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ABSTRACT The curing of an epoxy prepolymer based on Bisphenol A diglycidyl ether (DGEBA) with 
4,4'-diamino-3,3'-dimethyldicyclohexylmethane (3DCM) was analyzed using size-exclusion chromatogra- 
phy (SEC) and differential scanning calorimetry (DSC) as main techniques. It is shown that SEC may be 
used to determine overall conversion x ,  vs time in the pregel stage, by making x = 1 - (h/h,)o,6, where hf 
h, is the ratio of the peak height of DGEBA (M = 340), at any time, with respect to its initial value. 
Results, both from SEC and DSC, show that kinetics follows an autocatalytic mechanism (catalysis by OH 
groups), with an apparent activation energy, E = 57.5 kJfmol (13.7 kcalfmol). The reactivity ratio of sec- 
ondary to primary amine hydrogens, k , f k ,  is close to 0.4, as revealed by the product distribution obtained 
in a model reaction with phenyl glycidyl ether (PGE) and by the correct fitting with the kinetic model. 
The evolution of number and weight average molecular weights is a unique function of conversion for every 
curing temperature, including the temperature region at which vitrification sets in well before gelation. 
This implies that segmental mobility decreases in the same way for every molecular size; Le., vitrification 
does not alter the statistics of network formation. 

Introduction 
The importance of cycloaliphatic amines as curing agents 

for epoxy resins lies in the fact that they are much more 
reactive than their aromatic counterparts and still can 
provide for a rigid, high Tg epoxy network.' Moreover, 
the relatively long pot life and low viscosity of epoxycy- 
cloaliphatic amine formulations, make them suitable for 
many industrial applications. 

In  order to  adopt a convenient cure schedule for a par- 
ticular application, i t  is necessary to know the kinetics 
of network formation, the reaction extent at the gel point, 
the vitrification time a t  any temperature, the maximum 
achievable Tg, and the possible existence of degradation 
reactions. Gelation, vitrification, and degradation may 
be conveniently represented in temperature vs time trans- 
formation (TTT) diagrams2 or in conversion vs temper- 
ature phase diagrams? 

In the present work, the curing of a Bisphenol A di- 
glycidyl ether epoxy (DGEBA) with 4,4'-diamino-3,3'- 
dimethyldicyclohexylmethane (3DCM), in stoichiomet- 
ric mixtures, will be analyzed. This particular cyclo- 
aliphatic diamine is of interest because the presence of 
methyl groups close to  amino functionalities may increase 
the pot life at room temperature, due to  steric hin- 
drances of the reactivity of both primary and secondary 
amines. 

The particular selected system has been previously stud- 
ied by Luiilk e t  al.4 and Kamon and S a i t ~ . ~  Relevant 
conclusions from the first study, carried out for a stoi- 
chiometric imbalance of amine/epoxy functionalities equal 
to 2, were the following: (i) The gel point conversion was 
the same, irrespective of whether curing took place above 
or below TB. (ii) Kinetics was expressed by considering 
the catalytic effect of OH groups and the difference in 
reactivities of primary and secondary amine hydrogens. 
(iii) At 130 "C the ratio of rate constants for hydrogens 
on primary and secondary amine groups was established 
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as k2/k, = 0.25-0.35 (ideal value-without substitution 
effects-equal to  one), using the method of critical stoi- 
chiometric ratio.6t7 (iv) From the temperature shift fac- 
tor used in the superimposition of experimental results, 
the apparent activation energy may be estimated as E = 
56-59 kJ/mol(13.5-14 kcal/mol). In particular, conclu- 
sion (i) is significant for i t  implies that, during vitrifica- 
tion, segmental mobility decreases to the same extent irre- 
spective of the size of molecules of which the segments 
are a part. The need to confirm this finding by more 
experiments is important to reassure the validity of branch- 
ing theories in the liquid (melt), rubbery, and glassy 
states.' This is, precisely, one of our aims. On the other 
hand, the second study' deals with the isothermal cure 
kinetics, determined by DSC, for a DGEBA-based epoxy 
with various polyamines. Results were analyzed by assum- 
ing the presence of noncatalytic and catalytic mecha- 
nisms but without taking into account the difference in 
reactivity of primary and secondary amine hydrogens. A 
heat of cure equal to 107.5 kJ/mol (25.7 kcal/mol) was 
reported. 

