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ABSTRACT: Hybrid nanocomposites of polystyrene (PS) and methacryl phenyl polyhedral oligomeric silsesquioxane (POSS) were syn-

thesized by reactive melt blending in the mixing chamber of a torque rheometer using dicumyl peroxide (DCP) as a free radical ini-

tiator and styrene monomer as a chain transfer agent. The effects of mixing intensity and composition on the molecular structure

and morphology of the PS-POSS hybrid nanocomposites were investigated. The degree of POSS hybridization (aPOSS) was found to

increase with the POSS content, DCP/POSS ratio, and rotor speed. For the PS-POSS materials processed in the absence of styrene

monomer, an increase in the aPOSS led to a reduction in the molecular weight by PS chain scission, as a consequence of the free

radical initiation. On the other hand, the use of styrene monomer as a chain transfer agent reduces the steric hindrance in the

hybridization reaction between POSS and PS, enhancing the degree of POSS hybridization and avoiding PS degradation. The

PS-POSS morphology consists of nanoscale POSS clusters and particles and microscale crystalline POSS aggregates. PS-POSS with

higher aPOSS values and lower amounts of nonbound POSS showed improved POSS dispersion, characterized by smaller interfacial

thickness (t) and greater Porod inhomogeneity lengths (lp). The processing-molecular structure–morphology correlations analyzed in

this study allow the POSS dispersion level in the PS-POSS materials to be tuned by controlling the reactive melt blending through

the choice of the processing conditions. These insights are very useful for the development of PS-POSS materials with optimized per-

formance. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Hybrid organic–inorganic nanocomposites have been used to

impart new or improved properties to conventional polymers.

These materials have become increasingly important in high-

tech applications such as microelectronics and optics.1,2 The

performance of these materials is dependent on the chemical

structure, shape, and size of the nanofillers, the degree of

hybridization, and the dispersion, distribution, and interfacial

adhesion between the nanofillers and the polymer matrix.

Approaches to tailoring the structure and properties of these

materials have focused on maximization of the surface to vol-

ume ratio of the nanofillers and the chemical interaction

between these nanoparticles and the polymer matrix.1,3–5

Polyhedral oligomeric silsesquioxanes (POSS) have received con-

siderable attention from the scientific community in the last few

years because they possess a synergistic combination of proper-

ties of organic and inorganic materials.6 POSS is comprised of

inorganic/organic molecules, �1–3 nm in size, and has the

chemical formula P1R7Si8O12. It is composed of an inorganic

silica-like core (Si8O12) surrounded by eight organic groups

(P1R7). In most cases, R is an inert group, such as phenyl,

cyclopentyl, isobutyl or methyl, and P is a reactive and/or a pol-

ymerizable functional group.7 R groups are responsible for the

high solubility of the POSS in organic solvents and polymer

matrixes.8 The use of POSS in copolymerization, grafting or

even in blending through traditional processing methods can be

applied to enhance polymer properties. Blending polymeric

matrixes with POSS in the melt state9–12 or in solution,13 at low

POSS percentages (2–5 wt %), leads to phase-separated materi-

als with properties similar to or superior to the neat polymer.

In contrast, hybridization of POSS onto polymeric chains has
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been shown to improve the POSS dispersion, leading to the

enhancement of the flammability and the thermal and mechani-

cal properties of conventional polymers. Polymerization at the P

site, called in situ copolymerization, has been the most common

approach used to produce hybrid polymer-POSS nanocompo-

sites.14–23 The use of reactive melt blending for POSS hybridiza-

tion onto polymer backbones has become appealing because the

process is environmentally friendly (free solvent) and economi-

cally viable24,25 for the industrial development of POSS technol-

ogy. In this context, Zhou et al. have studied the grafting of

octavinyl-POSS onto PP chains initiated by peroxide.26 They

observed improved compatibility of POSS in the PP matrix,

which was ascribed to partial POSS grafting onto PP chains.

Monticelli et al. have studied the grafting of POSS onto polysty-

rene (PS) chains through the imidization reaction between

amine-functionalized POSS (POSS-NH2) and PS functionalized

with maleic anhydride (PS-MAH). The resulting PS-POSS mate-

rials have shown POSS dispersion on the nanoscale, excellent

transparency and increased hydrophobicity.27 Many other stud-

ies have demonstrated the improved properties of PS-POSS

hybrid nanocomposites.1,13,15,28–30 However, the influence of the

reactive melt blending conditions on the PS-POSS structure has

been little explored.

In this study, PS-POSS hybrid nanocomposites were prepared

by reactive melt blending of PS and POSS using dicumyl perox-

ide (DCP) as a free radical initiator and styrene monomer as a

chain transfer agent. The melt processing was performed in the

mixing chamber of a HAAKE torque rheometer under different

processing conditions. The effects of mixing intensity and the

amounts of POSS, DCP, and styrene monomer on the molecu-

lar structure and morphology of the PS-POSS hybrid nanocom-

posites were investigated in detail by size exclusion chromatog-

raphy (SEC), NMR, synchrotron small-angle X-ray scattering

(SAXS), wide angle X-ray diffraction (WAXD), scanning elec-

tron microscopy (SEM), transmission electron microscopy

(TEM), and dynamic mechanical thermal analysis (DMTA). We

provide some insights into how the molecular structure and

morphology of PS-POSS hybrid nanocomposites, namely the

degree of POSS hybridization, PS molecular weight and POSS

dispersion level, can be tuned by controlling the reactive melt

blending through the choice of the processing conditions. The

observations reported herein provide a better understanding of

the processing-molecular structure–morphology relationship,

which are very useful in the development of PS-POSS materials

with optimized performance. Moreover, they can be extended to

other POSS-containing polymer systems.

EXPERIMENTAL

Materials

PS was purchased from Sigma-Aldrich under code 441147. It has

a weight–average molecular weight (Mw) of 270,000 g mol�1 and

a polydispersity (Mw/Mn) of 2, melt flow index (MFI) of 4 g

10�1 min�1 (200�C and 5 kg), and density of 1.05 g cm�3. 3-

(3,5,7,9,11,13,15-heptaphenylpentacyclo[9.5.1.13,9.15,15.17,13] octa-

siloxan-1-yl)propylmethacrylate (POSS
VR
-(3-propylmethacrylate))

was purchased as a crystalline powder from Hybrid Plastics

(USA) under code MA 0734a. It consists of T8 cages with the

chemical structure shown in Figure 1. It has a molecular weight

of 1083 g mol�1 and density of 1.25 g cm�3. Styrene monomer

(99.9% of purity) was purchase from Sigma-Aldrich under code

240869. DCP (98% of purity) was purchased from Sigma-Aldrich

under code 329541. All chemicals were used as received.

