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Abstract

A new route is developed by combining solid-state modification (SSM) by grafting vinyl triethoxysilane (VTES) with a sol–gel method to

prepare PP/silica nanocomposites with varying degree of adhesion between filler and matrix. VTES was grafted via SSM in porous PP

particles. Bulk polymerization under similar experimental conditions as in SSM resulted in homopolymerization of VTES. However, SEC

and NMR experiments showed that VTES was grafted as a single monomeric unit in the amorphous phase of PP with the possibility of

VTES–polymer grafting during SSM. Silica-like nano-particles were synthesized in-situ by the sol–gel method. Magic-angle spinning

(MAS) 29Si NMR spectra showed that the chemical building blocks of the silica-like clusters are of Q3 and Q4 type. MAS 29Si NMR and FT-

IR spectroscopy showed that the grafted VTES becomes part of the in-situ formed silica particles. No decrease in molecular weight of PP was

observed, indicating that chain scission is marginal compared to melt modification. The morphology of the nanocomposites as observed by

ATR-FTIR microscopy showed a uniform dispersion of grafted VTES as well as in-situ formed silica. TEM and SEM demonstrated that the

in-situ formed silica particles are nearly spherical and have sizes in the range of 50–100 nm.

q 2005 Elsevier Ltd. All rights reserved.

Keywords: Hybrid nanocomposites; Solid-state modification; Sol–gel method
1. Introduction

Inorganic particle-filled polymer nanocomposites have

attracted great interest over the last decade [1–4]. Recent

advances in polypropylene (PP)/clay [5] and PP/silicate [6]

nanocomposites have further inspired researchers to syn-

thesize PP-based organic/inorganic nanocomposites [7,8].

The interface between the inorganic particles and the PP

matrix plays an important role in dispersing the particles and

the properties of composites. Earlier studies showed that

debonding is an important mechanism in improving the
0032-3861/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
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toughness of particle-filled semi-crystalline polymers,

because it allows shear yielding of matrix ligaments

between the debonded particles [9]. The interfacial strength

affects the debonding process and concomitant delocaliza-

tion of stresses during the macroscopic deformation [10].

However, most of the studies concerning the mechanism of

toughness enhancement were performed on micro-particle

filled composites. When the dimension of the fillers is

reduced from micro- to nanometer scale the surface-to-

volume ratio is increased resulting in improved barrier

properties and superior mechanical performance [11]. In the

context of optimizing the dispersion of fillers and the

interfacial properties, it is important to synthesize inorganic

particle-filled PP nanocomposites in which the interfacial

strength can be tuned.

Despite many efforts in the past, the conventional routes

for preparing such inorganic particle-filled PP nanocompo-

sites have their deficiencies and could not be exploited. Melt
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compounding [12,13], solution blending [14], melt

intercalation, in-situ intercalative polymerization [15] are

well-studied conventional methods to prepare PP nanocom-

posites. However, oxidation and b-scission leads to

degradation of PP during melt modification/compounding.

Solvent removal is another problem faced in some of these

methods. These problems add extra parameters, apart from

the dispersion of fillers and the interfacial strength, which

affect the morphology and the final properties of the PP

nanocomposites prepared by these methods.

In view of these problems, we have developed a new

strategy to prepare PP nanocomposites by combining solid-

state modification (SSM) of PP and the sol–gel method for

making organic–inorganic hybrid materials. SSM is a

solvent free-method of PP modification largely suppressing

oxidation and b-scission [16]. SSM is advantageous due to

its inherent simplicity, low temperature and solvent-free

reaction conditions. Although the absence of solvent is one

of the main advantages of SSM, small quantities may be

used as diffusion aid or promoter to increase the grafting

efficiency [17,18]. In this study, SSM of PP essentially

involves the grafting of polar monomers, which can be

subsequently incorporated in in-situ made inorganic par-

ticles, thus providing chemical interaction between matrix

and filler. Some fundamental aspects of the solid-state

grafting onto PP were studied by Rätzsch et al. [19]. An

important parameter for SSM of PP is the morphology of

nascent PP powder from the polymerization reactor [20].

The actual morphology of such PP powders, prepared by the

reactor granular technology, is shown in Fig. 1. The porous

macroparticles are composed of many sub-particles, which

are also porous. The PP macroparticles are approx. 300 mm.

The sub-particles are in the order of 50 mm. The irregular

channels between these sub-particles are typically 2–3 mm

and the pore sizes are 2 mm at the surface to 500 nm inside

the particle.
Fig. 1. Morphology of PP macroparticle prepared by reactor granular technology

showing the morphology of the PP powder used.
Hybridization, on the other hand, is a method to produce

nano-scale inorganic particles in organic matrices with a

good dispersion of the filler in the matrix [21]. The most

prevalent and widely used hybridization technique for

preparing inorganic particles, like silica, is a sol–gel

reaction [22,23]. The sol–gel method utilizes mild synthetic

conditions, which allow versatile access to chemically

designed organo–inorganic hybrid materials. The process

involves the hydrolysis of metal alkoxides, followed by a

condensation reaction to produce metal oxides [24].

In this paper we report on the synthetic aspects of

inorganic particle-filled PP nanocomposites with focus on

the chemical and structural characterization and on the

morphology. Two type of PP nanocomposites were

prepared using the following approach: (1) PP/silica

nanocomposites with physical (weak) interactions; there

are no chemical bonds between the filler and the PP matrix;

(2) PP-g-silane/silica nanocomposites with chemical inter-

actions between the organic PP and the inorganic silica

phase; the filler particles are chemically attached to the PP

chains.

Solid-state grafting of vinyl triethoxysilane (VTES) on

PP enables the interfacial interaction between filler and

matrix. Subsequently, the silica-like inorganic nano-par-

ticles can be prepared in-situ via the sol–gel method.

