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icrophase separation is the phase separation phenomenon
Mat the microscopic scale for multicomponent soft materials,
especially block copolymers,' ™7 and is being replaced with the
term “nanophase separation”® in some literature because their
actual size of phase separation is “nanoscopic”. In order to
achieve nanostructured materials with high performance and
functionality, structures resulting from such nanophase separa-
tion in block copolymers have been investigated widely for the
past several decades.”'*

Recently, incorporation of the supramolecular concept into
multicomponent soft materials, in other words, combination of
nanophase separation and supramolecular interactions in soft
materials,'>~** has been paid more and more attention since
supramolecular interactions in nanophase-separated structures
could bring higher performance and functionality into such
materials. One of such typical studies is on “block supramacro-
molecules”,* which are block copolymer-like supramolecular
assemblies of different polymers. For instance, Russell et al.
reported a very pioneering study on observation of nanophase-
separated structures in block supramacromolecules composed of
end-modified polymers in 1988.** In recent years, we and others
have also reported some studies of block supramacromolecules,
which were prepared on the basis of more precise molecular
designs.”>** Preparation of block supramacromolecules, how-
ever, usually requires precise synthesis of end-modified polymers
as building blocks. Moreover, the efficiency of the formation of
block supramacromolecules from the blends of end-modified poly-
mers is strongly influenced by stoichiometry between noncovalent
bonding groups on each end-modified polymer.** If supramole-
cular assemblies could be built up from the blends of commer-
cially available polymers, for instance, an end-modified polymer
as one building block and a multifunctional polymer with many
noncovalent bonding groups as the counterpart, this facile
preparation approach could be widely useful to produce nano-
phase-separated structures of one-to-n (1n > 1) supramolecular as-
semblies without maintaining severe restrictions of stoichiometry.®

Here in this Communication, we present a facile preparation
approach of supramolecular assemblies of two homopolymers,
which represent nanophase-separated structures due to acid—base
complexation.*® To build up supramolecular assemblies of poly-
mers via acid—base complexation without utilizing time-con-
suming procedures, carboxyl-terminated poly(dimethylsiloxane)
(PDMS-COOH, M, ~ 1450, PDI ~ 1.6, T, ~ —125 °C,
purchased from Shin-Etsu Chemical Co. Ltd.) for industrial use
was selected as an end-modified polymer of one building block,

while commercially available and branched polyethylenimine
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(PEL M, ~ 1200, M,, ~ 1300, Ty ~ —56 °C, purchased from
Aldrich) was used as a multifunctional polymer (average number
of amine per one PEI molecule is 28). Those chemical structures
and the manner of their self-assembly are shown in Figure 1.
These parent polymers are both liquids at room temperature.
Mixing PDMS-COOH and PEI is expected to produce acid—
base complexes between carboxylic acid on PDMS-COOH and
many amino groups on PEIL To prepare homogeneous blend
samples, these two polymers were blended in a mixed solvent of
tetrahydrofuran/methanol (1:1 by volume). Then, the solvent
was slowly evaporated from the solutions on a hot plate at 35 °C
for 24 h, and the blend samples were further dried in vacuo for 48 h.
The weight ratios of PDMS-COOH:PEI in the blends were varied
as 50:X, where 10 samples with X (X = 1—10) were prepared in
total, the blends being coded as DE-50:X. The neat PDMS-COOH
was also called as DE-50:0 after the sample code of DE-50:X.

Figure 2 compares the appearance of two parent polymers as
building blocks together with two blends. Although both parent
samples (neat PDMS-COOH and neat PEI) are almost colorless,
two blend samples have a yellow color which might be originated
from the red shift of the absorption band in a UV —vis region due
to acid—base complexation (see also Supporting Information.)
As for the viscosity, though neat parent samples possess certain
level of viscosity because of their molecular weights as polymers
(M,, ~ 1000), they flow comparatively freely at room tempera-
ture as we can see in upside-down vials at the left for neat PDMS-
COOH and the second left for neat PEL. On the other hand, the
blend of DE-50:2 at the second right in Figure 2 apparently looks
more viscous than both parent samples, even if the mass amount
of PEI added to PDMS-COOH is small, probably due to
acid—base complexation or hydrogen bonding between car-
boxylic acid and amine. This inclination of viscosity increase of
the blends becomes more prominent for the sample DE-50:4,
which looks like a gel and could flow very slowly at the speed of
1 cm per ~30 s, maybe because of congestion of polymers in a
confined nanospace.®’

To reveal the interaction between PDMS-COOH and PEI in
the blends, FT-IR measurements were carried out at room
temperature under the reduced pressure. FT-IR spectra of 11
samples of DE-50:X are shown in Figure 3. There is a quite sharp
peak at 1713 cm™ ' on the spectrum of DE-50:0, indicating the
characteristic absorption signal for C=O stretching vibration of
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Figure 1. Schematic illustrations of nanophase-separated supramole-
cular assemblies and buliding blocks with their chemical structures. (a)
PDMS-COOH. (b) PEL (c) Supramolecular assemblies composed of
PDMS-COOH and PEIL A primary ammonium ion is drawn as a
representative for other ammonium ions in the enlarged acid—base
complexed pair.

Figure 2. Comparison of appearance for two parent polymers and two
blends of DE-50:X (X = 2 and 4) at room temperature.

neutral COOH. There is also a small absorption peak of
O=C—O" antisymmetric stretching vibration of ionized
COOH at 1588 cm ™!, due to the presence of a little amount
of dissociated carboxylic acid in neat PDMS-COOH. When the
spectrum of DE-50:0 is compared with that of DE-50:1 which
contains the small amount of PEI, however, the sudden decrease
of the absorption at 1713 cm™ ' as well as the increase in the
absorption of ionized O=C—O " stretching around 1630 cm ™'
can be recognized. On the basis of our molecular design of DE-
50:1, this transformation in absorption spectra could be attrib-
uted to partial neutralization between carboxylic acid on PDMS-
COOH and amine on added PEI (see also Supporting Informa-
tion for more detailed analysis).

