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ABSTRACT

Vapor-deposited amorphous ice, so-called amorphous solid water, exhibits complex structural and morphological transformations upon
heating. A network of micropores, present at the deposition temperature (80 K), collapses at 100-145 K, and a glass transition takes place
simultaneously above 120 K. Here, we separate the two processes by allowing the micropores to collapse upon heating, which is monitored
by small-angle x-ray scattering experiments. The combined micropore collapse and glass transition dynamics are studied using x-ray photon
correlation spectroscopy. After cooling back down and heating a second time, we see remaining pores collapsing only near Ty. Our analysis
reveals both diffusive and ballistic processes attributed to pore collapse dynamics. Fast processes (~100 A?/s) occur only when both micropore
collapse and glass transition are simultaneously at play. In other words, both processes impact on each other and lead to a speed-up. The glass
transition dynamics mainly features a slow diffusive process with a diffusion coefficient of around 1 A*/s and lower. This value is in nice
agreement with other work on thin and on bulk samples.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0305153
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INTRODUCTION

Amorphous solid water (ASW) is the most abundant form of
water in the universe.! It is a non-crystalline form of ice that exists
as the cover on interstellar dust grains and icy bodies such as comets
or planetary moons.”” ASW was directly detected in dark interstel-
lar clouds based on its infrared absorption.” On Earth, temperatures
are typically too high for ASW to exist because it crystallizes above
130-150 K,” ' producing nano-crystalline'” or stacking-disordered

ice, Iq.”” The only exceptions are the Earth’s upper mesosphere
in winter, where temperatures sometimes drop below 120 K. Even
though this part of the atmosphere is very dry (mixing ratio of water
of 1 ppm at a total pressure of 0.01 mbar), water vapor condenses
as ASW there. This results in very thin ASW clouds that are hard
to observe and known as noctilucent clouds.'* The other exception
is laboratories, where ASW is produced by the deposition of water
vapor in high or ultrahigh vacuum on cold substrates typically kept
in the range 10-130 K. The first to realize ASW as a deposit were
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Burton and Oliver in the 1930s.”” An additional important mech-
anism for ASW formation is the reaction of atoms with diatomic
moieties, e.g., H with OH,'® or H, with O."”

Unlike crystalline ice, ASW lacks long-range order just like
other amorphous ices made from liquid droplets'® or by pressurizing
ice.!” The vitrification of H,O droplets requires hyperquenching and
leads to a glassy state with a low density of 0.94 g/cm®.”"*' Pathways
involving pressure-induced amorphization lead to amorphous ices
of 25% to 40% higher density.”” Our current study focuses on ASW
made by the technique pioneered by Mayer and Pletzer,'® which
features much higher deposition rates than other vapor-deposition
techniques and thereby allows for the production of gram quantities
of ASW. ASW has been the subject of intense experimental "%~
and theoretical interest.”” The low-temperature deposition of water
vapor onto cold substrates (~10-80 K) yields porous ASW structures
that are often called p-ASW.”* > At higher temperatures, the ASW
structure can be annealed into more compact, less porous forms
often denoted as c-ASW.”"" " These transformations not only are
structurally informative but also impact the material’s reactivity,
volatility, and capacity to host small molecules.'””*" ASW is par-
ticularly significant in the astrophysical context. It is the dominant
form of water in cold interstellar and circumstellar environments,
where it coats dust grains and acts as a reactive matrix for complex
molecule formation under UV and cosmic-ray irradiation.”*"”

Specific deposition conditions, especially background pressure
and type of flow, and substrate interactions determine the resultant
ASW porosity, co-deposition of background gas, and its evolution
during heating.'*”****" Typically, lower deposition temperatures
produce more porous samples, featuring specific surface areas of
up to 1000 m*/g."" Using the BET nitrogen adsorption method,
the pores were characterized as micropores, with typical diameters
of 2 nm.” " Upon heating, the pores experience a collapse that
was studied using a range of methods, including positron annihi-
lation spectroscopy’” and small-angle neutron scattering.”’* This
collapse takes place below 150 K, before crystallization of the amor-
phous matrix. Even after the collapse of the micropores, some
porosity remains, as indicated by near-infrared markers for poros-
ity.* This porosity is even evident after crystallization of the ice.
Guinier-Porod analysis of small-angle neutron data suggests that
the pores are initially cylindrical (3D) and then collapse along one
axis, leaving behind lamellae (2D) at crystallization.” This type of
collapse is sketched in Fig. 1(a).

