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ABSTRACT A simple equation to model the dependence df the glass transition temperature (T,) on the 
extent of reaction in highly cross-linked thermosetting polymers has been derived. The model assumes that 
the increase in T, is caused by (a) decrease in chain-end concentration, (b) formation of effective cross-links, 
and (c) further decrease in the configurational entropy due to departure from Gaussian behavior at high 
cross-link densities. Data of Tg as a function of conversion have been obtained for a multifunctional epoxy- 
novolac system. This system undergoes a very sharp increase in Tg at high conversions, which can be adequately 
fit by the model developed here. It has also been found that the change in TB at low conversions in the 
multifunctional system can be predicted from data obtained with a model monofunctional system. The 
equation derived here is compared to several equations published in the literature. 

Introduction 
Understanding the glass transition temperature (T,) of 

thermosetting polymers is very important for various 
reasons. First and most obvious is that T, determines an 
upper bound for the use temperature of the polymer; other 
reasons include the intimate relationship between the onset 
of the so-called diffusion control regime during the 
isothermal cure of a thermoset and its glass 
the influence of T, on the chemorheology of a thermoset,8s9 
and the correlation between internal stresses and Tela 

Several attempts to correlate the glass transition tem- 
perature of cross-linked polymers to their molecular 
structure have been The effect of cross- 
linking on T, has been studied by using several experi- 
mental approaches, including modifying the amount of 
cross-linker, changing the molecular weight of the pre- 
polymer, altering the stoichiometry, and stopping the 
reaction at  different degrees of conversion. This last case 
is of great practical importance because it follows the actual 
curing process; however, this is probably the most difficult 
case to study because there are many changes taking place 
simultaneously. 

Several authors have reported T, data as a function of 
~ o n v e r s i o n ; ~ * ~ ~ - 3 ~  most of these data are for epoxy systems. 
The experimental technique used to obtain the glass 
transition temperature a t  different degrees of conversion 
often consists of interrupting the reaction at  different 
times, usually by quenching, and then scanning the sample 
to obtain the Tg. The extent of reaction is commonly 
determined by measuring the residual heat of reaction 
through differential scanning calorimetry (DSC)24-27*30 or 
by spectroscopic analysis, typically infrared spectros- 
copy;28p29*32 titration has been used in some cases for un- 
gelled  sample^.^^^^ 

Though several equations to describe the T, versus 
conversion data have been utilized in the literature, this 
can still be considered an unresolved problem, particularly 
for systems with high cross-link density. Riccardi and 
~o-workers,~' for example, have limited themselves to fit 
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empirically a polynomial to their data. Other authorsBStB 
have tried to fit empirically DiBenedetto's equation13 (eq 
1) to the experimental results, with a moderate degree of 
success: 

where x is the cross-link density defined as "the fraction 
of all segments that are cross-linked",13 Tgu. is the glass 
transition of the un-cross-linked polymer, 6 is the lattice 
energy, c is the segmental mobility, and the subindexes 0 
and refer to the un-cross-linked and the fully cross-linked 
polymers, respectively. In ref 23, 26, 28, and 29, x has 
been regarded as the conversion and Tgu as the glass 
transition of the unreacted system. 

A new approach published more recently by DiBene- 
detto22 also requires empirical fitting of adjustable pa- 
rameters. In any case, DiBenedetto has pointed out that 
the applicability of the principle of corresponding states 
he used to derive his equation is open to serious question 
when applied to highly cross-linked systems, because of 
the great change in configurational entropy introduced 
by cross-linking.22 

On the basis of Couchman's approach to model T, of 
compatible blends,33 and the assumption that a cross- 
linked polymer can be treated as a blend of monomer and 
completely cross-linked polymer, Pascault and Williams23 
have derived an equation that is mathematically equivalent 
to eq 1. 

A different treatment to describe the variation of T, 
during curing has been proposed by Aronhime and Gill- 
ham.34 They assumed that in the pregel region the glass 
transition is a function of molecular weight only. In the 
postgel region, they regarded their system as a miscible 
binary mixture of sol and gel fractions. The T, of the sol 
fraction was modeled in a way similar to the T, of the 
pregel region, while the T, of the gel fraction was assumed 
to increase linearly with cross-link density. 

The authors did not compare their relations directly 
with experimental T, versus conversion data. They 
assumed several cases of nth-order kinetics and plotted 
the theoretical results on a temperature versus (log time 
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to vitrify) diagram, where they also showed the experi- 
mental curve. The qualitative shape of the curve is 
appropriate, but the fit is rather poor. They argued that 
the lack of an accurate kinetic model mitigates against a 
truly good fit between the model and experimental data. 

In this work, we present T, versus conversion data 
obtained using a polyfunctional novolac epoxy cross-linked 
with a novolac resin. Although this is not the best model 
system to test T, versus conversion relationships because 
of the low purity and the polydispersity of the starting 
materials, it was chosen because of its technological 
importance in the electronics industry, since this type of 
system forms the basis of molding compounds used in the 
encapsulation of integrated circuits. The data we present 
show a very sharp increase in T, at  high conversions, which 
cannot be adequately fitted by using DiBenedetto’s 
equation (eq 1) in terms of conversion. 

Our modeling approach is conceptually similar to that 
of Aronhime and Gillham,” but with some key differences: 

(a) The underlying reason for the increase in T, in the 
pregel region is assumed to be the drop in chain-end 
concentration. Although the number-average molecular 
weight (Mn) is a function of chain-end concentration, it is 
not convenient to express T, in terms of Mn in a system 
with more than two chemical species, since by doing this 
one would overlook the different contributions to T, by 
chain ends with different chemical structures. Therefore, 
we express T, in the pregel region as a function of 
conversion or of chain-end concentration rather than mo- 
lecular weight. 

(b) When considering the postgel region, we do not think 
it is necessary to break down Tg into a gel contribution 
and a sol contribution. This would introduce an extra 
adjustable parameter (the “interaction parameter” a in 
Aronhime and Gillham’s paper). We regard T, as an 
overall property that is determined by chain-end con- 
centration and cross-link density. 

(c) The influence of cross-link density on T, is assumed 
to follow DiMarzio’s equation (eq 2; see Theoretical 
Section), rather than a linear function. 

(d) The departure from Gaussian behavior a t  high cross- 
link densities is taken into account. 

By use of the above considerations, a simplified model 
to describe the variation of T,with conversion is developed 
in the Theoretical Section. This model is then applied to 
describe the experimental results obtained from a novolac- 
cured epoxy system whose chemistry is well-known. 

In order to separate the chain-end effect from the cross- 
linking effect, a model system consisting of the monofunc- 
tional counterparts of the epoxy-novolac resins was 
studied. The chemical reaction in this model system is 
exactly the same as that which occurs in the polyfunc- 
tional epoxy-novolac system. In the modtj compound 
case, however, there is no network formation, and therefore 
it is not necessary to consider cross-linking effects. 

The results from this model compound study are then 
incorporated into the polyfunctional system, where the 
effects of cross-linking and non-Gaussian behavior are now 
taken into account to obtain a relation that describes Tg 
throughout the whole conversion range. 

As this article was being revised, we became aware of 
the interesting work of Stutz and co-workers in this area.24 
They have successfully modeled the glass transition of 
cross-linked and un-cross-linked polymers by accounting 
for the disappearance of chain ends via the Fox-Flory 
equation (see eq 6) and by using the DiBenedetto equation 
(eq 1) to describe the effect of cross-link junctions. 

