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ABSTRACT In-situ polymerization of silicon alkoxide was used to prepare composites of silicon dioxide 
and poly(viny1acetate) (PVAc). The local environment of the PVAc chains was probed using FTIR, dielectric, 
and dynamic mechanical spectroscopy. Dielectric relaxation master curves were prepared, and the dielectric 
data were fit to the empirical Kohlrausch-Williams-Watts function (KWW). The results showed that @ 
decreased with increasing aol-gel concentration, indicating that there is a broadening in the distribution of 
relaxation times for PVAc chains. The results suggest that there exists an interfacial region in the composites 
where the mobility of the PVAc is reduced by the interactions with the silicate network. In addition, at high 
concentrations of tetraethoxysilane (TEOS) it was not possible to shift the data because of a breakdown of 
time-temperature superposition. Further, at these concentrations a plateau region above TB was observed 
by dynamic mechanical analysis. The results show that the silicate network inhibits the relaxation of at least 
a portion of the PVAc chains, and it is believed that the plateau is a manifestation of the PVAc chains that 
are entrapped in a continuous silicate network and of the nature of the network itself. It was also shown 
that the distribution of relaxation times narrows as the cure temperature increases. In addition, as the 
composite is cured, the amount of hydrogen bonding between the PVAc and the silicate network decreases. 
This is presumably due to further condensation of the silicate and the proportional decrease in the amount 
of available silanol groups. 

Introduction 
The incorporation of inorganic oxides into organic 

polymeric materials via the in-situ polymerization of 
inorganic alkoxides by the sol-gel process is of growing 
interest in both industry and academics as evidenced by 
the number of publications in the area. In particular, a 
great deal of work has been done recently by Schmidt et 
al.,'~~ Coltrain et al.? Wilkes et al.,67 Mark et al.,&ll and 
Mauritz et aL12J3 In these reporta, several methods have 
been utilized to promote compatibility between the 
inorganic network and either an inorganic or organic 
polymer. These methods include reacting an orthosili- 
cate directly with organic polymers or oligomers that are 
end-capped with or that contain functional groups capable 
of entering into a cross-reaction with the inorganic 
polymers.*' Also, the inorganic polymer may be intro- 
duced by swelling an organic or inorganic polymer network 
with the metal alkoxide and precipitating the metal oxide 

There are some polymers, however, which have been 
found to exhibit inherent affinity for inorganic oxides 
through some type of specific interaction such as, but not 
limited to, hydrogen bonding. Optically clear composites 
can be prepared by taking advantage of these interactions 
and choosing the proper organic-inorganic 5y~tem.l~ 
Organic polymers that contain functional groups such as 
carbonyls or ether oxygens have been shown to exhibit 
hydrogen-bonding interactions with the silicon oxide 
networks formed by the acid-catalyzed polymerization of 
silicon alkoxides. Such polymers are poly(methy1 meth- 
acrylate) (PMMA),1kJ5Js poly(viny1 acetate) ( P V A C ) , ~ ~ ~ ~  
poly(N,N-dimethylacrylamide) (PDMA),l6J9 poly(vi- 
nylpyrrolidone) (PVP),16Jg and poly(oxazolines).19~20 

It has been observed that the interactions between the 
inorganic oxideand the polymer affect the viscoelastic 
relaxations of the latter. In composites of PMMA with 
polymerized tetraethoxysilane (TEOS), the tan 6 peak of 
the a relaxation, observed by dynamic mechanical spec- 
troscopy, decreases in amplitude and broadens.I5 Solid- 

in situ.lA8-11 
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state 31P NMR of low glass transition temperature 
polyphosphazene composites prepared with TEOS reveals 
that, in these optically clear composites, at  least some of 
the polymer chains have reduced mobility relative to the 
mobility of the bulk.21 This was interpreted as originat- 
ing from the polyphosphazene/inorganic oxide network 
interface, which is immobilized compared to the bulk 
polymer, In the present study we have chosen to examine 
the dielectric and viscoelastic response at Tg of acid- 
catalyzed composites of PVAc and polymerized TEOS. 
PVAc was chosen since it has shown strong interactions 
with the silicate network and because ita sub-T, 6 
relaxation peak is far enough removed from the a relaxation 
to ensure deconvolution of the two motional mechanisms 
with dielectric spectroscopy. The purpose of the work is 
to elucidate how the silicate network influences the 
relaxation mechanisms of PVAc. It will be shown that 
the local environment of the PVAc chains is affected by 
the formation of the silicate network. The silicate network 
acta to increase the distribution of relaxation times of the 
polymer chains in the glass transition region. This is 
presumably the result of strong interactions between the 
two phases and possible interpenetration of the polymer 
chains in the growing silicate network that effectively 
restrich the mobility of the PVAc chains. 