ARTICLE pubs.aip.org/aipl/jcp

The glass transition of ASW has been observed below 150 K,
in the same temperature range as the pore collapse. In terms of
calorimetry, a heat capacity rise at 136 K was observed at a heating
rate of 30 K/min and attributed to the glass transition temperature
Ty.""" Using dielectric relaxation spectroscopy, the “emergence of
the expected a-relaxation peak of a liquid at T > T, whose com-
pletion is terminated by the onset of crystallization to cubic ice” was
inferred.*° These findings were later confirmed by more comprehen-
sive measurements in a large frequency range, where ASW above its
T, was found to be of very low kinetic fragility’” and to show a huge
isotope effect on dynamics, suggesting an important role of nuclear
quantum effects.” Using infrared spectroscopy, the glass transition
could also be observed in ASW nanoscale films,” "’ and the diffusion
coefficient near T, was estimated to be 6 x 107" m?/s.”* Depending
on the specific rates employed in the experiment, the glass tran-
sition ranges from an onset of about 120 K (for heating rates of
10 K/h)™"" to over 174 K (for heating rates of 3 x 10* K/s)." A key
aspect for understanding the dynamic processes within ASW upon
heating is the fact that there are two superimposed types of dynam-
ics: (i) dynamics related to the micropore collapse process and (ii)
dynamics inherent to the water molecules in the bulk of ASW. That
is to say, the dynamics of pore collapse and the molecular dynamics
at the glass transition are intertwined and need to be disentangled.
This has not been attempted in previous work and is, therefore, the
key aim in the present study.

To separate the directed pore collapse and the translational
motion of water molecules during the glass transition, we heat the
porous ASW (p-ASW) in the first step to turn it into a more com-
pact ASW (c-ASW). p-ASW features both types of dynamics, and
we observe both in our first heating scan. In the second step, we cool
c-ASW back down, where now the collapsed network of lamellae is
present. That is, in c-ASW, the dynamics related to the pore col-
lapse is largely suppressed if not fully absent. In the second heating
scan, we then investigate the dynamics in the bulk, with only minor
contributions from effects related to the pores and surface bound-
aries. We here use x-ray photon correlation spectroscopy (XPCS) to
study the nanoscale dynamics of both processes, pore collapse and
bulk dynamics of water molecules in porous ASW and bulk dynam-
ics of water molecules in compact ASW. The main goal of this study
is to disentangle the different dynamic processes related to pore
collapse and diffusion, both below and above the glass transition
temperature.

b)
140 ~
< 120
~
2nd heating
9
T T T
0 5 10 15 20 25

Experimental time  [h]

FIG. 1. (a) Cartoon of an ice cube with cylindrical pores inside. During heating, the pores collapse into a more compact, but heterogeneous and lamellar structure. (b)
Experimental protocol. The temperature is raised in steps, allowing for measurements at constant temperature. The ASW pores collapse during the first heating.
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METHODS
Sample preparation

In the present study, porous amorphous solid water (p-ASW) is
prepared by direct, i.e., unbaffled vapor deposition in a high-vacuum
glass apparatus developed by Mayer and Pletzer (see Fig. 2 of
Ref. 18). H,O vapor from a reservoir of liquid, ultrapure and
degassed water, is introduced into the glass chamber via a 10 cm
long copper nozzle (f = 1.3 cm). This nozzle is in line of sight of a
liquid nitrogen-cooled copper plate at a distance of ~11 cm from the
nozzle exit. At a deposition pressure of 5 x 10™" mbar (minimum
background pressure is 1.5 x 107> mbar), ASW is deposited for 1.5 h
at ~80 K, yielding an ~ mm thick amorphous layer.* For sample
recovery, an overpressure of dry gaseous argon is applied to vent the
chamber, allowing for the removal of the cryo-plate and immediate
immersion in liquid nitrogen, avoiding exposure to air. The deposit
is scratched off the copper plate and recovered while under liquid
nitrogen.

The deposition method results in a porosity of ~60%." Direct,
collimated molecular beam deposition perpendicular to the sub-
strate surface is known to produce dense and compact c-ASW under
UHV conditions.'”** Our samples, however, were produced under
different conditions: Under high-vacuum conditions, water enters
the chamber as a vapor stream via a large deposition orifice. This
stream of water vapor cools down upon supersonic expansion, form-
ing water clusters of various sizes.'"® When these clusters deposit on
the surface, they form highly porous ASW.

Afterward, the scratched deposit is powdered in a liquid nitro-
gen bath and cold-loaded at LN, temperature to our sample holder.
The sample holder is either (i) 2 um thick diamond windows or (ii)
a copper grid, into which the sample is pressed (free-standing in
vacuum without confining diamond windows). At the beamline, the
samples were mounted on a cold-finger cryostat (JANIS VPE-100).
These methods were established in previous studies using the same
cryostat environment.””>*® The temperature was calibrated using
our established protocol, described in detail in the supplementary
material of Ref. 55. The given temperatures have an estimated error
of £2 K.

