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ABSTRACT: Tadpole-shaped inorganic/organic hybrid poly(tert-butyl acrylate) was prepared by RAFT
polymerization of fert-butyl acrylate (rfBA) using a POSS-containing chain transfer agent (CTA). The polymerization
kinetics showed a pseudofirst-order behavior with a short induction period; the number-average molecular weights
linearly increase with conversion. In conjunction with low polydispersity (PDI < 1.3), this confirms a controlled
polymerization. POSS-PtBA was further hydrolyzed into amphiphilic, tadpole-shaped poly(acrylic acid) (POSS-
PAA). The self-assembly behavior of POSS-PAA in aqueous solution at pH = 8.5 was investigated by transmission
electron microscopy (TEM) as well as static and dynamic light scattering (SLS and DLS). The results show that
POSS-PAA self-assembles in water into rather large aggregates where the POSS moieties are dispersed in the
particle. The size (average radius ~ 60 nm by DLS) is nearly independent of the chain length of PAA. The
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aggregates are pH-responsive, contracting when decreasing pH from 8.5 to 4.

Introduction

Organic—inorganic hybrid materials have attracted great
interest in recent years, due to the combination of properties
derived from the organic and inorganic components.' > Poly-
hedral oligomeric silsesquioxanes (POSS), a class of unique
inorganic components, can be incorporated into polymer
matrices to produce many novel hybrid polymers with advanta-
geous properities.® ? POSS molecules have a cage-shaped three-
dimensional structure with the formula (RSiO;s),, (n = 6).
Among them, octasilsesquioxanes (RgSigO;,) (n = 8) have been
mostly investigated; they consist of a rigid, cubic silica core
with a 0.53 nm side length, where each of the eight corners
carries one organic group. The corner groups can be reactive
or unreactive groups, which provide the POSS molecules with
the higher reactivity and solubility in organic solvents.'®”'?
Thus, the POSS molecules are much more variable in their
properties as compared to other inorganic components, such
clays or carbon nanotubes. POSS molecules can be incorporated
into almost all kinds of the polymer matrices by blending,
grafting, cross-linking or copolymerization, to produce POSS-
containing organic—inorganic hybrids with many promising
properties such as enhanced mechanical and thermal properties,
oxidation resistance, and reduced flammability.6~*'3728

In previous research, much attention has been focused on the
preparation methods and the properties of POSS-containing
hybrid polymers. For example, atom-transfer radical polymer-
ization (ATRP) has been used to prepare POSS-containing
hybrid polymers with different topological structures such as
star-shaped, block and tadpole-shaped hybrid polymers.?® 3!
Telechelic and hemitelechelic POSS-containing hybrid polymers
were also synthesized by urethane formation between hydroxy-
terminal polymers and isocyanate group of POSS mol-
ecules.’ % However, there are still many other novel aspects
worthy to be studied, especially the self-assembly behavior of
these hybrid polymers with novel architectures. POSS molecules
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were also used to modify polystyrene-block-polybutadiene-
block-polystyrene (SBS) triblock copolymers and the bulk
morphology of the block copolymers was still preserved.®”
Zhu et al. investigated the self-assembly and chain-folding in
well-defined oligomeric polyethylene-block-poly(ethylene oxide)-
block-POSS (PE-b-PEO-b-POSS) triblock co-oligomers.*® Pyun
and Matyjaszewski first reported the synthesis of ABA triblock
copolymers with a POSS-containing methacrylate monomer via
ATRP, and the self-assembly structure formed in thin films.**°
POSS-containing diblock copolymers were also prepared by
anionic polymerization and lamellar bulk structures were
observed.*' Recently, W. Zhang et al. synthesized tadpole-
shaped hybrid poly(N-isopropylacrylamide) (PNIPAAm) using
a POSS-containing reversible addition-fragmentation transfer
(RAFT) agent.*? The tadpole-shaped POSS-PNIPAAm self-
assembles into core—shell nanostructured micelles with uniform
diameter.

