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2Department of Chemistry and Biochemistry, University of California, Santa Barbara, California
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3Department of Chemical and Biomolecular Engineering, the University of Melbourne, Victoria,
Australia 3010

Abstract

Supramolecular interactions between different hydrogen-bonding guests and poly(2-vinyl
pyridine)-block-poly (styrene) can be exploited to prepare remarkably diverse self-assembled
nanostructures in dispersion from a single block copolymer (BCP). The characteristics of the BCP
can be efficiently controlled by tailoring the properties of a guest which preferentially binds to the
P2VP block. For example, the incorporation of a hydrophobic guest creates a hydrophobic BCP
complex that forms phase separated nanoparticles upon self-assembly. Conversely, the
incorporation of a hydrophilic guest results in an amphiphilic BCP complex that forms spherical
micelles in water. The ability to tune the self-assembly behavior and access dramatically different
nanostructures from a single BCP substrate demonstrates the exceptional versatility of the self-
assembly of BCPs driven by supramolecular interactions. This approach represents a new
methodology that will enable the further design of complex, responsive self-assembled
nanostructures.

Molecular biology relies on complex and dynamic supramolecular morphology transitions to
accomplish complex functions. To perform these tasks, nature is armed with a diverse
library of programmed structures derived from phospholipids, polypeptides, and
polysaccharides and their supramolecular complexes.[1] Synthetic chemists have long been
inspired by biology and many materials have been studied to produce complex assemblies
for example; peptide amphiphiles,[2] surfactants,[3] and polymer conjugates,[*—6]
amphiphilic polymers,[7] and single polymer chain assemblies.[8-19] We are interested in
developing new methods to control macromolecular assembly through supramolecular
engineering to synthetically realize some of nature’s complexities in regards to multi-
component supramolecular self-assemblies.
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Block copolymers (BCPs) have the unique ability to form a rich array of self-assembled
nanostructures in the bulk and in solution. In the bulk, complex phase diagrams have been
mapped and morphologies including lamellar, cylindrical, and bicontinuous (gyroid) self-
assembled structures have been identified.[11-13] Similarly, a variety of structures can be
accessed in solution from vesicles to spherical and cylindrical micelles.[24-17] Recently it
has been reported that bulk-type morphologies can be accessed in solution processing of
BCPs.[18-29] However, despite the potential of supramolecular chemistry to dictate the
solution self-assembly of hydrophobic BCPs, systematic design rules to control
nanostructures on demand are still limited. Importantly, these responsive assemblies would
enable the development of new, complex, and multi-component soft nanostructures.

Herein, we demonstrate a versatile strategy to prepare a diverse range of self-assembled
nanostructures from the same hydrophobic BCP. Harnessing the power of supramolecular
chemistry we demonstrate that nanoparticles with vastly different structures can be prepared.
Traditional spherical micelle assemblies can be prepared by utilization of an amphiphilic
supramolecular BCP which incorporates a hydrophilic guest. In contrast, nanoparticles with
internally phase separated morphologies can be accessed by introducing a hydrophobic guest
(Figure 1). Furthermore, we demonstrate that the dynamic supramolecular hydrogen bond
can be easily broken to allow the removal of the guest yielding mesostructured porous
nanoparticles.

To establish the self-assembly conditions, poly(styrene)-b-poly(2-vinylpyridine) (PS-b-
P2VP) phase separated nanoparticles were initially prepared in the absence of a
supramolecular guest. The diblock copolymer, prepared by anionic polymerization (Mn = 19
kDa, Xpoyp = 25%, PDI = 1.13) was dissolved in 4.5 mL of THF (0.1 mg mL™1) and water
(9 mL) was slowly added (ImL min~1) to the solution with stirring. Following complete
water addition, THF was evaporated under ambient conditions, resulting in a stable
dispersion of nanoparticles with average diameters of 500 nm as measured by DLS (Figure
S1). Transmission electron microscopy revealed an ordered morphology of the BCP
nanoparticles. The P2VP phase was stained by iodine vapor and appears as the dark regions
in the TEM micrographs (Figure 2a and 2b). Interestingly, the same BCP forms ill-defined
morphologies in the bulk even after extended annealing,[?°] indicating the spherical
confinement is important to yield well ordered assemblies. Furthermore this system does not
require surfactants to keep the dispersions stable, this simplifies the process and enables
facile design of the system compared to traditional emulsion preparations.

The incorporation of pentadecyl phenol (PDP) into PS-b-P2VP block copolymer assemblies
has been well established.[3°] Since the seminal work of Ikkala and coworkers [31] there
have been numerous reports showing the versatility of this process.[32-34] However, there
are many opportunities to incorporate supramolecular guests in dispersed systems. To
prepare the complex, equal-molar mixtures of PDP and PS-b-P2VP were dissolved in THF
and the complex was characterized by FTIR (see Figure S2 for full spectrum). The solvent
exchange procedure was then performed with this complex to drive the self-assembly as
described for the pure BCP above. The incorporation of PDP into the particles drastically
changed the interior morphology as clearly observed by TEM in Figures 2c and 2d, the new
morphology is a radially stacked onion like structure with interconnected layers.
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Interestingly, the size of the particles was also significantly reduced to around 250 nm,
possibly due to the different interfacial energies associated with the supramolecular
complex. As a control experiment, pure PDP without any BCP was assembled under
identical conditions, resulting in poorly defined precipitates with large polydispersity
(Figure S3). This result demonstrates that the BCP is crucial to guide the self-assembly of
the supramolecular complex. A range of assemblies were also investigated varying the
loading of PDP relative to the 2VP groups, the switch in morphology was triggered after
loading more than 30% of the P2VP groups with the PDP supramolecular assembly (Figure
S4).

