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ABSTRACT
Experiments investigating the properties of deeply supercooled liquid water are needed to develop a comprehensive understanding of water’s
anomalous properties. One approach involves transiently heating nanoscale water films into the supercooled region for several nanoseconds
at a time and then interrogating the water films after they have quenched to cryogenic temperatures. To relate the results obtained with this
approach to other experiments and simulations on supercooled water, it is important to understand how closely the quenched structure tracks
the (metastable) equilibrium structure of water as a function of the transient heating temperature. A key step involves quantifying the extent
to which water that is transiently heated to ambient temperatures [hyperquenched water (HQW)] subsequently relaxes toward the structure
of low-density amorphous (LDA) ice as it cools. We analyzed the infrared reflection–absorption spectra of LDA, HQW, and crystalline ice
films to determine their complex indices of refraction. With this information, we estimate that HQW retains ∼50%–60% of a structural motif
characteristic of water at high temperatures with the balance comprised of a low-temperature motif. This result, along with results from x-ray
diffraction experiments on water and amorphous ices, allows one to quantify the fraction of the high-temperature motif at approximately zero
pressure as a function of temperature from 150 to 350 K.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0157046

I. INTRODUCTION

The anomalous properties of liquid water have been inves-
tigated for over 100 years.1 Although no consensus exists, recent
results from both experiments and molecular dynamics (MD) sim-
ulations provide increasing support for one of two closely related
models—the liquid–liquid critical point hypothesis (LLCP) and
the singularity-free scenario.1–7 In the LLCP hypothesis, water at
low temperatures and high pressure can exist in one of two dis-
tinct phases, a high-density liquid (HDL) or a low-density liquid
(LDL), that are separated by a first-order phase transition line
that terminates in a critical point. While sharing many similari-
ties with the LLCP hypothesis, phase separation does not occur
in the singularity-free scenario. In both models, water at ambi-
ent pressures is predicted to be an inhomogeneous mixture of two
preferred local structural motifs. In one motif, which we will call
the low-temperature motif (LTM), a central water molecule has
an approximately tetrahedral bonding arrangement with its neigh-
bors leading to a lower local density and entropy. The second
motif—the high-temperature motif (HTM)—is more disordered

with a fifth water molecule crowding into the interstitial region
around the central water molecule, leading to higher density and
entropy. (Note that several classification schemes and terminolo-
gies are used in the literature to describe similar concepts based
on two structural motifs4,8,9). The existence of two structurally
distinct amorphous ices, low-density amorphous (LDA) ice and
high-density amorphous (HDA) ice, that exhibit a first-order like
phase transition provides support for the LLCP hypothesis.3,10,11 As
the names suggest, LDA and HDA have different densities that arise
due to differences in their hydrogen bonding network, and they
are thought to be the low-temperature analogs of LDL and HDL,
respectively.

Because LTM has lower enthalpy and entropy compared to
HTM, the fraction of HTM is expected to decrease as the temper-
ature decreases, with the most rapid changes occurring at tempera-
tures between ∼190 and 245 K at ambient pressures.1,3,4 For deeply
supercooled water (e.g., T < 235 K), the timescale for crystallization
becomes short compared to most experimental timescales and lit-
tle data exist. To overcome the problem of rapid crystallization for
deeply supercooled water, we have recently developed a technique in
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which nanoscale water films can be transiently heated with a short
laser pulse for a few nanoseconds per pulse.12 The approach relies
on rapid cooling of the thin water films to cryogenic temperatures
to quench the structures so that they can subsequently be interro-
gated with non-time-resolved techniques such as infrared (IR) spec-
troscopy. Previously, we have used this approach to investigate the
structural transformations in transiently heated H2O and D2O.13–16

One key observation from those studies was that, prior to the
onset of appreciable crystallization, the IR spectra for a wide range
of conditions displayed several isosbestic points and could always
be reproduced as a linear combination of just two temperature-
independent spectra for water prepared in two different states. One
of those states—low-density amorphous (LDA) ice—was formed by
isothermally annealing water at/near the glass transition tempera-
ture for low-density water, Tg , which is ∼136 K.1,17,18 The second
state, which we call hyperquenched water (HQW), was prepared
by transiently heating water to ∼300 K. Another key observation
was that the steady state fraction of HQW, f SS

HQW(Tmax), decreased
as the maximum temperature for transiently heated water, Tmax,
decreased.

The IR spectra for transiently heated water are similar to
previous IR and Raman measurements on normal and mildly super-
cooled water that also had isosbestic points in the spectra,19–25 and
these results were often analyzed in terms of two, temperature-
independent components.19–22 Because the IR spectra of water are
sensitive to its local structure,26,27 the observation that the spec-
tra of water could always be represented as a linear combina-
tion of two spectra is consistent with the expectations of either
the LLCP hypothesis or the singularity-free scenario.1 However,
Geissler showed that temperature-dependent changes in the dis-
tribution of thermal fluctuations in water will produce apparent
isosbestic points in spectra measured at different temperatures with-
out the need to invoke distinct states in the water.28 Because the
IR spectra for the transiently heated water were all measured at
the same temperature (typically 70 K), the observed changes in the
spectra are not associated with the issues identified by Geissler.
Instead, these experiments are analogous to molecular dynam-
ics simulations that investigate the structure of water after it is
instantaneously quenched to 0 K, producing what is called the
inherent structure (IS) for the liquid.1,29 Simulations of the inher-
ent structure for water vs temperature at 1 bar predict that the
fraction of HTM, fHTM(T), continuously decreases with tempera-
ture until the low-temperature motif dominates for temperatures
below ∼200 K.30,31

A model that accounts for the experimental observations dis-
cussed above is that the IR spectra for water that is instantaneously
quenched from some temperature, T, to 70 K is a linear combi-
nation of two “basis” spectra: (i) the spectrum of water instan-
taneously quenched from near the boiling point to 70 K and
(ii) the spectrum of water equilibrated at Tg and measured at
70 K. A technical point is that the quantity of interest, the imag-
inary component of the index, k(ω, T), can be calculated from
the IR spectra (see Sec. II for details). If we call the first and
second basis spectra kHTM(ω) and kLTM(ω), respectively, then we
have

k(ω, T) = fHTM(T)kHTM(ω) + (1 − fHTM(T)) ⋅ kLTM(ω). (1)

