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Synthesis,  Charac te r i sa t ion  and  Charge  T ra nspo r t  Propert ies  of  a Series of  Osmium 
C on ta in ing  Polymers.

A series of  metal lopolymers ,  based on po ly(4 -v iny lpyr id ine)  (PVP) and 
po ly (N-vinyl imidazole)  (PVI), has been p repa red  con ta in ing  bo th  osmium- and  
ru then ium-b is (2 ,2 ’-bipyr idy l)  centres.  The  polymers  have  been charac te r i sed  using 
u v /v i s  and  emission spectroscopy as well  as, thermal  and  elec trochemica l  methods.  
The  resul ts  ob ta ined  are compared  w i th  those ob ta ined  fo r  the metal lopolymers  
con ta in ing  only osmium or r u th e n iu m  centres  as wel l as, model  monomeric  
complexes.  The  resul ts fo r  mixed  metal  polymers  suggest  t h a t  there  is l it tle 
in te r ac t ion  be tween  the metal  centres  when in solut ion,  e i the r  in the  g round  or 
exc i ted  state.

The  ra te  of  homogeneous charge  t r a n s p o r t  th rough  
[Os(bipy)2 (PVP)n Cl]Cl f i lms (n = 5, 10, 15, 20 and  25), has  been examined 
using poten t ia l  step methods and  cyclic vo l tammetry .  T he  e f f e c t  of  r edox site 
loading,  e lec troly te  type and  concen t ra t ion  a nd  t em p e ra tu re  on the charge
t ra n s p o r t  d i f fu s io n  coe f f ic i en t  fo r  homogeneous charge  t r a n s fe r  w i th in  the 
immobi l ised  f i lm  fo r  the  Os(II / I I I )  ox idat ion ,  has been  inves t iga ted.  The  
r e levan t  ac t iva t ion  paramete rs ,  entha lpy ,  en t ropy  an d  f ree  ene rgy  changes and  
ac t iva t ion  energy  for  d i f fu s io n a l  charge  t ransport  a re  presented .  The  results 
ob ta ined  suggest  that  a t  short  t imes mass and  charge  t r a n spo r t  can be decoupled,  
wh ile  a t  longer  t imes the  mass t ran spo r t  requ i red  to m a i n t a i n  e lec t roneu t ra l i ty  
occurs. The  s tanda rd  rate  cons tan t  k°  and  t r a n s f e r  c oe f f ic i en t
charac te r is ing  the heterogeneous electron t r a n s fe r  r eac t ion  f r o m  the  unde r ly ing  
elec trode  into the m od ify ing  f i lm  have  also been eva lua ted .  T h e  e f f e c t  of 
va r i a t ions  in osmium con tent  w i th in  the f i lm,  e lectrolyte  type  and  concen t ra t ion  
a nd  t em p e ra tu re  on these pa rameters  is examined.  The  re l e v a n t  en tha lp ies  fo r  the 
he terogeneous  electron t ran s fe r  reac t ion have been eva lua ted .  The  reac t ion  en tropy  
is s im ila r  fo r  all redox site load ing /e lec t ro ly te  c onc en t ra t ion  com bina t ions  
exam ined  suggest ing tha t  the local m ic roenv i ronm en t  of  the r edox  cen tre  remains 
large ly u na l t e re d  by changes in the n a tu re  of  the  s uppor t ing  elec tro ly te  or the 
ac t ive site loading.

The  charge  t ransport  p ropert ies  of  [Os(bipy)2 (PVI)n Cl]Cl w here  PVI is 
po ly(n-v iny l imidazole)  and  n = 5, 10, 15, 20 and  25 has  been exp lo red  in a range  
of  e lectrolytes  based on chlor ide,  sulphate ,  tosylate  and pe rch lo ra te  anions. The 
e f f e c t  of  e lectrolyte  and  redox site loading  and  t e m p e ra tu re  on the  homogeneous 
charge  t ranspor t  process reveals tha t  fo r  low redox s ite l o a d i n g /h i g h  electrolyte  
concen t ra t ion  segmental polymer  cha in  motion l imits  Dq-j-. In  contrast ,  f o r  high 
ac t ive  s i t e / low  electrolyte  concen t ra t io n  combina t ions  the ra t e  of  charge  
t ran spo r t  is control led by ion t ran spo r t  w i th in  the f ilm.  T h e  e f f e c t  of  
e lec troly te  and  active site loading on k °  is also explored.

Homogeneous  a nd  heterogeneous charge  t r a n s fe r  th rough  
po ly (N-vinyl imidazole)  con ta in ing  [Os(N)g] ' moieties has been exam ined  as 
a fu n c t i o n  of  the n a tu re  of  the contac t ing  elec troly te  solu t ion  and  of 
tempera tu re .  The  charge t ranspor t  pa ram ete rs  are sensi t ive to the n a tu r e  of  the 
elec tro ly te  anion.  In su lphur ic  acid charge  t ranspor t  is r ap id  a n d  is consis tent  
wi th  a swollen porous f ilm. In perchlo r ic  acid the f i lms a p p e a r  compact .

The  ab i l i t y  of  the [Os(bipy) 2 (PVP)jgCl]Cl  polymer  to ca talyse the 
r educ t ion  of  Fe(III) to Fe(II) in both 0.1 M H 2 SO 4  a nd  1.0 M HCIO 4  

electrolytes  is demonst rated.  Catalysis  occurs a t  a large por t ion  of  the ac t ive 
sites w i th in  the polymer in su lp hur ic  acid leading  to th ree  d imens iona l  
catalysis . In perch lor ic  acid catalysis only occurs  w i th in  a region  of  molecular  
d imensions  at  the f i lm /e le c tro ly te  in te rface.



Tabic  of  Contents.

C h a p te r  1 Introduct ion,  Review an d  Theo ry  of  Charge T r a n s p o r t

Through Polymer M odif ied  Electrodes.

Section l . i  Electrochemical  Propert ies  of  Po lymer M od i f i ed  2

Electrodes.
1.2 Charge Transpor t  D ynam ics  T h ro u g h  Polymer

Modif ied Electrodes.  5

1.2.1 Covalent ly  Bound Redox  Centres.  6

1.2.2 Electrostat ical ly  Bound Redox Centres.  1 3

1.3 Evaluat ion  of  Charge T r a n sp o r t  Rates  fo r  M od i f i ed

Electrodes. 19

1.3.1 Theory of  Cycl ic Vol tammetry .  20

1.3.2 Theory of  Potent ia l  Step Chronoamperomet ry .  27

1.3.3 Theory of  Sampled C u r r e n t  Vol tam metry .  29

1.4 Evaluat ion  of  T h e rm o d y n a m ic  Param ete rs  f o r  M o d i f i ed

Electrodes. 31

1.4.1 Homogeneous Charge  Transpor t .  31

1.4.2 Heterogeneous Elect ron  T ransfe r .  32

1.5 Concluding Remarks .  34

1.6 References. 36

C hap te r  2 Synthesis,  Charac te r i sa t ion  and  Propert ies  of  a Series

of  Osmium and R u t h e n iu m  Conta in ing  Meta l lopolymers .

Section 2.1 Introduct ion.  46

2.2 Experim enta l  Section. 47

2.2.1 Equipment  and Methods.  47

2.2.2 Synthesis of  Monomeric  and Po lymeric  Mater ia ls .  49

2.3 Resul ts and Discussion.  53

2.3.1 General . 53

2.3.2 Glass Transi t ion  Tem pera tu re .  55

2.3.3 Absorption and  Emission Spectroscopy.  58

2.3.4 Electrochemical  Propert ies .  64



2.3.5 Photochemical  Propert ies.  w

2.3.6 Metal lopolymer D i f fus ion  in Solution. 71

2.4 Concluding Remarks.  74

2.5 References.  75

Chap te r  3 Electrochemica l  Methods.

Section 3.1 Electrode  P repara t ion  and  Coat ing. 79

3.2 Cycl ic Voltammetry.  81

3.3 Potent ia l  Step Methods.  87

3.4 The rm odynam ic  Parameters.  99

3.5 Ro ta t ing  Disk Voltammetry  at  Modif ied Electrodes.  101

3.6 References.  103

Cha p te r  4 Charge Transpor t  Propert ies  of

[Os(bipy) 2 (PVP)n Cl]Cl Modif ied Electrodes.

4.1 In troduct ion .  105

4.2 Exper imental .  106

4.3 Results:  The  E f fec t  of  Electrolyte  and Redox  Site

Concen t ra t ion  on Homogeneous Charge T ranspor t .  107

4.3.1 General .  107

4.3.2 Hydroch lo r ic  Acid. 108

4.3.3 Perch lor ic  Acid. 114

4.3.4 Sulphur ic  Acid. 118

4.4.1 D e te rm in a t io n  of  Therm odynam ic  Pa rameters  fo r

Homogeneous Charge Transport .  122

4.4.2 Hydroch lo r ic  Acid. 122

4.4.3 Perch lor ic  Acid. 125

4.4.4 Sulphuric  Acid. 130

4.5 Discussion of  Homogeneous Charge T ra nspo r t  133

4.6 Electroly te  and Redox Site Loading on 141

Heterogeneous Electron T ra ns fe r  Kinetics .  141

4.6.1 General.  141



4.6.2 H y d r o c h l o r i c  Acid .  143

4.6.3 Pe rchl or ic  Acid .  146

4.6.4 S u lp h u r ic  Ac id .  146

4.7 T e m p e r a t u r e  E f f e c t s  on  H e t e r o g e n e o u s  E le c tr o n

T r a n s f e r  R eac t ions .  150

4.7.1 G eneral .  150

4.7.2 H y d r o c h l o r i c  Acid .  150

4.7.3 P erch lo r i c  A c id .  153

4.7.4 S u lp h u r ic  Ac id .  153

4.8 D i s c u s s i o n  o f  H e t e r o g e n e o u s  K i n e t i c s .  157

4.9 C o n c l u d i n g  R em arks .  164

4.10 R e f e r e n c e s .  167

C h a p t e r  5 E l e c t r o l y t e  and T e m p e r a t u r e  E f f e c t s  on  H o m o g e n e o u s

a n d  H e te r o g e n e o u s  C h a r g e  T r a n s p o r t  T h r o u g h  F i l m s  

o f  [O s( bi py )2 (P V I ) n Cl]Cl.

5.1 In tro d u ct io n .  172

5.2 E x p e r i m e n t a l .  173

5.3 Resul ts:  T h e  E f f e c t  o f  E l e c t r o l y t e  a n d  A c t i v e  S i te

L o a d i n g  on the  R a t e  o f  H o m o g e n e o u s  C h a r g e  T ran spo r t .  174

5.3.1 G ene ral .  174

5.3.2 H y d r o c h l o r i c  Acid .  175

5.3.3 S o d i u m  Chlor ide .  179

5.3.4 S u l p h u r i c  Acid .  182

5.3.5 P o ta s s iu m  Sulphate .  185

5.3.6 T o l u e n e - 4 - s u l p h o n i c  A c id .  188

5.3.7 P e r c h lo r ic  A c id .  192

5.3.8 L i t h i u m  Perch lorate .  196

5.4 A c t i v a t i o n  P ara meters  f o r  H o m o g e n e o u s

C h a r g e  Transport .  196

5.4.1 H y d r o c h l o r i c  A c id .  198

5.4.2 S o d i u m  Chlor ide .  198

5.4.3 S u l p h u r i c  A c id .  204



5.4.4 Potassium Sulphate.  207

5.4.5 Toluene-4-sulphonic  Acid. 207

5.4.6 Perch lor ic  Acid. 213

5.4.7 L i th ium  Perchlorate .  217

5.5 Electrolyte  and  Redox Site L oad ing  E f fe c t s  on

Heterogeneous Electron T r a n s f e r  React ions. .  220

5.5.1 Hydroch lo r ic  Acid. 220

5.5.2 Sodium Chloride.  220

5.5.3 Sulphur ic  Acid. 223

5.5.4 Potassium Sulphate.  223

5.5.5 Toluene-4-sulphonic  Acid. 226

5.5.6 Perch lor ic  Acid. 226

5.5.7 L i th ium  Perchlorate .  230

5.6 Discussion of Homogeneous and  H e te rogeneous

Charge  Transport .  232

5.7 Concluding  Remarks.  240

5.8 References.  241

Cha p te r  6  Charge Transpor t  Propert ies  of

Poly(N-vinyl imidazole)  Polymers  C o n ta in ing

[Os(N)g]^+/ ^ + Moieties. 243

6.1 In troduct ion.  244

6.2 Experimental .  245

6.3 Results:  The  E f fec t  of  E lect ro ly te  Type  and

Concen t ra t ion  on the ra t e  o f  Homogeneous  and  

Heterogeneous Charge  T r a n s f e r  Reac t ions  of

[Os(bipy) 2 (PVI) 1 0 Cl]Cl Films. 245

6.3.1 General  Layer  Propert ies .  245

6.3.2 Chloride Based Electrolytes.  249

6.3.3 Sulphate  Based Electrolytes.  249

6.3.4 Toluene-4-sulphonic  Acid  Electrolyte .  253

6.3.5 Perch lo rate  Based Electrolytes.  253

6.4 D e te rm ina t ion  of  Ac t iva t ion  Pa ramete rs .  257



6.4.1 Chlor ide  Based E l e c t r o l y t e s .  260

6.4.2 Sulphate  Based E l e c t r o l y t e s .  260

6.4.3 T o l u e n e - 4 - s u l p h o n i c  A c i d  E le c tro ly te .  261

6.4.4 Perchlorate  Based E l e c t r o l y t e s .  261

6.5 D isc us s i on  o f  H o m o g e n e o u s  a n d  H e t e r o g e n e o u s

Charge  Tr ans por t .  262

6.6 R eferen ces .  270

C h a p t e r  7 E le ct rocat a ly s i s  b y  [ O s ( b i p y ) 2 (P V P ) |Q C l] C l

M o d i f i e d  E lectro de s .

7.1 In troduc t ion .  273

7.2 T h eor e t ic a l  a n d  E x p e r i m e n t a l  I m p l e m e n t a t i o n  o f

M edi at io n  Proces se s  at  M o d i f i e d  E lec trod es .  273

7.3 Ex pe r im ent al .  29 2

7.4 Results: M e d i a t e d  r e d u c t i o n  o f  [ F e ( H 2 0 ) g ] ^ + b y  

[Os(bipy)2 ( P V P ) 10Cl]Cl  f i l m s  in 0.1 M

Sulph uric  A c id .  29 2

7.5 M ed ia ted  r e d u c t i o n  o f  [ F e C ^ O ) ^ *  by  

[Os(bipy)2 ( P V P ) 10Cl]Cl  f i l m s  in  1.0 M

Perchlor ic  A c id .  300

7.6 D isc us s i on  o f  M e d i a t i o n  P ro cess e s  fo r

[Os(bipy)2( P V P ) 10Cl]Cl  f i l m s .  308

7.7 R eferen ces .  310

C h a p t e r  8 C onc lus ion s .

8.! Conclus ions .  314

A b b r e v ia t io n s  320

R o m a n  S y m b o ls  321

Greek S y m bo ls  325



AoDendix A Acquisit ion and Analysis  of  E lec t rochem ica l

Data  Using Computer  Based Systems. 1

- A  1 Integrated Data Cap tu re  and  Analysis . 2

A2 Direct  Data  Analysis. 1 2

A3 Analysis  of  Electrochemical  Data . 18

AoDendix B Publications. I



C H A P T E R  1

In troduc t ion .  R ev iew  and

Theo ry  of  Cha rge  Transpo r t

T h rough  Polymer Modif ied  Electrodes.
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Sect ion 1.1 Electrochemica l  Propert ies  of  Polymer M odi f i ed  Electrodes

T he  s t ruc tu re  of  the e lec trode /e lec t ro ly te  i n te r fa c e  is of  decisive 

im por tance  to e lectrochemica l  react ions. The  ab i l i t y  to cont ro l  the phys ica l  

an d  chemical  propert ies  o f  this  i n te r fa c e  o f fe r s  cons ide rab le  adva n ta ge  in 

f ie lds  such as ana ly t ica l  appl icat ions,  e lect rochemica l  synthesis ,  corrosion 

in h ib i t i o n  etc. The m od i f ic a t ion  of  t rad i t iona l  e lec trode  mate r ia ls  w i th  

su r f a c e  deposits using m ethods  such as covalent  bonding ,  adso rp t ion  an d  polymer 

f i lms,  to give rise to a m od i f ied  electrode gives the o p p o r tu n i ty  to d i rec t ly  

i n f lu e n ce  the s t ruc tu re  o f  the  e le c t ro d e / f i lm  in te r face.  T h e  inves t iga t ion  of  

m o d i f i e d  electrodes has received  cons iderab le  a t t en t ion  d u r in g  the last ten to 

f i f t e e n  years  [1-4], Po lymer m od i f ie d  electrodes have  become recognised as 

ha v in g  propert ies  which are  desirab le  fo r  p rac t ica l  appl icat ions,  inc lud ing  

chemica l  and  mechanica l  s tab i l i ty ,  rap id  charge  t ran spo r t  rates  an d  syn the t ic  

f lex ib i l i ty .  Polymer m od i f ie d  electrodes have  some p roper t ie s  in common wi th  

t r a d i t i o n a l  metall ic  or glassy ca rbon  electrodes in tha t  they  seek to be h ighly  

conduct ive.  However ,  the in te r io r  of  a m od i f ied  elec trode  is a dyna m ic  m at r ix  

whose composit ion can change  e.g cha rge  compensa t ing coun te r ions  can  move into 

or out  of the f i lm  as a f u n c t io n  of  the^electrode potent ia l .  Similar ly ,  o ther  

species such as solvent or  o ther  solutes may  have  s ig n i f ic a n t  long range  

mobil i t y  w i th in  the f i lm.  It has become real ised th a t  the  e lectrochemical  

be ha v iou r  of  redox, ion exc hange  an d  conduc t ing  polymers  depends to a large 

ex te n t  on these physicochemical  propert ies  of  the polymer  phase.

2



i) The  synthesis  of  a series of  single and  m ult i  cen tre ,  redox act ive

metal lopolymers  in which  the act ive site loading,  the n a tu r e  of  the redox

centre ,  and  the polymer  backbone  can be var ied.

ii) The  cha rac te r i sa t ion  of  the physical a n d  chemica l  propert ies  of 

these materia ls .

iii) The  inves t iga t ion  of  the e ff ec t  o f  e lec tro ly te  type and  

concen t ra t ion ,  redox  s ite loading,  pH,  tem pe ra tu re  an d  po lymer  backbone  on the 

e lectrochemical  propert ies  of  e lectrodes mod if ied  w i th  these  mater ia ls .

The  p r inc ipa l  a rea  of  inte res t  in this  w o rk  has  been  the exam ina t ion  

of  the redox processes occurr ing  w i th in  these f ilms. M any  experimenta l  

observa t ions  e.g the v a r i a t ion  of  charge  t ran spo r t  ra tes ,  cyclic  vo l tamm etry  

peak  shapes, non N e rns t i a n  electron t r a n s fe r  the rm odynam ics ,  ac t iva t ion

param ete rs  and  ion exchange  propert ies  of  po lymer m o d i f i e d  electrodes have  been 

exp la ined  in  terms of  po lymer-e lec tro ly te  models.

The  unde r ly ing  assumptions  of  these models  are  :

1) The m od i fy ing  f i lm  is mul t i l ayer  in n a tu re  a n d  is swollen when in 

con tac t  wi th  elec trolyte  solut ions.  The  f i lm  is a po lyelect ro ly te  or is 

t r a n s fo rm ed  into  a polyelect ro lyte  as the po ten t ia l  is changed.

2) The  immobil ised f i lms are  permeab le  to so lven t  an d  ion movement  

into  and  out  of  the coatings.  The  r equ i rem en t  of  e l ec t roneu t r a l i ty  is 

m a in ta in e d  by movem ent  of  charge  compensa t ing  counte r ions ,  p rov id ed  there  is no 

chemical  reac t ion a f t e r  e lectron t ran s fe r  e.g depro tona t ion .

This  thesis describes;

3



3) Due  to solvent or ion movement  into or  out  of  the  f i lm,  the  polymer  

m a t r ix  can swell or become more  compact  du r ing  the redox  react ion.  Depend ing  

on the mechanism of  this  process, revers ible  e las t ic  d e fo r m a t io n  or  

i r r evers ib le  t rans fo rm at ions  can occur. The  energy  r equ i r ed  fo r  the 

e lec trochemica l  t ra n s fo rm a t io n  will  be the sum of  t h a t  needed  fo r  the redox 

reac t ion  an d  any  a dd i t iona l  energy inpu t  required .  A d d i t io n a l  i n p u t  can ar ise 

because of  fo rced  swel ling of  the f i lm  due to chargc  compensa t ing  coun te r ion  

i n f l u x  or movem ent  of  the polymer  cha in  to wh ich  the redox  sites are bound.

4) Po lyelectrolyte  layers  a re  sensi t ive to s t ruc tu re  a n d  env ironm ent .

The  e f f e c t  of  in te rac t ions  be tween  the  redox sites and  o the r  species w i th in  the 

f i lm  is s ig n i f ic an t  due  to the  high  f ixed  site c onc en t ra t ion  ( typical ly  g rea ter  

th a n  1 mol  dm ). Select ive b ind ing  of  counter ions ,  ion pa ir  fo rm a t ion ,  

d imer is a t ion  and  p ro tona t ion ,  a f f e c t  the rate  of  charge  t r a n s p o r t  th ro u g h  the 

f i lm  an d  other  propert ies  of  the m od i f ied  electrodes.

5) The  d i s t r ibu t ion  of  ions be tween  the  bu lk  elec tro ly te  an d  the  f i lm  

obeys the  a pp rop r ia t e  D o nna n  rel a t ion  at equ i l ib r ium.  This  is f r e q u e n t ly  

t e rm ed  m em brane  behaviour .

6 ) The  mechani sm of  charge  p ropaga t io n  th rough  redox  polymer f i lms  is 

genera l ly  accep ted to occur  via successive elec tron  hops be tw een  

o x id i se d / r e duce d  sites w i th in  the  f ilm.  This  ra te  of  charge  t r a n spo r t  can be 

l im ited  by one of  th ree  processes, i) The  in tr in s ic  b a r r i e r  to e lec tron self 

exchange.  ii) The m ovem ent  of  charge compensa t ing  coun te r ion  i n to / o u t  of  the 

f i lm,  iii) The  segmental  motion of  the polymer  s t rands  to w h ich  the  redox site
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is bound,  or where  the  redox  centre  is e lec tros ta t ica l ly  bound  w i th in  the 

polymer,  the  d i f f u s iv e  m otion  of  the redox site t h ro u g h  the  f ilm.

It is to be no ted  th a t  the s t ruc tura l  r equ i r em e n ts  f o r  r ap id  electron 

t ranspor t  and  fast  coun te r io n  t ransport  r eq u i r ed  f o r  e le c t rone u t r a l i ty  are 

opposite  i.e r ap id  electron self  exchange  is f a v o u r e d  by close redox sites a t  a 

high concen t ra t ion  w i th in  the f ilm,  while an  open  porous s t ru c tu re  will  f av o u r  

f ac i le  pe rm eat ion  of  coun te r io n  and  segmental c ha in  motion.  The  in te rp lay  of 

these three ra te  l im it ing  processes and  the i n f lu e n ce  o f  f i lm  swell ing is of  

cen tr a l  impor tance  in the work  presented here a n d  wi l l  be discussed in  greater  

de tai l  later.

Section 1.2 Cha rge  T ra n sp o r t  Dynamics  Through  Polymer M odif ied  Elcctrodes.

The types of  po lymeric  mater ia ls  w h ic h  f o r m  m od i fy in g  f i lms  on 

electrode va ry  cons iderab ly  f rom  electronical ly  c o nduc t ing  mater ia ls ,  no tab ly  

polypyrrole ,  polyan i l ine  and  poly th iophene  to po lymer ic  m ate r ia ls  wh ich  possess 

a bound  redox centre.  The  mater ia ls  which have  been cons idered  in this  thesis 

a re  of  the r edox  type a n d  it seems pe r t inen t  to rev iew the l i t e r a tu re  wi th  

respect  to charge  t ran spo r t  dynamics  th rough  such  mater ia ls .  The  a im of  this 

c hap te r  is by no means to present  a complete l i t e r a tu r e  su rvey  covering  the 

whole  of  the po lymer m od i f ied  electrode area,  bu t  to su rvey  and  present  the 

most in terest ing  and  represen ta t ive  examples  of  the  e xa m ina t ion  of  charge 

t ranspor t  dynamics  th rough  redox polymer m o d i f i e d  electrodes. This  sect ion is 

subd iv ided  into par ts  dea l ing  wi th  polymer m o d i f y in g  f i lms  in which;  i) the 

electroac t ive cent re  is cova lent ly  bound to the po lymer  backbone  e.g the osmium
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and  r u th e n iu m  mater ia ls  discussed in this  di sse r ta t ion,  or  have  a redox  centre  

compri s ing pa r t  of the  polymer  backbone  e.g po ly(v inylfe rrocene) .  ii) the 

e lectroac t ive centre  is e lectrostat ical ly  bound  w i t h in  the f i lm  e.g 

f e r rocya n ide  w i th in  p ro tona ted  po lyv in y lpyr id in e  films.

Section 1.2.1 Covalent ly  Bound Redox Centres

The  inves t iga t ion  of  those systems possessing a f u n c t i o n a l  group w hich  

can be polymerised,  f r e q u e n t ly  e lectrochemical ly ,  to give redox  polymers  w i th  a 

bound  centre  will  be cons idered  f irst .  Po ly (v iny l fe r rocene)  (PVF) is one of  

the earl ies t  such electrode mod if ie rs  an d  its proper t ie s  have  been extens ively  

exam ined  [5-8], Schroeder  and  K a u f m a n  have  shown th a t  po lymer  morphology as 

d ic ta te d  by support ing  electrolyte,  e lectrode po ten t ia l  a n d  doping has a 

s ign i f ican t  in f luence  on the  charge t ran spo r t  process  [9]. For  example,  by 

in co rpora t in g  a dye, (Sudan  III) into the f i lm  d u r in g  cast ing,  and  observing 

the desorpt ion  of  the dye  into solut ion,  a d i f f u s io n  c oe f f ic i en t  of  10"^ 

cm s was observed fo r  the d i f f u s io n  of  the  dye th rough  

po lyvinyl fe r rocene .  The  ac t iva t ion  energies  fo r  the  homogeneous  charge  

t ran spo r t  process th rough  PV F  have been eva lua ted  as app rox im a te ly  15.5 kJ/Mol,  

while  the en tropy  terms are  negat ive  (-134 J / (m ol  deg)) [10]. The  charge  

t ranspor t  process has been in te rp re ted  as being l im ited  by polymer  c ha in  motion 

and  coun te r ion  t ranspor t  [11],

Several models fo r  charge  t ranspor t  t h rough  p o lyv iny l fe r rocene  have  

been proposed,  notab ly the  porous or pinho le  model  a n d  the  m em brane  model.  

These have been inves t iga ted by Leddy  and Bard  an d  they  conc luded  th a t  PV F  

f i lms act  as a membrane ,  where  mate r i a l  d i f fuses  t h rough  the bu lk  f i lm,  r a the r  

than  th rough  pores [12], In a series of  papers  [13-15] non-N erns t ian
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therm odynam ics  fo r  PV F f i lms have  been in te r p re te d  in terms of  a 

m echan ica l /e lec t rochemica l  model.  This  model accoun ts  fo r  the observed 

behav iour  in terms o f  the forced  inclusion of  charge  compensa t ing  coun te r io n  

and  the f in i te  n a tu re  of  the f ree  volume w i th in  the f i lm.  The  energy  r equ i red  

to ca r ry  out  the elect rochemical  t r a n s fo rm a t ion  is, t he re fo re ,  the  sum of  the 

redox reac t ion and  the fo rced  swelling of  the po lymer  f ilm.  The  e f f e c t  of

s t ruc tu ra l  propert ies  such as crossl inks on this  process  is discussed. 

Expe r im en ta l  evidence  is repor ted to support  the model  and  the fo rm a t io n  of  

crossl inks due  to the fo rm a t io n  of  f e r r o c e n i u m / p e rc h l o ra te  ion pairs.  The 

f o rm a t ion  of  salts be tween  the oxidised redox sites an d  the  counte r ions  as well  

as the  polyelectrolyte  behav iour  of  po ly (v iny lfe rrocene)  has been used to 

explain the d i f fe rences  in the cyclic vo l tamm etry  an d  ch ronoam perom et r ic  

response of  these f i lms in contact  wi th  aqueous  and  ace ton i t r i l e  e lec trolyte

solut ions [16].

The  kinet ics  of  e lectron t r an s fe r  th rough  th ion ine  coatings has been 

extensively s tud ied  [17-20]. These s tudies  used conven t iona l  po ten t ia l  step 

and  opt ical  measurements  to eva lua te  an a p p a re n t  charge  t ran spo r t  d i f f u s io n  

coe ff ic ient ,  fo r  homogeneous charge  t ran spo r t  th rough  the immobil ised

films.  This  gave values which  were dependen t  on the n a tu r e  of  the counte r ion ,

_ ] ' i  2-1
rang ing  f rom  9.1 x 10 cm s in su lphur ic  ac id at  pH 1.3 to 0.9 x

n  9 1
10 cm s in tosylate  solutions. The  f a c t  t h a t  charge  t ran spo r t  

depends on the an ion size suggests tha t  an io n  t ran spo r t  l imits  the ra te  of 

charge  propaga t ion  th rough  the films. The  ac t iva t ion  energy in su lphu r ic  acid 

solut ion was 35 kJ /M ol ,  which  f u r t h e r  suggests th a t  ion movem ent  l imits  the 

ra te  of  charge propagat ion .  Th ion ine  f ilms have  shown cons iderable  ca ta ly t i c  

propert ies ,  no tab ly  wi th  respect  to Fe(III) and  [Fe(CN)g] " r educ t ion  [21],
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T h e  m e d i a t e d  r e a c t i o n  f o r  Fe(I I I )  occurs  a t  t h e  f i l m / e l e c t r o l y t e  i n t e r f a c e  

b e t w e e n  the  t h i o n i n e  s ites  in  th e  f i l m  a n d  Fe( I I I )  in  so lu t ion.

A n  i m p o r t a n t  class of  re dox  a c t iv e  p o l y m e r s  a r e  m a t e r i a l s  w h i c h  a r e  

e l e c t r o p o l y m e r i s e d  f r o m  m e ta l  com plexe s  c o n t a i n i n g  a p e n d a n t  v i n y l  g r o u p  

[22-27], T h e  t h e r m o d y n a m i c a l l y  u n f a v o u r a b l e  o x i d a t i o n  o f  a ser ies  o f  i ro n ,  

r u t h e n i u m  a n d  o s m iu m  b i p y r i d i n e  a n d  p h e n a n t h r o l i n e  com plexes  has  b e e n  e x a m i n e d  

a t  p o ly [O s (b ipy ) 2( v p y ) 2]^+ (vpy = 4 -v iny l  p y r i d i n e )  m o d i f i e d  e l ec t ro d es  

[22], T h es e  i n v e s t i g a t i o n s  show s im ple  e l e c t r o n  t r a n s f e r  r e a c t i o n  en e r g e t i c s  

w h i c h  ag r ee  w i t h  the  M ar cu s  o u t e r  sp h e r e  cross  r e a c t i o n  re la t io n .  T h e  

p e r m e a b i l i t y  o f  po ly  c a t i o n i c  ( t r i s (4 -m e th y l- 4 ’- v in y l - 2 ,2 ’b i p y r i d i n e ) r u t h e n i u m )  

a n d  p o l y [ R u ( v b p y ) 3 ]^+ to f e r r o c e n e ,  T C N Q ,  c a t i o n i c  f e r r o c e n i u m  a n d  a n i o n i c  

T C N Q "  has  b ee n  e x a m i n e d  [28], T h e  p e r m e a t i o n  o f  these  species  is a  f u n c t i o n  

o f  e l e c t r o ly te  c o n c e n t r a t i o n  a n d  the  ch a r g e  o f  t h e  su b s t r a t e .  P e r m e a t i o n  ra te s

Q 2 - 1
a r e  t y p i c a l l y  o f  the  o r d e r  o f  10 cm  s . T h e  e l e c t r o n  t r a n s p o r t

d y n a m i c s  t h r o u g h  these  e l e c t ro p o ly m e r i s ed  f i l m s  ca n  also be  i n v e s t i g a t e d  u s in g

s t e a d y  s t a t e  m e th o d s  w h e r e  i n f l u x  o f  c h a r g e  c o m p e n s a t i n g  c o u n t e r i o n s  i n to  the

f i l m  is n o t  r e q u i r e d  [29-30]. T h i s  av o id s  p ro b lem s  s uch  as m i g r a t i o n  a n d

al lows  the  i n d e p e n d e n t  e v a lu a t io n  o f  e l e c t ro n  d i f f u s i o n  c o e f f i c i e n t s .  O n e  of

th e  l arges t  d i f f u s i o n  c o e f f i c i e n t s  m e a s u r e d  f o r  a loca l i sed  e l e c t r o n ic  s t a t e

r e d o x  p o ly m e r ,  [Os(b ipy)2(v p y ) 2]^+^ +, s a n d w i c h e d  b e t w e e n  p l a t i n u m  a n d

9-1
p o ro u s  gold  e l ec t ro des  in  c o n t a c t  w i t h  d r y  N 2 , is 1.7 x 10" cm  s"

[31]. T h e  d e p e n d e n c e  o f  e l ec t ro n  d i f f u s i o n  c o e f f i c i e n t  w i t h  e l e c t r o c h e m i c a l  

p o t e n t i a l  has  bee n  e x p l o re d  f o r  these  f i lm s  [32],

T h e  e f f e c t  o f  a c t i v e  s ite lo a d in g  w i t h i n  th e  f i l m  has  b ee n  e x p l o r e d  

f o r  f i lm s  f o r m e d  by the  e l e c t ro p o l y m e r i s a t i o n  o f  [C o (v - t e rp y )2]2+ (v - t e r p y  

is 4’- v iny l -2 ,2 ’,6’,2” - t e r p y r i d i n y l )  [33], T h e  e f f e c t  o f  i n c r e a s i n g  th e  r e d o x



s i te  lo ad in g  on D^-j- is f r e q u e n t l y  i n t e r p r e t e d  in t e r m s  o f  th e  D a h m s - R u f f

b e h a v i o u r  w h i c h  p r e d ic t s  a l i n e a r  i n c rease  in  D ^ p  w i t h  i n c r e a s i n g  f i x e d  s ite

c o n c e n t r a t i o n .  In the  ab o v e  e x a m p l e  the  r a t e  o f  c h a r g e  t r a n s p o r t  f o r  the

C o 2+/ + r e d o x  co u p le  v a r i e d  l i n e a r l y  w i t h  r e d o x  s i te  c o n c e n t r a t i o n  o v e r  the

r a n g e  0.1 to 0.6 M, w h i l e  D ^ p  f o r  C o ^ +//2+ was  i n d e p e n d e n t  o f  t h e  a c t i v e

1 3s i te c o n c e n t r a t i o n .  B o th  c h a r g e  t r a n s p o r t  ra t e s  a r e  o f  t h e  o r d e r  o f  10

9 1 *c m  s '  . T h e  e f f e c t  o f  i n t e r s i t e  s e p a r a t i o n  h a s  been  e l e g a n t l y  e x p l o r e d  by

"d i lu t ing"  o s m iu m  si tes w i t h  s t r u c t u r a l l y  s i m i l a r  r u t h e n i u m  s ites  [34], T h i s

av o id s  p ro b lem s  such as s o lv en t  sw e l l ing  a n d  cross  l i n k i n g  ch a n g es  as t h e  re dox

ce n t r e s  a r e  s e p a r a t e d  b y  d i s s im i l a r  sites. As  t h e  o s m i u m  l o a d i n g  w i t h i n  the

f i l m  is i n c r e a s e d  D ^ p  i n i t i a l l y  increas es ,  f o l l o w e d  by  a r e g io n  w h e r e  D ^ p

is r e l a t iv e ly  i n s e n s i t iv e  to o s m i u m  load ing ,  u n t i l  a t  t h e  h i g h e s t  o s m i u m

c o n c e n t r a t i o n s  (1.2 M) D ^ p  in c re a se s  sha rp ly .

T h e  n a t u r e  o f  t h e  s u p p o r t i n g  e l e c t ro ly te  m e d i u m  e x e r t s  c o n s i d e r a b l e  

i n f l u e n c e  over  c h a rg e  t r a n s p o r t  d y n a m i c s  f o r  m a n y  m o d i f i e d  e l ec t ro des .  T h e  

e f f e c t  of  c h a n g i n g  the  s u p p o r t i n g  e l e c t ro ly te  sys tem  to a m o l t e n  sa l t  has  been 

e x p l o r e d  fo r  p o l y - [ R u ( b i p y ) 2( v p y ) 2]^+///2+ in  A l C l 3 / N - ( l - b u t y l ) p y r i d i n i u m  

c h l o r i d e  a n d  A l C l 3 / l - m e t h y l ( 3 - e t h y l ) i m i d a z o l i u m  c h l o r i d e  [35]. 

w a s  1.7 x 10'^ m o l c m ’^ s ' ^ 2 , a d ec r e a s e  o f  a f a c t o r  o f  - 2 .6  c o m p a r e d  to 

t h e  v a lu e  o b t a i n e d  in  ac e t o n i t r i l e .  T h i s  suggests  t h a t  t h e r e  is l i t t l e  so lv en t  

e f f e c t  on the  r a t e  o f  c h a r g e  t r a n s p o r t ,  sugges t ing  t h a t  e l e c t r o n  se l f  e x c h a n g e  

l im i t s  the  r a t e  o f  c h a r g e  t r a n s f e r .

T h e  t e t r a c y a n o q u i n o d i m e t h a n e  ( T C N Q )  p o l y m e r  s y s t em  has  been 

e x te n s iv e ly  e x a m i n e d  [36-38], n o t a b l y  w i th  r e g a r d  to t h e  e f f e c t  o f  e l ec t r o ly te  

c o n c e n t r a t i o n  [39-40]. T h e  p e a k  c u r r e n t  m a x i m u m  f o r  th e  cyc l i c  v o l t a m m e t r y  

re sponse  is o b s e r v ed  f o r  i n t e r m e d i a t e  s u p p o r t i n g  e l e c t ro l y t e  c o n c e n t r a t i o n s

9



( -1 .25 M). T h i s  b e h a v i o u r  has  been  i n t e r p r e t e d  in  t e r m s  o f  t h e  f o r m a t i o n  o f  

ion  p a i r s  b e t w e e n  r e d u c e d  r e d o x  s ites  a n d  c o u n t e r i o n s  f r o m  th e  s u p p o r t i n g  

e l ec t ro ly te .  As the  s u p p o r t i n g  e l e c t ro ly te  c o n c e n t r a t i o n  is i n c r e a s e d  t h e  f i l m  

is c o n s i d e r e d  to become  m o re  c o m p a c t  s ince  a t  h i g h  c o u n t e r i o n  c o n c e n t r a t i o n s  

the  e l e c t ro ly te  is b e t t e r  ab le  to m i n im i s e  th e  e l e c t r o s t a t i c  r e p u l s io n s  b e t w e e n  

c h a r g e d  c e n t r e s  on the  p o ly e l ec t r o ly t e  [41],

T h e  use o f  s a m p l e d  c u r r e n t  v o l t a m m e t r y  to c o n s i d e r  b o th  t h e  r a t e  of  

h o m o g en eo u s  c h a r g e  t r a n s p o r t  t h r o u g h  a m o d i f y i n g  p o l y m e r  f i lm ,  as we l l  as the  

r a t e  o f  h e t e r o g e n e o u s  e l e c t r o n  t r a n s f e r  (m e a s u r e d  as t h e  s t a n d a r d  r a t e  c o n s t a n t  

k°) ,  has  been  c o n s i d e r e d  f o r  p o l y ( s t y r e n e - c o - c h l o r o m e t h y l s ty r e n e )  c o n t a i n i n g  

p e n d a n t  v io lo g en  g ro u p s  [42-43], As th e  c o n c e n t r a t i o n  o f  th e  f i x e d  r e d o x  site 

w i t h i n  the  f i l m  is i n c r e a s e d  f r o m  6.7 x 10""* to 3.3 x 10"^ mol  c m '^  

i nc re ases  f r o m  2.5 x 1 0 " ^  to 3.9 x  1 0 " ^  c m V * .  T h i s  b e h a v i o u r  

fo l low s  t h e  D a h m s - R u f f  r e l a t i o n  i n d i c a t i n g  a s i g n i f i c a n t  c o n t r i b u t i o n  by 

e l e c t ro n  se l f  e x c h a n g e  to the  c h a r g e  t r a n s p o r t  ra te .  k °  also in c re a se s  f r o m  

3.0 to 8.9 x IQ' 5 cms"* ove r  th is  c o n c e n t r a t i o n  range .  T h e  t h e r m o d y n a m i c  

p a r a m e t e r s  f o r  these  h o m o g en eo u s  a n d  h e t e r o g e n e o u s  c h a r g e  t r a n s p o r t  processes  

h a v e  been  e v a l u a t e d  by u s in g  a  n o n  i s o t h e r m a l  ce ll  i n  w h i c h  t h e  r e f e r e n c e  

e l e c t r o d e  is h e l d  a t  c o n s t a n t  t e m p e r a t u r e .  Thi s  g ives  a c t i v a t i o n  p a r a m e t e r s  of  

a p p r o x i m a t e l y  16-30 k J / M o l  w i t h  n e g a t i v e  e n t r o p y  te rm s .  T h e  t h e r m o d y n a m i c  

p a r a m e t e r s  f o r  t h e  h e t e r o g e n e o u s  c h a r g e  t r a n s f e r  r e a c t i o n s  show n e g a t i v e  rea l  

e n t r o p y  terms.

E l e c t r o o x i d a t i v e  p o l y m e r i s a t i o n  o f  o - p h e n y l e n c d i a m i n e ,  N - m e t h y l a n i l i n e  

a n d  N - e t h y l a n i l i n e  has  been  used to f o r m  m o d i f i e d  e l e c t ro d e s  a n d  t h e  k in e t i c s  

of  h e t e r o g e n e o u s  e l ec t ro n  t r a n s f e r  e x a m i n e d  [44], T h e  h e t e r o g e n e o u s  e l ec t ro n  

t r a n s f e r  obeys  th e  c o n v e n t i o n a l  B u t l e r - V o l m e r  e q u a t i o n ,  w h i l e  the  h o m o g en eo u s  

c h a r g e  t r a n s p o r t  process  c a n  be d e s c r i b e d  v ia  F i c k ’s laws.  T h e  r a t e  of
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ho m o g en eo u s  c h a r g e  t r a n s p o r t  f o r  th is  m a t e r i a l  l ies b e t w e e n  1 a n d  4 x 10 

c m V ^  w i th  k °  b e t w e e n  4 a n d  6 x 10"^ cms"^.

E l e c t r o o x i d a t i o n  o f  a ser ies  o f  [ M C S - N H ^ p h e n a n t h r o l i n e ^ ] 2"1", 

(M=Co, Fe)  g ives  s t ab le  m o d i f i e d  s u r f a c e s  [45-46]. E l e c t r o d e s  m o d i f i e d  w i t h  

p o ly - t r i s [ 5 - a m in o - l , 1 0 - p h e n a n t h r o l in e ] i r o n ( I I )  s h o w  c h a r g e  t r a n s p o r t  r a t e s  o f  3

O O ]
x 10 cm  s '  [45], T h e  a c t i v a t i o n  e n e r g y  f o r  h o m o g e n e o u s  ch a r g e

t r a n s p o r t  is 32 k J / M o l  w i t h  n e g a t i v e  e n t r o p y  term s.  S ince  s u b s t r a t e  p e r m e a t i o n

is m u c h  m o re  r a p i d  t h a n  th e  c h a r g e  t r a n s p o r t  r a te ,  e l e c t r o n  m o b i l i t y  is

c o n s i d e r e d  to l i m i t  th e  c h a r g e  t r a n s p o r t  process.

T h e  i n v e s t i g a t i o n  o f  c h a rg e  t r a n s p o r t  d y n a m i c s  t h r o u g h  m a t e r i a l s  such

as those  c o n s i d e r e d  in  th is  thes is ,  w h e r e  a r e d o x  a c t i v e  c e n t r e  is

c o o r d i n a t i v e l y  b o u n d  w i t h i n  a p r e f o r m e d  p o l y m e r i c  m a t r i x ,  has  been

in v es t ig a t e d .  T h e  e f f e c t  o f  th e  n a t u r e  o f  th e  e l e c t r o l y t e  a n i o n  on the

s t r u c t u r e  a n d  c h a r g e  t r a n s p o r t  ra t e s  t h r o u g h  p a r t i a l l y  q u a t e r n i s e d

p o l y ( 4 - v i n y l p y r i d i n e )  f i lm s  has  been  c o n s i d e r e d  r e c e n t l y  b y  c o o r d i n a t i n g

[ReCCO^Xphen)]  a n d  [ R u ( b i p y ) 2Cl]2+/^ + [47], T h es e  m e t a l  co m p lex e s  a l low

th e  f i l m  s t r u c t u r e  to be  p ro b e d  b y  b o t h  e l e c t r o c h e m i c a l  a n d  l u m in e s c e n t

-9te ch n iq u es .  T h e  r a t e  o f  c h a r g e  t r a n s p o r t  was  ty p i c a l l y  o f  t h e  o r d e r  o f  10

9 1 •cm  s a n d  w a s  i n d e p e n d e n t  o f  r e d o x  s ite l o a d i n g  b u t  s t r o n g l y  d e p e n d e n t  on

th e  n a t u r e  o f  th e  e l ec t r o ly te  an ion .  T h e  f i lm s  a r e  s t r o n g l y  h y d r a t e d  in

n i t r a t e  so lu t io ns  w h i l e  in  p e r c h l o r a t e  so lu t io ns  th ey  a r e  d r y  a n d  c o m p ac t .  T h e

r u t h e n i u m  a n a lo g u e s  o f  t h e  p o l y ( 4 - v i n y l p y r i d i n e )  m e t a l l o p o l y m e r s  p r e s e n t e d  in

th is  thes is  h a v e  b ee n  r e p o r t e d  p r e v io u s l y  [48-52], T h e  e f f e c t  o f  r e d o x  s ite

lo a d in g  in  p e r c h l o r i c  a c id  has  b e e n  e x a m i n e d  [53], T h i s  s t u d y  s h o w e d  t h a t  the

a c t i v a t i o n  e n e r g y  d e c r e a s e d  as t h e  r e d o x  s i te  l o a d i n g  w a s  in c re a s e d .  T h e

ch a r g e  t r a n s p o r t  p a r a m e t e r  d e c r e a s e d  w i t h  i n c r e a s i n g  s i te lo a d in g

-8
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a t  h i g h  t e m p e r a t u r e s  (318 K) ,  a t  l o w er  t e m p e r a t u r e s  (288 K )

in c r e a s e d  as the  r e d o x  s ite lo a d in g  was  in c r e a s e d  [53]. T h e  t e m p e r a t u r e

d e p e n d e n c e  o f  c h a r g e  t r a n s p o r t  p rocesses  t h r o u g h  [ R u ( b i p y ) 2(P V P)C l ]C l  a n d

[ R u ( b i p y ) 2(PVP)(M M A)Cl] Cl  has  b een  i n v e s t i g a t e d  [54] (P V P

p o l y ( 4 - v i n y l p y r i d i n e ,  MMA = p o l y ( m e t h y l  m e t h a c r y l a t e ) .  T h e

p o l y ( 4 - v i n y l p y r i d i n e )  sys tem  gives  a c t i v a t i o n  en e rg i e s  b e t w e e n  32 a n d  43 k J / M o l

d e p e n d i n g  on  t h e  e l ec t ro ly te .  T h e  co - p o ly m e r  s y s t e m  e x h i b i t s  d u a l  s lope

b e h a v i o u r  in  w h i c h  tw o  a c t i v a t i o n  e n e rg i e s  a r e  o b t a in e d .  F o r  t e m p e r a t u r e s

ab o v e  285 K  t h e  a c t i v a t i o n  en e rg y  is 140 k J / M o l  w h i c h  d ec rea se s  to 40 k J / M o l  a t

l o w e r  t e m p e r a t u r e s .  T h e  c a t a l y t i c  p r o p e r t i e s  o f  [ R u i b i p y ^ P V P ^ C l J C l  f i lm s

in  1.0 M  HC1 w i t h  re spec t  to [ F e ( H 20 ) g ] 2+ o x i d a t i o n  h a v e  b e e n  e x p lo r e d

-9 7 1[55], T h e  c h a r g e  t r a n s p o r t  r a t e  has  b ee n  e v a l u a t e d  as 3 x 10 cm  s .

T h e  l i n e a r  r a n g e  fo r  [F e (H 2 0 )g]2+ d e t e r m i n a t i o n  e x t e n d s  to 5 x 10"^ M 

sugges t ing  t h e i r  use as a n a l y t i c a l  sensors  [56]. T h e  m e d i a t i o n  o f  

[F e ( C N ) g ]^ '  by  such  f i lm s  has  also  b ee n  e x a m i n e d  as a f u n c t i o n  o f  pH,

e l ec t r o ly te  a n d  s u b s t r a t e  c o n c e n t r a t i o n  [57], F o r  s u r f a c e  co v e rag es  less t h a n
o o

10 m o lc m  th e  m e d i a t e d  o x i d a t i o n  o f  f e r r o c y a n i d e  b y  t h e  r u t h e n i u m  

c o n t a i n i n g  f i l m  is co n t ro l l ed  by d i f f u s i o n  o f  th e  s u b s t r a t e  to t h e  e l e c t ro d e  

su r fa ce .

T h e  e f f e c t  o f  f a c to r s  such as t h e  m o l e c u l a r  w e i g h t  o f  t h e  p o l y m e r ,  i ts 

m o rp h o lo g y ,  th e  t e m p e r a t u r e  o f  th e  s u p p o r t i n g  e lec t ro ly te ,  t h e  e l e c t r o c h e m i c a l  

so lv en t  a n d  t h e  e lec t ro ly te  ion  on  t h e  r e d u c t i o n  o f  R u ( I I I ) E D T A  c o v a le n t ly  

b o u n d  to p o l y ( 4 - v i n y l p y r i d i n e )  has  bee n  e x a m i n e d  [58], I t  is p ro p o s e d  t h a t  the  

q u a n t i t y  o f  a n i o n  r e s id e n t  w i t h i n  th e  f i l m  is r e l a t i v e l y  i n s e n s i t i v e  to the  

ion ic  s t r e n g t h ,  b u t  h ig h ly  sens i t ive  to pH.  T h i s  ar ise s  s ince  a  low p H

e lec t r o ly te  wi l l  p r o t o n a t e  the  u n c o o r d i n a t e d  p y r i d i n e  u n i t s  c a u s in g  f i l m
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e x p a n s io n  a n d  h en c e  a m o re  p o ro u s  f i lm .  A c t i v a t i o n  e n e rg i e s  a r e  o f  t h e  o r d e r  

o f  20 k J / M o l  sug ges t ing f a c i l e  ion  m o v e m e n t  t h r o u g h  t h e  f i l m  as th e  r a t e

d e t e r m i n i n g  step.

S ec t ion 1.2.2 E l e c t r o s t a t i c a l l y  B o u n d  R e d o x  C en t re s

T h e  i n c o r p o r a t i o n  o f  a n i o n i c  t r a n s i t i o n  m e ta l  c o m p le x e s ,  n o t a b l y  

h e x a c y a n o f e r r a t e s  a n d  h e x a c h l o r o i r i d a t e s  i n to  p r o t o n a t e d  o r  q u a t e r n i s e d  

p o l y v i n y l p y r i d i n e  f i lm s  h a s  r e c e iv e d  c o n s i d e r a b l e  a t t e n t i o n  [59-62].  T h e  r a t e  

o f  c h a r g e  t r a n s p o r t  as m e a s u r e d  by  i m p e d a n c e  m e t h o d s  w a s  s h o w n  to be  d e p e n d e n t  

on th e  lo a d in g  of  [ I r (Cl)g]2" / ^ ’ w i t h i n  p o l y ( 4 - v i n y l p y r i d i n e ) ,  d e c r e a s in g

f r o m  11 x 10 ’ 8 cm 2s"^ w h e r e  t h e  [I r(Cl)g]2" / ^ '  c o n c e n t r a t i o n  is 0.034

o 2 -1 . .M, to 4.6 x 10 cm  s w h e n  t h e  i n d i u m  c o n c e n t r a t i o n  is i n c r e a s e d  to

0.081 M  [63]. T h ese  v a lu e s  o f  D q j  w e re  a p p r o x i m a t e l y  10 t im e s  h i g h e r  t h a n

those  o b s e rv ed  us ing c h r o n o c o u l o m e t r y .  T h e  c o n s i d e r a t i o n  o f  t e m p e r a t u r e

e f f e c t s  on c h a r g e  t r a n s p o r t  ra t e s  t h r o u g h  p o l y m e r  f i l m s  has  r e c e i v e d  l i t t l e

a t t e n t i o n ,  d e s p i t e  i ts  a b i l i t y  to a i d  d iag n o s i s  o f  th e  r a t e  d e t e r m i n i n g  s t ep  in

t h e  c h a rg e  t r a n s p o r t  m e c h a n i s m .  R e c e n t l y  O h  a n d  F a u l k n e r  r e p o r t e d  o n  v a r i a b l e

t e m p e r a t u r e  c h r o n o c o u l o m e t r y  r e su l t s  f o r  f e r r i / f e r r o  c y a n i d e  w i t h i n  p a r t i a l l y

q u a t e r n i s e d  p o l y ( 4 - v i n y l p y r i d i n e )  f i l m s  [64], E a i n c r e a s e d  w i t h  i n c r e a s i n g

f e r r i / f e r r o c y a n i d e  lo a d in g  o v e r  t h e  r a n g e  24-80 k J /M o l .  I t  is s u g g es t ed  t h a t

a n  in c r e a s e d  r e d o x  s i te  l o a d i n g  ca uses  i n c r e a s e d  c ro s s l i n k in g .  w as  also

s h o w n  to be  sens i t ive  to th e  a n i o n  in  t h e  e l ec t ro ly te  so lu t io n .  I n f r a r e d

sp ec t r o sco p y  has  bee n  u sed  to  show  t h a t  p e r c h l o r a t e  p r o d u c e s  n e a r l y  d e h y d r a t e d ,

r a t h e r  i m p e r m e a b l e  f i lm s  [64]. T h e  i n c o r p o r a t i o n  o f  d i o c t y l  p h t h a l a t e  as

p la s t i c i s e r  in to  q u a t e r n i s e d  p o l y ( v i n y l p y r i d i n e )  f i lm s  c o n t a i n i n g  f e r r o c y a n i d e ,
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a l i z a r i n  r e d  S or  a l i z a r i n  c o m p lex o n e  has  bee n  s h o w n  to in c r e a s e  D ^ p  [65].

