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Abstract

We have characterized the vibrational response of grain-boundary water in crystalline ice films
consisting of nanometer-sized crystalline domains. The crystalline ice is grown isothermally on
Ru(0001), and the crystalline domain size is controlled by varying the crystallization
temperature. A distinct vibrational feature in the OD stretching region is observed, which we
attribute to grain-boundary water. The relative contribution of the grain boundary vibrational
response to the overall spectrum increases with decreasing crystal domain size. Its central
frequency is located around 2500 cm™, between that of amorphous solid water and crystalline

ice.
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The characterization of the grain boundaries of ice crystals is important for understanding
a wide variety of environmental subjects such as electrification of clouds,™? phenomena such as

soil freezing, frost heave and perma-frost * *

as well as fundamental subjects such as the
sintering, coarsening, transport behavior and many other properties of bulk ice.>® The
understanding of crystalline grain boundaries is also of importance for chemical reactions on ice,
such as the formation of prebiotic organic molecules in the interstellar medium*° and reactions
that lead to ozone depletion in the stratosphere.™ Ice grains grown on a solid surface always
have a finite grain size, which depends on the condition of the preparation.> ® ** Thus, in
addition to the surface of ice exposed to the vacuum, there exist many grain-grain interfaces.
Molecules and/or ions that can react on ice may diffuse over the surfaces and interfaces of ice
grains; bulk diffusion is much less likely from the viewpoint of thermodynamics. The
interaction between such molecular moieties and the ice surface/interface (i.e. water molecules
at the grain-boundary) therefore determine the fate of these molecules. As a result, the behavior
of the molecular monolayer of water at the surface of ice grains and clusters has received much
attention. Particularly noteworthy are infrared (IR) spectroscopic studies as sensitive and
non-destructive methods to characterize the vibrational properties of aqueous solids. Indeed,
Devlin, Buch, and co-workers have extensively investigated size-selected water clusters in the
gas-phase by IR spectroscopy and have found specific vibrational response of water at the
surface and right below the surface (sub-surface) in small water clusters (Ref.13, 14 and
references therein). Such information has not yet been obtained for water at the interfaces
between crystalline grains in solid films.

Here, we report the vibrational response of grain-boundary water molecules between

crystalline grains at temperatures around 150 K. We have prepared well-defined

nanometer-sized crystalline ice (Cl) grains by the isothermal crystallization of amorphous solid



water (ASW) films grown on a Ru(0001) surface. The number and size of the CI grain can be
controlled in our isothermal crystallization experiments through the different temperature
dependences of the nucleation rate and growth rate of the Cl in the bulk of the ASW films. > **
18 Our results reveal a distinct vibrational response of grain boundary water molecules
localized around the nanometer-sized CI grains.

The experimental apparatus used in this work has already been described elsewhere.!’*®
Briefly, the infrared light from the Fourier transform IR spectrometer (JASCO FT/IR-550) was
p polarized through a ZnSe polarizer. It was then focused on the sample surface in the ultra-high
vacuum (UHV) chamber by a concave mirror through a BaF viewport at an 85° grazing angle of
incidence. The IR light reflected from the sample was detected by a mercury-cadmium-telluride
(MCT) detector. The light paths outside the UHV chamber were purged by pure nitrogen gas to
avoid absorption by ambient air, which contains CO, and H,0. IRAS spectra were recorded at 4
cm™ resolution with 20 scan (40 s) averages. The IR absorbance A is defined as A = —In(R/Ry),
where R and R, are the reflected intensities with and without the water layers on the substrate,
respectively. We investigated fully deuterated water (D,O) because the IR-spectrometer has a
higher sensitivity in the O-D stretch frequency range than in the O-H stretch range of H,0.

The Ru(0001) substrate was cleaned using standard sputtering, annealing, oxidation and
flashing cycles in the UHV chamber with a base pressure of ~1x 10™ Torr. The temperature of
the sample surface is measured by C-type (W5%Re-W26%Re) and K-type (Alumel- Chromel)
thermocouples spot-welded to the edge of crystal. Each of the output Seebeck voltages is
measured by a digital multimeter, referenced to liquid nitrogen temperature. The substrate
temperature was then carefully calibrated by temperature-programmed desorption (TPD)

measurements of D,O from Ru(0001) prior to the experiment.?



