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Thermoreversible Gelation

Thermoreversible Gelation of a Vinylidene
Fluoride-Based Copolymer in Methyl Ethyl

Ketone: Dynamics and Structure

Jessica Link, Olivier Sanseau, Mathieu Tauban, Frédéric Colbeau-Justin, Cédric Lorthioir,

and Paul Sotta*

Thermoreversible poly(vinylidene fluoride-co-hexafluoropropylene) (P(VDF-co-
HFP)) gels are formed in an aliphatic ketone — methyl ethyl ketone (MEK) —
at high concentrations (above 11 wt%). This gelation phenomenon is first
investigated in terms of gelation kinetics which is found to depend strongly
on both copolymer concentration and temperature. Melting temperatures T,
of P(VDF-co-HFP)-based gels prepared at different concentrations, in MEK
are measured by DSC. Combination of '°F Nuclear Magnetic Resonance
(NMR), Small-Angle X-ray Scattering (SAXS), and Wide-Angle X-ray Scattering
(WAXS) on undried/nonlyophilized gels is used to probe both the gelation
mechanisms and the structure of these systems. '>’F NMR experiments allow
studying selectively the fluorinated copolymer. The occurrence of a polymer
network-like structure with rigid zones acting as cross-links has been
highlighted. Such a behavior is only observed in the gel state: no polymer
network or rigid zones exist when the polymer—solvent system is in the liquid
state. Moreover, the fraction of rigid zones as well as the fraction of
elastically active chain portions increases with the copolymer concentration.
The nature, of the rigid zones present within the gels are investigated by X-
ray diffraction. Rigid regions are found to display a crystalline order.

combination of properties.'*! Among this
class of polymers, poly(vinylidene fluoride)
(PVDF) and the VDF-based copolymers
such as P(VDF-co-hexafluoropropylene)
(P(VDF-co-HFP)) are emerging (co)poly-
mers because of their high dielectric
constant and their piezoelectric and pyro-
electric properties.”) These (co)polymers
show a complex semi-crystalline structure
and are known to exist in up to five different
crystal structures that have been widely
studied by X-ray diffraction in the bulk
state.**® The predominant crystalline
phase is the a apolar polymorph, generally
obtained under melt crystallization. How-
ever, the polar B-phase attracts technological
interest as it accounts for the piezoelectric
and pyroelectric properties of the polymer.

It has been found that PVDF and VDF-
based copolymers form thermoreversible
gels in certain solvents, the morphologies
of which strongly depend on the exact
nature of the solvent.”'"' It is generally
agreed that thermoreversible gelation is the
result of the formation of a three-dimen-
sional network in which the junction points

1. Introduction

In recent years, fluorinated polymers have become very attractive
systems due to their versatility (thermoplastics, elastomers,
plastomers that can be semicrystalline to amorphous) and their
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consist in physical bonds.'>'”) Depending on the studied
system, these physical bonds may result from hydrogen bonds,
crystalline zones, or liquid-liquid phase separation.!'®!

For PVDF in y-butyrolactone, liquid-liquid phase separa-
tion has been considered as the cause of the gelation.*”
Investigations of PVDF gels formed in other solvents (aromatic
diesters, acetophenone, ethyl benzoate, glyceryl tributyrate) have
shown that crystallization may be responsible for the PVDF
gelation.">'**!] These studies have also highlighted that the
morphology of the PVDF gels strongly depends on the nature of
the solvent.['¥ Kinetic studies of the gelation process have been
performed in MEK and in others solvents to understand the
gelation mechanism both from a macroscopic and a microscopic
point of view. Ohkura et al.?? expressed the gelation rate,
defined as the inverse of the gelation time 4 measured by a tube
tilting method, as a product of a concentration-dependent factor f
(C) and a temperature-dependent factor g(T):

1/tga o f(C)g(T)
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PVDF gels were prepared in the concentration range 1-30 wt
% and gelation kinetics in MEK was studied as a function of
polymer concentration by using the tube-tilting method. In
another set of measurements, the effect of temperature on the
gelation kinetics was probed in the temperature range —40 to
—20°C for concentrations in the range 17-30wt%.’]

Thus, the gelation of semi-crystalline polymers is a complex
phenomenon and the nature of the gel depends on the polymer
chain structure and molecular weight as well as on the nature of the
solvent, or more precisely on polymer—solvent interactions.
However, note that the structure, morphology and thermal behavior
of these gels have mostly been studied in the dried state, considering
that the morphology of the dried material is representative of the
structure of the gel in the presence of solvent."**!