Ni and Skinner calculated the IR spectra for water at pressures rang-
ing from 1 bar to 2.25 kbar and a variety of temperatures around the
Widom Line.32 Because those calculations used molecular dynam-
ics simulations, they were also able to calculate the oxygen–oxygen
radial distribution corresponding to each IR spectrum. They found
that the changes in IR spectra closely tracked the height of the
second peak in that distribution, g2, which has been used to charac-
terize the temperature-dependent changes in water’s structure.33–35

These calculations provide support for the assumption that IR spec-
tra can be used to follow the structural changes in supercooled
water.

Because our LDA was prepared by isothermal annealing at
Tg , and its structure does not change until it is heated above
∼190 K,13 we expect that it consists almost entirely of LTM. There-
fore, its spectrum, kLDA(ω), corresponds to the second basis spec-
trum: kLTM(ω) = kLDA(ω). In contrast, due to the finite cooling
rates for transient heating experiments, we cannot directly mea-
sure kHTM(ω). In particular, while the cooling rates were high
(∼5 × 109 K/s), they were still slow compared to the relaxation
timescale for normal, and slightly supercooled, water.14,36,37 As a
result, significant structural relaxation occurred as the water films
cooled after heating to high temperatures such that HQW does
not correspond to the structure of high-temperature water instan-
taneously quenched to 70 K. Instead, HQW should reflect the
structure of water at a much lower temperature, perhaps ∼235 K.
However, the structure of HQW should still be a mixture of
HTM and LTM. Therefore, from Eq. (1), we expect kHQW(ω, T)
= αkHTM(ω) + (1 − α) ⋅ kLTM(ω), where α and (1 − α) are the frac-
tions of HTM and LTM in HQW, respectively. If we can determine
α, and thus HQW’s composition, then our previous results on the
structural composition of supercooled water vs temperature can
be more directly compared with the results of other experiments,
theory, and simulations.

For experiments where water is transiently heated to high tem-
peratures to produce HQW upon cooling to 70 K, Eq. (1) can be
rearranged to give

kHTM(α; ω) =
kHQW(ω) − (1 − α)kLDA(ω)

α
, (2)

where we have replaced kLTM(ω) with kLDA(ω), as discussed above.
The form of kHTM derived from Eq. (2) depends on the (unknown)
value of α, so we will refer to it as kHTM(α; ω). It is important to note
that because water absorbs light, k(ω, T) must be greater than 0. As
we show below, the constraint kHTM(α; ω) > 0 limits the possible
values of α and, as a result, the composition of HQW.

Here, we analyze the IR spectra of LDA, HQW, and crys-
talline ice (CI) to determine their complex indices of refraction.
The IR spectra for the thin water films were obtained in reflec-
tion mode from a metal substrate at glancing incidence. Therefore,
thin film optical effects were included in the analysis to obtain the
optical constants for the water films. For CI, the values we deter-
mine for ñCI(ω) = nCI(ω) + ikCI(ω) are in good agreement with
previous results.38 For HQW and LDA, kHQW(ω) and kLDA(ω)
have a similar shape in the OH-stretching band with the peak
absorption for HQW red shifted by ∼8 cm−1 with respect to LDA.
Using Eq. (2), we estimate what the optical constants for water
would be if it could be “instantaneously” quenched from high
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temperatures to 70 K at ambient pressures. The calculated shape
of kHTM(α; ω) in the OH-stretch and isolated OD-stretch bands
for various values of α suggests that α ∼ 0.5–0.6. In that case, the
experimentally measured HQW would be a composition that is
∼50%–60% HTM. Recent experiments measured the IR spectra for
HDA, LDA, and CI films in the isolated OD-stretch band,39 and
our results for kLDA(ω) and kCI(ω) closely match the correspond-
ing spectra for LDA and CI. Furthermore, our most likely result for
HTM—kHTM(α = 0.5; ω)—is quite similar to the IR spectra reported
for HDA.39

II. EXPERIMENTAL PROCEDURE
The experiments were conducted in an ultrahigh vacuum appa-

ratus that has been described previously.12 Nanoscale water films
were deposited on either Pt(111) or graphene/Pt(111) surfaces held
at 70 K (unless otherwise noted). Water films with a coverage of
50 monolayers were deposited at normal incidence with a molecu-
lar beam dosing system to produce a nonporous, amorphous solid
water film (ASW).40–42 The as-deposited ASW films were subse-
quently thermally treated to produce films with one of three distinct
hydrogen bonding structures—CI, LDA, or HQW. The CI films
were prepared by pulsed heating at temperatures below the melting
point (e.g., Tmax = 221 and 236 K for the results shown below) for
a sufficient number of pulses to completely crystallize the films, as
indicated by the IR spectra.43 LDA films were produced by anneal-
ing ASW or HQW at or near the glass transition temperature for
low-density water.1,17,18 Specifically, the films were annealed at 135 K
for 130 s, but essentially identical results were obtained for a range
of annealing times and/or temperatures centered around these val-
ues. HQW films were produced by transiently heating ASW or LDA
films to ∼300 K with a pulsed laser heating technique, which has
been described previously.13,14 Because ASW is a kinetically arrested,
nonequilibrium form of water, annealing it to 135 K or transiently
heating it to 300 K resulted in irreversible structural transforma-
tions to produce LDA or HQW, respectively. In contrast, annealing
HQW at 135 K or transiently heating LDA to 300 K resulted in
reversible structural transitions to LDA or HQW, respectively.13

For the results presented here, the key point is that the cooling
rates for the water films after they reach their maximum temper-
ature, Tmax, are ∼5 × 109 K/s. As shown below, this cooling rate
is large enough to avoid complete relaxation toward LDA. As a
result, the pulsed heating experiments provide new insights into
the structure of supercooled water at intermediate temperatures.
Note that hyperquenched glassy water, which is made by depositing
micrometer-sized liquid water droplets on a surface held at cryo-
genic temperatures, produces an amorphous solid whose structure
is essentially identical to LDA.10 The slower cooling rate for hyper-
quenched glassy water (<107 K/s) allows it to completely relax to
LDA as it cools whereas the faster cooling rates for the current
experiments prevent the complete structural relaxation of HQW
to LDA.

