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ABSTRACT: New hybrid poly(hydroxyethyl methacrylate-co-methyl methacrylate)-g-polyhedral oligosilsesquioxane [poly(HEMA-co-
MMA)-g-POSS] nanocomposites were synthesized by the combination of reversible addition fragmentation chain transfer (RAFT) po-
lymerization and click chemistry using a grafting to protocol. Initially, the random copolymer poly(HEMA-co-MMA) was prepared by
RAFT polymerization of HEMA and MMA. Alkynyl side groups were introduced onto the polymeric backbones by esterification reac-
tion between 4-pentynoic acid and the hydroxyl groups on poly(HEMA-co-MMA). Azide-substituted POSS (POSS—N3;) was prepared
by the reaction of chloropropyl-heptaisobutyl-substituted POSS with NaNj. The click reaction of poly(HEMA-co-MMA)-alkyne and
POSS—N; using CuBr/PMDEATA as a catalyst afforded poly(HEMA-co-MMA)-g-POSS. The structure of the organic/inorganic hybrid
material was investigated by Fourier transformed infrared, 'H-NMR, and *°Si-NMR. The elemental mapping analysis of the hybrid
using X-ray photoelectron spectroscopy and EDX also suggest the formation of poly(HEMA-co-MMA )-anchored POSS nanocompo-
sites. The XRD spectrum of the nanocomposites gives evidence that the incorporation of POSS moiety leads to a hybrid physical
structure. The morphological feature of the hybrid nanocomposites as captured by field emission scanning electron microscopy and
transmission electron microscopic analyses indicate that a thick layer of polymer brushes was immobilized on the POSS cubic nano-
structures. The gel permeation chromatography analysis of poly(HEMA-co-MMA) and poly(HEMA-co-MMA)-g-POSS further sug-
gests the preparation of nanocomposites by the combination of RAFT and click chemistry. The thermogravimetric analysis revealed
that the thermal property of the poly(HEMA-co-MMA) copolymer was significantly improved by the inclusion of POSS in the copol-
ymer matrix. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION phase. Among various nanoparticles, hybrid inorganic—organic

The development of inorganic—organic hybrid nanocomposites monomeric units, polyhedral oligosilsesquioxane (POSS) is a

has attracted great attention due to their prospect of improving
the engineering properties of conventional materials and creat-
ing new properties. The synthesis of such materials with new
properties and superior performance is a continually expanding fire-retardant materials, space-resistant materials, photonics,
research area, which covers subjects ranging from chemistry, low-dielectric materials, fuel cells, elastomers, electrolytes, laser
physics, biology, to material science.' Hybrid materials based ~ materials, cosmetics, biology, and other applications.*” Fully
on polymers with nanoscale inorganic fillers are becoming more  condensed POSS contains an inorganic Si—O core surrounded
and more important in conventional engineering because of  with various organic groups useful for tuning the surface chem-
combining the functionality and processibility of an organic istry and interaction with the host copolymer matrix. It is the
phase and enhanced thermal/chemical stability of an inorganic ~ combination of an inorganic core and the organic periphery

new class of advanced materials capable of forming various
nanocomposites. The materials having POSS-moieties have
found wide applications in dental and other medical materials,
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that provide unique physical and chemical properties to POSS
compounds. Over the past decade, there has been a steadily
increasing interest in the creation of POSS-based structures for
use as blocks in molecular nanocomposite structures for a
variety of applications. One advantage that POSS imparts is
chemical versatility, allowing the compatibility between POSS
nanoparticles and different polymeric matrixes.'®'" Introducing
POSS into a polymer backbone creates an interesting paradox
in terms of desired properties. It was observed that the incorpo-
ration of POSS provided a polymer with excellent material
properties, such as good oxidation resistance, superior surface
hardness, extremely high thermal stability, reduced flammability,
and enhanced mechanical strength leading to advanced organic/
inorganic hybrid chemical feedstock.'*™*

