
LETTER
doi:10.1038/nature13266
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Water has a number of anomalous physical properties, and some of
these become drastically enhanced on supercooling below the freez-
ing point. Particular interest has focused on thermodynamic response
functions that can be described using a normal component and
an anomalous component that seems to diverge at about 228 kelvin
(refs 1–3). This has prompted debate about conflicting theories4–12

that aim to explain many of the anomalous thermodynamic prop-
erties of water. One popular theory attributes the divergence to a
phase transition between two forms of liquid water occurring in the
‘no man’s land’ that lies below the homogeneous ice nucleation temper-
ature (TH) at approximately 232 kelvin13 and above about 160 kelvin14,
and where rapid ice crystallization has prevented any measurements
of the bulk liquid phase. In fact, the reliable determination of the
structure of liquid water typically requires temperatures above about
250 kelvin2,15. Water crystallization has been inhibited by using
nanoconfinement16, nanodroplets17 and association with biomolecules16

to give liquid samples at temperatures below TH, but such measure-
ments rely on nanoscopic volumes of water where the interaction
with the confining surfaces makes the relevance to bulk water unclear18.
Here we demonstrate that femtosecond X-ray laser pulses can be used
to probe the structure of liquid water in micrometre-sized droplets
that have been evaporatively cooled19–21 below TH. We find experi-
mental evidence for the existence of metastable bulk liquid water down
to temperatures of 227z2

{1 kelvin in the previously largely unexplored
no man’s land. We observe a continuous and accelerating increase
in structural ordering on supercooling to approximately 229 kelvin,
where the number of droplets containing ice crystals increases rapidly.
But a few droplets remain liquid for about a millisecond even at this
temperature. The hope now is that these observations and our detailed
structural data will help identify those theories that best describe
and explain the behaviour of water.

Figure 1a sketches our experimental set-up: in vacuum, a liquid jet19

generates spatially unconfined droplets of supercooled liquid water, the
structure of which is then studied using intense, 50-fs, hard-X-ray laser
pulses from the Linac Coherent Light Source (LCLS). A Rayleigh jet20

produces a continuous, single-file train of water droplets with a uniform
diameter of 34 or 37mm, and a gas dynamic virtual nozzle21 gives trains
of smaller droplets with a diameter of 9 or 12 mm. The droplets cool
rapidly through evaporation and reach an average temperature that
depends primarily on droplet size and travel time through the vacuum
(Supplementary Information, section B.3), which we varied systema-
tically by adjusting the distance between the dispenser nozzle and the
X-ray pulse interaction region. Scattering patterns (at least 1,800 per
data point; Supplementary Information, section A.1.3) were recorded
from individual droplets with a single X-ray pulse over the temperature

ranges of 227–252 K and 233–258 K for the droplets generated by gas
dynamic virtual nozzle and Rayleigh jet, respectively. Temperature cali-
brations were performed using the Knudsen theory of evaporative cool-
ing with a typical absolute uncertainty of 62 K at the lowest temperatures
(Supplementary Information, section B.3.5; Supplementary Tables 5 and 6;
and Supplementary Fig. 20); the Knudsen theory was verified through
extensive molecular dynamics simulations of droplet cooling (Supplemen-
tary Information, section B.2).

