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ABSTRACT

Here, we investigate the hypothesis that despite the existence of at least two high-density amorphous ices, only one high-density liquid
state exists in water. We prepared a very-high-density amorphous ice (VHDA) sample and rapidly increased its temperature to around
205 + 10 K using laser-induced isochoric heating. This temperature falls within the so-called “no-man’s land” well above the glass-liquid
transition, wherein the IR laser pulse creates a metastable liquid state. Subsequently, this high-density liquid (HDL) state of water decom-
presses over time, and we examined the time-dependent structural changes using short x-ray pulses from a free electron laser. We observed a
liquid-liquid transition to low-density liquid water (LDL) over time scales ranging from 20 ns to 3 us, consistent with previous experimental
results using expanded high-density amorphous ice (¢HDA) as the initial state. In addition, the resulting LDL derived both from VHDA and
eHDA displays similar density and degree of inhomogeneity. Our observation supports the idea that regardless of the initial annealing states
of the high-density amorphous ices, the same HDL and final LDL states are reached at temperatures around 205 K.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0216904

INTRODUCTION each other through a first-order-like transition.” The connection

between these amorphous solids, their potential liquid counterparts,
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The anomalous behavior of water is discussed in relation to
the existence of two liquid states at supercooled temperatures,
namely, high- and low-density liquid water (HDL and LDL). Wil-
helm Conrad Rontgen speculated about two different configurations
in water.! This idea was later supported by the experimental find-
ing of two distinct amorphous ices—low-density amorphous (LDA)
and high-density amorphous (HDA)—which can be converted into

and their hypothesized relation to the thermodynamic properties
of liquid bulk water are still heavily debated.”” Throughout the
years, new experimental findings have added complexity to the
debate, particularly with the discovery of a third form of amorphous
ice: very-high-density amorphous ice (VHDA).”® All high-density
states share a common origin, initially formed through pressure-
induced amorphization, followed by different preparation protocols
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within the pressure-temperature phase diagram. Various sub-states
can be distinguished by slight differences in structure, density, and
thermal stability.’ﬁ“) However, the exact connection between these
states within the potential energy landscape remains unclear.

Previous studies using molecular dynamics (MD) simulations
have proposed a theoretical framework wherein the anomalous
properties of water at ambient conditions are linked to the exis-
tence of a buried critical point at supercooled temperatures and
elevated pressure.'’ Below this critical point, HDL and LDL undergo
aliquid-liquid phase transition. For many decades, this scenario was
only visible using the ST2 water model, a five-site model in which
tetrahedrality is built into its constitutive geometry.'” Recently,
this liquid-liquid scenario has also been observed using different
computational methods, including more realistic force fields.'' '°
However, the role played by VHDA remains unclear.” Suggestions
about multiple liquid-liquid transitions could not be confirmed.'®
Computational studies suggest that VHDA may be the quenched
counterpart of HDL' and find a continuous transition between the
states at very high and low pressures.'”*

Experimental investigations of VHDA and HDA at ambient
pressure show that the two forms have a density difference of 9%
at 77 K and a clearly different pair correlation function.”"** Neutron
and x-ray diffraction data reveal a longer O-O distance, in agree-
ment with Raman measurement, indicating also weaker hydrogen
bonds in VHDA compared to HDA at 1 bar.® These measurements
show a continuous transition between VHDA and HDA, observed
also via decompression at 140 K** suggesting that VHDA repre-
sents the limiting structure at the high-pressure end. In terms of
thermal stability, one also needs to distinguish between unannealed
HDA (uHDA) and expanded or equilibrated HDA (eHDA), formed
at lower pressure and elevated temperature.””*

