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ABSTRACT: Estimations of the average molar mass between crosslinks for sol-gel-de-
rived poly(tetramethylene oxide) (PTMO) —polysilicate hybrid composites have been
made using both dynamic tensile modulus and equilibrium swelling techniques. Modu-
lus-based calculations have been performed using storage modulus values obtained
from dynamic mechanical spectroscopy at frequencies ranging from 0.1 to 10 Hz. The
analysis revealed that gels containing either 4 or 19% polysilicate (by volume) had an
average molar mass between crosslinks significantly less than that predicted by a
PTMO and SiO; rule of mixtures. Thus, the analysis indicates that there is extensive
restriction of PTMO chain mobility in these gels. Aging of the 19% polysilicate-loaded
gels in a basic ethylamine and water solution for 25 h, which has previously been
shown to enhance phase separation without loss of optical transparency, results in
increasing average chain length. To verify this approach, the values obtained using
the dynamic mechanical spectroscopy-based technique were compared with those calcu-
lated using the Flory-Rehner equation. Somewhat surprisingly, the analyses by both
techniques were in excellent agreement, thereby suggesting that, in the absence of
chemical change, elementary rubber elasticity theory is a good tool for investigating
the phase interactions in these seemingly nonideal hybrid composites. © 1998 John
Wiley & Sons, Inc. J Appl Polym Sci 68: 947-957, 1998

Key words: hybrid organic—inorganic composites; sol-gel processing; dynamic me-
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INTRODUCTION

Hybrid organic—inorganic composites are an excit-
ing class of materials exhibiting synergistic me-
chanical and thermomechanical responses arising
from the near molecular level of mixing present
within the materials. Many materials and synthetic
routes have been used in the production of hybrid
composites, with the end-use dictating the selection
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of the organic phase and the processing route.*”
Examples of polymers that have been used in the
synthesis of hybrid composites include poly (dimeth-
ylsiloxane,®® tetramethylene oxide,”™® arylene
ether ketone,!® imide,'! amide,'*'? butadiene,® p-
phenylene vinylene,* acrylate'®*°), as well as ep-
oxy?! and commercially available Nafion® mem-
branes.”? Similarly, a variety of inorganic precur-
sors have been studied, including metal alkoxides
of aluminum, titanium, and zirconium, as well as
novel reinforcing phases, such as layered silicate
minerals.”?® The broad range of compositions of
these materials have led to a number of commercial
developments in the area of high-performance com-
posites. In addition, numerous patents have been

947



948 MILLER, ZHAO, AND BRENNAN

issued for this class of materials.?*~2®* We envision
that the study of these materials will enable other
use of these systems for specialized coatings and
optical devices. Efforts in our laboratories have fo-
cused on the uses of hybrids derived from the simul-
taneous sol-gel processing of triethoxysilane end-
capped poly(tetramethylene oxide) (PTMO) and
the inorganic precursor for silica, tetraethoxysilane
(TEOS). Our primary interest is the effect of the
interphase on the mechanical and physical proper-
ties of these systems. To this end, we have pre-
viously investigated modifications to both the or-
ganic and inorganic phases with the goal of under-
standing the structure/property relations of these
near homogeneous composites.?’~>

With regard to modifications of the inorganic
polysilicate phase, our results reveal that gels de-
rived from an acid-catalyzed mixture of 60% (w/
w) PTMO and 40% TEOS—which were subse-
quently swollen in a basic, 70% ethylamine in wa-
ter solution for up to 24 h—exhibit enhanced
phase separation of the PTMO and polysilicate
phases.?” This enhancement was not accompanied
by a loss of optical transparency. In addition,
changes in dynamic mechanical response were ob-
served in that the thermally induced syneresis
typically exhibited by these polysilicate cross-
linked composites could be eliminated by aging
the gels in the basic solution. These results, as
well as infrared evidence to be presented shortly,
suggest that during the first hour of exposure the
ethylamine treatment is the chemical analog of a
thermal cure in that exposure to the basic solution
for 1 h drives the condensation reaction to virtual
completion. Beyond the first hour, however, in-
creased phase separation is observed in the dy-
namic mechanical spectroscopy (DMS) data as ev-
idenced by the onset of PTMO crystallization.
Such crystallization would occur only when the
PTMO chains are set free of significant interac-
tions with the vitreous polysilicate chains and
thereby gain the mobility necessary to crystallize.
We have proposed that this phase separation,
which does not occur on the macro-optical scale,
occurs via a simultaneous dissolution and repre-
cipitation process. This process is analogous to the
ripening observed in “pure” silicates exposed to
basic conditions.?® In an attempt to quantify the
changes induced by this polysilicate ripening on
the network structure of the hybrid composite we
have applied elementary rubber elasticity theory
in conjunction with DMS. It will be shown that
this somewhat unorthodox approach not only pro-
vides valuable qualitative insights into the inter-