In this paper, we report the thermoreversible gelation of a
P(VDF-co-HFP) copolymer in methyl ethyl ketone (MEK). The
kinetics of gelation is investigated, while a combination of
19F NMR, SAXS and WAXS experiments performed on the gels
in the presence of solvent were used to probe the gelation
mechanism and the structure of these systems.

2. Experimental Section

2.1. Samples

The poly(VDF-co-HFP) copolymer considered in this work
(Figure 1) was provided by SOLVAY. The solvent, methyl ethyl
ketone (MEK; Sigma Aldrich, France), was used as received. It
has a boiling point of about 79°C at room pressure.

2.2. Sample Preparation

Solutions of P(VDF-co-HFP) at different concentrations were
prepared by dissolving appropriate amounts of the copolymer in
MEK under reflux at 60°C and stirring with a magnetic bar at
500 rpm for 2h in order to obtain homogeneous solutions. The
solutions are cooled to room temperature in sealed vials and are
then placed in an oil bath at a given temperature until the gel
state is reached.

2.3. Gelation Kinetics

The kinetic study of the gelation process was carried out using a
tube-tilting method in 24 mm diameter vials. The gelation time

is considered as the time at which no flow of the sample is
observed when the tube is tilted depending on the samples, the

range of durations investigated stands between about 2 min and
about 1 month.

2.4. Differential Scanning Calorimetry

DSC data were acquired on a TA Instruments Q2000 calorimeter

at a heating rate of 1 °Cmin~'. Hermetic pans were filled with 5—
15mg of gel samples at 20°C and let equilibrating for 20 min.

Only the first heating scan between 20 and 60 °C was considered
throughout this work.

il
TC-CHe-C——
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Figure 1. Chemical structure of P(VDF-co-HFP). y stands below 20%.

2.5. Wide-Angle X-Ray Scattering

WAXS measurements were carried out at the Henri Long-
chambon Diffractometry Center (University of Lyon, France) on
a D8 Bruker 0-20 diffractometer using the Cu Ka line
(wavelength A =0.154 nm). The gel sample was inserted into a
glass capillary. A P(VDF-co-HFP) film sample, obtained by
solvent casting a P(VDF-co-HFP)-MEK solution, was also
investigated for comparison. The scattering intensities were
measured using an angular range (20) from 10° to 45°, a
resolution of 0.02° and a measurement time of 75 min.

2.6. Small-Angle X-Ray Scattering

SAXS measurements were performed at the SWAXS laboratory
(IRAMIS, Saclay, France) equipped with a 2D detector. The
acquisition time is 15 min. The g range investigated extends
from 1072 to 5A™". Samples were placed in a cell located in
between two thin Kapton windows. The sample thickness was
kept to about 1 mm.

2.7. "F NMR

Time domain 'F NMR measurements were carried out at the
Institut de Chimie et des Matériaux de Paris Est (ICMPE, Thiais,
France) on a 400 MHz Bruker Avance IIT NMR spectrometer and
a 4mm MAS triple-resonance 'H/'F/X probe. Gels were
inserted into 4 mm ZrO, CRAMPS rotors with a Boron Nitride
cap. All measurements were performed under static conditions.
Polyethylene spacers were used to center the sample within the
coil. The 90°(*°F) pulse length was 5.7 ms and the recycle delay,
adjusted according to the longest Ty(*°F) value, was set to 3s.

3. Results and Discussion

3.1. Gelation Kinetics

As a first approach to investigate the gelation mechanisms, the
gelation time t,o was estimated using the tube-tilting method.
Figure 2 shows the evolution of the gelation rate 1/ts; of PVDF-
co-HFP/MEK solutions as a function of concentration at various
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Figure 2. Gelation rate 1/t,, versus concentration for P(VDF-co-HFP) in
solution in MEK measured for temperatures ranging between —40
and 20°C.

temperatures. Below a critical concentration, which amounts to
11 wt% of P(VDF-co-HFP) at 20 °C, it is considered that gelation
does not occur over one month (and gelation time is then
considered to be infinite). Gelation rate measurements for
concentrations below this value are not reported in the figure. It
is clear that the gelation rate is highly dependent on both gelation
temperature and copolymer concentration. At a given tempera-
ture, the gelation rate increases drastically as the concentration
of P(VDF-co-HFP) increases.