When crystalline ice is pressurized at 77 K, the initial amor-
phous state is called uHDA. This metastable state does not show any
glass transition signature upon warming and transforms into LDA
at low temperatures. Although uHDA is structurally very similar to
eHDA, the latter can be heated almost 20 K higher before trans-
formation with a preceding increase in heat capacity as a footprint
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for a glass transition around 110 K.*° In terms of thermal stability
at ambient pressure, VHDA is located between the other states but
closely resembles the most relaxed amorphous ice at high pressure.
A glass-liquid transition when warming VHDA at elevated pres-
sures was observed around 140 K.”* However, a surprising anomaly
between 0.7 and 1.1 GPa was observed by Handle and Loerting.”’
While the glass transition in HDA is proposed to increase rather lin-
early, a sudden drop was observed in the pressure range between 0.7
and 1.1 GPa, where T is located at lower temperatures, which was
attributed to faster hydrogen bond dynamics.”” Would this imply
a rather discontinuous transition between VHDA and HDA? As
suggested by Handle and Loerting,”® this scenario then would be
related to the existence of a binodal separating VHDA and HDA,
located around a pressure of 0.8 GPa. The hypothesis involves a low-
temperature critical point above which the distinction between HDA
and VHDA disappears.”

The relationship between HDA, VHDA, and their correspond-
ing liquid is still ambiguous, as depicted in the diagram in Fig. 1(a).
Our goal is to investigate the ultrafast decompression pathways of
VHDA at temperatures far above 160 K. We investigate the timescale
of a potential liquid-liquid transition with respect to crystalliza-
tion. Recent research has reported on the liquid-liquid transition
from eHDA, investigated using time-resolved x-ray solution scatter-
ing (TRXSS).”” Those experiments successfully accessed short-lived
metastable HDL states using ultrafast heating with an IR laser pulse.
The wavelength and energy were chosen to increase the tempera-
ture in the eHDA sample to around 205 + 10 K. By varying the
time delays between the optical heating pulse (pump) and the x-ray
pulse (probe), we probed the structural evolution of the liquid state
throughout its subsequent decompression pathway, with the sample
free-standing in vacuum. The experimental findings are consistent
with computer simulations.”””’ Following the same experimental
protocol, we now use VHDA as the starting material. The aim of
our study is to investigate whether the observed phase transition can
be distinguished from the previous experiment while addressing the
question of whether HDL water in the phase diagram consists of one
or two megabasins.
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FIG. 1. (a) A schematic illustration of the melting and decompression process followed by isochoric heating of HDA samples. Our interest lies in whether VHDA undergoes
the same liquid state as eHDA or not. CP indicates a hypothetical liquid-liquid critical point. (b) WAXS image of VHDA. Approximate peak positions of the diffuse scattering
of VHDA (red dashed line), eHDA (black dotted line), and LDA (blue dotted line) are shown as dashed lines as a guide. They exhibit different peak positions reflecting the

different densities of the sample.
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METHODS
Preparation of amorphous ice samples

VHDA samples were prepared at Stockholm University using
a material testing machine (Zwick, Z100 TN) in combination with a
10 mm piston cylinder setup. This setup allows for the implementa-
tion of a well-established temperature—pressure protocol, previously
utilized in several studies.”””*”"" Initially, uHDA was generated by
pressurizing crystalline ice to 1.6 GPa at 100 K. Subsequently, the
uHDA samples were subjected to heating and annealing at 160 K and
a pressure of 1.1 GPa, resulting in the formation of VHDA. These
VHDA samples were then decompressed to ambient pressure and
subsequently stored and transported to PAL-XFEL in South Korea
at 78 K (liquid nitrogen temperatures). Under these cryogenic con-
ditions, VHDA remained in a metastable state. To laser-heat the
samples, a free-standing ice sample is required. This was achieved by
preparing the samples directly inside a small Cu-grid, as previously
reported.””’ The x-ray scattering peak positions of the VHDA sam-
ples and different sample spots measured at 78 K are summarized in
Fig. S2 (black square).

