Amine-Terminated Oligoimides for Epoxy Curing
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SYNOPSIS

Oligoimides of N,N',-4,4'-bismaleimidodiphenyl ether (DDEBM) and 4,4'-diaminodiphe-
nylmethane (DDM) were prepared by the Michael addition reaction. The synthesized oli-
goimides (DDEBM-DDM) were characterized for their molecular structure by elemental
analysis and IR spectroscopy. The number-average molecular weight (M) was determined
by nonaqueous conductometric titration. Thermal characteristics were studied by ther-
mogravimetry. Use of DDEBM-DDM oligomers as a curing agent for epoxy resin was
studied by differential scanning calorimetry (DSC). The resin curing of the epoxy was
monitored by the change in oxirane spectral band in the IR spectrum. Glass fiber reinforced
composites of DDEBM-DDM-epoxy were prepared and evaluated for their physical and
chemical properties. € 1996 John Wiley & Sons, Inc.

INTRODUCTION

Bismaleimide-based polymers are potential candi-
dates as matrix resins for high-performance com-
posites.!” To achieve the specific properties com-
bination, different types of reactants and reaction
routes have been used to synthesis tailored bismal-
eimide resins.’® The resins based on the Michael
addition reaction using higher molar ratios of bis-
maleimide to diamine have been well documented.5®
The curing of the resin is achieved with maleimido
double bonds. Thermally stable materials are also
obtained by using an equimolar ratio of bismaleimide
and diamine.® Use of a high molar ratio of diamine
to bismaleimide can provide oligoimides having im-
ino and terminal amino groups, which make them
suitable for the curing of epoxy resin. Only a small
amount of patented literature is available on the
epoxy-bismaleimide—diamine oligomer system.!”
One of the authors has reported the synthesis of
a series of bismaleimide-diamine oligomers and
achieved epoxy-modified polyimides of high thermal
stability and mechanical properties.!’!? In contin-
uation of the work, this article reports the synthesis
of DDEBM-DDM oligomers and their curing char-
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acteristics with epoxy resin. The properties of the
glass-reinforced composites prepared using the syn-
thesized oligoimides with epoxy resin were also
evaluated and reported.

EXPERIMENTAL

Materials

N,N'-4,4'-Diaminodiphenyl ether and 4,4'-diamino-
diphenylmethane (DDM) were procured from SDS
Chemicals, India. A commercial epoxy resin, i.e., di-
glycidyl ether of bisphenol-A (DGEBM), having an
epoxy equivalent weight of 190-210; viscosity at
25°C: 4-10P, and density at 25°C: 1.16-1.17 g/cm?®.
All other chemicals used were of laboratory grade.

DDEBM was synthesized by a method reported
earlier." The laminate samples were prepared using
an E-type fiber glass woven fabric of 0.25 mm thick-
ness and areal weight 270 g/m?2.

Synthesis of N,N'-4,4'-Bismaleimidodiphenyl
Ether-4,4'-Diaminodiphenylmethane
(DDEBM-DDM) Oligomers

The synthesis of oligomers was carried out using
molar ratios of DDEBM and DDM of1:1,1: 1.5,
and 1 : 2. In a typical synthesis, DDM (0.02 mol)

2023



2024 PATEL, SHAH, AND MATHUR

was brought to a molten state and DDEBM (0.01
mol) was added to it with continuous stirring over
a period of 30 min, maintaining the temperature as
125-130°C. The resultant homogeneous viscous
mass was poured immediately into a large amount
of ice-cooled ether. This was then further washed
with ether and hot dimethylformamide to remove
unreacted DDM and DDEBM, respectively. The
DDEBM-DDM oligomer was then vacuum-dried.
The yield was > 80% (Table I).