As described above, we expect the pores that have formed dur-
ing the sample preparation to collapse during the first heating. This
is, porous (p-)ASW transforms to a more compact (c-) ASW dur-
ing heating, as sketched in Fig. 1(a). The protocol during the x-ray
experiment follows the scheme depicted in Fig. 1(b). We heat the
sample in steps of 5-20 K, with each temperature held for around an
hour, collecting three datasets of 1000 s, naturally reaching differ-
ent states of equilibration at a certain annealing time. The samples
were heated from around 90 K to around 140 K [first heating, red
area in Fig. 1(b)] and subsequently cooled down and remeasured in
a second cycle using a similar protocol [second heating, yellow area
in Fig. 1(b)].

Static and dynamic x-ray scattering
(SAXS, XPCS, WAXS)

To study nanoscale dynamics during heating and annealing,
we used x-ray photon correlation spectroscopy (XPCS).” * In
two beamtimes at beamline P10 of PETRA III (DESY, Hamburg),
we collected data both in small-angle geometry (SAXS) and in

ARTICLE pubs.aip.org/aipl/jcp

ultra-small-angle geometry (USAXS), at sample-detector (Dectris
EIGER X 4M) distances of 5 and 21 m, respectively. The scattering
angle 6 is calibrated using the known detector distance and con-
verted to wave vector transfer, given by (q = 47 sin (6/2)/A  with
x-ray wavelength A). The SAXS measurement covers the g-range
3.1 x 107°-1.4 x 107" A~". This range allows us to reveal the mor-
phology of the sample, in terms of surface area, pore size, and shape
at a length scale of 45 A. For the SAXS measurements, the sample
is held between diamond windows, as described above. The USAXS
measurement covers a smaller g-range (1.7 x 1073-1.8 x 1072 Afl,
divided into 12 g-bins) and tracks changes at slightly larger length
scales in real space. The advantage of using USAXS geometry is an
increased scattered intensity, and therefore, improved statistics over
the detector, while the larger x-ray spot size (unfocused beam of
around 100 x 100 m?) helps mitigate potential beam-induced dam-
age. In USAXS mode, we use a free-standing sample suspended by a
copper grid.

To obtain additional information on the water structure, a sec-
ond detector was mounted close to the sample (15-30 cm) at a
diffraction angle of ~30°. Hence, we are able to collect data simul-
taneously in both wide-angle scattering (WAXS) and SAXS/USAXS
geometries. The WAXS measurement probes smaller length scales,
giving the molecular structure of the sample, allowing us to identify
the presence of an amorphous and/or crystalline structure.

From the SAXS data, the specific surface area, S, according to
Porod’s law is expressed as follows:

I(q) ~Sq " (1)

A plot of g* - I vs g [the so-called Porod plot, Fig. 2(a)] reveals the
asymptotic behavior at high g. We use an average over the highest
available g-range (in SAXS) as a lower bound on the specific surface
area,

§= (q4 'I(q»qe[o.lz A" 0.14 A’l]' )

The uncertainty (and the error bars presented in the Results and
discussion section) is taken to be the sample standard deviation
within the same values of g. Measurements are taken at varying posi-
tions within the sample. To account for the inhomogeneous sample
thickness, the scattering intensity was first normalized by the Porod
invariant Q,

19- 12, o
Q= fqzl'(q) dg.

Here, I'(g) is the non-normalized input data. For this normaliza-
tion, we used all the available intensity data from the SAXS and
WAXS detectors combined.

The XPCS experiments rely on the coherence properties of
modern synchrotron radiation sources, such as PETRA III. If the
sample is static during the exposure of a coherent x-ray beam, the
obtained scattering pattern shows a grainy structure, the so-called
speckles. Sample dynamics are then given by the fluctuation of the
speckle patterns’ intensity, tracked by the correlation function of a
series of images,
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FIG. 2. X-ray scattering intensity showing the change in morphology during heating. (a) The scattering intensity is scaled by ¢* to show the specific surface area as the
asymptotic tendency according to Porod’s law. The temperature is increased in increments of 5 K during the first heating. During the second heating, the temperatures are
88, 110, and 130 K, followed by 5 K increments up to 190 K. (b) Specific surface area S calculated as the average of /- ¢* over the range 0.12-0.14 A~". This dataset was

collected in SAXS geometry.

{1 (gpix> ) (qpixs £+ 7))y i
(I(g: 1)) pix

The averaging is performed over times ¢ and detector pixels that
belong to the same g-bin (averaging over time before pixels). The
& function is related to the intermediate scattering function (ISF)
F(q,7), which describes the temporal evolution of the sample, via
the Siegert relation,

2(9:7) =1+ B(q)|F(g, 7)Is )

where the speckle contrast for each g-bin, f(q), depends on the
coherence properties of the radiation.

