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identify the stretch relaxation as the mechanism respon- 
sible for the anomalous slowness of the overall dynam- 
ics, we have not been able to elucidate its origin. 

An interesting result of our simulations is that the relax- 
ation time for the self-avoiding walks has the same 7 a 
IP scaling in one, two, and three dimensions. This fits 
naturally with the explanation that the stretch relax- 
ation requires a time on the order of fl. The relaxation 
time exponent for the ideal case seems to increase from 
2.5 in one and two dimensions to 2.75 in three dimen- 
sions. This may imply that the stretch relaxation time 
has a different chain length dependence for ideal chains 
in different dimensions. I t  may also be interesting to 
see if the exponents for the ideal and self-avoiding poly- 
mers are identical in four dimensions. We have not 
checked these points. 

In order to compare our algorithm with one involving 
local dynamics, we performed simulations in which mono- 
mers are allowed to make local moves, without altering 
the connectivity between them. This results in a relax- 
ation time T(N a IP.' for two-dimensional polymers, as 
expected (see section I). The actual relaxation times for 
this dynamics were approximately 3 times larger than 
ours for N = 16. This ratio increased to 6.3 for N = 64. 
Thus, despite the fact that the scaling behavior of our 
dynamics is slower than expected, it offers a consider- 
able reduction in computation time in simulations involv- 
ing large chains. 

VI. Conclusion 
This work shows that the bead-jump dynamics consid- 

ered here is an efficient and reliable technique for sim- 
ulating polymers in situations where reptation dynamics 
is inappropriate. Further, we have identified a novel relax- 
ation mechanism that appears to be responsible for the 
peculiar relaxation properties seen in the dynamics. This 
mechanism is "stretch relaxation" or the relaxation of 

stored length along the chain. We have not succeeded 
in explaining the slow decay of such stretches. We believe 
that the same mechanism may explain the relaxation prop- 
erties seen by others6 in previous simulations. 
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ABSTRACT: The divergences of the average molecular weight, average cluster size, and bulk viscosity as 
the gel point is approached and the power law behavior of the dynamic shear moduli a t  the gel point were 
measured for a cross-linked epoxy. The critical exponents describing the evolution of static structure were 
found to be significantly different from the predictions of mean-field theory and in reasonable agreement 
with percolation. The exponents describing the viscoelastic behavior in the critical region were found to 
be significantly different from the predictions of the de Gennes electrical analogy and in good agreement 
with our scaling theory. 

Introduction ing cure in these systems is not well understood theoret- 
ically nor has it been thoroughly studied experimen- 
tally. The general features of structural evolution dur- 
ing gelation such as the divergences of molecular weight 
and cluster size as the gel point is approached were cap- 

It  is difficult to overstate the technological impor- 
tance of cross-linked elastomers and thermosets, and yet 
the evolution of structure and viscoelastic properties dur- 
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Table I 
Critical Exponents for the Evolution of Structure and 

Viscoelasticity from Various Theories 

Static Exponents 
Y U D T 

percolation 1.76 0.89 2.5 2.2 
mean field 1 .oo 0.50 4.0 2.5 

Dvnamic ExDonents 

divergences of the average molecular weight and cluster 
radius and the bulk viscosity as the gel point is approached 
and the power law behavior of the dynamic shear mod- 
uli near the gel point. While there are several excellent 
studies in the literature that have investigated either the 
s t a t i ~ s ' ~ ~ ' ~ ~ ' ~  or  dynamic^'^^^^^^^ independently, the present 
investigation gives a coherent picture of the statics and 
dynamics of one system at  the sol-gel transition. 

k 3. 2 

electrical analogy 0.75 f 0.04 0.72 f 0.02 1.94 f 0.10 
dynamic scaling 

general p3; U ) P  y@ + Y I V )  3 u  
using percolation 2.67 

tured years ago by mean-field theories (e.g., Flory- 
Stockmayer,'V2 ~ a s c a d e , ~  and Miller-Macosko4 theories), 
and their appeal lies in the simple analytical results 
obtained. However, all neglect specific correlations (e.g., 
intracluster circuit formation), which has been shown to 
be unacceptable a t  other phase  transition^.^ One expects 
the same to be true for the sol-gel transition since very 
large pregel clusters formed by mean-field theories can- 
not physically fit into three-dimensional space.6 Mean- 
field theories may be valid for certain regimes during cure 
but should crossover to a more physically realistic mech- 
anism of gelation in the critical region. 

