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ABSTRACT: In this study, the effect of externally added
hydrogen chloride (HCl) on the crystallization of amorphous
solid water (ASW) has been examined. ASW films containing
small amounts of HCl, which dissociated into H+ (excess
protons) and Cl− ions, and having a thickness of 90−360
monolayers (ML) were prepared on a Pt(111) substrate under
an ultrahigh vacuum environment. The location of HCl in the
samples was varied by controlling the stacking sequence of
H2O and HCl during the film growth. Crystallization kinetics
of these samples were examined by conducting temperature-
programmed desorption experiments and isothermal kinetic measurements with reflection−absorption infrared spectroscopy for
the temperature range of 137−145 K. Crystallization behaviors of pure and NaCl-doped ASW films were also examined for
comparison. The results indicated that the excess protons accelerated the crystallization of the ASW films, in contrast to the
retardation effect of Na+. In the presence of 0.1 ML HCl, the overall activation energy of ASW crystallization was reduced from
63.4 kJ·mol−1 in the absence of HCl to 48.5 kJ·mol−1, which is close to the activation energy of crystal growth. The
crystallization started near the location of HCl injection in the samples, regardless of whether it was the vacuum/ASW interface
or the film interior. These observations indicated that the excess protons facilitated the nucleation process and changed the rate-
limiting step of ASW crystallization from nucleation to growth. An explanation based on thermodynamics has been proposed,
that is, the configurational entropy of the excess protons in ice likely reduces the free-energy barrier of nucleation for the acid-
doped ASW samples.

1. INTRODUCTION

The properties of amorphous solid water (ASW) have
attracted considerable attention in recent years because of
the structural resemblance of ASW to supercooled water as
well as its astrophysical significance.1−3 ASW films can be
formed in the laboratory by condensation of water vapor onto
a very cold substrate. Such ASW films are thermodynamically
unstable and transform into crystalline ice (CI) at temper-
atures above ∼135 K on a laboratory time scale. The kinetics
and mechanisms of this phase transition have been investigated
by several researchers.4−13 The apparent activation energy for
crystallization of ASW samples has been observed to be in the
range of 60−77 kJ·mol−1,4,8−11 for which variations in the
reported values may be related to the different rate-limiting
steps in the investigated phenomena. Several researchers have
studied the nucleation and growth steps of ASW crystallization
separately by employing ingenious experimental schemes.6,11

Dohnaĺek et al.6 investigated the crystallization kinetics of thin
ASW films deposited on a CI substrate and observed a
dramatic acceleration of the crystallization rate at the ASW/CI
interface, where only the growth step was required for
crystallization to occur. Safarik and Mullins11 decoupled the
nucleation and growth kinetics by splitting the sample heating
procedure into two isothermal stages, that is, the prenucleation
stage at a high temperature and the subsequent growth stage at
low temperatures. These studies indicated that the energy
barrier of the growth step was 47−56 kJ·mol−1, which is

significantly lower than the apparent activation energy of
crystallization, and the nucleation step requires a much higher
activation energy of 140−168 kJ·mol−1 as the bottleneck of
crystallization.
The effect of impurities on ASW crystallization has also been

studied. Souda14 reported that methanol incorporated in ASW
films induced the nucleation of water and reduced the
crystallization temperature. McClure et al.15 showed that
ASW films containing dilute amounts of nitric acid (HNO3)
crystallized more rapidly than pure ASW films. Additionally,
HNO3 significantly reduced fracture formation in the
crystallizing ASW films, as evidenced from the uptake and
desorption behaviors of the probe molecules (CClF2H and
CCl4). The promotion of ASW crystallization by HNO3 is
opposite to the effect of ordinary solutes in aqueous solutions,
which suppress freezing of the solutions. The cause of this
interesting acid-promotion effect, however, has not been
studied in depth, especially with regard to the properties of
acid species responsible for crystallization and its mechanism.
In the present work, we investigated the effect of externally

added HCl on the crystallization of ASW films with
temperature-programmed desorption (TPD) and reflection−
absorption infrared spectroscopy (RAIRS) measurements. The
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crystallization kinetics were investigated by conducting
isothermal kinetic measurements at different temperatures
and by changing the location of HCl in the samples. The study
showed that excess protons released from HCl promoted the
crystallization of ASW by facilitating the nucleation process. A
plausible thermodynamic explanation has also been suggested
for the proton-induced crystallization phenomena.

