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SYNOPSIS 

Epoxy resins derived from diimide-diacids obtained from bicyclo[2.2.2]oct-7-en-2,3,5,6- 
tetracarboxylic dianhydride and diglycidyl ether of bisphenol A were synthesized and char- 
acterized by spectroscopic techniques and thermal analyses. A further crosslinking using 
hydroxylic groups using dianhydride or diisocyanate as a hardener was also carried out. 
These processes led to crosslinked materials, but a DSC study does not show a straight- 
forward relationship between the amount of hardener used and reaction enthalpies, which 
suggests a complicated reaction mechanism. On the other hand, only a slight increase in 
TB values was observed during the curing process. NO substantial differences between the 
thermal characteristics of linear and crosslinked polymers were observed. 0 1996 John Wiley 
& Sons, Inc. 

INTRODUCTION 

Polyimides are one of the most important types 
of thermally stable polymers because of their high- 
performance properties, but they have the disad- 
vantage of being very insoluble and unprocessable. 
Like epoxy prepolymers, these polyimides can be 
manipulated and then cured to  obtain thermosets. 
Also, the presence of noncoplanar diimides is 
found to be effective in the improvement of 
solubility’ with retention of excellent thermal 
stability due to the multibond and rigidity of the 
polyalicyclic structure.2 

Several modifications of DGEBA with difunc- 
tional compounds containing imide rings were car- 
ried out to improve the thermal stability of epoxy 
 resin^.^-^ In previous we reported the 
modification of the conventional DGEBA epoxy 
resin with diimide-diacids and diimide-&phenols 
and proved that no substantial differences between 
these resins and the completely imidized backbone 
exist. In this article, we report the study of a series 
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of DGEBA resins which are modified with several 
cycloaliphatic diimide-diacids derived from bicy- 
clo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhy- 
dride. The synthesis of these resins was accom- 
plished using DGEBA and the diimide-diacids ac- 
cording to Scheme I. 

This modification produces telechelic epoxy-po- 
liimides with pendant hydroxylic groups, which are 
capable of crosslinking in a further step using an- 
hydrides or isocyanates as hardeners. The anhy- 
dride-curing system requires high temperatures, but 
has the advantage of good electrical properties and 
better thermal stabilities than those of similar 
amine-curing systems. The uncatalyzed reaction of 
anhydrides with epoxides is slow, and it seems to be 
initiated by hydroxylic groups. Thus, the presence 
of hydroxylic pendant groups in these epoxy-imide 
polymers can enhance the curing process and in- 
crease the crosslinking density. 

Isocyanates react with alcohols to form carba- 
mates and with epoxides to form 2-oxazolidones. 
Both reactions have the advantage of involving a 
simple addition reaction with no byproduct forma- 
tion. Therefore, the use of isocyanates can also lead 
to crosslinked networks from these linear prepoly- 
mers. 

2177 
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Scheme 1 

EXPERIMENTAL 

Chemicals 

Diglycidyl ether of bisphenol A (DGEBA) was ob- 
tained by reaction of epichlorohydrin with bisphenol 
A and NaOH. Bicyclo[2.2.2]oct-7-ene-tetracarbox- 
ylic dianhydride (Aldrich), 4-aminobenzoic acid 
(Fluka), 3-aminobenzoic acid (Merck), ll-ami- 
noundecanoic acid (Aldrich), 6-aminohexanoic 
acid (Fluka), 4-aminobutanoic acid (Fluka), gly- 
cine (Fluka), benzyltrimethylammonium chloride 
(BTMA, Fluka), tetraethylammonium bromide 
(Fluka), perchloric acid (Probus), Epiclon B-4400 
(Merck), 4-dimethylaminopyridine (DMAP, Fluka), 
and hexamethylene diisocyanate (Fluka) were used 
without further purification. All solvents were pu- 
rified by standard procedures. Diimide-diacids were 
obtained as described previously.6 

Polymer Synthesis 

The reactions were conducted in DMF at llO”C, 
using a reaction flask fitted with a stirrer and ther- 
mometer under an argon atmosphere. A typical run 
was as follows: 0.05 mol of diimide-diacid and 0.055 
of DGEBA were mixed in DMF (50 mL). The mix- 
ture was heated under an argon atmosphere at 

110°C and then benzyltrimethylammonium chloride 
(BTMA) (0.005 mol) was added in one batch. The 
disappearance of the initial diimide-diacid was con- 
trolled by acid index measurements. When the acid 
index values remained constant, the mixture was 
cooled and poured into ice water. The filtered prod- 
uct was washed several times with water and dried 
at 60°C in a vacuum for 48 h. Polymer yields were 
practically quantitative. 

