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ABSTRACT: Thermoreversible gels of poly(vinylidene fluoride) (PVFs) in organic diesters [(CHsz),—
(COOEt)qs] were dried by replacing the high boiling diesters with a guest solvent cyclohexane and followed
by leaching with methanol. The porosity of the samples was measured using mercury intrusion porosimetry
(MIP) for pore size > 6 nm and by nitrogen adsorption porosimetry using the Barett—Joyner—Halenda
(BJH) technique for pore size 3—6 nm. Samples dried from gels in diethyl adipate (n = 4), diethyl suberate
(n = 6), and diethyl azelate (n = 7) were studied. Porosity in different dimensions, e.g., micro, meso, and
macro sizes, was observed in the same sample making them as multiporous materials. Both nano- and
macroporosity increase with increasing “n” of diesters, and pore volumes and surface areas were also
found to increase in a similar fashion. Field emission scanning electron micrographs also support the
above points. The differential scanning calorimeteric thermograms at higher heating rate (40 °C/min)
show two peaks; the higher melting peak increases with decreasing “n”. The porous PVF; materials have
a-polymorphic structure as evidenced from X-ray diffraction. Both nano- and macroporosity decrease
with increasing polymer concentration in the gel. The materials show hysteresis loop in the intrusion
and extrusion histograms of MIP and nitrogen adsorption porosimetry, indicating ink bottle or
interconnected channel structure in the material. Samples dried from increased polymer concentration

in the gel have lower nanopore concentration, lower surface area, and lower pore volume.

Introduction

For the past two decades, porous materials are a
vibrant area of research because of their potential
applications in sorption, catalysis, dielectric materials,
and separation processes.!~7 They are usually classified
as microporous, mesoporous, and macroporous depend-
ing on their pore sizes. Microporous materials have pore
diameters 0.5—2 nm, mesoporous materials have pore
diameters 2—50 nm, and macroporous materials have
pore diameters >50 nm.>-® A combination of micro- and
mesoporosity is called as nanoporosity and a combina-
tion of micro-, meso-, and macroporosity in the same
material is collectively referred to here as multiporous
material. Using the supramolecular organization tech-
nique, some workers produced organic porous materi-
als;*10 however, in such cases the porosity is limited to
a particular value of micro- or mesoporosity. Techniques
to produce porous polymer materials are temperature-
induced phase separation,'-12 foaming,1314 phase inver-
sion,3* etc.; each has advantages in their own area of
applications defined by pore size and shape, surface
area, pore volume, and material properties. But in these
methods the pores are macropores, and also the pore
size distribution is not large. It may be needed multi-
porous material for the separation processes; for ex-
ample, the recycling of municipal and industrial waste-
water is now necessary as supply of freshwater gradually
decreases. To separate various sized dissolved organic
impurities (like pesticides, insecticides, herbicides, and
low molecular weight organics) and inorganic impurities
(like arsenic, lead, mercury, and iron salts) from the
wastewater, multiporous materials may be necessary.
It may be mentioned here that emptied calthrate of
syndiotactic polystyrene absorbs dissolved dichloroben-
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zene (0.5% w/v) in water by half an hour.l® Recently,
Guenet et al. proposed that multiporousity of nanometer
and subnanometer dimensions might be achieved by
drying thermoreversible polymer gels.1¢ In this paper
we shall delineate a process of developing multiporous
materials from thermoreversible polymer gels where the
network junctions arise from physical cross-linking.17-19

Poly(vinylidene fluoride) (PVF?2) is a technologically
important polymer?? and is highly used as membrane
(Millipore) for its excellent processability, chemical
resistance, and good thermal properties.?! Recent de-
velopments in the modification of membrane properties
by making graft copolymer with poly(acrylic acid) (PAA)
and poly(oxyethylene methacrylate) (POEM) yielded
membranes with PH sensitivity and antifouling proper-
ties, respectively.2~47 The commercial PVFy membranes
have mean pore diameter 570, 1410, and 1960 nm, and
on grafting with acrylic acid (AAc) average pore sizes
of the films were found to be 1660 and 1520 nm for the
grafting level ([AACcl/[PVFs Jsurface) 1.2 and 2.46, respec-
tively.? So the average pore size of these films indicates
that they are macroporous. It is the aim of this work
how micro- and mesoporosity can be introduced in these
PVFs membranes suitable for the separation of different
sized (nano to macro) impurities and also of different
chemical nature.

