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Abstract

Mechanical properties of hybrid thin films based on SiO2-PMMA materials were investigated through nanoindentation tests. We d
strated in the part I of this paper, that nanoindentation is an appropriate technique to characterize hybrid organic–inorganic thin film
procedures of analysis and the use of appropriate models allows to determine reproductive indentation modulus and hardness
layers. The mechanical responses of nanocomposites are not only governed by the composition of the layers but also by the na
extent of the hybrid interface. Different layers have been studied, constituted by an inorganic and an organic phase that just be phys
or covalently connected. The weak (H bonds) or strong (covalent bonds) interactions generated by the hybrid interface lead to nano
which exhibit different mechanical behaviours. Moreover, comparison between layers obtained by in situ inorganic polymerization
and layers obtained with preformed silica nano-particles have been also investigated to correlate the morphology of the nanocom
the mechanical responses.
© 2004 Published by Elsevier Ltd.
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1. Introduction

Mild synthetic conditions provided by sol–gel chemi-
stry1,2(synthesis of glasses and ceramics from molecular pre-
cursors, such as metal alkoxides, by hydrolyse and conden-
sation reactions in an organic solvent at room temperature)
allows to incorporate organic components into an inorganic
network, leading to hybrid organic–inorganic materials.1,3–17

The degree of interpenetration of organic and inorganic com-
ponents is ranged between the sub-micro and the nano scale
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level. Consequently, sol–gel routes provide an easy me
to synthesize hybrid nanocomposites. Larger hybrid i
faces can be developed in nanocomposites than in cla
composites (matrix reinforced by fibers for example) all
ing to classify them according to their interfacial proper
The hybrid networks can be conveniently divided into
classes.13 Class I corresponds to hybrid systems in wh
the two components exchange only weak interactions
hydrogen bonding whereas the organic and inorganic
ponents are linked through covalent chemical bonds in
II materials.

Sol–gel chemistry offers a versatile route to design ch
ically a great variety of hybrid organic–inorganic materi
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For example, can be mentioned the “simultaneous” forma-
tion of two networks from molecular precursors bearing
both organic and inorganic functionalities,9 the in situ poly-
merisation of metal alkoxides in preformed polymers,18,19

the impregnation of porous inorganic networks by a
solution of an organic monomer (followed by organic
polymerisation),20,21 the use of nanobuilding blocks or
preformed nanoparticles15,16,22contributing to the flexibility
of both the nature and the size of the hybrid interface.

In the part I paper, we reported the study of the mechani-
cal properties of class II hybrid organic–inorganic thin films,
prepared by the cocodensation of a triethoxysilane function-
alized poly(methyl methacrylate) (f-PMMA) and a prehy-
drolyzed (in acidic conditions) solution of tetraethoxysilane
(TEOS). We showed that instrumented nanoindentation al-
lowed to determine the mechanical properties (indentation
modulus and hardness) of the PMMA-SiO2 hybrid thin films,
which were strongly dependent on the organic–inorganic ra-
tio.

In this present work, an investigation of the effects of the
hybrid interface between the organic and inorganic compo-
nents on the mechanical properties of PMMA-SiO2 based
hybrid thin films has been performed. Two main ways were
chosen to modify the nature and the size of the hybrid in-
terface. Firstly, class I hybrid materials were synthesized by
the in situ polymerisation of TEOS in a free triethoxysilane
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ABCR-Gelest, azobisisobutyronitrile (AIBN) from Fluka.
The monomer methyl methacrylate (MMA 99% from
Aldrich) was purified by distillation before use. Acetoni-
trile was dried over molecular sieve. The free triethoxysilane
groups PMMA was purchased from Aldrich designated by the
abbreviation Com-PMMA. The molecular weight of Com-
PMMA was determined by Size Exclusion Chromatography
and is aboutMw = 90,000 g mol−1 using a PMMA standard
calibration curve.

Snowtex silica nanoparticles, purchased from Nissan, were
in isopropanol solution at a concentration of 30% in weight
and about 12 nm in diameter.

2.1.2. Preparation of class II hybrid thin films
The synthesis of the triethoxysilane functionalized

PMMA as well as the preparation of class II PMMA-SiO2 hy-
brid thin films by in situ polymerisation of TEOS in PMMA
were described in the part I paper.

