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Liquid-Liquid Phase Transition in Simulated Supercooled Water Nanodroplets
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Using simulations, we demonstrate how a liquid-liquid phase transition (LLPT) manifests in super-
cooled water nanodroplets. Selecting an interaction potential for which a LLPT occurs in the bulk liquid,
we conduct simulations of supercooled water nanodroplets having between 1000 and 80000 molecules.
We show that as the droplet size decreases, the Laplace pressure grows large enough to drive the droplets
through the transition from the low-density to the high-density liquid phase, and that all droplets in this size
range are large enough to have cores exhibiting the structure and properties of bulk water. To guide
experiments, we estimate the range of values for the critical pressure of the LLPT in real water that can be
observed using nanodroplets, and propose structural and dynamical measures by which the LLPT in

nanodroplets can be detected.
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Despite more than 30 years of effort, experiments to
confirm and locate the proposed liquid-liquid phase
transition (LLPT) in supercooled water, which separates
low-density liquid (LDL) and high-density liquid (HDL)
phases, remain challenging [1-7]. This is due primarily to
the regime of low temperature 7 < 220 K predicted for the
LLPT. At such extreme supercooling, the lifetime of the
metastable liquid state prior to the onset of ice formation is
on the order of 10 ps in bulk water [6]. An additional
complication is that estimates for both the temperature 7',
and pressure P. of the critical point that terminates the
LDL-HDL coexistence line depend on the simulation
model studied or on the method used to extrapolate
experimental data below the homogeneous nucleation
temperature [1,2,8—11]. P, values ranging from 10 to
200 MPa have been proposed, with recent predictions
clustered around 100 MPa [12-15].

Recent experiments focus on approaches to address these
challenges. For example, Nilsson and coworkers have
exploited ultrafast laser pulses to simultaneously heat
and pressurize bulk amorphous ice samples to the con-
ditions of the LLPT, which are then probed by femtosecond
x-ray laser pulses to capture evidence of the LLPT in
the brief time window before the appearance of ice [6,7].
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Such experimental results, while significant, are complex to
interpret and do not yet provide a complete characterization
of the LLPT, including precise estimates for 7. and P,.
Complementary approaches to test for the LLPT are
therefore required.

One such approach, which exploits the properties of
liquid water nanodroplets, was proposed in Ref. [16]. The
strength of this proposal is that it exploits the characteristics
of nanodroplets to avoid the challenges faced in studies
of bulk water. The crystal nucleation rate for a sample of
supercooled liquid is proportional to the sample volume.
As a result, ice nucleation is significantly suppressed in
nanodroplets compared to a bulk system at the same degree
of supercooling. In addition, the Laplace pressure inside a
liquid droplet varies as the inverse of the droplet radius. For
nanoscale droplets, the Laplace pressure can be significant,
creating the possibility to study the liquid under pressure
without the need to impose pressure via external means.

Reference [16] used simulations of the TIP4P/2005
water model [17] to show that the density maximum,
a well known anomaly of bulk water, is also observed in
nanodroplets as small as a few hundred molecules.
Reference [16] also showed that the Laplace pressure
inside water nanodroplets can reach 200 MPa, and that
indications of the LLPT, previously established to occur in
bulk TIP4P/2005 water, are observed in the thermody-
namic properties of nanodroplets. For TIP4P/2005, the
estimate for P, is 186 MPa [11]. In Ref. [16], attaining a
Laplace pressure of 186 MPa required droplets having
a number of molecules N on the order of 100. At such
small sizes, surface effects dominate the properties of
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nanodroplets, inducing significant deviations from bulk
behavior. As a result, a sharp LLPT does not occur in
TIP4P/2005 nanodroplets, but rather takes the form of a
significantly rounded, continuous crossover in thermody-
namic properties. Hence, if real water behaved in the same
way as TIP4P/2005, nanodroplets could not be used to
demonstrate the existence of the LLPT in bulk water.