Poly(vinylidene fluoride) produces thermoreversible
gels in organic diesters [(CHg),—(COOEt)s].2223 The
fibrillar network structure is produced due to polymer
solvent complexation and with increasing number of
carbon atoms in diesters the fibrils become finer. The
PVFy—diethyl azelate (DEAZ, n = 7) gel has the finest
fibrillar morphology and has been attributed for the
formation of the most stable polymer solvent complexes
in the series due to the increased enthalpic and entropic
effect.2 Further from the phase diagram it was con-
cluded that the polymer solvent complexes produced are

© 2005 American Chemical Society

Published on Web 06/24/2005



Macromolecules, Vol. 38, No. 15, 2005

Scheme 1. An Approximate Molecular Model of
PVF;—DEAZ Gel Obtained from Energy Minimization
through MMX Program®

@ Distances shown are queried from energy-minimized struc-
ture.

incongruent or singular type emphasizing that the
solvent molecules can be easily removed without dis-
rupting the polymer structure.?223 An approximate
molecular model of PVFs—DEAZ gel obtained from
energy minimization through a molecular mechanics
(MMX) program?* is shown in Scheme 1. The distances
queried (e.g., 2.99, 3.21, 2.99, and 3.21 A) between [C=
O and [CFs groups are much lower than the summation
of van der Waals radii of the above two groups (e.g.,
3.65 A),23 supporting the possibility of polymer—solvent
complex formation. An important consequence of this
model is that the distances between the two PVF; chains
is about 11 A, and if the solvent molecules are removed
without disturbing the polymer structure, channel type
pores of diameter 1.1 nm should be obtained. Further,
these thermoreversible gels obey a three-dimensional
percolation model?2-25-28 though recently some contro-
versy arises for the applicability of percolation model
in these gels.?? So drying of these gels by keeping the
polymer structure intact would produce pores of differ-
ent diameter from nano to macro dimension, the former
would originate from polymer—solvent complexation
and the latter from the caging of solvent molecules by
the fibrils. Thus, there is a possibility to obtain multi-
porous materials after proper drying.

Drying of these high boiling diesters from the gels is
a difficult problem as heat treatment melts the gel (cf.
phase diagram of refs 22 and 23). So an attempt has
been made to replace the diester molecules in the
calthrate by lower boiling solvent (guest) molecules.
These guest solvents usually keep the calthrate struc-
ture intact even after drying as reported in syndiotactic
polystyrene (s-PS) gels.?° Here we have chosen cyclo-
hexane with an approximate diameter of 5 A (calculated
using the MMX program?24) such that the size is lower
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than that between the polymer strands in the gel. Also,
there is no functional group capable of specific interac-
tion with the polymer strand, so there is no chance of
any change in the polymer structure by the guest
molecules. The boiling point of cyclohexane (80 °C) is
much lower than that of diesters (bp of diethyl adipate
(DEA) = 251 °C, DES = 282 °C, and DEAZ = 170 °C
(18 mmHg)). Finally, cyclohexane is miscible with the
diester so it would gradually replace the DEAZ mol-
ecules. After removal of diesters by cyclohexane from
the gel, it was dried to obtain the porous material.

In this paper we report the porosity of the above
materials measured from mercury intrusion porosim-
etry (MIP) and also from Ny adsorption porosimetry
using Barett—Joyner—Halenda (BJH) method. Both
measurement techniques are needed as the MIP limits
the porosity determination only for macro- and meso-
pores,31:32 and for pore size below 6 nm Ny adsorption
porosimetry is useful. We shall delineate here the effect
of polymer concentration and the effect of gelling
medium particularly by changing the value of n of the
diesters on the pore size of the material. The morphology
of the materials, the thermal behavior, and the structure
of the porous materials are also delineated.

