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SYNOPSIS 

A new variation in the bismaleimide (BMI ) resin family, maleimide-terminated poly (oxy- 
1,4-phenylene sulfonyl-1,4-phenylene) oligomers, has been synthesized. The preparation 
of oligomers ( n  = 1-12) is described in this study. The structure of these oligomers is 
characterized by FT-IR and NMR spectroscopy. These oligomers are light yellow to light 
gray powders that can be melted or dissolved in solvents. Their terminating group bis- 
maleimide has relatively high reactivity. Therefore, these BMI resins can be cured a t  250°C 
to form a crosslinked product. Since the backbone chain is poly (arylene ether sulfone) , 
the cured polymers have high T i s ,  which increased from 220°C to higher than 340°C as 
the number of repeating units n of the corresponding oligomers decreases. 

INTRODUCTION 

As aerospace technology progresses, high-perfor- 
mance materials are needed for many special-pur- 
pose applications. These materials need in many 
cases to have good thermostability, mechanical 
strength at high temperatures, and good retention 
of their properties even after a severe aging process. 
Unfortunately, most synthetic polymers that fit 
these requirements are too brittle. Therefore, the 
question of how best to toughen these polymers be- 
comes very critical. Many new high-performance 
polymeric materials have been developed in the last 
two decades. The bismaleirnides (BMI) prepared 
from diamino-diphenylene-methane is one of them's2 
and has high T,, high modulus, as well as ther- 
mostability once completely cured. However, the 
disadvantage of this BMI is that it is very brittle. 

Toughening this kind of BMI by methods similar 
to those for epoxy resins have been attempted. These 
methods include mixing with liquid rubbers such as 
CTBN and ETBN3-5 or by copolymerization with 
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another oligomer to form a crosslinked copolymer 
with a lower crosslink density6-'' or by preparation 
of BMI oligomers where the distances between two 
terminal reactive groups are lengthened.12-14 For ex- 
ample, Kwiatkowski12 synthesized maleimide-ter- 
minated polysulfones (BMIPS) starting from bis- 
phenol A. With two repeat units between the end 
groups, the Tg of this cured resin was 185"C, which 
is close to that of the high Tg epoxies. 

In work described in this article, we use bisphenol 
S instead of bisphenol A to construct maleimide- 
terminated poly (oxy-1,4-phenylene sulfonyl-1,4- 
phenylene) (Table I ) .  These oligomers should be 
easy to process and cure. After being cured, they 
should have Tg's at least scores of degrees higher 
than those of BMI polysulfone prepared by Kwiat- 
kowski and should have better thermostability. 

EXPERIMENTAL 

Materials 

All chemicals were purchased from Aldrich Chemical 
Co. and were used without further purification. 

4,4-Sulfonyldiphenol (98%, mp 245-247°C) 

4-Chlorophenylsulfone (98%, mp 145-148°C) 
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Table I Several BMI Oligomers 

Oligomer R Ref. 

I 

I1 

I11 

Iv 

r 0 1 

L 

0 

r 0 0 

12 

This work 

0 0 

13 

p-Aminophenol (98%, mp 188-190°C) 

Maleic anhydride (99%, mp 54-56°C) 

Oligomer Synthesis 

The amine-terminated poly (oxy-1,4-phenylene-l,4- 
sulfonyl-1,4-phenylene) oligomers ( DA ) of con- 
trolled molecular weight were prepared by reacting 
4,4-~ulfonyldiphenol, p-aminophenol, and 4-chlo- 
rophenylsulfone under nitrogen. The aromatic nu- 
cleophilic substitution reaction was conducted in the 
presence of excess potassium carbonate as the weak 
base, toluene as the dehydrating agent, and N- 
methylpyrrolidinone as the dipolar aprotic solvent. 
The dehydration reaction was for 1-2 h at 120- 
160"C, and the condensation polymerization was 

reacted at 180°C for 12 h. Then, the DA was rapidly 
coagulated in water. After washing with water sev- 
eral times, it was dried in a vacuum oven to a con- 
stant weight. The corresponding maleimide-termi- 
nated oligomers were prepared from the above DA. 
First, DA was reacted with maleic anhydride below 
5°C in dimethylacetamide to form the amic-acid-ter- 
minated oligomers (AA) .  Then, by adding acetic 
anhydride and triethylamine, the cyclization of the 
amic acid was carried out immediately. The tem- 
perature of the reaction mixture was maintained at 
24°C for 16-24 h and then was raised to 50°C for 
half an hour before stopping. The solution was 
poured in cold water, methanol, or their mixture. 
The precipitate was collected by filtration, repeat- 
edly washed and dried at  60-70°C in a vacuum oven. 
The products (BMIPES) were light yellow or light 
gray powders and the yield was about 80%. 
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RESULTS AND DISCUSSION 

The synthetic method of BMIPES is shown in 
Scheme 1. The synthesis was completed using two 
steps. The first step was the synthesis of the amino- 
terminated polysulfone (DA)  , and the second was 
the preparation of BMIPES from DA. BMIPES 
oligomers having different molecular weights were 
prepared in high yield according to our approach 
described here (Table I1 ) . 

