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An ABA type amphiphilic triblock copolymer was synthesized via ATRP
and sulfonation. New self-assembled morphologies such as toroidal
vesicles, giant tubular vesicles, and perforated spherical vesicles were
observed from triblock copolymer—polyaniline complexes in water. The
mechanism of morphology transformation at different compositions was
discussed.

The bilayers forming amphiphilic block copolymers self-assemble
into a variety of vesicular morphologies such as vesicles and tubes
in aqueous solution.” Due to the potential application of these
nanostructures in biomimicry and nanomedicine, research has
been focussed on developing bilayer nanostructures of multiple
geometries.> Apart from the common bilayer structure such as
spherical vesicle, complex nanostructures such as disks* and
compartmental vesicles® were identified in recent years. The
geometric complexity among self-assembled block copolymer
nanostructures was achieved by either synthesizing tailored
block copolymers or adding additives to block copolymers to
form blends.® Even though modern polymer synthetic techniques
offer excellent control over polymer architecture and functionality,
polymer blending-complexation has advantages in its own right both
in solution and bulk.” The complexation between the components
was generally brought via hydrogen bonding, coordination and acid-
base complexation.®'® A variety of self-assembled morphologies has
been reported from block copolymer-homopolymer complexes in
aqueous solution. For instance, Gohy et al.'" have studied a number
of block copolymer-homopolymer systems where micellar aggregates
are observed with tuneable morphologies. Preparing polymer
aggregates through polymer complexation eliminates the need
to synthesize tailored polymers to achieve specific morphology
and provides flexibility for morphology tuning by taking control
of the electrostatic interactions.
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In aqueous self-assembly of amphiphilic block copolymers,
depending on required morphology, additives can be added that
form complex with either wall'> or corona®® forming blocks. The
additives range from small molecules to block copolymers through
metal ions and homopolymers."*® As the result of complexation of
flexible chain block copolymer and homopolymer additives, complex
morphologies such as compartmentalized micellar shells and cores
has been reported in previous studies.'"* However, complexation of
flexible block copolymers with semi-flexible or rigid rod-like polymer
additives and their self-assembly have not been studied in detail. In
natural systems, the cells are made of a mixture of natural polymers
that are held together by non-covalent interactions and have varying
rigidity throughout the system brought by varying compositions."” In
the same vein, understanding the self-assembly mechanism and
complexation of rigid polymer complexes may give new insights
towards achieving biomimicry.

In this study, we have used a rigid rod-like homopolymer
polyaniline (PANI) to form complex with an amphiphilic tri-
block copolymer polystyrene sulfonic acid-b-polyethylene oxide-
b-polystyrene sulfonic acid ([PSS-PS]-PEO-[PS-PSS]) and studied their
self-assembled morphologies at different concentrations of PANI.
Since PANI forms complex with the bilayer forming hydrophobic
polystyrene blocks, small change in PANI concentration was
expected to produce a pronounced effect on the final morpho-
logies. Morphologies of aggregates formed from non-sulfonated
block copolymer polystyrene-b-polyethylene oxide-b-polystyrene
(PS-PEO-PS) were also studied for comparison. Fig. 1 shows the
complexation between sulfonic acid groups (-SO;H) of [PSS-PS]-
PEO-[PS-PSS] and imine groups (—N-) of PANI. [PSS-PS]-PEO-
[PS-PSS] synthesis, characterization, complex preparation and
FTIR analysis of complexes were elaborated in the ESI.{ The self-
assembled aggregates were prepared at various molar ratios of
aniline to styrene sulfonic acid groups expressed as [ANI]/[SSA]
ranging from 0.1 to 1.5. The morphology of the aggregates were
studied using transmission electron microscopy (TEM, JEOL
JEM-2100), scanning electron microscopy (SEM, Zeiss Supra
55 VP) and dynamic light scattering (DLS, Zetasizer Nano ZS)
techniques.
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Fig.1 Schematic representation of complexation between [PSS-PS]-
PEO—-[PS-PSS] and PANI.