W i th o u t  a d d e d  p las t i c i ser  t h e  r a t e  o f  c h a r g e  t r a n s p o r t  f o r  a f e r r o c y a n i d e

c o n t a i n i n g  f i l m  was  8 x 10 cm^s"*,  w i t h  a 1:1 mo le  r a t i o  o f  d ioc ty l

-9 2 -1p h t h a l a t e  to p y r i d i n e  u n i t s  D ^ p  in c r e a s e d  to 3.8 x 10 cm s . G low 

d i s c h a r g e  p o l y m e r i s a t i o n  o f  4 - v i n y l p y r i d i n e  i n  the  p r e s en ce  o f  [Fe(CO)^]  on to  

e lec t ro des  g ives  m o d i f i e d  s u r f a c e s  w h i c h  a r e  p e r m e a b l e  to a c id i c  e l ec t ro ly te s

[66]. E x t e n s i v e  c ro s s l in k in g  o f  the  p o l y m e r  c h a in s  g av e  e n h a n c e d  s t a b i l i t y

ov e r  l i n e a r  sys tems.  T h e  r a t e  o f  c h a r g e  t r a n s p o r t  v a r i e d  f r o m  5 x 10 to 7 

1 1 2  1x 10 cm  s d e p e n d i n g  on t h e  i r o n  c o n c e n t r a t i o n .  U s i n g  H C I O 4 as 

b a c k g r o u n d  e l e c t ro ly te  r e s u l t ed  in a lm os t  co m p le t e  loss o f  th e  cycl i c  

v o l t a m m e t r y  s igna l  d u e  to h i n d e r e d  ion  p e r m e a t i o n  /  F e 2+//^+ d i f f u s i o n .  A n  in 

d e p t h  s tu d y  o f  the  ro l e  o f  ion t r a n s f e r  has  been  p r e s e n t e d  by  D o b l h o f e r  f o r  

[Fe(CN)g]  e l e c t r o s t a t i c a l ly  b o u n d  w i t h i n  p o l y ( v i n y l p y r i d i n i u m )  f i lm s

[67], T h i s  p a p e r  h i g h l ig h t s  the  i m p o r t a n c e  o f  m i g r a t i o n a l  e f f e c t s  in  the  

c h a rg e  t r a n s p o r t  process.  T h i s  l eads  to a m i g r a t i o n a l  e n h a n c e m e n t  w h e n  th e  

b a c k g r o u n d  e l ec t ro ly te  c o n c e n t r a t i o n  is low.  F u r t h e r  e x a m i n a t i o n  o f  this 

sys tem  [68] has  l ead  to e v a l u a t i o n  o f  th e  d i f f u s i o n  a n d  m i g r a t i o n  p a r a m e t e r s  

a n d  the  co n c lu s io n  t h a t  the  c o n t r i b u t i o n  to c h a r g e  t r a n s p o r t  ra t e s  by  e l ec t ro n  

h o p p i n g  is i n s i g n i f i c a n t .  O t h e r  mod el s  h a v e  s h o w n  th e  i m p o r t a n c e  o f  the  

s u p p o r t i n g  e l ec t ro ly te  c o n c e n t r a t i o n  on the  e v a l u a t i o n  o f  D ^ p  [69], T hes e  

m i g r a t i o n a l  e f f e c t s  ca n  in  some c i r c u m s t a n c e s  l ead  to p o t e n t i a l  s tep  m e th o d s  

u n d e r e s t i m a t i n g  D ^ p  by  as m u c h  as a f a c t o r  o f  100 [70], W h e th e r  such  

m i g r a t i o n a l  e f f e c t s  a r e  o b s e rv e d  d e p e n d s  on th e  sys tem  u n d e r  i n v e s t i g a t i o n ,  f o r  

ex a m p le ,  i n v es t i g a t i o n s  u s in g  r o t a t i n g  d i sk  v o l t a m m e t r y  a n d  c h r o n o c o u l o m e t r y  

g av e  i d e n t i c a l  re su l ts  f o r  p o l y ( 4 - v i n y l p y r i d i n e )  f i lm s  in  w h i c h  

[Ir(Cl)g] ions  w e r e  e l e c t r o s t a t i c a l l y  c o n f i n e d  [71].
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Poten t i a l  step measurements  such as ch ronoa m perom et ry ,  -coulometry  or 

-po tent iomet ry  pe r fo rm ed  unde r  condi t ions of  f in i te  d i f f u s i o n  have  been used to 

invest igate  charge  t ransport  th rough  a series of  hexacyano  an d  oc tacyano metal  

complexes w i th in  pro tona ted  poly (4-v inylpyrid ine)  [72], In  common wi th  m any  of  

these electros tat ica l ly  bound systems which induce  c ross l ink ing  of  polymer 

chains,  decreased as the incorpora ted  an ion  conc en t ra t io n  increased,

unt i l  a s teady  s ta te  was reached at a concen t ra t ion  of  ~1M.

The  explo ra t ion  of  heterogeneous charge  t r a n s fe r  reac t ions  by sampled 

cu r ren t  vo l tamm etry  of  an ionic  redox couples  [W(CN)g]^"/^", 

[ I r C C l ) ^ “/ 2')  incorpora ted  electrostat ical ly  w i th in  a p ro to na ted  

po ly(v inylpyr id ine)  has been ca rr ied  out  by Oyam a  a n d  co-workers  [73-74], 

Cyano complexes of s imi lar  s t ruc tu re  and  charge  h a v e  shown d i f f e r e n t  

dependencies  of  D^-p on the redox site loading. The  r a t e  of  charge  t ransport  

is ind ep e n d e n t  of  the [W(CN)g]^’/ ^ '  loading,  whi le  f o r  [Mo(CN)g]^‘ 

decreases wi th  increas ing redox loading.  Charge  t r a n s f e r  react ions fo r  

[Fe(C N)g]^ ' /^ '  c on f ined  w i th in  p ro tona ted  po ly (v iny lp yr id ine )  have  been 

examined  via  a l te rna t in g  c u r r e n t  impedance  [75], Th is  t ec h n iq u e  gave values  of  

the heterogeneous rate  constant ,  k°,  which were the same as those ob ta ined  by 

sampled c u r r e n t  vol tammetry ,  while  the homogeneous charge  t ran spo r t  rates  are 

r educed  by 1 to 2 orders  of  magni tude.  It has been suggested th a t  this 

behav iour  is re la ted to the t ime scale of  the two experiments ,  the t ime window 

of  the ac impedance  exper imen t  being approx im ate ly  an  o rder  of  m agn i tu de  

short e r  than  the sampled cu r ren t  observations.  O the r  au tho r s  have  examined  

this system using the same techn ique  [76], the he te rogeneous  elec tron t r an s fe r  

ra te  was approx im ate ly  10 t imes less than  tha t  observed in [75], A dd i t iona l  

cross l ink ing  causing increased repola r isat ion energy  associated  wi th  the
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electron t r a n s fe r  process has been postula ted as a possible exp lana t ion  of

these d i f f e r i n g  results.  Both D ^ p  and  k °  typ ica l ly  decrease as the

fe r ro c y a n id e  con tent  of the f i lm  is increased.  On increas ing  the  f e r ro cy a n id e

-7to p y r id ine  ra t io  f rom  1:200 to 1:5, D ^ p  decreased f r o m  4.2 x 10 to ~1 x 

10' 9  c m V ^ ,  while  k °  decreased f rom  1.5 x 10'^ to 1.5 x 10'^ 

cms“*, wi th  the t ran s fe r  coe f f ic i en t  r em ain ing  ap p ro x im a te ly  cons tan t  a t  a 

value of  0.52 [77].

The  pe r f lu o r in a t e d  ion-exchange  polymer  N a f io n  has  been ex tensively 

used to immobil ise  ca t ion ic  metal  complexes [78-79]. This  polymer  is 

phys ica l ly  robust  and  the redox site loading can be easily  changed.  Th is  has 

lead to extens ive invest igat ions of  the e f f e c t  of  increased  meta l  complex 

con ten t  on D ^ p  [80], F re quen t ly  increased  redox  s ite loading does not  

produce  a correspond ing increase in D ^ p  in acco rdance  w i th  the D a h m s - R u f f  

e qua t ion  [81]. The  n a tu re  of  the dependence  of  charge  t r a n spo r t  on the redox 

site loading w i th in  N a f io n  f i lms has been explored  fo r  a series of  s t ruc tu ra l ly  

s imila r  ca t ionic  metal  complexes [82], Despi te  the i r  s t ru c tu ra l  s imila r i ty  the 

ra te  o f  charge  t ranspor t  was d i f f e r e n t ,  this  behav iou r  was in te rp re te d  in  terms 

of  h y d rophob ic  and  hydroph i l ic  phases  w i th in  the  immobil i sed f ilms. The  

he te rogeneous  electron t r a n s fe r  kinet ics  and  homogeneous  charge  t ran spo r t  ra te  

for  a N a f ion - [R u(b ipy ) 3 ]2+ system have been exp lo red  via  convo lu t ion 

v o l tam m etry  [83], This  gave the homogeneous charge  t ranspor t  ra te  as 4 x 

1 0 "^® c m V ^  a nd  k °  as 1 0 ' ^  cms-1.

The  electrode kinet ics  of  metal  complexes w i th in  a series of  

pe rf luoro ,  po lyca rboxyla te  and  po lysu lphonate  coatings have  been exp lo red  using 

normal  pulse an d  c u r r e n t  impedance  methods [84], The  e f f e c t  o f  increased metal  

c on ten t  w i th in  the f i lm  is typ ica l ly  to decrease D ^ p .  By va ry ing  the
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t em pe ra tu re  of  the con tac t ing  electrolyte,  t h e rm o d y n a m ic  pa ram ete rs  fo r  the 

homogeneous charge t ran spo r t  process, as wel l as en t ro p y  and  en th a lp ic  

pa ram ete rs  fo r  the he te rogeneous  electron t r a n s fe r  were eva lua ted .  A c t iva t ion  

energies  r anged f rom  30 to 80 kJ /M ol  depending  on the  n a tu r e  of  the  coating.  

T he  e f f e c t  o f  the D o n n a n  potent ia l  on the f o rm a l  po ten t ia l  of  

[Os(bipy)3 ]2+//^+ and  o ther  ca t ion ic  metal  complexes immobil i sed w i th in  

N a f io n  f i lms has been explored  [85]. The  tem pera tu re  d ependence  of  the fo rm al  

po ten t ia ls  has  been used to calcula te  ent ropy  terms w h ich  inc lude  an  e n t ropy  of 

t r a n s fe r  as well  as an e n t ropy  o f  reaction.  These observa t ions  have  been used 

to help  expla in  propert ies  of  N a f io n  coatings.

Redox  act ive mate r i a ls  con ta in ing  two ac t ive centres  have  been 

inves t iga ted  [86-87], A l i za r in  red S contains  two redox sites, namely  the 1,2 

d i h y d ro x y  and  9,10-dione groups an d  the rate  of  charge  t r a n spo r t  th rough  N a f io n  

f i lms  con ta in ing  this m ate r i a l  has been measured  [87], These invest iga t ions  

show that  charge  t ranspor t  fo r  the conversion of  a l i z a r in  red  S to

1.2-dihydroxyanthracene-9 ,10-d io l-3 -su lphonate  is s ign i f ican t ly  larger  ( D ^ p  =

1.5 x 10- 10  c m V * )  than  the convers ion  to

1.2-d ioxoanthracene-9,10-dione-3-sulphonate  ( D ^ p  = 6.1 x 10 cm s )

desp i te  both react ions being 2e", 2H + processes. These  observat ions are

corre la ted  w i th  d i f f e r e n t  con tr ibu t ions  of  e lectron self  exchange  to the

overal l  charge  t ranspor t  rates. As well as the isola t ion of  ca t ionic

mater ia ls ,  e lectronical ly  conduc t ing  polymers such as po lypyrro le  have  been

deposi t ed  w i th in  N af ion  [8 8 ], The  propert ies  of  this  composi te  mater ia l

d i f f e r s  f rom  the po lypyrrole  polymer  which is normal ly  respons ive to the anion

type.  Charge  t ransport  ra tes th rough  the composite is s im i la r  to tha t  ob tained

2 -1f o r  the homopolymer polypyrrole ,  w i th  a D^-p /L  value of  3.96 s .
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The charge  t r a n spo r t  propert ies  of  po ly (methylviologen)  has been 

examined  w i th in  a N a f io n  f i lm  [89]. The  n a tu r e  an d  c onc en t ra t ion  of the 

support ing  electrolyte  a f f e c te d  both the homogeneous a nd  he terogeneous charge 

t r a n s p o r t  kinet ics.

Po ly (s tyrenesu lphona te )  has  also been used f o r  the  elec tros tat ic  

c o n f in e m e n t  of  posi t ively charged  metal  complexes. The  elec trochemical  

p ropert ies  of  [Ru(bipy )3]2+//3+ electrostat ical ly  bound  w i th in  this  m a t r ix  

has  been explored [90]. D ^ T  was no* s ign i f ican t ly  a f f e c t e d  by the

c oncen t ra t ion  of  [Ru(b ipy)3]2+ wi th in  the f i lm  over  the  range  0.38 to 0.08

• • -Q 2-1M, m a in ta in in g  a va lue  of  approx im ate ly  1.3 x 10 cm s . D c t

decreased wi th  increasing  an io n  size ^ C T

B F ^ ' - C l O ^ P F g ^ C H ^ C g H ^ S O - j " .  This  suggested th a t  the

t ranspo r t  of  charge compensa t ing coun te r ion  plays a s ig n i f ic a n t  role in the 

charge  p ropaga t ion  rate  [91]. O ther  complexes w h ich  have  been  c o n f in e d  include 

[Co(bipy)3]2+, [Co(phen)3]2+ and  [ R u ( N H 3)6]3+ [92],

[Ru(b ipy)2 (O H 2)2]2+, [Ru(bipy)2 ( 0 H 2)2]24+0  [93] and  C u2+

[94],

Ano the r  im p o r ta n t  an io n  exchange  m a te r i a l  is polylysine.  By

exchanging  [Co(C2 0 ^)3] into  p ro to na ted  poly lys ine coatings two

i n d ep e n d e n t  pa thw ays  fo r  physical  d i f f u s io n  have  been diagnosed [95], There

are  regions w i th in  the  f i lm  which  are  f i l led  w i th  elec tro ly te  solut ion,  and

species located here  behave  as for  bu lk  solut ion,  an d  regions typ ica l  of  a

polymer  phase.  Species located w i th in  "Donnan domains"  are c onf ined  by

-7elec trosta t ic  forces,  an d  give d i f f u s io n  coeff ic ien ts  of  the order  of  1 0 ’ 

c m V * .  The  kinet ics  of  the cross exc hange  reac t ion  be tween  

[Co(tpy)2]2+ ( tpy=2,2’,2” - te rpyrid ine )  and  [Mo(CN)g]3" or
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[W(CN)g] con f ined  w i th in  p ro to na ted  poly-L-lysine have  also been

inves t iga ted in terms of  the  Andr ieux-Savean t  theory [96].

Poly(N ,N -d im ethy lan i l ine)  can  be elec tropolymerised  to f o r m  an ionene

po lymer  w i th  q u a te r n a r y  am m o n iu m  sites [97], These sites can  be used to bind

nega t ively cha rged species such as f e r rocyan ide  electros tat ica l ly .  The  ra t e  of

charge  t ranspor t  th rough  a 2.75 um  f ilm,  con ta in ing  5 x 10"^ m olcm ' 2

f e r ro cy a n id e  w i th  0.2 M  CF ^C O O N a as support ing  electrolyte ,  was 1.8 x 10' 9 

9 1cm  s . The he terogeneous  elec tron t r a n s fe r  ra te  f o r  this  sys tem was

m easured  as 1.4 x 10’^ cms"^. T r i s (b a th o p h e n a n th r o l in e

d isu lphana to ) i ron (I I )  has also been immobil i sed w i t h in  these f i lm s  by

elec tropo lymerisa t ion [98]. In this  system the  homogeneous charge  t ran spo r t

rat e  is dependen t  on the  c oncen t ra t ion  of  i ron complex w i t h in  the f i lm.  For

low f ixe d  site concen t ra t ions  the homogeneous charge  t r a n s p o r t  ra te  is 2-3 x 

9 9 - 110 cm s '  , whi le  a t  h igher  concen t ra t ions  (0.23 M) D ^ p  is r educ e d  to 

2 x 10 cm^s '*,  The  he te rogeneous  elec tron t r a n s f e r  ra t e  is be tween

2.4 an d  6.7 x 10"** cms”*, wi th  the t r a n s fe r  c o e f f ic i en t  r e m a in ing  cons tan t  

a t  0.23+0.02.

Section 1.3 Evalua t ion o f  Charge  T ra n sp o r t  Rates  fo r  M odi f i ed  Electrodes.

The  impor tance  of  the m odif ied  electrode lies bo th  in  its ab i l i ty  to 

p rov ide  w idespread  appl icat ions,  as well  as model  systems fo r  exam in ing  

elec tron t r an s fe r  reactions.  The  success of  any  a t t e m p t  to explo i t  m o d i f ie d  

electrodes in e i ther  of  these f ie lds  lies in a de ta i led  u n d e r s t a n d in g  o f  both 

charge  t ranspor t  ra te  an d  mechanism.  This  is p a r t i cu l a r ly  so fo r  p rac t ica l  

appl icat ions  since ideal ly ,  charge  should  be t ra n spo r ted  such  th a t  it  does not

o
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l imit  the  elec trode  performance.  In this  sect ion methods  of  e va lua t ing  charge  

t ranspor t  rates  using cyclic vol tammetry ,  c h ro n o a m p ero m et ry  an d  sampled  c u r r e n t  

vo l tam m etry  are discussed.

Section 1.3.1 Theo ry  of  Cyclic V o l t am m et ry .

Cycl ic  vo l tamm etry  has been w ide ly  exp lo i ted  f o r  the  e luc ida t ion  of  

e lect rochemica l  reac t ion  mechanisms,  and  fo r  the  e v a lua t ion  of  d i f f u s io n  

coe ff ic ien ts  fo r  solut ion species. The  inves t iga t ion  a n d  c h a rac te r i s a t ion  of 

m od i f ied  electrodes is also fac i l i t a t ed  by this  techn ique .  It  gives a wide 

va r i e ty  of  in fo r m a t io n  over  a potent ia l  range  w i th o u t  the  need fo r  special ised 

exper imen ta l  condi tions.  The  su r face  coverage of  e lec troac t ive  species and  

peak  posi t ion of  the  ac t ive cen tre  a re  read i ly  accessible,

Cycl ic  vo l tamm etry  can be used to eva lua te  c ha rge  t ran spo r t  ra tes  fo r  

m o d i f ie d  electrodes,  no tab ly  by examin ing  the  c u r r e n t  response of  the m od i f ied  

electrode a t  high sweep ra te  [4], This  leads to se m i - in f in i te  d i f f u s io n  

condi t ions  where  the deple t ion layer  p roduced  in the  r edox  reac t ion  does not  

e x tend  to the f i lm /e le c t ro ly te  in te r face.  These  cond i t ions  lead to solut ion 

type be ha v iou r  an d  so establ ished theory  can be used. T h e  cons ide ra t ion  of  the 

m od i fy ing  layer  as a f in i t e  d i f fu s ion  space in o rder  to eva lua te  bo th  k ine t ic  

and  charge  t ranspor t  pa rameters  is less w ide ly  exploi ted ,  despite  the  well 

deve loped  theory [ 1].

F irs t ly ,  the  theory of  semi- in f in i te  l inea r  d i f f u s io n  fo r  l inea r  sweep 

vo l ta m m etry  as appl ied to m odif ied  electrodes is cons idered  [99], The  peak 

c u r ren t  of  a cyclic vo l tammogram  for  a m o d i f ie d  elec trode  in the case o f  a 

revers ib le  e lectrode react ion,  where a semi- in f in i te  d i f f u s io n  regime is 

m a in ta ined ,  is given by the Randles-Sevcik equa t ion  ( E qua t ion  1) [100]:
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ip = 0.4463n 3 / 2 F 3/ 2A(Dr T  V ) 1 /2C

( R T ) 1 / 2

(1)

Othe r  fea tures  of  the vo l tammograms are :

E p  = E pa - E pc = 0.0592/n V a t  25 °C (2)

and (3)

where i p is the peak c u r r e n t ,  n the number  of  e lectrons passed ( un i ty  fo r  all 

reactions considered here) ,  F  the  F a rad a y  cons tan t ,  R  the gas cons tan t ,  T the 

temperature ,  A the e lec trode  area,  D(~.p a nd  C a re  the  c ha rge  t ranspor t  

d i f fus io n  coe ff ic ient s  a n d  concen tra t ion of  e lec troac t ive  species w i t h in  the 

f i lm  respect ively,  V the  sweep rate, E pa and  E pc , ipa  an d  ipc the 

anodic  and ca thod ic  peak  potent ia ls  and  curren ts  respectively.  Th is  analysis  

will  be obeyed fo r  all  m odif ied  electrodes w h ic h  show revers ib le  

e lectrochemistry at  a s u f f i c i e n t ly  rap id  sweep rate,  s ince the  on ly  req u i r em e n t  

is tha t  the deplet ion layer  r em a in  suf f i c i en t ly  f a r  inside the  m o d i f y in g  film.  

The  Rand les-Sevï ik  e q u a t io n  has been used to eva lua te  c ha rge  t r a n s p o r t  rates 

for  a monoquatern ised  b ip y r id in e  f i lm [101] and  fo r  [R u (b ip y )3]2+ wi th in  

polybipyrazine [1 0 2 ], as wel l  as, fo r  the mate r ia ls  e x a m in ed  in this  thesis
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[103]. It is ev iden t  tha t  the sweep rate  at w h ic h  semi- in f in i te  d i f fu s ion  

behaviour  is observed is a func t ion  of  the charge  t ranspor t  rate. This  

observat ion has been exploi ted by A n d r i e u x  to eva lua te  D^-p for  

poly(p-ni t rostyrene)  [104].

U n d e r  these semi- in f in i te  d i f fus io n  cond i t ions  only a p roport ion  of 

the m odify ing  f i lm  is ox idised or reduced. By con tro l l ing  the  t imescale of  the 

experiment  the s i tua t ion  arises where all e lec troac t ive  mater i a l ,  which  is not  

kinet ica l ly  isolated undergoes a redox react ion.  Th is  gives rise to the 

su r face  or th in - layer  s i t ua t ion  which is descr ibed by equa t ion  4 [105] :

where  jT is the total  amount  of  e lec troac t ive m a te r i a l  c on f ine d  on the 

electrode su rface ,  ( this  can be readi ly  ob ta ined  f r o m  cyclic  vo l tamm etry  via 

the rela t ion  F = Q / n F A  where Q is the charge  passed a f t e r  background  

correct ion in the  slow sweep rate vo l tamm ogram  ( typical ly  1 or 2 mV/s)),  

f u r t h e r  F  = CL where  L is the f i lm thickness,  FW HH is the fu l l  w id th  at  ha lf  

height.

i p = n 2 F 2A V 

4 R T

(4)

E = E £pa ^pc (5)

FWHH = 90.6 /  n m V at  25 °C (6)
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coverage is grea ter  t h a n  a monolayer ,  is t h a t  a cyclic  vo l tam m ogram  

represen ta t ive  of  pu re  d i f f u s io n  or pure  su r face  behav iour  m ay  be d i f f i c u l t  to 

a t t a in .  This  is f r e q u e n t ly  ascr ibed to in te rac t ions  be tw een  the  adsorbed  

molecules  due to the high  concen t ra t ion  [106] or the  app l i ed  elec tr ic  f ie ld  

[107]. O ther  problems arise,  such as uncompensa ted  resis tance associated wi th  

the  f i lm  or the electrolyte  solut ion which  m ani fes t s  i tself  in a s im ila r  m anne r  

to k inet ic  l imitat ions,  causing fo r  example  peak  to peak  s epara t ion  [108],

Thus  one must  exercise cons iderab le  care  as to the  m an n e r  in  w h ich  d a ta  are 

ob ta ined  and  in terpreted.  The  rate  of  the  heterogeneous elec tron  t r a n s f e r  f rom  

the  under ly ing  electrode m ate r ia l  to the m od i fy in g  layer  can  sometimes play  a 

role, posing a kinet ic  l im it a t ion  at  high  sweep rates [109]. It is to be no ted  

however  tha t  in the m ajo r i ty  of  cases this  does not  represen t  a r a t e  l imit ing  

step [1 1 0 ].

The  d i f fu s io n  equa t ion  fo r  l inear  sweep vo l tam m etry  w i th  f in i te

d i f f u s io n  space has been examined  by Aoki  et al [111] fo r  revers ib le  kinet ics

w i th  the fol lowing  assumptions.

1) Mass t r a n s fe r  of  both the oxidised (Ox) and  r educed  (Red)  fo rm s  of  

the  redox couple is subject  only to d i f f u s io n  descr ibed by F i c k ’s second law.

2) The  th in  f i lm  in i t i a l ly  conta ins  R  w i th  concen t ra t io n  C°.

3) Both oxidised and  reduced  fo rm s  of  the redox couple  share  a common 

d i f f u s io n  coef f ic ien t  D.

4) Elect roac t ive  species cannot  pass th rough  the i n te r f a c e  be tw een  the 

f i lm  and  the solut ion i.e the redox centres  are  conf ined  w i th in  the  f i lm.

The  problem presented  by m od i f ied  electrodes where  the  su r face
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5) The electrode reaction is su f f ic ie n t ly  rapid to ensure a Nernstian  

equilibrium.

The boundary conditions which describes this situation are given in 

equation 7:

CQ(0 ,  t) /  CR (0,t)  = exp [nF (Ej + Vt - E°) /  RT] 

i /  nF = D( S CR /  8 x)x=£) = - D( 8 CQ/  8 x)x=Q (7)

-(8c0/8 x)x=d = ( 5 c r / 5 x ) x=d = o

The i-E curve is evaluated as the ratio o f  the thickness of the d iffusion  space 

to the d iffusion  layer goes from a sem i-in f in ite  to f in ite  d iffusion  

condition. This leads to a single approxim ate equation describing the peak 

current response as a function of the nature o f  the d iffus ion  space (Equation

i p = 0.4463 nFA {DCTC/L} (x) 1 /2  tanh (0.56 a>1/2 + 0.050;)

(8)

where CJ -  nFL2 V / D c t RT

This analysis has been extended to cover irreversible and 

quasi-reversible cases and a kinetic zone diagram  (Figure 1.3.1) has been
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constructed to describe the e ffec ts  o f  d if fer in g  charge transport and 

interfacial electron transfer kinetics [109]. Equation 8 allows calculation of  

charge transport diffusion coeff ic ien ts  over a large range of sweep rates, from  

a knowledge of surface coverage and peak current at a given sweep rate. The 

theory also predicts an upper limit for the peak width, at half height of 200 /n  

mV, on transition from surface behaviour to sem i-infin ite d if fu s ion , the 

surface case being given by a FWHH o f  90 .6 /n  mV. Classical "solution" type 

behaviour is accounted for in equation 8 since w h en ce  is large (thick layers 

and/or slow charge transport) it reduces to the Randles-SevSik equation.

The dependence of the peak potential on sweep rate is g iven by 

equation 9 :

Ep = E° + 0.555 (RT /  nF) [1 + tanh {2.41 (ClA 46 - 1.20)

+ 1.20(o>0 '46 - 1.20)3}]

(9)

The peak width at half height (FWHH) is given by equation 10 :

E p / i  = [5.72 + 2.20 tanh {1.38(a>0'30 - 1.96) 

+ 0.4(6l>0-30 - 1.96)3}](RT /  nF)

( 10)
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Figure 1.3.1 Domains o f  A  (= k ° (R T /n F D ^ T V ) 1//2) 

and a)  for the degrees o f  reversibility and f in ite  nature of  

the d iffusion  space. I, 2 and 3 denote the reversible,

quasi-reversible and irreversible regions respectively. A,

B and C are the regions corresponding to the cases of  

infinite d iffusion , f in ite  d iffusion  and surface wave  

respectively.
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Chronoamperometry and chronocoulometry can also be performed under 

sem i-infin ite  or bounded d iffusion  conditions [112], Figure 1.3.2 shows the 

concentration profiles for times t = tQ = 0, tj ,  t2 after applying a 

potential step.

The electroactive species occupies only a thin film o f  solution (or 

the m odifying layer) and no reactant exists at distances beyond the f i lm  

thickness L. The equation describing the response obtained after  a potentia l  

step on a solution is given by equation 11 [112]:

Section 1.3.2 Theory  of  Potent ia l  Step Chronoamperometrv .

i(t) =
nFADCT1/2C 

n  1/2t1/2
1

k=0

(* l)k exp -k2d2 -exp -(k + l ) 2d 2

D CTl d c t 1
( I D

The use of this f in ite  d iffu s ion  space equation can yield in form ation  

at longer times, where d ifferen t equilibria to those observed at the short 

timescale can affect the observed response. By recording the current response  

to a perturbing potential step at su f f ic ie n t ly  short times, where the depletion  

layer does not extend to the f ilm /e lec tro ly te  interface, then equation 11 

reduces to the classical Cottrell equation [113] describing d i f fu s io n  in 

solution (12).

nF A D r T 1/ 2 C
i(t) =  - g-T--------  (12)
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Figure 1.3.2 Concentration profiles for electroactive  

species within a polymer f ilm  after application o f  an 

oxidising potential step.
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The e f f e c t  of  uncompensa ted  resis tance on la rge  am p l i tude  

chro noam perom et r ic  expe r im en t s  has been cons idered  by several  au thors  

[114-116]. The  presence of  large F a r a d a i c  cu r ren ts  in  the  presence of 

uncompensa ted  resistance,  R u , can produce an  ohmic drop ,  caus ing the  actual  

e lectrode po ten t ia l  to be less than  the in tended  value. Th is  can  lead to 

s ign i f ican t  errors  in the  es t imat ion  of  k inet ic  pa ram ete rs  [117], The  Nerns t  

equa t ion  [118] is assumed to govern the su r face  c o n c en t ra t io n  fo r  revers ible  

e lectrode processes. Since i R u drop  prevents  the  ac tua l  e lec trode  poten t ia l  

f ro m  a t t a in ing  the desired  value,  i.e. t h a t  r equ i red  fo r  the  redox  reac t ion  to 

proceed independen t ly  of  the electrode potent ia l ,  unc o m p e n s a te d  resistance 

means tha t  the Nerns t  equa t ion  does not  apply.  The  e f f e c t  o f  uncompensa ted  

resis tance on the po ten t ia l  step measurements  fo r  the  osmium con ta in ing  

metal lopolymers  examined  in this  thesis is considered  in c h a p te r  3 (vide 

infra) .

Section 1.3.3 Theory  of  Sampled  C u r r e n t  V o l t am m e t rv .

The  rate  of  cha rge  pe rco lat ion can also be e x a m in ed  us ing  sampled 

c u r r e n t  vo l tammetry .  T h e  w a v e fo rm  involves app ly ing  a series o f  potent ia l  

steps o f  increas ing  am pl i tude ,  encompassing a po ten t ia l  r ange ,  w here  there  is 

in i t ia l ly  no redox react ion ,  to a point  where  the response is d i f f u s io n  

control led. The  c u r r e n t  decay  f rom  the exci t ing pulses is then  recorded  

in s tan taneous ly  at  several  d i f f e r e n t  times, un l ike  c onven t iona l  no rm a l  pulse 

po la rography  where  s ignal  averag ing  toward  the end o f  the  pulse  is employed 

[119]. Thus  the values of  the a p p a re n t  charge  t ran spo r t  d i f f u s i o n  pa ram ete r  

D£-p* /2C fo r  the process of  charge  t ransport  w i th in  the  coat ings can be 

ob ta ined  f rom  the slopes of  i j |m vs t ' 1//2 plots via the  Cot tre l l  equa t ion
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The current -potent ia l  r e l a t ionsh ip  for  the sampled c u r r e n t  

vol tammograms for the s imple e lec trode  process Red = Ox + n e \  has been 

de r ived  [ 1 2 0 ] and is given fo r  the o x id a t io n  process by :

( equa t ion  12).

E = E ± RT/OrnF In 1.75 + x2(l + exp(±£))' 

1 - x(l + exp (±£))

(13)

E* = E °  + RT/QTnF In 4 k°  T 1 / 2  

3 1/ 2 D ^ 1/ 2

where  E is the elec trode  po ten t ia l ,  E° is the reversible  ha l f -w a ve  

po ten t ia l ,  (X is the anodic  t r a n s f e r  coeff ic ien t ,  k° is the s t a n d a rd  rat e

cons tan t ,  r  is the sampling t ime,  R  is the gas constant , T is the  absolu te

tem pera tu re ,  £ = (nF /R T )(E -E ° ) ,  is the charge t ranspor t  d i f f u s i o n

coef f ic ien t ,  and x is the r a t io  o f  the  c u r ren t  i at potential  E, to the

l im it ing  d i f fus io n  controlled curren t .

F rom  equation 13 it can be seen using the value of  E°  ob ta ined  f rom  

cycl ic  vol tammetry,  tha t  when  the  l o g a r i th m  of  the third  term on the r igh t  h a n d  

s ide is plotted against E fo r  the  o x ida t ion  process a s t ra ight  l ine is 

ob ta ined .  The slope of  these l ines a n d  thei r  intersection with the zero l ine 

a re  equal  to a n F / R T  and  E ° - ( R T / a n F ) l n { ( 4 / 3 1/ 2 ) (k ° (T /D C T ) 1 /2 )} 

respect ively.  These values can  th e n  be used to evaluate  the t r a n s f e r  

c o e f f i c i e n t  and s tandard  ra te  cons tan t .
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Section 1.4 Evaluation of  T h e r m o d y n a m ic  Parameters  for  M odif ied  Electrodes.

Section 1.4.1 Homogeneous Charge Transport

The dependence o f  on the temperature o f  the supporting

electrolyte can be used to calculate the thermodynamic parameters for 

homogeneous charge transport, namely Ea, A H^, A  and A G ^ .  The  

Arrhenius equation [9] (Equation 14) describes the response for activated  

charge transport through polymer film s :

D q -j- = exp(-Ea /  RT) (14)

where is the rate o f  homogeneous charge transport evaluated either by

cyclic  voltammetry or chronoamperometry, D q j 0 is the preexponential factor, 

Ea is the activation energy, R the gas constant and T the absolute  

temperature. The activation enthalpy ¿AH^ is then given by Ea - RT. The  

entropy of charge transport can be derived from the Eyring equation [121] 

(Equation 15):

d CT°  = 2(kBT / h)exp( ^ s=i=/ R ) ( 15)

where e is the base of the natural log, K g  is the Boltzmann constant, h

Planck’s constant and 8  is the equilibrium  separation of v icinal redox sites.
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Section 1.4.2 Heterogeneous Electron Transfer

Temperature e ffe c ts  on k° have been examined to evaluate enthalpic  

and entropic parameters for the heterogeneous electron transfer reaction. The 

effec t  of temperature on the standard heterogeneous rate constant is considered  

to obey the following relation [122-124]:

where Zej is the heterogeneous collision frequency (assumed to have  

negligible temperature dependence), k and p are constants (assumed equal to 

unity), ( A s f ° ) real and ( A  H =f=°)real rePresent the entropic and  

enthalpic barriers at the standard potential after correction for the entropic  

and enthalpic driving forces, A H rc°(=T A S rc°) and/^Src°

respectively. A Src° can be calculated from the temperature dependence of  

the formal potential of the redox couple [125,126]:

This reaction entropy d ifferen ce  between the reduced and oxidised forms o f  the 

redox couple can also be evaluated using an electrostatic model [127]:

log (k°) = log{Ze lkpexp[(/^S:j:0)real/R]}

- (z lH +° )real/2 .303RT

( 16)

A stc° ~ f ( 5 e ° / 5 t ) (17)
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<Z\Src0 )Born -  47.88(Z0 x 2/ a 0 x  • Z R e d 2/ a R c d ) (IS)

where  Z q x an d  Z Recj a re  the ne t  charges  a n d  a Q x a n d  a Red are  the 

equ iva len t  r ad i i  in  angs troms of  the oxidised an d  r e d u c e d  species  respectively.

The  t em p e ra tu re  dependence  of  k°  can  also be  used  to calculate 

( A  H ° ) jd e a j a n d  ( A  S°) ideal  which give the  e n th a l p i c  a n d  entropic  

barr ier s  to e lec tron  t r a n s f e r  a t  a pa r t icu la r  po ten t ia l  w h e r e  they  are 

eva lu a ted  f r o m  E q u a t io n  19 a nd  20 [122-124]

<AH °) idea l  = (AH°)real + ¿*TASrc° ( 1 9 )

( ¿ S°) id ea l  -  ^ S°>real + Src°
(2 0 )
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F rom  this  review,  it is evident ,  t ha t  cha rge  t r a n s p o r t  th rough  polymer  

f i lms on electrode su rfaces  in which redox ac t ive  groups have  been immobil i sed 

e i ther  coord ina t ive ly  or  e lectrostat ical ly  has been  ex tens ively examined .  The  

subject  is now app roa c h ing  a m atu re  s tate,  a n d  more  recen t  publ ica t ions  have  

cen tr ed  upon  q u a n t i t a t iv e  measurements  of  cha rge  t r a n spo r t  ra tes th rough  

po lymer  f i lms  and  the  more subtle f ea tu re s  of  e lec tron t r a n s fe r  dynamics.

The  range  of  mater ia ls  which has been e x a m in ed  is large, inc lud ing  

elec tropolymer ised redox  ac t ive systems, as well  as m a te r ia ls  in w h ich  the 

redox  act ive  cen tre  is immobil ised,  e i ther  by e lec tros ta t ic  or  covalent  b ind ing  

a f t e r  the ini t ia l  synthesis  of  a po lymeric  backbone.  R e d o x  ac t ive polymers  can 

give rise to f i lms which  are smooth,  monoli thic ,  pore f ree  overlayers  or 

g r an u la r  f i lms which  con ta in  pores a n d / o r  d i f f e r e n t  phases e.g. hyd rophob ic  and  

hydroph i l ic  regions in N a f io n  f i lms  or D o n n a n  dom ains  in polylysine.  The 

concen t ra t io n  of  ac t ive sites w i th in  the f i lms  var ies  cons iderably .  Those 

systems in which the r edox  centres  are  e lec tros ta t ica l ly  bound,  general ly  have 

re la t ive ly  lower concen t ra t ions  as d ic t a ted  by the  p a r t i t i o n  coeff ic ien t ,  whi le  

e lect ropolymer ised /  p re fo rm ed  polymers  can have  redox  site concen t ra t ions  as 

high as 10 M.

T he  rat e  of  charge  t ranspor t  th rough  po lymer  f i lms  is s t rongly

d ependen t  on the chemical  and physical  compos i t ion of  the f i lm  as well  as on

-12tem pe ra tu re  a nd  electrolyte.  Charge  t ran spo r t  ra tes  of  between  10 and  

1 0 "^ c m V *  are observed  wi th  the most  r ap id  charge  t ranspor t  ra tes being 

observed via s teady s ta te  techniques such as i n te r d ig i t a t iv e  a rr ays  and the 

"closed-face sandwich"  method of  P ickup  an d  M urray ,  where  ion 

t r a n s p o r t /m ig ra t io n  e ff ec ts  are avoided. How ever ,  c onven t iona l  e lect rochemical

Section 1.5 Concluding  Remarks .
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techniques such as cyclic  vo l tammetry  c h ronoa m perom et ry  and  ch ronocou lom et ry  

f i n d  the most  widesp read  appl icat ion  in the  diagnosis  of  charge  t ran spo r t  

processes. U n d e r  ce r ta in  experimenta l  condi t ions  cha rge  p ropaga t ion  th rough  

polymer  m o d i f ie d  electrodes is typ ica l ly  d i f fu s io n a l  and  obeys F i c k ’s laws of  

di ffus ion .  In general,  the e lectron t r a n s fe r  k ine t ic s  both f ro m  the unde r ly ing  

electrode into  the f i lm  and  wi th in  the f i lm  obey the conven t iona l  models  

descr ibing electron t r a n s fe r  such as Bu t ler -Volmer kinet ics.  The  slow ra te  of  

homogeneous charge  t ranspor t  th rough  po lymer f i lms  is due  to a c om b ina t ion  of 

slow d i f f u s io n  of  the  electroact ive species th rough  the  viscous po lymer  medium, 

rest r ic ted segmental  po lymer cha in  motion,  i n t e r / i n t r a  cha in  in te rac t io ns  and  

ion t ranspor t  l imitat ions.  The iden t i f i ca t ion  of  the  r a t e  de te rm in ing  step for  

the chargc  t ran spo r t  process by al t e r ing  the redox  site loading,  e lec troly te  

type an d  concen t ra t ion  has been examined  fo r  e lectrosta t ical ly  bound  redox 

centres  but  less so fo r  act ive  sites which  are  c oord ina t ive ly  bound  to polymer  

chains.  T h e  eva lu a t ion  of  the rm odynam ic  pa ram ete rs  has  not  been widely  

exploi ted, p resum ab ly  because a large num ber  of  systems a re  incom patib le  w i th  a 

wide v a r i a t ion  of  tempera tu re .

It  is becoming appa rent ,  tha t  the app l i ca t ion  of  m od i f ied  electrodes 

will  be d e pe nden t  on the product ion  of  s table  e lectrodes which a re  high ly 

permeable  fo r  ions bu t  a t  the same t ime possess highly o r iented  redox  centres  

at a high  c oncen t ra t ion  for  fas t  e lectron t rans fe r .  However ,  these 

r equ i rem ents  a re  to some extent  m u tu a l ly  exclusive.  O p t im u m  condi t ions  can be 

f o u n d  by va ry ing  both the s t ruc ture  an d  chemical  compos i t ion  of  the  m od i fy ing  

f i lm  and  ex te rnal  pa ramete rs  such as e lec troly te  type  and  c oncen t ra t ion  of  the 

electrolyte.

35



1. R. W. M urray ,  Ann.  Rev. Mater.  Sci.. 1984, 13, 191

2. R. W. M urray ,  Acc. Chem. Res.. 1980, 13, 135

3. W. J. A lbery  an d  A. R. Hi l lman,  Rov.  Soc. Chem..  Ann.  Rep. C. 1981, 78,

377

4. A. R. H i l lm an  in E lectrochemica l  Science a n d  Technology  of  Polymers.  

vol. 1, ed. R. G. L in fo rd ,  Elsevier  Appl ied  Science,  A m ste rdam,  1987, p.

103

5. M. U m a n a ,  P. Denisevich,  D. R. Rolison,  S. N a k a h a m a  a nd  R. W. M urray ,  

Anal.  Chem..  1981, 53, 1170

6 . B. R. Shaw, G. P. H a igh t  a nd  L. R. F a u lk n e r ,  J. Elect roana l .  Chem..

1982, 140, 147

7. P. J. Peerce  and  A. J. Bard,  J. Electroanal .  Chem.. 1980, 114. 89

8 . R. J. Now ak ,  F. A. Schultz,  M. U m a na ,  R. L a m  a n d  R.  W. M urray ,  Anal .

Chem.. 1980, 52, 315

9. A. H. Schroeder  a n d  F. B. K a u f m a n ,  J. Elect roana l .  Chem.. 1980, 113. 209

10. P. Daum ,  J. R. L enha rd ,  D. Rol ison an d  R. W. M urray ,  J. Am. Chem. Soc..

1980, 102, 4649

11. P. D a u m  an d  R. W. M urray ,  J. Phvs. Chem.. 1981, 85, 389

12. J. Leddy  a n d  A. J. Bard,  J. Elect roana l .  Chem.. 1983, 153. 223

13. E. F. Bowden,  M. F. Dau ta r t as  an d  J. F. Evans,  J. Elect roana l .  Chem..

1987, 219, 49

14. M. F. D au ta r t as ,  E. F. Bowden an d  J. F. Evans ,  J. Elect roana l .  Chem..

Section 1.6 References .

1987, 219, 71

36



15. E. F. Bowden,  M. F. Dau ta r tas  and  J. F. Evans,  J. Elect roana l .  Chem..

1987, 219, 91

16. G. Inzel t  and  L. Szabo, Electrochim.  Acta .  1986, 31_, 1381

17. W. J. Albery,  M. G. Boutelle,  P. J. Colby an d  A. R. Hi l lm an ,  L

Electroanal .  Chem.. 1982, 133. 135

18. W. J. Albery ,  W. R. Bowen, F. S. Fisher ,  A. W. Foulds ,  K.  J. Hall,  A. R. 

Hi l lman,  R. G. Egdel l  and  A. R. O rcha rd ,  J. Elect roana l .  Chem.. 1980, 

107. 37

19. W. J. Albery,  A. W. Foulds , K. J. Hal l  and  A. R. Hi l lm an ,  L

Electrochem. Soc.. 1980, 127. 654

20. W. J. Albery,  A. W. Foulds , K. J. Hall ,  A. R. Hi l lm an ,  R. G. Egdel l  and

A. F. Orcha rd ,  Na tu re .  1979, 282. 793

21. W. J. Albery,  M. G. Boutelle and  A. R. Hi l lm an ,  J. Elect roana l .  Chem..

1985, 182, 99

22. C. R. L e idner  an d  R. W. Murray,  J. Am. Chem. Soc.. 1984, 106. 1606

23. T. Ikeda,  R. Schmehl ,  P. Denisevich,  K. Wil lman a n d  R. W. M urray ,  J. Am.

Chem. Soc.. 1982, 104, 2683

24. K. W. Wil lman an d  R. W. M ur ray,  J. E lectroanal .  Chem.. 1982, 133. 211

25. R. H. Schmehl  an d  R. W. Murray ,  J. Elect roana l .  Chem.. 1983, 152. 97

26. L. D. Margerum, T. J. Meyer an d  R. W. M urray ,  J. Elect roana l .  Chem..

1983, 149, 279

27. H. D. A b r u n a  and  A. J. Bard,  J. Am. Chem. Soc.. 1982, 104. 2641

28. A. G. Ewing,  B. J. Fe ldm an  and  R. W. M urray ,  J. Phvs. Chem..  1985, 89.

1263

29. P. G. P ickup  and  R. W. Murray ,  J. Am. Chem. Soc.. 1983, 105, 4510

37



30. P. G. Pickup,  W. Ku tne r ,  C. R. L e idner  an d  R. W. M urray ,  J. Am. Chem. 

Soc.. 1984, I M ,  1991

31. J. C. J e rn iga n  a nd  R. W. M urray ,  J. Am. Chem. Soc.. 1987, 109. 1738

32. C. E. D. Chidsey a n d  R. W. M urray ,  J. Phvs. Chem.. 1986, 90, 1479

33. A. R. G uada lupe ,  D. A. Us ife r ,  K. T. Pot ts , H. C. Hur re l l ,  A. E. Mogstad

and  H. D. A b runa ,  J. Am. Chem. Soc.. 1988, 110. 3462

34. J. S. Facci ,  R. H. Schmehl  and  R. W. M ur ra y ,  J. Am. Chem. Soc.. 1982,

104. 4959

35. P‘. G. P ickup  an d  R. A. Osteryoung,  J. Elect roana l .  Chem.. 1985, 186. 99

36. G. Inzel t,  R. W. Day,  J. F. Kins t l e  an d  J. Q. Chambers ,  J. Phvs.  Chem..

1983, 87, 4592

37. G. Inzel t,  R. W. Day,  J. F. Kins t l e  an d  J. Q. Chambers ,  J. Elect roana l .

Chem.. 1984, 161, 147

38. G. Inzel t,  J. Q. Chambers ,  J. F. K ins t l e  a n d  R. W. Day,  J. Am. Chem.

Soc.. 1984, .106, 3396

39. G. Inzel t,  J. Bacskai,  J. Q. Chambers  a n d  R. W. Day,  J. Elect roana l .

Chem.. 1986, 201, 301

40. S. B. Khoo,  J. K.  Foley and  S. Pons, J. Elect roana l .  Chem.. 1986, 215.

273

41. G. Inzelt ,  Electrochim.  Acta . 1989, 34, 83

42. N. Oyama,  T. Ohsaka,  H. Yamamoto  an d  M. K a n e k o ,  J. Phvs.  Chem.. 1986,

90, 3850

43. T. Osaka,  H. Yam am oto  and  N. Oyama,  J. Phvs. Chem.. 1987, 91, 3775

44. K. Chiba ,  T. Ohsaka  and  N. Oyama,  J. Elect roana l .  Chem.. 1987, 217. 239

3 8



45. F. W. Nyasu lu  and H. A. Mottola, J. Electroanal .  Chem.. 1988, 239. 175

46. I. De Gregori ,  F. Bedioui  and  J. Devynck,  J. Elect roana l .  Chem.. 1987, 

238. 197

47. S. M. Oh  an d  L. R. Fau lkner ,  J. Am. Chem. Soc.. 1989, 111. 5613

48. J. M. Clear ,  J. M. Kel ly,  C. M. O’Connell  and  J. G. Vos, J. Chem. Res..

M, 1981, 3039

49. O. Haas  a n d  J. G. Vos, J. Electroanal .  Chem.. 1980, 113. 139

50. O. Haas,  M. K r iens  a nd  J. G. Vos, J. Am. Chem. Soc.. 1981, 103. 1313

51. O. Haas,  N. Muller  and  H. Ger ischer ,  Elcctrochim.  Acta .  1982, 22, 991

52. O. Haas,  H. Z u m b ru n n e n  and  J. G. Vos, Electrochim.  A c ta . 1985, 3Ç), 1551

53. C. P. A n d r i e u x  in  E lectrochemist ry,  Sensors an d  Analysis ,  Ana ly t i ca l

Symposia  Series, Vol. 25, Elsevier,  Am ste rdam, 1986, 235

54. M. E. G. Lyons, H. G. Fay,  J. G. Vos an d  A. J. Kel ly ,  J. Elect roana l .

Chem.. 1988, 250, 207

55. C. P. Andr ieux ,  O. Haas and  J. M. Saveant ,  J. Am. Chem. Soc.. 1986, 108.

8175

56. S. M. Gera ty ,  D. W. M. A r r ig a n  a nd  J. G. Vos in E lect rochemis t ry ,

Sensors and  Analysis ,  A na ly t i ca l  Symposia  Series, Eds.  M. R. Smyth and  

J. G. Vos, Vol. 25, Elsevier,  Amste rdam, 1986, 303

57. J. F. Cassidy,  A. G. Ross an d  J. G. Vos in  E lect rochemis try ,  Sensors and

Analysis ,  A na ly t i ca l  Symposia  Series, Eds. M. R. Sm yth  and  J. G. Vos,

Vol. 25, Elsevier ,  Amste rdam, 1986, 269

58. N. O ya m a  an d  F. C. Anson, J. Electrochem. Soc.. 1980, 127. 640

59. K. Sh igehara ,  N. Oyam a and  F. C. Anson,  Inorg. Chem.. 1981, 20, 518

39



60. H. R. Z u m b r u n n e n  and  F. C. Anson,  J. Elect roana l .  Chem..  1983, 152. I l l

61. N. Oyama an d  F. C. Anson,  Anal.  Chem.. 1980, 52, 1192

62. N. Oyama,  J. Shimomura,  K.  Sh igehara  an d  F. C. Anson,  J. Elect roana l .

Chem.. 1980, 112, 271

63. C. R. M art in ,  I. R ube ns te in  and  A. J. Bard,  J. Am. Chem. Soc.. 1982,

104. 4817

64. S. M. Oh  and  L. R. Fau lkner ,  J. Electroanal .  Chem.. 1989, 269. 77

65. K.  K. Shiu,  R. Chem er ika  a n d  D. J. Har r i son ,  Anal .  Chem..  1989, 61_, 570

6 6 . K.  Dobh lhofer ,  W. D u r r  and  M. Jauch,  Elect rochim.  Acta . . 1982, 27, 677

67. K. Doblhofer ,  H. Braun  an d  R. Lange,  J. E lect roana l .  Chem.. 1986, 206.

93

6 8 . R. Lange  and  K. Doblhofer ,  J. Electroanal .  Chem.. 1987, 216. 241

69. R. Lange  a n d  K. Doblhofer ,  J. Electroanal .  Chem.. 1987, 237. 13

70. X. Chen,  P. He an d  L. R. F a u l k n e r .J. Electroanal .  Chem..  1983, 222. 97

71. B. L indholm ,  J. Elect roana l .  Chem.. 1988, 250. 341

72. N. Oyama,  S. Yam aguch i ,  Y. Nishik i ,  K.  T o k u d a ,  H. M a ts u d a  a n d  F. C.

Anson,  J. Electroanal .  Chem.. 1982, 139. 371

73. N. Oyama,  T. Ohsaka  and  T. Ush irogouchi ,  J. Phvs. Chem..  1984, 88 ., 5274

74. T. Ohsaka,  T. O ka j im a  an d  N. Oyama,  J. Elect roana l .  Chem.. 1986, 215.

191

75. T. Ohsaka,  T. Ush i rogouch i  an d  N. Oyama,  Bull. Chem. Soc. Jpn.,  1985,

58, 3252

40



76. B. L indho lm,  M. Sharp  and  R. D. Armstrong ,  J. Elec t roana l .  Chem.. 1987, 

235. 169

77. N. Oyama,  T. Ohsaka ,  M. Kaneko ,  K.  Sato and  H. Matsuda ,  J. Am. Chem. 

Soc.. 1983, 105, 6003

78. D. A. B u t t ry  and  F. C. Anson, J. Electroanal .  Chem.. 1981, 130. 333

79. M. N. Szen t i rmay  an d  C. R.  Mart in ,  Anal . Chem.. 1984, 56, 1898

80. H. S. White, J. L e ddy  and  A. J. Bard,  J. Am. Chem. Soc.. 1982, 104, 4811

81. C. R. Mart in ,  I. R u b e n s t e in  and  A. J. Bard,  J. Am. Chem. Soc.. 1982,

104. 4817

82. D. A. B u t t ry  and  F. C. Anson,  J. Am. Chem. Soc.. 1983, 105. 685

83. J. L eddy  an d  A. J. Bard,  J. Electroanal .  Chem.. 1985, 189. 203

84. N. Oyama,  T. Ohsaka ,  T. Ushi rogouchi ,  S. Sanpei  a n d  S. N a k a m u ra ,  Bull. 

Chem. Soc. Jpn.. 1988, 61, 3103

85. R. Naegeli ,  J. R ed e p e n n in g  and  F. C. Anson,  J. Phvs. Chem..  1986, 90. 

6227

8 6 . Y. M. Tsou and  F. C. Anson,  J. Phvs. Chem.. 1985, 89., 3818 and  refs 

there in

87. T. Ohsaka,  N. Oyama,  Y. T a k a h i r a  and  S. N a k a m u ra ,  J. Elect roana l .  Chem.. 

1988, 247, 339

8 8 . G. N a g a sub ra m a n ia n ,  S. Di  S te fano  and  J. M oacann in ,  J. Phvs. Chem.. 