Recently, it was suggested'~~ that one such mechanism 
may be described by percolation where one simply con- 
nects bonds (or fills sites) on a lattice of arbitrary dimen- 
sion and coordination number. As in mean-field theo- 
ries, percolation offers predictions for the exponents char- 
acterizing critical divergences of such quantities as the 
average molecular weight and cluster size.639 These expo- 
nents, which can be related through scaling relation- 
ships, are independent of the particular lattice chosen 
but do depend on the lattice dimension, d. In fact, mean- 
field theories represent a special case of percolation with 
the lattice dimension greater than or equal to 6. The 
most powerful contribution of percolation to an under- 
standing of the sol-gel transition is the concept of com- 
plete self-similarity that leads to the so-called hyperscal- 
ing relationships. Under this assumption, photographs 
of the ensemble in the reaction bath at the gel point would 
be identical regardless of the magnification. 

The viscoelastic behavior of near-critical gels is less 
well understood. Naturally, the bulk viscosity and inverse 
equilibrium shear modulus diverge at  the gel point, but 
recently it has also been established experimentally that 
the dynamic shear moduli exhibit power law behavior 
near the sol-gel transition.lo8" de Gennes proposed that 
the viscosity divergence is analogous to the conductance 
divergence of a superconductor-conductor random mix- 
ture12 and that the shear moduli near the gel point scale 
as the ac conductivity of a resistor-capacitor random mix- 
ture.13 Recently, we have developed a theory based on 
a length-scale-dependent viscosity and complete static 
and dynamic ~elf-similarity.'~.'~ Under these assump- 
tions, movies of the ensemble in the reaction bath a t  the 
gel point would be identical regardless of the magnifica- 
tion if the speeds were suitably chosen. The predicted 
critical exponents for the viscoelastic properties in these 
theories can be expressed in terms of the static expo- 
nents describing the evolution of structure in the gel. 

It is the purpose of the present study to determine if 
the static properties near the gel point are correctly pre- 
dicted by either mean-field or percolation theories and 
if the previously mentioned viscoelastic theories ade- 
quately describe the dynamics. Toward this goal, we have 
measured a wide range of critical exponents: the critical 

Theory 

One can be overwhelmed by the number of exponents 
predicted by gelation theories. Four of these describe 
the divergence of a given quantity in the reaction bath 
and are defined below: 

M ,  - cT R, - c-' 

II - Gm-I - E-z 

where M ,  is the weight average molecular weight, R, is 
the z-average cluster radius (or equivalently the connec- 
tivity correlation length, t) ,  7 is the bulk viscosity, G, is 
the equilibrium modulus, and E = Ip, - p l / p ,  with p ,  being 
the cross-linking probability a t  the gel point. The mass 
of a single cluster is related to its radius by the fractal 
dimension D such that M - RD. In addition, the num- 
ber distribution at  the gel point is described by a power 
law with n(M) - M-'. D and T can be related to y and 
Y by the scaling relationship y / u  = D ( 3  - 7) .  Two more 
exponents, 5 and D ,  are needed to account for swelling 
of the clusters when taken from the reaction bath and 
diluted in a good solvent. Since it is these swollen expo- 
nents that are usually measured, we have used the Flory- 
type arguments for percolation clusters relating swollen 
exponents to unswollen ones,21 which result in D I D  = 
Y / ?  = 0.8. One additional critical exponent, A, describes 
the power law dependence of the dynamic moduli on fre- 
quency, G' - G" a*. 

Predictions for these exponents from the various the- 
ories are given in Table I. The predictions of Martin et 
al. for the dynamic exponents k and A are those obtained 
in the limit of complete hydrodynamic screening (Rouse 
limit). This theory, in general, only sets the limits 0 5 k 
I Y ( D  - 1) and 3 / ( D  + 2) I A 5 1 on these exponents, 
but, as shown later, our results on epoxies agree with this 
Rouse limit. We have listed in Table I the dynamic scal- 
ing Rouse limit results for three dimensions in terms of 
arbitrary static exponents and for the specific case of struc- 
tural evolution by percolation. In addition, all dynamic 
theories listed obey the scaling relationship A = z / ( z  + 
k ) ,  which is derived from more fundamental consi- 
derations.22 