Polysulfones are normally synthesized by nu- 
cleophilic condensation reactions starting from bis- 
phenol A and chloro-benzosulfone in s ~ l u t i o n . ~ ~ - ’ ~  
Kwiatkowski l2 synthesized amino-terminated poly- 
sulfone oligomers starting from bisphenol A, and 
these oligomers were further converted to BMIPS. 
We synthesized similar oligomers by using bisphenol 
S instead of bisphenol A, but we could not use 

0 

Kwiatkowski’s approach simply because the nu- 
cleophilic condensation reaction was greatly influ- 
enced by the reactivity of the monomers. 

Normal aromatic halides are unable to have nu- 
cleophilic substitution reactions as described earlier. 
The reaction will occur only when there is a strong 
electron withdrawing substituent (for example, 
-SO2-, carbonyl group, etc.) in the para or ortho 
positions of the corresponding halides. On the other 
hand, the acidity of the phenol has a much greater 
effect on reactivity than that of halides. In aro- 
matic nucleophilic substitution reactions, potassium 
phenolate is nearly 3000 times more reactive than 
potassium p -benzosulfonyl phenolate. The reactivity 
of potassium (p‘-hydroxy ) benzosulfonyl phenolate, 
however, is only 5 times greater than potassium p -  
benzosulfonylphenolate although the conjugation 
between phenoxyl and -SO,- groups decreases the 

1 0 

0 

(BMIPES) 

0 

Scheme 1 
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Table I1 Molecular Weight and Product Yield of Oligomers 