In this contribution, we extend the study of the self-assembly
of POSS-containing hybrid polymers toward polyelectrolytes.
We synthesized amphiphilic POSS-containing tadpole-shaped
hybrid poly(acrylic acid) (PAA) using RAFT polymerization
of tert-butyl acrylate (fBA). The POSS-PAA was prepared via
the hydrolysis of POSS-P/BA using trifluoroacetic acid. The
self-assembly behavior of the hybrid POSS-PAA was investi-
gated by transmission electron microscopy (TEM) and light
scattering (DLS and SLS).

Experimental Section

Materials. Aminoisobutyl polyhedral oligomeric silsesquioxane
(POSS) was purchased from Hybrid Plastics Company. tert-Butyl
acrylate (/BA) was kindly supplied by BASF SE, and was passed
through an silica column to remove the inhibitor. Other regents in
analytical grade were all obtained from Aldrich. Azobisisobuty-
ronitrile (AIBN) was recrystallized from ethanol. Dichloromethane
was dried over CaH, and distilled before use. The RAFT agent,
3-benzylsulfanylthiocarbonylsufanylpropionic acid (BSPA), was
synthesized according to the literature.*?

3-Benzylsulfanylthiocarbonylsufanyl-N-(3-(isobutyl polyhedral
oligomeric silsesquioxane) propyl)propanamide (POSS-BSPA). The
synthesis of the POSS-containing RAFT agent, POSS-BSPA, was
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reported in our previous paper.*? The resulting product was further
crystallized in petroleum ether with a yield of 80%. 'H NMR
(CDCl;, ppm): 7.27—7.34 (m, 5H, Ph), 4.61 (s, 2H, CH,Ph), 3.67
(t,2H, —Si—CH,CH,CH,NH-), 3.25 (q, 2H, “HNCOCH,CH,S—),
2.60 (t, 2H, —HNCOCH,CH,S—), 1.85 (m, 7H, —Si—
CH,CH(CHj3),), 1.60 (m, 2H, —Si—CH,CH,CH,NH—), 0.95 (d,
42H, —Si—CH,CH(CHs;),), 0.60 (m, 16H, —Si—CH,CH(CHj),,
—Si—CH,CH,CH,NH-).

Synthesis of POSS-PrBA. A typical polymerization procedure
for the synthesis of POSS-containing inorganic/organic hybrid PrBA
as follows: A round-bottom glass flask (50 mL) with a magnetic
stir bar was charged with tBA (3 mL, 20.67 mmol), POSS-
containing RAFT agent (125.5 mg, 0.11 mmol), AIBN (6.08 mg,
0.037 mmol) and 15 mL of toluene. The mixture solution was
purged with argon for 30 min, and then the glass tube was sealed
under argon. The polymerization was carried out in a thermostatted
oil bath at 70 °C. Small samples (about 0.5 mL) were taken out
from the reaction flask at intervals to check the conversion, which
was measured by 'H NMR by comparing the peaks of the double
bond protons of rBA at 5.75 ppm and of the toluene aromatic
protons at 7.23 ppm. At the end of the polymerization reaction,
the polymerization was stopped by plunging the tube into ice water.
The polymerization flask was opened, and then precipitated into
250 mL cold mixed solution of methanol/water (3/1, v/v). The
precipitate was redissolved in dioxane, and the product was dried
by freeze-drying for two days. 'H NMR (dioxane-ds, ppm):
7.15=7.23 (m, 5H, Ph), 2.10—2.35, 1.65—1.93 (m, polymer
backbone protons, —Si—CH,CH(CHj),), 1.44 (s, —COO(CHs)3),
0.97 (d, —Si—CH,CH(CHj3),)), 0.62 (m, —Si—CH,CH(CHs),,
—Si—CH,CH,CH,NH—). M,(GPC) = 15 870, M,/M, = 1.20.

