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Abstract
We have carried out experimental investigation on binary ice mixture containing carbon disulﬁde (CS2) and ammonia (NH3) ices
formed at 10 K. Icy ﬁlms were formed in various combinations to investigate the reactivity of CS2 and NH3 molecules on cometary
nucleus. In the case of NH3 ices, deposition carried out at 10 K was found to contain NH3 homo-dimers that was found to reorient upon
annealing to 40 K. Phase transition was found to take place as the 10 K ice was warmed to higher temperatures and the phase transition
temperature was found to be 5 K higher for the mixed ice in comparison to the layered deposits. Thermal processing of the mixed
deposition of CS2ANH3 ice was found to leave thio residue, which could be ammonium dithiocarbamate that was even found to be
present at 340 K.
Ó 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Comets are known to harbor variety of simple and complex molecules. Irradiation and thermal processing of simple ices present may lead to the formation of complex
molecules (Flynn et al., 2006; McKeegan et al., 2006). In
fact, the recent discoveries on the new simple and complex
molecules (such as amide and polyoxymethane) on comets
are added evidences (Wright et al., 2015). However, the formation of such molecules could be due to photolysis and/or
thermal processing. In order to understand the role of
molecules that are already known to be present on a cometary nucleus, laboratory simulations of cometary nucleus
⇑ Corresponding author.

E-mail address: bhala@prl.res.in (B. Sivaraman).
http://dx.doi.org/10.1016/j.asr.2016.04.028
0273-1177/Ó 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.

are needed. Here we select two of the simple molecules,
CS2 and NH3, that are known to be present on comets
and such a mixture is studied in laboratory analogs.
First direct detection of CS2 was made in 1995 in Comet
122P/de Vico by comparing the unidentiﬁed spectral lines of
the comet in the visible and ultraviolet region with the experimental spectra of supersonically cooled CS2 (Jackson et al.,
2004). Perhaps this discovery was only after ﬁfteen years
since the ﬁrst identiﬁcation of CAS bonds in Comet West
in 1980 (Smith et al., 1980). Recently (Sivaraman, 2016)
the presence of CS2 molecules on cold regions of Lunar
south pole was conﬁrmed. The ﬁrst identiﬁcation of NH3
on a comet was made in the 1980’s in Comet 1983 d
(Altenhoﬀ et al., 1983). It was estimated that six percent of
the gases subliming from the nucleus of the comet were
NH3. Measurements using Gas Chromatography Mass
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Spectrometer (GCMS) onboard Huygens probe revealed
the nitrogen rich atmosphere of Titan is in fact from the
impact driven chemistry of NH3 which is a major constituent in the upper and mid atmosphere of Titan
(Niemann et al., 2005).
NH3 and CS2 molecules being widely present in many
planetary bodies including comets, it is of utmost interest
to the planetary scientists and therefore extensive spectroscopic studies have been done on these two molecules in
astrophysical conditions (Fresneau et al., 2014; Garozzo
et al., 2010; Maity and Kaiser, 2013; Mangum et al.,
2013). Though these two molecules were investigated, however their reactivity in mixtures at low temperature are yet
to be explored. Similar thermal reactivity of NH3 and CO2
were investigated in solid phase (Bossa et al., 2008a,b; Lv
et al., 2014; Noble et al., 2014; Rodriguez-Lazcano et al.,
2014) and have found to form ammonium carbamate and
carbamic acid. Here we present the results of the thermal
processing of the binary ice mixture containing CS2 and
NH3 ices deposited in various combinations and probed
using Fourier Transform InfraRed (FTIR) Spectroscopy,
in astrophysical conditions.
2. Experimental method
Experiments were carried out in the new experimental
chamber housed in the laboratory for low temperature
astrochemistry at Physical Research Laboratory (PRL),
India. An Ultrahigh Vacuum (UHV) chamber, that can
reach base pressures up to 1010 mbar, containing a cold
head with Zinc Selenide (ZnSe) substrate cooled down to
10 K was used to simulate the cometary ices. An all metal
leak valve was used to introduce gases to form molecular
ices on to the cooled ZnSe substrate at 10 K.
CS2, 99.9% pure vapor (molecules), from the liquid sample were let into the chamber through after two freeze–
pump–thaw cycles at liquid nitrogen temperature. NH3,
99.99% pure, were let into the chamber through the gas
line. A gas mixing chamber was used to mix both the molecules before they were let into the chamber to condense on
to the ZnSe substrate kept at 10 K. Molecular ices thus
formed at 10 K was then warmed to higher temperatures
and subsequently probed in the Mid-IR region (4000–
500 cm1), resolution of 2 cm1, using Fourier Transform
InfraRed (FTIR) Spectrometer.
After recording InfraRed (IR) spectra for pure samples
experiments were performed with binary ice mixtures in
diﬀerent combinations:
(i) CS2 molecules were let into the UHV chamber to
form CS2 ice on the ZnSe substrate at 10 K. Then
NH3 molecules were inlet into the chamber and were
made to condense over the CS2 molecular ice at 10 K.
A spectrum was recorded at 10 K and the ice layers
were warmed to higher temperatures with subsequent
recording of spectra at diﬀerent temperatures until
sublimation.
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(ii) NH3 molecules were let into the UHV chamber to
form NH3 ice on the ZnSe substrate at 10 K. Then
CS2 molecules were inlet into the chamber and were
made to condense over the NH3 molecular ice at
10 K. A spectrum was recorded at 10 K and the ice
layers were warmed to higher temperatures with subsequent recording of spectra at diﬀerent temperatures
until sublimation.
(iii) Both NH3 and CS2 were prepared in the gas mixing
chamber before letting into the UHV chamber to
form icy mixture of NH3 and CS2 on the ZnSe substrate kept at 10 K. A spectrum was recorded at
10 K and the ice mixture was warmed to higher
temperatures with subsequent recording of spectra
at diﬀerent temperatures until sublimation.

