
R ESU LTS A N D  DISCUSSION

CHAPER III

3.1 Synthesis of diacetylene monomers containing boronic acid head group

เท th is  s tu d y , d ia c e t y le n e  m o n o m e r s  c o n ta in in g  b o r o n ic  a c id  h e a d  g ro u p s  w e re  

s y n th e s iz e d  (F ig u re  3.1). M o n o m e r s  la-3a p o s s e s s  a n  a m id e  g ro u p  w h i le  m o n o m e r s  

4e-6e h a v e  an  e s te r  lin k ag e . S in c e  a l l  s ix  m o n o m e r s  h a d  n o t  b e e n  re p o r te d ;  t h e  

c h r o m ic  p r o p e r t ie s  o f  t h e  c o r r e s p o n d in g  P D A s  a g a in s t v a r io u s  e x t e r n a l s t im u l i  w o u ld  

h a v e  b e e n  v e r y  in te re s t in g . T h e  e f fe c t s  o f  a m id e  a n d  e s te r  g ro u p  o n  t h e  c h r o m ic  

p r o p e r t ie s  o f  P D A s  s u p r a m o le c u la r  w e re  s tu d ie d ,  in c lu d in g  th e rm o c h r o m is m ,  

a f f in o c h ro m is m , s o lv a to c h r o m is m  a n d  a lk a l in o c h ro m is m .

A m id e  b o r o n ic  a c id E ste r  b o r o n ic  a c id

OH OH

Figure 3.1 S t ru c tu re  o f  d ia c e t y le n e  m o n o m e r s  in  t h is  s tu d y .
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3.1.1 Synthetic method for diacetylene monomers containing boronic acid head 

group (la-6e)

T o  s y n th e s iz e  d ia c e t y t e n e  m o n o m e r s  c o n ta in in g  b o r o n ic  a c id  (la-6e): 
p e n ta c o s a d iy n o ic  a c id  (PC D A ) a n d  n o n a c o s a d iy n o ic  a c id  (N C D A ) w e re  f irs t  

t r a n s fo rm e d  in to  t h e  c o r r e s p o n d in g  a c id  c h lo r id e  in  C H 2C l2 ( S c h e m e  3.1). 

S u b s e q u e n t ly ,  t h e  c r u d e  a c id  c h lo r id e  w a s  r e a c te d  w ith  a b o r o n ic  a c id  fo r  e x a m p le  

4 - a m in o p h e n y lb o r o n ic  a c id , 3 - a m in o p h e n y lb o r o n ic  a c id , 4 - h y d ro x y p h e n y lb o r o n ic  

a c id  a n d  3 - h y d ro x y p h e n y lb o r o n ic  a c id . เท th is  re a c t io n ,  t h e s e  b o r o n ic  a c id s  a c t  as 

n u c le o p h i le  in  t h e  p r e s e n c e  o f  t r ie th y la m in e  (TEA) as a b a s e  t o  g iv e  t h e  d e s ire d  

d ia c e t y t e n e  m o n o m e r s  (la-6e) s h o w n  in  S c h e m e  3.1. T a rg e t  m o n o m e r s  w e r e  p u r if ie d  

b y  r e c r y s t a l l iz a t io n  in  m e th a n o l t o  g ive  t h e  w h ite  s o l id s  o f  la-6e.
OHl OH

a) Oxalyl chloride, DMF(2-3 drops), C H 2CI2, RT, 6 hr

b) TEA, boronic acid, THF, RT, overnight

10.12- pN B -P C D A  (1a) = 50% yield
10.12- m N B -PCD A  (2a) = 56% yield
10.12- p EB -P C D A  (4e) = 40% yield
10.12- m EB -PC D A  (5e) = 42% yield
6.8- m NB-NCDA (3a) = 45% yield
6.8- p EB -N C D A  (6e) = 53% yield

Scheme 3.1 S y n th e t ic  r o u te  o f  b o r o n ic  a c id  d ia c e t y le n e  m o n o m e r s  (la-6e).

T h e  ^ - N M R  s p e c t ra  o f  t h e  ta rg e t  m o n o m e r s  c o n ta in in g  a m id e  b o r o n ic  a c id  in 

D M S O -d 6 a re  s h o w n  in  F ig u re  3.2. A l l  s ig n a ls  c a n  b e  a s s ig n e d  a c c o rd in g  t o  th e ir  

s t ru c tu re s . F o r  e x a m p le ,  t h e  s ig n a ls  a t  a p p r o x im a te ly  6.71 (น) a n d  7 .39  (v) p p m  

b e lo n g  t o  t h e  p a ra - s u b s t itu te d  a r o m a t ic  p r o to n  o f  1 0 ,1 2 -p N B -P C D A  (la). 1 0 ,1 2 -m N B - 

P C D A  (2a) a n d  6 ,8 -m N B -N C D A  (3a) h a v e  s im ila r  s ig n a ls . T h e  s ig n a l a t  a p p r o x im a te ly  

9 .80  p p m  c o r r e s p o n d s  t o  N H  p r o to n  a n d  t h e  s ig n a ls  a t  a p p r o x im a te ly  7 .2 5 -9 .8 0  p p m  

b e lo n g  t o  t h e  a r o m a t ic  p r o to n  a n d  O H  p r o to n  o f  b o r o n ic  a c id . T h e  ’ h -N M R  o f  

m o n o m e r  (2a-3a) in d ic a te s  t h a t  t h e y  c o n ta in  a m in o  a n d  b o r o n ic  a c id  g ro u p . T h u s , 

t h e  r e s u lt s  c o n f irm e d  th a t  t h e  s t r u c tu re s  o f  t h e  d e s ir e d  p ro d u c t s .
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Figure 3.2 [H -N M R  s p e c t ra  o f  a m id e  b o r o n ic  a c id  d ia c e t y le n e  m o n o m e r s :  a) 10 ,12 - 

p N B -P C D A  (la), b) 1 0 ,1 2 -m N B -P C D A  (2a) a n d  c) 6 ,8 -m N B -N C D A  (3a).

S im ila r ly ,  t h e  ^ - N M R  s p e c t r a  o f  t h e  ta rg e t  m o n o m e r s  c o n ta in in g  e s te r  b o r o n ic  

a c id  (4e-6e) in C D C l3 a re  s h o w n  in  F ig u re  3.3. A l l  s ig n a ls  c a n  b e  a s s ig n e d  a c c o rd in g  t o  

t h e ir  s t ru c tu re s . F o r  e x a m p le ,  t h e  s ig n a ls  a t  a p p r o x im a te ly  6 .71  (น) a n d  7 .3 9  (v) p p m  

b e lo n g s  t o  t h e  p a r a - s u b s t i t u t e d  a r o m a t ic  p r o to n  o f  1 0 ,1 2 -p E B -P C D A  (4e) a n d  7.01 (o) 

a n d  7 .73  (p) o f  6 ,8 -p E B -P C D A  (6e). T h e  s ig n a ls  a t  a p p r o x im a te ly  7 .2 5 -9 .8 0  p p m  b e lo n g  

t o  t h e  a r o m a t ic  p r o to n  a n d  OFt p r o to n  o f  10 ,12 -/m EB -PC D A  (5e). T h e  r e s u lt in g  ^ - N M R  

c o n f irm  t h e  s t r u c tu re  o f  a l l  p r e p a re d  m o n o m e r s .
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Figure 3.3 ^ - N M R  s p e c t ra  o f  e s te r  b o r o n ic  a c id  d ia c e t y le n e  m o n o m e r s  a) 1 0 ,1 2 -p E B - 

P C D A  (4e), b) 1 0 ,1 2 -m E B -P C D A  (5e) a n d  c) 6 ,8 -p E B -N C D A  (6e).

3.2 Preparation of PDA sols and characterization

3.2.1 Polymerization of diacetylene monomers

T o  s tu d y  t h e  c h r o m ic  p r o p e r t ie s  s u c h  as a f f in o c h ro m is m , t h e rm o c h r o m is m ,  

s o lv a to c h r o m is m ,  a lk a l in o c h r o m is m  a n d  p h o to c h r o m is m  o f  P D A  d e r iv e d  f r o m  

m o n o m e r s  la-6e, a l l  p r e p a re d  d ia c e t y le n e  m o n o m e r s  w e re  f ir s t  t r a n s fo rm e d  in to  

P D A  s o ls . F ir s t ly , a l l  s y n th e s iz e d  m o n o m e r s  w e re  d is s o lv e d  in  c h lo r o f o rm  (1 m L). 