For randomly walking particles, the intermediate scattering
function is exponentially decaying with ¢* and the mean square
displacement,’"

D (% T) = (4)

F(g,7) = e VP 476 (6)

The most common observations in soft matter are Brownian
diffusion (MSD = 6Dr) and ballistic motion [MSD = 6(1/1')2]. The
diffusive character is typical for particles in a liquid, while ballis-
tic motion signifies stress-dominated dynamics that are present in
many glasses. Note that the here obtained relaxation times 7 at small
q-values are not directly comparable to relaxation times from, for
example, dielectric spectroscopy, because at small q, we are not prob-
ing the self-diffusion of single molecules directly. For this purpose,
experiments at higher g-values or at the structure factor position
of g= 1.7 A™" would be necessary. Here, instead, we probe the
collective diffusion on nanometer length scales, which is sensitive
to translational motion due to the sensitivity of the x rays to the
electron density rather than the rotation of molecules.

For many applications, the ISF (and thus g) is described by a
stretched (or compressed) exponential,

F(g,7) = e 2@ o7 7)

The relaxation rate I'(q) is then fit to a power-law
g-dependence, with the relation I = D,g’. Here, p = 2 corresponds
to the diffusive case discussed above, while p =1 gives ballistic
motion. In some cases, multiple distinct relaxations appear. Those
are then modeled by weighted sums such as F(q,7) = aFi(q,7)
+(1-a)F:(g,7) for the case of two contributions.”””*** This
approach fails when the dynamic heterogeneities (i.e., different
relaxation times from different domains in the sample) are not well
captured by the stretching/compression parameter y, and when the
number of distinct relaxations to assume present (Fi, F», etc.) is
unclear.

For an unknown population of scatterers, one may instead
hypothesize an integral over a population density, such as*"*’

F(g7) = f ®(D)e ™7 "dD, )

for particles undergoing Brownian diffusion. This gives a global
model to be optimized against g and 7 simultaneously for all
g-bins. In the present case, we expect to find ballistic modes, dif-
fusive modes, or a simultaneous mix of both. This results in the
integral equation,

2(a1) =1+8(@)| [ @D D + [w(m)e ™ av

Diffusive component

Ballistic component
©)
which is to be solved to recover the density functions ®(D) and
¥ (v) for given input data g.
In practice, the solution to Eq. (9) is found by a best-fit proce-
dure. The intermediate scattering function is discretized according
to

F(gi15) = Y, ®nADpe P17 + 3 W, Avne ™05, (10)
m

J. Chem. Phys. 164, 014501 (2026); doi: 10.1063/5.0305153
© Author(s) 2026

164, 014501-4

€1:20:€l 9202 Yd4elN 90


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

and the coefficients ®,, and ¥,, are determined by least squares fit-
ting to the recorded g, data. We allow a time-constant g-dependent
baseline, which can absorb systematic errors caused by parasitic
scattering. The full model is written out as

2
2(qi-7j) =1+ b; +ﬂi(zm d)mADme_D"'q?T’ + Z ‘I’mAvme_V”’q?TJZ) .
m

11)
This is similar to the established CONTIN MULTIQ® method,
but with the difference that we are modeling g directly, rather than
analyzing an experimental estimate of F. The squaring in Eq. (11)
necessitates a non-linear fitting procedure. Further motivation, as
well as mathematical and implementation details, are given in a
recent publication by Eklund et al.®> For simplicity, we drop the
index notation below and refer to the discrete weights ®,,AD,, as
®(D)AD in our results.
For a finely resolved discretization [many small steps m in
Eq. (10)], this type of model is too flexible, and least-squares opti-
mization leads to overfitted, highly complex, solutions. To control
this, a regularizing side condition is introduced.””®” The quantity

20 \ 2 2y \ 2
:isf(d—q;) dD+i5f(d—\f) dv (12)
DO dD Vo dv

is large when the distributions ® and ¥ exhibit many maxima,
but small when the solution is smooth [normalizing by Dy =1/
(qux‘rmax) and v = 1/(gmaxTmax ), using the largest g and 7 in the
dataset, keeps the regularizer terms dimensionless]. In general, an
overfitted solution that fits close to experimental noise exhibits small
summed squared residuals (i.e., XZ), but a large value for R. So, by
requiring that R takes on a not-too-large value, overfitting tenden-
cies can be punished, while the model stays flexible with respect
to the overall shape of F (beyond the stretched/compressed expo-
nential paradigm) and the number of maxima when needed. The
appropriate size of the regularizer R is determined by a hypothesis
test. The regularized solution is rejected only when the increase in y
induced by the regularizer is much larger than any expected statisti-
cal variation.’”®° In this way, we choose the least complex solution
[with complexity measured according to Eq. (12)] consistent with
the data.

