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ABSTRACT: Transition phenomena in polymer blends of poly(ethylene oxide) (PEO) and
poly(methyl methacrylate) (PMMA) of various compositions were investigated by inverse gas
chromatography. Below ca. 15wt%; PEO, the polymer system was almost homogeneous and the
transition behavior of the blends was mainly dominated by PMMA. In ca. 25—45wt%, PEO, the
two components were completely compatible and the transition behavior of the blends was mainly
governed by PEO. In ca. 15—25wt%, PEO, the transition behavior was greatly changed by thermal
treatment. This composition range corresponded to a critical state of the above-mentioned two
states. Above ca. 45 wt%, PEO, PEO domains were segregated in the homogeneous polymer matrix
and spread out with increase in PEO content. In the linear triblock copolymers of PEO and
PMMA, compatibility was essentially identical to that in the blend, while it greatly depended on the

molecular structure in the PEO-grafted block copolymers of PEO and PMMA.
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In recent years compatibility of multicompo-
nent polymer systems such as polymer blends
and block copolymers has been extensively
investigated by various methods.' ~¢ Inverse
gas chromatography (IGC), which has been
developed by Guillet and co-workers,” has
been used to characterize copolymers.®~!? By
using IGC, we investigated the morphology of
hydrophilic-hydrophobic polymer systems such
as polymer blends of poly(ethylene oxide)
(PEO) and polystyrene (PS),'3!* poly(acrylic
acid) and PS,!* and block copolymers of PEO
and poly(methyl methacrylate) (PMMA).!¢

In the previous study, we discussed the
transition phenomena in various block co-
polymers of PEO and PMMA (PEO-b6-PMMA)
and an intramolecular plasticizing effect was
elucidated.!® The morphological study of

PEO/PMMA blends is of great interest, since
they consist of hydrophilic and hydrophobic
polymers and are expected to be compatible.
Several studies on PEO/PMMA blends have
been reported.!” ~2° Depressions of both melt-
ing temperature (T,,) of PEO and glass transi-
tion temperature (7,) of PMMA were observ-
ed.'”!8 Further, the interaction parameter!®
and thermal degradation?® of the blend were
investigated. However, the change in the com-
patibility of the components with the com-
position has not yet been reported.

In this study, we investigated the transition
phenomena of PEO/PMMA blends of various
compositions by IGC. In the present paper, we
report the influence of composition on the
compatibility of the two components and the
results are compared with those of PEO-b-
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PMMA reported previously.!® The effect of
thermal treatment on the compatibility is also
discussed.

EXPERIMENTAL

Materials

Nakarai Chemical’s PEO #6000 (M, =8500)
was used as received. PMMA (M, =46800)
was prepared by radical polymerization of
methyl methacrylate (MMA) in benzene at
60°C initiated with AIBN. Linear triblock
copolymers of PEO and PMMA (PMMA-
PEO-PMMA, li-block) and PEO-grafted
block copolymers of PEO and PMMA (gr-
block) were also investigated. Since a transes-
terification reaction between the disodium salt
of PEO and the methoxy group in MMA
occurred during the polymerization, PEO
blocks grafted on PMMA blocks in gr-block.
PEO content in these copolymers was de-
termined by NMR analysis. The details of the
preparation and characterization of these
block copolymers have been described in pre-
vious papers.?! 23 Benzene and Chromosorb
P AW-DMCS 60/80 mesh were used as solvent
and support, respectively.?* Trimethylchloro-
silane and hexamethyldisilazane were used
for silane-treatment of the glass plate surface
on which a polymer film was cast.

Measurements

The columns used in this study are described
in Table I. Their preparation has been de-
scribed in detail in previous papers.!3~16

Gas chromatograms were recorded on a
Shimadzu GC-8A equipped with a thermal
conductivity detector, with helium as a carrier
gas, n-nonane as a solute, and air as a non-
interacting marker. The method of IGC
measurement has been described in previous
papers.'® !¢ The measurement was carried out
by increasing the column temperature 7T (K).
The retention diagram (RD) was obtained by
plotting log V', versus 10°/T (V, is the specific
retention volume of the solute: mig™).
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Table 1. Column specifications
Column PEO content Polymer loading®

No. Polymer

wt% wt%

1 PMMA 0 9.7

2 Blend S 9.7

3 Blend 10 9.7

4 Blend 15 9.6

S Blend 20 9.7

6 Blend 25 9.8

7 Blend 35 9.7

8 Blend 40 9.7

9 Blend 45 9.8

10 Blend 50 9.7

11 Blend 75 9.7

12 PEO 100 9.8

13 Li-block 274 11.8

14 Gr-block 29.5 13.8

15 Gr-block 17.3 11.8

* Polymer (g)/[Polymer (g) + Chromosorb (g)] x 100.