Experimental Section

Samples. Poly(vinylidene fluoride) (PVF9) is a product of
Aldrich Chemical Co. The weight-average molecular weight
(M) of the sample is 1.8 x 10°, and the polydispersity index
is 2.54 as reported by the company. The PVF; sample was
recrystallized from its 0.2% solution in acetophenone, washed
with methanol, and was finally dried in a vacuum at 60 °C
for 3 days. The diesters, diethyl adipate (DEA), diethyl
suberate (DES), and diethyl azelate (DEAZ) were purchased
from Lancaster Synthesis, Morecambe, England, and were
used as received.

Gel Preparation. The PVF; diester gels were prepared by
taking a weighed amount of polymer and solvent in glass tubes
(8 mm in diameter), and they were degassed by the repeated
freeze—thaw technique. They were then sealed in a vacuum
(1073 mmHg) and were made homogeneous at 180 °C for 2 h
with occasional shaking. The tubes were then quenched to
room temperature (30 °C) to produce the gel.

Preparation of Porous Material. The PVF;—diester gels
were taken out from the sealed tubes by breaking the seals
and were kept immersed in cyclohexane in a Petri dish at room
temperature (30 °C). Cyclohexane was replaced by fresh
batches to drive the replacement equilibrium faster in every
12 h. Such a process was repeated for 6—7 days and was
preliminarily tested for complete replacement of ester by
pouring the supernatant liquid on a white paper. The absence
of an oily spot on the paper primarily indicates the absence of
diester in the PVFy matrix. Then the cyclohexane was de-
canted, and the gel was dipped into methanol for 1 day with
two times change by fresh methanol. They were then dried in
a vacuum at 60 °C for 3 days. The removal of solvent is finally
tested from FTIR spectroscopy of the dried gels (Supporting
Information Figure 1). The methanol leaching was found
necessary as without it a small [C=O0 peak at 1736 cm™! was
observed. However methanol leaching followed by drying do
not exhibit any FT-IR peak corresponding to [C=O vibration.
Again, only methanol treatment of the gel produces a white
precipitate, as it is a strong nonsolvent of PVFy.

Characterization of the Porous Material. The morphol-
ogy of dried gels was recorded in a field emission scanning
electron microscope (FE-SEM) apparatus (JEOL, JSM-6700F).
The samples were used directly without any metal coating and
observed at 1 kV. The FT-IR studies were done on dried
samples in a Nicolet Instrument [Magna IR-750 spectrometer
(series 11)]. The dried gels were mixed with KBr to make
pellets and were scanned to an average over 40 s. The WAXS
studies of the dried gels were performed by a Seifert X-ray
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Figure 1. MIP histograms (both high pressure and low pressure) of PVF; samples obtained after drying PVF;—DEAZ, PVFy—

DES, and PVF;—DEA gels (polymer concentration 10% w/v).

diffractometer (C-3000) using nickel-filtered Cu Ka radiation
with a parallel beam optics attachment. The instrument was
operated at a 35 kV voltage and a 30 mA current and was
calibrated with a standard silicon sample. The samples were
scanned from 26 = 2° at the step scan mode (step size 0.03°,
preset time 2 s), and the diffraction pattern was recorded using
a scintillation counter detector. For thermal investigation a
Perkin-Elmer differential scanning calorimeter (DSC-7) work-
ing under a nitrogen atmosphere was used in the work. The
instrument was calibrated with indium for each set of experi-
ments. About 3 mg of the samples was taken in aluminum
capsules and heated from 50 to 227 °C at a heating rate of 40
°C/min. The higher heating rate was chosen to avoid melt
recrystallization.3334

Porosity Measurement. For porosity measurement both
mercury intrusion porosimetry (MIP) and Ny adsorption po-
rosimetry were used. The former was used to measure pore
diameter >6 nm, and for pores between 3 and 6 nm the Ny
adsorption method was used. The mercury intrusion porosim-
etry was done using the instrument Poremaster 33 (Quan-
tachrome Instrument). Two pressure ranges were applied; e.g.,
low-pressure range (0.5—50 psi) was used to measure pores
>10 um, and high-pressure range (20—34000 psi) was used to
measure pore size <10 um. Blank correction was made using
o-AlyO3 beads. The sample was introduced in a penetrometer
having a stem volume 0.5 cm? (Quantachrome) and was at first
kept in a low-pressure chamber, and both intrusion and
extrusion runs were recorded. After completion of the experi-

ment the penetrometer was transferred to the high-pressure
chamber, and the pressure was applied by hydraulic means.
Both intrusion and extrusion runs were made as earlier. The
data were analyzed by Porowin-32 software. The Ny adsorption
porosimetry was used to measure pores <6 nm, and for this
purpose the SA 3100 surface area and pore size analyzer
Instrument (Beckman Coulter) was used. The BJH method
was used to measure the pore diameter, using SA view
software. The desorption data were used to measure BJH pore
diameter and pore volume.

