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ABSTRACT: Photoacid-induced siloxane cross-linking of stimuli-
responsive copolymer micelles allows the synthesis of well-defined
organic—inorganic hybrid nanoparticles. Two conceptually different
synthetic approaches are presented, both via photoinduced cross-
linking of poly(4-hydroxystyrene-block-styrene) micelles and via one-pot
photoacid-catalyzed micelle formation and siloxane cross-linking of
poly(4-tert-butoxystyrene-block-styrene). The multistep synthetic route
showed intermicellar cross-linking leading to agglomerates. In contrast
to this, the formation of the nanoparticles via the one-pot synthesis
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yielded well-defined structures. The use of different siloxane cross-

linking agents and their effects on the properties of the cross-linked micellar structures have been evaluated. Scanning electron
microscopy and differential scanning calorimetry indicate rigid core cross-linked nanoparticles. Their size, molar mass, and
swelling behavior were analyzed by dynamic and static light scattering. Cyclic siloxane cross-linking agents lead to residual C=C
double bonds within the nanoparticle core that allow postsynthetic modification by, e.g., thiol—ene click reactions.

ybrid organic—inorganic materials are the focus of

substantial research interest because of the potential of
synergistic effects that could arise by combining these
complementary components giving rise to promising new
material properties. These substances can be obtained via a
wide range of synthetic strategies. Among these, core cross-
linking of micelles represents a straightforward approach to
yield well-defined organic—inorganic hybrid structures. Using
the self-assembly of stimuli-responsive block copolymers, this
synthetic route can be externally triggered. This class of
polymers has attracted much attention and has found wide-
ranging applications including sensors,' > drug delivery,* ® and
data storage.” Micelle self-assembly can be induced using
different stimuli, such as chan%es in pH,8 temperature,g’10 or
pressure,”’12 exposure to light, 3=15 redox reactions,'®™'® or a
combination thereof.'” Light is a particularly interesting
“trigger” that can induce reversible'®™>® and irreversi-
ble>?” 7! structural changes. Recently, Yoshida et al.*?
reported micelle formation via photochemical deprotection of
poly(4-tert-butoxystyrene-block-styrene) (P4'BS-b-PS) in the
presence of a photoacid generator (PAG).

In this work, we describe the preparation of micelles and
their subsequent covalent core cross-linking by photoinduced
condensation of pendant hydroxy groups with siloxanes to
produce hybrid organic—inorganic nanoparticles (see Scheme
1). We investigate two complementary pathways for photo-
induced cross-linking of polymeric micelle cores: Our first
approach (Scheme 1A) employs a multistep procedure with no
fewer than three steps: (i) P4'BS-b-PS is hydrolyzed by
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Scheme 1. Formation of Hybrid Organic—Inorganic
Nanoparticles from a Stimuli-Responsive Block Copolymer
by Core Cross-Linking of Micelles by a Multistep (A) or
One-Step Synthetic Route (B)
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hydrochloric acid in THF to yield poly(4-hydroxystyrene-block-
styrene) (P4HS-b-PS). (ii) The purified polymer micelles of
P4HS-b-PS are immediately formed in dichloromethane. (iii)
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The core is cross-linked via photoacid-catalyzed condensation
reaction using diphenyliodonium hexafluorophosphate (DHP).
By the use of different cross-linkers, the chemical properties of
the polysiloxane in the core can be tailored. The second
approach is a “one-pot”, two-step synthesis involving block
copolymer hydrolysis, micelle formation, and PAG-mediated
core cross-linking with alkoxysilanes (Scheme 1B).

Herein, we report the influence of different cross-linking
agents and synthetic methodologies. The presented hybrid
organic—inorganic nanoparticles were characterized in detail
using dynamic and static light scattering, gel permeation
chromatography multiangle light scattering (GPC-MALS),
scanning electron microscopy, and NMR spectroscopy. The
resulting material might be of particular interest for numerous
applications including drug delivery, diagnostic imaging, or as
precursors for nanoelectronic devices.” ™

For the present study, the preparation of P4‘BS-b-PS by
nitroxide-mediated controlled radical polymerization with
2,2,6,6-tetramethylpiperidinyl-1-oxyl was achieved us1n§ liter-
ature procedures (Supporting Information, Scheme S2). *> The

P4'BS block showed a narrow polydispersity (i.e., PDI = 1.15)
and a weight-average molecular weight of 18 500 g/mol. The
subsequent block copolymerization with styrene resulted in
P4'BS-b-PS with an overall dispersity of 1.6 (M,, = 223 500 g/
mol; Supporting Information, Table S1).

For the PAG-mediated cross-linking of the P4HS-b-PS
micellar core, we chose to use cross-linking agents possessing
tertiary alkoxy substituents pendant on the silicon center. This
structural feature is crucial to the eventual cross-linking of the
micelles under the presented conditions because these tertiary
alkoxy substituents can be transformed to a silanol group via a
photoacid-induced alkyl cleavage. The resulting silanol groups
can subsequently undergo an acid-catalyzed polycondensation
reaction within the polymer micelle.

