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Abstract: The absorption of water in Langmuir—Blodgett films of ferroelectric copolymers of polyvinylidene fluoride with trifluoroeth-
ylene is shown to depend upon the film thickness. This water absorption can have a profound effect on the dielectric properties of the

copolymer films.
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Low production cost capacitors with very high energy den-
sities could well revolutionize portable power. Ferroelectric co-
polymers of polyvinylidene fluoride with trifluoroethylene have
achieved record energy densities of 400 J per cubic centimeter
[1]. While the energy density of a capacitor goes as the dielectric
constant divided by the square of the thickness, clearly changes
in the dielectric properties will affect the properties of the capac-
itor. Water absorption does alter the dielectric properties of the
ferroelectric copolymers of polyvinylidene fluoride with trifluo-
roethylene [2].

Water is ubiquitous in nature and, among small molecules, has
a relatively large electric dipole moment. This water dipole mo-
ment contributes to the complexity of water interaction with sur-
faces (and polymers). Water absorption is also known to change
the dielectric properties of polymers, including the ferroelectric
copolymers of polyvinylidene fluoride with trifluoroethylene,
P(VDF-TrFE) [2-4]. An interaction between the dipole of water
and the dipole of the ferroelectric [5—10] copolymers of polyvi-
nylidene fluoride has been suggested. In spite of the complexities
of polymer surface characterization, water has nevertheless been
identified as a cause of molecular reorientation at polymer sur-
faces [11-22], including the surface structure of fluorinated poly-
mers [5, 23, 24].

Copolymer films of P(VDF-TrFE) family have proved to be
an opportune platform for studying the interactions between wa-
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ter and organic polymers [2—10, 25], in particular organic poly-
mers with strong electric dipole moment, partly because of the
high crystallinity of the films formed by Langmuir-Blodgett
monolayer deposition from water subphase. Poly(vinylidene fluo-
ride) [PVDF, «(CH, —CF,)  —] copolymers with trifluoroethylene
[TrFE, (CHF- CF,)-] can form highly ordered crystalline fer-
roelectric ultrathin films as has been demonstrated by X-ray and
neutron scattering [2, 26-29], scanning tunneling microscopy
[26, 30-33], low energy electron diffraction [26, 33] and band
mapping [26, 33]. P(VDF-TrFE 70:30) is relatively simple to
prepare, it does not significantly react or degrade with time, and
most importantly the surface is highly reproducible.

It is now increasingly apparent that the polymer surface does
play a key role in water absorption [2, 5, 25] and desorption [2,
7, 25], but structural studies [2, 25] and dielectric measurements
[2—4, 8, 10] suggest that the entire volume may absorb some wa-
ter. Water, as an absorbate in P(VDF-TrFE 70:30), should have a
significant effect on the dielectric properties of this polymer di-
electric [2-4, 8-10], if the water content is sufficiently large. The
goal of this work is to characterize the water absorption and dem-
onstrate that the extent of water absorption depends on both tem-
perature and the volume of P(VDF-TrFE 70:30). As shown here
and elsewhere [2], the absorption of water clearly affects the di-
electric properties of P(VDF-TrFE 70:30), and suggests a role
for strong dipole interactions between water and this ferroelec-
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tric polymer [2—5, 8—10]. The orientation for absorbed water may
significantly differ from the orientation adopted by adsorbed wa-
ter [5], though dipole interactions at the surface of P(VDF-TrFE
70:30) are certainly indicated by the fact that a commensurate
hexagonal ice layer can be grown at the surface of P(VDF-TrFE
70:30), nucleated by the polymer surface dipoles [6].

Thin films of 70% vinylidene fluoride with 30% trifluor-
oethylene, P(VDF-TrFE 70:30), were prepared by Langmuir—
Blodgett (LB) deposition from a water subphase. This method
can produce films as thin as 1 monolayer [27, 32]. The films used
for desorption studies were grown on highly ordered pyrolytic
graphite (HOPG) and the P(VDF-TrFE 70:30) film thicknesses
ranged from 3 to 35 ML thick (5.4 nm—63 nm [34]).

