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Poly(vinylidene fluoride) (PVE) gels in glyceryl tributyrate (GTB) with fibrillar morphology in the dried state.

The gels are transparent and WAXS results indicate the preseneelofise PVE crystals in the gels. The
gelation rate tgeﬂ) has been measured by the test tube tilting method and has been analysed with the equation
tg’eﬂ « f(c)f(T), wheref(c) = concentration function anffT) = temperature function. At a fixed temperature, the
variation oftg‘e,l with concentration suggests that the nature of the connectedness in this system obeys the three
dimensional percolation mechanism. On the other hand, at a fixed concentration, the variation of the gelation rate
with temperature suggests that the gelation is a two step concerted process of conformational ordering and
crystallization, the former acting as the rate determining step. The formation of fibrillar gels in this system has
been attributed to the solvation of the TGEonformer of PVEthrough compound formation in a 3:1 molar ratio

of the monomeric units of PVfand GTB.© 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION combination of concentration functid(c) and temperature

: 2,13
Recently, studies on the thermoreversible gelation of function f(T)™™.
poly(vinylidene fluoride) (PVE) have gained considerable tg;ﬁ « f(Q)f(T) (1)
momentumbibl~3 because of the piezo and pyroelectric ) o 1.
properties of the polymér Different polymorphs of PVE wheretg is the gelation time antje;” is usually expressed as
are produced during the gelation and different mechanismsthe gelation rate. By keepirf@) constant, the dependence of

have been proposed for the gelation procésse€rystal- the gelation rate on the concentration yields the macroscopic
lization is the cause of gelation for PYFgels in ~ mechanism of gelation. On the other hand, by keefey
acetophenone and in ethyl benzGatevhereas liquid— constant and studying the variation of the gelation rate with

liquid phase separation has been considered as the causmperature, the microscopic mechanism of gelation can be

of gelation for PVF gels in y-butyrolactond® The explored>*3 with the help of other techniques. In our
morphology of these gels after drying is spheroidal as Previous work we have shown from the variation tf
evidenced from scanning electron microgrdphs Here, ~ With f(c) (equation (1)) that the P\iFgels in acetophenone
we report a PVEgel whose morphology in the dried state is  @nd in ethyl benzoate obey a three dimensional percolation
not spheroidal but fibrillar in nature. We believe that the model. Also, from the temperature dependence of the gelation
morphologies of the gels will not be affected much due to rate it has been concluded that crystallites are involved in the
drying and, therefore, we assume throughout the rest of theformation of the three dimensional crosslinking.
paper that the undried gels possess the same types of The purpose of the present study is to elucidate both the
morphology as the dried gels. macroscopic and microscopic mechanisms of PYEls in
Elucidation of the gelation mechanism of thermorever- glyceryl tributyrate (GTB). Since the morphology of these
sible po]ymeric ge]s is a main prob]em in condensed gels |SqU|ted|ﬁerentfr0mthe Py@elSSOf.arStUdl d, itis
polymer systems and various sophisticated techniques ardmportant to know the mechanism by which the fibrillar gels
used for this purpo$e*® The mechanism of thermorever- 0f PVF, are produced and also whether the percolation
sible gelation is usually described in two ways: (a) a me_chanlsm of gelation is sunabl_e for the formation of thgse
macroscopic mechanism and (b) a microscopic mechanism fibrillar gels. Apart frpm the gelation rate measurement, ywde
The former deals with the nature of the connectednessangle X-ray scattering (WAXS), scanning electron micro-
(physical crosslinking) whereas the latter sheds light on the Scopy (SEM), and differential scanning calorimetry (d.s.c.)
mechanism by which the physical crosslinking occurs. The have been used to elucidate the mechanism of gelation.
gelation rate may be used to delineate both mechanisms,
along with other techniquéslt is usually expressed as a EXPERIMENTAL

*To whom correspondence should be addressed Three commerciql PstampleS—Sol-lo, SOI'].'Z.and KY-
tPartly presented at Europhysics conference on polymer—solvent 201—are used in this work. The characteristics of the
complexes and intercalates, Meyrueis (France), July 1-5, 1996 samples are presented ifable £. The samples are

