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ABSTRACT:

The lower critical solution temperature (LCST) phase behavior of the blend of natural rubber (NR) with

polybutadiene (PB) having 32.3% 1,2 unit was investigated by measuring T, through DSC after annealing the blend. NR
was separated with toluene into branched polymer and crosslinked one as a soluble fraction (NR-sol) and gel fraction
(NR-gel), respectively, followed by mixing with PB. Coexistence composition of NR-sol/PB and NR-gel/PB blends was
determined by a method proposed in this work using DSC. The LCST of the NR-sol/PB blend was 328 K, being identical
to the reported LCST of synthetic cis-1,4-polyisoprene/PB blend in our previous paper. The LCST of NR-gel/PB blend
was quite similar to that of NR-sol/PB blend despite that NR-gel was crosslinked rubber (v = 1.5 x 107°). Molecular
weight was proved to produce no effect on the LCST phase behavior for high molecular weight polymer-polymer blend,

i.e., NR/PB blend.
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Miscibility and phase behavior of a pair of poly-
mers, composed of carbon and hydrogen, is one of
the most important phenomena to study the attrac-
tive forces! > between dissimilar polymer chains, ex-
cept for hydrogen bonding and charge transfer forma-
tions. To study these experimentally, a prudent se-
lection of model polymers is important, because most
high molecular weight hydrocarbons undergo crystal-
lization or vitrification near ambient temperature, at
which most experiments are carried out. We have inves-
tigated the miscibility and phase behavior for a blend
of cis-1,4-polyisoprene (cis-1,4-PI) and polybutadiene
(PB), which is regarded as liquid-like polymers, due to
their low Ty and T 0, i.e., below room temperature.

In the previous study,* we found that PB with low 1,2
unit content was immiscible with cis-1,4-P1, whereas
the reverse is found for PB with higher 1,2 unit content.
The phase boundary between the miscible and immisci-
ble state was at 32.3% 1,2 unit content, where the lower
critical-solution-temperature (LCST) was observed to
be 333K for the blend. This phase transition was con-
firmed to take place reversibly and the mass transfer
was proportional to the thermodynamic driving force,’
T — Ts, where T is the annealing temperature and 7T
is the spinodal temperature. Moreover, the extremely
large negative excess volume on mixing® and free vol-

ume fraction apart from additive rule’ were observed
as well as a conformational change on mixing esti-
mated from spin—lattice relaxation time measured by
pulsed NMR spectroscopy.® These were proved posi-
tively by Roland,” Hasegawa,'® Launger,'! Bahani,'?
and Roovers,'? using various techniques respectively.
However, the relationship between LCST and 1,2 unit
content of PB, thus reported, was exclusively depen-
dent upon the researchers. This was inferred to be due
to the difference in molecular weight of the polymers,'?
despite that cis-1,4-PI and PB used in the previous
works were high molecular weight polymers.

To elucidate the effect of molecular weight on LCST
of high molecular weight cis-1,4-PI/PB blend, we se-
lected natural rubber (NR) and PB having 32.3% 1,2
unit content. NR consists of w-terminal, two trans-
1,4-isoprene units, long sequence cis-1,4-isoprene units
(M,,: about 2 x 10°) and a-terminal which is linked to
phospholipid containing fatty acid ester group, aligned
in that order, and it is rationally separated into sol-
uble fraction (NR-sol) and insoluble fraction (NR-
gel) in toluene." NR-sol is branched polymer whose
weight average molecular weight is about 2 mil-
lion,'* 1> whereas NR-gel is a crosslinked polymer hav-
ing three dimensional network structures composed of
physical crosslinks at the w-terminal due to protein and
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Table I. M, My/M, and crosslink density of NR-sol and NR-gel