1986, 90, 4447

89. T. Ohsaka ,  N. Oyama,  K. Sato and  H. Matsuda,  J. E lect rochem. Soc.. 1985, 

132. 1871

90. M. M ajd a  and  L. R. F a u lkne r ,  J. Electroanal .  Chem.. 1984, 169. 77

41



91. M. M ajda  and  L. R. Fau lkner ,  J. Electroanal .  Chem.. 1982, 137. 149

92. N. Oyama,  J. Shimomura,  K.  Shigehara  and  F. C. Anson,  J. Elect roana l .  

Chem.. 1980, H 2 ,  271

93. C. D. Ellis, J. A. Gilber t ,  W. R. M urphy  a n d  T. J. Meyer,  J. Am. Chem. 

Soc.. 1983, 105, 4842

94. J. Wang, B. Greene  and  C. Morgan,  Anal . Chim.  Acta .  1984, 158. 15

95. F. C. Anson,  T. Ohsaka  an d  J. M. Saveant ,  J. Phvs. Chem..  1983, 87, 640

96. F. C. Anson,  T. Ohsaka  a nd  J. M. Saveant ,  J. Am. Chem. Soc.. 1983, 105. 

4883

97. N. Oyama,  T. Ohsaka  an d  T. Shimizu,  Anal .  Chem. 1985, 57, 1526

98. N. Oyama,  T. Ohsaka  an d  M. N akan i sh i ,  J. Macromol.  Sci.. 1987, A24. 375

99. E. Lav i ron ,  J. Electroanal .  Chem.. 1980, 112. 1

100. A. Sevcik,  Collect. Czech. Chem. Commum.. 1948, 44, 327

101. K. M. O’Connell ,  E. Waldner,  L. Rou l l ie r  an d  E. L a v i ro n ,  J. Electroanal .  

Chem.. 1984, 162, 77

102. P. K. Ghosh and  A. J. Bard,  J. Electroana l .  Chem.. 1984, 169. 113

103. R. J. Forster ,  A. J. Kelly,  J. G. Vos an d  M. E. G. Lyons,  L 

Elect roana l .  Chem.. 1989, 270. 365

104. C. P. A n d r i eu x  and  J. M. Saveant ,  J. Electroanal .  Chem..  1980, 111. 377

105. D. M. Mohliner ,  J. Elect roana l .  Chem.. 1983, 146. 417

106. A. P. Brown and  F. C. Anson,  Anal.  Chem.. 1977, 49, 1589

107. H. Ger ischer  and  D. A. Scherson,  J. Electroanal .  Chem..  1985, 188. 33

42



108. H. D a i fu k u ,  K. Aoki ,  K. T o k u d a  and H. M atsuda ,  J. Elect roana l .  Chem.. 

1985, 183, 1

109. K. Aoki ,  K. T o k u d a  and  H. Matsuda ,  J. Electroanal .  Chem.. 1984, 160. 33

110. F. C. Anson, J. Phvs. Chem.. 1980, 84, 3336

111. K.  Aoki ,  K. T o k u d a  an d  H. Matsuda ,  J. Elect roana l .  Chem.. 1983, 146. 417

112. D. M. Oglesby, S. H. Omang  and  C. N. Rei lley,  Anal .  Chem.. 1965, 37. 

1312

113. H. Ger ischer  and  W. Vielst ich, Z. Phvs. Chem.. 1955, 3, 16

114. F. C. Anson, J. H. Chri s t i e  an d  R. A. Osteryoung,  J. Elect roana l .  Chem..

1967, 13, 343

115. W. R ic h te r in g  and  K. Doblhofer ,  Electrochim.  Acta.  1989, 34, 1685

116. L. Rou l l ie r  and  E. Lav i ron ,  J. Electroanal .  Chem.. 1983, 157. 193

117. J. L e ddy  an d  A. J. Bard,  J. Electroanal .  Chem.. 1985, 189. 203

118. A. J. Bard  and  L. R. Fau lkner ,  Elect rochemical  M e thods -Funda m e n ta l s  and  

Apl ica t ions .  Wiley, N ew Y ork  (1980)

119. G. C. Barker  and  A. W. G a rd n e r ,  Z. Anal . Chem.. 1960, 173, 79

120. H. Matsuda ,  Bull. Chem. Soc. Jpn. . 1980, 53, 3439

121. R. C. Bowers  and  R.  W. M urray ,  Anal .  Chem.. 1966, 38., 461

122. M. J. Weaver, J. Phvs.  Chem.. 1976, 83., 2645

123. J. T. H u p p  and  M. J. Weaver, J. Electroanal .  Chem.. 1983, 145. 43

124. N. Sut in ,  M. J. Weaver  an d  E. L. Yee, Inorg. Chem.. 1980, 19, 1096

125. K. J. Vet ter ,  El ect rochemica l  Kine t ics .  Academic  Press,  New Y ork  and  

London  1987 p. 107

43



126.

127.

E. L. Yee, R. J. Cave,  K. L. Guyer ,  P. D. Tym a  a n d  M. J. Weaver , J. Am. 

Chem. Soc.. 1979, 101, H31  

R. M. Noyes,  J. Am. Chem. Soc.. 1962, 84, 513

44



C H A P T E R  2

Synthesis.  Charac te r i sa t ion  and

Propert ie s  o f  a Series of  Osmium an d

R u t h e n i u m  Con ta in ing  Metal lopolvmers
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Section 2.1 Int roduct ion.

Metal lopolymers  cons t i tu te  a class of  m a te r ia ls  t h a t  is a t t r ac t ing  

increas ing a t t en t ion  because of  thei r  po ten t ia l ly  w id e sp re a d  app l i ca t ion  

[1-5]. In pa r t icu la r ,  polymers  conta in ing cova len t ly  bound  r u th e n iu m

complexes have  been inves t iga ted in some de ta i l  an d  the  app l i ca t ion  of  these 

mate r ia ls  as redox catalysts,  photosensi t isers  an d  m olecu la r  diodes has  been 

proposed [6-21], In these s tudies , the mater ia ls  are o f t e n  app l i ed  as th in  

layers  on solid e lectrode surfaces  and  the propert ies  o f  the  so f o rm e d  m od i f ied  

electrodes are  invest igated.  R u t h e n iu m  con ta in ing  meta l lopo lymers  are of 

in te res t  due  to thei r  long l ived excited s ta te an d  f ac i le  e lec tron  exchange  

dynamics ,  which  can be exploi ted  in areas such as photosensi t isat ion.  However ,  

photochemica l ly  induced  l igand  exchange reac t ions  a re  f r e q u e n t l y  a f e a tu re  of 

these mater ia ls  [20-23]. Invest igat ions of  po lymers  of  the  type

[Ru(bipy) 2 (Pol)n Cl]Cl an d  [Ru(b ipy) 2 (Pol)n ]Cl2  (where  bipy 

2,2’-b ipyr idy l  and  Pol = po ly-4-v inylpyrid ine  (PVP), po ly -N -v iny l imidazo le  

(PVI) or a copolymer of  4 -v iny lpyr id ine  and  s ty rene  or  m e th y lm e th a c ry la te )  have 

been repor ted  [15-16]. In these invest igat ions de ta i led  i n f o r m a t io n  abou t  the 

cha rge  t ransport  processes w i th in  the po lymer layers  was o b ta ined  an d  it was 

shown tha t  the n a tu re  of  the polymer backbone  and  the  meta l  to polymer  rat io  

(n) are im por ta n t  factors ,  which  de te rmine  the elec trochemica l  process, and  

hence in f luence  the ut i l i t y  of these mater ia ls .  H ow ever ,  l i t t le is know n  

abou t  the rela t ionship be tw een  the physical  p roper t ie s  of  the meta l lopolymer  

and  its e lect rochemica l  response. For  example,  the  e f f e c t  o f  cha in  mobil i ty  or 

in te rac t ions  between  the po lymer bound metal  cen tres  has  not  been addressed in 

any  detai l  [24], This  chap te r  descr ibes  the synthesis  an d  c h a rac te r i s a t ion  of
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a series of  novel meta l lopolymers  of the type  [Os(bipy)2 polCl]+ or 

[ O s C b ipy^ po^ ]2* (pol= po ly-4-v inylpyrid ine  (PVP) or 

po ly-N-vinyl imidazole (PVI))  as well as metal lopolymers  con ta in ing  two d i f f e r e n t  

r edox  centres  based on r u th e n i u m  and  osmium bis(2,2’-b ipyr idy l )  moieties.  The 

a im  of  these s tudies  is to systematical ly  inves t iga te  series  of  polymers  

co n ta in in g  d i f f e r e n t  redox  ac t ive groups, wi th  d i f f e r e n t  metal  to polymer  

rat ios,  and  wi th  d i f f e r e n t  po lymer backbones. The  meta l lopo lymers  descr ibed 

o f f e r  considerable  syn th e t ic  f l ex ib i l i t y  in that ,  un l ike  o the r  systems,  m any  of  

the parameters  w h ich  i n f lu e n ce  the response can be in d e p e n d e n t ly  a n d  easily 

var ied.  The  e f f e c t  o f  the  presence o f  two redox centres  in  the  same polymer  on 

g round  and  exci ted s ta te  propert ies  has been explored  us ing  elec trochemica l  and  

spectroscopic  techniques.  I t  is an t i c ipa ted  th a t  such inves t iga t ions  should 

al low a bet t er  unde rs t a n d in g  of  the corre lat ion  be tw een  the  elec trochemica l  an d  

m echan ica l  propert ies  of  th in  layers of  these mater ia ls .  F ina l ly  the 

inves t iga t ion  of  possible in te rac t ions  between  the po lymer  bo u n d  meta l  centres  

is o f  interest .

Section 2.2 Expe r im en ta l  Section

Section 2.2.1 E qu ip m e n t  and  Methods .

Uv-vis ible  spectra  were recorded  on H e w le t t -P a ck a rd  342A diode a r r a y  

an d  Shimadzu U V  240 spectrophotomete rs .  Emission spect ra  were r ecorded  using a 

Perk in -E lmer  LS-5 luminescence  spectromete r  e qu ipped  w i th  a red-sensi t ive 

H a m a m a tsu  R928 detector .  Spectra  were recorded  using an  emission sli t  w id th  of  

10 nm at  room t em p e ra tu re  and  2.5 nm at  77 K  and  a re  not  corrected  fo r  

pho tomul t ip l i e r  response. E lect rochemica l  measurem ents  were p e r f o r m e d  using an

47



E. G. & G. PA R 273 po ten t io s ta t /ga lvanos ta t .  A visible 100 W l ight  source was 

used fo r  the pho tochemica l  experiments .  Glassy c a rbon  electrodes of  7 mm 

d iam e te r  were m od i f ied  by pipet t ing the r equ i red  q u a n t i t y  of  a m ethano l i c  1% 

(w/v)  solut ion of  the meta l lopo lymer di rect ly  onto the i r  sur face.  The  solvent  

was then  al lowed to evapora te  slowly in a solvent s a tu ra te d  cha m be r  fo l lowed by 

air  drying. All potent ia l s  are quoted versus a po tass ium s a tu ra te d  calomel  

e lectrode (SCE) w i thou t  r egard  fo r  l iquid j unc t ion  potent ia ls .  Peak posit ions 

fo r  the redox couples of  the meta l lopolymer  coat ings were ob ta ined  at  slow 

sweep rates  where  the anod ic  and  cathodic  peaks typ ica l ly  converge.  Po ten t ia l  

step chronoam perom et ry  was used to de te rmine  Os(II / I I I )  charge  t r a n spo r t  rates  

by s tepping f r o m  -0.4 V to 200 mV past the fo rm a l  po ten t ia l  of  the redox 

couple. Charge t ranspor t  ra tes fo r  Ru(I I / I I I )  ox ida t ion  were ca lcu la ted  by 

s tepping  f rom  -0.4 V to 1.3 V and  then  sub tr ac t ing  out  the  c u r r e n t  con t r ibu t ion  

f ro m  the Os(II / I I I )  oxida t ion.  Al te rna t ive ly  by in i t i a l ly  hold ing  the 

poten t ia l  past  the fo rm a l  po tent ia l  of  the osmium couple ,  un t i l  the  osmium 

ox idat ion  is complete,  and  then  s tepping to 1.3 V, the charge  t ran spo r t  ra te  

could be assessed w i th o u t  an  osmium c on tr ibu t ion .  These t rans ien t  

c u r r e n t / c h a r g e  measurem ents  were made  over  the  t ime range  0  to 2 0  ms by means 

of  a Phi lips 3311 d ig i ta l  s torage oscilloscope i n t e r f a c e d  to a BBC 

mic rocompute r  fo r  d a ta  in te r roga t ion  and  al lowing s ignal  ave raged  resul ts to be 

ob ta ined  [25]. D i f f e r e n t i a l  scanning ca lo r im etry  (D.S.C.) was p e r fo rm e d  using 

2 mg samples of  va c uum  dr ie d  mate r ia ls  using a S tan ton  R e d c r o f t  CPC 706 

T e m pera tu re  Programmer ,  a DSC l inear iser  and  a DC ampl if ie r .  Expe r im en t s  were 

c a r r ied  out  in s ta t ic  a i r  wi th  a heat ing  ra t e  of  10 °C  per  m inu te  up  to 

t em pera tu re s  of 350 °C.

48



[Ru(bipy) 2 Cl2] t2^], [Ru(b ip y ) 2 (H 2 0 ) 2] (PFg ) 2  [27],

[Ru(bipy)2 (PV P) 1 0 Cl]Cl, (D ,  [17] [Ru(bipy)2 (P V P ) 1 0 ](Cl)2, (2 ), [17] 

[Ru(bipy)2 (PVI)1 0 Cl]Cl (3), [20] and  [Ru(b ipy)2 (P V I ) 1 0 ]Cl2, (4), [20] 

were  p repa red  as descr ibed  previously. [Os(bipy)2 Cl2] was p rep a re d  as 

descr ibed  by B uck ingham  et al. [28].

Poly(4-vinylpyrid,ine) : Poly(4 -v inylpyrid ine)  was p repa re d  by bu lk  

polymerisa t ion  of  f re sh ly  dist i l led 4 -v iny lpyrid ine  u n d e r  a n i t rogen  a tm osphere  

using 2,2’-azo isobu ty ron i t r i l e  as in i t ia to r  a t  70 °C. T h e  p roduc t  was 

p u r i f i e d  by repea te d  p rec ip i t a t ion  in di ethy l  e the r  f r o m  methanol .  The 

resu l t ing  polymer  was f r a c t i o n a te d  by pa r t ia l  p r ec ip i t a t ion  f ro m  methano l  

solut ions by add i t io n  o f  toluene to c loud point ,  fo l lowed  by rai s ing the 

tempera tu re .  The  molecu la r  we ight  of the p rec ip i t a n t  a t  40 °C  was de te rm ined  

by viscometry measurem ents  in e thanol  in con junc t ion  w i th  the M a rk -H ouw ink  

equa t ion  [n] = 2.5 x 10"4  M y®'^8, to be app rox im ate ly  430,000 g/Mol [29].

Poly(N-vinyl im idazole )  : Poly(N-vinyl im idazole )  was p repa re d  f ro m  

fre sh ly  dist i l led m onomer  as descr ibed above fo r  PVP an d  s imi lar ly  

f r ac t iona ted .  The  molecu la r  weight,  as de te rm ine d  by v i scometry  in e thanol  in 

con junc t ion  w i th  the M a rk -H o u w in k  equa t ion;  [n] = 9.83 x 10"4  M y^ 4, was 

110,000 g/Mol. [30]

Section 2.2.2 Synthesis  of  Monomeric  and  Po lymeric  Mater ia ls .
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[Os(bipy)2 (Pol)n Cl]Cl pol=po ly -4 -v inylpyrid ine or po ly-N-v inyl imidazole ;  n 

= 5, 10, 15, 25. PVP polymers  label led as compounds  5 - 8 ,  PVT polymers  as 

compounds 9 - 1 2 .  respectively.  The  meta l lopolymers  were  p repa re d  as the 

analogous r u th e n iu m  polymers  [17,20] except  t h a t  longer  r e f lu x  t imes were 

requ ired.  [ O s i b i p y ^ C ^ ]  an d  the a pp rop r ia t e  a m o u n t  o f  the po lymer  were 

hea ted  at  r e f lu x  in e thano l  f o r  per iods of  up to 3 days.  The  reac t ion  was 

m onito red  by uv-v is ible  spectroscopy and  cyclic  vo l tam m etry .  A l though  no 

photochemica l  react ions  were observed the  reac t ions  w ere  r ou t ine ly  ca r r ied  out  

in the dark.  The  meta l lopolymers  were isolated by p rec ip i t a t ion  into diethy l  

e ther  and  p u r i f i e d  by repea ted  p rec ip i t a t ion  (3x) in  d ie thy l  e the r  f ro m  

methanol .  In a typica l  synthesis  of  [ O s i b i p y ^ P V P ^ C l J C l  40 mg (0.07 mM)
‘J

of  [Os(bipy)2 Cl2 ] was dissolved in 30 cm of  e thano l  a n d  r e f l u x e d  fo r  30 

minutes .  73 mg (0.7 mM) of  PVP in 10 cm of  e thano l  were then  added  and  

re f lux ing  con t inued  fo r  72 hours.  The  m eta l lopo lym er  was recovered  by 

p rec ip i t a t ion  into  d ie thy l  e ther  and  v a c u u m  dried.  Yie ld  104 mg, 92%. The 

perchlora te  salts of  these polymers  were p r ep a re d  by a d d i t i o n  o f  a two molar  

excess of l i t h iu m  pe rch lora te  to the e thanol  solut ion of  the  metal lopolymer.

The  p rec ip i t an t  polymer  was recovered  by f i l t r a t i o n  an d  p u r i f i e d  as fo r  the 

mater ia ls  where  ch lor ide  was the anion.  These m ate r ia ls  a re  label led as 5a - 

8 a fo r  the PV P  polymers  a n d  9a - 12a fo r  the  PV I  polymers.
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[Os(bipy)2 (PV P) |g ]C l 2 , Compound 13:

[Os(bipy)2 Cl2 ] (57 mg, 0.1 mmol)  an d  PVP (104 mg, 1 mmol)  were 

hea ted  at r e f lux  in 75 cm e th ano l -w ate r  (50:50) in the  d a rk  fo r  8 days. The  

meta l lopolymer  was recovered  by solvent  s t r ipp in g  an d  subsequen t  d isso lu t ion  in 

m ethano l  fo l lowed by prec ip i t a t ion  into  d ie thy le the r  an d  v a c u u m  dried.  The  

reac t ion  could also be ca rr ied  out  in e thy lene  g lyco l /w a te r  m ix tu re s  w i th  some 

r educ t ion  in  the r e f lux  time. Yield 146 mg, 91%.

[Os(bipy)2 (PVI)|Q]Cl2 , Com pound  j_4:

This  polymer  was p repa red  as r epo r ted  above f o r  the ana logous PYP 

polymer.  Yie ld  87%.

Meta l lopo lymers  of  the type  [Os(bipy)2 PolCl]Cl /  

[Os(bipy)2 Pol2 ]Cl2  (pol=poly(4-v iny lpyridine)  or po ly (N-vinyl imidazole ))  

could  be isolated du r ing  the p repa ra t ion  of  13 an d  14. respect ively.  The  

reac t ions  a ppe a r  to be s tepwise in n a tu r e  w i th  the [Os(bipy)2 PolCl]Cl species 

being  in i t ia l ly  fo rm e d  befo re  the second ch lor ide  an io n  is d i sp laced  to give 

the [Os(bipy)2 Pol2 ]Cl2  species. Thus  by isolat ing the products  du r in g  

the reac t ion  any  desired rat io  of  mono to bis subs t i tu ted  product s  could  be 

obtained.  The  propert ies  of  these mater i a ls  are  s im ila r  to a com b ina t ion  of 

those associated w i th  the ir  respect ive const i tuents .

[Os(bipy)2 ( PV P) 1 0 Cl]Cl/[Ru(b ipy)2 (PV P) 1 0 Cl]Cl, C om pound  15 :

To 57 mg (0.035 mmol) of  [Os(bipy)2 (PVP)jQCl]Cl  (6 ) in 75 c m 3 

methanol ,  [ R u i b i p y ^ C ^ ]  (17 mg, 0.035 mmol) was added  and  the  solut ion 

re f lu x ed  in the d a rk  fo r  three days.  The  resu l t ing  m eta l lopo lym er  was



recovered  by p rec ip i t a t ion  into diethy l  e ther  (3x) an d  v a c u u m  dried.  Yie ld 6 8  

mg, 92%.

[Os(bipy)2 (PVI)jQCl]CI/[Ru(bipy)2 (PVI)j()Cl]Cl, C om pound  1_6:

To 53 mg (0.035 mmol) of  [Os(bipy)2 (PVI)joCl]Cl  ( 10) in  75 cm 3

methanol  [ R u t b i p y ^ C ^ ]  (17 mg, 0.035 mmol)  was ad d e d  and  the  solut ion 

r e f lu x ed  in  the d a rk  fo r  24 hours. The  resu l t ing meta l lopolymer  was recovered  

by p rec ip i ta t ion into di ethy l  e ther  (3x) and  v a c uum  dried.  Yie ld  62 mg, 8 8 %.

[Ru(bipy)2 (PV P) 1 0 ](Cl)2 / [Os(bipy)2 ( PV P)1 0 Cl]Cl, C om pound  17.

To 62 mg (0.04 mmol) of  [Ru(bipy )2 (PVP) |Q](Cl ) 2  (2) dissolved in 

75 c m 3 methano l  23 mg (0.04 mmol) of  [ O s t b i p y ^ C ^ ]  were added .  The

resul t ing so lut ion was re f luxed  in the d a rk  f o r  3 days.  The  p ro d u c t  was

recovered  as descr ibed above an d  p u r i f i e d  by p rec ip i t a t ing  th ree  t imes in 

d ie thy l  e ther  f rom  methanol .  Yield 67 mg, 80%.

[Ru(b ipy) 2 (PVI)jg](Cl)2 / [Os(b ipy)2 (PVI)jqCIJCI,  C om pound  J_8 .

This  mixed  r u th e n iu m /o s m iu m  meta l lopo lymer  was p repa re d  f r o m  compound  

4 and  p u r i f ie d  as given above fo r  compound  1_7. Yield 85%.

[Os(bipy)2 (PV P) 1 0 ](Cl)2 / [R u (b ipy ) 2 (PVP) 1 0 ](Cl)2 , Compound  19.

To [Os(bipy)2 (P'V'P)1Q](Cl) 2  ( 13) (50 mg, 0.03 mmol)  in 75 c m 3 

m ethano l  [ R u i b i p y ^ I ^ O ^ K C I O ^  (19 mg, 0.03 mmol) was added .  The 

resul t ing solut ion was re f lu x ed  in the d a rk  fo r  3 days.  The  p ro d u c t  was

recovered  by prec ip i t a t ion  in di ethy l  e the r  an d  vacuum  dried.  Yie ld 60 mg,

86%.
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[Os(bipy)2 (P V I)1g](Cl)2/ [R u (b ip y )2(PVI)|Q](Cl)2 , C om pound  20.

This  meta l lopo lymer was p repa red  as given above fo r  c om pound  J_9 using 

[Os(bipy)2 (PVI)|Q](Cl ) 2  ( 14) as s ta r t ing  mater ia l .  Yie ld  82%.

The  fol lowing compounds  were synthesi sed using l i t e r a tu r e  methods  

[14,17,31] f r o m  Os(bipy)2 Cl2  pic = 4 -m e thy lpyr id ine ,  m im  = 

N-methyl imidazole .  [Os(bipy)2 (pic)Cl](PFg), (21). Ca lcu la te d  fo r

C26C1F6H 23N 50 s P  C:40.22; H:2.96 and  N:9.02. F o u n d  C:40.57; H:3.02 and

N:9.07. [Os(bipy)2 (pic)2 ](PF^)2 , (22). Ca lcu la te d  fo r

C 32F 12H 30N 6OsP2 C:39.26; H:3.06 an d  N:8.58. F o u n d  C:39.32; H:3.10

an d  N:8.59. [Os(bipy)2 (mim)Cl](PFg),  (23). Ca lcu la te d  for

C2 4 C1F 6 H 2 2 N 6 OsP C:37.66; H:2.87 and  N:10.98. F o u n d  C:37.32; H:2.74 and

N:10.51. [Os(bipy)2 (mim)2 ](PFg)2 , (24). Ca lcu la ted  fo r

C 28F 12H 28N 80 s P 2 C:35-14; H:2.92 an d  N:11.71. F o u n d  C:35.16; H:2.87

and  N:11.79.

Section 2.3 Resul ts  and Discussion.

Section 2.3.1 G e ne ra l :

In  the l i t e ra tu re  some repor ts  o f  osmium po lypyr idy l  con ta in ing  

po lymeric  mate r ia ls  have appeared ,  however  in these cases heav i l y  crossl inked 

mate r ia ls  were fo rm ed  by e lec tropolymer isa t ion at  e lec trode  su r faces  [32-34], 

This  p rocedure  typical ly  gives rise to insoluble  produc ts  in w h ich  the  r a t io  of 

metal  centres  : po lymer un i ts  is d i f f i c u l t  to contro l  or  de te rmine .

This  r epor t  is the f i r s t  a t t e m p t  to systemat ica l ly  inves t iga te  a 

series of  metal lopo lymers  in which  mul t ip le  metal  centres  a re  bound  to a
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pre fo rm ed  po lymer  backbone.  The syn the t ic  approach  used is to react  the 

a pp rop r ia t e  metal  complexes wi th  p re formed  PVP or PVI,  so that  crosslinking can 

be avoided  a n d  soluble polymers are  obtained.  In this  m anne r  the mater ia ls  

can be c h a rac te r i s ed  in solut ion and  as thin f i lms  on electrode surfaces.

The  fo rm a t io n  of  the  d i f f e r e n t  meta l lopolymers  is based on the well 

docum en ted  lab i l i ty  of  the  chlor ide ions in the  complex [M(bipy)Cl2 ], M = Ru, 

Os. Ex tens ive  s tudies have  shown tha t  the f i r s t  ch lor ide  ion is easily removed 

by r e f lu x in g  in  methano l  or e thanol ,  whereas  the removal  of  the second chlor ide 

occurs  only in aqueous solut ions or in high boi l ing point  organic  solvents 

[17,20,26,27,35]. T he re fo re ,  in syntheses  which aimed to prepare

m onosubs t i tu ted  mater ia ls  such as [Os(bipy)2 (PVP)jQCl]Cl  e thanol  was used 

as a so lvent  (see react ions 1 an d  2 ), whereas  f o r  the  synthesis  of  species such 

as [Os(bipy)2 (PVP)jQ]Cl2  w a te r  was a d d e d  to the react ion mix tu re  (see 

r eac t ions  1-4, S = solvent)

[M(bipy)2 Cl2] + S — -> [M(bipy)2 (S)Cl]+ + Cl ' (1)

[M(bipy)2 (S)Cl]+ + Pol — -> [M(bipy)2 (Pol)Cl]+ + S (2)

[M(bipy)2 (Pol)Cl]+ + H 20  — -> [M(bipy)2 (Pol)H2 0 ] 2+ + C1‘ (3)

[M(bipy)2 (Po l)H 2 0 ] 2+ + Pol - - >  [M(bipy)2 (Pol)2]2+ + H 20 (4)

M =Ru or Os.
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The osmium polymers  a re  p repa re d  in a s imilar  way to the corresponding  

r u th e n i u m  polymers, but  because of  the iner tness  of osmium complexes longer  

r e f lu x  t imes are needed. The  syn th e t ic  f l ex ib i l i t y  of  the p rocedure  is ev iden t  

s ince mater ia ls  with d i f f e r e n t  meta l  to polymer  ratios can be p r ep a re d  easily 

by add ing  the appropr iat e  am oun ts  o f  reactants .  The polymer backbone  can be 

c hanged  p rovided  it has a p e n d a n t  coord ina t ing  group and  the n a tu r e  of  the 

m eta l  cent re  can also be var ied.  The  meta l  loading of the mater ia ls  repor ted  

he re  is based on the qu a n t i ty  o f  s ta r t ing  mater ia l  employed,  assuming complete  

reac t ion.  This  assumption is suppor ted  by the cont inuous m on i to r ing  of  the 

reac t ions  using spectroscopic an d  elec trochemica l  techniques. The  coo rd ina t ion  

a r o u n d  the metal  ions was exam ined  by comparison of the spectroscopic  and  

elec trochemica l  propert ies  o f  the polymers  w i th  those of  ap p ro p r i a t e  model 

compounds  (vide infra) .  A pp ro x im a te  ex t inct ion  coeff ic ient s  have  also been 

eva lua ted ,  this  is however ,  compl ica ted  by problems as to the degree  of  

h y d r a t i o n  of  the homopolymers  an d  the subsequent  metal lopolymers .  The  

ex t inc t ion  coeff ic ients  however ,  r em a in  usefu l  fo r  examin ing  the r a t io  o f  metal  

cent res  to polymer units.

Section 2.3.2 Glass Transi t ion  T e m p e r a t u r e .

T h e  e ff ec t  of  metal  loading  an d  the na tu re  of  the coun te r ion  in  the 

[Os(bipy)2 (PVP)n Cl]X an d  [Os(bipy)2 (PVI)n Cl]X meta l lopo lymers ,  where 

the  coun te r io n  X is chlor ide  or perchlo ra te ,  on Tg, has been examined .  The 

the rm al  s tabi l i ty  of  the metal  cen tres  in these mater ia ls  means t h a t  i t  is 

possible to examine Tg as a f u n c t io n  of redox site loading.  

[Ru(b ipy ) 2 Cl]Cl uni ts have  been used previously as probes of  s t r u c tu r e  and
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dynamics  in qua te rn ised  poly(4-v iny lpyr idine)  [24]. Tab le  2.3.2.1 shows tha t  

the glass t rans i t ion  tem pe ra tu re  is sensi t ive to the meta l  loading,  wi th  To
increasing cons iderably over  the homopolymer  values  w i th  increas ing metal  

loading. Thoroughly  dr ied  po ly-4-v inylpyr id ine  has  a glass t rans i t ion  

tem pe ra tu re  of  approx im ate ly  142°C which is largely i n d e p e n d e n t  of  molecular  

we ight  [37], The  h igher  glass t rans i t ion  t em p e ra tu re  w i th  increas ing  metal  

con ten t  most  l ikely ref lec ts  a g rea ter  d i f f i c u l ty  in ob ta in ing  f lu id  like 

mot ion  w i th in  the metal lopolymers ,  as the molecu la r  we igh t  is increased by 

ad d i t io n  of  metal  centres.  We have a t t em pted  to corre la te  these observat ions 

wi th  the rm odynam ic  pa ramete rs  observed fo r  charge  t r a n s p o r t  th rough  f ilms of  

these mater ia ls  immobil ised on electrode surfaces ,  when in con tac t  wi th  aqueous 

electrolyte  [Chapters  4-6], [19], U n d e r  ce r ta in  c i rcumstances  two ac t iva t ion  

energies  fo r  homogeneous charge  t ranspor t  are observed.  Th is  be h a v io u r  will  be 

cons idered  more extensively in Chapters  4 and  5 but  it  appears  to be connected 

wi th  the in te r n a l  polymer  organisat ion.  H ow ever  the t em p e ra tu re  a t  which  the 

change  in ac t iva t ion  energy  occurs, typ ica l ly  285 K  fo r  the

po ly(4-v inylpyr id ine)  metal lopolymers ,  is s ign i f ican t ly  d i f f e r e n t  f rom  the 

glass t rans i t io n  tem pera tu res  repor ted  here  an d  canno t  there fo re ,  be direct ly  

connected.  G iven  tha t  the  electrochemica l  measurem ents  a re  m ade  on th in  f ilms 

in contac t  w i th  an aqueous elec trolyte  this  is not  en t i re ly  unexpected .

PVP is thermal ly  s table  in a n i t rogen  a tm osphere  up  to 300 - 350

°C. On convers ion  to the acid salt  or 1 -a lky lpyr id in ium  salt  the thermal  

s tabi l i ty  decreases , the decrease being a f u n c t io n  of  the  ex ten t  of

qua te rn is a t ion .  For  the mater ia ls  descr ibed here  how ever  no loss of  thermal

stab i l i ty  via  D.S.C measurements  is observed and  both spectroscopic  and  

e lectrochemical  measurements  suggest tha t  the meta l lopolymers  do not  decompose
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Table  2.3.2.1. Glass t rans i t ion  Tem pera tu res  for  [Os(bipy)2 (Pol)nCl]X 

polymers.

Compound

X=C1~

x=cio4~

Tg (°C ) Compound Tg ( ° c )

PVP 143 PVI 182

5 230 9 260

6 205 10 226

1  192 11 207

8  180 12 193

5a

6a

la

8a

252

223

209

189

9a

10a

11a

12a

278

240

217

198
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1- a lk y lpy r id in ium  salts is general ly  accepted as occur r in g  in two stages: loss

of  the 1-alkyl group and  scission of  the po lymer backbone  [38]. T h a t  these

metal  con ta in ing  polymers  remain  stable  suggests a s t rong  c oord ina t ion  be tween  

the metal  and  polymer ni trogen.

The  glass t rans i t ion  tem pera tu re  of  the  pe rch lo ra te  salt  o f  these

polymers  shows an increase over  those values o b ta ined  when  chlo r ide  is the 

counter ion .  For  qua te rn is ed  PVP f i lms con ta in ing  f e r rocya n ide ,  in con tac t  wi th  

perch lo ra te  con ta in in g  solut ions [39], i t  has been  recen t ly  proposed,  t h a t  a 

nea r ly  comple tely d e h y d ra t ed  mate r i a l  resul ts,  w i th  consequen t ia l  loss of 

in te rna l  f lu id  l ike motion. It seems l ikely th a t  such a process is also 

occuring in  these polymers  and  tha t  this is being re f l ec ted  in the  Tg 

measurements .

Section 2.3.3 Absorpt ion and  Emission Spectroscopy.

Elec t ron ic  spectroscopy has proved  use fu l  in the  c ha ra c te r i s a t ion  of 

r u th e n iu m  con ta in in g  polymers  [16,17], In  pa r t i cu l a r  the posi t ion of  the 

lowest  absorpt ion m ax ima  and  the waveleng th  of  emission a re  of ten  

c harac te r is t ic  fo r  a pa r t i cu la r  r u th e n iu m  moiety,  an d  by compar ison wi th  

mononuclear  model  compounds,  the c oord ina t ion  sphere of  the  metal  ion bound  to 

the  polymer  backbone  can be establ ished.  The  da ta  ob ta ined  fo r  the absorp t ion 

a nd  emission spectra of  the  metal lopolymers ,  together  wi th  da ta  ob ta ined  fo r  

some model compounds,  have  been given in Tab le  2.3.3.1. The  spectral  f ea tu re s  

observed are  typical  of  osmium an d  r u th e n i u m  compounds  respect ively.  A 

de ta i led  analysis  of  the spectroscopic f ea tu re s  of  osmium and  r u th e n iu m  

compounds  has been given elsewhere, [16-20,26-27,31] and  will  not  be cons idered

at  t em pera tu re s  of  up to 300 °C. The deg ra d a t io n  in the polymer ic
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Table  2.3.3.1 Spectroscopic a nd  Elect rochemica l  Da ta  fo r  the  M eta l lopo lymers  

and Monomeric  Model Compounds.

A  max, abs 

nm a (log 6 )

A  max,em 

r . t . / nm a

A  max,em 

77K / n m a

F OX
1 / 2

V b
E l / 2

V

1 498 (3 .92 , 440 3 . 8 7 ) 704 680 0 . 7 5 - 1 . 5 0

2 455 (4 .01 , 464 4 . 0 5 ) 604 594 1 . 2 5 - 1 .3 6

3 502 (3 .7 5 , 347 3 . 7 3 ) 638 626 0 . 5 7 - 1 . 4 8

4 485 (3 .9 7 , 345 3 . 8 6 ) 626 617 0 . 8 6 - 1 . 4 0

5 364

486

(4 .0 5

(4 .04

, 431

, 730

4 . 0 8 )

3 . 4 5 )

“ — 0 . 3 5 - 1 . 4 7

£ 364

524

(3 .72

(3 .6 7

, 431 3 . 6 5 ) — — 0 . 2 3 - 1 . 5 7

13 354

616

(4 .23

(3 .46

, 444 4 . 0 8 ) 764 750 0 . 7 5 , 2 . 1 5 - 1 . 1 5

1 1 344

496

(3 .67

(3 .8 8

, 404

, 6 6 6

3 . 5 9 )

3 . 0 7 )

758 748 0 . 4 8 - 1 . 3 0

15 358 (4 .2 8 , 486 4 . 1 8 ) 716 684 0 . 3 5 , 0 . 7 5 - 1 . 5 2

16 354 (4 .14 , 506 4 . 1 3 ) 700 684 0 . 2 5 , 0 . 6 7 - 1 . 6 0

17 352

486

(4 .3 5

(4 .20

, 432 4 . 2 1 ) 650 616 0 . 3 3 , 1 . 1 5 - 1 . 4 8

18 346 (3 .94 , 488 3 . 9 3 ) 643 626 0 . 2 2 , 0 . 8 8 - 1 . 6 2

1 1 352

480

(4 .28

(4 .22

, 432 4 . 3 3 ) 618

7 3 0 ( s h )

600

750

0 . 7 5 , 1 . 1 5 - 1 . 1 5

2 0 344 (4 .14 , 488 4 . 0 3 ) 650 632 ,754 0 . 4 8 , 0 . 9 5

2 1 358

506

(4 .07

(4 .08

, 428 

, 730

4 . 0 9 )

3 . 4 9 )

— 0 . 3 3 , 1 . 7 8 - 1 . 4 6

2 2 358

442

(4 .24

(4 .09

, 390 

, 610

4 . 0 2 )

3 . 5 0 )

766 750 0 . 7 3 , 2 . 2 0 - 1 . 3 2

23 365 (3 .92 , 430 4 . 1 2 ) - - 0 . 2 3 - 1 . 5 7

24 346

512

(3 .86

(3 .85

, 416

, 6 8 6

3 . 8 0 )

3 . 3 7 )

754 750 0 . 9 5 - 1 . 3 0

red

b

a m easured  in  m e t h a n o l ,  compounds 2 1 - 2 4  m easu red  in  a c e t o n i t r i l e .  

b e l e c t r o l y t e  0 . 1  M T E A P / a c e t o n i t r i l e
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here. The electronic  t rans i t ions  observed in the visible r eg ion  are  a t t r ib u t e d  

to metal- to- l igand charge  t r a n s fe r  bands (MLCT), whi le  the  emission is thought  

to occur  f rom  a l igand based t r iple t  state. The  spect ra  ob ta ined  fo r  the 

polymers  5 - 12 do agree well wi th  those observed f o r  the  model  compounds  21 

and  23. (see Figures  2.3.3.1 and  2.3.3.2). Fo r  these model  compounds  and  

metal lopolymers  no emission was observed.  This  suggests a coo rd ina t ion  of  

[OsN^ClJCl fo r  these polymers . Due to the spect ral  complex i ty  however  no 

d e f in i te  ass ignment  of  the  coord ina t ion  sphere a ro u n d  the  osmium ion can be 

made  f rom  the absorp t ion d a ta  alone. The  abso rp t io n  spect ra  of  the  osmium 

polymers  13. and  14 are ve ry  s imilar  to those observed fo r  the model  compounds  

22 a nd  24 respect ively.  A s ign i f ican t  f e a tu re  of  the  uv-v is ib le  d a ta  is the 

s imila r i ty  of  the ext inc t ion  coeff ic ien ts  be tw een  the po lymer ic  an d  monomeric  

species. Also fo r  both sets of  compounds emission s ignals  a t  abou t  750 nm  are 

observed.  This  s t rongly suggests the presence o f  the [OsNgJC^  moie ty  in 

these polymers,  so tha t  two ni t rogen  uni ts  f r o m  the po lymer  backbone  are  bound 

to the  osmium centre.  These observat ions are  in agreem en t  w i th  the  synthe t ic  

condi t ions  employed.

The  spectra  ob ta ined  fo r  the mixed meta l  compounds ,  show the  presence 

of  bo th  metal  centres,  bu t  the complexi ty  of  the  spectra  p revents  a conclusive 

analysis  of  the composi t ion of  the materia ls .  More speci f ic  i n fo r m a t io n  can be 

ob tained  f rom  the emission spectra.  For  the mixed  polymers  1_5 an d  J_6 the 

presence of  an emission m ax im um  at  abou t  700 nm  can, by comparison  wi th  

analogous compounds [41], be expla ined  by the presence of  a [RuN^Cl]Cl  

moiety.  As an t i c ip a ted  no ev idence for  an  osmium based emission was observed 

in these materia ls .  For  the  polymers  12 and  18 an emission at  abou t  625 nm at  

77 K  is ind ica t ive  fo r  the presence of  [ R u N g J C ^  groupings [15-19].
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Figure 2.3.3.1. Uv-v is ible  spect rum of  meta l lopolymer  5  and  

model compound 21_. Spec trum of  the m eta l lopo lym er  was 

recorded in methanol ,  model compound  in acetoni t r i le .  

Sample concen t ra t ion  10' 4  mol d m ’3.

6 1
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W a v e l e n g t h  (nm)

Figure  2,3.3.2. Uv-visible spect rum of  m eta l lopo lym er  9 and  

model  compound  22. Spectrum of  the m eta l l opo ly m er  was 

recorded  in methanol ,  model  compound in  acetoni t r i le .  

Sample concen t ra t ion  10‘ 4  mol dm ’3.
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Figure  2.3.3.3. (a) R oom  tem pe ra tu re  and  (b) 77-K emmision

spectra  of  meta l lopo lymers  19 and  20 in methanol .  Sample 

concen t ra t ion  1 0 ' 4  mol d m ' 3.
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For  these compounds  no osmium based emission was observed.  Fo r  po lymer J_9 

emission signals a t  room tem pera tu re  are  observed  at 618 nm  w i th  a shoulder  at  

730 nm. At  77 K  emission maxima  at 600 a n d  750 nm  a re  observed fo r  these 

materia ls .  The  posi t ion of  these maxima,  and  the  r a t h e r  large d i f f e r e n c e  in 

the high ene rgy ba nd  be tween  room t e m p e ra tu re  a nd  77 K,  suggest  tha t  this band  

is due  to emission f r o m  the [ R u N ^ J C ^  moiety,  whi le  the  tem pe ra tu re  

insensi t ive b a nd  at  750 nm most  l ikely rep resen ts  emission f rom  the 

[OsNg](Cl ) 2  uni t .  The  response observed fo r  [ O s i b i p y ^ P V ^ K C l ^ /

[Ru(b ipy)2 P V l 2 ](Cl) 2  (2 0 ) is s imilar  wi th  a r u th e n i u m  emission occurr ing  

at  643 and  618 nm fo r  room tem pera tu re  a n d  77 K  respect ively.  The  osmium 

emission is less sensi t ive to t em pera tu re  an d  occurs  a t  758 an d  748 nm 

respect ively.  Th is  behav iou r  is i l l us tr at ed  in F igu re  2.3.3.3. Where 

s ign i f ican t  exc i ted s ta te  in te rac t ion  exists be tween  meta l  centres  e.g in 

dimer ic  complexes [42], a single emission is observed  f r o m  the lowest  energy  

state. The  f a c t  th a t  bo th  centres  in these mate r i a ls  emi t  (a t  least a t  this  

loading an d  in solut ion)  suggests tha t  s ign i f ican t  exc i ted s ta te  i n te rac t ion  is 

absent .

Section 2.3.4 Elect rochemica l  Propert ies .

The  mate r i a ls  obtained  were f u r t h e r  charac te r is ed  using 

elect rochemica l  techniques.  The fo rm a l  po ten t ia l s  of  the  M(II / I I I )  redox 

couple of  the meta l lopo lymers  coated as t h in  f i lms  on glassy carbon  electrodes 

have  been listed in Table  2.3.3.1. A typical  cyclic  vo l tam m ogram  of  a mixed 

metal  meta l lopo lymer  ( 15) has been given in F igu re  2.3.4.1. As expected the 

osmium analogues o f  previously r epor ted  ru th e n i u m  meta l lopolymers  show

64



0.2  0.4  0.6 0.8 1.0
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Figure  2.3.4.1 Cyc l ic  vol tammogram of  m eta l lopo lym er  15. 

deposi ted as a t h i n  f i lm  on a glassy carbon electrode.  

Electro lyte  0.1 M  T E A P/Ace to n i t r i l e .  Su r face  coverage  1 x 

10' 8 molcm-2. E lec t rode  a rea  0.0706 cm 2. Scan r a t e  5 

mV/s.
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reversible r edox couples at less posit ive po tent ia ls  [31,35-36]. The  redox  

potent ia ls  ob ta ined  fo r  compounds 5 - 1 2  d id  not  show any  v a r i a t ion  wi th  the 

metal  loading.  When examined  as su r face  deposits  these meta l lopolymers  show 

surface  behav iou r  [43] a t  slow sweep rates ,  w i th  peak  cu r ren ts  d i rec t ly  

proport iona l  to the scan rate. At  scan rates  h igher  t h a n  20 m V /s  ap p a re n t  

semi- in f in i te  d i f f u s io n  [43] is observed w i th  the peak  c u r r e n t  being  

p roport iona l  to the  squa re  root  of  the scan rate.  T he  ra t e  of  charge  

t ranspor t  fo r  the  PVP an d  PVI meta l lopolymers  has been ex tens ively  exam ined  as 

a f u n c t io n  of  e lectrolyte,  pH, redox site load ing  and  t em p e ra tu re  and  wil l  be 

discussed in  Chap te rs  4, 5 and  6 .

Table  2.3.3.1 shows tha t  the posi t ion of  the Os(II / I I I )  ox ida t ion  is 

sensi t ive to the n a tu re  of  the osmium moiety an d  tha t  the  syn th e t ic  condi t ions  

ou t l ined  here  resul t  in the fo rm a t ion  of  only one e lec troac t ive  product .  By 

comparing  the redox  potent ia ls  ob ta ined  fo r  the meta l lopolymers  w i th  those of 

analogous polymeric  [15-19] and  mononuclear  model  compounds ,  ass ignments  abou t  

the n a tu re  of  the  polymer  bound moiet ies can  be made.  These assignments  are  in 

total  agreement  wi th  those given above based on the abso rp t io n  and  emission 

results.  The  redox  potent ia ls  obtained fo r  the ru th e n i u m  groups in the mixed 

metal  po lymers  are in close agreement  w i th  those r epor ted  ea r l ie r  f o r  polymers  

only con ta in in g  ru th en ium.  This  coupled  to the  f ac t  t h a t  the w a v e f o rm  remains 

und is to r te d  suggests tha t  l it tle in te rac t ion  exists be tween  the  meta l  centres  

[4 4 -4 7 ], The  redox potent ia ls  observed fo r  a pa r t i c u l a r  osmium or r u th e n iu m  

moiety in d i f f e r e n t  metal lopolymers  are  the same w i th in  e xpe r im e n ta l  error.

For  some of  the  osmium con ta in ing polymers  an  a dd i t iona l  i r rever s ib le  oxidat ion  

was observed at  a round  2 V vs SCE. This  ox ida t ion  has, by comparison  wi th  da ta  

reported  fo r  analogous compounds,  been assigned to the Os(II I / IV)  redox couple
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[31]. Also da ta  fo r  the f i r s t  r educ t io n  potent ia l s  were ob tained.  As in other  

s im ila r  compounds  these reduc t ions  are though t  to be b ipy r idy l  based [48], No 

de ta i led  analysis  of these reduc t ions  was ca r r ie d  out  however ,  as in most  cases 

only a single reduc t ion  is observed,  it  is no t  possible to de f in i t e ly  assign 

these reduc t ions  to e i ther  the osmium or r u th e n i u m  moities.

The  n a tu r e  of  any  ground s ta te  i n te r ac t ion  can also be inves t iga ted  by 

eva lu a t ing  cha rge  t ransport  ra tes th rough  th in  f i lms of  these mater ia ls .  

Ch ronoam perom et ry  was used to eva lua te  homogeneous charge  t r a n s p o r t  rates, 

given as fo r  both Os(II / II I)  an d  R u ( I I / I I I )  ox ida t io n  fo r  glassy carbon

electrodes m o d i f ie d  wi th  f i lms of  the mixed  o s m i u m / r u th e n i u m  polymers . The  

Cott rel l  behav iour  fo r  e lectrodes m o d i f i e d  w i th

[Os(bipy)2 ( P V P ) 1 0 Cl]Cl/[Ru(bipy)2 (P V P ) 1 0 Cl]Cl (compound  15) in 0.1 M 

te t r ae thy l  am m on ium  perchlora te  is i l l us tr a ted  in  F igure  2.3.4.2. Th is  c lear ly  

shows tha t  the rate  of  charge propogat ion  th rough  the polymer  phase  via the 

osmium centres  is more rap id  t h a n  th rough  the r u th e n i u m  centres ,  is 2.1 x

10‘ 9  cm^s" 1 a n d  9.8 x 10‘ ^ c m 2 s'* fo r  the osmium and  r u th e n i u m  

centres  respectively.  The  same values  were ob ta ined  f o r  the co rresponding  

polymers  con ta in ing  only osmium or r u th e n i u m  centres,  i.e c om pound  6  and 

compound  h  This  suggests th a t  l i t t le in te rac t ion  exists be tween  the r edox 

centres . The  ac t iva t ion  energies  fo r  these mixed meta l  polymers  a re  also 

s imi lar  to the i r  single metal  analogues. In the above e lec tro ly te  the osmium 

ac t iva t ion  energy is 20 kJ /M ol  whi le  the r u th e n iu m  ac t iva t ion  energy  is 15 

kJ /M ol ,  these values  are  the same to w i th in  exper imen ta l  e r ro r  to those 

ob ta ined  fo r  compounds  6  and  1_. O the r  e lectrochemical  d a ta  inc lud ing  the 

reac t ion  ent ropy ,  which has proved  i tse lf  sensi t ive to changes in r edox  cent re
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so lva t ion [32] remain cons tant  a t  a va lue  of  19.5 J / M o l / K  on going f r o m  the 

m onometa l l i c  to the bimetal l ic  polymers.

Section 2.3.5 Photochemical  Propert ies .

Ea r l i e r  work on r u th e n iu m  based  meta l lopo lymers  has show n  these 

polymers  can  be photolabile ,  a n d  the  pho tochem ica l ly  induced  l igand  exchange  

reac t ions  have  been s tudied  in some de ta i l  [49]. Because of  the  presence  of  

two d i f f e r e n t  absorbing species in  the  m ixed  metal  polymers  the  use of  

absorp t ion  spectroscopy is o f  l i t t le  v a lue  fo r  m on ito r ing  such l igand  exchange  

react ions.  However ,  cyclic v o l t a m m e t r y  can  be used to exam ine  the  

pho tochem is t ry  of  thin  f i lms o f  the po lymers  r epo r ted  here. I t  was fo u n d ,  t h a t  

meta l lopo lymers  conta in ing only o sm ium  centres ,  are  photostable  bo th  in 

m ethano l  solut ion and  as th in  f i lms  on  glassy ca rbon  electrode su r faces  in a 

w ide  va r i e ty  o f  e lectrolyte  salts a n d  solvents .  Th is  photostab i l i t y  o f  osmium 

compounds  w i th  respect  to the ana logous  r u th e n i u m  compounds  is gene ra l ly  

accep ted  to arise because of  the  i nc reased  ene rgy of  the  a n t i -bond ing  

dd-orbi ta ls ,  responsible fo r  the  p ho toche m ic a l ly  i nduced  l igand exchange  

reac t ions  [50], Both the [RuN^ClJCl  a n d  the  [RuNg]Cl2  moiet ies showed 

p ho tochem ica l ly  induced pho tosubs t i tu t ion ,  w i th  the  p roduc t  in bo th  cases 

h a v in g  a redox  potent ia l  of  abou t  800 m V vs SCE. A typ ica l  example  of  cyclic  

vo l tamm ogram s  taken du r in g  the photo lysi s  o f  an  electrode m od i f ied  w i th  po lymer  

15 has been given in Figu re  2.3.5.1. I t  can be seen th a t  the  osmium redox 

couple  remains  stable but  tha t  the  s ignal  o r ig ina l ly  observed fo r  the r u th e n i u m  

redox  couple  shi f t s  upon photolysis  f r o m  650 to abou t  800 mV vs SCE. Such a 

s h i f t  has in  o ther  ru the n ium  c o n ta in in g  polymers  been expla ined  by a l igand  

exchange  reac t ion  as in react ion 5:
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Figure  2.3.5.1 Photochemica l ly  induced l ig and  exchange

react ions in a thin,  e lectrode bound f i lm of  m eta l lopo ly m er

15 using 1 M aqueous  HCIO4  as electrolyte.  Scan  ra te  100

0 9
mV/s.  Su r fa c e  coverage 1 x 10 molcm . In te rva l

between scans 30 seconds.
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h v / H 20

[Ru(b ipy)2 (PVP)Cl]+ f c -  [Ru(bipy)2 (PVP)H2 0 ] 2+ + Cl" (5)

The  sh if t  in po ten t ia l  observed  here is in agreement  w i th  such a l igand 

exc hange  [50]. The  pho tochemica l ly  induced l igand  subs t i tu t ion  of  the

ru th e n i u m  meta l lopolymers  provides  a convenient  means of  chang ing  the redox 

po ten t ia l  of  the su r f a c e  immobil i sed  species. This  has po ten t ia l  appl icat ions  

in  sensor  deve lopm ent  a n d  in fo rm a t io n  storage whi le  the  photostab le  osmium

cen tr e  can act  as an i n te r n a l  s tandard .  It is also im p o r ta n t  to real ise  tha t  

the clear  d i f f e re n c e  in redox  potent ia l  between the  [R u ( N ) ^ H 2 0 ] C l 2  and 

o ther  moiet ies s t rongly suggests tha t  no s ignif icant  am oun ts  of  this  aquo 

species are present  in the  polymers  prepared.  Since the photochemica l ly

in d u ce d  l igand  exc hange  can  be complete,  it is a conven ien t  w ay  of  p repa r ing  a 

pu re  species th a t  canno t  be synthesi sed  by direct  methods.