2. EXPERIMENTAL SECTION

The experiments were carried out in an ultrahigh vacuum
(UHV) chamber equipped with a quadrupole mass spec-
trometer (Extrel, Model 5221), a low energy Cs+ ion gun
(Kimball Physics, ILG-4/IGPS-4), and a Fourier-transform
infrared spectrometer (PerkinElmer, Spectrum 100).16,17 TPD,
RAIRS, low energy sputtering (LES), and reactive ion
scattering (RIS) experiments were performed using these
instruments.
A Pt(111) single crystal surface (Pt atom density = 1.5 ×

1019 atoms·m−2) was cleaned by Ar+ ion sputtering at 2 keV
daily and by heating at 1200 K three times before starting each
experiment. ASW films were grown at 80 K on the cleaned
Pt(111) surface by backfilling the chamber with water vapor at
the partial pressure of ∼2 × 10−7 Torr through a leak valve,
unless specified otherwise. The thickness of the ASW films was
typically set at 180 ML (1 ML = 1.1 × 1019 water molecules·
m−2). The film thickness was varied between 90 and 360 ML
in thickness dependence studies. The film thickness was kept
greater than the critical thickness (∼50 ML) to avoid a
roughening transition during crystallization on the Pt(111)
surface.18−20 Hydrogen chloride (HCl, Aldrich, ≥99% purity)
gas was exposed onto the sample surface through a tube doser
connected to a leak valve. During the procedure, the sample
temperature was kept at 80 K unless otherwise specified, and
the partial pressure of HCl inside the UHV chamber was
maintained below 1 × 10−9 during gas exposure. NaCl was
deposited onto the sample surface using a home-made thermal
evaporator charged with NaCl powder. The evaporator was
heated to 700 K for NaCl deposition, and the deposition time
was controlled by a mechanical shutter installed in front of the
evaporator.
TPD experiments were performed to monitor the

crystallization temperature of the ASW films and to estimate
the film thickness and amount of HCl in the samples. TPD
intensity of HCl from the ASW film was calibrated against the
TPD intensity of HCl adsorbed on a Pt(111) surface, which
showed a well-discernible desorption feature at 150−400 K for
0.2 ML coverage.21 The thickness of an ASW film was
estimated from the ratio of the TPD intensity of the ASW film
to that of water monolayer on Pt(111). The crystallization of
the ASW sample was indicated by a bump in the TPD profile
near 155 K, which appeared because of the reduction in the
sublimation rate upon crystallization.4,5,9

RAIRS measurements were conducted in a grazing angle
(84°) reflection geometry. IR light with p-polarization through
a wire-grid polarizer (Edmund Optics) was reflected from the
sample and entered an external mercury−cadmium−telluride
detector. The beam path outside the UHV chamber was
purged using high-purity N2 gas to remove water vapor and
carbon dioxide impurities. The spectra were averaged 256
times with a spectral resolution of 4 cm−1.

3. RESULTS
3.1. Crystallization of ASW Films with HCl Adsor-

bates. As a prerequisite of investigating the effect of adsorbed
HCl on the crystallization of ASW films, the chemical states of
HCl on the ASW surface were examined by RIS, LES, and
RAIRS. The results of these experiments (Section S1 of
Supporting Information) showed that HCl was completely
dissociated into H+ and Cl− ions upon adsorption onto or
insertion into the ASW films at 80 K.22

The crystallization temperature of ASW films was monitored
by TPD. As shown in Figure 1a, the TPD profile of a pure

