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the first results obtained.

Here we report the first evidence for a reversible phase change in an ethanethiol ice prepared under
astrochemical conditions. InfraRed (IR) spectroscopy was used to monitor the morphology of the ice using the
S—H stretching vibration, a characteristic vibration of thiol molecules. The deposited sample was able to switch
between amorphous and crystalline phases repeatedly under temperature cycles between 10 K and 130 K with
subsequent loss of molecules in every phase change. Such an effect is dependent upon the original thickness of
the ice. Further work on quantitative analysis is to be carried out in due course whereas here we are reporting

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of methanol and hydrogen sulfide in the Inter-
Stellar Medium (ISM) in the early 1970’s it was expected that thiols
should be a component of interstellar heterogeneous chemistry at low
temperatures and that such thiols may, under energetic processing,
lead to the synthesis of many more complex molecules [1-2]. Subse-
quently several sulfur bearing molecules have been discovered includ-
ing the very first identification of methanethiol [3] and thiocyanic acid
(HSCN); [4] in the ISM. Ethanethiol was identified in the ISM in 2014
by Kolesnikova, Tercerro et al. [5] and the presence of larger thiol
groups, such as propanethiol (CH3CH,CH,SH) is expected from
astrochemical models [6], although in concentrations that are insuffi-
cient for detection using current ground based facilities [7].

The morphology of ices formed in astrochemical environments may
be different from those formed under terrestrial conditions due to the
low pressures and the long times needed for accretion of material in
the ISM [8]. Molecular oxygen exists in many crystalline phases, o, 3,
and vy [9], whereas in the case of simulating oxygen ices at astrochemical
conditions only two phases «, [ [10] of oxygen ices exist. The
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morphology is also expected to change as the ice is subjected to thermal
and energetic particle processing [5].

The morphology of molecular ices is an important parameter in the
physical and chemical features of the ice, for example it has a strong in-
fluence on the porosity of the ice. Amorphous ice is, in general, more po-
rous than crystalline ices. In a mixture of molecular ices, for example, in
the case of acetonitrile-water mixture, when acetonitrile turns crystal-
line well before water crystallization temperature, the water molecules
are segregated from the mixture [11]. Therefore amorphous ice, due to
its higher porosity, relative to crystalline ice, acts as a trap for other mol-
ecules which in turn strongly influences the chemical reactivity of the
ice at a given temperature.

The morphology of an ice may be explored by studying its spectros-
copy and while VUV spectra [12] may show distinct changes when
transforming from one phase to another such phase changes are more
commonly seen by monitoring the InfraRed (IR) spectra of these ices
which reflect the changes in the vibrational frequencies of the mole-
cules in different phases of the ice [13].

To date phase change in such ices have been found to be irreversible
with amorphous ice prepared at very low temperatures, such as 10 K,
and then warmed to higher temperatures turning crystalline and re-
maining crystalline until sublimation. For example in a very recent
work, methanethiol IR spectra revealed phase changes to have occurred
while warming the ice from 10 K to higher temperatures [14]. In this
paper we report the first experiments exploring ethanethiol molecular
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ices under astrochemical conditions and study changes in the ice mor-
phology throughout thermal processing cycles which repeatedly heat
and cool the ice providing the first evidence for reversible phase chang-
es by thermal cycling.

2. Experimental Methodology

IR spectra of condensed ethanethiol were measured using a Fourier
Transform IR (FTIR) spectroscopy technique. Liquid ethanethiol samples
(Sigma-Aldrich, purity 99.99%) were placed in a glass bulb and connect-
ed to the inlet gas line within which it was further purified by three
freeze pump thaw cycles. Solid ethanethiol was vapor deposited directly
on a pre-cooled potassium bromide (KBr) substrate mounted on a
closed cycle helium cryostat (Janis RDK-415) which can be cooled to
4 K inside an ultra-high vacuum chamber. The temperature of the sub-
strate was measured using a silicon diode temperature sensor. Spectra
were recorded at various temperatures (4 K to 130 K) in the mid IR
range (500-5000 cm~!) with 2 cm™ ' resolution using a Bomem DAS8
FTIR equipped with a KBr beam splitter and a MCT detector (cooled by
liquid nitrogen); in which, the interferometric spectrometer is coupled
to the photochemical end-station [15] attached to the beamline
BL21A2 at National Synchrotron Radiation Research Center (NSRRC).
Experiments starting from 10 K were carried out in astrochemistry lab-
oratory housed in Physical Research Laboratory (PRL). The temperature
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Fig. 1. (a) An IR spectrum recorded for a thin layer of pure ethanethiol molecules
deposited at 4 K and subsequently warmed to higher temperatures. Ethanethiol remains
in an amorphous phase and sublimes at 130 K without undergoing a phase change. (b)
The observed shift in the peak position and decrease in intensity of the S—H stretching
region in thin layer deposition of ethanethiol ices as the molecules are warmed from 4 K
to 135 K.

of the ice could be changed by heating the KBr substrate using a resistive
heater, controlled by a Lakeshore temperature controller (model 340).
In these experiments the sample was heated to 100 K at 5 K min~"
ramping rate and spectra were collected every 10 K intervals. Above
100 K the ice was annealed at a lower rate at 3 K min~ ! and spectra re-
corded at 110 K, 120 K, 125 K and 130 K. The experiment was then re-
peated with different ice thicknesses. Since the A (cm molecule™!)
value and densities of these ices are not known absorbance in the IR
spectra was used for monitoring the ice thickness which is of the
order of a few microns.

