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ABSTRACT: The dynamics of a semicrystalline poly(vinylidene fluoride) (PVDF) confined within alumina
templates of cylindrical nanopores is studied by means of dielectric spectroscopy. In this study we
demonstrate how the counterbalance between spatial confinement and interfacial interactions controls at
the nanometer level the dynamic and semicrystalline structure of the polymer. A strong deviation of the
relaxation behavior of PVDF embedded within the nanopores is observed as compared to that of the bulk. In
particular, the dielectric measurements reveal, for pore sizes of the order of 20 nm, the existence of a highly
constrained relaxation associated with the polymer—alumina interfacial layer.

Introduction

Understanding the behavior of systems at the nanometer scale
is a crucial step to the development of nanotechnology. In the
case of polymer physics, the confinement of molecules to dimen-
sions that are in the range of their molecular sizes implies severe
changes of the physical behavior. Dramatic finite size effects can
be observed, for example, on the polymer dynamics as well as on
the crystallization behavior.

Crystallization can be considered as the most common self-
assembly process in nature.! In polymers, the crystallites formed
are typically thin in one dimension (in the order of about
10 nm) and of comparatively large lateral extent, leading to
micrometer-scale superstructures like, for example, spherulites.”
Several approaches have been applied to study the role of
confinement on crystallization. The crystallization of polymer
thin films supported onto a substrate has been deeply investigated
due to their applications in fabricating microelectronic systems. It
has been shown that, even for highly crystallinity systems in bulk,
the crystallization can be hindered when the film thickness is
small enough.® Also, confinement effects on crystallization have
been studied within block copolymer microdomains, demonstrat-
ing that the finite size of the domains affects drastically the
crystallization kinetics.* In this case, crystallization is initiated
homogeneously (in contrast to the general trend in bulk poly-
mers), and the observed crystallization kinetics are first-order
rather than the Avrami behavior conventionally observed during
polymer crystallization. Also, the crystal orientation into the
lamellar and cylindrical domains of a block copolymer has been
found to have a strong dependence with the crystallization
temperature and the confinement dimensions.” ® For example
in poly(ethylene oxide)-b-polystyrene diblock copolymer systems
a strong influence of the confinement on the crystal growth has
been reported.®”®

Molecular dynamics also changes dramatically when polymer
chains are confined to the scale of several nanometers. The
segmental dynamics is affected upon confinement. The change
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from the glass behavior to that of a supercooled liquid in the
temperature region around the glass transition (7) is strongly
affected by confinement. In bulk, a dramatic increase of the
characteristic relaxation time 7 is observed as the temperature is
lowered (a-relaxation). This can be interpreted as resulting from
a cooperative behavior of the relevant molecular motions chara-
cterized by a characteristic length scale & which increases with
decreasing temperature.” In the vicinity of T, o» this length scale is
expected to be in the order of magnitude of few nanometers,
specifically from 1 to 3 nm depending on the rigidity of the
polymer chain.'® Physically, confining a glass former in a
geometry of characteristic dimension r should affect its behavior
when the finite size r is of the same order as £. These ideas have
motivated experiments aiming to detect the size § by tuning the
confinement length. Among these experiments, confinement of
polymers in pores,'' thin films,'* and nanocomposites'>~'> has
been reported. However, unambiguous evidence on the nature
and size of these heterogeneities has not been found.'® In general,
at this nanometer level, confinement might compete with surface
interaction effects.'”'® Recently, it has been shown that confine-
ment affects not only segmental dynamics but also the chain
dynamics of polymers, where an unexpected enhancement of the
flow and a reduction in intermolecular entanglements have been
found."

