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ABSTRACT Three 1,4-polybutadienel,2-polybutadiene diblock copolymers near the microphase separation 
transition (MST) have been examined rheologically. The low-frequency linear dynamic shear moduli are shown 
to be strongly dependent on the phase state of these samples, which exhibit an upper critical temperature. 
Heating a microphase-separated (ordered) sample containing 38% 1,4-polybutadiene through the MST produces 
a discontinuity in both the elastic modulus and dynamic viscosity at a temperature T,, corresponding to the 
fiist-order melt transition from the ordered to the disordered (homogeneous) state. Cooling from the disordered 
state produces no discontinuity in the moduli at T,; instead, the polymer melt exhibits metastable behavior 
down to the stability limit in temperature, T, < T,. Below T,, the viscoelastic response is characteristic of 
microphase-separated block copolymer, regardless of thermal history. These findings quantitatively verify 
the predicted phase behavior for diblock copolymers characterized by an upper critical temperature. 

Introduction 
Over the past several decades, researchers have reported 

extensively on the viscoelastic properties of block co- 
polymers. Yet, with few exceptions, these investigations 
have dealt exclusively with microphase-separated systems. 
As a result, the rheological properties of block copolymers 
near the microphase separation transition (MST) are not 
well understood. This situation is a natural consequence 
of the difficulty of preparing bulk block copolymers near 
the phase boundary. As demonstrated by Leibler,' the 
critical point in a block copolymer phase diagram scales 
as (xN), = 10.5, where N is the degree of polymerization 
and x is the Flory segment-segment interaction parameter. 
This prediction is based upon an upper critical tempera- 
ture, often referred to as an upper critical solution tem- 
perature (UCST), for which x > 0. Therefore, the MST 
can be approached from the microphase-separated (or- 
dered) state by decreasing either x or N. In practice, N 
must be adjusted so as to bring xN close to the phase 
boundary; varying temperature (x - T') then provides 
the means of probing the sample rheology through the 
MST. Since most polymer pairs are characterized by a 
relatively large interaction parameter, high molecular 
weight diblock copolymers (N > 100) near the critical point 
are correspondingly rare. Until present, the rheology of 
block copolymers near the MST has been studied in only 
a few  sample^.^" 

Chung et a1.2 and Gouinlock and Porter3 have both ex- 
amined the dynamic mechanical properties of a styrene- 
butadiene-styrene triblock copolymer (7S-43B-7S) at  
elevated temperatures and have reported similar results. 
These authors found that upon raising the temperature, 
the low-frequency dynamic elastic modulus and dynamic 
viscosity decreased dramatically between 140 and 150 "C. 
Above this transition temperature the rheological behavior 
was Newtonian, while below 140 OC it was highly non- 
Newtonian. Both groups related these findings to the 
block copolymer microphase separation transition. Wid- 
maier and Meyer4 subsequently examined the rheological 
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Table I 
Molecular Characterization 

oc sample N,, X lo-' N,INnb 
BB2 10.6 1.03 0.46 
BB6 13.3 1.05 0.38 
BB7 15.5 1.05 0.48 

Number-average degree of polymerization. Polydispersity in- 
dex as determined by high-pressure size exclusion chromatogra- 
phy. 0 = N1,4/(Nl ,4  + N1,.J as determined by 13C NMR. 

properties of a styrene-isoprene-styrene triblock co- 
polymer (14S-171-14S) and concluded that a structural 
transition occurred in that sample at  225 OC. 

In the first of this series of a r t i~ les ,~  we reported on the 
preparation and physical characterization of a model set 
of 1,4-polybutadienel,2-polybutadiene diblock copolymers 
near the MST. In that report, the phase state of the 
polymers was identified by qualitatively examining the 
flow behavior of each sample. In another recent article,& 
the structure of the homogeneous melt state was deter- 
mined by small-angle neutron scattering (SANS); this 
provided a direct measurement of the segment-segment 
interaction parameter, which determines the location of 
the MST. The present text describes the quantitative 
linear dynamic mechanical analysis of three of these di- 
block copolymers, lying near the phase boundary. These 
results, while consistent with those described above, further 
provide a detailed description of the thermodynamic be- 
havior of block copolymers near the microphase separation 
(order-to-disorder) transition, including the identification 
of the equilibrium and stability limits between the mi- 
crophase-separated and homogeneous melt states. These 
findings, together with the SANS results, quantitatively 
confirm the mean-field predictions of Leiblerl concerning 
the microphase separation transition in diblock co- 
polymers. 