actions present within these near molecularly
mixed composites, but also that there is excellent
quantitative agreement with values calculated
from equilibrium swelling.

Rubber elasticity theory should serve as a use-
ful tool for quantifying the reduced elasticity of
the PTMO chains in that interpenetration of poly-
silicate and PTMO chains should lead to entangle-
ments or labile crosslinks that reduce the average
molar mass between crosslinks, M,. Conse-
quently, the more interactive or mixed that the
phases are, the lower that the average chain
length should be. The exceptional linearity of the
DMS storage modulus versus temperature plots,
to be shown shortly, suggest that the data could be
used to calculate M. based on the thermodynamic
derivation of the elasticity relation®"

G:vaszg (1)

where G is the shear modulus; N, is the average
number of covalently bonded, elastically active
network chains per unit volume; £ is the Boltz-
mann constant; R is the gas constant; T is abso-
lute temperature; p is the density; and M, is the
average molar mass between crosslink junctions.
If the sample is assumed to have a Poisson ratio,
v, of 0.5 throughout the temperature range of in-
terest, then the elastic modulus, E, which is re-
lated to the shear modulus by the equation

E =2G(1 +v) (2)

is equal to 3G. In addition, if the characteristic
relaxation time of the gel is less than the times-
cale of the dynamic modulus measurement, then
the storage modulus, E’, is effectively an equilib-
rium measurement equivalent to the equilibrium
elastic modulus, E. Equation (1) can then be up-
dated to the form

E’' = 3NkT = ——— (3)

Examination of this equation reveals that a linear
regression through a plot of E' versus 3 kT yields
a slope of N, and a crosslink density of N,/2,
assuming tetrafunctional crosslink junctions.
Equating the second and third expressions of the
equalities in eq. (3) produces the relation
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where L is the Avogadro constant and, again, p
is the density of the gel. It is evident that the
assumption of a tetrafunctional crosslink junction
in this complex mixture is a bit of a stretch from
the classical concept. However, one must recog-
nize that the system is a mixture of tetrafunc-
tional cross link junctions with regard to the
TEOS and trifunctional with regard to the PTMO
oligomers. Furthermore, the actual structure of
the silicate phase would most likely have an aver-
age functionality much higher than the individual
structural repeat units. The relative reactivity of
these species and the overall extent of reaction is
not well defined; however, the results of our, as
yet to be shown analysis, indicate that the average
functionality of the system can be approximated
by the value of 4.

A check on the values obtained using eq. (4)
can be made using the more traditional equilib-
rium swelling technique in conjunction with the
Flory-Rehner equation for a perfect network, %3

_[(1 - UZm) + Uom + Xl,ngm]

V m
= MTlf (v%,/,f’ - %) (5)

where v,,, is the volume fraction of polymer in the
equilibrium swollen mass, V; is the molar volume
of the solvent, and x; » is the Flory-Huggins inter-
action parameter. The volume fraction of the poly-
mer in the swollen mass can be calculated using

_ V, _ M/ p,
V1 + VZ Ml/pl + Mg/pg

(6)

Uom

where V, M, and p are the volume, mass, and
density, respectively; and the subscripts 1 and 2
correspond to the solvent and polymer, respec-
tively. Note that the values estimated using this
swelling technique have not been corrected for the
volume fraction of polysilicate present [i.e., vy, is
based on volume fraction of solids in the swollen
mass determined during extraction of the gels in
tetrahydrofuran (THF'), a good solvent].