DA Oligomers 

nfeed Prod. Yield 
No. (cal.) n P  M," (%I 

DA-07 1 1 432 93 
DA-05 3 2.8 850 89 
DA-06 5 4.5 1240 93 
DA-08 7 6.8 1770 94 
DA-09 11 8.9 2280 98 
DA-12 15 10.3 98 
DA-10 17 12.1 3000 100 

~~~~~~~ ~ 

BMIPES Oligomers 

Prod. Yield 
No. M,b (%I 

B-7 596 92 
B-5 1010 97 
€3-6 1400 91 
B-8 1934 
B-9 2440 

a From NMR data. 
Cal. from M,, of the DAs 

electron withdrawing effect of the sulfonyl group. 
Therefore, bisphenol S has much lower reactivity 
compared to bisphenol A.I5 The polysulfone oligo- 
mers can be easily obtained by the reaction of sodium 
bisphenolate A with bischlorobisbenzoylsulfone in 
dimethylsulfoxide at  160°C within 1 h. But it is dif- 
ficult to get good results if one uses bisphenol S to 
prepare polysulfone by the same method. This is 
true even if the reaction time was prolonged to 10 
h.I6 It should be noted that the low molecular weight 
oligomers are difficult to precipitate. An alternative 
way to accelerate the reaction was to increase the 
reaction temperature. Unfortunately part of the di- 
methylsulfoxide (DMSO) started to decompose as 
temperature neared its boiling point ( 189°C). 
So other high boiling point solvents such as N -  
methyl-2-pyrrolidinone7 tetramethyl sulfone '* and 
phenylsulfone must be used. We chose N-methyl- 
2-pyrrolidinone as the solvent due to several advan- 
tages. One is lower cost compared with other high 
boiling point solvents; another is that it is easier to 
be recovered and is less toxic. Another problem is 
the difficulty of ridding phenol of water. The exis- 
tence of water will lead to the hydrolysis of phenolate 
and halides as well. By using solid potassium car- 
bonate instead of an aqueous alkali solution, we can 
minimize the amount of water, thereby restraining 
the hydrolysis of phenolate. Experimental results 
show that our approach is successful.'' 

The 'H-NMR spectra of the DAs are shown in 
Figure 1. The spectra show that the products con- 
form to what we expected. The chemical shift of 
hydroxy-terminated and chloro-terminated poly- 
sulfone are at 7.6 and 7.7 ppm, respectively. These 
peaks are difficult to see in the spectra of the DAs. 
This means that the condensation reaction is quite 
complete. The peak at  5.3 ppm is due to the reso- 

nance of aromatic amino protons. Three equal in- 
tensity doublets, which appear at 6.62, 6.82, and 7.0 
ppm, are assigned to the resonance of protons related 
to the terminal amino aromatic ring, and the reso- 
nance peak, which appears at  7.25 ppm, is assigned 
to the resonance of ortho protons in phenolether 
rings. Therefore, we can calculate the number of 
repeat units of oligomers, n, and its number-average 
molecular weight, M,, by the integral of the NMR 
spetrum: 

f 
DCI - 05 

DA - 05 a 

g f 

DA - 08 

a 

x 

1 1 1 1 , 1 1 1 1 1 , 1 1 1  

8.0 7.5 7.0 6.5 6.0 5 5  5.0 

ppm 

Figure 1 NMR of products (see Scheme 2) .  
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DA -07 

DCI - 05 

DA -05 

DA-08 

Scheme 2 

n = b + c + d 3 g  

M ,  = 200 + 23% 

Where c ,  b ,  d and g are the integral areas of the 
corresponding NMR peaks in Figure 1, respectively. 

The M ,  of each DA oligomer is shown in Table 
I1 and Figure 2. They are lower than expected. This 
can be explained by the presence of impurities in 
the monomers and by side reactions. 

The FT-IR spectra of the DA oligomers are shown 
in Figure 3. The resonance bond at about 1150 cm-' 
is due to the vibration of the --SOz- group. The 
two resonance peaks at 1487 and 1505 cm-' are due 
to the resonance of the backbone and terminal amino 
benzene rings, respectively. Therefore, the relative 
intensity of both peaks changes with the molecular 
weight of the oligomers. If we choose the transmit- 
tance at 1850 cm-' as the base line, and plot the 
relative peak intensity versus M ,  obtained from 
NMR data, a linear relationship is obtained (Fig. 

4) .  As a result, we can also determine the molecular 
weight of the DA oligomer in terms of the IR data. 

The transformation of maleic anhydride and 

I I I I I 

12, 

z 8  
a 

n. 
B 
v 

8 

4 

n (feed) 

Figure 2 Relation between n (feed) and n (product). 
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FT-IR of DA oligomers. Figure 3 

amine to cyclimide is well k n ~ w n . ~ l - ~ ~  The reaction 
is easy for an aliphatic amine and is relatively dif- 
ficult for aromatic amines although the formation 
of amic acid is a quantitative reaction. The key to 
this reaction is imide cyclization, which is difficult 
to complete in the case of aromatic amines (only 
3046% yield). In order to solve this problem, some 
workers use sodium acetate,25 acetic anhydride,26 
triethylamine, or keteneZ7 to promote the cyclization 

I I I 1 
o d  1 2 3 4 

A(1487/cm)/ A(1508/cm) 

Figure 4 The relationship of 1R data with DA M,. 

1600 1200 

reaction. Lyle, however, first synthesized imide-cy- 
clized monomer (45% yield), then used this mono- 
mer as a terminating reagent in the polycondensa- 
tion at 150°C for preparing the corresponding BMI 
~ligomer. '~ The type of BMIPES that we want to 
prepare cannot be purified by normal separation 
methods and cannot be prepared by using Lyle's ap- 
proach because the imide crosslinking reaction and 
addition reaction with carbonate acid take place si- 
multaneously as the condensation reaction is carried 
out at 180°C. Therefore, we have to study the trans- 
formation of amic acid to maleimide. As  we describe 
in Scheme 1, the cyclization reaction can be com- 
pleted in two steps, where the first step is the for- 
mation of amic acid. Although this reaction is quan- 
titative, there are cis- and trans-isomers of amic acid 
