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Amorphous solid water plays an important role in our overall understanding of water's phase diagram. X-ray
scattering is an important tool for characterising the different states of water, and modern storage ring and
XFEL facilities have opened up new pathways to simultaneously study structure and dynamics. Here, X-ray
photon correlation spectroscopy (XPCS) was used to study the dynamics of high-density amorphous (HDA)
ice upon heating. We follow the structural transition from HDA to low-density amorphous (LDA) ice, by
using wide-angle X-ray scattering (WAXS), for different heating rates. We used a new type of sample
preparation, which allowed us to study pum-sized ice layers rather than powdered bulk samples. The
study focuses on the non-equilibrium dynamics during fast heating, spontaneous transformation and

crystallization. Performing the XPCS study at ultra-small angle (USAXS) geometry allows us to
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Accepted 23rd August 2022 characterize the transition dynamics at length scales ranging from 60 nm-800 nm. For the HDA-LDA
transition we observe a clear separation in three dynamical regimes, which show different dynamical

DOI: 10.1039/d2ea00052k crossovers at different length scales. The crystallization from LDA, instead, is observed to appear
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homogenously throughout the studied length scales.

Unravelling the fundamental properties of water and water's phase diagram is highly relevant for our understanding of water in our environment. Moreover,

amorphous ice was predicted to occur under summer mesospheric conditions, prior to crystallising into hexagonal ice. Our studies give insight into the
structural and dynamical properties of different amorphous ices and their crystallization.

1. Introduction

Water's phase diagram exhibits an extraordinarily large number
of different solid states, and while some have been found or
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predicted to occur in nature, others only exist in a laboratory
environment. Amorphous ice is assumed to be the predominant
state of solid water in space.'” It forms on cold dust grains in
interstellar clouds or comets,*® and is predicted to participate in
many chemical reactions in outer space due to its porous
morphology. The water molecules in amorphous ice appear to
be disordered and not arranged in a crystal lattice.® On Earth,
however, the most stable solid phase is hexagonal crystalline ice
(In).” Nevertheless, it has been proposed that amorphous ice can
nucleate under mesospheric conditions and eventually crystal-
lize upon heating.®®

Whilst different amorphous ices have been identified, largely
due to the different methods of preparation in the laboratory,® they
can usually be divided into high- and low-density amorphous ice
(HDA and LDA).* These two solid states are proposed to be related
to the high- and low-density liquid states of water'* (HDL and LDL).
In this context, the origin of water's anomalous properties can be
explained within the liquid-liquid critical point hypothesis by the
existence of two liquid states of water."** The two states can only
separate below this critical point, hence at low temperatures and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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slightly elevated pressure. However, other scenarios have been
proposed which do not include such a second critical point.**™¢

Different experimental approaches have been used to
investigate the properties and structural changes of water at
different temperatures and pressures to understand the rela-
tionship between supercooled water and amorphous ices."**7>
Amongst them we find studies on the thermodynamic proper-
ties of water at supercooled conditions® and the structure of the
metastable liquid states.”® Investigating the molecular water
dynamics upon heating amorphous ices might be the key for
our understanding on how amorphous ices are related to their
liquid counterparts.*** While most of the recent experimental
data converge to a picture of water consisting of two-liquids,****
a few questions remain open as some experiments are not
consistent with this scenario.>>?”

Unravelling the mechanism of water's phase transitions and
the interconnection between amorphous ices and liquid water
plays an important role in our overall understanding of water in
environmental processes. Here, we combine wide-angle X-ray
scattering (WAXS), ultra-small-angle X-ray scattering (USAXS)
and X-ray photon-correlation spectroscopy (XPCS) to probe both
the structural and dynamical properties of amorphous ices at
various conditions, in particular during phase transition and
crystallization.

2. Methods

2.1 Sample preparation

Equilibrated high-density amorphous ice (eHDA) was prepared
by using a piston cylinder setup and a material testing machine
(zwick, Z100 TN).>*?%?° In brief, a 0.1 mm-thick Cu-disk with
1.5 mm hole-structure was filled with ultrapure deionized water
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and precooled to form crystalline ice (Fig. 1A). Note that
preparing the sample inside the Cu-disk is distinctly different to
usually prepared bulk samples. After loading the sample into
the piston setup, it was pressurized to 1.6 GPa at 100 K, forming
unannealed high-density amorphous ice (uHDA). The sample
was then decompressed to 1.1 GPa and annealed at 160 K, and
subsequently decompressed further to 0.08 GPa at around 140
K, allowing the transformation into eHDA. The sample was
quenched to 80 K, extracted at ambient pressure and stored in
liquid nitrogen until use.

2.2 X-ray scattering

2.2.1 Wide-angle X-ray scattering (WAXS). The fast WAXS
measurements were performed at the XSS-FXS beamline of PAL-
XFEL, Pohang, South Korea at a photon energy of 9.7 keV with
a focal size of 19 pm x 32 um. The scattering patterns were
taken in the WAXS regime covering a Q-range of 0.1-3.2 A.™}

2.2.2. Simultaneous WAXS and X-ray photon correlation
spectroscopy (XPCS). The combined WAXS and XPCS experi-
ments were performed at beamline P10 at the Deutsches
Elektronen-Synchrotron (DESY), Hamburg, Germany. The XPCS
experiments were conducted in ultra-small-angle (USAXS)
geometry, while the structure was monitored simultaneously by
WAXS. We used a photon energy of 8.4 keV with an unfocused X-
ray beam of 100 pm x 100 um. The XPCS patterns were recor-
ded with an Eiger X4M detector, located 21.2 m downstream
from the sample. For each dataset a total of 1000 frames were
taken with an exposure time of 1 s per frame. The WAXS
patterns were recorded simultaneously with an Eiger 500K
detector located 147 mm from the sample.

