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Hybrid materials of poly(ethylene oxides-epichlorhydrin), HYDRIN, and silica were prepared by a sol-gel
process. An inorganic network was grown in a tetrahydrofuran/organic polymer solution from acid hydrolysis and
polycondensation of tetraethoxysilane, TEOS. During solvent evaporation and simultaneous growth of the
inorganic network, phase separation was observed. The mechanism of phase separation of these sol-gel systems
was investigated by light scattering. Spinodal decomposition (SD) was observed for HYDRIN/TEOS systems
with composition equal to 71/29, 67/33, 60/40, 50/50, 40/60, 33/67 and 29/71. The morphology of the final
HYDRIN/TEOS hybrid material was investigated by scanning electron microscopy. The thermal properties of
these materials were investigated by differential scanning calorimetry and their hydrophilicity was evaluated by
contact angle measurements.1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION have quite different charge transport properties with
improved conductivity.

Very few studies have been published investigating the
mechanism of phase separation in hybrid materials which
were prepared by a sol-gel proc&&s. A large diversity of
morphology can be obtained in systems which phase
separate by nucleation and growth and spinodal decom-
position. In this work, the phase separation in HYDRIN/
TEOS (without LiCIQ,) systems was investigated by light
scattering measurements during the sol-gel reaction and the
solvent evaporation. The final products were characterized
by scanning electron microscopy, differential scanning
calorimetry and contact angle measurements.

The preparation and characterization of hybrid materials
and their application for gas separation membraaes! for
solid electrolyte$ are subjects of current work in this
laboratory. Hybrid films have been formed from mixed
organic polymer/TEOS solutions. In our group, poly(-
methylmetacrylate), PMMA silicone rubbet, poly(amide-
6-b-ethylene oxide), PEBAX poly(ethylene oxideo-
epichlorhydrin), HYDRIN, and NAFION*® have been
investigated as organic matrices. Both PEBAX and
HYDRIN organic matrices originated new organic poly-
mer/TEOS hybrid systems. In all cases, the inorganic
component was grown from hydrolysis and polycondensa-
tion reactions of tetraethoxysilane, TEOS, in a solution
containing the organic polymer. It is the most simple
procedure to obtain hybrid films, but it can lead to a phase- THEORETICAL CONSIDERATIONS
separated material. Phase separation is well described in the literature for
The phase separation in a multicomponent system is notpolymer solutions and polymer blerd$'** Two mechan-
always undesirable in practice. It is utilized for instance in isms are normally considered for the phase separation:
the case of high-impact-strength polymers, where a flexible nucleation and growth (NG) and spinodal decomposition
component is discontinuously embedded in a matrix of a (SD). The NG mechanism is preferable for quenching into
hard component. In this particular case, phase separationthe metastable phase region, between the binodal and the
between the hard and the flexible components must occur,spinodal curves. Nucleation initiates with local density or
otherwise only a plasticization effect is obser{edn concentration fluctuations, forming nuclei with well-defined
silicone/silica hybrids, the phase separation in the nanoscaleinterfaces. It requires an activation energy, which depends
gives rise to a finely dispersed inorganic phase which on the interfacial energy for creating the nuclei. The process
hinders swelling of the polymer matrix and increases the evolution with subsequent diffusion of macromolecules into
selectivity of membranes for gas separation. Compared withthe nucleated domains is then spontaneous. The nucleus
HYDRIN/LICIO 4 (without silica) solid electrolytes, for  composition is constant all over the phase separation. The
HYDRIN/TEOS/LICIO, hybrid electrolyte§ we could morphology observed during a NG phase separation is, from
observe a decrease of the value of the apparent activatiorthe early to the later stages, the droplet/matrix type. On the
energy for the ionic transport. In the case of NAFION/ other hand, SD is the phase separation mechanism that
TEOS/TMDES (TMDES=1,1,3,3 tetramethyl-1,3- predominates in quenching into the unstable region
diethoxydisiloxane) hybrids®, phase separated systems enclosed by the spinodal. Delocalized concentration
fluctuations initiate spontaneously with a predominant
*To whom correspondence should be addressed Wavelength which is constant at the very early Stages and

