
CHAPTER IV
SUPRAM OLECULAR POLYMERIZATION OF BENZOXAZINE DIMER  

DERIVATIVES VIA HYDROGEN BOND AND M ETAL ION  
COMPLEXATION SYSTEM

4.1 Abstract

A  n o v e l  b e n z o x a z in e - b a s e d  h y d r o g e n  b o n d  n e tw o r k  a n d  m e ta l lo -  
s u p r a m o le c u le  a r e  p r o p o s e d .  D ia m in e - l in k e d  b e n z o x a z in e  d im e r s  p r e p a r e d  b y  th e  
r in g  o p e n in g  r e a c t io n  o f  d i a m in e - b a s e d  b e n z o x a z in e  m o n o m e r s  a r e  g o o d  m o d e ls  fo r  
s u p r a m o le c u la r  a s s e m b ly  v i a  h y d r o g e n  b o n d in g  a n d  m e ta l  io n  c o m p le x a t io n .  B y  
a d d in g  m e ta l  s a l t ,  e .g . C 11C I2, C u (C 1 0 4 ) 2, a n d  C 11S O 4 , th e  d ia m in e - l in k e d  
b e n z o x a z in e  d im e r s  s h o w s  a  b a th o c h r o m ic  e f f e c t  w i th  a  n e w  p e a k  a t  3 1 3  n m  a n d  
ta k e s  m a x im u m  w h e n  th e  m e ta l - d im e r  r a t io  is  e q u a l  to  1 :1 . A t  th is  r a t io ,  th e  c o m p le x  
a ls o  s h o w s  a n  in c r e a s e  in  h y d r o d y n a m ic  r a d iu s  a s  e v a lu a te d  b y  D L S  te c h n iq u e .  A n  
in c r e a s e  in  v i s c o s i ty  a s  w e l l  a s  th e  c h a n g e  o f  m o r p h o lo g y  f ro m  s p h e r ic a l  s h a p e  to  
r o d - l ik e  s h a p e  a s  s e e n  in  S E M  a n d  T E M  m ic r o g r a p h s  in s is t s  th e  d e v e lo p m e n t  o f  
b e n z o x a z in e  p o ly m e r ic  c h a in  b a s e d  h y d r o g e n  b o n d  n e tw o r k  a n d  m e ta l  io n  
c o m p le x a t io n .

4.2 Introduction

In  r e c e n t  y e a r s  th e r e  h a s  b e e n  a n  e n o r m o u s  g r o w th  o f  in te r e s t  in  th e  f ie ld  o f  
s u p r a m o le c u la r  p o ly m e r  ( B r u n s v e ld  e t a l ,  2 0 0 1 ) ,  w h ic h  r e f e r s  to  th e  c h a in s  o f  s m a ll  
m o le c u le s  h e ld  to g e th e r  b y  w e a k  r e v e r s ib le  n o n c o v a le n t  in te r a c t io n s  ( W e n g  e t a l ,  
2 0 0 9 ) .  S e l f - a s s e m b le d  p o ly m e r s  c a n  b e  c o n t r o l l e d  b y  th e  m o le c u la r  in te r a c t io n s ,  
s to ic h io m e tr y ,  a n d  b in d in g  k in e t ic s  o f  th e  s u p r a m o le c u la r  m o t i f  ( D e  G r e e f  e t a l ,  
2 0 0 9 ) .  T h e  d y n a m ic  n a tu r e  o f  s u p ra m o le c u la r  p o ly m e r s  s h o w s  th e i r  b e h a v io r  to  b e  
in f lu e n c e d  b y  e x te r n a l  c o n d i t io n s ,  s u c h  a s  m o n o m e r  c o n c e n t r a t io n ,  t e m p e r a tu r e ,  a n d  
p r e s s u r e ,  in  th e  w a y  th a t  t r a d i t io n a l  c o v a le n t  p o ly m e r s  a r e  n o t  p o s s ib le .  A  w id e  r a n g e  
o f  n o n c o v a le n t  in te r a c t io n ,  s u c h  a s  h y d r o p h o b ic  in te r a c t io n s  ( K a s tn e r ,  2 0 0 1 ) ,  ท-ท



2 2

s ta c k in g  ( L e h n ,  1 9 9 5 ) ,  h y d r o g e n  b o n d in g  ( K ie z e r  e t a l ,  2 0 0 3 ) ,  a n d  m e ta l- l ig a n d  
in te r a t io n s  ( H in d e r b e r g e r  e t a l ,  2 0 0 4 )  is  k n o w n  to  in d u c e  s u p r a m o le c u la r  p o ly m e r s .

F o r  th e  p a s t  f e w  y e a r s ,  o u r  g r o u p  h a s  f o c u s e d  o n  N ,N -  b i s (2 -  
h y d r o x y a lk y lb e n z y l ) a lk y la m in e  s in c e  i ts  a d v a n ta g e s  o f  s im p le  p r e p a r a t io n  a n d  h ig h  
r e a c t io n  y i e ld  ( L a o b u th e e  e t a l ,  2 0 0 1 ,  2 0 0 3 ;  P h o n g ta m r u g  e t  a l ,  2 0 0 4 ,  2 0 0 5 , 2 0 0 6 ) . 
T h e s e  d e r iv a t iv e s  w e r e  o b ta in e d  b y  a  s in g le  r in g  o p e n in g  r e a c t io n  o f  b e n z o x a z in e  
d e r iv a t iv e s  w i th  p h e n o l  c o m p o u n d s .  T h e  s in g le  c r y s ta l lo g r a p h y  a n a ly s is  p o in te d  o u t  
th a t  th e  d e r iv a t iv e s  w e r e  in  a  u n iq u e  s t r u c tu r e  vv ith  in te r -  a n d  in t r a m o le c u la r  
h y d r o g e n  b o n d  n e tw o r k s  to  p r o v id e  a s y m m e tr ic  c o m p o u n d s  ( L a o b u th e e  e t a l ,  2 0 0 1 ) .  
O u r  w o r k  a ls o  e x te n d e d  to  th e  s u p r a m o le c u la r  c h e m is t r y  o f  7V,jV-bis(2- 
h y d r o x y a lk y lb e n z y l ) a lk y la m in e  b y  s h o w in g  h o w  th e s e  d e r iv a t iv e s  c a n  b e  h o s t  
m o le c u le s  to  a c c e p t  v a r io u s  g u e s t  s p e c ie s  s u c h  a s  a lk a l i ,  a lk a l in e  e a r th ,  a n d  t r a n s i t io n  
m e ta l  io n s  ( L a o b u th e e  e t a l ,  2 0 0 3 ;  P h o n g ta m r u g  e t àl'.j 2 0 0 4 ) .

