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ABSTRACT: Using an X-ray laser, we investigated the crystal structure of ice formed by
homogeneous ice nucleation in deeply supercooled water nanodrops (r ≈ 10 nm) at ∼225
K. The nanodrops were formed by condensation of vapor in a supersonic nozzle, and the
ice was probed within 100 μs of freezing using femtosecond wide-angle X-ray scattering at
the Linac Coherent Light Source free-electron X-ray laser. The X-ray diﬀraction spectra
indicate that this ice has a metastable, predominantly cubic structure; the shape of the ﬁrst
ice diﬀraction peak suggests stacking-disordered ice with a cubicity value, χ, in the range of
0.78 ± 0.05. The cubicity value determined here is higher than those determined in
experiments with micron-sized drops but comparable to those found in molecular
dynamics simulations. The high cubicity is most likely caused by the extremely low
freezing temperatures and by the rapid freezing, which occurs on a ∼1 μs time scale in
single nanodroplets.

F

form of ice is important because it can aﬀect both the water
vapor content and the optical properties of ice clouds.12−14
Given the importance that the phase of ice has on
atmospheric processes, experiments have studied the structure
of ice formed when supercooled water freezes.15,16 The current
consensus is that the ﬁrst phase that forms is stackingdisordered ice, that is, ice that is comprised of interlaced cubic
and hexagonal sequences of two-dimensional ice layers; this
phase anneals to stable hexagonal ice, and in micron-sized
samples, the annealing time ranges from minutes near melting
temperatures to hours at homogeneous nucleation temper-

reezing in a supercooled liquid is a nonequilibrium process
and may proceed through metastable solid phases in
accordance with Ostwald’s rule of stages.1,2 These metastable
solid states can become kinetically trapped, forming glasses as
well as materials with metastable crystalline structures or
metastable microstructures, such as an ultraﬁne grain size.3
The formation of atmospheric precipitation can include the
freezing of supercooled water droplets in clouds,4 but the
crystal structure of the ice that forms in the atmosphere is still
debated.5−8 Although hexagonal ice is the stable polymorph,9
observations of haloes around the sun and the presence of ice
crystals with 3-fold rotational symmetry points suggest that
cubic or stacking-disordered ice may also exist in the
atmosphere.10,11 The possible presence of this metastable
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Figure 1. (a) As a condensable vapor ﬂows through a converging−diverging nozzle, it cools rapidly and the vapor condenses, forming nanodroplets.
Upon further cooling, these droplets can freeze. (b,c) Simpliﬁed drawings of the experimental setup for recording X-ray diﬀraction data at the CXI
instrument, SLAC National Laboratory. These schematics are not to scale.

atures.16−20 Furthermore, the initial stacking-disordered ice
contains a larger fraction of cubic sequences, or is more “cubic”,
when freezing occurs at lower temperatures.5,18 The degree of
ice cubicity χ is equal to the fraction of cubic layers if the
stacking is random. A more exact deﬁnition7,15,18,19 of χ that
includes stacking memory eﬀects is available in the Supporting
Information (SI). Experiments with frozen emulsions15 and
vapor-deposited ice7 observed a maximum χ ≈ 0.5. To date, the
ice with the highest reported cubicity, χ = 0.733, was made by
the transformation of ice II to ice I.18
Numerical simulations of freezing in supercooled water also
observed the formation of stacking-disordered ice and its
increase in cubicity at lower freezing temperatures,5,21−24 but
they predict a cubicity χ between 0.6 and 0.7, higher than that
observed experimentally by freezing micron-sized supercooled
drops. This diﬀerence in χ might be due to the vastly diﬀerent
conditions probed in experiments versus simulations. In
particular, simulations investigate nanosized samples up to

