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Abstract

A new route to elaborate organic—inorganic hybrid materials is presented. It is based upon two successive steps, the former is the
crosslinking of polymer which contains pendant ester groups such as poly(ethylene—co-vinyl acetate) (EVA) through ester—alkoxysilane
interchange reaction in molten state in the presence of dibutyltin oxide as catalyst. The latter is the hydrolysis—condensation reactions of
available alkoxysilane groups in the polymer network leading to the silica network co-grafted onto the organic network. More particularly the
hydrolysis—condensation reactions in solid state leading to the silica network grafted and confined in the organic network are addressed in the
present work. The progress of the hydrolysis—condensation reactions was investigated by gas chromatography, FT-IR spectroscopy, 2°Si
solid NMR, volume swelling degree at equilibrium and dynamic mechanical analysis. Two side reactions have been evidenced leading to
alcohol groups grafted onto EVA. The silanols and these alcohol groups can participate to hydrogen bonds between ester and silica domains.
The organic—inorganic hybrids elaborated according to this new chemical route exhibit improved mechanical and thermomechanical
properties with respect to the EVA while having an elastomeric behavior with respect to the nanocomposite synthesized by in situ
polymerization of tetraethoxysilane.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction implies the existence of covalent bonds between polymer
matrix and inorganic phase. Then the molecular motions of
the organic polymers being restricted, the thermomechani-
cal properties are improved with respect to nanofillers only
dispersed in organic polymers. Two main routes are
described in the literature to elaborate this class of hybrids
through the sol—gel process including hydrolysis—conden-
sation reactions of metal alkoxides. The first one consists in
making react metal alkoxides with either reactive end-
capped organic polymers or oligomers or copolymers
containing pendant metal alkoxide groups in solution [3,9,
10]. The second one consists in doing to react monomers
containing metal trialkoxide groups in solution [11-14]
through hydrolysis—condensation reactions and then to
initiate polymerization of monomer grafted onto inorganic
phase. In all the papers concerning the elaboration of either

From the literature data, two types of organic—inorganic
hybrid materials produced by sol—gel process are con-
sidered [1]. In the first type, there is no covalent bonding
between organic and inorganic phases but mainly hydrogen
bonding between the two phases. These organic—inorganic
materials are elaborated by mixing an organic polymer with
a metal alkoxide such as a tetraalkoxysilane in the presence
of a solvent [2-3]. The sol-gel process based upon
hydrolysis—condensation reactions of the metal alkoxide
leads to an inorganic network that causes the precipitation
and dispersion of inorganic fillers throughout the polymer
matrix [4—8]. The word of nanocomposites seems to be
more appropriate for such materials because they behave as
thermoplastics with inorganic fillers. The molecular

motions of the organic polymer matrix are not restricted.
The second class of organic—inorganic hybrid materials
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nanocomposites or organic—inorganic hybrids, there is
always the use of a solvent, which limits the application
to coatings of glass, metal and polymer substrata. Few
others methods were proposed to elaborate either nano-
composites or organic—inorganic hybrids for example in
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swelling elastomer with a tetraalkoxysilane solution
[15—17]. Recently, a modification of a polyethylene-octene
elastomer through an in situ sol—gel process was carried out
by incorporation of a solution containing a silica precursor,
water and a catalyst [18] in the molten polymer.

This paper deals with an original route to obtain
organic—inorganic hybrid materials in molten state without
the presence of solvent and that can be integrated into
processing operations of thermoplastic polymers such as
extrusion. Then it offers the possibility to tailor articles
made of organic—inorganic hybrids in bulk. This route is
based upon two successive steps, the crosslinking of
ethylene-co-vinyl acetate copolymers (EVA) through the
ester—alkoxysilane interchange [19] reaction in the pre-
sence of a tetraalkoxysilane and the hydrolysis—conden-
sation reactions of alkoxysilane groups trapped either in the
crosslinking bridges or free but confined in the polymer
network. The hydrolysis—condensation reactions are carried
out according to the Sioplast [20] process on the sample
after shaping process.

