
Electroanalytical Studies 

of Some Species of Clinical Importance

by

M a r t in  T e l t in g  D iaz

A  Thesis su b m it ted  
to  D u b l in  C ity  U n iv e rs i ty  

fo r  th e  degree  o f  D octo r  o f  P h ilo sophy

School o f  C hem ica l Sciences 
D u b l in  C ity  U n iv e rs i ty

Septem ber 1990



This thesis  is d e d ic a te d  to the  m em ory  
of  m y good f r i e n d  a n d  colleague 

F ra n c is  R egan



A CK N O W LED G EM EN TS

I w ou ld  like to express my g ra t i tu d e  to m y superv iso rs  Dr. D erm o t D ia m o n d  
a n d  Dr. M alcolm  R. Sm yth  fo r  th e i r  co n t in u o u s  su p p o r t  an d  en co u rag em en t  d u r in g  
the  course  of this w ork. In  p a r t ic u la r ,  I w ish  to acknow ledge  th e i r  
conside rab le  pa tience  a n d  a t te n t io n  to d e ta i l  d u r in g  the  p re p a ra t io n  o f  th is  
thesis.

I w ish  to th a n k  P rof.  P au lin o  T u n o n  B lanco f o r  the  o p p o r tu n i ty  a n d
priv i lege  o f  w ork ing  w i th  his re sea rch  g roup  a t  th e  U n iv e rs i ty  of  O viedo ,
A stu rias ,  Spain.

I w ou ld  like to acknow ledge  the  te c h n ic a l  s t a f f  o f  the  school of ch em ica l  
sciences a t  D ub lin  C ity  U n iv e rs i ty  fo r  th e i r  exce llen t  he lp  an d  assistance.

I w ish  to acknow ledge  my fe llow  post g ra d u a te  s tuden ts ,  bo th  a t  D C U  a n d  
U n iv e rs i ty  of Oviedo, fo r  th e i r  help, co o p e ra t io n  a n d  f r ie n d ly  adv ice  d u r in g  m y 
re sea rch  work. In  p a r t ic u la r ,  I w ould  like  to th a n k  A o d h m a r  C adogan , F ra n c is  
R eg an  a n d  Phil ip  O ’Dea.

I w ish  to th a n k  P rof.  A lb e r t  P ra t t  as h ead  o f  th e  school of  ch em ica l
sciences fo r  the  use o f  fa c i l i t ie s  a t  the  un iv e rs i ty .

I w ish  to express m y p a r t ic u la r  g ra t i tu d e  to Dr. E ileen  B uckley  a n d
Dr. Jose M aria  F e rn a n d e z  A lv a re z  fo r  th e i r  u nceas ing  su p p o r t  d u r in g  m y tim e a t  
the  un iv e rs i ty .

I w ou ld  like to acknow ledge  Mr. G e r ry  O ’S ullivan  a n d  Mr. Peter Me G a f f n e y  
f ro m  the  pa thology  la b o ra to r ie s  a t  St. Jam es H o sp ita l ,  D ub lin ,  fo r  u se fu l  
d iscussion  an d  the  p rov is ion  o f  c l in ica l  samples.

F in a l ly ,  I wish to th a n k  m y f r i e n d  Joseph ine  fo r  h e r  u n en d in g  su p p o r t  an d  
fr ie n d sh ip .



T his  thesis is su b m it te d  in  fu l f i lm e n t  o f  th e  re q u i re m e n ts  fo r  D oc to r  o f  
Ph ilosophy , by  re sea rch  a n d  thesis. I t  has n o t  been  p re sen ted  as an exerc ise  
fo r  a degree  a t  th is  or a n y  o th e r  u n ive rs ity .  E x c e p t  w h e re  o therw ise  s ta ted ,  
th is  w o rk  has been c a r r ie d  ou t by th e  a u th o r  a lone , on  a fu l l  t im e  basis 
be tw een  1987 a n d  1990, a t  D u b l in  C ity  U n iv e rs i ty .

M a r t in  T e lt in g  D iaz

Dr. D erm o t D iam o n d D r. M alcolm  R. S m yth



A BSTRA CT
Solvent po lym eric  m em b ran e  electrodes in c o rp o ra t in g  p - t-bu ty l  h e x a e th y l  es ter 
an d  hex ae th y l  ester ca l ix [ 6 ]arene as n e u t ra l  ca r r ie rs  h av e  been co n s tru c ted  fo r  
use in caesium  se lec tive  electrodes. T h e  p o te n t io m e tr ic  sensing e lec trodes 
inc lu d in g  2 -n i tro p h en y lo c ty l  e the r  as so lven t m ed ia to r  ex h ib i t  n e a r -N e rn s t ia n  
b eh av io u r  in  the  ran g e  1x10 M to 1x10 M  CsCl. The p a t te rn  o f
se lec tiv ity  en co u n te red  fo r  a range of com m on in te r f e r e n ts  is no t m o d if ie d  by 
the  inc lusion  o f  p o tass ium  te trak is (p -ch !o ro p h en y l)b o ra te  as io n -exchanger  in  
the  case o f  the h e x a e th y l  ester a l th o u g h  some im p ro v em en t in sen s i t iv i ty  is 
o b ta in ed  in  the  case o f  the  h exae thy l  ester. The  h e x a e th y l  ester is su p e r io r  
w i th  respect to r u b id iu m  and  po tassium  se lec tiv ities ,  w i th  the c o e f f ic ien ts  
being o f  the  o rd e r  o f  3x10 a n d  2.7x10 respective ly .  Both e lec trodes
are re la t iv e ly  stable a n d  responses are essen tia l ly  com ple te  w ith in  seconds.

D i f f e r e n t  types o f  sod ium  electrodes have  also been  cons truc ted  using two 
te tram er ic  ca l ix a ren e  ionophores, nam ely  m ethy l p -t-bu ty lca lix [4 ]a ry l  ace ta te  
an d  the m ethy l te t ra k e to n e  d e r iv a t iv e  o f  p -t-bu ty lca lix [4 ]a rene . T he  
se lec tiv ity  of  bo th  elec trodes is s im ila r  a l th o u g h  d isc r im in a t io n  aga ins t
am m onium  ions is im p ro v ed  by a fa c to r  o f  ten in  the  case o f  the m ethy l
te trak e to n e  based e lec trode . The se lec tiv it ies  ag a in s t  l i th ium , po tassium  an d  
hydrogen  ions a re  im p ro v ed  in com parison  to o th e r  com m erc ia lly  av a i la b le
ionophores. R esponse times, s tab i l i ty ,  re p ro d u c ib i l i ty  and  l i f e  tim e
ch arac te r is t ic s  agree  well w ith  the  req u irem en ts  m ad e  of  these devices f o r  
c l in ica l  app lica tions.  O n the  assessment o f  a la rge  n u m b er  o f  b lood p lasm a 
samples, the  m e thy l  es ter te t ra m e r ic  based  e lec trode  exh ib its  excellen t
co rre la tion  w hen  com pared  to two h osp ita l  based au to -ana lysers  an d  to f la m e  
photom etry . The re s id u a l  s ta n d a rd  d e v ia t io n  is ty p ic a l ly  w ith in  1 to 3 mmol/1 
an d  h ighly  in f lu e n c e d  by the d ip p in g  m ethod  em ployed  fo r  the d e te rm in a t io n .  
O p tim isa t ion  of  the  se lec tive  m em brane  in  the  case o f  m ethy l te t ra k e to n e  based  
e lectrodes also give ex ce llen t  results  fo r  the  analysis  o f  sodium  in  p lasm a 
samples, a l th o u g h  in  th is  case co rre la t io n  w ith  the above m en tioned  re fe re n c e  
m ethods is h ig h er  a n d  the  res idua l s ta n d a rd  d e v ia t io n  is low er. T h e
in co rp o ra t io n  o f  the m ethy l  ester calix[4]arene e lec trode  in  a f low  in jec t io n  
system has proven  a d v an tag eo u s  in  im p ro v in g  bo th  precision  a n d  acc u ra cy  in  
com parison  to the  d ip p in g  techn ique .

Solid-sta te  m onom eric  an d  polym eric  ca l ix a ren e  based  e lectrodes have  been 
construc ted  an d  fo u n d  to e x h ib i t  p rom ising  fe a tu re s  to v a ry ing  degrees. T hus, 
p la t in u m  coated  e lec trodes  based on the  m ethy l te t ra k e to n e  calix[4]arene gave 
s im ila r  p e rfo rm a n c e  to the  co n v en tio n a l  sort in te rm s o f  N e rn s t ia n  response, 
se lec tiv ity  an d  response time, a l th o u g h  the  e lec trodes are less stable.
A n o th e r  chem ica lly  m o d if ie d  te t ra m e r ic  ca l ix a ren e  (m onom er VI) has been  fo u n d  
to be responsive to po tass ium  ions. C o p o lym erisa tion  of  two m onom eric  
ca lixarenes  w ith  m e th y l  m e th ac ry la te  c a r r ie d  ou t h av e  led to non-responsive  
electrodes w hile  o th e r  polym ers ex h ib i te d  su b -N ern s t ian  slopes to sod ium  an d  
caesium.

A m perom etr ic  s tud ies  have  been also c a r r ie d  ou t  to assess the v o l tam m etr ic  
b eh av io u r  o f  p ip em id ic  acid. The d ru g  has been in v es t ig a ted  by l in e a r  sweep, 
d i f f e r e n t ia l  pulse a n d  square  w ave v o l tam m etry  a t  a hang ing  m e rc u ry  d rop  
electrode. Two re d u c t io n  processes w ere  observed in  B ri t to n -R o b in so n  b u f f e r  in  
ac id ic  solutions, w h ereas  only one or two processes w ere  observed in  a lk a l in e  
solutions, depen d in g  on the pH  of the b u f f e r  employed. A dsorp tive  e f fec ts  have  
been used to acc u m u la te  the  d ru g  onto  the  e lec trode  an d  l in ea r  c a l ib ra t io n  
graphs w ere o b ta in e d  in the  range  2.5x10 to 1x10" M. A sim ple p ro c e d u re  
of  ex trac t io n  has been  em ployed fo r  the  d e te rm in a t io n  of p ipem id ic  ac id  in 
u r in e  samples.



T ab le  o f  Contents

C h a p te r  1 C o n s tru c t io n  an d  C h a ra c te r is a t io n  o f  C a l ix a re n e
Based Ion-Selec tive  E lec trodes

1.1 IN T R O D U C T IO N  2
1.2 P o ten t io m e tr ic  M easuring  Cell 5
1.2.1 L iq u id  Ju n c t io n  P o ten tia l  9
1.3 A c t iv i ty  C o e f f ic ie n t  11
1.4 Selec tiv ity  12
1.4.1 Separa te  So lu tion  M ethod  14
1.4.2 M ixed  S o lu tion  M ethod  14
1.5 Ion Selective E lec trodes Based on N e u t r a l  C a rr ie rs  16
1.5.1 C h a ra c te r is t ic s  of  N e u tra l  C a rr ie rs  fo r  ISEs 17
1.5.2 Solvent Po lym eric  M em brane  Ion-Se lec tive  E lec trodes  21
1.5.2.1 Po lym er M atrices  22
1.5.2.2 Solvent M e d ia to r  23
1.5.2.3 Io n -E x ch an g e r  24
1.5.3 Design o f  P o lym er M em brane  E lec tro d es  25
1.6 R esponse T im e  of  ISEs 26
1.6.1 M em branes w i th  In c o rp o ra te d  Io n -ex ch an g e r  Sites 26
1.6.2 M em branes  w i th o u t  Io n -ex ch an g er  27
1.7 L ife  T im e o f  Solvent P o lym eric  M em branes  29

1.8 E X P E R IM E N T A L  W ORK
1.8.1 C a lix a ren e  L ig an d  Molecules

31
31



1.8.2 C opo lym erisa tion  P ro ced u re  35
1.8.3 M em b ran e  P re p a ra t io n  37
1.8.4 E lec tro d e  C o nstruc tion  38
1.8.4.1 Glass P ipe tte  E lec trodes 38
1.8.4.2 C a th e te r  E lec trodes 40
1.8.4.3 M acroe lec trodes 42
1.8.4.4 C oa ted  Wire E lec trodes 42
1.8.4.5 Glassy  C arbon  E lec trodes 43
1.8.5 M a te r ia ls  43
1.8.6 P o ten t io m e tr ic  A p p a ra tu s  a n d  M easu rem en ts  44
1.9 R E S U L T S  A N D  DISCUSSION 44
1.9.1 C aesium  E lec trodes 44
1.9.2 S od ium  E lec trodes 49
1.9.2.1 M ethy l  p - t-bu ty lca lix [4 ]ary l  a c e ta te  io n o p h o re  49
1.9.2.1.1 E lec tro d e  Response 49
1.9.2.1.2 In je c t io n  E xper im en ts  52
1.9.2.1.3 D e te rm in a t io n  of Selec tiv ity  C o e f f ic ie n ts  56
1.9.2.1.4 L i fe  t im e  60
1.9.2.2. M ethy l T e tra k e to n e  C alix [4 ]arene  60
1.9.2.2.1 Glass P ip e t te  E lec trodes 60
1.9.2.2.1.1 E lec tro d e  Response 62
1.9.2.2.1.2 In jec t io n  E x p er im en ts  65
1.9.2.2.2 Solvent Po lym eric  M em brane  E lec tro d es  67
1.9.2.2.2.1 O p tim isa t io n  of the  ISE M em b ran e  70
1.9.2.2.2.2 M em brane  Response 71
1.9.2.2.2.3 In jec t io n  E x p erim en ts  72



1.9.2.2.2.4 D e te rm in a t io n  o f  Selec tiv ity  C o e f f ic ie n ts  73
1.9.2.2.2.5 L ife  T im e 76
1.9.2.2.3 C oated  Wire E lec trodes 78
1.9.2.2.3.1 E lec trode  R esponse 79
1.9.2.2.3.2 S e lec tiv ity  C o e ff ic ien ts  81
1.9.3 Po lym eric  C a lix a ren e  C om pounds  81
1.9.3.1 M onom ers I an d  II  83
1.9.3.1.1 C opolym erisa tion  83
1.9.3.1.2 P ic ra te  E x tra c t io n  85
1.9.3.1.3 M em branes 85
1.9.3.1.4 P ho to p o ly m erisa t io n  8 6

I.9.3.2. Po lym ers IV, V an d  M onom er V I 8 6

1.9.3.3 R esu lts  and  Discussion 8 6

1.10 Conclusions 89
1.11 R efe ren ces  93

C h a p te r  2 A p p lica t io n  of  T e tra m e r ic  C a l ix a re n e  Based ISEs
to the D e trm in a t io n  of  S od ium  in  P lasm a Samples

2.1 IN T R O D U C T IO N  100
2.2 C lin ica l  B ackground  to S od ium  A nalys is  102
2.2.1 Com position  of  Blood 102
2.2.2 T he  Role  of  Sodium  in  Blood P lasm a 103
2.2.3 Pa tho log ica l  C ond itions  In v o lv in g  Sodium  103

D is tu rbances
2.3 C o n cen tra t io n  Vs A c t iv i ty  105



107
108
108
109
109

110
110

111

111

114
114
115

117
117
117
117
118
118
119
121
121
139
141

Sodium  B ound  to  P ro te in s  
Sodium  B ound to H y d ro g e n  C a rb o n a te  
R ed  Blood Cell E f f e c t  
M a tr ix  E f f e c t
Im p o rtan ce  o f  A c t iv i ty -C o n c e n tra t io n  in  C lin ica l  
Assays
H y p e rp ro te in a em ia
H y p e r l ip o p ro te in a e m ia
C h arac te r is t ic s  o f  ISE M em branes  in  th e  A nalysis
o f  Biological Samples
S tab il i ty
S e lec tiv ity
L iq u id  J u n c t io n  P o te n t ia l
C a l ib ra t io n  of  ISEs in  B iological Samples

E X P E R IM E N T A L  W ORK 
In tro d u c t io n
E lec trode  an d  M em b ran e  C o n s tru c t io n  
M ateria ls  an d  Sam ples 
P o ten t io m e tr ic  Cell 
P rocedures
M easurem ents  f ro m  C a l ib ra t io n  C urve  
M easurem ents  f ro m  S ta n d a rd  A d d i t io n  
R E SU L T S A N D  DISCUSSION 
Conclusions 
R e fe ren ces



C h a p te r  3 P e rfo rm an ce  o f  p-t-B u ty lC alix [4 ]ary l  A ce ta te  ISEs 
in a F low  In jec tion  System

3.1 IN T R O D U C T IO N  147
3.2 C on tinous Flow A nalysis  149
3.3 F low In jec tion  A nalysis  150
3.4 T h eo re t ica l  Models of F IA  154
3.5 FIA  and  O ther  C on tinous F low  T ech n iq u es  156
3.6 In s t ru m e n ta t io n  158
3.6.1 Pum p 160
3.6.2 In jec t ion  Valve 160
3.6.3 M a n ifo ld /R e a c to r  System 160
3.6.4 F low Cells and  D etec tors  162
3.6.4.1 ISE F low -th rough  Cells 162
3.6.4.2 ISFETs 166
3.6.5 C om pu te r isa t io n  166
3.7 Some C h arac te r is t ic s  o f  ISEs in F low ing  Systems 167
3.7.1 Response T im e 167
3.7.2 L iq u id -Ju n c t io n  and  R e fe re n c e  E lec tro d e  168
3.7.3 S tream ing  P o ten tia l  169
3.8 Po ten tia ls  of FIA 170
3.9 Some A pplica tions o f  ISEs in FIA 173

3.10 E X P E R IM E N T A L  W ORK 176
3.11 A p p a ra tu s  177
3.12 M ateria ls  and  Samples 177



3.13 M em brane a n d  E lec tro d e  P re p a ra t io n 178
3.14 FIA  A rra n g e m e n t 178
3.15 E lec trode  R esponse 182
3.16 O ptim isa t ion  o f  th e  ISE R esponse 187
3,16.1 In jec t io n  V olum e 187
3.16.2 E ffe c t  o f  F low  R a te 188
3.16.3 M an ifo ld  L en g th 192
3.16.4 C a rr ie r  C om position 192
3.17 A n a ly tica l  P ro ced u re 200
3.17.1 C alib ra t io n 200
3.17.2 A nalysis  o f  Blood P lasm a Samples 203
3.17.2.1 Flam e P h o to m e try 207
3.18 C onclusions 214
3.19 R eferences 217

C h a p te r  4 A dso rp tive  S tr ip p in g  V o l ta m m e tr ic  B eh av io u r  of 
P ipem idic  A cid

4.1 IN T R O D U C T IO N 2 2 2

4.2 E lec trochem ica l A nalys is  in  C l in ica l  C hem is try 225
4.2.1 O rgan ic  P o la ro g ra p h y 227

4.2.1.1 E lec tro red u c ib le  M olecules 227
4.2.1.2 E lec troox id isab le  M olecules 227
4.2.1.3 Molecules o r ig in a t in g  A n o d ic  Processes w ith  

the  M etal E lec tro d e
228

4.2.1.4 Molecules o r ig in a t in g  C a ta l i t ic  Processes 228



4.2.1.5 Molecules A dso rb ing  a t  M e rc u ry  E lec trodes  228
an d  o r ig in a t in g  T en sam m etr ic  Processes

4.2.1.6 D e r iv a t is a t io n  228
4.2.2 G enera l  F ea tu re s  o f  V o lta m m e tr ic  T ech n iq u es  229
4.3 T h eo ry  of  E le c tro a n a ly t ic a l  T e ch n iq u es  231
4.3.1 In tro d u c t io n  231
4.3.2 P o la ro g rap h ic  T echn iques  231
4.3.2.1 Classic D irec t  C u r re n t  P o la ro g ra p h y  231
4.3.2.2 D i f f e r e n t ia l  Pulse P o la ro g ra p h y  232
4.3.2.3 A l te rn a t in g  C u r re n t  P o la ro g ra p h y  233
4.3.2.4 Square  Wave P o la ro g ra p h y  233
4.3.2.5 S tr ipp ing  V o ltam m etry  234
4.3.2.5.1 A nod ic  S tr ip p in g  V o l ta m m e try  235
4.3.2.5.2 C a thod ic  S tr ip p in g  V o l ta m m e try  236
4.3.2.5.3 A d so rp tive  S tr ipp ing  V o l ta m m e try  237

4.4 E X P E R IM E N T A L  W O R K  245
4.4.1 A p p a ra tu s  245
4.4.2 M ateria ls  245
4.4.3 M ethod  246
4.5 R E SU L T S A N D  DISCUSSIO N 246
4.5.1 Cyclic  V o ltam m etry  246
4.5.2 In f lu e n c e  o f  pH  248
4.5.3 A dsorp tive  S tr ip p in g  V o l ta m m e tr ic  B eh av io u r  250

of P ipem id ic  A cid
4.5.3.1 E f f e c t  o f  A ccu m u la t io n  P o te n t ia l  251



.

4.5.3.2 A ccum ula t ion  u n d e r  C onvec tive  T ra n s p o r t  251
4.5.3.3 In f lu en ce  o f  E lec tro lysis  253
4.5.3.4 E f fe c t  o f  Scan R a te  253
4.5.3.5 E f fe c t  o f  A ccu m u la t io n  T im e  257
4.5.3 . 6  E f fe c t  o f  C o n c e n tra t io n  o f  P ip em id ic  A cid  259

in Solution
4.5.3.7 D i f f e r e n t ia l  Pulse and  S quare  w ave V o ltam m etry  261
4.5.3.7.1 D i f fe re n t ia l  Pulse V o ltam m etry  263
4.5.3.7.2 Square  Wave V o ltam m etry  265
4.5.3 . 8  A pp lica t io n  o f  A dso rp tive  S tr ip p in g  V o ltam m etry  266

to the D e te rm in a t io n  of  P ip em id ic  Acid in U rine
4.5.3.8.1 E x trac t io n  P ro ced u re  266
4.5.3.8 .2 E f fe c t  o f  C o n c e n tra t io n  o f  P ipem id ic  A cid  in 271

the Presence o f  U r in e  E x trac ts
4.5.3.8 .3 S tan d a rd  A d d i t io n  274
4.5.3.9 Conclusions 277
4.6 R efe rences  279

C onclud ing  R em ark s 282



C H A P T E R  1

C o n s tru c t io n  an d  C h a ra c te r is a t io n

o f  C a l ix a ren e  Based

Ion-Selective  E lec trodes

1



U  IN T R O D U C T IO N
T h e  d y n am ic  progress of ion-se lec tive  e lec trodes (ISEs) in the  last two 

decades led to the  most spec tacu la r  ach iev em en ts  in  the  f ie lds  of  chem ica l 
analysis. The re m a rk a b le  o u tp u t  o f  p u b lish ed  l i t e r a tu re  on ion-selective  
e lec trodes shows the  v i ta l i ty  of th is  a rea ,  a n d  is ev id en ced  by com prehensive  
pe r io d ica l  review s in p restig ious jo u rn a ls  [1-3]. R e fe ren ces  to books dea l ing  
e n t i re ly  or p a r t ia l ly  w ith  ISEs, c i ta t io n s  to specia lised  review s an d  the 
gen e ra t io n  of several h u n d re d  resea rch  papers  every  y ea r  in d ica te  a c o n t in u in g  
h igh  level o f  ac t iv i ty  in  this fie ld .

F ro m  an h is to r ica l  po in t  o f  v iew , the  beg inn ings  of  ion-selective 
e lectrodes can  be t raced  to the d iscovery  of  the  pH e lec trode  by C rem er  (1906) 
[4] an d  H a b e r  an d  K lem ensiew icz  (1909) [5] who fo u n d  th a t  c e r ta in  glasses 
re sponded  to h ydrogen  ion ac tiv ity .  H ow ever ,  the pH  e lec trode  d id  no t becom e 
com m only  em ployed u n t i l  abou t 20 years  la ter .  C o n s id e ra t io n  of  the  causes of 
the  "a lka line  error" lead to the m o d if ic a t io n  of the  N ern s t  e q u a t io n  by 
N ico lsky  (1937) [6 ] to in co rp o ra te  the  concep t o f  se lec t iv i ty  co e ff ic ien ts ,  
w hich  w ou ld  accoun t fo r  the e f f e c t  o f  in te r fe r in g  ions on the response o f  an 
ion-se lec tive  electrode. T h e  stud ies c a r r ie d  ou t by K a r re n m a n  a n d  E isen m an  
(1962) [7] and  the  w o rk  o f  S tephanova  e ta l  (1963) [8 ] p ro v id ed  the  in s ig h t  
necessary  fo r  the  deve lopm en t of  new  ISEs. A grea t  c o n tr ib u t io n  cam e f ro m  the 
w ork  of  S te fan ac  and  Simon (1967) [9,10], whose d eve lopm en t o f  the  f i r s t  
n e u t ra l  c a r r ie r  based ISE fo r  p o tass ium  ions m ark ed  the  beg inn ing  of  new  a n d  
e f f ic ie n t  e lectrodes fo r  a v a r ie ty  o f  a lk a l i  an d  a lk a l in e  e a r th  m eta l  ions. A t 
p resen t  th e re  are ab o u t  30 ca tions a n d  an ions  w h ich  can be de tec ted  se lec tive ly  
by d ire c t  p o ten tio m e try  w ith  d i f f e r e n t  types of  ion-selective  electrodes. 
O th e r  ana ly tes  of  in te re s t  in c lu d e  gas m olecules (e.g. N H ^, CO 2 ),
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p h a rm a c e u t ica ls  (d igoxin , pen ic i l l in ,  etc.), o rgan ic  species (urea, g lu tam ine ,  
etc.) F u r th e r  examples can  be fo u n d  in  a com prehensive  rev iew  [11].

In  the  last few  years ,  the  deve lopm ent of e lec trodes  has been m ain ly  
d i re c te d  tow ards  enzym e a n d  im m uno electrodes (b iosensors) as well as n e u tra l  
c a r r ie r  based  ion-selective  electrodes. A lthough, glass m em brane  e lectrodes 
are  still  w ide ly  used in b io logy  an d  m edic ine  fo r  d e te rm in a t io n  o f  h yd rogen  and  
sod ium  ions, n eu tra l  c a r r ie r  based ion-selective  e lec trodes have  become 
ex trem ely  im p o r ta n t  fo r  the  m easu rem en t of pH  a n d  a lk a l i  and  a lk a l in e  e a r th  
m eta l  cations. It  is in  f a c t  the  deve lopm ent o f  n e u t ra l  ca rr ie rs  w hich  has 
opened  up the possib ili ty  o f  p re p a r in g  l iqu id  m em b ran e  ion-selective e lectrodes 
fo r  d i f f e r e n t  ions a n d  of  d i f f e r e n t  se lectiv ities. T h e  sa t is fac to ry  
se lec tiv it ies  o f  the l ig an d  m em branes,  the a v a i la b i l i ty  o f  m em brane  com ponents  
a n d  the  easy cons truc t ion  have  p rom pted  the re p la c e m en t  of a la rge  n u m b e r  of 
o th e r  type  of  m em branes, in c lu d in g  the hydrogen  a n d  sod ium  glasses.

Ion-selective  e lec trodes a re  in  m any aspects id ea l  sensors. T hus th e ir  
p r im e ad v an tag e  is th e i r  in se n s i t iv i ty  to sam ple colour, v iscosity  or suspended  
solids. These p a ram ete rs  m ake th e ir  use p re fe ra b le  to m any pho to m etr ic  
p rocedures .  Long l i fe  t im e, ad e q u a te  se lec tiv ity  a n d  response t im e o f  the  
o rd e r  o f  tens of m illiseconds a re  a t t r a c t iv e  fe a tu re s  connected  w ith  th e ir  
b eh av io u r .  F u r th e rm o re  th e  e lectrodes m ay be used fo r  m easurem ent over a very 
w ide  c o n cen tra t io n  ran g e  (10 ' 1 M - 10‘ 5  M) an d  they  are , w i th  few  
exceptions,  genera lly  to le ra n t  o f  small changes in pH. A n  a d d i t io n a l  a d v a n ta g e  
fo r  a n a ly t ic a l  m ethods in v o lv in g  ISEs is th a t  th ey  a re  re la t ive ly  simple, a n d  
cheap  to develop, set u p  an d  use.

All o f  these in h e re n t  f e a tu re s  o f  ISEs, plus the deve lopm ent observed  in 
the  las t 2 0  years has b ro u g h t  a b o u t  a rem ark ab le  re v iv a l  in  po ten tiom etry .
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M in ia tu r iz a t io n  of sensors has led to im p o r ta n t  a p p lica t io n s  in the f ie lds  of 
la b o ra to ry  d iagnostics , in ten s iv e  th e rap y  a n d  b io logy re sea rch  [12-14], T he  
com b in a tio n  of enzym e deve lopm ent w ith  the  ISE m ethodo logy  has p ro d u c e d  novel 
biosensors w ith  m any  ap p lica t io n s  in c l in ica l  analysis.  T h e  a lliance  be tw een  
the ever progressing  sem ico n d u c to r  technology  an d  p o te n t io m e tr ic  techn iques  has 
resu lted  in  ion-selective  f ie ld  e f fe c t  t ran s is to rs  fo r  m u lt i-ch an n e l  sensing 
purposes. In  a d d it io n  ad v an ces  in com pute r  con tro l  h av e  allow ed the au to m a t io n  
o f  m any  of  the steps in v o lv e d  in an a ly t ica l  p ro ced u res  a n d  have  in tu rn  boosted 
the d eve lopm en t of  m ore  e f f ic ie n t  m ulti- ion  sensor a r r a y  devices [15].

O bviously , overa ll  p rogress in p o ten t io m e try  has been f i rm ly  based on the  
in v e n t io n  of m ore e f f i c i e n t  sensors. C onsequen tly ,  the  a im  of this c h a p te r  is 
to p resen t ex p e r im en ta l  w o rk  ca rr ied  ou t to w ard s  the  e v a lu a t io n  o f  new ly  
syn thesised  n e u tra l  c a r r ie rs  fo r  use in ion-se lec tive  electrodes. C hem ica lly  
m o d if ie d  te tram eric ,  h e x a m e r ic  an d  polym eric  c a l ix a re n e  com pounds as com plexing  
agents fo r  sodium, p o ta ss iu m  and  caesium  ions will be presented . T he  
c o n s tru c t io n  of l iq u id  p ip e t te ,  ca th e te r - ty p e ,  coa ted  w ire  an d  co n v en tio n a l  
m acro-e lec trode  designs in c o rp o ra t in g  the  c a l ix a re n e  n e u t ra l  ca rr ie rs  w ill  be 
described. The c h a ra c te r is a t io n  o f  such e lec trodes in  term s of th e i r  most 
im p o r ta n t  c h a rac te r is t ic s  (sensitiv ity ,  se lec tiv ity ,  response time, s tab i l i ty  
rep ro d u c ib i l i ty  an d  l i f e  t im e) has been inves t iga ted .  As p resen t t ren d s  in  
n e u tra l  c a r r ie r  based m em b ran e  e lectrodes a re  d i re c te d  to cova len tly  bound  
com pounds so as to p ro d u ce  ’so lid -s ta te ’ devices, a t te m p ts  to b ind  m onom eric  
ca l ix a ren e  l igands to a su p p o r t  m a tr ix  by cop o lim ery sa t io n  will be described .
To p lace the ex p e r im e n ta l  w ork  in contex t,  the  p r in c ip le s  of  p o ten tio m e try  will 
be d iscussed to some e x ten t ,  as will the  genera l  p ro p e r t ie s  an d  c h a rac te r is t ic s  
of n e u t ra l  ca r r ie r  based ISEs. H ow ever it  is no t the  pu rpose  of this c h a p te r
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to ab o u n d  in ex tensive  th eo re t ica l  cons ide ra t ions ,  on ly  the most re le v a n t  
aspects and  progress in  the  f ie ld  o f  ISEs w ill  be covered.

1.2 P O T E N T IO M E T R IC  M E A S U R IN G  C ELL
A po ten tio m etr ic  m easu r in g  cell is fo rm e d  by a n  in d ic a to r  e lec trode , a 

re fe ren c e  e lectrode a n d  a so lu tion  in c o n ta c t  w i th  both. When an  ISE is p laced  
in so lu tion  co n ta in in g  on ly  i+, a m o m e n ta ry  f lu x  o f  th is  ion occurs across 
the  selective  m em brane  in  the  d ire c t io n  of  the  so lu tion  w h ich  co n ta in s  the  
low er ac t iv i ty  o f  i+. T h is  f lu x  causes a b u i ld  up  of  positive cha rge  on the 
low ac t iv i ty  side of  the  m em b ran e  an d  a b u i ld  up  o f  nega tive  charge  on the  h igh  
a c t iv i ty  side of the  m em brane .  Hence, an  e lec tr ica l  p o ten tia l  is set up w h ich  
opposes f u r th e r  ion ic  m ig ra t io n  a n d  e v e n tu a l ly  an  e q u i l ib r iu m  m em b ran e  
po ten t ia l  (E m) is es tab lished . T h is  p o te n t ia l  so es tab lished  p reven ts  
f u r th e r  t r a n s fe r  o f  i+.

T h e  u t i l i ty  of  ion-se lec tive  e lec trodes depends  upo n  the d e te rm in a t io n  of  
m em brane  poten tia ls .  T h e  p o ten tia l  d i f f e r e n c e  be tw een  an  ion-se lec tive  
m em brane  an d  the  a d ja c e n t  so lu tion  is n o t  d ire c t ly  m easurab le . Since i t  is 
g enera ted  by an ion ex ch an g e  betw een  the  tw o  phases, w hich  does no t in v o lv e  the 
fu n d a m e n ta l  step o f  e lec tro ch em is try  i.e. ch a rg e  t r a n s f e r  be tw een  ion ic  a n d  
e lec tron ic  conduc to rs ,  the  two phase system  m ust be ex ten d ed  by  ad d in g  phases 
to bo th  e lec tro ly tes  so th a t  a com plete  e lec tro ch em ica l  cell w ith  e lec trodes as 
te rm ina ls  is fo rm ed . T h e  p o ten tia l  d i f f e r e n c e  o f  in te re s t  (m em brane  p o ten t ia l)  
is one o f  severa l g a lv an ic  p o ten t ia ls  w h ich  tog e th e r  co n s t i tu te  the  
e lec trom otive  fo rce  (em f) o f  the cell, i.e. the  m easu rab le  q u a n t i ty  (Fig. 1.1)
T hus  the  m em brane  p o te n t ia l  o f  the  cell
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Fig. 1.1 Schem atic  d ia g ra m  of a p o te n t io m e tr ic  m easu r in g  cell in c o rp o ra t in g  an  
ion-selective  m em b ran e  electrode.
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E lec trode  A /e x t  s o lu t io n /M e m b ra n e / in t  so lu t io n /e le c tro d e  B 
E lec trode  p o ten t ia l  M em brane  E lec tro d e  po ten tia l

po ten tia l

m ay  be considered  as the  e lec tr ic  p o te n t ia l  d i f f e r e n c e  be tw een  the  in te r n a l  an d  
ex te rn a l  so lu tions an d  inc ludes  bo th  the  d i f f u s io n  p o ten t ia l  E q  an d  the  
in te rn a l  an d  ex te rn a l  phase  b o u n d a ry  p o ten t ia ls  E ’g  an d  E"g respec t ive ly  
(D onnan  po ten tia l) ,  thus  we can write:

E m -  E ’b  + E"b  + E d  (1.1)

Itidea lly ,  E ’g  an d  E q  a re  constan t,  w h ile  E g  is v a r ia b le  an d  dep en d s  on 
the  a c t iv i ty  o f  the p r im a ry  ion (ap . T h e  co n d it io n s  u n d e r  w h ich  th is  
id e a l i ty  is rea lised  m ay be deduced  by d e r iv in g  the  N ern s t  eq u a tio n .  T h u s

IIp rov ided  E m = E g ,  the  m em brane  p o te n t ia l  g iven  by the N e rn s t  e q u a tio n  
[16,17] is:

E  B = S log a- (1.2)

w ith  S being  the N ern s t  slope fa c to r  a n d  g iven  by:

S = 2.303 R  T  /  zj F  = 59.16 m V /z j  (25°C ) (1.3)

w here, R  is the  gas con s tan t ,  T is the abso lu te  te m p e ra tu re ,  z is the  ch a rg e  of  
the  ion a n d  F  is the  f a r a d a y  constant.

H ow ever,  as an  iso la ted  m em brane  p o te n t ia l  c a n n o t  be m easured  d irec t ly ,
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the ISE m ust be in c o rp o ra te d  in to  the  e lec tro ch em ica l  cell (Fig. 1.1). As
ion-selective electrodes respond  lo g a r i th m ica l ly  to the  a c t iv i ty  o f  the  p r im a ry  
ion (i), the ISE p o ten tia l  is described  by:

E ISE = E °ISE + S lo§ a i

w here  E ° i s e  in co rp o ra te s  constan t c o n t r ib u t io n  f ro m  E ’g , E q , the 
in te rn a l  e le c t ro d e /e le c tro ly te  con tac t  an d  p o ten t ia ls  g en e ra ted  in  th e  ISE 
lead s /co n n ec t io n s  to the  m ill ivo lt  m eter .  T h e  in te rc e p t  E ° jg £  is a
te m p era tu re  d ep en d en t  constan t.

Now  in  the re fe ren c e  h a l f  cell (Fig. 1.1), E re f  is id ea l ly  in d e p e n d e n t
of the  sam ple com position . It inc ludes  c o n tr ib u t io n s  f ro m  the  in te rn a l  
e lec tro ly te /e lec tro d e  b o u n d a ry  and  p o ten tia ls  g en e ra ted  in  the  leads to the  
m illivo lt  meter. O f te n  a ju n c t io n  p o te n t ia l  (Ej) is super im posed  (see
section 1 .2 . 1 ).

O vera ll  the  cell p o te n t ia l  is d esc r ibed  thus:

E cell = E ISE ’ E r e f  (L5)

then  by com bin ing  eqn.(1.4) a n d  eqn.(1.5) we can w rite ;

Ec=ll -  E°cell + s  >0S ai

w here  E ° cell in co rp o ra te s  a ll ’c o n s ta n t’ p o ten tia ls  in  the  cell in c lu d in g :

E r e f ’ E D anc* e B- T h e  only v a r ia b le  is E"g w h ich  is acco u n ted  f o r  in  
’S log a j ’.
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From  these th eo re t ica l  conside ra tions ,  i t  can  be conc luded  th a t  a 
N ern s t ian  response w ill  be o b ta in ed  to changes in  p r im a ry  ion a c t iv i t ie s  in  the 
sam ple so lu tion  i.e. 59.16 m V /Z j  p e r  d ecad e  change  in  a^ a t  25°C. T h u s  a 
change in  the  em f o f  1 mV w ill  co rrespond  to a re la t iv e  change in  the  a c t iv i ty  
of a m o n o v a len t  ion o f  a ro u n d  4 %

In accu rac ie s  m ay arise from :
1 . V a r ia t io n  in the  re fe ren c e  e lec trode  ju n c t io n  p o ten tia ls  (section 1.2.1).
This is recogn ised  as being  m a tr ix  d e p en d en t .  H ence  sample a n d  s ta n d a rd  
m atr ices  shou ld  be m atched.
2. In co rrec t  m a tch in g  of leads. O nly  good q u a l i ty  le a d s /co n n ec to rs  sh o u ld  be 
used.
3. M ism atch ing  o f  e le c t ro d e /m e te r  im pedances.  O nly  good q u a l i ty  m e te rs  w ith
high in p u t  im pedance  shou ld  be used  (p re fe ra b ly  > lO^ft) to m in im ise  the 
po ten t ia l  d ro p  on connec ting  the  cell.

1.2.1 L iq u id  Ju n c t io n  P o ten tia l
A lth o u g h  i t  is o f ten  assum ed th a t  the  l iq u id  ju n c t io n  p o te n t ia l  (Ej)

g enera ted  a t  the  in te r fa c e  (d iap h rag m , f r e e  f lo w in g  ju n c tio n ,  etc.) b e tw een  the  
re fe ren ce  e lec tro ly te  (salt b r idge)  an d  the  sam ple  so lu tion  is no t in f lu e n c e d  
g rea tly  by  the  sam ple com position , i t  m ay  in  f a c t  v a ry  considerab ly . A t the  
b o u n d a ry  be tw een  two d iss im ila r  so lu tions, a ju n c t io n  p o ten t ia l  g e n e ra te d  by 
the in e q u a l  d i f fu s io n  of  ca tions a n d  an ions  is a lw ays set up. C o n tr ib u t in g  
fac to rs  such  as the  solvents, the  n a tu re  o f  the  e lectro ly tes, a n d  the  
c o n cen tra t io n  o f  a given e lec tro ly te  can  a ll d i f f e r  f ro m  sam ple to sample. 
Hence f lu c tu a t io n s  in  Ej can  be expec ted  w here  so lu tion  c o n cen tra t io n s  on
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m atr ices  v a ry  s ig n if ican tly .  These f lu c tu a t io n s  c o n tr ib u te  to the o vera ll  cell 
p o ten t ia l  a n d  are  th e re fo re  a source o f  e r ro r  in  ISE m easurem ents .

E q u a tio n s  fo r  the  ca lcu la t io n  o f  Ej a re  a v a i lab le  f ro m  the th eo r ie s  o f  
P la n k  [18,19] an d  H enderson  [20,21]. T h e  H en d e rso n  a p p ro x im a t io n  is more 
f r e q u e n t ly  app lied  because of  its s im plic ity :

E Z i . U j . a j . ( o )  -  E Zd.uAa i . ( d )  E Z i 2 U i a i ( o )
E d  = ---------------------------------------------------------------  • R T / F  I n  ----------------------------  (1-7)

E Zj .2 U j . a i ( o )  -  E Zj .2 U i a i  ( d )  E Z x 2 U i a i ( d )

w here
z*: charge  n u m b er  of the  ion  i;

9  - 1  - 1uj: abso lu te  m obili ty  o f  the  ion  i (cm s J mol); 
a^: s ingle-ion  ac t iv i ty  of  the  ion i in  the  sam ple so lu tion  (mol 1 ’ *) 
a-’: s ingle-ion  a c t iv i ty  of  the  ion i in the  re fe ren c e  e lec tro ly te  (or 
salt b r idge) o f  the  re fe ren c e  e lec trode  (mol 1 “*).

A m ore  s im p lif ied  p re se n ta t io n  o f  P la n k ’s a p p ro a c h  fo r  the  c a lc u la t io n  of 
E j has been  developed by M o rf  [22].

In  o rd e r  to reduce  the  m a g n i tu d e  o f  the  l iq u id  ju n c t io n  p o ten tia l ,  h ig h ly  
c o n c e n tra ted  solutions of  1 : 1  e lec tro ly tes  consisting  o f  ions w ith  s im ila r  
m obilit ies  are  used e i th e r  as bridges  be tw een  re fe ren c e  a n d  sam ple so lu t io n  or 
as a so lu tion  o f  the re fe ren c e  e lec trode  itse lf ,  w h ich  then  fo rm s its  own 
sa lt-bridge . T he  most com m only  em ployed  e q u i - t r a n s fe re n t  so lu tions  are 
sa tu ra te d  (4.2 M  a t  25°C) or  3 M  KC1 solutions. In  some cases, b r idges  w ith  
e lec tro ly tes  o ther  th an  KC1 e.g. N H ^C l, L iOAc, K N O j  and  N H 4 N O 3 , m ust be 
app lied  in  o rde r  to avo id  c o n ta m in a t io n  o f  the  sam ple solution.
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T he l iq u id  ju n c t io n  p o te n t ia l  is c o n s tan t  as long as a s teady  s ta te  is 
m a in ta in e d  a t  the b o u n d a ry  be tw een  the  two solu tions. T he  m a g n i tu d e  o f  the  
p o ten tia l  depends on the  geom etry  of  the  in te r fa c e .  T h e  s t ru c tu re  of  the 
re fe ren ce  e lec trode  t ip  (a t w h ich  the  ju n c t io n  is fo rm e d )  is thus  o f  g rea t  
p rac t ica l  im portance . In  o rd e r  to assure  h ig h  s ta b i l i ty  a n d  re p ro d u c ib i l i ty  of  
the  l iq u id  ju n c t io n  various  designs, h av e  been em ployed  fo r  d iverse  p ra c t ic a l  
app lica t ions  (see section 2 .8 , c h a p te r  2 ).

1.3 A C T IV IT Y  C O E F F IC IE N T
T he  m easu rem en t of  species w i th  ISEs in term s o f  c o n c e n tra t io n  is based 

on the  co n v en ien t  re la t io n sh ip  be tw een  the  ISE response a n d  log ac t iv i ty .  The 
ac t iv i ty  c o e f f ic ie n t  (f), o f  an  e lec tro ly te  is re la ted  to the  ac t iv i ty  (a), by 
the  fo l lo w in g  equa tion

a i  = cj  f j  (1.8)

D ue to dev ia t io n s  f ro m  idea l  b eh a v io u r ,  the  a c t iv i ty  o f  a n  ion  in  so lu tion  is 
no t id e n t ic a l  to its co n cen tra t io n .  F ac to rs  like  e lec tro s ta t ic  in te ra c t io n s  
will re su l t  in  a p red o m in an ce  o f  ions o f  opposite c h a rg e  a ro u n d  a p a r t i c u la r  
ion, thus  p rev en tin g  i t  f ro m  e x e r t in g  its  fu l l  e lec trochem ica l  in f lu e n c e  (e.g 
decrease in  ac tiv ity ) .  Ion -so lven t in te ra c t io n  is a n o th e r  f a c to r  w h ic h  
co n tr ib u te s  to th is  s i tu a t io n .  Ions ten d  to a t t r a c t  po la r  so lvent m olecules, 
h o ld ing  them  in  solution. T h is  p rev en ts  the  molecules f ro m  g en e ra t in g  th e ir  
fu l l  so lvent v ap o u r  pressure  a n d  th e re fo re  dec reas ing  the a c t iv i ty  o f  the  
solute.

These fac to rs  obviously  becom e less s ig n i f ic a n t  in  m ore  d i lu te  so lu tions
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an d  w hen  the ionic s tren g th  is r e la t iv e ly  small. Thus, w hen co n c e n tra t io n  
tends to zero, the  ac t iv i ty  c o e f f ic ie n t  tends  to 1 an d  ac t iv i ty  and  
c o n c e n tra t io n  are p rac t ica l ly  equal.

T h e re fo re ,  the  a c t iv i ty  c o e f f ic ie n t  tak es  acco u n t  o f  the fa c to rs  th a t  
sep a ra te  the so lu tion  f ro m  a p re su m ab ly  idea l  so lu tion . Its va lue  depends on 
the  ion ic  s tren g th  (I) o f  the solution.

I = 1 /2  I  Cj (1.9)

w here  is the m olar  co n c e n tra t io n  o f  specie i and  z charge  of  i. The 
a c t iv i ty  c o e f f ic ie n t  o f  a so lu tion  m ay be e s t im a ted  f ro m  the ion ic  s tren g th  by 
m eans o f  the  ex tended  D ebye-H uckel e q u a t io n  [23]

log f j  = -A - 0.2/«] (1.10)
L 1 +fUL/2 J

w here  A is a so lvent d ep e n d e n t  constan t.  T h is  equa tion  m ay be used fo r  
so lu tions w i th  ion ic  s tren g th  up to 0 . 1  or s l igh tly  h igher.

1.4 S E L E C T IV IT Y
In  p rac t ice  an  idea l  N e rn s t ia n  m e m b ra n e  e lectrode response as described  

so f a r  (eq u a t io n  1.3) can  no t u sua lly  be observed . A d d i t io n a l  co n tr ib u t io n s  to 
the  m easu red  a c t iv i ty  th a t  re su l t  f ro m  the  presence of  in te r fe r in g  ions (j) in  
the  sam ple  so lu tion  m ust be ta k e n  in to  account.  A q u a n t i ta t iv e  desc r ip t io n  of 
the  e lec trode  se lec tiv ity  is g iven  by the  se lec t iv i ty  co e ff ic ien t ,  w h ich  can be 
in te rp re te d  w ith  re fe ren c e  to the  N ico lsk y -E isen m an  e q u a tio n  [6 ]:
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E = E ° i  + S log a j +  (a j)z i / z j (1.11)

Thus, the  se lec tiv ity  c o e f f ic ie n t  th e o re t ic a l ly  enab les  the a c t iv i ty  o f  
the  p r im a ry  ion to be d e te rm in ed ,  even in the  presence  o f  various in te r f e r in g  
ions w h ic h  co n tr ib u te  to the  ISE po ten tia l.

H ow ever ,  the  v a r ia b i l i ty  o f  these se lec t iv i ty  c o e ff ic ien ts  (e.g. 
d ep en d en ce  on the  m e thod  o f  d e te rm in a t io n ,  the  a c t iv i ty  level o f  the 
in te r f e r in g  ions, the ion a c t iv i ty  ra t io  o f  the ions to be de te rm in ed  a n d  the 
in te r f e r in g  ions, an d  o th e r  fa c to rs  [23]) is well recogn ized  and  has been 
re f le c ted  in  the ab a n d o n m e n t  of  the  o r ig in a l  te rm  ’se lec t iv i ty  co n s tan t’. This  
prob lem  has  been f u r th e r  em phasised  in the  l i t e r a tu re  by  the lack o f  u n i fo rm  
ap p ro ach  to the ev a lu a t io n  of  se lec tiv ity  coe ff ic ien ts .  In  fa c t ,  the n u m e r ic a l  
values o f  se lec tiv ity  c o e ff ic ien ts  fo r  id e n t ic a l  e lec trodes  ev a lu a ted  by 
d i f f e r e n t  au th o rs  show s ig n i f ic a n t  d iscrepancies .  T h is  is c learly  seen f ro m  
the w o rk  o f  H u la n ic k i  an d  A ugustow ska  [24] w hich  sum m arises  the p u b lish ed  d a ta  
f ro m  v a r io u s  w orkers  fo r  some O rio n  ISEs. As an  exam ple, the  p u b lish ed  
se lec t iv i ty  c o e f f ic ien t  of the  O rion  ca lc ium  e lec trode  (92-20) against  sod ium  
ions v a r ie s  f ro m  10“* to 0.42 w h en  d e te rm in e d  by d i f f e r e n t  m ethods. A 
d i f f e r e n c e  of  two orders  o f  m a g n i tu d e  is s till  observed  w h en  the same m easu r in g  
m ethod  is used. Less sp ec tacu la r  b u t  still s ig n i f ic a n t  d if fe re n ce s  are 
observed  f o r  the  O rion  92-32 d iv a le n t  ca t io n  e lec trode  [24].

R egard less  of  the  v a r ia b i l i ty  of  se lec tiv ity  co e ff ic ien ts ,  th ey  are  
v a lu ab le  in  d e te rm in in g  the  su i ta b i l i ty  of  an  ISE fo r  a p a r t ic u la r  a n a ly t ic a l  
ap p lica t io n .  Two m ethods described  below are  n o rm a lly  em ployed, a l th o u g h  o th e r  
m ethods h av e  also been described  [23,25],
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1.4.1 Separa te  Solution M ethod  (SSM)
A lth o u g h  SSM m eth o d  does not p resen t a re a l is t ic  s i tu a t io n  as to the  

cond it ions  faced  by an  ISE in sam ple  solu tion, i t  has becom e w id e ly  a d o p te d  to 
allow sim ple com parison  o f  new ly  in t ro d u c e d  electrodes.
A ccord ing  to the SSM, v a lues  of  K pot can be c a lc u la ted  from :

± E 2  - = log + ( z j /z j  - 1 ) log &i ( 1 . 1 2 )
S

fo r  a^ = aj
w here  E j  and  E 2  a re  the  m easurem ents  o f  se p a ra te  so lutions of  p r im a ry  an d  
in te r f e r in g  ion respec tive ly  a t  the  same ac tiv ity .

1.4.2 M ixed Solution M eth o d  (MSM)
Tw o procedures  a re  av a i la b le  in  this case:

(a) f ix e d  level o f  in te r f e r in g  ion  (j) in the presence o f  a v a r iab le  p r im a ry  
ion co n cen tra t io n ,  u su a l ly  10“^ M  to 10’  ̂ M  E x tra p o la t io n  o f  the  s t r a ig h t  
line o f  the  response c u rv e  Fig. 1.2 gives the  a c t iv i ty  o f  the p r im a ry  ion  
p ro d u c in g  the same p o te n t ia l  as the  f ix ed  a c t iv i ty  o f  the  in te r fe r in g  ion. T he  
se lec tiv ity  is then  g iven  by the  fo llow ing  equation :

a i  = K P ot (a j ) V z j (1-13)

O f te n  the response a t  low er ac t iv i t ie s  o f  the  p r im a ry  ion is d i f f i c u l t  to 
m easure  precisely  a n d  the  in te rsec t io n  can n o t  be loca ted  exactly. A so lu tion
is to f in d  w here  the  cu rves  A a n d  B (Fig. 1.2) d i f f e r  by 18 m V /z j ,  a n d  th en
use eq u a t io n  (1.13).
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Fig. 1.2 S e lec t iv i ty  co e ff ic ien ts  by  th e  m ix ed  so lu tion  m ethod , a. 
B-C response to  (i) a n d  (j); A-D response to (i) only.
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(b) th is  p rocedure  consists o f  f ix in g  the level o f  the  p r im a ry  ion an d  v a ry in g  
the  a c t iv i ty  of the in te r f e r in g  ion. T he  m ethod  is f r e q u e n t ly  app lied  to 
exam ine  the  in f luence  o f  pH  over a p a r t ic u la r  m e m b ran e  electrode.

1.5 IO N -SELEC TIV E E L E C T R O D E S  BASED ON N E U T R A L  C A R R IE R S
In 1964 Moore an d  P ressm an  [26] d iscovered  th a t  th e  a n t ib io t ic  v a linom yc in  

ex h ib i ted  selectiv ity  f o r  a lk a l i  cations. Two years  la te r  it was shown by 
S te fan ac  and  Simon [10] th a t  va linom ycin  could  be used in a r t i f i c ia l  m em branes 
fo r  an a ly t ic a l  purposes. U n fo r tu n a te ly ,  o f  the  la rge  n u m b er  of  an tib io tic s  
w ith  ionophoric  p ropertie s ,  only the po tass ium -se lec tive  ca r r ie r  va l in o m y c in  
[27] and  the  am m oniun -se lec tive  non ac t in  [27] have  fo u n d  w idesp read  use in 
p o ten tio m e try  w ith  ion-se lec tive  electrodes. It was a f t e r  the in tro d u c t io n  o f  
the c row n ethers  by P en d e rsen  in 1967 [28] th a t  the  use of  syn the t ic  ca r r ie rs  
ex p an d ed  rap id ly .  H o w ev er ,  i t  was only a f t e r  severa l  years  th a t  new crow n  
com pounds were em ployed  successfully  as com ponen ts  in l iq u id  m em brane  
electrodes [29-32]. In ten s iv e  research  lead to the  syn thes is  o f  new classes o f  
ionophoric  com pounds based  on m acrocyclic  (hem yspherands ,  b is-crow n ethers ,  
ca lixarenes)  and  non-cyc lic  s tru c tu res  ( lipoph il ic  oxa  am ides) [33,34], Those 
w hich  exh ib i ted  h igh  se lec tiv it ies  were in t ro d u c e d  fo r  use in m em brane  
electrodes.

While organic  ion -ex ch an g ers  ’charged  c a r r ie rs ’ such  as o rganophosphates  
or te t ra p h e n y lb o ra te  (ca tion  exchangers) and  te t r a a lk y l  am m onium  ions (an ion  
exchangers) have ga in ed  considerab le  im p o r tan ce  as com plexing  agents, th is  
ch a p te r  is cen tered  exc lus ive ly  tow ards  the  role o f  n e u t r a l  carr iers .  C om m ents 
on ion-exchangers  w ill  be only  m ade in re la t io n  to th e i r  use as ad d it iv es  in 
so lvent polym eric  m em b ran e  electrodes.
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1.5.1 C harac te ris t ics  o f  N e u tra l  C arrie rs  Tor Ion-Selective  Electrodes
T he  most successfu l  i l lu s t ra t io n  of  the  sea rch  f o r  se lec tiv ity  w as the  

in t ro d u c t io n  by A m m an n  et al [35,36] o f  a n u m b e r  o f  non-m acrocyc lic  molecules 
(see Fig. 1.3) w ith  re m a rk a b le  se lec tiv ities  to w ard s  a lk a l i  an d  a lk a l in e  m eta l  
ions. F rom  th is  w ork , severa l n e u t ra l - c a r r ie r s  h av e  been successfu lly  
com m ercia lised  an d  a re  in  w idesp read  use today . T h is  has led to the conc lus ion  
th a t  ionophores  have  to f u l f i l l  c e r ta in  re q u ire m e n ts  in  order to b eh av e  as 
an a ly t ic a l ly  u se fu l  sensing agents  fo r  ion-se lec tive  e lec trodes [37].

a) L ip o p h i l ic i tv : T he  l ig a n d  a n d  the com plex h av e  to be s u f f ic ie n t ly  so lub le  in  
the  m em brane  phase. I t  has been p o in te d  ou t [38] th a t  fo r  a co n tin u o u s  l i fe  
t im e o f  a t  least one y e a r  fo r  a so lven t po ly m eric  m em brane , a p a r t i t io n  
c o e f f ic ie n t  (K) of  the  ionophore  be tw een  the  aqueous  sample an d  the  m em b ran e  
phase la rge r  th a n  1 0 ^ has to be ach ieved  ( in  f a v o u r  o f  the  m em brane  phase).
b) M o b il i ty : Both l ig a n d  an d  com plex m ust have  an  ad eq u a te  m o b i l i ty  in  the 
m em brane  phase. T h is  is possible on ly  i f  the  over-a ll  d im ensions o f  the  
c a r r ie r  rem ain  w i th in  lim its ,  bu t a re  still  co m p a tib le  w ith  h ig h - l ip id  
so lub il i ty
c) S e lec tiv ity  C o e f f ic ie n t  ( K ? 0*): The id ea l  e lec tro d e  responds only  to the  
p r im a ry  ion  (i) i.e. K ??*  = 0 fo r  all i n te r f e r in g  ions (j), and  the N ico lsky  
eq u a tio n  (eqn. 1.11) red u ces  to the  N ern s t  eq u a t io n .  In  rea li ty ,  a good 
e lec trode  should  a p p ro a c h  th is  ideal b e h a v io u r  as closely as possible, w i th

being as small as possible  fo r  all com m on in te r f e r in g  ions.
d) Ion-exchange  k in e t ic s : th e  ion-exchange k in e t ic s  f o r  the  exchange re a c t io n  
o f  ca tions o f  the same charge
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Fig. 1.3 C hem ical s t ru c tu re s  o f  some com m only  used n eu tra l  c a r r ie rs  in ISEs.
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iSn z+(m em brane) + j z+(so lu tion) jSn z+(m em brane)  + i z+(solution)

(w here Sn is the e lec tr ica l ly  n e u tra l  l igand),  has to be com patib le  w i th  th e  
req u ired  response t im e o f  the  m em b ran e  electrode.

The most im p o r ta n t  ’m olecu lar  p a ra m e te rs ’ a com plexing a g en t  th a t  
fu l f i l l s  the req u irem en ts  m en tioned  above are:

C oord ina tion  s ites : a t t r a c t iv e  b in d in g  sites a re  l ig an d  atoms th a t  a re  
capable  of rep lac ing  the  h y d ra t io n  shell o f  the  aquo-ion . Polar c o o rd in a t in g  
groups should  inc lude  p re fe ra b ly  oxygen  as the  l ig an d  atom. A m ine n i t ro g e n  and  
su lp h u r  atoms have  also been used. H ow ever ,  o th e r  properties  o f  the  b in d in g  
sites besides the  ac tu a l  co o rd in a t in g  groups e.g. d ipole  m om ent,  
po la r isab il i ty ,  van  d e r  Waals rad ius ,  m ay h av e  a considerab le  in f lu e n c e  on the 
m ag n itu d e  of  the ion -d ipo le  in te ra c t io n  [39].

C oord ina tion  n u m b er ,  c a v i tv : a c a r r ie r  m olecule  should  be a m u l t id e n ta te  
l igand  in  w hich  the  s tab le  c o n fo rm a t io n  is a re la t iv e ly  r ig id  cav ity ;  the  
cav ity  fo rm ed  by a g iven  n u m b er  o f  p o la r  co o rd in a t in g  groups shou ld  be su ited  
fo r  the u p tak e  of  the  p r im a ry  ion, w h ile  the  n o n-po la r  groups fo rm  a l ip o p h il ic  
shell a ro u n d  the  c o o rd in a t io n  c en tre  to sh ie ld  the  solvent f ro m  th e  ca t io n  
charge. Ideally  the  shape  and  size o f  the  cav i ty  shou ld  be c o m p le m e n ta ry  to 
the ion in  question. T h e  c o o rd in a t io n  n u m b e r  a n d  cav ity  size d e te rm in e  the 
p re fe ren ce  fo r  a c e r ta in  ca tion . C ations la rg e r  th a n  th e  cav ity  will d e fo rm  the  
optim al a r ra n g e m en t  w h ile  sm aller ca tions will no t  f i l l  the a v a i lab le  space. 
U n fo r tu n a te ly ,  the  p la n n in g  o f  o p t im u m  designed  cavities is im p ed ed  by  the 
u n c e r ta in ty  invo lved  in  p re d ic t in g  the  e q u i l ib r iu m  co n fo rm a tio n s  an d

19



sto ich iom etries  o f  the complexes.
A rran g em en t  of  the co o rd in a t io n  c en te rs : the  cen te rs  should  be fa c in g  

in to  the cavity .
Size o f  the  l ig a n d : an  im p o r ta n t  c o n t r ib u t io n  to the  s tab i l i t ie s  o f  the 

complexes an d  the  ca t io n  se lec tiv ities  o f  the c a r r ie r  is m ade by the 
e lec tros ta tic  in te rac t io n s  be tw een  the  ch a rg ed  com plexes an d  the  s u r ro u n d in g  
m em brane  solvent. A sm all th ickness o f  the  l igand  lay e r  a ro u n d  the  cen tra l  
atom  leads to a p re fe re n c e  o f  d iv a le n t  re la t iv e  to m o n o v a len t  ca tions  o f  the  
same size; this e f f e c t  is p a r t ic u la r ly  im p o r ta n t  w hen  using po la r  m em b ran e  
solvents w ith  high d ie lec tr ic  constants.

E v id en tly  am ong all the  p a ram ete rs  m en tio n ed  the  com plexing  p ropertie s  of 
a p a r t ic u la r  ligand  a re  s tored  in the  m o lecu la r  s t ru c tu re  as a whole. I t  is in 
fa c t  v i r tu a l ly  im possib le  to m o d ify  one p a ra m e te r  w i th o u t  a f f e c t in g  o thers  th a t  
m ay have  a key in f lu e n c e  over the  e x tra c t io n  c a p a b i l i ty  o f  a p a r t i c u la r  ion. 
Thus, fo r  instance , th e  change  o f  a th io e th e r  su l fu r  a to m  to an oxygen  a tom  in 
a co o rd in a t io n  site n o t  only  a f f e c t  the d ipo le  m om ent o f  the  co o rd in a t in g  site, 
bu t also the  p o la r isab il i ty ,  the  size of the  l ig an d  a tom  a n d  the  topology ab o u t  
this b in d in g  site. In  a d d i t io n  the same co n s id e ra t io n  m ay ap p ly  f o r  o ther  
p roperties  o f  the  l igands  in  a n a ly t ic a l ly  im p o r ta n t  ISEs. For exam ple , the 
h igh s tab i l i ty  constan ts  o b ta in ed  be tw een  c ry p ta n d s  a n d  c e r ta in  ca t io n s  lim its 
the use of  these com pounds  in ISEs due  to th e i r  r a th e r  slow ex ch an g e  k ine tic  
rate . A key com prom ise  m ust then  be fo u n d  betw een  a f lex ib le  c o n fo rm a tio n  of 
the l ig an d  to p e rm it  a su f f ic ie n t ly  fa s t  ion  exchange  w ith  the  d em an d s  posed on 
the s tab i l i ty  co n s tan t  o f  the  fo rm ed  com plex.

O ver the past years , a g rea t  deal o f  a t te n t io n  has been given  to model 
ca lcu la tions  such as m ech an ica l ,  e lec tro s ta t ic ,  c o m p u te r-a id e d  an d  q u a n tu m
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chem ical models fo r  the  d ev e lo p m en t  o f  e f fe c t iv e  n e u t ra l  carr iers .  A l th o u g h  
these models base th e i r  p r in c ip le s  f ro m  th eo re t ica l  an d  sem i-em pirica l  
conside ra tions  and  are a m a jo r  a id  in  the  design  of new  com pounds, th ey  have  
p roven  unsuccessfu l  in the design  o f  new  re le v a n t  com pounds fo r  use in  ISEs. 
To a large ex ten t,  the  search  fo r  successfu l  l ig an d s  is s till  basically  a t r ia l  
a n d  e r ro r  process.

1.5.2 Solvent Polym eric  M em brane  Ion-Se lec tive  E lec trodes
For an a ly t ic a l  ap p l ica t io n s  n e u t ra l  c a r r ie rs  a re  in t ro d u c e d  in to  so lvent 

po lym er m a tr ix  systems. T he  p ro c e d u re  req u ire s  a m ix tu re  o f  the  po lym er 
m a tr ix ,  the ion-selective  m olecule , p la s t ic ise r  an d  genera l ly  (a l th o u g h  not 
a lw ays) an  ion-exchanger.  These system s possess s im ila r  p roperties  to th e ir  
’p u re ’ l iq u id  m em brane  c o u n te rp a r ts  ( io n o p h o re  in co rp o ra ted  in  a non-m isc ib le  
w a te r  solvent), bu t have  the  a d d e d  a d v a n ta g e s  of  ex tended  l i fe  time, 
robustessness and  cons ide rab le  econom y o f  sensor m a te r ia ls  [40]. In  a d d i t io n  
they  also o f f e r  various  possib ili t ies  o f  e lec trode  design a n d  su bsequen tly  an 
ex tension  o f  the scope of  the  e lectrodes. These  a t t r a c t iv e  fea tu re s  h av e  led 
to the  inc reas ing  p o p u la r i ty  of  n e u t ra l  ca r r ie r-b ased  solvent po lym eric  
m em brane  electrodes.

The p ropertie s  of  n e u tra l  c a r r ie r -b a se d  so lvent po lym eric  m em branes  have  
been ex tens ive ly  inves tiga ted .  T h u s  m a n y  s tud ies  on m olecu lar  aspects  such as 
ion -ligand  in te ra c t io n  in  m em b ran es  [41], ion-exchange  k ine tic s  [42], 
c a r r ie r-ex ch an g e  k inetics ,  a n d  b u lk  d i f f u s io n  and  in te r fa c ia l  d i f fu s io n  [43] 
have been d ea l t  w ith . In  a d d i t io n ,  p ra c t ic a l  aspects such as m em b ran e  
p re p a ra t io n ,  in co rp o ra t io n  of  m em b ran es  in  e lec trode  a r ra n g e m en ts  an d  
co n s tru c t io n  o f  e lec trode  bodies h av e  been  ex tensive ly  t re a te d  [44] a n d  helped
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to a llow  o p tim isa tion  o f  l iq u id  m em branes w ith  respect to se lec tiv ity ,  m em brane  
resis tance, l i fe  time a n d  em f s tab ility .

1.5.2.1 P o lym er M atrices
M any  d i f f e r e n t  po lym er m atr ices  have  been in v e s t ig a te d  an d  suggested  

fo r  use in  ISEs [45-48] a l th o u g h  p o ly (v iny l)ch lo r ide  (PVC) is by f a r  the  most 
common. PYC [49] an d  silicone ru b b e r  [50] y ie ld  m em branes  o f  good m echan ica l  
and  ch em ica l  s tab i l i ty  an d  excellen t e lec trom otive  p roperties .  A d d i t io n a l  
des irab le  ch a rac te r is t ic s  fo r  po lym er m atr ices  inc lude  b io co m p a tib i l i ty ,  c lean  
su rface  o f  the resu lt ing  m em brane  (no pores) a n d  chem ical ine r tness  i.e. no 
co m p e ti t io n  w ith  the l ig an d  com plex fo rm a t io n  process (no co o rd in a t in g  sites, 
no ch a rg ed  sites). With respect to the la t te r  aspect,  M e y e rh o f f  et al [51] 
have  re c e n t ly  discussed the  p o ten t ia l  advan tages  of  fu n c t io n a l i s e d  PVC m atrices  
i.e. a m in a te d  and  ca rb o x y la ted  PVC. From  th e ir  w ork , i t  has been show n fo r  the 
f i r s t  t im e th a t  a v a r ie ty  of  ISEs can be p re p a re d  in  a chem ica lly  n o n - in e r t  PVC 
m a tr ix  w i th o u t  s ig n if ic a n t  losses in se lec tiv ity  an d  response time. M oreover, 
it  has been  d em o n stra ted  th a t  these types o f  m a tr ices  m ay  prove successfu l as 
substra tes  fo r  cova len tly  a t ta c h in g  pro te ins  to the su r fa c e  o f  the  e lec trode  
w ith o u t  adverse ly  a f f e c t in g  the  e lectrode response an d  thus open ing  a new 
ap p ro ach  to biosensor design.

Solvent po lym eric  m em branes typ ica lly  co n ta in  ab o u t  30 wt.% PV C [52], 
Low er co n ten ts  resu lt  in f ra g i le  m em branes, w h ile  h ig h e r  co n ten t  values produce  
a s u b s ta n t ia l  increase  in e lec tr ica l  resistance [53] a n d  a sluggish response 
[52]. Also an  increase  in the  am o u n t o f  m a tr ix  m a te r ia l  s trong ly  in f lu en ces  
the d i f f u s io n  c o e f f ic ie n t  o f  the  l ig an d  an d  o th e r  com ponen ts  in the  m em brane  
phase. T h e  d ependence  o f  c a r r ie r  a n d  p lastic iser d i f f u s io n  c o e ff ic ien ts  on the
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PVC co n ten t  m ay become a p p a ren t  by the  ra te  of  the  loss of these com ponen ts  
f ro m  the  m em b ran e  phase.