Theoretical Section 
A rigorous treatment of the glass transition in highly 

cross-linked systems is a formidable task. If we wish to 
adopt Gibbs and DiMarzio’s configurational entropy 
approach to define the glass transition% (which we consider 
the most appealing theory froma fundamental standpoint), 
we encounter the problem of evaluating the partition 
function of a highly cross-linked system to calculate its 
configurational entropy. The traditional Flory-Huggins 
method of counting the number of configurations on a 
lattice becomes a poor approximation if applied to a highly 
cross-linked network, because the approximation inherent 
in the random counting procedure to evaluate the prob- 
ability of a local cell being empty is not appropriate for 
highly cross-linked networks.% 

If we are forced to make simplifying assumptions and 
introduce empirical parameters to obtain a tractable 
equation, we could as well aim for a simple-to-use equation 
and try to minimize the number of empirical parameters. 

Using a lattice model and assuming a Gaussian behavior 
of the chains between cross-links, DiMarzio12 derived an 
equation to describe the change in T, caused by the 
formation of cross-links. This equation can be expressed 
as 

where T, is the glass transition of the cross-linked polymer, 
Tg,is the glass transition of an un-cross-linked polymer, 
which is identical with the cross-linked polymer in every 
respect except that the cross-links themselves are missing, 
K2 is a “universal” constant, and X is a measure of the 
cross-link density, defined as the moles of chains between 
cross-links divided by the total number of moles of 
segments. X can be regarded as the inverse of the number 
of rotatable bonds per elastic chain. 

It should be pointed out that eq 2 was derived for the 
thermodynamic glass transition (the temperature a t  which 
the configurational entropy is 2 e r 0 ~ ~ 1 ~ ~ ) ,  commonly rep- 
resented as T2. In the rest of this work it will be assumed 
that the behavior of the experimentally measured glass 
transition T, parallels that of the thermodynamic T2,12 
that is, that both quantities follow the same functionality 
with respect to conversion. The validity of this assumption 
will be the subject of another work. Equation 2 is strictly 
valid only for low cross-link densities, since its derivation 
assumes that the chains between cross-links are long 
enough to obey a Gaussian behavior. In our case, the 
distance between cross-links at  high conversions is that of 
only a few bonds, so the chains are not expected to be 
Gaussian. 

For networks of such short chains, therefore, a non- 
Gaussian treatment is necessary for a rigorous represen- 
tation of their statistical mechanical behavior. Charles- 
worthz1 was probably the first researcher to attempt this 
treatment in order to describe the glass transition tem- 
perature in highly cross-linked systems. In a study of 
amine-cured epoxies, he accounted for the non-Gaussian 
behavior by utilizing an inverse Langevin distribution. 
He actually used what is now known as the “incorrect 
Langevin distribution”,37 claiming that it provides a more 
accurate representation of the behavior of short chains 
than the correct inverse Langevin distribution. I t  is 
questionable, however, that this treatment is really an 
improvement over the Gaussian treatment. The inverse 
Langevin distribution was originally derived as a result of 
the failure of the Gaussian model to take into account the 
finite extensibility of the polymer chains;a hence the 
inverse Langevin distribution does a better job than the 
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exponent 1/(1 - $4) is to decrease the number of 
configurations, therefore lowering the configurational 
entropy. An additional effect of using this functional form 
is the narrowing of thedist,ribution of end-bend distances. 
Both of these effects are qualitatively correct, since with 
stiffer chains one would expect both a lower number of 
configurations and a lower probability of large fluctuations 
away from the favored configurations. By use of eq 4 in 
DiMarzio's derivation12 of eq 2, the latter becomes 

( 5 )  
TBu 

K2X 
1 - 9x2 

Tg = 
l-- 

where 9 is an empirical constant that lumps together the 
effects of nonidealities such as non-Gaussian behavior and 
steric effects on the chain configurations of highly cross- 
linked systems. There is not enough information available 
to determine whether all the simplifying assumptions Di- 
Marzio used in his derivation are valid here; however, 
failure to use these assumptions would only introduce more 
unknown parameters. 

The definition of cross-link density is not a trivial matter 
in relation to Tg theories. Should one use branch points, 
or elastically effective cross-links? This question is 
irrelevant in the case of fully reacted stoichiometric 
mixtures, because every branch point is an elastically 
effective cross-link. The same is true for long linear chains 
to which a cross-linker is added (such as vulcanization of 
rubber), since these systems gel with very small amounts 
of ~ross- l inker .~~ Nevertheless, the answer is not obvious 
in the case of a polymerizing network, which forms many 
branch points from the very beginning of the reaction, but 
which does not generate elastically effective cross-links 
until after the gel point. As Stutz and co-workers correctly 
point Tg has been experimentally shown to be a 
short-range phenomenon, so it should not matter whether 
a cross-link is elastically effective or not, since this 
definition of a cross-link would involve a long-range effect. 
For instance, Boyer4 has suggested that the glass transition 
is associated with a coordinated segmental motion of 10- 
20 of the chain backbone atoms, a rather local phenomenon. 
On the other hand, if we adopt the configurational entropy 
approach, the formation of an elastically effective cross- 
link should decrease the configurational entropy (and 
therefore increase the glass transition), because the fact 
that the elastically effective cross-link is attached to the 
network implies that it can be placed in a lattice in many 
fewer ways than an ineffective branch point. Experimental 
data can be invoked to justify each point of view. Stutz 
and colleagues claimed that the fact that the Tg versus 
conversion curve departs from linearity before the gel point 
in their epoxy-amine system proves that branch points 
rather than effective cross-links affect TrZ4 There are, 
however, other ways to explain this curvature (see deri- 
vation of eq 10 and eq 15). On the other hand, there are 
data that show a more accelerated increase in Tg after the 
gel point,29131*32 suggesting that the elastically effective 
cross-links have an influence on the glass transition. The 
two views can probably be reconciled by resorting to the 
Adam-Gibbs theory.* According to this theory, the actual 
size of the cooperative region involved in the glass 
transition is dependent on the time scale of the experi- 
ment: the longer the time scale, the larger the number of 
segments involved in the cooperative transition, until 
ultimately at  infinite time the cooperative region will 
comprise the whole sample. Hence the true glass transition 
viewed as a thermodynamic t r a n s i t i ~ n ~ ~  is a long-range 
phenomenon comprising the whole sample, and therefore 

Gaussian model in describing the behavior of chains at 
high extension  ratio^.^'^^^ At low extension ratios, however, 
the Gaussian approximation is better than the inverse 
Langevin function, even for chains as short as four bonds!37 
The inadequacy of the inverse Langevin distribution is 
caused by the grave approximations incurred in its 
derivati0n.3~ In fact, Flory suggested that, in view of the 
forfeiture of rigor through these approximations, the 
inverse Langevin distribution function should perhaps be 
relegated to the status of an empirical representation of 
the di~tribution.3~ In the end, CharlesworthZ1 had to resort 
to the use of two adjustable parameters. 