The pulsed heating method has been described in detail else-
where.12 Briefly, the technique uses spatially tailored “flat-top” laser
pulses from a Nd-YAG laser (λ = 1064 nm, pulse width ∼10 ns,
1–5 Hz) to transiently heat the near surface region of the substrate
and the adsorbed water film to a maximum temperature, Tmax. The

FIG. 1. IRAS spectra for 50 ML films of CI, LDA, and HQW (dark blue, cyan,
and red lines, respectively). The inset shows an expanded view of the isolated
OD-stretch region.

desorption of crystalline ice was used to determine Tmax as a func-
tion of laser pulse energy. The water film was at/near Tmax for ∼3 ns,
with maximum heating and cooling rates from 70 K to Tmax of ∼1010

and ∼5 × 109 K/s, respectively.
The structural changes of the water films were monitored by

infrared reflection–absorption spectroscopy (IRAS). For the water
source, a small amount of D2O was added to H2O such that the
resulting mixture was ∼90% H2O and ∼9.5% HOD. As described
below, the isolated HOD provided useful information for estimat-
ing the fraction of HTM in the measured HQW spectra. The typical
absorbance spectra were obtained with 500 scans of a Fourier-
transform infrared (FTIR) spectrometer (Bruker, Vertex 70) at a
resolution of 4 cm−1. The absorbance, A(ω), is defined as A(ω)
= log10[I0(ω)/ I(ω)], where I(ω) and I0(ω) are the reflected sig-
nal with and without the adsorbed water layer, respectively. The
vibrational spectra were analyzed across the OH-stretching and
OD-stretching bands (∼2000–4000 cm−1). A linear combination of
the HQW, LDA, and CI spectra was used to determine the frac-
tional composition of the water sample as a function Np for a
given Tmax.13,14 The spectra for LDA and HQW shown in Fig. 1
are the average of 33 different experiments. Although the HQW
and LDA spectra obtained in any individual experiment are very
similar to the averages shown in Fig. 1, the individual experiments
exhibit variations in the baseline that are related to small varia-
tions in the experimental conditions (such as the level of liquid
nitrogen in the IR detector). The CI spectrum shown in Fig. 1 is
the average of ten individual spectra (i.e., 5000 scans) for a film
crystallized by ∼23 000 heat pulses at 221 K. A similar spectrum,
discussed below, is obtained for a water film crystallized by heat-
ing to 236 K for 1500 pulses. Because the IR spectra of hexagonal
and “cubic” ice (i.e., stacking disordered ice44) are nearly identi-
cal,45 we cannot determine which ice polymorph is formed in these
experiments.

In previous experiments, the IR spectra for water have been
measured in various geometries (e.g., transmission, reflection, and
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attenuated total reflection), which produce differences in the spec-
tra due to optical effects.21,22,39,46 To account for this, the raw IR
spectra are typically analyzed to determine the complex index of
refraction for the water as a function of temperature and frequency:
ñ(ω, T) = n(ω, T) + ik(ω, T), where the imaginary component of
the index, k(ω, T), which is responsible for the absorption of radia-
tion, is the quantity of interest. Note that a closely related quantity,
the absorption coefficient [= 4πk(ω)/λ, where λ is the wavelength
of the light] is sometimes reported. The restriction k(ω) > 0, which
we use in our analysis of the IR spectra, is most easily understood
considering the absorption coefficient. In particular, the intensity of
light as function of the distance, x, that it has propagated through
a substance is given by the Beer–Lambert law, I(x) = I0e−4πk(ω)x/λ,
where I0 and I(x) are the initial intensity and the intensity at x,
respectively. From this, it is seen that k(ω) < 0 would correspond
to an (unphysical) exponential increase in the intensity as the light
propagates.

For our experiments, the IR reflection from the thin water
films was treated using a three-layer vacuum–adsorbate–substrate
model.47,48 The inputs for the model included the complex
index of refraction for the platinum substrate,49,50 ñPt(ω) = nPt(ω)
+ ikPt(ω), and for the adsorbed water layer, ñ j(ω) = n j(ω)
+ ik j(ω), where j refers to a particular water film (e.g., HQW,
LDA, or CI). Trial functions for kj(ω) were constructed using
a series of Lorentzian functions with fixed widths and frequen-
cies but variable intensities. For each trial, nj(ω) was determined
using the Kramers–Kronig relations. For the regression analysis, one
Lorentzian from the series was chosen at random and its intensity
was increased or decreased. If the change improved the overall fit
for the spectra, it was accepted, otherwise it was rejected. The pro-
cess was repeated until an acceptable fit was achieved. Note that
because the nanoscale inhomogeneities associated with two struc-
tural motifs (HTM and LTM) are small compared to the wavelength
of the IR light, the index of refraction is determined by the average
response of both motifs. As a result, for the purposes of treating the
thin film optical effects and determining k(ω), the water films can
be treated as uniform films with interfaces only to the substrate and
the vacuum.

Our previous experiments were conducted on both Pt(111) and
graphene/Pt(111) surfaces as a test for the possible influence of the
substrate.13,14 We found no appreciable differences in the results on
either surface, and for the results reported below, the key observation
is that the IR spectra for HQW and LDA are essentially identical on
both surfaces. This result is unsurprising given that the IR absorp-
tion for graphene is approximately independent of frequency in the
mid-IR region51 and its effects largely cancel when the absorbance is
calculated. As a result, it was sufficient to only include the platinum
in the modeling to extract the complex index of refraction for the
water films.