Experimental Section 

Our gels were made from 89% by weight of the diglycidyl 
ether of Bisphenol A (Shell Epon 828) cured with 11% by weight 
diethanolamine (Fisher Scientific). These weight percents give 
a fully cured material with the highest possible glass transition 
temperature, 70 "C. Both components were used as received. 
The components were prereacted a t  90 "C while stirring to sol- 
ubilize the diethanolamine through end capping. Stirring was 
then stopped, and the reaction bath was held a t  90 " C  until the 
gel point. A thorough investigation of the cure kinetics of this 
system is presented in a separate paper where the extent of 
reaction (as defined either by the disappearance of epoxy or by 
the appearance of the ether linkage) was monitored by FTIR.23 

The divergences of the molecular weight and radius were mea- 
sured by quenching aliquots taken from the reaction bath a t  
known intervals up to the gel point by dilution in a 60/40 toluene/ 
isopropyl alcohol solution. The gel time, t,, was taken to be 
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the midpoint between the time at which the first insoluble ali- 
quot was taken (174 min) and the time at which the last solu- 
ble aliquot was taken (170 min). From this, we calculated tt = 
It, - tl/t,, which was converted to t from FTIR measurements 
of extent of reaction versus time. The weight average molecu- 
lar weights were then measured with a commercial Chromatix 
KMX-6 low-angle light-scattering photometer (at concentra- 
tions of 10-50 mg/mL and solid angles of 4-5 and 6-7") where 
the specific refractive index had been measured with the accom- 
panying Chromatix KMX-16. The z-averaged hydrodynamic 
radii were measured using a HeNe laser operating at 633 nm 
and an Ar ion laser operating at 336 nm. For all samples prior 
to the gel point, the clusters were small compared to Q-', so the 
measured radii for both wavelengths agreed. A scattering angle 
of 20" was used for all measurements. A cumulant analysis 
obtained from a 256 channel Langley-Ford digital correlator 
was used to obtain the relaxation time, and the hydrodynamic 
radii were obtained using Stokes law and the known solvent 
viscosity. Both the hydrodynamic radius from quasielastic light 
scattering and the radius of gyration from static light scatter- 
ing are z-averaged quantities and have been shown theoreti- 
cally to diverge with the same critical exponents.24 This has 
been shown experimentally for the silica sol- el in our previ- 
ous study18 and for y-irradiated polystyrene2' although there 
may be some dispute in other systems.26 

The power law behavior of the dynamic shear moduli and 
the divergence of the bulk viscosity were measured using a Rheo- 
metrics RDS-2 with 50-mm-diameter parallel plates. For mea- 
surements of G' and G", dynamic scans spanning frequencies 
from 5 to 300 rad/s at 90 "C were taken every 2 min until well 
past the gel point. To measure the bulk viscosity, the trans- 
ducer torque was monitored continuously at constant shear rate 
at 90 "C until it exceeded the instrument capabilities. By tak- 
ing several runs at different shear rates, we determined that 
the measured viscosity was Newtonian up to roughly 10 000 P 
at a shear rate of 4 X rad/s. Determination of the gel time 
is difficult in this experiment. We followed the standard pro- 
cedure of plotting log 9 against log t for various values of the 
gel time and used the value that resulted in the most linear 
relationship. This approximation is the source of the rela- 
tively large uncertainties in the stated results. It should be noted 
that the increase of viscosity as the gel point is approached is 
in general due not only to the divergent molecular weight but 
also to the increase in the glass transition temperature of the 
epoxy with extent of reaction. The glass transition tempera- 
ture of this system increased only 7 "C from 26 to 33 "C in the 
experimental range, so corrections to the measured viscosity 
based on assuming "universal" WLF parameters" were found 
to be small. 
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Results and Discussion 
In Figures 1 and 2, we show the divergences of the weight 

averaged molecular weight and the z-averaged hydrody- 
namic radius as the gel point is approached. The slopes 
show the critical exponents y and 3 to be 1.7 f 0.1 and 
1.4 f 0.1, respectively. To relate the divergence of the 
swollen hydrodynamic radius to  the unswollen diver- 
gence, we have used the Flory-type arguments, which 
reduce b by a factor of 0.8 such that Y = 1.1 f 0.1. These 
should be compared to the mean-field and percolation 
predictions in Table I. We see that the measured val- 
ues are in much better agreement with the percolation 
predictions; however, the measured Y is approximately 
20% larger than predicted. Whether this is due to the 
actual divergence of the average size or to the Flory-type 
calculations for the swelling upon dilution cannot be deter- 
mined from these experiments. 

