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ABSTRACT: Swelling behavior was investigated on randomly-coupled (AB),-type multiblock
copolymers of bisphenol-A polycarbonate (PC) and polyoxyethylene (POE) in ethanol/water
mixtures of various composition. The degree of swelling, Q,, defined as the weight ratio of the
swollen and dry films, was dependent not only on PC/POE composition and block length but also
on the sample’s history. As-cast specimens of the samples having 70 wt%, POE content showed a
high maximum in the Q,, vs. solvent composition curve at an ethanol content close to the azeotropic
composition. This maximum disappeared by annealing and/or ethanol-conditioning the as-cast
films. The swelling behavior of these conditioned films was similar to that of crosslinked POE gels.
In the copolymers investigated, hydrophobic PC microdomains may act as physical crosslinks for
the hydrophilic POE gel phase. Thus, as-cast specimens may have a large sorptive capacity because

of imperfect microphase separation and a resulting loose quasi-network structure.
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Multicomponent polymers or polymeric al-
loys! 73 often undergo microphase separation
because of the immiscibility of the constituent
polymers. This heterophase structure of poly-
mer alloys has been utilized for designing
materials having excellent use-properties
and/or special functions, such as thermoplastic
elastomers.! > The unique properties of seg-
mented polyurethanes may also be attributed
to a microphase-separated structure consisting
of hard and shoft segment domains.' ~>

To elucidate the relationship between micro-
domain structure and physical properties of
multiblock copolymers, we synthesized a series
of randomly-coupled (AB),-type multiblock
copolymers of bisphenol-A polycarbonate
.(PC) and polyoxyethylene (POE) with varying
PC/POE content and block length, using the
method of Goldberg.® POE is easily crystal-
lizable, rubbery and hydrophilic, while PC is

less easily crystallizable, glassy and hydro-
phobic. We have already investigated the
thermal, mechanical and dielectric properties,
and water sorption behavior of these copoly-
mers as a function of composition and block
length.” ~°

In this article, we report on the swelling
behavior of these copolymers in ethanol/water
mixtures of various composition. POE is sol-
uble in both water and ethanol, but not PC.
Thus, the swelling behavior of these copoly-
mers should depend strongly on PC/POE

composition, block length and solvent
composition.

EXPERIMENTAL
Materials

The characteristics of the six copolymer
samples® used in this study are summarized in
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Table I. Characteristics of multiblock

copolymers®

Sample code
(BXEY)

POE Content
_ X Y zZ n

wt%
B22E46 26.9 229 46 1.1 12
BO9E14 22.8 9.6 14 1.1 21
B13E68 48.2 139 68 1.1 8
BSE23 47.7 55 23 1.2 35
BSE68 70.0 6.1 68 1.2 11
B2E23 70.0 28 23 1.6 32

) CHy, 9 0
g—@ocoHCHZCHzonco
CH, X 7,

Table I. The samples are coded as BXEY, the
symbols X and Y denoting the average degree
of polymerization of PC blocks and POE
precursors, respectively. The values of X and
average number Z of coupled POE precursors
in a single POE block were calculated from the
feed-product composition under the assump-
tion that coupling of the bisphenol-A and
POE precursors occurs randomly. The details
for this are described elsewhere.” ~°

An impurity-free PC homopolymer sample
(Teijin Co., Ltd., K-1300) used as a reference
had a number-average molecular weight, M,,
0f 29,800. A crosslinked POE film also used as
a reference was prepared as follows.!® A com-
mercial POE prepolymer (Nakarai Chemicals
Ltd.; nominal molecular weight, 1850—2150)
was mixed with 17mol%] trimethylolpropane,
50mol%, 4,4’-diphenylmethane diisocyanate
and 0.05wt9% catalyst, di-n-butyltin dilaurate,
under the N, stream. After being kept at 100°C
for 10 min in a molding cell, the mixture was
hot-pressed at 20kgcem ™2 in situ for 1h. The
compression molded film was left standing at
least for one week before use, because the
crosslinking reaction proceeded very slowly.

