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R e c ei v e d  8t h  A u g u st 2 0 2 2,
A c c e pt e d 1 9t h  A u g u st 2 0 2 2

D OI: 1 0. 1 0 3 9/ d 2 p y 0 1 0 3 1 c

r s c.li/ p ol y m er s

V O C -fr e e tri c o m p o n e nt r e a cti o n  pl atf or m f or
e p o x y  n et w or k f or m ati o n  m e di at e d  b y a r e c y cl a bl e
i o ni c li q ui d†

M ar w a  R e b ei, a A n drii  M a h u n, a Z u z a n a  W alt er o v á, a Ol g a  Tr hlí k o v á, a

Ri c ar d o  K.  D o n at o * a, b a n d  H y n e k  B e n e š * a

H er ei n  w e pr o p o s e a si m pl e, v ol atil e  or g a ni c s ol v e nt ( V O C) -fr e e tri c o m p o n e nt r e a cti o n pl atf or m f or t h e

st oi c hi o m etri c st e p - gr o wt h p ol y m eri z ati o n b et w e e n di e p o x y r e si n s a n d di c ar b o x yli c a ci d i n a n i mi d a z o -

li u m I L  m e di u m. T h e e st a bli s h e d e p o x y r e si n di gl y ci d yl et h er  of bi s p h e n ol  A ( D G E B A), a s  w ell a s t h e bi o -

b a s e d di gl y ci d yl et h er  of  m et h yl h y dr o q ui n o n e ( D G E M H Q),  w er e u s e d a s e p o x y s o ur c e s,  w hil e bi o -

s o ur c e d s u c ci ni c a ci d  w a s u s e d a s t h e bi n di n g b uil di n g bl o c k i n t hi s r e a cti o n pl atf or m p erf or m e d u n d er

mil d c o n diti o n s ( T = 8 0 – 1 2 0 ° C).  M or e o v er, n o c o - s ol v e nt s, c o - c at al y st s  or c o n v e nti o n al p ol y m eri z ati o n

i niti at or s  w er e u s e d i n  o ur pl atf or m a s t h e I L a ct e d a s b ot h s ol v e nt a n d i niti at or/ c at al y st, a n d a s n o dir e ct

r e si d u e  w a s pr o d u c e d, t hi s c o n c e pt f ull y c o m pli e s  wit h  m o st  of t h e 1 2 pri n ci pl e s  of gr e e n c h e mi str y. I n

a d diti o n, p o st -r e a cti o n I L -r e c y cl a bilit y  w a s st u di e d t o f urt h er pr o v e t h e s u st ai n a bilit y a n d c o st - e ff e cti vit y

of t hi s pl atf or m. T h e ri n g - o p e ni n g  of  D G E B A a n d  D G E M H Q  w a s f oll o w e d b y F TI R a n al y si s a n d c o n fi r m e d

wit h  N M R, s h o wi n g a f ull c o n s u m pti o n  of t h e  o xir a n e ri n g  wit hi n 3 t o 5 h  of r e a cti o n.  Al s o,  M A L DI - T O F

m a s s s p e ctr o m etr y  w a s u s e d f or t h e d et e cti o n  of t h e i nt er m e di at e s f or m e d i n di ff er e nt r e a cti o n st e p s t o

d e fi n e t h e i niti ati o n  m e c h a ni s m. Fi n all y, cr o s sli n ki n g a n d n et w or k str u ct ur e  of t h e  o pti mi z e d s oli d e p o x y

m at eri al s  w er e c h ar a ct eri z e d u si n g d y n a mi c - m e c h a ni c al a n d t h er m o gr a vi m etri c a n al y si s.

I ntr o d u cti o n

E p o x y t h er m o s et s fi n d a p pli c ati o n s i n  m a n y i n d u stri al fi el d s

s u c h a s c o ati n g s, el e ctr o ni c s, a n d c o m p o sit e s d u e t o t h eir

e x c ell e nt t h er m o- m e c h a ni c al pr o p erti e s, r e d u c e d fl a m m a bilit y,

a n d g o o d r e si st a n c e t o c h e mi c al a n d e n vir o n m e nt al

d e gr a d ati o n. 1 – 6 Ri n g o p e ni n g of e p o xi d e s pr o c e e d s vi a t w o

di ff er e nt t y p e s of  m e c h a ni s m: a n el e ctr o p hili c att a c k o n t h e

o xir a n e ri n g o x y g e n at o m or a  n u cl e o p hili c att a c k o n it s

c ar b o n at o m. 7 H o w e v er, t h e  m ol e c ul e s u s e d f or t hi s t a s k ar e

u s u all y li mit e d t o a  h a n df ul a n d pr e d o mi n at e d b y  nitr o g e n

c o m p o u n d s s u c h a s p ol y a mi n e s, p ol y a mi d e s, a n d

p ol y c ar b a mi d e s. 8, 9 C o n s e q u e ntl y, e v e n t h e e ff ort s t o o bt ai n

bi o- b a s e d alt er n ati v e s t o cr o s sli n k er s ar e  hi g hl y f o c u s e d o n

t hi s cl a s s of c o m p o u n d s.1 0

A  m or e s u st ai n a bl e alt er n ati v e t o t hi s i s s u e i s t h e u s e of

cr o s sli n k er s b a s e d o n f u n cti o n al gr o u p s s u c h a s c ar b o x yl at e s

a n d al c o h ol s, a s t h e y ar e a m o n g st t h e  m o st a b u n d a nt gr o u p s

i n  n at ur e.1 1 – 1 3 T hi s v a stl y i n cr e a s e s t h e a c c e s s t o alt er n ati v e

bi o- b a s e d  m o n o m er s a s p ol y m er b uil di n g bl o c k s.  H o w e v er,

d u e t o t h eir l o w r e a cti vit y/ s el e cti vit y, t h e y  m o stl y r el y o n  hi g h

t e m p er at ur e a n d  m oi st ur e- s e n siti v e pr o c e s s e s s u c h a s p ol y c o n-

d e n s ati o n. 1 4 N e v ert h el e s s, a ci di c c o m p o u n d s  h a v e b e e n r e c o g-

ni z e d a s c uri n g a g e nt s/ cr o s sli n k er s f or  m a n y c o m m er ci al

r e si n s, s u c h a s  Bi s p h e n ol  A di gl y ci d yl et h er ( D G E B A), a n d

ot h er  n at ur al- b a s e d e p o xi e s r e si n s, 1 5 – 1 7 b ut t h e y still r el y o n

t h e a p pli c ati o n of c at al y st s s u c h a s or g a n o m et alli c c o m-

p o u n d s, 1 6 tri et h yl b e n z yl a m m o ni u m c hl ori d e4 a n d ot h er

a mi n e- b a s e d c o m p o u n d s, 1 3, 1 8, 1 9 e s p e ci all y i mi d a z ol e- b a s e d

c o m p o u n d s. 2 0, 2 1 H o w e v er, b e si d e s t h e  m a n y t e c h ni c al i s s u e s

of a p pl yi n g c at al y st s o n a n i n d u stri al s c al e,  m o st of t h e s e p et-

r ol e u m- b a s e d c at al y st s/ h ar d e n er s ar e e ff e cti v e o nl y at  hi g h

t e m p er at ur e s a n d  h a v e  m a n y s eri o u s e n vir o n m e nt al i s s u e s

a s s o ci at e d  wit h t h eir di s p o s al. 3, 1 5

I n t hi s c o nt e xt, i o ni c li q ui d s (I L s) ar e eff e cti v e  m ultif u n c-

ti o n al a d diti v e s f or e p o x y  m at eri al s, bri n gi n g t o g et h er t h eir

e x c ell e nt p h y si c o c h e mi c al pr o p erti e s, s u c h a s l o w fl a m m a bil-

it y,  n e gli gi bl e v a p o ur pr e s s ur e, l o w  m elti n g t e m p er at ur e, a n d

l o w vi s c o sit y, a n d t h eir t u n e a bl e pr o p ert y u p o n c h a n gi n g t h e

a ni o n/ c ati o n c o m bi n ati o n s. 2 2, 2 3 M or e o v er, s o m e I L s ar e “ gr e e n

s ol v e nt s ” , u s e d a s a  m e di u m f or p ol y m eri z ati o n r e a cti o n s, a s
† El e ctr o ni c s u p pl e m e nt a r y i nf or m ati o n ( E SI) a v ail a bl e. S e e  D OI: htt p s:// d oi. or g/

1 0. 1 0 3 9/ d 2 p y 0 1 0 3 1 c

a I n stit ut e of  M acr o m ol e c ul ar  C h e mi str y,  C z e c h A c a d e m y of S ci e n c e s,  H e yr o v s k é h o

n á m. 2, Pr a g u e 6, 1 6 2 0 6,  C z e c h  R e p u bli c. E- m ail: b e n e s h @i m c. c a s. c z
b N ati o n al  U ni v er sit y of Si n g a p or e,  C e nt er f or A d v a n c e d 2 D  M at eri al s, Si n g a p or e

1 1 7 5 4 6, Si n g a p or e. E- m ail: d o n at o @ n u s. e d u. s g
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p ol y m er pl a sti ci z er s, or a s st a bili zi n g a g e nt s e n s uri n g t h e  mi s-

ci bilit y a n d  h o m o g e n eit y b et w e e n t h e e p o x y r e si n a n d t h e

cr o s sli n k er. 2 4 F or t h e o xir a n e ri n g o p e ni n g, i mi d a z oli u m 2 4 – 2 6

a n d p h o s p h o ni u m- b a s e d 2 7, 2 8 I L s  w er e f o u n d t o b e t h e  m o st

pr o mi si n g.  T h e y ar e u s e d i n e p o x y  h o m o p ol y m eri s ati o n

wit h o ut a n e xt er n al c uri n g a g e nt, 2 9 w or ki n g a s l at e nt  h ar d-

e n er s 2 4 a n d cr o s sli n ki n g t h e e p o x y  n et w or k e v e n i n c o m pl e x

s y st e m s s u c h a s t er n ar y  mi xt ur e s  wit h t h er m o pl a sti c

p ol y m er s. 3 0

M or e o v er,  w e  h a v e r e c e ntl y d e m o n str at e d t h at c ar b o x yli c

a ci d-f u n cti o n ali z e d i mi d a z oli u m I L s  h a v e a s elf- c at al yti c

b e h a vi o ur, all o wi n g f a st a n d s el e cti v e r e a cti o n  wit h e p o x y

gr o u p s u n d er  mil d c o n diti o n s. 3 1

M or e i m p ort a ntl y, i n t h e s a m e st u d y,  w e  h a v e al s o  n oti c e d

t h at t hi s c at al yti c al b e h a vi o ur i s pr e s e nt b ot h  w h e n t h e c ar-

b o x yli c gr o u p i s  wit hi n t h e I L str u ct ur e (r ef err e d t o a s i ntr a-

m ol e c ul ar  m e c h a ni s m) or  wit h a n e x o g e n o u s c ar b o x yli c s o ur c e

(r ef err e d t o a s i nt er m ol e c ul ar  m e c h a ni s m).3 1 C o n si d eri n g t h at

i n t hi s  w or k  w e e x pl oit i n d et ail t h e l att er i nt er m ol e c ul ar

m e c h a ni s m f or a tri c o m p o n e nt e p o x y r e si n/ di c ar b o x yli c a ci d/

I L s y st e m.  D u e t o t h e a b u n d a n c e of bi o- s o ur c e d c ar b o x yli c

a ci d s a n d e p o x y r e si n s a n d t h e v a st  n u m b er of c o m bi n ati o n s

of c o m p o n e nt s all o w e d b y t hi s pl atf or m,  w e b eli e v e it pr e s e nt s

a u ni q u e a p pr o a c h t o pr o d u ci n g e p o x y  m at eri al s  wit h a d a pt-

a bl e pr o p erti e s dri v e n b y s p e cifi c a p pli c ati o n r e q uir e m e nt s.

T hi s r e a cti o n pl atf or m u s e s i mi d a z oli u m I L ( 1- b ut yl- 3- m et h yl-

i mi d a z oli u m c hl ori d e) a s a n all-i n- o n e ( s ol v e nt, i niti at or/ c at a-

l y st a n d c o m p ati bili z er) r e a cti o n  m e di a f or t h e st e p- gr o wt h of

c o p ol y m er s b a s e d o n e p o x y a n d c ar b o x yli c a ci d b uil di n g

bl o c k s.  A s a pr o of- of- c o n c e pt,  w e i n v e sti g at e t h e c uri n g r e a c-

ti o n of b ot h p etr ol e u m- b a s e d a n d v a nilli n- b a s e d e p o x y r e si n s

wit h a  n at ur al- b a s e d di c ar b o x yli c a ci d ( s u c ci ni c a ci d) i n t h e

pr e s e n c e of i mi d a z oli u m- b a s e d I L s.  M or e o v er, t hi s pl atf or m

all o w s I L ’s r e c y cli n g, f urt h er i m pr o vi n g it s s u st ai n a bilit y a n d

c o st- e ff e cti v e n e s s.

E x p eri m e nt al
M at eri al s a n d  m et h o d s

Bi s p h e n ol  A di gl y ci d yl et h er i s  n ot e d a s  D G E B A ( D. E. R 3 3 2,

D o w  C h e mi c al  C o m p a n y, 3 5 7 g  m ol − 1 )  wit h a n e p o x y e q ui-

v al e nt  w ei g ht of 1 7 9 g  m ol − 1 . S u c ci ni c a ci d ( 1 1 8. 0 9 g  m ol− 1 )

a n d a cti v at e d c h ar c o al  w er e p ur c h a s e d fr o m Si g m a  Al dri c h

a n d u s e d a s r e c ei v e d.  T h e I L 1- b ut yl- 3- m et h yli mi d a z oli u m

c hl ori d e ( 9 9 %, I olit e c h, 1 7 4. 6 7 g  m ol − 1 ) i s p urifi e d  u si n g t h e

a cti v e c h ar c o al  m et h o d d e s cri b e d i n t h e lit er at ur e 3 2 a n d i s

m e a s ur e d b y 1 H  N M R t o c h e c k it s p urit y ( s e e  E SI, Fi g. S 1 † ).

1- B ut yl- 3- m et h yli mi d a z oli u m bi s(trifl u or o m et h yl s ulf o n yl)

i mi d e ( 4 1 9. 3 6 g  m ol− 1 ) a n d 1- b ut yl- 3- m et h yli mi d a z oli u m

m et h a n e s ulf o n at e ( 2 3 4. 3 2 g  m ol − 1 )  w er e p ur c h a s e d fr o m

Si g m a  Al dri c h a n d u s e d  wit h o ut f urt h er tr e at m e nt. F or t h e s y n-

t h e si s of t h e bi o- b a s e d e p o x y, 2- m et h o x y h y dr o q ui n o n e ( 9 7 %,

Alf a a e s ar, 1 4 0. 1 4 g  m ol − 1 ), tri et h yl b e n z yl a m m o ni u m

c hl ori d e ( T E B A C, 9 9 %,  Al dri c h, 2 2 7. 7 7 g  m ol − 1 ), a n d

e pi c hl or o h y dri n ( Al dri c h, 9 2. 5 2 g  m ol − 1 )  w er e  u s e d a s r e c ei v e d.

F o uri er tr a n s mi s si o n i nfr ar e d s p e ctr o s c o p y ( F TI R)  m e a s ur e-

m e nt s of t h e o bt ai n e d s a m pl e s  w er e p erf or m e d u si n g a

S p e ctr u m 1 0 0 s p e ctr o m et er ( P er ki n El m er) e q ui p p e d  wit h a

m er c ur y – c a d mi u m – t ell uri d e ( M C T) d et e ct or a n d u ni v er s al  A T R

( att e n u at e d t ot al r efl e ct a n c e) a c c e s s or y  wit h a di a m o n d pri s m.

T h e s p e ctr a  w er e a v er a g e d o v er 3 2 s c a n s  wit h a s el e ct e d r e s ol u-

ti o n of 4 c m− 1 .  T h e  di s a p p e ar a n c e of t h e p e a k at 9 1 5 c m− 1 i s

f oll o w e d  d uri n g t h e r e a cti o n a s it i s attri b ut e d t o t h e  C– O

str et c hi n g of t h e o xir a n e gr o u p. 3 1 T h e q u a ntifi c ati o n of t h e

pr o gr e s s of t h e p ol y m eri z ati o n r e a cti o n i s c al c ul at e d u si n g

t h e ar e a of t h e e p o x y b a n d at 9 1 5 c m− 1 r el at e d t o t h e ar e a of

t h e r ef er e n c e b a n d at 1 5 0 7 c m− 1 , attri b ut e d t o t h e ar o m ati c

ri n g 3 4.  T h e c o n v er si o n of t h e e p o x y gr o u p i s c al c ul at e d

a c c or di n g t o t h e f oll o wi n g e q u ati o n 3 5, 3 6

α ð% Þ ¼ ½ð A 0 A tÞ= A 0 1 0 0 ð1 Þ

w h er e A 0 i s t h e ar e a r ati o (A 9 1 5/ A 1 5 0 7) at c uri n g ti m e t = 0 h

a n d A t i s t h e ar e a r ati o (A 9 1 5/ A 1 5 0 7) at t h e c uri n g ti m e t.

