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ABSTRACT: The freezing of water can initiate at electrically
conducting electrodes kept at a high electric potential or at charged
electrically insulating surfaces. The microscopic mechanisms
of these phenomena are unknown, but they must involve inter-
actions between water molecules and electric fields. This paper
investigates the effect of uniform electric fields on the homo-
geneous nucleation of ice in supercooled water. Electric fields
were applied across drops of water immersed in a perfluori-
nated liquid using a parallel-plate capacitor; the drops traveled
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in a microchannel and were supercooled until they froze due to the homogeneous nucleation of ice. The distribution of freezing
temperatures of drops depended on the rate of nucleation of ice, and the sensitivity of measurements allowed detection of changes
by a factor of 1.5 in the rate of nucleation. Sinusoidal alternation of the electric field at frequencies from 3 to 100 kHz prevented
free ions present in water from screening the electric field in the bulk of drops. Uniform electric fields in water with amplitudes up to
(1.6 £0.4) x 10° V/m neither enhanced nor suppressed the homogeneous nucleation of ice. Estimations based on thermodynamic
models suggest that fields in the range of 10’—10° V/m might cause an observable increase in the rate of nucleation.

1. INTRODUCTION

The nucleation of ice in water is ubiquitous in nature and is
relevant to phenomena ranging from the formation of atmo-
spheric precipitation"” and ice accretion on the wings of airplanes”
to the cryopreservation of tissues. Studying ice nucleation under
new experimental conditions is relevant both to our fundamental
understanding of water and nucleation and to the discovery of new
methods of controlling the nucleation of ice.

Applied electric fields provide one basic experimental condition
that we can use to study the nucleation of ice; water is subjected
to external electric fields in many naturallg occurring situations.
Atmospheric electric fields that exceed 10° V/m can be encoun-
tered during thunderstorms™® or near the surface of electrical con-
ductors used in high voltage power transmission lines.” A change
in the rate of nucleation of ice under these fields could affect the
formation of precipitation during thunderstorms” and the rate of
accretion of ice on high-voltage cables in cold weather.”

In this paper, we investigated the effect of external electric fields
on the homogeneous nucleation of ice in drops of supercooled
water. A continuous-flow microfluidic ice nucleation apparatus®
produced monodisperse drops of water in a carrier phase of liquid
fluorocarbon and transported the drops inside a microchannel
through a cooling thermal gradient. While traveling along the
channel, the drops supercooled until they froze due to the homo-
geneous nucleation of ice. Across the drops of water, we applied
sinusoidal alternating electric fields with frequencies from 3 to 100
kHz and a range of amplitudes. We did not observe changes in the
freezing of drops up to field amplitudes of (1.6 & 0.4) x 10° V/m.
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Electric fields with amplitudes above this value influenced the
trajectory and the shape of the drops due to dielectrophoretic
forces and made accurate observations of freezing impossible. On
the basis of these experiments, we conclude that the homoge-
neous nucleation of ice is neither enhanced nor supgressed by
electric fields with amplitudes up to (1.6 £ 0.4) x 10° V/m.
We studied the effect of electric fields on the nucleation of
ice for five reasons. (i) The interaction of molecules of water
(which have a permanent electrical dipole) with electric fields is
well understood; electric fields change the average orientation of
water molecules and the free energy of water becomes dependent
on the magnitude of the field. The application of electric fields
might therefore provide a conceptually simple and well-controlled
way to study the influence of the structure and free energy of
water on the nucleation of ice. (ii) Electric fields can be applied
remotely and uniformly over the entire sample under investiga-
tion and thus create a homogeneous test system. (iii) Previous
experimental investigations”  >' have provided only inconclusive
evidence that electric fields affect the homogeneous nucleation of
ice. (iv) A new electric-field-based method to control of the nu-
cleation of ice could improve technological processes as freeze-
drying,** cryopreservation,”** food manufacture,” and cold-energy
storage.26 (v) Electric fields are often encountered in water near
the surface of particles, molecules, and ions; they might play an
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important role in the heterogeneous nucleation of ice by impurity
particles.”'#*"%”

What is the magnitude of the electric field at which we might
expect to observe an influence of the electric fields on the freezing
of water? One hypothesis is that if electric fields become strong
enough to align all water molecules along the applied field, the
structure of water would change, and water might freeze. Molec-
ular dynamics (MD) simulations investigated this hypothesis and
found that the structure of water changed*®*” as the magnitude
of the field reached approximately 2 x 10° V/m, but water
remained liquid despite the change in its structure. At these fields,
simulations predicted the onset of the saturation of the dielectric
constant of water’>>" due to the alignment of water molecules. In
MD simulations,”** freezing of water induced by electric fields
was observed at larger field intensities around 5 x 10° V/m.

