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ABSTRACT

SOLVATOCHROMIC INDICATORS FOR 

FIBER OPTIC CHEMICAL SE N SO R S

by

Ziad M. Shakhsher 

University of New Hampshire, S ep tem b er ,  1989

T h e  goal of th i s  th e s is  w a s  to d e v e l o p  a n d  e v a lu a t e  

s o lv a to c h r o m ic  in d ic a to r s  for f ib e r  o p tic  c h e m ic a l  s e n s o r s .  

In te rac tion  with a n a ly te  m odifies th e  polarity of the  im m obilized 

in d ica to r  e n v iro n m e n t  leading  to  a  shift in th e ir  f lu o r e s c e n c e  

spec tra .  T h ree  s y s te m s  w ere s tud ied .

In th e  first s tu d y  a  ca t io n ic  f lu o re sc e n t  p ro b e ,  5 -d im ethyl-  

a m i n o n a p h t h a l e n e - 1  - s u l f o n a m i d o e t h y l t r i m e t h y l a m m o n i u m  ion 

(DA+ ), w a s  equ ilib ra ted  with unmodified- an d  hyd rocarbon  b o n d ed -  

s i l ic a s .  In s o lu t io n  a n d  u n m o d if ie d  s i l ic a ,  m ax im u m  DA+ 

f lu o r e s c e n c e  s h i f t s  to  lo n g e r  w a v e le n g th s  with i n c r e a s in g  

p e r c e n ta g e s  of m e th an o l ,  te trahydrofu ran  an d  ace ton itr ile  in water. 

On h y d rocarbon  b o n d e d  silicas, how ever, DA+ em iss ion  m ax im a  in 

w a te r  o c c u r  a t  s h o r t e r  w a v e le n g th s  ind icating  a  very n o n p o la r  

env ironm ent. This in d ica te s  th a t  th e  organic f luorophor is exc lu d ed  

from th e  so lven t a n d  e x p e r ie n c e s  primarily a  su r fa c e  env ironm ent. 

A dded o rg a n ic  s o lv e n t  c o m p e te s  with DA+ for th e  hy d ro carb o n  

su rface , cau s in g  it to  interact m o re  strongly with th e  so lvent.

In th e  s e c o n d  study, 5 -D im ethy lam inonaph tha lene-1 -su lfon-

xi



a m id o e th y l t r im e th y la m m o n iu m  ion (A EA N S) im m o b i l iz e d  on 

controlled pore g lass ,  ce llu lose  an d  poly(vinyl alcohol) (PVOH), w as 

show n to  re sp o n d s  to cationic su rfac tan ts  including Dodecyl-, 

T e tra d e c y l-  and  Cetyl- trim ethyl am m o n iu m  ions. T h e  em iss io n  

sp e c tru m  shifts to s h o r te r  w av e le n g th s  a n d  in c re a s e s  in intensity 

with in c reas in g  s u r fa c ta n t  co n cen tra t io n  b e c a u s e  s u r fa c ta n t  forms 

an  ion pa ir  with AEANS caus ing  its env ironm ent to b e  le ss  polar. 

Both in solu tion  a n d  im m obilized on solid  s u b s t r a t e s ,  AEANS 

r e s p o n d s  m ore  s e n s i t iv e ly  to c a t io n ic  s u r f a c ta n t  w ith  lo n g er  

h y d ro c a rb o n  chain  le n g th s .  T h e re  is no s ign if ican t r e s p o n s e  to 

anionic a n d  nonionic su rfac tan ts .  AEANS covalently  bound  to PVOH 

m e m b ra n e s  w as  co u p le d  to a  fiber optic sy s te m  for reversib le  

in-situ de te rm ina tion  of ca tionic  s u rfa c ta n ts .

T h e  th i rd  s y s t e m  i n v o l v e d  a  b e t a i n e  d y e ,

2 ,6 - d ip h e n y l - 4 - ( 3 ,4 ,6 - t r ip h e n y l -N - p y r id in io )  p h e n o l a t e  (E T 3 0 ) ,  

immobilized in a  silicone rubber  m e m b ra n e .  At low co n cen tra tio n s  

im m obilized  ET(30) f lu o re s c e s  s tro n g ly .  F lu o re s c e n c e  in tensity  

d e c r e a s e s  an d  s p e c t r a  shift to lo n g e r  w a v e le n g th s  w h e n  th e  

m e m b ra n e  is e x p o s e d  to  in c reas in g  p e r c e n ta g e s  of m e th an o l in 

w ater .  R e s p o n s e  is re v e rs ib le  with a  r e s p o n s e  tim e of s ev e ra l  

m in u te s .

All s y s te m s  s tu d ied  u n d erg o  sp e c t ra l  shifts a s  a  function of 

a n a ly te  c o n c e n tra t io n .  This  allow s a n a ly te  to b e  re la te d  to an  

in te n s i ty  ra tio  m e a s u r e m e n t  a t  tw o  w a v e l e n g t h s  w h ich  

c o m p e n s a t e s  for c h a n g e s  in v a r i a b l e s  o th e r  t h a n  a n a ly te  

con cen tra tio n  that a ffec t th e  m ag n itu d e  of the  analytical intensity.



CHAPTER I

INTRODUCTION

A c h e m ic a l  s e n s o r  is a  t r a n s d u c e r  th a t  p r o v id e s  d ire c t  

inform ation a b o u t  th e  chem ica l com posit ion  of its en v iro n m en t.  It 

co n s is ts  of a  physical t ra n sd u c e r  coup led  to  a  chem ically  se lec tiv e  

layer. T h e  f u n d a m e n ta l  t r a n s d u c t io n  m o d e s  a r e  c la s s i f ie d  a s  

therm al, m a s s ,  e lec tro ch em ica l  a n d  optical (1). C h em ica l s e n s o r s  

sh o u ld  b e  eas ily  a p p l ie d  to th e  s a m p le ,  s e n s i t iv e  a n d  highly 

se le c t iv e  for the  a n a ly te ,  r e s p o n d  revers ib ly  to th e  a n a ly te ,  b e  

easily ca l ib ra ted  and  no t perturb th e  ana lyzed  system .

E lec trochem ica l s e n s o r s  s u c h  a s  io n -se lec tive  e le c t ro d e s  a n d  

ion -se lec tive  chem ical field e ffec t t ra n s is to rs  a r e  the  la rg e s t  g ro u p  

of c h e m ic a l  s e n s o r s ( 2 -7 ) .  T h e s e  k inds of s e n s o r s  h a v e  s o m e  

limitations, su ch  a s  p o o r  selectiv ity  and  suscep tib ili ty  to e lectr ica l 

in terference, an d  a re  no t available for many chem ical s p e c ie s .

O p tica l  s e n s o r  d e v e lo p m e n t  is of g row ing  in te re s t  b e c a u s e  

o p t ic a l  s e n s o r s  a v o i d  s o m e  l im i ta t io n s  a s s o c i a t e d  w ith  

e lec trochem ica l s e n so r s .  Optical s e n s o r s  a re  b a s e d  on th e  c h a n g e  in 

the  optical p ro p ertie s  of a  s e n s in g  e lem en t on  the e n d  of a  fiber 

optic . T h e s e  c h a n g e s  c a n  in v o lv e  a b s o r b a n c e ,  f l u o r e s c e n c e ,  

re f le c ta n c e ,  c h e m ilu m in e sc e n c e ,  o r p h o s p h o re s c e n c e .  F lu o re s c e n c e  

is particularly well su ited  for m e a s u re m e n ts  through fiber optics,

1



b e c a u s e  it is sensitive  an d  versatile  an d  can  b e  readily m easu red

th rough  a  single  optical fiber.

Optical s e n s o r s  which have  b een  dev e lo p ed  include immuno­

chem ical s e n so r s  (8), ionic an d  pH s e n s o r s  (9), g a s  s e n s o r s  (10) and  

s e n s o r s  for pe tro ch em ica l app lica tions  (11).

A p p l ic a t io n  a r e a s  in c lu d e  in d u s t r i a l  p r o c e s s  c o n t ro l ,

e n v iro n m e n t  pollu tion  m onitoring , clinical c h e m is try ,  a n d  v a r io u s  

biom edical applications. W hen s e n s o r s  a re  ava ilab le  , th e  sa m p le  can 

b e  a n a ly z e d  in situ  in rea l tim e, with m inim um  opportun ity  for 

c o n ta m in a t io n .  R e c e n t ly  S e i tz  re v ie w e d  th e  p r in c ip le s  of fiber

optics  a n d  their app lica tions  in chem ical s e n s in g  (12).

F lu o re s c e n t  ind ica to rs  c a n  b e  c la ss if ie d  into th r e e  d ifferen t 

ty p e s  b a s e d  on th e ir  working principles. T he first ty p e  is b a s e d  on 

s p e c t r a l  c h a n g e s  of im m o b il iz e d  in d ic a to r s  a s  a  r e s u l t  of 

g r o u n d - s ta t e  r e a c t io n s  with th e  a n a ly te ,  s u c h  a s  in a c id - b a s e  

equilibria. The s e c o n d  type is b a s e d  on dynam ic quench ing . T he third 

g roup  is b a s e d  on sp ec tra l  c h a n g e s  of the  indicator d u e  to physical 

or ch em ica l  p e r tu rb a t io n s  a s  a  resu lt  of c h a n g e s  in te m p e ra tu re ,  

p r e s s u re ,  v iscos ity  or en v iro n m e n t  polarity. T h e  la s t  ty p e  is the  

s u b je c t  of this  th e s i s (1 3,14).

F iber Optic P rincip les  :

Optical fiber s e rv e s  a s  a  light or w ave  g u id e  to t ra n sp o r t  light 

to a n d  from th e  s e n s in g  e lem en t ,  a n  im m obilized  r e a g e n t  p h a s e  

which c h a n g e s  optical p roperties  upon interaction with an  analyte .
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O ptica l fibers  a r e  usually  c o m p o s e d  of two m a te r ia ls  a r r a n g e d  

coax ia lly  a s  illu stra ted  in figure 1.1. T he  inner part  is a  co re  of 

re frac t iv e  index, n-j, s u r ro u n d e d  by a  lay e r  of m ate ria l  of lower

re f ra c t iv e  index, n 2  called  th e  c ladding . A p ro tec tiv e  jack e t  of

p las tic  o r  so m e  o th e r  material is applied  o v er  th e  th e  cladding to 

i n c r e a s e  th e  f ib e r 's  m e c h a n ic a l  s t r e n g th  a n d  to  fa c i l i ta te  its 

hand ling .

F iber optics  a r e  b a s e d  on  th e  p h e n o m e n o n  of to tal internal 

reflection . Light e n te r in g  th e  f ib e r  a t  a n  a n g le  g r e a te r  than  the  

critical an g le  is t ran sm itted  th rough  the  fiber a s  a  re su lt  of internal 

reflection a t  th e  co re /c lad d in g  in terface . T h e  an g le  (a) of incident 

light w hich  is a c c e p te d  by th e  fiber tra n sm it ted ,  d e p e n d s  on the  

refractive indexes of th e  core a n d  cladding a n d  air (n0 ).

sin a  = {(n-j)2  -(n2)2}1 /2 / n0

Optical fibers c o n s is t  of m ate r ia ls  which a r e  both flexible and  

t ra n sp a re n t ,  such  a s  g la s se s ,  p las tic s  or silica. F iber a t ten u a tio n  is 

e x p re s s e d  in te rm s  of decibels  (dB) per kilom eter which is defined  :

Attenuation (dB) -  10 log P 1/P 2

W here;

; is the pow er entering th e  fiber.

P-l : is the  pow er leaving th e  fiber.

High fiber t ra n sp a re n c y  in th e  visible region m a k e s  it possib le

3



Core

Cladding'

Jacket

Cladding (n2)

Core (n1)

Figure 1.1 : Schematic of fiber optic : 
a: acceptance angle,
n1 and n2 are the refractive indices for core 

and cladding, respectively, 
o: angle of incidence at core/cladding interface.
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to t ra n sm it  light to a n d  from rem o te  lo c a t io n s  over  c o n s id e ra b le  

d i s t a n c e s  without s e r io u s  in tensity  lo s s e s .

P las tic  c lad  silica, often re fe rred  to a s  PCS, is of g re a te s t  

in te re s t  to analytical sp e c tro sc o p is ts  b e c a u s e  it is t r a n sp a re n t  in 

th e  UV. F ib e rs  typically  h a v e  c o re  d ia m e te r s  of 1 0 0  to 200 

m ic r o m e te r s .

F o r  ch e m ic a l  s e n s in g  a p p l ic a t io n s ,  d iffe ren t t y p e s  of fiber 

a r r a n g e m e n t s  a r e  u s e d .  A s in g le  f iber c a n  be  u s e d  a s  light 

t ra n sm it te r  an d  co llec to r  a t  th e  s a m e  tim e, a s  illu stra ted  in figure

1.2. F lu o re sc e n c e  returning through the  fiber is focused  into a  double 

m o n o c h r o m a to r  w h ic h  r e s o l v e s  f l u o r e s c e n c e  f ro m  s c a t t e r e d  

ex c i ta t io n  radia tion . A b ifu rca ted  a r r a n g e m e n t  is s h o w n  in figure

1.3. O n e  arm  t ra n sm its  excitation light to th e  im m obilized indicator 

p h a s e ,  while th e  o th e r  arm tra n sm its  th e  light from th e  indicator 

p h a s e  to the d e te c t io n  sy s tem . Most b ifu rca ted  fiber o p tic  s e n so r s  

r e p o r te d  in th e  l i te ra tu re  h a v e  u se d  in c a n d e s c e n t  s o u r c e s  with 

filters  for w a v e len g th  se lec tio n  (12).

A d v a n ta g e s  a n d  Limitations of F iber Optic C hemical S e n s in g  :

F iber optic chem ica l s e n s o r s  have m an y  potential applications 

in a n a ly s is  a s  a  resu lt  of the  following a d v a n ta g e s  (15 ,16):

1) Unlike po ten tiom etric  e lec tro d es ,  optical s e n s o r s  do  n o t require a  

r e f e r e n c e  signal.

2) S e n s o r s  c a n  read ily  b e  m in ia tu rized  us ing  s in g le  f ibe rs .  This 

a llow s them  to b e  u se d  with small s a m p le s  a s  well a s  for in vivo
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Figure 1.2 : Spectrometer for single-fiber measurments 
using a beam splitter.

R : Indicator phase; S : Source; D : Detector;
F : Filter; B : Beamsplitter.
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0
F

Figure 1.3 : Schematic of bifurcated fiber optic chemical 
sensor. R : Indicator phase; S : Source;
D : Detector; F : Filter.
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m e a s u re m e n ts .

3) B e c a u s e  optical fibers  h av e  low loss, they  transm it over  a  large 

d is ta n c e .  Currently, they  a r e  u se d  for optical te lecom unica tion . Also, 

they c a n  be  u se d  for rem ote  sen s in g  to perform  a n a ly s is  of s a m p le s  

in locations tha t a re  hard to re a c h  or h aza rd o u s .

4) B e c a u s e  th e  s e n s o r  s ig n a l  is op tica l,  it is n o t  s u b je c t  to 

e le c t r ic a l  in te r f e r e n c e s .

5) Multiple a n a l y s e s  with a  s ing le  c e n t ra l  s p e c t ro m e te r  c a n  be  

p e rfo rm ed  using s ev e ra l  fiber s e n s o r s  p la c e d  in d ifferen t locations 

cou p led  to the s a m e  instrum ent.

6) In m o s t  c a s e s ,  optical s e n s o r s  a re  nondestructive .

7) M ultiw avelength  inform ation c a n  b e  u s e d  to p rov ide  calibra tion  

stability or to allow s im u ltan eo u s  ana lys is  of m ore  th a n  o n e  analy te .

8) Optical s e n s o r s  a re  sim ple in design  a n d  can  be d e s ig n e d  for e a s y  

r e p la c e m e n t  of indicators .

F ib e r  o p tic  c h e m ic a l  s e n s o r s  a l s o  h a v e  s o m e  lim ita tions 

(15,16) :

1) T h e y  a r e  s u b je c t  to  in te r f e r e n c e  from  a m b ie n t  light. T h e  

in te r f e r e n c e  c a n  b e  r e d u c e d  u s ing  d a rk  s u r r o u n d in g s  or by 

m o d u la tin g  th e  op tica l s ig n a l ,  so  th a t  it c a n  b e  re so lv e d  from 

a m b ie n t  light.

2) B e c a u s e  th e  ind icator a n d  a n a ly te  a r e  in d iffe ren t p h a s e s  for 

in d ica to r  p h a s e  s e n s o r s ,  d iffus ion  of a n a ly te  into th e  ind ica to r  

p h a s e  limits th e  r e sp o n s e  time.

3) Highly se lec tive  indicators should  b e  u se d ,  an d  th e  immobilization 

n e e d s  to b e  im proved to g e t  b e tte r  selectivity an d  sensitivity. This
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is b e c a u s e  m o s t  ind icators  suffer a  reduction  in sensitiv ity  after  

immobilization o r  w hen d isso lv ed  in a  polymer.

4) T h e  in d ica to r  p h a s e  is su b je c t  to  limited long -te rm  stability  

b e c a u s e  of pho todecom position . But this can  be  c o m p e n s a te d  for by 

re la ting  t h e  o u tp u t  s ig n a l  to a  r e f e r e n c e  in ten s i ty  a t  a n o th e r  

w a v e le n g th  if th e re  is a  sp e c tra l  sh if t  a s  a  function  of a n a ly te  

c o n c e n t r a t io n .

Two W av e len g th s  Me a s u re m e n ts  :

T he  p rim ary  p u rp o s e  of in tensity  ratio m e a s u rm e n ts  a t  two 

w a v e le n g th s  is to c o m p e n s a te  for c h a n g e s  in a n y  v a r iab le s  o th e r  

th a n  a n a ly te  c o n c e n t r a t io n  th a t  a f f e c t  th e  m a g n i tu d e  of th e  

a n a ly t ic a l  in te n s i ty  (16). T h e s e  in c lu d e  f lu c tu a t io n s  in s o u r c e  

intensity , e le c tro n ic  drift in the  d e tec t io n  sy s te m , b ack g ro u n d  from 

th e  sam ple ,  c h a n g e s  in e i th e r  the a m o u n t  of indicator d u e  to leaching 

o r  d e g ra d a t io n  of th e  o p tica l  p ro p e r t ie s  of th e  ind ica to r  p h a s e ,  

te m p e ra tu re ,  quench ing , ionic s treng th , a n d  loss  of intensity  d u e  to 

b e n d s  in t h e  optical f ib e r  which c h a n g e  th e  a n g le  a t  w hich 

t ra n sm it te d  in tensity  s t r ik e s  the  co re /c la d d in g  in te rface .

A n a ly s e s  b a s e d  o n  in tensity  ra tio  m e a s u r e m e n t s  a t  two 

w a v e len g th s  h a s  been  a cco m p lish e d  by different m e th o d s  d ep en d in g  

on th e  factor requiring co m p en sa tio n .

The first m ethod is b a s e d  on using  a  s e p a ra te  re fe ren ce  signal 

w hich c o m p e n s a te s  for instrum ental fluctuation only, but d o e s  not 

c o m p e n sa te  for indicator leaching or decom position . This can  be
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d o n e  by se lecting  re fe ren ce  signals , such  a s  :

1) B a c k -s c a t te re d  excita tion  rad ia tion .

2) E m iss io n  from a  s e c o n d  f luo rophor th a t  is in sen s it iv e  to the  

a n a ly te .

3) T ransm itted  signal w h e re  no absorp tion  o ccu rs .

T h e  s e c o n d  m e th o d  is b a s e d  on m e a s u r in g  th e  ratio  of 

lu m in e s c e n c e  in te n s i t ie s  a t  tw o  d iffe ren t e m is s io n  w a v e le n g th s .  

T h is  c o m p e n s a t e s  no t only for in s t ru m e n ta l  f lu c tu a t io n s  a n d  

v aria tions  in the  optical p ro p ertie s  of the  ind ica to r  p h a s e ,  but a lso  

for any lo ss  of the  indicator.

Ind icator Immobilization T e c h n iq u e s  :

Immobilization of indicators on  solid s u p p o r ts  a t ta c h e d  to th e  

fiber o p tic  s y s te m  is m ore  p rac t ica l  th a n  a d d in g  th e  ind ica to r  

solution e a c h  time to a  non-fluorescen t analy te .

In o rd e r  to p ro d u c e  a  s e n s in g  layer with m axim um  sensitivity, 

th e  ind icator, polym er su p p o rt  a n d  immobilization chem istry  shou ld  

b e  c h o s e n  carefu lly  (15). In f ibe r  optical c h e m ic a l  s e n s o r s ,  th e  

ind ica to r  is usually  im m obilized  on  a  rigid, op tically  t r a n s p a r e n t  

polym eric support,  w hich c a n  b e  a t ta c h e d  to th e  en d  of an  optical 

fiber. T h e  po lym er sh o u ld  b e  p e rm e a b le  to a n a ly te ,  a n d  not be  

su b jec t  to physical c h a n g e s  under  th e  opera ting  conditions.

T h e re  a r e  t h r e e  im p o rtan t  m e th o d s  fo r  in c o rp o ra t in g  th e  

indicator in a  solid p h a s e .  Review s provide e x c e lle n t  c o v e ra g e  of all 

a s p e c t s  of th e  c h e m is try  a n d  p h y s ic s  of im m obilized  r e a g e n ts ,  

e n zy m es  an d  d y es  (17-21).

