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Crosslinking behaviour of diolmodified epoxies 
1. Kinetics and HPLC 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 (~ADGE) 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  products~ depending on t he  t ype  
o f  a c c e l e r a t o r .  In t he  presence of  magnesium p e r c h l o r a t e  the  
r e a c t i o n  mechanism i s  n e a r l y  independent  of  t he  tempera tu re .  
Us ing  N , N - d i m e t h y l b e n z y l a m i n e  (DM~A) as a c c e l e r a t o r ~  d i f f e r e n t  
r e a c t i o n  mechanisms can be observed w i t h  i n c r e a s i n g  tempera tu re .  
These c o n c l u s i o n s  were drawn by k i n e t i c  i n v e s t i g a t i o n s  of  t he  
sys tem B A D G E / b u t a n e - l - e l / a c c e l e r a t o r  i n v o l v i n g  HPLC-measurements 
o f  r e a c t i o n  p roduc t s .  

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 ispheno l  A (~ADGE) 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  are  used. Acce le -  
r a t o r s  t h a t  cause a s u f f i c i e n t  epox ide  consumption below 200~ 
a r e  a c i d i c  o r  bas ic  compounds. Even under n e u t r a l  c o n d i t i o n s  ( i n  
t h e  p r e s e n c e  of  a l k a l i  h a l i d e s  or  q u a t e r n a r y  ammonium 
compounds) ,  an i n c r e a s i n g  r e a c t i o n  r a t e  can be observed.  In a l l  
c a s e s ,  d i f f e r e n t  r e a c t i o n  mechanisms cause d i f f e r e n t  e f f e c t s  (1-  
3 ) .  

To d e t e r m i n e  t he  r e a c t i o n  course and t he  s e l e c t i v i t y  o f  t he  
r i n g - o p e n i n g  and e t h e r i f i c a t i o n  r e a c t i o n l  Mg(CIO4)2*2H20 was 
used as an a c i d i c  ( Lew i s - t ype )  and N iN -d ime thy lbenzy lam ine  
(DM~A) as a bas i c  a c c e l e r a t o r .  The e f f e c t  of  these  compounds on 
t h e  c o u r s e  o f  t he  r e a c t i o n  between BADSE and a l i p h a t i c  a l c o h o l s  
has n o t  been c o m p l e t e l y  e l u c i d a t e d .  N e v e r t h e l e s s ,  t he  f o l l o w i n g  
f a c t s  a r e  known t o  be t r u e  (3 ) :  

1 . A c c e l e r a t i o n  w i t h  magnesium p e r c h l o r a t e  i n  a t empera tu re  range 
be tween 70 and 110~ leads  t o  t he  f o r m a t i o n  of u n i f o r m  o l i g o -  
h y d r o x y  e t h e r s  (Equs. 1 , 2 ) :  

R-O-CH2-~H-~H 2 + R'-OH. k~ _~/R_O_OH2_CH_CH2_O_ R , (1) 

R_O_CH2_CH_CH2_O_ R, + R_O_CH2_CH_~H 2 k~ ~ (2) 

~H ",d 
R-CH2-?H-CH2-O- R . 

O-CH2-CH-CH2-O-R 

* To whom offprint requests should be sent 
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The r a t i o  o f  t he  r e a c t i o n  r a t e s  R=k l /k  2 (p r imary  hyd roxy l  
g roup  + e p o x i d e  g roup /  secondary hyd roxy l  group + epox ide  
g roup )  i s  d e c i s i v e  f o r  t he  r e a l  consumption of  t he  a l c o h o l ,  
and w i t h  i t ,  f o r  t he  network f o r m a t i o n .  Magnesium p e r c h l o r a t e  
i s  a l a t e n t  a c c e l e r a t o r w  so t h a t  t he  c r o s s l i n k i n g  r e a c t i o n s  
t a k e  a c o n s i d e r a b l y  l onge r  t ime  t o  proceed than a t  a decreased 
r e a c t i o n  t e m p e r a t u r e  (4) .  