1.5.2.2 Solvent M ed ia to r
T he  so lvent m ed ia to r  in w hich  the  n e u tra l  c a r r ie r  is d issolved also 

fu n c t io n s  as a p las tic ise r  fo r  the PVC. In  a d d i t io n  it  plays a u x i l ia ry  roles 
in con tro l l ing  the  re la t iv e  p e rm it iv i ty  o f  the  f in a l  o rganic  phase , the  
m o b ili ty  o f  the ion  e x ch an g e r  sites a cco rd in g  to the  viscosity  of the  m e d ia to r  
an d  site d en s i ty  by v a r ia t io n  o f  the  c o n c e n tra t io n  o f  ion exchanger.  These 
a u x i l ia ry  roles can  in f lu e n c e  the e x te n t  o f  en h an cem en t  of  the  p a r t i t io n  
c o e f f ic ie n t  fo r  a p a r t ic u la r  ion, w i th  consequen t e f fec ts  on e lec trode  
selectiv ity . T h e  l ig an d  m em brane  se lec t iv i ty  depends  to a great e x te n t  on the  
d ie lec tr ic  c o n s tan t  ( e )  o f  the  m em b ran e  phase. T he  re la tive ly  h igh  a m o u n t  of 
solvent m e d ia to r  n o rm ally  used in so lven t po lym eric  m em branes (i.e. 60 - 6 6  %) 
d ic ta tes  to a la rge  ex ten t  the  d ie lec tr ic  c o n s tan t  o f  the  m em brane. R esea rch  
in to  the  fa c to rs  c o n tro l l in g  the p re fe re n c e  o f  l igands  fo r  m o n o v a len t  over 
d iv a le n t  ca tions  [54] in d ic a te  th a t  so lven t-m ed ia to rs  o f  lo w e  fa v o u r  d iv a le n t  
cations, especia lly  w hen  e <  10. Both m em b ran e  solvents  of low e (ad ipa tes ,  
sebacates, p h th a la te s  ( e -4 ) )  an d  re la t iv e ly  h igh  e (n i tro a ro m atics  ( e -2 4 ))  
are ava i lab le .  T h e  in f lu e n c e  of  the  d ie lec tr ic  c o n s tan t  on the  m e m b ran e  
se lec tiv ity  stems f ro m  the  c o n t r ib u t io n  of  the d ie lec tr ic  m edium  to the  f ree  
energy of  t r a n s fe r .  T h e  te rm  is d esc r ib ed  by the  B orn  equation:

A  G p  = - ( z e 0 ) 2  ( !- 1/e) (1.14)
2 (fjon+s)
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w here  A G g  describes the  f ree  energy  o f  t r a n s f e r  of a n e u tra l  c a r r ie r  com plex 
f ro m  the  gas phase in to  a d ie lec tr ic  m ed iu m  (m em brane). Since the  va lue  of 
A G g  is p ro p o rt io n a l  to the  square  o f  the  cha rge  of  the  ion to be com plexed, 

an  in c reased  p re fe ren ce  o f  the m em brane  f o r  d iv a le n t  over m onova len t  ca tions is 
expec ted  w ith  an  increase  in the p o la r i ty  o f  the  m em b ran e  solvent. E q u a t io n  
1.14 also con ta ins  a n o th e r  m olecu lar  p a ra m e te r ,  n am ely  the average  th ickness 
(s) o f  the l ig an d  layer; its in f lu e n c e  depends  on the  ion charges an d  the 
d ie lec tr ic  constant.

W hatever the com ple te  role o f  so lven t m edia to rs ,  the choice  will be 
d ic ta te d  by several c r i te r ia  (i.e. chem ical s tab i l i ty ,  chem ica l inertness, low 
v a p o u r  pressure , a d e q u a te  viscosity , a d e q u a te  , so lub il isa tion  p ro p er t ie s  fo r  
l ig an d  a n d  m em brane  ad d it iv es ,  h igh  l ip o p h il ic i ty ,  e f f ic ie n t  p las tic is ing  
p roper tie s)  o f  th is  co m ponen t  w h ich  w ill  in  tu rn  a f f e c t  o ther  p a ra m e te rs  (i.e 
se lec tiv ity ,  m em brane  res is tance , l i fe  t im e an d  stab il i ty ) .  These p a ram ete rs  
can  th en  be op tim ised  by the  co rrec t  choice of  so lvent m edia tor.  A lthough ,  
th is  choice  can  lead  to m a rk e d  im p ro v em en ts  in m em b ran e  b eh av io u r ,  the  response 
an d  se lec t iv i ty  o f  l ig a n d - f re e  p las tic ise r-PV C  m em branes shou ld  also be 
ex am in ed  ca re fu lly .  S tudies d em o n s tra te  th a t  p lastic isers  m ay p a r t ly  behave  as 
ionophores  [55].

1.5.2.3 Io n -E x ch an eer
A d d it iv es  consisting  of  l ipo p h il ic  an io n ic  sites [56] (e.g. a lk a l i  

te t ra  a ry lb o ra te s )  a re  com m only  used in  n e u tra l  c a r r ie r  based ca tion-se lec tive  
electrodes. T he  in co rp o ra t io n  o f  these ca tion -exchang e  sites in to  the  m em brane  
are  b e n e f ic ia l  in m any  respects. T he  l ipo p h il ic  an io n  red u ce  or e l im in a te  the 
ten d en cy  o f  o th e r  l ipoph il ic  an ions f ro m  the  sample so lu tion  to p e n e tra te  the
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m em brane  phase [57]. In a d d i t io n  th ey  m ay m o d ify  the  m em b ran e  se lec t iv i ty  
( increased  d iv a le n t /m o n o v a le n t  se lec tiv ity ) ,  red u ce  the  e lec trode  response 
time, im prove  the  ca tion  sens i t iv i ty  in the  case o f  ca r r ie rs  w ith  poor 
e x trac t io n  properties ,  and  co n s id e rab ly  reduce  m em b ran e  res is tance  [57], 
Sodium  te t r a p h e n y lb o ra te  an d  po tass ium  te trak is (p -ch lo ro p h en y l)b o ra te  a re  the 
most com m only  used salts. A d v an tag es  p ro v id ed  by the  inc lusion  o f  these ion 
exchangers  have  been d em o n s tra ted  by m an y  au th o rs  [58-60]. H ow ever,  the  am o u n t  
of a d d ed  sa lt  m ust be s tr ic t ly  l im ited , since excessive c o n cen tra t io n s  can lead  
to d ra s t ic  changes in m em b ran e  se lec t iv i ty  [61]. D epend ing  on the  
s to ich io m e try  of the  complex, an  increase  over a g iven  m olar  ra t io  o f  
io n -e x c h a n g e r / l ig a n d  yields a m e m b ran e  w ith  the  p ro p ert ie s  of  a c lassical 
ca tion -exchang er .  P re tsch  et al [62] have  d em o n s tra te d  th a t  th is  d ra w b a c k  can  
be av o id ed  i f  bo th  ca tion  and  an ion  a re  lipophilic .

1.5.3 Design o f  Po lym er M em brane  E lec trodes
Solvent po lym eric  m em branes a re  u sua lly  f a b r ic a te d  to designs s im ila r  to 

the  co n v en tio n a l  glass electrodes. H ow ever  a rem a rk a b le  a d v a n ta g e  o f  these 
type  o f  e lec trodes is th a t  the  design  can  be m o d if ie d  to su i t  various  m easu r in g  
situa tions.  For exam ple, very  l i t t le  volum es e.g. 1 ml, can  be t r e a te d  by 
san d w ich in g  be tw een  a specia lly  p re p a re d  f l a t  su rfa c e  o f  a re fe ren c e  e lec trode  
f a b r ic a te d  f ro m  a glass cone a n d  socket an d  a PV C  elec trode  o f  c o n v e n t io n a l  
design [63], F low  in jec t io n  ana lys is  sam ples can  be ana lysed  by su itab le  th in  
f i lm  m em b ran e  ISEs (see section  3.14, ch a p te r  3) or by  ISE based on tu b u la r  
m em branes  [64], M easurem ents  in  b io log ica l cells can  be ach ieved  by m eans  of 
specia lly  designed  m icroe lec trodes w ith  PVC m a tr ix  m em branes a n d  c o n v en tio n a l  
in n e r  f i l l in g  solu tions [65].
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1.6 R esponse  Tim e of  Ion-Selective E lec trodes
T h e  overa ll  response tim e o f  an  ion-selective e lec trode  is a f f e c te d  by 

m u lt ip le  aspects [6 6 - 6 8 ] i.e. t im e c o n s tan t  of the  m easu r in g  in s t ru m e n t  [69], 
the im p ed an ce  of  the  e q u iv a le n t  e lec tr ica l  c i rc u i t  o f  the  m em brane  [70], the  
r a te  o f  io n - t ra n s fe r  r e a c t io n  across the  m e m b ra n e /sa m p le  in te r fa c e  [71], the  
d i f fu s io n  of  the an a ly te  ion th ro u g h  the  s tag n an t  lay e r  in  the  sam ple [72], th e  
d i f fu s io n  w ith in  the se lec t ive -m em brane  [73] an d  the  e s tab lishm en t o f  a 
l iq u id - ju n c t io n  a t  the  re fe ren c e  e lectrode. These  aspects have  been 
ex ten s iv e ly  trea ted  by m a n y  resea rchers  and  the  com m ents  have  reach ed  m ore  or 
less a m a tu re  state, re f le c te d  in the  fo rm u la t io n  o f  d e ta i led  m a th e m a tic a l  
m odels [6 8 ], Response tim es a re  on ly  m e a n in g fu l  i f  the  overa ll  response t im e  
o f  the  po ten tio m e tr ic  system  is governed  by the  p ro p e r t ie s  of the m em brane .  
F or n e u t r a l  c a r r ie r  based e lec trodes tw o  type o f  b eh a v io u r  a re  recognised.

1.6.1 M em branes w ith  In co rp o ra te d  Ion -exchanger  Sites
In  th is  case, the  response is rep resen ted  by an  ex p o n en t ia l  fu n c t io n  

w h ic h  a c tu a l ly  describes the  response o f  the cell assembly. Here , as the  
com posit ion  of the m e m b ran e  rem ains  a p p ro x im a te ly  cons tan t,  the  d i f fu s io n  
processes o f  ions passing th ro u g h  the  m em brane  becomes neglig ib le  in th e  
absence  o f  in te r fe r in g  ions. As a resu lt ,  the d y n am ic  response c h a ra c te r is t ic  
is g o v e rn ed  by the t r a n sp o r t  processes in the aqueous  d i f fu s io n  layer,  w h ich  
dep en d s  on the  shape  a n d  co n d i t io n  o f  the m em b ran e  su rface ,  as well as the  
com posit ion  of  the sample. T his  type  o f  response b e h a v io u r  is m a rk e d ly  
in f lu e n c e d  by the d ire c t io n  o f  the  a c t iv i ty  change in the  solution. T h e  
response is described  by eqn. (1.15):
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E t = E^h- S log ( 1 - (1 - A ) e"t4 l) (1.15)

(1.16)
2 D’

w here , E t an d  E a re  cell p o ten tia l  a t  tim e t an d  a t  e q u i l ib r iu m  p o ten tia l  
(t = oo ) respec tive ly  (mV); a 0  ̂ an d  aj ac t iv i t ie s  o f  p r im a ry  ion in  the

is the  th ickness  o f  the  a d h e r in g  aqueous laye r  (cm).

1.6.2 M em branes w i th o u t  Ion -exchanger
In th is  case d i f f u s io n  of  ions in to  the  m e m b ra n e  may occur a n d  a 

s teady -s ta te  is a t ta in e d  slowly com pared  to the  d i f f u s io n  in the in te rn a l  an d  
e x te rn a l  aqueous  phases. T he  ra te  l im it ing  process is d e te rm in ed  to a la rge  
ex ten t  by  the  d y n a m ic  b e h a v io u r  of  the processes w i th in  the m em brane  i tself .  
T he  response cu rve  is d esc r ib ed  by eqn. (1.17):

w here  K  is the  p a r t i t io n  c o e f f ic ie n t  be tw een  th e  aqueous  and  the  m em b ran e  
phase.

A cco rd in g  to these equa tions ,  the response t im e  c an  then  be red u ced  by:
1 .- m in im is in g  the  th ick n ess  of  the  ad h e r in g  aq u eo u s  layer (e.g. fa s t  
s t i r r in g  or f lo w in g  systems a n d  by m in im isa t io n  o f  th e  m em brane  su rface .

b u lk  o f  th e  so lu tion  a t  t < 0 an d  t > 0 re sp ec t iv e ly  (mol 1“*); D ’ is the
2  - 1m ean d i f fu s io n  c o e f f ic ie n t  in  the  ad h e r in g  aq u eo u s  laye r  (cm s ); an d

(1.18)
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2 .- using samples of  h ig h e r  ac t iv i t ie s  (on ly  in  the  case o f  m em branes  
in co rp o ra t in g  ion -exchanger  sites).
3.- red u c tio n  of the d i f f u s io n  c o e f f ic ie n t  in  the a d h e r in g  aqueous layer: s ince 
the  d i f fu s io n  c o e f f ic ie n t  o f  the  c a r r ie r  com plex sa lt  is ap p ro x im a te ly  
p ro p o rt io n a l  to the m o b i l i ty  o f  the  sam ple  an ion  in the  m em brane  [74], the  
p e rm eab il i ty  of the m e m b ra n e  w ith  respect to sam ple  an ions  should  be low. T h is  
can be ach ieved  by using a h ig h ly  viscous m em b ran e  phase.
4.- red u c t io n  of the p a r t i t io n  c o e f f ic ie n t  be tw een  the  aqueous an d  m em b ran e  
phase: the  ex trac tion  o f  the  sa lt  in to  the m em b ran e  is kep t  low i f  no n -p o la r  
m em brane  phases are  used  [74]. In a d d i t io n ,  the  n e u t ra l  c a r r ie r  shou ld  be a 
re la t iv e ly  w eak com plex ing  agen t  (s tab i l i ty  c o n s tan t  a ro u n d  1 0 ^) a n d  shou ld  
be in co rp o ra ted  in to  the  m em b ran e  a t  low concen tra t io n s .  The sam ple  so lu tion  
should  not con ta in  l ip o p h il ic  an ions since they  en h a n c e  the  salt e x t ra c t io n  
in to  the  m em brane  phase.

The response t im e o f  ISEs is a c r i t ic a l  a n d  l im it in g  fa c to r  fo r  m any  
applica tions.  F u r th e r  s tud ies  re f lec t in g  the  im p o r ta n c e  of  the ex p e r im e n ta l  
design  [75], eva lua t ion  of  the  ra te  l im it in g  step [73], th eo re t ica l  d e sc r ip t io n  
of  response curves [76], e f f e c t  o f  the n e u t ra l  c a r r ie r  m em brane  com posit ion  
[77], an d  p rac t ica l  d e f in i t io n s  of  response tim e h av e  been rep o rted .  With 
respect to response t im e d e f in i t io n s ,  th e re  is c e r ta in  am o u n t  o f  a m b ig u i ty  in  
the l i te ra tu re .  T hus IU P A C  has recom m ended  th a t  response times sho u ld  be 
d e f in e d  as the t im e r e q u i re d  fo r  the em f to u n d e rg o  90% of its to ta l  change  
( t ^ ) .  H ow ever, m an y  d i f f e r e n t  d e f in i t io n s  (t Oi ( OL = 50, 90, 95, 99) 
adop ted  by w orkers a re  s til l  in  use. G u ib a u l t  et al [78], proposed  the

jfcresponse tim e (t ) w h ich  was th a t  t im e re q u ire d  fo r  the  em f to a p p ro a c h  
w ith in  1 mV of its f in a l  va lue . This  has, how ever,  been d isca rd ed  since the
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*t values yield  d i f f e r e n t  results fo r  m o n o v a len t  a n d  d iv a len t  ISEs an d  fo r  
a c t iv i ty  steps of  d i f f e r e n t  size. R ecen tly  a n o th e r  d e f in i t io n  of response tim e 
w h ich  is in d e p e n d e n t  o f  the  know ledge o f  the f in a l  e m f  value has been proposed  
[79],

1.7 L i fe  T im e of  Solvent Polym eric  M em branes
An im p o r ta n t  ch a ra c te r is t ic  o f  a n y  ISE is its o p e ra t iv e  l i fe  t im e fo r  a 

p a r t ic u la r  app lica tion . In  fac t ,  the  l i fe  t im e d em an d s  m ade on the  ISE w ill  be 
d ic ta te d  m ain ly  by its p a r t ic u la r  use. In  c l in ica l  analysis ,  PVC m em branes  
shou ld  be su itab le  fo r  con tinuous  use in u n d i lu te d  biological f lu id s  (whole
blood, plasma, u r in e ,  etc.) fo r  at least a few  m on ths  i f  in ten d ed  fo r  use in 
c l in ica l  analysers. In e lec trophysio logy , m icroe lec trod es  based on l iq u id  
m em branes  need to have  l i fe  times o f  ho u rs  or days.

E x c lu d in g  fac to rs  such as m ech an ica l  d efec ts ,  e lec tr ica l  shunts , chem ica l 
d e te r io ra t io n  or su rface  co n tam in a t io n ,  the  l i fe  t im e of  PVC elec trodes is 
l im ite d  by the loss o f  the n e u tra l  c a r r ie r  a n d /o r  p las tic ise r  f rom  the  m em b ran e  
in to  the  sam ple so lu tion . T h is  com ponents  u su a l ly  ex h ib i t  a r a th e r  low m olar  
mass (500 to 1000 g mol"*), an d  so the m o b il i ty  o f  these m olecules in  the
m em b ran e  phase is re la t iv e ly  high. As the  l ip o p h i l ic i ty  o f  m em brane  com ponents 
is d e te rm in e d  by the re la t iv e  so lub il i ty  o f  these in  the  m em brane  a n d  sam ple 
phases, a g rad u a l  loss o f  com ponents f ro m  the m em b ran e  phase occurs. In  PVC
m em branes,  a loss of  the  p las tic iser  d o w n  to a level o f  less th a n  30 wt.%
p las tic ise r  will re su l t  in  an  ex trem ely  h igh  m em b ran e  res is tance , w i th  
consequen t adverse  e f fe c ts  on the p e r fo rm a n c e  of  the  ISE. On the  o th e r  h a n d  a 
loss o f  ionophore  f ro m  the  m em brane  causes a d e te r io ra t io n  in the  e lec trode  
se lec tiv ity  and  sens i t iv i ty  p a r t ic u la r ly  w h en  the ion o p h o re  c o n cen tra t io n  in

29



the m em brane  phase drops below ab o u t  10 '^ M [80].
Several theo re t ica l  m odels have  been used to p re d ic t  the  l i f e  t im e of  

n e u tra l  c a r r ie r  m em branes  [80]. These m odels a re  based  on the k in e t ic s  o f  
com ponent loss f ro m  the  m em brane  phase in to  the  sam ple  so lu tion . O ne o f  the 
m ethods proposed to e s t im a te  the  su i ta b i l i ty  o f  m em b ran e  m a te r ia ls  inc ludes 
p a r t i t io n  w ith  1-octanol a n d  the use of l ip o p h i l ic i ty  inc rem en ts  [81]. H ere  a 
p a r t i t io n  c o e f f ic ie n t  o f  1 0 ^  is the  e s t im a ted  re q u ire m e n t  fo r  a m em b ran e  
l ife  tim e of  ab o u t  one y ea r  [82], T h e  fo l lo w in g  e q u a t io n  m ay be used to 
ca lcu la te  a p p ro x im a tiv e  l i f e  times [80]:

L i fe  tim e = (10 3  K d + 1.3 x 107  d 2) In (cQ /  C Hm) (1.19)

where , = T he  p a r t i t io n  c o e f f ic ie n t  be tw een  w a te r  a n d  1-octanol 
CQ = The in i t ia l  co n c e n tra t io n  of the  com ponen t 
d  = m em brane  th ickness  in  cm
Ciim  = l im it in g  c o n c e n tra t io n  of  the  com ponen t re q u ire d  fo r  th e  ISE to 
func tion .

Thus by using  a s u f f ic ie n t  m em b ran e  th ickness ,  a h ig h  in i t ia l  
c o n cen tra t io n  o f  ionophores  an d  using m a te r ia ls  o f  h igh  l ip o p h i l ic i ty ,  
e lectrodes of  su itab le  l i fe  tim es can be fa b r ic a te d .
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1.8 E X P E R IM E N T A L  WORK
1.8.1 C A L IX A R E N E  L IG A N D  M OLECU LES

The ca l ix a re n e  com pounds used h e re  fo rm  p a r t  o f  a num ber  o f  n e u t ra l  
ca r r ie rs  syn thes ised  by P rof.  M cK ervey  a n d  cow orkers  [83]. Some of  these  
com pounds have  been used in th is  re sea rch  as reco g n it io n  systems fo r  use in  
ion-selective e lec trodes,  w hile  o thers  h av e  a l re a d y  been  reported  as sensing 
agents in  ISEs.

C a lix a ren e  com pounds [83,84] are  c o n s id e red  as cyclic oligomers of  
p h e n o lfo rm a ld e h y d e  condensates. In essence these n e u t r a l  ca rr ie rs  are  a class 
of  [In] m e tacy c lo p h an es  com prising  cyclic  a r ra y s  of  pheno lic  residues a t ta c h e d  
by m eth y len e  g roups a t  the  ortho  position  to th e  h y d ro x y l  group. T h e  com pounds 
are  idea lly  su i ted  fo r  s t ru c tu ra l  m o d if ic a t io n  a t  d i f f e r e n t  locations 
(Fig. 1.3). D e r iv a t iv e s  co n ta in in g  p e n d a n t  e th e r ,  am ide , ketonic an d  ester 
groups have  been syn thesised  an d  show n to e x h ib i t  d i f f e r e n t  degrees of 
io nophoric  a c t iv i ty  [83]. The size of  the  m acrocyc le  can be m o d if ie d  by 
chang ing  the n u m b e r  o f  r ing  units , as in the  case o f  com pounds used here. T hus  
those com pounds w ith  a six m em bered  r in g  co rresp o n d  to ligands ex h ib i t in g  
caesium  se lec t iv i ty  (Fig. 1.4) (hexam eric  ca l ix a ren es)  w hile  those w ith  fo u r  
m em bered  rings ( te t ra m e r ic  ca lixarenes)  acco m m o d a te  in the ir  cav i ty  ions o f  
sm aller ion ic  r a d iu s  e.g. sod ium  (Fig. 1.5).

The m o d if ie d  com pounds em ployed  h ere  invo lve  two m ain  types of 
e lab o ra t io n  a t  th e  p heno lic  portions. With the  h e x a m e r ic  ca lixarenes  the re  are  
two esters (p - t-b u ty l  hex ae th y l  ester an d  h e x a e th y l  ester, Fig. 1.4) an d  w ith  
the  te t ra m e r ic  ca l ixa renes ,  one ester (m eth y l  p -t-bu ty lca lix [4 ]ary l  ace ta te ,
Fig. 1.5a), an d  one ketone, (the m ethy l ke to n e  d e r iv a t iv e  o f  p - t-bu ty l-  
calix[4]arene, Fig. 1.5b). T he  polym eric  l igands  used (Fig. 1.6), a lthough
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t - b u t y l  “

/

n *1 r2

6 CH2C 0 2Et But 2(b)

6 CH 2C 0 2Et H 2(d)

Fig. 1.4 (a) S tru c tu re  of  p - t -b u ty lc a l ix [ 6 ]arene w here  the  su b s t i tu e n ts  R j
an d  R 2  correspond to the io n o p h o res  used  in this research , (b) H e x a m e r  (2d) 
has a 0.404 an d  0.42 nm s e p a ra t io n  be tw een  ad ja c e n t  p h en o lic  oxygen  a tom s 
(oxygen atoms m ark ed  w ith  a cross).
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a

Fig. 1.5 (a) Methyl p-t-butylcalix[4]aryl acetate. Separation between
adjacent phenolic oxygen atoms is 0.31 - 0.33 nm. (b) Methyl tetraketone 
derivative of p-t-butylcalix[4]arene.

33



Fig. 1.6 
ISEs.

O C H 2 C ( C H Z ) g O C C  C H Z 
0  0

WNOHSP. I

HONOMBR 3

ST R U C TU R E  IV

Monomeric and polymeric calixarene inophores investigated for use in
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possessing m ore com plex  s truc tu res ,  can  be assigned  a sem i-system atic  nam e 
based on genera lised  ru les  fo r  c a l ix a re n e  n o m e n c la tu re  viz; 1 . spec ify ing  the  
size o f  the m acrocycle  by a b ra c k e te d  n u m b e r  in se r te d  in the ’ca l ix -a ren e ’ 
stem, an d  sp ec ify in g  the  n a tu re  a n d  posit ion  of  s u b s t i tu t io n  on the  a ro m atic  
rings  by  a p p ro p r ia te  p re f ix es  an d  su ff ix es .  T h u s  a cyclic  te t ra m e r  d e r iv ed  
f ro m  p - te r t -b u ty l  p heno lic  a n d  m ethy lene  u n i ts  is nam ed  as 
p - t-bu ty lca lix [4 ]a rene  (Fig 1.4a).

C learly ,  the  ionophores  presen ted  (Fig. 1.4, Fig. 1.5a 1.5b, an d  Fig.1.6) 
seem to m eet the  s t ru c tu ra l  req u irem en ts  o u tl in ed  p rev io u s ly  in section  1.5.1. 
Hence, the  molecules p resen t  in w a rd  f a c in g  polar c o o rd in a t in g  groups (n itrogen , 
oxygen) su i tab ly  o r ie n ta te d  fo r  co m p lex a t io n  w ith  m eta l  ions, an d  o u tw a rd  
fa c in g  non-po la r  g roups (ary l,  a lky l) responsib le  fo r  the  so lub il i ty  o f  the ion 
c a r r ie r  com plex in  the  m em b ran e  phase.

T h e  a n t ic ip a te d  ionophoric  b e h a v io u r  is c o n f irm e d  by resu lts  o f  phase 
t r a n s fe r  s tud ies  (T ab le  1.1) [83]. F ro m  these d a ta ,  i t  can  be c lea r ly  seen 
th a t  the  te t ra m e r ic  ca l ixa renes  p resen t  by  f a r  the  la rges t  p re fe ren ce  fo r  
sod ium  ions, w h ile  the  h ex am eric  com pounds a re  re la t iv e ly  m ore e f f ic ie n t  at 
ex trac t in g  caes ium  ions.

1.8.2 C opo lvm erisa t ion  P ro ced u re
Based on the  s t ru c tu ra l  req u ire m e n ts  th a t  an  ionophore  m ust have  as 

o u t l in e d  in  sec tion  1.5.1, i t  was d e c id e d  to copo lym erize  m onom er I (Fig. 1.6) 
w ith  a n o th e r  m onom er, n am ely  m e th y l  m e th ac ry la te ,  in te n d in g  to d isperse  the 
n u m b er  o f  po la r  groups in  the l ig a n d  sphere, w h ic h  m igh t lead  to a m ore 
sensitive  response and  possible se lec tiv ity .

P r io r  to copo lym eriza t ion ,  m e th y l  m e th a c ry la te  (b.p. 92 - 94°C) was
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Compound L i + Na+ K+ nh4+ Rb+ Cs+

a B u ty l  e t h y l  e s t e r 1 1 .4 5 0 .1 8 5 .9 8 8 .7 1 0 0 . 0

a e t h y l  e s t e r 4 . 7 1 0 .4 51 .3 9 4 .1 9 4 .6

bM ethyl e s t e r 6 . 7 8 5 .7 22 .3 9 .8 2 5 .5
^M ethyl t e t r a k e t o n e 3 1 .4 9 9 .2 84 .1 2 3 .0 5 3 .7 8 3 .8

Table  1.1 Percen t e x tra c t io n  o f  a lk a l i  m eta l  p ic ra te  in to  C H 2 CI2  a t  2 0 ° C  
fo r  some hexam eric  a n d  te t ra m e r ic  com pounds used in  th is  research . 2.5x10 M 
com pound  in  C H 2 CI2 ; 2 .5x10 ' M  p ic r ic  ac id  in  0.1 M aqueous MOH.

v acu u m  d is t i l led  to rem ove any  in h ib i to r  an d  thus allow i t  to p a r t ic ip a te  in the 
copo lym erisa tion . C opo lym erisa tion  was ca r r ie d  ou t  as follows:

C opo lym er 1: a 250 ml th re e  n eck ed  ro u n d  bo ttom  flask ,  equ ipped  w i th  a 
s t i r re r ,  n i t ro g en  gas in le t  tube , th e rm o m e te r  a n d  a re f lu x  condenser  was ch a rg ed  
w ith  0.25 g m onom er I, 2.5 g m ethy l m e th ac ry la te ,  25 - 50 mg 
az o b is iso b u ty ro n itr i le  (AIBN) in i t i a to r  ( 1 - 2  % m /m  re la t iv e  to m e th y l  
m e th a c ry la te )  an d  a p p ro x im a te ly  40 m l toluene. N itro g en  was b u b b led  v igorously  
th ro u g h  the  solution f o r  15 m inutes .  T he  te m p e ra tu re  was ra ised  to 80 - 90°C  
by m eans o f  an  oil b a th  a n d  m a in ta in e d  fo r  5 - 6  hours  u n d e r  a n i tro g en  
a tm osphere .  The so lu tion  was th en  a llow ed  to cool an d  the  po lym er was fo rm e d  by 
con tro lled  p re c ip i ta t io n  in  400 ml o f  d ie th y le th e r ,  u n d e r  vigorous s t i r r in g .
T he  p ro d u c t  was collected  using  a s in te red  glass c ruc ib le  an d  d r ie d  in  the  
v acu u m  oven.
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C opolym er 2: For copolym er 1, a m o n o m e r /m e th y lm e th a c ry la te  ra t io  o f  1:10 
was em ployed, w hereas in th is  case a ra t io  of  1:5 was used and  the  p rocedure  
fo llow ed  th rough . H o w ev er  in  this occasion pe tro leu m  e th e r  (b.p. 40 - 60) was 
used as th e  p re c ip i ta t in g  solvent. T he  p ro d u c t  fo rm e d  was too f in e  to collect 
by an y  means. It was th e re fo re  necessary  to e v a p o ra te  o f f  the pe tro leum  e th e r  
and  to luene  to a p p ro x im a te ly  10 ml an d  p re c ip i ta te  in to  d ie th y le th e r .  U sing  
this a p p ro ach ,  a p ro d u c t  was e v en tu a l ly  collected.

An a t te m p t  was m ade to p u r i f y  copolym er 2 to t ry  to rem ove possible 
u n re a c te d  m onomer. T h is  was done by d issolving the  p ro d u c t  in d ich lo ro m eth an e ,  
f i l te r in g  i t  an d  ad d in g  it  to 400 ml o f  pe tro leum  e th e r  as before . The  p ro d u c t  
was collec ted  in the same m a n n e r  as prev iously .  T h e  copolym ers w ere 
ch a ra c te r ise d  by IR, U V  an d  NM R spectroscopy a n d  in co rp o ra ted  in to  p las tic ized  
m em branes  w hich  w ere  sub seq u en tly  used to co n s tru c t  c a th e te r  type an d  coated  
w ire  e lectrodes.

1.8.3 M EM B R A N E P R E P A R A T IO N
L iq u id  m em branes unless s ta te d  o therw ise, were p re p a re d  acco rd ing  to a 

genera lised  p rocedure  w h ich  consisted  of:
0 . 6 6  wt.% ca l ix a ren e  ion o p h o re  was w eighed  in to  a 2  ml sam ple bo ttle  

tog e th e r  w i th  66.1 wt.% o f  so lven t-m ed ia to r .  In the  case o f  m em branes w hich  
co n ta in ed  ion-exchanger,  0.16 wt.% potassium  te trak is (p -ch lo ro p h en y l)b o ra te  was 
ad d ed  to the m ix tu re .  In  every  in s tan ce  this was s l igh tly  hea ted  an d  s t i r re d  
over a h o t  m agnetic  p la te  fo r  a t  least 5 to 10 m inutes .  T h e  solution  was le f t  
to cool f o r  a few  m inutes .  A d d i t io n  of  33.0 wt.% of po ly (v iny l)ch lo r ide  PVC 
was c a r r ie d  ou t only w hen  the  m ix tu re  was com ple te ly  t ran sp a ren t .  The 
resu lt ing  paste  was s t i r re d  v igorously  an d  an excess o f  te t r a h y d ro fu ra n  was
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a d d e d  thus  avo id ing  the  m ix tu re  to tu rn  ta c k y  w h ile  d isso lv ing  in to  the TH F. 
O nce i t  was com ple te ly  d issolved, con tro l led  e v a p o ra t io n  o f  the  T H F  le f t  a 
’ru n n y -h o n e y ’ type consistence  o f  the  m em b ran e  cocktail .

1.8.4 E L E C T R O D E  C O N S T R U C T IO N
Several type of  e lec trodes  w ere  co n s tru c ted  d u r in g  th is  w ork  (Fig. 1.7). 

These inc luded:
- Glass p ip e t te  e lectrodes
- C a th e te r  type electrodes
- C o n v en tio n a l  m acroe lec trodes
- C o a ted  w ire  e lectrodes
- po lym eric  f i lm  m em branes  deposited  on glassy ca rb o n  e lec trodes

1.8.4.1 Glass P ipe tte  E lec trodes
(i) A 0.1 m m  d ia m e te r  tr im e l  enam el coated , ( Johnson  M atth ey  U.K.) was 

cu t  to ab o u t  20 cm leng th . A t bo th  ends, the  s i lve r  w ire  was b a red  by 
so f te n in g  the  t r im e l  enam el w ith  50:50 m ix tu re  o f  n i t r i c / s u lp h u r ic  ac id  
( im m ersed  f o r  ab o u t  20-25 seconds), a f t e r  w h ich  the enam el was ca re fu l ly  pu lled  
f ro m  the  w ire  by h a n d  u n d e r  a gen tle  s t ream  of ru n n in g  w ater .  A c r i t ic a l  step 
h e re  is no t  to over expose the  w ire  to the HNO 3 / H 2 SO4  m ix tu re  in  o rd e r  to 
av o id  th e  possib ili ty  o f  o x id a t io n  o f  the  s ilver

(ii) the  s ilver w ire  was th en  ch lo r id ised  in  a 14 % so lu tion  o f  sod ium  
h y p o c lo r i te  fo r  30 m inutes .

A s tab le  voltage dep en d s  on the  reve rs ib le  re a c t io n  betw een  the ch lo r ide  
ions in  the  in te rn a l  f i l l in g  so lu tion  o f  the  e lec trode  a n d  the  solid AgCl o f  
the  in te rn a l  re fe rence .  S ilver  w ires can  also be c h lo r id e d  e lec tro ly tica lly
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Fig. 1.7 Schematic of d ifferen t type o f electrodes constructed during research. 
1) Glass pipette electrodes; 2) Catheter type electrodes: (a) silver wire, (b) 
internal reference solution, (c) PVC tubing, (d) PVC ion-selective membrane, e) 
porcelain tip and f) 2 mm electrical plug; 3) conventional bench electrodes;
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e.g. 0.1 M  KC1 a t  10 m A /c m  fo r  15 m in u tes  [85]. E lec tro ly t ic  coa t ing  is 
c la im ed  to produce  a low er re s is tance  a n d  a m ore s tab le  po ten tia l  b u t  th e  la y e r  
o f  AgCl is easily d am ag ed  [8 6 ]. A n o th e r  a p p ro a c h  is the  d ipp ing  o f  the  Ag w ire  
in to  m olten  AgCl. In th is  case the  coating  is th ic k e r  an d  s tronger b u t  i t  has 
a h ig h e r  e lec trica l res is tance

(iii) the  ch lo r id ised  s i lver  w ire  was in se r ted  th ro u g h  the  b road  en d  o f  a 
p as teu r  p ipette , leav ing  1 cm p ro jec t ing  f ro m  the  n a r ro w  tip. In  the  b ro a d  end  
the  w ire  was so ldered  to a 2  m m  e lec tr ica l  p lug a n d  th is  was then  f i t t e d  a n d  
sealed w ith  silicone ru b b e r

(iv) once the  ru b b e r  h a rd e n e d  a f t e r  few  hours, the  p ipe tte  was f i l le d  
w ith  in te rn a l  f i l l in g  so lu tion  (0.1 M N aC l) to w i th in  1 - 2 mm of the  p ip e t te  
tip  using a su itab le  syringe. F in a l ly  the  l iq u id  m em b ran e  solu tion c o n ta in in g  
the  ionophore  ( l iq u id  m e m b ran e  w i th o u t  PV C  m a tr ix )  was p laced  in to  the  
rem a in in g  space w ith  a f in e  sy ringe  a n d  th e  e lec trode  le f t  to c o n d i t io n  in 
0.1 M N aC l fo r  30 m inu tes  (Fig. 1.7).

1.8.4.2 C a th e te r  T ype E lec trodes
A 16 cm leng th  o f  PV C tu b in g ,  w as used as the  e lectrode bod y  (EMS 

M edical G roup  Ltd., S tonehouse, Glos, U.K.) (1 mm i.d.) . A ch lo r id ised  s i lver  
w ire , m ade  as d esc r ib ed  above fo r  p ip e t te  glass e lectrodes, was in t ro d u c e d  
th ro u g h  the  tube. O ne end  o f  the  w ire  was so ldered  to a 2 mm plug w h ic h  was 
su bsequen tly  f ix e d  to the  tube  by g lueing  w i th  an  epoxy resin. A t th e  o th e r  
end, the  w ire  w as cu t  to size an d  a 2 - 3 m m  porce la in  t ip  (M organ M atroc  
P roduc ts  Ltd.) p rev ious ly  m odelled  to su i tab le  shape was inserted  so th a t  h a l f  
of  its leng th  p ro t ru d e d  f ro m  the  tube. T h e  po rce la in  t ip  was th en  f ix e d  in  
posit ion  w ith  a d ro p  o f  T H F. To b u i ld  the  so lvent po lym eric  m em brane  onto  the

9
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p orce la in  tip, i t  was d ip p e d  in to  the  m em brane  cock ta il  b r ie f ly .  T he  p ro c e d u re  
was repea ted  a t  least f o u r  times u n t i l  a su i tab le  co a t in g  is observed. 
T h e re a f te r  the T H F  o f  the  coating  cockta il  was th e n  l e f t  to ev ap o ra te  fo r  24 
hours  a t  room  te m p e ra tu re .  In te rn a l  f i l l in g  so lu tion  (0.1 M so lu tion  o f  the 
p r im a ry  ion) was th en  in jec ted  w ith  a f in e  sy r inge  th ro u g h  an open ing  in  the 
tu b in g  wall. The o pen ing  was th en  sealed w ith  epoxy  res in  and  the  e lec trode  
was le f t  to cond it ion  f o r  a t  least 30 m inu tes  in  0.1 M  so lu tion  o f  the  p r im a ry  
ion p r io r  to use (Fig. 1.7).

T he  coating  seems to  p lay  an  im p o r ta n t  role  in  the  p e r fo rm a n c e  of  
e lectrodes of  th is type. B oth  the m ag n itu d e  of  the  e lec tr ica l  res is tance  an d  
the slope o f  some e lec trodes  seemed to have been re la te d  to some ex ten t  to the  
coating  procedure .  A l th o u g h  the d ip p in g  tech n iq u e  does no t pose m a jo r  problem s 
(p rov ided  th a t  no a i r  bub b les  a re  fo rm ed  on the  co a ted  su r fa c e  a n d  th a t  the  
coatings are  evenly  b u i l t  up), the consistency of  the  p re p a re d  co ck ta il  seems 
to be a key aspect. T h u s  the  consistency d ic ta te s  to a la rge  ex ten t  th e  n u m b e r  
o f  d ipp ing  cycles a n d  th e re fo re  the  th ickness o f  the  re su l t in g  coating . While 
coatings w ith  a r a th e r  viscous cock ta il  m em b ran e  can  still  be m ade  by an  
experienced  p ra c t i t io n e r ,  th is  is most l ike ly  to lead  to e lec trodes ex h ib i t in g  
less e f f ic ie n t  p e r fo rm a n c e  w ith  h igh  im pedance  an d  vo ltage  read ings  w h ich  are 
d ep en d en t  on the s t i r r in g  ra te  o f  the  so lu tion  being  m easured . In  a d d i t io n ,  
v a r ia t io n s  on the  m e a su re d  slopes of some e lec trodes to some ex ten t  seem ed to 
be a fu n c t io n  o f  the  m e m b ra n e  thickness. A l th o u g h  no s tu d y  is p resen ted  here  
in  re la t io n  to the  th ick n ess  of  the  m em brane  coa ting , th is  f a c to r  h a d  a c lear  
in f lu e n c e  on the w o rk  o f  Lev et al [87], These w o rk e rs  in v es t ig a ted  th ic k  
m em branes co n ta in in g  V a ly n o m y c in  or N o n a c t in  n e u t ra l  ca rr ie rs  d issolved in 
h ep tan e  an d  conc luded  th a t  the  res is tance  o f  a th ic k  m em b ran e  is a l in e a r
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fu n c t io n  o f  the m em b ran e  th ickness, w i th  a c o n s ta n t  te rm  co rrespond ing  to the  
su rfa c e  resistance. H ow ever,  once s u f f i c ie n t  ex p erien ce  of  the co a t in g  
p rocedure  is o b ta ined ,  h ig h ly  stable e lec trodes w i th  rep roduc ib le  response 
b eh av io u r  can  be m a n u f a c tu r e d  to th is  design.

1.8.4.3 C onven tiona l M acroelectrodes
A classical bench  e lec trode  body  (Russell gas sensing e lectrode m odel 

ISE 97-7809) was used. In  th is case the  so lven t po lym eric  m em b ran e  was 
p re p a re d  fo llow ing  a t r a d i t io n a l  p ro ced u re  d esc r ib ed  by Moody an d  T hom as [8 8 ] 
(see also de ta ils  in  sec tion  3.13, ch a p te r  3). A 9 m m  d iam e te r  d isk  was cu t  
f ro m  the m aster m em b ran e  an d  in se r ted  in to  the  cap  of  the  electrode, le av in g  a 
m em brane  o f  7 mm d ia m e te r  exposed to the sam ple  so lution . The e lec tro d e  design  
enables th e  m em brane  d isks  to be c lipped  to the  e lec trode  caps r a th e r  t h a n  
being glued. The e lec trodes were f i l le d  w ith  0.1 M  N aC l as in te rn a l  r e fe re n c e  
so lu tion  a n d  le f t  to soak fo r  co n d i t io n in g  in  0.1 M NaCl fo r  at least 30 
m inutes.

1.8.4.4 C oated  Wire E lec trodes
A 1.5 cm p la t in u m  w ire  (1 m m  d ia m e te r)  p rev iously  ro u g h en ed  w i th  a 

m eta ll ic  f i le  to im prove  adh e ren ce  of  the m e m b ra n e  m a tr ix  was so lde red  to an  
a p p ro x im a te ly  10 cm copper co n d u c to r  (0.5 cm d iam eter) .  The copper w ire  was 
so ldered  to a 2  cm e lec tr ica l  plug a n d  th en  the  w hole  body in su la ted  w i th  h e a t  
sh rink . T h e  jo in t  b e tw een  the p la t in u m  a n d  the  conduc to r  was sea led  w i th  a
laye r  of PVC to av o id  a n y  sho rt in g  ou t o f  the  m e m b ran e  w hen the e lec tro d e  was 
p laced  in  solution. T h e  p la t in u m  end  (p rev io u s ly  washed w ith  d i lu te  n i t r ic  
acid , de ion ised  w a te r  a n d  d r ie d  w ith  ace tone) was d ip -coa ted  w ith  the  m e m b ran e
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cockta il  5 to 8  t imes w i th  d ry in g  periods o f  a t  least  15 m inutes in be tw een  the  
d ip p in g  cycles. A u n i fo rm  th ickness of  the  co a t in g  th ro u g h  the 1 cm le n g th  was 
d i f f i c u l t  to ach ieve  a n d  a r a th e r  sp h e ro id a l  shape  w as o b ta ined  at the f a r  en d  
of the  wire. The T H F  in  the  m em brane  w as l e f t  to evapora te  fo r  24 hours  a n d  30 
m inu tes  co n d it io n in g  o f  the  e lec trode  in  0.1 M  NaCl fo llow ed b e fo re  
m easu rem en ts  were p e rfo rm ed .

1.8.4.5 Glassy C arbon  E lec trodes
These  electrodes w ere  used to in v e s t ig a te  the  properties  o f  some 

p o lym erisab le  ca lixarenes ,  w i th  the ob jec t iv e  o f  p rod u c in g  a so lid -s ta te  
electrode. A glassy c a rb o n  e lec trode  body  was f ix e d  to a m eta ll ic  p in  
conduc to r  w ith  silver epoxy resin  an d  le f t  to h a rd e n  in an oven a t  80°C f o r  
12 hours. T he  glassy ca rb o n  e lec trode  s u r fa c e  w as t rea ted  as follows. T he  
e lec trode  was polished w ith  em ery paper ,  fo l lo w e d  by an a lum ina  s lu r ry  on a 
woollen po lish ing  cloth. O nce  a f re sh ly  p o lished  s u r fa c e  was ob ta ined ,  5-50 ul 
o f  so lu tion  m em brane  was placed onto  the  s u r fa c e  of  the e lec trode  a n d  
p h o topo lym erised  u n d e r  U V  ligh t fo r  30 - 40 m inu tes ,  a f te r  w h ich  tim e, a 
t r a n sp a re n t  f i lm  fo rm e d  on the  su rface .  T h e  e lec trode  was co n d it io n ed  in  
m illi-Q  w a te r  fo r  15 m inutes .

1.8.5 M A T E R IA L S
A n a la r  g rade  ch lo r ides  of a lk a l i  m eta l  a n d  a lk a l in e  ea r th  m eta l  ions 

(NaCl, KC1, LiCl, CsCl, RbC l, N H 4 C1, C aC l2, MgCl2) and  po tass iu m  
p h th a la te  h y d ro g en  salts w ere o b ta in e d  f ro m  R iedel-de-H aen . Solu tions a n d  
w ork ing  b u f f e r s  w ere  p re p a re d  in  d is t i l led -d e io n ised  water. So lvent-m edia tors : 
d ioc ty l  sebaca te  (DOS), 2 -n i t ro p h en y l  oc ty l e th e r  (2-NPOE); ion exchanger
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potassium  te trak is (p -ch lo ro p h en y l)b o ra te  (K pTC PB ); po lym er m atr ix :  po ly (v iny l)-  
ch lo ride  (PVC); a n d  t e t r a h y d r o f u r a n  (T H F) w ere  a ll supp lied  by F luka . 
Solven t-m ed ia to rs  p h en y l  p h th a la te  (PP) a n d  d io c ty l  p h en y l  p h o sp h o n a te  (DPP) 
w ere f ro m  A ld rich  a n d  Sigma, respective ly .  Salts o f  tris b u f f e r  w ere  also 
ob ta in ed  f ro m  Sigma.

All o ther  reagen ts  used  w ere  o f  the  best a n a ly t ic a l  g rade av a ilab le .  
C a lix a ren e  ionophores  w ere  o b ta in ed  f ro m  the o rg a n ic  syn the t ic  g ro u p  a t  UCC 
d irec ted  by P rof.  M cK ervey..

1.8.6 P O T E N T IO M E T R IC  A PP A R A T U S  A ND  M EA SU R E M E N T S
M easurem ents  w ere  tak en  w ith  a P h il ips  PW9421 d ig i ta l  pH m e te r  (0.1 mV 

reso lu tion) or a l te rn a t iv e ly  w ith  a C orn ing  240 p H /m il l iv o l tm e te r  coup led  to a 
F lu k a  8060A d ig i ta l  m u l t im e te r  to o b ta in  0.01 m V resolu tion . E x te rn a l  
re fe ren ce  electrodes used w ere  A g /A g C l an d  s a tu ra te d  calomel. T w o d i f f e r e n t  
types o f  s a tu ra te d  ca lom el e lectrodes (SCE) ( f ree  f lo w in g  l iq u id  ju n c t io n ,  
M etrhom  ref. 60.705.000; an d  the  usual ce ram ic  f r i t  ty p e  o f  ju n c t io n )  w ere  used 
acco rd ing  to a v a i la b i l i ty .  F o r  in jec t io n  ex p e r im en ts  w ith  th e  m e th y l  
te t ra k e to n e  based e lec trode ,  the  t ra n s ie n t  response-tim e curves w ere  observed  
on a m o n ito r  screen of  a BBC m ic rocom pu te r  using  in -house  so f tw are .  A d d i t io n a l  
in jec t io n  experim en ts  a n d  results o f  d r i f t  s tud ies  w ere  recorded  in  a Linseis  
16512 c h a r t  recorder.

1.9 R E SU L T S A N D  DISCUSSION

1.9.1 C A ESIU M  E L E C T R O D E S
At p resen t,  m ethods to d e te rm in e  caesium  m ake  use of f lam e p h o to m e try  or
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atom ic absorp tion , a l th o u g h  la te ly  ICP has been used. The im p o r ta n c e  of  
m easuring  caesium  ions de r iv e  m a in ly  f ro m  its role in  n u c le a r  f iss ion  
processes. Ion-selective  e lectrodes lend  them selves n icely  to the  
d e te rm in a t io n  of  a lk a l i  m eta l  ions a l th o u g h  no rea l e f f o r t  has been d i re c te d  to 
develope electrodes fo r  caesium. C e r ta in  crow n e th e r  com pounds [89-90] a n d  a 
c ry p ta h e m isp h e ran d  [91] have  been show n to e x h ib i t  caesium  com plex ing  
properties. H exam eric  ca l ix -a ren e  com pounds (Fig. 1.4) have  show n exce llen t  
sens it iv ity  to caesium  ions and  good se lec tiv ity  aga in s t  a range  o f  a lk a l i  and  
a lk a l in e  e a r th  m eta l  ions. E a r l ie r  w ork  [92] has d em o n s tra ted  the  b e n e f i ts  of 
in co rp o ra t in g  ion e x ch an g e r  K pT C PB  to im prove  the  e lec trode  response, a l th o u g h  
the ion -exchanger  i tse lf  has been fo u n d  to e x h ib i t  io nophoric  a c t iv i ty  to w ard s  
caesium  ions.

Solvent po lym eric  m em branes  in c o rp o ra t in g  the  tw o ionophores  show n in 
Fig. 1.4, w ere  p re p a re d  acco rd ing  to the  p rocedure  a l re a d y  o u tl in ed  in  section
1.8.3. The ionophores  w ere  in co rp o ra te d  in  2-N PO E so lvent m ed ia to r  w ith  an d  
w ith o u t  ion -exchanger  (KpTCPB). In  those m em branes  w h ich  in c o rp o ra te d  K pTC PB , 
a 1:4 m /m  p ro p o r t io n  io n -e x c h a n g e r / l ig an d  was added . C a th e te r  ty p e  e lec trodes 
were m ade up a n d  the  e lec trode  response assayed  in  CsCl ca l ib ra t io n  so lu tions 
rang ing  f ro m  10"^ M  to 10‘ * M  an d  in sepa ra te  so lutions of  a lk a l i  a n d  
a lka l ine  e a r th  m eta l ions a t  the 0.1 M c o n cen tra t io n  level.

T hus  f ro m  the  resu lts  o b ta in ed  (T able  1.2), i t  can  be seen th a t  bo th  the 
bu ty l  su b s t i tu te d  h ex am er ic  ca l ix a ren e  ester an d  the  u n su b s t i tu te d  d e r iv a t iv e  
e lectrode show good sen s i t iv i ty  to CsCl so lu tions e i th e r  in c o rp o ra t in g  or 
exc lud ing  the  io n -ex ch an g er  f ro m  the  m em brane . T he  responses are  l in e a r  in  the 
range  10'^ to 10"* M  CsCl. F u r th e r  obse rva tion  f ro m  table  1.2 seems to 
in d ica te  th a t  a rea l  im p ro v em en t in  sen s i t iv i ty  is o b ta in e d  in  the m em branes
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R esponse  (mV) to C hange  in  C o n cen tra t io n
- log [Cs+]/M

E lec trode  4 3 2 1 S lope(m Y /dec)
2 b 246.5 296.9 352.3 406.5 53.5
2 b 287.0 333.7 389.2 443.2 52.4
2 b 239.7 289.7 344.6 398.5 53.1

*
2 b 249.3 295.7 351.2 403.7 51.9

2 d 406.1 459.9 514.6 467.2 53.8
2 d 395.0 449.9 504.4 557.0 54.1
2 d 427.0 480.8 534.0 587.2 53.4

*
2 d 350.0 400.5 455.9 509.4 53,4

T ab le  1.2 C aesium  e lec trode  response an d  e lec trode  slope fu n c t io n  
to CsCl ca l ib ra t in g  so lu tions ran g in g  f ro m  10 M  to 10 M.
* in d ica te s  the  absence  o f  K pT C PB  in  th e  e lec tro d e  m em brane

S elec tiv ity  C o e f f ic ie n ts  log K j? ^  
in te r fe r in g  e lectrodes based  on l ig an d

ion 2 b 2 d 2 d
H + -3.17 -3.00 -3.10
K + -0.67 - 2 . 6 6 -2.57
N a + -2.37 -3.59 -3.52
L i+ -3.37 -4.40 -4.29
C a2+ -3.72 -4.05 -3.97
Mg2+ -3.15 -3.70 -3.75

T a b le  1.3 S e lec tiv ity  c o e f f ic ien ts  fo r  PV C  Cs+ electrodes. 
S epara te  so lu tion  m e th o d  0,1 M  
* m em b ran e  w i th o u t  ion-exchanger.
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c o n ta in in g  K pT C PB  in  com parison  to those w hich  d id  not co n ta in  the  l ip o p h il ic  
an ion . H ow ever,  a n o th e r  t ren d  e n c o u n te re d  was th a t  the  in c o rp o ra t io n  of 
io n -ex ch an g e r  d id  not p roduce  any  m a jo r  v isib le  d i f fe re n c e  on the  s ta b i l i ty  of 
the  electrodes. The e lec trodes beh av ed  re la t iv e ly  s tab le  w ith  d r i f t s  no t  m ore  
th a n  0.5 mV d u r in g  a 3 m inu tes  read ing .

A cco rd in g  to the se lec tiv ity  d a ta  p re sen ted  in  table  1.3, an d  c a lc u la te d  by 
the  s ep a ra te  so lution m ethod , the re  is a h ig h er  p re fe ren ce  fo r  Cs+ ions 
a g a in s t  in te r f e r in g  ions w ith  the  u n su b s t i tu te d  h ex ae th y lca l ix [ 6 ]a rene  l ig a n d  
th a n  w ith  the  bu ty l  su b s t i tu te d  one. T h is  p re fe ren c e  is, how ever, no t  en h a n c e d  
by the  in t ro d u c t io n  of  the  ion-exchanger.  In te re s t in g ly  enough the  se lec t iv i ty  
t r e n d  o b ta in e d  fo llows closely the a lk a l i  m eta l  p ic ra te  salt e x tra c t io n  f ig u re s  
fo r  bo th  ligands. T hus the  t r e n d  fa v o u rs  Cs+ w ith  respect to in te r f e r in g  
ions in  the  o rder  K + < N a + < L i+.

U n f o r tu n a te ly  no d a ta  was o b ta in e d  in th is  w ork  fo r  r u b id iu m  ions. 
N everthe less ,  se lec tiv ity  c o e ff ic ien ts  h av e  been recen tly  rep o rted  fo r  ru b id iu m  
em ploy ing  both  l igands in  a PV C  m em brane ,  p las tic ised  w ith  2 -N PO E  so lvent 
m ed ia to r  [93]. Thus th is  se lec tiv ity  d a ta  o b ta in ed  by C adogan  et al [93] using 
the  same tech n iq u e  confirm s  la rge ly  the  one ob ta in ed  here  an d  adds  c o e ff ic ien ts  
fo r  R b + a n d  N H ^  ions, the  va lues  be ing  (log K^.°j):

p -t-B utyl h e x a m e r  (K pTC PB  ad d ed )  R b + = -0.99 and  N H ^ += -2.06, 
e thy l h e x a m e r  (K pTC PB  ad d ed )  R b + = -1.52 an d  N H ^*  = -2.75

T h e  d y n a m ic  response b e h a v io u r  o f  these e lectrodes was obse rved  by 
reco rd in g  th e ir  change in  p o ten t ia l  to sh if ts  in  concen tra tion .  T h e  m a g n i tu d e  
of  the  ju m p  ind ica tes  the p re fe ren c e  e s tab lished  in the  se lec tiv ity  s tud ies
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w ith  the  la rgest  jum p  being  fo r  caes ium  ions fo l lo w ed  by K + a n d  N a + w hile  
the  lowest change in p o te n t ia l  is th a t  observed  f o r  L i+ ions (Fig. 1.8). 
R esponse times w ere  f a s t  (£9 0 0 /,, -  fe w  seconds) in  every  case.

1.9.2 SO D IU M  E L E C T R O D E S
T h e  best k n ow n  sod iu m  ISE is the sod ium  glass e lec trode , w h ich  has been 

in  com m on use since the  la te  1950s. T he  p r in c ip a l  in te r fe re n ts  of sod ium  glass 
are  h y d ro g en  an d  s i lver  ions; po tass ium  ions in te r f e r e  to a lesser ex ten t.  
C onsequen tly ,  since s i lve r  ions a re  ra re ly  p resen t as a sample c o n s t i tu en t ,  
p roblem s are  re s tr ic ted  to p H  a d ju s tm e n t  in  sam ple  so lu tions. H ow ever,  f u r th e r  
problem s a re  en co u n te red  w ith  sod iu m  glass e lec trodes  will be d iscussed  in  
c h a p te r  2. Several so d iu m  electrodes based  on n e u t r a l  ca rr ie rs  re c e n t ly  
developed  o f f e r  ce r ta in  a d v a n ta g e s  over t r a d i t io n a l  glass e lectrodes [94-96].

T h e  novel sod ium  sensors descr ibed  h e re  are  based  on de r iva t ives  o f  the  
te t ra m e r  p - t-b u ty lca l ix 4 ]a ren e  (Fig. 1.5) [83].

1.9.2.1 M E T H Y L  p-t-B U T Y L C A L IX [4]A R Y L  A C E T A T E

1.9.2.1.1 E lec trode  Response
PVC m em branes  w ere  p re p a re d  acco rd in g  to the  p rocedure  o u t l in e d  in

1.8.3. T y p ica l ly  these m em b ran es  c o n ta in e d  2.0 mg ionophore, 200.0 mg 
p las t ic ize r  2-NPOE, 0.5 mg io n -ex ch an g e r  a n d  100 mg PVC. Batches o f  e lec trodes 
w ere m ade up  an d  the  response of  the  e lectrodes m easu red  in 10"^ M  to 10 ' 1 

M of p u re  N aC l so lu tions ag a in s t  a calom el e lec trode  w ith  a f re e  f lo w in g  
junc tion .  T he  response f o r  a b a tc h  o f  5 e lectrodes based  on the m e th y l  es ter 
d e r iv a t iv e  m easu red  se q u e n t ia l ly  in  gen tly  s t i r re d  so d iu m  solutions a t  2 4 + l°C
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Sodium E lec trode  ResDonse (rnV'l Slope
A c t iv i ty 30 sec 60 sec 90 sec 1 2 0  sec 150 sec m V /d ec

lx lO ' 4 17.2 17.9 17.4 17.3 17.5
lx lO ' 3 75.3 75.3 75.4 75.4 75.4
l x l 0 “ 2 132.8 132.8 132.7 132.8 132.8
lx lO ' 1 189.2 189.1 189.1 189.1 189.1 59-4

59.4
lx lO ' 4 13.8 14.1 14.2 14.3 14.2
l x l O ' 3 71.4 71.5 71.7 71.6 71.6
lx lO " 2 129.3 129.4 129.5 129.5 129.5
1 x 1 0 ~ 1 186,0 186.1 186.1 186.2 186.2 59-5

59.5
lx lO ' 4 16.7 17.0 17.1 17.2 17.3
lx lO ’ 3 75.6 75.7 75.7 75.7 75.7
l x l  0 - 2 133.0 133.2 133.3 133.4 133.5
lx lO ' 1 189.9 190.0 190.1 190.2 190.2 59.8

59.8

»OX 13.3 13.6 13.9 14.0 14.2
lx lO ' 3 71.5 71.6 71.6 71.7 71.7
lx lO ' 2 129.6 129.7 129.7 129.8 129.8
lx lO ' 1 186.0 186.1 186.2 186.3 186.3 59.6

59.6

1OX•H 15.8 15.8 15.9 16.0 15.9
lx lO ’ 3 73.6 73.6 73.6 73.6 73.6
lx lO " 2 131.7 131.7 131.8 131.8 131.8

T ab le  1.4 M ethyl p -t-bu ty lca lix [4 ]a rene  PV C based  e lec trode  response  to 
p u re  sod iu m  solutions.
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is i l lu s t ra te d  in tab le  1.4.
T h e  results  o f  the  5 e lectrodes in d ic a te  a N e rn s t ia n  response fo r  the  

sod ium  range 10" 4  M  to 10” 1 M (ca lcu la ted  f ro m  va lues  tak en  a t  two an d  a 
h a l f  m inutes).  The  resu lts  o f  the f re s h ly  p re p a re d  set show ed exce llen t  
r e p ro d u c ib i l i ty  a n d  s tab il i ty .  In fac t ,  these f e a tu re s  can  be both  o b ta in e d  i f  
cons ide ra t ions  such  as those discussed in  sec tion  1.8.4.2 (e lec trode  
construc t ion )  are  c a re fu l ly  observed. In a d d i t io n  i t  is equa lly  im p o r ta n t  to 
consider  the  m u lt ip le  sources of  e r ro r  in t ro d u c e d  in  p o te n t io m e tr ic  m easu rem en t
[97], D u rs t  [97] has ex tensive ly  rev iew ed  th is  m a t te r  and  suggested th a t ,  
since b a tch  m easu rem en ts  a re  s trong ly  a f f e c te d  by chem ical an d  m ech an ica l  
in te r fe re n c e  (w ashing, c lean ing , ch an g in g  so lu tions)  ex p e r im en ta l  p ro ced u res  
should  be ca r r ie d  ou t in a rep ro d u c ib le  way. T e m p e ra tu re  e ffec ts ,  r e fe ren c e  
e lec trode  s tab i l i ty  an d  its l iqu id  ju n c t io n  are  also key  aspects  to consider  to 
avo id  ir rep ro d u c ib le  resu lts  an d  v a r ia t io n s  in slopes.

H ow ever,  in h e re n t  c h a rac te r is t ic s  o f  the  e lec trode  p e rfo rm a n c e  still  lead
to some degree o f  im precis ion . T h is  is observed  in  the  above results  (T ab le
1.4) by the  ten d en cy  to d r i f t  show n by some o f  th e  electrodes. T he  d r i f t
p ro f i le  was ex am in ed  fo r  all o f  the 5 e lec trodes  over  1 h our  period. T he

-2electrodes were p laced  in  gen tly  s t i r re d  1 x 10 M  NaCl so lu tions a n d  
e x h ib i te d  an  average  positive  d r i f t  o f  0.5 mV p e r  h o u r  u n d e r  n o n - th e rm o s ta t te d  
c ond it ions  (max. te m p e ra tu re  change 0.4°C over a 5 hours  period). A m ore 
d e ta i led  in v es t ig a t io n  o f  the  d r i f t  in v o lv ed  the  m easu rem en t over a 24 h o u r  
p er iod  w ith  2 e lec trodes w h ich  h a d  been used a n d  s to red  in 0.1 M N aC l fo r  ab o u t  
10 days. T he  d r i f t  th is  tim e in th e rm o s ta t te d  1 x 10 M NaCl so lu tions
am o u n ted  to 1.7 + 0.1 mV in  each case.

To assess the  re p ro d u c ib i l i ty  o f  the  e lec trodes,  th ey  w ere t r a n s fe r re d
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- 3  . - 2f ro m  a 10 M in to  a 10 M  N aCl so lu tion  f ive  t im es se q u en tia l ly  a n d  the  
m easurem ents  taken  ev e ry  two m inutes. T h e  results  show ed  a h igh ly  rep ro d u c ib le  
response (+ 0.08 mV) on t r a n s f e r  of the e lec trode  f ro m  a 10" 3  to a 10 ' 2  M  
so lu tion , w hile  a low er p rec is ion  o f  + 0.22 mV was o b ta in e d  w hen  the  t r a n s f e r  
was done in  the opposite  d i re c t io n  (average  o f  f iv e  m easu rem en ts  in each  case).

M easurem ents  of  res is tan ce  were ca r r ie d  ou t in  u n s t i r r e d  0.1 M  N aC l 
solu tions fo r  5 new ly  c o n s tru c te d  electrodes. T he  electrodes, w h ich  h a d  been  
s to red  in  0.1 M N aC l p rev io u s  to m easurem ent,  gave an  average  res is tan ce  of
1.03 + 0.04 M . T h e  res is tance  fo u n d  is in  acco rd an ce  w ith  ty p ica l  va lues  
observed  fo r  solvent p o ly m er  m em brane  electrodes, a n d  is s ig n i f ic a n t ly  less 
th a t  resistances fo u n d  w ith  glass electrodes.

1.9.2.1.2 In jec tion  E x p e r im en ts
A rough g u id e  to e lec trode  se lec tiv ity  m ay be o b ta in e d  by in jec t in g  

know n  am ounts of  ions in to  a sample so lu tion  co n ta in in g  the p r im a ry  ion. In 
a d d i t io n ,  ex tra  in fo rm a t io n  is also o b ta in ed  reg a rd in g  the d y n am ic  response o f  
the  e lec trode  to t r a n s ie n t  sh if ts  in the  m easured  analy te .

T h u s  aliquots  o f  450 ul o f  0.1 M solutions of  a lk a l i  an d  a lk a l in e  e a r th  
m etal ions were in je c te d  m a n u a l ly  in to  50 ml o f  10~ 4  M  solu tions o f  th e  
p r im a ry  ion. T he  response  traces  reco rded  on the  c h a r t  re c o rd e r  a re  show n  in  
Fig. 1.9.

T h e  results  in  th e  case o f  the  N a + in jec t io n  ( invo lv ing  a step ch an g e
A  *3in co n cen tra t io n  o f  n e a r ly  one o rd er  of  m ag n itu d e ,  10" M to 10" M) 

show ed a p rac t ica l ly  N e rn s t ia n  response. The response was very  f a s t  (a lm ost 
in s tan tan eo u s)  an d  w as p ro b a b ly  l im ited  by the  s t i r r in g  ra te .  As expec ted  f ro m  
se lec tiv ity  d a ta  o b ta in e d  f ro m  prev ious  w o rk  [92], the  responses to o th e r
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K NH, C s *

1 min

Fig. 1.9 T ra n s ie n t  response  to a 10-fold increase in so d iu m  c o n c e n tra t io n  
( 1 0 " 4  - IQ'3) fo r  a m e th y l  es te r  te t ra m e r  based ca the te r  e lec trode .
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a lk a l i  and  a lk a l in e  m eta l  ions was small. H ow ever,  w h en  the in jec tion  o f  HC1 
was p e r fo rm e d  a ve ry  fa s t  an d  large t r a n s ie n t  a m o u n t in g  nea r ly  60 m V  was 
ob ta ined . The m a g n i tu d e  o f  the response d ecreased  w ith  time a n d  becam e 
neg lig ib le  in  com parison  to the  sodium  response on ly  a f te r  a couple  of  
m inutes. T h is  t r a n s ie n t  is in  co n tras t  to th a t  p rev io u s ly  reported  [92] in  
w h ich  the  response a m o u n te d  no m ore th a n  3 m illivo lts .  The cause o f  th is  
d i f fe re n c e  on the in i t ia l  response o f  the  e lec trode  to hydrogen  ions is not 
c lear  bu t  i t  could  be re la te d  to the  d i f f e r e n t  io n o p h o re / io n -e x c h a n g e r  ra t io  
used. The a p p a re n t  t im e  d e p e n d e n t  se lec tiv ity  a g a in s t  hy d ro g en  ions is f u r th e r  
discussed in  c h ap te r  2 .

F u r th e r  in jec tions  o f  so d iu m  w ere p e r fo rm e d  to t ry  to assess the response 
tim e o f  the  e lec trode  to the  step-change in  c o n c e n tra t io n  considered  above. 
T he  m o n ito r in g  of  the response a t  two c h a r t  speeds is show n  in Fig. 1.10.

A lthough , by no m eans a de ta i led  s tudy , i t  c e r ta in ly  gives an in d ic a t io n  
o f  the  fa s t  response t im e of  these electrodes. T he  shape  of the traces  is 
h ig h ly  d is to r ted  p ro b a b ly  by  the  w ay the  an a ly te  is p resen ted  to the su r fa c e  of 
the  e lectrode. U n f o r tu n a te ly  it  is not easy to c rea te  a co n cen tra t io n  step a t  
an  e le c tro ly te /e le c tro d e  in te r f a c e  an d  unless c o n d it io n s  a re  s tr ic t ly  des igned  
fo r  response t im e ex p e r im en ts ,  the  m easu red  d a ta  lacks re p ro d u c ib i l i ty .  
H ow ever,  L in d n e r  et a l  [6 8 ] have  suggested th a t  even  w ith  an ideal s tep -change  
in  the  sam ple  c o n c e n tra t io n ,  w here  a very  f a s t  c o n c e n tra t io n  change is a ssu red  
a t  the  e lec trode  su rface ,  the  e lectrode m ay still  be in  con tac t  w ith  p a r ts  o f  
the  so lu tion  c o n ta in in g  d i f f e r e n t  c o n cen tra t io n s  lead in g  to m ixed p o ten tia ls  
th a t  m ay d is to r t  the  response curve. In a d d i t io n ,  as m en tio n ed  in  th e o re t ic a l  
consid e ra t io n s  (see section  1 .6 ) the  response t im e fu n c t io n s  are  not co n tro l led  
exclusive ly  by the e le c tro ly te /e le c tro d e  in te r fa c e ,  b u t  by o ther  fac to rs  such
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Fig. 1.10 T ra n s ie n t  response  to a 10-fold increase  in  sodium  c o n c e n tra t io n
(10 “ 4  - 10‘ 3  M) fo r  a m e th y l  ester t e t ra m e r  based  c a th e te r  e lectrode.
a) c h a r t  speed 300 m m /m in ,  a n d  b) 120 m m /m in .
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as the m easuring  te c h n iq u e  and  the design  an d  geom etry  of the  cell. In th is  
respect several w orkers  h av e  rep o rted  spec ia lly  des igned  cells to av o id  these 
problem s [75]. D esp ite  these problem s u n d e r  the sim ple in jec tion  ex p e r im en ts  
em ployed  d u r in g  th is  w ork  the response t im e  (tgg) o f  the  e lectrodes was less 
th a n  5 seconds. F ro m  th eo re t ica l  c o n s id e ra t io n s  (section 1.6.2) it  is be lieved  
th a t  the  response t im e  can  be even f u r th e r  r e d u c e d  an d  perhaps the  ’t r u e ’ 
e lec trode  response t im e de te rm in ed ,  fo r  exam ple  by m eans of c a re fu l ly  des igned  
f lo w -in jec t io n  analysis  experim en ts  (FIA).

