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Abstract : The relative importance of etherificaiion in relation to amine-epoxide reaction was investi-
gated in the curing of the stoichiometric mixture of diglycidyl ether of bisphenal-A (DGEBA) and 4,4'-
diaminodiphenyl sulfone (DDS). A kinetic model for amine-epoxide reaction, taking into account the
possibility of simultaneous etherification, was generated to quantify the extent of etherification over a
wide range of cure temperatures. Satisfactory agreement was obtained for cure kinetics between the
model prediction and the experimental data from both IR and DSC. From this comparison, the value for
the reactivity ratio of secondary amine to primary amine with the epoxide (i.e., k/k;=r) was found to be
0.8. With r equal to 0.8, the specific rate constant for etherification ( ks) was found to be about 15 times
smaller than the corresponding constant for primary amines {ki). Approximately, 5 to 10 percent of the
epoxide is consumed by etherification, and it becomes increasingly significant at higher cure temperature

and the extent of epoxide reaction.

Introduction

In the amine cured epoxide resins, the major
chemical reactions occurring during cure are the
amine-epoxide addition along with a minor extent
of ether formation between epoxide and hydroxyl
groups. These are illustrated in Figure 1, where
the steps 1 and 2 are the reactions with the pri-
mary and the secondary amines, respectively, and
the step 3 is for the etherification. Although minor
to the amine-epoxide addition, etherification does
occur in varying extent, which depends largely on
the types of epoxides and amines used. For exam-
ple, in tetrafunctional epoxy, such as tetraglycidyl
4 4'-diaminodiphenyl methane (TGDDM), a sig-
nificant amount of etherification, both inter- and
inframolecular, has been reported, whereas in di-
epoxide systems, such as diglycidyl ether of bis-
phencl A (DGERA), it is considered negligible.l’4
In aromatic amine cured epoxy system, etherifica-
tion tends to be promoted because its reactivity
ratio of the secondary amine to the primary
amine with the epoxide is low, making the reac-
tion with hydroxyl group maore competitive to that
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with secondary amine, especially at relatively high
cure tempemture.z'4

The knowledge of the extent of ether linkage in
the final network is highly desirable, and may
become an important issue in elucidation of struc-
ture-property relationships in amine cured epox-
ies.>*® A considerable amount of study has been
reported on the kinetic models in amine cured
epoxy systemn”™ and they are generally based on
the mechanistic approach, using those proposed
kinetic schemes. Riccardi and Williams' first pro-
posed a model by incorporating the etherification
reaction into the kinetic scheme. They investi-
gated the cure reaction of a stoichiometric mixture
of DGEBA and DDS by applying the kinetic
model to the experimental data from differential
scanning calorimetry (DSC).

In this work, we have investigated the impor-
tance of etherification reaction in relation to the
amine-epoxy reaction by quantifying the extent
of etherification in a stoichiometric mixture of
DGEBA and DDS. This paper describes a method
for quantifying the amount of ether linkages by
extending a kinetic model proposed by Riccardi
and Williams and applying this to experimental
data from both DSC and FTIR spectroscopy.
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Figure 1. Types of chemical reactions in epoxide with
amine systerr.

Experimental

The DGEBA resin (EPON 825, Shell Chemical
Co., USA) with an epoxide equivalent weight of
175-180, was cured with a stoichiometric amount
(36.5 phr by weight) of DDS (Aldrich Chemical
Co., USA). Their chemical structures are shown in
Table 1. All of the ingredients were used as
received without purification.

A mixture was prepared first by heating DGEBA
to 140°C to melt any microcrystals present due to
its high purity. Then DDS was slowly added with
continuous stirring until a clear mixture was ob-
tained. The mixiure was then degassed under
vacuum for 10 minutes at 140°C to remove any
entrapped air bubbles and was immediately used
for the fabrication of specimen. The total amount
of epoxy reacted during mixing and degassing
was estimated to be about 7 percent by IR analy-
sis. Epoxy cure was carried out isothermally at

Table 1. Starting Materials for Epoxy System
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Figure 2. The analyses of IR spectrum for DGEBA-DDS.