2. Experimental part
2.1. Materials and reagents

EVA copolymer was supplied by Elf-AtoFina (Evatane®
2803). Its amount of vinyl acetate units (VA) is 28%
by weight [21,22], which corresponds to a molar com-
position of 10.6% of VA units. It presents a melting
point around 75 °C. Number average molecular weight
(M, = 19,000 g mol ") and weight average molecular
weight (M,, = 53,500 g mol~!) were measured by size
exclusion chromatography in trichlorobenzene at 135 °C
using a linear polyethylene NBS calibration. The micro-
structure of this copolymer was determined by '*C NMR.
95% of VA units are isolated and 5% are in diads and triads.
Tetrapropoxysilane (TPOS) and dibutyltin oxide (DBTO)
were obtained, respectively, from Roth Sochiel and Aldrich
and used without further purification. HCI 1 N for the
hydrolysis—condensation reactions is also supplied by
Aldrich.

2.2. Preparation of hybrid material

The alkoxysilane concentration is defined through the
molar ratio between the number of vinyl acetate units (VA)
and the number of alkoxide groups (OR) from TPOS. The
concentration of DBTO as precursor of distannoxane
catalyst [22-25] was fixed to 1 phr (gram per hundred
grams of EVA). EVA copolymer, TPOS and DBTO were
mixed during 3 min at 110 °C in an internal mixer equipping
a Haake Rheomixer. Using these processing conditions,
there is no crosslinking of the EVA. The crosslinking
reaction was then carried out at 150 °C during 45 min
between the plates of a heating press. After crosslinking, the

hydrolysis—condensation reactions of the samples were
carried out on sheets of 1 mm thickness embedded in acidic
water (HCI 1 N) at 80 °C according to the Sioplast process
[20].

References, without DBTO and so without crosslinking
reaction, were also prepared in the same conditions as above
in order to study the influence of the organic network on the
hydrolysis—condensation reactions kinetic on the overall
conversion.

2.3. Characterization of hybrid material

The progress of the hydrolysis—condensation reactions
was followed by gas chromatography analysis of the
propanol released in water with the help of a capillary
column filled with polyethylene glycol-terephthalic acid as
stationary phase (length = 15 m, diameter = 0.53 mm,
phase thickness = 1.5 mm). Temperature profile is 1 min
at 50 °C and heating rate of 70 °C min ' up to 200 °C; flame
ionization detector is used with an oxygen output of
30 ml min~ ! and hydrogen output of 43 ml min~"'. Carrier
gas was nitrogen (from 0.8 bar at 80 °C to 1.3 bar at 200 °C).
In these analytical conditions, the retention time of the n-
propanol is 0.55 min and the acetic acid as side product has
been detected at the retention time of 2.14 min.

The calibration constant (signal/concentration) is
2.21 x 10® for the n-propanol.

Infrared spectra were obtained with a Nicolet FTIR
spectrometer 20SX on KBr pellets after cryogrinding of
crosslinked materials in liquid nitrogen.

2Si CP-MAS NMR spectra were obtained using a
BRUKER AC200 apparatus equipped with a solid acces-
sory, working at 39.76 MHz. The samples were spun at
5 kHz. Pulse interval times were 2 s. The contact time was
7 ms. All the chemical shifts were referenced to tetra-
methylsilane. Typically, around 100—200 mg of powder of
each sample obtained by cryogrinding in liquid nitrogen
were used.

The crosslinking density was assessed from the volume
swelling degree determination at equilibrium [22]. Samples
(50-80 mg) were embedded in hot toluene at 80 °C during
48 h so that the swelling equilibrium is reached.

The polymer volume fraction at swelling equilibrium »,,
was calculated as follows:

1
1+ (ﬂ) P

my J p1
Where m; and m, are, respectively, the mass of solvent
swelling the sample and the mass of dried crosslinked
sample and p, = 0.95 and p; = 0.895 are, respectively, the
polymer and solvent densities (g cm ™ >).

