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ABSTRACT

The reaction mechanism of metal-containing and complex compound with
epoxy cligomer of diglycidyl ether of bisphenol A (DGEBA) was studied using
dynamic DSC technigue. It is shown that cure reaction of the epoxy oligomers
with copper acetate proceeds at two stages: through the coordination of the
cation with the epoxy group, and through ionic polymerization at high
temperatures. The mechanism of curing of DGEBA, with the copper chelate
depends on the equilibrium process of dissociation of the chelate which, in
turn, depends not only on the temperature of curing but also on the con-
centration of the hardener. At the dissociation temperature of the hardener,
the polymerization proceeds according to ionic mechanism. Hardening of the
epoxy oligomers due to interaction of the epoxy groups with the unconnected
amine group predominates at higher temperatures or at higher concentrations
of the hardener. At low temperatures and small concentrations of the hard-
ener, the polymerization proceeds according to the catalytic ionic mechanism.
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INTRODUCTION

A vast number of compounds have been screened for
their suitability as curing agents. Many compounds
used in the early years of the technology have now
been superseded by more sophisticated materials,
though some still retain their popularity. There are
several factors on which the choice of curing agent to
be used with an epoxide resin will depend upon: (a)
handling characteristics; (b) cure, post-cure time and
temperature requirements; (c) properties of the cured

system; and (d) cost of the curing agent. The extent
and nature of the intermolecular cross-linking will,
thercfore, be determined in part by the correct choice
of curing agent. Linear epoxy resins are converted in-
to a three-dimensional network during cure reaction.

Various studies, using different expetimental
techniques, report efforts to evaluate the rate and
mechanism of cure reaction. It was reported by
Kurnoskin [1, 2] to use metai chelates of different
structures to cure epoxy oligomers of diglycidyl ether
of bisphenol-A (DGEBA).
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The properties ~of . the metalliferous epoxy
chelate polymers and the dependence of their strength
on the content of the chelates were examined. It was
also suggested that the optimum set of strength, water
resistance and thermal stability were reached by using
0.17, 0.11 and 0.07 mol of a chelate per 1 mol of
DGEBA regardless of the chelate structure (I). When

DGEBA is hardened with the metal chelates of the ~

same molar concentration, then the type of cation is
considered to be of prime importance for the form-
ation of the matrix structure. It was also considered
that the dissociation of chelates is an equilibrium
process and depends not only on the temperature but
also the concentration of the complex dissolved in the
oligomer {Scheme I).

[M{en}(X)s] [Men)®]+ 2%~ M*+ en+2X°

Scheme |

Where M is the metal cation; en, alkyl amine and X,
the anion of an organic acid. A variety of experi-
mental techniques including differential scanning
calorimeter (DSC) has been developed to follow the
cure reaction of thermosetting systems. The DSC
technique is used in polymers in determining the
transition temperatures (T, and T,,), degree of crystal-
linity, reaction kinetics and materials purity {3-7].

The DSC technique has also been used by
several workers [8—14] to study the mechanism and
kinetics of curing reactions of epoxy resins with
different types of curing agents. In order to contribute
in explaining the mechanism of cure reaction of
DGEBA with one of the metal chelates, such as
copper chelate with an amine, the following work has
been carried out using DSC. The purpose of this work
is to delineate the reaction mechanism of DGEBA
with copper acetate ethylene diamine complex.

EXPERIMENTAL

Materials
The epoxy compound used was a diglycidy! ether of
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bisphenol A-based epoxy resin : Epon 828 obtained
from Shell Co. with epoxy equivalent weight of about
185. Ethylene diamine and copper acetate monohyd-
rate of decomposition temperature of 240 °C were
obtained from Fluka.

Synthesis

The metal chelate of structure Cu(ep(OAc), was
prepared according to the following modified proced-
ure [15, 16]: For the dehydration, copper acetate was
heated at 110 °C for 12 h in a vaccum oven. Ethylene
diamine (0.01 mol) was added gradually to copper
acetate (0.01 mol) in dry acetone and it was thorou-
ghly mixed with stirring for 20 min, The mixture was
then filtered and the filterate was waahed several
times with mixture of acetone and diethy! ether. After
drying in a vaccum oven, a green solid product de-
composing at 140—151 °C was obtained:

Cu(en)}(0OAc), C(%) H(%%)
Found 295 55
Calculated 29.7 5.7

The IR measurements showed a band at 1250 cm™
assigned to C-0, and bands at 1640 and 3550 cm™!
assigned to N-H bending and stretching, respectively.