S u b s e q u e n t ly  t h e  s o lv e n t  w e re  e v a p o r a te d  u s in g  N 2 gas f o l lo w e d  b y  s u s p e n s io n  in 

M i l l i -Q  w a te r  a s  d e s c r ib e d  in  C h a p te r  il. T h e  a p p e a r a n c e  o f  d is p e r s e  m o n o m e r s  w e re  

p r e s e n te d  in  T a b le  3.1 ( s e c o n d  ro w ) s h o w in g  c o lo r le s s  t o  p a le  b lu e  c o lo r .  N e x t, 

r e s u lt in g  a q u e o u s  s o ls  w e re  ir ra d ia te d  w ith  uv l ig h t  (2 5 4 n m ) fo r  5 m in u te s  a t 0°c t o  

g ive  a b lu e - c o lo r  s o lu t io n  as i l lu s t r a t e d  in  T a b le  3.1 ( th ird  row ). T h e s e  re s u lt s  

in d ic a te d  t h e  fo rm a t io n  o f  e n e - y n e  c o n ju g a te d  p o ly d ia c e t y le n e s .  T h e  b lu e  c o lo r  

c o r r e s p o n d s  t o  an  in c re a s e  in c o n ju g a t io n  le n g th  o f  c o n ju g a te d  p o ly m e r .  T h e  a b i l it y  

t o  b e  h y d r a te d  a n d  t h e  c o lo r  o f  p o ly m e r iz e d  d ia c e t y le n e s  w e r e  a ls o  p r e s e n te d  in  

T a b le  3.1. U p o n  e x p o s u r e  t o  uv l ig h t  (2 54  n m ) fo r  5 m in u te s  a t 0°c, 1 0 ,1 2 -p N B -P C D A
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(la), 1 0 ,1 2 m N B -P C D A  (2a) a n d  6 ,8 -m N B -P C D A  (3a) w e re  t r a n s fo rm e d  in to  b lu e  s o ls  

w h i le  1 0 ,1 2 -p E B -P C D A  (4e) a n d  1 0 ,1 2 -m E B -P C D A  (5e) a p p e a r e d  as p a le  b lu e  so ls . 

H o w e v e r ,  6 ,8 -p E B -N C D A  (6e) c a n n o t  b e  p o ly m e r iz e d  g iv ing  a c le a r  s o lu t io n .  In te n s ity  

o f  P D A  c o lo r  p o s it iv e ly  c o r r e la te s  w ith  p o ly m e r iz a b i l i t y  o f  t h e ir  m o n o m e r s ,  w h ic h  is 

d e p e n d e n t  o n  its p a c k in g  e f f ic ie n c y . T h u s , s t ro n g  b lu e  a p p e a r a n c e  f r o m  1 0 ,1 2 -p N B - 

P D A  (la), 1 0 ,1 2 -m N B -P D A  (2a) a n d  6 ,8 -m N B -P D A  (3a) a re  in d ic a t iv e  o f  s t ro n g

h y d ro g e n  b o n d in g  b e tw e e n  a m id e  g ro u p  a n d  TC-TC a r o m a t ic  s ta c k in g  in  t h e  s id e  c h a in  

o f  p o ly m e r s .  W h e n  a m id e  g ro u p  is r e p la c e d  w ith  e s te r  g ro u p  in  c a s e  o f  P D A  f r o m

1 0 ,1 2 -p E B -P C D A  (4e) a n d  1 0 ,1 2 -m E B -P C D A  (5e), h y d ro g e n  b o n d in g  is w e a k e n e d  

le a d in g  t o  p o o r  p a c k in g  e f f ic ie n c y .  เท c a s e  o f  u n p o ly m e r iz a b le  P D A  o f  6 ,8 -p E B -N C D A  

(6e), t h e  s h o r te r  m e th y le n e  c h a in  le n g th  c re a te s  in c re a s e d  s t re ss  in p o ly m e r  

b a c k b o n e  th a t  in h ib it s  p o ly m e r iz a t io n  [39, 40].

T h e s e  h y p o th e s e s  a re  a ls o  s u p p o r t e d  b y  t h e  m e lt in g  p o in t  t r e n d  o f  t h e s e  

m o n o m e r s .  T h e  m o n o m e r s  c o n ta in in g  a m id e  g ro u p s  (la-3a) h a v e  h ig h e r  m e lt in g  

p o in t  t h a n  t h e  m o n o m e r s  c o n ta in in g  e s te r  g ro u p  (4e-6e); su g g e s t in g  a s t ro n g  

in te ra c t io n  a m o n g  t h e  fo rm e r . T h is  w i l l  b e  fu r th e r  d is c u s s e d  in  la te r  s e c t io n .
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Table 3.1 C o lo r  a p p e a r a n c e  o f  P D A  v e s ic le s  d e r iv e d  f r o m  m o n o m e r s  (la-6e).

Monomers
Before

polymerization
After

polymerization
Melting 

point (°C )

1 0 ,1 2 -p N B -P C D A ( la ) 1 ๗
n 1 E 109 -111

1 0 ,1 2 -m N B -P C D A (2 a ) Ë ท 17 3 -1 7 6

6 ,8 -m N B -N C D A (3 a ) B 9 190 -191

1 0 ,1 2 -p E B -P C D A (4 e )
ๆ โLa

i
K 1L 74 -75

1 0 ,1 2 -m E B -P C D A (5 e )
๚

L

*

i 1G 5 0 -5 2

6 ,8 -p E B -N C D A (6 e )

I t
Ji

!

8 9 -9 0

3.2.2 Morphology of polydiacetylene sols

T h e  s iz e  o f  t h e  P D A  s o ls  d e r iv e d  f r o m  b o r o n ic  a c id  P D A  (1 0 ,1 2 -p N B -P D A  (la),
1 0 ,1 2 -m N B -P D A  (2a), 6 ,8 -m N B -P D A  (3a), 1 0 ,1 2 -p E B -P D A  (4e) a n d  1 0 ,1 2 -m E B -P D A  (5e)) 
w e re  d e te rm in e d  b y  d y n a m ic  l ig h t  s c a t te r in g  (D LS) t e c h n iq u e .  T h e  D LS  s iz e  

d is t r ib u t io n  r e v e a le d  th a t  a v e ra g e  h y d r o d y n a m ic  d ia m e te r  o f  t h e  p a r t ic le s  w a s  in  t h e  

ra n g e  o f  7 6 -3 5 2  n m  (F ig u re  3.4). T h e s e  re s u lt s  su g g e s te d  t h a t  t h e  p r e p a re d  P D A  s o ls  

h a v e  a h igh  h o m o g e n e it y  a n d  t h e  s a m e  a v e ra g e  s ize .
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Size Distribution by Intensity

Size (ช nm)

F ig u re  3 .4  P a r t ic le  s iz e  d is t r ib u t io n  o f  1 0 ,1 2 -p N B -P D A  ( la ) ,  1 0 ,1 2 -m N B -P D A  (2a), 6 ,8 - 

m N B -P D A  (3a), 1 0 ,1 2 -p E B -P D A  (4e ) a n d  1 0 ,1 2 -m E B -P D A  (5 e ) f r o m  d y n a m ic  lig h t  

s c a t te r in g .
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3.2.3 UV-vis spectra of PDA sols

เท th is  p a rt , a l l  P D A  s o ls  w e re  c h a r a c te r iz e d  b y  U V - v is ib le  s p e c t r o p h o to m e te r .  

T h e  c h a ra c te r is t ic  a b s o rp t io n  p e a k s  (A ,rnax) o f  a l l  P D A  w e re  i l lu s t r a t e d  in  F ig u re  3.5. 

T h e  r e s u lt s  c o r r e s p o n d e d  t o  t h e  n a k e d  e y e  o b s e r v a t io n  m a d e  in  p r e v io u s  s e c t io n  

(T a b le  3.1). T h e  d e e p  b lu e  c o lo r e d  P D A  o f  a m id e  b o r o n ic  a c id  d ia c e t y le n e  

m o n o m e r s  la, 2a a n d  3a s h o w e d  s t ro n g e r  a b s o rp t io n  in  c o m p a r is o n  w ith  p a le  b lu e  

c o lo r e d  P D A  o f  e s te r  d ia c e t y le n e s  4e a n d  5e. A b s o rp t io n  m a x im a  o f  P D A  d e r iv e d  

f r o m  t h e  a m id o  b o r o n ic  a c id  d ia c e t y le n e  m o n o m e r  (la-3a) a p p e a r  in  t h e  range  o f  

6 2 5 -6 5 8  n m . S im ila r ly ,  t h e  P D A  g e n e ra te d  f r o m  e s te r  b o r o n ic  a c id  d ia c e t y le n e  

m o n o m e r  (4e, 5e) s h o w  t h e  a b s o rp t io n  m a x im a  a t 6 3 2  n m  a n d  6 3 5  n m  r e s p e c t iv e ly .

Figure 3.5 U V -v is  s p e c t r a  o f  0.1 m M  P D A  c o n ta in in g  b o r o n ic  a c id  f r o m  a) 1 0 ,1 2 -p N B - 

P D A  (la), b) 1 0 ,1 2 -m N B -P D A  (2a), c) 6 ,8 -m N B -P D A  (3a), d) 1 0 ,1 2 -p E B -P D A  (4e) a n d  e) 

1 0 ,1 2 -m E B -P D A  (5e).
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3.3 Thermochromie study of PDA sols

เท th is  s e c t io n ,  t h e  t h e rm o c h r o m ie  p r o p e r t ie s  o f  a l l  P D A  s o ls  d e r iv e d  f r o m  f iv e  

b o r o n ic  a c id  d ia c e t y le n e  m o n o m e r s  w e re  r e c o rd e d  b y  p h o to g r a p h y  u p o n  h e a t in g  t h e  

v e s ic le s  f r o m  2 5 ° c  t o  90°c. T h e  U V -v is  s p e c t r a  w e r e  r e c o rd e d  f r o m  t e m p e ra t u r e  

v a r ia b le  s p e c t r o m e te r .  D u rin g  t h e  h e a t in g  f r o m  2 5 ° c  t o  9 0 ° c  o f  a lt  P D A  v e s ic le s ,  t h e  

a b s o rp t io n  p e a k  a ro u n d  5 4 0  ททา g r a d u a lly  in c re a s e d  w h i le  t h e  a b s o rp t io n  p e a k  

a r o u n d  635  n m  d r a m a t ic a l ly  d e c r e a s e d  c o r r e s p o n d in g  t o  t h e  b lu e  t o  re d  c o lo r  

t r a n s it io n  s h o w n  in  F ig u re  3.6. F lo w e v e r , t h e  c o lo r  t r a n s it io n  t e m p e ra t u r e  (CTT) o f  

e a c h  P D A  w h ic h  is t h e  t e m p e ra t u r e  t h a t  P D A  w a s  t r a n s fo rm e d  f r o m  b lu e  t o  re d  c o lo r  

is d iv e r s e  a m o n g  th e m . B a s e d  o n  o b s e r v a t io n  b y  n a k e d  e y e s , it  is d e m o n s t r a t e d  th a t  