. M,/10° My/10° — v from Mooney—Rivlin v from equilibrium
Specimen (LALLS) (GPC) M/ My constant/10~° mol g~! swelling/107° mol g~
NR-sol 232 26.8 4.62
NR-gel 1.8 1.5
PB 2.14 1.03

chemical crosslinks at the @-terminal linked to phos-
pholipid.'® Since the physical crosslinks are held by
aggregation of protein through hydrogen bonding for-
mation, it may be cleaved by adding polar solvent, i.e.,
alcohol, resulting in dissolution of NR-gel into tolu-
ene.!” If PB is mixed with the dissolved NR-gel fol-
lowed by removing polar solvent to form the three di-
mensional network structures, one may prepare a ho-
mogeneous crosslinked blend without segregation of
the crosslinked polymers in the matrix.

In this work, we investigated the miscibility and
phase behavior of ultra-high molecular weight cis-1,4-
PI/PB and crosslinked cis-1,4-PI/PB blends, that is,
NR-sol/PB and NR-gel/PB blends, respectively. The
LCST phase behavior found for the blends was com-
pared with the reported one.*

EXPERIMENTAL

Sample Preparation

Samples used in this study were commercial natural
rubber (NR), that is, pale crepe, and polybutadiene pre-
pared by anionic polymerization. Average molecular
weights of the samples are shown in Table I. These were
purified by reprecipitation using toluene and methanol.
Natural rubber was cut into small pieces, whose dimen-
sion was about 1 mm?, and immersed into toluene for a
week at room temperature under nitrogen atmosphere
at a ratio of NR to toluene of 1:99 (w/v). The soluble
fraction (NR-sol) was separated from insoluble frac-
tion (NR-gel) by centrifugation at 14000 g for 30 min.
These were reprecipitated with methanol and dried un-
der reduced pressure at room temperature for at least 1
week.

NR-sol and NR-gel were mixed with PB using
toluene and toluene/methanol (9/1) solution, respec-
tively. These were reprecipitated with methanol and
dried under reduced pressure at room temperature until
they reached constant weights.

Measurements

Measurements of molecular weight and molecular
weight distribution of NR-sol and PB were made with
a TOSOH GPC, consisting of a TOSOH CCPD pump,
RI-8012 Differential Refractometer, UV-8011 UV de-
tector and LS-8 low angle laser light scattering

2

(LALLS) detector. A column with the exclusion limit
of about 4 x 107 was used in the analysis. The measure-
ment was made at 303 K and the flow rate of the mobile
phase, THF, was 0.5 mL min~!.

To estimate crosslink density, NR-gel was swollen
in dried toluene for a week. The volume fraction of
polymer, ¢,, in the swollen crosslinks was defined as
follows:

dp=1/(1+0) (1

where

_ [weight of solvent in network] ~ pp @)

B [weight of network] Ps
The modified Flory—Rehner equilibrium swelling equa-
tion'® 1 was used to determine the number of
crosslinked chains per gram, n, as follows:

[In (1= ¢p) + ¢ + x¢°]
Ps Vs(¢p1/3 - ¢p/2)

Where X is interaction parameter, i.e., 0.393 for NR in
toluene,?” pp density of NR-sol, 0.915 ¢ cm™3, ps den-
sity of toluene, 0.865 gcm‘3, and Vs molar volume of
toluene, 92.14 gmol~!, respectively. Since n is the ef-
fective number of moles of crosslinked chains per gram
of polymer, the effective concentration of crosslinked
chains, that is crosslink density, v, in moles per gram is
estimated as v = n/2.

The time-variation in strain of the film, prepared by
casting the toluene-methanol solution onto glass plate,
was measured at a constant stress, using traveling mi-
croscope.

'H and '*C NMR measurements were carried out at
323K by a JEOL EX-400 NMR spectrometer at the
pulse repetition time of 7s and 5's, respectively. The
pulse sequence of gated decoupling without nuclear
Overhauser effect, NNE, was used for the quantitative
analysis of diad sequence distribution and isomeric unit
contents. The pulse repetition time for NNE measure-
ments was set to be 10 times longer than the spin-lattice
relaxation time. The polymer was dissolved into CDCl3
with small amount of TMS.