Unfortunately, the attempt to replace the Gaussian 
statistical theory by a more exact treatment involves a 
considerable sacrifice of both simplicity and general it^.^^ 
If one wants to improve over the inverse Langevin function 
to describe the configurational statistics of short chains, 
a great more deal of complexity in the model is necessary. 
Hill and Steptom and Mark and Curro4I have appl.ied the 
rotational isomeric state model to describe the non-Gauss- 
ian behavior of short chains. This approach requires the 
use of computational methods for evaluating the moments 
of the d i s t r i b ~ t i o n , ~ ~  or Monte Carlo calculations to 
simulate spatial configurations of the chains.41 In addition, 
the results obtained are unique to the particular polymer 
under study. This technique is not easily applicable to 
polymers with complex chemical structures, such as epoxy 
resins.42 

A further cause of departure from ideality, besides non- 
Gaussian behavior, has been suggested to arise from steric 
restrictions on the freedom of chain segments in the 
proximity of  junction^.^^-^^ The net effect of both the non- 
Gaussian behavior of the short chains and the steric 
interactions is a decrease in the configurational entropy 
over the value that would be expected from the Gaussian 
case. Our aim is to account in a simple way for this decrease 
in the configurational entropy in the development of a Tg 
equation that includes the effect of these nonidealities. 
This will be done by using an empirical function to describe 
the influence of the nonidealities on the configurational 
entropy. Although we are not aware of any experimental 
data describing the change in the configurational entropy 
as one departs from Gaussian behavior, a phenomeno- 
logical functional form can be obtained from rubber 
elasticity data. C h a r l e s w ~ r t h ~ ~  has used eq 3 successfully 

to describe the dependence of shear modulus on cross- 
link density for highly cross-linked epoxies, where G is the 
shear modulus, v is the moles of elastically active network 
strands per unit volume, 4 is the front factor, p is the 
polymer density, R is the gas constant, Tis the absolute 
temperature, and $ is an empirical constant that lumps 
together the effect of the nonidealities. We have left out 
of the above equation the contribution of trapped entan- 
glements for simplicity, because it is not relevant to our 
discussion. 

Equation 3 differs from the equation of ideal rubber 
elasticity by the factor 1/(1- $d). If we carry this factor 
backwards through the derivation of the ideal rubber 
elasticity equation to obtain an expression for the con- 
figurational entropy, we obtain 

Wnon-Gaussian) = R(Gaussian)'/('-!@) (4) 
where fl is the probability distribution function describing 
the number of ways to arrange a chain whose ends are tied 
down to given cells in the lattice. The effect of the 
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it does matter whether a cross-link is elastically effective. 
The short-range nature of T, observed experimentally is 
due to the finite time scale of the experiments. In this 
work we shall use elastically effective cross-links in the 
determination of cross-link density X, in order to be 
consistent with the lattice model adopted. However, this 
choice is not critical in terms of obtaining a good fit. 

It is now necessary to find an expression for T,, as a 
function of extent of reaction. Tgu has been defined as the 
glass transition of an un-cross-linked polymer that is 
identical with the cross-linked polymer in every respect 
except that the cross-links themselves are missing. There- 
fore the change in T, as the system reacts and the chains 
grow should be included in Tgu. The only effect that is not 
included in Tgu is the decrease in configurational entropy 
that arises from the formation of effective cross-links. 
Although it is possible to derive an equation for T,, based 
on the Gibbs-DiMarzio configurational entropy theory,35 
such an approach would yield a nonexplicit equation 
requiring two unknown parameters: a hole energy pa- 
rameter and a flex energy parameter. We consider that 
such approach is not really necessary in this work, in 
particular since there are very simple equations that have 
been used successfully in the literature to describe the 
glass transition temperature in non-cross-linked systems, 
such as& 

T, = T,. - K I M  (6) 

or47 

1/T, = l/Tg- + K‘[l/Ml (7) 
where T, is the glass transition temperature of a linear 
polymer of molecular weight M, T,. is the hypothetical 
glass transition of an infinitely long linear polymer, and 
K and K’ are constants. It is well-known that eq 6 is limited 
to high molecular weight polymers for which the weight 
fraction of the end groups is  mall,^,^^ while eq 7 is much 
more appropriate for describing T, down to low molecular 
weights.47 Eor this reason the latter will be used in this 
work. 

Since the thermosetting systems under consideration 
start branching from the beginning of the reaction, one 
should also worry about the effect of the branch points 
(junctions) on the glass transition. When a branched 
molecule is compared with a linear molecule of the same 
molecular weight, two opposing effects can be identified: 
the additional number of chain ends in the branched 
molecule would cause its T, to decrease, while the 
restriction in mobility caused by the junction point would 
increase T,. There is no doubt that as a three-way junction 
is formed the glass transition increases. The question is 
whether this increase is caused only by the loss in mobility 
that accompanies the formation of a covalent bond (and 
therefore is indistinguishable from the increase in Tg 
brought about by chain extension as two chain ends react), 
or whether there is an additional increase due to the mere 
fact that the new covalent bond formed is now part of a 
three-way junction. It is not clear whichof these instances 
is correct, since the data available in the literature are 
contradictory. On the one hand, it has been shown that 
glass transition temperatures of star polystyrenes follow 
quantitatively the end-group concentration dependence 
established for linear polymers without taking into account 
the effect of the central branch point.* Meares has 
observed the same behavior on branched polyvinyl ace- 
t a t e ~ . ~ ~  On the other hand, Rietsch and co-workers have 
published data from polystyrene stars showing a higher 
T, for the branched samples,ls indicating that the effect 

of the junction is more important than the effect of the 
chain ends. The key difference between the data of 
Roovers and Toporowski& and that of Rietsch and 
collaborators16 is the chemical structure of the junctions. 
The former obtained well-defined junctions by direct 
coupling of a tetrafunctional agent (1,2-bis(methyldichlo- 
rosi1yl)ethane) with four living polystyrene chains;s0 on 
the other hand, Rietsch and co-workers used a system 
where the junctions consist of poly(diviny1benzene) nod- 
ules. The number of branches in this system is harder to 
control, since it depends on several factors: the ratio of 
divinylbenzene to polystyrene, the molecular weight of 
the linear precursors, and the global c o n c e n t r a t i ~ n . ~ ~ ~ ~ ~  
The higher T, values observed with this system may be 
caused by the fact that this is actually a polystyrene- 
poly(diviny1benzene) copolymer. 

As suggested by me are^^^ and Roovers and Toporows- 
ki,* we shall assume that the glass transition temperature 
in a branching un-cross-linked polymerizing system is 
determined by the concentration of end groups. The 
validity of this assumption will be corroborated in the 
Experimental Section. Equation 7 can then be expressed 
as 

(8) -=- + K”[C.E.] 
Tg, TB. 

where [C.E] is the concentration of chain ends, and Tgu is 
the glass transition of the un-cross-linked branched system. 

In this work we consider any site that has the potential 
to form a new covalent bond to be a “chain end”. 
Therefore, strictly speaking, if there are chain ends of 
different chemical structures, eq 8 should more properly 
be stated as 

(9) 

where the subindexes 1 and 2 refer to the different 
structures of the chain ends, and QD refers to an infinitely 
long polymer with no chain ends. In the case of an epoxy- 
amine reaction, there would be three different types of 
“chain ends”: epoxides, primary amines, and secondary 
amines. A reaction between an epoxide and a primary 
amine would extend the linear chain, while the reaction 
of a secondary amine would form a branch point. With 
this approach it is not necessary to include the possible 
effect of branching as a separate term, since it is accounted 
for by regarding secondary amines as one more kind of 
chain end with its own contribution to T, independent 
from epoxides and primary amines. For a stoichiometric 
mixture of chain ends of type 1 reacting with chains ends 
of type 2 (and no other reactions), [C.E.l] = [C.E.2] a t  all 
times, and eq 9 reduces to eq 8. This condition will be 
assumed for the rest of this work. 