ASW film exhibited a bump structure near 155 K due to
crystallization. This bump was more clearly visible in the linear
intensity curve (inset of Figure 1a). When HCl was added onto
the ASW film surface for 0.1 ML coverage, the bump shifted to
a lower temperature. This behavior indicated that the HCl
adsorbate accelerated the crystallization of the sample. With
increasing coverage of HCl, the temperature of the bump
shifted further downward and its height decreased. The bump
became nearly invisible at HCl coverage of 0.4 ML, which
indicated that the sample may have crystallized before the
water desorption signal from the sample became strong (<140
K). In the study by McClure et al.,15 similar changes in the
water TPD signals were observed upon the addition of HNO3
to ASW films.
To determine which of the H+ and Cl− ions are responsible

for the acceleration of ASW crystallization, we examined the
effect of NaCl adsorbates on the crystallization. NaCl was
completely ionized on the ASW surface.23 As shown in Figure
1b, the crystallization temperature of NaCl-added ASW films
increased with increasing NaCl coverage. This showed that
NaCl impeded the crystallization process. As Cl− ions were
commonly present on the surfaces of both HCl-adsorbed and
NaCl-adsorbed samples, H+ must be the cause of the
accelerated crystallization of ASW.

Figure 1. Water TPD spectra of (a) HCl and (b) NaCl-adsorbed
H2O−ASW (180 ML) films on a Pt(111) single crystal. The
temperature ramp rate was 1 K·s−1 for all samples. Gray arrows are
marked to emphasize the changes in the crystallization temperature
with the increasing HCl or NaCl coverage. The insets in (a,b) show
the desorption curves of corresponding samples on a linear intensity
scale for visualizing the crystallization bumps with more clarity.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b07858
J. Phys. Chem. C 2018, 122, 24164−24170

24165

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b07858/suppl_file/jp8b07858_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b07858


RAIRS experiments monitored the progress of crystallization
of ASW films under isothermal conditions. A pure or HCl-
doped ASW film, prepared at 80 K, was heated to a fixed
temperature between 137 and 145 K. Then, promptly RAIR
spectra were recorded as a function of time for isothermal
kinetic measurements at the corresponding temperature. The
first recorded RAIR spectrum (the red curve in Figure 2a)

indicated an almost entirely amorphous nature of the sample.
The spectral shape changed gradually in time and indicated
complete crystallization of a sample with no further spectral
change after 15 min (the blue curve in Figure 2a). The
intermittent spectra represented the progress of crystallization
and were deconvoluted as a linear combination of the ASW
and CI spectra to deduce the crystallization fraction, x(t), of a
sample at time t. In practice, changes in the absorbance at a
fixed wavenumber (3283 cm−1 in Figure 2a, indicated by
dashed line) produced basically the same result for x(t) as that
obtained from the deconvolution of the spectral shape.
Figure 2b illustrates the changes in the crystallization

fractions of pure and HCl-adsorbed ASW samples as measured
from the isothermal kinetic experiments conducted at 143 K.
In this case, the absolute magnitude of the absorbance
difference between the ASW and CI films varied with the
HCl content of the sample. Therefore, the absorbance
difference was normalized to compensate this variation
(Section S3, Supporting Information) in the plots shown in
Figure 2b. It was evident that the speed of crystallization
increased with the increasing HCl coverage. The crystallization
fraction curves fitted well with the Avrami equation (eq 1),24,25

which is shown by the solid lines in Figure 2b.

= − −x t kt( ) 1 exp( )n
(1)

where k is a crystallization rate coefficient and n is the time
exponent. The estimated values of k and n from the curve
fitting are listed in Table S1 (Supporting Information). It
should be noted that n decreased from 3.43 ± 0.05 to 1.52 ±
0.05 as HCl coverage increased from 0 to 0.2 ML. This change
was reflected in the change of the curve shape from sigmoidal
to exponential. In the case where crystallization initiates at
random nucleation sites in the bulk and expands toward all
directions, n = 4 for bulk samples and n ≈ 3 for thin films.26,27

On the other hand, in the case where nucleation occurs at the
surface of ASW films, the direction of crystal growth is limited
perpendicular to the surface,27 and n becomes close to 1. For
example, as reported by Smith et al.,28 crystallization of an
ASW film started at the ASW/CI interface with n ≈ 1.4. In the
present result, n = 3.43 for a pure ASW film is consistent with
random nucleation in the bulk phase. On the other hand, the
decrease in the value of n to 1.52 at 0.2 ML HCl coverage
indicated that nucleation started preferentially at the surface of
the HCl/ASW film, that is, where HCl was located.
Temperature dependence of the crystallization kinetics was

examined for pure and HCl-adsorbed ASW films in the
temperature region of 137−145 K. The results are displayed in
Figure 3 with the fitting parameters summarized in Table S2