120, 140, 160, 180, and 190°C.

The extent of epoxide reaction, £, and the refa-
tive ether concentration were determined by mid
IR spectra from 4000 to 400 cm” using a Nicolet
740 FT-IR Spectrometer. Spectra were taken at
room temperature, and were averaged over 32
scans taken at a 4 cm’ resolution. Figure 2 pre-
sents the typical IR spectrum showing the band
and the baseline assignments for particular func-
tional groups studied.

Thermat properties were measured with a Per-
kin-Elmer DSC 4 differential scanning calorimeter
with a Model 3700 data station. All measure-
ments were performed in a nitrogen environment
at pressure of 20 psi with a heating rate of 20°C/
min. The typical sample weight was in the range
of 10~15 mg. Both dynamic and isothermal ther-
mograms were obtained after calibrating with
baseline thermograms, obtained by scanning with-
out sample at the particular curing temperatures.

Results and Discussion

The overall polymerization kinetics can be
described by a series of differential equations cor-
responding to each of the reactions shown in Fig-
ure 1, where rate constant ratio ky/k; (or k's/k';)
and ky/ks (or k'vk's) being constant as r and A
respectively.

4 _ E{(ky +k [OHDA -+ (ky+ K| OHDA,

+{k;+k'3[OH])[OH]} (1)
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_dA
dt

Lo E{(k+1\ [OHDA (K[ OHDAS} - (3)

=24, E(k,+K'||OH) (2)

cﬂz_H] = E{(ky + K [OHDA, + ks + KoL OHDA, ) (4)

where the subscripts 1, 2, and 3 refer to the reac-
tion path illustrated in Figure 1, and E, A Az, and
[OH] are the concentrations of epoxy equivalents,
primary amines, secondary amines, and hyd-
roxyl groups, respectively. By solving these equa-
tions one can asrive at the following expressions
for the rate of disappearance of epoxide, d&y/dt,
and the fraction of epoxy reacted, &, respectively

‘%’z:(lz;j’)[kl+k1'F(a)]|:2(1—r)a+ra”2+ F=f “}

| {5)
=301~

[(1—05)(1—r)(z-%v}z(1-0{”)(1—1}7)-(2—;5)1[101 (6)

By defining &, as (E.-E)/E,, o as A/E., K1 as kE,
and K'y=k",E.;” , and using following relations

[OH] =Eo’("11 +4;) (7)
12
o
2
Fla)= 1__|:U___r%‘f‘r"_d} {9)

where E, A;, A, [OH] refer to the concentrations
of epoxide, primary and secondary amines, and
OH groups, and subscript ‘0’ refers to correspond-
ing initial concentration, respectively, one can
arrive following expression

ot [20-nasra ™ C0F@ 00
dr |\2-r

Now, equation {5) can be rewritten in the form of

Y=K,+K,'F() (11)

For a given set of r and & values, Y and Fl{a) are
determined as a function of a using equations (3),
(6), and {10), and d&,/dt values are estimated
from the experimental data from both IR and
DSC. Conversely, the A value which gives the best
linear regression fit between Y and F{a} in equa-
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tion (11) can be selected for each r values over a
wide range of curing temperatures. Furthermore,
by comparing the predictions from the kinetic
scheme with experimental data, one may deduce
the best-fit r values, and thus A value for a partic-
ular epoxy system tested. Finally the extent of
epoxide reaction, &, as well as the extent of
amine reaction &,, ate determined numerically as
a function of cure time. By substituting o as AJE,,
K, as kE, and K'.=k'\E.”, equation (2) can be
written as a function of &

da oo
L 2a(1—§,,){1(1+1€1(1-a- - ﬂ

{12)