Preparation of POSS-PAA from POSS-PfBA. A typical
procedure for the conversion of POSS-PrBA to POSS-PAA as
follows: a round-bottom flask (50 mL) with a magnetic stir bar
was charged with POSS-PrBA¢, (M,, = 8, 374, 0.5 g, 3.4 mmol of
tert-butyl acrylate unit) followed by dichloromethane (40 mL). The
mixture was allowed to stir for 15 min to dissolve the polymer.
And then trifluoroacetic acid (TFA; 4.0 mL, 53.0 mmol) was added.
The mixture was allowed to stir at room temperature for 24 h. After
24 h, a yellow precipitate had formed, and dichloromethane and
TFA were removed by rotary evaporation. The product was washed
three times with dichloromethane, and then redissolved in dioxide,
and followed by freeze-drying to afford the light yellow powder.

'H NMR (dioxane-ds, ppm): 7.15—7.23 (m, 5H, Ph), 2.20—2.53,
1.37—1.93 (m, polymer backbone protons, —Si—CH,CH(CHz),),
0.97 (d, —Si—CH,CH(CH;),)), 0.62 (m, —Si—CH,CH(CHa;),,
—Si—CH,CH,CH,NH-)). M,,=4,953, M/M,= 1.10 (MALDI—TOF).

Self-assembly of POSS-PAA in Aqueous Solution. A typical
self-assembly aggregate solution was prepared as following: POSS-
PAAg (100 mg) was first dissolved in dioxane (25 mL), which is
a good solvent for POSS-PAA. The solution was stirred overnight,
and gradually dialyzed against pH 8.5 Millipore water (resistance
= 18 MQ) for 3 days. After gradual dialysis, the self-assembly
aggregate solution was dialyzed at least three times using pH 8.5
Millipore water to make sure to completely remove dioxane.

Characterization

Nuclear Magnetic Resonance Spectroscopy (NMR). The
'"H NMR and '3C NMR measurements were carried out on a
Bruker AC-250 instrument. The samples were dissolved in
deuterated CDCl; and dioxane-ds, respectively, and the solutions
were measured with tetramethylsilane (TMS) as an internal
reference. By comparing the peaks of the polymer backbone
methine protons at 2.22 ppm and the fert-butyl protons at 1.45
ppm with the methyl protons of the hepta(isobutyl) groups of
POSS at 0.97 pm, the number-average degrees of polymerization
and the corresponding molecular weights were determined as
M,vr = [((1145/9) + 120)/21/[15.97/42] x Mg + Mcra., Where,
Mg and Mcra are the molecular weights of monomer and CTA,
respectively. Si NMR spectra were measured on a Varian Inova
300 MHz spectrometer at 23 °C. The samples were dissolved
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in dioxane-ds. chemical shifts are given relative to TMS [0?°Si
= 0 ppm for Z(*Si) = 19.867184 MHz]; Chemical shifts are
given to & 0.1 for 2°Si; coupling constants are given £ 0.4 Hz
for J(*°Si). The spectra were measured by using the refocused
INEPT pulse sequence based on *3J(**Si) = 10 Hz after
optimizing the delay times in the pulse sequence.

Fourier Transform Infrared Spectroscopy (FTIR). Mea-
surements were conducted on a Bruker Equinox 55/s Fourier
transform spectrometer at room temperature (25 °C). The
samples mixed with KBr were granulated into powder and
pressed into flakes for IR measurements.

Gel Permeation Chromatography (GPC). The molecular
weights and molecular weight distribution were measured by
conventional GPC. Column set: 5 um SDV gel, 10%, 103, 10%,
and 10° A, 30 cm each (PSS, Mainz). Detectors used are RI
and UV operated at 254 nm. Polystyrene standards (PSS, Mainz)
with narrow molecular weight distribution were used for the
calibration of the column set, and tetrahydrofuran (THF) was
used as the eluent at a flow rate of 1 mL/min. Since the
calibration curve of PrBA is different from that of PS, we used
the number-average molecular weights obtained from the NMR
signals of POSS and PrBA.

MALDI-TOF Mass Spectrometry. MALDI—TOF mass
spectrometry was performed on a Bruker Reflex III instrument
equipped with a 337 nm N, laser in the reflector mode and 20
kV acceleration voltage. 2,5-Dihydroxybenzoic acid (Aldrich,
97%) was used as a matrix. Samples were prepared from THF
solution by mixing matrix (20 mg/mL) and polymer (10 mg/
mL) in a ratio of 4:1. The number-average molecular weights
of the polymers were determined in the linear mode.

