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Infrared Spectroscopy of Solid Hydrogen Sulfide and Deuterium Sulfide
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The infrared spectra of solid hydrogen sulfide@jiand deuterium sulfide @3) were collected at very low
temperatures. Vapor deposition of thin films at the lowest temperature of 10 K produced amorphous solids
while deposition at 70 K yielded the crystalline phase lIll. Infrared interference fringe patterns produced by
the films during deposition were used to determine the film thickness. Careful measurement of the integrated
absorbance peaks, along with the film thickness, allowed determination of the integrated band intensities.
This report represents the first complete presentation of the infrared spectra of the amorphous solids.
Observations of peaks near 3.915 and 1,882(ca. 2554 and 5045 crf respectively) may be helpful in the
conclusive identification of solid hydrogen sulfide on the surface of 1o, a moon of Jupiter.

Introduction copy of low-temperature solid hydrogen sulfide is also of interest
. . . . because of an ongoing dispute regarding the identification of

I_ce, SO“Q ammonia, _and solid hydrogen sulfide are mo_IecuIar solid H,S on lo, a moon of Jupiter. Initially, a peak observed at

fSOI'd cousins with varying degrees of hydrpgen boné!lmymle . 3.915um (ca. 2554 cm?') was attributed to the-SH stretching

ice has been .STUd'ed in great detail, solid ammonia and S.Ol'dvibration of solid HS on the surface of 18t Later, an additional

hydrogen sulfide have been less well characterized, espeC|aIIypeak at 1.982um (ca. 5045 cm?) was attributed to the first

1-3 ) )

at very low temperatures (cd. < 80 K)."° Recently, our -, erone of the SH stretching vibratiod? While additional

laboratory began to investigate the physical and chemical laboratory work®24 appeared to support these identifications,

propertles of these molgcular solids using Iovy-temperature other work526suggested that the peaks were due to solig, SO

infrared spectroscop¥ln this report, a study of solid hydrogen the most abundant molecular species on lo. Further infrared

sulfidg a.nd deuteriqm sulfide'is presgnted. spectroscopic studies of low-temperature hydrogen sulfide
While ice and solid ammonia have just one low-temperature iperefore seem warranted.
(ambient pressure) cry_stalline phase, hydrogen sulfide has tr_lree Low-temperature infrared and Raman spectra have been
Iow-temgerature (ambient pressure) thermodynamic crystalline oo rted for the crystalline phases I, Il, and 111, with all of the
phases:® These are designated as phases |, Il, and Il with g gies involving preparation @t= 65 K. At lower preparation
transition temperatures at 126.2 KAlI) and 103.5 K (i-111) temperatures, the amorphous solid should be accessible. The
for hydrogen sulfide and at 132.9 ki) and 107.8 K (Ik>1il) amorphous solid is defined as a kinetically trapped, nonther-
for deuterium sulfidé® These thermodynamic phase transitions modynamic, disordered solid or glass. While it is thermally
have been Qbﬁgrved as sharp changes in the dielectric cotistant, g¢apje for very long periods at low temperatures, upon heating
heat capacity, ® and NMR line widtff of the solids. Phases | yhe amorphous solid will convert into the thermodynamically
and Il are cubic with four molecules per unit cell and are giapie crystalline phases. The amorphous phase was not acces-
orientationally dlsordgred. While phase | is face-centered qublc sible in the previous reports, as the sample crystallizes during
(space grougrm3m with a = 5.8486 A at 160 K), phase Ilis 5 mation to one of the crystalline phases, and this order is
primitive cubic (space groupa3 with a = 5.7647 A at 120 maintained upon cooling.
K).© Upon cooling from phase | to Il there is (i) a 2% volum? This report represents the first detailed sttidyf the low-
change as the molgcule§ pack more closely together and (i) atemperature infrared spectra of solidc3Hand DS for the
'°W.ef!”9 .Of the_onentz_atlonal dl_sorder. Furthermore,_ phase_ ' amorphous solid. The infrared spectra of crystalline phase |l
exh[bltsllsotroplc motions, Wh.'le phase I has anisotropic s g5 presented for comparison purposes. Integrated band
motions. In contrast, phase Il is orthorhombic (Space group jnsensities were determined from carefully measured integrated

