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Crosslinking behaviour of diolmodified epoxies 
2. DSC measurements 
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Summary 
D i g l y c i d y l  e t h e r  of  b i spheno l  A (BADGE) r e a c t s  w i t h  a l i p h a -  

t i c  a l c o h o l s  t o  form d i f f e r e n t  p roduc t s ,  depending on t h e  t ype  
o f  a c c e l e r a t o r .  Using i s o t h e r m a l  and dynamic DSC~ magnesium 
p e r c h l o r a t e  proved t o  be a more s e l e c t i v e  a c c e l e r a t o r  i n  
compa r i son  w i t h  N ,N-D imethy lbenzy lamine  (DM~A). In the  presence 
o f  DMBA~ A r r h e n i u s  p l o t s  of  log  t c ( tc-CUre t imes)  versus 
i n v e r s e  c u r e  t empe ra tu re  show a changing r e a c t i o n  o rde r  over  a 
w ide  r a n g e  o f  t empera tu res .  

I n t r o d u c t i o n  
D i g l y c i d y l  e t h e r  of  b i spheno l  A (BADGE) o n l y  r e a c t s  w i t h  

a l i p h a t i c  a l c o h o l s  i f  s u i t a b l e  a c c e l e r a t o r s  a re  used. In t h e  
r e a c t i o n  o f  BADGE w i t h  b u t a n e - l - o l ,  Hg(C104)2*2H20 proved t o  be 
a more s e l e c t i v e  a c c e l e r a t o r  i n  comparison w i t h  N~N- 
d i m e t h y l b e n z y l a m i n e  (DMBA). In t he  f i r s t  case, ma in l y  one s i n g l e  
t y p e  o f  s t a r t i n g  r e a c t i o n  proceeds i n d e p e n d e n t l y  of  t h e  r e a c t i o n  
t e m p e r a t u r e .  Using DM~A as a c c e l e r a t o r ~  t he  number of s t a r t i n g  
s t e p s  i n c r e a s e s  as t h e  r e a c t i o n  t empera tu re  r i s e s .  Fur the rmore ,  
t h e  r a t i o  o f  t he  r e a c t i v i t y  of  p r i m a r y  and secondary h y d r o x y l  
g roups  i n  t h e  a m i n e - a c c e l e r a t e d  system changes and leads  t o  
supe r imposed  r e a c t i o n  o rde r s  (1) .  

The t e m p e r a t u r e  dependence of  t he  r e a c t i o n  mechanism o f  
d i o l m o d i f i e d  epox ies  can be proved by DSC as w e l l .  For t h i s  
p u r p o s e  i t  i s  necessary  t o  s y n t h e s i z e  prepo lymers  w i t h  a homo- 
geneous s t a t e ,  because epox ide  and d i o l  a re  not  s o l u b l e  i n t o  one 
a n o t h e r  and cannot be s t i r r e d  du r i ng  t he  DSC-measurements. These 
p r e p o l y m e r s  c o n t a i n  about  80% of t he  epox ide  group con ten t  of 
t h e  u n r e a c t e d  compounds. Then, t h e  c r o s s l i n k i n g  r e a c t i o n  was 
i n v e s t i g a t e d  us ing DSC. The t imes  u n t i l  t he  c r o s s l i n k i n g  
r e a c t i o n s  have f i n i s h e d  can be measured under i so the rma l  
c o n d i t i o n s ~  making i t  p o s s i b l e  t o  c a l c u l a t e  t he  a c t i v a t i o n  
e n e r g i e s  o f  t h e  r e a c t i o n s  concerned (2 -5 ) .  A r rhen ius  p l o t s  o f  
l o g  t c v e r s u s  i n v e r s e  cure  t empe ra tu re  p r o v i d e  some i n f o r m a t i o n  
a b o u t  t h e  v a l i d i t y  of  t he  r e a c t i o n  mechanism dependent on t h e  
r e a c t i o n  t e m p e r a t u r e  ( 6 ) .  

E>cper imental  
C h e m i c a l s l  D i g l y c i d y l  e t h e r  of  b ispheno l  A (BADGE), bu tane -  

l ~ 4 - d i o l ~  magnesium p e r c h l o r a t e  and N ,N-d ime thy lbenzy lam ine  
(DM~A) a r e  c o m m e r c i a l l y  a v a i l a b l e  p roduc ts .  BADGE was 
r e c r y s t a l l i z e d  from ace tone-methano l  (m.p.=42~ P r e p a r a t i o n  of  
p r e p o l y m e r s :  BADGE, b u t a n e - 1 , 4 - d i o l  and t he  a c c e l e r a t o r  were 
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mixed i n  a g iven molar r a t i o  in  a thermoregu la ted g lass  r e a c t o r .  
The r e a c t i o n  proceeded at  lOO~ i f  magnesium p e r c h l o r a t e  was 
used as a c c e l e r a t o r  and at  &O~ i f  DMBA was used. The r e a c t i o n  
was i n t e r r u p t e d  a t  an epoxide consumption of  app rox ima te l y  20% 
and t h e  r e a c t i o n  products  were s to red  a t  -20~ 

A n a l y s i s :  DSC: Du Pont Ins t ruments  Type 910. Heat ing r a t e :  
10 K*min - ~ ,  open capsules.  