The field-induced freezing predicted by simulations cannot be
investigated in experiments with bulk samples of water, because
the magnitude of the electric field exceeds the dielectric breakdown
strength of pure water (~10” V/m in millimeter-scale samples™
and ~10® V/m in micrometer-scale samples**). Experimentally,
electrically induced freezing, or an enhanced tendency to nucleate
ice, was claimed to be observed at the electrostatically charged
surfaces of conductors,>'¥'%*5 polar amino acid crystals,"* and
pyroelectric crystals.”! Water freezing experiments carried on
charged surfaces suggested that electric fields much smaller than
the predictions of simulations influence the nucleation of ice;
nevertheless, careful freezing experiments carried under external
electric fields''~"**° did not observe any effects of the electric field
on the nucleation of ice. Therefore, experimental investigations
conducted to date have not found conditions under which electric
field is the sole cause for inducing the nucleation of ice.

Here we describe an experiment to study the effects of electric
fields on the freezing of water. We investigated the simplest case
of such effects: pure water freezing by homogeneous nucleation
of ice in the presence on an external, and uniform, electric field.
Our experimental setup had high sensitivity and allowed us to
determine a new experimental value for the highest electric field
intensity that does not influence homogeneous ice nucleation.
We also used a version of the classical nucleation theory that
accounts for external electromagnetic fields*® to estimate the
field intensity that might produce observable changes in the rate
of nucleation. We interpret the results generated by this theory to
indicate that such changes might occur in fields 2 orders of
magnitude smaller than the fields that induce freezing in MD
simulations.

2. EXPERIMENTAL DESIGN

2.1. Detection of the Influence of Electric Fields through
Changes in the Rate of Nucleation. Although the conditions
for field-induced freezing observed in MD simulations cannot be
produced in bulk samples of water, the effects of electric fields
on freezing might be experimentally observable at much lower
fields if freezing can be quantified with high resolution and high
accuracy. For example, the complete alignment of water mole-
cules in an electrical field at ambient temperatures requires inten-
sities on the order of 10° V/m,***" but partial alignment can be
observed in fields with intensities at ~10" V/m because such
alignment causes a measurable change in the dielectric constant
of water.>® Therefore, the objective of our experiment was to
detect changes in the probability of freezing of water in the pres-
ence of electric fields, rather than to induce freezing.

2.2. Freezing Drops of Water though the Homogeneous
Nucleation of Ice. Freezing in water that is not in contact with
ice is initiated by nucleation of ice in supercooled water. If water
is pure and held in a container whose walls do not induce ice
nucleation, nucleation occurs homogenously due to thermody-
namic fluctuations. The homogeneous nucleation of ice is a
stochastic process that can be characterized by a homogeneous
ice nucleation rate Jy, which specifies the probability Pr that a
volume of water Vy,, freezes at a temperature T in a vanishingly
small time interval Ot (eq 1).
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(1)

Conditions such as increased pressure, or the presence of a
solute in water, change the rate of homogeneous nucleation of
ice.””?® Our objective was to establish the influence of external
electric fields on the rate of nucleation. The experimental setup
should, therefore, to be able to measure the nucleation rate pre-
cisely when supercooled water was subjected to external electric
fields that were as large as possible. During these measurements,
the measuring devicesespecially the electrodes used for the gen-
eration of the field—should not contact the water to reduce the
possibility of heterogeneous nucleation of ice. To achieve these
design goals, we modified a microfluidic apparatus (which we have
described previously®) made for the study of nucleation of ice in
supercooled water; this apparatus can measure nucleation rates
reliably and with high accuracy. The modification added a parallel-
plate capacitor to generate strong uniform electric fields during
measurements.

Figure la shows the core of the experimental setup: a flow-
focusing generator”” produced spherical and monodisperse drops
of water in liquid fluorocarbon; the drops flowed along the center-
line of a microfluidic channel without touching the walls. We
sandwiched the channel between two parallel plate electrodes
made from thin films of platinum (bottom side, ~200 nm thick)
and indium—tin oxide (ITO, top side, ~300 nm thick) deposited
on glass slides. The channel, the drop generator, and the plates
were part of a microfluidic device made from polydimethylsiloxane
(PDMS). The device sat on top of a temperature-controlled plate
that cooled a section of the channel to approximately —40 °C
while keeping the temperature of the rest of the device close to
room temperature. The Supporting Information contains a de-
scription of the fabrication of the microfluidic device and also
pictures of the device.