Films of the copolymers and PC homo-
polymer were cast from 2wt% chloroform
solutions at room temperature by evaporat-
ing the solvent slowly for 2 to 3 days. They
were then dried under a vacuum of 1072
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torr to constant weight. Whenever necessary,
the films were further annealed at 60°C for
24h.

Methods

For swelling measurements, thoroughly
dried films were cut into pieces about 10 x 30 x
0.1 mm? (approximately 30 mg), and soaked in
ethanol/water mixtures of varied composition
thermostated (within +0.1°C) at desired tem-
peratures. The swollen films were weighed by a
Mettlar semi-micro balance (within +0.1 mg)
every 24 h until a constant weight was reached.
The maximum degree of swelling, Q,, was
calculated as the ratio of the weights of the
swollen and dry films. It usually took 4 days to
reach swelling equilibrium.

Dynamic mechanical measurements were
made on a Rheovibron DDV-II (Toyo-
Baldwin Co.) at 110 Hz in a temperature range
from 150 to 450K at a heating rate of 1
Kmin~!. Differential scanning calorimetry
(DSC) was carried out on a Rigaku Denki
Model 8055 DSC apparatus in a range from
170 to 570K at a heating rate of 10 K min~1.

RESULTS

PC/POE Composition and Block Length

Dependence

Figures 1 and 2 show the degree of swelling
0, vs. solvent composition curves at 25°C for
BXEY polymers with long and short blocks,
respectively. For comparison, Figure 1 also
shows the Q, of crosslinked POE and PC
homopolymers. The Q,, of crosslinked POE
gradually decreased with increasing ethanol
content up to about 85vol%, and, then, rap-
idly decreased to the value in pure ethanol.
The PC sample hardly swelled at any mixture
composition. However, the Q,, for the BXEY
copolymers first increased to a maximum at
around 80 to 909/ ethanol content and then
decreased sharply. This tendency was more
pronounced for copolymers of higher (70 wt%;)
POE content. As shown in Figure 1, BSE68
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Figure 1. Plot of Q, vs. solvent composition at 25°C
for homopolymers and as-cast BXEY polymers of long
blocks and varying PC/POE ratio.
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Figure 2. Plot of Q,, vs. solvent composition at 25°C
for as-cast BXEY polymers of short blocks and varying
PC/POE ratio.

exhibited a sharp Q, maximum for ethanol/
water mixtures near. the azeotropic com-
position (96 vol% ethanol). Figure 2 shows
that B2E23 having the same POE content as
B5E68 but short blocks becomes soluble in
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mixtures of 85 to 90vol% ethanol, i.e.,
0, becomes infinite. Thus, we found the
swelling behavior of the as-cast specimens of
high POE content to be very different from
that of crosslinked POE.

When the swelling data for 709, POE con-
taining samples, BSE68 and B2E23, are com-
pared with those for 50% POE containing
samples, B13E68 and BSE23, respectively, we
notice that Q,, for the former two samples are
always larger than those for the latter two.
Incidentally, the two samples in each pair were
the same in the length of POE blocks but
different in the length of PC blocks. However,
the difference in their swelling behavior was
much larger than that expected from the addi-
tivity of the contributions of the two
components.

Temperature Dependence

Figure 3 shows the Q, vs. solvent com-
position curves for as-cast BSE68 at four
different temperatures. It can be seen that with
an increase in temperature, Q,, increases and
the cosolvent composition at the Q, peak
shifts to a region of higher ethanol content. At
35°C and above, the as-cast BSE68 specimen
becomes soluble in the mixtures of high
ethanol content. Graham et al.!! reported that
Q,, for crosslinked POE hydrogels in water
decreases with increasing temperature. Our
BXEY polymers exhibited a tendency opposite
to Graham’s crosslinked POE hydrogels.