RESULTS AND DISCUSSION
Static scattering

Figure 2(a) shows the normalized x-ray scattering intensity
scaled by ¢* for the two heating cycles. This shows how the spe-
cific surface area evolves, as discussed under the Methods section.
In earlier neutron scattering experiments, these Porod plots reached
a plateau at around 0.15 A™' (low temperature) down to 0.10 A~
(high temperature).’” The expected plateaus are not clearly visible
within the smaller g-range available here, but a reduction in surface
area is, nevertheless, apparent as a change in slope and a decrease
in the highest g-range. We take an average of I-q* over the range
0.12-0.14 A™" as an estimate of the specific surface area S (this may
be considered a lower bound due to the missing higher g values).
Figure 2(b) summarizes the morphological changes by showing the
estimate of S as a function of temperature for the first and second
heating.
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The temperature-dependent drop in g* - I at high g, during the
first heating [Fig. 2(a)], indicates a pore collapse occurring from 90 K
to around 140 K. The decrease seems to be rather linear, i.e., pore
collapse goes on continuously over the ca. 10 h of the first heating.
In total, the specific surface area decreases by roughly a factor of 5-6
[Fig. 2(b)]. During the second heating, much less of this decrease
is observed, indicating that the ice is mostly compacted. With the
surface area compacted by over a factor of 5, we call the sample c-
ASW during the second heating. However, a decrease in surface area
occurs at 90-140 K, even in the second cycle. Upon further heating
above 140 K, the sample crystallizes.

The molecular structure, during the dynamics (USAXS) exper-
iment, was monitored by a second detector in WAXS geometry.
Figure 3 shows the characteristic broad diffraction maximum for
ASW centered at around 1.7 A™'. The p-ASW has minor con-
tamination of crystalline ice, visible through Bragg reflections. In
c-ASW (second heating), there is slightly more crystalline ice than in
p-ASW. That is to say, at 140 K, the crystal growth rate starts to be
minuscule so that the ice fraction grows very slowly within an hour
at this temperature. That finding prompted us to cool back down
from this temperature. In the second heating cycle, this tiny fraction
remains relatively stable up to 140 K, where further slow growth is
noted.

)

140 K 140 K

i

T T T T T T T T
1.50 176 200 225 150 175 200 225

g [A7]

FIG. 3. WAXS scattering intensity during the XPCS measurements in USAXS
geometry for both heating cycles. An offset has been introduced to facilitate com-
parison between results (y-axis is in arbitrary units). This figure shows a select
measurement at each temperature. The same measurements for 115-140 K are
used in the XPCS summaries of Figs. 4-6. The amorphous halo for ASW is cen-
tered at 1.7 A=". Bragg reflections indicate crystalline contamination after the first
heating cycle.
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Dynamic scattering

Figure 4 shows selected intensity autocorrelation functions
& for different temperatures, following the protocol described in
Fig. 1(b). At the lowest temperature (110 K), a rather fast decay is
visible. Fitting the g curve at 110 K (p-ASW) with a single stretched
exponential decay [Eq. (7)] gives a relaxation time of around 200 s
(atg =0.018 A™"). At 120 K, more complex dynamics start to appear.
These are not well described by a single exponential decay. The g
function, instead, gradually develops into a stepwise decay. During
the first heating, this is most visible at 125 K (green curve in Fig. 4).
After reaching 140 K, the sample was cooled back down to 80 K. The
dynamics of the compacted ASW observed in the second heating
are significantly slower than in p-ASW at 110-115 K (Fig. 4), with
faster dynamics only reappearing at temperatures of 120 K (cyan)
and 125 K (green).

The relatively fast, single relaxation at low temperatures
(110-115 K) during the first heating presumably mainly pertains
to the pore collapse happening at these temperatures. However, we
associate the more complex dynamics at higher temperatures with
both the pore collapse and dynamics in the H-bond network itself,
hence the glass transition. The pore collapse somewhat saturates
at the highest temperatures. The two-step decay during the second
heating is again localized to temperatures close to the glass transition
temperature for the heating rate employed here (the effective heating
rate is ~6 K/h in both heating cycles). Most notably, the glass tran-
sition temperature of 124 K reported by Handa and Klug for slow
heating Tian-Calvet calorimetry” and the one of 120 K reported
by Amann-Winkel et al. for slow heating dielectric measurements’’

110 K 110 K

o--00~\\ """"""" - -o moy,
115K 115K

O -O- 00 u(oum.,'

125K %
s «-\\.‘
135:““%’11%%
14;.\
o—“o-..\
p
\ ]
10° 10 10? 10 10° 10' 10? 10°

T [¢]

FIG. 4. Selection of g, curves recorded at different temperatures (q is 0.018 A=)
during the first and second heating. An offset has been introduced to facilitate
comparison between results (y-axis is in arbitrary units).
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are very close to the temperature at which we start to see a double
decay in both heating runs. The crystalline ice, observed with WAXS,
might also contribute to the overall dynamics, but it is expected to
be a rather static component, with dynamics appearing outside our
measuring window.®® The data analysis of the complex g functions
has to be done carefully, as different microscopic processes are com-
peting in the sample, namely, pore collapse, glass transition, and
crystallization.

