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ABSTRACT
Wide angle x-ray scattering of supercooled water down to 234.8 K was studied using high energy x rays at the European Synchrotron Radiation
Facility. The oxygen-oxygen pair distribution function (PDF) was calculated from the scattering pattern out to the 5th peak at an intermolec-
ular distance, r ≈ 11 Å. We observe that the 4th peak and the 5th peak in the PDF increase in height upon supercooling. We also observe that
the 4th peak position (r4) shifts to shorter distances upon supercooling consistent with previous studies, but we see a more rapid change at the
lowest temperature. The running oxygen-oxygen coordination number is calculated for 5 different temperatures, and an isosbestic point at
riso = 3.31 ± 0.05 Å was found corresponding to a coordination number of 4.39 ± 0.15. The comparison of the PDF of the coldest water with
that of amorphous ice shows distinct differences. We propose that there are 5-member pentamer rings in low density liquid-like structures
giving rise to the sharp correlations at r ≈ 9 Å and r ≈ 11 Å.

© 2019 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/10.1063/1.5100811

I. INTRODUCTION

Water is one of the most important liquids for various bio-
logical and geological processes in nature. Its importance relates
to its unique properties, which are different than those of nor-
mal liquids,1 and a lot of effort has been made to understand
these peculiar properties.2–6 An interesting anomaly is that water
becomes more compressible on cooling from 319 K onwards
and thereby exhibits a distinct behavior compared to other liq-
uids where compressibility usually decreases on cooling. This is
the temperature range where many important biological activi-
ties take place. What is particularly interesting is that the com-
pressibility diverges in the supercooled regime7 and eventually
reaches a maximum8 at 229 K. This divergence is accompanied
by a rapid growth of tetrahedral structures.8,9 Our aim in this
study is to explore what are the changes to the intermediate-range

structure taking place at the supercooled conditions corre-
lated with the growth of tetrahedral structures and diverging
compressibility.

A water model that can elucidate the anomalous properties is
based on a hypothesis that water can exist transiently in two distinct
local environments—low-density liquid (LDL) and high-density liq-
uid (HDL).10–16 These local environments when under pressure and
low temperature have been proposed to lead to macroscopic liq-
uid phases with a phase boundary that ends with a critical point
at a positive pressure and as such being consistent with experimen-
tal data.4,6,8,17 LDL consists of water molecules that upon decreas-
ing temperature form tetrahedral structures which are favored by
enthalpy, whereas HDL consists of molecules where the tetrahe-
dral structure has collapsed and is entropically favored, resulting in
higher density.18 The latter is dominating at ambient and elevated
temperatures.4
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Small angle x-ray scattering (SAXS) experiments probe instan-
taneous density heterogeneities in liquids and show that such hetero-
geneities increase upon cooling water8,19 from ambient conditions
into the supercooled regime. However, SAXS alone is insufficient
to determine the detailed structural changes causing these density
fluctuations. There have been numerous x-ray scattering measure-
ments to derive the two-body oxygen–oxygen (O–O) pair distribu-
tion functions (PDF) that are essential to obtain information on the
long-range structure of water.20–28 Recent advances in bright x-ray
facilities have made it possible to use high-energy photons where
scattering data can be collected on large area detectors,27,29 enabling
a large measurement range of the momentum transfer vector, Q. A
benchmark of the O–O PDF27 of liquid water at ambient temper-
ature has shown that a Q-range of at least 18 Å−1 is required for
accurate determination of the PDF, in particular, for the height and
narrowness of the first shell.

The intermediate range O–O PDF was first measured by
Yokoyama et al.,25 generating reliable data at 258 K, whereas at
higher temperatures the data were too noisy. Correlations at 8.8 Å
and 10.8 Å, corresponding to the 4th and 5th shells, were detected
at 258 K, and from comparison with various ice forms, it was pro-
posed that these are connected to the formation of clathratelike
structures in supercooled water making up pentamer rings. Higher
quality data for ambient and hot water were obtained by Huang
et al.30 where the 10.8 Å correlation diminished and a shift in the
4th shell to 9.5 Å at 340 K was observed. The experimental data were
compared with simulations from the TIP4P/2005 water model.31

There was a good agreement between the measurements and the
simulations at O–O correlations beyond the 3rd shell allowing for
in-depth analysis of the simulation results. The water molecules
in the simulations were analyzed into structured LDL-like con-
figurations and disordered HDL-like environments based on their
local structure index32,33 (LSI). The O–O PDF of water was sepa-
rated into these two types of structural environments with LDL-like
and HDL-like structures dominating at low and high temperatures,
respectively.

