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Desorption-induced evolution of cubic and
hexagonal ices in an ultrahigh vacuum and
cryogenic temperatures†

Gaurav Vishwakarma, Jyotirmoy Ghosh and Thalappil Pradeep *

Reflection absorption infrared spectroscopic investigations of multilayer films of acetonitrile (ACN) and

water in an ultrahigh vacuum under isothermal conditions showed the emergence of cubic (ice Ic) and

hexagonal (ice Ih) ices depending on the composition of the film. The experiments were conducted with

a mixed film of 300 monolayers in thickness and the ACN : H2O monolayer ratios were varied from 1 : 5

to 5 : 1. Mixed films were deposited at 10 K and warmed to 130–135 K, where ACN desorbed subse-

quently and IR spectral evolution was monitored continuously. While the emergence of ice Ic at 130 K

has been reported, the occurrence of ice Ih at this temperature was seen for the first time. Detailed

investigations showed that ice Ih can form at 125 K as well. Crystallization kinetics and activation energy

(Ea) for the emergence of ice Ih were evaluated using the Avrami equation.

1 Introduction

The existence of water in diverse environments, as exotic as in
space, is well known.1–3 Water ice is known to exist in a number
of amorphous as well as crystalline forms at different tempera-
ture and pressure conditions.4–7 While ice Ih is the most
dominant form in terrestrial conditions, it is known to exist
above 150 K under an ultrahigh vacuum (UHV). The process of
amorphous to crystalline transformation under UHV occurs
generally by annealing the vapour deposited film, amorphous
solid water (ASW), which involves multiple steps. At first, ASW
is converted to ice Ic at temperatures between 100 and 150 K.
This cubic form of ice is metastable in nature and is finally
converted to the more stable ice Ih at temperatures higher than
150 K under an UHV,8 a condition relevant to astrochemistry.
However, ice Ic is, nowadays, termed as stacking-disordered ice
(ice Isd) as its structure contains cubic sequences interlaced
with hexagonal sequences.9,10

Impurities/guest molecules lead to diverse phenomena in
the host ice network ranging from hydrate formation11–13 to
varying phase behavior.14,15 They also play a crucial role in the
crystallization of water. For example, crystallization kinetics of
H2O can be enhanced by the addition of impurities like
methanol, HCl and HNO3. Different reasons have been

suggested to explain these observations. While methanol-
induced nucleation reduced the crystallization temperature,16

excess proton (H+) provided by HCl promoted the
crystallization.17 Minor amounts of HNO3 also facilitated rapid
crystallization.18 Under high-pressure conditions, however,
clathrate hydrates can be transformed to ice Ic upon their
dissociation.19–22 Mixed ices can be warmed to form gas
hydrates in an UHV; our earlier studies showed that clathrate
hydrates of acetone and formaldehyde formed by such methods
were converted to ice Ic and ice Ih, respectively, in the range of
130–135 K.12,23 In such conditions, however, the formation of
both ice Ic and ice Ih was not shown from a single system.
Crystallization of H2O can also be achieved by several other
methods such as annealing of amorphous ices,24,25 supercool-
ing of water droplets,26–29 freezing of high-pressure ice phases
followed by annealing25,30–32 and freezing of water in confined
geometries.33–35 Hama et al.36 showed that sublimation of a
water/neon matrix leads to H2O crystallization where sublima-
tion of neon provided enough mobility to water molecules to
cross the kinetic barrier of crystallization, even at 11–12 K.
These studies suggest the rich diversity that is possible during
the desorption of molecules from multicomponent ices.

ACN was detected in the molecular clouds Sgr B and Sgr A37

and in comet Kohoutek.38 Comets are condensed bodies of gas,
ice and dust, and are known for their diversity in composition
with H2O as the most abundant species. But, in recent
reports,39–41 it was observed that comets (C/2016 R2 (Pan-
STARRS) and 2I/Borisov) have a peculiar volatile composition
with CO as the most abundant species. Volatiles are known to
play a crucial role in the chemistry and physics of star
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formation in such regions. The present work hints at the
importance of the composition of volatiles on water-ice crystal-
lization and thus may have a direct impact on catalysis,8

cometary outbursts, and heat balance in the cometary
bodies.42 These phenomena can be modeled with the help of
experiments conducted in an UHV under cryogenic conditions.

