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Abstract

We report the results of a fast thermal desorption spectroscopy study of the H/D isotopic exchange
kinetics in a few micrometer thick, pure polycrystalline ice film and in ice films doped with HCl. Using
the isotopic exchange reaction as a probe of molecular transport in ice, we were able to determine the
effective water-self diffusion coefficients, D,4 in pure and doped polycrystalline ice at temperatures
ranging from -18 to -1 °C. In the case of pure polycrystalline, D s demonstrates an Arrhenius dependence
on temperature with an effective activation energy of 69 = 3 kJ-mol™ and a pre-exponential of 107"’
pum”ms” up to -2 °C. According to our analysis, the self-diffusion coefficient of water at the grain
boundaries also shows an Arrhenius dependence on temperature with an activation energy of 69 + 3
kJ'mol™ and pre-exponential of 10"*' um*ms™. However, upon the addition of 0.04% of HCl into the
polycrystalline ice results in a marked deviation of D¢ from Arrhenius law at -8 °C, which we attribute to



premelting, which takes place intersections of grain boundaries. We discuss structure and transport
properties of condensed aqueous phase at grain boundaries in polycrystalline ice at various temperatures.

I. INTRODUCTION

Ice plays a crucial role in a variety of environmentally relevant processes such as frost heave, glacier
motion, growth and decay of sea ice, dynamics of polar ice caps, chemical processing of pollutants in the
atmosphere, water purification and desalination by freezing, and analysis of ice cores climate proxies'™'.
Despite centuries of scientific inquires fundamental chemical and physical properties, water and ice
remain poorly understood. The lack of fundamental understanding of chemical and physical phenomena
which occur in the condensed aqueous phase has a negative impact on progress in many applied fields.
In the current article, we report the results of our ongoing experimental investigation into the transport
properties of the aqueous phase confined to the grain boundaries of fine polycrystalline ice at
temperatures near its melting point.

Due to the extremely low solubility of most molecular species in single crystal ice samples, the grain
boundaries (GB’s) in polycrystalline ice samples serve as the primary storage and reaction sites for
chemical impurities. Therefore, an understanding of the bulk reactivity in polycrystalline ice requires
extensive information on the properties of the condensed aqueous phase confined at the GB’s. Such
information includes: the GB’s dimensions at various temperatures; the transport properties of GB’s, i.e.,
the diffusivity of water and other chemical species along the GB’s; and the reactivity of water and other
chemical species confined to microscopic dimensions characteristic of grain boundaries. Although the
surface and bulk properties of single crystal ice have been the subject of many past experimental studies,
the GB phenomena in ice have remained relatively unexplored.

Lack of experimental investigations of the ice grain boundary phenomena can be explained by numerous
challenges involved in studies of these condensed aqueous phase systems. Naturally occurring ice
samples, as well as those grown in the laboratory, are usually characterized by a large average grain sizes,
which makes it difficult to distinguish between processes at the grain boundaries and in the crystallites.
Furthermore, there are very few experimental techniques which facilitate real-time, in situ interrogations
of molecular transport and chemical reactions in the bulk of ice near its melting point.

Using a novel experimental approach, fast thermal desorption spectroscopy (FTDS)***, we were able to
overcome many of the challenges involved in studies of physical and chemical phenomena at grain
boundaries in polycrystalline ice. The central idea of our experimental approach is simple and reminiscent
of the desorption experiments conducted by Langmuir’'. At the core of our experimental setup is a thin,
10 micrometers in diameter, tungsten filament positioned in a vacuum chamber and initially set at
temperatures below -150 °C. At this temperature, a few micrometer thick amorphous solid water (ASW)
films doped with a variety of chemical species can be grown on the filament by vapor deposition.
Following the deposition, the film is rapidly (over a fraction of a millisecond) heated to a value near 0 °C
by passing electrical current through the filament. During the heating stage of the experiments, the ASW
film crystallizes which results in a polycrystalline ice sample characterized by extremely small (less than
30 nm) average grain size. The heating and crystallization is followed by nearly isothermal vaporization
of the film at temperatures near 0 °C. During the isothermal vaporization stage of the experiments, the
flux of species evolving from the polycrystalline ice film is monitored with a mass spectrometer, thus,
making it possible to directly observe the progress of a reaction in its bulk.

Recently, we conducted series of FTDS experiments with sandwich-like H,O/D,O/H,0 ice films. The
main objective of these studies was to infer water self-diffusion coefficients in polycrystalline ice near 0
°C from the kinetics of H/D exchange between H,O and D,O layers. While in our previous article® we



report estimates of the absolute values of water self-diffusion coefficients at grain boundaries at a single
temperature of -2 °C, the focus of the current work is the temperature dependence of water diffusivity in
pure polycrystalline ice and in polycrystalline ice doped with HCI. As we describe in the following
sections of this article, comparison between temperature dependence of self diffusion in pure and doped
ice makes it possible to gain significant insights into structure, transport properties, and possible phase
transitions in a confined aqueous phase at grain boundaries. We hope that in addition to its fundamental
value, essential conclusions of this work may be of interest to researchers in the field of environmental
science.

