Electrical effects during condensation and phase transitions
of ice?
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Condensation potentials and corresponding electrical currents are observed during the isothermal growth of
amorphous, cubic, and hexagonal ice from the vapor phase. Upon heating of the condensate a thermally
stimulated current (TSC) spectrum is observed with the application of any external electric field. Current
peaks in the TSC spectrum are shown to be of two types: depolarization currents related to dipolar
relaxation processes in the condensate and peaks due to phase transitions. Nearly all depolarization
(~90%) occurs in the amorphous phase via relaxation processes. Shifts in the maximum temperature of
the peaks are observed for deuterated water for both types of peaks, and are on the order of 5-10 K.

Models are proposed for the electrical effects observed during condensation, phase change, and

depolarization.

INTRODUCTION

Water has attracted the attention of scientists since
ancient times.! The structure of solid water, however,
has been studied only since the nineteenth century.
Since then more than 10 different crystalline forms of
ice have been described and investigated by various
means such as dilatometric techniques, differential
thermal analysis, x-ray and neutron diffraction, cal-
orimetry, and thermal conductivity.2 The structure of
liquid water, on the other hand, has been the subject
of detailed investigations only during the present cen-
tury, when special techniques such as neutron diffrac-
tion could be used. Of course, the understanding of
liquid water is of paramount importance in biology and
chemistry.®* The interaction of water, in a possibly
structured form, with biopolymers and other materials
and electrical effects associated with it have been re-
ported.® In 1935 an amorphous form of solid water was
found by Burton and Oliver.® It has since been con-
firmed by others with neutron and x-ray diffraction,
infrared absorption, density measurements, reflectom-
etry, differential thermal analysis, and Mossbauer ef-
fect experiments.” More recently, Rice and collabora-
tors, ® using neutron and x-ray diffraction and Raman
scattering, reported seeing two amorphous phases:

a high density form, appearing in condensates formed
at very low temperatures (10 K), as well as the low
density form previously found by condensation at liquid
nitrogen temperature. It is also known? that amorphous
films crystallize upon heating, first into a cubic form
at ~150 K and then into a hexagonal form at ~200 K. In
this way a most complex picture emerges for the physi-
cal behavior of the structure of water ranging from

Ywork supported by the Foundation for Research of Sio Paulo
(Fapesp), National Research Council of Brazil and NSF
(Harvard—Sao Carlos program), and FINEP,

Ypeceased.

'Work supported by Army DAAG29-76-C-0287, NIH GM20284-
04, and NSF CHE75-17533,

YWork carried out during a leave of absence from RCA Lab-
oratories, Princeton, NJ 08540,

J. Chem. Phys. 68(8), 15 Apr. 1978

0021-9606/78/6808-3823$01.00

many crystalline phases, to one or two amorphous
phases, and a liquid phase with many changing proper-
ties. As concerns electrical transport processes, ice
was shown to be a protonic semiconductor.® Extensive
literature exists in this area.?

Since the work that we report here concerns some
electrical effects in ice, let us first review this area.
Costa Ribeiro in 1943 discovered an effect related to
the appearance of potentials and electrical currents
during solidification of many substances including water.
This was also confirmed later by Workman and Reynolds
who used different water solutions and found freezing
potentials to be impurity dependent.!! Since the effect
might be important for the explanation of atmospheric
electricity, these studies have stimulated the interest
of many investigators.!? Pinatti and Mascarenhas®®
undertook one of the first quantitative studies of the
Costa Ribeiro effect in the water—ice system under con-
trolled conditions of phase change also using single-
crystalline samples. The B. Gross model!* for the
Costa Ribeiro effect was shown to be a proper frame-
work for understanding the general properties of the
effect. More recent work of B. Gross!® and others has
brought the study of freezing potentials in different so-
lutions to a more quantitative basis. Besides the Costa
Ribeiro Effect two other phenomena should be mentioned
here, related to electrical properties of ice. The first
is the existence of the ice electret; the second is the
possible ferroelectricity of ice. The possibility of
charge and polarization storage in ice via the electret
state by the application of an external electric field was
first found independently by several authors.'® Arguel-
lo and Mascarenhas'’ showed that the electret effect
in ice was strongly dependent on hydrogen fluoride dop-
ing and that besides the postulated dipolar mechanism
a strong space charge component was present and was
related to the transport properties of the lattice defects
in ice. They used the thermally stimulated current
(TSC) technique to investigate the charge and polariza-
tion storage in ice. This technique was first introduced
many years ago by B. Gross'® for the nonisothermal
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studies of electrets that are now classical. Subse-~
quently, it has also been applied for the investigation

of ionic crystals (ionic thermal currents), *® poly-
mers?® (thermally stimulated depolarization TSD), and
with biopolymers and other biological materials® show-
ing the electret effect.

