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ABSTRACT

The properties of amorphous solid water at and near the calorimetric glass transition temperature, T, of 136 K have been debated for years.
One hypothesis is that water turns into a “true” liquid at T, (i.e., it becomes ergodic) and exhibits all the characteristics of an ergodic liquid,
including translational diffusion. A competing hypothesis is that only rotational motion becomes active at T, while the “real” glass transition
in water is at a considerably higher temperature. To address this dispute, we have investigated the diffusive mixing in nanoscale water films,
with thicknesses up to ~100 nm, using infrared (IR) spectroscopy. The experiments used films that were composed of at least 90% H,O with
D, O making up the balance and were conducted under conditions where H/D exchange was essentially eliminated. Because the IR spectra
of multilayer D,O films (e.g., thicknesses of ~3-6 nm) embedded within thick H,O films are distinct from the spectrum of isolated D,O
molecules within H,O, the diffusive mixing of (initially) isotopically layered water films could be followed as a function of annealing time
and temperature. The results show that water films with total thicknesses ranging from ~20 to 100 nm diffusively mixed prior to crystal-
lization for temperatures between 120 and 144 K. The translational diffusion had an Arrhenius temperature dependence with an activation
energy of 40.8 + 3.5 kJ/mol, which indicates that water at and near Ty is a strong liquid. The measured diffusion coefficient at 136 K is
625+ 1.4 x 1072 m/s.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0264917
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I. INTRODUCTION

At sufficiently low temperatures (e.g., 100 K or less), water
can adopt a variety of non-crystalline forms that are unable to
relax on an experimentally accessible timescale. In an early report,
Burton and Oliver found that depositing water vapor on a cold
Cu rod at temperatures around 120 K produced an amorphous
solid," which is commonly called amorphous solid water (ASW).
In 1985, Mayer showed that crystallization in liquid water could
be avoided if micrometer-scale droplets were sprayed onto a cold
substrate, producing hyperquenched glassy water (HGW).” Alterna-
tively, Mishima and co-workers showed that compressing hexagonal
ice, Iy, at 77 K produced amorphous ice,” which, upon recovery to
ambient pressure, had a density of ~1.17 g/cm® and was thus called
high density amorphous ice (HDA). Interestingly, upon annealing

to ~135 K, HDA converts to a distinct polymorph—low density
amorphous ice (LDA). When compressed, LDA reverts to HDA
via a first-order-like transition.* At low pressures, other amorphous
solids, such as very high density and medium density amorphous
ices (VHDA and MDA, respectively), have also been identified.”®
The properties of amorphous solids at high pressures are also of
great interest.

The possible connections between ASW, HGW, and LDA have
been extensively investigated.”~ One key question is as follows:
What happens to these amorphous solids as the temperature is
increased to the point where the structure is no longer kinetically
arrested?” One hypothesis is that they turn into the same super-
cooled liquid at 136 K, such that they exhibit all the properties
characteristic of normal liquids, including rotational and transla-
tional diffusion, Dy,; and Dy, respectively. (Below, we will refer to
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the translational diffusion of water molecules as simply “diffusion.”)
Using differential scanning calorimetry (DSC), a weak endotherm,
which is found at ~136 K for LDA, ASW, and HGW, has been
identified as the onset of liquid-like behavior. In that case, the cor-
responding glass transition temperature, Ty, would be 136 K.'™'" A
second hypothesis is that this weak endotherm is associated with the
unfreezing of rotational motion, but not diffusion, in these amor-
phous solids and that the true glass-liquid transition occurs at much
higher temperatures (e.g., ~165K).'”"" Yet, a third hypothesis is that
the amorphous ices are unstable with respect to crystalline ice, and
any observed changes are the result of an amorphous-to-crystalline
transition. These and other hypotheses are discussed in detail in
several excellent reviews.”

One of the primary motivations for developing a detailed
understanding of how amorphous ices transform when they are
warmed up relates to persistent questions about the structure and
dynamics of normal and supercooled liquid water and its many
anomalous properties.”'*"'* A leading hypothesis proposes that lig-
uid water at low temperatures and high pressures can exist in
two distinct forms—a high-density liquid (HDL) and a low-density
liquid (LDL)—that are separated by a two-phase coexistence line
that terminates in a second critical point. One appealing aspect of
this liquid-liquid critical point (LLCP) hypothesis is that it pro-
vides a natural explanation for HDA and LDA. Namely, they are
the glassy analogs of HDL and LDL.” Because a second critical
point—if it exists—will be at high pressure, experiments at and
near ambient pressures cannot probe it directly. However, the LLCP
hypothesis and several related theories predict that LDA should be
connected to water at ambient conditions by a thermodynamically
reversible path.”'*""” While several recent experiments support this
picture,”’ > they have not addressed whether LDA turns into a
“true” liquid at/near the glass transition temperature before it even-
tually crystallizes. Therefore, experiments that address this issue will
provide valuable information about the feasibility of the LLCP and
other hypotheses for water’s unusual behavior.