The IR spectrum of compound Cu(en)(QAc), is
shown In Figure 1.

Apparatus
DSC instrument of Pelymer Laboratory was used to

Transmittance (%)
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Figure 1. IR Spectrum of the complex compound
Cu(en)(OAc),.
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Figure 2. DSC Thermogram of curing of DGEBA with 10 phr of ethylene diamine.

monitor the dynamic thermograms of cross-linking
reaction at a heating rate of 10 "C/min. Based on the
calculations made by using epoxy equivalent weight,
8-12 g of ethylene diamine must be used as a hard-
ener per 100 g of the resin. Different concentrations
of copper chelate complex of 12, 20, 24, 28 and 30
phr (0.050, 0.080, 0.100, 0.115 and 0.124 mols,
respectively) were used as hardener. Dynamic DSC
thermograms obtained from the reaction of metal
chelate with epoxy oligomers were compared with
those obtained using ethylene diamine and copper
acetate alone as a hardener.

rea | AH curing (22 i
s g oint Haau"ql%'ﬁﬁe Temp%ra re
T 031 1 RV 3
2 -0.91 2 2.3458 52.90
3 -1.07 3 3.5792 87.03
4 —1.54 4 42792 75.15
5 w1.44 5 4.8782 82.2¢
8 ~1.49 [ 52782 86.82
7 -a.50 7 56125 90.87
, 8 -3.08 [ 62792 98.57
] -1.98 9 7.0762 107.37
10 =1.81 19 75792 11272
1 -1.47 1 82125 119,58
12 .54 12 89792 128.02
13 -0.10 13 9.7125 136.10
14 -0.13 14 10,5458 146 48
Total | -20.26 15 11.7125 158.81
RESULTS AND DISCUSSION

As epoxy resin can be cured with ethylene diamine
(en) alone, it was decided to compare the DSC
thermograms with those obtained from employing
copper chelate. A typical thermogram of dynamic
DSC run for DGEBA/en system of 10 phr of hardener
at a heating rate of 10 °C/min is shown in Figure 2.
The total area under the thermogram, based on
the extrapolated base line at the end of the reaction,
was used to calculate the total heat of reaction which
is strongly dependent on the concentration of curing

Table 1. Kinetic parameter of curing of DGEBA with hardeners,

Hardener Concentration]| Peak n Ea A
{phr) {kJ/mol} (1/s)
Ethylene 8 - 1.4 711 | 37107
diamine (en) 10 - 14 674 | 51107
Cu{OAC), 20 1st 1.4 154.8 1.36 x10™
2nd 1.0 745 | 1.84x10°
Cu(en}OAc), 12 18t 18 2620 | 2.24x10%
2nd 0.95 3254 | 3.68x10%°
20 1st 1.7 2545 | 507x10%°
2 nd 0.85 3313 | 2.60x10%
24 - 17 2778 | 262x10%
28 - 18 271.7 | 6.04x10™
30 - 1.3 2020 | 3.66x10%2
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Figure 3. DSC Thermogram of curing of DGEBA with 20 phr of Cu{QAC),.

agent. Replicate experiments were performed at each
concentrations of the hardener and the kinetic para-
meters i.e., activation energy (E,), frequency factor
(A), and reaction order (n) are given in Table 1. As it
15 seen in Figure 2, the single maximum of the exo-
therm peak for DGEBA/en system appears at about
100 °C for 10 phr of hardener. The exotherm peaks
are shown in Figure 3 for DGEBA/copper acetate
system and in Figures 4-8 for DGEBA/copper chelate
system at different concentrations. These data indi-
cate that DGEBA/ethylene diamine system cures at a
lower temperature and faster than DGEBA/copper
chelate and copper acetate systems. According to the
classic Barrett's method [17] the reaction rate da/dt is
directly proportional to the rate of heat generation
dH/dt (which is the ordinate of a DSC trace):

da/dt = 1/AH x dH/dt m

10

Heat fiow {(mJ/s)
~ o

|
[

&

280 300 400 500
Temperature ("C)