Using the scaling relationship D = (3 + y/v)/2 and 
letting Y = 1.1 f 0.1, we calculate that the fractal dimen- 
sion of the clusters formed in this system is 2.25 f 0.10, 
which, again turning to Table I, is approximately 10% 
smaller than predicted by percolation. We also calcu- 
late the polydispersity exponent, 7 = 3 - y /Du ,  to be 2.3 

102 I I 
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& 

Figure 1. Divergence of the weight averaged molecular weight. 
The slope, y = 1.7 * 0.1, agrees well with the percolation pre- 
diction of 1.76. 
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Figure 2. Divergence of the z-averaged cluster radius. The 
slope, u = 1.4 * 0.1, is somewhat larger than the swollen perco- 
lation prediction of 1.1. 

f 0.1, which is within experimental error of the percola- 
tion predictions. 

In Figures 3 and 4, we show the divergence of the bulk 
viscosity and the power law behavior of the dynamic shear 
moduli a t  the gel point. The critical exponents k and A 
that we measure are 1.4 f 0.2 and 0.70 f 0.05, respec- 
tively. These are in poor agreement with the predic- 
tions of the electrical analogy but are within experimen- 
tal error of the dynamic scaling theory using percolation 
as seen in Table I. We can also use the theoretical pre- 
dictions of Martin et al. to calculate the exponent z describ- 
ing the increase in the equilibrium mpdulus after the gel 
point and see that z = 3 u  = 3.3 f 0.3, which differs greatly 
from the de Gennes prediction. Unfortunately, we can- 
not quench our experimental reaction and therefore can- 
not measure this divergence due to  the exceedingly long 
relaxation times. Alternatively, we can use the more fun- 
damental arguments stated previously that predict A = 
z / ( z  + I t ) .  Using the experimental values of k and A, we 
find that z = 3.3 f 1.3. Even with these huge experi- 
mental uncertainties, the predictions of Martin e t  al. agree 
with experiment better than those of the electrical anal- 
ogy. 
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quite well with experiment. The experimental diver- 
gence of the average cluster size is somewhat stronger 
than predicted by percolation but may be due to the 
assumptions made in accounting for swelling upon dilu- 
tion. 

The dynamics of the critical sol seem to be in excel- 
lent agreement with the predictions based on the scal- 
ing theory of Martin et  al. but not with the electrical 
analogies. This implies that the reaction bath can be 
modeled as an unentangled melt of polydisperse clusters 
with no hydrodynamic interactions, a Rouse melt. This 
is perfectly reasonable if one accepts that percolation 
describes the evolution of structure in the melt as seen 
above. In percolation, the clusters do not overlap but 
rather f i t  neatly together as a three-dimensional “jigsaw 
puzzlen, and one would not expect dynamic entangle- 
ments. Percolation also predicts that excluded-volume 
effects are partially screened in the melt; that is, the static 
screening length is small. One’s first guess, then, for the 
dynamic screening length which controls the hydrody- 
namic interactions would be that it too is small. We are 
left, therefore, with the conjecture that a Rouse model 
for branched polymer would be appropriate for the dynam- 
ics in the critical region, and the data seem to support 
this. Recently, Colby et al. have independently come to 
the same conclusion.20 

We must stress that, although this system seems to be 
consistent with percolation and the dynamical scaling argu- 
ments, the same cannot be said for all of the numerous 
studies on different systems. While some experiments 
on the evolution of structure in cross-linked systems do 
seem to agree with percolation, others follow mean-field 
theory and still others are in poor agreement with both. 
Likewise for the critical dynamics, some studies find agree- 
ment with the dynamic scaling arguments while others 
agree with the de Gennes electrical analogies. The appar- 
ent nonuniversal behavior may be due to measurements 
that were made outside the true critical regime; how- 
ever, this should be investigated further. 

i o 4  

i o 3  
1.4 + .2 

1 0 0  
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Figure 3. Divergence of the bulk viscosity. The slope, k = 1.4 
i 0.2, agrees well with the predictions of the scaling theory of 
Martin et al. 

l o 6  j 1 
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frequency (radiansisecond) 
Figure 4. Power law behavior of the dynamic shear moduli at  
the gel point. The slope, A = 0.70 f 0.05, agrees well with the 
predictions of the scaling theory of Martin et al. 

Conclusions 
One surprising conclusion from this study is that the 

critical region over which power law divergences are 
observed is quite large. For example, one exponent k 
describes the viscosity divergence over the entire acces- 
sible range in extent of reaction covering approximately 
1/3 of the pregel reaction. In fact, the critical region 
may be much larger than this but we are not able to resolve 
the lower molecular weights experimentally. 