M atri x- a s si st e d l a s er d e s or pti o n i o ni z ati o n-ti m e of fli g ht

( M A L DI- T O F)  m a s s s p e ctr a  w er e o bt ai n e d  wit h a n

Ultr afl e Xtr e m e ( Br u k er  D alt o ni c s,  Br e m e n,  G er m a n y) i n t h e

p o siti v e i o n r efl e ctr o n  m o d e.  T h e s p e ctr a  w er e t h e s u m of

2 5 0 0 0 s h ot s  wit h a  D P S S,  N d: Y A G l a s er ( 3 5 5  n m, 2 0 0 0  H z).

D el a y e d e xtr a cti o n a n d e xt er n al c ali br ati o n  w er e u s e d.  T h e

s a m pl e s  w er e pr e p ar e d b y t h e dri e d dr o pl et  m et h o d: s ol uti o n s

of t h e s a m pl e ( 1 0  m g  m L − 1 ) a n d  D H B ( 2, 5- di h y dr o x y b e n z oi c

a ci d; Si g m a – Al dri c h, 9 8 %, 2 0  m g  m L − 1 ) a s a  m atri x i n  D M S O

( m et h yl s ulf o xi d e, Si g m a– Al dri c h, s p e ctr o p h ot o m etri c gr a d e,

9 9. 9 %)  w er e  mi x e d i n t h e v ol u m e r ati o 4 : 2 0. 1 μ L of t h e

mi xt ur e  w a s d e p o sit e d o n t h e gr o u n d- st e el t ar g et pl at e.  T h e

dr o p  w a s dri e d i n a n a m bi e nt at m o s p h er e.

N u cl e ar  M a g n eti c  R e s o n a n c e ( N M R) 1 H a n d 1 3 C  N M R

s p e ctr a  w er e r e c or d e d u si n g  Br u k er  Av a n c e III 6 0 0 s p e ctr o-

m et er o p er ati n g at 6 0 0. 2  M H z f or 1 H a n d 1 5 0. 9  M H z f or 1 3 C.

All s a m pl e s  w er e di s s ol v e d i n  D M S O- d 6 at 2 9 5  K. 1 H  N M R

s p e ctr a  w er e a c q uir e d b y a p pl yi n g a 9 0 ° p ul s e ( wi dt h = 1 8 μ s)

wit h a 1 0 s r e c y cl e d el a y a n d 3 2 s c a n s. F or r e c or di n g 1 3 C  N M R

s p e ctr a, 1 4 μ s 9 0 ° p ul s e  w a s u s e d  wit h 1 0 s r e c y cl e d el a y a n d

7 1 6 8 s c a n s.  Hi g h- p o w er pr ot o n d e c o u pli n g (i n v er s e- g at e d

m o d e)  w a s u s e d f or r e m o vi n g 1 H – 1 3 C i nt er a cti o n s.  T h e c h e mi-

c al s hift s ar e r el ati v e t o  T M S u si n g  h e x a m et h yl di sil o x a n e

( H M D S O, 0. 0 5 p p m fr o m  T M S i n 1 H s p e ctr a, a n d 2. 0 p p m

fr o m  T M S i n 1 3 C s p e ctr a) a s a n i nt er n al st a n d ar d.

D y n a mi c- m e c h a ni c al a n d t h er m al a n al y si s ( D M T A) of t h e

c ur e d e p o x y s a m pl e s  w a s  m e a s ur e d o n a n  A R E S  G 2 r h e o m et er

( T A I n str u m e nt s).  T h e t e m p er at ur e d e p e n d e n c e of c o m pl e x

s h e ar  m o d ul u s ( G *)  w a s d et er mi n e d o n r e ct a n g ul ar s a m pl e s

( 2 0 × 1 0 × 2  m m) u si n g o s cill at or y s h e ar d ef or m ati o n ( 0. 1 %

str ai n) at 1  H z fr e q u e n c y fr o m 0 ° C t o 2 0 0 ° C at a t e m p er at ur e

r a m p r at e of 3 ° C  mi n − 1 .  T h e  m ai n tr a n siti o n t e m p er at ur e (T α )

w a s  d et er mi n e d a s t h e t a n δ p e a k  m a xi m u m.

T h er m o gr a vi m etri c a n al y si s ( T G A)  w a s c arri e d o ut  wit h a

t h er m o gr a vi m etri c a n al y z er P yri s 1  T G A ( P er ki n El m er).  A

s a m pl e of c a. 5  m g  w a s  h e at e d fr o m 3 0 ° C t o 6 0 0 ° C at

a  h e ati n g r at e of 1 0 ° C  mi n − 1 i n  nitr o g e n fl o w ( 2 5 c m3 mi n − 1 ).

P ol y m e r  C h e mi st r y P a p e r

T hi s j o ur n al i s  ©  T h e  R o y al  S o ci et y  of  C h e mi str y 2 0 2 2 P ol y m.  C h e m. , 2 0 2 2, 1 3, 5 3 8 0– 5 3 8 8 | 5 3 81
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S y nt h e si s of bi o- b a s e d e p o x y r e si n ( D G E M H Q)

T h e 2, 2 ′-[( 2- m et h o x y- 1, 4- p h e n yl e n e) bi s( o x y m et h yl e n e)] bi s

( o xir a n e) ( D G E M H Q)  w a s s y nt h e si z e d f oll o wi n g t h e  m et h o d

m e nti o n e d i n t h e lit er at ur e  wit h f e w a d a pt ati o n s. 3 3 T h e e p o x y

e q ui v al e nt  w ei g ht of  D G E M H Q i s d et er mi n e d t o b e 1 5 3. 5 1 g

m ol − 1 ,  wit h a yi el d of r e a cti o n of 8 4. 2 4 %.  T h e d et ail s of t h e

s y nt h e si s of  D G E M H Q, a s  w ell a s it s F TI R, 1 H a n d 1 3 C  N M R

s p e ctr a t h at c o nfir m e d t h e f or m ati o n of f u n cti o n al gr o u p s i n

t h e fi n al pr o d u ct, ar e d e s cri b e d i n  E SI ( Fi g. S 2– S 4 † ).  T h e bi o-

b a s e d e p o x y  m o n o m er  w a s al s o a n al y s e d b y  G C/ M S a n d str u c-

t ur e s pr e s e nt i n t h e  m o n o m er ar e s h o w n i n  E SI ( Fi g. S 5† ).

C uri n g of e p o x y r e si n s

T h e c h e mi c al str u ct ur e s of e p o x y r e si n s ( D G E B A a n d

D G E M H Q), I L s a n d di c ar b o x yli c a ci d u s e d i n t hi s  w or k ar e

s u m m ari z e d i n Fi g. 1 a. Fir st, s u c ci ni c a ci d ( S A) a n d I L  w er e

mi x e d f or 3 0  mi n at 8 0 ° C u n d er a n  N 2 at m o s p h er e.  Aft er S A

s ol u bili z ati o n, e p o x y r e si n ( D G E B A or  D G E M H Q)  w a s a d d e d t o

t h e  mi xt ur e (t h e r e a cti o n b e gi n ni n g). I m m e di at el y aft er a d di n g

t h e e p o x y r e si n, a bi p h a si c  mi xt ur e  w a s f or m e d.  T h e  mi xi n g/

r e a cti o n st e p s of t h e tri c o m p o n e nt s y st e m  D G E B A/ S A/ B MI m Cl

ar e s h o w n i n Fi g. 1 b.  T h e  m ol ar r ati o s of e p o x y r e si n/ S A/I L =

1/ 1/ 1. 6  w a s c o n si d er e d i d e al f or t h e r e a cti o n a s t h e y  w er e

b a s e d o n t h e s ol u bilit y li mit s of b ot h t h e e p o x y r e si n a n d

di c ar b o x yli c a ci d t o w ar d s  B MI m Cl, a n d t h e a v oi d a n c e of g el

f or m ati o n at t h e r e a cti o n t e m p er at ur e.

I o ni c li q ui d r e c y cli n g

T h e I L-r e c y cli n g fr o m t h e  mi xt ur e  D G E B A/ S A/ B MI m Cl, aft er

t h e st e p- gr o wt h r e a cti o n,  w a s p erf or m e d t o b ett er u n d er st a n d

t h e s y st e m’s s u st ai n a bilit y a n d c o st- e ff e cti v e n e s s.  A l ar g e- s c al e

D G E B A/ S A/ B MI m Cl r e a cti o n i s p erf or m e d,  w h er e 1 2 g of

B MI m Cl i s  mi x e d  wit h 5 g of S A a n d 1 4. 3 1 g of  D G E B A f or 2 4  h

u n d er a n  N 2 at m o s p h er e, pr o d u ci n g 3 1. 0 5 g of pr o d u ct

( Fi g. 1 b).  Aft er 2 4  h, t h e r e a cti o n  mi xt ur e  w a s dil ut e d  wit h di s-

till e d  w at er u n d er ultr a s o u n d t o b ett er s ol u bili z e t h e I L.  T h e n,

t h e  mi xt ur e  w a s s u bj e ct e d t o filtr ati o n a n d t h e s ol uti o n c o n-

t ai ni n g  w at er a n d  B MI m Cl i s dri e d i n a r ot ar y e v a p or at or

u n d er a v a c u u m.  A tr a n s p ar e nt y ell o wi s h vi s c o u s li q ui d  w a s

o bt ai n e d a n d c h ar a ct eri z e d b y F TI R a n d 1 H  N M R t o c o nfir m

t h e p urit y of t h e r e c y cl e d  B MI m Cl.

R e s ult s a n d  di s c u s si o n

Pr e vi o u sl y,  w e  h a v e d e s cri b e d i n d et ail t h e s elf- c at al yti c r e a c-

ti o n  m e c h a ni s m f or  Br ø n st e d- a ci di c I L s a n d  m o n of u n cti o n al

e p o xi d e gr o u p s u n d er s ol v e nt-fr e e a n d  mil d c o n diti o n s. 3 1

B e si d e s o b s er vi n g a r o b u st r e a cti o n of t h e s e I L s  wit h e p o xi d e s

vi a i ntr a m ol e c ul ar c at al y si s, si n c e t h e I L  w a s b e ari n g b ot h a

r e a cti n g gr o u p ( c ar b o x yl at e) a n d t h e c at al y st/i niti at or ( c ati o n

a n d a ni o n), t hi s r e a cti o n al s o o c c urr e d vi a a n i nt er m ol e c ul ar

a p pr o a c h (r e a ct a nt a n d c at al y st/i niti at or i n di ff er e nt  m ol e-

c ul e s). 3 1 T h u s,  h er e  w e e x pl oit t hi s i nt er m ol e c ul ar  m e c h a ni s m

u si n g dif u n cti o n al e p o xi d e a n d di c ar b o x yli c a ci d, all o wi n g f or

p ol y m eri z ati o n a n d/ or cr o s sli n ki n g r e a cti o n s a n d f oll o wi n g

b ot h t h e e v ol uti o n of t h e e p o xi d e ri n g- o p e ni n g a n d t h e st e p-

gr o wt h  m e c h a ni s m b et w e e n e p o xi d e s a n d c ar b o x yli c a ci d s.

E p o xi d e ri n g- o p e ni n g  m e c h a ni s m i n v e sti g ati o n

I niti all y, bi c o m p o n e nt s y st e m s,  D G E B A/ S A (I L-fr e e, Fi g. 2,

r o ut e 1) a n d  D G E B A/ B MI m Cl ( di c ar b o x yli c a ci d-fr e e, Fi g. 2,

r o ut e 2) ar e p erf or m e d t o st u d y i n di vi d u al r ol e s of di c ar b o x yli c

a ci d a n d I L s d uri n g t h e e p o x y p ol y m eri z ati o n.  T h e F TI R

s p e ctr a of t h e  D G E B A/ S A  mi xt ur e s h o w t h e pr e s e n c e of t h e

e p o x y b a n d ( at 9 1 5 c m − 1 )3 4, 3 7 e v e n aft er 2 4  h of  h e ati n g at

8 0 ° C ( Fi g. 2, r o ut e 1)  w hi c h pr o v e s t h at S A al o n e i s  n ot a bl e t o

r e a ct  wit h  D G E B A u n d er s u c h  mil d c o n diti o n s  wit h o ut a c at a-

l y st.  T hi s c o m pli e s  wit h t h e lit er at ur e t h at s h o w s t h at t h e

e p o x y/ a ci d r e a cti o n i s  m ai nl y i niti at e d b y a mi n e s, i mi d a z ol e,

p yri di n e d eri v ati v e s, or or g a ni c c at al y st s at t e m p er at ur e s a b o v e

8 0 ° C. 3 8 – 4 0

I n c o ntr a st, t h e  D G E B A/ B MI m Cl s y st e m ( wit h o ut S A, Fi g. 2,

r o ut e 2) s h o w s a c ol o ur c h a n g e fr o m tr a n s p ar e nt y ell o w t o

d ar k r e d d uri n g  h e ati n g at 8 0 ° C,  w hi c h i n di c at e s t h e i n cr e a s e

i n ar o m ati cit y a n d a v er a g e  m ol e c ul ar  w ei g ht.4 1 Sli g ht c o n-

s u m pti o n of e p o x y gr o u p s i s c o nfir m e d vi a F TI R ( Fi g. 2, r o ut e

2) f or s y st e m  D G E B A/ B MI m Cl.  Al s o, t h e f or m ati o n of c ar b o n yl

gr o u p s  C v O i s c o nfir m e d ( b a n d at 1 7 3 8 c m − 1 , Fi g. S 6† ) a n d i s

r el at e d t o t h e e p o x y ri n g- o p e ni n g a n d f or m ati o n of et h er

gr o u p s i niti at e d b y  B MI m Cl. 2 4, 2 6, 4 2 T h e c ar b o n yl gr o u p f or-

m ati o n d uri n g t h e e p o x y/i mi d a z oli u m I L r e a cti o n  h a s b e e n

pr e vi o u sl y d e m o n str at e d a s t h e r e s ult of t h e i mi d a z oli u m ri n g s

Fi g. 1 ( a)  C h e mi c al str u ct ur e s  of e p o x y r e si n s, I L s, a n d  di c ar b o x yli c a ci d

u s e d i n t hi s  w or k. ( b) E x p eri m e nt al st e p s  of t h e tri c o m p o n e nt  D G E B A /

S A / B MI m Cl s y st e m. T h e s e st e p s  pr o v e t h e  h o m o g e n eit y  of t h e s y st e m

d u e t o t h e a d diti o n  of  B MI m Cl,  w hi c h a ct s  h er e a s t h e s ol v e nt. It i s

i m p ort a nt t o  m e nti o n t h at t h e tr a n s p ar e nt  h o m o g e n e o u s  mi xt ur e i s

alr e a d y f or m e d aft er c a. 1 0  mi n  of  mi xi n g  of all c o m p o n e nt s at  8 0 ° C

(  p h ot o  n ot s h o w n  h er e). T h e fi n al  pr o d u ct (t h e  mi xt ur e aft er 2 4  h,  p h ot o

4) l o o k s vi s u all y si mil ar t o t h e  mi xt ur e aft er c a. 1 0  mi n  b ut  h a s a  m u c h

hi g h er vi s c o sit y a n d a g el -li k e str u ct ur e.

P a p e r P ol y m e r  C h e mi st r y
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H o ff m a n n eli mi n ati o n fr o m t h e  n e wl y f or m e d p ol y m er

c h ai n. 2 6, 4 2 U n d er t h e  mil d c o n diti o n s i n v e sti g at e d, t h e r at e of

h o m o p ol y m eri z ati o n i s v er y sl o w, s h o wi n g a n e p o x y ri n g c o n-

s u m pti o n b el o w 5 0 % aft er 2 4  h ( Fi g. 2, r o ut e 2).

O n t h e ot h er  h a n d, t h e tri c o m p o n e nt s y st e m ( D G E B A/ S A/

B MI m Cl) s h o w s a  h o m o g e n e o u s tr a n s p ar e nt  mi xt ur e a n d a

f a st e p o x y ri n g- o p e ni n g, pr o v e n b y t h e c o m pl et e di s a p p e ar a n c e

of t h e e p o x y b a n d at 9 1 5 c m − 1 wit hi n 5  h of r e a cti o n ( Fi g. 2,

r o ut e 3,  D G E B A/ S A/ B MI m Cl) a n d b y t h e a p p e ar a n c e of e st er

str et c hi n g vi br ati o n al b a n d at 1 7 3 0 c m − 1 ( Fi g. S 7† ).  T h u s,

h er ei n  B MI m Cl  h a s a tri pl e r ol e a s (i) i niti at or of t h e di c ar-

b o x yli c a ci d/ e p o x y ri n g r e a cti o n, (ii) s ol v e nt f or S A a n d (iii)

c o m p ati bilit y a g e nt of  D G E B A/ S A.  M or e o v er, t h e 1 H  N M R

s p e ctr a c o nfir m t h e F TI R r e s ult s s h o wi n g a gr a d u al di s-

a p p e ar a n c e of t h e e p o x y ri n g si g n al s ( si g n al 1 at 2. 6 8 p p m,

2. 8 2 p p m a n d si g n al 2 at 3. 2 9 p p m) i n t h e  D G E B A/ S A/ B MI m Cl

s y st e m at 8 0 ° C r e a c hi n g t h e c o m pl et e e p o x y ri n g c o n v er si o n

i nt o e st er s i n c a. 5  h ( Fi g. 4 c).  T hi s tri c o m p o n e nt r e a cti o n

pl atf or m  w a s al s o t e st e d  wit h a di pi c a ci d s h o wi n g t h e f a st

e p o x y ri n g- o p e ni n g a n d e st er gr o u p f or m ati o n ( Fi g. S 8 † ).