3. Results and discussion
3.1. Pure CS2 ice
Spectrum recorded after pure CS2 deposition at 10 K
revealed characteristic bands that correspond to CS2 molecules in the 2500–1000 cm1 region (Fig. 1(a)). The most
intense peaks observed at 1525 cm1 and 1460 cm1 were
assigned to CAS symmetric stretching. Few other bands
with peak positions at 2145 cm1, 2106 cm1, 2214 cm1,
2284 cm1 were assigned (Maity et al., 2013) to combination vibration modes as mentioned in Table 1. Upon warming the ice changes observed in the fundamental modes
indicated a phase change from amorphous to crystalline
to have completed at 80 K. Polycrystalline CS2 is being
reported to form when it is vapor deposited at 80 K (liquid
nitrogen temperature) (Yamada and Person, 1964).
3.2. Pure NH3 ice
Pure NH3 molecules were deposited on the substrate and
a spectrum was recorded at 10 K where several peaks were
found to appear in the 3500–1000 cm1 region (Fig. 1(b)).
The bands at 3375 cm1, 3311 cm1, 3244 cm1 and
3208 cm1 were assigned to NAH symmetric stretching
(Dows et al., 1955). The band at 1872 cm1, 1649 cm1
and 1627 cm1 are assigned to HANAH scissoring vibrations. The most intense band at 1060 cm1 is assigned to
NAH wagging vibration. The spectral signatures conﬁrmed
(Fig. 2) phase change from amorphous to crystalline NH3
(Zheng and Kaiser, 2007) to have occurred in the ice at
65 K. The two new bands with peak positions at
3311 cm1 and 3244 cm1 are attributed to the formation
of homo-dimers that undergo reorientation upon annealing
to higher temperatures. The bands at 3311 cm1 and
3244 cm1 were then found to be missing in the spectrum
recorded at 40 K (Fig. 2). Rearrangement of such homodimers is known from earlier studies on molecules in the
condensed phase (Sivaraman et al., 2012, 2013). Such a
change happening within the ice formed at 10 K and
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Fig. 1. Infrared spectra of (a) pure CS2 at 10 K and (b) pure NH3 at 10 K. Line break was introduced in (b) in order to enhance the spectral features in the
3500–3000 cm1 region.