The liquid carrier phase was necessary for the operation of the
microfluidic flow-focusing nozzle that made the drops,” and for
the generation of hydrodynamic forces that centered the drops
as they traveled in the channel;**" this setup would not function
with a gaseous carrier phase. We used a fluorocarbon carrier
liquid because fluorocarbons are electrically insulating and com-
patible with PDMS,* and they have freezing points lower than
that of water. The carrier phase was a mixture of perfluoromethyl-
decalin (PFMD, 98% purity, F2 Chemicals) with 2% v/v 1H,1H,
2H,2H-perfluorooctanol (THPFO, 97% purity, Sigma-Aldrich)
as a surfactant. PFMD and THPFO have solubilities in water
(~107"% and ~10"° mol/L, respectively) that are much lower
than the solute concentration (~10 > mol/L) that would produce
a measurable change in the rate of nucleation of ice.*®

During operation, the microfluidic flow-focusing generator
produced drops at a rate of ~50 drops/s; the drops had a
diameter on the order of 100 #4m and traveled with a velocity of
~50 mm/s. We chose the rates of flow of water and fluorocarbon
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Figure 1. Setup for the investigation of the effects of electric fields on
the nucleation of ice in supercooled water. (a) Experiment schematic.
Small drops of water traveled in a microfluidic channel where they
cooled until they froze. Two parallel plate electrodes produced uniform
electric fields in the channel. (b) The structure of the microfluidic device
in the volume between electrodes, and the room-temperature electrical
permittivities of its materials. Two dielectric spacers made from glass
enhanced the electric fields inside drops and increased the dielectric
strength of the device.

such that the separation between drops was ~1 mm during their
travel in the channel. This separation was sufficient to ensure that
the freezing of one drop did not influence adjacent drops. The
temperature of the drops equilibrated with that of the channel by
thermal conduction as they traveled down the channel. We set
the position of the device and the temperature of the plate such
that a monotonously decreasing temperature gradient formed
along the long axis of the channel, and that the drops cooled suffi-
ciently to freeze inside the channel. The detection of freezing
was optical, based on the darkening of the drops after freezing
due to increased scattering of light by ice crystals. During the
experiments, we imaged the drops with a microscope and we
recorded movies that contained the freezing events of up to tens
of thousands of drops using a fast camera (Phantom V7.3, Vision
Research).

The position at which a drop froze indicated the temperature
at which the drop froze because a predictable and decreasing
thermal gradient existed along the channel. We extracted the
distribution of freezing positions from movies of drops freezing
using automated image processing. In the ice nucleation appa-
ratus,® arrays of microfabricated thermometers measured the
actual temperature along the channel, and from these tempera-
tures we could calculate the temperature at which each drop froze.
In the setup we describe here we could not use thermometers be-
cause we used high voltages in places where the thermometers
would be placed; these high voltages could damage the sensitive
temperature measurement instrument that was connected to the

thermometers. We did not measure the freezing temperatures of
drops directly in this paper. Instead, we used the distribution of
freezing positions to detect changes in the rate of nucleation.
Freezing positions have a reproducible distribution in the absence
of the electric field. Any change in this distribution when electric
fields were applied would indicate that the electric field might have
influenced the nucleation of ice.

Without means to measure the temperature at which drops
froze, we could not verify that the freezing of drops was
due to homogeneous nucleation of ice. Such freezing occurs
near —37 °C in a narrow range of temperatures (1—2 °C) for
drops investigated in our instrument. It was possible, in principle,
that the nucleation of ice was initiated heterogeneously by either
solid impurities in water or by surfactant molecules at the interface of
drops. We, nevertheless, believe that heterogeneous nucleation
was very unlikely because in independent measurements of
freezing temperatures in drops of pure water® we always recorded
a distribution of freezing temperatures that was consistent with
homogeneous nucleationand with independent ice nucleation
measurements performed on drops of water levitated in air.*
These freezing temperature measurements were performed in
conditions (i.e., water purity, carrier phase composition, nozzle
and channel geometry, and the materials used in the device) that
were identical to those in experiments with electric fields. We
could, therefore, assume safely that in the absence of electric field
(i.e., when both electrodes were electrically grounded) all drops
froze by homogeneous nucleation of ice.

2.3. Applying Electric Fields in Bulk Water. In pure water,
autoionization of water molecules produces a constant concen-
tration of hydroxide and hydronium ions. These free ions can re-
distribute to form Debye space charge layers that screen electric
fields. Even if all ions were instantaneously removed from water,
autoionization would recreate the original concentration of free
ions. To apply external electric fields in pure water, we applied
temporally variable electric fields that had a rate of change that is
faster than the characteristic rate of charge creation due to
autoionization,** @, (eq 2), and the rate of formation of the
Debye layer, Wpeby. (eq 3):

W0 = 20 kHz (2)
eeMold;
WDebye = ;—Zo = SkHz (3)

where e, is the electron's electrical charge, ng the equilibrium
density of positive or negative ions, u; the electrical mobility of
these ions, €, the dielectric constant of water, and & the permit-
tivity of vacuum. The minimum frequency, fac, of an external
sinusoidally varying electric field that would not be screened is
then given by eq 4