Pbcmwith a :.4'0760 Ab= 13'3891 A, and:. - 6.'7215. A absorbance peaks and film thickness, where the film thickness
at 1.5 K) with eight molecules per unit cell and is orientationally was determined using an infrared interference technique.
orderec® While earlier reports suggested tetragonal structure,

the most recent powder neutron diffraction stighdicates an
essentially hexagonally close-packed structure with distortions
to accommodate the hydrogen atoms. Finally, each phase has a The experimental system used to study the low-temperature
unique proton NMR13infrared#~16 and Ramah 19 spectra, infrared spectra of solid hydrogen sulfide and deuterium sulfide
and X-ray and electron diffraction pattertfs. was the same one used earlier for our sfusfysolid ammonia

In addition to our interests in comparing the physical and and is similar to a matrix isolation apparatus. Briefly, the system

chemical properties of molecular solids, the infrared spectros- Utilized a commercial closed-cycle helium cryostat (Advanced
Research Systems, Inc.) with an infrared transparent window

*To whom correspondence should be addressed. E-mail: cpursell@ (ZnSe) attached to the end of the coldfinger. The temperature
trinity.edu. of the window was regulated using a silicon-diode sensor and
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Figure 1. Infrared spectra of solid hydrogen sulfide;$4 and deuterium sulfide, 3, showing the fundamental stretching and bending peaks.
Crystalline phase lll films (0.4em thick) were vapor-deposited at 70 K, while amorphous films (B8thick) were deposited at 10 K. The FTIR
spectra (100 scans at 2 chresolution) were collected at the deposition temperature and are offset for clarity.

a Lakeshore temperature controller and varied by less-titah was used to control the amount of gas sprayed onto the ZnSe
and+1 K for the 70 and 10 K experiments, respectively. In  window. The rate of deposition was slow and was held constant
addition to cryopumping, the cryostat was continuously evacu- such that the pressure inside the cryostat remained less than
ated using a turbomolecular pump attached to the cryostat justl0-® Torr. The total deposition time was #30 min. The
above the ZnSe window to minimize condensation of any deposition temperatures were 10 and 70 K for the amorphous
impurities on the window. The pressure within the cryostat was solid films and the crystalline phase Ill films, respectively. An
measured using a cold cathode gauge and was less thdn 10 amorphous film converts to crystalline phase Il at-8D K.

Torr (the gauge was located at the furthest point in the cryostat Film thicknesses were determined in situ using an infrared
from the turbomolecular pump and the cold window). interference technique as the film was deposited.

The cryostat was positioned in the sample chamber of a
Nicolet Fourier transform infrared (FTIR) spectrometer (Magna Results and Discussion

550, range: 5086000 cnTl) so that transmission spectra of
the thin films of solid HS and DS could be collected. The Infrared Spectra. The infrared spectra of thin films of low-

entire FTIR system, including the region between the walls of temperature solid hydrogen sulfide and deuterium sulfide are
the FTIR compartment and the KBr outer windows of the shown in Figure 1. Since the molecular symmetris, one
cryostat, was purged with dry, G@ree air from a commercial  would expect three infrared active bands: one low-frequency
gas generator. bending vibration #;) and two higher frequency stretching
Thin films of solid H,S and BS were prepared by vapor vibrations, a symmetric stretchr, and an asymmetric stretch
depositing 99.5% pure hydrogen sulfide and 98.0% pure (v3). As displayed in Figure 1, the spectra are in fact dominated
deuterium sulfide (Aldrich Chemical Co.). Gases were intro- by the intense SH and S-D stretching bands at higher
duced directly from a lecture bottle to a glass manifold equipped frequency along with the weaker bending band at lower
with a heated capacitance manometer, a liquid nitrogen trap, afrequency. The peak height of the bending mode is ap-
diffusion pump, and a mechanical pump. A variable leak valve proximately 10-20 times weaker than the stretching modes.
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Figure 2. Comparison of the infrared spectra of solid hydrogen sulfide,
H.S, in the S-H stretching region, where the width of the peak is an

indication of disorder. (A) Amorphous spectrum was collected at 10 hye o2 -
K, (B) crystalline phase Il was collected at 110 K, and (C) crystalline at 4000 cmtis plotted against integrated peak area (stretching peak at

phase | was collected at 130 K. The spectra have been normalized (toz_548 cm'* for HoS and at 1853 crt for D;S) for_a vapor—deposi_ted
the same peak height) and offset for clarity film. Spectra were repetitively collected during the 43 min
' deposition. The lines are a damped sinusoidal fit to the data and give