Experimental Section 

The PVAc was purchased from Polysciences, Inc., and was 
used without further purification. Size-exclusion chromatog- 
raphy shows that the absolute number- and weight-average mo- 
lecular weights for the PVAc are 63K and 218K, respectively. 
FTIR analysis showed no evidence of the presence of hydroxyl 
groups. The tetraethoxysilane was purchased from Petrarch and 
was also used without further purification. 

The composite solutions were prepared by the addition, under 
continuous mixing, of TEOS to a 20 w t  % solution of PVAc in 
THF, followed by the addition of a stoichiometric amount of 
water (based on the number of hydrolyzable alkoxide substit- 
uents) in the form of 0.15 M HCl. The solutions were mixed at 
ambient temperature for 65 h prior to coating. Samples for 
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Table I 
Comvosition of PVAcITE08 Comwsite Samnles 

Macromolecules, Vol. 25, No. 14, 1992 

TEOS Si02 (wt % ) 
samvle (wt % I  calcd from NA anal.m.b 

PVAc 0 0.0 
PVAc-5 15.5 5.0 
PVAc-10 27.8 10.0 
PVAc-15 38.0 15.0 
PVAc-20 46.4 20.0 

0.0 
5.1 

10.1 
14.6 
19.9 

PVAc-60 83.9 60.0 51.6 
a NA = neutron activation analysis of the cured composite. b The 

percent Si02 was calculated based on the silieon content determined 
from the NA results. 

dielectric studies were obtained hy knife coating the solutions 
ontoaluminum-coated Kaptonpolyimide film. The coatings were 
dried and cured at 100 O C  for 20 h under vacuum or as described 
in the text. Finally, a second electrode (gold) was evaporated 
onto the surface of the sample, and the dielectric measurements 
were performed. The final composite thickness typically varied 
from 15 to 30 pm. The samples for dynamic mechanical analysis 
(DMA) were prepared by knife coating the above solutions onto 
Kapton polyimide film, drying, and curing the composite 
identically to thedielectricsamplesand removingthecomposite 
films from the substrate. The thickness of these composites was 
generally between 70 and 100 rm. Samples for infrared analysis 
were prepared by spin coating the composite solutions onto KBr 
disks, drying, and curing as described in the text. 
ThecompositionsofthecompositesstudiedaregiveninTahle 

I. The samples will be referred to in this work as PVAc-X where 
X is the nominal weight percentage of &On. These numbers 
were calculated assuming the total conversion of the TEOS to 
SiO2. This is done only as a convenience since it is understood 
thattheinorganicphase isnotfullydensified. The weightpercent 
of Si was also determined from neutron activation (NA) analysis. 
These results are presented in Table I along with the concen- 
tration of SiOI calculated from the initial starting materials. 

Measurement of the dielectric loss was made with a Hewlett 
Packard Model 4192a impedance analyzer interfaced with an 
IBM computer. At each temperature, 20 frequencies were 
measured between loz and 106 Hz. The temperature was 
controlled with an environmental chamber [Delta Design oven 
(9023)l. 

The dynamic mechanical properties of the comwite were 
measured using a Rheometrics Solid Analyzer (RSA-11). The 
driving frequency was 1 Hz, and the temperature was typically 
scanned between -150 and +300 O C  at a rate of 2-3 'C/min. 

Fourier transforminfrared (FTIR) spectrawereobtainedusing 
a Bio-Rad (Digilab Division) FTS-7 spectrometer (3240-SPC). 
The resolution used was 4 em-'. 

The sample for transmission electron mciroscopy (TEM) was 
sectioned with a diamond knife at 23 OC, giving a section 
approximately 50 nm thick. TEM was performed using a Phil- 
ips 400T microscope. The intrinsic contrast between the organic 
polymer and the SiOz network was sufficient, and no staining 
was required. 