Preparation of Composites

A suspension mixture of DDEBM-DDM-epoxy
resin in tetrahydrofuran was prepared by stirring
for about 5 min. This was then applied with a brush
onto a 150 X 150 mm fiber glass cloth and the solvent
was allowed to evaporate. Once dried, the 10 piles
of prepreg were stacked, compressed, and cured un-
der 70 psi pressure and at 120-140°C for 12 h. The
laminates so obtained were machined to the required
specimen dimensions for the determination of their
properties as per ASTM test methods.

Measurements

The C, H, and N contents of all oligomers and cured
epoxy products were estimated using an elemental
analyzer from Carlo Erba, Italy. The IR spectra of
oligomers and their epoxy-cured products were
scanned in KBr pellets on a Perkin-Elmer 983 spec-
trophotometer. The M, of the oligomers was deter-
mined by a nonaqueous conductometric titration
method reported earlier.!® A formic acid-acetic acid
mixture was used as the solvent and standard per-
chloric acid in acetic acid was used as the titrant. A
digital conductivity meter (Toshniwal, India) was
used for the titration.

Curing studies of DDEBM-DDM-epoxy resin
was carried out by differential scanning calorimetry
(DSC) at a heating rate of 10°C/min. A DuPont 900
differential scanning calorimeter was used. The
sample weight taken for this investigation was about
4-5 mg and an empty cell was used as a reference.
Thermogravimetric analysis (TGA) of oligomers and
their epoxy cure products was carried out on a
DuPont thermobalance in air at a heating rate of
10°C/min.

The glass fiber reinforced composites were tested
for their chemical resistance, flexural strength,
compressive strength, impact strength, Rockwell
hardness, and dielectric strength as per ASTM
D543, D790, D695, D256, D785, and D149, respec-
tively.

Table I Analytical Data of DDEBM-DDM Oligomers
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RESULTS AND DISCUSSION

The oligomides, i.e., DDEBM-DDM oligomers, were
prepared by the Michael addition reaction using the
reactant ratios given in Table 1. Attempts were made
to establish the synthesis of the oligomers having a
low molecular weight and more reactive terminal
amino groups for their suitability as epoxy curing
agents. This was achieved by a modified method as

reported earlier.!'"'? It was observed that heating of
DDEBM at 140°C did not induce addition poly-
merization; however, this has been reported to occur
at elevated temperatures or in the presence of an
initiator.'47

Typical oligomers were yellow, softened in the
range of 135-140°C, and were insoluble in common
organic solvent. The C, H, and N contents were in
agreement with calculated values of the predicted
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Figure 1 Typical IR spectra of (1) DDEBM-DDM oligomer and (2) DDEBM-DDM-

epoxy system.
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Figure 2 TGA of (1) DDEBM-DDM oligomer and (2)
DDEBM-DDM oligomer with epoxy resin.

molecular structure (Table I; Scheme 1). A red azo
dye test'® of all these oligomers confirmed the pres-
ence of aryl amino groups. This suggests that there
are terminal — NH, groups in the oligomers. The
molecular structure of oligomers was further con-
firmed by IR spectroscopy (Fig. 1). Strong bands
around 1700, 1650, 1050, and 730 cm ™! were found
due to the imide group.!® The broad band around

3300 cm™! is attributed to the N —H bonds. The

/

inflictions at 3500 and 3400 cm™' may arise due to
terminal — NH, groups. The medium bands at 2950
and 2840 cm™! are attributed to the C— H of the
6]
I
—C—CH,—

group present in the molecular chain.? The absence
of the band at 3010-3040 cm™! (attributed to the
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Figure 3 Typical DSC thermogram for curing of
DDEBM-DDM epoxy resin.

double bond present in DDEBM ) indicates Michael
addition polymerization of DDEBM and DDM. The
band at 1200 cm ™! indicates the diaryl ether linkage.
The spectra of DDEBM-DDM oligomers were found
to resemble the spectra of N,N'-diphenylaspertim-
ide, as reported earlier.?!