Grafting of VTES and its influence on the in-situ

preparation of PP/silica nanocomposites is investigated

and discussed, taking into account the possibility of

homopolymerization of VTES, which has been neglected

in previous studies [16]. We anticipate that this new

approach of combining SSM and hybridization will prove

to be effective and instrumental in making model systems to

study the improvement in mechanical properties and the

underlying local deformation mechanisms of particle-filled

semi-crystalline polymers. This approach may help to
: schematic representation of double grain model and SEM micrographs,
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overcome the various difficulties faced in the modification

of semi-crystalline polymers and of dispersing fillers.
2. Experimental

2.1. Materials

All the chemicals and polymers were used as purchased

without any further purification or modification. Porous,

isotactic polypropylene (PP) having a porosity of SBET(Kr)Z
0.0678 m2/g was supplied in powder form by Euro-Sabic,

The Netherlands. The weight-average and number-average

molecular weight of PP were 400 and 100 kg/mol

respectively. The crystallinity of the PP determined from

DSC measurements is 60%. The powder was free of

antioxidants and stabilizers and was stored at K10 8C in the

dark. Vinyl triethoxy silane (VTES) and tetraethoxy

orthosilicate (TEOS) were obtained from Aldrich Chemi-

cals. Ammonium hydroxide (NH4OH) [28% NH3 in water]

obtained from Aldrich chemicals was used as catalyst for

sol–gel reactions. Various free-radical initiators were

selected for grafting based on their chemical structures

and half-life times. Di-tert-butyl peroxide (DTBP) and a,a 0-

azoisobutyronitrile (AIBN) from Merck Schuchardt,

Germany, dibenzoyl peroxide (BPO) from Fluka Chemicals

and lauroyl peroxide (LPO) from Aldrich Chemicals were

used as initiators. The half-life time of decomposition at

100 8C for each initiator is: DTBP: 8400 min, BPO: 22 min,

AIBN: 7 min, and LPO: 6 min.

2.2. Synthesis of nanocomposites

Picchioni et al. [25] gave a detailed description of the

experimental set-up. All reactions were carried out in a

double-skinned SSM reactor [26,27]. Hot oil is circulated

through the double-skinned jacket to maintain the reaction

temperature. The reactor was equipped with a water

condenser and a mechanical stirrer. Reactions were carried

out under nitrogen flow to have inert atmospheric conditions

and to remove traces of oxygen, which otherwise could

trigger the oxidation of PP. A peristaltic pump was attached

to the reactor to feed the reactive mixture at the desired rate.

The feeding rate was calculated from the density of the

reactive mixture and the addition time. The flow rate is

expressed in pph/min, i.e. parts per hundred of reactive

mixture with respect to PP per minute. All the reactions

were carried at temperatures below the melting temperature

of PP. The nanocomposites and modified PP were obtained

from the reactor in powder form. The final products were

immediately recovered from the reactor and stored at K4 8C

before further characterization.

PP/silica nanocomposites were prepared without chemi-

cal modification of PP; PP-g-silane/silica nanocomposites

involves SSM for VTES grafting, followed by hybridization

to make in-situ silica (sol–gel reaction).
2.2.1. PP/silica nanocomposites

PP/silica nanocomposites were prepared by the sol–gel

method. TEOS was added to PP in the reactor and stirred for

approx. 30 min at 60 8C. After the dispersion of TEOS, a

mixture of water and ammonium hydroxide (NH4OH) was

added slowly at a controlled rate to the reactor with

continuous stirring. The molar ratio of TEOS/H2O was 1:5

and NH4OH was 1 wt% based on TEOS. The sol–gel

reaction was carried out in the reactor at 60 8C for 3 h with

continuous stirring. The thus formed sol in PP is then gelled

at 80 8C for 5 h and dried under vacuum at 120 8C for 24 h.

The samples were physically mixed with antioxidants using

a powder blender before any further treatment and dried

under vacuum at 100 8C before chemical and structural

characterization.
2.2.2. PP-g-silane/silica nanocomposites

The first step in the synthesis of PP-g-silane/silica

nanocomposites was grafting of VTES on PP via SSM as

shown in Scheme 1. The free-radical initiator decomposes

into free radicals, which initiate the reactions (i) by

transferring the radical to the PP backbone and (ii) by

addition to the monomer. Part of the monomer may

homopolymerize and eventually might graft by a coupling

reaction to a PP radical. First, the VTES was dispersed in the

pores and subsequently diffuse into the amorphous phase of

PP and then the initiator was added slowly, as described in

our earlier work on other monomers [25]. The reaction

temperature was chosen depending on the decomposition

time/temperature of the free radical initiators. The total

reaction time was about four times the half-life time of the

initiators at the particular reaction temperature. At the end

of a reaction, the reactor was heated to higher temperatures

to deactivate all the undecomposed initiator. Subsequently,

the modified PP was kept under vacuum at approx. 80 8C for

24 h to remove all unreacted monomer and then stored in an

airtight desiccator to avoid absorption of moisture. The

second step involves the sol–gel process. This can be

combined with the first step in the same set-up or separately

under other experimental conditions. This step is similar to

the formation of silica described above.

The cross-linking of VTES-grafted PP, obtained via melt

modification, is a well-studied process used in the cable

industry [28]. The cross-linking of VTES-grafted PP

involves the formation of Si–O–Si linkages similar those

in silica formation. The grafted VTES undergoes hydrolysis

followed by condensation in the presence of water vapor at

120 8C forming (Si–O–Si) linkages, which cross-link the

grafted PP chains. This reaction is usually carried out at

w100 8C under a nitrogen atmosphere in a closed container.

3 mol of water per mole of grafted VTES is used for the

cross-linking reaction. Moreover, if grafted VTES becomes

part of the in-situ formed silica during the sol–gel reaction,

the surface then resembles the cross-linked structures.



Scheme 1. Possible reactions for radical grafting of VTES on PP by initiation with peroxide during solid-state modification.
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2.3. Characterization
2.3.1. Infrared (FT-IR) spectroscopy

BioRad Infrared Excalibur 3000 and FTS 6000 series

infrared spectrometers were used for infrared analysis. The

FTS 6000 series spectrometer coupled with an UMA500

microscope was used to characterize individual particles in

ATR mode.