Processing

PS-POSS hybrid nanocomposites containing 1, 2, and 5 wt %

of POSS were prepared by reactive melt blending in the mixing

chamber of a torque rheometer (Haake Rheomix 600p) with

counter-rotating roller rotors, at a chamber temperature of

190�C for 15 min, at rotor speeds of 100, 150, and 200 rpm.

DCP was used as a free radical initiator at different DCP/POSS

ratios (0, 0.025, 0.05, 0.1, 0.2, 0.5, and 1 wt %). Styrene mono-

mer was used as a chain transfer agent at a fixed amount of 2

wt %. The mixing protocols are summarized in Table I.

Materials were injection-molded as bars with dimensions of 40

� 12 � 3.2 mm3 using an injection molding machine (Haake

Minijet II) at a barrel temperature of 230�C, holding pressure

of 500 bar and mold temperature of 30�C.

Size Exclusion Chromatography

SEC was used to determine the weight–average molecular

weight (Mw) and the polidispersity (Mw/Mn) of the polymeric

chains in PS-POSS hybrid nanocomposites. SEC analysis was

performed using a Viscotek TDAmaxTM chromatograph with

triple detectors: differential viscosimeter (DV), light scattering

(LS), and refractive index (RI). The following conditions were

used: solvent tetrahydrofuran (THF), sample concentration 10

mg mL�1, flow rate 1 mL min�1, and sample volume 150 lL.

Figure 1. Chemical structure of methacryl phenyl POSS.
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The column (Waters HR 4E, HR 4, HR 3, and HR 2) tempera-

ture was set at 45�C. The differential refractive index (dn/dc)

used was 0.1850.31 The analysis of the light scattering data by

Viscotek software was carried out assuming that the second vir-

ial coefficient was zero.

Quantification of PS-POSS Reactions

The degree of POSS hybridization (aPOSS) in the PS-POSS hybrid

nanocomposites was determined using size exclusion chromatog-

raphy (SEC) and proton nuclear magnetic resonance (1H NMR)

spectroscopy through a calibration curve obtained from PS/POSS

standards. The procedure is described in detail elsewhere.32

PS/POSS standards were prepared by solution casting. PS/POSS

(1–20 wt % of POSS in PS) samples were dissolved in tetrahy-

drofuran (THF) at 5% w/v under mechanical stirring followed

by ultrasonification for 6 h. Films were cast over glass plates

and dried in a vacuum oven at 40�C for 48 h.

Solution 1H NMR spectra were obtained in a VARIAN INOVA

300 instrument operating at 299.95 MHz. Samples were dissolved

in CDCl3 at 3% w/v. The analysis was performed at 22�C, using
a spectral width of 10 ppm, acquisition time of 2.049 s, relaxa-

tion delay of 1 s and 128 scans. These measurements were per-

formed to quantify the total amount of POSS in the PS/POSS

standards and in the PS/POSS hybrid nanocomposites through

the proton signal (4.2 ppm)14,33 of the ester group present in

POSS molecule (–O–CH2) in relation to the aromatic proton sig-

nals (6.2–8 ppm) of the PS and POSS,34 as shown in Figure 2(a).

SEC analysis was performed under the conditions described

previously to quantify the amount of nonreacted POSS in the

PS-POSS standards and in the PS-POSS hybrid nanocomposites

through the POSS signal in the refractive index detector in the

region of 33–38 min, as shown in Figure 2(b).

The calibration curve was constructed based on the POSS con-

tents in the standards determined by 1H NMR and SEC, as

shown in Figure 2(c). Through this curve, the following relation

was obtained:

POSSRMNðmol%Þ ¼ 0:9509 � POSSSECðwt%Þ:

This curve provides the correlation between the POSS content

data measured by SEC and by 1H NMR.

Table I. Mixing Protocols for Preparation of PS-POSS Hybrid

Nanocomposites

POSS
content
(wt %)

Styrene
content
(wt %)

DCP/POSS
(wt/wt %)

Rotor speed
(rpm)

0, 1, 2, 5 – 0.05 100, 150, 200

2 – 0, 0.025, 0.05, 0.1,
0.2, 0.5, 1

200

0, 1, 2, 5 2 0.05 200

Figure 2. Method used for quantification of reaction in the PS-POSS hybrid nanocomposites. (a) 1H NMR spectra, (b) Chromatographs of the SEC (re-

fractive index detector), and (c) calibration curve.
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The POSS hybridization degree (aPOSS) relative to the total

POSS content in the PS-POSS hybrid nanocomposites was

obtained through eq. (1):

aPOSSð%Þ ¼ POSSNMR=0:9509ð Þ � POSSSEC

POSSNMR=0:9509ð Þ :100 (1)

where POSSNMR is the total amount of POSS present in each

sample determined by 1H NMR and POSSSEC is the quantity of

unreacted POSS in each sample, which was determined by SEC

measurements.

Scanning Electron Microscopy

The morphologies of the PS-POSS hybrid nanocomposites were

examined using a JEOL JSM 6060 microscope equipped with an

energy dispersive X-ray spectrometer (EDS). Samples from the

central core of the injection-molded bars were cryo-fractured

perpendicular to the mold filling. The tops of the fractured

samples were sputter-coated with gold before SEM imaging.

Transmission Electron Microscopy

The morphologies of the PS-POSS hybrid nanocomposites were

examined using a JEM-1200 EX II microscopy operated at an

accelerating voltage of 80 kV. Samples from the central core of

the injection-molded bars were cryo-fractured perpendicular to

the mold filling. Thin sections (50 nm thick) were then micro-

tomed at room temperature using a RMC PowerTome XL ultra-

microtome equipped with a diamond knife. The thin sections

were collected on 300-mesh copper TEM grids and stained in

the vapor of OsO4 (1 wt %) aqueous solution for 12 h for

POSS contrast.

Synchrotron Small-Angle X-ray Scattering

SAXS experiments were performed at the SAXS1 beam-line of

the Brazilian Synchrotron Light Laboratory (LNLS). An X-ray

beam at a wavelength (k) of 0.1488 nm was used. Incident pho-

tons were monitored and detected with a photomultiplier and

marCCD 165 X-ray detector (8 � 8 binning). The exposure

time was 50 s. Samples, with dimensions of 10 � 10 � 3.2

mm3, were cut from the injection molded specimens. A sample-

to-detector distance of 602 mm was used. Samples were placed

with their surfaces perpendicular to the direction of the X-ray

beam propagation and parallel to the X-ray detector. Scattering

intensity (I) was measured as a function of scattering vectors

(q) from 0.25 to 5.56 nm�1. Background and parasitic scattering

were determined using an empty holder and subtracted from

each measurement.