POLYMER Volume 39 Number 25 1998 6195



Hybrids of HYDRIN and silica: R. A. Zoppi, S. P. Nunes

depends on the quench depth. The fluctuation wavelengthA, whereR(q) > 0. By the same method, & < A, (orq >

increases in the intermediate stages and phase coalescenag), R(g) < 0. A negativeR(q) means that the concentration

is observed in the late stages. If coalescence can be avoideductuations decrease as a function of time and they do not

a three-dimensional co-continuous morphology is obtained. lead to phase separation. The theory proposes that the curve
Using light scattering experiments, the NG mechanism of of R(q) as a function ofg in a SD process should have a

phase separation can be recognized by a monotonic decreasmaximum at:

of light intensity with scattering angle. When phase ) 12

separation follows the SD mechanism, a scattering halo is (5 Gm>

detected, the light intensity being maximum at a certain 6®2

scattering halo. Om =12} — —— — ™

When a phase separation follows by a SD mechanism, the
linear theory proposed by Cahn and Hillidfd* can be
applied at least in the early stages. Linearity is, however, . .
expected only in the early stages of phase separation and irP™m = Gc/ v/2. Theqy, value characterizes the concentration

systems where the contribution of random thermal noise is fluctuation which is predominant in the system. In practice,
not significant. in a system where phase separation occurs by the SD

Considering the theory for SD, when a system reaches aMechanismdr, is related to the periodical distancd,
condition of phase separation, the concentration fluctuations€tween the two continuous phases. The periodical distance
increase and the variation of concentration fluctuatidns,

(or volume fractiony), as a function of timet, is described
by equation (13%

2
02y _ M o sz V2® — 2MkV*® + nonlinear terms
ot 0P
1)

where G,, is the free energy of mixingM is the species

mobility andk is a coefficient associated to the free energy —
density gradient. The concentration fluctuations can be con- =
sidered as a wave and if the nonlinear terms are discarded, ©

250}

200

equation (1) have the following solutibh > 150
o -
&—do= > exp{RO)H A(q)cogas) + B(a)ser(s)} 2 oo
gq=0 1
'_
@ z
where §, A and B are constants®, is the concentration 50
before phase separation beginning arislthe wavenumber
associated to the concentration fluctuations with wavelength
A, as described by equation (3): ' : L ' . ! L
) 10 20 30 40 50 60 70
q:% ®3) (a) ANGLE (°)
R(q) is the growth rate of the concentration fluctuations with
a fixed wavenumbeq and can be described by:
250
6sz 2 4
RO)= —M| —57 |a" —2Mkd (4)
200 |

Concentration fluctuations lead to a local heterogeneity of
the refraction index, promoting the scattering of the elec- ';
tromagnetic radiationR(q) can be experimentally deter- g
mined measuring the intensity variation of the scattered ~
radiation as a function of time, at a fixed angle Each ,>_'
scattering angle can be associated to a wavenumber using
equation (5):

150

100

A7 0
9= (x) Se(z) ©) 50

where) is the wavelength of the incident radiation.

In the early stages of the SD process, the intensity of the
scattered radiatiohexponentially increases as a function of
time, as shown in equation (6):

1(q, t)el (g, O)exp(ZR(a)t) (6)
. . . .. Figure 1 Evolution of scattering pattern (scattered light intensity as a
According to equation (4)_, there is a C”t'cﬁﬂ value of .the function of angle) during the phase separation of: (a) 71/29; or (b) 50/50
wavelength associated with the concentration fluctuations, HYDRIN/TEOS systems

INTEN

10 20 30 40 50 60 70
(b) ANGLE (°)
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Table 1 D,,values for HYDRIN/TEOS systems during solvent evapora- Table 2 Glass transition temperaturéQ) values for HYDRIN/TEOS

tion hybrids as a function of the composition, which were obtained after differ-
HYDRIN/TEOS composition Dy (nms ent period time of the preparation
71/29 182 HYDRIN/TEOS 2 weeks 30 weeks 42 weéks
67/33 291 100/0 —42 —41 —40
60/40 243 71/29 —47 —46 —-41
50/50 125 67/33 —47 —45 -39
40/60 225 60/40 —47 —45 -39
33/67 584 50/50 —40 —41 -39
29/71 719 40/60 —-52 -50 -15
33/67 —49 —43 -15
29/71 —47 —41 -14

. . . #Samples were heated at 2@0for 1 week before the DSC measurements
can be obtained from equation (8):

d= 2" ®)
Om S . lect .
According to the theory, in the early stages of the phase canning electron m|croscopy o
separation by SDg,, does not change with the time and it Samples were fractured in liquid nitrogen and coated

can be obtained measuring the angle at which the light With gold by sputtering. The fracture surfaces were
scattered intensity is maximum. observed in a JXA 840A JEOL scanning electron

