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ABSTRACT
We have examined the structure of supercooled liquid D2O as a function of temperature between 185 and 255 K using pulsed laser heating
to rapidly heat and cool the sample on a nanosecond timescale. The liquid structure can be represented as a linear combination of two
structural motifs, with a transition between them described by a logistic function centered at 218 K with a width of 10 K. The relaxation to
a metastable state, which occurred prior to crystallization, exhibited nonexponential kinetics with a rate that was dependent on the initial
structural configuration. When the temperature is scaled by the temperature of maximum density, which is an isostructural point of the
isotopologues, the structural transition and the non-equilibrium relaxation kinetics of D2O agree remarkably well with those for H2O.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0078796

I. INTRODUCTION

Although water is ubiquitous, a great deal remains to be under-
stood about the origin of its anomalous properties. Progress has
been made with theory and molecular dynamics (MD) simulations,
with growing consensus that water’s anomalies are related to the
presence of two liquid structural forms, typically referred to as high-
density liquid water (HDL) and low-density liquid water (LDL).1–6

However, water’s rapid crystallization in the supercooled tempera-
ture regime has limited the experimental investigation where leading
models predict key phenomena occur. Therefore, the behavior of
real water is still debated.

New experimental techniques have pushed the limits imposed
by rapid crystallization to examine water’s previously inaccessible
temperature regime in different ways including rapid evaporative
cooling of micrometer sized droplets,7,8 nanoconfinement,9 and
ultrafast heating and decompression methods.10 Using a pulsed
laser to transiently heat nanoscale water films in nanosecond
increments,11,12 we recently showed that H2O undergoes reversible
transitions between two structural motifs at temperatures between
135 and 245 K.13 We have also examined the dynamic behavior of
the associated changes in the molecular configurations, as probed
by infrared spectroscopy, as supercooled water relaxes toward a
structurally equilibrated metastable supercooled liquid prior to
crystallization.14 In this work, we apply the pulsed laser heating

technique to the study of D2O, to examine the role of isotope effects
at deeply supercooled temperatures.

While the isotope effects of many molecular liquids can be
described by classical mass effects,15 these models fail to explain
the temperature dependent behavior of water and heavy water.16

Likewise, the van der Waal’s theorem of corresponding states,17

which postulates that fluids have approximately the same equa-
tion of state when scaled by their liquid–gas critical temperature,
TC, and pressure, PC, not only fails but also predicts the opposite
behavior. The divergence from these models is typically attributed to
the role of nuclear quantum effects (NQEs), such as the zero-point
energy, proton delocalization, and tunneling.18 While MD simula-
tions with flexible water models have demonstrated the competition
of quantum effects,18–20 the role of NQEs is generally considered
to strengthen the hydrogen bonding network of D2O resulting in
a more tetrahedrally bonded liquid.18

In 1986, Root et al. investigated the structural differences
between H2O and D2O at 297 K using γ-ray diffraction.21 It has since
been proposed that to accurately examine the H/D isotope effects,
it is useful to examine H2O and D2O when their liquid structures
are equivalent, which is not necessarily at the same temperature. A
common approach to facilitate this was developed by Robinson and
co-workers, which they referred to as the thermal offset conjecture.22

They used a two state model to argue that the structural properties
of H2O are equivalent to those of D2O at an elevated temperature
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[i.e., T(D2O) = T(H2O) + δ, where δ is the effective offset]. Over
time, δ has evolved to become a fitting parameter and has been suc-
cessfully applied to dynamic and thermodynamic properties with a
value typically between the difference in melting temperature [ΔTm
= Tm(D2O)− Tm(H2O) = 3.8 K] and the difference in temperature of
maximum density [ΔTMD = TMD(D2O) − TMD(H2O) = 7.2 K],8,22–30

with some notable exceptions.31,32

An alternative approach, which removes the fitting of δ, is to
scale the temperature by that of a known isostructural point, such
as the temperature of maximum density (TMD). This alternative cor-
responding states argument was put forth by Limmer and Chandler
to compare different classical interaction potential models used in
MD simulations.33 They argued that the variability of the location
of specific features within the water phase diagram for the mod-
els is a manifestation of the delicate balance between energy and
entropy and that the emergence of a point of maximum density is
a direct result of this energy–entropy balance.33 The isotope effects
are also impacted by this balance, leading to the 7.2 K increase in
TMD upon H/D substitution.18 When applied to H2O and D2O, this
approach leads to results similar to that of the thermal offset conjec-
ture near TMD. However, the magnitude of the isotope effect changes
linearly with temperature in this scenario, whereas the thermal offset
conjecture is temperature independent.