A review of various models that predict the extent of

swelling that the network undergoes when placed in good
solvent and the relationships with the elastic modulus was

V) =
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Fig. 1. Reaction scheme of the EVA crosslinking through ester—
alkoxysilane interchange reaction (R = propyl).

made, as for example, by Patel et al. [26]. In particular, they
found that the Flory—Rhener model coupled with the
phantom network assumption gives a relation between the
swelling results and the number of elastic strands v :

_[Ln(l—mwﬁxv%]:,}

1/3
Vl vy

Where y is the polymer/solvent interaction parameter, V
the molar volume of solvent and v, is the polymer volume
fraction at equilibrium swelling. In a previous study [22],
we found that y parameter is v, dependent for EVA/toluene
system as:

x = 0.059 + 0.3451,

Furthermore, assuming a perfect network, the relationship
between the number v of elastic strands and crosslinking
density u (mol ml ™) is:

m=2vf

In our case with a functionality of crosslinking bridge equal
to4d: u=v/2.

Dynamic mechanical properties were obtained with a
Rheometrics mechanical spectrometer (RMS 800) using the
rectangular torsion method between — 150 and 200 °C and
with a torsion rate of 1rads™'. The strain was manually
fitted from 0.05% at low temperature (below T,) to
approximately 1% at high temperature in order to remain
in the domain of linear viscosity.

The stress—strain curves were obtained by using an
Instron 1175 at room temperature. H3 type dumbbell shaped

samples were used. The strain speed was 50 mm min .

(1) Si(OR);+nH,0 —  (RO),Si(OH), +n ROH

(2)==SiOH + HOSi= —> ==Si0Si= + H,0

(3)==SiOH + ROSi== —> =—=Si0Si=——= .+ ROH

Fig. 2. Reaction scheme of alkoxysilane showing the hydrolysis (1) and the
condensation reactions (2) and (3).

3. Results and discussion
3.1. Nature of the chemical reactions

In a first step, as previously shown [19], the EVA is
crosslinked at 150 °C through the interchange reaction ester-
tetrapropoxysilane according to the scheme in Fig. 1 with
R = propyl.

From the previous kinetic and rheological data [19], we
showed that in average two alkoxide groups of one TPOS
molecule are involved in this exchange reaction. In the
present case, after 45 min of curing, the assessment of
propyl acetate by gas chromatography showed that only 4
and 10% of acetate groups have reacted, respectively, for
molar ratio VA/OR =1 and 0.5. So, for VA/OR =1 and
0.5, respectively, 8 and 10% of TPOS are engaged in the
crosslinking bridges. In consequence, respectively, 92% and
90% of the TPOS is free and dispersed in the EVA network.
In a second step, the hydrolysis—condensation reactions of
alkoxide groups are carried out on crosslinked EVA at 80 °C
in acidic water and leads to the silica network according to
the scheme in Fig. 2.

The condensation reactions (2) and (3) between silanol
groups inserted in the crosslinking bridges and free silanol
groups in the EVA network leads to connectivity between
the organic phase and the inorganic network formed in situ
according to the scheme in Fig. 3. In this Fig. 3, the different
species Q!, Q% Q® and Q* which are formed during
tetraalkoxysilane polymerization are identified by solid *°Si
NMR [27,28]. These results will be discussed later.

3.2. Evolution of hydrolysis—condensation reactions (1) and
(3) by gas chromatography

The propanol released in acidic water during hydrolysis
and condensation reactions (1) and (3) of remaining
alkoxysilane groups was assessed by gas chromatography
analysis (Fig. 4).

Without crosslinking, the hydrolysis—condensation reac-
tions of TPOS dispersed in EVA copolymer (VA/OR = 0.5)
showed that about 80% of the alkoxysilanes have reacted in
less than 1 h and that the conversion reaches a plateau value
of about 85% after 50 h. In the case of crosslinked EVA
sample, the speed of propanol formation is slowed down and
the conversion tends towards a plateau of about 70% for
VA/OR = 0.5 and of about 60% for VA/OR = 1 after 50 h
of hydrolysis. These results show that the hydrolysis—
condensation reactions of tetrapropoxysilane is not com-
plete in molten EVA matrix at 80 °C and that the
phenomenon is emphasized by the first step of crosslinking,
suggesting that the accessibility of the SiOR groups
confined in the polymer network is reduced.

Furthermore, deeper analysis of the chromatogram
showed the appearance of acetic acid peak due to a side
reaction during hydrolysis. To explain the origin of the
acetic acid further experiments were carried out in the same
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Fig. 3. Reaction scheme of silica network growing and its grafting on EVA network.

conditions of hydrolysis after a curing time of 45 min at
150 °C. In these experiments, the qualitative determination
of acetic acid was made by high performance liquid
chromatography (HPLC) analysis of the hydrolytic medium.