A s  b e n z o x a z in e  d im e r s  a c c e p t  m e ta l  ions, a s  g u e s ts ,  th e  g r o w th  o f  
b e n z o x a z in e  d im e r  to  p o ly m e r ic  c h a in  v i a  m e ta l - l ig a n d  in te r a c t io n s  c a n  b e  e x p e c te d . 
T h e  p r e s e n t  w o rk ,  th u s ,  is  a n o th e r  s u p r a m o le c u la r  s tu d y  to  d e v e lo p  a  n o v e l  ty p e  o f  
b i f u n c t io n a l  b e n z o x a z in e  s u p ra m o le c u le s ,  s o - c a l le d  b e n z o x a z in e  m e ta l lo -  
s u p r a m o le c u la r  p o ly m e r ,  b a s e d  o n  d i a m in e - l in k e d  b e n z o x a z in e  d im e rs .  H e r e in ,  a  
m e ta l lo - s u p r a m o le c u la r  p o ly m e r  o f  b e n z o x a z in e  d im e r s  is  p r o v e n  b y  v a r io u s  
a n a ly t ic a l  te c h n iq u e s  s u c h  a s  U V -V is ,  D L S , N M R , in c lu d in g  m o r p h o lo g ic a l  a n a ly s e s  
b y  S E M  a n d  T E M .

4.3 Experimental

M a ter ia ls

P a r a f o r m a ld e h y d e ,  2 ,4 - d im e th y lp h e n o l ,  a n d  c u p r i c  a c e ta te  m o n o h y d r a te  
w e r e  p u r c h a s e d  f r o m  F lu k a ,  S w i tz e r la n d .  S o d iu m  h y d r o x id e  a n d  i s o p r o p a n o l  w e r e  
o b ta in e d  f ro m  C a r lo  E rb a , I ta ly . E th y le n e d ia m in e  a n d  c o p p e r  ( I I )  s u l fa te  
p e n ta h y d r a te  w e r e  p u r c h a s e d  f ro m  S ig m a - A ld r ic h ,  G e r m a n y . C o p p e r  ( I I )  p e r c h lo r a te
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h e x a h y d r a te  w a s  o b ta in e d  f ro m  A ld r ic h ,  G e r m a n y . C u p r ic  c h lo r id e  d e h y d r a te  w a s  
r e c e iv e d  f ro m  S h im a k y u ’s  P u r e  C h e m ic a l ,  J a p a n .  C h lo r o f o r m ,  a c e to n i t r i le ,  
d i e th y le th e r ,  m e th a n o l ,  a n d  t - b u ta n o l  w e r e  p r o v id e d  f r o m  L a b s c a n ,  I re la n d . 
D e u te r a te d  c h lo r o f o r m ,  d e u te r a te d  d im e th y ls u l f o x id e ,  a n d  d e u te r a te d  a c e to n i t r i le  
w e r e  o b ta in e d  f ro m  A ld r ic h ,  G e r m a n y . A l l  c h e m ic a ls  w e r e  u s e d  a s  r e c e iv e d .

In stru m en ts a n d  E qu ipm en t

F o u r i e r  t r a n s f o r m  in f r a r e d  s p e c t r a  ( F T I R )  w e r e  r e c o r d e d  b y  a  N ic o le t  N e x u s  
6 7 0  F T - I R  s p e c t r o m e te r  in  th e  r a n g e  4 0 0 0 - 4 0 0  c m '1, ' h  N M R  w a s  o b ta in e d  f ro m  a  
B r u k e r  u l t r a s h ie ld  p lu s  5 0 0  M H z  N M R  s p e c t r o m e te r .  M a s s  s p e c t r o s c o p y  w a s  
a n a ly z e d  b y  a  B r u k e r  a  m ic r O T O F  II e le c t r o s p r a y  io n iz a t io n  m a s s  s p e c t r o m e te r  
( E S I - M S )  a n d  a  B r u k e r  A u to f le x  III  M a t r ix - a s s i s te d  la s e r  d e s o r p t io n / io n iz a t io n - t im e  
o f  f l ig h t  m a s s  s p e c t r o m e te r  ( M A L D I - T O F ) .  P a r t i c le s  s iz e  w a s  m e a s u r e d  b y  a  
M a lv e r n  z e ta s i z e r  ( n a n o - Z S ) .  S p e c i f ic  v i s c o s i ty  w a s  e v a lu a te d  b y  a  C A N N O N  
u b b e lo h d e  5 0  B 5 8 2  w i th  a  c o n s ta n t  t e m p e r a tu r e  b a th  C A N N O N  C T 1 0 0 0 .  A b s o r p t io n  
o f  c o m p o u n d s  a n d  k in e t ic  o f  r e a c t io n  w e r e  g a in e d  f ro m  a  S h im a d z u  U V - V is  
s p e c t r o p h o to m e te r  ( บ V - 1 8 0 0 ) . M o r p h o lo g y  o f  s u p r a m o le c u la r  p o ly m e r s  w a s  
c a p tu r e d  b y  a  H i ta c h i  H - 7 6 5 0  t r a n s m is s io n  e le c t r o n  m ic r o s c o p e  ( T E M )  a n d  a  H i ta c h i  
ร - 4 8 0 0  u l t r a - h ig h  r e s o lu t io n  c o ld  f ie ld  e m is s io n  s c a n n in g  e le c t r o n  m ic r o s c o p e  ( F E -  
S E M ).

