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The elastic and optical properties of organically modified silicates prepared by ultrasonics aided
polycondensation of tetraethoxysilane and polidimethylsiloxane are studied by means of high
resolution Brillouin spectroscopy. Nuclear magnetic resonance data evidence the microseparation of
the organic and inorganic phases for the systems with high content of polymer formation. The
elastic and optical properties are clearly influenced by the change in microstructure. We propose a
three component mechanical model that qualitatively explains the observed variation of the elastic
constantc11 versus molar fraction of dimethylsiloxane in these vitreous materials and develop a
structural model that accounts for the observed dynamical behavior. ©1997 American Institute of
Physics.@S0021-8979~97!04911-6#
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I. INTRODUCTION

The unique properties of organically modified silicat
~ORMOSIL! as produced by the sol-gel methods have
cently made the study of these materials a fast grow
field.1,2 In particular, the macroscopic elastic properties
rubberlike materials obtained by hydrolisis and ulterior po
condensation of organic polymers with inorganic silica ba
precursors have been fully explored by standard meth
~basically Young’s Modulus measurements! since the early
work by Mackenzieet al.3 However, little attention has bee
paid to the dynamical elastic behavior of these materials
its correlation to the macroscopically observed propert
This is a major point since a full understanding of the int
play between structural and dynamical correlations is
quired so as to tailor the mechanical properties of these n
materials. Within this frame the knowledge of the differe
possible conformations in ORMOSILs resulting from diffe
ences in the chemical bonding between the inorganic pre
sor and the organic component seems to be essential.
cording to nuclear magnetic resonance~NMR! data,4 at the
lowest concentrations of the organic compound polydime
ylsiloxane~PDMS! in the sample, the probability of bondin
between the inorganic component and the organic materi
sites different from the two extrema of the organic chain
very high, while competing processes of autocondensa
for the organic component are minimized. Therefore a m
efficient interbonding of the inorganic and organic comp
nents occurs.5 However, microphase separation has been
served for related systems using a great variety of techniq
probing either dynamical or structural aspects of th
materials.4–6

As a model material we have studied a series
ORMOSILs obtained from chemical combination of tetr

a!Electronic mail: rafa@cc.csic.es
b!On leave from Instituto de Estructura de la Materia, C.S.I.C.
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ethoxysilane~TEOS! and PDMS with different concentratio
ratios. The investigated set of samples were prepared by
sol-gel route, following the sonogel procedure.7,8

In order to obtain a clear understanding of the relatio
ship between the structure and the elastic properties~static
and dynamical! of ORMOSILs, we have made use of hig
performance Brillouin spectroscopy on these materials. B
louin scattering has proven to be an essential techniqu
disentangle the fundamental aspects of the viscoelastic
elastic properties of a broad range of amorphous materia9

while also providing important information on the optic
properties of the samples explored. Parallel to the Brillo
measurements we have performed NMR experiments on
MOSIL samples with different concentrations of the organ
component. The combined analysis of the experimental
sults obtained by both techniques renders a very interes
picture of the micromorphology of sono-ORMOSILs and
influence on the macroscopic mechanical properties.

