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Abstract

Hybrid organic–inorganic nanocomposites containing PEO segments linked to an acrylate–methacrylate network were prepared through a

dual-curing process, involving photopolymerization and condensation of alkoxysilane groups. A Polyethyleneglycol 600 a,u diacrylate

(PEGDA 600) and a similar oligomer containing a Bisphenol A unit and a,u methacrylate groups (BEMA 1400) were used. Mixtures of the

oligomers together with methacryloyloxypropyltrimethoxysilane (MEMO) and tetraethoxysilane (TEOS) were prepared.

The kinetics of the reactions of photopolymerization and condensation was investigated. The conditions suitable for obtaining a complete

conversion of both the reactive groups were settled up.

The obtained films were perfectly transparent and amorphous. The Tg values of the hybrids were found to increase by increasing the TEOS

content and the alkoxysilane groups condensation.

TEM analyses indicated the formation of silica phases at a nanometric level; TGA curves revealed a higher thermal stability of the hybrid

structures.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last few years new materials having a nanophasic

morphology where an organic phase is strictly intercon-

nected with an inorganic one (the so-called hybrid materials

or ceramers) have been proposed and investigated [1,2].

These materials provide to combine the attractive properties

of ceramics, such as thermal stability, high modulus and low

coefficient of thermal expansion, with the high ductility and

low temperature processing conditions of polymers.

The morphology of the nanophases strongly affects the

properties and the behavior of the composites. These

materials are very interesting in different fields such as for

optical, mechanical, electronic and biomedical applications
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[3]. Their main commercial applications, at present, are in

the field of protective coatings of both organic and inorganic

substrates.

Several hybrids based on silica, TiO2, ZnO, CaCO3 have

been investigated in the presence of different polymeric

matrices [4–8]. The preferred way for their synthesis is the

sol–gel process. It involves a two step hydrolysis and

condensation reaction starting from metal alkoxides, as

schematized in Fig. 1. Thus, organic–inorganic networks

strictly interconnected are formed; they may result in

dispersed nanostructured phases.

In particular silica/poly-3-caprolactone hybrids were

prepared and deeply investigated by Jerome and co-workers

[9–12]. Similar systems were investigated by Pilati and co-

workers, evidencing their flame retardancy and barrier

properties [13].

Recently, hybrid organic–inorganic materials, obtained

through a UV curing process, have been investigated. They

combine the advantages connected to this technique, such as

a rapid and solvent-free polymerization, with the sol–gel
Polymer 46 (2005) 2872–2879
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Fig. 1. Hydrolysis and condensation reactions involved in the sol–gel process.
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advantages. Thus, it is possible to obtain coatings having

improvements in different properties, such as resistance to

scratching, abrasion, heat and radiation and other mechan-

ical, electrical and optical properties [14–16].

In this context, we considered the preparation of new

hybrid systems obtained by combining the UV curing

process with the sol–gel reaction.

In the literature only a few papers on the preparation of

nanocomposites through this dual-stage technique are

reported. They investigate the preparation of hybrid

organic–inorganic nanocomposites based on vinyltriethox-

ysilane, tetraethoxysilane and polyfunctional acrylates [17,

18].

We have considered as organic precursors a Polyethy-

leneglycol 600 a,u diacrylate (PEGDA 600) and an

oligomer which can be considered as a modified PEGDA

by inserting a Bisphenol A structure in the middle of the

chain. The oligomer was ended by a,u methacrylic groups

(BEMA 1400).

These oligomers were added of methacryloyl-oxypropyl-

trimethoxysilane (MEMO) as an organic–inorganic

bridging monomer and of tetraethoxysilane (TEOS) as

inorganic precursor.

The mixtures were subjected to the dual curing process,

investigating the reaction conditions and the properties of

the obtained cured products.