Angell noted that “the most fundamental of the transport prop-
erties is the self-diffusion coefficient since no external stress is
required to manifest, or measure, the property.””* The question of
whether diffusion occurs in ASW, HGW, and LDA has been contro-
versial since at least 1995 when Fisher and Devlin investigated H/D
exchange in amorphous H,O films that had been doped with a low
concentration of isolated D,0."? Protons were injected into the films
through photoexcitation of 2-napthol, and the H/D exchange kinet-
ics, which first converted isolated D, O to 2 adjacent HOD (“coupled
HOD?”) and then to isolated HOD, were monitored via infrared spec-
troscopy. Fisher and Devlin argued that the observed kinetics ruled
out diffusion in ASW and instead suggested that molecular rota-
tions were sufficient to explain their results. Subsequently, Johari
challenged Fisher and Devlin’s interpretation noting that diffusion
could also account for the observations.”” Recently, elegant exper-
iments from Shephard and Salzmann have examined the influence
of isotopes (H,O, H,'%0, and D,0) on the calorimetric glass tran-
sition temperatures in LDA, HDA, and crystalline ice VL.'* As they
noted, hydrogen-disordered ice VI is an interesting case because its
glass transition is due to unfreezing of molecular rotations—no dif-
fusion is involved. Using DSC, they found that (i) the magnitude
of endotherms for LDA and ice VI was comparable, (ii) their Ty’s
were nearly the same, and (iii) the transition temperatures showed
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essentially identical isotopic shifts. Based on the similarities between
LDA and ice VI, they concluded that the experimentally observed
glass transition in LDA (and also HDA) involves only rotational
motion. More recently, Melillo et al. have investigated the glass
transition in confined water using calorimetry and dielectric spec-
troscopy.”® They found that Ty occurred at temperatures between
~170 and 200 K (depending on the system). Comparing the small
heat capacity changes observed in confinement and in bulk LDA
at ~136 K, they concluded that the bulk T, must be at significantly
higher temperatures.

Vapor deposition onto cold surfaces in ultrahigh vacuum with
various isotopologues of water allows one to create isotopically lay-
ered amorphous solid water films.”” Upon heating, such layered
films have been used to investigate dynamic processes, including
mixing within nanoscale water films.” *’ For example, the mixing
within layered H, 80/H, 0 films, which was monitored via desorp-
tion into the gas phase, occurred in concert with crystallization of the
films at ~155 K.”>*" A model that treated the crystallization kinetics
and assumed diffusion within in the liquid portion of the crystalliz-
ing films (with negligible diffusion in the crystalline portion) was
able to reproduce the observations. However, subsequent experi-
ments showed that the crystallization heavily influenced the mixing
process, precluding an accurate determination of the diffusion in the
liquid portion from those measurments.”"*

Fluidity—which is connected to diffusion—is one of the hall-
marks of liquids. In a recent review of “Water’s controversial glass
transitions,” Amann-Winkel et al. noted that “the key question, to
us, remains whether above the glass transition the water molecules
display liquid-like bulk fluidity or not.” However, many of the
experimental approaches used to date do not directly address this
issue or had various experimental limitations. Those authors sug-
gest that detailed measurements of the shear viscosity are one
approach to this problem, while “diffusion measurements probing
the transport of oxygen [emphasis in the original] will do the job.”

Here, building upon recent experiments showing that H/D
exchange can be effectively eliminated in nanoscale water films,*”
we use infrared spectroscopy to investigate the diffusive mixing of
(intact) D,O molecules in H,O films at and below the traditional
glass transition temperature (T = 136 K). The results demonstrate
long range translational diffusion (e.g., >5 nm) of molecular D,O
in water at temperatures from 120 to 144 K. The diffusive mix-
ing of the films is independent of the total film thicknesses, Xfilm >
in the range of ~20-100 nm. Within the uncertainty of our exper-
iments, we find that the measured diffusion is not influenced by
the water/substrate or water/vacuum interfaces and is instead char-
acteristic of the bulk liquid. The diffusion is activated with simple
Arrhenius temperature dependence and an activation energy, Eg, of
40.8 + 3.5 kJ/mol. The results indicate that water at and near the
glass transition is a strong, supercooled liquid. Furthermore, the
Wilson-Frenkel model”*"°—which posits that the growth rate of
a crystalline phase in contact with its melt is proportional to the
diffusion coefficient within the liquid—holds for supercooled water
near Tyg.

Il. EXPERIMENTAL METHODS

The experiments were performed in an ultrahigh vacuum
(UHV) system, which had typical base pressures of 1.3 x 107® Pa
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or less, that has been described in detail previously.”” For the
results reported here, the relevant components were a closed-cycle
helium cryostat (Advanced Research Systems, CSW-204B), an effu-
sive molecular beam dosing line, a quadrupole mass spectrometer
(Extrel, Merlin), and a Fourier transform infrared spectrometer
(Bruker, Vertex 70). The cryostat allowed a Pt(111) single crystal
(1 cm diameter, 2 mm thick) to be cooled to a base temperature of
~25 K. Heating and isothermal temperature control were achieved
by resistively heating thin tantalum wires spot-welded to the back
of the crystal. The temperature was monitored with a K-type ther-
mocouple, also spot-welded to the back of the crystal. Because the
experiments reported below were conducted at constant temper-
ature and the potential sources of heat loss or gain (e.g., due to
water desorption or absorption of black body radiation from the vac-
uum chamber walls, respectively) were small, we estimate that any
resulting temperature gradients, ATqim, across the water films (i.e.,
perpendicular to the Pt(111) surface) were less than 1 mK.

The Pt(111) crystal was cleaned by sputtering with 2 keV Ne*
and then annealing at 1000 K in vacuum. Nanoscale films of H,O
and D,O were adsorbed onto the crystal at normal incidence at
108 K using the molecular beam with fluxes of ~2 x 10'® m™ 57",
These conditions produced a non-porous, amorphous solid water
(ASW) film.”**’ For temperatures below ~115 K, diffusion is negli-
gible on the timescale for depositing the water films, and the results
reported below are independent of the deposition temperature for
(at least) 80 K < T < 115 K. The central portion of the molec-
ular beam (the umbra) had a diameter of 8.5 mm, while at the
edge of the crystal, the flux decreased by ~20% (i.e., in the penum-
bra). Water coverages, 6, are given in units of water monolayers
(MLs) on Pt(111), which were determined using temperature pro-
grammed desorption (TPD). For a water “monolayer” on Pt(111),
there are two closely related structures corresponding to a single
monolayer on Pt(111), the (ﬁ X ﬁ)R25.3° structure and the
(V/39 x \/39)R16.3° structure.”’ They have coverages of 1.054 and

1.077 x 10" molecules/cm?, respectively, and are difficult to distin-
guish in the TPD spectra, but this uncertainty is small compared to
other sources of error in the measurements. Below, some results are
discussed in terms of the thickness of various water layers. To con-
vert water coverages to thicknesses, we assumed 1 ML = 0.33 nm.
(For LDA at 80 K, the density is 937 kg/m3, *I'and the typical distance
between molecules 7, can be estimated as 7y ~ N> ~ 0.32 nm,
where N is the number density.)