P D A  f r o m  a m id e  b o r o n ic  a c id  d ia c e t y le n e  m o n o m e r  h a v e  h ig h e r  C T T  th a n  P D A s  f r o m  

e s te r  b o r o n ic  a c id  d ia c e t y le n e  m o n o m e r .  T h e  C T T  o f  P D A  f r o m  a m id e  la, 2a a n d  3a 
w e re  fo u n d  a t  7 0 -8 0 °C , 7 5 -8 5 °C  a n d  4 5 -5 5 °C  r e s p e c t iv e ly  (F ig u re  3 .6  a-c). W h ile  th e  

C T T  o f  P D A  p re p a re d  f r o m  e s te r  4 e  a n d  5e d is p la y  C C T  a t  3 5 -4 0 °C  a n d  5 5 -6 0 °C  

r e s p e c t iv e ly  (F ig u re  3.6 c  a n d  d).

T h e s e  r e s u lt s  s h o w  th a t  P D A  s t ru c tu re s  h a v e  a d ir e c t  e f f e c t  o n  C T T . C T T  is 

ra is e d  w h e n  t h e  in te ra c t io n  a m o n g s t  m o n o m e r s  is s t ro n g e r  as in d ic a te d  b y  h ig h e r  

C C T  o f  a m id e  b o r o n ic  a c id  P D A  s u c h  as 1 0 ,1 2 -p N B -P D A  (la), 1 0 ,1 2 -m N B -P D A  (2a) a n d

6 ,8 -m N B -P D A  (3a). เท a d d it io n ,  t h e  s t re n g th  o f  in te r a c t io n  is in f lu e n c e d  b y  p o s it io n in g  

o f  b o r o n ic  a c id  s u b s t i t u e n t  o n  P D A  b a c k b o n e .  B o ro n ic  s u b s is te n t  a t  meto  p o s it io n  

e x h ib it s  s t ro n g e r  b in d in g  in  c o m p a r is o n  t o  b o r o n ic  s u b s t i t u e n t  a t  para  p o s it io n  in 

b o th  a m id e  a n d  e s te r  d e r iv a t iv e s .  F o r  e x a m p le ,  P D A  o f  2a has h ig h e r  C T T  th a n  la 
w h ils t  P D A  o f  5 e  ha s  h ig h e r  C T T  th a n  4e.
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Figure 3.6 A b s o rp t io n  s p e c t ra  o f  0.1 m M  P D A  c o n ta in in g  b o r o n ic  a c id  f r o m  a) 10 ,12 - 

p N B -P D A  (la), b) 1 0 ,1 2 -m N B -P D A  (2a), c) 6 ,8 -m N B -P D A  (3a), d ) 1 0 ,1 2 -p E B -P D A  (4e) a n d  

e) 1 0 ,1 2 -m E B -P D A  (5e) u p o n  h e a t in g  f r o m  2 5 -9 0 °C  a n d  c o lo r  a p p e a r a n c e  o f  P D A  so ls .

3.3.1 Colorimetric response (%CR)

T o  q u a n t if y  t h e  c o lo r  t r a n s it io n  t e m p e ra tu r e ,  t h e  a b s o rb a n c e  d a ta  o f  a l l  P D A  

s o ls  f r o m  h e a t in g  p ro c e s s  (F ig u re  3 .6) w e re  c o n v e r t e d  t o  c o lo r im e t r ic  r e s p o n s e  (% CR) 

t h a t  is d e f in e d  as p e r c e n t  c h a n g e  in  t h e  m a x im u m  a b s o rp t io n  o f  t h e  b lu e  p h a s e  w ith  

t h e  r e s p e c t  t o  t h e  t o t a l  a b s o rp t io n  a t b o th  re d  a n d  b lu e  p h a se s . T h e  c o lo r im e t r ic  

r e s p o n s e  c a lc u la t e d  f r o m  t h e  fo l lo w in g  e q u a t io n

% CR  = 100  X (FBo -  F B )/F B 0

FB  is t h e  f r a c t io n  o f  b lu e  c a lc u la t e d  f r o m  A bttie/ (A blue+ Ared) w h e r e  A blue a n d  A red a re  

t h e  a b s o rb a n c e  a t t h e  A .max o f  t h e  b lu e  a n d  t h e  re d  fo rm s  r e s p e c t iv e ly  o f  t h e  P D A  

so ls .
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FB 0 is t h e  f r a c t io n  o f  b lu e  o f  t h e  o r ig in a l P D A  p r io r  t o  h e a t in g . T h e  p lo t  o f  

c o lo r im e t r ic  r e s p o n s e  a g a in s t t h e  t e m p e ra t u r e  o f  a l l  P D A  s tu d ie d  y ie ld e d  s ig m o id a l 

c u r v e  as a re s u lt  o f  c o lo r  t r a n s it io n  u p o n  ra is ing  t e m p e ra t u r e  (F ig u re  3.7).

T h e  s lo p e  o f  t h e s e  s ig m o id a l c u rv e s  c o r r e s p o n d s  t o  s e n s it iv it y  o f  P D A  

th e rm o c h r o m is m .  E s te r  b o r o n ic  a c id s  P D A  h a v e  s h a rp  s lo p e  r e s p o n s e s  r a p id ly  w ith in  

a n a r ro w  t e m p e ra t u r e  range . A m id e  b o r o n ic  a c id s  P D A  h a v e  f la t t e r  s lo p e  h a s  a 

b ro a d e r  r e s p o n s e  ra n g e  b u t  t h e  c o lo r  t r a n s it io n  m a y  n o t  b e  o b v io u s .  T h e  c o lo r  

t r a n s it io n  t e m p e ra t u r e  e s t im a t e d  f r o m  % CR  fo r  t h e  P D A  d e r iv e d  f r o m  1 0 ,1 2 -p N B -P D A  

(la), 1 0 ,1 2 -m N B -P D A  (2a), 6 ,8 -m N B -P D A  (3a), 1 0 ,1 2 -p E B -P D A  (4e) a n d  1 0 ,1 2 -m E B -P D A  

(5e) a n d  a re  f o u n d  in  t h e  fo l lo w in g  o rd e r:  1 0 ,1 2 -p E B -P D A  (4e) < 1 0 ,1 2 -m E B -P D A  (5e) <
6 ,8 -m N B -P D A  (3a) < 1 0 ,1 2 -p N B -P D A  (la) = 1 0 ,1 2 -m N B -P D A  (2a). T h e  % C R  p lo t  s h o w e d  

th a t  t h e  e s te r  b o r o n ic  a c id  P D A  (1 0 ,1 2 -p E B -P D A  (4e) a n d  1 0 ,1 2 -m E B -P D A  (5e)) 
r e a c h e d  20  % CR  in  t h e  n a r ro w  t e m p e ra t u r e  ra n g e  o f  5 ° c  a n d  1 0 ° c  r e s p e c t iv e ly .  

W h ile  t h e  a m id e  b o r o n ic  a c id  P D A  (6 ,8 -m N B -P D A  (3a), 1 0 ,1 2 -p N B -P D A  (la) a n d  10 ,12 - 

m N B -P D A  (2a)) r e a c h e d  2 0  % CR  in  t h e  w id e  t e m p e ra t u r e  ra n g e  (" '- '20oO .
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Figure 3 .7  T h e  c o lo r im e t r ic  r e s p o n s e s  (% CR) o f  b o r o n ic  a c id  PD A .

10 20
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3.4 Thermochromically reversibility of PDA sols

T h e  t h e r m o c h r o m ie  r e v e r s ib il i t y  o f  P D A  s o ls  a re  in v e s t ig a te d  in th is  s e c t io n . T h e  

o b je c t iv e  o f  th is  p a r t  is t o  c o m p a re  t h e  t h e r m o c h r o m ie  r e v e r s ib il i t y  o f  PD A s 

c o n ta in in g  a m id e  a n d  e s te r  g ro u p  o f  b o r o n ic  a c id . T o  s tu d y  th e r m o c h r o m ie
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r e v e rs ib il it y ,  P D A  s o ls  w e r e  h e a te d  u p  t o  9 0 ° c  a n d  c o o le d  d o w n  t o  2 5 ° c  w h i le  t h e  

c o lo r  c h a n g e  w a s  o b s e r v e d  b y  p h o to g r a p h ic  r e c o rd e r  a n d  U V -v is  s p e c t r o s c o p y  (F ig u re  