In recent time, electrochemically fabricated porous materials
have been used as confining systems with very well-defined
geometry for polymer crystallization studies. It is well-known
that high surface energy solids such as metal oxides are wettable
by almost all low surface energy systems like polymer melts.
When a polymer melt is deposited on top of a porous anodic
aluminum oxide (AAO) template, the polymer wets the pores.
Depending on the size of the pore, the annealing temperature,
and the spreading coefficient for the given polymer/alumina
system, two wetting regimes (partial and total wetting) are
observed, giving rise to two different polymeric nanostructures
inside the pores (nanorods or nanotubes).”*>* The effect of the
two-dimensional (2D) confinement imposed by the pores on the
crystallization of polymers has been reported.” 2’
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Steinhart et al. have shown that the curvature of the confine-
ments can affect the crystal orientation of polymers.”** By
studying the orientation of crystals of poly(vinylidene fluoride)
under cylindrical confinements, they have observed that the
crystallites grow preferentially in the direction of minimum
curvature on the surfaces of cylindrical confinements. Also,
recent studies in polyethylene confined within porous alumina
membranes demonstrate that the frustration driven by the nano-
scopic constrained geometry induced a nucleation-dominant
crystallization. A specific orientation of linear PE crystals in
nanocylinders was found when they were crystallized slowly; the
b-axis of orthorhombic PE crystals was parallel to the long
cylindrical axes of the nanopores, while a- and c-axes were nearly
on the plane perpendicular to the cylindrical axes.”> Similar
studies on the segmental dynamics of polymers embedded within
the alumina membranes are still scarce.

PVDF is a semicrystalline polymer which can be infiltrated in
AAO templates producing either nanotubes or nanorods depend-
ing on the pore size and on the conditions of the infiltration.** In
this work three different PVDF nanorods were prepared by using
AAO templates with 60, 35, and 20 nm of pore diameter and 100
um in pore length. In this work we report on the effect that the
2D confinement imposed by the cylindrical pores produces in the
segmental dynamics of a semicrystalline poly(vinylidene fluo-
ride). We observed a strong deviation in the relaxation behavior
of the amorphous phase of poly(vinylidene fluoride) (PVDF)
embedded within self-ordered porous aluminum oxide temp-
lates® as compared to that of the bulk, resulting in the appear-
ance of a highly constrained relaxation.

Experimental Section

Samples. Anodic Aluminum Oxide Templates. The ordered
AAO templates with average diameter values of 35 and 60 nm
were prepared by a two-step anodization process of aluminum
using oxalic acid as electrolyte at 40 V as described elsewhere.?’
On the other hand, the AAO with 20 nm in diameter pores was
prepared anodizing aluminum in 10 wt % sulfuric acid solution
at 19 V.3 All templates were 100 4m in length. The templates are
comprised of a hexagonal array of parallel cylindrical pores
oriented perpendicularly to the surface of the template. The
morphology of the AAOs was characterized by a scanning
electron microscope (SEM, Philips XL-30 ESEM).

PVDF Nanorods. Commercially available PVDF (Aldrich
Ltd., M, = 180000 g/mol, M, = 71000 g/mol) was used for
our experiments. For the preparation of the PVDF nanorods,
several polymer pellets were placed onto the AAO templates in
order to carry out the infiltration by the “precursor film”
infiltration method.?® In this method, a polymeric liquid pre-
cursor film spreads over the whole surface of the AAO template,
pore walls included. Since the thickness of the precursor film is
larger that the pore radius, a complete filling of the nanopores is
achieved. The AAO with the PVDF pellets were then annealed
at 240 °C under a nitrogen atmosphere for 45 min. After the
infiltration process, the samples were quenched under ice—
water. In order to force the separated crystallization of each
individual nanorod, the residual PVDF film located on the AAO
surface, which connected the nanorods, was removed with a
blade. Finally, the nanorods were again molten at 240 °C and
quenched in ice—water.

Differential Scanning Calorimetry. A differential scanning
calorimeter (DSC) (Perkin-Elmer DSC-7) was used for thermal
characterization of samples. Heating runs at 10 °C/min were
accomplished under a constant flow of nitrogen and using a
cryogenic bath of liquid nitrogen to enable temperature scan-
ning from 0 °C.