The miscibility and phase behavior of the blend were
assessed by a measurement of glass transition tem-
perature, T, g,21 using a Seiko Instruments DSC 220.
The annealing-quenching procedure for NR/PB blend
is schematically represented in Figure 1. The blend en-
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annealing
NR/PB blend

One Ty

Quenching
liquid N,

Two Tg's

DSC measurements

Figure 1. Thermal treatment procedure for NR/PB blend.

log M
Figure 2. GPC curve of NR-sol.

capsulated in an aluminum pan was heated at an an-
nealing temperature between 233 K and 373K for at
least 2 h. The annealed blends were, then, quenched by
immersing it directly into liquid nitrogen, in which the
miscible or immiscible state, thus accomplished, was
held due to vitrification of the blend. The miscible and
immiscible states were assessed by 7y measurement at
a heating rate of 10K min~! as one T, ¢ and tow T's
states, respectively.

RESULTS AND DISCUSSION

Characterization of NR-sol, NR-gel, and PB

Figure 2 shows a molecular weight distribution of
NR-sol determined by gel permeation chromatography.
The feature may be attributed to the bimodal distribu-
tion of molecular weight charasteristic of NR.!# The av-
erage molecular weight of the polymer was estimated
using a calibration curve with standard polystyrene and
it is tabulated in Table 1. The weight average molec-
ular weight, Mycpe, and polydispersity, My /M, as
well as the absolute weight average molecular weight,
MyiaLLs, thus determined, was quite similar to those
reported in the previous study.??

NR-gel was characterized by measuring stress vs.
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Figure 3. Mooney—Rivlin plot of NR-gel.

strain to prove the formation of three-dimensional net-
work structure of the polymer. To estimate the crosslink
density, v, Mooney—Rivlin expression®>~23 was applied
to the stress—strain relationship for NR-gel, as follows:

o/(A—1/2%)=2C, +2C»/A 4)

where o is stress, A elongation, and C; and C, the
Mooney—Rivlin constants, respectively. Figure 3 shows
the Mooney—Rivlin plot for NR-gel. At the small strain,
o /(1 - 1/2%) was proportional to 1/4, due to the linear
elastic behavior. As the strain increased, the non-linear
behavior apart from the linear line was observed. Thus,
the least-squares method was applied to the data points,
being in the linear region, to estimate the Mooney—
Rivlin constants. Table I shows the crosslink density, v,
of NR-gel, estimated from the Mooney—Rivlin consta-
nts?% as well as equilibrium swelling measurement. The
crosslink density estimated from the Mooney—Rivlin
constants was quite similar to that estimated from the
equilibrium swelling measurement. This is a support-
ing evidence that NR-gel is crosslinked polymer hav-
ing three dimensional network structures composed of
physical crosslinks at the w-terminal due to protein and
chemical crosslinks at the a-terminal linked to phos-
pholipid, as reported in the previous paper. !>

Isomeric unit contents of PB were determined by 'H
and 3C NMR spectroscopy. Aliphatic carbon signals
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Table Il. '3C NMR chemical shifts of PB
Sequence Carbon Chemical shift/ppm
Sato et al.?’ Present work

C-v 4 24.98-25.10 24.92
C-14 4 27.42-27.57 27.46
1,4-C 1

T-v 4 30.16 30.09
v-v-C(m) 1 31.60-32.13 32.18
1,4-v-C 1 32.72 32.71
T-1,4 4

1,4-T 1

v-v-C(r) 1 33.35-33.53 33.57
1,4-V-1,4 1 33.99-34.16 34.08
1,4-V-v(m) 1 34.31 34.35
1,4-V-v(r) 1 35.63-36.00 35.74
v-v-T(m) 1 37.24-37.48 37.59
1,4-v-T 1 38.18 38.14
v-V-v 2 38.57-39.13 39.04
v-v-T(r) 1 38.96-39.13 39.51
v-V 1 39.43-41.72 40.64
1,4-V-v 2 40.55-41.00 41.08
v-V-1,4 2 41.13-41.73 41.58
1,4-V-1,4 2 43.47-43.70 43.60

C, cis-1,4 unit; T, trans-1,4 unit; V, 1,2 unit; 1,4 cis- and trans-1,4 units m, meso; r, racemic.

