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Poly [2-(cinnamoyloxy)ethyl methacrylate-co-octamethacryl-POSS]| nanocomposites were synthesized
from octamethacryl-POSS and 2-(cinnamoyloxy )ethyl methacrylate (CEM) by free radical polymerization.
The chemical structures and morphologies of these nanocomposites were determined by FTIR, 2°Si NMR,
energy-dispersive spectroscopy (EDS), X-ray powder diffraction (XRD), and scanning electron microscopy
(SEM) techniques. The XRD data showed that the materials were amorphous in nature, indicating that
POSS formed an aggregate instead of a crystalline form in the polymer matrix. The POSS-CEM nanocom-
posites exhibited high thermal stability. Excitation and emission of the CEM-incorporated POSS nano-
composites, studied in the solid state, exhibited blue emission with CIE (x, 0.178; y, 0.137) coordinates,
in addition to an emission intensity that increased with increasing CEM (monomer) concentration.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Incorporating inorganic blocks into organic polymers has at-
tracted great interest as a method of introducing desirable proper-
ties into materials [1-6]. From the resulting synergy of specific
organic and inorganic components, nanocomposites may exhibit
unusual combinations of properties. Polyhedral oligomeric sils-
esquioxane (POSS) reagents are emerging as new chemical feed
stocks for the preparation of organic-inorganic nanocomposites
[7,8]. The inorganic POSS class of compounds has a well-defined
structure with a silica-like core (SigO;;) surrounded by eight or-
ganic corner groups (functional or inert) [9] that may include
amines, norbornenes, acrylates, styrenes, epoxides, siloxanes, and
urethanes [9-14]. Incorporation of nanosized POSS cores into a
polymer matrix can result in significant improvements in a variety
of physical and mechanical properties [7,15].

Polymethacrylates have a total of four flexible bonds per mono-
mer unit, while polyacrylates have three flexible bonds, and polysty-
rene has only two such bonds, since rotation of the benzene ring
about the bond connecting it to the polymer backbone does not give
a configurationally distinguishable orientation [16]. Cross linkers
based on methacryl groups lead to more flexible networks than
those based on acrylate. Recently, cinnamoyloxyethyl methacrylate
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(CEM), a hydrophobic monomer, has been used to manufacture new
oil-absorptive polymers via different types of chemical crosslinkers
and irradiation techniques [17]. Radical polymerization is a fre-
quently employed method for the preparation of copolymers, and
knowledge of the reactivity ratios of monomers is key to predicting
the composition and structure of the resultant copolymer.

POSS units have recently attracted considerable interest due to
improvements they offer in quantum efficiency and the suppres-
sion of aggregation in photoluminescence (PL) and electrolumines-
cence (EL) studies of conjugated polymers such as polyfluorenes
and poly(p-phenylenevinylene)s [18-20]. The use of POSS units
for nanocomposites or nanoparticles in EL devices has been
explored [21-23]. The synthesis of highly efficient luminescent
polyaromatic octasilsesquioxanes and the optical properties of
polyaromatic octasilsesquioxanes containing tetraphenyl chro-
mophores have also been reported [22,24]. Kawakami and Imae re-
ported a fully carbazole-substituted POSS and the enhancement of
its PL properties over those of poly(9-vinylcarbazole) [25]. Various
applications of nanocomposites or nanoparticles with POSS units
for EL devices have been reported by various research groups
[21-25]. Cinnamic acid and its derivatives are considered suitable
compounds for photo-induced chemical reactions due to their
intramolecular charge transfer (ICT) behavior upon excitation [26].

In the present paper, we report the facile synthesis and charac-
terization of octamethacryl-POSS- and cinnamoyl acrylate-based
nanocomposites. Furthermore, we introduce a rationale for
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enhanced thermal stability and emission intensity from the inser-
tion of an organic moiety into POSS polymers.