Depending on the nature of the polymer and on the
interactions between the polymer and the solvent, different
gel structures, corresponding to different types of three-
dimensional network, may be formed from polymer—solvent
solutions: a network resulting from the formation of strong,
persistent molecular interactions, such as for example multiple
hydrogen bondings; a liquid-liquid phase separation leading to a
percolating polymer-rich network; or a network with junction
points composed of crystalline zones. Thus, structural studies
are necessary to elucidate the nature of effective junction points
and the structure of the P(VDF-co-HFP) gels.

3.2. Thermal Behavior of the Gels

P(VDF-co-HFP)/MEK solutions are converted to gels on cooling
and turn back to low-viscosity solutions on heating. The sol-gel
transition is thus thermoreversible. As seen above, the gelation
behavior of this copolymer is highly dependent on both polymer
concentration and temperature. DSC experiments were per-
formed to investigate whether structural and/or thermodynami-
cal changes occur at the sol—gel transition. From a macroscopic
point of view, once formed, all gels transform into a fluid in a
similar range of temperature, between 40 and 45°C, and no
systematic dependence on the concentration was detected.
DSC thermograms during the first heating scan are shown in
Figure 3 for gels with various copolymer concentrations. A weak
endothermic peak systematically appears at a temperature T, in
between 40 and 50 °C. This range of temperature matches with
the sol-gel transition of the P(VDF-co-HFP)/MEK systems. This
endothermic peak is not due to solvent evaporation, as the

SIUIYIOYPUY

15wt.%

20 30 40 50
Temperature (°C)

Figure 3. DSC thermograms of P(VDF-co-HFP)/MEK gels with various
P(VDF-co-HFP) concentrations.

boiling temperature of the solvent is close to 80°C and DSC
measurements were performed using hermetic pans. The
melting temperature T, varies from 41 to 44°C and does not
follow a systematic variation with the gel concentration. In
contrast, the melting enthalpy increases as the concentration of
the copolymer in the gel increases. The DSC results suggest that
crystallites are present in the gels. Therefore, the gelation of
P(VDF-co-HFP) in MEK is due to the formation of crystalline
zones of the copolymer in the gels. These crystalline regions
might then be bridged by portions of chains in solution to form a
three-dimensional network characteristic of the gel state.

The percentage of crystalline zones in the different gels may
be determined from DSC thermograms using the following
equation:

AH,,
AH®

m

X, =

x 100(%)

where AH,, is the heat of fusion measured in the P(VDF-co-
HFP) gels, normalized to take into account the mass of the
copolymer in the gel. AHC, stands for the enthalpy of melting for
a 100% crystalline material. The value AH? =104.7]g ',
reported for PVDF, was considered here.** Using this approach,
the mass fractions of crystalline zones referred to the total mass
of P(VDF-co-HFP)/MEK gels was found to range between 0.3
and 0.7%, depending on the copolymer concentration. Referred
to the amount of P(VDF-co-HFP) copolymer, it would corre-
spond to a crystallized fraction of the order 2.5%.

3.3. Gel Structure

DSC experiments indicated that a small fraction of crystalline
zones, which may act as effective junction points, are present in
the gels and melt in a similar temperature range as the one
characterizing the gel-sol transition. To further validate this
result, WAXS measurements were performed, on copolymer/
MEK gels. The WAXS pattern of a P(VDF-co-HFP)/MEK gel with
a copolymer concentration of 20 wt% is shown in Figure 4. For
the sake of comparison, the diffractogram measured on bulk
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Figure 4. WAXS patterns of a P(VDF-co-HFP)/MEK gel with a

composition Wpypr.corirpy =20Wt% (A, bottom curve) and a neat
P(VDF-co-HFP) film (M, top curve), used as a reference.

P(VDF-co-HFP) was also included. For this latter WAXS pattern,
the main diffraction peaks observed at 20 = 18.07° (correspond-
ing to 100/020 families of planes), 20.10° (110 planes), 26.86°
(021 planes), and 39.06° (131 planes) are similar to the ones
detected for the a phase (Form II) of neat PVDF.l Interestingly,
the WAXS pattern for the P(VDF-co-HFP) gel in MEK shows tiny
but significant peaks at 26 positions corresponding exactly to the
main peaks observed on neat P(VDF-co-HFP). Besides, though
tiny, these Bragg peaks are not detected on the WAXS
measurements determined on a sample in the liquid state (data
not shown). This result confirms the presence of crystalline
zones in the gels. The gelation of the P(VDF-co-HFP) copolymer
in MEK results from the formation of crystalline zones, which do
not exist in the liquid state. Analyzing WAXS data quantitatively
involves some difficulties. First, the (potentially) reduced size of
the crystalline regions should induce a significant broadening of
the corresponding peaks, making them again more difficult to be
observed. Second, there is a large contribution from the solvent
and/or amorphous part of the sample. Therefore, the intensities
of the crystalline peaks relative to the amorphous background
cannot be safely used to quantify the degree of crystallinity or to
estimate the apparent crystallite size for this gel.