II. EXPERIMENTAL

i A detailed description of the FTDS apparatus and standard
e experimental procedures can be found elsewhere™?*; therefore,
only a brief account is provided here. As shown in Figure 1a, ice
films are grown on the surface of a tungsten filament (10 pm in
diameter, 2 cm long), which is spot-welded to the supports of the
filament assembly. The supports, while in thermal contact with the
liquid nitrogen-cooled heat sink, are electrically isolated from the
rest of the apparatus. The filament assembly includes a thermal
/ b le 1 S €] control system capable of maintaining the filament supports at
temperatures ranging from -160 °C to -120 °C. The assembly is

surrounded by cryogenic shields (not shown) and positioned in a

l& vacuum chamber pumped with a 2500 L-s™ Varian diffusion pump.
v ey e w0 The chamber is maintained at pressures below 3-107 Torr, during

all stages of FTDS experiments.
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Figure 1

Water vapors (H2016, H,0", and D,0) are delivered from the
vapor source to the filament via an array of effusive dosers, which consist of 12 stainless steel tubes with
an 1/8”’ diameter. The dosers are equally spaced around the filament at a distance of approximately 5 cm
from its center (not shown in Fig. 1a). The intersecting vapor beams from the dosers lead to the formation
of a relatively dense water vapor cloud around the tungsten filament and, thus, facilitates the deposition of

uniform ice films with a neat cylindrical geometry and thickness of up to 4000 nm at a rate of 1 to 50
nm/s.

After deposition, rapid, nearly isothermal desorption of the film is initiated by applying a 2V — 5V
potential difference across the filament. In the course of the entire FTDS experiment, the voltage across
the filament and the current through the filament are recorded every four microseconds by a custom
designed data acquisition system. The effective resistance values are calculated from current and voltage
data according to Ohm’s law. The temperature is then calculated from the resistance data using the
temperature coefficient of electrical resistivity of tungsten (0.0045 °C™). A calibration procedure, based
on the melting of micrometer thick polycrystalline ice films, was routinely performed to ensure the + 1.5
°C overall accuracy of filament temperature measurements®.

During rapid desorption of the film, the flux of vaporization products is analyzed simultaneously with
three different types of detectors. First, a fast ionization gauge (FIG) is used to monitor the overall
vaporization kinetics of the films. The FIG was positioned 6 cm away from the filament behind a
centimeter-wide slit cut between cryogenic shields. Second, the vaporization products are analyzed with a
quadrupole mass spectrometer situated approximately 10 cm away from the filament (QMS-1) inside a
differentially pumped vacuum chamber”**. Finally, in selected experiments, the velocity distributions of
vaporization products were studied with a time-of-flight (TOF) arrangement, which utilized a sensitive



quadrupole mass spectrometer (QMS-2), and a rotating chopper wheel. The QMS-2 was positioned inside
a doubly differentially pumped chamber at approximately one meter away from the filament™.

Figure 1b illustrates the typical data obtained in a FTDS experiment. It shows the H,O flux from the
filament and the corresponding temperature of the filament. The H,O flux was measured with the QMS-1.
As shown in the Fig. 1b, a rapid rise in the temperature of the filament during the first millisecond of the
FTDS experiment is followed by a region of relative thermal stability. Indeed, examination of the
temperature data after 1 ms demonstrates that the temperature of the filament increases by less than 2 °C
during the next several milliseconds of the desorption experiment. Achieving a steady state temperature
coincides with the onset of H,O desorption.

The steady-state vaporization regime can be rationalized in the following way: the heat generated by
filament leads to rapid increase in temperature during initial stage of the experiment. However, at
temperatures above -100 °C, resistive heating of the filament is counteracted by cooling due to
vaporization. Thus, a dynamic equilibrium is achieved at a temperature where the vaporization rate of ice
is sufficiently high so that the power generated by the filament is equal to the heat flux from the surface of
the filament due to vaporization of the ice film.

Due to its cylindrical geometry, the evaporation of ice results in gradual decrease in the surface area of
the film during steady-state evaporation. However, a gradual decrease in the surface area also leads to an
increase in the temperature of the filament due to a lower cooling efficiency. Because of a strong
Arrhenius dependence of the vaporization rate on temperatures, this drift in temperature is less than a few
degrees. Although not immediately apparent in Fig. 1b, the temperature of the filament indeed increases
slowly from -5 to -3 °C during steady-state vaporization of a few micrometer thick ice films. However,
careful examination of the power, temperature, and vaporization data shows that vaporization of the ice
samples is consistent with zero-order desorption kinetics.

Observation of zero-order desorption kinetics leads to several important conclusions. First, during
isothermal desorption near 0 °C, the ice adlayer on the surface of the filament is a neat film free of /arge
pores or ruptures, i.e., the film covers the entire filament surface”. Second, the temperature gradient
along the length of the filament is negligible except within a fraction of a millimeter near the ends of the
filament™. Finally, since the temperature of the filament does not vary significantly with the film
thickness during vaporization, the temperature gradient in the film must be less than a few degrees®. Note
that in the past, we also used data from the TOF experiments to characterize thermal gradients across the
bulk of vaporizing D,O ice films™. In these experiments, the temperature of the ice surface was
determined by fitting Maxwellian distributions to the experimental TOF spectra and was compared to the
temperature of the filament derived from resistance measurements. The temperature values obtained by
these two methods were equal within the experimental errors (+ 3 °C), thus, proving that the temperature
gradients in FTDS experiments are, indeed, small.

Mass, thickness, and phase composition of our ice samples were determined by an ultrafast
microcalorimetry technique®*. In these experiments, the combined effective heat capacity of the ice film
and the filament was calculated as the ratio of the power generated by the filament to the first time
derivative of the temperature. Figure 1c illustrates the typical results. The solid line shows the effective
heat capacity of the filament with a H,O film vapor-deposited at -150 °C, and the dotted line shows the
effective heat capacity of the filament with a H,O film vapor-deposited at -150 °C and then annealed at
temperatures near -10 °C for a fraction of a millisecond. In the case of the annealed film, the monotonic
increase in heat capacity of the filament-film system, i.e., the lack of exothermic transitions characteristic
of crystallization, demonstrates that the ice sample is crystalline. However, in the case of the film
deposited at -150 °C, the effective heat capacity shows partially overlapping irreversible exotherms,
which we attribute to crystallization of the initially amorphous ice sample’>*. Assignment of the



exotherms shown in Fig. 1¢ to crystallization of amorphous ice is facilitated by approximately 2 kJ/mol
enthalpy release, which is close to previously reported values®. These calorimetric experiments also show
that non-crystalline ice films always undergo crystallization before steady state vaporization can occur at
temperatures above -25 °C. Assuming that a crystallized film has the specific heat capacity and density
of hexagonal ice, the estimate of the total mass of the film can be obtained by simply dividing the total
heat capacity of ice film by the specific heat capacity of hexagonal ice. Using the mass of the ice film and
assuming that ice film geometry is close to that of a neat cylinder, we routinely determine the thickness of
our films with accuracy of = 10%*.