Thermal desorption spectra were recorded with a quadrupole
mass spectrometer (Dycor) in an ultrahigh vacuum (UHV) cham-
ber as described elsewhere [2, 5, 7, 25]. The graphite substrate
supporting the P(VDF-TrFE 70:30) was held between tantalum
mounts and heated resistively at a rate of 0.5 K/s. This slow heat-
ing rate was used to minimize the effect of thermal gradients in
the sample and sample holder. Prior to absorption and desorp-
tion experiments the thin film was annealed in vacuum at 370 K,
which has been shown to leave the films with a surface free from
impurities (including water) [35]. For the experiments undertak-
en here, water vapor was exposed to the thin films of P(VDF-
TrFE 70:30) at 120 K. After exposure of the sample to water, the
chamber was further evacuated for five minutes to reduce the wa-
ter partial pressure, to 10~ Torr or less unless noted otherwise.

Films used for capacitance measurements consisted of 30 ML
of P(VDF-TrFE 70:30) also made by the LB technique, deposit-
ed onto a glass substrate with aluminum strip electrodes 500 nm
thick and 1 mm wide. The samples were then annealed at 400
K for 1 h to improve crystallinity. Additional details on sam-
ple preparation were previously reported [2]. Leads for electri-
cal measurements were soldered to the ends of the electrode strip
with indium.

For the capacitance experiments, both the humidity and tem-
perature were controlled while the capacitance was measured.
The sample was placed into a copper chamber that could be main-
tained at constant temperature and humidity. The temperature was
controlled to within £1 K by proportional feedback using a plat-
inum temperature sensor and both resistive heaters and thermo-
electric coolers. The humidity was controlled to within +5% rela-
tive humidity (RH) by proportional feedback using a polymer hu-
midity sensor (HYCAL Sensing Products, Model HIH-3206-C)
and a proportioning valve system to mix saturated water vapor
in warm air with bottled nitrogen. The total gas flow through the
chamber was kept constant at 3 L/min while adjusting indepen-
dent valves on the water vapor and nitrogen lines to maintain the
chamber humidity. Each measurement was made at a fixed tem-
perature and starting humidity, for example, 40 °C and 60% RH,
as follows. The sample chamber was first baked dry for 20 min at
80 °C with a pure nitrogen flush. The sample was cooled to the
desired temperature and then the humidity set point increased to
the desired value, and allowed to soak for one hour. At the end
of the one-hour soak, the chamber was flushed with dry nitrogen
gas, at the flow rate of 3 L/min while recording the sample capac-
itance, the chamber humidity and temperature.

Following exposure of water to crystalline thin films of
P(VDF-TrFE) at 120-135 K, the thermal desorption spectra are
characterized by two desorption peaks, as indicated in Fig. 1, and
reported elsewhere [2, 5-7, 25]. The thermal desorption of water
at 150-160 K is characteristic of water sublimation or the thermal
desorption of ice from relatively inert substrates [36— 40]. This
particular adsorption species does not saturate with increasing
water exposure, but continues to increase in intensity. We associ-
ate this water species with the formation of surface “ice” or sim-
ilar species, as has been done in similar thermal desorption stud-
ies of water ice [2, 5-7, 25, 36—40]. It is important to note that the
formation of this ice-like species is not observed with small ex-
posures of water to the P(VDF-TrFE) thin film samples cooled to
120-130 K [2, 5-7, 25].

For small exposures of water, 4-8 L (1 L =1x10~% Torr s), to
P(VDF-TrFE) at 120-130 K, the water thermal desorption spec-
tra from a nominally 3—4 monolayer film show only one broad
feature centered around 280-300 K. With increasing exposure to
water, this broad feature, in the thermal desorption spectra, in-
creases in intensity but with sufficient exposure to water at 120—
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Fig. 1. Coverage dependent thermal desorption from a) 3 ML and
b) 35 ML thick P(VDF-TrFE, 70:30) samples cooled to 125 K, and
then exposed to water vapor. The broad peak at 280-300 K is the
signature of the desorption of absorbed water, while the sharp peak
at 150-160 K is surface ice, indicating that surface ice formation at
roughly 15 L and 250 L on the 3 ML and 35 ML thick P(VDF-TrFE,
70:30) samples respectively.