Figure S1(a) shows an example of the fit obtained for IRAS
spectrum for a CI film. The real and imaginary components of the
index of refraction for this film are shown as blue lines in Fig. S1(b).
For comparison, the optical constants for neat crystalline H2O mea-
sured at 100 K38 are also shown. Aside from the differences in the
isolated OD-stretch band, which is absent from the data for neat
H2O, the overall agreement is quite good. We note that some differ-
ences should be expected because the size of the crystalline ice grains
in the two experiments was different, and this should lead to some

differences in the derived optical constants.52 Due to limitations of
our experiments for frequencies less than ∼1000 cm−1, we do not
necessarily expect to reproduce the optical constants at low frequen-
cies. The good agreement of optical constants for our CI film with
previous results give us confidence that we can also determine the
optical constants for LDA and HQW.

III. RESULTS AND DISCUSSION
Figure 1 shows IRAS spectra for 50 ML LDA, HQW, and

CI films adsorbed on graphene/Pt(111). Note that the spectra for
LDA and HQW adsorbed on Pt(111) are essentially identical to
those shown in Fig. 1. The results show that the OH-stretch (i.e.,
∼3000–3600 cm−1) and isolated OD-stretch (∼2350–2500 cm−1)
bands are distinct for LDA, HQW, and CI. While the low-frequency
band (<1000 cm−1) is also different for each form of water, the low
sensitivity of the spectrometer in this region, along with the fre-
quency cutoff at ∼600 cm−1, makes quantification of the differences
in this band difficult with our equipment. As a result, the analy-
sis presented below will focus on the differences in OH-stretch and
isolated OD-stretch bands.

To extract more quantitative information from the IRAS
spectra, optical simulations were used to determine the com-
plex index of refraction for the LDA, HQW, and CI films.
As described in Sec. II, the optical simulations used a three-
layer (vacuum–adsorbate–substrate) model,47,48 where the index
of refraction was regressed to yield the best fit to the experi-
mental IRAS measurements. Figure 2(a) shows the experimental
and simulated spectra for LDA and HQW. The corresponding
optical constants for LDA and HQW are shown in Fig. 2(b).
It is interesting to note that although the IR spectra obtained
in reflection mode for LDA and HQW are distinct in the OH-
stretch band, their optical constants—particularly for k(ω)—appear
to have a similar structure, albeit with HQW shifted to somewhat
higher frequencies. The optical constants determined here for LDA
are similar to previous measurements in the OH-stretch region
(see Fig. S2).53

Equation (2) allows one to calculate possible forms of
kHTM(α; ω) that would account for the experimentally observed
IR spectrum for HQW assuming various values of α. Below, we
argue that the most likely value for α that is consistent with other
data and calculations is α ≈ 0.5 where the probability distribution
smoothly transitions from likely to unlikely for values of α between
0.4 and 0.6 and values outside this range, respectively. Figure 3 shows
kHTM(α; ω) corresponding to values of α ranging from 0.2 to 0.6. As
seen in the figure, the nominal shape of the OH-stretch and isolated
OD-stretch bands for HTM is quite sensitive to the value of α. For
example, kHTM(α = 0.2; ω) has three distinct peaks in the OH-stretch
band and, more importantly, it is negative in the isolated OD-stretch
band (see inset in Fig. 3). Because kHTM(α; ω) must be greater than
zero, this result indicates that α must be greater than 0.2. For some-
what larger values of α, the smaller peaks on the low-frequency side
of the OH-stretch band would appear as shoulders in kHTM(α; ω).
For α ≥ 0.6, the OH-stretch band, while broad, would be relatively
featureless. A similar evolution is seen for the isolated OD-stretch
band for different values of α: For α = 0.25, the band would have two
peaks at higher and lower frequencies than the corresponding peak
for LDA. For 0.3 < α < 0.5, kHTM(α; ω) would have a single peak
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FIG. 2. (a) Measured (dotted lines) and simulated (solid lines) IRAS spectra for
HQW and LDA. (b) The real (top) and imaginary (bottom) components of index of
refraction for LDA (cyan) and HQW (red).

with a shoulder in the isolated OD-stretch band or a single peak for
α > ∼0.5.

For conditions where water’s structure is dominated by one
structural motif, experiments show that the isolated OD-stretch is
consistent with an inhomogeneously broadened peak that does not
have pronounced shoulders or secondary peaks. For example, for
water near its boiling point at ambient pressures, where MD sim-
ulations and two-state models suggest that HTM dominates the
structure,1 the isolated OD-stretch band is approximately Gaus-
sian.54 Similarly, recent measurements of the isolated OD-stretch

FIG. 3. Absorption vs frequency, Im(ñ j) = k j(ω), for j = LDA (dashed blue line)
and HQW (dashed red line). The spectra labeled 1–6 show possible forms for
kHTM(α; ω) calculated using Eq. (2) with several different values of α: (1) α = 0.2;
(2) α = 0.25; (3) α = 0.3; (4) α = 0.4; (5) α = 0.5; (6) α = 0.6. The inset shows an
expanded view of the spectra in the isolated OD-stretch band. Based on the line
shapes for kHTM(α; ω), values of α ≤ 0.4 are unlikely (see text).

