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Abstract
Sharp features corresponding to incompletely coordinated OH groups at 3700–3690 cm1 have been observed in
Fourier-transform infrared reﬂection–absorption (FTIR-RA) spectra of polycrystalline ice (pc-ice) and non-crystalline
ice (nc-ice) ﬁlms (obtained by vapour deposition over a wide temperature range of 128–185 K). The nature of the
external surface containing the OH dangling groups remains unchanged upon ﬁlm growth for the polycrystalline phase,
in contrast to the nc-ice growth where the surface evolves into a convoluted openwork structure. The OH dangling
bonds (db’s) in an ice ﬁlm provide the basic network for hydrogen bonding and other interactions for acetone adsorption. Hydrogen bonding between the adsorbates and OH db’s induces ordering towards crystalline structures in the
partially disordered near-surface region of pc-ice and in the structure of nc-ice ﬁlms. The amounts of acetone chemisorbed on both pc-ice and nc-ice ﬁlms are found to be proportional to the amounts of OH db’s present in the respective
ice structures. Along with the acetone–HO db complexes, FTIR-RA features attributable to van der Waals complexes
and plausible intermediate clathrate–hydrate structures are found (in the spectra of pc-ice ﬁlms exposed to acetone
vapours). Post-deposition spectral evolution reveals the intricate surface dynamics for acetone adsorption in the hydrogen-bond-dominated system. Ó 2002 Elsevier Science B.V. All rights reserved.
Keywords: Water; Polycrystalline surfaces; Infrared absorption spectroscopy; Growth; Adsorption kinetics

1. Nature of polycrystalline and non-crystalline ice
ﬁlms
Low-temperature micro-phases of ice continue
to attract intense interest over the past decade
primarily due to their important role as a common
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medium for organic and inorganic chemical processes at diﬀerent temperature regimes in the biosphere (220–273 K) [1], atmosphere (190–220 K)
[2,3], and interstellar space (10 K) [4]. The interaction of polymorph phases with the impinging
molecules could lead to adsorption, clusterization
and chemical modiﬁcation, and diﬀusion in the
original or modiﬁed forms into the bulk of the ice
phase. The mechanisms of the interaction between
the adsorbates and ice are therefore expected to
depend on the bulk structure, and the surface
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properties and dynamics of speciﬁc complexes of
the micro-phases that exist under diﬀerent temperature and other conditions.
Despite many sometimes controversial observations, there is a general consensus among the
early studies [5–9] that condensation of water vapour on a cold substrate at low pressure under the
appropriate deposition conditions could lead to
the formation of diﬀerent non-crystalline structures below 130 K and of polycrystalline polymorphs Ic (cubic ice) and Ih (hexagonal ice) at a
higher temperature. In the case of non-crystalline
ice (nc-ice), the low-density amorphous ice is
commonly described as a highly porous open
network with nano-scale pores and therefore a
signiﬁcant concentration of non-compensated surface OH groups [10,11]. For the more compact
high-density amorphous ice, its structure has been
proposed to be similar to the low-density amorphous ice particularly in terms of the oxygen–
oxygen radial distribution function but with
additional water molecules occupying interstitial
sites [8]. Non-crystalline structures are metastable
with respect to crystalline phases Ic and Ih and
consequently their formation and existence are
kinetically controlled. Upon annealing to a higher
temperature, nc-ice transforms irreversibly to Ic
over 140–160 K [12], which in turn undergoes
further irreversible phase transition to Ih over
160–240 K. The wide transition temperature range
of the Ic-to-Ih transition is thought to be the result
of dependence of the crystallization temperature
on the size of cubic ice crystals [12]. This series of
crystallization processes, which begin at temperature just above the glass-to-liquid transition, is
found to be incomplete in the sense that fragments
of non-crystalline micro-phases can coexist metastably with Ic over 140–210 K and with both Ic
and Ih above 160 K. The nature of these noncrystalline micro-phases remains to be a subject
of intense debate [8,9,12,13]. These observations
suggest that the ice phase between 135 K (the
onset of the glass-to-liquid transition) and 240 K
(the completion of the Ic-to-Ih transformation)
consists of non-crystalline and crystalline microphases in dynamic equilibrium, with increasing
proportion of the latter phase with increasing temperature. The structural evolution of these ice