There is an analogy between equation (1) and the MiCroscope. Samples were observed after 42 weeks of
second Fick’s law, in whic®/6t = DV°®, whereD is the preparation.
diffusion coefficient. Cahn and Hilliard proposed an
apparent diffusion coefficierd ,, which is described by
equation (9):

Differential scanning calorimetry

Thermograms were obtained in a 2910 MDSC TA
Instruments differential scanning calorimeter DSC. About
52G 10 mg of sample were heated at’Cdmin under nitrogen
m
Dap=—M <6¢2> ) from — 100°C up to 300C.

and determined from thH&(g)/q” versus ¢ curve (atg® = 0). Contact angle measurements _

The apparent diffusion coefficient measures the evolution of ~ Contact angle measurements were carried out at room

the phase separation with the time. It is zero at the spinodalt€émperature (Z&) and 40-50% relative humidity. The

curve, in whichd?G,,/6®° = 0. drop of water was deposited on the sample with a
microburette. A lens and a source light were used to
create the drop image on a screen. The contact angle was

determined using the projected drop image. Ten specimens
EXPERIMENTAL
. of each sample were analysed. The results showiabie 3
Sample preparation represent the arithmetic average followed by the standard

HYDRIN was kindly supplied by Zeon Chemicals deviation of contact angle measurements. Samples were
Kentucky (trade name HYDRIN C-70CG). According to observed after 42 weeks of preparation.
the supplier information, HYDRIN C-70CG presents a glass
transition temperature of 42°C, a Mooney viscosity in the
range of 60—80 at 10C, and a composition of 65 wt% of RESULTS AND DISCUSSION
epichlorhydrin and 35 wt% of ethylene oxide (chlorine Phase separation in the HYDRIN/TEOS system
content= 25 wt%). HYDRIN was used as received.
Different volumes of tetraethoxysilane (Aldrich) were
added to a continuously stirring 3 wt% HYDRIN solution in
tetrahydrofuran. Drops of a 0.15 M HCI aqueous solution were
then added. Usually 5 ml of solution were further stirred for
16 h at room temperature (Z5), maintained 24 h more at rest

Figure 1 shows the evolution of the scattering pattern
during the solvent evaporation for 71/29 or 50/50 HYDRIN/
TEOS systems. Similar behaviours were observed for
HYDRIN/TEOS systems with other compositions. Time
equal zero corresponds to the first indication of phase

o . . separation, typically near 1.5 h of solvent evaporation with
and transferred to Petri dishes with 5 cm diameter. The solventan open Petri dish. During HYDRIN/TEOS hybrid forma-

was evaporated at normal pressure and room temperature fo{ion, TEOS s initially homogeneously dispersed in the

about 1 day and the samples were further dried under vacuumry, 2 v BRIN solution. As the hydrolysis/condensation
at 30C for 1 week before final characterization. reaction goes on, the inorganic network is formed, still
swollen by THF/polymer solution. The THF functions as a

Light scattering measurements co-solvent swelling the growing network and diluting the
The equipment for light scattering measurements was unfavourable interaction between silica and organic poly-
mounted in the laboratory using a He—Ne lasar = mer segments.

633 nm) as the radiation source and a photodiode as Figure 2shows a plot of relative scattered light intensity,
detector, which was connected to a computer by an A/D 1(q,t)/I(9,0), as a function of time for the 71/29, 50/50 and
interface. A small Bosch DHP 12V motor provided a 29/71 HYDRIN/TEOS systems. Similar plots were obtained
constant variation of the detector relative to the laser. The for hybrids with other compositions, confirming that when a
detector angle was previously calibrated by crossing two halo was observed, th&q,t)/I(9,0) at each angle was
lasers at a defined angle. The scattering pattern was recorde@xponential in the early stages of the process. The
with the sample in a Petri dish, during the solvent exponential increase is typical for spinodal decomposition.
evaporation at room temperature {€5. It is interesting to note that for the 40/60, 33/67 and 29/71
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Figure 2 Relative scattered light intensity as a function of time at different angles for: (a) 71/29; (b) 50/50; and (c) 29/71 HYDRIN/TEOS systems