The dynamics are calculated using the temporal intensity
autocorrelation function:**-*
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Fig. 1 A). Picture of the copper grid, inside of which the ice samples are formed. (B) Azimuthally integrated intensity in the WAXS range of an
eHDA sample heated from 90 K to 160 K at 10 K min~™. (C) Four microscopy pictures of different amorphous ice samples.
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(1(Q.01(Q. 1+ A1)
(10.17)

where I (Q, ?) is the intensity at the modulus of the momentum
transfer Q = 4msin(26/2)/A, At denotes the correlation time
delay, and the brackets (...) indicate averaging over all detector
pixels within the same Q interval as well as all frames at
different times t. § is the speckle contrast and f (Q, At) is the
intermediate scattering function that contains information
about the sample dynamics. Typically, it can be modeled in
a stretched exponential form:**33-33

2(0,A1) = =1+8lf(Q,A0]} (1)

AQ. A1) = exp{—-[I(Q)A1]"} (2)

where I'(Q) is the Q-dependent relaxation rate (I' = 1/t where t is
the relaxation time) and v is the Kohlrausch-Williams-Watts
(KWW) exponent. Thus, for a simple system the dynamics can
be described by:

820, An) =1+ Bexp{-2[I(Q)A]"}. ®3)

Brownian diffusive processes are characterized by y = 1,
super-diffusive motions typically show compressed exponen-
tials with y > 1 (ballistic v = 2), and glassy motions often result
in stretched correlation functions with y < 1. If a diffusive
motion is present, I'(Q) has a linear relationship with Q*: I'(Q) =
D,Q? where D, is the diffusion coefficient.?*33

2.3 Sample environment

X-ray scattering experiments were performed using a JANIS
liquid nitrogen cryostat with a customized sample holder. For
the fast WAXS experiments at PAL-XFEL, a cryostat model ST400
was used, while for the XPCS measurements at DESY model
VPF-100 was implemented to the beamline. In both cases,
differently from previous studies,** the sample was mounted as
a free-standing ice-sheet (on average 60 pm thick) within
a vacuum chamber (10~ mbar) directly connected to the X-ray
path, to avoid any additional scattering from protecting window
material. Fig. 1C shows four microscope images of such
a sample. Temperature control was achieved by using a Si-diode
mounted at the bottom of the cold-finger, a resistive heater
cartridge (50 Q) placed close to the diode, and a Lakeshore
temperature controller. All temperatures stated in the manu-
script are the measured cryostat-temperatures at the bottom of
the cold finger. We assume a small offset between the given
cryostat-temperature and the sample temperature itself, due to
varying thermal contact when loading the sample under cryo-
genic conditions. This can vary from loading-to-loading and the
sample temperature was detected to be up to 5 K higher than
the given cryostat-temperature.

3. Results and discussion
3.1 The high-to low-density transformation

3.1.1 Structural transformation during fast heating. X-ray
studies on the structural transition from high- to low-density
amorphous ices have been performed on bulk powder
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samples, usually prepared as unannealed HDA (uHDA) or very-
high-density amorphous (VHDA) ices.*** The heating rates in
those studies are around 100-times slower (0.05 - 0.5 K min™ ).
Here we use short X-ray pulses from PAL-XFEL to follow the
transition in the novel thin sample geometry, with single shot
measurements using a relatively large heating rate of 10
K min ', Similar heating rates have been previously used in
calorimetry,”® revealing an exothermic HDA— LDA transition
preceded by an endothermic feature that is discussed to be
related to the glass transition in eHDA.*

Fig. 1B shows the measured intensity /(Q) in the momentum
transfer range of 1.3 A~* < Q <3.2 A~*. At 90 K, the starting point
of the fast heating, we can observe the characteristic first
diffraction maximum of HDA at Q = 2.1 A~". During heating, we
observe the appearance of a shoulder at Q = 1.7 A~ and a sharp
transition to LDA at 137 K (Fig. 1B). The overall behavior of the
eHDA — LDA transition is in agreement with previous X-ray
measurements by Mariedahl et al.** on bulk powder samples,
exhibiting phase coexistence by a bimodal development in S(Q)
rather than a continuous shift in the first diffraction maximum,
as observed in uHDA.***>*! The transition temperature T; is
identical to calorimetric data using the same heating rate of 10
K min~%,* while Mariedahl*! observes T, to be at around 124 K
(0.5 K min™") and 127 (4 K min~"). The HDA to LDA trans-
formation was followed by crystallization to a stacking disor-
dered crystalline ice as expected from both experiments and
simulations of the early stages of crystallisation at ambient
pressure.*>*

3.1.2 Structural transformation during slow heating,
accompanied by dynamical investigations. XPCS is used to
investigate the molecular dynamics at different selected
temperatures throughout the transition from HDA to LDA. The
sample was annealed for 20 min at each temperature step to
allow for thermal equilibration. Then a scattering pattern series
over 1000 s with 1000 images (1 s per image) was taken. We
correlated the measured intensity over time to obtain infor-
mation about the underlying motions. This was done at
momentum transfer of 0.0008 A~! < Q < 0.018 A~! in the ultra-
small X-ray scattering regime (USAXS), allowing us to follow
structural changes on the nm-length scale.