SAXS Data Treatment

SAXS patterns are typically represented as scattered intensity (I)

as a function of the magnitude of the scattering vector q ¼
4p.sin(h)/k, where 2h is the angle between the incident X-ray

beam and the detector, and k is the wavelength of the X-rays.

In the case of a two-phase system, the only contrast leading to

scattering in the typical range of resolution of the SAXS is the

difference between the average electron densities (Dq) of the

particle and the surroundings. The total integrated intensity of

the SAXS pattern (in 3D) is an invariant quantity (Q) propor-

tional to the Dq2.

For an idealized two-phase system with a sharp interface,

Porod’s law states that the scattering intensity (Iid) decreases as

a function of q�4 for large q (called the Porod region), with the

proportionality constant related to the surface area (S) of the

boundaries between two phases:35,36

lim
q!1½IidðqÞ� ¼

2pðDqÞ2S
q4

(2)

For an idealized two-phase system, the theoretical invariant

(Qth) is determined by eq. (3), where /1 and /2 are, respec-

tively, the volume fractions of phases 1 and 2.37,38

Qth ¼ ðDqÞ2/1/2 (3)

The invariant can be determined experimentally (Qexp) through

eq. (4):

Qexp ¼ 1

2p2

Zq2f

q2
i

IðqÞq2dq (4)

If the scattering intensity is determined in relative units, eq. (5)

can be used to determine the surface to volume ratio or specific

interfacial area (S/V):

lim
q!1

IidðqÞq4
Qexp

¼ 2pS
/1/2V

(5)

For an idealized two-phase system, the Porod inhomogeneity

length (lp) is given by eq. (6):

lp ¼ 4p/1/2

V

S
(6)

As shown in eq. (6), lp varies with the reciprocal of the specific

interfacial area (S/V), that is, it is inversely proportional to the

size of the domains. Physically, the Porod inhomogeneity length

(lp) is related to the average chord lengths of the phases.

A real two-phase polymer system shows deviations from

Porod’s law, that is, the product of I(q)q4 does not give a con-

stant value. A positive deviation is caused by the background

scattering from the pure individual phases, which is due to the

density fluctuations within the phases arising from thermal

motions of the atoms.39,40 The negative deviation is related to

the existence of a diffuse transition region between two

phases.36

The background scattering, IB(q), arising from thermal motions

of the atoms within the phases can be matched according to the

procedure proposed by Vonk et al. through the application of

an empirical relation throughout the SAXS curve:41–46

IBðqÞ ¼ a þ bqn (7)

The arbitrary constants a, b, and n (an even integer) in eq. (7)

were found to match the SAXS curve at relatively high q values.

The fitted curve is then extrapolated to smaller q values.
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The scattered intensity in the Porod’s region subtracted from

the scattering background can be used to determine the interfa-

cial thickness (t) and the specific interfacial area (S/V). In real

two-phase materials with diffuse boundaries, eq. (2) can be

modified according to eq. (8), where r is the standard deviation

of the Gaussian smoothing function:36,41,45,47

IðqÞ ¼ IidðqÞe�r2q2 (8)

In this study, eq. (8) was solved through the least squares

method using the Levenberg-Marquardt algorithm.48,49

The Porod inhomogeneity length (lp) can be obtained by replac-

ing the solution of eq. (8) in eqs. (5) and (6).

The interfacial thickness (t) of the diffuse layer can be obtained

from r values by means of eq. (9)36,50 considering a sigmoidal

electron density profile:40

t ¼
ffiffiffiffiffiffiffiffi
2pr

p
(9)

Wide Angle X-ray Diffraction

The crystalline structure of POSS in PS-POSS materials were

characterized in a Siemens D500 diffractometer in the reflection

mode using Cu Ka radiation (k ¼ 1.54 Å). The data were col-

lected as a function of 2h angle ranging from 1 to 40� at a scan-

ning rate of 0.5 min�1. The WAXD analysis of the POSS sam-

ples was performed using powder for PS and for the PS/POSS

hybrid nanocomposite samples rectangular bars with dimen-

sions of 40 � 12 � 3.2 mm3 were used.

Dynamic Mechanical Thermal Analysis

The solid viscoelastic properties of the PS-POSS materials were

measured in a DMA Q800 analyzer (TA Instruments) using a

single cantilever geometry. Samples, rectangular bars with

dimensions of 17 � 12 � 3.2 mm3, were cut from the injec-

tion-molded specimens. The analysis was performed within the

linear viscoelastic regime at small amplitude (0.1%), at a fre-

quency of 1 Hz, in the temperature range of �100 to 150�C, at
a heating rate of 3�C min�1.

RESULTS AND DISCUSSION

PS-POSS Molecular Structure

PS-POSS hybrid nanocomposites were synthesized by reactive

melt blending in the mixing chamber of a torque rheometer

according to the processing conditions specified in Table I. Fig-

ure 3(a–d) shows a schematic representation of the chemical

reactions that can occur during reactive melt blending of PS-

POSS hybrid nanocomposites under the conditions adopted in

this study. Thermal decomposition of DCP produces alkoxyl

radicals that can abstract a hydrogen radical from the tertiary

carbons of the PS backbone giving styryl macroradicals A (reac-

tion pathway (a)). The macroradical A can react with meth-

acryl-POSS in the presence of styrene monomer giving macro-

radical B (reaction pathway (b)). The macroradical B can react

with a PS chain leading to the grafting of POSS onto the PS

backbone (PS-graft-POSS) and giving another macroradical A

(reaction pathway (c)). As styrene monomer is more reactive

than POSS, it acts as a chain transfer agent reacting first with

macroradical A and reducing the steric hindrance related to the

insertion of the POSS into PS chain, thus maximizing the PS-

POSS hybridization. Styrene monomer may also forms styryl

radicals in the presence of DCP which can abstract hydrogen

radicals from the PS backbone giving styryl macroradicals A,

which are prone to decompose by b scission. Styrene monomer

may also undergo polymerization in the presence of DCP. On

the other hand, in the absence of styrene monomer, macroradi-

cal A can still react with methacryl-POSS; however, the steric

hindrance in relation to the POSS insertion results in a lower

degree of PS-POSS hybridization. Besides reacting with POSS or

styrene, macroradical A can also decompose by b scission, giv-

ing a macroradical C and a PS chain with a terminal double

bond, hence resulting in PS chain scission (reaction pathway

(d)). This chain scission is favored when the monomer/initiator

molar ratio is lower than 20, according to Passaglia et al.21 Mac-

roradical C can react with methacryl-POSS giving a macroradi-

cal D (reaction pathway (e)), which can react with a PS chain

giving a POSS tethered at the end of the PS chain (PS-POSS)

and giving another macroradical A (reaction pathway (f)).

Briefly, the reactions for PS-POSS hybridization shown in path-

way (f) are favored in the melt state because macroradicals of

type C are less sterically hindered than those of type A.