S yn th esis

B if u n c t io n a l  B e n z o x a z in e  D e r iv a t iv e s

C o m p o u n d  1 w a s  p r e p a r e d  a s  r e p o r te d  e l s e w h e r e  ( L a o b u th e e  e t a l, 2 0 0 1 ) .  In  
b r ie f ,  2 ,4 - d im e th y lp h e n o l  ( 1 2 .2 0 7  g , 1 0 0  m m o l) ,  p a r a f o r m a ld e h y d e  (6 .3 0 2  g , 2 1 0  
m m o l)  a n d  e th y le n e d ia m in e  (3 .3 4 3  m l, 5 0  m m o l)  in  c h lo r o f o r m  (1 5  m l)  w e re  s t i r e d  
a t  7 0 ° c  u n t i l  th e  l ig h t  y e l lo w  v is c o u s  s o lu t io n  w a s  o b ta in e d .  T h e  c r u d e  p r o d u c t  w a s  
w a s h e d  b y  1 M  s o d iu m  h y d r o x id e  a n d  w a te r  s e v e r a l  t im e s  a n d  r e c r y s t a l l i z e d  in  a
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m ix e d  s o lv e n t  o f  c h lo r o f o r m  a n d  m e th a n o l  ( 1 :1 , v /v ) . T h e  w h i t e  c r y s ta l s  w e r e  d r ie d  
to  y ie ld  8 6 % ,’H  N M R  (5 0 0  M H z ,  C D C I 3): 8  6 .8 4  (2 H , ร), 6 .6 4  (2 H , ร), 4 .9 3  (2 H , ร),
4 .0 3  (4 H , ร), 3 .0 0  ( 4 H , ร), 2 .2 5  ( 6 H , ร), 2 .1 8  ( 6 H , ร). E S I - M S :  m /z  3 5 3 .2 2  [M + H ] +.

C o m p o u n d  2  w a s  a c c o m p l is h e d  b y  th e  r in g  o p e n in g  r e a c t io n  a s  r e p o r te d  
p r e v io u s ly  ( L a o b u th e e  e t a l ,  2 0 0 1 ) .  In  b r ie f ,  2 ,4 - d im e th y lp h e n o l  ( 1 2 .2 0 7  g , 1 0 0  
m m o l) ,  w a s  a d d e d  in to  1 ( 1 7 .6 0 0  g , 5 0  m m o l)  in  c h lo r o f o r m  (1 5  m l)  a n d  a l lo w e d  
s t i r r in g  a t  1 2 0 ° c  u n t i l  th e  y e l lo w  v i s c o u s  s o lu t io n  w a s  o b ta in e d .  T h e  c r u d e  p r o d u c t  
w a s  f u r th e r  p u r i f i e d  in  a  m ix e d  s o lv e n t  o f  c h lo r o f o r m  a n d  m e th a n o l  (1 :1  v /v ) .  T h e  
w h i te  c r y s ta l s  w e r e  d r ie d  to  y ie ld  2  fo r  8 0 % . ’h  N M R  ( 5 0 0  M H z , C D C I 3) : Ô 6 . 8 6  

( 4 H , ร), 6 .6 7  ( 4 H , ร), 3 .6 0  ( 8 H , ร), 2 .7 7  (4 H , ร), 2 .2 2  ( 1 2 H , ร), 2 .1 9  ( 1 2 H , ร). E S I - M S : 
m /z  5 9 7 .3 7  [ M + H ] +.

C o m p o u n d  3  w a s  p r e p a r e d  a s  r e p o r te d  e ls e w h e r e  ( L a o b u th e e  e t  a l,  2 0 0 1 ) .  In  
b r ie f ,  2 ,4 - d im e th y lp h e n o l  ( 1 2 .2 0 7  g , 1 0 0  m m o l) ,  p a r a f o r m a ld e h y d e  ( 6 .3 0 2  g , 2 1 0  
m m o l)  a n d  h e x a m e th y le n e d ia m in e  (3 .3 4 3  m l ,  5 0  m m o l)  in  c h lo r o f o r m  (1 5  m l)  w e r e  
s t i r r e d  a t  7 0 ° c  u n t i l  th e  l ig h t  y e l lo w  v i s c o u s  s o lu t io n  w a s  o b ta in e d .  T h e  c r u d e  
p r o d u c t  w a s  w a s h e d  b y  1 M  s o d iu m  h y d r o x id e  a n d  w a te r  s e v e r a l  t im e s  a n d  
r e c r y s ta l l i z e d  in  a  m ix e d  s o lv e n t  o f  c h lo r o f o r m  a n d  m e th a n o l  (1 :1  v /v ) .  T h e  w h i te  
c r y s ta l s  w e r e  d r ie d  to  y ie ld  8 0 % . ' h  N M R  (5 0 0  M H z , C D C I 3): 6  6 . 8 6  ( 4 H , ร), 6 .6 7  
( 4 H , ร), 3 .6 0  ( 8 H , ร), 2 .7 7  ( 4 H , ร), 2 .2 2  ( 1 2 H , ร), 2 .1 9  ( 1 2 H , ร). E S I - M S :  m /z  4 0 8 .5 8  
[ M + H f .

C o m p o u n d  4  w a s  a c c o m p l is h e d  b y  th e  r in g  o p e n in g  r e a c t io n  a s  r e p o r te d  
p r e v io u s ly  ( L a o b u th e e  e t a l ,  2 0 0 1 ) .  In  b r ie f ,  2 ,4 - d im e th y lp h e n o l  ( 1 2 .2 0 7  g , 1 0 0  
m m o l) ,  w a s  a d d e d  in to  1 ( 1 7 .6 0 0  g , 5 0  m m o l)  in  c h lo r o f o r m  (1 5  m l)  a n d  a l lo w e d  
s t i r r in g  a t  1 2 0 ° c  u n t i l  th e  y e l lo w w is h  v i s c o u s  s o lu t io n  w a s  o b ta in e d .  T h e  c r u d e  
p r o d u c t  w a s  f u r th e r  p u r i f i e d  in  a  m ix e d  s o lv e n t  o f  c h lo r o f o r m  a n d  m e th a n o l  ( 1 :1  

v /v ) .  T h e  w h i te  c r y s ta l s  w e re  d r ie d  to  y ie ld  4  fo r  8 7 % . ' h  N M R  ( 5 0 0  M H z , C D C I 3): 
Ô 6 . 8 8  ( 4 H , ร), 6 .7 3  ( 4 H ,  ร), 3 .7 3  ( 8 H , ร), 2 .5 5  (4 H , t ,  J =  6 .5  H z ) ,  2 .2 4  ( 2 4 H , ร), 2 .6 2  
( 4 H , m ) , 1 .2 2  (4 H , m ) . E S I -M S : m /z  6 5 3 .4 3  [ M + H ] +.
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Scheme 4.1 Synthesis o f  bifunctional benzoxazine derivatives.