Additionally, the sample was monitored at larger scattering
angles (WAXS) by a second detector to characterize the different
states occurring throughout the measurement: HDA, LDA or
crystalline ice. Fig. 2 shows the characteristic first diffraction
maxima (WAXS) for three selected temperatures (A: 90 K, B: 115
K, C: 117.5 K) over the duration of 1000 s. We do not observe any
structural changes within these 1000 s. At 115 K the double
maximum reveals a coexistence of eHDA and LDA, without any
significant changes during the measurement. We note that the
sample stability during the 1000 s of the experiment is observed
both in the WAXS and the USAXS region. Fig. 2D-F show the
averaged (100 s) integrated intensity in the USAXS, plotted for
the three selected temperatures. Once more, we see that the
structure remains stable in this regime within the experimental
time frame. Previous measurements at PAL-XFEL* indicated
that most sample compartments remained structurally stable at
115 K even after several hours. For the further XPCS analysis

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Azimuthally integrated intensity in the WAXS geometry over 1000 s of (A) eHDA at 90 K, (B) eHDA transforming to LDA at 115 K, and (C) LDA
at 117.5 K. The azimuthally integrated intensities in the USAXS geometry of the same samples are shown below (D, E and F, respectively). Each line
corresponds to the average of 100 s. Therefore, the plot labelled as 100 s is the average for the first 100 s, the one labelled as 200 s is the average
from 101 to 200 s, etc. Temperatures as measured at cold finger, T-sample might be slightly higher.

only stable sample spots (within the 1000 s measurement) were
selected. In Fig. 3A we show how the eHDA sample transforms
into LDA upon the stepwise heating. A heating rate of 5 K min "
was used between each chosen temperature. Nevertheless,
considering that the temperature was not changed for approx-
imately 1 h between two subsequent temperature steps, the
overall heating rate was of around 0.09 K min ",

In Fig. 3A we can also observe contamination by hexagonal ice,
seen by the characteristic Bragg reflections, especially between 1.5
A~'and 2 A™*. We assume that the hexagonal ice originates from
condensation during the sample transfer process. Condensation
is also visible in some of the images in Fig. 1C as white “fluffy” ice
sitting both on the copper grid and on the ice. In contrast, eHDA,
once taken out of the piston-cylinder setup, looks relatively
transparent while kept inside liquid nitrogen. We have carefully
compared sample spots with and without previous condensation
and cannot find an influence of the weakly bound hexagonal ice to
the transition dynamics of HDA to LDA. The ice only causes
additional Bragg-peaks which can be considered part of the
background. We aimed to find clean sample spots throughout the
experiment to reduce the background. Sometimes the “fluffy” ice
even falls apart. Even if it would be in close contact to HDA, the
crystallisation is kinetically hindered at the temperatures used,
hence the contamination does not affect our results.

Fig. 3B shows the calculated g, functions at different
temperatures. It is evident that upon heating the dynamics
become faster. At temperatures of 115 K and above, the

© 2022 The Author(s). Published by the Royal Society of Chemistry

dynamics are not only considerably faster, but display addi-
tional oscillations. We assume that the oscillatory behavior
relates to the macroscopic expansion of the sample, as the HDA
to LDA transition is accompanied by a 20% change in density.
In previous measurements,* powdered bulk samples had been
confined between two diamond windows which did not allow
for a fast expansion. This process requires further investigation
and will be addressed in a separate study.

Fig. 4 shows further analysis of the dataset at 110 K. The g,
functions are calculated for different selected Q-regions over the
whole area of the detector. The data can be fitted with a double
exponential decay (Fig. 4B), as used in our previous study on
powdered bulk samples.” The main (second) relaxation process
at 110 K does not show a clear Q*-dependence (Fig. 4C), as
observed in our previous study.>* A Q>-dependence is only
evident when adding an offset (1/t ~ DoQ> + ¢), in which case the
derived diffusion coefficient is D, = 3.1 A% s~*. This diffusion
coefficient is smaller than the one previously reported, which
can be associated to a variety of factors: first of all, the sample
geometry, thickness and morphology are completely different,
as we have no windows and the sample is a thin sheet of ice.
Secondly, using USAXS geometry allows to use a larger X-ray
beam of 100 pm %100 pm, which resulted in an X-ray dose
two orders of magnitude lower than the previous study.

We additionally analysed the data by using a power law fit
I'(Q) = I'y? (Fig. S4AYT) which is able to describe the data well,
using an exponent of p = 0.7. We also observed that whilst we

Environ. Sci.. Atmos., 2022, 2,1314-1323 | 1317
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Fig. 3 A) Azimuthally integrated intensity in WAXS geometry of eHDA at different temperatures during heating. (B) The corresponding intensity
autocorrelation functions, g,,at different temperatures recorded in SAXS geometry at Q = 0.007 A=, Temperatures as measured at cold finger,

T-sample might be slightly higher.

retain a compressed exponential behavior, v decreases from
around 2 to ca. 1.5 at higher Q (Fig. S4Bt) indicating that at 110
K we have not yet entered a pure liquid state, as vy >1. Ay =2
was found in colloidal glasses for stress-dominated dynamics.**
Additionally, a cross over from Brownian motion (y = 1) to
ballistic motion (y = 2) is observed around 7g*** for silica
tracer particles inside a glass forming matrix such as poly-
propylene glycol,*® related to a hyperdiffusive and strongly
correlated particle motions inside the solvent.