10



M e c h a n ic a l  (p h y s ica l)  im m obiliza tion  in v o lv es  inc lusion  of 

m o le c u le s  in m a t r ic e s  th a t  th e y  c a n  no t l e a v e .  C h em ica l

immobilization is perfo rm ed  by binding th e  indicator to a  polymer. 

Indicators c a n  b e  im m obilized covalen tly  or e lec trosta tica lly .

The indicator p h a s e  c a n  be a t ta c h e d  to the  e n d  of the  optical

fiber in a  variety  of w a y s  a s  illustrated in figure 1.4;

a) The indicator p h a se  is a  m em brane which is a t ta c h e d  to the  end of

th e  optical fiber.

b) The in d ica to r  p h a s e  is a  p ow der  w hich a d h e r e s  to a  sticky 

m em b ran e  a t ta c h e d  to th e  e n d  of optical fiber.

c) The indicator p h ase  is held  in place by a  m em brane  a ttach ed  to the 

e n d  of th e  optical fiber.

d) The indicator p h a se  is held in a  capillary  tube which fits over the  

e n d  of the  optical fiber.

In o rd e r  to avoid  physica l c h a n g e s  during o p e ra t io n ,  so m e  

indicator p h a s e s  need  to b e  formed u n d e r  controlled conditions. For 

ex a m p le ,  poly(vinyl a lco h o l)  re q u ire s  t h e  a p p ro p r ia te  a m o u n t  of 

c ro s s l in k e r  to  avo id  c o n tra c t io n  o r  e x p a n s io n  in c o n ta c t  with 

so lvent (22). O ther  m e m b ra n e  m aterials, su ch  a s  th e  silicone rubber, 

a r e  less  s u b je c t  to physica l ch anges .

It is  im p o r ta n t  to  r e c o g n iz e  t h a t  im m o b iliza tio n  h a s  a  

significant e f fe c t  on s e n s o r  chem istry . For e x a m p le ,  immobilization 

c a n  c h a n g e  indicator s p e c t ra l  p ro p e r t ie s .  It is q u ite  co m m o n  to 

o b s e r v e  b a t h o c h r o m ic  s h i f t s  of a  few  n a n o m e t e r s  u p o n  

immobilization a s  a  resu lt  of both th e  immobilization chem istry  and  

the  nature  of the  su b s t ra te  surface. In addition, th e re  a re  som e
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a) Fiber Indicator/Membrane

b) Fiber Indicator Phase 

Membrane

c)
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Indicator Phase
Capillary Tube

Figure 1.4 : Fiber optic chemical sensor configurations.
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ind icators  th a t  d o  not f lu o re sc e  in so lu tion  but b e c o m e  f lu o rescen t 

w hen  immobilized on a  solid su b s t ra te  (23).

The r e s p o n s e  time of th e s e  s e n s o r s  d e p e n d s  on both th e  m a ss  

tran sp o r t  of th e  ana ly te  into the  indicator p h a s e  a n d  th e  Kinetics of 

th e  in teraction  b e tw e e n  a n a ly te  a n d  th e  ind ica to r. The d o m in an t  

fac to r  de te rm in ing  the  r e s p o n s e  tim e is usually diffusion of ana ly te  

in th e  ind ica to r  p h a se .  For c o n tin u o u s  s e n s in g ,  th e  in teraction of 

indicator with th e  ana ly te  m u st b e  reversib le .

L u m in e sc e n t  S o lv a to ch ro m ic  Ind ica to rs  :

T h e  o p t ic a l  p r o p e r t i e s  of l u m i n e s c e n t  s o lv a to c h r o m ic  

in d ic a to rs  d e p e n d  on e n v i r o n m e n t  po la r ity  a s  s c h e m a t ic a l ly  

illustrated in figure 1.5. T he  ground  a n d  the ex c ited  s ta te s  a r e  both 

s ta b i l iz e d  by in te ra c t io n s  with a  p o la r  s o lv e n t .  T h e  re la t iv e  

stability  of g ro u n d  a n d  ex c i ted  s t a t e s  d e p e n d s  on  the  m o lecu le  

polarity. For th e  dansy l m olecu le , th e  m ag n itu d e  of this e ffec t  is 

m uch  g re a te r  for the exc ited  s ta te  th an  for the  g ro u n d  s ta te .  In the 

exc ited  s ta te ,  th e re  is a  t ra n s fe r  of c h a rg e  from  o n e  e n d  of the  

m olecule  to th e  other, resulting in a  highly polar excited  s ta te  which 

in te ra c ts  s tro n g ly  with a  p o la r  m e d ia .  T h e  s t ro n g  in te ra c t io n  

b e tw e e n  th e  e x c i te d  s t a t e  a n d  a  p o la r  m e d iu m  a lso  p ro m o te s  

rad ia tion less  re tu rn  to th e  g round  s ta te .  This is w hy in tensities  a re  

lower in a  po lar  medium. This behav io r  is well know n (24).

F lu o r e s c e n t  d e r iv a t iv e s  of 5 -d im e th y la m in o - 1 -n a p h th a le n e -  

sulfonic ac id  collectivly know n a s  d an sy l  co m p o u n d s ,  a re  well known
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Figure 1.5 : Schematic diagram of solvatochromic effect. 
Large ellipse : dye molecule,
Small ellipse : solvent molecule.
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so lv a to c h ro m ic  f lu o ro p h o rs  tha t  u n de rgo  l a r g e  w a v e le n g th  shifts.  

B e ta in e  d y e s  a r e  a n o t h e r  im p o r ta n t  c l a s s  d y e s  w h ich  exhibi t  

so lva tochromism.  The  a b s o r b a n c e  of t h e s e  d y e s  shifts with polarity. 

Be ta ine  d y e s  have  b e e n  u s e d  to c h a r a c t e r i z e  the  en v i ro n m e n t  

polarity in mice l les ,  m ic ro e m u l s io n s  a n d  p h o s p h o l ip id  b i layers  

(25-28).  T h e y  have  b e e n  applied to m e a s u r e  the  polarity of binary 

a c e to n i t r i l e /w a te r  a n d  m e t h a n o l / w a t e r  m o b i l e  p h a s e s  u s e d  in 

r e v e r s e d - p h a s e  liquid c h ro m a to g ra p h y  (29-35).

Solvatochromic  indicators  h a v e  been  u s e d  to study th e  physical 

p ro p e r t i e s  of o rgan ic  so lv en ts  (36-39).  T h e y  hav e  b e e n  u sed  to 

d e te rm in e  w a te r  c o n t e n t  in o rg an ic  so lv e n ts  (40-43),  a n d  organic  

impurities in organic  so lv e n ts  (44).  Chemical  s p e c i e s  t h a t  c a u s e  a  

signif icant  c h a n g e  in polarity c a n  b e  d e t e c t e d  with so lva tochrom ic  

i n d i c a t o r s .

So lva tochromic  indicators  a r e  widely u s e d  to p ro b e  polarity of 

various env ironm ents .  F lu o ro scen ce  t e c h n iq u e s  have  b e c o m e  widely 

popular  for  studying th e  surface  microenvironment  of r e v e r s e d  p h a s e  

c h r o m a to g ra p h ic  m a te r ia ls .  S tah lbe rg  and  Almgren inv es t ig a ted  the  

c h a n g e  in th e  polarity of chemical ly  modified silica s u r f a c e s  a s  a  

function of so lven t  c o m p o s i t io n  (45).  T h e  s a m e  a p p r o a c h  h a s  

p rev ious ly  b e e n  u s e d  to s tudy  p e r f lu o r in a ted  c a t io n ic  e x c h a n g e  

m e m b r a n e s  (46). C ova len t ly  immobil ized d a n s y l  d e r iv a t iv e s  hav e  

b e e n  u s e d  to s tu d y  t h e  in te ra c t io n  of v a r io u s  s o l v e n t s  with 

hydrocarbon  bonded  silica s u r f a c e s  (47-49). Dowling a n d  Sei tz  used  

a n  a n io n ic  o rg an ic  p r o b e  to s tu d y  ion p a i r  i n t e r a c t io n s  with 

hydrocarbon  bonded  silica (50).
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C a r r  an d  Harris  u s e d  f lu o r e s c e n c e  t e c h n iq u e s  to s tudy  th e  

in te rac t ion  of o r g a n ic  modif iers  with s ta t io n a ry  r e v e r s e d  p h a s e s  

u sed  in r ev e rs ed  p h a s e  liquid ch ro m a to g rap h y  (51). This  interaction 

a f fe c t s  t h e  h y d r o c a rb o n  layer  a r r a n g e m e n t  on  t h e  s u r f a c e  of 

h y d r o c a r b o n  b o n d e d  s i l icas .  T h e  po la r i ty  of t h e  im m obi l ized  

indicator  e n v i ronm e n t  d e p e n d s  on  the  ex te n t  of hyd roca rbon  layer  

r e a r r a n g e m e n t  which is highly sens i t ive  to solvent  composi t ion.

S u r f a c t a n t s  :

S u r f a c t a n t s  a r e  chem ica l  s p e c i e s  with hydrophob ic  tails a n d  

hydrophilic h ea d s .  S ur fac tan ts  a re  widely u s e d  in both a q u e o u s  a n d  

n o n - a q u e o u s  s y s t e m s  a s  textile so f ten e r s ,  d i s p e r s a n t s ,  emulsifiers ,  

wetting a g e n t s ,  san i t ize rs ,  dy e  fixing a g e n t s ,  foam s tab i l izers  a n d  

co r ros ion  inhibitors.  Fur thermore ,  s u r f ac ta n t s  a r e  u s e d  in r e s e a r c h  

to im p ro v e  ana ly t ica l  m e th o d s .  For e x a m p le ,  c a t io n ic  s u r f a c ta n t s  

have  b e e n  used  in analytical chemis try  to control the  linear r e s p o n s e  

r ange  in spec t ropho tom etr ic  m e th o d s  for th e  de te rm ina t ion  of meta l  

ions a n d  to r educe  pH effects a n d  improve sensitivity (52-55).

C a t io n ic  s u r f a c t a n t s  a r e  a m p h ip a th i c  s p e c i e s  in which th e  

hydrophilic h e a d  g ro u p s  carriy positive c h a r g e s .  Cat ionic  su r fac tan ts  

have  b e e n  an a lyzed  by a  variety of m e th o d s  including s p ec t ro sco p y  

(5 6 -5 9 ) ,  p o t e n t i o m e t r y  ( 6 0 ,6 1 )  a n d  c h r o m a t o g r a p h y  ( 6 2 -6 6 ) .  

S p ec t ro sco p ic  m e th o d s  a re  b a s e d  on th e  c h a n g e  in optical propert ies  

of an  indicator  a s  a  result  of su r f a c ta n t  a n d  indicator  in teract ions .  

S u r fac tan t s  c a u s e  the  intensit ies from f luorescen t  indicators to
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i n c r e a s e  a n d  th e i r  m a x im u m  e m i s s i o n s  to s h i f t  to s h o r t e r  

w a v e le n g th s .  A n i l i n o n a p h th a le n e su l fo n a te  c o m p o u n d s  (ANS) w e r e  

u s e d  to s tudy  th e  beh av io r  of ca t ion ic  s u r f a c ta n t s  in water  (67).  

Martin found th a t  f lu o re s c e n c e  sh if ted to sh o r t e r  w a v e le n g th s  a n d  

in c re a se d  in intensity w h e n  an  ionic polyelectrolyte  w a s  ad d e d  to a  

ca t ionic  dansy l  f luorophore  solution (68).

T h e s i s  Goals  :

T h e  goa l  of this t h e s i s  w a s  to d eve lop  ind ica to rs  for f iber  

optic  chemical  s e n s o r s  b a s e d  on so lva tochrom ism .  T h e  first project  

involved a  cat ionic dansyl  derivative immobilized on b a r e  silica a n d  

v a r io u s  h y d r o c a rb o n -b o n d e d  silicas.  T h e  pr imary ob jec t ive  w a s  to 

deve lop  an  indicator to s e n s e  c h a n g e s  in so lvent  composit ion.  It w a s  

found  tha t  the  w av e len g th  shifts a c co m p an y in g  c h a n g e s  in so lven t  

polarity d e p e n d  on th e  n a tu re  of the  su r f a c e  a n d  how it in terac ts  

with the  solvent .

T he  s e c o n d  project  w a s  to d e v e lo p  an ind ica tor  for ca t ionic  

s u r f a c t a n t s  us ing  a n  immobil ized a n io n ic  d a n s y l  der iva t ive .  Ion 

p a i r in g  b e t w e e n  t h e  s u r f a c t a n t  a n d  t h e  i n d i c a t o r  e n h a n c e s  

f lu o re s c e n c e  intensity a n d  c a u s e s  it to shift to s h o r t e r  w avelength .  

R e s p o n s e  d e p e n d s  on the  s tructure of th e  su r fac tan t  a n d  the ex ten t  

to which th e  ion pair  in te rac ts  with t h e  indicator  su b s t r a te .  This  

indicator  w a s  u s e d  in a  fiber optical s e n s o r  for su r fac tan ts .

T h e  third p ro jec t  w a s  to c h a r a c t e r i z e  t h e  r e s p o n s e  of an  

immobilized b e ta in e  dye  to c h a n g e s  in env i ronm en t  polarity.
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CHAPTER II

EXPERIMENTAL

INSTRUMENTATION:

SLM 8000  Spec t ro f luo rom ete r  :

The  ins t rum ent  u s e d  for m easu r ing  f lu o r e s c e n c e  s p e c t r a  w a s  

a n  SLM 8 0 0 0 / 8 0 0 0 s  p h o t o n  c o u n t i n g  s p e c t r o f l u o r o m e t e r  

(SLM-AMINCO Instruments ,  Inc. Urbana,  II.). T h e  major c o m p o n e n t s  

of the  SLM s p e c t ro f lu o ro m e te r  a r e  i l lustra ted in figure 2 .1 .  The 

s o u r c e  is a  4 5 0  w at t  x e n o n  lam p  (LH-450) .  T h e  e x c i ta t io n  

wavelength  is s e le c ted  by a  doub le  m onochrom ator  with two c o n c a v e  

holographic  g ra t ings  (MC 460) .  Excitation radiat ion is f o c u s s e d  onto 

the sam p le  by lenses .

The  s a m p l e  c o m p a r tm e n t  for the  cell c o n ta in s  a  c u v e t  holder  

which c a n  eas i ly  be m oved  in all direct ions . Em iss ion  s p e c t r a  a re  

re so lv ed  by a  s ingle  m o n o c h r o m a to r  with a  c o n c a v e  ho lo g ra p h ic  

grat ing ( MC 3 2 0  ) p la c e d  on the  ch an n e l  A s ide .  The  e m iss io n  

wavelength  for channe l  B is s e le c te d  by placing a  50*50 m m  filter

in the  filter holder .  The  d e t e c t o r s  a r e  photomult ip l ier  t u b e s  with 

independen t  variable  vol tage suppl ies  for c h an n e ls  A an d  B.

D a ta  a c q u is i t io n  is c o n t ro l l e d  e l e c t ro n ic a l ly  by a n  S P C  

822/823  e lectronic  unit. Excitation a n d  em iss io n  w av e len g th s  a re
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Figure 2.1 : Sch em at ic  of the  SLM 8 0 0 0 /8 0 0 0 S  Spectrofluorometer .
C : cell holder; F : filter holder; S  : shutters ;  L : focusing 
lenses; E : Power  supplies  for photomultipliers (PMTS), 
monochromator  controller, d a t a  acquisition electronics.
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se le c te d  by an  SMC-220  m onochrom ato r  controller. The output  signal 

of  the  photomultiplier t u b e s  is controlled  by SLM elec tronics .  Hard 

c o p i e s  of t h e  s p e c t r a  a r e  o b ta in ed  on a  H e w le t t -P ac k a rd  plot ter  

(HP7470)  interfaced to t h e  SLM 8000.

The  in s t rum en t  for  m e a su r in g  pH w a s  a n  Orion Digital ion 

ana lyze r /501  with a  g l a s s  combinat ion  e lec trode .

Absorption s p e c t r a  w ere  m e a s u r e d  with a  B au s ch  a n d  Lomb 

2 0 0  UV spec t rom ete r .

F ib e r  Q pt ic /F luorom ete r  S y s tem  :

Fiber optic chem ica l  s e n s o r s  w e r e  p r ep a re d  using a  bifurcated 

f ibe r  optic bund le  to t r a n sp o r t  l ight to an d  from th e  immobil ized 

indicator  p h a s e .  In o r d e r  to se lect ively  exci te t h e  indicator an d  to 

r e s o l v e  f lu o r e s c e n c e  from s c a t t e r e d  excitat ion radia t ion,  t h e  fiber 

op t ic  bundle  w a s  a t t a c h e d  to th e  SLM 8000  spec t ro f luo rom ete r  a s  

s h o w n  in f igure 2 .2.  All pa r t s  in t h e  s a m p l e  c o m p a r t m e n t  w ere  

rem o v ed .  T h e  direct ions of the  optical l en se s  w e r e  rev e rsed  for both

excita t ion a n d  em iss ion  c h an n e ls .  T h e  lens  h o u s in g s  w e re  a t t a c h e d

to th e  a r m s  of th e  b i furca ted  f iber  optic by m e a n s  of l ight-tight

a lum inum  fittings a n d  O  rings.
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Sample Chamber <------ Bifucrated Fiber-Optic
Bundle

Figure 2.2 : Modification of SLM 8000 sample chamber for 
use with the bifurcated fiber optic.
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TECHNIQUES:

Immobilizat ion T e c h n i q u e s  :

Different m e th o d s  w ere  u se d  to p r e p a re  the  s en s in g  e lem en ts .  

DA+ ,5 -d im e th y la m in o n a p h th a l e n e -1  - su l fo n a m id t r im e th y l  a m m o n i u m  

ion, w a s  immobil ized  on sil ica s u r f a c e s  by a  c o m b in a t io n  of 

e l e c t r o s t a t i c  a n d  h y d ro p h o b ic  in te ra c t io n s .  AEANS, 5 - (2 -a m in o -  

e th y l )a m in o n ap h th a len e su l fo n a te  ion, w a s  immobilized covalent ly  on 

control led  pore  g l a s s  by formation of a  Schiff b a s e ,  a n d  on both  

c e l lu lo s e  a n d  poly(vinyl a lcohol)  u s ing  cy a n u r ic  ch lo r id e  a s  a  

c oup l ing  a g e n t .  ET(30) ,  2 ,6 -D iph en y l -4 - (2 ,4 ,6 - t r ip h en y l -N -p y id in o )  

p h e n o la t e ,  w a s  m ech a n ic a l ly  immobil ized  in t h e  s i l icone  ru b b e r  

m e m b ra n e .

Both PVOH a n d  silicone rubber  m e m b ra n e s  w ere  a t t a ch ed  to the 

com m on  en d  of the  fiber optic bundle  a s  il lustrated in figure 2.3.

P repara t ion  of So lu t ions  :

All c h e m ic a l s  u s e d  w ere  r e a g e n t  g ra d e .  T h e  w a te r  u s e d  to 

p r e p a re  so lu t ions  w a s  doubly d e ion ized  by p a s s in g  h o u se -d e io n ize d  

w ater  through a  mixed-bed ion e x c h a n g e  resin (Ultrapure, Fisher) a n d  

then distilled in an  all g l a s s  still ( M eg a  Pure,  Corning ).

B u f fe r  s o l u t i o n s  w e r e  p r e p a r e d  by a d d i n g  d r o p s  of 

c o n ce n t r a t e d  acid or  b a s e  (NaOH or  HCI) to the  buffer solution until 

th e  des ired  pH w a s  m ea su re d  using a  g lass  elec trode.  The  solution
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Optic

Covalently Immobilized 
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Figure 2.3 : Schematic of covalently immobilized indicator 
on the common end of bifurcated fiber optic.
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w a s  then brought  to volume, a n d  the pH w a s  again  m easu red .

A n a ly te  s o lu t io n s  w e r e  p r e p a r e d  in two w a y s .  S o lv e n t  

mixtures  of different com pos i t ions  w ere  p r e p a re d  by mixing known 

v o l u m e s  of o r g a n ic  s o l v e n t  with d e i o n i z e d  d is t i l led  w a te r .  

S u r fa c ta n t  so lu t ions  of d i f feren t  c o n c e n t a t i o n s  w e r e  p r e p a r e d  by 

di lution f rom c o n c e n t r a t e d  s u r f a c ta n t  s t a n d a r d  s o lu t io n s  us ing 

buffer or w ate r .

F lu o re sc en c e  M easu rm en ts  :

The  op t ica l  b e h a v i o r  of im m obi l ized  in d ic a to r s  on  sol id  

s u b s t r a t e s  w a s  initially o b s e r v e d  visually using a  UV h a n d  lamp for 

excitation.  T h e  colors of t h e  f lu o re sc e n c e  in the  p r e s e n c e  a n d  the  

a b s e n c e  of analy te  were  co m pared .

F l u o r e s c e n c e  s p e c t r a  of im m o b i l iz e d  f l u o r o p h o r s  w e r e  

ob ta in ed  by two different m e th o d s  d e p e n d in g  on the  n a tu re  of the 

immobil iza tion s u b s t r a te .  For  s u b s t r a t e s  s u c h  a s  con t ro l led  po re  

g l a s s  a n d  ce l lu lose  which a r e  particles,  s p e c t r a  w ere  o b ta in ed  for 

immobil ized  f luorophor  p a c k e d  into g l a s s  m el t ing -po in t  capi l lary  

t u b e s .  T h e s e  w e r e  p l a c e d  into s o lu t i o n s  of v a r i o u s  a n a l y t e  

c o n c e n t r a t io n s  in s e a l e d  con ta ine rs .  So lu t ions  w e re  d raw n  into the  

t u b e s  by capil lary  action.