2.3.1.1. Attenuated total reflectance mode (ATR). Samples

in powder form were characterized in reflectance mode with

both instruments in the range of 4000–650 cmK1 with a

resolution of 2 cmK1 and 100 scans. To characterize the

inner part, particles were cut into two halves and selectively

the outer and inner surfaces were measured using the

microscope. The penetration depth of the evanescent wave

is about 2–3 mm, while the thickness of a cut powder
particle is about 500 mm. So, it can be assumed that the

spectra correspond to the measured surfaces. The same

argument holds for the outer surface characterization.

2.3.1.2. Transmission mode. To get an impression of

grafting in bulk the powder samples were melt pressed to

50 mm films at 180 8C for about 10 min using a Collin

compression press. Melt-pressed nanocomposites were

characterized in transmission mode in the range of 4000–

400 cmK1 with a spectral resolution of 4 cmK1 and 32 scans

were co-added.

The calibration curve for quantitative analysis was

constructed by recording FT-IR and solution 1H NMR

spectra of VTES-grafted PP with varying degrees of

grafting. The degree of grafting (wt%) of VTES is

calculated assuming that the grafted VTESS neither

hydrolyzed nor homopolymerized. At least 10 different
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specimens of the same sample were measured to ensure the

repeatability and uniformity of the analysis.

2.3.2. Solution 1H NMR spectroscopy

A Varian Gemini 300 MHz NMR spectrometer was used

for solution 1H NMR to construct the calibration curve for

quantitative measurements using FT-IR spectroscopy. It is

also useful in determining whether grafted monomers

homopolymerize or form cross-links. Samples were pre-

pared by dissolving grafted PP powder (w11.5 mg) in

(w1 ml of) deuterated tetrachloroethane (with 1 mg DBPC

stabilizer per 10 ml) at around 140 8C until a clear solution

was obtained. All the measurements for modified PP were

performed at 130 8C. In case of VTES and homopolymer-

ized VTES, carbon tetrachloride was used as the solvent and

reference, and measurements were done at room tempera-

ture. The number of moles of grafted VTES to PP was

calculated by taking the ratio of the H-atoms of the ethoxy

group (–O–CH2–CH3) of VTES to that of PP. Nanocompo-

sites could not be characterized using solution NMR as they

did not dissolve in any solvent, due to cross-linking during

silica formation.

2.3.3. Magic-angle-spinning (MAS) 29Si solid-state NMR

spectroscopy

Magic-angle-spinning (MAS) 29Si NMR was carried out

on a Bruker DMX500 spectrometer operating at a 29Si NMR

frequency of 99 MHz and equipped with a 7-mm MAS

probe head and the sample rotation rate was 4 kHz (2 kHz

for liquids). About 2000 scans were accumulated. MAS 29Si

NMR was performed on nanocomposites powder to

characterize the structure and the molecular connectivity

of the cross-linked VTES and in-situ formed silica. The two-

pulse sequence 908-t-1808-t was used with a 908 pulse of

5 ms, an echo time 2t of 15 ms, and an interscan delay of

180 s. The value of 180 s was chosen for practical reasons

given the limited amount of measuring time. However, even

at this relatively long interscan delay the 29Si NMR spectra

are not quantitative, as was evident from the line shape

changes observed in a few test experiments at still longer

interscans. The peak assignments for structure of silica is

denoted by QnZ(RO)4KnSi(OSi)n, as explained by Young

et al. [29]. Assignments for various degrees of Si-atom

substitution of the SiO4 tetrahedra are reported elsewhere

[30,31] The peaks are located within the following range

of chemical shifts relative to TMS [Si(Me)4]: Q4ZK106

to K120 ppm, Q3ZK91 to K101 ppm, Q2ZK74 to

K93 ppm and Q1ZK68 to K83 ppm.

2.3.4. Size exclusion chromatography (SEC)

Molecular weights of VTES and its homopolymers were

measured by size exclusion chromatography (SEC) at 40 8C

using a Waters GPC equipped with a Waters model 510

pump, a model 410 differential refractometer (40 8C), a

Waters WISP 712 auto-injector (50 ml injection volume), a

PL gel (5 mm particles) 50!7.5 mm guard column and a set
of two mixed bed columns (Mixed-C, Polymer Labora-

tories, 300!7.5 mm, 5 mm bead size, 40 8C). THF was used

as the eluent at a flow rate of 1.0 ml/min. Calibration was

carried out using narrow MWD polystyrene (PS) standards

ranging from 600 to 7!106 g/mol. The molecular weight

was calculated relative to the PS standards. Data acquisition

and processing were performed using Waters Millenium 32

software.
2.3.5. High-temperature size exclusion chromatography

(HT-SEC)

The molecular weight of PP in the nanocomposites was

determined using high temperature SEC on a PL-GPC210

with 4 PL gel Mixed A Columns, a RALLS (light scattering)

detector (Precision Detector, PD2040 at 800 nm), a H502

Viscometer (Viscotek), a refractive detector and DM400

data manager (Viscotek). The measurements were per-

formed at 140 8C, using 1,2,4-trichlorobenzene as solvent

and a narrow molecular weight PS standard as reference.

The average of two independent measurements is reported.
2.3.6. Thermo-gravimetric analysis (TGA)

A Perkin–Elmer Pyris-6 TGA was used for quantitative

determination of the in-situ formed silica and the grafted

VTES on PP. It was also used to study the thermal stability

of nanocomposites. Samples were heated under an oxygen

atmosphere at 10 8C/min up to 900 8C and hold for 15 min

to ensure complete oxidation of organic material. The

residue is assumed to be silica due to complete oxidation.