Transmission Electron Microscopy (TEM) images were
taken out on a Philips CM 20 TEM operated at 200 kV. A
5 uL droplet of self-assembly aggregate solution (0.5 mg/mL)
was directly dropped onto a copper grid (300 mesh) coated with
a carbon film, followed by drying at room temperature.

Cryogenic Transmission Electron Microscopy (cryo-TEM).
The sample was prepared as described above. To achieve the
desired ionic strength, CsCl (Acros) was used. A drop of the
sample (concentration around 4.0 mg/mL) was directly put on
a lacey grid, where most of the liquid was removed with blotting
paper, leaving a thin film stretched over the lace. The specimens
were instantly shock vitrified by rapid immersion into liquid
ethane and cooled to approximately 90 K by liquid nitrogen in
a temperature-controlled freezing unit (Zeiss Cryobox, Zeiss
NTS GmbH, Oberkochen, Germany). The temperature was
monitored and kept constant in the chamber during all the
sample preparation steps. After the sample is frozen, it was
inserted into a cryo-transfer holder (CT3500, Gatan, Miinchen,
Germany) and transferred to a Zeiss EM922 EFTEM. Examina-
tions were carried out at temperatures around 90 K at an
acceleration voltage of 200 kV. Zero-loss filtered images (AE
= 0 eV) were taken under reduced dose conditions (100—1000
electrons/nm?). All images were registered digitally by a bottom-
mounted CCD camera system (Ultrascan 1000, Gatan) combined
and processed with a digital imaging processing system (Gatan
Digital Micrograph 3.10 for GMS 1.5).

Dynamic Light Scattering (DLS) was carried out on an ALV
DLS/SLS-SP 5022F compact goniometer system with an ALV
5000/E correlator and a He—Ne laser (4 = 632.8 nm). Before
the light scattering measurements, the sample solutions were
filtered three times by using Millipore Teflon (Nylon) filters
with a pore size of 0.45 um. A CONTIN analysis was taken
for the measured intensity correlation functions. Apparent
hydrodynamic radii, Ry, of the self-assembly aggregates were
calculated according to the Stokes—Einstein equation. All
measurements were carried out at room temperature. The
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Scheme 1. Synthesis of POSS-Containing Poly(acrylic acid)
Using a POSS-Containing RAFT Agent
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measurements were performed at fixed scattering angle of 90°.
The polymer solutions had a concentration of 2 mg/mL.

Static Light Scattering (SLS) was measured on a Sofica
goniometer using a He—Ne laser (1 = 632.8 nm). Prior to the
light scattering measurements, the sample solutions were filtered
three times by using Millipore Teflon (Nylon) filters with a pore
size of 0.45 um. Five concentrations of the polymer in aqueous
solution were measured at angles in the range from 30 to 150°.
Weight-average molecular weights, My, of the self-assembly
aggregates were obtained by the analysis of the Zimm plots.
The refractive index increment of the POSS-PAA aggregates
in aqueous solution at 25 °C was measured using a PSS DnDc-
2010/620 differential refractometer, and the dn/dc of POSS-
PAA;s and POSS-PAAy are 0.1065 and 0.1119 mL/g, respec-
tively.

Results and Discussion

RAFT Polymerization of /BA Using a POSS-Containing
RAFT Agent. The detailed description of the synthesis of the
POSS-containing RAFT was reported in our previous paper.*
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Figure 1. Pseudofirst-order kinetic plot of the preparation of POSS-
PrBA at 70 °C in toluene in the presence of POSS-containing RAFT
agent.

The NMR and IR results confirmed the POSS-containing RAFT
agent was successfully prepared. To obtain POSS-containing
PAA (POSS-PAA), POSS-containing PrBA was synthesized in
advance using POSS-containing RAFT agent via RAFT po-
lymerization. The POSS-containing PfBA was further hydro-
lyzed into POSS-containing PAA by trifluoroacetic acid in
dichloromethane (Scheme 1). All polymerizations of fBA were
carried out in toluene using AIBN as initiator. The polymeri-
zation conversion at intervals was measured by 'H NMR. The
polymerization results were listed in Table 1.