Schlesinger et al.34 analyzed the temperature dependent
intermediate-range O–O correlations in the temperature range of
254–348 K based on high Q experimental data by Skinner et al.35

as well as simulations from the TIP4P/2005 water model31 with a
similar analysis using LSI as in the study of Huang et al.30 Here,
more detailed information could be obtained over a larger tempera-
ture range. We note that indeed these correlations become extremely
weak at distances beyond the 3rd shell. The study showed that the
5th peak in the PDF is absent at temperatures above 319 K and starts
to appear at temperatures colder than 319 K at r5 ≈ 11 Å, coincid-
ing closely with the temperature of the compressibility minimum,
and was proposed to be related to the increase in the compress-
ibility at decreasing temperature.4 This 5th peak is associated with
water’s LDL-like structures and, subsequently, increasing tetrahe-
drality that generate large regions allowing correlation distances of
11 Å.4,28,30,36 The 4th peak is located at r4 ≈ 9 Å at a high temperature
and shifts to shorter distances with an accompanying peak height
increase upon cooling below 260 K. The 4th peak location is sensitive
to the relative balance of the HDL-like and LDL-like local structures,
and since LDL-like structures have the correlations at shorter dis-
tances as compared to the HDL-like structures, the peak shifts to
lower values of r upon cooling. For the PDF of a Lennard-Jones

type of simple liquid, there is a smooth decrease in peak height at
increasing distances.37 However, in the case of water at tempera-
tures higher than 254 K, we see that the 5th peak height is higher
than the 4th peak height,34,35 indicative of an anomalous liquid with
overlapping HDL-like and LDL-like correlations. The O–O PDF for
low-density amorphous ice (LDA) is much similar to hexagonal ice
for the first and second peak locations.38 The peak height for the sec-
ond peak is much higher for crystalline ice because of a well-defined
crystal structure. For higher values of r, they show considerable dis-
agreement, indicating that the longer distance structure is distinctly
different.

The O–O PDF correlations for water have been measured down
to 254 K using acoustically levitated droplets35 and down to 244 K
using a glass capillary.28 Experimental advances in the supercool-
ing of water microdroplets, in a containerless environment, down to
227 K that can overcome homogeneous ice nucleation have recently
become possible.8,9 Here, we use a similar experimental setup8 at a
synchrotron radiation facility to measure x-ray scattering to high Q
of micrometer sized droplets. The temperature range in these mea-
surements at a synchrotron radiation facility is limited in compari-
son with an x-ray free electron laser (XFEL) since the exposure time
is of the order of seconds to get sufficient statistics as compared to
single-shot detection (in the order of 50 fs) at XFEL facilities. This
exposure time determines the lowest temperature that we can mea-
sure without significant Bragg spots from crystalline ice. Here, we
present the results of a wide-angle x-ray scattering (WAXS) experi-
ments of liquid water down to 234.8 K at the European Synchrotron
Radiation Facility (ESRF) where we extract the O–O PDF accurately
beyond the 5th shell at r ≈ 11 Å.