Poly(methyl methacrylate) (PMMA) and poly(2-hydroxyethyl-
methacrylate) (PHEMA) are widely used polymers. PMMA has
been used in diverse fields such as biomaterials, optoelectronics,
and optic fibers because of its good optical (high transparency
and clarity) and mechanical properties.'"® In contrast, PHEMA
is most widely used hydrogel, since the water content is similar
to living tissues. Moreover, its hydrophilicity basically from the
hydroxyl functional group makes it bio- and blood-compatibil-
ity and develops resistance to degradation.'”” In addition,
PHEMA has high oxygen permeability, good mechanical proper-
ties, and favorable refractive index value.'® PMMA could be
copolymerized with HEMA to tailor the hydrophilicity and
wettability of PMMA, which can then be used in special appli-
cations, particularly, in solid-state pulsed dye lasers'® and in
biomedical fields.”® The poly(MMA-co-HEMA) copolymers have
been reported to synthesize by suspension and microemulsion
systems.”** However, recently, controlled/living radical polymer-
ization (CRP) has got immense interest due to the well-defined
architecture and narrow polydispersities of polymers. Among
CRPs, RAFT is widely used because of its simplicity as well as
vast functional group tolerance. In the recent years, grafting
techniques have been used to attach polymers onto the surfaces
of nano- and microparticles. POSS units can be incorporated
into virtually all types of polymers either by blending, grafting,
or copolymerization reactions.”>° In general, for chemical
attachment, two different approaches can be categorized, the
grafting to and the grafting from approach. In the grafting from
technique, polymer chains grow from the initiators on the sub-
strate, while polymer chains carry an active terminal group and
are coupled to the active surface in the grafting to technique.

Recently, as a highly efficient organic reaction, the Cu(I)-cata-
lyzed 1,3-dipolar cycloaddition reaction between azides and
alkynes, known as “click reaction” have gained a great deal of
attention due to their high specificity and nearly quantitative
yields in the presence of many functional groups.”®>’ Click
reactions have been widely used in macromolecular engineering
and the synthesis of functional monomers and polymers, bio-
conjugated polymers, block and graft copolymers, dendrimers,
cyclic polymers, star and brush copolymers, and networks.”*™’
The ease of the synthesis of alkyne and azide functionalities
coupled with tolerance to a wide variety of functional groups
and reaction conditions make this coupling process highly
attractive for the modification of polymeric materials.
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Combination of CRP and click chemistry offers an effective way
to prepare functional polymeric materials. Several reports on
the synthesis of (co)polymers via CRP and subsequent azide-
alkyne-coupling reactions have been documented, but majority
of these works were performed through the modification of
(co)polymers prepared by ATRP.**** On the other hand, only a
few works have been accomplished using combination of RAFT
and click chemistry so far.*®*! However, those approaches are
often accompanied with either troublesome deprotection or
cumbersome postpolymerization modification.

In this article, we demonstrate the successful synthesis of a
novel type of hybrid nanocomposite material poly(hydroxyethyl
methacrylate-co-methyl methacrylate)-g-polyhedral oligosilses-
quioxane [poly(MMA-co-HEMA)-g-POSS] by the grafting to
method using the combination of RAFT and click reactions
(Scheme 1).

EXPERIMENTAL

Materials

MMA (99%) and HEMA (97%) were purified by passing the
liquid through a neutral alumina column to remove inhibitors
before use. 2,2’-Azobisisobutyronitrile (AIBN; 97%) was recrys-
tallized in methanol before use. 2-Cyano-2-propyl dodecyl tri-
thiocarbonate (RAFT agent; 97%), chloropropyl-heptaisobutyl-
substituted POSS (97%), N,N,N',N’,N"-pentamethyl-diethylene-
triamine (PMDETA; 99%), N,N'-dicyclohexylcarbodiimide
(DCGC; 99%), 4-dimethylaminopyridine (DMAP; 99%), and
CuBr (98%) were used as received. All the above-mentioned
chemicals were purchased from Aldrich, Yongin, Korea.