We note that not all sample spots throughout the Cu-grid
behave exactly the same way, because of small variations in
sample thickness, thermal contact or, eventually, the sample
history. Fig. 1C also shows that not all grid-holes are perfectly
filled. The ice sheets can break apart and remain as a partially
filled hole for several hours at temperatures below 115 K, as
monitored by the WAXS signal.*® Above 115 K, some sample
spots can fully transform within seconds as observed in Fig. 5A
showing the I(Q) as a function of experimental time for a sample

A B

at 117.5 K. This out-of-equilibrium-dynamics can best be visu-
alized using the corresponding two-time correlation function
(TTCF) (Fig. 5B). TTCFs are used to understand the time-
dependence of dynamics, for example during the aging of gels
and glasses or the change of dynamics during heating.’>»*>*
The TTCF function is defined as:

(1(Q, 1)1, 1)),
<I(Q7 t1)>¢<I(Qa t2)>¢

where I(Q, t) is the scattered intensity at a specific Q-value at
time ¢, and (...), represents the average over pixels corre-
sponding to the wave vectors |Q] = Q = AQ in the azimuthal
angle range of ¢ = A¢. In this specific case, we averaged over the
whole angular range of the detector. The width of the diagonal
contour in the 2D-plots is scaling with the characteristic time 7,
larger widths thus indicate slower dynamics (larger 7) and vice
versa.*>** In other words, the 2D-plots in Fig. 5 and S3f can be
interpreted as such, that a narrow intensity on the diagonal line

CQ,t,h) =

(4)

C
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Fig. 4

(A) Intensity autocorrelation functions g, (Q, At) calculated at different Q for eHDA at 110 K. (B) Example of experimental data fitted with

a combination of two exponential functions: the blue dashed, black dashed and red solid lines indicate the first, second, and resulting double
exponential fit, respectively. (C) The characteristic time obtained from the exponential fit plotted as 1/t over Q2. The black solid line depicts the

result of a fit 1/t = DoQ? + ¢ with Dy = 3.1 A> s™*and ¢ = 0.00036 s~ %.
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Fig. 5 (A) Contour plot of the integrated intensity in the WAXS range of an eHDA sample heated to 117.5 K. The sample is transforming within the

1000 s of the measurement, allowing us to observe three regions: one where the eHDA is present, followed by the coexistence of eHDA and LDA,
and the full transformation into LDA. (B) Two-time correlation plot at @ = 0.0008 A~ of the same sample where the three distinct regions are
highlighted which show a transition from faster dynamics to slower dynamics once the transition has finished. (C) Integrated intensity in the
USAXS range of the eHDA sample at 117.5 K where each line corresponds to the average of 100 frames equivalent to 100 s. (D) Two-time
correlation plot at a Q-value of 0.01 A= which falls in the region where a broad feature develops in the SAXS regime.

indicates rather fast dynamics, while a broad and smeared out
intensity marks dynamics, as the correlations
perpendicular to the diagonal line decay more slowly.

“slower”

In Fig. 5B three distinct dynamical regions are visible, indi-
cated by the dashed lines, which can be directly connected to
the structural changes observed in Fig. 5A. Structurally we can
discriminate between HDA, the transformation between 120 s
and 370 s where both HDA and LDA coexist, and finally pure
LDA. The three regimes show different dynamics at different Q-
values as can be observed in Fig. S3.1 Additionally, the USAXS
integrated I(Q) (Fig. 5C) now shows a clear change throughout
the 1000 s of the experiment, especially in the range between
0.005 A~ and 0.015 A~'. The underlying dynamics of eHDA
appear to be similar at different Q ranges (compare first
dynamic region in Fig. S31): we can see that while the sample is
still in the eHDA state, the width of the diagonal contour is the
smallest, a change in the dynamics then occurs during the
phase transition starting at around 120 s. For very low Q-values
(as plotted in Fig. 5B), the width of the diagonal contour is
narrow, hence the transition from the high-to low-density
regime is fast and liquid-like at the given length scale of
around (27/0.008) nm = 785 nm. Due to the fast transition, the

© 2022 The Author(s). Published by the Royal Society of Chemistry

system is still in a non-equilibrated state. Moreover, the limited
time frame of around 200 s does not allow to extract the diffu-
sion coefficient of the potential liquid state. In the third regime,
we observe that the width is significantly broader and increases
over time, indicating a slowing down when the glassy LDA state
relaxes over time. This could be related to heat dissipation after
the exothermic phase transition® when the sample enters the
low-density glassy state (LDA), which is expected to have slower
dynamics than its liquid counterpart. At large scattering angles
(Fig. 5D), however, the dynamics behave differently, rather slow
dynamics are observed during the transition with faster
dynamics once pure LDA is formed. The length scale can be
estimated by (27t/0.1) nm = 62 nm. At this length scale (Q = 0.01
A™") a change in the integrated SAXS signal is observed
(Fig. 5C). In summary, the dynamics in amorphous ices behave
different at different length scales. A crossover can be observed
in Fig. S3.7