T h e si mil ar r e a cti o n pr o gr e s s of t h e tri c o m p o n e nt s y st e m s

wit h S A a n d a di pi c a ci d d e m o n str at e s t h e u ni v er s alit y of t hi s

a p pr o a c h.

Si n c e  w e pr e vi o u sl y o b s er v e d t h at t h e I L- a ni o n s pl a y a

m aj or r ol e i n t h e e p o x y ri n g- o p e ni n g  m e c h a ni s m, 3 1 t hr e e tri-

c o m p o n e nt s y st e m s  D G E B A/ S A/I L  wit h di ff er e nt I L s b a s e d o n

t h eir a ni o n b a si cit y a n d c o or di n ati o n str e n gt h, ( B MI m N Tf 2 ,

B MI m M e S a n d  B MI m Cl) ar e c o m p ar e d ( Fi g. 2, r o ut e 3).

T h e u s e of  B MI m N Tf 2 l e a d s t o a  n o n- h o m o g e n e o u s  mi xt ur e

wit h o ut e vi d e n c e of e p o x y ri n g- o p e ni n g ( s e e Fi g. 2, r o ut e 3,

D G E B A/ S A/ B MI m N Tf 2 ) a n d  n o e st er b o n d f or m ati o n ( Fi g. S 9† ).

T h e  N Tf 2
− a ni o n i s c o n si d er e d a  w e a k b a s e,  h o w e v er, it a ct s a s

a p o or  n u cl e o p hil e i n o ur tri c o m p o n e nt s y st e m, pr o b a bl y d u e

t o t h e a ni o n b ul ki n e s s a n d, c o n s e q u e ntl y, a st eri c  hi n dr a n c e

t h at di s a bl e s t h e e p o xi d e ri n g- o p e ni n g.2 6, 3 1, 4 3 Di ff er e ntl y,

D G E B A/ S A/ B MI m M e S pr o d u c e s a  h o m o g e n e o u s a n d tr a n s p ar-

e nt  mi xt ur e  wit h d efi n e d e p o x y ri n g- o p e ni n g a n d e st er f or-

m ati o n a s i n di c at e d b y t h e F TI R s p e ctr a ( Fi g. S 1 0 † ).  T hi s

s y st e m s h o w s a c o m pl et e e p o x y c o n v er si o n aft er c a. 1 3  h of

r e a cti o n at 8 0 ° C, i n di c ati n g a sl o w er r e a cti o n c o m p ar e d t o t h e

D G E B A/ S A/ B MI m Cl ( 1 0 0 % of e p o x y c o n v er si o n aft er 5  h)

( Fi g. 2, r o ut e 3, s e e c o n v er si o n c ur v e s i n s et s f or  D G E B A/ S A/

B MI m M e S a n d  D G E B A/ S A/ B MI m Cl).  Alt h o u g h t h e r e a cti vit y of

I L a ni o n s i s str o n gl y d e p e n d e nt o n  m a n y f a ct or s s u c h a s t h e

r e a cti o n  m e di u m a n d t e m p er at ur e, 2 4, 3 1, 4 4, 4 5 o ur r e s ult s i n di-

c at e t h at t h e a ni o n i s dir e ctl y i n v ol v e d i n t h e  m e c h a ni s m of

t h e s e tri c o m p o n e nt r e a cti o n s,  w h er e t h e  Cl− a ni o n s h o w s t h e

b e st c at al yti c e ff e ct.

F or t hi s r e a s o n,  D G E B A/ S A/ B MI m Cl  w a s i n v e sti g at e d i n

gr e at er d e pt h,  willi n g t o u n v eil it s  m e c h a ni s m.  A c c or di n gl y,

Fi g. 2 F TI R s p e ctr a  of t h e e p o x y  b a n d a n d it s c o n v er si o n ( α ) v er s u s ti m e (i n s et gr a p h s) f or  bi c o m p o n e nt  D G E B A / S A (r o ut e s 1) a n d  D G E B A / B MI m Cl

(r o ut e 2) s y st e m s, a n d tri c o m p o n e nt  D G E B A / S A / B MI m M e S,  D G E B A / S A / B MI m Cl, a n d  D G E B A / S A / B MI m N Tf2 s y st e m s (r o ut e 3). T h e  w h ol e F TI R

s p e ctr a  of all s y st e m s ar e a v ail a bl e i n E SI. †

P ol y m e r  C h e mi st r y P a p e r
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t h e  M A L DI- T O F  m a s s s p e ctr u m of t h e  D G E B A/ S A/ B MI m Cl

s y st e m aft er 2 4  h r e a cti o n at 8 0 ° C ( Fi g. 3 a) s h o w s t h e f or-

m ati o n of t hr e e di stri b uti o n s of  m ol e c ul ar i o n s ( s o di u m

a d d u ct s),  w hi c h pr e s e nt t h e s a m e  m a s s i n cr e m e nt of 4 5 8  D a

c orr e s p o n di n g t o t h e  D G E B A- S A r e p e ati n g u nit, a n d t w o

di ff er e nt t y p e s of e n d- gr o u p s ( C O O H a n d  Cl- o p e n e d e p o x-

i d e s, Fi g. 3 b). F urt h er m or e, t h e  M A L DI- T O F  m a s s s p e c-

tr o m etr y e vi d e n c e t h e pr e s e n c e of a  m o n o m eri c  D G E B A-

d eri v e d str u ct ur e  wit h t w o t er mi n al  Cl- o p e n e d e p o x y ri n g s

(t h e vi ol et di a m o n d  m ar k e d str u ct ur e of m /z = 4 3 4, Fi g. 3 b).

T h e e n d- gr o u p a n al y si s e n a bl e s u s t o i n v e sti g at e t h e

i niti ati o n  m e c h a ni s m of e p o x y ri n g- o p e ni n g i n d u c e d b y I L i n

t h e pr e s e n c e of S A.

T hr e e I L- b a s e d r o ut e s of i niti ati o n of t h e e p o x y ri n g-

o p e ni n g ar e  w ell- d e s cri b e d i n t h e lit er at ur e: c ar b e n e f or-

m ati o n, i mi d a z oli u m d e c o m p o siti o n a n d c o u nt er-i o n r o ut e

( a ni o n  n u cl e o p hili c att a c k).2 6 At t h e r e a cti o n c o n diti o n s of t hi s

st u d y,  n o dir e ct e ff e ct of t h e i mi d a z oli u m c ati o n, r el at e d t o it s

d e c o m p o siti o n, i s o b s er v e d.  T hi s c a n b e st at e d b a s e d o n t h e
1 H  N M R s p e ctr u m si g n al s 1 0 a n d 9 ( Fi g. 4 a, at 9. 3 4 a n d

3. 8 6 p p m, r e s p e cti v el y),  w hi c h d o  n ot s h o w a n y c h a n g e i n t h e

i mi d a z oli u m ri n g r el at e d t o it s d e pr ot o n ati o n or d e al k yl ati o n

d uri n g t h e r e a cti o n.  M or e o v er,  n o i nt er m e di at e s c o nt ai ni n g

t h e i mi d a z oli u m ri n g  w er e d et e ct e d b y  M A L DI- T O F.  T hi s

h y p ot h e si s i s al s o c orr o b or at e d b y  m a n y pr e vi o u s st u di e s

s h o wi n g t h at c ar b e n e f or m ati o n a n d i mi d a z oli u m ri n g d e al k y-

Fi g. 3 ( a)  M A L DI - T O F s p e ctr a  of  D G E B A / S A / B MI m Cl aft er 2 4  h, ( b) str u ct ur e s  d et e ct e d i n  M A L DI - T O F  of  D G E B A / S A / B MI m Cl a n d ( c) t h e  m ai n r e a c -

ti o n  p at h w a y  pr o p o s e d f or  D G E B A / S A / B MI m Cl s h o wi n g li n e ar S A - D G E B A  p ol y m er c h ai n f or m ati o n vi a B MI m Cl -i niti at e d a ci d - e p o x y a d diti o n.

Fi g.  4 ( a) 1 H  N M R  of  D G E B A / S A / B MI m Cl at t =  0  h a n d aft er f ull e p o x y c o n s u m pti o n ( t = 5  h), ( b) 1 H  N M R  of  D G E M H Q / S A / B MI m Cl at t =  0  h a n d

aft er f ull e p o x y c o n s u m pti o n ( t = 3  h), a n d ( c) e p o x y c o n v er si o n v er s u s ti m e c al c ul at e d fr o m  N M R f or  b ot h s y st e m s.

P a p e r P ol y m e r  C h e mi st r y
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l ati o n o nl y o c c ur at  m u c h  hi g h er t e m p er at ur e s a n d r e q uir e

s p e cifi c c o n diti o n s. 2 6

B a s e d o n t h e af or e m e nti o n e d, t h e  m ai n r e a cti o n i n t h e tri-

c o m p o n e nt  D G E B A/ S A/ B MI m Cl s y st e m i s pr o p o s e d a s t h e p ol y-

a d diti o n of e p o x y r e si n a n d di c ar b o x yli c a ci d ( Fi g. 3 c), 4 6 w hi c h

i s i niti at e d b y a  n u cl e o p hili c att a c k of t h e I L- a ni o n.2 6, 3 1

H er ei n, t h e c hl ori d e a ni o n of  B MI m Cl att a c k s t h e l e s s  hi n-

d er e d c ar b o n of t h e o xir a n e ri n g ( Fi g. 3 c).  At t h e s a m e ti m e,

t h e e p o x y ri n g i s a cti v at e d b y t h e a ci di c pr ot o n fr o m S A.  T h e n,

a s u b s e q u e nt  n u cl e o p hili c att a c k of S A- a ni o n o n t h e c ar b o n

a s s o ci at e d  wit h  Cl i s p erf or m e d r el e a si n g  Cl − ,  w hi c h b e c o m e s

a v ail a bl e f or t h e  n e xt e p o x y ri n g- o p e ni n g i niti ati o n, f or mi n g a

t a n d e m r e a cti o n s y st e m.  T h e i niti at or ( Cl− ) t h u s r e m ai n s

c h e mi c all y b o u n d o nl y d uri n g t h e ri n g- o p e ni n g pr o c e s s a n d

t h e n t h e c ar b o x yli c a ci d i s att a c h e d t o t h e  D G E B A str u ct ur e

b a c k b o n e, o bt ai ni n g a n alt er n ati n g li n e ar S A – D G E B A – S A str u c-

t ur e (t h e gr e e n cir cl e  m ar k e d di stri b uti o n, at m /z = 5 9 9 i n

Fi g. 3 b).  T hi s  m e c h a ni s m pr o v e s o ur c o n c e pt t h at S A  w or k s a s

a bi n di n g b uil di n g bl o c k.

Si n c e a r eli a bl e pr ot o c ol  w a s e st a bli s h e d f or  D G E B A/ S A/

B MI m Cl, it  w a s f urt h er t e st e d u si n g a bi o- b a s e d e p o x y r e si n

( D G E M H Q).  A c c or di n gl y, t h e  D G E M H Q/ S A/ B MI m Cl s y st e m

w a s pr e p ar e d a n d r e a ct e d at 8 0 ° C.  T h e ri n g o p e ni n g i n t hi s

s y st e m i s d et e ct e d b y F TI R, a s e vi d e n c e d b y t h e t ot al c o n s u m p-

ti o n of t h e e p o x y b a n d ( 9 1 5 c m− 1 )  wit hi n 3  h a n d t h e f or-

m ati o n of e st er gr o u p s ( 1 7 3 0 c m − 1 , Fi g. S 1 1† ).1 6, 4 7 Al s o, a

br o a d b a n d at ar o u n d 3 3 0 0 c m − 1 attri b ut e d t o t h e  O H gr o u p s

i s f or m e d a s a r e s ult of t h e o xir a n e ri n g- o p e ni n g d uri n g t h e

r e a cti o n b et w e e n S A a n d  D G E M H Q ( Fi g. S 1 1 † ).4 8

T h e 1 H  N M R al s o e vi d e n c e s t h e e p o x y ri n g- o p e ni n g i n

D G E M H Q/ S A/ B MI m Cl,  w h er e si g n al 1 at 2. 6 8 p p m, 2. 8 2 p p m

a n d si g n al 2 at 3. 2 9 p p m ( Fi g. 4 b) v a ni s h aft er 3  h of r e a cti o n.

T h e si g n al s fr o m t h e i mi d a z oli u m ri n g r e m ai n u n c h a n g e d

d uri n g t h e r e a cti o n ( si g n al s 1 9 a n d 2 0, at 3. 8 6 p p m a n d

9. 2 8 p p m, r e s p e cti v el y, i n Fi g. 4 b) pr o vi n g t h at t h e i niti ati o n

m e c h a ni s m d o e s  n ot i n v ol v e t h e I L c ati o n.  T hi s i s i n a c c or d-

a n c e  wit h t h e  m e c h a ni sti c st u d y of t h e  D G E B A/ S A/ B MI m Cl

s y st e m s h o wi n g a n e p o x y i niti ati o n  m e c h a ni s m vi a I L c hl ori d e

a ni o n ( Fi g. 3 c). It i s  w ort h  m e nti o ni n g t h at i n t hi s s y st e m t h e

i niti al  m o n o m er  D G E M H Q i s sli g htl y oli g o m eri z e d,  w hi c h i s

i n di c at e d b y t h e pr e s e n c e of t h e gr o u p of 1 H  N M R si g n al s

ar o u n d 4 p p m ( si g n al s 9, 1 0 a n d 1 1 i n Fi g. 4 b). 4 9 E p o x y c o n v er-

si o n c al c ul at e d fr o m t h e 1 H  N M R s p e ctr a s h o w s a si mil ar

tr e n d f or b ot h s y st e m s,  D G E B A/ S A/ B MI m Cl ( 1 0 0 % at c a. 5 h)

a n d  D G E M H Q/ S A/ B MI m Cl ( 1 0 0 % at c a. 3  h) ( Fi g. 4 c).

I o ni c li q ui d r e c y cli n g

S u b s e q u e ntl y,  w e i n v e sti g at e d t h e r e c y cl a bilit y of  B MI m Cl

u si n g a v er y  mil d a n d si m pl e a p pr o a c h, c o n si sti n g of t h e

dir e ct e xtr a cti o n  wit h di still e d  w at er.  T h e I L r e c o v er y r e a c h e s

7 9 % ( d et ail s ar e i n t h e  E x p eri m e nt al s e cti o n),  w hi c h i s c orr e-

l at e d t o t h e fr e e ( n o n- b o n d e d) I L.  T h e r e m ai ni n g 2 1 % i s p h y s-

i c all y b o n d e d I L pl a sti ci zi n g t h e e p o x y  n et w or k f or m e d.  T h e

F TI R s p e ctr u m of t h e r e c y cl e d  B MI m Cl ( Fi g. 5 a) s h o w s c o n si st-

e ntl y all t h e c h ar a ct eri sti c b a n d s r el at e d t o t h e i mi d a z oli u m

ri n g at 1 5 6 8 c m − 1 , C– N str et c hi n g vi br ati o n at 1 1 6 9 c m − 1 a n d

t h e br o a d b a n d at 3 3 8 9 c m− 1 attri b ut e d t o q u at er n ar y a mi n e

s alt  wit h c hl ori d e. 5 0 T h e p e a k a s si g n m e nt of I L si g n al s i n t h e
1 H  N M R s p e ctr u m of t h e r e c y cl e d  B MI m Cl i s  n e arl y i d e nti c al

t o t h e  n e at  B MI m Cl ( Fi g. 5 b) a n d i s al s o i n gr e at c o n si st e n c y

wit h t h e lit er at ur e 5 1, 5 2 r e v e ali n g t h at  B MI m Cl r e m ai n s u n al-

t er e d d uri n g t h e r e a cti o n a n d r e c o v er y pr o c e s s e s.

O pti mi z e d e p o x y  n et w or k s

A s d e m o n str at e d a b o v e, t hi s pl atf or m o nl y  w or k s pr o p erl y a s a

tri c o m p o n e nt ( e p o x y r e si n/ di c ar b o x yli c a ci d/I L) s y st e m t h at,

o n o n e  h a n d, d e m a n d s e n o u g h I L ( a s a s ol v e nt/ c o m p ati bili z er)

f or pr o p er i nt er a cti o n b et w e e n e p o x y a n d di c ar b o x yli c a ci d

a n d, o n t h e ot h er  h a n d, a s littl e I L a s p o s si bl e ( a s a n i niti at or)

t o a v oi d r e d u ci n g t h e fi n al  m ol e c ul ar  w ei g ht of t h e st e p- gr o wt h

r e a cti o n pr o d u ct s. 5 3 T h er ef or e, o ur  n e xt e ff ort  w a s t o u n d er-

st a n d t h e i nfl u e n c e of t h e r e d u c e d a m o u nt of I L i n t h e tri c o m-

p o n e nt s y st e m, t o r e a c h a n o pti mi z e d pr o c e s s t h at i s  m or e

s uit a bl e f or s c ali n g u p.