I1. RESULTS D0 layer position / pm

A. FTD spectra of D,O and HDO in the case of pure ice 0 p ) 3
Figure 2 shows the fast thermal desorption (FTD) spectra of D,O and (FRTRLLRITY IRTTLPIOTI PRRTLIIIRL ]
HDO from 3.5 micrometer thick H,O/D,0/H,0 ice films undergoing To €| HO® NN
vaporization at a near constant temperature of -1 + 1 °C. The sandwich- @MS o, Filament
like H,O/D,0O/H,O films were grown by vapor deposition on the ——»' Reaction Time
filament’s surface at -155 °C. The low deposition temperature /
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As shown in Fig. 2, a layer of D,0, initially positioned at a distance of __J[—H_o:m
1.2 micrometers away from the film’s surface, evolves from the ice film o 1 2 3
only after vaporization of the overlying H,Olayer. The time interval

from the onset of H,O vaporization to the appearance of the D,O

vaporization peak, or the mean residence time of D,0 in the bulk of the H,O film, gives the mean reaction
time for H,O/D,0 isotopic exchange. Integration of the FTD spectra in Fig. 2 demonstrates that
approximately 25% of the initial amount of D,O is converted to HDO over the time span of
approximately 1.7 ms, when the vaporization of the film occurs near -1 °C.

minimized the reaction between D,O and H,O, during film deposition.
After the deposition, the films were heated with an average rate in
excess of 10° K/s to a temperature near ice melting point. Based on the
thermogram measured during this rapid temperature rise, the initially
amorphous H,O/D,0O/H,0 film underwent a complete crystallization at
temperatures near -60 °C. The effective thickness of the crystalline
D,0 layers was estimated as 350 + 15 nm.
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Both the HDO and the D,O FTD spectra in Fig. 2 are broad and consist of

oot two distinct features: a weak shoulder at 1.2 ms and a peak at 1.8 ms. As
T°*| . Ho* NN described in our previous article®, the shoulder in the isothermal desorption
aus 1202 Reaction spectra of HDO, and D,O represents the vaporization of tracer species
—qoc T Tme residing at or near the grain boundaries; whereas, the peak corresponds to
- the vaporization of tracer species incorporated into the crystallites of the
bo polycrystalline H,O ice film. Although an analysis of a FTD spectrum
; >< ’ shape may, in principle, provide information on the diffusivity of the tracer
8 species in the bulk of the polycrystalline H,O ice film, such an analysis
E‘; ) \ would be complicated by the surface morphological dynamics and TOF
@ broadening®. Therefore, our investigations of molecular transport in
5 polycrystalline ice were based primarily on studies of the H/D exchange
>< HDO kinetics, which was accomplished by integration of FTD spectra of HDO

and D,0 measured at various temperatures.
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0 > a4 e Figure 3 presents FTD spectra of D,O and HDO obtained at temperatures
Figure3 Time/ms ranging from -10 to -1 °C. The initial position of the D,O layer in the bulk

of H,O film (see the top panel in Fig. 3) was 1.2 micrometers away from the



surface in all experiments. The thickness of the D,O layer was the same in all experiments and equal to
approximately 350 nm. As shown in Fig. 3, lowering the temperature of isothermal desorption leads to an
increase in the residence time of D,O due to slower vaporization of the overlaying H,O layer at lower
temperatures. However, a cursory comparison of the desorption spectra in Fig.3 indicates that the amount
of HDO in the isotopic exchange reaction decreases with temperature in spite of the longer mean reaction
time. The decrease in the HDO yield at lower temperatures, which occurs despite longer reaction times,

implies a strong dependence of the rate of H,O/D,0 interdiffusion on temperature.

D0 layer position / ym
TP FOVOTIRR POOTOON B. FTD spectra of D,O and HDO in the case of doped ice.
o : [ HO+HCL NS The primary goal of the experiments described in this article was to gain
insights into structure, transport properties, and possible phase transitions in a
confined aqueous phase at grain boundaries in pure polycrystalline ice. This
b0 goal is best accomplished through comparison of the results from FTDS
¥ studies of pure ice with those of ice doped with chemical species which
ionize in polycrystalline ice even at cryogenic temperatures. A well-studied
oo example of such species is hydrogen chloride (HCI), which undergoes
/ dissociation on surface ice at temperatures perhaps as low as 120 K**. In
addition to serving as practical means for achieving the primary objective of
our FTDS studies, the experimental results with HCI may also be of general
/"“‘\ fundamental and applied interest due to abundance of these species in the
atmosphere®.
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~ Time/ms Figure 4 shows the fast thermal desorption spectra of polycrystalline ice
Figure 4 doped with HCI. Doped polycrystalline ice films used in these experiments
were prepared exactly as described in the previous section with one
exception: during H,O and D,O deposition the filament chamber was pressurized to 5-10” Torr with 5%
mixture of HCI and helium gases (Spectrogases). According to the mass spectroscopic analysis of flash
desorption spectra, concentration of HCI in the resulting doped films was on the order of (2+1)-10™* (mole
fraction), or approximately 0.04 % by mass.
Comparison of data in Fig. 2 and 4 shows significant differences between the 0 >0 Ia‘:er posm: niw 3
FTD spectra in the case of doped and pure polycrystalline ice. First, the ratio
of HDO and D,0 yields in the case of doped polycrystalline ice is much qms

greater than that in the case of pure ice. Second, the width of the HDO o0 rea
isothermal desorption spectrum in the case of doped ice is greater than that in 3% Time

the case of pure ice. Both of these observations imply a greater
interdiffusion rate between H,O and D,O layers in ice seeded with HCI.