S p e c t r a  w ere  o b ta in e d  with the  capil lary tu b e  c e n t e r e d  in a  

q u a r t z  cuve t ,  a s  shown in figure 2.4. This  w a s  a c c o m p l i s h e d  by 

placing th e  t u b e  through a  small hole in t h e  c e n te r  of a  cuve t  cap .  

T h e  f luo rescence  intensity w a s  maximized by center ing  the  packed
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Cuvet cap  

^ E x c i ta t io n

E m is s io n

Cuvet

Capillary Tube

Fluorophor/Sol id
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Silan ized  G lass
Wool

Figure 2.4 : Schem at ic  of optical sys tem  u s e d  to obtain emiss ion 
spec t ra  of immobilized fluorophors on solid supports.
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t u b e  in th e  cuvet .  W hen  m easu r in g  spec t ra l  shifts a s  a  function of 

s a m p le  com posi t ion ,  the  maximum ou tpu t  signal  w a s  normalized  to 

t h e  s a m e  v a lu e  for e a c h  s a m p l e  by ad jus t ing  th e  vo l tage  to the  

photomult ip lie r  tu b e .  After record ing  th e  e m is s io n  s p e c t ru m ,  th e  

w a v e l e n g t h  of m ax im u m  e m is s io n  w a s  ident i f ied  by m a n u a l ly  

varying the  wavelength  a t  1 or  2  nm intervals.

T he  r e s p o n s e  of the  non-immobil ized indicator in solution a s  a

funct ion of so lven t  composition,  su r fac tan t  con cen t ra t io n  or  pH w a s

m e a s u r e d  with th e  SLM 8 0 0 0  sp ec t ro f lu o ro m ete r .  A q u a r t z  c u v e t

w a s  u s e d  to contain  the  ana ly te  solution.

T he  o ther  method  of obtaining f lu o re sce n c e  s p e c t r a  w a s  using 

th e  fiber op t ic / f luo rom ete r  s y s t e m  with t h e  immobil ized  indicator  

on th e  co m m o n  en d  of a  bifurcated fiber optic bundle .  The  r e s p o n s e  

of th e  immobil ized  indicator  to s o lv en t  co m p o s i t io n  or s u r f a c ta n t  

co ncen t ra t ion  w a s  ob ta ined  by immers ing  the  immobil ized indicator 

p h a s e  into the  appropr ia te  solution.

Absorption M e a s u r m e n t s  :

A b s o rp t io n  s p e c t r a  of im m obi l ized  ET 30  in a  p o ly m e r ic  

m e m b r a n e  w e r e  m e a s u r e d  u s i n g  a  S p e c t r o n i c  2 0 0  

sp ec t ro p h o to m e te r .  A small p iece  of t h e  immobilized m e m b ra n e  w a s  

a t t a c h e d  to t h e  s ide  of a  cu v e t  con ta in ing  th e  a n a ly te  solution a s  

i l lus trated in f igure 2.5.
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Figure  2 .5  : S c h e m a t i c  of sp e c t ro n ic  2 0 0  s p e c t r o p h o t o m e t e r  u s e d  to 
obta in  th e  abso rp t ion  s p e c t ru m  of immobil ized E T 30  dye  

immobilized in a  silicon ru b b e r  m e m b ra n e .



CHAPTER III

ORGANIC CATIONIC BINDING TO HYDROCARBON 

BONDED SILICA SURFACE

INTRODUCTION:

F l u o r e s c e n c e  c h a r a c t e r i s t i c s  of o rg an ic  c a t i o n s  b o n d e d  to 

silica a r e  d e sc r ib e d  in this chapter .  F lu o re sce n c e  is d e p e n d e n t  upon 

t h e  m ic ro e n v i r o n m e n t  polar ity  which  is a  fu nc t ion  of s o lv e n t  

com posi t ion  a n d  su r f a c e  structure.

T h e  o r g a n ic  c a t io n ic  indicator  u s e d  w a s  5 -d im e th y lam in o -  

n a p h t h a l e n e - 1 - s u l fo n a m id o e th y l t r im e th y la m m o n iu m  io d id e  (DA+ I"). 

The  s tructure  is shown in figure 3.1. DA+ is one  of a  la rge  number of 

f l u o r e s c e n t  d e r iv a t iv e s  of  5 - d im e t h y l a m i n o - t - n a p h t h a l e n e s u l f o n i c  

ac id  c o l le c t iv e le y  k n o w n  a s  d a n s y l  c o m p o u n d s .  W h e n  d a n s y l  

c o m p o u n d s  a r e  electronically excited,  th e r e  is a  t r a n s fe r  of c h a rg e  

from th e  a m in e  su b s t i tu en t  to the  su lfona te .  B e c a u s e  t h e  resulting 

p o la r  e x c i t e d  s t a t e  is s ta b i l i z e d  by  d ipo le  a n d  e l e c t r o s t a t i c  

i n t e r a c t io n s  with t h e  s o lv e n t  a s  i l lu s t ra ted  in f ig u re  1.5, t h e  

em iss ion  sp ec t ru m  shifts to longer  w ave leng th  a s  t h e  exci ted  s t a t e  

env ironment  b e c o m e s  m ore  polar.

In addition to be ing  sensi t ive to environmenta l  polarity, DA+ 

w a s  c h o s e n  b e c a u s e  it is a  hydrophobic cation and ,  therefore ,  h a s  a  

strong affinity for negatively cha rged  solid su r faces  an d  can b e
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S C ^ N H ( C ^ ) 2N ( C ^ ) 3

N(CHj );

F ig u re  3.1 : 5 - d im e th y l a m in o  n a p h t h a l e n e - 1 - s u l f o n a m i d o t r i m e t h y l -  
am m o n iu m  ion (DA+).
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convenient ly  immobilized by ion exchange .

DA+ w a s  immobilized o n  both under iva t ized  silica a n d  silicas 

b o n d e d  to ethyl, octyl and oc tadecyl  groups, d e s ig n a te d  RP2, R P 8  and 

R P 1 8 ,  respect ive ly .  Their s t r u c tu r e s  a r e  s h o w n  in figure 3 .2 .  This 

immobil ization is a  resul t  of a  com bina t ion  of h y d ro p h o b ic  and  

e l e c t r o s t a t i c  i n te ra c t io n s .

U nder iva t ized  silica s u r f a c e s  a re  c o v e r e d  by silanol  g roups ,  

w h ic h  in te ra c t  s t rong ly  with  polar  s o l v e n t s  (69-71).  P r e v io u s  

s t u d i e s  sh o w e d  th a t  a  m o n o la y e r  of w a te r  strongly b in d s  to the 

s u r f a c e  a s  a  resu l t  of direct interaction with th e  silanol g ro u p s .  The 

m o n o la y e r  is c o v e r e d  by two m ore  weakly  b o u n d  layers  of w ater  

w h i c h  in te ra c t  with th e  s u r f a c e  t h r o u g h  t h e  p r im a ry  w a te r  

l ay e r{6 9 ) .

The silanol g roup on t h e  sil ica su rface  is weakly acidic  with a  

p K a  around  9 .5  (72). T ran s fe r  of a  proton from silanol g r o u p s  to 

a m i n e s  often re su l t s  in tailing w h en  a m in es  a r e  s e p a ra t e d  by liquid 

c h r o m a to g ra p h y  (73). In s o m e  separa t ion  te c h n iq u e s ,  long chain  

a l iphat ic  am in e s  a r e  used  to shie ld  the silanol g roups  by select ively 

b ind ing  with t h e m  so  tha t  t h e y  can  not in te rac t  with t h e  solu te  

(7 0 ) .

Hydrocarbon bonded s u r f a c e s  a re  p r e p a r e d  by react ing s i lanes  

with silanol g r o u p s  on the s i l ica  su face  (71).  B e c a u s e  this reaction 

d o e s  not go to completion,  s o m e  silanol g r o u p s  a re  left which  can 

in terac t  strongly with o rgan ic  cations. In order  to minimize 

t h e  effects of unreac ted  silanol groups on hydrocarbon bo n d ed  

p h a s e s  the hydrocarbon b o n d e d  p h a s e s  a re  reac ted  with trimethyl
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a) RP2 (ethyl-)

b) RP8 (octyl-)

c) RP18 (octadecyl-)

Figure 3.2 : Schematic of relative coverage of RP surface.



chlorosi lane,  a  p ro c e d u re  called endcapping .

B e c a u s e  f lu o re sce n c e  m e a s u re m e n t s  a r e  qui te  sensit ive,  a  very 

smal l  p e r c e n t a g e  of remain ing  u n r e a c t e d  s i l a n o l s  is suff ic ient  to 

bind en o u g h  fluorophor to give a  s t rong  signal.

Recent ly ,  Harris  a n d  Carr  po in ted  out, b a s e d  on f luo rescen t  

s tu d i e s  (51),  th a t  t h e  in terac t ion  of o rg a n ic  modif iers  with the  

r e v e r s e d  p h a s e  p r o d u c e s  an  i n v e r s e  r e la t io n s h ip  b e t w e e n  the  

p o la r i ty  a t  t h e  s u r f a c e  a n d  t h e  o r g a n i c  s o l v e n t - a q u e o u s  

com pos i t ions .  In w ate r ,  the  em is s io n  sp ec t ru m  of the indicator  has  

t h e  s h o r t e s t  w a v e l e n g t h s  indicat ing tha t  t h e  h y d ro ca rb o n  ch a in s  

sh ie ld  the  indicator from the a q u e o u s  e n v i ronm en t  providing a  less  

polar  environment.  But a s  the o rgan ic  solvent  p e rc e n ta g e  inc reases ,  

t h e  em iss ion  s p e c t ru m  shifts to longer  w a v e len g th s .  This  indicates  

th a t  in organic  so lven ts ,  hydrocarbon  cha ins  a r e  so lvated  a n d  open 

up. As a  result  the  indicator env ironm ent  b e c o m e s  more polar  a s  it 

b e c o m e s  m ore  e x p o s e d  to solvent.

S in ce  the  e x ten t  of the  interact ion b e t w e e n  the  h y droca rbon  

c h a in s  a n d  organ ic  so lv en t  d e p e n d s  on th e  p e r c e n t a g e  of organic  

s o l v e n t ,  DA+ c a n  s e r v e  a s  a n  indicator  of the  level  of this 

interaction a s  a  function of so lven t  composi t ion .

This  ch a p te r  p r e s e n t s  the  re su l t s  of e x p e r im e n t s  to eva lua te  

t h e  m ic ro e n v i ro n m en t  polarity of u n d e r iv a t iz ed  sil ica a n d  sil icas  

monomerically  b o n d e d  to ethyl, octyl and  o c tad ecy l  g roups ,  an d  the 

e f f e c t s  of v a r io u s  s o lv e n t  c o m p o s i t io n s .  R e s u l t s  of p re l iminary  

invest igation have  b e e n  reported in th e  li te ra ture  (13,14).
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EXPERIMENTAL:

R e a g e n t s  :

Silica gel with a n  a v e ra g e  p o re  d iam e te r  of 60 A ngs t rom s  and 

an a v e r a g e  partic le s i z e  of 30 m ic ro m e te r s  w a s  o b t a i n e d  from 

S ig m a .  Ethyl-, octyl- a n d  o c t a d e c y l  b o n d e d  s i l icas  w e r e  a lso  

o b ta in e d  from S igm a.  T h e s e  m a te r ia l s  a r e  d e s ig n a t e d  R P 2 ,  RP8, 

RP18,  respectively.  T he  s tructures  a r e  shown in figure 3.2. They  are  

p r e p a r e d  by react ing m o n o c h lo ro s i la n e  with sil ica.  M an u fac tu re r ' s  

d a t a  s u p p l i e d  with t h e s e  m a te r ia l s  in d ic a te s  t h e  following.  The  

a v e r a g e  partic le s ize  of RP2 is 30 m icrom eters  with a  6 0  Angstrom 

a v e r a g e  pore  d iameter  a n d  5.6% ca rb o n  con ten t  which co r re s p o n d s  to

2.3 mmol/g. Both RP8  a n d  RP18 h a v e  a  40-63  m icrom eter  a v e rag e  

particle s iz e  and  a  60  Angstrom a v e r a g e  pore  d iameter .  T h e  carbon 

c o n te n t  of RP8  is 1 4 %  c o r e sp o n d in g  to 1.5  mmol/g. T h e  carbon  

c o n te n t  of R P 1 8  is 2 2 %  c o r re sp o n d in g  to 1 .0  mmol/g. After the  

h y d ro c a rb o n  w a s  b o n d e d  to the  su r face ,  u n r e a c t e d  ch lo ro  groups  

were  hydrolyzed,  and  hydroxyl g roups  on the su r face  were  blocked by 

r eac t ing  t h e m  with t r im ethy lch lo ros i lane .

T h e  f l u o r e s c e n t  p r o b e ,  5 - d i m e t h y l a m i n o n a p h t h a l e n e - 1  - 

s u l f o n a m i d o e t h y l t r i m e t h y l a m m o n i u m  iod ide  (DA+ ), w a s  ob ta ined  

from M olecu la r  P r o b e s ,  Inc. Its s t ru c tu re  is sh o w n  in f igure  3.1. 

Methanol (99.9% from Fisher),  acetoni tr ile (100%  from J .T .Baker)  and  

te t rahydrofuran  (99.0% minimum a s s a y  by GLC, 0 .1% w a te r  content,  

from E a s t m a n  Kodak) w e r e  used  without further  purification. Water
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w as  disti lled and deionized .

Apparatus :

E m i s s i o n  s p e c t r a  w e r e  m e a s u r e d  o n  an  SLM 8 0 0 0  

spec trof luorometer  which is d e s c r ib ed  in c h a p t e r  2. They w e re  not 

c o r r e c t e d  for in s t rum enta l  e f fec ts .  The  exc i ta t ion  w ave leng th  w a s  

360 nm for all sp ec t ra .

P r o c e d u re  :

P re l im in a ry  T e s t in g  : The first exper im en ts  w e r e  to p r e p a re  0.01 

millimolar DA+ in different  s o lv e n t s  such a s  m e thano l ,  acetonitr ile  

and  te t rahydrofu ran ,  a n d  visually o b s e rv e  the  co lo r  of f lu o re sc e n c e  

excited by a  UV lamp.

T h e  ef fec ts  of mixed s o lv e n t  co m p o s i t io n  on th e  e m is s io n  

spec t rum  of DA+ w e re  investigated using 0.1 mM DA+ solutions.

Immobilization of DA+ on Solid S u b s t r a t e s  : DA+ was  immobilized

on solid su b s t r a te s  a s  follows : 1.0 g ram of s u b s t r a t e  w as  com bined  

with 2 0 .0  ml of 10 .0  micromolar  DA+ . After b e in g  shaken  for five 

m i n u t e s ,  t h e  s u b s t r a t e  w a s  s e p a r a t e d  by  fil trat ion,  w a s h e d  

extens ive ly  with disti lled water,  a l lowed  to dry a n d  then s to r e d  in a 

d e s s i c a to r .  Em ission  s p e c t r a  w e r e  taken  a t  v a r io u s  points  in the 

drying p ro ced u re  until they  rem a in ed  constant.
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Solven t  Effects on Immobilized DA+ : Equal am o u n ts  of immobilized 

D A + , were im m e rs e d  in different  so lven ts  such  a s  water ,  m ethano l ,  

acetoni tr ile  a n d  te t rahydrofuran .  The  d i f fe rence  in the  f lu o re s c e n c e  

color  among t h e m  w as  o b s e rv e d  visually using a  UV hand lamp for 

e x c i t a t i o n .

The effec t  of solvent composit ion on the  em iss ion  sp ec t ru m  of 

immobil ized DA + w as  then  s tu d ied  instrumentally.  The  immobilized 

D A + was  p a c k e d  into g la s s  melting point capillary tubes .  T h e s e  were  

t h e n  p la ce d  in to  v a r io u s  s o lv e n t  m ix tu re s  (0>100%) in s e a l e d  

c o n t a i n e r s  s o  t h a t  e v a p o r a t i o n  w o u ld  no t  a l t e r  the  s o l v e n t  

composit ion.  S o lv en t s  w ere  d raw n  into th e  tu b e s  by capillary action. 

S p e c t r a  were  t a k e n  at var ious  times to confirm th a t  the  so lven t  had 

equi l ibra ted  with th e  s u b s t r a t e .

Emission s p e c t r a  a n d  t h e  w ave leng th  of maximum em is s io n  

w e re  obtained a s  described in Chapter  2.

RESULTS AND DISCUSSION :

Nature  of Bonding to Surface  :

DA+ b inds  strongly to t h e  silica subs t ra te ,  s in c e  there  w a s  no 

e v i d e n c e  of s ignif icant  l e ac h in g  from th e  v a r io u s  s u r f a c e s  w h e n  

th ey  were  w a s h e d  vigorous ly with w a te r  a n d  o rg a n ic  so lven ts .  No 

f lu o r e s c e n c e  c o u ld  b e  o b s e r v e d  from th e  s o lv e n t  mixture  af te r  

equ i l ibra t ion  with  DA+ immobil ized  o n  v a r io u s  s u b s t r a t e s .  Also, 

th e r e  was  no observable  c h a n g e  in the  s h a p e  of the  spec t rum  with
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a d d e d  o rgan ic  solutes .  This  indicates  th a t  in all s a m p l e s  the  DA+ is 

in a  s ing le  env i ronm ent .  If it w a s  in multiple e n v i ro n m e n ts  e a c h  

with a  d i f feren t  polarity,  then  th e  o b s e r v e d  s p e c t r u m  would b e  

e x p e c t e d  to b e  b road  s in c e  it would b e  the s u m  of severa l  DA+ 

s p e c t r a  e a c h  with a  different maximum emission w avelength .

The  am o u n t  of immobilized DA+ w a s  not de te rm ined .  However,  

it w a s  sufficient to g iv e  a  s trong  f lu o re s c e n t  s igna l .  S ignif icant  

a m o u n t s  of DA+ rem ain  immobilized on  all silica s u b s t r a t e s  e v e n  

a f te r  e x t e n s iv e  w a s h in g  with w a te r ,  indicating t h a t  DA+ b in d s  

s t rongly  to all su r f a c e  e v e n  af ter  e n d c a p p in g .  This  indicates  t h a t  

u n r e a c t e d  s ilanols  r em a in  on the  s u r f a c e .  D epro tona t ion  of t h e s e  

u n re a c te d  silanol g ro u p s  leaves  n ega t ive  sites  on t h e  su rface  which 

c a n  in terac t  strongly with the pos i t ive  site of hydrophob ic  o rg an ic  

c a t io n s  s u c h  a s  DA+ . If there  w ere  no t  an e lec t ro s ta t ic  interaction 

b e tw e e n  DA+ and  the  surface,  the w ash ing  p ro ce d u re  would r em o v e  

all of th e  fluorophor. B e c a u s e  f lu o re s c e n c e  m e a s u r e m e n t s  a r e  quite  

sens i t ive ,  e v e n  a  small  p e rc e n ta g e  of remaining u n r e a c t e d  s i lanols  

is sufficient to bind e n o u g h  DA+ fluorophore  to give a  strong signal.

T h e  intensity i n c r e a s e s  a s  a  function of th e  p e r c e n t  of 

organic  so lven t  a s  e x p e c t e d  for dansyl  der ivatives.  However ,  b e c a u s e  

it is imposs ib le  to reproducib ly  posit ion  s a m p le s  in th e  fluorometer ,  

it w a s  not  practical to try to d e r i v e  a c c u r a t e  informat ion from 

in tensi ty  d a ta .
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Free DA+Jp .Solution

O ur  preliminary invest iga t ion  s h o w e d  tha t  th e  color  of DA+ 

f lu o re sc e n c e  d e p e n d s  on env ironmenta l  polarity.  F lu o re s c e n c e  color 

was  g r e en  to yellowish w h e n  DA+ was  d isso lved  in water ,  but in less  

po la r  o r g a n i c  s o l v e n t s  s u c h  a s  m e t h a n o l ,  a c e t o n i t r i l e  a n d  

te t rah y d ro fu ran  the f l u o r e s c e n c e  b e c a m e  b lue  to g r e e n i s h .  This  

indicates  t h a t  f lu o re s c e n c e  of DA+ sh if ted  to sh o r te r  w av e len g th s  

a s  the polarity of the solution surrounding th e  fluorophor d e c re a se d .

T h e  re su l t s  in tab le  3.1 show th a t  t h e  em iss ion  wave leng th  

maximum for DA+ disso lved  in pure so lv en ts  d e p e n d s  of th e  polarity 

of th o se  so lven ts .  The  m ax im um  e m is s io n  w av e le n g th s  w e re  561, 

526, 5 2 5  a n d  509 nm for  water ,  ace ton i t r i le ,  m e th a n o l  a n d  

t e t r a h y d ro fu ra n  re sp ec t iv e ly .

F igu re  3.3 sh o w s  t h a t  solvent co m pos i t ion  h a s  a  signif icant 

effect on  t h e  f luorescence of DA+ . The f luorescence  of DA+ dissolved  

in w a t e r / o r g a n i c  s o lv e n t  m ix tu res  with m e th a n o l ,  ace ton i t r i le  or 

te t rahydrofuran ,  shifts to s h o r t e r  w a v e le n g th s  a s  th e  p e r c e n ta g e  of 

organic s o lv e n t  increases .