3.8). W h e n  s ta r te d  a t 2 5 ° c  t h e  a m id e  b o r o n ic  a c id  P D A  ( la ,  2 a  a n d  3a ) s h o w e d  a 

t y p ic a l  b lu e  c o lo r  c o r r e s p o n d in g  t o  a b s o rp t io n  m a x im u m  w a v e le n g th  a r o u n d  a t  640  

n m . W h e n  t h e  t e m p e ra t u r e  w a s  in c re a s e d  t o  9 0 ° c , t h e  a b s o rp t io n  m a x im u m  w as  

s h if te d  t o  5 5 0  n m  a lo n g  w ith  b lu e  t o  p u rp le  c o lo r  c h a n g e  in  c a se  o f  lo n g e r  

m e th y le n e  P D A  l a  a n d  2 a  (F ig u re3 .8  a a n d  b) a n d  b lu e  t o  re d  c o lo r  c h a n g e  in  c a se  

o f  s h o r te r  m e th y le n e  P D A  3 a  (F ig u re  3 .8  c). W h e n  c o o le d  d o w n  t o  t h e  o r ig in a l 

t e m p e ra tu r e ,  t h e  u v  s p e c t r u m  re tu rn e d  t o  t h e  o r ig in a l b lu e  p h a s e  a n d  s h o w n  t h e  

b lu e  c o lo r  in  c a s e  o f  m e ta  a m id e  b o r o n ic  a c id  P D A  (F ig u re  3 .8  b  a n d  c) a n d  p u r p le  in 

c a s e  o f  para  a m id e  b o r o n ic  a c id  P D A  (F ig u re  3 .8 a). T h e  r e s u lt  s u g g e s te d  th a t  

t h e r m o c h r o m ie  r e v e r s ib il i t y  a n d  p a r t ia l t h e rm o c h r o m ie  r e v e r s ib il i t y  re lie s  o n  th e  

s t re n g th  o f  h y d ro g e n  b o n d in g  b e tw e e n  a m id e  g ro u p  a n d  TC-TC s ta c k in g  o f  a r o m a t ic  

s id e  ch a in .

O n  t h e  o th e r  h a n d , t h e  t h e rm o c h r o m ie  r e v e r s ib il i t y  p r o p e r t ie s  o f  e s te r  b o r o n ic  

a c id  P D A  a re  d if fe r e n t  f r o m  t h e  a m id e  d e r iv a t iv e . A t  2 5 ° c ,  t h e  e s te r  b o r o n ic  a c id  P D A  

s h o w e d  a t y p ic a l  b lu e  c o lo r  c o r r e s p o n d in g  t o  a b s o rp t io n  m a x im u m  w a v e le n g th  

a ro u n d  a t  6 3 0  n m  (F ig u re  3 .8  d  a n d  e). W h e n  t h e  t e m p e ra t u r e  w a s  ra is e d  t o  9 0 ° c , 

t h e  a b s o rp t io n  m a x im u m  s h if te d  t o  5 5 0  n m  a lo n g  w ith  b lu e  t o  re d  c o lo r  t ra n s it io n . 

W h e n  c o o le d  d o w n  t o  t h e  o r ig in a l t e m p e ra tu r e ,  t h e  u v  s p e c t r u m  re m a in s  

u n c h a n g e d  a n d  c o lo r  d id  n o t  re tu rn  t o  o r ig in a l b lu e  p h a s e  b u t  s h o w e d  t h e  re d  c o lo r  

(F ig u re  3 .8  c  a n d  d). T h e  re s u lt s  r e v e a l t h a t  b o th  para  a n d  meta  e s te r  b o r o n ic  a c id  

PDA: 1 0 ,1 2 -p E B -P D A  (4e ) a n d  1 0 ,1 2 -m E B -P D A  (5 e ) a re  t h e r m o c h r o m ic a l ly  ir r e v e r s ib le  

d u e  t o  w e a k  h y d ro g e n  b o n d in g  a n d  71-71 s ta c k in g  in  t h e  s id e  c h a in  o f  p o ly m e r s .
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a)

i
10,12-pNB-PDA (la)

b)
2 10,12-mNB-PDA (2a)

10,12-mEB-PDA (5e)
MC m

Figure 3.8 U V -v is  s p e c t ra  a n d  p h o to g ra p h  o f  P D A  c o n ta in in g  b o r o n ic  a c id  f r o m  a)

1 0 ,1 2 -p N B -P D A  (la), b) 1 0 ,1 2 -m N B -P D A  (2a), c) 6 ,8 -m N B -P D A  (3a), d ) 1 0 ,1 2 -p E B -P D A  

(4e) a n d  e) 1 0 ,1 2 -m E B -P D A  (5e) d u r in g  t h e r m a l c y c le s .

3.4.1 Degree of reversibility (%DR)

T o  in v e s t ig a te  t h e  s ta b i l i t y  o f  t h e r m o c h r o m ic a l ly  re v e rs ib il it y ,  w e  t e s t e d  P D A  s o ls  

t o  10 h e a t in g - c o o lin g  c y c le s  b e tw e e n  2 5 ° c  t o  9 0 ° c . T o  c a lc u la t e  t h e  % DR, w e  

m o n it o r e d  a b s o rb a n c e  o f  P D A  s o ls  a t  t h e ir  in it ia l À ,max a t b lu e  p h a s e  fo r  10 h e a t in g ­

c o o l in g  c y c le s  b e tw e e n  2 5 -9 0 °C . W e  p lo t t e d  a b s o rb a n c e  a g a in s t c y c le  n u m b e r  o n  a 

g ra p h  as s h o w n  in F ig u re  3.9. A f te r  t h e  f irs t  h e a t  t r e a tm e n t ,  t h e  b lu e  a b s o rb a n c e  o f  

a l l  P D A s  d e c r e a s e d  a n d  u p o n  t h e  s e c o n d  h e a t  t re a tm e n t ,  t h e  in te n s ity  o f  in it ia l ^max 

a t b lu e  p h a s e  r e c o v e r e d  d if f e r e n t ly  a m o n g  t h e  PD As.
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เท c a s e  o f  t h e  e s te r  b o r o n ic  a c id  PD As: 1 0 ,1 2 -p E B -P D A  (4 e ) a n d  1 0 ,1 2 -m E B -P D A  

(5e), l i t t le  r e c o v e r y  w a s  o b s e r v e d .  O n  t h e  o th e r  h a n d , a m id e  b o r o n ic  a c id  PDAs:

1 0 ,1 2 -m N B -P D A  (2a) a n d  6 ,8 -m N B -P D A  (3a) d e m o n s t r a t e d  v ir t u a l ly  f u l l  r e c o v e r y  o f  

t h e  in it ia l a b s o rb a n c e  in  a l l  c y c le s  w h i le  1 0 ,1 2 -p N B -P D A  ( la )  s h o w e d  h a l f  c o lo r  

r e c o v e ry .

F ig u re  3 .9  T h e rm a l c y c le  o f  0.1 ทาM  P D A  c o n ta in in g  b o r o n ic  a c id  f r o m  a) 1 0 ,1 2 -p N B - 

P D A  ( la ) ,  b ) 1 0 ,1 2 -m N B -P D A  (2a), c) 6 ,8 -m N B -P D A  (3a), d ) 1 0 ,1 2 -p E B -P D A  (4 e ) a n d  e) 

1 0 ,1 2 -m E B -P D A  (5 e ) in  t h e  t e m p e ra t u r e  o f  25 -90 °C .

T o  e x e c u te  a q u a n t ita t iv e  a n a ly s is  o f  t h e r m o c h r o m ic a l ly  r e v e rs ib il i t y ,  w e  

c a lc u la t e d  d e g re e  o f  r e v e r s ib il i t y  (% DR) o f  P D A  w h ic h  is t h e  a v e ra g e  v a lu e  o f  t h e  

a b s o rb a n c e  c h a n g e  (A A aVg) f r o m  t h e  2 nd t o  9 th h e a t in g  is c o m p a r e d  a g a in s t  t h e  

a b s o rb a n c e  c h a n g e  in t h e  f irs t  h e a t in g  (A A j)  a c c o rd in g  t o  t h e  fo l lo w in g  e q u a t io n

% D R = 100  X A A av§/ A A  1
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W h e re  A A  = A 25(°C) -  A 90(°c). T h e  % D R  v a lu e ,  a l lo w e d  US t o  c la s s ify  t h e  re v e r s ib il i t y  

c la s s  o f  P D A  s u c h  as f u l ly  r e v e r s ib le  (% DR > 90% ), p a r t ia l ly  r e v e r s ib le  (10%  < % DR < 

90% ) a n d  ir r e v e r s ib le  (% DR < 10%). T h e  a b s o rb a n c e  o f  P D A  d u r in g  t h e  h e a t in g  a n d  

c o o lin g  c y c le s  w e re  e v a lu a te d  u s in g  t h e  a b o v e  e q u a t io n  a n d  s u m m a r iz e d  in  T a b le

3.2

Table 3.2 C la s s if ic a t io n  o f  P D A  so ls .

PDA
Degree of reversibility 

(%DR)
Classification of PDA

1 0 ,1 2 -p N B -P D A d a ) 37 P a r t ia l ly  r e v e r s ib le

1 0 ,1 2 -m N B -P D A (2 a ) 100 F u l ly  r e v e r s ib le

6 ,8 -m N B -P D A (3 a ) 100 F u l ly  r e v e r s ib le

1 0 ,1 2 -p E B -P D A (4 e ) 4 I rre v e rs ib le

1 0 ,1 2 -m E B -P D A (5 e ) 13 P a r t ia l ly  r e v e r s ib le

B a s e d  o n  o u r  re s u lts ,  w e  w o u ld  l ik e  t o  p r o p o s e  a m e c h a n is m  fo r  

t h e rm o c h r o m ie  re v e rs ib il it y .  W e  b e l ie v e  t h a t  d e g re e  o f  t h e r m o c h r o m ie  r e v e r s ib il i t y  is 

g o v e rn e d  b y  t h e  s t re n g th  o f  in te r a c t io n  b e tw e e n  p o la r  h e a d  g ro u p s  o n  P D A  s id e  

c h a in s  s u c h  as a m id e ,  e s te r , a r o m a t ic  a n d  meta  o r  para  b o r o n ic  a c id  g ro u p s .

