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ABSTRACT: A series of shape amphiphiles based on
functionalized polyhedral oligomeric silsesquioxane (POSS)
head tethered with two polymeric tails of symmetric or
asymmetric compositions was designed and synthesized using
sequential “grafting-from” and “click” surface functionalization.
The monofunctionalization of octavinylPOSS was performed
using thiol—ene chemistry to afford a dihydroxyl-function-
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alized POSS that was further derived into precisely defined homo- and heterobifunctional macroinitiators. Polymer tails, such as
polycaprolactone and polystyrene, could then be grown from these POSS-based macroinitiators with controlled molecular weight
via ring-opening polymerization and atom transfer radical polymerization (ATRP). The vinyl groups on POSS were found to be
compatible with ATRP conditions. These macromolecular precursors were further modified by thiol—ene chemistry to install
surface functionalities onto the POSS cage. The polymer chain composition and POSS surface chemistry can thus be tuned

separately in a modular and efficient way.

he emergence of shape amphiphiles as important building
blocks for “bottom-up” nanofabrication of functional
materials has sparked substantial interest because conformation
rigidity and shape anisotropy provide additional factors in
directing self-assembly into various hierarchical structures.' ™
Polymer-tethered nanoparticles, a typical class of shape
amphiphile, usually have a nanometer-sized polar or macroionic
headgroup and one or several hydrophobic polymer chains as
tails at various locations.”® Generally, the large polar or
macroionic heads could provide several important intrinsic
features, leading to rich phase behavior and diverse structures.®
In recent years, various nanobuilding blocks have been
employed as the heads of different giant amphiphiles, rangin:
from enzyme/protein,’'° dendrimers,""'* buckyball, ™"
polyoxometalate clusters,"'¢ cyclodextrin,’” to polyhedral
oligomeric silsesquioxanes (POSS).*'® Specifically, due to
their precisely defined molecular structures and readily
modifiable surface chemistry, POSS have been developed and
established as one of the most versatile candidates for shape
amphiphiles.*'$
POSS are regarded arguably as the smallest shape-persistent
silicon nanoparticles with a cage diameter around 1.0 nm.**~**
Diverse surface functionalities have been installed onto POSS
cage including hydrophilic*'®'*** and fluorophilic function-
alities”™*” and electro-active®®*® and bioactive moieties.***!
Many novel macromolecular architectures have been achieved,
such as POSS-based dendrimers,**** molecular Janus par-
ticles,"” and giant surfactants.*'® Enabled by thiol—ene “click”
chemistry, the vinyl-functionalized POSS (VPOSS) can be
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viewed as the precursor to a large variety of functionalized
POSS (XPOSS), as demonstrated by our previous work.”'®
Although the “grafting-onto” approach provides better control
over the molecular parameters of the tethered polymer tail, the
“grafting-from” strategy circumvents the need for fractionation
to remove unreacted polymer and higher adducts that are
usually present in the products of the “grafting-onto” approach.
Provided that the polymerization conditions are compatible
with VPOSS, the latter offers a simple, versatile, and efficient
way to prepare POSS-based shape amphiphiles with various
architectures.

In this letter, we strive to expand the scope of shape
amphiphiles to XPOSS tethered with two polymeric tails of
symmetric/asymmetric compositions using the “grafting-from”
approach and “click” surface functionalization for a modular,
robust, and efficient synthesis (Scheme 1). The method
provides a versatile platform for the synthesis and study of
shape amphiphiles with novel architectures and compositions.

POSS-based homo- and hetero-bifunctional initiators: To
apply the “grafting-from” approach, POSS-based homo- and
heterobifunctional initiators should be synthesized. This is
achieved by monofunctionalization of octavinyl POSS with a
bifunctional thiol derivative, 1-thioglycerol, using thiol—ene
chemistry followed by esterification. The method keeps as
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Scheme 1. General Synthetic Approach Using a Combination of “Grafting-from” Strategy and Thiol—Ene “Click” Chemistry”
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“Reagents and conditions: (i) 2-bromoisobutyryl bromide, Et;N, CH,Cl,, r.t; (ii) styrene, CuBr, PMDETA, toluene, 110 °C; (iii) &-caprolactone,

Sn(Oct),, toluene, 90 °C; (iv) HOCH,CH,SH, DMPA, THEF, r.t,, 15 min.