In terms of extent of reaction, eq 8 can be expressed as 

(10) 

where Tgo is the glass transition of the unreacted mono- 
meric mixture, and [ is the conversion or extent of reaction. 
If the stoichiometry is not balanced, 4 represents the 
conversion of the limiting reagent, and Tgo will depend on 
the stoichiometry. Equation 10 is more convenient to use 
than eq 8, since Tgo is a readily measurable quantity, as 
opposed to the hypothetical nature of Tg-. 

Equation 10 represents the increase in T, due only to 
the decrease in chain-end concentration. Inserting this 
equation into eq 5, we obtain an expression that accounts 

-=- + K,”[C.E.,] + K,”[C.E.,] + ... 
T,” TB. 

_ -  --- kt  
Tp, Tgo 
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EPOXY CRESOL NOVOLAC 

m - 3  

L Jn n - 3  
CRESOL NOVOLAC HARDENER 

Figure 1. Molecular structure of epoxy cresol novolac and of 
cresol novolac hardener. 

for the change in Tg due to the  combined effects of 
decreasing chain-end concentration, formation of cross- 
links and departure from Gaussian behavior at high cross- 
link densities: 

1-- 
1 - 9x2 

where Tg is the glass transition of the thermosetting 
polymer, Tg,, is the glass transition of the  unreacted 
mixture, 5 is the extent of reaction, k incorporates the  
effect of chain ends, Kz is DiMarzio's constant originally 
thought to be "universaln1* (this constant has been shown 
to vary for different chemical systems53+, X is a measure 
of the  cross-link density defined as the moles of chains per 
mole of segments, and  9 is an  empirical constant that 
lumps together the  effects of nonidealities such as non- 
Gaussian behavior and steric effects on the chain con- 
figurations of highly cross-linked systems. The influence 
of the functionality of a cross-link on the mobility of a 
chain is accounted for implicitly in the calculation of X 
by weighting differently the cross-links of different func- 
tionalities as explained el~ewhere.~6*M 

Experimental Section 
Materials. The model compounds employed were phenyl 

glycidyl ether (Aldrich, 99% ; epoxy equivalent 150 g/equiv), and 
o-cresol (Aldrich, 99+ % ). The accelerator was 2-ethyl-4-meth- 
ylimidazole (Aldrich, 99 % ). The polyfunctional epoxy resin used 
was an epoxy cresol novolac supplied by Ciba-Geigy (Araldite 
ECN-1273; epoxy equivalent 215 g/equiv, number-average func- 
tionality 4.8); the cresol novolac hardener was Ciba-Geigy Ar- 
aldite HT-9490; number-average functionality 5.1, hydroxyl 
equivalent 126 g/equiv. All the epoxy equivalents were deter- 
mined by titration (ASTM-D1652). The rest of the information 
was provided by the suppliers. The chemicals were used as 
received. Figure 1 shows the idealized structures of the resin 
and the hardener. 

The equivalent weights obtained experimentally are somewhat 
higher than the values expected from the structural formulas 
depicted in Figure 1 because of the presence of other species 
generated during the synthesis of these resins. In the case of 
epoxies, these species consist of chlorohydrins (produced by 
incomplete dehydrohalogenation), oligomers (formed by the 
reaction of an unreacted phenolic hydroxyl with an epoxy group), 
and homopolymers (formed when two epoxy groups react with 
each other)." All these byproducts are considerably less reactive 
toward epoxides than the phenolic hydroxyls of the curing agent, 
and therefore, their presence is not expected to affect the network 
buildup chemistry. 

Instrumentation. DSC. The glass transition temperatures 
of the model compounds were determined by using a Mettler 

PGE 

CH3 BASE + a  - 
OCR 

MPPP 

Figure 2. Reaction between phenyl glycidyl ether (PGE) and 
o-cresol (OCR) to form 1-(2-methylphenoxy)-3-phenoxy-2-pro- 
pan01 (MPPP). 

Y - -50 
0 

0 

0 

3000 DSC calibrated with high-purity indium (high tempera- 
tures) and high-purity (HPLC grade) n-heptane at low temper- 
atures. A Perkin-Elmer DSC-2 connected to a 3600 TADS data 
station was used to study the variation of the glass transition 
temperature (T,) as a function of conversion in the polymeric 
system. This instrument was calibrated with high-purity in- 
dium and zinc. 

NMR. The solid-state NMR spectra are obtained in a modified 
Nicolet NT-150WB spectrometer with magic angle spin and cross 
polarization capabilities, utilizing a contact time of 2 ma and a 
repetition time of 10 s. The number of scans wgs 176. 

Procedure and Results. (i) Model Compounds. Phenyl 
glycidyl ether (PGE) and o-cresol (OCR) were employed for this 
study. These compounds are monofunctional counterparts of 
the epoxy cresol novolac and cresol novolac hardener, respectively. 
As we have shown,% stoichiometric amounts of PGE and OCR 
in the presence of 2-ethyl-4-methylimidazole will react cleanly 
to form l-(2-methylphenoxy)-3-phenoxy-2-propanol (MPPP) 
(Figure 2). There is no branch formation in this reaction; a 
'dimer" is formed from two monomers. Thus, MPPP was 
prepared by reacting a stoichiometric mixture of PGE and OCR. 
The T, was studied as a function of conversion in the model 
system (PGE-OCR). Since there is always some error in the 
measurement of conversion of chemical groups, an alternate 
method to prepare the samples was employed to avoid this 
problem. First we note that a mixture of initially 1 mol of PGE 
and 1 mol of OCR that have reacted up to an extent of reaction 
[ will consist of 1 - [ mol of PGE, 1 - [ mol of OCR, and ( mol 
of MPPP. Instead of obtaining such a partially reacted mixture 
by reacting PGE with OCR, stopping the reaction, and then 
measuring conversion, the sample was made by mixing PGE with 
OCR and MPPP in the ratio (1 - [):(1- [ ) : E .  MPPP had been 
synthesized as described above. This procedure provided us with 
a much more accurate way of controlling the 'conversion". The 
samples thus obtained were scanned in the DSC from -120 to 20 
"C to measure the glass transition temperatures. 

The variation of Tg as a function of conversion for the model 
compounds is shown in Figure 3. 

(ii) Polyfunctional System. Stoichiometricamountaof resin 
and hardener were dissolved in methylene chloride together with 
0.74 w t  % of imidazole accelerator, and then vacuum was applied 
in order to remove the methylene chloride, until constant weight 
was achieved. This procedure for mixing the reactants was chosen 
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Figure 4. Typical DSC scan showing the glass transition tem- 
perature and the residual heat of reaction. This particular run 
corresponds to an epoxy-novolac that had previously reacted for 
10 min at 100 "C. 

rather than melting them in order to avoid chemical reaction 
during mixing. The mixture was then cured in a Perkin-Elmer 
DSC-2 differential scanning calorimeter connected to a TADS- 
3600 data station. Each sample was cured isothermally for a 
certain amount of time, quenched, and rescanned from room 
temperature to 280 "C at  20 OC/min to obtain the glass transition 
temperature and the residual heat of reaction. The glass 
transition values reported here are the "midpoint" Tis, i.e., the 
temperature a t  which the step increment in C,, reaches half of 
the total AC, value (AC, is the difference in specific heat between 
the glassy and the rubbery states). The reproducibility of the 
Tg measurements is f1.5 OC. The extent of reaction was 
calculated from the residual heat of reaction, as we shall describe 
later. Curing temperatures between 100 and 160 "C were utilized. 
Since the reaction is thermally activated, cooling the sample to 
room temperature or below is an effective way of stopping the 
reaction. Figure 4 shows a DSC trace of a dynamic run scanning 
a sample that had been partially reacted previously. The glass 
transition temperature and the exotherm following it can be 
observed; the base line was determined by drawing a straight 
line between the onset and the end of the exotherm in such a way 
that the baseline is tangent to the DSC curve at those two points. 
The whole procedure was repeated for several samples using 
different temperatures and cure times. 