band for LDA, HDA, and CI are also consistent with an inhomo-
geneously broadened peak39 (see Fig. 4). Based on these results, we
expect that the spectrum derived for HTM in the isolated OD-stretch
band should also be an inhomogeneously broadened peak. For the
potential HTM spectra shown in Fig. 3, only α ≥ 0.5 gives a sin-
gle peak in the isolated OD-stretch band. Figures S3(a) and S3(b)
the isolated stretch bands calculated for CI, LDA, and HDA55 to the
current measurements for CI and LDA along with those derived for
HTM assuming α = 0.5 or 0.6. The calculated band for HDA shows
an inhomogeneously broadened peak without significant structure,
and the general trends in peak width and peak positions for CI,
LDA, and HDA/HTM are consistent for the calculations and exper-
iments with α ∼ 0.5–0.6.22,55–59 The shape of the OH-stretch band,
which is broad and relatively smooth for HTM with α > 0.4 (see
Fig. 3), provides further support for values in this range. For exam-
ple, the IR spectra of normal and mildly supercooled water are
broad and relatively smooth in the OH-stretch region.22,56–59 The
measured spectrum for LDA is also broad with indistinct shoul-
ders at ∼3160 and 3370 cm−1. For α < 0.4, the simulated spectra
in Fig. 3 indicate that HTM would be more structured than LDA,
which seems unphysical and inconsistent with Fig. S3(c), which
compares the spectra for CI, LDA, and HDA calculated by Skinner
and co-workers55 to the current results for CI, LDA, and HTM with
α = 0.5. For HDA, the calculated spectrum is broad without promi-
nent shoulders in the OH-stretching region and is consistent with
the line shape for HTM if α ∼ 0.5–0.6 but not if α < 0.4. While
these considerations are not hard constraints, they do suggest that
the measured HQW water spectrum has substantial contributions
from the high-temperature structural motifs that would dominate
if the experiments could be done at significantly faster cooling
rates.
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FIG. 4. The imaginary component of the index of refraction for crystalline ice (dark
blue lines), LDA (cyan lines), HDA (dotted red line), and HTM for α = 0.5 (solid red
line) in the isolated OD-stretch region. The results for the current experiments are
shown with solid lines, while recent experimental results from the study of Karina
et al.39 are shown as dotted lines (see text for details).

As mentioned above, recent measurements of the IR spectra of
bulk LDA, relaxed HDA (“eHDA”), and crystalline ice support the
hypothesis that HQW obtained from the transiently heated water
films has a substantial contribution from HTM (i.e., α ≥ 0.5).39,46

Those measurements, which were also performed in vacuum, also
used H2O mixed with a small amount of D2O so that the result-
ing spectra had an isolated OD-stretch band. Figure 4 compares
kCI(ω) (dark blue line) and kLDA(ω) (cyan line) derived from our
IRAS spectra (solid lines) to the corresponding absorbance spectra
measured in transmission for a 3 μm thick film (dashed lines, taken
from Fig. S4 in Ref. 39). The 3 μm thick LDA and CI films were
prepared by vapor depositing ASW on a cold substrate and subse-
quently annealing it 130 and 160 K, respectively. The transmission
spectra were taken at 80 K, while our spectra were taken at 70 K.
The intensities of the transmission spectra (which were reported in
arbitrary units) have been scaled to match our results. Aside from
this scale factor, the two sets of results are essentially identical, sug-
gesting the (local) structure is the same for the crystalline ice and
LDA films in both experiments. In a separate set of experiments,
an ∼80 μm thick film of HDA was produced at high pressures and
subsequently transferred to a cryostat in vacuum to measure the
IR spectra in transmission.39 In the isolated OD-stretch band, the
HDA has a single, relatively broad peak that is shifted to higher fre-
quency compared to either CI or LDA (Fig. 4, red dashed line). The
solid red line in Fig. 4 shows kHTM(α = 0.5; ω), which is the small-
est value for α that does not have a peak or prominent shoulder on
the low-frequency side of the band. Compared to HDA, the isolated
OD-band for kHTM(α = 05; ω) is somewhat narrower and slightly
red shifted. However, the qualitative agreement between the two
experiments is good [as described in the supplementary material for
Ref. 39, the shape of the HDA peak for the thick films, particularly
on the high frequency side, is probably affected by the background

subtraction method that was used to analyze that data (see Fig. S4)].
Raman spectra of the isolated OH (OD) for HDA and LDA60 also
show that the peak for HDA is blue shifted and broadened with
respect to LDA, indicating a more inhomogeneous local environ-
ment with, on average, weaker binding. Note, however, that the
magnitude of the Raman peak shifts for both HDA and LDA, com-
pared to crystalline ice, is considerably larger than those observed
with IR.

To gain more insight into the possible composition of HQW,
it is useful to compare the optical constants for LDA, HQW, and
HTM to those for liquid water and crystalline ice at various tempera-
tures, which have been investigated over many years.22,45,53,56–59,61–65

Because our spectra are measured at 70 K, the likely temperature
dependence of k(ω) for water and ice also need to be considered.
The optical constants for crystalline ice have been measured from
cryogenic temperatures up to nearly the melting point.38,45,61,62,64,65

In the OH-stretch band for ice, the maximum intensity of the band,
kbm, increases, and the frequency at the maximum, ωbm, redshifts
as the temperature decreases.63,65,66 Figure 5 shows ωbm for crys-
talline ice vs temperature for our experiments (solid blue circles)
and several previous reports (blue symbols). For T > 130 K, ωbm
increases approximately linearly, while for lower temperatures the
rate of change gradually decreases. Our results for crystalline ice
(solid blue circles) show the same trends. For LDA and HQW (Fig. 5,
cyan and orange triangles, respectively), the band maxima are at
higher frequencies, but the trends with temperature are similar to
those for CI. The difference in ωbm for LDA and CI, Δωbm(LDA-CI),
is 27 cm−1. LDA was measured up to the point where crystalliza-
tion begins to interfere at 140 K. For HQW, structural relaxation
toward LDA, which occurs with a broad distribution of relaxation
times,14 makes accurate measurements of the IR spectra difficult for
T > 100 K.

For liquid water with T ≥ 269 K, ωbm also increases approxi-
mately linearly, but it does so with a larger slope than for CI (Fig. 5,
red symbols). There are only a few measurements for supercooled
water,25,58,59,67 but they show similar trends with temperature com-
pared to normal water (Fig. 5, purple symbols). For both crystalline
ice and liquid water, the general trends for ωbm vs temperature are
similar for different experiments, but there are differences in the
actual values reported for ωbm. The scatter in data for water (nor-
mal and supercooled) is somewhat larger than it is for crystalline
ice.