1.9.2.1.3 D e te rm in a t io n  of  Se lec tiv ity  C o e ff ic ien ts
T he  e lec trode  response was m easu red  in a range  of so lu tions (10"^

M - 10'* M) of  a lk a l i  an d  a lk a l in e  e a r th  m eta l  ions and  the c a l ib ra t io n  
curves co n s tru c ted  as show n in Fig. 1.11. T he  resu lts  again  show a N e rn s t ia n  
response to sod ium  ions w ith  a second a n d  th i rd  p re fe ren ce  fo r  caesium  an d  
hydrogen  ions respec tive ly .  Responses to the  la t te r  two ions increase  w ith  
c o n c e n tra t io n  b u t  not in  a N e rn s t ia n  fash io n .

To d e te rm in e  se lec t iv i ty  co e ff ic ien ts ,  p o ten tia l  m easurem ents  w ere  m ad e  
in  0.1 M  solu tions o f  in te r fe r in g  ions. T h e  f in a l  m easu rem en t was th e  read in g  
ave raged  a t  10 a n d  15 m inutes. A p ro b lem  th a t  soon becam e a p p a re n t  w hen  
m easu r ing  solu tions o th e r  th a n  sodium  was the la rg e r  d r i f t  associa ted  w ith  the  
m easurem ents .  Thus, to ensure  r e p ro d u c ib i l i ty  in  the  m easurem ents  an d  av o id  
the in f lu e n c e  o f  th is  d r i f t  to a m in im u m  se lec t iv i ty  c o e ff ic ien ts  w ere  
m easured  in  the  fo l lo w in g  way:

the  slope o f  the  e lec trode  fu n c t io n  in  10" 4  M to 10‘ * M N aC l so lu tions 
was m easu red  3 tim es a n d  the  results  ave raged .  O nce the  slope of  the  e lec trode  
had  been d e te rm in ed ,  the  0.1 M so lu tion  was m easu red  once and  sub seq u en tly  the
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E /m V

NH .774+ + L l

LOG ACTIVITY

Fig. 1 . 1 1  C a l ib ra t io n  curves fo r  a lk a l i  a n d  a lk a l i  e a r th  m e ta l  ions  as 
p e r fo rm e d  by c a th e te r  type  e lec trodes b ased  on ligand  m ethy l p - t-b u ty lca l ix [4 ]
arene.
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in te r fe r in g  so lu tion  (0.1 M) was m easured  th ree  times. T h e  N aCl 0.1 M so lu tion  
was th en  m easured  tw ice  and  the resu lts  so o b ta in e d  w ere averaged . T he  
se lec tiv ity  c o e f f ic ien ts  fo r  the rest o f  the  in te r f e r in g  ions w ere  then  
m easured  using the  sam e procedure  w ith  the  same electrode. The results  so 
o b ta in ed  are  show n in  tab le  1.5 and  co m p ared  to the  glass e lec trode  an d  o ther  
av a i lab le  sodium  e lec trodes  based on n e u tra l  carr iers .

F ro m  these resu lts  i t  is ev iden t  th a t  the  e lec trode  exh ib its  excellen t  
se lec tiv ity  aga ins t  a ran g e  o f  common a lk a l i  a n d  a lk a l in e  ea r th  m etal ions w ith  
an  o rd e r  of p re fe ren c e  fo l low ing  the sequence:

N a + > C s+ > H + > K + > N H 4 +~ L i+ > M g2+ > C a2+

T hus the  o rd e r  o f  p re fe ren c e  o b ta in ed  is s im ila r  to th a t  ob ta in ed  f ro m  
phase t r a n s fe r  s tud ies  o f  sa lt p ic ra te  e x t ra c t io n  p e r fo rm e d  by M cK ervey  et al
[98] an d  fo llow ing  closely the  values o f  se lec t iv i ty  c o e ff ic ien ts  p rev iously  
rep o rted  fo r  the same e lec trode  [92]. F ro m  the  com parison  w ith  o th e r  av a i lab le  
sodium  electrodes it  can  be seen th a t  the  m e thy l  ester d e r iv a t iv e ,  a l th o u g h  not 
possessing as good se lec t iv i ty  as the sod ium  glass e lec trode  w ith  respect to 
Cs+, K + a n d  N H 4+, is by f a r  m ore H + selective  a n d  nearly  s im ila r  w i th  
respect to L i+ se lec tiv ity .  With re g a rd  to the  o th e r  sod ium  selective  
ligands, the  m e thy l  es ter ca l ix a ren e  e x h ib i ts  b e t te r  se lec tiv ity  tow ards  K +,
L i+ a n d  H +. While the  im p o r tan ce  of  a good d isc r im in a t in g  sodium  elec trode  
against  po tass ium  a n d  l i th iu m  is f u n d a m e n ta l  in  c l in ica l assays, the  
se lec tiv ity  aga in s t  h y d ro g e n  ions is a c h a ra c te r is t ic  welcome in  an y  
app lica tion . T he  e lec tro d e  l i th iu m  se lec t iv i ty  can  become p a r t ic u la r ly  
im p o r ta n t  w hile  m easu r in g  sodium  in p a t ien ts  u n d e rg o in g  l i th iu m  th e rap y .  T his
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S e l e c t i v i t y  C o e f f i c i e n t s  ( lo g  K P ^ )

ION Methyl-Ester ETH 227 bis(12-crown-4) Na+Glass

Cs+ -1.51 -2.4 — —

H+ -1.88 -0.1 — 3.0

K+ -2.47 -2.0 -1.85 -3.0

nh4 -2.74 -1.7 — -4.5

Li+ -2.78 0.5 -1.80 -3.0

Mg++ -3.12 -2.2 -3.15 —

Ca++ -3.74 -1.5 -3.68 __

T ab le  1.5 S e lec tiv ity  c o e f f ic ien ts  (log f o r  so lvent po lym eric
m em branes  an d  sod ium  glass e lec trode  by  tne  sep a ra te  so lu tion  m eth o d  ( 0 . 1  M)
T he  values  f o r  th e  m e m b ran e  E T H  227 h av e  been  o b ta in e d  by Sim on a n d  co -w orkers  
[96], a n d  f o r  the  b is(12-crown-4) by  M oody a n d  T hom as [60].
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is the case w ith  pa t ien ts  s u f fe r in g  f ro m  m an iac  depression  d u r in g  w h ich  the  
a d m in is t r a t io n  o f  l i th iu m  salts can  be as h igh  as to p roduce  se rum  
c o n cen tra t io n s  of  1.5 mm ol 1‘ * [99].

T he  se lec t iv i ty  aga in s t  h y d ro g en  in te r fe re n ts  was also in v es t ig a ted  by
_ '7  j ythe  m ixed  so lu tion  m ethod , by v a ry in g  the  pH  o f  10 a n d  10 M  N aCl 

solutions. In s ig n i f ic a n t  v a r ia t io n s  (< 1.0 mV) in  the  e lec trode  p o ten tia l  
be tw een  p H  10.5 an d  5.5 w ere  o b ta in e d  in d ic a t in g  a good se lec t iv i ty  over 
h y d ro g en  ions u n d e r  these conditions.

1.9.2.1.4 L i f e  T im e
As in d ic a te d  in the  th eo re t ica l  t re a tm e n t  o f  th is  chap te r ,  the  l i fe  

t im e of  ion-se lec tive  e lectrodes can  be an  im p o r ta n t  co nside ra tion ,  the  degree  
of im p o r ta n c e  o f  w hich  d ep en d in g  u p o n  the  p a r t ic u la r  app lica tion . A l th o u g h  no 
system atic  s tudy  o f  l i fe  tim e was in te n d e d ,  the p e rfo rm an ce  o f  the  e lec trode  
was observed  d u r in g  a 1 m onth  p e r io d  by m easuring  the  slope o f  the  e lec trode  
fu n c t io n .  The e lec trode  was re g u la r ly  u ti l ised  d u r in g  the  m on th  in  ques tion  
a n d  was p e rm a n e n t ly  s tored  in N aC l 0.1 M  solutions w hen  no t in  use. T h e  slopes 
vs t im e plots  (Fig. 1.12) in d ic a te  th a t  l i fe  tim es o f  a t  least  one m o n th  are  
possible in  aqueous solutions. A  m ore  d e ta i led  s tu d y  of  the  e lec trode  l i fe  
t im e has been recen tly  p ub lished  [100]. In  this w ork  a l i f e  t im e o f  a t  least 
one y ea r  in  aqueous so lu tions has been ded u ced  f ro m  cons ide ra t ions  m ade  on 
m em b ran e  resis tance.

1.9.2.2 M E T H Y L  T E T R A K E T O N E  C A L IX [4]A R E N E
1.9.2.2.1 Glass P ip e t te  E lec trodes

T o  assess th e  p o te n t ia l  use of  m e th y l  te t ra k e to n e  d e r iv a t iv e  o f
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slope (mV/dec)

days

Fig. 1.12 V a r ia t io n  o f  e lec tro d e  slope fu n c t io n  w i th  tim e. D e ta i ls  as in  
text.
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Solvent Ionophore  S o lub il i ty
T o luene soluble
D ich lo ro m e th an e soluble
N itro b en zen e inso luble
l ,3 ,5 , t r ich lo robenzene inso luble
P lastic iser
2-NPOE soluble
D ioc ty l  p h th a la te soluble
D iocty l phosphona te soluble
D iocty l sebacate soluble

T ab le  1.6 S o lub il i ty  o f  0.5 - 1 wt.% m ethy l  te t ra k e to n e  d e r iv a t iv e  
in  some com m on organ ic  so lvents  a n d  plastic isers

p - t-bu ty l  ca lix [4]arene  as a sensing agen t in ion-se lec tive  electrodes, the 
l ig an d  was d isso lved  in  severa l o rg an ic  solvents a n d  p lastic isers  (T ab le  1.6).

T h e  m e th y l  te t ra k e to n e  d e r iv a t iv e  had  a good so lub il i ty  in  th e  so lvent 
m ed ia to r  2 -N PO E, y ie ld in g  a ye llow ish  t r a n sp a re n t  so lu tion  a f t e r  d isso lv ing  
1 mg in  100 mg o f  p lastic iser.  T h is  so lu tion  w as p laced  in  glass p ip e t te  
e lectrodes as d esc r ib ed  in  section 1.8.4.1 an d  ba tches  of  up to 10 e lec trodes 
w ere  construc ted .

1.9.2.2.1.1 E lec tro d e  R esponse
T h e  e lec trode  response was m easured  ag a in s t  an  A g /A g C l ex te rn a l  

re fe ren c e  fo r  sep a ra te  so lu tions o f  a lk a l i  an d  a lk a l in e  e a r th  m eta l  ions a t  tw o 
d i f f e r e n t  c o n cen tra t io n s  i.e. 10’ 4  M  an d  10"* M (d i lu t io n  o f  0.1 M  a l iq u o t  
to its f in a l  c o n c e n tra t io n  was p re p a re d  w ith o u t  in c o rp o ra t in g  ion ic  bu ffe rs ) .
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A considerab le  d r i f t  am o u n tin g  a t  least a fe w  m ill ivo lts  per  h o u r  w as 
observed  once the  e lec trodes  w ere p laced  in  the  10 ' 4  M  N aC l solution. 
C onsequen tly ,  the  m easu rem en ts  w ere ta k e n  only  a f t e r  10 m inu tes  w h en  the  
p o ten tia l  h a d  becam e a c cep tab ly  stable. T he  resu lts  o b ta in ed  fo r  f iv e  
e lectrodes (T able  1.7) show ed  a c lear  response of  the  e lec trodes to sod ium  ions 
w hen  the so lu tion  was ch an g ed  f ro m  10 ' 4  M  to 10'* M. A lthough  the  resu lts  
o b ta in ed  am ong the  5 e lec trodes w ere d i f f e r e n t  in  abso lu te  voltage read in g  
(Table  1.7 shows only  A E), the  overa ll  p a t te rn  in  every  case in d ic a te d  
p re fe ren c e  fo r  sod ium  w ith  an  average  response o f  152.4 m V an d  w ith  the  second 
an d  th i rd  la rgest  d i f f e r e n c e  o b ta in ed  fo r  C a C l j  ( 8 6 . 6  mV) and  CsCl (77.2 mV), 
respec tive ly  fo r  the c o n c e n t ra t io n  step considered.

lo g  [Na+ ] /  M
A e  mV

Io n 1i11 - 4  ___  - 1 1 1

rHIl - 4  ___  ■
Na+ 158 150 155 151 148
K+ 55 67 52 58 41
Cs+ 76 75 8 6 78 81

L i + 53 40 33 55 26

NH+ 4 47 38 43 46 29
Ca2+ 95 82 8 6 89 81

Mg+ 49 54 64 67 56

T ab le  1.7 P o te n t ia l  d i f f e r e n c e  (Ae) in m illivo lts  f o r  5 glass p ipe tte  
e lec trodes to two m o la r  c o n c e n tra t io n  o f  d i f f e r e n t  cations.
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T he abso lu te  m il l iv o lt  read in g ,  w h ich  expresses to some e x te n t  the 
rep ro d u c ib i l i ty  in the  co n s tru c t io n  o f  a set o f  e lec trodes,  show ed co n s id e rab le  
v a r ia t io n  am ong electrodes. T his  seemed to be due  to f a c to r  such as the  lack  
of con tro l  over the geom etry  of  the tip ,  s l igh t c racks  su f fe re d  d u r in g  
m easurem ents ,  d i f f e re n c e s  in  m em b ran e  th icknesses  a n d  v a r ia t io n s  in  s t i r r in g  
ra te . In  fa c t  one o f  the  problem s c o n s tan t ly  faced  w i th  th is  e lec trode  was the  
ra th e r  f ra g i le  t ip  design. The e lec trode  tip  was easily  c rack ed  d u r in g  
h a n d l in g  i f  ex trem e p recau tio n s  w ere not taken . In  a d d i t io n ,  a ve ry  low 
s t i r r in g  ra te  h ad  to be used in o rd e r  to avo id  the m em b ran e  fa l l in g  o f f  the  
tip.

A n in te re s t in g  aspect o f  the  results  o b ta in ed  in tab le  1.7 was the 
n e a r -N e rn s t ian  b e h a v io u r  ob ta ined .  This is show n by the  m ag n itu d e  o f  the 
p o ten t ia l  jum p  observed  f o r  the co n c e n tra t io n  step invo lved . T hus  e lec trode  1 
ex h ib i te d  a change o f  158 mV, w ith  the expec ted  N e rn s t ia n  va lue  fo r  the  range  
o f  c o n cen tra t io n s  assayed  o f  177.4 mV.

T he  n e a r -N e rs t ia n  b e h a v io u r  was in fa c t  c o n f i rm e d  w hen  the  ionophore  was 
in c lu d ed  in  m em b ran e  so lu tions w hich  th is  t im e in co rp o ra te d  0.25 wt.% 
ion-exchanger.  T h e  e lec trode  response fu n c t io n  m easu red  in N aC l so lu tions 
rang ing  f ro m  10’^ M to 10'* M is dep ic ted  in  Fig. 1.13 fo r  a set of 3 
electrodes. The  resu lts  show th a t  a l in ea r  response is o b ta in ed  in the  10' 4  

to 10"* ac t iv i ty  range. M oreover one o f  the  e lec trodes (3) shows a 
p ra c t ic a l ly  N e rn s t ia n  response (59.0 mV dec"*) w h ic h  con firm s  the exce llen t  
e x tra c t io n  cap a b i l i ty  o f  the  ionophore  fo r  sod ium  in  acco rdance  w ith  M c K e rv e y ’s 
d a ta  (T able  1.1).

A n o th e r  aspect observed  was the im p ro v em en t in  the genera l s ta b i l i ty  of  
the e lec trode  in  the  v a r io u s  sam ple so lutions w ith  the  in c o rp o ra t io n  of  K pT C PB
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in th e  m em brane . T h e  d r i f t  was sm aller, w h ic h  a l lo w ed  th e  m easurem ents  to be 
tak en  a t  5 m inu tes ,  r a th e r  th an  10, a n d  the signal was less a f fe c ted  by noise. 
A lth o u g h  no res is tance  m easu rem en ts  w ere  ta k e n  a t  th is  stage, the im provem en ts  
m ay have  been due  to the  in tro d u c t io n  o f  the  io n -ex ch an g e r  KpTCPB. These 
im p ro v ed  c h a rac te r is t ic s  a re  in  fa c t  w ide ly  m e n t io n e d  in  the l i te ra tu re  in  
assoc ia tion  w ith  the  role o f  ion-exchangers  in  l iq u id  m em branes  and  h av e  been 
a l re a d y  discussed in  sec tion  1.5.2.3.

A lth o u g h  the  p ra c t ic a l  a p p licab il i ty  o f  glass p ip e t te  electrodes is 
l im ite d  they  are  u se fu l  a t  least fo r  a ro u g h  assessm ent of  new p o ten tia l  
ionophores ,  a l th o u g h  th e  response does c e r ta in ly  lack  re p ro d u c ib i l i ty .  T h is  is 
c lea r ly  re f lec ted  in  the  the  values o b ta in ed  fo r  th e  slope fu n c t io n  o f  the 3 
e lec trodes d ep ic ted  in  Fig. 1.13 w hich  w ere  m easu red  in  the  same c a l ib ra t io n  
solutions.

1.9.2.2.1.2 In jec tion  E x p e r im en ts
The p ro c e d u re  a d o p te d  was to a d d  1 ml 0.1 M  solutions o f  a lk a l i  

and  a lk a l in e  e a r th  m e ta l  ions in to  40 ml o f  a 10 ' 4  M  NaCl solution. T h e  
responses are th e n  co m p ared  to th a t  p ro v id ed  by the  in jec t io n  of  sod ium  io n  at 
the  sam e co n cen tra t io n .  A th eo re t ica l  response o f  83.1 m V  was ca lc u la ted  fo r  
the so d iu m  in jec t io n  acco rd in g  to the fo llow ing  equa tion :

E -  S log C f in a l / C s ta r t  (1.20)

T h e  t ra n s ie n t  responses to these in jec t ions  a re  rep o r ted  in tab le  1.8.
T hus, a va lue  o f  75 m V  (w h ich  ap p ro x im ates  closely  to the  ca lcu la ted  v a lu e  of
83.1 mV) was o b ta in e d  fo r  the  sod ium  response. A f a s t  response tim e (tpQ),
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E/m V  E/mV

lo g  a lo g  a

E/m  V

lo g  a

Fig. 1.13 C a l ib ra t io n  cu rv es  f o r  glass p ip e t te  e lectrodes based on m e th y l  
te t ra k e to n e  calix[4]arene. T h e  slopes o f  the  e lec trodes  in  the  1 0 ^ t o l 0 * M  
ran g e  are: a) 54.6 m V  Dec"*, b) 49.9 mV D ec * a n d  c) 59.0 mV Dec *.
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genera l ly  w i th in  10 seconds was observed  f o r  the  same in jec tion . T h e  response 
o f  the  e lec trode  to s im ila r  ac t iv i ty  changes f o r  the  o th e r  a lka li  a n d  a lk a l in e  
e a r th  m eta l  ions is c lea r ly  in s ig n i f ic a n t  in  com parison  to the  so d iu m  
response. H ow ever  the  second la rges t  response  was th a t  o b ta in ed  f o r  the  
in jec t io n  o f  po tass ium  ions, w h ich  seems to ag ree  w ith  the  d a ta  o f  p ic ra te  sa lt  
e x tra c t io n  o f  a lk a l i  ions p resen ted  by M c K e rv e y  [98].

Ions S odium  Solution S odium  So lu tion E 2 _E j  i
10 ' 4  M (mV) 10_1M (mV)

N a + - 1 2 0 -45 75
Cs+ -19 - 1 2 7
K + - 6 7 13
L i+ - 1 -7 6

n h 4 2 2 0

C a 2+ - 6 3 9
M g2+ - 1 -4 3

T ab le  1.8 R esponse  o f  glass p ip e t te  e lec trodes  con ta in in g  m e th y l  
te t ra k e to n e  d e r iv a t iv e  to in jec tions  o f  a lk a l i  a n d  a lk a l in e  m eta l  ions.

1.9.2.2.2 So lven t P o ly m eric  M em brane  E lec trodes
Batches o f  c a th e te r  type  a n d  c o n v e n t io n a l  m acroelectrodes w ere  

c o n s tru c ted  as d esc r ib ed  earl ie r .  T y p ic a l  m e m b ra n e  m ix tu res  c o n ta in e d  2.0 mg 
ionophore , 200.0 mg p lastic ise r ,  100.0 mg P V C  a n d  K pTCPB as ion e x ch an g e r  
M em branes w ith  v a ry in g  am ounts  of  ion  e x ch an g e r  were in i t ia l ly  te s ted  in  
e lectrodes th a t  c o n ta in e d  2-N PO E as p las t ic ise r  in  o rd e r  to assess its
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K pT C PB  
50 % mol 
ra t io  -log a N a

25

50

75

-4
-3
-2

- 1

-4
-3
-2
- 1

-4
-3
-2
- 1

-4
-3
-2
- 1

E lec trode  R esponse  (mV) 
T im e  (min)

1

-139.4
-82.2
-26.1
28.3

-140.9
-82.5
-24.9
31.3

-135.5
-76.9
-19.0
37.3

-134.5
-76.3
-18.8
37.4

-139.4
-82.4
-26.2
28.3

-141.0
-82.5
-24.8
31.4

-135.3
-76.8
-19.1
37.4

-134.4
-76.1
-18.6

37.7

S lo p e  R esis tance  
mV/dec M  12

57.9

59.5

59.7

59.4

5.3

2.9

1.3

1.0

T ab le  1.9 R esponse  in  m V  a n d  res is tance  o f  m ethy l t e t ra k e to n e  
ca lix [4]arene  e lec trodes c o n ta in in g  v a ry in g  am oun ts  o f  io n -e x c h a n g e r  in 
the  p las tic ised  m em b ran e  (p las tic ise r  = 2-NPOE).
T h e  resu lts  re p re se n t  only one e lec trode ,  a l th o u g h  o th e r  e lec trodes  
gave an  id e n t ic a l  p a t te rn  fo r  th e  p a ra m e te rs  be ing  discussed.
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E (mV)

-a -7 -6 -5 -4  -3  -2 -1 0

log activity sodium

Fig. 1.14 C a l ib ra t io n  cu rve  fo r  m e thy l  te t ra k e to n e  calix[4]arene in p u re
-7 -1sodium  so lu tions ran g in g  f ro m  1 x 10 M to 1 x 10 M
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in f lu e n c e  on the  e lec trode  p e r fo rm a n c e  ( tab le  1.9).
F ro m  the results  o b ta in ed  in  tab le  1.9 f o r  e lectrodes c o n ta in in g  2 -N PO E  

as m em brane  p lastic iser,  i t  was soon rea lised  th a t  the  in c o rp o ra t io n  o f  K pT C PB  
h ad  a m a rk e d  in f lu e n c e  on the  e lec trode  sen s i t iv i ty  an d  res is tance . T h is  
aspect was tak en  in to  co n s id e ra t io n  a n d  f u r th e r  m em branes d esc r ib ed  h e re  all 
con ta in  50 % mol ra t io  K pT C PB  as io n -ex ch an g e r  re la t iv e  to the ionophore .

As expected  f ro m  the  resu lts  o b ta in e d  w ith  glass p ip e t te  e lectrodes, 
the m e th y l  te t ra k e to n e  d e r iv a t iv e  show ed a rep ro d u c ib le  N e rn s t ia n  response  in 
NaCl so lutions, w ith  a l in e a r  ran g e  b e tw een  3 x 10'^ M to 1 x 10'* M 
(Fig. 1.14). F ro m  the d a ta  o b ta in e d  (T able  1.9), it seems a p p a re n t  th a t  the  
N e rn s t ia n  response of  the  e lec trode  is on ly  o b ta in e d  w ith  the  a d d i t io n  of  sm all 
q u an t i t ie s  o f  io n -exchanger  in the  m em b ran e ,  a l th o u g h  the p ro p o r t io n  of 
io n -e x c h a n g e r / l ig an d  in  th is  is no t c r i t ica l .

T he  res is tance  o f  the  e lec trodes as seen f ro m  table  1.9 using  2-N PO E  
plastic ise r  is low and  well w i th in  the  o rd e r  o f  m ag n itu d e  c h a ra c te r is t ic  to 
these e lec trodes ( -  1 M ). T h e  res is tance  decreases accord ing  to the  a m o u n t  
of  K pT C PB  added.

1.9.2.2.2.1 O p tim isa t io n  o f  the  ISE M em b ran e
When a po lym eric  ion-se lec tive  m em b ran e  is p rep a red ,  the  ty p e  a n d  

am o u n t o f  the  po lym er m a tr ix ,  the  m em b ran e  so lven t (p lastic iser) a n d  the  l ig a n d  
m ust be chosen so as to p roduce  to best possible electrode response. As 
described  in  section  1 .5.2.1 PVC is the  m ost su itab le  po lym er fo r  m e m b ra n e  
purposes.

With re g a rd  to the  m em b ran e  p lastic ise r ,  2-NPOE, DOS, D PP, PP w ere  
in ves tiga ted .  The m em branes c o n ta in e d  a p p ro x im a te ly  1 % ionophore  an d  50 % mol
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ra t io  of K tPC PB  re la t iv e  to ionophore . M em branes  based  on 2 -N PO E  plastic ise r  
w i th o u t  the  io n -ex ch an g er  w ere  also in v es t ig a ted .

1.9.2.2.2.2 M em brane  Response
T he  resu lts  o f  e lec trode  slope fu n c t io n  m easu red  in  N aC l so lu tions  

-7  -1rang ing  f ro m  1 x 1 0  M to 1 x 10 M  p re p a re d  by seria l d i lu t io n  and  
m easured  a t  25 + 1°C are  show n in  tab le  1.10, to g e th e r  w i th  o th e r  d a ta  i.e. 
resis tance, d r i f t  a n d  de tec tion  limit.

E lec trodes based in  2-NPO E a n d  DOS p las tic ise r  p ro v id e d  N e rn s t ia n  
responses (59.7 a n d  60.3 mV dec.'* , re spec tive ly )  in the  sod ium  range  
3 x 10"^ to 1 x 10"* M, w hile  those e lec trodes based  in  d io c ty l  p h en y l  
phosphona te  an d  2-NPOE w ith o u t  K p T C P B  show ed only n e a r -N e rn s t ia n  responses 
(57.9 an d  53.6 m V dec.'* , respec tive ly )  in  the  1 x 10" 4  to 1 x 10'* M  
range. T h e  m em branes  based in  p h en y l  p h th a la te  w ere su b -N e rs t ia n  (31 mV 
dec."*) an d  th e re fo re  th ey  w ere  not co n s id e red  fo r  f u r th e r  e x am in a tio n .

P lastic iser K pT C P B Slope R es is tan ce D etec tion D r i f t
50% mol m V /D e c M fl l im i t /M m V / 1

2-NPOE 0 57.9 5.3 2 .8 x l 0 ' 6 +  2 . 1

2-NPOE 50 59.7 1.3 2.3x1 O' 6 + 0 . 1

DOS 50 60.3 57.8 3 .1 x l0 " 6 +  3.0

DPP 50 53.6 3.4 8 .7x l0 ' 5 + 0.4
PP 50 -31 10.3

T ab le  1.10 E lec trode  fu n c t io n ,  res is tance , d e tec t io n  lim its  a n d  d r i f t  
o f  c a th e te r  sod ium  elec trodes in c o rp o ra t in g  the  m ethy l te t ra k e to n e  
d e r iv a t iv e  as ionophore  in d i f f e r e n t  m em b ran e  solvents.
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T he  resis tance  m easu rem en ts  c o n d u c ted  in 0.1 M N aC l in  f re sh ly  
co n s tru c ted  e lectrodes an d  m a in ta in e d  in  0.1 M N aC l fo r  24 hours  (T ab le  1.10) 
in d ic a te d  th a t  the  lowest resis tances a re  fo u n d  using 2-NPOE as m em b ran e  
solvent, a n d  as in d ic a te d  above, the  in c o rp o ra t io n  o f  ion -exchanger  decreases 
the  resistance. T he  m ore l ipo p h il ic  m e m b ran e  solvent DOS exh ib its  a res is tance  
(57.8 M  12 ) w hich  is co m p ara t iv e ly  50 times h ig h e r  th an  the  m em branes  
in c o rp o ra t in g  2-N POE (1.3 M f i ) .  T he  h ig h  res is tance  fo u n d  fo r  the  DOS based 
m em branes  resu lted  in noisy signals, p a r t ic u la r ly  a t  low co n c e n tra t io n  levels.

T h e  m em branes co n ta in in g  DOS p lastic iser  also ex h ib i ted  th e  la rgest
d r i f t  w hen  this p a ra m e te r  was ex am in ed  in  0.1 M N aC l solutions ( th e rm o s ta t te d
cell a t  25°C). A m onotonous positive  d r i f t  th a t  am oun ted  as m uch  as 3 mV per
h our  was fo u n d  fo r  the  DOS based e lectrodes, w hile  values o f  on ly  0.1 mV a n d
2.1 m V  per h o u r  w ere fo u n d  fo r  the  2-NPOE electrodes, w i th  a n d  w i th o u t  ion
ex ch an g er  respectively . A lth o u g h  the  d r i f t  ex h ib i ted  by the  DOS based
m em branes  was ra th e r  s ig n if ic a n t ,  i t  was shown to have  a c o n s ta n t  p ro f i le

- 1  - 2 .aga ins t  t im e  w hen assessed a t  4 d i f f e r e n t  concen tra t io n s  i.e. 10 , 1 0  ,
10 ' 3  an d  10‘ 4  M N aCl solutions. N everthe less  the  fa c t  th a t  the  d r i f t  is 
f a i r ly  c o n s tan t  allows the  poss ib il i ty  o f  correc tion , thus p e rm i t t in g  
m easu rem en ts  to be c a r r ie d  out w i th o u t  need  fo r  f re q u e n t  r e c a l ib ra t io n  o f  the  
electrodes.

1.9.2.2.2.3 In jec t ion  E x p e r im en ts
Fo llow ing  the same p ro ced u re  ou tl ined  p rev iously  fo r  the  m ethy l 

calix[4] a re n e  ester d e r iv a t iv e  in je c t io n  experim en ts  w ere c a r r ie d  out. In 
this occasion the  response curves to in jec t io n s  of a lka li  and  a lk a l in e  ea r th  
m eta l  ions w ere observed v ia  BBC m ic ro co m p u te r  an d  the m ag n itu d e  o f  the change
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in  p o te n t ia l  to the step change  in co n c e n tra t io n  fo l lo w ed  using pH  meter. 
F ig u re  1.15 shows a la rge  ju m p  in p o ten tia l  fo r  so d iu m  ions w h ich  rem ains  
c o n s tan t  w i th  time. T h e  response is ach iev ed  ra p id ly  w i th in  a few  seconds.
T he response fo r  the rest o f  g roup  I ions is m in im al a n d  no la rger  th a n  5 m V  in 
all in s tances  a t  most. T h e  response to a lk a l in e  ea r th  m eta l  ions an d  h y d ro g en  
ions h o w ev er  show a ra p id  large t ra n s ie n t  response fo l lo w ed  by a decrease  w ith  
tim e to the  in i t ia l  base line  va lue  in the  case of  ca lc iu m  and  m agnesium . 
E spec ia lly  im p o r ta n t  is the  m a g n i tu d e  in the change  o f  po ten t ia l  e x h ib i te d  by 
h y d ro g en  ions. T h is  in  f a c t  gives a response w h ich  is com parab le  to th a t  o f  
sod ium  ions, decreasing  only sl igh tly  a f t e r  a few  m inutes .  The se lec tiv ity  
aga in s t  h yd rogen  is ex am in ed  in the  nex t  section.

1.9.2.2.2.4 D e te rm in a tio n  of Selec tiv ity  C o e ff ic ien ts
T he  se lec tiv ity  c o e f f ic ien ts  fo r  the  m ethy l te t ra k e to n e  calix[4]arene 

m em b ran e  co n ta in in g  d i f f e r e n t  so lvent m ed ia to rs  w ere  m easu red  a cco rd in g  to the 
p ro ced u re  described  in  sec tion  1.9.2.1.3 fo r  the m ethy l  es te r  d e r iv a t iv e  in  0.1 
M so lu tions of  a lka li  and  a lk a l in e  ea r th  m eta l ions by the  separa te  so lu tion  
m ethod . F o r  electrodes co n ta in in g  2-NPO E p las tic ise r  w i th  ion -exchanger,  the 
m ixed  so lu tion  m ethod  was also em ployed. H ere  the  p rocedure  was to a d d  a
co n s tan t  level o f  in te r f e r in g  ion  i.e. 1 x 10 M, to N aC l so lu tions ran g in g
f ro m  1 x 10‘ 6  M to 1 x 10" 1 M. To e v a lu a te  the  in te r fe re n c e  o f  h y d ro g en  
ions on the  e lectrode response o f  2-N POE m em branes  w i th  K pTC PB , the  se lec tiv ity  
was d e te rm in e d  by v a ry in g  the  pH  of solutions w i th  a f ix e d  b a c k g ro u n d  of 
p r im a ry  ion (i.e. 10 ' 2  a n d  10 ' 3  M  NaCl). These so lu tions w ere  ad ju s te d  to
pH  10.5 w ith  am m onia  so lu tion  (ca. 1 M) a n d  the  pH  su bsequen tly  v a r ied
acco rd ing  to the  desired  va lue  by ad d in g  c o n c e n tra ted  HC1. In a n o th e r
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Time/minutes

Fig. 1.15 T ran s ien t  response o f  c a th e te r  e lec trodes  based on m eth y l  t e t r a k e to n e
A lion o p h o re  to a 1 0 - fo ld  increase  in  so d iu m  c o n c e n tra t io n  ( 1 0 ‘ - 1 0  ).



S e l e c t i v i t y  C o e f f i c i e n t s  
lo g  KPo t

P l a s t i c i s e r KpTCPB K+ L i+ nh4+ Cs+ Mg2++ Ca2+
2-NPOE 0 - 2 .4 4 - 2 . 3 7 - 3 . 3 2 - 3 . 5 7 - 2 . 1 0 - 2 . 5 9
2-NPOE 50 - 2 . 4 4 - 2 . 4 6 - 3 . 5 0 - 3 .8 1 - 2 . 1 8 - 2 . 6 3
DOS 50 - 2 .4 2 - 2 .4 6 - 3 . 3 7 - 3 .6 0 - 2 . 2 2 - 2 . 5 7
DPP 50 - 1 .4 9 - 0 . 5 4 - 0 .4 9 - 1 .9 2 - 2 . 0 2 - 2 . 3 2

T ab le  1.11 Selec tiv ity  c o e f f ic ien ts  as p e r fo rm e d  by SSM in  0.1 M solutions.

e x p e r im en t ,  sod ium  c a l ib ra t io n  curves  (10 '^  M  to 10'* M) w ere  p re p a re d  in 
d i f f e r e n t  ac id ic  m ed ia  (i.e HC1 pH  = 2; p h th a la te  b u f f e r s  pH  = 3 a n d  4; t r is  
b u f f e r  pH  = 7 an d  8 ) a n d  the  sod ium  e lec trode  fu n c t io n  m easured  in  the  10 ' 4  - 
10’ * M range.

F ro m  the  results  su m m arised  in  tab le  1.11 i t  can  be seen th a t  the  
in c o rp o ra t io n  o f  d i f f e r e n t  so lvent m ed ia to rs  in  the m em brane  com posit ion  
re su l ted  in  no d ra s t ic  changes in  those m em b ran es  con ta in in g  2-N PO E  a n d  DOS 
p lastic ise r ,  w hereas the  m em b ran es  p las tic ised  w i th  D PP ex h ib i te d  a la rge  
decrease  in  se lec tiv ity  fo r  all the  a lk a l i  ions. T h e  in co rp o ra t io n  o f  the  ion  
ex ch an g er  d id  not show  an y  m ark e d  in f lu e n c e  on e lectrode se lec t iv i ty  w h e n  it 
was p resen t  in  a 50 % mol ra t io  w ith  respec t to the ionophore . With the  
excep tion  o f  DPP based e lectrodes, a h igh  se lec t iv i ty  fo r  all the ions tes ted  
was gen e ra l ly  o b ta in ed  a n d  co m p ared  f a v o u ra b ly  w ith  selectiv ities  p rev io u s ly
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o b ta in e d  fo r  the m ethy l ester ca l ix a ren e  e lec trode  (see T ab le  1.5).
T h e  results  f ro m  th e  m ixed  so lu tion  m eth o d  in d ic a te d  close ag reem en t 

w ith  the  SSM fo r  the  ions tested i.e. K +, L i+ a n d  C a 2+. T yp ica l  results  
in  all cases o r ig in a ted  se lec t iv i ty  c o e ff ic ien ts  o f  the  same order  of  m a g n i tu d e
i.e. log K P f 1  < - 2 .

T h e  se lec tiv ity  a g a in s t  h ydrogen  assessed by the  m ixed  solu tion  m e th o d  
show ed l i t t le  in f lu e n c e  o f  pH  over the  ran g e  10.5 - 5.0. Typica l results 
re f le c ted  an  em f change  no la rge r  th an  1.0 m V  in  both  10 M a n d  10 M 
N aCl so lutions over th is  pH  range. The e lec trode  slope fu n c tio n  was how ever  
lost a t  pH  values lower th a n  4, due  to the h igh  levels o f  hydrogen  ac tiv ity .

1.9.2.2.2.5 L ife  Tim e
The op e ra t iv e  l i f e  tim e o f  the e lec trodes  based on d i f f e r e n t  

so lvent m ed ia to rs  was s tu d ie d  by m easuring  p e r io d ic a l ly  the e lectrode slope in  
10" 4  to 10" 1 M N aC l so lu tions and  m easu r in g  the  res is tance  in 0.1 M  NaCl.
T he  in v es t ig a t io n  was c a r r ie d  ou t fo r  a p p ro x im a te ly  fo u r  m onths a n d  all 
e lec trodes w ere s tored  in  a 0.1 M N aCl so lu tion  b e tw een  tests.

T he  results (shown in  Fig. 1.16a an d  1.16b) in d ic a te  th a t  l i fe  times 
over 4 m onths  could  be expec ted  fo r  those e lec trodes  based on DOS an d  2-N PO E  
plastic isers . This  is show n by the small v a r ia t io n  in  e lectrode slope 
e x h ib i te d  in  aqueous so lu tions d u r in g  th is  p e r io d  o f  time. The presence or 
absence  o f  K pTC PB  in  the  2-NPOE based e lec trodes  seemed to have  l i t t le  i f  any  
in f lu e n c e  on the  l i fe  t im e  o f  the  electrodes. T h e  absence  o f  ion e x ch an g e r  in  
the  2-N PO E  m em brane  d id  how ever p ro d u ced  a fa s te r  increase  in  m e m b ran e  
res is tance , w i th  values ap p ro a c h in g  2 0  m ! 2  a t  th e  end  o f  fo u r  m onths, w h ile  
values of  only a ro u n d  3 M D w ere typ ica l  o f  the  m em b ran es  w ith  io n -ex ch an g er  a t
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Fig. 1.16 E lec trode  fu n c t io n  (a), a n d  res is tan ce  (b) f o r  m ethy l te t ra k e to n e  
ca lix [4 ]arene  e lec trodes as .m easu red  over  a p e r io d  o f  fo u r  m onths. Sym bols in
(a) in d ic a te  m em b ran e  com position .
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the  en d  o f  the same period . H ow ever a n  even  m ore no ticeab le  in c rease  in 
re s is tance  (70 M ) a n d  a genera l  d e te r io ra t io n  in  the  s tab i l i ty  of  the
elec trodes based in DOS p lastic iser  w as observed  a t  the end o f  the  t r i a l  
period. A lthough  the  e lec trode  slope w i th  th is  p las tic ise r  is not a f f e c te d  to 
a n y  ex ten t ,  the r a th e r  h igh  in s ta b i l i ty  o f  the  e lec trode  poses l im ita t io n s  in  
its use. A l im ited  p e r fo rm a n c e  was also a p p a re n t  w ith  the  DPP based  
e lectrodes. The  su b -N e rn s t ia n  slope o f  th is  e lec trode  rap id ly  d e te r io ra te d  
w i th in  the  f i r s t  two m on ths  an d  the  res is tan ce  increased . E v id en tly ,  the  type  
o f  sam ple  being ana lysed  will d ic ta te  f in a l ly  the  opera t ive  l i fe  t im e o f  an  
e lec trode . Thus f o r  in s tance ,  in  b io log ica l  f lu id s  the  no n -w ate r  f r a c t io n  
rep re sen ted  by a h ig h  co n ten t  o f  p ro te in s  an d  l ip ids  will en h an ce  the  
so lu b il i ty  of  l ipo p h il ic  m em brane  co m ponen ts  in  the  aqueous phase a n d  red u ce  
the e lec trode  l ife  time. I t  w ould  th en  be expec ted  th a t  m ore l ip o p h il ic  
m em b ran e  com ponents  such as DOS p la s t ic ise r  w ou ld  give a m ore e x te n d e d  l i fe  
t im e th a n  those m em branes  in co rp o ra t in g  th e  2 -N PO E  m ediator.

1.9.2.2.3 C oated  Wire E lec trodes  (CWEs)
CWEs d i f f e r  f ro m  ISEs, in  th a t  the  ion-se lec tive  PVC m em brane  is fo rm e d  

d ire c t ly  over a solid  c o n d u c tin g  su b s tra te  (usua lly  metallic), a n d  th e re fo re  
lack  the  in te rn a l  r e fe re n c e  so lu tion  o f  the  ISE. This makes f a b r i c a t io n  
s im pler, b u t  the lack  o f  a s table  in n e r  b o u n d a ry  p o ten tia l  can cause problem s.
As th e  PV C  m em branes  em ployed  a re  id e n t ic a l  to those used in  ISEs, a  b r ie f  
s tu d y  o f  the  e f fec t iv en ess  o f  ca l ix a ren e-b ased  CWEs was c a rr ied  out.
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Batches of e lectrodes based on m e th y l  te t ra k e to n e  ca lix [4 ]a rene  
w ere p rep ared  acco rd ing  to the  c o n s tru c t io n  p ro ced u re  ou lined  in  sec tion
1.8.4.4 T yp ica lly ,  m em branes  con ta ined : ionophore , 2-NPO E so lven t m e d ia to r ,
K pTC PB  ion -exchanger  an d  PVC, the  com posit ion  o f  w hich  was th e  one a l read y  
o u t l in ed  (1.8.3).

The e lec trode  response was assessed in  N aC l so lu tions r a n g in g  f ro m  
1 x 1CT4 M to 1 0 '1 M  using a th e rm o s ta t te d  cell a t  25 + 0.5°C . The 
response was N e rn s t ia n  a n d  l in ea r  over the  range  of  con cen tra t io n s  assayed.
T he  electrode response over a 3 h o u r  per iod  fo r  one of the  e lec trodes
construc ted  are show n in  tab le  1.12.

The results o b ta in e d  w ith  this e lec trode  are  s im ila r  to those o b ta in e d  
w ith  several CWEs. T h e  CWEs w ere  fo u n d  to be genera lly  less s tab le  th a n  the 
correspond ing  ISEs (see T ab le  1.12). In fa c t ,  w hen  p laced  in c o n tac t  w i th  a 
so lu tion  the  electrodes show a c lear  ten d en cy  to d r i f t  to nega tive  va lues  w ith  
m agn itudes  o f  a ro u n d  2 m V over a 3 m in u te  period . H ow ever th is  d r i f t  is 
re la t ive ly  cons tan t,  as ev idenced  by the  h igh  regression  c o e f f ic ien t  o b ta in e d  
in  every instance. T h e re  does seem to be a s l igh t tendency  fo r  the  e lec tro d e  
to d r i f t  m ore a t  low er co n c e n tra t io n  levels, lead ing  to a progressive d ecrease  
in  the slope w ith  time.

The res is tance  f o r  3 o f  the  new ly  c o n s tru c te d  e lectrodes in  0.1 M  N aC l 
gave values s ligh tly  low er th a n  those fo u n d  fo r  c a th e te r  type e lec trodes  based  
on the same m em b ran e  com posit ion  (i.e. 0.76, 0.86 and  1.04 M fiav e rag e  o f  5 
m easurem ents  in  each  case).

A n o th e r  b a tc h  o f  e lectrodes p re p a re d  separa te ly  d u r in g  th is  
inves t iga t ion  gave c o n f l ic t in g  results. These  electrodes showed slope v a lues

1.9.2.2.3.1 E lectrode  R esp o n se
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Electrode Response (mY)
[N a+]/M 30s 60s 90s 120s 150s (H our)
lx lO "4 315.2 315.1 315.3 315.7 316.5

♦—* X o 1 u> 378.8 377.6 377.2 377.1 377.3
lx l O '2 439.4 437.7 437.0 436.8 436.6
l x l O '1 497.3 495.8 495.2 494.9 494.7 F irs t

slope 60.7 60.2 60.0 59.7 59.4
r .9998 .9999 .9999 .9999 .9999

l x l O '4 318.9 318.3 318.3 318.5 319.0
l x l 0 ‘3 380.4 379.1 378.6 378.4 378.3
lx lO "2 440.5 438.7 438.1 437.8 437.5
lx lO ’ 1 497.7 496.3 495.7 495.4 495.2 Second

slope 59.7 59.4 59.2 59.0 58.8
r .9999 .9999 .9999 .9999 .9999

l x l O '4 322.6 321.2 320.4 319.9 319.5
l x l 0 ‘3 380.6 379.3 378.8 378.5 378.3
lx lO "2 439.7 438.2 437.7 437.4 437.1
lx lO *1 497.8 495.0 494.7 T h ird

slope 58.5 58.3 58.4
r .9999 .9999 .9999

T a b le  1.12 C o a ted  w ire  e lec tro d e  response  d u r in g  a th re e  h o u r  p e r io d
m easurem ent.
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ran g in g  f ro m  52.0 m V  to 60.3 mV. A lth o u g h  no system atic  s tudy  was c a r r ie d  out 
on these e lectrodes, i t  is believed th a t  v a r ia t io n s  in the  n um ber  o f  co a t in g  
layers  a r is in g  f ro m  th e  m an u a l  p ro c e d u re  w as the  cause fo r  slope f lu c tu a t io n s .  
Th is  prob lem  has been repo rted  by some w orkers  who have fo u n d  th a t  an 
o p t im isa t io n  in  the  n u m b er  of  layers  is necessary  fo r  best e lec tro d e  
p e r fo rm a n c e  [29]. In  fa c t  to bu i ld  a re p ro d u c ib le  a n d  u n ifo rm  la y e r  over  the
m eta l  su rface  of  the e lec trode  (w h ich  was the  prob lem  faced  here), the  
e lec trode  should  p re fe ra b ly  be he ld  by  a la b o ra to ry  c lam p and  the  co n s is tan cy  
o f  the  m em brane  co ck ta il  should  be such  as to m in im ise  drop fo rm a t io n  a t  the 
tip  of  the  wire.

1.9.2.2.3.2 Selec tiv ity  C o eff ic ien ts
The se lec tiv ity  c o e ff ic ien ts  f o r  the  CWE w ere  ca lcu la ted  by the  

sep ara te  so lu tion  m ethod  classically  in  0.1 M so lu tions of  a lk a l i  an d  a lk a l in e  
e a r th  m eta l  ions. T h e  m easu ring  p ro c e d u re  was th a t  ou tl ined  in  sec tion
1.9.2.1.3 a n d  m easu rem en ts  w ere  ta k e n  a t  th ree  m inu tes  a f te r  im m ers ion  in  the 
so lu tion . T h e  resu lts  are the  av e rag e  o f  2 e lec trodes p resen ting  slopes o f
58.9 a n d  59.2 m V /d e c a d e  in  sod ium  a c t iv i ty .

T h e  se lec tiv ity  c o e ff ic ien ts  o b ta in e d  (T ab le  1.13) show the  p a t t e r n  
s im ila r  to th a t  o f  the  co rrespond ing  ISEs w ith  l i t t le  or no v a r ia t io n  as a 
re su l t  o f  the  CWE. T hus  the  se lec t iv i ty  o b ta in e d  fo r  the  CWEs c o n f i rm s  the  
se lec tiv ity  d a ta  p rev iously  p resen ted  f o r  the  m e th y l  te trak e to n e  ca lix [4 ]arene  
electrode.

1.9.3 P O L Y M E R IC  C A L IX A R E N E  C O M PO U N D S 
T ra d i t io n a l ly  an d  as p e r fo rm e d  so f a r  in  the  course o f  this
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l09 KNaj
Methyl Tetraketone Methyl Ester

IONS Catheter CWE Catheter

Electrode Electrode

K+ -2.44 -2.08 -2.47

Li + -2.46 -2.44 -2.78

nh4 -3.50 -3.36 -2.74

Cs+ -3.81 -1.51

Ca++ -2.63 -2.59 -3.74

Mg++ -2.18 -2.12 -3.12

T able  1.13 Selectivity  d a ta  fo r  ca the te r  ty p e  a n d  coated  w ire  e lectrodes based 
on m ethyl te trake tone  d e r iv a t iv e  o f  calix[4]arene. M ethyl ester 
p-t-bu ty lcalix [4]ary l ace ta te  ionophore is also inc lu d ed  fo r  com parison
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in v es t ig a t io n ,  ISEs in c o rp o ra t in g  so lvent po lym eric  m atr ices  r e q u ire  th a t  the 
io n o p h o r ic  com pound be d isso lved  in  an  in v o la t i le  non-po lar  so lven t a n d  the 
re su l t in g  solu tion  subsequen tly  e n t ra p p e d  in  PVC.

O ne im p o r ta n t  d isa d v a n ta g e  o f  th is  a p p ro a c h  is th a t  the  io n o p h o r ic  
m a te r ia l ,  p lastic iser an d  io n -ex ch an g e r  can leach ou t o f  the  PV C  m a t r ix  in to  
the sam ple  solution thus l im it in g  the  l i fe  t im e of  the  electrode. T h is  becomes 
especia lly  p rob lem atic  in  f lo w in g  systems as well as in the a l re a d y  m en tio n ed  
b io log ica l f lu id s  due to the  the  h igh  l ip o p h i l ic i ty  of the  sample.

C u r re n t ly  there  is a g row ing  in te re s t  in  deve lop ing  solid s ta te  e lec trodes 
an d  special a t te n t io n  is be ing  given to cova len tly  bound  sensing com pounds 
w h ich  can  also ad h e re  to d i f f e r e n t  e lec trode  substrates. T he  asy m m etr ic  
m em branes  so developed shou ld  lead  to the  d eve lopm en t o f  cheap  d isposable  
sensors w h ic h  can be mass p roduced .

T h is  experim en ta l  sec tion  exam ines b r ie f ly  some ch a ra c te r is t ic s  of  
m onom eric  and  polym eric  c a l ix a re n e  s t ru c tu re s  w h en  in co rp o ra te d  in ISEs.

1.9.3.1 M onom ers I an d  II
1.9.3.1.1 C opolvm erisa tion

Copolym ers w ere p re p a re d  a cco rd in g  to the p rocedure  a l read y  d esc r ib ed  in 
section  1.8.2 an d  w ere su b seq u en tly  ex am in ed  by U V , IR  an d  N M R  techn iques .  T he  
resu l t in g  in fo rm a tio n  o b ta in ed  is d esc r ibed  below:

U ltra -V io le t  Spectra: S p ec tra  o f  all m a te r ia ls  in c lu d in g  m onom er I, m e th y l  
m e th a c ry la te  and  p rep a red  copo lym er show ed the  same ch a ra c te r is t ic s  over the 
w a v e len g th  range  190-700nm. Sam ples w ere  d issolved in  to luene  a n d  ru n  aga ins t  
a to lu en e  blank. M ax im um  a b so rp t io n  occu rred  a t  280nm (fo r  spectroscop ic  da ta ,  
r e f e r  to A ppendix).
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In f r a -R e d  S p ec tra : All samples w ere  ru n  as po tassium  b rom ide  discs. T he  
ca rb o n -carb o n  double  bond  is no rm ally  observed  a t  a f re q u e n c y  o f  ca. 1630 
cm '*. As expected , bo th  m onom ers show ed no ticeab le  bands in th is  region. 
H ow ever,  the copolym ers also show ed a s l igh t absorp tion , thus  in d ic a t in g  th a t  
the po lym erisa t ion  reac t io n  m ay n o t  h av e  gone to com ple tion  a n d  some am o u n t  o f  
u n re a c te d  m onom er was still  present. T h is  was checked  by th in  laye r  
ch ro m a to g rap h y  (TLC) using a m obile  phase  of 70:30 pe tro leu m  e th e n e th y l  
ace ta te ,  w i th  the  sam ples dissolved in  toluene. No d e tec tab le  m o n o m er was 
observed  in  the  copolym er (see append ix .

N u c le a r  M agnetic  R esonance  S p ec tra : Samples w ere dissolved in  e i th e r  
d e u te ra te d  ch lo ro fo rm  or d im e th y l  su lfox ide(D M SO ) c o n ta in in g  te t ra m e th y ls i la n e  
m arker.  DMSO itse lf  ex h ib i ts  2 abso rp tion  bands  a t  2.5 an d  3.3 ppm.
M ethy l m e th ac ry la te  y ie lded  the sim plest  N M R  spec tra  w ith  the  fo llow ing  
abso rp t io n  bands: l .Pppm t-CH^), 3.7ppm(-OCH2) and  5 .5-6ppm (vinylic
protons). T he  la t te r  a re  in d ic a t iv e  o f  the  presence o f  double  bonds in  the 
sample. M onom er I p resen ted  the same ban d s  plus some a d d i t io n a l  fea tu re s .  The  
large  b ro ad  peak  a t  the  s ta r t  o f  the  sp ec tra  correspond  to the te r t i a r y  b u ty l  
groups o f  the m onom er, the  peaks a t  6.8ppm a re  in d ic a t iv e  of a ro m a t ic i ty  w hile 
the  b an d s  a t  4-5ppm m ay  possibly  be d u e  to the  C H 2 groups.

T hus, the  copolym er sp ec tra  h a d  a ll  the  above fe a tu re s  excep t th a t  the re  
was no ev idence  of  the  presence  o f  v in y l ic  protons, thus  im p ly in g  th a t  the  
q u a n t i ty  o f  m onom er p re sen t  in  the copo lym er was ve ry  small.

T he  an a ly t ica l  tech n iq u es  used  h e re  do not o f f e r  a n y  conclusive  ev idence  
ab o u t  the  s t ru c tu re  or n a tu re  o f  the  copolym er. H ence  a d d i t io n a l  in fo rm a t io n  
such as m olecu lar  w eigh t,  n a tu re  o f  copo lym er (e.g. block, a l te rn a t in g ,  random ) 
a n d  the  re la t iv e  re a c t iv i t ie s  o f  each m onom er are  necessary  in  o rd e r  to
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optim ise  the  cond it ions  fo r  p re p a ra t io n  a n d  c h a ra c te r is a t io n  o f  the  polym ers. 
H ow ever  no f u r th e r  inves t iga t ion  w as c a r r ie d  ou t in re la t io n  to 
c h a ra c te r is a t io n  o f  the copolym ers a n d  the  p ro d u c ts  so o b ta in ed  w ere  a t  th is 
stage cons idered  su itab le  fo r  in c o rp o ra t io n  in  ISEs.

1.9.3.1.2 P ic ra te  E x trac t io n
Prev ious  to p re p a ra t io n  of  the  c o rre sp o n d in g  ISE m em branes,  p ic ra te  

e x tra c t io n  exper im en ts  were c a r r ie d  o u t  on these copolym ers to assess the 
possible e x tra c t io n  capabilit ies .  H o w ev er ,  s ince i t  was no t fea s ib le  to 
p re p a re  a d e f in i te  co n cen tra t io n  o f  copo lym er in  the  o rganic  phase, i t  was not 
possible to c a r ry  ou t d e ta iled  e x tra c t io n  studies.

F o r  the  p ic ra te  e x trac t io n  ex p e r im en ts  a p p ro x im a te ly  3 mg o f  copo lym er 
was d issolved in  d ich lo ro m eth an e  a n d  aqueous  so lu tions of a v a i lab le  p ic ra te  
salts (Ag+, K +, Ca2+, P b2+, C u 2+) w ere  p re p a re d  so th a t  the  f in a l
c o n c e n tra t io n  was 2.5xl0*4 M. S ubsequen tly ,  5 ml o f  the d ich lo ro m e tan e  
so lu tion  co n ta in in g  the  copolym er w ere  sh ak en  w ith  5 ml of  the  p ic ra te  salt 
so lu tion  fo r  3 m inu tes  and  the  re la t iv e  e x tra c t io n  o f  m eta l  p ic ra tes  in to  the  
o rg an ic  phase  w as d e te rm in ed  by m easu r in g  the  increase  in  abso rb an ce  o f  the  
d ic h lo ro m e th a n e  a t  380 nm.

T h e  resu lts  ob ta in ed  show ed e x t ra c t io n  c a p ab il i t ie s  in  the order:

Ag+ > P b 2+ > C u 2+ > K + > C a2+.

1.9.3.1.3 M em branes
P rev io u s  to m em brane  p re p a ra t io n  th e  so lub il i ty  o f  the  copolym ers 

was tes ted  in  to luene , d ich lo ro m e th an e  a n d  d i f f e r e n t  p lastic isers  (2-N POE, DOS,

85



DPP, PP). The results  o f  these so lub il i ty  tests show ed th a t  the  copolym ers  
w ere  inso luble  in a ll  of the  p las tic isers  a t te m p te d  an d  only  soluble  in 
d ich lo ro m e th an e  and  to luene. T o luene  was chosen as the  m em brane  so lven t and  
the  m em branes cast using a d ip p in g  tech n iq u e  s im ila r  to th a t  d e sc r ib ed  in  
section  1.8.3 w ith o u t  in c o rp o ra t in g  ion-exchanger.  C a th e te r  type  ( in te rn a l  
f i l l in g  so lu tion  0.01 M  KC1) a n d  coated  w ire  ISEs w ere  p re p a re d  a n d  
p re c o n d i t io n e d  in  w a te r  fo r  one h o u r  prev ious to m easurem ents ,  (see resu lts  
and  discussion).

1.9.3.1.4 P ho topo lvm erisa tion
T h e  pho topo lym erisa t ion  o f  m onom ers I a n d  II was c a r r ie d  ou t  

d i re c t ly  on glassy ca rb o n  e lec trode  su rfa c e  acco rd in g  to the  p ro ced u re  
described  in  section 1.8.4.5. O nce the  ph o to p o ly m erisa t io n  was ach ieved ,  the  
glassy c a rb o n  electrodes w ere  soaked in milli-Q  w a te r  fo r  ab o u t  30 m inu tes  
p rev ious  to m easurem ents.

1.9.3.2 Polym ers IV. V an d  M onom er VI
T hese  ionophores w ere  in co rp o ra te d  in  ty p ica l  so lvent po lym eric  

m em branes  described in  sec tion  1.8.3 w ith  the  excep tion  th a t  th ey  d id  no t 
c o n ta in  ion-exchanger.  T he  m em branes  w ere tested  in  e i th e r  c a th e te r  ty p e  or 
coa ted  w ire  electrodes. T h e  in te rn a l  re fe ren ce  e lec tro ly te  of  c a th e te r  ty p e  
e lec trodes was 0.1 M  o f  the  p r im a ry  ion being investiga ted .

1.9.3.3 R E SU L T S A N D  DISCUSSION
T h e  properties  o f  e lec trodes  in c o rp o ra t in g  the copolym erised  m a te r ia ls  

po lym ers a n d  m onom er VI w ere  ev a lu a te d  by the  slope a n d  l in ea r  range

86



of c a l ib ra t io n  curves. C a lib ra t io n  curves  fo r  N a +, K +, L i+, N H 4+ , 
C a2+, M g2+, Cs+ (all ch lo r ide  salts) over th e  ran g e  10'4 M to lO ^ M  
w ere m easured .

T h e  resu lts  (Table  1.14) in d ic a te d  th a t  the  only  t r e n d  ob ta in ed  fo r  glassy 
ca rbon  electrodes w i th  the  pho topo lym erised  m a te r ia ls  was a su b -N e rn s t ia n  
response to sodium  ions (slope 37 mV) w ith  m o n o m er I. A m ajo r d i f f i c u l ty  w i th  
the ex p e r im en ta l  se tup  used was t ry in g  to ensu re  rep ro d u c ib i l i ty  o f  the  
m em b ran e  su rface  f ro m  one b a tc h  to the  nex t.  T h e  electrodes w ere  c o n d i t io n e d  
p r io r  to use in  m illi-Q  w a te r ,  w h ich  was fo u n d  to be a su itab le  co n d i t io n in g  
m edium . C o n d it io n in g  in sa lt so lu tions te n d e d  to im p a r t  m em ory e f fe c ts  to the  
electrodes.

E lec trode  Ionophore  Slope Ion R esis tance
(m V /d ecad e )  MQ

Glassy C I 37 (N a+) 0.88

P t  CW IV 45 (K +) 2.03
P t  CW IV 54 (Cs+) 1.92

M ini-ISE V 47 (N a+) 2.43
M ini-ISE IV 54 (Cs+) 2.30
M ini-ISE VI 55 (K +) 1.98

T ab le  1.14 E lec trode  fu n c t io n  an d  res is tan ce  m easurem ents  o f  some 
po lym eric  a n d  m onom eric  c a l ix a ren e  s t ru c tu re s  inves tiga ted
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R esponse  to o th e r  ions fo llow ed no set p a t te rn s ,  b u t  gave  s teady  read ings,  as 
w ould  be expec ted  f ro m  a low resis tance  m e m b ra n e  ( ty p ica l ly  0.88 M ). The 
sod ium  responses o b ta in e d  w ere  i r rep ro d u c ib le .

E q u a l ly  d isa p p o in t in g  w ere  the  results  o b ta in e d  w ith  copolymers. T he  
a t te m p t  to chem ica lly  m o d ify  the  m onom ers by  co p o ly m erisa t io n  was successfu l 
b u t  on  in c o rp o ra t io n  o f  the  com pounds in to  c a th e te r  type and  coated  w ire  
e lectrodes, no responses w ere  ob ta ined . In  the  case o f  copolym er I, th is  lack 
of response m igh t be a t t r ib u te d  to the  excess a c t iv i ty  a ro u n d  the b in d in g  sites 
(con ta ins  4 u n s a tu ra te d  groups /  m onom er) thus  g iv ing  rise  to a h igh ly  b ra n c h e d  
polym er. C opolym er based  on m onom er II show ed also no response. T he  m em brane  
res is tances  in th is  case w ere  so large (not m easu rab le )  w i th  ex trem e d r i f t ,  
th a t  the  resu lts  o b ta in e d  w ere  com plete ly  i r re p ro d u c ib le .

P o lym er m a te r ia ls  in c o rp o ra te d  e i th e r  in  c a th e te r  type  or coated  w ire  
e lec trodes show ed p ro m is in g  results. T hus po lym er IV  ex h ib i te d  n e a r -N e rn s t ian  
responses to Cs+ ions a n d  consis ten tly  gave slopes o f  45 m V /d e c a d e  fo r  K + 
ions over the  ran g e  o f  c o n cen tra t io n s  assayed. T h e  sam e polym er show ed also 
some response to N H 4+ ions w h ich  was ev id en ced  by  rep ro d u c ib le  changes of  
ab o u t  100 mV over th e  co n c e n tra t io n  range . T h e  slopes o b ta in ed  were 
rep ro d u c ib le  a n d  the  res is tance  m easurem ents  gave ty p ic a l  values a ro u n d  2 M  .

T h e  resu lts  o b ta in e d  fo r  the  m ix tu re  o f  p o ly m er  I /m o n o m e r  I (50 :50) 
in d ic a te d  a su b -n e rs t ia n  slope to N a + of  47 m V /d e c a d e  fo r  the same ran g e  o f  
concen tra tions .  T h e  t r ip l ic a te d  m easu rem en t over a th re e  h our  per iod  p ro d u ced  
in  f a c t  v e ry  s tab le  read in g s  w ith  low res is tance  values .  A lthough  no f u r th e r  
in v es t ig a t io n  of  these  com pounds was m ade i t  w o u ld  be reasonable  to assum e a t  
th is  s tage th a t  the  p u re  po lym eric  fo rm  o f  III m ay  yie ld  e lectrodes w ith  
e n h an ced  p e r fo rm a n c e  f o r  sod ium  ions.
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T h e  results o f  co a ted  w ire  e lec trodes w ith  m onom er VI gave a 
n e a r -N e rs t ia n  beh av io u r  o f  55 m V /d e c a d e  fo r  po tassium  ions.

1.10 CO N CLUSIONS
In th is  research , severa l  types o f  ion-selective e lectrodes in c o rp o ra t in g  

n e u tra l  ca rr ie rs  as sensing  agents have  been construc ted .  Glass p ipe tte ,  
c a th e te r  type  and  co n v en t io n a l  m acroe lectrodes w ere  su itab le  fo r  the  a n a ly t ic a l  
purposes in tended . T h e  e lec trodes are simple to construc t ,  p ro v id ed  re liab le  
results  an d  the cost a ssoc ia ted  to th e ir  co n s tru c t io n  is m in im al. The 
a d v a n ta g e  of glass glass p ip e t te  electrodes is th a t  they  can be used to assess 
ra p id ly  the  general p e r fo rm a n c e  o f  a new com pound. The e lec trode  h o w ev er  is 
ve ry  f ra g i le  and  i f  e x trem e  care  is not tak en  the  results, are sub jec t  to 
v a r ia t io n s  due to i r r e p ro d u c ib i l i ty  o f  the t ip  surface .

C aesium  electrodes w ere  s tud ied  an d  the  results  in d ica ted  th a t  the  best 
e lec trode  is th a t  based on the  hex ae th y l  d e r iv a t iv e  in co rp o ra t in g  1:4 l ig an d  
ion exchanger  in  a 2 -N P O E  plastic ised  m em brane . Both e lectrodes in v es t ig a ted  
gave r a p id  responses to changes  in co n c e n tra t io n  w ith  n e a r-N e rn s t ian  b e h a v io u r  
an d  v e ry  fa v o u ra b le  se lec t iv i t ie s  against  com m on in te r fe ren ts .

T e tra m e ric  l igands  sens it ive  to sod ium  ions w here  in co rp o ra te d  in  ISEs. 
M ethyl p -t-bu ty lca lix [4 ]ary l  ace ta te  an d  m ethy l te t ra k e to n e  calix[4]arene bo th  
e x h ib i te d  N e rn s t ia n  responses an d  a l in ea r  range  betw een 3 x 10'^ to 1 x 
10‘ * M  NaCl. The m e th y l  ester d e r iv a t iv e  show ed response tim es o f  less th a n  
5 seconds an d  the  se le c t iv i ty  c o e f f ic ie n t  d a ta  was com parab le  to the  sod ium  
glass e lectrode b u t  w i th  b e t te r  d isc r im in a t io n  aga in s t  h y d ro g en  ions. 
G en era l ly  the se lec t iv i ty  ag a in s t  o th e r  in te r fe r in g  ions was superio r  to o th e r  
n e u t ra l  ca r r ie r  based ion-se lec tive  e lectrodes p resen tly  available . T he
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e lec trode  based in  th is  l igand  possessed good s ta b i l i ty  and  re p ro d u c ib i l i ty  
especia lly  w hen the  change  in c o n c e n tra t io n  was tow ards in c reas in g  
concen tra tions .  The l i fe  tim e of  the  e lec trode  in  pure  N aCl so lu tions 
in d ic a te d  th a t  the e lec trode  rem a in ed  fu n c t io n a l  fo r  a t  least one m o n th  d u r in g  
w h ich  the  m em brane  res is tance  was s l igh tly  over  1 M  . More ex tens ive  w o rk  on 
l i fe  t im e  p rev iously  re p o r te d  has how ever  in d ic a te d  th a t  the l i fe  t im e o f  the  
e lec trode  goes beyond 5 m on ths  [100].

T h e  m ethy l te t ra k e to n e  calix[4]arene based ISE behaved  co m p arab ly  well, 
b u t  seem ed to be even m ore  stable th a n  the  m e th y l  es te r  te tram eric  ca l ix a ren e .  
T he  in co rp o ra t io n  of  io n -exchanger  (K pT C PB  50 % mol ra tio  w ith  respec t to 
ionophore)  in  the 2-N PO E plas tic ised  m em b ran es  m arked ly  in f lu e n c e d  
ch a rac te r is t ic s  such as slope, res is tance  a n d  gen e ra l  s tab il i ty ,  a l th o u g h  the 
se lec t iv i ty  was no t im p ro v ed  by the  a d d i t io n .  DOS based m em branes also show ed  
exce llen t  results, a l th o u g h  the  res is tances  e x h ib i te d  w ith  this m em b ran e  
so lvent w ere  h ig h er  an d  the  d r i f t  o f  the  e lec trode  w as extensive. T h e  use of  
dyo c ty l  pheny l p h osphona te  d id  no t p ro d u ce  an y  im provem en t in  e lec trode  
b eh av io u r .  T he  slopes w ere  n e a r -N e rn s t ia n  an d  the  selectiv ity  c o e f f ic ien ts  
w ere m uch  lower. T he  se lec tiv ity  e x h ib i te d  by  e lectrodes in co rp o ra t in g  2-N POE 
an d  DOS was sim ilar.  G ood d isc r im in a t io n  a g a in s t  in te r fe re n ts  was in d ic a te d  by 
the  sep a ra te  so lu tion  m eth o d  and  c o n f i rm e d  by  th e  m ixed  in te r f e re n t  m e th o d  in 
the case o f  the 2-N PO E plas tic ised  m em brane . Se lec tiv ity  d a ta  f ro m  the  m e th y l  
te t ra k e to n e  d e r iv a t iv e  w ere  im p ro v ed  fo r  caes ium  and  am m o n iu m  ions in  
com parison  to the m ethy l  ester d e r iv a t iv e ,  b u t  show ed  a decrease fo r  ca lc ium  
a n d  m agnesium . T h e  se lec tiv ity  aga in s t  th a t  o f  po tass ium  and  l i th iu m  rem a in e d  
u n ch an g ed .  In te r fe re n c e  d u e  to h y d ro g en  ions fo r  bo th  the m ethyl es ter a n d  the  
m ehyl te t ra k e to n e  based e lec trodes was neg lig ib le  over a wide range  o f  pH  w hen
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m easured  a t  s teady  s ta te  values in 10 a n d  10 M N aC l solutions.
T he  desire  to m in ia tu r ise ,  s im p lify  a n d  p ro d u ce  less expensive  

ion-selective e lec trodes has d ra w n  a lot o f  a t t e n t io n  to the  f ie ld  of  m em b ran es  
based on so lid-sta te  c o n f ig u ra t io n .  A ccord ing ly ,  co a ted  w ire  e lec trodes 
in c o rp o ra t in g  the  m e th y l  te trak e to n e  ca lix [4]arene  ionophore  w ere p rep a red .  
These electrodes e x h ib i te d  N ern s t ian  responses a n d  low resis tance  b u t  genera l ly  
they  p roved  in fe r io r  to the conven tiona l sort w i th  respect to d r i f t  an d  
re p ro d u c ib i l i ty .  T h e  se lec tiv ity  d a ta  en c o u n te re d  w i th  these e lec trodes was 
how ever in  acco rdance  w i th  the ca th e te r  type  electrodes.