In this work, we investigate the steady-state structural compo-
sition of supercooled D2O at temperatures between 185 and 255 K,
where the liquid structure is expected to be rapidly changing, yet
little experimental data exists. We find that prior to the onset of crys-
tallization, the structure can be reproduced by a linear combination
of two structural motifs typical of liquid D2O at high and low tem-
peratures. We also investigate the structural relaxation kinetics for
D2O prepared in two different initial configurations as it approaches
steady state. When compared isostructurally to H2O, we find excel-
lent agreement in the structural composition and effective relaxation
times of the two isotopologues.

II. EXPERIMENTAL DETAILS
Samples of D2O with a coverage of 50 monolayers (ML) were

deposited at normal incidence onto a Pt(111) or graphene/Pt(111)
substrate held at 70 K in ultra-high vacuum (<10−10 Torr) using
molecular beam dosing techniques to prepare a non-porous, amor-
phous solid water (ASW) film.34–36 A coverage of 1 ML corresponds
to ∼1 × 1019 molecules/m2 and for densities of ∼1.1 g/cm3, a 50 ML
D2O film should be ∼15 nm thick.

The nanoscale D2O films were transiently heated to interme-
diate temperatures using a pulsed laser heating technique, which
has been described in detail previously.11 Briefly, a laterally homo-
geneous, infrared laser pulse (Nd:YAG, λ = 1064 nm, full width at
half maximum ∼10 ns) is absorbed in the near surface region of
the substrate and the ensuing heat transfer transiently heats and
subsequently cools the D2O sample at rates of ∼1010 and ∼5 × 109

K/s, respectively.11 Tmax is calibrated from the measured desorp-
tion rate of crystalline ice (CI) during the pulsed heating11 and the
known vapor pressure of ice.37,38 Small lateral heterogeneities in
the laser pulse energy (i.e., an imperfect flat top profile) produce
lateral variations in the temperature of the water films. Using the
higher desorption rate from these laser “hot spots,”11 the lateral

temperature variations are estimated to be ±3 K for the temper-
ature range relevant to the current experiments. Furthermore, the
ability to reproducibly set the laser pulse energy with the variable
attenuator results in small variations in Tmax, as determined from
the reproducibility of the temperature calibration measurements.
The temperature, T(z,t), in the substrate and water film vs time,
t, and distance normal to the substrate, z, was calculated by solv-
ing the one-dimensional heat transfer equation. For the experiments
reported here, the differences in Tmax(z) within the water film were
<3 K.11,12

For thicker films, the time constant for transferring heat into
the outer portions of the water film increases relative to the time
needed to dissipate the heat pulse into the metal substrate, thus
limiting the ability to uniformly heat the water films.39 As a result,
experiments on substantially thicker films are not feasible with the
current approach. For H2O, the results of control experiments with
coverages between 20 and 100 ML films were qualitatively similar to
those on 50 ML films and also consistent with the expected changes
in T(z,t) for films with these thicknesses.13 Because most molecular
dynamics simulations indicate that the properties of water converge
to the bulk within a few monolayers of an interface,40,41 even for
supercooled water,42 we believe that the current results are represen-
tative of bulk water. Furthermore, because the maximum correlation
length for water at low pressures is <0.5 nm,8 we also do not expect
the density fluctuations in our supercooled water films to be strongly
perturbed relative to the bulk. However, we cannot rule out possi-
ble influences of the water/substrate and water/vacuum interfaces
on the results reported here. Therefore, future experiments that
can explore these processes in thicker films are needed to test this
conjecture.

The structural changes in the D2O film vs the number of heat
pulses, Np, were investigated using reflection absorption infrared
spectroscopy (RAIRS). The spectra were collected while the sample
was kinetically arrested at 70 K and are sensitive to the hydrogen-
bonding configuration of the molecules, thereby providing infor-
mation about their structural arrangement within the film.43–46 By
collecting all spectra at 70 K, independent of Tmax, we avoid thermal
effects that can lead to artificial isosbestic points.47,48 Addition-
ally, the kinetically arrested films provide IR spectra related to the
inherent structures measured by MD simulations.1,2,49 While the IR
spectra are sensitive to the local structure, they are complemen-
tary to more direct measurements of the structure, such as those
obtained by diffraction techniques.50–53 Furthermore, because of the
complicated effects of isotopic substitution on the IR spectra,43,54 we
cannot make direct comparisons of the structures of D2O and H2O.
Instead, as we show below, the IR spectra allow us to track structural
changes in D2O vs time and temperature. We compare these changes
to similar measurements on H2O to compare the isotope effects in
supercooled water. Finally, we observe that prior to crystallization,
the IR spectra can always be decomposed into two components. We
hypothesize that these two components are related to the HDL-like
and LDL-like structural motifs that are postulated to exist in water.1,2

However, we do not measure the density, or density changes, in the
water films in the current experiments.