Several days after the first measurement on a
freshly packed column, the second measure-
ment was carried out to investigate the in-
fluence of the thermal treatment on the phase
structure of the polymer.

The surface structure of the blend was ob-
served by scanning electron microscopy
(SEM). SEM photographs were obtained on a
JEOL JSM-25SI1 operated at 12.5kV. The
polymer was cast from a benzene solution onto
a silane-treated glass plate. The samples were
coated with 300 A of gold.

RESULTS AND DISCUSSION

The Influence of Blend Composition on

Retention Diagram

In Figure 1 are shown the RDs of columns
No. 1 and 12 prepared by PMMA and PEO,
respectively. In a Z-shaped curve, the tempera-
ture of the first deviation from linearity cor-
responds to the transition temperature of the
polymer.” As can be seen from Figure 1, the
T, of PEO and the T, of PMMA were about
62 and 115°C, respectively. In the RDs of an
incompatible polymer blend system such as
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Figure 1. Retention diagrams of PEO and PMMA:

(O) column No. 12 (PEO, first measurement); (@) No.
12 (PEO, second); (A) No. 1 (PMMA, first); (A) No. 1
(PMMA, second).

PEO/PS blends, the two Z-shaped curves ap-
peared in a RD, and the values of T, and 7,
were the same as those of corresponding ho-
mopolymers regardless of the composition.'?
Figures 2 and 3 show the RDs of the blends
prepared at various compositions and of PEO
and PMMA homopolymers. In the RD of
column No. 2 (5wt% PEO), the Z-shaped
curves at 62 and 115°C were not observed. In-
stead, a Z-shaped curve at 97°C and a very slight
bending of the slope at 58°C were observed.
The former is mainly attributable to the glass
transition of PMMA and the latter to the melt
transition of PEO. The depressions of T, and
T,, are consistent with the results of other
workers.*172% The bending at 58°C and a Z-
shaped curve at 82°C were also observed in a
blend of 10 wt%, PEO. The appearance of the
new Z-shaped curves means that PEO is com-
patible with PMMA and acts as a plasticizer to
depress the 7, of PMMA. The magnitude of
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Figure 2. Retention diagrams of PEO/PMMA blends
and PMMA (first measurement): (O) column No. 2
(5wt% PEO); (@) No. 3 (10wt% PEO); (A) No. 4
(15wt% PEO); (l) No. 7 (35wtY, PEO); (©) No. 1
(PMMA).

the depression is proportional to the PEO
content. In this composition range, it is sup-
posed that the blend is almost homogeneous
and the transition behavior is mainly deter-
mined by PMMA component.

The RDs of 20, 25, 40wt% PEO were
almost identical to the RD of 35 wt% PEO
which was nearly linear. In this composition
range, the two components are completely
compatible and the blend is a homogeneous
polymer system which exhibits no transition
phenomenon within the temperature range
from 40 to 160°C.

In the RD of 15wt% PEO, only slight
bendings of the slope were observed at about
58 and 110°C, and a Z-shaped curve did not
appear. The composition around 15 wt%, PEO
corresponds to a transition of the two states
mentioned above. This is supported by the
results on the thermally treated blend de-
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Figure 3. Retention diagrams of PEO/PMMA blends
and PEO (first measurement): () column No. 9
(45wt PEQO); (A) No. 10 (50 wt%, PEO); (OJ) No. 11
(75 wt% PEO); (@) No. 12 (PEO).

scribed below.

As shown in Figure 3, in the RDs of 45, 50
and 75 wt%, PEO, Z-shaped curves were clearly
observed at around 62—65°C and the depth of
each Z-shaped curve increased with PEO con-
tent. Bendings of the slopes were hardly ob-
servable at around 110°C. This indicates that,
above ca. 45wt%, PEO, PEO domains exist in
the homogeneous polymer matrix appeared in
the range of about 20—40wt% PEO, and
spread out with increase in PEO content.

SEM Photograph of PEO/PMMA Blend
Figure 4 shows a SEM photograph of a
cast film of PEO/PMMA blend prepared
at S0wt% PEO. The surfaces of the blends
containing PEO below 40 wt%, were smooth
and homogeneous by SEM observation. In
50wt% PEO, as can be seen from Figure 4,
PEO domains exist over the homogeneous
polymer surface. These SEM observations
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Figure 4. SEM photograph of a PEO/PMMA blend
cast from the benzene solution (50 wt%, PEO).

are consistent with the IGC results described
above.