(Supporting Information). The crystallization rate increased at
higher temperatures for all samples. When the crystallization
rate was compared between pure and HCl-doped ASW films, it
was evident that the addition of 0.1 ML HCl increased the
crystallization rate about two-fold. The HCl adsorption also
changed the sigmoidal curve shape of the graph of pure ASW
samples to a nonsigmoidal shape. This change was reflected in
the change of the fitting parameters. For example, n was 3.19 ±
0.07 for a pure ASW film at 139 K, which changed to 1.92 ±
0.08 for the HCl-doped film at the same temperature. As

Figure 2. (a) Isothermal spectral change of the ν(O−H) stretch band
of a pure ASW film at 143 K for 0−15 min. The dashed line marks the
wavenumber (3283 cm−1) that was used to estimate the crystallization
fraction. (b) Crystallization fraction of pure and HCl-adsorbed H2O−
ASW (180 ML) films [HCl(0−0.2 ML)/H2O(180 ML)/Pt(111)]
obtained from isothermal RAIRS measurements at 143 K. Solid lines
are the Avrami equations fitted to the experimental data. The fitting
parameters are given in Table S1 (Supporting Information).

Figure 3. Isothermal RAIRS measurements of the crystallization
fraction of (a) pure ASW film [H2O(180 ML)/Pt(111)] and (b)
HCl-adsorbed ASW film [HCl(0.1 ML)/H2O(180 ML)/Pt(111)] at
various temperatures. Solid lines are the Avrami equations fitted to
the experimental data. The fitting parameters are given in Table S2
(Supporting Information). The discrepancy between the experimental
and theoretical lines at 137 K in (b) could be related to interfering
effects arising from the long measurement time (∼45 min).
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mentioned above, the decrease in the value of n indicates the
limited direction of growth as a result of reduced nucleation
sites in the bulk phase.
The activation energy (Ea) of crystallization could be

estimated from the temperature dependence of the crystal-
lization curves. The crystallization half-time (t1/2), defined as
the time at which the crystallization fraction becomes 0.5, was
inversely proportional to the crystallization rate and was used
for the Arrhenius plots shown in Figure 4. The Arrhenius

activation energy (Ea) for crystallization of pure ASW films was
estimated to be 63.4 ± 2.8 kJ·mol−1. This value is within the
range of the previously reported values (60−77 kJ·mol−1)
obtained by different experimental measurements.4,8−11 On the
other hand, when 0.1 ML HCl was adsorbed on ASW films, Ea
was reduced to 48.5 ± 0.6 kJ·mol−1. Interestingly, this value is
close to the activation energy for crystal growth from pure
ASW films, 47−56 kJ·mol−1.6,11 The apparent activation
energy of crystallization comprises the activation energies of
the nucleation and growth steps. The decrease in Ea for HCl-
doped samples close to that of the growth step implied that the
growth step was the bottleneck in the crystallization of HCl-
doped samples. Thus, it could be interpreted that the excess
protons greatly reduced the activation energy of nucleation.
This possibility is further examined in the following section.
3.2. Nucleation Sites. The nucleation sites for the

crystallization of HCl/ASW samples were investigated by
two different methods. In one approach, the dependence of
crystallization kinetics on the film thickness was investigated.
As demonstrated in the previous studies by Safarik et al.,12,29 if
nucleation occurs in bulk ASW, the crystallite grains grow
larger in a thicker ASW film, which makes such films crystallize
faster than thin films. On the other hand, if crystallization
initiates at the surface of the ASW film, crystallization takes
longer for a thicker film than a thinner film because the
propagating distance of crystal growth is longer for the former.
As shown in Figure 5, the HCl/ASW film with 90 ML
thickness crystallized faster than those with 180 and 360 ML
thicknesses. This result indicated that crystallization started at
the vacuum/ASW interface, where the acid molecules were
located, rather than in the bulk phase. On the other hand,
previous studies suggest that a thicker pure ASW film
crystallizes faster because of bulk nucleation.12 We excluded
the possibility that the ASW/Pt interface of the present
samples is the nucleation site. This is because pure and HCl-

