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Abstract

Dynamics, morphology, and structure of glassy water are highly relevant for cryochemical techniques,
in particular for cryo—electron microscopy (cryo-EM). Here, we study the structural dynamics of a
deposit consisting of thousands of micrometer-sized glassy water droplets during and after droplet
coalescence using X-ray photon correlation spectroscopy (XPCS) at the micro- and mesoscale. We cover
the temperature range from 94 to 161 K, encompassing droplet coalescence, the glass transition, and
crystallization to ice I. Our experimental protocol involves heating beyond the coalescence regime,
followed by recooling and reheating beyond crystallization, which allows us to disentangle the dynamics
of coalescence from those associated with the glass transition. During coalescence, we observe an
irreversible ballistic process in the temperature range between 130 and 145 K, with characteristic
velocities of approximately 0.1-0.2 A s7'. In addition, samples that are not annealed below 125 K exhibit
a g-independent mode (¢°) at 130-145 K, which only appears while coalescence is progressing. We
regard this to be a collective relaxation connected to a mobile surface layer at the droplet interfaces.
After coalescence is complete, we observe significant diffusive dynamics. In particular, we find a sharp
increase in diffusivity to approximately 2 A2 s at around 148 K, indicating the onset of pronounced
diffusive motion. From these results we conclude that droplet coalescence is primarily governed by
ballistic, non-diffusive dynamics below ~136 K, whereas strongly heterogeneous diffusive dynamics
emerge at higher temperatures. We associate the abrupt increase in diffusivity after coalescence with the
bulk glass-to-liquid transition.

Introduction

Amorphous ice is believed to be the most abundant form of water in the universe [1] and plays a crucial

role in astrochemical processes. These include the formation of comparably complex molecules, such

as amino acids, even under the harsh conditions of the interstellar medium [2]. On Earth, water’s
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amorphous forms mainly exist in laboratories, where the research is driven both by fundamental interest
in water’s anomalous properties [3] and technological application. The latter involves the freeze-drying
process in pharmaceutical [4] and food industry [5] as well as cryopreservation [6]. The prime example
here is cryo-electron microscopy (cryo-EM) [7], which involves hyperquenched glassy water (HGW)
[8] to protect biological specimens at 77 K, where cryo-images are recorded with low thermal noise.
HGW is prepared by plunge-freezing of very thin layers of aqueous solutions in a non-boiling liquid [9]
or by ultrarapid cooling of micrometer-sized liquid water droplets [10]. HGW is crucial because it
enables the vitrification of aqueous samples, preventing the formation of crystalline ice that causes
freeze-concentration and dehydration, causing damages to cells, e.g., by changes in osmotic pressure.
Ice crystals also puncture membranes or damage tissue by squeezing. Amorphous water on the other
hand preserves biological specimens in a near-native, hydrated state, allowing for high-resolution
imaging without the artifacts caused by ice crystals or air-water interface effects, such as protein
denaturation and preferred orientation [11,12].

In our work HGW is prepared by spraying an aerosol of micrometer-sized droplets onto a cooled copper
substrate [13], achieving cooling rates of ~10” Ks™. Such rates are necessary as the critical cooling rate
of water is 6.4 - 10° Ks™' [14], meaning that cooling at lower rates leads to crystallization instead of
vitrification. HGW shows a droplet morphology with droplet diameters of a few micrometers [13] after
deposition at 77 K. However, little is known about how the morphology, structure and dynamics of
HGW evolve with temperature and pressure. This is of particular importance in cryo-EM, where
temperature jump and revitrification protocols are often employed to make use of the HGW amorphous
matrix dynamics. This lets experimenters switch back and forth between a native liquid and a glassy
environment and probe transient configurations of proteins [15-17].

Recently [18], we used in situ scanning electron mircroscopy (SEM), combined with small angle X-ray
scattering (SAXS) at the European XFEL to probe changes in HGW droplet morphology upon heating.
Upon heating, we observed droplet interfaces vanishing between 125 and 145 K directly in the SEM,
accompanied by a reduction in specific surface area (as extracted from the SAXS data). Time-resolved
in situ SEM measurements revealed flow on the micrometer scale at and above 145 K, which is
terminated by crystallization at 155 K. That is, droplets are static below 125 K, but highly dynamic
above 125 K, where droplet coalescence takes place. This is followed by a highly dynamic sample up
to the point of crystallization at 155 K, where a static image is seen in the SEM again.

While we could observe droplet coalescence (i.e., the merging of droplets) in these experiments, we
were unable to extract dynamics information such as time constants, velocities or diffusivities. However,
such information is vital to understanding the cause and mechanism of HGW droplet coalescence.
Previously we argued [18] that coalescence is driven by the mobility of water molecules above the glass
transition. More specifically the calorimetric glass transition of low-density water (a.k.a., water’s first
glass transition T,) is observed at Ty1= 124 K (at a heating rate of 0.17 K min [19]) and 7,,=137 K
(at 30 K min™' [20]). Based on this, we suggested that the onset of diffusive liquid dynamics allows the
coalescence to occur. However, despite decades of research, the question whether or not water’s first
glass transition is a true glass-to-liquid transition still lacks a clear answer. Many studies [21-24] find
diffusive dynamics upon exceeding 7,1 or other evidence that speak for the formation of a liquid [25—
28]. The definition of a liquid state entails a viscosity of less than 10'* Pa-s which, to the best of our
knowledge, has never been measured directly. Thus, clear evidence for a glass-to-liquid transition is still
missing. In fact, several studies [29-33] opposing this view exist, suggesting non-diffusive dynamics
and/or the lack of a glass-to-liquid transition (a much more detailed discussion is provided in the
discussion section and in a comprehensive review [34]).

This means we are left with two possible options that might explain the loss of droplet interfaces: (i) A

genuine glass-to-liquid transition, leading to a metastable, supercooled and diffusive liquid or (ii) non-

diffusive dynamics that carries water molecules across the interfaces, where nano- to micrometers need
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to be crossed. Scenario (ii) requires a higher surface mobility, caused by, e.g., a surface glass transition,
that allows the droplets to sinter while the bulk stays glassy. In this case, the coalescence process would
complete without diffusion. However, it does not exclude a glass-to-liquid transition at higher
temperatures.