Section 2.3.6 Meta l lopo lvmer  D i f fu s io n  in Solution:

The possibil i ty o f  label l ing,  a t  a low loading,  macromolecules  wi th  an 

elec troac t ive  cent re  a n d  then  de te rmin ing  thei r  d i f f u s io n  ra te  in solut ion 

using conven t ional  e lec trochemica l  procedures  has been inves t iga ted  using the 

[Os(bipy)2 Cl]+ redox centre .  A low loading of  1:100 Metal  cen tre :monomer  

un i ts  was used. Since th is  increases the molecular  weight  by only 5% and 

el iminates  only 5% o f  the  p e n d a n t  ni t rogens the e f f e c t  of  the  label  on the

macromolecules  d i f f u s io n  r a t e  is expected to be minimal .  The  e f f e c t  o f  the 

molecula r  we ight  on this  d i f f u s io n  rate  was considered using a series of  

po ly ( 4 -v inylpyrid ine)  po lymers  of  d i f f e r in g  molecular  weights  (as de te rm ined
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using viscometry)  over  the range  My= 16,000 to 360,000 g/Mol. The  

possibi li ty  of  es tabl ish ing  a re la t ion  between polymer  molecu la r  mass an d  its 

d i f f u s io n  coe f f ic i en t  in solut ion is a t t r ac t iv e  given the  d i f f ic u l t i e s  in 

de te rm in ing  polymer  molecula r  weights  fo r  n i t r ogen  con ta in ing  polymers  by 

conven t ional  methods such as gel permeat ion  ch rom a tog raphy .  The  d i f f u s io n  rate  

o f  these metal lopolymers  in a background  e lec trolyte  o f  0.1 M te t ra -e thy l  

am m on ium  perchlo ra te  (TEAP) in acetoni t r i le  was m easu red  using conven t iona l  

cyclic vo l tamm etry  an d  poten t ia l  step c h ronoam perom et ry .  At  this level of  

loading  reproduc ib le  s ignals  were obta ined  w h ich  fo l low ed  the  conven t iona l  

models fo r  d i f fu s io n  in  solut ion. An  increase in  m olecu la r  we igh t  f r o m  6,000 

to 180,000 g/Mol in i t ia l ly  decreases  the solut ion d i f f u s i o n  ra te  a f t e r  which  

po in t  D sojn remains  cons tan t  w i th  f u r t h e r  increase  in  the  polymer  molecula r  

we igh t  (see F igu re  2.3.6.1). The  rat e  of  polymer  d i f f u s i o n  in  solut ion is of  

the order  of  1 0 ' ^  cm^s'* compared  to a ra te  o f  1 0 "^ - 1 0 ’^ c m V *  

w h ic h  would be expected fo r  monomeric  species. These  observa t ions  suggest  tha t  

the t rans i t ion  f r o m  monomer ic  to polymeric  species s ign i f ic a n t ly  r e t a rd s  the 

molecules  movem ent  th ro u g h  solut ion, bu t  t h a t  changes  in the mass of  the 

polymeric  species have  less effect .  The  f ac t  t h a t  a t  a t  h igh  molecula r  we ight  

D soin becomes in d ep e n d e n t  of  molecular  mass may  be r e la ted  to the ab i l i t y  of  

the  macromolecule  to f o r m  a hel ical  coil thus p resen t ing  a m in im u m  su r face  area 

to solut ion.  By sui tab ly  cons tra in ing  the polymer  m olecu la r  mass range  i t  may 

be possible to es tabl ish a work ing  rela t ionship  be tw een  the  ra te  of  d i f f u s io n  

in  solut ion and  the molecular  weight.
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Figure  2.3.6.1 T h e  e f f e c t  of  increas ing  molecula r  we ight  for  

the d i f fu s io n  of  [Os(bipy)2 (PVP)jqqC1]C1 in solut ion.
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The synthe t ic  s t r a tegy  deve loped here  a llows the  s tepwise f o rm a t i o n  of  

m u l t i func t iona l  polymers . The  meta l lopo lymers  can  be r ea d i ly  cha rac te r i s ed  by 

UV-vis ib le  and  emission spectroscopy and  can  be p r e p a r e d  w i th  contro l led 

loadings by vary ing  the  s to ich iometr ic  ra t io  o f  the s ta r t i n g  polymer  to metal  

complex. Elect rochemica l  measurements  and  emission spectroscopy c o n f i r m  tha t  

the exci ted s ta te  and  redox  propert ies  of  the meta l  cent res  are  m a i n t a i n e d  upon  

polymer ic  a t tachment .  Th is  is s ign i f ican t  s ince one can  id e n t i f y  a su i table  

meta l  complex fo r  a given app l i ca t ion  an d  then  synthesi se  a po lymer ic  ana logue  

w i th  s imilar  propert ies .

The  Tg m easu rem en ts  suggest  tha t  the r ig id i ty  o f  the  meta l lopo lymers  

increases w i th  increas ing  meta l  loading. E lec t rochem ica l  and  emission d a ta  

suggest t h a t  a t  best a w e a k  in te rac t ion  exists be tw een  the  d i f f e r e n t  redox  

centres  when in solut ion.  This  is pe rhaps somewhat  unexpec ted ,  especial ly  as 

w i th  the meta l  loadings used, the  coord ina t ion  spheres  a re  expected to be in 

ve ry  close contac t  and  the separa t ion  be tween  the  meta l  cen tres  will  be of  the 

o rder  of  15 Â.

Section 2.4 Concluding Remarks .
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C H A P T E R  3

E l e c t r o c h e m i c a l  M e th o d s
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T h e  s t ab i l i t y  o f  e l ec t ro des  m o d i f i e d  w i t h  th e  o s m i u m  c o n t a i n i n g  

d i scussed  h e re  is d e p e n d e n t  on th e  p r e p a r a t i o n  o f  t h a t  s u r f a c e .  As  well  as 

th is ,  the  r e p r o d u c i b i l i t y  o f  hom o g en eo u s  c h a rg e  t r a n s p o r t  ra te s ,  a n d  more  

n o t i c a b l y  h e t e r o g e n e o u s  e lec t ro n  t r a n s f e r  ra tes ,  is a f f e c t e d  b y  th e  n a t u r e  an d  

h i s to r y  o f  the  u n d e r l y i n g  e l ec t rode.  In o r d e r  to p r o d u c e  e l e c t r o d e  s u r faces ,  

w h i c h  show  re v e r s ib l e  k i n e t i c  b e h a v io u r ,  in  a r e p r o d u c i b l e  m a n n e r ,  the  

f o l l o w i n g  e l ec t ro d e  p r e t r e a t m e n t  r eg im e  was  a d o p te d .  F i r s t l y ,  th e  s u r f a c e  of 

t h e  glassy c a r b o n  e lec t ro des  was  r e n e w e d  by m e c h a n i c a l  a b r a s i o n  u s in g  s i l icon 

c a r b i d e  p a p e r  o f  success ively  s m a l l e r  g r i t  size. T h i s  e s t a b l i s h e d  a n ew  

s u r f a c e  a n d  r e m o v e d  a n y  s u r f a c e  defects .  D u r i n g  th is  p r o c e d u r e  t h e  ab r a s iv e  

p a p e r  m us t  be k ep t  c o n t i n u a l l y  wet.  T h i s  serves  tw o  p u r p o s e s ,  i t  remov es  

p a r t i c u l a t e  c a r b o n  s t r i p p e d  f r o m  the  s u r f a c e  w h i c h  m i g h t  o t h e r w i s e  cause  

s u r f a c e  s c r a t c h i n g  an d ,  i t  p r e v e n t s  f r i c t i o n a l  h e a t i n g  o f  t h e  e l ec t ro de.  

F r i c t i o n a l  h e a t i n g  causes  p ro b lem s  w i t h  e lec t ro d e  l eakage,  b u t  m o r e  i m p o r t a n t l y  

i t  i r r e v e r s i b l y  i ncreases  the  b a c k g r o u n d  c h a r g i n g  o b s e r v e d  d u r i n g  

e l e c t r o c h e m ic a l  m e as u r em e n t s .  T h e  e lec t ro d e  s u r f a c e  w as  t h e n  co p io u s ly  wa shed 

w i t h  d e io n i sed  w a t e r  a n d  m e t h a n o l  b e f o r e  p o l i sh in g  w i t h  a  0.5 f j m  a l u m i n a  s lu rry  

on a f e l t  bed.  T h i s  was  c o n t i n u e d  u n t i l  a p e r f e c t  m i r r o r  f i n i s h  was  o b ta ined .  

T h e  e l ec t ro de  was  f i n a l l y  pol i shed  on a f e l t  bed w i t h  w a t e r  b e f o r e  w a s h i n g  wi th  

d e io n i s e d  w a t e r  an d  m e th an o l .  T h e  b a c k g r o u n d  o f  t h e  e l e c t r o d e  w as  checked  

e l e c t r o c h e m i c a l ly  p r i o r  to m o d i f i c a t i o n .  T h i s  i n v o l v e d  c y c l i n g  th e  e lec t ro d e  

b e t w e e n  -0.5 a n d  +1.2 V vs SCE a t  5 m V /s .  T h e s e  p o l i s h e d  e l ec t ro d es  were  

f u r t h e r  t r e a t e d  b y  p i p e t t i n g  250 ul  o f  c h l o r o s u l p h o n i c  a c id  d i r e c t l y  o n to  t he i r  

s u r f a c e s  a n d  l e f t  f o r  5 m in u te s ,  fo l lo w ed  by w a s h i n g  w i t h  d e i o n i s e d  w a te r .

Se c t ion  3.1 E le c t r o d e  P rep arat ion  and Coat ing .
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It  has  been sugges ted  t h a t  th is  process  f o r m s  h i g h l y  p o l a r  g ro u p s  on  the  

e l ec t ro d e  s u r f a c e  [1]. T h i s  process  s i g n i f i c a n t l y  i m p r o v e s  s u r f a c e  a d h e s i o n  of  

t h e  o s m iu m  m e ta l l o p o ly m e rs .

E le c t r o c h e m i c a l  p r e t r e a t m e n t  was  also i n v e s t i g a t e d  as a m e a n s  of  

e l ec t ro d e  s u r f a c e  r e n e w a l  [2-5]. T h i s  i n v o l v e d  h o l d i n g  t h e  p o t e n t i a l  o f  a 

p o l i sh ed  e l e c t r o d e  a t  1.5 V f o r  5 m i n u te s  ( p r e - a n o d i z a t i o n ) .  T h e  o s m iu m  

c o n t a i n i n g  p o l y m e r  w a s  t h e n  p i p e t t e d  d i r e c t l y  o n to  t h e  s u r f a c e  a n d  a l l o w e d  to 

dry .  E q u i l i b r i u m  was  m o re  r a p i d l y  e s t a b l i s h ed  w i t h i n  t h e  f i lm s ,  w h i c h  w e re  

m o re  s t ab le  a n d  sh o w ed  a h i g h e r  r a t e  o f  h e t e r o g e n e o u s  e l e c t r o n  t r a n s f e r .  T h e r e  

was  h o w e v e r ,  a n  i n c r e a s e  o f  a p p r o x i m a t e l y  30% in  the  c a p a c i t i v e  c u r r e n t .  In  an  

a l t e r n a t i v e  p ro c e d u re ,  t h e  e l ec t ro d e  was  p r e - a n o d i s e d  a n d  s u b s e q u e n t l y  

p r e - c a th o d i s e d  a t  -1.5 V f o r  3 m in u te s .  T h i s  r e g im e  f u r t h e r  i m p r o v e d  f i l m  

a d h e s io n  b u t  also  in c r e a s e d  b a c k g r o u n d  c h a rg in g .  F o r  th i s  re as on  

e l e c t ro c h e m ic a l  p r e t r e a t m e n t  was  n o t  u sed  ex tens ive ly .

T h e  n a t u r e  o f  e l ec t ro d e  c o n f i g u r a t i o n  i n  a n  e l e c t r o c h e m i c a l  cell ,  

w h e r e  the  w o r k i n g  e l e c t ro d e  is m o d i f i e d ,  is o f  c o n s i d e r a b l e  i m p o r t a n c e  d u e  to 

the  c o m b i n a t i o n  o f  r e l a t i v e ly  low e l ec t ro ly te  a n d  h i g h  r e d o x  ac t i v e  

co n c e n t r a t i o n s .  It  is k n o w n ,  t h a t  w h e r e  l arge  c u r r e n t s ,  s u c h  as those  p r o d u c e d  

a t  a m o d i f i e d  e lec t ro d e ,  a r e  passed  t h r o u g h  a n  e l ec t ro ly te ,  i t  does  n o t  ac t  as 

a n  e q u i p o t e n t i a l  v o l u m e  [6 ]. T h i s  m e an s  t h a t  th e  i n t e r f a c i a l  p o t e n t i a l  

d i f f e r e n c e ,  b e t w e e n  t h e  w o r k i n g  e l e c t ro d e  a n d  the  s o l u t io n ,  v a r i e s  across  the  

s u r f a c e  o f  t h e  w o r k i n g  e l ec t ro de .  T h i s  g ives  r i se  to n o n  u n i f o r m  c u r r e n t  

den s i t y ,  w i t h  those  p o in t s  on th e  w o r k i n g  e l e c t ro d e  s u r f a c e  c losest  to the  

a u x i l i a r y  e l e c t r o d e  g iv in g  the  l arges t  c u r r e n t  dens i t i e s  [7]. I t  is a p p a r e n t  

t h e r e fo re ,  t h a t  the  a c t i v e  a r ea  o f  the  w o r k i n g  e l e c t r o d e  is less t h a n  its
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g eo m et r ic  a r ea .  In  o r d e r  to min im ise  this  e f f e c t  t h e  a u x i l i a r y  e l e c t r o d e

shou ld  be p l a c e d  su ch  t h a t  al l  point s  on the  w o r k i n g  e l e c t r o d e  a r e  e q u i d i s t a n t

f r o m  the  w o r k i n g  e l ec t ro de ,  w h i l s t  m a i n t a i n i n g  t h e  r e f e r e n c e  e l ec t ro de

2
posi t ion .  In  th i s  s t u d y  a 5 cm p l a t i n u m  gauze,  p o s i t i o n e d  h o r i z o n t a l l y  

u n d e r  the  w o r k i n g  e l e c t r o d e  was  used as counter .  T h i s  p o s i t i o n i n g ,  as wel l  as 

the  l arge  s u r f a c e  a r e a  a r e  e x p e c t e d  to g ive  rise to u n i f o r m  c u r r e n t  densi t i es .

Sect ion  3.2 C y c l i c  V o l t a m m e t r v

E l e c t r o c h e m i c a l  m e a s u r e m e n t s  we re  p e r f o r m e d  u s i n g  a n  E. G. & G. Model 

273 p o t e n t i o s t a t  /  g a lv a n o s t a t .  Where  necessary  i R  c o m p e n s a t i o n  w as  a c h ie v e d  

via  po s i t iv e  f e e d b a c k  c i r c u i t r y  (v ide  in fr a ) .  E l e c t r o c h e m i c a l  ce l l s  w e r e  of  

c o n v e n t i o n a l  d e s ig n  a n d  w e re  t h e r m o s t a t t e d  to w i t h i n  + 1 °C.  A l l  p o t en t i a l s  

ar e  r e f e r e n c e d  w i t h  r e s p ec t  to th e  po ta ss ium s a t u r a t e d  c a lo m e l  e l e c t r o d e  (SCE) 

w i t h o u t  r e g a r d  f o r  l i q u i d  j u n c t i o n  potent ials .

T h e  t h i n  l a y e r  o r  f i n i t e  d i f f u s i o n  c h a r a c t e r i s t i c s  o f  m o d i f i e d  

e l ec t ro des  w e r e  d i s cu ssed  p re v io u s l y  in sec t ion  1.3.1. T h i s  t h e o r e t i c a l  

f r a m e w o r k  c l e a r l y  d e f i n e s  t h e  p ro p e r t ie s  w h ich  a s u r f a c e  w a v e  m u s t  h a v e  i.e a 

p e a k  w i d t h  a t  h a l f  h e i g h t  o f  9 0 / n  m V  and zero  p ea k  to p e a k  s e p a r a t i o n  as well  

as e q u a l  p e a k  c u r r e n t s  w h i c h  in c rease  as V . L i n e a r i t y  o f  i p vs v  is 

f r e q u e n t l y  a c c e p t e d  as s u f f i c i e n t  co n d i t io n  f o r  s u r f a c e  b e h a v i o u r ,  th i s  is a 

n ec e s sa ry  b u t  i n s u f f i c i e n t  c o n d i t i o n .  i p m us t  be  l i n e a r  w i t h  V b u t  m u s t  

also h a v e  a s lope  o f  u n i t y ,  th u s  f o r  example ,  w h e n  the  sw e e p  r a t e  is i n c re a s ed  

f r o m  1 m V / s  to 2 m V / s  i p m u s t  a c tu a l ly  double .  T h e  o t h e r  f e a t u r e s  o f  zero 

p e a k  to p e a k  s e p a r a t i o n  a n d  a 9 0 / n  m V  peak  w i d t h  s h o u l d  a lso  be  o b se rved .  Fo r  

some e l e c t r o l y t e / l o a d i n g  c o m b i n a t i o n s  these f e a t u r e s  c a n  be  d i f f i c u l t  to 

o b se r v e  e.g F i g u r e  3.2.1.
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- 0.2  0.0  0.2  0.4  0.6

E (V vsSCE)

F i g u r e  3.2.1 (a)  C y c l i c  v o l t a m m o g r a m  f o r  a n  e l e c t r o d e

m o d i f i e d  w i t h  [O s (b ip y ) 2 (PVP)jQCl]Cl .  S w eep  r a t e  5

-R -2m V /s .  S u r f a c e  c o v e r a g e  1.7 x 10 mol  cm  . E l e c t r o d e

a r e a  0.3848 c m 2. S u p p o r t i n g  e l ec t ro ly te  0.1 M  H C I O 4 .
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T h is  shows  a cy c l i c  v o l t a m m o g r a m  o f  [O s (b ip y ) 2 (P VP)jQCl]C l  in  0.1 M 

p e r c h l o r i c  ac id .  T h e  w a v e  is c l ea r l y  n o t  s u r f a c e  b u t  w o u l d  be  d e e m e d  by m a n y  

to be  a c c e p t a b l e  to c a l c u l a t e  a s u r f a c e  cove rage .  T h e  f a c t  is h o w e v e r ,  t h a t  

the  f i l m  is e x h i b i t i n g  a s low o x i d a t i o n  r a t e  a n d  is n o t  b e i n g  e x h a u s t iv e ly  

oxidi sed .  In  f a c t  a t im e s c a l e  c o n s i d e r a b l y  l o n g e r  t h a n  t h a t  p r o v i d e d  by the  1 

m V / s  sw eep  r a t e  is r e q u i r e d .  A plot  o f  i p vs V is l i n e a r  b u t  t h e  no rm a l i s e d  

s lope ( i n c l u d i n g  th e  r e q u i r e d  c ons tan t s )  is less t h a n  u n i t y  (0.9). C o n t ro l le d  

p o t e n t i a l  c o u l o m e t r y  show s  t h a t  s uch  f i lm s  ca n  t a k e  as long as 30 m in u te s  to be 

c o m p le t e ly  ox id i sed .  I f  su ch  w a v es  a r e  u s ed  to c a l c u l a t e  s u r f a c e  coverages  

t h e n  a s er ious  u n d e r e s t i m a t e  is o b t a in e d .  F i g u r e  3.2.1b shows  the  same 

m o d i f i e d  e l e c t ro d e  u n d e r  i d e n t i c a l  c o n d i t i o n s  b u t  in  0.1 M  s u l p h u r i c  a c id  as 

s u p p o r t i n g  e l ec t ro ly te .  T h e  to ta l  a p p a r e n t  s u r f a c e  c o v e r a g e  has  a lmost  

d o u b le d ,  w h i c h  has  i m p o r t a n t  c o n s e q u en ce s  f o r  t h e  a c c u r a t e  d e t e r m i n a t i o n  o f  

D c t -  T h e  p e a k  c u r r e n t  vs swee p r a t e  p lo t  is l i n e a r  a n d  h a s  t h e  t h eo re t ic a l  

n o r m a l i s e d  s lope o f  u n i t y .  In  th is  w o r k ,  t h e  p r o b l e m  o f  s low e x h a u s t iv e  

o x i d a t i o n  has  been  s o lved  by e i t h e r  u s i n g  v e r y  s low sw ee p  r a t e s  (<1 mV /s ) ,  

c h r o n o c o u l o m e t r y  or  m e a s u r i n g  the  s u r f a c e  c o v e r a g e  i n  a n  e lec t ro ly te  in w h ich  

th e  f i l m  c a n  be t o t a l ly  o x i d i s e d  m o re  easi ly.

S im i l a r  p r o b le m s  to  these  ex is t  f o r  s e m i - i n f i n i t e  d i f f u s i o n  

cond i t ions .  T h e  p e a k  c u r r e n t  sh o u ld  e x h i b i t  a l i n e a r  d e p e n d e n c e  on b u t  

m u s t  a lso  h a v e  a n o r m a l i s e d  slope o f  u n i ty .  A  s lope  l a r g e r  t h a n  th is  suggests 

a c o n t r i b u t i o n  f r o m  f i n i t e  d i f f u s i o n ,  w h i l e  a  l o w e r  s lope  suggests  a p ro b lem  

e i t h e r  w i t h  i R  d r o p  o r  a p r o b l e m  w i t h  e l e c t r o d e  k in e t i c s .  is most  s imply

e v a l u a t e d  f r o m  w a v e s  w h i c h  sho w s e m i - i n f i n i t e  d i f f u s i o n  b e h a v io u r ,  as shown in 

F i g u r e  3.2.2. T h e  f e a t u r e s  o f  the  cycl i c  v o l t a m m o g r a m s  i n c l u d e  a s ep a ra t io n  o f  

5 8 / n  m V  a t  25 °C ,  l i n e a r  i p vs V ( w i t h  n o r m a l i s e d  s lope = 1) an d
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E ( V v s S CE )

F i g u r e  3.2.1 (b)  S am e e l ec t ro de  as g iv e n  i n  3.2.1 (a) w i t h

0.1 M  H 2 SO4  as  s u p p o r t i n g  e lec t ro lyte .
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ip a / i p C = 1. T h i s  suggests  t h a t  t h e r e  a r e  no k i n e t i c  o r  o t h e r  p ro b l e m s  in  

t h e  e l ec t ro de process.  A c o n t r i b u t i o n  f r o m  f i n i t e  d i f f u s i o n  c a n  b e  c o r r e c t e d  

f o r  by  us ing  the  A o k i  a p p r o a c h  d e s c r ib ed  in  c h a p t e r  1 w h i c h  c a lc u l a t e s  the  

n a t u r e  o f  the  d i f f u s i o n  space ,  i t  does , h o w e v e r ,  r e ly  on  an  a c c u r a t e  

d e t e r m i n a t i o n  o f  s u r f a c e  c o v e r a g e  a n d  l a y e r  th ickness .

T h e  i n s t r u m e n t a t i o n  u s ed  in  th is  w o r k  a l l o w ed  f o r  i R  c o m p e n s a t i o n  us ing 

pos i t iv e  f e e d b a c k  c i r c u i t r y .  T h i s  w as  im p le m e n t e d  as fo l l o w s .  F i r s t l y ,  a t r a i n  

o f  smal l  a m p l i t u d e  p o t e n t i a l  s teps  (50 - 200 m V )  w as  a p p l i e d  to  t h e  m o d i f i e d  

e l ec t ro d e  in  a p o t e n t i a l  r e g io n  w h e r e  no r e d o x  r e a c t i o n  o c c u r r e d .  T h e  c u r r e n t  

o u t p u t  was m o n i to r e d  u s i n g  a d i g i t a l  s to ra ge  oscil loscope.  i R  c o m p e n s a t i o n  was  

t h e n  a p p l i e d  i n c r e m e n t a l l y  u n t i l  t h e  p o t e n t i o s t a t  b e g a n  to  osc i l la t e .  iR  

co m p en s a t io n  o f  85% o f  t h e  v a l u e  w h i c h  i n i t i a t e d  o s c i l l a t i o n  w a s  t h e n  a p p l i e d  to 

co m p en sa t e  f o r  i R  d r o p  w i t h i n  t h e  cell.

85



E ( V v s S C E )

F ig u r e  3.2.2 C yc l i c  v o l t a m m o g r a m  o f  e l e c t r o d e s  m o d i f i e d  wi th  

[O s(b ip y ) 2 ( P V P ) 5 Cl]Cl e l ec t rodes .  S w e e p  r a t e  100 mV/s .

1.0 M H C 1 0 4  as s u p p o r t i n g  e lec t ro ly te .  S u r f a c e  c o v e rag e  2 

x 10’ 8  m o l c m ' 2 . E l e c t r o d e  a r e a  0.3848 c m  .
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S h o r t  t im esca le  t r a n s i e n t  a m p e r o m e t r i c / c o u l o m e t r i c  m e a s u r e m e n t s  w e r e  

m a d e  by  m e a n s  o f  a P h i l l i p s  3311 d i g i t a l  s t o rag e  os ci l los cope i n t e r f a c e d  to  a 

BBC m i c r o c o m p u t e r  f o r  d a t a  i n t e r r o g a t i o n  a n d  a l l o w i n g  s igna l  a v e r a g e d  re su l ts  

to be  o b t a i n e d .  F o r  b o t h  th e  r e d o x  a c t i v e  p o t e n t i a l  s tep  a n d  f o r  b a c k g r o u n d  

c o r r e c t i o n  5 s igna ls  w e r e  av e rag e d .

L a r g e  a m p l i t u d e  p o t e n t i a l  s t ep  c h r o n o a m p e r o m e t r y  is a s t a n d a r d  

t e c h n i q u e  in  th e  s t u d y  o f  e l e c t r o c h e m i c a l  sys tems. In  th i s  s ec t ion  th e  

e x p e r i m e n t a l  i m p l e m e n t a t i o n  o f  th i s  m e t h o d  to  e v a l u a t e  c h a r g e  t r a n s p o r t  ra tes  

t h r o u g h  o s m i u m  c o n t a i n i n g  p o l y m e r  f i l m s  is d e s c r ib ed .  T h e  c u r r e n t - t i m e  

t r a n s i e n t s  a r e  u s u a l ly  c o n s i d e r e d  to be  c o n t r o l l e d  by  t h e  p o t e n t i a l  d r i v e n  r a t e  

o f  h e t e r o g e n e o u s  e l ec t ro n  t r a n s f e r  a n d  by  t h e  r a t e  o f  h o m o g e n e o u s  c h a rg e  

t r a n s f e r  w i t h i n  t h e  f i lm ,  th is  process  p l a y s  t h e  s am e  ro le  as p h y s i c a l  

d i f f u s i o n  o f  t h e  r e d o x  species  in  solut ion.  I n  t h e  case  o f  p o l y m e r  m o d i f i e d  

e l e c t ro d es  some f e a t u r e s  w h i c h  m u s t  be  c o n s i d e r e d  i n c l u d e  b a c k g r o u n d  c o r r e c t i o n  

f o r  c a p a c i t i v e  c u r r e n t s ,  u n c o m p e n s a t e d  r e s i s t a n c e  e f f e c t s  a n d  t h e  e x p e r i m e n t a l  

t imesca le .

In  th e  c h r o n o a m p e r o m e t r y  e x p e r i m e n t  a p o t e n t i a l  s tep  across  th e  f o r m a l  

p o t e n t i a l  o f  the  r e d o x  coup le ,  p r o d u c e s  n o t  o n ly  a F a r a d a i c  re spon se ,  b u t  also 

g e n e r a t e s  c a p a c i t i v e  c u r r e n t s .  T h ese  m u s t  be  c o r r e c t e d  f o r  in  th e  a c c u r a t e  

d e t e r m i n a t i o n  o f  ch a rg e  t r a n s p o r t  ra tes .  In  th is  w o r k  th e  r e m o v a l  o f  

c a p a c i t i v e  c u r r e n t s  has  b e e n  e x a m i n e d  us in g  tw o  t e c h n iq u e s .  F i r s t l y ,  the  

c u r r e n t  re sponse  o f  a n  u n m o d i f i e d  e l e c t ro d e  d u r i n g  a  p o t e n t i a l  s tep  across  the  

p o t e n t i a l  re g io n  o f  i n t e r e s t  is p e r f o r m e d  in  b a c k g r o u n d  e l e c t r o ly te  a n d  the  

re sponse  r e co rd e d .  T h i s  is t h e n  c o n s i d e r e d  to r e p r e s e n t  t h e  c a p a c i t i v e

S e c t io n  3.3 P o te n t ia l  Step M eth o d s

C h r o n o a m p e r o m e t r y
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c o n t r i b u t i o n ,  to the  t o t a l  c u r r e n t  obs er ved ,  f o r  t h e  s a m e  e l e c t r o d e  a f t e r  

m o d i f i c a t i o n ,  d u r i n g  t h e  sam e p o t e n t i a l  s tep.  T h i s  c a p a c i t i v e  c o m p o n e n t  is 

t h e n  s u b t r a c t e d  f r o m  t h e  to ta l  c u r r e n t  response .  T h e  r e m a i n i n g  c u r r e n t  thus  

re p re s en t s  t h e  F a r a d a i c  c u r r e n t  f r o m  w h i c h  is c a l c u l a t e d .  In  th i s  w o r k

h o w e v e r ,  th is  p r o c e d u r e  is co n s id e r ed  to be u n s a t i s f a c t o r y  s ince  it  as sumes  

t h a t  t h e  c h a r g i n g  o f  t h e  d o u b le  l ay e r  is t h e  s am e  b e f o r e  a n d  a f t e r  

m o d i f i c a t i o n .  A n  a l t e r n a t i v e  to th is  a p p r o a c h  is to e v a l u a t e  t h e  c a p a c i t i v e  

c o n t r i b u t i o n  a f t e r  m o d i f i c a t i o n .  T h i s  i n v o lv es  p e r f o r m i n g  sm al l  p o t e n t i a l  

s teps  a t  the  f o o t  o f  th e  r e d o x  w a v e  a n d  l i n e a r l y  e x t r a p o l a t i n g  t h e  o b s e rv ed  

c a p a c i t i v e  c u r r e n t .  T h i s  is in  t u r n  s u b t r a c t e d  f r o m  t h e  t o t a l  c u r r e n t  o b s e r v e d  

w h e n  th e  p o t e n t i a l  is s t e p p e d  across  t h e  r e d o x  co up le ,  to y i e ld  t h e  F a r a d a i c  

c o m p o n e n t  f r o m  w h i c h  is ca lc u l a t ed .  T h e  s i g n i f i c a n c e  o f  t h e  c a p a c i t i v e

c o m p o n e n t  v a r i e s  a c c o r d i n g  to the  e l e c t r o ly te  a n d  r e d o x  s i te  c o n c e n t r a t i o n ,  b u t  

also  d e p e n d s  on  th e  p a r t i c u l a r  m o rp h o l o g y  w h i c h  th e  f i l m  a d o p t s  in  a g iven  

e lec t ro ly te  so lu t ion.  T h u s ,  f o r  ex a m p le ,  th e  c a p a c i t i v e  c u r r e n t  m a y  onl y  

c o n t r i b u t e  1 % o f  t h e  t o ta l  c u r r e n t  o b s e r v e d  in  s u l p h u r i c  ac id ,  w h i l e  in 

p e r c h l o r a t e  the  c a p a c i t i v e  c u r r e n t  c a n  c o n t r i b u t e  as m u c h  as 1 0 % to t h e  to ta l  

c u r r e n t .  In  these  c i r c u m s t a n c e s  b a c k g r o u n d  c o r r e c t i o n  is a necess i ty .

R e d o x  p o l y m e r  m o d i f i e d  e lec t ro d es  u s u a l l y  possess a h i g h  c o n c e n t r a t i o n  

o f  r e d o x  a c t i v e  m a t e r i a l  w i t h i n  th e  f i l m  e.g f o r  t h e  sys tem s  d e s c r i b e d  he re  

th i s  ra nges  f r o m  0.3 to 1.2 M. T h es e  h i g h  c o n c e n t r a t i o n s  g ive  r i se  to l a rg e  

F a r a d a i c  c u r r e n t s ,  w h i c h ,  in t h e  p re s en ce  o f  u n c o m p e n s a t e d  r e s i s t a n c e  can  

p r o d u c e  a s i g n i f i c a n t  p o t e n t i a l  d r o p  a t  t h e  e l e c t r o d e  s u r f a c e  [8 ]. T h i s  e f f e c t  

ca n  cause  s i g n i f i c a n t  e r r o r s  to be  m a d e  in  t h e  e v a l u a t i o n  o f  k i n e t i c  

p a r a m e te r s .  In  p o t e n t i a l  s tep e x p e r i m e n t s  d e s ig n e d  to obey  t h e  C o t t r e l l  

e q u a t i o n ,  i t  is a s s u m ed  t h a t  the  a c tu a l  e l e c t r o d e  p o t e n t i a l  g o v e r n s  t h e  s u r f a c e
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c o n c e n t r a t i o n  as d e s c r i b e d  by  the  N e r n s t  e q u a t i o n .  Where  R u ex i s t s  t h e  

e l ec t ro d e  does  n o t  r e a c h  the  r e q u i r e d  p o t e n t i a l  a n d  t h e  r e a c t i o n  does  n o t  

p r o c e e d  a t  a r a t e  w h i c h  is i n d e p e n d e n t  o f  t h e  e l e c t r o d e  po t en t i a l .

T h e  e f f e c t  of  u n c o m p e n s a t e d  r e s i s t a n c e  on  t h e  C o t t r e l l  b e h a v i o u r  is 

i l l u s t r a t e d  us in g  d a t a  o b t a i n e d  f o r  [Os(b ip ) 2 (P V P ) |Q C l ]C l  f i lms.  T h e  

e f f e c t  o f  H 2 SO 4  c o n c e n t r a t i o n  on t h e  c h r o n o a m p e r o m e t r i c  b e h a v i o u r  w i t h o u t  

i R  co m p e n s a t io n ,  p r e s e n t e d  as C o t t r e l l  p lo ts  is p r e s e n t e d  i n  F i g u r e  3.3.1. T h e  

c u r r e n t  re sp o n se  does  n o t  f o l lo w  t h e  C o t t r e l l  e q u a t i o n ,  m os t  n o t a b l y  in  low 

e l e c t ro ly te  c o n c e n t r a t i o n s .  A t  s h o r t  t imes  t h e  o b s e r v e d  c u r r e n t  f a l l s  b e lo w  

t h a t  g iv en  b y  th e  C o t t r e l l  eq u a t io n .  T h i s  is c o n s i d e r e d  to be  a  c o n s e q u e n c e  o f  

t h e  p o t e n t i a l  w h i c h  is a t t a i n e d  a t  t h e  e l e c t ro d e  s u r fa c e .  A t  s h o r t  t im es  t h e  

e l ec t ro d e  f a i l s  to a t t a i n  t h e  p o t e n t i a l  r e q u i r e d  f o r  t h e  r e a c t i o n  to p r o c e e d  a t  

a r a t e  i n d e p e n d e n t  o f  t h e  e l ec t ro d e  p o t en t i a l .  T h i s  leads  to less o f  t h e  

m e t a l l o p o l y m e r  b e in g  o x i d i s e d  a n d  h e n c e  r e d u c e d  c u r r e n t s .  I f  th is  d a t a  is u sed  

to c a l c u l a t e  t h e n  a s i g n i f i c a n t  u n d e r e s t i m a t i o n  o f  t h e  c h a r g e  t r a n s p o r t

r a t e  occurs .  I t  also l e ad s  to a p o s i t iv e  i n t e r c e p t  on  t h e  c u r r e n t  axis ,  f o r  

th i s  r e a s o n  c h a r g e  t r a n s p o r t  d a t a  w i t h  n o n  ze ro  i n t e r c e p t s  f o r  C o t t r e l l  p lo t s  

m u s t  be  c o n s i d e r e d  w i t h  c au t io n .  A t  lo n g e r  t imes  t h e  a p p l i e d  p o t e n t i a l  is 

re a l i sed ,  b u t  n o w  t h e  Os(I I)  c o n c e n t r a t i o n  is l a r g e r  t h a n  t h a t  w h i c h  is 

d i c t a t e d  by  a  C o t t r e l l  response ,  th u s  l e a d i n g  to l a r g e r  c u r r e n t s .  In  low  

e l ec t ro ly te  c o n c e n t r a t i o n s  th is  leads  to a d i s t i n c t  c u r r e n t  "overshoo t"  a t  

i n t e r m e d i a t e  t imes.  I f  th is  d a t a  is u sed  to e v a l u a t e  D q T  a n  o v e r e s t i m a t e  is 

o b t a i n e d  t o g e t h e r  w i t h  a n e g a t i v e  c u r r e n t  i n t e r c e p t .
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F i g u r e  3.3.1 T h e  e f f e c t  o f  H j S O ^  c o n c e n t r a t i o n  o n  t h e  

c h r o n o a m p e r o m e t r i c  r e sponse  o f  [O s (b ip y ) 2 ( P V P ) jQ C I ]C l  

m o d i f i e d  e l e c t ro d es .  D a t a  po in ts  sho w the  r e s p o n s e  w i t h o u t  

i R  c o m p e n s a t i o n ,  w h i l e  t h e  solid l ines  s h o w  t h e  C o t t r e l l  

re spo nse  a f t e r  i R  c o m p e n s a t io n .  P o te n t i a l  s t ep  f r o m  -0.4 to 

+0.4 V vs SCE.
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T h e  d e v i a t i o n  o f  the  c h r o n o a m p e r o m e t r i c  r e s p o n s e  f r o m  th e  Cot t r e l l  

e q u a t i o n  is m o re  a p p a r e n t  f o r  low c o n c e n t r a t i o n s  o f  s u p p o r t i n g  e lec t ro ly te .  

T h i s  suggests  t h a t  the  ion  p o p u la t i o n  exer ts  c o n s i d e r a b l e  i n f l u e n c e  o v e r  cha rg e  

t r a n s p o r t  p ro pe r t ie s .  T h e  solid  l ines of  F ig u r e  3.3.1 show s  t h a t  th e  e f f e c t  o f  

a d d i n g  iR  c o m p e n s a t io n  us in g  posi t ive  f e e d b a c k  c i r c u i t r y  to c o m p e n s a t e  fo r  both  

f i l m  a n d  s o lu t io n  re s is tance .

A n  a l t e r n a t i v e  to i R  co m pensa t io n  is to s tep  th e  p o t e n t i a l  f u r t h e r  

pa s t  the  f o r m a l  p o t e n t i a l  o f  the  re dox  couple ,  th is  m e a n s  t h a t  d e s p i t e  a 

p o t e n t i a l  d r o p  a t  th e  w o r k i n g  e lec t rode,  the  p o t e n t i a l  a t t a i n e d  is s t i l l  

s u f f i c i e n t  f o r  th e  o x i d a t i o n  to p roceed a t  a p o t e n t i a l  i n d e p e n d e n t  ra te .  Th i s  

is possib le  o n ly  w h e r e  th e  fo r m a l  p o t e n t i a l  o f  t h e  m e t a l l o p o l y m e r  is 

co n s i d e r a b l y  less t h a n  the  u p p e r  p o t en t i a l  l im i t  o f  t h e  e l e c t r o l y t e  so lu t io n ,  

w h i c h  is a p p r o x i m a t e l y  1.2 - 1.3 V vs SCE f o r  t h e se  a q u e o u s  e l ec t ro ly te  

systems.  T h e  C o t t r e l l  re spo nse  f o r  [Os(b ipy) 2 (P V P ) jQ C l ]C l  f i l m s  w h e r e  the  

p o t e n t i a l  is s t e p p e d  to 1.0 V is i l lu s t r a t e d  f o r  H C I O 4  e l e c t r o l y t e  i n  F i g u r e

3.3.2.

T h e  b e h a v i o u r  i l l u s t r a t e d  in F ig u r e  3.3.2 show s  t h a t  f o r  lo n g e r  t imes  

th e  c u r r e n t  f a l l s  be l ow t h a t  g iven by th e  C o t t r e l l  e q u a t i o n .  T h i s  a r is e s  due  

to the  onset  o f  t h i n  l a y e r  b eh a v io u r .  T he  t im e  a t  w h i c h  th i s  b e h a v i o u r  is 

o b s e r v ed  is a f u n c t i o n  o f  bo th  D ^ p  an d  the  f i l m  th i ck n es s .  T h i s  is

i l l u s t r a t e d  fo r  [O s (b ip y ) 2 ( P V P ) 1 0 Cl]Cl f i lms  in  F ig u r e s  3.3.3 a n d  3.3.4,

-7 -10 -2w h e r e  the  s u r f a c e  c o v e ra g e  is v a r i e d  f r o m  10 to 10 m o l c m  . Since

t h e  re dox  c e n t r e  is p a r t  o f  the  p o ly m er  ch a in  f o r  these  sys tem s  a n  in c r e a s e

in  r  is e x p e c t e d  to in c r e a s e  t h e  l ay e r  th ick nes s  L. T h i s  d a t a  i l l u s t r a t e s  two

aspec ts  of  c h a r g e  t r a n s p o r t  t h r o u g h  these  f i lms.  When t h e  s u r f a c e  c o v e r a g e  is

v a r i e d  s i g n i f i c a n t l y  D C p (P S )  becomes d e p e n d e n t  on th e  s u r f a c e  c o ve ra ge .

91



F i g u r e  3.3.2 T h e  e f f e c t  of  HCIO^  c o n c e n t r a t i o n  on the  

l arge  a m p l i t u d e  p o te n t i a l  s tep c h r o n o a m p e r o m e t r i c  re spon se  

f o r  [O s(b ip y ) 2 (PVP)  jqC1]C1 m o d i f i e d  e l ec t ro des .  

P o te n t i a l  s t ep  f r o m  -0.4 to +1.0 V vs SCE.
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T h i s  is n o t  e n t i r e l y  u n e x p e c t e d ,  s ince  w h e r e  c h a r g e  p r o p a g a t i o n  is l i m i t e d  b y  a 

mass  t r a n s p o r t  process  s u ch  as ion  m o v e m e n t ,  s u c h  a mass  t r a n s p o r t  p roces s  wi l l  

be i m p e d e d  by an  i n c r e a s e d  f i l m  th i ckness .  Also,  t h e  t im e  a t  w h i c h  th e  

c h r o n o a m p e r o m e t r i c  re sponse  d e v i a t e s  f r o m  t h e  C o t t r e l l  e q u a t i o n  is c l e a r ly  

d e p e n d e n t  on th e  f i l m  th ickness .  I n  t a b le  3.3.1 t h e  r a t i o  o f  th e  t h i c k n e s s  o f  

t h e  d i f f u s i o n  l a y e r  to  t h e  f i l m  th i c k n e s s  is i n v e s t i g a t e d  u s i n g  th e  d a t a  f r o m  

F ig u r e s  3.3.3 a n d  3.3.4.

T h i s  t ab l e  shows  t h a t  t h e  C o t t r e l l  e q u a t i o n  becomes  i n v a l i d  a t  t imes  

w h e r e  th e  d i f f u s i o n  l a y e r  t h ick n ess  is b e t w e e n  50 a n d  82% o f  t h e  d r y  f i l m  

th i c k n e s s  in  s u l p h u r i c  a c id  a n d  b e t w e e n  42 a n d  47% o f  d r y  f i l m  t h i c k n e s s  fo r  

p e r c h l o r i c  ac id .  T h e  s u l p h u r i c  a c i d  d a t a  o b t a i n e d  f o r  sm al l  s u r f a c e  co v e rag e s  

suggests  t h a t  th e  f i l m  th ick n esses  c a l c u l a t e d  f r o m  d e n s i t y  m e a s u r e m e n t s  a r e  no t  

gross ly  i n a c c u r a t e .  T h e  d i f f e r e n c e  b e t w e e n  t h e  t imes  a t  w h i c h  the  

c h r o n o a m p e r o m e t r i c  re spon se  fa i l s  to o b ey  th e  C o t t r e l l  e q u a t i o n  in  s u l p h u r i c  

a n d  p e r c h l o r i c  ac id ,  m a y  a r is e  d u e  to v a r i a t i o n s  o f  f i l m  t h i c k n e s s  b e t w e e n  the  

tw o  e l ec t ro ly te s  f o r  the  sam e s u r f a c e  cove rage .  T h e  f a c t  t h a t  in  H C I O 4  the  

C o t t r e l l  e q u a t i o n  is o b e y e d  f o r  d i f f u s i o n  l a y e r  th i ck n es s e s  o f  o n ly  40% o f  the  

d r y  f i l m  th i ck n ess ,  suggests  t h a t  t h e  f i l m  m a y  b e c o m e  m o re  c o m p a c t  in 

p e r c h l o r i c  a c id  med ia .  A l t e r n a t i v e l y ,  th e  d a t a  m a y  suggest ,  t h a t  t h e  processes  

c o n t ro l l i n g  c h a r g e  t r a n s p o r t  r e m a i n  t h e  s am e  t h r o u g h o u t  t h e  t o t a l  f i l m  

t h i c k n e s s  in  s u l p h u r i c  ac id ,  w h i l e  in  p e r c h l o r i c  ac id ,  k i n e t i c  b a r r i e r s  to  mass  

t r a n s p o r t  ex i s t  a t  lo n g e r  t imes.
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T a b le  3.3.1 T h e  r a t i o  o f  d i f f u s i o n  l a y e r  t h i c k n e s s  to  to ta l  

f i l m  t h i c k n e s s  w h e r e  t h e  c h r o n o a m p e r o m e t r i c  re sp o n se  f a i l s  to 

obey t h e  C o t t r e l l  e q u a t i o n .

r  (m ol  c m ' 2 ) L (cm) D c t (PS)

( e r n e s '1)

8 /  L

0.1 M  H 2 S 0 4 as  s u p p o r t i n g  e l ec t ro ly te .

3.60x1 O' 7 5 . 1 0 x l0 ’ 4 l.OOxlO' 9 0.50

3 . 6 6 x l 0 ' 8 5.24x1 O' 5 2 . 9 5 x l0 ' 9 0.55

4 . 5 5 x l 0 ' 9 6.50x1 O' 6 4.40x1 O' 9 0.71

5 . 0 5 x l 0 ‘ 10 7 . 1 4 x l0 ’7 6.20x1 O' 9 0.82

O.i M H C 1 0 4 s u p p o r t i n g el ec t ro ly te

2 . 5 6 x lO '7 3 . 6 5 x l 0 ' 4 7.1 l x l O " 1 0 0.42

2 . 5 8 x l 0 ' 8 3 . 6 9 x l 0 ' 5 2.03x10‘9 0.44

2 . 7 0 x l 0 ' 9 3 . 8 5 x l 0 ’6 5.21x1 O' 9 0.47

2 . 5 5 x l 0 ’ 1 0 3 .64x l0 "7 7 . 1 3 x l0 ‘9 0.47
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F i g u r e  3.3.3 T h e  e f f e c t  o f  s u r f a c e  c o v e ra g e  on the  

c h r o n o a m p e r o m e t r i c  re sponse  o f  [O s( b ip y ) 2 (P VP) |Q Cl]C l  

m o d i f i e d  e lec t rodes .  S u p p o r t i n g  e l ec t r o ly te  is 0.1 M 

H 2 SO 4 . S u r f a c e  cov erage s  are ,  f r o m  top to b o t to m ,  5 x 

10-10, 5 x 10 '9 , 5 x 10 ' 8  a n d  5 x 10 ' 7  rnolcrn ' 2  

re spec t ive ly .  P o te n t ia l  s tep  f r o m  -0.4 to 1.0 V vs SCE.
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F i g u r e  3.3.4 T h e  e f f e c t  o f  s u r f a c e  c o v e r a g e  on  the  

c h r o n o a m p e r o m e t r i c  response  o f  ( O s ( b ip y ) 2 ( P V P ) 1 0 Cl]CI 

m o d i f i e d  e l ec t rodes .  S u p p o r t i n g  e l e c t r o l y t e  is 0.1 M 

H C I O 4 . S u r f a c e  cove rage s  are ,  f r o m  t o p  to b o t t o m ,  5 x 

10 5 x 1 0 '9, 5 x 10' 8  a n d  5 x I 0 ' 7  m o l c m ’ 2

re s p ec t iv e ly .  P o te n t i a l  s tep  f r o m  -0.4 to 1.0 V vs SCE.

, - 1/2 , - 1/ 2 , 
t (sec )
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S a m p le d  C u r r e n t  V o l t a m m e t r y

S a m p le d  c u r r e n t  v o l t a m m e t r y  was  p e r f o r m e d  u s i n g  a n  E. G. & G. Model  

273 p o t e n t i o s t a t  i n t e r f a c e d  to a  B.B.C m i c r o c o m p u t e r  f o r  d a t a  a c q u i s i t i o n ,  

s t o rag e  a n d  analys is .  A pu lse  w i d t h  o f  200 ms a n d  a n  i n t e r v a l  o f  10 s b e t w e e n  

succes s ive  pulses  was  em p lo y ed .  T h e  c u r r e n t  w as  s a m p l e d  b e f o r e  a p p l i c a t i o n  o f  

t h e  p o t e n t i a l  s tep  a n d  c o n f i r m e d  to be zero,  th is  en s u r e s  t h a t  t h e  d e p l e t i o n  

l a y e r  o f  t h e  ox id i sed  species  d u e  to t h e  p r e c e d i n g  s t ep  h a s  b e e n  c o m p le t e ly  

r e - r e d u c e d .  S am p l in g  t imes  o f  1, 2, 4 a n d  10 ms a f t e r  a p p l i c a t i o n  o f  the  

p o t e n t i a l  s tep,  w h e r e  t h e  c u r r e n t  r e s p o n se  w as  u n d e r  s e m i - i n f i n i t e  d i f f u s i o n  

c o n t r o l  a n d  o b ey e d  the  C o t t r e l l  e q u a t i o n ,  w e re  em p l o y e d  t h r o u g h o u t  th i s  s tudy .

T h e  d a t a  w e re  a n a l y s e d  as d e s c r i b e d  in  s ec t ion  1.3.3 to  y i e l d  b o t h  th e  

r a t e  o f  h o m o g en eo u s  c h a r g e  t r a n s p o r t  a n d  t h e  r a t e  o f  h e t e r o g e n e o u s  e l e c t ro n  

t r a n s f e r .  H o w e v e r ,  t h e  c a l c u l a t i o n  o f  f r o m  f o u r  c u r r e n t  sam ples  is

c o n s i d e r e d  u n r e l i a b l e  a n d  thes e  v a lu es  w e r e  o n l y  u s e d  to  c o n f i r m  

c h r o n o a m p e r o m e t r y  results .

T h e  l i m i t i n g  c u r r e n t  o b s e r v e d  in  s a m p le d  c u r r e n t  v o l t a m m e t r y  sh o u ld  

o b e y  t h e  C o t t r e l l  e q u a t i o n  as d i scu ssed  f o r  c h r o n o a m p e r o m e t r y  i n  t h e  p r e c e d i n g  

sec t ion.  T h e  e x p e r i m e n t a l  t im e s c a l e  (1-10 ms) has  b e e n  c h o s e n  in  o r d e r  t h a t  

C o t t r e l l  b e h a v i o u r  be o b s e r v e d  f o r  t h e  m a x i m u m  n u m b e r  o f  cases.  O t h e r  

i m p o r t a n t  f e a t u r e s  i n c l u d e  a  c o n s t a n t  b a c k g r o u n d  c h a r g i n g  a n d  we l l  d e f i n e d  

l i m i t i n g  c u r r e n t  as i l l u s t r a t e d  in  F i g u r e  3.3.5.
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E ( V v s S C E )

F i g u r e  3.3.5 S a m p l e d  c u r r e n t  v o l t a m m o g r a m  o f  

[O s ( b ip y ) 2 ( P V P ) 1 0 Cl]Cl  f i lm s  in  0.6 M  HC1. S a m p l i n g  

t im es  a r e  1, 2, 4 a n d  10 ms a f t e r  t h e  a p p l i c a t i o n  o f

O ^
p o t e n t i a l  s teps.  S u r f a c e  cove ra ge  2 x 10 m o l c m
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C H A P T E R  4

C h a r g e  T r a n s p o r t  P r o p e r t i e s  o f

r O s ( b i p v W P V P ) n C n C l  M o d i f i e d  E lec t r o d es .
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As d i scussed  p r e v io u s l y  in  c h a p t e r  1 th e  p o t e n t i a l  a p p l i c a t i o n  o f  

m o d i f i e d  e l ec t ro d es  in  d o m a i n s  as d iv e r s e  as sen so r  d e s ig n  [ 1 -6 ], e n e r g y  

c o n v e r s i o n  [7], c o r ro s io n  p r o t e c t i o n  [8 ] a n d  ca ta ly s i s  [9], has  l e ad  to 

e x t e n s i v e  in v es t i g a t i o n s  i n  th is  a r e a  o f  e l e c t r o c h e m i s t r y .  T h e  n a t u r e  o f  

c h a r g e  t r a n s p o r t  t h r o u g h  the  m o d i f y i n g  l a y e r  is r e c o g n i s e d  as b e ing  o f  c e n t r a l  

i m p o r t a n c e  in  these  i n v e s t ig a t i o n s ,  n o t  o n ly  f o r  f u n d a m e n t a l  re asons  b u t  also 

b ec a u s e  t h e  a p p l i e d  u t i l i t y  o f  thes e  m a t e r i a l s  wi l l  u l t i m a t e l y  be  d i c t a t e d  by  

t h e  c h a r g e  t r a n s p o r t  p r o p e r t i e s  o f  th e  m o d i f y i n g  l ay er .  D e sp i t e  th is ,  the  

n u m b e r  o f  r e p o r t s  d e a l i n g  w i t h  t h e  e f f e c t  o f  e l ec t ro ly te ,  r e d o x  s i te l o a d i n g  

a n d  t e m p e r a t u r e  on c h a r g e  t r a n s p o r t  d y n a m i c s  r e m a i n s  m e a g r e  f o r  m a t e r i a l s  w i t h  

i m m o b i l e  r e d o x  ce n tr e s  [ 1 0 , 1 1 ],

F o r  th e  i n v e s t i g a t i o n  o f  c h a r g e  t r a n s p o r t  m e c h a n i s m s  a n d  k in e t i c s  of  

p o l y m e r  m o d i f i e d  e l ec t rodes ,  s t e a d y  s t a te  ( r in g - d i s k  a n d  a r r a y  e lec t rodes )  a n d  

t r a n s i e n t  m e th o d s  ( c h r o n o a m p e r o m e t r y ,  c h r o n o c o u l o m e t r y  a n d  n o r m a l  pulse  

v o l t a m m e t r y )  h a v e  b ee n  e x p l o re d  e x t e n s iv e ly  [12-19]. T h e s e  s h o r t  t im e s ca l e  

t e c h n i q u e s  t y p i c a l l y  g ive  i n f o r m a t i o n  a b o u t  th e  c h a r g e  t r a n s p o r t  p r o p e r t i e s  o f  

t h e  m o d i f y i n g  f i l m  c lose to th e  p o l y m e r / e l e c t r o d e  i n t e r f a c e .  T h e  re su l ts  

o b t a i n e d  in  th is  m a n n e r  m a y  n o t  be  t y p ic a l  f o r  th e  w h o l e  m o d i f y i n g  l a y e r  d u e  to 

d i f f e r e n t  m o rp h o lo g ie s  a n d / o r  r e d o x  co m pos i t io n .