The kinetic plot of the polymerization of tBA is shown in
Figure 1. A linear relationship exists between In(1/(1 — x)) and
reaction time, indicating that the concentration of chain radicals
is constant. Thus the polymerization follows pseudofirst-order
kinetics. A short induction period is observed, typical of many
RAFT polymerizations and can be explained by the slow
fragmentation of the intermediate radical at the early stage of
RAFT polymerization.**

Figure 2 shows the evolution of GPC chromatograms with
reaction time. With the increasing reaction times, the chromato-
grams shift to lower elution volume. The relationships of
number-average molecular weight and polydispersity index
(PDI) versus monomer conversion are shown in Figure 3. The
molecular weight linearly increases with conversion but differs
from the theoretical values (see also Table 1). This might
indicate a so-called hybrid behavior as proposed by Barner-
Kowollik et al., meaning that in the initial stage of polymeri-
zation the system acts similar to a conventional polymerization

Table 1. Conditions and Results of the RAFT Polymerization of fBA Using a POSS-Containing RAFT Agent”

time conversion
samples [M]y/ [CTA]Y" T (°C) (min) (%) 1073 M, " 1073M,, (NMR)“ 1073M,, (GPC) ¢ MM,
1¢ 186 70 15 7.6 2.94 5.79 4.71 1.20
2¢ 186 70 30 19.4 5.75 6.61 5.71 1.21
3¢ 186 70 45 31.8 8.70 8.09 7.53 1.18
4¢ 186 70 60 40.0 10.7 9.47 9.22 1.17
5¢ 186 70 75 52.5 13.6 10.63 10.64 1.15
POSS-P/BA o/ 186 70 275 78.5 19.8 14.89 15.87 1.20
POSS-PBA 36 186 80 210 92.0 23.1 18.56 20.37 1.19
POSS-PBAg" 93 70 275 85.7 11.3 8.78 8.37 1.23
POSS-PBA;s 46 70 275 94.4 6.75 5.62 4.49 1.30
BSPA-P/BA® 93 70 275 90.9 11.1 6.52 1.39

“In toluene, [M], = 1.38 mol/L; [CTAJ/[AIBN] = 3. ? Calculated as M, = [M]/[CTA]p X Mga X x + Mcra, where [M] and [CTA] are respectively
the initial concentrations of the /BA and RAFT agent, Mg, is the molecular weight of 1BA, and Mcr, is the molecular weight of RAFT agent and x is the
conversion. ¢ determined from the 'H NMR spectra. ¢ Measured by GPC calibrated with PS standards. ¢ Kinetic runs. / The numbers behind POSS-P/BA
correspond to the degree of polymerization, as determined from '"H NMR. ¢ BSPA is 3-benzylsulfanylthiocarbonylsulfanylpropionic acid (reference CTA
without POSS).
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Figure 2. Evolution of GPC chromatograms for the RAFT polymer-
ization of /BA at 70 °C in toluene after different reaction times in the
presence of POSS-containing RAFT agent (Table 1, entries 1—5).
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Figure 3. Evolution of number-average molecular weight and poly-
dispersity with conversion for the RAFT polymerization of fBA at 70
°C in toluene in the presence of POSS-containing RAFT agent.

and then converts to a controlled one.*** It could also be related
to a change in the structure of the POSS-functional PfBA, which
might result in a different hydrodynamic volume compared to
P/BA homopolymer. A similar observation was made by Mather
ot 2323

The GPC traces of the control PrBA and all POSS-containing
hybrid PrBAs prepared with different amount of RAFT agents
are symmetrical, with no shoulder and tail appearing. All the
results stated above indicate that the controlled nature of the
RAFT polymerization of tBA and that the POSS-containing
CTA is effective in the RAFT polymerization of tBA.