H2N (C H 2)2N H 2
c h 2o /  c h c i 3
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Figure 4.1 'h  NMR spectra o f 2 and 4 in CDCI3 at 500 MHz.

Preparation o f Metallo-supramolecular System

A solution containing 29.85 mg (0.05 mmol) o f 2 in DMSO (1 ml) was mixed 
with a stoichiometric amount o f 18.53 mg (0.05 mmol) o f copper (II) perchlorate 
hexahydrate in DMSO (1 ml). Other copper salts, i.e., cupric acetate monohydrate, 
copper (II) sulfate pentahydrate and cupric chloride dehydrate were used to prepare 
the complex with 2 in similar procedures. Compound 4 was also used to prepare 
similar complexation with the copper salts. The mixture was then left for 3 days 
before characterization.
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4.4 Results and discussion

B en zoxazin e  S u p ra m o lecu la r  P o lym er  v ia  M e ta l Ion  C o m p lex a tio n

Self Assembly and Solution Properties o f the Metallo-supramolecular 
Polymer

The supramolecular performance o f benzoxazine dimers, 2 and 4, was 
studied based on the complexation with various types o f copper salts, i.e., CuCh, 
CuSC>4, Cu(C1 0 4 )2  and Cu(CH3COO)2 in DMSO solvent. Figure 4.2 shows u v  
spectra o f 2 and 4 before and after mixing with CuCb in DMSO. It is clear that when 
2 and 4 form the complex with copper, new peaks at 342 nm and 353 nm are 
observed. It is important to note that the new peaks observed were differed based on 
the type o f copper salts. For example, in the case o f the complexation with CuCb, 
CUS0 4 , Cu(C1 0 4 )2, and Cu(CH3COO)2, the new peaks are at 342 nm, 353 nm, 428 
nm, and 313 nm, respectively.
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M o l a r  R a t i o  o f  21 C u C I 2

M o l a r  R a t i o  o f  4 /  C u C I 2

Figure 4.2 u v  spectra o f (a) 2 (• -  • -);  CuCl2 (.......... ), and 2/CuC12 (-------- )
and (b) 4(------- •); CuCl2 (..........), and 4/CuC12 (-------- )

Figure 4.3 (a) is the plot o f the new u v  peak o f each complex related to the 
molar ratios. It is clear that all types o f copper salts show the highest absorbance at
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1:1 molar ratio. In other words, the host-guest complexation between 2 and copper 
ion is 1:1.

In the case o f 4, the host-guest complexation is different from that o f 2. As 
indicated in Figure 4.2 (b), the host-guest ratio is depending on the type o f the metal 
ion. Only 4 /CUSO4; the host-guest ratio is 1:1, whereas those o f 4 /CUCI2 and 
4 /0 1 (0 0 4 ) 2  ; the host-guest ratio are 5:1 and that o f 4/Cu(CH3COO)2; the host guest 
ratio is 1:2. It is not yet clear about the structure o f the 5:1 host-guest ratio, however, 
in the past, there were some reports similar to these cases (Rohacova e t a l ,  2010).

Figure 4.3 (a) u v  spectra o f 2 /CUX2 at different molar ratios in DMSO, and (b) u v  
spectra o f 4/CuX2 at different molar ratios in DMSO (O : CuCb, O: Cu(C1 0 4 )2, □ : 
Q 1S O 4 , and A : Cu(CH3COO)2.
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S p e c i f ic  v i s c o s i ty  a n d  m o le c u la r  a s s e m b ly  s iz e  ( p a r t ic le  s iz e )  a r e  o th e r  
in f o r m a t io n  to  c o n f i r m  th e  s u p r a m o le c u la r  p o ly m e r  f o r m a t io n .  I n  2 0 0 3  B e c k  e t a l. 
r e p o r te d  a n  in c r e a s e  in  v i s c o s i ty  r e la te d  to  th e  h o s t - g u e s t  f o r m a t io n  o f  2 ,6 - b i s ( l '-  
m e th y lb e n z im id a z o ly l ) p y r id in e - te r m in a te d  m o n o m e r s  w i th  m e ta l  io n s  s y s te m . F ig u re
4 .4  s h o w s  th e  s p e c i f i c  v i s c o s i ty  o f  2  a f te r  c o m p le x a t io n  w i th  v a r io u s  ty p e s  o f  c o p p e r  
s a lts . I t  is  c le a r  t h a t  a l l  c o m p le x e s  s h o w  a n  in c re a s e  in  v i s c o s i ty  r e la te d  to  th e  a m o u n t  
o f  2 . A l th o u g h  i t  is  e x p e c te d  to  s e e  th e  h ig h e s t  v i s c o s i ty  a t  1:1 h o s t - g u e s t  r a t io ,  o n ly  
2 /C u ( C 1 0 4 )2  s h o w s  th e  h ig h e s t  v i s c o s i ty  a t  1:1 r a t io  w h e r e a s  o th e r  c o m p le x e s  a re  
f lu c tu a te d .

Figure 4.4 S p e c i f ic  v i s c o s i ty  o f  2 /CUX2 a t  d i f f e r e n t  m o la r  r a t io s  in  D M S O  ( O :  
C u C l2, O :  C u ( C 1 0 4) 2, □ : C u S 0 4, a n d  A :  C 4H 6C u 0 2).