Time-resolved x-ray scattering experiment

X-ray scattering experiments employing a pump-probe setup
were carried out at the XSS-FXL beamline of PAL-XFEL.”*"’ VHDA
samples on a Cu-grid were placed onto a specially designed sample
holder connected to a cryostat (ST-400, Janis Research Company).
Temperature control of the cryostat was attained utilizing a sil-
icon diode and a cryogenic temperature controller (DT-670 and
Model 335, respectively, Lake Shore Cryotronics). The samples were
enclosed within a vacuum chamber maintaining a pressure below
0.1 Pa and cooled with liquid nitrogen, ensuring a base tempera-
ture of 115 K. This is necessary in order to obtain a higher final
temperature after the T-jump, in comparison to starting from 78 K.
Femtosecond optical laser pulses, characterized by a wavelength of
2 um and energy of 250 uJ/pulse, were generated via an optical
parametric amplifier pumped by pulses with a center wavelength of
800 nm from a Ti:sapphire regenerative amplifier. The laser beam
was focused to a spot with a diameter of 70 ym (FWHM). Fem-
tosecond x-ray pulses were produced by the x-ray free-electron laser
(XFEL) at PAL-XFEL using the self-amplified spontaneous emis-
sion (SASE) process. These x-ray pulses had an average energy of
9.7 keV and an energy bandwidth of 0.3% (AE/E), focused to a
spot measuring 19 x 32 ym®. Spatial overlap between the optical
laser pulse and the x-ray pulse occurred at an angle of 20°. X-ray
scattering data within the g range of 0.1-3.2 A~ were captured uti-
lizing a large area CCD detector (MX225-HS, Rayonix) positioned
250 mm away from the sample. The experimental setup involved
inducing ultrafast temperature jumps (T-jumps) within the sample
using the optical laser pulse (pump), while the subsequent time-
dependent changes were probed using the x-ray pulse (probe). To
ensure a sample freshness for each measurement, the sample holder
was repositioned before each pump-probe measurement. Prior to
the pump-probe measurements, laser-off images (probe-only) were
obtained and used as reference scattering patterns for each posi-
tion. Scattering images were acquired at various time delays ranging
from —8.4 ns to 10 us. The sample volume remains constant dur-
ing the heating pulse, constrained by the speed of sound, indicating
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isochoric heating. Following the isochoric heating, the sample natu-
rally undergoes decompression and cooling, given that the thin ice
layer is free-standing in vacuum.

RESULTS AND DISCUSSION

Time-dependent changes of the scattering
patterns after ultrafast heating

In agreement with the literature, VHDA samples can be dis-
tinguished from eHDA from their different structure, as evidenced
by the position of their x-ray scattering halo as shown in Fig. 1(b)
(see also Fig. 4(a) for the azimuthally integrated intensity). In Fig. 2,
a scattering pattern at each time delay is depicted in each panel as
a black solid line. At the shortest time delay (8.4 ns; bottom-left),
VHDA undergoes a transition to a liquid state (HDL), based on ear-
lier studies and calibration measurements.”” At a delay of 33.6 ns
after the optical laser pulse, the sample begins to undergo a phase
transition. This is initially discernible by a slight intensity increase at
g=~1.7 A", which corresponds to the characteristic position for the
scattering maximum of LDL, indicating the onset of a transition to
LDL within tens of nanoseconds. At ~1 ys, the maximum amount of
LDL is observed. Subsequently, LDL undergoes crystallization into
ice I within a few microsecond timescales, as evidenced by the time
delay of 10 ps. The emergence of HDL, the liquid-liquid transi-
tion from HDL to LDL, and the crystallization of LDL mirror our
previous eHDA experiments,” indicating that VHDA undergoes a
similar transition pathway as eHDA does. It is noteworthy that we
have also confirmed through MD simulations that the resulting state
is liquid, with detailed descriptions provided in Ref. 29.

Time-dependent changes of population
and SAXS intensity

At various time delays after the T-jump (laser-induced rapid
temperature increase), we analyzed wide-angle x-ray scattering

l(q) (a. u.)

