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ABSTRACT: We report crystallization-driven self-assembly
(CDSA) of metallo-polyelectrolyte block copolymers that
contain cationic polycobaltocenium in the corona-forming
block and crystallizable polycaprolactone (PCL) as the core-
forming block. Dictated by electrostatic interactions
originating from the cationic metalloblock and crystallization
of the PCL, these amphiphilic block copolymers self-
assembled into two dimensional platelet nanostructures in
polar protic solvents. The 2D morphologies can be varied
from elongated hexagons to diamonds, and their stability to
fragmentation was found to be dependent on the ionic
strength of the solution.

Self-assembly of amphiphilic block copolymers is one of the
most fascinating approaches to the creation of nanoscale micelles
with core-corona architectures and a broad range of morphologies.*
Unlike amorphous block copolymers, when placed in a selective
solvent, block copolymers with a crystallizable core-forming block
tend to form micelles with a low curvature of the core-corona
interface. Most commonly either platelets or cylinders are formed,
depending on the interplay between the crystallization of the core
and interchain repulsion of corona. The central role of
crystallization in the self-assembly process has given rise to the
descriptor “Crystallization-Driven Self-Assembly (CDSA)”.2

Metallopolymers, polymers containing metal centers in the main
chain or pendant side chains, have also been featured in CDSA
processes. The CDSA of poly(ferrocenyldimethylsilane) (PFS) to
prepare a wide range of nanostructures that are spherical,
cylindrical® or platelet* micelles has been extensively explored. To
date, most metallopolymers used for CDSA studies have been
neutral. In contrast to neutral PFS, cationic cobaltocenium-
containing polymers have several advantages, such as
hydrophilicity, high chemical stability, and bioactivities.*® > As
charged polyelectrolytes, cobaltocenium moieties have been

utilized for solution self-assembly, including in one case for CDSA
which gave platelets with a PFS core.® Recently, Qiu, Manners and
coworkers reported the formation of chiral metallopolymers
consisting of poly(cobaltoceniumethylene) with the assistance of
N-acyl-amino-acid-derived anionic surfactants.” The Tang group
have also reported the preparation and solution self-assembly of
side-chain cobaltocenium-containing block copolymers in a
mixture of acetone and chloroform that formed high-aspect-ratio
nanotubular structures.®

Polycaprolactone (PCL) is well known for biomedical
applications because of its biocompatibility and biodegradability.®
PCL-containing block copolymers have been recently utilized for
the CDSA process with the formation of spherical, cylindrical and
lozenge-shaped morphologies.°

Scheme 1. lllustration of CDSA of PCL-b-PCoAEMA
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Herein we report the CDSA behavior of a metallo-
polyelectrolyte block copolymer, polycaprolactone-b-
poly(cobaltocenium  amidoethyl methacrylate) (PCL-b-
PCoAEMA). Driven by the crystallization of PCL and the
electrostatic interactions within charged polycobaltocenium
segments, this block copolymer can self-assemble into various two-
dimensional platelet morphologies in selective solvents with PCL
as the core block and cobaltocenium as the corona block (Scheme
1).

The  cobaltocenium-containing  block  copolymer  was
synthesized via sequential ring-opening polymerization (ROP) of
caprolactone and reversible addition-fragmentation chain transfer
(RAFT) polymerization of cobaltocenium amidoethyl methacrylate
hexafluorophosphate. PCL was synthesized via ROP and the
terminal hydroxyl group was further converted to azide group,
which was then subject to a click-type cycloaddition reaction with
an acetylene-containing chain transfer agent (CTA), yielding
dithioester-capped PCL as macro-CTA. COAEMA monomer was
then introduced as the second block via RAFT using the above
macro-CTA. The compositions of block copolymers can be
adjusted by changing the feed ratios of monomer to macro-CTA
and were established by *H NMR. The solubility of cobaltocenium-
containing block is largely dependent on its counterion.* In order
to increase hydrophilicity of the corona-forming block,
hexafluorophosphate counterion was exchanged to chloride by
using tetrabutyl ammonium chloride, according to a previously
reported procedure.1?
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Figure 1. (A) Schematic illustration of the formation of 2D
hexagonal platelets by CDSA of block copolymer PCLeg1-b-
PCoAEMAsg; (B) TEM micrograph of hexagonal platelets from
PCLe1-b-PCoAEMASss obtained by heating the polymer solution in
methanol at 40 °C for 1 hour followed by cooling and aging at room

temperature for 1 month; (C) TEM SAED of hexagonal platetes;
(D) AFM height image; (E) AFM height profile from image D.