Macromolecules, Vol. 42, No. 7, 2009

The characteristic signals in the 'H NMR spectrum of P/BAg
(Figure S1 in the Supporting Information) at 6 = 2.23 ppm (d)
and 1.45 ppm (f), are ascribed to the methine protons of the
backbone and the methyl protons of the tert-butyl groups,
respectively. The protons signals of the POSS-CTA can be
identified at 6 = 0.97 ppm (a) and 0.62 ppm (c), which are
respectively assigned to the methyl (—Si—CH,CH(CHs),) and
methylene (—Si—CH,CH(CHs;),, —Si—CH,CH,CH,NH—) pro-
tons. This further confirms that POSS-P/BA was successfully
synthesized.

Preparation of POSS-PAA from POSS-P/BA Using
TFA. POSS-PAA was obtained by hydrolysis of the fert-butyl
ester groups of POSS-PrBA in dichloromethane using trifluo-
roacatic acid (TFA), which is a well-known method to afford
amphiphilic block copolymers containing a PAA block.*6™*
At first, we worried that the trithioester and the POSS moiety
might become destroyed by TFA. However, during the hy-
drolysis, a light yellow precipitation gradually appeared, and
the solution remained colorless, which suggests that the trithio-
carbonate was unaffected by TFA. Moreover, IR and NMR
results show that POSS-P/BA was completely transformed into
POSS-PAA, and the POSS molecule was not degraded in the
hydrolysis, indicating that it is an effective method to afford
POSS-PAA. The deformation vibration of the tert-butyl group
at 1369 cm™! completely disappeared in the IR spectrum of
POSS-PAA (Figure S2). Moreover, the carbonyl absorbance
peak at 1729 cm™' slightly shifts to lower wavenumbers, and
the peak also becomes broader, attributed to the formation of
carboxylic acid from the fert-butyl ester. In addition, we also
can see a broad absorbance peak at the in the range from 2317
to 3707 cm™! in the spectrum of POSS-PAA, which is mainly
due to the formation of carboxylic acid groups.

The 'H NMR spectrum of POSS-PAA also shows that the
proton signal of the tert-butyl ester groups at 1.45 ppm
completely disappeared after the hydrolysis (Figure S3). The
3C NMR spectrum also shows the carbon resonance for the
tert-butyl ester at 28.2 and 80.12 ppm in spectrum of POSS-
PrBA (Figure S4) completely disappeared in the spectrum of
POSS-PAA (Figure S5). Thus, on the basis of the IR and NMR
results, POSS-PrBA was completely hydrolyzed into POSS-
PAA. Comparing the '"H NMR spectrum of POSS-PtBA with
that of POSS-PAA, the characteristic proton signals of the POSS
molecule at 6 = 0.97 ppm (a) and 0.62 ppm (c) are almost
unchanged in the two spectra. We also observe there is no
change for the characteristic silicon resonace of POSS at 6 =
—63.8 ppm and —64.1 ppm in the two 2’Si NMR spectra (Figure
S6). This suggests that there is no degradation of the POSS
molecule in the hydrolysis of fert-butyl groups. In addition,
MALDI—TOF mass spectrometry was used to characterize the
molecular weight of POSS-PAA, and the molecular weight is
close to the theoretically calculated one, which further confirms
that POSS-PAA was successfully prepared (Figure S7).

Scheme 2. Self-Assembly Process of POSS-Containing Hybrid Poly(acrylic acid) in Aqueous Solution
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Figure 4. TEM images of POSS-PAA, self-assembly aggregates at different magnifications with pH = 8.5.
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Figure 5. Cryo-TEM of POSS-PAA 5 self-assembly aggregates at different magnifications with pH = 8.5.

Self-Assembly Behavior of POSS-Containing Hybrid
Poly(acrylic acid). The self-assembly of amphiphilic polymers
has attracted considerable attention in polymer science, since it
can result in the formation of a rich variety of microdomain
morphologies such as spheres, cylinders, lamellae and gyroids
in bulk or solution.** >? Whereas the polymers used in self-
assembly are mostly prepared from organic molecules, inorganic
hydrophobes have been rarely reported. Amphiphilic polymers
based on poly(acrylic acid) (PAA) are well-known representa-
tives in the study of the self-assembly of ionic amphiphilic block
polymers.>*>* In this work, the tadpole-shaped inorganic/organic
hybrid POSS-PAA is similar to an amphiphilic block copolymer,
since the POSS molecule is hydrophobic and the PAA chain is
hydrophilic (Scheme 2).