W h e n  P D A  p o s s e s s  s t ro n g  s id e  c h a in  in te r a c t io n  as in  t h e  c a s e  o f  a m id e  b o r o n ic  

a c id  P D A s  s u ch  as 1 0 ,1 2 -m N B -P D A  (2a) o r  6 ,8 -m N B -P D A  (3a) (F ig u re  3 .1 0  a), h e a d  

g ro u p  c o n fo rm a t io n  is m a in ta in e d  d u r in g  t h e  h e a t in g  c y c le .  W h e n  h e a t  is r e m o v e d ,  

o r ig in a l P D A  c o n fo rm a t io n  is r e s to re d  a n d  it c a n  re v e rs e  b a c k  t o  its  o r ig in a l b lu e  fo rm .
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H o w e v e r ,  fo r  P D A  w ith  w e a k  s id e  c h a in  in te ra c t io n  as in  t h e  c a se  o f  e s te r  

b o r o n ic  a c id  P D A  1 0 ,1 2 -p E B -P D A  (4e) a n d  1 0 ,1 2 -m E B -P D A  (5e) o r  para  a m id e  b o r o n ic  

a c id  P D A  1 0 ,1 2 -p N B -P D A  (la); t h e  p o la r  h e a d  g ro u p  c a n n o t  m a in ta in  its  o r ig in a l fo rm  

d u r in g  t h e  h e a t in g  c y c le .  T h u s , w h e n  h e a t  is r e m o v e d ,  P D A  c a n n o t  re tu rn  t o  its 

o r ig in a l c o n fo rm a t io n  a n d  t h e  b lu e  fo rm  is lo s t .  T h e  P D A  is m a in ta in e d  in  its p u rp le  

o r  re d  fo rm . T h e s e  P D A  h a v e  w e a k  h e a d  g ro u p  in te ra c t io n  b e c a u s e  o f  a la c k  o f  e ith e r  

a m id e  g ro u p  o r  m is s  p o s it io n  o f  b o r o n ic  a c id  s u b s t i t u e n t  (F ig u re  3 .1 0  b  a n d  c).

|-nr-v»r*. h f

Figure 3.10 P r o p o s e d  t h e  h e a d  g ro u p  in te ra c t io n  o f  P D A s  o f  a) 1 0 ,1 2 -m N B -P D A  (2a), 
b) 1 0 ,1 2 -p N B -P D A  (la) a n d  c) 1 0 ,1 2 -p E B -P D A  (4e).

3.5 Solvatochromie study of PDA containing boronic acid

T o  s tu d y  s o lv a to c h r o m is m , p re p a re d  P D A s  a re  fa b r ic a te d  in to  s o l id  s ta te  b e fo r e  

te s t in g  w ith  voc v a p o r .  B o r o n ic  a c id  d ia c e t y le n e  m o n o m e r s  (la, 2e, 4e and 5e) 
w e re  fa b r ic a t e d  o n t o  f i l t e r  p a p e r  s h e e ts .  T o  b e g in  w ith  a l l  d ia c e t y le n e  s o lu t io n  w e re  

d r o p p e d  o n t o  f i l t e r  p a p e r  a n d  d r ie d  in  t h e  d a rk  a t  r o o m  te m p e ra tu r e .  F i lt e r  p a p e r  

c o a te d  w ith  m u lt ip le  d o t s  o f  d ia c e t y le n e  m o n o m e r  w a s  ir r a d ia te d  w ith  uv l ig h t  

(2 5 4 n m , 5 0 0  p W / c m 2) fo r  1 m in u te  as d e p ic t e d  in  F ig u re  3.11.
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F v p o M ir i’ Ml vap or o f \ (พ  V fo r 20 m ill

•ร่ร
K cco rd  In d ig ita l cam era  and « in n e r

Figure 3.11 P re p a ra t io n  o f  b lu e  P D A  d o t s  fo r  v o c  sen s in g .

F o u r  d ia c e t y le n e  m o n o m e r s  la, 2a, 4e a n d  5e c a n  b e  c o n v e r t e d  t o  g iv e  b lu e  

d o t s  o f  t h e  c o r r e s p o n d in g  P D A  as s h o w n  in  F ig u re  3.11 (firs t row ), c o n f irm in g  t h a t  t h e  

t o p o p o ly m e r iz a t io n  o c c u r r e d .  T h e  P D A  o f  3a a n d  6e w e re  n o t  a b le  t o  p r o d u c e  t h e  

d e s ir e d  b lu e  d o t s  o f  t h e  c o r r e s p o n d in g  PD A . T h is  is p e rh a p s  d u e  t o  t h e  im p r o p e r  

h y d r o p h o b ic  p a c k in g  o f  m o n o m e r  f r o m  t h e  s h o r t  m e th y le n e  c h a in  le n g th  in 

d ia c e t y le n e  m o n o m e r  3a a n d  6e.

S u b s e q u e n t ly ,  P D A  c o a te d  p a p e rs  w e re  t e s t e d  b y  a t ta c h in g  t h e m  o n  t h e  in n e r  

s u r fa c e  o f  p e tr i d is h e s  w h ic h  w e re  s a tu ra te d  w ith  v a r io u s  v o c  v a p o r .  A  v a r ie t y  o f  P D A  

c o a te d  p a p e rs  w e re  e x p o s e d  t o  15 s o lv e n t s  fo r  2 0  m in u te s .  W e  o b s e r v e d  t h a t  10 ,12 - 

p N B -P D A  (la) a n d  1 0 ,1 2 -m N B -P D A  (2a) h a v in g  t h e  a m id e  g ro u p  m a in ta in e d  t h e ir  b lu e  

c o lo r  w h e n  e x p o s e d  t o  a l l  v o c .  H o w e v e r ,  P D A  d e r iv e d  f r o m  e s te r  d ia c e t y le n e  

d e r iv a t iv e s  s u c h  as 1 0 ,1 2 -p E B -P D A  (4e ) a n d  1 0 ,1 2 -m E B -P D A  (5e) w e re  s e n s it iv e  t o  

v a p o r  o f  V O C  a n d  d is p la y e d  c o lo r  c h a n g e s  fo rm  b lu e  t o  re d  in  r e s p o n s e  t o  

c h lo r o fo rm ,  a c e to n e ,  d ic h lo r o m e th a n e  a n d  te t r a h y d ro fu ra n .

B a s e d  o n  th is  re su lt ,  it a p p e a r s  t h a t  v o c  c a n n o t  s o lv a te  a s t ro n g  p o la r  h e a d  

g ro u p  in te ra c t io n  f o u n d  in  P D A s  h a v in g  a m id o  h e a d  g ro u p  1 0 ,1 2 -p N B -P D A  (la) a n d

1 0 ,1 2 -m N B -P D A  (2a), th u s  n o  c o lo r  c h a n g e s  w e re  o b s e r v e d .  O n  t h e  o th e r  h a n d ,
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w e a k e r  b o n d in g  f o u n d  in  e s te r  P D A s  1 0 ,1 2 -p E B -P D A  (4e) a n d  1 0 ,1 2 -m E B -P D A  (5e) 
w e re  a f fe c te d  b y  v o c  v a p o r  a n d  c o lo r  c h a n g e s  o c c u r r e d .  A b i l i t y  o f  a m id e  P D A  to  

r e s p o n s e  s p e c if ic a l ly  t o  t e m p e ra t u r e  c h a n g e s  w it h o u t  b e in g  a f fe c te d  b y  v o c  le v e l  is 

h ig h ly  b e n e f ic ia l.  T h is  p r o p e r t y  m a k e s  it s u it a b le  as a t e m p e ra t u r e  in d ic a to r  in  a h igh  

V O C  e n v ir o n m e n t  as t h e  c o lo r  c h a n g e s  w o u ld  o c c u r  o n ly  in  r e s p o n s e  t o  c h a n g e s  in 

t e m p e ra t u r e  w it h o u t  it b e in g  a f fe c te d  b y  s u r ro u n d in g  v o c .

แ น ะ - / A B - IM )A |  h i 

แ น ะ - ; แ ร H -l’ D A C a

แ น ะ / >|-H l ’ D M - lc  

แ น ะ - ;แ เ  B  m \< > c

}
( §
Km

0?' M
fM i 1

Figure 3.12 S o lv a t o c h r o m ie  p r o p e r t ie s  o f  fo u r  d ia c e ly e n e  m o n o m e r s  a g a in s t 15 v o c .

3.6 Photochromie study of PDA containing boronic acid

T o  s tu d y  th e  e f fe c t  o f  d u ra t io n  o f  u v  e x p o s u re ,  l% w / v  o f  e a c h  d ia c e t y le n e  

m o n o m e r  in T H F  w a s  d r o p p e d  (2 p L )  o n t o  f i l t r a t e  p a p e r  a n d  th e n  d r ie d  in  t h e  d a rk  

fo r  30  m in . D ia c e t y le n e  d o t s  w e r e  p h o to p o ly m e r iz e d  fo r  30 s, lm in ,  2  m in , 3  m in , 4  

m in , 5 m in  o r  10 m in  a n d  t h e  r e s u lt s  w e r e  d e p ic t e d  in  F ig u re  3 .13 . T h e  r e s u lt s  s h o w n  

t h a t  a t  30s, a l l  P D A  e x h ib it e d  p a le  b lu e  c o lo r .  In c re a s in g  e x p o s u r e  t im e  le d  t o  an  

in c re a s e  in  P D A  c o lo r  in te n s ity ,  u v  ir ra d ia t io n  c a n n o t  in d u c e  b lu e  t o  re d  c o lo r  

c h a n g e s , in d ic a t in g  a c lo s e  p a c k in g  o f  p o ly m e r  s id e  c h a in  d u e  t o  s t ro n g  h y d ro g e n  

b o n d in g  a n d  TC-7T s ta ck in g .
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HM2-/AB ri>A(ls)

IU.I2-mNB-l“l>A(2»)

10.12-/>K B- I’ l) A(4c) 
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Figure 3.13 T h e  P D A  c o a te d  p a p e r  fo r  p h o to c h r o m ie  s tu d y  in  v a r io u s  t im e  (30s- 

lO m in ) .