Azidation of Chloropropyl-Heptaisobutyl-Substituted

POSS (POSS—N3)

Chloropropyl-heptaisobutyl-substituted POSS (1.0 g, 1.12
mmol) and 15 mL of DMF were added into a round-bottomed
flask. Sodium azide (0.360 g, 5.55 mmol) was added to the
solution. After stirring for 24 h at 80°C, the reaction mixture
was evaporated, diluted with tetrahydrofuran (THF), and pre-
cipitated in excess amount of methanol. The product was dried
in a vacuum oven for 24 h at 35°C, giving 0.87 g of white solid.

Synthesis of Random Copolymer Poly(HEMA-co-MMA)

via RAFT Technique

The synthesis of random copolymer poly(HEMA-co-MMA) was
accomplished by using the ratio of reagents [MMA]/[HEMA]/
[RAFT]/[AIBN] = 115/45/1/2. In a typical method, the RAFT
agent (0.02 g, 0.06 mmol), AIBN (0.02 g, 0.12 mmol), HEMA
(0.3 mL, 2.46 mmol), MMA (0.7 mL, 6.54 mmol) and dried
THF (4 mL) were successively added into a 25-mL glass bottle
with a magnetic bar. A predegassed reflux condenser with gas
inlet/outlet was attached to the flask quickly, and the system
was purged with argon through the solution for 30 min. The
polymerization was allowed to proceed at 80°C while stirring
under nitrogen atmosphere. After polymerization was carried
out for 12 h, the reaction mixture was cooled to room tempera-
ture and precipitated in excess amount of hexane. The product
was filtered and dried in a vacuum oven at room temperature
overnight to get 0.84 g of solid product as determined by gravi-
metric measurement.
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Scheme 1. Synthesis of poly(HEMA-co-MMA)-g-POSS via the combination of RAFT & Click Chemistry.

Synthesis of Alkyne-Functionalized Poly(HEMA-co-MMA)
Alkynyl side groups were introduced onto the polymeric back-
bones by esterification reaction between the hydroxyl groups on
PHEMA and 4-pentynoic acid. In a typical procedure, random
copolymer poly(HEMA-co-MMA) (1.0 g, 2.4 mmol for the
HEMA unit), DCC (4.92 g, 24 mmol), and 4-pentynoic acid
(1.17 g, 12 mmol) were added sequentially into 40 mL DMF
before the flask was immersed into ice-water bath. Under mag-
netic stirring, 0.125 g DMAP solution in 3 mL DMF was added
into the mixture within 5 min. The reaction mixture was
allowed to stir for 36 h at room temperature. During this pe-
riod, the reaction mixture slowly turned into brown, and the in-
soluble DCC urea precipitated out. After filtration to remove
the solid, the polymer product was precipitated in excess
amount of water to remove unreacted 4-pentynoic acid. After
redissolving in THE, the polymers were precipitated again in
excess amount of hexane to remove unreacted DCC and DCC
urea. The product was dried in a vacuum oven for overnight at
35°C to obtain 0.927 g of the alkyne-functionalized copolymer.

Synthesis of Poly(HEMA-co-MMA)-g-POSS by Click Reaction

Between POSS—N; and Poly(HEMA-co-MMA)-Alkyne

In a typical procedure for the synthesis of poly(HEMA-co-
MMA)-¢g-POSS, POSS—N; (266 mg, 0.29 mmol), and poly
(HEMA-co-MMA)-alkyne (53.2 mg, 0.08 mmol for the HEMA-
alkyne unit) were taken in a 25-mL Schlenk flask containing 3
mL DME Cu Br (8 mg, 0.05 mmol), and PMDETA (10 mg, 0.05
mmol)."" The reaction mixture was degassed by three freeze-
pump-thaw cycles and stirred for 24 h at room temperature. Af-
ter 24 h, the polymer solution was exposed to air, diluted with
THE and the crude product was passed through neutral alumina
to remove copper complex. And then repeated precipitation in
hexane and diethyl ether was carried out for the removal of
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unreacted POSS—N3;. The product was dried in a vacuum oven
for overnight at 35°C to obtain 119 mg of white solid powder.