R e s u l t s  and Discussion 
To ge t  some  general  i n f o r m a t i o n  about the c r o s s l i n k i n g  

b e h a v i o u r !  a c i d i c  and bas ic  acce le ra ted  systems were measured a t  
10 K * m i n - "  (F ig .  1) 

A 

50 1~ f ~  ~ 0  
('C) 

F i g .  l .Dynamic  DSC f o r  a c i d i c  and bas ic  acce le ra ted  systems (10 
K.min -1 ) 
A-BADSE:butane-1,4-d io l :Mg(CIO4)2*2H20=1:1:0.03 
B-BADSE:butane- l ,4-d io l :DMBA =1:1 :0 .05 

The o v e r a l l  r e a c t i o n  heat i s  300 3.g-1 (A) and 226 j . g - 1  
(B) r e s p e c t i v e l y .  

Furthermore, c r o s s l i n k i n g  r e a c t i o n s  were c a r r i e d  out under 
i s o t h e r m a l  cond i t i ons~  p e r m i t t i n g  the de te rm ina t i on  of  cure 
t i m e s  t c ( F i g .  2 ) .  The measuring techn ique i nvo l ves  p r e - h e a t i n g  
t h e  DSC t o  t h e  des i red  tempera tu re ,  s t a r t i n g  the t ime base scant 
and l o a d i n g  the  sample i n t o  the c e l l  as r a p i d l y  as p o s s i b l e .  At 
A, t h e  DSC-cel l  has been opened and the sample i n s e r t e d .  At B, 
t h e  sample has reached the i so therma l  va lue and commences 
c u r i n g .  Cur ing i s  complete a t  C, and the cure t ime t c i s  taken 
as C-B ( 6 ) .  

The o v e r a l l  r e a c t i o n  heats were determined a f t e r  p rev ious  
c a l i b r a t i o n  (F ig .  3) .  

There i s  a l i n e a r  dependence in  the temperature range from 
140 t o  180 ~ At 120 ~ no r e a c t i o n  heat could be determined,  
showing t h e  l a t e n t  p r o p e r t i e s  of  the a c i d i c - a c c e l e r a t e d  system. 

The va lues  f o r  t c at  d i f f e r e n t  temperatures are summarized 
i n  Tab le  1. 
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Fi g. 2. Thermogram, system BADGE: butane-1,4-dl ol : Mg (C104) 2-2H20= 0 1 : 1 : 0 . 0 3 . 1 - 2 0 0  ~  2 - 1 8 0  C, 3 - 1 7 0  ~ 4 - 1 6 0  ~ 5 - 1 5 0  C 

,- 300 

t00. 

j / "  

i i  / 
t I 

rem~'amre (~ ) 

F i g . 3 . 0 v e r a l l  react ion heats (3-g-1)~ system BADGE:butane-l,4- 
d lo l :Mg(C lO 4)2.2H20=1:0.5:0.03 dependent on the temperature 

temperature ! 
o c 

200 
180 
17() 
160 
150 

cure times t c 
min 

A1 A2 

3.6 6.5 
7.3 12.0 

11.4 16.0 
14.7 22.3 
20.2 32.0 

Table l .  Cure times t c fo r  systems 
A1-~ADGE:butane-1~4-diol:Mg(ClO4)2*2H20=1: 1:0.03 
A2-BADGE:butane-1,4-dioI:Mg(ClO4)2*2H20=1:0.25:0.03 



192 

The cure  t imes are dependent on the decreasing amount of  
b u t a n e - l ~ 4 - d i o l  and they increase s i g n i f i c a n t l y .  

A r r h e n i u s  p l o t s  of  log  t c versus inverse  cure tempera ture  
w i l l  be l i n e a r  i f  the o v e r a l l  r e a c t i o n  order  i s  cons tan t .  Lines 
w i t h  t h e  same s lope were found f o r  systems A1 and A2 ( F i g . 4 ) .  

4o 

3o 

8" 

6. 

4. 

A'[ 

" ,6 i.~ ~;3 i~ i s  
~.1o -~ (K 41 

F i g . 4 . 1 o g  t c versus inve rse  cure temperature f o r  systems A1 
A2 ( a c c o r d i n g  t o  Table 1) 

and 

A c t i v a t i o n  energ ies ,  c a l c u l a t e d  from the s lopes of the 
A r r h e n i u s  p l o t s ,  were 57.3 kJ*mo1-1. These a c t i v a t i o n  energ ies  
l a r g e l y  f a l l  in  the range of 50-59 kJ*mo1-1 ( g l y c i d y l  e the rs  + 
a l i p h a t i c  amines) or  59-63 kJ*mo1-1 ( g l y c i d y l  e thers  + a l coho l s )  
(6)~ r e g a r d l e s s  of  the use of prepolymers (see exper imenta l  
s e c t i o n ) .  The r e a c t i o n  mechanism does not change in  the  tempera- 
t u r e  range  under obse rva t i on .  I f  t h i s  behaviour i s  a l so  v a l i d  
f o r  l o w e r  temperatures~ then an e x t r a p o l a t i o n  g ives  a cure t ime 
o f  133 h a t  40 ~ f o r  system A1. Consequently~ the system can be 
taken  i n t o  c o n s i d e r a t i o n  as a l a t e n t  system at  room temperature.  