Samples that were cured for long times at a given temperature 
showed signs of physical aging. Physical aging consists of a den- 
sification process, which is inherent in the nonequilibrium 
character of the glassy state.6B Any glass will spontaneously den- 
sify as it tries to approach equilibrium. The rate of densification 
increases as Tg is approached from below. In the samples we 
cured for long times, Tg increased with extent of reaction until 
it became higher than the reaction temperature. At  this point 
the sample became glassy, but its temperature was still close 
enough to TI to permit rapid aging. When the sample is scanned 
in the DSC, the effect of aging can be seen as an endothermic 
peak caused by enthalpic relaxation. Once an aged sample is 
heated above T,, the high mobility "erases" the memory. If this 
sample is then quenched from above T, to a low temperature, 
and a rapid heating scan is performed in the DSC, the enthalpic 
relaxation peak will no longer appearsB0 Figure 5 shows a first 
scan of an aged sample, together with a second scan of the same 
sample. The enthalpic relaxation peak has been erased. It is 
obvious from Figure 5 that significant error could be incurred by 
trying to obtain the residual heat of reaction from an aged sample. 
To avoid this difficulty, the DSC scan of every aged sample was 
stopped immediately at the end of the relaxation peak to "erase" 
this aging effect, the sample was quenched, and a second scan 
was performed. Even if some reaction takes place during this 
procedure, it is not relevant, since it is accounted for in the way 
we calculate conversion (see below). An alternate procedure to 
measure the residual heat of reaction of aged samples has been 
reported? this method needs only one DSC scan per measure- 
ment, but it requires knowledge of the ACp value as a function 
of conversion. 

Another sample was cured dynamically from room temper- 
ature to 280 OC with a heating rate of 20 OC/min. The integration 
of this exotherm supplied the maximum heat that can be detected 
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Figure 5. DSC scan of an epoxy-novolac that had previously 
reacted for 60 min at 120 "C. The first scan shows an enthalpic 
relaxation peak due to aging. The run was stopped immediately 
after the maximum of the peak was reached, and the sample was 
quenched and rescanned. The second scan shows that the aging 
effect has been erased. 
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Figure 6. Extent of reaction as a function of curing time for our 
epoxy-novolac system. The cure temperature is shown on each 
curve. 

from reacting our samples in the DSC at  20 OC/min. This 
"maximum heat" is not expected to be the total heat of reaction, 
since the lower mobility as Tg rises prevents the reactive groups 
from reacting completely within the time frame of the experiment. 
Taking this into account, the extent of reaction [ can be calculated 
from 

(12) 

where AHR is the residual heat of reaction obtained from re- 
scanning the partially reacted sample, MU is the heat of reaction 
evolved by an "unreacted" sample (i.e., the maximum heat that 
can be detected from reacting our samples in the DSC at  20 
OC/min), MT is the total heat evolved by an epoxide-phenol 
reaction, determined from model compounds to be -20.7 kcal/ 
equiv mol,* and €0 is the initial extent of reaction in the "un- 
reacted" sample, which in this work was found to be 2% by 
titration with HBr (ASTM D-1652). The fact that the enthalpy 
of the epoxide-phenol reaction is lower than that of the epoxide- 
amine reaction (-26.3 kcal/mol)61 is not surprising. A simple 
calculation using a group contribution method to estimate heats 
of formations2 shows that the transformation of a phenol into an 
ether is -4  kcal/mol more endothermic than the change of a 
primary amine into a secondary amine. 

The variation of conversion with time under four isothermal 
conditions is shown in Figure 6. The error bars for the conversion 
values are f0.02. It can be seen that conversion reaches apparent 
limiting values, and that these limiting values increase with cure 
temperature. The leveling off of conversion coincides with the 
region where the glass transition temperature becomes compa- 
rable to the reaction temperature. These apparent limitingvalues 
of conversien are due to the reaction becoming diffusion controlled 
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Figure 7. Glass transition as a function of curing time for our 
epoxy-novolac system. The cure temperature is shown on each 
curve. 

Table I 
Glass Transition Temperature as a Function of Conversion 

for the Epoxy-Novolac System 
conversion T., "C conversion T., "C conversion T., "C 

0.02 37 
0.09 42 
0.09 42 
0.12 45 
0.13 45 
0.19 57 
0.21 50 
0.24 54 
0.26 60 
0.30 67 
0.32 63 

0.36 74 0.65 
0.43 81 0.71 
0.44 79 0.71 
0.46 90 0.71 
0.54 91 0.72 
0.56 97 0.74 
0.60 109 0.75 
0.63 108 0.76 
0.64 112 0.78 
0.64 115 0.78 

110 
131 
120 
126 
124 
124 
138 
148 
169 
173 

CONVERSION 

Figure 8. Glass transition as a function of extent of reaction for 
our epoxy-novolac system. The legend shows the temperatures 
at which the samples were cured. The "dynamic" cure was 
performed by heating the sample from room temperature to 280 
OC at  a controlled rate of 20 OC/min. The continuous line was 
calculated with eq 11. 

as Tg approaches the cure temperature. 
Figure 7 displays the change in Tg as a function of cure time. 

Initially there is a sharp increase in Tg due to the fast reaction 
kinetics. The rate of increase of Tg with time drops abruptly 
when Tg is comparable to the reaction temperature. This 
indicates that when Tg approaches the reaction temperature, the 
sample vitrifies and the reaction becomes diffusion controlled. 
It should be stressed that the reaction does not stop; it continues, 
though at a slower rate. This behavior has been discussed in the 
literature.6J.m 

Table I lists the glass transition temperature values obtained 
as a function of conversion. Figure 8 displays these values for 
the different cure temperatures. Within the experimental scatter, 
all the values collapse to a single curve, which, in agreement with 
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Figure 9. AC,, as a function of extent of reaction for our epoxy- 
novolac system. 
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Figure 10. Cross-polarization magic angle spin l3C NMRspectra 
of a stoichiometric epoxy-novolac mixture. (a) Spectrum of a 
sample that had been cured for 1 h at 180 OC, and whose glass 
transition temperature is 183 "C. The peak at 52 ppm shows 
that a significant amount of unreacted epoxides is still present. 
(b) Spectrum of an unreacted mixture. 

ppm 

Lunak et a1.,2 means that the glass transition is a function of 
conversion only, and not of cure temperature. A key feature in 
this figure is the sharp increase in Tg at high conversions. It 
should be noted that the highest value of Tg shown in Figure 8 
is a reproducible result obtained from several runs. In addition 
we show the values of AC, in terms of conversion in Figure 9. 
Although the ACp values are very scattered, it is clear that they 
are approximately constant a t  low conversions, showing a steady 
and significant decrease thereafter. 

