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ABSTRACT: Hybrid organic/inorganic materials were prepared by an in situ sol–gel process using tetraethoxysilane (TEOS) in the pres-

ence of hyperbranched polyester. The influences of hyperbranched polyester molar mass as well as the amount of TEOS were exam-

ined. The condensation degree was characterized by solid state 29Si NMR. The combination of solubility tests, calcination tests, SAXS

and dynamic mechanical analysis allowed us to investigate the hybrid material nanostructure. The results show high compatibility

between the inorganic silica phase and the organic polymer phase, due to the spherical shape of the hyperbranched polymer and its

numerous hydroxyl groups. As a consequence, a continuous inorganic phase was formed even with a low silica precursor content

without any macroscopic phase separation. These hybrid materials have a high Tg and high storage modulus even at an elevated tem-

perature combined with improved thermal stability. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39830.
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INTRODUCTION

In coating applications, advanced properties and multi-

functionality are essential to match increased market demand.

These functionalities can be abrasion and scratch resistance,

gloss, toughness, mechanical properties, barrier properties, self-

healing and self-cleaning, corrosion resistance, etc. In this con-

text, polymer-based organic–inorganic (O/I) nanomaterials have

attracted a great deal of attention in recent decades because a

synergistic combination of the properties of each phase is

expected from the nanolevel.1

These materials can be obtained via different routes: (i) by the

addition of preformed nanoparticles or nanoclusters, the most

significant examples being layered silicates, silicas, nanotube-like

or needle-like metal oxides, or polyhedral oligomeric silses-

quioxane (POSS),2–7 (ii) by in situ generation of an inorganic-

rich phase through a conventional sol–gel process involving

hydrolysis and condensation reactions under mild conditions,

starting from hydrolysable metal alkoxides, generally alkoxy

silanes.8–12 These reactions are illustrated in Scheme 1 for tet-

raethoxysilane (TEOS), often used for the formation of hybrid

materials. Using the sol–gel process makes it possible to grow

an inorganic phase into an organic polymeric matrix from a

reaction-induced phase separation mechanism, allowing a very

fine dispersion of the inorganic phase even at the molecular

level. The nanostructure obtained depends on many parameters,

such as the chemical nature of each phase and the conditions of

synthesis. Hybrid materials are generally divided into two cate-

gories according to the nature of the O/I interface: the noncova-

lent O/I composites and the covalent composites corresponding

to “class I” and “class II” hybrids,13 respectively, in the catego-

ries defined by Sanchez and Ribot.14 Non-covalent composites

refer to materials in which interactions between the two phases

consist of noncovalent interactions due to van der Waals, elec-

trostatic and hydrogen bonding forces. Covalent hybrids are

usually obtained via two routes: in the first, a polymer bearing

ASi(OR)3 group is subjected to hydrolysis and condensation in

the presence of an alkoxysilane such as Si(OR)4 in a homogene-

ous solution, whereas in the second route, an organofunctional

alkoxysilane, denoted as a coupling agent, is used to provide

covalent bonds at the interface between inorganic and organic-

rich phases.

Numerous organic–inorganic hybrids based on linear polymers

and thermosetting polymers have been examined in literature.

However, only a few studies have been reported on hybrids

based on polyesters, either linear, unsaturated or hyperbranched

polyesters.13,15–27 Ester groups in polyester chains are not strong

enough to form hydrogen bonds with silanols,17 so the use of a

type of polyester which contains hydroxyl groups is of a great

interest to increase the interfacial forces between the polymer

and the silica network. Frings et al.15 studied a linear hydroxy
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terminated polyester—TEOS system, catalyzed by p-toluenesul-