Wscreen
fAC > 7 ~ 3 kHz (4)

where Wcreen i the faster rate of 04yt and Wpepye. The numerical
values in eqs 2—4 were estimated at room temperature; since
both the autoionization rate and the density of ions decrease as
the temperature is lowered,** the minimum frequency, fac,
becomes smaller at lower temperatures. The Supporting Informa-
tion contains further information on the derivation of eqs 2—4.
Time-varying electric fields are necessary to avoid electrostatic
screening, but for the study of nucleation such fields can be
regarded as static if nucleation happens faster than the rate at
which the field varies. In MD simulations,*® the nucleation of ice
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occurred in less than 100 ns; as long as the frequency of the
electric field is less than approximately 1 MHz, ice nucleation
practically occurs in a static field. In our experiments we used
frequencies between 3 and 100 kHz.

We generated electric fields by applying sinusoidal ac voltages
on the top electrode. The electrical setup that produced the elec-
trical field had to be capable of generating ac with variable ampli-
tudes from zero to a high voltage (~1000 V) during an experi-
ment. Such a setup would allow us to test, during a single
experiment, different electric fields and to compare the distribu-
tion of freezing positions in the presence of electric field with that
in its absence. A high-voltage amplifier (Trek Inc. 30/20A) gen-
erated high-voltage differences across the electrodes by amplify-
ing the output of a signal generator (Keithley Instruments 3390).
A digital oscilloscope (Tektronics TDS 3014) monitored the
outputs of the signal generator and of the high-voltage amplifier;
a scanning multimeter (Keithley Instruments 2701) recorded the
voltage across the electrodes. Figure S2 in the Supporting Infor-
mation contains a schematic diagram of this electrical setup.

Figure 1b displays the construction of the electrical capacitor
embedded in the microfluidic device. Rather than putting the
electrodes as close to the microfluidic channel as possible, we
used dielectric spacers to increase the distance between the elec-
trodes and the drops. The spacers reduced the electrostatic at-
traction between drops and electrodes and increased the electric
field inside drops; the Discussion section contains further details
on the design of the spacers. The maximum electrical potential
difference that could be applied across the capacitor without
electrical breakdown was ~16 kV at a frequency of 1 kHz. For
this maximum potential, the magnitude of electric field inside
the dielectric spacers was smaller than the dielectric breakdown
strength of soda-lime glass.46 Inside PDMS and the carrier fluid,
the field was 3—4 times larger than the manufacturer-specified
breakdown strength, however.*

3. RESULTS

3.1. Freezing of Drops in the Presence of Applied Electric
Fields. Figure 2a shows the freezing positions of 20 600 drops of
pure water with a diameter of 70 ym, recorded during an experi-
ment that lasted 420 s. The freezing position was relative to the
beginning of the channel. We applied to the top electrode sinusoidal
ac voltages with a frequency of 100 kHz and peak voltages from
0and 800V, and we modulated the amplitude of the ac voltage with
a period of 5 s and 100% modulation depth.*® The period of the
modulation was sufficiently long that the amplitude of the voltage
was constant during the freezing of a drop, but much shorter than
the period of the small temperature oscillations in the channel that
were responsible for the slow drift of freezing positions. We could
therefore monitor the presence or absence of any influence of the
electric field on freezing by looking for changes in the distribution
of freezing positions when the magnitude of the electric field varied.
The Supporting Information (Figure S3) contains the results of
three additional measurements made at frequencies of 3, 10, and
30 kHz.

Figure 2 indicates that the voltage had an influence on the
freezing of the drops when it crossed a threshold located at approxi-
mately 700 V. Figure 2b shows this phenomenon in more detail:
when the peak ac voltages during modulation exceeded this thresh-
old, water drops started to freeze significantly eatlier (i.e., closer to
the beginning of the channel) during their travel. We will refer to
this freezing behavior as “premature freezing” from now on.
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Figure 2. Homogeneous freezing of water in the presence of electric
fields. The freezing positions of large numbers of drops were recorded
while ac voltages of varying amplitude were applied on the electrodes.
(a) Freezing positions and voltage amplitudes during a full experiment.
The distribution of freezing positions was not affected by electric fields
when their amplitude was low, but drops froze closer to the beginning of
the channel once a threshold amplitude was exceeded. (b) Selection of
the data showing the influence of the electric field for field ramps that
cross or do not cross the threshold. The running average was calculated
by averaging the freezing positions of 100 drops.

During normal operation of the instrument, premature freez-
ing corresponds to higher freezing temperatures. The data shown
in Figure 2 seem to suggest that electric fields higher than that
corresponding to an applied voltage of 700 V make ice nucleation
more probable. Despite this apparent correlation, and the sugges-
tion that high voltages catalyze freezing, we will show that these
changes in the freezing positions were caused by changes in the
hydrodynamic conditions in the channel rather than by a change in
the rate of homogeneous nucleation due to electric fields.