F ig u r e  4 .5  s h o w s  th e  a v e r a g e  p a r t i c le  s iz e s  o f  2  a n d  4  a f te r  c o m p le x a t io n  w i th  
C u ( C 1 0 4)2. I t  is  c l e a r  th a t  th e  p a r t i c le  s iz e  o f  2 /C u ( C 1 0 4)2 b e c o m e s  a s  h ig h  a s  3 8 0  n m  
w h e n  th e  h o s t - g u e s t  r a t io  is  1 :1 . T h is  im p l ie s  th a t  2 /C u ( C 1 0 4)2 m ig h t  f o rm  a  s ta b le  
m e ta l lo - s u p r a m o le c u la r  p o ly m e r .

A s  2  a n d  C u ( C 1 0 4)2 m ig h t  b e  a  g o o d  m o d e l  to  s h o w  th e  f o r m a t io n  o f  m e ta l lo -  
p o ly m e r  s y s te m  a s  e v id e n c e d  f ro m  th e  s a tu r a t io n  o f  h y p e r c h r o m ie  e f f e c t  a t  3 1 3  n m  
f o r  1:1 m o la r  r a t io  ( F ig u r e  4 .6 ) .  T h e  m e ta l lo - s u p r a m o le c u la r  f o r m a t io n  e v a lu a te d  
f ro m  th e  r e p e a t in g  u n i t s  o f  s u p ra m o le c u la r  p o ly m e r  w a s  s tu d ie d  b y  u s in g  ' h  N M R  
e n d - g r o u p  a n a ly s is .  A t  1:1 m o la r  ra t io , c o n c e n t r a t io n  0 .0 0 5  M , th e  e n d -g ro u p
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a n a ly s is  b y  ' h  N M R  c o n f i r m s  th e  r e p e a t in g  u n i t  to  b e  4  a s  s h o w n  in  th e  c a lc u la t io n  
(F ig u re  4 .7 ) .

Figure 4 .5  (a )  S iz e  o f  2 : C u ( C 1 0 4 )2  ( O ,  ท๓) a n d  4: C u ( C 1 0 4 )2  (■ 5 ท๓ ) a t  d i f f e r e n t  
m o la r  r a t io s  in  D M S O , a n d  ( b )  s p e c i f ic  v i s c o s i ty  o f  2 :  C u ( C 1 0 4 )2  ( O )  a n d  4 : 
C u ( C 1 0 4 )2  (■ ) a t  d i f f e r e n t  m o la r  r a t io s  in  D M S O .

M e ta l lo - s u p r a m o le c u la r  p o ly m e r  in  s o lu t io n  s y s te m  c a n  a ls o  b e  e v a lu a te d  b y  
s p e c i f ic  v i s c o s i ty .  F ig u r e  4 .8  s h o w s  p lo t  o f  s p e c i f i c  v i s c o s i ty  a n d  p lo t  o f  p a r t i c le  s iz e  
r e la te d  to  th e  c o n c e n t r a t io n  o f  th e  m e ta l  c o m p le x  o f  2  a n d  4 . A n  in c re a s e  in  s iz e  o f
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th e  s u p r a m o le c u la r  p o ly m e r  a s  a  f u n c t io n  o f  c o n c e n t r a t io n  w a s  v e r i f i e d  b y  d y n a m ic  
l ig h t  s c a t t e r in g  ( D L S )  t e c h n iq u e  to  f in d  a  g ra d u a l  in c r e a s e  in  s p e c i f i c  v i s c o s i ty  w i th  
a n  in c r e a s e  in  c o m p le x  [2 -C u (C 1 0 4 )2]n c o n c e n t r a t io n .  A  l i n e a r  r e la t io n s h ip  
( s lo p e —1 .2 1 3 )  in d ic a te s  th e  p r e s e n c e  o f  n o n in te r a c t in g  s p e c ie s  a n d  n o  a g g r e g a t io n  
b e h a v io r  in  th i s  s y s te m . T h is  r e s u l t  is  r e le v a n t  to  th e  r e p o r t  b y  B e c k  e t al. ( 2 0 0 3 )  a n d  
c o n f i rm s  o u r  c a s e  to  b e  a  m e ta l lo - s u p r a m o le c u la r  s y s te m .

M o r p h o lo g y  o f  M e ta l lo - s u p r a m o le c u la r  P o ly m e r .

I t  c o m e s  to  o u r  q u e s t io n  w h e th e r  th e  s u p r a m o le c u la r  s t r u c tu r e d  2  a n d  C u 2+ 
b r in g s  a n y  c h a n g e s  in  m o r p h o lo g y .  T h e  m o r p h o lo g y  w a s  c la r i f i e d  b y  u s in g  S E M  a n d  
T E M . T h e  s p h e r ic a l  s h a p e  a n d  d o n u t  s h a p e  w e r e  o b s e r v e d  f r o m  s t a r t in g  m a te r ia l ,  2 . 
S u r p r is in g ly ,  a f te r  a d d in g  a n  m o le  e q u iv a le n c e  o f  C u ( C 1 0 4)2, 2  s h o w s  th e  n e e d le - l ik e  
s h a p e  m o r p h o lo g y  ( F ig u r e  4 .9  ( a ) ,  (b ) , a n d  (c ) ) . T h e  im a g e  f ro m  S E M  ( F ig u r e  4 .9 ( d ) )  
a ls o  in d ic a te s  th e  c h a in s  d e v e lo p e d  f ro m  2 .
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M o l e  E q u i v a l e n t  o f  C u ( C I 0 4)2

Figure 4.6 (a )  u v  s p e c t r a  o f  C u ( C l 0 4 ) 2 : 2 a t  d i f f e r e n t  m o la r  r a t io s  in  D M S O , a n d  (b )  
th e  a b s o r b a n c e  a t  3 1 3  ท๓  o b ta in e d  f ro m  v a r io u s  m o la r  r a t io s .
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8 . 0  7 . 0  6 . 0  1 .0  0 . 0  p p m

8  3 2

Chain Length (ท) Calculation
O n ly  1 r e p e a t in g  u n it :  Haromatic =  8
N u m b e r  o f  r e p e a t in g  u n i t  (ท): ท =  3 2 /8  

=  4

Figure 4 .7  'h  N M R  s p e c t r u m  o f  [2  C u ( C l 0 4 ) 2]n a n d  in te g r a l  r a t io  f o r  c h a in  le n g th
c a lc u la t io n .
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Figure 4.8 P a r t ic le  s iz e  (□ , n m )  a n d  s p e c i f ic  v i s c o s i ty  ( • )  r e la te d  to  th e  c o n c e n t r a t io n  
o f [ 2 C u ( C 1 0 4)2]„.
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Figure 4 .9  T E M  m ic r o g r a p h s  o f  [ 2 C u ( C 1 0 4)2]n a t ;  ( a )  10  k , ( b )  3 0  k , ( c )  6 0  k  
m a g n if i c a t io n ,  a n d  (d )  S E M  m ic r o g r a p h  o f  [ 2 C u ( C 1 0 4)2]n a t  3 0  k  m a g n if i c a t io n .