2. Results and discussion

Nanocomposites of POSS-CEM were synthesized using radical
co-polymerization techniques. The desired POSS-CEM co-polymers
were synthesized using a different CEM wt% with respect to POSS
as shown in Scheme 2 (experimental details may be found in Sec-
tion 3). Earlier reports revealed that POSS cages could be incorpo-
rated into polymers using either single or multiple polymerizable
functional groups. POSS cages with a single polymerizable group
(pendent or end) on a linear polymer backbone led to composites
and multifunctional groups on polymer chains with star-like 3D
structures, which exhibited improved thermal and mechanical
properties [27]. In the present investigation, an organic moiety
was inserted as a co-monomer into POSS polymers to study
changes in the properties of the copolymer products.

Structures of the resulting POSS-CEM nanocomposites were
characterized using FTIR spectroscopy. FTIR spectra showed a
strong, symmetric Si—O—Si stretching absorption band at
1128 cm™', which is the characteristic absorption peak of sils-
esquioxane cages (Fig. 1). The existence of this Si—O—Si stretching
band confirmed that the POSS cage was incorporated into the
nanocomposites. Moreover, an absorption band at 1500 cm "' orig-
inated from the skeletal vibration of aromatic rings, and stretching
absorption bands of methylene groups were observed at
2940 cm™~! [28]. The characteristic absorption peak at 1731 cm™!
was assigned to a carbonyl stretching vibration. Furthermore, the
presence of a vo_y vibration peak at 3440 cm™~!, which is not ob-
served in pure CEM, indicated the existence of residual silanol
groups and confirmed the presence of POSS groups in the POSS-
CEM nanocomposites. In addition, characteristic bands for methyl
and methylene groups were observed at ~3000 cm ™.

Structural confirmation of the newly synthesized POSS-CEM
nanocomposites was determined by 2°Si NMR spectroscopy
(Fig. 2). The chemical shift values around —69.47 ppm (for 10
and 20 wt% CEM-POSS nanocomposites; see Fig. 2a and b) and
—69.62 ppm (for 30 and 50 wt% CEM-POSS nanocomposites; see
Fig. 2c and d) clearly confirmed the presence of silicon atoms in
a different chemical environment compared with pure POSS
(—67.8 ppm) [29]. This down-field chemical shift value indicates
not only an interaction between POSS and CEM, but also that the
product has a uniform structure with high purity. Moreover, the
chemical shift is close to that of silicon atoms in the cage structure
of (RSiO1 5)s [30]. This result revealed that the synthetic compound,
methacryl-POSS, has a cage structure, and its structural formula
should be (C7H1102)8Si8012.

TA analysis was carried out for the 20% CEM POSS nanocompos-
ite. As shown in Fig. 3, the first weight loss of 5.6% occurred at
approximately 140 °C and could be attributed to a trace amount
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Scheme 2. Synthetic scheme and network structure of the copolymers.
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Fig. 1. FTIR spectra of pure CEM and POSS-CEM nanocomposites with 10, 20, 30,
and 50 wt% CEM.

of moisture. The second weight loss of the nanocomposite occurred
at approximately 350 °C as expected, and no ceramic yield was ob-
tained. The thermal stability of the nanocomposites was signifi-
cantly enhanced with the inclusion of the inorganic component
in agreement with reports from Chi et al. [31,32]. It has been pro-
posed that the tethered structure is crucial to the improvement of
the thermal stability of POSS-CEM nanocomposites [33,34]. In the
current framework, POSS cages participated in the formation of a
cross-linked network; i.e. the POSS cages were tethered to the
polymer matrix. In addition, the nanoscale dispersion of POSS
cages in the nanocomposites was also an important factor that
contributed to the enhanced thermal stability. It is plausible that
the mass loss from segmental decomposition via gaseous frag-
ments could be suppressed by well-dispersed POSS cubes at the
molecular level. Similar results have been found for fully exfoliated
polymer-clay nanocomposites [35,36]. Therefore, POSS incorpora-
tion led to improved thermal stability of the nanocomposites.