Table 1
Peak positions and band assignments. Assignments for NH3 and CS2 are taken from Maity et al. (2013) and Zheng and Kaiser (2007), respectively.
NH3

CS2

10 K

65 K

80 K

Band assignment

10 K

65 K

80 K

Band assignment

3375.6
3311.0
3244.7
3208.7
1872.7
1649.7

3375
3288.8
–
3206.1
1895.1
1645.7

3375.2
3288.8
–
3206.1
1896.1
1645.7

m3 (NAH degenerated stretching)
m1 or 2m4 (NAH symmetric stretching)
m3 (NAH degenerated stretching)
m1 (NAH symmetric stretching)
m4 + mL (HANAH Scissoring)
m4 (HANAH Scissoring)

2284.4
2214.6
2145.5
2106.3
1516.1
1460.8

2284.4
2216.4
2145.3
2105.7
1507
1459.5

2286.9
2219.1
2145.1
2100.7
1508.1
1455.9

2m2 + m3 (combination band)
2m2 + m3 (combination band)
m1 + m3 (CAS stretching)
m1 + m3 (CAS stretching of 13CS2)
m3 (CAS stretching)
m3 (CAS stretching of 13CS2)

2168.1
1520.5

2154.1
1516.6

2158.8
1516.7

CS2 + NH3 – mixed deposit
3377.8
3311.4
3244.2
3207.9
1868.5
1649.9
1627.3
1058.8

3368.2
3292.9
–
3207.9
1869.2
1652.7
1635.8
1072.9

3377.8
3288.1
–
3205
1869.2
1652.7
1635.8
1095.5

warmed to 40 K suggests that the ice formed at 10 K could
be highly porous as it is rich in homo-dimers of NH3.

amorphous to crystalline form was found to be 80 K for
CS2 and 65 K for NH3.
3.4. NH3 below CS2

3.3. CS2 below NH3
Layered deposition for CS2 below NH3 was carried out
at 10 K and an IR spectrum was recorded. Characteristic
vibrational signatures of NH3 and CS2 were found to be
present in the spectra recorded at 10 K (Table 1). Icy layers
thus formed were heated to higher temperatures with subsequent recording of IR spectra. From the temperature
dependent IR spectra in Fig. 3(a) we ﬁnd that the intensity
of the bands gradually decreases when the sample is
warmed to higher temperatures and both NH3 and CS2 ices
sublime after 120 K. A phase change temperature from

Layered deposition for NH3 below CS2 was carried out
at 10 K and an IR spectrum was recorded. Characteristic
vibrational signatures of CS2 and NH3 were found to be
present in the spectra recorded at 10 K (Table 1). Icy layers
thus formed were heated to higher temperatures with subsequent recording of IR spectra. From the temperature
dependent IR spectra in Fig. 3(b) we ﬁnd that the intensity
of the NAH symmetric stretching bands at 3375 cm1,
3311 cm1, 3244 cm1 and 3208 cm1 is present till 130 K
due to crystalline CS2 on top of NH3 which was resisting
NH3 sublimation. Thus the intensity of the NAH symmet-
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ric stretching bands remains high till 130 K and then sublimation started while CS2 molecules started to sublime. The
phase change temperature from amorphous to crystalline
form was found to be the same as in the case of CS2 below
NH3; 80 K for CS2 and 65 K for NH3.

3.5. Ice mixtures NH3, CS2

Fig. 2. Temperature dependent infrared spectra of pure NH3 with the
presence of homo-dimers at 10 K which got reoriented when warmed to
40 K.

Both NH3 and CS2 were mixed in the gas line and
deposited at 10 K. An IR spectrum was recorded at 10 K.
IR bands of NH3 and CS2 in Table 1 were found to be present in the spectra recorded at 10 K. The ice mixture was
warmed to higher temperatures and a spectrum was
recorded at until 340 K (Fig. 3(c)). Here again we ﬁnd that
the intensity of the NAH symmetric stretching bands at
3375 cm1, 3311 cm1, 3244 cm1 and 3208 cm1 is present
till 110 K. The phase change was found to occur at a temperature which is 5 K higher than the phase change temper-

Fig. 3. (a) Temperature dependent infrared spectra of CS2 below NH3 deposited at 10 K. (b) Temperature dependent infrared spectra of NH3 below CS2
deposited at 10 K. (c) Temperature dependent infrared spectra of mixed deposit of CS2 and NH3 deposited at 10 K. (d) Infrared spectra of ammonium
dithiocarbamate – residue left behind at higher temperatures upon heating the mixed deposit of CS2 and NH3 ices.
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Table 2
Column density of ice mixtures as deposited at 10 K.
Ice sample at 10 K

Band (cm1)

A value (cm mol1)

Pure NH3
Fig. 1a

1069 cm1

*

Pure CS2
Fig. 1b

1520 cm1

**

CS2 below NH3
Fig. 3a

NH3 1069 cm1
CS2 1520 cm1

NH3 below CS2
Fig. 3b
NH3 + CS2 mixture
Fig. 3c

Column density
(No. of molecules)