POLYMER Volume 39 Number 25 1998 6301



Gelation mechanism of thermoreversible gels: S. Mal and A. K. Nandi

Table 1 Characteristics of the samples

Sample M,2x10°  PDI® H—H defecf (mol. %)
Sol-10 4.48 2.09 4.19
Sol-12 7.74 2.57 4.06
KY-201 8.81 2.89 5.31

2 Weight average molecular weight
® PDI = polydispersity index
¢ H—H defect= Head to Head defect

(d)

(a)

Exo.~—Heat Flow —=Endo.

(b)

(c)

| 1 1 | 1 |
70 90 110 130
Temperature (°C)

Figure 1 Representative d.s.c. thermograms of B\(KY-201)-GTB
gels (4 g/dL) prepared at (a) 8D (H.R.= 10°/min), (b) 50C (H.R.= 40’/
min), (c) 80C (H.R.= 10°/min), (d) dynamic cooling (8min) from 180C

recrystallized from dilute solution~0.3% w/v) in acet-
ophenone, washed repeatedly with methanol and finally
dried in vacuum at 6C for three days. The Sol-10 and Sol-
12 PVF, samples are chosen to investigate the influence of
molecular weight on the gelation mechanism, whereas the
KY-201 and Sol-12 samples are chosen to study the
influence of chain structure [Head to Head (H—H) defect]
on the gelation mechanism of PYFThe solvent, glyceryl
tributyrate (GTB) (Sigma, USA), is used as received. 8

The gels are usually prepared in sealed glass tubes except
for the gels used in thermal measurement. Appropriate
amounts of polymer and solvent are taken in glass tubes,
degassed bg a freeze—thaw technique and are sealed in
vacuum (10° mm Hg). The solutions are homogenized at
18C°C and are quenched to the desired temperature for
gelation. The gelation rates are measured by the test-tube
tilting method—>**'%. For the SEM study the gels
are removed from the sealed tubes, dried &iC5Qnder
vacuum, gold coated and then micrographs are taken through
a SEM apparatus (Hitachi, S-415A). For the WAXS study a
Philips powder diffraction apparatus (model PW1710) is
used with nickel filtered Cu Kradiation. The same mass of
the freshly prepared gel for each sample is taken into the same
glass groove and the instrument is scanned frofmd.85’ at (c)
the rate of 0.9 26 per min.

The thermal study of the gels has been done using a
Perkin—Elmer differential scanning calorimeter (DSC-7)
fitted with a 3700 data station. The instrument is calibrated
with indium before use. Measured quantities of polymer and have been taken as the gel melting temperature(s). In some
solvent are put into LVC capsules fitted with o-rings to cases, the d.s.c. thermograms exhibit two melting peaks due
prevent any solvent loss during heating. The samples areto melt recrystallization. So, for the comparison of enthalpy
melted at 180and homogenized by shaking. Then they are of fusion (AH) values, they are measured by heating at a
guenched to the desired gelation temperature. After standinghigher heating rate (40min) from the gelation temperature
for a definite time (3 hrs) for each sample the instrument is (90°C) to 180C. The enthalpy of gel formation is measured
scanned at the rate of ¥Min. The peak temperature(s) from the exotherm obtained by cooling a homogeneous
solution from 180C at the rate of 8/min. In Figure 1
t Perfection in the rate measurement has been arrived atyp+0=+ 5 sec representative d.s.c. thermograms for gel fusion and gel
by a trial and error procedure. formation are presented.