Given that we observe complex dynamics with at least two dis-
tinct relaxations with varying strength at temperatures above 115 K,
we apply the global inverse transform technique described under
the Methods section [Eqs. (8) and (9)]. As a working hypothe-
sis, we expect the pore collapse to happen in a directed, ballistic
manner, while the glass transition should exhibit some diffusive
signal, assuming that the water molecules in a liquid undergo Brow-
nian motion. Therefore, these heterogeneous dynamics may be
decomposable into a ballistic and a diffusive component according
to

F(q,r):/d)(D)e_qude +/“I’(v)e_(vq1)2dv, (13)

Diffusive component Ballistic component

as discussed for Eq. (9). This approach has not been applied to XPCS
data on amorphous ice before.

Figure 5 shows results from applying this model to the p-ASW
sample in the first heating cycle. We included data starting from
115 K, the temperature where a description with single exponential
decays starts to fail (the 110 K measurements are, however, included
in the summary of Fig. 7). The top and middle rows show dis-
crete weights for diffusion rates D, with ®(D)AD, and velocities v,
with ¥ (v)Av, for the diffusive (blue) and ballistic (red) components,
respectively. These are further divided into fast and slow processes,
for which the splitting points Dy, defined as the first stationary
point d®/dD =0 after the first maximum, are shown as dashed
vertical lines. After this classification, there are four distinct contri-
butions: slow ballistic, fast ballistic, slow diffusive, and fast diffusive.
The bottom row of Fig. 5 shows the intermediate scattering function,
F(g,7), plotted for five select g-values, with the full fast and slow
processes (diffusive + ballistic) shown as black dashed lines (when
the fast component is significant).

The results in Fig. 5 show that both diffusive and ballistic modes
appear in the slow and fast processes. As shown in Fig. 4, the fast
decays appear with increasing temperature starting from 120 K. Dif-
fusive components also increase with temperature and are strongest
at 125 K. At this temperature, the fast diffusive component at around
100 A%/s dominates. However, at 140 K, decays are mostly of the
ballistic type again. There are a few cases of split peaks in the fast
region of V. This may be an artifact of the regularization procedure
and should be interpreted with caution.®® A description with just one
fast peak (in a more central position) would likely produce a nearly
identical fit. The division into fast and slow processes, however, is
robust. An overall monomodal description would certainly fail to
capture the two-step appearance of g.

Figure 6 shows the XPCS analysis result for the second heating
cycle, after cooling to liquid nitrogen temperature. After re-heating
to 115 K, the dynamics are very slow, to the point where there is
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FIG. 5. First heating: heterogeneous dynamics of the intermediate scattering function F (bottom), decomposed into two components: a diffusive component (blue, top row)
and a ballistic component (red, middle row). The results are split into fast and slow processes using the vertical dashed lines in the top and middle rows. The bottom row
shows the data points transformed from g, to F according to the Siegert relation and the model result. The black dashed lines represent the lines of fit computed for the fast
and slow processes separately, while the green-yellow solid lines represent the total lines of fit.
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FIG. 6. Second heating: heterogeneous dynamics of the intermediate scattering function F (bottom), decomposed into two components: a diffusive component (blue, top
row) and a ballistic component (red, middle row). The results are split into fast and slow processes using the vertical dashed lines in the top and middle rows. The bottom
row shows the data points transformed from g, to F according to the Siegert relation and the model result. The black dashed lines represent the lines of it computed for the
fast and slow processes separately, while the green-yellow solid lines represent the total lines of fit.
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barely any decay to analyze. The fitting procedure still favors a bal-
listic shape for the slow decay, but here we are sensitive to possible
biases inherent in the modeling.” This means that the result con-
cerning ballistic vs diffusive character for the slow process in the
second heating should be considered highly uncertain at 115-130 K.
The measurement at 140 K, however, is decaying significantly faster,
and the ballistic-type result is derived from an adequate amount
of data. We can still separate a fast process, with enough range in
terms of delay times to analyze its ballistic vs diffusive character at
every temperature. Here, during the second heating, the fast process
reappears at 120 K and is better described by diffusive modes than
ballistic modes at 120-125 K. At 130 K, the fast process vanishes.
For further analysis, we compute five more quantities from the
distributions @ and ¥ of Figs. 5 and 6. The total strength of the fast

process,
WF: f@dD‘F /‘I’dv,
D,

split Vsplit

(14)

measures how much of F is accounted for by the first, fast step
(values range from 0 to 1).

Given an existing fast process, the fast process diffusive
proportion,

[ ®dD

Dsplit

we (15)

shows to what proportion it is explained by diffusive modes (not
computed when Wg < 0.01). Finally, the median rates D and v are
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the medians computed for each split distribution separately (not
computed for the fast process when W < 0.01). With these, we can
summarize the XPCS results and attempt an interpretation of the
data. The parameters for both heating runs are plotted in Fig. 7(a),
where the first row shows the total strength W of the fast compo-
nent and the second row shows the diffusive proportion. The fast
component strength Wr increases with increasing temperature, par-
ticular at temperatures around 120 K. In the second heating, Wr
vanishes at T > 130 K (Fig. 7, top row, right column). This goes along
with a decrease in the diffusive proportion (middle row, right), and
the slow ballistic component dominating at T = 130 Kand T = 140K
(Fig. 6). The spread of the data at a constant temperature, from up
to four XPCS measurements, can be explained by the equilibration
effect mentioned under the Methods section (sample preparation).
That is, measurements taken immediately after reaching a stable
temperature exhibit faster relaxation rates than measurements taken
after some aging at a constant temperature. With few exceptions,
slower results are measured after a longer elapsed time. However,
we note that the trends remain the same regardless of the spread of
the data.