M, decreases with increase in the molar ratio of
DDM to DDEBM (Table I). The low values of M,
suggest the formation of oligomers with terminal
primary amino groups. On the basis of character-
ization studies, the most probable structure of the
oligomers is shown in Scheme 1. The thermogravi-
metric analysis indicates that the weight loss starts
at about 125°C (Fig. 2). The initial loss in weight
may be due to traces of volatiles present in the sam-
ple, but the higher rate of weight loss in the tem-
perature range of 225-400°C indicates faster deg-
radation.

The curing characteristics of oligomers with
epoxy resin were studied by DSC, using two different
stoichiometric ratios, i.e., 1 : 1 and 1 : 1.2, All the
oligoimide-epoxy systems showed a single exo-

Table II DSC Analysis : Curing Characteristics of DDEBM-DDM-Epoxy System at 10°C/Min

Order of

Resin System Oligomer-to-Epoxy  Kick-off Temp Peak Temp Final Temp Activation Energy Reaction
DDEBM : DDM Ratio T; (°C) T, (°C) T; (°C) (E,) (kcal/mol) (n)
1:1 1:1 80 113 148 35.36 1.25
1:1.2 86 118 150 34.39 1.20
1:1.5 1:1 75 107 138 33.89 0.90
1:1.2 87 112 141 31.46 0.95
1:2 1:1 73 109 140 30.89 0.85
1:1.2 82 114 139 29.76 0.85




Table III Properties of Glass-reinforced Composites Based on DDEBM-DDM-Epoxy System
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: 1.2

AMINE-TERMINATED OLIGOIMIDES FOR EPOXY CURING 2027

thermic peak in the temperature range of 75-150°C,
which indicates that the reaction of major secondary
and minor primary amines with epoxy resins occur
simultaneously.??

Figure 3 shows a typical DSC scan for the curing
of the DDEBM-DDM-epoxy system. The kickoff
temperature (7T} ), peak exotherm temperature (7,),
and temperature of completion of cure (7}) were
obtained from the thermograms (Table II). The data
reveal that the curing temperature decreases with
the decrease in the molecular weight of the oligomer.
This behavior is probably due to the higher rate of
diffusion of the low molecular weight DDEBM-
DDM oligomer as well as increased functionality,
i.e., more primary amino groups in the lower mo-
lecular weight oligomers.

The kinetic data, i.e., E, (activation energy) and
n (order of reaction), were computed from the DSC
scan (Table II) and it was found that the value of
E, decreases with the change in ratios of DDEBM
to DDM in the oligomers from 1 : 1 to 1 : 2. This
indicates that the epoxy curing reaction with the
oligomer containing a greater amount of terminal
amino groups takes place more efficiently.

The blend of DDEBM-DDM-epoxy samples
were cured at about 160°C for 2.5 h. The IR spectra
of these cured products show the disappearance of
the oxirane ring (910 cm™). The cured products
were dark brown in color, brittle in nature, and in-
soluble in all common organic solvents. They were
also found to be stable to 25% w/v NaOH and 25%
v/v HCl. Thermal analysis indicates the stability
of the cured sample (Fig. 2). The weight loss is very
small up to about 300°C and the rate of weight loss
is high in the range of 325-400°C.

The properties of glass fiber composites of the
DDEBM-DDM-epoxy system are given in Table
III. The specific gravity of the composites ranges
from 1.74 to 1.87 and was found to be independent
of the chemical composition of the matrix resin. The
chemical resistance tests show the stability of com-
posites in common organic solvents and mineral acid
(25% v /v), whereas a weight loss of about 1.0-1.3%
was observed with the alkali. The mechanical prop-
erties of the composites were found to be superior
to those prepared by diaminodiphenylmethane bis-
malimide-DDM-epoxy and para-phenylene bis-
maleimide-DDM-epoxy resins.?® The higher stiff-
ness and toughness were found in the composites
prepared by oligomers containing more DDM. The
dielectric strength of the composites ranges from
10.80 to 13.70 kV/mm and remains unaffected by
the chemical composition of the matrix system.
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