The amorphous nature of the nanocomposites was confirmed
by XRD measurements. Among the synthesized nanocomposites,
the product with the least amount of CEM was in the gel state,
and the remaining products were solids. The existence of solids
is due to increased cross links between CEM and POSS cages. The
diffraction patterns were featureless, showing only broad amor-
phous halos at 20=19.23 A with a d spacing of 4.61 A (Fig. 4),
which indicates the POSS particles were well distributed within
the polymer matrix, leading to the completely amorphous struc-
ture of these materials [37].

The morphologies of the POSS-CEM nanocomposites were
investigated with FESEM. Fig. 5 shows the fractured surface of a
nanocomposite in which no localized domains were detected. This
indicates that POSS participated in the formation of cross-linked
CEM networks. The surface appears to be free of visible defects
and was quite smooth. No localized areas of POSS aggregates were
observed on a scale of several nanometers, which suggests that the
POSS component was homogeneously dispersed in the continuous
matrix. EDS measurements confirmed the presence of POSS in the
nanocomposites (Fig. 5d). Copper (Cu) peaks resulting from the Cu
grids used to mount the samples were also observed.

Fluorescence spectra for the nanocomposites were recorded in
the solid-state. Fig. 6 shows the excitation and emission curves
for these nanocomposites prepared with various percentages of
CEM. The excitation spectra of nanocomposite materials exhibited
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Fig. 2. Solid state 2°Si NMR of POSS-CEM nanocomposites with (a) 10, (b) 20, (c) 30, and (d) 50 wt% CEM.
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Fig. 3. TGA thermogram of the 20% CEM-POSS nanocomposite.

a broad peak ranging from 320 to 370 nm (maximum centered at
350 nm), and emission spectra of the nanocomposites were ob-
tained by excitation at 355 nm. The fluorescence spectra consisted
of a structured band (maximum of 387 nm attributed to the chro-
mophore) and an excimer (400-495 nm range with a maximum at
427 nm). The intensity of the excimer band increased with increas-
ing concentrations of CEM. As expected, the appearance of a broad
excimeric emission most likely resulted from an excited singlet-
state fluorophore interacting with another fluorophore in the

50% of CEM

30% of CEM

" o

20% of CEM

Intensity (a.u.)
i ﬂ; £ ‘

3 10% of CEM

Only POSS

10 20 30 40 50 60 70
20 (degree)

Fig. 4. XRD patterns of pure POSS and POSS-CEM nanocomposites.

ground state to form a fluorescent dimer or an aggregate complex.
Thus, it seems reasonable to assume that formation of an intramo-
lecular excimer occurs predominantly by a nearest-neighbor inter-
action, resulting in higher aggregates. Such aggregates have been
observed for random graft copolymers with stilbenoid side chains
on a polystyrene backbone [38]. In addition, the emission of POSS-
CEM nanocomposites appeared to be blue to the naked eye as
shown in the CIE (x, 0.178; y, 0.137) chromaticity diagram of
Fig. 6 (inset).
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Fig. 5. Selected SEM images of nanocomposites at different magnifications (a-c) and (d) EDS spectra.
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Fig. 6. Fluorescence spectra of the nanocomposites; CIE color coordinated diagram
(inset).

3. Experimental
3.1. Materials

Cinnamoy!l chloride, hydroxyethyl methacrylate, azobisisobuty-
ronitrile (AIBN) free radical initiator, 1,4-dioxane, triethylamine,

and dichloromethane were purchased from Aldrich, USA. The octa-
methacryl-POSS was obtained from Hybrid Plastics Co., USA.

Cl

2-hydroxyethyl methacrylate Cinnamoyl chloride

Et;N | 0-5°C

—/
\

2-(cinnamoyloxy)ethyl methacrylate (CEM)

e}

Scheme 1. Synthetic scheme for the preparation of CEM.