2.  DMBA i s  a more e f f e c t i v e  a c c e l e r a t o r  because the  r e a c t i o n  r a t e  
i n c r e a s e s  even a t  lower  t empera tu res  (25-40~ Using HPLC w i t  
was c o n f i r m e d  t h a t  d i f f e r e n t  r e a c t i o n  mechanisms t ake  p lace  a t  
d i f f e r e n t  r e a c t i o n  tempera tu res  (3) .  
At  room t e m p e r a t u r e  (25~ t he  same r e a c t i o n  mechanism was found 
f o r  two  systems;  one a c c e l e r a t e d  w i t h  magnesium p e r c h l o r a t e  and 
t h e  o t h e r  w i t h  DMBA. Using DMBA, a t  100~ f ou r  d i f f e r e n t  
s t a r t i n g  s teps  a l r e a d y  t ake  p l ace  l e a d i n g  t o  t he  f o r m a t i o n  of  
o l i g o h y d r o x y  e t h e r s  (3) .  F i n a l l y ,  a t  160-180~ no network f o r -  
m a r i o n  can be observed,  owing t o  t he  r e d u c t i o n  of  t he  chain 
l e n g t h  o f  t h e  o l i gomers  (5) .  

T h i s  d i f f e r e n t  r e a c t i o n  behav iou r  in  both systems was 
i n v e s t i g a t e  d by a d d i t i o n a l  a n a l y t i c a l  methods. BADSE and bu tane-  
1 - o i  were  used as a model system t o  i n v e s t i g a t e  the  s e l e c t i v i t y  
o f  t h e  a c c e l e r a t o r s .  The r e a c t i o n  p roduc ts  were i n v e s t i g a t e d  by 
means o f  HPLC. 

E M p e r i m e n t a l  
Chemica l s :  D i g l y c i d y l  e t h e r  of b isphenol  A (BADSE), 

b u t a n e - l - o l ,  magnesium p e r c h l o r a t e  and N ,N-d ime thy lbenzy lamine  
(DM~A) a r e  commerc ia l l y  a v a i l a b l e  p roduc ts .  BADSE was 
r e c r y s t a l l i z e d  from acetone-methano l  (m.p.=42~ 2 , 2 - b i s [ 4 -  
( 2 - h y d r o x y - 3 - b u t o x y ) p h e n y l ] p r o p a n e  (~H~P): 0 .3  moles BADSE 
were  m e l t e d  t o g e t h e r  w i t h  7 .5  moles b u t a n e - l - o l  in  a thermo-  
r e g u l a t e d  g l a s s  r e a c t o r  equipped w i t h  a mechanical s t i r r e r .  
A f t e r  t h e  a d d i t i o n  of  0.009 moles DM~A the  m i x t u r e  was s t i r r e d  
a t  60-70~ u n t i l  t he  epox ide  group was c o m p l e t e l y  consumed 
( d e t e r m i n a t i o n  by ~ i t r a t i o n  method).  F i n a l l y ,  excess v o l a t i l e  
compounds were d i s t i l l e d  under reduced pressure  (1.32 kPa). 
The p u r i t y  o f  t h e  v i scous  produc t  was determined by HPLC and 
sma l l  amounts of  o l i gomers  were thus found. 

A n a l y s i s :  Samples of  t he  r e a c t i o n  m i x t u r e  were ana lyzed 
u s i n g  e p o x i d e  t i t r a t i o n  and HPLC. De te rm ina t i on  of  t he  epox ide  
c o n t e n t  was c a r r i e d  out  by a d i r e c t  t i t r a t i o n  method w i t h  t e t r a -  
e thy lammon iumbromide  and p e r c h l o r i c  ac id  a t  room tempera tu re  
( 6 ) .  
A n a l y t i c a l  HPLC-separat ions were ob ta ined  using Knauer HPLC- 
equ ipmen t  ( W i s s e n s c h a f t l i c h e  Bera te  KS, FRS), column: 250*4 mm 
L i C h r o s o r b  RP-18 (5~m). D e t e c t i o n  wavelength was 255 nm. Two 
mixed s o l v e n t s  were used i n  a g r a d i e n t  mode (g lass  d i s t i l l e d  
a c e t o n i t r i l e  and d i s t i l l e d  w a t e r ) .  Other p e r t i n e n t  c o n d i t i o n s  
a r e  l i s t e d  w i t h  the  chromatograms. 

