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Photocrosslinking of Polyamides Containing 
a-Diketone Linkage in the Main Chain 

FUMIHIKO AKUTSU, KAZUHIKO OKUBO, MASATOSHI MIURA, 
and KUNIHARU NAGAKUBO 

Department of Synthetic Chemistry 
Faculty of Engineering 
Chiba University 
Yayoi-cho, Chiba-shi, 260 Japan 

A B S T R A C T  

Copolyamides containing a-diketone linkages were prepared from 
adipoyl chloride, 4,4’ -dichloroformylbenzil, and hexamethylenedi- 
amine. Three polycondensation methods (unstirred interfacial, 
s t i r red interfacial, and solution method) were examined. The un- 
s t i r red interfacial method gave soluble high molecular weight poly- 
mers ,  The copolymer composition was generally equal to that of 
the monomer feed. The content of the a-diketone linkage was  
varied from 5 to 20 mol%. The UV-induced gel formation was 
studied on films of copolyamides containing more than 10 mol% 
of the a-diketone linkage. The gel fraction, degree of gel swell- 
ing, changes in the IR spectrum, and Charlesby-Pinner’s plots 
were examined. The photochemical reactions in the film a r e  dis- 
cussed. 
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I N T R O D U C T I O N  

AKUTSU ET AL. 

UV irradiation of copolyamides having ff-diketone linkages in the 
main chain has led to polymer degradation in solution and to gel for- 
mation in film [l]. However, we noted some gel formation prior to UV 
irradiation when the copolyamides were subjected to a purification 
procedure, i. e., reprecipitation. This preirradiation gel formation 
w a s  found to disturb the subsequent analysis of gelation by UV irradi-  
ation. In the present work we have reevaluated the preparation 
methods of the copolyamides, characterized the copolyamides ob- 
tained in detail, and reexamined their gelation by UV irradiation. 

x C I C O - - C ~ H ~ - C O C O - C ~ H ~ - C O C I  + y ClCO+CHz+COCI + ( X  t \/)H,N-CCHz+,NH2 

1 - 2 - 3 - 
1 

4 CO-C6 H, -COCO-C6 H4 -CON H t  CH z -r6 N H-f;tCO--WHz +,CON H t C H ,  +6 N H j ,  

4 

Degradation Gelation 

E X P E R I M E N T A L  

M a t e r i a l s  

4,4' -Dichloroformylbenzil (1) w a s  prepared by a method reported 
previously [l] and recrystallized from benzene (mp 188.5-189°C). 
Adipoyl dichloride (2) and hexamethylenediamine (2) were distilled 
under reduced pressure jus t  before use. Solvents were purified by 
conventional methods, and other commercially available reagents 
(JIS GR grade) were used as received. The copolyamide ( A )  was  ob- 
tained by three preparation methods. ( A )  Stirred interfacial method, 
as reported previously [ 11. (B)  Unstirred interfacial method: A and 
2 in 100 mL of CHCl were placed in a 300-mL beaker. A solution of 
hexamethylenediamine (2) and sodium hydroxide in 100 mL of water 
was slowly poured over the acid chloride solution. The polymer formed 
a t  the interface of the two solution was taken from the beaker as a con- 
tinuously forming thread. In most cases,  sodium hydroxide and the 
amount of 3 used were equimolar with respect to total acid chloride. If 
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PHOTOCROSSLINKING O F  POLYAMIDES 3 83 

excess diamine was used, additional aqueous solution of 3 was added 
when the rate of polymer formation a t  the interface decreased. The 
polymer was washed with methanol and dried in vacuo. The polymer 
was reprecipitated in methanol from formic acid solution. The re- 
sults a r e  shown in Table 1. ( C )  Solution method: The copolyamide 
was prepared from o r  4,4' -bis (benzotriazolyloxycarbony1)benzil 
and 2 in N-methylpyrrolidone as described previously [ 11. 