Results and Discussion 
In a previous study, a composite was formed by the 

acid-catalyzed hydrolysis and condensation of TEOS in 
the presence of PMMA. Transmission electron micro- 
graphs (TEM) showed that the TEOS polymerized into 
particles that were <lo nm.I6 In these composites, 
hydrogen bonding (observed by FTIR) between the car- 
bonyl group of the polymer and the residual silanols on 
the surface of the silicate network was believed to he very 
important in controllingthe morphology of the composites 
by retarding phase separation between the organic and 
inorganic c ~ m p o n e n t s . ~ ~ J ~  In the previous references, 
PMMA was found to be adsorbed to the surface of the 
silicate phase, as well as entrapped within it. With the 
use of dielectricspedroscopyitmay bepossibletoelucidate 
how the silicate network affects the polymer chain 
relaxations. However, because it is difficult to  deconvo- 
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Figure I. Transmission electron micrograph of the PVAc-15 
Composite. 

lute the a and @ (sub-T,) relaxations of PMMA using 
dielectric.spectroscopy,22 we have chosen to study PVAc 
as the organic portion of this blend. 

The composites formed from the acid-catalyzed polym- 
erization of TEOS in the presence of PVAc are optically 
clear. Due to the relatively largedifferencein the refractive 
indexbetween PVAcandSiOz, the opticalclarityisthought 
to be due to the small domain size of the Si02 particles. 
This conclusion is similar to previously reported results 
for PMMA  composite^.'^ The transmission electron 
micrograph shown in Figure 1 shows that the Si02 exists 
in a separate phase for the PVAc-15 composite. The dark 
regions in the micrograph are rich in Si02 particles. A 
qualitative assessment of the micrograph shows that these 
particles have condensed into both chainlike and spherical 
structures. Since the particles are extremely small, it is 
not possible to determine if these domains are single 
particles or clusters of particles. The micrograph shows 
that the particles have also condensed into long chainlike 
structures. These structures appear to be continuous and 
are seen to be hundreds of nanometers in length, yet only 
a few nanometers wide. However, since the thickness of 
the microtoned sample (-50 nm) is much larger than the 
individualparticles, theTEMmust beviewed withcaution. 
It is suggested that the observed two-dimensional image 
may be the result of the random superposition of a three- 
dimensional structure formed by the stacking of many 
individual particles. Detailed morphological studies are 
presently in progress using small-angle X-ray scattering. 

The hydrogen-bonding interactions between the silicate 
phase and PVAc can be seen by FTIR. Figure 2a shows 
the carbonyl stretching region of PVAc compared with 
that  of two PVAc/TEOS composites (PVAc-20and PVAc- 
60). Due to the high silicate content of the PVAc-60 
composite, only extremely thin spincoatingscould bemade 
withoutcracks. Asseenin the figure, the carbonylstretch 
of PVAc has a single well-defined band centered at 1737 
cm-'. Both composites show an additional band at 1711 
cm-', which is attributed to a hydrogen-bound carbonyl. 
The fraction of hydrogen-bound carbonyls for each com- 
posite can be determined by fitting the spectra to two 
bands and correcting the areas for differences in absorp- 
tivity. The value for the absorptivity ratio ahb/arused for 
these calculations was 1.5. This value has been reported 
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spectroscopy can provide complementary information and 
a greater understanding of the local environment of the 
relaxing species. The dielectric relaxation behavior of 
PVAc has been well studied, and it is possible to separate 
the a from the sub-T, relaxations in the frequency range 
of The classical Debye equations can often 
be used to represent the dielectric response of a polymer 
and are shown in eqs 1 and 2.22 In these equations, e’ is 
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Figure 2. (Top) FTIR of the carbonyl region of (A) PVAc, (B) 
PVAc-20, and (C) PVAc-60. (Bottom) FTIR of the hydroxy 
region of (A) TEOS, (B) PVAc-20, and (C) PVAc-60. 

for blends of PVAc and poly(vinylpheno1) where the car- 
bonyl band of PVAc show ashift, due to hydrogen bonding, 
that is of similar magnitude to the one observed for these 
PVAc/TEOS  composite^.^^ A similar value for Uhb/Uf can 
be calculated from reported absorptivity coefficient values 
for free carbonyl and carbonyl that is hydrogen bound to 
a silica surface for alkyl methacrylate  polymer^.^^^^^ As 
seen in Table 11, whereas only 24% of the carbonyls are 
hydrogen-bound, initially at 25 OC, in PVAc-20,76% are 
associated in the composite with the higher silicate content, 

The participation of the hydroxyl (OH) groups of the 
silicate in the heteroassociations can be seen by the 
examination of the OH stretching region. This is shown 
in Figure 2b where the OH band of pure TEOS, acid- 
catalyzed and dried at 60 “C, is compared to those of the 
two composites. The OH band is broad and is composed 
of overlapping bands for free hydroxyls (ca. 3600 cm-l) 
and self-associated (dimers and multimers) hydroxyls (ca. 
3100-3500 cm-l). For the pure silicate, one observes a 
significant amount of free hydroxyls contributing to the 
spectrum that disappears when the W A C  is added. The 
maximum in the OH band for the composites also shifts 
to higher frequency as W A C  is added to the silicate, 
indicating that this heteroassociation is not as strong as 
the self-association that was present between the silanols. 
The C-0 stretch second overtone peak for PVAc (that 
occurs at 3455 cm-1) has been substracted from the spectra 
for the composites. 