Figure 1b shows a typical diffraction pattern of a liquid water droplet
with a maximum momentum transfer of q < 3.5 Å21 at the corners of
the detector. The isotropic water diffraction rings uniquely identify the
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Figure 1 | Coherent X-ray scattering from individual micrometre-sized
droplets with a single-shot selection scheme. a, A train of droplets
(Supplementary Information, section A.1.1) flows in vacuum perpendicular to
,50-fs-long X-ray pulses. A coherent scattering pattern from a water droplet
was recorded when a single droplet was positioned in the interaction region
at the time of arrival of a single X-ray pulse. CSPAD stands for, Cornell-SLAC
pixel array detector. b, c, Each diffraction pattern is classified (Supplementary
Information, section A.1.3) either as a water shot exclusively containing
pure liquid scattering characterized by a diffuse water ring (b), or as an ice
shot characterized by intense and discrete Bragg peaks superposed on the
water scattering ring (c).
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liquid. As droplet temperature decreases, broad and bright Bragg peaks
from hexagonal ice (Supplementary Information, section A.2.1) are some-
times superposed on the water scattering ring (Fig. 1c). We denote as
‘water shots’ diffraction patterns where we detected only water scat-
tering, and as ‘ice shots’ diffraction patterns containing Bragg peaks.
Ice could be detected if the illuminated volume of a droplet contained
.0.05% of ice by mass (Supplementary Information, section A.2.2). For
the 12-mm-diameter droplets, the number of ice shots increased dras-
tically as the travel time exceeded ,4 ms (Fig. 2). The probing of indi-
vidual water droplets with single, ultrashort X-ray pulses allowed us to
separate water shots from ice shots at each temperature, to give the frac-
tion of droplets containing ice. Even among the droplets that interacted
with X-ray pulses approximately 5 ms after exiting the nozzle, with the
coldest liquid temperature of 227z2

{1 K, we found more than 100 water
shots that contained water diffraction rings and no ice diffraction peaks
out of 3,600 total hits; this is below the onset temperature of ice nuc-
leation (Fig. 2) and inside water’s no man’s land below TH < 232 K at
ambient pressure13.

Structural properties of supercooled water in no-man’s land can be
extracted from the X-ray scattering data. The total scattering factor, S(q),
for each droplet temperature was obtained by averaging the scattering
patterns from the respective water shots and removing the independent
atomic scattering (Supplementary Information, section A.3.1). The result-
ing sequence of temperature-dependent S(q) profiles for liquid water is
shown in Fig. 3a, illustrating how the principal maximum of S(q) is split
into a peak S1, located at q1 < 2 Å21, and a peak S2, located at q2 < 3 Å21.
The amplitudes of, and separation between, S1 and S2 increase with
decreasing droplet temperature, indicative of an increase in structural
ordering as water is supercooled ever more deeply towards and into
no-man’s land. Figure 3b illustrates the shift in the positions of the two
peaks with temperature, as obtained from water droplets using the LCLS
X-ray laser, and also based on synchrotron radiation data from metastable

liquid water at only slightly supercooled temperatures and from stable
liquid water at ambient temperatures; for the latter two data sets, the
temperature was measured directly. The continuous changes in the S1
and S2 peak positions, without apparent break when moving between
the independent X-ray laser and synchrotron radiation data sets, strongly
supports the temperature calibration.

At the lowest temperature accessible in the current study, the S1 and
S2 peak positions approach the corresponding peak positions for tetra-
hedrally coordinated structures (Fig. 3b), represented by low-density
amorphous (LDA) ice as obtained by neutron scattering22 and modelled
for clusters of hexagonal ice using kinematic scattering (Supplementary
Information, section A.2.3). The rapidly increasing fraction of ice shots
on the millisecond timescale below ,229 K shows that glassy water,
which would be associated with slow dynamics, is not formed at these
temperatures (Fig 2). We note that the continuous change in the posi-
tions of the diffraction peaks S1 and S2 with temperature resembles the
trend of similar diffraction peaks when high-density amorphous ice
transforms into LDA ice23.

The separation between the S1 and S2 peaks is very sensitive to the
amount and character of tetrahedrally coordinated configurations favoured
by water’s directional hydrogen bonds. Water exhibits a peak in the oxygen–
oxygen pair-correlation function, gOO(r), at 4.5 Å, corresponding to the
second-nearest-neighbour distance in tetrahedral coordination,

ffiffiffiffiffiffiffi
8=3

p
a,

where a < 2.8 Å is the nearest-neighbour oxygen–oxygen distance in
liquid water24. The inset of Fig. 4a shows that increasing temperature
reduces the amplitude of the second gOO(r) peak (henceforth denoted
g2) here obtained from molecular dynamics simulations using the TIP4P/
2005 water model (Methods); the same trend has also been observed
experimentally for an increase in pressure25 or temperature26. We find
that g2 can be exploited as a good structural parameter to describe the