micro-phases with temperature involves morphological and interfacial processes in which rearrangement of hydrogen bonds at multiple internal
and external interfaces plays a key role. The reconstruction processes that accompany the phase
transformations are believed to be responsible for
the kinetically controlled nature of the phase
transformations [12]. Clearly, the nature and
composition of the ice micro-phases (the substrate)
at a particular temperature have a strong eﬀect
on the types of adsorbates and their interactions
with the ice structure itself. On the other hand,
molecules adsorbed on the surface or trapped into
the bulk of such complex could in turn aﬀect the
dynamics of the phase transformation and especially the progress of reconstruction. Indeed, very
little is known about the surface complexes of the
ice micro-phases over the temperature range 140–
210 K.
Current understanding of the chemical properties and surface structures of nc-ice and polycrystalline ice (pc-ice) phases is based primarily on the
Devlin–Buch approach, which has been developed
on Fourier-transform infrared (FTIR) data of
nc-ice and pc-ice nano-particles and their interactions with adsorbates of diﬀerent chemical nature
and complemented by molecular dynamics simulations of the surface and near-surface regions [14].
In particular, Rowland et al. observed stretching
modes of three-coordinated water molecules with
the H or O in the dangling bond (db) position and
of relaxed four-coordinated molecules on ice nanocrystals prepared by rapid molecular expansion
techniques [15]. These surface-localized vibrational
features were found to be weakened upon annealing to 110–150 K or exposure to acetylene or
hydrogen sulphide [16], which reﬂects the disordered nature of the surface and near-surface
regions. The reconstruction of the near-surface
region of crystalline ice from the bulk-truncated
arrangement that involves dangling H and O
atoms on the ice surface is driven by the reduction of the amount of unsaturated surface groups
through rearrangement toward a more disordered
conﬁguration. However, the near-crystalline arrangement of the near-surface region could be restored by hydrogen bonding between appropriate
adsorbates and the topmost dangling H and O
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groups of the reconstructed ice surface. Unlike the
other surface modes, the vibrational modes of the
OH db’s are localized on individual surface complexes and can therefore be used as a sensitive
probe for the nature of the surface (and near-surface) micro-structures of ice and the adsorbateinduced eﬀects.
The surface area of ice micro-phases may vary
greatly from 240–500 m2 /g for vapour-deposited
low-density amorphous ice (due to the abundance
of nano-scale pores in highly open network) [17] to
5–12 m2 /g corresponding to ﬁlm structures without
pores [18]. By comparing the amounts of surface
areas of nc-ice and pc-ice deposited at 22–145 K by
eﬀusive beam dosing at diﬀerent incident angles
and by ambient dosing, Stevenson et al. showed
that the surface area of the nc-ice deposits increases with a larger incident angle (from the
normal direction) in qualitative accord with the
predictions of the ballistic deposition model [19].
This model takes into general account of the interplay between roughening caused by randomness
of deposition, smoothing by surface diﬀusion, and
non-local eﬀects generated by shadowing [20]. The
unusually large values of surface area obtained by
ambient dosing at 22 K (2700 m2 /g) and 77 K (640
m2 /g) along with the linear increase of the surface
area with deposition time led Stevenson et al. to
propose that the internal surface is directly connected to the external surface of the ﬁlm. This
observation is consistent with the grass-like or
dendrite-like model for the morphology of the ice
ﬁlm. Furthermore, the adsorbate uptake by the ice
ﬁlms deposited by beam dosing at diﬀerent incident angles above 90 K was found to be the same
as that by the pc-ice ﬁlms deposited at 145 K [19],
which can be explained by enhanced surface diffusion at a higher temperature. With increasing
deposition temperature, the surface area of the ice
ﬁlm was also found to be greatly reduced [19],
suggesting isolation of the internal surface from
the impinging gas molecules while the areas of the
external surfaces of nc-ice and pc-ice ﬁlms remain
the same.
Previous studies by FTIR reﬂection–absorption
(RA) spectroscopy have revealed the presence of
OH db’s on both the external and internal surfaces
of vapour-deposited ice ﬁlms, and further showed
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that the formation of the internal surface depends
on the temperature and vapour pressure of the
deposition [21–23]. In particular, a fast deposition
rate at a lower temperature (e.g., below 130 K)
favours the production of a porous amorphous
water network with relatively well-developed internal surfaces. Under these growth conditions, the
RA spectral signal of the OH db’s comes primarily
from the unsaturated OH groups located on the
surface of micro-pores [23]. On the other hand, a
higher deposition temperature favours the formation of denser structures with lower porosity and
smoother surface, which is in good accord with the
results reported by Stevenson et al. [19]. The
presence of the OH db’s on the external surface of
cubic nano-crystals condensed at 83 K was observed by Delzeit et al. up to a post-annealing
temperature of 145 K [16], which illustrates the
substantive thermal stability of the surface structural elements containing these dangling bond
groups. However, the OH db signal has been
found to disappear in the case of thin amorphous
ice ﬁlms vapour deposited at 80 K upon postannealing to the crystallization temperature (155
K) [9,24]. It would therefore be of great interest to
investigate the behaviour of OH db’s in the ice
micro-phases at temperatures above 150 K, where
phase transition from amorphous ice to polycrystalline polymorphs begins.