The moles of Si are calculated based on silica residue, from

which moles of VTES or in-situ formed silica or grafted

VTES-silica were determined.
2.3.7. Scanning electron microscopy (SEM)

A Philips field emission gun (FEG) environmental

scanning electron microscope (ESEM) was used to

determine the shape and size of in-situ formed silica

particles. A qualitative measure of the particle size

distribution was obtained from the SEM micrographs. In

some cases (as described on the micrographs), the back-

scattered emission (BSE) mode was used to get better

contrast. For better focusing, a high electron voltage (viz.

1 eV) was used and samples were coated with carbon or

platinum to avoid charging.
2.3.8. Transmission electron microscopy (TEM)

A Jeol JEM 2000 FX Transmission Electron Microscope

(TEM) was used to characterize the morphology of the

nanocomposites. The TEM was operated at 80 kV. Ultrathin

sections of 50–70 nm were obtained at low temperatures

(K40 8C) using a Reichert Ultracut E microtome, equipped

with a diamond knife. The sections were not stained, since

the electron density of the filler particles (silica) was much

higher than matrix (PP). The effect of processing, such as

extrusion or injection molding, on the morphology,
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especially the dispersion of silica in the PP, was also

investigated using TEM.
3. Results and discussion

The results of the chemical modification of PP and the

sol–gel process are first discussed for a better understanding

of the results of the actual PP-nanocomposites prepared via

the combined SSM and the sol–gel process.
3.1. Solid-state modification (SSM)

The grafting of VTES is the most important aspect of the

synthesis carried out via SSM. It controls the degree of

adhesion between the matrix and the fillers. The following

section discusses the reaction conditions for SSM and the

reaction mechanism involved in the VTES grafting on PP,

with special attention to the possibility of homopolymeriz-

ation of VTES during grafting.
3.1.1. Reaction of vinyl silane with initiators (without PP)

A number of monomers, such as maleic anhydride

[33,34], methacrylic acid [35,36] and vinylsilane (VTES)

[36,37] have been used in previous SSM studies. These

monomers upon grafting provide polarity and reactivity to

PP. These were reported in these studies to be non-

homopolymerizable monomers and were assumed to graft

on PP as single monomeric units. In our study, VTES was

chosen exactly for this reason.

However, SEC, 1H NMR and MAS 29Si NMR indicate

that VTES, in the absence of PP, is susceptible to

homopolymerization. VTES yields products with molecular

weights as high as 50 kg/mol when initiated by BPO or

AIBN (Table 1). The VTES monomer was recovered as

such in the SEC analysis, indicating that cross-linking via

–Si–O–Si– links formed upon hydrolysis with water present

in THF (SEC solvent) and subsequent condensation of the

VTES ethoxy groups did not occur. The high molecular

weights observed with SEC, therefore, indicate true

homopolymerization of VTES. 1H NMR (Fig. 2(a))

indicates CaC to C–C conversion of approx. 40% upon

homopolymerization of VTES using BPO as initiator. The

appearance of a new peak around 1.6 ppm similar to that of

the aliphatic Ha atoms in polyolefins suggests the formation

of –CH– groups upon the polymerization of VTES. The

conversion of CaC is in agreement with the amount of
Table 1

Molecular weight (kg/mol) of polymerized VTES obtained by SEC

Initiator Mn Mw

LPO 6.4 13.1

BPO 8.8 17.4

AIBN 9.1 22.4

DTBP 17.0 68.7
aliphatic –CH– groups formed. The VTES polymer was

completely soluble in various solvents. This again excludes

the possibility of cross-linking by hydrolysis and conden-

sation of ethoxy groups. The MAS 29Si NMR spectra in

(Fig. 3) confirm the polymerization of VTES. The chemical

shift of the Si-atom next to the CaC bond in VTES is

K60 ppm. It represents the T 0 structure, where T x corre-

sponds to Si(CHaCH2)(OR)3Kx(O–Sib)x. If the Si-atom of

this VTES is attached to a long saturated hydrocarbon chain,

the 29Si peak of the T 0 structure shifts to K45 ppm [38].

The MAS 29Si NMR spectrum of the polymerized VTES in

Fig. 3(b) indeed shows a new signal at K45 ppm. The

spectrum shows no signals at the chemical shift positions of

T1, T 2 and T 3 structures, resulting from cross-linking via

hydrolysis and condensation of the ethoxy groups.

The high molecular weight found with SEC, the

appearance of a new peak at 1.6 ppm and the saturation of

the CaC bonds visible in the 1H NMR spectra, and the

absence of any other signals than that of T 0 in the MAS 29Si

NMR spectra proves that VTES polymerizes along the vinyl

unit. Based on these findings, a reaction mechanism for the

grafting is proposed in Scheme 1. Part of the VTES may

graft as monomeric unit on PP (structure III), similar to the

grafting of maleic anhydride [33]. The other part of VTES

grafted as monomeric unit on PP may then propagate to

yield a polymer of VTES grafted on PP (structure IV). The

other part of the VTES homopolymerizes (structure II) and

may graft on the PP chain by coupling. The grafting of

VTES involving homopolymerization is similar to that

observed for styrene [16,25].

3.1.2. Optimum reaction parameters for grafting of VTES

Various time–temperature reaction schemes were fol-

lowed for each free radical initiator. Temperature, rate of

monomer addition, and initiator concentration were varied

to optimize the reaction conditions. The effect of these

parameters is shown in Fig. 4. The initiator concentration is

expressed in wt% with respect to the amount of monomer.

First, the degree of grafting increases rapidly with the

increase in initiator concentration (up to 2 wt%) and is then

followed by a more gradual increase (Fig. 4(a)). It is evident

that a reasonable degree of grafting is achieved even at an

initiator level of 2 wt%. At higher concentrations (ca.