Experimental Section 

The DGEBA-based epoxy was DER 332 (Dow), with an equiv- 
alent weight of epoxy groups equal to 174.3 g/equiv, as deter- 
mined by acid titration. Its structural formula is shown in Fig- 
ure 1. The main chemical species is pure DGEBA (M = 340 
g/mol, A = 0), while the initial ratio of secondary hydroxyls to 
epoxy groups is equal to 0.015 ( A  = 0.03). For comparison pur- 
poses the DGEBA-based epoxy Bakelite 164 (Bakelite Ltd), with 
an epoxy equivalent weight equal to 192.2 gfequiv, was also 
used. This epoxy prepolymer has 82 f 2% of pure DGEBA (a 
= 0), 13 f 1% of the species with M = 624 gfmol ( A  = 1) and 
a minor concentration of species with higher molecular 
masses? Its initial ratio of secondary hydroxyls to epoxy groups 
is equal to 0.078 (a=  0.156). Phenyl glycidyl ether (PGE, Fluka) 
was used as a model reactant for estimating the reactivity ratio 
of primary to secondary amine hydrogens. 
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Figure 1. Structural formulas of monomers. 
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The diamine was 4,4'-diamino-3,3'-dimethyldicyclohexyl- 
methane (BDCM, Laromin C 260, BASF GFR), as shown in Fig- 
ure 1. The amino content, determined by a potentiometric titra- 
tion, agreed with the theoretical value within the experimental 
error. 

All reactants were used as received, in stoichiometric propor- 
tions. 

A Mettler TA 3000 was used to measure Tg (onset value) of 
different samples at a 10 OC/min heating rate, under an argon 
atmosphere. The increase of Tg with reaction time, at a given 
temperature, was determined by using several DSC pans filled 
with reactants (10 mg or so per pan), placed in an oven at the 
selected temperature. Pans were removed from the oven at dif- 
ferent times and scanned in the DSC. Vitrification was assigned 
to the time at which Tg became equal to the curing tempera- 
ture. DSC was also used in the isothermal mode to determine 
the reaction kinetics. In the selected temperature range the 
reaction rate was low enough so as to neglect the heat evolved 
during the initial thermal equilibration. The extent of reac- 
tion attained in these runs was established as the ratio between 
the partial area (per unit mass of sample), under the DSC ther- 
mogram at a given time, and the total area (per unit mass of 
sample), obtained in the scanning mode, starting from the ini- 
tial reactants. The latter could be assigned to complete con- 
version, at least within experimental error because (i) the total 
heat per equivalent was close to reported values for epoxy- 
amine reactions and (ii) no residual reaction heat was observed 
in a second scan. However, as a second scan increases Tg, as 
will be discussed later, the extent of reaction after the first scan 
must be very close to one, leaving a small fraction of unreacted 
functional groups still present. 

Size-exclusion chromatography (SEC) was performed in a 
Waters device provided with UV and refractive index detec- 
tors. The solvent was THF at a 1.5 mL/min flowing rate and 
a pressure of 5 X 10' Pa. Columns of PL gel (Polymer Labo- 
ratories) of 1000, 500, 100, and 100 A were used. SEC was 
employed to determine the reaction kinetics in the pregel stage 
for the difunctional epoxy-diamine system. Number and weight 
average molecular weights were calculated using a calibration 
with polystyrene standards. The reaction was performed at a 
selected temperature in glass tubes containing 100 mg or so of 
sample. Tubes were removed from a thermostat at different 
times, the reaction was quenched by rapid cooling in an ice bath, 
and THF was added to produce a 1 % solution, which was injected 
into the chromatograph. The first appearance of an insoluble 
fraction showed that gelation had been attained. 