3.2 Crystallisation of LDA

After the full transformation to LDA, we studied the crystalli-
zation dynamics by first quenching the LDA from 120 K to 80 K,
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(A) Contour plot of the integrated intensity in the WAXS geometry of an LDA sample heated to 120 K. Two regions can be distinguished:

one where the LDA is present followed by crystallisation occurring after ca. 200 s. (B) Two-time correlation plot at 0.0008 A~! of the same
sample where the two regions are evident as an abrupt change from faster to slower dynamics once crystallisation has occurred. (C) Integrated
intensity in the USAXS range of the LDA sample at 120 K where each line corresponds to the average of 100 frames equivalent to 100 s. (D) Two-
time correlation plot at Q@ = 0.01 A=t which falls in the region where a broad feature develops in the SAXS regime in the eHDA sample (see Fig. 5C).
The two distinct regions are present once more with the same slowing down in the dynamics as in B.

followed by further heating in a stepwise manner. At moderate
and fast heating rates, crystallization is usually observed at 160
K, as also displayed in Fig. 1. In Fig. 6 we show another sample
spot where the transition into crystalline ice occurs already at
120 K, within the 1000 s of the measurement. Similar to the
example of an early transition in eHDA, we assume that the
chosen sample spot transforms earlier due to sample history,
a thinner sample or a less efficient thermal contact at this
particular spot. This example therefore does not represent an
equilibrated LDA sample.

Fig. 6A shows the integrated intensity over time where abrupt
crystallization at 205 s is evident. The two prominent lines at
around 1.7 A™" and 2.8 A" indicate the formation of stacking
disordered ice I;q with high cubicity.** The corresponding XPCS
analysis shows two regimes of dynamics for all length scales.
Based on the width of the diagonal contour we can see that the
dynamics strongly slow down directly after crystallisation, as
expected. Two selected Q-values are shown in Fig. 6B for Q =
0.0008 A~* and Q = 0.01 A~ in Fig. 6D. The overall change of
I(Q) is shown in Fig. 6C.
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4. Conclusions

We studied the transition from high- to low-density amorphous
ice, and from LDA to crystalline ice by probing self-standing
thin layers of ice within a copper grid (Fig. 1A). We were able
to probe the structure of the ice within each grid hole, due to the
small X-ray beam sizes of 19 pm x 32 um (XFEL) and 100 pm
x100 um (storage ring), for the XFEL dataset even on a single
shot basis. We followed the structural transition from HDA to
LDA at different heating rates, namely 10 K min~ ' using XFEL
pulses, and a slow and stepwise heating of approximately 0.09
K min~" where spontaneous ultrafast transition was observed
for selected sample spots. At fast heating rates the transition
takes place at approximately 130 K. In agreement with previous
X-ray measurements using powdered samples, the transition
takes place in an abrupt and distinct manner. In contrast, when
using slow heating rates the transition occurs more gradually,
as previously observed.****

XPCS studies in USAXS geometry allowed us to investigate
the dynamics of amorphous ices at nm-length scales. In

© 2022 The Author(s). Published by the Royal Society of Chemistry
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agreement with our earlier XPCS studies on powdered bulk
samples,” we observe an acceleration of the dynamics with
increasing temperature. Our derived diffusion coefficient at 110
K of 3.1 A s7* is one order of magnitude smaller than in our
previous study at similar temperature, however, the current
study did not evaluate the dynamics at higher temperature.
There are different possible causes for the observed smaller
diffusion coefficient associated to the differences between the
samples used in Perakis et al.>* These are mainly related to the
sample geometry (free-standing thin ice layer vs. a 10 times
larger powder sample between windows) and to our current
setup which used a larger X-ray beam and lower X-ray dose. Our
previous XPCS measurements on bulk samples* as well as
previous calorimetric and dielectric studies* found the glass
transition of eHDA to be at around 110 K. The exponential decay
at 110 K can be fitted with a compressed exponential behavior
with v > 1.5. We propose two different scenarios to explain these
observations: First, v > 1.5 can be related to a hyperdiffusive
behavior around the postulated T, of eHDA at around 110 K,
caused by nm-sized patches of water molecules that start
a correlated motion. Second, the y-value could be explained by
stress-relaxation inside the glassy matrix. The presence of these
motions can be the origin of the offset in the Q*-dependence.
Lastly, we observe an additional dynamical component above
115 K, causing an oscillatory behavior in the temporal correla-
tion function g, which has not been previously reported.>* The
underlying difference and nature of the additional motion at
higher temperatures needs to be investigated further and will be
addressed in a separate work.

Our studies have demonstrated that amorphous ice can be
prepared as a free-standing ice-sheet inside a vacuum environ-
ment. Nevertheless, not all sample holes remain intact and some
spots may exhibit different thermal history due to either an
unevenly distributed thermal contact or mechanical stress. By
choosing small enough probes, like micron-sized focused X-rays,
thermally stable spots can be selected easily. By probing the out-
of-equilibrium spots we can study the non-equilibrium
dynamics within the 1000 s duration of our XPCS experiment.
We have demonstrated that the HDA-LDA transition shows
different dynamics at different length scales. In contrast, upon
crystallization of the sample, we observed that the same dynam-
ical behavior is present at all different Qs, i.e. a uniformly slowing
down of the dynamics upon crystallization at all length scales. The
ice then forms a stacking disordered ice Iyq with high cubicity.*>*
This finding might have an impact on understanding crystalliza-
tion from amorphous ice in summer-mesospheric clouds,?® as also
the um-sized ice layer resembles a more realistic model system.