Ni and Skinner have simulated the IR spectra for supercooled
water above and below the LLCP for the E3B3 water model.32 Those
simulations suggest that the IR spectra for HDL should be blue
shifted relative to LDL and the maximum intensity should also be
lower. Both of those observations are consistent with the changes
predicted here for LDA and HTM. Figure 5 shows the calculated
ωbm at 2.25 kbar for three temperatures above (red triangles) and
below (open cyan triangles) the LDL–HDL coexistence line.32 Upon
crossing the coexistence line, ωbm decreases by ∼18 cm−1 in those
simulations. For transiently heated water, the predicted difference
between ωbm for HTM and LDA, Δωbm(HTM-LDA), depends on
the fraction of HTM in the HQW spectra with larger values of α
leading to smaller values for Δωbm(HTM-LDA). For the most likely
compositions of HQW, corresponding to α = 0.5–0.6, Δωbm(HTM-
LDA) ∼ 35–24 cm−1. The magnitude of these predicted shifts in the
band maximum between LDA and HTM are qualitatively consistent
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FIG. 5. Frequency at the OH-stretch band’s maximum intensity, ωbm, with temper-
ature for several water polymorphs. For crystalline ice, the measured temperature
dependence for the current results (solid blue circles) is similar to previous results
(blue triangles,65 circles,63 square,61 diamond,38 and ×62). For LDA (solid cyan
triangles) and HQW (solid orange triangles), the band maxima are blue shifted rel-
ative to those for CI. The solid red square shows ωbm for HTM assuming α = 0.5.
The rate of change for ωbm for LDA (cyan triangles) is considerably lower than that
for normal water (red diamonds,22 circles,56 and triangle57) and supercooled water
(purple triangles58 and squares59). Using the E3B3 water model, Ni and Skinner
calculated the IR spectra for water at 2.25 kbar for temperatures just above and
below the HDL–LDL coexistence line (HDL, open red triangles; LDL open cyan
triangles).32 Skinner and co-workers also calculated the spectra for CI, LDA, and
HDA at atmospheric pressure and low temperatures (blue, cyan, and red crosses,
respectively).55 The calculated band maxima positions have all been shifted down
by 8 cm−1 to highlight the general agreement with the current results for CI, LDA,
and HTM (with α = 0.5).

with the shifts that might be expected for LDA and HDA in the OH-
stretch band. As discussed above, the observed shifts in the isolated
OD-stretch band are also consistent (see Fig. 4). Tainter et al. calcu-
lated the IR spectra for HDA, LDA, and CI at 1 bar and 77 K [see
Fig. S3(c)].55 In those calculations, Δωbm(LDA-CI) = 27 cm−1 and
Δωbm(HDA-LDA) = 33 cm−1. These differences very closely match
our measured value for Δωbm(LDA-CI) and calculated values for
Δωbm(HTM-LDA) assuming α ∼ 0.5–0.6. The crosses in Fig. 5 show
ωbm from those calculations, where they have all been shifted down
by 8 cm−1 to illustrate the overall agreement with the experiments.
While the good agreement between the experiments and simulation
is perhaps fortuitous, it does suggest that the most likely value for α
is ∼0.5–0.6, which agrees with our analysis of the line shape of the
calculated OH-stretch and isolated OD-stretch for HTM (see Figs. 3
and S3).

We previously measured f SS
HQW(Tmax) for transiently heated

water films for 180 K ≤ Tmax ≤ 260 K.13 By construction, f SS
HQW

= 1 at high temperatures where the structural relaxation rate was
large relative to the experimental cooling rate. However, based on
the data and analysis discussed above, it is likely that the struc-
ture for HQW is approximately a 50–50 mixture of high- and
low-temperature structural motifs. Therefore, we can now estimate
the fraction of HTM at steady state, f SS

HTM(Tmax), and compare it
to previous experiments at higher temperatures. Figure 6 shows
f SS

HTM(Tmax) assuming α ∼ 0.5 (blue circles), and the dotted blue

FIG. 6. Fraction of HTM vs temperature derived from transiently heated water
films (solid and open blue circles) and x-ray structural data. The blue dotted lines
show the likely range of values for the data on the transiently heated water films.
The green diamonds show Shi and Tanaka’s analysis of x-ray scattering data.8
The blue diamonds and purple triangles are determined from measurements of
g2.33,35,68 The red ×’s are derived from nint ,35,68–70 and the black triangles are
derived from S2.35,68 The solid black line shows a smooth curve to guide the eye.
The vertical line indicates the approximate temperature, 230 K, where fHTM ∼ 0.5.
For temperatures above ∼230 K, the structural relaxation rate in water is too fast
for the experiments with the transiently heated water films (open blue circles) and
the results deviate from the trend observed in the x-ray scattering experiments.

lines show our estimate of likely range of values (corresponding
to 0.4 < α < 0.6). For water transiently heated to T > 230 K,
water’s structural relaxation rates are sufficiently fast compared to
the experimental cooling rates that the experiments can no longer
track the structural changes (Fig. 6, open blue circles). As a result,
f SS

HTM(Tmax) remains at ∼0.5 for higher temperatures. Figure S5
illustrates the behavior that might be expected for f SS

HTM(Tmax)

if the experiments could be conducted with larger cooling
rates.

The temperature- and pressure-dependent structure of water
has been extensively investigated with MD simulations.1,5 In addi-
tion, two-state mixture models,9,71,72 which provide a simplified
thermodynamic model for water, can be fit to a wide range of
experimental data with a modest number of parameters. One of
the key predictions of the simulations and the two-state models is
that the fraction of the high-temperature structural motif, f HTM(T),
will smoothly decrease with temperature as the water adopts a
more ordered, tetrahedrally bonded configuration for pressures at
or below 1 bar.4,72 X-ray33,35,68,69 and neutron diffraction73–76 studies
of normal and supercooled water provide support for these mod-
els. Several features in the diffraction data have been correlated
with structural changes in water including the number of intersti-
tial molecules, nint , the heights of the second and fifth peaks in the
oxygen–oxygen pair distribution function, g2 and g5, and the height
of the second sharp diffraction peak, S2.35 For example, the pres-
ence or absence of a fifth molecule close to a central water molecule
is considered to be a good indicator for distinguishing between the
two structural motifs, and several of the order parameters com-
monly used in MD simulations are based on this idea in one way
or another.31,71,77,78 The number of “interstitial” molecules, which
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are between the first and second coordination shells for water, has
also been determined for both water and LDA.35,68,69 The results
show that the number of interstitials, nint(T), decreases steadily with
temperature and it is much lower for LDA.