Experimental Section 
Synthesis and characterization of the diblock copolymers have 

been previously rep~rted.~ Characterization data for the three 
presently discussed samples are listed in Table I. The 1,4- 
polybutadiene block microstructure is 89% 1,4 (cis and trans) and 
11% 1,2, while that of the 1,2-polybutadiene block is >98% 1,2. 

0 1984 American Chemical Society 
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Figure 1. Dynamic elastic modulus of sample BB2, a homoge- 
neous diblock copolymer. 
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Figure 2. Dynamic elastic modulus of sample BB7, a micro- 
phase-separated diblock copolymer. 

Dynamic shear moduli were determined with a Rheometrics 
dynamic spectrometer (RDS-7700) in an oscillating parallel-plate 
mode between -5 and +150 "C and from 0.01 to 100 rad/s in 
frequency. Sample geometry was established with 5-cm-diameter 
platens, at a gap of 2-3 mm, which was corrected for apparatus 
thermal expansion. Polymer samples were stored and mounted 
onto the platen in a high-purity argon glovebox, and the tem- 
perature-controlled sample chamber was purged with nitrogen 
during sample measurement. Measurements were performed in 
the linear viscoelastic regime with a maximum shear strain am- 
plitude of 0.15. All data were taken above the glass transition 
region of the polybutadiene samples. 

Results 
The  viscoelastic parameters employed in characterizing 

the properties of block copolymers near t he  M S T  derive 
from the  complex shear modulus 

where G'represents the in-phase or elastic component and 
G " t h e  out-of-phase or dissipative component of G*. p', 
t he  dynamic viscosity, is related to G" through the  fre- 
quency w :  

p' = G"/w 

G* = G ' +  iG'f 

3t 

Figure 3. Dynamic elastic modulus obtained upon heating sample 
BB6. The discontinuity in G ' at T, = 108 O C  resulta from passing 
through the microphase separation transition. Below T ,  the 
sample is in a microphase-separated (ordered) state while above 
T,  this polymer is homogeneous (disordered). 
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Figure 4. Dynamic viscosity of sample BB2. At low frequencies 
and high temperatures v' becomes Newtonian, characteristic of 
a homogeneous polymer liquid. 

Figures 1-3 depict the elastic modulus vs. temperature over 
5 decades of frequency for t he  three block copolymers. 
Measurements below 102 dyn/cm2 were deemed unreliable 
based on the limitations set by the stress transducer of the 
RDS-7700 spectrometer. Figures 4-6 illustrate the dissi- 
pative characteristics of these materials over t he  same 
temperature range. In both sets of measurements, sample 
BB6 exhibits a discontinuity in modulus a t  low frequencies 
between 105 and 111 "C, which corresponds to the  mi- 
crophase separation transition. This  result is discussed 
in detail in t he  following section. 

Isothermal frequency scans were performed on each 
sample at various temperatures and are plotted in Figures 
7-9. In  each of these plots, the  moduli have been cor- 
rected by T,/T and frequency shifted to a reference tem- 
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Figure 5. Dynamic viscosity of sample BB7. The highly non- 
Newtonian character of tf at low frequencies and high temper- 
atures is a reflection of the ordered structure of this sample. 
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Figure 6. Dynamic viscosity obtained upon heating sample BB6. 
At T, = 108 OC, this diblock copolymer undergoes a discontinuous 
change from a highly non-Newtonian to a nearly Newtonian form, 
which results from passing through the microphase separation 
transition. 