The dynamic nature of the supramolecular interactions creates opportunities to develop
responsive materials. In this case, the PDP confined within the BCP nanoparticle can be
easily removed by disrupting the supramolecular interaction. To demonstrate the guest
release properties of this system, the nanoparticles comprised of the supramolecular
complex were dispersed in methanol (illustrated in Figure 3), thereby solubilizing the PDP
and releasing it from the particles. The resulting particles are porous in nature suggesting the
removal of the hydrophobic guest without disruption to the BCP morphology (Figure 3b).
The incorporation and release of the supramolecular guest can also be conveniently
monitored by FTIR. The infrared spectra of BCP/PDP mixtures are shown in Figure 4. The
original bands at 1590 and 993 cm™1 corresponding to the stretching vibration of the pyridyl
group in the non H-bonded state, are observed to shift due to the changed chemical
environment upon supramolecular bonding to PDP. In the assembly containing the PDP this
change is denoted by the new bands at 1597 and 1006 cm~1 which can be attributed to the
stretching vibration of the pyridyl group in the H-bonded state. After the disruption of the
supramolecular interactions by washing with methanol thus breaking the hydrogen bonds,
the bands shift back to the original state. These results demonstrate the complete release of
the PDP guest and the formation of porous nanoparticles, as indicated by the TEM data.

The self-assembly of the BCP can be drastically affected by varying the nature of the guest.
To demonstrate this, lactic acid was incorporated in a similar manner by mixing equal-molar
quantities with respect to the 2-vinyl pyridine composition of the PS-b-P2VP copolymer in
THF. The binding of lactic acid to the P2VP block results in an amphiphilic BCP, hence
more traditional micelle-like structures are expected from the self-assembly in solution.
Indeed, the self-assembly of the amphiphilic complex in water, following an identical
procedure as before, results in monodisperse 40 nm spherical micelles (Figure 5a and 5b).
This result demonstrates the versatility of this new methodology. Drastically different self-
assembled nanostructures can be engineered from the same BCP by simply varying the
nature of the supramolecular guest.

In summary, we have presented a simple and versatile procedure to access a diverse range of
self-assembled nanostructures from a single block-copolymer. Polymer nanoparticles with
well-ordered phase separated morphology can be accessed from the solution self-assembly
of a hydrophobic PS-b-P2VP BCP. However, the introduction of a hydrophilic guest capable
of hydrogen bonding with the pyridine block results in an amphiphilic BCP, thus drastically
altering the self-assembly behavior and leading to traditional spherical micelles in water.
Furthermore, a hydrophobic guest can be incorporated into the BCP which forms internally
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nanostructured assemblies in water with the hydrophobic guest entrapped within the
nanoparticle. The dynamics of this process were demonstrated by selectively removing this
guest resulting in porous BCP particles. The methodologies presented can be used to
engineer new systems that incorporate and release guests upon triggered disruption of the
supramolecular bonds. Furthermore, the diversity of nanostructures that can be tuned by the
incorporation of different guests enables opportunities for outstanding control of the
nanoparticle properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of the self-assembly of supramolecular block copolymer

complexes containing different guests. Diverse nanoparticle structures can be accessed by
controlling the properties of the guest and hence the self-assembly properties.
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Figure2.
TEM images of nanoparticles after assembly. a, b) low and high magnification images of

poly(styrene)-block-poly(2-vinyl pyridine) (PS-b-P2VP) copolymer in the absence of
supramolecular guests; ¢, d) Low and high magnification images of the hydrophobic
supramolecular complex prepared from PS-b-P2VP and an equal-molar incorporation of
pentadecyl phenol (PDP). The dark regions correspond to the P2VP phase stained by iodine
vapor.
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Figure 3.
(left) Schematic representation of the formation of porous particles after disruption of the

hydrogen bonds and removal of pentadecyl phenol with methanol. a) TEM image of the
hydrophobic supramolecular complex of poly(styrene)-block-poly(2-vinyl pyridine)
copolymer with an equal-molar incorporation of pentadecyl phenol. b) TEM image of
particles after washing with methanol, demonstrating the removal of pentadecyl phenol and
nanoparticles with porous architecture.
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Figure4.
FTIR results demonstrating the interaction of the pyridyl group with pentadecyl phenol.

Depicted are the two sections exhibiting the bands corresponding to the 2VP moieties: a)
wavenumbers 1640 to 1540 and b) wavenumbers 1010 to 980. The original bands at 1590
and 993 cm™1 corresponding to the non-H-bonded state (blue) are observed to shift to 1597
and 1006 cm™1 respectively, upon supramolecular bonding to PDP (red). The bands are
observed to shift back to the original positions after removal of the PDP guest by washing
with methanol (green).
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Figure5.
a, b) TEM images at low and high magnification of the amphiphilic supramolecular complex

of poly(styrene)-block-poly(2-vinyl pyridine) copolymer with an equal-molar incorporation
of lactic acid. Dramatically different structures result from the incorporation of the
hydrophilic guest which leads to monodisperse 40 nm micelles.
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