solid rare-gases, and the recovery reactions S+ H f SH
and H+ SHf H2S take place. Correlation between the decrease
of S atoms and the increase of SH was observed during
annealing.19 After annealing of the Kr matrix at 30 K, we could
not observe recovery of the monomeric H2S molecules, but the
recovery of different complexes (SH‚‚‚H2S, SH‚‚‚H2O, etc.) was
observed. This can be due to diffusion of SH radicals or H2S
monomers and subsequent complex formation at the elevated
temperatures.

It should be emphasized that in Xe matrix the result of
annealing is qualitatively different from solid Ar and Kr. In
addition to a very minor recovery of H2S and SH‚‚‚H2S, a strong
absorption at 1119 cm-1, with a weak shoulder at 1111 cm-1

and a sideband centering at 1136 cm-1, was observed after
annealing at 50 K. This was identified to the H-Xe stretching
mode of the HXeSH molecule.59 The formation of HXeSH
explains also the small recovery of H2S in Xe matrix during
annealing.

6. Conclusions
Complex fine structures in the 2651-2615, 2640-2600, and

2625-2580 cm-1 regions in Ar, Kr, and Xe matrixes, respec-
tively, are assigned to monomeric H2S. These structures
originate from vibration-rotation transitions, and they are
simulated with the method of reduced rotational constants. In
an Ar matrix, the band origins are at 2624.6 and 2648.5 cm-1

for the symmetric (ν1) and antisymmetric (ν3) stretches,
respectively. In a Kr matrix, the values are 2607.5 cm-1(ν1)
and 2636.8 cm-1(ν3). In a Xe matrix, the corresponding band
origins locate approximately at 2596 and 2620 cm-1.

The main dissociation channel of H2S in rare-gas matrixes
at 193 nm photolysis is H2S+ hν f SH+ H. The IR absorption
of SH radical is reliably identified with simultaneous LIF and
FTIR measurements. Correlation between the luminescence and
IR absorption of SH radical was found, and on this basis, the
IR absorption of SH radicals is assigned at 2607 and 2594 cm-1

in Ar and Kr matrixes, respectively. Additionally, IR absorptions
of SH‚‚‚H2S and SH‚‚‚H2O complexes are tentatively assigned
by assuming similar matrix behavior as for the corresponding
H2S complexes. TheνS-H of the SH radical in the SH‚‚‚H2S
complex is observed at 2563, 2553, and 2550 cm-1 in Ar, Kr,
and Xe matrixes, respectively, and in the SH‚‚‚H2O complex
at 2556 cm-1 in Ar.

During annealing of the Xe matrixes, a strong IR absorption
was observed. This characteristic IR absorption at 1119 cm-1

is due to HXeSH, which is the first molecule containing a Xe-S
bond.59
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