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Abstract

The gelation mechanism was investigated using in situ ultrasonic measurements. It was found that the gelation takes place by different
mechanisms, depending upon quenching temperature. Wherei®slecalin solution was allowed to quench above the coexistence curve,
the gelation was caused by crystallization. On the other hand, when it was allowed to quench below the coexistence curve, the gelation was
caused mainly by liquid—liquid phase separation. Therefore, the junction point structure may be crystallite for the former gels, while for the
latter ones, it may be a solvated structure. This conclusion was also supported by other measurements such as IR and NMR spectra, as well a
by visual and tactual observatior®.2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction diffraction experiments [8,10], and proposed to a structure
(ladderlike model) closer to a nematic liquid-crystalline
Various kinds of polymers are known to form thermo- state than to a crystalline state [11-16]. However, the
reversible gels in different solvents. Accordingly, a large helix solvation has been questioned based on NMR experi-
number of gelation mechanisms have been proposed inments by Perez et al. [12]. Moreover, it has been reported by
the literature. In addition, for isotactic polystyrene (iPS) Guenetand coworkers [18] that only two kinds of molecular
thermoreversible gels, various types of junction point struc- aggregation states were observed for iR®s-decalin gels:
tures have been proposed for the gels prepared using variousmectic liquid-crystalline and crystalline states. While, for
solvents [1-18]. Here, we will briefly review on the gelation iPSktis-decalin gels, three kinds of molecular aggregation
mechanism for a particular solvent system: iPS and decalin.states were observed: nematic liquid-crystalline, smectic
Previously, for iPS/decalin gels, crystallites consistingof 3 liquid-crystalline and crystalline states.
helix, which is generally observed upon crystallization  Thus, for the iPS/decalin system, either of crystallization,
either from the bulk or from the dilute solutions [1], were liquid—liquid phase separation, or vitrification is considered
considered the junction point structure. However, Keller as a cause of thermal gelation. However, a question remains:
and coworkers [2] showed that a different form of crystal- by what sort of preparation is a particular junction point
lites, 12 helix acts as a junction point. This proposal is structure formed? It seems that in most cases no care has
based on the observation by X-ray diffraction for the gels been taken in the preparation condition of gels, such as
partially dried and stretched, that is, on a reflection at cooling temperature and cooling rate. That is, there has
0.51 nm that is attributed to diffraction from the 006 been little attempt to correlate kinetic data with the gelation
plane. This form was supported by Sundararajan et al. [6]. mechanisms.
They considered that solvent molecules stabilize the 12  Inthis study, the gelation kinetics of the iR@&hs-decalin
helix, that is, solvated crystal is formed. Guenet et al. system was investigated using ultrasonic measurements.
disproved the 1 helix structure by means of neutron Then, the effect of the gelation kinetics on gel structure
was discussed. It should be noted that ultrasonic quantities
* Corresponding author. Tel+81-749-28-8358; fax:81-749-28-8583. are very sensitive to the change in molecular aggregation
E-mail addresstanaka@mat.usp.ac.jp (A. Tanaka). such as phase transition.
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1 _/ Fig. 2. The variation of the ultrasonic velocity with time for 10 wt% iPS/
) o ) trans-decalin solution when the solution was allowed to quench into various
Fig. 1. Schematic diagram of the cell for ultrasoffidrop measurements.  temperaturesTy,). The closed circles denote the velocity. The curves were
fit by Eq. (3). The open circles denote a deviation of the velocity from the
2. Experimental section fitting curve. The arrow indicates the timig,, at which the velocity was
minimum.
2.1. Materials
a was determined in the same way as described in the

The iPS samples were supplied from Idemitsu Petro- previous paper [19] using the following equations, respec-
chemical Co. Ltd. The isotacticity of the samples was tjvely:

over 97%. The number and weight average molecular
weights were ¥3x10° and 220x 10°, respectively. V= L/At 1)
Transdecalin of high-purity grade (above 99%) was
purchased from Tokyo—Kasei Co. Ltd, and was employed
without further purification.

and

a= %In(AO/A) 2

2.2. Experimental procedure and ultrasonic measurements whereL and At are the traveling distance and the traveling
time of ultrasonic wave in the sample, respectivélandA,

‘A mixture of polymer (iPS) and solventrgnsdecalin) ~ gre the amplitude of ultrasonic wave at a traveling distance
with the desired ratios was heated to a sufficiently high 5¢ | ang zero, respectively.

temperature to allow the polymer to dissolve. Thizans

decalin solutions of iPS (described as iP&isdecalin,

hereafter) with various concentrations (5, 10 and 15 wt%) 3. Results and discussion

were prepared. The solution was poured into a cell,

schematically illustrated in Fig. 1. The solution in the cell For iPStrans-decalin solutions with concentrations of 5,

was kept at 15T for a few minutes, and then the cell was 10 and 15 wt%, the ultrasonic velocity was measured as a

plunged into a cooling-bath, which was preset at various function of time after immersion into a cooling-bath held at

temperatures between30 and 60C. Ultrasonic velocity various temperatures betweer25 and 60C. Fig. 2 shows

and ultrasonic intensity were measured as a function of the variation of the velocity with time for 10 wt% iP&ins

time after immersion into the cooling-bath. decalin solution when the solution was allowed to quench
The ultrasonic velocity, and the attenuation coefficient, into different temperatures. In the figures, closed circles
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T T T T T except in a particular time interval, in which a ‘mountai-

