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(Received February 28, 1994) 

The Michael addition reaction of N,N'-henzidine bismaleimide (BBM) with 4.4'-diamino diphenyl 
methane (DDM) at I : ] ,  1:1.5 and 1.2 molar ratios was carried out in melt at 125-130°C. The resultant 
oligoimides (BBM-DDM) were characterized by elemental analysis, number of amino and imino groups. 
IR spectral studies, number average molecular weight, by non-aqueous conductometric titration and 
thermogravimetry. These oligoimide were used to cure epoxy resin, namely diglycidyl ether o f  hisphenol- 
A and studied by differential scanning calorimetry (DSC). The unreinforced BBM-DDM-epoxy cured 
products have also been prepared and characterized. 

KEY WORDS Michael addition reaction, bismaleimide, oligoimide, epoxy resin, DSC study 

INTRODUCTION 

Bismaleimide resin based on a Michael addition reaction of bismaleimide and 
diamine at higher molar ratios of bismaleimide to aromatic and aliphatic diamines 
are well documented as matrix resins for composites.'-s These resins mostly contain 
few amino groups and many maleimido double bonds, and these double bonds play 
the major role in the post curing of composite materials. The oligoimide based o n  
bismaleimide and diamine at equimolar ratio are reported to be thermally stable 
materials but have less practical The area in which the reaction of 
epoxy resins and bismaleimide-diamine oligomers can occur (i.e., due to primary 
and secondary amino functionality which can exhibit epoxy curing) has received 
little attention either academically or industrially, in spite of well defined appli- 
cations of polyimides and epoxy resins. Only a few patents"" are reported in the 
literature in connection with epoxy resin-bismaleimide-diamine reaction technol- 
ogy. Such reports indicated that epoxy modified polyimide laminates have excellent 
heat resistance and mechanical properties. Reactions (i.e., crosslinking through 
the -NH, group) of such types of bismaleimide-diamine oligomer by the use of 
epoxy resin may improve the properties (especially processing and temperature 
performance) greatly. Hence it was decided to explore the field of epoxy modified 
oligoimide. 

The present paper comprises the synthesis and characterization of BBM-DDM 
oligomers and their reaction with epoxy resin, namely diglycidyl ether of bisphenol- 
A (Scheme I). The BBM-DDM epoxy curing was studied kinetically by differential 
scanning calorimetry (DSC) as well as by curing of the unreinforced resins. 
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SCHEME I 

RESULTS AND DISCUSSION 

The objective of the work reported here was to synthesize bismaleimide-aliphatic 
diamine oligomers and to use these for the curing of epoxies. It was feared that 
the larger molecular weight bismaleimide diamine oligomer could not cure epoxy 
resin properly (e.g., a higher cure temperature may be needed). Hence attempts 
were made to establish the synthesis of BBM-DDM oligomer having lower mo- 
lecular weight and more reactive amino groups. 

The synthesis of BBM-DDM oligomer was performed using a slight modification 
of the method reported earlier.h-x As longer polymerizations yield high 
melting or softening materials. Consequently oligomerizations reported here were 
carried out for shorter periods. It was observed that heating of BBM at 140°C did 
not induce addition polymerization. This happened only at elevated temperature 
or by use of an initiator."." This indicated that there would be absence of poly- 
BBM species in the BBM-DDM oligomer. The BBM-DDMs produced are in the 
form of yellow powder and soften at 110- 130°C depending upon the nature of the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
6
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1



EPOXY MODIFIED POLYIMIDES 81 

Oligomer Molar Y Elemental Analysis 
sample ratio 1 

DDMBH:DM( 1 C H R 
of e 

d p p p  
Calc. Found Calc. ruund Calc. Found 

~ _ _ _ _  _-______ 
1 1:1 91 73.06 73.03 4.79 4.90 10.33 10.93 

2 1~1.5 az 72.01 72.08 4.83 5 10 10.25 

3 1:2 7 7 7 3  73.90 4.50 4.60 9.98 9.70 

~~ __.__-__ 

TABLE I 

Synthesis and characterization of BBM-DDM oligomers 
Conductometric Hnb from X Wt. loss at 'C from 
curve titratinn first TGA 