In  th is  c h a p t e r  t h e  e f f e c t  o f  e l e c t ro l y te  t y p e  a n d  c o n c e n t r a t i o n ,  

t e m p e r a t u r e ,  pH ,  r e d o x  s i te l o a d i n g  a n d  e x p e r i m e n t a l  t im e sca le  on b o t h  th e  

h o m o g e n e o u s  a n d  h e t e r o g e n e o u s  c h a rg e  t r a n s p o r t  p r o p e r t i e s  o f  

[O s( b ip y ) 2 ( P V P ) n Cl]Cl,  w h e r e  n= 5, 1 0 , 15, 2 0  a n d  25, m o d i f i e d  e l ec t ro d es  

is i n v e s t i g a t e d .  T h e  r a t e  o f  h o m o g e n e o u s  c h a r g e  t r a n s p o r t  has  b een  e x p l o r e d  

f o r  e a ch  r e d o x  s ite l o a d i n g  in  0.1 to 1.0 M  s u p p o r t i n g  e l ec t ro lyt e .  T h e

S e c t i o n  4.1 In trodu ct io n:
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s u p p o r t i n g  e l ec t ro ly te s  e x a m i n e d  ar e  HC1, H C I O 4  a n d  H 2 S O 4 . Cycl ic  

v o l t a m m e t r y  a n d  s h o r t  t imesca le  p o t e n t i a l  s tep  m e t h o d s  g ive  d e t a i l e d  

i n f o r m a t i o n  o f  th e  c h a r g e  t r a n s p o r t  p r o p e r t i e s  o f  t h i s  t y p e  o f  m a t e r i a l  a t  

d i f f e r e n t  t imescales .  T h e r m o d y n a m i c  p a r a m e t e r s  h a v e  b e e n  e v a l u a t e d  f r o m  the  

t e m p e r a t u r e  d e p e n d e n c e  o f  b o th  as m e a s u r e d  b y  p o t e n t i a l  s t ep  a n d  cycl i c

v o l t a m m e t r y  me thods .  S im i l a r ly ,  the  d e p e n d e n c e  o f  h e t e r o g e n e o u s  e l ec t ro n  

t r a n s f e r  f r o m  t h e  u n d e r l y i n g  e lec t ro d e  in to  t h e  m e t a l l o p o l y m e r  f i l m  on th e  

ab o v e  v a r i a b l e s  has  been  e x p l o re d  us in g  s am p led  c u r r e n t  v o l t a m m e t r y .

Sect ion  4.2 E x p e r i m e n t a l

M a t e r i a l s . [O s(b ip y ) 2 ( P V P ) n Cl]Cl n=  5, 10, 15, 20  a n d  25 w e r e  

p r e p a r e d  as d e s c r i b e d  p r e v io u s l y  in  c h a p t e r  2 .

A p p a r a t u s  a n d  p r o c e d u r e s  E le c t r o c h e m i c a l  m e a s u r e m e n t s  w e r e  p e r f o r m e d  

u s in g  an  E.G.& G. M ode l  273 p o t e n t i o s t a t /  g a l v a n o s t a t  as d e s c r i b e d  in  c h a p t e r

3.

S u r f a c e  co v e rag es  w e re  e s t i m a t e d  by  g r a p h i c a l  i n t e g r a t i o n  o f  the  

b a c k g r o u n d  c o r r e c t e d  s low  sw ee p r a t e  cycl i c  v o l t a m m o g r a m s  (1 m V / s ) ,  a n d  w e re

O O  ,
ty p i c a l l y  2 - 4 x 10 m o lcm  . T h e  q u a n t i t y  o f  o s m i u m  i m m o b i l i s e d  on the  

e l ec t ro d e  s u r f a c e  w as  k e p t  c o n s t a n t  as t h e  l o a d i n g  w a s  v a r i e d .  T h i s  m ean s  t h a t  

t h e  l ay e r  t h i c k n e s s  f o r  t h e  1:25 lo ad in g  is a p p r o x i m a t e l y  3.5 t imes  g r e a t e r  

t h a n  th e  1:5 loading .  H o w e v e r ,  th e  same re sul ts  w i t h i n  e x p e r i m e n t a l  e r r o r  a r e  

o b t a i n e d  f o r  h o m o g e n e o u s  c h a rg e  t r a n s p o r t  w h e n  l a y e r  t h i c k n e s s  is k ep t  

co n s tan t .  Where  th e  l a y e r  t h ick n ess  is v a r i e d  m o r e  e x t r e m e l y  D q T  t y p i c a l l y  

dec re a ses  w i t h  i n c r e a s i n g  f i l m  th ick n es s  (see c h a p t e r  3 f o r  f u r t h e r  d i s cuss ion
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o f  l ay e r  th ickness  ef fec ts ) .  T h e  a d v a n t a g e  o f  k ee p in g  t h e  q u a n t i t y  o f  o s m iu m  

on th e  e lec t rode c o n s t a n t  is t h a t  a h ig h  F a r a d a i c  to c a p a c i t i v e  c u r r e n t  r a t i o  

is m a i n t a i n e d  w he re  t h e  e l ec t ro ly te ,  r e d o x  s ite c o n c e n t r a t i o n s  a n d  t e m p e r a t u r e  

a r e  low. L ay e r  th ick n es s  was  e s t im a ted  f r o m  the  i n d i v i d u a l  d e n s i t i e s  o f  the  

d r y  meta l lopolym ers  as m e a s u r e d  by f l o t a t i o n  in  n o n  sw e l l ing  solven ts ,  n a m e l y

a
p e t r o l e u m  et her  a n d  d i c h l o r o m e t h a n e ;  n  = 25, 1.07 g / c m  ; n  = 20, 1.08 

g / c m 3; n = 15, 1.09 g / c m 3 ; n = 10, 1.20 g / c m 3  a n d  n  = 5 1.40 g / c m 3.

T h ese  gave  a value  f o r  t h e  m a x i m u m  c o n c e n t r a t i o n  o f  o s m iu m  ce n t r e s  w i t h i n  the  

f i l m  as fo l lows n = 25, 0.33 M; n  = 20, 0.38 M; n  = 15, 0.46 M; n  = 10, 0.70 M  

a n d  n  = 5, 1.17 M. T h ese  values  h a v e  been  used  to c a l c u l a t e  D ^ T  f r o m  the  

e x p e r im e n ta l ly  d e t e r m in e d

In s tudies  w h e r e  t h e  e lec t ro ly te  c o n c e n t r a t i o n  w as  v a r i e d ,  a l l  t h e  

e x p e r im e n t s  we re  c a r r i e d  o u t  w i t h  f r e s h  coa t ings .  T h i s  a v o id s  poss ib le  

pr ob lem s  f r o m  "memory  e f f ec ts "  w h e r e  the  r a te  o f  c h a r g e  t r a n s p o r t  t h r o u g h  a 

f i l m  w o u ld  be d e p e n d e n t  on  the  e l ec t ro ly te s  to w h i c h  i t  h a d  p r e v i o u s l y  been 

exposed.  T h e  values  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t s ,  a n d  a c t i v a t i o n  p a r a m e t e r s  

a r e  re p ro d u c ib l e  to w i t h i n  + 2 % on  a s ingle c o a t in g  a n d  to + 1 0 % b e t w e e n  

coat ings .

Sect ion 4.3 Resul ts  : T h e  E f f e c t  o f  E le c t ro ly t e  a n d  R ed o x  Site C o n c e n t r a t i o n  on 

Homog eneou s  C h a r g e  T r a n s p o r t  Rates .

Sect ion  4.3.1 G enera l  P o t e n t i a l  s tep  c h r o n o a m p e r o m e t r y ,  c h r o n o c o u l o m e t r y  a n d  

s am p led  c u r r e n t  v o l t a m m e t r y  w e re  em p l o y e d  in  c o n j u n c t i o n  w i t h  t h e  C ot t r e l l  

e q u a t i o n  [20] to es t im at e  th e  c h a r g e  t r a n s p o r t  ra te s  f o r  t h e  O s ( I I / I I I )  

o x i d a t i o n  as a p p a r e n t  d i f f u s i o n  p a r a m e t e r s  D £ - p ( P S ) ^ 2 C a n d  D ^ j ( P S ) ,  w he re
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PS in d ic a t e s  p o t e n t i a l  s t ep  in  a c c o r d a n c e  w i t h  t h e  m e t h o d s  d e s c r i b e d  in  c h a p t e r  

3 a n d  the  C o t t r e l l  e q u a t i o n  (sect ion 1.3.2).

F o r  t h e  cy c l i c  v o l t a m m e t r y  e x p e r i m e n t s  sw e e p  r a t e s  i n  th e  r a n g e  1 to 

500 m V / s  w e r e  used.  C h a r g e  t r a n s p o r t  r a t e s  w e r e  e v a l u a t e d  f r o m  th e  p e a k  

c u r r e n t  o b t a i n e d  a t  sw eep  ra tes  b e t w e e n  50 a n d  500 m V / s  u s in g  b o t h  t h e  A o k i  

[21] a n d  R a n d l e s - S e v c i k  [22] a p p r o a c h e s  d e s c r i b e d  in  1.3.1 a n d  the  

m e th o d o lo g ie s  d e s c r i b e d  in  c h a p t e r  3. T h i s  r a t e  o f  h o m o g e n e o u s  c h a r g e  

t r a n s p o r t  d e r i v e d  f r o m  cy c l i c  v o l t a m m e t r y  d a t a  is l a b e l l e d  as D ^ j ( C V ) .

T h e  r a t e  o f  c h a r g e  t r a n s p o r t  t h r o u g h  th e s e  o s m i u m  c o n t a i n i n g

m e t a l l o p o l y m e r  f i lm s  h a s  b een  e v a l u a t e d  as t h e  o s m i u m  l o a d i n g  w i t h i n  th e  f i l m  

has  been c h a n g e d  f r o m  1:25 to 1:5 ( [ O s(b ipy ) 2 Cl]+ : p y r i d i n e  m o n o m e r  

uni ts ) .

Sect ion  4.3.2 H y d r o c h l o r i c  A c id

F i g u r e  4.3.2.1 shows  th e  e f f e c t  o f  o s m i u m  l o a d i n g  on  th e  C o t t r e l l  

r e sponse  o b t a i n e d  f r o m  c h r o n o a m p e r o m e t r i c  e x p e r i m e n t s  c a r r i e d  o u t  in  1.0 M  

HC1. T h i s  f i g u r e  c l e a r ly  shows t h a t  t h e  r a t e  o f  c h a r g e  t r a n s p o r t  is d e p e n d e n t  

on the  o s m i u m  c o n c e n t r a t i o n  w i t h i n  th e  f i lm .  T h e  l i n e a r i t y  a n d  zero  i n t e r c e p t  

o f  the  C o t t r e l l  p lo t  suggests  t h a t  t h e  r e sp o n se  is d i f f u s i o n  co n t ro l l ed .  It  

also  shows,  t h a t  f o r  o s m iu m  lo ad in g s  b e t w e e n  1:25 a n d  1:10 D(~.p(PS), as

o b t a i n e d  f r o m  th e  s lope o f  the  plots,  in c re a se s  as t h e  o s m i u m  c o n c e n t r a t i o n  

increases ,  b u t  t h a t  f o r  th e  1:5 lo ad in g  a d e c r e a s e  is ob se rv ed .  T h e  t i m e  a t  

w h i c h  the  c h r o n o a m p e r o m e t r y  re spon se  f a i l s  to o b ey  t h e  C o t t r e l l  e q u a t i o n  is 

d e p e n d e n t  on b o t h  t h e  r e d o x  s ite lo a d in g  a n d  th e  e l e c t r o l y t e  c o n c e n t r a t i o n .  

T h e  d i f f u s i o n  l a y e r  t h i c k n e s s  a t  th is  t im e  c a n  be  a p p r o x i m a t e d  b y  8  = (7T

D c t * ) ^ 2- T h e  e f f e c t  o f  a c t i v e  s ite l o a d i n g  on  th e  r a t i o  o f  the  d i f f u s i o n
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F ig u r e —4,3.2.1 T h e  e f f e c t  o f  re dox  s i te l oad ing  on the  

c h r o n o a m p e r o m e t r i c  re sp o n se  fo r  [Os(bipy) 2 ( P V P ) n Cl]CI 

f i lm s  on glassy c a r b o n  e l e c t r o d e s  p re sen ted  as C o t t r e l l  

plots.  1.0 M HC1 as  s u p p o r t i n g  e l ec t ro ly te .
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l ay e r  th i ck n e s s  to th e  l a y e r  t h ick n ess  in  0.8 M  HC1 is g i v e n  i n  T a b l e  4.3.2.1.

T h i s  tab le  show s  t h a t  t h e  C o t t r e l l  e q u a t i o n  is o n ly  o b e y e d  f o r  t imes  

c o n s id e r a b ly  less t h a n  those  r e q u i r e d  f o r  co m p l e t e  o x i d a t i o n  o f  th e  f i lm .

T h e  e f f e c t  o f  r e d o x  s ite lo a d in g  on  D q j (PS) has  been  e x p l o r e d  a t  

v a r io u s  c o n c e n t r a t i o n s  o f  HC1 as s u p p o r t i n g  e l e c t ro l y te  a n d  t h e  re sul ts  

p r e s e n t e d  in  F i g u r e  4.3.2.2 a n d  T a b l e  4.3.2.2. T a b l e  4.3.2.2 show s  t h a t  f o r  

h i g h  e lec t ro ly te  c o n c e n t r a t i o n s ,  a n d  f o r  o s m i u m  l o a d in g s  less t h a n  1:5, a 

l i n e a r  i n c re a s e  o f  D^- j^ PS)  w i t h  o s m iu m  l o a d i n g  is o b s e r v e d ,  w h i l e  a t  low 

e lec t ro ly te  c o n c e n t r a t i o n  a d ec rea se  is o b s e r v e d  f o r  o s m i u m  lo a d i n g s  w h e r e  

n<15.

T a b l e  4.3.2.2 shows t h a t  D(-.-p(PS) i n c re a s e s  w i t h  i n c r e a s i n g  HC1 

c o n c e n t r a t i o n  f o r  all  o f  the  load ings  e x a m i n e d .  H o w e v e r ,  t h e  e x t e n t  o f  this  

i n c re a se  d i f f e r s  f o r  e a ch  o s m iu m  load ing .  F o r  t h e  1:5 l o a d i n g  D q j ( P S )  does 

n o t  in c rease  as s i g n i f i c a n t l y  c o m p a r e d  w i t h  th e  o t h e r  o s m i u m  lo ad ings .  F o r  the  

1 : 1 0  l o a d in g  a l a rg e  v a r i a t i o n  in D q j ( P S )  is o b s e r v ed ,  w i t h  m u c h  o f  this  

in c rease  o c c u r r i n g  b e t w e e n  0.6 a n d  0.8 M  HC1. F o r  th e  l o w e r  o s m i u m  load ings  

t h e  e f f e c t  o f  HC1 c o n c e n t r a t i o n  on DQ-p(PS) is less t h a n  t h a t  o b s e r v e d  f o r  the  

1:10 load ing ,  a n d  the  i n c re a se  o f  D q j ( P S )  w i t h  HC1 c o n c e n t r a t i o n  is l a rg e ly  

m ono ton ic .

T h e  e f f e c t  o f  o s m i u m  l o a d i n g  on b o t h  D^- j - (CV) a n d  t h e  r e d o x  

p o ten t i a l s  as o b t a i n e d  f r o m  cycl i c  v o l t a m m e t r y  in  HC1 a r e  g i v e n  in  T a b l e

4.3.2.2. As  o b s e rv e d  us ing  p o t e n t i a l  s tep  m e t h o d s ,  C Y  also sho ws  a n  i n i t i a l  

l i n e a r  i n c re a se  in  D^- j- (CV) w i t h  i n c r e a s i n g  o s m i u m  lo ad in g .  T h e  l o a d i n g  t h a t  

l imi t s  th is  l i n e a r  re sponse  d i f f e r s  b e t w e e n  C Y  a n d  p o t e n t i a l  s tep  m e t h o d s ,  fo r  

t h e  C Y  e x p e r i m e n t s  l i n e a r  b e h a v i o u r  is o b s e r v e d  f o r  l o a d i n g s  l o w e r  t h a n  1:15. 

T h e  e f f e c t  o f  in c r e a s e d  HC1 c o n c e n t r a t i o n  is a g a i n  to i n c r e a s e  t h e  ch a rg e
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T a b l e  4.3.2.1 T h e  e f f e c t  o f  r e d o x  s i te  l o ad in g  on the  r a t i o  of  

d i f f u s i o n  l ay e r  ( 6 ) to f i lm  th ick n ess  (L) as m eas u r ed  by p o ten t i a l  

s tep  m etho ds .  T a b l e  A show s  d a t a  w h e r e  the  s u r f a c e  cov e rag e  is k e p t  

c o n s t a n t  an d  B w h e re  f i l m  th ick n ess  is co n s tan t .

Redox Surface

Site Coverage

Loading (xlO8

Layer 

Thickness 

(x 105 cm)

mol cm 2)

Diffusion 8 /L 

Layer 

Thickness 

(x 105 cm)

(A) 1:5

1:10 
1:15 

1:20 
1:25

2.54

2.32

2.10

2.29

2.40

2.17

3.31

4.56

6 . 02

7.27

0.54

1.39

1.59

1.98

2.18

0.25

0.42

0.35

0.33

0.30

(B) 1:5

1:10 

1:15 

1:20 
1:25

5.91

3.71 

2.35 

1.86

1.72

5.05

5.30

5.10

4.89

5.21

1.16

2 . 12

1.73

1.61

1.46

0.23

0.40

0.34

0.33

0.28
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i 0.05 0.10 0.15 0.20
Ratio Osmium Pyridine Units

F i g u r e  4.3.2.2 T h e  e f f e c t  o f  HC1 c o n c e n t r a t i o n  a n d  r e d o x  

s i te  lo a d in g  on Dq-j-(PS) o f  [O s (b ip y ) 2 ( P V P ) n Cl]Cl

f i lms.  T h e  HCl  c o n c e n t r a t i o n s  a r c  f r o m  top to b o t t o m  1.0, 

0.8, 0.6 a n d  0.1 M.
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T a b l e  4.3.2.2: T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  h y d r o c h l o r i c  a c id

s u p p o r t in g  e l e c t r o ly te  a n d  r e d o x  s i te  l o a d in g  on c h a r g e  tr a n sp o r t

p ar am eters  o f  [O s( b ip y ) 2 ( P V P ) n Cl]Cl m o d i f i e d  e lect rodes .

L o a d i n g  C o n e .  D<~y(PS) Dçy(CV) E°

M * 1 0 9 * 1 0 10 V

2-1 2-1c u r s  era s

n=5 0.10.2
0 . 40.60.81.0

1 . 4 2
1 . 4 8
1 . 4 9
1 . 4 7
1 . 4 8  
1 . 6 0

0 . 88
1 . 2 5
1.21
1.221.20
1 . 3 3

0. 210
0 . 2 2 5
0 . 2 3 5
0 . 2 3 5
0 . 2 3 0
0 . 2 3 0

n = 1 0 0.10.2
0 . 40.60.81.0

1 . 9 6
3 . 1 0
3 . 4 3  
3 . 9 5
9 . 4 4  
1 7 . 2 7

0 . 012
0 . 0 2 90.111
0 . 3 9 5
0 . 4 8 8
0.688

0 . 2 1 5
0 . 2 0 5
0 . 1 9 0
0.200
0 . 1 8 8
0 . 1 8 0

n=15 0.10.2
0 . 40.60.81.0

2 . 3 3
3 . 5 2
5 . 3 7
5 . 6 2
7 . 3 2
1 0 . 8 5

1 . 7 5
1 . 7 8
2 . 0 9
2 . 3 1
4 . 3 5
4 . 8 5

0 . 2 4 0
0 . 2 4 0
0 . 2 4 0
0 . 2 5 0
0 . 2 5 0
0 . 2 5 0

n = 2 0 0.10.2
0 . 40.60.81.0

1 . 7 9
2 . 5 0
4 . 1 2
4 . 2 2
5 . 0 9
8 . 4 7

1 . 0 3
1 . 2 3
1 . 4 5
1 . 7 3
3 . 0 9
3 . 6 7

0 . 2 4 0
0 . 2 4 0
0 . 2 4 5
0 . 2 4 5
0 . 2 4 5
0 . 2 4 5

n=25 0.10.2
0 . 40.60.81.0

1 . 4 2  
2 . 3 1  
3 . 2 3
3 . 4 2  
3 . 9 7  
6 . 8 9

0 . 8 3
0 . 9 41.11
1 . 3 8
2 . 5 5
2 . 7 7

0 . 2 4 5
0 . 2 4 5
0 . 2 5 0
0 . 2 5 0
0 . 2 5 0
0 . 2 5 0
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t r a n s p o r t  ra te .  T h e  r a t e  o f  c h a r g e  t r a n s p o r t  in c reases  r a p i d l y  b e t w e e n  0.6 a n d  

0.8 M  HC1 f o r  o s m iu m  lo a d i n g s  l o w er  t h a n  1:10.

Sect ion  4.3.3 P e rc h lo r i c  A c i d .

T h e  t im esca le  o v e r  w h i c h  th e  Cot t r e l l  e q u a t i o n  is o b e y e d  f o r  p o te n t i a l  

s tep  e x p e r i m e n t s  i n  0.1 M  p e r c h l o r i c  a c id  is s h o w n  in  T a b l e  4.3.3.1. F o r  low 

r e d o x  s i te l o a d in g s  t h e  C o t t r e l l  e q u a t i o n  is v a l i d  o n ly  f o r  d i f f u s i o n  l ay e r  

t h icknesses  o f  b e t w e e n  28 a n d  43% o f  t h e  t o t a l  f i l m  t h i c k n e s s  a n d  is d e p e n d e n t  

on b o th  a c t i v e  s i te  a n d  e l e c t ro ly te  c o n c e n t r a t i o n .  F r o m  t h e  l i n e a r  p o r t i o n  o f  

t h e  C o t t r e l l  p lo t ,  w h i c h  shows a zero  c u r r e n t  i n t e r c e p t ,  D £ j ( P S )  was 

ev a lu a t e d .  T h e  e f f e c t  o f  r e d o x  s i te  lo ad in g  a n d  p e r c h l o r i c  a c i d  c o n c e n t r a t i o n  

on  D q j ( P S )  is s h o w n  in  F ig u r e  4.3.3.1 a n d  in  T a b l e  4.3.3.2. F o r  o s m iu m  

lo ad in g s  b e t w e e n  1:25 a n d  1:15 D q j ( P S )  is r e l a t i v e ly  i n s e n s i t i v e  to th e  r e d o x  

s i te  l o a d in g ,  f o r  t h e  1 : 1 0  l o a d in g  a s h a r p  i n c re a s e  is o b s e r v e d ,  w h i l e  f o r  the  

1:5 lo a d in g  t h e  r a t e  o f  c h a r g e  t r a n s p o r t  dec re a ses  f r o m  t h e  1:10 v a l u e  to a 

r a t e  w h i c h  is c o m p a r a b l e  to t h a t  seen a t  t h e  l o w er  l o ad in g s .  T h e  e f f e c t  of  

i n c r e a s e d  p e r c h l o r i c  a c i d  c o n c e n t r a t i o n  as s u p p o r t i n g  e l e c t r o l y t e  is t y p i c a l ly  

to in c r e a s e  th e  c h a r g e  t r a n s p o r t  r a te ,  n o t a b l y  f o r  th e  1 : 1 0  l o ad in g .

T h e  v a r i a t i o n  o f  D q j (CY)  w i t h  r e d o x  s i te  l o a d i n g  is g i v e n  in  T ab le  

4.3.3.2 a n d  show s  a r e g io n  w h e r e  t h e  c h a rg e  t r a n s p o r t  r a t e  is r e l a t i v e ly  

i n s e n s i t iv e  to o s m iu m  l o a d i n g  f o l l o w e d  by a n  s u b s t a n t i a l  i n c r e a s e  f o r  th e  1:5 

load ing .  T h e  e f f e c t  o f  e l ec t ro ly te  c o n c e n t r a t i o n  is d i s t i n c t l y  d i f f e r e n t  to 

t h a t  seen in  all  o t h e r  e lec t ro ly te s ,  w i t h  th e  e x c e p t i o n  o f

[O s(b ip y ) 2 ( P V P ) 2 5 Cl]Cl in  s u l p h u r i c  ac id .  A n  i n c r e a s i n g  p e r c h l o r a t e  

c o n c e n t r a t i o n  s t e ad i ly  dec re a ses  D ^ T (CV) a n d  also  r e s u l t s  in  a less pos i t ive
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T a b l e  4.3.3.1 T h e  e f f e c t  o f  r e d o x  s i te  load ing  on t h e  r a t i o  of  

d i f f u s i o n  l a y e r  ( 8  ) to f i l m  th i c k n e s s  (L) in  0.1 M  H C I O 4  as 

m e a s u r e d  by p o ten t i a l  s tep  m e thods .

Redox Surface Layer Diffusion 8 /  L

Site Coverage Thickness Layer

Loading (xlO8 {x 105 cm) Thickness

molcrf'*) (x 105 cm)

1:5 3.22 2.72 2.22 0.81

1:10 2.89 4.12 1.77 0.43

1:15 3.19 6.93 2.49 0.36

1:20 3.01 7.92 2.53 0.32

1:25 2.75 8.33 2.33 0.28
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F i g u r e  4,3.3.1 T h e  e f f e c t  o f  HC IO 4  c o n c e n t r a t i o n  a n d  r edox  

s i te lo a d in g  on D£-p(PS) o f  [O s (b ip y ) 2 ( P V P ) n CI]Cl 

f i lms.  T h e  e l e c t r o l y t e  c o n c e n t r a t i o n s  a r e  f r o m  top to 

b o t t o m  1.0, 0.6, 0.4 a n d  0.1 M
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T a b l e  4.3.3.2: T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  p erch lo r ic  a c i d  s u p p o r t i n g

e le c t r o l y t e  and  r e d o x  s i t e  l o a d i n g  on charge  tr ans po r t  p a r a m e t e r s  o f

[ O s ( b i p y ) 2 ( P V P ) n Cl]Cl m o d i f i e d  e lectrodes .

L o a d i n g

n=5

n = 1 0

n=15

n = 2 0

n=25

C o n e .  Dct  ( P S ) Da (CV) E°

M * 1 0 9  *10 1 0  V

2-1 2-1 cm s x cm s

0.10.2
0 . 40.60.81.0

0 . 9 5
1 . 0 51.10
1 . 2 5
1 . 4 0
1 . 4 4

2 . 6 2
2 . 2 9
2 . 2 3
1 . 8 5
1 . 3 3
0 . 9 3

0 . 2 4 5
0 . 2 4 0
0 . 2 2 5
0 . 2 1 5
0.210
0 . 2 1 5

0.10.2
0.40.60.81.0

3 . 6 9  
3 . 7 7
3 . 6 9
6 . 3 5
6 . 3 5  
6 . 7 2

0 . 4 8
0 . 4 1
0 . 3 5
0 . 2 40.12
0 . 0 5

0 . 2 1 5
0.220
0 . 2 1 5
0 . 1 7 0
0 . 1 4 2
0 . 1 2 5

0.10.2
0 . 40.60.81.0

1.02
1 . 3 0
1 . 4 4
1 . 5 4
1 . 7 2
2 . 5 0

1.101.02
0 . 7 3
0 . 6 4
0 . 5 2
0 . 4 7

0 . 2 4 5
0 . 2 6 0
0 . 2 5 0
0 . 2 4 0
0 . 2 4 5
0 . 2 1 5

0.10.2
0 . 40.60.81.0

0 . 9 9
1 . 1 5
1 . 4 1
1 . 5 3
1 . 7 6
2 . 0 9

1 . 0 7
1 . 0 4
0 . 7 4
0 . 6 3
0 . 5 1
0 . 4 4

0 . 2 4 0
0 . 2 3 5
0 . 2 4 0
0 . 2 3 0
0 . 2 2 5
0 . 2 2 5

0.10.2
0 . 40.60.81.0

0 . 8 3
0 . 9 4
1 . 4 6
1 . 6 2
1 . 6 2
1 . 6 2

1 . 2 31.10
0 . 7 3
0 . 6 2
0 . 5 1
0 . 3 9

0 . 2 4 0
0 . 2 3 5
0 . 2 2 5
0 . 1 9 0
0 . 1 9 5
0 . 1 8 0
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r e d o x  p o ten t i a l .  O v e r a l l  t h e  v a r i a t i o n s  in  D £ p ( C V )  a r e  smal l ,  w i t h  the

e x c e p t i o n  o f  the  1 : 1 0  load ing .

Sec t ion  4.3.4 S u lp h u r i c  A c i d .

T h e  t imesca le  o v e r  w h i c h  the  C o t t r e l l  e q u a t i o n  is o b e y e d  has  been 

e x a m i n e d  as a f u n c t i o n  o f  t h e  a c t i v e  s ite lo ad in g .  T a b l e  4.3.4.1 shows  the  

d e p e n d e n c y  o f  8  / L  on  r e d o x  s ite lo a d in g  in  1.0 M  H 2 S O 4 . S ig n i f i c a n t l y ,  

f o r  lo ad in g s  w h e r e  D £ p ( P S )  a n d  D ^ - j ( C V )  a r e  s i m i l a r  e.g

[O sC b ip y ^ C PV P^ C lJC l  th e  C o t t r e l l  e q u a t i o n  is o b e y e d  f o r  n e a r l y  80 % of

th e  to t a l  f i l m  th ickness .  Where  m o re  s i g n i f i c a n t  d i f f e r e n c e s  ex i s t  b e t w e e n  

D C T (CV) an d  D(~.p(PS) t h e  c h r o n o a m p e r o m c t r i c  r e s p o n s e  f a i l s  to obey  the

C o t t r e l l  e q u a t i o n  a t  e a r l i e r  t imes.

T h e  i n f l u e n c e  o f  s u l p h u r i c  a c id  c o n c e n t r a t i o n  o n  D £ p ( P S )  o f  v a r io u s  

o s m i u m  lo ad in g s  is s h o w n  in  F i g u r e  4.3.4.1 a n d  in  T a b l e  4.3.4.2. D^p CPS)  

in c re a se s  a p p r o x i m a t e l y  l i n e a r l y  w i t h  i n c r e a s i n g  o s m i u m  l o a d i n g  b e t w e e n  1:25 

a n d  1:15, b e f o r e  d e c r e a s in g  f o r  the  1:10 a n d  1:5 load ings .

T h e  e f f e c t  o f  a n  i n c r e a s e d  e l ec t ro ly te  c o n c e n t r a t i o n  is d e p e n d e n t  on 

t h e  r e d o x  s i te load ing .  F o r  the  1:25 l o a d i n g  D(-<p(PS) is r e l a t i v e ly  less 

s en s i t iv e  to s u l p h u r i c  a c id  c o n c e n t r a t i o n .  As  t h e  r e d o x  s i te  l o a d i n g  is 

i n c r e a s e d  D ^ p ( P S )  i n c re a s e s  m o re  s i g n i f i c a n t l y  w i t h  e l ec t ro ly te

c o n c e n t r a t i o n ,  a n d  f o r  t h e  1:20, 1:15 a n d  1:10 l o a d in g s  i t  is seen to i n c re ase  

g r e a t l y  b e t w e e n  0.2 a n d  0.4 M H 2 SO 4 . F o r  th e  1:5 l o a d i n g  D ^ p ( P S )  is 

a g a i n  r a t h e r  i n s en s i t iv e  to s u l p h u r i c  a c id  c o n c e n t r a t i o n .

T a b l e  4.3.4.2 also g ives  t h e  d e p e n d e n c e  o f  D ^ p  w i t h  r e d o x  s ite 

l o a d i n g  a n d  s u l p h u r i c  a c id  c o n c e n t r a t i o n  as m e a s u r e d  b y  cyc l i c  v o l t a m m e t r y .  A 

ch a n g e  in the  o s m iu m  l o a d i n g  f r o m  1:25 to 1:20 r e d u c e s  D ^ p ( C V )  b u t  a f t e r  th is
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T a b i c  4.3.4.1 T h e  e f f e c t  o f  r e d o x  s i te  l oad ing on the  r a t i o  o f  l ay e r  

t h i c k n e s s  (L) to d i f f u s i o n  l ay e r  th icknes s  (5) in 1.0 M s u l p h u r i c  

a c id  as m e a s u r e d  by p o t e n t i a l  s tep  methods .

Redox Surface Layer Diffusion Layer 8 /L

Site Coverage Thickness Thickness

Loading (xlO8 (x 105 cm) (x 105 cm)

molcm c )

1:5 2.10 1.79 1.42 0.79

1:10 2.23 3.14 1.88 0.59

1:15 2.01 4.36 1.30 0.30

1:20 2.11 5.55 1.94 0.35

1:25 2.32 7.03 3.86 0.55
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0.05 0.10 0.15 0.20
Ratio Osmium:Pyridine Units

F i g u r e  4.3.4.1 T h e  e f f e c t  o f  H 2 SO 4  c o n c e n t r a t i o n  a n d  

r e d o x  s i t e  l o a d i n g  on D ^ T (PS) o f  [ O s (b ip y ) 2 ( P V P ) n Cl]Cl 

f i lm s .  T h e  e l e c t r o l y t e  c o n c e n t r a t i o n s  a r e  f r o m  top  to 

b o t t o m  1.0, 0.4, 0.2 a n d  0.1 M
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T a b l e  4.3.4.2: T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  s u l p h u r i c  a c i d  su p p o r t i n g

e l e c t r o l y te s  a n d  r e d o x  s i t e  l o a d in g  on c h a r g e  tr an spo r t  pa r a m e te r s  o f

[ O s ( b i p y ) 2 ( P V P ) n Cl]CI m o d i f i e d  e l ectrodes .

L o a d i n g

n=5

n = 1 0

n=15

n = 2 0

n=25

C o n e .

M

dc t (p s )

*109
dc t (c v )

*10 10
E°

V

2 -1  cm s 2 - 1  cm s

0.1
0.2
0 . 4
0.6
0.8
1.0

. 27

.16

.16

.16

.16

.16

3 . 2 2
4 . 1 8
4 . 7 7
6 . 5 0
8 . 3 9
9 . 1 2

0 . 2 7 0
0 . 2 5 5
0 . 2 6 0
0 . 2 5 5
0 . 2 6 0
0 . 2 5 5

0.1
0.2
0 . 4
0.6
0.8
1 . 0

2 . 9 5
3 . 7 7
6 . 4 0
8 . 8 9
9 . 0 1
9 . 1 6

2 . 5 1
6 . 11
8 . 7 5
1 2 . 7 5  
1 4 . 8 8  
1 6 . 7 0

0 . 2 6 0
0 . 2 4 8
0 . 2 5 0
0 . 2 5 0
0 . 2 5 0
0 . 2 5 0

0. 1
0 .2
0 . 40.6
0.8
1. 0

8 . 8 9
1 2 . 8 5
5 2 . 1 0
5 9 . 0 5  
5 9 . 9 7
6 2 . 0 6

1 . 7 0
4 . 0 7
4 . 5 4
5 . 5 3
6 . 6 0
7 . 8 0

0 . 2 3 7
0 . 2 3 5
0 . 2 3 5
0 . 220
0 . 220
0 . 2 2 5

0.1
0 . 2
0 . 4
0.6
0.8
1.0

6 . 3 2
8.01
22 . 10
2 3 . 9 2
2 8 . 6 3
3 0 . 1 0

2 . 10
4 . 0 1
5 . 2 2
5 . 4 3
6 . 5 3
7 . 5 2

0 . 2 3 5
0 . 2 3 5
0 . 2 3 0
0 . 220
0 . 2 2 5
0 . 2 2 3

0.1
0.2
0 . 4
0 . 6
0. 8
1.0

3 . 7 8
4 . 2 0
4 . 2 4
4 . 5 6
5 . 9 2
8 . 5 4

21.00
21.22
1 3 . 9 511.00
1 0 . 6 3
9 . 6 5

0 . 2 4 0
0 . 2 3 0
0 . 2 2 5
0.210
0 .210
0.200
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a n  in c r e a s e d  o s m i u m  l o a d i n g  does  no t  s i g n i f i c a n t l y  a f f e c t  t h e  c h a r g e  t r a n s p o r t  

ra te .  Where  n<20 th e  e f f e c t  o f  i n c r e a s in g  s u l p h u r i c  a c id  c o n c e n t r a t i o n  is to 

i n c r e a s e  D q j ( C V ) .  T h e  b e h a v i o u r  f o r  t h e  1:25 l o a d i n g  is h o w e v e r ,  

s i g n i f i c a n t l y  d i f f e r e n t  w i t h  D q j ( C V )  d e c r e a s in g  as t h e  H 2 S O 4  

c o n c e n t r a t i o n  is i n c r e a s e d .

Sect ion 4.4.1 D e t e r m i n a t i o n  o f  T h e r m o d y n a m i c  P a r a m e t e r s  f o r  H o m o g e n e o u s  

C h a r g e  T r a n s p o r t .

T h e  e v a l u a t i o n  o f  t h e r m o d y n a m i c  p a r a m e t e r s  c a n  be  u s e f u l  in  th e  

i d e n t i f i c a t i o n  o f  th e  r a t e  d e t e r m i n i n g  s tep  o f  t h e  c h a r g e  t r a n s p o r t  process  

[23]. A c t i v a t i o n  en e rg i e s  h a v e  been  e v a l u a t e d  b y  v a r y i n g  t h e  t e m p e r a t u r e  o f  

the  c o n t a c t in g  e l e c t r o l y te  o v e r  the  r a n g e  278-303 K ,  m e a s u r i n g  t h e  c h a r g e  

t r a n s p o r t  r a t e  a n d  e v a l u a t i n g  the  a c t i v a t i o n  e n e rg y ,  E a , v i a  t h e  A r r h e n i u s  

e q u a t i o n  ( E q u a t i o n  5) as d e s c r i b e d  in  c h a p t e r  3.

T h e  a c t i v a t i o n  p a r a m e t e r s  o b t a i n e d  in  th i s  m a n n e r  f o r  0.1 a n d  1.0 M  

e l ec t ro ly te s  f r o m  p o t e n t i a l  s tep  a n d  f o r  C V  m e a s u r e m e n t s  a r e  g iv en  i n  T ab le s  

4.4.2.1 to 4.4.4.2.

Sect ion  4.4.2 H y d r o c h l o r i c  A c i d .

T h i s  b e h a v i o u r  o f  E a (PS) w i t h  c h a n g i n g  r e d o x  s i te  l o a d i n g  in  b o th  

0.1 a n d  1.0 M  HC1 is i l l u s t r a t e d  in F i g u r e  4.4.2.1. With  0.1 M  HC1 as 

s u p p o r t i n g  e lec t ro ly te ,  E a (PS) r e m a i n s  u n c h a n g e d  w i t h  r e d o x  s i te l o a d i n g  a t  

a b o u t  25 k J / M o l ,  a n d  is co up led  to a n e g a t i v e  e n t r o p y  te rm .  In  1.0 M  HC1 

E a (PS) c h a n g es  w i t h  r e d o x  s ite load ing.  F o r  t h e  1:25 to 1:15 l o a d in g s  the  

a c t i v a t i o n  e n e r g y  is 42+2 k J / M o l ,  w h i l e  f o r  th e  1:10 a n d  1:5 l o a d in g s  i t  is 

r e d u c e d  to less t h a n  10 k J /M o l .  T h e  e n t r o p y  t e r m  is n e g a t i v e  f o r  al l  l o ad in g s  

a n d  becomes less n e g a t i v e  w i t h  d e c re a s in g  load ing .
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JP

S)
 

(k
J/

M
ol

)

Ratio Osmium Pyridine Units

F i g u r e  4.4.2.1 T h e  e f f e c t  o f  r e d o x  s i te  l o a d i n g  in  

[O s (b ip y ) 2 ( P V P ) n Cl]Cl  p o l y m e r  f i l m s  on  E a (PS) i n  ^  1.0 

M  HC1 a n d #  0.1 M  HC1.
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T a b l e  4.4.2.1 : A c t i v a t i o n  parameters  f o r  c h a r g e  t r a n s p o r t  t h r o u g h

[O s (b ip y ) 2 ( P V P ) n Cl]Cl f i l m s  as o b t a i n e d  b y  s a m p l e d  cu r r e n t

v o l t a m m e t r y  i n  h y d r o c h l o r i c  ac id.

Loading Ea (PS) AH(PS)* AS(PS)f AG<PS)

kJ/Mol kJ/Mol JMol^K"1 kJ/Hol

n=5 0.1 M 25.0 22.6 -74.3 44.7

1.0 M 6.9 4.5 -134.1 44.4
n=10 0.1 M 27.1 24.6 -76.0 47.3

1.0 M 9.0 6.5 -118.8 41.9

n-15 0.1 M 23.5 21.0 -93.5 48.9

1.0 M 42.1 29.6 -18.3 45.1

n=20 0.1 M 27.1 24.6 -88.4 50.9

1.0 M 43.5 41.0 -20.4 47.1

n=25 0.1 M 25.6 23.1 -99.1 52.6

1.0 M 42.1 39.6 -30.6 48.7
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T h e  b e h a v i o u r  o b s e r v ed  us in g  cyc l i c  v o l t a m m e t r y  is s i m i l a r  i n  b o t h  0.1 

a n d  1.0 M  HC1 (see T a b l e  4.4.2.2). F o r  th e  low r e d o x  s i t e  l o a d i n g s  <1:10 

E a (CV) is l a rg e  a t  90-130 k J / M o l  a n d  th e  e n t r o p y  t e r m  is p o s i t iv e ,  w i t h  the  

h i g h e r  va lues  b e in g  o b s e r v e d  f o r  t h e  h i g h e r  e l e c t r o l y te  c o n c e n t r a t i o n .  F o r  

1:10 a n d  1:5 l o ad in g s  lo w er  a c t i v a t i o n  ene rg ie s  o f  20-40 k J / M o l  a n d  n e g a t i v e  

e n t r o p y  te rm s  w e r e  o b t a in e d .

Sect ion  4.4.3 P e r c h lo r i c  A c id

T h e  a c t i v a t i o n  p a r a m e t e r s  e v a l u a t e d  f r o m  p o t e n t i a l  s tep  d a t a  a r e  g iv en  

in  T a b l e  4.4.3.1. F o r  t h e  1:25, 1:20 a n d  1:15 lo a d i n g s  E a (PS) is 

a p p r o x i m a t e l y  40 k J / M o l  in  b o th  0.1 a n d  1.0 M  p e r c h l o r i c  ac id .  T h i s  a c t i v a t i o n  

e n e r g y  is r e d u c e d  to 15.9 a n d  9.9 k J / M o l  i n  0.1 a n d  1.0 M  e l e c t r o l y t e  

r e s p e c t i v e l y  f o r  t h e  1:5 load ing .  T h e  1:10 l o a d i n g  show s  a  s i m i l a r  v a l u e  o f  

14.5 k J / M o l  i n  0.1 M  el ec t ro ly te .  In  1.0 M  p e r c h l o r i c  a c i d  a n  u n u s u a l  d u a l  

s lope b e h a v i o u r  is o b se rved ,  w h i c h  is i l l u s t r a t e d  i n  f i g u r e  4.4.3.1. A t  

t e m p e r a t u r e s  b e low  285 K  E a (PS) is s i m i l a r  to t h a t  o b s e r v e d  f o r  t h e  l o w e r  

l o ad in g s  w i t h  a v a l u e  o f  51 k J / M o l ,  h o w e v e r ,  a b o v e  t h a t  t e m p e r a t u r e  the  

a c t i v a t i o n  e n e r g y  is l a r g e r  (134 k J /M o l ) .  A l l  o f  t h e  a b o v e  a c t i v a t i o n  

ene rg ies ,  e x c e p t  th e  one  o b t a i n e d  f o r  t h e  1 : 1 0  s y s t em  a t  h i g h  t e m p e r a t u r e ,  show  

n e g a t i v e  e n t r o p y  terms.

T h e  E a (CV) v a lu es  a r e  c o n s i d e r a b l y  l a r g e r  t h a n  thos e  o b s e r v e d  us ing 

p o t e n t i a l  s t ep  m e t h o d s  (see T a b l e  4.4.3.2). F o r  l o ad in g s  < 1:15 E a (C V) is o f  

th e  o r d e r  o f  100-150 k J / M o l  a n d  has  a p o s i t iv e  e n t r o p y  term.  F o r  t h e  1:5 

l o a d i n g  l i t t l e  v a r i a t i o n  o f  t h e  a c t i v a t i o n  en e r g y  w i t h  e l e c t r o l y t e  

c o n c e n t r a t i o n  is obs e rved ,  a n d  E a (CV)  is co u p l e d  to a n e g a t i v e  e n t r o p y  term.  

T h e  1:10 l o a d i n g  r e p re s e n t s  a t r a n s i t i o n  s i t u a t i o n  t h a t  sho ws  d u a l  s lope
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T a b le  4.4.2.2 : A c t i v a t i o n  p ar am eters  for  c h a r g e  t r a n s p o r t  t h r o u g h

[ O s (b ip y ) 2 ( P V P ) n Cl]Cl f i l m s  as ob ta in ed  by  c y c l i c  v o l t a m m e t r y

in h y d r o c h l o r i c  ac id.

Loading Ea(CV) J\H(CV)* A  SiCV)* AG(CV)

kJ/Mol kJ/Mol JMol-1K-^ kJ/Mol

n=5 0.1 M 37.8 35.3 -54.5 51.6

1.0 M 44.9 42.4 -27.2 50.5

n-10 0.1 M 18.0 15.5 -168.1 65.6

1.0 M 16.0 13.5 -141.2 55.6

n-15 0.1 H 88.4 85.9 102.8 55.3

1.0 M 134.5 132.0 265.9 52.7

n=20 0.1 M 87.6 85.1 90.9 58.0

1.0 M 133.3 130.8 246.4 54.9

n=25 0.1 M 86.1 83.6 80.4 59.7

1.0 M 132.2 129.8 237.0 56.7
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T a b l e  4.4.3.1 : A c t i v a t i o n  p aram eters  f o r  c h a r g e  t r a n s p o r t

t h r o u g h  [ O s ( b i p y ) 2 ( P V P ) n Cl]Cl f i l m s  as o b t a i n e d  b y  s a m p l e d

c u r r e n t  v o l t a m m e t r y  i n  p e r c h lo r ic  ac id .

Load i ng Ea(PS) AH(PS)^ AS(PS)f A G (Pf

kJ/Mol kJ/Mol JMol-1^ 1 kJ/M<

n=5 0.1 H 15.9 13.1 -108.2 45.7

1.0 M 9.9 7.5 -123.9 44.5

n-10 0.1 H 14.5 12.0 -113.1 45.7

T>285 K 1.0 M 134.0 131.5 292.8 44.3

T<285 K 51.0 48.5 -38.0 60.0

n-15 0.1 M 41.0 38.5 -41.6 50.9

1.0 M 44.4 41.9 -22.8 48.7

n=20 0.1 M 44.1 41.6 -36.3 52.4

1.0 M 39.3 36.8 -46.2 50.6

n=25 0.1 M 42.6 40.1 -46.5 53.9

1.0 M 35.3 32.8 -65.4 52.3
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3.2 3.4 3.6

1/T (Kx103 )

F i g u r e  4 .43.1 T e m p e r a t u r e  d e p e n d e n c e  o f  D ^ p i P S )  f o r  

[ O s ( b ip y ) 2 ( P V P ) 1 0 Cl]Cl f i l m s  in  1.0 M  HC1C>4 .
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T a b i c  4.4.3,2 : A c t i v a t i o n  pa rameters  fo r  c h a r g e  transport

th r o u g h  [ O s ( b i p y ) 2{ P V P ) n Cl]Cl f i l m s  as o b t a in e d  by

c y c l i c  v o l t a m m e t r y  in pe rchl or ic  acid.

Loading Ea(CV) A H(cv ASiCV}^ AG(CV)

kJ/Mol kJ/Mol JMol^K"1 kJ/Mol

n=5 0.1 M 48.6 46.0 -9.2 48.9

1.0 H 42.2 39.7 -39.3 51.4

n=10 T>285 K 0.1 M 224.0 221.5 548.0 58.2

T<285 K 35.0 32.5 -106.0 64.0

1.0 M 92.0 89.5 92.0 62.1

n=15 0.1 M 162.7 160.2 332.5 61.1

1.0 M 151.3 148.8 295.2 60.8

n=20 0.1 M 160.1 157.6 319.8 62.3

1.0 M 154.2 151.7 290.5 65.1

n=25 0.1 M 158.4 155.9 304.0 65.3

1 .0 M 156.6 154.1 297.6 65.4
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b e h a v i o u r  in  0.1 M  p e r c h l o r i c  ac id .  A b o v e  285 K  E a (C V) is l a rg e  a n d  c o u p led  

to a p o s i t iv e  e n t r o p y  as o b s e r v ed  f o r  th e  l o w e r  r e d o x  lo ad in g s .  Belo w t h a t  

t e m p e r a t u r e  a l ow er  E a (CV) c o u p led  to a n e g a t i v e  e n t r o p y  t e r m  is observed .  

In  1.0 M  e l ec t ro ly te  a l a rg e  a c t i v a t i o n  e n e r g y  w i t h  a l a rg e  p o s i t iv e  e n t r o p y  

v a l u e  is obs e rved .

S ec t ion  4.4.4 S u l p h u r i c  A c id

T h e  v a lu e s  o b t a i n e d  f o r  E a (PS) in  0.1 M  s u l p h u r i c  a c id ,  in c r e a s e  as 

th e  r e d o x  s i te  lo ad in g  is in c r e a s e d  a n d  a r e  a s s o c ia te d  w i t h  n e g a t i v e  e n t r o p y  

t e rm s  (see T a b l e  4.4.4.1). T h e  b e h a v i o u r  in  1.0 M  s u l p h u r i c  a c i d  is s i m i l a r  to 

t h a t  o b s e r v e d  p re v io u s l y  fo r  1.0 M  HC1. A t  low lo a d i n g s  E a (PS) is h ig h  

(35-40 k J / M o l )  a n d  is t h e n  r e d u c e d  a t  h i g h e r  r e d o x  s i te  l o a d in g .

T h e  cy c l i c  v o l t a m m e t r y  b e h a v i o u r  in  1.0 M  s u l p h u r i c  a c id  e x h i b i t s  a 

la rg e  E a (CV ) as soc ia te d  w i t h  a pos i t iv e  e n t r o p y  t e r m  (see T a b l e  4.4.4.2). As 

t h e  o s m i u m  c o n t e n t  i n  t h e  f i l m  is i n c r e a s e d  to 1:5 E a (CV)  is r e d u c e d  a n d  

bec omes  a s s o c ia te d  w i t h  a n e g a t i v e  e n t r o p y  t e rm .  In  0.1 M  s u l p h u r i c  a c id  the  

a c t i v a t i o n  e n e r g y  d ec rea ses  s h a r p l y  f r o m  t h e  v a l u e  o b t a i n e d  f o r  t h e  1:25 

lo a d in g  o f  79 k J / M o l  to a v a l u e  o f  10 k J / M o l  f o r  th e  1:10 lo ad in g ,  f o l l o w e d  by 

a n  in c r e a s e  to 45 k J / M o l  f o r  th e  1:5 loading.
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T a b l e  4.4.4.1 : A c t i v a t i o n  pa r a m e te r s  for  c h a r g e  transport

t h r o u g h  [ O s{ b ip y ) 2 ( P V P ) n Cl]Cl f i l m s  as o b t a i n e d  by sam ple d

c u r r e n t  v o l t a m m c t r y  in s u l p h u r i c  ac id .

Loading Eg (PS ) JH(PS)f A S(PS)* A g (p s):

kJ/Mol kJ/Mol JMol^K-1 kJ/Mo

n=5 0.1 M 47.6 45.1 0.6 44.9

1.0 H 2.6 0.1 -151.2 45.2
n=10 0.1 M 24.0 21.5 -83.1 46.3

1.0 M 6.0 3.5 -134.1 43.5

n=15 0.1 H 14.5 12.0 -131.7 51.3
1.0 H 39.2 36.7 -13.5 40.8

n=20 0.1 M 6.0 3.5 -148.7 47.8

1.0 M 34.9 32.4 -38.8 44.0
n=25 0.1 M 14.5 12.0 -128.2 50.2

1.0 H 34.9 32.4 -52.9 48.2
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T a b l e  4.4,4.2 : A c t i v a t i o n  p ar am eters  fo r  c h a r g e  tr a n sp o rt

t h r o u g h  [ O s ( b i p y ) 2( P V P ) n CI]Cl f i l m s  as o b t a i n e d  by

c y c l i c  v o l t a m m e t r y  in su l p h u r i c  ac id.

Loading Eg(CV) AH(CV)^ Asicv)^ AG<CV)+

kJ/Mol kJ/Mol JMol-1K-1 kJ/Mol

n=5 0.1 M 45.2 42.7 -18.9 48.3

1.0 H 27.9 25.4 -68.3 45.8

n-10 0.1 M 10.5 8.5 -155.6 52.4

1.0 M 115.5 113.0 220.1 47.1

n=15 0.1 M 21.4 18.9 -130.7 55.4

1.0 M 90.4 87.7 170.6 51.6

Z3 II (S
J

O 0.1 M 59.7 57.2 3.0 56.3

1.0 M 80.1 77.6 67.9 57.4

n=25 0.1 M 79.2 76.7 84.0 51.7

1.0 M 74.9 72.4 63.2 53.6
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C h a r g e  t r a n s p o r t  t h r o u g h  su ch  m o d i f y i n g  f i l m s  is n o w  w i d e l y  a c c e p t e d  

as o c c u r r i n g  th r o u g h  e l e c t r o n  se l f  e x c h a n g e  r e a c t i o n s  b e t w e e n  r e d u c e d / o x i d i s e d  

r e d o x  couples.  T h e  r a t e  d e t e r m i n i n g  s tep f o r  c h a r g e  p r o p a g a t i o n  c a n  be  l im i te d  

by; i) the  r a t e  o f  s e g m e n ta l  p o l y m e r  c h a in  m o t io n ,  i i) t h e  t r a n s p o r t  o f  c h a r g e  

c o m p e n s a t in g  c o u n t e r i o n  i n t o / o u t  o f  the  m o d i f y i n g  f i l m  d u r i n g  r e d o x ,  i i i) the  

i n t r i n s i c  b a r r i e r  to e l ec t ro n  se l f  exc hange .