II. MATERIALS AND METHODS
A. Experiments

Wide angle x-ray scattering (WAXS) of supercooled water with
high-energy x rays was measured at 5 different temperatures rang-
ing from 264 K to 234.8 K at beamline ID31 at the European Syn-
chrotron Radiation Facility (ESRF). The x-ray energy was 67.95 keV
with an energy bandwidth of 0.2 keV. The beam size was 5 µm
(horizontal) by 20 µm (vertical) with a sample to detector distance
of 163 mm. We used the Hybrid photon counting PILATUS3 X
CdTe 2M detector, which allows single photon counting where each
pixel is virtually an independent x-ray detector.39 The pixel size was
172 µm, and the number of pixels were 1475 (horizontal) by 1679
(vertical). This detector negates dark current as a source of detec-
tor noise and enables high quality data.40 Milli-Q water was used to
produce a droplet train in situ with two different diameters (ddrop)—
40 µm for higher temperatures and 20 µm for our coldest tempera-
tures of 240.9 K and 234.8 K. These droplets were cooled by evapo-
rative cooling in a vacuum chamber, and droplet temperatures were
estimated using a Knudsen theory of evaporative cooling41 which
has been tested for validity by both experiments42 and simulations.43

The details of the experimental setup are given in Ref. 9. We com-
pare our scattering data with those of Skinner et al.35 and Benmore
et al.28

B. Analysis
The intensity as a function of Q to a maximum value (Qmax)

= 21.6 Å−1 was measured with a Q-resolution of 0.029 Å−1. However,
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the data at high Q from 18.8 Å−1 (13.8 Å−1 for smallest droplets)
onwards are noisy and therefore were cut off at Qmax < 21.6 Å−1.
The measured signal is processed using the fit-2d program44 which
incorporates standard polarization and geometric corrections. The
integrated signal is smoothened by a Savitzky-Golay filter with a
window length of 0.5 Å−1, improving the noise level without any
significant distortion.45

The goal was to extract the differential cross section, normal-
ized per molecule [I(Q)], as described in detail in Ref. 29. The back-
ground was measured by moving the droplet train away from the
x-ray path and was directly subtracted from the detected water sig-
nal. This direct subtraction is acceptable29 since there is more than
99.9% transmission of the high energy x rays from the microme-
ter sized droplets to the detector. For some detector images of our
coldest temperatures, we observe diffraction peaks from crystalline
ice and these are excluded from the data analysis. Multiple scat-
tering and fluorescence are negligible at 67.95 keV for 20–40 µm
thin water samples. The angular dependence detector attenuation
is calculated for the 1 mm thick CdTe detector material. The space
between the sample and the detector is referred to as a “filter.”
It consists of three parts—a 1 mm aluminum plate protecting the
detector, a 125 µm Kapton (polyimide) window to separate the

vacuum chamber from the atmosphere, and 75 mm air. The com-
bined attenuation from these materials is 7% with the majority com-
ing from the aluminum plate. The oblique incidence correction from
the detector and the filter is calculated resulting in a multiplica-
tive correction.29 The Compton scattering signal is calculated for
water using quantum mechanical calculations46 and corrected for
the energy dependence and relativistic effects.29 The inelastic sig-
nal dominates over the elastic signal at Q > 5 Å−1 and forms more
than 90% of the signal at Q > 19 Å−1. We therefore limited the Qmax
to 18.8–19.2 Å−1 for the 40 µm and 13.8–16.3 Å−1 for the 20 µm
droplets.

The resulting I(Q) is derived after the multiplicative correc-
tion (angular dependence of attenuation due to the detector and
filters) and subtraction of the Compton scattering. The molecular
structure factor [Smol(Q)] is obtained from I(Q) by the following
equation:27

Smol(Q) − 1 = I(Q) − FF(Q)
WF(Q) , (1)

where FF(Q) is the molecular form factor obtained from the quan-
tum mechanical calculations of Wang et al.46 and WF(Q) is the

FIG. 1. SOO(Q) and HOO(Q) = Q
× [SOO(Q)−1] for different temperatures.
HOO(Q) is shown to emphasize the oscil-
lations. The data are offset from each
other for clarity. The data for high tem-
peratures were measured with a droplet
diameter of 40 µm, and 240.9 K and
234.8 K were measured with a droplet
diameter of 20 µm.