T h e I L c o nt e nt  w a s gr a d u all y r e d u c e d, r e a c hi n g a n

o pti m u m e p o x y r e si n/ di c ar b o x yli c a ci d/I L  m ol ar r ati o of 1/ 1/

0. 2 ( 8 ti m e s l e s s I L t h a n i n t h e i niti al s y st e m).  T hi s I L c o nt e nt

i s t h e l o w e st p o s si bl e f or o bt ai ni n g a  h o m o g e n e o u s s y st e m

a n d k e e pi n g a s u ffi ci e ntl y f a st r e a cti o n.  T h e pr o gr e s s of t h e

e p o x y- a ci d a d diti o n f or  D G E B A/ S A/ B MI m Cl at t hi s o pti mi z e d

r ati o  w a s f oll o w e d b y F TI R, s h o wi n g e p o x y ri n g- o p e ni n g al o n g

wit h e st er f or m ati o n at a sl o w er r at e t h a n i n s y st e m  D G E B A/

S A/ B MI m Cl ( 1/ 1/ 1. 6) ( Fi g. S 1 2 † ).

T h e pr o d u ct s of  D G E B A/ S A/ B MI m Cl a n d  D G E M H Q/ S A/

B MI m Cl at t h e o pti mi z e d  m ol ar r ati o ( 1/ 1/ 0. 2) tri c o m p o n e nt

s y st e m s,  w er e s u b mitt e d t o a p o st- c uri n g pr o c e s s ( 1 2 0 ° C, 4 8  h)

yi el di n g s oli d a n d o pti c all y  h o m o g e n e o u s  m at eri al s ( Fi g. 6 a);

i. e. o n e s t h at c a n b e u s e d i n a p pli c ati o n s s u c h a s c a st s y st e m s

a n d e n c a p s ul a nt s f or el e ctr o ni c s, c o m p o sit e s, pr ot e cti v e c o at-

i n g s, et c ., r e pl a ci n g tr a diti o n al e p o xi d e s.1 2 T h e F TI R s p e ctr a of

D G E B A/ S A/ B MI m Cl a n d  D G E M H Q/ S A/ B MI m Cl s oli d pr o d u ct s

c o nfir m t h e c o m pl et e r e a cti o n ( Fi g. 6 b).  T h e  D M T A r e s ult s of

b ot h  m at eri al s ( Fi g. 6 c) di s pl a y t h e s h a p e of st or a g e  m o d ul u s

(G ′) c ur v e t y pi c al f or t h er m o s et  m at eri al s  wit h a vi si bl e r u b b er y

pl at e a u, sli g htl y i n cr e a si n g  wit h t h e t e m p er at ur e i n di c ati n g

t h e f or m ati o n of c o v al e nt  n et w or k s.  T h e cr o s sli n ki n g  m e c h a-

ni s m i s  m o st pr o b a bl y r el at e d t o t h e pr e s e n c e of s e c o n d ar y

Fi g. 5 ( a) F TI R a n d ( b) 1 H  N M R s p e ctr a  of t h e  n e at a n d r e c y cl e d

B MI m Cl. I n s et s s h o w t h e  p h ot o s  of t h e  n e at a n d r e c y cl e d  B MI m Cl. T h e

tr a c e s  of i m p uriti e s (r e si d u al s fr o m t h e r e a cti o n  mi xt ur e) ar e  d e n ot e d  b y

a n a st eri s k ( *).
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h y dr o x yl gr o u p s f or m e d d uri n g t h e a ci d- e p o x y a d diti o n r e a c-

ti o n ( Fi g. 3 c).

T h e s e  h y dr o x yl gr o u p s ar e c a p a bl e of f urt h er r e a cti n g (i)  wit h

S A vi a c o n d e n s ati o n f or mi n g e st er li n k a g e s or (ii)  wit h e p o xi d e s

pr o m oti n g e p o x y ri n g o p e ni n g a n d f or m ati o n of et h er li n k a g e s

or (iii)  wit h e st er b o n d s vi a tr a n s e st erifi c ati o n.4 4, 5 4, 5 5

B ot h s y st e m s at t h e gl a s s y st at e s h o w t h e  hi g h G ′ v al u e s

w hi c h ar e t y pi c al f or e p o x y  m at eri al s ( Fi g. 6 c). 5 6 U p o n  h e ati n g,

t h e tr a n siti o n fr o m gl a s s y t o a r u b b er y st at e i s cl e arl y vi si bl e

fr o m t h e st e e p G ′ dr o p  w h e n t h e t e m p er at ur e r e a c h e s c a.

4 5 ° C.  T h e  m ai n tr a n siti o n t e m p er at ur e ( T α ) i s cl e arl y o b s er v e d

a n d d et er mi n e d a s t h e t a n δ c ur v e s  m a xi m u m; b ot h  m at eri al s

e x hi bit o n e T α at 5 7 ° C ( D G E B A/ S A/ B MI m Cl) a n d 5 5 ° C

( D G E M H Q/ S A/ B MI m Cl). Si mil ar T α a n d G ′ v al u e s at t h e r u b b er

st at e of b ot h  m at eri al s si g nif y si mil ar ri gi dit y a n d cr o s sli n k

d e n sit y,  w hi c h al s o  m e a n s t h at,  w h e n u si n g o ur I L- b a s e d tri-

c o m p o n e nt pl atf or m, t h e bi o- b a s e d e p o xi d e i s a c o m p etiti v e

s u st ai n a bl e alt er n ati v e t o p etr o c h e mi c al- b a s e d e p o xi d e s.

T h e  T G A r e s ult s ( Fi g. 6 d) s h o w t h at b ot h p o st- c ur e d e p o x-

i d e s ar e t h er m all y st a bl e u p t o c a. 2 5 0 ° C  wit h T d 5 % of 3 3 1 ° C

( D G E B A/ S A/ B MI m Cl) a n d 3 2 4 ° C ( D G E M H Q/ S A/ B MI m Cl).  T hi s

a gr e e s  wit h pr e vi o u sl y r e p ort e d e p o x y/I L s y st e m s, 2 7, 4 4, 5 7

s h o wi n g t h at t h e a d diti o n of di c ar b o x yli c a ci d s d o e s  n ot c o m-

pr o mi s e t h e g o o d t h er m al st a bilit y of t h e s y st e m s.  T h e t h er m al

st a bilit y of o ur s a m pl e s i s al s o c o m p ar a bl e t o cl a s si c al

hi g h- p erf or m a n c e a mi n e c ur e d- e p o x y  m at eri al s. 4 8, 5 8 T h e  T G A

r e s ult s f urt h er r e v e al a si mil ar t w o- st a g e d e c o m p o siti o n of

b ot h  m at eri al s ( Fi g. 6 d),  w hi c h i s t y pi c al f or cr o s sli n k e d e p o x y

m at eri al s. 1 3, 4 4 T h e fir st l o s s i s c o n n e ct e d  wit h t h e d e c o m p o-

siti o n of r e si d u al I L ( B MI m Cl) 5 9 a n d  w e a k b o n d s ( h er ei n e st er

gr o u p s) i n e p o xi d e s, 1 3 w hil e t h e s e c o n d  w ei g ht l o s s c o m pri s e s

t h er m al d e gr a d ati o n a n d p yr ol y si s of t h e r e m ai ni n g  m at eri al.

A c h ar yi el d ( at 7 9 0 ° C)  w a s  m u c h  hi g h er f or  D G E M H Q/ S A/

B MI m Cl ( 2 5  wt %) c o m p ar e d t o  D G E B A/ S A/ B MI m Cl ( 9  wt %)

d u e t o t h e  hi g h c o nt e nt of ar o m ati c s p e ci e s fr o m  D G E M H Q,

w hi c h ar e gr a p hiti z e d d uri n g  T G A i n a  nitr o g e n at m o s p h er e.

T h e s e r e s ult s ar e pr o mi si n g f or p ot e nti al u s e i n fl a m e r et ar-

d a n c y a p pli c ati o n s. 6 0

C o n cl u si o n s

O ur  V O C-fr e e, o n e- p ot tri c o m p o n e nt r e a cti o n pl atf or m  wit h a

r e c y cl a bl e I L- m e di u m b a s e d o n t h e e p o x y r e si n ( D G E B A or

Fi g.  6 ( a)  P h ot o s, ( b) F TI R s p e ctr a, ( c)  D M T A r e s ult s a n d ( d) T G A r e s ult s  of  p o st - c ur e d tri c o m p o n e nt  D G E B A / S A / B MI m Cl a n d  D G E M H Q / S A / B MI m Cl

s y st e m s.
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D G E M H Q), s u c ci ni c a ci d a n d i mi d a z oli u m I L, a n d p erf or m e d

i n t e m p er at ur e s a s l o w a s 8 0 ° C, s u c c e s sf ull y d eli v er s (i n

gr a m s c al e) c o m p etiti v e s u st ai n a bl e alt er n ati v e s t o cl a s si c al

e p o x y s y st e m s.  Aft er t e sti n g di ff er e nt I L s ( B MI m Cl,

B MI m M e S, a n d  B MI m Ntf 2 ) i n t h e  D G E B A/ S A/I L r e a cti o n, t h e

I L- a ni o n ( Cl− ,  M e S− , or  N Tf2
− ) str o n gl y aff e ct s t h e pr o gr e s s

of t h e r e a cti o n,  w h er e  Cl − yi el d e d t h e b e st r e s ult s b y

r e a c hi n g 1 0 0 % of e p o xi d e s c o n v er si o n i n o nl y 5  h.  T h e

n u cl e o p hili c att a c k of t h e I L- a ni o n o n t h e e p o x y gr o u p  w a s

i d e ntifi e d a s t h e i niti ati o n  m e c h a ni s m of t hi s t a n d e m r e a c-

ti o n,  w h er e t h e di c ar b o x yli c a ci d f or m s a n α - h y dr o x y e st er

b o n d  wit h e p o x y a n d a ct s a s a bi n di n g b uil di n g bl o c k.

M or e o v er, I L pl a y s a tri pl e r ol e a s s ol v e nt, c o m p ati bili z er a n d

i niti at or a n d, d u e t o it s  hi g h s ol v ati o n str e n gt h, all o w s f u n c-

ti o n al r e a cti o n s i n  m ol ar r ati o s a s l o w a s 1 0  m ol %

(i. e. e p o x y/ di c ar b o x yli c a ci d/I L = 1/ 1/ 0. 2)  w hil e al s o pr e s e nt-

i n g r e c y cl a bilit y r at e u p t o 7 9 % ( f or e p o x y/ di c ar b o x yli c

a ci d/I L = 1/ 1/ 1. 6).

O ur  m o d el s y st e m s ( D G E B A/ S A/ B MI m Cl a n d  D G E M H Q/ S A/

B MI m Cl) yi el d e d s oft tr a n s p ar e nt s oli d s t h at c a n b e p o st- c ur e d

i nt o st ur d y tr a n sl u c e nt s oli d  m at eri al s  wit h T α a n d G ′ v al u e s

si mil ar t o s o m e cl a s si c al c ur e d e p o x y r e si n s ( T α = 5 5 – 5 7 ° C,

G ′gl a s s ∼ 1  G P a a n d G ′r u b b er y ∼ 2  M P a), a n d o ut st a n di n g

t h er m al st a bilit y (T d 5 % ∼ 3 3 0 ° C a n d T d m a x a b o v e 4 0 0 ° C).

Alt o g et h er, b e si d e s t h e i ntri n si c all y i n cr e a s e d s u st ai n a bilit y

of t hi s pl atf or m pr e s e nt e d b y t h e af or e m e nti o n e d  mil d r e a c-

ti o n c o n diti o n s,  V O C-fr e e c h ar a ct er a n d I L-r e c y cl a bilit y, it al s o

all o w s r e pl a ci n g t h e cl a s si c al p etr ol e u m- b a s e d e p o xi e s  wit h

bi o- b a s e d o n e s.

A n ot h er a d d e d a d v a nt a g e i s t h e u s e of  m ultif u n cti o n al c ar-

b o x yli c a ci d bi n di n g b uil di n g bl o c k s t h at all o w v a st s y st e m

v ari ati o n s b y a p pl yi n g t h e s e bi o- b a s e d pr e c ur s or s d u e t o t h eir

a b u n d a n c e i n  n at ur e.  W e b eli e v e it  will b e a v er y u s ef ul pl at-

f or m f or  m a n uf a ct uri n g t h e pr o d u ct s of t h e f a st- gr o wi n g bi o-

b a s e d e p o x y r e si n  m ar k et, e sti m at e d t o r e a c h  U S D

2 2 0. 1  milli o n b y t h e y e ar 2 0 2 7. 6 1 M or e o v er, t hi s r e a cti o n pl at-

f or m pr o d u c e s e p o x y  m at eri al s b e ari n g β - h y dr o x yl e st er s,

w hi c h  mi g ht b e a d a pt e d a s d y n a mi c e st er cr o s sli n k s f or t h e

d e si g n of r e pr o c e s s a bl e e p o x y vitri m er s. 5 6 T hi s a p pr o a c h  will

b e f urt h er el a b or at e d i n o ur  n e xt p a p er.

A ut h or c o ntri b uti o n s

M ar w a  R e b ei c o ntri b ut e d t o t h e pr oj e ct c o n c e pt u ali z ati o n, p er-

f or m e d all t h e e x p eri m e nt s a n d  wr ot e t h e p a p er.  A n drii

M a h u n p erf or m e d a n d i nt er pr et e d t h e  N M R d at a. Z u z a n a

W alt er o v á a n d  Ol g a  Tr hlí k o v á p erf or m e d a n d i nt er pr et e d t h e

m a s s s p e ctr o m etr y d at a.  Ri c ar d o  K.  D o n at o a n d  H y n e k  B e n e š

c o n c e pt u ali z e d a n d s u p er vi s e d t h e pr oj e ct, a n d s u p p ort e d t h e

writi n g a n d e diti n g of t h e p a p er.

C o n fl i ct s  of i nt er e st

T h er e ar e  n o c o nfli ct s t o d e cl ar e.

A c k n o wl e d g e m e nt s
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Purification of 1-butyl-3-methylimidazolium chloride  

The active carbon (5 w%) was added to the IL in presence of dichloromethane to decrease the 
viscosity of the mixture. The mixture was stirred for 24 h, then filtered and was left to dry at 
room temperature. The solvent was removed under vacuum. After, the ionic liquid was put in 
a freezer overnight for crystallization. The structure and purity of IL was confirmed by 1H NMR  
(600 MHz - DMSO-d6 - Fig. S1), δ 9.33 (s, 1H), 7.81 (t, J = 1.76 Hz, 1H), 7.74 (t, J = 1.73 Hz, 
1H), 4.18 (t, J = 7.17 Hz, 2H), 3.86 (s, 3H), 1.76 (quint, J = 7.26 Hz, 2H), 1.25 (sext, J = 7.6, 
2H), 0.89 (t, J = 7.37 Hz, 3H).  

 

Figure S1: 1H NMR spectra of BMImCl (in DMSO-d6). 
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Synthesis of bio-based epoxy resin (DGEMHQ)  

The synthesis of bio-based epoxy resin was proceeded as follows: methoxyhydroquinone (1 
mol), TEBAC (1 mol) and epichlorohydrin (10 mol), were mixed at room temperature for 1 h 
and at 80 °C for 30 min. The mixture was then cooled down to room temperature and 266 mL 
of NaOH solution (5 M) and of TEBAC (0.1 mol) were added to the mixture and it was stirred 
for 30 min at 25 °C. After, a mixture of ethyl acetate/distilled water was added to the mixture 
and mixed for 5 min. Then, an extraction was carried out in an aqueous phase with ethyl acetate. 
The organic phase containing the epoxy resin was rinsed with an aqueous solution of sodium 
chloride. The excess of ethyl acetate and epichlorohydrin was eliminated by rotary evaporator. 
The final product was dried overnight under vacuum and measurements as FTIR, 1H and 13C 
NMR, GC/MS were carried out. 
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Figure S2. FTIR spectra of bio-based epoxy (DGEMHQ). 
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Figure S3. 1H NMR spectra of DGEMHQ. Traces of impurities are denoted by an asterisk (*). 