many as seven vinyl groups intact for final surface chemistry
diversification. The preferential monofunctionalization was
achieved by control of stoichiometry (1:1). Although higher
addition products were also observed, the monoadduct, HO-
(VPOSS)—OH, could be easily isolated by chromatography in
~30% vyield. Considering that ~50% of the VPOSS was
recovered after reaction, the yield based on conversion is
~60%. While the yield is comparable, the process is much
simpler and faster than other methods for monofunctionaliza-
tion of VPOSS.%' It is also anticipated that the yield of the
monoadduct may be further optimized by decreasing the
concentration of VPOSS and adjusting the stoichiometry of the
reactants. The versatile hydroxyl groups on HO-(VPOSS)-OH
can be used to directly initiate the ring-opening polymerization®
or further converted into other functional groups, such as 2-
bromoisobutyryl, a well-known ATRP initiator.>* ¢ In this
work, a homobifunctional ATRP initiator, Br-(VPOSS)-Br, and
a heterobifunctional initiator, Br-(VPOSS)-OH, were synthe-
sized by esterification with 2-bromoisobutyryl bromide in the
presence of triethylamine in CH,Cl,. In the former case, the
esterification was performed with excess 2-bromoisobutyryl
bromide to ensure a complete reaction (~94% yield, Figure la
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for '"H NMR). In the latter case, Br-(VPOSS)-OH was obtained
by stoichiometry-controlled,
primary hydroxyl, which is known to be more reactive due to
less steric hindrance. The selectivity is evidenced by the '
NMR spectrum of the crude product, which consists of >85%
of Br-(VPOSS)-OH. After chromatographic separation, the
desired Br-(VPOSS)-OH was obtained in good yield (~40%).
The structure was unambiguously confirmed by NMR (Figure
2a), FT-IR, and MALDI-TOF mass spectrometry.

HPOSS with two symmetric tails: The compatibility of
VPOSS cage with polymerization mechanism is critical in
determining the feasibility of this
Recently, we have shown that ring-opening polymerization of
lactides and g-caprolactone is compatible with the vinyl groups
on POSS.° The synthesis of PCL-(VPOSS)-PCL was thus
similarly performed with success, as shown by NMR (Figures
S1 and S2), SEC (Figure S3), and MALDI-TOF mass
spectrometry (Figure 3b and Table 1). To emphasize the
variation in tethered chain composition, the surface function-
alization of POSS was performed with 2-mercaptoethanol
through this work to make hydroxyl-functionalized POSS
(HPOSS) so as to introduce amphiphacity. The simultaneous,

selective esterification of the

“grafting-from” strategy.
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Figure 1. '"H NMR spectra of (a) Br-(VPOSS)-Br, (b) PS-(VPOSS)-
PS, and (c) PS-(HPOSS)-PS.

multiple-site functionalization of POSS cage using thiol—ene
chemistry was completed within 15 min, as revealed by the
disappearance of the vinyl proton in the resonance range of &
5.78—6.08 ppm and the new characteristic thiol ether proton
resonances at § 2.80—2.61 ppm in the 'H NMR spectrum
(Figure Slc). The MALDI-TOF mass spectrum of PCL-
(HPOSS)-PCL (Figure 3a) further shows a single, narrow
molecular weight distribution with peak mass shift of m/z =
546.88 (Figures S4) relative to its precursor PCL-(VPOSS)-
PCL, which corresponds to the precise addition of seven 2-
mercapoethanol molecules (Table 1). Therefore, ROP is fully
compatible with VPOSS and, when combined with thiol—ene
chemistry, allows the facile synthesis of PCL-(HPOSS)-PCL as
designed.

On the other hand, due to the susceptibility of vinyl
silsesquioxanes to radical addition, the compatibility of VPOSS
with free radical polymerization was yet to be demonstrated.
Vinyl siloxanes are known to be a simple vinyl monomer and
have been copolymerized with other vinyl monomers, such as
styrene, acrylonitrile, vinyl chloride, and so on.*”?* In
particular, octavinyl-POSS has been widely used as a free-
radical cross-linker in the preparation of gels and nano-
composites.*****® The polymerization was, thus, carried out in
a large excess of styrene and the conversion was purposely
limited as a precaution to avoid possible radical addition to
vinyl silsesquioxane groups. While the result is similar to that of
selective radical addition to conjugated vinyls,*' the strategy is
conceptually reminiscent of the previous work reported by Li et
al. in the preparation of Cgyend-capped polystyrene usin§
ATRP due to the increased reactivity of vinyl siloxanes.*
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Figure 2. '"H NMR spectra of (a) Br-(VPOSS)-OH, (b) PS-(VPOSS)-
OH, (c) PS-(VPOSS)-PCL, and (d) PS-(HPOSS)-PCL.