The possible existence of ferroelectricity in hexa-~
gonal and cubic ice has been reported in the literature.?
Since the first papers the question was raised (Mascar-
enhas®) whether the use of TSC for the inference of the
ferroelectric transition might not confuse it with a pos-
sible electret behavior arising from relaxation effects
or transport properties of the stored polarization. On-
sager? also discussed the question of possible ferro-
electricity as reported by Riehl and collaborators with
a different interpretation, involving transport mechan-
isms in ice. Recently, Johari ef al.,? using the TSC
technique in normal and deuterated ice at different pres-
sures, came to the conclusion that the reported ferro-
electricity of ice could indeed be interpreted as a re-
laxation effect and not as a collective order~disorder
transition like the ferroelectric. Johari also pointed
out the possible use of the TSC technique with previous
polarization with an external electric field, as is nor-
mally done in electret work, for the investigation of
phase transitions in solids.

In this paper we show that electrical currents can be
observed during growth of amorphous ice from the vapor
phase, and also during subsequent warming of the con-
densate. The condensation current is associated with
the vapor to solid transition, similar to the Costa Ri-
beiro Effect!® for the liquid to solid transition. We pre-
sent a model for the condensation current that is sub-
stantially different from that of Kutzner,?® who carried
out the first experiments on this type of current. The
second effect, current during heating, is reported here
for the first time and it is in essence a TSC spectrum
of a natural electret formed by condensation. Current
peaks in the TSC spectrum are shown to be of two types:
depolarization currents related to dipolar relaxation
processes in the condensate and peaks due to phase
transitions. The latter occur at the known tempera-
ture ranges for the amorphous to cubic and cubic to
hexagonal transformations. We have also demonstra-
ted experimentally that these are two general effects
occurring not only with water but with many other sub-
stances that form amorphous phases during condensa-
tion at low temperatures. #

EXPERIMENTAL

Distilled H,O or D,O was used for the experiments,
Vapor was introduced into an evacuated metal cryo-
stat (Fig. 1) by connecting it to a container filled with
liquid. The vapor condensed on a grounded copper
electrode M which has been cooled with liquid nitrogen
introduced through the cold finger CF. Upon conden-
sation the cryostat could be evacuated continuously via
V. Thermocouples continuously monitored the tem-
perature of M. Optical measurements or direct visual
observation could be made through window W. For the
electrical measurements a Keithley 602 electrometer
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was connected between an insulated electrode (IE) and
electrode M. The end of electrode IE was suspended
over M, and did not touch the ice film. A heater warmed
the condensate on M at a rate varying from a few de-
grees per minute to 80 °C/min and the temperature was
simultaneously recorded on a double pen or XY re-
corder along with the current. A typical experiment
was run in the following sequence: After evacuation

of the cryostat to about 10"® mmHg, liquid nitrogen
(LN) was introduced in the cold finger CF. Water
vapor was then introduced and the condensate would
form. During the growth of the condensate the cur-
rent was recorded. After completion of the process
the heater was introduced in CF and the warming of

the sample and the corresponding TSC spectrum could
be observed. Optical observation of the condensate
film during warmup clearly showed transition points by
changes in light scattered from the sample. Occasion-
ally, the voltage, rather than current, was measured
during condensation and warming, but this was not a
very sensitive technique and was complicated by drift
of the electrometer. The results, nevertheless, were
in agreement with the others, i.e., the rate of change
of the voltage was proportional, within experimental
error, to the currents reported below.

RESULTS

We observed two electrical effects. The first was
the appearance of a displacement current as the ice
deposit forms on the cold surface M. Figure 2 shows
sequential bursts of this current, each one correspond-
ing to a brief introduction of water vapor into the sys-
tem. The current is the same for growth on the metal
or on previously grown layers of amorphous ice. The
same occurs for growth on copper, stainless steel,
glass, and Teflon. We have not quantitatively mea-
sured the instantaneous rate of condensation so we can-
not compare this rate with the instantaneous current as
done by Kutzner® and by Pinatti and Mascarenhas during
the formation of hexagonal ice.!® Nevertheless, we
have observed that the condensation current for a
given isothermal experiment monotonically decreases
as one uses higher and higher condensation tempera-
tures. This is observed from 78 to 150 K. The sec-
ond type of electrical effect is the appearance of ther-

For most experiments the
end of the insulated electrode IE was a point held 0.5 cm away
from the grounded electrode M(~ 2 cm?® area). Grids and plates
were also used with substantially the same results,

FIG. 1. Experiments apparatus.
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FIG. 2., Current bursts ob-
served during periodic steps
of condensation of H,O at
78°K. The currents are all
negative.
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mally stimulated currents (TSC) during the warming up
of the solid condensate. Atypical TSC spectrum is shown
inFig. 3. It consists of broadpeaks at ~ 103, and ~ 130 K,
a sharp negative peak at ~153 K, and other features at
higher temperatures. We carried out experiments

to insure that both of these effects were not due to
localized charges in the vapor as reported for CO, by
Mascarenhas ef al.?® An electrostatic filter was used
to trap any existing ions in the vapors, with no ap-
preciable affect on our results. Similarly, an exter-
nal electric field applied to electrodes IE and M had

no influence neither during condensation nor warming.