Characterization and Measurements 

IR spectra were recorded on a Nicolet 5ZDX FT-IR 
spectrometer; I3C-NMR and ’H-NMR spectra were 
obtained using a Gemini 300 spectrometer with 
CDCI3 and DMSO-d, as solvents and TMS as the 
internal standard. Elemental analyses were carried 
out on a Carlo Erba 1106 device. 

The epoxy content was expressed in gram/equiv- 
alent and determined by the Jay, Dijkstra, and Dah- 
men method, variation Ciba.7 The acid index value 
was determined as reported.’ Viscosity was measured 
in 5 g/L DMF solution at 30 k 0.1”C with an Ubb- 
elohde viscosimeter on a Schott AVS 310 automatic 
device. 

Calorimetric studies were carried out on a Mettler 
DSC-30 thermal analyzer in covered A1 pans under 
NP, at various heating rates (5-20°C/min). The 
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1 0  

n 

epoxy resin was kept in a vacuum at 60°C for about 
24 h to remove moisture. The mixtures were pre- 
pared by mechanically stirring the resin and anhy- 
dride or dissolving the resin and isocyanate mixture 
in anhydrous CHzC12 and then drying under a vac- 
uum at  room temperature. The resin-hardener mix- 
ture of known weight (about 5 mg) was put into an 
aluminum pan. The maximum Tg achieved was 
evaluated using dynamic DSC experiments. Iso- 
thermal crosslinking experiments were carried out 
a t  several temperatures €or 30 min. After these 
treatments were complete, the samples were cooled 
to room temperature, and the Tg of the cured poly- 
mer and the residual enthalpy of curing (if present) 

were tested in a second dynamic experiment. Ther- 
mogravimetric analyses were carried out with a Per- 
kin-Elmer TGA-7 system in N2 at a heating rate of 
20"C/min. 

RESULTS AND DISCUSSION 

Polymer Synthesis and Characterization 

The polymerization reactions were carried out in 
DMF at  110°C with BTMA as the catalyst. The 
molar ratio diimide-diacid/DGEBA was always 1 : 
1.1 to ensure that the end groups were oxirane rings 

Table I1 Thermal Data of the Prepolymers 

Compound 

I I1 111 IV V VI 

T, ("Ct 126 96 74 49 168 156 
Ti ("C) 418 436 430 452 430 422 
Tim ("C) 397 412 410 439 408 402 
T,,, ("0 453 472 463 496 460 454 
d W/dt (%/min) 26 29 28 32 28 30 
T ~ O T  (%) 12 8 17 4 13 11 

Data obtained at 20°C/min. 
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Figure 2 DSC plots of (a) prepolymer I and Epiclon 
(20 phr) mixture and (b) prepolymer I and hexamethylene 
&isocyanate (20 phr) mixture. Data obtained at 20"C/ 
min. 

which were capable of crosslinking. The disappear- 
ance of diimide-diacid, and, therefore, the evolution 
of the reaction, was monitored by acid index value 
determination. Thus, when these values remained 
constant, the reaction stopped. Reaction times are 
summarized in Table I. The polymers obtained were 
characterized by IR and 13C-NMR spectroscopy. The 
assignments were made on the basis of empirical 
calculations and DEPT and HETCOR experiments. 
The IR absorptions as well as the 13C-NMR chemical 
shifts are also collected in Table I. 

IR spectra of these resins show strong absorptions 
of around 3500 cm-' due to OH st. The diminution 
of the epoxy band at  910 cm-' and the disappearance 
of carboxylic acid bands can be observed. By 13C- 

NMR spectroscopy, it was possible to verify two 
types of attack on the oxirane rings. As can be seen 
in Figure 1, six lines appear in the zone between 59 
and 75 ppm. The most intensive ones, f, g, and h, 
correspond to the attack on the least-substituted 
carbon (normal opening) and the other three less 
intensive ones (i, j, and k) correspond to the attack 
on the most substituted carbon (abnormal opening). 