3.2. Instrumentation and characterization

TH NMR spectra were recorded on a Bruker AVANCE-400 spec-
trometer with tetramethylsilane (TMS) as an internal reference.
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FTIR spectra were collected on a Jasco-6300 spectrophotometer
with KBr pellets. FESEM images and EDS analyses were obtained
with a JSM-5610. XRD patterns were collected on an X'pert MPD-
3040 diffractometer (40 mA/40 kV) using monochromated Cu Ko
radiation (k =1.54 A) with a scanning angle range of 10-70° 20.
Simultaneous TGA and DTA experiments were carried out using
an SDT Q600 with a heating rate of 10 K/min under a nitrogen
atmosphere (flow rate: 40 ml/min). Fluorescence spectra were ob-
tained with a Shimadzu RF-5301 PC spectrofluorophotometer.

3.3. Synthesis of cinnamoyloxyethyl methacrylate (CEM) (Scheme 1)

Triethylamine (23 ml, 0.22 M) was added to a 50 mL dichloro-
methane solution of hydroxyethyl methacrylate (26 mL, 0.2 M)
under a nitrogen atmosphere in a three neck RBF fitted with a glass
stirrer and was cooled in an ice bath to ~5 °C. Cinnamoyl chloride
(34 g,0.2 M) in 50 mL of dichloromethane was added dropwise via
a 100 mL dropping funnel to the stirred solution over 30 min. After
completion of the addition, stirring was continued for another 4 h.
The accumulated triethylamine hydrochloride salt was removed by
filtration, the filtrate was roto-evaporated to dryness, and the res-
idue was purified using preparative silica gel chromatography (sol-
vent: n-hexane: ethyl acetate; 95:5, v/v) to yield a viscous liquid.

FTIR (KBr, cm™!): v 1713 (—C=0); 1305 (—CO); 3056 (Ar—H);
1633 (—C=C—); 2961 (—CH,). 'H NMR (400 MHz, CDCl5): & 1.97
(3H, t, CH3); 4.37 (4H, m, —O—CH,—); 5.57 (1H, pent =CH), 6.17
(1H, pent, =CH), 6.4 (1H, d, =CH—Ar), 7.71 (1H, d, =CH—CO—),
7.39 (5H, m, ArH); *C NMR (100 MHz, CDCl;) Cy5H604:  18.37
(—CHs); 126.19 (=CH;); 135.94 (=C—); 166.72, 167.19 (2Cc=o);
62.23, 62.55 (—O—CH,—); 117.5, 145.44, (HC=CH—Ar); 128.19
(2Car), 128.94 (2Ca;), 130.49, 134.25 (—Cay).

3.4. Preparation of poly [2-(cinnamoyloxy )ethyl methacrylate-co-
octamethacryl-POSS]

Free radical polymerization reactions (CEM 10, 20, 30, and
50 wt% of POSS) were carried out under nitrogen protection using
a vacuum-line system. Azobisisobutyronirile (AIBN) initiator
(1 wt% based on monomer) was added to a 5 mL anhydrous 1,4-
dioxane solution of octamethacryl-POSS monomer (1 g) followed
by 0.1 g (10% by weight of POSS) of 2-(cinnamoyloxy)ethyl meth-
acrylate at 70 °C under a nitrogen atmosphere. The reaction was
stirred for 8 h. The crude product was then poured into excess
cyclohexane under vigorous agitation to dissolve unreacted mono-
mers and to precipitate the nanocomposite. The precipitation pro-
cedure was repeated three times to attain a high yield of the
product.

4. Conclusions

In summary, we have synthesized a novel series of CEM and
methacryl POSS-CEM nanocomposites by free-radical polymeriza-
tion with different CEM feed ratios. The nanocomposites were
characterized by FTIR and 2°Si NMR. EDS spectra were used to
show the presence of silicon, oxygen, and carbon in the nanocom-
posites. Furthermore, the incorporation of POSS greatly improved
the thermal stability of the nanocomposites. In addition, the CIE
coordinates (x, 0.178; y, 0.137) indicated that the nanocomposites
emitted blue light over a broad region (Amax = 387 nm). This study
reveals a new approach to achieve novel light-emitting materials

of uniform nanoscale size with improved thermal stability, pro-
cessability, absorption, and emission properties.
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