Table II shows the PS-POSS torque and melt temperature

responses during processing. For the PS-POSS hybrid nanocom-

posites processed without styrene monomer (chain transfer

agent), the incorporation of increasing amounts of POSS

reduced the processing torque level. This parameter appeared to

have virtually no influence on the melt temperatures. The nano-

composites processed at higher rotor speeds (higher mixing in-

tensity) showed lower mixing torques and higher melt tempera-

tures. The nanocomposites processed with higher amounts of

initiator (DCP/POSS ratio) showed lower processing torque lev-

els. Once again, this parameter appeared to have virtually no

influence on the melt temperatures. On the other hand, for the

PS-POSS hybrid nanocomposites processed with styrene mono-

mer as the chain transfer agent, the incorporation of increasing

amounts of POSS increased the processing torque levels, with

no influence on the melt temperature. Based on these data, we

can infer that the processing conditions, namely the mixing in-

tensity and the amounts of POSS, initiator (DCP) and chain

transfer agent (styrene monomer), affect the molecular structure

of PS-POSS hybrid nanocomposites. This will be discussed

below.

The efficiency of the POSS hybridization in relation to the

POSS content, given by aPOSS [eq. (1)], the relative amounts of

nonreacted and hybridized POSS and the weight–average molec-

ular weights (Mw) of the PS-POSS nanocomposites were deter-

mined as a function of the processing conditions. The data

obtained are shown in the plots of Figures 4–6. Curves were

drawn by connecting the data points in order to facilitate the

visualization.

In order to investigate the effects of the rotor speed (mixing in-

tensity) and POSS content added on these structural parame-

ters, the PS-POSS nanocomposites containing 0–5 wt % of

POSS were processed with a fixed amount of initiator (DCP/
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POSS ¼ 0.05) at rotor speeds of 100, 150, and 200 rpm, with-

out chain transfer agent (styrene monomer). The results are

shown in Figure 4(a–c). The degree of POSS hybridization

(aPOSS) [Figure 4(a)], and thus the relative amounts of hybri-

dized POSS [Figure 4(b)], increased with POSS content in the

PS-POSS nanocomposites. It is important to note that the

increase in the amount of POSS added is accompanied by

increased DCP contents in relation to PS, since the DCP/POSS

ratio was kept constant in the processing. Hence, the increase in

the POSS and thus in the DCP available leads to a higher num-

ber of reactive sites being available for the hybridization reac-

tion, resulting in increased aPOSS values. On the other hand, the

Figure 3. Schematic representation of the chemical reactions that may occur during reactive melt blending of PS-POSS hybrid nanocomposites. (a) Sty-

ryl macroradical formation, (b) PS-graft-POSS macroradical formation, (c) PS-graft-POSS formation, (d) PS chain scission, (e) PS-end-chain-POSS mac-

roradical formation, and (f) PS-end-chain-POSS formation.
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increase in the DCP available leads to a reduction in the Mw

[Figure 4(b)] due to PS chain scission. Briefly, for PS-POSS

nanocomposites processed without styrene monomer the

increase in aPOSS occurs at the expense of decreased molecular

weight, that is, PS chain scission occurs simultaneously with

POSS hybridization during the reactive melt blending, according

to the reaction scheme shown in Figure 3. PS-POSS nanocom-

posites processed at higher mixing intensity (high rotor speed)

showed higher aPOSS [Figure 4(a)] and thus higher relative

amounts of hybridized POSS [Figure 4(b)] and lower Mw values

[Figure 4(c)]. This behavior is due to the greater amount of

energy supplied during processing performed at higher rotor

speeds, which increases the degree of POSS hybridization and

enhances the PS chain scission.

This increase in the POSS hybridization with simultaneous PS

chain degradation on increasing the content of POSS and/or

rotor speed during the melt processing of PS-POSS nanocom-

posites explains the decrease in the processing torque (Table I).

The increase in the rotor speed leads to a higher shear rate dur-

ing the mixing which, in addition to the higher degree of

hybridization achieved, results in greater heat generation. Both

effects contribute to a rise in the melt temperature causing melt

thinning which decreases the mixing torque (Table I).

The dependence of the degree of POSS hybridization

(aPOSS), relative amounts of nonreacted and hybridized

POSS and weight–average molecular weight (Mw) on the

amount of initiator (DCP) was investigated for PS-POSS

hybrid nanocomposites with 2 wt % of POSS processed at a

rotor speed of 200 rpm, without chain transfer agent (sty-

rene monomer). The results are shown in Figure 5(a–c).

The increase in the amount of DCP initiator in relation to

POSS, given by the DCP/POSS ratio, increased the aPOSS

value [Figure 5(a)] and thus the relative amount of hybri-

dized POSS [Figure 5(b)] in the PS-POSS nanocomposites;

however, it reduced the Mw values [Figure 5(c)]. The

increase in the amount of DCP resulted in a greater amount

of A-type macroradicals which increases the PS-POSS

hybridization. However, it also intensifies the PS chain scis-

sion, according to the reaction scheme shown in Figure 3. A

reduction in the molecular weight is commonly observed in

the chemical modification of polymers initiated by free radi-

cals, as in the modification of polypropylene (PP) with ma-

leic anhydride (MAH)51 and vinyltriethoxysilane.52

The reduction in the molecular weight in the PS-POSS proc-

essed with increasing amounts of DCP explains the decrease in

the processing torque (Table I).

Table II. Torque and Melt Temperature Responses for PS-POSS Hybrid Nanocomposites Melt Blended in the Torque Rheometer Under Different

Processing Conditions

PS/POSS
(wt/wt %)

Styrene
content
(wt %)

DCP/POSS
(wt/wt %)

Rotor
speed
(rpm)

Torque
(Nm)a

Melt
temperature
(�C)b

100/0 – 0.05 100 6.7 6 0.1 201.1 6 0.1

99/1 6.1 6 0.1 200.5 6 0.1

98/2 5.5 6 0.1 201.7 6 0.1

95/5 5.8 6 0.1 201.9 6 0.1

100/0 – 0.05 150 5.7 6 0.1 206.7 6 0.1

99/1 5.6 6 0.1 206.1 6 0.1

98/2 5.1 6 0.1 205.9 6 0.1

95/5 5.4 6 0.1 205.3 6 0.1

100/0 – 0.05 200 5.1 6 0.1 210.2 6 0.1

99/1 0.05 5.1 6 0.1 209.4 6 0.1

98/2 – 5.1 6 0.1 210.8 6 0.1

98/2 0.025 5.1 6 0.1 210.4 6 0.1

98/2 0.05 5.0 6 0.1 209.6 6 0.1

98/2 0.1 5.0 6 0.1 209.8 6 0.1

98/2 0.2 5.0 6 0.1 209.6 6 0.1

98/2 0.5 4.8 6 0.1 209.4 6 0.1

98/2 1 4.8 6 0.1 209.7 60.1

95/5 0.05 4.8 6 0.1 208.5 6 0.1

100/0 2.0 0.05 200 4.7 6 0.1 209.1 6 0.1

99/1 5.4 6 0.1 210.6 6 0.1

98/2 5.1 6 0.1 210.3 6 0.1

95/5 5.4 6 0.1 210.1 6 0.1

aStabilized torque values taken at 14–15 min of mixture, bAverage melt temperature taken at 14–15 min of mixture.
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The dependence of aPOSS, the relative amounts of nonreacted