4 wt%), b-scission of PP prevails [16], so 2 wt% initiator

was used for further grafting experiments. The effect of the

reaction temperature on the degree of grafting with different

initiators is shown in Fig. 4(b). At a low reaction

temperature, the rate of radical formation is too low

resulting in a low final conversion. As the temperature is

increased, the rate of formation of radicals and the rates of

propagation and transfer increase, resulting in a higher

degree of grafting. At even higher temperatures, however,

too many radicals are formed in a given time interval which

results in faster termination [39]. As a result, an optimum

reaction temperature at which maximum grafting is

achieved. Note that the optimum reaction temperatures



Fig. 2. 1H NMR spectra of (a) VTES monomer, (b) VTES homopolymer, (c) PP-g-VTES monomer (13 wt%).
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correspond to the temperatures at which initiators have half-

life times of approx. 30 min (AIBNw90 8C; BPOw100 8C;

LPOw80 8C). A rate of addition of monomer of w5 pph/

min corresponding to the maximum grafting was used for all

further reactions (see Fig. 4(c)). Using FT-IR microscopy, it

was shown that the grafting of VTES on PP via SSM was

uniform down to the level of 5 mg PP powder. Combining

the 1H NMR and FT-IR measurements, a calibration curve

was constructed to calculate the degree of grafting. The

degree of grafting is defined as wt% of vinyl silane per

100 gm of PP.
3.1.3. VTES grafting on PP

The structure of VTES-grafted PP was identified and

the degree of grafting was quantified taking into account

that VTES may homopolymerize during SSM. Fig. 2(c)

shows the 1H NMR spectra of PP with 13 wt% grafted

VTES. The quartet at 3.76 ppm (the inset shows the

magnified region of interest) indicate the presence of

ethoxy groups attached to the Si-atom. Although no new

peaks indicating the formation of aliphatic C–H groups

were observed, the two quartets suggest two different

structures and the broadening of peaks indicate that



 

 
 
 
 
 

 

 

 

Fig. 3. MAS 29Si NMR spectra of (a) VTES monomer, (b) VTES homopolymer, (c) PP-g-VTES monomer (10 wt%).
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VTES may have grafted as a polymer. No resonances of

vinyl H-atoms were observed (6 ppm), implying that

there is no unreacted monomer in the grafted PP. The

MAS 29Si NMR spectra in Fig. 3(c) of modified PP

confirm the presence of grafted VTES. When VTES is

attached to a long hydrocarbon chain, the 29Si peak of

the T0 structure shifts to wK45 ppm [38]. Therefore,

the peak at K45 ppm in the spectrum can be assigned

to VTES grafted on PP backbone. The susceptibility of

VTES to homopolymerize as explained earlier, however,
Fig. 4. The influence of the reaction conditions on the grafting efficiency: (a) eff

initiator), (c) effect of rate of addition (2 wt% initiator). The curves are used to i
does not rule out the possibility of VTES grafting as

monomer as well as polymer to PP.

The PP pores are a few micrometers in size and can act as

mini-reactors inside the PP-macroparticles, in which VTES

can be dispersed and homopolymerize. The VTES can

diffuse in the pores of PP or even in the amorphous phase of

PP and may graft or homopolymerize there. The solubility

parameter of PP is 7.43 (cal/cc)1/2 and that of VTES is 8.0

(cal/cc)1/2, so it is expected that the VTES can be absorbed

in the amorphous phase of PP during solid-state
ect of initiator concentration (TZ90 8C), (b) effect of temperature (2 wt%

ndicate the trend.
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modification. Moreover, the grafting can take place at the

interface between VTES-filled pores and PP, i.e. at the PP

surface. However, we found that grafting during SSM

mainly takes place in the amorphous phase of PP. 1H spin

lattice relaxation times in the rotating frame, T1r{H}, were

measured for the amorphous and crystalline phase of PP via

cross polarization to 13C and 29Si nuclei in the solid-state.

T1r{H} for the crystalline and amorphous phase of the

original PP were found to be 35 and 4 ms, respectively. In

case of VTES-grafted PP, it was found that T1r{H} for the

grafted VTES was also around 4 ms, indicating that grafting

took place in the amorphous phase of PP. This restricts the

chances of homopolymerization of VTES, since the

diffusion of the monomer is limited by the absorption in

the amorphous phase of PP.

The FT-IR spectrum in Fig. 5 illustrates the grafting of

VTES on PP via SSM. The band assignment details are

given in Table 2. The strong Si–O–C stretching [40]

vibration bands at 1120 and 1080 cmK1 accompanied by a

shoulder at 950 cmK1 are indicative for the grafting of

VTES on PP. The band at w1600 cmK1, corresponding to

vinyl groups CHaCH2 of VTES, is absent, so no unreacted

monomer is present. The cumulative area under the 1120

and 1080 cmK1 peaks is considered to be proportional to the

amount of grafted VTES. The area of –CH3 rocking band of

PP at 899 cmK1 was used as reference.

The overlapping of various bands in the FTIR-spectrum

assigned to the H-atoms attached to different carbons and

the similarity in the structures formed make it difficult to

identify whether VTES is grafted as monomer or polymer

on the PP backbone. The rapid transfer of the tertiary

hydrogen abstracted from PP to the free VTES radical may

prevent the homopolymerization of VTES during modifi-

cation of PP via SSM as explained by Rätzsch et al. for

grafting of maleic anhydride in the concentration regime of

our interest [16]. This may suggest that VTES is grafted as a

single monomeric unit on PP. The combined results from 1H

NMR and MAS 29Si NMR on modified PP via SSM show

that VTES is grafted as monomer on the PP backbone, even

though VTES was found to homopolymerize by a free

radical reaction mechanism in the absence of PP. No

homopolymer of VTES was found in the pores of PP and,
Fig. 5. FT-IR spectra of silane-grafted PP
T1r{H} experiments showed that VTES is present in the

amorphous phase of PP. Therefore, VTES is most likely

grafted as a monomeric unit on PP (structure III shown in

Scheme 1) in the concentration range of VTES used for

SSM.