For the pulsed heating experiments, the ASW films were pre-
pared in one of two initial configurations, which we refer to as
hyper-quenched water (HQW) and low-density amorphous water
(LDA).13,14 HQW was prepared by transiently heating the nanoscale
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film to ∼300 K for three laser pulses, during which the sample was
at or near the peak temperature, Tmax, for ∼3 ns/pulse. Figure S1 of
the supplementary material shows T(t) at the vacuum surface for
a 50 ML thick water film. LDA was prepared by thermally anneal-
ing the sample near the glass transition temperature (Tg ≈ 136 K55)
for ≥130 s. Because the structure of our LDA films, as measured by
infrared spectroscopy, does not change appreciably for isothermal
annealing temperatures above 130 K, the precise annealing temper-
ature used to form LDA is not critical (so long as crystallization is
avoided). Any memory of the initial structure of the ASW film is
lost in the preparation of the LDA or HQW states. For example, Fig.
S2 demonstrates that an LDA film prepared by first heating the ASW
film to 300 K to produce HQW before annealing at low temperatures
has the same IR spectra as an ASW film that was directly annealed
to produce LDA. Likewise, HQW is the same if produced directly
from ASW or indirectly from LDA. We have also verified that the
relaxation kinetics and steady-state structure at intermediate tem-
peratures, which are described in Sec. III, are the same for either
direct or “indirect” preparation of the starting configuration.

We assume LDA to be equivalent to quenched LDL as it is pre-
pared by annealing at or near Tg . However, due to the finite cooling
rate of the experiment and the rapid equilibration of mildly super-
cooled water, we do not expect HQW to have the same structure
as the room temperature liquid. Instead, as described in Sec. III,
HQW represents the (quenched) structure of D2O at ∼250 K.13

Currently, we do not have a reliable method for measuring the
spectra for quenched, room temperature water, or for determin-
ing it from the spectra of LDA and HQW. Furthermore, while
water at ambient pressure and temperature is expected to be an
inhomogeneous mixture with HDL-like and LDL-like structural
motifs where the fraction of the HDL-like component increases with
increasing temperature,1,2 various definitions for the two structural
components can lead to quite different predictions for their relative
abundance as a function of temperature and pressure.2,56–58 There-
fore, while HQW is expected to be a mixture of both the HDL and
LDL structural motifs, we do not know their relative abundance.

The HQW formed in our pulsed heating experiments is distinct
from hyper-quenched glassy water, HGW, which is formed by the
rapid quenching of micrometer-sized liquid droplets on a cryogenic
substrate.59,60 An important difference between the two techniques
is the cooling rate, which is ∼5 × 109 K/s for pulsed heating and ≤107

K/s for splat quenching. As a result of the lower cooling rate in the
splat quenching process, the water remains at or near its equilib-
rium structure as it cools to cryogenic temperatures. With careful
optimization, the cooling rates obtained by splat quenching are just
high enough to avoid measurable crystallization in HGW,59 while
less than optimal conditions result in crystalline fractions of a few
percent or more.60 Because the time to crystallize is always longer
than the structural relaxation time,14 this suggests that HGW has
sufficient time to equilibrate to the structure of LDA as it cools. The
observation that the structures of LDA and HGW are the same also
supports this hypothesis.53

III. RESULTS AND DISCUSSION
A. Absorption spectra

Figure 1(a) shows representative IR spectra of the OD stretch-
ing region for HQW and LDA, as well as crystalline ice (CI). HQW

FIG. 1. Infrared absorption spectra of transiently heated D2O films across the OD
stretch region. (a) HQW (red), LDA (blue), and CI (solid black). CI was produced
by heating at Tmax = 210 K for Np = 9410. Steady-state spectra obtained prior
to crystallization at Tmax = 215 K (Np = 505 ± 5) starting from HQW i (gray) and
LDAi (dashed black) are also shown. (b) Difference spectra, obtained by subtract-
ing the LDA spectrum, for experiments with LDAi (dark to light blue to dashed
black) and HQW i (dark to light red to gray) when heated to Tmax = 215 K with
arrows indicating the change with increasing Np. The LDAi spectra shown are from
Np = 0, 15, 45, 130, 260, and 510 and the HQW i spectra are from Np = 0, 1, 4,
10, 40, and 500. The gray dashed vertical lines in (a) and (b) show the location of
two isosbestic points.