Dielectric Spectroscopy. Dielectric spectroscopy (DS) mea-
sures the complex dielectric permittivity e* = ¢ — ie’ as a
function of frequency, where ¢’ is the dielectric constant and
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&'’ is the dielectric loss. Infiltrated PVDF in alumina templates
were placed between two electrodes of 1 cm diameter with the
nanorod axis perpendicular to the electrodes. Dielectric loss
measurements &’ = Im(e*) were performed over a broad fre-
quency window, 10~' < F(Hz) <10’ by means of a Novocon-
trol system integrating a dielectric interface (ALPHA) and a
temperature control by nitrogen jet (QUATRO) with a temp-
erature error, during every single sweep in frequency, of 0.1 K.
The analysis of the results was carried out by means of the
Novocontrol program WinFit.

Small-Angle X-ray Scattering. Small-angle X-ray scattering
(SAXS) experiments have been accomplished by a NanoSTAR-
U system by Bruker using Cu Ko radiation (4 = 0.154 nm)
equipped with a three-pinhole collimation system, cross-couple
Gobel mirrors, and a Hi-Star multiwire area detector. The
SAXS data have been corrected for background scattering by
considering the absorption coefficient. Reciprocal space cali-
bration has been done using collagen as standard.

Temperature-Resolved Wide-Angle X-ray Scattering. Wide-
angle X-ray scattering (WAXS) measurements were performed
at the BM 16 beamline of the European Synchrotron Radiation
Facility (ESRF), Grenoble, France. BM16 uses radiation
from one of the ESRF bending magnets with a critical energy
of 19.6 keV. The optics is based on a flat vertically collimating
mirror, a double-crystal monochromator Si(111), and a toroidal
mirror. The optics is designed to provide an optimized flux and
focal spot in the 6—17 keV energy range. In the present case an
energy of 12.4 keV corresponding to a wavelength of A=0.1 nm
was used. The WAXS detector was a CCD camera PI SCX90-
1300 from Roper Scientific. The active surface is 65 x 65 mm>
and has 1242 x 1152 pixels. The CCD detector is mounted on a
supporting arm attached to a one circle goniometer rotation unit
RV240PE from Newport.>' The temperature control during the
experiment was obtained by a Linkam hot stage.

The small- and wide-angle X-ray scattering experiments were
performed in transmission, with the nanocylinder approxi-
mately parallel to the incident beam.

Results and Discussion

Figure 1 shows scanning electron microscopy (SEM) images of
the PVDF nanorods after dissolving the alumina template (right
panel) and of the AAO templates before infiltration (left panel).
The different samples have been labeled as reported in Table 1.

The wide-angle X-ray scattering (WAXS) patterns of the bulk
sample and of the samples infiltrated in alumina pores are shown
in Figure 2. For the bulk, sample B, the characteristic a crystalline
phase of PVDF is recognized.** The o phase has four major
reflections, marked on the upper panel of Figure 2. It is clear from
the WAXS patterns that the confined samples present lower
crystallinity. It is interesting to note that, when comparing the
WAXS corresponding to samples B and P35 sample, the last one
exhibits only two out of the four major reflections of the o phase
of PVDF. The reflections observed are the 110 and the 020
reflections of the a phase. However, the 021 reflection is absent in
this sample. This result is in accordance with that obtained by
Steinhart et al.,** who proposed that in this range of pore sizes the
morphology is dominated by crystals with a (4k0) direction
aligned with the long axes of the pores. Only for such an
orientation are the lamellae able to grow straight along the pores.
Lamellae whose crystals are oriented with a (ik/) direction with
nonzero / index parallel to the pore axis cannot grow. These two
reflections are also observed in the nanorods infiltrated in 20 nm
pores superimposed to the alumina contribution.