PEO acrylate oligomers were previously subjected to

UV-curing and their properties evaluated [19].
2. Experimental
2.1. Materials

Polyethylenglycoldiacrylate (PEGDA 600) was kindly

supplied by U.C.B. (Belgium). Bisphenol A ethoxylate (15

EO/phenol) dimethacrylate (BEMA 1400), methacryloyl-
oxypropyl-trimethoxysilane (MEMO), tetraethoxysilane

(TEOS), hydrochloric acid and dibuthyltin diacetate (con-

densation catalyst) were purchased from Aldrich. The

structures of PEGDA 600 and BEMA 1400 are reported in

Fig. 2; n is approximately 15 for both the monomers.

The following names were used in order to indicate the

different mixtures:
–
 PEGDA 600, BEMA 1400: pure acrylate or methacrylate

oligomers
–
 PEGDA, BEMA: mixtures of the acrylate or methacry-

late oligomers with 20% w/w MEMO

As photoinitiator, 2-hydroxy-2-methyl-1-phenyl propan-

1-one (Darocur 1173 from Ciba Specialty Chemicals) was

employed.

2.2. Preparation of the hybrids

A typical UV-curable mixture was prepared by adding to

PEGDA 600 or BEMA 1400 monomers, MEMO (14% w/w)

and TEOS (30% w/w). The obtained mixture was added of

4% of Darocur 1173 as photoinitiator, 7% of water

(alkoxy/water molar ratioZ2) and 2% of both dibutyltin

diacetate and HCl conc., as condensation catalysts. Then it

was coated on a PET substrate.

The photochemical curing was performed by using a

medium vapor pressure Hg UV lamp (Helios Italquartz,

Italy), with radiation intensity on the surface of the sample

of 20 mW/cm2, working in N2 atmosphere [19].

The subsequent condensation reaction was performed

treating the photocured films in an oven at 75 8C for

different times.

2.3. Characterization techniques

The kinetics of the photopolymerization process was

investigated by using FT-IR spectrometry (ATI Mattson



 

Fig. 2. Structure of PEGDA 600 and BEMA 1400.
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Genesis II apparatus, USA), following the decrease of the

band attributable to the acrylate and methacrylate groups at

1630 cmK1. This band was normalized to the CaO signal

located at 1700 cmK1. The mixtures were coated onto a KBr

disk and the curing reaction was monitored at different

irradiation times.

The condensation reaction was followed by measuring

the weight loss due to the alcohol evaporation (relative

errorZG1%).

The gel content of the cured products was determined by

measuring the weight loss of the samples contained in a

metal net after 24 h extraction at room temperature with

CHCl3 (relative errorZG1%).

DSC measurements were performed using a Mettler DSC

30 (Switzerland) apparatus, equipped with a low tempera-

ture probe (heating rate: 20 8C/min). The mixtures were

directly put into the Al crucibles and subjected to

photochemical and condensation processes. Tg values

were recorded during the 2nd heating scan. Some traces of

water and alcohols were lost during the 1st scan. Tg values

were calculated as the midpoint of the Tg step between onset

and endpoint (errorZG1 8C).

Dynamic-mechanical analyses (DMTA) were performed

on a MK III Rheometrics Scientific Instr. at 1 Hz frequency

in the tensile configuration. The size of the specimen was

about 14!9!0.1 mm. The storage modulus, E 0, and the

loss factor, tan d, were measured from K50 8C up to the

temperature at which the rubbery state was attained. The Tg

value was assumed as the maximum of the loss factor curve.

TGA analyses were performed using a LECO TGA-601

Instr. in the range between 20 and 950 8C, with a heating

rate of 3 8C/min, in air.

RX measurements were performed using a Siemens

D5000 diffractometer with the Cu Ka radiation (lZ
0.15406 nm).