perature, T,, by a n  amount ap' T h e  temperature depen- 
dence of these shift factors is plotted in Figure 10. These 
materials are, in fact, not rheologically simple, and as such 
t h e  time-temperature superposition principle cannot be 
rigorously applied. Nevertheless, superpositioning the  
isothermal frequency scans is a very useful method of 
comparing and  presenting these results. Emphasis in 
shifting has been placed on correlating the  data in the  
plateau and initial part of the terminal region and assigning 
the peak in G", between the plateau and terminal regions, 
to a constant reduced frequency. Below a critical reduced 
frequency the  viscoelastic behavior of these materials can 
be quite complicated, as discussed below. Above this 
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Figure 7. Reduced dynamic elastic and loss moduli for sample 
BB2. Lack of superposition at low reduced frequency and low 
temperature in this homogeneous polymer results from the 
presence of large composition fluctuations. The G" data have 
been shifted vertically 1 decade. 
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Figure 8. Reduced dynamic elastic and loss moduli for sample 
BB7. The G"data have been shifted vertically 1 decade. 
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Figure 9. Reduced dynamic elastic and loss moduli for sample 
BB6. The two branches at  low reduced frequency correspond to 
the microphase-separated and homogeneous states, above and 
below the melt transition temperature, respectively. The G"data 
have been shifted vertically 1 decade. 

critical value the  data shift satisfactorily. 
T h e  effects of thermal history on  the  discontinuity in 

the  elastic modulus of sample BB6 was also investigated, 
and  these results are presented in Figure 11. Just below 
111 "C, the low-frequency elastic modulus is strongly de- 
pendent on whether the sample has been heated or cooled, 
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the microphase separation transition. Leiblerl has calcu- 
lated both the stability limit and equilibrium phase 
boundary, as well as the structure factor in the homoge- 
neous melt, for block copolymers exhibiting upper critical 
temperature behavior. Samples BB2, BB6, and BB7 were 
designed to test these predictions through their necessary 
rheological implications. Concurrently, the detailed 
structure of the homogeneous melt has been examined by 
small-angle neutron scattering on a separate set of samples; 
these results are presented in separate reports.6 

Intuitively, passing through the MST is expected to be 
accompanied by a dramatic change in viscoelastic prop- 
erties, resulting from drastically different diffusion 
mechanisms in the disordered and ordered states. Diffu- 
sion in the homogeneous melt would be expected to pro- 
ceed by the mechanism found in homopolymers (repta- 
tion), while the thermodynamic barrier imposed by mi- 
crophase separation should eliminate (over experimentally 
accessible times) flow behavior above the MST. These 
results are a consequence of a coupling between the 
long-time relaxation processes and the structural order 
parameter in such one-component systems. In contrast, 
a simple binary mixture of homopolymers should exhibit 
no such rheological transitions upon phase separation. 

The isochronal temperature scans presented in Figures 
1-6 fully support these expectations. BB2, which remains 
below the MST over the experimental temperature range, 
rheologically resembles a homopolymer.’ Increasing tem- 
perature and/or decreasing frequency brings about a 
transition from the plateau to the terminal zone in G ’  
(Figure l), while the dynamic viscosity proceeds from a 
frequency-dependent (non-Newtonian) to a frequency-in- 
dependent (Newtonian) regime (Figure 4). For T 2 53 “C, 
the low-frequency data (a+ < 20) presented in Figure 7 
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Figure 10. Comparison of the shift factors for the three diblock 
copolymers. Samples BB2 and BB7 are homogeneous and mi- 
crophase separated, respectively, and sample BB6 undergoes a 
microphase separation transition at  Tm-I = 2.62 X 

as discussed in the following section. 

Discussion 
The results presented in Figures 1-11 provide a detailed 

picture of the structural behavior of block copolymers near 
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Figure 11. Effects of thermal history on the dynamic elastic modulus of sample BB6. T, represents the experimentally determined 
MST temperature and T, is the corresponding (calculated) spinodal temperature. The solid curves represent the data shown in Figure 
3. 
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exhibit terminal-zone elastic and loss behavior;' G' - w2 
and G " - w. As the temperature is reduced below 53 "C, 
the frequency dependence of the elastic modulus begins 
to deviate from the terminal limit; at T = 15 "C, G' - d7. 
This latter effect derives from the development of com- 
position fluctuations as discussed below. Overall, these 
results confirm that sample BB2 lies below the MST, in 
the homogeneous region of phase space. 