T h e  m a g n i tu d e  of t h e  spe c t ra l  sh if t  for DA+ in so lv en t  

mixtures d e p e n d s  on the  relative polarity of the  organic  solvents .  As 

sh o w n  in f igure  3 .3 ,  t h e  s p e c t r a l  s h i f t s  a r e  g r e a t e s t  for 

te t rahydrofuran ,  the l e a s t  p o la r  solvent.  T h e  shifts a r e  sm al le s t  for 

acetonitrile,  t h e  most  polar  of the  th ree  o rgan ic  so lven ts  tes ted .
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Table 3.1: Values for wavelength of maximum emission of DA+ in 
solution, silica Gel, RP2, RP8 and RP18 exposed to H20, 

ACN, MeOH and THF.

DA+ Emission wavelength (nm)
Solvent solution Silica gel RP2 RP8 RP18

Water 561 543 488 494 493

Acetonitrile 526 531 522 520 515

Methanol 525 526 519 516 508

Tetrahydrofuran 509 512 508 506 500
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Figure 3.3 : Wavelength of maximum emission of DA+ in solution as
a  function of the  percentage of, ACN, MeOH and THF in water.
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DA+ on Undamatized Silica

The  e m iss io n  wavelength  of immobilized DA+ on under ivat ized  

s il ica  d e p e n d s  on the  com posi t ion  of o rgan ic  solvent .  Figures  from

3 .4  to 3 .6  s h o w  th e  effect  of adding  acetonit r ile ,  m ethanol  a n d  

t e t ra h y d ro fu ran  to w ate r  on  t h e  spec t ra l  sh if ts  of DA+ on silica.  

T h e  e m is s io n  s p e c t r u m  sh i f t s  to l o n g e r  w a v e l e n g t h s  a s  t h e  

p e r c e n ta g e  of o rg an ic  solvent  in c reases .  The  resu l ts  show  the total 

s p e c t r a l  red  sh i f t s  for 0 - 1 0 %  te t rah y d ro fu ran ,  0 -2 0 %  ace ton i t r i le  

a n d  0 -40%  m e th an o l  a re  4, 10, 4 nm, respect ive ly .  The s p e c t ru m  

sh i f t s  to sho r te r  w av e len g th s  a s  the  p e r c e n t a g e  of organic  so lv en t  

i n c r e a s e s  a b o v e  t h e s e  limits.

Figures  from 3.4 to 3.6 show  that  the  main difference b e tw e en  

d i s so lv ed  DA+ a n d  DA+ on underivat ized sil ica w a s  obse rved  in pure  

w a te r .  The  em is s io n  w av e len g th  for DA+ on silica in pure w a te r  is 

actual ly  shor te r  th an  that o b se rv e d  for 10% organic  solvent.  This 

s u g g e s t s  tha t  in pure  w ate r ,  DA+ is not s e e in g  a  purely so lv en t  

en v i ro n m e n t .  I n s t e a d ,  it is b e ing  e x c lu d e d  from th e  so lven t  a n d  

exper ienc ing  w h a t  is partially a  su r face  env ironm ent .

It is not p o ss ib le  to es tab l i sh  w h ere  the  f luorophor is on  the  

s il ica  surface .  However ,  b e c a u s e  the  pr imary layer of w ate r  is held 

s o  m uch  m ore  s trongly to th e  su rface  than  th e  a b o v e  layers (74),  it 

is s u s p e c t e d  th a t  th e  DA+ molecule  is res ting on this primary layer. 

This  w eak  in teract ion m ust  con tr ibu te  to the  binding of DA+ to the 

s u r f a c e ,  o th e rw ise  o n e  would e x p ec t  DA+ to b e  d isp laced  from the  

s u r f a c e  w hen  ex tens ive ly  w a s h e d  with water .
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From table  3.1, it is obvious  tha t  the  e m is s io n  w aveleng th  of 

immobil ized DA+ on underivat ized  silica d e p e n d s  on solvent polarity. 

For  p u re  in water ,  acetonit r ile ,  m e th an o l  a n d  te t rahydro fu ran ,  the  

e m is s io n  w a v e le n g th s  w e re  543,  531 ,  526 a n d  512  n a n o m e te r s ,  

r e s p e c t iv e ly .  S p e c t r a l  sh if t s  a r e  c o n s i s t e n t  with t h e  s o lv e n t  

polarity of water ,  acetoni t r i le ,  m e th a n o l  an d  te t rah y d ro fu ran  which 

d e c r e a s e s  respect ively .

Em iss ion  w a v e le n g th s  for DA+ on under ivat ized  sil ica in pure 

organ ic  so lvents  a r e  longer  than  t h o s e  of DA+ disso lved  in t h e  s a m e  

so lven ts .  This  s u g g e s t s  that the  fluorophor is partially in a  su r face  

env i ronm ent ,  an d  is still e x p o s e d  to th e  primary layer  of w a te r  on 

t h e  sil ica su rface .  O n th e  o ther  hand ,  the  e m is s io n  w a v e le n g th  of 

D A + on silica in p u re  w ate r  is sho r te r  than that  of DA+ d isso lv ed  in 

p u r e  w ate r .  This ind ica tes  tha t  t h e  silica s u r f a c e  prov ides  a  less  

polar  env ironm ent  t h a n  water .

Overal l ,  the  var ia t ion  in e m is s io n  w a v e le n g th  with so lv en t  

com posi t ion  is similar to that o b s e rv e d  for d i s so lv e d  DA+ indicating 

tha t  DA+ is ex p o se d  to the solvent  environment  u n d e r  all conditions.

DA+ on Hydrocarbon Bonded  Silicas :

On th e  hydrocarbon  b o n d ed  s u r fac e s ,  b eh a v io r  is dramatical ly  

d i f f e r e n t  t h a n  on  u n d e r i v a t i z e d  s il ica  o r  in so lu t io n .  DA+ 

immobil ized  on h y d ro c a rb o n  b o n d e d  sil icas  e m i t s  a t  th e  s h o r t e s t  

w a v e l e n g t h s  in w a t e r ,  unl ike  DA+ d i s s o l v e d  in so lu t io n  or 

immobilized on under ivat ized sil ica which em i ts  at  much longer
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w a v e le n g th s .  The add i t ion  of o r g a n ic  so lven t  c a u s e s  the  emiss ion  

spec t rum  to shift to longer  w av e len g th s .  This behav io r  is re la ted  to 

the  a r r a n g m e n t  of t h e  hydrocarbon surface  which  d e p e n d s  on  the 

s o lv en t  e n v i ro n m e n t  a s  i l lus t ra ted  in f igure  3 .7 .  In w a te r ,  the  

h y d r o c a r b o n  c h a in s  in the b o n d e d  p h a s e  a s s u m e d  a  "folded" 

configurat ion in which  they preferential ly  a s s o c i a t e  with e a c h  other  

rather  t h a n  the a q u e o u s  medium. In water,  hydroca rbon  c h a in s  can 

fold o v e r  the  DA+ m o lecu le s  isolat ing th e m  from the  high polar 

a q u e o u s  medium a n d  providing a  non-polar hydrophobic  environment.  

H o w e v e r ,  in l e s s  p o l a r  o r g a n i c  s o lv e n t s  s u c h  a s  m e th a n o l ,  

a c e to n i t r i l e  and  t e t r a h y d r o f u r a n ,  th e  h y d r o c a r b o n  c h a i n s  a r e  

solvated a n d  adopt  a  "bristle" configurat ion in which they  e x te n d  out 

into t h e  solvent  a s  shown in figure 3.7.  A s  a  resul t ,  so lven t  

m o lecu les  can  g e t  into contact with immobilized DA+ and  provide  a  

more  p o l a r  e n v i r o n m e n t  thus  c a u s i n g  a  s p e c t r a l  shift  to  longer  

w a v e le n g th s .  But, in all c a s e s ,  e v e n  in p u re  o rgan ic  so lv en ts ,  the 

m ax im um  em iss ion  w a v e le n g th  fo r  DA+ on  h y d ro c a rb o n  b o n d ed  

s u r f a c e s  is still s h o r t e r  than  for  d i s s o lv e d  DA+ in t h e  s a m e  

so lven ts .  This m e a n s  tha t  the  non-po la r  h y d ro c a rb o n  s u r f a c e  still 

has  an  effec t  on th e  fluorophor environment.

T h e  emission w ave length  fo r  DA+ on R P 2  is shorter  (488 nm) 

than o n  R P 8  (494 nm) and  on R P 1 8  (493 nm). This  indicates  that  the 

su rface  c o v e rag e  by t h e  hydrocarbon  chains  in te rm s  of micromoles  

per  g r a m  of s u b s t r a t e  is more  important  for promoting maximum 

hydrophob ic  interact ion than e i t h e r  high s u r f a c e  c o v e r a g e  in te rms  

of g r a m s  of carbon p e r  gram of substra te  o r  the p r e s e n c e  of long
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A) In Water

Slica

B) In So lven t /H 20

1

C) In Solvent

Figure 3.7 : Postulated solvent effect on alkyl bonded phase 
orientation.

O : DA+ fluorophor.
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alkyl cha ins  on th e  surface.  It w a s  ex p ec ted  that  RP18 would provide 

the  m o s t  hydrophob ic  en v i ronm e n t  for DA+ b e c a u s e  of th e  ability of 

o c ta d e c y l  c h a i n s  to w rap  a r o u n d  an d  fold o ver  t h e  f luorophor .  

H ow ever ,  t h e  flexibility of oc tad ecy l  c h a i n s  may  e n a b l e  them  to 

in t e ra c t  m o re  s t ro n g ly  with e a c h  o th e r  th a n  with t h e  a ro m a t ic  

fluorophor. The results  on RP8 a r e  almost  t h e  s a m e  a s  for RP18.

The Effect of Solvent  Composi tion on DA+/RP :

In water ,  DA+ on hydrocarbon b o n d e d  silicas is exc luded  from 

the  so lven t  a n d  emits  a t  the  sh o r te s t  w av e len g th s .  T h e  addition of 

o rg a n ic  so lven t  c a u s e s  the  sp ec t ru m  to shift  to longer  w ave leng th  

indicating an  in c r e a s e  in the  polarity of DA+,s  env ironm ent .  As th e  

p e r c e n t a g e  of th e  organ ic  so lv en t  in c r e a s e s ,  DA+ is e x p o s e d  to an  

e n v i ro n m e n t  th a t  inc ludes  m o re  of th e  so lv e n t  a n d  l e s s  of t h e  

hydrocarbon  su rface .  T he  a b s e n c e  of an in c re a se  in th e  width of the  

em iss ion  s p e c t ru m  s u g g e s t s  tha t  DA+ ex is ts  in a  single h o m o g e n o u s  

e n v i ro n m e n t .

Figures  from 3.8 to 3 .10 show  that  for e a ch  s y s t e m  there  is a  

r a n g e  of so lven t  composi t ions  w h ere  th e re  is a  large shift  to longer  

w ave leng th  with increasing a d d e d  organic solvent .  Above this range ,  

e m is s io n  w a v e le n g th  is e i ther  c o n s ta n t  with further  a d d e d  organ ic  

s o lven t  or d e c r e a s e s  slightly.

As il lustrated in figure 3.7,  an  i n c r e a s e  in the  p e r c e n t a g e  of 

the  o rgan ic  s o lv en t  a round  t h e  hyd roca rbon  su r face  e n h a n c e s  t h e  

interaction b e tw ee n  the  hydrocarbon c h a in s  and  so lven t  molecules ,
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Figure 3.8 : Wavelength of maximum emission of DA+ on RP2 
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and  d i s ru p t s  the  s e l f  interact ion b e tw een  t h e  h y d roca rbon  chains .  

The e x t e n t  of this e f fe c t  i n c r e a s e s  with t h e  p e r c e n t a g e  of organic 

so lv e n t .  At c e r t a in  p e r c e n t a g e  th e  h y d r o c a r b o n  c h a i n s  a r e  

c o m p le te ly  so lv a te d  a n d  o p e n e d  up s o  t h a t  im m obi l ized  DA+ 

e x p e r i e n c e s  an e n v i ro n m e n t  m o re  cha rac te r is t ic  of the  so lven t  and  

le ss  c h a r a c t e r i s t i c  of  the  s u b s t r a t e  s u r f a c e .  Then ,  a b o v e  this 

p e r c e n t a g e  the e m i s s i o n  s p e c t r u m  sh if ts  g ra d u a l ly  to s h o r t e r  

w a v e l e n g t h s  with a d d e d  o rg an ic  solvent .  In this reg ion ,  DA+ is 

primarily e x p e r ien c in g  the  bulk so lven t  r a th e r  than  t h e  su r f a c e  

e n v i ro n m e n t  in which th e  i n c r e a s e s  in t h e  p e r c e n t a g e  of organic  

solvent  d e c r e a s e s  t h e  ne t  polarity of solvent mixture a n d  c a u s e s  the 

em iss ion  spec t rum  to shift to s h o r t e r  w av e len g th s .

F ig u re s  from 3 .8  to 3.10 s h o w  that the  p e r c e n ta g e  of organic 

so lvent  required to s o lv a te  the hydrocarbon  c h a in s  d e p e n d s  on the  

na tu re  of  organic  so lv en t .  T h e  h igher  t h e  so lven t  s t r e n g th  the  

s tronger  the  interaction produced be tween the  solvent  and  the 

hydroca rbon .

T h e  p e r c e n ta g e  of m ethanol  required to p roduce  a  significant 

interaction with the  hydrocarbon  c h a in s  is high , about  30% .  This is 

related to  the  low s o lv e n t  s trength  of methanol .

T h e  emiss ion s p e c t ru m  s t a r t s  to shift  to  longer  w av e le n g th s  

a t  low er  p e r c e n t a g e s  in t e t ra hydro fu ran  a n d  ace ton i t r i le  than  in 

methanol .  The d a ta  indicate  that  t h e  interaction b e tw een  the  solvent  

and  t h e  h y d ro ca rb o n  c h a in s  is g r e a t e s t  for  t e t ra h y d ro fu ran  and  

w e a k e s t  for methanol.  This is c o n s is ten t  with th e  relative solvent 

s t r e n g th s  of te t rahydrofuran,  acetonitr ile  a n d  m ethano l  a s  desc r ib ed
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in t h e  li terature (51).

T h e  co m pos i t ion  of o r g a n ic  so lven t  r eq u i red  to so lv a te  the 

hydrocarbon  c h a i n s  d e p e n d s  not  only on th e  na tu re  of the  organic  

s o lv e n t  but a l s o  on the  s t ru c tu re  of th e  solid  s u b s t r a t e .  Resu l t s  

s h o w  th a t  t h e  e m is s io n  s p e c t r u m  s t a r t s  to shif t  a t  a  lower  

p e r c e n ta g e  of o rgan ic  so lvent for the  shor ter  hydrocarbon  chain . For 

e x a m p le ,  f igures  from 3.8 to 3 .10  show  tha t  RP2,  R P 8  a n d  RP18  

r e s p o n d  to m ethanol  at  different p e r ce n tag es ,  a b o u t  10, 20 an d  30%, 

respec t ive ly .  This  indicates  th a t  longer  h y d ro ca rb o n  c h a in s  p roduce  

m o r e  in te rac t ion  a m o n g  t h e m s e l v e s .  It is an t ic ip i ta ted  th a t  the  

h y d r o c a r b o n  c h a i n  in t e ra c t io n  i n c r e a s e s  for  e thyl ,  oc tyl  a n d  

oc tadecy l  g ro u p s  respect ively.  This  m e a n s  t h a t  a  g rea te r  p e r c e n ta g e  

of o r g a n i c  s o l v e n t  is r e q u i r e d  in o rd e r  to o v e r c o m e  th e  self  

interact ion b e tw e e n  the hydrocarbon  chains .

The  maximum spectral shift of DA+ on hydrocarbon b onded  

s u r f a c e s  d e p e n d s  on the  n a t u r e  of t h e  o rg a n ic  so lv en t  an d  the  

h y d ro c a rb o n  laye r .  O c ta d e c y l  g ro u p s  on  R P 1 8  requ ire  a  h igher  

p e r c e n ta g e  of o rgan ic  so lvent  to be  solvated.  At a  high p e r c e n ta g e  of 

o rg a n ic  so lven t  t h e  net  polarity of the  so lv en t  mixture is lower. As 

a  result ,  the  lo n g e s t  emiss ion wavelength  for DA+ is only 518  nm on 

R P 1 8  while it is 530 nm for R P 2  in te t rahydrofuran.

Application to Optical  S e n s in g  :

T h e s e  s t u d i e s  s h o w  t h e  potent ia l  of t h e s e  s y s t e m s  for 

optically sens ing  organic in w a te r  b a se d  on  spectral  shifts a s  a
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function of composit ion.  DA+ on R P 2  sh o w s  th e  largest  wavelength 

shift a s  a  function of a d d e d  o r g a n ic  so lv e n t  ev en  for  a  small 

a m o u n t s .  T h e re fo re  th i s  s y s t e m  h a s  th e  g r e a t e s t  po ten t ia l  for 

optical s e n s in g .
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CHAPTER tV

SURFACTANT DETERMINATION BASED ON AN ENVIRONMENT 

SENSITIVE FLUOROPHORE BONDED TO A SOLID SUPPORT

INTRODUCTION:

This c h a p t e r  d e s c r ib e s  t h e  c h a rac te r is t i c s  of an  indicator  for 

ca t ion ic  s u r f a c t a n t s  a n d  pH b a s e d  on a n  e n v i ro n m e n t  s e n s i t iv e  

f luorophore immobil ized on solid suppor ts  including contro l led  pore  

g l a s s  and  ce l lu lose  a n d  on a  poly(viny) alcohol) gel which c an  be 

conveniently  co u p le d  to fiber optics.  T h e  indicator is b a s e d  on an 

an ion ic  d e r iv a t iv e  of 5 - d im e th y la m in o -1 -n a p h th a le n e s u l fo n ic  acid 

th a t  is highly sens i t ive  to en v i ro n m e n t  polarity. As t h e  indicator  

e n v i r o n m e n t  b e c o m e s  l e s s  polar ,  f l u o r e s c e n c e  i n c r e a s e s  in 

intensi ty  a n d  shif ts  to s h o r t e r  w a v e le n g th .  C a t ion ic  s u r f a c t a n t s  

with hydrophobic  alkyl chain  c a n  modify the  polarity of th e  indicator 

env i ronm en t  c a u s in g  t h e s e  c h a n g e s .  B e c a u s e  the re  is current ly  no 

optical m e th o d  for s e n s in g  su r fac tan ts  on a  co n t in u o u s  b a s is ,  the 

indicator s y s t e m  could h av e  wide  applicabili ty.

The immobil ized indicator  r e s p o n d s  to su r fac tan t  a s  a  resul t  

of the  following ty p e s  of in te rac t ions  b e t w e e n  th e  ind ica tor  and  

su r fac tan t :  A) T he  e l e c t r o s t a t i c  a t t rac t ion  b e t w e e n  t h e  pos i t ive  

c h a rg e  on t h e  surfactant  a n d  th e  negative c h a r g e  on th e  immobilized 

f luorescent  indicator (54,75),  a n d  B) T he  hydrophobic  attraction
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b e tw e e n  t h e  hydrocarbon  tail of th e  su r fac tan t  a n d  the  arom at ic  

f luorophore. This is a n a lo g o u s  to hydrophobic  interact ions in 

r e v e r s e d  p h a s e  HPLC. T h e  actual  e n e r g y  c o m e s  not from the  

h y d ro p h o b ic  in teract ion i tself  but f ro m  the  f a c t  th a t  t h e  polar  

solvent  m o lecu les  can in terac t  with e a c h  other  r a th e r  than having to 

in t e ra c t  w ith  th e  n o n p o l a r  p a r t s  of  t h e  s u r f a c t a n t  a n d  th e  

f luorescen t  probe.  The combinat ion  of e lec t ros ta t ic  a n d  hydrophobic  

in te rac t ions  lead s  to t h e  formation of a n  ion pair .  As a  resu l t  of 

t h e s e  in te rac t io n s ,  th e  s u r f a c ta n t  m od if ie s  t h e  polar ity  of the  

im m o b i l ize d  indicator  e n v i r o n m e n t  c a u s i n g  a  sh if t  in op t ica l  

p r o p e r t i e s .

T h e  f l u o r e s c e n t  in d ic a to r  A E A N S ,  5 - (2 - a m i n o e t h y l ) a m i n o -  

n aph th a len e -1 -su l fo n a te  ion (Figure 4 .2) ,  be longs  to th e  la rge  c la s s  

of d a n s y l  der iva t ives .  T h e s e  c o m p o u n d s  a r e  highly s e n s i t iv e  to 

e n v i ro n m e n t  polarity. A EA N S in w ate r ,  a  highly p o la r  environment,  

f l u o r e s c e s  g r e e n  (505  nm ).  In a  l e s s  po la r  e n v i r o n m e n t  th e  

f luorescent  color is blue. T h e  sulfonate g roup  of AEANS can  interact 

e lec trosta t ica l ly  with the  cationic e n d  of a  s u r fa c tan t  (54,75).  This 

interaction d o e s  not directly perturb t h e  c h ro m o p h o re  of dye  (76).