II. EXPERIMENT

A. Sample preparation and characterization

TEOS from Merck ~n51.38, r50.983 g cm23! was
used as an inorganic precursor and PDMS, with an aver
molecular weight of 550, from Hu¨ls America Inc. ~n
51.40, r50.950 g cm23!, as an organic component. Th
PDMS has been chosen as an organic precursor based o
appropriated density and steric hindrance due to the me
group. HCl acid was utilized as a catalyst. In order to av
the use of additional organic solvents that decrease the
density, a high powered ultrasound probe~20 kHz, 15 W!
has been employed. The reactions taking place in the syn
sis of ORMOSILs are:
77399/7/$10.00 © 1997 American Institute of Physics
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HCl acid and ultrasound energy mainly promote the hydro
sis reaction giving rise to gels of higher density formed
smaller particles than those processed by the classic me
When the organic network precursor, PDMS, is added to
TEOS/H2O/HCl system, the copolymerization reaction d
scribed above takes place, competing with the silic acid s
condensation and other possible reactions. In fact, the
reactivity of PDMS can induce its self-polymerization, lea
ing to fully organic linear or cyclic structure. In the latte
case, there is a phase separation between the organic
inorganic networks. Thus, the processing method follow
tried to minimize this unwanted reaction and avoid pha
separation resulting from differences between TEOS
PDMS reactivity. In the first step, TEOS is prehydrolyzed
subjecting a mixture of TEOS: acidic water~1:2 molar ratio!
to the ultrasound radiation doseEs560 J cm23. Then ad-
equate amounts of PDMS, ranging from 0 to 40 wt %
ferred to TEOS, was added and an additional ultrasonic
ergy was applied to complete the total energy dose of 0
kJ cm23. The resulting solution gels after a period of tim
varying from 30 min to 1 week when increasing PDMS co
tent. Finally, samples were aged in closed containers fo
week and dried for at least 2 weeks with a holed parafilm
the top of the opened vessel. The resulting monolit
samples of ORMOSILs are transparent for the lower dose
the organic component but become milky for the higher o
probably due to the inorganic phase inability to incorpor
homogeneously a great amount of the organic phase, at
for this method.

For the sake of clarity the organic fraction in the hybr
material will be expressed in the following as monomer m
lar fraction, that is, DMS mol/~TEOS mol1 DMS mol!%.
Sample volume was measured with two different probes
order to estimate the ORMOSILs densities at two differ
resolution levels. Bulk densities were evaluated by
Archimedes method using cyclohexane~r50.78 g cm23!.
The density of the hybrid organic-inorganic skeleton w
estimated from helium picnometry in a noncommerc
vacuum line.

In order to obtain filmlike samples of ORMOSILs w
deposited part of the obtained sol in a silicone rubber c
The silicone rubber allows the films to be easily remov
without any strain after gelification in the cell. In this wa
we obtained free standing films of about 10mm thickness
with plane parallel faces suitable for use in Brillouin spe
troscopic experiments.
7740 J. Appl. Phys., Vol. 81, No. 12, 15 June 1997
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B. Brillouin spectroscopy

The Brillouin spectrometer used is based on a 313-Pass
Fabry–Perot interferometer in tandem10 with an Ar-ion
single mode laser as the light source. The experimental s
is schematically drawn in Fig. 1. This setup allows the
multaneous realization of the backscattering~180°! geometry
and the special 90° scattering geometry~for the 90° configu-
ration we will use the 90A notation following that used in th
literature!.11–13The principles of the 90A and backscatterin
~180°! geometries are shown in Fig. 2. In monolithic samp
we have recorded separately the 90A and the backscatte
spectra. In the case of filmlike samples of a fewmm thick-
ness the experimental configuration for the 90A scatter
geometry gives rise simultaneously to a supplementary ba
scattering due to the different refractive indices between
surrounding air and the sample.13 The corresponding phono
wavelengths are:

FIG. 1. Experimental setup used to perform the Brillouin scattering exp
ments: Bm: beam splitter, MI..3: optical mirrors, Ll..3: optical lenses, S
light shutter, S: sample.

FIG. 2. Schematic drawing of the principles of the~a! 90A and~b! back-
scattering~180°! geometries.ki ,s represent the incident and scattered lig
wave vectors respectively; q represents the phonon wave vector invo
Reflection in the interface sample-air gives rise to a supplementary b
scattering~180°! process in the 90A scattering geometry conformation~a!.
Jiménez-Riobóo et al.
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L90A5
l0

A2
; L1805

l0

2ni
, ~1!

wherel0 is the laser wavelength in vacuum~514.5 nm in our
case! andni is the relevant refractive index of the sample.
the case of an isotropic sample there exists only one ref
tive index and the phonon wave vectors are symme
equivalent. As it has been discussed elsewhere, in the ca
the 90A scattering geometry, the influence of the birefr
gence on the acoustic wavelength can be omitted.13 Depend-
ing on the scattering geometry the sound velocity is rela
to the Brillouin line shift,f ~in frequency!, as follows:

v90A5 f 90A
l0

A2
; v1805 f 180

l0

2ni
. ~2!