Effect of Thermal Treatment on the Compati-

bility of PEO/PMMA Blend

In Figure 1 are shown the RDs of the sec-
ond measurement (RDs-2nd) of the columns
No. 1 and 2 together with the RDs of the
first measurement (RDs-1st). The RD-2nd
reflects the thermally-treated phase struc-
ture of the polymer. As previously reported,
the retention of a solute is caused by bulk
sorption around the Tm of PEO and by sur-
face adsorption below the T, of PMMA."!?
Since the amount of polymer bulk is constant
regardless of thermal treatment, the RD-2nd
of PEO was almost the same as the RD-1st. In
the RD-2nd of PMMA, a decrease in the value
of log ¥, compared with the RD-Ist corre-
sponds to a decrease in surface area of the
polymer caused by thermal treatment. In
short, the result that the RD-2nd is not so
different from the RD-1st indicates that the
transition behavior of the blend is mainly
governed by the PEO component. On the
other hand, the result that the value of log V,
in RD-2nd is smaller than that in the RD-1st
indicates that the transition behavior of the
blend is mainly governed by PMMA
component.

Figures 5 and 6 show the RDs-1st and RDs-
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Figure 5. Retention diagrams of PEO/PMMA blends:
(O) column No. 2 (Swt% PEO, first measurement); (@)
No. 2 (5wt% PEO, second); (A) No. 4 (15wt%, PEO,
first); (A) No. 4 (15wt% PEO, second).
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Figure 6. Retention diagrams of PEO/PMMA blends:
(O) column No. 5 (20wt% PEO, first measurement);
(@) No. 5 (20wt%, PEO, second); (A) No. 6 (25wt
PEO, first); (A) No. 6 (25wt% PEO, second).
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2nd of 5, 15, 20, and 25wt%, PEO. In the RD-
2nd of 5wt%, PEO, the fundamental pattern of
the RD was the same as the RD-1st, while the
value of log ¥, decreased. This supports the
above-mentioned interpretation; that is, the
transition behavior of the blend is mainly
determined by PMMA component in Swt%
PEO. The same tendency was observed in the
RD-1st and RD-2nd of 10 wt%, PEO.

In the RDs of 15wt% PEO, the RD was
almost linear and a Z-shaped curve was not
observed in the RD-1st, whereas a Z-shaped
curve was clearly observed at around 80°C in
the RD-2nd. In 15wt% PEO, therefore, the
property of PMMA does not appear before
thermal treatment but appears after it. This
was also observed in 20 wt% PEO. In the RD-
2nd of 25 wt%, PEO, a Z-shaped curve was not
observed and the value of log V, very slightly
decreased. The RDs-1st and -2nd of 35 and
40 wt%, PEO were the same as the RD-1st of
25wt% PEO. In 25—40wt%, PEO, two com-
ponents are completely compatible and the
transition behavior of the blend is mainly
dominated by PEO component, and the fun-
damental transition behavior does not change
by thermal treatment. The composition of ca.
15—25wt% PEO corresponds to the critical
composition of the two states described above.

Above 45wt% PEO, the shape of RD-2nd
was completely the same as the respective RD-
Ist. Although the PEO domains existing over
the homogeneous polymer matrix may par-
tially melt, the fundamental feature of the
blend does not change by thermal treatment.

Compatibility of PEO and PMM A in the Block

Copolymers

Figures 7 and 8 show the RDs-Ist, -2nd of a
li-block (27.4 wt%, PEO) and of gr-blocks (17.3
and 29.5wt%, PEO), respectively.

In a previous paper, we reported in detail
the transition phenomena of the block copoly-
mers of PEO and PMMA.?* In the li-blocks
with compositions below 9.4wt% PEO, dis-
tinct Z-shaped curves were observed at 82°C,
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Figure 7. Retention diagrams of a linear triblock co-
polymer of PEO and PMMA: (O) column No. 13
(27.4wt% PEO, first measurement); (@) No. 13
(27.4 wt%, PEO, second).
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Figure 8. Retention diagrams of PEO-Grafted block
copolymers of PEO and PMMA: (A) column No. 14
(29.5wt% PEO, first and second measurements); (QO)
No. 15 (17.3wt% PEO, first); (@) No. 15 (17.3wt%
PEO, second).
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which were accounted for by the intramo-
lecular plasticizing effect of the PEO center
block. This is consistent with the results on the
blends with compositions below 10 wt%, PEO.