3.2. Premature Freezing Due to Destabilization of the
Flow of Drops by Electric Fields. We applied high voltages to
the drops when the microfluidic device was at room temperature
to test the behavior of the microfluidic system under large
voltages. Voltages larger than ~700 V destabilized the ordered
flow of drops by slowing down the drops, making them collapse
with each other, or making them collide with the electrodes and
stick to them. The onset of this destabilization was marked by
drops moving closer to the walls. At room temperature this
change in the position of drops in the channel also resulted in the
drops moving more slowly (the velocity of the fluorocarbon
carrier was the highest in the center of the channel because the
flow of liquid was viscous and pressure-driven*”). Drops that
traveled closer to the walls froze earlier than drops that were
centered, because the temperature of the carrier fluid near the
walls was lower than that in the center of the channel (Figure 3a);
drops therefore cooled faster near the walls.
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Figure 3. Premature freezing mechanism due to electrostatic forces
acting on drops. (a) Typical distribution of temperatures inside the
channel in the plane that is perpendicular to the direction of flow of
drops. The dashed-line circle indicates the position of drops in the
absence of electric fields. Hydrodynamic lift forces (b) center the drops
in the channel, while electrostatic interactions (c) push drops toward the
walls of the channel. By applying alternating fields and by incorporating
dielectric layers, the wall-directed force becomes negligible; however, we
could not avoid the electrostatic deformation of drops (d).

Figure 3 also illustrates the types of forces that acted on the
drops and the strategies that we used to reduce the effect of elec-
tric fields on the movement of the drops. In the absence of exter-
nal forces, liquid drops migrate to the center of the channel be-
cause a hydrodynamic lift force (Figure 3b) develops when they
travel off-center.*>*! For the flow conditions that we used in our
experiments, this lift force was strong enough to center drops
despite the buoyant force acting on drops of water (p =1 g/cm”)
immersed in fluorocarbon liquid (p =2 g/ cm?). If the lift force
is also larger than electrostatic forces, the movement of drops is
not affected by electric fields and the experiment can produce
meaningful data.

Figure 3c illustrates one electrostatic force mechanism that we
encountered. External electric fields polarize the drops of water
electrically, and the drops develop an induced dipole moment.
This induced dipole interacts with a conducting electrode, and
this interaction can be modeled as the interaction between the
dipole and an “image” dipole of equal moment located behind
the electrode. The interaction between the dipole and its image
is attractive; therefore, polarized drops will be attracted by a con-
ducting electrode. As long as the drops are equally far from both
electrodes in the system, the attractive forces toward each elec-
trode cancel, but if the drop is not centered, it will be attracted
toward the electrode that is closer to the drop. If the intensity of
the electrical field exceeds a certain threshold, the electrostatic
force becomes larger than the hydrodynamic centering force and
the drops collide with the walls of the channel. This electrostatic
force is a second-order effect; because we used alternating electric
fields, first-order electrostatic forces due to a possible net charge
on the drops averaged to zero. The attractive force between the
drop and the electrode decreases approximately as the fifth
power of the distance between drops and electrode. We had
initially investigated the effect of electric fields on ice nucleation
using devices that did not have dielectric spacers, and we

observed that the drops migrated to the walls of the channel
as soon as the electric field became larger than a threshold.
We therefore used dielectric spacers, and we chose their thick-
ness such that the electrostatic force between polarized drops and
electrodes became negligible compared to the hydrodynamic lift
force.

Drops of an electrically polarizable fluid deform in uniform
external electrical fields because the drops develop surface
charges and these charges interact with external fields to elongate
the drops, as shown in Figure 3d. We can define the deformation
of a drop, D, as the ratio between the difference between the
lengths of the drop along and perpendicular to the field, and the
sum of these lengths. In the case of a dielectric drop immersed in
a dielectric medium, D is given>® by eq 5

9 reeoE? (grop — €)°
D:—r 0 (dp ) (5)

16 (02 (edrop + 28)2

where r is the radius of the undeformed drop, & is the permittivity
of vacuum, € and €4y, are the dielectric constants of the medium
and the drop, E is the intensity of the field in the dielectric medium,
and o is the interfacial surface tension between drops and their
surrounding fluid. For a given external field, drops deform less if
they are smaller and if their surface tension is larger.

The electrostatic deformation of drops vanishes if the di-
electric constants of the drop and of the surrounding fluid are
equal; for drops of water, however, we could not find an
electrically insulating carrier fluid that had the same dielectric
constant as water and be insoluble in water. The maximum
electric field that we could investigate was therefore limited by
the onset of electrostatic deformation.