Results and Discussion

1. Effect of Intermittent Chain Length of Di-
esters. In Figure 1 MIP histograms of PVFs dried from
different gelling media, e.g. diethyl adipate (DEA),
diethyl suberate (DES), and diethyl azelate (DEAZ), are
presented. Both high-pressure and low-pressure histo-
grams of each sample are shown in the figure. A
comparison of histograms is made in the same scale for
the high-pressure histogram of each sample, and the
same is true for the low-pressure histogram. However,
the scales for high- and low-pressure histograms are
different. It is apparent from the figure that the DEAZ-
dried PVFy sample has a significant amount of both
meso- and macroporosity. But both the porosity gradu-
ally decreases with decreasing number of intermittent
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Figure 2. Pore volume distribution curve (desorption, BJH
method) obtained from nitrogen adsorption porosimetry of the
indicated samples of Figure 1.

carbon atoms “n” in the diesters. This may be explained
from the fact that the PVFs fibrils derived from diester
with larger “n” are finer than those disters of smaller
“n” as reported earlier.?3 As a result, there are large
cages of solvent molecules among the fibrils causing
larger concentration of macropores. Also, the PVFy—
DEAZ complex is the most stable than those of the
complexes with the diesters of lower n,23 causing an
effective replacement by guest molecule which on drying
retains the calthrate structure. On the other hand,
weaker polymer—solvent complexes are liable to the
collapse of PVF; strands to form thicker fibrils during
drying, and consequently nanopore concentration is
lower. It is noteworthy that the minimum pore diameter
in the DEAZ-dried PVF; system is 6 nm measured from
the MIP method. However, we expect lower pore diam-
eter from the model (Scheme 1), but it is the minimum
pore diameter that can be measured from the MIP
method. In the following section N3 adsorption poro-
simetry will be discussed to show that there are pores
lower than 6 nm in the above materials. The highest
pore size found for this system from MIP hystograms
is 400 um.

In Figure 2, the pore size distribution curves obtained
from nitrogen adsorption porosimetry are presented for
the same samples. It is apparent from the figure that
minimum size of pores measured is 3.6 nm, and it is
the limitation of the instrument. Furthermore, there is
a maximum in the distribution curves, e.g., at 6, 4.01,
and 4.3 nm for PVFy samples dried from DEAZ gel, DES
gel, and DEA gel, respectively. It signifies that the
maximum number of nanopores have diameter = 6,
4.01, and 4.3 nm for PVFs—DEAZ, PVF;—DES, and
PVF2.—DEA systems, respectively. It is noteworthy that
due to limitation of the instrument we could not
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measure any pore of diameter 1 nm, which has been
depicted from the molecular model (Scheme 1). Anyway,
these results signify that a thickness of 3—5 solvent
molecules remain intercalated between the PVFs chains
in the gel. But the possibility of single solvent molecule
intercalation cannot be ruled out.

Now we would like to compare the pore volume and
surface area of the samples. In Table 1 the pore volume
obtained from MIP (>6 nm) and Ny adsorption poro-
simetry (<6 nm pore size) are presented. It is apparent
from the table that pore volume values have the order
DEAZ > DES > DEA from the samples with 10% (w/v)
PVF; concentration in the gel. This is due to finer
structure of the fibrils and greater stability of the
polymer solvent complexes with increasing “n” of the
diesters.?® Also, the total surface areas of the samples
follow the same order; e.g., it decreases with decreasing
“n”. The surface area obtained from high-pressure
method is much higher than that of low-pressure
method, indicating nanopores have larger surface area
than the macropores.