R e s u l t s  and D iscuss ion  
The f o l l o w i n g  r e a c t i o n s  were used t o  de te rmine  t he  s e l e c -  

t i v i t y  o f  magnesium p e r c h l o r a t e  and DMBA dependent on t he  
r e a c t i o n  t e m p e r a t u r e  (Equs. 3 , 4 ) .  
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BADGE + 2 OH 3- (CH 2) 2-CH2-OH-~-4m~I3HI3P 

13ADGE + 13HBP -- - -~- I~o I i gomer s 

(3) 

(4) 

BHI3P= 9 H 3 

CH3-(CH2) 3-O-CH2-'CH-CH2-O~O~-~''~O~o-CH2-C'H-CH2-O-~H ~ ~ H ~  ~H (CH2)3-CH3 

2 , 2 - b i  sE4- (2 -hyd roxy -3 -bu toxy )  phenyl ]propane 

The e x t e n t  of l i n e a r  chain p ropagat ing  r e a c t i o n s  and 
b r a n c h i n g  r e a c t i o n s  in  b i f u n c t i o n a l  systems i s  determined 
a p p r o x i m a t e l y  by the  r a t i o  of  the r a t e  constants  R (R= k l / k 2 ) .  
Some o f  these  va lues f o r  R are known f o r  the r e a c t i o n  of  ~ADSE 
w i t h  b i s p h e n o l  A (7) .  They vary from 17 f o r  LiOH as a c c e l e r a t o r  
t o  1100 f o r  t r i - n - b u t y l  amine. We found t h a t  such high r a t i o s  
cannot  be a c h i e v e d  in  the  presence of a l i p h a t i c  a l c o h o l s  as 
cha in  l e n g t h e n i n g  agents.  

For magnesium p e r c h l o r a t e  the r a t e  constants  k I and k 2 
were measured at  90, 100 and 110~ The e v a l u a t i o n  of the  
epoxy c o n t e n t s  aga ins t  the r e a c t i o n  t ime gave the best f i t  
i n t o  a k i n e t i c  equat ion of p s e u d o - f i r s t  o rder  (Equ. 5 ) .  

- d E E P ] / d t  = k [Ac ] [EP]  = k ' [EP ]  (5) 

[EP] = c o n c e n t r a t i o n  of epoxide group 
[ A c ]  = c o n c e n t r a t i o n  of  a c c e l e r a t o r  

The r a t e  c o n s t a n t s  are summarized in  Tab. 1. 

(oC) 

90 
100 
110 

~ADSE:n-BuOHwMg(CIO4)2*2H20 

1 : 2 : 0.03 

k I (s -1 ) 

0.0000566 
0.0001183 
0.0002416 

BADSE:BH~P:Mg(CIO4)2*2H20 R 

1 : 1 : 0.03 

k 2 (s -1 ) 

0.0000067 8.5 
0.0000133 8.9 
0.0000283 8 .5  

Tab le  1 .Ra te  cons tan ts  k I (Equ.3) ,  k 2 (Equ. 4) and t h e i r  r a t i o  R 
between 90 and 110~ ( a c c e l e r a t o r :  magnesium p e r c h l o r a t e )  

I t  i s  ev iden t  t h a t  the r a t i o  of  l i n e a r  chain growth t o  
b r a n c h i n g  r e a c t i o n  in  the system considered i s  8 . 5 - 8 . 9  a t  tempe- 
r a t u r e s  between 90 and 11000. This r a t i o  does not even d e v i a t e  
s i g n i f i c a n t l y  from 8 . 5 - 8 . 9  at  tempera ture  ranges below 90~ (70- 
90~ o r  above 11000 (110-160~ Consequent ly,  the s e l e c t i v i t y  
o f  t h e  p e r c h l o r a t e - i n d u c e d  r e a c t i o n  cannot be i n f l uenced  by 
chang ing  t h e  r e a c t i o n  tempera ture .  

The r a t e  constants  k I and k 2 were a lso  measured f o r  the 
DM~A-accelerated system. The r e s u l t s  are summarized in  Tab. 2. 
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3ADGE:n-3uOH:DM3A 3ADGE:3H3P:DM3A 
1 : 2 : 0 .03  I : 1 : 0 .03  

~ k 1 

60 0.00015 s-I 
80 0. 01666 mol-l*s-I 

100 O. 01833 mol-l*s -1 

k 2 

0.00002 s -1 7.4 
0.005 m o l - l * s  -1 3.3 
0.00533 m o l - l * s  -1 3.4 

T a b l e  2 . R a t e  cons tan t s  k I (Equ. 1) ,  k 2 (Equ. 4) and t h e i r  r a t i o  
R be tween 60 and I00~ ( a c c e l e r a t o r :  DM3A) 

These r e s u l t s  a re  d i f f e r e n t  from those of  the  f i r s t  system 
m e n t i o n e d .  The f o l l o w i n g  conc lus ions  can be drawn: 
1 .The e v a l u a t i o n  of  t he  epoxy c o n t e n t s  aga ins t  the  r e a c t i o n  t ime 
gave t h e  b e s t  f i t  i n t o  a k i n e t i c  equa t i on  of  pseudo-second o rder  
a t  a t e m p e r a t u r e  range between 80 and 100~ 
2 . A t  a r e a c t i o n  t empera tu re  of  60~ a k i n e t i c  law of  pseudo- 
f i r s t  o r d e r  was found which d e v i a t e s  from known r e s u l t s  (8 -10) .  