T h e  r a t e  o f  c h a r g e  t r a n s p o r t  t h r o u g h  th e  [ O s ( b ip y ) 2 ( P V P ) n Cl]Cl 

f i l m s  r e p o r t e d  h e r e  is c l e a r ly  d e p e n d e n t  on t h e  e l e c t r o l y t e  t ype ,  its 

c o n c e n t r a t i o n  a n d  the  r e d o x  s ite load ing .  S ig n i f i c a n t l y ,  t h e  a p p a r e n t  r a t e  of  

c h a r g e  t r a n s p o r t  also a p p e a r s  to be d e p e n d e n t  on  t h e  t i m e s c a l e  o f  t h e  m e t h o d  

u sed  to e v a lu a t e  it. T r a d i t i o n a l l y ,  th e  i n v e s t i g a t i o n  o f  c h a r g e  t r a n s p o r t  

t h r o u g h  such m e t a l l o p o l y m e r  f i lm s  has  been  a c c o m p l i s h e d  u s i n g  s h o r t  t imesca le  

p o t e n t i a l  s tep m e a s u r e m e n t s .  T h e  f a c t  t h a t  s h o r t  t im e s c a l e  c h r o n o a m p e r o m e t r y  

g ives  a c h a r g e  t r a n s p o r t  ra te ,  D ^ j ( P S ) ,  w h i c h  is l a r g e r  t h a n  t h a t  o b t a i n e d  

us in g  cycl i c  v o l t a m m e t r y ,  D (~.j (CV),  suggests  t h a t  f o r  t h e s e  o s m i u m  c o n t a i n i n g  

p o ly m ers ,  t h e r e  a r e  k i n e t i c  b a r r i e r s  to th e  m o v e m e n t  o f  m o b i l e  species  

p a r t i c i p a t i n g  in  the  o v e r a l l  r e d o x  process ,  o v e r  a n d  a b o v e  those  c o n t r o l l i n g  

t h e  ch a rg e  i n j ec t io n  r a te .  Such  a m u l t i e q u i l i b r i u m  m o d e l  is s u p p o r t e d  by the  

f a c t  t h a t  a c t i v a t i o n  e n e rg i e s  m e a s u r e d  by cy c l i c  v o l t a m m e t r y  a r e  l a r g e r  a n d  

f r e q u e n t l y  r e f l e c t  processes ,  n o t a b l y  p o ly m e r  c h a i n  m o t io n ,  w h i c h  a r e  e x p e c te d  

to o cc u r  u n d e r  m o re  co m p l e t e  e q u i l i b r i u m  c o n d i t i o n s  (v id e  i n f r a ) .  T h e  

t im e sca le  o v e r  w h i c h  t h e  C o t t r e l l  e q u a t i o n  is v a l i d  d e p e n d s  on b o th  t h e  ac t i v e  

s i te  a n d  s u p p o r t i n g  e l e c t r o l y t e  c o n c e n t r a t i o n s .  S i g n i f i c a n t l y ,  in those  

e l ec t ro ly te s ,  such  as H 2 S 0 4, w h e r e  D C T (PS) a n d  D C T (C V) a r e  s i m i l a r  the  

C o t t r e l l  e q u a t i o n  is v a l i d  f o r  up  to 80 % o f  the  to ta l  f i l m  th ickness .  Th i s

S e c t i o n  4.5 D i s c u s s io n  o f  H o m o g e n e o u s  Ch ar ge  T r a n s p o r t .
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f u r t h e r  suggests  t h a t  w h e r e  k i n e t i c  b a r r i e r s  to mass  t r a n s p o r t  a r e  a b s e n t  t h a t  

c h a r g e  is p r o p a g a t e d  t h r o u g h  the  w ho le  f i l m  t h i c k n e s s  a t  a s i m i l a r  ra te .  T h e  

o r i g ins  o f  thes e  k i n e t i c  b a r r i e r s  to mass  t r a n s p o r t  w i t h i n  th e  f i l m  is

d i sc ussed  later .  T h e  o b s e r v a t io n s  o f  this  c h a p t e r  c l e a r l y  s h o w  t h a t

e l e c t r o c h e m ic a l  m e th o d s ,  as wel l  as, r a d i o t r a c e r  t e c h n i q u e s  a n d  t h e  q u a r t z

c r y s ta l  m i c r o b a l a n c e  [25-27] c a n  be  used  to i n v e s t i g a t e  t h e  t i m e  d e p e n d e n c e  of  

mass  t r a n s p o r t .

T h e  d i f f e r e n c e  i n  c h a r g e  t r a n s f e r  ra t e s  w h e n  t h e  e l e c t r o l y t e  s o lu t io n  

is v a r i e d ,  suggests  t h a t  th e  c o n t a c t in g  e l e c t r o l y te  d i r e c t l y  i n f l u e n c e s  ion  

a v a i l a b i l i t y  w i t h i n  th e  f i l m  a n d / o r  t h e  co a t in g s  m o r p h o l o g y .  T h e  e f f e c t  o f  

in c r e a s e d  e l ec t ro ly te  c o n c e n t r a t i o n  is to i n c r e a s e  D ^ . j ( P S )  f o r  all

e l ec t ro ly te s  a n d  l o a d in g s  e x a m in e d .  T h e  i n c r e a s e  is n o t  l i n e a r  a n d  f r e q u e n t l y

sho ws  a n  e l ec t ro ly te  c o n c e n t r a t i o n  a b o v e  w h i c h  D q -j -(PS) i nc re ases

s i g n i f i c a n t ly .  I t  is we l l  k n o w n  t h a t  p o l y e l e c t r o ly t e  f i l m s  c a n  a c t  to e x c lu d e  

ions  w h e r e  th e  ion  c o n c e n t r a t i o n  in  s o lu t io n  is b e lo w  t h e  f i x e d  s ite

c o n c e n t r a t i o n  w i t h i n  t h e  f i lm .  T h i s  occurs  d u e  to t h e  f i l m s  a s s o c ia te d  D o n n a n  

p o t e n t i a l  [28]. I t  seems l i k e ly ,  t h e r e f o r e ,  t h a t  th e  r a t e  o f  c h a r g e  t r a n s p o r t  

is l i m i t e d  by ion  a v a i l a b i l i t y  d i c t a t e d  by D o n n a n  e x c lu s io n ,  w h e r e  the  

e l ec t ro ly te  c o n c e n t r a t i o n  is low,  a n d  t h a t  o n ly  w h e n  t h e  e l e c t r o ly te

c o n c e n t r a t i o n  exceeds  t h e  f i x e d  s ite c o n c e n t r a t i o n  is i t  poss ib le  to r e m o v e  th e  

ion t r a n s p o r t  l im i t a t i o n .  O t h e r  f a c to r s ,  such  as t h e  e l e c t ro ly te s  a b i l i t y  to 

m ob i l i s e  o r  so lub i l i se  p o l y m e r  c h a in s  or  swel l  t h e  f i lm ,  wi l l  also  i n f l u e n c e  

ion av a i l a b i l i t y .

■The e f f e c t  o f  e l e c t ro l y t e  c o n c e n t r a t i o n  on  t h e  c yc l i c  v o l t a m m e t r y  

e x p e r i m e n t s  has  also  b ee n  e x p lo re d  (see T ab le s  4.3.2.2 - 4.3.4.2). In  HC1 an  

i n c r e a s e d  e l ec t ro ly te  c o n c e n t r a t i o n  gives  an  e n h a n c e d  D q j (CV),  w i t h  m u c h  of
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th e  i n c re a s e  o c c u r r i n g  b e t w e e n  0.6 an d  0.8 M  e lec t ro ly te .  T h i s  a g a i n  suggests  

t h a t  D o n n a n  ex c lu s io n  o p e r a t e s  f o r  h ig h  r e d o x  s i te  l o a d i n g / l o w  e l ec t ro ly te

c o m b i n a t i o n s  a n d  t h a t  as th e  e l ec t ro ly te  c o n c e n t r a t i o n  is in c r e a s e d ,  o t h e r

processes  l i m i t  D(~.y(CV). T h e  f o r m a l  p o t e n t i a l  d a t a  i n  HC1 s u p p o r t  t h e  ab o v e  

i n t e r p r e t a t i o n  (see T a b l e  4.3.2.2). E Q in  HC1 is i n s e n s i t i v e  to e l e c t ro ly te

c o n c e n t r a t i o n  f o r  the  1:15, 1:20 a n d  1:25 load ings .  A t  th e  1:10 l o a d i n g  E Q

dec re a ses  s i g n i f i c a n t l y  b e t w e e n  0.6 a n d  0.8 M  HC1, t h e  s am e  p o i n t  a t  w h i c h  

D c t ( C V )  in c reases  s h a r p ly .  A t  th e  1:5 l o a d i n g  E Q a c t u a l l y  i n c re a s e s  w i t h  

i n c r e a s i n g  HC1 c o n c e n t r a t i o n  s u p p o r t i n g  th e  v i e w  t h a t  f o r  th i s  l o a d i n g  D o n n a n  

ex c lu s io n  o p e ra t e s  a t  a l l  th e  HC1 c o n c e n t r a t i o n s  e x a m i n e d .  T h e  s i t u a t i o n  in  

p e r c h l o r i c  a c id  is in s t a r k  c o n t r a s t  to the  b e h a v i o u r  d i s cu s s ed  abo ve ,  w i t h  

D c t ( C V )  d e c r e a s in g  as the  p e r c h l o r a t e  c o n c e n t r a t i o n  is i n c r e a s e d . 

P e r c h lo r a t e  sal t s  o f  these  m e ta l l o p o ly m e rs  a r e  u n u s u a l  i n  t h a t  t h e y  ar e  

in s o lu b le  in  a q u e o u s  m e d ia .  T hes e  o b s e r v a t io n s  suggest  t h a t  as t h e  p e r c h l o r a t e  

i on  c o n c e n t r a t i o n  is in c r e a s e d ,  th e  f i l m  becomes  m o r e  co m p a c t ,  t h u s  h i n d e r i n g  

ion  t r a n s p o r t .  T h i s  ag ree s  w i t h  r e c e n t  r e p o r t s  on p a r t i a l l y  q u a t e r n i s e d  

p o l y ( 4 - v i n y l p y r i d i n e )  f i l m s  c o n t a i n i n g  R e ( C O ) 3 (p he n) ,  p h e n  

1 , 1 0 - p h e n a n t h r o l i n e ,  w h i c h  w e re  sh o w n  to f o r m  n e a r l y  d e h y d r a t e d  c o m p a c t  f i lm s  

in  p e r c h l o r a t e  c o n t a i n i n g  m e d i a  [29]. In s u l p h u r i c  a c i d  a n  i n c r e a s e  in 

e l e c t ro ly te  c o n c e n t r a t i o n  t y p i c a l l y  in c re ases  D ^ j ( C V ) ,  e x c e p t  f o r  th e  1:25 

load ing .  T h i s  i n c r e a s e  is m o n o to n ic ,  w h i c h  suggests  t h a t  th e  f i l m  is

e x te n s iv e ly  swol len .  T h i s  is s u p p o r t e d  by t h e  d a t a  o b t a i n e d  f r o m  th e  1:25 

lo a d in g  w h e r e  D ^ T (CV ) dec rea ses  as the  s u l p h u r i c  a c id  c o n c e n t r a t i o n  is 

i n c r e a s e d . T h i s  b e h a v i o u r  is e x p l a i n e d  by  e x t e n s i v e  f i l m  sw e l l ing  as the  

e l e c t ro ly te  is in c re a s ed .  T h i s  process  i ncreas es  t h e  i n t e r s i t e  s e p a r a t i o n ,  

r e q u i r i n g  t h a t  t h e  p o l y m e r  s t r a n d s  m o v e  in o r d e r  t h a t  e l e c t r o n  se l f  e x c h a n g e
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occur .

With  th e  e x c e p t i o n  o f  s u l p h u r i c  a c id  a n  i n c r e a s e d  r e d o x  s i te lo a d in g  

i n i t i a l l y  in c re a se s  D ^ j C C V ) .  D £ y ( C V )  does  n o t  i n c r e a s e  o v e r  the  w ho le  

l o a d i n g  r a n g e  i n v e s t i g a t e d  ex c e p t  i n  p e r c h l o r i c  ac id ,  b u t  f o r  t h e  h ig h e s t  

l o a d i n g  e x a m i n e d  (1:5) D ^ j ( C V )  dec reases .  T h i s  c o u p l e d  to t h e  o b s e r v e d  

d e p e n d e n c e  o f  D^- p (C V ) on e l e c t r o l y t e  c o n c e n t r a t i o n  suggests  t h a t  ion  

t r a n s p o r t  p l ay s  a s i g n i f i c a n t  ro l e  i n  d e t e r m i n i n g  D q p (CV).  T h e  f a c t  t h a t  

r e d o x  s i te l o a d i n g  has  l i t t l e  e f f e c t  o n  t h e  c h a r g e  t r a n s p o r t  r a t e  w h e n  the  

e l e c t r o ly te  c o n c e n t r a t i o n  is low,  a g a in  sugges ts  i o n  t r a n s p o r t  l i m i t a t i o n s .  A t  

t h e  h ig h e s t  r e d o x  site lo a d in g  e x a m i n e d  (1:5) t h e  f i x e d  s i t e  c o n c e n t r a t i o n  is 

a p p r o x i m a t e l y  1.17 M. T h u s  a c h a n g e  in  e l e c t r o l y t e  c o n c e n t r a t i o n  f r o m  0.1 to

1.0 M  does  n o t  d r a m a t i c a l l y  a l t e r  D q -j -(CV),  s ince  t h e  c h a r g e  c o m p e n s a t i n g  

c o u n t e r i o n  c o n c e n t r a t i o n  in  s o lu t io n  is a l w a y s  less t h a t  t h e  f i x e d  s i te 

c o n c e n t r a t i o n  a n d  so D o n n a n  ex c lu s io n  wi l l  a l w a y s  ope ra te .

I n t e r e s t i n g ly ,  t h e  d e p e n d e n c e  o f  b o t h  D ^ j ( P S )  a n d  D ^ j ( C V )  on the  

f i x e d  s i te c o n c e n t r a t i o n  is f r e q u e n t l y  l i n e a r  f o r  low r e d o x  s ite load ings .  

T h i s  b e h a v i o u r  is g e n e ra l l y  a c c e p t e d  as b e i n g  i n d i c a t i v e  o f  a D a h m s - R u f f  

r e l a t i o n  in  w h i c h  e l ec t ro n  se l f  e x c h a n g e  m a k e s  a s i g n i f i c a n t  c o n t r i b u t i o n  to 

t h e  o b s e r v e d  c h a rg e  t r a n s p o r t  r a t e  [30-33]. H o w e v e r ,  b o t h  the  v a r i a t i o n  of  

e l e c t ro l y te  c o n c e n t r a t i o n  a n d  t h e r m o d y n a m i c  d a t a  (v id e  i n f r a )  c l e a r l y  sugges t  

t h a t  ion  o r  p o l y m e r  c h a i n  m o v e m e n t ,  n o t  e l e c t r o n  se l f  e x c h a n g e  r e p r e s e n t s  the  

r a t e  d e t e r m i n i n g  step.  Also,  m e a s u r e m e n t s  c o n d u c t e d  on s i m i l a r  r u t h e n i u m

c o n t a i n i n g  m a t e r i a l s  u s in g  s t e a d y  s t a t e  m e t h o d s ,  sug ges t  t h a t  the  v a lu es  

o b t a i n e d  f o r  e l ec t ro n  se l f  e x c h a n g e  a r e  c o n s i d e r a b l y  l a r g e r  t h a n  t h e  D ^ T 

v a lu e s  o b s e r v e d  h e r e  [34],
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T h e  above  i n t e r p r e t a t i o n ,  in  w h i c h  ion m o v e m e n t  a n d  a v a i l a b i l i t y  p l a y  

a s i g n i f i c a n t  role in th e  c h a r g e  t r a n s p o r t  process,  a l i m i t a t i o n  w h i c h  c a n  o n ly  

be  r e m o v e d  f o r  low r e d o x  s i t e / h i g h  e lec t ro ly te  c o n c e n t r a t i o n  c o m b i n a t i o n s ,  is 

s u p p o r t e d  by the  t h e r m o d y n a m i c  da t a .  T h e  E a (PS) v a lu es  o b t a i n e d  a r e

d i f f e r e n t  in  0.1 an d  1.0 M  e lec t ro ly te s .  H o w e v e r ,  A S (P S)  v a lu e s  a r e  a l w a y s  

n e g a t i v e  excep t  fo r  1.0 M  p e r c h l o r i c  a c id  a t  h ig h  t em p e r a tu r e s .  T h e s e  n e g a t i v e  

e n t ro p i e s  suggest  t h a t  a n  o r d e r i n g  process,  n a m e l y  ion t r a n s p o r t  l i m i t s  t h e  

r a t e  o f  c h a rg e  p r o p a g a t i o n  a t  b o t h  e l ec t ro ly te  c o n c en t ra t i o n s .  T h e s e  n e g a t i v e  

e n t r o p y  te rm s  ar ise,  s ince  e l e c t r o n  t r a n s p o r t  r e q u i r e s  a n  o r d e r i n g  o f  p o l y m e r  

c h a in s  in  a local ised a c t i v a t i o n  zone  a r o u n d  th e  e l ec t ro ac t iv e  c e n t r e  [24]. 

C o u p l e d  to this,  the  r e q u i r e m e n t  o f  c h a rg e  c o m p e n s a t in g  c o u n t e r i o n  m o v e m e n t  

in to  the  p o ly m er  f i l m  wi l l  r e d u c e  p o l y m e r  c h a i n  f l ex ib i l i ty .  B o th  e f f e c t s  w i l l  

b r i n g  a b o u t  an  increas e  in  t h e  sys tems  o r d e r  a n d  hen c e  a n e g a t i v e  e n t r o p y  

term.

T h e  E a (PS) val ues  in  0.1 M  HC1 a r e  c o n s t a n t  f o r  a l l  l o a d i n g s  

e x a m in e d .  Thi s ,  in c o m b i n a t i o n  w i t h  the  i n s e n s i t iv i t y  o f  D q j (PS)  t o  r e d o x

si te load ing ,  suggests t h a t  in  0.1 M  HC1 t h a t  D o n n a n  ex c lu s io n  c o n t r o l s  t h e  i on  

a v a i l a b i l i t y  w i t h i n  the  f i l m  f o r  al l  r e d o x  s i te loadings .  In  1.0 M  e l e c t r o l y t e  

E a (PS) is l a rge  (>40 k J / M o l )  f o r  t h e  1:25, 1:20 a n d  1:15 load ings .  T h i s  is 

r e d u c e d  to less t h an  10 k J / M o l  f o r  t h e  1:10 a n d  1:5 loadings .  T h i s ,  c o m b i n e d  

w i t h  th e  e f f e c t  on D ^ j ( P S )  o f  r e d o x  s i te c o n c e n t r a t i o n  c h a n g e s  d i s c u s s e d  

p re v io u s ly ,  suggests  t h a t  i n  1.0 M  HC1 ion t r a n s p o r t  con trol s  t h e  r a t e  o f  

c h a r g e  p r o p a g a t i o n  fo r  al l  l oading s .  T h e  d a t a  suggest  t h a t  in  1.0 M  HC1 D o n n a n  

ex c lu s io n  has  b ro k e n  d o w n  f o r  t h e  1:25 to 1:10 loadings .  T h i s  is s u p p o r t e d  by 

th e  in c rease  o f  D q j (PS)  w i t h  i n c r e a s i n g  r e d o x  si te c o n c e n t r a t i o n  u p  to  th e  

1:10 loading .  T h e  large  v a l u e  o f  E a (PS) o b s e rv e d  f o r  these  low lo a d i n g s ,
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also  suggests l a rg e  scale  i on  m o v e m e n t  w i t h i n  t h e  f i lm .  F o r  th e  1:5 l o a d i n g  

D o n n a n  ex c lu s io n  o p e r a t e s  even  in  1.0 M  HC1 d u e  to t h e  f i x e d  s i te  c o n c e n t r a t i o n  

o f  1.17 M, as e v i d e n c e d  by th e  su p p re s s e d  D ^ j ( P S )  val ue s .  T h e  E a (PS) 

v a lu es  fo r  t h e  1:10 a n d  1:5 l o a d i n g  a r e  smal l .  T h e  E a (PS) v a l u e  o b t a i n e d  f o r  

t h e  1:10 is t h o u g h t  to r e f l e c t  f a c i l e  ion  m o v e m e n t  in  t h e  f i lm .  F o r  t h e  1:5 

case  D o n n a n  ex c lu s ion  m e a n s  t h a t  t r a n s p o r t  o f  c h a rg e  c o m p e n s a t i n g  c o u n t e r i o n  

across  t h e  f i l m / e l e c t r o l y t e  i n t e r f a c e  is the  r a t e  d e t e r m i n i n g  s tep ,  w h i c h  is 

r e f l e c t e d  i n  the  low a c t i v a t i o n  e n e r g y  observed .

When the  a c t i v a t i o n  ene rg ie s  a r e  e v a l u a t e d  us in g  cy c l i c  v o l t a m m e t r y  

the  sam e t r e n d  is o b s e r v e d  in  b o t h  0.1 a n d  1.0 M  HC1. F o r  low  l o ad in g s  

E a (CV) is l a rg e  a n d  c o u p l e d  to a po s i t iv e  e n t r o p y  t e rm .  T h i s  i m p l i e s  t h a t  

t h e  r a t e  d e t e r m i n i n g  s tep  is a d i s o r d e r i n g  one.  T h u s  i t  a p p e a r s  t h a t  s e g m e n ta l  

p o l y m e r  c h a i n  m o t io n  l imi t s  D ^-p (C V ) f o r  t h e  1:25 to 1:15 loadings .  

S ig n i f i c a n t l y ,  in  0.1 M  HC1 th e  a c t i v a t i o n  e n e r g y  is less t h a t  t h e  1.0 M  case,  

sugges t ing  t h a t  t h e  f i l m  is less s w o l len  a t  l o w e r  HC1 c o n c e n t r a t i o n  th u s  

r e d u c i n g  th e  r e q u i r e m e n t  o f  c h a i n  m o v e m e n t  f o r  th e  e l e c t r o n  se l f  e x c h a n g e  to 

occur .  T h e  E a (CV) a n d  e n t r o p y  v a lu e s  o b t a i n e d  a t  h i g h  lo a d i n g s  sugges t  ion  

t r a n s p o r t  as t h e  r a t e  l i m i t i n g  step.

In  p e r c h l o r i c  a c id  E a (PS) dec re a ses  f r o m  35-50 k J / M o l  f o r  t h e  1:25 

to 1:10 lo ad in g s  to 10 k J / M o l  a t  t h e  1:5 lo ad in g .  T h e  b e h a v i o u r  in  1.0 M 

e l e c t r o l y t e  was  b r o a d l y  s i m i l a r  e x c e p t  f o r  t h e  1:10 lo ad in g .  F o r  t h e  1:25 to 

1:15 lo ad in g s  b o th  D^-p(PS)  a n d  E a (PS) r e m a i n  r e l a t i v e l y  c o n s t a n t  as the  

p e r c h l o r a t e  c o n c e n t r a t i o n  is i n c r e a s e d  f r o m  0.1 to 1.0 M. T h i s ,  c o u p l e d  to the  

n e g a t i v e  e n t r o p y  t e rm ,  suggests  t h a t  t h e  f i l m s  a r e  c o m p a c t ,  a n d  t h a t  ion  

t r a n s p o r t  is i m p e d e d ,  e v e n  a t  e l e c t ro ly te  c o n c e n t r a t i o n s  w h e r e  D o n n a n  e x c lu s io n  

is e x p e c t e d  to be  b r o k e n  dow n.  A t  t h e  1:5 l o a d i n g  E a (PS) is low a n d  r e f l e c t s
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m e m b r a n e  b e h a v i o u r  s i m i l a r  to t h a t  d i s cu ssed  f o r  HC1. T h e  1:10 l o a d i n g  a p p e a r s  

to r e p r e s e n t  a t r a n s i t i o n  s i t u a t io n .  In 0.1 M  p e r c h l o r a t e  t h e  c h a r g e  t r a n s p o r t  

r a t e  is l i m i t e d  b y  ion a v a i l a b i l i t y  as c o n t r o l l e d  by  D o n n a n  ex c lu s io n ,  w h i l e  in

1.0 M  e l e c t r o ly te  the  tw o  r a te  d e t e r m i n i n g  processes  a r e  o b s e r v ed .  F o r  

t e m p e r a t u r e s  a b o v e  285 K  the  l a rg e  a c t i v a t i o n  e n e r g y  a n d  p o s i t iv e  e n t r o p y  

suggest  p o l y m e r  c h a in  m o t io n  as the  r a t e  d e t e r m i n i n g  s t ep  [35,36]. T h e  r e m o v a l  

of  the  ion  t r a n s p o r t  l i m i t a t i o n  ca uses  t h e  in c r e a s e d  D^-p(PS)  v a lu e s  o b s e r v e d  

f o r  t h e  1:10 load ing .  A t  l ow er  t e m p e r a t u r e s  ion  t r a n s p o r t  a g a i n  l im i t s  the  

c h a rg e  p r o p a g a t i o n  ra te .  T h e  l a rg e  E a (CV ) values ,  c o u p l e d  to p o s i t iv e  

ent ro pi es ,  r e p r e s e n t  p o l y m e r  c h a i n  m o t io n  as t h e  r a t e  d e t e r m i n i n g  s t ep  f o r  the  

1:25 to 1:15 l o ad in g s  in  b o th  0.1 a n d  1.0 M  p e r c h l o r i c  ac id .  D o n n a n  ex c lu s io n  

ag a in  con t ro l s  th e  processes  f o r  t h e  1:5 load ing .  In  1.0 M  p e r c h l o r i c  a c id ,  

p o ly m er  s t r a n d  m o t io n  co n t ro l s  D q ^ C V )  f o r  t h e  1 : 1 0  sys tem ,  w h i l e  d u a l  s lope 

b e h a v i o u r  is o b s e r v e d  in  0.1 M  el ec t ro ly te .  T h i s  suggests  t h a t  p o l y m e r  c h a in  

m o v e m e n t  c o n t ro l s  th e  c h a r g e  t r a n s p o r t  p rocess  a t  h i g h e r  t e m p e r a t u r e s ,  w h i l e  

ion  m o v e m e n t  l im i t s  D ^ j ( C V )  f o r  t e m p e r a t u r e s  b e low  285 K.

In  0.1 M  s u l p h u r i c  a c id  E a (PS) i nc re ases  s t e a d i l y  as the  r e d o x  s i te 

lo ad in g  is i nc re ased .  I t  is p r e s u m e d  t h a t  w h e r e  t h e  o s m i u m  c o n t e n t  w i t h i n  the  

f i l m  is low,  t h e  e lec t ro ly te s  a b i l i t y  to so lub i l i se  th e  f i l m  is a t  a m a x i m u m .

As the  o s m iu m  c o n t e n t  is i nc re ased ,  t h e  f i l m  bec om es  less s w o l l e n  hen c e  

i m p e d i n g  ion t r a n s p o r t ,  w h i c h  in  t u r n  re su l t s  in a n  i n c r e a s e d  a c t i v a t i o n  

energy.  In  1.0 M s u l p h u r i c  a c id  t h e  r a t e  d e t e r m i n i n g  s t ep  r e m a i n s  as ion  

m o v e m e n t  w i t h i n  the  f i lm .  T h e  o b s e r v e d  in c r e a s e  in  D ^ j ( P S )  is a co n s e q u e n c e  

of  an  in c r e a s e d  ion p o p u l a t i o n  w i t h i n  th e  f i lm .  D^ - j^ PS)  f o r  t h e  1:5 lo a d in g  

is a g a in  u n d e r  D o n n a n  ex c lu s io n  co n t ro l ,  th is  ac ts  to l i m i t  ion  a v a i l a b i l i t y  

w i t h i n  the  f i l m  thus  r e d u c i n g  D q T (PS). T h e  h o m o g e n e o u s  a c t i v a t i o n  en e rg y
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w h ich  re p re s e n t s  t h e  b a r r i e r  o f  ion  t r a n s p o r t  w i t h i n  t h e  f i l m  r e m a i n s  low 

ho w ever .  T h e  l arge  E a (CV) a n d  p os i t iv e  e n t r o p y  v a lu es  f o r  t h e  1:25 lo a d in g  

in 0.1 a n d  1.0 M s u l p h u r i c  a c id  b o th  im p ly  a p o l y m e r  c h a i n  m o v e m e n t  

l im i t a t i o n .  In 0.1 M e l e c t r o ly te  a n  i n c r e a s e  in o s m iu m  c o n t e n t  c h a n g e s  the  

r a te  d e t e r m i n i n g  s tep to ion m o v e m e n t  ( low a c t i v a t i o n  e n e r g i e s  a n d  n e g a t i v e  

en t ro p ie s) .  T h e  f i lm s  D o n n a n  p o t e n t i a l  c a n  be o v e r c o m e  by t h e  1.0 M 

e l e c t r o ly te  f o r  all  l o ad in g s  ex c e p t  1:5. T h e r e f o r e ,  ion  t r a n s p o r t  l im i t s  

D C X (CV) f o r  all  s u l p h u r i c  a c id  c o n c e n t r a t i o n s  e x a m i n e d  a t  th e  1:5 load ing .  

T h i s  is in a g r e e m e n t  w i th  the  e l e c t r o l y t e  c o n c e n t r a t i o n  e f f e c t s  d i scussed  

ea r l ie r .
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Scct ion 4.6 E le c t r o ly t e  a n d  R e d o x  Site L o a d i n g  E f f e c t s  on H e t e r o g e n e o u s  

E l e c t r o n  T r a n s f e r  R e a c t io n s

Sect ion  4.6.1 G e n e r a l

A t y p i c a l  s am p led  c u r r e n t  v o l t a m m o g r a m  f o r  t h e  O s ( I I / I I I )  o x i d a t i o n  

w i t h i n  [O s(bipy ) 2 ( P V P ) 2 5 Cl]Cl f i lm s  w i t h  0.1 M  s u l p h u r i c  a c i d  as 

e l e c t r o ly te  is s h o w n  in  F i g u r e  4.6.1.1. T h es e  s igm oid  s h a p e d  w a v e s  a r e  s i m i l a r  

to those  o b s e r v e d  a t  u n m o d i f i e d  e l ec t ro d es  f o r  so lu t io n  p h a s e  r e a c t a n t s  [37],

T h e  a n o d i c  c u r r e n t s  i n c re a se  w i t h  d e c r e a s in g  s a m p l in g  t i m e  a n d  a t  t h e  sam e 

t im e  th e  h a l f  w a v e  p o te n t i a l s  o f  t h e  v o l t a m m o g r a m s  f o r  t h e  o x i d a t i o n  process  

s h i f t  in  a p o s i t iv e  d i r e c t io n  w i t h  d e c r e a s in g  s a m p l in g  t ime .  T h i s  b e h a v i o u r  is 

a c c e p t e d  as b e in g  i n d i c a t i v e  o f  B u t l e r - V o l m e r  k in e t i c s  [38] a n d  t h e  

c o n v e n t i o n a l  an a ly s i s  f o r  s a m p le d  c u r r e n t  v o l t a m m o g r a m s  is, t h e r e f o r e ,  e x p e c t e d  

to be  a p p r o p r i a t e .  T h e  r i s in g  p o r t i o n  o f  th e  s am p led  c u r r e n t  v o l t a m m o g r a m  has  

b ee n  a n a ly s e d  us in g  the  m e t h o d  o f  M a t s u d a  [39] (Sec t ion 1.3.3) to  g ive  the  

s t a n d a r d  r a t e  c o n s t an t ,  k ° ,  a n d  a n o d i c  t r a n s f e r  c o e f f i c i e n t ,  OL , f o r  t h e  

h e t e r o g e n e o u s  e l ec t ro n  t r a n s f e r .

T h e  v a lu e s  fo r  t h e  h e t e r o g e n e o u s  r a t e  co ns tan t s ,  e n t h a l p i e s  a n d  

en t ro p i e s  a r e  r e p r o d u c i b l e  to w i t h i n  + 2 % on a s ingle  c o a t i n g  a n d  to  + 1 0 % 

b e t w e e n  coat ings .  T r a n s f e r  c o e f f i c i e n t s  a r e  a c c u r a t e  to w i t h i n  +0.05.
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0.0 0.2 0.4 0.6
E (V vs SCE)

F i g u r e  4.6.1.1 T y p i c a l  s a m p l e d  c u r r e n t  v o l t a m m o g r a m s  fo r  the  

O s ( I I / I I I )  r e a c t i o n  w i t h i n  [ O s C b i p y ^ C P V P ^ C l J C l  

f i lm s .  E l e c t r o l y t e  0.1 M  H 2 S O 4 . S a m p l in g  t imes  are ,  

f r o m  top  to b o t to m ,  1, 2, 4, 10 ms. S u r f a c e  c o v e r a g e  2 x 

1 0 * 8  m o lc m '^ .
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Section 4.6.2 Hydroch lo r ic  acid

F igure  4.6.2.1 and  Tab le  4.6.2.1 give the dependence  of  k °  and  

t r a n s fe r  c oe f f ic i en t  on bo th  HC1 concen t ra t ion  an d  redox site loading.  k°  

increases w i th  increasing HC1 concen tra t ion ,  the n a tu r e  of  this  increase  being 

d e pe nden t  on the  redox site loading.  For  the low loadings a n e a r  l inea r  

va r i a t i o n  of  k °  a n d  HC1 c oncen t ra t ion  is observed. Fo r  the 1:15 a n d  1:10 

loadings k°  increases  s ign i f ican t ly  be tween  0.6 an d  0.8 M. When the  redox 

site loading is increased  to 1:5, k °  becomes largely insens i t ive  to 

e lectrolyte  concen tra t ion.  Redox  site loading also al ters  the  r a t e  of  

heterogeneous  electron t rans fe r .  An  increased osmium c on ten t  i n i t i a l ly  sharp ly  

increases k°.  Th is  increase is not  susta ined  over  the complete  load ing  range  

exam ined  an d  decreases  a f t e r  the 1:15 loading fo r  low HC1 concen tra t ions .  In 

0.8 an d  1.0 M  electrolyte  k °  decreases a f t e r  the  1:10 loading.

The  t r a n s fe r  c oe f f ic i en t  shows cons iderab le  sensi t iv i ty  to e lec troly te  

concen t ra t io n  an d  redox  s ite loading  and  ref lects  the  t r e n d  observed  fo r  k° , 

reach ing  a m ax im a l  va lue  fo r  the 1:10 loading. Fo r  h igh  osmium load ings  OC is 

in f lu e n ce d  by electrolyte  c onc en t ra t ion  an d  increases s tead i ly  w i th  increased 

electrolyte  concen t ra t ion ,  r each in g  a va lue  of  0.37 + 0.05 f o r  1.0 M HC1. For  

osmium loadings below 1:10 (X is s ign i f ican t ly  r educed  a n d  is r e la t ive ly  less 

i n f luenced  by electrolyte  concen tra t ion.
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Figure 4.6.2.1 The  e ffec t  o f  redox site loading  and  HC1

c oncen t ra t ion  on k °  for  [Os(bipy)2 (PVP)n Cl]Cl films.

o 2
Sur face  coverage 2 x 10 molcm . T he  electrolyte  

concen t ra t ions  are,  f rom top to bottom, 1.0 , 0 .8 , 0.6  and 

0.1 M.
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T a b l e  4.6.2.1: T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  h y d r o c h l o r i c  a c i d  s u p p o r t i n g

e l e c t r o l y t e  a n d  r e d o x  s i t e  l o a d i n g  on h e t e r o g e n e o u s  e l e c t r o n  t r a n s f e r

p a r a m e t e r s  f o r  [ O s (b ip y ) 2 ( P V P ) n Cl]Cl m o d i f i e d  e l e c tr o d e s .

L o a d in g  Cone. k ° * 1 0 4 (X
1

M cms

n=5 0 . 1  2 .8 9  0 . 1 7
0 . 2  2 .9 4  0 . 2 9
0 . 4  2 . 9 5  0 .3 4
0 . 6  3 .0 0  0 . 3 6
0 . 8  3 .1 5  0 . 3 5
1 . 0  3 .2 7  0 . 3 7

n -10  0 . 1  3 .81  0 . 1 8
0 . 2  4 . 0 9  0 . 2 7
0 . 4  4 . 3 8  0 .3 1
0 .6  4 .6 6  0 .3 5
0 . 8  6 . 1 7  0 .3 6
1 . 0  6 .5 3  0 . 3 8

n - 1 5  0 . 1  4 . 6 5  0 .1 0
0 . 2  5 . 1 5  0 .1 7
0 . 4  5 .1 9  0 .2 0
0 . 6  5 .1 9  0 .2 2
0 . 8  5 .9 7  0 .2 4
1 . 0  6 .0 2  0 .2 4

n=20 0 . 1  3 .6 0  0 .1 6
0 .2  3 .8 1  0 .2 1
0 .4  4 . 1 6  0 .2 2
0 . 6  4 .4 9  0 .2 4
0 . 8  4 .5 3  0 . 2 4
1 .0  4 . 9 7  0 . 2 5

n=25 0 . 1  2 .9 5  0 .1 4
0 . 2  3 .1 0  0 .1 4
0 . 4  3 .2 9  0 .1 6
0 . 6  3 .3 8  0 . 1 7
0 . 8  3 .5 9  0 .1 9
1 . 0  3 .7 3  0 .2 4
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Section 4.6.3 Perchlor ic  acid

The depe ndence  o f  k °  on HCIO4 concen t ra t ion  a n d  osmium  con ten t  is 

given  in  Table  4.6.3.1. T h e  e f f e c t  of  increased perchlor i c  ac id  is to increase 

k°.  This  increase  is typ ica l ly  monotonic  and  the total  c hange  in  k °  on 

going f ro m  0.1 to 1.0 M perc h lo ra te  solut ions is s imila r  f o r  a ll  loadings.  

In i t ia l ly  an  increased osmium  con tent  increases  k° ,  this  is sus ta ined  un t i l  

the  1:5 loading,  where  k °  is suppressed.

The  t r a n s fe r  c o e f f i c i en t  is aga in  s ign i f ican t ly  lower  t h a n  the 

theore t i cal  va lue  of  0.5 f o r  a revers ible  reaction.  Oi r em a ins  app rox im ate ly  

cons tan t  (0.16+0.04), w i th  increas ing  electrolyte  c o n c en t ra t io n  fo r  the  1:25 to 

1:15 loadings.  For  the 1:10 a n d  more pa r t icu la r ly ,  the 1:5 load ing  Oi 

increases s tead i ly  wi th  increas ing pe rch lor ic  ac id  concen t ra t ion .

Section 4.6.4 Su lphuri c  acid

In su lphur ic  ac id the  values  of  k °  are cons id e rab ly  la rge r  than  

those observed in  the o ther  e lectrolytes  (see Tables  4.6.2.1 - 4.6.4.1). For  

n<25 k °  increases as the su lphu r ic  acid concen t ra t io n  in  the  con tac t ing  

electrolyte  is increased  (see F igu re  4.6.4.1). This  increase  is l ine a r  fo r  all 

loadings be tween  1:20 a n d  1:5. The  1:25 loading shows a decrease in k °  w i th  

increas ing elec troly te  concen t ra t ion .  As observed in  the  o the r  e lectrolytes  

examined ,  k °  in i t ia l ly  increases  as the redox s ite load ing is increased.  The  

increase is s ign i f ican t ly  larger  than  tha t  observed in  the  o the r  e lectrolytes  

examined .  As the redox  s ite loading  is increased to g rea te r  t h a n  1:15, k°  

decreases  fo r  su lp hur ic  ac id  concen tra t ions  above 0.4 M.
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T a b l e  4.6.3.1 T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  p e r c h l o r i c  a c i d  su p p o r t in g

e l e c t r o l y t e  a n d  red ox s i te  l o a d i n g  on h e t e r o g e n e o u s  e l e c t r o n  t r a n s f e r

pa r a m e te r s  o f  [O s( bi py ) 2 ( P V P ) n Cl]Cl m o d i f i e d  e le c tr o d e s .

Loading Cone. k°*l<

M cms- '

n=5 0 . 1 2 . 2 2
0 . 2 2 .3 5
0 . 4 2 .7 5
0 . 6 3 .10
0 . 8 3 .50
1 . 0 3 .93

n - 1 0 0 . 1 3 .10
0 . 2 3 .41
0 . 4 3 .85
0 . 6 4 .11
0 . 8 4 .6 7
1 . 0 4 .9 5

n=15 0 . 1 2 .6 0
0 . 2 3 .1 5
0 . 4 3 .26
0 . 6 3 .30
0 . 8 3 .50
1 . 0 3 .84

n =20 0 . 1 2 .51
0 . 2 2 .61
0 . 4 2 .7 3
0 . 6 3 .10
0 . 8 3 .23
1 . 0 3 .51

n=25 0 . 1 2 .4 5
0 . 2 2 .24
0 . 4 2 .5 0
0 . 6 2 .74
0 . 8 2 .9 5
1 . 0 3 .2 2

a

0 .3 0
0 .3 1
0 .3 1
0 .3 2
0 .3 2
0 .3 2

0 .1 4
0 .1 8
0 .1 9
0.20
0.20
0 .2 4

0 .1 4
0 .1 8
0 .1 8
0 .1 8
0 .1 8
0 . 1 8

0 .1 4
0 .1 4
0 .1 5
0 .1 6
0 .1 8
0 .1 8

0 . 1 2
0 .1 3
0 .1 4
0 .1 5
0 .1 5
0 .1 6
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Ratio Osmium Pyridine Units

Figure  4.6.4.1 The  e f f e c t  of  redox s ite loading  and

H 2SO4 concen t ra t ion  on k°  fo r

[Os(bipy)2 (PVP)nCI]CI films.  Su r face  coverage 2 x 

-8 -210 molcm . The  electrolyte  concen t ra t io ns  are ,  f rom 

top to bot tom, 1.0, 0.6, 0.4 and  0.1 M.



T a b i c  4.6.4.1 T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  s u l p h u r i c  a c i d  s u p p o r t i n g

electrolytes  and  redox site loading on heterogeneous elec tron  t r a n s fe r  

pa rameters  fo r  [Os(bipy)2(PVP)n Cl]CI modif ied electrodes.

Loading Cone. k°*104 0L

M cms“-*-

n*=5 0 . 1  3 .0 0  0 . 3 1
0 . 2  3 .1 7  0 . 4 5
0 . 4  3 .3 0  0 . 4 7
0 . 6  3 .2 5  0 . 5 0
0 . 8  3 .8 4  0 . 5 1
1 . 0  4 .0 5  0 . 4 8

n - 1 0  0 . 1  19 .8 0  0 . 3 2
0 . 2  1 9 .8 5  0 . 3 8
0 . 4  19 .91  0 .4 1
0 . 6  2 0 .1 0  0 . 4 2
0 . 8  2 0 .2 2  0 . 4 6
1 . 0  2 0 .8 6  0 . 4 6

n - 1 5  0 . 1  1 2 .9  0 . 3 5
0 . 2  17 .1  0 . 3 7
0 . 4  2 1 .9  0 . 3 7
0 . 6  2 7 .6  0 . 4 8
0 . 8  2 9 .3  0 . 5 0
1 . 0  3 2 .5  0 . 4 9

n=20 0 . 1  9 .1 0  0 . 3 5
0 . 2  11 .0 0  0 . 3 7
0 . 4  13 .5 1  0 . 3 8
0 . 6  1 6 .3 2  0 . 4 5
0 . 8  1 7 .8 0  0 . 4 8
1 . 0  19 .1 2  0 . 4 8

n=25 0 . 1  6 .2 7  0 . 4 2
0 . 2  5 .9 0  0 . 3 7
0 . 4  5 .51  0 . 3 8
0 . 6  5 .3 3  0 . 3 9
0 . 8  5 .2 1  0 . 3 7
1 . 0  5 .1 2  0 . 3 8
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The  t r a n s fe r  c o e f f ic i en t  is larger  than  in  o ther  e lectrolytes  and  

approaches  the  theo re t i ca l  value of  0.5 fo r  a revers ib le  r eac t ion  fo r  n<20 in

1.0 M electrolyte . It shows no va r i a t ion  as n is v a r i e d  f r o m  5 to 20. Fo r  n =

25 the  t r an s fe r  c o e f f i c i en t  decreases f rom 0.42 in  0.1 M e lec tro ly te  to 0.38 in

1.0 M electrolyte.

Section 4.7 T e m p e r a tu r e  Ef fec ts  on Heterogeneous E lec t ron  T r a n s f e r  Réac t ions

Section 4.7.1 Genera l

Te m pera tu re  e f fec t s  on k °  have been exam ined  to eva lua te  en tha lp ic  

and  ent rop ie  pa ram ete rs  fo r  the heterogeneous electron  t r a n s f e r  react ion.  This  

has been accomplished w i th in  the theoret ical  f r a m e w o r k  of  sect ion 1.4 an d  the 

methodology descr ibed  in  sect ion 3.4 [40-43].

Section 4.7.2 H ydroc h lo r i c  acid.

The  e f f e c t  o f  increased  redox site loading  in 0.1 M  HC1 is to l inea r ly  

decrease both a nd  (AS^.°)r e a i (see Table  4.7.2.1). In

1.0 M HC1 the  reverse  t r e n d  is observed w i th  bo th  en t ropy  a n d  en th a lp y  terms 

increasing l inea r ly  wi th  increasing redox site loading. E xcep t  fo r  the 1:5 

loading the en th a lp y  terms are  larger,  whi le  the abso lute  va lue  of  the  en tropy  

terms are  smaller  in 1.0 M  HC1 than 0.1 M HC1. The  t em p e ra tu re  dependence  of  

the fo rm a l  po ten t ia l  f o r  the  Os(II /II I)  ox idat ion ,  is s imi la r  in bo th  0.1 and

1.0 M HC1 f o r  all  load ings  an d  yields a value o f  19+2.4 J M o l '^ K '^  fo r  

AS_„°. This  behav iou r  is i l lus tra ted  in F igure  4.7.2.1 a n d  is typ ica l  ofr

the  response observed in all  electrolytes.
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T a b l e  4.7.2.1 T h e r m o d y n a m i c  Param eters  fo r  th e  H e t e r o g e n e o u s  E l e c t r o n  T r a n s f e r

R e a c t i o n  o f  t h e  O s( I I / I I I )  C o u p le  in [Os(b ipy ) 2 ( P V P ) n C l]Cl  p o l y m e r s  in  HC1.

Loading

n=5

0 . 1 M

1.0M

n =10

0 . 1 M

1.0M

n-15

0.1M

1.0M

n =20

0.1M

1.0M

n=25

0 . 1 M

1 . 0M

(z iH^  )r e a j ^ ' S ( f ° ) r e a l  ^ r c °  i d e a l  ^ Id e a l

kJMol“ 1 JMol_ 1 K- 1  J M o l ^ K “ 1 k J m o l - 1  JMol“ 1 * “ 1

23

21 . 6

-63 .6

- 6 8 . 6

18 .2

18 .5

2 3 . 8

2 3 .6

- 6 0 . 2

- 6 2 . 2

1 8 . 2

3 2 .3

-82

-28 .6

19 .3

20 .7

1 9 . 2

3 4 .6

- 7 8 . 7

- 2 0 . 9

1 6 .4

3 6 .5

- 8 6 . 0

-14 .2

17.1

18 .3

1 6 .9

3 7 .8

- 8 4 . 3

- 9 . 8

1 5 . 7

3 8 .2

- 88 . 1

- 8 .3

19 .6

19 .3

1 6 . 6

3 9 .6

- 8 4 . 9

- 3 . 5

1 5 . 2

4 0 .3

-90 .1

-2 .9

17 .9

21 .5

1 5 .9

4 1 .8

- 8 7 . 6

2 .3
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F igu re  4.7.2.1 T em pera tu re  dependence  o f  the  f o rm a l  

po ten t ia l s  o f  the  Os(II / II I)  ox ida t ion  w i th in  

[Os(bipy)2 (PVP)jQCl]Cl  f ilms, as de te rm in e d  by cyclic

vo l tammetry .  Suppor t ing  electrolyte  0.1 M HC1. Sur face

-8 1 coverage  2.3 x 10 molcm .
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In pe rch lo r i c  acid,  un l ik e  hydroch lor ic  a n d  su lp hur ic  ac id  (vide 

in f ra ) ,  the e f f e c t  of  r edox  site loading on the en th a lp y  an d  e n t ro p y  terms is 

s imi lar  in bo th  0.1 and  1.0 M electrolyte . As the redox  site load ing  is 

increased ( A H =j.°)r e a j increases in a l inear  m anne r .  A n  increase  in 

r edox  site loading also increases ( A S :j:0)r e a j l inear ly ,  c ha ng ing  f r o m  

nega t ive  en tropy  terms at  low redox site loading to posi t ive terms at  the  h igh  

loadings.  The  1:15 loading shows dua l  slope behav iour ,  w h ic h  to our  best 

knowledge  has not  been previous ly repor ted .  Th is  is cons id e red  to be re la te d  

to the dua l  slope be ha v iou r  observed previously  fo r  homogeneous  charge  

t ransport .  The  reac t ion  en tropy  te rm  aga in  shows l i t t le  v a r i a t i o n  w i th  e i ther  

act ive  site load ing  or  e lectrolyte  concen t ra t io n  w i th  a va lue  o f  19.2 + 2.1 

JMol’ ^K- '*, except  fo r  the  1:10 loading  where  i t  is r educed  to 16.5 

JMol'^K"^ fo r  t em pera tu re s  below 285 K.

Section 4.7.4 Su lphur ic  acid.

The va r i a t i o n  o f  log k °  w i th  T"^ in 0.1 M  su lphu r ic  ac id  is 

i l lu s tra ted  in  F ig u re  4.7.4.I. In this  e lectrolyte  concen t ra t ion  the  en tha lpy  

a nd  en tropy  of  ac t iva t ion  fo r  heterogeneous elec tron t r a n s f e r  become more 

posit ive and  less ne ga t ive  respect ively w i th  increas ing osmium  loading.  In

1.0 M elec troly te  this  behav iou r  is reversed. The  reac t ion  en t ropy  is large ly 

u n a f f e c te d  by redox  site loading  m a in ta in in g  a va lue  o f  19.5+0.7 

J M o l ^ K " 1.

S e c t io n  4.7.3 P e r c h l o r i c  ac id .
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T a b l e  4.7.3.1 T h e r m o d y n a m i c  Parameters  f o r  t h e  H e t e r o g e n e o u s  E le c t r o n  T r a n s f e r

R e a c t i o n  o f  th e  Os (I I / I II )  C o u p le  in [ O s (b ip y )2 ( P V P ) n Cl]Cl  p o l y m e r s  in

h c i o 4

L oad ing  ( A H ^ ° ) r e a l  

kJMol - 1

( A s +° ) r e a l

j H o i ^ r 1

Ac °  at>rc

JMol- 1 K

) i d e a i

_1  kJMol“ 1

( A s +° )

JMol-:

n=5

0 . 1 M 6 8 . 8 9 6 .2 17 .1 7 0 .3 1 0 1 .3

1.0M 5 2 . 8 3 0 .4 1 9 .3 5 4 .6 3 6 .6

n - 1 0

0.1M 5 2 .1 2 4 .8 21 .3 5 2 .9 2 7 .8

1.0M 4 0 . 9 - 1 1 . 8 2 0 . 6 4 2 .4 - 6 . 9

n=15

0 . 1H T<285K 1 0 . 3 - 1 1 3 . 3 1 6 .5 1 1 . 2 - 1 1 0 . 4

T>285K 5 0 . 2 2 0 .4 2 1 . 0 5 1 .1 2 3 .4

1 . 0 M 3 6 .1 - 2 5 . 9 1 7 .3 3 6 .8 - 2 3 . 5

n=20

0 . 1 M 4 3 . 1 0 . 6 19 .3 4 3 .9 3 .3

1 . 0 M 3 4 .1 - 3 1 . 7 1 9 .8 3 5 .2 - 2 8 . 1

n=25

0 . 1 K 3 8 .4 - 1 5 . 0 19 .2 3 9 .0 - 1 2 . 9

1 . 0 M 3 2 .9 - 3 5 . 2 18 .6 3 3 .7 - 3 2 . 5
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T a b le  4.7.4.1 T h e r m o d y n a m i c  Parameters  for  the  H e t e r o g e n e o u s  E le c tr on

T r a n s f e r  R e a c t i o n  o f  the  Os ( l I / I II )  C o u p le  in [ O s ( b i p y ) 2 ( P V P ) n CI]Cl

po ly m ers  in H 2 S 0 4

Loading (4 H +° ) reaI <ASt ° ) real ASrc°  (¿i H4, ° ) ldeal  

kJMol - 1  J H o l _ 1K_1  J M o P ' k - 1  kJMol - 1

n=5

0.1M

1. OH 

n=10 

0.1M 

1.0M 

n-15  

0.1H 

1 . 0M 

n=20 

0 . 1 M 

1.0H 

n=25 

0.1M 

1.0M

4 0 . 2

2 2 .3

2 5 .1  

3 3 .6

20.1

3 7 .5

1 7 . 5

3 9 .2

1 6 . 3  

4 1 .0

-8 . 8

-66 .9

-5 4 .8

-27 .1

- 7 1 .3

- 1 3 .0

- 7 9 .5

- 8 . 0

-8 2 .4

-1 . 2

20.1

1 7 .9

1 9 .2

2 0 . 2

21.0

1 8 .6

20.1

20.1

1 8 .5

1 9 .5

4 2 .1

2 4 .9

2 6 .9

36 .4

2 2 .3

4 0 .2

1 9 . 7

4 1 .9

1 8 .6

4 3 . 5

h d e a l

JMol- 1 K- 1

- 2 . 5

- 5 8 . 1

- 4 8 . 6

- 1 7 . 8

- 6 3 . 9

- 3 . 9

- 7 2 . 3

11.1

- 7 4 . 6

7 . 0
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103 / T

Figu re  4.7.4.1 Te m pera tu re  dependence  of  k °  f o r  

[Os(bipy)2 (PVP)jQCl]Cl  m od i f ied  electrodes.  E lect ro ly te  

0.1 M H 2 SO4 . Su r face  coverage 2 x 10‘ 8 molcm'^.



The  resul ts  ob tained  show th a t  fo r  [Os(bipy)2 (PVP)n Cl]Cl m o d i f i e d  

electrodes the heterogeneous kinet ics  are in f luenced  by  bo th  r edox  site loading  

and  the n a tu r e  of  the electrolyte  solut ion.  For  all  e lectrolytes  a n d  redox  

sites loadings k °  is typ ica l ly  an  o rder  of  m agn i tude  less t h a n  values  

obta ined  fo r  e lectroac t ive species in  solut ion [44]. Such b e h a v io u r  has  been 

previously  r epo r ted  fo r  several  o ther  systems. Pa r t i a l  b lock ing  of  the  

electrode su r f a c e  by the m od i fy in g  f i lm,  as the  e x p la na t ion  of  the  r educed  

k° ,  has  been considered by Saveant  an d  co-workers  [48,49]. k °  f o r  a 

m o d i f ie d  elec trode  is considered  to be the  p roduct  of  ( 1- 0 ) a n d  k °  f o r  

heterogeneous electron t r a n s fe r  a t  the ac t ive sites, where  0  is the  su r face  

coverage o f  ac t ive  sites. Since the  polymer  backbone  is, f o r  the  osmium 

con ta in ing  polymer  f ilms descr ibed  here ,  nonconduc t ing ,  he te rogeneous  electron 

t r a n s fe r  can only occur  be tween  the  electrode m ate r i a l  an d  the  osmium  centre.  

As the  r edox s ite concen t ra t ion  is increased  the in ter s i te  s e pa ra t ion  decreases  

and  so the n u m b er  of  sites a t  which  heterogeneous elec tron  t r a n s f e r  can  take 

place should be increased,  thus  increas ing  k°. However ,  k °  only increases 

w i th  increas ing  redox site loading  up  to n  = 10 or n = 15 d e p e n d in g  on the 

electrolyte  concen tra t ion .  This  suggests tha t  the  Saveant  model  c a nno t  fu l ly  

explain  the resul ts  ob ta ined  in  this  work. Uncom pensa ted  res is tance  can  also 

cause reduced  values  of  k °  to be observed [50-52], However ,  in  this  

con t r ibu t ion  uncompensa ted  resis tance was rou t ine ly  compensa ted  f o r  using 

posi t ive f e e d b a c k  circu i t ry .  The  res idua l  uncompensa ted  res is tance  is 

es t imated  to cause a t  most  a 12 - 15% er ro r  on k°.

The  e f f e c t  of  redox site loading and  electrolyte  conc en t ra t io n  on k°  

closely fol lows tha t  observed previous ly  fo r  D q T  as m easu red  by po ten t ia l

S e c t io n  4.8 D i s c u s s i o n  o f  H e t e r o g e n e o u s  K i n e t i c s .
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step. F igure  4.8.1 shows the  corre la t ion  of  log k °  and  log D^-p(PS). This  

plot suggests tha t  the e f f e c t  of  chang ing  the redox site a n d  elec trolyte  

concen t ra t ion ,  s imila r ly  a f f e c t s  both the rate  de te rm in ing  processes of  the 

heterogeneous  e lec t ron - t r ansfe r  reac t ion  and  the homogeneous charge  t ransport  

d i f f u s io n  process occurr ing  w i th in  the  f i lm [53]. This  i n te r p re ta t io n  is 

support ed  by the the rm odynam ic  data .