exhibits a maximum at ∼2534 cm−1, while LDA is red shifted with
a maximum at 2524 cm−1 and increased intensity. CI, produced
by transiently heating the film to Tmax = 210 K for Np = 9410,
is further red shifted with a maximum at 2499 cm−1 and exhibits
sharper spectral features than those of either HQW or LDA. The
systematic changes in the IR spectra that occur upon transiently
heating the D2O film can be most readily seen in the difference spec-
tra, which are formed by subtracting the LDA spectrum from all
the subsequent spectra. Figure 1(b) demonstrates the evolution of
the difference spectra for heating to an intermediate temperature,
Tmax = 215 K, when starting with LDA (LDAi – blue curves) or HQW
(HQW i – red curves). The difference spectra emphasize the isos-
bestic points at ∼2540 and ∼2300 cm−1, and the arrows in Fig. 1(b)
indicate the direction of the changes to the positive, high fre-
quency peak in the difference spectra (centered at ∼2580 cm−1) with
increasing Np. This peak grows when heating LDAi and decreases
when heating HQW i toward approximately the same intermedi-
ate value prior to crystallization. When Np = 505 (±5), the spectra
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from both initial configurations are identical within the error of
the experiment and are shown as the overlapping solid gray and
dashed black spectra in Fig. 1(a). The corresponding difference
spectra exhibit a small difference in ΔA due to slight variations in
Tmax; however, this difference is less than 2% of the absorbance
spectrum.

For water in the OH-stretch band, stronger hydrogen bonds,
such as molecules in a tetrahedral bonding geometry, are associated
with lower vibrational frequencies, while weaker, often distorted
bonds are typically at higher frequencies.43,61–65 Thus, the spectrum
for crystalline D2O in Fig. 1(a) is red shifted relative to LDA and
HQW, which are both non-crystalline. Previous research has shown
that the Raman spectra for LDA are also red shifted compared to
those for high density amorphous (HDA).46,66–68 The differences
between the spectra for LDA and HQW are reminiscent of those
between LDA and HDA, however, because HQW is a mixture of
LDA and HDA, the differences are less pronounced.

All of the IR spectra can be reproduced as a linear combination
of the HQW, LDA, and CI spectra as demonstrated in Fig. S3 of the
supplementary material. As a result, the fraction of each component,
fHQW , fLDA, and fCI , can, therefore, be determined as a function of Np
at a given Tmax. For the remainder of this work, we will focus on
fHQW prior to appreciable crystallization (i.e., fCI < 0.02).

B. Reversible structural changes and steady-state
structure

In Fig. 2, fHQW is shown as a function of Np for three dif-
ferent intermediate temperatures when starting with HQW i (red)
and LDAi (blue). At any temperature, fHQW asymptotes toward a
steady-state value, f SS

HQW , that depends on Tmax but is independent
of the initial structural configuration. For the temperatures shown
here, f SS

HQW(Tmax) ≈0.23, 0.45, and 0.78 at Tmax = 205, 215, and
231 K, respectively. As was seen previously with H2O, the struc-
tural changes are reversible,13 meaning that upon changing Tmax,
fHQW trends toward the new value of f SS

HQW corresponding to that
temperature as shown in Fig. 3.

The data shown in Fig. 3 were collected by preparing the sample
into either initial configuration then heating to Tmax = 221 K. Once
the system had approached the structurally equilibrated steady-state
liquid, the temperature was changed to drive it back toward the
starting configuration of HQW or LDA by heating at Tmax = 256 K
or annealing at Tg , respectively. This process was repeated several

FIG. 3. Reversible structural changes for D2O. (a) Starting from HQW i , the sample
was heated at Tmax = 221 K for Np = 90 (red circles), then heated at Tmax = 256 K
for Np = 5 (purple triangles). This cycle was repeated three times. The fraction
crystalline, fCI , is shown as gray diamonds. (b) LDAi heated at Tmax = 221 K for
Np = 310 (blue squares), then annealed at Tg (135 K) for 130 s (orange triangle).

times, and the first three temperature cycles are shown for HQW i
[Fig. 3(a)] and LDAi [Fig. 3(b)]. For these experiments, the crys-
talline fraction within the film increases as Np increases, but fCI was
still less than 0.02 after three temperature cycles (Fig. 3, gray dia-
monds). With HQW i, fCI < 0.02 even after five heating cycles, but
due to the larger number of pulses needed to relax LDAi, fCI exceeded
0.02 after four cycles in that case (not shown). However, the liquid
fraction of the D2O sample continued to reversibly change between
structural motifs even after the onset of crystallization. The spec-
tral changes in Figs. 1 and 3 indicate that the observed structural
changes are not due to irreversible transformations associated with
crystallization,69 crossing a spinodal,70 or pore collapse.71