F i l m  P r e D a r a t i o n  

The polymer was dissolved in formic acid ( - 7  wt%). The polymer 
solution w a s  cast  on a glass plate, and the solvent w a s  allowed to 
evaporate slowly at room temperature. The film was released from 
the plate by immersing it in water and drying in vacuo. The thickness 
of the film obtained was -30 pm. 

I r r a d i a t i o n  of F i l m  b y  U V  L i g h t  

The irradiation was carried out by using a 400-W mercury lamp 
(Toshiba H-400P) a t  room temperature with a 1-cm thick water 
filter. 

glass filter and extracted with formic acid for 48 h in a modified 
Soxhlet apparatus in which the formic acid entering the extraction 
chamber was at  room temperature; this procedure prevented the 
formolysis reaction between polyamide and formic acid which would 
have occurred had hot formic acid been in contact with polyamide for 
an extended period of time. The glass filter together with the gel was 
dried in vacuo a t  60°C for 24 h, and the gel content was calculated 
from the increase of the weight of the glass filter. 

Measurement of gel content: A sample (-50 mg) was placed in a 

I r r a d i a t i o n  of L o w - M o l e c u l a r - W e i g h t  M o d e l  
C o m p o u n d  C o n t a i n i n g  B e n z i l  

A mixture of N-butylbutanamide and benzil ( 1 4  moI% with respect 
to N-butylbutanamide) was placed on a hot plate thermostated a t  58°C. 
UV irradiation was carried out for 200 h under condition s imilar  to 
those employed for film irradiation. The reaction products were 
separated by column chromatography on silica gel (Wakogel C-200) 
and found to consist of -25components. The isolated products were 
characterized by mp measurement and IR, 'H-NMR, and mass spec- 
trometry. The identified products were benzoic acid and benzoin 
benzoate. 
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PHOTOCROSSLINKING OF POLYAMIDES 385 

M e a s u r e m e n t s  

IR spectra were recorded on a JASCO A-202 spectrophotometer, 
and UV spectra on a Shimadzu UV-2OOA spectrophotometer. 'H-NMR 
w a s  performed with a Hitachi R-600 FT-NMR spectrometer. Mass 
spectra were obtained by a Hitachi RMU-7M spectrometer. T I s  

g 
were obtained by differential scanning calorimetry (DSC) with a Riga- 
kudenki Thermal Analyser ( 8085D1). 

R E S U L T S  AND DISCUSSION 

P r e p a r a t i o n  of C o p o l y a m i d e s  C o n t a i n i n g  a - D i k e t o n e  
L i n k a g e  i n  t h e  M a i n  C h a i n  

The polymers prepared by the solution method did not form a gel, 
but the viscosity measurements suggest that they a r e  of rather low 
molecular weight. A s  mentioned in the Introduction, the copolyamide 
prepared by the s t i r red interfacial method contains small gel particles. 
The sol portion of the polymer obtained by the s t i r red interfacial 
method showed high viscosities. To clarify the gel-forming step, the 
effects of drying temperature and the treatment of acetyl chloride be- 
fore polymer separation to protect the end amine groups were ex- 
amined. A s  shown in Table 1, the gel formation decreased on drying 
a t  room temperature and on treatment with acetyl chloride, but these 
procedures could not totally prevent gel formation. It is suggested 
that gel formation occurs during the polymerization step in the s t i r red  
interfacial method. On the other hand, the polymer PUI( 5) prepared 
by the unstirred interfacial method with o r  without treatment with 
acetyl chloride does not form gel and has a high viscosity. Therefore, 
copolyamides containing various amounts of a-diketone linkages were 
prepared by the unstirred interfacial method. The results of polymer- 
ization a re  summarized in Table 2. The content of a-diketone varied 
from 5 to 20%. Polymer with a high content of a-diketone linkages 
could not be obtained by the unstirred interfacial method due to the 
low solubility of 

molecular weights and show no gel formation upon heating. The use 
of excess2  increased the olymer yield and the viscosity to some ex- 

by the solution method from ,1 o r  4,4 '  -bis (benzotriazolyloxycarbony1)- 
benzil and 2. The use of an active ester  increased the polymer yield 
and the viscosity to some extent. 