 

 

Figure S4. 13C NMR spectra of DGEMHQ. Traces of impurities are denoted by an asterisk (*). 
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Figure S5. GC/MS spectra of DGEMHQ. 
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Epoxide ring-opening mechanism investigation 
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Figure S6. FTIR spectra of system DGEBA/BMImCl (1/1.6) cured at 80 °C. 
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Figure S7. FTIR spectra of system DGEBA/SA/BMImCl (1/1/1.6) cured at 80 °C. 
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Figure S8. FTIR spectra of system DGEBA/Adipic acid/BMImCl (1/1/1.6) cured at 80 °C. 
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Figure S9. FTIR spectra of system DGEBA/SA/BMImNTf2 (1/1/1.6) cured at 80 °C. 
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Figure S10. FTIR spectra of system DGEBA/SA/BMImMeS (1/1/1.6) cured at 80 °C. 
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Figure S11. FTIR spectra of system DGEMHQ/SA/BMImCl (1/1/1.6) cured at 80 °C.  
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Optimized epoxy networks  
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Figure S12. FTIR spectra of system DGEBA/SA/BMImCl (1/1/0.2) cured at 80 °C. 
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A B S T R A C T   

One of the main drawbacks of high-performance epoxy-anhydride thermosets is slow cross-link kinetics requiring 
high temperature and long curing cycle. Herein, the accelerating effect of imidazolium metal-based ionic liquids 
(MILs) bearing (FeCl4)-, (ZnCl4)2-, and (CoCl4)2- anions on epoxy-anhydride copolymerization was investigated. It 
was observed that MILs accelerated bisphenol diglycidyl ether (DGEBA) − methylhexahydrophthalic anhydride 
(MHHPA) cross-linking, better than the reference catalysts (1-methylimidazole and 1-butyl-3-methylimidazolium 
chloride), especially at low temperatures through their ability to activate a rapid anhydride ring opening and 
formation of carboxyl groups, which initiates polyesterification. A detailed investigation of the polymerization 
mechanism revealed the formation of alternating epoxy-anhydride copolymers although several MILs-induced 
initiation mechanisms were detected. Despite the multiple-initiation consisting of imidazole, counter anion, 
and polyesterification pathways, the cross-linking kinetics was successfully fitted up to vitrification by the 
Kamal-Sourour model. Finally, MILs-induced cross-linking leads to homogeneous network build-up enabling to 
produce thermosetting materials with an increased cross-link density, a glass transition temperature above 
150 ◦C, and excellent thermal stability.   

1. Introduction 

The alternating copolymerization of epoxides and cyclic anhydrides 
has always been a promising and bourgeoning area of research [1] due 
to its capability of providing thermosetting materials exhibiting excel
lent thermal, mechanical and optical properties which allow production 
of high-tech engineering materials for electrical and electronic appli
cations and composite matrices for aerospace and transport [2–5]. Un
like other curing agents, anhydride hardeners can provide highly cross- 
linked epoxy networks exhibiting a high glass transition temperature 
(Tg), low reaction heat release and reduced shrinkage [2,6]. Neverthe
less, the epoxy-anhydride systems suffer from the limitation of being less 
reactive, requiring high curing temperatures, long curing cycles and 
associated high energy costs. Therefore, suitable accelerators promoting 
anhydride ring opening have to be added [5]. 

The most common accelerators of the epoxy-anhydride reaction are 

highly reactive tertiary amines [7] and imidazoles [8,9]. In particular, 1- 
substituted and 1-unsubstituted imidazoles are promising initiators for 
the anionic alternating copolymerization of epoxides and cyclic anhy
drides [10,11]. Short pot life, too high curing temperatures, and low 
stability are the main drawbacks of imidazole compounds. Therefore, 
solutions for improving imidazole processability by stabilizing the lone 
pair of nitrogen atoms are sought. One strategy involves the preparation 
of metal-imidazole complexes. In particular, zinc and cobalt metals have 
proven to be efficient anionic initiators for the ring-opening of epoxides, 
specifically Zn/imidazole complexes [M(imidazole)2(anion)2] [12]. 
Unfortunately, metal-imidazole complexes are mostly crystalline sub
stances with very low solubility in epoxy systems [13]. Thus, the use of a 
solvent is often required, which limits its applicability due to the release 
of volatile compounds [14,15]. On the other hand, the use of discrete 
metal and rare earth metal complexes enables well-controlled poly
merization progress, [1] however, their cost and toxicity often limit 
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their widespread use [16]. 
To overcome the above-mentioned drawbacks, ionic liquids (ILs) 

have been considered in terms of their use as catalysts to provide a 
‘‘greener’’ and solvent-free one-pot reaction medium [17]. ILs are 
recognized as efficient catalysts/initiators for ring-opening polymeri
zation [18–20]. Their structure combines various cation options (imi
dazolium, pyridinium, phosphonium, etc.) with a variety of anions 
(halogens, phosphates, imide, triflate, etc.) [21,22]. Different combi
nations of cations and anions give rise to the possibility of physical 
property tuning, resulting in outstanding properties, such as excellent 
chemical and thermal stability, negligible vapor pressure, and good 
conductivity [23,24]. Based on this knowledge, ILs are considered 
promising accelerators for epoxy cross-linking in solvent-free medium 
[17,25,26]. 

Recently, a new class of ILs, metal-based ionic liquids (MILs), con
taining a metal atom in the IL anion, has been explored [27]. Typical 
MILs are composed of [MX4]2- anions, where M can consist of various 
metals, e.g. Zn, Co, Fe, Ni, and Cu, and X is a halide, usually chloride, 
tetrahedrally coordinated to metal atoms [27]. Bis(1-alkyl-3- 
methylimidazolium) tetrahalogenomanganate [C2-4mim]2[MnCl4], 
[28] ethyl methyl imidazolium iron(III)chloride [EMIMCl]FeCl3, [29] 
[BMIM]2[CoCl4] and [BMIM]2[ZnCl4] are typical examples of synthe
sized MILs.[30] By introducing a metal into an imidazolium-based IL 
structure, its Lewis acid character can be enhanced [29,31,32]. It has 
been shown that the acid-base character of MILs can affect their catalytic 
activity [27]. Nevertheless, to date only a few applications of MILs as 
catalysts / accelerators for polymerization have been reported in the 
literature; e.g. the use of Ln-containing ILs in electric and magnetic 
switchable devices [27] or the application of aluminum, palladium, 
zinc, and iron-based ILs for polystyrene formation [33,34]. A recent 
study reported the accelerating effect of magnetic phosphonium- and 
imidazolium-based ILs with FeCl4 anions on epoxy–anhydride curing 
reaction [35]. 

Based on our previous study showing the catalytic ability of the 
chloride anion of imidazolium IL, [36] in this work, we hypothesize an 
accelerating effect of imidazolium MILs for epoxy–anhydride copoly
merization due to the enhanced Lewis acidity of MIL-anions bearing Fe, 
Zn, and/or Co atoms. Therefore, a series of MILs are synthesized and 
used as accelerators for epoxy – anhydride cross-linking under solvent- 
free conditions. A detailed kinetic investigation using differential scan
ning calorimetry (DSC) and near-infrared (NIR) spectroscopy is per
formed and kinetic parameters are determined via isothermal modeling. 
MALDI-TOF mass spectrometry enables us to propose a MILs-induced 
epoxy – anhydride copolymerization mechanism. Finally, the pro
duced epoxy networks are characterized using dynamic mechanical 
analysis (DMA) and thermogravimetric analysis (TGA). 

2. Experimental 

2.1. Materials 

Bisphenol A diglycidyl ether epoxy resin DGEBA (D.E.R 332) with an 
epoxy equivalent weight of 179 g/mol was supplied by DOW Chemicals. 
Hexahydro-4-methylphthalic anhydride (MHHPA, 96 %) and 1-methyl
imidazole (1MIM, 99 %) were provided by Sigma Aldrich. 1-butyl-3- 
methylimidazolium chloride (BMIMCl, 99 %) was supplied by Iolitech. 
Iron (III) chloride (anhydrous, 98 %) and cobalt (II) chloride (anhy
drous, 99 %) were supplied by Acros Organics, while zinc (II) chloride 
(anhydrous, p.a.) was provided by Lach-Ner. 

2.2. Synthesis of epoxy-anhydride networks 

In the present study, metal-based ionic liquids (MILs) incorporating 
Zn (II), Co (II), or Fe (II) were synthesized in accordance with estab
lished methodologies outlined in previous reports [37–42]. Compre
hensive details of the synthesis procedure and characterization methods 

are described in the Supporting Information (SI). Subsequently, the 
epoxy monomer (DGEBA) and anhydride (MHHPA) were mixed in an 
equimolar ratio with various amounts (from 0.05 to 5.00 mol%) of 1- 
methylimidazole (1MIM), 1-butyl-3-methylimidazolium chloride 
(BMIMCl), 1-butyl-3-methylimidazolium tetrachloroferrate ((BMIM) 
FeCl4), 1-butyl-3-methylimidazolium tetrachlorocobaltate ((BMIM)2

CoCl4), or 1-butyl-3-methylimidazolium tetrachlorozincate 
((BMIM)2ZnCl4). The resulting mixtures were homogenized for 10 min, 
followed by casting into open aluminum molds. The curing process 
proceeded at 80 ◦C for 4 h, 150 ◦C for 2 h, and finally at 180 ◦C for 4 h in 
a vacuum oven to avoid bubbles formation and mitigate undesired 
oxidation. For a comparative analysis of the overall reactivity and final 
material properties, reference samples, DGEBA/MHHPA/1MIM using 
the conventional catalyst 1-methylimidazole [43] along with DGEBA/ 
MHHPA/BMIMCl were employed. The structural representations and 
acronyms of the catalysts used are elucidated in Fig. 1. 

2.3. Model reaction of monofunctional epoxy and anhydride 

1,2-Epoxy-3-phenoxypropane (phenyl glycidyl ether, PGE, 99 %, 
Sigma-Aldrich) and MHHPA were mixed in an equimolar ratio and then 
2.70 mol% of 1MIM, BMIMCl, (BMIM)FeCl4, (BMIM)2CoCl4, or 
(BMIM)2ZnCl4 was added and homogenized using a magnetic stirrer. 
The reaction was carried out at 80 ◦C. The mixture was regularly 
sampled and the reaction progress was monitored using FTIR and 
MALDI-TOF mass spectrometry. 

2.4. Monitoring of the epoxy-anhydride cross-linking 

Near-infrared (NIR) spectra were acquired using a Nicolet iS50 FTIR 
spectrometer (Thermo Fisher Scientific) in transmission mode using an 
HT-32 heating cell and handmade cuvettes made of two glass slides and 
tape as spacers to determine the thickness of the sample (d = 1 mm). 
Dynamic runs were performed from 30 to 300 ◦C at a heating rate of 
5 ◦C/min. The isothermal runs were performed at 60 ◦C for 2 h. In both 
types of time-resolved experiments the spectra were collected every 20 s 
(32 scans per spectrum, data spacing of 1 cm−1). The collected spectra 
were integrated using a fixed two-point baseline in the regions of 
4502–4568, 4803–4867, 5100–5190, 5210–5272, and 6800–7132 cm−1 

to monitor the epoxy, anhydride, ester, moisture, and hydroxy groups, 
respectively. The integral intensities obtained were calibrated based on 
the intensity of the integrated reference band in the region 4592–4652 
cm−1. The conversions of epoxy, anhydride, ester, moisture, and hy
droxy groups are defined as follows (equations 1–5): 

α(t)Epoxy = 1 −
A4530(t)

A5430(t = 0)
/

A4622(t)
A4622(t = 0)

(1)  

α(t)Anhydride = 1 −
A4828(t)

A4828(t = 0)
/

A4622(t)
A4622(t = 0)

(2)  

α(t)Ester =
A5158(t)

A5158(max)
/

A4622(t)
A4622(t = 0)

(3)  

α(t)Moisture = 1 −
A5252(t)

A5252(t = 0)
/

A4622(t)
A4622(t = 0)

(4)  

α(t)Hydroxy =
A6985;7030(t)

A6985;7030(max)
/

A4622(t)
A4622(t = 0)

(5) 

Dynamic and isothermal differential scanning calorimetry (DSC) 
measurements of the reactive mixtures were performed using a DSC 
calorimeter (Q 2000, TA Instruments) calibrated for indium. Samples 
(5–15 mg) were hermetically sealed in Tzero aluminum pans with a 
pinhole and measured under a nitrogen flow of 50 mL/min. Dynamic 
DSC runs were performed from 20 ◦C to 300 ◦C at a heating rate of 5 ◦C/ 
min. 
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The conversion curves (conversion vs. time) were obtained by 
measuring the reactive mixture in DSC using dynamic and isothermal 
runs. An additional ramp DSC run at 10 ℃/min was performed to 
measure the residual reaction heat (ΔHres) after isothermal curing. The 
conversion of epoxy groups (α) was calculated from the DSC data ac
cording to equation (6) [44]: 

α(t)DSC =

∫ t
0

dH
dt dt

ΔHtotal
+ (1 −

ΔHres + ΔHiso

ΔHtotal
) (6)  

where dH/dt is the instantaneous time derivative of the heat during the 
dynamic or isothermal run, ΔHtotal is the total enthalpy of the reaction 
determined from the dynamic DSC runs and ΔHiso is the heat of reaction 
measured from the isothermal DSC scans. 

Then, the epoxy-anhydride cross-linking was modelled using the 
Kamal-Sourour model [45] according to equation (7): 

dα
dt

= (k1 + k2αm)(1−α)
n (7)  

where k1 and k2 are rate constants for the non-catalytic and the auto
catalytic reactions respectively, and m and n are partial reaction orders. 
A numerical integration using the 4th order Runge–Kutta method was 
used to calculate model-predicted αsim values for each tested tempera
ture. These values were then compared to experimentally found αexp 
(from isothermal DSC) using the ordinary least squares (OLS) error 
(Microsoft Excel) [46]: 

OLS =
∑

i
[αexp − αsim]

2
i (8)  

This OLS criterion was then minimized using the GRG algorithm 
(Microsoft Excel). By this procedure, the rate constants of non-catalysed 
(k1) and auto-catalysed (k2) reactions were determined for each tem
perature. The Arrhenius equation was used for the determination of the 
activation energy of the reactions: 

k = Aexp( −
Ea

RT
) (9)  

where A is the pre-exponential factor, Ea is the activation energy, and R 
is the universal gas constant. 

2.5. Characterizations 

Fourier-transmission infrared spectroscopy (FTIR) measurements of 
the obtained samples were performed using a Spectrum 100 spectrom
eter (PerkinElmer) equipped with a mercury–cadmium–telluride (MCT) 
detector and an universal attenuated total reflectance (ATR) accessory 
with a diamond prism. The spectra were averaged over 32 scans, with a 

resolution of 4 cm−1. The disappearance of the peak at 915 cm−1 was 
followed during the reaction, attributed to the C-O stretching of oxirane 
group [47]. 

MALDI-TOF mass spectra were acquired using an UltrafleXtreme 
TOF – TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) 
equipped with a 2000 Hz smartbeam-II laser (355 nm) in the positive ion 
reflectron mode. Panoramic pulsed ion extraction and external calibra
tion were used for molecular weight assignment. The dried droplet 
method was used in which the solutions of the sample (10 mg/mL), 
matrix DHB (2,5-Dihydroxybenzoic acid; 20 mg/mL), and ionizing agent 
sodium trifluoroacetate (CF3COONa; 10 mg/mL) in THF were mixed in 
the volume ratio 4:20:1. 1 μL of the mixture was deposited on a ground 
steel target. 

Dynamic-mechanical and thermal analysis (DMTA) of the cured 
epoxy samples was measured on an ARES G2 rheometer (TA In
struments). The temperature dependence of the complex shear modulus 
(G*) was determined for rectangular samples (20 × 10 × 2 mm) using 
oscillatory shear deformation (0.01 – 0.1 % strain) at a frequency of 1 Hz 
from 25 ◦C to 220 ◦C at a temperature ramp rate of 3 ◦C/min. The main 
transition temperature (Tα) was determined to be the tan δ peak 
maximum. The cross-link density (νe) was calculated using equation 
(10): 

νe = G’
R

/
RT (10)  

where G′
R is the storage modulus of the network in the rubbery plateau at 

T = Tα + 50 ◦C, R is the universal gas constant, and T is the absolute 
temperature in Kelvin. The average molecular mass between the cross- 
links (Mc) was calculated by equation (11): 

Mc = ρRT/G′
R (11)  

where ρ is the calculated density, T is the absolute temperature in Kelvin 
at Tα + 50 ◦C, and G’R is the storage modulus of the networks in the 
rubbery plateau at T. 

Thermogravimetric analysis (TGA) was carried out using thermog
ravimetric analyser Pyris 1 TGA (PerkinElmer). A sample of approxi
mately 5 mg was heated from 30 ◦C to 800 ◦C at a heating rate of 10 ◦C/ 
min under nitrogen flow (25 cm3/min). 

3. Results and discussion 

3.1. Non-isothermal epoxy-anhydride cross-linking 

The synthesized metal-based ionic liquids (MILs) were applied as 
accelerators for the epoxy-anhydride (DGEBA/MHHPA) reaction and 
were compared with a metal-free IL (BMIMCl) and a commercially used 

Fig. 1. Structures and acronyms of the used ionic liquids.  
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catalyst (1MIM) [43,44,48]. First, the cross-linking of DGEBA/MHHPA 
reactive mixtures with 2.70 mol% of accelerators was studied using non- 
isothermal (dynamic) DSC at a heating rate of 5 ◦C/min. Fig. 2(a) plots 
the DSC runs showing a significant exothermic peak related to the 
epoxy-anhydride reaction (except for the accelerator-free system, which 
shows only a small exothermic peak above 230 ◦C due to non-catalytic 
curing [49], which leads to a partially cured epoxide with a low final 
Tg (Table S2, entry 1). Both reference systems (DGEBA/MHHPA/1MIM 
and DGEBA/MHHPA/BMIMCl) showed similarly one exothermic peak 
with Tonset at approximately 100 ◦C (Table S2, entries 2 and 3). The MIL- 
containing systems showed a shift of the main exothermic peak toward 
lower (DGEBA/MHHPA/(BMIM)FeCl4 and DGEBA/MHHPA/(BMIM)2

CoCl4) or higher (DGEBA/MHHPA/(BMIM)2ZnCl4) temperatures, while 
their determined ΔHtotal values were slightly lowered compared to the 
conventionally catalyzed systems (Fig. 2(a) and Table S2). 