The median diffusion coefficients D of the fast and slow com-
ponents are shown separately (Fig. 7, middle and bottom rows).
For the fast component, D is rather constant (ignoring outliers) in
both heating runs at values of around 100-300 A*/s (blue dashed
line in third row), while the overall diffusive proportion and over-
all strength Wy only increases at T > 120 K (first heating) and
T > 115 K (second heating). The fast process median (ballistic)
velocity v (Fig. 7, row 4) is close to 1 A/s. For the slow process, the
median diffusion rate D (bottom row) is scattered around 3-10 A%/s
in the first heating, It slows down to around 1 A%/s after cooling and

80K
cylindrical pores (3D)

140 K
lamellar structure (2D)
+ remaining pores
120 K (T onset)
<D> =100 A‘/s due to combined effect of pore collapse and T,
138 K

liquid regions confined by remaining pores

2nd heating
S L
ol . . 3 ] . L] L]
80K
compacted ASW

+ remaining pores (3D)
120-125 K (Tglonse‘)
remaining pores collapse
many ice/ice interfaces => “crack healing
130-140K
overall dynamic dominated by slow process
Dincreases from 1-3A?/s

FIG. 7. Detailed analysis of XPCS data and physical interpretation. (a) Key characterizing quantities according to Egs. (11) and (12) (first and second rows), and median rates
of the slow and fast processes. The dashed lines are given by the average of the existing data points, as an indication of overall tendencies. Figure S1 of the supplementary
material shows the fraction of diffusive vs ballistic modes for the slow process (similar to the second row here). (b) Summary and physical interpretation of the data.
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subsequently increases with increasing temperature to 3 A%/s at
140 K. The related diffusive proportions are analyzed in Fig. S1. After
the remaining pores collapsed in the second heating run, the diffu-
sive proportion (Fig. S1) decreases significantly, because the process
is too slow to cause a decay in F(q, t) (see Fig. 6 at 130 K). Only the
interplay of fast and slow processes allows us to extract values for the
slow diffusive process with reasonable certainty.

In summary, during the first heating and the related pore col-
lapse, we observe two simultaneous processes: one process in which
molecules diffuse at a rate of around 3-10 A2/s, and a second pro-
cess that is 100-times faster. Considering that the strength of the
fast diffusive component increases at T > 120 K, and the SAXS
results presented in Fig. 2(a), we propose that a combination of glass
transition and pore collapse allows the water molecules to undergo
motion with a median D of around 100-300 A*/s. The pore collapse
has to be directional and, therefore, also has a ballistic component
with a velocity v ~ 1 A/s. During the first heating cycle, the porous
structure contains a large area of ice-air interfaces. The pore col-
lapse from three-dimensional cylindrical pores to two-dimensional
lamellar structures is depicted in Fig. 7(b). At the highest tempera-
tures, ultraviscous liquid regions will be confined by remaining pores
as well as crystalline ice, which was observed in the WAXS data
(Fig. 3). These liquid-like regions arrest during cooling to compact
low-density amorphous ice [see the additional sketch in Fig. 7(b),
white regions represent arrested amorphous ice patches, the light
blue matrix is previously formed ASW with pores, and plates of crys-
talline ice]. While reheated, the remaining pores collapse, and new
grain boundaries appear. Above the glass transition temperature of
around 120 K, the fast diffusive component becomes maximal. The
consecutive loss of the fast diffusive component at T > 130 K coin-
cides with the completed micropore collapse [see the surface area
S, Fig. 2(b), and sketches in Fig. 7(b)]. The collapsed pores lead
to grain boundaries, and “crack healing” sets in when ultraviscous
water forms. This shifts the detectable slow process almost out of
our detectable time window for the designated q-range.

CONCLUSION

Vapor deposited amorphous ice is a highly porous material.
Earlier small-angle neutron scattering studies’* revealed a cylindri-
cal porous structure and related its pore collapse (upon heating) to
the appearance of a glass to liquid transition.” While the two pro-
cesses of pore collapse and glass transition are clearly connected, our
present study aims to disentangle the two processes. We prepared
porous ASW samples through vapor deposition on a cold substrate.
The SAXS data presented here show that the porous structure col-
lapses upon heating to 140 K. The surface area decreases by a factor
of 5-6 while heating, supporting earlier findings.”* Subsequent cool-
ing and re-heating reveal that the pore collapse is almost complete,
as SAXS intensity and specific surface area drop only slightly during
the second heating.