C oated  w ire  e lec trodes m ay have p o ten t ia l  fo r  the  f u tu re  dev e lo p m en t of 
m in ia tu r ise d  sensors such  as Chem FETs, since such devices also co n ta in  these 
a sym m etr ica lly  a r ra n g e d  m em branes.

C oa ted  w ire  e lec trodes  in co rp o ra t in g  po lym ers  IV  and  V show ed  some 
promise. O f  specia l in te re s t  was po lym er IV  w h ic h  ex h ib i ted  a n e a r -N e rn s t ia n  
response to caesium , w h ile  also ex h ib i t in g  some response to p o tass ium  ions. 
Po lym er V (w hich  was a c tu a l ly  a m ix tu re  o f  m onom er I and  po lym er I) gave 
consisten t s ligh tly  su b -N ern s t ian  responses to sod iu m  ions. The  f a c t  th a t  the  
ionophore  m a te r ia l  is no t pure  suggests th a t  the  response can be im p ro v ed  i f  
polym eric  fo rm s o f  m onom er I are  in t ro d u c e d  in ISEs.

T he  cop o ly m erisa t io n  o f  m onom er I an d  II  was ach iev ed  b u t  on in t ro d u c t io n  
o f  the resu l t in g  m a te r ia ls  in to  ISEs no responses w ere  ob ta ined . G en e ra l ly  the  
responses w ere v e ry  u n s tab le  an d  i r rep ro d u c ib le .  T h e  same a p p lied  to 
pho topo ly m erisa t io n  o f  the  same com pounds on glassy carbon  e lec trode  surfaces. 
H ere  the re p ro d u c ib i l i ty  o f  the m ethodo logy  em ployed  was p ro b ab ly  a m ajor  
d raw b ack  in  o b ta in in g  fu n c t io n in g  m em branes.  H ow ever, these  a re  only 
p re l im in a ry  results in  a new and  com plex a rea ,  a n d  m ore d e ta iled  in v es t ig a t io n s

- 1
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in to  the  d eve lopm en t o f  so lid -s ta te  dev ices based  on po lym erisab le  c a l ix a re n es  
w ill  follow.

T h e  in t ro d u c t io n  o f  a new  c a l ix a re n e  m onom er (m onom erV I) in to  co a te d  w ire  
e lectrodes p ro v id ed  a  n e a r -N e rn s t ia n  slope f o r  p o tass ium  ions a n d  also 
ex h ib i te d  low  resis tance . T h e  response o b ta in e d  by  m onom er V I c o n f i rm s  th a t  a 
new  range  o f  com pounds could  p ro b ab ly  be d eve loped  by focu s in g  on th e  ch em ica l  
m o d if ic a t io n  of  the  m e th y len e  b r id g in g  groups.
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Based ISEs to the  D e te rm in a t io n  of

S od ium  in  P lasm a Samples
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2.1 IN T R O D U C T IO N
Sodium  an d  potassium  are  am ong the  most f re q u e n t ly  dem anded  ana lys is  by 

c lin ic ians  in  hosp ita l  labora to ries .  As re p o r te d  recen tly  [1] an  average  sized 
d is t r ic t  genera l  hosp ita l in  the  U n i te d  K in g d o m  w hich  serves a pop u la t io n  of 
a p p ro x im a te ly  250,000 carr ies  out be tw een  150 to 250 analyses of sod ium  an d  
potassium  each  w ork ing  day. As the  w o rk lo ad  in c l in ica l  labo ra to r ie s  
increases, a n a ly t ic a l  techn iques  h av e  evo lved  tow ards  m ore e f f ic ie n t ,  
inexpensive  an d  rap id  analyses, c h a ra c te r is e d  by h igh  precision  and  accu racy .  
Ion-selective  electrodes sa t is fy  these re q u ire m e n ts  an d  it  is in  fac t ,  these 
ch a rac te r is t ic s  w hich  have  m ade ion-se lec tive  e lec trodes an  ind ispensab le  tool 
in  most c l in ica l  laboratories.

T he  ea r l ie s t  m easurem ents  of  sod ium  in  blood se rum  [2-4], w ere based  on 
a d a p ta t io n  of  the zinc u ra n y l  p re c ip i ta t io n  tech n iq u e  [5]. The in t ro d u c t io n  of 
f lam e  p h o to m e try  b rough t  a s ig n i f ic a n t  im p ro v em en t [1], enab ling  bo th  a large 
n u m b er  o f  assays to be ca r r ie d  out on a red u ced  volum e of  sample an d  g iv ing  an 
accep tab le  degree  of  c l in ica l  accu racy  a n d  an a ly t ic a l  precision. F lam e 
p h o to m e try  thus  en joyed  an u n b a la n c e d  sup rem acy  fo r  m an y  years in e lec tro ly te  
d e te rm in a t io n .  A lthough  the  te c h n iq u e  is still  w ide ly  used, the a d v e n t  o f  
ion-se lec tive  e lectrodes to chem ica l ana lys is  p rov ided  a n a ly t ica l  chem ists  w ith  
an  a l te rn a t iv e  method. O ver the pas t  tw e n ty  years, th e re  has been a g ra d u a l  
rep lacem en t o f  the  pho to m etr ic  te c h n iq u e  by e lec trode-based  m easurem ents .  T h is  
inc reas ing  p o p u la r i ty  has a r isen  f ro m  a d v an tag es  such as the rem oval o f  the  gas 
supply , the  possib ili ty  o f  m easu rin g  ion ic  a c t iv i ty  in s tead  of co n cen tra t io n ,  
the n o n -d e s tru c t iv e  ch a ra c te r is t ic  o f  the  analysis  an d  less expensive 
in s t ru m e n ta t io n .

N o w ad ay s  ion-selective e lec trodes in co rp o ra te d  in c lin ica l analysers
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p e r fo rm  the vast m a jo r i ty  o f  ro u t in e  m easu rem en ts  o f  the  most re lev an t  
phys io log ica l ions, e.g. N a +, K +, C a2+, N H 4+, H +, L i+ [6,7], As 
reg a rd s  sodium, the  sodium  glass ISE was the  f i r s t  e lec trode  to be used fo r  
sod ium  de te rm in a t io n .  T he  e lec trode  has been com m only  app lied  to the  
d e te rm in a t io n  of this ion  in  v a r ious  b io logical f lu id s  such  as whole blood [8], 
se rum  [9,10], plasm a [8,11] an d  u r in e  [8,9,12], A t p resen t  most of the the  
m o d ern  equ ipm en t in  c l in ica l  labo ra to r ies  em ploy the  sod ium  glass e lec trode  fo r  
ro u t in e  analysis. H ow ever,  on acco u n t  of  the  a d v a n ta g e s  th a t  solvent po lym eric  
m em branes  ex h ib it  over th e i r  glass c o u n te rp a r ts  [13], m uch  research  is to d ay  
d ire c te d  tow ards the  d ev e lo p m en t of l ipoph il ic  com plex ing  agents in o rd e r  to 
p ro v id e  e lec troanalys ts  w i th  im p ro v ed  sensors fo r  sod ium  and  o ther  c l in ica l ly  
im p o r ta n t  ions [14-18],

T he  m ain  d isad v an tag es  o f  the sodium  glass m em branes  are  the r a th e r  h igh  
e lec tr ica l  resis tance [19], the  poor h ydrogen  se lec t iv i ty  [20], deposition  o f  
b io log ica l com ponents  on the  glass su r fa c e  (e.g. p ro te in s)  [21], a time 
d e p e n d e n t  response to changes in  po tassium  c o n c e n tra t io n  th a t  can  lead  to 
s ig n i f ic a n t  errors in the  sod ium  m easu rem en t in  the c l in ica l  lab o ra to ry  [22] 
a n d  the  p rovis ion  o f  le a k -p ro o f  jo in t  be tw een  the  g lass-m em brane  e lec trode  body  
an d  the  channe l o f  m in ia tu r is e d  flow  systems fo u n d  in  c lin ica l  ana lysers  [10]. 
T h is  la t te r  p rob lem  is c o m p o u n d ed  by the fa c t  th a t  so lven t polym eric  
ion-se lec tive  m em branes a re  used  in c l in ica l  ana lyse rs  fo r  the  d e te rm in a t io n  of 
p o tass ium  an d  ca lc ium  in p lasm a  samples. T h e  use o f  a sod ium  selective PVC 
m em b ran e  would  enab le  a single  coheren t ISE block  to be m a n u fa c tu re d ,  w h ich  
w ou ld  g rea tly  reduce  the  en g in ee r in g  problem s associa ted  w ith  the h y b r id  blocks 
used in  analysers a t  p resen t. T h e  fa c t  th a t  PV C m em branes  can overcom e these 
d isad v an tag es  has been w id e ly  recognised  [13],
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T h e  p resen t c h a p te r  aim s to describe  the  ap p l ic a t io n  of  the te t ra m e r ic  
ca l ix a ren e  ionophores in t ro d u c e d  in ch a p te r  1 in  the  b iom edica l f ie ld .  T h e  
d e te rm in a t io n  of sod ium  in  plasm a samples w ill  be p resen ted  and  the  re su lts  
o b ta in ed  will be d iscussed  in  com parison  to f la m e  p h o to m e try  an d  to tw o 
c lin ica l  analysers , n a m e ly  the  Smac T ech n ico n  A na lyse r  3 and  the  H i ta c h i  704. 
For an  e lec trode  to be successfu lly  ap p lied  to c l in ica l  analysis, i t  m ust 
sa t is fy  a com plete sp ec tru m  o f  req u irem en ts  encom passing  selectiv ity , 
sens it iv ity ,  l i fe t im e  a n d  response time. The im p o r tan ce  of  these p ro p e r t ie s  
will th e re fo re  be d iscussed  in  some deta il .

A b r ie f  in t ro d u c t io n  on re lev an t  aspects  o f  the use of  ion-selective 
e lectrodes in c l in ica l an a ly s is  will fo llow  p r io r  to p re sen ta t io n  of 
ex p e r im en ta l  research .

2.2 C L IN IC A L  B A C K G R O U N D  TO SO D IU M  ANALYSIS
2.2.1 Com position  of  Blood

T he  p lasm a a n d  th e  ce llu la r  elem ents of  the  blood f i l l  the v ascu la r  
system  an d  toge ther  com prise  the to ta l  b lood  volum e. T he  blood is th e  v eh ic le  
fo r  m etabo lic  co m m u n ica t io n  betw een  the  organs of  the  body. T he  b lood  is ve ry  
com plex in  its chem ica l com posit ion  since i t  ca rr ie s  a large num ber  o f  
n u tr ie n ts ,  m etabo li tes ,  w aste  p roduc ts  an d  in o rg an ic  ions, m aking  possib le  the  
co o rd in a te d  in te rp la y  a n d  in te g ra t io n  o f  m etabolism .

A b o u t one h a l f  o f  the  b lood volum e is th e  blood plasm a, w h ich  is 90 % 
w a te r  an d  10 % d isso lved  m atte r .  O ver 70 % of the  p lasm a solids is com posed  of 
pro te ins ,  a n d  ab o u t  20 % o f  o rganic  m etabolites .  T h e  rem ain ing  10 % o f  p lasm a 
solids consists o f  in o rg a n ic  salts.

Sodium  is the m ajo r  ca t io n  com ponen t o f  the ino rg an ic  salts p re se n t  in
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plasm a w ith  a c o n c e n tra t io n  o f  abou t 140 m m ol 1’ *, w hereas  in the red  cells 
i t  is only  4 mmol 1‘ *. Converse ly , po tassium  has a c o n cen tra t io n  o f  3 m m ol 
I ' 1 a n d  110 mmol 1"* in  p lasm a an d  red  cells respective ly .

2.2.2 The Role  o f  S od ium  in Blood Plasm a
Because o f  th e  re la t iv e ly  large am o u n t  o f  so d iu m  in the  body, th is  

e lec tro ly te  is by f a r  the most im p o r ta n t  substance  in f lu e n c in g  the  d is t r ib u t io n  
an d  re te n t io n  of body  w a te r ,  as also is po tassium . Sodium  is largely  
associa ted  w ith  ch lo r id e  a n d  b ica rb o n a te  in  the  reg u la t io n  o f  acid-base 
e q u i l ib r iu m  [23]. T h e  o th e r  im p o r ta n t  fu n c t io n  is the  m a in ten an ce  of  the  
osmotic pressure  of  body  f lu id s  and  thus the  p ro tec t io n  o f  the body a g a in s t  
excessive f lu id  loss. It also fu n c t io n s  i r  the  p re se rv a t io n  o f  norm al 
i r r i t a b i l i ty  of  muscle tissue  and  the p e rm e a b i l i ty  o f  cells [24]. The 
m echan ism  th a t  m a in ta in s  the  sodium  c o n c e n tra t io n ,  ’the  sodium  p u m p ’ is re la te d  
to in t ra  and  e x t ra c e l lu la r  w a te r  con ten t,  an d  h y d ro g en  ion c o n cen tra t io n  [25]. 
D is tu rb an ces  in  these m echan ism s can a rise  f ro m  severa l  d i f f e r e n t  pa th o lo g ica l  
cond it ions  (see below). H ence  sodium  m easu rem en ts  in  p lasm a samples can be 
re g a rd e d  as a genera l  in d ic a to r  o f  p a t ie n t  w ell-being.

2.2.3 Pa tho log ica l  C o n d it io n s  Invo lv ing  Sod ium  D is tu rbances
As th is  thesis is co n cern ed  w ith  the  a n a ly t ic a l  aspects o f  physio logy  a 

d e ta i led  d esc r ip t io n  of  blood b iochem is try  will n o t  be presented. H ow ever ,  a 
b r ie f  o u tl in e  of  some o f  the  most f r e q u e n t  a n d  im p o r ta n t  pa tho log ica l  s ta tes  
a f fe c t in g  sodium  p lasm a  ba lance  will be m entioned .

When th e re  is loss o f  f lu id s  or e lec tro ly tes  th ro u g h  the  gas tro in te s t in a l  
t rac t ,  u r in a ry  trac t ,  sweat, ex tensive  burns ,  etc. or ga in  th rough  in trav en o u s
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h y p e r to n ic  salts, excessive in tak e  o f  l iqu ids ,  etc., m easu rem en ts  of  sod ium  an d  
potassium  c o n cen tra t io n  in  p lasm a p ro v id e  s trong  ev id en ce  of w a te r  or 
e lec tro ly te  im balances  a n d  m ay also be h e lp fu l  in  the  superv is ion  o f  a 
p a r t ic u la r  therapy .  A d d i t io n a l  in fo rm a t io n  can  be o b ta in e d  by m easu rin g  sod ium  
u r in a ry  levels, since ab o u t  95 % of sod ium  th a t  leaves the  body is ex c re ted  in 
the  u r in e  [26]. These m easu rem en ts  thus  in d ic a te  how  a n d  to w h a t  e x te n t  w a te r  
a n d /o r  e lec tro ly te  im ba lance  is occurring .

As a l re a d y  m en tioned ,  the  c lin ica l  c o n d it io n s  in v o lv in g  changes in p lasm a 
sodium  c o n cen tra t io n  m ust a f f e c t  the  s ta te  of  h y d ra t io n  an d  osm olality , ow ing  
to the close re la t io n sh ip  be tw een  w a te r  ba lan ce  a n d  e x t ra c e l lu la r  sod ium  
concen tra tion .

P a tho log ica l  states in v o lv ing  sod ium  d is tu rb a n c e  c an  be ca tegorised  as 
follows:

(a) H y p e rn a t r a e m ia : A n  increase  of  sod ium  over  the  accep tab le  l im it  is 
know n  as h y p e rn a t ra e m ia  [27], I t  is a sign of  h y p e ro sm o la l i ty  an d  th e re fo re  
in d ic a t iv e  of  red u c tio n  o f  w a te r  vo lum e (d e h y d ra t io n ) .  H y p o n a tra e m ic  sta tes 
m ay occur as resu lt  o f  C u sh in g ’s disease [28] w h ich  causes h y p e ra c t iv i ty  o f  the  
a d re n a l  cortex , tum ours  secre ting  excess o f  c o r t ic o tro p in  (A CTH ) [28] or 
tum ours  p ro d u c in g  an  excess o f  sex horm ones  [28], In t ra v e n o u s  a d m in is t r a t io n  
w ith  d rugs  such as g lucocorticoestero ids  or the  fa s t  in tra v e n o u s  a d m in is t r a t io n  
of sod ium  salts m ay also lead  to h y p e rn a t ra e m ia  [29]. E leva ted  levels o f  
plasm a sodium  m ay arise  f ro m  co n d it io n s  w h ich  g en e ra te  a rap id  loss o f  w a te r  
[30] such as d ia r rh o ea ,  vom iting , d iabe tes  in s ip id u s  or insensit ive  losses as 
occur d u r in g  d u r in g  ra ised  body  tem p era tu re ) .

(b) H y p o n a t ra e m ia : A red u ced  so d iu m  c o n c e n tra t io n  in plasm a m ay  be an  
in d ic a t io n  o f  hypoosm ola lity .  H ow ever,  the  levels o f  sod ium  as m easu red  in  the
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plasm a m ay not re f le c t  a c c u ra te ly  the to ta l body  sodium. This is so w hen  
p a t ien ts  are  given large  q u a n t i t ie s  o f  hypo ton ic  f lu id s  [32], H ere  the  d is ta l  
tubu les  in the k idneys ac t  to re ta in  sodium  an d  conseq u en tly  excre t ion  of  the  
a d d i t io n a l  plasm a w a te r  is suppressed. Hence, a l th o u g h  the  plasm a sod ium  
levels are reduced , the  to ta l  am o u n t of sod ium  p resen t is norm al. C on d it io n s  
like these can be observed  in  edem atous states like  c irrhosis ,  congestive  h e a r t  
f a i lu re ,  or some rena l illnesses w here  the sod ium  ra th e r  th a n  low m ay be n o rm al 
or even high. H ow ever in  c l in ica l  cond it ions  w here  rea l red u c tio n  of  sod ium  
does occur, the low p lasm a sod ium  tru ly  in d ica tes  d ep le t io n  of the to ta l  body 
sodium. T h is  is com m on w ith  excessive loss of w a te r  such as in sensit ive  loss, 
gas tro in tes t in a l  loss, im p a ire d  ren a l  sod ium  excre tion ,  in  A d d iso n ’s disease 
(reduc tion  o f  cortisol) [28], h y p o a ldoste ron ism  [28] or low p ro d u c tio n  of 
a n t id iu re t ic  horm one [28], T h e ra p y  w ith  some com m only  used d iu re t ic s  o f te n  
seem to be the cause o f  h y p o n a tra e m ia ,  specia lly  w hen  the  th e ra p y  is ex tens ive  
an d  in  h igh  doses [33].

O bviously  the m easu rem en t o f  plasm a sodium  is im p o r ta n t  in  c l in ica l  
diagnosis, b u t  th is p rov ides  only  a l im ited  am o u n t  o f  in fo rm a t io n  re g a rd in g  
elec tro ly te  im balance. It is on ly  f ro m  the com bined  m easu rem en t  o f  sod ium  
u r in a ry  and  plasm a levels th a t  c l in ic ian s  can  o b ta in  v a lu ab le  in fo rm a t io n  fo r  
p a t ie n t  diagnosis.

2.3 T H E  C O N C E N T R A T IO N  VS A C T IV IT Y  C O N T R O V E R S Y
T he in tro d u c t io n  of  ion-se lec tive  e lectrodes in  the  c lin ica l f ie ld  has 

fa c i l i ta te d  the  dev e lo p m en t o f  tw o types of  in s t ru m en ts  [1]:
a) the h igh cap ac ity  c l in ica l  ana lysers  o f  the type  developed  by T echn icon ,  
w ith  w h ich  in d ire c t  p o te n t io m e tr ic  m easurem ents  a re  c a r r ie d  out on d i lu te d
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samples, an d
b) low cap a c i ty  in s tru m en ts  fo r  d irec t  p o te n t io m e tr ic  m easurem ents, re q u i r in g  
no p re -d i lu t io n  step. These in s tru m en ts  a re  designed  fo r  use in in ten s iv e  care  
un its  w here  rap id  assessment of e lec tro ly te  ac t iv i t ie s  is req u ired  to av o id  the 
so ca lled  ’tu rn  a ro u n d  t im e ’ in hosp ita ls  [34] T h ey  are used f re q u e n t ly  fo r  
single p a t ie n t  sam pling. Analyses o f  whole  b lood  electro ly tes or 
h y p e r ly p id a e m ic  samples (see section 2.5.4.2) a re  m ade w ith  low cap ac ity  
in s trum en ts .

T h e  m easurem ents  of sod ium  by f lam e  p h o to m e try  expressed in  c o n c e n tra t io n  
an d  by d ire c t  or in d i re c t  p o ten tio m etry  expressed  in ac t iv i ty  can lead  to 
d iv e rg e n t  results a n d  problem s in the  c l in ica l  in te rp re ta t io n  of these 
results. T h e  d isc repancy  of the m easu rem en ts  has given rise to the q u es tion  of  
w h ich  of  the m ethods provides the most c l in ica l ly  an d  an a ly t ica l ly  s ig n i f ic a n t  
in fo rm a tio n .  This  has become know n  as the  a c t iv i ty  co n cen tra t io n  co n tro v e rsy  
[35], W orth [1] has discussed the prob lem  a t  length . F ro m  his d a ta  (T ab le  
2.1), he s ta tes th a t  using d irec t  p o te n t io m e try  a sod ium  co n cen tra t io n  o f  140 
mmol 1'* w ill  have  an ac t iv i ty  c o e f f ic ie n t  co rrespond ing  a p p ro x im a te ly  to 
th a t  o f  a m o la li ty  of  0.1, nam ely  0.778. H ow ever ,  the to ta l  ionic s t re n g th  of 
a so lu tion  will also a f f e c t  the a c t iv i ty  c o e f f ic ie n t  of each  ion. In p lasm a 
the to ta l  m ola li ty  is a p p ro x im a te ly  0.2 K g '* ,  g iv ing an  ac t iv i ty  c o e f f ic ie n t  
fo r  sod ium  of ab o u t  0.74. In in d i re c t  p o te n t io m e try  w ith  a 1 : 200 d i lu t io n  
step, the  to ta l  m o la li ty  w ould  be a p p ro x im a te ly  0.001. F rom  the same w ork ,
Worth [1] poin ts  ou t th a t  a co n c e n tra t io n  o f  140 mmol I ' 1 m easured  by f la m e  
p h o to m e try ,  w ould  on ly  be 135 mmol I"1 (d i lu t io n  1 : 200) as m easured  by 
in d i r e c t  p o ten tio m e try ,  while  104 mm ol I ' 1 is fo u n d  by m easuring  w ith  ISEs 
w i th o u t  d i lu t io n  step involved. T he  d i f f e r e n t  results observed have  been  the
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A c tiv i ty  C o e f f ic ie n t
M ola li ty N aC l
0 . 0 0 1 0.966
0.005 0.928
0 . 0 1 0.905
0.05 0.821
0 . 1 0.778
0.5 0.678

T ab le  2.1 A c tiv i ty  co e ff ic ien ts  f ro m  em f m easu rem en ts  a t  25°C

m atte r  o f  ex tens ive  l i te ra tu re  d iscussions [36] an d  owe th e i r  basis f ro m  
fac to rs  a r is in g  in the in eq u a l  n a tu re  o f  p lasm a or serum  an d  aqueous 
solutions. These  fac to rs  are  d iscussed below.

2.3.1 S od ium  B ound to P ro te ins
I t  is a w ell k n o w n  f a c t  th a t  th e re  a re  m any  substances  (e.g. m etabolites ,  

drugs, horm ones  a n d  ions), th a t  a re  t ra n sp o r te d  in  the blood s tream  to v a ry in g  
ex ten ts  in  p ro te in -b o u n d  form . A lb u m in  accoun ts  fo r  most o f  these 
su b s tan ce -p ro te in  complexes. A s ig n i f ic a n t  p e rcen tage  o f  ca lc ium  is b o u n d  to 
a lb u m in  a n d  is no rm ally  n o t  d e tec ted  w hen  ca lc ium  co n c e n tra t io n  is m easu red  
w ith  ion-se lec tive  e lectrodes. H ow ever,  m ethods have  been proposed  fo r  
m easu rem en ts  of  to ta l  se rum  calc ium , thus  in c lu d in g  b o u n d  a n d  n o n -b o u n d  ca lc iu m  
[37]. A l th o u g h  the re  are  au th o rs  w ho su p p o r t  the  idea  o f  sod iu m -p ro te in  
b in d in g  [38], the re  are o thers  who suggest th a t  the re  is no t ev idence  o f  such
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co m plexa tion  [39]. W hatever the rea l  s i tu a t io n  is, the  am o u n t of p ro te in -b o u n d  
sod ium  is be lieved to be sm all a l th o u g h  in -v i t ro  exper im en ts  [40] have  in d e e d  
de m o n s tra te d  the existence  o f  these so d iu m -a lb u m in  complexes.

2.3.2 S odium  Bound to H y d ro g en  C a rb o n a te
It  has been shown th a t  by a r ra n g in g  a system  w here  the sodium  a n d  

p o tass ium  con cen tra t io n s  an d  to ta l ion ic  s tren g th  is k ep t  constan t an d  the  
h y d ro g en  ca rb o n a te  is increased , the  a c t iv i ty  of  bo th  sodium  and  po tass ium  
m easu red  by d irec t  p o ten tio m e try  w ill  decrease ,  w h ile  the co n c e n tra t io n  o f  the 
same as m easured  by f lam e  p h o to m e try  rem ain s  c o n s tan t  [41]. In  one s tu d y ,  the 
p resence o f  hydrogen  ca rb o n a te  a t  a co n c e n tra t io n  of  25 mmol 1 was fo u n d  to 
decrease  the  sodium  an d  po tass ium  c o n te n t  m easu red  by d irec t  p o te n t io m e try  by 
2 % an d  3.1 % respec tive ly  f ro m  th e i r  o r ig in a l  no rm al plasm a concen tra tions .
I t  has been  suggested how ever th a t  th is  cou ld  be due  to changes in  l iq u id  
ju n c t io n  p o ten t ia l  [42], r a th e r  th an  the  fo rm a t io n  o f  sod ium  and  po tassium  
complexes.

2.3.3 R e d  Blood Cell E f fe c t
T he  existence of  the  red  blood cell e f f e c t  is a m a t te r  o f  debate.

R esu lts  1.55 % h ig h er  fo r  sod ium  h av e  been  fo u n d  by some w orkers  w i th  d ire c t  
p o te n t io m e tr ic  m easurem ents  in  w hole  b lood  w hen com pared  to p lasm a a t  
phys io log ica l levels [43]. O th e r  s tud ies  [44] suggest no s ig n if ican t  
d i f fe ren ces .  H ow ever, ad v isab le  c a re fu l  h a n d l in g  an d  m ix ing  of  sam ples should  
be observed  to avo id  possible in c reased  po tass ium  levels due  to leakage  f ro m  
d am ag ed  cells. E ven w hen  co llec tion  a n d  processing o f  samples is c a re fu l ly  
c a r r ie d  o u t  [45], some w orkers  h a v e  f o u n d  s ig n if ic a n t  d iscrepancies  be tw een
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plasm a a n d  w hole blood sod ium  d e te rm in a tio n s .  B ijs ter  e t  al [46] su p p o r ted  the  
o bse rva t ion  th a t  th e re  is a s ig n if ic a n t  inc rease  in  so d iu m  an d  po tassium  using 
blood com pared  w ith  p lasm a samples, bu t  th ey  have  also shown th a t  th is  is due 
to the  use o f  an  open s ta t ic  l iq u id  ju n c t io n  be tw een  th e  selective an d  
re fe ren c e  electrodes.

2.3.4 M a tr ix  E ffe c ts
T h e  volum e occup ied  by the  p lasm a m a tr ix  (e.g. m acrom olecu les  such as 

p ro te ins  a n d  lipopro te ins)  is s ig n if ic a n t  a n d  no t a v a i la b le  to low m olecu lar  
w e igh t substances  such as e lec tro ly tes  unless th ey  are  b o u n d  to these 
m acrom olecules. T he  p lasm a m a tr ix  is e s t im a ted  to be 8  % of the  to ta l  and  
th e re fo re  th e  m easu rem en ts  of  e lec tro ly te  a c t iv i ty  a re  d e te rm in e d  in a vo lum e 
w h ich  is 8  % sm aller th a n  the  to ta l  sam ple volume. T h is  m eans th a t  the va lues  
of  a c t iv i ty  m easu red  by d i re c t  p o te n t io m e try  are  h ig h e r  th a n  those p ro v id e d  by 
f lam e  p h o to m e try  an d  in d i re c t  p o ten tio m etry .  In d i re c t  p o ten tio m e try  is 
co m p arab le  to the  p h o to m e tr ic  tech n iq u e  since the  d i lu t io n  step reduces  the  
m a tr ix  e f fe c t ,  so the vo lum e ava ilab le  to ions is not s ig n i f ic a n t ly  d i f f e r e n t  
f ro m  the  to ta l  volume. E x p e r im en ts  h av e  show n [9] th a t  the  a d d i t io n  of 
physio log ica l  am ounts  o f  p ro te ins  or l ip ids  to sod ium  ch lo r id e  so lu tions h ad  
l i t t le  or no e f f e c t  on so d iu m  ac t iv i ty  m easu rem en ts  m ad e  by d irec t  
p o ten tio m e try .  On the o th e r  h a n d  the  sod ium  c o n c e n tra t io n  m easured  by f lam e  
p h o to m e try  show ed the  p re d ic te d  re d u c t io n  o f  a ro u n d  8  % [9].

2.3.5 Im p o r tan ce  o f  A c t iv i tv -C o n c e n tra t io n  in C lin ica l  Assays
I t  is well accep ted  th a t  physiological m echan ism s a re  con tro lled  by the 

a c t iv i ty  o f  th e ir  com ponents . T h e re fo re ,  i t  w ou ld  a p p e a r  th a t  p lasm a a c t iv i ty
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is the  physio log ically  im p o r ta n t  p a ram e te r ,  r a th e r  th a n  c o n c e n tra t io n  [47,48].
In general, the  fac to rs  d iscussed above do no t cause s ig n i f ic a n t  p rob lem s in  
sod ium  d e te rm in a tio n ,  a n d  can  in  the  most p a r t  be com pensa ted  fo r  using 
c a l ib ra t io n  procedures. U n fo r tu n a te ly ,  th is  is no t the case w ith  m a tr ix  
e f fe c ts  w here  pro te in  a n d  l ip o p ro te in  con ten t  m ay  v a ry  s ig n i f ic a n t ly  f ro m  
sam ple to sample [49,50], As e x p la in e d  p rev iously ,  the  m a tr ix  e f f e c t  on ion 
co n c e n tra t io n  is due  to changes in  p lasm a w a te r  f ra c t io n  a n d  a f fe c t s  every  ion  
to the  same extent.

Increase  in p lasm a p ro te in  an d  l ipop ro te in  m ay occur  in  several 
p a tho log ica l  cond it ions  lead ing  to s ig n i f ic a n t  d i f fe re n c e s  in  the ana lys is  of 
sod ium  an d  potassium  by f la m e  p h o to m e try  an d  d ire c t  p o ten tio m etry .

2.3.5.1 H v p e rp ro te in aem ia
In th is  case the  to ta l  p ro te in  c o n cen tra t io n  is m uch  la rge r  th a n  

norm al.  V alues of 100 g 1‘ * to 200 g 1’  ̂ a re  com m only  observed  (n o rm al 
va lue  60 - 80 g I ' 1). D i f f e r e n t  s tud ies  show th a t  w hen  no sod ium  dep le t io n  
has o ccu rred  and  no e lec tro ly te  d is tu rb a n c e  is seen in  these  p a tien ts ,  the  
f lam e  p h o to m etry  resu lts  in d ic a te  th a t  the pa t ien ts  a re  h y p o n a tra e m ic ,  w hereas  
d i re c t  po ten tio m e tr ic  m easu rem en ts  show the  co rrec t  n o rm o n a tra e m ic  s ta te  [51].

2.3.5.2 H v p e r l ip o n ro te in a e m ia
A n excessive l ip id  c o n c e n tra t io n  causes also a red u c tio n  in  th e  p lasm a 

w a te r  f ra c t io n .  C ond itions  such  as u n co n tro l led  d iabetes ,  
h y p e r tr ig l ic id e raem ias ,  h y p e r l ip id a e m ia s  and  o thers [52] m ay cause e leva ted  
l ip ids  levels. In all ins tances ,  f la m e  p h o to m etry  in co rrec t ly  gives low er 
va lues  fo r  sod ium  in co m p ariso n  to d i re c t  p o ten t io m e try  (p seu d o h y p o n a traem ia ) .
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T h e re fo re ,  care  m ust be exerc ised  w hen  low sod ium  levels are fo u n d  by 
f lam e  pho tom etry . In such cases, the  p ro te in  a n d  l ip id  p lasm a co n ten t  sho u ld  
be checked  b efo re  h y p o n a tra e m ia  is d iagnosed . Where p seu d o h y p o n a tra e m ia  is not 
recognised , excess sodium  m ay  be a d m in is te re d  to a p a t ie n t  in  o rder  to ra ise  
the  a p p a re n t  low sodium  blood level to the  n o rm a l range . This  in c o rre c t  
th e ra p y  has a lread y  caused a t  least one d e a th  [53]. In  cases like  these, 
assays shou ld  be ca r r ie d  ou t by  d irec t  p o ten tio m etry .

2.4 C H A R A C T E R IST IC S  O F  ISE M EM BRA N ES IN T H E  ANALYSIS O F
B IO L O G IC A L  SAMPLES

2.4.1 S tab i l i ty
T he  s tab i l i ty  an d  r e p ro d u c ib i l i ty  o f  em f m easu rem en ts  depends b o th  on the  

type  of  e lec trode  being used an d  the  ex p e r im e n ta l  design. For in s tance ,  the  
re p ro d u c ib i l i ty  of p recision  on m easu rem en ts  in  b io log ica l samples is c la im ed  
to be ab o u t  1 0  times b e t te r  th a n  th a t  o f  ro u t in e  m easurem ents  and  a cco rd in g  to 
A m m an n  [54] can ap p ro ach  lim its  only  im posed  by the  e lectron ic  m e a su r in g  
equ ip m en t.  Since the d em an d s  on the  p rec is ion  m ay d i f f e r  betw een c l in ica l  
lab o ra to r ie s ,  Oesch et al [13] have  suggested  the  f iv e - fo ld  subd iv is ion  o f  the 
physio log ica l  norm al ran g e  o f  e lec tro ly tes  w i th  a 95 % confidence  l im it  f o r  
com parison  purposes be tw een  electrodes. I f  the  n o rm al physio logical ran g e  o f  
p lasm a sod ium  is 135 mmol 1'* to 150 mmol 1"^, (see tab le  2.2) this 
proposal  im plies th a t  a p rec is ion  b e t te r  th a n  0.1 mV is req u ired  fo r  the  
analysis.  C u r re n t  m V -m eters  h av e  an  a c cu racy  o f  + 0.1 mV. An in a c c u ra c y  o f
0.1 mV in  the  sodium  m easurem en ts  w o u ld  in tro d u c e  an  erro r  of 0.5 m m ol 1 
w h ich  is cons idered  to be w i th in  a rea l is t ic  c l in ica l  to le rance  erro r  o f  2  m m ol 
r 1  [55],
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P h y s i o l o g i c a l  R e q u i re d  mV r a n g e  R e q u i r e d
r a n g e  mmol/1 p r e c i s i o n /  a t  25°C p r e c i s io n /m V

ION mmol/1 mmol l - 1

K+ 3.5-5.0 0.1 9.2 0.5

Na+ 135-145 0.5 1.8 0.1

Li+* 0.7-1.5 0.04 19.6 0.97

Ca++ 1.0-1.2 0.02 2.3 0.12

Cl" 95-110 0.75 3.8 0.19

hco3" 21.3-26.5 0.26 5.6 0.28

T ab le  3 Physio log ica l range  a n d  re q u ire d  p rec is ion  f o r  some com m only  
d e te rm in e d  ions using ion-se lec tive  electrodes.
* T h e ra p e u t ic  range

L eav in g  aside fa c to rs  such  as the  ISE m em brane ,  e lec tr ica l  c i rc u i t ry ,  an d  
the  re fe re n c e  e lec trode  w h ich  u n d o u b te d ly  a f f e c t  the  s ta b i l i ty  a n d  the 
re p ro d u c ib i l i ty  o f  the  em f, im p o r ta n t  c r i te r ia  concern ing  s ta b i l i ty  in 
b io log ica l samples are:
1.- s h i f t  in  the s ta n d a rd  p o te n t ia l  (E°)
2 .- d r i f t
3.- re s id u a l  s ta n d a rd  d e v ia t io n
4.- r e p ro d u c ib i l i ty

Oesch et al [13] suggest th a t  in  ba tch  d e te rm in a t io n s  the  r e p ro d u c ib i l i ty  
o f  the  m easu rem en t  is the  re le v a n t  s tab i l i ty  c r i te r io n .  T h is  is based on the
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assum ption  th a t  a long te rm  d r i f t  does not in f lu e n c e  th e  m easu rem en ts  because 
sam ple  /c a l ib ra t io n  in te rv a ls  a re  usually  o f  th e  o rd e r  o f  one  m in u te  or less. 
H ow ever  w ith  con tin u o u s  in -v ivo  app lica tions ,  th e  same a u th o rs  recognise  th a t  
the  s tab i l i ty  will be d ic ta te d  by the  d r i f t  an d  re s id u a l  s t a n d a r d  d e v ia t io n  
s ince in te rm it te n t  ca l ib ra t io n s  can  no longer be p e rfo rm e d .

A f u r th e r  co n s id e ra t io n  reg a rd in g  p rec is ion  invo lves  th e  s h i f t  in  
s ta n d a rd  po ten tia l  (E°) f re q u e n t ly  observed w h en  an  ISE is f i r s t  p laced  in  a 
so lu tion  con ta in ing  p ro te in s  (see section 3.16.2, Fig. 3.24, C h a p te r  3). The  
E °  sh i f t  is believed to be due  to in te r fa c ia l  changes  (sam p le /m e m b ra n e )  
caused  by the deposit ion  o f  p ro te in s  onto the  s u r fa c e  o f  th e  electrode.
A dso rp tio n  of even sm all am o u n ts  of p ro te ins  on the  m e m b ra n e  su r fa c e  will 
change  the physical ch a ra c te r is t ic s  o f  the m em brane .  C o n seq u en tly  a s h i f t  in 
p o ten t ia l  will be observed  since the in te rn a l  r e fe re n c e  e lec tro ly te  in te r fa c e  
rem ains  basically  u n a lte red .

A no the r  fa c to r  h ig h l ig h te d  by Oesch et al [13] is th a t  the 
sam p le /m em b ran e  in te r fa c e  m ay be a lte red  due  to the  e x t ra c t io n  of  m arg in a l ly  
l ipoph il ic  m em brane  com ponen ts  by samples c o n ta in in g  p ro te in  or lip id . Thus 
the  m obili ty  of m em b ran e  com ponents  is no t f a s t  en o u g h  to rep lace  the  e x trac ted  
molecules in the sam ple-side  o f  the  in te r face .  The g e n e ra t io n  o f  these slight 
in te r fa c ia l  im balances c lear ly  will cause changes in the  ISE p o te n t ia l  w hich  
a re  typ ica lly  m a n ife s te d  by d r i f t .

To tackle  the  p rob lem  o f  deposit ion  o f  m acrom olecu les  on the  e lec trode  
su rface ,  several w orkers  h av e  used exclusion m em b ran es  over th e  ISE sensor 
[56], However, the  use of  such m em branes som etim es fa i l s  to in h ib i t  re la t ive ly  
low m olecular w eight p lasm a com ponents  an d  m ay also g en era te  a d d i t io n a l  
p o ten t ia l  d if fe ren ces  [57],
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2.4.2 Selectiv ity
C lin ica l  samples o f  no rm al in d iv id u a ls  h av e  w e ll-d e f in ed  physio log ica l 

c o n c e n tra t io n  ranges fo r  a ll e lectro ly tes of  c l in ica l  im portance . T hus  us ing  
the  N ico lsky  equa tion  (eqn. 1.11, c h ap te r  1) a n d  assum ing  physiological 
c o n c e n tra t io n  ranges, r e q u i re d  se lec tiv ity  c o e f f ic ie n ts  have  been c a lc u la ted  
a cco rd in g  to the fo llow ing  e q u a tio n  [13], below:

a im in  *s t îe  l ° west expec ted  ac t iv i ty  o f  th e  m easu r in g  ion izi 
a jm ax  *s ^ S h e s t  expec ted  ac t iv i ty  of  o f  th e  in te r f e r in g  ion j 
P j ;  is the h ighes t  to le rab le  e r ro r  in the a c t iv i ty  a j  due  to in te rfe ren ces  
of  aj (in percent).

T h e  re q u ire d  sod ium  se lec tiv ity  c o e f f ic ie n t  fo r  a m axim al in te r f e re n c e  of  
1 % (w orst case) by a com m on range  o f  e lec tro ly tes  p resen t  in p lasm a sam ples  
acco rd ing  to eqn. (2.1) is p resen ted  in  tab le  2.3.

F ro m  the  d a ta  seen in tab le  2.3, i t  is c lea r ly  seen th a t  all ionophores  
l is ted  in  table  1.5 (ch ap te r  1) sa tis fy  the se lec t iv i ty  requ irem en ts  im posed  
f o r  c l in ica l  app lica tions ,  excep ting  th a t  o f  the  E T H  227 ionophore in  the  
presence  o f  th e ra p e u t ic a l  c o n cen tra t io n s  of  l i th iu m .

2.5 L ia u id -Ju n c t io n  P o te n t ia l
In  m easurem ents  c a r r ie d  ou t in b io log ica l systems, the  assum ption  th a t  

the  l iq u id  ju n c t io n  p o te n t ia l  is m in im u m  a n d  c o n s ta n t  is not va lid  d u r in g  the  
course  of  ca l ib ra t io n  a n d  m easu rem en ts  d u e  to th e  ex trem ely  com plex com posit ion

ajm ax 100
(2 .1)

w here , K ? ? 1  is the h ig h es t  to lerab le  va lue  o f  th e  se lec t iv i ty  co e ff ic ien t
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R e q u ire d  Selec tiv ity  C o e f f ic ie n t  K 1??* 
H + L i+ *Li+ K + M g2+ C a2+

N a + 4.4 2.1 -0.1 -0.6 -1.2 -1.3

T ab le  2.3 R e q u ire d  se lec tiv ities  fo r  so d iu m  elec trodes fo r  plasm a 
app lica tions.  T h e ra p e u t ic  level (*)

o f  p lasm a samples. T h e re fo re  some f lu c tu a t io n  m ust be a llow ed fo r  l iq u id  
ju n c t io n  p o ten t ia l  be tw een  the  re fe ren ce  system  a n d  a n d  the  biological f lu id .  
T o lerances  in  accu racy  o f  10 % fo r  sod ium  re q u ire  rep ro d u c ib i l i t ie s  o f  0.3 mV. 
T h u s  re fe ren c e  a n d  b r id g e  solu tion , as well as c a re fu l ly  m atch ed  m atr ices  
be tw een  s ta n d a rd s  a n d  sam ples fo r  c a l ib ra t io n  purposes m ust be given special 
a t ten t ion .

2.6 C A L IB R A T IO N  O F ISEs IN B IO L O G IC A L  SAMPLES
To solve problem s due  to v a ry in g  ion ic  s t re n g th  an d  thus m easure  the  

a c t iv i ty  of  the  a n a ly te  as re la ib ly  as possible, a ll a c t iv i ty  co e ff ic ien ts  in  
the  ca l ib ra n ts  should  try  to closely m a tc h  those in  the  samples. T h is  is 
ach ieved  by m ak ing  up  s tan d a rd s  in  a m a tr ix  w ith  a b ack g ro u n d  o f  a co n s ta n t  
ion ic  s t re n g th  th a t  ap p ro x im a te s  to th a t  o f  the  p lasm a sam ple (I ~ 0.15).

H ow ever,  the s i tu a t io n  is com plica ted  by the  f a c t  th a t  p lasm a sam ples do 
n o t  have  a c o n s tan t  ion ic  s treng th  (especia lly  in  p a tho log ica l  states). E ven  
w here  sam ples do have  a f a i r ly  co n s tan t  ion ic  s tren g th ,  d i f f e r e n t  com m erc ia l  
in s t ru m en ts  an d  d i f f e r e n t  w orkers  ten d  to use d i f f e r e n t  ca l ib ran ts  w h ic h  m ay 
h av e  d i f f e r e n t  ion ic  s trengths .  It  is no t  rea l su rp r ise  th e re fo re  th a t  some
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com m ercia l in s tru m en ts  h av e  been shown to p ro d u ce  considerab le  
in te r - in s tru m e n ta l  d e v ia t io n s  [58,59], In c o m p a ra t iv e  stud ies several 
ca l ib ra t io n  p rocedures  have  been pub lished  [60] an d  proposals fo r  a u n i f i e d  
app roach  fo r  m easu rem en t o f  biological sam ples w ith  ion-selective e lec trodes  
fo rm  the basis o f  recom m enda tions  by the In te rn a t io n a l  F edera tion  o f  C lin ica l  
Chem ists [61].
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2.7 E X P E R IM E N T A L  W ORK

2.7.1 In tro d u c t io n
T he  fo llow ing  e x p e r im en ta l  w ork  describes  the  use o f  m ethyl 

p - t-bu ty lca lix [4 ]ary l  ace ta te  an d  the  m e thy l  te t r a k e to n e  d e r iv a t iv e  of  
p-t-bu ty lca lix [4 ]arene  based PVC electrodes in  the  ana lys is  of sod ium  in  p lasm a 
samples. T h e  d e te rm in a t io n s  w ere ca r r ie d  ou t  u n d e r  s teady -s ta te  co n d it io n s  
(d ipp ing  m ethod) an d  com p ared  to the  resu lts  p rev io u s ly  ob ta in ed  fo r  the  same 
samples by two c o n tin u o u s  f low  analysers  em ploy ing  the  sodium  glass e lec trode  
(the Smac T echn icon  3 a n d  the H ita c h i  704) a n d  by f lam e  photom etry .

2.7.2 E lec trode  a n d  M em brane  C ons tru c t io n
C a th e te r  type  a n d  co n v en tio n a l  m acro e lec tro d es  o f  the type  d esc r ib ed  in 

c h ap te r  one were used. T h e  construc t ion  of  c a th e te r  type  and  m acroe lec trodes  
fo llow ed  the  p rocedures  described  in  sections 1.8.4.2 a n d  1.8.4.3 respective ly .

M em brane  p re p a ra t io n  fo r  c a th e te r  type  e lec trodes was th a t  o u t l in e d  in  
section 1.8.3 (ch ap te r  1), w hile  those m em b ran es  used  fo r  m acroe lectrodes a re  
described  in  c h a p te r  3 (section  3.13).

2.7.3 M ateria ls  a n d  Samples
All chem icals  used  f o r  e lec tro ly te  so lu tions w ere  o f  an a ly t ica l  re a g e n t  

g rade  a n d  th e  so lu tions w ere  p rep a red  in  d is t i l le d  de ion ised  water. M em b ran e  
com ponents  w ere  f ro m  the  same sources a l re a d y  d esc r ib ed  in section 1.8.5 
(chap te r  1). Salts o f  t r is  b u f f e r  w ere o b ta in e d  f ro m  Sigma, D-glucose was 
ob ta in ed  f ro m  BDH a n d  u rea  f ro m  R ied e l-d e  H aen.

P lasm a samples w ere  ob ta in ed  f ro m  the  B iochem is try  d ep a r tm en ts  a t  St.
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Jam es an d  B eaum ont Hospita ls ,  D ublin .  E ach  site  p ro v id e d  th e ir  re spec tive  
resu lts  fo r  the  sodium  analysis. The St. Jam es resu lts  w ere  ob ta in ed  w i th  a 
T echn icon  Smac 3 A nalyser ,  w hile  those f ro m  B eau m o n t H osp ita l  w ere o b ta in e d  
w ith  the  H ita c h i  704 A nalyser.  F lam e p h o to m e tr ic  d a ta  w ere also o b ta in ed  f ro m  
B eaum ont Hospital.

2.7.4 P o ten t io m etr ic  Cell
M easurem ents  w ere  conduc ted  u n d e r  a m b ie n t  te m p e ra tu re  cond it ions ,  except 

w hen  in d ic a te d  o therw ise  an d  w hen  using s ta n d a rd  a d d i t io n  m ethod  in  w h ic h  the 
te m p e ra tu re  was m a in ta in e d  at 25 + 0.5°C, using  a th e rm o s ta t te d  p o la ro g rap h ic  
cell. A P h ilips  PW9421 d ig i ta l  pH  m eter  (0.1 mV reso lu tion )  or a l te rn a t iv e ly  a 
C orn ing  240 pH  m il l iv o ltm e te r  coup led  to a F lu k a  8060A d ig ita l  m u lt im e te r  
( to ta l re so lu tion  0.01 mV) were used f o r  m easurem ents .  The  re fe ren ce  e lec trode  
was a sa tu ra te d  calomel e lec trode  (SCE) w ith  a f re e  f lo w in g  l iq u id  ju n c t io n  
(M etrohn  ref .  60.705.000), except w h en  in d ic a te d  o therw ise .

O v era l l  the e lec trochem ica l cell can  be rep re sen ted  by:

H g ,H g 2 C l 2 /K C l( sa td ) /m e a su re d  sam p le /P V C  m em brane/0 .1  M N aC l/A g C l,A g

2.7.5 P rocedures
P lasm a samples w ere  s to red  a t  4°C. A t least one h our  was allow ed 

a f t e r  rem oval f rom  sto rage  fo r  t e m p e ra tu re  e q u i l ib ra t io n  to occur b e fo re  
m easurem ents  were taken . Samples a n d  s ta n d a rd s  w ere s t i r red  slowly d u r in g  
m easurem ents .  R esu lts  w ere  o b ta in ed  bo th  f ro m  a ca l ib ra t io n  curve , an d  by the 
s t a n d a rd  a d d i t io n  m ethod.

In every  instance , p rev ious  to p lasm a m easu rem en ts  sets o f  up to 5
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e lec trodes w ere  co n s tru c ted ,  co n d it io n ed  in  0.1 M  N aCl solutions a n d  th e i r  
e lec trode  slope fu n c t io n  tested  in six sod ium  c a l ib ra t io n  solutions ra n g in g  
f ro m  1 x 10'® M to 1 x 10’  ̂ M. D r i f t  a n d  res is tance  of  the  electrodes was 
also e x am in ed  prev ious to p lasm a m easurem ents .  The e lectrode w h ic h  p re sen ted  
best p e r fo rm a n c e  c h a rac te r is t ic s  was used to p e r fo rm  the  analysis.

2.7.5.1 M easurem ents  f ro m  C a lib ra t io n  C urves
(a) In an  in i t ia l  a p p ro ach ,  the  p ro ced u re  fo r  electrodes co n ta in in g  

m ethy l  p -t-bu ty lca lix [4 ]a ry l  ace ta te  was as follows:
to d e te rm in e  the  em f o f  p lasm a samples, six sod ium  ca l ib ra t io n  so lu tions 

w ere m ade  up  and  the slope o f  the e lec trode  fu n c t io n  m easured  in  these 
solutions. Stock solu tions co n ta in ed  50.0, 125.0, 140.0, 155.0, 200.0, a n d  
500.0 mm ol 1"  ̂ o f  N a + w ith  a constan t ion  b a c k g ro u n d  of  K + (4.0 m m ol 
1"*), C a2+ (1.1 mmol 1"*) an d  Mg2+ (0.6 mm ol 1”*). When tak ing  
m easurem ents ,  1 ml o f  each  stock so lu tion  was rem oved, 2  ml of tr is  b u f f e r  
a d d ed  (pH  7.4) a n d  the  vo lum e m ade up to 10 ml (all salts p resen t as 
chlorides).

A s im ila r  p ro ced u re  was used w ith  blood samples, i.e. 2 ml o f  tr is  
b u f f e r  (pH 7.4) w ere a d d e d  to 1 ml of  blood p lasm a a n d  the to ta l vo lum e m ade  up 
to 10 ml. F o r  the  ba tches  of  samples an a ly sed  u n d e r  th is  p rocedure ,  the  p lasm a 
was o b ta in e d  a f te r  c e n t r i fu g a t io n  o f  h e p a r in ise d  blood a t  3500 rev  min"* fo r  
10 min. A f te r  every  th i rd  or f o u r th  sam ple the  e lec trode  response was ch eck ed  
in  the  c a l ib ra t io n  solutions. P o ten tia ls  w ere  m easu red  aga inst  a calom el 
re fe ren c e  e lec trode  w ith  a co n s tra in ed  ce ram ic  ju n c t io n  (M etrohm  A G  9100, 
H erisan).  A to ta l  of 44 sam ples w ere processed u n d e r  th is  p rocedure .  T h e  em f 
values used  fo r  ca lcu la t io n s  were the m ean  o f  the  p o ten tia l  m easu red  a t  1 0  a n d
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15 m inu tes  a f t e r  im m ers ing  the  e lec trodes in  the sample.
(b) In a n o th e r  a p p ro a c h  w h ich  was a d o p te d  sub seq u en tly  fo r  e lec trodes 

based on bo th  m ethy l p -t-bu ty lca l ix [4 ]a ry l  a c e ta te  a n d  the  m e thy l  te t ra k e to n e  
d e r iv a t iv e  of  p - t-bu ty lca lix [4 ]arene , c a l ib ra t io n  so lu tions consisted  o f  f iv e  
a r t i f ic ia l  p lasm a samples co n ta in in g  100.0, 125.0, 140.0, 155.0 and  180.0 mmol 
1"̂  N aC l respec tive ly ,  w ith  a f ix e d  b a c k g ro u n d  o f  K + (4.4 m m ol 1"^),
Ca2+ (2.4 mm ol 1'*), M g2+ (0.8 mmol 1"*), glucose (4.7 mm ol 1"*) an d
urea  (2.5 mm ol 1“*). An id e n t ic a l  p ro c e d u re  was ad o p ted  fo r  the c a l ib ra t io n
solutions a n d  the p lasm a samples. T h e  p ro ced u re  was as follows:

1 ml a l iquo ts  o f  the c a l ib ra n t  so lu tions an d  p lasm a samples w ere  d i lu te d  
10-fold by  ad d in g  9 ml of  a d i lu e n t  (pH 7.4 tr is  b u f f e r  in  0.11 M  LiCl). T he  
h igh  b ack g ro u n d  c o n c e n t ra t io n  of  L iC l in  the  so lu tion  d o m ina tes  th e  ion ic  
s treng th , an d  gives a re la t iv e ly  c o n s tan t  sod ium  ac t iv i ty  c o e f f ic ie n t  r a n g in g  
fro m  0.758 to 0.754 in  the  c a l ib ra n ts ,  (see T ab le  2.4). T h is  enables the  
ion-selective  e lec trodes to be c a l ib ra te d  in  term s o f  sod ium  c o n c e n tra t io n  
ra th e r  th a n  ac t iv i ty .  F ro m  the  d a ta  o b ta in ed  in  ch a p te r  1, section 1.2.9.1.3 
(Table  1.5) an d  section  1.9.2.2.2.4 (tab le  1.11) it is k n ow n  th a t  bo th  ISEs a re  
very  selective  aga in s t  l i th iu m  ions, an d  a t  th is  level, l i th iu m  does no t a f f e c t  
the  response o f  the  sod ium  electrodes.

U n d e r  the  above m en tio n ed  p ro c e d u re  the  m easurem ents  w ere  re c o rd e d  every  
30 seconds a f t e r  im m ers ing  th e  e lec trodes in  the  sam ple solu tions a n d  the  va lue  
a t  two m in u tes  was chosen f o r  ca lcu la tions .  R e c a l ib ra t io n  was c a r r ie d  ou t 
a f te r  5 sam ples in  every  instance.
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2 . 1 .5.2 M easurem ents bv Standard  A d d it io n
F o r  th e  s ta n d a rd  a d d i t io n  m ethod  the  fo l lo w in g  ro u t in e  was em ployed:
1 ml of  p lasm a was d i lu te d  a n d  the  em f of  the  cell was reco rded  (E j) .  

A f te r  a d d i t io n  of  a s ta n d a rd  so lu tion  o f  k n o w n  sod ium  co n cen tra t io n ,  a second 
em f v a lu e  was o b ta in ed  (E 2 ). T he  c o n c e n tra t io n  o f  the  a n a ly te  (Ca ) can  
th e n  be ca lcu la ted  using eq u a t io n  (2 .2 ), below  [62]:

w h e re  v Q is the  k n ow n  volum e of  p lasm a  sam ple co n ta in in g  an u n k n o w n  sodium  
c o n c e n tra t io n  C„, Cs is the  c o n c e n tra t io n  o f  a s ta n d a rd  sodium  so lu tion  of 
vo lum e V d ad d ed  to the  sample, V r is the  to ta l  vo lum e o f  reagents a d d e d  to 
the sam ple (d i lu en t  b u f fe r )  a n d  S is the  ca l ib ra t io n  slope o f  the electrode.
A f te r  a d d i t io n  of  a d i lu e n t  vo lum e (as fo r  V r ) the e m f  (E 3 ) was 
o b ta in ed  an d  the  slope S c a lcu la ted  acco rd in g  to eq u a t io n  (2.3), below [62]:

C V cs (2.2)a

(2.3)

A schem atic  d iag ram  of the  s ta n d a rd  a d d i t io n  p ro ced u re  is shown in  tab le  2.4.

2.8 R E SU L T S AND DISCUSSION
As m en tio n ed  in  section  2.7.5.1, a f i r s t  ap p ro ach  to m easure  p lasm a 

sam ples w i th  e lectrodes based on m e th y l  ester calix[4]arene, invo lved  the



Stan dard  A d d it io n  P roced u re

1 ml p lasm a (V0)

D ilu ted  1 fo ld  w ith  tris b u f f e r  7.4 
(LiCl 0.11 M)

40 fX\ I M N aCl (V, C )

a d d i t io n  d i lu e n t  b u f f e r  1 0  ml (V^)

( E 1)

( E P )

(S)

Table 2.4 Diagram of the standard addition method used for  
determination o f sodium in plasma samples.
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d e te rm in a t io n  of a set of 44 sam ples d iv id ed  in to  tw o batches. T he  e lec trodes 
w ere  c a l ib ra te d  in six s ta n d a rd  solu tions designed to b ra c k e t  the expec ted  
values  o f  sod ium  plasma. T h e  response proved  to be l in e a r  in t r ip l ic a te d  
m easu rem en ts  w ith  slopes ran g in g  fro m  54 to 58.5 m V d ec ’ *.

As p lasm a sodium  levels ou ts ide  the range  70 - 170 mmol 1 are 
p a th o lo g ica l  the  p e r fo rm a n c e  of  the e lec trode  over the  ran g e  50 mmol 1'* to 
200 mm ol 1’ * only is re levan t.  A lth o u g h  in every  d ay  p rac t ice ,  p a tho log ica l  
values ra re ly  exceed 2 0  mmol 1 "* above an d  below the  physio log ica l ran g e  the 
e lec trodes show n here  covered  the com plete pa th o lo g ica l  range  as d ep ic ted  in 
Fig. 2.1. In  fa c t ,  f ro m  the  c a l ib ra t io n  cu rve  shown, i t  can  be seen th a t  the 
e lec trodes behaved  ex cep tio n a lly  well in  the s ta n d a rd  c a l ib ra t io n  solu tions, 
w i th  the  regression c o e ff ic ien ts  being norm ally  su p e r io r  to 0.9999. T hus  in 
o rd e r  to ensure  m ax im u m  e lec tro d e  e f f ic ien cy ,  p lasm a sam ples w ere an a ly sed  only 
w h en  the  e lec trode  slope was N e rn s t ia n  or n e a r -N e rn s t ian  an d  the c a l ib ra t io n  
cu rv e  e x h ib i te d  a co rre la t io n  c o e f f ic ie n t  above 0.9999. T he  results  of 
in d i re c t  p o ten tio m e tr ic  m easu rem en ts  com pared  to the  Smac T ech n ico n  A na lyse r  
fo r  b a tches  o f  24 an d  20 sam ples a re  show n in tab le  2.5 an d  Fig. 2.2a an d  2.2b, 
respective ly .

T h e  regression  d a ta  o b ta in e d  fo r  the  ISE based on the  m ethy l ester 
d e r iv a t iv e  show ed good c o r re la t io n  (r = 0.94) w ith  the  hosp ita l  based 
ana lyser .  A more c a re fu l  in sp ec t io n  o f  the  d a ta  show ed  how ever th a t  a small 
b u t  sys tem atic  e rro r  was ev iden t.  T h is  was re f le c ted  as a positive b ias th a t  
am o u n te d  an  average  of  3 . 1  mm ol I ’ 1 (values over the  segm ented  l ine  w hich  
deno tes  th e  idea l  c o rre la t io n  in  Fig. 2.2a). T h e  second b a tch  o f  20 plasm a 
sam ples show ed a s im ila r  p a t t e r n  (Fig. 2.2b) w ith  a good co rre la t io n  
(r = 0.95) b u t  w ith  an  av e rag e  n eg a t iv e  e rro r  o f  4.6 m m ol 1 * in  th is
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-1.5 -1 .3  -1.1 -0 .9  -0 .7  -0 .5  - 0 .3  -0.1
log activity sodium

Fig. 2.1 C a lib ra t io n  c u rv e  in sodium  aqueous s ta n d a rd s  fo r  the analysis  
o f  sod ium  in plasma samples.
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ISE [sodium] mmol/t

Smac Technlcon [sodium] mmol/I

ISE [sodium] mmol/l

Smac Technlcon [sodium] mmol/l

Fig. 2,2 C o rre la t io n  o f  so d iu m  m easu rem en ts  in p lasm a samples, (a) 
slope 0.975, r = 0.94; (b) slope 0.847, r = 0.95.
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Concentration Na+ mmol/I
Sample ISE Smac Technicon ISE Smac Tei
1 121 122 124 127
2 128 122 124 128
3 124 124 126 129
4 129 126 128 130
5 133 129 128 132
6 134 129 130 133
7 136 129 127 133
8 129 130 130 135
9 137 130 133 137
10 129 130 134 139
11 134 131 134 140
12 139 134 140 141
13 139 134 135 142
14 139 134 137 142
15 143 140 136 142
16 142 140 138 142
17 143 140 138 145
18 144 140 137 145
19 143 140 143 146
20 148 141 140 147
21 146 142
22 148 143
23 145 144
24 147 145

T ab le  2.5 R esu lts  o f  sod ium  d e te rm in a t io n  in  p lasm a samples by 
PVC c a th e te r  ty p e  e lectrodes based on m e th y l  
p - t-bu ty lca lix [4 ]arene  ionophore  and  by  Sm ac T ech n ico n  Analyser.
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in s tan ce  (results below  the segm ented line  in  Fig. 2.2b).
T he  h igh  c o rre la t io n  ob ta in ed  in  b o th  cases con firm s  th a t  the  e lec trodes  

can  be used fo r  b lood sodium  d e te rm in a t io n  w i th  confidence . T h e  c o n s ta n t  b ias 
m ost l ike ly  arises f ro m  the  p rocedure  used to c a l ib ra te  the  electrode, as each  
in d iv id u a l  ca l ib ra t io n  po in t  is sub jec t to e r ro r  a r is ing  f ro m  signal d r i f t  a n d  
noise. F ac to rs  w h ich  m ay co n tr ib u te  to the  b ias are  discussed in d e ta i l  below.

While accep ting  th a t  the  m ain  sources o f  e r ro r  are  p robab ly  re la te d  to 
the d ip p in g  m ethod  ad o p ted  in  this s tudy , i t  m ust be po in ted  ou t th a t  the  
hosp ita l  results a re  also sub jec t  to erro r .  B atch  to ba tch  v a r ia t io n  in the  
Smac T echn icon  s ta n d a rd s  or the ISE s ta n d a rd s  (as the ca l ib ran ts  used in  the  
ISE m ethodology  w ere  f ro m  d i f f e r e n t  s tock) m ig h t  co n tr ib u te  to some e x te n t  to 
the  observed  error. H ow ever,  va r ia t io n s  in  the  Smac T echnicon  c a l ib ra n ts  are  
u n lik e ly  w ith  p resen t day  m a n u fa c tu r in g  m ethods  an d  q u a li ty  contro l.  M ore 
com m on sources o f  e r ro r  a f fe c t in g  the  s ta n d a rd  p o ten t ia l  o f  the  m easu rin g  cell 
will be discussed in  re la t io n  to the ISE m ethodo logy  em ployed here.

I t  is im p o r ta n t  to em phasise  th a t  fo r  p rec ise  w ork , the  cell 
te m p e ra tu re ,  the r e fe ren c e  e lec trode  p o te n t ia l  a n d  the  l iq u id  ju n c t io n  
p o ten t ia l  m ust all be con tro lled  to w ith in  an  accep tab le  m arg in  of  erro r .  T he  
sen s i t iv i ty  of  the  cell to te m p e ra tu re  f lu c tu a t io n s  depends on the d i f f e re n c e  
be tw een  the  te m p e ra tu re  c o e ff ic ien ts  ( d E ° /d T )  o f  the  in d ic a to r  and  the  
re fe ren c e  electrodes, te m p e ra tu re  hysteresis ,  a n d  the  ac tua l  d ependence  o f  the  
e lec trode  slope response on tem p era tu re .  D ep en d in g  on the  type  o f  e lec tro d e  
a n d  the ex p e r im e n ta l  to lerances  te m p e ra tu re  con tro l  to + 0.5°C is u su a l ly  
s u f f ic ie n t  fo r  most app lica tions.  U n d e r  n o n - th e rm o s ta t te d  cond it ions ,  the  cell 
te m p e ra tu re  m igh t change  by 1 - 2°C d u r in g  the  course of an exper im en t .  This  
w ould  p roduce  a change  o f  less th a n  0.5 m V /d e c a d e  in  the  e lec trode  slope, as
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well as a f f e c t in g  the s ta n d a rd  cell p o ten tia l  a n d  the  a c t iv i ty  c o e ff ic ien ts  o f  
the ions. While these f lu c tu a t io n s  will c o n t r ib u te  to e lec trode  d r i f t ,  
r e c a l ib ra t io n  o f  the e lec trode  a f te r  every  f iv e  sam ples m inim ises this e rror.

In  re la tion  to the  l iq u id  ju n c tio n ,  w hich  is recogn ised  to be a n o th e r  
im p o r ta n t  co n tr ib u to r  to the  s ta n d a rd  cell p o te n t ia l ,  the  use of 
e q u i- t ra n s fe re n t  so lu tions is re q u ire d  fo r  most app lica t ions .  N everthe less ,  
since the  blood plasm a sam ples an d  s ta n d a rd s  p re p a re d  here  had  a f a i r ly  
reg u la ted  ionic  com position , the  c o n t r ib u t io n  f ro m  l iq u id  ju n c tio n  p o te n t ia l  
was expected  to be small an d  was f u r th e r  m in im ised  by using a s a tu ra te d  KC1 
bridge. In  connection  w i th  l iq u id  ju n c t io n  e ffec ts ,  S im on an d  co-w orkers  [63] 
have  re p o r te d  values as sm all as 70 uV, w hich  c o rre sp o n d  to re la t ive  e rro rs  o f  
~ 0.3 % fo r  m onovalen t ions in  blood serum  w hen  using  ap p ro p r ia te  salt 
bridges. In the same bio log ica l m edium , the  use of, f o r  exam ple , iso ton ic  N aC l
i.e. 0.15 M, as b ridge  e lec tro ly te ,  resu lts  in changes o f  the  l iqu id  ju n c t io n  
of up  to 0.5 mV w hich  w o u ld  correspond  to a 2 % re la t iv e  error. A lth o u g h  the  
m ag n itu d e  of  the  l iq u id  ju n c t io n  p o ten t ia l  does n o t  ex p la in  the  to ta l  
d i f fe re n ce s  observed in  bo th  ba tches  of  samples, v a r ia t io n  in  the ju n c t io n  
s tab i l i ty  w ill  co n tr ib u te  in  u n q u a n t i f ia b le  e r ro r  to the  results. This is 
how ever expec ted  to be small, g iven  th a t  c o m p lem en ta ry  a n a ly t ica l  d a ta  p ro v id e d  
by the  hosp ita l  ana lysers  in d ic a te d  th a t  none o f  the  samples w ere grossly 
abnorm al.

