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The fast evaporative cooling of micrometer-sized water droplets in a vacuum offers the appealing possibility
to investigate supercooled water—below the melting point but still a liquid—at temperatures far beyond the
state of the art. However, it is challenging to obtain a reliable value of the droplet temperature under such
extreme experimental conditions. Here, the observation of morphology-dependent resonances in the Raman
scattering from a train of perfectly uniform water droplets allows us to measure the variation in droplet size
resulting from evaporative mass losses with an absolute precision of better than 0.2%. This finding proves
crucial to an unambiguous determination of the droplet temperature. In particular, we find that a fraction of
water droplets with an initial diameter of 6379 £ 12 nm remain liquid down to 230.6 £ 0.6 K. Our results
question temperature estimates reported recently for larger supercooled water droplets and provide valuable
information on the hydrogen-bond network in liquid water in the hard-to-access deeply supercooled regime.

DOI: 10.1103/PhysRevLett.120.015501

Water can exist in the liquid state at temperatures far below
its normal melting point. The first report on the observation of
supercooled water probably dates back to Fahrenheit, who
had cooled water to 264 K [1]. A better understanding of the
properties of supercooled water [2,3] as well as establishing
how and at which rates it transforms to ice [4—6] represent
important goals with potentially broader impacts. For in-
stance, tiny droplets of supercooled water at temperatures as
low as 238 K naturally occur in the upper clouds of Earth’s
atmosphere [7], and an improved description of atmospheric
ice formation could help to develop more reliable climate
models [8]. More generally, the structural properties of
supercooled water have been related to its anomalous
behavior [9]. Water is an unusual liquid, because many
dynamic properties (such as the viscosity and relaxation
times) and thermodynamic functions (such as the heat
capacity and the isothermal compressibility) show a
power-law increase that becomes more pronounced in the
supercooled state [10], suggesting an apparent singularity at
an estimated temperature of ~#228 K [11,12]. Yet what sort of
singularity might water be approaching still represents an
unresolved puzzle that has prompted the formulation of
conflicting scenarios to interpret its origin [13].

The deeply supercooled regime is experimentally difficult
to investigate because of the rapidly increasing ice nucleation
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rate with a decreasing temperature. Conventional techniques
such as those based on the use of thin capillaries [14] or
emulsions [15,16] allow the study of supercooled water only
at temperatures above =235 K. In an effort to access lower
temperatures, ice formation was prevented in experiments
with nanoconfined water [17], aqueous solutions [18], and
nanometer-scale water clusters [19]. However, the question
about how the results of all these studies extrapolate to
supercooled bulk water remains controversial [20].
Micrometer-sized water droplets formed in a laminar
liquid jetin a vacuum offer a promising strategy to investigate
supercooled bulk water and ice formation at very low
temperatures [21-24]. This is due to the combination of
the small sample size, suppression of heterogeneous nucle-
ation sites, and fast evaporative cooling, with cooling rates
exceeding ~10° K s™! for sub-10-ym-diameter water drop-
lets. Despite its obvious benefits, this approach still lacks
sufficient reliability in the determination of the droplet
temperature. One conventional way of estimating the temper-
ature of a liquid water jet in a vacuum is based on the
Knudsen kinetic model of evaporative cooling [21,22,25].
This model, however, depends critically on key experimental
parameters, such as the droplet diameter, which are difficult
to determine with sufficient precision. Here, by Raman
spectroscopy of a microscopic water jet, we obtained a
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precise measure of the evolution in the size of the rapidly
evaporating droplets, thus establishing accurately their tem-
perature and providing unambiguous evidence for the
existence of supercooled bulk water down to 230.6 K.