P=Y/X break 
HCLO, at HCLO, at 200 100 400 500 60C 

first f inal 
break in break in 
titration titration 

curve curve 
[-%I 

X (meq) Y' (meq) (glmul) _ _ _ _ - ~ - ~  ----_ 
26.30 176 6.7 3901 4 12 31 52 86 

6 2 . 8 4  180 4.2 2334 L.S 22 36 52 87.5 

50.07 175 3.5 1997 3 17.5 3056.590 

_ _ _ _ _ _ _ - - ~  ---__ 
--___ 

'Considering ane -NH- group in the repeating unit. - Ilp X (Mol .  Yt. of repeating unlt). 

I 
34uu 30uu 2EuJv 2vuu 1 w v  1400 1000 600 3 M U  

Mave number ( c m - l )  

FIGURE 1 
ratio I : I .  

IR spectra of 1. BBM-DDM oligomer; 2. BBM-DDM oligomer with epoxy resin In the 

oligomer. They are insoluble in common organic solvents. The C, H,  N contents 
of all oligomers (Table I )  are consistent with their predicted structure (Scheme I ) .  
All the three oligomers showed the red azo dye test confirming the presence of 
aryl amino groups. This suggests that there are terminal primary NH, groups in 
the oligomer. A typical IR spectrum of BBM-DDM is shown in Figure 1. Exam- 
ination of the IR spectra of the oligomers reveals that each spectrum comprises 
the strong bands around 1700 c m - ' ,  1650 c m - ' ,  1050 cm-I and 730 c m - '  due to 
the presence of the imide group.IJ The broad band around 3300 cm-I is attributed 

to the 'N-H bond. The inflections at 3500 cm - and 3400 cm - I may arise from 

terminal NH, groups. The medium bands 2950 cm-I and 2840 cm- '  are attributed 
/ 

0 
II 

to the C-H of the -C-CH2-- group present in the polymer chain." The ab- 
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sence of the band at 3010-3040 cm- '  (attributed to the double bond present in 
BBM) indicates the Michael addition polymerization of BBM and DDM. The bands 
observed in the fingerprint region are due to the aromatic moiety of DDM. In 
brief, the spectra of the BBM-DDM oligomer resemble in all aspects the spectrum 
reported earlier for the model compound N ,N-diphenyl aspartimide.Ih The number 
average molecular weight of oligomers are given in Table I. The Mn data show 
that Mn values decrease with increase in molar ratio of BBM to DDM. This also 
indicate that the produced polymerization system yields low molecular mass oli- 
gomer rather than the high molecular mass reported earlier.'-* The NH and NH, 
values per repeat unit and polymer chain respectively have also been calculated 
on the basis of conductometric titration data." These are shown in Table I. The 
results show that there would be more -NHZ groups present in  the oligomer 
prepared with a high ratio of DDM:BBM. On the basis of closeness of observed 
NH values and nitrogen contents of all three oligomers, the most probable structure 
of oligomers is that shown in Scheme I .  

The TGA data of all oligomers are given in Table I .  Examination of TGA data 
reveals that the oligomers start their decomposition around 150°C. The rate of 
decomposition increases between 300°C and 450"C, and oligomers decompose 90% 
around 600°C are shown in Figure 2. 

The cure reaction of BBM-DDM epoxy was studied for two different stoichio- 

FIGURE 2 
1: I .  

TGA of 1. BBM-DDM oligomer; 2. BBM-DDM oligomer with epoxy resin in the ratio 
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Peak Final 
Temp. Temp. 

rp ("2) Tf ('C) 

149 173 

146 178 

_______ 

___I__ 

TABLE I1 

Curing characteristic of BBM-DDM epoxy system at different heating rates 

Activation 
energy 

Ea 
Kcal/mol 

35 

35.2 

Resin 
System 

BBM:DDM 

(1:l) 

BBM: DDM 

(1:1.5) 

BBM : DDM 

(1:2) 

Heating 
rate 

C / m i n  

10 

Oligomer 
epoxy 
ratio 

1:l 

1:1.2 

1:l 

1:1.2 

1:l 

1:1.2 

10 

10 

Kick off 
Temp. 