Numerical integration of equation (12) with
estimated values of kinetic parameters give the
changes in ¢ as a function of cure time. Conse-
quently, the epoxide conversion, &, as a function
of cure time is determined from equation (6).
Since the formation of hydroxyl group is coupled
to the disappearance of amines, the extent of
amine reaction (£,) can be estimated directly from
equation {7). By substituting equations (8), & can
be expressed as a function of a as

an’z_a

o

£=1-0- (13)

For a given time, t, the extent of epoxide reac-
tion, &, was determined from the absorbance
ratio of the epoxide peak at 915 cm’ to the aro-
matic internal standard at 1184 cm’ (ie., IR
absorption due to C-C stretching of the bridge
carbon in bisphenol-A group in DGEBA) as fol-

low:
(AQIS )
A1184 (6]

&=l-—— (14)
T
Al18a40)

where above ratio from pure DGEBA was found
to be 1.05. Figure 3 shows the extent of epoxide
reaction as a function of cure time at five different
curing temperatures. As expected, the epoxide
conversion reaches its plateau faster at higher
cure temperatures due to faster reaction and vitri-
fication. The epoxide band never completely dis-
appears at any cure temperature, leading to the
conclusion that the reaction between epoxide and
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Figure 3. Exlent of epoxide reaction, &, from IR analy-
sis vs. cure time at 120, 140, 160, 180, and 190 °C for
DGERA-DDS.

amine or hydroxyl groups does not go to comple-
tion before vitrification. Furthermore, the maxi-
mum extents of reaction (x,) are almost indisting-
uishable among five cure temperatures. This may
be in part due to the fact that epoxide peak inten-
sity (i.e., Aes) becomes so small that accurate
quantitation becomes almost impossible at the
later stage of cure. The relative ether concentra-
tion was also obtained from the changes in absorb-
ance ratio of 1070 cm* to the internal standard at
1184 cm’. Formation of ether linkages are evi-
dent by the increase in this IR absorbance ratio as
shown in Figure 4, and this becomes significant
for the cure temperatures higher than 140°C.
Quantitative interpretation of such data in terms
of percent epoxide reacted with hydroxyl groups
has not been previously studied. Indirect determi-
nation of the extent of etherification by a kinetic
model, and comparing the result with the IR
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Figure 4. Normalized ether peak intensity (Ajpo/Auss)
from IR as a function of cure time at five different cure
temperatures for DGEBA-DDS.
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Figure 5. Isothermal DSC run at 140, 160, and 180°C
for DGEBA-DDS.

absorbance ratio thus may provide a meaningful
correlation.

Isothermal DSC thermograms were also used to
calculate the epoxide conversion. Figure 5 shows
typical isothermal DSC thermograms normalized
with sample weight, for the cures at 140, 160, and
180°C. The exotherm at 180°C is sharper com-
pared to the two other runs indicating faster reac-
tion. For a given time, t, the extent of epoxide
reaction is determined from the following expres-
sion:

é=%[%§) (15)

where Ay and A, are the total area under the
exotherm curve at time t and t..,, respectively,
and x,is the maximum extent of epoxide conver-
sion at the particular cure temperature obtained
from IR analysis. The kinetic aspect of the cure
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Figure 6. Comparison of DSC and IR data for extent of
epoxide reaction, £, in DGEBA-DDS as a function of
cure time at 160 °C.,
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data from IR and DSC techniques are compared
in Figure 6 for the 160°C cure, and the data are in
good agreement within the experimental error.