microsecond time scales, much shorter than the characteristic
time of other experiments.15 Furthermore, they often probe
temperatures below the “homogeneous nucleation limit” of
∼235 K, which cannot be reached by most experimental
methods.
Here, we report the results of an experiment in which we
investigated the freezing of supercooled water under conditions
that approach those in simulations: nanosized aerosol droplets
that are deeply supercooled and whose structure is determined
within microseconds of freezing using in situ diﬀraction from a
high-intensity X-ray laser source.
We produced and then froze nanodroplets of pure water by
ﬂowing a mixture of nitrogen carrier gas and water vapor
through a converging−diverging supersonic nozzle, illustrated
in Figure 1. As the vapor-carrier gas mixture expanded across
the nozzle, its temperature decreased at a rate of ∼0.5 K/μs,
increasing the supersaturation of the vapor until a ∼10 μs burst
of homogeneous vapor−liquid nucleation produced an aerosol
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liquid−solid homogeneous nucleation initiated freezing within
the droplets. The entire aerosol froze within ∼45 μs, and
modeling (see the SI for details) suggests that individual
droplets froze on a time scale on the order of 1 μs.
We characterized the phase transitions and followed the
aerosol’s evolution using position-resolved pressure trace
measurements (PTMs), Fourier transform infrared spectroscopy (FTIR), and in situ small-angle X-ray scattering (SAXS).
The position-resolved SAXS experiments, performed at the 12ID C beamline at the Advanced Photon Source user facility,
characterized the aerosol’s average radius, r = 9.9 nm, its
distribution width, δr = 2.4 nm, and the mass fraction of
condensate, g = 0.01. From the measurements of pressure and
condensate fraction, an integrated data analysis approach25−27
yielded the distribution along the nozzle of the temperature T,
density ρ, gas velocity u, and area ratio A/A*. Position-resolved
FTIR measurements provided the fractions of liquid and frozen
aerosol and yielded the onset freezing temperature as well as
the time required for all of the droplets in the nozzle to freeze.
The supersonic nozzle and associated characterization
techniques provide a robust experimental system with which
to reproducibly investigate the liquid-to-solid phase transition
of water in very small samples (∼3 < r/nm < ∼10) and at
temperatures (202−225 K) that are usually considered to be in
the experimental “no man’s land” of water.25,28
To determine the crystalline structure of the solid particles,
we used wide-angle X-ray scattering (WAXS) because X-rays
can penetrate through the carrier−aerosol mixture in the
nozzle. Given the low volume fraction (∼10−6) of condensed
water in the nozzle and the small scattering probability of Xrays by water, a high-intensity X-ray source, that is, a
synchrotron or an X-ray free-electron laser (XFEL), is needed
to collect diﬀraction data in a practical amount of time. XFELs
may be a better choice because, although their average photon
ﬂux is comparable to the one achievable at high-ﬂux
synchrotron setups, XFEL beams can be focused tightly while
preserving the photon ﬂux, leading to higher intensities, which
we found to improve the signal-to-background ratio (see the SI
for a comparison of XFEL and synchrotron measurements).
Also, XFEL capabilities are advancing rapidly; for example,
average ﬂuxes ∼100 times larger than the current best will
become available soon at the European XFEL,29 and a similar
increase in ﬂux is planned for the LCLS-II X-ray laser.30
We conducted XFEL WAXS experiments at the Linac
Coherent Light Source31 (LCLS) user facility at the SLAC
National Accelerator Laboratory. The experimental setup,
shown in Figure 1b,c, was installed at the Coherent X-ray

Figure 2. (a) After averaging and background normalization, an image
of the processed X-ray scattering pattern exhibits 2−3 concentric rings
corresponding to the powder diﬀraction pattern of ice nanoparticles, as
well as spurious features characteristic of the setup. (b) The main
spurious features on the detector image include shadows from the
beam stop and the nozzle holder. The intense parasitic scattering in
the central region is due to scattering that was generated by elements
outside of the nozzle and passed through the 1 mm wide upstream
window of the nozzle. The downstream window is 3 mm wide, and
hence, the shadow on the detector is from the upstream window only.