The viscosity increase in the pregel stage was measured with 
a Contraves Rheomat 30 viscometer provided with a system of 
concentric cylinders. A Nicolet MX-1 FTIR was used to deter- 
mine the presence of residual epoxy groups in cured samples 
(band at 915 cm-'). 

Vitrification 
Figure 2 shows the increase in the glass transition tem- 

perature with curing time, for several temperatures, start- 
ing from a Tgo close to  -32 "C. After reaching the reac- 
tion temperature, Tg increases much more slowly and it 
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Figure 2. Increase in the glass transition temperature as a func- 
tion of curing time at several temperatures, T ("C): 0, 29; B, 
50; 0, 75; 0 ,  100. Arrows (t) indicate the vitrification times. 
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Figure 3. Dependence of the glass transition temperature on 
reaction time at T ("(2): 0, 190; B, 230. 

practically stops-at least in a time scale of days-at a 
T - T close to 30-40 "C. For example, after 23 days a t  
29 "C, Tg reached a value of 65 "C. This increase in Tg 
above the reaction temperature arises from both some 
increase in reaction extent and physical aging at the cure 
temperature. 

It is very difficult to estimate the maximum glass tran- 
sition temperature, Tg , for this system. For example, 
after curing a sample for 11 h a t  120 "C, Tq reaches a 
value of 140 "C without any measurable residual reac- 
tion heat. On the other hand, after a DSC scan of a fresh 
mixture a t  10 "C/min and up to 250 "C, cooling and re- 
scanning at 10 "C/min, a T, equal to 148 "C is obtained, 
again without observing any residual reaction heat. How- 
ever, a second scan a t  the same rate increases T, up to 
157 "C. 

The increase in T with reaction time was also mea- 
sured at  190 and 23OE"C, as is shown in Figure 3. A large 
increase in T,, up to a Tg- close to 180 "C, is observed. 
We verified that we have no ether linkage >*CH-0-CH,- 
band a t  76.5 ppm on the C13 NMR high-resolution spec- 
tra (62.89 MHz) in solid state'' whatever is the postcur- 
ing schedule (Figure 4). 

As C13 NMR analysis showed that there were no sec- 
ondary reactions in samples cured at  190 "Cl0 (at least 
within the resolution of the experimental technique), the 
increase in Tg has to  be associated with the consumption 
of residual epoxy groups in a concentration low enough 
not to be detected by residual reaction heat or IR absorp- 
tion. The reason of the slow rising Tg appears to be due 
to the steric hindrance of CH,. In contrast, it is much 
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Figure 4. C', NMR high-resolution spectra (62.89 MHz) in 
solid state (CP-MAS) at room temperature, DGEBAdDCM 
copolymer precured 1 h at 130 O C  and then postcured: (a) 4 h 
at 190 O C ,  Tg- = 167 "C; (b) 14 h at 190 O C ,  T,. = 184 "C. 
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Figure 5. Reaction scheme for the curing of a monoepoxide 
with a diamine. Ai represents a diamine with i reacted amine 
hydrogens: 0, reacted amine H; 0, unreacted amine H. 

faster with bisCp-aminocyclohexy1)methane (PACM). How- 
ever, degradation of the network is also evident in a time 
scale of several hours a t  230 "C. 

Kinetics 
Model Reaction. A kinetic study of the reaction 

between a monofunctional epoxide (PGE), taken as a model 
of DGEBA, and the cycloaliphatic diamine makes possi- 
ble the determination of the reactivity ratio of second- 
ary and primary amine hydrogens. Figure 5 shows the 
different amine species generated during the reaction. 
The specific rate constants, expressed per amine hydro- 
gen, will be denoted by k ,  and k, ,  respectively. 