adsorbed ASW samples showed opposite thickness depend-
ences for the crystallization rate, contrary to the behavior
expected from the common existence of the ASW/Pt interface
in both of them.
In the other approach, we placed the HDO probe species at

different specific positions of the HCl-adsorbed ASW films, as
depicted in Figure 6a, and monitored the crystallization
fraction at these positions from the shifts in the O−D
stretching frequency of HDO as a function of crystallization
time (the so-called “selective placement” method7,8). A liquid
mixture of 5% D2O and 95% H2O was prepared, which
produced 90% H2O, 10% HDO, and a minute amount of D2O
as a result of rapid H/D exchange at room temperature. The
vapor of this liquid mixture was exposed to a sample surface to
construct various stacking structures containing an HDO layer
in the HCl/H2O−ASW film. In these samples, the ν(O−D)
band intensity originated mostly from the O−D stretch of
HDO that was vibrationally isolated from bulk H2O vibrations,
while the contributions of symmetric and asymmetric O−D
stretch intensities of D2O were relatively insignificant.
Crystallization of the samples shifted the ν(O−D) frequency
to a lower wavenumber and narrowed the band width, as
shown in Figure 6b. Consequently, monitoring the changes in
this band, originating from HDO inserted at different locations
of the HCl/H2O−ASW films, provided information about
crystal growth through the films. Figure 6c shows the changes
in the crystallization fraction of the HDO species embedded at
different locations in the samples. It shows that the HDO
species closer to the film surface crystallized earlier. On the
other hand, in Figure 6d, the crystallization fraction estimated
from the bulk ν(O−H) signals (originating from H2O and
HDO) indicated that the bulk crystallization rate (t1/2 ≈ 190 s)
was independent of the location of HDO in the samples. These
results clearly indicated that nucleation occurred at the
vacuum/ASW interface, where HCl was added, and crystal-
lization propagated through the film interior. The two different
experimental measurements consistently support this crystal-
lization behavior.
We placed HCl at different locations in the ASW films and

measured their crystallization rate to explore the relationship
between the location of the nucleation sites and the speed of
crystallization. We may consider that added HCl is localized in
the samples because H+ ions reside close to the location of
HCl injection with the average spread distance of several
molecular layers in ASW at low temperatures,30,31 despite its
mobility. Figure 7 displays the half-time of crystallization
versus the depth of HCl from the ASW surface. Crystallization

Figure 4. Arrhenius plot of the crystallization half-time (t1/2) vs
temperature estimated from the curves of Figure 3. Black circles and
red squares are for the pure and 0.1 ML HCl-adsorbed ASW films,
respectively. Solid lines are the Arrhenius fittings. The activation
energies of crystallization are 63.4 ± 2.8 kJ·mol−1 for pure ASW films
and 48.5 ± 0.6 kJ·mol−1 for HCl-adsorbed ASW films.

Figure 5. Isothermal measurement of the crystallization fraction of 0.1
ML HCl-adsorbed ASW films monitored by RAIRS at 143 K. The
thicknesses of the ASW films are 90, 180, and 360 ML.
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occurred fastest when HCl was placed in the middle of the film
(HCl-center). When the location of HCl was moved away
from the center, crystallization took longer. Relative to the
HCl/ASW/Pt sample (HCl-on-top), the crystallization half-
time of the HCl-center sample (the red circle in Figure 7) was
reduced to about half. This observation was also supported by
nucleation near the location of HCl injection. For the HCl-
center sample, crystals could grow in both directions (toward
both interfaces) from the center. On the other hand, for the
HCl/ASW/Pt sample, the growth could occur only in one
direction and its propagation across the whole film thickness
took nearly twice as long.
The crystallization speed of the ASW/HCl/Pt sample (the

blue circle in Figure 7) was almost as slow as that of the pure
ASW samples. This suggested that the excess protons at the

ASW/Pt interface are not an effective nucleation promotor. It
has been reported32 that protons at the ASW/Pt interface can
be stabilized by forming multiply hydrated proton structures.
Therefore, the stable protons trapped at the interface may not
be able to participate in the formation of crystallites in the
interfacial ASW layer.