Moreover, the DGEBA/MHHPA/(BMIM)FeCl4 system displayed an 
additional exotherm, appearing as a new peak at low temperatures be
tween 60 and 75 ◦C (Fig. 2(a)). This peak was the most intense for the 
system with (BMIM)FeCl4, while for the systems with (BMIM)2ZnCl4 and 
(BMIM)2CoCl4 it appeared as a small shoulder, which intensity increased 
with the increasing MIL content (Fig. S4-S6). The presence of two well- 
defined peaks in the DSC thermograms most likely indicates the occur
rence of an additional reaction mechanism [44]. A similar low-T exo
therm during the curing of the epoxy-anhydride system containing 
(BMIM)FeCl4 was recently described by Freitas et al., who suggested the 
formation of active species through the interaction of the (FeCl4)- anion 
and the carbonyl group of the anhydride [35]. 

The non-isothermal conversion (αDSC) curves (Fig. 2(b)) show that 
the addition of MILs accelerates the cross-linking reaction in the low- 
temperature region (60–70 ◦C), where there is a sudden increase in 
conversion (the jump is most noticeable for the system with (BMIM) 
FeCl4), leading to a divergence from the sigmoid shape of the conversion 
curve typical of reference (imidazole-accelerated) system. 

To deeper explore the origin of the low-T exotherm and to obtain 
better insight into the curing mechanism of DGEBA/MHHPA/MILs 
systems, non-isothermal cross-linking (heating rate of 5 ◦C/min) was 
monitored using NIR spectroscopy, which enabled us to follow the 
evolution of the characteristic bands of epoxy (4530 cm−1), anhydride 
(4828 cm−1), ester (5158 cm−1), hydroxyl (the broad overlapping OH 
bands of alcohol and carboxylic acid functionalities in the region of 
6800–7130 cm−1) groups and moisture (5252 cm−1, Fig. S7 and 
Table S3) [50–52]. The decreasing intensity of the epoxy and anhydride 
bands with increasing temperature during cross-linking shows an 
ongoing curing process in all studied systems (Fig. 3). Consequently, the 
ester group content gradually increased with increasing reaction 

temperature. The graphs further show that anhydride consumption was 
always faster at the beginning of the reaction and synchronized with 
decreasing moisture content, suggesting that the MHHPA ring opening 
was initiated by water at the initial stage of the reaction (Fig. 3). The 
deviation between the epoxy and anhydride conversion curves, 
observed before the copolymerization is initiated, can be ascribed to a 
higher level of moisture in the formulation owing to the hygroscopic 
nature of the MILs. In the case of the MILs-containing systems, this 
decrease in moisture content was connected to an increase in the hy
droxyl band that appeared at 90, 110, and 60 ◦C for the DGEBA/MHHPA 
system with (BMIM)2CoCl4, (BMIM)2ZnCl4, and (BMIM)FeCl4, respec
tively (Fig. 3(a-c)). The increased intensity of the OH group bands in
dicates the formation of carboxylic acids due to the hydrolysis of the 
anhydride ring. This reaction is followed by a fast decrease in OH, epoxy, 
and anhydride functional groups, proving the quick onset of the subse
quent esterification reaction. This reaction route was the most signifi
cant in the case of the DGEBA/MHHPA system with (BMIM)FeCl4. 

To reach more information about the low-T process, the DGEBA/ 
MHHPA/(BMIM)FeCl4 formulation was followed under isothermal 
conditions at 60 ◦C (Fig. S8(a)), showing initial fast hydrolysis of an
hydride, proved by the decrease of anhydride and moisture bands, fol
lowed by a temporary increase of the OH band (due to COOH groups 
formation) and a final fast consumption of carboxylic functions due to 
their reaction with the epoxy ring and OH groups producing ester 
linkages, indicated by the sudden decrease of OH and epoxy bands, and 
the increase of the ester band. Furthermore, the process is almost 
stopped when the acidic functions are consumed (after ca 6 min at 60 ◦C, 
Fig. S8(a)). Then, the decrease of epoxy and anhydride bands becomes 
moderate and synchronous, implying a slow subsequent alternating 
copolymerization (Fig. S8(a)). 

At the later stage of curing (at T above ca 100 ◦C), the consumption of 
epoxy and anhydride groups is further accelerated until their full con
sumption (at around 200 ◦C, Fig. 3 and Fig. S8(b)). The conversion of 
epoxy and anhydride groups is simultaneous, indicating an overall 
alternating copolymerization behavior [53]. The OH groups start to 
increase again at the last stage of the cross-linking reaction, probably 
due to the formation of sterically-hindered OH groups inaccessible for 
further reaction due to topological limits of the formed highly cross- 
linked epoxide network. 

3.2. Isothermal cross-linking of epoxy – Anhydride with MILs 

For better understanding of the accelerating effect induced by MILs 
and to determine the kinetic parameters of cross-linking reactions, the 
isothermal DSC runs were performed with a constant catalyst loading of 

Fig. 2. (a) Non-isothermal (dynamic) DSC curves and (b) conversion (αDSC) curves during non-isothermal cross-linking of DGEBA/MHHPA with 2.70 mol% of 
catalyst at 5 ◦C/min. 
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2.70 mol%. Table S4 summarizes the calorimetric isothermal data 
showing that the application of MILs as accelerators allowed to reach a 
higher final monomer conversion compared to the reference (1MIM- 
catalyzed) system. Fig. 4(a-e) compares the isothermal DSC conversion 
curves of all studied systems, illustrating that the type of accelerator and 
the curing temperature have a crucial impact on the epoxy-anhydride 
kinetics. 

To better understand the curing kinetics, the experimental results 
were treated with the autocatalytic Kamal-Sourour model (see equation 
(7)), which adopts a model-fitting algorithm and is commonly used to 
describe the autocatalytic behavior of a large number of epoxy curing 
reactions [48,54–56]. This model proposes that the curing reaction is 
governed by two, non-catalytic (k1) and catalytic (k2) rate constants. The 
overall reaction order (m + n) was initially fixed to 2 based on the 
literature data [54,57]. The first fitting results for the reference 
imidazole-catalyzed system showed partial reaction orders of m = 1 and 
n = 1 (DGEBA/MHHPA/1MIM, Fig. 4(e)), which were maintained for 
fitting of all systems. The model simulation correlates well with the 
experimental data up to conversions of about 0.80 (Fig. 4), describing 

well the chemically controlled kinetics [58]. At the later stage of curing, 
the simulation data begin to diverge due to vitrification, as the cross- 
linking reaction becomes diffusion controlled [54,59,60]. This dif
fusion–driven reaction cannot be described by this model and new pa
rameters must be considered to describe kinetics beyond vitrification, 
[46] which is nevertheless out of the scope of this study. 

For both reference systems accelerated by either 1MIM or BMIMCl, 
the simulation curves fitted well the experimental values at all tested 
temperatures (Fig. 4(d,e)). In contrast, the MILs-induced cross-linking 
(Fig. 4(a-c)) exhibited good fitting results at higher temperatures and a 
certain deviation from the model at lower temperatures (100 and 110 ◦C 
for (BMIM)FeCl4, and 90 ◦C for (BMIM)2CoCl4 and (BMIM)2ZnCl4). A 
better fit for the low-T region was obtained when all parameters (k1, k2, 
m and n) of the Kamal-Sourour model were allowed to be adjusted. Then, 
the fitting results for MIL-containing systems at low temperatures show 
excellent agreement with the experimental conversion data (blue and 
magenta lines in Fig. 4(a-c)). However, the reaction orders (m, n) 
increased significantly, losing their original physical meaning [61]. In 
general, the reaction orders show only a low variation on the curing 

Fig. 3. Development of content of functional groups according to NIR spectroscopy. Non-isothermal (5 ◦C/min) cross-linking of DGEBA/MHHPA with different 
accelerators (2.70 mol%): (a) (BMIM)FeCl4, (b) (BMIM)2ZnCl4, (c) (BMIM)2CoCl4, (d) BMIMCl, and (e) 1MIM. Left Y-axis for epoxy, anhydride and moisture; Right Y- 
axis for ester and hydroxyl. 
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temperature assuming an unaltered reaction mechanism [62]. Herein, 
the observed substantial increase in reaction orders, especially in the 
kinetic exponent m representing the catalytic reaction, suggests an 
additional cross-linking mechanism proceeding at low temperatures, 
which is probably related to the formation of new catalytic centers 
induced by MILs. This observation is in good correlation with the non- 
isothermal DSC runs (the appearance of the second low-T exotherm, 
Fig. 2) and NIR results (the fast conversion increase at the low-T region, 
Fig. 3) described above. 

Further insight into the kinetics of the two stages of the cross-linking 
is gained from the comparison of the rate constants (k1 and k2) listed in 
Table S5 and Fig. 4(f). For both reference DGEBA/MHHPA systems 
accelerated by 1MIM and BMIMCl, a typical S-shaped conversion curve 

was observed as a result of the two various curing steps characterized by 
two different rate constants (a non-catalyzed k1 and a catalyzed k2) with 
two activation barriers (Ea1 and Ea2- calculated from the Arrhenius 
equation (9) (Fig. S9-S13) [44]. Usually, the non-catalytic route is 
dominant only at very low temperatures due to its lower activation 
energy (Ea1 < Ea2, Table S5). Herein, for 1MIM- and BMIMCl-accelerated 
curing, k2 > k1 in all tested temperature ranges (Fig. 4(f)), which means 
that the non-catalyzed pathway (k1) is much slower than the catalyzed 
route (k2) and the cross-linking is driven by the catalytic (imidazole) 
pathway [63]. In contrast, the conversion curves of the MILs-accelerated 
systems revealed an exponential-like behavior (Fig. 4). Similar behavior 
for the IL-cured DGEBA was attributed to a change in mechanism due to 
the presence of chloride anion of IL acting as an initiator/cocatalyst 

Fig. 4. (a-e) Comparison of experimental (points) and fitted (Kamal-Sourour model fit, lines) values of DSC conversion (α) during isothermal cross-linking of DGEBA/ 
MHHPA with different accelerators (2.70 mol%): (a) (BMIM)FeCl4, (b) (BMIM)2ZnCl4, (c) (BMIM)2CoCl4, (d) BMIMCl, and (e) 1MIM. (f) Temperature dependence of 
k1 (non-catalytic) and k2 (catalytic) rate constants of Kamal-Sourour model (m = 1, n = 1) determined from the fitting of DSC conversion (α) data during isothermal 
cross-linking of DGEBA/MHHPA with different accelerators (lines are linear fits according to Arrhenius equation (9)). 
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[55]. Therefore, the exponential kinetics observed for the MILs-induced 
epoxy-anhydride cross-linking can also be ascribed to the catalytic 
ability of the MCl4 anions, especially at low temperatures. Based on the 
NIR results, this MCl4-initiated reaction pathway includes formation of 
carboxylic acids and their subsequent esterification (as evidenced 
below). The kinetic modelling shows that for MILs-containing systems at 
low temperatures (90 – 110 ◦C), the non-catalytic rate constant k1 is 
always higher than k2 (Fig. 4(f)). This indicates that the MILs- 
accelerated polyesterification pathway involving the formation of new 
acidic initiation centers and the subsequent rapid monomer conversion 
causes an increase in the k1 rate constant. In contrast, at higher tem
peratures, the catalytic constant k2 becomes more dominant, and the 
cross-linking is then driven by the anionic mechanism, similar to the 
reference systems. The results of the kinetic study show the considerable 
complexity of the epoxy-anhydride cross-linking accelerated by MILs. 
This complicates the application of the Kamal-Sourour model, especially 
at low temperatures, where MIL-induced esterification is the dominant 
mechanism. 

Overall, the activation energies (Ea1 and Ea2 values) for the MIL- 
containing systems are higher than those of the reference systems 
(Table S5, Fig. S9-S13) and those reported in the literature for epoxy- 
anhydride systems (60 to 75 kJ/mol) [48,64,65], demonstrating the 
distinct mechanism of MILs-induced epoxy-anhydride cross-linking. 

3.3. Mechanism of epoxy-anhydride cross-linking induced by MILs 

The above-mentioned NIR results revealed a complex DGEBA/ 
MHHPA cross-linking mechanism induced by MILs. To find out the 
origin of the MILs-induced epoxy-anhydride reaction, model reactions 
between mono-functional epoxy resin, phenyl glycidyl ether (PGE), and 
MHHPA in the presence of accelerators (MILs, BMIMCl and 1MIM) were 
conducted. Supposing an alternating copolymerization mechanism, the 
PGE/MHHPA reaction produces a linear soluble polymer suitable for 
MALDI-TOF mass spectrometry, allowing the determination of end- 
groups and repeating units of the growing polymer chains. The PGE/ 
MHHPA reactions were performed at 80 ◦C to explore the low-T curing 
mechanism. The MALDI-TOF mass spectra of the reaction mixtures after 
15 min and the assigned structures are given in Fig. 5 and Fig. S14-18. 
First, the MALDI-TOF mass spectrum of the imidazole-catalyzed refer
ence system (PGE/MHHPA/1MIM) was analyzed showing only one 
major distribution with a mass increment of 318 Da, consisting of 
alternating MHHPA (168 Da) and PGE (150 Da) units, and 82 Da ter
minal unit assigned to 1-methylimidazolium (Fig. S14). This indicates an 
initial step involving a nucleophilic attack of 1MIM to the oxirane ring 
and formation of an alkoxide [53]. In the subsequent propagation step, 
the alkoxide attacks an anhydride group yielding a carboxylate anion, 
which is able to open another oxirane ring [66]. This anionic mechanism 
results in the formation of a strictly alternating copolymer (Scheme S1). 

The presence of MILs and BMIMCl as accelerators induced the 

Fig. 5. MALDI-TOF mass spectra (a-c) and assigned structures (d) of PGE/MHHPA reaction mixture after 15 min reaction at 80 ◦C accelerated by (a) (BMIM)FeCl4, 
(b) (BMIM)2ZnCl4, and (c) (BMIM)2CoCl4. The whole-range MALDI TOF mass spectra are available in SI. 
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formation of five distributions of molecular ions having different end- 
groups but the same mass increment of 318 Da, which was composed 
of alternating PGE (150 Da) and MHHPA (168 Da) units (Fig. 5 and 
Fig. S15-18), confirming a strictly alternating copolymerization. The 
different positions of the signals in the mass spectra prove the presence 
of various end groups and suggest several different initiation mecha
nisms. It is known that imidazolium ILs can initiate the epoxy ring 
opening via three main routes: carbene formation, imidazolium 
decomposition (‘imidazole’ route) and counter-ion route (anion nucle
ophilic attack) [36,44,53,67]. Herein, the MALDI-TOF mass spectrom
etry revealed the dealkylation of butyl (the black-marked structure and 
signals in Fig. 5) and methyl (the green-marked structure and signals in 
Fig. 5) chains of the imidazolium ring confirming the initiation mech
anism via the ‘imidazole’ route [67,68]. The formed dealkylated nitro
gen atom causes the opening of the epoxy ring, as similarly suggested in 
Scheme 1(a) to the conventional imidazole catalyst (here 1MIM). 
Nevertheless, three dominant distributions detected in the MALDI-TOF 
mass spectra of all MILs-containing systems reveal the formation of 
structures end-capped with i) terminal Cl-opened epoxy ring (the blue- 
marked structure and signals in Fig. 5), ii) OH (the red-marked struc
ture and signals in Fig. 5), and iii) COOH (the violet-marked structure 

and signals in Fig. 5). The presence of Cl and OH end-groups proves the 
counter-ion nucleophilic initiation route. Herein, the chloride anion of 
MILs attacks the less hindered carbon of the oxirane ring (in a similar 
manner as the non-metal BMIMCl [36]) forming an alkoxide anion. This 
anion can either directly attack another anhydride group to create a 
carboxylate anion [53] (Scheme 1b) or, due to its willingness to facile 
hydrolyzation, [69] be first transformed to a hydroxy-alkoxide, which 
subsequently reacts with another anhydride to form a carboxylate anion 
(Scheme 1b). In both cases, the reaction further propagates by nucleo
philic attack of carboxylate anions to another epoxy ring in an alternate 
manner [69] obtaining an alternating epoxy-anhydride copolymer (the 
blue- and red-marked structures and signals in Fig. 5). 

At the same time, the formation of carboxyl group end-capped 
alternating PGE-MHHPA copolymer chains (the violet-marked distri
bution and signals in Fig. 5 and Fig. S15-18) indicates an additional 
reaction pathway initiated by carboxyl groups formed during hydrolytic 
decomposition of anhydride rings. Considering that the formation of 
carboxyl groups in the low-T region is only visible in the case of MILs 
(see the NIR results above, Fig. 3), it can be assumed that this initiation 
pathway involves the formation of active species through the interaction 
between the MCl4 (especially FeCl4) counter-anion and anhydride ring. 