fonic acid monohydrate. A transparent material was obtained with

increased hardness. The authors concluded that the interactions

between the polyester and hydrolyzed TEOS probably take place

via condensation of the hydroxyl groups as shown in Scheme 2. In

another study,16 the authors used a trifunctional hydroxy-

terminated polyester, hexakis(methoxymethyl)melamine as the

crosslinking agent and prehydrolyzed TEOS (under acidic condi-

tions). Above 11 wt % silica, the coatings appeared hazy. Round

silica particles were observed by electron microscopy, with increas-

ing size from 100 to 500 nm upon rising the amount of silica. This

unexpected result was explained by the poor compatibility and

lack of interactions between the O and I phases, causing phase sep-

aration. Hsu synthesized hybrid materials from a hydroxy-

containing linear polyester and prehydrolyzed TEOS (under acidic

conditions) mixed in THF.17 Transparent and flexible hybrids were

obtained even at a high silica content (>40 wt %). The interfacial

force, i.e., hydrogen bonding between the polyester and residual

silanol of silica, was investigated by infrared spectroscopy. After

heat treatment, this interfacial force changed into covalent bonds

through dehydration of hydroxyl groups in polyester with residual

silanols. The existence of covalent SiAOAC bonds was demon-

strated by 29Si NMR; Tg and thermal stability of the resulting mate-

rials were increased while the solubility was decreased.

To have more hydroxyl groups available, hyperbranched polyesters

have also been used to prepare hybrid materials. Hyperbranched

polymers (HBPs) possess special and unique properties, such as

greater solubility in organic solvents and lower melting viscosity

than their linear homologues; their highly branched structure

gives access to a large number of reactive end groups. Moreover,

their synthesis is relatively easy. This is why HBPs have been used

in various coating and thermoset applications in order to improve

properties such as processability or toughness. However, little

work has been performed to prepare hybrids. Zou et al. used a

modified hyperbranched polyester and a coupling agent, con-

densed with prehydrolyzed TEOS (under acidic conditions) to

prepare hybrids.19 Transparent and hard materials were obtained.

FTIR evidenced the formation of chemical bonds between HBP

and silica. SEM images showed well-dispersed particles of colloi-

dal silica with a size of 6–9 nm. In another paper,20 the same

authors compared a linear acrylated polyester to a hyperbranched

polyester. In both cases, a coupling agent and prehydrolyzed

TEOS were used as the inorganic component. Hybrid materials

were obtained via a sol–gel process and photopolymerization. In

the films based on the HBP, the particle size was about 1–5 lm,

while for linear polyester-based hybrids, agglomeration of silica

particles was observed with particle sizes of 40–100 lm. These

results were related to the good or poor miscibility of the organic

phase with the inorganic one, respectively. Amerio et al. used an

epoxy-functionalized HBP, modified or not by a coupling agent,

and TEOS to prepare hybrid coatings.24 The organic network was

obtained by photopolymerization, initiated by a Br€onsted acid.

Then subsequent hydrolysis and condensation reactions were per-

formed in an oven at 75�C for 4 h with constant humidity. No

macroscopic phase separation was observed, and the materials

were optically transparent. Silica domains were embedded in the

polymeric matrix on the nanometer scale of 2–3 nm. In the

absence of a coupling agent, the silica particles tended to agglom-

erate. Di Gianni et al. used either a phenol-terminated or an

alkoxysilane-terminated HB polyester and Ti(iOPr)4 as the inor-

ganic precursor to prepare nanocomposites based on TiO2 nano-

particles.25 The polymer was cured by a diisocyante. Hard and

individual particles were observed by TEM, which were much

smaller when the alcoxy-modified polymer was used as the

matrix. SAXS measurements indicated that the interface was sharp

in the case of the modified polymer and smooth in the case of

the OH-terminated HB polyester. When TiO2 was present, an

increase in Tg was observed in the case of the unmodified OH-

terminated polymer, while no Tg was detectable when the alkoxy

silane-terminated polyester was used as the matrix. The authors

explained this result by the formation of strong interactions

between the modified polymer and the inorganic particles which

strongly limited the mobility of the chains and shifted Tg near the

decomposition temperature. The presence of TiO2 enhanced the

thermal stability as well as the hardness of the hybrid material.

Scheme 1. Sol–gel reactions of tetraethoxysilane.

Scheme 2. Reactions of hydroxyl-terminated polyester and hydrolyzed TEOS.
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In this study, the peculiar shape of HBPs was exploited for the

synthesis of hybrid organic–inorganic materials, because of the

numerous interactions allowed between the organic and inor-

ganic phases. In particular, hydroxyl functionalized hyper-

branched polyesters were used as the organic phase for film

preparation. The inorganic phase was generated in situ from

hydrolysis and condensation reactions of tetraethoxysilane, with-

out addition of any coupling agent. Two series of hybrid materi-

als were synthesized with different silica contents and a different

polymer molar mass; they were characterized according to mor-

phology, thermal and mechanical properties.

