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S u m m a r y  

Polyimides (PI) having different molecular weights were prepared 
by condensat ion of oxydiphthal ic  anhydr ide  with 9 ,9-bis- (4-aminophe-  
nyl)fluorene in nitrobenzene solution at 180~ These polyimides carried 
two amino chain ends which allowed us to fix polycaprolactam chains 
(PA6) to obtain PA6-PI -PA6 type copolymers. The elemental analysis 
and infrared spectroscopic determination gave the proportion of PA6 (or 
PI) in thecopolymers. The studies of thermal p r o p e r t i e s - D S C a n d T G A -  
allowed us to characterize the copolymers. 

I n t r o d u c t i o n  

Polyimides (PI) have good thermal propert ies and high t empera -  
ture glass transition (1-4). Since polyamide 6 (PA6) has lower thermal 
properties, we studied the synthesis of block copolymers PA6-PI-PA6 
with the purpose to improve the thermal stability of PA6 moieties. Thus, 
a polyimide having two amino chain ends was prepared, onto which PA6 
moieties were grafted to give the block copolymers. Their thermal 
properties were studied by DSC and by TGA. The PI (or PA6) content 
was determined both by elemental analysis and infrared spectroscopy. 

* Corresponding author 
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E x n e r i m e n t a l  o a r t  

All the percentages are mol-%, except PI/CL percentages which are wt- 
% 

1- Preoaration of polyimide (PII (5) 
Oxydiphthalic anhydride (OPTA) was 

d i s so lved  in n i t r o b e n z e n e  with a s l ight  excess  of 9 , 9 - b i s - ( 4 - a m i n o p h e -  
nyl)fluorene (Aqb). The solution was heated for a few hours up to 180~ 
then, after cooling, the polymer was precipitated by pouring the solution 
into acetone. The crude polymer was extracted with ethanol to e l imina te  
nitrobenzene, then dried in vacuo. 

2- Copolymers with caprolactam (CL) 

A mixture o f l 0 ( o r  20) we igh t -%ofPI  
having different molecular weights, 60% of the total amount of CL and 
0.3 to 0.8 mol-% of N,N'-isophthaloyl-di-e-caprolactam (IPC) was heated 
lh under vacuum at 25~ Then the mixture was heated under argon at 
150~ until all was dissolved. 0.3 to 0.8 mol-% of magnesium-capro- 
lactam bromide (MgCLB) dissolved in CL was added so that the total 
amount of CL was 90 (or 80) wt-% of the mixture. During the reaction, 
small portions were extracted and t reated with  wate r  or c h l o r o f o r m  to 
d e t e r m i n e  the progress of the reaction. The results of the water ex- 
traction showed that the reaction is fast (about 10 min) and that more 
than 90% of CL was polymerized. 

3- e-caprolactam �9 It was purified by two crystallizations in benzene and 
dried in vacuo. 

Maenesiumcaorolactam bromide (MgCLB) was prepared by reacting 
MgBrEt and caprolactam in a saturated hydrocarbon solution by the 
method described by Zacharkin et al.(6). 

1PC was prepared by reacting caprolactam and isophthaloyl chloride in 
the presence of Et3N in benzene (5). 

4-DSC "The curves were registered with a Perkin-Elmer DSC 7 apparatus 
with an heating rate of 20 ~ The apparatus was calibrated using 
standards, 5 mg of polymers were used in sealed pans. The tempera- 
tures for the glass transitions were taken as the point of inflection, the 
determination being graphic. 

5- Thermal deeradation (TGAI "The curves were obtained with a Perkin 
-Elmer TGA 7 apparatus between 30 and 600~ with an heating rate of 
20 ~ and with a nitrogen flow of 50 cm3/min. 

6- Infrared 'The spectra were recorded on a Bruker FTIR IFS 45, the 
polymers are included in KBr disks. 
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R e s u l t s  and  d i s c u s s i o n  

Copolymer synthesis 
Polyimide (PI) 
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The polyimides were prepared in order to obtain polymers having two 
amino chain ends by using a slight excess of 9,9-bis(4-aminophenyl)- 
fluorene with respect to anhydride. This excess allowed also the regula- 
tion of the molecular weight M of the final product (see Tab.l).  The mo- 
lecular weight of PI in Tab.1 was calculated from the initial composition 
of monomers. 

Table 1 : PI and CL copolymerization conditions at 150~ 

P o l y m e r  PA6 1 2 3 I 4 

Mcalc 
PI 

wt-%(!) 