=
8

Area | aH curing Poil | Heating Gme | Temperatura
i (rnin! {9
LK -2 [LJE) 1 173,
2 —47.29 2 0163 | 19464
3 -53.65 3 10913 | 21485
4 -4g.07 4 11920 | 20850
5 -18.80 & 13.183 | 240.11
Total | -177.49 8 16012 | 26089
(inA -28.42 ant 15.363 264.85
2 | -12770 2 18.020 08,58
3 | -tesee 3 22.313 34292
4 | -190.78 4 25.749 37967
5 -52.81 5 26.079 419.92
Total | -503.08 o 32.128 45362
Where, AH = AH, x wt of sample
The extent of reaction, a, is given by:
a=AH/AH @

Where AH, is the partial area under a DSC trace up to
a temperature. The reaction rate can also be expressed
in differential forms (13):

daidt = kf{a) (3

Where k is the arrhenius rate constant, and f(a) a
functional form of a, that depends on the reaction
mechanism. By incorporating the Arrhenius form of
the tate constant k, i.e. k = Aexp {~E,/RT), egn (3)
can be rearranged in the following form:

da/dt = A exp (-E,/RT) x f{a) “®
[~Area | AH cuning Foent Rﬁ[ n_ujhme Tern(p%vfmru
rnin
W1 ] -6 mT 6373 T18.02
4 -0.60 2 8.883 149.77
3 -51.34 K] 8813 158.87
4 —49.81 4 10.579 169.41
5 -26.20 5 12.048 185.87
Total -11.47 ] 13.729 204 88
01 —1491 ana 27.379 369.34
2 -26.55 2 29,083 378.16
3 -41.41 3 30.029 3890 14
4 -19.73 4 31.212 40215
5 —2.45 g 32748 419.27
Total | -108.09 ] 33.829 432,44

Figure 4. DSC Thermogram of curing of DGEBA with 12 phr of Cu{en)(OAc),.
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Afes | AHcunng | Font | Fealng tme [ T :
min|
Hﬂ_‘%,—- X —"&w 134T
2 -37.88 2 8579 | 14054
3 ~50.33 3 9013 | 15331
4 ~80.27 4 10113 | 15078
5 -20.10 ] 1079 | 18875
] -12.00 s 12420 | 18485
Totol | -222.00 7 14.079 | 203.24
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Totel | -93.68 ] 34.382 431,80

Figure §. DSC Thermogram of curing of DGEBA with 20 phr of Cu{en){(OAc),.

Where A is the frequency factor, E, the activation
energy, R the gas constant and T the temperature in
K.

Integration of eqn (4) yields:
In[(da/dtyf(a)] = Ink = InA - E/RT (5)
which forms the starting equation for the derivative
analysis of the dynamic data. The computer program
reads in the dynamic data from the data file and
calculates In[(da/dt)/f(a}] for each conversion point
using the functional form for the chosen model. A
plot of the lefi-hand side of the above equation
against 1/T should give a straight line with a slope of
-E/R for the correct functional form f(a). The
intercept is InA from which the frequency factor can
be evaluated.

Cuz“(OAc' B+ CHz\—/CHR —_— (O_Ac)zCuzt"S' 0\

o '’ (0AQ)
AcO-CHy—CHR

+ CH:—/CHR —» AcO—CH;—CHR
AN

The mechanism of curing of epoxy resin with
amines is given in the literature [18). Copper acetate
as a hardener is an ionic compound which can react
with epoxy oligemers through the coordination of the
cations with epoxy groups and is accompanied by the
formation of a transition complex or an ionic asso-
ciate which acts as an initiator of ionic mechanism for
the ring opening polymerization of the oxirane [1,
151, as depicted in Scheme II, where R in this scheme
an alkyl group; and n a whole number. Figure 3 shows
the DSC thermogram of cure reaction of DGEBA
with 20 phr of copper acetate. The first exotherm peak
can be related to the mechanism of curing by ionic
polymerization. The further growth of the temperature
of curing system of epoxy/copper salt is accompanied
by decomposition of the metal salt into acetate anion
and copper cation. The second large exotherm peak,