Notice that in the case of no acoustic dispersion these ve
ties must be strictly the same. Taking advantage of this fa
is straightforward to obtain a relation between the Brillou
frequency and the refractive index of the sample under st
in the following way:

ni5
f 180

f 90AA2
. ~3!

This is a very particular case of the more generalD function
defined in Ref. 9.

The stiffness coefficient,c, related to the measure
sound velocity obeys the relationc5rv2 wherer is the mass
density of the material. In an acoustic isotropic system th
exist only two independent elastic constants: The longitu
nal one,c11, and the shear~transverse! one,c44. Depending
on the polarization conditions of the incident and scatte
light it is possible to select one of them.14

In order to evaluate the elastic constantc11, we used
density values stemming from He picnometry given
r~g/cm3!51.726–0.009453M ~M being the molar fraction
of DMS!. We could also obtain density values for samp
containing 0% and 41.6% molar fraction of DMS usin
C6H12 picnometry. In the case of the 0% sample both p
nometries give the same density value while in the case
the 41.6% sample the C6H12 picnometry gives a 15% lowe
value. This fact indicates a clear decrease in pore size
the inclusion of PDMS.

C. NMR

High resolution29Si magic angle spinning~MAS! and
cyclic polarization magic angle spinning~CPMAS! NMR
spectra of powdered samples were recorded at 79.49 M
by spinning at the magic angle 50° 448. The experiments
were performed on spectrometer Bruker MSL 400 equip
with a Fourier transform unit. The spinning frequency w
4000 cps and the applied magnetic field is 9.4 T.29Si MAS
spectra were collected with the single pulse progr
CYCLOPSusing a pulse width of 6ms ~90 A! and 10 s recycle
delay. All measurements were conducted at room temp
ture using tetramethylsiloxane as external standard refer
and accumulations amounted to 400 free induction dec
~FIDs!.
J. Appl. Phys., Vol. 81, No. 12, 15 June 1997
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III. RESULTS AND DISCUSSION

Typical spectra in the case of a monolithic sample and
a filmlike sample are shown in Figs. 3~a! and 3~b!. A Lorent-
zian function was used in order to obtain the frequency a
the half width at half maximum~HWHM! from the Brillouin
peaks. We obtained a reliable estimation of the hyperso
attenuation by substracting the HWHM of the Rayleigh li
~central line! from the HWHM of the Brillouin peaks. From
the optical and elastic point of view sonogels can be con
ered isotropic and therefore the elastic and optical indica
ces show only one value for the refractive index (n) and for
the longitudinal (c11,) and the shear (c44) elastic constants
We were not able to obtain information about the shear e
tic constant. This fact may be due to a severe overdamp
of the shear acoustic modes in these porous materials. M
over the presence of any broad central mode was not
tected and the presence of fast relaxations in the explo
systems cannot be inferred. As a result of the small thickn
of the sample, the difference in refractive index with t
surrounding air and the finite size of the scattering volume
has been possible, using only the 90A scattering geom

FIG. 3. Typical recorded spectra in the case of~a! a monolithic sample and
of ~b! a filmlike sample. In~a! the 90A and the backscattering~180°! spectra
are plotted simultaneously. In the case of the filmlike sample~b! the spec-
trum recorded in the 90A scattering geometry clearly shows the supplem
tary backscattering contribution~180°!.
7741Jiménez-Riobóo et al.
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~see Sec. II B and Fig. 2!, to obtain in the same spectrum an
simultaneously, information about the 90A and the ba
scattering processes@Fig. 3~b!#.

The influence of the DMS concentration in the static a
dynamical elastic properties of sonogels is clearly dem
strated in Figs. 4 and 5. It is very interesting to notice that
preparation conditions of the samples~monolithic or film-
like! does not influence the values of thec11 elastic constant
~Fig. 4!.