There is one potentially controversial issue that must be 
addressed. The highest value of conversion we recorded after a 
dynamic scan in the DSC is nearly 80%. The value of the 
(midpoint) glass transition at  this conversion is 173 OC. It may 
seem hard to believe that 20% of the original reactive groups 
have not reacted. I t  could be argued that the DSC is not sensitive 
enough to detect the last 20% of reaction, and that in fact the 
reaction proceeds almost to completion. However, solid-state 
13C NMR spectroscopy supports the conclusion that there is a 
significant amount of unreacted groups. Figure 10a shows a cross- 
polarization magic angle spin 13C NMR spectrum of a sample 
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Figure 11. Inverse of the glass transition as a function of extent 
of reaction for a phenyl glycidyl ether-0-cresol system. Data 
from Figure 3. 

whose TI was 183 "C. This sample had been cured in an oven 
for 1 h at 180 "C. Figure 10b shows an equivalent spectrum of 
an unreacted mixture for comparison. The spectrum of the 
reacted sample shows a significant amount of unreacted epoxides 
(52 ppm). Although one cannot expect to obtain accurate 
quantitative results from a CP-MAS 'SC NMR spectrum without 
carefully controlling the experimental parameters and deter- 
mining the optimum instrumental settings, we can obtain a very 
rough estimate of the amount of unreacted epoxies by taking the 
ratio of the intensity of this peak to the intensity of an invariant 
peak and then comparing this ratio to that obtained from the 
unreacted sample. With the methyl peak (17ppm) as an internal 
standard, this procedure yields a value of -30% unreacted 
epoxies. This value should be regarded as a rough approximation. 
What is clear is that there is a significant amount of epoxides 
left, which is consistent with the 80% conversion measured with 
the DSC for a similar sample. This value of 80% conversion 
should not be regarded as an ultimate conversion. It is simply 
the maximum conversion we can measure within the time it takes 
to heat a sample in the DSC.from room temperature to 280 OC. 
Higher conversions can be achieved, as exemplified by a glass 
transition temperature of 190 "C obtained after curing for 36 h 
at 235 "C. Extrapolating from Figure 8, it seems that this Tg 
would correspond to a conversion lower than 85 % . Achieving 
complete conversion may not even be possible within a reasonable 
time scale. Even at 235 "C, the curing reaction is very slow in 
its final stages, due to both the low concentration of remaining 
reactive groups and the low mobility as the glass transition tem- 
perature approaches the curing temperature. Besides, main- 
taining the sample at these high temperatures for extended 
periods of time will cause chemical degradation to occur. Aside 
from time-scale limitations, the concept of an intrinsic ultimate 
conversion lower than 100% is not unreasonable. It has been 
suggested that during the latest stages of the reaction in a network 
polymer the unreacted groups are spatially separated from each 
other and cannot meet and react due to the high connectivity of 
the network." Computer modeling predicts a topological limit 
for the conversion in an epoxy-amine system of [ = 0.95-0.96." 
Our chemical system has a much higher functionality than amine- 
cured diepoxies, so it is not surprising to expect lower ultimate 
conversion values caused by more severe topological limitations. 

Discussion 
Application to the Epoxy-Novolac System. If it is 

true that the increase in Tg can be described by the decrease 
in chain-end concentration as long as no elastically effective 
cross-links are formed, then the increase in TB caused by 
the reaction of two groups in a branching molecule before 
gelation should be the same as the increase in Tg caused 
by the reaction of the same reactive groups in a non- 
branching system. 

Figure 11 displays a plot of 1/ T, in terms of conversion 
for our model system consisting of monofunctional com- 
pounds. The linearity of this graph demonstrates that eq 
10 describes our model compounds data adequately. The 
value of k is 9.513 X 10-4. 

0 0.20 0.40 0.60 0.00 
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Figure 12. Glass transition as a function of extent of reaction 
for our epoxy-novolac system. The symbols represent experi- 
mental data from Figure 8. The continuous line represents the 
predicted glass transition temperature in the absence of cross- 
links from Equation 13. 

Now we have to determine whether this value of k can 
be applied to the dataof thepolyfunctional system. Figure 
12 shows again the data of our polyfunctional system from 
Figure 8. The continuous line is a plot of the equation 

y = 1/(0.00327 - 9.513 X lo4[) (13) 
which can also be expressed as 

1 - = 1 - 9.513 X 104f 
y Tb 

where Tgo is the glass transition of the unreacted mixture. 
Thus, eq 10, which was used to model T, versus conversion 
of model monofunctional compounds, can be applied to 
describe the Tg change with conversion in our polyfunc- 
tional resin (except for high conversions) using the same 
slope (-9.513 X W). This implies that, with the exception 
of high conversions, the increase in T, with extent of 
reaction in the polyfunctional resins is caused by the same 
mechanism as in the monofunctional compounds, that is, 
the reduction of the concentration of chain ends. 

It should be stressed that this ability to predict T, as 
a function of conversion (at low conversions) in the poly- 
functional system using a parameter determined inde- 
pendently for model monofunctional compounds only 
works when a reciprocal T, function is used (eq 10). The 
same success is not achieved if a linear relation is 
employed: the slope of the T, versus f curve is not the 
same as in the monofunctional and polyfunctional systems. 
This is a consequence of the fact that the linear equation 
(eq 6) is not appropriate for low molecular weights. 

We do not really expect that Tg in a highly cross-linked 
polymer can be explained only in terms of chain ends. The 
departure of the experimental data from the continuous 
line in Figure 12 must be due to the reduced configurational 
entropy caused by the formation of elastically effective 
cross-links. Before proceeding any further we should point 
out that the possibility of a second reaction taking place 
can be ruled out for the particular case of our chemical 
system at  stoichiometric balance, as we have shown in our 
earlier work.5s 

The cross-link density X was calculated by using a 
statistical modelM as described elsewhere." In this 
calculation the polydisperse epoxy monomer was approx- 
imated by a binary mixture of four-functional and five- 
functional monomers, keeping the same average func- 
tionality. Similarly, the novolac hardener was considered 
as a mixture of five-functional and six-functional mono- 
mers. Although the step-growth polymerization involved 
in the novolac chemistry leads to a broad distribution closer 
to a most probable rather than to a monodisperse 
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Figure 13. Cross-link junctions in an epoxy-novolac. (a) A 
reacted polyfunctional monomer unit consists of several nuclei 
connected by rotatable bonds and therefore is not really a cross- 
link junction; (b) a cross-link junction !s any rigid nucleus with 
at least three arms connected to the network, in this case the 
marked nonterminal phenyl rings. 

JUNCTlON JUNCTION JUNCTION 

”2 F 
1.1 1 

L W  I- I 

0.0 0’9 0 - 0.1 
0.2 

CROSSLINK DENSITY (CHAINS/SEGMENT) 

Figure 14. Ratio of the “un-cross-linked” glass transition (from 
eq 10) to the experimental glass transition of the cross-linked 
system as a function of cross-link density. DiMarzio’s equation 
(eq 2) predicts that this graph should be linear. 

distribution, our binary mixture approximation proved to 
be reasonable since it predicts correctly the conversion at  
gelation. 

The choice of what we consider to be the ‘cross-link” 
deserves some attention. Although one may be tempted 
to choose a reacted oligomer unit as a multifunctional cross- 
link junction, this choice is not appropriate for our lattice 
model, since the cross-link “junction” is actually made of 
several nuclei connected by rotatable bonds (Figure 13a). 
We therefore consider a cross-link junction to be any rigid 
nucleus that has a t  least three arms connected to the 
network. In our case, the cross-link junctions are the non- 
terminal benzene rings in the novolac structure when three 
oftheir armsare linked to the network (Figure 13b). Hence, 
all the cross-links in our system are considered to be tri- 
functional. 