A n o th e r  source o f  e r ro r  w h ich  is p a r t ic u la r ly  p rob lem atic  in  c l in ica l  
samples arises f ro m  the  b lockage o f  the  r e fe ren c e  e lec trode  l iq u id  ju n c tio n .
T he  o b s tru c t io n  m ay a p p e a r  as a resu lt  o f  p ro te ins  c logging a t  the  t ip  o f  the  
re fe ren c e  e lec trode  or by c ry s ta l l isa t io n  o f  KC1 f ro m  the  b ridge  e lec tro ly te  i f  
te m p e ra tu re  v a r ia t io n s  occur. Po lyelec tro ly tes  a n d  co llo ida l or suspended
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par tic le s  in biological sam ples can also a f f e c t  the  ju n c t io n  p o ten t ia l  [63]. 
G enera lly ,  these blockages give rise to m o d era te  an d  m ono ton ic  d r i f t ,  a l th o u g h  
co n s id e rab le  changes in  the ju n c t io n  p o ten t ia l  cou ld  be expected  i f  the  the  
degree o f  o b s tru c t io n  is large. Thus, w h en  w o rk in g  w ith  bio logical samples, 
the  fo rm  or c o n f ig u ra t io n  o f  the l iqu id  ju n c t io n  is a v i ta l  con s id e ra t io n  in 
d e te rm in in g  the o vera ll  p e rfo rm a n c e  of  the  re fe ren c e  electrode. V arious  types 
of l iq u id  ju n c tio n s  h av e  been designed an d  are  re a d i ly  ava ilab le .  T h e  choice  
of  w h ich  to use is m a in ly  d ic ta ted  by the  com posit ion  o f  the sam ple so lu tion  
and  its to le rance  to c o n ta m in a t io n  by the  salt b r id g e  e lec tro ly te . T he  most 
com m only  used ju n c t io n s  are  the co n s tra in ed  ty p e  ju n c tio n s ,  of w hich  the  
ceram ic  p lug  (w hich  was used in these in i t ia l  s tud ies),  is p robab ly  the  best 
genera l  purpose  ju n c t io n .  This ju n c t io n  p e rfo rm s  rea so n ab ly  well fo r  
m easu rem en ts  in sm all volumes and  in ex trem ely  d i lu te  samples. H ow ever  in  
bio logical samples, the  presence  of m acrom olecu les  m ak e  them  p rone  to 
c o n ta m in a t io n  and  th ey  are  p a r t ic u la r ly  l ike ly  to p ro d u ce  m is lead ing  results
[64]. E r ro rs  o f  10 mV or even more have  been c la im ed  to be com m on in  some 
com m erc ia l  re fe ren ce  e lec trode  half-ce lls  w ith  re s t r a in e d  l iq u id  ju n c tio n s
[65]. With respect to so lu tions th a t  m ay  clog the  sm all o r if ice ,  such as 
so lu tions co n ta in in g  p ro te in s ,  a f ree - f lo w in g  f re e  d i f f u s io n  l iq u id  ju n c t io n  is 
recom m ended .

In  a d d i t io n  to e r ro rs  a r is ing  f ro m  the  re fe re n c e  e lectrode, the  ISE 
p o te n t ia l  m ay be a f f e c te d  by poisoning of  the m e m b ran e  by sample p ro te in  or 
leach ing  o f  the m em b ran e  com ponents  in to  h ig h ly  l ip o p h il ic  samples (see section 
2.4.1).

F ro m  th is  discussion , i t  is c lear th a t  n u m ero u s  fa c to rs  co n tr ib u te  to 
e rro rs  in ISE m easurem ents  in  plasm a samples. In an  a t te m p t  to m in im ise
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errors , the e x p e r im en ta l  p ro ced u re  was m o d if ie d  in  th e  fo l lo w in g  way:
1. O th e r  com m on co m p o n en ts  o f  plasm a were in t ro d u c e d  in to  the  s ta n d a rd s  a t  
th e i r  norm al levels (i.e. glucose, u rea), to give a closer m a t r ix  m a tch  w ith  
p lasm a samples.
2. T ris  b u f f e r  pH 7.4 c o n ta in in g  0.11 M LiC l was used  as the  d i lu e n t  r a th e r  
th a n  pure  w ater .  T he  h ig h  b a c k g ro u n d  c o n c e n tra t io n  o f  L iC l in  samples an d  
s tan d a rd s  ensures a re la t iv e ly  co n s tan t  ion ic  s t re n g th  a n d  a c t iv i ty  
co e ff ic ien ts  fo r  sodium .
3. A free  f low ing  l iq u id  ju n c t io n  re fe ren ce  e lec trode  was used in s tead  o f  the 
ceram ic  f r i t  e lectrode in  o rd e r  to m in im ise  the l iq u id  ju n c t io n  problem s 
ou tl in ed  above.

F ig u re  2.3 shows the  ISE results  o b ta in ed  w ith  th is  m e thod  p lo tted  
aga in s t  the respective  r e fe re n c e  m ethod, i.e. H i ta c h i  p lasm a  an a ly se r  (a) an d  
the Smac T echn icon  a n a ly se r  (b).

F rom  the  d a ta  o b ta in e d ,  excellen t  ag reem en t was fo u n d  w hen  com paring  
e i th e r  to the H ita c h i  o r  the  Smac A nalyser. In  f a c t  f o r  a b a tch  o f  59 samples 
the regression c o e f f ic ie n t  fo u n d  was 0.816, w ith  a re s id u a l  s ta n d a rd  d e v ia t io n  
of  2.6 mmol 1"*. In  th e  case of  the  Smac T ech n ico n  a n a ly se r  the  co rre la t io n  
c o e f f ic ien t  was s im ila r  (r  = 0.827) w hile  the  re s id u a l  s ta n d a rd  d e v ia t io n  was 
only 1.3 mmol 1'^ (see T a b le  2.6).

In  the  ligh t o f  these  results,  a c lear  c o rre la t io n  b e tw een  the  ISE and  
the re fe ren c e  m ethods is ev iden t.  H ow ever  a sm all v a r ia t io n  in  the  slope is 
observed fo r  the d a ta  c o rre sp o n d in g  to the  two d i f f e r e n t  analysers ,  thus 
perhaps  re f lec t in g  some d eg ree  of  in te r - in s t ru m e n ta l  v a r ia t io n .  T he  p robab le  
reasons fo r  these d i f f e re n c e s  can  be exp la in ed  in  te rm s o f  c a l ib ra n t  
fo rm u la t io n  a n d  c o r re c t io n  fa c to rs  b u il t  in to  the  m icroprocessor so ftw are .  To
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ISE [sodium ] mmol/l160

110 120 130 140 150 160
Hitachi Analyzer(sodlum] mmol/l

ISE [sodium ] mmo!/l160

i_______I_______ I_______ I_______
110 120 130 140 150 160

Smac Technlcon Analyzertsodlum] mmol/l

Fig. 2.3 C orre la t io n  fo r  sodium  m easu rem en ts  in plasm a sam ples be tw een  
the ISE a n d  (a) H i ta c h i  A nalyser  a n d  (b) Smac T echn icon  A nalyser .
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n assay slope intercept r residual

SD mmol/L

61a Hitachi 0.93 5.85 0.820 ±3.0

59a Hitachi 1.01 -0.37 0.816 ±2.6

18a Technicon 1.11 -15.03 0.827 ±1.3

Smac

17b Hitachi 1.02 -1.95 0.792 ±3.2

7a Flame 1.000 -1.14 0.904 ±1.4

Photometry

T ab le  2.6 C om parison  of  l in ea r  regression  d a ta  fo r  plasm a sodium  d e te rm in a t io n  
by d i f f e r e n t  m ethods vs m ini-ISE  based on m ethyl p - te r t-bu ty lca l ix [4 ]a ry l  
acetate.
a m ini-ISE results  o b ta in ed  using a c a l ib ra t io n  curve.
^ p e r fo rm e d  by s ta n d a rd  a d d i t io n  m ethod.
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o b ta in  l in ea r  ag reem en t w ith  f lam e p h o to m e try ,  m a n u fa c tu re rs  use s ta n d a rd s  of  
d i f f e r e n t  ion ic  s tren g th  r a th e r  th an  one f ix e d  value , lead ing  in some cases to 
cons ide rab le  in s t ru m e n ta l  va r ia t ions .  T h is  is usua lly  p rev en ted  by p e r io d ica l  
con tro l  assessments d u r in g  e lec tro ly te  d e te rm in a tio n s .  H ow ever,  as p o in te d  ou t 
by Cowell an d  M cG rady  [6 6 ] these con tro l  assessments lack  re l ia b i l i ty  in 
c e r ta in  cases since the  com parison  is u sua lly  based on agreem ent w ith  a single 
ca l ib ra t io n  point. T his  type  of  assessm ent is no t s u f f ic ie n t  to g u a ra n te e  the 
re l ia b i l i ty  of the an a ly se r  results  fo r  th is  type  of  c o m p ara t iv e  study. In 
th is  respect a m ore  co n v en ien t  an d  w ide ly  re l iab le  m ethod  w hich  is a d o p te d  by 
m any  w orkers  fo r  the  assessment o f  new  ISEs is the  f la m e  pho tom etric  
techn ique . A lth o u g h  the  s ligh t v a r ia t io n  in  the  slope w hen  com paring  to bo th  
d i f f e r e n t  m ethods can  also be asc r ibed  to a s im ple pop u la t io n  bias, the 
d i f fe re n c e  is r a th e r  small an d  fo r  the  purposes o f  com parison  this d e v ia t io n  
could be well w i th in  the  p rec is ion  o f  the  type  o f  tech n iq u e  employed.

A f u r th e r  f a c to r  observed  in  the  com parison  o f  bo th  m ethods was how ever 
a d i f f e r e n c e  in the  re s id u a l  s ta n d a rd  d e v ia t io n  o f  the  batches. T hus the  
b e t te r  p rec is ion  e n c o u n te re d  w ith  the  T ech n ico n  m ethod  could have  been  due  to 
the m uch  c leaner aspect o f  the  p lasm a sam ples in  com parison  to the sam ples 
p ro v id ed  by B eaum on t hospita l.  T he  sam ples ana lysed  by the H ita c h i  a n a ly se r  
w ere typ ica l ly  m ore opalescent, an d  h igh  degree o f  hem olysis was r a th e r  
common. A lth o u g h  hem olysed  samples w ere  avo ided , v isual inspec tion  o f  the  
sam ples a t  times m ay no t revea l m icroscop ic  f ra g m e n ts  of  e ry th ro cy te s  p resen t 
in  plasma. T hus  fo r  a c c u ra te  m easu rem en ts  i t  is a lw ays  adv isab le  to h an d le  
p lasm a or se rum  sam ples as c a re fu l ly  as possible.

T he  good c o rre la t io n  ex h ib i ted  by the  ISE was f u r th e r  co n f irm e d  by the  
analysis  of a s im ila r  n u m b e r  of sam ples in  a re la ted  s tudy  [67], These

133



m easurem ents  w ere typ ica l ly  ob ta in ed  one m in u te  a f t e r  im m ersion  o f  the 
e lectrodes in  the sam ple, and  com pared to re su lts  o b ta in ed  w ith  the  H i ta c h i  
Analyser. T h e  resu lts  shown in  Fig. 2.4 an d  in c lu d ed  in  tab le  2.6 show ed  
s im ila r  co rre la t io n  f o r  a b a tch  of 61 sam ples (r = 0.820). F u r th e rm o re ,  the  
s ta n d a rd  re s id u a l  d e v ia t io n  o b ta in ed  (3.0 m m ol 1"*, 61 samples) was h ig h ly  
close to th a t  o b ta in e d  in  th is  research  (2.6 m m ol 1"*, 59 samples).

H ow ever,  some d e v ia t io n  was observed  in  the slope o f  the  c o r re la t io n  of  
bo th  plots. Several reasons m ay be p ro b ab ly  in v o lv ed  in  such  v a r ia t io n s  a n d  
the ones a l read y  m en tio n ed  i.e. ba tch  to b a tc h  v a r ia t io n ,  l iq u id  ju n c t io n  
e ffec ts ,  ISE m em b ran e  fou ling ,  could p e r fe c t ly  app ly  to th is  observation . 
C a l ib ra t io n  in  the p rev ious  s tudy  [67] was c a r r ie d  ou t a f t e r  every  20 sam ples 
in  c o n tra s t  to the  p ro ced u re  used in this w o rk  (a f te r  ev e ry  f iv e  sam ples) a n d
this might account for differences in the results.

sample

1
2
3
4
5
6 
7

Mini-ISEa

138
138
130
140
140
136
136

Flame Photometry

140
138
133
140
142
135
138

Hitachi analyzer 
(glass electrode)

139
137
133
139
141
136
137

regression coefficient

ISE ISE vs Flame Photometry
vs Hitachi Flame Photmetry vs Hitachi

0.932 0.905 0.979

T ab le  2.7 Sod ium  co n c e n tra t io n  (mmol 1'*) a n d  c o rre la t io n  c o e f f ic ie n t  
m easured  fo r  p lasm a samples by two d i f f e r e n t  ISEs an d  f lam e  p h o to m etry .  
a results  o b ta in e d  f ro m  ca l ib ra t io n  curve.
^ p e r fo rm e d  by s ta n d a rd  ad d i t io n  method.
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ISE [sodium] mmol/l

Smac Technicon [sodiuml mmol/l
61 plasma samples

Fig. 2.4 C o rre la t io n  fo r  sod ium  m easu rem en ts  be tw een  the  ISE an d  
H i ta c h i  an a ly se r .  R ead in g  tak en  a t  one m inu te .
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In a n o th e r  b a tch  of  samples, the  ISE resu l ts  (T able  2.7) showed 
im p ro v ed  ag reem en t w hen  com pared  w ith  f la m e  p h o to m etry ,  a l though  sm alle r  n u m b er  
o f  samples was assayed. T he  s ta n d a rd  a d d i t io n  te c h n iq u e  d id  no t im prove  the 
c o rre la t io n  w ith  the  H itach i  analyser ,  a l th o u g h  the  regression  c o e f f ic ie n t  an d  
re s id u a l  s t a n d a rd  d e v ia t io n  w ere h igh ly  co m p arab le  (Fig. 2.5, tab le  2.6).

D u r in g  sod ium  plasm a d e te rm in a t io n  c a r r ie d  ou t  w ith  e lec trodes based 
on the m e th y l  te t ra k e to n e  d e r iv a t iv e  o f  p -t-bu ty lca lix [4 ]a rene ,  the e lec trodes 
w ere s im ila r ly  c a l ib ra te d  every  5 samples a n d  all m easurem ents  w ere c a r r ie d  ou t 
u n d e r  c a re fu l ly  con tro lled  te m p e ra tu re  cond it ions .  T h e  resu lts  o b ta in ed  f ro m  
c a l ib ra t io n  cu rve  a re  shown in  Fig. 2.6. In th e  analysis  o f  10 samples, the  
resu lts  gave a h igh  co rre la t io n  betw een  the  te t ra k e to n e  based  ISE an d  the  
H ita c h i  an a ly se r  (r = 0.979) an d  the  f lam e  p h o to m e tr ic  d a ta  (r = 0.987, n  =
10), w i th  re s id u a l  s ta n d a rd  d ev ia t io n  o f  1.1 m m ol 1’ * a n d  0.9 mmol 1"* 
respective ly .  In  the  case of  the  T echn icon  ana lyser ,  the  resu lts  d id  no t agree  
as well as fo r  the  H i ta c h i  analyser ,  a n d  a regression  c o e f f ic ie n t  r = 0.951 an d  
a re s id u a l  s ta n d a rd  d ev ia t io n  of 1 . 8  mm ol 1 '* was fo u n d  (n = 1 0 ).

In  co m p ar in g  bo th  e lectrodes (those based  on the  te t ra m e th y l  es te r  and  
the  te t ra m e th y l  ke tone  te tram ers )  in  the  ana lys is  o f  sod ium  in p lasm a samples 
i t  seems c lea r  th a t  m uch  b e t te r  ag reem en t a n d  prec is ion  was no rm ally  fo u n d  w ith  
e lectrodes based  in  the  m ethy l te t ra k e to n e  d e r iv a t iv e .  One o f  the  reasons 
w h ich  m ay  well acco u n t  fo r  the  im p ro v ed  resu lts  m ay be the  te m p e ra tu re  contro l.  
H ow ever,  a n o th e r  im p o r ta n t  co n s id e ra t io n  is th e  low er ten d en cy  to d r i f t  
e x h ib i te d  by the  te t ra k e to n e  based  electrodes. In  fa c t ,  d u r in g  the  course  of 
m easu rem en ts  the  e lectrodes ex h ib i te d  im p ro v e d  s ta b i l i ty  in  com parison  to the  
m ethy l es ter ca lixa rene .  H ow ever,  i t  m ust also be a p p re c ia te d  th a t  the  n u m b e r  
of  an a ly sed  p lasm a samples was sm aller w h en  assessing the  m ethy l te t ra k e to n e
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Methyl Ester Derivative

ISE [sodium] mmol/l
Methyl Tetraketone Derivative

ISE [sod ium ] m m ol/l

Hitachi Analyzertsodlum] mmol/l
Smac Technicon Analyzertsodlum] mmol/l

Fig. 2.5 C o r re la t io n  b e tw een  c a l ix a ren e  based  ISEs a n d  tw o  hosp i ta l  
based analysers .  T h e  resu lts  o b ta in ed  f o r  the  ISEs w ere  p e r fo rm e d  by 
s ta n d a rd  a d d i t io n  m ethod .
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ISE [sodium mMol/L] ISE [sodium mmol/l]

Hitachi 7C4 .Analyzer (sodium m M o l/t ] Flame Photometry [sodium mmci/i]

Fig. 2.6 C o rre la t io n  fo r  sod ium  m easurem ents  in plasma sam ples be tw een 
m ethy l te rak e to n e  calix [4]arene  based ISE an d  (a) H itach i  A nalyser  and  
(b) F lam e pho tom etry .
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electrodes, an d  in general,  the  g rea te r  the  n u m b er  of  sam ples, the low er the 
c o rre la t io n  co e ff ic ien t  will be.

2.9 CON CLUSIONS
T h e  electrodes p resen ted  here  have  been successfu lly  app lied  to the  

d e te rm in a t io n  of sod ium  in b lood p lasm a samples. T h e  results o b ta in e d  by using  
bo th  e lectrodes were in good ag reem en t w i th  results  o b ta in e d  w ith  the  H i ta c h i  
a n d  Smac T echn icon  A nalysers. T he  e lectrodes show ed com parab le  c o r re la t io n  in 
each  case an d  the s ta n d a rd  re s id u a l  d e v ia t io n  v a r ied  f ro m  1-3 mmol 1”*. T h e  
com parison  w ith  the t r a d i t io n a l  f la m e  p h o to m e try  te c h n iq u e  seemed to im prove  
the  regression  d a ta  in each case a l th o u g h  batches of no  m ore th an  1 0  sam ples 
w ere ana lysed  w hen com paring  top f la m e  pho tom etry . T h e  s ta n d a rd  a d d i t io n  
te c h n iq u e  c o n f irm ed  the  ag reem en t o f  the  results  w i th  the  analysers, a l th o u g h  
no m ajo r  im provem en t was observed  in precision. Some inconsis tency  was 
observed  in  the slope of  the  c o rre la t io n  plots fo r  some batches of  samples.
T he  source o f  this inconsis tency  rem a in e d  un c lea r  b u t  several fac to rs  
in f lu e n c in g  the use of  ion selective e lec trodes in  b io log ica l samples m ay  be 
a t t r ib u te d .  O verall,  the  e lec trodes show ed excellen t p e r fo rm a n c e  in  p lasm a 
sam ples a n d  can be re g a rd e d  as p roven  sodium  sensors fo r  c l in ica l analysis.  
H ow ever,  i t  is necessary to keep in  m in d  th a t  a p rec is ion  b e tte r  th a n  1 % is 
d es irab le  w hen  m easuring  p lasm a sodium . Since the physio logical ran g e  is 
re la t iv e ly  narrow , rep resen ted  only  by a short m il l iv o lt  span, good ac c u ra cy  
an d  prec is ion  is d i f f i c u l t  to achieve. T h is  prob lem  is f u r th e r  co m p o u n d ed  w ith  
s im ple d ip p in g  type m easu rem en ts  w here  several phys ica l  and  m ech an ica l  
in te r fe ren c e s  are p rone  to in t ro d u c e  errors . H ow ever,  th is  s tudy  has show n 
th a t  i t  is possible to ob ta in  r e m a rk a b ly  close results  to the  more
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so ph is t ica ted  analysers , by  using the inexpensive  IS E /b e n c h  m eter setup. 
H ow ever,  the  use of  the  e lec trodes in a f low  in jec t io n  ana lys is  a p p ro a c h  will 
ce r ta in ly  im prove  the p rec is ion  a n d  a c cu racy  of  p lasm a sod ium  d e te rm in a t io n s .
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C H A P T E R  3

P e rfo rm a n c e  of

p-t-ButvlCalixf41arvl A ce ta te  ISEs

in  a F low  In jec t io n  System
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3.1 IN T R O D U C T IO N

P resen t  progress in  an a ly t ica l  ch em is try  is based on com plex technologies  
and  on the  use o f  soph is t ica ted  in s tru m en ts .  As q u a n t i ta t io n  o f  a n a ly te s  in 
various m atr ices  is a m ajor  a c t iv i ty  in  m an y  labora to r ie s ,  these h av e  been 
equ ipped  w ith  a la rge  v a r ie ty  of d i f f e r e n t  in s t ru m en ts  fo r  au to m a te d  analysis .  
A dvances in  th is  a rea  have  been s t im u la te d  by recognised  a d v a n ta g e s  of 
au to m a tio n ,  such us increased  prec is ion , red u c t io n  cost o f  in d iv id u a l  sam ple  
assay and  the  sa t is fa c to ry  re l ia b i l i ty  of au to m a te d  equipm ent.

T he  f ie ld  in  w hich  the  au to m a t ic  m ethods  o f  analysis  have  h a d  most 
s ig n if ic a n t  in f lu e n c e  is th a t  of c l in ica l  chem istry .  M edic ine  a t  p resen t  
relies on a large n u m b er  o f  c l in ica l  p a ram e te rs  fo r  diagnosis. D iagnosis  based 
on the  p a t ie n t-p h y s ic ia n  re la t io n sh ip  th ro u g h  d ia logue a n d  physica l  
e x am in a tio n ,  has been slowly su b s t i tu te d  by the  c lin ica l  d a ta  o b ta in u d  by the 
analysis  o f  blood and  u rine . In w h ic h e v e r  d irec t io n  this im p o r ta n t  aspect of 
our society  has tak en ,  i t  is easy to u n d e rs ta n d  the  necessity  o f  o b ta in in g  a 
large n u m b er  of  an a ly t ica l  d a ta  ra p id ly  a n d  a t  low cost, in  a hosp ita l  
la b o ra to ry  d u r in g  each w ork ing  day.

A t p resen t,  m ethods w hich  h av e  been  m ostly  developed  to sa t i s fy  these 
req u irem en ts  are fu n d a m e n ta l ly  based  on the  co n tinuous  f low  ana lys is  concept 
in t ro d u c e d  by Skeggs in 1957 [ 1 ]. T he  proposed  ap p ro ach  led to the  successfu l 
A u to -an a ly ze rs  o f  the  type  p ro d u ced  by T ech n ico n  w hich  a re  based  on Skegg’s 
idea. C o n tin u o u s  f low  m ethods fo rm  an  ind ispensab le  p a r t  o f  an y  c lin ica l  
la b o ra to ry  a n d  f in d  an  in c reas in g  n u m b e r  o f  app lica t ions  in  o th e r  types of 
ro u tin e  la b o ra to ry  analysis. I t  is th is  a n a ly t ic a l  m ethodology  w h ich  p ro d u ced  
to a g rea t  ex ten t  the  re m a rk a b le  progress ach ieved  by ISEs in  the  c l in ica l
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fie ld .  T h e i r  w id esp read  use as f lo w - th ro u g h  de tec tors  in  au to m a te d  an a ly se rs  
fo r  e lec tro ly te  d e te rm in a t io n  and  the  ch a ra c te r is t ic s  o f  such m em b ran e  sensors 
in  con tin u o u s  f low  ana lys is  has been  the  focus of  num erous  co m p reh en s iv e  
reports  [2-4].

F low in jec t io n  ana lys is  (FIA) cons ti tu te s  a re la t iv e ly  recen t  a n d  
im p o r ta n t  in n o v a t io n  in  an a ly t ic a l  ch em is try  [5], Its a t t r a c t iv e  
ch a rac te r is t ic s  are  based in  a sim ple concept,  a low cost set-up, s im ple  a n d  
easy op era t io n  an d  a g rea t  cap ac i ty  to o b ta in  results  w i th  speed, a c c u ra c y  an d  
precision. It  is, how ever,  its v e rsa t i l i ty  w hich  d i f f e re n t ia te s  i t  f ro m  most 
of the  new  an a ly t ic a l  techniques. It  can  a d a p t  i tse lf  easily  to most types  of 
analysis  w i th o u t  com plex techn ica l  changes an d  it  is re la t iv e ly  easy fo r  an  
an a ly t ic a l  re sea rch er  to in te rv e n e  d ire c t ly  in  its fu n c t io n in g  a l low ing  
op tim isa t io n  o f  the  system and  con tro l  over the  chem ical variables. Since FIA  
has been recognised  as a very  e f f ic ie n t  w ay  of  im p ro v in g  wet ch em ica l  m ethods 
w ith  respect to sam ple  h a n d l in g  an d  processing, i t  is no t  su rp r is in g  th a t  ISEs 
a re  able  to b e n e f i t  enorm ously  f ro m  it  in  term s o f  the v a r ious  types o f  
d e tec tion  systems u tilised . H ow ever,  desp ite  the r a th e r  large n u m b e r  of  
p u b lica tions  in c lu d in g  the  use of  p o te n t io m e tr ic  sensors as d e tec to rs  in  FIA  
systems, co m m erc ia l isa t io n  has been d isa p p o in t in g ly  slow.

The purpose  o f  th is  c h ap te r  is to sum m arise  the  concept o f  c o n t in u o u s  
f low  analysis ,  w ith  f u r th e r  d iscussion o f  the p resen t  theory  o f  F IA . In 
a d d it io n ,  some o f  the  d iverse  tech n iq u es  a n d  ap p lica t io n s  to d a te  o f  ISEs in  
FIA  will be rev iew ed . F in a l ly ,  design cons ide ra t ions  fo r  a f low  in jec t io n  
analysis  system  in c o rp o ra t in g  sodium  ion-se lec tive  m em b ran e  e lec trodes  based  on 
ca l ix a ren e  ionophores  an d  th e ir  a p p l ic a t io n  to the d e te rm in a t io n  o f  sod iu m  in 
h u m an  p lasm a sam ples will be presented .
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3.2 C O N T IN U O U S  FLOW  ANALYSIS
In  the  m id  1950s, the  w o rk  load  in ro u t in e  lab o ra to r ie s  h ad  been inc reased  

so m uch  th a t  some k in d  of  au to m a t io n  h a d  become an  u rg e n t  necessity. A t th a t  
tim e, only  m an u a l  a n d  t im e-consum ing  m ethods w ere  ava ilab le .  It was in 1957 
th a t  Skeggs in t ro d u c e d  the  con tin u o u s  f low  analysis  (CFA) tech n iq u e  w hich  
proved  to be su itab le  fo r  the  a u to m a t io n  o f  wet chem ica l analysis. Skegg’s 
tech n iq u e  was based on the  re a c t io n  o f  samples a sp ira te d  f ro m  th e ir  in d iv id u a l  
con ta ine rs ,  a t  reg u la r  in te rv a ls  o f  t im e, in to  a tube  co n ta in in g  a p p ro p r ia te  
reagent(s)  in  a f lo w in g  stream . In  th is  w ay , the samples becam e a p a r t  o f  a 
co n tin u o u s ly  m oving s tream  in to  w h ich  a t  p re -d e te rm in ed  points, reagen ts  w ere 
a d d ed  a t  f ix e d  f low  ra tes  f ro m  con n ec t in g  tub ing  coils. T he  t r e a te d  s tream  
f lo w ed  th ro u g h  a cell w h ich  was p a r t  o f  the  de tec tion  system  an d  th en  passed to 
waste. T h e  con tinuous  signal so o b ta in ed  w as co llected  by a reco rd e r  an d  the 
m easu rem en t typ ica l ly  p e r fo rm e d  in  the s teady  state. E v e ry  sam ple g en e ra ted  a 
t ra n s ie n t  s ignal w hich  h ad  the  shape of  a curve whose fea tu re s ,  such as the 
m ax im u m  heigh t,  could  be re la te d  to the  p a ra m e te r  to be d e te rm in e d  in  every  
sample. T he  base line  be tw een  curves  co rresponded  to the  tim e in w h ich  no 
sam ple or p ro d u c t  of its re a c t io n  passed th ro u g h  the  de tec to r .  T he  m ovem ent of  
all s tream s in  the  ch an n e ls  of  co n tin u o u s  f low  ana lyse rs  was con tro lled  by a 
p e r is ta l t ic  pum p w hich  was also responsib le  fo r  the a sp ira t io n  o f  the  samples. 
T h ro u g h  the  m u ltip le  ch an n e ls  o f  the  ana lyse rs  the sam ples could  be d iv id e d  fo r  
m u lt ip le  analysis, an d  severa l  chem is tr ies  p e rfo rm e d  over the  f low ing  s tream  by 
means of  d iverse  se p a ra t io n  m ethods  such  as dialysis, e x tra c t io n ,  f i l t r a t io n ,  
d e c a n ta t io n  a n d  also d is t i l la t io n .

To overcom e an im p o r ta n t  d is a d v a n ta g e  of  the  concept o f  con tinuous  f low  
w h ich  is th e  l iab i l i ty  to c o n ta m in a t io n  f ro m  the  p reced ing  sam ple (carry  over),
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a ir  seg m en ta t io n  was also proposed. These m ethods, w h ic h  in tro d u ce  a i r  bubbles 
to avo id  m u tu a l  co n tam in a tio n  be tw een  samples, co n s t i tu te  h is to r ica l ly  the  
c lassical au to m a te d  m ethods o f  ana lys is  developed  by the  T echn icon  technology  
an d  have  rece ived  the  nam e o f  ’segm ented  f low  a n a ly s is ’ (SFA). Such 
d e n o m in a t io n  makes re fe ren ce  to the  p a r t i t io n  o f  the  f lo w  in sep a ra ted  plugs 
(segm ented) w hich  w ere recogn ized  to p rom ote  th ree  p r im a ry  func tions :  ( 1 ) to 
l im it  sam ple  dispersion; (2 ) to p rom ote  m ix ing  of  the  sam ple  w ith  reagen ts  by 
g en e ra t in g  tu rb u le n t  flow; and  (3) to scrub  the  w alls o f  the tubes in the 
system. T h e  deve lopm ent o f  the  re q u ire d  in s t ru m e n ta t io n  resu l ted  in the 
various  ’au to -an a ly se rs ’ used in  c l in ica l  analysis  today .

3.3 FLOW  IN JE C T IO N  ANALYSIS
T h e  absence  of a ir  bubbles in  a F IA  system and  the  v a r ia t io n  o f  geom etric  

and  h y d ro d y n a m ic  c h a rac te r is t ic s  in com parison  to segm ented  f low  m ethods  (SFA) 
c o n s t i tu te  the  basis o f  this re la t iv e ly  new  m ethodology.
FIA  im plies  d iscre te  an d  co n tro l led  in jec t io n  of  a sam ple solu tion in to  an  
un seg m en ted  c a r r ie r / r e a g e n t  m oving  stream . T hus , a t  the  po in t  o f  in jec tion ,  
the c a r r i e r / r e a g e n t  so lu tion  is pushed  aside  an d  a w e ll-d e f in ed  sam ple zone or 
’p lu g ’ is fo rm e d  and  sub seq u en tly  t r a n sp o r te d  to a f lo w -th ro u g h  d e tec to r  cell. 
A lthough  the  de tec to r  m ay reco rd  an  in h e re n t  p ro p e r ty  of  the  sam ple  so lu tion  
(e.g. pH), usually ,  a se lective or p re fe ra b ly  a spec if ic  reac tion  will be 
re q u ire d  to d isc r im in a te  a n a ly te  f ro m  sam ple  in te r fe re n ts .  T h e re fo re ,  d u r in g  
its t r a n s p o r t  to the  d e tec to r  the  p lug  can m ix  w ith  reagent(s) to in d u ce  a 
chem ica l reac tion . The species fo rm e d  by a p a r t ic u la r  reac t io n  (e.g. co loured) 
can  be sensed while passing th ro u g h  the  d e tec to r  cell. The typ ica l  reco rd ed  
signal has the  shape o f  a sh a rp  peak , the  he ig h t  o f  w h ich  is re la ted  to the
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c o n c e n tra t io n  of  the a n a ly te .  T h e  sam ple  so lu tion  m ay  com m only  re a c h  the 
d e tec to r  well b e fo re  s tead y -s ta te  co n d it io n s  h av e  been achieved.
N o n -e q u i l ib r iu m  m easurem en ts  a re  a l low ed  as long as the  t im ed  processes in  the 
a n a ly t ic a l  condu its  o f  the  system are  com ple te ly  rep roduc ib le .  T h is  leads to 
re la t iv e ly  sho r t  res idence  tim es an d  consequen tly  to h ig h  sam ple th ro u g h p u t .
T he  ex p e r im en ta l  w o rk in g  cond it ions  o f  F IA  causes an  incom ple te  m ix in g  o f  the  
sam ple plug w hich  is c h a ra c te r iz e d  by two aspects:
(a) i t  is v a r iab le  w ith  t im e, an d  th e re fo re  is d i f f e r e n t  in  every  po in t  o f  the 
F IA  system, and
(b) th is  v a r ia b i l i ty  m ust be very  rep ro d u c ib le ,  w h ic h  m eans th a t  w hen  the  same 
volum e o f  sample is in je c te d  successively , th e  degree  o f  m ix ing  m ust be the  
same a t  every  stage o f  the  t r a n sp o r t  o f  the  sam ple  to the detector.

These  aspects re su l t  in  a c o n c e n tra t io n  g ra d ie n t  o f  the  sam ple p lug  
w h ich  is v a r ia b le  w ith  time.

T h e  techn ique  o f  F IA  is based on th ree  basic  concepts:
( 1 ) con tro lled  sam ple in jec t ion ,
(2 ) rep ro d u c ib le  t im in g  of the  m ovem ent o f  the  in jec ted  sam ple f ro m  the  

in jec t io n  valve  to th e  de tec to r ,  an d
(3) co n tro llab le  sam ple  d ispersion .
D ispers ion , w h ich  is the  m a in  p r in c ip le  to be considered  here , is the  

physica l  process o f  m ix in g  o f  the  in jec ted  sam ple  w ith  its su r ro u n d in g  
en v iro n m en t.  This process, in  a d y n am ic  f lo w in g  s tream , u l t im a te ly  leads to 
the  d i lu t io n  of the  sam ple. T h e  d ispers ion  c o e f f ic ie n t  (D), in t ro d u c e d  by 
R u z ic k a  a n d  H ansen  [6 ], is d e f in e d  as the  ra t io  of  the  co n cen tra t io n  o f  sam ple  
so lu tion  b e fo re  (C°) a n d  a f t e r  (Cm ax ) the  d ispe rs ion  process has ta k e n  
place.
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D = c°/Cmax (3.1)

T h e  p a ra m e te r  th en  describes the  degree  of  d i lu t io n  o f  the  in jec ted  sam ple  in  a 
g iven  tim e an d  has a co rrespond ing  va lue  a t  every  p o in t  o f  the F IA  peak. In  
th is  respect,  equ a tio n  (3.1) represen ts  the  d ispers ion  c o e f f ic ie n t  a t  the  
m a x im u m  of the peak. T h is  d ispers ion  is easily  m easu red  fo r  FIA  system s w ith  
sp ec tro p h o to m e tr ic  d e tec t io n  by com paring  the  abso rb an ce  shown by th e  u n d i lu te d  
sam ple  w i th  its m ax im u m  absorbance  a f t e r  d i lu t io n .  A n ap p ro ach  to d e te rm in e  
the  d ispers ion  c o e f f ic ie n t  fo r  systems w ith  e lec trochem ica l  de tec tion  has been 
d esc r ib ed  recen tly  [7],

T he  d ispers ion  can  be m a n ip u la te d  by a d ju s t in g  p a ram ete rs  such as sam ple  
volum e, f low  ra te ,  reac tion  coil, leng th  an d  in n e r  d ia m e te r  o f  tubing. Several 
re sea rch ers  have  in v es t ig a ted  the  in f lu e n c e  o f  these [8,9] an d  o ther  va r iab les ,  
e.g. te m p e ra tu re  [ 1 0 ] an d  f low  cell c h a ra c te r is t ic s  [ 1 1 ], on the d ispersion.
Peak  w id th  is an a p p ro p r ia te  m easure  to e v a lu a te  d ispers ion . In p r in c ip le ,  the 
d ispe rs ion  increases w i th  inc reas ing  sam ple  vo lum e, res idence  time, an d  f low  
cell size [8,9,11], w hereas  i t  decreases w i th  in c reas in g  te m p era tu re  [10], T he  
f a c t  th a t  d ispers ion  can  be m a n ip u la te d  to su i t  ex ac t ly  the  req u irem en ts  o f  an  
in d iv id u a l  an a ly t ic a l  p ro ced u re  it  has p e rm it te d  the  c la ss if ica t io n  o f  the  
degree  of  d ispers ion  in v o lv ed  i.e. l im ited ,  m e d iu m  or la rge  [ 1 2 ],

Tw o m echanism s c o n tr ib u te  to the  d isp ers io n  o f  the  sample zone:
( 1 ) convective  t r a n sp o r t  developed  in  c o n d it io n s  o f  lam in a r  f low  , w h ich  

y ie lds a p a rab o lic  velocity  p ro f i le  in  the  d ire c t io n  o f  the  flow , and
(2 ) d i f fu s io n a l  t r a n sp o r t  (p re d o m in a n t ly  r a d ia l  d i f fu s io n ) ,  w h ich  prom otes  

m ix ing  p e rp e n d ic u la r  to the  d irec t io n  o f  the  flow.
A n i l lu s t ra t io n  of the  ne t  t ra n sp o r t  re su l t  is show n in  Fig. 3.1.
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(a) -■ - velocity
 ► profile

Fig. 3.1 Dispersion  o f  a sam ple  p lug  in  FIA: (a) lam in a r- f lo w  ve loc i ty  p ro fi le ;  
(b) d ispers ion  o f  the  sam ple  plug caused  by convection; (c) d isp e rs io n  o f  the 
sam ple  plug caused by co n v ec tio n  a n d  m olecular d i f fu s io n .

Cs

Fig. 3.2 U n d i lu te d  c o n c e n t ra t io n ,  C s, a t  tim e of  in jec tion , t Q, a n d  th e  
co n c e n tra t io n  p ro f i le  a f t e r  d i lu t io n  in the  FIA system show ing  a w ell d e f in e d  
c o n cen tra t io n ,  C t , a t  e ach  tim e, t t  (t^ , t a: tim e befo re  an d  a f t e r  peak  
m ax im um ; tp : *ime a t  p eak  m ax im um ; t g: time a t  end o f  peak , r e tu r n  to base 
line.
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A lthough  th is  p resen ta t io n  is u se fu l  to u n d e rs ta n d  the  e f fe c ts  o f  the  p h y s ica l  
processes, one should  no t be led to th in k  th a t  the  p lug  zone is sh o r t  a n d  
com pact. A real b eh av io u r  o f  a sam ple  plug as d em o n s tra ted  by Tyson  [13] shows 
th a t  a 10 ul sample in jec ted  in to  a 0.5 m m  bore tu b e  w ould  occupy a le n g th  of 
ab o u t  5 cm a t  t = 0, b e fo re  an y  d ispers ion  has occurred .

F in a l ly ,  the co n c e n tra t io n  p ro f i le  p ro d u ced  over a t im e period  as m e a su re d  
by the  de tec to r  is i l lu s t ra te d  in  Fig. 3.2. T he  o r ig in a l  concen tra t ion ,  C g 
a t  t im e  o f  in jec tion , t = t Q, is d i lu te d  to C t a t  tim e t t due  to 
d ispersion. Based on the F IA  fu n d a m e n ts ,  the co n c e n tra t io n  is well d e f in e d  a t  
each  time.

3.4 T H E O R E T IC A L  M ODELS O F FIA
H av in g  discussed the  genera l  c h a rac te r is t ic s  o f  F IA , a t ten t io n  m ust now  be 

g iven  to the  p roblem  of es tab l ish in g  a th eo re t ica l  model. The m ain  goal o f  
th eo re t ica l  m odelling is to d e r iv e  a genera l  expression  fo r  the c o n c e n t ra t io n ­
tim e fu n c t io n  ( C=f(t) ). T h is  fu n c t io n  shou ld  p e rm it  one to d e f in e  the  p eak  
c h a rac te r is t ic s  (eg. s ta r t in g  tim e, residence, w id th  a n d  peak  he igh t or a rea )  
an d  in te r re la te  them  w ith  the  ex p e r im e n ta l  v a r iab le s  of  the system  (f low , 
leng th  of  m an ifo ld ) .  I t  w o u ld  be im p o r ta n t  how ever ,  to stress th a t  i t  is 
d i f f i c u l t  to p red ic t  the  b eh a v io u r  o f  a n  in je c te d  sam ple  fo r  two reasons:

a) I t  is no t easy to assess the  c o n t r ib u t io n  to d ispers ion  o f  e lem ents 
such as in jec tion , connec tions,  geom etry  of  the  f lo w in g  cell, etc. O nly  
em pir ica l  re la t ionsh ips  be tw een  these p a ram e te rs  h av e  been de term ined .

b) F re q u e n t ly  F IA  systems in co rp o ra te  m ore th a n  one condu it ,  h en ce  the  
e f fe c t  o f  m ix ing  tees (size a n d  geom etry )  m ust be ta k e n  in to  account, by  m eans 
of  m ore com plex th eo re t ica l  models.
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Two well accep ted  models to describe  the  c o n c e n tra t io n - t im e  fu n c t io n  are  
the  ’ax ia l-d isp e rs io n ’ m odel and  the  ’tan k s- in -se r ie s ’ model. By solving the  
co rrespond ing  d i f f e r e n t i a l  equations, the  c o n c e n tra t io n  p ro f i le  a t  a g iven  t im e 
can be ca lcu la ted . H o w ev er  these eq u a tio n s  a re  u su a l ly  com plica ted  a n d  hence , 
h a rd  to solve in  a d i re c t  way. T h e re fo re  the  t im e  d ep en d en t  c o n c e n tra t io n  
fu n c t io n  is com m only  o b ta in ed  by using  n u m e r ic a l  m ethods such as the  L ap lace  
t ra n s fo rm a t io n .  T he  L ap lace  tra n s fo rm e d  f u n c t io n  allows d irec t  d e r iv a t io n  of  
the s ta t is t ica l  m om ents  (i.e. m ean a n d  v a r ian ce ) ,  w h ic h  co rrespond  w i th  
res idence  tim e a n d  d isp e rs io n  in the F IA  system  respective ly .

T he  e n tire  peak  p ro f i le  w ill d ep en d  on th e  d ispers ion  process a n d  the  
a d d i t io n a l  chem ical (reac tion )  an d  phy s ico ch em ica l  processes (e x tra c t io n  or 
dia lysis)  i f  they  a re  p resen t  in the  F IA  system. T h e  overa ll  d ispe rs ion  as 
expressed by the  v a r ia n c e  can be d esc r ibed  as a su m m atio n  of the  v a r ia n c e s  of  
the in d iv id u a l  parts  o f  th e  system:

2 2 2 2 2
O  overa ll  "  in j  +(J  t ran sp  +(J ch em  det

A com plete  th eo re t ica l  m odel should  tak e  in to  co n s id e ra t io n  all o f  the
processes a l re a d y  m en tio n ed ,  i.e., the  c o n t r ib u t io n s  o f  e lem ents such  as

2  • 2  in jec t io n  o p e ra t io n  (O' j n j), the connec to rs  a n d  tu b in g  (cr t ran sp )’ t*ie
a d d i t io n a l  chem ical processes ( 0 2 cjiem ) a n d  th e  geom etry  an d  size o f  the
f low  cell (O^g!-). T h eo re t ica l  s tud ies  h a v e  been  ex tensive ly  re v ie w e d  by
H o rv a i  and  P ungor  [14].

C u rre n t ly ,  the  n u m b e r  of  these s tud ies  is r a p id ly  growing. R e c e n t  w orks 
in ves tiga te  aspects such  as consecutive  re a c t io n  k in e t ic s  in an  F IA  system  
[15], a th eo re t ica l  d e sc r ip t io n  of the  d ispe rs ion  ta k in g  in to  accoun t
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sim ultaneous co n tr ib u t io n s  o f  in jec t io n ,  t r a n sp o r t  a n d  d e tec t io n  [16-18], 
o p tim isa tion  of c o n f lu e n t  m ixing [19], an d  a th eo re t ica l  m odel w i th  k in e t ic s  
and  reagen t d ispers ion  [20], D esp ite  the  f a i r ly  s im p l if ie d  ap p ro ach  o f  the 
true  systems, th eo re t ica l  s tud ies p e rm it  one to assess to some e x te n t  the 
optim al ex p er im en ta l  F IA  conditions.

3.5 FIA A N D  O T H E R  C O N T IN U O U S  FLOW T E C H N IQ U E S
The con tinuous  f lo w  concept is u su a l ly  id e n t i f ie d  w ith  th ree  techn iques:

FIA , SFA and  l iq u id  c h ro m a to g rap h y . As has been a l re a d y  m en tio n ed ,  SFA m ain ly  
d i f fe r s  f ro m  FIA  by the  use of a i r  segm enta tion . A ir  segments a re  in t ro d u c e d  
to lim it  the  d ispers ion  of  a single sam ple  an d  so p re v e n t  ca r ry -o v er  be tw een  
subsequen t samples. These a i r  segm ents h av e  to be rem oved b e fo re  th ey  reach  
the de tec to r ,  a l though , m easu rem en ts  w i th o u t  d eb u b b lin g  have  re c e n t ly  been 
described  [21]. A n o th e r  in h e re n t  c h a ra c te r is t ic  o f  SFA is th a t  d e tec t io n  
typ ica lly  occurs a t  s tead y -s ta te  cond it ions .  LC m ain ly  d i f fe r s  f ro m  F IA  by the  
use of  a c h ro m a to g ra p h ic  sep a ra t io n  colum n. The p r in c ip a l  o b jec t iv e  in  LC is 
the  de tec t io n  of  severa l com ponen ts  f ro m  a single in jec ted  sam ple , w h ich  
obviously  involves the  sep a ra t io n  o f  sam ple  com ponents  p r io r  to de tec tion .  
A lthough, i t  is a lw ays possible to in te r f a c e  short  c h ro m a to g rap h ic  co lum ns or 
columns to e f fe c t  ion  exchange, o x id a t io n  or re d u c t io n  w ith  F IA  systems, the 
m ain  ob jec tive  of  F IA  has been to a u to m a te  w et chem ica l m ethods.

D if fe re n ce s  an d  s im ila r i t ie s  in  the  th ree  techn iques  become a p p a re n t  in  
the in s t ru m e n ta t io n  ap p lied  (Fig. 3.3). F u r th e r  d i f fe re n ce s  f ro m  an 
ex p e r im en ta l  po in t  o f  v iew  inc lude  the  fo llow ing:
- w ork pressure: low pressure  in SFA a n d  FIA , and  h igh  pressure  in  LC;
- sample in tro d u c tio n :  con tin u o u s  a s p i ra t io n  in  SFA, an d  discrete  sam ple
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ASFA

FIA

LC

Fig. 3.3 C o m p a ra t iv e  d ia g ra m  o f  c o n t in u o u s  f low  techniques.  T h e  o p en  blocks 
show  in s t ru m e n ta l  d i f fe re n c e s  o f  the  techn iques.
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in jec t io n  in  F IA  a n d  LC;
- sam ple th ro u g h p u t :  up  to 6 0 /h  in  SFA, up  to 1 5 /h  in  LC and  up to 2 5 0 /h  
in  F IA

N a tu ra l ly ,  f ro m  ex p e r im e n ta l  conside ra tions ,  i t  can  be seen F IA  com plem ents  
bo th  SFA [22] an d  LC [23].

3.6. IN S T R U M E N T A T IO N
T h e  bas ic  essen tia l parts  o f  a s im ple F IA  system (Fig. 3.4) in c lu d e  the  

fo llowing:
a) a pu m p  to p ropel the  f low ing  s t re a m  th ro u g h  the  d i f f e r e n t  e lem en ta l  

units. T h is  m ust de l iv e r  a co n s tan t  an d  re g u la r  f low , w hich  m ust be f r e e  f ro m  
pu lsa t io n  a n d  p e rfe c t ly  rep roducib le ;

b) an  in jec t io n  valve  to in t ro d u c e  v e ry  precise  and  accu ra te  sam ple 
volumes;

c) a m a n ifo ld  system to connec t the  d i f f e r e n t  elem ents an d  p e rm i t  the  
f low  a n d  m ix ing  of  the  sam ple w ith  the  c a r r i e r  stream(s). In cases w h ere  the  
m ix ing  is n o t  ad e q u a te  f o r  the  analysis  or a reac t io n  and  d iv is ion  of  the  
s tream  is r e q u i re d  accessory elem ents can  be in tro d u c e d  such as m ix in g  
cham bers ,  d i f f e r in g  reac to r  types a n d  m ix in g  tees;

d) a d e tec t io n  system th a t  pe rm its  the  con tin u o u s  m easu rem en t o f  the  
a n a ly te  by  some means.
These v e ry  sim ple  in s t ru m e n ta l  re q u ire m e n ts  f a c i l i ta te  ex p e r im e n ta t io n  w i th  
FIA. N a tu ra l ly ,  the  p e r fo rm a n c e  o f  each  o f  th e  basic  com ponents can  v a ry  f ro m  
sim ple a n d / o r  cheap  to a d v a n c e d  a n d /o r  expensive. R ecen t ad v an ces  in  FIA  
in s t ru m e n ta t io n ,  an d  its ex tens ion  in  re la t io n  to the  use of p o te n t io m e tr ic  
de tec to rs  w ill  be discussed below.
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Fig. 3.4 S chem atic  o f  the  in s tru m en ta l  set up  o f  a FIA system. D ashed  lines 
ind ica te  the com ponen ts  th a t  can be au to m a ted .
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3.6.1 Pum p
P er is ta l t ic  pum ps w h ich  easily  accom m odate  severa l channe ls  a re  most 

com m only  used to p ropel c a r r ie r  a n d /o r  reagen t  stream (s) a t  a c o n s ta n t  f low  
rate. An im p o r ta n t  a d v a n ta g e  o f  th is  type  of  pum p is the  a lm ost in s ta n ta n e o u s  
S ta r t / s to p  fu n c t io n ,  w hile  its m a in  d ra w b a c k  is the  existence o f  a p u lsa t in g  
flow . H ow ever,  i f  pu lse -free  F IA  systems are  req u ired ,  a pum ping  dev ice  w ith  a 
p ressu rised  c a r r ie r / r e a g e n t  vessel o r  p is ton  b u re t te  is used. When the  F IA  
system  includes pressure  b u i ld in g  com ponents ,  e.g., packed  bed reac to rs  or a 
ty p ica l  H P L C -de tec to r  p ro v id e d  w ith  a n a r ro w  bore cap il la ry ,  a h ig h  p ressure  
pum p  will be needed.

3.6.2 In jec t io n  Valve
A lthough  several in jec t io n  systems o f  v a ry in g  degrees of com p lex ity  have  

been  described  e.g., sy ringe , p ro p o r t io n a l  in jec to r ,  solenoid va lves  an d  
o thers , the  s ix-port ro ta to ry  valves p ro v id e d  w ith  an exchangeab le  f ix e d  volum e 
sam ple  loop a re  most com m only  used. A n  a l te rn a t iv e  m ethod  o f  sam ple  in jec t io n  
in d ic a te d  as ’h y d ro d y n a m ic  in je c t io n ’ a n d  in t ro d u c e d  by R u z ic k a  a n d  H an sen
[24], allows accu ra te  a n d  re p ro d u c ib le  sam ple in t ro d u c t io n  based on con tro l led  
sam ple  suction . This  a p p ro a c h  has been f u r th e r  im proved  a n d  a p p lied  
successfu lly  as ’con tro lled  d ispe rs ion  f lo w  ana lys is ’ in  c l in ica l a p p lica t io n s
[25].

3.6.3 M a n i fo ld /R e a c to r  System
T he use o f  d i f f e r e n t  m a n ifo ld s  w ill  depend  upon  the  co m p lex ity  o f  the 

chem is try  in vo lved  in  a p a r t ic u la r  analysis .
T he  sim plest type  consists o f  te f lo n  tu b in g  or a s im ila r  m a te r ia l  a n d  fo llow s

160



the ea r ly  concept o f  low dispersion single l ine  m a n ifo ld .  T he  tu b in g  m ay be 
sim ply s tra igh t ,  bu t w h en  coiled, the  d ispe rs ion  is u su a l ly  decreased  [26],
R e i jn  et al. [27] have in t ro d u c e d  the  single bead  s t r in g  reac to r  (SBSR), a tube  
packed  w ith  glass beads hav ing  a d ia m e te r  o f  a b o u t  70% o f  the  in n e r  tube  
d iam eter .  T his  reac to r  presen ts  ce r ta in  a d v an tag es  such  as:

a) increase  in  the res idence  time,
b) a r a th e r  d ra s t ic  decrease  of  d ispers ion , a n d
c) a m ore stable  base line in com parison  to the  simple te f lo n  tub ing , 

p ro b ab ly  d u e  to the suppressing  e f fe c t  o f  the  beads  on the  pulse.
P ack ed  reactors, consist  of a zone o f  tu b in g  w h ich  is p ack ed  w ith  an  

in e r t  or chem ica lly  a c t iv e  m ateria l.  Those th a t  h av e  a t t r a c te d  most a t te n t io n  
are the  chem ica lly  ac t iv e  designs such as those in c o rp o ra t in g  ion exchange, 
redox  an d  enzym ic m ate ria ls .  H ete rogeneous reac t io n s  invo lve  im m obilized  
enzym es or solid-phase reagen ts  and , consequen tly  the  use of  packed  reactors .

In te r fe re n ts  can  be rem oved on-line by using specia l devices w h ich  a llow  
con tin u o u s  separa tion . These techn iques  h av e  been  rev iew ed  by V a lca rce l  and
L uque  de Castro  [28]. T he  sep a ra t io n  p r in c ip le s  com m only  em ployed  in  FIA
systems in c lu d e  d ia lysis ,  l iq u id - l iq u id  e x tra c t io n ,  ion -exchange  an d  
adsorp tion . D ialysis is based  on the  use o f  a se lec tive  m em b ran e  th ro u g h  w hich  
the an a ly te  in question  t ra n s fe rs  f ro m  a do n o r  s t re a m  (f low ing  to w aste) in to  
an accep to r  s tream  ( f lo w in g  to the  de tec to r)  [29]. S ep a ra t io n  based on l iq u id  
e x tra c t io n  needs segm en ta tion  o f  the  c a r r ie r  s t re a m  w ith  an o rg an ic  l iq u id
s tream  a n d  in se r t ion  o f  a phase s ep a ra to r  p r io r  to the  detector. Several types
of segm enta to rs  have  been  app lied  [30], an d  recen tly ,  l iq u id - l iq u id  e x tra c t io n  
w i th o u t  phase sep a ra t io n  has been in t ro d u c e d  [31]. T he  use o f  small 
ion -exchange  and  ad so rp tio n  colum ns fa c i l i ta te s  sam ple  c lean  up a n d /o r
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p re c o n c e n tra t io n  w hen  req u ired .
A lthough ,  these on-line  sam ple p re t re a tm e n t  steps a re  f r e q u e n t ly  ap p l ied  

in  techn iques  such a a tom ic  spec tro m e try ,  they  can  also be a p p l ie d  to F IA  
systems in co rp o ra t in g  e lec trochem ica l  de tec to rs  such  as ion-se lec tive  
electrodes, as will be seen in  section  3.9.

3.6.4 F low  Cells an d  D etec to rs
A lm ost any  sm all-vo lum e f lo w - th ro u g h  de tec to r  can be used  in  FIA . In  

fa c t ,  m uch  of the  v e rsa t i l i ty  an d  p o p u la r i ty  of  the tech n iq u e  is based  on the  
possib il i ty  o f  easily  co up ling  any  type  o f  d e tec t io n  system. C lassically , 
spec tro p h o to m etr ic  m ethods , U V /V IS  absorbance , f lu o rescen ce  an d  
chem ilum inescence  h av e  rece ived  m u ch  a tten t io n .  T he  most com m on is a tom ic  
spec trom etry ,  w hich  is a w ide ly  re p o r te d  co m bina tion  [32], E lec tro ch em ica l  
d e tec t io n  in c lu d in g  am p ero m e tr ic  a n d  p o ten tio m e tr ic  techn iques  a re  also 
com m only  em ployed, a n d  in  th is  re sea rch  we have  focused  on the  la t te r .

3.6.4.1 ISE F lo w -th ro u g h  Cells
Severa l f lo w - th ro u g h  e lec tro d e  cell a r ran g em en ts  f o r  the 

p o ten t io m e tr ic  d e te rm in a t io n  of  ions h av e  been devised. Some com m only  used 
assemblies a re  show n schem a tica l ly  in  Fig. 3.5. The ion-selective e lec tro d e  in  
these systems m ay be p a r t  o f  a sm all c h an n e l  zone or a l te rn a t iv e ly ,  occupy  the  
w hole  c h an n e l  wall. A n o th e r  a p p ro a c h  (Fig. 3.5b) is w here  th e  ion-se lec tive  
e lec trode  p ro tru d es  in to  th e  sam ple  channe l.  T he  electrodes a re  coup led  to 
cell assemblies as show n in  Fig. 3.6. E xam ples  a re  the  well k n o w n  th in  layer  
cell a n d  tu b u la r  m em b ran e  flow  u n i t ,  w h ich  are  show n in  Fig. 3.7a a n d  3.7b, 
respective ly .  F u r th e r  design  co n s id e ra t io n s  o f  f lo w -th ro u g h  systems w h ich  h av e
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Fig. 3.5 Schem atic  o f  ISE f low  cells sho w in g  the  sample c h an n e l  l in in g  ( 1 ), the  
sam ple channe l (2), th e  ion selective m e m b ra n e  (3), and  th e  in te r n a l  r e fe re n c e
system (4).

1 )  ISE
SAMPLE  --------1

RE
REFERENCE  ____ |
SOLUTION

b) ISE

SAMPLE — L _

ISE
REFERENCE ____ 1
SOLUTION

c )  RE ISE

ISE 
^  1

RE 
1 ,

0 ) ISE 
-  1

1
RE

Fig. 3.6 A rra n g e m e n t  o f  ion-se lec tive  e lec trodes in  f low  systems. T h e  two 
c h a n n e l  design a re  show n fo r  c o n v en tio n a l  (a) a n d  d i f f e r e n t i a l  (b) m e a su re m e n t  
techn iques .  In  th e  single c h an n e l  designs th e  tw o electrodes can  be in  series
(c) or ju x tap o sed  (d) [33].
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Fig. 3.7 S chem atic  d ia g ra m  of d i f f e r e n t  type  o f  f lo w - th ro u g h  units.  (A) th in  
lay e r  type  f low  cell; (B) tu b u la r  am m o n iu m  se lec tive  po lym er  m em b ran e  e lec trode  
un it :  a) coax ia l  cable, b) p las tic  p ip e t te  tips, c) A g /A g C l e lec trode , d)
10 '2 mol I ' 1 N H 4C1, e) tu b in g  (0.89 mm), f )  P V C -n o n ac tin  a m m o n iu m  
selective  m em b ran e  [54]; (C) la rge  vo lum e wall je t  cell.
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become w ide ly  accep ted  fo r  use w ith  ISEs a re  show n  in  Fig. 7c. In th is  case, 
the c a r r ie r  s tream  leaves the  sam ple ch an n e l  close to the  v ic in i ty  o f  the  
sensing e lec trode  b e fo re  com ing in  co n tac t  w i th  th e  m em brane . E xam ples  of  
these inc lude: single d ro p  [33], cascade [34] an d  je t - f lo w  cells [35], 
U n fo r tu n a te ly ,  the  v a r ie ty  of  ex is t ing  f lo w - th ro u g h  cells fo r  ISEs m akes it  
d i f f i c u l t  to give a genera l  s ta tem en t on w h ich  des ign  is best. R u z ic k a  an d  
H ansen , who have  c o n t r ib u te d  ex tensively  to the  deve lopm ent o f  the 
p o te n t io m e tr ic  tech n iq u e  in  FIA, have  em ployed  ISEs in  tu b u la r  a n d  o th e r  
a r ran g em en ts ,  w ith  the  re fe ren c e  e lec trode  loca ted  in  d i f f e r e n t  zones o f  the 
system (a lthough  u sua lly  a f te r  the  in d ic a to r  e lec trode).  T he  use o f  ISEs in  
cascade or series f low  cells has p e rm it ted  the s im u ltan eo u s  d e te rm in a t io n  o f  
severa l species [36],

A ccord ing  to F re n z e l ’s experience  [37], severa l  ex p erim en ta l  
req u ire m e n ts  of ISEs in  F IA  are met w ith  the w a ll- je t  cell design. His re p o r t  
stresses on the  m in im u m  th ickness  of  the  h y d ro d y n a m ic  (d if fu s io n )  la y e r  and  
hence  f a s t  response o b ta in e d  w ith  th is  cell. In o rd e r  to e l im ina te  l iq u id  
ju n c t io n  e f fec ts ,  a la rge  volum e w all- je t  cell is used. In  add it ion ,  the  
re fe ren c e  e lec trode  p os i t ion ing  e f fec ts  a re  reso lved , while the cell 
c o n f ig u ra t io n  m akes it  su i tab le  fo r  use w ith  m a n y  com m ercia lly  a v a i lab le  
e lectrodes. H ow ever,  in  o th e r  app lica tions ,  such  as s im ultaneous or
m u lt id e te c t io n  an d  series  d i f f e r e n t i a l  d e tec t io n  (see section  3.8) w here  i t  is 
necessary  to a sc e r ta in  how  the  f low  cell c o n tr ib u te s  to  sam ple d ispers ion  a t  a 
dow n s tream  position , tu b u la r  or th in  laye r  des ign  w ould  seem to be m ore 
a p p ro p r ia te .
T he  id ea l  f lo w -th ro u g h  cell fo r  ISE de tec tion ,  as o u t l in e d  by F ren ze l  [37], 
should  possess low d ead  volum e, fa s t  response, good w ash  charac te r is t ic s ,
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p rac t ic a b i l i ty ,  simple m a in ten an ce ,  ease o f  c o n s tru c t io n  a n d  c o m p a tib i l i ty  w i th  
com m ercia lly  av a ilab le  e lec trodes of  v a r io u s  sizes a n d  shapes. M oreover, the  
a r ra n g e m en t  of the  re fe ren c e  e lec trode  in  the  cell assem bly  has to be c a re fu l ly  
exam ined. D if f ic u l t ie s  associa ted  w ith  base l ine  d r i f t ,  l iqu id  ju n c t io n  
e ffec ts ,  s tream ing  po ten tia l  an d  e lec tro s ta t ic  noise a re  com m only  e n c o u n te re d  
due  to the in co rrec t  pos i t ion ing  o f  the re fe ren c e  e lec trode . Several o f  these 
ch a rac te r is t ic s  will be f u r th e r  discussed in  section 3.7.

3.6.4.2 ISFETs
R ela t iv e ly  recen t deve lopm ents  in  p o te n t io m e tr ic  de tec tion  systems fo r  

F IA  inc lude  the  f lo w -th ro u g h  ISFET d e tec to r  [38], an d  the use of  an 
ion-selective  e lectrode a r ra y  fo r  m ulti- ion  sensing an a ly s is  [39],
With respect to ISFETs, th e re  are  several im p o r ta n t  a d v an tag es  in re la t io n  to 
conven tiona l ISEs in FIA. These include: m in ia tu r is a t io n ,  low s ig n a l /n o ise  
ra tio ,  fa s te r  response tim e a n d  less c o n t r ib u t io n  f ro m  the  de tec to r  to the  
d ispersion  o f  the  sample. As ISFETs can  be m in ia tu r iz e d  conven ien tly ,  i t  is 
possible to place several o f  them  on a single chip , p e rm i t t in g  the ana lys is  o f  
m u lticom ponen ts  in F IA  systems [40]. Such m u lt i -co m p o n en t  d e te rm in a t io n  in  F IA  
has been recen t ly  deve loped  fo r  a r ray s  o f  c o n v e n t io n a l  ISEs. The use o f  such  a 
system fo r  the d e te rm in a t io n  of  potassium , ca lc ium , n i t r a te  and  c h lo r id e  in  
soil ex trac ts  has been d esc r ibed  recen tly  [39],

3.6.5 C o m pute r isa tion
C er ta in  fu n c t io n s  in  F IA  systems such  as p u m p in g ,  in jec tion , an d  d a ta  

acqu is i t ion  m ay be easily op era ted  by co m p u te r  control.  Several papers  dea ling  
w ith  th is  k in d  o f  au to m a tio n  have  been re p o r te d  [41,42], F u r th e rm o re ,  the
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ap p l ic a t io n  of chem om etr ic  m ethods in F IA  is g row ing  an d  has been a p p l ie d  to 
system  op tim isa tion  [43], a n d  ad v an ced  m u l t iv a r ia te  d a ta  e v a lu a t io n  [44],

3.7 SOME C H A R A C T E R IST IC S OF ISEs IN  FL O W IN G  SYSTEMS
Elec trochem ica l de tec to rs  a re  o f  im p o r tan ce  in h y d ro d y n a m ic  systems d u e  to 

th e i r  se lec tiv ity , sen s i t iv i ty  an d  w ide  w o rk in g  c o n c e n tra t io n  range. T he  
in t r in s ic  n a tu re  o f  e lec trochem ica l processes, w h ich  genera lly  occu r  in  
m em b ran e  su rface  r a th e r  th a n  b u lk  sam ple volume, m ake  them  a t t r a c t iv e  a n d  more 
co n v en ien t  fo r  d e tec t io n  in m in ia tu r ise d  systems. A n o th e r  im p o r ta n t  aspec t to 
be considered  is the  co m p a t ib i l i ty  o f  the  f lo w -th ro u g h  p r inc ip le  w i th  the  
ion-se lec tive  e lectrode m em brane . Hence, the  p e rm a n e n t  c a r r ie r  s tream  flo w in g  
th ro u g h  the ISE m em b ran e  has a co n d it io n in g  e f f e c t  over the  sensor, w h ich  leads 
to a b e t te r  s tab il i ty  of  the  system and  in c reased  re p ro d u c ib i l i ty  of  the  em f 
read ings.  Also the w ay  in  w h ich  the  sam ple  is p re sen ted  to the ISE m e m b ra n e  is 
m ore closely d e f in e d  an d  rep ro d u c ib le  u n d e r  f lo w in g  cond it ions  th a n  in the 
s ta t ic  cond it ions o f  b a tch  m easurem ents .  T h is  can  be f u r th e r  em phasised  by the 
obvious b e n e f i t  o f  e l im in a t in g  any  chem ical a n d  m ech an ica l  in te r fe re n c e  a r is in g  
f ro m  norm al e lec trode  o p e ra t io n  p rocedures  (w ashing , c lean ing , ch an g in g  
so lu tion  etc.,) com m only  assoc ia ted  w ith  s ta t io n a ry  m easurem ents. D y n am ic  
c h a rac te r is t ic s  are u su a l ly  im proved  w ith  f lo w in g  m ethods  since w ith  su i tab le  
cell designs the ra te  of  t r a n sp o r t  processes is increased .

3.7.1 Response Tim e
Among the processes th a t  c o n tr ib u te  to the  d y n a m ic  response b e h a v io u r  of 

m em b ran e  electrodes, the  d i f fu s io n  of  the  sam ple ions th ro u g h  the  s ta g n a n t  
laye r  is o f  im p o r ta n t  c o n s id e ra t io n  in  f lo w in g  systems. The s tream in g  o f  the 
sample

167



solution is b en e f ic ia l  since it  reduces  the  th ickness  o f  the N e rn s t ia n  
d i f fu s io n  layer  w hich , toge ther  w ith  the d i f f u s io n  c o e f f ic ien t  D o f  the  ion 
considered , a f fe c t  the tim e cons tan t t (eqn. 3.3) ch a ra c te r is in g  the  response  
tim e o f  an y  ISE.

T = 4 5 2  

7T2  D
5 2

2 D
(3.3)

Thus, f lo w -th ro u g h  ISE de tec tors  genera lly  e x h ib i t  a h igh  speed o f  response 
[45].

3.7.2 L ia u id - Ju n c t io n  a n d  R e fe re n ce  E lec trode
A d d i t io n a l  fa c to rs  w hich  m ust be conside red  fo r  an y  ISE m e a su re m e n t  are  

the fo rm , type a n d  p o sit ion  of the r e fe ren c e  e lec trode  a n d  its l iq u id  ju n c t io n  
p o ten tia l  [33]. R ecognis ing  th a t  it is a key  com ponen t in f lu e n c in g  the  
p e rfo rm a n c e  of  f lo w - th ro u g h  cells, it has  been  suggested [33] th a t  f r e e - f lo w in g  
l iq u id - ju n c tio n s  lead  to the  h ighest r e p ro d u c ib i l i ty  o f  the  l iq u id - ju n c t io n  
po ten tia ls  an d  th e re fo re  to the  h ighes t  e m f s tab il i ty .  R e p ro d u c ib i l i t ie s  in  
the  em f m easurem ents  o f  ab o u t  25 [JLV h av e  been ach ieved  [46]. To m a in ta in  the 
values of  l iq u id - ju n c t io n  po ten tia ls  as low as possible, e q u i - t r a n s fe re n t  
solutions o f  h igh  co n c e n tra t io n  shou ld  be used as re fe ren ce  e lec tro ly tes  in  
con tac t  w i th  the sam ple solution. H ow ever,  even in  some cases w h en  using 
sa tu ra ted  KC1 or 1.0 M  K N O j ,  th is  p o te n t ia l  can  am o u n t to severa l  m il l ivo lts  
[47], H ere ,  the  p re fe r re d  rem edy  is a co n s ta n t  ionic  b ack g ro u n d  in  the  
sample. A lth o u g h  c lin ica l  samples like  b lood p lasm a or serum  usua lly  h av e  a
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f a i r ly  reg u la ted  ion ic  com position , the  use of  c o n c e n tra ted  e q u i - t r a n s fe re n t  
solu tions is still suggested. F in a l ly ,  in  f lo w in g  system s the re fe ren c e  
e lec trode  can  o f ten  be posit ioned  dow n  s tream  f ro m  the  in d ic a to r  e lec trode , an d  
hence the e lec tro ly te  d i f f u s in g  f ro m  the  re fe ren c e  e lec tro d e  canno t c o n ta m in a te  
the  sam ple solution.