Assuming that the predominant reaction mechanism 
involves the catalysis by OH groups: the kinetic scheme 
may be described by the following differential equations 

-dAo/dt = 4ki[OH]A& 

-dA,/dt = (2kiA1+ k'A1- 4klAJ[OH]E 

-dAz/dt = (2kzA2 - 2kiA,)[OH]E 

-dA,'/dt = (2k,A,' - kzAJ[OH]E 

-dA,/dt = (k2A3 - 2kIAi  - 2k,A,)[OH]E 

dA,/dt = k,A,[OH]E (1) 
where E and Ai are the concentrations of monoepoxide 
and diamine with i as reacted amine hydrogens, respec- 
tively. The concentration of hydroxy groups is given by 

[OH] = xEO (2) 
where x represents the conversion of epoxy functional- 
ities. 

1 

2 1 
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Figure 6. SEC chromatograms for different reaction times (PGE + diamine in stoichiometric proportions at 50 "C): 1, PGE; 2, 
A,  + A i ;  3, A,; 4, A,. 

In order to start the reaction, it is necessary to admit 
that a noncatalytic mechanism is also present and/or that 
there are impurities that catalyze the reaction a t  time 
~ ~ 0 . ~ 9 ~ ~  Thus 

(3) 
where the parameter co accounts either for a noncata- 
lytic mechanism or for the concentration of hydrogen- 
donor impurities. 

The set of differential equations may be solved by divid- 
ing all the equations by the first one, thus eliminating 
the dependence on time. The following solution is ob- 
tained6 

[OH] = CO + xEO 

A,/A,O = 2p(aoq - (YO) 
A,/A,O = p2(-2a2 + a0 + a{/') 

A,'/A,O = -2pa2 + rpao + 2a0 I/' (4) 

A,/A,O = p2[(r + 2)a0q - rag - (2 - r)a;/' - 2a{/2 + 
(2 - r)a;I4] 

A,/A,O = p'[-ra; + (r2/4)a0 + (r/p)aol/' + a{/' - 
(2 - r)a{l4 + 1/p2] 

where A," represents the initial concentration of diamine 
units, r = k , / k , ,  p = 1/(1- r/2), q = (1 + r/2)/2, and a. 
is related to the conversion of amine functionalities x ,  
(equal to x for a stoichiometric mixture), by 

( 5 )  
Then the evolution of the concentration of the differ- 

ent species as a function of conversion depends only on 
the reactivity ratio k , / k , .  

The reaction between PGE and the diamine, in stoi- 
chiometric proportions, was carried out at 50 "C follow- 
ing the concentration of the different species by SEC. 
Figure 6 shows the resulting distribution for advanced 
reaction times. As peak 2 is assigned to the sum of two 
different species, A, + A i ,  and the band for the species 
A, was not well-resolved, it was only possible to fit the 
concentrations of species A, and A,. This was per- 
formed by assuming a proportionality between peak heights 
in the SEC chromatogram and mass fractions in solu- 
tion. These were in turn expressed as moles per initial 
diamine mole. Besides, for a monofunctional epoxide the 
decrease in the peak height is directly related to conver- 
sion 

x = 1 - h,/h,(O) (6) 
Figure 7 shows an excellent agreement between exper- 

x, = 1 - [1/(2 - r)][(l-  r)a;/' + a{/4] 
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Figure 9. Conversion (determined by SEC) vs time for DER 
332-3DCM reaction at different temperatures, T ("C): 0, 29; 
m, 50; 0, 75; 0, 100. The curve for 29 "C is referred to the 
upper axis. Arrows indicate vitrification times resulting from 
Figure 2. Curves are cut in the gel conversion, as determined 
by solubility in THF. 
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Figure 7. Comparison between experimental values of the con- 
centration of A,  and A,  and theoretical predictions, for r = k,/ 
k, = 0.4. 
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Figure 8. SEC chromatograms for different reaction times (DER 
332 + 3DCM in stoichiometric proportions, at 50 "C). Chro- 
matograms at 150 and 180 min are amplified by a factor 2 whereas 
a factor 4 is used for 210 min. The peak of pure DGEBA (r? = 
0) has been left out for clarity purposes. 