Equation $ predicts that the maximum fields before deforma-
tion occurs are larger for smaller drops. We varied the size of the
drops by changing the rate of flow of the continuous phase and by
adjusting the temperature of the drop generator.>' As predicted,
we were able to apply larger fields when we froze smaller drops.
The data shown in Figure 2 was recorded using the smallest
drops (70 um in diameter) that we could freeze reliably.

Near the threshold field for premature freezing (Eppmp =
2.9 x 10°V/m for r = 35 um), we estimated D ~0.16; this value
of D corresponds to a drop whose polar radius is elongated from
35 to 39 um. For the estimation of D, we used &4rop,—40°c = 110
from the literature®” and we extrapolated measurements that we
made near room temperature to determine & ~2.1 and 0 ~0.014
N/m at —40 °C.

3.3. Calculation of the Electric Field in Bulk Water. In most
of the previous work that 1nvest1gated the freezing of water in the
presence of electric fields,”>" the magnitude of electric field was
calculated by dividing the electrical potential difference between
electrodes and the distance between electrodes. We will refer to
this field as the “external” electric field. The electric field that is
most relevant to homogeneous nucleation is the electric field that
develops in bulk water — the “internal” electric field. The relation
between the intensities of external and internal electric fields de-
pends on the experimental geometry and can vary considerably
from case to case. Bulk supercooled water has a high dielectric
constant (~100) and the intensity of the internal field could be up
to 2 orders of magnitude smaller than the intensity of the external
field. From now on we will use the internal field, E,,, to characterize
the results of our experiments.

The relation between internal and external fields can be
calculated analytically for the case of a drop of water immersed
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in a surrounding medium that fills all space. If a spherical drop of
water is placed in a uniform electric field E,,; and is surrounded
by a dielectric material with a dielectric constant &, the field
inside the drop is given by eq 6, where &, is the dielectric constant

of water:>
Eouf
Ein - A Eout (6)
SW + 280ut

Equation 6 predicts that molecules in a drop of water sur-
rounded by air (€, = 1) experience only a small fraction (0.027)
of the electric field outside the drop; this prediction illustrates the
difficulty of creating large electric fields inside water without con-
tact with electrodes.

The inner geometry of the parallel-plate capacitor (Figure 1a)
that we used to generate electrical fields is more complicated than
that of a drop in an infinite dielectric medium. Therefore, we cal-
culated the electric field inside drops by modeling the electric
fields in our system numerically; the Supporting Information
contains a description of the numerical modeling procedure and
detailed results. For the data shown in Figure 2, the maximum
voltage amplitude for which we did not observe an influence on
freezing was 700 V. According to numerical modeling, this poten-
tial difference generates a nearly uniform electrical field E;, of
1.6 X 10°V/m; the uncertainty in the calculation of E;, is 0.4 X
10° V/m. This magnitude of electric fields represents the princi-
pal result of this work: electrical fields with intensities up to
(1.6 = 0.4) x 10° V/m do not influence the homogeneous
nucleation of ice in supercooled water.

4. DISCUSSION

4.1. Comparison with Previous Work. To our knowledge,
previous work that reported effects of electric fields on freezing of
water” > used systems in which freezing was initiated by the
heterogeneous nucleation of ice. In the absence of electric fields,
the freezing temperatures reported in these experiments were
always higher than the temperatures at which homogeneous
nucleation occurs. In these experiments the systems contained
potential ice-nucleating components (solid water containers,
exposed electrodes, impurities) which might have been influ-
enced by electric fields themselves. These experiments cannot,
therefore, investigate the effect of electric fields on homogeneous
ice nucleation in bulk water. In contrast, our system is one in
which homogeneous nucleation occurred reliably in the absence
of external fields, therefore providing the necessary conditions
for the investigation of the effect of electric fields on homo-
geneous ice nucleation.

For experiments in which there was no direct contact between
water and electrodes, the reported magnitude of electric fields
must be adjusted before a direct comparison with our results. For
example, experiments conducted on drops that fall within the air
gap of a capacitor' "' could reach maximum external fields on the
order of 3 x 10°V/ m, which is the dielectric breakdown strength
of air.>* According to eq 6, however, this external field corresponds
to a maximum internal field of 8 x 10* V/m. In an experiment re-
ported by Orlowska et al.,' enhanced ice nucleation was observed
in external fields up to 6.6 x 10° V/m; we calculated that these
external fields correspond to internal fields up to 1.1 x 10° V/m.
The maximum field that we have investigated, 1.6 X 10° V/m, is
thus higher than that investigated in previous experiments.