Figure 2 Scanning electron micrographs of PMKY-201) gels (4 g/dL)
in: (a) GTB, (b) ethyl benzoate and (c) acetophenone
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Figure 3 WAXS diffractograms of nascent PMFKY-201) gels (6 g/dL) 0
in: (a) GTB, (b) ethyl benzoate and (c) acetophenone C(gm/dl)
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Table 2 dyy (A) of a-phase KY-201 PVEgels in GTB
Solvent d110 dzoo d010
GTB 450 4.88 5.06 03
Acetophenone 4.46 4.82 — i
Ethyl benzoate 4.46 4.84 5.00 e
Melt 4.43 4.82 5.00 £
— 0.2~
=
RESULTS AND DISCUSSION
Morphology and structure 01
The PVF, gels in GTB are transparent at all the gelation
temperatures studied here. This is in sharp contrast to the
PVF, gels in acetophenone or in ethyl benzoate where 02
they are turbid in natufe In Figure 2the SEMs of dried Clgm/dl)

PVF, gels in GTB, acetophenone and ethyl benzoate are _ . . .
compared for the KY PVFat the same magnification. It~ Figure 4 (@) tgel yers econcentration plot of KY-201 PR ?TSB X
. . . indicated temperature: . tyei Versusconcentration plot o Ol-
is apparent from the Figure that in the former solvent the pyc% o™ indicate%)te(m)pg?gture‘éco P

gels have fibrillar morphology. In the latter two cases the

gels have spheroidal morphology, though in the ethyl

benzoate system some fibrillar morphology is also found. Gelation rate

In Figure 3 the WAXS patterns of the freshly prepared g res 4aandb represent the gelation rate—concentration
gels of the three systems are compared. It is clear from thediagrams of PVEGTB systems at indicated gelation
Figure that the overall nature pf t_he X-ray pattern is the temperatures Tye). At a particular Ty the gelation rate
same for the three solvents, indicating the presence ofncreases in a nonlinear way with concentration but at
a-phase crystals:*®of PVF, in the gels. However, there is a higher concentrations it slowly levels up. At a fixed
gradation in the broadening of the amorphous scattering concentration the gelation rate gradually decreases with
(lower) zone and it follows the order acetophenone ncrease in temperature. To explain the concentration and
ethyl benzoate- GTB. The polymer solvent interaction — temperature dependency of the gelation rate, an explicit
parameter X) of the three solvents is determined gypression (equation (1)) is necessary. Edlighas been
using the depression of the equilibrium dissolution tem- gpown thatf(c) « ¢" where¢ is the reduced overlapping
peraturé*°and has been found to be 0.09, 0.31 and 0.39, for oncentration. and is equal tfC — Cr_ (T)I/Cr_.(T):
acetophenone, ethyl benzoate and GTB, respectively. SOc*_ (T)js the critical gelation concentration at temperature
the broadening order of the amorphous scattering is in Tand can be measured from the extrapolation of the plots of
accordance with the parameter values. From the peak Figures 4aandb to the zero gelation raten*is an exponent

position, dyy values are calculated and are presented in ong it has been argued that it is equal to the percolation
Table 2 The dyy values of the acetophenone and ethyl exponent3 of the expressich24

benzoate systems are the same as those of pure, PVF

crystallized from the melt. On the other hand, thg G=(P—Pc)ﬁ )
values of GTB are slightly higher than the others,

indicating a small expansion of the unit cell. This small whereGis the gel fractionP is the conversion factor arfej,
expansion of the unit cell may be due to the fibrillar is its critical value. The nature d¢{T) is dependent on the
nature of the crystaf, where a larger fraction of H—-H  process by which gelation occurs. Since gelation may occur
defects enter into the lattice causing the unit cell through crystallizatiofi*3 coil to helix transitiof®?°25
expansiof?2 spinodal decompositiGA?® etc., f(T) cannot be given a
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Figure 6 logtgf versuslog ¢ plot of KY-201 PVF, gels in GTB at
indicated temperature8Q)

generalized form. Details of these functions will be
discussed later.