Hybrid nanoparticles based solutions were obtained by
adding 15% and 25% in weight ofSnowtex nanoparticles
to a solution of a triethoxysilane functionalized PMMA in
THF (the concentration of f-PMMA was 1 g L−1). The sols
were vigourously stirred at room temperature (RT) for 30 min
before deposition.

2.1.3. Preparation of class I hybrid thin films
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roups PMMA;23 in this case, and contrary to function
zed based hybrid materials (part I), the formation of co
ent chemical bonds between the silica and the polym
voided. Secondly, class II hybrid materials were synthe
y introducing preformed and well calibrated silica nano

icles (∅ 12 nm) in a triethoxysilane functionalized PMM
heir mechanical properties were compared to the cla
MMA-TEOS hybrids reported in paper I.

. Experimental procedures

.1. Films preparation

.1.1. Materials
Tetraethoxysilane (TEOS 99%) and [3-(methac

xy)propyl]triethoxysilane (MPTES) were purchased fr

able 1
hin films mechanical characteristics

ample Class – % inweight of SiO2 Aspect

om-PMMA I – 0 Transp
om75 I – 17 Trans
om50 I – 43 Trans
om25 I – 76 Opaqu

-PMMA II – 0 Transp
MMA75 II – 22 Transp
MMA50 II – 47 Transp
MMA25 II – 72 Transp
yb85 II – 15 Transp
yb75 II – 26 Transp
a Determined by applying the models of Mencik et al. and Bhattach
Hybrid solutions were obtained by adding 75, 50 and 2
n mol of pre-hydrolyzed TEOS to a solution of a free
thoxysilane functionalized PMMA in THF (the concen

ion of Com-PMMA was 1 g L−1). Si/PMMA: 25/75, 50/50
5/25, noted Com-PMMAx, wherex is the molar ratio of th
ommercial PMMA. The sols were vigorously stirred at
or 48 h before deposition.

Before deposition, the substrates were cleaned us
oap solution, followed by rinsing in demineralized wa
llowing to obtain an hydrophilic surface. The films w
pin-coated on standard float glass (Saint-Gobain) and
t 100◦C for 8 h. All films compositions and characterist
re listed inTable 1.

.2. Characterizations

29Si MAS NMR data were recorded on a AV300 Bruc
pectrometer (59.62 MHz) using 7 mm diameter zirc

Thickness (nm) E (GPa)a H (GPa)a

1490 6.90 0.32
1160 6.30 0.45
2220 8.20 0.56
2450 – –

1790 4.10± 0.40 0.25± 0.03
1680 7.60± 0.80 0.50± 0.05
2030 6.60± 0.70 0.54± 0.06
1890 9.50± 1.00 0.85± 0.09
1080 6.90± 0.70 0.33± 0.03
1080 8.30± 0.80 0.40± 0.04

al.
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rotors at a spinning frequency of 4 kHz. The spectra were
then fitted using the WIN-FIT24 program in order to
characterize the hybrid interface between the polymer and
the oxide components.

The molecular weight of the organic polymer was deter-
mined by size exclusion chromatography (SEC) in THF at
a flow rate of 0.8 mL min−1 and using a PMMA standard
calibration curve (Waters apparatus); the porosity of the�-
styragel columns was 105, 104, 103, 500 and 100̊A.

Scanning electron microscopy (SEM) with field gun (Leo
Gemini DSM 982) allowed us to determine the layer thick-
ness (average value of four different measurements on images
observed in the secondary electrons mode). Furthermore, the
backscattered electrons mode was used to characterize the
phase separation at the sub-micronic scale.

Thermogravimetric analysis (TGA) performed on the xe-
rogels allowed to determine the organic to inorganic ratio
and the thermal stability of the hybrid materials; the heating
rate was 10◦C min−1. All thermal analysis were performed
in oxygen and nitrogen atmospheres.

Nanoindentation experiments were performed at RT using
a NanoHardness Tester machine from CSEM (Switzerland).
Procedures and analysis developed for PMMA-SiO2 hybrid
coatings were described in the part I paper.
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Fig. 1. Observation of the cross-section of an inorganic class I coating
(Com25) in the backscattered electrons mode of the SEM.

Fig. 2. Evolution of hardnessH as a function of the relative indentation
depthhc/e for class I hybrid thin films (�) Com-PMMA, (©) Com75, (�)
Com50, ( ) Com25.

cal responses. However, hardness increases less rapidly than
indentation modulus as reported and discussed previously
for class II PMMA-SiO2 coatings. It should be noted that
the scatter in the mechanical response prevents us from de-
termining the mechanical properties of the sole thin hybrid
coating especially in the case of Com-PMMA25 film. The
scatter depends on the organic to inorganic composition and
is more pronounced when the content of silica is increased,
due to inhomogeneity.