In 0.1 M electrolytes  except  fo r  the 1:15 loading  in 0.1 M HC IO 4 

both  ( A H ^ ° ) real  a nd  ( A S :j.0)rea j increase  as the redox site 

load ing is increased,  the en tha lpy  becoming more posit ive a n d  the  en t ropy  

becoming less nega t ive  (see Tables  4.7.2.1 - 4.7.4.1). For  the 1:15 load ing  in 

0.1 M HCIO 4 a dua l  slope behav iou r  is observed.  Below 285 K  both the 

en tha lpy  an d  en t ropy  terms are less than  those values observed fo r  the  other  

electrolytes ,  wh ile  above this  t em pe ra tu re  the en th a lpy  an d  en t ro p y  terms 

become more posit ive an d  fol low the same t rend  observed fo r  the  o ther  0.1 M 

electrolytes.  In  1.0 M H C 1 0 4 both ( ^ H ^ j  and  ( A  St=° ) real  

show simi lar  increases to those observed in 0.1 M electrolytes .  However ,  in 

both 1.0 M HC1 and  1.0 M H 2 SO4 the  t rend  is reversed  wi th  bo th  the en tha lpy  

and  en t ropy  terms decreasing wi th  increasing redox s ite loading.  This  

behav iour  appear s  to be rela ted  to the homogeneous charge  t r a n s p o r t  behav iour  

discussed previously.  In  0.1 M electrolytes  the homogeneous charge  t ranspor t  

ra te  (Dq-j-(PS)) was insensi t ive to redox site loadings showed low ac t i va t ion  

energies  coupled to nega t ive  en tropy  terms. This  suggested an  ion t ran spo r t  

l im it a t ion  fo r  all loadings, which  became more a p p a re n t  a t  the h ighes t  

loadings.  The  f a c t  tha t  the homogeneous and  heterogeneous en t ropy  terms are 

both negat ive suggests t h a t  both processes are  associated w i th  the ava i l ab i l i t y  

of  charge  compensa t ing  coun te r ion  w i th in  the film.  The  homogeneous charge
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F i a u r e  4.8.1 Correla t ion  of  k°  and  D ^ . j (P S )  f o r  

[Os(bipy)2 (PVP)n Cl]Cl modif ied  electrodes.  The  

suppor t ing  elec trolyte  concentra t ions  a re  0.1, 0.2, 0.4, 

0.6, 0.8 and  1.0 M  HC1. 0  n = 5, X n = 10, 0  n = 15, 

<£> n = 20 a n d  +  n = 25,

159



t ranspor t  resul ts  suggested,  t h a t  in 1.0 M su lphur ic  an d  hyd roch lo r ic  acids  the 

l im it a t ion  of  ion t ranspor t  d ic t a ted  by Donnan  exclusion [28,54] was removed 

fo r  all loadings except  1:5. This  b reakdow n of  D o nna n  exc lus ion causes in an 

i n f lu x  of  ions into the f i lm  resu l t ing in the rap id  e s tab l ishmen t  of 

equ i l ib r ium  and  a r ap id  charge  t ran spo r t  rate. This  process  of  ion i n f l u x  

occur r in g  at  high  electrolyte  concen tra t ions  is also observed  fo r  the 

heterogeneous  kinet ics . The  e n t ropy  an d  en tha lpy  terms of  he terogeneous 

elec tron t r a n s fe r  become less posit ive w i th  increased  redox  s ite loading  fo r

1.0 M HC1 an d  H 2 SO4 because  the ion in f lux  a f fec t s  the  fo rm a t io n  o f  the 

double  layer.  The  fac t  t h a t  in  perchlo r ic  acid the  e f f e c t  o f  redox  site 

loading is s imi lar  in bo th  0.1 and  1.0 M electrolyte  ind ica tes  t h a t  the double  

layer  fo rm a t io n  is s imilar.  Th is  suggests tha t  the  f i lms  a re  compact  an d  tha t  

the ion popula t ion  w i th in  the  f i lm  is s imilar  in  0.1 a nd  1.0 M  perchlor i c  acid,  

w h ic h  is in agreement  w i th  the  homogeneous charge  t r a n s p o r t  results.

As observed in o the r  systems ( A H ^ ° ) rea |  and  ( S=f=°)r ea l 

fol low a l inear  re l a t ion  [53]. This  behav iour  appears  s ig n i f i c a n t  since, 

despi te  the d i f f e r i n g  t rends  observed in 1.0 M electrolytes ,  the values 

ob ta ined  f ro m  all e lectrolytes  lie on a single line as i l lu s t r a t ed  in  F igu re

4.8.2. This  observa t ion  suggests tha t  a single process na m e ly  ion movem ent  

dicta tes  the behav iou r  observed.

The  reac t ion  en t ropy  ( j S r c °) is considered to be sensi t ive to 

changes in the solvent  polar isa t ion  r equ i red  to a l low elec tron  t r a n s fe r  

[55,56]. However ,  f o r  all e lectrolytes  examined  here,  a posit ive reac t ion  

en tropy  te rm  of  s imi lar  m a gn i tude  fo r  all redox site load ings  was obtained .  

Such posit ive en tropy  terms have  been previously repor ted  [57] and  a t t r ib u t e d  

to more extensive solvent o rder ing  in the oxidised state. Fo r  the  present  case
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( AS^.°)reaj for the heterogeneous electron transfer 
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HC104, +  1.0 M HC104, 0  0.1 M H 2 S04 and 

EJ 1. 0 M h 2 s o 4.
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we suggest tha t  increased  polar isa t ion  of  water  molecules  a d ja c e n t  to the 

a rom a ti c  r ings of  the osmium complex occurs in the h ig h e r  oxidat ion  state. The 

values ob tained  fo r  the r eac t ion  en tropy  and the f ac t  t h a t  they  a re  re la t ive ly  

cons tan t  is in qua l i t a t ive  agreement  wi th  the Born model  discussed above.  The 

Born model  gives a value o f  27 JM o l '^ K ’  ̂ fo r  ( A S r _°) where  a ^ v =^  I w U a

a red = ^  (Sect ion 1.4.2, Equa t ion  18). The  f a c t  th a t  the  reac t ion

en tropy  remains cons tan t  w hen  the electrolyte  is changed  or the redox site 

loading  increased suggests t h a t  the local chemical  m ic roenv i ronm e n t  of  the 

osmium centre  remains  large ly  unchanged  as the  r edox  s ite load ing is varied.

It also appears ,  th a t  the  increased  i n f lu x  of  charge  compensa t ing  which  

accompanies  the b rea k d o w n  of  D onnan  exclusion does not  s ign i f ican t ly  a l te r  the 

solvat ion of  the r edox  centre.  This  emphasises the  im por ta nc e  of  consider ing  

not  only the redox  proper t ie s  of  the electroact ive cen tre ,  b u t  also the 

physicochemical  p roper t ie s  of  the polymeric  matr ix .  The  obse rva t ion  th a t  k°  

an d  D ^ j ( P S )  are sensi t ive to both redox site and  elec tro ly te  concen t ra t ion  

while  ( A S rc °) is not , suggests tha t  it is largely changes in the polymer  

phase which are  responsible  fo r  the ion ava i l ab i l i t y  w i th in  the f i lm  a n d  hence,  

the observed va r i a t ions  of  k°.

The  t r a n s fe r  c o e f f i c i en t  for  a model  monomer ic  compound 

([OsCbipy^PicCljPFg,  where  Pic = 4-Picol ine) a t  a bare  e lec trode  is 

0.5+0.08. This  value is s im i la r  to those obta ined  f o r  the  m o d i f i e d  electrodes 

in high concen t ra t ions  of  su lphur ic  acid again suggest ing, as discussed in the 

case of  homogeneous charge  t ransport ,  a f i lm  in wh ich  charge  compensa t ing  

coun te r ion  is f ree ly  avai lable .  It is im por tan t  to note th a t  w here  low 

t ra n s fe r  coe ff ic ien ts  are  observed e.g in perchlor ic  ac id  the sum of Ct 

and  Ct c is still close to uni ty .  This  suggests tha t  Bu t ler -Volmer  kinet ics  

opera te  even in high redox site lo ad ing / low  elec troly te  concen t ra t io n
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combinat ions.  G iven  th a t  the t rans fe r  coef f ic ien t  can yield i n fo rm a t io n  as to 

the posit ion of  the reac t ion site wi th  respect  to the ou te r  He lmhol tz  plane,  

the s imila r i ty  of  the t r a n s fe r  coeff ic ien t  in su lphu r ic  ac id  fo r  the so lut ion 

and  polymer conf ined  species  tends to suggest t h a t  the posi t ion of  the reac t ing 

t rans i t ion  s ta te  wi th  respect  to the electrode is s im i la r  in bo th  cases. In 

general  the point  of  e lec tron  exchange  is considered  to be at  this  ou te r  

Helmholtz  plane,  the re fo re  the heterogeneous elec tron exc hange  occurs  over  

several  angs troms  and  the double  layer is fo rm ed  a t  the e le c t r o d e / f i lm  

in te r fa c e  not  a t  the f i lm electrolyte  in terface.
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The  s tab i l i ty  and  idea l i ty  of  the mater ia ls  r epo r ted  here  are  

im por tan t  p roper t ie s  fo r  prac t ica l  applicat ions.  The  resul ts  show th a t  a 

complete u n d e rs t a n d in g  of  charge t ransport  th ro u g h  these m ate r ia ls  is possible 

only by a sys tematic  v a r i a t ion  of  both the  act ive  si te  a nd  the elec trolyte  

concen tra t ion.  The  inco rpora t ion  of  these r edox act ive  centres ,  p a r t i c u l a r ly  

a t  low loadings gives a m ethod  of  examin ing  in te r n a l  po lymer  s t ru c tu re  as a 

f u n c t io n  of  the  con tac t ing  solut ion, i n fo rm a t io n  w h ich  is d i f f i c u l t  to ob ta in  

by any  othe r  means.

The use o f  e lectrochemical  t echniques w h ic h  opera te  on d i f f e r e n t  

t imescales,  a llows the  n a tu r e  of  the equi l ibr ia  p resen t  to be assessed. The  

da ta  ob ta ined  suggest  t h a t  total  equ i l ib r ium  of  all mobile  species (electrons,  

ions and  polymer  chains)  occurs  only at  longer t imes an d  th a t  conven t iona l  

short  t imescale ch ro noam perom et ry  may lead to the  estab l ishment  of  only redox 

or e lectronic  equ i l ib r ium.  The  or igin of  these k ine t ic  b a r r i e r s  stems m ain ly  

f ro m  the phys icochemical  propert ies  of  the polymer  phase.  In  su lphu r ic  acid,  

an electrolyte  w h ic h  is expected  to pro tona te  the u n c o o rd in a te d  p y r id ine  uni ts  

of  the polymer  backbone,  hence induc ing  f i lm  swell ing,  the d i f f e r e n c e  be tween  

D q p (PS) an d  D q j (CV)  is minimal .  This  in con ju nc t io n  w i th  the  t h e rm odynam ic  

da ta  suggests th a t  r ap id  equ i l ib r ium  can be es tabl ished  in this  e lectrolyte.

It is not  un rea l is t ic  to assume tha t  the n a tu re  of  the  e q u i l ib r ium  establ ished  

can be t ime de penden t .  In the potent ia l  step methods the  Cot trel l  equa t ion  is 

va l id  fo r  only a percen tage  of  the total f i lm  thickness,  typ ica l ly  40-60%, 

while  in the  cyclic  vo l ta m m etry  experiment  cons ide rab ly  more of  the total  f i lm  

thickness  will  unde rgo  a redox  reaction.  This  means th a t  where  there  are 

k inet ic  ba r r ie r s  to ion movement ,  fo r  example by D o n n a n  exclusion,  equ i l ib r ium

S e c t io n  4.9 C o n c l u d i n g  R e m a r k s .
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For  the cyclic vo l tam m etry  experiment  coun te r io n  m ovem en t  will  be r eq u i r ed  both 

w i th in  the  f i lm  an d  across the f i lm /e lec t ro ly te  in te r fa c e ,  bu t  the longer 

t imescale  will  a llow the rm odynam ic  e qu i l ib r ium  to be establ ished.  The  

suggestion tha t  charge can be p ropaga ted  at a ra te ,  w h ic h  is ind ep e n d e n t  of,  

an d  large r  than,  th a t  resu l t ing in total  equ i l ib r iu m  is of  cons iderable  

s igni f icance,  since it  has previously been assumed in  the l i t e r a tu re  th a t  

e lectron an d  mass t r a n s fe r  processes cannot  be decoupled.

T he  e f f e c t  of  e lectrolyte  type an d  concen t ra t ion  is typ ica l ly  to 

in f luence  d i rec t ly  the ion ava i l ab i l i t y  w i th in  the f i lm  as d i c t a t e d  by D o n n a n  

exclusion. However ,  the  electrolyte  solut ion also al ters  the  f i lm  swell ing and  

consequent ia l ly  the  ease o f  ion and  po lymer c ha in  movement .  E lec t ron  self  

exchange as the ra te  de te rm in in g  step is not  observed  fo r  this  system. At  the 

highest  redox  site loading  where  elec tron self  exchange  would  be most  f avou red ,  

charge  compensa t ing coun te r ion  motion is a lw ays  observed as the ra te  l im it ing  

step. An  increase  in  the inters i te  s epara t ion  causes  e i the r  ion or polymer  

cha in  motion to control  D q j .

k °  increases w i th  increasing  redox  site load ing  only fo r  low 

loadings, typ ica l ly  up to 1:10. The  decrease observed  fo r  the 1:5 loading  fo r  

all e lectrolytes  suggests,  tha t  models in which  the  pa r t ia l  b locking  of  the 

electrode su r face  by nonconduc t ing  mate r ia l ,  is responsible  fo r  the decreased  

k °  observed at m od i f ied  electrodes are incomplete .  The  l in ea r  re la t ion  

be tween the homogeneous charge t r a n s p o r t  ra t e  an d  the ra t e  of  he te rogeneous  

electron t r a n s fe r  suggest tha t  s imilar  processes, such  as ion t ran spo r t  play 

im por ta n t  roles fo r  both.  The  impor tance  of  ion a va i l ab i l i ty  in the fo rm a t io n  

of  the double  layer  is c lear ly  shown by the  b rea k d o w n  of  D o nna n  po ten t ia l  which

m a y  not  be  e s t a b l i s h e d  in the  t ime d o m a i n  o f  t h e  p o t e n t i a l  s tep  m e a s u r e m e n t s .
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causes an i n f l u x  of  charge  compensat ing coun te r io n  resu l t ing  in an  enhanced  

k °  in  high concen t ra t ions  of  e lectrolyte . The  th e r m o d y n a m ic  d a ta  p resented  

support  this  view wi th  r edox  site loading hav ing  a d i s t inc t ly  d i f f e r e n t  e f f e c t  

on the  en tropy  a n d  en tha lpy  terms in 0.1 and  1.0 M  HC1 a n d  H 2 SO4 . In 

pe rch lo ra te  media  heterogeneous  electron t r a n s fe r  proceeds s imi la r ly  in both

0.1 an d  1.0 M electrolyte,  suggest ing, as conc luded  f r o m  the  homogeneous charge  

t ran spo r t  da ta ,  t h a t  the  f i lms are  r a th e r  compact .  The  d u a l  slope be h a v io u r  

f o r  k °  fo r  the 1:15 load ing  in 0.1 M perchlor ic  ac id  is ce r t a in ly  n o t ew or thy  

an d  is a t t r ib u t e d  to specif ic  in te rac t io n  of  pe rch lo ra te  a n ion  a n d  the  PVP 

backbone ,  most  l ikely resu l t ing  in f i lm  dehydra t io n .

The f ac t  th a t  the  reac t ion  en tropy  remains  cons tan t  as bo th  the  redox 

site and  elec trolyte  concen t ra t ions  are  var ied ,  ind ica te s  t h a t  the  local 

m ic roenv i ronm en t  of  the  osmium(II / I I I )  couple r em ain s  una l t e red .  Th is  is a 

s ign i f ican t  resul t  since it  emphasises  the in f luence  th a t  the  phys icochemical  

propert ies  o f  the polymer  phase have  on the  observed c ha rge  t ran spo r t  behav io ur  

of  these m od i f ie d  electrodes.
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C H A P T E R  5 

Electrolyte  an d  T e m p e r a tu r e  

E f fec t s  on Homogeneous and  Heterogeneous  

Charge  T ra nspo r t  T h ro u g h  Fi lms of

rosrbipvW Pvnnc n c i

1 7 1



Polymer  m od i f ied  electrodes have  been used to model  e lectron  t r a n s fe r  

in  biological systems an d  in pa r t i cu la r  to invest iga te  the e f fec t s  of  e lectron 

range  hopping  [1,2]. The  inte res t  in  polymers  con ta in ing  the  imidazole  and  

imidazole  l ike uni ts  has a r isen  in pa r t  because m any  pro te ins  con ta in  imidazole  

r ings in  the fo rm  of  L-His t id in e  [3]. These groups a re  t h o u g h t  to be 

responsible  fo r  the b u f f e r in g  capac i ty  of  proteins  in  the  physiological  pH 

range,  and  they  also a ppe a r  to be ac t ive sites fo r  meta l  b ind ing .  In te res t  in 

the  ca ta ly t ic  propert ies  has  also been gene ra ted  by the  occur rence  of  imidazole  

uni ts  in several  hydro ly t ic  enzymes. Indeed ,  m any  syn th e t ic  po lymers  based on 

the imidazole  u n i t  have shown propert ies ,  such as h igh  reac t ion  rates  based on 

co-opera t ive effects ,  sa tu ra t ion  kine t ics  and  select ive i n h ib i t i o n  general ly  

associated w i th  enzyme cata lysed reac t ions  [4-6].

In this chap te r  the  elec tron t r a n s fe r  react ions fo r  bo th  homogeneous 

charge  p ropaga t io n  w i th in  the f i lm,  an d  the he terogeneous elec tron  t r a n s fe r  

f ro m  the  unde r ly ing  electrode into  the  f i lm  has been e xa m ined  in a v a r i e ty  of 

e lectrolytes  over  the c oncen t ra t ion  range  0.1 to 1.0 M. The  load ing  of  

[Os(bipy)2 Cl]+ to imidazole  un i ts  w i th in  the f i lm  has been  v a r i e d  f r o m  1:5 

to 1:25. As well  as this,  the  e f f e c t  o f  t em pera tu re  and  e xpe r im e n ta l  t imescale  

has  been considered.  The  gives use fu l  in fo rm a t io n  as to the e f f e c t  o f  e lectron 

t r a n s fe r  di s tance  on the cha rge  t ran spo r t  ra te  a nd  the  n a tu r e  of  the rat e  

l imit ing  step, as well  as, a l lowing f u n d a m e n ta l  pa ram ete rs  to be e va lua ted  and 

the m od i f ie d  electrodes response to be opt imised.

D a ta  fo r  charge t r a n spo r t  th rough  thin f i lms of  po ly (4 -v iny lpyr id ine)  

con ta in in g  the  [Os(bipy)2 Cl]+ redox  centre  was p resented  in c h a p te r  4 and  

this  c lear ly  showed tha t  f ac to rs  such as the na tu re  of  the  support ing

S e c t io n  5.1 I n t r o d u c t io n
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Poly(N-vinyl imidazole)  is an  essent ia l ly  m onofunc t iona l  po lybase  w i th  a p K a 

of  be tw een  3.2 in chlor ide  m edia  an d  4.2 in p -Tolu ene-su lphona te  [7], In  this 

chap te r  the e f f e c t  of  e lectrolytes  whose pH is above an d  be low this  p K a on 

both the homogeneous charge  t r a n spo r t  and  heterogeneous e lec tron  t r a n s f e r  

processes of  e lectrodes m o d i f ie d  wi th  osmium con ta in ing  po ly(N -v iny l imidazo le )  

is inves t igated.

Section 5.2 Exper im enta l

Mate r ia ls . [Os(bipy)2 (PVI)n Cl]Cl polymers,  where  n = 5, 10, 15,

20 a n d  25 were p repared  as descr ibed previous ly in c h a p te r  2.

A ppara tu s  and  p rocedures . E lect rochemica l  m easu rem en ts  were  p e r fo rm e d  

using an  E. G. & G. Model 273 p o te n t io s ta t /  ga lvanos tat  as descr ibed  in 

ch a p te r  3.

Sur face  coverages were es t imated  by g raphical  i n te g r a t io n  of  the

ba c k g ro u n d  cor rected slow sweep ra te  cyclic vo l tamm ogram s  (1 mV/s) ,  an d  were 

R -2typ ica l ly  2 - 4 x 10 molcm . The q u a n t i t y  of  osmium immobil ised  on the 

elec trode  su r face  was kep t  cons tan t  as the loading was var ied .  This  means tha t  

the  layer  th ickness  fo r  the 1:25 loading  is approx im ate ly  3.5 t imes g rea te r  

than  the 1:5 loading.  How ever ,  the same resul ts  w i th in  e xpe r im e n ta l  e r ro r  are 

ob ta ined  fo r  homogeneous cha rge  t r a n s p o r t  when  layer  th ickness  is kep t  

constant .  Where the layer  thickness  is var i ed  more ex tr emely  D q t  typ ica l ly  

decreases  w i th  increasing  f i lm  thickness  (see chap te r  3 fo r  f u r t h e r  discussion 

of  l aye r  th ickness  effects) .  The  ad v a n ta g e  of  keeping  the  q u a n t i t y  of  osmium

e l e c t r o l y te ,  i ts  c o n c e n t r a t i o n ,  a n d  the  r e d o x  s i te  l o a d i n g  c l e a r l y  i n f l u e n c e d

the  e l e c t r o c h e m i c a l  pr ope r t i e s  o f  the  m o d i f i e d  e le c tr ode s .
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on the electrode cons tan t  is th a t  a high F a rad a ic  to c a pac i t ive  c u r r e n t  r a t io  

is m a in ta in e d  where  the  electrolyte,  redox site concen t ra t ions  and  t em pera tu re  

are low. Layer  thickness  was es t imated f rom  the i n d iv i d u a l  densi t ies  of  the 

d ry  meta l lopolymers  as m easu red  by f lo ta t ion  in non  swel l ing solvents,  namely  

pe tro leum  e the r  an d  dich lo romethane ;  n = 25, 0.918 g / c m  ; n  = 20, 0.817 

g /cm^;  n = 15, 0.811 g /cm^;  n = 10, 0.905 g /cm^ an d  n = 5 1.032 

g / cm  . These gave a value fo r  the m ax im um  conc en t ra t io n  o f  osmium centres  

w i th in  the f i lm  as fol lows n = 25, 0.35 M; n = 20, 0.37 M; n = 15, 0.45 M; n =

10, 0.65 M and  n = 5, 1.05 M. These values have  been used  to calcula te  

f ro m  the  exper im en ta l ly  de te rm ine d  D

In s tudies where  the  electrolyte  concen t ra t io n  was va r i ed ,  all the 

experiments  were ca r r ied  out  w i th  fresh  coatings.  Th is  avoids  possible 

problems f ro m  "memory effects"  where  the ra te  of  charge  t r a n s p o r t  th rough  a 

f i lm  would  be d e pe nden t  on the electrolytes  to w h ic h  the  elec trode  had  

previously  been exposed. The  values  fo r  the d i f f u s io n  coeff ic ien ts ,  and  

ac t i va t ion  pa ram ete rs  are  r ep roduc ib le  to w i th in  + 2 % on a s ingle coat ing  and 

to ± 9% be tween  coatings.

Section 5.3 Results:  The  E f f e c t  o f  Electrolyte  and  Act ive  Site Concen t ra t ion  on 

the Ra te  of  Homogeneous  Charge T r a n s p o r t .

Section 5.3.1 General :

Glassy carbon electrodes m odif ied  wi th  [Os(bipy)2 (PVI)n Cl]Cl 

polymers  are  s table  to photolysis in both aqueous an d  non  aqueous  media  unl ike  

the previous ly repor ted r u th e n i u m  analogues [8 ], The  s low sweep ra te  l inear  

sweep vo l tamm etry  be ha v iou r  for  [Os(bipy)2 (PVI)<jCl]Cl in 0.1 M H 2 SO4 

is shown in F igu re  5.3.1.1. This  cyclic vo l tamm ogram  is typica l  of  a

174



-250  -50 150 350 550

E (mV vs SCE)

Figure 5.3.1.1 Linear sweep voltammogram for  

[O sibipy^PVI^C IJCl modified electrodes in 0.1 M 

H 2 SO4 . Sweep rate 1 mV/s.
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reversible ,  s ingle e lectron redox reaction of  a s u r f a c e  bo u n d  species where 

s ign i f ican t  in te rac t ion  between the redox cen tres  is absen t  [9]. Such a 

response is observed fo r  all loadings and electrolytes  excep t  perchlor ic  acid 

an d  l i th ium  perchlora te  where there is t endency  f o r  an  e q u i l ib r ium  response to 

occur  only at  sweep rates  lower than  1 mV/s.  Th is  resul ts  in the anodic  and 

c a thod ic  branches  of  the cyclic vol tammogram f a i l in g  to converge, in such 

s i tua t ions  E °  is t aken as the midpoin t  of  the a nod ic  a n d  ca th od ic  branches of 

the  slow sweep rate  cyclic vol tammogram. A typ ica l  exam p le  of  this behaviour  

is given  fo r  [OsCbipy^CPVI^CllCl  in 0.1 M perch lo r ic  ac id  in F igure

5.3.1.2. Fo r  sweep rates  of  100 mV/s  or greater ,  l in e a r  sweep vol tammograms  

show a p p a re n t  semi- in f in i te  d if fus ion  behav iour  as discussed in section 1.3.1.

The  charge  passed du r ing  a potent ia l  sweep in the  p o ten t ia l  region of  the redox 

couple ,  recorded  at 1 mV/s,  is between 95 and  105% of  t h a t  a n t i c ipa ted  f rom  the 

a m o u n t  o f  m a te r i a l  placed on the electrode surface.

Section 5.3.2 H ydroch lo r i c  Acid

The  e f f e c t  of  increased hydrochlor ic  acid  conc en t ra t io n  and redox site 

load ing  on D ^ j ( P S )  is given in Table 5.3.2.1. D^>j(PS) increases  moderately 

w i th  increasing  suppor t ing  electrolyte concen t ra t ion .  Th is  increase is 

typ ica l ly  quas i- l inear  wi th  no sharp rises occur r ing  be tw een  d i f f e r e n t  HC1 

concen tra t ions .  As the redox site loading is increased  D q j (PS) decreases,
_ Q

e.g in 0.1 M hydroch lo r ic  acid D ^ j ( P S )  decreases f r o m  1.50 x 10 to 0.5 x

10'^ cm^s"* as the  redox loading is increased f r o m  1:25 to 1:5.

In c e r t a in  systems D ^ p (C V )  is comparab le  to D ^ ^ P S )  e.g fo r  n = 15

in 1.0 M hyd roch lo r ic  ac id D q j (PS) is 1.62+0.14 x 10"^ c m V *  while
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E (mV vs SCE)

F igu re  5.3.1.2 L inear sweep vo ltam m ogram  fo r  

[O sibipy^C PVI^ClJCl m od if ied  e lec trodes in  0.1 M  

HCIO4. Sweep rate 1 m V /s.
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T a b l e  5.3.2.1 T h e  e f f e c t  o f  con cen tr at io n  o f  h y d r o c h l o r i c  a c id  s u p p o r t in g

e l e c t r o l y t e  a n d  r e d o x  s i t e  l o a d i n g  on charge  tr a n sp o r t  p a r a m e t e r s  o f

[ O s ( b i p y ) 2 ( P V I ) n Cl]Cl  m o d i f i e d  electrodes.

Loading

n=5

n=10

n=15

n=20

n = 2 5

Cone. Dc t (PS) Dc t {CV) E°

M *109 *1010 V
2 - 1  2 - 1  cm s enrs

0.1
0.2
0 . 4
0.6
0. 8
1.0

0.46
0.61
0.69
0.83
1.02
1.15

2.25
2.25 
2.81 
3.12 
3.85 
4.14

0.190
0.185
0.195
0.155
0.125
0.130

0. 1
0 . 2
0.4
0 . 6
0 . 8
1 . 0

0.75
0.87
1.05
1.14
1.14 
1.23

2.30
3.01
5.20
5.73
7.92
9.65

0.165
0.170
0.180
0.180
0.175
0.175

0 . 1
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

1.03
1.11
1.21
1.38
1.48
1.62

2.60
3.45
5.78
6.53
9.53 
11.02

0.150
0.140
0.145
0.140
0.145
0.150

0 . 1
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

1.26
1.34
1.46
1.65
1. 88
2.04

2.91
3.49 
5.83
6.50 
8.78 
9.61

0.150
0.150
0.145
0.145
0.140
0.140

0 . 1
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

1.50
1.62
1.78
1.91
2.11
2.27

3.17
3.54
6.13
6.48
7.09
7.97

0.145
0.140
0.140
0.140
0.140
0.140
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D C T (CV) is 1.02+0.08 x 10-9 c r a V ^ .  Dq-j^CV) increases cons ide rab ly

wi th  increas ing  HCI concen t ra t ion  where  10<n<25, whi le  fo r  n = 5 D q j (CV)  is

re la t ive ly  less sensi t ive to e lectrolyte  concen tra t ion .  It is only in 0.8 M

an d  1.0 M hydroch lo r ic  ac id tha t  D ^ j ( C V )  increases  as the  osmium to imidazole

ra t io  is increased  f rom  1:25 to 1:15, in  all o ther  e lectrolyte  concen t ra t io ns

a n d  redox s ite loadings D q j (CV)  decreases.

The  fo rm a l  po ten t ia l  o f  the  Os( II / I I I )  ox ida t ion  rem a ins  cons tan t  fo r  

a given loading  as the HCI concen t ra t io n  is increased,  w i th  the excep t ion  of  n 

= 5, where  E °  decreases sha rp ly  be tween  0.4 an d  0.6 M.

Section 5.3.3 Sodium Chloride

The e f f e c t  of  NaCl concen t ra t ion  on both D ^ p ( P S )  an d  D ^ j ( C V )  is 

given in  Table  5.3.3.1. The  rates  of  charge  t r a n s p o r t  using sod iu m  ch lo r ide  as 

support ing  elec trolyte  are  comparab le  and  indeed  h igher  to those observed  in 

hyd roch lo r ic  acid. For  all  the loadings exam ined  both D^-j^PS) a nd  D q t (CV)  

increase  as the concen t ra t io n  of  sod ium chlo r ide  increases , w i th  a s ign i f ic a n t  

increase  in the charge p ropaga t ion  ra t e  being  observed f o r  all  loadings be tween  

0.1 a n d  0.2 M electrolyte.  This  behav iou r  is i l l us tr a ted  in F igu re  5.3.3.1.

T h e  e f f e c t  o f  osmium loading  on D^-j-(PS) is d is t inct ly  d i f f e r e n t  in  0.1 M 

sodium chlor ide  to th a t  observed at  h igher  concent rat ions.  D ^ j ( P S )  decreases 

l inea r ly  wi th  increased  redox site loading f ro m  a va lue  of  1.5 x 10' 9 to 0.33

Q 9 1x 10 c m  s as the osmium loading is increased f rom  1:25 to 1:5. For  

concen t ra t ions  of  sodium chlor ide of  0.2 M, or greater ,  an increased  osmium 

con ten t  in i t ia l ly  increases D £ j ( P S )  be fo re  decreas ing at  the 1:5 loading.

D C T (CV) is s ign i f ican t ly  lower t h a n  D q j ( P S ) ,  e.g fo r  

[Os(bipy)2 (PVI)jQCl]Cl  in 1.0 M sodium  chlor ide  D^-p(PS) is 3.58 x 10' 9
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T a b l e  5.3.3.1 T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  s o d i u m  c h l o r i d e  su p p o r t i n g

e l e c t r o l y t e  a n d  r e d o x  s i te  l o a d i n g  on c h a r g e  t rans po r t  p a r a m e t e r s  o f

[ O s ( b i p y ) 2 ( P V I ) n Cl]Cl  m o d i f i e d  e l ectrodes .

Loading

n=5

n-10

n°15

n=20

n=25

Cone. Dc t (PS) Dc t (CV) E°

H *109 *1010 V
2 - 1  2 - 1  en rs  1 en rs

0 .1  0.33 0.24 0.195
0 .2  1.15 0.24 0.190
0.4  1.28 1.49 0.155
0.6  1.63 1.72 0.150
0.8  1.91 2.04 0.150
1.0  2.56 2.31 0.150

0.1  1.01 3.46 0.175
0.2  2.91 3.76 0.175
0.4 3.01 4.29 0.175
0.6 3.23 5.02 0.175
0.8  3.29 5.50 0.160
1.0  3.58 6.10 0.160

0.1 1.20 2.76 0.165
0 .2  2.31 3.11 0.155
0.4  2.44 3.52 0.160
0 .6  2.67 4.09 0.155
0 .8  2.91 4.80 0.155
1 .0  3.41 5.09 0.155

0.1  1.34 2.45 0.170
0.2  1.92 2.78 0.170
0.4  2.20 3.39 0.165
0.6  2.39 3.95 0.155
0.8  2.81 4.67 0.160
1.0 3.21 5.00 0.155

0.1  1.50 1.92 0.165
0 .2  1.62 2.41 0.165
0.4 1.85 3.25 0.150
0.6  2.07 3.86 0.150
0 .8  2.68 4.51 0.150
1.0  3.21 4.93 0.150
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0.05 0.1 0.15 0.2

Ratio Osmiurrv-lmidazole Units

Figure  5.3.3.1 The  e f f e c t  o f  redox site concen t ra t ion  and  NaCl 

concentra t ion on D ^ j ( P S )  fo r  [Os(bipy)2 (PVI)nCl]Cl 

modif ied  electrodes.  The  e lec tro ly te  concen tra t ions  are ,  f ro m  

top to bot tom, 1.0 M, 0.8 M, 0.2 M and 0.1 M.
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cm^s" 1 wh i le  D ^ j ( C Y )  is 6.1 x 10"*® c m V ^  (Table  5.3.3.1). As the 

sodium chlo r ide  concen t ra t ion  is increased D ^ p ( C Y )  increases  app rox im a te ly  

l inear ly  fo r  al l  loadings. An  increase in redox site load ing  f r o m  1:25 resul ts 

in  an increased  D ^ j ( C V )  up to 1:10 loading.

Section 5.3.4 Su lphur ic  Acid

Charge  t ran spo r t  ra tes in su lphur ic  acid  as m easured  by po ten t ia l  step 

methods are  amongs t  the  highest  observed fo r  these m o d i f i e d  electrodes,
O

reach ing  a m a x i m u m  at the 1:10 loading in 1.0 M  su lphu r ic  ac id  of  2 x 10 

cm 2 s_1 (Table  5.3.4.1). Both D q j ( P S )  an d  D q j ( C V )  increase  as the 

concen t ra t ion  of  su lp hur ic  acid as support ing elec troly te  is increased .  The  

sensi t ivi ty  of  D ^ p ( P S )  to increases  in su lp hur ic  ac id  c onc en t ra t ion  depends  

on the  redox si te  loading.  With the except ion  of  n=10 and  15 the e f f e c t  o f  an 

increased s u lphu r ic  acid concen t ra t io n  is to increase  D q j ( P S )  in  a 

quas i- l inear  m anner .  Fo r  the 1:15 a nd  1:10 loadings however ,  a d i f f e r e n t  

behav iour  is observed.  Below 0.6 M su lphur ic  ac id  D q p ( P S )  is r e la t ive ly  

insensi t ive to the  su lphur ic  ac id concen t ra t ion ,  whi le  above  this  c oncen t ra t ion  

D C T (PS) increases more s ign i f ican t ly  e.g D ^ j ( P S )  in 0.4 M s u lphu r ic  ac id  is 

4.6 x 10"9 c m V ^  while  a t  1.0 M is 2 x 10"8 c m V ^ ,  An  

increased r edox  site loading increases  D q j ( P S )  fo r  loadings be tw een  1:25 and 

1:10 a f t e r  w h ic h  it decreases.

The  e f f e c t  of  r edox  site loading an d  su lp hur ic  ac id c onc en t ra t ion  on 

DCT(CY) is given  in Table  5.3.4.1 and  shown in F igu re  5.3.4.1. D£.T (PS) and  

D C T (CV) a re  comparab le  fo r  low loadings e.g fo r  the 1:25 system w i th  1.0 M 

electrolyte  D £ j ( P S )  is 1.15 x 10’9 c m V *  while  D^- j(CV)  is 1.08 x 

10’9 c m V ^ .  Fo r  h igher  loadings the ra te  of  charge  t ran spo r t
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T a b l e  5.3.4.1 T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  su lp hu r ic  a c i d  s u p p o r t i n g

e l e c t r o l y t e  a n d  r e d o x  s i te  l o a d i n g  on c h a r g e  transport  p a r a m e t e r s  o f

[O s ( b i p y ) 2 ( P V I ) n Cl]Cl m o d i f i e d  e l ec trode s .

Loading

n=5

n=10

n=15

n=20

n=25

Cone. Dc t (PS) Dc t (CV) E°

M *109 *1010 V
2 - 1  2 - 1  cin̂ s cm s A

0.1  1.18 3.88 0.175
0.2  1.37 4.00 0.170
0 .4  1.46 4.35 0.170
0 .6  1.54 4.30 0.145
0 .8  2.18 4.43 0.145
1.0  2.25 4.53 0.150

0.1  2.97 1.83 0.145
0.2  3.70 1.97 0.155
0.4  4.64 2.09 0.175
0.6  8.91 2.40 0.190
0 .8  14.1 2.60 0.190
1.0  20.1 2.70 0.205

0.1  2.01 1.74 0.165
0.2  2.67 2.53 0.160
0 .4  3.12 3.11 0.160
0.6  5.47 6.62 0.140
0 .8  8.53 8.34 0.135
1 .0  11.00 9.98 0.135

0.1  1.23 2.54 0.165
0.2  1.46 3.37 0.160
0.4  1.72 6.31 0.155
0.6  1.91 8.09 0.155
0 .8  2.85 8.85 0.145
1 .0  3.10 10.42 0.150

0.1  0.51 2.70 0.170
0 .2  0.60 3.51 0.145
0.4  0.75  6.72 0.145
0 .6  0.91 8.25 0.150
0 .8  1.08 9.05 0.135
1.0  1.15  10.81 0.140
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0.05 0.1 0.15 0.2
Ratio Osmium:lmidazole Units

F igu re  5.3.4.1 The  e ffec t  of  redox s ite c o n c en t ra t io n  and  

H 2S0 4 concen t ra t ion  on D ^ j ( C V )  for  

[Os(bipy)2 (PVI)n Cl]CI modif ied  electrodes.  The  

electrolyte  concen tra t ions  arc, f rom  top to bot tom, 1.0 M,

0.8 M, 0.2 M and  0.1 M.
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observed becomes more dependen t  on the experimenta l  t e c h n iq u e  employed to 

measure  it; e.g fo r  the 1:5 system in 0.1 M su lphur ic  ac id  D q j ( P S )  is 1.18 x 

10"9 cm^s"* whi le  D q j ( C Y )  is 0.38 x 10"9 c m V l  As the

su lphur ic  ac id  concen t ra t io n  is increased then D^-piCV) also increases  f o r  all 

loadings. How ever ,  a s ign i f ican t  p roport ion  o f  the  increase  occurs  be tw een  0.2 

a n d  0.6 M except  fo r  the 1:10 and  1:5 loadings where  D ^ p ( C V )  is r e l a t ive ly  

less sensi t ive to increased  su lphur ic  acid  concentra t ion.  As the  r edox  s ite 

loading is increased f rom  1:25 the r a t e  of  homogeneous c ha rge  t r a n s p o r t  

decreases.  This  decreases  cont inues wi th  increasing ac t ive  s i te  load ing  unt i l  

n = 5 w here  D ^ j ( C V )  increases moderate ly.

Section 5.3.5 Potassium Sulpha te

The  e f f e c t  of  redox  site loading  and  potassium s u lpha te  concen t ra t io n  

over  the range  0.1 to 0.6 M  is given in Table  5.3.5.1 and  show n  in F igu re

5.3.5.1. Th is  f igu re  shows th a t  fo r  all redox site loadings an  increase  in 

po tass ium su lpha te  concen t ra t ion  increases D ^ j ( P S ) .  Where n = 25 an d  n = 5 a 

quas i- l inear  increase of  D^j-(PS) w i th  potassium su lpha te  conc en t ra t io n  is 

observed an d  the rat e  of  charge t r a n spo r t  is re la t ive ly  less sensi t ive to 

e lec tro ly te  concen tra t ion.  For  i n te rm e d ia te  loadings, (where  n = 20, 15 or 

10), D q j (PS) increases  more s ig n i f ic an t ly  wi th  much  of  this  increase 

occurr ing  be tw een  0.2 an d  0.4 M po tass ium sulphate .  D ^ j ( P S )  increases as the 

osmium loading is increased f rom  1:25 to 1:10 a f t e r  w h ic h  D q p (PS) decreases  

f o r  the 1:5 loading.

The  charge  t ranspor t  rates  measured  by cyclic vo l t a m m e t ry  are  less 

t h a n  those recorded using po tent ia l  step measurements  (Table  5.3.5.1). As 

observed  in the po tent ia l  step experiments  D q j (CV)  also increases  as the
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T a b i c  5.3.5.1 T h e  e f f e c t  o f  c o n c e n t r a t io n  o f  p o ta s s iu m  s u l p h a t e  su p p o r t i n g

e le c t r o l y t e  a n d  redox s i te  l o a d in g  on charge  transpo rt  p a r a m e t e r s  o f

[ O s ( b i p y ) 2 ( P V I ) n Cl]Cl m o d i f i e d  e lectrodes .

Loading Cone. dc t <p s ) dc t {cv> E°

M *109 *1010 V

2 -1 en rs  x o 3 in
1

n=5 0.1 0.25 0.06 0.185
0.2 0.39 0.15 0.185
0.4 0.59 0.17 0.185
0.6 0.81 0.21 0.180

n=10 0.1 4.37 1.71 0.165
0.2 6.42 1.86 0.170
0.4 10.93 2.28 0.170
0.6 14.12 2.80 0.175

n=15 0.1 3.04 2.92 0.185
0.2 4.07 3.35 0.180
0.4 8.46 3.71 0.175
0.6 9.46 4.37 0.170

n=20 0.1 1.87 5.45 0.180
0.2 2.81 5.78 0.175
0.4 5.11 6.47 0.175
0 .6 6.20 6.56 0.165

n=25 0.1 0.94 7.92 0.180
0.2 1.45 8.37 0.175
0 .4 1.87 9.05 0.170
0.6 2.71 9.10 0.170
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Figure S.3.5.1 The effect of redox site concentration and 

K2 SO4 concentration on DqT(PS) for 

[Os(bipy)2 (PVI)nCl]Cl modified electrodes. The 

electrolyte concentrations are, from top to bottom, 0.6 , 

0.4, 0.2 and 0.1 M
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electrolyte concentration is increased. The effect of redox site concentration 

on D^-p(CV) is, however, different to that observed using potential step, with 

DCT(CV) decreasing with increasing redox site loading over the whole range 

examined.

Section 5.3.6 Toluene-4-sulphonic Acid

Table 5.3.6.1 gives the dependence of both Dq j (PS) and D £T(CV) on 

redox site loading as the concentration of toluene-4-sulphonic acid as 

supporting electrolyte is varied over the range 0.1 to 1.0 M. This table shows 

that the rates of homogeneous charge transport are amongst the highest obtained 

for these films. The effect of increased p-TSA concentration is to increase 

Dq-j-(PS). A significant increase in D^j(PS) occurs between 0.8 and 1.0 M 

p-TSA. The effect of increased redox site loading is to linearly increase the 

charge transport rate over the whole loading range examined. This behaviour is 

shown in Figure 5.3.6.1. This is the only electrolyte which shows this 

behaviour over the whole loading range examined and for all electrolyte 

concentrations. It is to be noted that the overall increase in D^-p(PS) with 

redox site loading (a maximum factor of 1.7 from 1:25 to 1:5 loadings) is not 

as significant as that observed in other electrolytes.

DCT(CV) shows a near linear variation with p-TSA concentration

(Table 5.3.6.1). The maximum variation, which occurs for the 1:25 loading is a

factor of 1.9 between 0.1 and 1.0 M electrolyte. An increase in the active

site loading, results in a considerably enhanced charge propagation rate. This

variation is linear over the whole loading range and is illustrated in Figure
_o 2 - 15.3.6 .2. The maximum charge transport rate is 1.3 x 10 cm s attained
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T a b l e  5.3.6.1 T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  t o l u e n e  s u l p h o n i c  a c i d  s up po r t in g

e l e c t r o l y t e  a n d  r e d o x  s ite  l o a d i n g  on cha rge  t r a n s p o r t  p a r a m e t e r s  o f

[ O s ( b i p y ) 2 ( P V I ) n Cl]Cl m o d i f i e d  e lectrodes .

Loading

n=5

n= 1 0

n=15

n=20

n=25

Cone. Dct(PS) dct<cv) , E°

M *109 n o 1 0 V

2 -1 2 -1curs cm s

0.1 1.85 10.50 0.220
0.2 2.12 11.12 0.200
0.4 3.05 11.54 0.175
0.6 4.00 11.98 0.170
0.8 4.22 12.52 0.175
1.0 7.15 13.08 0.170

0.1 1.45 5.89 0.220
0.2 1.75 6.14 0.225
0.4 2.60 7.11 0.215
0.6 3.40 7.29 0.195
0.8 3.56 7.59 0.185
1.0 6.75 7.89 0.185

0.1 1.20 4.48 0.190
0.2 1.52 4.66 0.185
0.4 2.31 4.81 0.190
0.6 3.05 5.17 0.195
0.8 3.25 5.34 0.195
1.0 6.55 5.62 0.195

0.1 1.16 3.45 0.195
0.2 1.47 3.71 0.190
0.4 2.23 4.00 0.190
0.6 2.97 4.39 0.180
0 .8 3.18 4.76 0.175
1.0 6.47 5.03 0.170

0.1 1.09 2.36 0.190
0.2 1.35 2.57 0.195
0.4 2.11 3.20 0.200
0.6 2.81 3.77 0.185
0 .8 3.00 4.14 0.170
1.0 6.28 4.43 0.170
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Figure 5.3.6.1 The effect of redox site concentration and 

toluene-4-sulphonic acid concentration on D^-j-(PS) for 

[Os(bipy)2 (PVI)nCl]Cl modified electrodes. The 

electrolyte concentrations are, from top to bottom, 1 .0, 

0.8, 0.2 and 0.1 M.
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Figure  5.3.6.2 T h e  e ffec t  of  redox s ite c onc en t ra t ion  and  

toluene-4-suIphonic  acid concen tra t ion  on D ^ j ( C V )  for  

[Os(bipy)2 (PVI)n Cl]Cl modif ied  electrodes. The  

electrolyte  concen t ra t ions  are, f rom  top to bot tom, 1.0 , 

0.8, 0.2 a nd  0.1 M.
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at  the 1:5 loading in 1.0 M p-TSA. D £ T (CV) increases  by a f ac to r  of  

between 3 and  4.5 depend in g  on the elec trolyte  concen t ra t ion  as the  redox 

loading is increased f r o m  1:25 to 1:5.

Section 5.3.7 Perch lor ic  Acid

The  e f f e c t  of  r edox  site loading in pe rch lo r i c  ac id  is given  

in Table  5.3.7.1 and  is i l l u s tr a ted  in F igu re  5.3.7.1. An  increase  in 

HCIO4 concen t ra t io n  increases D (-.j(PS). For  load ings  in the  range  1:25 

to 1:10 this increase in s ign i f ican t ,  while  fo r  the 1:5 load ing  i t  is less 

so. For  f i lms  where  25>n>10 D£.p(PS) increases most  s ign i f ican t ly  

be tw een  0.6 and  1.0 M electrolyte.  The  e f f e c t  o f  increased  ac t ive  site 

loading  is to enhance  the charge  t ranspor t  r a t e  over  the r ange  1:25 to 

1:10 befo re  suppressing i t  a t  the 1:5 loading.

The  response o f  D^-pCCV) to changes in the  pe rch lo r i c  acid

and  osmium concen t ra t io n  w i th in  the f i lm  is given  in Tab le  5.3.7.1 an d

i l l us tr at ed  in  F igu re  5.3.7.2. D^-pCCV) decreases as the  concen t ra t ion

of  pe rch lo ra te  is increased . As well as this,  D£.-p(CV) is s luggish

compared  to other  e lectrolytes ,  the m ax im um  charge  t r a n spo r t  ra te  being  9 
1 1

x 10 cm s '  . The  decrease in w i th  increasing  pe rc h lo ra te  

concen t ra t io n  is most  a p p a re n t  fo r  low redox  site loadings i.e 1:25 - 1:15 

while  fo r  the  1:10 and  1:5 loadings the e f f e c t  is less pronounced .  As the 

redox site concen t ra t io n  is increased f r o m  1:25 to 1:15, D^-p(CV) is 

insensi t ive to the f ixe d  site concen t ra t ion  befo re  decreas ing  sha rp ly  at  

the 1:10 loading.
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T a b l e  5.3.7.1 T h e  e f f e c t  o f  con c e n tr a t i o n  o f  p e r c h l o r i c  a c i d  su p p o r t i n g

e l e c t r o l y te  a n d  r e d o x  s i t e  l o a d i n g  on charge  t ra n sp o rt  p a r a m e t e r s  o f

[ O s (b ip y ) 2 ( P V I ) n Cl]Cl m o d i f i e d  electrodes.

Loading

n=5

n-10

n=15

n=20

n=25

Cone.

H

0.1
0 . 2
0 . 4
0.6
0.8
1.0

0.1
0.2
0 . 4
0 . 6
0.8
1.0

0.1
0.2
0 . 4
0 . 6
0 . 8
1 . 0

0 . 1
0 . 2
0 . 4
0 . 6
0 . 8
1.0

0.1
0 . 2
0 . 4
0 . 6
0 . 8
1. 0

dc t { p s )

*1 0 9

2 -1  curs ±

0.48
0.48
0.48
0.50
0.60
0 . 68

2.86
2 .86
3.10 
3.93
5.30 
6.01

0.89
1 . 1 2
1.31 
1.43 
1.79 
3.64

0.75
0.93
1.01
1.11
1.32 
2.58

0.57
0.65
0.66
0.74
0.80
1.82

d c t ( c v )

*1 0 1 0

ctn^s-1

0.44
0.44
0.43
0.42
0.41
0.34

2.06
1.45
1.43
1.40
1.40 
1.35

8.76
5.89 
4.84
3.73
3.09
2.73

8.89
6.43
5.09
4.45 
3.25 
3.03

9.01
6.94
5.37
4.89 
3.42 
3.32

E°

V

0.160
0.155
0.125
0.115
0.115
0.115

0.155
0.155
0.125
0.125
0.130
0.130

0.140
0.130
0.140
0.125
0.115
0.115

0.150
0.140
0.135
0.130
0.120
0.115

0.160
0.150
0.130
0.120
0.100
0.100
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Figure  5.3.7.1 The  e ffec t  of  redox s ite concen t ra t ion  and 

HCIO4 concen tra t ion  on D^-j^PS) fo r  

[Os(bipy)2 (PVI)nCl]Cl m odif ied  electrodes.  The  

electrolyte  concentra t ions  are ,  f ro m  top to bot tom, 1.0 , 

0.8, 0.2 and  0.1 M.

Ratio Osmium-.ImidazoleUnits
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F igu re  5.3,7.2 The  e ffec t  of  redox site concen t ra t ion  and 

HCIO4  concen tra t ion on D q j ( C V )  fo r  

[Os(bipy)2 (PVI)n CJ]Cl modif ied  electrodes. The  

e lectro lyte  concentra t ions  are, f rom  top to bot tom, 1.0 ,

0.8, 0.2 and 0.1 M.
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D q y (PS) increases  as the l i th ium  pe rch lora te  c onc en t ra t ion  is 

ra ised, most  no t icably  be tween  0.8 an d  1.0 M  where  25>n>10 (Table  5.3.8.1). As 

the redox  site loading is increased f rom  1:25 D^-p(PS) i n i t i a l ly  increases  

befo re  decreas ing  fo r  the 1:10 and  1:5 loadings.

The  ra te  of  charge  t ranspor t  measured  using cyclic v o l t a m m e t ry  is 

approx im ate ly  an  o rder  of  m a gn i tude  less t h a n  th a t  observed using po ten t ia l  

step (Table  5.3.8.1). As observed fo r  perchlor i c  ac id  an  increase  in the 

l i th ium  pe rch lora te  concen t ra t ion  decreases D q T (CV). A s the  redox  site 

loading  is increased D ^ p ( C y )  in i t ia l ly  increases l inear ly  be fo re  decreas ing  

at the 1:5 loading.

Section 5.4 Act iva t ion  Pa ram ete rs  For  Homogeneous Charge T r a n sp o r t

As discussed previously fo r  osmium con ta in ing  po ly (4-v iny lpyr id ine)  

f i lms  va r i ab le  t em p e ra tu re  c h ronoam perom et ry  and  cyclic vo l t a m m e t ry  can  be used 

to measure  the ac t iva t ion  pa ram ete rs  fo r  the  homogeneous c ha rge  t r a n s p o r t  

process. The  m easured  ac t iva t ion  energies  and  entropies  can be use fu l  in the 

diagnosis of  the  rate  de te rm in ing  step in the  charge  t ran spo r t  process 

[10,11]. L ike  the po ly(4-viny lpyr id ine)  f i lms discussed in c h a p te r  4, the 

poly (N-vinyl imidazole)  meta l lopolymers  discussed here  a re  compat ib le  w i th  a 

wide range  of  t emperatures .  T he re fo re ,  the rm odynam ic  pa ra m e te r s  have  been 

eva lua ted  f ro m  both po ten t ia l  step and  cyclic  vo l tam m etry  d a ta  fo r  the  above 

electrolytes  a t  the var ious  loadings over  the  tem pera tu re  range  276-310 K.

S e c t i o n  5.3.8 L i t h i u m  P e r c h lo r a t e
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T a b l e  5.3.8.1 T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  l i t h i u m  p e r c h l o r a t e  s u p p o r t i n g

e l e c t r o l y te  a n d  r e d o x  s i te  l o a d i n g  on cha rge  tr an spo r t  p a r a m e t e r s  o f

[ O s (b ip y ) 2 ( P V I ) n Cl]Cl  m o d i f i e d  e lectrodes .