The degree of thickness of the water layer is expressed here in monolayers (ML). 1 ML is
determined by the desorption amount of the first water layer strongly interacting with the
Ru(0001) surface that gives rise to one desorption feature near 180 K in the thermal desorption
experiments;” this feature saturates with exposure, after which multilayer desorption occurs
near 160 K. Thin films of ASW of ~50 monolayers (ML) were deposited on the surface at ~90
K. After the deposition of ASW, the layers were heated to the designated isothermal temperature,
T, where IRAS spectra were recorded continuously at 40 s intervals. The IRAS spectra
measured during the ASW crystallization can be reproduced very well by a linear combination
of the spectrum at t = 0 (amorphous solid water) and the spectrum after staying at temperature T
sufficiently long that the spectral response does not change any longer (crystalline ice with
possible contributions form grain boundary water, see below). The “converted fraction” is
defined here as the long-time contribution divided by the weighted sum of the two.}"*® % The
average CI grain size in the converted Cl films was controlled by varying T owing to the
different activation energies for nucleation and growth; At high T, nucleation is dominant and
many small crystalline grains appear, whereas at low T the nucleation probability is low and

relatively large (tens of nm) crystalline grains appear in the films. > *# 118

Fig. 1 shows typical IRAS spectra of ASW and CI films on Ru(0001), where each
spectrum is normalized by the spectrally integrated intensity in the O-D stretch region. An
absorption band with a large width at 2400-2600 cm™ in Fig. 1 is typical of the OD stretching
vibrational mode (vop) of D,O forming a hydrogen bond network, where intramolecular and
intermolecular coupling among D,O molecules cause a large peak-width of vop.'* 22 The first
moment of the absorbance peak is located at higher frequency for ASW: after crystallization the

peak shifts to lower frequency due to the well-ordered and more strongly hydrogen-bonded



network of Cl, as shown in Fig. 1.

As shown in Fig. 1(b) in detail, the spectrum of CI consists of three major noticeable
absorption peaks at ~2340, ~2440 and ~2500 cm™. With increasing crystallization temperature T,
the high-frequency peak shoulder increases in amplitude relative to the low-frequency shoulder,
as indicated by the arrows in Fig. 1(b). We attribute this effect to the variations in average
crystal size with varying temperature. This observation is reminiscent of previous TPD studies,™
16 where differently shaped TPD spectra of probe molecules desorbing from CI surfaces were
observed, depending on the crystallization conditions. The difference of the TPD shape was
attributed to the residual non-crystallized component surrounding the annealed CI grains, which
resists conversion to C1.%*?* As will be described below, our results provide new insight into the
nature of this residual component: it is shown to be distinctly different from the amorphous
phase, and we identify it as grain boundary water.

We note two possible effects 2>?°

that may complicate a straightforward interpretation of
the IRAS spectra: Fresnel (local field) effects and Mie scattering. Fresnel effects may be
different for the different films due to morphological effects caused by the non-uniformity of
water in the film. Mie scattering effects may vary as the crystal size varies with temperature,
changing the scattering properties of the film. We can, however, rule out significant
contributions of these two effects by close inspection of the experimental data recorded at 156.5
and 166.5 K, respectively.

At T = 156.5 K, we have shown previously, using He atom scattering, that the film
morphology changes occur already during crystallization.'” *® The changes in the IRAS spectra
with time are therefore expected to be predominantly due to a change in the average crystal size

with time. Following crystallization, the CI grains are expected to decrease in size by factor of

~2.5 for the spectra shown in Fig. 2(a). This factor is determined from the decrease of the total



amount of water. The resulting changes in the IRAS spectrum are small as evident from the
normalized spectra shown in Fig. 2¢: no significant spectral changes are observed, as shown in
the inset in Fig. 2c, implying that Mie scattering effects [25,26] are not significant. Clearly, the
spectral changes are very small compared to the temperature-dependent differences shown in
Fig. 1. In the latter, moreover, for the smaller crystal grains produced at higher temperature [5,
12, 15-18], the shoulder at ~2500 cm-1 is increased contrary to the trend of Mie-scattering. It
therefore seems evident that the temperature-dependent changes in the IRAS spectrum (Fig. 1)
cannot be explained simply by changes in Mie scattering due to variations in the crystal size.
The effect of morphological changes can be ruled out by inspecting the time-dependent
spectra at 166.5 K shown in Fig. 2(b). At this temperature, morphological changes and exposure
of the first water layer to the vacuum occur while substantial Cl is already present on the surface,
as we have shown previously using He atom scattering.'” ** The inset in Fig. 2(b) is the
corresponding result of He atom scattering, where the increases in the He signal at ~300 s
signifying morphological changes occurs long after crystallization at ~20 s. A close inspection
of the spectra as a function of time again reveals very small changes in the IR response due to
morphological changes as shown by corresponding blue and red IR spectrum in Fig. 2(d).
Hence we conclude that changes in the film morphology also do not significantly affect our
conclusions. We note that the separation between spectral effects due to film morphology and
crystallite size made in the above argumentation is somewhat artificial; we can therefore not
conclusively exclude any possible effects due to local field and/or Mie scattering effects, but the
results of Fig. 2 indicate that these effects are relatively small.
The crystallization of ASW layers proceeds by random nucleation in the bulk of the
material followed by an effectively homogeneous growth, with simultaneous sublimation of the