EXPERIMENTAL

Materials

Tetraethoxysilane (TEOS) was purchased from Sigma–Aldrich;

dioxane and hydrochloric acid were purchased from Carlo-Erba

SDS. The hyperbranched polyester BoltornVR H20 was obtained

from Perstop; it has theoretically 16 hydroxyl groups and a

molecular weight, Mw, close to 1700 g mol21. The hyper-

branched polyester PHF-64-OHVR was purchased from Polymer

Factory; it has theoretically 64 hydroxyl groups and a molecular

weight, Mw, close to 7300 g mol21. A schematic structure of the

H40 hyperbranched polyester is represented in Figure 1.

Synthesis of the Hybrid Materials

The hybrid materials were prepared using a protocol inspired by

the work of Zou et al.19 A typical experiment procedure was the

following: a glass reactor was charged with dioxane and polyes-

ter, with a concentration of 20 wt %, and heated to 90�C until

a homogeneous mixture was obtained. The polyester was previ-

ously dried at 70�C for 24 h. Then, TEOS was progressively

added. Hydrolysis and condensation reactions were performed

by adding an acidic water solution, at pH 2, using one equiva-

lent of water per hydrolysable group, i.e., four in the case of

TEOS. The mixture was kept under stirring at 90�C for 4 h.

After a concentration step by evaporation at 50�C, the resulting

solutions were applied on anti-adhesive coated glass plates. The

materials were subsequently heated in an oven to 180�C at

4.3�C min21 followed by 4 h at 180�C. Free standing films of

about 100 lm in thickness were thus obtained.

Different compositions were prepared to evaluate the impact of

inorganic phase content and of the polyester molecular weight.

The different compositions studied are named as follows: first

the name of the polymer, H40 or H20, then the theoretical

amount of equivalent SiO2 in wt % calculated from the initial

content of TEOS introduced in the reaction medium (Table I).

Characterization

Solid state CP-MAS 29Si NMR spectra were recorded on a

Bruker DSX 300 solid-state spectrometer. To determine the con-

tent of hyperbranched polyester incorporated into the silica net-

work, hybrids were subjected to extraction with tetrahydrofuran

(THF) for 72 h at room temperature. The organic phase was

Figure 1. Schematic structure of H40.

Table I. Composition of the Different Hybrid Formulations

Wt % SiO2 20 10 5

H20/H40 (g) 48 67.4 81

TEOS (g) 38.5 24.4 14

H2O (g) 13.5 8.2 5
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also removed from the hybrid sample by calcination under air

at 300�C for 52 h to identify the nature of the continuous

phase, organic vs. inorganic. The weight percentage of inorganic

phase in hybrid materials was determined by thermogravimetric

analysis (TGA) using Q500 form TA instruments. Samples were

heated under air over the range 30–700�C at a heating rate of

10�C min21. Transmission electron microscopy (TEM) was per-

formed on a Philips CM120 microscope. Thin sections, nomi-

nally 70 nm, were cut by a diamond knife using an

ultramicrotome.

Small angle X-ray scattering (SAXS) experiments were per-

formed using a pinhole camera (Molecular Metrology SAXS sys-

tem) attached to a microfocused X-ray beam generator (Osmic

MicrMax 002) operating at 45 kV and 0.66 mA (30 W). The

scattering intensities were considered on absolute scale using a

glassy carbon standard.

A dynamic mechanical analysis (DMA) was carried out using a

Rheometrics RSAII, at a frequency of 1 Hz in the tensile config-

uration, with strain amplitude of 0.03%. The storage modulus,

E0, and the loss factor, tan d, were measured from 250 to

300�C at a heating rate of 3�C min21 with a sample dimension

of 30 3 11 3 0.1 mm3.

RESULTS AND DISCUSSION

Characterization and Structure of the H40-20 Film

First of all, we investigated the structure of the H40-20 hybrid film;

it was synthesized from polyester H40 and an amount of TEOS

leading to a theoretical content of 20 wt % of equivalent SiO2.