While FTIR can be used to look at specific interactions 
between molecules, dielectric and dynamic mechanical 

PVAC-60. 

w 7  
t”(W) = (eo - cm)- 

1 + w2r2 

the dielectric constant and e’’ is the loss factor, to  is the 
relaxed permittivity (low-frequency dielectric constant), 
and em is the unrelaxed permittivity (or the high-frequency 
dielectric constant). w is the angular frequency, and 7 is 
the characteristic relaxation time. 

The loss factor vs temperature curves, in the vicinity of 
the a relaxation for pure PVAc and two composites, are 
shown in Figure 3. The curves are presented to show that 
the loss curve changes with increasing concentration of 
SiO2. The breadth of the loss curve and the temperature 
at which the maximum in loss occurs are seen to increase 
with increasing concentration of SiOz. However, the onset 
of the relaxation peak appears to be similar for all the 
materials. The implications of this are discussed later 
along with the DMA data. 

The results show that when E’’ is plotted vs log frequency, 
all the samples exhibit a single absorption peak. However, 
at high concentrations of Si02, there is a steep increase in 

at low frequencies. An example of these two features 
is shown in Figure 4. The absorption peak can be 
attributed to the a relaxation of the dipoles, but the 
increase in e’’ at low frequencies may be a manifestation 
of either a second peak, suggesting the presence of another 
phase, or dc conductivity. 

In the absence of a dipolar contribution to the loss factor, 
dc conductivity can give rise to a frequency dependence 
oft” that is proportional to l/o. In this case, the total loss 
factor is equal to 

(3) 

where 

€‘Id, = u/to (4) 
u is the bulk ionic conductivity, e is the permittivity of free 
space, and w is equal to 2?rf where f is the frequency. When 
log E” is plotted vs log f (not shown), at low frequencies 
a slope of nearly -1.0 is calculated, suggesting that the 
upturn is associated with dc conductivity and not a second 
phase. Therefore, the dc conductivity can be subtracted 
from the loss factor, and the subtracted curve is shown in 
Figure 5. 

There have been a number of formalisms that have been 
used to describe the absorption peak associated with the 
a relaxation process. In these experiments we have chosen 
to fit our data to the empirical function that was first 
applied to polymers by Williams and Watt~.2*~l The 
empirical Kohlrausch-Williams-Watts (KWW) function 
is intermediate between those of the Cole-Cole and Dav- 
idson-Cole functions and has been shown to model the 
nonsymmetrical loss peak quite well. In these studies all 
the theoretical curves were generated from the tabulated 
data of Moynihan et al.32 
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Table I1 
FTIR Results for the PVAc/TEOS Composites 

sample U(C=o) area 
(% Si02) T ( O C )  f hb f hb hb" hbb 

20 25 1737.1 1710.3 6.33 2.93 31.6 23.6 
50 1737.6 1711.3 6.10 3.11 33.8 25.4 

100 1738.5 1712.9 6.37 2.30 26.5 19.4 
150 1739.5 1714.8 6.49 1.68 20.5 14.7 
200 1740.4 1715.3 6.58 1.49 18.5 13.1 
25 (ret) 1737.7 1710.9 7.24 1.62 18.2 12.9 

60 25 1737.0 1711.0 0.58 2.76 82.3 75.6 
50 1737.2 1711.3 0.57 2.73 82.7 76.1 
100 1737.5 1712.6 0.47 2.71 85.2 79.4 
150 1738.2 1713.9 0.53 2.55 82.8 76.2 
200 1739.8 1715.7 0.89 2.03 69.4 60.2 
250 1741.3 1718.1 0.95 1.36 58.9 48.9 
25 (ret) 1741.5 1714.9 0.95 1.44 60.3 50.5 

% c=o 

a Determined from the ratio of the areas. Determined using a value of ahb/af = 1AZ3 
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Figure 3. Loss factor vs temperature for (A) PVAc, (B) PVAc- 
10, and (C) PVAc-15 at 12.742 kHz. 
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Figure 4. Dielectric loss vs frequency for a PVAc-20 composite 
at (A) 126 and (B) 112 OC. 