However, recent studies suggest that P, for real water
may be significantly lower than in TIP4P/2005 [12-14]. If
s0, it then becomes important to explore the case in which
P. can be reached in nanodroplets having a bulklike
interior. To do so, we choose the WAIL model of water,
in which the LLPT has been observed at P. = 37 MPa and
T,.=210 K [18,19]. Based on the results of Ref. [16],
a Laplace pressure of 37 MPa will occur inside water
nanodroplets containing on the order of N = 10* mole-
cules, a droplet size that provides a better promise of
observing bulklike behavior, including a sharp LLPT. In the
present work, we reveal the physics of a fully developed
LLPT occurring in water nanodroplets.

The model we study, the WAIL potential, is a flexible
and polarizable water model that uses parameters based on
ab initio calculations [20]. We carry out molecular dynam-
ics simulations using Gromacs v5.1.2 and v5.1.4 [21-26].
‘We model each molecule as D, 0O to allow us to use a longer
time step of 1 fs, instead of 0.5 fs, as used in Ref. [20]. In
order to facilitate comparison with previous work, here we
convert all density values to correspond to the molecular
weight of H,O. All our simulations use periodic boundary
conditions and are conducted in the constant-(N,V,T)
ensemble, where V is the system volume, and where 7 is
constrained using the Nosé-Hoover thermostat [27,28].
Long-range electrostatic contributions are evaluated using
the Particle-Mesh Ewald method [29]. Further details on
our methods are given in Supplemental Material (SM) [30].

Our runs simulate droplets of N molecules in a cubic
simulation box with edge length L that is much larger than
the expected droplet diameter. We are primarily interested
in testing for bulklike properties occurring in the core of
water droplets. To quantify the density of the liquid in the
droplet core, we define p.,. = mN_./V., where N, is the
number of O atoms within r, of the droplet center, m is
the mass of a water molecule, and V, = (4/3)zr}. The
value of r. is chosen to be approximately one-half the
droplet radius and is tabulated in Table S1.

Our simulations start from configurations created in
three different ways. We use de novo (DN) configurations
generated from random arrangements of molecules. We
also create initial configurations at two different densities
by carving out smaller droplets from the interior of our
largest (N = 80000) droplet during simulations at two
temperatures, 210 and 230 K. “Initially low density” (ILD)
droplet configurations with pg. = 0.926 g/cm’® are
obtained from the 210 K run; “initially high density” (IHD)
configurations with p . = 1.025 g/cm? are obtained from

the 230 K run. All results presented here are from runs
conducted at 210 K (the estimated value of T, for the WAIL
model) initiated from one of these three types of configu-
rations. Details for each run are provided in Table S1.

We monitor equilibration of our droplets from the time
dependence of p.,., shown for each run in Fig. S1. We
also evaluate a neighbor correlation function f(z) defined
as the fraction of nearest neighbors that remain so over a
time ¢ [16]; see SM [30] for details. We fit a stretched
exponential function to the decay of f(f) to obtain a
relaxation time 7 for successive time windows. As shown
in Fig. S2, all our runs are much longer than the largest =
observed during the run. Despite this, the variation of p .
and 7 with time shows that several of our runs, particularly
for the largest droplets, do not attain a stationary state on
the time scale of our simulations. Assuming a monotonic
decay to equilibrium, we use these runs to place a bound
on the equilibrium value of p.. and 7.

We define the droplet density profile p(r) as the density
of molecules that have O atoms in a shell of radius r, as
measured from the droplet center of mass evaluated using
O atoms only. Density profiles at 210 K for droplets of
three sizes are shown in Fig. 1(a). As noted in previous
work on cold and supercooled water nanodroplets, we
observe that the density near the droplet surface is higher
than in the interior [16]. This effect is more pronounced
for larger droplets at lower T for the following reasons.
The core of a sufficiently large droplet will have bulklike
properties, from which deviations are expected approach-
ing the droplet surface. As T decreases below the density
maximum of water, the density of the bulklike core
will decrease. However, the formation of an open hydro-
gen bond network is always disrupted near the droplet
surface. Therefore, cooling is less effective in lowering
the density at the surface compared to the interior,
creating a droplet with a denser outer shell surrounding
a less dense core.