The TEOS condensation state was quantified by solid-state 29Si

NMR, using a film sample after the final thermal treatment at

180�C. The spectrum is shown in Figure 2. The silicon sites are

labeled with the conventional Qn notation. Qn represents a sili-

con atom with four potential reactive groups; the n index repre-

sents the number of silicon atoms bonded to the first silicon by

an oxygen bridging atom. A broad peak was observed, with a

maximum at 2101 ppm and two shoulders at 294 and 2109

ppm, assigned to Q3, Q2, and Q4 species, respectively.17–19 No

peak corresponding to Q1 was observed. The proportion of Qn

was determined by quantitative analysis based on the peak areas

of each species obtained after a deconvolution method. The

results show that Q3 was the major structure, then Q2 and Q4

with relative proportions equal to 72, 17, and 11%, respectively.

The degree of condensation (Dc) was calculated according to

the general following relation:

Dc5
Q112Q213Q314Q4

4
3100

A Dc value of 73.5% was found for these conditions. Therefore, we

were able to conclude that TEOS was not fully condensed after the

protocol in solution followed by thermal treatment at 180�C.

In the following characterization step, sample morphology was

assessed by different complementary techniques. Upon visual

observation, the film looked transparent and optically uniform.

Extraction of the hyperbranched polyester from the hybrid film

was attempted using THF. The film did not disintegrate and

remained fully cohesive. Only 3 wt % of polymer was extracted.

This simple experiment demonstrated that the inorganic phase

formed a continuous phase and the polyester was strongly

linked to the inorganic component through interfacial interac-

tions because of the difficulty in removing it from the material.

The hybrid can be reasonably considered as class II. This struc-

ture was confirmed by a calcination test. After degradation of

the organic part, the residue obtained was a solid brittle film.

This residue was analyzed by TGA and compared to the initial,

non calcined H40-20 film. TGA results are depicted in Figure 3.

The hybrid material had a maximum degradation temperature

at 350�C, corresponding to the degradation of the polyester,

and the char content at 700�C was equal to 20 wt %, in perfect

agreement with the theoretical value expected from the initial

Figure 2. Solid state 29Si NMR of H40-20 hybrid film. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. TGA curves for the H40-20 film and calcined film. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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composition. The calcined residue showed no mass loss in the

polyester degradation temperature range, confirming full

organic phase degradation during thermal treatment at 300�C.

The residue obtained was inorganic.

Figure 4 illustrates the SAXS profiles I(q) in a log-log plot, called

Porod plot, corresponding to the H40 neat hyperbranched poly-

mer and the H40-20 hybrid material. SAXS has been widely used

for the structural characterization of hybrid materials.11,25,28 The

diffusion profile is decomposed in two classical regimes: a

decreasing linear regime at low-q range whose lower and upper

limits change with the material composition and an interference

peak located at higher-q range. In the wave vector range 0.004

Å21< q< 0.03 Å21, the H40 polymer scattering intensity exhib-

ited power law decay. A correlation peak was observed at 0.07

Å21. For spherical-like objects like hyperbranched polymers, the

radius of a sphere r is determined as r 5 5.76/qmax. A correlation

distance of r 5 8 nm was found, corresponding to the size of the

HB molecules. The hybrid material SAXS profile showed different

characteristic regions. The slope of the linear region in the Porod

plot is related to the fractal nature of the inorganic domains; the

slope was found equal to 21.5, indicating the formation of a dif-

fuse interface while a slope in the range from 23 to 24 would

have been significant of more dense and smooth particles having

a sharp interface. At higher wave vector, a sort of plateau in the

scattering profile, was observed for 0.03 Å21< q< 0.1 Å21.

Above q 5 0.127 Å21, the intensity continued to decrease with q;

the correlation peak observed at q 5 0.127 Å21 corresponds to a

structural object with a size of d 5 4.5 nm.

TEM images did not reveal any characteristic features; no dis-

tinct aggregates or particles could be seen, confirming previous

experimental observations. The resulting morphology was very

fine, below a few nanometers.