In order to distinguish between these options, we here study the nanoscale dynamics of HGW at 125 K
and above using X-ray photon correlation spectroscopy (XPCS) in the small-angle X-rays scattering
(SAXS) geometry. To this end we directly deposited HGW onto support grids, as described recently
[18], and loaded them into a cryostat that is fitted into the P10 Beamline at PETRA III (DESY, Hamburg,
Germany). The samples were heated in a stepwise manner, covering a temperature range between 94
and 161 K, where droplet coalescence was observed earlier [18]. XPCS makes use of coherent X-ray
radiation, producing a so-called speckle pattern in the detector image which encodes the current
disordered structural configuration of the sample. Structural dynamics are probed by following the
temporal evolution of this speckle pattern. With this technique, we find that droplet coalescence,
occurring between 125 and 145 K, is mainly driven by a non-diffusive, ballistic process. After droplet

coalescence, above 145 K, we find a diffusive process characterized by a diffusion constant of up to
~2 A%,

Methods

Hyperquenching

Glassy water droplets (HGW) were produced using the well-established hyperquenching technique,
invented by Mayer [8] and optimized by Kohl ef al. [13] The procedure is identical to our recent
experiments [18] and closely follows the procedure described in ref. [13] which is why we will only
give a brief description here. An aerosol of liquid water droplets with a mean diameter of ~3 pm was
produced using an ultrasonic nebulizer (LKB Instruments, Model 108). The aerosol is then picked up
by a carrier gas which is dry nitrogen (2 L/min flow) in our case. The aerosol is then transported through
a hose that is cooled using an ice bath to lower the water vapor pressure and to remove larger, already
coalesced droplets. The hose is connected to a vacuum chamber that is pumped by a 3-stage pumping
system. A turbo-molecular pump (Leybold-Heracus, Model Turbovac 360) with a multi stage roots
pump (Pfeiffer Vacuum, Model ACP15) as a backing pump and a powerful cryo pump (Air Products,
Model DE-208L) are used to achieve a pressure of ~10~ mbar during the deposition and a base pressure
of ~10” mbar. The cooled droplet aerosol enters the vacuum chamber through an orifice with a diameter
of 300 um. Upon passing the orifice, the droplets reach supersonic speeds and subsequently hit a liquid
nitrogen-cooled OFHC copper substrate with a support grid mounted onto it using two screws. The
support grids are commercially available 50 um thick copper SEM finder grids (Gilder SEMF3) with
square holes with a length of 1.16 mm. The copper substrate is mounted on a removable cold finger, and
the temperature is measured using a Pt-100 sensor on the cold finger. The droplets hitting the copper
substrate and support grid experience a cooling rate [13] of ~10° to 107 Ks™' and vitrify rapidly upon
contact, resulting in a ~95 % amorphous deposit (see SM section S2). After 7 min of deposition, the
sample is recovered by venting the chamber with dry nitrogen and then quickly removing the cold finger
with the sample still mounted. The cold finger is then immediately submerged into a bath of liquid
nitrogen to prevent the sample from undergoing any temperature-induced changes. Finally, the support
grid with the ~150-200 um thick HGW deposit is removed from the copper substrate under liquid
nitrogen.

X-ray Photon Correlation Spectroscopy (XPCS)

To study the temperature dependent structural dynamics of HGW, we used X-ray photon correlation
spectroscopy (XPCS). Figure 1A shows a schematic of the setup used at the beamline P10 at PETRA 1II
(DESY in Hamburg, Germany). In essence, it is a combined wide- (WAXS) and small-angle X-ray
scattering (SAXS) setup using highly coherent X-rays with an energy of 8.8 keV, focused to a beam size
of 7.9 x 17 um? using Compound Refractive Lenses (CRLs). Silicon attenuators were used to prevent
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X-ray induced sample changes and dynamics (refer to SM section S6.2 for more details). The WAXS
signal was recorded using a Dectris Eiger 500 K detector, placed at a distance of ~15 cm from the sample
and covering a momentum transfer ¢ of 1.25-2.9 A", The SAXS signal was recorded using a Dectris
Eiger X4M placed 5 m downstream of the sample covering a g-range of 0.0016 to 0.1 A™!. This g-range
corresponds to a length scale of ~6-390 nm in real space.
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Figure 1: A: Schematic XPCS setup at the beamline P10 at PETRA III (DESY, Hamburg, Germany). Coherent
X-rays are shot at the 150-200 um thick HGW deposit mounted on a cryostat. Wide-angle scattering X-ray
(WAXS) is used to observe the local structure (amporphicity/crystallinity) and XPCS measurements are performed
in the small-angle scattering (SAXS) region. B: Picture of a sample grid mounted on the cryostat. C: Schematic
representation of the temperature protocols used for this study. Heating between the isothermal steps was carried
out at ~5 Kmin™! while for cooling, the heating was simply switched off.

The WAXS signal holds information about the local atomistic structure of the sample, allowing us to
monitor the amorphicity of our HGW samples and observe possible phase transitions, such as
crystallization. The azimuthally integrated SAXS signal gives information regarding the morphology of
the sample and lets us measure the specific surface area. As we have shown recently [18], this can be
used to track droplet coalescence in HGW. Since we use coherent X-rays, the SAXS signal shows a
speckle pattern that changes with time according to the structural dynamics present in the sample. For
XPCS [35-38], we record a time series of the SAXS speckle patterns, allowing us to follow dynamics.

The sample environment is a commercially available VPF-100 cryostat, manufactured by Janis Research
Company. It is fitted with a custom-made copper sample holder that allows mounting of a 10 mm sample
support grid as shown in figure 1B. The temperature is monitored using a DT-670 silicon diode on the
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sample holder, connected to a Lake Shore temperature controller. Temperature control is achieved by
heating elements connected to the controller and cooling using a steady flow of liquid nitrogen that is
supplied by a transfer line. Each sample, sticking to its support grid, was loaded onto the pre-cooled
cryostat submerged in liquid nitrogen. Subsequently, the cryostat was quickly placed into the sample
vacuum chamber, which was then immediately pumped down to a pressure of ~10™ mbar. The sample
environment was directly connected to the beamline vacuum via vacuum shutters that were opened after
pumping down. Typically, this setup has a temperature offset between the measured temperature and
the actual temperature at the sample. This offset was calibrated by an internal calibration procedure,
described in more detail in the SM, section S3. All temperatures in the main text were corrected for this
offset.