As far as we do not know the phonon wave vector d
pendence of the hypersonic attenuation,G, ~HWHM! it is
only possible to perform a qualitative comparison betwe
the 90A ~filmlike samples! and backscattering~monolithic
samples! attenuation data. Figures 5~a! and 5~b! show a very
similar DMS concentration behavior ofG in both cases.G
diminishes with increasing PDMS content, shows a mi
mum of about 40%, and increases for higher DMS conc
tration values. This fact indicates that the backscatter
technique in monolithic samples gives reliable results des
the milky aspect of the samples with the highest concen
tion. The thin samples~about 10mm! are not affected by the
transparency problems of the monolithic ones.

The concentration behavior ofc11 is different from that
of G. There is a smooth softening of the elastic constant w
increasing DMS concentration, tending asymptotically to
value of the pure PDMS, with no relevant anomaly at a
fined PDMS content. The asymptotic behavior is reache
concentration values about 40% of DMS. Previous res
concerning the DMS concentration dependence ofc11 andG
are confirmed by these more complete measurements.15

The usual experiments to determine the mechan
properties of dried ORMOSILs have been interpreted
terms of the interconnection of two different elastic med
~either as a series connection or as a parallel connection!, one
being the SiO2 matrix and the other one the incorporat
polymer~in our case PDMS!.3 The proposed models give n
satisfactory explanation of the elastic behavior. The Brillou
spectroscopy offers new information concerning the hyp
sonic attenuation,G. This attenuation is related to the inver

FIG. 4. DMS concentration dependence of the longitudinal elastic cons
c11 for the monolithic samples~s! and for the filmlike samples~D!. The full
line represents the best fit of the experimental data to Eq.~4!.
7742 J. Appl. Phys., Vol. 81, No. 12, 15 June 1997
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of the phonon lifetime,t, ~G51/t!, and must be taken into
account to propose a morphological model to explain
elastic behavior. Interpreting the attenuation in terms of p
non lifetimes it is possible to explain the attenuation beh
ior in terms of changing number of interphases in the ma
rial ~i.e., porosity and microsegregation!. A physical picture
of the system emerges in which two plausible PDMS for
in the sample~segmentlike and globular! co-exist. For low
concentration of PDMS the inclusion of organic material
the silica network takes place quite uniformly as chains e
bedded in the silica matrix. The enrichment in PDMS t
gether with the decrease in porosity of the material are
flected by a decay in the hypersonic attenuation. Howeve
lower pore density would imply an increase in the elas
constant which is not observed.16 Therefore, the measure
decay~Fig. 4! can only be explained by a renormalization
the elastic properties of the gel due to the linking of PDM
to TEOS. This situation remains until the PDMS concent
tion is high enough to allow the globular configuration
PDMS to preferentially establish. This is consistent with t
fact that at high polymer concentrations the globular form
from the thermodynamic point of view, more stable.17 A side

nt

FIG. 5. DMS concentration dependence of the hypersonic attenuation~G!:
~a! backscattering geometry~monolithic samples!, ~b! 90A scattering geom-
etry ~filmlike samples!. The straight line on the first experimental poin
gives the experimental error in the estimation of the attenuation in b
cases.
Jiménez-Riobóo et al.
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product of this structural change towards some sort of
crophase separation is the building up of liquidlike islan
and, consequently, the lifetime of the phonons decrea
while some sort of ‘‘saturated’’ value is reached for the el
tic constantc11. The difference in the observed linewidths
these high PDMS concentrations in relation to the measu
linewidth for liquid PDMS~0.7 GHz in backscattering! can
be understood in terms of the porosity of the gels and se
changes in the acoustic impedances when the phonon cro
the interphase limiting the liquid islands.