Water films with a total coverage, O, of 200 ML, corre-
sponding to a thickness of ~66 nm, were used for most of the
experiments presented below. However, as shown in Secs. [ITand IV,
the same behavior was found for films with coverages from 60 to
300 ML, corresponding to thicknesses of ~20-100 nm. Further-
more, in most of the experiments, the D,0O layers were sufficiently
far from the water/Pt and water/vacuum interfaces that processes
occurring at those interfaces did not influence the results. The dis-
ruption of the bulk hydrogen-bonding network in the vicinity of
these interfaces could alter the structure and dynamics there, making
them unrepresentative of the bulk transport properties. For exam-
ple, crystallization in nanoscale water films occurs preferentially at
the vacuum interface, presumably due to the enhanced mobility and
excess free volume for water molecules there.*” In another exam-
ple, the enhanced mobility of molecules at the vacuum interface can
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lead to the formation of exceptionally stable glasses during vapor
deposition.">"*

To investigate molecular diffusion using layered films of DO
and H,O, it was necessary to suppress H/D exchange. As mentioned
already in the Introduction, H/D exchange can convert D,O into
HOD. In that case, repeated H/D exchange reactions combined with
molecular rotations can lead to transport of hydrogenic mass over
appreciable distances, even in the absence of molecular diffusion.'?
Because the relative rates for molecular rotations and diffusion are
not known near Ty, experiments with appreciable H/D exchange
do not provide an unambiguous method for measuring diffusion.’
However, at temperatures near Tg, autoionization in water is very
low, and recent work in our group has shown that H/D exchange can
be suppressed if exogenous sources of excess protons are removed.*
The primary source of protons for the experiments reported here
was from dissociative adsorption of H, on the Pt(111) substrate that
occurred as the sample cooled after rapid heating to high temper-
atures. (The “flash” heating was performed to remove any volatile
species from the surface prior to adsorbing the water films. H; is
typically one of the primary residual gases in ultrahigh vacuum sys-
tems.) Once water was deposited and the system was heated, the
adsorbed H atoms reacted with the water to form hydrated pro-
tons that subsequently diffuse into the film, leading to H/D exchange
between D,O and H,O. However, this problem was avoided by
adsorbing small amounts of O, on the surface prior to adding the
water. The oxygen effectively scavenged the adsorbed H, suppress-
ing the H/D exchange but not eliminating it entirely.”> However, any
remaining excess protons established a distance-dependent distribu-
tion within the film, such that they were primarily localized near the
Pt substrate.”” Because the infrared (IR) signal for isolated D,O is
easily distinguished from the signal for isolated HOD,'*"” it was rel-
atively straightforward to monitor the production of isolated HOD
(if any) during the course of the experiments. For example, in some
experiments where the evolution of the water films was monitored
for long times, D, O diffused into the vicinity of the Pt substrate and
some H/D exchange occurred.

Water films in UHV systems are metastable with respect to
both crystallization and desorption (sublimation/vaporization). The
experiments reported below were designed to probe processes in
water films at/near T, that were not affected by crystallization or
desorption. In IRAS, crystallization can typically be detected once
the crystalline fraction has reached ~0.01-0.02.”>* The results pre-
sented below focus on times prior to the onset of crystallization.
For T < 136.5 K, no crystallization was detected during the exper-
iments. However, for some experiments at higher temperatures,
the films eventually crystallized at longer times. In those cases,
only data prior to detectable crystallization were included in the
analysis. Furthermore, the times most relevant for analyzing the
diffusion were considerably less than the crystallization time. For
example, the onset of crystallization was observed at ~2700 s for
a film annealed at 140 K. Below, we will show that a typical water
molecule would have diffused x4;7 ~16 nm during that time [where
Xaiff ~ \/6D¢t (in 3 dimensions)]. The experiments started with D,O
films, Op,0 = 2-20 ML, (i.e., ~0.66-6.6 nm) deposited at various loca-
tions within H,O films (e.g., Fig. 1(a)). Desorption from the water
films did not appreciably affect the results for experiments where the
coverage of an H,O cap layer, 0.y, deposited on top of the D, O layer
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FIG. 1. (a) Schematic of the initial sample configurations. All the films comprised 180 ML H,O and 20 ML D,0 arranged in four different configurations: (i) A single 20 ML
D,0 layer embedded in the middle of the H,0, (i) 2 x 10 ML D,0 layers, (iii) 4 x 5 ML D,0 layers, and (iv) 10 x 2 ML D,0 layers. (b) IRAS spectra for the 4 water films
with different initial configurations. The spectra before annealing (solid lines) are all distinct, while those after annealing (dotted lines) are essentially identical. The IR spectra
before (during) annealing were taken at 108 K (134.5 K). The annealing times for the 4 films were (i) 2.1 x 10* s, (i) 5270 s, (iii) 1330 s, and (iv) 209 s.

was large compared to amount that desorbed during the experiment.
Those experiments included films with 6 = 200 ML, a 20 ML
D, 0 layer, and 6cap = 90 ML. For experiments with D,0O layers at or
near the vacuum interface, desorption did not qualitatively change
the results. However, to obtain quantitative results, desorption was
included in the analysis.

In the results presented below, the OD-stretch region
(~2200-2750 cm™') of the IRAS spectra was analyzed to assess
the diffusive mixing in D,O/H,0 water films. In this wavenum-
ber range, H,O has a broad “association band,” attributed to the
H,O bending mode plus librations,"*"” that overlaps with the OD-
stretching region (see Fig. S1). The contribution of this H,O band
has been subtracted prior to analysis and displaying the spectra.