Author contributions

Following CRediT contributor roles, authors contributed as
follows. Conceptualization & Supervision: K. A.-W., F. P, G. G,,
A. N, F. L.; investigation (experiments): M. L.-P., H. L., A. K., K.
H. K., M. R, F.D, N.S., F. W, K. A.-W_; resources & software (X-
ray part): F. P., K. H. K., M. R,, F. D., M. S., F. W., F. L.; resources
(sample preparation): M. L.-P., H. L., A. K.; data analysis and
visualization: M. L.-P., H. L.; writing original draft: K. A.-

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Atmospheres

W., M. L.-P., H. L., F. L.; all authors have edited the draft and
given approval to the final version of the manuscript.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

This work has been supported by a European Research Council
Advanced Grant under project 667205 and the Swedish National
Research Council. K. A.-W. acknowledges funding by the Ragnar
Soderbergs Stiftelse (Sweden) and Carl Zeiss Stiftung (Ger-
many). The experiments were performed at beamline XSS of
PAL-XFEL (proposal 2019-1st-XSS-008) funded by the Korea
government (MSIT) and at PETRA III, beamline P10 at DESY
(Hamburg, Germany). Beamtime at PETRA III (beamline P10)
was allocated for proposal 1-20191489. F. L and G. G. acknowl-
edge funding by the Cluster of Excellence“Advanced Imaging of
Matter”of the Deutsche Forschungsgemeinschaft (DFG) EXC
2056 project ID 390715994. We also acknowledge the scientific
exchange and support of the Centre for Molecular Water
Science (CMWS).

References

1 P. Jenniskens, D. F. Blake, M. A. Wilson, A. Pohorille,
P. Jenniskens, D. F. Blake, M. A. Wilson and A. Pohorille,
High-Density Amorphous Ice, the Frost on Interstellar
Grains, ApJ, 1995, 455, 389.

2 P. Ehrenfreund, H. J. Fraser, J. Blum, J. H. E. Cartwright,
J. M. Garcia-Ruiz, E. Hadamcik, A. C. Levasseur-Regourd,
S. Price, F. Prodi and A. Sarkissian, Physics and chemistry
of icy particles in the universe: answers from microgravity,
Planet. Space Sci., 2003, 51, 473-494.

3 A. Fredon, G. C. Groenenboom and H. M. Cuppen, Molecular
Dynamics Simulations of Energy Dissipation on Amorphous
Solid Water: Testing the Validity of Equipartition, ACS Earth
Space Chem., 2021, 5, 2032-2041.

4 E. Mayer and R. Pletzer, Astrophysical implications of
amorphous ice—a microporous solid, Nature, 1986, 319,
298-301.

5 P. Jenniskens and D. F. Blake, Crystallization of Amorphous
Water Ice in the Solar System, Astrophys. J., 1996, 473, 1104~
1113.

6 T. Loerting, K. Winkel, M. Seidl, M. Bauer, C. Mitterdorfer,
P. H. Handle, C. G. Salzmann, E. Mayer, J. L. Finney and
D. T. Bowron, How many amorphous ices are there?, Phys.
Chem. Chem. Phys., 2011, 13, 8783.

7 T. L. Malkin, B. J. Murray, C. G. Salzmann, V. Molinero,
S. J. Pickering and T. F. Whale, Stacking disorder in ice I,
Phys. Chem. Chem. Phys., 2014, 17, 60-76.

8 B. J. Murray and E. J. Jensen, Homogeneous nucleation of
amorphous solid water particles in the upper mesosphere,
J. Atmos. Sol.-Terr. Phys., 2010, 72, 51-61.

Environ. Sci.. Atmos., 2022, 2,1314-1323 | 1321


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00052k

Open Access Article. Published on 13 2022. Downloaded on 7.1.2026 . 20:04:58.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

9 B. J. Murray, T. L. Malkin and C. G. Salzmann, The crystal
structure of ice under mesospheric conditions, J. Atmos.
Sol.-Terr. Phys., 2015, 127, 78-82.

10 O. Mishima, L. D. Calvert and E. Whalley, ‘Melting ice’ i at 77
K and 10 kbar: A new method of making amorphous solids,
Nature, 1984, 310, 393-395.

11 K. Amann-Winkel, R. Bohmer, F. Fujara, C. Gainaru, B. Geil
and T. Loerting, Colloquium : Water's controversial glass
transitions, Rev. Mod. Phys., 2016, 88, 011002.

12 P. H. Poole, F. Sciortino, U. Essmann and H. E. Stanley,
Phase behaviour of metastable water, Nature, 1992, 360,
324-328.

13 P. G. Debenedetti, F. Sciortino and G. H. Zerze, Second
critical point in two realistic models of water, Science,
2020, 369, 289-292.

14 D. T. Limmer and D. Chandler, The putative liquid-liquid
transition is a liquid-solid transition in atomistic models
of water, J. Chem. Phys., 2011, 135(13), 134503.

15 L. P. N. Rebelo, P. G. Debenedetti and S. Sastry, Singularity-
free interpretation of the thermodynamics of supercooled
water. II. Thermal and volumetric behavior, J. Chem. Phys.,
1998, 109, 626-633.

16 S. Sastry, P. G. Debenedetti, F. Sciortino and H. E. Stanley,
Singularity-free interpretation of the thermodynamics of
supercooled water, Phys. Rev. E: Stat. Phys., Plasmas, Fluids,
Relat. Interdiscip. Top., 1996, 53, 6144-6154.