imental results and the theoretical prediction for k , / k ,  
= 0.4. A similar fitting is obtained for any value in the 
range 0.3-0.4. This is in very good agreement with val- 
ues reported by Lufiilk e t  al.? Le., k z / k l  = 0.25-0.35, using 
the method of critical stoichiometric ratio. 

Diepoxide + Diamine. The kinetics in the pregel stage 
was determined by following the decrease with time in 
the height of the DGEBA peak (M = 340 g/mol, R = 0) 
in SEC chromatograms (Figure 8). As both epoxides have 
equal reactivity and there are no substitution effects,s 
the fraction of unreacted DGEBA (ii = 0) at  a certain 
epoxy conversion, x ,  is given by the simultaneous prob- 
ability that both epoxy groups remain unreacted. Thus 

(7) 
where h/h,  is the ratio of the actual height of the peak 
with respect to the initial one. Then 

x = 1 - (h/ho)l'2 (8) 
Figure 9 shows the evolution of conversion with time 

at  four different curing temperatures. Gelation, defined 
by the time at which the presence of an insoluble frac- 
tion in THF was first detected, takes place at  conver- 
sions close to 0.6 for every temperature (at 29 "C gela- 
tion was observed after 50 days). This agrees with the 
theoretical prediction6*12 for k2/k1 = 0.4; i.e., xgel = 0.602. 

C / C ~  = h/ho = (1 - x)' 

X I  

06 - 

0.1 
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Figure 10. Conversion (determined by SEC) vs reduced time 
for DER 332-3DCM reaction at different temperatures, T ('C): 
0, 29; m, 50; 0, 75; 0, 100. The full curve represents the theo- 
retical prediction of the kinetic model with the selected K, value. 

Vitrification times, shown in Figure 2, are also indi- 
cated in Figure 9 for the curing at  29 and 50 "C. At this 
last temperature vitrification occurs just before gelation; 
Le., gel Tg (temperature a t  which vitrification and gela- 
tion take place simultaneously'), is slightly above 50 "C. 
At 29 "C, however, a significant fraction of the reaction 
takes place in the glassy state. In these conditions the 
reaction rate slows down severely and, after some time, 
it practically stops (at 29 "C conversion tends asymptot- 
ically to the gel point; i.e., the gel is formed in the glassy 
state at  a very slow rate). 

Assuming that the presence of an initial amount of (OH) 
groups in the epoxy prepolymer, [OH],/e, = 0.015, as 
well as the low curing temperatures, enables us to con- 
sider a pure autocatalytic mechanism," the following 
kinetic equations may be written 

(9) 
-da,/dt = 2k,[OH]eal (10) 

(11) 
where e = concentration of epoxy equivalents, a, = con- 
centration of primary amine hydrogens, a2 = concentra- 
tion of secondary amine hydrogens, r = k2/k,. The fac- 
tor 2 in eq 10 accounts for the fact that the reaction of a 
primary amine hydrogen automatically converts the 
remaining hydrogen into a secondary amine one. 