POLYVINYLIDENE FLUORIDE—TRIFLUOROETHYLENE AS A RESERVOIR FOR ABSORBED WATER 1139

300

250

200 4

150

100 +

Exposure (Langmuirs)

50 4

0 T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40
Film Thickness (ML)
Fig. 2. The extent of water exposure to P(VDF-TrFE, 70:30) re-

quired for the formation of water ice as a function of P(VDF-TrFE)
film thickness. The solid line is the best fit to the data.

130 K, there is also desorption of water from the P(VDF-TrFE)
centered at 150—160 K. This water exposure dependent behavior
in the thermal desorption spectra is shown in Fig. 1 for a nomi-
nally 3 monolayer film and a 35 monolayer film of P(VDF-TrFE
70:30).

Using the thermal desorption feature observed in the range 150
K-160 K as characteristic of the formation of ice, we can make
some assessment of how much water exposure is required for ice
formation on P(VDF-TrFE) at 120-130 K. We find that there is a
roughly linear relationship between the film thickness and the ex-
posure required for surface ice formation, as summarized in Fig.
2. This suggests that the thicker the P(VDF- TrFE) film, the more
water must be absorbed prior to the formation of a surface wa-
ter ice. Of course this implies that water is absorbed in P(VDF—
TrFE) at 120-130 K, as has been previously suggested [2, 5-7,
25].

The absorption of water by P(VDF-TrFE) at 120 K is also
matched by the egress of absorbed water at the same temperature.
The sublimation of water, if not affected by the absorbed water,
should obey a simple exponential decay function as a process de-
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Fig. 3. Relative intensity of the P(VDF-TrFE 70:30) desorption peak
at 150 K with respect to time after adsorption at 120 K, 3 ML (m) and
25 ML (e), respectively.
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Fig. 4. The dependence of capacitance on time during dry nitrogen
flush for capacitance samples prepared at initial conditions 40 °C and
60% relative humidity (RH). a) A linear plot showing the exponen-
tial decay of a 30 ML thick P(VDF-TrFE) sample capacitance (black
curve) and double exponential fitting (red curve). b) A plot of the nat-
ural logarithm of the capacitance, along with a linear fit to the data
between 10,000 s and 44,000 s, used to determine the second expo-
nential decay time constant of 1.3 +0.3x103s.

pendent of the activation barrier for sublimation alone. This can
be probed by undertaking thermal desorption with increasing de-
lay times between water exposure to the P(VDF-TrFE) sample at
120 K and the onset of annealing. The expected sublimation be-
havior is generally obeyed for the thinner P(VDF-TrFE) films,
but is not the case for thicker P(VDF-TrFE) films. When the time
between water exposure and the thermal desorption measure-
ments is extended, we see a decrease in thermal desorption signal
intensities, associated with the surface ice (150-160 K), that de-
viates considerably from a simple Arrhenius behavior for the 25
monolayer P (VDF-TrFE) films, as seen in Fig. 3.