Characterization and Measurements

The changes in the surface chemical bonding of poly(HEMA-co-
MMA), poly(HEMA-co-MMA)-Alkyne, POSS—CI, POSS—N3,
and poly(HEMA-co-MMA)-¢g-POSS nanocomposites were ana-
lyzed by Fourier transformed infrared spectrophotometry
(FTIR) using a BOMEM Hartman & Braun FTIR spectrometer
in the frequency range of 4000-400 cm™'. The elemental analy-
sis of the hybrids was carried out by using a field emission scan-
ning electron microscopy (FE-SEM) equipped with an energy-
dispersive X-ray (EDX) spectrometer (HitachiJEOL-JSM-6700F
system, Japan). All samples for SEM analysis were prepared by
drying to fit in a specimen stub. The specimens were postfixed
with an ultrathin coating of osmium by sputtering at 15 mA.
The applied acc voltage was 15 kV. Transmission electron mi-
croscopy (TEM) images were recorded using a Joel JEM 2010
instrument (Japan) with an accelerating voltage of 80 kV. A
drop of the solution in distilled ethanol was placed on a copper
grid for the analysis. Thermogravimetric analysis (TGA) was
conducted with a Perkin-Elmer Pyris 1 analyzer (USA). Before
the test, all the samples were carefully grinded into fine powder.
The sample size was 10-15 mg, and three experiments were
conducted to collect one data point. The samples were scanned
within the temperature range of 50-800°C at a heating rate of
10°C min~' under continuous nitrogen flow. Surface composi-
tion was investigated using an X-ray photoelectron spectroscopy
(XPS; Thermo VG Multilab 2000) in ultra high vacuum with Al
Ko radiation. Gel permeation chromatography (GPC) was per-
formed using an Agilent 1200 Series equipped with PLgel 5 um
MIXED-C columns, with THF as the solvent at 30°C. The solu-
tion flow rate was 1 mL/min. Calibration was carried out using
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Figure 1. '"H-NMR spectra of (A) POSS—CI and (B) POSS—N.

PMMA standards. The 'H-NMR spectra of poly(HEMA-co-
MMA), poly(HEMA-co-MMA)-alkyne, POSS—Cl, POSS—N3,
and (MMA-co-HEMA)-¢g-POSS nanocomposites were recorded
using a JNM-ECP 400 (JEOL) spectrophotometer with CDCls.
The *Si-NMR spectra of POSS—N; and poly(HEMA-co-
MMA)-g-POSS nanocomposites were obtained using a JEOL
JNM-A400 (80 MHz) spectrometer.

RESULTS AND DISCUSSION

Synthesis and Characterization of POSS—N;

A new type of hybrid nanocomposites of poly(MMA-co-HEMA)
grafted with POSS was prepared using the Cu(I)-catalyzed via
azide—alkyne click reaction strategy. We first carried out azida-
tion of chloropropyl-heptaisobutyl-substituted POSS by the
reaction of POSS—CI with NaN5; in DMF for 24 h at 80°C. Sec-
ond, POSS—Nj3 and poly(HEMA-co-MMA)-alkyne were clicked
to give poly(HEMA-co-MMA)-g-POSS using CuBr/PMDETA as
a catalyst at room temperature via the click reaction.

The terminal chloride atoms of POSS—CI were easily trans-
formed into azide groups to produce POSS—Nj via the nucleo-
philic substitution reaction in DMF at room temperature. The
typical "H-NMR spectra of POSS—CI and POSS—Nj are shown
in Figure 1. POSS—Nj can be recognized by the peaks at (J)
324 (t, 2H, POSS—CH,CH,CH,N;), 1.91-1.66 (br, 9H,
POSS—CH,CH,CH,N; and —SiCH,CH(CH3),), 0.94 (d, 42H,
—SiCH,CH(CH,),), and 0.70-0.59 (br, 16H, POSS—CH,
CH,CH,N; and —SiCH,CH(CHs),. -

FTIR was also used to characterize the terminal azido group. In
the FTIR spectrum of pure POSS—CI [Figure 2(A)], there are
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two distinct bands at 1109 and 561 cm™ ' corresponding to the
stretching vibration of Si—O—Si and Si—Cl, which are the char-
acteristic absorption bands of silsesquioxane cages.”® After the
reaction of POSS—CI with NaNj, a resulting peak at 2102 cm™"
appears in the spectrum of POSS—N3, which is ascribed for the
stretching vibration of the terminal azido group. On the basis
of "H-NMR and FTIR, the nucleophilic substitution reaction
was effectively conducted, and the terminal chloro groups were
significantly transformed into azido groups.