1 2 3 4 5

223

228

233

238

243

248

253

258

263

268

273

Travel time (ms)

Te
m

pe
ra

tu
re

 (K
)

10.35 20.69 31.04 41.38 51.73

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Sample–nozzle distance (mm)

Ice shot fraction

Figure 2 | Time dependence of water crystallization during evaporative
cooling. Ice shot fraction (green) and estimated temperature (blue) as
functions of travel time in vacuum for droplets of diameter 12mm and speed
10.35 m s21. From the ice shot fraction, shown as mean 6 s.d. of two to seven
individual recordings, we find the onset of ice nucleation to lie between 232z2

{0:1
and 229z2

{1 K. The dashed blue lines represent maximum and minimum
temperatures from the Knudsen model, which consistently overlap with
experimental data sets from SSRL measured at known absolute temperatures
(Supplementary Information, sections A.3.2 and B.3.5).
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Figure 3 | Temperature dependence of water scattering peaks. a, Scattering
structure factor, S(q), obtained from single-shot diffraction patterns
(Supplementary Information, section A.3.1). Water temperature decreases
from bottom to top (SSRL: 323, 298, 273, 268, 263, 258, 253, 251 K; LCLS: 251,
247, 243, 239, 232, 229, 227 K). The data reveal a split of the principal S(q)
maximum into two well-separated peaks, S1 and S2 (dashed lines).
b, Temperature dependence of the S1 and S2 peak positions, calculated from
the maxima of local fifth-order polynomial least-squares fits with error
bars estimated by shifting the derivatives of the polynomial fits by 60.05 Å
(LCLS) and 60.15 Å (SSRL) (Supplementary Information, section A.3.1).
Green triangles are LCLS data from 12-mm-diameter droplets; red circles are
LCLS data from 34- and 37-mm-diameter droplets; and black squares are
SSRL data from a static liquid sample. Purple diamonds are LCLS data from
9-mm-diameter droplets measured at a separate LCLS run with separate
q-calibration (Supplementary Information, section A.1.2). As the temperature
decreases in no man’s land, the positions of peaks S1 and S2 approach the
characteristic values of LDA ice (dash–dot blue lines) as determined from
neutron diffraction22 and clusters of hexagonal ice (ice Ih; dashed red lines;
Supplementary Information, section A.2.3).
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tetrahedrality of liquid water, as demonstrated by the similar temper-
ature dependences of g2 and the tetrahedrality, Q, commonly used in
molecular dynamics simulations27 (Supplementary Fig. 21). The molecu-
lar dynamics simulations furthermore show a clear correlation between
g2 and the splitting,Dq 5 q2 – q1, between the S1 and S2 peaks, where g2

increases monotonically with Dq (Fig. 4a). We make use of this rela-
tionship to extract from the measuredDq data ‘experimental’ g2 values,
which are plotted against temperature in Fig. 4b and compared with g2

values from molecular dynamics simulations using the TIP4P/2005 and
SPC/E water models.

The data in Fig. 4b show that as water is cooled from above its freez-
ing temperature, g2 and its rate of change increase continuously as would
be expected from the accelerated growth of tetrahedral structures in
deeply supercooled water. We also note that the best-fit extrapolation
of g2 to low temperatures approaches the limit for LDA ice22 (dash–dot
line in Fig. 4b), which is expected to be representative also of crystal-
line hexagonal ice (Fig. 3b), although g2 cannot be uniquely defined for
a crystalline sample. Furthermore, gOO(r) for LDA ice and simulated
supercooled TIP4P/2005 water at 220 K—with the same g2 value as the
maximum in the experimental data—are very similar, but differ from
gOO(r) for water at ambient conditions (Fig. 4c). The structure of liquid
water in no man’s land is therefore distinct from that of water under
ambient conditions, exhibiting stronger tetrahedral ordering. The larg-
est g2 values obtained from the experimental data (Fig. 4b) coincide with
the observed onset of ice nucleation at ,229 K (Fig. 2), supporting
simulations10,28 which concluded that the increased abundance and per-
sistence of tetrahedrally coordinated water molecules play a central part
as precursor structure for homogeneous ice nucleation.