. . the fringe numberm, for the film thickness (see text).
The spectra of the amorphous solids, Figure 1B, are broad g ( )

and unstructured, consistent with a kinetically trapped, disor-
dered, amorphous molecular solid. The stretching baner{d

v3) appears to be made up of at least two peaks, but the ban
is very broad and unresolved. No attempt was made to
deconvolute the band into individual components. For these
amorphous solid spectra, the maximum peak positions for the
stretching bands are 2548 and 1853~érfor H,S and DBS,

respectively. The isotopic shift is therefore 1.38 and is very close
to the expected value of 1.4. The maximum peak positions for

the bending bandsvf) are 1168 and 846 cm for H,S and and translational lattice vibrations. Using the peak values in

DS, respectively, giving an isotopic shift of 1.38. Al these_ Tables 1 and 2, a lattice rotational vibration for the amorphous
bands are at approximately the same frequency as the crystallln%Oliol is at 162 and 122 cr for H,S and DS, respectively,

phase i, .bUt they are con5|derably brogdgr because of molecularand a lattice translational vibration is at 94 and 89 ¢rfor
disorder in the amorphous solid. Similar broad bands are

. e H,S and DS, respectively. These assignments are based upon
observed for the amorphous molecular solid cousins, ice andcomparison to the publish&d628assignments of the crystalline
solldtamtmonla‘. Bt;cause ?gglesedsmsllarltles, we assign these phase Il along with the ratio of the frequencies. In particular,
spectra O_ amorp _OUS Soll and DS. o ~the ratio of the libration frequency for the two isotopic species

Regarding t.he qllsorder of the amorphous sphd, Itis Interesting should scale as the square root of the moments of inertia (ca.
to compare its infrared spectra to the hlgher temperature j 31 4), while the translational frequency should scale as the
crystalline phases, namely, phases | and I, which are known square root of the molecular masses (ca. +D63). For
tc_: be orientationally dls_ord(_ared (i.e., Satom ord_ered_, but_H atom crystalline phase 1, using the peak values in Tables 1 and 2,
disordered). As shown in Figure 2, the B stretching vibrations  the average lattice rotational vibrations are at 175 and 130 cm
for these solids have very similar widths. In particular, their (frequency ratio= 1.35) for HS and BS, respectively, while
spectral widths (fwhm) are 45, 37, and 35 Tmfor the the lattice translational vibrations are at 88 and 86 tm
amorphous and crystalllne phases I an_d I, respectively. ThUS,(frequency ratio= 1.02) for HS and DS, respectively. These
the amorphous solid appears to have slightly greater molecular,gyes for crystalline phase Il are in close agreement with
disorder, as expected. previous studied-16.28

In contrast to the broad spectral features of the amorphous  Film Thickness Determination. To determine the integrated
solids, the crystalline phase Il spectra, Figure 1A, are sharp, band intensities, the film thickness was measured in situ using
indicative of ordering in the molecular solid. Furthermore, the an infrared interference technique. As the films were slowly
symmetric stretchingg) and bendings,) vibrations are split.  vapor-deposited over a £80 min period, infrared spectra were
This splitting is because the solid has eight molecules per unit repetitively collected. Because of optical interference of the

Figure 3. Representative interference fringe pattern for film thickness
determination of amorphous,H and BS at 10 K. The transmittance

give an average isotopic shift of 1.38. These spectra are in good

greement with previously reported crystalline phase Il
d;lpectral.“‘l&28

In addition to these fundamental vibration bands, the low-

temperature solid spectra also contain combination and overtone
bands, as presented in Tables 1 and 2. Some of these broader
and weaker bands have been identified as combination bands
involving lattice modes. This identification has allowed a
determination of the frequency of these rotational (or librational)

cell, with two unique sulfur atoms but three unique-t$ FTIR beam as it passes through the film, the transmittance at a
bonds?® This nonequivalence leads to splitting of some of the particular wavelength increased and decreased as the thickness
vibrations?8:29 of the thin film increased. Also proportional to the film thickness