J. Chem. Phys. 150, 224506 (2019); doi: 10.1063/1.5100811 150, 224506-3

© Author(s) 2019

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

weighting function given by

WF(Q) = fO(Q)2 + 4fO(Q)fH(Q) + 4fH(Q)2, (2)

where f O(Q) and fH(Q) are the modified atomic form factors for
oxygen and hydrogen, respectively, which were calculated from
the atomic form factor and charge redistribution within the water
molecule.23 Smol(Q) consists of contributions from partial struc-
ture factors—the O–O, O–H, and H–H contributions. The H–H
contribution47 is less than 1% and is neglected. The O–H con-
tribution needs to be subtracted, and here, an average of neu-
tron scattering experiments48 and molecular dynamics (MD) sim-
ulations was used.31,49 O–H contribution varies from around 20%
of the elastic signal at low Q and decreases to 2% Q ≈ 20 Å−1.
The temperature dependence of the O–H contribution is obtained
from TIP4P/2005 simulations.31 Neutron scattering experiments35

on D2O from 277 K to 348 K confirm that dSOH/dT estimated from
TIP4P/2005 is a reasonable approximation of the experimental data.
The final O–O contribution (SOO) to Smol(Q) is subsequently iso-
lated after accounting for the O–H contribution and is illustrated in
Fig. 1.

SOO(Q) is then used to extract the oxygen–oxygen pair dis-
tribution function (PDF), gOO(r), using a sine Fourier trans-
form given by Eq. (3), where ρ is the number density of oxygen
atoms,

gOO(r) = 1 +
1

2π2ρr

Qmax

∑
Q=0

Q× (SOO(Q) − 1) × sin(Qr) ×M(Q, ∆r)dQ.

(3)
M(Q, ∆r) = sin(Q∆r)/Q∆r is a Lorch function50 used to reduce the
unphysical oscillations in gOO(r), which have a period of 2π/Qmax.
There are different ways in which r-dependent averaging width, ∆r,
can be calculated.27,35 The expression for ∆r used here suppresses
the unphysical oscillations except in the vicinity of first peak of
gOO(r) and is similar to that used by Skinner et al.35 and is given
by

∆(r)= a(1− exp(−2.77(r − r1

ω1
)

2
))+ a(1

2
+

1
π

arctan( r − ω2

ω2/2π
))
√
r.

(4)

The constants used are ω1 = 0.5 Å, r1 = 2.8 Å, and ω2 = 12 Å.

III. RESULTS AND DISCUSSION
A. O–O pair distribution functions

The resulting O–O PDF gOO(r) for all the different temper-
atures are illustrated in Fig. 2. Figure 2(a) shows that the first
three shells in gOO(r) increase with decreasing temperature. The
features at r < 2.3 Å are artifacts due to truncation error from
the Fourier transform and do not represent any real physical fea-
tures.51 The first shell peak height at r ≈ 2.8 Å increases on cool-
ing and is expected based on previous results,9,30,35 which have
shown that the peak broadens asymmetrically toward longer dis-
tances on increasing temperature. This is due to transformation of
tetrahedral structures of LDL-like configurations to the more dis-
ordered HDL configurations, where an increasing amount of water
molecules occupies the interstitial space between the first and the

second shell, but also more disordered in the first shell within HDL
configuration leading to additional broadening.4 The increase in
peak height of the second shell at r ≈ 4.5 Å is much more pro-
nounced and is an indication of increased population of LDL-like
molecules in tetrahedral configurations upon cooling.9,17,28,30,35 Fur-
ther analysis and comparison with MD simulations are discussed
elsewhere.52

Next, we are interested in the intermediate range with a focus
on the 4th and 5th shells located at r4 ≈ 9 Å and r5 ≈ 11 Å, respec-
tively. The correlations at distances beyond that have artifacts from
the Fourier transform. We use a Gaussian filter to smoothen the data
where each value is an average of the points in the neighborhood
weighted by a Gaussian function. In this study, we choose to focus on
qualitative data analysis where trends in gOO(r) with respect to tem-
perature are emphasized. Hence, we choose a broad Gaussian peak
with a peak width (2σ) of 0.48 Å. This width is chosen to smoothen
over the oscillations in gOO(r) which have a period of 2π/Qmax and
are not completely removed by the use of Lorch function. Figure 2(b)
illustrates this smoothened gOO(r).