—
25 ppm from TMS

Figure 4. '3C NMR spectrum of PB.

of 3C NMR spectrum for PB are shown in Figure 4.
The signals were assigned to diad and triad sequences,
according to the previous work.?” The chemical shifts
of these signals were tabulated in Table II together with
the assignment, thus far reported, where the carbon
atoms in 1,4 and 1,2 units of PB are designated as fol-
lows:

-C(1)-C2)=CA3)-C4)-  —C2)-C()-
\
C(3)=C(4)
cis-1,4
trans-1,4 1,2

As shown in Figure 4, all of the expected signals
were shown in the spectrum. The diad sequence dis-
tribution and isomeric unit (microstructure) contents,
estimated from the intensity ratios, are tabulated in Ta-
ble III, together with the content of 1,2 unit determined

4

Table I1l. Diad sequence distribution and isomeric unit
content of PB

Sequence Obs/% Calcd/%
C-vV 10.5 10.0
-V 15.0 12.7
V-C 10.3 10.0
V-T 15.2 12.7
C-1,4 16.1 18.7
T-1,4 19.6 23.7
V-C 13.2 12.2
cis-1,4 28.7

trans-1,4 36.4

12 34.9

1,2(by 'H) 323
C, cis-1,4 unit; T, trans-1,4 unit; V, 1,2 unit 1,4 cis-
and trans-1,4 units.

by "H NMR spectroscopy. The diad sequence distribu-
tion of trans-1,4, cis-1,4, and 1,2 units for PB, prepared
by anionic polymerization using n-butyllithium, was
random, as reported in our previous work,?®2° The con-
tent of 1,2 unit for PB determined by '*C NMR mea-
surement was similar to that determined by '"H NMR
measurement. Consequently, the PB used in the present
study was confirmed to have the same 1,2 unit content
as one used in our previous work.*

LCST Phase Diagram

It is widely recognized that an increase in molecu-
lar weight of polymers results in a reduction of a mis-
cible region of polymer—polymer blends in 7-¢ phase

Polym. J., Vol. 34, No. 1, 2002
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Figure 5. DSC thermogram of (A) NR-sol, (B) NR-sol/PB
blend annealed at 358 K, (C) NR-sol/PB blend at 298 K and (D)
PB.

diagram.'® The effect of molecular weight on the mis-
cibility is more prominent for a pair of lower molecular
weight polymers compared to that of higher molecu-
lar weight polymers. This makes us consider that the
LCST of PI/PB blend falls slightly down as the molec-
ular weight of the polymer increases.

Figure 5 shows DSC thermograms of NR-sol, PB,
and NR-sol/PB (50/50) blend, respectively. The blend
at 298 K, quenched by liquid nitrogen, showed one 7
between 7,’s of NR-sol and PB. This demonstrates that
NR-sol is miscible with PB, despite the ultra-high M,,.
In contrast, Two 7,'s were found for the blend an-
nealed at 358 K for 2 h, suggesting that a phase sepa-
ration occurred. Consequently, the LCST phase behav-
ior was found for NR-sol/PB blend, in which miscible-
immiscible phase transition took place repeatedly.