2. FTIR reﬂection–absorption data of polycrystalline and non-crystalline ice ﬁlms
In order to investigate the surface chemistry of
ice micro-phases and their interactions with organic adsorbates, we have recently recorded the
FTIR-RA spectra of ice ﬁlms grown by vapour
deposition at 128–185 K and characterized their
nature as pc-ice or nc-ice phase by Fresnel reﬂection and Mie scattering calculations [25]. We show
that pc-ice and nc-ice can be formed by vapour
deposition above 155 K and below 145 K, respectively. For the early stage of ﬁlm deposition of
pc-ice and, to a certain extent, nc-ice, the good
agreement between our experiment and the Mie
scattering calculations generally conﬁrms the heterogeneous character of the early deposits that
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consist largely of small water aggregates. Upon further ﬁlm growth, the experimental spectra are
found to be in accord with the Fresnel model, illustrating the evolution to more homogeneous ﬁlms.
Fig. 1 shows typical FTIR-RA spectra for the
thicker ice ﬁlms obtained at 83° incidence in a
specular RA geometry in a home-built ultrahigh
vacuum apparatus described in detail elsewhere
[25]. The experimental spectra are compared with
simulated spectra using the Fresnel equations for
reﬂection coeﬃcients (Fresnel spectra) for pc-ice
and nc-ice of selected ﬁlm thickness and appro-

Fig. 1. Experimental RA spectra (solid lines) and simulated
spectra (open circle lines) for (a) pc-ice and (b) nc-ice ﬁlms of
diﬀerent thickness deposited at 1  106 Torr and 160 and 131
K, respectively. Simulated spectra are obtained by Fresnel
equations for reﬂection coeﬃcients using the appropriate optical constants for pc-ice and nc-ice obtained from the literature
[26,27]. The indicated ﬁlm thickness is obtained from optical
interference measurement and found to be in good agreement
with the thickness parameter used in the Fresnel simulation that
gives the closest agreement with the respective experimental
spectrum.