As mentioned already, f SS
HQW does not depend on whether the

experiments start from HQW i or LDAi. In addition, the steady-state
structure does not depend on whether the nanoscale water films are

FIG. 2. Examples of fHQW vs Np for HQW i (red circles) and LDAi (blue squares) at three representative temperatures. (a) 205 K, f SS
HQW ≈ 0.23; (b) 215 K, f SS

HQW ≈ 0.45; and
(c) 231 K, f SS

HQW ≈ 0.78. Stretched exponential fits are overlaid in black and simple exponential fits are shown as dashed gray curves. Data collected on the graphene/Pt(111)
substrate except for HQW i at 205 and 231 K, which were collected on the Pt(111) substrate.
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FIG. 4. Steady-state structural composition for D2O (solid symbols) and H2O13

(open symbols). (a) Steady-state fraction, f SS
HQW , vs Tmax . The results are the aver-

age of experiments with HQW i and LDAi on both Pt(111) and graphene/Pt(111),
and the vertical error bars show the standard deviation, while the horizontal error
bars indicate the ±3 K uncertainty in Tmax . The solid lines show logistic function
fits to the data. (b) f SS

HQW vs the reduced temperature T̃ = Tmax /TMD.

adsorbed on Pt(111) or graphene/Pt(111). Therefore, we can calcu-
late f SS

HQW vs Tmax from the average of individual experiments with
both initial configurations on both substrates [see Fig. 4(a), black
circles]. At temperatures below ∼190 K, the LDA structural motif
is dominant ( f SS

HQW ≈ 0). Since the measurements are related to the
inherent structures that can be calculated in MD simulations,1,2,49

the results show that the inherent structure for D2O at low tem-
peratures is essentially obtained already at ∼190 K. Above ∼190 K,
the fraction of HQW increases and is the dominant motif above
∼250 K. The data can be fit by a logistic function,4 f SS

HQW(Tmax)
= (1 + exp[−(Tmax − T0)/ΔT])−1, with T0 = 218 K and ΔT = 10 K
[see Fig. 4(a), black line].72 For Tmax > 255 K, f SS

HQW is ∼1 due to
the rapid structural equilibration of mildly supercooled heavy water
and the experiment’s finite cooling rate, which results in the loss
of structural information at high temperatures.13 Thus, the struc-
ture of HQW, prepared by heating to ∼300 K, should reflect the
(quenched) structure of D2O somewhat below ∼255 K. While we
cannot unambiguously determine the composition of HQW, the
temperature range where the experiments are sensitive to the struc-
ture, below 255 K, overlaps with the temperatures where previous

x-ray scattering measurements began to observe rapid structural
changes.8,28

In Fig. 4(a), the gray diamonds and gray line show the pre-
viously determined f SS

HQW values for H2O and the corresponding
fit with the logistic function (T0 = 210 K and ΔT = 8.5 K).13 The
results show that the temperature range over which the structure
changes from predominantly HQW to LDA occurs at a lower tem-
perature for H2O than D2O. Previous experiments show that D2O
has a more tetrahedrally ordered structure than H2O at a given
temperature.8,20–30,73–75 Because the current experiments show that
the fraction LDA is larger (i.e., f SS

HQW is smaller) for D2O than H2O
at any given temperature, and recalling that LDA corresponds to
more nearly tetrahedral bonding, the results show that the previ-
ously reported structural differences between the isotopologues also
extend to much lower temperatures.

As discussed in the introduction, Limmer and Chandler pro-
posed that the temperature of maximum density, TMD, provides a
convenient, isostructural point for the comparison of different water
models in classical MD simulations.33 Applying their suggestion to
D2O and H2O, Fig. 4(b) shows the structural changes as a function
of the reduced temperature, T̃ = Tmax/TMD,33 where TMD = 277.13 K
for H2O and 284.34 K for D2O.18 Upon scaling the temperatures,
the data for the isotopologues collapse onto each other, within error,
supporting the idea that TMD provides an isostructural point for
comparison of liquid and supercooled water.