Ratio CS2:NH3

20.29  1017

–

18.74  1017

–

1.63  1017
9.13  1017

28.18  1017
7.00  1017

1:4

NH3 1069 cm1
CS2 1520 cm1

1.63  1017
9.13  1017

43.74  1017
7.63  1017

1:6

NH3 1069 cm1
CS2 1520 cm1

1.63  1017
9.13  1017

9.28  1017
0.30  1017

1:30

1.63  1017
9.13  1017

References.
*
A value for NH3; Bouilloud et al. (2015).
**
A value for CS2; Garozzo et al. (2010).

ature found in the layered deposits, 85 K for CS2 and 70 K
for NH3 (Table 1). This could be due to NH3 and CS2 present as mixed ices where the molecules have to segregate
from the mixture to crystallize.
From the temperature dependent spectra in Fig. 3(c) we
infer that even after the sublimation of the NH3 and CS2
ices above 110 K, there was a residue left behind which
was present (1000–1300 cm1) even after the sample was
warmed to 340 K (Fig. 3(d)). There are two broad absorption bands, one centered at 1220 cm1 and the other centered at 1110 cm1. Based on the band positions (Knoeck
and Witt, 1976) this could be ammonium dithiocarbamate
that have been synthesized, via reaction given in Eq. (1)
(Mathes et al., 2007), by warming the icy mixture of NH3
and CS2 formed at 10 K. In an earlier experiment ammonium carbamate synthesis from a mixture of NH3 and
CO2 was reported (Bossa et al., 2008a,b; Jheeta et al.,
2012; Lv et al., 2014; Noble et al., 2014; RodriguezLazcano et al., 2014). Therefore, due to the sulfur bearing
parent molecule it is likely that the sulfur residue observed
in our experiment is a thio compound.
2NH3 þ CS2 ! CH6 N2 S2

ð1Þ

The thermal reaction of NH3 and CS2 is likely to be very
similar to the reaction of NH3 and CO2. Bossa et al. (2008b)
studied reaction of 1:1 mixtures of NH3 and CO2 and found
that 49% of CO2 sublimes out without reacting with NH3
and the rest likely react with NH3 thermally and form two
products ammonium carbamate and carbamic acid in 1:1
ratio. Noble et al. (2014) extended this to study the kinetics
of this reaction, and came out with the conclusion that the
reaction is mostly ﬁrst order with respect to CO2 in the temperature range of 70–90 K. The reaction is not possible in
CO2 dominated ice, while NH3 dominated ice gives only
ammonium carbamate and not carbamic acid.
Extending this to our experiment of NH3 with CS2,
considering a similar case, we have calculated the column
density in all our samples. It is summarized in Table 2.
Here the mixture ice (CS2 + NH3) was in 1:30 ratio and

hence we propose the residue which we observed are likely
to be ammonium dithiocarbamate and there may be a possibility of formation of dithiocarbamic acid if CS2 and NH3
are in 1:1 ratio, which need to be further studied.
4. Conclusion and implication
NH3 and CS2 mixtures were studied in astrochemical
conditions. The two new bands observed in NH3 ices
revealed the formation of NH3 homo-dimers which was
found to reorient upon heating to 40 K indicating a phase
of highly porous NH3 ice at 10 K. Phase change temperature of NH3 and CS2 was found to be 5 K higher in order
to segregate whilst present as mixtures in comparison to the
phase change temperature of the layered deposits; 65 K
and 80 K, respectively. The ice mixture upon warming to
higher temperature leaves a residue on the substrate that
is even seen in the spectrum recorded at 340 K. Based on
the thermal reaction pathway involving NH3 and CS2 mixture the residue obtained is believed to be thio compound;
ammonium dithiocarbamate.
We propose that eﬀorts must be taken to detect the presence of the complex thio residue such as ammonium dithiocarbamate on comets carrying CS2 and NH3. The
formation of the thio residue is quite likely due to thermal
processing of ices as the temperature increases while the
comet gets close to the Sun. Also the stability of such complex molecules even at 340 K suggest that repeated processing of a periodic comet would have higher concentration of
the thio residue. Therefore, the periodic comets (known to
contain NH3 and CS2) could be the good candidates to
look for such complex thio molecules.
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