C y a n u r i c  ch lo r id e ,  2 ,4 ,6 - t r i c h lo r o -1 ,3 ,5 - t r i a z in e ,  h a s  b e e n  

u s e d  a s  r e a g e n t  in immobilizing ind ica to rs  on so l id  s u b s t r a t e s  for 

fiber o p t i c  ch e m ic a l  s e n s o r s  ( 2 2 ,7 7 ) .  C y a n u r ic  ch lo r id e  is a  

versa t i le  r e a g e n t  tha t  r e a c t s  with a r o m a t i c  a n d  al iphat ic  a m in e s ,  

a n d  a l c o h o l s  (78,79).  M an y  a u th o r s  h a v e  s h o w n  that ,  in w ater ,  

individual ch lor ines  of cy an u r ic  ch lor ide  c a n  be  r e p la c e d  d e p e n d in g  

upon the  tem pera tu re .  T h e  first chlorine r eac t s  readily  a t  0 C ° ;  the 

s e co n d  r e a c t s  a t  room tem pera tu re .
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Figure  4 .2  : S t r u c t u r e  of 5 - ( 2 - a m i n o e t h y l ) a m i n o n a p h t h a l e n e s u l f o n a t e  
ion (AEANS).



EXPERIMENTAL

R e a g e n ts  :

G ly co p h ase -co n t ro l l ed  pore g l a s s e s  (G-CPG) with a n  a v e r a g e  

p o re  d i a m e t e r  of 4 6 0  A n g s t ro m s  a n d  par t ic le  s i z e s  of 3 7  -74 

m icrom eters  a n d  with a n  av e ra g e  p o r e  d ia m e te r  of 550 Angs t rom s 

a n d  partic le s ize s  of 5 - 1 0  m ic rom ete rs  were  o b ta in ed  from Pierce  

Chemical  C o .  P ow dered  cel lulose  (microcrysta l l ine for TLC through 

60 m e sh  s ie v e )  w a s  p u r c h a s e d  f rom Baker.  Poly(vinyl alcohol)  

(PVOH), 1 0 0 %  hydro lyzed ,  with a n  a v e r a g e  m o lecu la r  w e ig h t  of 

1 4 ,0 0 0  a n d  c y an u r ic  ch lor ide  w e r e  p u r c h a s e d  from Aldrich. 

G l u t a r a l d e h y d e  solu t ion ,  50%  (W/W), w as  o b t a i n e d  from Fisher  

Scienti fic.  Dodecyl- ,  t e t ra d e cy l -  a n d  cetyl-  t r im e th y lam m o n iu m  

brom ide ,  so d iu m  d o d e c y l  su l f a te  a n d  po ly o x y e th y len e -2 3 - lau ry l  

e th e r  w e re  ob ta ined  from Aldrich. T h e y  are  d e s ig n a t e d  a s  DDTMA, 

TDTMA, CTMA, DDS a n d  PELE, respect ively .  Their  s t ru c tu r e s  a re  

shown in f igure  4.1.

The  f luorophor,  5 - (2 -am inoe thy l)  a m in o n a p h t h a l e n e s u l f o n a t e  

(AEANS), w a s  ob ta ined  from Molecular  P robes ,  Inc. Its s t ruc tu re  is 

shown in f igure  4.2. W a te r  was  disti lled and de ionized .

A p p a ra tu s  :

E m i s s i o n  s p e c t r a  w e re  m e a s u r e d  o n  a n  SLM 8 0 0 0  

Spec tro f luorom eter  a s  d e s c r ib e d  in c h a p te r  2 (SLM-Aminco.
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A) Cationic Surfactants :

CH3(CH2)nCH2-ft (C H 3)3

Where;

n = 10 : Dodecyltrimethylammonium ion (DDTMA).
12 ; Tetradecyltrimethylammonium ion (TDTMA). 
14 : Cetyltrimethylammonium ion (CTMA).

B) Anionic surfactants ;

CH3(CH2)1 -| OSO^-  

Dodecylsulfate ion (DDS)

C) Nonionic surfactants :

^12^23(0 ^^2)2 3 0 !̂

Polyoxyethylene-23-lauryl ether (PELE)

Figure 4.1 : Structures of cationic, anionic and nonionic 
surfactants.
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Ins truments  Inc., Urbana,  !L.). T h e  excitation w avelength  w a s  370  nm 

for all spec t ra .  T h e  photomultiplier voltage w a s  not the  s a m e  for all 

ex p e r im en ts ;  the re fo re ,  the  s c a l e s  for f lu o re s c e n c e  in tensi ties  w ere  

n o t  identical.  T h e  excitat ion a n d  em iss io n  a r m s  of a  b i fu rca ted  

fiber optic bund le  w ere  a t t a ch ed  to the so u rc e  an d  the  de tec to r  lens  

h o u s in g s  in t h e  s a m p le  c h a m b e r  by m e a n s  of light-tight a luminum 

fitt ings and O-r ings  a s  d esc r ib ed  in c h ap te r  2.

P r o c e d u r e s  :

AEANS Immobilization on C P G  : AEANS w a s  immobilized on the  C P G  

so l id  s u p p o r t  by  th e  r e a c t io n s  show n in f igure  4 .3 .  A ld e h y d e  

phase-con tro l led  p o re  g lass  (A/CPG) w as  p rep a re d  a s  follows ; 1.0

g of G ly c o p h a s e -C P G  was  mixed with 20.0  mL of 0 .010 M sod ium  

m e ta p e r io d a te  solution a n d  stir red for approx im ate ly  o n e  hour.  The  

s o l id  par t ic les  w e r e  fil tered a n d  w a s h e d  v igorous ly  with disti l led 

w a te r .  The A -CPG  solid par t ic les  were  mixed with 30.0 mL of 0 .90 

mM AEANS in pH 8.5 bora te  buffer. After two hours  of stirring , 200 

m g  of sodium borohydride w e re  added  in 50 mg portions every 20-30 

m in u te s .  The immobilized AEANS/A-CPG part ic les  w e re  fil tered an d  

ex tens ive ly  w a s h e d  with disti lled water  until all of th e  f ree  AEANS 

w a s  removed.

AEANS Immobilizat ion on Cel lu lose  : AEANS w a s  immobilized on 

c e l lu lo s e  a s  follows;  The p o w d e r e d  c e l lu lo se  w a s  s o a k e d  in a  

solution of 1M KOH for 15 min. After washing  aw ay  the  e x c e s s  b a se ,
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; S i - C H 2 C H 2 C H 2 O C H 2 C H O H C H 2 O H  (CPG)

NalO,

; S i — C H 2 C H 2 C H 2 O C H 2 C H O  +  H 2 N C H 2 C H 2 N H - / Q

B o ra te  Buffer  
pH 8.8

; S i —C H 2 C H 2 C H 2 O C H 2 C H  =  N C H 2 C H 2 N H

N a B K

^ O / so:

(AEANS)

- s o ,

; S i — C H 2 C H 2 C H 2 O C H 2 C H 2 N H C H 2 C H 2 N H Y Q

-so;

Figure  4 .3  : R eac t io n  s c h e m e  for A EA N S immobil ization on C P G .
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t h e  ce l lu lose  w a s  im m e rs e d  in a  solu tion of cy an u r ic  chloride in 

a c e to n e  (0.5 g/20 mL) and  20  mL of w a te r  were  a d d e d  immediately 

a n d  w a s  left for o n e  hour a t  room tem p era tu re .  T h e  ce l lu lose  w a s

then w a s h e d  with 100 mL e a c h  of water  a n d  ace to n e  a n d  so a k ed  in a

solution of AEANS (10mg/20mL) over  night. The product  w a s  w as h ed  

first with a c e t o n e  a n d  t h e n  s e v e ra l  t i m e s  with w a t e r  until no

f lu o re s c e n c e  w a s  visible w h e n  the  w a s h in g s  w ere  e x p o s e d  to UV

light. Immobilization of AEANS on CPG us ing  cyanuric chloride a s  a  

coupling a g e n t  w a s  a t tem pted  using the  s a m e  conditions.

AEANS Immobil izat ion on  PolWvinvl a lcohol)  : Ten mg of AEANS 

w e re  d isso lved  in bas ic  solution (0.5 g e a c h  of sodium hydroxide and  

sodium c a r b o n a te  d isso lved  in 20 mL distilled water),  th en  20 ml of 

25  g/L of cyanur ic  chloride in a c e to n e  w a s  added .  T h e  reactivity of 

cyanur ic  ch lor ide  subsi tu t ion react ion w a s  controlled by varying the  

t e m p e r a tu r e  a s  s h o w n  in figure 4.4. T h e  mixture w a s  s tir red and  

allowed to reac t  for o n e  hour  a t  a  t e m p e ra tu re  be tw een  0-5 C ° ,  an d  

for ano ther  o n e  hour a t  a  t em pera tu re  be tw een  35-45 C ° .  Then, 2.0 g 

of PVOH w a s  a d d e d  an d  t h e  t e m p e r a tu r e  w a s  r a i s e d  to b e tw ee n  

55-65  C ° .  This mixture w a s  stirred for a b o u t  6 hr. T h e  product w as  

filtered a n d  w a s h e d ,  first with a c e t o n e  a n d  then  with water ,  until 

no futher u n re a c ted  indicator could  be  o b s e rv e d  in th e  w ash ings .  The 

resul t ing  m ate r ia l  w a s  d i s s o lv e d  in 2 0  mL of d is t i l led  w a te r  at  

t em p era tu re s  a b o v e  85  C°.

An AEANS-PVOH gel m e m b ra n e  w a s  formed by combining 0.3 

mL of AEANS-PVOH solution with 0.01 mL of g lu ta ra ldehyde  solution
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2 {R N H 2 ) + 

(AEANS)
Cl

Cl

(Cynuric Chlor ide)

0-5 f c .  40-45  fc
A c e t o n e / H 2 0

6 0 -70  C
C H -

PVOH

— CH —

Figure  4 .4  : React ion  s c h e m e  for AEAN S immobil iza tion using 
cyanuric  chloride a s  a  coupl ing reagen t .
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(5% W/W) a n d  0.01 mL of 3  M HCI. T h e  crosslinking reaction is shown 

in figure 4 .5 .  Immedia te ly  a  known v o lum e  of t h e  mixture  w a s  

t ransfe r red  on to  the e n d  o f  a  b ifurcated fiber optic  bundle  using a  

micropipet a n d  left for a  c o u p le  of m in u te s  to solidify a s  d esc r ib e d

in c h a p te r  2.  The  c ro ss l in k e d  gel w a s  then  in se r t e d  into distil led

w a te r  to w a s h  out e x c e s s  ac id  and crosslinking r eagen t .

AEANS/CPG R e s p o n s e  to  Cat ionic S u r fac tan t  : Surfac tant  solutions

o f  va ry in g  c o n c e n t r a t i o n s  w e re  p r e p a r e d  b y  di lu t ion  from

c o n c e n t r a t e d  s tan d a rd  so lu t ions .  AEANS-CPG p a c k e d  in a  capillary 

tu b e  w as  im m e rsed  in a  smal l  bottle contain ing surfac tan t  solution. 

T h e n  it w a s  left overn ight  before  t h e  sp ec t ru m  w a s  m e a s u r e d  so  

th a t  the  ion pa ir  interaction be tween t h e  su r fac tan t  and  the  s e n s o r  

s u r fa ce  would reach equilibrium. Emiss ion  s p e c t r a  w e r e  o b ta in e d  at 

different p e r io d s  of t ime to  confirm th a t  the  in teract ion had r e a c h e d  

equilibrium. T h e  spectra  w e r e  m easu red  a s  d esc r ib ed  in ch ap te r  2.

Reversibil i ty was  s tu d i e d  by rep lac ing  the  su r fa c tan t  solution 

with disti lled w a te r  af te r  t h e  r e s p o n s e  to s u r f a c ta n t  had  r e a c h e d

equilibrium. Emission s p e c t r a  were t h e n  m e a s u re d  a s  a  function of

t i m e .

Emission spectra  w e r e  m easu red  for 0.10 mM AEANS disso lved  

in c a t io n ic  s u r f a c t a n t  s o lu t i o n s  of  v a r io u s  c o n c e n t r a t i o n s  for

c o m p a r i so n  with the immobil ized f luorophore .

The  e f f e c t  of pH o n  r e s p o n s e  to  ca t ion ic  s u r f a c ta n t s  w a s

s tu d ie d  u s in g  c a r b o n a te  buf fe rs  of vary ing  pH v a lu e s  (8 .8-10 .2) .  

Cationic s u r fa c ta n t  solu t ions  (0.10 M) w e r e  p re p a re d  in c a rb o n a te
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Figure 4.5 :
Reaction scheme for PVOH/Glutaraldehyde crosslinking.
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buffer. Lower s u r fa c ta n t  co n cen t ra t io n s  w e r e  p r e p a r e d  by dilution 

with the  s a m e  buffer.

AEANS/CPG R e s p o n s e  to p H : The r e sp o n se  of the  AEANS-CPG to pH 

w a s  studied us ing  citrate,  p h o s p h a te  an d  c a r b o n a te  buffers  to cover  

the  pH ranges ,  3.0-6.0, 5.5-8  a n d  8 .8-12 respectively. AEANS-CPG 

w a s  packed  into a  capillary tu b e  and im m erse d  in a  buffer solution 

having a  specific pH value.

T h e  r e s p o n s e  of d i s s o lv e d  AEANS to pH w a s  t e s t e d  for 

c o m p a r i so n  to t h e  immobilized fluorophore.  Solu t ions  of AEANS in 

buffers  at  different pH va lues  w ere  p rep a re d  by mixing 1.0 mL of 1.0 

mM AEANS f luorophore  in distil led w a te r  with 9 .0  mL of b o r a t e  

buffer. The pH w a s  adjusted with NaOH using a  pH meter.

The em is s io n  sp ec t ra  of th e  solutions  w ere  ob ta ined  with the  

SLM 8000  spec trof luorom eter .  The excitation w aveleng th  w a s  s e t  a t  

3 6 6  nm.

AEANS/CPG R e s p o n s e  to Noncationic Su rfac tan ts  : The  r e s p o n s e  of 

immobil ized A EA N S to non-ca t ion ic  s u r f a c t a n t s  w a s  s tud ied  us ing  

a n  anionic su r fac tan t ,  dodecyl  sulfonate  a t  concen t ra t ions  up to 0 .10 

M, a n d  nonionic  surfactant,  polyoxyethelene-23-lauryl  e ther ,  a t  

concen tra t ions  u p  to 0.050 M.

T h e  e m i s s i o n  s p e c t r a  of im m o b i l ized  A E A N S  in t h e s e  

non-ca t ion ic  s u r f a c t a n t s  w e r e  ob ta in ed  us ing  th e  s a m e  p r o c e d u re  

u s e d  for tes t ing  r e s p o n s e  to cat ionic su r fac tan ts .
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C P G  S u b s t r a te  Effects on R e s p o n s e  : T h e s e  s tud ies  w e re  m a d e  

us ing  two different  ba tches  of g lycophase-contro l led  p o re  g la s s  a s  a  

solid subs t ra te .  Both b a tc h e s  w e re  p u rc h a se d  from the  s a m e  so u rce  

(P ie rce  Chem. Co.).  The first o n e  w as  G lycophase -G /C P G -550 ,  Batch 

n u m b e r  1 0 2 8 7 1 9 ,  with 5 5 0  A n g s t ro m s  p o r e  d i a m e t e r  a n d  5-10 

m ic rons  particle s ize .  The o th e r  w as  G ly c o p h a se -G /C P G -4 6 0 ,  ba tch  

n u m b e r  8 7 0 5 0 5 0 8 ,  with 4 6 0  A ngs trom s p o r e  d ia m e te r  an d  3 7 -74  

m icrons  part icle s ize .  The  s a m e  p rocedure  w a s  u sed  to immobilize 

AEANS f luorophore on both b a tc h e s .  The r e s p o n s e  to surfac tant  w a s  

t e s t e d  for both b a tc h e s  under  t h e  sam e  condit ions.

AEANS-Cv/Cellulose  R es p o n s e  to p H an d  Surfac tan t  : The  r e sp o n se  

of AEANS-Cy/Cel lulose  to pH w a s  tested us ing  borate  a n d  p h o s p h a te  

b u f f e r s  to c o v e r  th e  pH r a n g e s ,  5 . 6 5 - 8 . 7 0  a n d  7 .0 7 - 1 1 . 6 0 ,  

respect ively. T h e  AEANS-Cy/Cellulose  w a s  p a c k e d  into g l a s s  melting 

point  capillary t u b e s  and  p la c e d  into the buffer.

The  r e s p o n s e  of AEANS-Cy/Cel lulose  a s  a  function of cationic 

s u r f a c t a n t  c o n c e n t r a t i o n  w a s  s tud ied .  A E A N S -C y /C e l lu lo se  w a s  

p a c k e d  into capi llary tubes  a n d  immersed in smal l  bot t les  containing 

TDTMA so lu t ions  of varying c o n c e n t ra t io n s  (0 .010-100  mM). T hey  

w e r e  left over  night before t h e  spectrum w a s  m e a s u r e d  so  tha t  the  

ion pair  interact ion be tw een  t h e  surfac tant  a n d  the  s e n s o r  s u r fa ce  

would  reach  equilibrium. T h e  excitation w av e le n g th  w a s  s e t  at  360 

nm.
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AEANS-Cv/Polvfvinvl a l c o h o l  R e s p o n s e  : AEANS-PVOH re sp o n se  to 

ca t ionic  s u r f a c t a n t  w a s  intially in v es t ig a ted  by placing  p i e c e s  of 

ge l  in w a t e r  a n d  0 .1 0  M of a q u e o u s  DDTMAB. T h e  color  of 

f lu o re sc en ce  w a s  o b s e rv e d  visually,  while exciting with a  UV hand  

lamp.

Spec t ra l  shifts a s  a  function of s u r fac ta n t  concen t ra t ion  w ere  

d e t e r m in e d  by im m ers ing  smal l  p i e c e s  of AEANS-PVOH gel in 

s e p a r a t e  b o t t l e s ,  e a c h  c o n ta in in g  a  d i f f e ren t  c o n c e n t r a t i o n  of 

surfactant .  T h e  bot t les  w e re  s e a l e d  and  left for abou t  o n e  hour to 

allow the r e s p o n s e  to reach  a  s teady  s ta te .  Emission s p e c t r a  were  

then  obta ined  by placing th e  m e m b ra n e  a n d  surfac tant  solution in a  

cuvet .  T h e  SLM 8 0 0 0  sp ec t ro f lu o ro m e te r  w a s  u s e d  to obta in  the  

emiss ion  sp ec t ra .  The  excitation w ave length  w a s  s e t  a t  370  nm. In 

o r d e r  to o b ta in  t h e  s p e c t r a l  shift a s  a  function of s u r f a c t a n t  

concen tra t ion .  T h e  p e a k  he igh ts  of the  em is s io n  s p e c t r a  w e re  kept  

co n s ta n t  by adjust ing the  photomultiplier voltage .

A EA N S -P V O H  w a s  a p p l i e d  to t h e  f iber  opt ic  s y s t e m  a s  

d esc r ibed  in C h ap te r  2. After th e  gel formed on the tip of th e  optical 

fiber, it w a s  im m e rsed  in disti lled water  a n d  em iss ion  s p e c t r a  w e re  

t aken  r ep ea ted ly  until the re  w a s  no further i n c r ea se  in f lu o rescen ce  

intensity.  T h e n  the  w a te r  w a s  rep laced  with su rfac tan t  solution a n d  

em iss ion  s p e c t r a  w e re  t ak en  a t  different p e r iods  of t im e s  until no 

further  c h a n g e  in f lu o re sce n c e  intensity w a s  o bse rved .  T h e  s e n  or 

r e s p o n s e  to su r fa c ta n t  concen t ra t ion  w a s  d o n e  in s e q u e n c e  starting 

with low concen t ra t ion  a n d  ending  with high concentra t ion .

Reversibility of s e n s o r  r e s p o n s e  w a s  t e s t e d  by replacing the
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su r fac tan t  solu tion with distilled w a te r  and  m e a s u r in g  the  em iss ion  

s p e c t r a  a t  d i f fe ren t  p e r iods  of t im e  until t h e r e  w a s  no fur ther  

d e c r e a s e  in f lu o r e s c e n c e  intensity.  The immobil ized AEANS-PVOH 

m e m b ra n e  on th e  tip of the  bi furcated fiber optic bund le  w a s  a lways  

s to r e d  in disti l led water .

The  m e m b r a n e  stability on  t h e  tip of t h e  fiber opt ic  w a s  

t e s t e d  by using the  s e n s o r  at  different  periods of time.

The  effec t  of pH on AEANS/PVOH r e s p o n s e  w a s  s tu d ie d  by 

im m ers ing  p i e c e s  of gel  in b u f fe r s  of v a r io u s  pH a n d  visual ly  

observ ing  the  color of f luorescence  excited with a  UV hand lamp.

AEANS/PVOH r e s p o n s e  to CTMA b a se d  on  intensity ra t ios  a t 

two w a v e le n g th s  w a s  acc o m p l i sh e d  by m ea su r in g  th e  ratio of the  

p e a k  he igh ts  a t  w ave leng ths  of 4 5 0  an d  520 nm a s  a  funct ion of 

CTMA concentra t ion .

RESULTS AND DISCUSSION:

AEANS/CPG Charac te r i s t ic s  :

Table  4.1 p r e s e n t s  the  w a v e le n g th s  of m ax im um  em iss ion  for 

AEANS d is so lv ed  in w a te r  an d  immobil ized on  v a r ious  s u b s t r a te s .  