In order to test whether the formation of cross-links 
alone could account for the experimental observations, eq 
2 was employed. This equation combines the effects of 
chain ends and cross-link density. A plot of Tgu/ Tg versus 
X should be linear if eq 2 were to hold. Such a graph is 
displayed in Figure 14. T,, was calculated from eq 10. 
The plot departs from linearity a t  high conversions, 
indicating that eq 2 is inadequate. This was to be expected 
in view of the assumptions and simplifications used by 
DiMarzio’2 in obtaining this equation, which is strictly 
valid only for low cross-link densities. 

Equation 11 is applicable to high cross-link densities. 
In order to use this equation with our experimental results 
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Figure 15. Calculated cross-link density as a function of 
conversion for a step polymerization between a monomer with 
number-averagefunctionalityof 4.8and amonomerwithnumber- 
average functionality of 5.1.M 

for the epoxy-novolac system, we first recall that l/Tgo = 
0.003 27 was obtained from the T, of the unreacted mixture, 
and the constant k was determined independently from 
model monofunctional compounds to be 9.513 X lo4. The 
cross-link density was calculated as discussed in ref 54. 
We still have two unknown parameters: KZ and 9. These 
parameters were fitted by using a nonlinear regression 
program. The values obtained are KZ = 0.117,9 = 37.76. 
Figure 8 shows the experimental values of T, for our epoxy- 
novolac system and the calculated values from eq 11. An 
excellent fit is obtained. For the sake of simplificity it 
was assumed that, for a given cross-link density, the 
number of segments between any two cross-links is the 
same. Figure 15 shows the calculated cross-link density 
as a function of conversion. A t  the highest measured 
conversion, the cross-link density is approximately 0.15 
elastic chains/segment, that is, there are on the average 
6.7 segments on each elastic chain. In reality, however, 
the problem is much more complex, since the cross-link 
arms are not symmetric; i.e., an arm that leads from an 
epoxide to a hardener molecule is longer than an arm 
leading from one phenyl ring to another within the no- 
volac structure. In fact, the shortest “elastic” chains are 
composed of only three segments. With chains this short 
one wonders whether the Gibbs-DiMarzio theory is 
applicable a t  all. Actually, the question is whether the 
lattice model adopted to evaluate the partition function 
is valid. Certainly the method of evaluating the partition 
function can be improved, but a t  a considerable expense 
of simplicity. However, we agree with DiMarzio in that 
“the fundamental insight that a drastic decrease in the 
configurational entropy is the main determinant of glass 
formation is not likely to be altered”.M In our simplified 
approach, the use of the Gaussian functionality is certainly 
not accurate for the very short chains, but it should be 
regarded only as a reference point indicating an upper 
bound given by the configurational entropy of a hypo- 
thetical short Gaussian chain. The real short chain has 
of course a much lower configurational entropy, which is 
accounted for by an empirical adjustment. 

It should be pointed out that one would expect, from 
eq 11, to see a more pronounced increase in T, after the 
gel point, since the cross-link density is zero before the gel 
point and starts rising immediately thereafter. Some data 
reported in the literature actually show a break a t  the gel 
point in the slope of the Tg versus conversion plot.29*31*32 
In our system, however, we do not observe such a break 
at  the gel point, which occurs a t  25 76 conversion. It could 
be speculated that the cross-linking contribution may be 
too small to be detected at  low cross-link densities, but 
that it is still present. In fact, the continuous line in Figure 
8, which was generated from eq 11, does not show an 
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Figure 16. Glass transition as a function of cross-link density 
for Charlesworth's data.21 The continuous lines were calculated 
by using eq 5 with the following parameters (K2 and 9, 
respectively: DGEBA-BZ-AN 2.11,21.95; DGEBA-BA-OD 0.98, 
21.21; DBEBD-BA-OD 0.80,16.18; where DGEBA = diglycidyl 
ether of bisphenol A, BZ = benzidine, AN = aniline, BA = n-bu- 
tylamine, OD = 1,8octyldiamine, and DGEBD = diglycidyl ether 
of butanediol. 

obvious break at  the gel point, despite the fact that eq 11 
contains a term that starts growing a t  the gel point. 

Another possible explanation for not observing a break 
a t  the gel point is the fact that in the foregoing analysis 
we have assumed that the behavior of the experimentally 
measured Tg parallels that of the thermodynamic glass 
transition TZ (at which the configurational entropy is 
zer03~). According to the Adam-Gibbs theory,45 the 
thermodynamic glass transition TZ is related to a coop- 
erative region comprising the whole sample. Since after 
the gel point a new mechanism to restrict entropy is 
operative (namely, the formation of elastically effective 
cross-links), one would expect to see a change in the 
behavior of Tz immediately after the gel point. The fact 
that such behavior is not observed in our Tg data may be 
due to the fact that the experimentally observed Tg is a 
relaxational phenomenon associated with a relatively small 
number of segments and therefore is not sensitive to ge- 
lation. 

It is noteworthy that the plot of ACp (a true thermo- 
dynamic property) versus conversion (Figure 9) shows 
approximately constant values below the gel point (25 ?6 ), 
and a decrease thereafter. Since ACp has been shown to 
be intimately related to configurational terms,85 its de- 
crease after the gel point is consistent with the expected 
drop in configurational entropy as effective cross-links 
are formed. Nevertheless, more work is needed to prove 
that this is not a fortuitous situation. 

Application to  Other  Systems. Our model fits 
Charlesworth's experimental data21 adequately (Figure 
16). These data had been obtained from completely 
reacted epoxy-amine systems, in which the cross-link 
density had been varied by changing the ratios of cleverly 
chosen reacting species. Equation 11 can also be used to 
fit successfully Feger's data,29 which consist of a hydroxyl- 
terminated poly(propy1ene oxide) cross-linked with a tri- 
functional isocyanate. The gel conversion of this system 
is -0.71. The pregel region can be described by eq 10, 
with l/Tgo = 0.0049 and k = 6.118 X lo4. In the postgel 
region, the influence of the cross-links can be taken into 
consideration by using eq 11. Since the molecular weight 
between cross-links is not too small, the correction for 
non-Gaussian behavior can be ignored, so W = 0 in eq 11. 
A value for KZ of 2.096 gives a very good fit of eq 11 to the 
data of Feger and MacKnight (Figure 17). 

In principle, eq 11 could also be applied to nonstoichi- 
ometric systems. In this case T, would be a function of 
the stoichiometric imbalance, and 5 should be the con- 
version of the limiting reagent. The stoichiometric 
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Figure 17. Glass transition data from Feger and co-workersas 
for a system consisting of a,w-dihydroxypolypropylene oxide and 
a trifunctional isocyanate. The continuous line was calculated 
by using eq 11. 
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Figure 18. Havlicek and Dusek'se equation (eq 16) fit to our 
data with Tal = 504 K and C = 5.QX LO-' (continuoice !ine). The 
dashed line is DiBenedetto's13 equation (eq 1) fit to our data by 
using conversion instead of cross-link density x and Tm instead 
of To", with c , / q  = 0.55 and c=/Q = 0.31. 

imbalance would also alter the cross-link density X. It is 
expected that the constants KZ and \k would not vary with 
the stoichiometry, but so far there is no experimental 
evidence to support this. 

Even though eq 11 allows us to obtain good empirical 
fits to other data from the this 
equation in its present form is not strictly correct for 
partially reacted epoxy-amine systems. In this case eq 10 
is no longer valid, since now we have three different kinds 
of chain ends: epoxides, primary amines, and secondary 
amines. Equation 10 would now become 

Vg" = l/Th - kIE, - k25z (15) 
where 51 would be the overall conversion of epoxides, and 
52 the conversion of primary amines. Therefore, comparing 
with eq 10, a new constant needs to be introduced. 
Although this extra constant would certainly enable us to 
fit the data, we would rather see kl  and kz values in eq 15 
independently obtained from model compounds and then 
use these values in combination with eq 5 to describe cross- 
linking systems. The data presently available in the 
literature are not abundant enough to allow this. 