To model diffusion in the water films, the one-dimensional dif-
fusion equation was solved by converting it into a series of coupled
ordinary differential equations (representing the layers within the
films). The initial conditions were chosen to match the experimental
configurations in the layered films of H,O and D,O [e.g., Fig. 1(a)].
A reflecting boundary condition was imposed at the water/Pt and
water/vacuum interfaces. For some experiments, D,O layers were
deposited at or near the vacuum interface. As noted above, desorp-
tion was not negligible for those experiments, and it was included in
the calculations. Although the desorption rate for films of pure D,O
and H,O is different at a given temperature, the D,O and H,O were
assumed to desorb at the same rate in the simulations. Test calcu-
lations, which varied the desorption rate, indicated that this did not
appreciably influence the results.

Ill. RESULTS

To address molecular translational diffusion in “bulk” water,
the experiments used infrared reflection absorption spectroscopy
(IRAS) to monitor the evolution vs time in the OD-stretching region
of water films that were deposited with layers of D,O embedded
within H,O in various configurations [e.g., Fig. 1(a)]. The water

layers were grown under conditions where diffusion was negligible
and the initial concentration of D,O in the film was zero except in
well-defined layers. If molecular diffusion is appreciable, then upon
annealing to higher temperature, the overall concentration of D,O
will evolve toward a constant determined by the relative amounts
of H,O and D,0 within the film. IRAS can monitor this process
because IR spectra in the OH- and OD-stretching regions are sen-
sitive to the local hydrogen bonding arrangement.*® Here, we use
the fact that D,O molecules isolated within an H,O matrix have
an IR spectrum in the OD-stretch region (~2200-2750 cm™') that
is distinct from those of both pure D,O and isolated HOD (see
Fig. $2)."”" For the results presented below, the IR spectra of the as-
deposited films were taken at 108 K, and all the subsequent spectra
were taken at the annealing temperature for any given experiment
(unless otherwise noted).

Figure 1(b) shows several spectra for water films that had
Btotat = 200 ML (i.e., xgp, ~66 nm), with Ouy,0 = 180 ML and
Op20 = 20 ML. While the films all contained 20 ML D,0, the initial
spatial arrangement of the D,O was different in each film [Fig. 1(a)].
As a result, the IR spectra before annealing were all distinct
[Fig. 1(b), solid lines]. The IR spectra of films grown with fewer, but
thicker, D,O layers more closely resemble the spectra of “bulk” D,O
because they have fewer D,O molecules influenced by nearby H,O
(see Fig. S2). In contrast, after annealing for various times at 134.5 K,
all the films evolved to the point where they had a nearly identical
spectrum that was dominated by two distinct peaks at 2478 + 2 and
2392 + 2 cm™! [Fig. 1(b), dotted lines]. IR spectra were also obtained
for films with lower D,O concentrations dispersed in H,O (see
Fig. S3), and they were similar to the final spectra shown in Fig. 1.
The IR spectra observed after sufficient annealing are characteristic
of isolated D,O and are quite similar to previous reports.'”***"**
The peaks at 2478 and 2392 cm™ correspond to the asymmetric
and symmetric stretch, respectively, of D;0.*” The lack of HOD in
the IR spectra after annealing shows that H/D exchange has been
effectively suppressed in these experiments. The lack of an IR peak
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associated with the HOD bending mode provides further evidence
of this (see Fig. S4). Note that as the thickness of the individual D,O
layers increased in Fig. 1, the annealing time required for the result-
ing IR spectra to resemble isolated D,O increased rapidly. For film
(i), which had a single 20 ML D,O layer, to sufficiently mix to have
a similar spectrum to the other starting configurations suggests that
water molecules within that film diffused distances that were on the
order of 10 nm.

For the experiments shown in Fig. 1, 10% of the water
molecules were D,0, while the remaining 90% were H>O. At this
concentration, if all the water molecules form 4 hydrogen bonds and
are randomly distributed with respect to the isotopologues, then 66%
of the D,O will have 4 H,O neighbors and another 29% will have
only 1 D,0 neighbor. As a result, isolated DO and D,O “dimers”
will account for 95% of the total D,O in the water film. Here, we
refer to low concentrations of D,O dispersed in H,O as “isolated
D,0,” but it is useful to remember that the actual amount of D,O
nearest neighbors (or other D,O clusters) is a sensitive function of
the local concentration.

For experiments with a single multilayer D,O slab in the middle
of an H,O film [see Fig. 1(a-i)], the IR spectra showed a characteris-
tic evolution vs time when the films were annealed at temperatures
where diffusion was appreciable. For example, Fig. 2(a) shows a
series of IR spectra in the OD-stretch region for a film with one
20 ML DO layer in the middle of 180 ML H,O. Before annealing,
the peak in the spectrum was at ~2490 cm™" [Fig. 2(a), black line].
Upon annealing at 132.5 K, the peak continuously shifted to lower
wavenumbers [Fig. 2(a), red lines]. At the same time, an initial shoul-
der at ~2395 cm™" developed into a distinct peak at later times. The
changes in the IR spectra upon annealing can be highlighted by tak-
ing the difference between the spectra at any given time and the first
spectrum at T g0 [Fig. 2(b)]. The difference spectra emphasize the
emergence of the two lower frequency peaks in the IR spectra at later
times.

For water, the IR spectra in the OH- and OD-stretch regions
are very sensitive to the local environment,** including the local
concentration of H,O and D,O. They also reflect the sum of the
contributions from all the molecules. For experiments such as those
shown in Figs. 1 and 2, the D,O molecules experience a time-
dependent range of local concentrations, which makes it difficult
to extract the self-diffusion coefficient for water directly from the
observed IR spectra. However, for films with 20 ML D, O in the mid-
dle of 180 ML H,O that were subsequently annealed at different
temperatures, the IR spectra evolved through essentially the same
sequence as shown in Fig. 2, but the amount of time needed to
progress through the sequence depended on the temperature. Qual-
itatively, this is just what one expects for a system that diffusively
mixes from an initially layered configuration. In that case, there is a
characteristic time at each temperature, 7(T) that is proportional
to A2 /Du(T), where A is a characteristic length within each film.
For films with the same initial configuration, A does not depend on
temperature, so the time dependence observed in the experiments
is related to Dy, (T). While it is difficult to determine Dy, (T) directly
from the IR spectra, we demonstrate next that it is straightforward to
determine 7(T) (e.g., Fig. 3). Another set of experiments (discussed
below) then allow us to relate 7(T) to Dy (T).