The competition between water ice sublimation and the dif-
fusion of water in and out of P(VDF-TrFE) is expected based on
the low barriers to bulk water diffusion in P(VDF-TrFE). Indeed
as noted elsewhere [5], the migration of water, even at tempera-
tures as low as 100 K, is quite facile in molecular dynamics simu-
lations of absorbed water in P(VDF-TrFE) films. As seen in Fig.
3, the absorbed water can provide a reservoir for the formation of
surface ice, even after most of the surface ice is expected to have
sublimed.
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The interplay between sublimation and diffusion is different
for thick and thin films of P(VDF-TrFE 70:30). For a 3 monolayer
P(VDF-TrFE) film, the thermal desorption rate from an ice layer
on P(VDF-TrFE) decreases rapidly initially, then remains roughly
constant at 60% of original thermal desorption peak intensity for
ice for increasing delay times (between exposure and the onset of
annealing) up to 60 min in UHV, after water exposure to P(VDF—
TrFE) at 120-130 K. For the 25 ML thick film of P(VDF-TrFE),
far more water is absorbed, thus the desorption signal associat-
ed with the surface water ice decreases rapidly only after delay
times of 25 min (between exposure and the onset of annealing).
For the thicker P(VDF- TrFE) films, the ice layer appears to be
maintained by egress of absorbed water to the surface, effectively
contributing to the volume of ice, for delay times of up to 20 min
(Fig. 3). The rapid decreases to 35% of the original peak intensity
within 45 min, however suggest that there are two rate constants
that dominate the diffusion of bulk absorbed water to the surface.
There is also evidence for two rate constants governing absorbed
water desorption in the capacitance measurements.

Thermal desorption studies, like many surface science studies
carried out under ultrahigh vacuum conditions (i.e. in the region
of 107'% Torr), are often difficult to relate to measurements that
apply more to the “realistic environments” in which the actual
materials are used. In the case of P(VDF-TrFE 70:30), the work-
ing environments will likely have far higher partial pressures for
water (humidity) than seen under the vacuum conditions just de-
scribed, resulting in far higher levels of water absorption. This
suggests that water absorption can play a significant role in al-
tering the dielectric properties of P(VDF-TrFE 70:30), since wa-
ter loss through sublimation, seen with good vacuum conditions,
will be suppressed by the constant background partial pressure of
water vapor. Capacitance measurements, carried out in the pres-
ence of ambient water vapor, provide ample evidence that this is
indeed the case.

The measurements of the P(VDF-TrFE) film capacitance, fol-
lowing absorption of water from the ambient water vapor, show a
decrease in the film capacitance associated with a decrease in the
amount of absorbed water when the sample chamber was flushed
with nitrogen. The P(VDF-TrFE) film capacitance decreased with
an approximately exponential dependence on time, as shown in
Fig. 4. The capacitance curves appear to have two time constants
associated with the loss of absorbed water, but with no strong de-
pendence on temperature over the range from 15 °C to 80 °C.
The absence of a significant temperature dependence over this
range does suggest that the bulk ferroelectric phase transition for
P(VDF-TrFE 70:30), which occurs at 80 °C, does not play a sig-
nificant role in the changing capacitance.

The short time constant is related to the flush rate of the cham-
ber and the drying conditions, suggesting that the surface and in-
terface regions absorb water [9, 10] that is also readily desorbed.
The longer time constant is related to the absorbed water leaving
the bulk of the film. The average time constant for water desorp-
tion into an ambient dry nitrogen atmosphere was 1.3 = 0.3 x 103
s, preceded by short time constant for the desorption of absorbed
water whose average was 0.56 £ 0.18 x 103 s. The longer time
constant was found two ways—Dby fitting the exponential data it-
self with a 2-exponential nonlinear regression and by taking the
log of the data and then fitting the linear part of the data (see Fig.
4b). In both types of fit, the background capacitance was sub-

tracted before making the fit. Both these measurements and ther-
mal desorption measurements suggest that water desorption is a
competition between water desorption from the surface and near
surface region and diffusion and migration of absorbed water to
the surface and near surface region of P(VDF-TrFE).

In summary, we find that water is absorbed within P(VDF—
TrFE) Langmuir-Blodget films and that the extent of water ab-
sorption scales linearly with film thickness. Thermal desorption
shows that the P(VDF-TrFE 70:30) films can retain some ab-
sorbed water for more than an hour in UHYV, after adsorption at
125 K, even at low background partial pressures. There is evi-
dence for diffusion of absorbed water to the surface, from the
bulk of the P(VDF-TrFE 70:30) films, though this process de-
pends on film thickness. P(VDF-TrFE 70:30) films that are ex-
posed to water show a decrease in capacitance related to a de-
crease in absorbed water, and this loss of absorbed water is domi-
nated by two time constants.
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