In the present study, we show that ice Ic and ice Ih can be
formed selectively from mixed ices of ACN and H2O by control-
ling their compositions. We found that a thin film with 1 : 5
ACN and H2O mixture forms ice Ic while a thin film with 5 : 1
ACN and H2O results in ice Ih after desorption of ACN from the
ice film at 130–135 K. The existence of the two ice forms has
been confirmed by using their unique IR spectral features. The
rates of crystallization of the films were studied using the
Avrami equation. The activation energy for the formation of
ice Ih under this condition was slightly lower than the value
reported earlier. The creation of different crystallographic
forms of ices by composition control presents new possibilities
for structural diversity in interstellar ice analogues.

2 Experimental section
2.1 Experimental setup

All the experiments were performed in an ultrahigh vacuum
(UHV) chamber with a base pressure of B5 � 10�10 mbar,
discussed in detail elsewhere.43 Briefly, the instrument is
composed of three stainless steel UHV chambers: an ionization
chamber, an octupole chamber, and a scattering chamber, used
for low energy ion scattering of mass selected ions.44–47 The
instrument is equipped with reflection absorption infrared
spectroscopy (RAIRS) and temperature-programmed desorption
(TPD) mass spectrometry. Experiments were performed in the
scattering chamber, fitted with a precision x–y–z–y sample
manipulator on which a closed-cycle helium cryostat (Coldedge
Technologies) was mounted from the top, along with various
probes focusing on the substrate. These vacuum chambers were
pumped using a turbomolecular pumps, which were backed by
several diaphragm pumps. A cold cathode gauge controlled
using a MaxiGauge controller (Pfeiffer, Model TPG 256 A)
monitored the vacuum in these chambers.

A highly polished Ru(0001) single crystal was used as sub-
strate. The substrate was attached to a copper holder which in
turn was connected at the tip of a closed-cycle helium cryostat
(Zephyr HC-4A air-cooled compressor). The substrate tempera-
ture could be varied in a wide range of 8–1000 K with a
temperature accuracy/uncertainty of 0.5 K. Different tempera-
ture sensors (K-type thermocouple and a platinum sensor) and
a resistive heater (25 O) were connected to a temperature
controller (Lakeshore, Model 336).

2.2 Sample preparation

Before preparing the sample, the metal substrate was heated to
400 K multiple times to ensure the cleanness of the surface. The
substrate was polished and annealed at 1000 K prior to the
present set of experiments. As the experiments were of

multilayers and the results were insensitive to the impurities
on the very top of the surface, detailed cleaning procedures
were not necessary. ACN (RANKEM, 99.9%) and Millipore water
(H2O of 18.2 MO resistivity) were taken in a vacuum-sealed test
tube (glass-to-metal seal) and further purified by several freeze–
pump–thaw cycles. The samples were vapour-deposited on
Ru(0001) using high-precision all-metal leak valves, one each
exclusively for ACN and H2O. The sample lines were kept near
to the substrate for uniform growth of the thin ice films. During
vapour deposition, mass spectra were recorded simultaneously
to verify the purity, and to measure the ratio of the ACN and
water vapours. Preparation of ice thin film was controlled
through a leak valve and the coverage is expressed in mono-
layers (MLs), assuming 1.33 � 10�6 mbar s = 1 ML, which was
estimated to contain B1.1 � 1015 molecules cm�2, as outlined
in several reports.11,48,49