and hybridized POSS and the weight–average molecular weight

(Mw) on the styrene monomer addition in the reactive melt

processing of PS-POSS nanocomposites was investigated for a

series of nanocomposites containing 1–5 wt % of POSS, proc-

essed with a fixed amount of initiator (DCP/POSS ¼ 0.05) at a

rotor speed of 200 rpm. The results are shown in Figure 6(a–c).

The use of 2 wt % of styrene monomer in the synthesis of PS-

POSS nanocomposites increased the aPOSS value [Figure 6(a)]

Figure 4. Effects of POSS content added and rotor speed (mixing inten-

sity) on POSS hybridization degree (aPOSS) (a), relative amounts of non-

reacted and hybridized POSS (b), and weight–average molecular weight

(Mw) (c) for PS/POSS hybrid nanocomposites processed with DCP/POSS

¼ 0.05 without styrene monomer.

Figure 5. Effects of DCP/POSS ratio on (a) aPOSS value, (b) relative

amounts of nonreacted and hybridized POSS, and (c) Mw for a series of

PS-POSS 98/2 hybrid nanocomposites processed in a torque rheometer

(200 rpm).
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and thus the relative amounts of hybridized POSS [Figure 6(b)]

when compared with analogous PS-POSS nanocomposites melt

processed in the absence of styrene monomer. Styrene monomer

acts as a chain transfer agent reducing the steric hindrance in

relation to the insertion of POSS into the PS chain, hence maxi-

mizing the PS-POSS hybridization reaction, as shown in the

reaction scheme of Figure 3.

The degrees of PS-POSS hybridization achieved in this study

(up to 40 wt %) are comparable to those obtained in other

POSS-containing polymer systems prepared through reactive

melt processing via free radical initiation. For instance, Zhou

et al.26 reached up to 50% of grafting in a PP-POSS system.

Using another experimental approach, Monticelli et al.27

reached up to 90 wt % of grafting in PS-POSS materials

obtained by reactive processing through an imidization reaction

between amine functionalized POSS (POSS-NH2) and PS func-

tionalized with maleic anhydride (PS-MAH). Whatever the

POSS-polymer system, the authors are unanimous in attributing

the difficulty associated with POSS-polymer hybridization to

the steric bulkiness and self-aggregation of POSS particles even

when added in small quantities to the polymer matrix.22,53,54

This aspect will be discussed below.

Another notable feature in the plots of Figure 6(a–c) is that

the increase in aPOSS values [Figure 6(a)] was accompanied

by an increase in the molecular weight (Mw) [Figure 6(c)] for

the PS-POSS hybrid nanocomposites processed in the presence

of styrene monomer as a chain transfer agent, unlike the anal-

ogous PS-POSS processed in the absence of styrene monomer

(Figure 4). For neat PS (0% of POSS), however, the use of sty-

rene monomer during melt processing reduced the molecular

weight. When neat PS is melt processed in the presence of

both DCP and styrene monomer, a larger number of A-type

macroradicals prone to undergo b-chain scission are formed,

compared with the neat PS processed with only DCP. This is

because the styrene monomer in the presence of DCP forms

styryl radicals which can abstract hydrogen radicals from the

PS backbone forming styryl macroradicals of type A, which

decompose by b scission, reducing the PS molecular weight.

Therefore, the use of styrene in the melt processing of neat PS

provides an additional PS degradation mechanism. In addition,

it may be caused by the polymerization of styrene with slightly

low molecular weight. In contrast, when PS is melt processed

using DCP and styrene monomer; however, in the presence of

POSS, the styrene monomer may still combine with DCP

resulting in a higher amount of styryl A-type macroradicals

that could decompose by b scission. However, A-type macro-

radicals may also combine with POSS to form B-type macro-

radicals that are more stable than the former, hence minimiz-

ing the PS chain scission. Therefore, the use of styrene

monomer as a chain transfer agent increases the consumption

of A-type macroradicals, reducing the PS chain scission during

the melt processing leading to higher Mw values in relation to

the analogous PS-POSS hybrid nanocomposite melt processed

in the absence of styrene monomer. Briefly, the PS chain scis-

sion that occurs during the reactive melt processing of PS-

POSS nanocomposites as a consequence of the free radical ini-

tiation can be avoided by the use of styrene monomer as a

chain transfer agent.

The increase in the relative amount of hybridized POSS as well

as in the molecular weight (Mw) observed with the use of sty-

rene monomer as a chain transfer agent in the synthesis of PS-

POSS nanocomposites explains their higher processing torques

as compared to the analogous PS-POSS nanocomposites melt

processed in the absence of styrene monomer (Table I).

Figure 6. The effects of the use of styrene monomer as a chain transfer

agent on (a) aPOSS value, (b) relative amounts of nonreacted and hybri-

dized POSS, and (c) Mw for a series of PS-POSS hybrid nanocomposites

with different amounts of POSS (DCP/POSS ¼ 0.05) processed in a tor-

que rheometer (200 rpm).
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The use of styrene monomer and other chemicals as chain

transfer agents in the modification of polymers through reactive

melt processing has been explored in other systems.51,55–59 For

instance, chemical modification of PP with maleic anhydride

(MAH) assisted by styrene results in a higher degree of MAH

incorporation and lower PP chain scission.55,58

PS-POSS materials showed polidispersity index (Mw/Mn) in the

range of 1.8–2.2, and no correlation with processing conditions

was observed. Indeed, it is difficult to establish this type of cor-

relation since many reactions occur in the reactive processing of

PS-POSS.

PS-POSS Morphology

Morphological analyses of PS-POSS materials showed micro-

scale crystalline POSS aggregates and nanoscale POSS clusters

and particles dispersed in the PS matrix.

Figure 7(a) shows an SEM micrograph of the PS-POSS 98/2

(DCP/POSS ¼ 0.05; N ¼ 150 rpm; a ¼ 19.6%) representing

the general behavior of the PS-POSS materials. SEM micrograph

reveals microscale POSS agglomerates (regions marked 1 and 2

on the SEM micrograph) dispersed in the PS matrix. The pres-

ence of the elements Si and O in the EDS spectrum of region

marked 1 [Figure 7(b)] confirms that it is indeed POSS. EDS

spectrum of the region marked 3 [Figure 7(b)] shows the pres-

ence of the elements Si and O with no visible POSS aggregates,

thus evidencing submicrometer POSS dispersion in the PS-

POSS materials.

