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The microphase-separated structures in bulk and the
surface structures of block copolymers have been in-
teresting subjects in recent years. The outcomes ob-
tained from these studies have been utilized in the de-
velopment of adhesives, composites, membranes, and
biomedical materials. It is worthy of note that many
advances in these studies are attributable to progress in
techniques such as transmission electron microscopy
(TEM),! small-angle X-ray scattering (SAXS),? X-ray
photoelectron spectroscopy (XPS),* attenuated total
reflectance Fourier transform infrared spectroscopy
(ATR-FTIR),*ion scattering spectroscopy,’ dynamic- or
static-secondary ion mass spectrometry (SIMS),® atomic
force microscopy,’ laser scanning conforcal microscopy,®
and contact angle measurement.’

Recently, we have carried out investigations on the
synthesis, characterization and functionalities of the
multiblock copolymer (aramid-silicone resin; PAS)'%~ 13
consisting of polyamide (aramid) as the hard segment
and poly(dimethylsiloxane) (PDMS) as the soft one
(Figure 1). In our studies, the presence of a microphase-
separated structure in PAS film is suggested from the
electron probe micro analysis,'® thermomechanical prop-
erties,** gas permeabilities’* of PAS and cell adhesion
onto a PAS surface.'® In addition, the results of the XPS
and contact angle measurements suggest that PDMS
components fully cover the outermost surface of the PAS
film.!® The morphology and the periodicity of the
microphase-separated structure of PAS film, however,
are still unclear. In this report, in order to clarify the
bulk and surface structure visually, we observed the
morphology of the microdomains in the bulk and near
the free surface by means of TEM.

EXPERIMENTAL

PAS was synthesized by a low-temperature solution
polycondensation through a two-step procedure accord-
ing to the literature.'®!® The PDMS-diamine (Shin-Etsu
Chemical Co., Japan), number-average molecular weight
(1680), was used in this procedure. The structure and
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PDMS content of the resulting copolymers were con-
firmed as the proposed block copolymer by means of
'H NMR (JEOL EX-90 Fourier transform spectrome-
ter; JEOL Ltd., Japan) spectroscopy.'?!?

The PAS films were cast from a 10wt% N,N’-
dimethylacetamide (DMAc) solution on a TEFLON®
sheet. Then we evaporated the solvent at 60°C for 5
days. Finally, the films were dried at room temperature
for 24 hours under a vacuum (2 mmHg), and PAS films
with about 100um thickness were obtained. Test
specimens (2 x 10mm) were cut from the films and
stained with a vapor of RuO,'”"!8 for 15—30 min. This
was necessary to avoid structural change during the
embedding process. The specimens were then embedded
in epoxy resin (Quetol 812, Nisshin EM Ltd., Japan).
Ultrathin sections (ca. 50—80 nm thickness) were made
using an ultrotome (2088V, LKB Ltd., Sweden) with a
diamond knife at room temperature. TEM was done with
a JEM 1200-EX transmission electron microscope (JEOL
Ltd., Japan) at 80kV accelerating voltage.

RESULTS AND DISCUSSION

Table I shows the molecular weight of PDMS and aramid
components in PAS. PAS possesses different values of
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Figure 1. Chemical structure of aramid-silicone resin (PAS).

Table I. Molecular weight of PDMS and aramid
components in PAS

PDMS content® M,
Polymer
wt% PDMS aramid (x)*
PAS-14 14 1,680 10,330 (30.9)
PAS-41 41 1,680 2,410 ( 6.9)

2 Calculated from the Si-CHj/aromatic H ratio in the 'H NMR
spectrum.

' For Part 1, ¢f. ref 10, for Part I1, ¢f. ref 12, for Part III, ¢f. ref 13, for Part VI, ¢f. ref 14, for Part V, ¢f. ref 15.

t To whom correspondence should be addressed.
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aramid segment’s M,. For molecular weight determina-
tion of PAS, gel permeation chromatographic measure-
ment was attempted. However, we could not obtain
reliable results about the molecular weight of PAS be-
cause of the poor solubility for the PDMS unit of PAS
for N,N’-dimethylformamide as an eluent. From the
results of the mechanical properties and moldability
given elsewhere,!%12 PAS might possess a high mole-
cular weight.