15 2.0 25 15 2.0 2.5
q (A q (A1)

FIG. 2. Scattering patterns of VHDA sample at various time delays after heating.
Experimental x-ray scattering intensities, /(q), of VHDA samples measured before
(gray dashed line) and after (black solid line) the laser excitation. Data obtained at
IR pump/x-ray probe delay times of 8.4 ns-10 us are shown. The shaded regions
in gray, red, and blue correspond to the contributions of HDL, LDL, and crystalline
ice, respectively.
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FIG. 3. Time-dependent changes of population and SAXS intensity. (a) Time-dependent population changes of HDL (solid black squares), LDL (solid red circles), and
crystalline ice (solid blue triangles) after the isochoric heating of VHDA sample are shown. The solid black, red, and blue lines are shown to guide the eye. The results
from eHDA sample are shown together as open symbols for comparison.?” It is notable that both VHDA and eHDA exhibit the same time-dependent changes in population.
(b) The difference between the scattering patterns before and after the laser excitation at various time delays from —8.4 ns to 100 ys.

(WAXS) patterns [Figs. 2 and 3(a)]. The difference scattering curves
provide insights into changes induced by laser excitation. The curves
revealed contributions from the depletion of HDA (or HDL), the
emergence of LDL at early time delays, and the formation of crys-
talline ice at later time delays. We fitted the difference WAXS curves
using a combination of: (1) depletion of HDA, (2) emergence of
LDL, and (3) formation of crystalline ice as follows:

AImadel(q) = _CHDAIHDA(q) + CLDLILDL(q) + CcrystallineIcrystulline(q)~
1

For HDA, we utilized the scattering pattern measured prior to the
laser pump at the identical position. To represent LDL, we integrate
a shifted and broadened LDL component to enhance fitting qual-
ity, particularly for early delays. Incorporating the peak shift and
broadening of LDL involves introducing g and convolving with
a Gaussian function defined by ¢, as follows:

Aloger(q) = —Crpalupa(q) + Cipr

x {[Aexp(—zqcz)]ILDL(q - qshift)}

+ Ccrystallinelcry:talline(q)’ (@)

where A is a fixed normalization factor. Regarding crystalline ice, we
utilized the signal recorded at the same position after 1 ms, which
corresponded to the moment when the entire sample had com-
pleted its transition to a crystalline ice state. The free parameters for
this fitting comprised Crpa, Crpr, shift> ¢ and Cepystatiine. Employing
maximum likelihood estimation (MLE) in conjunction with a chi-
square (y*) estimator, the y* value was calculated using the following
equation:

1 Z (Almadel(qi) - AIexp(qi))2 i

N-p-1%5 o?

i

X2 ( Cupa, CrpL, CcrystallinE) =
(3)

where N represents the total number of g points (150), p denotes
the number of fitting parameters (3), and o; represents the standard
deviation of the averaged I(g) at each g; point. The fitting proce-
dure was conducted using the MINUIT software package,” with

error values provided by the MINOS algorithm within MINUIT.
Following the fitting I(g) for all delays, the values of Crpa, Cipr, and
Cerystaltine for each time delay were obtained. The temporal changes in
Cupa, Crpr, and Cysiaiine Were subsequently interpreted as indica-
tive of the population changes of HDA, LDL, and crystalline ice over
time.

In Fig. 2, the contributions of HDL, LDL, and crystalline ice at
each time delay are represented by shaded regions in gray, red, and
blue, respectively. The time-dependent changes in the population of
HDL, LDL, and crystalline ice are summarized in Fig. 3(a). Results
from the eHDA sample are shown together as open symbols for
comparison.”’ Overall, both states exhibit similar time-dependent
changes in population, indicating that VHDA shows qualitatively
similar behavior to eHDA after the T-jump. Taking into account the
higher density of the initial VHDA state, the sample is expected to
take a slightly longer pathway within the P-T-plane during decom-
pression and before reaching the liquid-liquid phase boundary.
Comparing VHDA and eHDA at the shortest delay points around
40 ns, the population of the initial state in VHDA changes slower
compared to eHDA. This is consistent with a picture of one single
HDL free energy megabasin, where the liquid state that is reached
after isochoric heating of VHDA relaxes slightly before undergo-
ing a phase transition. Both states (VHDA and eHDA) undergo a
phase transition to the same liquid state of LDL before crystalliza-
tion. In addition, the time scales of emergence and depletion of LDL
are similar for both, despite their different starting points in the P-T
diagram.