For a water droplet whose volume V/(¢) and temperature
T(t) change with time ¢, the probability %(7) to remain
liquid at the temperature 7" below the melting point 7, is
given by [16,26]

J
|

where J(T) is the rate of ice nucleation and |7 is the
cooling rate. Accordingly, the smaller the droplet size, the
higher the degree of supercooling that can be reached.
While nozzles having diameters larger than 10 ym are
routinely employed for the generation of microscopic
droplet streams, nozzle clogging has severely limited the
use of smaller apertures [27]. In our experiments, we
injected ultrapure liquid water at 292.3 £ 0.1 K into a
vacuum chamber through a glass capillary nozzle with
diameter d =3.2+ 0.1 yum. We generated a periodic
stream of uniform water droplets (Fig. 1) by applying an
external excitation at the frequency f = 966 kHz by means
of a piezoelectric actuator to trigger the jet breakup [28].

The liquid water jet in Fig. 1 was probed by recording
Raman spectra of the O—H stretching mode as a function of
the distance z from the nozzle. The experimental setup was
similar to that described in Ref. [29]. We employed a portable
Raman instrument (iIHR320, Horiba Jobin Yvon) consisting
of a head for in situ analysis fiber coupled to a grating
spectrometer equipped with a high-sensitivity CCD detector
and providing a resolution of 1.5 cm™'. As an excitation
source, we used an external Nd:YVO4 cw laser (Verdi V6,
Coherent), which we operated up to a maximum power of
2.5 W, generating a radiation beam at 1, = 532 nm that was
focused to a 25-um-diameter spot onto the liquid water jet
in the vacuum chamber. The Raman signal was recorded
under an angle of 90° with respect to the excitation laser beam
and focused to the entrance of the Raman instrument’s head.
The Raman shifts Av = 1/4; — 1/4, where 1 is the scattered

In(T) = —v(0) /T . (T?dr, (1)
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FIG. 1. Stroboscopic image of the liquid water jet emerging
from a 3.2 & 0.1-um-diameter glass capillary nozzle. The jet was
illuminated by &8-ns-long fluorescent light pulses and imaged on
22048 x 2048 CCD camera equipped with a 12 objective at the
working distance of 86 mm. The jet breakup was triggered by an
external excitation at the frequency of 966 kHz to produce a
periodic stream of uniform water droplets.

wavelength, were calibrated by using a silicon sample. The
entire liquid jet source was mounted on microactuator stages
that allowed a displacement of the jet along its propagation
axis with a precision of &1 ym. We used optical images with
known dimensions to perform a zero-offset calibration of z
with an uncertainty of ~36 um.

Selected Raman spectra measured at distances between
z = 0.9 and 28.9 mm from the nozzle are shown in Fig. 2.
During a typical acquisition time of 300 s, up to ~10°
individual droplets crossed the exciting laser beam focus.
The spectrum at 28.9 mm in the right panel in Fig. 2 coincides
with that from bulk crystalline ice [30], indicating that within
our resolution all droplets froze to ice at the largest distance
investigated here.

The most striking feature visible in Fig. 2 is the presence of
up to five narrow peaks superimposed on the O—H stretching
bands, which progressively shift to smaller wave numbers
with an increasing distance from the nozzle. These peaks
originate from a morphology-dependent resonant enhance-
ment of the Raman scattering for specific values of the
droplet radius-to-wavelength ratio [31,32]. The resonances
can be viewed as standing waves at the droplet-vacuum
interface and require for their occurrence a perfectly smooth
spherical shape. This explains the absence of the resonance
peaks in the Raman spectrum from frozen droplets, which
will tend to exhibit a more irregular interface with respect to
the smooth surface of a liquid droplet. Accordingly, the
attenuation of the resonance peaks observed at the largest
distances (right panel in Fig. 2) can be interpreted as due to
the rapidly decreasing fraction of purely liquid droplets.
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FIG. 2. Normalized and two-point baseline-corrected Raman
spectra measured as a function of the distance from the nozzle,
indicated by labels in both panels. The thick black solid curve is a
fit to the experimental spectrum at z = 0.9 mm by assuming five
Gaussian functions for the O—H stretching band (shown as thin
solid lines) and five additional Gaussian peaks for the resonances
(shown as filled curves).
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By turning off the piezoactuator, the resonance peaks
invariably disappeared, as expected for a train of droplets
with a size distribution.