For these crystalline phase Il spectra, the maximum peak is the integrated peak area of a spectral band, which was
positions for hydrogen sulfide ane at 1169, 1184, and 1189 measured for each spectrum (using the Nicolet Omnic software)
cm™1, v; at 2525 and 2536 cm; and vz at 2548 cnt, while as the film was deposited. The resulting interference fringe
for deuterium sulfide they are, at 846, 856, and 860 cri; v, pattern is therefore represented by a plot of transmittance versus
at 1832 and 1840 cm; andv3 at 1852 cml. These values integrated band area, as shown in Figure 3. For these thickness
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TABLE 1: Infrared Spectral Data for Amorphous Hydrogen Sulfide (H ,S) and Deuterium Sulfide (:S) at 10 K: Assignments,
Peak Positions, and Band Intensities

hydrogen sulfide (K5) deuterium sulfide (EB)

assignment position (crh) band intensity (16cm™Y/mol-cm™2) position (cn?) band intensity (16cm~Y/mol-cm2)
v 1168 6.8 846 4.9
V2 + VR 1326 35 968 1.8
vs (v1 and vs) 2548 501 1853 256
vs+ vy 2642 6.3 1942 4.8
Vs + VR 2715 0.5
A 3704 12 2693 4.2
2v1 4970 6.6 3629 0.8
2v3 5095 13

aThe peak position uncertainty4s2 cnt?, while the average uncertainty in the band intensities is 10% relative standard deviation. The fundamental
vibration modes have been bolded. fotation: 1, 2, 3= fundamental vibration; s= stretching vibration; R= rotational lattice; T= translational
lattice).

TABLE 2: Infrared Spectral Data for Crystalline Phase Il Hydrogen Sulfide (H ,S) and Deuterium Sulfide (B;S) at 70 K:
Assignments, Peak Positions, and Band Intensitigs

hydrogen sulfide (K5) deuterium sulfide (EB)

assignment position (cm) band intensity (16cm~Ymol-cm™2) position (cm'?) band intensity (16cm~Ymol-cm™2)
v 1169 7.0 846 5.2

1184 0.9 856 0.5

1189 0.3 860 0.1
Vo + VR 1347 6.8 982 4.0
V1 2525 185 1832 102

2536 85 1840 33
V3 2548 405 1852 203
vz + vt 2636 12 1938 12
v3+ VR 2722 4.3
v1+ 12 3682 2.4 2671 0.9
v3+ vz 3694 12 2687 5.3
vz + v+ vR 3866 2.1 2810 0.6
2v1 4955 2.0 3621 1.0

4968 2.5 3631 1.1

4982 1.7 3641 0.8
2v3 5050 1.7

5073 1.6

5094 4.3

aThe peak position uncertainty4sl cn 2, while the average uncertainty in the band intensities is 10% relative standard deviation. The fundamental
vibration modes have been bolded. ffotation: 1, 2, 3= fundamental vibration; R= rotational lattice; T= translational lattice).

measurements, the prominent8 and S-D stretching bands Integrated Band Intensity Determination. To determine the
were used, and the transmittance was measured at both 400ntegrated band intensity for each spectral band, the film
and 5000 cm?. The transmittanceT] was then fit to a damped  deposition spectra were used and an integrated peak area for
sinusoidal function, such that each spectral band (measured with the Nicolet Omnic software)
. was plotted against film thickness. A representative plot is
T sin(2r(areab + c)) @) shown in Figure 4 for the SH and S-D stretching band of
whereb andc are constants of the fib(s a normalization term  the amorphous solids. This is the same data set used in Figure
of the band area and is a phase off-set term). The fitting 3 for determination of the film thickness. Continuing the exam-
includes a dampening term to account for an overall decreasePle above for HS, a film thickness of 6.6< 10°° cm corre-
in transmittance amplitude with film thickness because of SPONds to an integrated peak arehl cnt™. The slope (cm/
increased light scattering from the film. The fringe number  ¢m) of this plot divided by the molar density (0.0343 molf#h
is defined asn = areab. Once a fringe number was determined Of the solid gives the integrated band intensity {émol-cm~2)
for each spectrum (i.e., each data point in Figure 3 correspondsfor that particular spectral band. For the film thickness deter-
to one spectrum) from the fitting of the transmittance data to mination, the SH and S-D stretching bands were used along
eq 1, the film thickness for each spectrum was determined by with the transmittance at both 4000 and 5000 &fthe average
thickness was then used for the determination of the integrated
d=mi/2y @ band intensities). At least three films of each solid (with a

whered is the film thickness{ is the wavelength of light, and maximum tk_li_ckness of Lm) yvere e_xamined_. The integrated
5 is the refractive index of the solid filmy(= 1.9 for T = band intensities for each solid are included in Tables 1 and 2.