The y-parameter needed for determination us-
ing swelling can be estimated from the difference
in solubility parameters of the gel and solvent
using*
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Vi (5, = 6,2 7

X12 = RT

where, again, the subscripts 1 and 2 denote the
solvent and hybrid gel, respectively. The value of
6y for the benchmark 40% (w/w) TEOS-based gel
containing 19% polysilicate by volume was mea-
sured previously by equilibrium swelling studies
of the gel in solvents of different Hildebrand pa-
rameters.?® For this article, this same value was
used for all the ethylamine exposure times,
thereby assuming that swelling in the ethylamine
solution produces no change in the Hildebrand
parameter of the 40% TEOS hybrid gel. It is, of
course, recognized that there are changes oc-
curring in the silicate structure during the soak-
ing of the gels in the ethylamine solution. How-
ever, those changes are limited largely to the
silicate structure that exhibits relatively insig-
nificant solvent uptake.'!

These relations, having been developed under
the stated assumptions, permit both a mechanical
elasticity based and an equilibrium swelling
based estimation of M, for the PTMO chains pres-
ent within the polysilicate crosslinked gels. It is,
therefore, possible to compare the values obtained
using the two approaches with insights gained
into the effectiveness of DMS as a basis for such
measurements. Second, it will be possible to use
the measured values to quantify the extent of in-
teraction, as evidenced by the change in average
PTMO chain molar mass, between the organic
and inorganic phases present in these hybrids.

Experimental

Details regarding the synthesis of the gels used in
this article have been published previously along
with complete mechanical and dynamic mechani-
cal characterization results.?” Consequently, the
experimental techniques and testing parameters
described therein pertain to this article also.
Briefly, however, a dissolved mixture of 60%—40%
(w/w) PTMO-TEOS, respectively, henceforth re-
ferred to as TEOS(40), were cast into polystyrene
Petri dishes from an acidified isopropyl alcohol—
THF (4 : 1) cosolvent system. The PTMO oligo-
mers used in this study had been functionalized
by reacting isocyanatopropyltriethoxysilane with
2000 g mol ! poly(tetramethylene ether) glycol
in bulk at 70°C for 4 days to produce reactive
oligomers capable of undergoing sol-gel pro-
cessing in the presence of additional metal alkox-
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Figure1l Mild heating of a 2% molar excess of isocya-
natopropyltriethoxysilane mixed with 2000 g mol ?
poly (tetramethylene ether) glycol results in the forma-
tion of ethoxysilane-functionalized PTMO oligomers
used in the sol-gel processing of all of the hybrid gels
discussed in this study.

ides, such as TEOS. This reaction and the re-
sulting end-capped oligomer are shown in Figure
1. After casting, the gels were covered and allowed
to gel for 4 days. Subsequently, the gels were un-
covered for 2 days to allow evaporation of any
residual alcohol, water, or THF. Next, the gels
were immersed in THF and allowed to swell at
ambient for 24 h. This swelling was followed in
series by vacuum-drying at 40°C and 29 in Hg for
24 h, swelling again in water at ambient for 24 h
and a final vacuum-drying at 40°C and 29 in Hg
for 24 h. After this processing, the gels were con-
sidered benchmarks and were ready for modifica-
tion using the 70% ethylamine in water solution.

The standardized PTMO-polysilicate gels
were placed into Pyrex Petri dishes prefilled with
the aqueous ethylamine solution (pH 12.5) for 1,
4,7, 13, and 25 h, after which they were removed
and deswollen in water with multiple rinses until
the pH of the deswelling water had returned to
its initial value of 6.5 (ca. 8 h). Vacuum-drying
under the conditions described previously com-
pleted the ethylamine processing.

For the sake of comparison, gels were made
by crosslinking the PTMO chains without adding
TEOS. These gels are referred to as TEOS(0) gels.
The sol-gel processing of these reactive oligomers
in the absence of TEOS produced an elasomeric
gel containing ca. 4% polysilicate by volume. This
gel underwent the same swelling/extraction and
vacuum-drying process as the TEOS(40) gels.