EVA alone and EVA/TPOS blend (VA/OR = 1) do not
exhibit the formation of acetic acid during hydrolysis. On
the other hand for the blend EVA/DBTO (1 phr) there is
appearance of acetic acid during hydrolysis.

This result suggests that the acetic acid formation during
hydrolysis is due to the hydrolysis of acetoxy-alkoxy
distannoxane as product of reaction of DBTO with acetate
groups [23,24] of the EVA. This assumption was confirmed
by the hydrolysis of acetoxy-octanoxy distannoxane, as
model compound of distannoxane grafted onto EVA
backbone by reaction of DBTO with acetate groups.

So the acetoxy-alkoxydistannoxane is not only the
catalyst of ester—alkoxysilane interchange reaction but it
is also at the origin of a side reaction leading to pendant
alcohol groups along the EVA chains according to the
chemical scheme in Fig. 5.

3.3. Evolution of crosslinking density (1) during
hydrolysis—condensation reactions

During hydrolysis—condensation reactions, the connec-
tivity between the EVA network and the growing silica

100

domains according the chemical scheme (Fig. 3) is
developed through Si—O—-C bonds of crosslinking bridges
arising from crosslinking step. These Si—O—C bonds can be
also sensitive to hydrolysis and lead to a decrease of the
connecting bonds between organic and inorganic phases and
formation of pendant alcohol groups according to the
chemical scheme (Fig. 6). The importance of this side
reaction was approached through the evolution of the
crosslinking density of EVA during the step of hydrolysis—
condensation determined by the assessment of the volume
swelling rate in hot toluene. Table 1 summarizes this study
and shows that the crosslinking density of EVA network
decreases during hydrolysis—condensation reactions all the
more the crosslinking density is weak after the first step of
crosslinking (value for # = 0). Indeed, in the case of VA/
OR = 0.5, w decreases from about 3.6 X 10" * mol ml™!
down to 2 X 10~* mol ml1 ™" that corresponds to a decrease
of about 36% in 4 days, whereas in the case of VA/OR = 2,
w decreases from about 1.4 X 10 # to 5% 10> mol ml ™"
(64% in 4 days).

The influence of the initial crosslinking density on the
decrosslinking reaction during the step of hydrolysis—
condensation can have many explanations. The first one is
based upon the well-known sensitivity of alkoxysilane to
hydrolysis with respect to the length of alkyl groups [27],
weakest sensitivity being observed for the longest alkyl
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Fig. 4. Variation of propanol versus time of hydrolysis—condensation.



V. Bounor-Legaré et al. / Polymer 45 (2004) 1485-1493 1489

5 »\/\(\"’—’

g|5n < OH +  CHy;COOH
|

o HO/H" +

| e

&|}n < \

C|’ HO—SnéO—Sn—OH
T

CH,

Fig. 5. Reaction scheme of hydrolysis of pendant ester groups of EVA in
presence of DBTO.

group. In the present work, each crosslinking bridge is
surrounded by 4 segments of about 20 methylene groups
which restrict the access of water around Si—O-C bonds
through their hydrophobic character. The second one is
based on the water diffusion through the organic network
which is all the more slowing down than the crosslinking
density is higher after the step of crosslinking and before
hydrolysis. This decrosslinking reaction constitutes a side—
reaction that leads to the formation of silanols at the surface
of silica and of alcohol groups on the EVA backbone (Fig.
6). The silanol groups can give hydrogen bonds with
pendant ester groups of EVA and contribute to a physical
crosslinking. The addition of a powerful hydrogen donor
such as hexafluoropropanol in hot toluene after hydrolysis—
condensation does not prevent the appearance of a gel phase
that confirms the crosslinking of EVA through Si—O-C
bonds after hydrolysis—condensation and the hybrid
character of the material.

3.4. Evolution of hydrolysis—condensation reactions by
MIR spectroscopy

FT-IR spectra were recorded from 400 to 4000 cm™ .

Figs. 7 and 8 show the respective evolution of MIR
absorbance related to carbonyl bonds (1600—1850 cm™ ")
and to Si—O-C bonds (900—1300 cm™ ') versus time of
hydrolysis for samples elaborated with VA/OR = 0.5.