4.2. Thermodynamic Estimate of the Field That Should
Produce a Measurable Change in the Rate of Nucleation. In

the presence of electric fields, the free energy of a substance has
an additional electrostatic component. The electrostatic contri-
bution to free energy is different in water and in ice. The free
energy barrier for nucleation, AG, therefore changes when elec-
tric fields are present:

AG(T’!) = AGo(n) + GE,ice(n) - GE,water(”) (7)

where AG(n) and AGy(n) are the free energy required to form a
nucleus of n molecules in the presence, or absence, of the field.
Ggice(1) and Gg,yater(n) are the electrostatic free energies of the
water sample with and without an ice nucleus. Kashchiev eval-
uated the change in the rate of nucleation due to electric fields, Jy,
for nucleation in a spherical drop of metastable material:*®

AGg

0

= e 8
AGE = GE,ice(ncrit) - GE,water(ncrit) (9)

where ](I)q is the nucleation rate in the absence of the field, AGg is
the difference in electrostatic free energies between a critical
cluster of ice and a cluster of water molecules, . is the number
of molecules in the critical cluster, kg is Boltzmann's constant,
and T is the absolute temperature. According to Kashchiev, AGg
is given by eq 10

1 Eice Eice
AGE = - E Eo&Ewater (1 - —) (2 + )VcritEin2 (10)

Swater ‘(:water

where ¢ is the permittivity of vacuum, €., and €. are the
dielectric constants of ice and water, V_;, is the volume of the
critical nucleus, and E;, is the intensity of the internal electrical
field in water. At the homogeneous freezing temperature (~235 K)
and a frequency of 100 kHz, the values of the dielectric constants
are’**® g, .. =110 and &, = 3.2.

Our experiment can detect very small changes in the rate of
nucleation. We evaluated that the minimum change that we
could observe is a factor of 1.5 in the rate of nucleation, factor that
is equivalent to a shift of 0.1 °C in nucleation temperature; the
Supporting Information contains a description of the procedure
that we used to evaluate the sensitivity of our measurements. We
then calculated the magnitude of the electric field that would
produce the same change in the rates of nucleation:

% = exp(iBG;> =15 (11)

Combining eq 10 with eq 11 and using an estimated radius of
the spherical critical nucleus®® of 1.4 nm at 236 K, we estimated
that an internal electric field, E;;, of approximately 1.8 X 10’ V/m
would produce an observable change in the rate of nucleation.

The electric fields that we could apply, though having the largest
intensities used in homogeneous ice nucleation experiments, are
still 2 orders of magnitude too small to observe a change in the rate
of nucleation, assuming that Kashchiev's theory of nucleation in
electric fields is applicable to the homogeneous nucleation of ice.
The main limiting factor that prevented us from applying larger
fields was the deformation of drops. Assuming that we could
operate the ice nucleation apparatus with surfactant-free drops that
have a diameter of 1 #m or less, eq S predicts that we could apply
fields that are larger by 1Y/ » orders of magnitude than our current
limit. Another possibility for reducing the gap between experiment
and theory is to improve the sensitivity of our measurements. We
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estimate that using larger data sets and more sophisticated data
processing we might observe changes in the rate of nucleation
by a factor of 1.05, corresponding to a minimum observable
AGg 9 times smaller than our current sensitivity, and to an
internal field of 6 x 10° V/m. A microfluidic ice nucleation
experiment that uses submicrometer drops and has higher
sensitivity in measuring rates of nucleation could be capable
of testing Kashchiev's theory.

4.3. Formation of Ferroelectric Ice Nuclei Is Unlikely. The
orientations of molecules of water in normal ice (hexagonal ice,
ice Ih) are disordered near the melting temperature of ice. Because
water molecules are polar, the most stable crystal structure of ice at
very low temperature (close to 0 K) should be electrically ordered,
either ferroelectrically or antiferroelectrically. Pure hexagonal ice
remains disordered upon cooling down to 0 K because the rate of
relaxation of ice is too slow to observe electric ordering experi-
mentally.>” Impurities such as potassium hydroxide increase the
rate of relaxation, however, and KOH-doped ice Ih transforms into
ferroelectric ice (ice XI) at 72 K387

Ice XTis unstable in the temperature range in which the nuclea-
tion of ice occurs in supercooled water (235—273 K), but it
might nevertheless play a role in the nucleation of ice. Gavish
et al. and Croteau et al. proposed that ferroelectric ice stabilized
by strong electric fields present inside nanocracks in crystals of
amino acid'* and kaolinite®” cause the heterogeneous nucleation
of ice by these crystals. Ferroelectric ice might also play a role in
the nucleation of ice in external electric fields. In an increasing
electric field, the free energy of a ferroelectric phase aligned with
the field decreases faster than that of a disordered phase; there-
fore, in an external field that is large enough, supercooled water
might nucleate to ice XI.

The electric field in which ice XI might nucleate homoge-
nously from supercooled water is at least equal to the field Eg.,,
that lowers the field-dependent free energy of ice IX below the
free energy of ice Th. We estimated Eg,,,, using eq 12, in which
T\ua is the temperature at which ice nucleates homogeneously
(235 K), Txpm the temperature of the ferroelectric transition
(72 K), AS x1—m = kg In(3/2) the configurational entropy of ice
per molecule, !and Pwater the electric dipole moment of water
(62 x 10 *° C-m); the Supporting Information contains the
derivation of eq 12.