DO
Figure 5 shows the temperature dependence of the HDO and D,O spectra in XX\
the case of doped ice. Once again lowering the temperature of isothermal
desorption leads to shift in HDO and D,O vaporization spectra toward longer
times, i.e., results in longer residence/reaction time due to slower

vaporization of the overlaying H,O at lower temperatures. Unlike the data X "o
QN

QMS Sianal / a.u.

presented in Figure 4, the amount of HDO produced in the H/D exchange
reaction exceeds significantly the amount of unreacted D,O at any e
temperature. FTD spectra of HDO in Fig. 5 are also significantly broader ° : : °
those in Fig. 4.

Fiqure 5 Time / ms

C. Analysis of FTD spectra.
The fast thermal desorption spectra shown in Figure 3 and 5 contain a wealth of information on the
transport properties of polycrystalline ice at temperatures near its melting point. In our previous article®,



Initial D,O Layer we described the results of FTDS experiments conducted at a single
| Thickness | vaporization temperature of -2 °C. In particular, we studied dependence of

HDO and D,0 yields on the initial thickness of the D,O layer. From these
studies, the following qualitative view of interactions between D,O and

H,O0 layers in polycrystalline H,O/D,0/H,0O films emerged:

HDO
H 1. When not limited by molecular diffusion of H,O and D,0, the H/D

Reaction Zone exchange in pure polycrystalline ice is rapid, resulting in complete

Figure 6 conversion of a few nanometer thick D,O film to HDO on a sub-

millisecond time scale.

2. As shown in Fig. 6, when the initial thickness of the D,0 layer is on the order of a few hundred
nanometers, the H/D exchange in polycrystalline ice films is confined to relatively narrow
reaction zones at the interfaces between the H,O and D,O layers. The effective width of the
reaction zone is determined by the extent of interdiffusion between the H,O and D,O layers over
the mean reaction time.

3. HDO yield from the reaction between the D,O and H,O layers is proportional to the effective
width of the reaction zone.

Taking into account the results of our earlier experiments, we arrive at a simple method for gauging the
relative magnitude of the effective water self-diffusion coefficients in polycrystalline ice at various
temperatures. Since the HDO yield, is proportional to the width of the reaction zone, i.e., to the effective
length scale of the H,O/D,0 interdiffusion in polycrystalline ice, the effective water self-diffusivity, D,y
can be estimated as

where Yypo is the relative HDO yield, which can be calculated by integrating a FTD spectrum over
isothermal vaporization time, and #; is the mean reaction time.

Although Eq. 1, which is essentially the Einstein-Smoluchowski relation, is unlikely to provide a correct
description of the molecular transport in inhomogeneous polycrystalline ice films, it makes it possible to
summarize the results of the FTDS experiments in a comprehensive way. Furthermore, as we discuss
immediately below, the deviations of the D.; from the Arrhenius dependence on temperature allow
significant insights into the physical properties of the aqueous phase at the grain boundaries in our
polycrystalline ice films.

D. Effective water self-diffusion coefficients.

The effective water self-diffusion coefficients, D, calculated for various temperatures using Eq. 1 in the
case of pure and doped polycrystalline ice films are shown in Fig. 7. As we already explained, the HDO
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yields were obtained by integrating the corresponding HDO FTD spectra over the vaporization time. The
absolute values of water self diffusion coefficients were estimated by using results of our previous FTD
experiments, where a quantitative relationship between the HDO yield and the width of the reaction zone
was established®’. According to this study the D in the case of pure polycrystalline ice was 107402
pum*ms™ at -2 + 1.5 °C. Because the conditions of FTDS experiments described in this article were
essentially the same as in our previous study*, the absolute value of the water self diffusion coefficient at
-2 °C can be used to estimate the absolute value of D, at other temperatures.



As shown in Fig. 7, in the case of pure polycrystalline ice, the D,y
dependence on temperature is consistent with the Arrhenius law up to -
2 °C. The effective activation energy, E.4 obtained from Arrhenius fit
of D,y values in this temperature range, is 69 + 3 kJ -mol™, i.e., is near
the activation energy for water self diffusion in single crystal ice
determined by George and coworkers in experiments with vapor

10°

F'g 1 deposited ice films at cryogenic temperatures (approximately 70
E ] kI'mol")”’. The diffusion pre-exponential, Dy, is 5-10*"¢ pm*ms™.
:: . The absolute values of D,; obtained in FTDS experiments are, on
S average, 10-100 times greater than those measured in previous

experiments with macroscopic ice single crystals at temperatures near
the melting point™®. We note that low temperature studies® of HDO
diffusivity in ultrathin (presumably single crystal) ice films resulted in
D, values, which were also approximately two orders of magnitude
10° =TT T 1 greater than the water self-diffusivity values extrapolated from data

20 -6 -2 -8 4 0 optained with macroscopic single crystal ice sample.
Fig. 7 T/°C

In the case of polycrystalline ice doped with HCI, the water self-
diffusion coefficients are from one to two orders of magnitude greater that those for pure polycrystalline
ice, and, consequently, 100-1000 times greater than those in pure single crystal ice. We note that this
result is also consistent with low temperature measurements of diffusivity in doped single crystal ice by
George and coworkers®’. Furthermore, unlike D.;in pure ice, water self-diffusivity in polycrystalline ice
doped with HCI shows a more complex dependence on temperature. As shown in Fig. 7, the E,; for water
self diffusion in doped polycrystalline ice is close to 70 kJ-mol™ at temperatures below -8 °C. However, it
nearly doubles at higher temperatures.

