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ABSTRACT

The enthalpy of reaction during the curing of epoxy resins with anhydrides
is determined by differential scanning calorimetric(DSC) methods. Based on
thermochemical laws, a mean molar reaction enthalpy of -(65 + 3) kJ/mol is
calculated for the formation of ester by polyaddition in stoichiometric pro-
portions. This value is almost independent of the chemical structure of epoxy
resins and dicarboxylic acid anhydrides. It is used in determining the con-
centration of structural elements in the polymeric networks that are obtained
by curing epaxy resins with a deficit of dicarboxylic acid anhydride.

The pertinent DSC curves are multipeaked. From the reaction enthalpy assigned
to the polyaddition, it follows that over 95 % of the possible ester groups are
formed at starting molar ratios up to 1 : 0.6 of epoxy resin to dicarboxylic
acid anhydride. The approximate data of ether/ester molar ratios show the clear
change 1n the chemical structure of the network of epoxy resin moulding
materials.

INTRODUCTION

The curing of epoxy resins with dicarboxylic acid anhydrides in the presence
of basic accelerators leads under exothermic reaction to high grade electrical
insulation materials (ref. 1). Using differential scanning calorimetric methods
the time ad temperature dependent conversion of the reaction is obtained from
the increase 1n reaction enthalpy (ref. 2, 3, 4). In developmental work the
epoxy resin can thus be adapted to the technical processes. Moreover, further
data regarding the polymer reactions can also be derived from the reaction
enthalpy.

In this paper the mean molar reaction enthalpies of ester groups formed
during the curing reactions of epoxy resins and dicarboxylic acid anhydrides in
stoichiometric proportions will be calculated from the emerging reaction
enthalpies per unit weight, Thence, the multipeaked thermograms which are ob-
tained during the curing of non-stoichiometric reactions can be evaluated.
Moreover, it is possible to make statements regarding the structural confiqu-

ration of polymeric networks.
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THERMOCHEMICAL BASIS

In DSC investigations of chemical reactions, reaction enthalpies per unit
veight AH are obtained. They reproduce the energy balance between the initial
components and the end products on complete conversion of the reaction, The
reaction enthalpy per unit weight can be represented as the sum of molar reac-

tion enthalpies AH® of each reaction product i that is formed:
- [
AH = Zai aHe,

wvhere 3, signifies the concentration of reaction products. On the other hand,
the molar reaction enthalpy for the formation of a reaction product results from

the molar enthalpies of formation Akﬁ of the participants:
F
o =
AHo = Zvi AN,

vhere Vi signifies the stoichoimetric coefficient of the reaction equation; it
denotes the mathematical expression of Hess's law, It is also applicable to
polymer reactions since only the conversion of reactive groups contributes
mainly to the reaction enthalpy. At an assumed reaction mechanism, the reaction
enthalpies of molecular groups in gas state at 25°C can be approximately calcu-
lated from the tabulated increments of the enthalpies of formation. The change
in values with respect to the temperature of reaction is stated by Kirchhoff's

law:

4K = ) v, opy,
a7

vhere Cpi denotes the heat capacity of the reactants. A transition from 25°C to
the reaction temperature results generally in a slight decrease in the reaction
enthalpy. The energetic transformation of the gas state into the condensed
phase can not be performed since the enthalpies of vaporization or condensation
are not known. This leads to a certain error in the calculated values of reac-
tion enthalpies. The reaction enthalpies which can also be calculated for poly-
mer reactions in the same manner, contribute to a sound interpretation of the

experimental results.
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Commercially available bisphenol-A-bisglycidyl ether (BADGE), hexahydro-
phthalic acid diglycidyl ester (HHPDGE) and 3,4-epoxy cyclohexyl-methyl -3',4'-

epoxy cyclohexane carboxylate (OEP) were used as epoxy resin components. The

analytical characteristics are listed in Table 1. The curing components hexa-
hydrophthalic acid anhydride (HHPA), methyl tetrahydrophthalic acid anhydride
(MTHPA) and methyl hexahydrophthalic acid anhydride (MHHPA), are listed in

Table 2. Alkyl substituted imidazoles were used as accelerators.