If there is a liquid–liquid critical point for water, then the
Widom line is the extension (in pressure and temperature) of the
coexistence line into the supercritical region. Along an isobar, the
Widom line corresponds to the point where the structure of the
liquid is changing the most rapidly with temperature. Experiments
on supercooled water droplets placed the Widom line at 233 and
229 K for D2O and H2O, respectively.8 For the current experiments,
the structure is apparently changing the most rapidly at ∼218 K for
D2O [see Fig. 4(a)]. However, this difference is due to limitations
of the pulsed heating technique and does not necessarily indicate
a discrepancy with the earlier measurements. In particular, because
our experiments are not sensitive to the changes in the structure of
water for temperatures above ∼250 K, our experiments underesti-
mate the width of the transition from the high to low temperature
structures.13 However, because of the ability of the pulsed heating
technique to follow the structural changes improves at lower tem-
peratures, it should accurately reflect the low temperature threshold
(i.e., at ∼190 K).

C. Structural relaxation
While f SS

HQW is independent of the initial configuration, Fig. 2
shows that the rate at which supercooled D2O relaxes to its steady-
state structure depends on the initial configuration. At temperatures
above ∼240 K, the relaxation can be well fit by a simple exponential
function for both HQW i and LDAi (data not shown). However, as
the temperature decreases below 240 K, the relaxation can no longer
be described by simple exponential kinetics. Instead, a stretched
exponential of the general form fHQW = exp[−(Np/N

∗

)β] provides
a more accurate fit to the data, as shown by the black lines in Figs. 2
and S4. Here, β is the stretching parameter and N∗ is a constant that
is related to the average number of pulses needed to relax the struc-
ture, Nrel, where Nrel =N∗β−1Γ(β−1).76 For a stretched exponential, β
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is less than 1, and smaller values of β correspond to larger deviations
from simple exponential relaxation. For comparison, the dashed
gray lines in Fig. 2 (and Fig. S4) indicate the simple exponential
fits.

The values of Nrel and β, determined from the fits to the relax-
ation vs Np for each Tmax, are shown in Fig. 5 for both HQW i (red
circles) and LDAi (blue squares). As expected, the time required for
D2O to relax, which is proportional to Nrel, increases rapidly as the
temperature decreases [Fig. 5(a)]. Nrel spans a range from ∼7000
pulses at 185 K for HQW i, to ∼1 pulse for LDAi at 266 K. In our
previous study on H2O, we used a simple approximation to relate
Nrel to data obtained by other techniques, where we assume that
the structural relaxation occurs during some time window, δtpulse,
when the temperature is near Tmax, and therefore, the relaxation
time is roughly τrel ∼ δtpulseNrel.14 Using δtpulse = 1 ns, as was done
previously,14 τrel spans a range from ∼7 × 10−6 s for HQW i at
185 K to ∼1 × 10−9 s at 266 K for LDAi [see Fig. 5(a), right
axis] Note that the relaxation measured here is the molecular rear-
rangement for D2O from an initial metastable equilibrium con-
figuration toward a new metastable equilibrium configuration in
response to a temperature change. This non-equilibrium relaxation
process, which is similar to aging experiments in glasses as they
approach equilibrium,14,77–80 is distinct from equilibrium structural

FIG. 5. The relaxation rate of D2O as a function of Tmax . (a) The effective number
of pulses to relax the sample, Nrel , for HQW i (red circles) and LDAi (blue squares).
The error bars are estimated to be 30% of the value of Nrel . The right-hand side
shows the approximate relaxation time, τrel . (b) The stretching parameter, β, deter-
mined from the stretched exponential fits of fHQW (Np) for HQW i (red circles) and
LDAi (blue squares). The error bars were determined from a 1% deviation of the
target function.14 Curves are provided as a guide for the eye.

relaxation measurements that involve monitoring the response to
small perturbations.18,25,30 For aging in glasses, it is often found that
the structural relaxation rate at a given temperature depends on
whether the temperature jump was positive or negative,77,81–83 which
is similar to the behavior seen here for supercooled D2O (Figs. 2
and 5).

Figure 5(b) shows the stretching parameter, β, as a function
of Tmax when starting from HQW i (red circles) and LDAi (blue
squares). As the temperature is decreased, β initially decreases for
both LDAi and HQW i. At Tmax = 215 K, the value of β for LDAi
reaches a minimum and increases upon further cooling, while the
value of β for HQW i levels off at β ≈ 0.4 at low temperatures.
For Tmax ≥ 240 K, the relaxation rates are sufficiently fast that
it is difficult to determine the values for β, which leads to the
large uncertainty shown in Fig. 5(b) for both starting configura-
tions. However, we expect that the kinetics in this temperature
range can be described by a simple exponential relaxation (β = 1).
For LDAi, Nrel vs temperature has a notable change in slope at
∼215 K, which is at the same temperature where β reaches a min-
imum. As discussed below, this behavior is also found in H2O at
the same reduced temperature (see Fig. 6). However, because these
experiments involve relaxation toward steady state, as opposed to
relaxation at or near equilibrium, it is challenging to relate them to
possible equilibrium processes that have been discussed in the litera-
ture, such as a fragile-to-strong transition2,84 or a “dynamic Schottky
band.”85