T h e  s h o r t e s t  w a v e le n g th  is o b s e r v e d  for g ly c e ry l -C P G  indicating 

th a t  th e  glyceryl s u r f ac e  is providing a  n o n -p o la r  e n v i ro n m e n t  for 

AEANS. T h e  w a v e l e n g t h s  of m a x im u m  e m i s s i o n  for AEANS on 

ce l lu lo se  a n d  PVOH a r e  shorter  t h a n  for AEANS on glyceryl-CPG 

ind ica t ing  t h a t  c e l lu lo s e  a n d  PV O H  provide  a n  e n v i r o n m e n t  of 

i n t e r m e d ia t e  polar ity .
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Table 4.1 : Values for wavelength of maximum emission 
of AEANS in water, cellulose, PVOH and CPG.

1) In water

2) On cellulose

3) In PVOH

4) On CPG

emission wavelength 

494 nm

489 nm

488 nm

482 nm
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G e n e r a l  O b s e r v a t i o n s  : Initially, AEANS w a s  immobil ized on 

con t ro l led  p o re  g l a s s  (CPG ) ,  a  s u b s t r a t e  with g o o d  m ech an ica l  

stability u n d e r  a  wide variety  of opera t ing  condi t ions  (77,78).  The 

immobilized f luorophor  r e s p o n d s  to ca t ionic  su r fac tan ts  a s  resul t  of 

ion pai r  in teract ion b e tw e en  the  cat ionic e n d  of the  su r fac tan t  and  

th e  an ion ic  s u l fo n a te  g roup  of the  immobil ized f luorophore .  Other  

s tu d i e s  h a v e  s h o w n  th a t  t h e  io n -a s so c ia t io n  c o m p l e x e s  b e tw e e n  

ionic s u r f a c ta n t s  a n d  oppos i te ly  c h a r g e d  indicators  a r e  electrically 

neutral,  an d  often poorly so lub le  in w a te r  but  readily ex t rac tab le  by 

low polarity so lv en ts  (79-81).  Thus, w e  c h o s e  to immobilize AEANS 

on glyceryl-control led  p o re  g l a s s  which is c o a te d  with a  o rgan ic  

layer .  Ex trac t ion  of th e  ion-pa ir  c o m p le x  by th e  o r g a n ic  layer  

p ro m o te s  ion pair  formation an d  in c r e a s e s  th e  c h a n g e  in the  polarity 

of th e  indicator env ironment  a s  a  function of a d d e d  surfactant .

Initial s t u d i e s  s h o w e d  a  s ignif icant  c h a n g e  in t h e  co lor  of 

immobilized AEANS f lu o rescen ce  w hen  it w a s  e x p o s e d  to cationic 

su r fa c tan t  in s te ad  of water .  W hen  immobilized AEANS im m erse d  in 

w a te r  w a s  e x p o s e d  to a  UV lamp, g reen  f luo rescence  w a s  observed .  

W h e n  t h e  w a t e r  w a s  r e p l a c e d  with a  so lu t ion  with a  high 

c o n cen t ra t io n  of ca t ionic  su rfac tan t ,  t h e  f luo re scen t  co lo r  c h a n g e d  

to blue  and  th e  f lu o rescen ce  intensity increased .

R e s p o n s e  to Cat ion ic  S u r fa c ta n t s  : T h e  emiss ion s p e c t r a  of both 

d isso lved  a n d  immobilized AEANS shift to shor te r  w av e len g th  with 

increas ing  ca t ionic  su r fac tan t  co ncen t ra t ion  a s  show n  in figure 4.6. 

This  shift  ind ica tes  tha t  interact ion with th e  non-pola r  hydrocarbon
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TDTMA concentration for AEANS in solution and 
immobilized on CPG and  cellulose.

71



ch a in s  of the  su r fac tan t  c a u s e s  a  d e c r e a s e  in the  polarity of the 

ind ica to r  e n v i r o n m e n t .  At c o n c e n t r a t i o n s  b e lo w  0 .2 0  mM th e  

e m is s io n  s p e c t ru m  d o e s  not  c h a n g e  indicat ing tha t  t h e r e  is no 

significant interaction b e tw ee n  t h e  su rfac tan t  a n d  indicator.  At high 

c o n c e n t ra t io n s  the  em iss ion  s p e c t ru m  of t h e  immobilized indicator 

on controlled pore  g l a s s  levels off an d  then  shif ts  to slightly longer 

w av e len g th .  This  m ay  b e  re la te d  to the  micel le  formation in the  

s u r f a c t a n t  solu t ion .  At high c o n c e n t r a t i o n ,  j u s t  b e fo re  mice l les  

s tar t  to form, su r fac tan t  a im o s t  co v e r s  th e  s u b s t r a t e  s u r f a c e  a s  a  

resu l t  of th e  c o m b in a t io n  of t h e  e l e c t r o s t a t i c  a n d  h y d ro p h o b ic  

interaction b e tw ee n  the  su r fac tan t  a n d  the an ion ic  indicator.  But at  

the  point w h e re  th e  micel les  s ta r t  to form, s o m e  of t h e  su rfac tan t  

may b e  ex t r ac ted  from the  su r face .  The re fo re ,  th e  env i ronm en t  

a ro u n d  th e  indicator  b e c o m e s  l e s s  hydrophob ic  an d  th e  em iss ion  

s p e c t r u m  sh if ts  to lo n g e r  w a v e le n g th .  T h is  in d ica te s  t h a t  th e  

in te rac t io n  b e t w e e n  th e  s u r f a c t a n t  a n d  t h e  s e n s o r  s u r f a c e  is 

r e v e r s i b l e .

In addit ion,  t h e  g raph  s h o w s  tha t  immobil ized indica tor  on 

controlled  p o re  g l a s s  is more  sens i t ive  than  th e  d isso lved  indicator 

to su r f a c ta n t .  T h e  to ta l shift  in the  e m i s s i o n  s p e c t r u m  of the  

d i s so lv ed  indicator  is a b o u t  8 nm a s  t h e  TDTMA co n c e n t r a t io n  

c h a n g e s  from 0.10 to 100 mM, while for t h e  immobilized indicator 

the spec t ra l  shift is a b o u t  20 nm a s  the concen t ra t ion  c h a n g e s  from 

0 .10 to10 mM. This s u g g e s t s  th a t  hydrophobic  interaction b e tw een  

the  ion pair  co m plex  of s u r f a c ta n t  and  ind ica to r  a n d  th e  o rgan ic  

layer on the  C P G  su rface  is enhanc ing  the hydrophobic  environment
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a round  the  indicator.

AEANS/CPG re sp o n se  t ak e s  about  14 hours,  before  it r eac h e s  a  

s t e a d y  s ta t e .  R e s p o n s e  is revers ible ,  bu t  it is v e ry  slow, tak ing

severa l  d a y s  to g e t  back to its initial value.

Effect  of  S u r f a c t a n t  o n  F l u o r e s c e n c e  In te n s i ty  : S u r f a c t a n t

interaction with th e  f luorophor  e n h a n c e s  the  f lu o r e s c e n c e  q u a n tu m  

yield. F igure  4 .7  s h o w s  how f lu o r e s c e n c e  in tens i ty  of d i s so lv e d  

AEANS i n c r e a s e s  a s  a  function of su r fac tan t  concentra t ion .  AEANS 

f luorescence  is more sensi t ive  to th e  longer hydrocarbon chain  

su rfac tan t .  T h e  c h a n g e  in f lu o re s c e n c e  intensity s t a r t s  to b e c o m e  

significant a t  a  certa in  concentra t ion  for e a c h  su rfac tan t ,  0 .30 mM 

for CTMA, 1.0 mM for TDTMA and  10.0  mM for DDTMA. The u p p e r  

r e s p o n s e  limit is e s t a b l i s h e d  by s u r f a c t a n t  solubil i ty  w h ich  

d e c r e a s e s  a s  th e  hydrocarbon chain length inc reases .

Figure  4 .8  s h o w s  th a t  f lu o r e s c e n c e  intensity of immobil ized

A EA N S o n  c o n t r o l l e d  p o r e  g l a s s  i n c r e a s e s  with s u r f a c t a n t

concentra t ion.  Surfac tant  concentra t ions  a s  low a s  0 .0 1 0  mM DDTMA 

yielded d e t e c t a b l e  c h a n g e s  in intensity. Immobilized AEANS is m ore  

sens i t ive  to su r f a c ta n t  th an  th e  free fluorophor. At c o n c e n t ra t io n s  

a b o v e  0 .0 3 0  M the  f lu o r e s c e n c e  in tensi ty  d e c r e a s e s  significantly. 

This may b e  d u e  to the high concentrat ion of bromide  ion acting a s

a  q u e n c h e r .  T h e re  w a s  no obse rv ab le  leaching of th e  immobilized

f lu o ro p h o r  f rom  t h e  s e n s o r  s u r f a c e  e v e n  a t  h igh  s u r f a c t a n t

co n cen t ra t io n .  Also, no s p ec t ra l  b roading  w a s  o b s e r v e d ,  indicating 

th a t  the  indicator  is still in a  uniform env i ronm en t  polarity.
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Figure 4.7 : C han g e  in fluorescence intensity for AEANS in solution 
a s  a  function of the  concentration of DDTMA, TDTMA 
and CTMA.
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T h e  in c re a se  in intensity from a  f lu o re sc en t  dansy l  derivative 

a s  a  funct ion of a d d e d  su r fa c tan t  h a s  b e e n  o b s e rv e d  previously,  

w hen  Nation solution an d  sod ium poly(styrene sulfonate)  w e re  ad d ed  

to  a  s o l u t i o n  o f  1 - d i m e t h y l a m m o n i u m a m i n o n a p h t h a l e n e -  

5 - su l fonam idoe thy l t r im e thy lam m onium  p e r c h lo ra t e  (68).  D av ies  h a s  

r e p o r t e d  s imilar  r e su l t s ,  w h e n  c e ty l t r im e th y la m m o n iu m  b ro m id e  

w a s  a d d e d  to t h e  anionic  indicator,  1 -d im e th y lam in o n ap h th a len e -  

5-sulfonyl glycine, (67).  Both s tu d i e s  sh o w  th a t  em iss ion  shifts  to 

s h o r t e r  w a v e le n g th  a s  s u r f a c t a n t s  a r e  a d d e d  to t h e  ind ica tor  

s o lu t io n .

T he  Effect of Hydrocarbon Chain  Length on th e  R e s p o n s e  : Figures  

4 .9  a n d  4 .1 0  s h o w  th e  e f fec t  of h y d ro c a rb o n  ch a in  leng th  on 

r e s p o n s e .  As the  hydrocarbon chain  length i n c re a se s ,  the  d e g r e e  of 

h y d ro p h o b ic  in te rac t ion  b e t w e e n  the  s u r f a c t a n t  a n d  t h e  s e n s o r  

su r f a c e  in c reases .  Therefore ,  th e  surfactant  with longer  hydrocarbon  

tai ls  c a u s e  a  l a rg e r  c h a n g e  in the  polar ity  of th e  immobil ized 

indicator  a n d  a  larger  spectral  shift.

F igures  4 .9  a n d  4 .10  s h o w  that  the  sensi tivity i n c r e a s e s  with

the  hydroca rbon  cha in  length of th e  surfac tant .  The  de tec t ion  limits 

for ce ty l - ,  t e t r a d e c y l -  a n d  d o d e c y l -  t r i m e t h y l a m m o n i u m  ions  

d isso lved  in w ate r  a r e  0.39, 0 .79 and1 .30  mM, respectively. W hen  the

s a m e  s u r f ac ta n t s  a r e  d isso lved  in c a r b o n a te  buffer  a t  pH 9.5,  the

de tec t ion  limits a r e  0 .13,  0.40,  1.0 mM, respect ively.

T h e  m a g n i tu d e  of th e  total spec t ra l  sh if t  a s  a  funct ion of 

su rfac tan t  concentra t ion  also in c re a se s  with hydrocarbon chain
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length.  Figure  4 .9  s h o w s  tha t  the  total spec t ra l  sh if ts  for a d d e d  

cetyl-,  t e t radecy l-  an d  dodecy l t r im e thy lam m onium  ions  a r e  16, 13 

a n d  10 nm, r e sp e c t iv e ly .  The  m e d iu m  a lso  a f f e c t s  t h e  total  

w a v e le n g th  shift. Figure 4 .1 0  sh o w s  t h a t  the  total sp e c t r a l  shifts 

for ce ty l - ,  t e t r a d e c y l -  a n d  d o d e c y l -  t r i m e t h y l a m m o n i u m  ions  

d isso lved  in pH 9.5, 0 .20 M ca rbona te  buffer a re  24, 2 0  an d  18 nm, 

r e s p e c t i v e l y .

T h e  h y d ro ca rb o n  c h a in  length a l s o  d e t e r m i n e s  t h e  u p p e r  

c o n c e n t r a t i o n  limit. F rom  th e  g r a p h s ,  t h e  h i g h e s t  m e a s u r a b l e  

c o n c e n t r a t i o n s  of c e ty l - ,  t e t r a d e c y l -  a n d  d o d e c y l  t r im e thy l  

am m onium  ions d issolved in 0.20 M c a r b o n a te  buffer a t  pH 9.5 a re  

0 .013 ,  .020 a n d  0 .025  M respectively.  In pure  w a t e r  the  h ighes t  

m e a s u r a b l e  c o n c e n t r a t i o n s  a r e  0 . 0 1 3 ,  0 .031 a n d  0 .0 6 3  M,

r e s p e c t i v e l y .

Effect of oH : Figure 4.11 show s  tha t  th e  emiss ion m ax im a  d e p e n d  

on pH. At low s u r fa c tan t  concen t ra t ion ,  th e  e m is s io n  w av e len g th  

m axim um  is longer  at  pH 9 .5  (484 nm) th an  in w a te r  (480 nm). In 

addition; the  r an g e  of l inear r e sp o n se  to surfac tant  is larger  at  high 

pH than  in water .  The resu l t s  show tha t  the  AEANS-CPG s e n s o r  can  

r e sp o n d  linearly to DDTMA concentration from 1.0 up to 2.5  mM at pH 

9.5, a n d  from 1.0 up to 4.0  mM in water.

F u r the r  s tu d ie s  ind ica te  tha t  A E A N S -C P G  r e s p o n d s  to pH. 

Figure 4 .12 sh o w s  how the  emission m ax im a  shift with pH. As the  pH 

i n c r e a s e s  t h e  e m is s io n  s p e c t r u m  sh i f t s  to l o n g e r  w a v e l e n g t h  

indicating tha t  the  indicator environment  is becom ing  m o re  polar. As
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the  pH in c re a se s  from 5.5 to a round  12 the  em iss ion  sp ec t ru m  shifts 

from 4 7 4  up to 4 9 8  nm, and the  f luo rescence  c h a n g e s  from blue to 

g reen .  O the r  e x p e r im e n t s  s h o w  tha t  a t  high pH AEANS rem ains  

immobilized on the  surface .

F igure  4 .12  s h o w s  th a t  t h e  e m is s io n  s p e c t ru m  of AEANS

disso lved  in water  a l so  shifts to longer  w ave leng th  a s  pH in c reases .  

In c o n t r a s t  to th e  immobilized indicator th e  em iss ion  s p e c t ru m  of 

the f ree  indicator shif ts  from 493  to 504 nm a s  pH in c rea se s  from 8 

to 10.

F ig u re  4 .1 3  i l lu s t r a te s  o u r  e x p l a n a t i o n  for A E A N S -C P G

r e s p o n s e  to pH. In w a te r  t h e  s e c o n d a r y  alkyl a m in e  g r o u p  is 

p ro to n a te d  a n d  th e r e fo re  it c a n  in teract  e lec t ros ta t ica l ly  with the 

su lfonate  g roup  of immobilized AEANS. This interaction c a u s e s  the 

indicator to b e  ex t rac ted  from th e  a q u e o u s  m ed ium  into t h e  organic 

layer on  th e  con tro l led -pore  g l a s s  su rface .  T h e  m o v e m e n t  of the 

indicator  from th e  highly polar  so lven t  e n v i ro n m e n t  into t h e  less  

polar  o rgan ic  layer c a u s e s  the  em iss ion  sp ec t ru m  to shift to shor te r  

w a v e le n g th .  But a s  t h e  pH i n c r e a s e s  t h e  a m in e  d e p r o t o n a t e s ;  

the re fo re ,  it c a n  no t  in terac t  e lec t ros ta t ica l ly  with th e  su l fo n a te

group  of the  immobil ized indicator.  The f ree  su lfona te  ion group 

in c r e a s e s  the  a q u e o u s  solubility of the  immobil ized indicator,  while 

it is still covalent ly  a t t a c h e d  to t h e  s e n s o r  su r face .  T he re fo re ,  the 

indicator is drawn into the  m ore  polar a q u e o u s  medium c a u s in g  the 

em iss ion  sp ec t ru m  to shift to longer  w ave length .

T h e  e x p la n a t io n  of t h e  pH d e p e n d e n c e  for t h e  d i s s o lv e d

indicator is similar. At low pH w h e r e  the am in e  group  is p ro tona ted ,
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two indicator m o lecu les  c a n  form a n  ion pair with e a c h  other .  We 

a t t r ibu te  th e  shift  in em iss ion  m ax im um  to s h o r t e r  w a v e le n g th  at  

t h e s e  pH to th e  hydrophobic  in terac t ions  b e tw e e n  the  two indicator 

molecu les .  At high pH values ,  th e  am ine  d e p r o to n a t e s  reducing the 

t e n d e n c y  of two m olecu les  to in teract  with e a c h  other .

The difference in AEANS-CPG re s p o n s e  to surfactant  d isso lved  

in w a te r  a n d  pH 9.5  buffer is i l lustrated in 4 .1 4  a n d  4 .15 .  The 

sensitivity to s u r f ac ta n t s  in pure  w a te r  is low b e c a u s e  in w a te r  the 

indicator  is a l r e a d y  ex trac ted  from th e  a q u e o u s  medium. To in teract 

with t h e  su l fona te  g roup  of the  immobilized indicator,  the  su r fa c ta t  

h a s  to d i sp lace  t h e  p ro tona ted  s e c o n d a ry  a m in e  a s  i l lustrated in 

f igure 4.14.

In c o n t r a s t ,  a t  high pH, t h e  f ree  s u l f o n a t e  g roup  of th e  

ind ica tor  is not  a s s o c i a t e d  with d e p r o to n a t e d  a m i n e  an d  -is m o re  

av a i l a b le  to s u r f a c t a n t  m o le c u le s  d is so lv e d  in solut ion.  T h e re fo re  

t h e  su r fac tan t  c a n  form an ion pair  with the  su l fo n a te  g roup  which 

is e x t r a c te d  into t h e  o rgan ic  laye r  a s  i l lus t ra ted  in f igure 4 .15 .  

A E A N S -C P G  is m o re  sens i t ive  a t  high pH b e c a u s e  the  e f fec t  of 

su r f a c ta n t  on th e  polarity of t h e  indicator  e n v i ro n m en t  is no t  only 

d e p e n d e n t  on th e  partit ion coeff ic ien t  of s u r f a c t a n t  b e t w e e n  th e  

two p h a s e s  a s  in the  c a s e  of w a te r  medium, bu t  a l so  on the  ion pair 

in te ra c t io n  b e t w e e n  th e  s u r f a c t a n t  a n d  s u l f o n a t e  g ro u p  of th e  

indicator ,  which e n h a n c e s  the  indicator  ex t rac t ion  into the  o rgan ic  

l a y e r  lead ing  to a  l a rg e r  c h a n g e  in t h e  polar i ty  of ind ica to r  

e n v i r o n m e n t .
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S O -  N H

F ig u re  4 .14 : S c h e m a t i c  r e p r e s e n t a t i o n  of t h e  in te rac t ion  of 
cat ionic su rfac tan t  with A E A N S /C P G  su r face ,  in water .
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Figure 4 .15  : Schem at ic  represen ta t ion  of th e  interaction of cationic 
surfactant with AEANS/CPG surface, at high pH.
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R e s p o n s e  to  N o n -C a t io n ic  S u r f a c t a n t s  : F igure  4 .16 c o m p a r e s  

em is s io n  s p e c t r a l  shifts a s  a  funct ion of s u r f a c t a n t  concen t ra t ion  

fo r  d o d e c y l  s u l f a t e  (D D S ) ,  a n  a n i o n i c  s u r f a c t a n t ,  a n d  

po lyoxye thy lene-23- lau ry l  e th e r  (PELE),  a  no n io n ic  su r fac tan t ,  to 

th a t  for dodecyl t r im ety lam m onium  b ro m id e .  R e s p o n s e  to DDS and  

PELE concentra t ion  is not  significant u p  to 0.025M, w h e ra s  DDTMAB 

sh o w s  a  10 nm spectral shift. R e s p o n s e  to PELE b e c o m e s  significant 

a t  c o n c e n t r a t i o n s  a b o v e  0 .025  M indicat ing t h a t  it m o d i f ie s  

indicator  polar ity when p r e s e n t  a t  high enough  levels .  B e c a u s e  the 

n o n io n ic  s u r f a c t a n t  c a n  not  i n t e r a c t  e l e c t ro s t a t i c a l ly  with th e  

a n i o n i c  i n d i c a to r ,  it o n ly  g e n e r a t e s  a  r e s p o n s e  a t  h igh ^ 

c o n c e n t r a t i o n s .

On th e  o the r  h an d ,  the  e m is s io n  sp ec t ru m  shif ts  to slightly 

longer  w av e len g th  a s  a  function of an ion ic  s u r fa c tan t  concentra t ion .  