While SAXS measurements provide insights into the change in
specific surface area, the timescale and related molecular dynamics
of this thermally activated process are provided here from XPCS.
During the first heating, at temperatures up to 115 K, the g, cor-
relation curve decays with a single relaxation. The dynamics fully
decorrelate over a measuring time of 1000 s (at g = 0.018 A™. In
this temperature range, the micropore collapse dominates. At 120 K,
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a double decay appears, which can be explained by the interplay of
glass transition and pore collapse. At 140 K, the situation appears
to become even more complex, as an increase in crystalline ice is
observed from the WAXS pattern. The crystalline ice is expected to
be a rather static component, which would appear outside our mea-
suring window.®® A second heating process followed after cooling
the sample from 140 K back to 80 K. Clearly, the now compacted
ASW coexists with remaining pores and small amounts of crys-
talline ice. The related g, curves at the lowest temperatures feature
barely any decay until 120 K. Surprisingly, again a double exponen-
tial decay function occurs, which we relate to an interplay of the
glass transition and remaining pores collapsing or at least a change in
their morphology. The same scenario was observed during the first
heating, while the micropore collapse was initiated at lower temper-
atures. At 130 K, the double decay disappears, and only a slow decay
remains.

The process at intermediate temperatures cannot be described
with a single exponential decay, and clearly several molecular and
microscopic processes must be involved. To quantify these pro-
cesses, we here use an analysis approach based on theoretical models
of the intermediate scattering function F(g,7). By performing a
non-linear inverse transform of the intensity autocorrelation g, we
derive best-fit weights for decays with diffusion rate D—assuming
some Brownian motion—and velocity v—assuming one process to
be ballistic.”” From the experiment, we have access to a wide range
of momentum transfer q. The analysis method accounts for this by
optimizing the model against g for all g-values simultaneously, in
a surface fit manner. As a result, ballistic and diffusive decays both
appear at a fast and a slow timescale. The values for the fast diffu-
sive component are rather constant at D = 100-300 A/s throughout
all temperatures in both heating cycles, but increase in strength only
at T > T, in both heating cycles. That is, the fast diffusive process
resembles the pore collapse that is impacted by the glass transition
inside the amorphous ice matrix, while it also contains a fast ballis-
tic component. Both fast components vanish in the second heating
cycle at T > 130 K. The slowed down dynamics in the second heat-
ing run at T'> 130 K can be explained by two scenarios: (1) the
pore collapse is finally completed, and the slow decay resembles the
glass transition process in amorphous ice. (2) The crystalline ice frac-
tion increases and starts interfering with the molecular motion. We
expect scenario (1) to be more likely, as in previous studies,” the
growth of crystalline ice was outside our experimental window and is
expected to happen at even slower timescales at these temperatures.

While the pore collapse dominates during the first heating
cycle, the slow diffusive component is rather fast (10 A?/s), com-
prising the effects of ice-air interfaces. Nevertheless, we relate the
slow diffusive component to the glass transition dynamics within
the amorphous ice matrix. During the second heating, median D
increases from 1 to 3 A%/s. The slow ballistic component remains
present throughout all temperatures and is related to overall stress
relaxation in the sample, as observed also in other materials.”” In
the small-angle neutron scattering study by Hill et al., they estimate
a self-diffusion coefficient higher than 107 cm?/s (= 0.01 A%/s)
based on the time-dependence of the pore collapse at 120-136 K,
consistent with our finding here.” Our values for D in the pre-
sented temperature range are further consistent with recent IR
and TPD data from compact vapor deposited amorphous ice films
(cASW), measuring intermixing of isotopic layer with D given as
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6 x 107! m*/s = 0.6 A%/s at 136 K.”*"" Other studies obtained the
diffusivity from the crystalline growth rate’' in such compact ASW
films to be slightly lower but in good agreement.”® The difference
of less than a factor of 10 compared to the here presented data can
easily be explained by the distinct morphology of the samples, i.e.,
thin film vs bulk samples and c-ASW vs a porous sample. We sug-
gest the here reported diffusion rates to be rather an upper boundary
for differently prepared ASW ice.

Measuring such slow processes by XPCS in USAXS geometry is
difficult. Only the interplay of pore collapse and diffusion has pushed
the detectable glass transition into our measurable time window, and
the observed collective motion contains a diffusive part, which is
sensitive to translational nanoscale dynamics.

In summary, we observe that the glass transition in ASW
appears at T > 120 K, and the nanoscale motion appears in the
order of D = 1 A%/s and simultaneously impacts the 100 times faster
dynamics of the micropore collapse.

SUPPLEMENTARY MATERIAL

The supplementary material contains additional information
for Fig. 7 and shows the fraction of diffusive and ballistic modes for
the slow process.
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