3.7 Alkalinochromic study of PDA sols

T o  t e s t  t h e  s t a b i l i t y  o f  P D A  u n d e r  v a r io u s  pH , a l l  P D A  v e s ic le s  w e r e  a d d e d  

h y d r o c h lo r ic  a c id  a n d  p o ta s s iu m  h y d ro x id e  fo r  p H  a d ju s tm e n t  b e tw e e n  2 -1 4  (F ig u re

3.14). T h e  re s u lt s  s h o w e d  t h a t  P D A s  c o n ta in in g  a m id e  b o r o n ic  a c id  (1 0 ,1 2 -p N B -P D A  

(la) a n d  1 0 ,1 2 -m N B -P D A  (2a)) w e re  s t a b le  in t h e  w id e  pH  ra n g e  b e tw e e n  2 -14 . T h e  

o r ig in a l b lu e  c o lo r  a n d  a b s o rp t io n  p e a k  a r o u n d  6 3 5  n m  re m a in e d  u n c h a n g e d  (F ig u re  

ร ิ 3 .1 4  a a n d  b). O n  t h e  o th e r  h a n d , P D A s  c o n ta in in g  e s te r  b o r o n ic  a c id  (1 0 ,1 2 -p E B -P D A

n  (4e) a n d  1 0 ,1 2 -m E B -P D A  (5e)) a p p e a r e d  as p u rp le - r e d  c o lo r  u n d e r  b a s ic  c o n d it io n  a t

p H  10 -14  c o r r e s p o n d in g  t o  t h e  d e c r e a s e  o f  a b s o rp t io n  p e a k  a r o u n d  6 5 3  n m  a n d  t h e  

in c re a s e  o f  a b s o rp t io n  p e a k  a r o u n d  5 4 0  n m  (F ig u re  3.14). A g a in , s t ro n g  h e a d  g ro u p  

in te ra c t io n  r e s u lt in g  f r o m  a m id e  g ro u p s  a re  r e s p o n d  fo r  t h e  p H  s t a b le  b e h a v io r  o f  

P D A  f r o m  a m id e  d ia c e t y le n e  l a  a n d  2a.
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Figure 3.14 U V -v is  s p e c t ra  o f  0.1 m M  P D A  f r o m  a) 1 0 ,1 2 -p N B -P D A  (la), b) 1 0 ,1 2 -m N B - 

P D A  (2a), c) 1 0 ,1 2 -p E B -P D A  (4e) a n d  d ) 1 0 ,1 2 -m E B -P D A  (5e) a g a in s t  v a r io u s  p H  (2-14).

3.8 Affinochromic study of PDA sols

3.8.1 Sugar sensing properties

A s m e n t io n e d  in  t h e  in t r o d u c t io n ,  w e  in s t a l le d  t h e  b o r o n ic  a c id  g ro u p  t o  

e n h a n c e  p o la r  h e a d  g ro u p  in te ra c t io n  in o r d e r  t o  f in e  t u n e  t h e r m o c h r o m ie  

r e v e r s ib il i t y  o f  PD A s a n d  t o  c re a te  a su ga r c h e m o  s e n s o r  u s in g  b o r o n ic  a c id -su g a r  

in te ra c t io n .

T o  in v e s t ig a te  t h e  su ga r s e n s in g  a b i l it y ,  w e  p r e p a re d  o u r  P D A  s o ls  in  H E PE S  

b u f fe r  p H  = 7 .4  t o  t h e  f in a l c o n c e n t r a t io n  0.1 m M  le a d in g  t o  b lu e  P D A  s o lu t io n  as 

s e e n  in  T a b le  3 .3  (f irs t row ). E ig h t d if f e r e n t  t y p e s  o f  I m M  su ga r s o lu t io n  w e re  a d d e d  

t o  a l l  p r e p a re d  P D A  s o ls  a n d  t h e  re s u lt s  a re  s h o w n  in  T a b le  3.3. U n fo r tu n a te ly ,  n o  

c o lo r  c h a n g e s  w e re  o b s e r v e d .  S u g a r - b o ro n ic  a c id  b in d in g  m a y  h a v e  o c c u r r e d  in  

s o lu t io n  b u t  t h e  s t re n g th  o f  in te r a c t io n  m ig h t  n o t  b e  e n o u g h  t o  c a u s e  d is t o r t io n  t o  

t h e  P D A  c o n ju g a te d  b a c k b o n e .
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Table 3.3 P h o to g ra p h  o f  0.1 ทาM PD A s (H E PE S  b u f fe r  p H  = 7.4) in  t h e  p r e s e n t  o f  

su ga rs  (1 ทาM).

Blank Maltose Lactose Fructose Sucrose Glucose Galactose Mannose Saccharin

1 0 ,1 2 -m N B -P D A  (2a)
Blank Maltose Lactose Fructose Sucrose Glucose Galactose Mannose Saccharin

1 0 ,1 2 -m E B -P D A  (5e)
Lactose Fructose Sucrose Glucose Galactose Mannose Saccharin

1 0 ,1 2 -p E B -P D A  (4e)
Blank Maltose Lactose Fructose Sucrose Glucose Galactose Mannose Saccharin

3.8.2 Surfactant sensing properties

N e x t, a f f in o c h ro m ic  p ro p e r t ie s  o f  a l l  P D A s  v e s ic le s  w e re  t e s t e d  w ith  11 

s u r fa c ta n ts  c o m p r is in g  o f  n o n - io n ic ,  a n io n ic  a n d  c a t io n ic  s u r fa c ta n ts  a t  5 0  p M  

c o n c e n t r a t io n .  T h e  r e s u lt  in d ic a te d  t h a t  t h e  c o lo r im e t r ic  r e s p o n s e  f r o m  n a k e d  e y e  

(T a b le  3.4) o f  a m id e  b o r o n ic  a c id  P D A  s u ch  as 1 0 ,1 2 -p N B -P D A  (la) a n d  1 0 ,1 2 -m N B - 

P D A  (2a) r e m a in e d  u n c h a n g e d . S im ila r ly ,  t h e  uv s p e c t r u m  o f  a m id e  b o r o n ic  a c id  P D A  

as s h o w n  in  F ig u re  3 .15  a a n d  b  a re  s t a b le  w ith  a l l  t e s t e d  s u r fa c ta n ts  a n d  r e m a in e d  

u n c h a n g e d . T h e  uv a b s o rp t io n  p e a k  a r o u n d  6 3 5  n m  d id  n o t  d e c r e a s e d  e x c e p t  T T A B  

w h ic h  is p e rh a p s  d u e  t o  a g g re g a t io n  o f  P D A  so ls . O n  t h e  o th e r  h a n d , t h e  c o lo r im e t r ic  

r e s p o n s e  f r o m  n a k e d  e y e  o f  e s te r  b o r o n ic  a c id  P D A  n a m e ly  1 0 ,1 2 -p E B -P D A  (4e) a n d

1 0 ,1 2 -m E B -P D A  (5e) (T a b le  3.4) d is p la y e d  s t ro n g  c o lo r  c h a n g e s  w ith  c a t io n ic  

s u r fa c ta n t  a t  t h e  c o n c e n t r a t io n  o f  5 0  p M . T h is  is p e rh a p s  c a u s e d  b y  t h e  fo rm a t io n  o f  

b o ro n a te .  เท b a s ic  c o n d it io n  (pH  = 7.4), b o r o n ic  a c id  m o ie t ie s  w e r e  c o n v e r t e d  in to  

b o r o n a t e  a n io n  u p o n  t h e  a d d it io n  o f  c a t io n ic  s u r fa c ta n ts . T h is  c o lu m b ic  in te r a c t io n  

w i l l  c a u s e  t h e  in s e r t io n  o f  c a t io n ic  s u r fa c ta n t  in to  t h e  P D A  v e s ic le  le a d in g  t o  t h e  

c o lo r  t r a n s it io n  as s e e n  in  t h e  in c re a s e  o f  t h e  a b s o rp t io n  p e a k  a t  5 4 0  n m  a n d  th e  

d e c r e a s e  o f  a b s o rp t io n  p e a k  a r o u n d  6 3 5  n m  (F ig u re  3 .15  c  a n d  d)



Table 3.4 P h o to g ra p h  o f  0.1 ทาM  b o r o n ic  a c id  P D A  (H E PE S  b u f fe r  p H  = 7.4) in  t h e  

p r e s e n t  o f  s u r fa c ta n ts  (50  pM ).