TEM analyses were performed using a Philips 2010

microscope on microtomized specimens without any

specific staining.
3. Results and discussion
3.1. Kinetic measurements

In Fig. 3 the FT-IR spectra of PEGDA system (contain-

ing 20% w/w of MEMO), before and after UV curing (time

of irradiation: 40 s) are reported. It is evident the decrease of

the band at 1630 cmK1, attributed to the acrylic and
methacrylic functionalities. In Figs. 4 and 5, the kinetic

curves related to the decrease of the 1630 cmK1 band of

PEGDA and BEMA systems are reported; an almost

complete conversion of the unsaturations is achieved.

The kinetic curve of PEGDA system is higher with

respect to BEMA. In fact it reaches the asymptotic value

after 10 s irradiation, while BEMAs maximum conversion is

observed after about 20 s. This result is in agreement with

the higher polymerization rate of acrylic systems with

respect to methacrylic ones [12]. The kinetics of photo-

polymerization for both the systems is not affected by the

presence of 30% w/w of TEOS in the UV-curable mixture

(Figs. 4 and 5).

The condensation reaction was followed by measuring

the weight loss due to the alcohol evaporation (Fig. 6). The

maximum of the condensation curve was achieved after 4 h

treatment in an oven at 75 8C; in all the two systems

investigated, the weight loss was very close to the

stoichiometric value (27% w/w); PEGDA evidenced a

slightly lower loss value (22% w/w). This result can be

attributed to the higher condensation rate of PEGDA

systems, which start to condensate at room temperature

during their preparation.

The structure of the final network obtained after the dual-

curing process can be schematized as reported in Fig. 7.

Concerning the PEGDA system, on the basis of the

reactivity ratios of the acrylic and methacrylic double bonds

reported in the literature [20], we can assume an almost

random distribution of the acrylic and methacrylic units in

the copolymer chains.

Hybrid films containing different amounts of TEOS in

the range 10–50% w/w (with respect to the PEGDA or

BEMA mixture) were prepared. The curing kinetic curves

of these mixtures were found similar to those reported in

Figs. 4 and 5.
3.2. Properties of the cured films

In Fig. 8 a typical DSC thermogram of a cured BEMA

film containing 50% w/w of TEOS is reported. The glass

transition region is evident, together with the absence of any

PEO cristallinity.

In Table 1 the Tg values related to PEGDA and BEMA

systems are collected. All the materials are amorphous. It is

evident that Tg increases by increasing the TEOS content.

The Tg values obtained by DMTA analyses show a similar

trend, notwithstanding their higher values, which can be

attributed to a frequency effect [21]. The Tg increase can be



Fig. 3. FT-IR spectra of PEGDA system before (a) and after (b) UV curing (40 s irradiation).
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attributed to the formation of the silica network, which

induces constraints reducing the PEO segments mobility

[21]. Moreover an increase of the storage modulus E 0,

evaluated above the Tg value (40 8C) is observed: this can be
 

Fig. 4. FT-IR photopolymerization kinetic curves related to PEGDA and

PEGDAC30% TEOS.
due to the increase of the inorganic phase content, which

acts as reinforcing agent. Two typical DMTA spectra of

PEGDA and PEGDA C50% of TEOS are reported in Figs.

9 and 10, respectively.
 

Fig. 5. FT-IR photopolymerization kinetic curves related to BEMA and

BEMAC30% TEOS.



 

Fig. 6. Kinetic curves of the condensation reaction for PEGDA and BEMA

systems containing 30% TEOS.

Table 1

Tg values of PEGDA and BEMA hybrid systems as a function of TEOS

concentration

Tg DSC (8C) Tg DMTA (8C) E 0 at 40 8C

(MPa)

PEGDA K36.0 K27.8 6

PEGDAC10%

TEOS

K28.0 K17.0 15

PEGDAC30%

TEOS

K23.0 K11.2 47

PEGDAC50%

TEOS

K15.0 K6.5 101

BEMA K32.0 K23.2 14

BEMAC10%

TEOS

K24.5 K15.0 27

BEMAC30%

TEOS

K18.0 K5.6 76

BEMAC50%

TEOS

K8.0 C14.0 120
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Further DMTA investigation will be published in a

forthcoming work [22].