The elemental mapping analysis of POSS—N; was carried out
by using EDX (Figure 3). The characteristic peaks ascribed for
silica, carbon, oxygen, and nitrogen elements appear in the EDX
spectrum of POSS—N3, which again indicates that the terminal
chloro groups were completely transformed into azido groups.

Synthesis and Characterization of Poly(HEMA-co-MMA) and
Poly(HEMA-co-MMA)-Alkyne

Statistical linear copolymers of MMA and HEMA were prepared
by RAFT polymerization. The PHEMA having hydroxyl func-
tionality was introduced as a minor component in the copoly-
mer system in order to provide a hydrophilic nature to the
resulting composites as well as to offer a site for incorporating
alkyne moiety. The formation of poly(HEMA-co-MMA) is con-
firmed by the "H-NMR spectrum as shown in Figure 4(A). In
the spectrum, the broad signal at 1.83-1.86 ppm (a’) is associ-
ated with the methylene groups in the backbone of the poly-
(HEMA-co-MMA) chain. The peaks around 0.85-1.04 ppm (b)
are mainly attributable to the protons of methyl groups of
C—CHj. The peak at 3.60 ppm (c') is assigned to methyl pro-
tons of the methyl ester group, and the peaks at 3.72-3.84 ppm
(¢/, d’) are assigned to methylene protons adjacent to the oxy-
gen moieties in the HEMA units. A broad peak at 4.11 ppm (f')
is ascribed for the hydroxyl proton of the HEMA segment. The
introduction of HEMA in the copolymer matrix was found to
be ~ 31 mol % as measured by the integrals of the respective
protons (¢’ with ¢ and d’) in the "H-NMR spectrum [Figure
4(A)]. The functional alkynyl moiety was introduced into the
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Figure 2. FTIR spectra of (A) POSS—CI and (B) POSS—N;.
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Figure 3. EDX spectrometric analysis of (A) POSS—CI and (B) POSS—N3.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

polymeric backbones by esterification reaction between the
hydroxyl groups on PHEMA and 4-pentynoic acid. The func-
tional polymeric backbones, defined as poly(HEMA-co-MMA)-
alkyne, were analyzed by "H-NMR spectroscopy. In Figure 4(B),
the two broad signals at 4.17 and 4.32 ppm (g, g’) are ascribed
for the methylene protons of two ester groups
(—COOCH,CH,00C—). The peaks at 2.55 (h') and 2.54 ppm
(') are assigned to the resonance of the methylene protons of
(—COOCH,CH,C), and peaks at the overlapping region 1.74—
1.90 ppm are assigned for the polymer backbone methylene
protons (a’) and acetylenic proton (k') (—COOCH,CH,CCH).
The degree of modification of the copolymer with 4-pentynoic
acid was calculated to be 27% by comparing the integrals of h'
and 1’ protons of pentynoic segments with that of ¢’ protons of
PMMA segments in the '"H-NMR of poly(HEMA-co-MMA)-
alkyne [Figure 4(B)].

The FTIR spectrum proved further the formation of poly
(HEMA-co-MMA) as presented in Figure 5(A). A strong
absorption band at 1728 cm™', which is assigned to the ester
carbonyl (C=0), is associated with HEMA and MMA units.**
The spectrum also shows two characteristic absorptions at 2952
and 1150 cm ™' those are attributed to the stretching vibrations
of C—H and C—O—C, respectively. In addition, the characteris-
tic broad and strong absorption band in the range of 3300-
3500 cm™' can be assigned to the hydroxyl groups on the
HEMA units. Figure 5(B) represents the FTIR spectrum of poly-
(HEMA-co-MMA )-alkyne, which confirms the incorporation of
alkynyl groups in the poly(HEMA-co-MMA) chains by the
esterification reaction. Similar to the parent polymer, poly-
(HEMA-co-MMA )-alkyne shows a strong absorption band at
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Figure 4. 'H-NMR spectra of (A) poly(HEMA-co-MMA) and (B) poly-
(HEMA-co-MMA)-alkyne.

