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Hydrogels with Multiscale Ordered Structures Based
on Semi—Rigid Polyion Complex Formation

CERIEESFA LT yar Iy 72 ABKICL
R INVF A —IVEEERRI SV DA

FA XA BEDEE

Most bio-tissues are in a soft gel-like state and have multiscale well-ordered structures that give
robust functions of living organisms. In these tissues, water-soluble rigid or semi-rigid
macromolecules are ubiquitous and should play a crucial role in the struct\ire formation. The
biomacromolecules are usually with negative charges and rigid or semi-rigid structure, endowing
them with great abilities to form advanced architectures by themselves or with multivalent cations,
polycations, and cationic lipids via electrostatic interaction. However, the natural rigid-rod
polyelectrolytes are formed by the secondary structure and are difficult to extracte without
denaturation. Thus, it is of great meaning to study the self-assembly behaviors of synthetic
semi-rigid polyanion in aqueous solutions and polymeric hydrogels. Through this research, we hope
to find and control the hidden mechanisms that determine the well-ordered structures of semi-rigid
macromolecules in living organisms.

Our laboratory has done a serial study on the synthetic semi-rigid polyanion,
poly(2,2'-disulfonyl-4,4'-benzidine terephthalamide) (PBDT), including the self-assembly behaviors
of PBDT in aqueous solutions and the anisotropic PBDT-containing hydrogels. Its aqueous solutions
show a significantly low critical concentration of nematic liquid crystal. With addition of simple salt,
PBDT shows a variety of the self-assembled structures, ranging from semi-rigid single chain to
isotropic cluster association in the aqueous solutions. Anisotropic, transparent polymeric hydrogels
have been  successfully developed by polymerization of cationic  monomer
N-[3-(N, N-dimethylamino)propyl]acrylamide methyl chloride quaternary (DMAPAA-Q) in the
presence of a small amount of anionic PBDT as dopant.

In this work, we study further the PBDT and its polyion complex assemblies in aqueous solutions
and hydrogels. The dissertation covers 6 chapters; chapter 1 is the general introduction, chapters 2~5
are the main text, and chapter 6 is the conclusions. The results are as follows: »

In chapter 2, polymorphosim evolutions have been observed by diffusing poly(DMAPAA-Q) into

a PBDT drop, where complexation, orientation, and phase separation compete with each other. We
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found that the orientation process is predominated by the diffusion process. The smaller Mw of
polycation, the faster diffusion velocity. Phase separation is depended on the electrostatic interaction
between PBDT and polycation. If the PBDT concentration Cp is relatively low, phase separation has

shallow quench depth, corresponding to a nucleation-growth phase separation process. On the other

hand, high Cp induces deep quench and the occurrence of viscoelastic phase separation (VPS), where
transient network-like structure and huge Maltese appear.

In chapter 3, hydrogels with dual networks, a micrometer-scale network of semi-rigid polyion
complex nested in a nanometer-scale polycationic network, have been developed by polymerization
of a cationic monomer with a relatively lower concentration Cq in the presence of a small amount of
semi-rigid PBDT as dopant. It shows that Cg (ionic strength of reaction solution) and Cp determine
the occurrence of pﬁase separation and self-assembly, respectively. The .precursor solution is
optically isotropic. When polymerization is triggered, the polycations interact with anionic PBDT to
form polyion complexes. The polyion complexes self-assemble to form small anisotropic aggregates
with high viscosity. Meanwhile, phase separation occurs, because the polyion complexes are
unstable in the solution with relatively low ionic strength. The phase separation rapidly develops into
VPS, forming a typically network-like structure, which is permanently frozen by the following
¢hemical cross-linking reaction.

In chapter 4, a hydrogel with cylindrically symmetric structure at macroscopic scale has been
developed by polymerization of a cationic monomer DMAPAA-Q in the presence of a small amount
of semi-rigid polyanion PBDT in a cylinder glass tube. The polyion complex radially aligns in the
outer region of the synthesized cylinder gel. On the other hand, it orients in concentric and axial
directions in the inner region. We elucidate that homeotropic alignment on the glass wall is
energetically favorable for the semi-rigid polyion complex, resulting in the radial orientation in the
outer region. In the inner region, the oriented structures result from the monomer difffusion (due to
the heterogeneous polymerization) that induces PBDT orientation perpendicular to the diffusion
direction. The structured gels showing sensitive response of birefringence to external force are
expected to find applications in optical sensors.

In chapter 5, millimeter-scaled complex structure is found in the PBDT-containing plate hydrogel
gelled from an isotropic precursor solution. PBDT or its polyion complex orients perpendicular to
the gel surface in the outer regions, whereas PBDT forms arranged concentric LC cylinders in the
middle region. Although the reaction mainly completes, monomer diffusion from the inner region to
the outer exist, rendering the middle layer with a large swelling ratio and small mass ratio of
polycation to PBDT. We speculate that the different PBDT alignments result from the heterogeneous
polymerization by affecting the reaction velocity and monomer diffusion velocity. In the middle
region, the reaction velocity and monomer diffusion velocity are relatively slow, thus, PBDT or its
polyion complex has sufficient time to form a stable and ordered structure, concentric LC cylinders.

In this dissertation, several kinds of hydrogels with well-ordered structures of semi-rigid PBDT
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are developed by self-assembly and phase separation. We believe that the research will open new
avenues to design structured hydrogels and elucidate the hidden formation mechanisms of

well-ordered structures in living organisms.
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