Effect of Thermal Treatments

Since thermal treatment was found® to affect
the morphology and properties of the multi-
block copolymers in this study, we compared
the swelling behavior of their as-cast and
annealed (at 60°C for 24 h) specimens. Figures
4 and 5 show the Q,, vs. solvent composition
curves for as-cast and annealed specimens of
B13E68 and BSE23 with 509, POE content
and those of BSE68 and B2E23 with 709, POE
content, respectively. It can be seen that the Q,,
values of the annealed specimens are con-
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Figure 3. Plot of Q,, vs. solvent composition for as-cast
B5E68 specimens at different temperatures.

sistently lower than those of the as-cast speci-
mens and that the Q, maximum shifts to a
lower ethanol content with annealing. On the
other hand, no annealing effect was found for
Q,, of B22E46 and B9E14 having low (25 wt%,)
POE content.

Figure 6 shows the temperature dependence
of the storage (E’) and loss (£’") moduli and
tan § for the as-cast and annealed specimens of
B5E68, B2E23 and B13E68. For the annealed
specimens of these samples, a sharp decrease in
E’ reflecting the glass transition of the POE
rich phase occurs at a temperature lower than
that for the corresponding as-cast specimens.
Also, the annealed specimens show plateaus
extending to high temperatures. The E’ vs.
temperature curves for the annealed specimens
of B2E23 and BI3E68 exhibit a small but
significant peak around 400K and in the 420
to 470K region, respectively. According to our
previous studies’ ® on the viscoelastic and
thermal behavior of BXEY copolymers, these
peaks may be attributed to the recrystalli-
zation of PC blocks.® In Figure 6, an anom-
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Figure 4. Q, vs. solvent composition at 25°C for as-
cast and annealed B13E68 (left) and BSE23 (right)
specimens of 509 POE content.
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Figure 5. Q,, vs. solvent composition at 25°C for as-

cast and annealed B5E68 (left) and B2E23 (right) speci-
mens of 709, POE content.

alous peak is seen in the E’ vs. temperature
curve for B2E23 in the range from about 270
to 300K. This anomally corresponds to the
initiation of crystallization and melting in POE
domains, as discussed in our previous
publication.®

Effect of Conditioning by Pure Solvents
Figure 7 compares the Q,, vs. solvent com-
position curves for BSE68 specimens con-
ditioned at 25°C in pure water and in pure
ethanol. The values of Q,, for the former was
determined by successively changing the

Polymer J., Vol. 16, No. 8, 1984
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Figure 7. Q, vs. solvent composition for B5SE68 films
conditioned at 25°C in pure water and ethanol.

ethanol content from pure water to ethanol,
and those for the latter by the other way
around. We see a striking change in the Q,, vs.
solvent composition curve for the ethanol-
swollen specimen, which resembles that of the
annealed specimen shown in Figure 5.

Figure 8 compares the DSC thermograms of
the as-cast and annealed specimens of B5E68S,
B2E23, and B13E68. For BSE68 the thermo-
grams of an ethanol conditioned specimen are
also shown. The as-cast specimens show an
endothermic peak at about 506 K, while the
annealed specimens show an exothermic peak
in the range from 450 to 590 K. According to
our previous studies,” ° the former peaks can
be assigned to melting of PC crystallites, and
the latter to recrystallization of PC blocks. No
melting peak of PC crystallites was detected
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Figure 8. DSC thermograms of (a) as-cast and (b)

annealed (at 60°C for 24 h) specimens of BSE68,

B2E23, and B13E68. For B5SE6S, those of (c), an EtOH conditioned specimen, are also shown.
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for the annealed specimens since thermal de-
composition of PEO blocks began below
the melting temperature. The thermograms
for an ethanol-conditioned specimen of
BSE68 also exhibited a fairly large exothermic
peak ascribable to PC recrystallization.

In each measurement, we lowered the tem-
perature to 0°C just after passing through the
exothermic peak, and reheated for a second
measurement. None of the second-run chro-
matograms showed an exothermic peak in the
same temperature range, indicating that the
PC phase had been completely crystallized
during the first heating process.