1730 cm ™!, which is ascribed to the ester carbonyl (C=0) of
HEMA and MMA segments. Compared to the FTIR spectrum
of poly(HEMA-co-MMA), the strong absorption band at 3300—
3500 cm™' for free hydroxyl groups completely disappeared,*’
and a new band corresponding to the stretching vibration of
the alkyne groups appeared at 3301 cm™' in the spectrum of
poly(HEMA-co-MMA)-alkyne [Figure 5(B)]. These results indi-
cate that the transformation of the hydroxyl groups to alkynyl
groups on the polymer chain was successfully carried out.

(B)
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Transmittance (%)

¥
1728
4000 3500 3000 2500 2000 1500 1000 500
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Figure 5. FTIR spectra of (A) poly(HEMA-co-MMA) and (B) poly-
(HEMA-co-MMA)-alkyne.
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Figure 6. "H-NMR spectra of poly(HEMA-co-MMA)-g-POSS.

Synthesis and Characterization of
Poly(HEMA-co-MMA)-g-POSS

The nanocomposites of poly(HEMA-co-MMA)-g-POSS were
synthesized by click reaction between the alkyne-containing
poly(HEMA-co-MMA)-alkyne and azido-terminated POSS.
Other than overlapping region from 0.58 to 1.87 ppm, charac-
teristic proton signals for the identification of coupling product
poly(HEMA-co-MMA)-g-POSS can clearly be recognized from
the "H-NMR spectrum as shown in Figure 6. The signal at 7.55
ppm (j) is assigned to the proton in the triazole ring. The peaks
at 4.16 and 2.61 ppm are ascribed to the methylene protons i
and k adjacent to the triazole ring, respectively. The signal (c’)
at 3.60 ppm is assigned to the methyl protons (—COOCH;) of
the MMA segment. The characteristic peaks for the POSS pend-
ent in the matrix having shielded methylene protons adjacent to
the silicon atom appear at 0.62 (d) and 0.59 (c) ppm.36 All
other representative peaks for the poly(HEMA-co-MMA)-g-
POSS nanocomposites are categorically labeled in the spectrum
as shown in Figure 6. The "H-NMR analysis suggests that the
synthesis of poly(HEMA-co-MMA)-g-POSS was successful.
Moreover, the *’Si-NMR analysis of poly(HEMA-co-MMA)-g-
POSS nanocomposites showed peaks at —67.58, —67.87,
—96.54, —100.77, and —105.76 ppm, suggesting the presence of
—O0—Si—O framework in the nanocomposites.”> The loading of
POSS in the matrix was determined to be ~ 27% from the inte-
gration of the "H-NMR spectrum.

The FTIR spectrum (Figure 7) of poly(HEMA-co-MMA)-g-
POSS depicts an absorption band at 1730 cm ™', which is
ascribed to the stretching vibration of C=0 in the PHEMA and
PMMA chain. The characteristic band at 2102 cm ™' responsible
for the azide stretching vibration has completely disappeared.
The band at 1109 cm™' is arisen, which is designated for
Si—O—Si stretching vibration originated from the incorporation
of POSS moieties. The FTIR results further prove qualitatively
the presence of the POSS moieties grafted onto the poly(-
HEMA-co-MMA) chains.

The elemental mapping analysis of poly(HEMA-co-MMA) and
poly(HEMA-co-MMA)-g-POSS was accomplished using EDX as
shown in Figure 8. The representative peaks assigned for silica, ox-
ygen, carbon, and nitrogen elements are observed in the EDX spec-
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Figure 7. FTIR spectra of (A) POSS—Nj; and (B) poly(HEMA-co-MMA)-
g-POSS.

trum of poly(HEMA-co-MMA)-g-POSS, which again suggests the
formation of nanocomposites having the poly(HEMA-co-MMA)
copolymer fused with POSS cage nanostructures.