All polymers were soluble in chloroform and ace- 
tone and in polar solvents such as NMP, DMF, and 
DMSO. Epoxide equivalent (EE) as well as viscosity 
values, collected in Table I, suggest that low molec- 
ular weights are achieved. The thermal behavior of 
the polymers was measured by DSC and TGA. The 
good thermal properties of the resins are evident by 
looking at  the parameters collected in Table 11. Tg 
values can be related to the chemical structure of 
the diimide-diacid unit; thus, the more rigid the 
moiety introduced, the higher the Tg value. In all 
cases, these values are lower than those of conven- 
tional polyimides. Thermal stability of the polymers, 

Table I11 Thermal Data of Prepolymer I 
Crosslinked Using Epiclon B as Hardener 

Epiclon Concentration (phr) 

10 20 30 50 

Tg ("(3 144 165 166 166 

Ti ("C) 319 322 253 286 
Tim ("C) 372 392 338 362 
Tma, ("C) 456 468 456 480 

Y7m-c (%I 16 13 10 17 

ACP (J/g "C) 0.26 0.23 0.27 0.19 

d W/dt  (%/min) 24 25 25 19 

Data obtained a t  20"C/min. 

evaluated from TGA data, is higher than for other 
previously reported polye~ter-imides.~.~ However, 
char yields are lower, as expected for cycloaliphatic 
imides. 

Crosslinking Study 

The relation between the chemical structure and the 
physical properties of the cured material is a com- 
plicated subject. The structure of the crosslinks, the 
structure and length of the chains between the 
crosslinks, substituents, and network density are the 
structural factors that influence the properties of 
the cured material. Also, the structure and the prop- 
erties of the networks are influenced by the curing 
conditions. So, the glass transition temperature of 
the network depends on the curing temperature and 
the ratio between the functional groups in the resin- 
hardener mixture influences the network formation 
process. Moreover, the presence of an accelerator in 
the curing process can affect the characteristics of 
the crosslinked structure. 

Table IV 
Using Epiclon B as Hardener 

Isothermal Curing of Prepolymer I 

Curing 
Temperature 

( " 0  

170 
180 
190 
200 
210 
220 

Tg (°C)a ACp (J/g OC)' 

133 0.26 
138 0.25 
146 0.27 
155 0.24 
159 0.25 
165 0.30 

Crosslinking 
Degree (%)b 

16 
29 
49 
73 
82 
98 

Anhydride concentration: 30 phr; curing time: 30 min. 
a Obtained at  20°C/min. 

From Couchman's approach. 
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Table V Thermal Data of Prepolymer I Crosslinked Using Hexamethylene Diisocyanate as a Hardener 

Hardener Concentration (phr) 

10 20 30 40 50 

139 
0.18 
312 
373 
491 

17 
17 

148 
0.18 
302 
355 
464 
22 
9 

149 
0.16 
307 
347 
463 

19 
9 

152 
0.11 
300 
309 
470 

16 
7 

Data obtained at 20°C/min. 

The optimum quantities of resin and curing agent 
may be calculated from the EE values of the resin 
and the equivalent weight of the hardener. This as- 
sumes that networks result exclusively from the 
complete reaction of epoxy and the curing agent. 
This is an approximation since steric and diffusion 
restrictions and epoxide homopolymerization also 
occur. Consequently, the quantities of the reactants 
are usually determined empirically by varying their 
proportions, curing as completely as possible and 
measuring the A H  of the crosslinking or determining 
the Tg or the heat-deflection temperature of the 
cured material. In our case, there are also hydroxy 
groups in the prepolymer which are capable of re- 
acting with anhydrides, and this fact prevents the 
optimum quantities of resin and curing agent from 
being calculated. Thus, to determine these optimum 
quantities, several proportions of Epiclon B dian- 
hydride (10, 20, 30, and 50 phr) were tested. In all 
cases, materials which are completely insoluble in 
common polar solvents were obtained. 

In a typical DSC run [Fig. 2(a)], a melting en- 
dotherm centered at 167°C followed by an exotherm 
associated with the crosslinking were observed. This 
fact prevents an accurate measurement of the AH 
of the reaction. So, to determine the optimum reac- 
tant ratio to carry out the curing, the Tg of the com- 
pletely crosslinked material, determined in a second 
dynamic DSC run, was used. Although the AH of 
the reaction was not accurate, the values obtained 
were relatively low ( A H  N 20 J/g), which suggests 
that the degree of crosslinking must be low. More- 
over, as can be seen in Table 111, the Tg of the com- 
pletely cured material remains practically un- 
changed when the anhydride amount increases 
(around 165"C, for resin I). Thermogravimetric 
studies did not show remarkable differences between 
the hardener percentages tested. Thermal parame- 
ters are also summarized in Table 111. 