In Figure 5the gelation rates of different PdBamples
are compared for a 6% (w/v) solution at different gelation
temperatures. It is clear from the Figure that the higher
molecular weight PVEsample has the higher gelation rate.
This is because the critical gelation concentration for the
higher molecular weight sample is lower than that of the
lower molecular weight sampl&®. Consequently¢ has a
higher value for the same concentration yielding a higher
gelation rate. Like the PVJgels in acetophenone or in ethyl

Table 3 Exponent i’ values of PVF, gels in GTBdetermined from least
square slopes of doublelogarithmic pIots’[g‘g;l and¢

Temp. (C) KY-201 Sol-10 Sol-12
70 — 0.64 0.62
75 0.40 0.64 0.64
80 0.40 0.65 0.63
85 0.43 0.63 0.61
90 0.49 0.56 0.56
95 0.50 0.51 0.50
Av. 0.44 0.60 0.59
St. Dev 0.05 0.05 0.05

Ordered

Conformer
gel.

Reaction Coordinate

Figure 7 Schematic representation of Gibbs free ener@® yersus
reaction coordinate of the gelation process

fitted by a straight line for each temperature. The slopes of
these plots for all the PV/samples are presentedliable 3

and vary from 0.40 to 0.64. The values are very similar to
those obtained for PVJacetophenone and PViethyl
benzoate gels and are close to fhealue (0.45) for perco-
lation in the three dimensional lattice. Thus, the exponent
value is independent of the morphology of the gel and is
completely different from the value ‘2’ as proposed by
Ohkuraet al*3 It is also much lower than the classical
value of unity, where gelation has been considered as a
chain reactiof®3! Recently, Pekcart al®? observed an

‘n’ value equal to 0.38 during sol—gel transitions by free
radical crosslinking copolymerization using a fluorescence
technique. Therefore, it can be concluded that gelation, in
general, obeys the three dimensional percolation mechanism
and n’ in equation (3) may be replaced by 0.45.

The temperature function

When a polymer solution is cooled conformational
changes occdf. Since the WAXS of the gels corresponds
to thea-phase of PV, it is evident that the PVj=oil first
adopts the TGG conformation and this conformer then
produces the fibrillar a-crystallites, causing gelation.
Schematically

Coil —» TGTG conformer— « crystallites (4)
(fibrillar gel)

Since the formation of fibrilla-PVF, is very uncommon

we want to search for the cause of inhibition of the chain

benzoate, here also the higher H—H defect content KY-201 folding process to produce the fibrillar gels. In most gelation
PVF, has a higher gelation rate than the others. The reasonProcesses solvent molecules form compounds with the con-

for this higher rate will be presented later.

The concentration functio¢f(c)): percolation mechanism

former and thereby

revent chain folding yielding fibrillar
morphology of the gefs2°*33%As an evidence of the com-
pound formation the enthalpy of gel fusion and the enthalpy

®)

toel ¢

system we also observed from the enthalpysuscomposi-
tion plot an evidence of compound formation at a weight

and, thereforen can be measured from the slope of double fraction of PVF, = 0.40. This corresponds to the molar ratio

logarithmic plots oftg}ﬂl and ¢. In Figure 6 representative
plots are shown for the KY-201 P\(Fsample at indicated

of 3:1 for the PVR segment and GTB respectivély The
dipole—dipole interactioft*” of three >C=0 groups of

Tes. It is clear from the Figure that the data are very well GTB and>CF, group of each monomeric unit of PYks
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Figure 8 Hoffman—Weeks plots of gel melting temperature and crystal
dissolution temperature of KY-201 PYRgels (4 g/dL).0—Tg, by d.s.c.,
®—T,, 2nd peak (d.s.c.)p—Tgy by test tube tilting method, an@—
dissolution temperature by d.s.c.
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Figure 9 Log tg‘ell versusl/TAT e plots of PVF, gels (4 g/dL) in GTB:
O—KY-201, ®—Sol-12 andA—Sol-10

ordered conformer. The absolute values,adSandAF may

vary from conformer to conformer producing an ordered
structure. Since, in the gelation process, conformational
ordering is the first step, the gelation rate can be expressed as:

tgel = CONst exp( — AKTATye) (6)