Dynamic mechanical analysis was performed on the neat HB

polyester and the corresponding hybrid H40-20. The spectra of

these two samples are shown in Figure 5. First, it is worth not-

ing the poor mechanical behavior of the neat hyperbranched

polymer: its main a relaxation, corresponding to the glass tran-

sition phenomena, was close to room temperature. Simultane-

ously, a strong drop in the storage modulus was observed,

immediately followed by polymer flow. The thermo-mechanical

behavior of the hybrid material was totally different when the

silica phase was generated. The a transition shifted to a higher

temperature with a maximum at Ta 5 110�C, and its magnitude

was strongly decreased. In addition, a significant broadening of

the a relaxation peak revealed a wider distribution of relaxation

time, corresponding to more or less mobile HB polyester chains.

The storage modulus E0 showed only a slight decrease in the Ta

region and a plateau was observed at a high temperature, which

means that a crosslinked material was formed. At T 5 200�C, E0

was equal to 620 MPa, which is a remarkably high value.

According to this value, which is typical of a glassy material,

one can conclude the existence of an inorganic-rich continuous

phase. Both, the increase in Ta and in modulus resulted from

strong interactions created between the organic and inorganic

components and the existence of diffuse nanostructures which

reduce the motion of polyester chains.12,24

The morphology that developed in the hybrid material synthe-

sized from the H40 hyperbranched polymer and TEOS was dif-

ferent from those reported in the literature in relatively similar

systems. In a study published by Zou et al.,19 hybrids were

based on an aliphatic hyperbranched polyester (H20) modified

by a coupling agent, GPTMS, in order to obtain a functional-

ized HB polymer with silane end groups; then, this modified

HB polymer was condensed with prehydrolyzed TEOS (using

HCl as the catalyst in an ethanol solution).19 Transparent and

hard materials at room temperature were obtained after heating

for 24 h at 120�C. The degree of condensation was close to

83% and the gel content was close to 92%. Scanning electron

microscopy images showed nanoparticles of colloidal silica 6–9

nm in size. The maximum Tg (DSC) was 72�C.

In contrast to the study by Zou, the TEOS hydrolysis in our

protocol was performed in the presence of the hyperbranched

polyester. Under the acidic conditions used, hydrolysis of TEOS

is very fast and interactions between the AOH groups of the

hyperbranched polyester and silanol groups from the hydrolyzed

TEOS are largely promoted. These interactions occur via

Figure 4. SAXS profiles for the H40 neat hyperbranched polymer and for

the H40-20 hybrid material. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 5. Variation of E0 and tan d vs. temperature for the H40 neat

hyperbranched polyester and for the H40-20 hybrid material. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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hydrogen bonding between the numerous polyester hydroxyl

end groups or via possible hydroxyl group condensation. Fol-

lowing this route, great compatibility between the two phases is

achieved and no phase separation with silica particle formation

is observed.

Effect of the TEOS Content

The influence of the inorganic content was investigated. O/I

hybrid materials containing a theoretical content of 5 and 10 wt

% SiO2 were synthesized and compared to the H40-20 film con-

taining 20 wt % SiO2.

29Si solid state NMR recorded on the H40-10 film showed that

the Q3 species was the major ones, while Q2 and Q4 were found

in smaller amounts. The overall condensation degree, Dc, was

75.5% for this film, with a molar proportion of 21, 52, and

26% for Q2, Q3, and Q4, respectively. The Dc value was in the

same range as in the H40-20 film, with less Q3 species but

more Q2 and Q4 species. It was not possible to perform such a

calculation for the H40-5 hybrid because the signal was too

weak.

The hybrid films were homogeneous and optically transparent.

After immersion in THF, the H40-10 film remained cohesive

while the H40-5 film lost its integrity and was partially dis-

solved in the solvent. This experiment revealed a clear difference

in the morphology of the two hybrid samples. The amount of

extracted polyester was 20 and 56 wt % for H40-10 and H40-5,

respectively. This decreased with the inorganic phase amount

and emphasizes that the interactions between the two phases

are more numerous and/or stronger when the silica content is

high. A calcination test was also done; after complete polyester

degradation, the two films remained cohesive and transparent

regardless of the inorganic content. The continuous phase was

clearly silica in both cases. It seems a priori contradictory to the

results obtained in the solubility test for the film containing the

lowest content of silica, H40-5. In this particular case, a post-

condensation reaction occurred when the sample was submitted

to the calcination test at 300�C, while this chemical reaction

cannot occur during the solubility test performed at room tem-

perature. At the end of the thermal treatment at 180�C, all the

inorganic species are spatially organized around the hyper-

branched polyester and are well-dispersed. However, the degree

of condensation was probably not sufficiently high to lead to a

dense and continuous inorganic phase as observed in the other

hybrid films (H40-20 and H40-10).