of liquid nanodroplets with a number density around ∼1012
cm−3. Rapid droplet growth released heat to the ﬂow,
quenching nucleation and ensuring a nearly monodisperse
droplet size distribution with a radius of r ≈ 10 nm. Once
droplet growth was complete, ∼60 μs after peak particle
production, the aerosol started to expand and cool again until
the temperature of the gas mixture reached ∼225 K, when

Figure 3. Three X-ray diﬀraction spectra for ice nanoparticles, taken at positions along the nozzle that correspond to three distinct temperatures.
The scattering vector q is related to the scattering angle θ and the X-ray wavelength λ by q = (4π/λ) sin(θ/2). In (a), the red dashed lines correspond
to the indicated diﬀraction peaks of cubic ice. In (c), the blue dotted lines correspond to the diﬀraction peaks of hexagonal ice.
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Figure 4. Diﬀraction spectra calculated using DIFFaX33 with peak broadening for a particle radius r = 9.9 nm illustrate the diﬀerence between (a)
cubic and (b) hexagonal ice. The spectrum measured at 213 K is inconsistent with (c) χ = 0.5, 0.66, and 1 but is well ﬁt by (d) χ = 0.8. Panels (e)
and (f) illustrate the ﬁts to the data at 217 and 221 K, respectively. All spectra in this ﬁgure have been rescaled so that the maximum peak intensity is
equal to 1.

from ∼36 000 X-ray pulses and then divided this by the average
background from the same number of pulses. The background
was determined by recording the scattering when the nozzle
was fed with N2 gas only. Further details of the averaging
procedure are available in the SI. We note that even when using
averaging, the diﬀuse scattering pattern expected from liquid
drops could not be distinguished from the high scattering
background.
Figure 2a shows the processed scattering signal as an average
“image” of the CSPAD camera. The image shows three
diﬀraction rings that we attribute to crystalline ice particles and
additional spurious features whose origin is explained schematically in Figure 2b. The diﬀraction rings appeared only when
water vapor ﬂowed through the nozzle and only if the aerosol
was probed at positions where our independent FTIR
measurements showed that at least ∼50% of the particles
were frozen.
To identify the crystalline structure of the ice, we calculated
the X-ray scattering spectrum by angularly averaging the 2D
images over the regions of the detector not aﬀected by the
spurious eﬀects indicated in Figure 2b. Figure 3 shows three
spectra collected at diﬀerent positions along the nozzle,
corresponding to diﬀerent temperatures. Each spectrum has
distinct peaks, at q = 1.72, 2.79, and 3.27 Å−1, values that are
very close to those calculated for the (111), (220), and (311)
peaks of cubic ice. A small peak near q = 2.3 Å−1 in Figure 3a,c
is entirely absent in Figure 3b; due to the weak and
nonreproducible nature of the features near q = 2.3 Å−1, we
cannot identify them with the (102) peak of hexagonal ice at q
= 2.35 Å−1.
Given the lack of scattering peaks characteristic of hexagonal
ice in our data, it is highly unlikely that the nanoparticles are
comprised of this polymorph. We note that our spectra do not
resolve the peak near q = 1.65 Å−1 typically found in stackingdisordered ice.15 This may be a consequence of diﬀraction peak
broadening due to the small particle size, but it may also
indicate that the structure of ice formed here is closer to that of
pure cubic ice than the stacking-disordered ice produced in
other experiments.