water occurring.***"*® As shown in Fig. 3(a), the rate of crystallization depends critically on



temperature T. The time traces can be reproduced very well by a calculation based on the
advanced Avrami theory.”” This analysis, shown as lines in Fig. 3(a), provides us with both the
growth rate G(T) and the nucleation probability Jy(T) of crystalline nuclei at each isothermal
temperature T.'*® The derived nucleation probability, Jy(T) [ML® s?] is in good agreement
with previous work.™ *® Its value allows us to estimate the average grain radius of the

transformed Cl, R¢, [ML], shown in Fig. 3(b) at each temperature, using the simple equation:

Ry ~0-5[JNU) [ (1—z<t»dt]% (1)

where y(t) is the time-dependent fraction of the conversion from ASW to CI at the time t, as
shown in Fig 3a. This formula can be understood as follows: the integral provides the average
volume of the amorphous water during the period. The average unit grain volume can be
obtained by multiplying the integral with Jy, in essence dividing the total volume by the number
of nucleation cores. Another way of understanding the formula is that the integral provides the
average time that a water molecule remains in the amorphous phase, so that the formula
provides the average distance between nucleation events. The factor of 0.5 is to convert
diameter to radius. The numerical integration of the traces in Fig. 3(a) reveal that the estimated
grain radius decreases from ~18 ML to ~1.9 ML with increasing isothermal temperature from
152.5 K to 168 K, as shown in Fig. 3(b).

The average calculated grain diameter at low temperatures (~35 ML) is comparable to
the initial film thickness (50 ML). Hence the contribution to the spectrum from the residual
water at the grain boundary in these CI films will be very small. Thus we assign the spectrum at
T =152.5 K (~35 ML grain size) to that of ‘pure’ Cl, i.e., Cl grains with only negligible residual
water at the grain-grain boundary. By subtracting this ‘pure’ CI spectrum component from
measured IR spectrum in Fig. 1, the spectrum of the residual water at the grain boundary can be

obtained. The amount of ‘pure’ Cl spectrum that has to be subtracted was determined by



calculating the surface boundary area using the experimentally derived average grain size, Rg,
in Fig. 3(b). The homogeneous growth of crystalline ice nuclei results in quasi-sphere ice grains.
Assuming complete contact among the ice grain boundaries, the ice grain boundary can be
considered as the Voronoi cell of the ice spheres. In the case of closed pack sphere, the Voronoi
cell is a rhombic dodecahedron as the Wigner-Seitz unit cell of a face centered cubic lattice.
Then, we can easily estimate the fraction of water molecules S contained in the outer monolayer
at the surface of a rhombic dodecahedron (Moronoi cell of the sphere with radius of R¢)), i.e. the
water in the shell between radius Rcy —0.5 and R¢y (note that Rcy is expressed in water
monolayers®):

_4J2R,*-4V2(R, -05) R,’~(Ry -05)
4'\/ERCI:‘} RCI3

()

The derived series of the IRAS difference spectra of the residual water molecules
surrounding the CI grain (referred to as ‘grain boundary water’) is shown in Fig. 4(a) with
calculated value of S as a function of T. Here, the deconvolution is conducted without inclusion
of the spectrum components of the interface between ice and substrate (and thus the component
of the first water layer) as well as ice-vacuum interface since these spectrum components are
expected to be much smaller than the other components of CI, ASW and grain boundary. The
relative contribution of grain boundary water increases as the average grain size decreases. For
the smallest crystalline grains at the highest temperatures, it amounts to as much as 60% of the
overall spectrum. The application of equation (2) is justified by the observation that shapes of
the thus derived grain boundary spectra at different T (Fig. 4(a)) are indistinguishable (i.e.
independent of the isothermal temperature) as shown by the normalized spectrum in Fig. 4(b)
and also markedly different from the shape of ASW and CI spectra. Different procedures to

extract this ‘grain boundary spectrum’ from the raw data result in very similar spectra.