In contrast to BB2, sample BB7 exhibits viscoelastic 
properties unlike those of homopolymer melts. At elevated 
temperatures and reduced frequencies, a second plateau 
in G '  (Figure 2) and a highly non-Newtonian dynamic 
viscosity (Figure 5) characterize this material. Further- 
more, the elastic and loss responses a t  low reduced fre- 
quencies (Figure 8) exhibit an apparent limiting behavior 
of G " - G - w0,5. This dramatic change in viscoelastic 
properties upon increasing the degree of polymerization 
at constant composition results from passing through the 
MST; e.g., sample BB7 is microphase separated. Recall, 
the mean-field prediction for the phase boundary scales 
as the product xN, which is consistent with the phase 
behavior found in samples BB2 and BB7 (see Table I). 
With this understanding of the dynamic mechanical 
properties of 1,4-polybutadiene-l,2-polybutadiene diblock 
copolymers above and below the MST, the behavior of 
diblock copolymer on the phase boundary can be discussed. 

As illustrated in Figure 11 and detailed below, the vis- 
coelastic response of a block copolymer near the phase 
boundary can be strongly dependent on the thermal his- 
tory of the sample. The initial discussion of the results 
obtained from sample BB6 will deal with data acquired 
while heating the polymer specimen; the effects of cooling 
are subsequently addressed. 

The temperature dependence of the elastic modulus 
(Figure 3) and dynamic viscosity (Figure 6) obtained upon 
heating sample BB6 to 105 "C resembles that of BB7; there 
exists a secondary plateau in G'at low frequencies, and 
7' is highly non-Newtonian. Raising the temperature from 
105 to 111 "C produces a discontinuous drop in both G' 
and 7' at low frequencies. This discontinuity results from 
the melting of the ordered structure a t  the MST, where 
the melt temperature is given by T, = 108 f 3 "C. Above 
108 " C  the viscoelastic properties of BB6 are similar to 
those of BB2; G ' approaches the terminal elastic limit, and 
v' is nearly Newtonian. These points are clearly illustrated 
in Figure 9. Above a critical reduced frequency ((~,p),,~'~ 
N 0.3 and (a+),,c' * 3 for sample BB6), the master curves 
of the three materials are nearly indistinguishable in form. 
For a@ < (a+),, two branches are apparent in Figure 9, 
corresponding to data taken above and below T,. The 
upper branches (T < T,) exhibit a limiting low-frequency 
character analogous to that found in BB7; G ' - G " - 
At  the highest temperature, the low-frequency response 
approaches the terminal elastic limit; a t  T = 148 "C, G'  - u2 and G" - w. Just above T,, the lower branch in G' 
is distinctly nonterminal in character, intermediate in form 
to that a t  T = 148 "C and T < T,. The lower branches 
of G' and G" in Figure 9 (sample BB6) parallel the low 
reduced frequency results found in Figure 7 (sample BB2). 
This nonterminal elastic behavior a t  low a+ is directly 
related to the structure of the homogeneous melt. 

Leibler' has calculated the correlation function, S(Q), 
which characterizes the homogeneous melt state in diblock 
copolymers 

(1) 
where F(Q) is a combination of Debye functions, Q = 4aX-' 
sin (012)  is the scattering wave vector, and Q = Nl,/N is 
the composition. As F(Q)  increases and approaches 2Nx, 

S(Q)  = N/(F(Q;N,Q) - 2Nx) 

(DISORDERED) 
STATE 
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S(Q) diverges. Near the critical composition (Q = 0.5) this 
occurs around wave vector Q 2/R, where R is the overall 
radius of gyration of the block copolymer. This increase 
in S(Q) corresponds to the development of composition 
fluctuations of periodicity, D N TR. The point of diver- 
gence, xN = (xN),, defines the stability limit. Taken over 
all compositions, (xN), establishes the spinodal curve. 
With the exception of the critical composition, the stability 
limit is preceded by a first-order phase transition, the 
MST; (x~V)MST < (xN),. At the critical composition, the 
phase transition becomes second order, and (xN)MST = 
(xN) , .  Both the MST and spinodal limits, as determined 
by Leibler,l are plotted in Figure 12. 