As X increases further, the absorption peak at 1713 cm™
becomes smaller and smaller, and it vanishes at X = 3. The
transformation in absorption spectra is very systematic. Paying
attention to stoichiometry between carboxylic acid and amine,
the stoichiometric balance should be attained at X ~ 1.6.
Therefore, in DE-50:3, there exists already an excess amount of
amine, which could neutralize all the acid in the blend promptly,
resulting in the suppression of the absorption peak of neutral
C=0 stretching vibration at X > 3. The results suggest that all
the blends give supramolecular assemblies composed of PDMS-
COOH/PEI via acid—base complexation and that all the neutral
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Figure 3. FT-IR spectra of 11 samples of DE-50:X (0 < X < 10). The
spectra were displayed in the order of X from bottom (X =0) to top (X = 10).

COOH are consumed and turned into charged as COO ™ in the
blends at X = 3.

To understand the morphological behavior of the blends at
the nanoscopic scale, small-angle X-ray scattering (SAXS) mea-
surements were conducted at room temperature at the beamline
15 A in the Photon Factory, Tsukuba, Japan. SAXS profiles of all
DE-50:X samples are shown in Figure 4. The profile of neat PEI is
also shown at the bottom in Figure 4. There are no peaks on the
profiles of DE-50:0 and neat PE], indicating no notable electron
density difference in the neat samples. However, once both neat
samples are blended, the shapes of profiles became totally
different. The blends even with a small amount of PEI such as
DE-50:1 and DE-50:2 show broad peaks at around 1.2 nm ™' on
their profiles, representing correlation hole peaks®® which might
be originated from electron density difference between PDMS
and PEI with the length scale of several nanometers. DE-50:3
also provides a large and broad peak on its profile at 0.9 nm™ . In
addition, the profile seems to possess the second-order peak at
1.8 nm ™. Taking account of acid—base complexation between
carboxylic acid on one end of PDMS-COOH and amino groups
on PEI, the emergence of the second-order peak is possibly due
to generation of the lamellar nanophase-separated structure
between the PDMS phase and a newly created COOH/PEI
acid—base complex phase in the blend. This interpretation is
strongly supported by the profiles of the blends with X = 4. On
the profile of DE-50:4, there are three sharp peaks at 0.85, 1.7,
and 2.55 nm™ ’, relative q values of 1, 2, and 3, indicating a clear
lamellar nanophase-separated structure with domain spacing of
7.4 nm in the blend. Other profiles of DE-50:X (X > S) have also
sharp peaks at relative g values of 1, 2, and 3, but the location
of peaks shifted to lower q values as the X value increases, re-
presenting domain spacing expansion probably due to the increase
in the thickness of COOH/PEI phase in nanophase-separated
structures.
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Figure 4. SAXS profiles of 11 samples of DE-50:X (0 < X =< 10).
The profile of neat PEI was displayed at the bottom. Profiles of DE-50:X
were displayed in the order of X from the second bottom (X = 0) to top
(X = 10).

As was supported in Figure 3, supramolecular assemblies of
homopolymers was certainly generated in the blends of PDMS-
COOH and PEI due to acid—base complexation between a
carboxylic acid group (COOH) of PDMS-COOH and amino
groups on PEL Since the fraction of COOH and PEI is small in
the blends (for example, 7.4 wt % of PEI in DE-50:4), spherical
nanophase-separated structures between a PDMS phase and an
acid—base COOH/PEI complex phase are expected to be
observed in supramolecular assemblies if we remember the
normal phase diagram of a diblock copolymer.>** However, it
was revealed by SAXS that DE-50:X (X = 4) represents lamellar
nanophase-separated structures which probably consist of a
hydrophobic PDMS phase and an ionically charged phase®~*'
of COOH/PE], even though the fraction of COOH/PEI com-
plex phase is fairly low. According to the theory by Semenov
et al,* the morphology formation of disklike multiplets and
lamellae is more favored than spherical multiplets at so-called
“superstrong segregation limit”*’ between a charged component
and an uncharged component, regardless of the very small fraction
of a charged component. Having this theory under consideration,
our findings on DE-S0:X (4 < X =< 10), that is, formation of
lamellar nanophase-separated structures without severe restric-
tions of acid/amine stoichiometry, are very reasonable.

In summary, we have demonstrated facile building-up of nano-
phase-separated supramolecular assemblies composed of com-
mercially available polymers such as a pair of PDMS-COOH and
PEI via acid—base complexation. FT-IR detected the ionized
carboxylate (COO ™) which was neutralized by amine, represent-
ing acid—base complexation between carboxylic acid on PDMS-
COOH and amine on PEIL Without severe restrictions of acid/

amine stoichiometry, sharp peaks at relative q values of integer
numbers up to the third order were observed for the blends of
DE-50:X (4 < X < 10) by SAXS measurements, indicating the
formation of lamellar nanophase-separated structures of supra-
molecular assemblies, whereas correlation hole peaks were
observed for the blends of DE-50:X with X < 2 due to the
electron density difference between components. The formation
of lamellar nanophase-separated structures was attained regard-
less of the small fraction of a charged component, probably due
to superstrong segregation. Further studies of phase separation of
supramolecular assemblies are now under investigation. In any
case, such facile building-up of nanophase-separated supra-
molecular assemblies will be widely utilized for new applications
of nanostructured soft materials.
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