Multiple characterization techniques were
used for this study. DMS was performed using a
Seiko DMS 200(F'T) interfaced with a Seiko Rheo-
station model SDM/5600H. Testing for all gels
was conducted from —150 to 200°C at a heating
rate of 0.75°C min ' in a dry nitrogen atmosphere
maintained at an approximate flow rate of 200

mL min !. The test frequencies ranged from 0.1
to 10 Hz, whereas the strain amplitude was 0.1%.
Thermogravimetric analysis was performed us-
ing a Seiko TG/DTA 320 interfaced with the same
Seiko Rheostation model SDM/5600H as the
DMS 200(FT). A heating rate of 10°C min 'in a
dry air atmosphere maintained at a flow rate of
approximately 100 mL min ' was used. The tem-
perature range investigated was 25 to 1000°C.

Swelling measurements were obtained by im-
mersing three 9.5 mm diameter disks, which had
been punched from the cast films using a no. 6
cork-borer, into small Petri dishes filled with
THF. The averages and standard deviations given
throughout this article are based on the swelling
values for these three samples.

Density measurements were obtained using a
Mettler density determination kit employing dis-
tilled water at ambient conditions. Five samples
were used for each ethylamine exposure time,
with the averages and standard deviations dis-
played in all figures.

Fourier-transform infrared (FTIR) spectros-
copy was performed using a Nicolet 20SXB FTIR
spectrometer. A Perkin-Elmer attenuated total
reflection (ATR ) stage was set to 45° using a KRS-
5 trapezoidal crystal obtained from Spectra-Tech,
Inc. In all cases, 32 scans were sufficient to collect
reproducible spectra with an instrumental resolu-
tion of 4 cm '. All spectral subtractions were per-
formed automatically using the OMNIC FT-IR
software package supplied by Nicolet.

RESULTS

Physical Characteristics

The density and percent residue on ignition of the
benchmark TEOS(0) and TEOS(40) gels, as well
as the TEOS(40) gels exposed to the ethylamine
and water solution for up to 25 h, are given in
Table I. Examination of this data reveals that, as
expected, the density of the gels and the percent
residue on ignition increase as the mass loading
of TEOS increases from 0 to 40% of the initial sol.
Similarly, there is another slight increase in the
residue mass for the 40% samples exposed to the
ethylamine for 1 h. The density, however, de-
creases somewhat after the first hour of exposure.
Changes such as these are possible if the number
of structural defects, such as the hydroxyl groups
known to be present in the polysilicate domains,
are converted to oxygen bridges during the initial
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Table I Room Temperature Densities of All Gels Investigated

Density @ 25°C

% Residue on Ignition to 1000°C

Gel Type (g cm™) (10°C min™?, air flow at 100 ml min™%)
TEOS(0) benchmark 1.028 += 0.003 2.5
TEOS(40) benchmark 1.154 = 0.002 20.5, 20.7
TEOS(40) 1-h exposure 1.146 + 0.002 21.2, 21.1
TEOS(40) 4-h exposure 1.145 *= 0.003 21.0, 21.0
TEOS(40) 13-h exposure 1.147 += 0.002 20.9, 20.8
TEOS(40) 25-h exposure 1.143 += 0.002 20.8, 21.0

swelling stages, thereby producing a more highly
connected polysilicate phase containing fewer vol-
atiles.’® A strong base, such as the ethylamine
solution used in this study, would be an effective
catalyst for such rapid refinements in the polysili-
cate phase and FTIR results presented next con-
firm these changes. However, for the gel density
to decrease upon exposure to the ethylamine solu-
tion a volume expansion within the PTMO phase
must occur to offset the increased polysilicate
phase density. Results are presented in the follow-
ing sections to explain this trend. Of critical im-
portance, however, is that beyond the first hour
of exposure of the gels to the basic solution, there
seems to be no significant change in either gel
density or mass residue on ignition. Similarly,
this exposure does not result in any detectable
loss of polysilicate in the bulk gels.

ATR FTIR Spectroscopy

In addition to verifying the hypothesis of silica
refinement via enhanced condensation of unre-
acted hydroxyl groups during the first hour of ex-
posure, an analysis of the polysilicate structures
present is necessary to confirm that, beyond this
first hour of exposure, no chemical changes lead-
ing to an increase in crosslink density occurred.
Such changes would artificially increase the slope
of the modulus versus temperature plots within
the rubbery regimes of these gels. FTIR provides
the insight needed to examine these chemical
changes. However, the thickness of the hybrids,
ca. 0.3 mm, negates the use of transmission FTIR.
Therefore, the ATR technique was used on all
gels.