Indeed, by controlling conversion (~ 20%), no side reaction
was observed, as revealed by the monomodal elution profile
with low polydispersity in SEC (Figure 4). The well-defined
structure of PS-(VPOSS)-PS was further proved by NMR, SEC,
and MALDI-TOF mass spectrometry. The intact VPOSS unit
is confirmed by the resonance signals at 6 6.11—5.78 ppm in
the 'H NMR spectrum (Figure 1b). In addition, the resonances
assigned to the protons (a—c) near the ester bonds (Figure 1a)
in Br-(VPOSS)-Br have shifted to new positions at § 3.62—3.16
ppm in PS-(VPOSS)-PS, indicating a complete initiation. New
resonances at 6 4.67—4.40 ppm correspond to the chain end
protons (—CH,CHPhBr) in PS and have an integration ratio of
2.00/3.05 when compared to that at & 3.76—3.08 ppm
(—CHOHCH,O-), confirming the “grafting” of two PS chains
“grafts” on the VPOSS. Furthermore, in the MALDI-TOF mass
spectrum (Figure 3d), a single narrow molecular weight
distribution can be clearly seen. A representative peak m/z
value of 5041.64 corresponds to a 39-mer of PS-(VPOSS)-PS
losing two HBr molecules (Table 1). Such a loss of chain-end
HBr by fragmentation is common under the MALDI-TOF
conditions for ATRP polymers with silver ion as cationizing
agent.*’ Overall, the results suggest that the vinyl groups on the
POSS cage do not interfere with ATRP and a precisely defined
macromolecule, PS-(VPOSS)-PS, has been successfully synthe-
sized. Subsequent surface functionalization was performed in a
similar way to that of PCL-(VPOSS)-PCL. While similar
evidence was also obtained in NMR, FT-IR, and SEC, the
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Figure 3. MALDI-TOF mass spectra of (a) PCL-(HPOSS)-PCL, (b) PCL-(VPOSS)-PCL, (c) PS-(HPOSS)-PS, and (d) PS-(VPOSS)-PS.

Table 1. Summary of Molecular Weight Characterizations®

sample molecular formula M (calcd; Da) m/z (obsd) M, nmr (g/mol) M, sec (g/mol) PDI
PCL-(VPOSS)-PCL CyHg1sNaO, 3,5Si 737891 7378.88 6.9k 8.5k 1.08
PCL-(HPOSS)-PCL Cys1Hg5sNaO 3,851 7925.00 7925.76 7.4k 8.6k 1.06
PS-(VPOSS)-PS CasoH,54AgBr,0,SSig-2HBr 5041.37 5041.64 5.7k 6.4k 1.03
PS-(HPOSS)-PS C153H106AgBI,0,:5:Sig-2HBr 5587.46 5587.05 5.9k 6.7k 1.02
PS-(VPOSS)-OH C,15H,,0BrNaOSSig—HBr 3328.49 3328.98 4.5k 4.8k 1.08
PCL-(VPOSS)-PCL 8.2k 8.8k 1.08
PS-(HPOSS)-PCL 8.7k 9.1k 1.12

“The adjusted molecular formula (molecular formula), the calculated monoisotopic molecular weights (M(calcd)), and the experimentally observed
m/z (m/z (obsd)) are based on the observed molecular species in MALDI-TOF mass spectrometry with the corresponding cation, respectively:

PCL-(VPOSS)-PCL (57-mer with Na*), PCL-(HPOSS)-PCL (57-mer
with Ag"), and PS-(VPOSS)-OH (24-mer with Na*).

with Na*), PS-(VPOSS)-PS (39-mer with Ag*), PS-(HPOSS)-PS (39-mer
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Figure 4. SEC diagrams for polymers: (a) PS-(VPOSS)-PS and PS-(HPOSS)-PS and (b) PS-(VPOSS)-OH, PS-(VPOSS)-PCL, and PS-(HPOSS)-

PCL.

MALDI-TOF mass spectrum of PS-(HPOSS)-PS (Figure 3c) is
worth discussion. Although the molecular homogeneity was
demonstrated under the linear mode, where one single
molecular weight distribution was observed, the monoisotopic
resolution was only possible under reflection mode, yet with
significant fragmentation (data not shown). The shift of 545.41
in m/z values (Table 1) suggests a complete reaction and a
well-defined structure as designed. The PS-(HPOSS)-PS is an
important model analogue of the previously reported “giant
surfactant”, the carboxylic acid-functionalized POSS-end-
capped polystyrenes (APOSS-PS),"® and is expected to exhibit

diverse self-assembly behaviors. The compatibility of VPOSS
with free radical polymerization promises to greatly expand the
scope of shape amphiphiles by facilitating the attachment of
polymer tails of diverse composition and topology.