The permittivity is then given by 

where d ( t ) ,  the Kohlrausch function,22 is given by 

N )  = e x p [ - ( t / d ~  (6) 

where p has values of 0 < @ < 1. When the distribution 
parameter /3 is equal to  1, a single relaxation process is 
observed. As stated previously, this function was used as 

Frequency (Hz) 
Figure 5. Dielectric loss vs frequency for a PVAc-20 composite 
at 126 "C (A) before and (B) after the contribution from dc 
conductivity is removed. 
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Figure 6. Normalized loss curves for (A) PVAc, (B) PVAc-10, 
(C) PVAc-15, and (D) PVAc-20. For clarity, the normalized loss 
curve for PVAc-5 is not shown. The lines represent the best fits 
for f l  to the data. 

an empirical fit, and onlyrecently with the use of a coupling 
model workers such as Ngai e t  al.33934 have attempted to  
assign physical meaning to @. 

The normalized relaxation or master curves for each of 
the composites are shown in Figure 6. These curves are 
much broader than those for a single relaxation time, 



Macromolecules, Vol. 25, No. 14, 1992 Studies of Microcomposites 3719 

10000 : 

1000 : 

100 
0.0025 0.0026 0.0027 0.0028 0.0029 0.0030 

1/T (K) 
Figure 7. Arrhenius activation plots for (A) PVAc, (B) PVAc-5, 

Table 111 
Apparent Activation Energy and f i  as a Function of 

Si02 Content 
concn Eapp concn 

ofSiO2 ,!I (kcal/mol) ofSiOz ,!I (kcal/mol) 

(C) PVAc-10, (D) PVAC-15, and (E) PVAC-20. 

0 0.56 55.4 15 0.42 57.5 
5 0.55 53.9 20 0.32 60.0 

indicating that the polymer chains exhibit a distribution 
of relaxation times. This behavior is typical of amorphous 
polymers since the dipole mobility along the polymer chain 
is a function of the molecular weight, the proximity to the 
chain ends, and the surrounding environment. Analysis 
of the normalized loss factor data for PVAcusing the KWW 
function indicates that a /? of 0.56 fits the experimental 
data well. This value is similar to the value of /? reported 
previously by Williams et al. for PVAc.30 

The results show that as the concentration of Si02 
increases the normalized loss curves broaden and, as shown 
in Table 111, the best fit value for /?decreases. Since fl can 
be qualitatively considered a measure of the distribution 
of environments of the dipoles, the results suggest that 
the local environment of the dipoles along the PVAc chain 
is influenced by the presence of the silicate network. At 
concentrations less than and equal to 10 wt '7% Si02, it is 
possible to shift the data along the frequency axis. 
However, for the samples containing 15 and 20 wt '7% Si02 
the results show that it is possible to fit the high-frequency 
side of these loss curves reasonably well. However, the 
low-frequency side of the loss curves exhibits extensive 
broadening even after removing the contributions from 
dc conductivity, and it is not possible to superpose the 
data obtained at different temperatures. We believe low- 
frequency broadening of these curves and breakdown of 
the time-temperature superposition principle are mani- 
festations of polymer chains that are trapped within the 
silicate network. These interactions can be responsible 
for restricting the motion of the PVAc polymer chains in 
their surrounding environment, thus creating a lower 
frequency relaxation. This lower frequency relaxation 
would manifest itaelf in isochronal experiments as a 
broadening to the high-temperature side of the relaxation. 
Thus the local environment of the PVAc in these com- 
posites is microheterogeneous, in that the interacting 
polymer chains pose a slower relaxation time as compared 
to those chains in a more mobile environment. 

While the data in Figure 7 show a slight downward 
curvature, the temperature-frequency regime studied is 

10 0.50 55.0 

10'0 

1 o9 - 
v) 

m - 

0 
4 

2 10' 

E 
0 lo6 
3 

1 o5 

v) 
3 
3 
- 

a m 

-150 -100 -50 0 50 100 150 200 250 

Temperature ('C) 
Figure 8. Storage modulus vs temperature for (A) PVAc, (B) 
PVAc-5, (C) PVAc-10. (D) PVAc-16,and (E) PVAc-20. For clarity 
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Figure 9. Tan 6 vs temperature for (A) PVAc, (B) PVAc-5, (C) 
PVAc-10, (D) PVAc-15, and (E) PVAc-20. For clarity smooth 
lines have been drawn through the data. 

not large enough to assign this to WLF behavior for the 
glass transition. Apparent activation energies (Eapp) were 
therefore calculated for all the blends studied. As shown 
in Figure 7, frequency is plotted vs 1/T, where T is the 
temperature corresponding to the maximum of c" at that 
frequency. Calculations indicate that the activation energy 
for PVAc is 55.4 kcal/mol and is in agreement with Mash- 
imo et al.,26who calculated an activation energy of 59 kcall 
mol. As seen in Table 111, the apparent activation energy 
for the glass transition of the blends varies between 54 
and 60 kcal/mol and is similar to the activation energy of 
the pure PVAc. In fact, the results indicate that only the 
preexpoential factor of the Eapp changes with increasing 
concentration of SiO2. 