The curing reaction with anhydride proceeds 
rapidly with either an acidic catalyst, which favors 
etherification, or a basic one, which favors esterifi- 
cation.' In a previous study," we observed that the 
higher the tertiary amine concentration, the lower 
the peak temperature of the diglycidylester-anhy- 
dride curing reaction. In this way, dimethylamino- 
pyridine (DMAP) was tested as an accelerator to 
improve the curing process, but no differences were 
observed. Therefore, no amine was added to the 
resin-Epiclon B mixture. 

The data obtained from dynamic DSC allowed 
us to choose several temperatures to carry out iso- 
thermal treatments for 30 min. In Table IV, the Tg 
values of the isothermally cured materials measured 
in a second dynamic run are collected, as well as the 
degree of crosslinking obtained from Couchman's 
approach": 

ACp, is the isobaric heat capacity of the initial 
mixture, with a glass transition temperature of 
Tgo, and ACpm is the isobaric heat capacity of the 
maximum crosslinked network with a glass transi- 
tion temperature of Tg,. It is worth pointing out 
that these degrees of crosslinking are obtained as- 
suming that the maximum degree of crosslinking 
achieved in a dynamic experiment is complete 
crosslinking. Moreover, the value obtained for A is 
practically 1, which is in accordance with the above- 
mentioned low degree of crosslinking. 

The reaction of alcohols with isocyanates to form 
carbamates is well known and similar reactions with 
polymers containing hydroxylic groups would be ex- 
pected. Thus, crosslinking may also be effected by 
reacting the pendant hydroxyl groups along the pre- 
polymer backbone with diisocyanate to give ure- 
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thane crosslinks. Polymers such as poly(viny1 al- 
cohol) were crosslinked using hexamethylene diiso- 
cyanate." Furthermore, methods of preparing 
polyurethanes also include the reaction of diiso- 
cyanates with diepoxides to yield poly( Z-oxazoli- 
done)s.13 Thus, this reaction can be used to crosslink 
our prepolymers, since they contain the two reactive 
groups. 

To study the reaction, several epoxy resin/hexa- 
methylenediisocyanate mixtures were prepared with 
different hardener ratios. These mixtures were 
heated and the resulting materials were insoluble in 
common polar solvents, indicating their crosslinked 
nature. Several experiments were carried out to 
monitor their behavior using the DSC technique, 
paying special attention to the changes observed in 
Tg values, enthalpies, and activation energies. A 
typical DSC plot is shown in Figure 2(b). As can be 
seen, a broad exotherm centered at  140°C appears. 
It should be pointed out that only one exotherm is 
observed, although two different reactions can take 
place in this curing process, in addition to the afore- 
said homopolymerization. 

The AH values are higher than the ones previ- 
ously obtained using anhydride as a hardener (50- 
100 J/g). No relationship could be established among 
these values, the maximum temperature of the exo- 
therm, and the amount of hardener used. This is in 
accordance with the coexistence of the three above- 
mentioned processes, the total enthalpy being the 
addition of the corresponding enthalpies of these 
three mechanisms. Depending on the amount of 
hardener used, the competition among them leads 
to a different maximum peak temperature and en- 
thalpy. This prevents information being obtained 
on the extent of the reaction and the degree of 
crosslinking reached. Activation energy values 
(about 90 kJ/mol), obtained from the shift in the 
maximum of the exotherm with the heating rate,14 
gave no additional information. Similarly to the 
curing with anhydride, a slight increase in Tg values 
of the completely crosslinked material is observed 
when the diisocyanate concentration increases. Ta- 
ble V summarizes these values and other thermal 
data. Thermogravimetric parameters did not show 
notheworthy differences when compared with the 
prepolymers and anhydride-cured materials. 

These studies prove that telechelic epoxy poly- 
imides with pendent hydroxylic groups can be 

crosslinked using anhydrides and isocyanates as 
hardeners. The complexity of the curing process in 
both cases prevents the obtention of accurate kinetic 
parameters. The thermal stability of the materials 
shows no significant improvement with the cross- 
linking process. 

The authors express their thanks to DGICYT (Direcci6n 
General de Investigaci6n Cientifica y Tecnolbgica) for 
providing financial support to this work and to Sr. Ram6n 
Guerrero for his helping in the NMR spectra recording. 
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