L ] nous’ deviation was observed.
50% / | Here, the following point must be taken into account: the
| variation in velocity indicates that the quenching tempera-

line of maximum rate of crystallization | tures were not immediately attained after the cell was
plunged into a cooling-bath, but it requires 200-300 s.
That is, the experiment was carried out at not exactly equi-
librium condition, but it may involve some ambiguities
coming from transient effects.

The deviation from the fitted curve was found when the
guenching temperature was°@or lower. The deviation,
Av, which is denoted by open circles, is plotted on the right
hand axis against time in the same figure. The lower the
‘ s s guenching temperature, the larger the deviation. However,
0 20 Y no deviation was observed when the quenching temperature

Concentration / wt% was 15C or higher. It is suggested that a critical tempera-
Fig. 3. The coexistence curve on the temperature—concentration phaseture at which the deviation in velocity appears exists, and
diagram, the glass transition line and the line of maximum crystallization. that this temperature must be between 10 andCilfer

10 wt% iPSiransdecalin solution. A similar deviation

denote the ultrasonic velocity. As is seen in the figure, the was also observed for other solutions with different concen-
velocity increased rather monotonically with time. The trations: 5 and 15 wt% solutions.
monotonous increase must be due to the decrease in It was found that the critical quenching temperature was
temperature of the solution, that is, the increase in the very close to the temperaturésg) on the coexistence curve
ratio of the bulk modulus to the density for the solution. onthe temperature—concentration phase diagram. The coex-
Thus, if there are no molecular aggregation state changesjstence curve was numerically calculated using Flory—
the velocity must be characterized by the first-order Shultz theory [20—22], and it is shown in Fig. 3. From the

coexistence curve

Temperature /

1 1

equation, coexistence curve, the critical quenching temperatures can
be estimated to be 13, 16 and°C8for 5, 10 and 15 wt%
V= Vg + (Vo — Vg) exp(—Kt) 3) solutions, respectively.

The time,t,,» at which the deviation becomes maximum
wherev is the velocity at timet, v,, the velocity of the was defined; at the time, the velocity becomes minimum. As
solution prior to quenching, that is, the velocity at 160 is shown in Fig. 4, the timet,;, is plotted against +
Vg, the velocity of the solution at times passed long enough (Ty/Tcg), where Ty, is the quenching temperature. As is
after quenching, that is, the velocity at the quenching evident from the figure, all th&,,,'s obtained at different
temperature; and, the rate constant. The parameters, guenching temperatures for different concentrations of solu-
vy andk were selected in such a way that velocity data are tions are put together on a curve. The time is dependent
put on the curve expressed as in Eq. (3), as much as possibleupon the quenching temperature: the timg;, increases
The curve thus obtained seems to fit quite well with the data, when the quenching temperature moved closer to the

temperature on the coexistence curvig, while, the
1000———m———— more the quenching temperature becomes lower an
o 5wt J the time becomes shorter. Thus, the deviation in the velocity
° 10-wi% is closely associated with liquid—liquid phase separation.
u = 15-wt% * .. .
The glass transition temperature of the solutioisyas
determined using Gordon—Taylor’s equation [23], as shown
N 1 in the following equation:

thin /'s
n
o
o
T
1

Tyt = VT + VeTgs' (4)

whereTy, andTys are the glass transition temperature of iPS
(100°C) and the melting temperature dfans-decalin
e T (—30.4C), respectivelyy, andvg are the V(_)Iume fractions_
of polymer and solvent, respectively. While, the crystalliz-

1- T - ation rate is a characteristic function of temperature. Near

°F the melting point, the rate becomes lower because of the
Fig. 4. The timetumys obtained at different quenching temperatures are reéduction of nucleation. As the temperature is lowered, the
plotted against 1- (To/Tce) for solutions with different concentrations. rate increases, goes through a maximum, and then
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Fig. 5. The variation of —In A)/L with time for 10 wt% iPSftans-decalin
solution when the solution was allowed to quench into various temperatures
(Tg). The arrow denote the timéym,, at which(—In A)/L becomes mini-

) Fig. 7. The infrared absorption spectrum for ifP&is-decalin gels prepared
mum at first.

by different quenching temperaturesZ5, ¢C and room temperature) and

. for trans-decalin.
decreases, as the mobility of the molecule decreases and

crystallization becomes diffusion controlled. Such tempera-

ture dependence is observed for many polymers, assince the line offcgis much lower than that of the maximum
previously reported for natural rubber [24]. Hence, we rate of crystallization as shown in Fig. 3. Accordingly, the
roughly estimated the temperature giving a maximum crys- liquid—liquid phase separation may be predominant
tallization rate as a middle point of melting point (220 mechanism beloWg, at least at earlier times.