We still observe a non-negligible number of water shots at the far-
thest measurement point, reached about 1 ms after the temperature of
the corresponding water droplet has dropped to 229z2

{1 K, where homo-
geneous nucleation sets in (Fig. 2). This implies that metastable water
can transiently exist on the millisecond timescale down to 227z2

{1 K. We
expect that these observations and our data mapping the structural evo-
lution of supercooled liquid water with decreasing temperature (Extended
Data Tables 1–4) will enable a quantitative evaluation of different the-
oretical models that predict this structure in no man’s land and aim to
explain water’s anomalous physical properties.

METHODS SUMMARY
Deionized water (PURELAB Ultra Genetic; resistivity 18.2 MV cm at 298 K) was
measured at the Stanford Synchrotron Radiation Lightsource (SSRL) small-angle
X-ray scattering instrument (beam line 4-2) in a static, ,5-ml sample cell with an
absolute temperature uncertainty of 61 K. The experimental details have been des-
cribed elsewhere2. X-ray scattering experiments on water droplets of diameters 9,
12, 34 and 37mm were performed using the LCLS coherent X-ray imaging instru-
ment29 on deep supercooling (,260 K) calibrated according to the Knudsen theory
of evaporation (Supplementary Information, section B3). These measurements over-
lap with those made at SSRL (.250 K). Molecular dynamics simulations of evap-
orative cooling of 1–4-nm-radii droplets were performed using the TIP4P/2005
force field to verify the Knudsen theory of evaporation (Supplementary Informa-
tion, section B2). The single-pulse water scattering patterns at LCLS were recorded
with the Cornell-SLAC pixel array detector and corrected for the dark signal, gain
variations, the polarization dependence of the X-ray scattering, solid-angle differ-
ences and fluctuations in the average photon wavelength between X-ray pulses (Sup-
plementary Information, section A.1.2). More details on the procedure for selecting
water shots and sample statistics are given in Supplementary Information, sec-
tion A.1.3. The total scattering structure factor was obtained from the averaged
angularly integrated intensities by removing the atomic form factor contribution
(Supplementary Information, section A.3.1). Measurements from both SSRL and
LCLS had a scattering momentum transfer range of approximately 0.5 Å21# q
# 3.5 Å21. Large-scale (45,000 molecules) molecular dynamics simulations30 of
bulk TIP4P/2005 water and medium-scale (512 molecules) molecular dynamics
simulations of SPC/E water were performed for a wide range of temperatures to
calculate the total scattering structure factor (Supplementary Information, section
C.1.1), including intermolecular oxygen–hydrogen and oxygen–oxygen partial struc-
ture factors and the intramolecular oxygen–hydrogen partial structure factor (the
hydrogen–hydrogen contribution is negligible), which were used for the calibra-
tion of g2 against Dq (Supplementary Information, section C.1.3).

Online Content AnyadditionalMethods, ExtendedData display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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Extended Data Table 1 | Temperature-dependent S1 and S2 peak
positions for the 5-ml static sample

Temperature (K) q1 (Å-1) q2 (Å-1) 

323 ± 1 2.177 ± 0.016 2.890 ± 0.014 

308 ± 1 2.135 ± 0.013 2.928 ± 0.011 

298 ± 1 2.108 ± 0.011 2.947 ± 0.009 

288 ± 1 2.082 ± 0.009 2.966 ± 0.007 

278 ± 1 2.055 ± 0.007 2.983 ± 0.006 

273 ± 1 2.042 ± 0.007 2.991 ± 0.006 

268 ± 1 2.026 ± 0.007 2.999 ± 0.006 

263 ± 1 2.011 ± 0.006 3.006 ± 0.005 

258 ± 1 1.994 ± 0.006 3.013 ± 0.005 

253 ± 1 1.975 ± 0.006 3.019 ± 0.004 

251 ± 1 1.967 ± 0.005 3.021 ± 0.004 

The temperature-dependent S1 and S2 peak positions, respectively q1 and q2, derived from the maxima
of local (fifth-order) polynomial least-squares fits for the 5-ml static sample measured at beamline 4-2 at
SSRL in January 2012. The error bars for the temperature correspond to the measurement accuracy
(IEC 584-2 standard for K-type thermocouples); the error bars for q1 and q2 were estimated by shifting
the derivatives of the polynomial fits by 60.15 Å when determining the positions of the maxima
(Supplementary Information, section A.3.1).
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Extended Data Table 2 | Temperature-dependent S1 and S2 peak
positions for the 34–37-mm-diameter droplets