PDA Screening of surfactants

10,12-pNB-PDAda)

พ ' ,พ * -  ร,».- P i  m  พ ' 1P i p  . m i  .พ
ๆเแ '๕ m  »■' i w  V  f  f *
Blank ( TAB DTAB HTAB TTAB HDPB SDS SIX SDBSTween2<) Bnj5X Iriton-.XIOO

10,12-mNB-PDA (2a) 4  m m  พ  พ  พ - พ  * è W  - 9 - พ
Blank CTA B DTAB HTA B TTAB HDPB SDS SIX SDBS Tween20 Bnj$K Tnton-XlOO

10,12-pEB-PDA (4e) * 'พ  "v* *• - .. - - เๆ&- % -  ^  เ ^  4», - ..... -
Blank (TAB DTAB IITAB TTAB HDPB SDS SIX’ SDBS T\veen20 Brij>K Triton-X 100

10,12-mEB-PDA (5e) - . - V  te "‘พ ' ■ร' - Æ-Blank (TAB DTAB MTAB TTAB HDPB SDS SIX SDBS rwccn2() Brij58 Trilnn-XlOO
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Figure 3.15 U V -v is  s p e c t ra  o f  a l l  P D A  s o ls  (O . lm M )  f r o m  a) 1 0 ,1 2 -p N B -P D A  (la), 10 ,12 - 

m N B -P D A  (2a), c) 1 0 ,1 2 -p E B -P D A  (4e) a n d  d ) 1 0 ,1 2 -m E B -P D A  (5e) in  t h e  p r e s e n t  o f  

s u r fa c ta n ts  (50  pM ).

3.9 Salicylic diacetylene monomers synthesis

R e c e n t ly ,  S ir i la k s a n a p o n g  a n d  c o -w o r k e r  [41] r e p o r te d  t h e  s y n th e s iz e d  o f  1 ,3 ,5- 

T r ip h e n y lb e n z e n e  f lu o r o p h o r e  c o n ta in in g  s a l ic y l ic  a c id  g ro u p  a s  r e c e p t o r  fo r  C u 2+ 

se n s in g  (F ig u re  3.16). T h is  s e n s o r  s h o w  s u p e r io r  s e le c t iv i t y  to w a rd  C u 2+ w ith  t h e  h igh  

s e n s it iv ity .

'  \ร่' . Is . fjy yi t v\ y  ร •ร y y

Figure 3.16 T h e  s t r u c tu re  o f  f lu o r o p h o r e  a n d  t h e  p h o to g ra p h  o f  f lu o r o p h o r e  u n d e r  

b la c k  l ig h t  in  t h e  p r e s e n t  o f  v a r io u s  m e ta l  ion s .
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In sp ire d  b y  th is  w o rk , w e  t h e r e fo r e  d e s ig n e d  a n d  s y n th e s iz e d  th r e e  d ia c e t y le n e  

m o n o m e r s  c o n ta in in g  s a l ic y l ic  a c id  (7s-9s) a s  t h e  p e n d a n t  g ro u p  as s e e n  in  S c h e m e

3.2. W e  h y p o th e s iz e d  t h a t  t h e s e  PD A s w o u ld  u n d e rg o  c o lo r im e t r ic  c h a n g e  u p o n  

a d d it io n  o f  c o p p e r  io n  a n d  a l lo w e d  US t o  c re a te  t h e  n a k e d  e y e  m e ta l  s e n s o r  b a s e d  

o n  p o ly d ia c e t y le n e .

P C D A - l în k e r - S A P C D A -S A

Figure 3.17 S t ru c tu re  o f  s a l ic y l ic  a c id  d ia c e t y le n e  m o n o m e r s  (7s-9s).

3.9.1 Synthetic method of diacetylene monomers containing salicylic acid head 

group (7s-9s).

T o  s y n th e s iz e  t h e  d e s ire d  d ia c e t y le n e  m o n o m e r s  c o n ta in in g  s a l ic y l ic  a c id , 

P C D A  w a s  r e a c te d  w ith  l in k e r - s a l ic y l ic  a c id  a s a  n u c le o p h i le  in  t h e  p r e s e n c e  o f  D C C  

a n d  D M A P  as a c o u p l in g  a g e n t  t o  g ive  t h e  d ia c e t y le n e  m o n o m e r  (7s) as s h o w n  in  

S c h e m e  3.2. A ls o ,  p e n ta c o s a d iy n o ic  a c id  (PC D A ) w a s  f irs t  t r a n s fo rm e d  in to  

c o r r e s p o n d in g  a c id  c h lo r id e  in  D C M  s o lv e n t .  S u b s e q u e n t ly ,  t h e  c ru d e  a c id  c h lo r id e  

w a s  r e a c te d  w ith  r e a c te d  w ith  4 -a m in o  s a l ic y l ic  a c id  a n d  2 ,4 -d ih y d ro x y  b e n z o ic  a c id  

a s a n u c le o p h i le  in  t h e  p r e s e n c e  o f  t r ie th y la m in e  (TEA ) as a b a s e  t o  g ive  t h e  

d ia c e t y le n e  m o n o m e r s  8 s a n d  9s as s h o w n  in  S c h e m e  3.2. T a rg e t  m o n o m e r  (7s) w a s  

p u r if ie d  b y  c o lu m n  c h r o m a to g ra p h y  a n d  ta rg e t  m o n o m e r s  (8s, 9s) w e re  p u r if ie d  b y  

r e c r y s t a l l iz a t io n  in  m e th a n o l t o  g ive  t h e  w h it e  s o l id s  o f  7s-9s.
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1st : Triethylene glycol, p-Toluenesulfonyl chloride, 
TEA, CH2CI2, 0cC, 2 hr 

2nd : 4-Amino salicylic acid, K2C03, CHjCN,
reflux 48 hr

3rd : DCC, DMAP, CH2C,2, 0°c, 2 hr

2nd : TEA, salicylic acid, THF, RT, overnight

Scheme 3.2 S y n th e t ic  r o u te  o f  s a l ic y l ic  a c id  d ia c e t y le n e  m o n o m e r s  (7s-9s).

T h e  ^ - N M R  s p e c t ra  o f  ta rg e t  m o n o m e r s  c o n ta in in g  s a l ic y l ic  a c id  in  C D C l3 a re  

s h o w n  in  F ig u re  3 .18 . A l l  t h e  s ig n a ls  c a n  b e  a s s ig n e d  a c c o rd in g  t o  t h e ir  s t ru c tu re s . เท 

c a s e  o f  s a l ic y l ic  a c id  d ia c e t y le n e  m o n o m e r  w ith  g ly c o l  a s  a  l in k e r  1 0 ,1 2 -T E G A S A -P C D A  

(7s), t h e  s ig n a ls  a b o u t  3 .6 1 -4 .3 7  p p m  b e lo n g  t o  t h e  - O C H 2 p r o to n  o f  7s (F ig u re  

3 .16a). W h ile  t h e  s ig n a ls  a b o u t  6 .13  p p m  (a, b ) a n d  7 .6 0  p p m  (c) b e lo n g  t o  t h e  

a r o m a t ic  p r o to n  a n d  10.81 p p m  (อ) b e lo n g  t o  - O H  p r o to n  a d ja c e n t  t o  c a r b o n y l 

g ro u p . T h e  p r o to n  N M R  o f  1 0 ,1 2 -T E G A S A -P C D A  (7s) c o n f irm e d  t h e  s t r u c tu r e  o f  7s. 
M o re o v e r ,  t h e  p r o to n  N M R  o f  1 0 ,1 2 -p A S A -P C D A  (8s) a n d  1 0 ,1 2 -p H S A -P C D A  (9s) h a v e  a 

s im ila r  p a t te rn  (F ig u re  3 .18  b  a n d  c). T h e  s ig n a ls  a t  c a  6 .66  p p m  (น), 7 .18  p p m  (v) a n d  

7 .74  p p m  (พ ) b e lo n g  t o  t h e  a r o m a t ic  p r o to n  in d ic a t in g  th a t  P C D A  w e re  a t ta c h e d  t o  

s a l ic y l ic  a c id .
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P C D A  (7$), b) 1 0 ,1 2 -p A S A -P C D A  (8s) a n d  c) 1 0 ,1 2 -p H S A -P C D A  (9s).

3.10 Preparation of PDA sols and characterization

3.10.1 Polymerization of diacetylene monomers

T o  s tu d y  t h e  a f fn o c h r o m ic  p ro p e r t ie s  a g a in s t  m e ta l  io n s  o f  ta rg e t  m o n o m e r s ,  

a l l  p r e p a re d  d ia c e t y le n e  m o n o m e r s  w e re  t r a n s fo rm e d  t o  P D A  s o ls . F ir s t ly , a l l  

s y n th e s iz e d  m o n o m e r s  w e r e  d is s o lv e d  in  c h lo r o f o rm  (1 m L )  a f te r  t h a t  t h e  s o lv e n t  

w e r e  e v a p o r a te d  b y  u s in g  N 2 gas f o l lo w e d  b y  s u s p e n s io n  in  M i l l i - Q  w a te r  as 

d e s c r ib e d  in  C h a p te r  II. T h e n  a q u e o u s  s o ls  w e r e  t h e n  ir r a d ia te d  w ith  uv l ig h t  (2 5 4 n m ) 

fo r  5 m in u te s  a t  0°c t o  p e r fo rm e d  p h o to  p o ly m e r iz a t io n  in to  PD A . T h e  c o lo r s  o f  

p o ly m e r iz e d  d ia c e t y le n e s  w e r e  p r e s e n te d  in  T a b le  3.5. U p o n  uv l ig h t  (2 5 4 n m ) 

e x p o s u r e  fo r  5 m in u te s  a t  0°c, t h e  1 0 ,1 2 -p A S A -P C D A  (ธร) a n d  1 0 ,1 2 -p H S A -P C D A  (9s) 
w e re  t r a n s fo rm e d  in to  b lu e  s o ls  w h i le  1 0 ,1 2 -T G A S A -P C D A  (7s) w a s  s t i l l  t ra n s p a re n t .  