3.4. Polymer Dynamics in the Gel

In combination to the structural study by WAXS, NMR was used to
investigate the segmental dynamics of P(VDF-co-HFP) chains in
MEK solutions and gels at different concentrations. This
copolymer is predominantly fluorinated while the solvent is
hydrogenated. Therefore, fluorine NMR (*°F NMR) allowed
observing selectively the signal from the polymer in solution.
Note that, due to the large range of chemical shifts (more than
110 ppm) of fluorine (as compared, e.g., to protons) which may
potentially lead to irradiation bias, all reported time-domain NMR
signal intensities were collected by Fourier transforming the
observable decay after the considered pulse sequence and
integrating the most intense peak, corresponding to the fluorine

atoms in the —CF,- groups, which was set at the center of the
spectra.

Transverse relaxation measurements using standard Hahn
echo sequences were first performed. Note that chemical shifts
are refocused in the Hahn echo sequence. Transverse relaxation
curves obtained in a P(VDF-co-HFP) solution and in gels in MEK
with different weight fractions of polymer (Wppg.co-irp)) are
shown in Figure 5. The relaxation becomes faster as the polymer
concentration in the solution or gel increases, indicating that the
dynamics of the polymer becomes more and more affected. The
overall dynamics remain in the fast motion regime, as the overall
average relaxation times remain long, in the few tens of ms
range. The dynamics seem to become more and more
heterogeneous, as the relaxation curves deviate more and more
from simple exponential shape. Besides, in gel systems a small
fraction of the signal with a quite shorter relaxation time,
corresponding to a small fraction of the overall polymer, can be
qualitatively discriminated. This would correspond to a small
fraction of the polymer having a significantly slower and/or
restricted dynamics. This fraction is not present in the signal
from the liquid system at lower concentration.

Itis, however, impossible to assess the existence of rigid zones
from these measurements only. In order to probe selectively a
rigid fraction of the polymer, °F double-quantum (DQ) NMR
measurements were performed on polymer-solvent solutions
and gels, using the five-pulse sequence for DQ coherence
selection and observation,’>>~2”) This sequence is far less efficient
to refocus multi-spin dipolar interactions as compared to the one
proposed by Baum and Pines,* later improved by Saal-
wichter.”®! However, it offers the possibility to probe the short-
time range of the DQ excitation process, below 100 ms typically.
The DQ sequence used with short excitation/reconversion times
tpo acts as an effective filter to retain only those parts of the
material with strong dipolar couplings between fluorine nuclei,
that is, only the rigid parts. The amplitudes of the F DQ
coherences for P(VDF-co-HFP)/MEK systems in the liquid or gel
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Figure 5. Transverse '’F NMR relaxation obtained with a Hahn echo
sequence for a liquid solution of P(VDF-co-HFP) in MEK with Wpypr.co-
nrp)=0.11 (blue o) and for P(VDF-co-HFP) — MEK gels: A (violet):
WP(VDF-co-HFP):QZ; [ | (red): WP(VDF-co-HFP):0~3~
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Figure 6. DQ signal obtained after a 5-pulse Baum and Pines sequence!®”!
as a function of the DQ excitation/reconversion time in the sequence, in a
liquid P(VDF-co-HFP) solution in MEK with Wp(ypF.co.nrp) = 0.11 (blue o)
and in a P(VDF-co-HFP) — MEK gel with Wpypf.co-rrp) = 0.30 (orange ).
The amplitude of the signal was normalized by the initial transverse
relaxation amplitude.

states are shown Figure 6 as a function of the DQ excitation time
tpo. In the liquid solution with 11 wt% P(VDF-co-HFP), no DQ
signal is observed, meaning that no rigid fraction of the polymer
is present. Conversely, in the gel with 30 wt% P(VDF-co-HFP), a
non-zero "°F DQ signal is clearly detected, which proves that a
fraction of the polymer chain segments are frozen or have
strongly restricted motions. Moreover, the **F DQ build-up curve
shows a maximum for tpg 2 12 ps. The static value Dy, of the
apparent F-'°F dipolar couplings for the vicinal fluorines of the
backbone CF, groups, which are the major types of fluorine
present in our P(PDV-co-HFP) copolymer, are was recently
calculated for Nafion and a value 16.06kHz was obtained.’*”)
Interestingly, the value (27 x Dyy) " & 10 s is very close to the
tpo at the maximum of the 1 DQ build-up curve. Therefore,
these experiments indicate that for the gel with 30 wt% P(VDE-
co-HFP), some copolymer units are found to be immobile over
the tens of microsecond time scale.