2.3 Experimental procedure

Thin films of 300 MLs of ACN and H2O were created by
backfilling the vacuum chamber at a total pressure of
B5 � 10�7 mbar for 10 minutes. Different ratios of ACN and
H2O (1 : 1, 1 : 5, and 5 : 1) were prepared at 10 K by keeping the
total pressure constant and varying the inlet pressure of ACN
and H2O accordingly. For example, for the co-deposition
(referred to as ACN : H2O) of ACN and H2O at a 1 : 1 ratio, the
inlet pressure of ACN was B2.5 � 10�7 mbar and that of H2O
was B2.5 � 10�7 mbar. For the other ratios, the inlet pressures
of ACN and H2O were varied accordingly. Here, exposures were
measured as the product of the dosing time and the increase in
total chamber pressure for the dose. We followed a similar
method of surface coverage to one reported previously.48–50

However, the actual composition of the mixture may be differ-
ent upon considering ionization sensitivity factors. The
accepted sensitivity factor for water and ACN are 1.0 and 2.0,
respectively.51 For time-dependent as well as temperature-
dependent studies, as prepared thin films were warmed at a
rate of 5 K min�1 to the desired temperatures.

2.4 RAIRS setup

RAIR spectra were collected in the 4000–550 cm�1 range with a
spectral resolution of 2 cm�1 using a Bruker Vertex 70 FT-IR
spectrometer. The IR beam was taken out of the spectrometer
using a gold-plated mirror and focused on the sample at an
incident angle of 801 � 71 through a ZnSe viewport. The
reflected IR beam from the sample was re-focused using
another gold-plated mirror to a liquid N2 cooled mercury
cadmium telluride (MCT) detector. The IR beam outside of
the vacuum chamber was purged with dry N2 to avoid back-
ground noise. To ensure better signal-to-noise ratio, each RAIR
spectrum was averaged over 512 scans.

3 Results and discussion

We performed our study starting with the desorption behavior
of ACN from 1 : 1 ice mixtures of ACN : H2O in the range of 125–
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135 K. As mentioned in the experimental section, the ratios are
in terms of molar concentrations, assuming the same sticking
coefficient for both the species. Fig. 1 shows the time-
dependent RAIR spectra of 300 MLs of 1 : 1 ACN : H2O at
130 K. For this, mixed ice was co-deposited on Ru(0001) at
10 K and warmed to 130 K. The ice mixture was held at 130 K
under vacuum for 7 h. Fig. 1a and b show time-dependent RAIR
spectra at 130 K in the CRN and O–H stretching regions,
respectively. We will mainly focus on the CRN stretch
(2232–2280 cm�1) and O–H stretch (3000–3800 cm�1) where
major changes were observed for the ACN : H2O films. The
spectra of 150 MLs of pure ACN and of 300 MLs of ACN : H2O
films with different ratios (1 : 1, 1 : 5, and 5 : 1) at 10 K are shown
in Fig. S1A (ESI†) and the peak assignments for these are
consistent with previous reports.52,53 In Fig. 1a, at 0 h, corres-
ponding to the first spectrum when the temperature equili-
brates at 130 K, the CRN stretching band shows a peak at
2251 cm�1 which is the characteristic peak of pure ACN at
130 K. This peak is due to the phase separation of ACN from the
H2O matrix as shown in Fig. S2b (ESI†), where the broad peak
(2264 cm�1, attributed to hydrogen-bonded ACN with H2O)44,54

at 10 K was reduced in intensity and shifted to 2251 cm�1

(attributed to pure ACN) at 130–135 K, as reported in our
previous study.44 This was further confirmed by comparing
the RAIR spectra of 150 MLs of pure ACN (Fig. S3, ESI†) with the
spectra in Fig. 1a. The 2251 cm�1 peak disappeared within 3.5 h
due to the desorption of ACN from the ice mixture and is
comparable to the desorption of 150 MLs of pure ACN within
3 h from the substrate, as shown in Fig. S3b (ESI†). The
desorption behavior of ACN can be seen in the TPD mass
spectra shown in Fig. S1B (ESI†), for different mixtures.