Comparison wi th  Othe r  Tg versus Conversion 
Relationships. Havlicek and Duseks have used the 
following empirical equation to fit data reported in the 
literature: 

l/Tg = (1 - E)/Th + S/Tgl + Ct(1- f )  (16) 
where Tgl is the glass transition temperature a t  full 
conversion (5 = 1) and Cis an adjustable parameter. Figure 
18 shows the best fit of eq 16 to our data using Tgl and C 
as adjustable parameters. Although the fit is in general 
good, it fails to predict the very sharp upturn in T, at  high 
conversions. 
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As mentioned in the Introduction, a modified form of 
DiBenedetto's equation'3 (eq 1) has been widely used in 
the literature to fit Tg versus conversion data.2633929 The 
modification consists of using conversion [ instead of cross- 
link density x and Tgo (Tg at  [ = 0) instead of Tgu. The 
best fit of this modified form of eq 1 to our data is shown 
in Figure 18. As in the previous case, a good overall fit is 
obtained, but the Tg values a t  high conversions are un- 
derpredicted by -20 "C. On the other hand, if we use the 
unmodified DiBenedetto equation (eq l), and take into 
account the variation of Tgu with conversion through eq 
10, an excellent fit is obtained. This is conceptually the 
same approach as that of Stutz and co-workersZ4 although 
there are three differences: (i) instead of using eq 10, these 
researchers employed an equation based on Fox-Flory's 
relation (eq 61, (ii) their cross-link density is based on 
total number of junction points rather than on elastically 
effective cross-links, and (iii) they have reduced the number 
of parameters by assuming that C,/CO, the ratio of 
segmental mobilities between the cross-linked and the un- 
cross-linked system, is zero. Their equation is 

Tg = (Tg,  - ki(1- [))[I + kz (Xc/( l -  X,))] (17) 
where Tg.. is the reference true backbone glass tempera- 
ture, k l  a constant characterizing the influence of end 
groups on Tg,  k2 another constant characterizing the 
influence of cross-links, and X, the cross-link density. Any 
junction with a functionality of three or higher is considered 
to be a cross-link, and the higher functional cross-links 
are weighted more heavily than the lower functional cross- 
links. In our chemical system the number of junctions is 
proportional to the conversion if we assume that all the 
groups are equally reactive. At  full conversion, every 
f-functional monomeric unit will have f-2 trifunctional 
junctions (Figure 13b). Dividing the number of junctions 
in an epoxy-novolac repeat unit a t  full conversion by the 
number of segments in this repeat unit yields a value of 
0.128 (for our particular chemical system), which is the 
proportionality constant between X, and [ (Le., X, = 
0.1285). 

Figure 19 shows a least-squares fit of eq 17 to our data 
using Tg.., kl,  and kz as adjustable parameters. This 
equation fails to fit accurately the data a t  very high as well 
as very low conversions. 

An equation very similar in form to DiBenedetto's had 
been derived earlier by Fox and Loshaek" using free 
volume arguments. This equation can be expressed a s s  

Tg = Tgu + aX/(l-  bX) (18) 
where a and b are constants. Unfortunately this equation 
has been overlooked in the literature, since most research- 
ers have used its simplified (though less general) version 

(19) 
which holds only for high molecular weights of the linear 
chains and low cross-link density. 

The "forgotten" Fox and Loshaek equation (eq 18) fits 
our data very well with a = 2.26, b = 1.23, and with eq 13 
to evaluate Tgu. The fit is indistinguishable from that 
shown in Figure 8. 

On the basis of entropic considerations applied to a 
model of the thermosetting polymer consisting of a random 
mixture of a fully reacted network with the initial 
monomers, Pascault and Williams have derived the 
following equation:*3 

Tg = Tg, + aX 
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where X = PCpl/AC,, the subindex 0 represents the un- 
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Figure 19. Stutz's2' equation (eq 17) fit to our data, with Tg. 
= 337 K,  kl = 39.3, k2 = 2.37. 
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Figure 20. Pascault and Williams'= equation (eq 21) fit to our 
data. 

reacted system ([ = 0), and the subindex 1 represents the 
fully reacted network ([ = 1). If the values of ACm, ACp,, 
Tgo, and Tgl are known, no adjustable parameters are 
required. 

Since full conversion could not be achieved with our 
system, Tgl and ACp, are not known. Although one could 
obtain these values from extrapolation from Figures 8 and 
9, this was not attempted, since our objective was to test 
the predictive capabilities of this equation with the 
minimum possible amount of experimental data. Instead 
of using hypothetical data from a fully reacted network, 
we used data from the polymer with the highest conversion 
we could measure, [M = 0.78. Assuming that the polymer 
at  any conversion can be modeled as a random mixture of 
this [M = 0.78 polymer with monomer, then eq 20 can be 
restated as 

(Tg - T,)/(TgM - TgJ = A ' t ' / [ l -  (1 - A')['] (21) 

where 5' = [/[M, A' = ACPM/ACW, the subindex M 
represents the polymer with the highest measured con- 
version, and the subindex 0 represents the unreacted 
material. 

Using the experimental values Tgo = 33 "C, [M = 0.78, 
TgM = 173 O C ,  AC, = 0.1 cal/g O C ,  ACpM = 0.03 cal/g OC, 
one can construct the curve shown in Figure 20. Although 
the fit is not as good as that obtained with eq 11, it is still 
reasonable, in particular if one bears in mind that it was 
not necessary to (i) use adjustable parameters, (ii) take 
experimental data from model monofunctional com- 
pounds, or (iii) make statistical calculations assuming a 
particular model for the network buildup. It should be 
kept in mind, however, that the goodness of the fit is due 
in part to the fact that the curve is forced to pass through 
TgM. (All the other fits we have shown here are "free fits", 
where the curves were not forced to pass through Tm.) 
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Conclusions 
A simple equation to model the change in glass transition 

temperature with extent of reaction in highly cross-linked 
thermosetting systems has been derived. The model 
assumes that the increase in Tg is caused by (a) decrease 
in chain-end concentration, (b) formation of effective cross- 
links, and (c) further decrease in the configurational 
entropy due to departure from Gaussian behavior a t  high 
cross-link densities. With this equation, it is possible to 
predict the changes in the glass transition of a thermo- 
setting system at  low conversions by using independently 
obtained data from model monofunctional compounds. 
The increase in Tg at higher conversions can be fitted by 
taking into account the drop in configurational entropy 
brought about by the formation of cross-links. Since the 
size of the chains between cross-links at  high conversions 
is only a few bonds, it was necessary to include in the 
model the deviation caused by non-Gaussian behavior and 
steric effects. This deviation was accounted for in an 
empirical way in order to obtain a simple equation. 

This model successfully describes data reported here 
for a polyfunctional epoxy-novolac system. Our data 
cannot be fitted as accurately by other equations published 
in the literature unless Tgu, the glass transition of the un- 
cross-linked polymer, is allowed to vary with conversion 
in order to account for the decrease in chain ends, and two 
parameters are used to describe the influence of the cross- 
links. 

Further work is being carried out to determine the 
relative importance of junction points versus effective 
crosslinks in relation to the glass transition temperature. 
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