The temperature protocols used for this study are shown schematically in figure 1C. The sample was
heated in isothermal steps which lasted about an hour each. In the first 20 min, the sample was
equilibrated in order to adjust to the new temperature and to eliminate any movement of the setup due
to thermal expansion. Then, at least two consecutive 1000 s long XPCS measurements were performed
while also recording the WAXS signal simultaneously. To improve statistics, the measurements were
performed at two different spots on the sample each. When selecting a spot or measurement, we aimed
for minimum crystallinity by monitoring the WAXS signal during spot change. Both protocols employ
a first and a second heating run. The idea is that coalescence, as it is irreversible, should only occur
during the first heating. In protocol 1, the sample spent a lot of time at low temperatures, as it was heated
in steps starting from 94 K. Protocol 2, employed a temperature jump to 128.5 K, skipping these lower
temperatures and thereby eliminating annealing effects.

Further, more in-depth information on the XPCS measurements, such as XPCS calibration using aerogel,
assessment of beam-induced dynamics, as well as detailed sample information and preliminary
characterization can be found in the SM.

XPCS, WAXS and SAXS Data Reduction
Per run, 1000 speckle patterns, each accumulated for 1 s, are recorded as 2D detector images with
megapixel resolution. To extract dynamical information, this complex dataset is reduced to time
correlation functions that capture the temporal evolution of the speckle pattern by correlating pixel
intensities over time. This was done using the xpcsgui software package [39]. For this study, the time
resolved speckle patterns were mainly reduced to the intensity autocorrelation function g» (equation 1)
[35-38].

_ (I(q,t)l(q't‘FT))t,pix

,T) = 1
. . 4w sin(g) X .
Here, ¢ is the momentum transfer given by q = a 22 for a certain scattering angle 0 and wavelength

A, 7 is the so-called lag time that passed since the initial time ¢, and / denotes the recorded pixel X-ray
intensity. Averaging is first performed over ¢ and then over pixels. Additionally, we calculated the two-
time correlation function (TTCF) C as shown in equation 2 [35-38].

(I(thl)I(qICZ))plx
I(@t))pixlI1(q,t2))pix

Cq ty,ty) = -1 2)

Here ¢; and ¢; denote two different points in time for which the correlation map is calculated. In contrast
to g2, C is not averaged with respect to the initial time ¢. This means that C shows how much the
dynamics change over time, i.e., if the relaxation rate depends on the choice of 7. Additionally, it can be
used to quantify dynamical heterogeneities. To do so, we calculate y which is the variance of C according
to equation 3 and quantifies temporal heterogeneity of the measured dynamics [40].
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The WAXS data were reduced by azimuthal integration using the pyFAI package for python [41]. Before
doing so the pixel intensities were averaged over time. The SAXS data reduction was performed as part
of the xpcsgui data reduction pipeline. That is, azimuthal integration and time averaging were carried
out in a similar way to the WAXS data reduction.

Results
Static WAXS and SAXS Results
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Figure 2: Results of time averaged scattering in the wide-angle (WAXS) and small-angle (SAXS) regime. All
temperatures are corrected for an offset, see SM section S3 for details. A/B: Scattered intensity /(g) in the WAXS
regime during the first (panel A) and second (panel B) heating cycle. The scattering profiles were normalized by
the total scattered intensity and shifted with temperature for clarity. The letters h and ¢ denote Bragg peaks of
hexagonal and cubic ice I respectively. C: Time-resolved WAXS data during a measurement at 151 K. Please note
ten curves are shown that are perfectly on top of each other, where each curve represents 100 seconds. D/E: Porod
plots (see text) of the SAXS profiles for the first (panel D) and second (panel E) heating cycle, respectively. Before
Porod scaling, /(q) was normalized using the invariant Q (see text). F: Surface parameter S determined from the
Porod plots in panel D and E.

Figure 2A/B shows the WAXS scattering profiles (shown as intensity /(g)), normalized to the total
scattered intensity in the available g-range and stacked by temperature. The pronounced halo peaks
centered at 1.7 A' confirm the HGW samples to be amorphous, more specifically to be low-density
amorphous ice (LDA) [8]. Already at the start of the first heating cycle, minor contaminations of ice |
(marked by the letters h and c in figure 2A) are found. These are typical for HGW where usually 95 %
of the material is amorphous [13]. Based on calorimetry we estimate our HGW samples to be 91-94 %
amorphous (see SM section S2 for details). Such contamination typically arises from condensation of
water vapor onto the sample while loading and partial crystallization during hyperquenching. During
the whole first heating cycle (up to 146 K), the dominating halo peak is conserved, meaning that the
sample remains amorphous. Only small increases in the intensity of the Bragg reflexes of ice I are
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observed, which might be a result of a spatially inhomogeneous distribution of the crystalline
contaminants, as each measurement was performed at a different spot.

Also during the second heating cycle (figure 2B), the halo peak is conserved below ~156 K, showing
that our samples stay amorphous below 156 K (blue to orange curves in figure 2B). Crystalline
contamination is still observed during the second heating cycle and grows slightly when the temperature
is increased, as the growing Bragg peaks show (yellow and orange curves in figure 2B). At 156 K, the
samples crystallize partially (next to last red curve), and at 161 K (last red curve) the samples are fully
crystalline. This is shown by the vanishing of the halo peak and simultaneous growth of the ice I Bragg
peaks.

Since crystallization might interfere with our XPCS measurements, we investigate whether or not the
WAXS signal changes with time during the measurement. This might pose a problem, especially at
higher temperatures, where crystallization is faster. Figure 2C shows the WAXS signal at 151 K in a
time-resolved manner. To this end the data are divided into chunks of 100 s each before reduction,
showing how the local structure according to WAXS changes with time. Since all curves are practically
identical in figure 2C, no progress of crystallization is observed on the timescale of our XPCS
measurements. Neither the intensity of the halo peak decreases, nor the intensity of the Bragg reflexes
increase. Thus, we conclude that below 156 K, crystallization does not progress on the time scale of our
measurements and does not interfere with the XPCS analysis of the amorphous part of the sample. This
is in line with earlier reports (see SI of ref. [23]).