Temperature (K) q1 (Å-1) q2 (Å-1) 

258 3
+5

 1.992 ± 0.011 3.019 ± 0.021 

251 2
+3

 1.950 ± 0.008 3.016 ± 0.014 

247 1
+2

 1.939 ± 0.008 3.015 ± 0.011 

243 ± 2 1.925 ± 0.008 3.039 ± 0.013 

242 ± 1 1.915 ± 0.006 3.025 ± 0.011 

239 ± 1 1.899 ± 0.006 3.025 ± 0.011 

235 2
+1

 1.887 ± 0.008 3.052 ± 0.013 

233 ± 1 1.872 ± 0.007 3.051 ± 0.011 

The temperature-dependent S1 and S2 peak positions, respectively q1 and q2, derived from the maxima
of local (fifth-order) polynomial least-squares fits for the 34–37-mm-diameter droplets measured using
the coherent X-ray imaging (CXI) instrument at LCLS in February 2011. The error bars for the
temperature were estimated by forcing overlap between experimental data sets using the Knudsen
theory of evaporation (Supplementary Information, section B.3.5); the error bars for q1 and q2 were
estimated by shifting the derivatives of the polynomial fits by 60.05 Å when determining the positions
of the maxima (Supplementary Information, section A.3.1).
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Extended Data Table 3 | Temperature-dependent S1 and S2 peak
positions for the 12-mm-diameter droplets

Temperature (K) q1 (Å-1) q2 (Å-1) 

252 1
+2

 1.971 ± 0.009 3.062 ± 0.008 

  237 0.2
+2

 1.901 ± 0.006 3.046 ± 0.010 

  232 0.1
+2

 1.868 ± 0.006 3.056 ± 0.010 

229 1
+2

 1.850 ± 0.005 3.053 ± 0.010 

228 1
+2

 1.869 ± 0.008 3.068 ± 0.013 

227 1
+2

 1.867 ± 0.006 3.044 ± 0.010 

The temperature-dependent S1 and S2 peak positions, respectively q1 and q2, derived from the maxima
of local (fifth-order) polynomial least-squares fits for the 12-mm-diameter droplets measured using the
CXI instrument at LCLS in February 2011. The error bars for the temperature were estimated by forcing
overlap between experimental data sets using the Knudsen theory of evaporation (Supplementary
Information, section B.3.5); the error bars for q1 and q2 were estimated by shifting the derivatives of the
polynomial fits by 60.05 Å when determining the positions of the maxima (Supplementary Information,
section A.3.1).
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Extended Data Table 4 | Temperature-dependent S1 and S2 peak
positions for the 9-mm-diameter droplets

Temperature (K) q1 (Å-1) q2 (Å-1) 

233 1
+2

 1.918 ± 0.010 3.066 ± 0.022 

230 1
+2

 1.900 ± 0.009 3.076 ± 0.019 

228 1
+2

 1.920 ± 0.013 3.087 ± 0.024 

The temperature-dependent S1 and S2 peak positions, respectively q1 and q2, derived from the maxima
of local (fifth-order) polynomial least-squares fits for the 9-mm-diameter droplets measured using the
CXI instrument at LCLS in January 2013. The error bars for the temperature were estimated by forcing
overlap between experimental data sets using the Knudsen theory of evaporation (Supplementary
Information, section B.3.5); the error bars for q1 and q2 were estimated by shifting the derivatives of the
polynomial fits by 60.05 Å when determining the positions of the maxima (Supplementary Information,
section A.3.1).
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