To assess the timescales for the changes in the IR spectra due
to diffusive mixing of the water layers at various temperatures,

ARTICLE pubs.aip.org/aipl/jcp

L o o I

F a) 5
o b 3
O ]
c C 4
o F ]
2F E
o F -
w r -
o 3
<: ]

:—.....1.........|.........-E

r b) 3
o E ]
O r 4
c C 4
© [ ]
_E —
S 1
0w -
o C 4
< F .
2200 2400 2600 2800

Wavenumber (cm™)

FIG. 2. (a) IR spectra in the OD-stretch region for a film that started with 20 ML
D,0 deposited in the middle of 180 ML H,O [see Fig. 1(a-i)]. All the spectra were
acquired at 132.5 K during annealing. The first spectrum at 132.5 K (black line)
is similar to the as-deposited spectrum acquired at 108 K (not shown). The spec-
trum after annealing for 4.4 x 10* s (blue ling) is characteristic of isolated D, 0 in
H,O. The intermediate spectra (red lines) were taken at 82, 164, 370, 660, 1080,
2650, 4510, 6020, 9040, and 1.38 x 10* s. (b) Difference spectra, where the first
spectrum [panel (a), black line] has been subtracted from all the subsequent spec-
tra. With increasing annealing time (red lines), the spectra lose intensity at higher
wavenumbers (e.g., 2525-2670 cm~") and gain intensity at lower wavenumbers
(e.g., 23652495 cm="). Figure S1 shows the corresponding raw spectra.

we can track integrals over various portions of the IR bands vs
time. Figure 3(a) shows two of these integrals for several temper-
atures: one on the high-frequency side of the OD-stretch band
[2525-2670 cm ™}, see Fig. 2(b)] that decreases with time and a
second integral on the low-frequency side [2365-2495 cm™", see
Fig. 2(b)] that increases with time. As seen in Fig. 3(a), the time at
which a given value of either integral is reached increases substan-
tially at lower temperatures. However, when the times are scaled by
7(T), the data collapse onto two curves—one for each of the inte-
grals [Fig. 3(b)]. An important observation is that 7(T) increased
exponentially vs 1/T with E, = 40.8 + 3.5 kJ/mol (see Fig. S6 and
Table S1). Figure S5 shows the integrals vs time for all the tempera-
tures, and Sec. S1 of the supplementary material discusses the scaling
behavior expected for diffusively mixed films and our method for
determining 7(T).
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FIG. 3. (a) Integrals over low wavenumber (2365-2495 cm=") and high wavenumber (2525-2670 cm~") regions of the OD-stretch band vs time. Water films with one 20 ML
D, 0 layer in the middle of 180 ML H,0O were annealed at (1) 120.2 K, (2) 124.5K, (3) 128.5 K, (4) 130 K, (5) 134 K, (6) 136 K, (7) 138.5 K, and (8) 142.5 K. Each symbol in
the figure corresponds to an IR spectrum taken at the indicated time and temperature. The increasing signal in the low wavenumber portion of the band is associated with
increasingly isolated D, O, while the decreasing signal at higher wavenumbers is due to the loss of “bulk-like” D, 0. (b) When the times in (a) are scaled by (T), all the data
collapse onto two curves, as expected for diffusion. (Fig. S8 displays these data on a linear time scale.)

Qualitatively similar results to those shown in Fig. 3 were
obtained for different choices of the integration limits within
the increasing or decreasing portions of the IR band. As noted
already, this behavior is consistent with diffusive mixing in the films
where only the rate of mixing—not the sequence of concentration
profiles—depends on the temperature. Similar scaling behavior was
also observed for other film geometries (see Fig. S7). For the results
shown in Fig. 3, the IR spectra continued to evolve even at the
longest times in part because the D,O was still not uniformly dis-
tributed within the water films. While the D,O should continue to
disperse at longer times, several factors worked against conducting
longer experiments, including desorption and crystallization of the
water films, and an increase in the H/D exchange when D,O dif-
fused into the vicinity of the platinum substrate (see the discussion
in Sec. II). Figure S9 shows examples for films annealed at higher
temperatures that eventually begin to crystallize.

One concern that has been raised with respect to experiments
on nanoscale water films is that they might not represent the behav-
ior of bulk liquid water. While numerous classical and ab initio
molecular dynamics simulations have suggested that the structure
and dynamics of water converge to bulk behavior in very short dis-
tances (typically less than 3 nm) from water/solid, water/vacuum,
or water/air interfaces,”’ " it is important to investigate if this also
holds for water films near T,. To test this, diffusive mixing was mea-
sured in a series of water films with a 10 ML D,O layer deposited
between H,O cap and spacer layers of increasing thickness sepa-
rating the D,O from the interfaces [i.e., similar to Fig. 1(a-i)]. In
particular, the as-deposited film structures were Pt/Ogpacer/10 ML
D30/0cap, where 10 ML < Opacer = Bcap < 150 ML. The corresponding
thicknesses for these films were ~10 nm < xg;,, < 100 nm. For these
experiments, if the diffusion was independent of the film thickness,
then the concentration vs time would be the same for all the differ-
ent geometries until D, O diffused to the water/Pt and water/vacuum