in CHC13. A l l  the polymers ( P U I (  5-20)) have high 

tent. A polymer with 100 B o a-diketone linkage (PS- 100) w a s  prepared 

D e t e r m i n a t i o n  of t h e  P o l y m e r  C o m p o s i t i o n  

The UV spectra of PUI( 5-20) in sulfuric acid showed absorption 
maxima near 280 nm, but the absorption band shifted to shorter wave- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



W
 

co
 

T
A

B
L

E
 2

. 
R

es
ul

ts
 o

f 
Po

ly
co

nd
en

sa
ti

on
 

m
 

b 
P

ol
ym

er
 

C
on

te
nt

 o
f 

'in
h'

 
C

on
te

nt
' 

of
 b

en
zi

l 
co

de
" 

in
 f

ee
d,

 %
 

Y
ie

ld
, 
96 

dL
/g

 
m

p,
 "

C
 

T
g,

 "
C

 
un

it
 i

n 
co

po
ly

m
er

, 
96 

PU
I(

 5
)A

 
5 

52
 

2.
42

 
24

4 
- 

4.
7 

PU
I(

 5
)B

 
5 

47
 

1.
80

 
- 

36
 

- 
PU

I(
 1

0)
A

 
10

 
59

 
2.

31
 

24
0 

- 
10

.0
 

P
U

I(
 10

)B
 

10
 

52
 

1.
86

 
- 

25
 

- 
PU

I(
 1

5)
A

 
15

 
60

 
2.

11
 

23
 1

 
- 

14
.0

 

PU
I(

 1
5)

B
 

15
 

38
 

1.
58

 
- 

19
 

- 
P

U
I(

 20
)A

 
20

 
56

 
1.

29
 

22
7 

17
 

21
.0

 
P

S
 ( 1

00
) 

lo
oe

 
99

 
0. 

50
d 

- 
- 

- 
2 5

1 
P

S
( 1

00
) 

lo
of

 
83

 
0.

41
 

- 
- 

d 

C
od

e:
 

PU
I 

=
 p

ol
ym

er
 o

bt
ai

ne
d 

by
 u

ns
ti

rr
ed

 m
et

ho
d,

 P
S

 =
 p

ol
ym

er
 o

bt
ai

ne
d 

by
 s

ol
ut

io
n 

m
et

ho
d.

 
A

 =
 

a bO
. 

5%
 in

 m
-c

re
so

l 
at

 3
0°

C
. 

C
M

ea
su

re
d b

y 
U

V
 s

pe
ct

ro
sc

op
y 

(s
ee

 te
xt

).
 

e f4
,4

' -
B

is
ch

lo
ro

fo
rm

yl
be

nz
il

 w
as

 u
se

d.
 

ex
ce

ss
 d

ia
m

in
e 

w
as

 u
se

d,
 B

 =
 t

re
at

ed
 w

it
h 

ac
et

yl
 c

hl
or

id
e.

 

5%
 in

 c
on

ce
nt

ra
te

d 
H

2S
04

 a
t 

30
°C

. 

4,
4'

 -
D

i(
 be

nz
ot
ri
zo
yl
ox
yc
ar
bo
ny
1)
be
nz
il
 w

as
 u

se
d.