4. DISCUSSION
The experimental observations (Section 3) showed that excess
protons promote the crystallization of ASW samples by
assisting nucleation near the place where the acids are injected.
Then, an interesting question is the mechanism by which the
excess protons assist in the formation of crystalline nuclei in
ASW. It is well known that acid impurities increase proton
mobility in ice, resulting in protonic isotope mixing33−35 as
well as hydrogen-bond polarization in the ice lattice.36

However, crystallization of ASW requires a movement of
both oxygen atoms and protons. Therefore, a key question is
how oxygen or an entire water molecule can be moved with the
help of excess protons. Experimental evidence suggests that
ions (ionized acids, bases, and salts) can affect the viscosity and
hydrogen-bonding network of liquid water.37 In analogy, it
may be expected that ionized acids affect the corresponding
properties of ASW, which may somehow alter the crystal-
lization behavior. However, a detailed molecular mechanism by
which acids act on water crystallization is difficult to
contemplate at the present stage because of the lack of
understanding of ion−water interaction and its relation to the
crystallization phenomena. According to recent molecular
dynamics simulations of water molecules penetrating into a
carbon nanotube, the excess proton in the water system creates
its own transport pathway into the nanotube by assisting in the
formation of a water wire.38 This example illustrates that the
excess protons can alter the hydrogen-bonding configuration of
nearby water molecules to facilitate proton migration. Other
similar molecular pathways by which proton dynamics may
assist the formation of an ordered H-bonding structure in a
localized region can be imagined. However, the present result
does not provide explicit evidence about the molecular
mechanism of nuclei formation in ASW, and answer to this
question may be left for future study.
We propose a plausible thermodynamic explanation for the

proton-induced crystallization of ASW. Recent studies39,40

have shown that excess protons released from an acid into ice

Figure 6. Isothermal RAIRS measurements of the crystallization
fraction of 0.1 ML HCl-adsorbed ASW films at 143 K. (a) Structure
of the HCl/H2O−ASW samples, which indicates three different
locations of the HDO probe molecules (indicated by colored hatch
patterns) in the samples. An HDO layer (95% H2O + 5% D2O, 15
ML thickness) was placed at the vacuum/ASW interface (black
squares), in the middle of ASW film (red circles), and at the ASW
H2O/Pt(111) interface (blue triangles). The thickness of the H2O−
ASW film was 180 ML, which implied that the total sample thickness
was 195 ML. (b) Changes in the ν(O−D) stretching band of HDO
with crystallization time (0−12 min) shown for the sample with the
HDO layer in the middle. The red curve was the first recorded
spectrum at t = 0 and indicated almost entirely ASW, whereas the blue
curve was the spectrum at t = 12 min and indicated almost entirely CI.
(c) Crystallization fraction as a function of time, measured at the
location of the HDO layer for three samples by monitoring the
changes in the ν(O−D) band (2425 cm−1) intensity. (d)
Crystallization fraction of the entire sample measured from the
changes in the ν(O−H) band (∼3283 cm−1) intensities of H2O and
HDO.

Figure 7. Crystallization half-time (t1/2) vs the depth of HCl from the
ASW surface. The amount of added HCl was 0.1 ML, and the
thickness of the H2O ASW film was 180 ML. The crystallization rate
was measured at 143 K. The dotted line indicates t1/2 of a pure ASW
film. The red solid circle corresponds to the sample with HCl in the
middle, and the blue solid circle corresponds to the sample with HCl
at the ASW/Pt interface.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b07858
J. Phys. Chem. C 2018, 122, 24164−24170