D. Structural and dynamical heterogeneities
in supercooled water

Stretched exponential kinetics are frequently observed in
glasses and supercooled liquids and are often attributed to dynam-
ical heterogeneities, which likely arise due to spatial heterogeneities
within the liquid.80,86 Qualitatively, these spatial heterogeneities are
associated with regions in which particles are “jammed,” thus experi-
encing slower relaxation, and regions where the particles are able to
move more freely and have faster relaxation. Smaller values of β typ-
ically indicate greater spatial heterogeneities within the film. How-
ever, it is important to note that these dynamical heterogeneities are
distinct from the structural heterogeneities associated with the HDL
and LDL structural motifs in water. In particular, “normal” liquids,
which do not have these structural heterogeneities, can still exhibit
the dynamical, spatial heterogeneities described above.

The relation between dynamical and structural heterogeneities
in supercooled water is still a matter of discussion.85,87 However,
comparing the relaxation kinetics for supercooled D2O and H2O in
the region where the steady-state structures are changing rapidly as
a function of temperature provides an opportunity to explore the
connections between the structural and dynamical heterogeneities.
Figures 6(a) and 6(b) show Nrel and β vs T̃ for both D2O and H2O.
When scaled by the isostructural point, the relaxation rates and
stretching parameters for the isotopologues agree remarkably well
for both HQW i and LDAi. For comparison, the relaxation rates as a
function of Tmax are shown in Fig. S5. The observation that TMD scal-
ing works well for the steady-state structure [see Fig. 4(b)] and the
relaxation kinetics [Figs. 6(a) and 6(b)] suggests a close link between
the structural heterogeneities in water and the kinetics. The com-
plete relaxation traces for several individual experiments, compared
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FIG. 6. Relaxation kinetics for D2O (solid symbols) and H2O14 (open symbols).
(a) Nrel vs T̃ for HQW i (red) and LDAi (blue), on graphene/Pt(111). (b) β vs T̃ for
HQW i (red) and LDAi (blue). (c) Rrel = NLDAi

rel /NHQWi
rel , with curves to guide the eye.

A dashed line at Rrel = 1 indicates where LDAi and HQW i relax at the same rate.
D2O is shown as black circles and H2O as gray open diamonds.

at the same Tmax or the same reduced temperature, are shown in
Fig. 7. The similarity of the kinetics at the same T̃ [Fig. 7(b)] also
supports the connection between the structural heterogeneities and
the kinetics.

When comparing the relaxation of the two different initial
configurations of a given isotopologue, it is instructive to examine
the ratio of effective relaxation, Rrel, as shown in Fig. 6(c), where
Rrel = NLDAi

rel /NHQWi
rel . At high temperatures, relaxation is faster from

HQW i than LDAi with a maximum in Rrel at T̃ ≈ 0.8, where HQW i
relaxes ∼10 times faster than LDAi. As T̃ is decreased, the relax-
ation ratio also decreases and reaches Rrel = 1 at T̃ ≈ 0.73, where

FIG. 7. Comparison of the structural relaxation for D2O (solid symbols) and H2O
(open symbols), for HQW i (red) and LDAi (blue). (a) Comparison of the isotopo-
logues at the same temperature, Tmax = 215 K, where f SS

HQW (D2O) = 0.47 and

f SS
HQW (H2O) = 0.65. (b) Comparison at the same reduced temperature, T̃ = 0.74,

where f SS
HQW = 0.34 ± 0.05 for both isotopologues. The D2O data in panel (b) were

collected at Tmax = 210 K and H2O at Tmax = 205 K.

the two initial configurations relax at approximately the same rate.
Upon further cooling, LDAi relaxes faster for both D2O and H2O.
From the perspective of the potential energy landscape for super-
cooled water, the trends in Rrel suggest that the relaxation is the
fastest for the initial configuration that starts the “closest” to the final
configuration of interest. In this picture, LDAi (HQWi) relaxes more
quickly at lower (higher) final temperatures because the structure
there is still predominantly LDA (HQW), and thus, fewer changes
are required. Alternatively, it has been proposed that LDL is a strong
liquid, while HDL is a fragile liquid.84,88 In that scenario, because
fragile liquids slow down dramatically as they cool, the stronger tem-
perature dependence for NHQWi

rel compared to NLDAi
rel [see Figs. 5(a)

and 6(a)] could be explained by HQW having a larger fraction of
HDL compared to LDA.