-de/dt = k,[OH]e(a, + ra,) 

da,/dt = k,[OH]e(a, - ra,) 
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When x = (e, - e)/e,, a = a,/e,, and K ,  = k,eo2 are 
defined and the relationships between a, and e (integrat- 
ing the ratio of eq 9 and 10) and a, and a2 (integrating 
the ratio of eq 10 and 11) are found, kinetics for a stoi- 
chiometric system may be finally expressed by 

dx/dt = K,[[OH],/e, + x](l - x ) ( a  + 
[r/(2 - - a)j (12) 

(13) 

dx/dt = K,(T) f(x,[OHlo/e~,r) (14) 
If the proposed kinetic model is adequate, there must 

be a K,(T), expressed by an Arrhenius law, that enables 
the superimposition of kinetic curves when plotted as x 
vs K,t. Figure 10 shows this superimposition for [OH],/ 
e, = 0.015, r = 0.4 (assumed independent of tempera- 
ture) 

K ,  (min-') = 5.54 X 10' exp[-6921/T(K)] (15) 

The kinetic model fits experimental results for the ini- 
tial course of the reaction at 29 "C and for the whole 
pregel stage for the other temperatures. When vitrifica- 
tion sets in, a t  29 "C, the reaction rate slows down severely 
as e ~ p e c t e d . ~  On the other hand, the apparent activa- 
tion energy arising from eq 15 is E = 57.5 kJ/mol (13.7 
kcal/mol), in perfect agreement with previous reported 
 result^.^ This value may be checked by analyzing the 
time to gel, tgel, a t  constant temperature. From eq 14, 
we get 

x = 1 - [a ( l -  r )  + ~i ' /~ ] / (2  - r )  
Then 

tgel = [l/Kl~~lS,l'ld~/f~~,~~~lo/~o,~~ = 

F(x,i,[OHlo/e,,r)/K,(T) (16) 

In tgel = In (constant) + E/RT (17) 

From the experimental data of t el at 50, 75, and 100 
"C (Figure 9), we obtain E = 5 5 . t  kJ/mol (13.3 kcal/ 
mol), in good agreement with the previous value. 

In order to extend the kinetic analysis to the postgel 
stage, DSC runs in the isothermal mode were carried out 
a t  50,75, and 100 "C. Conversion was obtained by divid- 
ing the fractional area at a selected time by the total 
=ea arising from dynamic runs (106.8 kJ/equiv). As shown 
by Figure 11, results could be adjusted by the proposed 
kinetic model up to the maximum measurable conver- 
sion (the superimposition results by applying the same 
K ,  defined by eq 15). This reassures the validity of the 
kinetic model. 

As the initial reaction rate is directly proportional to 
[OH],/e,, variations in the degree of polymerization of 
the DGEBA-based epoxy have a great influence on the 
curing kinetics. This is illustrated in Figure 12, where it 
is shown that the use of a DGEBA-based epoxy with 
[OH],/e, = 0.078 produces a significant increase in the 
reaction rate. 

Then 

Molecular Weights 

lated as follows 

M ,  = (total mass)/(number of moles) = (ME + 0.5MA)/ 

where ME is the molecular weight of the epoxy prepoly- 

The number average molecular weight may be calcu- 

- 

(1.5 - 2 ~ )  (18) 
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Figure 11. Conversion (determined by DSC in the isothermal 
mode) vs reduced time for DER 332-3DCM reaction at differ- 
ent temperatures, T ("C): A, 50; 0, 75; 0, 100. The full curve 
represents the theoretical prediction of the kinetic model with 
the selected K ,  value. 
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Figure 12. Conversion (determined by SDC) vs time in the 
pregel stage, for DER 332-3DCM (w) and Bakelite 164-3DCM 
(01, at 50 O C .  

mer (348.5 for DER 332), M A  is the molecular weight of 
the diamine (238 for 3DCM), and it is assumed that each 
time an epoxy functionality reacts the number of mole- 
cules diminishes in one unit (no intramolecular reac- 
tions). 

The weight average molecular weight, K ,  may be cal- 
culated by using the theory of cascade processes (growth 
of probability trees with first shell substitution effects') 
or using equivalent methods such as Miller and Macos- 
ko's approach13 or the fragment approach, taking into 
account the effective value of k,/k,.12 Details of these 
calculations are discussed in the mentioned references. 