Panel D and E of figure 2 show the normalized SAXS data for the first and second heating cycles,
respectively. More precisely, in order to account for different thicknesses of the HGW sample at
different spots the raw SAXS intensity I,y (q) has been normalized using the invariant Q according to
equation 4 [42],

Iraw (q) Iraw (q)
I — aw — = aw 4
@ Q Jo a"*Iraw(qr) dqr @

where /(g) denotes the normalized SAXS intensity. The integration range is limited by the accessible g-
range in SAXS, which means that Q can only be estimated. In other words, the normalization corrects
for sample thickness, but some slight dependency on sample thickness still remains. Since /(g) is not
known on an absolute scale, we cannot directly access the specific surface area from the SAXS scattering
profiles. Instead, we define a surface parameter S in arbitrary units that is proportional to the specific
surface area. According to Porod’s law, the SAXS intensity in the high-g limit follows a Sg™ decay [42].
To see if this behavior is followed, it is useful to rescale the data as /(g)q*. This so-called Porod scaling
has been done in figure 2D and 2E. All of the data there show a plateau in the high-¢g limit, in accordance
with Porod’s law. This part, in our case at least the g-range of 0.08-0.1 A™', is caused by scattering from
interfaces [42]. From the plateaus in figure 2D/E, we extract the surface parameter S as shown in
equation 5.

S= (I(Q)q4)qe[0_08 A-101471] ©)

Figure 2F shows the results for S based on the data in panels D and E. During the first heating cycle
(blue points), the surface decreases strongly until ~145 K, but then remains constant upon further
heating. During the second heating cycle (red points), S stays at a low value up to crystallization at
156 K, except for a few outliers below 140 K. This means that the sample’s surface decreases
irreversibly during the first heating cycle, with the strongest decrease occurring between 125 and 145 K.
We reported the very same behavior recently based on XFEL measurements [18] and assigned it to the
vanishing of droplet interfaces, a.k.a. coalescence (see short summary in the introduction). Since we
find the same behavior here, this means that the HGW samples undergo coalescence between 125 and
145 K during the first heating cycle.
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Dynamics Analysis: SAXS-XPCS Results

Two-time Correlation Function (TTCF)
We now want to discuss the structural dynamics

in terms of our XPCS results to recover more

information on droplet coalescence in HGW and dynamics of amorphous ice below and above the glass

transition temperature 7, upon heating.
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Figure 3: Exemplary normalized two-time correlation functions (TTCFs) at different temperatures calculated
according to equation 2. The TTCFs have been corrected for systematic errors in baseline/contrast by rescaling.
The data were selected as representative results for a low (133.5 and 138.5 K) and a high temperature (146 K and
148.5 K) during the first and second heating each. A/B: TTCF for two different temperatures during the first
heating. C/D: TTCF for two different temperatures during second heating. E: Variance y of the TTCFs shown in
panels A-D calculated using equation 3.

Figure 3 shows some exemplary two-time correlation functions (TTCFs) for different temperatures
during first and second heating. The TTCF and its normalized variance y are useful tools to judge
whether or not the observed dynamics correspond to equilibrium processes in the time frame of
observation (in our case 1000 s) [43]. In case no strong fluctuations are visible in the TTCF, the
dynamics can be considered equilibrated within the respective experimental time frame. Strong
fluctuations along the diagonal on the other hand point to non-equilibrium dynamics. X captures
temporal heterogeneities of the dynamics which are related to spatial dynamic heterogeneities [43].
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For the first heating cycle (figure 3A/B), we observe some small fluctuations, visible as small line-like
decorrelation events at both, 133.5 and 146 K, accompanied by an underlying, relatively stable slow
decay. At 133.5 K (panel E) y shows a broad peak centered at 400 s that spans the whole 7 range. After
increasing the temperature to 146 K (panel B), y (panel E) decreases drastically, and its peak maximum
shifts to ~300 s. Typically, the maximum of y coincides with the characteristic relaxation time, meaning
that this shift to shorter times indicates that structural relaxation is faster when increasing the
temperature in the first heating cycle. Additionally, the pronounced reduction of y with increasing
temperature indicates that dynamical heterogeneity is reduced as well. For hyperquenched glasses,
strong dynamical heterogeneity is expected as there are many spatially separated domains that each have
their own relaxation time [44]. For HGW, the droplet structure adds onto this, possibly further creating
spatial heterogeneities. This explains the broad peak of y at the beginning of the first heating cycle
(figure 3A). The reduction of dynamical heterogeneity upon heating shows that HGW undergoes
pronounced thermal relaxation during droplet coalescence.

In the second heating cycle (figure 3C/D), the fast fluctuations observed during the first heating cycle
vanish, indicating that they are caused by an irreversible, non-equilibrium process. Instead, the TTCFs
of the second heating cycle show a stable main decay and significantly faster decorrelation at higher
temperatures. The former indicates that we here observe equilibrated dynamics (on the timescale of
1000 s) while the latter indicates the speed-up of dynamics at higher temperatures. The low y (figure
3E) in the second heating cycle further supports this. However, we note that y has a peak at lag times of
~250 s after increasing the temperature to 148.5 K which is not found at 138.5 K. The reason for this
might be the very slow dynamics of the sample at 138.5 K, shifting the peak of the variance outside of
our observation range. Although dynamic heterogeneities are less during the second heating cycle, some
are still observed. This is not surprising given that amorphous ice under these conditions is close to its
glass transition temperature where dynamic heterogeneities are expected [43].

In essence, based on the TTCFs, we identify a fast non-equilibrium process along with pronounced
dynamic heterogeneities during the first heating cycle. The second heating cycle by contrast features
equilibrium dynamics on the time scale of the measurement. Given that this fast irreversible process
coincides with the temperature range in which coalescence is observed (~125-145 K), it is likely coupled
to or even caused by the coalescence process.

Intensity Autocorrelation Function (g)

Using equation 1, the observed speckle dynamics were reduced to the intensity autocorrelation function
22. As seen in figure 4A, in some of the runs a fast initial decay within the first 10 s is observed in the
first heating cycle. We note that this is mostly the case when using the heating protocol 2 (dashed line
in figure 1C), which skips low temperature annealing by jumping directly from 94 to 128.5 K before
continuing with step-wise heating. This fast initial decay is followed by a larger and much slower
decorrelation. The fast mode is most intense at 143.5 K and less pronounced at lower and higher
temperatures. Even more so, it is completely absent in the second heating cycle (figure 4B), where again
a much slower decorrelation is observed that accelerates with temperature.
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offset was applied for clarity. A: Exemplary g> functions for the first heating cycle. B: Exemplary g, functions for
the second heating cycle.