and glass transition temperature. In Fig. 3, both the glass Fig. 5 shows the variation @f-In A)/L) with logarithmic
transition temperatureTf) and the temperature giving the time when 10 wt% iP$/ans-decalin solution was quenched
maximum crystallization rate thus obtained are shown into different temperatures. As is seen in the figure, there
together. exist a few maxima. As is indicated in Eq. (2);In A)/L)

The quenching temperatures used in this study were corresponds to the attenuation coefficient whemdA, are
above the glass transition temperature. Consequently, it isunchanged throughout the measurement. Generally, the
considered that gelation due to vitrification is ruled out. attenuation in ultrasonic wave (i.€—In A)/L) will be
Some of the quenching temperatures were located abovecaused by the phase transition or by the thermal relaxation
the coexistence curve, and others were below it. In the [25]. Here we focus on an onset time of the second attenua-
former case, it is suggested that no liquid—liquid phase tion mechanism. That is, on the minimum point between the
separation occurs, but that only crystallization does. In the first and the second maximum, expressed,by, and indi-
latter case, both the crystallization and the liquid—liquid cated by arrows in the figure.
phase separation may occur. Then, the amount of crystal- Fig. 6 shows the variation dfy,;, with the quenching
lization may be low and the rate of crystallization is low, temperature. The timéam,i, showed a peak around 30
for 10 wt% iPStrans-decalin solution. The peak may be
explained by two different kinds of mechanisms. One may
= . be the liquid—liquid phase separation and the other the crys-
200 7 tallization. When the quenching temperature is lower than
Tce the crystallization hardly occurs because of high
L 4 quenching rate, but the liquid-liquid phase separation

- T 1 may begin to occur when the temperature goes acfess
'EISO: ] Accordingly, the liquid—liquid phase separation occurs
<<

earlier and more abundantly, as the quenching temperature
L 1 becomes lower. On the other hand, when the quenching
r T temperature is higher thaiice the liquid—liquid phase
1001~ ] separation does not occur, but the crystallization may
s occur. As the quenching temperature becomes higher, that

is, in this case, it becomes closer to the temperature giving

maximum crystallization rate, the crystallization will occur
Fig. 6. The variation ofam, With quenching temperature. earlier and more abundantly.

1 1 1 1 1 1 1 1
0 50
Quenching Temperature /
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Fig. 8. The®®C-CP/MAS NMR spectrum for 5 wt% iPBans-decalin gels
obtained by quenching into different temperaturé€(@nd room tempera-
ture). In the bottom of the figure, the assignment of the chemical shift
between 30 and 50 ppm are illustrated [11,26,27].

141

450 cmi L. For gels quenched into room temperature, the
absorption bands at 624, 584 and 496 ¢were observed,

but they were not observed for gels quenched infb and

0°C. These absorption bands are very close to the absorption
bands due to TG conformation (620, 580, 566 and
500 cm ), that have been assigned by Kobayashi et al.
[15]. Hence, it is concluded that the gels quenched into
room temperature form the crystallites consisting of 3
helix, but that those quenched inte25 and OC do not.

Fig. 8 shows>C-CP/MAS NMR spectrum for 5 wt% iPS/
transdecalin gels obtained by quenching into different
temperatures: @ and room temperature (ca.’Zj. The
chemical shift observed between 30 and 50 ppm is assigned
to aliphatic carbon of CH and GHor solvent {rans-deca-
lin) and polymer (iPS) [11,26,27], illustrated as in the
bottom of the figure. A significant difference in the spectrum
was found on the peak around 40 ppm, which is assigned to
aliphatic carbon arising from CH of polystyrene [11,26,27].
The peak was sharp for gels obtained by quenching into
room temperature (ca. 25), that is, a temperature above
the coexistence curve. While, the peak was rather broader
for gels obtained by quenching int6@, that is, a tempera-
ture below the coexistence curve. This peak broadening
indicates the reduction of the mobility of polymer mole-
cules, indicating a possibility of a solvated structure. Unfor-
tunately, a concrete structure could not be given in this
study. This point remains to be studied in future.

The conclusions obtained are as follows. The gelation
takes place by different mechanisms, depending upon the
guenching temperature. When iB8hs-decalin solution is
guenched above the coexistence curve, its gelation is caused
by crystallization; and consequently the junction point

Beside the second peak, a few peaks were observed in thestructure is crystallite. On the other hand, when it occurs
figure, as described above. The first peak will give us an below the coexistence curve, it is caused by the liquid—

inkling of the change in the molecular aggregation in

liquid phase separation. Accordingly, in this case, the junc-

advance of gelation. Moreover, the third peak may be asso-tion point structure must be the solvated structure consisting

ciated with the organization of crystallites. However, these

points have not been clarified yet, although they are very

interesting. These will be clarified in the future.
In addition, it was found that the visual and tactual nature

of polymer and solvents.
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