3.7.3 S tream ing  P o te n t ia l
In F IA  systems in  w h ich  ISEs a re  used as de tec to rs ,  oscilla tions in the  

m easuring  po ten t ia l  caused  by the  p um p  a c tu a t io n  a re  alw ays present. T h is  is 
due  to the  fa c t  th a t  w h en  a l iq u id  is fo rc e d  th ro u g h  a n a rro w  c ap il la ry ,  a
po ten tia l  d i f f e re n c e  is set up  be tw een  the  two ends o f  the  cap i l la ry  tub ing .
T h is  p o ten tia l  d esc r ib ed  by eqn. (3.4), is ca lled  the  s tream ing  po ten t ia l ,  
u n d e r  la m in a r  f low  cond itions:

E  = 2 d e f  I (3.4)

7T2 r4 X

w here  d is the  f lo w -ra te ,  6 is the  d ie le c tr ic  con s tan t ,  j  the  e lec trok ine tic  
p o ten tia l ,  1 the len g th  o f  the  tu b e  co n n ec t in g  the  ISE w ith  the re fe ren c e
electrode, r the  r a d iu s  o f  the  tu b e  a n d  X the  conduc tiv i ty .  When all
pa ram e te rs  in  eqn. (3.4) a re  kep t  c o n s tan t ,  the  s tream in g  po ten tia l  rem ains  
cons tan t a n d  is s im ply  a d d e d  to the  e m f o f  the  cell. H ow ever, th is  is no t 
n o rm ally  the  case, s ince the  f lo w -ra te  a lw ays tends  to pulsate  to a c e r ta in  
ex ten t,  p rovok ing  osc il la t ions  in  the  v a lu e  of  E g, w h ich  ap p ear  in  the
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signal as p e r io d ic  noise. One m ethod  of  suppressing , the  s tream ing  p o te n t ia l  
is to a d d  a la rge  am o u n t  o f  in e r t  e lec tro ly te ,  so as to increase  the  
c o n d u c t iv i ty  o f  a n d  low er Eg. T h is  is o b v ious ly  l im ited  in  m any  cases by the 
possible in te r fe re n c e  of  the ad d ed  salt on th e  e lec trode  response. O th e r  
common so lu tions involve the o p t im isa t io n  o f  p a ra m e te rs  such as d, r, a n d  1 , 
and  the  in c o rp o ra t io n  o f  pulse suppressors  in o rd e r  to decrease  the  a m p l i tu d e  
of the  f lo w -ra te  oscillations. A cco rd in g  to M o rf  a n d  Simon [33], E g is 
in s ig n i f ic a n t  in  ty p ica l  c lin ica l ap p lica t io n s ,  am o u n t in g  to a to ta l o f  on ly  
0.65 uV. R ecen tly ,  Christopoulos an d  D ia m a n d is  [48] h av e  m in im ized  s tream in g  
po ten tia ls  a n d  proposed  f lo w -th ro u g h  cells f o r  so lid -sta te , l iq u id  a n d  PV C 
m a tr ix  ion-se lec tive  e lectrodes w ith  the  re fe re n c e  e lec trode  pos it ioned  ve ry  
close to the  sensing m em brane  o f  the ISE. H ow ever,  th e i r  proposed a r ra n g e m e n t  
only assures a base line noise o f  <0 . 2  mV, w h ich  fo r  some p rac t ica l  c l in ica l

I  ̂I tapp lica tions  (e.g. N a , Ca d e te rm in a t io n )  w ou ld  obviously  in t ro d u c e  
s ig n if ic a n t  u n c e r ta in ty .

3.8 PO T E N T IA L S  O F FIA
F IA  a p p lica t io n s  invo lv ing  the  use o f  ion-se lec tive  e lectrodes c an  be 

su b d iv id e d  in to  th ree  categories:
(i) A u to m a te d  sam ple processing: the  s im plest  a p p lica t io n  o f  the  f low  

in jec t io n  te c h n iq u e  is its use as an  a u to m a te d  sam ple  in t ro d u c t io n  p rocedure .
(ii) A u to m a te d  sample processing a n d  so lu t io n  hand ling : w et chem ica l 

b a tch  assays based on selective  chem ica l reac tions  an d  t r a n s fo rm e d  to 
f lo w -in jec t io n  m ethods. Here, a reag en t  s t ream  is needed , and  several reag en t  
stream s can easily  be used.

(iii) A u to m a te d  sam ple (p re ) trea tm en t:  In th is  case, ex trac t io n  un i ts ,
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dia lysers  and  small p a c k e d  colum ns have  been in se r ted  in  the  f low  system.
M oreover, the  F IA  ap p ro ach  in h e re n t ly  o f fe r s  a d v an tag es  w h ic h  can  n o t  be 

ach ieved  by batch  m ethods. F o r  exam ple, several g ra d ie n t  tech n iq u es  [49] have  
been developed based on the  w e ll-d e f in ed  co n c e n tra t io n  profi le .  T h is  te c h n iq u e  
allows contro lled  a m p l i f ic a t io n  or d i lu t io n  [50], zone sam pling  [51] an d  pseudo 
t i t r a t io n  m ethods [52], T h e  s topped-f low  m ode, w h ich  is u su a l ly  based  on 
in te rm i t te n t  (stop-go) pum ping ,  can  also be app lied . In  th is  case the  sam ple  
plug m ay be stopped  in  the  d e tec to r  cell an d  the s a m p le /re a c t io n  is m o n i to red  
over a period  of time.

Series d i f f e r e n t ia l  de tec t io n  is a n o th e r  ap p ro ach  w hich  can  e n h an ce  
sensitiv ity .  The concep t o f  th is  ap p ro ach  is show n in  Fig. 3.8 toge the r  w i th  a 
ca l ib ra t io n  curve  fo r  f lu o r id e  ions p e rfo rm e d  by the same techn ique . T h e  shape 
o f  each  type  o f  s ignal is d e te rm in e d  by the response tim e of  the p a r t i c u la r  
ISE, the  c a r r ie r  f low  ra te ,  the  in jec t io n  volum e an d  the  len g th  o f  the  
connec tion  betw een  th e  tw o  ISEs. T he  a d v an tag es  of  series d i f f e r e n t i a l  
d e tec tion  m ethods lie in  th e  im p ro v em en t in sens it iv ity ,  the  s im pler  ev a lu a t io n  
of  the  s ignal an d  the  f a c t  th a t  no re fe ren c e  e lec trode  is req u ired .  M o d if ie d  
reverse  f low  in jec t io n  ana lys is  has been recen tly  considered  by F ren ze l  as 
a n o th e r  p o ten t ia l  use o f  ISEs in  a f lo w  in jec t io n  system. In th is  case, a 
b ra n c h  stream  feeds th e  in jec t io n  loop of  a f low  in jec t io n  m a n ifo ld .  T he  
tech n iq u e  is a novel a p p ro a c h  in  th a t  the  in fo rm a t io n  g a th e red  f ro m  the  sam ple 
an d  the s ta n d a rd  so lu t io n  is o b ta in ed  alm ost s im ultaneously . T h e  p r in c ip le  is 
shown in  Fig. 3.9 to g e th e r  w ith  the  reco rd e r  o u tp u t  fo r  various  p o te n t ia l  
app lica tions.  C h a rac te r is t ic s ,  a d v an tag es  a n d  d i f fe re n c e s  o f  th e  m o d if ie d  
reverse  f low  in jec t io n  ana lys is  ap p ro ach  in  com parison  to c lass ica l F IA  
procedures  have  been re v ie w e d  by V an  d e r  L in d en  [53].
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Fig. 3.8 P r inc ip le  o f  series d i f f e r e n t i a l  d e tec t io n  w ith  two ion-se lec tive  
e lectrodes (a). C a l ib ra t io n  c u rv e  fo r  f lu o r id e  d e te rm in a t io n  a t  th e  ug m l'^
level by series d i f f e r e n t i a l  d e tec t io n  (b) [37].

Fig. 3.9 M od if ied  reverse  F IA  te c h n iq u e  fo r  con tinous  m o n ito r in g  a n d  process 
analysis, (a) F low  m an ifo ld ,  (b) R e p re se n ta t io n  o f  the  reco rd e r  o u tp u t  a f t e r  
succesive in jec t io n  of  s ta n d a rd s ,  th e  c o n c e n tra t io n s  o f  w h ich  a re  chosen to equal 
th a t  o f  the samples (i.e, the  process s tream  b ranch ) ,  (c) Schem atic  d e p ic t io n  of  
a t r ian g le  shaped  c o n c e n tra t io n  ch an g e  o f  the  sam ple  w ith  rep ea ted  in jec t io n s  of 
the same s ta n d a rd  solu tion. In  (A) a n d  (C) th e  co n c e n tra t io n  o f  th e  sam ple  is 
low er th a n  th a t  o f  the  s ta n d a rd ;  in  (B) it  is h ig h e r  th a n  th a t  o f  the  s ta n d a rd  
in jec ted ; an d  a t  the  two p o in ts  o f  in te rse c t io n  w ith  the  broken  l ine  it  is equal.
A n  obvious a p p lica t io n  is th e  m o n i to r in g  o f  species to con tro l  e i th e r  the  
d e v ia t io n  f ro m  a pre-set va lue  (b ro k en  line) or the  in f r in g m e n t  o f  a l im it ing  
va lue  [37].
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3.9 SOME A PPL IC A T IO N S OF ISEs IN FLOW  IN JE C T IO N  SYSTEMS
T he use of F IA  in  c lin ica l  ch em is try  is an  im p o r ta n t  an d  ex p a n d in g  f ie ld  

in  w h ich  the  deve lopm ent of  au to m a ted  assays can be c a r r ie d  out. P o te n t io m e tr ic  
d e tec t io n  has been f re q u e n t ly  em ployed  in  F IA -based  c l in ica l  analysis .  R u z ic k a  
and  co-w orkers [36] have  d em o n s tra ted  the a d v an tag es  o f  ISEs by a p p ly in g  the 
flow  in jec t io n  te c h n iq u e  to the  d e te rm in a t io n  of  p o tass ium  and  sod ium  in blood 
serum. Both ana ly tes  a re  m easured  s im ultaneously  in  one stream , o b ta in in g  a 
sam pling  ra te  o f  125 sam p les /h  w ith  a R.S.D. o f  0.8%. Gas d ia lysis  has been  
successfu lly  app lied  in  FIA  fo r  the  d e te rm in a t io n  o f  am m onia  in blood samples
[54]. T h e  am m o n iu m  elec trode  based in  a so lvent po lym eric  m em b ran e  is ab le  to

5m easure  the  a n a ly te  in the  10 to 10 M range. S im ilarly ,  tu b u la r - ty p e  
electrodes have  been used fo r  the  d e te rm in a t io n  o f  ch lo r ide  a n d  c y a n id e  in  
blood serum  [55]. T he  d e te rm in a t io n  is ca rr ied  o u t  in a c o n f ig u ra t io n  
in c o rp o ra t in g  two A g jS /A g C l e lec trodes d ire c t ly  connec ted  in  such  a w ay  th a t  
the p o te n t ia l  d i f f e re n c e  gen e ra ted  by one ch an n e l  co n ta in in g  the  sam ple  aga in s t  
a n o th e r  co n ta in in g  the  b a c k g ro u n d  e lec tro ly te  is m easured . O th e r  an a ly te s  of 
bio logical in te re s t  such as ca lc ium  [56], l i th iu m  [57] a n d  hydrogen  [58] have  
also been m easu red  using  d i f f e r e n t  f lo w -th ro u g h  cells. The  d ev e lo p m en t of 
ISFETs has p e rm it te d  a red u c t io n  in the  size of  these p o te n t io m e tr ic  de tec to rs  
to an  e x te n t  w here  it  is now possible to in tro d u c e  th em  in to  a h y p o d e rm ic  
syringe  or a ca the te r ,  hence  a llow ing  the  d e te rm in a t io n  o f  several p a ra m e te rs  
in-v ivo  [59]. T h e  f r u i t f u l  co m b in a tio n  of  c h ro m a to g ra p h y -F IA  w i th  
p o ten tio m e tr ic  d e tec to r  has also been em ployed  in c lin ica l  ch em is try  fo r  the  
d e te rm in a t io n  of  copper [60]. The s t r ip p in g  p o ten t io m e tr ic  tech n iq u e  has also 
fo u n d  g rounds  in  th is  f ie ld  fo r  the d e te rm in a t io n  o f  m ercu ry  in u r in e  an d  
res idue  sam ples by using a gold e lec trode  [61].
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A n o th e r  a rea  w h ere  ISEs h av e  been  used as F IA  de tec to rs  is in  
e n v iro n m en ta l  chem istry .  T he  d ev e lo p m en t o f  m ethods fo r  the  d e te rm in a t io n  o f  
m any  ca tions and  an ions  in  w aste  and  d r in k in g  w aters , n u t r i t io n  p lan ts  an d  ra in  
have  been proposed. H an sen  et al [62] have  d e te rm in e d  n i t r a te  in  re s id u a l  
w aters, a i r  an d  ex trac ts  o f  soils a n d  fe r t i l iz e rs  em ploying  ISE based 
detec tion . D espite  the  r a th e r  la rge  sam ple  vo lum e (0.3 ml) a h ig h  sam ple 
th ro u g h p u t  was o b ta in ed  90 sam ples /h .  C a lc iu m  an d  p H  have also been  m easu red  
s im ultaneously  in the sam e s tream  by these  w orkers  [34]. Thom as et al [63] 
have  a d a p te d  an A g2S e lec tro d e  in a F IA  system  fo r  the  analysis  o f  su lp h u r  in 
in d u s t r ia l  w a te r  processes. A m u lt i- io n  sensor cell an d  d a ta -acq u is i t io n  
system fo r  f low  in jec t io n  ana lys is  has been  d em o n s tra ted  fo r  the  s im ultaneous  
d e te rm in a t io n  of po tassium , calcium , n i t r a te  and  ch lo r id e  in  soil ex trac ts  
ach iev in g  both  good p rec is io n  a n d  fa s t  sam ple  th roughput[39]. The sam e w orkers  
[64] h av e  developed a F IA  system in c o rp o ra t in g  tw o  h ydrogen  sensitive  PVC 
m em b ran e  e lectrodes in  th e  same d e tec to r  cell w h ich  can  cover the  pH  range  
1-13. A lthough  no a p p l ic a t io n  has been presen ted , so lu tion  ionic s t re n g th  a n d  
b u f f e r  cap ac i ty  on the  pH  m easu rem en t a re  discussed. F renze l et al [65] have  
used a m eta llic  s ilver w ire  e lec trode  in  the  presence of  cyan ide  in  connec tion  
w ith  gas d i f fu s io n  FIA. In te r fe re n c e s  o f  su lph ide , su lp h ite  and  n i t r i te  have  
been rem oved  by on-line  o x id a t io n  o f  these com pounds befo re  e n te r in g  the  gas 
d i f fu s io n  un it .  By us ing  the  same e lec trode  F renze l has also rep o r ted  [6 6 ] the  
p o ten t io m e tr ic  d e te rm in a t io n  o f  su lph ide  by co n v e r t in g  h ydrogen  su lph ide  
passing  th ro u g h  a d i f f u s io n  m em b ran e  in to  the  su lp h id e  an ion  in  an  accep to r  
s t ream  co n ta in in g  am m o n iu m  su l fa te  a n d  sod ium  h y d ro x id e .  T he  f lu o r id e  e lec trode  
has been ex tensively  s tu d ie d  by Frenzel[67] in  FIA  systems. M easurem ents  a t  low 
c o n c e n tra t io n  levels in d ic a te  th a t  60 to 180 sam p les /h  a t  the  1 ug ml * level
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can be ob ta ined .  T h e  same f lu o r id e  ISE has p roven  usefu l  fo r  in d i re c t  
d e te rm in a t io n  o f  a lu m in iu m  by d ire c t  sam ple in jec tion .  T he  results  show ed th a t  
trace  a m o u n ts  of  a lu m in iu m  were d e te rm in e d  w ith  h igh  sens it iv ity ,  p rec is ion  and  
fa s t  sam pling  ra te  in  a FIA system  [37]. Tw o c o n f ig u ra t io n s  o f  copper ISEs 
(i.e. a d ism o u n tab le  an d  a d isposable  f lo w -th ro u g h  e lec trode  have  been em ployed  
fo r  the  d e te rm in a t io n  o f  copper in d r in k in g  w a te r  [6 8 ].
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3.10 E X P E R I M E N T A L  W O R K

A sodium  ion se lec tive  m em b ran e  based  on m e th y l-p - t  bu ty lca lix [4 ]ary l  
ace ta te  a n d  its ap p l ic a t io n  to the d e te rm in a t io n  o f  so d iu m  in  plasm a samples 
has a l re a d y  been d esc r ib ed  in  c h ap te rs  1 a n d  2. T h e  p re sen t  ex p e r im en ta l  w o rk  
involves the  s tudy  o f  some c h a rac te r is t ic s  o f  th is  ca l ix a ren e  m em b ran e  
e lec trode  w hen  in c o rp o ra te d  in  a f lo w -in jec t io n  system. E m phasis  w ill  be g iven  
to the  in s tru m en ta l  set u p  and  its o p tim isa t io n  ow ing  to the key role these 
pa ram e te rs  p lay  in  the  e f f i c ie n t  fu n c t io n in g  o f  the  system.

T he  de tec to r  u n i t  com prises a th in - f i lm  po lym eric  ion-selective m e m b ran e  
w h ich  is in co rp o ra ted  in  a T ech n ico n  f lo w - th ro u g h  cell. T he  a p p ro a c h  to 
o p tim isa t io n  of the cell response w ill be d e sc r i re d  in  te rm s of  the physica l,  
e lec tr ica l  an d  h y d ro d y n a m ic  pa ram e te rs  w h ich  a f f e c t  its perfo rm ance .  Some 
c h a rac te r is t ic s  o f  the  e lec trode  such as its response a n d  in h e re n t  in f lu e n c e  
over the  f low ing  c o n d it io n s  in  rega rds  to th is  system  w ill  be discussed. T he  
same in s t ru m e n ta l  set up  w ill  serve to d em o n s tra te  the  fe a s ib i l i ty  of  ap p ly in g  
the  c a l ix a ren e  po lym eric  m em b ran e  to the ana lys is  o f  sodium . The a d v a n ta g e o u s  
im p lica t io n s  of a F IA  system  re g a rd in g  p rec is ion  an d  a ccu racy  as w ell as the  
p o te n t ia l  h igh  sam ple th ro u g h p u t  w ill be d e m o n s tra te d  w ith  respect to the 
analysis  o f  sodium  in  c l in ica l  sam ples i.e. b lood plasma.

F in a l ly ,  i t  will be show n  th a t  w ith  th is a p p ro ach ,  good p rec is ion  a n d  
accu racy  can be ach iev ed  fo r  a d i f f i c u l t  ana lys is  using  very  sim ple an d  
inexpensive  in s tru m e n ta t io n .
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3.11 A PP A R A T U S
A T echn icon  f lo w - th ro u g h  cell w h ich  in c o rp o ra te s  the ion-se lec tive  

e lec trode  m em brane  was em ployed  as the  d e te c t io n  cell . A p e r is ta l t ic  or 
a l te rn a t iv e ly  a ch ro m a to g ra p h ic  pum p (Waters A ssociates) e q u ip p e d  w i th  a 
ro ta to ry  in jec t io n  valve  w i th  in te rc h a n g a b le  sam ple  volum e loops served  to 
p rope l the  ca r r ie r  s tream . T h e  b r idge  e lec tro ly te  so lu t io n  passing th ro u g h  the  
re fe re n c e  e lec trode  was p u m p ed  w ith  a co m p u te r  con tro l led  p rec is ion  so lvent 
d e l iv e ry  system. The m easu r in g  device  used was a P h il l ip s  PW 9421 p H -m il l iv o lt  
m e te r  w h ich  was connec ted  to a Linseis  16512 c h a r t  reco rder.  A th i r d  p la t in u m  
a u x i l i a ry  e lec trode  to red u ce  noise level a ssoc ia ted  w ith  the m easu rem en t 
com ple ted  the  req u ired  e lec trochem ica l system.

T h e  analysis  o f  p lasm a samples by f lam e  p h o to m e try  was c a r r ie d  o u t  w i th  a 
IL 943 f lam e  photom eter.

3.12 M A T E R IA L S A N D  SAMPLES
A ll chem icals  used f o r  e lec tro ly te  so lu tions (N aC l, LiCl, KC1, C a C ^ ,

M g C ^  ) were o f  a n a ly t ic a l  reag en t  g rade  an d  th e  solutions p re p a re d  in 
d is t i l led -d e io n ized  w ater .  Salts o f  tr is  b u f f e r  w ere  o b ta in e d  from  Sigma. T h e  
c a l ix a re n e  ionophore  em ployed  was f ro m  the  sam e source as fo r  the  w o rk  
p re sen ted  in chap te rs  1 a n d  2. T he  p las tic ise r  m e d ia to r  2 -n i tropheny l  oc ty l 
e th e r  (2-NPOE), the  l ip o p h il ic  a d d i t iv e  p o ta ss iu m  p - te trak is -ch lo ro p h en y l  
b o ra te  (K pTClPB), p o ly (v in y l  ch lo ride)  (PVC) a n d  te t r a h y d ro fu ra n  (T H F ) w ere  all 
su pp lied  by F luka.
P lasm a samples w ere o b ta in e d  f ro m  the  B io ch em is try  d e p a r tm e n t  a t  St. Jam es 
H o sp ita l ,  D ub lin .  T h e  hosp i ta l  p ro v id ed  the  resu lts  fo r  the sod ium  ana lys is  
p e r fo rm e d  w ith  the  Smac T ech n ico n  3 analyser.
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3.13 M EM BRA NE A N D  E L E C T R O D E  P R E P A R A T IO N
For the  th in  f i lm  m em branes,  a m aste r  m em brane  was p re p a re d  a cco rd in g  to 

the  fo llow ing  p rocedure :  in  a 5 ml glass sam ple bottle , 6  mg o f  io n o p h o re  w ere  
d issolved in  600 mg of so lvent m ed ia to r  toge the r  w ith  1.5 mg o f  ion  exchanger .  
T h e  m ix tu re  was s t i r r e d  a n d  s ligh tly  h e a te d  on a hot p la te  m agne tic  s t i r r e r  fo r  
a p p ro x im a te ly  5 m inu tes .  When the a d d e d  salts w ere com ple te ly  dissolved, 300 
mg of PYC was a d d ed  to the  m ix tu re .  U n d e r  c o n tin u o u s  v igorous s t i r r in g  ab o u t  2 
ml o f  T H F  was a d d e d  to th is  solution. T h e  resu l t in g  so lu tion  was a l lo w ed  to 
settle  to e l im ina te  bubbles  fo rm e d  d u r in g  the s t i r r in g  stage an d  the  re su l t in g  
volum e d iv id ed  an d  p o u red  in to  2.0 x 1.5 cm glass m oulds set on glass plates.
T he  moulds co n ta in in g  the  l iq u id  cockta il  w ere covered  w ith  tissue  to absorb  
the T H F  v apour  a n d  su b seq u en tly  a heavy  object was p laced  on top  to p re v e n t  the 
co ck ta il  leak ing  f ro m  the  m ould. A f te r  a p p ro x im a te ly  24 hours  the  T H F  had  
ev ap o ra ted  leav ing  a yellow ish  t r a n s p a re n t  f lex ib le  m em brane  a ro u n d  0 . 1 -0 . 2  mm 
th ick . D isks of 9 m m  d ia m e te r  were cu t  out using  a co rk  bo re r  a n d  p laced  on a 
p las tic  p la te  w h ich  ac te d  as a support.  T h e re a f te r  a sm all ro u n d  c o n ta in e r  
w hich  holds the in te rn a l  f i l l in g  solu tion (0.1 M N aCl) was pos it ioned  on top  of 
the  m em brane  p late , a n d  c lipped  in p lace  pressing  the  m em b ran e  a g a in s t  the 
perspex  block.

3.14 F IA  A R R A N G E M E N T
A sim ple s ing le -l ine  F IA  a r ra n g e m en t  w as used  th ro u g h o u t  th is  

inves tiga tion . T he  in i t ia l  ap p ro ach  ta k e n  was to assess the o u tp u t  s ignal 
s tab i l i ty  f ro m  the ISE cell to the c h a r t  recorder.  I t  is a well k n o w n  f a c t  
th a t  a lm ost all o f  the  p a r ts  o f  the  FIA  system a f f e c t  the  general s ta b i l i ty  and  
noise level of the  response signal. The ISE m em brane ,  e lec tr ica l  leads,

178



connec ting  m a n ifo ld  f i l led  w ith  h igh c o n d u c tin g  e lectro ly te , pum p an d  va lve  
a c tu a t io n ,  pos it ion ing  of  the re fe ren ce  e lec trode  a n d  so fo r th  are  key aspects  
to be considered. These  aspects w ere c a re fu l ly  ta k e n  in to  accoun t in des ign ing  
the  system layout.

PVC tu b in g  in 2 cm d iam ete r  coils a ro u n d  a tu b e  support  (25 cm long) was 
connec ted  to the  o u tle t  o f  the c h ro m a to g ra p h ic  pu m p  and  then  to the  in je c t io n  
port. In  the  same w ay the  ou tle t  o f  the  b r id g e  e lec tro ly te  de livery  system  was 
connec ted  to the in le t  o f  the d e tec to r  cell by a 40 cm long coiled (2 cm 
d iam ete r)  PVC tube  0.5 mm i.d. A gas c y l in d e r  c o n ta in in g  a ir  acted  as a source 
of  pressure  fo r  p u m p in g  the  bridge  e lec tro ly te .  A pressure t ra n sd u c e r  was 
p laced  in  a 1 l i te r  glass co n ta in e r  an d  the  c o n ta in e r  f i l le d  h a lf  o f  its vo lum e 
w ith  b r idge  re fe ren ce  elec tro ly te  (0.1 M KC1) solu tion . The t ra n sd u c e r  was 
connec ted  to a gas so lenoid  valve w h ich  was in  tu rn  connec ted  to a d i f f e r e n t i a l  
a m p li f ie r  an d  to a BBC m icrocom puter .  The so f tw a re  enabled  the c o m p u te r  to 
d e tec t  any  drop  in  the  pressure  p u m p in g  the sa lt  b r idge  e lec tro ly te  f ro m  the  
reservoir ,  an d  to com pensate  by open ing  the  gas so lenoid  valve. H ence  the  
b ridge  e lec tro ly te  f lo w ed  a t  a cons tan t ra te  w i th o u t  an y  pulsation.

In o rd e r  to e l im in a te  u n d es irab le  noise it  was decided  to use a th i rd  
a u x i l ia ry  e lectrode. T h is  was ach ieved  by in t ro d u c in g  a 1.5 cm p la t in u m  w ire ,  
so ldered to a m eta ll ic  conduc to r ,  th ro u g h  an  open ing  m ade in the  tu b in g  going 
to waste. The o r i f ic e  was th en  sealed  w ith  epoxy resin  an d  the  e lec trode  
connec ted  to earth .

In genera l  the  use o f  a th i rd  a u x i l i a ry  e lec trode  has been suggested as 
an  a l te rn a t iv e  to e l im in a te  u n d es irab le  e lec tro s ta t ic  ac tion  genera ted  by the  
pum p  an d  valve a c tu a t io n .  A n o th e r  a p p ro a c h  w id e ly  recognised as a so lu t io n  to 
reduce  e lec tros ta tic  in te r fe ren c e s  is the  iso la tion  o f  the  de tec tion  system
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in a f a r a d a y  cage. A lthough  th is  op tion  can  be e q u a l ly  e f f ic ie n t  i t  seemed 
less co n v en ien t  f ro m  a p ra c t ic a l  po in t  o f  view.

H ow ever,  to f u r th e r  m in im ize  in te r f e r in g  noise the  d e tec tion  cell was 
com pletely  iso la ted  by m oun tin g  it ins ide  an  a lu m in iu m  box w hich  ac ted  as a
f a r a d a y  cage. A p p ro p r ia te  holes w ere d r i l le d  in  the  box to p e rm it  the  
co m m u n ica t io n  of tu b in g  w ith  the cell. T he  box was th en  g ro u n d ed  f ro m  at  least 
two d i f f e r e n t  po in ts  and  closed w ith  an a lu m in iu m  lid.

To p rev en t  noise associa ted  w ith  the  in jec t io n  valve  a c tu a t io n  two
e a r th in g  w ires  connec ted  it to the f a r a d a y  cage.

A n o th e r  im p o r ta n t  co n tr ib u t io n  to the noise level in the system is the 
posit ion ing  o f  the  re fe ren c e  e lec trode  in a F IA  system. T h is  aspect m ay  become 
c ruc ia l  a n d  th e re fo re  m ust be c a re fu l ly  considered  [69]. A m ax im um  d is tan ce  of 
10 cm be tw een  the ISE an d  re fe ren ce  e lec trode  can  be considered  accep tab le  fo r  
most cell c o n f ig u ra t io n s  w hen  both  e lec trodes m ust rem ain  separa ted . H ow ever,  
in  the  p re sen t  e x p e r im en ta l  cond it ions  the  r e fe ren c e  e lec trode  rem a in e d  ab o u t  2  

cm aw ay  f ro m  the ISE m em brane  a n d  no f u r th e r  c o n t r ib u t io n  w as expec ted  f ro m
this sourse .

A schem atic  o f  the  FIA  set up  is show n in  Fig. 3.10. P rev ious to the 
fu n c t io n in g  of  the  FIA  system the  e lec trode  design  u n i t  d ic ta ted  the  necessity  
of e s tab lish ing  the  f low  ra te  of the  b r idge  e lec tro ly te  solution. T he  o p t im u m  
flow  ra te  h a d  to be fa s t  enough so as to avo id  c o n ta m in a t io n  o f  the  re fe ren c e  
e lec tro ly te  channe l  by the  c a r r ie r  s tream  a n d  re la t iv e ly  slow to e n te r  the 
waste c h a n n e l  toge ther  w i th  the  sam ple  r a th e r  th a n  passing by the  ISE 
m em brane . A ccord ing ly ,  the  velocity  of  bo th  s tream s was assessed in  a b road  
m arg in  o f  f low  ra tes  by  passing a dye so lu tion  e i th e r  as a ca r r ie r  s tream  or as 
a re fe ren c e  e lec tro ly te  an d  observ ing  the  possible b a c k -d if fu s io n  in e i th e r
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Fig. 3.10 Schem atic  d iagram  of th e  flow in jec tion  m easuring  system.
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d irec tion .  The resu lts  o f  this w ork  show ed  th a t  the co n ta m in a t io n  o f  one or 
the o th e r  channel s tream  d id  no t occur a t  a n y  ex ten t  in a w ide ra n g e  o f  f lo w  
ra tes  used. Only  w h en  the  re fe ren c e  e lec tro ly te  f low  ra te  was as low as 0.3 ml 
m in '*  an d  the c a r r ie r  s tream  passed a t  f lo w  ra tes  above 3.4 ml m in '*  was 
the dye  so lu tion  seen to in v ad e  the  r e fe re n c e  e lec trode  channel a n d  p roduce  
co louring  of  the  b r id g e  e lec tro ly te  solution.

B efore  in c o rp o ra t in g  electrodes in to  th e  system  they  were c a l ib ra te d  by 
d e te rm in in g  th e ir  slopes u n d e r  s tead y -s ta te  cond it ions  in N aC l so lu tions 
ran g in g  f ro m  1 xlO ' 4  M to 1 x 10'* M. In  all cases e lectrode m em branes  
w ith  slopes over 55.0 m V  decade"* w ere  used.

T h e  m em branes w ere  p laced  on the p la s t ic  p la te  a n d  le f t  to c o n d i t io n  in  a 
b eak e r  con ta in in g  0.1 M  N aC l fo r  a t  least h a l f  an  h o u r  p r io r  to use.

3.15 E L E C T R O D E  RESPON SE
T h e  genera l  s ta b i l i ty  an d  noise level was ex p erim en ta l ly  assessed by 

exposing the  m e m b ran e  e lec trode  to a c a r r i e r  s tream  co n ta in in g  1 x 10 M 
N aC l an d  1 x 10'* M  LiCl. T h e  in c o rp o ra t io n  of  sod ium  in  the  c a r r ie r  
com position  p rev e n te d  the m em b ran e  f ro m  b e in g  re d u n d a n t ,  p ro v id e d  a m ore stable 
base-line  response, im p ro v ed  d y n am ic  fa c to r s  in f lu e n c in g  response  t im e  to 
sod ium  in jec tions  a n d  p ro v id ed  a m ore  e f f i c i e n t  w ash  ou t cycle. L i th iu m  at  
re la t iv e ly  h igh  c o n c e n tra t io n  decreases s t ream in g  po ten tia ls  an d  ac ts  as an  
ion ic  s tren g th  ad ju s to r .  In  all ins tances ,  the  c a r r ie r  s tream  so lu tions 
em ployed w ere  f i l t e r e d  in a m ill ipore  system  a n d  degased fo r  15 m in u te s  in  an 
u l tra so n ic  bath .

A considerab le  degree  o f  noise was observed  w hen  the H P L C  p u m p  was 
sw itched  on. T h is  de l ive red  the  c a r r ie r  s tream  th ro u g h  the  e lec trode  a t  a f lo w
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ra te  of 1.0 ml m in '^ .  A s tab il isa tion  t im e of  a t  least one h our  was fo u n d  to 
be necessary  u n d e r  the  s ta ted  cond it ions  w i th  th is  pum p. H ow ever,  a co n tin u o u s  
m onotonous base l ine  d r i f t  o f  3.0 to 4.0 mV per h ou r  a n d  occasional base line  
f lu c tu a t io n s  were still  observed even w h en  the system  reach ed  its m ax im u m  
stab ility .

A new  ion-selective  e lec trode  m ay ten d  to shed  the  sam ple s tream  
so lu tion  because o f  the h igh su rface  tens ion  o f  the m em b ran e  [36]. In  th is 
respect R u z ick a  et al [36] have  suggested  the  a d d i t io n  o f  a non-ion ic  n e u t ra l  
s u r f a c ta n t  or 1 % g lycerine  to the  co n d i t io n in g  so lu tion  as well as to the 
ca r r ie r  s tream  to ensure  an even coverage  of  the  m em brane . H o w ev er  the 
in t ro d u c t io n  of s u r f a c ta n t  was not co n s id e red  e i th e r  in  th e  ca r r ie r  s t re a m  or 
the co n d i t io n in g  so lu tion  a n d  the c o n d it io n s  s ta ted  above  m ark ed  the  in i t ia l  
stage o f  th is  work.

To d e te rm in e  the basic response p ro p er t ie s  of  the  e lec trode  in the  FIA
-  1system, re p e t i t iv e  in jec tions of 25 ul o f  1 x 10 to 1 x 10 M N aC l w ere  

in t ro d u c e d  in  the  c a r r ie r  s tream  by load in g  the  sam ple loop w ith  a m a n u a l  
syringe. T he  leng th  o f  the  tu b in g  f ro m  in je c t io n  port  to de tec t io n  cell was 50 
cm. T h e  in jec tions  gave rise to large responses in  ev e ry  case b u t  w i th  ve ry  
poor d isc r im in a t io n  be tw een  co n c e n tra t io n s  (Fig. 3.11). D espite  th is  
inco n v en ien ce  p eak  he ights  w ere  r e p ro d u c ib le  to re p e a te d  in jec tions  o f  the  test 
so lutions a n d  alm ost in s tan tan eo u s  responses w ere observed  f ro m  the  t im e the  
sample was in jec ted  u n t i l  i t  reach ed  the  top of  the peak. H ow ever,  r e tu rn  to 
base l ine  was incom ple te  an d  ach ieved  only  a f te r  a few  m inu tes  fo r  the  0.1 M 
in jection.

A lth o u g h  a h igh co n c e n tra t io n  o f  l i th iu m  is p resen t in  the  c a r r ie r  
s tream  (0.1 M) in  re la t io n  to a m uch low er co n c e n tra t io n  o f  sod ium  (10 '^  M)
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the  se lec tiv ity  c o e f f ic ie n t  -2.45 (separa te  so lu tion  m ethod) w ould
still  a p p e a r  to p e rm it  a fa v o u ra b le  response to sod iu m  ions, a t  least u n d e r  
s teady-s ta te  conditions.  H ow ever,  th is  com posit ion , a l th o u g h  p rov ing  to be 
a d v an tag eo u s  f ro m  the  po in t  o f  v iew th a t  i t  was w i th o u t  per io d ic  noise, 
(perhaps  owing to the  h igh  e lec tro ly te  c o n c e n tra t io n )  seemed to suggest th a t  
the  e lec trode  response to l i th iu m  ions c a n n o t  be overcom e qu ick ly  enough  to 
p e rm it  the  ra p id  passing so d iu m  so lu tions to d o m in a te  the  e lec trode  response. 
O nly  w hen  the f low  ra te  was low ered  to 0.3 ml m in '^  was the  size a n d  
d isc r im in a t io n  be tw een  c a l ib ra t io n  peaks im proved .  T he  presence of  double  
peaks im plied  some in te r f e r e n t  was presen t. C onsequen tly ,  the l i th iu m  ions 
w ere  rem oved  f ro m  th e  c a r r ie r  s tream . D oub le  peaks h av e  been com m only  re la ted  
to the response of  the  e lec trode  to an  in te r f e r in g  substance . The exclusion  of

iL i+ f ro m  the c a r r ie r  s tream , m a in ta in in g  10 M  N aCl im p ro v ed  the 
d isc r im in a t io n  am ong peaks fo r  in jec tions  o f  the  same test solutions. H o w ev er  
a m ore noisy base l ine  was in tro d u ced .  T h e  use of a sho rt  C jg  
ch ro m a to g rap h ic  co lum n was used to decrease  the  pulse caused by the  pum p. 
A lthough , the  co lum n d id  red u ce  the base l ine  noise only s ligh tly  the  m a in  
p rob lem  p resen ted  was the  bu ild  up of  p ressure  w h en  h ig h e r  f low  ra tes th a n  2  ml 
m in '*  w ere  a ttem pted .  A n o th e r  a t te m p t  to red u ce  noise invo lved  in te rp o s in g  
a glass pulse suppressor im m ed ia te ly  b e fo re  the  in je c t io n  valve. A lthough ,  
th is  d id  no t rem ove noise com ple te ly , d id  p ro v id e  a m ore  accep tab le  baseline.

T he  a d d i t io n  o f  sm all am oun ts  o f  K +, C a2+ and  Mg2+ a t  
c o n cen tra t io n s  o f  5.0, 1.0 and  1.0 mmol I ' 1 re sp ec t iv e ly  (all ch lo ride  salts) 
a n d  the  rep lacem en t  o f  1 x 10" 3  M  c o n c e n tra t io n  o f  sod ium  w ith  0.1 M  in  the 
c a r r ie r  s tream  com position  g rea t ly  e n h an ced  the  q u a l i ty  of the  signal in  
re la t io n  to d r i f t  a n d  noise. 50 f ll  o f  0.14 M N aC l sam ple  solutions were
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Fig. 3.12 D epic tion  o f  the response o f  the  N a + ISE de tec to r  cell to 0.14 M 
N a + in jections. C a r r ie r  s tream  (m m ol 1"*): K + (5.0), C a 2+ (1.0), Mg2+ 
(1.0), N a + (100.0); f low  rate: 1 ml m in*1; tu b in g  length: 50 cm (i.d. 0.5 
m m ) sam ple  volume: 50 fil.
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in jec ted  an d  the resu l t in g  peaks reco rded  (Fig. 3.12). A rap id , rep ro d u c ib le  
and  re la t iv e ly  stable  response was th en  o b ta in e d  co rro b o ra t in g  some o f  the  
basic  ch a ra c te r is t ic s  o f  the  sensor a l re a d y  fo u n d  in  b a tc h  experim ents.

3.16 O PT IM ISA T IO N  O F T H E  ISE RESPONSE TN T R A N S IE N T  C O N D IT IO N S 
F ro m  an  an a ly t ic a l  po in t  o f  view , there  a re  two im p o r ta n t  peak  p a ra m e te rs  

w hich  m ust be con tro l led  in every  FIA  system n am ely  the  peak h e ig h t  a n d  the 
tim e ta k e n  to re-estab lish  the  o r ig ina l  base line. T hese  pa ram e te rs  d e f in e  tw o 
aspects w h ich  are  fu n d a m e n ta l ly  im p o r ta n t  fo r  the  success of  any  a n a ly t ic a l  
m ethod; e.g. sens i t iv i ty  a n d  sam ple th ro u g h p u t .  T h e  in f lu e n c e  of  ex p e r im e n ta l  
var iab les  on the d ispers ion  a n d  th e re fo re  on the  p eak  shape  had  th e re fo re  to be 
fu l ly  inves tiga ted .

3.16.1 In jec t ion  Volum e
To exam ine  th e  in f lu e n c e  of  sam ple vo lum e on the  an a ly t ica l  s ignal 

response, in jec tions  o f  20, 50, a n d  1 0 0 /ll o f  test so lu tions co n ta in in g  1 x 
10 M  N aC l w ere in t ro d u c e d  in to  a c a r r ie r  s tream  w i th  an  ionic b a c k g ro u n d  of 
KC1 5.0 mmol I ' 1, C aC l 2  1.0 mmol I ' 1, M gCl 2  1.0 mmol I" 1 a n d  tr is  
b u f f e r  p H  7.4. T he  resu lts  a re  lis ted  in tab le  3.1. F ig u re  3.13 shows th a t  
inc reas ing  the in jec t io n  vo lum e produces a la rg e r  an a ly t ic a l  signal. O n the  
o th e r  h a n d  the  la rge r  the  sam ple  vo lum e is, the  longer i t  takes to pass th ro u g h  
the de tec to r .  These longer  sam ple  residence tim es increase  the poss ib ility  o f  
a t t a in in g  the  s teady-s ta te  (N ern s t ian )  po ten tia l .  T h e  a t ta in m e n t  o f  a s tead y  
sta te  is, o f  course u nnecessa ry  in f low  in jec t io n  a n d  is ach ieved  a t  the cost 
o f  sam ple  th ro u g h p u t  an d  h ig h e r  consum ption  o f  sam ple  and  reagen t  volumes. 
F ig u re  3.13 shows ty p ica l  reco rd ed  peaks fo r  in jec t io n s  o f  the  same
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c o n c e n tra t io n  a t  in c re a s in g  sam ple  volum es a n d  a t race  den o tin g  th e  m a x im u m  
value  co rrespond ing  to the  s teady-s ta te  signal. A 100 / i l  sam ple  gives a b o u t  
81 % o f  the  e q u i l ib r iu m  p o te n t ia l  va lue  a t  a f lo w  ra te  of  1.5 ml min"*. T h e  
assum ption  th a t  la rg e r  sam ple volum es w il l  p e rm it  the  a t ta in m e n t  o f  
s teady -s ta te  c o n d it io n  can  not be genera lised  ow ing  to the t im e response  
d ep en d en cy  o f  the ISE. In  fac t ,  i t  has been show n  th a t  a t  h igh  co n c e n tra t io n s  
of F “ in  ca r r ie r  s tream s i.e. above  1 mg 1'^, th e  f lu o r id e  ion-se lec tive  
e lec trode  can  a t ta in  s tead y -s ta te  po ten tia ls  w i th  sam ple  volum es of  1 0 0 - 2 0 0  [jl 1 , 
w h ile  a t  low er co n cen tra t io n s ,  even a 5 ml sam ple m ay no t b ring  the  response  to 
a steady  s ta te  c o n d it io n  [67].

Sample vo lum e P eak  h e ig h t % e q u i l ib r iu m
mV p o te n t ia l

2 0 ( l l 39.0 44.5
50 (Jil 57.2 65.2

1 0 0  jU. 1 71.1 81.0

T ab le  3.1 In f lu e n c e  o f  sam ple  vo lum e on the  e lec trode  response.
Sample c o n c e n t ra t io n  is 1 x 10“ M NaCl.

3.16.2 E f f e c t  o f  F low  R a te
T h e  e f fe c t  o f  f lo w  ra te  w as in v e s t ig a te d  w i th  co n s tan t  v o lum e o f

-9 +sam ple solution. T he  sam ple  co n ta in in g  1 x 10" M  of N a was in je c te d  in 
the  same c a r r ie r  s tream  as th a t  described  above in section 3.15.1. T h e  len g th  
of  the  m a n ifo ld  be tw een  in je c t io n  p o rt  a n d  d e te c t io n  cell was 37.5 cm a n d  th e
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Fig. 3.13 F IA  scans f o r  ca l ix a re n e  based  ISE i l lu s t r a t in g  the  e f f e c t  o f  sam ple  
vo lum e on the  e lec trode  response.
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in je c te d  volum e 50 fil. A cco rd ing  to the  resu lts  re c o rd e d  in Fig. 3.14, w h en  a
co n s ta n t  volum e of  sam ple is in t ro d u c e d ,  the  re s id en ce  tim e is in v e rse ly
p ro p o r t io n a l  to the  f lo w  ra te .  In  f a c t  a t  th re e  d i f f e r e n t  f low  ra tes  (0.5, 1.5 
an d  2 . 8  ml min"^), the  responses in  peak  h e ig h t  fo r  those peaks o b ta in e d  a t
2.8 ml m in '^  w ere ab o u t  89 % of the  peaks re c o rd e d  a t  1.5 ml m in '^ ,  a n d  the  
la t te r  ab o u t  71 % o f  the ones reco rd ed  a t  0.5 ml min"^. A ccord ing  to th is  
re la t io n sh ip ,  one w ould  th in k  th a t  the  low est f low  ra tes  w ould  most l ik e ly  lead  
to va lues  near  to, or a t,  the  s tead y  s ta te  cond it ion .  H ow ever ,  th is m ay no t be 
the  case, since low er f lo w  ra tes  w ou ld  also lead  to longer response tim es, 
ow ing  to the th ick e r  s ta g n a n t  layer  a t  the  b o u n d a ry  o f  ISE m em brane  a n d  sam ple 
solu tion. The op tim al co n d it io n s  w ill  be d e p e n d e n t  on all the  fa c to rs
in f lu e n c in g  the response t im e  of  the  e lec trode  e.g., the  cond it ion  o f  the 
m e m b ran e  electrode, the  c o n c e n tra t io n  o f  N a + ions in  the c a r r ie r ,  the
d ire c t io n  o f  the co n c e n tra t io n  change, the  m a g n i tu d e  o f  the  co n c e n tra t io n  jum p, 
etc..

T h is  was p a r t ly  d em o n s tra te d  by e x a m in in g  the  in f lu e n c e  o f  f lo w  ra te  
u n d e r  d i f f e r e n t  co n d it io n s  to those a l re a d y  descr ibed .  1 0 0  jU. 1  in jec t io n s  o f  
0.155 M NaCl w ere in je c te d  in  the  same c a r r ie r  s tream  m en tioned  above except 
th a t  in  th is  case it  c o n ta in e d  0.1 M  N aC l, a n d  the  d is tan ce  betw een  in je c t io nI
p o r t  a n d  the ISE was 30 cm  long, As can  be seen f ro m  Fig. 3.14 a d ecrease  is 
observed  w ith  in c reas in g  f lo w  ra te  because  the  response tim e of the  e lec trode  
is no t  f a s t  enough to fo l lo w  the  step  change  in  co n cen tra t io n .  H ow ever,  as 
f low  ra te  increases, sp ec if ica l ly  over 2.7 ml m in '^  the  signal tends  to 
inc rease  a n d  ap p ro x im a te  to those va lues  o f  1.0 ml m in '* .  T h is  opposite  
b e h a v io u r  to th a t  show n in  Fig. 3.13 w ou ld  suggest th a t  the decrease  in  the  
response tim e of  the e lec tro d e  due  to a th in n e r  s ta g n a n t  layer  is m ore
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Fig. 3.14 E f fe c t  o f  d i f f e r e n t  f low  ra tes  on the  response of  N a+ ISE in  a 
f low  in je c t io n  system, (a) 0.5, 1.5 a n d  2.8 ml m in '* ;  c a r r ie r  s tream : K +,

9  4* 7+Ca a n d  Mg a t  u su a l  c o n cen tra t io n s  (all ch lo r id e  salts) an d  tr is  b u f f e r  
a t  pH  7.4; in jections: 50 1 1 x 10" 2  NaCl; tu b in g  length: 37.5 cm; (b) 0.5,
0.8, 1.0, 1.2, 1.6, 1.9, 2.3, 2.7, 3.0, 3.4, 3.7 ml m i n '1; c a r r ie r  stream: as
in (a) w ith  f u r th e r  a d d i t io n  o f  0.1 M NaCl; in jec tions: 100 1 0.155 M  NaCl;
tu b in g  length: 30 cm).
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s ig n if ic a n t  th an  the  e f f e c t  p ro d u ced  by a sh o r te r  res idence  tim e o f  the  sam ple 
u n d e r  these conditions. As can  be seen f ro m  these  resu lts  the  overall  m a g n i tu d e  
of  the  peak  heigh t w ill  d e p e n d  on the  ex p e r im e n ta l  cond it ions  adop ted .

A conside ra t ion  in  re la t io n  to f low  ra te  is th a t  the  w id th  o f  peaks 
decrease  w ith  in c reas in g  f lo w  rates. This  is obv iously  an  a d v an tag e  w hen  h igh  
sam ple th ro u g h p u t  is re q u ire d ,  a l th o u g h  th is  shou ld  be w eighed  a g a in s t  the 
low er sensit iv ity  o b ta in e d  an d  the poss ib il i ty  o f  c ross-co n tam in a tio n  be tw een  
samples w hen very  f a s t  f lo w  ra tes  a re  em ployed.

3.16.3 M an ifo ld  L eng th
T he  e f fe c t  on v a r ia t io n  o f  the  len g th  o f  the  single m a n ifo ld  used  was 

in ves tiga ted .  The ex p e r im en ts  consisted  in  in te rp o s in g  th ree  d i f f e r e n t  lengths 
of  coiled  an d  non-co iled  PV C  tu b in g  (14.0, 30.0, an d  52.0 cm, all 0.5 m m  i.d.), 
b e tw een  the  in jec t io n  va lve  an d  th e  d e tec t io n  cell an d  reco rd ing  the  size o f  
the  s ignal a t  inc reas ing  f lo w  rates. T ab le  3.2 shows th a t  there  was a lm ost no 
in f lu e n c e  on peak  h e ig h t  a r is ing  f ro m  these  v a r ia t io n s  in  tub ing  geom etry  an d  
c o n f ig u ra t io n  except f o r  a s light decrease  in  sen s i t iv i ty  observed  w hen  
in jec tions  are  m ade in  th e  50 cm m a n ifo ld  system. F u r th e r  a t tem p ts  to ob ta in  
an  en h an cem en t o f  th e  s ignal by co iling  the  tu b in g  proved  u nsuccessfu l  a t  the  
th re e  lengths  inves tiga ted .

3.16.4 C a r r ie r  C om position
D u rin g  the course  o f  the e x p e r im e n ta l  w o rk  w ith  FIA , problem s 

associa ted  w ith  d i f f e re n c e s  in  m a tr ix  com position  o f  test so lu tions in jec ted  
a n d  the  c a r r ie r  s tream  w ere  con s tan tly  faced . T ra n s ie n t  signals w h ic h  d id  not 
resu lt  f ro m  changes in a n a ly te  co n c e n tra t io n  w ere o f te n  encoun tered . These
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T u b in g  len g th  (cm)
Flow  R a te  14
ml min"^

0.5 11.9
0.8 10.8

1.2 10.4
2.0 9.0
2.4 8.7
2.8 8.5
3.2 8.0
3.6 7.5

32 50 50(coiled)
p eak  h e ig h t  (cm)

12.5 1 2 . 1 1 2 . 0

1 1 . 2 1 1 . 0 10.9
1 0 . 2 1 0 . 1 1 0 . 2

9.2 9.1 8.7
8 . 6 8.4 8.4
8 . 2 8 . 0 7.9
8 . 0 7.6 7.7
7.5 7.1 7.0

T ab le  3.2 E f f e c t  of d i f f e r e n t  tu b in g  leng th  on peak he ig h ts

problem s have  been also reported  by o th e r  w orkers  [69] a n d  i t  has  been  
suggested  th a t  these t ran s ien ts  m ay a p p e a r  e i th e r  as a re su l t  o f  ano m alo u s  ISE 
b e h a v io u r  [69] or d u e  to t ra n s ie n t  l iq u id  ju n c t io n  an d  s tream in g  p o te n t ia ls  
[70]. To m in im ise  these  e ffec ts  the  com posit ion  of  th e  c a r r ie r  s t re a m  sho u ld
be as s im ila r  as possible to th a t  o f  th e  sam ples. With view to a n a ly t ic a l  
a p p lica t io n s  in  p lasm a samples, the  m a in  aspects  to be cons idered  invo lve  the  
pH  a n d  ion ic  s t re n g th  of  samples. A l th o u g h ,  the  physio log ical p H  o f  p lasm a
samples var ies  in  a v e ry  reduced  range  (7.35 - 7.45) th e re  is still  n eed  fo r  
a d ju s tm e n t  even i f  n o rm a l p a t ie n t  p lasm a is be ing  de te rm ined . T he  u n iv e rsa l ly  
em ployed  tr is  b u f f e r  [71] is usefu l  in th is  case. As fo r  ion ic  s t ren g th ,  the 
obvious need  to reduce  the  ra th e r  large a n d  v a ry in g  e f fe c t  o f  in te r io n ic

193



in te rac t io n s  in p lasm a samples req u ire s  the  ad d i t io n  of  some p lasm a  
e lectro ly tes to the c a r r ie r  stream.

T he  e f fe c t  o f  severa l c a r r ie r  s tream  com positions on the  e lec tro d e  
response was s tu d ied  w ith  v iew  to d e te rm in e  w h ich  would su i t  best the  
req u irem en ts  of  N a + p lasm a d e te rm in a t io n .  T a k in g  in to  co n s id e ra t io n  th a t  the 
m ain  ca t io n ic  com ponents  of  the p lasm a sam ple  m a tr ix  should be ad d e d ,  an 
app roach  s im ila r  to th a t  tak en  by  o th e r  w orkers  was fo llow ed  [72], T h is  
invo lved  the  a d d it io n  o f  KC1 (5.0 mm ol 1'^), C a C ^  (1.0 mmol I*1) a n d  
M g C ^  (1.0 mmol I"1). T ris  b u f f e r  (pH 7.4) was also added  to the  c a r r ie r  
as well as 10 mmol 1"  ̂ o f  L iC l to increase  the  ion ic  s treng th  of  th is  m obile  
phase. T he  results  show n in Fig. 3.15a w ere  reco rd ed  a f te r  in jec tion  o f  100 /Xl 
of  test samples co n ta in in g  p u re  sod ium  so lu tions ran g in g  f rom  1 x 10’^ M  to  1 
x 1.5‘ * M a t  a f low  ra te  of  1.6 ml m in '^  th ro u g h  a 30 cm m a n ifo ld .  
A d d it io n a lly ,  the same cond it ions  w ere  used  to reco rd  peaks o b ta in e d  a f t e r  
inc lu d in g  the  same b ack g ro u n d  e lec tro ly te  p resen t  in  the  ca rr ie r  s t re a m  to the  
test samples (Fig. 3.15b). In  b o th  cases th e  response signals m easu red  over

_7the base line  a re  a lm ost id e n t ic a l  fo r  c o n cen tra t io n s  above 1 x 10 M, 
in d ica t in g  th a t  the  overa ll  response o f  the  e lec trode  is d o m in a ted  by  the  
am o u n t o f  sod ium  p resen t in  the sample. T ra n s ie n t  signals a p p ea r in g  below  the 
base line  a re  no t re la ted  to the  c o n c e n tra t io n  o f  the  analy te ,  a l th o u g h  th ey  
increased  w ith  the  sam ple  co n cen tra t io n .  H ow ever,  the  im p o rtan ce  o f  m a tr ix
m atch ing  becomes a p p a re n t  w h en  one com pares  samples w h ere  the  sod ium

9 - -4co n c e n tra t io n  is below 10 M. In jec t io n s  o f  p u re  sodium  ch lo r id e  a t  10
M (i.e. m a tr ix  no t m a tch ed )  p roduce  a la rge  in i t ia l  a r t i f a c t  w hich  m asks an y

-3an a ly t ica l  in fo rm a t io n  (Fig. 15a; in jec t io n  1) w hile  a t  the 10 M  level, a 
small an a ly t ica l  peak  is jus t  observab le  im m ed ia te ly  a f t e r  the a r t i f a c t
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Fig. 3.15 FIA  peaks fo r  c a l ix a ren e  based  ISE acco rd in g  to its response to two
d i f f e r e n t  s tandards :  (a) lx lO ' 4  M  to 1.55X10"1 M  p u re  N aC l in jec tions ;  (b) 
l x i o ‘4 M  to 1.55 M  sod ium  in jec t ions  in  the  presence o f  ion ic  b a c k g ro u n d  as in
the  c a r r ie r  s tream . C a r r ie r  s t ream  c o n ta in s  KC1 5.0, C aC l 2  1.0, M gCl 2  a n d
LiCl 10.0 mmol I’ 1. pH  a d ju s ted  to 7.4 w i th  tr is  b u f fe r .
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(Fig. 15a; in jec t io n  2). With the  m atched  m a tr ix  samples, the results  are  
m uch better ,  w i th  the  a n a ly t ic a l  peaks fo r  10 ' 4  M  an d  10" 3  M sodium  
ch lo ride  in jec tions be ing  c learly  resolved (Fig. 15b, in jec t ions  1 and  2 
respectively).

S lan ina  et al [73] have  re p o r te d  the  b en e f i ts  o f  in c lu d in g  a background  
co n cen tra t io n  o f  the  m easured  ion to im prove the  response  tim e o f  n i t ra te  ISEs 
a t  low an a ly te  concen tra t io n s .  A lthough, the  a d d i t io n  o f  th is  background  
co n cen tra t io n  causes a fa s te r  e lec trode  response, s t ra ig h te n s  the ca l ib ra t io n  
curves to some ex ten t,  an d  allows fa s t  m easurem ents  n e a r  the  de tec tion  limit of 
the  e lectrodes, i t  also shortens  the  dynam ic  l in e a r  r a n g e  o f  the ISE. So, as 
is in v a r ia b ly  the  case in  any  an a ly t ic a l  m ethod, th e  f in a l  o p e ra t io n  conditions 
chosen will rep re sen t  a com prom ise be tw een c o n f l ic t in g  a n a ly t ic a l  param eters .

Bearing  th is  in m in d ,  in c reas in g  am ounts  of  N aC l ran g in g  f ro m  1 x 10‘ 4  M 
to 0.1 M w ere a d d e d  to the  same ca r r ie r  com posit ion  described  above and  
in jec tions of  the  same con cen tra t io n s  of  N aCl so lu tions  f ix e d  w ith  the ca rr ie r  
ionic b a ck g ro u n d  p e r fo rm e d  u n d e r  the cond it ions  a l re a d y  stated. As ind ica ted  
in  section  3.15, the  p resence or absence of  so d iu m  in  the  c a r r ie r  s tream  as 
well as th a t  o f  o th e r  substances  a n d  th e ir  c o n c e n t ra t io n  will c e r ta in ly  a f fe c t  
the  response of  the  ISE.

T able  3.3 shows th a t  the d ire c t io n  of  the  c o n c e n t ra t io n  change has an 
im p o r ta n t  e f f e c t  on the  observed  response. F o r  e x am p le  an  in jec t io n  of 10" 1  M 
sod ium  ch lo r id e  in to  a 10’ 3  M  sodium  ch lo r id e  c a r r i e r  (m atr ices  m atched) 
p roduce  a response o f  92.2 mV, w hereas  an  in je c t io n  o f  10 M  sodium  chloride  
in to  a 10" 1 M sod ium  ch lo r ide  c a r r ie r  (m atr ices  m a tc h e d )  gave a response of 
only  -33.0 mV. In  o th e r  words, the  peak  he igh ts  ( tab le  3.3) given by the N a + 
in jec tions show th a t  w h en  the  co n cen tra t io n  of  N a + in  the  sam ple  is h igher
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Peak  H e ig h t  (mV)
In jec ted C a rr ie r S tream  C om posit ion  (N a + mol I’ 1)
sodium I. B. iOX l x lO ' 3 lx lO ' 2  1x10'

mol 1 '* + I. B. + I. B. + I. B. + I. B.
l.OxlO ' 4 2 . 6 — 1 0 . 2 24.4 36.4
l.OxlO ' 3 14.0 13.4 ----- 20.6 33.0
l.OxlO ' 2 6 6 . 6 59.6 38.0 ------ 26.2
l.OxlO ' 1 134.0 126.2 92.2 42.8 -----
1 .5x l0 _ 1 147.2 137.8 104.4 52.2 7.8

T ab le  3.3 E f f e c t  o f  c a r r ie r  s tream  com posit ion  on the N a + e lec trode  
response to t r ip l ic a te d  100 ul in jec t io n s  of  v a ry in g  am ounts  of  NaCl.
Ion ic  b a c k g ro u n d  (I. B.): K + 5.0, Ca 1.0 an d  Mg 1.0 m m ol 1 
a n d  tr is  b u f f e r  pH  7.4.

th a n  in  th e  ca r r ie r ,  the  response o f  the  e lec tro d e  to a p a r t ic u la r  step change  
in  c o n c e n tra t io n  is la rge r  th a n  th a t  o f  a s im ila r  co n c e n tra t io n  change  in  the  
opposite  d irec t io n .  The progressive  su b t ra c t io n  of the  b ack g ro u n d  signal as 
the  am o u n t  o f  sod ium  increases in  the  c a r r ie r  com position  ( tab le  3.3) 
e v e n tu a l ly  leads to a response signal w h ic h  varies  over a range  o f  a b o u t  2 0  

m illivo lts  fo r  co n cen tra t io n s  of  sod ium  in  s im u la ted  plasm a sam ples ran g in g  
f ro m  100 mm ol I ' 1  to 180 mmol I"1. With such m il l iv o l t  span, w o rk  in  the  
h ighes t  sen s i t iv i ty  m ode o f  the  c h a r t  re c o rd e r  scale is feas ib le  fo r  p ra c t ic a l  
ap p lica t io n s  such as the  d e te rm in a t io n  o f  so d iu m  in  p lasm a samples. In  
a d d i t io n ,  a n o th e r  a d v a n ta g e  of  th is  a p p ro a c h  is th e  m uch  m ore s tead y  base line 
s ignal o b ta in e d  w ith  h igh  b a c k g ro u n d  co n c e n tra t io n s  o f  N a + in the  c a r r ie r
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A  em f. (mV)
-log[Na+] C a r r ie r  com position  (mol 1"*)

(step I.B. lo1—H l x lO ' 3 lx lO ' 2 1 x 1 0 '
change /M ) + I.B. + I.B. + I.B. + I.B.
4 - 3 11.4 13.4 - 1 0 . 2 - 3.8 - 3.4
3 - 2 52.6 46.1 38.0 - 2 0 . 6 - 6 . 8

2  - 1 67.4 6 6 . 6 54.2 42.8 -26.2
1 - 0.824 13.2 1 1 . 6 1 2 . 2 9.4 7.8

T ab le  3.4 M ill ivo lt  p o te n t ia l  d i f f e r e n c e  fo r  co n c e n tra t io n  steps o f  
d i f f e r e n t  c a r r ie r  s tream s co n ta in in g  b ack g ro u n d  e lec tro ly te  a n d  v a ry in g  
am o u n ts  of  sodium.

stream. T yp ica l  f lu c tu a t io n s  in  base l ine  of  the  o rd e r  o f  + 0.1 m V  were 
observed w hen  using e i th e r  1 x 10‘ 2  or 0.1 M N a + in  the  c a r r ie r  s tream .

In  a d d i t io n ,  f ro m  the  same set o f  experim ents ,  i t  was seen th a t  the  
re tu rn  to base line  h e a v i ly  d ep en d ed  on the  co n cen tra t io n  o f  sod ium  p resen t  in  
the  c a r r ie r  s tream  (Fig. 3.16), the  fa s te s t  r e tu r n  being th a t  observed  w h en  the  
c a r r ie r  sod ium  co n c e n tra t io n  was 0.1 M

A lth o u g h  the  above a p p ro a c h  to im p ro v in g  the  response c h a ra c te r is t ic s  of  
the  ISE by in c o rp o ra t in g  r a th e r  h igh  con cen tra t io n s  o f  the  a n a ly te  in  the  
s tream  does look a t t r a c t iv e ,  th e  m a in  d isa d v a n ta g e  is the  re d u c t io n  in 
sens it iv ity .  As seen f ro m  tab le  3.4, fo r  a step change in  c o n c e n tra t io n  
in v o lv ing  55 mmol I" 1  o f  sod ium , a ty p ica l  response o f  7.8 mV in  a c a r r ie r  
s tream  c o n ta in in g  1 x 10’ * M  N aC l (i.e. co lum n 5; 100-155 mm ol 1"*) 
co rresponded  only  to a 59.0 % o f  the  signal fo u n d  w hen  no sodium  w as p resen t  in

198



7.5min

JJJJJrhrrm
- W 4 - K \ H h v

Fig. 3.16 T ra n s ie n t  responses fo r  d i f f e r e n t  co n c e n tra t io n s  of  sod ium  in je c te d  
in to  a f lo w in g  s tream  c o n ta in in g  K +, L i+, C a2+, Mg2+, tr is  b u f f e r  p H
7.4 a n d  v a ry in g  am ounts  o f  (a) l x l O '4, (b) lxlO*3, (c) l x lO '2, (d)
1x10 ' 1  M  NaCl.
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the  c a r r ie r  (13.2 mV). In f a c t  a s teady  decrease  in sen s i t iv i ty  is observed  a t  
each  co n c e n tra t io n  step w ith  the  lowest va lues  o c c u r r in g  a t  the  h ighes t  sod ium  
c a r r ie r  concen tra tion .

3.17 A N A L Y T IC A L  P R O C E D U R E
3.17.1 C a lib ra t io n

All cond it ions in v o lv ed  in the  response t im e  of  an ion-selective 
e lec tro d e  in a FIA  system w ill  c e r ta in ly  in f lu e n c e  the  ty p e  of ca l ib ra t io n  plo t 
o b ta in e d  f o r  a p a r t ic u la r  app lica t io n .  These c o n d it io n s  can be op tim ised  to 
su it  the  re q u ire d  w ork ing  range. As d em o n s tra te d  in  section 3.15, the 
in c o rp o ra t io n  of  sodium  in  r a th e r  h igh  co n c e n tra t io n s  (0.1 M) in  the  c a r r ie r  
s t re a m  m a rk e d ly  a f fe c te d  bo th  the  response tim e a n d  the  genera l s ta b i l i ty  of 
the  e lec trode  system. A lth o u g h  these ch a ra c te r is t ic s  are  p a r t ic u la r ly  
im p o r ta n t  in  p rac t ica l  ap p lica t io n s ,  l im it in g  fa c to rs  w h ic h  are  in t ro d u c e d  by 
the  p resence  o f  sod ium  i.e. the  red u c t io n  of  the  w o rk in g  range  an d  hence  the 
decrease  in  sensitiv ity ,  m ust be also considered .

B earin g  in  m ind  th a t  the  co n c e n tra t io n  o f  the  an a ly te  in  the c a r r ie r  
s tream  shou ld  be below the  low end o f  the  c a l ib ra t io n  curve, and  th a t  the  
lowest l im it  o f  sodium  in  blood samples is a ro u n d  1 1 0  mmol I ' 1, a f low ing  
s tream  consisting  of  85 m m ol sodium  plus, th e  usua l ion ic  b a c k g ro u n d  
c o n c e n t ra t io n  w ith  tr is  b u f f e r  (pH 7.4) was chosen f o r  ca l ib ra t io n  procedures .  
With p a r t ic u la r  em phasis  on the no rm al p hysio log ica l  c o n cen tra t io n  ran g e  of  
sod ium  in  blood p lasm a (135 to 145 mmol 1"*), so d iu m  s tan d a rd s  w ere  p re p a re d  
c o n ta in in g  110.0, 125.0, 140, 155, 180 mmol I ' 1 o f  sod ium  chloride . The 
s ta n d a rd s  also in co rp o ra ted  a n  ion ic  b a c k g ro u n d  a n d  tris  b u f f e r  as in the  
c a r r ie r  s tream . U n d e r  op t im ised  cond it ions  o f  vo lum e (100 1) an d  tu b in g
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leng th  (14cm), the s ta n d a rd s  w ere in jec ted  in to  the  c a r r ie r  s tream  passing  a t  a 
f low  ra te  of 2.7 ml m in '* .  T h is  flow  ra te ,  a l th o u g h  no t  being the o p t im u m , 
p ro v id ed  a su itab le  com prom ising  be tw een  sen s i t iv i ty  a n d  s ta n d a rd  th ro u g h p u t .  
F rom  the  peaks d ep ic ted  in  Fig. 3.17 i t  can  be seen th a t  exce llen t  
d isc r im in a t io n  was o b ta in ed  betw een  the  v a r io u s  s ta n d a rd  solu tions a n d  the  
response proved  to be n e a r -N e rn s t ian  (slope 55.1 m V  dec '* )  an d  l in e a r  (r
0.999) in  the  range  o f  con cen tra t io n s  assayed. R esponse  to in jec tions  was 
almost in s tan tan eo u s  an d  re tu rn  to base l ine  was com ple te  w i th in  a b o u t  30 s. 
T he  sam ple  th ro u g h p u t ,  re p ro d u c ib i l i ty  a n d  p rec is ion  a re  in t im a te ly  r e la te d  in  
a F IA  system. G en e ra l ly  speaking , the h ig h e r  the sam pling  ra te ,  the la rg e r  the  
p ro b a b i l i ty  o f  c o n ta m in a t io n  betw een  the  in jec ted  sam ple  an d  the  p reced in g  one 
(carry-over.  This c o n ta m in a t io n  w ill  be rev ea led  in a c a l ib ra t io n  curve  by:

(a) the  in s ta b i l i ty  of  the  base line  an d
(b) the  d i f fe re n c e  in  the  peak  m ax im u m  value.