When using protocol 1 involving long annealing of the sample below 130 K instead (see figure 1C and
SM section S6.3), the fast initial decay within the first 10 s found in figure 4A is only present at 131 and
136 K, and it is much less pronounced. In fact, for most of the runs it is only the first data point that is
slightly elevated, which is not enough to justify the existence of an additional fast decay. Also in the
second heating cycle, the initial decay is not significant. This means, for protocol 1, the fast initial decay
is only present around 131-136 K during the first heating after annealing the sample below 130 K.

That is to say, we observe an additional fast decay within the first 10 s of the measurement consistently
when the sample is immediately heated to 128.5 K into the coalescence range of 125-145 K without
prior annealing. Annealing the sample below 130 K causes this fast decay to fade away or even vanish
fully in most runs. Clearly the dynamics observed during the first heating cycle are dependent on thermal
history. This is rather expected, given the morphological changes during droplet coalescence and the
decrease of specific surface area discussed earlier.
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heating cycle using protocol 2, which includes the temperature jump to 128.5 K. Note that the initial fast decay
ceases after ~11 s for all ¢ bins, indicating that the relaxation rate is g-independent.

To clarify the type of process that the fast decay observed in figure 4A corresponds to, let us have a look
at the raw g, functions in figure 5. For all g sections (or ¢ bins), the initial decay ceases after ~11 s of
lag time. This means that the relaxation rate is g-independent, although we do note that the decay appears
stronger at higher ¢, meaning that the decrease of g is larger. Fitting a model that adds a g-independent
decay empirically shows that the relaxation rate is g-independent (see next section). Since other
relaxational modes are usually associated with a g"-dependence, where 7 is, e.g. 1 for ballistic processes
and 2 for diffusion [35], we will refer to this g-independent mode as ¢° mode, implying n = 0.

But what is the origin of such a ¢” mode? Using molecular dynamics simulations of supercooled water
and silica [45], it has been shown that a ¢° mode can originate from collective density-density
correlations probed at larger length scales than the inter-particle distance, i.e., at low g. This behavior is
observed in many network-forming soft matter systems [45-47]. In this case a ¢” mode requires
sufficiently large units that relax independently from each other, requiring all units to fully relax over
all length scales to fully decorrelate [48]. This has been reported for vitrimers where the elastic modulus
fluctuates locally with the same time scale at all length scales due to an underlying network bond
swapping process [48]. Microscopically, HGW is a tetrahedral network of water molecules meaning that
collective network dynamics could be at the origin of the ¢° mode. However, the ¢” mode is absent in
all bulk amorphous ices studied previously by XPCS [23,24,49-51]. Our HGW samples differ from
these bulk samples in that they feature internal surfaces, namely interfaces between droplets. The ¢°
mode has to be linked to dynamics involving these internal interfaces across the sample. After
coalescence the interfaces are missing, and also the ¢° mode is no longer present. Other possible causes
of a ¢” mode were reported for polymer-based quasicrystals, which show g-independent relaxation
linked to grain boundary dynamics [52]. This shows that interfacial effects can give rise to g-independent
dynamics. We suggest the same to be the case for HGW, especially because a mobile surface layer was
observed previously for amorphous ice in this temperature range [53]. This might enable collective
motion across the droplet interfaces or even collective motion of the droplets as a whole, causing the ¢°
mode. This explains why the ¢” mode is only observed during coalescence in the first heating run while
the interfaces vanish. We do note that droplet coalescence is only one possible link to the ¢° mode, as
such modes are a more general feature of soft-matter systems [45—47]. To fully resolve its origin, further
experiments with different g-ranges are of interest. As evident in figure 5, the ¢° mode is less pronounced
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at lower ¢, meaning that it might disappear when measuring at even lower ¢. At larger ¢ this mode might
either stay g-independent or develop a g-dependency. Knowing this g-dependency is key for
investigating the origin of this relaxational mode.

Global Fitting Procedure

To extract dynamic information from g, a model description is necessary. A typical approach is to model
2> empirically using a (stretched) exponential decay. However, here we expect several components,
including diffusion and ballistic movement of water molecules. X-rays are mostly sensitive to the
positions of the oxygen atoms, meaning that we resolve translational motion, but not H-atom jumps or
molecular rotation. Given the g-range of our experiment (0.0016 to 0.1 A™"), we probe motion at the
length scale of ~6-390 nm. Diffusion and ballistic movement on a similar length scale were reported
earlier for other types of amorphous ice [23,24,49,50,54]. Modelling g» directly with a sum of (stretched)
exponentials might in this case be inaccurate and limit the physical reliability of the parameters that are
extracted from the fits. This is because such a direct description is purely empirical, without an
underlying physical argument. Additionally, often the cross terms that inevitably arise when squaring F
according to the Siegert relation [35] (equation 6) are neglected.

92(q,7) = b + BIF(q,DI? (6)

Here, b is the baseline of g, and f is the speckle contrast. For this reason, we follow the approach of
directly modelling the intermediate scattering function F instead of g» as described previously [50,54].
Initially, assuming a diffusive process characterized by the diffusivity D and a ballistic process
characterized by the velocity v we can write F' as equation 7 [50].

F(q,7) = Ae™C00" 4 (1 = A)e(Pa*D)’ ™)

A is a weighting parameter and y is the stretching parameter. This means we allow the distribution of
diffusivities to be broadened according to y while assuming a very sharp distribution (technically a single
value) for v [54-56]. Equation 7 is strictly speaking only valid for the self-part of /' meaning that
collective movement of particles or density fluctuations is not covered [35]. Using the Siegert relation
(equation 6) g» evaluates to equation 8 [50].

9:(0.7) = b(@) + A(@) (4eC" + (1 = e~ Ca*)’ ®

Now equation 8 can be fitted as a “global” fit to our g» data as described previously [50]. The term global
here denotes that g» is fitted in g and 7 simultaneously [57], which in our case means that a surface is
fitted to the g»(g,7) data.