We see from Fig. 2(b) that the 4th and 5th peak heights
(g4 and g5, respectively) increase on decreasing temperature. The 4th
peak shifts to shorter distances and becomes sharper on supercool-
ing. Previous work30,34 has shown that more LDL-like local environ-
ments result in the sharpening and shifting of the peak to shorter
distances upon supercooling down to 254 K, and here, we see this
to continue further at lower temperatures. At 234.8 K, we observe
that g4 increases and becomes higher than g5 as expected for a sim-
ple liquid37 with thermal fluctuations around an average structural
configuration.4,30,35 Since the temperature of the Widom line has
been determined to 229 K,8 we expect that LDL-like configurations
will still be below 50% at 234.8 K. The reason for observing mostly
LDL-like configurations at 234.8 K for g4 and g5 could imply that
the LDL-like structure has become long-range ordered to dominate
the O–O PDF in comparison with the HDL-like configurations. The
latter are more disordered and thereby shows less correlations with
distinct peaks at long distances.

B. Peak positions
A more detailed look at the peak position of the 4th and 5th

shell (r4 and r5, respectively) with respect to temperature is shown
in Fig. 3. The peak position is calculated by taking the numerical
derivative with respect to r, ∆gOO(r)/∆r, and is fitted with a straight
line around the vicinity of the peak, and the value of r when the line
crosses zero gives the peak position. For comparison, we also include
the data from the work of Skinner et al.35 and Benmore et al.28 with
the same smoothening parameters as in the current study. We see
from Fig. 3(a) that r4 shifts to lower r upon cooling. The effect is
already clearly seen in Fig. 2(b). This result is consistent with previ-
ous studies where LDL-like local environments result in r4 shift30,34

to shorter distances. We note that there is a more accelerated change
in r4 at temperatures below 250 K. Figure 4(b) shows the position
of the 5th peak (r5) for comparison where at higher temperatures,
r5 is shifted toward longer distances, suggesting an opposite trend
as compared to r4. At temperatures ≈250 K, this trend flattens out,
and then, we observe r5 only shifting marginally toward shorter dis-
tances at the lowest temperatures. We recalculate the O–O PDF
with a near-identical Qmax of 13.6–13.8 Å−1 corresponding to the
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FIG. 2. The PDF, gOO(r), for different
temperatures. (a) The first shells with a
magnified inset of the second and third
shells. (b) The intermediate-range where
the data have been smoothened using a
Gaussian function with a width (2σ) of
0.48 Å. Note the difference of scale in
gOO(r) between the plots in (a) and (b).

nearest node [where SOO(Q) crosses zero] and show the results in
the supplementary material. We see that there are small changes in
the O–O PDF, but the peak positions are relatively unchanged. We
also see a similar insensitivity of the peak positions to any error in
dSOH(Q)/dT.

C. Running O–O coordination number
It was demonstrated in the work of Skinner et al.35 that there

is an isosbestic point over a temperature range of 254 K–366 K at
3.30 ± 0.05 Å in the running O–O coordination, representing the
integral of the pair distribution as a function of cutoff distance.
Recently, this was also extended down to 244 K with an isosbestic
point at 3.26 Å.28 Figure 4 depicts the running O–O coordina-
tion number (nOO) for water in the current study for temperatures
between 234.8 and 264 K. We observe that there is indeed an isos-
bestic point at riso = 3.31 ± 0.05 Å, being close to the previous studies
at higher temperatures. We also observe a nOO of 4.39 ± 0.15 which
is similar to 4.3 ± 0.2 in Ref. 35.

The implication of these results is that there is an isosbestic
point with a constant running coordination number from 234.8 K