XPS was used to identify the chemical composition at the sur-
face of the modified microspheres. Figure 9 shows the XPS
spectrum of the poly(HEMA-co-MMA)-g-POSS microspheres.
The figure clearly shows that the synthesized nanocomposites

Figure 8. EDX spectrometric analysis of (A) poly(HEMA-co-MMA) and
(B) poly(HEMA-co-MMA)-g-POSS. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. XPS spectra of poly(HEMA-co-MMA)-g-POSS.

display characteristic signals for carbon, oxygen, nitrogen, and
silicon atoms as expected for a poly(HEMA-co-MMA)-g-POSS-
containing surface. The major peak component at the binding
energy (BE) of about 285.10 eV is assigned to the Cls, the
strongest peak at 532.7 eV corresponds to the Ols, and the
peak of Si2p can be curve-fitted with BE of 103.7, which is orig-
inating from POSS. In addition, the characteristic signal for N1s
can be observed at 399 eV. Thus, the XPS data clearly confirm
that the attachment of poly(HEMA-co-MMA) onto the surface
of POSS microspheres was successfully achieved.

To further investigate the structure of poly(HEMA-co-MMA)-g-
POSS, the XRD measurement was carried out, and the curves are
shown in Figure 10. A powder diffractogram of pure POSS—CI is
reproduced in Figure 10(A). The characteristic features of POSS
show four main reflections at 20 = 8.2°, 11.0°, 12.1°, and 19.0°
corresponding to the lattice spacing of 10.8, 8.03, 7.31, and 4.66 A,
respectively, which are a typical XRD “fingerprint” of POSS—Cl
crystals. The diffraction spectrum is very similar to those previ-
ously reported for other POSS molecules.”>*> On the other hand,
the physical structure of poly(HEMA-co-MMA) was observed to
be amorphous [Figure 10(B)]. The XRD spectrum of poly(HEMA-
co-MMA)-g-POSS as shown in the Figure 10(C) demonstrates a
peak at 20 = 8.2°, which is relatively less intense than its parent
POSS—Cl structure. It indicates that the existence of poly(HEMA-
co-MMA) affects the physical structure of POSS from crystalline to
hybrid materials and the strong tendency of POSS toward associa-
tion to form the weak crystalline organization of POSS.”>**

To examine the composition effect on the thermal degradation
of poly(HEMA-co-MMA)-g-POSS, TGA analyses were per-
formed for all the samples at the temperature range from 50 to
800°C. TGA curves of poly(HEMA-co-MMA), POSS—N3, and
poly(HEMA-co-MMA)-g-POSS samples are shown in Figure 11.
The TGA of pure poly(HEMA-co-MMA) shows a two-step
decomposition process started at relatively lower temperature
(ie., at a temperature <200°C), and 100% decomposition of
the copolymer was achieved at about 450°C. However, POS-
S—N; gives a sharp continuous decomposition curve, which

MA‘“\‘.FE’)s WWW.MATERIALSVIEWS.COM
[}

WILEYONLINELIBRARY.COM/APP

ARTICLE -

(C)
e (B)
]
=
(A)
1I0I2I0l3[0.4'0I5IO.6|0.7I0'80
2° theta

Figure 10. XRD curves of (A) POSS—CI, (B) poly(HEMA-co-MMA), and
(C) poly(HEMA-co-MMA)-g-POSS nanocomposites.

started at around 352°C and reached in constant weight loss of
~ 63.5% at 450°C. Because of the higher thermal stability of
POSS segments, it was expected that the incorporation of POSS
moieties in copolymer matrixes would improve the thermal sta-
bility of the parent copolymer. According to expectation, the
TGA curve of poly(HEMA-co-MMA)-g-POSS composites shows
intermediate thermal stability as shown in Figure 11(C). When
the temperature was increased at around 200°C, it lost ~ 2% of
its weight and further heating to about 450°C then it lost
~ 80% of its weight, which indicates that the incorporation of
inorganic POSS into the copolymer matrix significantly
improves the thermal property.