The partial hindering of crystallization in the confined PVDF
samples is also revealed in the calorimetric experiments, especially
in the cooling runs, where for the confined samples only a slight
and broad crystallization peak is observed, located at tempera-
tures lower than that of the bulk sample (Figure 3). For the
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Figure 1. SEM micrographs of the surfaces of AAO templates with pores of 20 nm (a), 35 nm (c), and 60 nm (e) in diameter and the PVDF nanofibers
obtained respectively from them (b, d, and f). (g) Small-angle X-ray scattering obtained from the 20 nm AAO template. ¢* indicates the position of the

main maximum.

Table 1. Nomenclature Applied to the Studied Samples and D and 7
Parameters According to the VFT Equation (Eq 3)*

label D Ty (K)

B bulk PVDF 75 177
P60  PVDF confined in 60 nm in diameter AAO pores 10.5 151
P35 PVDF confined in 35 nm in diameter AAO pores 11.3 147
P20 PVDF confined in 20 nm in diameter AAO pores

“VFT parameters for the 20 nm samples have not been included since
the a-relaxation for this sample is very weak and cannot be resolved in a
wide enough temperature range to obtain reliable fittings.

sample confined into 20 nm pores it was not possible to obtain
reliable DSC traces.

Dynamically, strong differences are observed when compar-
ing the o relaxation of the bulk with that of the confined
samples. The dielectric response of the bulk sample (Figure 4)
is characterized by two main relaxation processes labeled as a
and o, in order of increasing temperature (or decreasing
frequencies). The a process is related to the cooperative
segmental motions appearing in the supercooled liquid,
whereas the o, relaxation is attributed to molecular motions
in the crystal.’> In the studied frequency window and at
temperatures between —50 and 30 °C the most prominent
relaxation in the dielectric spectrum of the bulk sample is the
relaxation. When comparing the bulk o relaxation with that of
the confined samples, one may establish two cases, depending
on the diameter of the pore. The extreme case of the P20
sample, where the polymer is confined into a 20 nm diameter
cylinder, exhibits a dramatically different behavior to that of
the bulk. The most prominent feature in the dielectric spectrum
of P20 is a process appearing at low frequencies, indicating a
much slower dynamics than that of the bulk o relaxation in a
similar temperature range (see Figure 4). This effect is empha-
sized in Figure 5 where data for the dielectric relaxation at 7=
—10 °C of the bulk and the 20 nm pore sample are presented.
Whereas the dielectric relaxation of the bulk is characterized
by a maximum centered on F= 10* Hz, the main relaxation in
the spectrum of the P20 sample at this temperature is centered

Intensity

q(nm™)

Figure 2. Wide-angle X-ray scattered intensity for PVDF in bulk and
infiltrated in alumina pores of different diameters as indicated by the
legends. Thin lines show the AAO template contribution. The numbers
indicate the Miller indexes of the main reflections of the a phase of
PVDF which have been indicated by arrows in the lower panel.

on 2 x 100 Hz, and it is much sharper that the bulk relaxation.
Detailed analysis of the spectrum of the P20 sample reveals,
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Figure 3. DSC scans of PVDF nanocylinders within alumina templates
(thick lines, cooling runs; thin lines, heating runs, both at 10 °C/min).
The curves were corrected by subtracting the contribution of the
alumina (determined by reference measurements of empty membranes).
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Figure 4. ¢’ values as a function of frequency for selected temperatures:
(M) —50, (@) —30, (a) —10, (¥) 10, and (®) 30 °C. The values have been
normalized to the maximum at 7 = —10 °C. Labels inside the graphs
represent the pore size.

however, that the usual a relaxation can still be observed in the
form of a less intense maximum appearing in the region of high
frequencies. For larger pores (P35 and P60 samples), the o
relaxation appears at frequencies similar to that of the bulk
sample, but subtle differences are also observed (Figure 4)
which can be analyzed by using the Havriliak—Negami equa-
tions as reported elsewhere.™ This formalism gives the follow-
ing expression for the complex dielectric permittivity:

&) ~ &
F =gt ——m— 1
[1+(inHN)b]c ( )

where &, and e, are the relaxed and unrelaxed dielectric
constant value, respectively, tyn 1S the central relaxation
time, and b and ¢ are parameters which describe the symme-
trical and asymmetrical broadening of the relaxation time
distribution function, respectively. The mean relaxation time
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Figure 5. ¢’ values as a function of frequency for the studied samples.
The dotted curves in the P20, P35, and P60 samples indicate separate
contributions from the o and interfacial relaxation, respectively. In the
bulk samples it is possible to observe also the high-frequency tail of the
o, relaxation.

of the relaxation times distribution function is calculated

through
~1/b
0 b 0 bem
S 22e S 22¢

The difference Ae=¢, — e..is called the dielectric strength, and
itis related to the amount of dipoles involved in the relaxation
process and with the effective dipole moment. The results
from this analysis are shown in Figure 6 as a function of
temperature. Figure 7 illustrates the relaxation map of the
PVDF samples in bulk and under confinement. In this figure,
the mean relaxation time (), which is plot in a logarithmic
scale versus the reciprocal temperature, exhibits the charac-
teristic curvature described by means of the Vogel—Fulcher—
Tamann equation (VFT):

1/b

(2)

T = THN

7 =10 exp[DTo/(T —Tp)] (3)

The continuous lines in Figure 7 correspond to the fittings of
the VFT equation to the experimental points with the D and
Ty values included in Table 1. The most prominent relaxation
for samples B, P60, and P35 is the a relaxation, which exhibits
a clear non-Arrhenius behavior. Although much less intense,
the a relaxation is also present in the P20 sample and exhibits
the same behavior with temperature than that of the P35 and
P60 samples. The o relaxation in the confined samples with
large pore diameter presents some differences when compared
to that of the bulk samples. Its dependency with temperature is
different, being faster at low temperatures. This enhancement
of the dynamics at low temperatures for the samples confined
in pores seems similar to that observed in polymers and low
molecular weight liquids confined in glass pores**** and in
confined high molecular weight systems'® although in the
present case the fact that the polymer is semicrystalline can add
up a new effect. It is known that the dynamics of the o relaxation
is strongly affected by the presence of crystallinity.>*® The
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Figure 6. Variation with temperature of the dielectric strength (A¢) and shape parameter (b) of the o and interfacial relaxations with temperature for
the studied samples: (@) B, (O) P60, (A) P35, and (O) P20. For the sake of comparison, the dielectric strengths have been normalized to the value

obtained for that of the a relaxation at 7 = —30 °C.

a

Figure 7. Dependence of the relaxation time (r) of the observed
relaxations, with the reciprocal temperature for the relaxations for the
studied samples: (@) B, (O) P60, (A) P35, and (O) P20. Continuous lines
are the best fittings to the VFT equation.

presence of crystals produces an increase of the a relaxation
time and a broadening of the relaxation time distribution
function.>*** As mentioned above, one of the confining effects
observed in PVDF in the cylindrical pores of the AAO
templates is a reduction the crystallinity. In this sense, it
appears reasonable that the a relaxation of the confined
systems is faster and the relaxation time distribution function
narrower. The experimental results obtained support also this
interpretation. In addition to the faster dynamics evidenced in
the relaxation map (Figure 7), the values for the dielectric loss
presented in Figure 4 show a narrower maximum correspond-
ing to the a relaxation in the case of the samples confined in
pores. This is especially obvious in the P60 and P35 samples.

However, the fact that the most important relaxation in the
sample confined in the smallest pore is slower than that of the
bulk a relaxation has to be discussed considering that the
molecular dynamics of polymers in confining geometries can
always be influenced b7y the effect of the interaction with the
internal pore surface.'”’