B en zoxazin e S u p ra m o lecu la r  P o lym er  v ia  H yd ro g en  B o n d  N etw ork .

S e l f  A s s e m b ly  a n d  S o lu t io n  P r o p e r t ie s  o f  B e n z o x a z in e  S u p r a m o le c u la r  
P o ly m e r .

In  g e n e r a l ,  th e  e v id e n c e s  to  p r o v e  h y d r o g e n - b o n d e d  s u p r a m o le c u la r  p o ly m e r  
a r e ,  f o r  e x a m p le ,  v i s c o s i ty ,  e n d  g r o u p  n u m b e r ,  r a d iu s  o f  g y r a t io n ,  in c lu d in g  X - ra y  
s in g le  c ry s ta l  s t r u c tu r e .  O n e  o f  c h a r a c te r i s t ic  p r o p e r t i e s  o f  p o ly m e r ic  s t r u c tu r e s  is  
t h e i r  r e la t iv e ly  h ig h  s o lu t io n  v is c o s i ty .
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In  2 0 0 4 ,  te n  C a te  e t a l. r e p o r te d  s p e c i f i c  v i s c o s i t i e s  o f  b i f u n c t io n a l  2 - u r e id o -  
4 [ lH ] - p y r im id in o n e  ( บ P y )  d e r iv a t iv e s  in  c h lo r o f o r m  a s  a  f u n c t io n  o f  c o n c e n t r a t io n .  
T o w a r d  lo w  c o n c e n t r a t io n ,  a ll  c u r v e s  a p p r o a c h  a  s lo p e  o f  a r o u n d  1, d e m o n s t r a t in g  a  
l in e a r  r e la t io n  b e tw e e n  s p e c i f ic  v i s c o s i ty  a n d  c o n c e n t r a t io n ,  w h ic h  is  c h a r a c te r i s t ic  
f o r  n o n - in te r a c t in g  a s s e m b l ie s  o f  c o n s ta n t  s iz e .  T h e s e  r e s u l t s  c o n f i r m  th e  p r e s e n c e  o f  
o l ig o m e r  a n d  c y c l ic  d im e r s  in  d i lu te  s o lu t io n . U p o n  a n  in c r e a s e  in  th e  c o n c e n t r a t io n ,  
a  s h a r p  r is e  in  th e  v is c o s i ty  w i th  th e  s lo p e s  o f  2 .8 - 3 .0  w a s  o b s e r v e d .  T h e y  c o n c lu d e d  
th e  f o rm a t io n  o f  e n ta n g le d  p o ly m e r s  u p o n  th e  s iz e  in c r e a s in g .  In  o u r  c a s e ,  F ig u re
4 .1 0  is  a  p lo t  o f  s p e c i f ic  v i s c o s i ty  a n d  p a r t i c le  s iz e  o f  2  a n d  4  o b ta in e d  f ro m  
u b b e lo h d e  v i s c o s i ty  m e a s u r e m e n t  a n d  d y n a m ic  l ig h t  s c a t t e r in g  te c h n iq u e s .  I t  s h o u ld  
b e  n o te d  th a t  th e  s p e c i f ic  v i s c o s i t ie s  o f  2  a n d  4  a re  in c r e a s e d  a s  th e  c o n c e n t r a t io n  
in c r e a s e d  w h ic h  s lo p e  a r o u n d  1, s o  2  a n d  4  s y s te m s  m ig h t  f o rm  a  h y d r o g e n  b o n d  
n e tw o r k  b e tw e e n  m o le c u le s  w i th o u t  a g g r e g a t io n  a n d  c h a in  e n ta n g le m e n t  to  g iv e  
h y d r o g e n  b o n d e d  s u p ra m o le c u le .