First, we explored the self-assembly of the metallo-
polyelectrolyte block copolymer with a short polycobaltocenium
block (PCLe1-b-PCOAEMAsg). This block copolymer was
dissolved in methanol with a concentration of 0.5 mg/mL, heated
at 40 °C for 1 hour, and then slowly cooled to room temperature
over 5 hours. Methanol was selected as the solvent because it is
selective for the cobaltocenium block. The polymer solution was
then aged at room temperature for one month and characterized by
transmission electron microscopy (TEM) after solvent evaporation.
TEM revealed the formation of platelets with a highly regular
hexagonal shape and an average area of 19.6 um? and a dispersity
of Aw/An 1.24, where Aw is the weight-average area and An is the
number-average area. (Figures 1 and S9). Selected area electron
diffraction (SAED) from these hexagonal platelets showed that
they possess a crystalline PCL core-forming block (Figure 1C).
The diffraction pattern is in accordance with those previously
reported.®® Atomic force microscopy (AFM) clearly revealed that
the hexagonal platelets have a thickness of ~10 nm. The linear zig-
zag extended chain length of the PCL block is approximately 60
nm, which indicates the crystalline core contains chains that are
folded ca. 6 times. Moreover, AFM analysis showed a distinct 1D
region of elevation at the center (Figure 1D), which likely
represents the location of a seed formed during the initial, self-
nucleation stage of CDSA, which has been previously located in
cases of seeded growth.4c 4. 14
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Figure 2. TEM micrographs of PCLe1-b-PCoAEMAsg in methanol:
(A) before heating; (B) aging for 1 day; (C) aging for 3 days; and
(D) aging for 11 days. Plots of (E) area versus aging time and (F)
aspect ratio versus aging time.

To further explore the CDSA behavior of this block copolymer
during the aging, 'H NMR experiments were carried out in
methanol-ds. Before starting the CDSA process (i.e. prior to
heating), the proton peaks of solvated PCL to poly(cobaltocenium)
showed a ratio of ca. 1:1 between two segments in the as-prepared
block copolymer (Figure S6). As the aging proceeded, the intensity



of the proton peaks of PCL decreased whereas the proton peaks of
cyclopentadienyl ring of cobaltocenium maintained unchanged
(Figure S16). After aging for 11 days, the peak ratio of PCL to
cobaltocenium reached ~0.4:1. As previously reported,’® the
protons at the a position of PCL are restricted and show a decreased
intensity when the crystallization proceeds. The time-dependent
CDSA process was also monitored by TEM. As shown in Figure
2A, when PCLe1-b-PCOAEMAss was dissolved in methanol
without heating, TEM image shows small crystallites, which could
serve as seeds for subsequent CDSA. Afterwards, the solution was
subject to heating and aging as described above. After aging for 1
day, small elongated hexagonal platelets were formed (Figure 2B).
With the increase of aging time, these hexagonal platelets grew
larger (Figure 2C-E). The average area of hexagonal platelets after
one-day aging was 1.68x10° nm?2, It increased to 2.41x10° nm? after
3 days and 2.92x10° nm? after 11 days. The area dispersity was
1.09. The aspect ratios (Ln/Wn, where Ln is the number-average
length and Wn the number-average width) were similar, ca. 4.6,
throughout the CDSA process.