The spectral shape of the grain boundary water differs from that of Cl and ASW in Fig. 4,
which indicates the existence of the water molecules having a different vibrational property
from that of ASW and CI: the residual water molecules surrounding ClI are not just unconverted
ASW but exhibit distinct vibrational properties. Note that the vibrational response is markedly
different not only from ASW or CI but also from that of water at the ice-air interface, which is
characterized by a dangling O-D bond with a mode frequency around ~2700 cm™. ** 2 The
spectral shape of the grain boundary water is relatively narrower than that of ASW and CI and
the central frequency is located around 2500 cm™, between that of ASW and CI as shown in Fig.
4, indicating a well-ordered H-bonded network with intermediate strength of two phases of
ASW and CI. This is also different from previously reported spectrum components of
disordered subsurface ice.”* ** The observation of a well-defined, relatively sharp vibrational
spectrum is surprising considering the heterogeneity one might expect for this interfacial system.
As the future work, the diffusivity of foreign molecule/atom along the ice grain surfaces may be

derived and discussed in detail by tracing the spectrum component of the grain boundary water.

In summary, we have experimentally derived the vibrational spectrum of localized
grain-boundary water molecules surrounding nanometer-sized ice crystallites isothermally
grown on Ru(0001). A distinct vibrational response of the OD stretching vibrational mode of
grain-boundary water is reported, located in the frequency region around 2500 cm™, between
the amorphous solid water and CI, with a relatively sharp width. This is different from known
absorption frequencies of vop(dangling-OD) at 2670, 2730 and 2750 cm™, possibly due to the
interaction among the grain boundary water molecules.
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Figure caption
Fig. 1: Typical IRAS spectra of ASW (~25 ML), (a), crystalline ice, (b). The spectra were

normalized by the integral intensity of the absorbance.

Fig. 2: (a) and (b) : Evolution of IRAS spectra upon annealing at (a) 156.5 K and (b) 166.5 K
for initially 48 and 61.5 ML ASW on Ru(0001), respectively. During the period up tot =0 s, the
temperature increases from ~90 K to the designed temperature with a heating rate of ~0.2 K/s.

The temperature is then held at the designated temperature. The absorbance intensity decreases

11



with time due to the sublimation of water.!” *® The inset in (b) shows the simultaneously
measured scattered He intensity (specularly reflected from the surface) as a function of time at T
= 166.5 K. The initial rapid increase in the HAS intensity indicates the crystallization of ASW
while second increase at ~300 s indicates the exposure of the first water layer to the vacuum."”
'8 (¢) and (d) show the normalized IRAS spectra shown in (a) and (b), respectively, at the points
designated by the arrows. The spectra are normalized based on the absorption peak intensity at
~2450 cm™ with scaling factors indicated in the figure. The blue and red IR spectra in (d)
correspond to spectra before and after the morphological changes at t = 300 s apparent from the

He scattering (b).

Fig, 3: (a) Converted fraction from ASW to CI estimated from IRAS fitting analysis shown in
Fig. 1(b).}"*® Results at various temperatures are shown as a function of isothermal annealing
time. Solid curves are indicating the calculated results based on the model presented in Ref. 27.

(b) Estimated average CI grain size as a function of the isothermal annealing temperature

Fig. 4: (a) Derived IRAS spectra of water molecules at grain-boundary of CI (see text). (b)
Normalized spectrum of grain boundary water shown in (a) and average spectrum of normalized
spectra. The spectrum of ASW and CI (spectrum at T = 152.5 K) are also shown for the

comparison.
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Fig. 1 Takahiro Kondo, Hiroyuki S. Kato, Maki Kawai, and Mischa Bonn
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Fig. 2 Takahiro Kondo, Hiroyuki S. Kato, Maki Kawai, and Mischa Bonn
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Fig. 3  Takahiro Kondo, Hiroyuki S. Kato, Maki Kawai, and Mischa Bonn
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Fig. 4 Takahiro Kondo, Hiroyuki S. Kato, Maki Kawai, and Mischa Bonn
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