IV. DISCUSSION
A. Diffusive regime
In order to interpret the observed dependences of D, on temperature, we must first determine the correct

L = (5Dg)" (/D)™ 2)

theoretical model for description of transport phenomena in polycrystalline ice under conditions
characteristic of our FTDS experiments. As we explained in the previous section, our analysis of water
self-diffusivity in polycrystalline ice relies on the estimate of the width of the reaction zone, L, which is
determined by the rate of intermixing of D,O and H,O at the interface of two isotopically distinct regions
in polycrystalline ice. In other words, our experimental arrangement is essentially a diffusion couple,
where the characteristic penetration depth is the width of the reaction zone. Although it formally follows
from the Eq. 1 that L is a simple function of an effective diffusion coefficient, we emphasize that, in
general, the penetration depth may be a function of the following parameters: the diffusion coefficient at
the grain boundaries, D,;; the diffusion coefficient in the crystallites, D.; the average crystallite size, G;
the grain boundary width, §; and the “annealing time”, ¢, which is the average reaction time for H/D
exchange in our FTDS experiments. Depending on the relative magnitude of these parameters, a
different theoretical description of the diffusion process in inhomogeneous polycrystalline media must be
applied. For example, when & << (D, - t)"” << G B-regime occurs, and the effective penetration depth
can be estimated as™

However, when G << (D, - #)'” diffusion is in A-regime’’, which is characterized by a different
relationship between various parameters of the polycrystalline solid:

L= (& D, t+ &y Dy t)"?, 3)
8



where & and ¢, are the volume fractions of crystallites and grain boundaries in the bulk of a
polycrystalline material, respectively. Note that the expression in the brackets in Equation 3 is essentially
D.;t, where D,z the effective diffusion coefficient, is given by the Hart-Mortlock equation’, i.e., by a
linear combination of diffusion coefficient along the grain boundaries and the diffusion coefficient in the
crystallites.

Despite the uncertainties in values of the parameters in Eq. 2 and 3, we can still gain insights into the
molecular transport at grain boundaries by using these equations in analysis of observed temperature
dependence of the HDO yield. First, we must determine the diffusive regime characteristic of our
experimental conditions. We begin with assuming that water self-diffusion in polycrystalline ice under
conditions characteristic of our experiment follows the B-regime. Substituting expression for L given by
Eq. 2 into Eq. 1, and taking the logarithm of both sides of the resulting equation, the following
relationship between various activation energies involved in the diffusion-vaporization process can be
obtained:

Eeﬁ‘ = Egb - 1/2 Ec - 1/2 Evap (4)

where E,, and E, are the activation energies for water self-diffusion along the grain boundaries and in the
crystallites of the polycrystalline sample, respectively, and E,,, is the activation energy for vaporization of
the polycrystalline ice. The later term in the Eq. 4 arises from temperature dependence of the mean
reaction time, which is inversely proportional to the zero-order vaporization rate of the polycrystalline ice
film. Note that the value of E,,, at temperatures near 0 °C was only recently determined in FTDS studies

of the absolute vaporization rate of ice®>.

Combining the known values of E. and E,,, (approximately 70, and 48 kJ- mol™) with the value of Eoy
derived from the D, data in the case of pure polycrystalline ice, we can estimate the activation energy for
water self-diffusion along impurity-free grain boundaries. Thus, under assumption of the B-diffusive
regime, the E,, is approximately 130 klJ- mol™', which is significantly greater than the activation energy
for water self-diffusion in single crystal ice. Such high value of the activation energy for diffusion along
defect-rich grain boundaries indicates that diffusion in our polycrystalline samples is nof in the B-regime
and a different theoretical description of the molecular transport must be used. By exclusion®, we
conclude that the microstructure and transport properties of our samples result in the A-diffusive regime™.
Immediately below we give additional arguments in support of this conclusion.

As we described in the experimental section of this article, our polycrystalline ice sample are obtained by
homogeneous crystallization of initially amorphous ice films during rapid heating.  Although
crystallization of our amorphous ice is complete prior to the onset of near isothermal vaporization, due to
a short time scale of FTDS experiments (a few milliseconds), only a limited growth of the crystalline ice
nuclei is expected during isothermal vaporization of the film. Assuming that the average diameter of the
initial crystalline nuclei is on the order of a few nanometers, we can estimate the maximum size of the
crystallites during vaporization of the film, by taking advantage of availability of experimentally
determined ice grain growth constants’. Such an estimate results in a value of less than 30 nanometers
for the average diameter of crystalline grains in our polycrystalline films**.

Small grain dimensions of polycrystalline material is a prerequisite of A-type of diffusion, which arises
when the mean diffusive length in single crystal material is greater than the average size of the crystallites
on the time scale of an experiment, i.e., when G << (D, - t)"°. Taking into account the fact that the D, in
nanoscale crystallites may be as high as 10* pm”*ms”, and that the average grain diameter may be
somewhat smaller than our upper estimate of 30 nm, it is not surprising that the A-type theoretical
formalism provides a correct description of the diffusion in our polycrystalline ice. The failure of the
analysis based on Eq. 2, which requires mean diffusive length in single crystal to be significantly smaller
than the average crystallite diameter, to provide a realistic estimate of the activation energy for water self



diffusion along impurity- free grain boundaries further strengthens this conclusion. Note that in doped ice,
the A-diffusive regime is even more likely because the average crystallite size is expected to be smaller
than that in pure due to a decrease in the crystallite growth rate®.