The results shown in Figs. 6 and 7 suggest that most of the dif-
ferences in the kinetics for D2O and H2O at any given temperature
are related to the fact that the steady-state structures are different.
However, when considering kinetic isotope effects (KIE), one typi-
cally compares the rates of reaction for the isotopologues at the same
temperature assuming that the systems are otherwise essentially the
same. Because the ensemble of barriers that govern relaxation are
different for D2O and H2O at any given temperature, the ratio of the
relaxation rates exhibits large variations vs Tmax (not shown). On the
other hand, comparing the rates at the same T̃ is also problematic
because the actual temperatures are different. Ideally, to estimate the
KIE for water, one would compare the relaxation rates for H2O and
D2O when they have both the same structure (i.e., the same ensemble
of barriers) and the same temperature. An approach for estimating
this based on a simple model for the relaxation kinetics for H2O14 is
described in the supplementary material (see Estimate of the Kinetic
Isotope Effect in Supercooled Water). Within the uncertainties, the
results suggest that H2O relaxes ∼1–2 times faster for 180 K < Tmax
< 245 K (see Fig. S6).

While the agreement between H2O and D2O with the TMD scal-
ing is quite good, we have also analyzed the data using the thermal
offset conjecture. With an effective offset equal to the difference in
TMD, as was originally proposed by Vedamuthu et al.,22 the isotopo-
logues also exhibit good agreement for both f SS

HQW and Nrel as shown
in Fig. 8. Therefore, from these data alone, there is no compelling
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FIG. 8. The stretched exponential fit parameters for D2O (solid symbols) and
H2O13,14 (open symbols) when an effective thermal offset of 7.2 K has been applied
to the H2O values.22 (a) f SS

HQW with error bars given by the standard deviation with
the logistic fits is overlaid. (b) Nrel for HQW i (red) and LDAi (blue).

argument for one approach over the other as both models work
equally well. However, the thermal offset is typically used as a fitting
parameter to reproduce various properties,8,24,26–29 which removes
any physical basis for the approach. Therefore, we believe the cor-
responding states argument of Limmer and Chandler,33 originally
designed to examine the dynamics of several classical water models,
is a more attractive approach to examine the isotope effects of water.
The approach is quantitatively similar to the thermal offset conjec-
ture while also providing a reasonable physical explanation for the
results.

Although the focus of this work has been on the H/D iso-
tope effects, it is important to note that the 16O/18O isotope effects
are expected to be dominated by classical mass effects rather than
the NQEs, which dominate the H/D isotope effects.18 Therefore,
while D2O and H2

18O have the same molecular mass, the isotope
effects on the heavy oxygen water are expected to be smaller, with
dynamic behavior closer to that of H2O.29,30 Preliminary results of
H2

18O starting from LDAi at temperatures above 240 K indicate
that, as expected, it relaxes at a rate more similar to H2O than
D2O, see Fig. S7. The difference between the relaxation of D2O and
H2

18O further highlights the quantum effects resulting upon H/D
substitution.

IV. CONCLUSIONS
We have examined the structural relaxation of nanoscale D2O

films from 185 K to 255 K, greatly extending the temperature range
over which structural information is available. D2O exhibits a tem-
perature dependent transition between two structural motifs, which
can be described by a logistic function centered at 218 K. For
temperatures below 185 K, D2O’s structure has converged to that
obtained by annealing at the glass transition temperature. The struc-
tural relaxation exhibited stretched exponential kinetics, suggestive
of dynamic heterogeneity within the sample, and relaxation rates
that depend on the initial structural configuration. At a given tem-
perature, the D2O films have slower relaxation rates than H2O and
have more tetrahedral, ice-like character. However, using reduced
temperatures T̃ = Tmax/TMD, the structural transition and effec-
tive relaxation of the isotopologues show a common response.
These results are consistent with the corresponding states principle
demonstrated by Chandler and Limmer33 for the dynamics of sev-
eral classical water models. This approach is quantitatively similar
to the thermal offset conjecture that is often used to compare the
temperature-dependent properties of H2O and D2O but is attractive
since it provides a reasonable physical explanation for the results.

SUPPLEMENTARY MATERIAL

The supplementary material provides additional information
on the linear combination fits of the absorption spectra, stretched
exponential relaxation, kinetic isotope effects, and comparison with
H2

18O structural relaxation (Figs. S1–S7).
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