The extent of etherification is estimated by ap-
plying the kinetic model derived above to the
experimental data from IR and DSC. First, the
rate of epoxide conversion is determined as a
function or cure time from the following expres-
sion:

déb_[dﬂ /_’u_z)

g \dt A x, (16}

where dH/dt, the rate of exotherm generated, is
directly read from the isothermal DSC thermo-
gram as a function of cure time, and A%,
which represents the area of the DSC thermo-
gram per unit conversion of epoxide, is obtained
from the total heat of reaction in DSC and IR
data. From a dynamic thermogram, the total heat
of reaction was estimated to be 124+2 (cal/g),
which is comparable to the value reported for the
similar epoxy system by others.* One can also
determine the d&,/dt value directly from the slope
of the &, vs. cure time curve (refer to Figure 6).
Table I compares the values of the rate or
epoxide conversion, d&,/dt, vs. the epoxide con-
version, &, at cure temperature of 160°C from
both approaches. The values agree satisfactorily
with each other.

The rate constant ratio of the primary amine
addition to etherification (A=ki/ks) is then deter-
mined by finding the A value which gives the best
linear regression fit between Y and F{e} in equa-
tion (11). This is determined by trial-and-ervor

Table [I. The Rate of Epoxide Conversion, d&,/dt, vs.
the Conversion, &, at Cure Temperature of 160 °C

E, (dEJ/dB X107 (1/sec)

DSC IR
0.1 35 3.3
0.2 34 32
0.3 31 3.1
04 25 2.5
0.5 1.3 1.3
0.6 1.1 0.9
0.7 0.7 0.5
08 0.2 02
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Figure 7. Evaluation of A resulting in best linear regres-
sion fit between T{A) and Flo) at 160 °C with r equal to
0.8 for DGERA-DDS.

Table [II. The Typical ky'k, Values Reported in the

Literature
Epoxy Systermn r {=kiki) Literature Cited

DGEBA'-DDS? 0.1~02 [20]
0.2 [15]
04 (4]

1.0 [9,22]

DGEBA-DDM’ 01 [19]
0.3~05 201
0.35~0.45 [8]
DGEBA-EDA* 0.64 6]
DGEBA-HMDA® 0.65~0.71 [8]
DGEB’-DDS 1.0 [22]
DGEB-3DCM’ 0.4 [21]
TGDDM*DDS 05 ~0.6 12l

'diglycidyl ether of bisphenol-A, %4 4-diaminodiphenyl
sulfone, *diaminodiphenyl methane, 'ethylene diamine,
*hexamethylene diamine, ‘diglycidyl ether of butanediol,
"diaminodiphenyl  dicyclohexyl-methane, ‘tetraglycidyl
4 4-diaminodiphenyl methane.

over a wide range of cure temperatures, and Figure
7 shows an example for the cure data at 160°C.
A sudden drop in the reaction rate shown at the
later stage of cure, when reaction extent ap-
proaches the glass transition, has already been
explained elsewhere.” The rate constant ratio of
the secondary amine addition to primary amine
addition (r=ks/k,) for diamine cured diepoxide
system is reported to range from 0.1 to 1. Table Ill
lists all the reported values by others in various
epoxide systems. Four different r values of 0.4,
0.6, 0.8, and 1 are thus chosen in this study for
the evaluation of a kinetic model, Table IV lists the
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Table IV. Best Fit A (ky/ks) Values for Various r (ky/k;)
Values and Resulting Specific Rate Constants for
Uncatalysed {K;) and Catalysed (K',) Reactions

Cure
Temperature r A Ki(l/min) K'\(1/min)
{'cy
0.4 70 0.0050 0.0180
0.6 80 0.0050 0.0100
120 0.8 95 0.0060 0.0080
1.0 100 0.0060 0.0070
0.4 35 0.0100 0.0330
0.6 40 0.0110 0.0270
140 0.8 50 0.0120 0.0230
1.0 50 0.0120 0.0210
04 5 0.0175 0.0950
0.6 8 0.0175 0.0750
160
0.8 15 0.0190 0.0600
1.0 15 0.0200 0.0550
04 5 0.0300 0.2000
0.6 8 0.0300 0.1700
180 0.8 15 0.0320 0.1500
1.0 16 0.0300 0.1400
04 5 0.0370 (.2600
0.6 8 (.0370 0.2500
190 0.8 15 0.0370 0.2200
1.0 18 0.0370 0.2100

best fit A values as well as the resulting kinetic
parameters K; and K"y, for four given r values at
five cure temperatures. Depending on the r val-
ues, the specific rate constant for the etherifica-
tion, ks, is approximately 1/5~1/18 of the corres-
ponding constant for the primary amine addition,
ki (i.e., A=5~18) in the temperature range of 160
and 190°C. These values are comparable to the
reported values in other similar studies.*