3. Results and Discussion

A thin film of ethanethiol ice was formed at 4 K at a pressure of
1 x 10~8 mbar for 15 s and heated in steps of 10 K from 10 K. The spec-
tra obtained at different temperatures are shown in Fig. 1a. Peak assign-
ments are given in Table 1. The peak at 2975 cm™ ! and 2959 cm™ ! are
from CH, asymmetric and CH; asymmetric stretching vibrations. The
S—H vibrations appear at 2528 cm™ '. The peaks at 1448 cm™ ' and
1430 cm~ ! are from CH; bending and CH, scissoring vibrations. The
features at 1250 cm™' and 1094 cm™', 1050 cm™ ! correspond to CH,
twisting, CH3 bending and CH, rocking modes while C—C stretching is
seen at 969 cm~ ! and C—S stretching at 655 cm™ . Only small changes
in the spectra were observed with the S—H stretching vibration shifting
slightly from 2528 cm™ ! at4 K to 2538 cm™ ! at 130 K with a decrease in
intensity (Fig. 1b). Above 130 K ethanethiol peaks were not observed
suggesting the ice has sublimed.

By depositing at a pressure averaged to about 5.5 x 108 mbar for
60 s to form a thick layer of ethanethiol ice at 4 K and recording the IR
spectra similar band positions were observed as in the thin ethanethiol
ice. Once again warming the ice to higher temperatures showed no sig-
nificant change up to 100 K. However, upon increasing the temperature
to 110 K, the S—H stretching vibration at 2528 cm™ ' was observed to
split to two peaks as 2526 cm™~! and 2541 cm™! (Fig. 2a). The
1430 cm™ ' band corresponding to CH, scissoring vibration was ob-
served to split into two peaks centred at 1425 cm™ ' and 1428 cm™ .
The band centred at 1094 cm™ ! representing the CH, twisting and
rocking modes split to two peaks one at 1099 cm™ ! and the other at
1092 cm™ L. The band corresponding to SH out of plane bending at
864 cm™~ ! was split to two bands one at 865 cm~ ! and the other at
874 cm™ . Bands corresponding to CH, rocking and C—S stretching ob-
served at 733 cm™ ' and 655 cm™ ' were observed to have split to
741 cm™ 1,730 cm™ ! and 656 cm ™!, 654 cm™ !, respectively (Table 1;

Table 1

Observed peak positions in the IR spectra of ethanethiol ices in both amorphous and crys-
talline phases at three different temperatures. Note: certain assighments are made using
[17].

Peak position (cm™1) Assignment

Amorphous Crystalline Amorphous

(4 K) (120K) (125 K)

655 656, 654 655 CS stretching

733 741,730 734 CH, rocking

782 780 780 CH; rocking

864 865, 874 866 SH out of plane bending
969 967 969 CC stretching

1030 1031 1030 CH, rocking

1050 1048 1050 CH; rocking

1094 1099, 1092 1095 CH3 bending

1250 1251 1250 CH, twisting

1271 1272 1271 CH, wagging

1430 1425, 1428 1430 CH, scissoring

1448 1446 1448 CHj3 bending

2528 2526, 2541 2538 SH stretching

2864 2,86,62,841 2865 CH3 symmetric stretching
2924 2926 2923 CH, symmetric stretching
2959 2962 2960 CH; asymmetric stretching
2975 2980, 2974 2976 CH, asymmetric stretching
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Fig. 2. Infrared spectra of; (a) a pure ethanethiol ice formed at 4 K. (Top) No phase change
in thin ethanethiol ice is observed upon warming to higher temperature. (Bottom) a thick
ethanethiol ice undergoing phase change at 110 K and reversible phase change from
crystalline to amorphous upon further warming to 130 K. (b) a thick ethanethiol ice
formed at 4 K, warmed to 120 K and cooled back to 4 K to confirm the crystalline phase
and warmed again to 120 K. The figure is blown up and presented in two sets of
wavenumbers i.e. CH str and SH str region (top), fingerprint region (bottom), so that the
spectral features are clearly visible. Note: Black - amorphous, Blue - crystalline phase.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 2a). From these spectra we conclude that a phase transition from
amorphous to crystalline phase had occurred in the ethanethiol ice. By
re-cooling the sample from 120 K to 4 K the crystallinity was found to
be retained (Fig. 2b).

Upon warming the ice from 120 K to 125 K and with subsequent re-
cording of IR spectra we found that the spectrum recorded was different
to that spectrum at 120 K. The S—H stretching vibration was again
found to centre at 2538 cm™ ! and no splitting was observed. This is
also the case for all the other bands corresponding to the CH3 bending,
C—C stretching, CH, rocking and C—S stretching indeed the spectrum
at 125 K resembled the spectra recorded from 4 K-100 K (Fig. 3a).
This remarkable transformation from crystalline phase to amorphous
phase at higher temperatures is observed for the first time in any
astrochemical ices experiment.