The mechanical properties of similar class II hybrid ma-
terials prepared by in situ polymerisation of TEOS in a func-
tionalized PMMA were reported in the companion paper and
are summarized inTable 1. Such thin films were transpar-
ent and their mechanical behaviours were more reproducible

a nanoparticles

Q3 Q4

δ (ppm) Percent δ (ppm) Percent

−100.5 47 −108.8 39
−100.5 47 −109.3 41
−100.7 45 −110.0 45
−101.0 21 −110.0 77
3. Results

3.1. Sol–gel silica based hybrid thin films

The obtained class I, Com-PMMAx hybrid thin films were
not transparent contrary to the class II hybrid thin films
they are translucent to opaque according to the compo
of the layers as reported inTable 1: while Com-PMMA and
Com50 are transparent, Com75 is translucent and Com
opaque due to a phase separation between polymer and
which can be observed by SEM (Fig. 1).

The relative amounts of Qn units in class II hybrids sam
ples are reported inTable 2; the silica network is mainly mad
of about 50% Q4, 40% Q3 and 10% Q2 species.

The indentation load–displacement curves allow to d
mine the indentation modulus and hardness as a functi
indentation depth to thickness ratio (Fig. 2).25,26Indentation
modulus and hardness increase with the relative inden
depth because of the substrate contribution to the mec

Table 2
Relative amounts of Qn units in class II hybrid samples and inSnowtex silic

Sample Q2

δ (ppm) Percent

PMMA75 −91.5 14
PMMA50 −90.9 12
PMMA25 −91.5 10
Snowtex −93.0 2
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Fig. 3. Evolution of hardnessH as a function of the relative indentation
depthhc/e for (�) PMMA25 (class II) and (×) Com25 (class I).

(Fig. 3). The mechanical properties of class II hybrid coatings
were determined to be more elevated than those measured
here for class I films (Table 1).

In the same way, the thermal stability of class II and class
I hybrids, determined by thermogravimetric analysis, dif-
fers. Thus, the triethoxysilane functionalized PMMA showed
lower molecular weight and lower thermal stability than the
free triethoxysilane PMMA. On the other hand, the onset of
the degradation is observed at a higher temperature for class
II materials than for class I (PMMA50 and Com50 for exam-
ple) ones despite the reverse trend obtained for neat polymers
(Fig. 4). In fact, for a given organic/inorganic composition,
class II materials showed a better thermal stability than class
I materials.

3.2. Silica nanoparticles based hybrid thin films

Class II hybrid thin films prepared by mixing silica pre-
formed nanoparticles and a functionalized PMMA were all
transparent and homogeneous. No phase separation was ob-
served by SEM-FG in good agreement with the optical aspect
of the films.

The relative amounts of Qn units in Snowtex silica are
reported inTable 2; the nanoparticles are made of 80% Q4
and 20% Q3 species.

func-
t an

Fig. 4. Thermogravimetric curves performed under oxygen atmosphere of
PMMA50 (class II) and Com50 (class I).

increase with the increase of silica in the layer even though
only a slight reinforcement of the PMMA by silica is observed
in the range of compositions investigated here (Fig. 5). The
behaviour of the mechanical response was observed to be
similar to that of PMMA-SiO2 prepared by in situ polymeri-
sation of TEOS in PMMA and both indentation modulus and
hardness could be determined for the sole thin films (Table 1).
Interestingly, nanoparticles based hybrid thin films showed
lower hardness than sol–gel silica based hybrids while the
reduced modulus was found to be very close for both films
(Fig. 6).

4. Discussion

4.1. Strength of the intercations between organic and
inorganic components: contribution of the covalent
bonds

A good homogeneity of hybrid materials can be achieved
if weak interactions developed between both components,
are sufficient to create a good interpenetration of the two net-
works at the molecular scale. Hydroxyl groups Si-OH, gen-
erated by sol–gel chemistry, exhibit Brønsted acidity (when
the hydrolysis and condensation of molecular precursors is

