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Bilayer-templated two-dimensional RAFT polymerization for

directed assembly of polymer nan

Sergey A. Dergunov* and Eugene Pinkhassik*

Abstract: Co-localization of monomers, crosslinkers, and chain-
transfer agents (CTA) within self-assembled bilayers in an aqueous
suspension enabled the successful directed assembly of
nanocapsules using a reversible addition-fragmentation chain
transfer (RAFT) process without compromising the polymerization
kinetics. This study uncovered substantial influence of the organized
medium on the course of the reaction, including differential reactivity
based on placement and mobility of monomers, crosslinkers, and
CTAs within the bilayer.

This study investigates the application of RAFT polymerization
in the confines of a self-assembled bilayer as a means of
directed assembly of polymer nanostructures. Among modern
controlled/living radical polymerization methods, RAFT has
emerged as a promising technique due to its versatility and
simplicity and because the polymer is free from the
contamination of metal catalysts."™® It was recently used to
produce polymer nanostructures with different shapes.®' A
common drawback of ‘living” free radical polymerization
methods includes slow reaction rates in bulk solution due to
need to keep the concentration of radicals relatively,
compared to the concentration of a mediating agent (for
example, RAFT or degenerative chain transfer) in ord
the biradical termination. Herein we investigate
polymerization within the hydrophobic interior o
essentially a two-dimensional solvent, to produce
replicating the shape of the bilayer
compromising the polymerization kinetics.
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Figure 1. A schematic description of RAFT polymerization of confined
monomers within the bilayer of spontaneously assembled vesicles in aqueous
solution along with the structures of surfactants, monomers, crosslinkers, and
chain-transfer agents.

We investigated these questions with vesicle-templated RAFT
polymerization of amino acid-based methacrylates (Figure S1)!"*
47481 ysing 2-cyano-2-propyl benzodithioate (mCPB) and 2-
cyano-2-propyl dodecyl trithiocarbonate (mCPtD) CTAs. These

1



CTAs were previously used to control the synthesis of
methacrylamide and methacrylate homopolymers.**%"  we
expected them to be located within the bilayer due to their
hydrophobic structure while exhibiting different mobility within
the bilayer due to their different sizes. In particular, the long
hydrophobic tail of the mCPtD (Figure 1) is similar in structure to
the surfactants forming the bilayer and can be aligned along with
hydrophobic alkyl chains with the active part located in the
interstitial layer. In contrast, smaller mCPB molecules (Figure 1)
are likely to move more freely within the bilayer. The choice of
monomers and crosslinkers was driven by the projected future
applications of nanocapsules as biocompatible and
biodegradable nanocontainers as well as the motivation to
uncover the mobility/reactivity relationships in the organized
medium. 2,2’-Azobis(isobutyronitrile) (AIBN) was used as an
initiator because of its hydrophobicity and long half-life under the
polymerization condition investigated here.

Although one might envision some conceptual similarities
between vesicle-templated and emulsion polymerizations, there
are two important distinctions. The confinement of monomers
ensures the two-dimensional propagation of the growing
polymer chains, and vesicles show high longitudinal stability in
the timescale of the polymerization, unlike microemulsions.®2%
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To assess the association of monomers with the bilayers, we
examined 'H NMR spectra of monomer-loaded vesicles in D;O.
Representative data are shown igure 2 with full details
presented in Supporting Information. from geminal vinyl
protons appeared as two individual pea (Figure 2A).
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Figure 2. 'H NMR spectra of Boc-Ala-HEMA monomer in (a) CDCIl; and (b) synergistically assembled vesicles with the monomer in D,0O. (c) Total conversion-
time plots for vesicle-templated RAFT-polymerization of Boc-Ala-HEMA/BGDMA pair at 40 °C (A, A,0), 45 °C (o, m), 50 °C (o, e), without (¢) and with mCPB
(open figures) and mCP1D (closed figures) chain transfer agents determined by 'H NMR method. (d) Dependence of size distribution of synergistically assembled
vesicles with monomers on temperature. (e-h) Conversion-time plots for vesicle-templated RAFT-polymerization of Boc-Ala-HEMA/BGDMA pair at 45 and 50 °C
with mCPB (open figures) and mCPtD (closed figures) chain transfer agents determined by GC-MS method. The lines are guides to the eye only.
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Sharper downfield signals belong to vinyl groups associated
with the outer portions of the bilayer. This interpretation of the
NMR signals is in line with previously reported analysis of the
NMR spectra of bilayer-bound molecules." 57 |t is also
supported by our previous study of the distribution of monomers
in the bilayer based on small-angle neutron and X-ray
scattering.®® Specific ratios of the differential locations of
monomers appear to depend on the mobility and hydrophobicity
of the monomers®® and their ability to form intra- and inter-
molecular complexes within the bilayer. For example, for
styrene-based monomers, half of them were distributed in a
bilayer and half were in the interstitial layer (Figures S4d, S4e).
However, in the case of methacrylate monomers, the entire
amount of monomers was distributed in a bilayer (Figure S4).