priate optical constants for pc-ice [26] and nc-ice
[27]. Evidently, there are two general types of
spectral features: the characteristic vibrational
modes of the ice ﬁlms (stationary in positions) and
the destructive interference patterns of the r- and
p-polarized components of the IR light that travel
across the spectral region as a function of ﬁlm
thickness. Details of the spectral assignments have
been given in our earlier work [25]. Brieﬂy, three
‘‘stationary’’ vibrational modes of the ice phases
are observed at 3600–2900 cm1 (O–H stretching
mode), 2245–2230 cm1 (combination band) and
1650–1620 cm1 (bending mode and/or the ﬁrst
overtone of hindered rotation). The good agreement between the experiment and the Fresnel
spectra indicates that the evolution of the O–H
stretch with ﬁlm thickness can be attributed predominantly to the physics of RA of the IR light
[28] and not to any possible changes in the water
network structure during the ﬁlm growth. The
O–H stretching and bending modes of the nc-ice
observed in the present work are blue-shifted while
the combination band is slightly red-shifted with
increasing ﬁlm thickness in comparison with the
respective vibrational bands for pc-ice, which is
in good accord with data reported by Hardin
and Harvey [6] and Hagen et al. [7]. In addition,
r-polarized interference patterns are found to
shift from 3060 to 2520 cm1 for pc-ice ﬁlms (Fig.
1a), and from 3090 to 2520 cm1 for nc-ice ﬁlms
(Fig. 1b) as the ﬁlm thickness is increased from 550
to 1000 nm. The optical feature at 3780 cm1 in
Fig. 1a or at 3730 cm1 in Fig. 1b corresponds
to the emergence of another r-polarized pattern.
Similarly, spectral features corresponding to the
p-polarized destructive interference pattern are
found to travel from 3120 to 3075 cm1 for pc-ice
(Fig. 1a) and from 3145 to 3105 cm1 for nc-ice
(Fig. 1b) with increasing ﬁlm thickness. Movements of these interference peaks could signiﬁcantly distort the intensities and shapes of speciﬁc
bands in a RA spectrum with increasing ﬁlm thickness (e.g., the interference feature at 2520 cm1 for
1000-nm-thick ﬁlms), which in turn complicates
spectral identiﬁcation and population analysis of
the corresponding groups in the case of solids.
The change in the relative intensity of the weak
OH db feature observed at 3700–3690 cm1 [10] as
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Fig. 2. Integrated absorbance of the OH db signal as a function
of the ﬁlm thickness for (a) pc-ice deposited at 160 K and
1  106 Torr, and (b) nc-ice deposited at 131 K and 5  106
Torr. The curves are used to guide the eyes only. The ﬁlm
thickness is estimated by optical interference method and found
to be in reasonable agreement with the thickness parameter
used in the respective Fresnel simulation. Inserts (with the ordinate expanded by 1000) show the OH db feature at selected
ﬁlm thicknesses marked by arrows.

a function of ﬁlm thickness for pc-ice and nc-ice is
shown in Fig. 2. According to the metal surface
selection rule, only the OH db in the case of a thin
ice ﬁlm (below 100 nm) with a dipole moment
component perpendicular to the metal surface
could contribute to the RA signal. Any OH db
with a dipole moment oriented parallel to the
metal surface (e.g. that on the prism surfaces
ð1 0
1 0Þ of single-crystal hexagonal ice) could remain invisible to the IR-RA technique. Because of
the randomized nature of the ﬁlm growth process
on non-single-crystal surfaces, the amount of OH
groups with non-zero perpendicular dipole moment components is not known a priori. Despite
the weak OH db feature relative to the O–H
stretch feature, making it susceptible to spectral
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noise and baseline instability, the general trend in
the behaviour of the OH db signal can be inferred
and used to provide a more complete picture of the
OH db formation in the surface chemistry of ice.
For ﬁlms thinner than 120 nm, the OH db signals for both pc-ice and nc-ice are found to be
weak and almost independent of the ﬁlm thickness
(Fig. 2). The spectral intensity of the OH db appears to diminish for pc-ice ﬁlm 150–850 nm thick
(deposited at 160 K) and recover to essentially the
same level for ﬁlms thicker than 850 nm. For ncice deposited at 131 K, on the other hand, the
intensity remains relatively constant up to a ﬁlm
thickness of 600 nm and increases by over 20-fold
in the 600–1400 nm thickness region. The emergence of the r-polarized interference pattern in the
optical window 3710–3680 cm1 appears to signiﬁcantly enhance the OH db signal for thick ﬁlms
[25]. This optical ampliﬁcation in the signal intensity does not therefore necessarily correlate
with the increase in the concentration of the OH
db groups in the material. The same phenomenon
has also been observed for other absorption bands
in ice. Apparently, the ampliﬁcation is much
stronger in the case of nc-ice than pc-ice. In the
latter case, essentially the same magnitude of the
db signal for the 850–1150-nm-thick ﬁlm relative
to the thin ﬁlm <120 nm) suggests that the lack of
OH db signal in the intervening thickness region
does not necessarily indicate the absence of OH
db’s, but rather it could be due to spectral interference of the O–H stretch that overwhelms the
dangling bond feature (Fig. 2a). This observation
indicates that the concentration of the OH db’s on
pc-ice could remain essentially the same with the
ﬁlm growth. Unlike the earlier reports, we observe
the presence of OH db signal on pc-ice ﬁlms deposited at temperature as high as 185 K. In addition, slow annealing of a 100-nm-thick pc-ice ﬁlm
(deposited at 160 K) to 185 K does not change the
OH db signal despite the signiﬁcant loss of ice
(30%) to sublimation, which suggests that the OH
db’s are continuously being replenished in the
sublimation process. The surface complexes containing the OH db’s therefore appear to be stable
over a wide temperature range of 128–185 K.
These observations, together with the results reported by the earlier studies [10,21,22], lead us to