Comparison of WAXS region

The WAXS region shows the first diffraction maximum of the
amorphous ice samples. In Fig. 4(a), the current sample is compared
with eHDA from our previous study,”’ clearly illustrating the char-
acteristic difference between the two amorphous states. The peak
positions of the previously reported diffuse scattering peaks of HDA
powder samples are 2.14 (eHDA) and 2.28 (VHDA) A™! at 77 K22
Due to the different sample preparation, noticeable discrepancies are
observed in the positions of the diffuse scattering peaks. At 78 K, the
scattering peak appears around 2.3 A™" (Fig. S2, black squares). Our
pump-probe experiments, however, started at a base temperature of
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FIG. 4. Comparison in the WAXS region. (a) WAXS patterns of VHDA (red) and eHDA (black) measured before the laser excitation at 115 K. They exhibit different peak
positions indicating different densities of the sample. (b) The scattering patterns of LDL are extracted from the fitting analysis explained in the main text. The scattering
patterns of LDL generated from the heating of VHDA (red) and eHDA (black) are the same within the experimental error, indicating that a common liquid state is reached

regardless of the different starting points.

115 K. While the structure of the eHDA sample is almost not affected
by slow heating between 78 and 115 K, VHDA slightly expands
in this temperature region. At 115 K, the VHDA peak appears at
~2.21 A7*. For our pump-probe studies, we chose this relatively high
base temperature to allow for a higher final temperature after the T-
jump. The elevated temperature leads to an initial relaxation of the
VHDA sample and a shift in the VHDA peak position compared
to that at 77 K. This relaxation during slow heating is well known
from previous experiments.’ We still consider the sample to belong
to the VHDA-family, as the diffraction maximum is distinct from
eHDA, and also, our previous experiments demonstrated”™ that this
sample clearly distinguishes from eHDA in terms of thermal stabil-
ity, also not showing any sign of a calorimetric glass transition upon
slow heating.” We add the temperature as suffix in order to avoid
confusion (VHDA ;5).

In contrast to the initial states of eHDA and VHDA 5, the
scattering patterns of LDL generated from the heating of VHDA ;5
and eHDA are identical [Fig. 4(b)], indicating the attainment of

—— VHDA
——eHDA

02 0.3

q (A"

b)

a common liquid state irrespective of the different starting points.
The LDL states derived from VHDA ;5 and eHDA ;5 as the starting
points are compared, and no significant difference can be detected.
This provides additional evidence that VHDA ;5 undergoes similar
transitions compared to eHDA ;5.

Comparison of SAXS region

In Fig. 5(a), we show the small-angle x-ray scattering (SAXS)
region of VHDA;5 and eHDA ;5 measured prior to laser exci-
tation at 115 K. The differing SAXS intensities observed suggest
variations in sample homogeneity. Specifically, VHDA ;5 exhibits a
higher SAXS intensity, implying that it is less homogeneous than
eHDA. The larger inhomogeneity might be related to VHDA;;5
being already slightly expanded at 115 K as seen by the shift in the
WAXS pattern toward a peak position of 2.21 A™'. Additional SAXS
measurements on eHDA7s and VHDA7g samples prepared follow-
ing exactly the same protocol, confirmed this observation (Fig. S1

S
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FIG. 5. Comparison in the SAXS region. (a) SAXS patterns of VHDA (red) and eHDA (black) measured at 115 K before the laser excitation are shown together. VHDA+45 and
eHDA¢5 have different SAXS intensities indicating the different inhomogeneity of the samples depending on the initial annealing states. (b) The time-dependent changes in
integrated SAXS intensities ranging from g = 0.1-0.3 A=" of VHDA5 (red) and eHDA145 (black) after laser excitation are shown. A red dashed line is provided as a visual

guide.
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in the supplementary material). Despite the described difference in
the initial state, following the laser excitation, both VHDA,;5 and
eHDA |5 show similar time-dependent changes in integrated SAXS
intensities ranging from g = 0.1-0.3 A™" [Fig. 5(b)], indicating the
attainment of a uniform liquid state.