T h e  total shift  is abou t  3 n a n o m e te r  a s  shown in figure 4 .16 .  The 

sp e c t r a l  shift  to  longer  w av e len g th  ind ica tes  a n  i n c r e a s e  in the 

polarity of t h e  immobil ized indicator  e n v i ro n m e n t  c a u s e d  by the 

an ionic  su r fac tan t .  This resu l t  might b e  due  to par tia l  d issoc ia t ion  

of ion pair  in terac t ion  b e tw e e n  t h e  su l fona te  ion g roup  of the 

immobil ized indicator  a n d  the  p r o to n a te d  s e c o n d a r y  alkyl a m in e  

group  formed a t  low pH.

P P G  S u b s t r a t e  Effect  : It w a s  fo u n d  that  t h e  u s e  of different 

b a t c h e s  of controlled  p o r e  g lass  s u b s t r a t e  a f fec ts  s e n s o r  r e s p o n s e  

to surfac tan t  a s  shown in figure 4 .17 .  This might  b e  re la ted to the 

d if fe rences  in t h e  organic  layer cover ing  the solid suppor t  su rface ,
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s i n c e  t h e  r e s p o n s e  of A E A N S -C P G  d e p e n d s  n o t  only on th e  

co m b in a t io n  of e lec t ro s ta t i c  a n d  hydrophob ic  in te rac t ions  b e tw e e n  

th e  su r fac tan t  a n d  th e  immobilized indicator  to form ion pair but 

a l so  on  th e  hydrophobic  interaction b e tw e e n  the  ion pair and  the  

o rgan ic  layer on CPG. This latter interaction is highly d e p e n d e n t  on 

the  th ickness  of t h e  organic  layer on th e  CPG. Therefore ,  the m ore  

o rgan ic  on the  CP G ,  the  g rea te r  the  d e c r e a s e  in the  polarity of the 

immobilized indicator env ironm ent  a s  su r fac tan t  is a d d e d .

Figure  4 .17  sh o w s  tha t  AEANS immobilized on CPG  with 5-10 

m ic rom e te r  par ticle s ize  a n d  550 Angstrom pore  d ia m e te r  r e s p o n d s  

to su r fac tan t  from 0 .10  up to 5.0 mM of DDTMA disso lved  in pH 9 

c a r b o n a t e  buffer. But w hen  th e  s a m e  f luorophor is immobilized on 

C P G  with 37-74  m ic rom ete r  par ticle s i z e  a n d  4 6 0  Angs t rom  p o re  

d i a m e t e r  us ing,  t h e  s a m e  immobil ization p r o c e d u re ,  t h e  d y n a m ic  

r a n g e  shifts to h igher  concen tra t ions .

C h a ra c te r i s t i c s  of AEANS-Cv/Cel lu lose  :

G e n e r a l  P r o p e r t i e s  : B e c a u s e  protonation of the  aliphat ic  a m in e  

a f fec ts  the  r e s p o n s e  of AEANS/CPG, a n  a l te rna t ive  p ro c e d u re  th a t  

would  not result  in an  aliphatic am ine  w a s  sought .  Cyanuric  chloride 

w a s  u s e d  a s  a  coupling ag en t  to immobilize AEANS on cellulose.

C e l lu lo s e  h a s  b e e n  u s e d  a s  a  s u b s t r a t e  to imm obi l ize  

i n d i c a t o r s .  S a a r i  a n d  S e i t z  im m o b i l iz e d  f l u o r e s c e n a m i n e  on 

p o w d e re d  cel lulose using cyanuric  chloride a s  a  coupling a g e n t  (85). 

S u te r  e t  al. s tudied the  lum inescence  of heterocyclic com p o u n d s
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a d s o r b e d  on a  ce l lu lose  filter p a p e r  s u b s t r a t e  an d  fo und  that  the  

s u b s t r a t e  p rov ides  a  very po la r  e n v i ro n m e n t  with high hydrogen 

bonding  activity for th e  ad s o rb e d  p robe  m o lecu le s  (86,87).

D ata  in tab le  4.1 s h o w s  t h a t  the  op t ica l  c h a ra c te r i s t i c s  of 

immobilized AEANS d e p e n d  on both the  m e thod  of immobilization and

t h e  n a tu re  of th e  s u b s t r a t e .  T h e  e m iss io n  s p e c t ru m  of AEANS

immobil ized on ce l lu lose  is a t  longer  w ave leng th  (489 nm) than on

C P G  (484 nm), but lower than in w ater  (493 nm). This indicates  that

th e  cellulose su rface  is more  polar  than th e  C P G  su r f a c e  which is 

c o v e r e d  with an organ ic  layer, but  is still l e s s  polar  than  water.

Immobilized AEANS is le s s  s tab le  on ce l lu lose  us ing  cyanuric  

chloride a s  a  coupling agen t  than on the CPG  surface  using the  Schiff 

b a s e  reaction. AEANS immobilized on CPG using cyanuric  chloride a s  

a  coupl ing  a g e n t  is e v e n  l e s s  s tab le .  T h e  f l u o r e s c e n c e  intensity 

d e c r e a s e s  slowly a s  a  function of time. This indica tes  t h a t  indicator 

is slowly hydrolyzing from the  su rface .

R e s p o n s e  to pH : Figure 4 .12 s h o w s  that t h e  emiss ion spec t rum  for 

A E A N S immobil ized  on  c e l lu lo s e  d o e s  no t  shift  with pH. The  

immobilization chem is t ry  co n v e r t s  the  al iphatic am ine  on  AEANS to 

a n  a rom at ic  am ine .  Aromatic a m i n e s  a re  m u c h  w e ak e r  b a s e s  than  

a l ipha t ic  am ines ,  having pKb v a l u e s  a round  10. T he re fo re ,  AEANS 

immobilized on ce l lu lose  is not p ro tona ted  a t  neutral pH a n d  can not 

u n d e r g o  ion pair in teract ions  with o ther  indicator  m o lecu les .

Immobilized AEANS is highly ex p o sed  to t h e  a q u e o u s  medium at  

pH above  5.6 so  that  the em iss ion  w avelength  is h igher  than for
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AEANS immobilized directly on CPG, a t  th e  s a m e  pH.

At a  pH a r o u n d  11.5 th e  em iss io n  spec t rum  shif ts  to slighty 

longer  w a v e le n g th .  This in d ica te s  t h a t  the  immobil ized  indica tor  

hydro lyzes  a t  high pH. The  hydrolyzed indicator l e a v e s  the  s u r face  

and  ex p e r ie n c e s  a  completely a q u e o u s  environment.

R e s p o n s e  to S u r f a c t a n t  : A E A N S -C y /C e l lu lo se  r e s p o n s e  to 

su r fac tan t  is similar to AEANS in solut ion an d  immobilized on C P G .  

As th e  co n cen t ra t io n  of ca tionic  s u r fa c ta n t  in c r e a s e s ,  th e  em iss ion  

sp e c t ru m  shifts to sh o r te r  w av e len g th s  indicating a  d e c r e a s e  in the  

polarity of the  indicator  env ironment.

Figure 4.6 s h o w s  that a t  TDTMA concen t ra t ions  below 1.0 mM 

the  em iss io n  s p e c t ru m  d o e s  not c h a n g e  indicating th a t  there  is no 

s ignif icant  c h a n g e  in the  polarity of t h e  indicator  env ironm ent .  At 

c o n c e n t r a t i o n s  a b o v e  1.0 mM, th e  e m is s io n  s p e c t r u m  shif ts  to 

sh o r te r  w av e len g th s  a s  a  function of concen tra t ion .

AEA N S-Cy/Cel lu lose  r e s p o n s e  to su r fac tan t  a s  a  function of 

concen tra t ion  is m o re  similar to that  of d isso lved  AEANS. The  total 

sp ec t ra l  shift of t h e  s e n s o r  a s  a  function of su r fa c tan t  d e p e n d s  on 

th e  n a tu r e  of t h e  s u b s t r a t e  su r face .  R esu l t s  s h o w  th a t  the  total 

s p e c t r a l  shift  for  A E A N S -C y/C e l lu lose  a s  a  func t ion  of TDTMA 

concen t ra t ion  is a b o u t  14 nm, c o m p a r e d  to 19 nm for AEANS/CPG 

over  t h e  s a m e  concen t ra t ion  range.  T h e  additional spectra l  shift on 

C P G  is d u e  to t h e  organic  layer covering the  s u b s t r a te  surface  which 

a d d s  a n  ex tra  driving force to extrac t  m o re  of th e  indicator into the  

less  polar hydrophobic environment.  This is a  result  of the
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hydrophobic  interaction be tw een  t h e  ion pair a n d  the  o rg an ic  layer 

bonded  on  the  surface.

AEANS-Polvfvinvl a l c o hoh/F iber  O p t ic  C h a ra c te r i s t i c s  :

E x p e r im e n t s  with A E A N S-C y/C e l lu lo se  w e r e  d i s c o n t in u e d  

w hen  o t h e r  work in t h e  laboratory sh o w ed  th a t  PVOH cross l inked  

with g lu ta ra ld e h y d e  o f fered  the following s ignif icant  a d v a n t a g e s  a s  

a  s u b s t r a t e  for indicator  immobilization (22) :

1) The  r a te  of the  crosslinking c a n  be  con tro l led  by varying the 

am ount  of acid cata lyst.  The acid level can  be a d ju s te d  so  th a t  there  

is  t i m e  to  t r a n s f e r  an  a c c u r a t e l y  k n o w n  v o l u m e  of

g lu ta ra ldeyde /PV O H  to  the  com m o n  en d  of a  b ifurca ted  fiber optic 

bundle  b e fo re  it s ta r ts  to solidify into a  clear  gel.

2) It is c le a r  and  optically t r a n s p a r e n t  through t h e  visible a n d  well 

down into th e  ultraviolet.

3) PVOH can  be covalently  b o n d e d  directly to g l a s s  or f u se d  silica

f ibe r .

4) Indicator c an  b e  b o u n d  to PVOH prior to crosslinking. This  m ea n s  

t h a t  a  s in g le  la rg e  p rep a ra t io n  of  indica tor  c a n  b e  u s e d  to

rep ro d u c ib ly  p r e p a r e  a  large n u m b e r  of s e n s o r s .  F u r th e rm o re ,  

b e c a u s e  t h e  indicator prepara t ion  c a n  b e  di luted with under iva t ized  

PVOH, th e  am ount  of indicator in a  s e n s o r  can  b e  controlled. Another 

possibili ty is to c o m b in e  two d i f feren t  indicators  in a  know n ratio 

by mixing them prior to gel formation.
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G en e ra l  Proper t ies  : Gel formed from PVOH with a  molecular  weight 

14,000 w a s  found to  be  p e r m e a b le  to ca t ion ic  s u r f a c ta n t s  with a  

long hydrocarbon chain .  It is a lso  s table  on th e  tip of the  fiber optic 

bundle, s in c e  it w a s  u s e d  a  m onth  after it w a s  formed without  any 

c h a n g e  in ch a rac te r i s t i c s .  To ob ta in  this stability,  it is n e c e s s a r y  

to s to re  t h e  s e n so r  in wate r  or a  surfactant  solution.

No indicator leaching w as  o b se rv e d  in th e  p re se n c e  or  a b s e n c e  

of s u r f a c t a n t .  W h e n  th e  s u r f a c t a n t  so lu t ion  w a s  r e p l a c e d  with 

disti l led w a te r ,  t h e  e m is s io n  s p e c t r u m  r e t u r n e d  to t h e  original 

w ave leng th  obse rved  w h e n  the s e n s o r  w as  intially e x p o s e d  to water  

indicating tha t  the r e s p o n s e  is reversible.

T h e  in c re a se  in the  f lu o r e s c e n c e  in tens i ty  of AEANS-PVOH 

when it w a s  im m ersed  in water  ju s t  after it w a s  formed is shown in 

figure 4 .18 .  This is d u e  to the d e c r e a s e  in HCI concentra t ion  in the 

gel. F lu o re scen ce  d e v e lo p s  w hen  th e  pH is high enough  s o  that the 

f luorophore  is no lo n g e r  p ro tona ted .  The t ime n e e d e d  to w a s h  out 

e x c e s s  ac id  from a  0.1 mm thick immobilized m e m b ra n e  is abou t  5 

m in u te s .

F ig u re  4.19 s h o w s  the forward and  r e v e r s e  ra tes  of r e s p o n s e  

of AEANS/PVOH. W h e n  AEANS/PVOH is e x p o s e d  to su r fac tan t ,  it 

takes  15  minutes  to r each  equilibrium. W hen  AEANS/PVOH is then  

r e e x p o s e d  to w ate r  it t akes  a b o u t  10 m in u te s  for th e  intensi ty  to 

return to its original value .

S e n s o r  R e s p o n s e  to  S u r f a c t a n t : The  c o lo r  of the  immobilized

indicator f luorescence ch a n g e s  from g reen  to blue when

94



Re
la

tiv
e 

Fl
uo

re
sc

en
ce

 
In

te
ns

it
y

90 

80 

70 

60 

50 

40 

30

Figure 4.18 : C h an g e  in fluorescence intensity of AEANS/PVOH 
with time after m em brane  was formed and 
immersed in distilled water.
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AEANS/PVOH is removed  from w a te r  and  im m e rs e d  in a  surfac tant  

so lu t io n .  The c o lo r  of f l u o r e s c e n c e  re tu rns  to  g r e e n  w h e n  the 

s u r f a c t a n t  so lu t ion  is r e p la c e d  with disti l led w a te r .  T h e  forward 

a n d  reverse  r e s p o n s e s  a re  r ea so n ab ly  fast, occurr ing within a  couple 

of m inu tes  af ter  t h e  solutions w e r e  changed .

Figure 4 .2 0  sh o w s  that a d d e d  surfactants  c a u s e  an  in c r e a s e  in 

e m i s s o n  in tensi ty .  This m e a n s  th a t  ion pa i r  formation is taking 

p l a c e  a s  e x p e c t e d .  The longer  t h e  hydrocarbon  tail, the  lower  the 

concen t ra t ion  r a n g e  over  which r e s p o n s e  is o b s e rv e d .  This b e c a u s e  

the  longer the hydrocarbon tail, the  higher the  d e g r e e  of hydrophobic  

in teraction and  t h e  s t ronger  t h e  driving force for  ion pair formation. 

Also, the  gel g e t s  sa tu ra ted  a t  a  lower concentra t ion  level w h e n  the 

h y d ro ca rb o n  tail is longer.  S a tu ra t ion  is the  po in t  w here  all of the 

A E A N S  m o lecu le s  a r e  a s s o c i a t e d  with su r fac tan t .  The immobilized 

in d i c a to r  r e s p o n d s  to lower  c o n c e n t r a t i o n s  t h a n  the  d i s s o lv e d  

in d ica to r  for a  g iven  su r fac tan t .  This  m e a n s  t h a t  on PV O H , the 

h y d ro p h o b ic  in te rac t ion  b e t w e e n  th e  ion pair  a n d  the  PV O H  gel 

p ro v id e s  an  addit ional  driving fo rce  for ion pair  formation.

Figure 4.21 sh o w s  that  th e  emiss ion  s p e c t r a  of both d isso lved  

a n d  immobilized AEANS shift to sho r te r  w av e len g th  with increas ing  

c o n c e n t r a t i o n s  of ca t ion ic  s u r f a c t a n t .  This  i n d i c a t e s  t h a t  the  

polar i ty  of the  indicator  e n v i ro n m e n t  d e c r e a s e s  d u e  to interact ion 

with su r fa c tan t .  T h e  sensi t iv i ty  of the  im m obi l ized  in d ica to r  to 

c a t io n ic  su r f a c ta n t  is higher  t h a n  w h en  d i s s o lv e d  in so lu t ion.  It is 

n o t e d  that  the  r a n g e  over  which th e  emiss ion  w av e len g th  c h a n g e s  

c o in c id e s  with t h e  range  over  which intensity c h a n g e s ,  a s  w ould  be
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e x p e c te d .  In ad d it io n , th e  m a g n i tu d e  of th e  sh if t  in e m iss io n  

w a v e le n g th  is g r e a t e r  for  t h e  s u r f a c t a n t  w ith  th e  lo n g e r  

h y d ro carb o n  tail.

R e su lts  show  th a t  th e  total shift in the e m iss io n  sp ec tru m  of 

d is so lv e d  ind ica to r  is a b o u t  6 nm a s  th e  TDTMA c o n c e n tra t io n  

c h a n g e s  from  1.0 to 100 mM, w hile  th e  c h a n g e  for immobilized 

indicator is a b o u t  14 nm a s  the  co n cen tra tio n  of DDTMA c h a n g e s  

from 1.0 to 100 mM a n d  18 nm a s  th e  con cen tra tio n  c h a n g e s  from 

0.1 to 100 mM.

Figure 4 .22  show s the  re sp o n se  of AEANS/PVOH to CTMA b a s e d  

on in tensity  ratio m e a s u rm e n t  a t  two w a v e le n g th s .  It is c le a r  th a t  

th e  in c r e a s e  in CTMA co n c e n tra t io n  le a d s  to a n  in c re a se  in th e  

in te n s i ty  ra t io .  T h is  r e s p o n s e  is s im ila r  to  t h e  in te n s i ty  

m e a s u re m e n t  a t  a  single  w avelength  show n in figure 4.20.
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CONCLUSION

A c o v a l e n t l y  im m o b il iz e d  a n io n ic  e n v i r o n m e n t - s e n s i t i v e  

d a n s y l  c o m p o u n d  on c o n tro l le d -p o re  g l a s s  r e s p o n d s  to  ca tion ic  

s u r fa c ta n ts  a n d  pH. The f lu o re s c e n c e  s p e c t ru m  sh ifts  to sh o r te r  

w a v e l e n g th s  a n d  h ig h e r  in te n s i ty  w ith  in c r e a s in g  s u r f a c ta n t  

concentration . S e n s o r  r e sp o n s e  is b ased  on th e  c h a n g e  in th e  polarity 

o f  im m obilized indicator e n v iro n m e n t  re su lt in g  from h y d ro p h o b ic  

in te rac tio n s  b e tw e e n  the  ind ica to r  a n d  th e  su r fa c ta n t  a s  well a s  

b e tw e e n  th e  ion pair a n d  th e  s u r f a c e  of th e  im m obiliza tion  

s u b s t r a te .  T h e  overall shift is approx im ate ly  30 nm. R e s p o n s e  is 

m o re  sen s it iv e  to su rfac tan ts  with long h y d rocarbon  tails  d isso lved  

in high pH solu tion . In addition, the  re sp o n se  ta k e s  a  long time, about 

14  hours, b e fo re  it r e a c h e s  a  s tead y  s ta te .  On th e  o th e r  hand , the 

r e s p o n s e  is revers ib le , bu t it is very slow which ta k e s  d a y s  without 

go ing  back to t h e  original position. T h e re  is no significant r e sp o n se  

to  e ith e r  n o n io n ic  or a n io n ic  s u r f a c ta n t s .  This in d ic a to r  a lso  

re sp o n d s  to pH a b o v e  6 b a s e d  on the s a m e  principle e x c e p t  tha t  the 

ion pair c o m p le x  forms b e tw e e n  th e  s u l fo n a te  g ro u p  a n d  the  

p ro to n a te d  s e c o n d a ry  am ine  g ro u p  of indicator m o lecu les  which a re  

loca ted  on th e  s e n s o r  surface .

AEANS w a s  immobilized on ce llu lo se  using cy an u ric  chloride 

a s  a  coup ling  a g e n t .  A E A N S -C y /C e llu lo se  r e s p o n d s  to ca tion ic  

s u r f a c ta n t s .  U n like  A E A N S /C P G , A E A N S -C y /C e llu lo se  d o e s  not 

re sp o n d  to pH especially  a b o v e  6. However, AEANS on cellu lose  is not 

s ta b le ,  hydrolyzing slowly from  the su rface .
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AEANS covalently bound to a  PVOH m e m b ra n e  can  b e  applied 

onto  a  f iber op tic  b u n d le  for c a t io n ic  s u r f a c ta n t  d e te rm in a tio n .  

AEANS e m iss io n  i n c r e a s e s  in in ten s i ty  a n d  sh if ts  to s h o r te r  

w a v e le n g th s  a s  th e  su rfac tan t  co n cen tra t io n  in c re a s e s .  R e s p o n s e  is 

b a s e d  o n  th e  c h a n g e  in th e  po la r ity  of im m obilized  ind ica to r  

e n v i ro n m e n t  a s  a  r e s u l t  of s u r f a c ta n t  p a r t i t io n in g  b e tw e e n  the  

a q u e o u s  p h a s e  a n d  th e  m e m b ra n e .  T he  r e s p o n s e  of im mobilized 

ind icator to s u rfa c ta n t  is similar to  th a t  for ind ica to r  d is so lv e d  in 

solution, s ince  the PVOH m e m b ra n e  is form ed from 85%  of w ater. 

The overall shift is approxim ate ly  18 nm.
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CHAPTER V

SOLVENT POLARITY MEASUREMENT BASED ON BETAINE 

IMMOBILIZED IN SILICONE RUBBER MEMBRANE

INTRODUCTION:

T h i s  c h a p t e r  d e s c r i b e s  t h e  i m m o b i l i z a t i o n  a n d

c h a ra c te r iz a t io n  of a  b e ta in e  d y e  ind ica to r  in a  s i l ic o n e  rubber 

m e m b ra n e  a ttach ed  to a  fiber optic system  a s  a  solvent s e n so r .