The following were consistently observed for these
effects: (a) The polarity of the condensation current
was always negative, i.e., the insulated electrode IE
was negative with respect to the grounded electrode M.
This was independent of the condensation temperature
and nature of grounded electrode. (b) The polarity of
the TSC was always opposite to the condensation cur-
rent except for the sharp peak at ~153 K. (c) The in-
tegrated charge for both the condensation current and
TSC were equal within 10% (experimental error for
this type of experiment), indicating charge conservation,
i.e., the TSC depolarizes a natural electret formed
during condensation. (d) More than 90% of the depolar-
ization of films grown at LNT occurs in the first two
peaks of the TSC spectrum,

We now describe a series of cleaning experiments
to investigate the relation between the different peaks.
The sample is first grown by condensation, and the
freezing current is observed. The TSC is then par-
tially measured by warming up the solid sample through
the first peak (~103 K). The condensate is then cooled
back to LNT and a new spectrum is recorded during
warmup. This time the ~103 K peak is seen to be ab-
sent or “cleaned out” of the TSC spectrum but the fol-

lowing peak is recorded. This was repeated for all the
main peaks with the result of Fig. 4. It is seen that (i)
all of the TSC peaks are irreversible and (ii) that they
are completely independent, i.e., the depolarization
processes that produce the various TSC peaks are un-
related, We found the same results from experiments
on films condensated at different temperatures.

Studies were also made with different heating rates;
the shape of the TSC spectrum was not strongly af-
fected, only its magnitude. Faster heating produced
higher currents. From Fig. 5(a) one can see that this
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FIG. 3. Current observed during heating of another sample.
The upper scale is positive. Note the change in scale multi~
plier.
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FIG. 4. Cleaning experiments done on one sample by sequen-
tial warmings to ~110°K (1), ~140°K (2), ~ 190°K (3), and
~273°K (4). Note scale multipliers.

increase is approximately linear with heating rate for the
narrow peak at ~154 K.

Experiments carried out with D,0O produced essen~
tially the same results as for H,O in all respects. The
main difference was a shift of the peaks to higher tem-
perature. For the narrow peak at ~154 K this shift
could be easily measured. It was on the order of 4 to
5 K [Fig. 5(b)]. The peaks at lower temperatures ap-
peared to have a slightly higher shift (10 to 15 K) but it
was difficult to make quantitative comparisons because
these peaks are quite broad.

In some experiments the water was collected on fil-
ter paper during heating and by weighing it we could then
calculate the mass and thickness of the condensed sam-~
ple. We found a linear relation between the charge in-
duced on the measuring electrode (IE) and the sample
thickness.

DISCUSSION AND MODELS

The main experimental results reported above on the
condensation current indicate that it is related to the
condensation process itself and is not associated with
the trapping of charged ions or impurities. Addition-
ally, in agreement with Kutzner, # we see no effect of
an external electric field, which implies that the cur-
rent must be due to a reproducible intrinsic process
that preferentially aligns the molecular dipoles upon
condensation. This would produce a charging current
for the following reason: Any preferential orientation
of the molecules which condense on the surface will be
largely retained as these molecules get buried by the
deposition of successive layers. The resulting electric
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FIG. 5. Effect of (a) heating rate and (b) D,0 on the negative
peak.

polarization is equivalent to a net surface charge. Fig-
ure 6 shows that as the film grows, the surface charge
moves away from one contact (M) and toward the other
(IE), inducing the external current through the elec-
trometer (E). After growth, the film has a uniform
bulk polarization due to aligned dipoles. Thermally
induced reorientation of these dipoles, at various ac-
tivation energies, gives rise to the TSC spectrum. (An
important exception, the sharp peak at ~153 K, is dis-
cussed later in this paper.) Thus, we are led to the
general picture that the condensation current is due to
a surface effect and the TSC is a bulk effect, both as-
sociated with the growth of polarized ice films.