to 366 K, which is a large temperature interval. Although the PDF
of water undergoes large changes as a function of temperature, the
first coordination shell represented by the isosbestic points at 3.3 Å
is constant. The consequence of this observation is that when the
liquid rearranges with less coordination at 2.8 Å at higher temper-
atures, these molecules shift only to slightly longer distances with
the 3.3 Å cut off distance. In the picture of conversion of HDL-like
to LDL-like configurations, the number of molecules stays constant
within the distance of the isosbestic point, and they do not move in
or out of this first shell. We can envision that as LDL-like molecules,
with 4-coordination at around 2.8 Å, convert to HDL-like configu-
rations, some of the strongly bound molecules move to longer dis-
tances around 3.0–3.3 Å but are still regarded to be within the first
shell and part of the 4-coordination.4,53 The interstitials that appear
in the HDL-like environment originate from the collapsed 2nd shell
at 4.5 Å in LDL-like configurations upon heating and appear at dis-
tances longer than 3.3 Å. The existence of the isosbestic point over
such a large temperature range therefore indicates that the rear-
rangements of molecules in terms of hydrogen bonding angles and
distances appear separately within each shell defined as below or
above 3.3 Å.
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FIG. 3. (a) Peak location of the 4th peak of gOO(r) denoted by r4. (b) Peak loca-
tion of the 5th peak of gOO(r) denoted by r5. “Skinner 2014” refers to Ref. 35 and
“Benmore 2019” refers to Ref. 28.

D. Comparison with LDA
In order to gain more insights about the 4th and 5th shells

in deeply supercooled water, we compare with low density amor-
phous ice38 (LDA) which is hypothesized to be a glassy state of
water2 and, thereby, thermodynamically continuous with the liquid
state.2 The data for hexagonal ice are calculated from their crystal
lattice parameters and, additionally, disorder was introduced by ran-
dom displacements of approximately 0.08 Å ,and the details of this
approach are reported in Ref. 38. The 1st and 2nd shells show good
agreement between water at 234.8 K, LDA, and hexagonal ice, as
illustrated in Fig. 5. We note already a difference in the 3rd shell
where water has more correlations at shorter distances than LDA.
This is also present at higher temperatures35 and consistent with
the fact that HDL-like structures are not present in LDA account-
ing for this difference. Here, we assume based on the previous dis-
cussion that the O–O intermediate range correlations at the lowest

FIG. 4. The oxygen–oxygen running coordination number (nOO) for water. The
region where we see an isosbestic point is shaded in gray.

temperature are dominated by LDL-like configurations. We see that
for the 4th shell, the liquid peak is narrower than that in LDA, which
also has a weak shoulder toward lower distances. The contrast is
even more pronounced in the 5th shell where water shows a nar-
row peak and at a significantly shorter distance at 10.7 Å than LDA,
which instead has a broad plateau between 11 and 12 Å. Here, we
see clear evidence that the LDA structure, generated from decom-
pression of high density amorphous ice (HDA),38 does not resemble
supercooled water’s structure beyond the first two shells, which is
a liquid with large fractions of LDL-like structures at these low tem-
peratures. LDA seems to have instead more connection with hexago-
nal ice, although far from perfect, as seen in Fig. 5. This comparison
could imply that LDA contains a large number of small nuclei of
hexagonal ice, consisting of six-member rings but lacking enough
repeating unit cells to give sharp and detectable Bragg reflections in
x-ray scattering as well as sharper features around g4 and g5. The
low temperature during the LDA preparation prevents growth of
the ice nuclei into larger ice crystallites. It is only when the tem-
perature of LDA has been increased to 150 K that crystallization is
observed54 through the appearance of Bragg peaks due to an increase
in diffusion and crystal growth. The question is if LDA prepared
by hyper quenching of the liquid55 would give r5 closer to water at
234.8 K. Such a measurement could eventually more firmly establish
the connection between LDA and water.

Clearly, r4 and r5 in supercooled water show little resemblance
to the units of 6-member rings that build up hexagonal ice.25 It is
also quite remarkable how narrow the peaks in water are in compar-
ison with the condensed solids in Fig. 5. There must be some rather
well-defined structural units that build up the LDL configurations.
It has been suggested, based on simulations, that there are pentamer
rings of water molecules that exist transiently in liquid water.12,56–58

The fused structures of such a pentamer form of liquid57 and
their concentration increase as the temperature is decreased.12,58

Clathrate hydrates consist of cagelike structures, where such
fused structures are found. Specifically, a dodecahedron consist-
ing of 20 water molecules and 12 pentagonal faces is a primary
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FIG. 5. (a) A comparison of gOO(r) for
LDA,38 hexagonal ice38 and water at
234.8 K at r < 8 Å. (b) Smoothened
gOO(r) is shown for 7.5 < r (Å) < 15. PDF
for 234.8 K water is smoothened and is
multiplied by 4 and offset by 3, and PDF
for LDA is multiplied by 2 and offset by 1,
respectively, for better comparison. The
smoothening parameters are the same
as used in Fig. 2(b).