Toud — Txr1m ) Asxr
Eiro = ( 1 X1 Ih) SXI-Th (12>

Pwater

Equation 12 predicts that fields larger than Eg,,, = 1.5 X 10®
V/m are necessary for the nucleation of ice XI. Such fields are
3 orders of magnitude larger than the maximum field that we
applied, and therefore in our experiments ice probably nucleated
to an electrically disordered phase. Even if we could subject water
to arbitrarily large fields, we might still not form ice XI because
according egs 10 and 11 ice might nucleate to a normal phase in
fields that are 1 order of magnitude smaller than Eg,.

4.4. Implications of Our Results for the Freezing of Water
in the Presence of Electric Fields. Our experiments show that
the homogeneous nucleation of ice in drops of water cannot be
influenced by external electric fields in air at ambient pressure;
upon increasing the strength of the applied field, dielectric break-
down of air will occur before any changes in the rate of nucleation
can be observed. Therefore, electric fields in clouds cannot induce
the freezing of drops of supercooled water through homogeneous
nucleation of ice, nor can supercooled raindrops nucleate ice

homogenously as they fall through the intense electric field near
high-voltage power transmission lines.

In our setup we used large droplets (relative to the size of water
molecules) and only a small fraction of water molecules in the
droplets were present at the water/fluorocarbon-fluorosurfactant
interface. While we expect that water at this interface would have
different molecular structure than water in the bulk, the interface
did not play a role in the nucleation of ice; we inferred from
measurements of the rate of homogeneous nucleation of ice in
drops of supercooled water® that ice does not nucleate at the water—
fluorocarbon interface in the absence of electric field. Since the
interface was also subjected to external electric fields, our experiment
provided a limit for the magnitude below which electric fields do not
induce the nucleation of ice at the interface. We could not calculate
accurately the magnitude of the electrical field at the interface
because the dielectric constant of water at the interface is not
known. For the limiting cases in which the dielectric constant is
equal to 80 (bulk water) and 2 (surrounding fluid), the magnitude
of the electric field is 1.6 X 10° V/m, respectively 3 x 10° V/m.
These magnitudes are at least 1 order of magnitude smaller than
the calculated field inside interfacial water in exlperiments that
observed electrically enhanced nucleation of ice.">!

5. CONCLUSIONS

We investigated the freezing of water in the presence of
electric fields for three reasons. (i) Previous experiments sug-
gested that electrical phenomena (fields, currents, or discharges)
can cause freezing, but the exact mechanism in which electric
field might influence the nucleation of ice remains unclear. We
therefore focused on the case of homogeneous nucleation in
external fields—a case that can be modeled theoretically and
numerically. (ii) We saw the opportunity to use a microscale
system to apply electric fields using relatively small electrical
potentials. While we succeeded in applying larger fields than in
many other electrofreezing experiments, we were only partially
successful in generating large fields inside the drops of water
because of its large dielectric constant. (iii) We could set up this
experiment using a very reliable and ice nucleation instrument
with high accuracy. We took advantage of these qualities to
produce a useful quantitative conclusion: electrical fields with
amplitudes up to (1.6 & 0.4) X 10° V/m change the rate of
homogeneous nucleation of ice by less than a factor of 1.5.

Given that the electric fields that induce freezing in pure water in
MD simulations (~10° V/m) are larger than the dielectric break-
down of water, it is important to investigate whether there are other
ice nucleation mechanisms or models that might be sensitive to
smaller electric fields. We used a thermodynamic model (a version
of the classical nucleation theory that takes into account the
electrostatic free energy) to arrive at an estimate suggesting that
an enhancement of the ice nucleation rate might be observable for
field intensities on the order of 10’ V/m. Larger intensities on the
order of 10° V/m might enhance the nucleation of ice through a
mechanism that involves the nucleation of ferroelectric ice XI.
Although we could not test these predictions using our setup, we
also estimated that running a higher-sensitivity experiment with
micrometer-sized drops might be sufficient to observe the effect of
electric fields on the order of 10° V/m on the nucleation of ice.

B ASSOCIATED CONTENT

© Supporting Information. (i) Construction of microfluidic
devices, (ii) the derivation of eqs 2, 3, 4, and 12 in the article,
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(iii) a description of the electrical circuit used in this work,
(iv) the results of three measurements of nucleation in the
presence of electric fields oscillating frequencies of 3, 10, and
30 kHz, (v) description and results of the numerical modeling of
electric fields, and (vi) the procedure used the sensitivity of
measurements of the rate of nucleation. This material is available
free of charge via the Internet at http://pubs.acs.org.
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