HPOSS with two asymmetric tails: The combination of
various living/controlled polymerization methods has become a
valuable and practical approach to polymers with asymmetric
composition and complex architecture.***> Whereas shape
amphiphiles possessing two different polymer tails have been
synthesized by “grafting-onto” strategy via conjugation of block

copolymers and nanoparticles,'***™*° the heterobifunctional
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initiator, Br-(VPOSS)-OH, offers a versatile alternative by the
“grafting-from” approach due to the high compatibility of
VPOSS with different polymerization conditions. Nevertheless,
the sequence of polymerization could affect the result. In the
trial with the sequence of ROP and ATRP, although Br-
(VPOSS)-PCL was successfully synthesized with a well-defined
structure (Figure S6), subsequent ATRP failed to give a
homogeneous product, as shown by the bimodal SEC diagram
(Figure S7) despite many efforts to optimize the condition by
changing temperature, conversion, initiator/monomer ratio,
and so on. In this case, the steric effect of a tethered polymer
chain and the chemical composition of the tethered polymer
chain do not seem to be responsible for the inefficient initiation
because the polymerization sequence swap gives satisfactory
result (vide infra and see also ref 51.) and ATRP is known to be
compatible with both PCL and PS.*“** The complication
should thus arise from the side reactions between the
initiation/propagation species and the vinyl groups on POSS
during ATRP, yielding addition products that hardly reinitiate
again. It was speculated that, not only the initiation efficiency of
bromoisobutyryl group is significantly reduced when buried in
between VPOSS and PCL, the possibility for radical addition of
the active center to the vinyl groups in the vicinity also
increases. Due to the higher compatibility of ROP with VPOSS
than ATRP, the sequence swap gave successful results. The PS
block was first synthesized similar to that of PS-(VPOSS)-PS.
The disappearance of the resonances at 6 4.28 and 3.98 ppm
and the appearance of new resonances at 6 4.58—4.31 and
3.82—3.30 ppm in the "H NMR spectrum of PS-(VPOSS)-OH
suggest the efficient initiation and successful growth of a PS
chain (Figure 2b). The well-defined structure is also evidenced
by the MALDI-TOF mass spectrum (Figure S8). The ROP of
e-caprolactone was then performed using PS-(VPOSS)-OH as
the macroinitiator. The second block formation is clearly shown
in the SEC diagram of PS-(VPOSS)-PCL (Figure 4b) where a
monomodal, symmetric peak with low polydispersity (M, = 8.8
kg/mol, PDI = 1.08) was observed at much lower retention
volume compared to PS-(VPOSS)-OH (M, = 4.8 kg/mol, PDI
= 1.08). The newly formed PCL block was characterized by the
resonances at 6 4.08, 2.33, 1.67, and 1.40 ppm in the 'H NMR
spectrum (Figure 2c) and at § 173.47, 64.11, 34.10, 28.33,
25.51, and 24.56 ppm in the '*C NMR spectrum (Figure S9a).
In addition, the integration ratio between the resonance at &
3.66 ppm (—CH,OH at the PCL chain end) and at § 5.78—
6.11 ppm (CH,=CH-) is 2.0:21.5, which suggests the
precisely defined structure with one POSS per PCL tail and
PS tail. Although it was difficult to get MALDI-TOF mass
spectrum for PS-(VPOSS)-PCL, the above evidence suggests a
successful sequential growth of two polymer chains. This is
again followed by thiol—ene “click” functionalization of VPOSS.
The high efficiency is proved by the disappearance of the vinyl
proton resonances at  5.78—6.11 ppm after 15 min of reaction,
which indicates the heterogeneous tethered-chain composition
does not affect the reaction. The SEC diagram of PS-(HPOSS)-
PCL (Figure 4c) shows a monomodal symmetric peak at
slightly lower retention volume than that of PS-(VPOSS)-PCL.
Therefore, shape amphiphile with two polymer tails of
asymmetric composition was synthesized by sequential
ATRP, ROP, and thiol—ene “click” chemistry. It is noteworthy
that, because ATRP and ROP are both controlled polymer-
ization techniques, the molecular weights and the monomer
composition of each block may be separately controlled,
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providing a modular approach to a class of shape amphiphiles
for a systematic study.

In summary, a series of well-defined shape amphiphiles based
on functionalized POSS tethered with two polymer tails of
symmetric/asymmetric compositions has been successfully
prepared using a combination of “grafting-from” strategy and
thiol—ene “click” chemistry. VPOSS was found to be
compatible with both ROP and ATRP, which is expected to
greatly expand the scope of shape amphiphiles with various
tethered chain compositions. When carried out in sequence of
ATRP and then ROP, it affords tethered chains with
asymmetric composition, PS-(HPOSS)-PCL. Thiol—ene re-
action was demonstrated again as a highly efficient, convenient,
and versatile way to functionalize VPOSS. Not only can
multiple-site functionalization be performed simultaneously
with high efficiency, monofunctionalization can also be effected
by stoichiometry control. In general, our methods provide a
robust and modular approach for the synthesis of model shape
ampbhiphiles with precise control over molecular parameters for
a systemic study. Relevant work is ongoing in our laboratory to
reveal the intriguing hierarchical structures and the underlying
physical principles of their self-assembly.
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Experimental section, including the synthesis and character-
ization of the compounds. This material is available free of
charge via the Internet at http://pubs.acs.org.
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