The contributions of the polysilicate phase in
all of these hybrids can be observed in two regions.
Figure 2 displays the lower wavenumber region,
or fingerprint region, dominated by the stretching
of the ether linkages in the PTMO at 1100 cm *,

the asymmetric stretching of the Si—O—Si
groups at 1050 cm ' and the Si—OH stretch at
955 ¢cm 1.%6-38 In addition, more subtle silicate-
based absorbance is observable in the symmetric
stretching/bending of Si—O—Si at ca. 800 cm™*
and what has been attributed to skeletal motion
of 4-fold siloxane ring structures at ca. 570
cm 1353739 The second, or high wavenumber re-
gion, as shown in Figure 3, illustrates stretching
bands for absorbed water and free Si—OH at ca.
3300 cm™*.

Considering the spectra shown in Figure 2, the
most pronounced change in the spectra induced
by continued exposure to the ethylamine solution
is that of the decreasing intensity of the asymmet-
ric Si—O—=Si stretching and Si—OH stretching.
By taking the ratio of the vasymsi—o—si) to the
Uc—o—c peak, shown as the lower plot in Figure
4, it is clear that there is a continued decrease in
the strength of the Si—O—=Si band with increas-
ing exposure. The depth of penetration of an infra-
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Figure 2 Low wavenumber region of the ATR-FTIR
spectra of a benchmark TEOS(0) gel, benchmark

TEOS(40) gel and TEOS(40) gels exposed to the ethyl-
amine water solution for the indicated times.
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Figure 3 High wavenumber region of the ATR-FTIR
spectra of a benchmark TEOS(0) gel, benchmark
TEOS(40) gel, and TEOS(40) gels exposed to the ethyl-
amine water solution for the indicated times.

red beam is a function of wavelength, angle of
incidence and the index of refraction of the mate-
rial and crystal.”” Based on these variables, the
outermost 2 um of the sample surface, or ca. 0.7%
of total thickness, is being probed at 1050 cm ™.
This indicates that there is a reduction in the
amount of polysilicate being detected near the
surface of the gels after 24-h exposure. The ther-
mal gravimetric analysis data presented in Table
I, however, confirm that this reduction is negligi-
ble and that the overall amount of silica is virtu-
ally unchanged.

The issue that remains is what changes are the
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O VAsym Si-0-Si/ VG-0O-C (PTMO)
el °
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Exposure Time to Ethylamine Solution (hrs)

Figure 4 The ratio of peak intensities for the asym-
metric Si—O0—Si and Si—OH stretches (1050/955
cm™!), as well as the ether linkage of the PTMO and
Si—OH stretch (1100/955 cm™!).
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Figure 5 Low wavenumber region of the ATR-FTIR
spectra of the TEOS(40) gels exposed to the ethylamine
water solution for the indicated times after subtracting
out the benchmark TEOS(0) spectra. The spectra,
therefore, are those of the polysilicate phases in the
TEOS(40) hybrids.

ethylamine solution inducing in the polysilicate
phase that remains behind? This question can be
answered by subtracting out the contribution of
the crosslinked PTMO (i.e., the benchmark
TEOS(0) gel) and examining the spectral re-
sponse of the polysilicate phase alone. Figure 5
displays the resulting spectra that are dominated
by the previously discussed asymmetric stretch-
ing of silica and silanol groups. However, there is
another peak present at ca. 1165 cm ™' in all five
of the spectra that is not immediately discernible
in Figure 2, but is commonly observed in the spec-
tra of gel-derived silica. There is, however, some
ambiguity surrounding its origin in that this
peak/shoulder has been attributed to both the 3-
fold degenerate stretching frequencies of SiO, tet-
rahedron and the longitudinal optic mode of the
asymmetric Si—O—Si stretch.?”* Regardless, it
is a common characteristic of silica. The fact that
all three significant peaks associated with silica
are observable at the proper locations lends cre-
dence to the subtraction and ATR technique used
in this study. Unfortunately, one artifact of the
subtraction does become visible as the exposure
time increases. This artifact is the ether linkage
of the PTMO at 1100 cm ™!, which becomes more
visible as the polysilicate at the surface of the
sample begins to dissolve away.