The results of the dynamic mechanical analysis studies 
are shown in Figures 8 and 9. From the storage modulus 
vs temperature plots, it can be seen that PVAc and the 
composites containing less than 10 wt  5% Si02 undergo 
viscous flow above TB' However, composites formed 
containing 15 and 20 wt % Si02 exhibit a plateau modulus 
above Tg that is greater than lo7 Pa and persista up to 
temperatures as high as 300 "C. The formation of a plateau 
is consistent with the formation of a continuous silicate 
network structure. It should be noted that at  the 
concentrations of Si02 that a plateau modulus is observed 
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time-temperature superposition of the dielectric data does 
not occur. 

In addition, from the tan 6 vs temperature plots, Figure 
9, it can be seen that there is no change in the onset of the 
glass transition temperature (as reflected by the a peak) 
relative to that of the pure PVAc. However, considerable 
broadening is seen to occur on the high-temperature side 
of the a relaxation. Thus, although the distribution of 
relaxation times for the PVAc motion is broadened, the 
fast edge of the distribution remains situated at approx- 
imately the same place in the composites as in the pure 
polymer. 

The dielectric and DMA results indicate that portions 
of the PVAc polymer chains are affected by the addition 
of the Si02 component whereas many chains remain 
unaffected by its presence. The results suggest that an 
environment exists wherein the PVAc chains interact 
strongly with the silicate network, thus increasing the 
barriers to the relaxational mode at Tg and shifting the 
relaxation to higher temperature. Whether the restricted 
environment is due to specific interactions (hydrogen 
bonding) or interpenetration of the polymer with the 
tightly cross-linked silicate network has not been defin- 
itively determined. 

There is some indication from the DMA studies that 
TEOS continually reacta at an elevated temperature during 
the DMA experiment. The increase in the storage 
modulus, shown in Figure 8, in the plateau region occurs 
too rapidly to be consistent with the molecular theory of 
rubber e la~t ic i ty .~~ Presumably because the initial curing 
is done at 100 "C, condensation of the TEOS is not 
complete. Therefore, as the temperature is raised above 
the curing temperature of the composite, the sol-gel can 
continue to react. Cross-reactions between the PVAc and 
the Si02 at higher temperatures are a possibility and must 
be considered. 

Head-space analysis was performed by incubating the 
samples at temperatures of 100,150,200, or 250 "C for 2 
h in air and then analyzing the volatiles by GC-MS. In 
particular, the presence of acetic acid was of interest. This 
would be the product formed by the silicate-surface- 
catalyzed cleavage of the C-0 (ether) bond and the 
formation of covalent bonds between the silicate and the 
organic polymer backbone. A t  100 "C no acetic acid was 
detected. At  150 "C, less than 0.2 mol 76 of the acetate 
groups evolved. However, a t  200 "C, up to 4 mol 5% of the 
acetate groups evolved, and at 250 "C the samples turned 
yellow and a substantial amount of acetic acid was detected. 
Moreover, while at temperatures below 150 "C only alittle 
acetic acid is detected, there is a possibility that hydrol- 
ysis of the PVAc had occurred. This may result in the 
formation of Si-OAc bonds or acetic acid that would be 
difficult to remove from the network because of its ability 
to hydrogen bond with the network. Further analysis of 
the total area of the carbonyl peak (free plus hydrogen- 
bound (corrected for ahdaf)) at 25 "C (by FTIR) for PVAc/ 
TEOS samples before and after heating to 200 "C indicates 
that there is no detectable change in the total number of 
carbonyls in the composite. 

Curing Studies. It  is expected that the temperature 
at which the composites are cured would affect the mo- 
lecular and dipolar relaxations of the composite. There- 
fore, samples of PVAc-15 were prepared as described above 
and cured at 52,100,150, and 200 OC. The dielectric master 
curves, Figure 10, show that the temperature at which the 
samples are cured affects the breadth of the relaxation 
curve. The value of @ is seen to increase with increasing 
cure temperature. This would indicate that the local 
environment of the polymer chains becomes more homo- 
geneous as the cure temperature is increased. Possibly 
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Figure 10. Normalized master curves after the contribution to 
dc conductivity is removed for PVAc-15 cured at (A) 52, (B) 100, 
and (C) 150 "C. 