Recent advances in self-assembly open a door for applications of
micellar nanostructures in biomedical sciences. Chen and his
coworkers showed that leaf-like 2D structures from poly(ethylene
oxide)-b-polycaprolactone showed a selective permeability to
different cells.!6 DeSimone and his coworkers demonstrated that
nanoparticles with higher aspect ratios showed faster cellular
internalizetion.'” However, few stable 1D micellar systems in water
by the CDSA process have been reported. Manners and coworkers
reported cylindrical micelles that can be dialyzed from DMF to
water.!® Living CDSA of PCL-containing triblock in aqueous
media reported by O’Reilly, Dove and coworkers.1% In terms of
polyelectrolytes, cationic characteristics of the cobaltocenium
block can play an important role on the colloidal stability of 2D
structures in aqueous system. The salt responsiveness of quaternary
ammonium-containing random copolymers has been previously
described.!® The increased ionic strength in aqueous solution can
reduce the repulsive Coulomb interaction between cationic species.
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Figure 3. (A) lllustration of platelet fragmentation of PCLe1-b-
PCoAEMAss caused by charge repulsion and preservation by
charge screening in accordance with ionic strength; TEM
micrographs: (B) fragmented hexagon by in methanol and water
(v/v, 50/50), and (C) preserved hexagons by in methanol and 2.0 M
NaCl ag. solution (v/v, 50/50).

In order to investigate the influence of electrostatic effects on the
CDSA process, we changed the selective solvent from methanol to
water, which would be expected to significantly enhance
electrostatic repulsion between the cobaltocenium groups by
increasing the solubility of the counterion. Following the same
aging procedure, TEM analysis showed mainly the formation of

small spherical micelles with a size of ~38 nm, consistent with 36.7
nm measured by Dynamic Light Scattering (Figures S7 and S8).
This result suggests that the strong electrostatic repulsion of
cationic cobaltocenium coronal segments in water induces
maximum curvature of the core-corona interface to form spherical
micelles where, as a result of the poorer quality of the solvent for
PCL, rapid precipitation presumably leads to an amorphous core.

To provide further insight, we examined the effect of ionic
strength on the formation of 2D platelets. Water was added to the
solution of hexagonal platelets in methanol to give a volume ratio
of methanol/water of 1/1. The hexagonal platelets were not stable
and fragmented into smaller particles after 2 days (Figure 3B).
However, when aqueous NaCl solution instead of pure water was
added to the platelet micelle solution in methanol (volume ratio =
1/1, the final concentration of sodium chloride was 1.0 M), the
hexagonal platelets, which have an area dispersity of 1.08, were
preserved (Figure 3C). A series of solutions with different ionic
strength were examined. The results indicated that an increase in
ionic strength can screen repulsive interactions between the
cationic cobaltocenium coronal chains and thus stabilize the
platelets with respect to fragmentation.
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Figure 4. Schematic of (A, B) lower aspect ratio hexagonal platelet
from PCLe1-b-PCOAEMA244 and diamond-shaped platelet from
PCLe1-b-PCOAEMAs44. TEM micrographs of platelets formed by
(C) PCLe1-b-PCoAEMAL244 with an area dispersity of 1.05, (D)
PCLe1-b-PCOAEMA344 with an area dispersity of 1.11, and (E)
PCLe1-b-PCoAEMASsg in methanol and (F) plot of aspect ratio
versus block ratio.

Next, we studied how the composition of block copolymers
affected the CDSA process. We synthesized two block copolymers
with a longer cobaltocenium block while keeping the degree of
polymerization of the PCL block the same: PCLe1-b-PCOAEMA244
and PCLe1-b-PCoAEMAGs44. For amphiphilic block copolymers, an
increased length of corona block can cause higher repulsion
between chains, leading to larger interfacial curvature and thus
resulting in morphological transformations.®¢ 2° We anticipated that
the longer corona of the cobaltocenium block would induce the