T h is  m ig h t  b e  c a u s e d  b y  t h e  e f fe c t  o f  e t h y le n e  g ly c o l m o ie t ie s  p ro h ib it in g  t h e  c lo s e  

p a c k in g  o f  m o n o m e r  le a d in g  t o  t h e  p o o r  p o ly m e r iz a t io n .  T o  s o lv e  th is  p r o b le m ,  w e  

m ix e d  P C D A  in to  1 0 ,1 2 -T E G A S A -P C D A  (7s) in  t h e  ra t io  o f  1: 9 V A /  t o  r e d u c e  t h e  

c h a rg e  r e p u ls io n  o f  e t h y le n e  g ly c o l.  S u c h  c o n d it io n  p r o v id e d  t h e  b lu e  s o ls  o f  10 ,12 -
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T E G A S A -P C D A /P C D A  (7s). T h e  c o lo r  a p p e a r a n c e  o f  a l l  s o ls  1 0 ,1 2 -T E G A S A -P C D A /P C D A  

(7s)(l:9), 10 ,12 -p A S A -P C D A  (8s) a n d  1 0 ,1 2 -p H S A -P C D A  (9s) a re  d e p ic t e d  in  T a b le  3.5.

Table 3.5 C o lo r  a p p e a r a n c e  o f  P D A  v e s ic le s  d e r iv e d  f r o m  1 0 ,1 2 -T E G A S A -P C D A  

(7 s)/P C D A , 10 ,12 -p A S A -P C D A  (8s), 1 0 ,1 2 -p H S A -P C D A  (9s).

Monomers
Before

polymerization
After

polymerization
Melting 

point (°C )

1 0 ,1 2 -T E G A S A -P D A

(7 s ) /P C D A
1

m
□ 1

-

1 0 ,1 2 -p A S A -P D A  (8s)

i

o .
n * i l 1K 95 -9 7

1 0 ,1 2 -p H S A -P D A  (9s)

1

T c 74 -7 6

3.10.2 UV-Vis spectra of PDA sots

A f te r  t h e  s u c c e s s fu l t r a n s fo rm a t io n  o f  a l l  d ia c e t y le n e  in to  t h e  d e s ir e d  P D A  s o ls  

in  a q u e o u s  s o lu t io n .  A l l  P D A  s o ls  w e re  fu r th e r  c h a r a c te r iz e d  b y  U V -V is ib le  

s p e c t r o p h o to m e te r .  T h e  c h a ra c te r is t ic  a b s o rp t io n  p e a k s  (A ,max) o f  a l l  P D A  w e re  

s h o w e d  in  t h e  F ig u re  3 .19 . T h e  re s u lt s  c o r r e s p o n d e d  t o  t h e  n a k e d  e y e  o b s e r v a t io n  

m a d e  in  p re v io u s  s e c t io n  (T a b le  3.5). T h e  c o lo r  o f  1 0 ,1 2 -T E G A S A -P D A  (7s) is d e e p  

b lu e  a n d  1 0 ,1 2 -p A S A -P D A  (8s) a re  p a le  b lu e  O n  t h e  o th e r  h a n d , t h e  c o lo r  o f  10 ,12 - 

p H S A -P D A  (9s) is u n s ta b le  p a le  v io le t  d u e  t o  w e a k e r  h y d ro g e n  b o n d in g  a n d  71-71 
a ro m a t ic  s ta c k in g  in  t h e  s id e  c h a in  o f  p o ly m e r s .  A b s o rp t io n  m a x im a  o f  P D A  o f  10 ,12 - 

T E G A S A -P D A  (7 s)/P C D A , 1 0 ,1 2 -p A S A -P D A  (8s) a n d  1 0 ,1 2 -p H S A -P D A  (9s) s h o w  t h e  

a b s o rp t io n  m a x im a  a t  638 , 6 4 3  a n d  641  n m  r e s p e c t iv e ly .
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c ^ 10,12-pHSA-PDA (9s)
O H

ไ*

l
X mi1 * 641 m il

o J

I> .— - ------
•ะ':»:! 4.ÜC !>so 600 650 ?cc ’ to 8ÛC

พ**»!•ทgrh {เพท)

Figure 3.19 U V -v is  s p e c t r a  o f  s a l ic y l ic  a c id  P D A  s o ls  o f  a) 1 0 ,1 2 -T E G A S A  P C D A /P C D A  

(7 sX l:9 ) , b) 10 ,12 -p A S  A -P C D A  (8s) c) 1 0 ,1 2 -p H S A -P C D A  (9s).

3.11 M eta l ions sensing

T o  in v e s t ig a te  t h e  s e n s in g  a b i l i t y  o f  s a l ic y l ic  g ro u p  as a r e c e p t o r  fo r  m e t a l  io n s , 

w e  p r e p a re d  P D A  s o ls  in  H E PE S  b u f fe r  p H  = 7 .4 t o  t h e  f in a l c o n c e n t r a t io n  o f  0.1 ทาM . 

M e t a l  io n s  (50  p M ) w e re  a d d e d  t o  p re p a re d  P D A  s o ls  in c lu d in g  p o ly  (PC D A ) a n d  th e  

re s u lt s  a re  s h o w n  in  T a b le  3.6. T h e  b lu e  P D A  s o ls  o f  p o ly (P C D A )  e x h ib it e d  c o lo r  

c h a n g e  w ith  P b 2+, C d 2+ a n d  Z n 2+ s im i la r ly  w ith  t h e  b lu e  P D A  s o ls  o f  1 0 ,1 2 -T E G A S A - 

P D A  (7 s ) /P C D A  a n d  1 0 ,1 2 -p H S A -P D A  (9s).
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T a b le  3 .6  P h o to g ra p h  o f  0.1 m M  s a l ic y l ic  a c id  P D A  (H EPES  b u f fe r  pH  = 7 .4) in  t h e  

p r e s e n t  o f  m e ta l  io n s  (50  pM ).

PDA Screening o f  m e ta l ions

10,12-TEGASA-

PDA(7s)/PCDA พ  พ  V  พ  ■
Blank rd' ('น'' Mn’' Mg' Na' Ka (๙' Nr'' Pb5* Zn' Ag' Sr' K* Mg น

10,12-pAS A- j y p ’l p  1  I I  I I  ^ n  I p  10 I I I  ag gg

PDA(8s) Blank Cd** Cu2* Mn’ Hg* Na’ Ba2~ Co*' Nr* Pb'~ Zn'* Ag* Sr* K~ Mg'* Li*

10,12-pHSA-

PDA(9s) Blank Cd2* Cu2* Mn’* Hg2* Na* Ba2' Co2* Nr* Ph2* Zn2* Ag' K Mg’* Li* Ca2*

เท o u r  p re v io u s  w o rk , N a rk w ib o o n w o n g  a n d  c o -w o rk e r s  [42] r e p o r te d  th e  

s y n th e s iz e d  o f  E G -PC D A , 3 E G -P C D A  a n d  5 E G -P C D A  a n d  t h e n  m o n o m e r s  w a s  b le n d  

w ith  P C D A  fo r  P b 2+ d e te c t io n .  T h e  re s u lt s  s h o w e d  t h a t  c o lo r  c h a n g e s  o c c u r r e d  d u e  

t o  t h e  in te r a c t io n  b e tw e e n  P b 2+ a n d  c a r b o x y la t e  g ro u p  o f  b le n d e d  P C D A  b u t  n o t  

e t h y le n e  g ly c o l c h e la t e d  w ith  P b 2+.

1 1 *5
น

ท I KthyktH- sl>col<M.P(l>\> X
ท-* TrlethMkae flycol (น:G-PCD \)
ท-'5 Prn lavlh»tknr glycol |)A)

Zb-'* m*‘ C41* ft‘‘ €๙* HP* พ

Figure 3.20 T h e  s t r u c tu re  o f  D A  m o n o m e r  a n d  p h o to g r a p h  o f  P D A  s o l  in  t h e  p r e s e n t  

o f  v a r io u s  m e ta l  ion s .
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T h e  r e s u lt  im p l ie d  t h a t  c o lo r  c h a n g e s  o b s e r v e d  in  T a b le  3 .6  o c c u r r e d  b e c a u s e  

o f  c a rb o x y la t e  g ro u p  n o t  t h e  c h e la t io n  o f  m e ta l  io n s  b y  s a l ic y la te .  L a c k  o f  c o lo r  

c h a n g e s  o f  t h e  b lu e  P D A  s o ls  1 0 ,1 2 -p A S A -P D A  (8s) c o u ld  b e  c a u s e d  b y  a s t ro n g  in- 

b o n d in g  o f  a m id e  h e a d  g ro u p .


	CHAPER III RESULTS AND DISCUSSION
	3.1 Synthesis of diacetylene monomers containing boronic acid head group
	3.2 Preparation of PDA sols and characterization
	3.3 Thermochromie study of PDA sols
	3.4 Thermochromically reversibility of PDA sols
	3.5 Solvatochromie study of PDA containing boronic acid
	3.6 Photochromie study of PDA containing boronic acid
	3.7 Alkalinochromic study of PDA sols
	3.8 Affinochromic study of PDA sols
	3.9 Salicylic diacetylene monomers synthesis
	3.10 Preparation of PDA sols and characterization
	3.11 Metal ions sensing