Within this scenario any model intending to describe
static elastic properties should take into account the e
tence of the PDMS in two different morphologies~segment-
like and globular! and not only one~segmentlike! as has
been done until now. In order to test our working hypothe
on the coexistence of two PDMS forms we have conducte
series of29Si NMR experiments on the same sample s
Figure 6 shows the NMR spectra corresponding to the

FIG. 6. 29Si NMR spectra of ORMOSIL powder samples of different DM
concentrations:~a! 0%, ~b! 41.6%, ~c! 58.8%.Q2, Q3, andQ4 represent
different silicon nuclei after Ref. 18.
J. Appl. Phys., Vol. 81, No. 12, 15 June 1997
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41.6, and 58.8 mol % DMS for an easy comparison. As c
be seen in Fig. 6~a! the spectrum corresponding to the pu
TEOS compound shows the typical three peaked feature
well structured silica backboned gel. We have fit the data
terms of three Gaussians, corresponding to three diffe
environments of the29Si nucleus in vitreous silica gels, cen
tered at 111.30, 102.078, and 92.74 ppm being respecti
assigned to silicon nucleus of typeQ4, Q3, andQ2, accord-
ing to the standard notation.18 This structuration of the silica
network can be understood in terms of quasispherical c
ters conforming the pure TEOS compound.19 These clusters
contain a hard core formed by silicon nuclei bonded to fo
oxygens~type Q4! and surrounded by other silicon nucl
bonded to three or two oxygens~type Q3 andQ2, respec-
tively!, the latter connecting the core with the pores of t
system.

Following the model proposed in Ref. 19, the ratio of t
integrated intensities of the fitted Gaussians renders an
mate of the mean cluster radius, being in this case of
order of 15 Å. Figure 6~b! shows the spectrum of the samp
containing 41.6% DMS. Apart from the peaks correspond
to silicon nuclei in a silica network, not as well defined as
the previous case, a new asymmetric peak appears in the
ppm range stemming from silicon nuclei inserted in PDM
segments. The intensity in this region can be accounted
by two Gaussians centered at 17.7 and 21.1 ppm being
first one order of magnitude more intense than the seco
Following the assignments made by Mackenzie in sim
systems,4,7 these two components can be assign
respectively to ~–O–!3Si–O–Si* (CH3!2–O2Si5 and
–Si~CH3!2–O2Si* (CH3!2–O–Si~CH3!2–. From the inten-
sity ratio of these two components it seems clear that
intimate mixture of TEOS and PDMS has proceeded alm
in a complete way. Figure 6~c! shows the correspondin
spectrum for the 58.8% DMS sample. The most drama
change in the spectrum regarding Fig. 6~b! is the appearance
of an extremely narrow component~resolution limited! cen-
tered at 22.7 ppm and a strong decrease of intensity in
@16–18 ppm# region. The narrow peak closely resembl
those found for liquid PDMS in real time NMR experimen
just after mixing the organic and inorganic components pr
to any reaction scheme.4,7 This fact confirms our hypothesi
of the existence of liquidlike islands of PDMS in a quas
globular form for gels with a high content of PDMS~51.5%–
58.8%!. It is equally remarkable concerning the decrease
any intensity around 17 ppm implying a decrease of che
cal connection between the organic and the inorganic c
ponents of our sonogels.

The interpretation of the elastic data in terms of tw
coexisting morphologies of PDMS has been clearly s
ported by the NMR results. It is therefore necessary to
clude these different forms of PDMS in the models descr
ing the static elastic properties. Following the lines of t
two extreme models proposed by Mackenzie,3 we propose a
mathematical model that qualitatively explains the obser
elastic behavior. The main ingredient of our model is t
consideration of two morphologically different forms o
PDMS whose relative contributions to the observed ela
behavior are normalized to the total content of PDMS in
7743Jiménez-Riobóo et al.
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sample. Both forms, PDMS in a segmentlike configurat
within the backbone of the –SiO2– network and PDMS in a
quasiglobular ~liquidlike! configuration, are paralle
branched while being branched in series to the –SiO2– struc-
ture. The model reads

c115
1

S 12x

c1
1

x

c2~12x!1c3x
D , ~4!

wherex is the molar fraction of DMS monomer,c1 refers to
the elastic constant of silica,c2 and c3 are the elastic con
stants of PDMS in a segmentlike and globularlike config
ration, respectively. The fitted parameters in our model
c1 and c2 ; c3 being constrained to the value of the elas
constant of liquid PDMS. This assumption is physica
sound since no solid form of the polymer can be softer th
the corresponding liquid and, in fact, none of the measu
values forc11 lies below this limit. As it can bee seen in Fig
4 the model, in spite of its simplicity, describes the elas
behavior of the sonogels on semi-quantitative grounds.
values of the best fit for the fitting parameters are shown
Table I.