F functio hin
fi

Fig. 5plots the hardness and reduced modulus as a
ion of thehc/e ratio. The mechanical properties showed

ig. 5. Evolution of (a) the indentation modulus, (b) the hardness as a
lms of (©) f-PMMA, (×) Hyb85 and (�) Hyb75.
n of the relative indentation depthhc/e of class II nanoparticles based hybrid t
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Fig. 6. Evolution of (a) the indentation modulus and (b) the hardness as a function of the relative indentation depthhc/e of (�) Hyb75 and (�) PMMA75.

acidic catalyzed) whereas carbonyl groups along the poly-
mer macromolecules are well-known to be strong acceptors
of acidic hydrogen and to form hydrogen bonds.1,19

The size of the phase separation between organic and in-
organic components can be varied from the submicronic to
the nanometer scale in several ways. In order to minimize
the phase segregation, one of them consists of the formation
of covalent bonds between the polymer and the silica phases
by an appropriate functionalization of the organic compo-
nent, leading to class II materials.23,13 Class I thin films are
observed to be opaque or translucent because no covalent in-
teractions exist to hinder phase separation; moreover, the hy-
drogen bonding between PMMA and sol–gel silica is in this
case too weak to prevent phase separation. Consequently, it
is advantageous to use a coupling agent in the preparation of
hybrid organic–inorganic materials because of the formation
of covalent interactions between both components which pre-
vents the phase separation between the organic polymer and
the silica network (avoiding the formation of silica particles).

Indentation modulus and hardness increase with the rela-
tive indentation depth because of the substrate contribution
to mechanical properties as discussed in more details in the
companion paper (part I). The scatter of the mechanical re-
sponse occurred only for some of the class I hybrids and
is to be correlated to the degree of phase separation within
these specimens. When a phase separation occurs between
t is
o mined
d othe
h or all
t ished
b ently,
i logy
o in-
t
s at a
s ed
b n in-
c hese
o val-

ues of indentation modulus and hardness which were found
to be higher for class II than for class I materials.

4.2. Size of the hybrid interface between PMMA and
silica

When silica is introduced as particles, the influence of the
size of the interface can be investigated comparing their be-
haviour to that of PMMA-TEOS where molecular-sized silica
is formed as discussed in more details below. Larger hybrid
interfaces are developed when sol–gel silica is generated by
the in situ polymerisation of TEOS in PMMA than when
nanoparticles are used.27,28 Indeed, the relative proportions
of the Qn species allowed us to conclude thatSnowtex sil-
ica is more condensed than the sol–gel silica. The abundance
of Q3 species in sol–gel silica led to more hydrogen bonding
between the silanols groups and the carbonyle of PMMA and
both organic and inorganic components are mixed at a molec-
ular level; all interactions (covalent and hydrogen bonds) pro-
mote a decrease in the polymer mobility (part I) and an in-
crease in the hardness as the size of the interface is increased.
In the same way, thermal stability of hybrid PMMA-SiO2
was improved by generating in situ sol–gel silica in PMMA
than by using silica nanoparticles.

5

pro-
c hich
e ilica
n s, a
c could
b hani-
c ration
d over,
c rop-
e ld be
a situ
c more
he polymer and the silica (Com25 coating), the thin film
paque and the mechanical properties cannot be deter
ue to the scattered nanoindentation responses. On the
and, the mechanical properties can be determined f

ransparent coatings (in which covalent bonds are establ
etween organic and inorganic components). Consequ

nstrumented nanoindentation is sensitive to the morpho
f the sample, which is governed by the nature of the

erface. The distance between indents was typically 30�m
o that we conclude that mechanical inhomogeneity is
cale less than 30�m. Moreover, covalent bonds establish
etween the organic and inorganic components led to a
rease in the degradation temperature of the PMMA; t
bservations are in good correlation with the measured
r

. Conclusion

The versatile experimental conditions of the sol–gel
esses allow to elaborate thin films of hybrid materials w
xhibit different interfaces between the polymer and the s
etwork. Using indentation to test mechanical propertie
orrelation between structure and mechanical response
e revealed. Thus, class I films showed scattered mec
al responses in good correlation with the phase sepa
etected in cross-sectional SEM measurements. More
lass II materials were found to have better mechanical p
rties than class I. The extent of the hybrid interface cou
djusted by the use of preformed silica nanoparticles. In
ondensation of TEOS in the organic media leads to a
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extended interface with H bondings and covalent bondings.
We showed that the mechanical response is governed by the
size of the hybrid interface since the mechanical properties
of materials based on sol–gel silica are more elevated than
those obtained from materials formed from silica nanoparti-
cles which exhibit a more defined interface.
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