CE
RF
A
LE C E
TT S
E R C IE
S N

SU

L232

S. Mitlin, K.T. Leung / Surface Science 505 (2002) L227–L236

conclude that the OH db’s are located on the external surface of the pc-ice ﬁlms. In contrast to
pc-ice ﬁlms, the intensity of the db signal for nc-ice
ﬁlms thicker than 1400 nm is still signiﬁcantly
higher than that for thin ﬁlms (<120 nm, Fig. 2b).
This diﬀerence from pc-ice ﬁlms suggests that the
concentration of OH db’s in nc-ice in fact increases
with ﬁlm growth, which is in general accord with
the observation made by Zondlo et al. [23] that the
concentration of OH db groups in low-density ice
(obtained at 94 K) increases with increasing ﬁlm
thickness. In order to account for the proportionality of the abundance of the OH db’s with
respect to the amount of ice, the latter work further concluded that the OH db’s are located on the
surfaces of multiple micro-pores inside the amorphous solid ice network [23]. The existence of the
OH db’s on the surfaces of open and close micropores has also been predicted for ﬁlm growth of
low-density ice under appropriate conditions by
Zhdanov and Norton using Monte Carlo simulation [29]. For thin (100 nm) nc-ice ﬁlms, the OH
db signal is found to persist upon annealing from
131 to 165 K, i.e., above the temperature of crystallization to cubic ice. The crystallization process
appears not to aﬀect the amount of OH db’s signiﬁcantly, with the surface structural elements
containing the OH db’s found to be stable towards
thermal annealing and the extent of post-deposition. These results suggest that the OH db groups
are located on the external surfaces of nc-ice ﬁlms
less than 100 nm thick (deposited above 130 K),
which is in accord with the results by Stevenson
et al. [19], Callen et al. [21] and Horn et al. [22].
For thicker ﬁlms, the OH db’s are thought to be on
the external tracery surface of the deposits. The
increase in the OH db signal (with origin from the
surface) therefore indicates that the extent of
the surface region also increases with increasing
ﬁlm thickness in the case of nc-ice.

3. Interactions of acetone with OH dangling bonds
on ice ﬁlms
In order to examine the role of the OH db’s in
the surface chemistry of the ice micro-phases, the
adsorption of acetone (CH3 COCH3 , a soft Lewis