Equation 1 has been experimentally verified by this 
author as described in a separate report.6 Quantitative 
agreement between the small-angle neutron scattering from 
a deuterium-labeled 1,4-polybutadiene-l,2-polybutadiene 
diblock copolymer (sample BB1, Q = 0.47) and eq 1 was 
obtained with no adjustable parameters, where x was es- 
timated from the rheological behavior of the presently 
discussed samples. Establishing the thermodynamic 
properties of block copolymers near the MST has provided 
the basis for interpreting the detailed viscoelastic behavior 
of samples BB6 and BB2. 

Since x - T1, heating sample BB6 has the effect of 
reducing xN, driving this polymer toward the MST from 
the ordered state as shown in Figure 12. Under such 
conditions (heating the ordered material), the spinodal 
curve has no bearing on the structural or rheological 
properties of the sample. Pawing through the MST results 
in a first-order phase transition, which produces the dis- 
continuity in rheological properties found in Figures 3 and 
6. At a composition corresponding to that of BB6, Q = 
0.38, the MST is predicted to occur at (xWMsT = 11.6 
(Figure 12). Therefore, based on Nw8 (Table I), the in- 
teraction parameter a t  108 "C is fixed at x = 8.2 X 

The previously quoted SANS study6* (of samples BB1 
and BB3) demonstrated that x for this system cannot be 
assumed to be independent of composition. Setting x = 
9.5 x produced excellent agreement between eq 1 and 
the scattering intensity from sample BB1 (Q = 0.47) at 20 
"C. Fitting eq 1 to the SANS results obtained from sample 
BB3 (Q = 0.18) required a significant reduction in the 
interaction parameter. Over the presently considered 
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range of compositions, 0.48 I Q, I 0.38, variations in x 
appear to be considerably less significant. The small 
difference between the estimated value of x for BB6 at 108 
"C and BB1 at  20 "C is consistent with the expected 
temperature dependence of the interaction parameter. 
Therefore, the locations in phase space corresponding to 
samples BB2, BB6, and BB7 have been assigned to Figure 
12, with x = 8.2 X (T = 108 "C). The range in xN 
corresponding to the temperature span covered in the 
dynamic mechanical measurements has been estimated by 
assumingg x = A + B Y ' ,  where the constants have been 
determined from the values of x measured at 20 and 108 
"C by SANS and rheological measurements, respectively; 
A = 4.7 X and B = 1.35. A detailed SANS investi- 
gation of the temperature dependence of x for this set of 
polymers is in progress. Both the low-temperature be- 
havior of sample BB2 (Figure 7) and the thermal history 
effects found in sample BB6 (Figure 11) can be accounted 
for based on Figure 1 2  and eq 1. 

Above (xWMST the relaxation time of sample BB6 is 
shorter than the time required to achieve thermal stability 
and conduct an experiment. As a result, the measured 
elastic modulus over all frequencies is independent of the 
thermal history (Figure 11). Between (xNMST = 11.6 and 
(xN), = 11.8, this sample is predicted to exist in a meta- 
stable state, where upon cooling, demixing should occur 
by nucleation, a slow, thermally activated process. This 
is confirmed by the viscoelastic behavior exhibited by 
sample BB6 upon cooling from 108 to 95 "C. Here, the 
measurement time is short relative to the time required 
for the sample to approach equilibrium. As a result, upon 
cooling, the low-frequency isochronal (Figure 11) and 101 
"C isothermal G' data (Figure 9) appear to develop as 
continuations of the homogeneous melt state, as given by 
eq 1. A qualitative indication of the time-dependent na- 
ture of G'at T = 101 "C is shown in Figure 11 for o = 0.1. 
A quantitative investigation of the time dependence of G' 
in the metastable state, which requires a complete 
knowledge of sample thermal history, will be undertaken 
in the future. Below the spinodal limit, xN < (xN,, the 
homogeneous melt state is unstable and should rapidly 
revert to the ordered state by a spinodal decomposition 
mechanism.1° The low-frequency G'  data of Figure 11 
support this prediction. For T < 95 "C the temperature 
dependence of G' in Figure 11 resembles that obtained 
upon heating. Here, thermal history effects on the elastic 
modulus are small and occur over much longer times (see 
below). In this case the measurement time is long relative 
to spinodal decomposition times. 