for a particular concentration. To analyse the gelation rate
the equilibrium gel melting temperatur@é’g]) is needed to
calculateAT gel (=Tgm — T), and to measurégy, the Hoff-
man—Weeks proceduf® for measuring the equilibrium
melting point %) of polymer crystals has been applied
and is shown inFigure 8 In the Figure, the gel melting
temperature Tg,) obtained by d.s.c. and also by the test
tube tilting method are presented. It is apparent from
Figure 8that at some gelation temperatur&g,() two melt-

ing peaks are observed due to melt recrystallization, but at
higher T it shows one peak. Extrapolation of this plot to
the T, = Ty line corresponds to an equilibrium melting
point Tgm equal to 136C. The gel melting temperature
determined by the test tube tilting method when extrapo-
lated also giveé'gm at 130Ct%. But at higher temperatures
no gel is produced; rather solution crystals are prodtfted
The melting points of the solution crystals are dependent on
T and extrapolation of this plot yields the equilibrium dis-
solution temperatureTé’). Tc? is approximately equal to the
value obtained by the visual mettfolf. So there are two
equilibrium melting points: (1)T$,, and (2) TJ. Now the
question is why two equilibrium melting points arise in
the same system. The reason is the critical gelation concen-
tration which increases with increase in temperatbigure
4)>*5 At higher temperatures, therefore, though crystals are
produced no gelation occurs even after ageing the solution
for 7 days. Taking thes@{,s, log te* has been plotted
against ITATy and is shown irFigure 9 The data fit a
straight line very well. From the least square slopes of these
lines the A’ values are calculated and are presentebihle

4. It is clear from the Table that KY-201 P\{gels have a
lower A value than the others, explaining their higher gela-
tion rate compared to the other samples at a particular tem-

responsible for the compound formation which causes the Perature. The AF values are calculated taking the

inhibition of chain folding. As shown in equation (4) the
gelation is a two step procéSsand each step has its own
activation energyKigure 7). So, it is necessary to make a
temperature coefficient analysis for both the processes.

Conformational ordering. Flory and Weave¥ gave an
expression for the rate constark)(for conformational
ordering from coil to helix of a dilute aqueous collagen
solution:

K = const exp( — A/KTAT) (5)

where A = 20AF/AS, o is the surface energy in the new
surface produced due to conformational orderiag, is
the free energy of activation at the melting temperature
per repeating unit andS is the overall entropy change
per repeating unit for the conformational transition. Though
originally it was believed that PVFn the a-phase crystal-
lizes in a 2 helical structure with an alternatingjs and

experimental lateral surface free energy Yalues of each
sample from a crystallization kinetic stutly*? and taking

AS equal toAH/C,*3, where AH? = enthalpy of fusion
(1.6 kcal/mol) andC, is the chain characteristic ratio
(5.5)8 of PVFR. TheAF values calculated from these results
are also presented ifable 4 and they vary from 11 to
14 kcal/mol, quite a reasonable value to permit the indivi-
dual isolation of the conformets Moreover, from the
potential energy diagrams of the isolated B\@hain the
energy barrier between the lowest and the highest energy
conformers is about 9 kcal/nf5l The AF value shows a
composition dependency; the higher the polymer concen-
tration, the higher is its value. However, extrapolation of
these values to zero polymer concentration yielffs=9—

10 kcal/mol. So theAF values are in good agreement
with the theoretical potential energy barrier of the isolated
PVF, chain. This analysis of the gelation rate supports the
view that conformational ordering is the first step for this

transconformation, extensive research in this field su%gests gelation process.

that TGTG is the appropriate conformation in thephasé”.

However, the above expression for the rate constant of thethe gel melting temperature determined by this method corresponds

coil to helix transition can be applied to any change in con-
formation forming an ordered conformer. This is because,
like a helix, this TGTG conformer also produces a new
surface, different from the melt, with surface energy
and there will be a loss of entropy for the formation of the

approximately to the peak end temperature of the 2nd peak in d.s.c.
thermograms.