Figure 6 shows several estimates of fHTM(T) derived from x-ray
diffraction data. For example, Shi and Tanaka recently proposed an
analysis of the “first sharp diffraction peak” in terms of an “ordinary”
and “anomalous” component, where the anomalous component
corresponds to LTM (Fig. 6, green diamonds).8 For some of the
parameters, X(T), that are related to water’s structure, one can
estimate the fraction of HTM as

fHTM(X; T) = (X(T) − X(LDA))/(X(T ∼ 350K) − X(LDA)) (3a)

for a parameter that increases with increasing temperature or

fHTM(X; T) = (X(T ∼ 350) − X(T))/(X(LDA) − X(T ∼ 350))
(3b)

for a parameter that decreases with increasing temperature. In
Eqs. (3a) and (3b), X(LDA) and X(T ∼ 350 K) are the values
of the parameter for LDA and at ∼350 K, respectively. Here, we
take T ∼ 350 K as an approximate temperature above which the
two-state character of water has essentially disappeared. Using
nint (Fig. 6, red triangles), fHTM(nint; T) is predicted to decrease
at an increasing rate down to the lowest temperatures measured
for liquid water (234.8 K). Essentially identical behavior is found
using g2 (Fig. 6, blue diamonds and purple triangles) and S2
(Fig. 6, black triangles). The key observation is that f SS

HTM(Tmax)

derived from the pulsed heating experiments for α ∼ 0.50 and Tmax
< ∼ 230 K (Fig. 6, solid blue circles) is consistent with these esti-
mates of fHTM(T) based on x-ray data for T > 228 K and provides
valuable information at low temperatures that were previously inac-
cessible. In Fig. 6, fHTM(T) = 0.5 is at ∼230 K (vertical dashed line),
which is consistent with previous results.8,79,80 As described previ-
ously (e.g., Fig. S12 in Ref. 13), the pulsed heating experiments do
not capture the behavior at temperatures above ∼230 K where the
structural relaxation rate is too large for it to be followed in those
experiments.

The results in Fig. 6 suggest that the same structural changes
in water that are probed directly by x-ray diffraction measure-
ments are also observed in the IR spectra. This observation is
supported by the results of Ni and Skinner (discussed above) who
calculated both g2 and the IR spectra for water at a variety of tem-
peratures and pressures.32 Their results showed that changes in
the IR spectra closely tracked the changes in g2. While the results
shown in Fig. 6 are plausible, estimates of fHTM(T) using a simi-
lar approach with other experimental data show considerably more
variation. Furthermore, functions other than Eq. (3) for relating the
experimental measurements to the structure might also be appro-
priate. Therefore, more data are needed before firm conclusions can
be drawn.

A recent study used molecular dynamics simulations with
TIP4P/ICE to investigate the structural evolution of water subjected
to rapid heating and cooling cycles that mimic our experimen-
tal procedure.31 Those simulations and the analysis presented here
draw several similar conclusions. For example, the simulations pre-
dict that at lower temperatures where the relaxation rate in water

is slow compared to the cooling rate, the structure measured after
pulsed heating to the steady state is essentially the same as
the inherent structure. Conversely, for pulsed heating to higher
temperatures where the relaxation rate is fast, the steady state
structure measured at cryogenic temperatures after rapid cooling
is a mixture of the high- and low-temperature structural motifs.
In the simulations, the pulsed heating structure tracks the inher-
ent structure once the characteristic number of pulses, Nrel, needed
to relax to the steady state structure is greater than ∼2, which
also appears to match the experimental results. In particular, for
HQW at Tmax ∼ 225 K, Nrel ∼2,14 which corresponds to
the temperature in Fig. 6 where f SS

HTM(Tmax) ∼ 0.45 (depending
on the precise value of α). For Tmax < 225 K, the pulsed heat-
ing data appear to be a smooth continuation of trends observed at
higher temperatures for liquid water, whereas for Tmax > 225 K,
the pulsed heating data begin to deviate from the liquid
water data.

The primary difference between the pulsed heating simula-
tions31 and the experiments is the extent of relaxation toward LDA
as the water cools from high temperatures. In the simulations,
f SS

HTM(Tmax) ∼ 0.30 for Tmax ≥ 270 K, whereas in the experiments
f SS

HTM(Tmax) ∼ 0.5–0.6 for Tmax > 240 K, which indicates that the
simulations significantly overestimate the relaxation compared to
the experiments. This difference can probably be traced to the fact
that structural relaxation occurs much faster in the simulations
than the experiments. This point is highlighted by noting that tran-
siently heating to temperatures from ∼180 to ∼240 K produces
changes in the structure and kinetics with the experimental cooling
rate of ∼5 × 109 K/s.13,14 In contrast, the pulse heating simula-
tions using this same cooling rate produce water that is essentially
100% LDA, independent of the pulsed heating temperature.31 To
observe temperature-dependent changes in the structure similar to
those seen in the experiments, the simulations needed to use cool-
ing rates that were 50–100 times larger than the experimental rate.
Specifically, the system cooled from Tmax to 100 K in 400 ps in
the simulations, which corresponds to cooling rates ranging from
2.75 × 1011 K/s at Tmax = 210 K to 5 × 1011 K/s at Tmax = 300 K. It
is unclear why the structural relaxation is so much faster in the sim-
ulations compared to experiments, or if the discrepancy is worse for
deeply supercooled water, as suggested recently.81 However, the fast
relaxation of water toward LDA in MD simulations is not unique
to the pulsed heating simulations or the TIP4P/Ice water model.
LDA has been produced in simulations with cooling rates ranging
from 1 × 107 to 3 × 1010 K/s depending on the model,82–84 includ-
ing a rate of 1010 K/s for TIP4P/ICE.85 Starting with equilibrated
water at 240 K, the authors of the study of Handle et al. investi-
gated the influence of cooling rates on the formation of LDA at
0.1 MPa for TIP4P/2005.84 They found that cooling rates from 107

to 1011 K/s produced LDA with only minor differences observed
in its structure and its subsequent transformation to HDA upon
compression.