The low-temperature, low reduced frequency behavior 
of sample BB2 (Figure 7) is analogous to the high-tem- 
perature ( T ,  < T < 150 "C) results found in BB6. Ac- 
cording to the estimate of Nx(T),  the MST and spinodal 
limit should both occur a t  T,  N T, N 0 "C for Q, = 0.46. 
Unfortunately, the data a t  this temperature do not extend 
sufficiently low in a* to confirm this prediction. Nev- 
ertheless, the magnitude of the deviations from the ter- 
minal elastic limit, which develop as the temperature is 
lowered, parallel the results from sample BB6 and indicate 
that T, is close to 0 "C. As expected (Figure 12), sample 
BB7 remains microphase separated over the entire ex- 
perimental temperature range. 

There are also long-time changes in the level of the 
secondary plateau in G '  for sample BB6. The data given 
by the filled symbols and listed under heating in Figure 
12 were obtained from a specimen which had been aged 
at room temperature for several months. Results presented 
with a solid curve correspond to measurements taken 24 
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h after a specimen had been cooled to room temperature 
from 120 "C. The reheat data were obtained within 1 h 
of cooling below T,. It is apparent that at low frequency, 
the secondary plateau in the elastic modulus, which is 
associated with the ordered structure, increases with time. 
According to Leibler,' just below T, a body-centered-cubic 
ordered phase should develop in sample BB6, while at 
room temperature, the equilibrium phase symmetry is 
predicted to be hexagonal. Phase transformations of this 
type are expected to be extremely slow and may explain 
the long-time nature of the variations in this viscoelastic 
property. 

The findings of this study corroborate those of previous 
reports2-* describing the dynamic mechanical properties 
of SBS and SIS triblock copolymer at  elevated tempera- 
tures. Several unexplained differences between these in- 
vestigations can also be resolved. Gouinlock and Porter3 
observed a sharp discontinuity in properties a t  approxi- 
mately 142 OC, while Chung and Lin2 found a narrow, but 
continuous, transition region between 140 and 150 "C. 
This difference was also reflected in the time-temperature 
superposition data. The former authors found that their 
low reduced frequency results shifted into two discrete 
branches, while the latter authors reported that data ob- 
tained in the transition region fell between these branches. 
Neither group provided any details concerning sample 
thermal history prior to measurement. Nevertheless, the 
results found in Figures 11 and 9 can account for these 
differences. Chung and Lin2 also contradicted Gouinlock 
and Porter3 in proposing that their shift factor vs. tem- 
perature data could be represented by two straight lines, 
above and below T,. As illustrated in Figure 10, samples 
BB2 and BB7, which remain homogeneous and microphase 
separated, respectively, over the entire range of tempera- 
tures plotted, are characterized by a single shift factor 
curve. 

Finally, it is interesting to note the apparent limiting 
low-frequency behavior of sample BB7 (and BB6 in the 
ordered state); G' - G" - 0°,5. These samples might be 
expected to behave as a collection of tethered chains since 
one end of each block is thermodynamically restricted to 
the interfacial region hetween microdomains. According 
to the recent calculation of Pearson and Helfandl' con- 
cerning star-shaped polymers, the predicted relaxation 
time for such chains is considerably shorter than that 
associated with the 0°.5 dependence of the moduli in sam- 
ples BB7 and BB6. Instead, this property must be asso- 
ciated with some other relaxation process, which may 
depend on microdomain geometry. The presently reported 
results cannot resolve this question since both ordered 
samples examined are predicted to contain a lamellar 
morphology.l* 

Conclusions 
This second in a series of articles concerning block co- 

polymers near the microphase separation transition (MST) 
has focused on examining the linear dynamic mechanical 
properties of a model set of diblock copolymers. Owing 
to the connectivity between chemically dissimilar blocks, 
the order-to-disorder transition in block copolymers is 
accompanied by a dramatic change in the low-frequency 
shear moduli, which provides a unique opportunity for 
studying the thermodynamics of polymer-polymer mis- 
cibility. In this manner, both the microphase separation 
transition and spinodal curve have been identified in the 
system consisting of 1,4-polybutadiene-1,2-polybutadiene 
diblock copolymers; such information cannot be obtained 
from the rheology of homopolymer blends. These results, 
in conjunction with the small-angle neutron scattering 
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(SANS) study reported separately68 and to be presented 
as the third installment of this quantitatively 
confirm the mean-field predictions of Leibler’ concerning 
the structure and phase behavior of block copolymers. 
This study has demonstrated that the rheological analysis 
of block copolymers represents a powerful method of in- 
vestigating polymer-polymer thermodynamics. 
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ABSTRACT A method previously developed for the precipitation of reinforcing silica filler within an already 
cured elastomer is extended so as to permit simultaneous curing and filling. Specifically, tetraethyl orthosilicate 
is used to end-link hydroxyl-terminated chains of poly(dimethylsiloxane), with the excess present being 
hydrolyzed to finely divided SiOz. Increase in the amount of filler thus formed decreases the elongation required 
for the desired upturns in modulus and increases the maximum extensibility, ultimate strength, and energy 
required for rupture of the network. 