3.4.1. 1600-1800 cm™’
The EVA spectrum shows one main absorbance band
around 1740 cm ™" associated with carbonyl group of ester

| /\/\
H,O/H"

—_—
\)\/ |
. —s||—

Fig. 6. Reaction scheme of hydrolysis of SiOC bonds linked to the polymer.

A +

Table 1
Variation of the crosslinking density u (10* mol ml™") versus time of
hydrolysis for VA/OR = 0.5, 1 and 2

Time of hydrolysis (days) 0 2 4
VA/OR = 0.5 3.6 2.7 23
VA/OR =1 32 2.0 -
VA/OR =2 1.4 1.1 0.5

and a weak absorbance band around 1700 cm™'. The
absorbance associated with the ester group is always present
whatever the time of hydrolysis—condensation reactions is.
Additionally, during hydrolysis of crosslinked EVA, an
absorbance band appears around 1710cm™' and its
intensity increases with the time of hydrolysis. Landry and
Coltrain [6] already pointed out this phenomenon in the case
of polyvinyl acetate/tetracthoxysilane(TEOS) hybrid elab-
oration. They associated this absorbance to hydrogen bonds
between carbonyl group from polymer and residual silanols
after hydrolysis of the tetraethoxysilane (TEOS). In the
synthesis of hybrid based upon poly(2-methyl-2-oxazoline),
poly(N,N-dimethylacrylamide) and poly(N-vinyl-2-pyrroli-
done)/TEOS blends, Saegusa and Chujo [8] also interpreted
a shift of carbonyl bands absorbance during hydrolysis—
condensation of TEOS as the formation of hydrogen bonds
between carbonyl groups and residual silanols of the silica
network. However, in the present case this band can have
also another origin such as hydrogen bonds between
remaining ester groups after the crosslinking and hydrolysis
steps and alcohol groups due to hydrolysis of some

T T T T T T 1
1815 1780 1745 1710 1675 1640 1605
Wavenumber (cm-1)

Fig. 7. 1600—1850 cm ™' MIR spectra versus time of hydrolysis.
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Fig. 8. 900—1300 cm ™' MIR spectra versus time of hydrolysis.

crosslinking bridges and grafted distannoxane structure as
shown previously.

3.4.2. 900-1300 cm™’

The main modification of the IR spectra in the region
900-1300 cm™ ', as the hydrolysis—condensation pro-
gresses is the appearance of a peak at 1100 cm ™' due to
Si—O-Si absorbance as the silica network grows. Parallel to
the enlargement of the peak at 1110 cm_l, there is a
decrease of the intensity of the band at 1095 cm™ '
associated with SiOC bonds. Different authors already
observed these evolutions during the polymerization in situ
of TEOS [5].

( Q.= (RO);SiOSi
|

|

L
Q= (RO),Si(OSi),

4h30

Wi

Q= ROSI(OS); Si(0Si)s

430h

—T—T—T T —T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 5ppm)

Fig. 9. 2Si solid spectra versus time of hydrolysis.

Table 2
Indexation of 2°Si solid NMR peaks

Specie Formula 8 (ppm)
Q' (RO);SiOSi -8l
Q° (RO),Si(0Si), -92
Q? ROSi(0Si); -103
Q! Si(0Si), —112

3.5. Evolution of hydrolysis—condensation reactions by *°Si
solid NMR spectroscopy

Si solid NMR allows following the evolution of silanol
condensation (reactions 2 and 3, Fig. 2) leading to SiOSi
bonds and to inorganic network during hydrolysis (Fig. 9).
The chemical shifts are function of the degree of silanols
condensation [28,29] (Table 2). At the beginning of
hydrolysis (1 h), only Q' species are observed in the
background noise. Silanol groups are formed and their
condensation has started. After 4 h 30 min of hydrolysis, the
intensity of Q' increases and three new peaks appear
corresponding to Q% Q* and Q* structures that proves that
the condensation progresses. The Q structure is character-
istic of the silica network formation. As the hydrolysis
progresses (68 h), the Q3 and Q4 species are accumulated
and the silica network becomes denser. Nevertheless, the
presence of Q* and Q® species indicates that the conden-
sation of silanol is not complete in this range of time at
80 °C. Beyond 68 h and until 430 h the respective
preponderance of Q* and Q* species does not change and
the condensation does not seem to progress. In addition,
these observations are in good agreement with those noticed
for example by Landry and Coltrain [6]. Indeed, they
observed as in our case, a slight preponderance of Q° over
Q* groups for the acid catalyzed material. On the contrary,
base catalyzed gels contain a larger proportion of Q*
species. However, silanol and alkoxysilane cannot be
differentiated with this technique. Consequently, the
persistence of the R—O-Si—(0Si);— structure after 430 h
is compatible with SiOC bonds linked to the polymer but
also with residual silanol and alkoxysilane grafted onto
silica network. These observations are coherent with the
previous MIR study.