HYDRIN/TEQOS systems the nonlinear terms in equation (1) observed for all investigated compositions (from 71/29 to
clearly become more important as phase separation goes on29/71 HYDRIN/TEOS hybrids). These results can be better
Figure 3shows the predominant fluctuation wavenumber as understood with the qualitative representatiofigure 5

a function of time for 71/29 and 29/71 HYDRIN/TEOS Here, phase separation is induced by the solvent evapora-
systemsq, is practically constant for hybrids with TEOS tion and simultaneous TEOS reaction. In addition to phase

content up to 50 wt%. Above 50wt% of TEOSQyn, separation, the solvent evaporation and the reactive
decreases with time, deviating from the linear theory as an process may lead to gelation. There is then competition
indication of coarsening. For each system, plot&R@f)/q? between gelation and segregation. Analogous to a phase
as a function ofj? were obtained, as shown Kigure 4 for separation process occurring by temperature variation,

the 71/29 or 67/33 HYDRIN/TEOS hybrids and apparent demixing induced by chemical reaction at constant
diffusion coefficients were determineq, is an indication temperature may be represented by a phase diagram in
of how fast the phase separation proceeds. Dhgvalues which the reaction progress is represented by an
are shown inTable 1and they may be used to reflect the equivalent temperaturdi., (relation between an attrac-
main differences in the system’s mobility when phase tive interaction energy and the correlation strength
separation begins. In this sense, the mobility was higher for between monomer%)Teq decreases from infinity to low
the 29/71 HYDRIN/TEOS system. One should, however, values as the inorganic polymerization reaction goes on.
not forget thatD ,, has also a thermodynamic contribution In Figure 5, the arrows indicate a combination of reaction
and varies with the quench depth. and solvent evaporation processes. The solvent evapora-
It is interesting to note that spinodal decomposition was tion starts from a finitd ¢, since a considerable part of the
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Figure 2 Continued

reaction has already taken plagkis the inorganic mer  the system reaches the demixing condition after losing more
concentration in the dilute medium and also varies as the mobility than the 29/71 hybrid, as shown by thg, values,
solvent evaporates. and the gelation practically precedes phase separation
The NG is a slow rate proce’$s So, if the time to pass  curves are more separated.
through the metastable region is short enough, phase ) ) . )
separation by NG may not happen before the solution 'I_'hermal anaIyS|s after solvent evaporation: aging of hybrld
reaches the unstable region and begins to separate by Silms
mechanism. In addition, the NG mechanism is favoured Figure 6shows the DSC thermograms for pure HYDRIN,
when viscosity is low. In the systems investigated here, 60/40 and 33/67 HYDRIN/TEOS systems, which were
gelation and phase separation seem to happen almosbbtained different periods of time after of the samples
simultaneously and the SD mechanism is favoured. As preparation. The transition temperature nea#(°C
estimated byD,, values, the mobility when SD phase observed for pure HYDRIN was assigned to the glass
separation initiated was higher for the 29/71 HYDRIN/ transition temperature of this elastom&able 2shows the
TEOS system. For the other compositions (with less TEOS), glass transition temperature for pure HYDRIN and for
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Figure 3 Wavenumber of the predominant concentration fluctuation in the system as a function of time for the: (a) 71/29; and (b) 29/71 HYDRIN/TEOS
systems
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Figure 4 R(q)/q? as a function ofy? for: (a) 71/29; or (b) 67/33 HYDRIN/TEOS systems

HYDRIN/TEOS samples obtained 2, 30 or 42 weeks after
the samples preparation. Even 30 weeks after the prepara-
tion, no aging effect was observed, thgvalues practically
remained constant and no variation was observed with the
TEOS content. Samples were then heated at@2iring a
week and they were analysed again. After the thermal
treatment, one could observed gincrease from-40°C to
—15°C when the TEOS content was equal or higher than
60 wt%.

Comparing theT, values obtained 2 weeks after the
samples preparation, the main effect caused by the presence
of the inorganic phase is an initial plasticization of the
HYDRIN elastomer [, for hybrids is slightly lower than for PHASES
pure HYDRIN, except for the 50/50 HYDRIN/TEOS o 30 40 50 60 70 100
system). This behaviour has been also observed in O TEOS (%)
poly(methylmetacrylate)/ TEOS systems and it has been °
assigned to presence of residual small molecules from therigure 5 Qualitative representation of the phase diagram of HYDRIN/
sol-gel reaction (for example, moieties with very low TEOS system

ONE PHASE

TWO

6200 POLYMER Volume 39 Number 25 1998



Hybrids of HYDRIN and silica: R. A. Zoppi, S. P. Nunes

(@]
o
P-4
w
a)
HYDRIN/ TEOS
100/0
o
~
=
-~ 1 1 L | 1 1 1 1
= -50 0 50 100
o
-
TS
-
<<
w
T
1 1 1 1 1 1 1 1
-100 -50 (0] 50 100