Ti ( ' C )  

108 

111.5 

116 

120.5 

125 
____ 

127 

159 I 186 I 36.80 

170 1 201.501 40.20 

3rder of 
Reaction 

0.80 

0.85 

1.25 

1.10 

1.20 

0.95 

200 250 300 5u 100 150 0 

Temperature ( 'c) 

FIGURE 3 DSC curve of BBM-DDM oligomer with epoxy resin in the ratio 1 : l .  

metric ratios of BBM-DDM:epoxy namely 1:l and 1:1.2 were studied. The data 
obtained from DSC scans are given in Table 11. From the DSC thermograms 
obtained it was seen that all the oligoimide cured systems gave single exothermic 
peak in the range 108-201°C. Figure 3 shows the dynamic DSC thermogram for 
10°C min-'. This shows that the rate of reaction of major secondary amine and 
minor primary hydrogen atoms with epoxide occur simultaneously. From the 
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~ 

1:l 

1:1.2 

1:l 

1:1.2 

1:l 

1:1.2 

thermograms the kick off temperature (Ti), peak exotherm temperature (Tp) and 
temperature of completion of cure ( T f )  were obtained. 

The data (Table 11) reveal that the curing temperature of the epoxy system 
increases with an increase in the molecular weight of the  BBM-DDM oligomer. 
This behaviour is probably due to the lower rate of diffusion of the high molecular 
weight BBM-DDM oligomer as well as the reduced functionality. hence reactivity, 
compared with the lower molecular weight oligomers (see Scheme I ) .  The values 
of activation energy (Err) for such a system (Table 11) increase with increase in the 
molecular weight of oligomer indicating the lower reactivity of high molecular 
weight oligomer. The kinetic parameters such as E (activation energy) and IZ (order 
of reaction) were calculated by assuming that the curing reaction obeys Arrhenius 
type kinetics and that the peak maximum represents a point of constant convesion 
for each heating rate. To obtain information about the properties of unreinforced 
crosslinked materials, larger cured specimens were prepared using the same pro- 
portions and temperatures as stated in Table I l l .  The unreinforced cured BBM- 
DDM epoxy samples are dark brown in colour and are slightly hard materials that 
form powder under normal pressure. They are insoluble in all common organic 
solvents including formic acid. They ;ire swelled little by 2S%, wiv NaOH and 25% 
v/v HCI. Thermogravimetric analysis of all the unreinforced crosslinked materials 
reveals that they all degrade in a single step and start their decomposition at around 
250°C. Degradation becomes faster between 475°C and 550°C. The weight loss was 
about 90%. at 600°C in all cases. 

IR spectra of three unreinforced cured products clearly show disappearances of 
the oxirane ring (910 cm-I).  The inflections at 1170 cm. in the spectra of un-  
reinforced product obtained by using a higher proportion of epoxy may be due to 
the ether linkage arising from the homopolymerization of the epoxy resin by for- 
mation of tertiary amine. However, the  homopolymerization of epoxy resin in only 
possible in the presence of tertiary amine catalyst at elevated temperature. I y  

Qualitative observations were made on glass reinforcement using a mixture of 
BBM-DDM epoxy resin in an organic solvent. It was noted that laminates could 

250 300 

2.3 5.6 

2.1 4.9 

4 8 . 4  

4 8 . 3  

5.2 10.5 

4 . 8  9.3 

~ _ _  

_.__ 

-- 
-- 

-__ 

__-  

TABLE 111 

TGA o f  unreinforced BBM-DDM-epoxy cured matcrials 

4 0 0  

26 

23  

35 

32 

3 4  

33 

Resin 
System 

BBM : DDM 

(1:l) 

BBM : DDM 

(1:1.5) 

BBM : DDM 

(1:2) 

500 

4 2  

40 

57 

52 

56 

58 

_ _ _ _  

_.- 

-- 
-- 
_ _ -  

- _ _  

Oligomer % w t .  loss at *C 
epoxy froin TGA 
r a t i o  

600 

8 8  

8 3  

91 

89  

92.6 

93 
__ 
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EPOXY MODIFIED POLYIMIDES 85 

be prepared with good mechanical properties (the specimen sample had impact 
strength of 180 mPa and flexural strength 242 mPa). 