base) on pc-ice and nc-ice ﬁlms is investigated by
FTIR-RA spectroscopy. Based on temperature
programmed desorption and FTIR-RA data of
acetone adsorbed on thin nc-ice ﬁlm (<20 nm
thick) at 95 K, Schaﬀ and Roberts proposed that
the interaction between the adsorbate and the ice
surface involves hydrogen bonding between the
carbonyl group of acetone and the OH db in ice
[24]. For the pc-ice prepared by crystallization of
the nc-ice post-annealed at 160 K, no OH db was
observed and consequently neither was acetone–
H–O db complex detected by Schaﬀ and Roberts
[24]. However, in the present work we observe the
OH db signals for both pc-ice and nc-ice (Fig. 2).
We therefore expect the formation of the acetone–
H–O db complex involving hydrogen bonding to
take place on these ice ﬁlms. Fig. 3 shows the RA
diﬀerence spectra for various exposures of acetone
under diﬀerent exposure pressure conditions on a
30-nm-thick pc-ice ﬁlm (obtained by vapour deposition at 160 K followed by soaking at the base
pressure for 30 min). The diﬀerence spectra correspond to the diﬀerence of RA spectra for ice
ﬁlms with and without the acetone exposures and
therefore should reveal spectral features corresponding primarily to the acetone–ice complexes.
The substrate spectrum of this pc-ice ﬁlm of the
aforementioned thickness has been shown to be
best approximated by a model in between the
Fresnel and Mie simulations, involving polycrystalline deposits with crystalline light-scattering
particles and other ﬁlm-like fragments [25].
For the exposure pressure of 1  107 Torr, the
adsorption of acetone is manifested in the diﬀerence spectra (Fig. 3) by negative RA diﬀerence
features in the OH db and the O–H stretching
and bending regions, and by the positive RA difference features that correspond to the fundamentals of acetone, including the carbonyl stretch
ðm3 ðA1 ÞÞ at 1701 cm1 , asymmetric ðm21 ðB2 ÞÞ,
m4 ðA1 Þ and symmetric ðm16 ðB1 Þ, m5 ðA1 ÞÞ CH3 deformation bands at 1444, 1428, 1372 and 1362 cm1
respectively, and asymmetric C–C stretch ðm17 ðB1 ÞÞ
at 1242 cm1 . The intensity of the carbonyl
stretching band is found to saturate along with the
negative OH db signal with increasing exposure
(time), which provides strong evidence for the formation of a surface complex between acetone and
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Fig. 3. Experimental RA diﬀerence spectra of acetone obtained under diﬀerent conditions on a pc-ice ﬁlm (5 nm thick) deposited at
160 K and 5  107 Torr. The acetone exposures are performed at 160 K and 1  107 Torr for (A) 15, (B) 40 and (C) 280 s, and at
5  107 Torr for (E) 15 and (F) 170 s. A post-exposure soaking period at the ambient chamber pressure of 6  109 Torr for (D) 450
and (G) 200 s is performed after the acetone deposition in (C) and (F), respectively.

the surface OH db. The relative positions of the
fundamental frequencies of the acetone–ice complex also support the hypothesis for the existence
of hydrogen bonding in the adsorbate complex,
given the red (blue) shift of the carbonyl stretch at
1701 cm1 (asymmetric C–C stretch at 1242 cm1 )
found in the present case in comparison with that
for pure liquid at 1710 cm1 (1221 cm1 ) [30],
isolated acetone matrix at 1725 cm1 (1217 cm1 )
[30] and isolated acetone–water matrix at 1716
cm1 (1230 cm1 ) [31]. These notable frequency
shifts can therefore be attributed to the formation
of strong hydrogen bonding between O of the
carbonyl group in acetone and H of the OH db
(referred as a-complex in the present work).
However, the emergence of the high-frequency
shoulder near 1708 cm1 in the carbonyl stretch
band (Fig. 3, Curve B) at a higher acetone exposure (time) indicates bounding of additional acetone molecules to surface water molecules and/or
other acetone molecules possibly by electrostatic and van der Waals forces (b-complexes). The