In Fig. 1b, the O–H stretching band showed a major change
due to the desorption of ACN with time, at 130 K. At 0 h, the
broad peak centered at B3350 cm�1 (after the phase separation
of ACN from the ice mixture), is a distinctive feature of ASW. At
130 K, ACN desorbed gradually from the ice matrix and the

broad peak centered at B3350 cm�1 was red-shifted, manifest-
ing an increase in order and number of H-bonded H2O
molecules.55 The peak gradually became sharp and was spilt
within 7 h. Sharpening and splitting of the O–H stretching
band were attributed to the crystallization of the ice film. The
band splits, giving three peaks positioned at 3375, 3275, and
3165 cm�1, were assigned to ice Ih. These assignments were
confirmed by comparing the O–H stretching band of the ice
film left after desorption of ACN at 130 K and of pure crystalline
ice Ih, as shown in Fig. S4a (ESI†). Both the bands are equiva-
lent, which confirmed the formation of ice Ih after desorption
of ACN at 130 K. However, as shown in Fig. S4a (ESI†), the high-
frequency shoulder at B3380 cm�1 increases in amplitude
slightly for pure crystalline ice Ih (red trace) compared to ice
Ih obtained from mixed ice (black trace) and this rise is
attributed to the presence of grain-boundary water in the
former case.56 Furthermore, to confirm that ice crystallization
is a desorption assisted process, we carried out two experi-
ments. First, we performed an isothermal time-dependent RAIR
study of 300 MLs of ACN : H2O in a 1 : 1 ratio at 120 K as shown
in Fig. S8 (ESI†). Desorption of ACN (shown in Fig. S8b, ESI†)
was not complete even after 51 h as the peak at 2251 cm�1 did
not vanish completely. In turn, the broad peak at B3350 cm�1

of the O–H stretching band shown in Fig. S8a (ESI†) remained
broad, suggesting no crystallization. Also, we performed an
isothermal time-dependent RAIR experiment of 150 MLs of
solid H2O film at 130 K, as shown in Fig. S9 (ESI†). Self-
crystallization of a solid H2O film was not observed even after
19 h. This proved that desorption of ACN from an ice mixture
assists in crystallization of ice at a lower temperature than its
normal crystallization temperature of 155 K.

Ice Ih was formed via ACN desorption from 1 : 1 ACN : H2O
films even at 125, 127, and 135 K as shown in Fig. S5–S7 (ESI†).
We observed that with decreasing temperature, the time
required for the desorption of ACN and crystallization of ice
increased. Here, it was evident that desorption assisted ice Ih

Fig. 1 Desorption induced ice crystallization. Isothermal time-dependent RAIR spectra of 300 MLs of 1 : 1 ACN : H2O at 130 K in the (a) CRN stretching
region and (b) O–H stretching region. The film was co-deposited on Ru(0001) at 10 K and then heated at a rate of 5 K min�1 to 130 K. The CRN
stretching band at 2251 cm�1 vanished due to desorption of ACN which transformed the broad O–H stretching band centered at B3350 cm�1 into ice Ih.
The inset in (a) shows the desorption of ACN from an ice mixture at 130 K.
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crystallization follows certain kinetics. The crystallization
kinetics of ice formation is of major importance for both
terrestrial as well as extraterrestrial science. Isothermal time-
dependent RAIR spectra of 1 : 1 ACN : H2O films at 125, 127,
130, and 135 K were used to evaluate the crystallization
kinetics. These data are described in the Crystallization
Kinetics section. Furthermore, the effect of the composition
of the ice film on ice crystallization was also studied for ACN :
H2O ratios of 1 : 5 and 5 : 1. The larger the fraction of ACN
molecules in the ASW film, the faster the desorption of ACN
and consequently the diffusion of H2O molecules. Fig. 2a shows
the isothermal time-dependent RAIR spectra in the O–H
stretching region of 300 MLs of 1 : 5 ACN : H2O film at 130 K.
The associated desorption behavior of ACN from the ice film is
shown in Fig. S10a (ESI†), where the CRN stretching band
consists of two types of peaks, attributed to hydrogen-bonded
ACN (broad peak around 2266 cm�1)54 and free ACN (peak at
2251 cm�1), respectively, at 130 K at 0 h. At 130 K, while the
ACN phase separated for an ACN : H2O ratio of 1 : 1, the
occurrence of a broad peak at 2266 cm�1 for 1 : 5 ACN : H2O
was surprising. Here, ACN could not phase-separate completely
from the ice film even at 130 K because the number of ACN
molecules was less and most of them were trapped in the ASW
matrix. Several theoretical studies suggest57–59 that ACN mole-
cules can form a hydrate cluster (CH3CN)-(H2O)n (n 4 1) with
varying number of H2O molecules which could also be a reason
for ACN not being phase-separated at 130 K for the 1 : 5 ACN :
H2O film. Because of the cluster formation between ACN and
H2O, complete desorption of ACN from the ice film took a
longer time of 4 h than the 1 : 1 ACN : H2O film. This restricted
ACN desorption can also be seen in the TPD mass spectra
shown in Fig. S1B (ESI†). The marked (with red star) desorption
hump around 132 K along with the main desorption peak at
B140 K are attributed to the restricted ACN desorption from
the 1 : 5 ACN : H2O film during annealing. On the other hand,
the O–H stretching region showed (in Fig. 2a) a prominent