B. Molecular transport and phase transition at grain boundaries in pure polycrystalline ice.

Having identified the A-regime as the most probable diffusive regime under our experimental conditions,
we can continue with a quantitative analysis of D,y data in Fig. 7. As it follows from Eq. 3, during the A-
type diffusion process, D, is simply a linear combination of two diffusion coefficients, i.e., the
coefficient of water self diffusion along the grain boundaries, D, and in the crystallites, D,:

Def = & D. + Egb’ ng (5)

where &, and &, are the volume fractions of polycrystalline ice sample occupied by crystallites and grain
boundaries. Using Eq. 5, we attempted to determine the range of Dy, consistent with our experimental
measurements of D, at various temperatures. The results of this analysis are summarized immediately
below.

Although, the volume fraction of our polycrystalline ice sample occupied by grain boundaries could not
be determined directly in our experiments, we can still estimate its lower limit. Indeed, the minimum
grain boundary width must be on the order of a few molecular diameters, i.e., approximately 1-2
nanometers. Thus, taking into account the maximum average diameter of the grains (30 nm), we obtain a
value of a few percent for the minimum grain boundary volume fraction. Combining this lower limit
estimate of &, with the lowest possible value of D., we can calculate the maximum value of Dy, at a
particular temperature using Eq. 5.

Figure 8 shows the range of possible values of Dy, calculated for various o L water
temperatures (dashed lines). The water self-diffusion coefficients in vy
single crystal ice®* (cross-hatched region), and in liquid water® (solid ]

line) are shown for comparison. The upper estimates of Dy, correspond
to the effective grain boundary width of one nanometer, while the lower
estimate assumes that the grain boundary width is on the order of 5 nm. 107 3
The water self diffusion coefficient in crystallites was assumed to be ]
equal to that in bulk single crystal ice. While estimates of D, at a
particular temperature may differ by an orders of magnitude depending
on the assumed grain boundary and crystallite dimensions, they are still 10% 3
several orders of magnitude /ower than self-diffusivity in bulk water. ]
Furthermore, according to the Arrhenius analysis of the grain boundary 10° o Single Crystal lce
diffusivity data in Fig. 8, the effective activation energy of water self- :
diffusion along the grain boundaries is 69 + 3 kl'‘mol”, i.e., near the 10° T
greatest measured value for water self diffusion in single crystal ice (70
kJ-mol™)?’, and much lower that the E, in bulk water (25-30 kJ-mol™)¥, _ Ti%C

or in the near surface “quasi-liquid layer” obtained in NMR experiments Figure 8

(23 kJ'mol™)**. Also note that the activation energy for water self-diffusion along grain boundaries is
much higher than that in near surface regions of ultra-thin ice at cryogenic temperatures® . Thus, an
important conclusion follows: the inferred value of the effective activation energy for water self-diffusion
along grain boundaries in fine polycrystalline ice excludes the possibility of the formation of liquid-like
inclusions in the bulk of pure polycrystalline ice at temperatures up to -2 °C.

Grain Boundaries

D /pm?* ms™
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In the absence of grain boundary premelting, high apparent water self-diffusion coefficients at grain
boundaries can be explained by two to four order increases in the density of interstitial, vacancy, or ionic
defects at the interface between crystallites in the bulk of the polycrystalline ice sample. In other words,
at temperatures as close to the melting point as two degrees, the grain boundaries in pure ice are neither
liquid channels nor fissures in polycrystalline sample bulk. It also follows from the estimates of
activation energy for water self-diffusion along the grain boundaries that the empirical rule, which
postulates that activation energy for grain boundary diffusion is approximately 0.6 of that in single
crystal’®, may not be true in the case of pure polycrystalline ice.

C. Molecular transport and phase transition at grain boundaries in doped polycrystalline ice.

Insights gained during analysis of water self-diffusivity data in the case of pure polycrystalline ice make
interpretation of the observed temperature dependence of D.; in the case of doped polycrystalline ice
straightforward. The addition of HCI to vapor-deposited aqueous films must result in inhibited grain
growth and a greater density of defects in the crystallites. As expected, a greater density of interstitial,
vacancy, and ionic defects due to smaller grain size and impurities leads to an order of magnitude increase
in the effective water self-diffusivity in doped polycrystalline samples. Nevertheless, at temperatures
below -8 °C, the dependence of the D,; on temperature demonstrates an apparent activation energy for
water self diffusion, which is still nearly equal to the activation energy in single crystal ice.

At temperatures near -8 °C, the D, begins to deviate from Arrhenius law, which is manifested by a
sudden increase in the apparent activation energy. In principle, the increase in the rate of the molecular
transport observed at temperatures above -8 °C in the case of doped polycrystalline ice can be interpreted
in two distinct ways. First, a rapid increase in the D,; with temperature above -8 °C may signify the
formation of liquid-like inclusions in the bulk of the polycrystalline ice, i.e., grain boundary premelting.
Alternatively, such an increase may be rationalized by assuming a sudden activation of the proton transfer
in “dry” polycrystalline ice at -8 °C in the presence of HCl. Because our measurements of the D4 rely on
the rate of the isotopic exchange between the H,O and D,0 ice layers in the bulk of polycrystalline ice
film, a sudden change in the mechanism of proton transport may appear as an increase in the molecular
water self-diffusivity.