CL (wt-%) 

MgCLB (mol-%)(1) 

IPC (tool-%)(1) 

NH 2 (PI)/imide 
(IPC) ratio R 

Conversion 

Elemental analysis(2) 

Infrared(2) 

0 

100 

8 7 5 0  

10 

90  

0.8 

0.8 

3 .2 /12 .8  

96.3 

11.0 

11.8 

3 4 6 0  

10 

90  

0 .725 

0 .725  

5 .6 /11 .5  

95.8 

13.0 

13.8 

6 7 5 0  

10 

90  

0.3 

0.3 

3 .2 /4 .8  

89.0 

11.0 

11.0 

6 7 5 0  

20  

80  

0.8 

0.8 

6 .4 /11 .4  

95.7 

19.0 

21.8 

(1) �9 with respect to CL 
(2) : PI content of the resulting polymer 
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Copolymeriza t ion  
When N,N'- isophthaloyl-di-e-caprolactam (IPC) is heated to 150~ in the 
p r e s e n c e  of  p o l y i m i d e  in caprolactam solution, PI may react onto exo- 
carbonyl (Reaction 1) or endocarbonyl (Reaction 2) groups (see f o r m u l a  
below). In the first case, isophthaloyl group is fixed directely onto amino 
group of PI with elimination of a CL molecule (Reaction 1) and in the 
second case, IPC is fixed onto amino group of PI by the intermediate of a 
linear CL unit (Reaction 2). 

H2N-PI-NH2+ C N OC CO 
II II 
O O 
N,N' isophthaloyl-di- ~:-caprolactam (IPC) 

HN - -  C + H2N-PI-NHCO CON - - C  reaction 1 
II II 
o o 

H2N-PI-NHCO(CH2)sNHCO ~ CN - -  C reaction 2 
II II 
O O 

The major reaction would be reaction (1), according to the conclusions of 
several authors who studied the aminolysis of N-acylcaprolactam using 
model compounds (7). Therefore the disubstitution onto PI is shown 
formula 1 with q=l,  which represents the major part of the copolymers 
PA6-PI-PA6.(5). However, if we consider the ratio R = NH2(PI ) / imide  
(IPC), the following values are obtained (calculated from experimental 
conditions : Table 1) : R = 0.25 ; 0.49 ; 0.67 ; 0.56 for copolymers 1 to 4 
respectively. These values correspond to ratios : 1 NH2/4IPC, 1NH2/2IPC, 
2 N H 2 / 3 I P C  and 1.1NH2/2IPC for copolymers 1 to 4 respectively.  
Copolymer 2 and 4 having the same ratio would have nearly the same 
composition and a relatively low percentage of pure PA6. The probabi- 
lity to obtain a higher percentage of pure PA6 is shown in copolyme- 
rization 1. These three copolymers having various percentage of pure 
PA6 would have mainly the formula 1 as copolymer. In the case of co- 
polymer 3, the ratio, 2NH2/3IPC, diamino PI may react onto both capro- 
lactam ends of IPC instead of one, which has given a copolymer par- 
tially insoluble in usual solvents of pure PA6. The PI content of the in- 
soluble fraction is about 85% (from elemental analysis). Anyway this 
fraction is not very important since the elemental analysis (11.0-13.0- 
11.0-19.0) as well as the infrared determination (11.8-13.8-11.0-21.0) 
of the crude product have given the same PI content which is not very 
different from that of Table 1. The difference observed may be due 



445 

either to the yields (89.0 to 96.3) and/or to the technique of polyme- 
rization. Copolymers 1 to 4 would be constituted mainly by the formula 
I with variable proportions of pure PA6 and of IPC multiple substitution 
by PI. 
The copolymers being only partially soluble, it was not possible to pre- 
pare films for infrared study. All the infrared spectra were recorded 
with KBr disks between 1900 and 1500 cm "1. In this area, there appear 
the amide I and II of pure PA6 (8) at 1642 and 1545 cm -1 and, in the 
copolymers, amide I and II and the carbonyl band of polyimide at 1780 
and 1736 cm -1. These carbonyl bands allow to determine the PI content 
of the copolymers. 

O=-C-- N -ECO(CH2)sNH~m - - @  CO; H-PI-N H C O ' ~  CO-~NH(CH2)5@n N~C=O 

po[yamide : PA6 Formula 1 with m,n->O, re+n>-1, q~-I 
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Figure 1 �9 DSC curves ; A : pure PA6, B �9 copolymer 4 

M e l t i n g  b e h a v i o r  �9 The experimental values of the enthalpies of 
melting of pure PA6 (Fig.l ,  curve A) and of PA6 moieties of the 
copolymers (Fig.l,  curve B), AHexp, were corrected taking into account 
the PI content of the copolymer to give AHcorr values (see Tab.2). From 
the value of pure PA6 and the PA6 content in the copolymer  from 
e l e m e n t a l  analysis,  the e n t h a l p i e s  of  f u s i o n  of  P A 6  m o i e t i e s  m a y  b e  
calculated, AHcalc. The presence of PI moiety in the copolymers did not 
have a strong influence on the structure of PA6 moieties since the en- 
thalpies (ratio AHcorr/AHcalc varies between 0.92 and 1.05) as well as 
the t empe ra tu r e s  of fusion (about 220~ of the copolymers are not 
different from that of pure PA6. 
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Tgamide : The glass transition of pure PA6 is situated at 48~ with 
a ACp = 0.37 J/g.deg. This transition can be seen in the DSC curves of 
copolymers (Fig 1, curve B). The organization of the amorphous phase of 
PA6 moiety may be changed from that of pure PA6. This perturbation, 
due to the presence of PI in the copolymers, is not strong enough to 
have an influence on Tg~ for copolymers 1 to 4. Anyway the ACp values  
of the copolymers are about half of pure PA6 value : 0.16 instead of 
0.37. The higher ACp value of copolymer 4 (0.23 instead of 0.16) could 
be explained by a higher PI content in this copolymer. These obser- 
vations show that ACp is more sensitive to the environment than the AH 