3.1.4. Cross-linking of grafted monomer

The cross-linking of VTES-grafted PP proceeds through

hydrolysis and condensation of grafted VTES. In presence

of water, the ethoxy groups attached to Si-atom undergo

hydrolysis and upon condensation form –Si–O–Si– links

thus cross-linking two grafted PP chains. The FT-IR

spectrum in Fig. 5 shows the splitting of the bands at

1040 and 1080 cmK1 originating from the stretching of

linear (aliphatic) Si–O–Si linkages formed during cross-

linking [41]. The shift of transverse optical (nTO)

components towards a lower wavenumber also indicates

the presence of linear structures [42] as in cross-links. The

950 cmK1 band from Si–O–CH2CH3 stretching vibrations

disappeared due to hydrolysis. Water treated VTES-grafted

PP did not dissolve in commonly used good solvents for PP,

such as xylene, toluene, tri-chlorobenzene, even when

heated up to temperatures as high as 200 8C, which is

another indication that grafted VTES formed cross-links

between the PP chains.

3.2. Hybridization (sol–gel reaction)

The sol–gel reaction is an important step for making

inorganic nanofillers in the pores of PP. The rate of

formation and size of silica hybrid particles was controlled

by variation of the pH of the HCl/water (acidic) or

NH4OH/water (basic) systems, which trigger the hydrolysis

and condensation reactions. At high pH, solubility of small

particles is higher than at low pH, resulting in larger

particles (5–10 nm). Under basic conditions, particles are

negatively charged and hence repel each other. Therefore,

they do not collide and are stable as such, while under acidic

conditions the charge of repulsion is reduced and aggrega-

tion occurs, resulting in a branched network of silica

particles of (2–4 nm) [43,44]. Fig. 6 shows the SEM

micrographs of the silica particles prepared under different
 

and cross-linked silane-grafted PP.



Table 2

Assignments of infrared bands in the FT-IR spectra [35,43]

Assignment Wavenumber (cmK1)

Stretching n Si–O–C 1120

Stretching nas Si–O–Si 1080

n1 (LO)a w1207

n2 (LO) w1160

n3 (TO)b w1085

n4 (TO) w1068

Stretching ns Si–O–R (R–H; C2H5) 950–980

Stretching ns Si–O–Si 800

Rocking r –CH3 of PP 899

Stretching n –O–H 2500–3800

a Longitudinal optical.
b Transverse optical.
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catalytic conditions in the absence of PP. It is evident that

the size of silica particles formed is in close agreement with

the results from literature. In view of this, we used base

catalyst conditions for in-situ preparation of silica in the

pores of PP.
3.3. Chemical and structural characterization of

nanocomposites
3.3.1. PP/silica nanocomposites

Next, silica nano-clusters were formed in-situ in the

pores of isotactic PP through the sol–gel method. The FT-IR

spectra depicted in Fig. 7 are of pure silica (in the absence of

PP) prepared by the sol–gel method and of PP/silica

nanocomposites under the same reaction conditions. The

strong and broad peaks around 1000–1100 cmK1 can be

attributed to Si–O–Si linkages. Fidalgo et al. [42] discussed

the structural defects of sol–gel derived silica in the

presence of polymers in detail. The intermediate frequency

band at w800 cmK1 involves the symmetric stretching

vibration of the Si–O–Si atoms (ns Si–O–Si). The dominant
Fig. 6. SEM micrographs of silica prepared by the sol–gel method: (a) no catalyst

After oxidation in TGA: (d) silica prepared as such, (e) PP/silica nanocomposites
band near 1080 cmK1 can be assigned to asymmetric

stretching vibrations of Si–O–Si atoms (nas Si–O–Si) of

nearly perfect silica structures with cyclic Si–O–Si (Table 2).

This dominant band at 1080 cmK1 can be observed in both

spectra, which implies the formation of silica clusters in the

pores of PP. The bands are slightly shifted in the presence of

PP as was also explained by Fidalgo et al. The 1080 cmK1

peak is usually split into two components as a result of long

range coupling interactions: a transverse optical (TO) and a

longitudinal optical (LO). The shoulder associated with this

band, centered at w1150 cmK1, has been usually related to

the LO component and the band nearing 1070 cmK1 to TO

component [45,46]. The shift towards higher wavenumbers

of the TO and LO components of in-situ formed silica in the

PP pores compared to that of pure silica is related to a

decrease in the porosity of the silica formed [42]. There is

no appreciable increase in relative intensities of the peaks at

w1207 and 1090 cmK1, which indicates that the in-situ

formed silica is similar to that formed by the sol–gel method

without PP. Moreover, the relative intensity of the nsSi–OH

band (w950 cmK1) in the case of pure silica and in-situ
(w80 nm) (b) base catalyst: pHZ10 (w50 nm) (c) acid catalyst (%10 nm).

, (f) PP-g-silane/silica nanocomposites.



  

Fig. 7. FT-IR spectra of silica by the sol–gel method as such and in-situ formed silica in PP and silane-grafted PP.
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formed silica in PP is comparable, indicating a similar

extent of condensation in both cases. These peaks also imply

that some hydroxy groups are still present on the outer

surface of the silica particles. All these results demonstrate

the formation of less porous, more constrained (4-fold)

siloxane ring structures of silica with some hydroxy groups

on the surface.

The MAS 29Si NMR spectra of the sol–gel derived silica
Fig. 8. MAS 29Si NMR spectra of (a) silica, (b) PP
and in-situ formed silica-clusters in PP are shown in Fig. 8.

The band at K112 ppm, assigned to the Q4 structure,

indicates fully condensed silica (SiO2), while the peak

observed at K104 ppm is assigned to a Q3 structure with a

Si-atom connected to three Si and one H or C atom in the

second coordination sphere. The high intensity of the Q3

band suggests a large surface area with –OH or –OR groups

which is in agreement with FT-IR results. There are no
/silica, (c) PP-g-silane/silica nanocomposites.