The SAXS profiles are shown in Figure 6. The scattering curve

shapes of these samples relate to their different morphologies.

For the lowest content of inorganic phase, the I(q) curve of the

hybrid was very similar to the curve obtained on the H40

hyperbranched polyester; the same correlation peak at q 5 0.07

Å21 was observed, but the main difference was a higher signal

intensity (0.35 instead of 0.1) due to the presence of the inor-

ganic phase. Therefore, hyperbranched polyester structuration

was not modified by the presence of 5 wt % silica. The I(q)

curve for the H40-10 hybrid had some similarity with that

obtained for the H40 polymer in the low q region, with the

same slope and intensity. However, the behavior above q 5 0.1

Å21 was more similar to the H40-20 hybrid; the correlation

peak was in the same range, but the intensity was lower due to

the lower amount of silica.

Again TEM did not allow the observation of any organic and

inorganic microphase separation due to the size of the nano-

structures and the diffuse nature of the O/I interface.

The influence of the amount of the inorganic phase on the vari-

ation of E0 and tan d is shown in Figure 7. Very different

Figure 6. SAXS profiles of the hybrid films containing various amounts of the inorganic phase: 0, 5, 10, and 20 wt %. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Variation of E0 and tan d vs. temperature for the H40-5, H40-10

and H40-20 hybrid materials. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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behaviors were observed. The hybrid containing the lowest inor-

ganic phase content, 5 wt %, behaved like a thermoset material.

The glass transition temperature was 60�C, the peak magnitude

was high, tan dmax 5 1.3 and its broadness was weak, i.e., 30�C
at mid-height. Therefore, it can be concluded that no strong

interactions or confinement effects exist between the two phases

because no significant reduction of polyester molecular mobility

was observed. The modulus drop was greater than two decades,

down to 10 MPa, without polymer flow after Ta compared to

the neat polyester. On the contrary, in the rubbery state, a pro-

gressive increase in the modulus was noted; it appears that the

thermal treatment at 180�C was not long enough to obtain a

constant degree of condensation at this temperature. Above

250�C, this increase was even more remarkable; the modulus

was equal to 17 MPa at 200�C and 89 MPa at 290�C. This phe-

nomenon is due to post-condensation reactions occurring dur-

ing the DMA temperature ramp. At the end of the thermal

treatment applied for the synthesis of this hybrid material, the

continuous phase is the polyester one which is linked by weak

interactions to the inorganic phase. Then, upon heating the

sample, either in the rheometer or during the calcination test,

more post-condensation reactions occur. Therefore, the sample

morphology evolves continuously; the inorganic-rich phase

becomes more and more dense and connected in order to form

a continuous inorganic phase or a cocontinuous phase with the

organic-rich phase. The hybrid with a moderate silica content,

10 wt %, showed intermediate DMA behavior compared to the

two other samples, containing 5 and 20 wt % silica, regarding

both glass transition and modulus changes. Indeed, the glass

transition temperature was equal to 90�C, its magnitude was

close to 0.3 and its broadness at mid-height was equal to 50�C.

The increase in the glass transition temperature, compared to

the H40-5 sample, was due to the restriction of polyester mac-

romolecule motion because more and/or stronger interactions

between the two phases than those in the 5 wt % hybrid mate-

rial were created. The decrease in storage modulus was only of

one decade and a plateau was clearly observed up to 250�C, a

temperature at which a slight modulus increase was noted. The

thermal treatment of 4 h at 180�C was enough to reach a stable

state of silanol condensation. In agreement with previous solu-

bility and calcination tests, it can be concluded that the mor-

phology of the hybrid material containing 10 wt % silica

corresponds to a continuous inorganic phase which is able to

develop strong interactions with the polyester hydroxyl terminal

groups.