of melting. The ratio ACp(copolymer) /ACp(pure  PA6) is about 0.5 whe- 

reas the values of AHmelting ratio (corr/calc) lie between 0.92 and 1.0. 

Table 2 �9 Melting enthalpies of pure PA6 and of PA6 moieties of 
copolymers and glass transition of pure PA6 and of PA6 
and PI moieties in the co 

p o l y m e r  

AHexp(J/g) (1) 

AHcorr(J/g) (2) 

AHcalc(J/g) (3) 

PA6 % (4) 
ratio AH 
cor r /ca lc  

Tg (PA6)(2) ~ 

[ACp: J/gdeg] 
Tg (PI)(i-2) o C 

[ACn: J/gdeg] 

PA6 

75.5 

100 

48 [0.37] 

57.4 

64.5 

67.2 

89 

0.96 

45 [0.16] 

10010.45] 

9olymers 

2 

56.0 

64.4 

65.7 

87 

0.98 

49 [0. t6] 

10010.28] 

55.2  

62.0 

67.2 

89 

0 .92 

45 [0.161 

10010.49] 

51.8 

64.0 

61.2  

81 

1.05 

49 [0.23] 

1 I 0[0.45] 

(1) �9 DSC, 20 K/min ; (2) Corrected taking into account PI content in the 
copolymer ; (3) �9 Calculated from AHex p of pure PA6 and the PA6 % in 
the copolymer ; (4) �9 PA6 % from elemental analysis. 

Tg imide : All copolymers have an imide glass transition at about 
100~ having a ACp value of about 0.45 J/g.deg. Copolymer 2 has a value 
of 0.28 J/g.deg. This lower value would be due to a lower molecular 
weight of the PI moiety, 3500 instead of 6500 to 8700 for the others. 
The glass transition of pure PI should be much higher, but we must 
keep in mind that the molecular weights of our PI moieties have a 
maximum value of 8700, which limit the value of Tg. 
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T h e r m o ~ r a v i m e t r y  (TGA ) 

We studied the thermal degradation of pure 
PA6 and of the copolymers. The curves are shown in Fig.2 " 
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Figure 2 �9 Thermal degradation of PA6 and copolymers 1 to 4 

a- No degradation occurs before 150~ ; b- At 250~ copolymers I and 2 
present practically no degradation whereas pure PA6 and copolymer 4 
have about 5% and copolymer 3 about 10% of degradation ; c- At 400~ 
copolymer 1 has only about 7.5% of degradation which reaches 12% for  
copolymers  2 and 4 and 15% for pure PA6 and copolymer 3. d- At 430~ 
the copolymers have almost the same degradation, about 20%, whereas 
30% of pure PA6 is degraded, e- Beyond 450~ (weight loss of about 
40%), all polymers have nearly the same curves up to 480~ (weight loss 
about 80%). 

Discussion �9 
Beyond 430~ all curves of the copolymers 1 to 4 are super- 

imposable. At this temperature, the weight loss is about 20% for the 
copolymers instead of about 30% for pure PA6. It is well known that the 
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melted PA6 is in equilibrium with the CL monomer and that the fraction 
of cyclic monomer increases as the temperature is raised. This is es- 
sentially a splitting off of monomer. Above 450~ the degradation is not 
only due to a simple depolymerization but includes also to the chain 
splitting. Pure PA6 presents the same degradation as the eopolymers 
from 450~ i.e., above about 40% of weight loss. The difference of ther- 
mogravimetr ic  behavior between pure PA6 and copolymers  below 
450~ is due to the presence of PI in the chain. It seems therefore that 
the block polyimide stabilizes the PA6 moiety since the apparent 
weakness of the PA6 between 380 and 450 ~ has disappeared in the 
degradation curves of copolymers. 

C o n c l u s i o n  : 
The synthesis of block copolymers of ABA type, PA6-PI-PA6, 

has given polymers mainly having the expected structure, but also con- 
taining a certain proportion of copolymers of pure PA6 and of higher PI 
content. The proportion of these secondary structure depends mainly on 
the ratio NH2Pl/imide IPC used in the synthesis. However the presence 
of the PI moieties have rather low influence on the melting. The in- 
fluence is higher on the ACp values of the glass transitions. This dif- 
ference has been explained by some disturbance of the amorphous 
phase due to the presence of polyimide. TGA shows that the thermal 
behavior of pure PA6 has been improved in the copolymers. 
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