negative changes observed in the O–H stretching
(3550 and 3430 cm1 ) and bending (1655 cm1 )
regions indicate the loss of ice signal due to acetone adsorption, which could be attributed to the
ordering of the near-surface region (consistent
with the picture proposed by Devlin and coworkers [14–16]) and to possible sublimation of the
acetone–ice complexes. The group of positive
peaks at 3370, 3243, and 3130 cm1 can be attributed to the bulk modes of crystalline ice, the
intensity of which are enhanced by adsorbateinduced ordering in the near-surface region of ice
(Fig. 3, Curve C). The sublimation process of the
acetone–water complexes exposes newly formed
surface sites for further adsorption of incoming
acetone molecules. The dynamic nature of the
adsorption–desorption process is illustrated by the
general reduction in the acetone fundamental
features after the sample is left (soaking) at the
ambient pressure of 6  109 Torr for a postexposure period of 450 s (Fig. 3, Curve D).
Furthermore, the reduction in intensity for the
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high-frequency shoulder at 1708 cm1 appears to
be greater than that for the main carbonyl peak at
1701 cm1 , suggesting a greater desorption rate for
the b-complex (relative to the a-complex).
For acetone exposure at 5  107 Torr, the intensity of the carbonyl stretch saturates at a higher
level (Fig. 3, Curve E) at 1.4 times of that for exposure at 1  107 Torr (Fig. 3, Curve B). For the
acetone exposure pressure used in the present
work, the coverage is found to be weakly dependent on the exposure pressure, which indicates
possible transition from Langmuir-type adsorption driven by hydrogen bonding to more complex
adsorption mechanisms that involve multilayer
adsorption and acetone trapping into the ice. The
presence of a new feature at 1226 cm1 attributable
to asymmetric C–C stretch and an additional
broad shoulder at 1720 cm1 in the carbonyl band,
along with enhancement in intensity of the asymmetric deformational band at 1444 cm1 (Fig. 3,
Curves E and F), identify the emergence of a new
acetone–ice complex (c-complex in the present
work). The structure of this c-complex is thought
to be similar to the acetone clathrate–hydrate due
to similar adsorbate–water network interactions
[32,33]. After the sample is allowed to soak at 160
K under an ambient pressure of 6  109 Torr for
a post-exposure period of 200 s (Fig. 3, Curve G),
the spectral features of the c-complex are found to
disappear, leaving only the b- and a-complexes on
the surface. With the exception of the a-complex
which involves strong hydrogen bonding between
the carbonyl group and the OH db, the nature of
the b- and c-complexes remains ambiguous. The
encapsulation of acetone molecules (c-complex) in
the surface structure of the pc-ice under certain
acetone exposure conditions (above 160 K and
5  107 Torr) would further suggest the existence
of disordered fragments in the near-surface structure of pc-ice, the rearrangement of which could in
turn aﬀect the dynamics of the formation of the
acetone clathrate–hydrate intermediates [32].
Acetone adsorption experiments have also been
performed on thin nc-ice ﬁlms (with an estimated
Fresnel thickness of 5 nm) deposited at 131 K (not
shown). Despite the diﬀerences in the nature and
ﬁlm thickness of the ice ﬁlm, similar behaviour in
the adsorption of acetone (to that on pc-ice), with

gradual saturation of the OH db signal along with
a concomitant increase in the intensities of the
acetone fundamentals, has been observed for acetone exposure pressure of 1  108 Torr. Furthermore, the saturation of the negative OH db
signal for nc-ice at essentially the same level as that
for pc-ice provides further evidence that the OH
db’s are located on the external surfaces of both
thin pc-ice and nc-ice ﬁlms. This result, together
with the similarity in the FTIR-RA spectra for
acetone adsorption on thin nc-ice and pc-ice ﬁlms,
suggests a similar surface structure for nc-ice and
pc-ice in this thickness range (below 50 nm), consistent with the conclusions of Devlin and coworkers [14–16]. No spectral evidence has thus
been found for the existence of OH db’s in micropores or on other forms of internal surfaces in thin
pc-ice and nc-ice ﬁlms at 128–185 K, in accord
with the results by Brown et al. [11], Stevenson
et al. [19] and Zondlo et al. [23]. Furthermore, the
adsorption of acetone appears to promote surface
crystallization in the nc-ice ﬁlm, which in some
cases could lead to considerable reconstruction of
the ﬁlm structure.
In the case of pc-ice ﬁlm 1100 nm thick deposited at 185 K, similar adsorption behaviour of
acetone is also observed, with the intensity of the
negative OH db signal after saturation by acetone
found to be similar to those observed in the
aforementioned cases. This result again supports
the conclusion that OH db’s are located on the
external surface of thick pc-ice ﬁlms, consistent
with the dependence of the OH db signal on ﬁlm
thickness shown in Fig. 2.
To investigate the kinetic behaviour of acetone
adsorption on pc-ice and nc-ice ﬁlms 1200-nm
thick (grown at 160 and 131 K, respectively), we
expose acetone at 1  106 Torr on pc-ice and at
1  107 Torr on nc-ice at the respective substrate
temperatures. Fig. 4 shows the integrated absorbance of the OH db feature (at 3694 cm1 ) and the
carbonyl stretch (at 1705 cm1 ) in the diﬀerence
spectrum as a function of the acetone dosage (in
units of 1  106 Torr s or Langmuir). It should be
noted that the exposure pressure of acetone could
signiﬁcantly aﬀect the composition of the acetone–
ice complexes and the overall adsorbate coverage
of the ice ﬁlms, as illustrated in Fig. 3. The nc-ice
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sorption on nc-ice (Fig. 4b) after OH db band
saturation might be caused by physisorption of
acetone. However, the markedly more intense RA
signals observed for acetone adsorption on the
nc-ice sample in comparison with the pc-ice case
for the same exposure (e.g. at 100  106 Torr s)
indicates that nc-ice has a signiﬁcantly larger surface area than pc-ice, in general agreement with
the results by Stevenson et al. [19] and Zondlo et al.
[23]. The OH db’s are located most likely on the
external surface of nc-ice, which has a considerably higher convoluted tracery structure than
pc-ice. The general increase in the intensity of the
OH db’s from 700 to 1400 nm observed for nc-ice
(Fig. 2b) shows the evolution of the surface
structure of nc-ice towards a more three-dimensional openwork structure that is accessible to gas
exposure at the same time.