To draw LCST phase diagram, the NR-sol/PB blend
was annealed at various temperatures between 233 K
and 373 K. Figure 6 shows a typical differential DSC
thermogram of the blends, in which the differentiation
was made to show T clearly because Ty's of NR-sol
and PB were very close to each other. At 298 K, one 7
with a unimodal distribution was found, but it gradu-
ally changed to a bimodal distribution as the annealing
temperature increased. The phase boundary between
the miscible and immiscible state was at 328 K for the
50/50 blends. Furthermore, two peak-tops of the bi-
modal distribution were significantly dependent upon
the annealing temperature. This may reflect coexis-
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Figure 6. Differential DSC curve of (A) NR-sol, (B) PB, and
NR-sol/PB (50/50) blend annealed at (C) 298, (D) 323, (E) 328, (F)
331, (G) 333, (H) 343, and (I) 358 K for 2 h.

tence compositions of two phases separated at the tem-
perature.

Since Tg depends upon the composition of the blend,
a Tg-composition relationship was experimentally de-
termined for NR-sol/PB blend. The differential DSC
thermograms of the miscible blends, thus measured, are
shown for the miscible blends in Figure 7. Only uni-
modal distribution was observed at the glass transition
temperature region for the blends, and its peak-top was
defined to be a T,. In Figure 8 is shown the 7 vs. com-
position. The T, was well-approximated as a function
of composition, as follows:

Ty = 2.6 Wxg-sol> + 7.4 Wxg-sol + 203 (5)

where Wnr-sol 1S weight fraction of NR-sol in the blend.
This allows us to estimate a coexistence composition of
each phase.

To determine T, for the phase-separated blend shown
in Figure 6 correctly, the overlapped two peaks of the
bimodal distribution were subjected to peak-separation
using a Gauss—Newton method, in which the distribu-
tion of onset of segmental motion was assumed to be
Gaussian distribution. Figure 9 shows two peaks due to
glass transition after the peak-separation. The tempera-
ture, at which the differential DSC is a maximum, was
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Figure 7. Differential DSC curve of (A) PB, (B) miscible NR-
sol/PB (90/10) blend, (C) (80/20), (D) (70/30), (E) (60/40), (F)
(50/50), (G) (40/60), (H) (30/70), (I) (20/80), (J) (10/90), and NR-
sol.

defined to be Tg. Thus, one may estimate the coexis-
tence composition from the 7.

Figure 10 shows a typical change in the composition
of NR-so0l/PB (50/50) blend during phase separation at
373 K. It is obvious that the blend underwent a phase
separation immediately after annealing at 373 K, as rep-
resented by a significant change in composition at the
initial stage. After the composition reached a constant
value, we determined the coexistence composition in
the equilibrium state. The resulting coexistence curve
is shown in Figure 11. The coexistence curve estimated
using the (50/50) blend was consistent with those esti-
mated using the (80/20), (70/30), and (60/40) blends.
These were corresponding to the phase boundary be-
tween the miscible and immiscible state determined by
T, measurements, expressed as open circles and closed
circles, respectively. This demonstrates that the coexis-
tence curve, determined by the method proposed in this
work, is binodal curve in the equilibrium state for the
blend of ultra high molecular weight NR-sol with PB.

We also investigated the miscibility and phase be-
havior of NR-gel/PB blend. The differential DSC ther-
mogram of NR-gel/PB (50/50) blend is shown in Fig-
ure 12. The blend at 298 K, quenched with liquid ni-
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Figure 8. T, of miscible NR-sol/PB blend.
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Figure 9. Peak-separation of bimodal distribution at T, for
NR-sol/PB blend annealed at 358 K for 2 h.