Introduction 
Elastomers which cannot readily undergo strain-induced 

crystallization are very weak in the unfilled 
Networks of poly(dimethylsi1oxane) (PDMS) [-Si(CH,),- 
0-1 are in this category, primarily because of the very low 
melting point (-40 0C)4 of this polymer. As a result, PDMS 
elastomers used in most applications are invariably filled 
with a ”high-structure” particulate silica (SOz) in order 
to improve their mechanical properties.“8 The incorpo- 
ration of such fillers in PDMS or any high-viscosity 
polymer, however, is a difficult, time-consuming, and en- 
ergy-intensive process.”8 It can also cause premature 
gelation (“structuring” or “crepe hardening”Lg For these 
and other reasons,’O it would be advantageous to be able 
either to precipitate reinforcing SiO, into an already cured 
network or to generate it during the curing process. The 
first goal was achieved in two earlier in which 
tetraethyl orthosilicate (TEOS) [Si(OC,H,),] was hydro- 
lyzed to precipitate the desired SiOz filler into a cross- 
linked PDMS network. The present investigation extends 
this work so as to permit the simultaneous curing and 
filling of an elastomer material. 

Experimental Details 
The polymers employed, two hydroxyl-terminated PDMS 

samples having number-average molecular weights corresponding 
to 10-3Mn = 21.3 and 8.00, respectively, were generously provided 
by Dow Corning Corp. Portions of them were mixed with TEOS 
in amounts characterized by the molar feed ratio r = 
[OCzH5]/[OH], where the OCzH5 groups are on the TEOS and 
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the OH groups appear as chain ends on the PDMS. Specific values 
of this ratio, which range upward from 1.0 (stoichiometric balance), 
are given in the third column of Table I. The catalysts employed, 
dibutyltin diacetate and stannous 2-ethyl hexanoate, were present 
to 0.8-1.0 and 1.7 wt %, respectively, of the PDMS. Both series 
of mixtures of these three components appeared to be perfectly 
homogeneous. They were poured into molds to a depth of 1.C-1.5 
111111, and the reaction was allowed to proceed at room temperature 
for 3 days. The water required for the hydrolysis of the TEOS 
was generally simply absorbed from the humidity in the air,I2 but 
in a few test cases, additional liquid water was added to the 
reaction media. 

The resulting networks were extracted in tetrahydrofuran and 
toluene in the usual manner;13J4 the sol fractions thus obtained 
are small, as can be seen from the values given in column four 
of Table I. The densities p of these extracted materials were 
determined by pycnometry. Swelling measurements in benzene 
a t  room temperature were also carried out on portions of the 
extracted samples. Similarly, other unswollen portions were used 
in the elongation experiments carried out to obtain the stress- 
strain isotherms at 25 OC.13J4 The nominal stress was given by 
f* = f / A * ,  where f is the elastic force and A* the undeformed 
cross-sectional area, and the reduced stress or m o d ~ l u s ~ J ~ - ’ ~  by 
[ f * ]  = f * / ( a  - a-2), where a = L/L i  is the elongation or relative 
length of the sample. 

Results and Discussion 
The simplest equation for the hydrolysis of TEOS is 

Si(OC,H,), + 2Hz0 - SiOl + 4CzH50H (1) 

but the reaction in the presence of the hydroxyl-terminated 
PDMS is probably much more complicated, with some 
chains bonded to incompletely hydrolyzed products. In 
any case, electron microscopy results16 indicate the par- 
ticles to be unagglomerated, with an average diameter of 
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