All the studies used to quantify the hydrolysis—
condensation reactions of crosslinked EVA leading to
organic—inorganic material conclude that the hydrolysis—
condensation of alkoxysilane is not complete. Furthermore
the silica network is covalently linked to EVA network and
contains non-hydrolyzed propoxide groups. Two side
reactions have been elucidated leading to alcohol groups
grafted onto EVA backbone. The first one concerns the
formation of alcohol groups through hydrolysis of acyloxy-
alkoxy distannoxane grafted onto EVA chain. The second
one concerns the partial hydrolysis of crosslinking bridges
of EVA matrix.
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Fig. 10. Variation of storage modulus G’ versus temperature for organic—
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3.6. Evolution of dynamical thermomechanical properties
during hydrolysis—condensation reactions

Figs. 10 and 11 show, respectively, the evolution of
storage modulus and the evolution of tg 6 versus tempera-
ture and time of hydrolysis.

The curves (Fig. 10) show that the crosslinking reactions
has drastically changed the viscoelastic properties of EVA
at temperature above the melting temperature of crystallites
(75 °C) from which a permanent elasticity of the EVA
network is observed up to around 200 °C whatever the time
of hydrolysis is. However, as hydrolysis progresses, the
equilibrium rubber plateau slightly decreases toward a value
of about 10° Pa. This result is in good agreement with the
previous data which showed that the crosslinking density
decreases of about 36% with the time of hydrolysis.

Fig. 11 puts in evidence two main transitions for hybrid
material after 168 h of hydrolysis condensation at 80 °C.
The first one near 0°C belongs to EVA phase and
corresponds to the « transition associated to its glass
transition temperature (7). T, is chosen as the maximum of
tg O curves. As shown in Table 3, 7, increases with the time
of hydrolysis—condensation and remains constant beyond
168 h. Before hydrolysis, the T, transition is at —40 °C

Table 3

Crosslinking density u (10*mol17™") and 7, (°C) transition of EVA
organic—inorganic hybrids at different times of hydrolysis and
condensation

Time of hydrolysis (days) 0 2 4 7 18 30
o 32 2.7 23 22 20 20
T, -4 —-18 -10 -4 -2 =2

whereas it is —27°C for pure EVA. This apparent
contradiction is explained by the presence of free TPOS
after crosslinking (about 90%) which plasticizes the EVA
network although the molecular weight between cross-
linking bridges is lower (1750 g mol ') than the molecular
weight between entanglements (about 6000 g mol ') for
EVA used in this study [21,22].

As the hydrolysis condensation progresses free TPOS is
converted in silica. As a first consequence its plasticizer
power disappears. Furthermore, as hydrolysis progresses,
silica domains are generated and grafted onto polymer
network leading to organic and inorganic interpenetrated
networks. As a consequence the motions of EVA segments
are hindered and T, transition increases. Besides residual
silanols of the silica domains and alcohol groups grafted
onto EVA chains through the previous side reactions can
also contribute to the increase of 7.

The curve obtained after 168 h of hydrolysis (Fig. 11)
exhibits also a second transition around 90 °C. Its origin is
not yet elucidated and will be the aim of a future work. It can
be associated with the EVA segments entrapped in the
growing silica network during the step of hydrolysis
according to the chemical scheme on Fig. 3. Then it
would reflect the glass transition of EVA segments linked to
the silica network as shown in Fig. 3 and as suggested by
other authors for polypropylene oxide/silica hybrid [1]. But
because EVA used in this study has a melting temperature at
75 °C this transition might correspond to a contribution of
the melting of the crystallites.