We now show that the observation of the resonances
offers the most accurate and precise way to determine the
diameter [32] and, in turn, the temperature of the evapo-
rating water droplets. The resonances are described in the
framework of the Mie-Debye light scattering theory.
Relevant to the present discussion is the ratio between
the extinction and the geometrical (772, with r the droplet
radius) cross sections given by [33-35]

Qexi(x,1) :%i 2m+1)Rela,,(x,n)+b,,(x,n)], (2)

where x = 2zr/J is the size parameter, n is the refractive
index, and a,,(x,n) and b,,(x,n) are the complex partial-
wave expansion scattering amplitudes. Within the size range
of interest here, the function Q. (x,n) exhibits a smooth
ripple structure with an infinite series of sharp peaks
occurring at definite values {x;},cy of the size parameter
[33,34]. Each value corresponds to a resonance condition for
a specific radius-to-wavelength ratio. Accordingly, if x; is the
size parameter associated with any of the observed reso-
nances centered at AI/ j=0,...,4, then we have

1 X;
Av; = —— .
Yi Ay 2mr

(3)

Equation (3) relates the observed shift of the resonance peaks
to a reduction of the droplet radius with an increasing
distance from the nozzle. There is no unambiguous way
to assign the size parameter x;. However, it can be shown that
the spacing Ax = x;,, — x; is a very slowly varying function
of the refractive index [33]. For two observed resonances
centered at Av; and Av,,, we thus obtain from Eq. (3) for the
droplet diameter

p_l_Ax (4)
mAvj, — Ay

The Raman shifts Av; were determined by fitting each
Raman spectrum to five broad Gaussian components repre-
senting the fundamental O—H stretching band [36,37] and up
to five additional Gaussian peaks representing the resonan-
ces; one example of such a fit is shown in Fig. 2 as a black
solid curve for the spectrum measured at z = 0.9 mm
(left panel).

The direct numerical evaluation of Q. (x,n) [Eq. (2)]
shows that Ax = 1.6396 —0.6312n with a standard
deviation of 9.4 x 107* in the range from n = 1.333, the
refractive index of liquid water at the normal melting point
and 1 = 632 nm [38], down ton = 1.315 as extrapolated for
supercooled water at ~230 K. For the extrapolation we
adopted a modified Clausius-Mossotti relation as in the
formulation by the International Association for the

Properties of Water and Steam (IAPWS), keeping the linear
terms in the temperature and density p, i.e., (n*> — 1)/[(n* +
2)p] = ag + a,T + ayp [38]. The wavelength dependence
of the refractive index across the spectral Raman O—H
stretching band can be safely neglected here [38]. The
coefficients a, = 0.230278, a; = —1.1137 x 107>, and
a, = —0.0245171 were determined by fitting the JAPWS
expression to experimental data for the refractive index down
to 258 K [39]. For the temperature dependence of the density
of water, we assumed the sixth-order polynomial reported
in Ref. [40].

In order to determine the droplet diameter as a function
of the distance from the nozzle, we followed an iterative
approach. Starting with an arbitrary constant value of the
refractive index, we averaged Eq. (4) over the pairs of
resonance peaks visible in each Raman spectrum. We
performed a chi-square fit to the obtained values by using
as a model function the droplet diameter D(z) computed by
the Knudsen theory with D(0) = D, and the jet velocity v
as fit parameters. See, e.g., Ref. [22] for details of the
Knudsen kinetic model. In the calculations we took into
account the initial temperature gradient throughout the
droplet resulting from the finite thermal conductivity of
liquid water [22,25]. The corresponding volume-averaged
droplet temperature 7(z) was then used to establish a new
set of values of the refractive index. We repeated the above
steps until convergence was reached, and the resulting
values for the droplet diameter are shown as filled circles in
Fig. 3(a). The thick solid line in Fig. 3(a) is the model fit
with Dy = 6379 £ 12 nm and » = 22.2 £ 1.5 ms~!, with
the 68% confidence interval indicated as a light-shaded
region. The thermodynamic functions of the Knudsen
model were all extrapolated from available experimental
data at higher temperatures as discussed in Ref. [22]. An
exception was the isobaric heat capacity, which we derived
from the temperature dependence of the vapor pressure by
means of Eq. (26) of Ref. [41], verifying that the result of
the fit in the present temperature range was largely
insensitive to our particular extrapolation [22]. We note
that the above values of the fit parameters are consistent
with Dy = 6560 =370 nm and » =183 +2.0 ms~,
which we determined by using the standard relations D? =
3(£/D)d?/2 and v = Ef [28], where & is the (uniform)
spacing between two adjacent droplets, with the ratio
&/D = 2.88 £ 0.27 inferred from the stroboscopic image
in Fig. 1 by simple pixel counting.