The structural relaxation observed in the pulsed heating simu-
lations31 provides additional evidence that the experimental HQW
retains a significant amount of the high-temperature structural
motif. Experimentally, the relaxation of HQW toward the steady
state structure at a lower Tmax could be described by a stretched
exponential function.14 The stretching exponent, β, is a measure of
how much the relaxation deviates from simple exponential relax-
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FIG. 7. Stretching exponent, β, for structural relaxation in transiently heated HQW
water films14 and molecular dynamics simulations with TIP4P/Ice.31 For simu-
lations where the initial water structures are ∼100% LDA (cyan circles, qc ∼ 5
× 109 K/s) or primarily LDA (black ×’s, qc ∼ 3 × 1011 K/s), simple exponential
relaxation, β = 1, toward the new equilibrium configuration was predicted for all
isothermal annealing temperatures. For isothermal simulations starting with the
inherent structure (IS) of water at 350 K (purple triangles) and for pulsed heating
experiments starting with HQW (red diamonds), stretched exponential relaxation
was observed at low temperatures with a relatively abrupt transition to simple
exponential relaxation at higher temperatures.

ation (β = 1), with smaller values corresponding to increasingly
non-exponential relaxation. Experimentally, β was found to drop
rapidly from ∼1 for Tmax > 225 K to β ∼ 0.35 for Tmax < 210 K
(Fig. 7, red diamonds).14 In the study of de Almeida Ribeiro et al.,
the relaxation of water that was held isothermally at various temper-
atures, Tiso, when starting with three different initial configurations
was investigated.31 Those configurations were (i) water cooled from
300 to 100 K at qc ∼ 5 × 109 K/s (Fig. 7, cyan circles), (ii) water
cooled from Tiso to 100 K at qc ∼ 3 × 1011 K/s (Fig. 7, black +’s),
and (iii) water quenched instantaneously from 350 to 0 K (Fig. 7,
purple triangles). For the first case, where the structure was essen-
tially 100% LDA or the second case where it was primarily LDA, the
relaxation was described by a simple exponential for all temperatures
(β = 1). However, when starting with the inherent structure (IS) of
water at 350 K [case (iii)], the stretching exponent, β, decreased sig-
nificantly at lower temperatures. Thus, the simulations suggest that
relaxation from a high-temperature structure to a lower temperature
structure is complex (i.e., β < 1) for sufficiently low temperatures. In
this context, the complex kinetics observed for HQW in the exper-
iments suggest it has an appreciable amount of HTM and retains
this upon cooling to 70 K where the IR spectra are acquired. Exper-
iments investigating the dielectric relaxation in HDA and LDA ices
also show that the dynamic heterogeneity in HDA is larger than
in LDA.86–88

The analysis presented here focuses on the structure of tran-
siently heated water films after they reach “steady state” at Tmax,
which in practice means that the IR spectra are no longer chang-
ing when more heat pulses are applied. The experiments do not
allow us to directly assess the relationship between the steady state
structure and water’s equilibrium structure at T = Tmax (or the cor-
responding inherent structure). However, MD simulations suggest

that cooling water from above the melting point at a rate that is
fast enough to prevent complete relaxation to LDA, such as what we
observe for HQW, leads to nonequilibrium structures,82 and (ii) dur-
ing repeat heating and cooling cycles, equilibrium structures are not
accessed when only a few pulses are needed to reach steady state.31

Based on this, it is plausible that the structure of HQW does not
correspond to any equilibrium temperature. On the other hand, for
Tmax ≲ 225 K, the characteristic number of pulses for the films to
reach steady state is quickly increasing.14 As seen in Fig. 6 (blue
circles), for temperatures below 225 K f SS

HTM(Tmax) follows the
apparent trend line for the x-ray data, while it deviates from the
trend above this temperature.

IV. CONCLUSIONS
Previous experiments investigating the properties of tran-

siently heated supercooled water showed that for a wide range
of conditions, its structure was a linear combination of just two
structures—LDA and HQW. Due to experimental limitations, the
HQW was expected to be a mixture of both high- and low-
temperature structural motifs. However, the amount of each local
structural motif in HQW was unknown. Here, we analyzed the IR
spectra of HQW and LDA to provide an estimate for the compo-
sition of HQW with respect to LDA and HTM. The IRAS spectra
for nanoscale CI, LDA, and HQW films were used to determine
the frequency-dependent complex index of refraction for these
water polymorphs. The optical constants determined for CI and
LDA agree well with previously reported results. The characteris-
tics of the potential spectra for HTM, constructed from the spectra
of LDA and HQW, suggested that HQW is most likely 50% or
more HTM. The current results, along with existing x-ray data
for normal and supercooled water, provide a consistent picture for
the composition of liquid water at low pressures (≤1 bar) from
70 to 350 K.

SUPPLEMENTARY MATERIAL

The supplementary material contains the following: Figure S1
IRAS, showing the experimental and simulated spectrum and opti-
cal constants for crystalline ice; Figure S2, comparing the optical
constants (2nk) for LDA with previous experiments; Figure S3,
comparing Im(ñ) for CI, LDA, and HTM to calculated IR spec-
tra for CI, LDA, and HDA; Figure S4, comparing Im(ñ) for CI,
LDA, and HTM in the isolated OD-stretch region for 50 ML and
80 μm films; and Figure S5, presenting a schematic showing the
expected effect of different cooling rates on the measurement of
fHTM(T).
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