Returning to an analysis of the nature of the
polysilicate phase, a technique has been devel-
oped by Mauritz and coworkers*' on similar hy-
brid systems using the ratio of vassymsi—o—si/
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Figure 6 Dynamic mechanical storage modulus, E’,
as a function of temperature for the indicated gels. Note
the different storage modulus range for the TEOS(0)
gel, which was done to clearly show the crystallization
observed.

Usi—on (1050 cm™'/955 cm™!) as a semiquantita-
tive/qualitative assessment of the degree of silica
development present in hybrids.*? This technique
can be used on the gels in this study to examine
the changes induced by the ethylamine pro-
cessing. The ratio of these peaks as a function of
the ethylamine exposure time are displayed as
the upper plot in Figure 4 and reveal that at least
4 h is needed before there is an indiscernible
change in the number of silanol species relative
to oxygen bridged silicon atoms. Alternately
stated, the first hour of exposure does not provide
sufficient time for an equilibrium silicate struc-
ture to develop within the hybrid. Beyond this
first hour, during which much of the absorption
leading to equilibrium solvent uptake occurs, it
seems that the silicate phase experiences no fur-
ther change in its degree of condensation. A simi-
lar trend is observed in Figure 3, in that after the
first hour of exposure, the number of the silanol
species present, as evidenced by the area under
the absorbance at ca. 3300 cm ™!, seems to remain
unchanged and approximates the number present
in the benchmark TEOS(0) gel.

To summarize the results of the ATR FTIR
analysis, it seems that increased connectivity of
the polysilicate phase is occurring at the surface
of the gels. Based on the previously discussed
changes in density, percent residue on ignition
and DMS results presented in the next section,
these changes are most certainly occurring
throughout the bulk of the gel as well. In addition,
some dissolution is taking place at the surface
of the sample. However, this amount of loss is
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negligible and undoubtedly has little influence on
the bulk properties of the gels. It is also apparent
that an alternative to the FTIR analysis is solid-
state Si** NMR. NMR studies would confirm the
structural changes of the silicate phase in the
bulk of the material. As a result of recent funding,
a new solid-state NMR will be available, and
hence these studies will be possible in the near
future.

Dynamic Mechanical Spectroscopy and
Estimation of M,

The dynamic mechanical storage modulus, E’, of
the benchmark TEOS(0) and TEOS(40) gels, as
well as the TEOS(40) gels that have been exposed
to the ethylamine in water solution for up to 25
h appear in Figure 6. The features of interest in-
clude the glass to rubber transition, T, at ca.
—80°C for all of the gels and the presence of crys-
tallization in both the TEOS(0) gels [i.e., sharp
increase in E' at ca. —70°C] and the TEOS(40)
gels exposed to ethylamine for 25 h (i.e., plateau
in E' extending from ca. —70°C to ca. 0°C). This
onset of crystallization is evidence of increased
phase separation induced by the ripening process.
At temperatures greater than the 7T, and above
the crystalline melting point, the rubbery regimes
of the TEOS(0) gel and ethylamine-exposed
TEOS(40) gels exhibit significant linearity with
increasing temperature, prompting the analysis
developed in the Introduction. In addition, there
is a region between ca. 30°C and 130°C where the
benchmark TEOS(40) gel exhibits appreciable
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3kT x 10%° (Joules)

Figure 7 The rubbery regime of the gels investigated
is expressed in terms of thermal energy. The slope of
each line is the number of elastically active network
chains per unit volume, N, .
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Table II Number of Elastically Active Network Chains Per Unit Volume at Each Frequency
Measured Using the Dynamic Mechanical Spectrometer

Test Frequency (Hz)

Gel Type 0.1 0.5 1 2 5 10
TEOS(0) benchmark 0.40 — 0.39 — — 0.39
TEOS(40) benchmark 2.99 2.90 2.86 2.85 2.74 2.65
TEOS(40) 1-h exposure 8.84 8.79 8.77 8.75 8.67 8.53
TEOS(40) 4-h exposure 8.05 8.03 8.00 7.91 7.86 7.80
TEOS(40) 13-h exposure 6.98 7.02 6.99 7.01 6.99 6.86
TEOS(40) 25-h exposure 4.75 4.77 4.74 4.73 4.68 4.60