TEM was used to investigate the submicrometer dispersion of

POSS within the PS matrix in the PS-POSS hybrid nanocompo-

sites. Figure 8(a–f) shows representative TEM micrographs of

PS-POSS samples processed under different conditions. Figures

8(a–c) show, respectively, the micrographs of PS-POSS 98/2 sam-

ples (DCP/POSS ¼ 0.05) processed at 100, 150, and 200 rpm.

The aPOSS values for these samples are, respectively, 12.3, 19.6,

and 26.5%. Figure 8(d) shows the micrograph of the PS-POSS

98/2 with 32.1 wt % of POSS hybridization, processed with 2 wt

% of styrene monomer at 200 rpm and with DCP/POSS ¼ 0.05.

These micrographs show POSS dispersion within the PS matrix

at the nanoscale level. One can observe two populations of POSS

clusters with different sizes. A major volume of POSS appears as

clusters of 100–200 nm. A high magnification micrograph of

sample (a) [Figure 8(e)] revealed that these clusters are formed

by POSS primary particles with spherical shape and sizes smaller

than 10 nm. A minor volume of POSS appears as smaller clusters

of a few POSS particles or even as individual particles.

The PS-POSS morphology, that is, a mixture of microscale

POSS aggregates and nanoscale POSS clusters and particles, has

been observed for other POSS-containing polymer nanocompo-

sites such as polycarbonate/POSS,8 PP-g-MA/POSS,60 and

HDPE/EVA/POSS.61 The dispersion level of POSS in polymer

systems is essentially dependent on the compatibility between

POSS molecules and polymer main-chain segments. Stud-

ies26,61,62 have shown that the critical minimum concentration

at which the POSS tends to remain as separate domains is �2

wt %, which explains the phase separation occurring in the PS-

POSS materials under study. Monticelli et al.27 have shown that

the reactivity between POSS and the polymer matrix is essential

to attain a nanostructured material.

The morphology of PS-POSS hybrid nanocomposites melt

blended under different conditions was further investigated by

small-angle X-ray scattering (SAXS). Figure 9(a) shows the

SAXS profiles for PS-POSS with 1–5 wt % of POSS (DCP/POSS

¼ 0.05) processed at a rotor speed of 200 rpm. Figure 9(b)

shows the SAXS profiles for PS-POSS with 1–5 wt % of POSS

(DCP/POSS ¼ 0.05) processed at a rotor speed of 200 rpm

with 2 wt % of styrene as a chain transfer agent. Figure 9(c)

shows the SAXS profiles for PS-POSS with 2 wt % of POSS

(DCP/POSS ¼ 0.05) processed at rotor speeds of 100, 150, and

200 rpm with and without styrene. There was a good fit

between the values obtained applying eq. (8) and the experi-

mental SAXS data, with a correlation coefficient of 0.99. Note

that higher order diffraction peaks were not observed in the

SAXS experiments, which indicates that the array of POSS

aggregates/particles has only a short-range (or local) order in

PS/POSS hybrid nanocomposites.

The interface thickness (t), specific interfacial area (S/V),

and Porod inhomogeneity lengths (lp) of the PS-POSS

Figure 7. (a) SEM micrograph of the PS-POSS 98/2 sample (DCP/POSS

¼ 0.05; N ¼ 150 rpm; a ¼ 19.6%) and (b) EDS spectra of regions

marked 1 and 3 on SEM micrograph.
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nanocomposites were determined from the SAXS profiles accord-

ing to the procedure described in the experimental section.

Figure 10 shows the interface thickness (t) for the PS-POSS

hybrid nanocomposites containing 1–5 wt % of POSS (DCP/

POSS ¼ 0.05), processed at different rotor speeds, with and

without styrene monomer. The PS/POSS systems had an inter-

face thickness (t) of �5–6 nm, which was found to be depend-

ent on the POSS content, rotor speed and the presence of the

chain transfer agent (styrene monomer) in the processing. PS/

Figure 8. TEM micrographs of PS-POSS hybrid nanocomposites with varying conversion degrees obtained under different processing conditions: (a) PS-

POSS 98/2 with a ¼ 12.3% (DCP/POSS ¼ 0.05; N ¼ 100 rpm), (b) PS-POSS 98/2 with a ¼ 19.6% (DCP/POSS ¼ 0.05; N ¼ 150 rpm), (c) PS-POSS

98/2 with a ¼ 26.5% (DCP/POSS ¼ 0.05; N ¼ 200 rpm), (d) PS-POSS 98/2 with a ¼ 32.1% (DCP/POSS ¼ 0.05; 2 wt % styrene monomer; N ¼ 200

rpm), and (e) higher magnification of sample a.
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POSS hybrid nanocomposites containing higher POSS contents

showed thicker interfaces. Although the degree of POSS hybrid-

ization is higher for nanocomposites with higher POSS content

[Figures 4(a) and 6(a)], there is a larger amount of nonreacted

POSS [Figures 4(b) and 6(b)], which probably remains as micro-

scale POSS agglomerates (Figure 7), compared to the hybrids

containing lower POSS content. This increases the POSS surface

roughness and thus the PS-POSS interface thickness. PS-POSS

hybrid nanocomposites with 1–5 wt % of POSS processed with

styrene monomer (chain transfer agent) showed lower interface

thickness values compared to the analogous PS-POSS nanocom-

posites processed without styrene monomer. The processing of

PS-POSS assisted by styrene increases the degree of POSS hybrid-

ization [Figure 6(a)], leading to POSS disaggregation, resulting in

smaller PS-POSS interface thicknesses. The PS-POSS processed at

higher rotor speeds showed smaller interfacial thicknesses, which

is consistent with the higher degree of POSS hybridization

achieved [Figures 4(a) and 6(a)]. In summary, for hybrid PS-

POSS nanocomposites with improved PS-POSS dispersion, that

is, with a greater amount of hybridized and lower amount of

nonreacted POSS, those processed at higher rotor speeds and

those processed with the aid of a chain transfer agent (styrene

monomer) showed smaller interface thickness (t) values.

Interface thickness values of the same order were obtained for

PS/silica nanocomposites by Yanagioka et al. using SAXS analy-

sis36 and by Mortezaei et al. using viscoelastic measurements.63

Figure 11 shows the Porod inhomogeneity length (lp) of PS-

POSS hybrid nanocomposites containing 1–5 wt % of POSS

(DCP/POSS ¼ 0.05), processed at different rotor speeds, with

and without styrene monomer added. The lp value in PS-POSS

is inversely proportional to the average POSS domain sizes.