In non-sulfonated triblock copolymer-polyaniline system,
PS-PEO-PS/PANI, the vesicles were the only morphology observed
at all PANI concentrations ranging from 0.1 to 1.5. The TEM
images of morphologies corresponding to [ANI]/[EO] ratios 0, 0.5
and 1.0 were shown in Fig. 2. For the pure PS-PEO-PS, spherical
vesicles can be seen in Fig. 2a with polystyrene blocks forming
the wall of the vesicle observed as dark ring due to ruthenium
tetroxide staining. As PANI was added, the vesicles started
forming macroscopic aggregates without change in their mor-
phology (Fig. 2b and c) and this can be evidenced from the DLS
peaks (Fig. 3) showing very broad size distribution at [ANI]/[EO] =
0.5 and 1.0. Since PANI cannot form complex with either of
hydrophilic PEO or hydrophobic PS blocks, the morphology of

Fig. 2 TEM images of PS-PEO-PS/PANI aggregates at [ANI]/[EQO] = O (a),
0.5 (b) and 1.0 (c).
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Fig. 3 Hydrodynamic diameter (Dy) of vesicles from PS—PEO-PS/PANI
blends in water.

the vesicles remained unaffected upon adding PANI. Even though
hydrogen bonding between PEO and PANI was reported in the bulk
state, complexation in aqueous solution was not observed here,
which may be due to strong hydrogen bonding between PEO and
water molecules prevented PANI complexation.'® These free PANI
chains formed small spherical aggregates or precipitates in addition
to vesicles (Fig. 2b and c). A similar behaviour was observed in
another study, where excessive free PANI formed PANI clusters.'® In
DLS study, for pure PS-PEO-PS block copolymer, a narrow DLS peak
was observed at 211 nm indicating a monodisperse population of
vesicles. However, at polyaniline concentrations above 0.3, broad
DLS peaks were observed at 217 (JANI}/[EO] = 0.5) and 246 nm (JANIJ/
[EO] = 0.1) indicating polydispersity (Fig. 3). Polydispersity may be
due to aggregation of phase separated PANI homopolymer, which
eventually lead to macroscopic precipitation of vesicles. To enable
PANI complexation and solubility, PS blocks of PS-PEO-PS were
functionalized with sulfonic acid and studied the morphology of
complex aggregates at various PANI concentrations.

In sulfonated triblock copolymer-polyaniline system, [PSS-PS]-
PEO-[PS-PSS]/PANI, morphology transformation of the vesicles was
observed upon increasing PANI concentration. Fig. 4 and 5 shows
the TEM and SEM images of various morphologies observed at
[ANT]/[SSA] = 0, 0.4, 0.7 and 0.9. The sulfonated triblock copolymer
self-assembled into spherical vesicles (Fig. 4a and b) of hydro-
dynamic diameter (D) 222 nm (Fig. 6). After sulfonation, the
increase in size of vesicles may be due to electrostatic repulsion
among negatively charged coronal chains. The water soluble poly-
styrene sulphonic acid groups are expected to reside in the PS/PEO
interface forming a shell around PS bilayer. Fig. 4c and d shows
the TEM and SEM image of toroidal vesicles, respectively, at [ANI]/
[SSA] = 0.4. Bulky toroids®® and toroidal micelles®* have been
reported previously. However, toroidal vesicles have been observed
for the first time in this study from block copolymer complexes.
According to Eisenberg et al.,>* the core chain stretching, core-
solvent interaction and intercoronal repulsion are the factors that
govern self-assembled morphology in block copolymer systems.
Here, complexation of PANI to PSS blocks affected these self-
assembly parameters and led to the morphology transformation.
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Fig. 4 TEM image of vesicles and toroidal vesicles at [ANI]/[SSA] = O
(a) and 0.4 (c), along with corresponding SEM image (b) and (d).

Fig.5 TEM image of giant tubular vesicles and perforated spherical
vesicles at [ANI]/[SSA] = 0.7 (a) and 0.9 (c), along with corresponding
SEM image (b) and (d).

Specifically, intercoronal repulsion due to negatively charged
sulphonic acid groups in the core-corona interface decreases with
increase in PANI concentration. Furthermore, the PS chain stretch-
ing may have decreased as a result of complexation with PANI and
the overall increase in hydrophobic block content.”® The decrease
in chain stretching of the bilayer forming block favors free energy
minimization by eliminating the bending penalty associated
with the formation of spherical vesicles. Combination of above-
mentioned factors may provide lower curvature effect to PANI
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Fig. 6 Hydrodynamic diameter (Dy,) of aggregates from [PSS-PS]-PEO—-
[PS-PSS]/PANI complexes at various PANI concentrations.

complexes during self-assembly. This leads to preferential segrega-
tion of PANI complexes towards toroidal exterior and free block
copolymer chains towards toroidal interior. After introduction of
PANI, at [ANI]/[SSA] = 0.4, a decrease in Dy, of aggregates to 207 nm
(Fig. 6) was observed. The decrease in aggregate size can be
ascribed to partial neutralization of sulphonic acid groups by PANI
led to an overall reduction in the effective volume of hydrated
sulphonic acid groups.