Scheme 1. Proposed mechanisms of epoxy-anhydride reaction initiated by MILs via (a) ‘imidazole’, (b) counter-ion, and (c) esterification route.  
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Freitas et al. suggested the formation of carboxylate anions with a 
carbonyl group linked to FeCl4 counter-anion, capable of promoting 
anionic copolymerization with an oxirane ring [35]. Nevertheless, 
herein the different reaction mechanism is suggested based on the NIR 
and MALDI-TOF mass spectrometry results. Due to the Lewis acid 
character of the MILs [69], an anhydride-MCl4 counter-anion complex is 
formed as a first step (Scheme 1c). The generated complex facilitates an 
attack of trace amounts of water (presumably originating from hygro
scopic ILs) which leads to hydrolysis of the cyclic anhydride producing 
two carboxyl groups. The acidic proton of the carboxylic group activates 
the epoxy ring and causes its fast opening and formation of a hydrox
yester [53]. In general, the carboxylic acid–epoxy esterification is slow 
and therefore only significant at high temperatures [63]. However, the 
initiation of the polyesterification pathway is highly accelerated by MILs 
causing the fast conversion of the anhydride groups to the hydroxyesters 
at low temperatures and low degrees of conversion. The following 
propagation step comprises further esterification of the hydroxyesters by 
reaction with another anhydride group yielding the alternating epoxy- 
anhydride copolymer with a terminal carboxyl group (Scheme 1c and 
the violet-marked distribution and signals in Fig. 5 and Fig. S16-18). 

Altogether, the MILs-accelerated hydrolysis of the anhydride ring 
and the subsequent polyesterification substantially affect the overall 
epoxy-anhydride cross-linking kinetics (as mentioned above). The MILs 
demonstrate a faster initiation of the epoxy-anhydride reaction and an 
overall higher reactivity when compared to the conventional non- 
metallic BMIMCl. This is attributed to the incorporation of the metal 
chloride anions into the structure of ILs, thereby enhancing its acidity 
[70]. Numerous studies have proved that chlorometallate ILs exhibit a 
more pronounced Lewis acid character than conventional ILs 
[29,31,70,71]. This is controlled by the electrophilicity of the metal and 
by the mole fraction of the metal chloride used in MIL synthesis [32]. 
The pronounced Lewis acid property makes the MIL effective catalysts of 
various reactions, thereby manifesting efficient catalysis in the epoxy- 
anhydride curing reaction. 

3.4. Thermal and mechanical properties of the obtained networks 

The first sign of the overall perspective of using MILs as accelerators 
for the epoxy-anhydride cross-linking can be seen from the achievement 
of a high Tg of the cross-linked networks after the dynamic DSC runs 
(Table S2). For deeper comprehension of the properties of the MIL- 
induced networks, the amount of the accelerators was first optimized 
using the dynamic DSC runs of reactive systems aiming to reach com
plete cross-linking reaction (maximal reaction enthalpy, ΔH) and three- 
dimensional network build-up (maximal Tg, Table S6) [72]. It was found 
that the amount of 0.2, 1.0 and 1.0 mol% of (BMIM)FeCl4, (BMIM)2

CoCl4, and (BMIM)2ZnCl4, respectively, was optimal as epoxy-anhydride 
networks with the highest Tg values were obtained with the content of 
MILs kept at the lowest possible level. A minimal concentration of 
accelerator has to be kept to ensure that all reactive moieties can be 
activated [73] thus avoiding incomplete cross-linking (indicated by the 
lowered ΔH and Tg values in Table S6). On the other hand, too high 
contents of accelerators cause a lowering of Tg (Table S6) due to the 
plasticizing effect [35]. It is worth mentioning that the optimal amount 
in the case of (BMIM)FeCl4 was found to be 7-fold lower compared to the 
non-metallic BMIMCl and more than 3-fold lower compared to the 
conventional 1MIM catalyst which is advantageous from both environ
mental and economic points of view. 

After optimization, all reactive systems were subjected to a complete 
curing cycle (including the post-curing step at elevated temperature – 
see experimental part) afterwards the thermomechanical properties of 
the final epoxy-anhydride networks were evaluated (Fig. 6(a-d) and 
Table 1). 

DMTA shows a one-step change in storage modulus (G’) and a single 
distinct relaxation tan δ peak at 155–160 ◦C corresponding to the Tg 
which indicates a homogeneous network structure for all samples with 
the exception of the DGEBA/MHHPA/BMIMCl and DGEBA/MHHPA/ 
(BMIM)2ZnCl4 samples. In these cases, a peak shoulder on the tan δ 
curve in a sub-glass transition region (around 100 ◦C) appears, indi
cating a partly heterogeneous network structure [66], probably due to 
the presence of less cross-linked local domains [74]. However, for all 

Fig. 6. The DMTA (a,c) and TGA (b,d) results of the epoxy-anhydride networks fabricated using different accelerators: temperature dependence of (a) storage 
modulus (G’) and (c) loss factor (tan δ), and (b) thermogravimetric and (d) derivative weight curves during TGA under N2 atmosphere. 
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MILs-containing materials, the Tg values were higher than those of the 
reference DGEBA/MHHPA/1MIM displaying formation of overall dense 
networks. These findings are in accordance with the determined high G’ 
values at the rubbery region (Fig. 6a). The calculated values of cross-link 
density (νe) and average molecular mass between cross-links (Mc) of the 
MILs-containing samples (Table 1) indicate the formation of highly 
cross-linked networks as a result of several cross-link mechanisms dur
ing epoxy-anhydride network build-up. The highest νe achieved for the 
(BMIM)FeCl4-containing material correlates well with the largest extent 
of the low-T esterification cross-link pathway (as suggested in Scheme 
1c) for this sample (see the DSC and NIR results above). This suggests 
that DGEBA/MHHPA networks cured with MILs present not only fast 
curing but also produce epoxy networks with improved thermo- 
mechanical properties, which makes these compounds promising 
agents for newly developed epoxy materials. 

The influence of added MILs on the thermal stability of the final 
networks was evaluated using TGA showing a single decomposition step 
for all samples (Fig. 6(b,d)). The highest thermal stability (the highest 
Td5 and Td10 values, Table 1) and enhanced char-forming ability were 
observed for the DGEBA/MHHPA samples containing (BMIM)FeCl4 and 
(BMIM)2CoCl4, which can be explained by the combination of network 
homogeneity (see also the DMTA results in Fig. 6(a,c)), high cross-link 
density (Table 1), and the presence of thermally stable metal anions 
[75]. In general, the epoxy networks bearing MILs display a higher char 
yield (8.9–11.8 wt%) than those with 1MIM and BMIMCl (7.0–8.1 wt%, 
respectively). This char residue improvement is mainly due to the for
mation of a highly cross-linked structure and the presence of the anionic 
part of the IL that contains a metal center (Fe, Co, Zn). This could exert a 
protection of the epoxy matrix from combustion by prohibiting the 
transfer of volatile compounds and heat through a heat barrier effect 
[76]. To conclude, the addition of MILs for epoxy-anhydride cross- 
linking produces DGEBA/MHHPA networks with excellent thermal 
stability and high char yield. 

4. Conclusions 

In this work, we have shown that 1-butyl-3-methylimidazolium- 
based metal ionic liquids (MILs) containing metal-anions such as 
(FeCl4)-, (ZnCl4)2-, and (CoCl4)2- can be used as accelerators for epoxy- 
anhydride cross-linking reactions, particularly the epoxy-anhydride 
copolymerization (DGEBA-MHHPA). MILs were found to significantly 
accelerate the DGEBA-MHHPA cross-linking reaction, especially at low 
temperatures (60–80 ◦C) due to their ability to activate a rapid hydro
lytic decomposition of the anhydride ring and the subsequent formation 
of carboxyl groups, which further initiates polyesterification. A detailed 
investigation of the polymerization mechanism revealed the formation 
of an alternating epoxy-anhydride copolymer. A complex initiation 
mechanism induced by MILs was revealed to take place via several 
pathways, specifically, the so-called imidazole, the counter anion, and 
the above-mentioned polyesterification routes. A detailed isothermal 
kinetic study was performed by adopting the autocatalytic Kamal- 
Sourour model, and the rate constants and activation energies of the 
investigated systems were adequately determined. The produced epoxy 
networks are highly cross-linked thermosets (the crosslink density is in 

the range of 3.4 – 5.6 mmol/cm3), with high glass transition temperature 
(approximately 150 ◦C), and very good thermal resistance. 

Our comprehensive investigation demonstrates that MILs are effec
tive accelerators of epoxy – anhydride cross-linking, allowing fast curing 
at low temperature. Moreover, the thermosetting materials with a high 
Tg, enhanced cross-linked density and very good thermal resistivity can 
be obtained. From this point of view, we believe that the study disclosed 
herein provides valuable insight into the use of MILs as prospective 
accelerators for high-performance epoxy materials in applications 
requiring a moderate exotherm profile (typically curing of thick com
posites) and/or a lower temperature for cure onset (using mold mate
rials sensitive to temperature). 
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gation. Sabina Abbrent: Writing – review & editing, Formal analysis. 
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Synthesis of metal-based ionic liquids (MILs) 

The metal-based ionic liquids (MILs) were synthesized by reacting BMIMCl (10 g, 57.3 

mmol) with a metal chloride, FeCl3 (9.3 g, 57.3 mmol), CoCl2 (3.8 g, 29.3 mmol), or ZnCl2 

(3.9 g, 28.6 mmol) at 100 °C, 150 °C, or 80 °C, respectively, for 2-6 h. The liquids were then 

filtered over a pad of celite and heated to approximately 100 °C to remove unreacted metal 

chloride. The obtained MILs were stored in an argon atmosphere using conventional Schlenk-

line techniques [1]. The MILs yielded 81 – 99 % of the product and were characterized by 

FTIR spectra shown in Figure S1. The 1H and 13C NMR spectra were measured only for 

(BMIM)2ZnCl4, and compared to BMIMCl (Figures S2 and S3). TGA determined thermal 

stabilities of MILs, and all thermograms are presented in Figure S4. Elemental analysis of the 

metal content of each IL is presented in Table S1.  

Analysis of the metal-based ionic liquids (MILs) 

The structural and thermal stability analysis of the synthesized imidazolium-based ILs bearing 

anionic transition metals, namely (BMIM)FeCl4, (BMIM)2CoCl4, and (BMIM)2ZnCl4, were 

investigated using various analytical techniques, including FTIR, 1H and 13C NMR, AAS and 

TGA. The FTIR spectra exhibited indicative bands of the imidazolium ring, with characteristic 

peaks observed at 1630 and 1570 cm-1 corresponding to the stretching vibration of C=C and 

C=N groups, respectively (Figure S1). Additionally, the bands in the range 2800 to 3000 cm-

1 were attributed to the C-H stretching modes of the butyl chain of the imidazolium ring [2,3]. 

In the BMIMCl spectra, the peak observed at 853 cm-1 attributed to the hydrogen bonding 

between N-H of the imidazolium ring and the Cl anion was shifted to 843 cm-1 in 

(BMIM)2CoCl4, and (BMIM)2ZnCl4, and to 828 cm-1 in (BMIM)FeCl4. This is explained by 

the increased strength of the hydrogen bond resulting from the larger anion species present in 

the MIL (ZnCl4
2-, CoCl4

2-, and FeCl4
-) [3,4]. The 1H and 13C NMR spectra of (BMIM)2ZnCl4 
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further confirmed the formation of an imidazolium ring compared to BMIMCl (Figure S2-

S3). This is proven by the presence of signals for δ(1H) at 9.314 (s, N-CH-N) for BMIMCl 

and 9.166 (s, N-CH-N) for BMIMZnCl4. The δ(13C) were found at 136.642 (1C, N-CH-N) for 

BMIMCl and 136.530 (1C, N-CH-N) for (BMIM)2ZnCl4. 

The metal content in the IL was determined by AAS analysis (see Table S1). The cobalt, zinc 

and iron contents correspond to theoretical values. The water content of the synthesized MILs 

was further verified using FTIR and TGA/MS analyses. Both spectra exhibited evidence of a 

minimal amount of adsorbed water in the samples (Figure 2 and Table S1). The thermograms 

of the MILs showed a decomposition of the adsorbed water from 0.5 to 1 wt% in the 

temperature range between 120 and 150 °C (Figure 2 (a-c)). Additionally, the synthesized 

MILs showed overall high thermal stability. The MIL bearing FeCl4 anion started to 

decompose at T ~ 195 °C, while (BMIM)2CoCl4 and (BMIM)2ZnCl4 at approximately 250 °C. 

This indicates that (BMIM)2CoCl4 and (BMIM)2ZnCl4 have slightly higher thermal stability 

than (BMIM)FeCl4.   

 

Figure S1. FTIR spectra of BMIMCl, (BMIM)FeCl4 (BMIM)2CoCl4 (BMIM)2ZnCl4. 
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Figure S2.1H NMR (DMSO-D6) spectra of BMIMCl and (BMIM)2ZnCl4. 
BMIMCl: δ 0.893 (t, H3C-) 1.247 (m, -CH2-CH3) 1.758 (p, -CH2-CH2-CH3) 3.371 (s, H2O) 
3.856 (s, H3C-N) 4.174 (t, -CH2-CH2- CH2-CH3) 7.746 (s, H2C=CH2-N-R) 7.817 (s, 
H2C=CH2-N-CH3) 9.314 (s, N-CH-N). BMIMZnCl4: δ 0.848 (t, H3C-) 1.232 (m, -CH2-CH3) 
1.776 (p, -CH2-CH2-CH3) 3.363 (s, H2O) 3.851 (s, H3C-N) 4.152 (t, -CH2-CH2- CH2-CH3) 
7.711 (s, H2C=CH2-N-R) 7.779 (s, H2C=CH2-N-CH3) 9.166 (s, N-CH-N).  
 

 

 

Figure S3.13C NMR (DMSO-D6) spectra of BMIMCl and (BMIM)2ZnCl4. 
BMIMCl: δ 13.321 (1C, -CH3) 18.793 (1C, -CH2-CH3) 31.391 (1C, -CH2- CH2-CH3) 35.748 
(1C, H3C-N) 48.446 (1C, CH2-CH2- CH2-CH3) 122.287 (1C, H2C=CH2-N-R) 123.621 (1C, 
H2C=CH2-N-CH3) 136.642 (1C, N-CH-N). BMIMZnCl4: δ 13.321 (1C, -CH3) 18.793 (1C, -
CH2-CH3) 31.401 (1C, -CH2- CH2-CH3) 35.827 (1C, H3C-N) 48.501 (1C, CH2-CH2- CH2-
CH3) 122.269 (1C, H2C=CH2-N-R) 123.615 (1C, H2C=CH2-N-CH3) 136.530 (1C, N-CH-N). 
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Table S1. The AAS results showing the metal content of MILs. The TGA/MS results (in 
nitrogen atmosphere) showing the water content and the onset decomposition temperature (Td, 

onset).  

 (BMIM)2CoCl4 (BMIM)2ZnCl4 BMIMFeCl4 

Theoretical metal content, % 12.30 11.03 16.58 

Experimental metal content, % 12.74 11.04 16.75 

Water content (wt%) 1 1 0.5 

Td, onset (°C)  243 257 195 

 

Table S2. The dynamic DSC results of the reactive mixture at a heating rate of 5 °C/min using 
2.70 mol% of accelerating agent: onset temperature (Tonset), maximal peak temperature (Tmax) 
and total reaction heat (ΔHtotal). The glass transition temperature (Tg) of the cured system was 
determined using the second heating run up to 300 °C at 10 °C/min. 

Entry Formulation 
Cat., 

phr* 

Tonset, 

°C 

Tmax, 

°C 

ΔHtotal, 

J/g 

Tg, 

°C 

1 No cat. - 192 237 192±12 110 

2 DGEBA/MHHPA/1MIM 1.008 106 130 357±21 134 

3 DGEBA/MHHPA/BMIMCl 2.143 101 131 334±16 128 

4 DGEBA/MHHPA/ (BMIM)FeCl4 4.024 57 61 343±19 96 

5 DGEBA/MHHPA/ (BMIM)2CoCl4 5.882 97 128 327±14 147 

6 DGEBA/MHHPA/ (BMIM)2ZnCl4 5.962 99 142 331±20 148 
*mass related to hundred mass of DGEBA+MHHPA 
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Figure S4. Dynamic DSC results (exo down) of reaction DGEBA/MHHPA/(BMIM)FeCl4 

using various mol% of the MIL. 

 

 

 

Figure S5. Dynamic DSC results (exo down) of reaction DGEBA/MHHPA/(BMIM)2CoCl4 
using various mol% of the MIL. 
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Figure S6. Dynamic DSC results (exo down) of reaction DGEBA/MHHPA/(BMIM)2ZnCl4 
using various mol% of the MIL. 
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Figure S7. NIR spectra during non-isothermal cross-linking of DGEBA/MHHPA/1MIM 
showing the evolution of characteristic bands of (a) epoxy, (b) anhydride, moisture and ester, 
and (c) the hydroxyl bands. Bands from red to purple decrease/increase with the increase in 
temperature. The moisture band interferes with the ester band in the later stage of the curing 
process; therefore, it was monitored only in the early phase of the curing process.  