Figure 2 shows the transmission electron micrographs
of ultrathin sections of PAS-14 (PDMS/aramid = 1680/
10330 by M,) and PAS-41 (PDMS/aramid =1680/2410
by M,) . We confirmed that the PDMS component was
more easily stained with RuO, than the aramid
component. Thus, the black area indicates a PDMS
domain, and the white area corresponds to an aramid
domain. The PDMS layer (the thickness of the first
PDMS layer at the outermost surface; ca. 10A) always
occupied the free surface of PAS-14 film (Figure 2(a)).
This is because the surface (which was exposed to air
during the casting of the film), tended to minimize the
surface free energy of the block copolymer. That is, the

free surface
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Figure 2. Transmission electron micrographs of ultrathin sections of
PAS-14 and 41 films. (a) Cross-section near the free surface of PAS-14
film. (b) Cross-section of the center region of PAS-41 film.
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PDMS component should form the outermost layer at
the free surface, since the critical surface tensions of
wetting for PDMS and aramid are 22 and 46 dyn/cm,
respectively.!® In the cross-section near the free surface
of PAS with 8 wt% of PDMS, the same phenomenon
was also observed.!® Moreover, the results of static-SIMS
and angle-dependent XPS of the surfaces of PAS con-
taining from 8 to 71wt% of PDMS supported this
phenomenon experimentally.!® The surface enrichment
of the PDMS component was also recognized in other
block copolymers containing PDMS such as PDMS-
polystyrene (PS)?° and PDMS-Bisphenol A polycar-
bonate? block copolymers by XPS and ATR-FTIR. Un-
fortunately, ultrathin sections of PAS containing over
41 wt% of PDMS in the surface vicinity could not be
perfectly obtained due to the flexibility of the films.
The preparation of the cross-section near the free surface
of PAS containing over 41 wt% of PDMS by means of a
cryosectioning method is in progress.

In the bulk phase of PAS-14, discrete spherical re-
gions of PDMS in an aramid matrix are shown (Figure
2(a)). The diameters of the spherical regions of PAS-14
were approximately 60—80 A. The presence of PDMS
spherical microdomains dispersed in an aramid matrix
was quite reasonable from the volume fraction (0.19)
of PMDS in PAS-14 which was obtained by using the
group contribution calculation.?! Hashimoto et al.
have reported about the correlation between the thick-
ness of the first layer at the outermost surface and the
periodicity in bulk for polyisoprene-polystyrene block
copolymer.?? They suggested that the thickness of the
first layer was half of the bulk periodicity for lamellae
structures and that was one-third of radius for spherical
structure. For PAS-14, the fraction between the thickness
of PDMS surface layer and the radius of the PDMS
spheres indicated almost the same value (1/3—1/4). This
result was in agreement with Hashimoto’s criterion.

Although we could not observe the near region of free
surface for PAS-41, a transmission electron micrograph
of the center region could be obtained (Figure 2(b)).
The PDMS component formed cylindrical microdomains
dispersed in an aramid matrix. The interdomain spacing
from TEM observation was approximately 60—80 A.
In the morphology of the PDMS-related multiblock
copolymer, the interdomain spacing of the PDMS—poly-
sulphone (PSF) multiblock copolymer (PDMS/PSF =
6700/9700 by M,, PDMS content=41wt%) was 200+
20A by TEM and 240 A by SAXS, and the PDMS-
continuity was present.?® The bulk morphology of PAS-
41 observed by TEM was similar to that of the PDMS-
PSF copolymer, although the interdomain spacing of
PAS-41 was smaller than that of this PDMS-PSF co-
polymer. Also, we could observe the two-phase separated
structure of PAS which was prepared by using an even
smaller PDMS segment (M, =900).'° The phase separa-
tion displayed at such low block molecular weight levels,
(such as PAS) seems to be unusual.'*2* The presence of
the two-phase separation of PAS at such low block
molecular weight levels seems to depend on the results
from the high degree of incompatibility of the nonpolar
PDMS segment and the polar aramid segment. In a
previous study, the oxygen permeation coefficient of PAS
film was drastically increased to between a 0.43 and 0.55
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volume fraction of PDMS.'* In these fractions, a con-
tinuous PDMS domain should be formed in the bulk.
The volume fraction of PDMS of PAS-41 was about 0.50
calculated by group contribution calculations.?! There-
fore, the gas permeability of PAS was consistent with
the morphology in the bulk phase.

In conclusion, the surface and the bulk structures of
aramid-silicone resin (PAS) were characterized by TEM.
It was revealed that a PDMS component was condensed
at the outermost surface, and PASs with 14 and 41 wt%
of PDMS possessed the PDMS-spherical and -cylindrical
microdomain structures in the bulk phase, respectively.
Moreover, such surface enrichment well corresponds to
the results of XPS and contact angle measurements.'®
We could visually reconfirm the surface structure of PAS
film by TEM observation. This work is essential and very
important so as to obtain a clue in order to clarify the
relationships between the characteristics and the func-
tionalities of the novel functional polymers (PASs).
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