Although we are unable to provide unambiguous experimental evidence in favor of a particular
hypothesis, we speculate that, in the case of doped polycrystalline ice, a grain boundary phase transition is
more consistent with the observed variations of D,; with temperature. Our arguments against a sudden
activation of non-molecular proton transfer mechanism are based on two observations: first, we note that
the deviation of D, from a simple Arrhenius dependence occurs gradually, i.e., there seems to be no
apparent discontinuity in the data in Fig. 7. Second, as we already mentioned, the apparent activation
energy at temperatures above -8 °C is almost twice of that in single crystal ice. Both of these
observations seemed to be incompatible with the sudden proton hopping activation hypothesis. Indeed, if
the mechanism of the proton migration suddenly changed from molecular interdiffusion of H,O and D,O
to proton transfer by structural diffusion, a sudden increase in the rate of H/D exchange between the D,O
and H,O layers would likely result in a “jump” in the apparent D,; which would be followed by a slow
increase with temperature, due to low activation energy characteristic of proton hopping™.

In contrast to the sudden proton hopping activation mechanism, the grain boundary premelting provides a
ready explanation for a monotonous, albeit non-Arrhenius, increase in D.y in the case of doped ice.
Depending on the concentration of ionic impurities, grain boundary premelting may occur gradually after
an abrupt onset’’. Thus, the contribution of a liquid-like component to the molecular transport in
polycrystalline ice will also increase gradually with temperature. In order to demonstrate that a
progressive grain boundary premelting may explain the observed dependence on D, on temperature in
the case of doped polycrystalline ice, we used a simple model to fit the D, data obtained in our FTDS
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experiments. According to this model, the D, in the case of doped ice is a liner combination of self-
diffusion coefficient in “dry” doped polycrystalline ice, D;.., and in bulk liquid water D, i.e.,

D eff ~ (] 'gwater) “Dice + &vater' Dwater (6)

where &,4.(T) is the volume fraction of pre-melted ice, which increases monotonously with temperature.
An empirical function, 4-exp(-B/T), was used to model the dependence of &, on temperature. The water
self-diffusion coefficient in doped polycrystalline ice at any temperature was assumed to be simply a
factor of 10° greater than in single crystal ice, i.e., D (T) = 1000- D, (T).

10%

] = loe and water As shown in the upper panel of Fig. 9, the observed temperature

dependence of D, is consistent with progressive premelting in the bulk of
polycrystalline ice doped with HCIL. The values of water volume fraction
in doped polycrystalline ice samples at temperatures from -17 to -2 °C are
shown in the lower panel of Fig. 9. According to the analysis, the
formation of liquid-like inclusions, which occupy only a small (tenth of a
E percent) fraction of the overall volume of a polycrystalline ice sample,
10° may result in a significant increase in the effective water self-diffusion
] coefficients. The strong effect of premelting on D, is due to large values
E of self-diffusivity in liquid water, which is assumed in our model of
107 o4 molecular transport in doped polycrystalline ice.

Dest / pm>ms

Ewater
-
o
1
1

46 a2 s 4 o Although premelting in the bulk of polycrystalline ice doped with HCI
Figure 9 TI°C provides a ready explanation for the observed dependence of D.; on
temperature, the small values of liquid-like volume fraction raise
questions about possible morphology of liquid-like inclusions. For example, assuming that single crystal
grains in our doped ice samples are “coated” with a thin layer of liquid, we can estimate the thickness of
such layers as &, R, where R is the average effective radius of crystallites (less than 30 nm).
Nevertheless, even at -2 °C, such an estimate results in the liquid-like layer thickness, which is
significantly smaller than the thickness of a single monolayer of water. Thus, we arrive at an important
conclusion: unless self-diffusivity in the premelted regions of polycrystalline ice is a few orders of
magnitude less than that in water, premelting must occur predominantly along the grain boundary
intersections forming a network of liquid-like veins in the bulk of polycrystalline film. The average
diameter of such veins can be estimated as (&,4,) 12 ‘R, and is consistent with values ranging from one to
five nanometers in the temperature range between -17 and -2 °C.

V. SUMMARY AND CONCLUSIONS

The results of FTDS studies of temperature dependence of H/D exchange kinetics demonstrate that, in the
limit of low concentration of impurities, grain boundaries do not undergo premelting at temperatures up to
-2 °C. The effective water self-diffusion coefficient demonstrates an Arrhenius dependence on
temperature. The high value of the activation energy (69 £2 kJ-mol™) for water self-diffusion along grain
boundaries inferred from H/D exchange data indicates that the diffusion mechanism at these interfaces is
similar to that in single crystal ice. In terms of molecular transport, grain boundaries in a pure
polycrystalline ice sample can be viewed simply as bulk ice characterized by a high density of interstitial
and vacancy defects.

Addition of 0.04% (by mass) of HCI to polycrystalline ice sample results in one to two orders of

magnitude increase in effective water self-diffusion coefficient. Furthermore, the temperature dependence
of the effective water self-diffusion coefficient in polycrystalline ice indicates that unlike pure
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polycrystalline ice, ice doped with HCl undergoes grain boundary premelting. Although the onset of
premelting may occur at temperature as low as -8 °C, the volume fraction of liquid-like inclusion in the
bulk of polycrystalline ice is relatively small even at temperatures near its normal melting point. Based
on this, we conclude that premelting is likely to occur at grain boundary intersections forming a network
of liquid-like veins in polycrystalline ice samples. According to our estimates, the average diameter of
such veins is on the order of several nanometers. The results of experiments described in this article once
again underscore the great potential of FTDS techniques in studies of molecular transport, phase
transitions, and reactions in volatile polycrystalline materials.
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FIGURE CAPTIONS