morphological transition from 2D hexagonal platelets to 1D
cylindrical or spherical morphologies. Self-assembly experiments
were carried out using the same procedure as for PCLei-b-
PCoAEMAsg. However, TEM images showed that PCLe1-b-
PCoAEMA:244 copolymer also produced hexagonal platelets which
have an area dispersity of 1.05 with a larger width than that of
PCLe1-b-PCOAEMAss  (Figures 4B and S12). PCLei-b-
PCoAEMAG:44 showed the formation of diamond-shaped platelets
with an area dispersity of 1.11 (Figures 4C and S13) and lenticular
shapes (Figure S14). Electron diffraction patterns of the wider
hexagonal and diamond-shaped platelets revealed similar
diffraction patterns to that of longer platelets (Figures S12B and
S13B). We measured the angle of each platelet (depicted in yellow
line in Figure 4C-4E). These 2D micelles share some common
characteristics. As shown in Figure 4, the angle at the end of the
elongated hexagon is ca. 110°, the wider hexagons and the diamond
platelets exhibit the same angles at ~110°. The corners of 2D
platelets were superimposed each other. To further characterize
these 2D platelets, we measured aspect ratios of each platelet.
Elongated hexagons from PCLe1-b-PCOAEMAss, wider hexagons
from PCLe1-b-PCoOAEMA244 and diamond-shaped platelets from
PCLe1-b-PCoAEMA:244 have the aspect ratios respectively at 3.3,
1.6 and 0.7. The relationship between aspect ratio and block ratio
showed a linear relationship (Figure 4F). As the block ratio
increased, the aspect ratio decreased. AFM images of wider
hexagonal and diamond-shaped platelets show the reduced
thickness, 6 nm and 4 nm respectively (Figures S11D and S12D),
suggesting increased chain folding compared to the narrow
hexagonal case with a thickness of ca. 10 nm in Figure 1D and 1E.
We postulated that when the corona block is short, the growth of
platelets is dominated by the preferred unidirectional crystallization
of the PCL block. It is likely that with the increase in the spatial
extent of the corona, the rate of longitudinal crystallization is
reduced by the presence of the hairy cobaltocenium segment,
forcing platelets to expand more uniformly in both longitudinal and
lateral directions. The increase in chain folding detected would also
help stabilize the resulting platelets by reducing inter-coronal steric
interactions by lowering the areal brush density. It appears that for
this system this approach is favored over a reduction in the
curvature of the core-corona interface to yield 1D fiber-like
assemblies.

One of us reported diamond-shaped platelets from poly(L-lactide)
homopolymers with a charged terminal phosphonium group.*
O’Reilly, Dove and coworkers described well-defined diamond
platelets from poly(N,N-dimethylacrylamide)-b-P(L-lactide).?
However, diamond platelets from a PCL-containing block
copolymer have not yet been reported. It could be reasoned that the
growth of 2D platelets is perpendicular to the axis of the long
hexagonal platelet, as shown in Figure 4D (The dashed cartoon of
hexagon). Although the reason of this phenomenon is not clear, we
hypothesized that the direction of growth is governed by
crystallization of the core-forming block. A 2D lamellar structure
is accomplished by folding of the crystalline core block. The
presence of a long corona block in a selective solvent can force
more folding of PCL chains, as evidenced by the decrease of
thickness of platelets via AFM imaging.

In order to further explore this phenomenon, we conducted
additional experiments. It was reported that blending of crystalline
homopolymers with block copolymers can accelerate the
crystallization.'® We prepared a homopolymer of PCLss and
dissolved it in tetrahydrofuran at a concentration of 10 mg/mL. This
solution was added to the diblock copolymer solution in methanol
based on a mass ratio of 1:1. The blended solution was heated at 40
°C and cooled to room temperature slowly over 5 hours. TEM
characterization was carried out after aging for 1 week. TEM
images revealed that the addition of homopolymer resulted in

longer hexagonal platelets (Figure S15). Blending with PCLe1-b-
PCoAEAss in methanol resulted in elongated hexagonal platelets
with a higher aspect ratio at ~7.8. For the diblock copolymers that
formed wider hexagonal and diamond-shape platelets, they also
showed long hexagonal platelets with higher aspect ratios at 6.67
and 6.52 respectively. Based on this observation, one might
conclude that the increased crystallization rate of core-forming
block induces the growth of 2D platelets along the longitudinal
direction. The length of corona-forming block plays an important
role in the shape formation of 2D platelets and the direction of
growth.

In summary, cobaltocenium-containing metallo-polyelectrolyte
block copolymers show some of unique crystallization-driven self-
assembly behaviors in protic solvents that are selective for the
polyelectrolyte block. The CDSA process resulted in exclusive 2D
platelet structures including narrow and wide hexagons and
diamonds. Moreover, the interplay between electrostatics of corona
and crystallization of core dictates the transformation of
morphologies, especially when coupled with block copolymer
compositions. The platelets exhibited ionic strength-dependent
stability in aqueous solutions. Recent efforts have revealed that 2D
sharp nanostructures can penetrate, cross, or mechanically wrap
microbial cells.5¢ 22 This feature, combined with the promising,
previously reported biological behavior of cobaltocenium polymers,
suggests that the 2D platelets described may open up new pathways
toward biomedical applications.
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