500

400

300

2 0 0

1 0 0

0

Ec_
a>N

c7>

Figure 4.10 S p e c i f ic  v i s c o s i ty  (■ ) a n d  p a r t i c le  s iz e  (□ , n m )  r e la te d  to  th e
c o n c e n t r a t io n  o f  2, a n d  s p e c i f ic  v i s c o s i ty  ( A )  a n d  p a r t i c le  s iz e  ( A ,  n m )  r e la te d  to  th e
c o n c e n t r a t io n  o f  4 (3 0 3  K ) .
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A n o th e r  a t t e m p t  to  c la r ify  th e  h y d r o g e n  b o n d e d  s u p r a m o le c u la r  s y s te m  o f  2 
a n d  4 w a s  f u r th e r  c a r r ie d  o u t. S p in - la t t ic e  r e la x a t io n  (T 1  r e la x a t io n )  is  a  p r o c e s s  o f  
e n e r g y  e x c h a n g e  b e tw e e n  in d iv id u a l  n u c le a r  s p in s  a n d  th e  s u r r o u n d in g  l iq u id  o r  s o l id  
la t t ic e .  W h e n  m o le c u le s  in te r a c t  w i th  e a c h  o th e r ,  th e  in te r a c t io n  in d u c e s  s o m e  
c h a n g e s  to  th e  T 1  r e la x a t io n  t im e  o f  th e  m o le c u le .  T h e  T 1 is  a n  a v e r a g e  o f  th e  T1 
v a lu e s  o f  th o s e  n u c le i  a s s o c ia te d  w i th  b in d in g  a n d  th o s e  u n a s s o c ia te d  w i th  th e  s ite . 
A s  b o u n d  s i t e s  h a v e  a  s h o r te r  r e la x a t io n  t im e  th a n  th e  n o n b o u n d  s i te s  ( J a y a s u n d e r a ,  
e t a l., 2 0 0 3 ) ,  th e  T l  v a lu e  is  u s e fu l  to  e v a lu a te  h o w  th e  m o le c u le  i s  u n d e r  a  s p e c i f ic  
n e tw o rk .  H e r e ,  b y  s im p ly  v a r y in g  th e  c o n c e n t r a t io n  o f  2 a n d  4, T l  v a lu e  o f  e a c h  
p r o to n  w o u ld  h e  in d i r e c t  in fo rm a t io n  to  le t  US k n o w  h o w  th e  m o le c u le s  a r e  p a c k e d  in  
h y d r o g e n  b o n d  n e tw o r k  to  in i t ia te  s u p ra m o le c u la r  s t r u c tu r e  b y  o b s e r v in g  th e  c h a n g e s  
o f  th e  T l  v a lu e  o f  e a c h  p r o to n  a f te r  th e  c o n c e n t r a t io n s  o f  2 a n d  4 w e r e  v a r ie d  ( F ig u re  
4 .1 1 ) .  F o r  2 ( F ig u re  4 .1 1  ( a ) ) ,  e a c h  p r o to n  a t  5 = 6 .7 6 ,  6 .6 3 ,  3 .5 3 ,  2 .1 1 ,  a n d  2 .6 2  p p m  
(se e  F ig u r e  4 .1  f o r  c h a r a c te r iz a t io n  o f  2) d o  n o t  s ig n i f ic a n t ly  c h a n g e  w i th  th e  
c o n c e n t r a t io n .  T h is  im p l ie s  th e  h y d r o g e n  b o n d  n e tw o r k  o f  2 m a y  n o t  b e  s ta b le  
e n o u g h  to  in c r e a s e  g r a d u a l ly  a s  th e  c o n c e n t r a t io n .

I n  th e  c a s e  o f  4 ( F ig u r e  4 .1 1  ( b ) ) ,  th e  p r o to n  p o s i t i o n s  a t  5 = 6 .7 7 ,  6 .7 0 ,  3 .5 7 , 
2 .3 3 , 2 .1 4 ,  1 .4 3 , a n d  1 .0 4  p p m  a re  g r a d u a l ly  d e c r e a s e d  a s  c o n c e n t r a t io n  in c re a s e s .  
T h is  im p l ie s  th a t  4 m ig h t  b e  in  a  t i g h t  e n v i r o n m e n t  w h e n  th e  c o n c e n t r a t io n  w a s  
in c re a s e d .  A s  b e n z o x a z in e  d im e r s  a r e  in  h y d r o g e n  b o n d e d  n e tw o r k ,  th e  d e c r e a s e  o f  
T l  v a lu e s  r e la te d  to  th e  c o n c e n t r a t io n  im p l ie s  th e  c o n s e q u e n t  h y d r o g e n  b o n d  
n e tw o rk .

A l th o u g h  th e  d i r e c t  e v id e n c e  b a s e d  o n  th e  c r y s ta l lo g r a p h y  a n a ly s i s  m ig h t  b e  
th e  m o s t  r e l ia b le  to  c o n f i r m  th e  h y d r o g e n  b o n d e d  s u p r a m o le c u la r  p o ly m e r  o f  2  a n d  
4, h e r e ,  th e  T l  v a lu e s  s u g g e s t  a  s ta b le  h y d r o g e n  b o n d e d  s u p r a m o le c u la r  s t r u c tu r e  o f
4.

I t  c o m e s  to  o u r  q u e s t io n  w h e th e r  th e  h y d r o g e n  b o n d e d  s u p r a m o le c u la r  
s t r u c tu r e s  o f  2 a n d  4 b r in g  a n y  c h a n g e s  in  m o r p h o lo g y .  T h e  m o r p h o lo g ie s  o f  2 a n d  4 
w e r e  t r a c e d  b y  u s in g  S E M  a n d  T E M . T h e  s a m p le s  w e r e  p r e p a r e d  b y  d i s s o lv in g  2 a n d  
4 in  D M S O  a t  th e  c o n c e n t r a t io n  o f  0 .0 0 5  M . I t  is  im p o r ta n t  to  n o te  th a t  2 d o e s  n o t  
g iv e  a n y  o b s e r v a b le  c r y s ta l  b u t  a f te r  d i s p e r s in g  o n  T E M  s a m p le  h o ld e r s ,  t i n y  c r y s ta ls  
w h ic h  c a n  b e  s e e n  b y  T E M  w e re  d e v e lo p e d . A s  s h o w n  in  F ig u r e  4 .1 2  (a ) , 2 s h o w s
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s h o w s  th e  d o n u t - l ik e  m o r p h o lo g y  w i th  a  d ia m e te r  o f  4 3 0  n m . T h e  d o n u t- l ik e  
m o r p h o lo g y  r e ta in s  (F ig u re  4 .1 2  (b ) )  e v e n  a  le v e l  o f  c o n c e n t r a t io n  is  in c re a s e d . 
W h e n  th e  c o n c e n t r a t io n  w a s  in c re a s e d  to  0 .0 0 1  M , th e  d o n u t - l ik e  f o rm s  w e r e  
c h a n g e d  to  s p h e r e s  ( F ig u re  4 .1 2  (c )) . T h e  s p h e re - l ik e  m o r p h o lo g y  is  m a in ta in e d  
e v e n  th e  c o n c e n t r a t io n  w a s  k e p t  in c re a s in g  to  0 .0 0 5  M  ( F ig u r e  4 .1 2  (d )) .