4. Concluding remarks
Fig. 4. Integrated absorbance of OH db (solid circle) and C@O
stretch (open circle) features in the RA diﬀerence spectra as a
function of acetone exposure at (a) 160 K and 1  106 Torr on
a pc-ice ﬁlm 1200 nm thick, and (b) 131 K and 5  107 Torr on
a nc-ice ﬁlm 1200 nm thick. The curves are used to guide the
eyes only.

sample used in this experiment (Fig. 4b) exhibits a
similar OH db intensity proﬁle as a function of
ﬁlm thickness as that shown in Fig. 2b. Moreover,
Fig. 2b shows the OH db intensity to be 0.15
integrated absorbance unit for a ﬁlm thickness of
1200 nm, which corresponds approximately to the
same value as the loss of the db feature in the
diﬀerence spectra at saturation (Fig. 4b). Fig. 4
shows that the amount of acetone adsorbed on
both nc-ice and pc-ice ﬁlms as approximated by
the intensity of the respective carbonyl stretch
bands is proportional to the amount of OH db’s
present in the ice structure. This proportionality is
present as long as there is no formation of solid
acetone phase, which might be diﬃcult to avoid
for acetone exposure at the lower temperature
range (e.g., the deposition temperature of nc-ice
near 131 K). Indeed, the continual growth of the
carbonyl stretch band intensity for acetone ad-

In summary, the OH db’s (with characteristic
features at 3700–3690 cm1 ) are an integral part of
the nc-ice and pc-ice phases and they play a pivotal
role in the surface chemistry of ice ﬁlms. The
surface structural elements containing these OH
db’s are found to be stable over a wide temperature range of 128–185 K covered in the present
work. Unlike the earlier work, we also observe the
OH db signal originated on pc-ice ﬁlms deposited
at temperature as high as 185 K. The thin nc-ice
and pc-ice ﬁlms contain comparable amounts of
OH db’s, which are located on the external surfaces of both phases with similar structures. The
nature of the external surface (containing the OH
db’s) remains unchanged upon ﬁlm growth for pcice with a general increase in the amount of OH
db’s, in contrast to ﬁlm growth for nc-ice where
the surface evolves into a more convoluted openwork structure. The acetone adsorption experiment shows that the acetone–H–O db complex is
formed by hydrogen bonding between O of the
carbonyl group in acetone and H of the H–O db in
the ice ﬁlm. In addition to the a-complex, more
extensive structures (b- and c-complexes) that involve interactions with other acetone molecules
and substrate water molecules by electrostatic,
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van der Waals and other mechanisms (including
the intermediate formation of acetone clathrate–
hydrate structures) can be observed at higher
exposure pressure. The consequence of the presence of OH db’s on the surface of pc-ice at relatively high temperatures may have signiﬁcant
implications on the types of plausible atmospheric
surface reactions that could occur on and in ice in
the important 190–220 K stratospheric temperature range.
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