In Figure 3a the hysteresis loops of MIP histograms
(high pressure) for intrusion and extrusion processes are
presented. It is apparent from the figure that there is
hysteresis in all the three samples. This signifies that
there are some “interconnected” or “ink bottle” type
pores which retain some mercury during extrusion. It
is apparent that the PVFy sample dried from DEAZ gel
shows greater interconnectivity than that of the others.
In Figure 3b the hysteresis loops of nitrogen adsorption
porosimetry are presented. Here also the hysteresis
loops are clearly seen, and the loops are not complete,
probably due to the very low rate of Ny desorption.
However, both the hysteresis loops indicate some in-
terconnectivity between the pores of nanodimensions.
This interconnectivity between the pores may be sup-
ported from the three-dimensional percolation model
obeyed by these gels.2227:28,35,36

The X-ray diffractograms (Figure 4) of the samples
clearly present the presence of a-polymorphic PVFy in
the porous material.3”—3? So the drying processes involv-
ing the replacement by a guest molecule (cyclohexane)
and subsequent leaching by methanol do not change the
polymorphic structure of PVFy as the solvent subtracted
FT-IR spectra of these gels also indicate a-polymorphic
structure.?? From a comparison of the diffractograms
at lower angles it is clear that there are some small
peaks for the PVFo—DEAZ system at 20 = 2.4, 3.45,
4.15, and 5.45° corresponding to dp values of 37, 25.5,
21.3, and 16.2 A, respectively. This may arise from the
meso- and micropores of different dimensions.*? In the
other samples no such peaks are observed corresponding
to the above dj; values. It might be due to the reason
that the PVFy;—DEAZ complex is the most stable, and
all the pores are retained during the drying process. As
the interstrand distance between the two PVF; chains

Table 1. Pore Volume and Surface Area of PVF; Samples Prepared from Gels in Different Diesters and Also at Different
Concentrations of PVF; Obtained from MIP and Nitrogen Adsorption Porosimetry

pore volume (cm?/g)

surface area (m?2/g)

concn of polymer MIP method (>6 nm) BJH total pore MIP method (>6 nm) BJH total surf.
solvent (% wiv) low high total (<6nm) vol (cm%g) low high total (<6nm) area (m%g)
DEAZ 10 1.47 0.34 1.81 0.002 1.812 0.11 95.0 95.11 1.27 96.38
25 0.003 1.24 1.243 0.002 1.245 0 23.65 23.65 1.51 25.16
50 0 0.17 0.17 0.002 0.172 0 12.3 12.3 1.2 13.5
DES 10 0.001 0.17 0.171 0.004 0.175 3.57 30.22 33.79 3.57 37.36
DEA 10 0.02 0.07 0.09 0.006 0.096 0.01 10.56 10.58 4.42 15.0
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Figure 3. (a) Hysteresis loop of intrusion (lower curve) and
extrusion (upper curve) obtained from high-pressure MIP
histograms of the indicated samples of Figure 1. (b) N
adsorption (lower) and desorption (upper) isotherm of PVF,
samples obtained after drying PVF;—DEAZ, PVF.—DES, and
PVF,—DEA gels (polymer concentration 10%).

for the intercalation of single molecule of DEAZ is 11 A
(Scheme 1) so the above djn values approximately
correspond to 3, 2, and 1 DEAZ molecules present
between the two PVFs strands. A definite proof of the
above assertion may be achieved from a more sophis-
ticated Ng adsorption porosimetry using the nonlinear
density functional theory (NLDFT) method and is
beyond the scope of the present publication.
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Figure 4. WAXS difractogram of the dried PVF; samples
obtained from gels in indicated solvents.

In Figure 5 the FE-SEM pictures of all the above
samples are presented. All these micrographs indicate
presence of fibrillar network containing the porous
structure. A comparison of the SEM pictures indicates
that the PVFo/DEAZ system has thinner fibrils than
those of the other two systems. The PVF. fibrils have
average dimensions 40, 68, and 100 nm for samples
dried from 10% (w/v) gels in DEAZ, DES, and DEA,
respectively. This supports our earlier findings that
PVFy fibrils become thinner with increasing “n” of
diesters.?3 Also, pores of different nanodimensions rang-
ing from 37 to 225 nm are clearly seen in the micro-
graphs. A comparison of the pore sizes indicates that
the micrograph A has larger number of smaller size
nanopores than those of micrographs B and C. Both
thicker fibrils and charging of the samples preclude us
to get higher magnification pictures in the dried DES
and DEA gels. Nonetheless, the presence of multiporos-
ity in these samples can be directly concluded from these
micrographs supporting the porosimetric data.