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



PHOTOCROSSLINKING O F  POLYAMIDES 3 87 

lengths and the intensity changed with time. This phenomenon is 
known to be caused by the protonation of carbonyl groups [2, 31. 
Therefore, it i s  difficult to determine the content of the a-diketone 
directly by UV spectroscopy. The polymers were then trifluoro- 
acetylated since this reportedly makes aliphatic polyamides soluble 
in common organic solvents, such as tetrahydrofuran, chloroform, 
and methylene chloride [4-61. N-Trifluoracetylation of PS( 100) pro- 
ceeded smoothly, and the UV spectrum now became stable (Amax = 

268 nm, log E = 4.422). The contents of a-diketone linkages of PUI( 5- 
20) were determined by comparing the absorbance a t  268 nm of t r i -  
fluoroacetylated PUI( 5-20) with the calibration curve obtained from 
trifluoroacetylated nylon 66 and trifluoroacetylated PS( 100). The re- 
sults, shown in Table 2,  indicate that the composition of the polymer 
is roughly the same as in the monomer feed. 

G e l a t i o n  of t h e  F i l m  b v  U V  I r r a d i a t i o n  

The results of irradiation of polyamide and nylon 66 a r e  shown in 
Table 3. Gelation did not occur with nylon 66 and PUI( 5). With P U I  
(10, 15, 20), gel formation is noted, but in the case of PUI( 10) the re-  
reproducibility of the gel formation was poor. The gelation of the co- 
polyamide was found to depend upon i ts  T The polymers with T 

higher than room temperature did not form gel, apparently because 
the polymer radicals formed do not react with each other. On the 
other hand, the polymers with T lower than room temperature easily 

g 
form gel by polymer radical coupling. The T dependency of gel for- 
mation thus explains the poor reproducibility found with PUI( 10). 

Plots of gel fraction and degree of swelling vs  irradiation time fo r  
P U I (  15) and PUI(20) a r e  shown in Figs. 1 and 2. In both cases  the gel 
fraction rapdily increased initially and decreased slowly af ter  5 h. 

g' g 

g 

TABLE 3. Results of Irradiation 

Polyamide Time, h Results 

Nylon 66 0- 44 Soluble 
PUI( 5) 0-90 Soluble 

PUI( 10) 0- 6 Gelation" 
PUI( 15) 0- 6 Gelation 

PUI( 20) 0- 6 Gelation 

a Poor reproducibility 
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FIG. 1. Gelation of PUI( 15) ( o ) and PUI( 20) ( 0  ) by UV irradiation. 
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FIG. 2. Degree of swelling of the gel formed in P U I (  15) (0 ) and 
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1.6- 

1.4 - 
1.2 - 
1.0- 

0.8- 
0.6- 

0.41 0.2 

0 1 i 3 i 5 6 
I /  t (hf’) 

FIG. 3. Charlesby-Pinner plots for  PUI( 15) ( 0  ) and PUI( 20) ( 0  ). 

This decrease was apparently caused by scission of the main chain. 
The gel fraction of PUI(20) was consistently higher than that of PUI( 15). 
The gel formed from PUI( 20) gave a sma l l e r  degree of swelling than 
that of PUI( 15). This shows that the density of crosslinking in PUr(20) 
is higher than that in PUI( 15), indicating that the crosslinking was 
closely related to the concentration of the a-diketone linkages. 

of polymers by high-energy radiation [7] can be applied to the UV-in- 
duced gelation of the copolyamides. Assuming that the extent of c ros s -  
linking and that of scission are both proportional to irradiation t ime 
and that crosslinking and scission occur a t  random, the Charlesby- 
Pinner treatment leads to the following relationship: 

The theory of Charlesby and Pinner proposed for  the crosslinking 

where s is the sol fraction in the irradiated polymer, p and qo are the 
probabilities of any given monomer unit being crosslinked and severed, 
respectively, pe r  unit irradiation t ime, t is the irradiation t ime, and u 
is the number-average degree of polymerization. A s  shown in Fig. 3, 
the Charlesby-Pinner plots for  PUI( 15) and PUI( 20) for  the ea r ly  stage 
of the irradiation gave straight lines. The intercepts of the straight 
l ines were virtually the same  and approximately equal to unity, indicat- 
ing that the number of crosslinks is almost equal to that of scission re- 
gardless of the concentration of benzil units. It is thus suggested that 
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3 90 AKUTSU E T  AL. 

one pair  of f r ee  radicals formed by scission of a benzil unit produces 
one crosslink. That the slope for  PUI( 15) (qinh = 1.5s) was l a r g e r  

than that for  PUI(20) (qinh = 1.29) indicates that PUI(20) with a higher 

benzil content showed higher qo than PUI( 15), and this is consistent 

with the fact mentioned above that density of crosslinking in PUI( 20) 
is higher than that in PUI ( 15). 