trogen, showed one Ty, suggesting that the blend was
miscible in the order of about 10 nm.3° However, the
blend underwent phase separation at 333 K, 343 K, and
358 K, as reflected by two T's. Hence, the LCST phase
behavior was also confirmed for the blend of NR-gel
having three dimensional network structures with PB.
Figure 13 shows LCST phase diagram for the NR-
gel/PB blend, in which the coexistence compositions
were estimated from 7, of NR-gel/PB (50/50) blend,
using eq 5. The coexistence curve of NR-sol/PB blend
is also shown in the Figure together with the reported
miscible and immiscible regions for the blend of syn-
thetic cis-1,4-PI with PB,* which were determined by
DSC to be one Ty and two Ty's regions, respectively.
The coexistence curve of NR-gel/PB blend appears
at the same temperature-composition as that of NR-

Polym. J., Vol. 34, No. 1, 2002
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Figure 10. Time evolution of coexistence composition for NR-
sol/PB blend annealed at 373 K: (@) PB-rich phase and (m) NR-
sol-rich phase.
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Figure 11. LCST phase diagram of NR-sol/PB blend, obtained
by coexistence curve estimated using (o) (50/50), (m) (60/40), (A)
(70/30), (A) (80/20) blends, and by 7, measurements: (@), Two
Ty's; (O), one Ty.

sol/PB blend. Furthermore, these coexistence curves
were corresponding to the reported phase boundary be-
tween the miscible and immiscible state for synthetic
cis-1,4-PI/PB blend.* Since we used PB having 32.3%
1,2 unit content and My, of 2.14 x 10° to mix with NR-
sol and NR-gel in the present study, just same as those
in the previous paper,* the intermolecular attractive
forces of these blends are expected to be the same as
each other. The only difference is the molecular weight
of cis-1,4-P1, i.e., Mygpc = 2.68 x 10° for NR-sol,
7.30 x 10° for synthetic cis-1,4-P1, and v = 1.5 x 1076
for NR-gel. Therefore, it is concluded that the molec-
ular weight of the polymer does not give a significant

Polym. J., Vol. 34, No. 1, 2002
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Figure 12. Differential DSC curve of (A) NR-gel, (B) PB and

NR-gel/PB (50/50) blend annealed at (C) 298, (D) 323, (E) 328, (F)
333, (G) 343, and (H) 358 K for 2 h.

influence on the LCST of NR-sol/PB, NR-gel/PB, and
synthetic cis-1,4-PI/PB blends.

In the previous paper,'> Bahani, et al. reported the
lower LCST for synthetic cis-1,4-PI/PB blend rather
than that proposed in the present work. They inferred
it to be due to the difference in the molecular weight,
based upon the mean field approximation for a pair
of polymers having the van der Waals attractive force.
However, in the present study, we found that the effect
of molecular weight was negligibly small on the LCST
phase behavior at high molecular weight > 10°. Hence,
the difference in LCST between Bahani’s and us may
be ascribed to a slight difference in 1,2 unit content
of PB, on which intermolecular interaction parameter
should depends. The effect of 1,2 unit content of PB
on the LCST phase behavior of NR/PB blend will be
reported in the subsequent paper.

CONCLUSION

NR-sol and NR-gel were miscible with PB having
32.3% 1,2 unit content at 298 K, despite the ultra high
molecular weight and three dimensional network struc-
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Figure 13. LCST phase diagram: (m) for NR-gel/PB blend and
solid line for NR-sol/PB blend. The reported LCST phase diagram
for synthetic cis-1,4-PI/PB blend (ref 4) is also shown: (@), Two
Ty's; (O), one Ty.

ture that present in the two polymers, respectively. The
LCST phase behavior was found for the NR-sol/PB and
NR-gel/PB blends by the 7, measurements using DSC
after quenching the annealed blends. The coexistence
composition of NR-sol/PB and NR-gel/PB blends was
determined by a method proposed in this work to draw
the LCST phase diagram. The LCST of NR-sol/PB
blend and NR-gel/PB blend was 328 K, being identical
to the reported LCST of synthetic cis-1,4-PI/PB blend.
It is concluded that the difference in molecular weight
plays no significant role in the LCST of NR-sol/PB,
NR-gel/PB and synthetic cis-1,4-PI/PB blends.
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