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Surface Crystallization of Amorphous Solid Water
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We demonstrate that the crystallization of thin, supported amorphous solid water layers is initiated at
the water surface. This is concluded from the observation of sequential crystallization of amorphous
water at the surface, in the bulk, and at the water-support interface. A surface nucleation model
quantitatively reproduces the observed transformation kinetics at the three sites.
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Although solid water in the interstellar medium is
predominantly amorphous, crystalline ice has been de-
tected around protostars and in disks around young stars
[1]. In this particular environment, the solid water surface
covering dust particles [2] provides the catalytic environ-
ment for the formation of prebiotic organic molecules in
the interstellar medium [3]. The interaction of molecules
such as N, [4], CHF,Cl [5], CHCl; [this work], and CO [6]
with the solid water surface depends critically on the
surface structure (crystalline or amorphous). The surface-
CO interaction is of special interest, as the first step in the
formation of complex organic species is the surface-
catalyzed hydrogenation of CO to methanol [7]. It is
therefore important to know whether the surface of
grains is preferentially amorphous or crystalline. A key
question that thus emerges is whether the crystallization
is initiated in the bulk or at the surface: if surface crys-
tallization is favored, the particle surface will crystallize
first, affecting the surface chemistry. Indeed, it has been
proposed that the hydrogen bond rearrangement required
for crystallization may occur more readily for the less
coordinated water molecules at the surface [8]. On the
other hand, Buch et al. have calculated that the crystal-
line geometry is favorable for bulk ice rather than for the
surface, implying that commencement of crystallization
in the bulk is more likely [9,10].

The energy barrier that must be overcome to form a
crystalline nucleus in the amorphous phase is determined
by, among other things, a competition between the sur-
face tension that arises between the two phases upon
nucleation (counteracting nucleation) and the difference
in chemical potential between the two phases (favoring
nucleation, as the crystalline phase is thermodynamically
most stable). At the surface or interface, the energetic
barrier for nucleation may be lower, since only half a
sphere has to be formed in order for the nucleation grain
to grow [11]. However, it is also clear that the energetics
depend subtly on the different contributions from sur-
face—and line—tension that are relevant for the nuclea-
tion event [12], as well as the effect of the density
difference between the phases [4,5]. Indeed, for thin,
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constrained silicon layers, crystallization is nucleated in
the bulk of the layer [13]. For amorphous water it is also
not clear a priori where the crystallization of the layer
may start. To investigate the location of the nucleation, we
use thin layers of amorphous ice, since for relatively thick
layers (>100 molecular layers), the probability of bulk
crystallization is large, simply because a large volume is
available [4,5,8,14—18], whereas possible surface effects
are thickness independent. To suppress the role of the
underlying support in the crystallization process, we use
a nonepitaxial support, a platinum [Pt(533)] surface to
grow the water films on [the 7 Awide (111) terraces on the
stepped Pt(533) surface are twice smaller than the esti-
mated nucleus diameter [17]]. Previous studies [4,8,18]
have reported interface crystallization for epitaxial
supports. We unambiguously demonstrate that the crys-
tallization commences at the surface in thin films, by
simultaneously monitoring the water crystallization ki-
netics in the bulk, at the surface (vacuum-water inter-
face), and at the interface (water-support interface) of
thin amorphous water films.

Nonporous [19] thin films of amorphous solid water
of 45 monolayers (ML) [20] (an order of magnitude
larger than estimates of the critical nucleus size
[17]) were deposited on the support at 100 K using an
effusive molecular beam under normal incidence (flux:
0.1 MLs™ ') in ultrahigh vacuum [22] (2 X 10~ !! mbar).
After amorphous film growth, the crystallization is in-
vestigated isothermally: the layer is quickly heated to and
held at 139 K, where it takes ~500 s to crystallize.

The phase state of the bulk material—amorphous or
crystalline—is monitored directly through the OH
stretch vibration of water in the layer [23,24]. Reflec-
tion absorption infrared (RAIR) spectra [55 scan (20 s)
averages] are recorded at 4 cm ™! resolution, under graz-
ing incidence. The IR absorbance A is defined as A =
—In(R/Ry), with R and R, the reflected intensity from
the water-covered and bare surface, respectively. Typical
absorbance spectra of amorphous solid water and crys-
talline ice are depicted in Figs. 1(a) and 1(b), respectively.
For the former, the spectrum is relatively broad and
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FIG. 1 (color online). Left panel, bulk crystallinity: reflection absorption infrared spectra (139 K) in the OH stretch region of (a) a
45 ML amorphous water layer, (b) a crystalline water layer, and (c) a (63 * 1.5)% crystalline water layer. The dotted black lines in
(c) are the fit of a linear combination of the amorphous and the crystalline RAIR spectra and its constituents. The fit reveals that the
layer is (63 = 1.5)% crystallized. Middle panel, interface crystallinity: reflection absorption infrared spectra (139 K) in the CO
stretch region of CO between the Pt substrate and (d) a 45 ML amorphous water layer, (e) the crystalline water layer, and (f) the
water layer for which the RAIR data in the OH stretch region show (63 * 1.5)% bulk crystallinity. Right panel, surface
crystallinity: thermal desorption spectra for CHCl; from (g) the 45 ML amorphous water layer, (h) the crystalline water layer,
and (i) the water layer for which the RAIR data show (63 = 1.5)% bulk crystallinity. The dotted black lines in (i) are the fit with a
linear combination of the TPD spectra from the amorphous and the crystalline layer and its constituents. The fit reveals that the