Figure 6a compares the DSC thermograms of the
above samples, and all the samples exhibit two melting
peaks even at this higher heating rate (40 °C/min)
where melt recrystallization is usually absent.?2:23:33,34
A possibility that lower melting peak may arise from
residual solvent in polymer—solvent complexes is also
completely ruled out as in FTIR spectra of dried samples
(Supporting Information Figure 1) no peak character-
istic of carbonyl group of diester is present. We, there-
fore, argue that the two peaks are arising from the
melting of porous part and the bulk part of the material
separately. The porous part has higher surface energy
(due to large surface area), and consequently it melts
at lower temperature than the bulk sample.*! This is
clear from part b of the figure where the DSC thermo-
gram of the melt quenched samples under identical
condition produce a single peak with a peak tempera-
ture of ~165 °C, corresponding to the bulk melting. The
second peak of the samples (Figure 6a) approximately
corresponds to the melting of bulk PVFs, and it in-
creases with decreasing “n” of the diester. This is
probably due to the fact that the samples with diesters
of lower “n” collapses more easily during drying forming
thicker fibrils which melts at higher temperature. The
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Figure 5. SEM pictures of porous PVFy; samples obtained
after drying PVF,—DEAZ, PVF,—DES, and PVF;—DEA gels
(polymer concentration 10%).

enthalpy of fusion values are found to increase with
decreasing “n”; e.g., samples dried from PVFy;—DEAZ,
PVF3—DES, and PVF:—DEA have enthalpy values 60,
70, and 71 J/g, respectively. These enthalpy values
probably support that the fibrils are thicker with
decreasing “n” of the diesters. Again, it may be noted
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Figure 6. (a) DSC thermograms of porous PVF; samples at
the heating rate of 40 °C/min for samples dried from 10% (w/
v) PVF; gels in (a) DEAZ, (b) DES, and (¢) DEA. (b) DSC
thermograms of the above PVF, samples after quenching the
melts at 230—50 °C and annealing at 50 °C for 15 min (heating
rate = 40 °C/min).

that the peak temperature of higher melting peak of
each dried sample is somewhat higher (1—4°) than the
melting peak of melt-quenched samples. The more
ordered state of the PVF; chains in the gel state?? and
in the dried state than that in the melt-quenched state
might be the possible reason for the above behavior.
This is because during drying of the gel no conforma-
tional change of PVFy occurred, and melt-quenched
crystals are usually somewhat disordered (enthalpy of
fusion 48—52 J/g).

2. Effect of Polymer Concentration on Porosity.
In Figure 7 the MIP histogram (both high pressure and
low pressure) of PVFy—DEAZ gels dried from different
concentration of PVFy are compared. The samples dried
from lower polymer concentration gel showed larger
amount of both meso- and macropores while increasing
concentration decreases both meso- and macropores. It
is noteworthy that the distribution of pores becomes
sharper with increasing PVF, concentration. The pore
size distribution curves of the above samples obtained
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Figure 7. MIP histograms (both high pressure and low pressure) of PVF; samples obtained after drying its gels in diethyl azelate
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Figure 8. Pore volume distribution curves (desorption, BJH
method) obtained from N; adsorption porosimetry of the PVF,
samples obtained after drying its gels in diethyl azelate at
indicated polymer concentrations.