The quality of the fit in Fig. 3(a) supports the Knudsen
model and the choice of the extrapolated thermodynamic
parameters, providing an accurate description of the evapo-
rative cooling process. The droplet temperature corre-
sponding to the fit in Fig. 3(a) is shown as a thick solid
curve in Fig. 3(b), with the line thickness representing the
range of uncertainty. At the largest distance of 28.4 mm at
which resonances are still visible in the Raman spectra
(Fig. 2), i.e., a non-negligible fraction of droplets were still
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FIG. 3. Droplet diameter and temperature as a function of the
distance from the nozzle, i.e., travel time t = z/v (upper x axis).
(a) Droplet diameter determined from the Raman shifts of the
resonance peaks by the iterative approach described in the main text
and based on Eq. (4) (filled symbols). The error bars represent
standard deviations obtained by an error propagation analysis. The
thick solid curve is a fit to the data points based on the Knudsen
model of evaporative cooling. The light-shaded region indicates the
68% confidence interval for the model parameters D, and v, whose
standard deviations were obtained by least-squares fits to inde-
pendent synthetic data sets sampled from the experimental data
points [26]. (b) The thick solid curve is the calculated volume-
averaged droplet temperature corresponding to the fit shown in (a).
The temperature uncertainty is represented by the line thickness.
The open circles represent the droplet temperature obtained from
the analysis of the shape of the Raman O—H stretching bands
shown in Fig. 4. The error bars are smaller than the symbol size.

liquid, we infer a temperature of 230.6 & 0.6 K. This value
represents the lowest temperature established unambigu-
ously for supercooled bulk water.

For the purpose of comparison, we determined the
droplet temperature also by the more conventional
approach based on the analysis of the Raman O—H
stretching band profiles. Since the O—H stretch vibration
is a probe of the local hydrogen-bond network, it exhibits a
strong variation with the temperature [42]. This depend-
ence was exploited in the past to estimate the temperature of
supercooled water droplets by Raman spectroscopy [25].
Figure 4 displays the O—H stretching bands obtained from
the Raman spectra in Fig. 2 by subtracting the resonance
peak contribution. To determine the droplet temperature,
we generated a calibration curve, shown in the inset in
Fig. 4, by recording Raman O—H stretching bands of liquid
water enclosed in a 1-cm-wide glass cell connected to a
thermostat in the temperature range 274-294 K. The
inverse of the temperature plotted versus the natural
logarithm of the ratio of the integrated band intensities

— 0.9 mm ¥ 36
— 2.4 ~
5.4 S
— 104 S 34
— 15.4 -
— 20.4
— 25.4
2800 3000 3200 3400 3600 3800

Raman shift, Av (cm-)

FIG. 4. Fundamental O—H stretching bands obtained by sub-
tracting the contribution of the resonances from the Raman spectra
in Fig. 2. For clarity, only the bands up to z = 25.4 mm are shown.
The inset shows the calibration data (filled circles) plotted as the
inverse of the temperature against the natural logarithm of the ratio
of the integrated band intensities /_,,- and /. ,,- below and above
Av* = 3360 cm™!, respectively. The solid line is a linear fit that
was extrapolated to the supercooled region in order to determine the
droplet temperature from the bands in the main figure.

below and above an arbitrary point close to the center of the
O—H stretching band yields a linear relationship that we
extrapolated to the supercooled liquid state [25]. Additional
Raman measurements performed on a liquid water sample
contained in a ~#20-um-inner-diameter glass capillary tube
by using a second Raman instrument at the Institut Lumiere
Matiere confirmed the validity of the established linear
relationship down to 238.4 K.