Our measurements on the induced charge vs sample
thickness were used to calculate the value of the sur-
face charge from

o;=-olx/ed) ,

where o, is the charge induced on the measuring con-
tact, o is the equivalent surface charge on the film, x
is the film thickness, € is the dielectric constant of ice,
and d is the distance from the measuring electrode to
the metal plate upon which the condensation occurred

lE + + + + + o+ o+ o+
®
O OTTTITITTITIT
NN
bdidibiigiiiild
Mol TR TTIRT
1
FIG. 6. Pictorial representation of equivalent surface charge

(0) and uniform volume polarizatlon in the film, The arrows
represent the molecular dipoles. Also shown are induced
charges on grounded cold electrode (M) and measuring insu-~
lated electrode (IE) connected to electrometer (E). Motion of
the surface charge towards IE induces the negative conden-
sation current,
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(x «<d). We found that the surface charge density was
at least 3.5x10™° coulomb/cm? at 78 K. This means
that more than one in 10° molecules contribute to the
net polarization.

We now justify the underlying reasons for a preferred
dipole orientation. It involves the asymmetric distri-
bution of electric field lines about a water molecule;
the fields are stronger around the protons. Since a
dielectric medium lowers the net energy in an electric
field, the proton side of a molecule is preferentially
attracted to the substrate during condensation. Thus,
the electric dipole of the bound molecule tends to point
toward the substrate. If the temperature of the sub-
strate is low enough, dipolar rotation will not occur and
the resulting negative surface charge will be frozen in.
The next layer of molecules will deposit in the same way
and thereby a bulk uniform polarization will build up
during growth. This film, and its negative surface
charge, are shown in Fig. 6.

In view of the fact that two peaks are seen in the TSC
in the amorphous ice temperature range, it is natural
to assume that dipoles are trapped in two different con-
figurations corresponding to different energy barriers
for reorientation. Using the cleaning technique we
were able to separate the higher temperature peak in
the amorphous region (at 130 K) from the lower one at
103 K. If dipolar rotation is the relaxation mechanism
for depolarization, this current peak should obey mono-
molecular kinetics and thereby the activation energy for
rotation can be obtained from an initial rise analysis,
i.e., plotting In I vs 1/T using the higher temperature
shoulder of the cleaned peak. Using this method we
have obtained a value of ~0.15 to 0.2 eV for the activa-
tion energy. The observed temperature shifts for D,0
for the lower temperature peaks is also on the same
order of magnitude (10 to 15 K) as those found by Johari
(13 K) for hexagonal D,0O ice polarized with an external
field. %

The population of oriented dipoles in an as-grown
film is expected to depend on condensation temperature.
With increasing temperatures, relaxation processes
during condensation induce reorientations that tend to
decrease the frozen in net polarization. In fact, we
have observed a large decrease of both condensation
and depolarization currents for increasing deposition
temperatures. This is also in agreement with our re-
sults that the various depolarization peaks of the TSC
spectrum are completely independent. Also, we have
observed that only a small fraction of the polarization
is frozen in (10%) for condensation temperatures above
130 °C, where relaxation reorientation has already taken
place, as indicated by the depolarization at 103 and
130 K.

We now discuss the existence of the sharp negative
peak at 153 K. This peak occurs exactly at the temper-
ature range of the amorphous to cubic transition deter-
mined by independent methods such as differential ther-
mal analysis® and reflectivity changes®® done at heating
rates similar to those used here. Furthermore, our
D,O experiments show a 5 K peak shift in agreement with
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that found by the use of electron diffraction.?® We have
also made optical observations simultaneously with our
TSC experiments confirming the onset of a phase transi-
tion at the temperature where the 153 K peak occurred.
We propose that the growing cubic phase will tend to
polarize itself with the same polarity of the remaining
amorphous ice. In this way the phase charge could in-
crease the net polarization of the sample.

In some of our experiments we have observed a simi-
lar negative current peak at the temperature range of
the cubic to hexagonal transition. This was weak and
broad as one would expect since this transition is
known to occur at much slower rates.3°

CONCLUSIONS

During formation of ice from the vapor phase on a
cold substrate a condensation current is observed. This
is probably due to the formation of a natural electret
with a net internal polarization. The polarity of the con-
densation current is consistent with the proton side of
the molecule facing the substrate., The asymmetry of the
electric field line around the molecule is suggested as
the basic cause for the preferred orientation. During
heating of the condensate current, peaks of two types
are seen: (i) those due to reorientation of H,O dipoles
in the bulk of the condensate, producing current peaks
with opposite polarity to the condensation current; and
(ii) those due to phase transitions. The polarity of the
phase transition peaks is the same as that of the con-
densation current, consistent with an increase of the
sample polarization during growth of the new phase.

D;O shifts both types of peaks in good agreement with
observations of other authors using different techniques.

The observed effects may be important as new tech-
niques for the investigations of surface phenomena
and phase changes in the solid state using the simple
concept of preferred orientation during the condensa-
tion of asymmetric dipolar molecules.
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