The study of these three different hybrid material compositions

showed that different morphologies were developed, depending

on the amount of the silica-rich phase generated. In our synthe-

sis conditions, the morphology went from a continuous polyes-

ter phase to a continuous silica phase. This phase inversion

phenomena was observed for a silica content between 5 and 10

wt %. As a consequence of this morphological modification,

both the glass transition temperature and the storage modulus

exhibited a considerable increase for the highest inorganic con-

tent. In addition, the morphology could be modified by a high

temperature post-treatment which allowed post-condensation

reactions.

Effect of Hyperbranched Polyester Molecular Weight

The H20 hyperbranched polyester was used instead of H40 for

the synthesis of a new hybrid material series. The H20 molar

mass is lower than that of H40, with Mw 5 1700 and 7300 g

mol21, respectively. Nevertheless, the hydroxyl end group con-

centration remained in the same range and was theoretically

equal to 11.8 3 1023 AOH/g and 11.0 3 1023 AOH/g for H20

and H40, respectively. Both polymers have a similar glass transi-

tion temperature. The synthesis protocol was the same. The

amount of TEOS used was calculated in order to obtain 5, 10,

and 20 wt % silica in the final hybrid materials (Table I).

The three hybrid materials based on the H20 polyester appeared

homogeneous and optically transparent. The solubilization test

in THF showed that the three films retained their integrity and

remained cohesive which was not the case for the H40-5 hybrid.

So, the first influence of the polyester molar mass was noted in

the hybrid containing the lowest amount of silica. Indeed, as

previously mentioned, the film H40-5 lost its integrity after

immersion in THF while that the film H20-5 kept its shape.

This observation reveals a difference in film structuration and

allows us to suppose that the H20-5 film has a continuous inor-

ganic phase.

TEM images did not reveal any interesting features; no clear

organic or inorganic domains could be observed, which con-

firmed that the resulting morphology was very fine.

Figure 8 shows the temperature dependence of the loss factor

and the storage modulus of hybrid materials synthesized from

H20 and a different amount of TEOS. The DMA data are tabu-

lated in Table II and compared to the H40 series data. The

influence of the silica content in the H20 series was examined

first. The storage moduli, above the glass transition region, were

clearly increased upon the generation of a higher content of the

inorganic phase. At 200�C, there was a difference of one decade

between the moduli of the materials synthesized with the lowest

and highest amount of silica. The same trend was noted with

the hybrids based on H40, although the difference was even

higher. The glass transition temperature was the same with the

two lowest contents of silica, 5 and 10 wt %, and was equal to

110�C, while a decrease was observed as the amount of silica

reached 20 wt %. This last result is the opposite of that

Figure 8. Variation of E’ and tan d for the H20-5, H20-10 and H20–40

hybrid materials and the H20-film. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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obtained previously on the H40-20 film, which showed the

highest Ta of the series. In addition, the tand relaxation peak

broadness, expressed by L1/2 (width at half-height of the tan d
peak), was smaller in the H20 series as compared to the H40

series.

A molar mass influence could be also seen. For the highest silica

content, both H20-20 and H40-20 hybrids showed an inorganic

continuous phase according to the high values of the storage

modulus at high temperature. However, the glass transition

temperature and the broadness of the tan d relaxation peak

were significantly decreased for the hybrids based on H20 as

compared to hybrids based on H40. This difference could not

be explained by the initial values of the polyester glass transition

temperature, which were very close. This is indicative of fewer

or weaker interactions developed between the H20 polyester

and the inorganic component, and of a less heterogeneous dis-

tribution of relaxation times of the polymer chains. For the

intermediate content of silica, 10 wt %, the modulus drop

above the glass transition was quite similar in both hybrids; this

drop was moderate, by about one decade. However, the two

hybrids had a 20 K difference in glass transition temperatures;