Transmission electron micrioscopy (TEM) was used to
characterize the morphology of the POSS-PAA self-assembly
aggregates. The sample was prepared by directly dropping the
polymer solution on the carbon-coated copper grid without
additional staining or etching. Parts a—c of Figure 4 show the
TEM images of POSS-PAAg, self-assembly aggregates at
different magnifications. Figure 4a shows that the aggregates
are well-dispersed, however they are quite polydisperse in size
(radii from 15 to 42 nm). From the enlarged image (Figure 4c)
we observe that the density of the aggregate is not uniform,
which may indicate that POSS-PAA in aqueous solution does
not self-assemble into the typical core—shell micelles with POSS
molecules as the core and PAA as the shell, but rather aggregates
(Scheme 2). This structure is further confirmed by cryogenic
TEM (Figure 5). There is no typical core—shell structure in the
image. The density of the aggregates is also not uniform in a
single aggregate (Figure 5b).

The self-assembly aggregate solutions were also measured
by DLS (Figure 6). The apparent hydrodynamic radii, Ry, are
considerably larger than those measured by TEM. This can be
attributed to the fact that the hydrodynamic radii are z-averages
and the PAA chains are extended in solution. The values of

(b)

a: POSS-PAA_ (46 nm)
b: POSS-PAA_ (65 nm)
c: POSS-PAA___(60 nm)

107

d: POSS-PAA (64 nm

1000

10 100
R, (nm)

Figure 6. Intensity-weighted hydrodynamic radius distributions of
POSS-PAA self-assembly aggregates and z-average hydrodynamic radii
in aqueous solution at pH = 8.5 and 90° measurement angle.

46—64 nm are much larger than those of one extended PAA
chain (0.25 nm x DP, i.e. between 9 and 34 nm). The cumulant
analysis renders rather large polydisperity values in the range
from 0.3 to 0.5. In addition, the radii do not significantly depend
on the chain length of PAA, except for the lowest one (Figure
6). This further suggests different aggregation numbers, N,
for different PAA molecular weights. SLS measurements give
the apparent molecular weights, M, ,,p, of aggregates of POSS-
PAA;s and POSS-PAAg as 2.69 x 10° g/mol and 4.85 x 10°
g/mol, respectively. The average N, of the aggregates of POSS-
PAA3s and POSS-PAAg, are estimated as 480 and 550,
respectively. This large aggregation number cannot be explained
by a simple core—shell aggregate structure since the core of
such an aggregate must contain a considerable amount of PAA,
which is attached to the POSS moieties. Thus, we have to
assume that the particles are rather aggregates with a distribution
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Figure 7. Dependence of hydrodynamic radius of POSS-PAA 3¢ self-
assembly aggregates on pH.

of POSS moieties within the aggregate, as is also indicated by
the TEM image in Figure 4c.

The pH dependence of Ry, for the POSS-PAA self-assembly
aggregates is shown in Figure 7. The z-average hydrodynamic
radius decreases when decreasing pH from 8.5 to 4, due to
protonation and the resulting contraction of the PAA chains
(Scheme 2). This proves that the POSS-PAA aggregates are
responsive to pH, similar to organic core—shell micelles of
polystyrene-block-PAA (PS-b-PAA) or polyisobutylene-block-
poly(methacrylic acid) (PIB-b-PMAA) diblock copolymers.”>=°

Conclusions

POSS-containing tadpole-shaped organic/inorganic hybrid
PrBA was successfully obtained using a POSS-containing RAFT
agent. The polymerization is well-controlled. POSS-P/BA was
completely transformed to POSS-PAA. TEM and light scattering
results show that POSS-PAA self-assembles in water into a
structure that is different from a simple core—shell micelle with
POSS molecules as the core and PAA as the shell. Apparently
aggregates are formed where the POSS moieties are dispersed
in the particle. The size of these aggregates, being pH-
responsive, does not significantly depend on the DP of the PAA
chains.
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