Table IV 
Effect of Cure Temperature for PVAc-15 on E.pp and j9 

cure activation energy 
temp ("C) B (kcal/mol) 

52 0.40 
100 0.42 
150 0.50 

50.5 
57.5 
54.0 

this is the result of a higher extent of reaction of the 
condensing silicate network that may limit the number of 
environments available to the PVAc chains. Some chains 
may find their mobility reduced to the extent that their 
relaxation no longer occurs in the experiment at an 
observable frequency or temperature range and, therefore, 
do not participate in the primary a transition being 
examined here. As discussed earlier, it is possible to fit 
the high-frequency side of the master curve, but the low- 
frequency side exhibits extensive broadening. 

The Espp for this process was calculated as described 
earlier and is shown in Table IV. The results indicate 
that the cure temperature only influences the preexpo- 
nential of the activation energy for the glass transition 
and the activation energy is seen to vary between 50.5 and 
57.5 kcal/mol. These activation energies are within our 
experimental error and sample- to-sample reproducibility. 

The DMA curves (shown in Figures 11 and 12) for the 
PVAc-15 cure series support the dielectric results. The 
tan 6 loss peaks narrow as the cure temperature is increased. 
The magnitude of E' in the rubbery plateau is also shown 
to increase with cure temperature, but all the samples 
come to a common value of E' at about 230 "C. For the 
composites that were cured at  the higher temperatures, 
the rise in E' with temperature is not as steep as observed 
for the 100 "C cured samples. 

Although condensation of the silicate network does 
proceed during thermal treatment a t  these low temper- 
atures (100-150 "C) as shown by Z9Si NMR of a similar 
system ( P M W T E O S  composites),*e it is known that den- 
sification of the glass does not occur to any significant 
extent (at least for base-catalyzed TMOSSB) until a much 
higher temperature is reached. Therefore, the rapid 
upturn in E' between -80 and 150 "C (for the sample 
cured at 100 "C (Figure 11, sample A)) could be attributed 
to a combination of network condensation and solvent 
loss (THF, ethanol, and water). Head-space chromatog- 
raphy does reveal the presence of -6 wt 9% residual THF 
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Figure 11. Storage modulus vs temperature plots for the sample 
of PVAc-15 cured at (A) 100, (B) 150, and (C) 200 "C for 20 h. 
For clarity smooth lines have been drawn through the data. 
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Figure 13. FTIR spectra of the carbonyl regions of the PVAc- 
20 composite acquired at increasing temperatures (A) 25, (B) 50, 
(C) 100, (D) 150, and (E) 200 "C and (F) then cooled back to 25 
"C. 
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Figure 12. Tan 6 vs temperature plots for the sample of PVAc- 
15 cured at (A) 100, (B) 150, and (C) 200 "C for 20 h. For clarity 
smooth lines have been drawn through the data. 

that comes out at  ca. 150 "C for this sample even though 
it had been cured at  100 O C  for 20 h under vacuum. 

This residual solvent is most probably associating with 
the silicate network and not with the PVAc chains since 
no depression in the Tg of PVAc is observed. Also if one 
looks carefully a t  Figure 2b and compares the maxima of 
the absorbance peaks for the silanols in samples of PVAc 
20 and PVAc-60, the question arises as to why these two 
peaks do not coincide. One might speculate that PVAc- 
60 would retain more THF than PVAc-20 (more network 
surface area), and if the silanols are hydrogen bonding to 
both the ester of the PVAc and to the residual THF (ether), 
the peak (which reflects a combination of both interactions) 
would occur at  lower wavenumbers than if the only 
interaction was between the silanols and the ester group. 
This is supported by the fact that the peak maximum for 
PVAc-60 does undergo a slight irreversible shift to higher 
wavenumbers after the sample is cured to 250 "C. 