3.7. Mechanical properties: tensile strength properties

The mechanical properties of the pure EVA, crosslinked

S
| |
* ' [N
(o]
© ¢ = o
5 01 o o o
& . ", e 00%°%° %0, 168h
| |
°o o " ¢ B omgg72h ©o
wo gy )
Fam IEQPP ¢ i R
* e L)
Cees t00%0% 4400400070
1h
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-150 -100 -50 50 100 150 200

Temperature (°C)

Fig. 11. Variation of tan  versus temperature for organic—inorganic hybrid after 1, 72 and 168 h of hydrolysis. VA/OR = 0.5, w = 1 rads™ .
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Table 4

Tensile strength properties of pure EVA, crosslinked EVA and organic—inorganic hybrid (time of hydrolysis: 168 h, VA/OR = 0.5), T = 25 °C

& (10* mol ml™")

Young modulus (MPa)

Obreak (MPd) Ebreak (%)

EVA -
Crosslinked EVA 3.0
Organic—inorganic hybrid 22

28 800
2 25
22 330

EVA and organic—inorganic hybrid network elaborated
with VA/OR = 0.5 and 168 h of hydrolysis are reported in
Table 4. As expected, the organic network resulting from
the crosslinking reaction between ester and alkoxysilane
groups presents brittle properties compared with the pure
EVA because the molecular weight between crosslinking
bridges (about 1750 g mol ") is lower than the molecular
weight between entanglements (about 6000 g mol ' for
EVA uncrosslinked). Indeed, a drastically change of the
properties can be observed as the tensile stress and
elongation at break drop to, respectively, 2 MPa and 25%.
Furthermore, the Young modulus also considerably
decreases, and varies from 30 MPa for the pure EVA to
9 MPa for the EVA crosslinked in the presence of TPOS.
This drop in magnitude of the Young modulus at room
temperature can be explained by the fact that the crystal-
linity of the EVA decreases with increasing the organic
network density as already pointed out in a previous paper
[30].

However, after hydrolysis, hybrid material exhibits
interesting mechanical properties with a restoration of the
elasticity. The material becomes ductile with an elongation
at break of about 300% and present an elastomeric behavior.
Furthermore, an increase of the Young modulus to 100 MPa
can be also reached. These properties of reinforcement can
be explained by the presence of silica domains interpene-
trated with EVA matrix as previously discussed and
illustrated in Fig. 3. Nevertheless, as previously shown by
dynamic thermomechanical analysis, the o transition
temperature (Table 3) is near 0°C and it may have an
influence on the mechanical behavior investigated at room
temperature and more specifically on the increase of the
Young modulus.

4. Conclusion

This study showed that it is possible to elaborate an
organic—inorganic hybrid material through a melt process
without solvent. This synthesis is based upon two successive
steps of chemical reactions. The first one consists in an
interchange reaction between pendant ester groups from
EVA and alkoxide groups from TPOS leading to the EVA
network with crosslinking bridges having alkoxysilane
groups sensitive to hydrolysis. The second one is based on
the hydrolysis—condensation reactions of propoxysilane of
crosslinking bridges and free tetrapropoxysilane confined in

the polymer network. Gas chromatography, FT-IR spec-
troscopy, 2°Si solid NMR, volume swelling rate at
equilibrium in hot toluene and dynamic mechanical analysis
showed that the silica network is covalently linked to the
polymer network leading to an organic—inorganic hybrid.
However, two side reactions have been elucidated during
the hydrolysis step leading to alcohol groups on polymer
backbone and silanol on silica. These alcohol and silanol
groups may contribute to establish hydrogen bonds between
SiO, domains and acetate groups of EVA chains. These
hybrid materials exhibit transparency and improved mech-
anical properties, especially tensile strength properties with
reinforcement due to the in situ synthesis of silica domains
but also having an elongation at break of about 300% with
an elastomeric behavior. Hence these hybrid materials
present a thermomechanical behavior enhanced with respect
to the EVA, without flowing beyond the melting tempera-
ture of crystallites until 200 °C. Works are in progress to
elaborate these hybrid materials by a continuous process
such as extrusion.
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