FE-SEM was used to investigate the morphology of poly
(HEMA-co-MMA), POSS—Nj;, and poly(HEMA-co-MMA)-g-
POSS. An amorphous structure of poly(HEMA-co-MMA) is
clearly visualized in Figure 12(A). On the other hand, the
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Figure 11. TGA curves of (A) poly(HEMA-co-MMA), (B) POSS—N3, and
(C) poly(HEMA-co-MMA)-g-POSS nanocomposites.
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Figure 12. FE-SEM pictures of (A) poly(HEMA-co-MMA), (B) POSS—NG3, (C) poly(HEMA-co-MMA)-g-POSS, and (D) TEM picture of poly(HEMA-co-

MMA)-g-POSS.

crystalline structure of POSS—Nj is easily recognized from the
FE-SEM image as shown in Figure 12(B). Upon the click-cou-
pling reaction, immobilization of the poly(HEMA-co-MMA) co-
polymer onto the crystal of the POSS moiety can be distin-
guished by taking a close look at the FE-SEM image of the
modified structure [Figure 12(C)]. The FE-SEM images suggest
that the crystals of POSS—N; were embedded by copolymer
brushes. The TEM image [Figure 12(D)] further illustrates that
POSS nanocrystals were wrapped by the soft polymer layer.

The number—average molecular weight (M,,) and polydispersity
index (PDI) of poly(HEMA-co-MMA) were found to be 16,000
g/mol and 1.61, respectively [Figure 13(A)], as determined by
GPC. The GPC traces indicate that there was no apparent
change in molecular weights between poly(HEMA-co-MMA)
and poly(HEMA-co-MMA)-alkyne. However, from the GPC
traces of poly(HEMA-co-MMA)-alkyne and poly(HEMA-co-
MMA)-g-POSS [Figure 13(B)], it can be seen that the curve of
poly(HEMA-co-MMA)-g-POSS obviously shifts to lower elution
volumes, indicating that poly(HEMA-co-MMA)-g-POSS has a
higher molecular weight (M, = 17.200 g/mol, PDI = 1.64).
Moreover, the GPC trace of poly(HEMA-co-MMA)-g-POSS is
symmetric without a shoulder on its right side, indicating the
absence of any side reactions. This result suggests that the click
coupling was completed smoothly.

CONCLUSIONS

A novel hybrid poly(HEMA-co-MMA)-g-POSS was synthesized
by taking advantage of RAFT polymerization and click chemistry.
At first, the random copolymer of poly (HEMA-co-MMA) was
synthesized by using MMA and HEMA in the ratio of 70 : 30 via
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the RAFT polymerization technique. Alkynyl side groups were
incorporated onto the polymeric backbones by esterification
reaction between 4-pentynoic acid and the hydroxyl groups pres-
ent on poly(HEMA-co-MMA). The reaction of chloropropyl-
heptaisobutyl-substituted POSS with NaNj afforded the azide-
substituted POSS (POSS—N3). The reaction of poly(HEMA-co-
MMA)-alkyne with POSS—Nj; using the CuBr/PMDEATA cata-
lyst resulted in poly(HEMA-co-MMA)-g-POSS through the 1,3-
dipolar cycloaddition reaction (azide-alkyne, click chemistry).
The structure and properties of the nanocomposites were studied
by FTIR, '"H-NMR, *’Si-NMR, XPS, EDX, XRD, and GPC. The
XPS and EDX studies reveal the presence of silicon, oxygen, car-
bon, and nitrogen atoms present in the poly(HEMA-co-MMA)-
¢-POSS nanocomposites. The XRD spectrum of the nanocompo-
sites indicates that the grafting of amorphous poly(HEMA-co-
MMA) copolymers onto crystalline POSS provides hybrid-struc-
tured nanomaterials. A thick layer of polymer brushes was em-
bedded onto the POSS cubic nanostructures, which are observed
from FE-SEM and TEM images. The TGA analysis showed that
the thermal property of the poly(HEMA-co-MMA) copolymer
was improved by the incorporation of POSS nanostructures into
the copolymer matrix upon covalent immobilization.
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