Imaging (CXI) end station.32 The nozzle was mounted in air
such that it was directly in the path of X-rays after they were
focused by the X-ray focusing mirror, and the diﬀraction data
was collected by a Cornell−SLAC pixel array detector
(CSPAD) located approximately 137 mm from the centerline
of the nozzle. The X-ray beam with an average photon ﬂux of
∼1014 photons/s had a wavelength of 1.3 Å, was focused to
∼0.1 μm diameter, and was delivered as ∼50 fs long pulses of
∼1012 photons at a pulse rate of 120 Hz.
A signiﬁcant challenge to our in situ crystal structure
determinations was parasitic scattering, which dominated the
elastic X-ray scattering from the frozen drops. Parasitic
scattering was generated by the air surrounding the nozzle,
the N2 and residual vapor in the nozzle, and the nozzle
windows. To minimize air scattering between the beamline’s Xray output window and the nozzle, the beam passed through a
helium-ﬁlled tube and then through a small aperture in a
tantalum plate; we also installed a plastic tent to increase the
helium concentration in regions not enclosed by the tube. We
used a small nozzle width (0.64 cm) to minimize scattering
from the carrier−vapor mixture inside of the nozzle and to
avoid excessive geometrical smearing of the diﬀraction peaks.
We note that using helium as a carrier gas would reduce the
parasitic scattering but is impractically expensive and that
removing the carrier gas would make it diﬃcult to control
particle formation and accurately characterize the droplet
temperature. Scattering from the nozzle windows, as well as
damage to them by the high-intensity XFEL pulses, was
particularly concerning. We therefore used very thin windows
made from Kapton tape and minimized the scattering further
by cutting with the FEL 100 × 100 μm2 holes into the windows
at the observation point (see Figure S1 in the SI). As detailed in
the SI, these holes did not signiﬁcantly aﬀect nanodroplet
freezing.
On the basis of the focused beam diameter, nozzle width, and
particle number density, we estimate that each XFEL pulse
interacted with ∼25 particles. Although we worked with short,
high-intensity X-ray pulses, it was not possible to observe
diﬀraction using only single pulses. We only observed scattering
from the ice crystals when we ﬁrst averaged the “sample” data
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a cubicity χ = 0.78 ± 0.05 (see the discussion and Figures S4
and S5 in the SI). Our cubicity estimate is signiﬁcantly higher
than the upper limit, typically χ ≈ 0.5, reported in previous
experiments for freezing from liquid water.15,18 Nevertheless, as
illustrated in Figure 5a, our values are consistent both with the
strong temperature dependence reported for χ in ice formed
from supercooled water and with comparable mW simulations
of Molinero and co-workers.5,21,22 Our low freezing temperatures are the simplest explanation for the high cubicity but not
the only possible one.
The small size of our drops may also play a role in increasing
cubicity. Recent simulations suggest that the nanosized ice
particles comparable in size to ours (15 nm) might have an
equilibrium stacking disorder due to the entropic advantage of a
more disordered structure.39 Experiments on water frozen in
nanopores showed that the ice becomes more cubic as the pore
size decreases and does not seem to anneal to ice Ih.40,41 The
nanopore freezing experiments did not report cubicity values,
but a comparison of the X-ray peak shapes indicates that water
frozen in nanopores is less cubic than ours. The major
diﬀerences between the nanopore experiments and ours are
that (i) water in nanopores is in contact with a hydrophilic
surface rather than with a gas, and thus the possible inﬂuence of
the water’s interface on nucleation and growth may be diﬀerent,
and (ii) the water in our droplets experiences a high Laplace
pressure, on the order of 100 atm. The high pressure, according
to Le Chatelier’s principle, could favor the formation of highly
cubic ice, which has higher density; experimentally, it was found
that stacking-disordered ice with a high cubicity is ∼1% denser
than the hexagonal ice.42 We also note that simulations using
multisite water potentials observed high rates of nucleation to
cubic ice in the nanometer-sized subsurface region;43,44 such a
process, if still active at high Laplace pressures, may contribute
to the high cubicity that we observed.
Another distinguishing feature of our experiment is the very
short freezing time. Although the whole population of drops
freezes in ∼45 μs, single drops freeze much more rapidly. To
estimate this important time scale, we modeled the droplet’s
temperature during freezing assuming two limiting cases: (i) a
rapid dendritic freezing mechanism as observed in micron-scale
drops45,46 and (ii) a slower planar ice growth as observed in a
nanoscale experiment designed to rapidly dissipate the latent
heat.37 This model, described in the SI, predicts that the
nanodrops will spend on the order of 100 ns at temperatures
near the melting temperature and that freezing will take
between ∼200 ns (dendritic freezing) and ∼2 μs (planar
freezing). Because the duration of freezing and the time elapsed
at temperatures near the melting point are orders of magnitude
faster than the annealing times to hexagonal ice observed
experimentally (minutes to hours), it is unlikely that signiﬁcant
annealing occurs during freezing, or up to the largest postfreezing delay that we investigated. Therefore, in our
experiments, the cubicity should remain the same after freezing,
and indeed, in Figure 4, the line shapes of the ﬁrst diﬀraction
peak are very similar.
The freezing of supercooled water is a complex process that
illustrates the diﬃculty of characterizing and quantifying the
formation of crystals under conditions that are far from
equilibrium. Here, we showed that by combining a technique
for producing deeply metastable samples with extremely rapid
X-ray diﬀraction measurements one can study freezing under
conditions approaching those used in simulations. We observed
a feature that was predicted by simulations but was not