24168

http://dx.doi.org/10.1021/acs.jpcc.8b07858


greatly increased the configurational entropy, ΔSconf = k ln W,
where W is the number of accessible positions in the lattice by
excess protons. ΔSconf originates from the high mobility of the
protons in ice via the Grotthuss shuttling mechanism41,42 and
has been estimated to be as large as ∼60 J mol−1 K−1 in ASW
films grown at 70−80 K.40 It has also been shown that this
proton entropy can significantly enhance proton transfer
reactions in ASW even at low temperatures (8−140 K),
including the dissociation of weak acids.40 In the case of ASW
crystallization investigated in the present study, ΔSconf may
contribute to reducing the free-energy barrier of nucleation.
This is because ΔSconf of excess protons is larger in CI with an
ordered structure, where the proton transport distance is
longer, as compared to ASW, where the proton transport
distance is limited as a result of abundant trapping sites. For
this reason, ΔSconf of excess protons increases upon nucleation
in ASW, and this lowers the free energy barrier of the
nucleation. Consider the formation of crystallizing nuclei
composed of, for instance, 10 water molecules in the vicinity of
an excess proton. Upon the nucleation, the excess proton
becomes mobile over 10 water molecules, and each water
molecule has two possible sites to accept an excess proton (W
= 10 × 2). The resultant increase in ΔSconf will reduce the free
energy of the nucleation by ΔG = −TΔSconf ≈ −4 kJ·mol−1 at
150 K, if we assume that the excess proton was initially trapped
at defect sites (W ≈ 1) before nucleation. Although this is a
very crude estimation, it serves to qualitatively demonstrate
that ΔSconf can significantly lower the free energy of nucleation.
For comparison, the free energy of bulk CI is lower than that of
ASW by only 1−2 kJ·mol−1 for pure water.4,9,43 Therefore, the
additional effect of ΔSconf can significantly reduce the free
energy of nucleation for acid-doped ASW, although this effect
does not significantly change the bulk-state free energy due to
dilute concentration of excess protons in the sample.
According to a classical nucleation theory, the activation
energy of nucleus formation is inversely proportional to the
square of the free energy difference between the two bulk
phases.26,27 For this reason, the protonic entropy effect could
appear amplified in lowering the nucleation barrier height as
compared to the lowering of the free energy of the bulk states.
The acid-promoted crystallization of ASW may be an

interesting but unusual example that entropy drives a phase
transition from a disordered to ordered state. This phenom-
enon might appear contradictory to the general behavior that a
crystallizing phase transition reduces the entropy of the system.
However, in the present system, only the entropy of the excess
protons is increased by crystallization. Other thermodynamic
values related to ASW crystallization, including the usual
negative entropic change associated with the formation of an
ordered H-bonding network, may not significantly differ from
the case of crystallization of pure ASW samples.
The effect of configurational entropy of excess protons may

also exist for ASW crystallization in the presence of other acids,
including the observation that HNO3 accelerates the
crystallization of ASW films with reduced fracture formation
in the samples.15 Also, recent optical microscopy studies of
crystal growth on ice crystal surfaces have shown that ice
crystals grow preferentially from water droplet surfaces
containing HCl,44 which may suggest the existence of the
acid-promotion effect for crystal growth at the water/ice
interface.

5. CONCLUSIONS
The study of crystallization of HCl-doped ASW films with
TPD and RAIRS measurements showed that the excess
protons promoted the crystallization of the ASW films. In
contrast, Na+ ions had the opposite effect and hindered the
crystallization process, similar to the freezing point depression
of aqueous solutions with ordinary electrolyte ions. The
temperature dependence study of crystallization rates showed
that excess protons lowered the overall activation energy of
crystallization to a value close to the activation energy of
crystal growth. This suggested that the kinetic bottleneck of
crystallization changed from nucleation to crystal growth in the
presence of excess protons. The study of nucleation sites in the
samples showed that crystallization started near the location of
proton injection, regardless of whether it was the vacuum/
ASW interface or the film interior. These observations
altogether indicated that the excess protons facilitated the
formation of crystallizing nuclei and thus accelerated the
crystallization process. We have proposed an explanation based
on thermodynamics that the increased configurational entropy
of the excess protons in ice likely lowers the free-energy barrier
of nucleation for the acid-doped ASW samples relative to that
for the pure ASW samples.
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