linearity. The first equality in eq. (3) necessitates
a plot of E’ vs. 3 kT in the rubbery regime for a
determination of the average number of elas-
tically active network chains per unit volume.
This data is displayed in Figure 7, where differ-
ences in slopes are observable. Although only the
0.1 Hz data is shown, Table II displays the slopes,
N,, for all frequencies investigated. The excep-
tional linearity is confirmed in that the regression
coefficients, 2, for all gels and frequencies ranged
from 0.995 to 0.998. Assuming tetrafunctional
junctions, then the crosslink density is equal to
N,/2. A review of the frequency dependence of
N, in Table II reveals that, as the test frequency
increases, there are fewer chains contributing to
the elastic force. This trend will be discussed in
more detail.

The average molar mass between crosslinks
can be calculated from the second equality in eq.
(3) and the density values given in Table I. Figure
8 displays the estimated M, values as a function
of frequency. Recalling that the molar mass of the
PTMO before triethoxysilane functionalization is
ca. 2000 g mol !, values in the range of 1550—
1600 g mol ~* for the TEOS(0) gels are promising.
This is especially true, given that estimations of
polysilicate volume percent based on molar mass
variations upon curing and additive volumes indi-
cate that ca. 4% by volume of polysilicate exists
within the TEOS(0) gel, assuming a 75% conver-
sion of ethoxysilane species to oxygen bridging
Si0, tetrahedron. As expected, as the volume of
polysilicate increases to 19% for the TEOS(40)
gels, the average molar mass between crosslinks
decreases to a range of 230—260 g mol '. Both
the TEOS(0) and TEOS(40) benchmark gels,
both with the potential for thermally induced rip-
ening, exhibit an increase in M, with increasing
frequency. However, less significant increases are
observable for the TEOS(40) ethylamine-exposed

gels, which were just shown to possess chemically
stable polysilicate phases. In addition, the values
for M, are significantly reduced for the ethylam-
ine-exposed gels, with a minimum value of ap-
proximately 75 g mol ! exhibited for the gels ex-
posed for 1 h. As the exposure time increases to
a maximum of 25 h, the value of M, increases,
reaching a maximum of ca. 145 g mol ™! for the
25-h exposure gels.

A reduction in the average molar mass between
crosslinks is to be anticipated based on the incor-
poration of the anelastic (from the standpoint of
entropy-driven polymer elasticity) polysilicate
phase. For the sake of comparison, if only the vol-
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Figure 8 Frequency dependence of the average molar

mass between crosslinks, M., for the indicated gels.



ume fraction of PTMO is assumed elastic, then a
rule of mixtures predicts that M, values of 1920
g mol ! and 1620 g mol ! should be observed for
the TEOS(0) and TEOS(40) gels, respectively,
regardless of ethylamine exposure, because the
total mass percent of polysilicate remains un-
changed for all exposure times investigated (Ta-
ble I). Because these values are much greater
than those predicted from eq. (3) and displayed
in Figure 8, the employment of rubber elasticity
theory reveals that the near molecular level of
mixing in these acid-catalyzed gels gives rise to
restrictions of the PTMO chains by the polysili-
cate chains. Furthermore, the ripening induced
by the ethylamine treatment does indeed result in
phase sharpening, as evidenced by the increasing
average chain length between crosslinks with in-
creasing exposure time. This interaction-based
analysis completely explains the mechanical, dy-
namic mechanical, density, and swelling response
previously observed for these gels.?” Another
question remains, however, regarding the accu-
racy of the measured values, especially consider-
ing the use of “dynamic” moduli data and the pos-
sible chemical curing contributions known to be
operative in the as-cast (0 hr) and 1-h exposed
samples. It has also been shown previously that
the increase of E’, of the benchmark gels, is char-
acteristic of “curing” in the gel structure.'* There-
fore, to validate further the values calculated from
eq. (3), equilibrium swelling measurements were
made with the goal of using eq. (5) to predict M,
values for the same gels.