surface of the layer is already (76 * 3)% crystallized.

featureless, due to the disordered nature of the layer. Upon
crystallization, a narrowing and redshift of the resonance
occurs, reflecting the increase in order and stronger hy-
drogen bonding, respectively. Figure 2 shows that the
crystalline-to-amorphous transition is clearly observable
in the spectra around 300 s by a spectral shift from
~3400 to ~3250 cm~!. As shown in Figs. 1(c) and
2(b), the RAIR spectra obtained from a partially crystal-
lized water layer can be described very well by a linear
combination of the spectra of the amorphous and the
crystalline phase [from Figs. 1(a) and 1(b)] [16,24] at
all times, indicating that grain boundary effects are neg-
ligible. Also, RAIR spectra of crystalline ice obtained by
dosing at 142 K and that obtained by isothermal crystal-
lization of amorphous solid water dosed at 100 K are
identical. Thus, the fraction of crystalline ice can be
determined within a few percent directly from the rela-
tive contributions (corrected for the independently deter-
mined difference in infrared absorption cross section).
The triangles in Fig. 2(c) depict the bulk crystallinity as a
function of time obtained in this way for an amorphous
water film initially 45 ML thick.
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To probe the phase state of water at the interface, the Pt
substrate is covered with carbon monoxide (CO) prior to
dosing of water. For epitaxial Pt(111) substrates, for
which commencement of crystallization at the interface
has been observed [8,18], CO accelerates the crystalliza-
tion [25,26], because the substrate-water interaction is
weakened with CO. In contrast, on the nonepitaxial
Pt(533), interfacial CO does not affect the crystallization
mechanism, as is evident from a comparison of the mea-
sured bulk fraction with and without CO. The frequency
of the CO stretch vibration is sensitive to the phase state
of the neighboring water: under amorphous solid water it
is 2089 cm™! [Fig. 1(d); linewidth, ~6 cm™!], while
under crystalline ice it is 2098 cm™! [with a small con-
tribution at 2068 cm™!; Fig. 1(e)]. During the crystalli-
zation process, there is continuous intensity transfer from
2089 to 2098 cm~!. As small frequency shifts occur, we
use the frequency-integrated changes (between 2050 and
2120 cm™!) in the RAIR spectra as a measure of the
interface crystallinity. Figure 1(f) shows the infrared
CO stretch absorption for CO under a (63 * 1.5)% crys-
talline water layer. The CO signal indicates that only
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FIG. 2 (color). (a) Measured and (b) fitted (with a linear
combination of the amorphous and crystalline RAIR spectra)
infrared spectra in the OH stretch region as a function of time
for an amorphous water layer with an initial thickness of
45 ML. Since the experiment is performed in vacuum, crys-
tallization is accompanied by simultaneous desorption (subli-
mation) from the thin film, resulting in a decrease in the RAIR
intensity. (c) Experimental (symbols) and calculated (lines)
surface, bulk, and interface crystallinity as a function of
time for an amorphous water layer with an initial thickness
of 45 ML. (d) Schematic representation of the employed model
depicting a transformed crystalline region at time ¢, following
the appearance of a crystalline nucleus at the surface at time 7.
Crystallization occurs in a thin film of thickness d, which
decreases in thickness as desorption is occurring with a rate
rqes- The nucleus grows with a rate Gy. The results of this
calculation are shown as lines in panel (c).

(53 = 2)% of the interfacial water has been crystallized.
Figure 2(c) shows that the interface crystallinity is
always lagging the bulk, indicating that the crystalliza-
tion does not start at the platinum-water interface. The
observed behavior can be explained by either surface
crystallization or bulk crystallization. To distinguish be-
tween these two possibilities, we also probe the surface
crystallinity.