We measured total conversions as a function of time for the
polymerization of a Boc-Ala-HEMA/BGDMA pair with and
without RAFT agents (Figure 2C) to evaluate factors influencing
the polymerization in the bilayers. These data were obtained
from in-situ '"H NMR analysis of the monomer-loaded vesicles
during the polymerization. The values for conversion are based
on the total integration of vinyl hydrogens. Polymerization within
the bilayer in the absence of RAFT agents at 40°C was
completed in 3 hours with good conversion (60%). Under these
conditions, in the presence of RAFT agents, a noticeable drop in
the reaction rate was observed. Previously, a similar decrease in
the reaction rate was noted during bulk or microemulsion RAET
polymerization of styrenes and methacrylates.’®* 8¢
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in the polymer shell. Likewise, differential apparent reactivities of
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active parts located in the interstitial | howing lower
mobility than mCPB, a smaller mol

t lower temperatures. In
yield at 50°C, likely, due

larger number of mo
To gain further i
bilayer, we perfor
MS to monitor the
2E-H). In patticul
reactivity of

experiments using GC-
h building block (Figure
sted in the differential
crosslinker under the
and GC-MS methods provide
since  NMR reveals vinyl groups of
into oligomers while GC-MS only
The differential reactivity appeared
to depend on the R nts and temperature. At 45 °C, the
crosslinker disappeared faster from the solution when mCPB
s used (Figlre 2E) while the difference was less pronounced
mCPtD&gFigure 2F). At 50°C, the contrast was more
atic, revealing a substantial difference in reactivity with
(Figure 2G) and no measurable difference with mCPtD
2H). For example, at the 2.5 hrs. point, less than 50% of
nd more than 85% of crosslinker reacted when
ed. With mCPtD, both monomer and crosslinker
0% conversion at the same time. These findings
support the influence of the organized medium and the interplay
between the localization and mobility of monomers, crosslinkers,
AFT agents in the outcome of the polymerization. More
phobic amino acid-based methacrylate monomers, such as
“Phe-HEMA or Boc-Pro-HEMA,®® ®1 show comparable
ults (see Supporting Information). On the other hand, when
sing more mobile systems with smaller hydrophobic
monomers, such as tBMA/BGDMA or tBMA/DVB pairs, the
monomers in these pairs react faster and completely disappear
at the initial stages of polymerization (Figure S7). While Boc-Ala-
HEMA is comparable in size to BGDMA, tBMA is much smaller
and is expected to reveal higher mobility within the bilayer. For
example, at 40°C, nearly 100% of tBMA is consumed within 2.5
hours while roughly 8% of BGDMA reacted (Figure S7b). The
inherent reactivity of the acrylic moiety should be the same;
therefore, the difference in reactivity is likely to stem from
mobility. One could match the reactivity of different building
blocks by adjusting the reaction temperature, e.g., the
conversion of BGDMA at 2.5 hours was roughly 40% at 45° C
(Figure S7d) and more than 85% at 50°C (Figure S7g).

We investigated the size of linear polymer chains formed
within the bilayer in the absence of crosslinkers with gel
permeation chromatography (GPC) to validate the expectation of
controlled chain growth under RAFT polymerization. Without
CTAs, free-radical polymerization (5h, 40 °C) resulted in
average molecular weight exceeding 400kDa (Figure S8). In
contrast, RAFT polymerization (5h, 45 °C) produced chains with
an average molecular weight around 40kDa (Figure S8). In a
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series of control experiments, polymerization was performed in
the presence of CTAs and under UV irradiation. The results
showed a broad distribution of products indicative of the
competition between RAFT and UV-induced free-radical
polymerization (Figures S9 and S10). Low dispersity index
(<1.4) for products of RAFT polymerization confirmed the ability
to control the chain growth in two-dimensional medium. This
outcome sets the stage for the rational design of nanomaterials
for targeted applications, e.g., biodegradable nanocontainers
with small, readily excretable fragments.

Next, we applied bilayer-confined RAFT polymerization to the
synthesis of nanocapsules. After 5 hours, all compositions lead
to almost complete (> 90%) conversion of monomers and
produced nanocapsules with an average diameter of about 200
nm, characterized by dynamic light scattering (DLS) and SEM.
DLS data show that the diameter of the nanocapsules closely
matches the diameter of parent templating vesicles (Supporting
Information). The formation of hollow nanocapsules was
supported by benchmark control experiments performed in a
similar fashion to the previous reports and detailed in the
Supporting Information (Figures S11, S12, S13, Table S1).
Figure 3 shows an example of transmission electron microscopy
(TEM) images of newly prepared nanocapsules.