T h e  fa c t  th a t  the base line  (Fig. 3.17) v a r ie d  less th a n  0.3 mV f ro m  
the  s ta r t  o f  the  in jec tions ,  plus a v a r ia b i l i ty  of no m ore  th a n  0 . 1  mV a t  the  
top o f  the  peak  f o r  t r ip l ic a te d  in jec t io n  suggests th a t  no c o n ta m in a t io n  
be tw een  s ta n d a rd s  was present. H ow ever,  th is p ro b lem  tends to becom e m ore 
no ticeab le  in  samples such as p lasm a w h ic h  have  a m ore  com plex m a tr ix .  T he  
h igh  viscosity  o f  sam ples (ow ing to the p resence o f  p ro te in s)  p roduces a m ore 
sluggish re tu rn  to base line. T h is  was c lea r ly  observed  w h en  plasm a sam ples 
w ere d ire c t ly  in je c te d  in to  the  c a r r ie r  s tream  im m e d ia te ly  a f te r  ru n n in g  the  
c a l ib ra t io n  curve  d iscussed  above. In  f a c t  u n d e r  those cond it ions  the  p lasm a 
samples d id  not r e tu r n  to base l ine  an d  a s tab le  p o te n t ia l ,  was only obse rved  
severa l m inu tes  a f t e r  in jec tion . A lth o u g h  small tu b in g  d iam ete rs  an d  m a n ifo ld  
lengths w ill  most c e r ta in ly  y ie ld  the  h ighes t  sen s i t iv i ty  a n d  best sample
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0.180 M

Fig. 3.17 C a l ib ra t io n  curves  f o r  sod ium  (0.11 to 0.18 M) as p e r fo rm e d  in  a F IA  
system  w ith  a so d iu m  ca l ix a re n e  based ISE. In je c t io n  o f  plasm a sam ples can  be 
seen a t  the  f a r  end  o f  o f  th e  ca l ib ra t io n  curve . C onditions: f low  ra te  2.7 ml 
m in "1; sam ple volum e 100 fll', tu b in g  len g th  14 cm (i,d. 0.5 mm).
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th ro u g h p u t ,  such co n d it io n s  a re  not s u f f i c ie n t  to p e rm it  an  a d eq u a te  d isp e rs io n  
of  p lasm a samples in  the  f lo w in g  s tream  by the  tim e the  sam ple plug reaches the 
d e tec to r  cell.

U n d e r  fo u r  d i f f e r e n t  f low  ra te  cond it ions ,  c a l ib ra t io n  curves w ere  
o b ta in ed  sequen tia l ly  (Fig. 3.18). U n f o r tu n a te ly  a t  th is  stage, p roblem s arose 
w i th  the  pressure  t r a n s d u c e r  of the  gas pum p, a n d  a m ore unstab le  a n d  noisy  
signal was produced . D esp ite  th is  in co n v en ien ce ,  in ev ery  case the  c a l ib ra t io n  
curves  w ere  l in ea r  fo r  the  co n c e n tra t io n  ran g e  considered , show ing  good 
c o rre la t io n  co e ff ic ien ts ,  an d  gave good d is c r im in a t io n  betw een  d i f f e r e n t  sod ium  
s tan d a rd s .  As expected , the  h ighest sen s i t iv i ty  was seen a t  low flow  ra tes  a n d  
the h ighes t  sam ple th ro u g h p u t  at h ig h er  f low  rates.

D ue  to the r a th e r  un s tab le  base l ine  a n d  p e r io d ic  noise en co u n te red ,  a 
p e r is ta l t ic  pum p rep laced  the c h ro m a to g ra p h ic  p u m p  and  a new  p ressure  
t r a n s d u c e r  was in co rp o ra ted .  These changes re -es tab lished  the o r ig ina l  q u a l i ty  
of  the  base line p rev iously  observed.

3.17.2 A n a l y s i s  o f  B lo o d  P la sm a  S a m p le s

In  an  e f f o r t  to t ry  to red u ce  th e  de lay  in  re -es tab lish ing  base line  
cond it ions  p ro d u ced  by in jec t ions  o f  p lasm a, 10 ml/1 o f  T echn icon  s u r f a c ta n t  
was a d d e d  to the c a r r ie r  stream . T h is  a p p ro a c h  f a i l e d  ow ing to the d ra s t ic  
decrease  in  the m a g n i tu d e  o f  the  signal w h ile  r e tu r n  to base line  was only  
s l igh t ly  im proved . C onsequen tly ,  a te n - fo ld  p re -d i lu t io n  was cons idered  fo r  
the  am o u n t  of N a + and  ion ic  b a c k g ro u n d  p re sen t  in  the c a r r ie r  s t ream  as well 
as f o r  ca l ib ra t io n  so lu tions a n d  p lasm a samples. A ccord ing ly ,  500 fi\ o f  p lasm a 
an d  ca l ib ra t io n  so lu tions (110, 125, 140 155 a n d  170 mmol I" 1 so d iu m  
ch lo r ide ,  in  the  p resence o f  K + 5.0 m m ol I"1, C a 2+ 1.0 mmol 1 1 an d
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Fig. 3.18 C a l ib ra t io n  curves  u n d e r  d i f f e r e n t  f low  ra tes fo r  a ca l ix a re n e  based
ISE. (a) 0.5 ml m i n '1; (b) 1.2 ml m i n '1; (c) 2.0 ml m i n '1; (d) 2.8 ml 

m i n '1. O th e r  cond it ions  as in  Fig.117



Mg2+ 1.0 mmol 1"* as ch lorides) w ere  d i lu te d  te n - fo ld  w ith  tr is  b u f f e r  a t  
pH  7.4. A new c a l ib ra t io n  curve  was th en  o b ta in ed  u n d e r  the same co n d it io n s  
m en tioned  above, excep t th a t  this t im e  the  f low  ra te  was low ered  to 2 . 0  ml 
min"* an d  the re su l t in g  cu rve  was n o t  N ern s t ian .  In  p rinc ip le ,  N e rn s t ia n  
b eh av io u r  w ould  be expec ted  i f  the  e lec trode  response is very  fa s t  a n d  the  
co n cen tra t io n  of the a n a ly te  is a p p ro p r ia te .  N everthe less ,  the response was 
l in ea r  w ith  a c o rre la t io n  c o e f f ic ien t  r  = 0.9999 an d  the  base line was stable  
an d  w ith o u t  noise (Fig. 3.19). In jec tions  o f  plasm a samples th is tim e show ed 
com plete recovery  o f  base line  a f te r  a sho rt  time. These cond it ions  w ere  th en  
ad o p ted  to analyse  a b a tc h  of 10 f re s h ly  o b ta in e d  p lasm a samples. A f u r th e r  
change in  f low  ra te  to 0.5 ml m in '*  was considered  to a llow  the  re a d o u t  a t  
the top o f  the  peak  by fo l low ing  the m il l iv o l t  change in  a pH  meter.

In  o rd e r  to av o id  c a r ry  over, in jec t io n s  w ere  m ade a f t e r  r e tu rn  to 
baseline. To avo id  a n y  c o n ta m in a t io n  be tw een  samples in  the loop, the  100 ul 
loop was w ashed  ou t c a re fu l ly  be tw een  in jec t ions  w ith  1 ml o f  m ill i-Q  w ate r  
fo llow ed by a p p ro x im a te ly  5-fold sam ple volume.

A lth o u g h  a r a th e r  un s tab le  base l ine  was observed, ow ing to a new  prob lem  
ar is ing  in  the gas pum p, this seemed no t to a f f e c t  the  response o f  the 
e lec trode  to repea ted  in jec t io n  o f  samples. T h e  resu lts  o b ta in ed  fo r  a b a tch  
o f  10 samples in jec ted  in  t r ip l ic a te  ( tab le  3.5, Fig. 3.20) in d ic a te d  exce llen t  
co rre la t io n  w hen co m p ared  to the  Sm ac T echn icon  A nalyser  in  the  range  of 
co ncen tra tions  d e te rm in ed .  The re su l t in g  l in e a r  regression eq u a tio n ,  
ca lcu la ted  accord ing  to D eem ings m e th o d  [74] is g iven  by:

Y = 0.94 X  + 7.82; (r = 0.980, n = 10)
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Fig. 3.19 In jec tions of  sodium  c a l ib ra t io n  so lu tions (0.11 M to 0.17 M) in the 
presence o f  an ionic  b ack g ro u n d  of  K + 5.0, C a2+ 1.0 and  Mg~+ 1.0 mmol 1 * 
and  p lasm a samples a f t e r  a ten fo ld  d i lu t io n  w ith  tr is  b u f f e r  7.4.
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N a + C o n c e n tr a t io n  m m ol I"1
Sample F IA  Sm ac T echn icon

1 139 140
2 126 125
3 140 142
4 143 143
5 141 140
6  139 139
7 140 140
8  132 134
9 141 142
0 141 142

T ab le  3.5 Sodium  plasm a c o n c e n tra t io n  as p e rfo rm e d  by a te t ra m e r ic  
ca l ix a ren e  based  ISE in  a F IA  system  a n d  the  sod ium  glass e lec tro d e  in 
the  Smac T ech n ico n  A nalyzer ,  re s id u a l  s ta n d a rd  d ev ia t io n  = 1.1 m m ol/ l .

w here  the in te rc e p t  is g iven  in  mmol I ' 1.

3.17.2.1 F lam e P ho to m etry
F or  th e  d e te rm in a t io n  o f  sod ium  by f la m e  p h o to m e try  the  m easu rem en ts  were 

c a r r ie d  ou t  using the  au tosam ple  mode o f  a n  IL  943 f la m e  p h o to m ete r  em ploying  
an  a i r /p ro p a n e  flam e. T he  cycle bas ica lly  consists  o f  the a sp ira t io n  o f  20 1 
of  p lasm a sam ple to g e th e r  w i th  a 2 . 0  m l caes ium  d ilu en t ,  an d  the  d e te c t io n  o f  
the  sod ium  signal f ro m  the  co rrespond ing  a to m ic  emission w ave leng th . T h is  is 
com pared  w ith  the  caesium  a tom ic  signa l w h ic h  serves as an  in te rn a l  s ta n d a rd .
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Fig. 3.20 C a l ib ra t io n  curves  a n d  p lasm a samples ru n  o b ta in e d  in  a F IA  system  
using  m ethy l p -t-b u ty lca l ix [4 ]a ren e  based  ISE. E x p e r im en ta l  c o n d it io n s  as in 
text.
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FIA [sodium mmoi/l]

Smac Technicon [sodium mmol/l]

Fig. 3.21 C orre la t io n  b e tw een  Sm ac T e c h n ic o n  A nalyser  a n d  a  F IA  system  f o r  the  
d e te rm in a t io n  o f  sod ium  in  p lasm a  sam ples. Slope = 0.94; C o rre la t io n  
c o e f f ic ie n t  = 0.98 (n = 10).
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T he e lec tron ic  am p lif ic a t io n  of  the  signal fo llow ed  f in a l ly  by the d a ta  check 
an d  com p u ta t io n  com pletes the  analysis. T h e  c a l ib ra t io n  of  the in s tru m e n t  was 
p e r fo rm e d  w ith  the 1.5 mmol I" 1 CsCl in te rn a l  s t a n d a rd  an d  140 mmol I ' 1  

NaCl.
A b a tc h  of 22 samples was an a ly sed  by f lam e  p h o to m e try  an d  then  by FIA. 

Each  sam ple  was d iv id e d  in  two a liquo ts  an d  the ana lys is  was c a r r ied  ou t d u r in g  
the same day. For the F IA  d e te rm in a t io n ,  the  p ro ced u re  a l re a d y  described  
(section 3.16.2) was fo llow ed. C a l ib ra t io n  curves w ere ob ta in ed  b e fo re  the

i t .sam ple ru n  and  a f te r  assessing the 1 2  p lasm a sample.
T he  results  ob ta in ed  by f lam e  p h o to m etry  an d  the  F IA  system tog e th e r  w ith  

the correspond ing  values o f  the  Smac T echn icon  A na lyse r  are  shown in  tab le  3.6.
F ro m  these da ta ,  i t  can  be seen th a t  the  F IA  p ro d u ced  excellen t ag reem en t 

w ith  the  s ta n d a rd  f lam e  p h o to m etry  tech n iq u e  as also aga in  w ith  the Smac 
T ech n ico n  Analyser. In  fac t ,  the  regression analysis  fo r  the  FIA  an d  f lam e  
p h o to m e try  gave a h igh  c o rre la t io n  betw een  bo th  tech n iq u es  (r = 0.94, n  = 22), 
w i th  a re s id u a l  s ta n d a rd  d e v ia t io n  of  0.88 mmol I* 1 an d  a slope o f  1.09 (Fig. 
3.22). T he  peaks d ep ic ted  in  Fig. 3.23, show ed exce llen t  re p ro d u c ib i l i ty  in 
the  peak  m axim um  va lue  an d  a stable  base-line  (especially  fo r  the ca l ib ra t io n  
runs) w i th  the excep tion  of  one or two samples a f t e r  the  second c a l ib ra t io n  
c u rv e  (the  in s tab i l i ty  be ing  due  m a in ly  to some lack  of  contro l over the gas 
pum p  f lo w  rate).

A c lear  sh if t  in the  base l ine  to w ard s  h ig h e r  values was observed w hen  
p lasm a samples were in jec ted .  As seen f ro m  Fig. 3.23, the s h i f t  o ccu rred  
im m ed ia te ly  a f te r  the  f i r s t  p lasm a in jec t io n  an d  a m o u n te d  0.5 mv a t  the end  of 
the s ix th  injection. T h e  sh i f t  in base-line  p o ten t ia l  is most like ly  to be 
a t t r ib u te d  to the ad so rp tio n  o f  b io log ica l com ponents  (i.e. pro teins) onto  the
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N a + c o n c e n tr a t io n  m m ol I-1
Sample FIA Flam e Smac

P h o to m etry T ech n ico n
1 141 142 142
2 144 144 143
3 132 132 132
4 142 142 142
5 141 141 139
6 141 140 141
7 139 141 141
8 141 140 139
9 133 134 134

1 0 143 142 143
1 1 137 138 138
1 2 144 147 146
13 136 138 137
14 137 138 136
15 143 141 140
16 135 136 136
17 140 141 141
18 140 140 140
19 142 140 141
2 0 131 133 133
2 1 138 139 138
2 2 143 143 142

T ab le  3.6 C o n cen tra t io n  o f  sod iu m  in plasm a sam ples 
as p e rfo rm e d  by 3 d i f f e r e n t  m ethods.



FIA [sodium mmoj/il

F l a m e  P h o t o m e t r y  I s o d i u m  m m o l / ! ]

Fig. 3.22 C orre la tion  be tw een  f la m e  p h o to m etry  and  FIA  system in c o rp o ra t in g  
m ethy l p - t-bu ty lca lix [4]ary i ace ta te  iono p h o re  in the ISE m em brane . F o r  
e x p e r im e n ta l  cond it ions see text.
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30 m in

Fig. 3.23 Sodiun ca l ib ra t io n  solu tions and  p lasm a sam ple  in jec tions.  The 
f i r s t  th ree  in jec tions  correspond ing  to the  1.1 x 10 M  c a l ib ra n t  is shown 
a t  a low er c h a r t  speed (20 cm /h).  S ta n d a rd  an d  samples w ere o b ta ined  
sequen tia l ly  as in  f ig u re  except th a t  a t  po in t  a an d  b, 5 a n d  4 samples have 
been rem oved respec tive ly  fo r  dep ic t io n  purposes.



s u rfa c e  of  the ISE m em brane . This e f f e c t  has been en c o u n te re d  by o th e r  w orkers  
[75] a n d  was d iscussed prev iously  (see sec tion  2.4.1, c h a p te r  2). In a d d i t io n  
to the base line  sh if ts ,  a s light decrease  in  ISE sen s i t iv i ty  occurred . In 
fa c t  the  c a l ib ra t io n  cu rve  p e rfo rm ed  a f t e r  the  tw e lf th  p lasm a sam ple show ed 
th a t  the  values in the  peak  m ag n itu d e  decreased  u n i fo rm ly  by ab o u t  0.2 - 0.3 
m illivo lts  fo r  every  in jec tion ,  a l th o u g h  the c o rre la t io n  o f  the c a l ib ra t io n  
curve  was m a in ta in ed .  It was no ticed  how ever,  d u r in g  the  assessment o f  a n o th e r  
b a tch  o f  samples (Fig. 3.24) p e rfo rm e d  u n d e r  the  same cond it ions  a n d  w i th  the  
same ISE m em brane , th a t  the o r ig ina l  m a g n i tu d e  of  values fo r  in jec t io n  of  
s ta n d a rd s  was re -es tab lished  i f  the  c a r r ie r  s tream  was passed th ro u g h  the  
system fo r  ab o u t  20 m inu tes  a t  h igh  f lo w  ra tes (i.e. 3.0 ml m i n '1). T h u s  the  
h ig h er  f low  ra tes  seem to add  a m ore  e f f ic ie n t  w ash o u t  cycle to the  ISE 
m em b ran e  p ro v id ed  th a t  the  in jec t io n  o f  samples is done  a f te r  a com ple te  
recover o f  base-line. In Fig. 3.24 it  can  also be observed  th a t  the s h i f t  in 
p o ten tia l  stabilises a f t e r  the  in i t ia l  in jec t ions  an d  the  subsequen t new  
base-line  rem ains  re la t iv e ly  constant.

A d d i t io n a l  observa tions  f ro m  the in jec t io n  o f  p lasm a samples (Fig. 3.20,
3.23, 3.24) show ed th a t  r e tu rn  to base l ine  was slow er in com parison  to aqueous  
solutions. H ow ever,  a h igh  sam ple th ro u g h p u t  can  be o b ta in ed  fo r  the  system  a t  
h ig h e r  f low  ra tes  as dep ic ted  in Fig. 3.19.

3.18 C O NCLUSION S
T h e  d eve lopm en t o f  a FIA  system  and  the  p o te n t ia l  use of  a c a l ix a re n e  

based ion-selective  e lec trode  in  a f lo w in g  s tream  fo r  the analysis  of so d iu m  in  
p lasm a samples was the m ain  goal o f  the  re sea rch  p resen ted  in th is  ch ap te r .  
The system  developed  p roved  e f f ic ie n t  d esp ite  some in s ta b i l i ty  a r is ing  f ro m  the
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Fig. 3.24 C a l ib ra t io n  cu rve  and  p lasm a sam ples as pe rfo rm ed  in  a F IA  system  
in c o rp o ra t in g  the  m e th y l  es ter calix[4]arene based  ion-selective e lec trode .
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gas d e l iv e ry  system. A ra p id  s ta r t  and  s ta b i l is a t io n  o f  the  signal w i th in  the 
f i r s t  15 m inu tes  f ro m  one day  to a n o th e r  was a c h a ra c te r is t ic  w hen  using  a 
p e r is ta l t ic  pump. T he  m em b ran e  e lec trode  based on m e th y l  p -t-bu ty lca lix [4 ]a ry l  
a c e ta te  ionophore  fu n c t io n e d  well in the  system , in  acco rd an ce  w ith  th eo re t ica l  
desc r ip tions  of  the  physica l an d  d y n a m ic  p ro p e r t ie s  o f  FIA. The op tim u m  
cond it ions  fo r  p lasm a sodium  d e te rm in a t io n  w ere  s tu d ied ,  and  as is a lw ays the  
case, a com prom ise be tw een  a n a ly t ic a l  r e q u ire m e n ts  fo r  the  spec if ic  
d e te rm in a t io n  and  the  system  e f f ic ie n cy  h a d  to be adop ted .  The response o f  the 
e lec trode  proved  to be f a s t  and  w ith  o p tim ised  cond it ions fo r  sam ple 
th ro u g h p u t ,  a large n u m b er  of  samples can  be ana lysed . T he  overall  p e r fo rm a n c e  
of  the  m eth y l  p - t-bu ty lca lix [4 ]a rene  a c e ta te  based  ISE in  plasm a samples w as 
ex ce llen t  as d em o n s tra ted  by the  h igh  c o r re la t io n  o b ta in ed  w hen  the results  
w ere com pared  to two well es tab lished  m ethods  fo r  sod ium  d e te rm in a t io n .  In 
fa c t ,  the advan tages  of  the  FIA  a p p ro a c h  over b a tch  m ethods are  c lea r ly  
in d ic a te d  by the  im p ro v em en t in  the p rec is io n  a n d  a c cu racy  of the  d e te rm in a t io n  
as co m p ared  to the  d ip p in g  tech n iq u e  p rev io u s ly  used  (ch ap te r  2). A lthough , 
some ad so rp tio n  of  b io logical com ponen ts  on to  th e  m em brane  su rfa c e  was 
observed, i t  seemed no t to have  an y  m a jo r  ad v e rse  e f fe c t  on the  e lectrodes 
pe rfo rm an ce .  H ow ever in o rder  to d e te rm in e  to w h a t  ex ten t th is  in te r fe re n c e  
accoun ts  fo r  d ev ia t io n s  o f  the  results  f ro m  the  re fe ren c e  m ethod  (analyser) ,  
f u r th e r  w ork  m ust m ust be c a rr ied  out. In  a d d i t io n ,  im provem en ts  in the 
prec is ion  of  the analysis  can  be o b ta in e d  by m eans of  com pu ter  based signal 
acq u is i t io n  and  processing techn iques w h ic h  can  average  the  signal noise, 
co rrec t  base line  d r i f t  a n d  ob ta in  d ig i ta l ly  the  read  ou t at the  top o f  the  
peak.
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C H A P T E R  4

A d s o r p t i v e  S t r i p p in g  V o l t a m m e t r i c

B e h a v i o u r  o f

P ip e m id ic  A c i d
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4.1 I N T R O D U C T I O N

T he  ra t io n a l  use of  p a t ie n t  th e ra p y  th ro u g h  d ru g  a d m in is t ra t io n  
(chem otherapy)  requ ires  know ledge o f  the  m echan ism  by w hich  d rugs  act in the  
body. Such ac tion  is s trong ly  a f f e c te d  by the  m a n n e r  in w h ich  d rugs  are  
absorbed , d is t r ib u te d ,  m etabo lised  a n d  excre ted  [1], In o rde r  to u n d e rs ta n d  
these com plex processes, i t  is necessary  to have  tech n iq u es  th a t  a l low  one to 
d e te rm in e  the co n c e n tra t io n  of the  d ru g  in  blood, u r in e  an d  o th e r  b io logical 
f lu id s  an d  tissues, an d  also to es tab lish  its m etabo lic  pa ths ,  thus id e n t i fy in g  
a n d  q u a n t i fy in g  its m etabolites .

T he abso rp tio n  an d  d is t r ib u t io n  of  d rugs  in the  body is f r e q u e n t ly  
a f fe c te d  by  m u ltip le  fa c to rs  w h ich  m o d ify  th e i r  a v a i la b i l i ty  a n d  produce  
u n sa t is fa c to ry  th e ra p e u t ic a l  e f fe c ts  [2]. The a n a ly t ic a l  d e te rm in a t io n  o f  d rug  
con cen tra t io n s  in b io logical f lu id s  pe rm its  the c l in ic ian  to a d ju s t  the  dose 
a d eq u a te ly  to the  in d iv id u a l  ch a ra c te r is t ic s  o f  a p a t ien t .  The a n a ly t ic a l  
contro l o f  d rugs ( th e ra p e u t ic  d ru g  m o n ito r in g )  is a n  ever ex p a n d in g  a rea  of 
research . The m ain  reason fo r  th is  lies in the  fa c t  th a t  the re  is an  inc reased  
u t i l i sa t io n  of d rugs capab le  o f  p ro d u c in g  serious u n d es irab le  e f fe c ts  w hen  
the ir  co n c e n tra t io n  levels a re  h ig h e r  th a n  th e i r  p re d e te rm in e d  th e ra p e u t ic a l  
levels in  blood. D rug  m o n i to r in g  is also im p o r ta n t  in those p a t ie n ts  whose 
p a tho log ica l  cond it ion , e.g., ren a l  f a i lu re ,  m ay a f f e c t  a n d  m o d ify  the no rm al 
p h a rm aco k in e t ic s  of  the  drug. In  these cases the  an a ly t ic a l  d e te rm in a t io n  of 
the d ru g  perm its  a n o tab le  re d u c t io n  o f  the  risks in v o lv ed  w i th o u t  reno u n c in g  
the b e n e f i ts  o f  the therapy . A n o th e r  p r im e  reason  f o r  q u a n t i ta t iv e  ana lys is  in 
a g iven  th e ra p y  resu lts  f ro m  the  need  to es tab lish  the  d ru g /d o se  e f fec t .  T h is  
is mostly the  case o f  a n t ib a c te r ia l  d rugs  fo r  w h ich  it necessary  to have
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is necessary  to have  c e r ta in  levels o f  a p a r t ic u la r  d ru g  in  a spec if ic  f lu id ,  
in  o rd e r  to reach  m in im a l in h ib i to ry  c o n cen tra t io n s  o f  th a t  drug. T h e ra p e u t ic  
d rug  m o n ito r in g  is th e re fo re  re g a rd e d  as an  im p o r ta n t  a rea  of  c l in ica l  
chem istry .

P ip em id ic  acid, chem ica lly  k n o w n  as 8 -e thy l-5 ,8 -d ihydro-5-oxo-(l-  
p ip e raz in y l)  p y r ido [2 ,3 -d ]py rim id ine -6 -ca rboxy lic  a c id  [3] is a well 
e s tab lished  a n t ib a c te r ia l  a g en t  (Fig. 4.1) syn thes ised  in  the  early  70’s. Most 
G ram -n eg a t iv e  pa thogens inc lud ing ,  E sch e r ich ia  coli and  K lebsie lla ,  
E n te ro b a c te r ,  P ro teus  a n d  C i tro b ac te r  species are  susceptib le  to p ip em id ic  
acid. The h igh  a c t iv i ty  of  the d rug  aga in s t  the  most im p o r ta n t  u r in a ry  
pathogens, toge ther  w i th  its p h a rm a c o k in e t ic  c h a rac te r is t ic s  e.g. being 
e x cre ted  in to  u r in e  in a b ac te r io log ica lly  a c t iv e  fo rm  a t  co n cen tra t io n s  h ig h e r  
th a n  the  p lasm a level, has allow ed its e f fe c t iv e  use in u r in a ry  in fe c t io n s  
[4], In  p a t ie n ts  g iven  a single dose, av e rag e  u r in a ry  co n cen tra t io n s  a re  the  
h ighes t  in  2 to 4 h or 4 to 6  h u r ine ,  the  average  levels o f  w hich  are  1,116,
2.441 a n d  1,949 u g /m l  a t  doses of  0.5, 1, an d  2 g, respectively . H igh  
co n c e n tra t io n s  above 100 u g /m l  h av e  been  de tec ted  even in  12 to 24 h u r in e  a t  
th e ra p e u t ic a l  doses above  1 g. A ccord ing  to Shim izu  et al. [5] the  p e rcen tage  
o f  u r in a r y  recovery  o f  u n c h a n g e d  p ip e m id ic  ac id  f o r  24 h ranges be tw een  68.3 to
87.8 %.

In  genera l ,  these  co n c e n tra t io n s  can  be de tec ted  by most ch ro m a to g ra p h ic  
m ethods  d eve loped  so f a r  in  u r in e  sam ples [6 - 8 ]. A lth o u g h  some o f  the  m ethods 
have  also been deve loped  fo r  plasm a, the  c lin ica l  s ig n if ican ce  is r a th e r  
l im ite d  since the  levels reach ed  in  th is  f lu id  are  low an d  b ac te r io log ica lly  
an d  th e ra p e u t ic a l ly  in s ig n if ic a n t .

P h a rm a c e u t ic a l  ana lys is  is a n o th e r  f i e ld  in  w hich  the  a n a ly t ica l
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Fig, 4.1 Chemical structure o f pipemidic acid.
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d e te rm in a t io n  of  d rugs  is h igh ly  regarded . H ere, q u a n t i t a t iv e  ana lys is  o f  
d rugs is m a n d a to ry  in p ro d u c t io n  processes and  re q u i re d  to m eet legal 
reg u la t io n s  w hich  ru le  the  m a rk e t in g  and  use o f  drugs. T yp ica l  exam ples  in 
p h a rm a c e u t ica l  analysis  a re  the d e te rm in a t io n  o f  d rugs o f  possible d e g ra d a t io n  
p roducts  in  p h a rm a c e u t ica l  fo rm u la t io n s .  In  th is  respect,  p o la ro g rap h y  has  
been successfu lly  ap p lied  to the  d e te rm in a t io n  o f  p ipem id ic  ac id  in  
p h a rm a c e u t ica l  fo rm u la t io n s  [9],

E lec trochem ica l m ethods of analysis  o f f e r  a t t r a c t iv e  a d v an tag es  in  
c l in ica l  chem istry .  Some o f  these a d v an tag es  w ill  be d iscussed in this ch a p te r ,  
as they  fo rm  an  im p o r ta n t  p a r t  in the  p ra c t ic a l  co n s id e ra t io n s  a d o p te d  fo r  the  
su bsequen t  ex p e r im en ta l  w ork . T he  ob jec tive  of  the  presen t c h a p te r  is to 
describe  b r ie f ly  e lec trochem ica l techn iques  com m only  em ployed  in p h a rm a c e u t ic a l  
analysis ,  a n d  to exam ine  some e lec trochem ica l ch a ra c te r is t ic s  of p ip em id ic  ac id  
a t  h an g in g  m ercu ry  d rop  electrodes. These ch a ra c te r is t ic s  have been the  basis  
to f u r th e r  develop an  an a ly t ic a l  m e thod  fo r  the  d e te rm in a t io n  of p ip em id ic  ac id  
in u r in e  using  a d so rp tiv e  s t r ip p in g  v o ltam m etry  (AdSV).

4.2 E L E C T R O C H E M IC A L  ANALYSIS IN  C L IN IC A L  C H E M IST R Y
T he ap p l ic a t io n  o f  e lec t ro an a ly t ica l  tech n iq u es  to the  d e te rm in a t io n  o f  

biom olecules an d  d rugs  da tes  b ack  to the  d ev e lo p m en t of  p o la rog raphy . T he  
resu lts  o f  th a t  dev e lo p m en t  w ere rev iew ed  a t  th a t  tim e by B rezina an d  Z u m an  
[ 10].

Classical d i rec t  c u r r e n t  (DC) po la ro g rap h y , w h ich  was the f u n d a m e n ta l  
te ch n iq u e  o f  the tim e, d id  not posses su f f ic ie n t  sen s i t iv i ty  to d e te rm in e  
o rgan ic  species a t  t race  levels in  b io logical m atrices. C onsequen tly ,  the 
m ethods developed  fo r  these type  o f  samples w ere  only  of  l im ited  va lue  fo r
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ap p l ic a t io n  to p h a rm a c o k in e t ic  s tud ies  an d  d ru g  m onito ring . H ow ever,  th ey  
p roved  to be m ore e f f i c ie n t  in  tox ico logica l analysis ,  w here  the  re la t iv e ly  
h igh  co n cen tra t io n  of  the  toxic species cou ld  be m easu red  by p o la ro g rap h y ,  
som etim es obv ia ting  th e  need fo r  p r io r  sep a ra t io n .  The p o la ro g rap h ic  
d e te rm in a t io n  of  d rugs  in  p h a rm a c e u t ica l  fo rm u la t io n s  was less a f f e c te d  by 
sen s i t iv i ty  requ irem en ts  a n d  was, th e re fo re  w id e ly  used  a t  th a t  time.

D u r in g  the  1960’s, the  d eve lopm en t of  ch ro m a to g ra p h ic  a n d  o p tica l  
m ethods of analysis, w h ich  o f f e r e d  sup erio r  sens i t iv i t ie s  com pared  to DC 
po la ro g rap h y ,  p roduced  a s trong  dec line  in  p o la ro g ra p h y  as a su itab le  te c h n iq u e  
in  a n a ly t ic a l  practice.

N evertheless, the  te c h n iq u e  rem a in ed  o f  cons ide rab le  in te re s t  in 
academ ic  circles. P a ra d o x ic a l ly ,  i t  was d u r in g  th is  t im e th a t  the  th e o re t ic a l  
basis fo r  the deve lopm en t o f  m odern  v o l tam m etr ic  techn iques  w ere  la id .  These 
tech n iq u es ,  whose d ev e lo p m en t  owed m uch  to the  advances in e lec tro n ic  
techno logy  o f  the tim e, o f f e r e d  enorm ous a d v a n ta g e s  com pared  to classical 
po la rog raphy .

U n d e r  the co llec tive  nam e of  ’m o d ern  v o l tam m etr ic  m e th o d s’, the  
fo l lo w in g  techn iques a re  in c lu d e d  [ 1 1 , 1 2 ]:

-pulse p o la ro g rap h y  a n d  d i f f e r e n t i a l  pulse p o la ro g rap h y
-a l te rn a t in g  c u r r e n t  p o la ro g rap h y
-l in ea r  sweep v o l ta m m e try
-s tr ipp ing  v o l tam m etry
-square  wave po la ro g rap h y .

O ne c h a rac te r is t ic  o f  these techn iques,  w i th  the  exception  of  s tr ip p in g
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v o ltam m etry ,  is th a t  they  m ay all use the  d ro p p in g  m e rc u ry  e lec trode  (DME). 
For all o f  the  techn iques  lis ted , a s ta t io n a ry  m e rc u ry  or solid e lec trode  can 
also be used as the w o rk in g  e lectrode. In  the  fo l lo w in g  th eo re t ica l  
considera tions ,  the  te rm  "polarography" shall be reserved  fo r  those 
vo ltam m etr ic  techn iques  w h ich  em ploy th e  DM E as w o rk in g  e lec trode . The 
ap p lica t io n  o f  these e lec tro a n a ly t ic a l  tech n iq u es  to the  d e te rm in a t io n  of  
organ ic  species g enera lly  req u ires  the m olecule  to h av e  a n  e lec tro red u c ib le  or 
e lec troox id isab le  m oiety  in its m olecu la r  s t ru c tu re  [13].

4.2.1 O R G A N IC  P O L A R O G R A P H Y
4.2.1.1 E lec tro red u c ib le  M olecules

Molecules in c lu d ed  in  th is  g roup  u su a l ly  possess u n sa tu ra te d  groups 
such as m u ltip le  c a rb o n -ca rb o n  bonds, c a rb o n y l  groups, c a rb o n -n i t ro g en  bonds, 
n i tro g en -n itro g en  m u lt ip le  bonds an d  n i t ro g en -o x y g en  bonds. N u m ero u s  
he te rocyc lic  com pounds (e.g. pu rines ,  p y r im id in es ,  p te r id ines ,  etc.), an d  
o rg a n o su lp h u u r  com pounds, a n d  carb o n -h a lo g en  com pounds  are also e lec troactive .

M ercu ry  e lectrodes a re  most o f ten  em ployed  fo r  the  analysis  o f  such  
com pounds, a l though  solid  e lectrodes m ig h t  also be employed. T h e  n u m b e r  o f  
molecules an d  drugs in c lu d e d  in th is  g roup  is v e ry  large. Smyth an d  F ra n k l in  
Sm yth  [13] have  rev iew ed  the  re d u c t io n  m ech an ism  a n d  an a ly t ica l  a p p l ic a t io n s  of  
the  most im p o r ta n t  groups o f  these molecules.

4.2.1.2 E lec tro x id isab le  Molecules
The molecules th a t  m ay  un d erg o  o x id a t io n  in  th e  range o f  p o ten tia ls  

ava i lab le  over m ercu ry  e lec trodes  are  r a th e r  scarce. N everthe less,  some 
im p o r ta n t  b iom olecules a n d  drugs p resen t such b e h a v io u r  e.g. ascorb ic  acid,
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a-tocophero l,  fo lic  ac id ,  p h eno th iaz ines ,  etc.). O x id a t io n  of most o rg an ic  
m olecules occur a t  p o ten tia ls  where  the  use o f  ca rb o n  solid electrodes or noble  
m etals  are req u ired .  Phenolic  com pounds, a ro m a tic  amines a n d  nu m ero u s  
he terocycles  a re  in c lu d e d  in  this group.

4.2.1.3 Molecules w hich  o r ig in a te  an o d ic  processes due  to the fo rm a t io n  of  
com plexes or inso lub le  salts with  the  m eta l o f  the  e lectrode
T y p ica l  exam ples  o f  molecules be long ing  to th is  group a re  the  

m ercap tans ,  p y r im id in es  a n d  th ioam ides. Z u m a n  [14] has com piled  a lis t  of 
fu n c t io n a l  groups w h ich  a re  like ly  to u n d e rg o  these  processes.

4.2.1.4 M olecules capab le  of  o r ig ina t ing  c a ta ly t ic  processes
A classical exam ple  of this type  o f  e le c t ro a c t iv i ty  are the  B rd ick a  

w aves given by se rum  pro te ins  in the presence  o f  am m onia  so lu tions o f  coba lt
11. T hey  have  been ex tensive ly  s tu d ie d  a n d  a re  im p o r tan t ly  co n s id e red  as 
d iagnostic  c r i te r ia  in  severa l  diseases [15].

4.2.1.5 Molecules w hich  a re  capable  o f  ad so rp t io n  a t  m ercury  e lec trodes and  
o r ig in a te  ten sam m etr ic  processes
Several su r f a c ta n ts  have  been d e te rm in e d  by this p rocedure . K a lv o d a  

[16] has com bined  the  accu m u la t io n  by ad so rp t io n  on s ta t io n a ry  e lec trodes  w ith  
ten sam m etr ic  ana lys is  o f  the  adsorbed  species, w h ich  has resu lted  in  a n a ly t ic a l  
m ethods  o f  h igh sen s i t iv i ty  fo r  substances  o f  th is  type.

4.2.1.6 D er iv a t isa t io n
F o r  molecules th a t  do not possess su i tab le  fu n c t io n a l  groups, a n d
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th e re fo re  can n o t  be in c lu d e d  in any  o f  the groups a lread y  m en tioned , i t  is 
possible to in tro d u ce  e lec troac t ive  fu n c t io n a l  groups by means o f  chem ica l 
reactions. This p ro ced u re  is usefu l  in p h a rm a c e u t ic a l  analysis  [17], and  there  
are  a b u n d a n t  reac t ion  p rocedures  described  fo r  th is  purpose. In analysis  a t  
t race  levels in b io logical m atrices, these p rocedures  a re  less f re q u e n t ly  
applied . Sm yth  and  Sm yth  [17] h av e  rev iew ed  the  most usual p rocedures  of 
fu n c t io n a l is a t io n  of  non -e lec troac t ive  molecules.

4.2.2 G en era l  F ea tu re s  of  V o ltam m etr ic  T echn iques
M odern  e le c tro a n a ly t ic a l  tech n iq u es  possess in general a h igh

sensit iv ity  and  give rise to low lim its  o f  d e tec t io n  based  on d isc r im in a t io n  of
the  b ack g ro u n d  cu rren t .  D i f f e r e n t ia l  pulse p o la ro g rap h y  can n o rm a lly  reach

7 - 8lim its  of d e tec tion  in the  range of  c o n cen tra t io n s  10 - 10 M. Square
w ave p o la ro g rap h y  m ay increase  th is  l im it  o f  d e tec t io n  over one o rd e r  of 
m agnitude . These sens it iv it ies  are com parab le ,  or s l igh tly  superior, to those 
of  sp ec tro f lu o r im e try  or gas ch ro m ato g rap h y . S tr ip p in g  vo ltam m etr ic  techn iques  
an d  l iq u id  ch ro m a to g ra p h y  w ith  e lec trochem ica l d e tec t io n  allows one to o b ta in  
sens it iv it ies  w h ich  are inaccessib le  to most o f  the  c u r re n t  in s t ru m e n ta l  
an a ly t ic a l  tech n iq u es  av a i la b le  fo r  ana lys is  o f  o rgan ic  compounds.

S ensit iv ity  is one o f  the c h a rac te r is t ic s  most va lued  in a n a ly t ica l  
ap p lica t io n s  w ith in  the  f ie ld  of c l in ica l  chem istry .  In  p h a rm a c e u t ica l  
analysis ,  most sensit ive  v o ltam m etr ic  techn iques  a re  used fo r  the d e te rm in a t io n  
of  traces o f  d rug  d e g ra d a t io n  p roduc ts  in  com m erc ia l  p repara tions .

An im p o r ta n t  d ra w b a c k  cons t i tu te s  the a p p a re n t  lack of se lec t iv i ty  o f  
v o ltam m etr ic  techniques.  In te r fe re n c e s  in the  d e te rm in a t io n  of  drugs in
biological m a tr ices  m igh t resu l t  f ro m  the  presence o f  endogeneous com pounds
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w hich o r ig in a te  processes a t  a p o ten t ia l  close to th a t  o f  the d ru g  or its
m etabolites . An in te re s t in g  aspect to be cons ide red  in  an an a ly t ica l  m e th o d  
fo r  the  d e te rm in a t io n  o f  d ru g  species is th e i r  c a p a c i ty  to m easure se lec tive ly  
the d rug  in  the presence o f  its m etabolites . M etabo lic  t ra n s fo rm a t io n s  m ay 
m o d ify  the  e le c tro a c t iv i ty  o f  the  d rug , or even suppress  i t  by a f f e c t in g  the  
n a tu re  o f  the  fu n c t io n a l  g roup  or the s t ru c tu re  responsib le  fo r  this ac t iv i ty .

A lth o u g h  d irec t  d e te rm in a tio n s  o f  d rugs in se rum  an d  u r in e  by 
vo ltam m etr ic  tech n iq u es  a re  fo u n d  in  the  l i t e r a tu re  w ith o u t  p rev ious  
separa tions  [18], th is  p ro ced u re  is not gen e ra l ly  v a lid ,  unless th is  has a
tox ico logica l ob jec tive  r a th e r  th an  a c l in ica l  one i.e., d rugs  w hich  have  been 
a d m in is te red  to p roduce  serum  co n c e n tra t io n s  h ig h e r  th a n  10 ug m l " 1 [19]. In
the a n a ly t ic a l  con tro l  o f  a ce r ta in  th e ra p y  a n d  in  p h a rm a c o k in e t ic  stud ies ,  the  
an a ly t ica l  p rob lem  is a d e te rm in a t io n  a t  th e  u l t r a - t r a c e  level w i th  ty p ica l  
con cen tra t io n s  in the range  of  ng m l’ 1. H ere ,  p rev ious  sep ara t io n s  are  
ind ispensable .

T h e  prec is ion  o f  m o d ern  p o la ro g rap h ic  tech n iq u es  is high. V o l ta m m e tr ic  
techn iques w ith  s ta t io n a ry  m ercu ry  e lec trodes  also p resen t  good prec ision . In  
th is  respect, p roblem s a re  presen ted  by solid electrodes, due  to the  
non-renew ab le  c h a ra c te r  o f  the su rfa c e ,  w h ich  is a cause o f  bad  
rep ro d u c ib i l i ty .

In p h a rm a c e u t ica l  analysis , d i f f e r e n t i a l  pulse po la ro g rap h y  has fo u n d  
ex tensive  app lica tions.  T h e  d e te rm in a t io n  of  d rugs  in  the presence  o f  
non -e lec troac t ive  exc ip ien ts  perm its  one to c a r ry  ou t  d irec t  analysis ,  an d  
errors  of  1 -2 % tog e th e r  w i th  re la t ive  s ta n d a rd  d ev ia t io n s  of  the same o rd e r  are 
easily a t ta in ab le .

V o ltam p ero m e tr ic  techn iques  can  be easily  a u to m a te d  fo r  an a ly t ic a l
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procedures. The  recen t  in tro d u c t io n  o f  com pute r ised  in s t ru m e n ta t io n  p e rm its  a 
la rge  n u m b er  of  sam ples to be processed w ith  m in im u m  a t te n t io n  by  the 
opera tor.  F rom  an  econom ic s tan d p o in t ,  these techn iques  o f fe r  a u t i l i t y /p r i c e  
re la t io n  th a t  is h ig h ly  a t t ra c t iv e .  T he  in s t ru m e n ta t io n  is simple a n d  ob v ia tes  
the need  fo r  expensive  single com ponents  w i th  l im ited  l i fe  time. T h is  reduces  
m a in ten an ce  cost to a m in im um .

4.3 T H E O R Y  O F E L E C T R O  A N A L Y T IC A L  T E C H N IQ U E S
4.3.1 In tro d u c t io n

E lec trochem ica l ana lys is  has a f u n d a m e n ta l  theore tica l  basis o f  g rea t  
com plexity . T h is  section  aim s only to ex p la in  some theo re t ica l  basis  an d  
app lica t ions  o f  techn iques  used in  th e  ex p e r im e n ta l  p a r t  o f  th is  thesis.  No 
d e ta i led  discussion o f  fu n d a m e n ta ls  or a p p l ic a t io n s  of  these tech n iq u es  w ill  be 
t re a te d ,  as these a re  ex p la in ed  sy s tem atica l ly  in  com prehensive  books o f  
e lec trochem is try .  In  th is  case those texts  w ill  be c ited  w here  necessary.

4.3.2 P o la ro g rap h ic  T echn iques
4.3.2.1 Classic D irec t  C u r re n t  CPC) P o la ro g ra p h y

As in  all v o l tam m etr ic  techn iques ,  D C  po larog raphy  invo lves  the  
a p p lica t io n  o f  v a ry in g  the  app lied  p o te n t ia l  (< 10 mV s’ *) w i th  t im e  a t  a 
DME, a n d  reco rd in g  o f  the  c u r re n t  in te n s i ty  response as a f u n c t io n  o f  the  
p o te n t ia l  applied .

T h e  s tu d y  of  DC p o la ro g rap h ic  w aves allows one to ob ta in  a la rg e  am o u n t 
of  in fo rm a t io n  on the  n a tu re  of  the processes tak ing  place a t  the  e lec trode . 
T h e  in te rp re ta t io n  of  these  waves is based on an ex tensively  d eve loped  th eo ry  
t r e a te d  by H eyrovsky  a n d  K u ta  [20], an d  M eites [21]. The most recen t
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d evelopm en t o f  the tech n iq u e  (i.e. Tast p o la ro g ra p h y )  has been w ell d iscussed  
by Bond [11]. Z u m an  [14] has w r i t te n  a c lassical book on o rgan ic  p o la ro g ra p h ic  
analysis, an d  has rep o rted  the p rinc ip les  on w h ic h  the  a p p lica t io n  o f  th is  
tech n iq u e  is based fo r  the  s tudy  of the m ech an ism  o f  e lec trode  processes [2 2 ],

4.3.2.2 D i f f e r e n t ia l  Pulse P o la rography
T h e  m ain  ch a ra c te r is t ic  of th is  te c h n iq u e  lies in  the  u t i l isa t io n  o f  an 

a p p lica t io n  o f  successive po ten t ia l  pulses o f  c o n s tan t  am p li tu d e  a n d  sho rt  
d u ra t io n  ( ty p ica l ly  60 ms), w hich  are  im posed  on the slow l in e a r  p o te n t ia l  
sweep. T h e  ap p lica t io n  of the pulse is p ro d u ced  a t  the  end  o f  the  l i f e  tim e o f  
the d rop  (con tro lled  d rop  time) an d  the  response c u r r e n t  is processed in  a w ay  
th a t  the  o u tp u t  signal is given by the  d i f f e r e n c e  betw een  the in ten s i t ie s  
m easu red  a b o u t  15 ms befo re  the d rop  fa lls  an d  th a t  a t  an  equal t im e b e fo re  the 
pulse is app lied . T h e  techn ique  makes use o f  the  f a c t  th a t  the  c a p a c i t iv e  
c u r re n t  decreases  ex p o n en tia l ly  w ith  t im e a f t e r  the  ap p l ic a t io n  o f  the  
p o ten tia l  pulse, w hile  the fa ra d a ic  c u r r e n t  decays p ro p o r t io n a l ly  to t ' 1/ 2 ,
i.e. a t  a slow rate . T he  ra tio  of  f a ra d a ic  c u r r e n t /c a p a c i t iv e  c u r re n t  a t  the 
end o f  the  pulse is th e re fo re  very  fa v o u ra b le ,  thus  p e rm it t in g  the  m easu rem en t 
of very  sm all c u rre n ts  p roduced  by substances  w h ich  a re  p resen t in  so lu t io n  at 
very d i lu te  co n cen tra t io n .  The waves so o b ta in e d  a re  p resen ted  as a peak  due  
to the d i f f e r e n t i a l  reco rd ing  of the cu r re n t .  T h e  eq ua tions  th a t  express the 
re la t io n sh ip  in te n s i ty -p o te n t ia l  w ith  respec t to the  c h a ra c te r is t ic  p a ra m e te rs  
of the  tech n iq u e ,  e.g. pulse am p li tu d e ,  pulse d u ra t io n ,  h av e  been la id  o u t  by 
P a r ry  a n d  O steryoung  [23], The theo ry  fo r  revers ib le  processes has been 
trea ted  by Bond [ 1 1 ] and  the c r i te r ia  fo r  r e v e rs ib i l i ty  in this te c h n iq u e  has 
been es tab l ish ed  by B irke  [24],
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4.3.2.3 A l t e r n a t in g  C u r r e n t  P o la r o g r a p h y

T he wave fo rm  used in th is  case consists o f  a sm all-am p li tu d e  
s inuso ida l  a l te rn a t in g  p o ten t ia l  superim posed  onto th e  usua l p o te n t ia l  ram p  
used in  DC po la rography . T he  c u r r e n t  in the cell c o n ta in s  AC an d  D C  com ponents  
co n s t i tu t in g  the response to the  s inuso ida l  tension and  to the l in ea r  p o ten t ia l  
scan respectively . T he  DC com ponen t is e l im in a ted  by  reco rd in g  solely the  AC 
c u r re n t  w i th  the  same f re q u e n c y  as the  app lied  s inuso ida l  po ten tia l .  The 
resu l t in g  p lo t consti tu tes  an  AC polarogram .

T h e  reco rded  c u r re n t  co n ta in s  bo th  fa ra d a ic  ( i f )  an d  cap a c i t iv e  (ic) 
com ponents. The a l te rn a te  f a r a d a ic  c u r re n t  responds to the  p e r io d ic  v a r ia t io n  
in  the co n c e n tra t io n  re la t io n sh ip  be tw een  the  ox idised  a n d  red u ced  fo rm s  of  the 
e lec tro ac t iv e  species a t  the  e lec trode-so lu tion  in te r face .  F o r  fa s t  rev e rs ib le  
e lec trode  processes, the  re su l t in g  a l te rn a t in g  c u r re n t  in te n s i ty  will be large, 
w hile  a sm all response will be expec ted  fo r  sluggish processes.

4.3.2.4 S q u a re  W ave  P o la r o g r a p h y

T his  tech n iq u e  involves the  ap p lica t io n  of  a sm all am p li tu d e  square  
w ave voltage  in s tead  o f  the  s in u so id a l  one used in  AC po la ro g rap h y . The 
a l te rn a t in g  c u r re n t  d e tec t io n  is e f f e c te d  by sam pling the  c u r re n t  n e a r  the end  
of  each  sq u a re  w ave h a lf-cy c le ,  an d  the  cu rren t-v o l tag e  cu rve  consists o f  a 
plot o f  the  a l te rn a t in g  c u r r e n t  sam pled  d u r in g  the posit ive  an d  neg a tiv e  square  
wave ha lf -cyc les  versus the  DC po ten tia l .  D isc r im in a tio n  aga in s t  the  ch arg in g  
cu rren t ,  w h ich  results f ro m  the  g ro w th  o f  the m e rc u ry  drop , is m in im ised  by 
m easu r ing  the  c u r re n t  a t  the  end  of  the  d rop  l ife  w here  the  ra te  o f  a re a  change 
is ve ry  small. T he  change in  ch a rg in g  c u r re n t  is e x p o n en tia l  and  is a fu n c t io n  
of  time, w i th  the  decay being  p ro p o r t io n a l  to e ' ^ ^ ^ d l  (w here  R  is the  ohm ic
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res is tance  o f  the c ircu i t ,  t is time, a n d  is the  cap a c i ty  of the  double  
layer). When square  wave pulses are superim posed  on to  the DC p o ten tia l ,  the  
f a r a d a ic  c u r re n t  changes as a fu n c t io n  o f  t ' * / 2, im p ly ing  th a t  decay  in  
c h a rg in g  c u r re n t  is fa s te r  th a n  th a t  o f  the  f a r a d a ic  cu rren t .  In essence the  
te c h n iq u e  d isc r im in a tes  g rea t ly  aga ins t  ch a rg in g  c u r r e n t  based on the  sm alle r  
R C  tim e  constan t associa ted  w ith  the doub le  laye r  ch a rg in g  process re la t iv e  to 
the f a r a d a i c  process. S quare  w ave p o la ro g rap h y  is basically  eq u iv a le n t  to 
s inuso ida l  AC po la ro g rap h y , a l th o u g h  h av ing  g rea te r  sensitiv ity .  D iscussion on 
square  w ave po la ro g rap h y  is av a i lab le  in  several books [25,26].

4.3.2.5 S t r i p p in g  V o l t a m m e t r v

In  conv en tio n a l  p o la ro g rap h ic  a n d  v o ltam m etr ic  techn iques the  in te n s i ty  
of  th e  an a ly t ic a l  signal is l im ited  by th e  d i f fu s io n  o f  an a ly te  f ro m  the  bu lk  
of  the  so lu tion  to the  su r fa c e  o f  the  electrode. A t v e ry  low concen tra tions ,  
the  a v a i la b i l i ty  o f  e lec tro ac t iv e  m a te r ia l  d u r in g  the  po ten tia l  sweep is 
g en era l ly  in s u f f ic ie n t  to p ro d u ce  a response th a t  d i f fe r e n t ia te s  well enough  
f ro m  th e  capac it ive  cu r re n t .  T h is  physica l  l im ita t io n  o f  the v o ltam m etr ic  
tech n iq u es  to sens it iv ity  can  be overcom e by co n tro l led  accu m u la t io n  of  the  
a n a ly te  on the  su rface  o f  the  w ork ing  e lec trode  b e fo re  the v o l tam m etr ic  
m e a su re m e n t  is taken . Severa l  techn iques  have  been developed re g a rd in g  this 
a p p ro a c h  u n d e r  the  nam e o f  "s tr ipp ing  voltam m etry" .  T h ey  are c h a ra c te r is e d  by 
th e ir  e x t r a o rd in a ry  sen s i t iv i ty ,  w hile  m a in ta in in g  o ther  f a v o u ra b le  
c h a ra c te r is t ic s  of  v o l tam m etr ic  tech n iq u es  such as precision, ease o f  
a u to m a tio n ,  and  the p o ss ib il i ty  of  s im u ltaneous  d e te rm in a t io n  of  several 
elem ents.

F u n d a m e n ta ls  com m on to all s t r ip p in g  vo ltam m etr ic  techn iques is, as
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a lre a d y  m entioned , the  acc u m u la t io n  o f  e i th e r  the  an a ly te  or a species 
g en e ra ted  f ro m  it  by m eans of  a chem ical or e lec trochem ical reac t io n ,  on the  
su rfa c e  or w ith in  th e  w o rk in g  electrode. U n d e r  r igorously  co n tro l led  
h y d ro d y n a m ic  an d  e lec trochem ica l cond it ions ,  i t  is possible to es tab lish  well 
d e f in e d  re la tionsh ips  be tw een  the  am o u n t  o f  a n a ly te  accu m u la ted  a n d  its 
c o n c e n tra t io n  in  the b u lk  o f  the so lution . T h e  vo ltam m etr ic  response g e n e ra te d  
by the  s tr ip p in g  or e lec trochem ica l  t r a n s fo rm a t io n  o f  such a dep o s i t  
cons ti tu te s  a m easure  o f  the  c o n c e n tra t io n  of  a n a ly te  in solution.

C la ss if ica t io n  o f  s t r ip p in g  v o l tam m etr ic  m ethods is based on two 
cri te r ia :
1. T h e  n a tu re  o f  th e  acc u m u la t io n  process acco rd ing  to the e lec tro ch em ica l  
or chem ica l reac tions invo lved . U n d o u b te d ly ,  th is is the  most im p o r ta n t  aspec t 
w h ich  states the  most s ig n i f ic a n t  d if fe re n c e s  am ong the  various techn iques.
2. T h e  vo ltam m etr ic  te c h n iq u e  em ployed  in  the  m easu rem en t  o f  the  
acc u m u la te d  species. H ere , i t  is adv isab le  to rem em ber  th a t  p o te n t io m e tr ic  
m ethods have  also been used, spec ia lly  in s im ultaneous  d e te rm in a t io n  of  v a r io u s  
elements.

A ccord ing  to the  n a tu re  o f  the  accu m u la t io n  process th ree  te c h n iq u e s  can  
be c lea r ly  d e f ined .

4.3.2.5.1 A nod ic  S tr ipp ing  V o l ta m m e try  (ASV)
ASV is the  m ost ex ten s iv e ly  used tech n iq u e  in  the  d e te rm in a t io n  o f  

heavy  m eta l  ions in  e n v iro n m e n ta l  and  bio logical samples. T he  a c c u m u la t io n  
step takes  place by c a th o d ic  e lec tro d ep o s i t io n  a t  a po ten t ia l  co rre sp o n d in g  to 
the  d i f f u s io n  p la teau  of  the  re d u c t io n  w ave o f  the an a ly te  a t  th e  w o rk in g  
electrode. The m etal is re d u c e d  in  the  fo rm  o f  an am algam  (m ercu ry  e lec trode)
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or in  the  fo rm  of an  ad h e red  ( f i lm  i f  a solid  e lec trode  is em ployed). The 
m easu rem en t is p e r fo rm e d  by scann ing  the  p o te n t ia l  in  the  posit ive  d ire c t io n  
an d  the  a n a ly t ica l  signal is co n s t i tu ted  by the  a n o d ic  peak ap p e a r in g  a t  the  
p o te n t ia l  in  w hich  the  deposited  m eta l  is reox id ised .  The c o rre sp o n d in g  
e lec trochem ica l reac tions are:

A ccum ula tion : O + n e '  — R ej

S tr ipp ing : R gj — ^  O + ne"

In  p rac tice ,  the f ie ld  of  ap p l ic a t io n  o f  ASV is re s tr ic ted  to the  
d e te rm in a t io n  of h eav y  metals. H ow ever,  i t  w o u ld  be possible to expec t th a t  
th is te c h n iq u e  can be app lied  to the  d e te rm in a t io n  o f  o rganic  com pounds 
belonging to redox systems in  w h ich  the  r e d u c e d  f o rm  is e lec troac t ive  a n d  able  
to adso rb  s trongly  on the  w ork ing  electrode. A l th o u g h  num erous  systems of  th is 
k in d  have  been ex tens ive ly  s tu d ied  w ith  reg a rd s  to th e i r  adso rp t io n  b eh av io u r  
(m ethy lene  blue, r ib o f la v in ) ,  exam ples o f  a n a ly t ic a l  ap p lica tions  to the 
d e te rm in a t io n  of o rgan ic  species a re  r a th e r  few.

4.3.2.5.2 C a th o d ic  S tr ipp ing  V o ltam m etry
T h is  tech n iq u e  presen ts  two va r iab le s  w h ich  are  c h a rac te r ised  by the  

use o f  e i th e r  n o n - in e r t  or in e r t  e lectrodes. In  the  f i r s t  instance , w h ich  is 
only im p o r ta n t  w ith  reg a rd s  to th e  d e te rm in a t io n  o f  o rganic  m olecules, the  
a n a ly te  is a ccu m u la ted  a t  the  su rfa c e  o f  the  w o rk in g  e lectrode in  th e  fo rm  of 
e i th e r  a sp a r in g ly  soluble sa lt  or an  a d so rb ed  co o rd in a t io n  com pound  fo rm ed  
b e tw een  the  substance to be d e te rm in e d  a n d  th e  ions com ing f ro m  th e  d isso lu tion
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of the  w ork ing  e lec trode  m ate ria l .  D u r in g  the  a c c u m u la t io n  step the p o te n t ia l  
is kep t  at a va lue  a t  w h ich  the e lec trode  is ox id ised  in  the  presence o f  the  
ana ly te .  In  the  m easu rem en t step, the  p o ten tia l  is scanned  in  the n eg a t iv e  
going d irec t io n ,  a n d  the an a ly t ica l  s ignal consists o f  a ca th o d ic  peak  th a t  
appears  a t  the p o te n t ia l  a t  w h ich  e i th e r  the  an ion  or l ig an d  bound  to i t  is 
reduced .
T he  correspond ing  e lec trochem ica l reac tion  a re  as follows:

A ccum ula tion : A + Hg (0) — A H gej + 2 e '

S tripping: A H g el + 2 e '  — A + Hg (0)

The most f re q u e n t ly  used e lec trode  m a te r ia ls  a re  m ercu ry  an d  silver. 
T he  ap p lica t io n  f ie ld  com prises severa l in o rg an ic  a n io n s  capab le  o f  fo rm in g  
sp ar in g ly  soluble salts w i th  m ercu ry  an d  silver, as well as w ith  o rg an ic  
species co n ta in in g  c e r ta in  fu n c t io n a l  g roups (m ercap tan s ,  th io am id es ,  
p y r im id in es )  w hich  in te ra c t  w ith  m ercu ry  ions. In  the  second instance , in e r t  
e lec trodes m ade up  o f  ca rb o n  or noble m etals  a re  used f o r  the d e te rm in a t io n  o f  
ions such as Mn (11) or Pb (11) w hich  can be acc u m u la te d  as oxides.

4.3.2.5.3 A dso rp tive  S tr ip p in g  Y o ltam m etrv  (AdSY)
T he  m ain  c h a ra c te r is t ic  o f  th is  tech n iq u e  is th a t  the  a n a ly te  is 

ac c u m u la te d  an d  la te r  m easured  as is, w i th o u t  an y  p rev io u s  e lec tro ch em ica l
t r a n s fo rm a t io n  to a n o th e r  chem ical species. T h e  acc u m u la t io n  step tak es  place
w i th o u t  a n y  e lec tron  t r a n s f e r  a t  the  e lec trode-so lu tion  in te r fa c e ;  acco rd in g ly ,  
it  is no t necessary, in  genera l ,  to keep the  e lec trode  a t  a too h igh ly  positive
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or n ega tive  p o ten tia l  d u r in g  the  acc u m u la t io n  step. In fac t ,  a l th o u g h  the  
ex ten t  o f  the  acc u m u la t io n  m ay show a d ep en d en ce  on the  accu m u la t io n  p o te n t ia l ,  
i t  is feas ib le  to c a r ry  o u t  a n  e f fe c t iv e  ac c u m u la t io n  o f  the  an a ly te  u n d e r  open  
c i rc u i t  conditions.

T he  m ain  a d v a n ta g e  o f  th is  tech n iq u e  versus ASV lies in  the  f a c t  th a t  
the  fo rm e r  avoids the  e lec trodeposit ion  of  traces  o f  m eta ll ic  im p u r i t ie s  
p resen t in  the  b a c k g ro u n d  e lec tro ly te ,  w h ich  cou ld  provoke serious 
in te r fe ren c e s  in the m e a su re m e n t  step. When co m p ared  w ith  CSV, a d so rp t iv e  
s t r ip p in g  v o l tam m etry  shows a no tab ly  su p e r io r  sens i t iv i ty ,  w hich  can  be 
u n d e rs to o d  by ta k in g  in to  accoun t  th a t  th e  ad so rp t iv e  accu m u la t io n  is n o t  
l im ited  by the so lub il i ty  o f  the  m ercu ry  salt.

K a lv o d a  [27] has  rev iew ed  the a n a ly t ic a l  a p p lica t io n s  of  ad so rp t iv e  
s t r ip p in g  vo l tam m etry ,  p o in t in g  ou t the  w ide  ran g e  of  app lica t io n  of  th is  
techn ique .  This  inc ludes  o rgan ic  ions, as well as b o th  e lec troactive  a n d  
non-e lec troac t ive  species.

A d so rp t iv e  s t r ip p in g  v o ltam m etry  m ay be ap p l ied  to the d e te rm in a t io n  of 
an y  species th a t  can  be ac c u m u la te d  by ad so rp t io n  in  a con tro lled  m a n n e r  onto  
an y  k in d  of  electrode. T h is  im plies th a t  c lea r  a n d  w ell d e f in e d  re la t io n sh ip s  
shou ld  ex ist  betw een the  s u r fa c e  c o n cen tra t io n  o f  the  adsorbed  species,J?, its 
co n c e n tra t io n  in  the  b u lk  o f  the  so lution , CQ, a n d  the  a ccu m u la t io n  t im e, 
t„„_. Such a d e f in e d  re la t io n sh ip  exists w h en  the  two fo llow ing  co n d i t io n s

a C C

are  m et [28]:
1 ) the  ad so rp tio n  r a t e  is very  large in  re la t io n  to the  t ra n sp o r t  ra te  

of  the  species f ro m  the  b u lk  o f  the so lu tion  to the  su r fa c e  o f  the e lectrode;
2 ) the  ad so rp tio n  e q u i l ib r iu m  lies s tro n g ly  in  fa v o u r  o f  the  a d so rb ed  

species.
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P hillips  [29] has show n th a t  the  su rfa c e  c o n c e n t ra t io n  o f  the  adso rbed  
species 0  can  be expressed  in te rm s o f  the c o n c e n t ra t io n  in  the  b u lk  o f  the 
solution, the  d i f fu s io n  c o e f f ic ie n t  (D) a n d  the  a c c u m u la t io n  tim e as follows:

r 0 -  1.128 c 0  D01/2  ,1/2 + c 0  D 0  (taoc /  r) (4.1)

w hich  is f u l f i l l e d  f o r  spherica l  e lec trode  of r a d iu s  r  w h en  the  t r a n sp o r t  o f  
substance  takes p lace  u n d e r  pu re  d i f fu s io n  cond it ions.  V a len ta  [30] has shown 
th a t  the  second te rm  o f  e q u a tio n  4.1 is neg lig ib le  fo r  sm all values o f  t acc . 
A ccord ing ly , the K o ry ta  e q u a tio n  [31] could be co n s id e red  as a l im it in g  
s i tu a t io n  o f  eq u a t io n  4.1 fo r  small va lues  o f  t acc , e.g. accep ting  the  
sl igh tly  sm aller va lue  o f  the  n u m eric  c o e f f ic ie n t  o f  the  f i r s t  term.

When the  a c c u m u la t io n  process takes  p lace u n d e r  convective  mass 
t ra n sp o r t  cond it ions ,  the  h y d ro d y n a m ic  co n d it io n s  o f  the cell e x e r t  a 
d e te rm in in g  in f lu e n c e  on the  d ependence  o f  F q up o n  C Q and  t acc . I f  
m agne tic  s t i r r in g  is used, as f re q u e n t ly  occurs to be, the  N erns t  d i f fu s io n  
lay e r  hypothesis  [32] leads to an expression  of the fo l lo w in g  type:

r o =  K  C0 tacc

w here , K  is a c o e f f ic ie n t  d ep en d in g  upon the  g eom etry  of  the  cell a n d  the  
s t i r r in g  cond it ions ,  b o th  o f  w hich  are  assum ed to be in v a r iab le .

Once a r e la t io n sh ip  be tw een  r oa n d  C 0  has  been  estab lished , any  
v o ltam m etr ic  te c h n iq u e  g iv ing  rise to a response p ro p o r t io n a l  t o l ^  w ill  be
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valid ,  a t  least in p r in c ip le ,  f o r  an a ly t ica l  purposes.
The vo l tam m etr ic  beh av io u r  o f  a d so rb ed  species p resen ts  n o tab le  

p ecu lia r i t ie s  w i th  respec t to those substances  be ing  red u ced  u n d e r  
d if fu s io n -c o n tro l le d  cond it ions.  These p e c u l ia r i t ie s  w ill  y ie ld  im p o r ta n t  
ad v an tag es  f ro m  an a n a ly t ic a l  po in t o f  v iew , as w ill  be seen la te r  on.

G iven  a redox  system:

O + ne — ^  R —

in w hich  bo th  ox id ised  a n d  reduced  fo rm s adso rb  s trong ly  on the  e lec trode . It 
is assum ed that:

1 ) all the  a d so rp t io n  sites on the  e lec trode  su r fa c e  are e q u iv a le n t  
(hom ogeneous su rface )-  th is  hypothesis  is r igo rously  f u l f i l l e d  by  m e rc u ry  
electrodes;

2) the  ad so rp tio n  processes of  bo th  species O a n d  R  obey the  L a n g m u ir  
iso therm , w h ich  m eans th a t  in te rac t io n s  am ong m olecules in  the  a d so rb ed  phase  
a re  neglig ib le- such  a n  hypo thesis  is accep tab le  in  the  case o f  low coverage  
values.

3 ) th e  su r fa c e  c o n cen tra t io n s  I o  a n d  F R  v a ry  w ith  the  p o te n t ia l  in  
acco rdance  w ith  the  N e rn s t  equation.

A su rfa c e  s ta n d a rd  po ten tia l ,  E ° , c an  be d e f in e d  as:

E 0> = E °  - ( G r  - G 0 ) / n F

where , E 0’ is the  s t a n d a r d  po ten tia l  o f  the  system  in  so lu tion  a n d  G R  
and  G q a re  the  a d so rp t io n  s ta n d a rd  f re e  energ ies  o f  the reduced  an d
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oxid ised  species respectively .
T he  a p p lica t io n  of  the  N ern s t  eq u a t io n  to the  system  leads to :

= exp [ ( nF  /  R T  ) ( E  - E 0’ ) ] =

L av iro n  [33,34] has es tab lished  the  e q u a tio n s  fo r  the  v o ltam m etr ic  curves 
o b ta in ed  by  l in ea r  sweep v o l tam m etry  or cyclic  v o ltam m etry  fo r  the  system  and  
cond it ions  described  above. The expression  fo r  the  l in ea r  sweep vo ltam m o g ram  
is as follows:

[i] = ( F 2  n 2  v A t /  R  T ) [ ( 1 + ) 2  ]

w here  v is the p o ten tia l  scan rate , A is the  a rea  o f  the  electrode a n d  -p is 
the  g lobal su rface  co n c e n tra t io n  o f  bo th  species. T h e  cu rve  presen t a m ax im u m  
fo r  = 1, th a t  is to say fo r  E = E °  . T h e  v o l tam m etr ic  peak p o te n t ia l  is
the  same as the  su r fa c e  s ta n d a rd  p o ten tia l .  T h e  peak  is sym m etr ica l  w i th
respect to the  line  p a ra l le l  to the  o rd in a te s  axis th a t  crosses the p o te n t ia l  
E °  . T h e  cyclic  v o l tam m etr ic  cu rv e  shows an  an o d ic  peak  sym m etr ica l  to the  
ca th o d ic  peak. Both peaks have  a w id th  a t  th e i r  h a l f  he igh t o f  9 0 /n  m V  at 
25°C.