We can also say with certainty that the mean-field the- 
ories (i.e., Flory-Stockmayer) do not quantitatively 
describe the critical divergences of the static structure 
in this system. The predicted divergences are much weaker 
than the experimental data. We should note that attempts 
to account for substitution effects and cyclization in mean- 
field theories (e.g., cascade theory) do not change any of 
the predicted exponents. That is, the classes of nonideal 
structures that can be handled in this formalism change 
only the prefactors describing the critical divergences. 
However, the percolation prediction for the critical expo- 
nent describing the molecular weight divergence agrees 
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ABSTRACT. A Landau theory is presented for the nematic to isotropic (N-I) transition of main-chain 
liquid-crystalline polymers that are chemically disordered, i.e., statistical copolymers. The two constitu- 
ent monomers are assumed to differ in flexibility but could be otherwise identical. For such a system, the 
chemical disorder contributes a random component to the local bending elastic constant of each chain. We 
find a coupling between the conventional nematic (orientational) order parameter and a compositional 
order parameter that expresses nonuniformity in the density of flexible monomers. This coupling leads to 
a biphasic region a t  the N-I transition in accordance with the recent experiments of Stupp et  al. (Macro- 
molecules 1988,21,1217-1234). In the limit of high molecular weight, the width of the biphasic window is 
proportional to the difference between the elastic constants of the two monomers and is inversely propor- 
tional to the square root of the molecular weight. Segregation by flexibility a t  the N-I transition is also 
analyzed for binary blends of thermotropic homopolymers. 

I. Introduction 
Thermotropic liquid-crystalline polymers are materi- 

als with remarkable mechanical, optical, and electrical 
properties. Recent advances in synthetic methods, puri- 
fication, and processing techniques are stimulating new 
commercial applications of these materials, as well as care- 
ful scientific studies.'*' 

While the myriad of phase transitions exhibited by low 
molecular weight liquid crystals have been exhaustively 
studied for decades, the corresponding transitions in liquid- 
crystalline polymers have received much less attention. 
Experimental and theoretical investigations of phase tran- 
sitions in flexible macromolecular systems have revealed 
interesting physics that are not realized in low molecu- 
lar weight systems. Hence, it is natural to expect new 
phenomena in liquid-crystalline polymers. Indeed, such 
phenomena have been evidenced in a number of recent 
s t ~ d i e s . ~ - ~  

Of particular relevance to the present paper are a set 
of experiments by S. I. Stupp and colleagues."' These 
authors synthesized two thermotropic copolymers, both 
containing (on average) equal amounts of three types of 
monomers (A-C). Two of the monomers (A and B) were 
rigid (mesogenic), while the third (C) was flexible. The 
first polymer was an ordered copolymer with repeat unit 
(CABCBA) and was found to exhibit a sharp nematic to 
isotropic (N-I) transition a t  275 OC. The second poly- 
mer was a disordered statistical copolymer of the same 
average composition but, in contrast to its ordered iso- 

mer, exhibited a broad biphasic region over the temper- 
ature range 250-400 "C. In this temperature range, an 
isotropic fluid phase was observed to coexist in varying 
proportions with a nematic, birefringent phase. Pure nem- 
atic and isotropic phases, respectively, were observed a t  
temperatures below and above the biphasic region. 

Stupp et a1.8 provided a very plausible explanation for 
the curious behavior of the disordered copolymer. Because 
of statistical fluctuations in the composition of each chain, 
the various polymers in the sample differ in their effec- 
tive flexibility. Here, "effective flexibility" refers to an 
average persistence length or bending elastic constant that 
characterizes each copolymer molecule in the sample (see, 
e.g., eq 3.8). Stupp et al. coined the term "polyflexibil- 
ity" to describe the distribution of effective flexibilities 
present in a random copolymer sample. This multicom- 
ponent character of a statistical copolymer melt opens 
the possibility that it could segregate into two or more 
phases (each differing in effective flexibility) a t  the N-I 
transition. In order to test this hypothesis, the authors 
of ref 8 numerically sampled a large number of copoly- 
mer sequences that were representative of their sample. 
For each generated chain, an effective flexibility was com- 
puted and a theory for the N-I transition of a homo- 
polymerg (with that flexibility) was used to estimate the 
corresponding N-I transition temperature. The spread 
in calculated transition temperatures was consistent with 
the width of the experimentally observed biphasic re- 
gion." The authors also provided convincing evidence 
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