The difference scattering patterns of VHDA ;5 relative to the
initial state are shown in Fig. 3(b). The SAXS intensity begins around
zero after the T-jump and progressively decreases to negative values
over time. In contrast, the difference value of the SAXS measure-
ments using eHDA as starting material”’ shows positive values after
the T-jump in the early time delays, followed by a decline to negative
values at later time delays. As the SAXS intensity reflects the sample’s
inhomogeneity, the negative SAXS intensity of the difference scat-
tering pattern indicates the sample’s decreased inhomogeneity after
the T-jump. The negative SAXS intensity in the early time delays
of VHDA 15, shown in Fig. 5(a), likely stems from its greater ini-
tial inhomogeneity compared to eHDA. Following the T-jump, the
SAXS profiles of HDAs exhibit comparable intensity levels, suggest-
ing consistent inhomogeneity among the HDAs over time, as they
all transition to the same LDL state.

CONCLUSION

The existence of at least two high-density amorphous ices has
led to speculations on the potential number of high-density lig-
uids. As a continuation of our earlier pump-probe experiment
on eHDA,” we investigated the ultrafast heating and subsequent
decompression of VHDA,;5 at temperatures around 205 K on
the timescale from nano- to microseconds. Employing rapid laser-
induced isochoric heating of VHDA;5 to ~205 K and monitoring
time-dependent structural changes via short x-ray pulses from free
electron lasers, we revealed a liquid-liquid transition to LDL within
similar time frames as previously observed in eHDA. Although the
liquid nature of the post-pump state cannot be directly proven since
we use static scattering, MD simulations starting from HDA have
clearly demonstrated the attainment of a liquid state.”” The range of
the T-jump was validated through experiments on hexagonal ice.”’
That is, after the heat jump starting from VHDA 5, we followed the
decompression pathway [as indicated by the blue arrow in Fig. 1(a)].
Just after the optical pump, the structure factor shows the charac-
teristic peak position of a high-density liquid. After around 33 ns,
we observed a second shoulder growing at 1.7 A™' and an absence
of a continuous shift in the high-density peak position. Consistent
with our previous argumentation, this behavior suggests the coex-
istence of two states, provided domains grow to a sufficient size to
avoid interference. Similar to the eHDA experiment, we observed a
liquid-liquid transition at around 1 ps and a clear separate crystal-
lization at similar timescales. It is important to note that the VHDA
samples are thicker (80-100 ym) than the eHDA samples previously
used, resulting in only a small fraction of VHDA ;5 transforming to
LDL (Fig. 2). Even though we have less data points for the statistical
analysis of VHDA 15, in comparison to the eHDA ;5 experiment, the
observed trend is unmistakable: a bimodal structure factor develops
during decompression, followed by crystallization after 1 ys.

In addition, the SAXS intensity of both eHDA 15 and VHDA 15
exhibits comparable development on an equal timescale. Notably,
the initial SAXS intensity of VHDA ;5 at 115 K appears enhanced
compared to eHDA 5 [Fig. 5(a) and Fig. S1], which is likely due to

ARTICLE pubs.aip.org/aipl/jcp

the partial relaxation at the elevated temperature. Such an enhance-
ment at small scattering angles indicated structural inhomogene-
ity and is consistent with previous small-angle neutron scattering
data.’® We note that, in particular, for the grid samples, this has not
been previously observed due to the absence of SAXS measurements
on both states over a large enough g-range. Despite differences in
density and inhomogeneity evident in the scattering pattern, the
resulting LDL from both VHDA;5 and eHDA,;5 samples proved
identical. These findings are consistent with the notion that, regard-
less of the initial annealing states of high-density amorphous ices,
a common liquid state (HDL) is reached after laser heating to
around 205 K, subsequently undergoing the same liquid-liquid
transition.

SUPPLEMENTARY MATERIAL

The supplementary material contains additional SAXS data.
Figure S1 shows scattering intensities at small q obtained from addi-
tional VHDA and eHDA samples at 78 K. Figure S2 shows the peak
positions of VHDA diffuse scattering in the pre-pump scattering
pattern.
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