B e t a i n e  d y e s  s u c h  a s  E T (3 0 ) ,  2 ,6 - d ip h e n y l - 4 - ( 3 ,4 ,6 -

triphenyl-N -pyid ino) p h e n o x id e ,  genera lly  a r e  polar in t h e  ground 

s ta t e  a n d  b e c o m e  le s s  polar in the  excited s t a t e  a s  sh o w n  in figure 

5.1 (88-90). T h e re fo re ,  th e  g ro u n d  s ta te  of th e  d y e  m o lecu le  is

p re fe re n t ia l ly  s ta b i l iz e d  in p o la r  so lv e n ts  a s  i l lu s tra ted  in figure

5.2 . This e ffec t re su l ts  in a  red  shift of t h e  abso rp tion  b a n d s  of

b e ta in e  d y e s  w hen  a  c h a n g e  is m ade  from a  polar to a  non-polar 

s o lv e n t  (91 ,92).

ET(30) d y e  ex h ib its  the  la rgest  o b s e rv e d  so lv ac h ro m ic  effect 

of an y  known organic  m olecule, amounting to  severa l h u n d re d  nm in 

going  from a  very p o la r  so lven t (water, m ax im um  w av e len g th  = 453 

nm) to a  non-polar so lv en t (diphenyl ether, maximum w av e len g th  -  

810 nm). In fact, the  a p p a re n t  color of so lu t io n s  of ET(30) s e rv e s  a s  

a  rough  indicator of so lv en t  polarity. In m e th an o l ,  s o lu t io n s  a p p e a r  

red (maximum w aveleng th  = 515  nm), while in acetonitrile  the
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Figure 5.1 : Absorption effect on the electronic structure 
of 2,6-Diphenyl-4-(2,4,6-triphenyl-N-pyridino) 

phenoxide (ET30).

105



Excited S ta te
O

<3>

E2 = h V 2
G round  S ta te

In non-po la r  
solvent In polar so lv en t

Figure 5.2 : Schematic diagram of solvatochromic effect. 
Large ellipse : dye molecule,
Small ellipse : solvent molecule.
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a p p a re n t  color is d e e p  blue (m axim um  w aveleng th  = 622 nm). ET(30) 

is only  slightly so lu b le  in w a te r  ( le ss  than 1.0 micromolar), while it 

is so lu b le  in both  surfactan t so lu t io n s  and  m o s t  organic so lven ts .

ET(30) h a s  b e e n  used  to  ch a rac te r ize  th e  env ironm ent polarity 

in m ice lle s ,  m ic roem uls ions  a n d  phospho lip id  bilayers. In m icellar 

so lu tions ,  ET(30) polarity v a lu es  h av e  been  d e te rm in e d  a s  a  function 

of th e  su rfa c ta n t  ch a in  length , th e  na tu re  of th e  co u n te r io n ,  sa lt 

a d d i t io n ,  t e m p e r a tu r e  and  t h e  s u r fa c ta n t  c o n c e n t ra t io n  (25-28). 

A lso , ET(30) w a s  u se d  to m e a s u r e  t h e  po larity  o f  b inary  

a c e to n i t r i l e /w a te r  a n d  m e th a n o l /w a te r  m o b i le  p h a s e s  u s e d  in 

r e v e r s e d  p h a s e  liquid c h ro m a to g ra p h y  (29-35). In highly a q u e o u s  

m e d ia ,  the  so lv a to ch ro m ic  c h a r g e  transfer p e a k  of ET(30) m e rg e s  

with th a t  of the a ro m atic  ring a n d  can  not b e  located  (93-99).

M ultiparam eter  a p p ro a c h e s  to so lvent e f fe c ts  have  a lso  b een  

d ev e lo p e d .  The m o s t  prominent is tha t d ev e lo p ed  by Kamlet, Taft and 

c o - w o rk e r s  in w h ic h  the  s o lv a to c h r o m is m  of v a r io u s  o rg a n ic  

m o le c u le s  is u s e d  to define "bi*", a n d  "&" va lu es  for a  given 

so lv en t,  "bi*" re fe rs  to the " depo la rity  / polarizability" of a  solvent, 

while @  and  & reflec t its ability to  act a s  a  hydrogen  bond  d o n o r  or 

a c c e p to r  respec tive ly . T hese  p a ra m e te r s  te n d  to differ in sensitivily 

to v a r io u s  of so lv e n t/so lu te  in te rac tions .

K om inek  u s e d  s il icone  ru b b e r  to im m obilize  d y e s  in a  

t r a n s p a r e n t  film, w hich  forms rapid ly  a t a  low te m p e ra tu re s  an d  is 

s t a b l e  during s t o r a g e  (100). T h is  m e m b ra n e  is unlike poly (vinyl 

a lcoho l)  m e m b ra n e s  in that it is not s u b je c t  to physical c h a n g e s  

su ch  a s  shrinking or swelling. It is insoluble in solvents su ch  a s
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w a te r  a n d  h ex am ethy lphosphoritr iam ide  (HMPA), but p o la r  o rgan ics  

s o lv e n t s  d i s s o lv e  read ily  in it, an d  a r e  f re e  to d i f f u s e  into 

m e m b ra n e  (1 0 1 -1 0 5 ) .  T he s o lv e n ts ,  w a te r  a n d  HMPA p e rm e a te  

slowly a s  v a p o r s  through th e  m em b ra n e .  O rg a n ic  so lven t,  on the 

o th e r  hand, d isso lve  in the m em brane .

Silicone ru b b e r  m e m b ra n e s  have b e e n  successfu lly  ap p lied  to 

d ifferent p rob lem s. It h as  b e e n  u se d  to s e p a r a t e  pe rm eab le  organics 

from th e  im p e rm e a b le  ca rr ie r  g a s  in a  g a s  c h ro m a to g ra p h y /m a ss  

sp e c tro m e try  s e p a r a to r  (106). M ason an d  co -w o rk ers  u s e d  a  thin 

m e m b ra n e  to d irectly  s a m p le  various  t r a c e  pollu tants  from  water 

an d  identify th em  by m a ss  spec trom etry  (107).

This c h a p te r  p re se n ts  th e  result of e x p e r im e n ts  to  ev a lu a te  

t h e  o p tica l  c h a r a c t e r i s t i c s  of ET(30) d y e  im m obilized  u n d er  

different cond it ions  a s  a  function of so lven t polarity.

EXPERIMENTAL:

R e a g e n ts  :

E T (30), 2 ,6 -D ip h e n y l -4 - (3 ,4 ,6 - t r ip h e n y l -N -p y id in io )p h e n o la te ,  

w a s  p u rc h a s e d  from Aldrich. Its s tructure  is show n in f ig u re  5.1. 

S i lo p re n e  (K 1000) an d  S i lo p re n e  c ro ss l in k in g  a g e n t  (KA1) were 

o b ta in ed  from Fluka.

A p p a ra tu s  :

E m ission  s p e c t r a  w e re  m e a s u re d  with a  fiber o p t ic  sy stem  

c o u p led  to the  SLM 8000 spec trofluorom eter a s  described  in ch ap te r

108



2. They w e re  not c o r re c te d  for instrum ental effects .  T he excitation 

w av e len g th  w a s  s e t  a t  370 nm  for all s p e c t r a .  T he a b so rp tio n  

sp ec tra  w e r e  ob ta ined  by using a  Spectron ic  2 0 0  sp ec tro p h o to m e te r  

a s  d e sc r ib e d  in ch ap te r  2.

P ro c e d u re  :

im m o b i l iz a t io n  : T h e  f lu o re sc e n t  E T (30)/s ilicone m e m b ra n e  w as 

p re p a re d  a s  follows : Et-30 d y e  (28mg), w a s  d is so lv e d  in 200 

m icroliter of m e th a n o l .  T h e  so lu t io n  w a s  m ixed  well with 200 

m ic ro l i te r s  of s i l o p r e n e  c r o s s l in k in g  a g e n t  (KA1) until a  

h o m o g e n e o u s  mixture w a s  o b ta in ed . S iloprene(K 1000) (1.0 mL) w as  

mixed with 50 m icroliters  of th e  a b o v e  m ix ture . Im m ediate ly , the 

tip of th e  fiber optic w a s  im m ersed  in the m ixture for a  few  se c o n d s  

and  th en  rem oved . It w a s  left for a  coup les  of m inutes  to allow the 

crosslinking reaction to go to com pletion a n d  to  form the  m em b ra n e .  

The n o n -f lu o rescen t  ET(30)/silicone rubber m e m b ra n e  w a s  p re p a re d  

using th e  s a m e  p ro c e d u re  with th e  dye  c o n c e n t ra t io n s  10 tim es 

higher th a n  tha t  immobilized on th e  first m e m b ra n e .

T h e  im m obilized  m e m b ra n e  w a s  w a s h e d  e x te n s iv e ly  with 

water, a c e to n e  and  m ethanol, a n d  allowed to  dry. Both m e m b ra n e s  

w ere t e s te d  for f luo rescence  using a  UV hand  lamp.

S o lv en t E ffect on ET(301 F lu o re s c e n c e  : Sm all p ie c e s  of ET(30) 

immobilized in silicone rubber  w e r e  im m ersed  in so lven ts  su ch  a s  

water, m ethanol,  e thanol, butanol an d  h exane . The m em b ra n e  w as
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e x p o s e d  to UV light from a  UV hand lamp and d ifferences  in th e  color 

of f lu o re sc e n c e  w e re  o b se rv e d  visually.

W hen  th e  co n cen tra tio n  of th e  immobilized ET(30) dye  in the 

s il icone  rub b er  m e m b ra n e  w a s  very  low (3 m g /1 .0  mL), th e  color 

could not be  o b se rv e d  visually.

T h e  e m is s io n  s p e c t r a  of E T (30)/s ilicone ru b b e r  in d iffe ren t 

s o lv e n ts  w as  d e te rm in e d  using  a  fiber optic s y s te m  a t ta c h e d  to the 

SLM 8 0 0 0  s p e c t ro f lu o ro m e te r ,  a s  d e s c r ib e d  in c h a p te r  2. T he  

im m obilized m e m b ra n e  on th e  tip of fiber op tic  w a s  im m e rse d  in 

s o lv e n t .

R e s p o n s e  to c h a n g e s  in the so lven t com position  w as  t e s te d  by 

in c re a s in g  the  p e r c e n ta g e  of o rg an ic  from z e ro  to  100%  u s ing  a  

s e r ie s  of so lu tions  with p rog ress ive ly  higher p e r c e n ta g e s  of organ ic . 

T he  em iss ion  sp e c tru m  w a s  run m any  times until no  further c h a n g e  

in intensity  w a s  o b se rv ed .

S o lv en ts  Effect o n  ET(301 A bsorption : The effect of so lvents  on  the 

a b s o r p t io n  s p e c t r u m  of ET(30) w a s  s tu d ie d  q u a l i ta t iv e ly  by 

d is so lv in g  sm all  a m o u n ts  of ET (30) d y e  in d if fe ren t s o lv e n t s  

(w a te r ,  m e th a n o l  a n d  a c e to n itr i le )  a n d  v isua lly  o b se rv in g  co lo r  

d i f f e r e n c e s . .

T h e  effect of solvent on the  co lor of th e  immobilized d y e  w as  

s tu d ied  by im m ersing  small p ie c e s  of the im mobilized m e m b ra n e  in 

d if fe re n t  s o lv e n ts .  After a  sh o r t  per io d  of t im e  th e  c o lo r  w a s  

o b s e rv e d  by e y e .  T he absorp tion  w avelength  of ET(30) immobilized in 

silicon m e m b ra n e s  w as ob ta ined  by spectrophotom etry . A small
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p ie c e s  of im m obilized m e m b ra n e  w as  f ixed  inside t h e  cuve t a s  

sh o w n  in f igure  2 .4 . T he  ce ll  w a s  filled with s o lv e n t  an d  th e  

ab so rp t io n  sp e c tru m  w a s  taken  a t  different per io d s  of tim e until no 

fu r th e r  c h a n g e  in th e  a b s o rp t io n  s p e c t ru m  w as  o b s e r v e d .  T h e  

m axim um  w aveleng th  of the  immobilized d y e  w a s  d e te rm ined .

RESULTS AND DISCUSSION :

ET{30) is s ta b le  inside t h e  silicone ru b b e r  m e m b ra n e  in th e  

p r e s e n c e  or a b s e n c e  of s o lv e n ts .  No s ig n if ican t  le a c h in g  w a s  

o b se rv e d  even  w hen  the  m e m b ra n e  w as in a  so lvent in which ET(30) 

is highly soluble .

W hen  th e  immobilized m e m b ra n e  on th e  tip of th e  fiber optic 

w as  e x p o s e d  to different o rg an ic  solvents, t h e r e  w as  no o b se rv ab le  

shrinking  or sw elling. It a d h e r e s  strongly to  th e  tip of th e  fiber 

optic a n d  is s ta b le  in all so lv en ts .  This e n h a n c e s  the  lifetime of th e  

senso r .

T he  concen tra tion  of the  immobilized d y e  had to b e  ad justed  to 

control th e  optical p roperties  of th e  senso r .  At high immobilized dye  

c o n c e n tra t io n s ,  no  f lu o re sc e n c e  w a s  o b s e rv e d  w hen th e  m e m b ra n e  

w as  e x p o se d  to UV light. On th e  o ther hand, a t  a  low concentra tion  of 

im m obilized dye , s trong  f lu o re s c e n c e  w a s  v isib le . It d e v e lo p s  ju s t  

a f te r  th e  m e m b ra n e  crosslinking  reaction t a k e s  p lace . During th e  

first m o m e n ts  of th e  m e m b ra n e  fo rm ation , no f lu o r e s c e n c e  w a s  

o b s e r v e d ,  b u t a f te r  c o u p le  o f m inu tes ,  s t r o n g  f lu o r e s c e n c e  is 

o b se rv ed  an d  in c re a se s  with time. This m ay  be re la ted  to th e
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fo rm atio n  of a  rigid s t r u c tu r e  du r in g  c ro ss l in k in g  a n d  to th e  

evapora tion  of m ethanol which w as  u se d  to d issolve th e  dye in order 

to immobilize it in the  m e m b ra n e .  M ethano l s e e m s  to q u e n c h  the  

f lu o r e s c e n c e  of im m obilized  ET(30). After all of th e  m e th an o l  

e v a p o ra te s  from the  m e m b ra n e ,  the re  is no further c h a n g e  in the  

f lu o re s c e n c e  in tensity .

S o lv en t  Effect :

T h e  a b so rp t io n  s p e c t ru m  of ET (30) in so lu tio n  is s trong ly  

d e p e n d e n t  on  so lv en t  polarity . W hen th e  im m obilized  m e m b ra n e  

c o n ta in in g  a  high c o n c e n t r a t io n  of ET (30) w a s  im m e rs e d  in 

m ethanol, th e  d y e ’s  color c h a n g e d  from d e e p  blue to red. W hen th e  

m eth an o l w a s  rep laced  with acetonitrile , th e  color c h a n g e d  to b lue 

aga in . Figure 5 .3  sh o w s  th a t  the  ab so rp tio n  sp ec tru m  of ET(30) in 

th e  s il icone  ru b b e r  m e m b ra n e  shifts to  lon g er  w a v e le n g th  a s  the  

so lv en t polarity is re d u ced .  In w ater, th e  abso rp tion  w av e len g th  is 

sh o rt  (470 nm), w h e re a s  in o rgan ic  so lv en ts  the  abso rp tion  spec trum  

shifts  to longer  w av e len g th s .  The m axim um  ab so rp tio n  w a v e len g th s  

for im m obilized ET(30) a r e  500 , 535  a n d  558 nm in acetonitr ile , 

m ethano l a n d  e th an o l,  respec tive ly . T h e  s a m e  s p e c t ra l  shifts occu r  

for ET(30) in th e  m em b ra n e  a s  for ET(30) in solution.

It w a s  a lso  found th a t  the  in ten s i ty  of f lu o r e s c e n c e  from 

m e m b ra n e  p re p a re d  to c o n ta in  a  low c o n c e n tra t io n  of ET(30) is 

h igh ly  s e n s i t i v e  to s o l v e n t  p o la r i ty .  W h e n  t h e  f lu o r e s c e n t  

ET(30)/silicone rubber m e m b ra n e  w as  im m ersed  in m ethanol, th e
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f lu o re sc e n c e  intensity d e c r e a s e d  significantly. This can  b e  d e tec ted  

v isua lly  within m in u te s .  W h en  th e  im m obilized  m e m b r a n e  w as  

re m o v e d  from th e  m eth an o l a n d  allow ed to dry, th e  f lu o re sc e n c e  

intensity  in c re a se d  within a  co u p le  of m inu tes .

R e s u l t s  in ta b le  5.1 s h o w  th a t  t h e  m ax im u m  e m iss io n  

w av e len g th  for ET(30) in s ilicone rubber m em b ra n e  d e p e n d s  on the  

so lvent. In w ater, the  em iss ion  spectrum  h a s  the  lo n g es t  w avelength  

(485 nm). W h e re a s  in o rgan ic  so lven ts  th e  em ission sp e c tru m  shifts 

to s h o r t e r  w a v e le n g th s .  T h e  m axim um  e m iss io n  w a v e le n g th s  for 

im m obilized ET(30) a re  450 , 468, 469 a n d  477  nm in m ethanol, 

i s o p r o p a n o l ,  b u ta n o l  a n d  h e x a n e ,  r e s p e c t iv e ly .  T h e  lo n g e s t  

w a v e le n g th  for ET(30) in s il icone  ru b b e r  e x p o s e d  to  w ater  is 

re la ted  to th e  low w a te r  solubility of w a te r  in m e m b ra n e  in which 

th e  ET(30) is m ore  a f fe c te d  by the  hy d ro p h o b ic  s i l ic o n e  rubber  

e n v iro n m e n t .

S o lv en t C om position  Effect :

O u r  s tu d ie s  in d ic a te  th a t  th e  f lu o r e s c e n c e  in te n s i ty  from 

ET(30)/silicone rubber  m e m b ra n e  d e c r e a s e s  with an in c r e a s e  in the  

p e rc e n ta g e  of organic  so lven t in water.

F ig u re s  5 .4  an d  5 .5  sh o w  the  d e c r e a s e  in th e  f lu o re sc e n c e  

intensity of ET(30) a s  a  function of m ethano l co ncen tra tion  in water. 

T h e  re la tionsh ip  b e tw e e n  th e  c h a n g e  in f lu o re sc e n c e  intensity  and  

so lv en t  com position  is a lm o s t  linear.

T h e  ET(30)/silicone rub b er  m e m b ra n e  re sp o n d s  reversibly to
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Table 5.1 : Solvent effect on emission spectrum of Et(30) in 
Silicone Rubber membrane:

Solvent

Water

Methanol

Isopropanol

Butanol

Hexane

Emission wavelength

485 nm 

450 nm

468 nm

469 nm 

477 nm
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Figure 5.4: Emission spectra of Et30/silicone rubber membrane 
exposed to methanol/water mixture a) 0%, b) 20%, 
c) 40%, d) 60%. e) 80%, f) 100%.
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so lv e n ts .  F igure  5 .5  sh o w s  th a t  th e  f lu o re s c e n c e  in tensity  a lm ost 

g o e s  b a c k  to its original v a lu e  w hen  th e  m ethano l is e v ap o ra ted .  

Also, r e s p o n s e  to a  given co n cen tra t io n  of m ethano l is the  s a m e  

w hether  th e  p e rc e n ta g e  of m ethanol is increasing  or d e c re a s in g .

R e s p o n s e  Time :

F ig u re  5 .6  sh o w s  th a t  th e  r e s p o n s e  tim e w hen  m eth an o l is 

a d d e d  is b e tw e e n  7 a n d  10 m inu tes  for all so lven t com posit ions .  

R e s p o n s e  tim e is e s ta b l i s h e d  by th e  ra te  a t  which th e  so lven t 

m o lecu les  diffuse into the  m em b ra n e .
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CONCLUSION

An im m o b il ize d  e n v i r o n m e n t- s e n s i t iv e  b e t a in e  d y e  in a  

s i l i c o n e  ru b b e r  m e m b ra n e  r e s p o n d s  to  c h a n g e s  in so lv e n t  

com posit ion . T he  abso rp tion  sp e c tru m  shifts  to  longer w av e len g th s  

a s  so lv e n t  po larity  d e c r e a s e s .  T he  optical c h a ra c te r is t ic s  of the  

immobilized dye  d e p e n d  on th e  concen tra tion  of the  dye immobilized 

in th e  m e m b ra n e .  At a  high con cen tra tio n  of immobilized dye, the 

im m obilized d y e  is n o n -f lu o rescen t .  Its optical b eh av io r  is similar 

to  t h a t  of t h e  d y e  in s o lu t io n .  At low c o n c e n t r a t i o n s ,  th e  

im m obilized  d y e  is highly f lu o re sc e n t .  In bo th  c a s e s  t h e r e  is a  

r e s p o n s e  to so lv en t,  but in th e  s e c o n d  c a s e  th e  r e s p o n s e  is more 

s e n s i t iv e .  T h e  r e s p o n s e  is r e v e rs ib le  an d  th e  r e s p o n s e  tim e is 

re a so n a b le .  In addition, the immobilized silicone rubber  m e m b ra n e  is 

s ta b le  on  th e  tip of the  fiber optic  bund le  a n d  re s i s ts  physica l 

c h a n g e s  a s  a  function of solvent.
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