Further increasing PANI content to 0.7 led to the formation
of giant tubular vesicles as seen in Fig. 5a and b. Tubular
nanostructures from block copolymers and surfactants have
been reported previously.>**> However, giant tubules of dia-
meter around 400 nm with an average length of 8-10 um were
observed for the first time in this study from block copolymer
complexes. It has been hypothesized that tubule formation was
through fusion of spherical vesicles during the process of
aggregation, confirmed via oscillatory perturbations observed
in the diameter of the vesicles.** The same phenomenon can be
seen in these tubular structures. In addition, short tubes from
fusion of multiple vesicles were observed above PANI content
0.4 and eventually lead to formation of long tubules at PANI
content 0.7 (see ESIt). The morphology transformation from
toroidal vesicles to giant tubular vesicles, upon increasing PANI
content, may be due to the crosslinking or bridging effect
produced by stiff PANI chains as we have previously
reported.’®>° As the PANI complexes reside in the core-corona
interface, the bridging of sulfonic acid groups by PANI chains
may have helped fusion of vesicular bilayers to form giant
tubules. The entropic penalty associated with the chain packing
frustration in the bilayer may have been overcome by strong
interaction between sulfonic acid groups and PANI. In DLS
measurement of non-spherical particles such as rods and
tubes, the measured hydrodynamic diameter corresponds to
the sphere that has same average translational diffusion coeffi-
cient produced by the particle under investigation. Here, the
bimodal DLS peaks at 293 nm and 2.5 pm distribution can be
ascribed to the coexistence of spherical vesicles and tubules

(Fig. 6).

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Schematics of self-assembled aggregates of [PSS-PS]-PEO—-[PS-
PSS]/PANI complexes at (a) [ANI]/[SSA] = 0, (b) [ANI]/[SSA] = 0.4, (c) [ANI]/
[SSA] = 0.7 and (d) [ANI]/[SSA] = 0.9.

At [ANI]/[SSA] = 0.9, perforated spherical vesicles were observed
as shown in Fig. 5c and d. As described previously, at higher PANI
concentrations, the lower curvature effect of PANI complexes
facilitates formation of complex bilayer morphologies such as
perforated spheres observed here. Similarly, nanostructures of
complex morphologies have been prepared by varying the block
copolymer-homopolymer compositions.”” We assume that the
pores on the surface of giant vesicles may have been formed by
the stalk-pore membrane fusion mechanism during the fusion of
spherical vesicles.”®*?° Furthermore, the internal segregation of free
block copolymers with higher curvature effect may have formed the
rim of the pores within the bilayer. The PANI cross-linking effect
may have driven the membrane fusion in addition to the lower
entropic penalty/surface tension associated with the formation of
larger bilayer nanostructures. The hydrodynamic size of these
perforated vesicles was around one um as measured from DLS
technique. Formation of smaller vesicles and PANI molecular
aggregates may be responsible for the broad DLS peak at higher
PANI contents. At PANI contents above 0.9, molecular aggregates of
PANI led to macroscopic phase separation of block copolymer and
PANI. Fig. 7 shows the schematic representation of the morphology
transformation in PS-PEO-PS/PANI complexes as the function of
varying PANI content.

We have reported new morphologies such as toroidal vesi-
cles, giant tubular vesicles and perforated vesicles from self-
assembled [PSS-PS]-PEO-[PS-PSS]/PANI complexes in aqueous
solution. The morphology transformation was studied as the
function of increasing PANI content. A possible mechanism for
the morphology transformation upon increasing PANI content
was also discussed. The rigidity and hydrophobic nature of
PANI chains may be responsible for changing self-assembly
parameters in flexible block copolymers even at its lower
concentrations. Understanding the morphology evolution in
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bilayer nanostructures may enhance our knowledge of synthetic
biology and towards achieving biomimicry.
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