that are formed during the reaction. The trans-iso- 
mer, which is unable to cyclize, is the energetically 
favored product that is easy to form. In order to 
minimize the trans-product, the reaction must be 
carried out at lower temperatures, and acetic an- 
hydride and triethylamine must be added to the re- 
action mixture to promote the cyclization reaction 
as soon as the first step reaction has finished. The 
uncyclized product, trans-amic acid, can be analyzed 
by a base-acid titration. Since the solution of the 
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100 

-D _ _ _ _  A : amic acid oligomer --- B : 24" C 22 hr after adding 
acetic anhydride 

D : 50" C 1 hr after B 

0 
1800 1600 1400 1200 1000 0 ' -  I I I 1 I 1  1 1 1 1  1 1 1 ' 1 '  

Figure 5 FT-IR of BMIPES oligomers ( n = 2.8). 

reaction product has a relatively deep color, it is 
difficult to determine the end point of titration by 
using indicators. Consequently, to monitor the ti- 
tration a pH meter is preferred. The degree of cy- 

I I I I I 
20 40 60 80 100 

IR data vs. cyclization. 
Degree of Cyclizatton (%) 

Figure 6 

clization can also be judged by using IR spectroscopy. 
The maleimide ring of these oligomers has the char- 
acteristic absorptions at  1720 and 1772 cm-'. We 
notice that these two absorption peaks increased 

I I 

A 2 5 T  2 hr afier adding aceuc 
anhydride 

B. 55'C 2 hr following A 

I I I I I 
IW I SO 200 250 B(x) 

Temperature, "C 

Figure 7 DSC traces of B-5. 
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Table I11 IR Data of Maleimide Cyclization 

20-24°C 50°C 

AA 2.0 
No. 1-2 h 2 h  24 h Oh 0.5 h l h  1.5 h h 

B-5 0.24 0.92 1.05 1.13 
B-6 0.18 0.70 0.74 0.69 0.70 
B-8 0.16 0.61 0.69 0.67 0.63 
B-3 0.56 0.62 
B-9 0.11 0.29 0.37 0.38 
B-10 0.09 0.33 0.35 0.38 0.40 

while the 1555 cm-' peak due to amic acid decreased 
as the cyclization was carried out (see Fig. 5 ) .  If we 
use the 1850 cm-' band as the base line and the 
-SOz-  absorption at 1150 cm-' as an internal 
standard, we can use relative absorption intensities 
at 1720 cm-' as an indication of the degree of cy- 
clization. Figure 6 shows that the results of this 
method fit perfectly the result obtained from the 
chemical titration. The results of imidization reac- 
tion of DA oligomers at room temperature are shown 

in Table 111. To improve the degree of imidization, 
it was apparently not sufficient to simply prolong 
the reaction time at room temperature. We had to 
increase the temperature to 50°C for a short period 
in order to obtain the best results. Side reactions 
would occur at higher temperatures or longer times. 

The DSC analysis of BMIPES oligomers is shown 
in Figure 7. The crosslinking reaction started at 
200°C. During the curing process the main chemical 
reactions are shown in Scheme 3. 

( ii ) 

( iii ) 

Scheme 3 



MALEIMIDE-TERMINATED OLIGOMERS 1857 

Table IV Effect of Maleimide Cyclization on TE (OC)* of Polymerb 

Maleimide Cyclization Condition 

20-40°C 50°C 

No. n AAc 2 h 24 h 0 h 0.5 h 1 h 1.5 h 2 h 

B-5 2.8 248 248 255 254 253 255 
B-6 4.5 232 231 240 244 244 
B-8 6.8 202 215 214 210 212 
B-9 8.9 223 222 225 223 
B-10 12.1 226 228 225 

a Determined by DSC, 20°C/min. 
Cured a t  250°C for 4 h. 
Amic acid oligomer, the product of DA with maleic anhydride. 

Reaction ( i )  is the expected reaction. Reaction 
(iii) is the addition reaction between acid and imide, 
which could occur under our reaction conditions. 
Reaction (ii) is a driven ring closure of amic acid, 
and many polyimide polymers are prepared by this 
type of ring closure. We observed this type of closure 
reaction by using DSC analyses as shown in Figure 
7. The irregular thermoabsorption peak is due to 
the release of water during the ring closure reaction. 

The T i s  of the reaction products after curing are 
determined by using DSC (Table IV) . They range 
from 220°C to above 340°C and decrease as the mo- 
lecular weight of the oligomers increase. Our results 
also indicate that the T i s  of polymers cured from 
mostly uncyclized amic acid oligomers are lower than 
those of mostly ring-closed maleimide oligomers. 
This means reaction (iii),  which lowers the cross- 
linking density, did occur, but this effect is not very 
significant due to the occurrence of reaction (ii ) . It 
should be emphasized that although the cyclization 
of amic acid may not be very crucial to the quality 
of the final product, the small molecules, such as 

Table V TE ("C) of Cured BMIPES 

Polymer 
Oligomers 

M ,  I I1 I11 

600 > 340 > 330 
1000 255 239 
1500 244 185 177 
2500 225 
5000 175 

m 220-230 190 165 

water released by further cyclization reaction, may 
create problems in the curing process. Therefore the 
cyclization to form imide must be controlled very 
carefully even though 100% conversion is not nec- 
essary. 

In conclusion, we have synthesized maleimide- 
terminated poly (oxy-1,4-phenylene sulfonyl-1,4- 
phenylene) oligomers (BMIPES), which are light 
yellow to light gray powders at room temperature. 
They can be melted or softened below 200°C and 
are soluble in DMF, DMAc, DMSO, NMP, etc., po- 
lar solvents. Those oligomers with low molecular 
weight are also soluble in MEK and CHC13. They 
can be processed by means of the hot press and so- 
lution coating. They can self-condense above 200°C 
and form three-dimensional crosslinked networks. 
Compared to other BMIPS oligomers reported in 
the literature, they have higher Tg's (Table V )  after 
curing. Therefore they are potentially more heat re- 
sistant and perhaps tougher (not too brittle) and 
may function well as the matrix resin of composites 
and adhesives. 
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