The surface crystallinity of the sample is determined
through adsorption and desorption of the surface-
structure sensitive probe molecule chloroform, CHCl;.
This well-established procedure, previously performed
with CHF,Cl1 [5] and N, [4], consists of dosing a mono-
layer of CHCI; at 80 K on a (partially) crystallized ice
layer, obtained by interrupting the crystallization
through very rapid (>1 Ks™!) cooling. A temperature
programmed desorption (TPD) spectrum is obtained by
heating the sample at a ramp rate of 0.5 Ks™! and detect-
ing the desorbing CHCI; with a mass spectrometer.
Because of the high heating ramp of 0.5 Ks™!, the crys-
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tallization and desorption of water do not occur until
above 145 K. The right panel in Fig. 1 shows that CHCl;
desorbs from a fully amorphous layer at 130 K [Fig. 1(g)]
and at 140 K from a fully crystalline layer [Fig. 1(h)]. The
TPD spectrum from a partially crystallized water layer
[Fig. 1(i)] can be described by a linear combination, the
relative contributions directly rendering the surface crys-
tallinity. Whereas the RAIR data [Fig. 1(c)] indicate that
(63 = 1.5)% of the bulk has crystallized, the TPD data
show that already (76 * 3)% of the surface has been
converted: the surface crystallizes prior to the bulk.
Figure 2(c) demonstrates that the surface crystallinity
always precedes the bulk. The scatter in the data points
is due to the fact that for every point a new water layer has
to be used, as during the CHCl; TPD the water layer
desorbs.

From the sequential crystallization of water at the
surface, in the bulk, and at the interface [Fig. 2(c)], it is
apparent that there is a significant contribution of surface
crystallization to the conversion of the 45 ML thin water
layer. This conclusion is further corroborated by the ob-
servation that the time-dependent change in desorption
rate, reflecting the surface fraction of crystalline ice
[8,14,18], is faster than the change in bulk crystallinity.
The change in desorption rate is obtained by differentiat-
ing the time-dependent intensity of the RAIR spectra
data in the OH stretch region. As the desorption rate
from amorphous solid water is approximately twice that
of crystalline ice [27], the change in the decrease in the
RAIR spectra intensity upon crystallization directly re-
flects the surface composition.

To quantify the crystallization process, we calculate
the surface, bulk, and interface fraction of crystalline ice
as a function of time [28] for surface nucleation, as
schematically depicted in Fig. 2(d), with z the spatial
coordinate in the layer. We consider a layer of thickness
d (expressed in ML). Crystalline nuclei are formed at the
surface at time 7 with a probability per unit area per unit
time J, (ML™2s™!). These nuclei subsequently grow at
rate G, (ML s~ '), so that, at a given time ¢ > 7, the radius
r of a sphere nucleated at time 7 equals r = Gy(t — 7). As
desorption of water occurs simultaneously at rate rge
(MLs™ 1), the thickness at time ¢ equals (d — rgest). The
surface and interface fraction are readily calculated from
the resulting exposed area of these spheres at either the
water-vacuum surface (at z = rg.f) or water-platinum (at
z = d) interface [28,29]. The volume fraction is obtained
by numerically averaging the slab crystalline fraction
(i.e., as a function of depth z) over the instantaneous
thickness of the film. The effect of different growth rates
for different crystal facets is neglected, as this will aver-
age out for the macroscopic quantities of interest.

As shown in Fig. 2(c), the model reproduces the time-
dependent surface, bulk, and interface crystallinity with
a desorption rate rg, = 0.04 MLs™!, directly obtained
from our experiments, a growth rate G, = 0.17 ML s71,
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which is in agreement with Safarik et al [5], and a
surface nucleation rate Jy=5.5X10"7 ML 257!
These theoretical results demonstrate that surface nuclea-
tion alone can account for the experimental data.

The observation of surface nucleation reflects the en-
ergetics of the crystallization process. These energetics
include chemical potential, surface tension between the
two phases, and density effects. The effect of the density
difference between the amorphous and the crystalline
phase raises the nucleation barrier. However, this contri-
bution scales with the nucleus volume and therefore has a
larger effect for bulk than for surface nucleation. For
surface nucleation, additional contributions arise from
the three-phase line tension (suppressing surface nuclea-
tion) and the surface tension difference between the
amorphous-vacuum interface and the crystalline-vacuum
interface. Apparently, the sum of the contributions from
the line tension and the density difference are smaller
than the absolute value of the surface tension between the
amorphous and the crystalline phase [12], favoring sur-
face nucleation.

In summary, we demonstrate directly that crystalliza-
tion of amorphous solid water films starts at the surface of
very thin water layers. In addition to the potential impli-
cation for the chemistry occurring on interstellar ice
particles, our findings may also have consequences for
atmospheric processes occurring on ice surfaces.
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