The droplet temperature estimated from the variation of
the shape of the Raman O—H stretching bands is shown in
Fig. 3(b) as open circles. We find a good agreement with
the temperature curve obtained from the analysis of the
resonance peaks up to z = 20.4 mm. The deviations
observed for z 2 25 mm are likely due to the growing
contribution of the scattering from droplets that froze to ice
at such large distances, affecting the shape of the O—H
stretching band. We note that the agreement in Fig. 3(b)
implicitly extends the range of validity of the temperature
calibration curve (inset in Fig. 4) down to %234 K. Overall,
the established consistency between the two distinct
approaches provides a rigorous proof of the reliability of
our droplet temperature determination.

The lowest temperature reported here for ~6-ym-diameter
droplets [Fig. 3(b)] is not consistent with recent temperature
estimates based on the Knudsen model for nominal ~12-ym-
diameter water droplets probed with ultrashort x-ray laser
pulses [22]. Indicating with %, ,;, and X¢ ,,r,, the probabilities
to observe 12- and 6-pym-diameter water droplets, respec-
tively, in the supercooled state at 230.6 K, and by taking into
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account that the evaporative cooling rate increases with a
decreasing droplet diameter, from Eq. (1) it follows that
215 um S (Z6 um)® < Zg um < 1. However, in Ref. [22], it
was estimated that nearly 100% of the 12-um-diameter
droplets were liquid at 230.6 K, and a fraction of them were
even reported to have supercooled further to 227 K. We note
that in our experiments the heating of the droplets by the
excitation laser beam was completely negligible because of
the extremely short transit time across the laser beam focus of
~107° s and the small absorption cross section at 532 nm of
0.0447 m~!. Although ice nucleation can be triggered by
short, 532-nm laser pulses at the intensity threshold of
~10'® Wm~=2 [43], this phenomenon unlikely occurred in
the present study because of the several orders of magnitude
lower cw-laser intensity of ~ 5 x 10° W m™2. Thus, while
the above apparent discrepancy can be conclusively resolved
only by a direct comparison between the two (Raman and
x-ray) scattering techniques, our results indicate that the
degree of supercooling of micrometer-sized water droplets
investigated recently might be largely overestimated, thereby
challenging the interpretation of the reported experimental
data [22-24,44.45].

Vibrational spectroscopy has been widely applied to
the study of the structure of bulk liquid water [46],
evidencing, in particular, a continuous evolution in the
Raman spectral features from ambient to supercooled
conditions [36,37,47]. With a decreasing temperature, the
low-frequency side of the O—H stretching band around
3200 cm™! becomes more pronounced with respect to the
high-frequency side around 3400 cm~!. One interpreta-
tion attributes this behavior to the change upon cooling in
the population of two distinct local hydrogen-bond
structures—distorted and tetrahedral—associated with
the high- and low-frequency spectral branches, respec-
tively [9]. The Raman O—H stretching bands shown in
Fig. 4 clearly confirm this trend, indicating that it further
extends down to at least 232 K. No definite conclusion
can be drawn here on whether this trend continues at
even lower temperatures because of the scattering from
frozen droplets for z Z 25 mm. More insights in this
respect may come from the low-energy vibrations involv-
ing intermolecular hydrogen bonds. Recent time-resolved
optical Kerr effect measurements identified clear signa-
tures of two structural components in the low-frequency
spectral region around 200 cm™' [48]. However, these
experiments were carried out at temperatures above
247 K, which is much higher than the lowest temper-
atures reported here. By probing the water droplets of the
present study in the low-frequency region, it would thus
be possible to elucidate the nature of the structural
evolution and ice formation occurring in liquid water
in the deeply supercooled regime.

This work was in part supported by Bundesministerium
fiir Bildung und Forschung through Grant No. 05K 13RFS5.
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