The activation energy for the -OH catalysed
epoxy-amine reaction is also determined from the
Arrhenius relationship as shown in Figure 8. This
leads to
8645)

K (Blﬁjz 2.8X107exp(—T—(E)— (17)

where the activation energy is 17.2 Keal/mol,
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Figure 8. Arrhenius plot of the specific rate constant for
the [OH] catalysed epoxy-amine reaction.

which agrees with the corresponding values report-
ed for similar epoxy systems.**

Figure 9 compares the experimental data from
IR and the predicted values for ¢, and &, deter-
mined numerically from equations (12) and (13)
with the best fit 4 (ki/ks) values for various r (ku/k:)
values at the cure temperature of 190°C. Overall,
the predicted cure kinetics fit well with the experi-
mental results. The difference between &, and &,
the extent of etherification, tends to increase with
decreasing r and/or decreasing A values, as expect-
ed.

In order to determine the best-fit r value, calcu-
lated values of the extent of etherification (i.e., &-
&, refer to Figure 9) are compared with IR absorb-
ance ratio of A/ Anss as shown in Figure 10.
This is done by bringing the maximum A1p7/A11s
equal to the maximum extent of etherification
expected at a given r value (i.e., 20.9%, when
r=0.4 at 190, as in Figure 9(a)). Overall, with r
equal to 0.4 and 0.6, model overestimates the
experimental data, whereas with r equal to 1, it
appears to slightly underestimate the expetimen-
tal data. Therefore, r value of 0.8 is chosen to be
the best fit one in this study.

Figure 11 is a plot of IR absorbance ratio of
Aroro/ Aniss vs. the extent of etherification calcu-
lated by the kinetic model with r equal to 0.8 for
five different cure data (120~190). Although data
scatter somewhat, a reasonably linear relation-
ship can be obtained between the two, and this
can be used as a base data to quantify the extent
of etherification from direct reading out of the cor-
responding absorbance peaks in any other iso-
thermally cured system.
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Figure 9. Extent of overall reaction vs. amine-epoxide reaction predicted by the model with r equal to 0.4 (a}, 0.6 (b},
0.8 (c), and 1.0 {d) at 190 °C (%0’ represents IR data; ‘+’ calculated extent of epoxide reaction, and * ¢’ calculated extent of
amine reaction).
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Figure 10. Comparison of experimental data from [R with calculated data of the extent of etherification at 190 °Clorr
equal to 0.4 (a), 0.6 (b), 0.8 (¢}, and 1.0 {d).
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Figure 11. Extent of etherification predicted by model
with r equal to 0.8 vs. normalized IR absorbance ether
peak intensity for DGEBA-DDS cured isothermally at five
temperatures.

Conclusions

A kinetic model with simultaneous amine-
epoxide reaction and etherification has been
modified to determine the extent of etherification
for a stoichiometric mixture of DGEBA-DDS sys-
tem. Approximately 5 to 10 percent of total epoxi-
de was consumed by etherification when cure
temperature ranges beiween 120 and 190°C.
Etherification becomes increasingly significant with
higher cure temperatures and higher extents of
reaction [i.e., later stages of cure). For the ratio of
reaction rate constants of primary amine to sec-
ondary amine equal to 0.8, the specific rate con-
stant for etherification is found to be about cne
fifteenth of the corresponding constant for pri-
mary amines.
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