From a semi-quantitative point of view, the fraction of strongly
dipolar coupled fluorine, that is, to the rigid fraction of P(VDF-
co-HFP) units in the gels, may be roughly estimated from the
F DQ signal intensity. For this purpose, the DQ signal was
normalized to the overall initial intensity of the corresponding
transverse relaxation signal. The measured amplitude at the
maximum of the build-up curve is of order 1.4%. The DQ
conversion efficiency generally observed for rigid organic
compounds typically ranges between 20and 30%. One may
thus consider that roughly 5-7% of the copolymer units would
be involved in crystallites, which is in rather good qualitative
agreement with DSC results shown above. Therefore, F NMR
confirms that a small fraction of P(VDF-co-HFP) forms rigid
zones in systems which have undergone gelation. These rigid
zones may be identified with crystalline zones observed through
DSC and WAXS with a high degree of certainty.

Crystalline zones present in the gel state should be exclusively
composed of VDF and HFP units, by contrast the surrounding
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Figure 7. Normalized SAXS profiles for P(VDF-co-HFP)/MEK systems of
different compositions: € (light blue): Wp(ypr.co-rrp) =4 Wt%; A (blue):
WeDF-co-Hrpy = 13 Wt%; 4 (brown): Wppr.co-nrry = 15Wt%; @ (red):
Wp(vDF-co-HFp) = 20 Wt%; l (violet): Wp(ypF.co-HFP) = 26 Wt%. The systems
with WpvpF.co-rp) = 20 and 26 wt% were in the gel state.
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medium corresponding to a copolymer/solvent mixture, with a
predominant fraction of solvent. As the electron density of the
fluorinated copolymer and the one of the solvent are significantly
different (electron density difference of about 2.3 x 10*°
electrons/mm?), the P(VDF-co-HFP)/MEK gels should give rise
to a characteristic SAXS profile. Thus, SAXS experiments were
performed to confirm this feature. The scattered intensities
measured for P(VDF-co-HFP)/MEK mixtures at different
concentrations are shown in Figure 7. In liquid solutions Below
the sol-gel transition (4 and 13wt% of P(VDF-co-HFP)), the
small-angle scattering pattern is typical of a single-phase
polymer-solvent mixture. The scattering intensity starts increas-
ing at small angle in the system with 15 wt% of P(VDF-co-HFP),
which is very close to the gel point. Above the sol-gel transition
(gels corresponding to 20 and 26 wt% of P(VDF-co-HFP) in
Figure 7), a large additional scattering appears for g values below
0.1A™" typically. This feature indicates the presence of
heterogeneities in a range of characteristic size between 6 and
60nm. The scattering intensity at low g values increases as the
polymer concentration is raised up while keeping essentially the
same shape. The general shape of the SAXS curves would rather
correspond to anisotropic objects like platelets or tubules, with a
significant polydispersity.

4, Conclusion

Solutions of a fluorinated copolymer, P(VDF-co-HFP), in MEK
have been investigated. P(VDF-co-HFP) forms thermorever-
sible gels in MEK with gelation kinetics that strongly depend on
both concentration and temperature. A combination of
experimental approaches has been used to understand the
gelation dynamics and the structure of the P(VDF-co-HFP) gels
in MEK. DSC measurements on gels evidence an endothermic
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peak that might correspond to the melting of crystalline zones,
this thermal event being concomitant with the thermally
induced gel — sol transition. WAXS patterns obtained on the

gels confirm the presence of a tiny fraction of crystallites.

F NMR was used to observe selectively the flugrinated
copolymer and confirms that rigid zones are’ formed when the

P(VDF-co-HFP) in MEK reaches a gel state, while such regions
do not occur in the liquid state. The fraction of rigid zones in
the gel state increases as the polymer concentration is raised
up. Gels also exhibit a characteristic small-angle scattering
profile which is absent in the liquid state, indicative of the
presence of heterogeneities at typical sizes ranging between 6
and 60 nm.
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