Therefore, PS-POSS materials with enhanced POSS dispersion,

that is, with shorter POSS domains, are expected to show

higher lp values. The lp values in the PS-POSS hybrid nanocom-

posites were found to be dependent on the POSS content, rotor

Figure 9. SAXS profiles for PS-POSS hybrid nanocomposites: (a) PS-

POSS with 1–5 wt % of POSS (DCP/POSS ¼ 0.05) processed at 200 rpm,

(b) PS-POSS with 1–5 wt % of POSS (DCP/POSS ¼ 0.05) processed at

200 rpm with 2 wt % of styrene, and (c) PS-POSS with 2 wt % of POSS

(DCP/POSS ¼ 0.05) processed at 100–200 rpm with and without styrene.

Figure 10. Interface thickness (t) of PS-POSS hybrid nanocomposites

containing 1–5 wt % of POSS (DCP/POSS ¼ 0.05), processed at different

rotor speeds, with and without styrene monomer (chain transfer agent).
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speed, and the presence or absence of the chain transfer agent

(styrene monomer) in the processing. PS/POSS hybrid nano-

composites containing higher POSS contents showed lower lp
values; the increase in the POSS content increases the amount

of nonreacted POSS [Figures 4(b) and 6(b)] increasing the

tendency of POSS to remain as agglomerates, leading to shorter

Porod inhomogeneity lengths (lp). PS-POSS hybrid nanocompo-

sites with 1–5 wt % of POSS processed with styrene monomer

(chain transfer agent) showed longer Porod inhomogeneity

lengths (lp), when compared with the analogous PS-POSS nano-

composites processed without styrene monomer. The processing

of PS-POSS assisted by styrene increases the degree of POSS

hybridization [Figure 6(a)], leading to POSS disaggregation,

resulting in higher lp values. PS-POSS processed at higher rotor

speeds showed longer Porod inhomogeneity lengths (lp), which

is consistent with the higher degrees of POSS hybridization

achieved [Figures 4(a) and 6(a)].

The crystalline structure of the POSS in PS-POSS hybrid nano-

composites melt blended under different conditions was investi-

gated by wide angle X-ray diffraction (WAXD). Figure 12 shows

the WAXD patterns for the neat PS, neat POSS and PS/POSS

95/5 hybrid nanocomposites processed at 200 rpm with and

without styrene monomer.

Neat PS exhibits a typical amorphous pattern with two wide

regions with maximum intensities at 2h angles of 9.9 and 18.9�.
The maximum at a 2h angle of 18.9� corresponds to the d-spac-

ing of 0.46 nm (Bragg law) relative to the average distance

between aromatic rings in PS.64 The maximum at a 2h angle of

9.9� relates to the average PS inter-chain distance, <R>,64,65

which was calculated as 1.11 nm, according to the eq. (10),

where k is the radiation wavelength:65

< R >¼ 5

8

k
sin hmax

� �
(10)

Neat POSS exhibits a typical high crystalline pattern with a

strong maximum intensity at a 2h angle of 7.6�, corresponding
to a distance between adjacent lattice planes (d-spacing) of 1.15

nm, according to the Bragg’s law. A similar diffraction pattern

has been shown for other POSS samples with similar

structures.10,54,66

PS-POSS materials show WAXD patterns similar to neat PS.

The maximum values for the average distance between aromatic

rings in PS (2h ¼ 18.9�; d-spacing ¼ 0.46 nm) were unchanged

in the PS-POSS materials. PS-POSS 95/5 processed without sty-

rene monomer showed an average PS inter-chain distance

(<R> ¼ 1.15 nm) similar to that of neat PS. For the PS-POSS

95/5 processed in the presence of styrene monomer, the maxi-

mum average inter-chain distance was shifted to lower 2h
angles, leading to a higher average PS inter-chain distance

(<R> ¼ 1.19 nm). The increase in the average PS inter-chain

distance can be understood as an increase in the packing length,

defined as the occupied volume of a chain divided by the

mean-square end-to-end distance, caused by POSS hybridization

onto the PS chain. The fact that WAXD patterns of PS-POSS

do not show the POSS diffraction peaks should indicate, in

principle, the disappearance of the POSS crystalline structure in

the PS-POSS materials. The interactions between POSS and PS

caused by the PS-POSS hybridization would contribute to the

disruption of the crystalline structure of POSS in the PS-POSS

materials; in fact, this interaction would broaden the POSS sig-

nals due to a loss of regularity in relation to the neat POSS

crystals. However, the presence of micrometric aggregates of

POSS in the SEM micrograph [Figure 7(a)] provides evidence

to support the existence of crystalline POSS domains in the PS-

POSS materials, in addition to amorphous POSS clusters and

particles. Moreover, the high melting point of phenyl-POSS,

�550�C,67 well above the processing temperature (200–210�C),
is a factor that would contribute to maintaining the crystalline

structure of POSS in the PS-POSS materials. On the other

Figure 12. WAXD patterns of neat PS, neat POSS, and PS/POSS 95/5

hybrid nanocomposites processed at 200 rpm with and without styrene

monomer.

Figure 11. Porod inhomogeneity length (lp) of PS-POSS hybrid nanocom-

posites containing 1–5 wt % of POSS (DCP/POSS ¼ 0.05), processed at

different rotor speeds, with and without styrene monomer (chain transfer

agent).
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hand, because the POSS content is low (5 wt %) in these PS-

POSS materials, there is a possibility that the POSS signals were

obscured by the amorphous halo of the PS matrix. S�anchez-
Soto et al.8 have shown that the POSS diffraction peaks are not

visible in the WAXD pattern for a PC/phenyl-POSS nanocom-

posite containing 2.5 wt % of POSS and that they become more

visible for nanocomposites containing above 10 wt % of POSS.

They attributed this behavior to the increased interaction of the

polymer matrix for nanocomposites with a low concentration of

POSS. The maintenance of the crystalline structure of the POSS

in polymer systems has been shown for reactive melt grafted

PP/POSS systems,26 in melt blended HDPE/EVA/POSS61 and in

in situ polymerized PS/styryl-POSS systems.30

Figure 13 shows a schematic representation of the POSS disper-

sion state in the PS/POSS hybrid nanocomposites obtained by

reactive melt blending in this study. Three levels of POSS dis-

persion are shown: individual POSS particles covalently bonded

to the PS chain (hybridized POSS particles), nonreacted crystal-

line POSS aggregates and nonreacted amorphous POSS clusters.

As shown earlier, the POSS dispersion level is dependent on the

PS-POSS processing conditions, namely the POSS content, rotor

speed, and presence of the chain transfer agent (styrene mono-

mer) in the processing. PS-POSS hybrid nanocomposites with a

higher amount of hybridized POSS, processed at higher mixing

intensity and with the assistance of styrene monomer showed

enhanced POSS dispersion.