change with the restricted desorption of ACN from the film.
The ASW feature at 0 h gradually became sharp and split into
three peaks namely, 3395, 3290 and 3165 cm-1, with time. These
features of the O–H stretching band correspond to ice Ic, (Fig.
S4b, ESI†) and are consistent with previous studies12,60,61

including our earlier study12 where we correlated the RAIRS
and reflection high-energy electron diffraction (RHEED) data
under similar experimental conditions. Limited (due to the
smaller amount of ACN in the 1 : 5 ACN : H2O film) and
obstructed (due to the cluster formation) desorption of ACN
molecules from the ice film gave restricted mobility to the H2O
molecules. In turn, ASW was restricted to metastable ice Ic even
after 21 h at 130 K. We performed similar isothermal time-
dependent RAIR experiments for the 1 : 5 ACN : H2O film at 133
and 135 K and obtained similar results leading to ice Ic as
shown in Fig. S11, and S12, respectively (ESI†).

We performed another isothermal time-dependent experi-
ment of 300 MLs with 5 : 1 ACN : H2O at 130 K. The O–H
stretching region is shown in Fig. 2b and the associated ACN
desorption behavior is shown in Fig. S10b (ESI†). At 0 h, the
CRN stretching band at 2251 cm�1 (the same as obtained for
the 1 : 1 ACN : H2O film) shown in Fig. S10b (ESI†) obtained
after phase separation of ACN from the ice mixture at 130 K
vanished within 3 h due to rapid desorption of the ACN
molecules. The desorption of a large number of ACN molecules
from the ice matrix provided a sufficiently high mobility to the
H2O molecules. These mobile H2O molecules arranged most
stably and resulted in ice Ih within 4.5 h. It is evident that the
ice Ih formation from the 5 : 1 ACN : H2O film was faster than
that of the 1 : 1 ACN : H2O film as expected due to bulk
desorption of ACN in the former case. We obtained a similar
result for the 5 : 1 ACN : H2O films at 133 and 135 K, shown in
Fig. S13 and S14 (ESI†). Thus, we can form ice Ic and ice Ih

selectively depending on the ice film compositions.
Formation of crystalline ice requires a sufficiently high