The synthesis of novel oligoimide over wide range of structure variations, their 
use as epoxy resin curing, the optimization of fabrication conditions and evaluation 
of the properties of glass reinforced composites are under progress. 

EXPERIMENTAL 

Materials 

Diamines, namely 4,4'-diamino diphenyl methane and N,N'-benzidine were ob- 
tained from SDS Chemicals, India. The N,N'-benzidine bismaleimide was prepared 
by a method reported earlier.*" Commercial epoxy (diglycidyl ether of bisphenol- 
A) resin was obtained from Synpol Products Pvt. Ltd., Ahmedabad, India. Spec- 
ifications of epoxy resin are as follows: epoxy equivalent weight, 190-210; viscosity 
at 2S°C, 4-10 P; density at 2S°C, 1.16-1.17 g/cm'. All other chemicals used were 
of laboratory grade. 

Synthesis of N ,  N'-henzidifie bisnraleimide-4,4'-diamino diphenyl methane ( B  BM- 
D D M )  oligomers. Synthesis of BBM-DDM was carried out by varying the molar 
ratios of BBM:DDM. Ratios used were 1:1, 1:1.5 and 1:2. A typical synthesis is 
as follows. 

To a well stirred molten state of 4,4'-diamino diphenyl methane (3.96 gm, 0.02 
M), N,N'-benzidine bismaleimide (3.4 gm, 0.01 M) was added gradually at 125- 
130°C over a period of 30 min. The resultant homogeneous viscous mass was poured 
immediately into a large amount of solvent ether cooled by ice. The ether was 
decanted and washed twice with more ether to remove unreacted DDM. The dried 
powder was then washed with hot DMF (20 ml) to remove unreacted BBM. The 
BBM-DDM oligomer was then air dried. It was yellow in colour and the yield was 
90%. The details about all three oligomers are given in Table I. 

Measurements 

The C, H, N contents of all oligomers and their epoxy cure products were estimated 
using an Elemental Analyser from Carlo Erba, Italy. 

The IR spectra of all oligomers and their epoxy cured products were scanned in 
KBr pellets on a Perkin Elmer 983 Spectrophotometer. 

The number average molecular weight (Mn) of BBM-DDM oligomers were 
determined by a non aqueous conductometric titration method reported earlier."." 
A formic acid-acetic acid mixture? was used as the solvent and the standard per- 
chloric acid in  acetic acid was used as a titrant. A digital conductivity meter (Tosh- 
niwal, India) was used for the titration. 

Curing of BBM-DDM epoxy resin was carried out by differential scanning cal- 
orimetry. A Du Pont 900 DSC was used for this study. The instrument was cali- 

~~ 

+Laboratory grade formic acid to which an appropriate amount of acetic anhydride was added. which 
was used as solvent. 
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brated using standard materials of known heat of fusion. Curing was carried out 
using a single heating rate (lO°C/min). The weight of the sample for this investi- 
gation was in the range of 4 to 5 mg and an empty cell was used as a reference. 

Thermogravimetric analysis (TGA) of all oligomers and their epoxy cure products 
was carried out on a Du Pont thermobalance in air at a heating rate of 10"Cimin. 

CONCLUSIONS 

( 1) Reactive oligomers have been produced at three different molecular weight 
from the reaction of N.N'-benzidine bismaleimide (BBM) with 4,4'-diamino di- 
phenyl methane (DDM). (2) These oligoimide were characterized by a variety of  
techniques. ( 3 )  The oligomers were used to cure epoxy resin (DGEBA). Reactivity 
parameters were calculated. Reactions were followed by IR analysis. As expected 
the lower molecular weight oligomers were more reactive than their higher rno- 
lecular weight counterparts. 
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