PS-POSS Viscoelastic Properties

The viscoelastic properties of PS-POSS hybrid nanocomposites

processed under different conditions were evaluated by dynami-

cal mechanical analysis (DMA). DMA curves of the storage

modulus (E0) and tan d versus temperature for PS-POSS sam-

ples containing 0–5 wt % of POSS (DCP/POSS ¼ 0.05) proc-

essed at a rotor speed of 200 rpm with and without styrene

monomer (chain transfer agent) are shown, respectively, in Fig-

ure 14(a,b). The glass transition temperature (Tg) in the range

Figure 13. Schematic representation of POSS dispersion state in the PS/POSS hybrid nanocomposites obtained by reactive melt blending. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 14. DMA curves of storage modulus and tan d versus temperature

for PS/POSS hybrid nanocomposites with 0–5 wt % of POSS (DCP/POSS

¼ 0.05) melt blended at a rotor speed of 200 rpm without styrene mono-

mer (a) and with styrene monomer as a chain transfer agent (b).
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of 100–110�C and b relaxation in the range of 10–50�C of PS

were monitored. The Tg (a relaxation) of PS has been assigned

to PS long-range chain motions whereas b relaxation has been

assigned to phenyl group torsional vibration68 or fluctuations of

helices or parts of them.69,70 In fact, the origin of the b relaxa-

tion of PS remains a controversial issue. It has also been

observed for other polymers with phenyl rings in the back-

bone71,72 or as side-chain groups.73

The storage moduli of PS-POSS materials below the Tg were

practically similar to that of neat PS. Indeed, nanofillers with

low aspect ratio like cubic-shaped POSS at low loadings (up to

5 wt %) are not expected to affect significantly the stiffness of

polymeric matrixes.74,75 However, it is difficult to ascribe this

behavior only to the POSS loading since PS-POSS materials

show different POSS hybridization degrees and POSS particle

sizes and different average molecular weights.

For the PS-POSS materials obtained by reactive melt blending

without the use of the chain transfer agent (styrene monomer)

[Figure 14(b)], the Tg and b relaxation were similar to those of

neat PS.

On the other hand, although for PS-POSS materials melt

blended with the assistance of styrene monomer as a chain

transfer agent [Figure 14(b)] the b relaxations were also similar

to that of neat PS, the Tg relaxation was shifted. PS-POSS mate-

rials containing 1 and 2 wt % of POSS showed an increase in

Tg from 105�C (neat PS) to 109�C, based on the tan d maxi-

mum. In contrast, PS-POSS materials containing 5 wt % of

POSS showed a Tg of 104
�C, that is, a reduction of 1�C in rela-

tion to neat PS, based on the tan d maximum.

As discussed earlier, these materials show different POSS hybrid-

ization degrees [Figure 6(a)], different amounts of nonreacted

POSS [Figure 6(b)], and different average molecular weights

[Figure 6(b)]. The differences in the molecular weights of these

materials are not expected to affect the Tg, since the average

molecular weights are above the critical value for PS, that is,

100,000 g mol�1 76. The observed shifts in Tg for the PS/POSS

hybrid nanocomposites melt blended with the addition of sty-

rene monomer [Figure 13(b)] are due to the difference in the

amounts of nonreacted and hybridized POSS of each material,

that is, Tg for PS-POSS is dependent on the level of POSS dis-

persion in each material.

For the PS/POSS hybrid nanocomposites containing 1 and 2 wt

% of POSS, the increase in Tg [Figure 14(b)] can be related to

the restricted chain mobility caused by the POSS hybridized to

the PS chain [Figure 6(a)]. For the PS/POSS hybrid nanocom-

posite containing 5 wt % of POSS, although the amount of PS-

POSS hybrids is larger, there is also a larger amount of non-

reacted POSS [Figure 6(b)], as compared to the materials with

1 and 2 wt % of POSS. The nonreacted POSS agglomerates

increase the free volume decreasing the molecular weight

between entanglements and therefore the chain mobility, reduc-

ing the Tg of PS. Similar behavior was reported by Monticelli

et al. in PSMA/POSS systems27 and for other POSS-containing

polymer systems.1,77–80 Cardoen and Coughlin81 observed no

change in Tg for hemi-telechelic PS-POSS copolymers, as

compared to the neat PS. They attributed this behavior to the

fact that POSS is tethered at the end of the PS chains in these

materials, which isolates the POSS moieties and PS chains from

each other, causing no change in the PS Tg. This effect must be

also considered since both types of PS-POSS hybridization, that

is, graft and end-chain, may occur in the PS-POSS materials

under study, according to the reaction scheme in Figure 3.

CONCLUSION

The synthesis of PS-POSS hybrid nanocomposites by reactive

melt blending of PS and POSS was performed in a mixing cham-

ber of a torque rheometer under different processing conditions.

DCP was used as a free radical initiator and styrene monomer as

a chain transfer agent. The effects of the processing conditions,

namely the mixing intensity and the amounts of POSS, DCP, and

styrene monomer in the molecular structure, and the morphol-

ogy of the PS-POSS hybrid nanocomposites were investigated.

The degree of POSS hybridization (aPOSS) was shown to

increase with the POSS content, DCP/POSS ratio, and rotor

speed. For the PS-POSS materials processed in the absence of

the chain transfer agent (styrene monomer) the increase in

aPOSS occurs at the expense of decreased molecular weight, that

is, PS chain scission occurs simultaneously with POSS hybrid-

ization during the reactive melt blending. However, we have

shown that the use of styrene monomer as a chain transfer

agent in the synthesis of PS-POSS hybrid materials enhances the

aPOSS value and avoids the PS chain degradation as a conse-

quence of the free radical initiation. POSS hybridization degrees

of up to 40 wt % were achieved with the use of styrene mono-

mer in the synthesis of PS-POSS. Styrene monomer acts by

reducing the steric hindrance in relation to the hybridization

reaction between the POSS and the PS chains.

The PS-POSS morphology comprises nanoscale POSS clusters

and particles and microscale crystalline POSS aggregates. PS-

POSS with higher aPOSS and lower amounts of nonbounded

POSS showed improved POSS dispersion, characterized by

smaller interfacial thickness (t) and greater Porod inhomogene-

ity lengths (lp).

The correlations between the processing conditions, molecular

structure, and morphology observed in this study allow the POSS

dispersion level in the PS-POSS materials to be tuned by control-

ling the reactive melt blending through the choice of the process-

ing conditions. These insights are very useful for the development

of PS-POSS materials with optimized performance. Moreover,

they can be extended to other POSS-containing polymer systems.
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