/Eﬂz -Cu?t (07 Ag)
| —— Aco-cHomR
CHR

O—CH;—CHR
O~ Cu® (0AQ)

(A)

{A) + nCHz\—/CHR Tr— AcO—(-CHz—-CIIHO—)TICHz—(I:HR

R

o~ cu® (07A

Scheme I
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CHy—roo- + CH:—-;CHR ——ip= CH3— CO0—CHy—CHO~
]

o

Ly

R

CHy=—-COO—CHy—cHO~ + nCHr—CHR — . CH;—COO—-CH2~CHOS3-CHy—CHO-
™ T

R 0

Scheme Il

as in Figure 3, can be related to further ionic polymer-
ization of oxirane by this new species where its
mechanism is shown in Scheme L

The reaction of metal-containing complex with
epoxy oligomers has been examined in several works
{1, 2]. The temperature of the begining of the active
reaction between the chelate and the epoxy oligomer
is defined by the temperature of the decomposition of
the complex into acetate anion and complex cation
() as shown in Scheme IV, It is seen in Figure 4 that
this temperature for the copper chelate complex of
structure Cu{en){OAc), is higher than 140 °C,

Cu(en}OAC); [Cu(en))”” + 2CH,COO™
n (I

Scheme IV

The reaction of the oligomer with an anion is
determined by the functionality of the latter, i.e., by
the number of the active groups capable of chemical
bonding in the interaction with the epoxy group.

In case of the acetate, the reaction proceeds

N
o

—_
o
Y

Heat flow (mJis)
(2]

]
o

|
—
w

L 1 I L
0 100 200 300 400 500
Temperature (°C)

according to the ionic mechanism as in Scheme IIL.
This mechanism of formation of cross-linkages can be
related to the first exotherm peak with a maximum of
159 *C which appears in the DSC thermogram of
DGEBA/Cu{en)(OAc), system at a concentration of
12 phr of the hardener (Figure 4). The complex cation
(Il) possesses high stability and further growth of the
temperature is accompanied by breaking the donor-
acceptor bonds into unconnected ethylene diamine
and copper catien (Scheme V). It is seen in Figure 4
that this temperature for the copper cation is higher
than 360 °C.

[Cufen))*" === Cu®" + H;N—CH;—CH;—NH,
an (1Y) 4

Scheme V

Hardening of the cligomer at temperature equal
to or higher than the temperature of the dissociation
of the complex cation (II), according to Scheme V,
occurs due to the interaction of the aliphatic amine
that has lost coordinate bonds with the meta), The

Area Paint Hant"l'? time
n

1 1 kii]

2 2 0.266

3 3 10.179

4 4 10.829

5 5 11.320

] 6 12.498
Total 7 14.186

Figure 8. DSC Thermogram of curing of DGEBA with 24 phr of Cu(en){OAc),.
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Figure 7. DSC Thermogram of curing of DGEBA with 28 phr of Cu(en){OAc),.

curing of epoxy oligomer with the aliphatic amine
groups can be related to the second exotherm peak
with a maximum of 388 °C which is seen in Figure 4.
It is necessary to take into consideration that the
dissociation of the chelates, as in Schemes IV and V,
is an equilibrium process and depends not only on the
temperature but also on the concentration of the
complex dissolved in the oligomer. The decrease in
the hardener concentration shall reduce the content of
the complex cation (I[) and acetate anion in the
system and, in turn, that of copper cation (IV) and
ethylene diamine (V). On the contrary, the introduc-
tion of the additional amount of the hardener would
shift the chemical equilibrium to the right. Thus, at
low temperatures and small concentrations of the
hardener, the polymerization proceeds mainly accord-
ing to the catalytic ionic mechanism, as presented in

10}

Heat flow (mJ/s)

-2t , . . R
50 100 150 200 250 300
Temperature (°C)

Scheme VI.

With the shift of the chemical equilibrium to
the right, which results from either the temperature
rise or addition of the hardener concentration, harden-
ing of the epoxy oligomers will be realized at the
expense of its interaction with the complex cation (II)
and acetate anion, and also with the loose amino
groups.