By cooling the sample from 125 K to 4 K and then warming it again
with subsequent recording of IR spectra we could clearly see from the
S—H, CH,, C—C and C—S characteristic vibrations that the sample
had once again turned crystalline in the temperature window 110 K-
120 K (Fig. 3a). The small peak shift observed in the S—H vibration by
recooling the sample to 4 K could be due to the conformational changes
in the ethanethiol homo-dimers between the sample deposited at 4 K
and the sample recooled from higher temperature. Upon warming to
125 K the sample was once again found to turn from crystalline to amor-
phous phase. Now cooling the sample to lower temperatures and then
warming back to 120 K we found that the sample remained amorphous
at all temperatures (Fig. 3b). This is due to the loss of molecules during
every phase change reducing the ice thickness which now shows iden-
tical results to those shown in Fig. 1. Loss of molecules from the ice
phase during every phase change could be clearly observed by the ob-
servation of a rise in chamber pressure.

In order to confirm these results even thicker ethanethiol ice was de-
posited at 4 K and at a pressure of 5 x 10~ 7 mbar for 30 s. Upon
warming this ice to 110 K we once again observe the band splitting in-
dicating the phase change from amorphous to crystalline. A spectrum
recorded at 125 K was again found to resemble the spectrum recorded
at lower temperatures indicating the phase change from crystalline to
amorphous. As we re-cooled the sample from 126 K to lower tempera-
tures a spectrum was recorded at 118 K. This spectrum was surprising as
we found band splitting to have happened indicating the phase change
to have occurred from amorphous to crystalline upon cooling the sam-
ple (Fig. 4). This is the first time evidence for crystallize upon cooling
from higher to low temperatures is observed in astrochemical ices
[16]. Further repeating the temperature cycle in the 100 K to 130 K re-
gion we found that the crystallization from re-cooling from higher to
lower temperature was repeated.

4. Conclusion

We have performed, for the first time, IR spectroscopic studies of
ethanethiol ices relevant to icy mantles of interstellar cold dust.
Ethanethiol ices were formed at 4 K on a cold substrate and temperature
dependent IR spectra were recorded. From the spectral changes ob-
served we conclude that phase transition had occurred in the
ethanethiol ice. Thin samples of ethanethiol ice were found to desorb
without undergoing any phase transition, remaining amorphous, from
4 K until 130 K, before sublimation. However, by increasing the
ethanethiol ice thickness a phase change from amorphous to crystalline
ice at 110 K was observed. By further warming the crystalline sample to
125 K we observed, for the first time, that the morphology changed
from crystalline to amorphous upon heating the sample. When re-
cooling the amorphous sample from 125 K to lower temperatures and
then heating again to 110 K the ice turned amorphous to crystalline
and then from crystalline to amorphous at 125 K. This was repeated
until the sample became thin enough from sublimation of molecules
during every phase change to revert to the condition in which no chang-
es in morphology is seen during the temperature cycle.

For an even thicker sample the amorphous to crystalline phase
change was observed at 110 K and then from crystalline to amorphous
phase at 125 K, however, while re-cooling this thicker sample from
125 K to 118 K another phase change from amorphous to crystalline
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Fig. 3. Infrared spectra of (a) a thick ethanethiol ice formed at 4 K (amorphous), warmed to 120 K (crystalline), further warming to 125 K (amorphous), cooled back to 4 K, again warmed to
100 K and 118 K (crystalline). Note: Black - amorphous, Blue - crystalline phase. (b) An experiment to measure the thickness dependence of the phase change. CYCLE 1: Thick ethanethiol
ice deposited at 4 K and subsequently warmed to 110 K, 120 K (crystalline) and 125 K (amorphous). CYCLE 2: The ice at 125 Kin CYCLE 1 was cooled back to 4 K and again warmed to 120 K
(crystalline) and 125 K (amorphous). CYCLE 3: The ice at 125 K in CYCLE 2 was cooled to 100 K and subsequently warmed to 120 K (amorphous), 125 K (amorphous). Note: The thickness
of the deposited ethanethiol ice reduces in each of the repeated cycles. The figure is blown up and presented in two sets of wavenumbers i.e. CH str and SH str region (top), fingerprint
region (bottom), so that the spectral features are clearly visible. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

was observed. This is the first time an astrochemical ice is known to
change phase from amorphous to crystalline by cooling the sample.
The temperature cycle of this sample was found to repeat the phase
changes between amorphous and crystalline until the thickness is re-
duced further due to sublimation during every phase change.
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Fig. 4. Ethanethiol ice formed at 4 K and (a) subsequently warmed to 120 K (crystalline),
(b) warmed to 126 K (amorphous) and (c) cooled to 118 K (crystalline).

These results have implications in both the ethanethiol chemistry in
the cold dust grains of the interstellar medium where thiols are known
to take part in reactions that could lead to the complex molecules and in
the use of morphology as a monitor of thermal history of ices in the ISM
(and other astronomical environments).
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