Figure 1

The essentials of the fast thermal desorption spectroscopy (FTDS) apparatus and typical FTDS
experimental data. (a) Polycrystalline ice films are deposited on a 10 um in diameter and 2 cm long
tungsten filament. The filament is spot welded to two supports, which are in thermal contact with a liquid-
nitrogen-cooled heat sink. During ice film deposition, the temperature of the entire filament assembly can
be varied from —160 to —100 °C by balancing heat flux from resistive heaters against heat loss to the LN
sink. During ice film deposition, the temperature of the filament supports is monitored by two T-type
thermocouples. Rapid vaporization of the film near 0 °C is initiated by a current pulse from a data
acquisition (DAQ) system. The fluxes of vaporization/reaction products can be monitored by either of
two quadruple mass spectrometers (QMSs), or a fast ionization gauge (FIG). The current through the
filament, applied voltage, and the FIG and QMS signals are recorded by the DAQ system every 4us. (b)
Typical data obtained in a FTDS experiment. Upper panel: The temperature of the filament as a function
of time. The temperature is calculated from resistance data. Lower panel: The overall vaporization flux
from the filament as a function of time as measured with the FIG. (c) Typical fast scanning thermograms
of amorphous (solid line) and polycrystalline (dashed line) ice samples. In the case of amorphous ice, the
thermogram shows multiple exothermal transitions, which we attribute to relaxation of the amorphous ice
and its consequent crystallization. The thermograms are inferred from current and voltage data measured
during the initial heating of the ice samples in FTDS experiments. The effective heat capacities were
calculated as a ratio of the power generated by the filament to the first time derivative of the filament’s
temperatures.

Figure 2

Fast thermal desorption spectra of D,O and HDO from a 3.5 pm thick H,O/D,0/H,0 film (upper and
middle panels) measured at -1 + 1 °C. The initial D,0O layer’s position was approximately 1.2 um away
from the film’s surface. The overall desorption kinetics of the film, monitored with the FIG, are shown for
comparison (lower panel). The mean reaction time for the H/D isotopic exchange is defined as the mean
residence time of D,O in the bulk of the H,O film, i.e., the time interval from the onset of H,O
vaporization up to the appearance of the D,O vaporization peak in the thermal desorption spectrum.
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Figure 3

FTD spectra of D,0 and HDO obtained at temperatures ranging from -10 to -1 °C in pure ice. The initial
position of the D,O layer in the bulk of H,O film was 1.2 (top panel) micrometers away from the surface
in all experiments. The thickness of the D,O layer was the same in all experiments and equal to
approximately 350 nm. Lowering temperature of isothermal desorption leads to increase in the residence
time of D,O due to slower vaporization of the overlaying H,O at lower temperatures.

Figure 4

Fast thermal desorption spectra of polycrystalline ice doped with 0.04% of HCI (by mass). Comparison of
data in Fig. 2 and 4 shows that the width of HDO isothermal desorption spectrum in the case of doped ice
is greater than that in the case of pure ice, and that the ratio of HDO and D,0O yields in the case of doped
polycrystalline ice is much greater than that in the case of pure ice. These observation point out to a
significant increase in water self diffusion coefficient in HCI doped polycrystalline ice.

Figure 5

FTD spectra of D,O and HDO obtained at temperatures ranging from -12 to -3 °C in polycrystalline ice
doped with 0.04% HCI. The initial position of 350 nm thick D,O layer in the bulk of H,O film was 1.2
micrometers away from the ice film surface in all experiments (see top panel). Lowering temperature of
isothermal desorption results in increase in the residence time of D,O due to slower vaporization of the
overlaying H,O at lower temperatures. The amount of HDO produced in the H/D exchange reaction
exceeds significantly the amount of unreacted D,0O at any temperatures.

Figure 6.

H/D exchange reactions in ice film. According to our previous studies (ref. 24) H/D exchange reactions
occur on the interfaces of D,O and H,O layers. The effective width of the reaction zone is determined by
the extent of inter-diffusion between H,O and D,0 over the mean residence (reaction) time of D,O layer
in rapidly vaporizing ice film.

Figure 7

Effective water self-diffusion coefficients at various temperatures (D.g), in pure and HCl-doped
polycrystalline ice. Note that water self-diffusion coefficients in single crystal ice are approximately two
orders of magnitude lower than those in our pure polycrystalline ice samples. In pure ice, Dy
dependence on temperature is consistent with the Arrhenius law up to -2 °C. The effective activation
energy, E, obtained from Arrhenius fit of D,; values in this temperature range, is 69 + 3 kJ-mol”. In
HCl-doped, D.; demonstrates an Arrhenius-like dependence at low temperatures ( E.; = 70 kJ/mol).
However, the apparent activation energy nearly doubles above near -8 °C. As described in the text, the
deviation D, from Arrhenius dependence in the case of HCI —doped ice is likely to be caused by onset of
grain boundary premelting.

Figure 8

Water self diffusion coefficients at grain boundaries (Dg,) in pure polycrystalline ice at various
temperatures. The values were inferred from the overall effective diffusion coefficients (D) assuming
that water self-diffusion is in A-regime. The upper estimates of D, correspond to the minimum
physically meaningful grain boundary width of one nanometer, while the lower estimate assumes that the
grain boundary width is on the order of 5 nm. Assuming a greater grain boundary width results in Dy,
values, which are nearly equal to D in Fig. 7. The water self-diffusion coefficients in single crystal ice
and in supercooled liquid water are shown for comparison.
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Figure 9

Upper panel: analysis of the water self diffusivity data (dots) in the case of HCI-doped polycrystalline ice.
The line shows the fit of the D.xwith an A-type diffusion model where D.gis a linear combination of
water self-diffusion coefficients in “dry” polycrystalline ice and in supercooled water. The contribution
of water-like diffusivity to the overall effective diffusion coefficient was assumed proportional to the
volume fraction of water (&y.;) formed in the bulk of dry polycrystalline ice due to premelting. Lover
panel: The volume fraction of liquid (&) in polycrystalline ice at various temperatures derived from
the fit of D& with the diffusion model describe above.
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