C o n s e q u e n t l y ,  a change in  t he  r e a c t i o n  mechanism takes  
p l a c e  i~  d i f f e r e n t  r e a c t i o n  tempera tu res  are  used. E leva ted  
t e m p e r a t u r e s  lead  t o  a lower  s e l e c t i v i t y  in  the  r e a c t i o n  system. 
T h i s  r e a c t i o n  behav iou r  was p r e v i o u s l y  proved f o r  t he  mono- 
f u n c t i o n a l  system phenyl  g l y c i d y l  ether /butane- l -o l /DMBA (3) .  I t  
succeeded i n  c o n f i r m i n g  t he  change of  the  product  s t r u c t u r e  i n  
b i f u n c t i o n a l  systems us ing HPLC (F igs.  l , 2 ) .  

BADGE P1 

P~ 

P3 

P2 

: | | I I i J t i i 

~me (rain) 
F i g .  l . R e a c t i o n  p roduc ts  o f  t he  system BADSE:n-BuOH:DM~A=I:2:0.03 
T=60~ Convers ion  of  epoxide:53%. Products as l i s t e d  in  Tab. 3 
HPLC: CH3CN:H20=30:70 t o  100:0 in  40 min, s o l v e n t  f l o w = l . 8  
m l * m i n - l , ~ s a m p l e  c o n c e n t r a t i o n = 5  wt-%, sample vo lume= lO/~ l .  
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BADGE P1 

~ ~ ~ e  ~ ..... 

I I I I 

i If L 
P3 

i i : i i i i 

~n~ (rain) 
F i g . 2 . R e a c t i o n  products of the system BADGE:n-BuOH:DMBA=I:2:0.03 
T=lOO~ Conversion of epoxide: 51%. Products as l i s t e d  in Tab.3 
HPLC: Cond i t i ons  as l i s t e d  under Fig.  1. 

At 60~ mainly the a d d i t i o n  products from ~ADGE and 
b u t a n e - l - o l  are formed. At 100~ add i t i ona l  compounds can be 
observed in  the chromatogram. These compounds are products of 
t he  o l i g o m e r i z a t i o n  of 3ADGE alone (Figs. 1,2).  The s t ruc tu res  
were assigned by p repara t i ve  synthesis of selected compounds in  
excess r e a c t i o n s  (1-3).  

The s t r u c t u r e  of E1 and E2 were not i d e n t i f i e d ,  but they 
can be de tec ted  as main products in the system BADSE:DMBA=I:0.03 
(T=lO0~ Hence, i t  can be assumed tha t  these products are 
o l i g o h y d r o x y  ethers w i th  te rmina l  double bonds (5). 

These d i f f e rences  in the reac t ion  mechanism of ac i d i c  and 
bas i c  acce le ra ted  systems can be proved even fo r  the 
b i f u n c t i o n a l  system 3ADGE/butane-1,4-d io l /accelerator ,  although 
c r o s s l i n k i n g  takes place at lower epoxide conversions (3). 

compound pr imary  secondary epoxide r a t i o  M-'(calc.) 

OH OH 3ADSE BuOH g*mo1-1 

P1 
P2 
P3 
P4* 
P5* 
P6 

1 

2 
1 
1 

1 1 
1 2 
2 1 
2 2 
2 2 
2 3 

414 
488 
754 
828 
828 
902 

Table 3. Products according t o  Figs. l , 2 .  * P4 and P5 are isomers. 
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Conclusions 
In the react ion of d i g l y c i d y l  ether of bisphenol A (DBE~A) 

w i th  b u t a n e - l - o l ,  Mg(CIO4)2*2H20 proved to  be a more se lec t i ve  
a c c e l e r a t o r  in comparison with N,N-dimethylbenzylamine (DMBA). 
In the  f i r s t  case, mainly one s ing le  type of s ta r t i ng  react ion 
proceeds independently of the react ion temperature. Using DMBA 
as acce le ra to r~  the number of s ta r t i ng  steps increases as the 
r e a c t i o n  temperature r ises.  Furthermore, the r a t i o  of the reac- 
t i v i t y  of  primary and secondary hydroxyl groups in the amine- 
acce le ra ted  system changes and leads to superimposed react ion 
orders .  
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