Figure 2(a) shows our equilibrium estimates for, or
bounds on, p.,. as N varies from 1000 to 80000. For
our largest droplets, regardless of how they are initiated,
Peore trends toward the predicted value of the bulk density
0.90 g/cm? for WAIL water at T =210 K at ambient
pressure [19]. As N decreases, a rapid increase in P
occurs in a narrow range near a critical value of
N.~15000. For droplets with N < N, and regardless
of how they are initiated, p.,. relaxes at long times to
values in the range 1.0 to 1.1 g/cm?, much higher than
the density of the bulk liquid at ambient pressure. This
behavior is consistent with a LLPT from LDL to HDL
occurring in the droplet core due to the increase in Laplace
pressure as droplet size decreases. Significantly, for two
runs initiated with ILD configurations, N = 8963 and
13697, the behavior of p .. with time [Fig. S1(b), right
panel] suggests that these droplets initially establish a
metastable LDL core that subsequently undergoes a phase
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FIG. 1. (a) Density profiles p(r) (dashed lines with symbols)

for several droplet sizes straddling the LLPT. In each case, the
time window for averaging configurations is given. Thick lines
show the density profiles evaluated using the Voronoi volumes
around each molecule, as described in SM [30]. (b) Radial
distribution function ¢(r) for O atoms in the droplet core.
(c) Structure factor S(g) for O atoms. Small symbols show
S(g) calculated directly from the positions of all atoms in the
droplet. Lines show S(g) evaluated from the g(r) for core O
atoms, as described in SM [30]. Large symbols show S(q) from
bulk WAIL simulations reported in Ref. [18].
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FIG. 2. (a) peore and (b) 7 versus N at T =210 K. In both
panels, circular symbols denote runs in which p.,. iS approx-
imately stationary. The time windows for averaging each point
are given in Table S1. As described in SM [30], three types of
initial configurations are use in these runs: IHD and DN
configurations (filled circles) and ILD configurations (open
circles). Shaded circles indicate the early time properties of
ILD-initiated runs that show evidence of metastability in the form
of a low-density state at short time that transforms (see arrows) to
a high density state at later time. Triangles locate an upper (lower)
bound on p.,. (7r) values for runs that have not reached
equilibrium. Error bars are evaluated as described in SM [30].

change to HDL. Such metastability is a hallmark of a first-
order phase transition.

Dynamical evidence for the LLPT is shown in Fig. 2(b).
As N decreases, the neighbor relaxation time 7z decreases
and drops sharply in the vicinity of N.. This behavior
is consistent with a phase transition from LDL to HDL
as N decreases because bulk LDL is expected to have a
significantly larger structural relaxation time than HDL
[31]. We again find that the ILD-initiated N = 8963 and
13697 runs show evidence of metastability, starting out
with a larger 7 at early time, corresponding to the LDL
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phase, and switching to smaller z at longer time, when
HDL forms.

We next evaluate the pressure inside our droplets to
quantify the magnitude of the Laplace pressure correspond-
ing to the density change observed in Fig. 2(a). We define
the pressure profile P(r) inside a droplet using the method
described in Sec. 3.3 of Ref. [32]; see SM [30] for details.
P(r) for a droplet with N = 1000 is shown in Fig. S5.
As found previously, P(r) is approximately constant in
the droplet interior, becomes negative on approach to the
surface and then decays to the ambient pressure of the
vapor. We define P, the pressure in the droplet core, by
averaging P(r) out to a radius r., within which we observe
P(r) to remain approximately constant. The value of r,,
used for each droplet size is recorded in Table S1. Figure 3
plots the values of P, versus p... for each of our droplets,
compared with the bulk behavior of P versus p reported
in Ref. [18]. Within the error of our measurements, we find
a good correspondence between the droplet and bulk
behavior, confirming that the cores of all our droplets
are large enough to express bulklike behavior. The value
of Py 240 MPa at which the transition from LDL to
HDL occurs in the cores of our droplets is consistent with
P, =37 MPa for the LLPT in bulk WAIL simulations.
Note that the data in Fig. 3 show a clear inflection,
consistent with the presence of a compressibility maximum
as a function of the pressure (at constant 7).