T h e  peak  in te n s i ty  shows a l in e a r  d ep en d en ce  on the  p o ten tia l  scan  rate . 
T h is  ch a ra c te r is t ic ,  to g e th e r  w ith  the  sy m m etr ica l  shape o f  the  cyclic  
vo ltam m ogram , allows fo r  an easy d i f f e r e n t i a t io n  o f  th is  k ind  o f  process f ro m  
those w h ich  are  d i f fu s io n -c o n tro l le d ,  whose peak  in tens it ie s  show a l in e a r
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dependence  w ith  the h a l f  power o f  the  scan ra te  [35].
For h ig h er  su r fa c e  concen tra tions ,  i t  is no t possible to describe  the  

in te ra c t io n s  am ong the  adsorbed  m olecules; a F ru m k in  iso therm  being  necessary  
to describe  the ad so rp tio n  process [34].
In the case o f  p re d o m in a n t  a t t r a c t iv e  forces ,  the  p eak  po ten tia l  u ndergoes  a 
d isp lacem en t to m ore nega tive  values, ow ing  to the  f a c t  th a t  it is necessary  to 
p rov ide  a d d i t io n a l  energy  to overcom e the  a t t r a c t io n  in te rac tions .  For 
s u f f ic ie n t ly  in tense  in te rac t io n s ,  the  peak  becom es th in n e r  and  sh a rp  [33]. In 
the cyclic  vo ltam m ogram , a hysteresis  e f f e c t  a p p e a rs  [36], w hich  consists in  a 
sep a ra t io n  of the ca th o d ic  and  an o d ic  peaks d i f f e r in g  now in th e i r  peak  
poten tia ls .  U n d e r  these cond it ions  no m a th e m a t ic a l  descr ip tion  o f  the  cu rv e  
can  be made.

T he  ad v an tag es  of  adso rp tive  s t r ip p in g  v o l ta m m e try  over those tech n iq u es  
o pera t in g  u n d e r  d i f fu s io n  contro l a re  no t re s t r ic te d  to the a c c u m u la t iv e  
ad so rp tio n  of  the substance  onto the  e lec trode , w h ich  results  in an im p ro v e d
a n a ly t ic a l  signal. T h e  f a c t  th a t  the  peak  in te n s i ty  var ies  l in ea r ly  w i th  v
r a th e r  th a n  v 1 / 2  p ro h ib i ts  a d ra s t ic  f a l l  in  the  ra t io  of f a r a d a ic  to 
cap ac i t iv e  c u r re n t  to occur w hen  h ig h e r  scan n in g  ra te s  are used, w i th  the  
subsequen t ga in  in sen s i t iv i ty  and  tim e o f  analysis .

T he  h igh  sen s i t iv i ty  shown by a d so rp tiv e  s t r ip p in g  v o ltam m etry , to g e th e r  
w ith  its excellen t p rec is ion  and  in s t ru m e n ta l  s im p lic ity ,  m ake o f  this
tech n iq u e  an  a t t r a c t iv e  tool fo r  the d e te rm in a t io n  o f  drugs in b io log ica l
samples a t  low level concen tra tions .  H o w ev er ,  the  deve lopm ent o f  th is  k in d  of 
ap p l ic a t io n  f in d s  d i f f ic u l t ie s  a r is ing  f ro m  th e  ex trem ely  complex n a tu re  of 
bio logical m ateria ls ,  a n d  p a r t ic u la r ly  f ro m  the  presence of  large a m o u n ts  o f  
su r fa c ta n ts  (prote ins, l ip ids, etc.) th a t  a re  ab le  to adso rb  on the w ork ing
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e lec trode  h in d e r in g  the  accu m u la t io n  of  the a n a ly te  of  in terest.
K a lv o d a  [37] has discussed the  genera l  cond it ions  f o r  the  a p p l ic a t io n  of  

th is tech n iq u e  to d e te rm in e  e lec troac t ive  o rg an ic  molecules, p ay in g  specia l 
a t te n t io n  to the e f f e c t  caused by the presence  of  o th e r  su r fa c ta n ts  u p o n  both  
the a ccu m u la t io n  process and  the  v o ltam m etr ic  b e h a v io u r  o f  the  a d so rb ed  
e lec troac t ive  species. K a lv o d a  points  ou t th a t  the co m pe tit ive  coverage  o f  the  
e lec trode  su rfa c e  by the  in te r fe re n t  su r f a c ta n ts  m akes the  a n a ly t ic a l  response 
to decrease  an d  can  even  fu l ly  suppress the acc u m u la t io n  process. T he  longer 
the a ccu m u la t io n  t im e the  more acu te  the  in te r fe re n c e  o f  su r fa c ta n ts .  T h is  can 
be ex p la in ed  owing to the fa c t  th a t  the  tim e re q u i re d  to reach  a com ple te  
coverage o f  the e lec trode  is inve rse ly  p ro p o r t io n a l  to the s u r f a c ta n t  
co n c e n tra t io n  in so lu tion  [38],

T he  p a ra m o u n t  im p o r tan ce  of th is  phenom enon  w hen  a p p ly in g  a d so rp tiv e  
s tr ipp ing  v o l tam m etry  to analysis  in bio logical samples has u rg e d  v a r io u s  
au th o rs  to s tudy  in  c e r ta in  de ta i l  the  e f f e c t  o f  several s u r fa c ta n ts  upo n  the 
adso rp t ive  v o ltam m etr ic  b eh av io u r  o f  the ana ly tes  o f  in te res t .  T hus, 
O ste ryoung  and  co-w orkers  [39] have  ex am in ed  the red u c t io n  b e h a v io u r  o f  the 
a n t ih is ta m in ic  d ru g  c im e tid in e  w hen  ad so rb ed  in  the  presence o f  h u m a n  se rum  and  
T r i to n  X-100. T h ey  fo u n d  a s im ila r  suppression  e f fe c t  fo r  bo th  o f  them . T he  
au th o rs  reco m m en d ed  a prev ious ch ro m a to g ra p h ic  sep a ra t io n  b e fo re  the 
d e te rm in a t io n  of  c im e t id in e  in serum.

Wang et al. [40] have  s tu d ied  the  systems r ib o f la v in -c a m p h o r  and  
f la v in e -m o n o n u c leo tid e -g e la t in ,  rep o r t in g  th a t  5 ppm  of e i th e r  s u r f a c ta n t  
suppresses the  s t r ip p in g  peak o f  the n u c leo tid e  an d  d im in ishes  the  s t r ip p in g  
peak o f  the  f la v in e  to 45% of its o r ig in a l  value. N e i th e r  o f  the  su r fa c ta n ts  
m o d ify  e i th e r  the peak  po ten tia l  or its m orphology.
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F e rn a n d e z  et al. [41] have  re p o r te d  an  ex ten s iv e  s tudy  on the 
suppression  e f fe c t  o f  an ion ic ,  c a t io n ic  an d  n o n-ion ic  su r fa c ta n ts  on the  
a d so rp tiv e  s t r ip p in g  v o l tam m etr ic  b e h a v io u r  o f  fo lic  acid . T he  au th o rs  p o in te d  
ou t the  m ark e d  e f fe c t  o f  the  mass t r a n sp o r t  cond it ions  on  the  suppressing  role 
o f  the  s u r fa c ta n ts ;  thus  a p re c o n c e n tra t io n  step c a r r ie d  ou t in u n s t i r re d  
so lu tions yields s tr ip p in g  peaks whose shape  an d  in te n s i ty  rem a in  essen tia l ly  
u n a l te re d  in  the presence  o f  gelatin .

- 7K a lv o d a  [37] has show n th a t  the  d e te rm in a t io n  of  1 x 10" M  
n i t ra z e p a m  is fea s ib le  in  the presence  o f  5 ppm  of g e la t in  fo r  accu m u la t io n  
tim es sh o r te r  th a n  15 s, w hereas  the use o f  t acc longer th a n  60 s p roduces  a 
to ta l  suppression  o f  the  an a ly t ic a l  signal.

Some conclusions can be d ra w n  f ro m  the  above c i ted  references:
(i) i t  is no t feas ib le  fo r  d irec t  d e te rm in a t io n  o f  o rg an ic  species by  

a d so rp tiv e  s tr ip p in g  v o l tam m etry  in  m a tr ices  co n ta in in g  h igh  c o n c e n tra t io n  of 
s u r f a c ta n t  m a te r ia ls  (e.g. serum ), in  w h ich  case it  is necessary  to c a r ry  o u t  a 
p rev ious  se p a ra t io n  o f  i n te r f e r e n t  species.

(ii) th e  suppressing  e f f e c t  o f  s u r f a c ta n ts  is lessened by using sh o r te r  
acc u m u la t io n  tim es or u n s t i r re d  solutions.

(iii) a l th o u g h  th e re  exists  a r a p id  g row ing  n u m b er  o f  papers  th a t  ap p ly  
this tech n iq u e  to the  d e te rm in a t io n  o f  molecules o f  b io log ica l im p o rtan ce ,  the  
a n a ly t ic a l  ap p l ica t io n s  in  b io logical sam ples is still r a th e r  scarce.
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4.4 E X P E R IM E N T A L  W ORK

4.4.1 A p p a ra tu s
V o ltam m etr ic  experim en ts  w ere  c a r r ie d  out using  e i th e r  a com pu te r ised  

e lec trochem ica l  m easu rem en t  system  (Inelecsa, Seville, S pain)  or a l te rn a t iv e ly ,  
a M etro h m  E-611 po te t io s ta t  coup led  to a M etrohm  E-612 scanner. T h e  l in ea r  
sweep vo ltam m ogram s p ro d u ced  by the  la t t e r  in s t ru m e n t  were reco rd ed  on a 
G ra p h te c h  WX-4421 X -Y  recorder.  A M etrohm  EA-410 h ang ing  m ercu ry  drop  
e lec trode  (HM DE) was used th ro u g h o u t  as the  w o rk in g  e lectrode. T he  d ro p  size 
c o rresp o n d ed  to th ree  d iv is ions o f  the  m ic ro m e tr ic  d ia l  o f  the e lectrode. A 
p la t in u m  w ire  was used as the  a u x i l ia ry  e lec trode  w i th  a sa tu ra te d  calom el 
re fe ren c e  e lectrode. The so lu tions w ere  s t i r r e d  using  a 12-mm m ag n e tic  
s t i r r in g  b a r  (M etrohm , H erisau ,  Sw itzerland).

4.4.2 M ate r ia ls

P ip e m id ic  ac id  was o b ta in ed  f ro m  P rodes  P h a rm a  L ab o ra to r ies  (Barcelona, 
Spain). S tock solu tions (1.0 x 10 M) of  p ip em id ic  ac id  w ere p re p a re d  in  5.0 
x 10‘ 2  M  NaOH each week. Solutions w ere  s to red  a t  4°C  a n d  p ro tec ted  f ro m  
the  ligh t. B ri t to n -R o b in so n  (B-R) b u f fe r s ,  o f  c o n s tan t  ion ic  s tren g th  a d ju s te d  
to 0.3 M  w ith  KC1, an d  s ta n d a rd ise d  0.1 M  HC104  so lu tions w ere  used as 
b a c k g ro u n d  electrolytes. All o th e r  reagen ts  w ere o f  a n a ly t ic a l  reag en t  g rade  
(Merck, D a rm s ta d t ,  F R G ) a n d  p u r i f i e d  w a te r  was o b ta in e d  by passing d is t i l led  
w a te r  th ro u g h  a M illi-Q  (M illipore-W aters, M ilfo rd ,  MA, USA) system.
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For vo ltam m etr ic  inves tiga tions,  the  test so lu tion  (20 ml) was d e -a e ra te d  
w ith  oxygen-free  a rgon  fo r  15 m inu tes  (an d  fo r  a f u r th e r  30 s b e fo re  each new 
m easurem ent).  A n  e q u i l ib r iu m  tim e o f  10 s was a llow ed  to elapse be tw een  the 
end  o f  the  s t i r r in g  an d  the  s ta r t  o f  the  p o te n t ia l  scan. T h e  p o ten t ia l  unless 
s ta ted  o therw ise , was scanned  a t  1 Vs'*.

4.5 R E SU L T S A N D DISCUSSION
4.5.1 Cyclic  V o ltam m etry

P ip em id ic  acid  undergoes two m ain  re d u c t io n  processes a t  th e  H M D E as seen 
f ro m  the  cyclic  vo ltam m o g ram  show n in  Fig. 4.2, o b ta in e d  fo r  a 5.0 x 10""* M 
solution of  the  d rug  in  B ri t to n -R o b in so n  b u f f e r  pH  3.04. The r e s u l ta n t  peaks, 
nam ely  peak  1 ap p e a r in g  a t  -569 mV a n d  2 a t  -892 mV, are  sym m etr ica l  in shape 
w ith  a w id th  a t  th e i r  h a l f  he ig h t  o f  30.3 an d  63.4 m V  respective ly ,  in d ic a t in g  
ad so rp tio n  con tro lled  processes. A t h ig h e r  c o n cen tra t io n s ,  i.e. 2.0 x 10'^
M, the  shape of the curves changed  in to  waves w h ich  showed ty p ica l  d i f fu s io n  
p la teaus,  in d ic a t in g  th a t  the processes a re  d i f f u s io n  con tro lled  u n d e r  these 
conditions. M a in ta in in g  the same p rocedure ,  b u t  low ering  the c o n c e n tra t io n  of 
the  d ru g  to 2.0 x 10 ' 7  M, re su lt ing  in  the  vo ltam m ogram s show ing  a ra th e r  
neglig ib le  c u r re n t  fo r  the  second process w h ile  the  f i r s t  was no t v isib le  a t  
all. H ow ever,  w hen  the  p o ten tia l  scan w as p e r fo rm e d  a f t e r  a llow ing  a per iod  o f  
accu m u la t io n  o f  75 s u n d e r  e lectrolysis,  process 2 a p p e a re d  as a w ell  d e f in e d  
peak, w hile  process 1 rem a in e d  unseen. T h is  phenom ena ,  a l th o u g h  only  an  
assum ption  a t  th is  stage, in d ica te s  the  poss ib il i ty  o f  ad so rp t iv e  acc u m u la t io n  
of p ip em id ic  ac id  a t  the  HMDE.

4.4.3 M ethod
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Ip f i A

e / v

Fig. 4.2 L in e a r  sweep so lu tion  p hase  v o l tam m o g ram s obta ined  fo r  5.0 x 10 '^  M  
of p ip em id ic  acid in B rit ton  - R o b in so n  b u f f e r  p H  3.04 a t  a scan ra te  o f  1 V /s .

247



T he in f lu en ce  o f  pH  was s tu d ied  in  B r i t to n -R o b in so n  b u f f e r s  ra n g in g  f ro m  
pH  2 to p H  11. Such solutions h ad  an  ionic  s t re n g th  a d ju s te d  to 0.3 w i th  KC1.
0.1 M Perc lo ric  ac id  was also em ployed  d u r in g  th is  s tu d y  to ex am in e  the  
b e h a v io u r  of  the  d ru g  a t  pH 1. Solutions of  p ip e m id ic  ac id  (2.0 x 10 ' 4  M) 
w ere p re p a re d  a n d  vo ltam m ogram s w ere recorded  as d esc r ibed  in the ex p e r im e n ta l  
section.

T h e  resu lt ing  v o ltam m ogram s show ed th a t  process 1 takes  place be tw een  p H  1 
a n d  5 (1, Fig. 4.2), w h ile  process 2 exists over the  w hole  range  o f  assayed pH  
values, i.e. 1-11. A t pH  values above 7, the  shape  o f  peak  2 ch an g ed  
som ewhat. Thus, a t  p H  be tw een  8  an d  9 the  w ave  splits  in to  tw o waves (F ig .4.3) 
at pH  10 it  reassum es the  single w ave m orpho logy  an d ,  f in a l ly ,  a t  pH  11 the  
w ave ap p ea rs  sp lit  again . T h is  b eh av io u r  resem bles closely the  w o rk  o f  
H o f fm a n n  an d  D ybow ski [9] w ho have  p rev iously  re p o r te d  on the DC p o la ro g ra p h ic  
ch a ra c te r is t ic s  o f  p ipem id ic  acid.

Peak  c u rren ts  fo r  process 1 showed l i t t le  d ep en d en ce  on pH  (Fig. 4.4), 
w hereas  p H  had  a m a rk e d  in f lu e n c e  upon  peak  c u r re n ts  fo r  process 2 (Fig. 4.4), 
w i th  0.1 M  HCIO4  y ie ld in g  the  m ax im u m  a n a ly t ic a l  signal. F rom  th is  i t  was 
re a d i ly  conc luded  th a t  peak  2  was the  most im p o r ta n t  fo r  an a ly t ic a l  purposes  in 
the pH  reg ion  f ro m  1 to 7, w here  p eak  c u rren ts  f o r  th is  process w ere im p ro v e d  
c o m p ared  to peak 1 by  a f a c to r  o f  ab o u t  3. A cco rd in g ly ,  the  rest o f  the  s tu d y  
was c o n c e n tra ted  on peak  2, whose peak  po ten tia l ,  Ep, v a r ie d  l in ea r ly  w i th  pH  
in the  ran g e  1 to 5 a cco rd in g  to the  equation :

E p (mV) = -66.7 pH  - 715.7

4.5.2 I n f l u e n c e  o f  pH
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Fig. 4.3 R e d u c t io n  w ave o f  p ip em id ic  ac id  a t  pH  8 .

P H

Fig. 4.4 E f f e c t  o f  p H  on peak  curren t.
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With respect to peak  1 it  was observed  th a t  a cyclic  vo ltam m o g ram  reco rd ed  
to p o ten tia ls  less nega tive  th a n  those a t  w h ic h  process 2  appears  gave rise to 
a new  peak  in  the an o d ic  reg ion  of  the  vo ltam m ogram . T h is  w ould  im p ly  a 
c e r ta in  degree o f  rev e rs ib i l i ty  fo r  process 1. In  f a c t  i t  cou ld  be asc r ib ed  to 
the revers ib le  r e d u c t io n  o f  the sem iq u in o n e  w h ich  has  been rep o r ted  to tak e  
place in  ac id ic  m ed ia  a t  ab o u t  th is  p o ten t ia l  [42]. N everthe less ,  w hen  the  
p o ten tia l  was a llow ed  to reach  values m ore n eg a tiv e  th a n  those a t  w hich  the  
second red u c t io n  process occurs, no peak  appears  in  th e  reverse  scan of  the  
vo ltam m ogram . T h is  seems to in d ica te  th a t  the  second red u c t io n  process is 
re la te d  w ith  the  f i r s t  one in such a w ay  th a t  i t  w o u ld  resu lt  in the h in d e r in g  
of  th e  reo x id a t io n  to th e  sem iquinone. In  re la t io n  to the  second red u c t io n  
peak, its n a tu re  has no t been f u r th e r  in v es t ig a ted  a n d  all the rest o f  the  w ork  
re p o r te d  here  w ill be fo cu sed  on process 2 using  0.1 M  HCIO4  s ta n d a rd ise d  
so lu tions as b a ck g ro u n d  e lec tro ly te .

4.5.3 A d s o r p t i v e  S t r i p p in g  V o l t a m m e t r ic  B e h a v i o u r  o f  P ip e m id ic  A c i d

T h e  adso rp t ive  s t r ip p in g  vo l tam m etr ic  b e h a v io u r  of  p ipem id ic  ac id  was 
s tu d ie d  in de ta i l  a t  low co n cen tra t io n s  i.e. ty p ica l ly  in  the reg ion  of 
10" 7  M  w here  the  process is c learly  ad so rp tio n -co n tro l led .  C onsequen tly ,  the  
d ep en d en cy  of  the  v o ltam m etr ic  signal o f  th e  d ru g  upo n  a ccu m u la t io n  po ten tia l ,  
p re c o n c e n tra t io n  reg im e ( fo rced  mass t r a n s p o r t  or sem i- in f in i te  l in e a r  
d i f fu s io n ) ,  p re c o n c e n tra t io n  e lec tro ly tic  co n d it io n s  (u n d e r  e i th e r  
electro lysis  or open c ircu i t) ,  scan ra te , a cc u m u la t io n  t im e and  co n c e n tra t io n  
w ere  exam ined .
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4.5.3.1 E f f e c t  of A ccu m u la t io n  P o ten tia l
T he  m easurem ents  w ere  c a r r ie d  ou t fo r  1.0 x 10'^ M so lu tion  of  

p ipem id ic  acid  w ith  an accu m u la t io n  tim e o f  15 s u n d e r  electrolysis. A period  
of 10 s as ’rest t im e’ was p e rm it ted  a f t e r  the  s t i r r in g  was tu rn e d  o ff .  The 
p o ten tia l  w as v a r ie d  be tw een  +200 mV to -600 mV a n d  sw ept a t  a scan ra te  of 
1000 m V s '1. The results f ro m  the cu rve  show n in Fig. 4.5 in d ica te  th a t  the 
p eak  in te n s i ty  is p rac t ica l ly  in d e p e n d e n t  o f  the  accu m u la t io n  p o ten tia l  
(E acc) over a b road  range. Excep t fo r  a range  o f  E acc betw een  + 2 0 0  a n d  0 . 0  

mV, w h ic h  p roduces low er peak  cu rren ts ,  v a r ia t io n s  in peak in tens it ie s  fo r  
acc u m u la t io n  po ten tia ls  v a ry in g  betw een  0.0 an d  -600 mV are  in s ig n i f ic a n t  in 
th is  range  o f  po tentia ls . A lthough  the  ad so rp tio n  o f  o rg a n ic  species a t  m ercu ry  
e lectrodes genera lly  p resen ts  d ependence  on the  acc u m u la t io n  po ten t ia l ,  th e re  
are  exam ples o f  acc u m u la t io n  b e h a v io u r  as the  one d esc r ibed  here [32], T h is  is 
u n d o u b te d ly  ad v an tag eo u s  fo r  a n a ly t ic a l  purposes, w h en  dealing  w ith  rea l 
samples th a t  co n ta in  a m y r ia d  o f  p o ten t ia l ly  i n te r f e r e n t  substances. T he  fa c t  
o f  be ing  able  to p re c o n c e n tra te  a t  a su f f ic ie n t  n eg a tiv e  p o ten tia l  p rov ides  one 
w ith  a m eans to m in im ise  the e f fe c t  o f  those in te r f e r e n ts  w hich  acc u m u la te  at 
m ore posit ive  po ten tia ls ,  such  as the  case o f  com m only  en co u n te red  com pounds  in  
blood or u r in e  samples like  su lp h u r-c o n ta in in g  am in o  acids, p ro te ins ,  u r ic  
ac id ,  etc.. These com pounds are  l iab le  to fo rm  salts w i th  the m ercu r ic  ions 
gen era ted  a t  positive  potentia ls .

A ccord ing  to these f in d in g s  f u r th e r  ex p e r im en ts  w ere  c a rr ied  ou t a t  E acc 
o f  -500 mV, except w hen  o the rw ise  ind ica ted .

4.5.3.2 A ccu m u la t io n  u n d e r  C onvective  T ra n sp o r t  C on d it io n s
2.0 x IQ’ 7  M solu tions of  the  d rug  w ere  s t i r re d  fo r  60 s u n d e r
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Fig. 4.5 E f fe c t  o f  the  a ccu m u la t io n  p o ten tia l  on the  response 
p ip em id ic  acid.
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electro lysis  w ith  1 0  s o f  e q u i l ib ra t io n  tim e a f t e r  the s t i r r in g  ceased. 
P rev ious scans of  the b lan k  so lu tion  w ere  c a r r ie d  out an d  fo u n d  s a t i s fa c to ry  
d u r in g  an  accu m u la t io n  per iod  o f  120 s. T h e  vo ltam m ogram  o f  p ip e m id ic  ac id  
o b ta in ed  a t  scan ra te  o f  100 mV s ' 1 y ie ld ed  a p eak  whose in te n s i ty  was 1,450 
nA  in  0.1 M H CIO 4  b ack g ro u n d  e lec tro ly te  (Fig. 4.6a). In  a n o th e r  e x p e r im e n t  
p e r fo rm e d  u n d e r  the  same cond it ions,  b u t  in  w h ich  the  mass t r a n s p o r t  was 
exclusive ly  due to m ig ra t io n  o f  the d ru g  f ro m  the  bu lk  of  the so lu t io n  u n d e r  
s e m i- in f in i te  l in ea r  d i f fu s io n  y ie lded  a p eak  c u r r e n t  o f  350 nA  a f t e r  120 s o f  
p re c o n c e n tra t io n  (Fig. 4.6b). Thus, these  resu lts  im ply  th a t  the  ra te -  
d e te rm in in g  step of  the  process is c lea r ly  governed  by the t r a n sp o r t  o f  the
d rug  f ro m  the  b u lk  of the  so lu tion  to the  su r fa c e  o f  the electrode.

4.5.3.3 In f lu e n c e  o f  E lectro lysis
A t E„^_ of  -500 mV an d  a scan  ra te  o f  100 mV s’ *, s t i r r e d  5 x l 0 ‘ 7

d-L'L

M solu tions of the  d rug  w ere  p re c o n c e n tra te d  fo r  60 s, and  the a c c u m u la t io n  was 
ex am in ed  bo th  u n d e r  electro lysis  a n d  in  a n  open  c i rc u i t  mode. T h e  resu lts  
show ed th a t  accu m u la t io n  d id  no t o ccu r  a t  a n y  s ig n if ican t  e x te n t  w h e n  the
p re c o n c e n tra t io n  was c a r r ie d  out u n d e r  open  c i rc u i t  (Fig. 4.7). In  fa c t ,  f ro m  
the v a lues  ob ta ined ,  the  a ccu m u la t io n  u n d e r  e lectrolysis gave a p eak  whose 
c u r re n t  was 1,530 nA, well above the  v a lu e  o f  96 nA  produced  u n d e r  open  c i rc u i t  
cond it ion .

4.5.3.4 E f f e c t  o f  Scan R a te
O ne o f  the  im p o r ta n t  a d v a n ta g e s  o f  vo l tam m etr ic  techn iques  re g a rd in g  

adso rbed  species in com parison  to l in e a r  sweep v o ltam m etry  is th a t  th e  p eak
in te n s i ty  o f  the  absorbed  reduc ing  species increases  l in ea r ly  w ith  the  scan
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Fig. 4.6 E f fe c t  o f  the  t ra n sp o r t  c o n d it io n s  o f  p ipem id ic  ac id  to th e  su r f a c e  of  
th e  electrode: (A) m agnetica lly  s t i r re d  so lu tion ; (B) s ta t io n a ry  con d it io n s .

f
t
iii»

Fig. 4.7 V oltam m ogram s u n d e r  (A) e lec tro lysis  a n d  (B) open c i r c u i t  m ode, fo r
- 7so lu tions con ta in ing  2,0 x  10 M  p ip em id ic  acid.
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ra te  r a th e r  th an  w ith  v 1/ 2 . I t  is possible th en  to use h ig h e r  scan ra tes  
thus m a in ta in in g  an accep tab le  f a r a d a ic  c u r re n t /c a p a c i t iv e  c u r r e n t  ra t io ,  w hile  
ga in ing  some degree of sensitiv ity .

T h is  dependency  was d e m o n s tra te d  fo r  the  second re d u c t io n  process of 
p ipem id ic  ac id  in  s t i r re d  so lu tions ( t acc 75 s a n d  E acc -500 mV). T he  
results  show n in  Table  4.1 an d  Fig. 4.8, in d ic a te  th a t  p eak  c u rre n ts  in c reased  
l in ea r ly  w i th  the scan ra te  be tw een  100 an d  1000 m V s '1. T h e  e q u a t io n  
describ ing  th is  l in ea r  re la t io n  is:

i p (nA) = 1.09 (v /V  s ' 1) - 1.06; r = 0.9997, n  = 7

v /  mV s ' 1 ipc /  nA i f  /  *c
1 0 0 1 0 1 2.26
2 0 0 208 2.89
300 312 3.37
400 436 3.79
500 502 3.20
700 766 3.61

1 0 0 0 1.080 3.41

T ab le  4.1 V a r ia t io n  o f  the  peak  in te n s i ty  a n d  f a r a d a ic /c h a r g in g  c u r r e n t
- 7ra t io  w i th  scan ra te  fo r  a 2.0 x 10' M  p ipem id ic  ac id  so lu tion , ( tacc 

75 s, E acc -500 mV).
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Fig. 4.8 E f f e c t  o f  the  scan ra te  w i th  p eak  in tens i ty .
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U n d e r  the  above op tim ised  p a ram ete rs ,  successive a c c u m u la t io n  
s t r ip p in g  cycles w ere  ca r r ie d  ou t f o r  s ix  d i f f e r e n t  co n c e n tra t io n s  of  the  
ana ly te .  T he  re su l ta n t  a ccu m u la t io n  cu rv es  are  shown in  Fig. 4.9. As expec ted , 
the low er the  b u lk  co n c e n tra t io n  o f  p ip e m id ic  acid , the  low er the  m a g n i tu d e  of 
the s t r ip p in g  c u r re n t  an d  the  b e t te r  the  l in ea r  re la t io n sh ip  be tw een  p eak  
in te n s i ty  a n d  t acc . In  a d d i t io n ,  a p lo t  o f  the slope o f  the  in i t ia l  l in e a r  
po r t ions  of  the  acc u m u la t io n  curves  versus the  co rresp o n d in g  co n c e n tra t io n s  
gave rise to a l in ea r  g rap h  as expressed by the  equation :

slope = 9.04 x lO 7  (nA  s " 1 m o l '1)

in d ic a t in g  th a t  the  ad so rp tio n  process fo llow s a n o rm a l L a n g m u ir - ty p e  iso therm  
in  the  in i t ia l  reg ion  of  the  plot. As e i th e r  the  t acc or the  assayed  
co n c e n tra t io n  tak e  h ig h e r  values, the  p eak  c u r re n t  ceases to increase .  In  
fac t ,  i t  shows a t r e n d  to d im in ish in g  va lues  th a t  can even  d rop  close to those 
ach iev ed  a f t e r  a v e ry  sho rt  t acc (Fig. 4.9). T his  co u ld  be e x p la in e d  in 
term s o f  an  ad so rp tio n  e q u i l ib r iu m  (no t a s a tu ra t io n  e q u i l ib r iu m ) th a t  is a 
fu n c t io n  o f  the  b u lk  co n c e n tra t io n  o f  the  d rug , w h ic h  is re ach ed  as a 
com prom ise  be tw een  th e  ad so rp t io n  fo rces  d r iv in g  th e  m olecules to the  su rfa c e  
of the  e lec trode  an d  the  possible rep u ls io n  in te rac t io n s  o f  the m olecules in  
the  ab so rb ed  s ta te , once a g iven  coverage  o f  the  e lec trode  has  been reached .

A lth o u g h  the re  a re  n o t  m any  o f  these  phenom ena  re p o r te d  in  the  l i te ra tu re ,  
some exam ples  o f  s im ila r  b eh a v io u r  f o r  molecules o f  b io logical im p o r ta n c e  are 
d esc r ibed  in  the  w ork  o f  T u n o n  B lanco et al [43], a n d  C o r t in a  V il la r  et al 
[44].

4.5.3.5 E f f e c t  o f  A c c u m u la t i o n  T im e
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Fig. 4.9 A ccum ula tion  curves  fo r  d i f f e r e n t  co n c e n tra t io n s  o f  p ip e m id ic  ac id  by 
l in e a r  sweep vo ltam etry .  E acc -500 mY, scan  ra te  1.0 V  s '  .
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As can  be seen f ro m  Fig. 4.9, a n a ly t ica l ly  u se fu l  re la t io n s  be tw een  peak  
in te n s i ty  an d  co n c e n tra t io n  exist over the  com ple te  ran g e  o f  t acc . H o w ev er  
i t  is b e t te r  th a t  the q u a n t i f i c a t io n  of  the d ru g  be p e r fo rm e d  by using those 
e x p e r im e n ta l  cond it ions  th a t  fa l l  w i th in  the  in i t ia l  zone of  the  ac c u m u la t io n  
curves  w h ere  the m a x im u m  ip : t acc : C ra tio s  a re  a t ta in a b le .  A ccord ing  to 
this co n s id e ra t io n  a n d  resu lts  show n in  Fig. 4.9, i t  was d ec ided  th a t  a t acc 
o f  75 s y ie lded  ab o u t  the  h ighes t  degree o f  ad so rp t io n  o f  p ipem id ic  ac id  onto  
the  su r fa c e  of the  e lec trode , and  th e re fo re  the  h ig h es t  sens i t iv i ty  fo r  the  
d e te rm in a t io n  of the drug.

In  v iew  of the d esc r ib ed  experiences  it  can  be co n c lu d e d  that:
(i) p ipem id ic  a c id  genera tes  tw o red u c t io n  processes on m ercu ry  

e lec trodes,  one o f  w h ich  exists as a well d e f in e d  single  p eak  in a b road  range  
of  p H  i.e. 1-7;

(ii) the  n a tu re  o f  th is  r e d u c t io n  process rem ain s  u n k n o w n ,  b u t  is l ike ly  
to be associa ted  w ith  a re d u c t io n  of  the  5-oxo p y r im id in e  m oiety  in the  
m o lecu la r  s truc tu re .

(iii)  the  d rug  adso rbs  on to  the  electrode, the  ra te  d e te rm in in g  step of 
w h ic h  depends  on the  t r a n s p o r t  o f  the  d rug  f ro m  th e  b u lk  o f  the  so lu tion  to the 
e lec trode  su rface ;

(iv) th e  adso rp tio n  o f  p ip em id ic  ac id  on the e lec tro d e  seems to fo llow  a 
n o rm a l  L a n g m u ir  type  iso th e rm  fo r  short  a c c u m u la t io n  times; how ever,  such 
a c c u m u la t io n  drops fo l lo w in g  some u n fa v o u ra b le  a d so rp t io n  eq u il ib r iu m , once a 
c e r ta in  coverage of the  s u r fa c e  has been a tta ined .

4.5.3 . 6  E f f e c t  of the C o n c e n tra t io n  of  P ipem id ic  A cid  in  Solution
As m en tioned  in  sec tion  4.3.2.5.3, the use o f  the  ad so rp t iv e  s tr ipp ing
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v o ltam m etry  tech n iq u e  as an  an a ly t ica l  ap p ro ach  dep en d s  on the  ex is tence  o f  a 
d e f in e d  a n d  rep ro d u c ib le  re la t io n  betw een  the  co n c e n tra t io n  o f  a n a ly te  in  
so lu tion  a n d  the in te n s i ty  o f  the vo l tam m etr ic  response o f  the  a d so rb ed  
substance.

This d ep en d en cy  be tw een  the peak  in te n s i ty  an d  the  c o n cen tra t io n  o f  the 
an a ly te  was s tud ied  in  0.1 M HCIO4 . L in e a r  sweep vo ltam m etry  w as em ployed , 
a n d  the  scans were c a r r ie d  ou t a t  1 V s’ 1. T he  accu m u la t io n  co n d it io n s  w ere 
as follows: -500 mV, m ercu ry  d rop  size co rrespond ing  to 3 d iv is ions  of
the  m ic ro m e tr ic  d ia l o f  th e  electrode, co n s tan t  s t i r r in g  ra te , t acc 75 s 
u n d e r  e lectro lysis  an d  1 0  s re s t in g  time.

C /  mol r 1 ip /  nA
2.5 x 10 ' 9 4.00
5.0 x 10 ' 9 18.00
7.5 x 10 ' 9 37.00
1 . 0  x 1 0 ' 8 55.00
2.5 x 10 ' 8 141.00
5.0 x 10 ' 8 266.00
7.5 x 10 ' 8 398.00
1 . 0  x 1 0 ' 7 508.00

T able  4.2 E f fe c t  o f  co n c e n tra t io n  of  p ip e m id ic  acid  on the  ad so rp t iv e  
s tr ip p in g  vo ltam m etr ic  response signal

T h e  resu lts  a re  su m m arised  in  Table  4.2. T h e  re d u c t io n  peak  o f

260



p ip em id ic  acid  is 3 tim es super io r  in h e ig h t  to th a t  o f  the  base line  noise of
the  b ack g ro u n d  e lec tro ly te  fo r  a c o n c e n tra t io n  o f  2.5 x 10"^ M. T h e  p e a k
in te n s i ty  varies  l in e a r ly  w ith  c o n c e n tra t io n  in  the ran g e  of  7.5 x 10 '^  M to 

-71.0 x 10 M. T he  c u rv e  so o b ta in ed  passes alm ost th ro u g h  the  o rd in a te s  o f  
bo th  ax is  a t  the o r ig in  (Fig. 4.10).

T h e  equa tion  th a t  d e f in e s  the d y n am ic  l in e a r  ran g e  is:

i (uA) = (5.1 x 106) (M) - 4.8 x 10“4; r = 0.9989

T h e  h igh  sen s i t iv i ty  o f  the ad so rp tiv e  s tr ip p in g  v o ltam m etr ic  te c h n iq u e  is 
u su a l ly  accom panied  by a good re p ro d u c ib i l i ty  of  th e  m easurem ent.  T his  
r e p ro d u c ib i l i ty  was d em o n s tra ted  by re p e a t in g  the  p ro c e d u re  o f

_ Qa ccu m u la t io n -s t r ip p in g  in  a so lu tion  co n ta in in g  2.0 x 10 M  of p ip e m id ic  
acid . The  experience  p e r fo rm e d  10 tim es gave rise to the  fo llow ing  values: 

-average  peak  c u r r e n t  96.6 nA
-s ta n d a rd  d ev ia t io n  6 . 6  x 1 0

- re la t iv e  s ta n d a rd  d e v ia t io n  1.7 %

4.5.3.7 D i f f e re n t ia l  Pulse  a n d  Square  Wave V o ltam m etry
A lthough  l in e a r  sweep v o ltam m etry  possesses s u f f ic ie n t  sen s i t iv i ty  to 

d e te rm in e  p ipem id ic  ac id  in  u r in e  samples, as w ill  be shown in  th e  n ex t  
sections, i t  was d ec id ed  to explore  a l te rn a t iv e  p o ten t ia l  scan  modes th a t  m ig h t  
p ro v id e  w ith  an  even b e t te r  an a ly t ic a l  response. S evera l ex p er im en ts  w ere  
c a r r ie d  ou t using bo th  d i f f e r e n t i a l  pulse a n d  square  w ave  techniques.

As in d ica ted  in  sections 4.3.2.2 a n d  4.3.2.4, i r rev e rs ib le  processes are  
com m only  bette r  s tu d ie d  by app ly ing  e i th e r  o f  the m en tio n ed  techn iques.
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Fig. 4.10 C a l ib ra t io n  c u rv e  of p ipem id ic  ac id  in  0.1 M H C IO 4  b ack g ro u n d  
e lec tro ly te  solutions.
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N evertheless ,  s i tu a t io n s  h av e  been re p o r te d  in  w h ic h  these techn iques  do no t 
p ro v id e  w ith  m ore sensit ive  signals th a n  those o f f e r e d  by l in e a r  sweep 
v o ltam m etry ,  w hen  a p p l ie d  to the  s t r ip p in g  o f  substances  strongly  a d so rb ed  on 
the  su rface  of  the w o rk in g  electrode.

With th is  in  m in d ,  in h e re n t  p a ram e te rs  o f  bo th  techn iques  w ere  o p tim ised  
fo r  the  a n a ly t ic a l ly  re le v a n t  r e d u c t io n  process b e fo re  ca l ib ra t io n  curves  were 
co n s tru c ted  using d i f f e r e n t i a l  pulse a n d  square  w ave vo ltam m etry .

4.5.3.7.1 D i f f e re n t ia l  Pulse  V o ltam m etry
7T he  e f fe c t  o f  pulse am p li tu d e  was e x am in ed  fo r  a 4.0 x 10 M

c o n c e n tra t io n  o f  p ip em id ic  ac id  in  0.1 M  HCIO4  fo r  values be tw een  10 a n d  100 
mV. A t 75 s a f t e r  accu m u la t io n ,  the  d i f f e r e n t i a l  in te n s i ty  of  the  p eak  p roved  
to be l in e a r  fo r  va lues  w i th in  10 to 50 mV. A t h ig h e r  values the  c u rv e  levels 
o f f  an d  th e  peak c u r re n t  rem ain s  c o n s tan t  fo r  pulse am plitudes  over 60 mV (see 
Fig. 4.11a).

S tudies of  th e  a c c u m u la t io n  of  the  d rug  on the  su rface  o f  the e lec trode
- 7w ere  c a r r ie d  ou t fo r  a 4.0 x 10" M  so lu tion  o f  th e  drug. T he  c o n d it io n s

ad o p ted  were: pulse a m p li tu d e  50 m V an d  scan ra te  1 Vs"1.
As seen f ro m  Fig. 4.11b the  d ru g  accu m u la tes  onto  the s u r fa c e  o f  the

e lec trode  in  a t re n d  s im ila r  to th a t  fo llow ed  by LSV.

T h e  l in e a r i ty  be tw een  peak  in te n s i ty  a n d  co n c e n tra t io n  was th e n  ex am in ed
O Oin  c o n cen tra t io n s  ra n g in g  f ro m  1.1 X  10" M  to 7.5 x 10 M. The 

m easu rem en ts  w ere p e r fo rm e d  u n d e r  the  fo l low ing  conditions: t acc 75 s, E p 
-500, scan ra te  1 Vs"1, pulse  a m p li tu d e  50 mV. The l in ea r  regression  
analysis  o f  th is  d a ta  gives an  in te rc e p t  o f  2.8 x 10" uA  an d  a slope of
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IpjjA

time/s

Fig. 4.11 Some charac teris t ics  o f  th e  response signal of p ip e m id ic  a c id  by 
d i f f e r e n t i a l  pulse v o ltam m etry :  a) e f f e c t  o f  pulse am plitude; b) e f f e c t  o f  the  
acc u m u la t io n  time; c) c a l ib ra t io n  curve .
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5.2 x 105  uA. The regression  c o e f f ic ie n t  fo u n d  is 0.999. A plot o f  the  
ca l ib ra t io n  curve  is p resen ted  in Fig. 4.11c.

4.5.3.7.2 Square  Wave V o ltam m etry
As fo r  the d i f f e r e n t i a l  pu lse  tec h n iq u e ,  ch a ra c te r is t ic  p a ram e te rs  o f

square  w ave vo l tam m etry  w ere  op tim ised  p rev ious  to the co n s tru c t io n  of
- 7 . . .c a l ib ra t io n  curves. In  2.0 x 10 M  s t i r re d  so lu tions of  p ipem id ic  ac id

a ccu m u la ted  fo r  45 s the  o p tim u m  c o n d it io n s  o f  pulse am p li tu d e  a n d  f re q u e n c y
w ere  fo u n d  to be 50 m V an d  160 Hz respec tive ly .  These cond it ions,  to g e th e r
w ith  an  accum ula t ion  p o ten t ia l  o f  -500 m V a n d  a scan ra te  of  1 V s " 1 gave  at
v a r ia b le  accum ula tion  tim es a t r e n d  s im ila r  to th a t  fo u n d  p rev io u s ly  u s ing
e i th e r  LSV or DPV. F o llow ing  these  c o n d it io n s  an d  p reco n cen tra t in g  the  d rug

-9a f te r  1.15 m inutes, the  l im it  o f  d e tec t io n  was 8.0 x 10 M an d  the l in e a r  
ran g e  fo u n d  ex tended  f ro m  1.1 x 10" 8  M  to 7.5 x 10 ' 8  M (T ab le  4.3). T h e  
equ a tio n  describ ing  th is  l in e a r  ran g e  is:

i /u A  = 3.6 x 106  C(M) - 4.5 x 10"2; r  = 0.997

C on cen tra t io n  mol 1"* I p nA
1.0 x 10 ' 8  90
2.5 x 10 ' 8  140
5.0 x 10‘ 8  250
7.5 x 10 ' 8  310

T ab le  4.3 C a l ib ra t io n  cu rv e  d a ta  fo r  p ip em id ic  ac id  o b ta in e d  us ing  
square  w ave vo ltam m etry .
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4.5.3.8 A p p l i ca t io n  o f  A d so rp t iv e  Str ippi ng V o l t a m m e t r y  to the D e t e r m in a t io n
o f  P ip em id ic  A cid  in U rine

In b ib l io g rap h ica l  review s concern ing  th is  tech n iq u e ,  no w ork  has been 
re p o r te d  th a t  m akes re fe ren ce  to the  d e te rm in a t io n  of  the  d rug  in  b io log ica l 
m atr ices  co n ta in in g  su rfac tan ts .  A lth o u g h ,  in  p r in c ip le ,  such an  ap p l ic a t io n  
m ust be possible i f  the  d e te rm in a n d  is se p a ra te d ,  the  neoclassic is t to em ploy  
com plex sep a ra t io n  m ethods does not look a t t r a c t iv e  to tack le  the  problem .

A p a r t  f ro m  pro te ins ,  u r in e  co n ta in s  n u m ero u s  low m olecu lar  w e igh t 
substances, m any  of  w h ich  are  e lec tro ac t iv e  a n d /o r  capab le  of  ad so rb in g  onto 
m ercu ry  e lectrodes. I t  is then  expec ted  th a t  sep a ra t io n  m ethods based on 
d i f f e r e n t  m o lecu lar  size will not no t be e f f i c ie n t  enough fo r  th is  type  o f  
m atr ix .

An a l te rn a t iv e  to the  prob lem  consists in  a b a n d o n in g  an  ex h au s t iv e  c lean-up  
of  the  sam ple  a n d  the  use o f  short  a c c u m u la t io n  tim es to m in im ise  the  e f f e c t  of 
su r fa c ta n ts  . T he  in te r fe ren c e s  f ro m  o th e r  substances  th a t  do n o t  a ccu m u la te  
m ay be re d u c e d  by d i lu t in g  the sample, w h ic h  also decreases the  sa tu ra t io n  of 
the d rop  su r fa c e  by su rfac tan ts .  H ow ever,  i t  is ev id en t  th a t  bo th  p ro ced u res  
are  d e t r im e n ta l  to the  sens it iv ity  of  the  te c h n iq u e ,  b u t  i t  was hoped  th a t  th is  
w ould  sti l l  be su f f ic ie n t  fo r  the  d e te rm in a t io n  in  the  ran g e  o f  c o n cen tra t io n s  
of c l in ica l  im portance .

4.5.3.8.1 E x tra c t io n  P rocedure
A ttem p ts  w ere  m ade to c a r ry  ou t  a d i re c t  d e te rm in a t io n  of p ip em id ic  

acid  in  u r in e  samples. R eg a rd in g  this a p p ro a c h ,  a 1 ml u r in e  sam ple  was sp iked  
w ith  the  d ru g  to give a co n cen tra t io n  1.0 x 10"^ M a n d  d i lu te d  to 20 ml w i th  
the b a c k g ro u n d  e lec tro ly te  ( f in a l  c o n c e n tra t io n  in  cell: 5 x 10'^ M). A f te r
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75 s acc u m u la t io n  t im e  the  vo ltam m ogram  reco rd ed  u n d e r  the u sua l co n d it io n s  
(Fig. 4.12a) d id  no t show a t  a ll the re d u c t io n  peak  o therw ise  o b ta in e d  fo r  
p ipem id ic  ac id  in  0.1 M HCIO4  (Fig. 4.12b). T h is  ex p e r im en t  revea ls  the 
suppressive  e f f e c t  o f  some o f  the n a tu ra l  ex is t ing  com ponents  o f  u r in e  w h ich  
behave  as s u r fa c ta n ts ,  lead ing  to the  necessity  o f  ap p ly in g  some so rt  o f  
c lean-up  p rocedure .  S ep ara t io n  p rocedures  are  a co n v en tio n a l  r e q u i re m e n t  in 
most a n a ly t ic a l  m ethodologies  w hen  d e te rm in in g  species in b io logical samples 
(an excep tio n  being  the  use o f  p o te n t io m e tr ic  se lec tive  e lec trodes  or 
biosensors).

A ccord ing ly ,  a so lid - l iq u id  e x trac t io n  w as em ployed  owing to the  ease w ith  
w h ich  i t  can  be c a r r ie d  out, the low cost, as well as the  good results  o b ta in e d  
w ith  o th e r  re la te d  ana ly tes  [45,46].

T h e  re te n t io n  c h a rac te r is t ic s  o f  p ip em id ic  ac id  onto  the  pack ing  m a te r ia l  
o f  a C jg  c a r t r id g e  w ere  s tud ied  fo r  a w ide  range  o f  p H ’s p ro v id e d  by 
p h o sp h a te /a c e ta te /a m m o n ia  b u f f e r  so lu tions i.e., pH  be tw een  2 a n d  9. T h e  
resu lts  (Fig. 4.13) do no t show s ig n i f ic a n t  d i f fe re n c e s  w i th  v a r ia t io n  in  the  
pH, a n d  recoveries  w ere  ca lcu la ted  to be be tw een  98 and  99.5 % in  all 
instances. The best a n a ly t ic a l  s ignal was o b ta in ed  fo r  an  e x t ra c t io n  
accom plished  a t  p H  5, a n d  th is  was chosen fo r  the  e x t ra c t io n  of u r in e  samples.

U r in e  sam ples consisted  of  pooled h u m a n  u r in es  d o n a ted  f ro m  ten  h e a l th y  
in d iv id u a ls .  T he  sam ples w ere  sp iked  w ith  an  a d e q u a te  am oun t o f  the  d ru g  to 
give the  d es ired  f in a l  co n cen tra t io n .

T he  c a r t r id g e  was p rev ious ly  a c t iv a te d  by passing  successively 20 ml of  
w ater ,  1 0  ml o f  m eth an o l  an d  1 0  ml o f  the  respec tive  b u f fe r .  1 ml o f  u r in e  
sam ple was d i lu te d  to 10 ml w ith  the b u f f e r  so lu tion  (0.025 M ph o sp h a te -ace ta te
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Fig. 4.12 (a) E ffect of untreated urine sample on the adsorptive stripping 
voltammetric behaviour o f 5.0 x 10'^ M solution o f pipemidic acid after an 
accumulation time of 75 s. (b) Response signal of the same concentrion o f  the 
drug previous to addition o f urine after an accumulation time of 75 s.
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b u f f e r  ad jus ted  to pH  5 w ith  0.8 M NaOH). T h is  was m ixed  c a re fu l ly  to avo id  
the  fo rm in g  of foam  a n d  t r a n s fe r r e d  to a 20 ml syringe. The so lu tion  p re p a re d  
was passed through the  c a r t r id g e  an d  the e lu en t  d iscarded . T h e  c a r t r id g e  was 
th en  w ashed  w ith  2 0  ml o f  w a te r  an d  the  re ta in e d  m a te r ia ls  w ere  e lu ted  w ith  3  

ml o f  m ethanol. A f te rw a rd s ,  the  so lvent was e v a p o ra te d  in  a th e rm o s ta t te d  ba th  
a t  45°C  u n d e r  an in e r t  gas stream . T he  d ry  e x tra c t  w as red isso lved  in  5 ml 
of  the background  e lec tro ly te  (0.1 M  HCIO 4 ) an d  m ix ed  by m echan ica l  v ib ra t io n  
fo r  2 m inutes. 0.5 ml a l iq u o ts  w ere  t r a n s fe r re d  to the  p o la ro g rap h ic  cell a n d  
m ade up to 20 ml w ith  0.1 M  H C IO 4  an d  the vo ltam m ogram s reco rd ed  in the usual 
fash ion .

T h e  ex trac t  o f  u r in e  thus  p re p a re d  is p ra c t ic a l ly  f re e  o f  p ro te in s  an d  
very  po la r  molecules w h ic h  a re  e lu ted  f ro m  the  co lum n by e lu t in g  w ith  w ater .

T he  m ain  a d v a n ta g e  o f  the  sep a ra t io n  p ro c e d u re  described  is its 
s im plic ity .  Analogous p ro ced u res  using reversed -phase  C jg  or s il ica  
m icroco lum ns are becom ing  very  p o p u la r  d u r in g  las t years  fo r  the  c lean  up  of 
b io logical samples in ro u t in e  ana lys is  by HPLC.

E x trac ts  were p re p a re d  acco rd in g  to the  above m en tio n ed  p ro c e d u re  an d  
th e i r  adso rp tive  s t r ip p in g  ch a ra c te r is t ic s  w ere  ex am in ed  using  l in ea r  sweep 
vo ltam m etry .  The vo ltam m ogram s correspond ing  to the b lanks  w ere  f i r s t  
observed, and  su bsequen tly  v a ry in g  am ounts  o f  the  d rug  w ere  a d d ed  to the  
e x tra c t  d issolved in  th e  b a c k g ro u n d  electro ly te . T h e  ad d i t io n s  w ere  m ade  w ith  
a H a m il to n  m icrosyringe  to avo id  v a r ia t io n s  in  the vo lum e o f  the  cell (20 ml).

T h e  f i r s t  experim en ts  d e m o n s tra te d  th a t  the  acc u m u la t io n  in m ag n e tica l ly  
s t i r r e d  solutions w ere  scarce ly  usefu l ,  since no peaks were observed  fo r  a d d ed  
am o u n ts  of p ipem id ic  ac id  low er th a n  6.3 ug ( tacc 20 s), w h ich  w ou ld  
co rrespond  to a c o n c e n tra t io n  o f  d ru g  in u r in e  of  ab o u t  2 x 10"^ M. The
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acc u m u la t io n  in s ta t io n a ry  solutions p ro d u ced  s u p e r io r  results, being ab le  to 
d e tec t  0.5 ug o f  p ipem id ic  acid  a d d e d  to the  0.5 ml u r in e  ex trac t  a t  the  same 
acc u m u la t io n  time.

These p re l im in a ry  results  show ed th a t  a c c u m u la t io n  in  the  convec tive  
t r a n sp o r t  mode was n o t  v iab le  fo r  the  ap p lica t io n .  A ll o th e r  experim en ts  w ere  
ca r r ie d  ou t in  s ta t io n a ry  solutions.

Fig. 4.14 shows the  vo ltam m ogram s o b ta in e d  f o r  d i f f e r e n t  values o f  t acc 
in  (a) the  u r in e  e x tra c t  a n d  (b) in the  same e x t r a c t  a f t e r  the a d d i t io n  o f
6.3 ug o f  p ipem id ic  acid  to the cell. In  the  vo ltam m ogram s co rrespond ing  to 
th a t  o f  the  b lan k  no peak  was observed  a t  the  p o te n t ia l  a t  w hich p ip em id ic  acid  
is reduced .  H ow ever,  two peaks are  observed  a t  -645 mV an d  -911 mV d u r in g  the  
ca th o d ic  scan whose in ten s i t ie s  increase  w i th  tim e. These peaks s ta r t  to 
a p p e a r  a f t e r  a t acc o f  45 s, and  a t  a t acc o f  75 s the  cu rren ts  fo r  the  
u n k n o w n  peaks a re  46 nA an d  96 nA respective ly .

A ccu m u la t io n  curves  o b ta in ed  fo r  u r in e  e x tra c ts  sp iked  w ith  th e  d ru g  
(Fig. 4.15b) showed th a t  m ax im u m  a d so rp t io n  was reach ed  w ith  a sh o r te r  t acc 
th a n  in  aqueous solu tions, owing to the presence  o f  n a tu r a l  su r fa c ta n ts  in  the  
u r in e  w h ich  w ere r e ta in e d  in  the  C jg  c a r t r id g e  w i th  the  d rug  an d  com pete  fo r  
the  a d so rp t io n  sites o f  the  electrode. As can  be seen f ro m  Fig. 4.15, 
ad so rp t io n  m ax im a occur f o r  t acc be tw een  10-20 s. A  t acc of  20 s w as used 
th ro u g h o u t  fo r  u r in e  samples.

4.S.3.8.2 E f f e c t  o f  C o n cen tra t io n  of  P ip em id ic  A cid  in the Presence o f  U rine  
E x tra c t
T he  in ten s i ty  o f  the  ca th o d ic  p eak  var ies  l in e a r ly  w ith  the  am o u n t  of 

p ip em id ic  ac id  ad d ed  to a b lan k  u r in e  ex trac t .  T h is  a d d i t io n  gave rise to
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Fig. 4.14 Voltammograms for (a) blank urine extracts, and (b) pipemidic acid 
additions, at d ifferent accumulation times.
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I p  /IA

Time/s

Fig. 4.15 A ccu m u la t io n  curves fo r  d i f f e r e n t  co n cen tra t io n s  of p ipem id ic  ac id  in 
u r in e  samples.
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a w ide  range  o f  l in e a r i ty  covering alm ost 2  o rders  o f  m ag n itu d e  f ro m  2 . 0  x 
10 ' 7  M  to 1.0 x 1 C 5  M  in  the  cell (Fig. 4.16), as expressed by the  
fo llow ing  equation:

ip (uA) = 6.3 x 104  C (M); r = 0.999, n = 11

A ca l ib ra t io n  g ra p h  was also construc ted  using d i re c t  responses i.e. 5 s 
w i th o u t  s t irr ing . T h e  c a l ib ra t io n  plot o b ta in e d  in  th is  case show ed a sh o r te r  
l in ea r  range  o f  l in e a r i ty  f ro m  1.0 x 10‘ 7  M to 1.0 x 10“^ M.

4.5.3.8.3 S tan d a rd  A d d i t io n
The excellen t l in e a r i ty  of the response signal allows one to use the  

m e th o d  of s ta n d a rd  a d d i t io n .
T h e  v o ltam m ogram  o f  a b lank  u r in e  e x t ra c t  o b ta in ed  fo l lo w in g  the  

e x tra c t io n  p rocedure  m e n t io n e d  in section 4.5.3.8.1 is show n in  Fig. 4.17 (line 
0), to g e th e r  w ith  a u r in e  sam ple  ex trac t  ( line 1) c o n ta in in g  30.35 ug m l - 1  o f  
p ip em id ic  acid. Q u a n t i t a t io n  o f  the u r in e  co n ten t  o f  th e  d ru g  was accom plished  
by the  s ta n d a rd  a d d i t io n  m e thod  (Fig. 4.17, lines 2 to 4).

To f u r th e r  es tab lish  th e  precision  o f  the  m e th o d ,  5 a l iquo ts  o f  u r in e  w ere  
sp iked  w ith  the sam e am o u n t  of  d ru g  a n d  processed  acco rd in g  to the  proposed  
m ethod. The com piled  resu lts  ( tab le  4.4) show th a t  a t  th is  c o n c e n tra t io n
level, the  recovery  a t t a in e d  was 82% an d  the  assay prec is ion  expressed  in  term s 
of  the  re la t iv e  s ta n d a rd  d e v ia t io n  was 5.2%.
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Ip/tA

Ip /M

Fig. 4.16 C a lib ra t io n  curves  o f  p ip em id ic  a c id  in  u rine  samples by  s ta n d a rd  
ad d it io n :  (a) t acc 20 s; (b) t acc 5 s.
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E /V

Fig. 4.17 L in ea r  sweep vo ltam m ogram s o b ta in ed  fo r  u r in e  e x tra c ts  o f  a u r in e  
sam ple. 0 a b lank: a n d  1 co n ta in in g  30.35 ug m l ' 1 o f  p ipem id ic  acid . C urves

H2 - 4  a re  successive s ta n d a rd  ad d i t io n s  of  1.5 x 10 M  o f  the  d rug .
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Sample  C once ntra t io n  f o u n d
mol r *

1 4.40 x 10 ' 7

2 4.09 x 10 ' 7

3 4.17 x 10* 7

4 3.88 x 10 ' 7

5 3.89 x 10 ' 7

Table  4.4 P rec is ion  d a ta  fo r  the  m ethod .

4.5.3.9 Conclusions
P ipem id ic  ac id  is red u ced  on m ercu ry  e lectrodes, the  n u m b e r  of  

processes being d ep en d en t  on the  pH  o f  the  solution. T h e  m a in  process observed  
u n d e r  op tim ised  cond it ions  by l in e a r  sweep v o l tam m etry  was used  f o r  a n a ly t ic a l  
purposes.

T he  d ru g  can be a c c u m u la te d  by ad so rp t io n  on h an g in g  m e rc u ry  d rop  
electrodes. The accu m u la t io n  process is con tro lled  by the  t r a n s p o r t  o f  the 
drug  to the  su rface  o f  the  electrode. T he  v o l tam m etr ic  response o f  the 
adsorbed  species presen ts  a m ax im u m  c u r re n t  in te n s i ty  a t  pH  1.

T h e  vo ltam m ogram s o f  p ip em id ic  ac id  ad so rb ed  on to  the  e lec tro d e  in d ic a te  
th a t  the  shape  an d  sy m m etry  of  the  peaks, as well as the  d e p en d en cy  on th e  scan 
ra te ,is  consis ten t w ith  an  a d so rp t io n  con tro lled  process.

T he  d e te rm in a t io n  o f  p ip em id ic  ac id  by ad so rp t iv e  s t r ip p in g  v o l ta m m e try  in
naqueous solu tions is fea s ib le  f o r  c o n cen tra t io n s  as low as 7.5 x 10 M. In

_Qfa c t ,  the  d y n am ic  l in ea r  ran g e  was fo u n d  to be be tw een  7.5 x 10 M  to
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1 x 10 M. T he  op tim um  co n d it io n s  fo r  the d e te rm in a t io n  are: pH  = 1 
(0.1 M  H C IO 4  as b ack g ro u n d  elec tro ly te);  a ccu m u la t io n  tim e 75 s in  s t i r r e d  
solu tion u n d e r  electrolysis; scan ra te  1 V s’ 1; accum ula t ion  p o ten t ia l  -500 
mV. O p era t in g  u n d e r  these cond it ions  i t  is possible to de tec t  2.5 x 10'^ M  
p ipem id ic  acid. T h e  re p ro d u c ib i l i ty  o f  the  a d so rp tiv e  vo l tam m etr ic  m easu rem en t

Oa t  a co n c e n tra t io n  level o f  2 x 10 M is d em o n s tra te d  by a re la t iv e  s ta n d a rd  
d ev ia t io n  o f  1.7 %.

T he  use of o th e r  v o ltam m etr ic  tech n iq u es  such as d i f f e r e n t i a l  pulse
v o l tam m etry  an d  square  w ave v o l tam m etry  w ork ing  u n d e r  op tim ised  co n d i t io n s  d id
not e n h an ce  the response signal o f  p ip em id ic  ac id  fo r  this d e te rm in a tio n .

T he  a d so rp tiv e  s tr ip p in g  c h a rac te r is t ic s  o f  p ip em id ic  ac id  was ex a m in e d  in
the presence  o f  u r in e  ex trac ts  o b ta in e d  fo l low ing  e lu tion  th ro u g h  a C jg
cartr idge . The results  of these experim en ts  d em o n stra ted  th a t  the a d so rp t iv e
a ccu m u la t io n  of the  d rug  takes  place in  u n s t i r re d  solutions. F o r  an
ac c u m u la t io n  tim e o f  2 0  s in  the  presence  of  the  ex trac t ,  the  a d so rp t iv e

-7 -5s tr ip p in g  response varies  l in e a r ly  in  the  ran g e  of  2.0x10 M  to 1.0x10 M 
of p ip em id ic  acid.

On th e  basis o f  these resu lts  the  s ta n d a rd  a d d i t io n  techn ique  can  be used  
p re fe re n t ia l ly  fo r  the  d e te rm in a t io n  o f  the  d rug  in  u r in e  samples fo l lo w in g  
e x trac t io n  in  a reverse  phase C jg  m icroco lum n. A ccord ingly , the  resu lts  o f  5 
u r in e  sam ples co n ta in in g  30.35 ug m l * 1 gave a re la t iv e  s ta n d a rd  d e v ia t io n  of
5.2 % fo r  th e  de te rm in a tio n .

7
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C O N C L U D I N G  R E M A R K S

The construc t ion  and  c h a ra c te r is a t io n  of  ion-selective  e lectrodes based on 
severa l ca l ix a ren e  n e u tra l  m olecules has led to the  deve lopm en t of  successfu l  
e lectrodes fo r  caesium  a n d  sod ium  ions. Simple a n d  co n v en ien t  design  o f  
c a th e te r  type  electrodes w ith  t ip  d im ensions o f  ab o u t  2 mm was used in  most 
p a r t  o f  th is  research. These e lectrodes w ere used to assess the p e r fo rm a n c e  o f  
two h ex am eric  ca lixa renes  w ith  respect to e lec trode  response fu n c t io n ,  d y n a m ic  
c h a rac te r is t ic s  and  se lec tiv ity  aga in s t  a com m on range  of in te r fe r in g  ions.
Both e lectrodes behaved  re la t iv e ly  well w ith  n e a r -N e rn s t ian  responses to 
changes in  caesium  co n cen tra t io n .  The e lectrodes responded  qu ick ly  to changes 
in  co n c e n tra t io n  and  s tead y  s ta te  response was o b ta in e d  w ith in  a few  seconds. 
Selec tiv ity  co e ff ic ien ts  fo r  both  e lec trodes were d e te rm in e d  fo r  com m on a lk a l i  
a n d  a lk a l in e  ea r th  m eta l  ions, in d ic a t in g  th a t  one is sup erio r  in its 
p re fe ren c e  w ith  respect to ru b id iu m  a n d  potassium  ions. A lthough  a few  caes ium  
electrodes have  been d esc r ibed  in  the l i te ra tu re ,  the ap p lica t io n s  o f  caes ium  
electrodes in  chem ical ana lys is  tends to be l im ited  m a in ly  to the ana lys is  o f  
caesium  in  nuc lear  f iss ion  processes.

C a th e te r  type, m acroe lec trodes  an d  coa ted  w ire  e lectrodes based on PVC 
m em branes  in co rp o ra t in g  e i th e r  a m ethy l ester or a m ethy l te t ra k e to n e  
te t ra m e r ic  ca lixarenes  w ere  s tud ied .  T he  sod ium  responsive  e lec trodes a ll 
e x h ib i te d  N ern s t ian  b eh av io u r .  The s tab i l i ty  an d  re p ro d u c ib i l i ty  o f  the  
e lectrodes were d e te rm in e d  in aqueous sodium  so lu tions an d  w ere  fo u n d  to be 
exce llen t  in  every case. The  l i f e  tim e of  the  e lec trodes was ex am in ed  by 
m easu r ing  the e lec trode  response fu n c t io n  a n d  res is tance  over a p ro longed  
p e r io d  o f  time. R esults  show ed th a t  o p e ra t io n a l  l i fe  tim es of  a t  least severa l
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m onths can  be ob ta ined .  T h e  r a p id  response o f  the  e lec trodes is an  a d d i t io n a l  
r e q u ire m e n t  of these devices fo r  most app lica tions .  A lth o u g h  responses are  
alm ost in s tan tan eo u s ,  a c c u ra te  m easu rem en ts  cou ld  no t be p e r fo rm e d  due  to 
l im ita t io n s  posed by the  ex p e r im e n ta l  set up. H ow ever ,  responses of  less th a n  
10 seconds w ere e s t im a ted  fo r  bo th  e lectrodes fo r  decade  changes in  so d iu m  
ac t iv i ty .  The  se lec t iv i ty  c o e f f ic ie n ts  d e te rm in e d  fo r  both  e lec trodes 
in d ic a te d  th a t  the  p re fe re n c e  a g a in s t  l i th iu m , po tass ium  an d  h y d ro g en  is 
su p e r io r  to o ther  ex is t ing  e lec trodes based  on so lvent po lym eric  m em branes.  In 
genera l  these se lec tiv it ies  can  be re g a rd e d  as co m p arab le  to the  sod ium  glass 
e lec trode  w ith  the excep tion  of  a m uch im proved  d isc r im in a t io n  aga in s t  h y d ro g e n  
ions (an ex trem ely  im p o r ta n t  ch arac te r is t ic ) .  T he  am m onium  se lec t iv i ty  is 
im proved  fo r  the m e thy l  te t ra k e to n e  e lec trode  in com parison  to its m e th y l  ester 
c o u n te rp a r t .  Both e lec trodes w ere  app lied  to th e  d e te rm in a t io n  of  sod ium  in 
b lood p lasm a samples an d  the  resu lts  com pared  to au to m a ted  ana lysers  a n d  to 
f la m e  pho tom etry .  T h e  m easu rem en ts  m ade by the  d ip p in g  m easu r in g  te c h n iq u e  a t  
s teady -s ta te  e q u i l ib r iu m  gave very  s im ila r  resu lts  to the  re fe ren c e  m ethods.
T h e  p rec is ion  of  the  m easu rem en ts  was w ith in  a few  mmol per liter. T h e  m an u a l  
m e thod  rep re sen ted  the  l im it in g  f a c to r  fo r  b e t te r  p rec is ion  in  th is  type  o f  
analysis.

T h e  deve lopm en t a n d  o p t im isa t io n  of  a f lo w  in jec t io n  analysis  system  
in c o rp o ra t in g  the  m e th y l  ester calix [4]arene  e lec trode  was c a r r ie d  o u t  a n d  
p roved  successfu l fo r  the  d e te rm in a t io n  of  sod ium  in  p lasm a samples. The 
resu lts  o b ta in ed  w ere  co m p ared  to the  m an u a l  te c h n iq u e  em ployed p rev io u s ly  an d  
w ere  fo u n d  to g rea tly  im prove  the  p rec is ion  a n d  accuracy . The resu lts  
typ ica l ly  show ed re s id u a l  s ta n d a rd  dev ia t io n s  o f  less th a n  1 mmol per l i te r  in 
com parison  to f lam e  p h o to m etry .  A ccord ing  to these  results  this p a r t ic u la r
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e lec trode  can  be considered  as a successfu l a l te rn a t iv e  to the sod ium  glass 
e lec trode  fo r  c l in ica l app lica tions.  N o t only  are  the  desirab le  fe a tu re s  o f  
so lvent po lym eric  m em branes m et w i th  the  ca l ix a re n e  based e lec trodes b u t  in 
a d d i t io n  these m em brane  e lec trodes shou ld  p rove  less expensive co m p ared  to the 
t r a d i t io n a l  glass electrodes.

In  a n o th e r  p a r t  o f  these re sea rch  m o d ern  v o ltam m etr ic  tech n iq u es  w ere  
em ployed  to s tudy  the e lec trochem ica l b e h a v io u r  o f  p ipem id ic  acid. T h e  d ru g  is 
red u ced  on m ercu ry  electrodes, the  n u m b er  of  processes being d e p e n d e n t  on the 
pH  of the  b ackground  electro ly te . T he  m a in  re d u c t io n  process observed  u n d e r  
o p tim ised  cond it ions was used to develop  an  a n a ly t ic a l  m ethod  by a d so rp t io n  
s t r ip p in g  vo ltam m etry . T he  d e te rm in a t io n  o f  p ip em id ic  acid in h u m a n  u r in e  of 
p a t ie n ts  undergo ing  p ip em id ic  ac id  th e ra p y  p ro v ed  successful, w i th  th is  
te c h n iq u e  p rov id in g  w i th  a u se fu l  q u a n t i ta t iv e  ana lys is  fo r  m on ito r ing  p a t ie n ts  
in  th e  th e ra p e u t ic a l  u se fu l  c o n cen tra t io n  ran g e  o f  p ip em id ic  acid.
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