  

(c) 

(b) (a) 
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Table S3. Assignment of selected bands in NIR spectra. 

Wavenumber (cm–1) Assignment Denotation Note 

7030  
O–H stretching, alcohol, first 

overtone 
Hydroxyl 1 

Followed 

together  
6985 

O–H stretching, carboxylic acid, 

first overtone 
Hydroxyl 2 

6069 
C–H stretching of an epoxide 

methylene group, first overtone 
Epoxy 2  

5320 
C=O stretching of anhydride, 

second overtone 
Anhydride 2  

5252 

Combination band of O–H 

stretching with H–O–H bending 

due to moisture 

Moisture Followed 

5158 
C=O stretching of ester, the 

second overtone  
Ester Followed 

4828 

Combination band of C=O 

stretching of anhydride (first 

overtone) with C–O stretching 

Anhydride 1 Followed 

4678 

Combination band of aromatic 

C=C stretching with aromatic 

C–H stretching 

Reference 2  

4622 

Combination band of aromatic 

C=C stretching with aromatic 

C–H stretching 

Reference 1 

Reference 

for followed 

bands 

4530 

Combination band of epoxide 

C–H stretching and C–H 

bending 

Epoxy 1 Followed 
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Figure S8. (a) Isothermal NIR of DGEBA/MHHPA/2.70mol% BMIMFeCl4, at 60 °C for 30 
min. (b) After 40 min of curing at 60 °C, the reactive mixture was non-isothermally cured at 
a heating rate of 5 °C/min up to 240 °C, showing an accelerated consumption of epoxy and 
anhydride groups above ca 100 °C until the full consumption was reached at around 200 °C. 
At a later stage of curing (>130 °C), the OH groups started to increase again, which indicated 
the formation of sterically-hindered OH groups due to topological limits of the highly cross-
link network. The left axis is for Epoxy, Anhydride and Moisture; the Right axis is for Ester 
and Hydroxyl. 
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Table S4. Summary of isothermal DSC data for DGEBA-MHHPA cross-linking using 
different accelerating agents. The total reaction heat (ΔHtotal) was determined from the 
dynamic DSC runs; ΔHiso is the reaction heat during isothermal DSC runs, ΔHres is the residual 
reaction heat after isothermal curing; ΔHloss is the loss of reaction heat during isothermal DSC 
runs due to time-lag for reaching and equilibrating target temperature; αinitial is the initial 
conversion of the first point that is recorded during isothermal DSC runs and αfinal is the final 
reach conversion during isothermal DSC runs. 

Accelerating 
agent 

T 
(°C) 

ΔHtotal 
(J/g) 

ΔHiso 
(J/g) 

ΔHres 
(J/g) 

ΔHloss
a 

(J/g) 
αinitial

b 
(%) 

αfinal 
(%) 

1MIM 100 354 306 43 5 1.5 88  
110 354 316 30 8 2.3 92 

  120 354 301 18 35 9.9 95 
BMIMCl 100 375 315 37 23 6.0 90  

110 375 315 28 32 8.6 93 
  120 375 301 25 49 12.8 93 

(BMIM)2CoCl4 90 327 275 21 31 9.3 94  
100 327 292 11 24 7.5 97  
105 327 273 7 47 14.6 98 

  110 327 275 5 47 14.5 98 
(BMIM)2ZnCl4 90 321 282 26 13 4.1 92  

100 321 289 13 19 5.8 96 
  105 321 266 8 47 14.7 98 

BMIMFeCl4 100 342 300 34 8 2.4 90  
110 342 267 24 51 14.9 93 

  120 342 255 16 71 20.8 96 
a ΔHloss = ΔHtotal - ΔHiso - ΔHres 
b αinitial = 100 · ΔHloss / ΔHtotal 
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Table S5. Kinetic parameters using the Kamal-Sourour model based on isothermal DSC 
runs of DGEBA-MHHPA systems using different accelerating agents. 

Accelerating 
agent 

T 

(°C) 

k1 

(s-1) 

k2 

(s-1) 

Ea1 

(kJ/mol) 

Ea2 

(kJ/mol) 

1MIM 

 

 

100 2.7·10-4 1.6·10-3 

43 88 110 5.2·10-4 3.3·10-3 

120 5.4·10-4 6.8·10-3 

BMIMCl 

 

 

100 5.8·10-4 1.0·10-3 

49 97 110 8.2·10-4 2.5·10-3 

120 1.3·10-3 4.9·10-3 

(BMIM)2CoCl4 

 

 

 

90 8.0·10-4 5.8·10-4 

13 118 
100 1.2·10-3 1.9·10-3 

105 7.8·10-4 3.8·10-3 

110 9.7·10-4 4.4·10-3 

(BMIM)2ZnCl4 

 

 

90 7.8·10-4 1.0·10-4 

42 217 100 1.0·10-3 6.5·10-4 

105 1.4·10-3 1.7·10-3 

(BMIM)FeCl4 

 

 

100 7.3·10-4 0 

55 n.d. 110 1.3·10-3 0 

120 1.8·10-3 9.4·10-3 

 

  



S13 
 

 

Figure S9. Arrhenius plot of rate constants k1 and k2 obtained by the Kamal-Sourour model 
for the DGEBA/MHHPA/1MIM.  

 

 

Figure S10. Arrhenius plot of rate constants k1 and k2 obtained by the Kamal-Sourour model 
for the DGEBA/MHHPA/BMIMCl.  
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Figure S11. Arrhenius plot of rate constants k1 and k2 obtained by the Kamal-Sourour model 
for the DGEBA/MHHPA/(BMIM)2CoCl4.  

 

 

Figure S12. Arrhenius plot of rate constants k1 and k2 obtained by the Kamal-Sourour model 
for the DGEBA/MHHPA/(BMIM)2ZnCl4. 
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Figure S13. Arrhenius plot of rate constants k2 obtained by the Kamal-Sourour model for the 
DGEBA/MHHPA/(BMIM)FeCl4. 
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Figure S14. MALDI-TOF mass spectrum of PGE/MHHPA/1MIM after 15 min of reaction at 
80 °C. 

 

 

 

Scheme S1. Initiation and propagation in 1MIM-accelerated epoxy (PGE or DGEBA) – 
anhydride (MHHPA) anionic copolymerization. 
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Figure S15. MALDI-TOF mass spectrum of PGE/MHHPA/BMIMCl after 15 min of reaction 
at 80 °C. 



S18 
 

 

Figure S16. MALDI-TOF mass spectrum of PGE/MHHPA/(BMIM)FeCl4 after 15 min of 
reaction at 80 °C. 
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Figure S17. MALDI-TOF mass spectrum of PGE/MHHPA/(BMIM)2ZnCl4 after 15 min of 
reaction at 80 °C. 
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Figure S18. MALDI-TOF mass spectrum of PGE/MHHPA/(BMIM)2CoCl4 after 15 min of 
reaction at 80 °C. 
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Table S6. Dynamic DSC results of the reactive mixture at a heating rate of 5 °C/min. 

 DGEBA/MHHPA= 1/1 Dynamic DSC data 

Entries Catalyst 
content Catalyst used Tonset

a, 
°C 

Tmax
b, 

°C 
ΔHc, 
J/g 

Tg
d,  

°C  
1 - No cat. 192 237 192 110 

2 2.7 mol% 1MIM 106 130 357 134 

3 2.7 mol% BMIMCl 101 131 334 128 

4 0.05 mol% (BMIM)FeCl4 159 207 267 132 

5 0.15 mol% (BMIM)FeCl4 140 189 342 147 

6 0.20 mol% (BMIM)FeCl4 132 180 338 148 

7 0.33 mol% (BMIM)FeCl4 101 167 337 148 

8 0.67 mol% (BMIM)FeCl4 57 85 331 128 

9 2.70 mol% (BMIM)FeCl4 57 61 343 96 

10 0.05 mol% (BMIM)2CoCl4 110 137 300 133 

11 1.00 mol% (BMIM)2CoCl4 102 137 348 145 

12 1.50 mol% (BMIM)2CoCl4 111 142 326 142 

13 2.70 mol% (BMIM)2CoCl4 97 128 327 147 

14 3.50 mol% (BMIM)2CoCl4 92 122 337 130 

15 5.00 mol% (BMIM)2CoCl4 82 112 325 111 

16 10.00 mol% (BMIM)2CoCl4 70 103 216 104 

17 0.50 mol% (BMIM)2ZnCl4 113 146 325 129 

18 1.00 mol% (BMIM)2ZnCl4 105 140 347 145 

19 1.50 mol% (BMIM)2ZnCl4 104 140 347 144 

20 2.70 mol% (BMIM)2ZnCl4 99 142 331 148 
a Onset temperature of the curing exotherm at 5 °C/min 
b Temperature at the maximum curing exotherm  
c Enthalpy of the reaction  
d Glass transition temperature determined at the midpoint of the transition curve after curing 
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Metal-based ionic liquids (MILs) 

Firstly, the synthesized MILs, (BMIM)2ZnCl4 and (BMIM)2CoCl4, were characterized 

to prove the IL structure. The 1H and 13C NMR spectra of (BMIM)2ZnCl4 are shown in Fig. S1 

and S2 and compared to BMIMCl.  

 

Fig. S1. 1H NMR (DMSO-D6) of BMIMCl and (BMIM)2ZnCl4. BMIMCl: δ 0.893 (t, H3C-) 

1.247 (m, -CH2-CH3) 1.758 (p, -CH2-CH2-CH3) 3.371 (s, H2O) 3.856 (s, H3C-N) 4.174 (t, -

CH2-CH2- CH2-CH3) 7.746 (s, H2C=CH2-N-R) 7.817 (s, H2C=CH2-N-CH3) 9.314 (s, N-CH-

N). (BMIM)2ZnCl4: δ 0.848 (t, H3C-) 1.232 (m, -CH2-CH3) 1.776 (p, -CH2-CH2-CH3) 3.363 (s, 

H2O) 3.851 (s, H3C-N) 4.152 (t, -CH2-CH2- CH2-CH3) 7.711 (s, H2C=CH2-N-R) 7.779 (s, 

H2C=CH2-N-CH3) 9.314 (s, N-CH-N). 

 

 

Fig. S2. 13C NMR (DMSO-D6): of BMIMCl and (BMIM)2ZnCl4. BMIMCl: δ 13.321 (1C, -

CH3) 18.793 (1C, -CH2-CH3) 31.391 (1C, -CH2- CH2-CH3) 35.748 (1C, H3C-N) 48.446 (1C, 

CH2-CH2- CH2-CH3) 122.287 (1C, H2C=CH2-N-R) 123.621 (1C, H2C=CH2-N-CH3) 136.642 

(1C, N-CH-N). (BMIM)2ZnCl4: δ 13.321 (1C, -CH3) 18.793 (1C, -CH2-CH3) 31.401 (1C, -CH2- 

CH2-CH3) 35.827 (1C, H3C-N) 48.501 (1C, CH2-CH2- CH2-CH3) 122.269 (1C, H2C=CH2-N-

R) 123.615 (1C, H2C=CH2-N-CH3) 136.530 (1C, N-CH-N). 
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The 1H NMR spectra proved the formation of a typical imidazolium ring in 

(BMIM)2ZnCl4 by the presence of signals at δ =3.85 (s, H3C-N), 7.71 (s, H2C=CH2-N-R), and 

9.166 (s, N-CH-N).1 The metal contents (%) in (BMIM)2ZnCl4 and (BMIM)2CoCl4 were 

calculated using elemental analysis (AAS). The results showed that the experimental metal 

content values Zn (11.04%) and Co (12.74%) are very close to the theoretical values, 11.03 and 

12.30 %, respectively 2,3, suggesting the effective insertion of the metal centre (Zn and Co) in 

the imidazolium IL. When comparing FTIR spectra and thermogravimetric analyses (TGA) of 

BMIMCl with (BMIM)2CoCl4, and (BMIM)2ZnCl4, the MILs showed a low level of absorbed 

water (approximately 1 wt%) (Fig. S3).  

 
Fig. S3. (a) FTIR spectra and (b) TGA curves of BMIMCl, (BMIM)2CoCl4 and (BMIM)2ZnCl4. 

FTIR spectra of (BMIM)2CoCl4, and (BMIM)2ZnCl4 exhibited typical characteristic 

bands from the imidazolium ring proved by the presence of bands at 3090 - 3142, 1563 - 1640, 

and 1163 cm-1, respectively attributed to the alkyl stretching in imidazole ring (C-H), imidazole 

ring stretching, and bending of H-C-C and H-C-N bonds (Fig. S3a).4,5 The formation of 

aliphatic (C-H) alkyl chains were also confirmed by the peaks at 2690, 2877, and 2933 cm-1.5 

Thermograms of (BMIM)2CoCl4 and (BMIM)2ZnCl4 showed four decomposition steps, unlike 

BMIMCl which showed only two steps (Fig. S3b). This proves the presence of the inorganic 

material, anionic metal centre into the IL, which starts decomposing at the final stage of the 

TGA analysis at temperature after 430 to 547 °C. Moreover, these MILs showed to be thermally 

stable at T lower than 100 °C, as the first decomposition step starts at onset T of approximately 

240 °C, which means that the metal salts do not decompose at the reaction temperature selected 

in this study (80 °C), and their catalytic activity will not be compromised. The high thermal 
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stability of the compound is also due to the imidazolium cation that proved to be more thermally 

and chemically stable than other cations of ILs, such as pyridinium, or phosphonium salts.6 The 

addition of the metal anionic centre was proved to enhance the Lewis acidity of the ionic liquid, 

hence increasing its nucleophilic character and therefore catalytic activity.7 These properties 

provided by the MILs offer the opportunity to use them as new catalytic tools for the CO2 

cycloaddition reaction.  

Synthesis of cyclic carbonates 

 

Fig. S4. FTIR spectra of PGE/CO2/BMIMCl reaction products at different concentrations of 

IL (1, 5 and 10 mol%), and at reaction conditions (T=80 °C, P(CO2)=7.7 MPa). 
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Computational investigation of the mechanism 

 

 

Fig. S5. Geometries of the important points along the overall reaction mechanism in the 

minimum representation departing from a 1:1 mixture of reactants catalyzed by a chloride 

anion. From left to right: reactants in an optimum mutual configuration, transition state for CO2 

fixation, chloro-carbonate intermediate, transition state for carbonate cyclisation, and cyclic 

carbonate product. Eigenvectors of the single internal mode exhibiting an imaginary vibrational 

frequency are depicted for both transition states. 

 

 

Fig. S6. Geometries of the important points along the overall reaction mechanism in the 

explicitly solvated representation including one whole BMIMCl ion pair in excess to the 1:1 

mixture of reactants. From left to right: reactants in an optimum mutual configuration, transition 

state for CO2 fixation, chloro-carbonate intermediate, transition state for carbonate cyclisation, 

and cyclic carbonate product. Eigenvectors of the single internal mode exhibiting an imaginary 

vibrational frequency are depicted for both transition states. 
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Table S1. Relative Gibbs energies (at 298 K, in kJ mol−1) of important entities along the 

reaction of PGE with CO2 in BMIMCl, as obtained from B3LYP-D3(BJ)/6-311+G(d,p) level 

of theory and for various solvation models of implicit (PCM), explicit (including 1 or 2 ionic 

pairs), and full (combining implicit and explicit) solvation. Explicit solvent particles are noted 

in brackets. 

Solvation model REAC TS1 INT TS2 PROD BAR1 BAR2 

Vacuum (1 Cl−) 66.0 244.8 60.1 110.0 0.0 178.8 49.9 

PCM (1 Cl−) 50.1 245.7 49.1 118.2 0.0 195.6 69.1 

Vacuum (1 BMIM+ & 1 Cl−) 33.4 198.5 31.6 128.4 0.0 165.2 96.8 

PCM (1 BMIM+ & 1 Cl−) 40.9 226.7 43.0 118.9 0.0 185.9 76.0 

Vacuum (2 BMIM+ & 2 Cl−) 29.9 104.6 32.5 114.1 0.0 74.7 81.5 

PCM (2 BMIM+ & 2 Cl−) 40.5 139.5 40.9 128.1 0.0 99.0 87.2 
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Fig. S7. Geometries of the important points along the overall reaction mechanism in the 

explicitly solvated representation including one explicit (BMIM)2ZnCl4 entity in excess of the 

1:1 mixture of reactants. First row, from left to right: reactants in an optimum mutual 

configuration, transition state for CO2 fixation, chloro-carbonate intermediate, transition state 

for carbonate cyclisation, and cyclic carbonate product. Eigenvectors of the single internal 

mode exhibiting an imaginary vibrational frequency are depicted for both transition states. 

Second row: a detailed view of the most important fragments of the reacting species 

representing TS1 and TS2 clusters. 
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Fig. S8. Gibbs energy profiles along the suggested reaction paths as modelled at the B3LYP-

D3/6-311+G(d,p) level of theory. Energies of the reactants, intermediate entities, products, and 

transition states are compared for the reactions occurring in a vacuum in the explicit presence 

of a single stoichiometric entity of BMIMCl or (BMIM)2ZnCl4. Lines interconnecting 

individual states are only for guide-the-eye. 
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