I R  S p e c t r a l  C h a n g e s  of  P o l y a m i d e s  5 

The absorption bands a t  1680 and 1210 c m - l ,  which a r e  character is-  
t ic of the benzil unit, was decreased by irradiation, and the shoulder 
absorption in the range of 1750 to 1700 cm-I  increased with i r radia-  
tion time. This indicates the degradation of benzil units and the for- 
mation of carboxyl groups and imide linkages -CONHCO- [8]. Since 
evidence for  crosslinking was not obtained from the IR spectral  change 
of the irradiated film, the photochemical reaction of low-molecular- 
weight model compounds was examined. 

P h o t o c h e m i c a l  R e a c t  i o n s  of L o w  - M o l e c u l a r  - W e i g h  t 
M o d e l  C o m p o u n d s  

Photochemical reactions of low-molecular-weight benzil derivatives 
in solution have been widely studied. However, there are few reports 
on their  reactions in the absence of solvent. The low melting point of 
N-butylbutanamide allows the model photoreaction to proceed without 
solvent. The mixture of N-butylbutanamide and benzil was thus i r radi-  
ated for  200 h a t  58°C in the molten state.  The reaction products iso- 
lated by column chromatography on silica gel consist of -25 compo- 
nents. The identified components were the unreacted model compound, 
benzoic acid, and benzoin benzoate. Others have not been identified 
yet. These resul ts  indicated that benzil degraded to benzoyl radical 
and abstracted hydrogen atoms from other molecules. 

P h o t o c h e m i c a l  R e a c t i o n  i n  t h e  F i l m  of  P o l y a m i d e  4 

The results obtained above suggest that the photochemical reac- 
tions occurred in a film as follows. The benzil unit is excited by ab- 
sorption of U V  light to give benzoyl radicals. The radical 2 reacts 
with the polymer chain to fo rm the polymer radical 7. The coupling 
of polymer radical 7 fo rms  a crosslink g. 
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-CH,NHCO- +g  - -CHNHCO- + C,H~-CHO 

7 - 
7 + I  - -CHNHCO- 

8 
I z 

-CH N HCO- - 

The unity of the intercept (po/qo) and l inear  plot of the Charlesby- 

Pinner equation suggest the formation of crosslink 2. The formation 
of crosslink 2 as suggested by the model reaction was assumed to be 
small  because the concentration of the benzil unit was low and the 
probability of collision between exited benzil and polymeric benzoyl 
radical may be low in the film. 

C O N C L U S I O N S  

Unstirred interfacial polycondensation of adipoyl chloride and 
4,4' -dichloroformylbenzil with hexamethylenediamine gave soluble 
high-molecular-weight copolyamides containing a-diketone linkages, 
while s t i r r ed  interfacial polycondensation resulted in gel formation. 
Solution polycondensation gave low -molecular-weight copolyamides. 
U V  irradiation of the film prepared from these copolyamides led to 
gel formation. The amount of gel fraction depended upon the concen- 
tration of the a-diketone linkage. The number of crosslinks formed 
was found from Charlesby-Pinner plots to be equal to that of bond 
scissions. UV irradiation of model compound benzil in N-butylbutan- 
amide gave benzoic acid and benzoin benzoate. From these resul ts  
the following mechanism for  UV-induced crosslinking was proposed: 
Benzoyl radicals formed by the scission of the a-diketone linkage ab- 
s t r ac t  hydrogen atoms from the polyamide. The coupling of the result- 
ing polymer radicals results in gelation. 
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