Figure 6A shows an exemplary global fit of g» using equation 8 and the procedure described above. For
a simpler representation, the fitted surface is shown as individual line segments at the corresponding ¢
values. We note that the model fit overall agrees well with the measured data. Typically, global fits
perform worse than fitting each g value separately since the whole dataset is now described with (in our
case) only two relaxation rates, whereas individual fits would employ two relaxation rates per g value.
On the other hand, to extract v and D from the individual fit requires a second step where the ¢
dependence of relaxation rates is fitted, effectively reducing the number of parameters again. As reported
previously, these fits tend to deviate more from the measured data [23,49] - which means that the
deviation from the model is shifted to this second step. Additionally, when using a non-global fit, the
relaxation rates often turn out unreliable for very low or high ¢ values. In the former case, the signal to
noise ratio is often quite good due to a higher contrast but the decay is slower and if it is cut off, then
the resulting relaxation rate(s) might be unreliable. This is less of a problem at large ¢ since the decays
are usually faster but also the contrast is lower, worsening the signal to noise ratio. Since this is also the
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Figure 6: A: Exemplary fit to g, data that lacks a clear ¢° mode using equation 8. B: Exemplary fit to g, data that
contains a clear ¢° mode using equation 9. Points represent measured data while solid lines indicate the global fit.
In both cases a global surface fit procedure was applied (see text). C/D: Intermediate scattering function
reconstructed from the corresponding fits, including decomposition into individual components.

Data that show a significant ¢° mode (see figure 5 and 6B), meaning that the decay is clearly visible
over several data points, cannot be described by equation 8. To fix this, we introduce an exponential
decay with a ¢ independent relaxation rate /" to ¥ (equation 9).

92(q,™) = b(q) + B(q) (Ae‘("‘”)2 +Be~(P*) 4 (1-4— B)e—rr)z ©)

Here A and B are weighing factors and for fitting, the sum of all three pre-exponential factors is
constrained to 1. An exemplary global fit of equation 9 to experimental data is shown in figure 6B.
Overall, the fit agrees well with our experimental data. In panels C/D of figure 6, the fits from panels
A/B were plotted as separate curves per dynamical component. In all cases (no matter if ¢° is present or
not) the main decay is explained by a ballistic component. The diffusive component is only significant
at higher temperatures where it is visible as an additional shoulder at longer lag times, between 100 and
1000 s. The ¢° mode (if present) is always assigned to the initial fast decay.
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Figure 7: Exemplary g, data as a function of temperature during first and second heating including global surface
fits of equation 8 or 9, respectively. All runs where a ¢° mode was unambiguously identified were fitted with
equation 9 and are labelled accordingly. Runs that do not show this mode were fitted with equation 8. For the fits
of the remaining data see SM section S6.3.

Figure 7 shows more exemplary fits of the previously described models to our experimental data. All
data that unambiguously show the ¢ mode were fitted using a global fit of equation 9. The data that
show no clear ¢° mode were fitted using equation 8. The remaining fits not shown in figure 7 are found
in the SM section S6.3.

The fits using the ¢ model (middle and right panel in the upper row in figure 7, first heating) overall
agree with the experimental data, although some deviations are noted. Mainly, the strength of the fast
¢° decay (within the first 10 s) is underestimated by the model. Additionally, the fits tend to overestimate
the baseline at higher ¢ values. This leads to a large error bar of the diffusivity since the diffusive decay
is then not captured as well (see figure 8B). However, the main decay, which originates from the ballistic
mode, is still captured reliably with a reasonable error bar (see figure 8A). Thus, we expect that at least
v can be determined reliably from all of the ¢° model fits while D has a larger error. We also do note
that the description improves substantially at higher temperatures. That said, the description of the ¢°
mode could possibly be improved overall. Since the ¢° mode is likely caused by some kind of collective
motion [45] this has to be considered when formulating F in an analytic fashion. However, this likely
requires keeping the distinct part of the dynamic structure factor, which is usually omitted in the
derivation. This, requires a detailed model of the underlying collective process.

When the ¢° mode is absent (lower row in figure 7, second heating), we find an excellent description

using equation 8 for most runs. Deviations are usually limited to the higher ¢ values which is expected
due to the lower contrast and thereby lower signal to noise ratio.
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Fit Results

The resulting parameters from the fits of equation 8 and 9 to all available g, data are shown in figure 8.
Let us first discuss the ballistic velocity v shown in figure 8A. During the first heating cycle (blue
symbols), we notice that from ~130 K on, v is significantly larger compared to the second heating (red
symbols). For example, at 138 K we notice a difference of ~0.1 As™ between the first (v ~ 0.15 As™)
and the second heating cycles (v ~ 0.05 As™). Given a root mean square displacement RMSD = v6vt
with a lag time of 1000 s, this results in an RMSD of ~370 A for the first and an RMSD of ~120 A for
the second heating cycles. This means that the ballistic process either slows down after the first heating
cycle or is of a different nature in the second one. Either way, the effect is at least partly irreversible.
Even more so, this irreversible ballistic relaxation occurs in the temperature region where droplet
coalescence occurs, namely between 125 to 145 K according to our recent study [18] and the SAXS data
shown in figure 2. This suggests this irreversible ballistic mode during the first heating is caused or at
least influenced by droplet coalescence. During the second heating, v stays below 0.1 As™ until ~145 K,
likely reflecting some slow ballistic glassy relaxation. This is quite common in glasses [58] and has been
observed previously for other amorphous ices as well [23]. Upon exceeding 146 K during the second
heating, v increases substantially, indicating significant ballistic relaxation.
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section S6.5 for details) C: Stretching exponent y of the diffusive component.

Information on the diffusive relaxation is provided by the diffusivity D (figure 8B) and the stretching
exponent y (figure 8C). During the first heating cycle, D is quite close to zero for most of the runs,
indicating very slow diffusion that is barely within our experimental time scale. A few runs however,
especially around 145 K, show D values scattered around 0.5 A% but with a large error bar. y is quite
low for almost all runs during the first heating, typically around 0.25. As y can be interpreted as a width
parameter of the underlying distribution of diffusivities [50,55], a low value corresponds to a broad
distribution, whereas a value of 1 indicates a single diffusive process. That is, y captures dynamical
heterogeneities as a broad distribution of diffusivities [54]. The low values of y during the first heating
cycle indicate spatially heterogeneous dynamics during droplet coalescence. This combined with the
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low diffusivity and fast ballistic relaxation suggests that the droplet coalescence is driven by a ballistic,
non-diffusive relaxation instead of a bulk glass-to-liquid transition.

During the second heating, D stays close to zero up to 146 K, where a slight increase, followed by a
huge jump to values of 2-2.5 A% around 150 K is noted. This sudden increase of diffusivity is
accompanied by y jumping towards 1. This means from at least 146 K, we observe significant diffusive
dynamics which speed up even more around 150 K and are accompanied by a reduction of dynamical
heterogeneities. Since this occurs after the droplet coalescence has already reached completion, we infer
a bulk amorphous ice that exhibits diffusive dynamics during the second heating.