Table 3

Comparison of amount of monomers grafted/incorporated in iPP after

solid-state modification by various analytical methods (wt% is expressed

per 100 g of PP)

TEOS

(wt%)

VTES

(wt%)

TGA (wt%) Elemental

analysis

(wt%)

1H NMR

(wt%)

10 0 2.2

15 0 4.8 5.8

20 0 6.5 6.9

30 0 10.1 10.7

0 15 1.6 1.5

0 18 2.8

0 20 3.7

0 25 4.2 4.3

10 15 3.6

15 15 7.4 7.4

15 20 8.7 8.0

20 15 6.2

Table 4

Molecular weight of PP nanocomposites (kg/mol) using high temperature

SEC

Sample Mn Mw

PP as received 106 382

PPCsilica (2.5 wt%) 106 387

PP-g-silane (2 wt%) 100 303

PP-g-silane (5 wt%) 106 357

PP-g-silane (10 wt%) 115 325
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peaks related to Q1 and Q2 structures in the spectra,

indicating that the condensation reaction during the sol–gel

reaction is fairly complete. The structure of in-situ formed

silica (Fig. 8(b)) is close to the separately prepared silica

(Fig. 8(a)), suggesting that the presence of PP does not affect

the structure formation of silica, as in agreement with the

FT-IR measurements. The extremely long 29Si spin–lattice

relaxation time of Q4 structures makes a quantitative

analysis difficult, especially when the silica particles are

enclosed in the PP matrix.

3.3.2. PP-g-silane/silica nanocomposites

The FT-IR spectrum in Fig. 7 also shows the chemical

structure of silica synthesized in-situ in the VTES-grafted

PP. The spectra of PP/silica and PP-g-silane/silica nano-

composites show the effect of grafting on the chemical

structure of silica. The peak at 1060 cmK1 assigned to the

linear Si–O–Si linkage has shifted towards a lower

wavenumber (1040 cmK1) in the spectrum of PP-g-silane/

silica. The peak at 1090 cmK1, attributed to the Si–O–C

stretching vibrations, has broadened. The broad shoulder at

w1200 cmK1, assigned to nLO, is very weak. All these

observations suggest that the grafted VTES takes part in the

in-situ silica formation. The MAS 29Si NMR spectra in

Fig. 8(c) shows the structure of silica particles formed in the

VTES grafted PP. The grafted VTES (K45 ppm) evolves in

the presence of water and TEOS into T0 and T1 structures.

The Q-type structures (Q2wK92 ppm; Q3wK101 ppm;

Q4wK112 ppm) in the spectrum are assigned to the in-situ

formed silica. From 1H NMR, FT-IR and MAS 29Si NMR, it

can be inferred that grafted VTES becomes part of in-situ

formed silica. Pre-modification of PP gives better control

over adhesion between matrix and in-situ formed nano-

silica. Grafted VTES has become part of the in-situ formed

silica and, hence, will result in a strong chemical interaction

with the polymer matrix.

3.4. Efficiency of silane grafting and silica formation

Table 3 shows the comparison of the data obtained

through the various techniques used to quantify VTES

grafting and the silica formed in the pores of PP. The results

from TGA, elemental analysis and 1H solution NMR are

consistent, confirming the validity and reliability of these

methods to quantify the composition of the nanocomposites.

For VTES grafted on PP via SSM, the plot of grafted VTES

versus concentration of monomer added shows that the

degree of grafting increases initially and forms a plateau

above a certain concentration of VTES (see Fig. 9(a)). Other

researchers observed a similar behavior for the grafting non-

homopolymerizable monomers [47,48]. The initial increase

in grafting efficiency can be attributed to the increased

availability of monomers at active PP radical sites with

increasing monomer concentration. The solubility of VTES

in the amorphous phase determines the grafting

efficiency. The grafting efficiency did not decrease at higher
concentrations of VTES, although this is commonly

observed in easily homopolymerizable monomers such as

styrene [16].

In the case of the PP/silica nanocomposites the amount of

TEOS converted to silica increased with increasing TEOS

concentration. Unlike the grafting of VTES on PP, which

takes place only in the amorphous phase of PP, silica can be

formed in the pores too and is not necessarily restricted to

the amorphous phase of PP. So, the efficiency of silica

formation remained constant irrespective of the TEOS

concentration as seen in Fig. 9(b). A similar trend was

observed for the PP-g-silane/silica nanocomposites, in

which silica particles are formed in the VTES-grafted PP.

Fig. 9(b) shows the amount of silica formed in VTES-

grafted PP as a function of the amount of TEOS added. For

simplicity, only data for 2 wt% VTES-grafted PP are shown.

It is suggested that grafted VTES does not affect the

formation of silica.

3.5. Molecular weight of PP in nanocomposites after SSM

Table 4 shows the molecular weight of VTES-grafted PP

via SSM and PP in nanocomposites determined using high

temperature SEC. The data indicate that no molecular

degradation occurred during SSM. The most likely reason is

drop in the rate of b-scission by 5 orders of magnitude as the

reaction temperature is reduced from 250 8C as used in melt



Fig. 9. Plots of (a) silane grafted on PP and (b) in-situ formed silica in pores of PP.
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modification to 100 8C for SSM as reported by Rätzsch et al.

[19]. In addition, the inert nitrogen atmosphere used during

the reaction prevents the oxidative degradation.

Based on this, we propose the reaction mechanism as

shown in Scheme 1, in which we assert that grafting of PP

with VTES might proceed according to a simple ‘chain

transfer mechanism’. The reaction temperature used in the

present study is 110 8C, which is lower as compared to

150 8C used in earlier studies [16,49]. This may also have an

effect on the molecular weight and the grafting efficiency. In

some of these earlier studies, the grafting mechanism for

SSM for similar monomers, such as maleic anhydride

(MAH)-grafted PP, was proposed based on products of PP

grafted in the melt. It was suggested that the grafting

reaction takes place after PP chain scission; this assumption

was further sustained by the remarkable decrease in

molecular weight of the solid-state grafted PP. However,

we did not observe such a behavior. This shows that SSM is

advantageous over melt modification process.