17 Y. E. Altabet, R. S. Singh, F. H. Stillinger and
P. G. Debenedetti, Thermodynamic Anomalies in Stretched
Water, Langmuir, 2017, 33, 11771-11778.

18 A. Nilsson, Origin of the anomalous properties in
supercooled water based on experimental probing inside
“no-man’s land”, J. Non-Cryst. Solids: X, 2022, 14, 100095.

19 V. Holten, C. Qiu, E. Guillerm, M. Wilke, J. Ricka, M. Frenz
and F. Caupin, Compressibility Anomalies in Stretched
Water and Their Interplay with Density Anomalies, J. Phys.
Chem. Lett., 2017, 8, 5519-5522.

20 L. Kringle, W. A. Thornley, B. D. Kay and G. A. Kimmel,
Reversible structural transformations in supercooled liquid
water from 135 to 245 K, Science, 2020, 369, 1490-1493.

21 C. Lin, J. S. Smith, S. V. Sinogeikin and G. Shen,
Experimental evidence of low-density liquid water upon
rapid decompression, Proc. Natl. Acad. Sci., 2018, 115,
2010-2015.

22 K. H. Kim, A. Spdh, H. Pathak, F. Perakis, D. Mariedahl,
K. Amann-Winkel, J. A. Sellberg, J. H. Lee, S. Kim, J. Park,
K. H. Nam, T. Katayama and A. Nilsson, Maxima in the
thermodynamic response and correlation functions of
deeply supercooled water, Science, 2017, 358, 1589-1593.

23 K. H. Kim, K. Amann-Winkel, N. Giovambattista, A. Spah,
F. Perakis, H. Pathak, M. Ladd Parada, C. Yang,
D. Mariedahl and T. Eklund, Experimental observation of
the liquid-liquid transition in bulk supercooled water
under pressure, Science, 2020, 370, 978-982.

24 F. Perakis, K. Amann-Winkel, F. Lehmkohler, M. Sprung,
D. Mariedahl, J. A. Sellberg, H. Pathak, A. Spéh, F. Cavalca,
D. Schlesinger, A. Ricci, A. Jain, B. Massani, F. Aubree,
C. J. Benmore, T. Loerting, G. Grobel, L. G. M. Pettersson

1322 | Environ. Sci.: Atmos., 2022, 2, 1314-1323

View Article Online

Paper

and A. Nilsson, Diffusive dynamics during the high-To-low
density transition in amorphous ice, Proc. Natl. Acad. Sci.
U S. A., 2017, 114, 8193-8198.

25 C. A. Tulk, J. J. Molaison, A. R. Makhluf, C. E. Manning and
D. D. Klug, Absence of amorphous forms when ice is
compressed at low temperature, Nature, 2019, 569, 542-545.

26 J. J. Shephard and C. G. Salzmann, Molecular Reorientation
Dynamics Govern the Glass Transitions of the Amorphous
Ices, J. Phys. Chem. Lett., 2016, 7, 2281-2285.

27 R. Bauer, J. S. Tse, K. Komatsu, S. Machida and T. Hattori,
Slow compression of crystalline ice at low temperature,
Nat, 2020, 585, E9-E10.

28 K. Winkel, E. Mayer and T. Loerting, Equilibrated High-
Density Amorphous Ice and Its First-Order Transition to
the Low-Density Form, J. Phys. Chem. B, 2011, 115, 14141~
14148.

29 D. Mariedahl, F. Perakis, A. Spdh, H. Pathak, K. H. Kim,
G. Camisasca, D. Schlesinger, C. Benmore,
L. G. M. Pettersson, A. Nilsson and K. Amann-Winkel, X-
ray Scattering and O-O Pair-Distribution Functions of
Amorphous Ices, J. Phys. Chem. B, 2018, 122, 7616-7624.

30 G. Griibel and F. Zontone, Correlation spectroscopy with
coherent X-rays, J. Alloys Compd., 2004, 362, 3-11.

31 L. Cristofolini, Synchrotron X-ray techniques for the
investigation of structures and dynamics in interfacial
systems, Curr. Opin. Colloid Interface Sci., 2014, 19, 228-241.

32 G. Griibel, A. Madsen and A. Robert, in Soft Matter
Characterization, Springer Netherlands, Dordrecht, 2008,
pp. 953-995.

33 F. Lehmkihler, W. Roseker and G. Griibel, From
Femtoseconds to Hours—Measuring Dynamics over 18
Orders of Magnitude with Coherent X-rays, Appl. Sci., 2021,
11, 6179.

34 A. Madsen, A. Fluerasu and B. Ruta, in Synchrotron Light
Sources and Free-Electron Lasers, Springer International
Publishing, Cham, 2015, pp. 1-21.

35 L. Li, P. Kwasniewski, D. Orsi, L. Wiegart, L. Cristofolini,
C. Caronna and A. Fluerasu, Photon statistics and speckle
visibility spectroscopy with partially coherent X-rays, 2014,
21, pp. 1288-1295.

36 M. M. Koza, H. Schober, H. E. Fischer, T. Hansen and
F. Fujara, Kinetics of the high- to low-density amorphous
water transition, J. Phys.: Condens. Matter, 2003, 15, 321-332.