Estimation of M, via Equilibrium Swelling

Equation (5) necessitates knowledge of the vol-
ume fraction of polymer in the swollen state, vy,
and the Flory-Huggins interaction parameter,
X1.2, for the given polymer—solvent—temperature
combination used. With regard to the former val-
ues, equilibrium mass uptake of THF for the
TEOS(40) and ethylamine-exposed TEOS(40)
gels was measured at room temperature and the
volume fraction of polymer calculated using eq.
(6). The results are displayed in Figure 9 as a
function of ethylamine solution exposure. Consis-
tent with results predicted from the above analy-
sis, as the benchmark TEOS(40) possess the
greatest average molar mass between crosslinks,
it swells the most and consequently has the lowest
Vs, value. The gel exposed for 1 h had the lowest
value of M, and therefore swells the least and has
the largest vy, value. Continued exposure to the
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Figure 9 Values of the equilibrium volume fraction
of polymer present in the swollen network, vy, for
TEOS(40) gels as a function of ethylamine solution
exposure time.

ethylamine induces phase separation and frees
the previously restrained PTMO chains, thereby
increasing M,, and allowing more swelling and
decreasing v,,, values.

Determination of the Flory-Huggins interac-
tion parameter for such a complex composite sys-
tem necessitates an experimental estimate. Previ-
ous measurements of the solubility parameter for
the TEOS(40)-based systems have been made by
swelling the gel in solvents of differing Hilde-
brand parameters and using the maximum in the
gel swelling coefficient (19.1 MPa'/?) as an esti-
mate of the Hildebrand parameter of the gels.?®
Using equation (7) and knowing that THF has a
Hildebrand parameter of 18.6 MPa'? and molar
volume of 8.11 X 10 ° m® mol *, x, ; is calculated
to be 0.0082. The exceptionally low value is not
unreasonable, considering the affinity the PTMO
should have for THF because the polymer is made
from the ring-opening polymerization of this sol-
vent. A concern arises regarding the incorporation
of the lattice constant of entropic origin that some
authors have put forth requiring that an addi-
tional value of ca. 0.34 be added to the x;, value
calculated using eq. (7).3* For the sake of compari-
son, calculations of M, using swelling were per-
formed using both a x;» of 0.0082 and 0.3482.
These results are displayed in Figure 10, along
with the values of M, calculated using the 0.1 and
10 Hz DMS data from Figure 8. The overall good
agreement between the two techniques is very en-
couraging, considering the ease with which the
“dynamic” technique can be accomplished relative
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Figure 10 Comparison of the values for M, calculated
using eqs. (5)—(7) based on equilibrium swelling for
both values of x; . estimated, as well as values for M,
obtained using eqs. (4) and (5) for the 0.1 and 10 Hz
data from the DMS.

to the various swelling experiments. The choice
of the Hildebrand parameter is of obvious impor-
tance, and a value neglecting the entropic-derived
0.34 contribution seems to fit best over most of
the range, with the exception being the gels with
a 25-h exposure time to ethylamine solution.

CONCLUSIONS

DMS was performed on polysilicate crosslinked
PTMO-based gels containing an estimated 4 and
19% by volume polysilicate. In addition, DMS was
performed on samples of the 19% polysilicate gel
that had been exposed to a basic ethylamine and
water solution for times ranging from 0 to 25 h.
The data revealed exceptional linearity in the
storage modulus versus temperature plots war-
ranting the use of elementary rubber elasticity
theory as a tool for measuring the average molar
mass between crosslinks. FTIR analysis revealed
that, although some chemical change occurred
during the first hour of exposure, discrediting the
predicted values of M,, continued exposure re-
sulted in equilibrium polysilicate structures. The
significantly reduced values of M, obtained using
the DMS-based technique relative to those pre-
dicted by a rule of mixture for both the benchmark
and ethylamine-exposed TEOS(40) gels confirm
extensive interaction between the vitreous polysi-
licate phase and elastomeric PTMO phase. Fur-
thermore, the increase in M, with increasing expo-

sure times to ethylamine is in good agreement
with the onset of phase separation observable in
the DMS data. Most interestingly, both the trends
observed for the ethylamine-exposed gels and the
magnitude of the values of M, calculated were con-
firmed using equilibrium swelling calculations in
conjunction with the Flory-Rehner equation. This
excellent agreement suggests that elementary
rubber elasticity theory is a good tool for investi-
gating the extent of phase interaction occurring in
these hybrid composites and that DMS provides a
valid basis for the collection of data necessary for
estimation of network parameters.

This work was supported in part by a duPont Young
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