On the other hand, experimental values of E and 
as a function of conversion, for the DER 332-3DCM 

system, were obtained from SEC chromatograms cali- 
brated with PS standards. The comparison of predicted 
and experimental values, a t  four different temperatures, 
is shown in Figures 13 and 14. An excellent agreement 
with theoretical predictions is observed for every tem- 
perature, including T = 29 "C, where vitrification occurs 
well before gelation. On the one hand, this means that 
the use of PS standards for SEC calibration leads to molec- 
ular weights that are close to expected values. On the 
other hand, this gives an extra support to the statement 
of Lu68k et a1.: in the sense that vitrification does only 
affect kinetics but not statistics of network formation. 
This implies that the decrease in segmental mobility, due 
to vitrification, is the same for molecules of different sizes. 
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Figure 13. Evolution of number average molecular weight as 
a function of conversion for different reaction temperatures, T 
( O C ) :  A, 29; A, 50; B, 75; 0, 100. Full line shows the theoretical 
prediction. 
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Figure 14. Evolution of weight average molecular weight as a 
function of conversion for different reaction temperatures, T 
('(2): A, 29; A, 50; B, 75; 0, 100. Full line shows the theoretical 
prediction. 

I t  is noteworthy that the use of PS standards for SEC 
calibration leads to molecular weights that are close to 
expected values. This implies that branching does not 
modify significantly the elution time for the same molec- 
ular weight, in the range = 300-10 000. It would be 
a remarkable coincidence to think that while vitrifica- 
tion does affect the average molecular weight for a given 
conversion, differences in branching produce the gather- 
ing of all results in, approximately, a single curve. 

Time-Temperature Transformation (TTT) 
Diagram 

Figure 15 shows gelation and vitrification curves in a 
TTT diagram for the DER 332-3DCM system. Gela- 
tion values, defined either by the first appearance of an 
insoluble fraction in THF or by sharp increase in viscos- 
ity (time a t  which a value of 50 OOO Pa.s is attained), are 
equivalent within experimental error. 

The temperature a t  which gelation and vitrification takes 
place simultaneously is = 55 "C. At  T > 55 "C gela- 
tion takes place before vitridation and the opposite occurs 
a t  T < 55 OC. It  is interesting to observe that, for T < 
'dlTg, Le., at 29 OC, the sharp increase in viscosity occurs 

As discussed in relation to Figure 3, a degradation region 
is also present a t  T > Tg-. 

Conclusions 
A detailed analysis of the curing of a DGEBA-based 

epoxy (DER 332) with a cycloaliphatic diamine (3DCM) 
has revealed the following facts: 

1. Kinetics outside the vitrification region follows an 
autocatalytic mechanism, Le., catalysis by the OH groups 

ue to the onset of Vitrification. 

250 \ 
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Figure 15. Time-temperature transformation (TTT) diagram 
for DER 332-3DCM reaction. Gelation: 0, by incomplete sol- 
ubility in THF; A, by a viscosity equal to 50 OOO Pa-s. Vitrifi- 
cation: 0, by DSC. Degradation: 0. 

initially present in the epoxy prepolymer and those gen- 
erated during the epoxy-amine reaction. The reactivity 
ratio of secondary to primary hydrogens, k 2 / k , ,  is close 
to 0.4, as revealed by the distribution of products obtained 
in a model reaction and by the correct fitting with the 
kinetic model. The apparent activation energy is E = 
57.5 kJ/mol(l3.7 kcal/mol), in very good agreement with 
many reported results for different epoxy-amine 
reactions." The validity of the kinetic model is sus- 
tained by the very good fitting of results obtained using 
different experimental techniques, Le., SEC in the pre- 
gel region and DSC, in the isothermal mode, for the whole 
conversion range. The time necessary to reach a certain 
conversion depends significantly on the initial hydroxyl 
contents of the epoxy prepolymer. 