TEMPERATURE (°C)

Figure 6 DSC thermograms for pure HYDRIN and HYDRIN/TEOS systems obtained: (a) 2; or (b) 42 weeks after the samples preparation. In case (b),
samples were heated at 2@0for 1 week before the DSC measurements
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Figure 7 Acpas a function of TEOS content for HYDRIN/TEOS systems. Samples were heated@tfd2Q week before the DSC measurements, which
were carried out 42 weeks after the samples preparation
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pe23 13KV

Figure 8 Scanning electron microscopy of: (a) 50/50; and (b) 33/67

HYDRIN/TEOS systems

Table 3 Contact angle values for HYDRIN/TEOS hybrids as a function

of the composition

1458

w438

1Brn HD2S

LByn D24

HYDRIN/TEOS composition

Contact angl®) (

100/0 129+ 3
71/29 130= 4
67/33 126+ 7
60/40 123+ 3
50/50 116* 3
40/60 113+ 2
33/67 106= 1
29/71 107+ 2

systemsAcp is also related to the magnitude of the glass
transition, which decreased with the increase of TEOS
content, as shown irFigures 6 and 7. The molecular
movements of the organic amorphous chains suffer restric-
tions imposed by the rigid inorganic phase.

Morphology

Figure 8 shows the morphology observed by scanning
electron microscopy for 50/50 or 33/67 HYDRIN/TEOS
hybrids. For hybrids with a TEOS content up to 50 wt%, the
matrix seems to be elastomeric, rich in HYDRIN. 50 wt%
TEOS leads to 23 wt% inorganic phase in the hybrid, which
forms the disperse domains Figure 8 In hybrids with
higher TEOS content, as shownHigure 8for a hybrid with
67 wt% TEOS (37 wt% Sig), the inorganic component
forms a continuous phase.

Contact angle measurements

Contact angles are sensitive to surface modifications
occurring at a depth of 20—30'A*8

Table 3 shows the contact angle for HYDRIN/TEOS
hybrids as a function of TEOS content. When the TEOS
content increased, the surface became less hydrophobic, as
indicated by the contact angle decrease. The increase of
TEOS content probably promotes an increase of -OH groups
on the film surface, also increasing the hydrophilicity.

CONCLUSIONS

The phase separation of HYDRIN/TEOS hybrids was
investigated by light scattering, during simultaneous solvent
evaporation and hydrolysis/polycondensation of TEOS. All
the investigated systems, containing 29-71wt% TEOS
(relative to HYDRIN content), demix by the spinodal
decomposition and the results follow the linear Cahn theory.
For systems with TEOS content higher than 60 wt% the
non-linear terms of this theory become more important.
Systems with high TEOS content have higher mobility (high
D, values) and, in the later stages of phase separation,
coarsening can be detected with a consequent stuft,ahe
predominant concentration fluctuation. The morphology of
the final hybrids was investigated by scanning electron
microscopy. In hybrids with TEOS content below 50 wt%,
the matrix is clearly rich in elastomeric component and the
inorganic phase is dispersed as domains. Above 50 wt%
TEQOS, the inorganic phase is continuous. No aging was
detected by thermal analysis in systems stored at room

temperature (Z&), under vacuum, and after 30 weeks of
degrees of polymerization such as monomers and dimers).the preparation.

indicating incomplete curing of the inorganic phise

When the measurements were carried out 30 weeks after theACKNOWLEDGEMENTS

samples preparation, no significant variation was observed.

Only after submitting the samples to a thermal treatment, a The authors thank FAPESP (Proc. 94/2161-9 and 95/3636-3)
T, variation with the TEOS content could be verified, as and CNPq for financial support.

shown inTable 2 As expected, an increase in the TEOS
content promoted a hardening effect of the elastomer.

It is interesting to consider the variation of the heat REFERENCES

capacity Acp) during the glass transition as a function of

TEOS contentFigure 7 shows thatAcp linearly decreases L

with the increase of TEOS content in the hybrids. Tep
variation as a function of the composition of a multi-

component system can be used to indicate the existence of 3.

interactions between the components. In systems where no
interaction exists, the additivity of free volume is expected

and a linear behaviour afcp as function of composition 5.

shall be verified®, as it was observed for HYDRIN/TEOS
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