the glass transition temperature of the H20-10 hybrid became

higher than that of the H40-10 hybrid. This result is surprising

and could be attributed to the fact that the material structura-

tion within the H20-10 hybrid led to a very confined organic

phase with the creation of strong interfaces between the polyes-

ter and the silica-rich phase. For the lowest silica content, 5 wt

%, the modulus drop at the glass transition was higher as com-

pared to the two previous cases. However, the value obtained at

200�C was high for the H20-5 hybrid and may be related to the

existence of an inorganic continuous phase, in agreement with

the solubility and calcination tests. The H20-5 inorganic contin-

uum was less dense than that obtained for the H20-10 and

H20-20 materials. Above 200�C, an increase in the modulus was

observed due to some post-condensation reactions, as reported

previously. The glass transition temperature was 110�C. The

molar mass influence was especially important when the inor-

ganic phase content was low. It is remarkable to obtain a con-

tinuous inorganic phase for such a low TEOS content, as this

phase promotes the creation of very strong interactions with the

polyester and shifts the glass transition temperature to a very

high value compared to the neat polyester.

Thermal Stability

Figure 9 displays the TGA thermograms of hybrids with differ-

ent silica contents, synthesized from either the H40 or H20

polyester. All samples exhibited a one-step decomposition pro-

file in air. The residue at 700�C was silica since the organic

component was likely totally decomposed at this temperature.

The values obtained are in agreement with the targeted silica

content. The temperature at which 50 wt % of the organic

phase was decomposed is reported in Table III. Compared to

the neat polymer, H40 or H20, the thermal stability of all

hybrid materials was increased. A higher inorganic phase con-

tent resulted in greater material thermal stability. In addition,

the polyester molar mass also played a more or less pronounced

influence, depending on the amount of silica added. The H40

neat polyester was slightly more stable than the H20 neat poly-

ester. Upon addition of the inorganic component, the difference

Table II. Dynamic Mechanical Properties of the Different Hybrid

Materials

BoltornVR H20 H20-5 H20-10 H20-20

E0200�C (MPa) – 57 140 460

Ta (�C) 23 109 110 69

L1=2 (K) – 30 39 57

BoltornVR H40 H40-5 H40-10 H40-20

E0200�C (MPa) – 17 116 620

Ta (�C) 25 60 90 110

L1=2 (K) – 30 49 95

Ta: temperature at the maximum of tan d peak, L1/2:width at half-height
of the tan d peak.

Figure 9. TGA curves of hybrid materials in air (a) H40 based series (b)

H20 based series. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table III. Temperature at 50% of Polyester Phase Mass Loss

SiO2 wt % 0 5 10 20

T50
�C—H40 376 381 388 390

T50
�C—H20 359 372 378 394
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between the two series was less, and the hybrids behaved very

similarly for a silica content of 20 wt %.

CONCLUSIONS

Organic–inorganic hybrid coatings were synthesized based on

the sol-gel polymerization of TEOS in the presence of a hyper-

branched polyester. Using this very simple process, we obtained

a range of homogeneous and transparent O/I materials having a

continuous inorganic-rich phase even with a very low initial

TEOS content and without the use of any interfacial coupling

agent. The development of this morphology was possible thanks

to our process in an acidic environment, which favors hydrolysis

reactions. As a consequence, strong interactions can be devel-

oped at the interface between hydroxyl end groups from the

polyester and silanol groups from the hydrolyzed TEOS precur-

sor. No microphase separation occurred even if a nanoscale

morphology was generated from a reaction-induced phase sepa-

ration phenomenon. After thermal treatment at 180�C to per-

form the condensation reactions, we found that most of the

TEOS existed as the Q3 species. These species underwent post-

condensation reactions when the hybrid was heated to a higher

temperature. Increasing the TEOS content caused an increase in

the glass transition temperature of the organic phase because of

the strong interactions created between both phases, which led

to a strong reduction in polymer molecular mobility. The stor-

age modulus was increased as well and remained high even at

high temperature due to continuous silica-rich phase formation.

As a consequence, the thermal stability was also improved. The

hyperbranched polyester molar mass showed a strong influence

on hybrid morphology and properties. Indeed, using a low

polyester molar mass, the highest glass transition temperature,

Ta �110�C, was obtained for the two lowest silica contents, 5

and 10 wt %, while using the high polyester molar mass, the

highest Ta �100�C was reached for the highest silica content of

20 wt %.
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