Two cross-linking agents expected to satisfy these require-
ments were synthesized (Supporting Information, Scheme S1).
Di-tert-butoxydimethylsilane (DBDMS) was chosen because it
is a small cross-linking reagent that is expected to readily diffuse
into polymer micelles. In contrast, 2,2,8 8-tetramethyl-1,7-
dioxa-6-silaspiro[ 5.5 Jundecane (OSSC-6) is comparatively
large, and it reacts via a ring-opening mechanism without the
release of volatile low molar mass compounds. Furthermore,
cross-linking of the sterically more demanding OSSC-6 leads to
formation of double bonds within the micelle core network that
may offer a platform for selective core functionalization.*® This
aspect of these materials is the subject of ongoing studies in our
laboratory.

DBDMS was synthesized from dimethyldichlorosilane via

nucleophilic substitution with tert-butanol (Supporting In-
formation, Scheme S1). To avoid acid-catalyzed hydrolysis by
the HCIl byproduct, 1-methylimidazole was added as a
scavenger. OSSC-6 was synthesized via tris-
(pentafluorophenyl)borane-catalyzed double intramolecular
hydrosilylation of bis((2-methylpent-4-en-2-yl)oxy)silane,
which was prepared using a synthetic scheme analogous to
that used for DBDMS.
Pathways toward photoinduced internal cross-linking of
polymer micelles with alkoxysilanes are summarized in Scheme
2. Detailed experimental procedures are provided in the
Supporting Information. Micelles were characterized via DLS,
SLS, SEM, NMR, and DSC before and after cross-linking.

Dynamic light scattering was performed at different stages of
micelle formation. Before cross-linking, the average hydro-
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Scheme 2. (a) Micelle Formation by HCI Treatment and
Successive Alkoxysilane Cross-Linking and (b) One-Pot
Photoacid-Catalyzed Micelle Formation and Alkoxysilane
Cross-Linking
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dynamic radius of the P4HS-b-PS micelles obtained by prior
tert-butyl cleavage was found to be 195 nm. This is
approximately 20 nm larger than the hydrodynamic radii
determined of micelles formed in the one-pot route (175 nm,
in dichloromethane, Figures 1 and 2).
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Figure 1. DLS results in dichloromethane for successive micelle
formation via multistep (red circles) and one-pot cross-linking (black
squares) using di-tert-butoxydimethylsilane. The dispersity of the
micelles and nanoparticles is given by the error bars.

Addition of 0.2 mmol of the DBDMS cross-linker to purified
P4HS-b-PS decreases the hydrodynamic radius of the micelles
from 195 to 89 nm (54% shrinkage; Figure 1). Addition of
larger quantities of DBDMS (i.e, 0.4 mmol) causes a larger
decrease in the hydrodynamic radius (ie, r, = $3 nm; 73%
shrinkage). This behavior is attributed to different swelling
responses of the non-cross-linked and cross-linked particles.
For the former, the hydrophilic core shows characteristic
swelling in dichloromethane, and this swelling is minimized by
core cross-linking, leading to particle shrinkage. Unfortunately,
a significant disadvantage of the present multistep synthetic
protocol arises from intermicellar cross-linking reactions. This
deleterious reaction is evidenced by the appearance of large
aggregates with average sizes between 600 and 5200 nm in
SEM imaging and DLS (i.e,, S0—34 wt % for 0.2 and 0.4 mmol
of cross-linker, respectively). The determination of mass
fractions of nanoparticles and aggregates by DLS cannot be
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Figure 2. DLS results in dichloromethane for micelle formation via
multistep cross-linking (red circles) and one-pot cross-linking (black
squares) using 2,2,8,8-tetramethyl-1,7-dioxa-6-silaspiro[ 5.5 Jundecane.
The dispersity of the micelles and nanoparticles is given by the error
bars.

considered quantitative because the number of aggregates
measured is not statistically significant.

In contrast, for the one-pot synthesis, for which micelles are
combined with 0.2 mmol of DBDMS and irradiated for two
hours, the DLS measurement showed a hydrodynamic radius of
the obtained particles of 84 nm. Particle dimension decreased
to 72 nm when 0.4 mmol of alkoxysilane was used. These
observations (i.e., 52% and 59% shrinkage, respectively) are
consistent with the same cross-linking processes occurring for
both synthetic routes; however, the multistep procedure yields
products with significant quantities of larger diameter
impurities that could limit or even preclude future applications.

When identical cross-linking procedures are employed with
the more sterically demanding OSSC-6 cross-linker, a
substantially less pronounced micelle shrinkage is observed.
Specifically, we observe 23—44% for the multistep synthesis
versus 20—32% for the one-pot method, for 0.2 and 0.4 mmol
of cross-linker, respectively (Figure 2). In contrast, the
aggregate particle size formed during the multistep synthesis
is only slightly larger (1000 and 5200 nm) than for the cases
where cross-linking was achieved using DBDMS. In addition,
for OSSC-6 cross-linked samples, the aggregate mass fraction
for the multistep synthesis procedure shows an increase of 27—
37 wt % for 0.2 and 0.4 mmol of siloxane compound. Recall
that because of sampling limitations these data only provide
qualitative information (vide supra).