The molecular structure in our droplet cores is also
consistent with a LDL to HDL transition as N decreases.
Figure 1(b) shows the radial distribution function g(r) for
0-O pairs where at least one O atom is in the core. We show
g(r) for several droplets straddling the phase change,

T
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o
T

8963

FIG. 3. P o VErsus peore at T = 210 K. Nanodroplet size N is
indicated for each data point. Symbols have the same meaning as
in Fig. 2. The solid curve is the bulk equation of state estimated in
Ref. [18]. The diamond indicates the density of the bulk liquid at
ambient P evaluated in Ref. [19]. Error bars are £2 times the
standard error, calculated as described in SM [30].

including our N = 13697 run which starts in the LDL
phase but then switches to the HDL phase. Droplets in the
LDL phase show characteristically sharper first and second
peaks in g(r) with a deep minimum in between; in the HDL
droplets, these features are suppressed. Similarly, Fig. 1(c)
shows that the structure factor S(g) for O atoms in our
droplet cores compares well with S(g) of the bulk WAIL
liquid, both in the LDL and HDL phases [18].

In summary, our simulations predict that when
P. = 37 MPa, the LLPT will occur due to Laplace pressure
in nanodroplets at a critical droplet size of N. ~ 15000. Our
results also establish that bulklike behavior occurs in the
cores of deeply supercooled water nanodroplets of size
N Z 1000. We also find that the Laplace pressure in
such droplets reaches as high as 100 MPa. Therefore, if
P. <100 MPa for the LLPT in real water, then experi-
ments on water nanodroplets in vacuum have the potential
to detect the LLPT.

By using the WAIL model, with its low value of P,,
we have shown that a fully developed LLPT can occur in a
water nanodroplet. Nonetheless, P, may be higher than
in the WAIL model. For example, P, = 90 MPa for the
updated rWAIL model [33] and P, = 105 MPa for the
neural network version of the MB-pol model [12]. Using
Laplace pressure alone to reach this range of P, will require
the study of small droplets of size N ~ 1000, which
presents experimental challenges. To address this, we note
that the Laplace pressure adds to the pressure of the
medium, which in the present work is effectively a vacuum.
Investigating nanodroplets surrounded by a pressurizable
inert medium may provide a method to tune the pressure
in the droplet core to arbitrary values. In this way, much
larger droplets, which are easier to produce and more
assuredly bulk-like, could be used to test for the LLPT even
if P, > 100 MPa.

A range of other experimental approaches could be used
to detect the LLPT using nanodroplets. For example:
(i) Hyperquenched nanodroplets deposited on a cold sur-
face should produce a low-density aggregate when
N > N,., and a high-density aggregate when N < N..
(ii) Experiments that probe the structure of individual
droplets, such as those described in Ref. [5], will have
to account for the influence of the surface layer of the
droplets, which, as we have seen, is not necessarily bulk-
like. In Fig. 1(c), we compare the S(g) calculated when
only core molecules are considered, and when all the
molecules in the droplet are used. When all molecules are
used, the characteristic increase in the g value of the first
sharp diffraction peak as the system changes from LDL
to HDL is still present, but is decreased in magnitude,
compared to the S(g) behavior when only core molecules
are used. Whether this less dramatic shift can be detected
in scattering experiments on nanodroplets will depend on
the sensitivity of the measurements. (iii) Estimation of the
droplet density, and its variation with N, using the predicted
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shape of S(g) at small ¢ for droplets may also be feasible
in experiments [34-36]. (iv) The abrupt decrease in the
relaxation time of nanodroplets as N decreases can also be
an indicator of the LLPT. NMR and dielectric spectroscopy,
probing diffusion and rotational dynamics, can provide
evidence of a change of behavior on changing N. (v) By
using an inert pressure medium as described above, the
pressure of a droplet of fixed N could be tuned through P...
Close to T, monitoring the variations in droplet radius may
allow for the direct detection of critical fluctuations.
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