In contrast, in the RD-1st of a li-block of
27.4wt%, PEO depicted in Figure 7, the RD
was almost linear and a Z-shaped curve was
hardly observable. We presumed that this be-
havior is ascribed to the low molecular weight
of the PMMA block.?> On the basis of the
results on the blends, however, we conclude
that in this composition the two segments are
almost compatible and this li-block shows no
transition before thermal treatment. In the
RD-2nd of this li-block, a weak Z-shaped
curve appeared at around 70°C and the value
of logV, decreased. This indicates that the
compatibility slightly decreased and the prop-
erty of PMMA was revealed by thermal
treatment.

As expected from the discussion described
above, the RD-Ist of gr-block of 29.5wt%]
PEO was almost linear as shown in Figure 8.
On the other hand, in the RD-1st of a gr-block
of lower PEO content (17.3wt% PEO), a
distinct Z-shaped curve due to the melt tran-
sition of PEO segment was unexpectedly ob-
served at around 55°C. Further, a Z-shaped
curve due to the glass transition of PMMA
segment was slightly observable at around
100°C. The interpretation of the difference
between the two copolymers is as follows.

The gr-block of 29.5wt%, PEO mainly con-
sisted of PEO-grafted triblock copolymer of
PEO and PMMA. Fixation of both chain ends
of PEO to the PMMA segments would result
in a similar thermal behavior of PEO segment
to that in the li-block of 27.4wt% PEO. In
contrast, the gr-block of 17.3 wt%; PEO mainly
consisted of PEO-grafted diblock copolymer
of PEO and PMMA in which one of the PEO
chain ends was not fixed to a PMMA segment.
The increase in the mobility of the PEO seg-
ment in this copolymer resulted in similar
thermal behavior to that of PEO homopoly-
mer. Since the two Z-shaped curves were

Polymer J., Vol. 20, No. 7, 1988
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observed and the value of log V, decreased in
the RD-2nd, it is reasonable to consider that
micro phase separation occurs in this
copolymer.

The RD-2nd was completely the same as the
RD-Ist in the gr-block of 29.5wt% PEO,
which indicates that the transition behavior of
this copolymer is mainly governed by PEO. In
this copolymer, the two components are com-
pletely compatible and no transition phenom-
enon was observed in the temperature range
from 40 to 150°C. This feature did not change
by thermal treatment. In contrast, the value of
log V', decreased in the RD-2nd of the li-block
of 27.4 wt%, PEO regardless of nearly the same
composition as in the gr-block of 29.5wt%;
PEO. It is considered from these results that
the ability of PEO to mix with PMMA is
greater in the gr-block of 29.5wt% PEO than
in the li-block of 27.4 wt%, PEO.

CONCLUSIONS

In PEO/PMMA blends, the transition be-
havior in the polymer system varies with the
blending composition. The following four
characteristic morphological states exist: (1)
below ca. 15wt%, PEO; a transition phenom-
enon is distinctly observed, which is attrib-
uted to the glass transition of PMMA. The
polymer system is almost homogeneous and
the physical property measured by gas chro-
matography is mainly determined by the
PMMA component. The fundamental tran-
sition behavior of the blends does not change
by thermal treatment. (2) ca. 25—45wt%
PEO; no transition phenomenon is observed
before and after thermal treatment in the
temperature range from 50 to 150°C. The
transition behavior of the blends is mainly
determined by the PEO component and the
two components are completely compatible.
These features do not change by thermal treat-
ments. (3) ca. 15—25wt%, PEO; the fundame-
ntal transition behavior of the blends is sim-
ilar to the state (2) before thermal treatment,

Polymer J., Vol. 20, No. 7, 1988

and it is similar to the state (1) after thermal
treatment. This composition range corre-
sponds to a critical state of the states (1) and
(2). (4) above ca. 45wt%, PEO; PEO domains
exist in the homogeneous polymer matrix hav-
ing the composition comparable to the state
(2) and spread out with an increase in PEO
content. The fundamental transition behavior
of the blends does not change by thermal
treatment.

In the li-block, the change in compatibility
of the two components with the composition is
essentially identical to that in the blend. On the
other hand, in the gr-block, compatibility
greatly depends on the molecular structure.
The ability of PEO to incorporate PMMA is
generally greater in the gr-block than in the li-
block.

As has been discussed, IGC measurements
of multicomponent polymer systems such as
polymer blends and block copolymers offer
valuable information on transition phenom-
ena, compatibility, thermal treatment and so
on. Information on these changes was hardly
obtainable by the differential scanning calo-
rimetry (DSC) in our laboratory. Especially,
the change in the compatibility by thermal
treatment could not be detected by our DSC
measurements. Thus, IGC is a simple, sensitive
and useful technique and will be widely ap-
plicable to studies on other multicomponent
polymer systems.
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