interfaces. For water films annealed at 134 K for 8000 s, the IR spec-
tra were essentially identical for H,O layers >45 ML (see Fig. S10).
For thinner H>O cap and spacer layers, the IR spectra begin to show
differences at early times because D, O reached the interfaces sooner.
Based on these results, the diffusion coefficient in the nanoscale
water films was independent of thickness for at least x4;,, > 20 nm.
While it was difficult to determine Dy (T) when the D,O lay-
ers were embedded in the middle of thick H,O films, it could be
measured with experiments for which D,O layers were deposited
at or near the vacuum interface. Figure 4(a) shows IR spectra for
an experiment where a 20 ML D,O layer was adsorbed on top of a
180 ML H,O film and then annealed at 132.5 K. Initially (black line),
the spectrum had a weak, narrow peak at 2727 cm™" due to non-
hydrogen bonded OD groups (“dangling ODs”) of DO molecules
at the vacuum interface.”””" At later times, D,O diffused into the
H,O layer such that the total concentration of D,O at the vacuum
interface decreased. As a result, the dangling OD signal gradually
decreased [Fig. 4(a), red and blue lines]. As the dangling OD sig-
nal decreased, the main OD-stretch band also evolved toward the
spectrum characteristic of isolated D,O in H,O. We assume that
the dangling OD signal was proportional to the fraction of D,O in
the layer at the vacuum interface. In that case, the signal, normalized
by its value when the water at the interface was entirely D,0O, gave
the relative concentration of D,0O at the interface. Figure 4(b) (sym-
bols) shows the normalized integrated intensity for the dangling OD
signal vs time for films annealed at 128.5-138 K. The solid lines show
corresponding calculations of the concentration of D,0O at the vac-
uum interface for diffusion coefficients that range from 7.7 x 107%
to 1.1 x 1072 m?/s. Because desorption from the films was apprecia-
ble on the timescale of the experiments, it was also included in the
simulation. For example, ~6 ML D,0 and 9 ML H,O desorbed dur-
ing the experiment at 138 K [Fig. 4(b), blue circles]. Figure S11(a)
shows the data in Fig. 4(b), along with several more experiments at
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FIG. 4. (a) IR spectra for a 20 ML D,0 film deposited on top of 180 ML H,0 and annealed at 132.5 K. As deposited, the spectrum has a small peak at 2727 cm~" that is due
to non-hydrogen-bonded OD groups at the water/vacuum interface (black ling). After annealing for 1.9 x 10* s, the OD-stretch band evolves toward a shape characteristic
of isolated D,0, and the intensity of the dangling OD-peak decreases (red line). At even longer times, the dangling OD signal continues to decrease (e.g., 3.9 x 10 s, blue
line). The initial spectrum (black line) was taken at 108 K, and the other 2 were taken at 132.5 K. (b) Integrated intensity of the dangling OD peak (symbols) vs time for films
annealed at 128.5 (orange diamonds), 130.5 (black crosses), 132.5 (green circles), 134 (red triangles), and 138 K (blue circles). The corresponding IR spectra were taken
at the respective annealing temperatures. The solid lines show the surface concentration calculated for diffusion coefficients of 7.7 x 102 (orange), 1.3 x 10=2' (black),

2.3 x 102" (green), 4.3 x 10=% (red), and 1.1 x 10=2 m?/s (blue).

other temperatures. All the results collapse onto a common curve
when the times are scaled by 7(T) [Fig. S11(b)].

A separate set of experiments, which tracked the evolution of
the dangling OD signal vs time at 138 K for a D,0O layer deposited
at or near the vacuum interface, was also used to quantify the dif-
fusion (see Fig. 5). In these experiments, the dangling OD signal
was initially zero when the D,O layer was capped with H,O [e.g.,
Fig. 5(a), red triangles]. As the D, O diffusively mixed with the H,O,
the D,0 at the interface increased at early times before decreasing
again at longer times. An example of the calculated concentration
profiles for a D,O layer with 0..p = 5 ML at several times is shown

in Fig. 5(b). Overall, the calculations reproduce the trends observed
in data [Fig. 5(a), dotted lines]. However, the concentration at the
interface deduced from the dangling OD signal was consistently
5%-10% lower than the calculations. In the figure, the calculated
concentrations have been scaled by 0.90 for 8c,p = 3-20 ML and 0.95
for Bcap = 1 ML. [Fig. S12 shows the results without these adjust-
ments, and Fig. S13 shows how changing D, (T) + 30% affects the
calculations.] This discrepancy could be related to the fact the dan-
gling OD signal was very weak compared to the OD-stretch band,
which resulted in a noisier signal and larger uncertainty in its nor-
malization. However, the IR spectra also showed that there was a
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small amount of H/D exchange at the vacuum interface that led to
the production of some isolated HOD. This effect, which was neg-
ligible for D,O layers located in the middle of thick H,O films, was
not included in the calculation.

The red squares in Fig. 6 show the diffusion coefficients deter-
mined from measurements of the dangling OD vs 1/T (see also
Table S2). As seen in the figure, the diffusion coefficient decreases
rapidly as the temperature decreases. For the experiments shown in
Fig. 3, the characteristic times, 7(T'), increased exponentially as the
temperature decreased (Fig. S6). As mentioned already, it is difficult
to extract Dy, (T) from those measurements. However, the experi-
ments with D,O layers in the middle of films with different overall
thicknesses (e.g., Fig. S10) and with the D,O layers deposited at
different heights within films of the same thickness (e.g., Fig. 5) indi-
cate that the diffusion is largely independent of the location within
these water films for a wide range of film thicknesses. In that case, a
single constant, A%, relates 7(T) to the diffusion coefficient: Dy, (T)
=A*/7(T). Assuming A = 3.3 nm (see the supplementary material,
Sec. S1), the black diamonds in Fig. 6 show Dy (T) calculated from
the characteristic times. The results show that the diffusion coeffi-
cient increased by a factor of ~900 when the temperature increased
from 120.2 to 144.5 K. The dashed line shows an Arrhenius fit to the
data with E,; = 40.76 + 3.5 kJ/mol and a prefactor of 2.84 x 10~° m%/s.