FTIR was used to monitor the changes in hydrogen 
bonding that occur during the curing of the PVAc-20 and 
PVAc-60 composites. The spectra were acquired at  
increasing temperatures between 25 and 200 or 250 "C. 
The samples were then cooled back to 25 "C and their 
spectra taken once again. The results are shown in Figures 
13 (PVAc-20, carbonyl region) and 14 (PVAc-60, carbonyl 
region) and in Table 11. As the temperature is raised, the 
amount of hydrogen bonding (both heteroassociation and 

1800 1750 I700 1650 
Wavenumbers (cm-') 

Figure 14. FTIR spectra of the carbonyl regions of the PVAc- 
60 composite acquired at increasing temperatures (A) 25, (B) 50, 
(C) 100, (D) 150, and (E) 200 "C and (F) then cooled back to 25 
"C. 

self-association) decreases. This is consistent with the 
fact that the hydroxyls are condensing with each other, 
thus reducing the total number of OH groups available to 
participate in hydrogen bonding. When the sample is 
brought back to 25 "C, the amount of hydrogen bonding 
increases due to the decrease in thermal energy which 
increases the strength of the intermolecular interactions 
but is not totally reversible. The fraction of carbonyls 
that are hydrogen bound can be calculated by fitting the 
spectra to two bands and correcting for differences in the 
absorptivities of the free and bound carbonyl vibrations. 
An irreversible shift to higher frequency (of about 4 cm-') 
in the peak positions of both the free and bound carbonyl 
stretching vibrations is observed after heating the PVAc- 
60 composite to 250 "C. This is probably due to some 
chemistry occurring between the PVAc and the silicate 
that results in confining the motions of the PVAc car- 
bonyls. The position of the carbonyl peak for the PVAc- 
20 composite, which was heated to 200 "C only, was 
however, found to be reversible. 

Conclusions 
The local environment of PVAc chains in the sol-gel 

composites prepared with TEOS has been probed using 
FTIR, dielectric, and dynamic mechanical spectroscopy. 
The results suggest that the PVAc and silicate networks 
interact strongly, thus restricting the molecular motions 
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of the PVAc chains. The DMA and dielectric data suggest 
that the onset of the glass transition temperature does not 
vary with increasing concentration of TEOS. However, 
there is considerable broadening of both the dielectric and 
dynamic mechanical absorption peaks. From the dielectric 
data, master curves were constructed and the empirical 
KWW function was fit to the data. The distribution 
parameter 0 was seen to decrease with increasing con- 
centration of TEOS, indicating a broader distribution of 
relaxation times. 

The activation energy for the glass transition process 
was essentially the same for all the composites studied. In 
addition, the activation energy is similar to that of pure 
PVAc. The dielectric and dynamic mechanical studies 
taken together suggest that the in-situ polymerized silicate 
network inhibits the relaxation of at  least a portion of the 
PVAc chains. This results in a broadening in the distri- 
bution of relaxation times for PVAc chains. However, 
both DMA and dielectric studies indicate that the fast 
edge of this distribution remains unchanged. One must 
consider, however, that this change in the distribution is 
in part only a statistical phenomenon. At  these low Si02 
concentrations, a certain portion of PVAc chains in the 
composite will remain largely surrounded by PVAc chains 
and the motions of these chains will be unaffected. 

The dielectric and DMA results also show that as the 
composite is cured at  higher temperatures the distribution 
of relaxation times narrows. This suggests that there exists 
an interfacial region in these composites where the mobility 
of the PVAc chains is reduced by the interactions with the 
silicate network. However, as the silicate network con- 
denses, these PVAc chains are restricted to agreater extent 
so that their relaxations are no longer observable on the 
time scale of these dynamic experiments, leaving the 
relaxations of the unperturbed chains to dominate the 
spectra. As the composite is cured, it is also shown that 
the amount of hydrogen bonding between the PVAc and 
the silicate networks decreases. This is due to further 
condensation of the silicate and the proportional decrease 
in available OH sites. However, the high modulus rubber 
plateau in E' persists to temperatures where there is very 
little hydrogen bonding remaining, suggesting that there 
is an additional reinforcement mechanism at work, possibly 
entrapment of thePVAc chains within thesilicate network. 
Thus, hydrogen bonding between the organic polymer and 
the silicate network is believed to be important in 
preventing phase separation and controlling the mor- 
phology prior to vitrification. It may also contribute 
somewhat to the reinforcement of the polymer; however, 
entrapment of the chains by the silicate network and the 
nature of the network itself are ultimately thought to be 
the essential mechanism for reinforcement. 

There does not seem to be any evidence for substantial 
cross-reactions between the PVAc and the silicate network 
at  temperatures as high as 150 "C. Head-space analysis 
of the volatile5 and FTIR measurements at those tem- 
peratures indicate the possibility of a few percent reaction 
occurring that would be difficult to detect. At  higher tem- 
peratures, cross-reactions are highly possible. These could 
contribute to the plateau modulus and further reinforce- 
ment of the composite. 
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