The inset on figure 8B shows diffusivities measured after crystallization to stacking disordered ice I (see
SM section S6.5 for details). As one can see, the diffusivity in ice I above 156 K is much lower than in
amorphous ice around 150 K. This maximum of diffusivity, combined with the increased ballistic
velocity at around 150 K indicates that non-crystalline water exhibits a state of comparably fast
structural dynamics below its crystallization temperature.

Discussion and Conclusion

We have carried out two heating cycles on hyperquenched glassy water (HGW) composed of many
micron-sized glassy droplets. In the first heating cycle the droplet interfaces disappear ultimately
resulting in full coalescence. In terms of static properties the specific surface area, derived from the
SAXS data, matches our earlier XFEL data [18] on irreversible droplet coalescence of micrometer-sized
glassy water droplets in the temperature range between 125 and 145 K. In terms of dynamic properties
our SAXS-XPCS measurements reveal an irreversible fast ballistic process and (depending on the
thermal history) a very fast irreversible ¢” mode during the first heating cycle. Both the ballistic process
and the ¢” mode are linked to the disappearance of droplet interfaces. At the same time the diffusivity is
quite low in most cases with a low stretching exponent, indicating spatially heterogeneous dynamics. In
the second heating cycle the sample no longer contains droplets, but represents a bulk amorphous ice,
more specifically bulk low-density amorphous ice. In this second cycle a slower ballistic process typical
of bulk glasses is observed below 146 K while the diffusivity stays low. When exceeding 146 K, the
diffusivity and ballistic velocity increase rapidly. The diffusivity exhibits a maximum of ~2.5 A%s™ at
around 150 K, just before crystallization, and the stretching exponent approaches 1. This indicates that
the state above 7, contains less dynamic heterogeneities than the glass below 7.

Dynamics of Droplet Coalescence (First Heating Cycle)

Using these findings, we can now clarify the root cause for the coalescence of HGW droplets between
125 and 145 K: In the introduction we discussed several scenarios regarding the dynamics that could
drive the droplet coalescence. In essence, the question is if (i) a bulk liquid-to-glass transition gives the
water molecules enough mobility to allow coalescence or (ii) if the coalescence is driven by non-
diffusive, glassy dynamics. Since we find an irreversible ballistic process and a clearly non-diffusive ¢°
mode during the first heating, scenario (ii) applies here. This is further backed up by the very slow and
stretched diffusive component. If a bulk glass transition caused coalescence (scenario (i)) we would
expect a substantial increase of the diffusivity below 125 K, where the coalescence starts. In other words,
passing through the bulk glass transition is not required to induce droplet coalescence in HGW. The
nature of the non-diffusive coalescence process, however, is difficult to extract from our data. Possibly
it is a surface driven effect, meaning that the surface dynamics are faster than the bulk dynamics,
allowing sintering of the droplets. A recent study using dielectric techniques reports the observation of
such a mobile surface layer in amorphous solid water (ASW), even below 136 K [53]. More precisely,
even at deposition temperatures below 80 K, a 1-3 nm thick mobile surface layer is present, which grows
to 30 nm by deposition at 140 K. Depositing above 115 K, where the layer is ~10 nm thick, results in
sintered ASW (a.k.a. compact ASW or c-ASW). This means already at 115 K, the surface dynamics are
fast enough in ASW to allow pronounced morphology changes. We expect that such a mobile surface
layer is also present in other types of amorphous ice, especially at the droplet surfaces of HGW. Thereby,
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bridges between individual droplets may form via the mobile surface layer. These bridges then spread
across the interfaces and connect the droplets. This might be the very process at the origin of the ballistic
mode linked to coalescence. The dynamic surface layer then probably revitrifies after the transition from
2D material containing interfaces to interface-free bulk 3D material is complete. This explains why
coalescence starts below T, and does not need diffusive bulk dynamics if long-term annealing below 7,
is done as in our protocol 1. If on the other hand the long-term annealing below 75 is skipped, as in our
protocol 2, then coalescence takes place in a slightly different way. Then the collective dynamics also
involve the bulk, the g-independent mode appears in addition to the ballistic mode, where both
contribute to the coalescence.

Dynamics of Bulk Glassy Water (Second Heating Cycle)

After coalescence has reached completion, we do observe rather fast diffusion (D~2.5 A%s™") at around
150 K with the onset at ~145 K. For vapor deposited amorphous solid water (ASW) a diffusivity of
0.625 A% was reported at 136 K as measured by isotope diffusion[22] and 1 A%s™ using XPCS [24].
Another study, tracking the pore collapse of ASW using small angle neutron scattering found a
diffusivity of ~0.01 A% between 120 and 136 K during the pore collapse[59]. These values agree in
principle, considering that they are derived from different methods, length-scales, temperatures and
samples of different morphologies.