37 C. A.Tulk, C. J. Benmore, J. Urquidi, D. D. Klug, J. Neuefeind,
B. Tomberli and P. A. Egelstaff, Structural studies of several
distinct metastable forms of amorphous ice, Science, 2002,
297, 1320-1323.

38 M. Guthrie, J. Urquidi, C. Tulk, C. Benmore, D. Klug and
J. Neuefeind, Direct structural measurements of relaxation
processes during transformations in amorphous ice, Phys.
Rev. B: Condens. Matter Mater. Phys., 2003, 68, 184110.

39 J. S. Tse, D. D. Klug, M. Guthrie, C. A. Tulk, C. J. Benmore and
J. Urquidi, Investigation of the intermediate- and high-
density forms of amorphous ice by molecular dynamics
calculations and diffraction experiments, Phys. Rev. B:
Condens. Matter Mater. Phys., 2005, 71, 214107.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00052k

Open Access Article. Published on 13 2022. Downloaded on 7.1.2026 . 20:04:58.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

40 K. Amann-Winkel, C. Gainaru, P. H. Handle, M. Seidl,
H. Nelson, R. Bohmer and T. Loerting, Water's second
glass transition, Proc. Natl. Acad. Sci. U. S. A., 2013, 110,
17720-17725.

41 D. Mariedahl, F. Perakis, A. Spdh, H. Pathak, K. H. Kim,
C. Benmore, A. Nilsson and K. Amann-Winkel, X-ray
studies of the transformation from high- to low-density
amorphous water, Philos. Trans. R. Soc., A, 2019, 377,
20180164.

42 M. Ladd-Parada, K. Amann-Winkel, K. H. Kim, A. Spéh,
F. Perakis, H. Pathak, C. Yang, D. Mariedahl, T. Eklund,
T. J. Lane, S. You, S. Jeong, M. Weston, J. H. Lee, I. Eom,
M. Kim, J. Park, S. H. Chun and A. Nilsson, Following the
Crystallization of Amorphous Ice after Ultrafast Laser
Heating, J. Phys. Chem. B, 2022, 126, 2299-2307.

43 A. J. Amaya, H. Pathak, V. P. Modak, H. Laksmono,
N. D. Loh, J. A. Sellberg, R. G. Sierra, T. A. McQueen,
M. ]J. Hayes, G. J. Williams, M. Messerschmidt, S. Boutet,
M. J. Bogan, A. Nilsson, C. A. Stan and B. E. Wyslouzil,
How Cubic Can Ice Be?, J. Phys. Chem. Lett., 2017, 8, 3216-
3222.

44 F. Dallari, A. Martinelli, F. Caporaletti, M. Sprung, G. Griibel
and G. Monaco, Microscopic pathways for stress relaxation
in repulsive colloidal glasses, Sci. Adv., 2020, 6, eaaz2982.

45 T. Hoshino, D. Murakami, Y. Tanaka, M. Takata, H. Jinnai
and A. Takahara, Dynamical crossover between
hyperdiffusion and subdiffusion of polymer-grafted
nanoparticles in a polymer matrix, Phys. Rev. E: Stat.,
Nonlinear, Soft Matter Phys., 2013, 88, 032602.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Atmospheres

46 H. Conrad, F. Lehmkiihler, B. Fischer, F. Westermeier,
M. A. Schroer, Y. Chushkin, C. Gutt, M. Sprung and
G. Griibel, Correlated heterogeneous dynamics in glass-
forming polymers, Phys. Rev. E, 2015, 91, 042309.

47 C. Caronna, Y. Chushkin, A. Madsen and A. Cupane,
Dynamics of Nanoparticles in a Supercooled Liquid, Phys.
Rev. Lett., 2008, 100, 055702.

48 F. Lehmkiihler, F. Dallari, A. Jain, M. Sikorski, J. Moller,
L. Frenzel, 1. Lokteva, G. Mills, M. Walther, H. Sinn,
F. Schulz, M. Dartsch, V. Markmann, R. Bean, Y. Kim,
P. Vagovic, A. Madsen, A. P. Mancuso and G. Griibel,
Emergence of anomalous dynamics in soft matter probed
at the European XFEL, Proc. Natl. Acad. Sci. U. S. A., 2020,
117, 24110-24116.

49 A. Jain, F. Schulz, I. Lokteva, L. Frenzel, G. Griibel and
F. Lehmkiihler, Anisotropic and heterogeneous dynamics
in an aging colloidal gel, Soft Matter, 2020, 16, 2864-2872.

50 R. Hernandez, M. Criado, A. Nogales, M. Sprung,
C. Mijangos and T. A. Ezquerra, Deswelling of Poly(N
-isopropylacrylamide) Derived Hydrogels and Their
Nanocomposites with Iron Oxide Nanoparticles As
Revealed by X-ray Photon Correlation Spectroscopy,
Macromolecules, 2015, 48, 393-399.

51 Z. Evenson, B. Ruta, S. Hechler, M. Stolpe, E. Pineda,
I. Gallino and R. Busch, X-Ray Photon Correlation
Spectroscopy Reveals Intermittent Aging Dynamics in
a Metallic Glass, Phys. Rev. Lett., 2015, 115, 175701.

Environ. Sci.. Atmos., 2022, 2,1314-1323 | 1323


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00052k

	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...

	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...

	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...
	Using coherent X-rays to follow dynamics in amorphous icesElectronic supplementary information (ESI) available: It contains the absorber dependence...