3.6. Structure and morphology of nanocomposites

The dispersion of the in-situ formed silica particles and

their size and shape are the most important factors affecting

the properties of nanocomposites. The morphology of

nascent PP powder before modification is also important

in that respect. As described earlier, the size of silica

particles can be varied depending on the catalyst used. The

base catalyst was used for the synthesis of the PP

nanocomposites. ATR FT-IR microscopy was used, along

with SEM and TEM, to study the dispersion of in-situ

formed silica before melt processing the nanocomposites.

3.6.1. PP/silica nanocomposites

The FT-IR spectra depicted in Fig. 10(a) are from the

outer and inner surface of PP/silica nanocomposite macro-

particles. It is evident that the formation of silica is uniform
throughout the macroparticle of PP. TEOS, when mixed

with PP powder, dispersed throughout the particle due to

surface tension and capillary effect in the channels. When

water is added in the presence of a catalyst the sol–gel

reaction proceeds in these channels and at the surface.

3.6.2. PP-g-silane/silica nanocomposites

Fig. 10(b) shows the FT-IR spectrum of VTES-grafted PP

powder taken from the reactor and vacuum dried to remove

unreacted VTES. The PP powder was characterized in the

same way as described above. It is evident that VTES is

grafted not only near the surface but also deep in the powder

particle. The spectra indicate that grafting is more inside

than on the surface (see peaks at 1080 and 1105 cmK1). This

may be due to the higher surface tension of VTES and the

capillary effect of the pores and preferential absorption of

the monomer in the amorphous phase of PP. Also, the

grafting reaction is carried at higher temperatures than

hybridization, which enhances the diffusion of monomer

into the pores.

Fig. 10(c) shows that the in-situ formed silica-particles

are uniformly distributed in the modified PP as well. The

grafted VTES may act as nucleus for the growth of silica as

observed by Young et al. in the case of the Surlyn-silica

system [29]. As described earlier, the grafted VTES indeed

becomes part of silica and may be the point of adhesion

between PP and in-situ formed silica.

3.6.3. Shape, size and size distribution of in-situ formed

silica particles in PP

The morphology as observed by TEM shows a narrow

distribution of particle size of silica as shown in Fig. 11. The

particle size near the surface and the center of the PP

macroparticle were found to be similar. Fig. 11(a) and (b)

gives a magnified view of the in-situ formed silica at the

edge and in the center of the PP macro-particle respectively.

Silica nano-clusters formed at the edge (ca. 30–100 nm) are



Fig. 10. FT-IR spectra (in ATR mode) showing the inner and outer surfaces of (a) PP/silica, (b) silane-grafted PP, (c) PP-g-silane/silica nanocomposites.
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same as those inside the macroparticle PP (ca. 50–100 nm).

The morphology of these nanocomposites was stable even

after mixing in a mini-extruder screw extruder. Fig. 11(c)

shows the silica nano-clusters formed in PP-g-silane/silica

nanocomposites. The size and shape of silica formed is

comparable to that formed in PP/silica nanocomposites. The

size and structure of silica particles formed in the PP were

also confirmed by oxidation of the nanocomposites in TGA

at 800 8C. The residue from TGA was characterized with

SEM. Silica particles synthesized in the absence of PP

were also oxidized to check the effect of oxidation on the
particles. Comparing Fig. 6(a) and (d) (before and after

oxidation, respectively), we observe that the oxidation of

silica does not affect the sizes and the structure of primary

particles. Therefore, it can be assumed that oxidation does

not affect the structure of in-situ formed silica in PP.

Fig. 6(e) and (f) shows the silica formed in PP/silica and PP-

g-silane/silica nanocomposites with typical sizes of 50–

100 nm after oxidation. The morphologies of PP/silica

nanocomposites observed by SEM before and after

oxidation and ATR FT-IR microscopy measurements

indicate that the silica-particles are dispersed throughout



Fig. 11. TEM micrographs of (in-situ formed) PP/silica nanocomposite (5% of silica): (a) edge, (b) center and (c) PP-g-silane/silica nanocomposites.
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the PP macroparticles with a size distribution between

typically 50–150 nm.
4. Conclusions

PP-nanocomposites with and without chemical linkage

between the silica particles and the PP matrix were

synthesized by a new approach combining SSM with

VTES and a sol–gel method with the idea that grafted

monomeric VTES is incorporated in the silica during the

sol–gel reaction to control the interaction. Bulk polymeriz-

ation experiments with the same experimental conditions as

in SSM showed that homopolymerization of VTES to high

molecular weight occurs but at limited conversions,

suggesting that VTES can be grafted on PP as monomer

or polymer or both. However, 1H NMR, MAS 29Si NMR

and FT-IR spectroscopy studies demonstrated that VTES

graft on PP as a single monomeric unit which is

subsequently incorporated in in-situ formed silica. T1r{H}

measurements via cross polarization to the 13C and 29Si

nuclei in solid-state indicated that VTES was mainly

absorbed and subsequently grafted in the amorphous

phase of PP and not at the VTES-filled pore-PP interface.

The ATR-FTIR microscopy results of PP macroparticles

suggested that VTES is grafted not only on the surface of PP

macro-particles but also inside the macro- and sub-particles.

In situ formed silica is also formed throughout the PP

particle. No molecular degradation of PP was observed in

the nanocomposites and the degree of grafting was

comparable to grafting in the melt. MAS 29Si NMR showed

that the silica-like clusters are predominantly Q3 and Q4

type, indicating that the in-situ formed clusters are highly

condensed with some hydroxy groups at the surface.

Particles of 50–150 nm with a near-spherical shape were

observed by TEM and SEM. The observation that silica
particles are uniformly dispersed proves that the new

approach is advantageous over conventional methods.

These systems may used as model systems for investigating

the mechanism of toughness enhancement of semi-crystal-

line polymers, and more specifically of PP.
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