hydrate structure. The O–H stretch Raman spectra of supercooled
water also resemble that of clathrate hydrates.59 The circumscribed
sphere of a regular dodecahedron has a diameter of 2.803 × a,
where a is the side of the pentagon. If a is assumed to be the dis-
tance of the nearest neighbor in O–O (2.8 Å), we get a diameter of
the circumscribed sphere of the dodecahedron as 7.85 Å. This dis-
tance is close to r4 of 8.5 Å for our experimental data at 234.8 K.
Indeed, recent simulations of dodecahedron structures60 indicate
distances and narrow peaks in the O–O PDF consistent with the
experimental results here presented. Following Yokoyama et al.25 we
propose that the 4th and 5th peaks in the O–O PDF of water are
related to LDL-like 5-member rings and the narrowness indicates
that only negligible amounts of 6-member rings exist in supercooled
water. The latter can explain why it is relatively easy to supercool
water since in order to make an hexagonal ice nucleus, it is nec-
essary to break apart the LDL 5-member rings that may even con-
sist of large pentamer dodecahedron units to form 6-member rings.
This structural rearrangement when supercooled water undergoes
homogeneous nucleation to form crystalline ice has been seen in
molecular dynamics simulations of TIP4P/200512,61 and ST262 water
models.

We note that r4 and r5 as a function of temperature shown in
Fig. 3 change linearly down to around 250 K below which there is a
sudden change in slope or even direction. We know that at temper-
atures colder than 250 K there is an accelerated growth of tetrahe-
dral structures,8,9 and if these are incorporated into larger building
units of dodecahedron structures, there can be a rapid contraction
of the distances as the collective vibrational motion slows down.
Therefore, it is possible that there could be an essential change in
the collective behavior of water around 250 K toward lower tem-
perature. It will be essential in the future if this is seen in other
measurements, and with the development of XFEL experiments,
it may become possible to also conduct single shot x-ray scatter-
ing measurements of micrometer sized water droplets out to large
Q down to temperatures around 227 K and see if this trend of
more rapid changes of distances continues or becomes even more
accelerated.

IV. CONCLUSIONS
We have measured the structure factor of liquid water at 5

different supercooled temperatures down to 234.8 K over a wide
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Q-range and calculated the O–O PDF up to the fifth shell. We
observe that the peak height for the 4th and 5th shells in the
PDF (g4 and g5) increases on supercooling. We also observe that
the peak location of the 4th peak (r4) shifts to shorter distances
on supercooling consistent with an increase in LDL-like struc-
tures. This shift is accelerated at temperatures less than 250 K.
The 5th peak position (r5), contrastingly, remains relatively con-
stant or shifts mildly to longer distances on cooling for tempera-
tures hotter than 250 K. For temperatures below 250 K, this trend
is reversed and the peak shifts to slightly shorter distances on
cooling.

The O–O running coordination number (nOO) suggests an isos-
bestic point at riso = 3.31 ± 0.05 Å with nOO of 4.39 ± 0.15. This
observation of an isosbestic point over a wide range of temperatures
from 366 K to 235 K suggests that the 4-coordination of water is
conserved on heating where the molecules shift to slightly longer
distances but shorter than riso and most likely also bend at angles
different from the tetrahedral structure. Comparison of the inter-
mediate range O–O correlations of our coldest water at 235 K with
LDA and hexagonal ice shows a stark contrast from the third shell
onwards at r ≈ 6.7 Å, indicating that the long-range structures in
supercooled water are distinctly different than that present in LDA
or hexagonal ice. We propose that the LDL-like structures in water
may consist of pentamer rings.

SUPPLEMENTARY MATERIAL

See supplementary material for the measured SOO(Q) and the
calculated gOO(r). The effect of Qmax and dSOH/dT on the calculated
O–O PDF is also shown.
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