by Ns porosimetry using the BJH technique are shown
in Figure 8. The sample dried from 10% (w/v) gel have
maximum at 6 nm pore diameter in the 10% PVFy—
DEAZ system, and the maximum occurs at 4.0 and 4.3
nm pore diameter for the 25% and 50% PVF;—DEAZ

system, respectively. It is clear from the figure that with
increase in concentration the mesopore concentration
in the sample decreases as the height of the distribution
peaks decreases with increasing polymer concentration.
The hysteresis loop of PVFs samples obtained from MIP
method with differing PVFy concentration (Figure 9)
indicates that there is hysteresis in all the samples. The
sample dried from the 10% PVFy;—DEAZ gel has promi-
nent hysteresis loop at the high-pressure region whereas
samples dried from 25% and 50% DEAZ have prominent
hysteresis loop at the low-pressure region. Figure 9
clearly illustrates that the former sample has connectiv-
ity among the nanopores while the other samples shows
connectivity among larger pore size region. The hyster-
esis loops of the PVFy samples obtained from the Ny
adsorption porosimetry (Supporting Information Figure
2) illustrates that the sample dried from lower polymer
concentration of the gel has somewhat larger hysteresis.
As a large number of nanopores are produced in these
samples, so the interconnectivity between them is large.

If one compares the X-ray diffractograms (Supporting
Information Figure 3) of the above samples, the a-poly-
morphic structure of PVFs remains unchanged with
polymer concentrations.3”~3% But a careful comparison
indicates small peaks at d = 37, 25, 21, and 16 A for
samples dried from lower polymer content samples (cf.
Figure 4). Such peaks gradually decrease with increas-
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Figure 9. Hysteresis loop of mercury intrusion (lower curve)
and extrusion (upper curve) obtained from high-pressure MIP
histogram of the PVFy samples obtained after drying its gels
of different (indicated) polymer concentrations.
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Figure 10. DSC melting endotherms of the dried PVF2—

DEAZ gels from indicated polymer concentration (% w/v) of
the gel (heating rate 40 °C/min).

ing concentration supporting the formation of more
nanopores in these lower PVFy content samples. In
Table 1 the pore volume and surface area of the samples
are compared. With increasing polymer concentration
total pore volume and total surface area decrease
abruptly, indicating samples obtained from dilute gels
are more porous than those from concentrated gels.
The thermal property of these samples is shown in
Figure 10, and there are two melting peaks. As dis-
cussed earlier, the lower melting peak corresponds to
the melting of crystals at porous portion of the sample
and the higher melting peak corresponds to that of the
bulk sample. Both the melting peaks increase with
increasing polymer concnetration and so also the en-
thalpy of fusion values. The lower melting peak arises
due to higher surface energy of the crystals on the
porous sample as discussed earlier. With increasing
polymer concentration porous surface area decreases
(Table 1), and as a result melting point increases due
to lesser surface energy of the crystals. The higher
melting peak increases with increasing polymer con-
centration because of the formation of thicker crystals
with increasing polymer concentration. The enthalpy of
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fusion values are also found to increase; e.g., it is 60,
74, and 77 J/g for samples dried from 10%, 15%, and
25% (w/v) PVFy—DEAZ gels supporting the formation
of thicker crystal with increasing polymer concentration.
However, the 50% sample has somewhat lower melting
point (0.7 °C) than that of 25% sample, and the enthalpy
of fusion value (72 J/g) is also lower. The reason is not
yet clear, and it might be due to the very high polymer
concentration where some disorder may become intro-
duced in the gel structure and so also in its dried
crystals.

Conclusion

Porosity of different dimensions, e.g., micro, meso, and
macro sizes, can be introduced in the poly(vinylidene
fluoride) sample by drying of its gel in diesters. PVFy
dried from gels in diesters with increasing number of
intermittent carbon atoms (n) produce materials with
both increased nano- and macroporosity and with
decreasing “n” the porosity decreases. The materials
show hysteresis loop in both MIP and nitrogen adsorp-
tion porosimetry, indicating ink bottle type or intercon-
nected pore structure in the material. Both pore volume
and surface area increases with increasing “n” of the
diesters. FE-SEM pictures also exhibit the presence of
mesopores and macropores in the materials. The DSC
thermograms at higher heating rate (40 °C/min) show
two peaks; the lower melting peak may arise due to
crystals at pore surface, and the higher melting peak
may arise due to crystals in the bulk material. The
higher melting peak increases for samples dried from
diesters with increasing “n”. The drying of the gels were
made by replacing the higher boiling diesters with a
guest solvent cyclohexane followed by leaching with
methanol. With incresing polymer concentration in the
gel both nano- and macroporosity decrease.
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