To better understand the origin of the external cross-linking,
the multistep synthesis protocol was altered, and further cross-
linking experiments were conducted. DHP was added to the
purified P4HS-b-PS, and the resulting mixture was irradiated for
60 min. The hydrodynamic micelle radius was not affected,
indicating the present micelles are stable in the presence of a
PAG. After addition of the alkoxysilane compound, still,
formation of large aggregates was observed. In this context,
we conclude even prolonged equilibration does not facilitate
complete PAG diffusion into the micelle interiors. Con-
sequently, irradiation of these mixtures leads to the formation
of polysiloxanes outside the micelles and external micelle cross-
linking. Because this side reaction is not observed for the
present one-pot synthesis, we conclude that the polarity of the
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PAG leads to effective encapsulation in the micelles during their
formation.

The impact of cross-linking on particle morphology was
evaluated by scanning electron microscopy (SEM), revealing a
characteristic “doughnut”like structure, formed during drying-
induced flattening for non-cross-linked particles (Figure 3a).

200 nm

Figure 3. Representative secondary electron SEM micrographs of (a) a
non-cross-linked micelle and nanoparticles obtained from the one-pot
cross-linking procedure using (b) 0.2 mmol and (c) 0.4 mmol of
OSSC-6.

After cross-linking with OSSC-6, only negligible flattening
occurs, and the integrity of the three-dimensional structures is
maintained (Figure 3b and c). Because DLS provides a measure
of hydrodynamic dimensions and SEM is a direct measure of
dried particles, the observed differences in absolute measure-
ments are not unexpected. Still, an obvious trend of particle
shrinkage for increased internal cross-linking is evident.

Consistent with DLS results noted for the multistep
synthesis protocol, individual nanoparticles and large nano-
particle aggregates resulting from external cross-linking micelles
are observed (Figure 4). SEM analysis of nanoparticles formed
with the one-pot synthesis approach showed no such
intermicellar cross-linking.

Figure 4. Representative secondary electron scanning electron
micrographs showing large aggregates formed by external cross-linking
for the multistep synthesis protocol.

Differential scanning calorimetry (DSC) indicates covalent
cross-linking of the present micelles leading to a significant
change of the material thermal properties. P4HS-b-PS micelles
show a T, of 103 °C, independent of the synthesis procedure
(Supporting Information, Table S2: entry 2). Addition of
DBDMS leads to a minor decrease (to 97—101 °C) and
broadening of the glass transition (Supporting Information,
Table S2: entries 3 and 4). Upon cross-linking with OSSC-6,
the well-defined T, of the non-cross-linked systems is preplaced
by a very broad and undefined transition. This change in
behavior may be reasonably attributed to the cross-linking of
the isopropen units forned by the hydrolysis of OSSC-6,
leading to greater rigidity of the resulting nanoparticle. For the
less rigid DBDMS-cross-linked particles, the T, of the
polystyrene units is less affected, and thus a better defined
glass transition is observed.

To evaluate the impact of the degree of internal cross-linking,
static light-scattering experiments were performed for samples
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obtained from the one-pot synthesis using the OSSC-6 cross-
linker. Zimm plots were used to evaluate the weight-averaged
molecular weight of the micelles and particles. Unfortunately,
external cross-linking prevented evaluation of micelles obtained
from the multi-step synthesis protocol. For the one-pot
synthesis, photoinduced micellation without addition of a
cross-linker leads to particles with an average radius of gyration
ry of 32 + 3 nm and an average molecular weight M, of 580 +
50 kDa. A straightforward comparison of these values with
those obtained from the P4'BS-b-PS starting material (i.e., 22 +
3 nm and 210 + 30 kDa) indicates micelles consists of
approximately three polymer chains.

Following cross-linking with 0.2 mmol of OSSC-6, the

average molecular weight of the particles increases slightly to
610 + 30 kDa. While an increase is expected, it should be noted
that the measured values are not statistically different.
Increasing the degree of cross-linking upon addition of 0.4
mmol of OSSC-6 leads to a substantial and significant increase
of particle molecular weight to 1.2 + 0.1 MDa.
In summary, we demonstrated a facile photoinduced synthesis
of core cross-linked micelles via two different pathways in the
presence of a photoacid generator. Regardless of the method
employed, addition of the siloxane cross-linker consistently
leads to shrinkage of the micelle hydrodynamic radii and
changes in particle swelling behavior. To obtain well-defined
nanoparticles, complete encapsulation of the PAG during
micelle formation was found to be essential to suppress
intermicellar cross-linking reactions. The favorable combination
of synthetic simplicity together with the use of light as a
stimulus make this approach an easy-to-use method for the
generation of highly rigid core cross-linked micelles. If cyclic
siloxane compounds are used, the formed siloxane core bears
olefinic groups that allow postsynthetic modification.
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