mobility of water molecules for diffusion and molecular

Fig. 2 (a) Time-dependent RAIR spectra of 300 MLs of 1 : 5 ACN : H2O film at 130 K in the O–H stretching region. The film was co-deposited on
Ru(0001) at 10 K and then heated at a rate of 5 K min�1 to 130 K. The first spectrum (t = 0 h) is from a completely amorphous film and the last spectrum
(t = 21 h) is from a completely crystallized ice film. (b) Time-dependent RAIR spectra of 300 MLs of the 5 : 1 ACN : H2O film at 130 K in the O–H stretching
region. The film was co-deposited on Ru(0001) at 10 K and then heated at a rate of 5 K min�1 to 130 K. The first spectrum (t = 0 h) is from a completely
amorphous film and the last spectrum (t = 4.5 h) is from a completely crystallized ice film.
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rearrangement.36 When ACN and water are co-deposited at
10 K, it forms a well-mixed system. Upon warming above
100 K, ACN molecules were phase-separated from water-ice44

but they remain in the ice matrix. We suggest that during phase
separation, ACN being a larger molecule, will increase the
mobility/diffusion of water molecules, which will be further
increased by the subsequent desorption of ACN after keeping
the mixture at a given temperature for several hours. This
desorption of the ACN molecules is the trigger for the diffu-
sion/mobility of water that leads to the accelerated crystal-
lization. In the case of the 1 : 5 mixture, due to the phase
separation of smaller quantities of ACN and their desorption,
ASW crystallization is restricted to metastable ice Ic.

The present study and earlier reports on methanol,16 acetone12

and formaldehyde23 show that the kinetics of crystallization is
affected by the specific additives that are incorporated in the ASW
film and a specific reason has been given for each. There may be
one or several effects that might be causing the lowering of the
onset temperature of crystallinity; it could be the desorption tem-
perature, size, chemical nature or morphology of the co-deposited
molecules. In the present case, it is the desorption (temperature) of
the co-adsorbed molecule, which is affecting the crystallization
kinetics of ASW. It may require additional theoretical as well as
experimental investigations to correlate the effect of different
molecules on ASW crystallization.

Crystallization kinetics

Time-dependent RAIR spectra of 1 : 1 ACN : H2O films were
utilized to evaluate the crystallization of ASW under isothermal
conditions at the corresponding temperatures (125, 127, 130,
and 135 K, shown in Fig. 1b and Fig. S5–S7, ESI†). The volatile
O–H stretching bands of RAIRS were utilized to estimate the
crystallization kinetics of ASW crystallization in previous
reports.12,17,23,62,63 Here, we adopted a similar approach.

Fig. 3(a) shows the time-dependent RAIR spectra for
300 MLs of 1 : 1 ACN : H2O film kept at 127 K. The first spectrum
(0 h trace) in Fig. 3a is from a completely amorphous film and

the last spectrum (21 h) is from a completely crystalline film.
The intermediate spectra represent the progress of crystal-
lization and are a combination of pure amorphous and pure
crystalline spectra. The vertical dashed line at a fixed wave-
number (3268 cm�1) was used to evaluate the crystallization
fraction for each temperature.

Fig. 3b shows the crystallization fraction versus time
obtained from vertical cuts through the time series spectra of
O–H starching bands for a set of isothermal time-dependent
experiments (shown in Fig. S5a, S6a and S7a, ESI†), analogous
to those shown in Fig. 3a at different temperatures. The
crystallization fraction, x(t) was calculated by eqn (1),

xðtÞ ¼ DAð1Þ
DAð2Þ (1)

where DA(1) is the difference in the absorbance at a particular
time t and that at time zero, and DA(2) is the difference in
absorbance of a completely crystallized film and that of a
completely amorphous film.

In Fig. 3b the change of the shape of the curve from
sigmoidal to an exponential, manifests an increase in crystal-
lization kinetics with increasing temperature.12,17 Various
crystallization parameters for ASW were evaluated by fitting
the crystallization fraction to the Avrami equation64,65 at dif-
ferent temperatures. The Avrami equation is

x(t) = 1 � exp (�k�t)n (2)

where k is the rate constant, t is time, and n is an exponent. For
all temperatures, n can hold close to integer values between 1 to
4 and this predicts the nature of the crystallization process.
After arranging eqn (2) in linear form, the equation becomes

ln(�ln[1 � x(t)]) = n ln(t) + n ln k (3)