As observed by small-angle neutron scattering, X-ray reflec-
tivity, and X-ray scattering among others techniques,”’*° and
predicted by simulation*' when a polymer thin film is coated over
a surface, there is a polymer region close to the surface where the
chains are anisotropically coiled. Precisely, they are squashed
parallel to the surface due to wall interaction. Furthermore, if the
interaction between the surface and the polymer is attractive,
there is a layer with a thickness of a few R,, being R, the radius of
gyration, that has highly restricted mobility.** A reduced mobility
layer has been observed by dielectric spectroscopy in aluminum-
capped thin films of poly(ethylene terepthalate).** In the case
studied here, additionally to the van der Waals forces that favors
wettability, in the infiltrated PVDF, due to the electronegativity
of the fluorine groups, hydrogen bonds can be created with the
OH groups on the AAO surface, originating an attractive inter-
action between the alumina walls and the polymer chains.

On the other hand, simulations of polymer crystallization in thin
films and in pores with attractive walls show that, for confinement
in small volumes, the crystallization can be inhibited.**** This
result is in agreement with our calorimetric results, where, upon
cooling, it is clearly seen that the crystallization peak shifts toward
lower temperatures for polymers in the pores (Figure 3). Also, the
same simulations predict that mainly the growth of flat-on lamellar
crystals is favored as compared to the growth of edge-on lamellar
crystals,* which is also consistent with our and previous®* X-ray
scattering observations (see Figure 2).

With all the above considerations a plausible explanation for
the strongly restricted mobility observed in the P20 sample needs
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Figure 8. Scheme of the proposed model for layers with different mobility. During infiltration from the melt, an adsorbed layer (I) in contact with the
walls is formed. Upon cooling, and depending on the pore size, one may find two situations: several PVDF crystals (I11) aligned flat on with respect to
the pore walls (large pore diameters) separated by amorphous layers (II) or a single PVDF lamella oriented also edge on (I11). The amorphous phase in
this latter case is mainly included in the adsorbed layer (I), and therefore, it relaxes in a particular way, as compared to the bulk relaxation.

to consider the nanostructure of PVDF. SAXS measurements in
bulk PVDF shows that the nanostructure of the semicrystalline
system consist of a stacking of lamellar crystals separated by the
amorphous layer.** This stacking has a characteristic long period
of ~12 nm with crystalline lamellar thicknesses of around 4 nm
and interlamellar amorphous layers of 7—8 nm. In bulk PVDF, the
observed o relaxation can be therefore associated with the inter-
lamellar amorphous regions. But, where is the o relaxation
observed in the nanopores coming from? By geometric considera-
tions, and considering flat-on orientation of the lamellar crystals
into the cylindrical pores, in the case of the 35 and 60 nm diameter
pores, there would be enough space to grow at least two crystalline
lamella. That means that there will be one or several interlamellar
amorphous regions which, in principle, would be similar to those
of the bulk. Accordingly, for the intermediate pore sizes, the
observed o relaxation can be assigned to occur in these inter-
lamellar amorphous regions having qualitatively similar behavior
to the one of the bulk. However, for the extreme case of the 20 nm
size pore, the space in the pore is not enough to accommodate
more than one flat on lamellar crystal. Our relaxation measure-
ments for the P20 sample would be compatible with the existence
of a polymer amorphous layer in contact with the pore wall where
the mobility is significantly reduced as compared to that of the
bulk. Therefore, it is reasonable to assume that the lamellar crystal
will tend to be located toward the center of the pore where the
mobility is expected to be higher. These observations are summar-
ized in the scheme presented in Figure 8.

Conclusions

By dielectric spectroscopy experiments we observe that the
relaxation behavior of confined semicrystalline poly(vinylidene
fluoride) (PVDF) within templates of cylindrical nanopores differs
from that of the bulk polymer. In particular, for pore sizes of the
order of 20 nm, the existence of a highly constrained relaxation is
associated with the polymer—alumina interfacial layer. When the
PVDF is confined to this level in alumina templates, most of the
chains are located in the interfacial region, where the mobility is
severely restricted, and because of that, crystallization is inhibited.
The counterbalance between spatial confinement and interfacial
interactions controls at the nanometer level the dynamic and
semicrystalline structure of the polymer.
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