Despite the simplicity of the model, the obtained valu
for the elastic constants of the ORMOSILs are physica
relevant.c1 is very similar to the measured value for th
porous silica~0%! andc2 . c3 reflects the well known fac
that the elastic constant along the extended carbon cha
much higher than the one in a direction perpendicular to
carbon chain as in the case ofn-alkanes20 or semi-crystalline
polymers.21

Since Brillouin spectroscopy is an optical technique
can also obtain, simultaneously to the elastic properties,
formation about the optical properties of the investiga
samples. Combining the 90A and the backscattering ge
etries as in the case of the filmlike samples, it is possible
obtain an estimation of the refractive index at room tempe
ture and forl5514.5 nm. One must remember that this
only possible because we are dealing with optically isotro
samples and that the related phonon wave vectors are
metry equivalent~see Sec. II A!. To our knowledge this is
the first time that such a determination of the refractive ind
in these kinds of samples and for high PDMS content
been made. It is important to remember that for high PDM
content the monolithic samples present some milky asp
~optical dispersion!15 and therefore it is not possible to obta
reliable values for the refractive index by means of conv
tional techniques. Following Eq.~3! it is easy to obtain an
estimation of the refractive indexn514.5

RT only from the posi-
tion of the Brillouin peaks. Figure 7 shows the DMS
concentration dependence ofn514.5

RT . As it is shown in Fig. 7
and in contrast to the elastic behavior~static and dynamical!,

TABLE I. Values obtained from a least square’s fit of Eq.~4! to the experi-
mental data.

c1~GPa! c2~GPa! c3~GPa!

1762 361 1.018
7744 J. Appl. Phys., Vol. 81, No. 12, 15 June 1997
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the refractive index is a slow varying function of DMS co
tent in the sample up to concentrations around 26 mol %
DMS. For higher PDMS content, above 40 mol %,n514.5

RT

increases monotonically following a linear dependence. T
guide line in Fig. 7 suggests the existence of a minimum
n514.5
RT but one has to be very careful so as not to overint
pret the results. The refractive index shows a clear crosso
between two different regimes at a DMS concentration
about 40 mol %. Similar to the elastic properties, the opti
properties also reflect the appearance of microsegregatio
these samples.

IV. CONCLUSIONS

Monolithic and filmlike ~few mm thickness! ORMOSIL
samples have been the object of this study by means of N
and Brillouin spectroscopy. High resolution Brillouin spe
troscopy has proven to be an ideal technique to study
only the elastic properties of ORMOSILs but also to obta
very valuable information about the optical properties. T
elastic properties are not affected by the filmlike or mon
lithic nature of the samples. From the measured dynamic
static hypersonic properties, the elastic constantc11, and the
related hypersonic attenuationG, can be extracted. The com
bined interpretation of the NMR data and the elastic prop
ties gives rise to a structural model that takes into acco
the existence of microsegregation of the ORMOSIL comp
nents above a defined DMS concentration. This microse
gation manifests itself in the existence of two different co
formations of the PDMS component~segmentlike and
globular!, the first inserted within the backbone of th
–SiO2– network and the second forming liquidlike island
The proposed static elastic model to interpret the DMS c
centration dependence of the elastic constantc11, takes into
account the existence of these two different PDMS conf
mations and despite its simplicity, describes the elastic
havior of the sonogels on semi-quantitative grounds. For
first time also the optical properties of the ORMOSILs ha
been estimated. The refractive index,n514.5

RT , of the studied
samples is also sensitive to the existence of a character
DMS concentration.

FIG. 7. DMS concentration behavior of the refractive indexn514.5
RT . The full

line is only a guide to the eye.
Jiménez-Riobóo et al.
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19M. J. Muñoz, M. Gregorkiewltz, and F. J. Bermejo, J. Non-Cryst. Soli
189, 90 ~1995!.
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