Moreover, BEMA-based systems show slightly higher Tg

values with respect to PEGDA ones. This fact can be

attributed to the presence of methacrylic double bonds in the

polymeric chains; they give rise to higher Tg values with

respect to acrylic double bonds [21]. Moreover, BEMA

contains a rigid Bisphenol A structure in the middle of its

molecule, which can induce an increase of the Tg value. On
Fig. 7. Scheme of the final network obtained after ph
the other hand, we have to consider that BEMA 1400 has a

higher MW with respect to PEGDA 600; thus a lower final

crosslinking density of the network is achieved. As a

consequence of these factors, a similar thermal behavior is

observed.

In Table 2 the gel content of PEGDA- and BEMA-based

systems having different amount of TEOS are collected

before and after the thermal treatment. The data indicate that

the thermal treatment induces an increase of the gel content,

giving rise to an almost insoluble network.
otopolymerization and thermal condensation.



Fig. 8. DSC thermogram related to a BEMAC50% TEOS hybrid.
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The films are perfectly transparent. X-ray diffraction

analyses indicate the absence of any crystallinity.

TEM micrographs evidence a phase separation at a

nanometric level, as reported in Fig. 11. The presence of
Fig. 9. DMTA spectrum related t
silica-rich phases is evident (their average dimension is

about 20 nm). The mapping of Si through EDS technique

showed the presence of higher Si content in the darker spots.

Anyway, Si was also revealed in the lighter areas.
o a cured PEGDA system.



Fig. 10. DMTA spectrum related to a PEGDAC50% TEOS hybrid.
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Moreover, some preliminary TGA experiments were

performed in air and in N2 in order to compare the thermal

stability of the hybrid products with that of the systems not

containing TEOS. The TGA curves reported in Fig. 12a for

BEMA systems indicate a higher thermal stability of the

hybrid systems with respect to those which do not contain

TEOS. This behavior can be attributed to a slow down of the

oxygen diffusion into the polymeric matrix, due to the

presence of silica nanophases. By repeating the TGA

analyses in N2 (Fig. 12b) the two curves are superimposed

until 500 8C, indicating the same thermal behavior.
4. Conclusions

Hybrid systems containing PEO segments linked to an
Table 2

Gel content of the UV-cured materials before and after the thermal

treatment (75 8C, 4 h)

Materials Gel content (%)

Before After

PEGDA 69 92

PEGDAC10% TEOS 81 94

PEGDAC30% TEOS 70 92

PEGDAC50% TEOS 67 96

BEMA 82 100

BEMAC10% TEOS 84 99

BEMAC30% TEOS 81 100

BEMAC50% TEOS 69 100
acrylate–methacrylate network were prepared through a

dual-curing process, which involves photopolymerization

and condensation of alkoxysilane groups.

The evaluation of the acrylic and methacrylic groups and

of the alkoxysilane groups (through the alcohol evapor-

ation) indicated that an almost complete conversion of the

reactive functional groups was achieved.

The Tg values of the hybrid films increased by increasing
Fig. 11. TEM micrograph of a BEMAC30% TEOS hybrid.



 

Fig. 12. TGA curves in air (a) and in N2 (b) of cured BEMA and BEMAC

30% TEOS hybrid.
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the amount of TEOS in the hybrid. This behavior can be

explained considering the increase of constraints of PEO

segments in the network due to the siloxane condensation

reactions.

By comparing the thermal behavior of PEGDA and

BEMA, higher Tg values were achieved by BEMA systems.

This fact can be attributed to the presence in BEMA both of

methacrylic double bonds and of the rigid structure of

Bisphenol A.
The obtained films were perfectly transparent and

amorphous; TEM analysis indicated the formation of silica

phases at a nanometric level.

TGA curves revealed a higher thermal stability of the

hybrid structures.
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