Figure 3. (a) TEM images of hollow nanocapsules produced using the mCPtD
transfer agent after 5 hours of polymerization. Boc-Ala-HEMA / BGDMA based
nanocapsules synthesized at 45 ° C and after synthesis precipitated with
methanol, washed thoroughly with methanol and water. (b) High resolution
TEM image of a nanocapsule with well-defined boundaries.
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Figure 4. Photographs of the corresponding samples of nanocapsules
containing entrapped small (Nile Blue A, with smaller size about 0.9 nm) and
midsize (Doxorubicin, with smaller size about 1.6 nm) dyes in methanol after
1, 2, 3, 4 and 5 hours of polymerization. Nanocapsules polymerized using
mCPB (a and c) and mCPtD (b and d) transfer agent.

Scanning electron microscopy (SEM) data showed that even
after 30 minutes of reaction, the formation of cross-linked
polymers occurs, although the final product does not have a
spherical architecture and is present only in the form of an
amorphous polymer structure for both systems of chain transfer
agents (Figure 5a and 5e). In addition, the GPC analysis of the
solutions collected after the precipitation of nanocapsules
showed only the presence of surfactants and unreacted
monomers, and the absence of traces of the formation of soluble
homopolymers, which may indicate the similarity of the
copolymerization kinetics under these conditions, and the
formation of mainly cross-linked structures throughout the
polymerization. After 1 hour of the reaction, the formation of
spherical structures began with more pronounced structures in
the case of mCPtD (Figure 5b and 5f). After 3 hours of
polymerization, only nanocapsules are predominant for both
systems (Figure 5c, 5d, 5g, and 5h). Coupled with dye retention
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data (Figure 4), SEM results suggest that at early stages of
polymerization, crosslinked structures are formed in the bilayer
with spherical structures likely containing holes large enough for
dyes to escape but too small to be observed in SEM. At later
stages of polymerization, the reaction produces a high yield of
nanocapsules with no extraneous structures.

Control experiments performed at high temperature or high
concentration of vesicles leading to vesicle instability resulted in
the formation of micron-sized spherical structures indicative of
the collapse of vesicles into microemulsions (Figures S14b,
S14c). At low vesicle concentrations, the kinetics of the
polymerization was the same as shown on Figure 2 when
expressed as percent conversion of monomers (Figure S14d),
suggesting that each vesicle acts as an isolated reaction vessel
acting independently of other vesicles in the suspension.
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Deprotected nanocapsules were characterized by zeta
potential measurements (Figure 6). At the initial stage of
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Figure 6. Zeta potential obtained for aqueous dispersions of deprotected
amino acid-based nanocapsules polymerized using mCPB and mCPtD CTAs.
a) Zeta potential vs. conversion of monomers, b) zeta potential vs. pH.

The pH-dependent zeta potential values were measured for
fully formed nanocapsules at the final stage of polymerization
(Figure 6b). As expected, amino groups in polymer
nanocapsules led to high cationic zeta potentials in acidic
conditions due to complete protonation, while basic conditions
resulted in nearly zero zeta potential values indicative of lack of
ionization. The nanocapsules obtained with both CTAs showed
similar electrophoretic behavior depending on the pH of the
solution, which indicates similar polymerization parameters and
the formation of equivalent amounts of charged groups on the
surface of the nanocapsules.

In summary, we have demonstrated the successful
implementation of RAFT polymerization in an organized medium
of self-assembled bilayers. This method is a viable approach to
the directed assembly of functional nanomaterials as confirmed
by the successful assembly of nanocapsules. Unlike slow
polymerization in the bulk, the kinetics of RAFT polymerization
observed here matches the expectations for a two-dimensional
solvent. The kinetic data observed at different temperatures and
with different CTAs coupled with the NMR data supporting
differential orientation and distribution of monomers within the
bilayer point toward a more complex interplay between the
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organized environment of the scaffold and the building blocks
being assembled into a well-defined nanostructure compared
with reactions in bulk or non-organized media. Furthermore,
adjustments in reaction conditions, including the structure of
building blocks and CTAs and reaction temperature proved to be
successful in  producing nanostructures with  desired
characteristics. Previously reported synergistic co-assembly of
scaffolds and building blocks is likely to be a particularly fruitful
avenue for pursuing the creation of nanoarchitectures with high
precision.®™™ The application of controlled polymerization
methods, such as RAFT, will be an essential element in
understanding and controlling the assembly of building blocks
within organized self-assembled scaffolds.
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