§ TheC, value of the PV chain C, = F3/nl?, wherer3 is the mean square
unperturbed end-to-end distanods the number of segments, ahi$ the
length of each monomeric unit) has been calculated taking the mean square
unperturbed dimensiomy/M = 4.1 x 10°%" cm?) from viscosity results,
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Table 4 ‘A’ and AF values of PVE gels in GTB

KY-201 Sol-10 Sol-12
conc. Tom A AF conc. Tom A AF conc. Tom A AF
g/dL °C kcal/mol  kcal/mol g/dL °C kcal/mol  kcal/mol  g/dL °C kcal/mol  kcal/mol
4.3 130 106.3 11.2 4.2 141 226.3 10.8 4.0 142 233.2 111
6.6 132 110.5 11.6 7.0 144 2475 11.8 7.1 144 283.4 135
10.1 135 113.6 11.9 10.1 146 280.1 134 10.1 146 306.8 14.6

Table 5 o20, values (in erd/cm®) of different PVF, samples in GTB gels

KY-201 Sol-10 Sol-12

Conc. Tg oﬁoe [ Conc. Tg Uﬁae 0+ Conc. Tg Uﬁae 0+
g/dL °C erglen?  g/dL °C erg/cn?  g/dL °C erg/cnt
4.3 144 319.6 6.8 4.2 151 592.6 8.4 4.0 152 581.9 8.3
6.6 145 324.7 6.9 7.0 152 573.8 8.3 7.1 153 652.8 8.7
10.1 145 301.2 6.7 10.1 152 636.7 8.6 101 153 644.6 8.6
100.0 (from 178 305.0 6.7 — — — — 100.0 205 863.0 9.5
melt)

05 energy values of.) are presented. The values are very
close to those of the P\ifacetophenone and PVEthyl
benzoate gels and are also close to those of the pure

o2k PVF, sampled These results, therefore, conclude that

' crystallization is the 2nd or final step in the gelation process.

Now to conclude this section one must know the
. 0a- activation energy value of the crystallization process. At the
T lowest undercooling studied here, for a 4% solutiaf(v,)
= calculated from equation (8) has values of 6.8 and 7.0 KCal/
% 005 N mol for KY-201 and sol.-PVE samples, respectively. At
L7 higher undercooling and also for higher concentration, this
activation energy decreases for each system. Consequently, in
comparison with the activation energy of the conformational
0.02- ordering, the activation energy of crystallization is less.
\ Therefore, crystallization follows immediately and it is
0.01 [ | difficult to distinguish the process responsible for gelation.
5 10 15 20 So, gelation occurs here by a concerted two step process, the
(Ta /T) (1787 ) <107 conformational ordering being the rate determining step.
Figure 10 Log tgf versus(T3/T)(L/AT)? plots of PVF, gels (4 g/dL) in
GTB: O—KY-201, A—Sol-12 andJ—Sol-10 CONCLUSIONS

From the study it can be concluded that R\gels in GTB
Aggregation of ordered conformers producing fibrillar with fibrillar morphology. The formation of this fibrillar
crystals. Due to the cohesive force of attraction and ade- morphology is believed to be due to the dipole—dipole
guate symmetry of the ordered conformers they immedi- interaction of the>C=0O group of the ester and theCF,
ately undergo crystallization. Since crystallization is a group of the PVE chain, making a compound at a 3:1 molar
nucleation controlled process, gelation is also a nucleationratio of each PVE segment and GTB. Analysis of the

controlled process Therefore, gelation rate yields that the nature of the connectedness in
. this system obeys the three dimensional percolation

tg‘e|1=C0nst Vs exp{ED(VZ) —AF (VZ)} (7) mechanism and gelation in this system is a concerted two

KT step process of conformational ordering and crystallization,

where v, is the volume fraction of polymerEp(v;) and the former acting as the rate determining step.
AF*(v,) denote the free energy of transport and free energy
for the formation of a critical size of nucleus, respectively, and ACKNOWLEDGEMENTS
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andAT = T¢ — T. In Figure 10 t, has been plotted against

(T)2/ITAT? and straight lines are observed. This supports

the idea that the gelation is a nucleation controlled process. REFERENCES
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