2. SEC may be used to obtain direct information of 
the overall conversion in the pregel stage as a function 
of time, just be following the peak of DGEBA (M = 340). 
Overall conversion is related to the peak height by x = 1 

3. The evolution of number (K) and weight (K)  
average molecular weights is a unique function of con- 
version for every curing temperature, including T < 
seiTg. This implies that vitrification does not have a bear- 
ing on the statistics of network formation. On the other 
hand, the good agreement between experimental results 
and theoretical predictions reassures the validity of the 
working hypotheses of the statistical model: absence of 
cyclization (for and K )  and reactivity ratio k 2 / k ,  = 
0.4 (for K). 
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ABSTRACT: The model calculation for the dissociation behavior of poly(fumaric acid) and poly(maleic 
acid) reported in the previous paper was carried out using the Ising model. The interaction between a pro- 
ton and ionized groups was divided into short-range and long-range electrostatic interactions, the former 
being evaluated from the ratio of the activity of an ionized group to that of an unionized one and the lat- 
ter from the contribution of the interaction between pairs of the ionized groups not counted in the former. 
The factors examined here which may affect the Gibbs free energy change in the dissociation process are 
the range of the short-range interaction, the configuration of ionized groups, the dielectric constant around 
ionized groups, and the possibility of hydrogen bonding between neighboring carboxyl groups. Agreement 
of the model calculation with experimental data was not as quantitative as that for the alternating copol- 
ymer of maleic acid reported previously, probably because of overestimation of the long-range interaction 
assuming the Debye-Huckel potential. The difference in the potentiometric titration behavior between 
poly(fumaric acid) and poly(maleic acid) could be explained qualitatively by their configurational differ- 
ence. The strong short-range electrostatic interaction proves to play a dominant role in the dissociation 
behavior of these polyacids with high charge densities. 

Introduction 
The solution properties characteristic of polyelectro- 

lytes are well-known to result from the electrostatic inter- 
action either between ionized groups on a polyelectro- 
lyte chain or between an ionized group and the surround- 
ing low molecular weight ions in the solution. So far 
various kinds of models have been proposed to interpret 
the dissociation process of the weak poly(carboxy1ic acid) 
in terms of the electrostatic interaction between a pro- 
ton and the charges of the ionized groups. In addition 
to the assumption on the conformation of the polyelec- 
trolyte chain, the model proposed can be classified into 
two groups from the viewpoint of the charge distribu- 
tion assumed on the polyacid chain: the model with a 
smeared charge density and the one with a discrete charge 
distribution. The potentiometric titration of a poly(vi- 
nylic carboxylic acid), such as poly(acry1ic acid) (PAA), 
has been successfully analyzed by an infinite rodlike model 
with the smeared charge density,lt2 whose surface elec- 
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trostatic potential, $, can be numerically calculated from 
the direct solution of the Poisson-Boltzmann equation 
with the aid of a c ~ m p u t e r . ~ ~ ~  It is related to  the appar- 
ent dissociation constant, pK, = pKo + 0.4343NAe(d$/ 
da)/RT, as a function of the degree of dissociation, a, 
where pK, is an intrinsic dissociation constant.' As the 
charge density on the polyacid becomes higher, the Val- 
ues calculated from this model would be expected to  be 
in better agreement with the experimental data because 
the increase in the charge density on a polyacid chain 
renders the approximation of the smeared charge model 
more reasonable. In fact Nagasawa et  al.' reported that 
the data on the potentiometric titration of PAA at higher 
a are in better agreement with the calculation than those 
at  lower a. In addition, judging from the chain stiffness 
of p o l y c r o t ~ n a t e ~ - ~  or polyfumarate," polymers pre- 
pared from monomers having two substituents a t  both 
ends of the double bond including poly(fumaric acid) (PFA) 
and poly(maleic acid) (PMA), both of which have the 
same molecular formula -(CH(COOH)CH(COOH))-, must 
have stiffer backbones than PAA. Therefore, the rod 
model with the smeared charge density should appear to 
be more suitable for these polyacids. 
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