For several liquids, experiments have shown that the growth
rate of a crystal in contact with its melt is proportional to the diffu-
sion rate in the (supercooled) liquid.””® The growth rate, G(T), can
be decomposed into kinetic and thermodynamic components.”
When the thermodynamic driving force for crystallization is large,
the Wilson-Frenkel model can be used to describe the growth rate:
Dy (T) = aG(T)/[1 - exp (~AG(T)/k,T)], where AG(T) is the
free energy difference between the crystal and liquid and a is a con-
stant related to the width of the liquid/solid interface and the length
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FIG. 6. Self-diffusion coefficient for low-density water, Dy (T), vs 1000/T. The
red squares show the diffusion coefficient determined from measurements of the
dangling OD signal vs annealing time (see Figs. 4 and 5). The black diamonds
show Dy (T) determined from the characteristic diffusion times, <, for films with
20 ML D,0 embedded within 180 H,O (see Fig. S6). The blue circles show pre-
vious estimates of Dy (T) using measurements of the crystalline ice growth rate
and the Wilson-Frenkel model.20

ARTICLE pubs.aip.org/aipl/jcp

of a diffusive step in the liquid. Previous work in our group mea-
sured the growth rate of crystalline ice for temperatures between
125 and 260 K.”" It assumed that the Wilson-Frenkel model held for
supercooled water and used it to extract the diffusion in the liquid.
In those experiments, a was determined by comparing the mea-
sured G(T') near 250 K with independent measurements of Dy (T)
in H,O. That value of a was then used to predict the Dy (T) for
125 K < T <260 K. With the independent measurements of the diffu-
sion rates presented here and those earlier growth rates, we can now
test the validity of the Wilson-Frenkel model at temperatures near
T,: The blue circles in Fig. 6 show the diffusion rates previously esti-
mated from the ice growth rates for T < 152 K along with the current
diffusion data. As seen in the figure, both the overall magnitude and
the activation energy for Dy, (T) predicted by the Wilson-Frenkel
model are comparable to those measured here.

IV. DISCUSSION

In many supercooled liquids, the structural relaxation times,
74(T), and viscosity, #(T), increase very rapidly near Ty, without
substantial changes in the structure.””” Liquids with this property
are called “fragile,” and it is generally believed that the fragility is
related to the development of dynamic heterogeneity within the
supercooled liquids.”” *’ In contrast to fragile liquids, “strong” lig-
uids exhibit Arrhenius temperature dependence in their dynamic
properties near Ty. As the temperature is lowered, the dynamics of
fragile liquids typically changes from super-Arrhenius to Arrhenius
behavior, and the origin of this “fragile to strong” (FTS) transi-
tion has been extensively debated.'*”"®' Measurements of 7o(T),
#(T), and Dy (T) for bulk water at 0.1 MPa and temperatures
between ~235 and 373 K indicate that it is a fragile liquid.”” "
However, two-state models of water suggest that at 0.1 MPa, it
is predominantly HDL-like or LDL-like at high and low tem-
peratures (respectively), while at intermediate temperature, it is
a mixture of the two.”'*'® Because there is no discontinuity at
low pressures,”’ """ thermodynamic arguments suggest that the
entropy of water near T, can only be slightly larger than for crys-
talline ice."”'”"” Using the Adam-Gibbs equation, this led to the
prediction that #(T) and Dy (T) should have approximately Arrhe-
nius temperature-dependence at high and low temperatures with a
gradual transition at intermediate temperatures.'”'”"” The picture
that emerges is that water’s dynamical properties are characteristic
of a strong liquid when it is predominately composed of one of the
structural motifs, while both motifs influence its properties at inter-
mediate temperatures.””*” The Arrhenius temperature dependence
for Dy, (T) reported here (see Fig. 6) is consistent with this picture.

The current results demonstrate that molecular translational
diffusion on the scale of a few nanometers occurs in water for
120-144 K. The range of diffusion coefficients reported previously
for these temperatures spans a wide range from none observed (or
inferred) to, for example, ~107'¢ m?*/s at 135 K.'>'>***%707! Two
experiments have reported diffusion coefficients that are a factor of
10° (or more) larger than those shown in Fig. 6. One, which used
x-ray photon-correlation spectroscopy (XPCS) to investigate the dif-
fusive dynamics associated with the high-to-low density transition in
amorphous ice at ambient pressure, reported a diffusion coefficient
of ~5 x 107'® m?/s at 130 K in LDL.”’ However, later results indi-
cated that the observed diffusive dynamics were associated with the
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motion of nanometer scale domains within the liquids, not molec-
ular diffusion.”” Another experiment trapped CO, in ASW as the
films were grown at 80-100 K and then obtained the tracer diffusion
coefficient to the diffusion of water.”! The reported diffusion coeffi-
cients (e.g., 8.6 x 107" m?/s at 135 K) are difficult to reconcile with
the observations. The typical distance a molecule diffuses during a
time, ¢, is x4y ~ /6Dyt (in 3 dimensions). Ty is often taken to be
the temperature at which the structural relaxation time for a liquid
is ~100 s. Assuming that Dy, = 8.6 x 1077 m*/s at 135 Kand t = 1005,
one finds that x4 ~ 230 nm—a distance that heuristically seems to
be far larger than needed for equilibration. In contrast, we find that
Dy = 6.25 x 1072 m?/s at 136 K, which gives xy ~2 nm fort=100s.

Note that if the diffusion coefficient was 8.6 x 107" m%/s at 135 K
in our experiments, then a film with 20 ML of D,0 in the middle
of a film with a total coverage of 200 ML would mix on a charac-
teristic timescale of ~0.2 s, instead of the ~2000 s that was observed
(see Table S1).