Fig. 4a shows ln(�ln[1 � x(t)]) versus ln(t) plotted for
different temperatures using eqn (3). The slope and intercept
of linearly fitted lines were utilized to estimate the value of
n and k for different temperatures. The obtained values of n and

Fig. 3 (a) Time-dependent RAIR spectra of 300 MLs of the 1 : 1 ACN : H2O film at 127 K in the O–H stretching region. The film was co-deposited on
Ru(0001) at 10 K and heated at a rate of 5 K min�1 to 127 K. (b) Crystallization fraction versus time for 300 MLs of the 1 : 1 ACN : H2O film obtained from
isothermal RAIR measurements at 125, 127, 130, and 135 K. The crystallization fraction was calculated from a vertical cut at 3268 cm�1 in the O–H
stretching band for a set of time-dependent RAIRS spectra shown in Fig. 1a and Fig. S5a, S6a, and S7a (ESI†).
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k are listed in Table S1 (ESI†). The estimated value of k in this
study is larger than the previously reported values estimated in
similar experimental conditions,23,62 which, further, presents
evidence for accelerated crystallization.

The value obtained for n was between 1.80 to 0.90 for
different temperatures. With the input of previous studies we
note that for the evaluated value of n, crystallization kinetics is a
diffusion-controlled phenomenon with particles growing into
predominantly spherical geometry,12,23,62,63,66–68 and it is evi-
dent that ACN desorption from an ice mixture provides enough
mobility for water volatile molecules for rearrangement and
crystallization. However, crystallization of ASW gives an n value
equal to B4, and suggests three-dimensional growth and ran-
dom nucleation.62,69,70 Our values of n are, however, lower and
suggest low dimensional growth. This is reasonable because
ACN is undergoing phase separation but within the ice-matrix in
the form of small domains. These domains can be present at
bulk and at interfaces in the ice-matrix. When the ACN mole-
cules desorbed form such domains, they will induce (diffusion/
mobility) crystallization and will prevent three-dimensional
growth.12,23 The activation energy (Ea) of ice crystallization was
estimated from the slope of the linearly fitted line of the
Arrhenius plot (Fig. 4b, ln k versus (1/T)). The evaluated activa-
tion energy in this study was B57.7 kJ mol�1 and it is compar-
able with that of the previously reported value for the
crystallization of pure ASW.17,62,69,71,72 Here, early ice Ih crystal-
lization from 1 : 1 ACN : H2O films can be attributed to the
desorption assisted mobility of H2O molecules. Due to sufficient
mobility, H2O molecules occupied the thermodynamically most
stable sites and resulted in ice Ih at a lower temperature
(125–135 K) than the usual ice Ih crystallization temperature.

4 Conclusions

We have established an isothermal route for the formation of
either ice Ic and ice Ih, induced by the desorption of ACN from

ice mixtures depending upon their compositions at 130–135 K
in an UHV. We were also able to form ice Ih at 125 K which is a
much lower temperature than the usual crystallization tem-
perature in UHV conditions. Associated crystallization kinetics
for ice Ih and the activation energy of crystallization were
evaluated by using isothermal time-dependent RAIR spectra
at 125–135 K for a 1 : 1 ACN : H2O film. We assumed that the
extent of desorption of ACN and relative (simultaneous) diffu-
sion of H2O molecules played an important role in ice crystal-
lization at low temperatures. Such studies will be of importance
in astrophysical environments or ISM.
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Fig. 4 A plot of the linearized form of the Avrami equation for ASW crystallization. Plots of ln(�ln[1� x]) vs. ln(t) at different temperatures of 125, 127, 130,
and 135 K were made using the O–H stretching bands. The obtained data points were fitted using the Avrami equation. (b) Arrhenius plot of ln k versus
(1/T), achieved from the analysis the slope and intercept of the linearly fitted lines of plot (a) for different temperatures. The activation energy (Ea) of ice
crystallization was calculated from the slope of the linearly fitted straight line of plot (b).
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