The DM3A-accelerated system i s  more r e a c t i v e .  According t o  
F i g .  1~ l owe r  r e a c t i o n  tempera tures  are r equ i r ed .  The iso thermal  
cu re  t i m e s  a re  summarized in  Table 2. 

t e m p e r a t u r e  
oc 

1 7 0  

150 
130 
110 
90 
70 

cure t imes t c 
min 

31 32 

- 4.7 
7.2 7.5 
8.7 10.4 

13.2 11.4 
20.0 14.1 
54. I 18.6 

Tab le  2 .Cure  t imes  t c f o r  systems 
B1-BADSE:butane- l~4-dio l :DMBA=l :  1:0.05 
~2-~ADSE:butane-1~4-dio l :DM3A=1:0.25:0.05 
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The course of the  cure t imes i s  r a t h e r  d i f f e r e n t  from tha t  
f o r  t h e  a c i d i c - a c c e l e r a t e d  system. Arrhenius p l o t s  of log  t c 
v e r s u s  i n v e r s e  cure temperature are i l l u s t r a t e d  in F ig .  5. 

6O 
5O 
4O 

tO 

8 

~.m J (K'~j 

F i g . 5 . 1 o g  t c versus inve rse  cure temperature f o r  systems BI and 
�9 2 ( a c c o r d i n g  t o  Table 2) 

Whereas the  system wi th  the lower amount of b u t a n e - l , 4 - d i o l  
shows a l i n e a r  dependence, f o r  the s toch iome t r i c  m ix tu re  a non- 
l i n e a r  dependence was observed. The a c t i v a t i o n  energy f o r  system 
B2 i s  13.5 kJ*mol - I ,  owin0_ t o  the use of prepolymers,  in  which 
some r e a c t i o n s  took p lace be fore  DSC-measurements were 
pe r fo rmed .  In the case of DM~A-accelerated systems, a 
c o n s i d e r a b l e  amount of the exotherm r e a c t i o n  was a l ready  
r e l e a s e d .  Thus, a s l i g h t  temperature r i s e  was observed dur ing  
t h e  p r e p a r a t i o n  of these prepolymers (see exper imenta l  s e c t i o n ) .  
The system considered i s  not l a t e n t  and reac ts  even at  room 
t e m p e r a t u r e .  An e x t r a p o l a t i o n  g i ves  a cure t ime of 40 min a t  40 
oc. 

In system B1 the r e a c t i o n  mechanism i s  dependent on the 
t e m p e r a t u r e .  In a temperature range from 70 t o  170 ~ no uni form 
r e a c t i o n  o r d e r  was found. This corresponds wi th  the r e s u l t s  of  
k i n e t i c  measurements of model systems (1). Here, two d i f f e r e n t  
r e a c t i o n  mechanisms were found between 60 and 100 ~ The main 
reason f o r  t h i s  behaviour  i s  the low s e l e c t i v i t y  of the  
a c c e l e r a t o r  DMBA, lead ing  t o  more d i f f e r e n t  s t a r t i n g  s teps w i th  
an i n c r e a s i n g  r e a c t i o n  temperature.  

R e a c t i o n s  t a k i n g  p lace  at  temperatures above 100 ~ would 
be o f  i n t e r e s t  f o r  f u r t h e r  i n v e s t i g a t i o n s .  
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C o n c l u s i o n s  
D i f f e r e n t i a l  scanning c a l o r i m e t r y  (DSC) proved t o  be a 

s u i t a b l e  method f o r  the  i n v e s t i g a t i o n  of  t he  s e l e c t i v i t y  o f  
a c c e l e r a t o r s .  In the  r e a c t i o n  of  d i g l y c i d y l  e the r  of  b ispheno l  A 
(BADGE) w i t h  a l i p h a t i c  a lcoho ls~  Mg(CIO4)2*2H20 causes one 
s i n g l e  r e a c t i o n  mechanism independent  of  t he  tempera tu re .  In the  
p r e s e n c e  o f  N ,N-D imethy lbenzy lamine  (DMBA), A r rhen ius  p l o t s  of 
l o g  t c ( t c - c u r e  t ime)  versus i n v e r s e  cure tempera tu re  i n d i c a t e  
supe r imposed  r e a c t i o n  o rde rs  between 70 and 170~ This 
b e h a v i o u r  con f i rmed  t he  r e s u l t s  of  k i n e t i c  i n v e s t i g a t i o n s  ( i ) .  
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