In their H/D exchange experiments, Fisher and Devlin argued
that molecular rotations could account for their results, while
diffusion could not.'”> As mentioned in the Introduction, Johari
already discussed how diffusion might account for their observa-
tions.”” We note that Fisher and Devlin’s results do not rule out
diffusion—instead they imply that rotations created isolated HOD
on a timescale that was short compared to diffusion. Because the
relative rates of translational and rotational diffusion in water are
unknown for the temperatures of those experiments (between 115
and 122 K), whether or not faster rotations accounts for Fisher and
Devlin’s results remains an open question. Understanding the effects
of rotations vs translations is probably also germane for explain-
ing the intriguing isotope effects observed in the glass transition
temperatures for LDA, HDA, and ice V1. However, the observed
correlations among the glass transition temperatures do not exclude
the possibility of translational diffusion in LDA.

H/D isotope effects influence the structure and dynamics of
water.”” For example, the temperature of maximum density at ambi-
ent pressure for D,O is 7.2 K higher than it is for H,O. In addition,
diffusion is faster, and viscosity is lower in H,O compared to D,0O in
normal and moderately supercooled water (e.g., 245-300 K). Early
work, which suggested a possible singularity in the H,O’s properties
at ~228 K, found a similar behavior in D,O with an apparent singu-
larity at ~233 K.** Isotope effects are also notable in amorphous ices
at cryogenic temperatures (e.g., the ~4 K shift in T between D,O
and H,O discussed above)."””" Furthermore, the dielectric relax-
ation times in DO are shifted by up to 12 K near T,.”” While
most of experiments on isotope effects have focused on pure H,O
and DO, experiments using isotopic mixtures typically show that
the property of interest (e.g., density or viscosity) varies smoothly
between the 2 pure end points as the composition is changed.”*”"
Because the experiments reported here involve mixtures of H,O and
D,0, it is likely that the diffusion coefficients shown in Fig. 6 are
smaller (larger) than the coefficients for pure H,O (D,O). How-
ever, the magnitude of the isotope effect on diffusion at these low
temperatures remains to be determined.

Some previous experiments have reported diffusion coeffi-
cients that are comparable to those found here, but with larger
activation energies (see Fig. S14). Brown and George,”® who used
laser-induced thermal desorption (LITD) to monitor diffusive
mixing in layer H,'®O and H,'°O films for 155 K < T < 165 K, found
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Dy = 1.5(x0.5) x 107 m?*/s at 160 K with E, = 69.9 kJ/mol.
Our group also investigated mixing in isotopically layer water
films in early reports and found an even larger activation energy
(~170 kJ/mol for ~147 K < T < 157 K).”*"" However, as noted in the
Introduction, subsequent research showed that the observed mixing
was coupled to crystallization in those experiments such that the dif-
fusion could not be determined with that approach.”””* We believe
it is likely that crystallization also affected the experiments of Brown
and George, which were conducted at even higher temperatures. To
address the limitations in those earlier experiments, some of us (RSS,
BDK, and GAK) have recently revisited the diffusion in supercooled
water by monitoring water desorption from layered films of H,'¢O
and H,'®0.” Those new experiments used very low heating rates
to decouple the diffusive mixing from the crystallization. Overall,
the agreement between the two sets of experiments is quite good
(see Fig. S14), and the reported activation energies agree within the
uncertainties (40.8 + 3.5 and 36.0 + 4 kJ/mol). The minor differences
between the two experiments are consistent with the expectations
based on the isotope effects discussed above. Because isotope effects
are typically smaller in H,'%0 and H,'°0O compared to those in H,O
and DO, those experiments should more closely reflect the diffusion
coefficient in ordinary water.

V. CONCLUSIONS

The experiments reported here used IR spectroscopy to track
the motion of intact D,O molecules within majority of H,O films
with coverages up to 300 ML, which corresponded to film thick-
nesses of up to ~100 nm. Isotopically layered films of D,O and
H>O were grown on a Pt(111) surface at 108 K—a temperature
at which diffusion was negligible—and subsequently annealed at
temperatures from 120 to 144 K. The experiments were conducted
under conditions where H/D exchange was minimized such that
the results were insensitive to the rotational diffusion of the water
molecules. In particular, if there was only rotational diffusion and
no translational diffusion, the IR spectra would not have changed
as the films were annealed. Instead, the results demonstrate that
the initial, non-uniform distribution of D,O and H,O within the
water films evolved toward a uniform distribution through transla-
tional diffusion of the intact water molecules. For experiments with
the DO probe layers initially sandwiched between 2 H,O layers,
the rate of diffusive mixing was independent of the total thickness,
Xgiim > for (at least) xg,, > 20 nm. For films with a total coverage of
200 ML, any variations of the diffusion coefficient vs the distance
from the vacuum interface were below the uncertainty of the mea-
surements (i.e., <+30%). The translational diffusion coefficient had
an Arrhenius temperature dependence with an activation energy of
40.8 + 3.5 kJ/mol showing that water is strong liquid at and near the
calorimetric glass transition at 136 K. The results also indicate that
LDA, ASW, and HGW all relax to the same supercooled liquid water
state upon sufficient annealing at and near T.

SUPPLEMENTARY MATERIAL

The supplementary material includes figures showing vari-
ous IR spectra in support of discussion points in the main article
(Figs. S1-S4 and S10). Figures S5 and S11 show the IR integrals
vs time for all the experiments used to determine the diffusion
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coefficients shown in Fig. 6. Those figures also show the effect of
increasing or decreasing the estimates of the characteristic times by
+20% (Fig. S5) or +30% (Fig. S11) on the analysis. The character-
istic times (see Fig. S6) and diffusion coefficients are also given in
Tables S1 and S2. Figures S12 and S13 provide additional informa-
tion for the results shown in Fig. 5. Figure S7 shows IR integrals vs
time for 200 ML water films with a 5 ML D,O layer in the mid-
dle, and Fig. S8 shows the same data in Fig. 3 but with a linear
time axis. Figure S9 shows examples of eventual crystallization in the
annealed films. Finally, Fig. S14 shows a comparison of the diffusion
coefficients in the current work to previous experiments.
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