TABLE 1

Analytical characteristics of epoxy resins

Concentration
of functional groups
£p OH C1 H,0
mol/kqg mol/kg mol/kg mol/kg
CH,
c{%./cn-cuz-o@.g.O-o-cu,-c\n./cuz 5.75  0.20  0.06 0.10
CH, o
Bisphenol-A-bisglycidyl ether (BADGE)
2
€ -0-CH,-CH-TH,
[:::[ 6.64 0.52 0.27 0.06
zti-o-cnz-c\no-(cn,
Hexahydrophthalic acid
diglycidyl ester (HHPDGE)
0.12

0
DE_O_%Q 7.18  0.60  -—-
o 0

3.4-Epoxy cyclohexyl methyl-
3!4tepoxy cyclohexane carboxylate (DEP)
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EXPERIMENTAL

Epoxy resins (EP) and dicarboxylic acid anhydrides (AA) were mixed in molar
ratios at about 50°C and degassed. After cooling to room temperature, the
accelerator was added unter stirring. Roughly 10 mg of the sample were weighed
in an aluminium micropan, cold welded and measured by differential scanning
calorimetry (Thermal Analyzer 910/1090, Du Pont) at a heating rate of 10 K/min.
For calculating the reaction enthalpy, a straight base line was set in such a
manner that it crosses the thermoanalytical curve tangentially before and after
the reaction., Extremely pure indium was used for the calibration of enthalpy.
In all experiments the second run of measurement showed no residual enthalpy
of reaction. All experiments were repeated several times. There was an accuracy

of £ 3% in the enthalpy measurement.

TABLE 2

Analytical characteristics of dicarboxylic acid anhydrides

Concentration
of functional groups

AA COOH
mol/kg mol/kg

¢’ 6.49 0.06

~C 5.94 0.06

Methyl hexahydraphthalic acid anhydride (MHHPA)

HyC Q
@:C\o 6.02 0.04
c/
6

Methyl tetrahydrophthalic acid anhydride (MTHPA)
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RESULTS AND DISCUSSION

In stoichiometric reactions, polyaddition of epoxy resins with dicarboxylic
acid anhydrides takes place preferentially. Initially, a secondary hydroxyl
group reacts with an anhydride group under the formation of monoester. Sub-
sequently, the monoester gets converted to a diester by an epoxy group. At the
same time, a secondary hydroxyl group is formed (ref. 5,6). From the increments
of the enthalpies of formation, the reaction enthalpies for the formation of
monoester and diester were calculated to be -82 kJ/mol and -66 kJ/mol respec-
tively. A mean reaction enthalpy of -74 kJ/mol results for an ester group in
gas state at 25°C (ref. 7, see Fig. 1). The reaction of hydroxyl groups in the
epoxy resins causes an accelerating effect. However, i1t does not contribute to
the reaction enthalpy since the hydroxyl groups are present in the same concen-
tration when the reaction is completed.

The DSC investigations regarding curing of reactions in stoichiometric pro-
portions yield different values for reaction enthalpies per unit weight. A mean
molar reaction enthalpy of -(65 pa 3) kJ/mol was found in all cases for the ester
formation, taking into account the concentrations of reactive groups in the

reactians set. This value is comparable with the one calculated from the

OR
0 2
" é
~C c 0-CH,- CH o-
2 O*ZCHZCHCHZOR—-’
¢’ o c 0-CH-CH,-0-C
) CH2 0
OR
~Cn
P s CHp - 20.62 0
0 CH =~ 4.56 4-C,. -1336
cis 1.2 ~ 6.24 -0- -113.80 2 CH2 - 41,24
S-ring - 24.36 ring + 53.83 2 CH - 812
HR -460 x 2 = -820 - 8515 x 2= -170.3 -1386.36  in ki/mol