Figure 5. (a) The cubicity of ice I formed by freezing from
supercooled water increases rapidly as the temperature at which the
droplets froze decreases. Our result aligns well both with previous
experimental data at higher temperatures and with the results of mW
simulations. (b) The estimated temperature history of a freezing
droplet is modeled by balancing the heat released by the phase
transition against the heat removed by collisions with the carrier gas
and the evaporation of water molecules. Calculations were made
assuming a staged freezing mechanism that assumes either (i)
dendritic ice growth at a velocity determined from a linear
extrapolation of Pruppacher’s35 and Stan et al.’s36 values or (ii) planar
nanoscale ice growth at the velocity measured recently by Xu et al.37
using a pulsed laser heating technique. Solid and dashed lines
correspond, respectively, to the recommended and the limit values of
the heat capacity of highly supercooled water from Murphy and
Koop.38

To estimate the cubicity, χ, of the ice, we calculated the
diﬀraction spectra expected in our experiments using the
DIFFaX diﬀraction simulation,15,33 accounting for peak broadening due to our small (r = 9.9 nm) average particle size34 (see
the SI for details). Figure 4a,b shows the expected scattering
spectra for pure cubic and hexagonal ice nanoparticles,
respectively. We then compared our experimental data to
diﬀraction spectra calculated for diﬀerent values of χ. We
focused on the peak near q = 1.72 Å−1 because the peaks at
higher q are weaker and their line shape is disorted more by
shadowing eﬀects. As illustrated in Figure 4c, values of χ up to
0.66 cannot match the shape of the ﬁrst peak. Rather, as shown
in Figure 4d−f, in all cases, χ for this ice is close to 0.8.
By ﬁtting the experimental data with the predictions of the
DIFFaX model and after taking into consideration the
diﬀraction line broadening due to the particle size, we estimated
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previously observed in experiments: a high degree of cubicity.
Perhaps more importantly, using an X-ray laser, we were able to
probe the structure of ice less than 100 μs after its formation. In
previous XFEL experiments that probed freezing after
homogeneous ice nucleation in micron-sized droplets,47,48 the
shortest WAXS delays were approximately 1 ms; the ice
structure was predominantly hexagonal (low cubicity), and
shifts in the diﬀraction peaks indicated the heating of drops. In
previous experimental studies using microemulsions,15,16,49,50
the shortest WAXS delays were on the order of minutes, not
suﬃcient to capture the short-term dynamics of solidiﬁcation.
Finally, in contrast to previous nanodroplet studies,51 we have
direct measurements of the droplet size, robust estimates of the
droplet temperature, and a quantitative measure of the degree
of cubicity of the ice produced. Our experimental approach
oﬀers a promising new avenue for understanding the initial
stages of nonequilibrium freezing in supercooled water as well
as other molecules.

■
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