The further increase of the hardener concentra-
tion in an epoxy composition would shift the chem-
ical equilibrium, as in Schemes IV and V, up to the
formation of ethylene diamine at lower temperatures
and yields the same structure as those obtained in
DGEBA hardening at the temperature exceeding the
temperature of the dissociation of the complex cation
(IL). This has been shown in Figures 5-8, where the
hardener concentration is 20, 24, 28 and 30 phr in

Figure 8. DSC Thermogram of curing of DGEBA, with 30 phr of Cu{en){QAc),.
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[“Area | aH cunng Point ng e | Temperature
{mJ/ {min' {"C)
k] .38 1 X 12387
2 -3.46 2 5.3825 135,12
3 —6.00 3 B.17092 144 .42
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each, regpectively, Thus, in the conditions where the
hardener concentraiion excoeas the optimum quantity
a predominant formation of the epoxy-amine network
results from the reaction between the epoxy oligomer
and unconnected amine groups. As the hardener
concentration rises from 12 to 20 phr the chemical
equilibrium shifts further to the right (Schemes IV
and V) and the contribution of loose amine groups in
the formation of the cross-linked polymer becomes
predominant and the second exotherm peak becomes
smaller and completely disappears at higher concen-
trations. These are evident as in Figures 6, 7 and 8 for
hardener concentrations of 24, 28 and 30 phr, respect-

ively. The kinetic parameters of curing of DGEBA
with copper chelate at different concentrations are
given in Table 1. Thus, the first exotherm peak of
DSC thermograms of the curing process with copper
chelate can be mainly related to : ionic polymeriza-
tion of epoxy groups with acetate anion and/or inter-
action of epoxy groups with unconnected amino
groups which depends on the concentration of the
hardener. The second exotherm peak exists only at
low concentration of the hardener and it comes into
effect when a driving force such as temperature
causes complex cation (II} to dissociate into free
amino group.

RCH

[CR(E)CHC00)] + CH;—CHR st ™0 --[Cu(en}CHCO0 ] ———
N sers”

CH3C00-CH;—CHR -0 [Cufen)™ (CH3:000 ™))

(A)

RCH—3'CIy,
\

0§

(A) + CH;\-—/CHR..,...—-_- CH3;—C0QO—-CH;—CHR-0~ [(';u(m)"'*(c;{,coo‘ j—

CH;000~CHy— CHR—Q" [Cu(en)*"0— CHR—CH;— OOC~CHj

(B)
R CHy—ORCHCH;=3—00C~CHjy
(I:H
H;N\(ll/NHg
(BY + nCH,—CHR —» l Cu l
g CHy : CH,
0
|
CH
/N
CH3—COO—CH;—CHR —0—-CH: R
©)
Scheme V1
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CONCLUSION

The resviis shovi (hat DAC cun e applied success-
fully to study the mechanism of curing of epoxy
oligomer with the metal-containing compounds and
complexes. The epoxy oligomers can be cured by the
metal salt through the coordination of the cation with
epoxy group. But with the further growth of the
curing temperature, the metal salt dissociates into an
organic anion and the polymerization proceeds
through ionic mechanism,

Curing of epoxy oligomer with the metal
chelate is described by the dissociation temperature of
the complex. This is an equilibrium process which
depends not only on the temperature of curing but
also on the concentration of the complex dissolved in
the epoxy oligomers. At the dissociation temperature
of the hardener, the polymerization proceeds accord-
ing to ionic mechanism at the expense of interaction
of acetate anion with epoxy groups. At the further
growth of temperature or increasing concentration of
the hardener, the coordination bonds between donor-
acceptor in the complex cation will be broken and an
vnconnected aliphatic amine groups will be produced.

Thus, hardening of the oligomers proceeds
according to interaction of epoxy groups with the
loose amine. On the contrary, at lower temperatures
and/or reduced quantity of the hardener the equilibri-
um process shifts to the left and the polymerization
proceeds mainly according to the catalytic ionic
mechanism and a structure of epoxy-chelate polymer
matrix fragment of (C) shown in Scheme VI is
created . It is, therefore, concluded that if a liigh con-
centration of the hardener (i.e. >20 phr or 0.08 mol) is
used, the equilibrinm process shifts to the right and it

Iranian Polymer Jowrnal / Volume 8 Number 3 (1999
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yields free aliphatic amine which reacts with epoxy
oligomers at low temperatures and produces a cross-
linked polymer.
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