The remaining key question is what causes the strong rise in diffusivity between 145 and 150 K during
the second heating cycle in our experiments. For this, let us briefly discuss the literature on the dynamics
of amorphous ice in this temperature regime (for a more detailed discussion see for example ref. [34]).
Using calorimetry, the well-known heat capacity increase of HGW at 136 K (30 K/min heating rate)
was observed [60] and assigned as a glass transition to supercooled liquid water (a.k.a. T;,1), just before
crystallization. Further support for this scenario is given by the finding that this heat capacity increase
is a general feature of low-density type amorphous (LDA) ices [19,25,61]. Many more calorimetric
studies employing different protocols, testing annealing effects [13,62], reversibility and isotope effect
[20] of Tg,1, found that the observed heat capacity increase fulfills all calorimetric criteria of a glass-to-
liquid transition. Volumetry, where the volume change under pressure as a function of temperature is
recorded, reveals a sudden change of compressibility in a similar temperature range, indicating a
softening of LDA, consistent with the glass-to-liquid scenario [63]. A similar result was obtained by a
penetration study using a blunt indentor [26]. Isotope diffusion experiments [21,22] between layers of
ASW labelled with different hydrogen or oxygen isotopes show layer intermixing and translational
diffusion of water molecules. Dielectric spectroscopy [25-27] finds relaxation times compatible with a
glass-to-liquid transition. A very recent study, combining dielectric spectroscopy and calorimetry data,
concludes that Ty at 136 K is indeed a a-relaxation glass transition [64]. Earlier XPCS studies reported
diffusive dynamics of LDA after undergoing a polyamorphic transition [23] and at the glass transition
temperature of ASW [24]. All these results are consistent with LDA-type amorphous ices, including
HGW [65], undergoing a glass-to-liquid transition at 136 K where translational diffusion sets in.
However, several studies report observations that are inconsistent with this scenario and instead suggest
alternatives. These include the idea of a shadow glass transition, a well-known phenomenon for many
hyperquenched glasses that represents an annealing effect and precedes the actual glass-to-liquid
transition [44]. Based on the comparison with other hyperquenched systems, it was suggested that this
is the case for water at 136 K [66] while the true glass-to-liquid transition would be located at 165 K,
but preempted due to crystallization. This suggestion was later contested [26,27,62] after which more
evidence for [33] and against [67] the shadow glass transition scenario was gathered. Another study
using photochemical proton injection into ASW made from DO [29] suggested the onset of defect
dynamics instead of a glass transition is the true nature of 7,; which again was contested later on [68].
The isotope effect (using H,'*O and D,0) on the calorimetric glass transitions of LDA, HDA and ice VI
was reported as essentially identical based on which a purely rotational glass transition was suggested
[30]. This was interpreted as molecular rotations that set in above 7. Later it was shown that also
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translational modes do not exhibit a significant H,'80 isotope effect, so that the absence of the isotope
effect does not speak for the absence of translations [69]. Single molecule spectroscopy [70] studies on
the other hand probed for the rotation of a marker molecule as a hallmark of the glass-to-liquid
transition. In HGW, no rotation was observed suggesting that it stays solid above 136 K. This is in line
with inelastic X-ray scattering measurements that show a crystal-like phononic band structure for
amorphous ices [71,72]. Recently, also the possibility of a f-process being at the origin of 7,; was
discussed [73]. Additionally, recent studies of confined water [32] revisit the possibility of a shadow
glass transition as they find glass-to-liquid transitions between 170 and 200 K for their confined systems.

Although being just a brief summary, the previous paragraph shows nicely that water’s glass transitions
are far from being understood and are highly contested. Regarding T7g,, likely only a viscosity
measurement of LDA upon heating could solve the question whether or not a liquid forms. However,
we do note that the repeated finding of diffusive dynamics around 136 K is a strong case for the glass-
to-liquid transition scenario for bulk amorphous ice, including HGW after droplet coalescence.
Additionally, most of the above-mentioned conflicting evidence heavily relies on the comparison with
heavily confined water or even other glass-formers, which is interesting but cannot be used to
unambiguously clarify the behavior of bulk water. Our finding of diffusive dynamics on the nanoscale
before crystallization sets in, speaks for a glass-to-liquid transition after complete coalescence. As
discussed above, the coalescence process itself is non-diffusive and occurs at lower temperatures than
the diffusivity spike. We want to stress that this diffusion occurs after extensive annealing even above
136 K (due to the long measurement and equilibration times, the samples are automatically annealed,
see figure 1C). This suggests that a shadow glass transition is rather unlikely. It is of course also
inconsistent with all scenarios that exclude diffusivity at 71, such as a purely rotational glass transition.
Thus, based on our diffusivity data, along with several sophisticated experiments discussed in the
previous paragraph, we suggest a glass-to-liquid transition as the most likely scenario at 7, for bulk
amorphous ice.

Another interesting finding is that in our case the diffusivity starts to increase at around 145 K, almost
10 K above the accepted literature values of 7, [60]. The reason for this is likely that the dynamics
probed in our SAXS experiments cover the microscale (~6-390 nm), whereas other measurements
typically cover dynamics at the molecular distances (0.3-1.0 nm). Consequently, the dynamics probed
by us over these large distances is slower than the molecular dynamics.

Lastly, we want to compare our results to previous XPCS investigations of other types of amorphous
ice. Vapor-deposited amorphous solid water (ASW) [24] shows an even more complex relaxation
behavior. Besides two major slow relaxational components, each composed of a diffusive and a ballistic
one, additional fast components are reported. In terms of diffusivity, the slow component is very similar
to the one we report here (D ~ 1 A% s™") while the fast processes (~100 A? s™") were linked to the collapse
of micropores in ASW. After the morphology changes encountered in the first heating run, ASW and
HGW feature similar dynamics in the second heating run. This reflects that both of them feature the
dynamics of bulk LDA [65]. This also applies to LDA made via the polyamorphic transition from high-
density amorphous ice (HDA). In this case fast diffusive dynamics were only observed during the
transition and slow diffusion was observed afterwards [23,51]. Later, using thin free-standing HDA
samples, a heterodyne signal observed in XPCS when approaching the polyamorphic transition to LDA
[49]. It was shown that the heterodyne signal is due to diffusion of static LDA domains within the high-
density matrix. This suggest the high-density part to be in a supercooled liquid state, known as high-
density liquid (HDL). We here show that, in line with these earlier reports but without the polyamorphic
transition, HGW ends up in a diffusive low-density state (LDL), despite going through a completely
different thermal pathway. However, these liquids are prone to crystallization, and to study them in a
wider temperature range requires shorter time scales. Several studies deal with crystallization [74] or
polyamorphic transformations of HDA [75], LDA [76], and very high-density amorphous ice (VHDA)
[77] by rapid laser heating on timescales of nano- to microseconds. In essence, they all find liquid-liquid
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transitions between LDL and HDL but using completely different thermal pathways. This, in line with
the mentioned XPCS studies, suggests that water’s deeply supercooled liquids are distinct metastable
phases that are reached in equilibrium, regardless of thermal history.

In summary, we here report that amorphous ice, in our case HGW, exhibits significant diffusive and
non-diffusive dynamics between 125 and 156 K before crystallizing under reduced pressure (~10™
mbar). The non-diffusive, mainly ballistic, coalescence dynamics are not only fast enough but also on
sufficiently large length scales so that major morphological changes can occur. This has implications
for cryochemical techniques since not only bulk but also surface dynamics have to be considered when
using HGW either as a reaction medium [78] or as a sample matrix for cryo-EM [10]. Based on our data,
below 145 K, the diffusion of water molecules can be neglected compared to the length scales of typical
biological specimen, such as viruses. However, this is not the case on the interface regions where even
at 125 K, dynamics are fast enough to cause changes in morphology and possibly also influence
biological samples. To avoid these kind of surface dynamics cryo-electron micrographs need to be
recorded well below 125 K.
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