i
H® = E:W AHE
1

aH® = - 74 kJ/mol ester

Fig. 1. Reaction enthalpy calculated from the increments of the enthalpies of
formation in gas state at 25°C
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enthalpies of formation and shows a good agreement between the theory and the
experiment. The molar reaction enthalpy is slightly dependent on the chemical
structure of epoxy resin components (Table 3). Its amount increases in the order
BADGE, OEP, HHPDGE from -62 kJ/mol to -67 kJ/mol. The rate of reaction increase
in the same order as shown by the decrease in temperature at maximum heat flow
(Tmax) from 174 °C to 166 °C. The glass transition temperatures (Tg) obtained

in the second run of measurement show, on the contrary, the clear influence of
epoxy resin structure on the network density (ref. 8, 9). If dicarboxylic acid
anhydrides are changed slight differences in reaction enthalpies become equally
noticeable (Table 4). The density of the network, however, is influenced only

insignificantly.

TABLE 3
Calorimetric values after the complete curing of different epoxy resins with

MTHPA (molar ratio 1:1, 1,5% imidazole containing accelerator)

epoxy epoxide Tmax AH Zngster Tg
resin groups

mol/kg °C 3/g kJ/mol oC
BADGE 2.88 174 - 359 - 62 130
CEP 3.23 171 - 419 - 65 172
HHPDGE 3.12 166 - 416 - 67 114
TABLE 4

Calorimetric values after the complete curing of different dicarboxylic acid
anhydrides with BADGE (molar ratio 1:1, 0,75% l-ethylimidazole)

an- T AH AHO

acid . max ester g
anhydride hydride

mol/kg oC J/g kJ/mol oc
HHPA 3.03 151 - 380 - 63 135
MHHPA 2.90 150 - 381 - 66 128
MTHPA 2,91 152 - 372 - 64 125

The proportions of reactants in a technical reaction set have a deficiency
in dicarboxylic acid anhydrides (ref. 10,11). In DSC investigations, multipeaked
thermograms are obtained with imidazole accelerators (Fig. 2). Since endothermic
reactions can be ruled out the separation in time of polyaddition from the reac-

tion of excess epoxy groups is partially achieved with dynamic conduct of the
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Fig. 2. DSC curves obtained during the reaction of BADGE with HHPA at different
molar ratios (accelerator: 0,75% l-ethylimidazole, sample weight: 10 mg,
heating rate: 10 K/min)

TABLE 5
Influence of the molar ratio BADGE: HHPA in the reaction set on the structural

configuration of epoxy moulding materials

Concentration of structural elements

Molar ratio Concentrations of in the network
set functional groups netvor
- - ester ether ether
epoxide  anhydride ester
BADGE : HHPA mol/kg mol/kg mol/kg mol/kg mol/mol
1:1 3.03 3.03 6.03 - -
1l : 0.9 3.18 2.86 5.42 0.47 0.09
1 : 0.8 3.34 2.87 5.11 0.79 0.15
1 : 0.6 3.72 2.24 4.37 1.54 0.35
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experiment. The evaluation can still be made although the enthalpy of reaction
for polymerisation of epoxy groups is not accessible due to the lack of a well-
defined reaction mechanism. For that purpose, the partial area of the preceding
polyaddition was matched by superimposing of distribution functions and the
pertinent reaction enthalpy per unit weight thus determined. Using the mean
molar enthalpy of reaction for the formation of ester it was found that more
than 95% of the possible ester groups result even at an increasing initial
molar ratio of epoxide to anhydride (Table 5). Altogether, the concentration of
ester groups decreases in the polymeric network. The increasing change of the
polyester network is evident from the concentration proportions mentioned in
Table 5. If the residual epoxy groups react to ether groups, there results an
ether concentration of 1.54 mol/kg and a ether/ester ratio of 0.35, for in-
stance, at a starting molar ratio of 1 : 0.6. In this case, every fourth struc-
tural constituent forming the network is an ether group. Thus, a contriabution
can be made in elucidating the structural configuration of polymeric networks

by determining the reaction enthalpies.
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