In  th e  c a s e  o f  4, i t  is  im p o r t a n t  to  n o te  th a t  a f te r  4 w a s  d i s s o lv e d  in  D M S O , a  
q u a n t i ta t iv e  a m o u n t  o f  m ic r o c r y s ta l s  w e r e  o b ta in e d . C o m p a r in g  to  2 ,  4 s h o w s  a  
s in g le  ty p e  o f  n e e d le - l ik e  a n d  c o m b - l ik e  m o r p h o lo g y  ( F ig u r e  4 .1 3  ( a ) - (d ) ) .  T h is  
m ig h t  b e  d u e  to  a  s ta b le  h y d r o g e n  b o n d  n e tw o r k  f o rm e d  b e tw e e n  m o le c u le s  to  g iv e  a  
w e l l - d e f in e d  p a c k in g  s t r u c tu r e  w h ic h  a p p e a r s  to  b e  n e e d le s .  C o n s id e r in g  th is  r e s u l t  
w i th  th o s e  o f  T 1  v a lu e s  ( F ig u r e  4 .11 . ( b ) ) ,  e s p e c ia l ly  a t  0 = 1 .4 3  p p m , w h ic h  is  th e  
m o s t  s ig n i f ic a n t  d e c r e a s e d  v a lu e  a n d  i t  is  b e lo n g in g  to  m e th y le n e  p r o to n  o f  d ia m in e ,  
i t  i s  p o s s ib l e  th a t  th e  m e th y le n e  p ro to n - (5 = 1 .4 3 )  w a s  in  a  t i g h t  e n v i r o n m e n t  to  lo s e  i ts  
d e g r e e  o f  f r e e d o m  a n d  b e c o m e  d i f f ic u l t  to  r o ta te  a r o u n d . T h is  s u g g e s ts  4 f o rm s  a n  
in te r m o le c u la r  h y d r o g e n  b o n d  n e tw o rk .
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Figure 4.11 ( a )  T 1  r e la x a t io n  o f  e a c h  p r o to n  o f  2 s y s te m  w i th  v a r io u s  c o n c e n t r a t io n s  
(■ ; 5 = 6 .7 7  p p m , ♦ ; 5 =  6 .6 3  p p m , A ;  5 =  3 .5 3  p p m , ▲ ; 5 =  2 .6 2  p p m , a n d  O ;  5 =  
2 .1 1  p p m ) ,  a n d  (b )  T 1  r e la x a t io n  o f  e a c h  p r o to n  o f  4 s y s te m  w i th  v a r io u s
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c o n c e n t r a t i o n s ^ ;  6 = 6 .7 6  p p m , ♦ ; 6 =  6 .7 0  p p m , ▲ ; 6 =  3 .5 7  p p m , • ;  6 =  2 .3 3  p p m , 
A ;  6 =  2 .1 4  p p m , O ;  6 =  1 .4 3  p p m  a n d  □ ; 6 =  1 .0 4  p p m ) .

A l th o u g h  2 a n d  4 w e r e  d i f f e r e n t  o n ly  in  te r m  o f  c h a in  le n g th  o f  m e th y le n e  in  
d ia m in e  u n i t ,  th e  d e c r e a s e  in  T 1  v a lu e  a n d  th e  c h a n g e s  in  m o r p h o lo g y  r e la te d  to  th e  
c o n c e n t r a t io n  s u g g e s t  US th a t  a n  a p p ro p r ia te  c h a in  le n g th  o f  m e th y le n e  u n i t  m ig h t  
a l lo w  a n  e f f e c t iv e  h y d r o g e n  b o n d  n e tw o rk . T h e r e f o r e ,  in  th e  c a s e  o f  4, a  s ta b le  
s u p r a m o le c u la r  p o ly m e r  u n d e r  h y d r o g e n  b o n d  n e tw o r k  c a n  b e  o b s e rv e d .

Figure 4.12 T E M  m ic r o g r a p h s  o f  2 s y s te m ; d o n u t  s h a p e  a t  c o n c e n t r a t io n  0 .0 0 1  M ; 
(a )  2 5  k  a n d  (b )  8 k  m a g n if i c a t io n ,  a n d  s p h e r ic a l  s h a p e  a t  c o n c e n t r a t io n  0 .0 0 5  M ; (c )  
10 k  a n d  (d )  2  k  m a g n if ic a t io n .
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Figure 4.13 T E M  m ic r o g r a p h s  o f  4  s y s te m ; m ic r o c r y s ta l  a t;  ( a )  0 .8  k , (b )  1 k ,  ( c )  1 .2  
k , a n d  (d )  1 .5  k  m a g n if i c a t io n .

Conclusions

T h e  p r e s e n t  w o r k  d e m o n s t r a te  a  n o v e l  ty p e  o f  b e n z o x a z in e  b a s e d  s e lf -  
a s s e m b ly  v i a  h y d r o g e n  b o n d  n e tw o rk  a n d  m e ta l lo - s u p r a m o le c u la r  s y s te m . In  th e  c a s e  
o f  m e ta l lo - s u p r a m o le c u la r  p o ly m e r ,  o n ly  2  f o r m e d  s u p r a m o le c u le  v i a  a  
c o m p le x a t io n  w i th  c o p p e r  ( I I )  p e r c h lo r a te .  T h e  m e ta l lo - s u p r a m o le c u la r  s y s te m  
s h o w e d  a n  in c r e a s e  in  v i s c o s i ty  a s  w e l l  a s  th e  p a r t i c le  s iz e  in  s o lu t io n  s ta te  w h e r e a s  it  
s h o w e d  a  n e e d le - l ik e  m o r p h o lo g y  in  s o l id  s ta te .  F o r  h y d r o g e n  b o n d e d  
s u p r a m o le c u la r  p o ly m e r ,  4  g a v e  a  s ta b le  p a c k in g  s t r u c tu r e  w h ic h  e n a b le d  US to  
c o n f i rm  b y  th e  d e c r e a s e  in  T 1 v a lu e  a s  w e l l  a s  th e  n e e d le - l ik e  a n d  c o m b - l ik e
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m o r p h o lo g y .  I t  i s  a l s o  im p o r t a n t  to  n o te  th a t  a l th o u g h  T 1 v a lu e s  o f  2  w e re  
m a in ta in e d  e v e n  th e  c o n c e n t r a t io n  in c re a s e d ,  th e  m o r p h o lo g y  o f  2  g r a d u a l ly  
d e v e lo p e d  f r o m  d o n u t - l ik e  s t r u c tu r e  to  s p h e r e - l ik e  o n e  w h ic h  m ig h t  b e  a  
c o n s e q u e n c e  o f  th e  f o r m a t io n  o f  s u p r a m o le c u la r  s t r u c tu r e .
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