DISCUSSION

The BXEY copolymers examined here are
typical short-segment multiblock copolymers
composed of crystallizable segments. Ob-
viously, their swelling behavior should be
governed not only by solvent—polymer in-
teractions but as well by microdomain struc-
tures in the specimens. Both water and ethanol
are good solvents for POE blocks, but non-
solvents for PC blocks which swell slightly in
the latter. Since both PC and POE segments
are crystallizable, microphase separation in the
BXEY polymers is influenced not only by the
thermodynamic immiscibility of the com-
ponents but also by the crystallizability of each
component.!? Nevertheless, in such short-
segment multiblock copolymers, microphase
separation occurs less completely, and the
copolymers presumably have more diffuse and
mixed interphases than usual AB diblock co-
polymers.”® These structural characteristics
also influence swelling behavior in ethanol/
water mixtures.

In our previous study on water sorption by
the BXEY polymers at low relative humidities,
RH,? it was found that water molecules diffuse
into and are absorbed essentially by amor-
phous POE domains. Therefore, the sorption
capacity of the copolymers at low RH could be
related to the amorphous POE content.

Polymer J., Vol. 16, No. 8, 1984

However, in BXEY specimens highly swollen
in ethanol/water mixtures, POE crystallites are
dissolved in the mixtures and only the PC
domains act as physical crosslinks. Par-
ticularly, in B2E23 and B5E68 having high
POE content and shorter PC blocks, PC
blocks work less effectively as crosslinks than
those in BSE23 and B13E68 having lower POE
content and longer PC blocks. The former two
may have a rather loose network structure
and, hence, can take up a larger quantity of
cosolvent than the latter two. This partly
explains why as-cast specimens, especially
those of B2E23 and B5E68, swell in mixtures
of high ethanol content.

It is known that some polymers dissolve in
a cosolvent over a limited range of com-
position.!> In BXEY polymers, PC micro-
domains acting as physical crosslinks become
swollen, softened and eventually dissolve with
rise in temperature. This should weaken the
tension acting on POE strands and, hence,
promote specimen swelling and may account
for the fact that in mixtures of high ethanol
content, some BXEY copolymers swell much
more than crosslinked POE and become sol-
uble under certain conditions.

Thermal annealing obviously promotes
microphase separation, and hence influences
swelling behavior. As evident from Figures 4
and 5, the most pronounced difference in
swelling behavior between the as-cast and an-
nealed specimens of BXEY copolymers was
observed for POE rich samples, especially
B2E23. The as-cast film of B2E23 was soluble
in mixtures of 85 to 909, ethanol content, but
when annealed, became insoluble at any com-
position. The swelling behavior of the an-
nealed films was thus qualitatively similar to
that of crosslinked POE.

Since our samples were annealed above the
melting temperature of POE crystallites and
below the glass transition temperature of PC
blocks, further microphase separation first oc-
curred mainly in the POE-rich domains. Thus,
the pure POE phase was segregated from the
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mixed interphase, and the remaining PC rich
phase tended to crystallize, giving more effec-
tive crosslinks for the POE blocks. This struc-
tural change induced by annealing is reflected
in the dynamic mechanical behavior shown in
Figure 6. A similar effect was also observed in
the DSC thermograms, as shown in Figure 8.

In conditioning with ethanol, ethanol prob-
ably acts as a plasticizer in the PC-rich phase
and promotes microphase separation. In fact,
a large PC crystallization peak was observed in
the thermograms of ethanol-conditioned speci-
mens, and the sorption capacity of the films
decreased significantly by this conditioning.

All these findings suggest that annealing
and/or ethanol conditioning promote micro-
phase separation of POE and PC in the
intermixing phase so that the PC phase be-
come more effective crosslinks for the POE
blocks. Such a change in the microphase sepa-
rated structures explains why the swelling be-
havior of annealed and/or ethanol conditioned
specimens became similar to that of cross-
linked POE.
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