63—96 K).30 As an example, consider the$idata in Figure 3, Identification of Solid H>S on lo. Solid hydrogen sulfide
wherem = 1 appears to occur at an integrated peak ar&a has been reported to exist in the solid phase on the surface of
cm~1. According to eq 2, (witlh =2.5x 104cm,m=1, and lo. Weak infrared reflectance bands at 3.98%.015um (ca.

n = 1.9),d = 6.6 x 107 cm for this peak area. Using this 2554+ 10 cnT )2 and at 1.982Gt 0.0005xm (ca. 5045+ 1
interference method, the film thickness can be measured forcm 122 were attributed to b5 frost-deposited on or in sulfur
each spectrum in the series. On the basis of multiple measure-dioxide frost. However, this identification has been questioned
ments, the uncertainty in the film thickness44.0%. and is a source of continued uncertaifity®31 Some of the
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Figure 4. Representative band intensity determination for amorphous Figure 5. Infrared absorption spectra of hydrogen sulfidgSHn the
H,S and BS at 10 K (same data as in Figure 3). The integrated peak 1.9820um region (ca. 5045 cm) for (A) crystalline phase Ill film at
area (stretching peak at 2548 cthior H,S and at 1853 cnt for D,S) 70 K (1.0m thick) and for (B) amorphous film at 10 K (0&mn thick).
is plotted against the film thickness, as determined by the fringe pattern The peaks are due to the first overtone of the-Sstretching vibrations,
data in Figure 3. The lines are a linear fit to the data. The slopesi{cm  2v3; and 2, respectively. Spectra have been offset for clarity.
cm) divided by the molar density (mol/Gnare the band intensities

—1 o — . . .
(cm™*/mol-cm?) (see text). evidence has revealed the existence of an amorphous solid,

uncertainty is due to the uncertainty of the state or phase of theSimilar to that reported for other molecular solids, such as ice
hydrogen sulfide. Is it condensed as purSHr is it condensed and ammonia. Detailed spectral analysis of the amorphous solid
on or in the more abundant solid $DDoes the bS exist as and the lowest temperature, thermodynamic crystalline phase
amorphous or crystalline (phase 111)? Il has been presented. This report is the first complete
The S-H stretching vibration of kS lies very near to the presentation of the infrared spectra of the amorphous solids of
observed lo peak at 2554 cfn Thus, from laboratory studies, ~H2S and BS. The amorphous spectral peaks are very broad,
Salama et &3 reported a strong, broad, absorption peak at 2548 indicating disorder similar to crystalline phases | and II. Film
cm1 because of amorphous8i at 9 K that appeared to be a thicknesses (ca. up togm) were determined using an infrared
good match to the observed lo pedkdowever, Schmitt and interference technique during vapor deposition of the thin films.
Rodriguez® have recently disputed this identification by arguing Measurements of the integrated absorbance peaks then allowed
that solid hydrogen sulfide at 80 K (ca. phase Ill) has three determination of the integrated band intensities. N
sharp peaks near 2554 cirand is therefore not a good match. This report provides definitive evidence for spectral transitions
As we have presented in detail above, the amorphous spectrunff solid H:S in the 3.915 and the 1.98an regions (ca. 2554
has one broad stretching band at 2548 &while the crystaline ~ and 5045 cm?, respectively), consistent with peaks observed
phase Il has three sharp peaks at 2525, 2536, and 2548 cm from the surface of lo. In particular, for the,8 amorphous
Thus, a reasonable identification for the lo band at 3 @15s solid, the S-H stretching fundamental occurs at 2548 érand
amorphous KS. the first S-H stretching overtone occurs at 5095 ©mThis
Concerning the lo peak at 5045 cinLester et a2 suggested information should be helpful in the conclusive identification
an overtone or combination band of$icould account for this ~ Of solid hydrogen sulfide on the surface of lo.
peak but did not have experimental support for this suggestion. .
Additionally, Schmitt et ab5 did not observe any % transitions Acknowledgment. The authors would like to gratefully
above 4000 cim, further questioning the source of this peak acknowledge the generous funding by the Welch Foundation
and the identification of solid 8 on lo. As clearly shown in N support of this research.
Figure 5, the first overtone-SH stretching vibration of solid
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