Loading Cone. dc t (p s ) dc t (c v ) E°

M n o 9 *1010 V

n=5 0.1 0.35 0.34 0.180
0.2 0.37 0.32 0.155
0.4 0.48 0.29 0.145
0.6 0.65 0.25 0.135
0 .8 0.82 0.24 0.125
1 .0 1.09 0.20 0.130

n-10 0.1 1.33 3.50 0.165
0.2 1.68 2.73 0.165
0.4 1.67 2.15 0.170
0.6 1.78 2.03 0.145
0 .8 1.93 1.81 0.145
1.0 2.87 1.67 0.145

n-15 0.1 1.62 2.26 0.135
0.2 1.66 1.72 0.130
0.4 1.72 1.54 0.130
0.6 1.79 1.33 0.125
0.8 2.06 1.11 0.125
1.0 3.66 0.95 0.125

n=20 0.1 1.21 1.55 0.140
0.2 1.24 1.14 0.135
0.4 1.40 1.02 0.130
0.6 1.45 0.90 0.130
0 .8 1.64 0.77 0.130
1.0 3.01 0.67 0.130

n=25 0.1 0.81 0.87 0.155
0.2 0.82 0.55 0.145
0.4 1.07 0.51 0.130
0.6 1.13 0.46 0.110
0 .8 1.21 0.43 0.115
1.0 2.32 0.39 0.115
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The  ac t iva t ion  energy  fo r  charge  t ran spo r t  th rough  

[Os(bipy)2 (PVI)nCl]Cl f i lms in con tac t  w i th  0.1 an d  1.0 M  hyd ro ch lo r ic  acid  

has  been measured  and the d a ta  given  in Tab le  5.4.1.1. T he  a c t iv a t io n  energies  

a re  be tw een  20 and  45 kJ /M ol  an d  increase  as the  osmium load ing  of  the f i lm  

increases . The  en tropy terms at  all  load ings  are  negat ive.  T he  m ag n i tu d e  and  

behav iou r  o f  the ac t iva t ion  energy  is s im i la r  in  both 0.1 a n d  1.0 M 

hyd roch lo r ic  acid  as support ing  electrolyte.  The  increase in  E a (CV) relates  

to the decrease in D ^ p (PS)  discussed prev ious ly  (sect ion 5.3.2.1).

The  e f f e c t  of  redox site loading  on E a (CV) is i l lu s t r a t ed  in  F ig u re

5.4.1.1, an d  is di s t inc t ly  d i f f e r e n t  to t h a t  observed prev ious ly  via po ten t ia l  

step. The  response is s imi lar  in both 0.1 and  1.0 M electrolyte.  Fo r  r edox 

site loadings be tween  1:25 and  1:15 the ac t iva t ion  energy  is large (>100 

kJ /M ol)  an d  decreases  m arg ina l ly  in bo th  0.1 and  1.0 M  hyd ro ch lo r ic  ac id  as n 

is v a r i e d  f ro m  25 to 15. The  en tropy  terms coupled to these ac t iva t ion  

energies  a re  posit ive.  At  the  1:10 an d  1:5 loadings the ac t i v a t io n  energy  is 

cons ide rab ly  decreased to a va lue  o f  1 5 - 4 0  kJ/Mol.  Th is  r educ e d  ac t i va t ion  

energy is coup led  to a negat ive e n t ropy  term.

Section 5.4.2 Sodium Chloride

E &(PS) shows l it tle v a r i a t ion  w i th  redox  site loading  in  0.1 M 

sodium chlor ide,  m a in ta in ing  a va lue  of  12.5+1 kJ /M ol  (Table  5.4.2.1). In 0.1 

M sod ium  chlor ide  E a(PS) shows more  va r i a t i o n  w i th  redox  s ite loading.

E a (PS) decreases l inear ly  f rom  24 k J /M ol  where  n = 25 to 15.1 k J /M o l  where  n 

= 15. Fo r  25>n>5 E a (PS) is s imi lar  to t h a t  observed in 0.1 M sod ium  chlor ide,  

w i th  a va lue  of  14.5+0.6 kJ/Mol.  The  e n t ropy  terms are all nega t ive  a t  both

S e c t io n  5.4.1 H y d r o c h l o r i c  A c i d
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T a b l e  5,4.1,1 A c t i v a t i o n  p a r a m e te r s  fo r  charge  transport t h r o u g h

[ O s ( b ip y ) 2 (P V I ) n CI]Cl f i l m s  as o b t a i n e d  by potent ia l  step m e t h o d s  in

h y d r o c h l o r i c  ac id.

Loading Cone. Ea 4  H* AS+ A  G*-a

kJ/Mol kJ/Hol JMol_1K_1 kJ/Mol

n=5 0 . 1  H 4 5 .1 4 2 .6 - 1 6 . 2 4 7 .4

1 . 0  M 4 3 .1 4 0 .6 - 1 5 . 3 4 5 .2

n - 1 0 0 . 1  M 4 2 .9 4 0 .4 - 3 1 . 1 4 9 . 7

1 . 0  M 3 7 .6 35 .1 - 4 4 . 8 4 8 . 5

n=15 0 . 1  M 3 8 .8 3 6 .3 - 4 8 . 9 5 0 .9

1 . 0  H 3 3 .7 31 .2 - 6 2 . 3 4 9 .7

n =20 0 . 1  M 3 0 .5 2 8 .0 - 7 9 . 9 5 4 .3

1 . 0  M 2 6 .9 2 4 .4 - 8 7 . 9 5 0 .6

n=25 0 . 1  M 2 1 .9 1 9 .5 - 1 1 1 . 0 5 2 .6

1 . 0  M 1 9 .0 1 6 .5 - 1 1 7 . 3 5 1 . 5
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T a b l e  5.4.1.2 A ct iv a t io n  p a r a m e te r s  for  cha rge  transport  th r o u g h

[ O s ( b i p y ) 2 ( P V I)n Cl]Cl f i l m s  as o b t a i n e d  by  c y c l i c  v o l t a m m e t r y  in

h y d r o c h l o r i c  acid.

Load ing Cone. Ea _\H+ A G*

k J /H o l kJ/Mol JMol_ 1 K- 1 kJ /Mol

n=5 0 . 1  M 1 4 . 7 17 .9 - 9 6 . 9 4 6 .8

1 . 0  M 2 4 .0 2 1 . 6 - 8 3 . 8 4 6 .5

n - 1 0 0 . 1  H 3 1 .2 2 8 .7 - 8 0 . 2 5 2 .6

1 . 0  M 4 0 . 8 38 .3 - 3 6 . 1 4 9 .1

n=15 0 . 1  M 9 9 .0 9 6 .5 1 4 0 .5 5 4 .6

1 . 0  M 1 2 4 . 7 1 2 2 . 2 22 7 .3 5 4 .5

n= 20 0 . 1  M 1 1 0 . 1 107 .6 17 6 .2 5 5 .1

1 . 0  M 1 3 1 .7 129 .2 2 5 6 .8 5 2 .6

n=25 0 . 1  M 1 1 4 .6 1 1 2 . 1 1 8 2 .8 5 7 .6

1 . 0  M 1 3 4 .6 132 .1 26 1 .9 5 4 .1
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Figure 5.4.1.1 The effect of redox site loading on the 

activation energy in •  0.1 M HC1 and ■ 1.0 M HC1 as 

measured by linear sweep voltammetry.
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T a b i c  5.4.2.1 A c t i v a t i o n  p ar am eters  fo r  c h a r g e  tr an sp or t  th ro u g h

[ O s ( b i p y ) 2 ( P V I ) n Cl]Cl f i l m s  as o b t a i n e d  by p o t e n t i a l  s tep  m e t h o d s  in s o d i u m

c h l o r i d e .

L o a d in g Cone. Ea A h* A  s* A g+

kJ/Mol kJ /H o l J H o l ^ K - 1 kJ/Mol

n=5 0 . 1  M 1 2 . 1 9 . 6 - 1 2 9 , 7 4 8 .3

1 . 0  M 1 3 .6 1 1 . 1 - 1 0 7 . 7 4 3 .2

n= 1 0 0 . 1  M 1 3 .8 1 1 .3 - 1 2 6 . 3 4 9 .0

1 . 0  M 1 4 .7 1 2 . 2 - 1 1 2 . 7 4 5 .8

n=15 0 . 1  M 1 3 .3 1 0 . 8 - 1 3 3 . 2 5 0 .5

1 . 0  M 1 5 .1 1 2 . 6 - 1 1 8 . 5 4 7 .9

n= 20 0 , 1  M 1 1 .5 9 .0 - 1 4 3 . 1 5 1 .7

1 . 0  H 2 0 . 2 1 7 .7 - 1 0 6 . 7 4 9 .5

n=25 0 . 1  M 1 1 .9 9 .4 - 1 4 4 . 6 5 2 .5

1 . 0  M 2 4 .0 2 1 .5 - 9 7 . 6 5 0 .6
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T a b l e  5.4.2.2 A c t i v a t i o n  p a r a m e te r s  f o r  c h a r g e  t ran sp or t  t h r o u g h

[ O s ( b i p y ) 2 ( P V I ) n Cl]Cl  f i l m s  as o b t a i n e d  b y  c y c l i c  v o l t a m m e t r y  in  s o d i u m

c h lo r id e .

Loading Cone. Ea AHf .As* A  G*

kJ/Mol kJ/Mol JMol^K-1 kJ/Mol

n=5 0 .1  M 35.8 31.1 -63 .1 49.9

1 .0  M 61.2 58.6 29.2 49.0

n-10 0 .1  M 42.2 39.8 -39 .5 51.6

1 .0  M 61.3 58.8 28.9 50.2

n«15 0.1  M 114.6 112.1 191.4 55.1

1 .0  M 61.6 59.1 21.7 52.6

n=20 0.1  M 116.2 113.7 193.2 56.1

1 .0  M 128.9 126.4 242.5 54.1

n=25 0 .1  M 116.4 114.0 188.6 57.8

1 .0  M 134.3 131.8 256.9 55.2
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e lectrolyte  concen t ra t ions  a l though  the  en tropy  is more  nega t ive  in 0.1 M 

electrolyte.

E a (CV) values are more sensit ive to r edox  s ite load ing  than  

those obta ined  using po ten t ia l  step methods (Table  5.4.2.2). With 0.1 M sodium 

ch lo r ide  as suppor t ing  electrolyte  E a (CV) is large fo r  25>n>15 (115.7+1.1 

kJ /M ol)  and  is associated w i th  posit ive en tropy  terms. F o r  n = 10 an d  n = 5 a 

reduced  ac t iva t ion  energy  is ob ta ined  (33.5+2.5 kJ /M ol)  togethe r  wi th  nega t ive  

en tropy  terms. In 1.0 M sod ium chlor ide  the a c t iva t ion  energy  is large  fo r  the 

1:25 and  1:20 loadings (131.5+2.5 kJ /M ol)  be fo re  decreas ing  to 61.3+0.2 k J /M ol  

where  15>n>5. The  e n t ropy  terms are  posit ive fo r  all redox  s ite loadings in

1.0 M sodium chlor ide.

Section 5.4.3 Sulphuric  Acid

E a (PS) remains cons tan t  fo r  all  redox site load ings  wi th  a 

va lue  of  39.6+3.6 kJ /M ol  which  is coupled to a nega t ive  e n t ropy  term.  In  1.0 M 

su lp hur ic  acid  the ac t iva t ion  energy  decreases l inea r ly  f r o m  71 k J /M ol  f o r  the 

1:25 loading  to 32 k J /M ol  fo r  the 1:5 loading.  Where 25>n>10 the en t ropy  terms 

a re  posit ive,  while  fo r  n = 5 a nega t ive  en tropy  is observed.

E a (CV) remains  cons tan t  a t  a value of  51.1+4 k J /M o l  fo r  all 

redox  site loadings in 0.1 M su lp hur ic  acid.  These ac t i va t ion  energies  are 

coupled to nega t ive  en t ropy  terms which  show l i t t le  dependence  on ac t ive  site 

loading.  In 0.6 M H 2SO4 two d i s t inct  behav iours  are  observed depend ing  on 

the  redox s ite loading.  For  25<n<15 E a (CV) is large  (98.2+10.9 kJ /Mol)  a n d  is 

coupled to a posit ive en tropy  term.  The  1:10 and  1:5 loadings have  lower 

ac t i va t ion  energies  (47.9+1 kJ /Mol )  an d  a re  coupled  to nega t ive  e n t ropy  terms.
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[Os(bipy)2(PVI)n Cl]Cl f i l ms  as obta i ned by potent i a l  step methods  in

sulphuric  acid.

T a b l e  5.4.3.1 A c t i v a t i o n  p a r a m e t e r s  f o r  c h a r g e  tr a n sp o r t  thro ugh

Loadi ng Cone. Ec a A  H* J s * A G *

kJ/Mol kJ/Mol JMol - 1K-1 kJ/Mol

n=5 0 . 1  M 3 8 . 9 3 6 . 4 - 2 9 . 2 4 5 . 1

1.0  M 3 2 . 1 2 9 . 6 - 4 6 . 6 4 3 . 5

n-10 0 . 1  M 3 7 . 6 3 5 . 1 - 3 7 . 1 4 6 . 2

1.0  M 5 9 . 9 5 1 .A 5 3 . 3 4 1 . 5

n=15 0 . 1  M 3 5 . 2 3 2 . 7 - 5 5 . 5 4 9 . 2

1.0  M 6 3 . 8 6 1 . 3 5 4 . 6 4 5 . 0

D II ro o 0.1  M 4 3 . 3 4 0 . 8 - 3 7 . 1 5 1 . 8

1 . 0  M 6 4 . 8 6 2 . 3 4 2 . 7 4 9 . 6

n=25 0 . 1  M 4 3 . 3 4 0 . 8 - 4 8 . 2 5 5 . 1

1.0  M 7 0 . 9 6 8 . 4 5 1 . 2 5 3 . 1
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[Os(bipy) 2 (PVI )nCl]Cl f i lms as obt a i ned  by cycl ic vo l t ammet r y  in su l phur i c

acid.

T a b l e  5.4.3,2 A c t i v a t i o n  pa ram ete rs  f o r  c h a r g e  t ran sp or t  th ro u g h

Loadi ng Cone. Ea A H * A s * AG*

kJ/Mol kJ/Mol JMol- 1 ^ 1 kJ/Mol

n=5 0.1  M 4 3 . 4 4 0 . 9 - 2 3 . 5 4 7 . 9

1.0  M 4 8 . 9 4 6 . 4 - 3 . 6 7 4 7 . 5

n-10 0 . 1  M 5 1 . 0 4 8 . 5 - 1 5 . 7 5 3 . 2

1.0  M 4 6 . 8 4 4 . 3 - 2 6 . 4 5 2 . 2

n=15 0 . 1  M 5 2 . 3 4 9 . 8 - 1 8 . 4 5 5 . 3

1 . 0  H 9 2 . 8 9 0 . 3 1 3 2 . 0 5 0 . 9

n=20 0.1  M 5 3 . 6 5 1 . 1 - 1 5 . 8 5 5 . 8

1.0  M 9 2 . 8 9 2 . 5 1 2 7 . 6 5 4 . 5

n=25 0.1  M 5 5 . 1 5 2 . 6 - 1 3 . 8 5 6 . 7

1.0  M 1 0 9 . 1 1 0 6 . 6 1 7 8 . 8 5 3 . 5
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In c o n tr a s t  to th e  o th er  e le c tr o ly te  sy s te m s  e x a m in e d ,  th e  

a c t iv a t io n  e n e r g y  in  h ig h  e le c tr o ly te  c o n c e n t r a t io n  (0.6 M) is  less th a n  th at  

o b se r v e d  in  0.1 M  e le c tr o ly te  (T a b le  5.4.4.1). In 0.6 M  p o ta s s iu m  s u lp h a te  the  

a c t iv a t io n  e n e r g y  is lo w  an d  c o n s ta n t  w i th  a v a lu e  o f  17.7+2.4 k J /M o l .  In 0.1 

M  e le c t r o ly te  th e  a c t iv a t io n  e n e r g y  s t e a d i ly  in c r e a se s  as th e  r e d o x  s i te  

lo a d in g  is in c r e a se d .  F o r  the  1:25 lo a d in g  E a is 23 .6  k J /M o l ,  w h ic h  

in c r e a se s  to  a m a x im u m  o f  35.9 k J /M o l  a t  th e  1:5 lo a d in g .  In  b o th  e l e c t r o ly te  

c o n c e n tr a t io n s  th e  en tr o p ie s  are  n e g a t iv e .  T h e  f r e e  e n e r g y  term s a lso  s h o w  

so m e  d e p e n d e n c e  on  r e d o x  s i t e  lo a d in g .  A t  lo w  lo a d in g s  th e  G ib b s  f r e e  e n e r g y  

term  is a p p r o x im a t e ly  50 k J /M o l  w h ic h  r e d u c e s  to  45 k J /M o l  f o r  th e  1:15 to 1:5 

lo a d in g s .

T h e  v a lu e s  o b ta in e d  fo r  E a (C V ) in  b o th  0.1 a n d  0.6 M  p o ta s s iu m  

su lp h a te  are  th e  sam e. A s n is v a r ie d  f r o m  25 to  10 E a (C V ) d e c r e a se s  

s y s t e m a t ic a l ly  f r o m  17.5 k J /M o l  to 5.8 k J /M o l  a n d  re m a in s  a t  th is  v a lu e  f o r  th e  

1:5 lo a d in g  (T a b le  5.4.4.2). T h e se  a c t iv a t io n  e n e r g ie s  are  c o u p le d  to  

n e g a t iv e  e n tr o p y  terms. T h e  f r e e  e n e r g y  term  s h o w s  no  s y s t e m a t ic  v a r ia t io n  

w it h  r e d o x  s i t e  lo a d in g ,  m a in ta in in g  a v a lu e  o f  54 .1+4  k J /M o l .

S e c t io n  5.4.5 T o lu e n e -4 - s u lp h o n ic  A c id

E a (PS) d ecrea ses  s t e a d i ly  f r o m  37.1 k J /M o l  to 8.7 k J /M o l  in  0.1 

M  p -T S A  a n d  f r o m  32.5 k J /M o l  to 14.0 k J /M o l  as th e  r e d o x  s i te  lo a d in g  is  

in c r e a se d  f r o m  1:25 to 1:5. T h is  b e h a v io u r  is i l lu s tr a te d  in  F ig u r e  5.4.5.1.

In b oth  c o n c e n tr a t io n s  o f  su p p o r t in g  e l e c t r o ly te  th e  e n tr o p y  term s r e m a in  

n e g a t iv e  f o r  a ll  lo a d in g s  e x a m in e d .

S e c t i o n  5.4.4 P o t a s s iu m  S u lp h a t e
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T a b l e  5.4.4.1 A c t i v a t i o n  p aram eters  f o r  c h a r g e  t r a n s p o r t  t h r o u g h

[ O s ( b i p y ) 2 ( P V I ) n Cl]Cl  f i l m s  as o b t a i n e d  b y  p o t e n t i a l  s t ep  m e t h o d s  in

p o t a s s i u m  s u lp hate .

Loadi ng Cone. Ea A H* A  s * A G*

kJ/Mol k J / Ho l JMol - 1 «-1 kJ/Mol

innc 0.1  M 3 5 . 9 3 3 . 4 - 5 2 . 2 4 8 . 9

0 . 6  M 20.1 1 7 . 6 - 9 5 . 4 4 6 . 0

n=10 0.1  M 3 2 . 3 2 9 . 8 - 5 2 . 0 4 5 . 3

0.6  M 1 7 . 8 1 5 . 3 - 9 0 . 9 4 2 . 4

n=15 0.1  M 2 8 . 7 2 6 . 2 - 7 3 . 8 4 8 . 2

0.6  M 1 6 . 3 1 3 . 8 - 1 0 6 . 0 4 5 . 4

n=20 0.1  M 2 5 . 9 2 3 . 4 - 9 2 . 1 5 0 . 8

0.6  M 1 6 . 5 1 4 . 0 - 1 1 3 . 6 4 7 . 9

n=25 0.1  M 2 3 . 6 21.1 - 1 0 9 . 2 5 3 . 6

0.6  M 1 7 . 7 1 5 . 2 - 120.2 5 1 . 0
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T a b l e  5.4A.2  A c t i v a t i o n  pa r a m e te r s  f o r  c h a r g e  tr a n sp o r t  th r o u g h

[O s ( b ip y ) 2 ( P V I ) n Cl]Cl f i l m s  as o b t a i n e d  by c y c l i c  v o l t a m m e t r y  in  p o t a s s i u m

sul ph ate .

Loadi ng Gone. Ea A Hf A S * A  G*

kJ/Mol kJ/Mol JMol - 1^ 1 kJ/Mol

n=5 0.1  M 5 . 5 3 . 0 - 1 8 5 . 2 5 8 . 2

0 . 6  M 5 . 1 2.6 - 1 7 6 . 1 5 5 . 1

n=10 0.1  M 5 . 8 3 . 3 - 1 6 7 . 9 5 3 . 3

0.6  M 5 . 8 3 . 3 - 1 6 3 . 8 5 2 . 1

n - 1 5 0.1  M 11.1 8.6 - 1 5 2 . 4 5 4 . 0

0 . 6  M 9 . 6 7 . 1 - 1 5 4 . 0 5 3 . 0

n=20 0.1  M 1 3 . 7 11.2 - 1 4 3 . 2 5 3 . 9

0 . 6  M 1 4 . 1 11.6 - 1 4 0 . 3 5 3 . 4

n=25 0.1  M 1 7 . 5 1 5 . 0 - 1 3 1 . 1 5 4 . 0

0.6  M 1 7 . 8 1 5 . 3 - 1 2 8 . 9 5 3 . 7
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T a b l e  5.4.5.1 A c t i v a t i o n  para meters  f o r  c h a r g e  transpo rt  t h r o u g h

[ O s ( b ip y ) 2 ( P V I ) nCl]CI f i l m s  as o b t a i n e d  by  p o t e n t i a l  s tep  m e t h o d s  in

t o l u e n e  s u l p h o n i c  acid.

Loadi ng  Cone.  Ea

kJ/Mol

n=5 0.1  M 1 4 . 0

1 . 0  M 8 . 7

n-10 0.1  M 2 7 . 1

1.0  H 22.1

n - 1 5 0.1  M 3 2 . 9

1.0  M 2 8 . 4

n=20 0.1  M 3 5 . 1

1.0  M 3 0 . 2

n=25 0.1  M 3 7 . 1

1.0  M 3 2 . 5

A  H* Z*S* AG*

kJ/Mol  J M o p V 1 kJ/Mol

1 1 . 5  - 9 7 . 9  4 0 . 6

6 . 2  - 1 2 6 . 7  4 4 . 0

2 4 . 6  - 6 5 . 8  4 4 . 2

1 9 . 6  - 9 5 . 7  4 8 . 1

3 0 . 4  - 6 7 . 5  5 0 . 5

2 5 . 9  - 6 8 . 6  4 6 . 3

3 2 . 6  - 6 5 . 2  5 2 . 0

2 7 . 7  - 6 7 . 3  4 7 . 8

3 4 . 6  - 6 2 . 6  5 3 . 3

3 0 . 0  - 6 3 . 4  4 8 . 9
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F ig u r e  5.4.5.1 T h e  e f f e c t  o f  r e d o x  s i t e  lo a d in g  on the  

a c t iv a t io n  en erg y  in  # 0 . 1  a n d  ■ 1.0 M  to lu e n e -4 - s u lp h o n ic  

a c id  as m easured  by  p o te n t ia l  step.
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T a b l e  S.4.5.2 A c t i v a t i o n  parameters  for  c h a r g e  transport  th rough

[ O s ( b i p y ) 2 ( P V I ) n Cl]Cl f i l m s  as o b t a in e d  by  c y c l i c  v o l t a m m c t r y  in t o lu e n e

s u l p h o n i c  ac id .

Loading Cone. Ea

k J /H o l

n=5 0 . 1  H 1 8 . 3

1 . 0  M 4 0 . 1

n= 1 0 0 . 1  M 2 5 . 4

1 . 0  M 3 7 . 8

n= 15 0 . 1  H 2 8 . 4

1 . 0  M 3 2 . 9

n = 2 0 0 . 1  M 2 8 . 7

1 . 0  M 3 7 . 0

n = 25 0 . 1  li 2 9 . 2

1 . 0  M 3 7 . 7

A H *  A S *  AG*

kJ/Mol  JMol"1^ 1 kJ/Mol

1 5 . 8  - 9 9 . 5  4 5 . 4

3 7 . 6  - 2 4 . 7  4 4 . 9

2 2 . 9  - 9 1 . 8  5 0 . 3

3 5 . 3  - 4 7 . 8  4 9 . 5

2 5 . 9  - 9 0 . 8  5 2 . 9

3 0 . 4  - 7 3 . 8  5 2 . 4

2 6 . 2  - 9 6 . 7  5 5 . 0

3 4 . 5  - 6 5 . 7  5 4 . 1

2 6 . 7  - 1 0 1 . 9  5 7 . 1

3 3 . 2  - 6 8 . 1  5 3 . 5
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T h e  e f f e c t  o f  redox  s i te  lo a d in g  on  E a (C V ) is less th an  th a t  

o b se r v e d  fo r  E a(PS) (see T a b le  5.4.5.2). In  0.1 M  p-T SA  th e  a c t iv a t io n  

e n e r g y  sh o w s a l inear  d ecrease  f r o m  29 k J /M o l  to 18 k J /M o l  as th e  r e d o x  s i te  

lo a d in g  is in creased  fro m  1:25 to 1:5. In  1.0 M  e le c tr o ly te  the  a c t iv a t io n  

e n e r g y  is larg e ly  u n a f f e c t e d  b y  c h a n g e s  in  th e  a c t iv e  s ite  c o n c e n tr a t io n  

m a in ta in in g  a v a lu e  o f  37.1+3 k J /M o l .  T h e  a c t iv a t io n  e n tr o p ie s  are n e g a t iv e  fo r  

a ll  lo a d in g s .

S ec t io n  5.4.6 P erch lor ic  A c id

T h e  e f f e c t  o f  red ox  s i te  lo a d in g  on  E a (PS) is s im ilar  in  0.1 an d  1.0 

M  p e r c h lo r ic  ac id  and F ig u re  5.4.6.1 i l lu s t r a te s  th e  o b serv ed  b e h a v io u r .  For  

25>n>15  th e  a c t iv a t io n  en erg y  is  la r g e  (69 .4+2.8  k J /M o l)  an d  a sso c ia te d  w i t h  

p o s i t iv e  e n tr o p y  terms. T h is  v a lu e  d ro p s  to  25.7+2.5  k J /M o l  fo r  lo a d in g s  o f  

1:10 an d  1:5 w ith  n e g a t iv e  en tro p y  term s.

In 0.1 M perch lor ic  a c id  E a (C V )  f o r  th e  1:25 to 1:15 lo a d in g s  are  

la rg e ,  103.3+2 k J /M o l,  b e fo r e  d e c r e a s in g  to 26+ 2 .6  k J /M o l  fo r  th e  1:5 lo a d in g .  

W here 25>n>15  the en tropy  term s are  p o s i t iv e ,  w h i l e  fo r  n = 10 and  n = 5 th e  

e n tr o p y  term s are n egative . T h e  t r a n s i t io n  lo a d in g  o f  1:10 sh o w s  d u a l  s lope  

b e h a v io u r  o b served  p rev io u s ly  f o r  [O s (b ip y ) 2 (P V P )n Cl]Cl f i lm s  in  c o n ta c t  

w ith  p er c h lo r a te  salts. T w o  a c t iv a t io n  e n e r g ie s  are  o b ta in e d ,  fo r  tem p era tu res  

a b o v e  285  K  the  a c t iv a t io n  en e r g y  is 84.5 k J /M o l  w i t h  a p o s i t iv e  e n tr o p y  term.  

F or tem p era tu res  b e low  285 K  a n e g a t iv e  e n tr o p y  term  is  o b se r v e d  w i t h  an  

a c t iv a t io n  e n e r g y  o f  34.2 k J /M ol.  In  1.0 M  p e r c h lo r ic  a c id  a h ig h  a c t iv a t io n  

en e r g y  (145 .6+18  kJ /M ol)  is o b ta in e d  w h e r e  25> n >15 . For n = 10 th e  a c t iv a t io n  

en e r g y  is  r e d u c e d  to 69 k J /M o l.  T h e s e  a c t iv a t io n  e n erg ie s  are  c o u p le d  to
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T a b l e  5.4.6.1 A c t i v a t i o n  p ar am eters  for  cha rge  transpor t  t h r o u g h

[ O s ( b i p y ) 2 ( P V I ) n Cl]Cl f i l m s  as o b t a i n e d  by p o t e n t ia l  s tep  m e t h o d s  in

p e r c h l o r i c  ac id .

L o a d in g C one. Ea A h* A S * A G *

k J /H o l kJ/M ol JM ol- 1 K_ 1 k J /M ol

n=5 0 . 1  M 2 2 . 9 2 0 . 4 - 9 0 . 4 4 7 . 3

1 . 0  H 2 5 . 9 2 3 . 4 - 7 7 . 4 4 6 . 5

n= 1 0 0 . 1  M 2 5 . 8 2 3 . 3 - 7 7 . 3 4 6 . 3

1 . 0  H 2 8 . 2 2 5 . 7 - 6 3 . 1 4 4 . 5

n - 1 5 0 . 1  M 6 7 . 7 6 5 . 2 4 6 . 8 5 1 . 2

1 . 0  H 7 2 . 2 6 9 . 7 7 3 . 6 4 7 . 8

n= 2 0 0 . 1  H 6 6 . 4 6 3 . 9 3 6 . 2 5 3 . 1

1 . 0  M 6 9 . 8 6 7 . 3 5 7 . 9 5 0 . 0

n = 25 0 . 1  H 6 8 . 9 6 6 . 4 3 8 . 6 5 4 . 9

1 . 0  H 7 1 . 3 6 8 . 8 5 6 . 3 5 2 . 0
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F ig u r e  5.4.6.1 T h e  e f f e c t  o f  red o x  s i t e  lo a d in g  on  th e  
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m ea su red  b y  p o t e n t ia l  step .

215



T a b i c  5.4.6.2 A c t i v a t i o n  p ar am eters  for  cha rge  t r a n s p o r t  t h r o u g h

[ O s ( b i p y ) 2 ( P V I ) n Cl]Cl f i l m s  as o b t a in e d  by  c y c l i c  v o l t a m m c t r y  in pe rchl or ic

ac id .

L o a d in g C o n e . Ec a A  H* A s +

o<1

kJ/M ol kJ/Mol J M o l ^ l C 1 kJ/1

n ° 5 0 . 1 M 2 8 . 7 2 6 . 2 - 9 0 . 8 5 3 . 2

1 . 0 M 2 3 . 4 2 0 . 9 - 1 1 0 . 7 5 3 . 9

n° 1 0 0 . 1 M T<285K 3 4 . 2 3 1 . 7 - 7 1 . 5 5 3 . 0

T>285K 8 4 . 5 8 2 . 0 9 7 . 8 5 4 . 3

1 . 0 M 6 9 . 3 6 6 . 8 4 3 . 3 5 3 . 9

n= 15 0 . 1 M 1 0 5 . 3 1 0 2 . 8 1 7 2 . 9 5 1 . 3

1 . 0 H 1 2 7 . 6 1 2 5 . 1 2 3 8 . 0 5 4 . 2

n= 2 0 0 . 1 M 1 0 3 . 5 1 0 1 . 0 1 6 2 . 2 5 2 . 6

1 . 0 M 1 5 0 . 6 1 4 8 . 1 2 9 0 . 5 6 1 . 5

n=*25 0 . 1 M 1 0 1 . 2 9 8 . 7 1 5 0 . 8 5 3 . 8

1 . 0 H 1 5 8 . 5 1 5 6 . 0 3 2 2 . 5 5 9 . 9
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p o s i t iv e  e n tr o p y  terms. W hen n = 5 E a (C V ) is r e d u c e d  to 23.4 k J /M o l  w h ic h  is 

a s s o c ia te d  w i t h  a n e g a t iv e  en tro p y .

S e c t io n  5.4.7 L i t h iu m  P e r c h lo r a te

T h e  a c t iv a t io n  e n e r g y  as m e a su red  b y  p o te n t ia l  s tep  is in s e n s i t iv e  to  

r e d o x  s i te  lo a d in g  in  b o th  0.1 an d  1.0 M  l i t h iu m  p e r c h lo r a te .  In 0.1 M  l i t h iu m  

p e r c h lo r a te  th e  a c t iv a t io n  e n e r g y  is 1 8 .8 + 3 .7 k J /M o l w h i l e  in  1.0M e le c tr o ly te  

th e  a c t iv a t io n  e n e r g y  is  28 .2+3.2  k J /M o l .  In b o th  c o n c e n t r a t io n s  o f  su p p o r t in g  

e l e c t r o ly te  th e  a c t iv a t io n  e n e r g ie s  are  c o u p le d  to n e g a t iv e  e n tr o p y  term s fo r  

a ll  lo a d in g s .

A s o b se r v e d  u s in g  p o te n t ia l  s tep  E a (C V ) sh o w s  a s im i la r  d e p e n d e n c e  

on  r e d o x  s i t e  lo a d in g  in  b o th  0.1 and  1.0 M  l i t h iu m  p e r c h lo r a te .  A t  lo w  r ed o x  

s i t e  lo a d in g  (25> n >15),  th e  a c t iv a t io n  e n e r g y  is h ig h  (127 .1+ 4 .8  k J /M o l)  a n d  is 

c o u p le d  to a p o s i t iv e  e n tr o p y  term. F or  the  1:5 lo a d in g  b o th  c o n c e n tr a t io n s  o f  

l i t h iu m  p e r c h lo r a te  g iv e  an  a c t iv a t io n  e n e r g y  o f  15.9 k J /M o l  w i t h  n e g a t iv e  

e n tr o p y  term s. T h e  1:10 lo a d in g  rep resen ts  a t r a n s i t io n  lo a d in g  w ith  an  

a c t iv a t io n  e n e r g y  o f  64 k J /M o l  in  1.0 M  l i t h iu m  p e r c h lo r a te  an d  a p o s i t iv e  

e n tro p y .  T h e  a c t iv a t io n  e n e r g y  in  0.1 M  e le c tr o ly te  is 40  k J /M o l  w ith  a 

n e g a t iv e  e n tr o p y  term  in d ic a t in g  th a t  an  o r d e r in g  p ro cess  l im it s  th e  rate  o f  

c h a r g e  p r o p a g a t io n .
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T a b l e  5.4.7.1 A c t i v a t i o n  pa ram ete rs  f o r  c ha rge  t r a n s p o r t  t h r o u g h

[ O s ( b i p y ) 2 ( P V I ) n Cl]Cl  f i l m s  as o b t a in e d  by p o t e n t i a l  s t e p  m e t h o d s  in

l i t h i u m  p erchl orate .

L o a d in g C o n e . Ea

kJ/Mol

n=5 0.1  M 20.8

1 . 0  M 2 7 . 6

n- 1 0 0 . 1  M 1 8 . 9

1 . 0  M 2 8 . 8

n - 1 5 0 . 1  M 1 5 . 1

1.0  M 3 1 . 4

n = 2 0 0.1  M 1 7 . 7

1.0  M 2 7 . 9

n=25 0.1  M 2 1 . 5

1.0  M 2 5 . 4

AH* A S * ÄG*

kJ/Mol JMol - 1 ^ 1 kJ/Mol

1 8 . 3 - 100.0 4 8 . 1

2 5 . 1 - 6 7 . 8 4 5 . 3

1 6 . 4 - 1 0 6 . 8 4 8 . 2

2 6 . 3 - 6 7 . 2 4 6 . 3

12.6 - 1 2 4 . 7 4 9 . 8

2 8 . 9 - 6 3 . 2 4 7 . 7

1 5 . 2 - 1 2 3 . 2 5 1 . 9

2 5 . 4 - 8 1 . 4 4 9 . 6

1 9 . 0 - 1 1 7 . 5 5 4 . 0

2 2 . 9 - 9 5 . 6 5 1 . 4

218



T a b l e  5.4,7.2 A c t i v a t i o n  p aram eters  fo r  ch a r g e  t r a n s p o r t  t h r o u g h

[ O s ( b i p y ) 2 (P V I ) QCl]Cl  f i l m s  as o b t a i n e d  b y  c y c l i c  v o l t a m m e t r y  in l i t h i u m

perchlorate.

Lo a d i n g Cone. Ea

kJ/Mol

n=5 0.1  M 1 5 . 9

1 . 0  M 1 5 . 9

n=10 0.1  M 4 0 . 5

1.0  M 6 4 . 2

n= 15 0 . 1  H 120.6

1.0  M 1 2 4 . 7

n= 2 0 0.1  H 1 2 6 . 7

1.0  M 1 2 7 . 9

n= 25 0.1  M 1 3 0 . 9

1.0  M 1 3 1 . 9

A  S+ A  G+

kJ/Mol JMol“1^ 1 kJ/Mol

1 3 . 4 - 1 3 5 . 9 5 3 . 9

1 3 . 4 - 121.2 4 9 . 5

3 8 . 0 - 5 1 . 6 5 3 . 4

6 1 . 7 3 4 . 0 5 1 . 5

1 1 8 . 1 2 1 2 . 9 5 4 . 6

122.2 2 1 9 . 5 5 6 . 8

1 2 4 . 2 2 2 5 . 5 5 7 . 0

1 2 5 . 4 222.6 5 9 . 1

1 2 8 . 4 2 3 1 . 1 5 9 . 6

1 2 9 . 4 2 2 7 . 7 6 1 . 5
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Sc c t io n  5.5 E le c t r o l y t e  a n d  R e d o x  Si te  L o a d i n g  E f f e c t s  on H e t e r o g e n e o u s

E l e c t r o n  T r a n s f e r  R e a c t io n s  

A l i n e a r  c o r r e l a t i o n  o f  the  h o m o g e n eo u s  c h a r g e  t r a n s p o r t  r a t e  

D c t (PS) a n d  t h e  s t a n d a r d  r a t e  c o n s t a n t  k °  has  b e e n  o b s e r v e d  f o r  s ev e ra l  

p o l y m e r  m o d i f i e d  e l e c t r o d e s  [11-13]. T h i s  b e h a v i o u r  w as  a lso o b s e r v e d  f o r  the  

p o l y ( 4 - v i n y l p y r i d i n e )  f i l m s  d is cussed  in  c h a p t e r  4. In  th i s  s ec t i o n  t h e  e f f e c t  

o f  t h e  r e d o x  s i te l o a d i n g  as well  as, t h e  e l e c t r o l y te  t y p e  a n d  c o n c e n t r a t i o n  on 

th e  r a t e  o f  e l e c t r o n  t r a n s f e r  f r o m  the  u n d e r l y i n g  e l e c t r o d e  s u r f a c e  to  t h e  

im m o b i l i s ed  m e t a l l o p o l y m e r  is d iscussed.

Sec t ion  5.5.1 H y d r o c h l o r i c  A c id

k °  in c reases  a p p r o x i m a t e l y  l i n e a r l y  w i t h  i n c r e a s i n g  HC1 

c o n c e n t r a t i o n  f o r  a l l  o s m i u m  load ings  (T a b le  5.5.1.1). T h e  e f f e c t  o f  a n  

in c r e a s e d  a c t i v e  s ite l o a d i n g  is to d ec rea se  k ° ,  e.g in  0.1 M  HC1 k °  

dec reases  f r o m  2.90 x 10’^ cms"* to 0.97 x  10"^ cms"* as t h e  r e d o x  s i te 

l o a d i n g  is in c r e a s e d  f r o m  1:25 to 1:5.

T h e  t r a n s f e r  c o e f f i c i e n t  oc , is d e p e n d e n t  o n  t h e  r e d o x  s i te l o ad ing .

In  0.1 M  HC1 OC i n c re a s e s  f r o m  0.21 to 0.35 as th e  r e d o x  s i t e  l o a d i n g  is 

in c r e a s e d  f r o m  1:25 to 1:5. T h e  t r a n s f e r  c o e f f i c i e n t  a lso i n c r e a s e s  w i t h  

i n c r e a s i n g  HC1 c o n c e n t r a t i o n  f o r  all  r e d o x  s i te  loadings .

Sect ion  5.5.2. S o d iu m  C h l o r i d e

The rate of heterogeneous electron transfer from the electrode into 

the [Os(bipy)2 (PVI)nCl]Cl coatings is more rapid in sodium chloride than in 

hydrochloric acid (Table 5.5.2.1). k °  increases with increasing osmium 

loading up to the 1:10 loading, after which k °  decreases.
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T a b l e  5.5.1.1 T h e  e f f e c t  o f  c o n c e n tr a t io n  o f  h y d r o c h l o r i c  a c id  su p p o rt in g

e l e c t r o l y t e  a n d  r e d o x  s i te  lo ad in g  on h e t e r o g e n e o u s  e le c t r o n  t r a n sf e r

p a r a m e t e r s  o f  [ O s (b ip y ) 2 (P V I ) n Cl]Cl m o d i f i e d  e le c tr o d e s .

Loadi ng

n=5

n- 1 0

n=15

n=20

n=25

Cone. k°*104 a

M cms“*

0 . 1  0 . 9 7  0 . 3 5
0 . 2  1
0 . 4  1
0 . 6  2
0 . 8  2
1 . 0  3

0. 1  1
0 . 2  1
0 . 4  2
0 . 6  2
0. 8  2
1 . 0  3

0 . 1  2
0 . 2  2
0 . 4  3
0 . 6  3
0 . 8  3
1 . 0  3

0 . 1  2
0 . 2  3
0 . 4  3
0 . 6  3
0 . 8  3
1 . 0  4

0 . 1  2
0 . 2  3
0 . 4  3
0 . 6  3
0 . 8  4
1 . 0  4

11 0 . 4 5
56 0 . 5 0
17 0 . 4 5
96 0 . 4 5
81 0 . 4 5

68 0 . 3 2
94 0 . 3 4
31 0 . 3 3
69 0 . 3 5
96 0 . 4 0
81 0 . 3 8

40 0 . 3 0
87 0 . 3 0
10 0 . 3 1
35 0 . 3 1
57 0 . 3 1
93 0 . 3 1

72 0 . 2 9
09 0 . 3 2
28 0 . 3 5
61 0 . 3 8
81 0 . 3 6
12 0 . 3 6

90 0 . 2 1
25 0 . 3 5
45 0 . 3 2
90 0 . 3 2
18 0 . 3 3
38 0 . 3 3
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Table  5.5.2.1 The  e f f ec t  o f  concentrat ion o f  s o d i u m chl ori de  

support ing e lectrolyte and redox site loading on heterogeneous  

electron transfer parameters o f  [Os(bipy)2( PVI ) n Cl]Cl  mo d i f i e d  

electrodes.

Loadi ng Cone. k ° * 104 a

M cms- ^

n=5 0.1 1 . 0 8 0 . 2 5
0.2 1.10 0 . 2 5
0 . 4 1 . 3 5 0 . 3 3
0.6 1 . 7 7 0 . 3 3
0.8 1 . 8 4 0 . 3 3
1.0 2.12 0 . 3 5

n=10 0.1 3 . 1 0 0 . 2 8
0.2 3 . 8 0 0 . 3 2
0 . 4 4 . 6 2 0 . 3 5
0.6 4 . 9 3 0 . 4 1
0.8 5 . 3 4 0 . 4 0
1.0 5 . 7 2 0 . 4 0

n - 1 5 0.1 2 . 5 8 0 . 3 0
0.2 3 . 1 0 0 . 3 0
0 . 4 3 . 8 5 0 . 3 0
0.6 4 . 5 6 0 . 3 5
0.8 4 . 8 5 0 . 4 0
1.0 4 . 9 7 0 . 4 0

n=20 0.1 2 . 2 3 0 . 3 1
0.2 2 . 5 1 0 . 3 2
0 . 4 3 . 0 4 0 . 3 4
0.6 3 . 6 5 0 . 3 5
0.8 4 . 0 1 0 . 4 0
1.0 4 . 2 5 0 . 4 0

n=25 0.1 1 . 7 5 0 . 3 1
0.2 1 . 9 2 0 . 3 2
0 . 4 2 . 3 5 0 . 3 5
0.6 2 . 7 5 0 . 3 7
0.8 3 . 1 0 0 . 3 6
1.0 3 . 5 5 0 . 3 7
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T h e  e f f e c t  o f  in c r e a s in g  N a C l  c o n c e n tr a t io n  is to  m o n o t o n ic a l ly  in c r e a s e  k °  

f o r  a ll lo a d in g s .

T h e  tr a n s fe r  c o e f f i c i e n t  is i n s e n s i t iv e  to r e d o x  s i t e  lo a d in g ,  i t  d oes  

h o w e v e r ,  in c r e a s e  w ith  in c r e a s in g  e le c tr o ly te  c o n c e n tr a t io n  f r o m  a v a lu e  o f  

0.29+0 .04  in  0.1 M  N a C l to 0 .39+0.04 in  1.0 M  N a C l.

S e c t io n  5.5.3 S u lp h u r ic  A c id

k °  in c r e a se s  as th e  e le c tr o ly te  c o n c e n tr a t io n  is in c r e a s e d .  F or  

25> n > 15  m u c h  o f  th e  o v e r a l l  in c r e a se  occu rs  b e t w e e n  0.6 a n d  0.8 M  s u lp h u r ic  

a c id .  T h e  1:10 lo a d in g  is m ore  s e n s i t iv e  to th e  s u lp h u r ic  a c id  c o n c e n t r a t io n  

in c r e a s in g  f r o m  4.50 x 10‘ 4 cms'* to  7.15 x 10 ' 4 cm s'*  on g o in g  f r o m  

0.1 to 1.0 M  H 2 S O 4 . T h e  1:5 lo a d in g  is less s e n s i t iv e  to c h a n g e s  in  

e le c tr o ly te  c o n c e n tr a t io n  (T a b le  5.5.3.1), A n  in c r e a se d  r e d o x  s i t e  lo a d in g  

in c r e a se s  k °  u n t i l  the  1:10 lo a d in g  a f t e r  w h ic h  k °  d ecreases .  T h e s e  

tren d s  c lo s e ly  f o l l o w  th ose  d isc u sse d  e a r l ie r  f o r  D q T (PS).

Ct is  in s e n s i t iv e  to both  a c t iv e  s i t e  an d  e le c tr o ly te  c o n c e n tr a t io n s ,  

m a in t a in in g  a v a lu e  o f  0 .47+0.06. T h is  is  c lo se  to  the  t h e o r e t ic a l  v a lu e  o f  

0.5 e x p e c te d  f o r  a s in g le  e lec tro n ,  r e v e r s ib le  rea c t io n .

S e c t io n  5.5.4 P o ta ss iu m  S u lp h a te

k °  sh o w s  the  sam e d e p e n d e n c e  on  e le c tr o ly te  c o n c e n t r a t io n  a n d  r e d o x  

s ite  lo a d in g  as th a t  o b se r v e d  p r e v io u s ly  f o r  D q j ( P S ) .  k °  in c r e a se s  a lm o s t  

m o n o t o n ic a l ly  as the e le c tr o ly te  c o n c e n tr a t io n  is ra ised  f o r  a l l  lo a d in g s  

e x c e p t  1:10 w h e r e  a s ig n i f i c a n t  in c r e a se  o c c u r s  b e tw e e n  0.2 a n d  0.4 M  p o ta s s iu m  

s u lp h a te  (T a b le  5.5.4.1). A n  in c r e a se d  [O s (b ip y ) 2 C l]+ lo a d in g  e n h a n c e s  

k °  o v er  th e  r a n g e  1:25 to 1:10 a f t e r  w h ic h  p o in t  k °  d ecreases .



T a b le  5.5,3.) T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  s u l p h u r i c  a c i d  s u p p o r t i n g

e le c tr o ly te  a n d  r ed ox  s i t e  l o a d i n g  on h e te r o g e n e o u s  e le c t r o n  t r a n s f e r

param eters  o f  [O s (b ip y )2 ( P V I ) nCl]CI m o d if ie d  e le c tr o d e s .

Loa di ng Cone. k ° * 104 a

H cms-1

n=5 0.1 3 . 6 5 0 . 4 5
0.2 3 . 4 8 0 . 4 1
0 . 4 3 . 81 0 . 4 2
0.6 3 . 8 5 0 . 4 7
0.8 3 . 9 0 0 . 5 1
1.0 3 . 9 5 0 . 5 1

n - 1 0  0 . 1  4 . 5 0  0 . 4 4
0 . 2  5 . 1 1  0 . 4 7
0 . 4  5 . 4 8  0 . 4 4
0 . 6  6 . 2 1  0 . 5 0
0 . 8  6 . 4 3  0 . 4 8
1 . 0  7 . 1 5  0 . 4 9

n=15 0 . 1  3 . 2 4  0 . 4 5
0 . 2  3 . 3 9  0 . 4 5
0 . 4  3 . 4 3  0 . 4 6
0 . 6  3 . 5 3  0 . 4 6
0 . 8  4 . 3 0  0 . 4 8
1 . 0 0  4 . 4 2  0 . 4 8

n - 2 0  0 . 1  3 . 0 1  0 . 4 4
0 . 2  3 . 1 8  0 . 4 4
0 . 4  3 . 2 6  0 . 4 8
0 . 6  3 . 3 9  0 . 4 5
0 . 8  3 . 8 7  0 . 4 6
1 . 0  3 . 9 8  0 . 4 8

n=25 0 . 1  2 . 7 8  0 . 4 5
0 . 2  2 . 8 7  0 . 4 5
0 . 4  3 . 0 9  0 . 4 6
0 . 6  3 . 1 9  0 . 4 6
0 . 8  3 . 5 6  0 . 5 0
1 . 0  3 . 7 8  0 . 5 0
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Tabl e  5.5.4.1 The  e f f e c t  o f  concentrat i on of  potass ium sulphate  

support ing electrolyte and redox si te loading on heterogeneous  

electron transfer parameters  o f  [Os(bipy)2(PVI)nCl]Cl m o d i f i e d  

electrodes.

Loadi ng  Cone .  k ° * 1 0 4 OL

M cms- *

n=5 0 . 1  1 . 3 2  0 . 2 5
0 . 2  1 . 4 1  0 . 3 4
0 . 4  1 . 5 3  0 . 3 4
0 . 6  2 . 4 3  0 . 4 9

n - 1 0  0 . 1  3 . 7 1  0 . 2 7
0 . 2  3 . 8 4  0 . 3 0
0 . 4  5 . 1 5  0 . 3 4
0 . 6  5 . 7 5  0 . 3 7

n«=15 0 . 1  1 . 8 9  0 . 2 6
0 . 2  2 . 1 9  0 . 3 2
0 . 4  2 . 6 7  0 . 3 7
0 . 6  3 . 2 8  0 . 4 4

n=20 0 . 1  1 . 4 3  0 . 3 0
0 . 2  1 . 6 7  0 . 3 4
0 . 4  1 . 8 2  0 . 3 5
0 . 6  2 . 2 5  0 . 4 0

n=25 0 . 1  1 . 2 6  0 . 3 0
0 . 2  1 . 4 3  0 . 3 1
0 . 4  1 . 6 2  0 . 3 2
0 . 6  2 . 1 0  0 . 3 4
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T h e  tr a n s fe r  c o e f f i c i e n t  is  in s e n s i t iv e  to r e d o x  s i t e  lo a d in g  in  

0.1 M  K 2 S O 4 , m a in ta in in g  a v a lu e  o f  0 .28+0.03 . A s  th e  e l e c t r o ly te  

c o n c e n tr a t io n  is in c r e a se d  in crea ses ,  th e  n a tu re  o f  th is  in c r e a s e  is  h o w e v e r ,  

d e p e n d e n t  o n  th e  r ed o x  s i t e  lo a d in g .  F or  th e  1:5 lo a d in g  (X r e a c h e s  a v a lu e  

o f  0 .49  in  1,0 M  p o ta ss iu m  su lp h ate .

S e c t io n  5,5.5 T o lu e n e -4 - s u lp h o n ic  A c id

F ig u r e  5.5.5.1 sh o w s  the  e f f e c t  o f  p -T S A  c o n c e n tr a t io n  a n d  r e d o x  

s i t e  lo a d in g  on  k ° .  k °  in c r e a se s  w i t h  in c r e a s in g  r e d o x  s i t e  lo a d in g  in  

lo w  e le c t r o ly te  c o n c e n tr a t io n s  w h i l e  in  1.0 M  p -T S A  k °  is  in s e n s i t iv e  to  th e  

f i lm s  o s m iu m  c o n te n t  (T a b le  5.5.5.1). T h e  rate  o f  h e te r o g e n e o u s  e le c tr o n  

tr a n s fe r  in c r e a se s  w i th  in c r e a s in g  e le c t r o ly te  w i t h  m u ch  o f  th e  in c r e a se  

o c c u r r in g  b e tw e e n  0.6 an d  0.8 M  p -T S A  f o r  a ll  r e d o x  s i t e  lo a d in g .

T h e  tr a n s fe r  c o e f f i c i e n t  is i n s e n s i t iv e  to b o th  r e d o x  s i te ,  and  

e l e c t r o ly te  c o n c e n tr a t io n  m a in t a in in g  a v a lu e  o f  0 .44+ 0 .04  fo r  a l l  a c t iv e  s ite  

/  e l e c t r o ly te  c o m b in a t io n s .

S e c t io n  5.5.6 P e r c h lo r ic  A c id

T a b le  5.5.6.1 g iv e s  the  d e p e n d e n c e  o f  th e  h e te r o g e n e o u s  e le c tr o n  

t r a n s fe r  p a ra m eters  on  both  the  c o n c e n tr a t io n  o f  H C IO 4 a n d  r e d o x  s ite  

lo a d in g .  In 0.1 M  e le c tr o ly te  k °  in c r e a se s  l in e a r ly  w i t h  in c r e a s in g  r e d o x  

s i t e  lo a d in g .  F o r  h ig h e r  c o n c e n tr a t io n s  o f  e l e c tr o ly te  k °  in c r e a se s  fo r  

25 > n > 1 5  b e fo r e  d e c r e a s in g  f o r  h ig h e r  lo a d in g s .  k °  in c r e a se s  w i th  in c r e a se d  

p e r c h lo r ic  a c id  c o n c e n tr a t io n  fo r  a l l  lo a d in g s ,  th is  in c r e a se  is h o w e v e r ,  

la rg er  fo r  th e  1:15 lo a d in g .

T h e  tr a n s fe r  c o e f f i c i e n t  a lso  s h o w s  a d is jo in t  b e h a v io u r  a r o u n d  the  

1:15 lo a d in g .  F or  lo a d in g s  h ig h e r  th a n  1:15 OL a p p r o a c h e s  th e  th e o r e t ic a l

226



Loadi ng  Cone.  k ° * 1 0 4 Ot

M cms- *

T a b i c  5.5.5.1 T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  to l u e n e  s u l p h o n i c  a c i d  s u p p o r t in g

e l e c t r o l y te  a n d  r e d o x  s i te  l o a d i n g  on h e te r o g e n e o u s  e l e c t r o n  t r a n s f e r

pa ram ete rs  o f  [ O s (b ip y )2 ( P V I ) n Cl]Cl  m o d i f i e d  e le c tr ode s .

n=5 0 . 1  4 . 2 1  0 . 4 4
0 . 2  4 . 7 2  0 . 4 5
0 . 4  5 . 6 5  0 . 4 5
0 . 6  6 . 0 0  0 . 4 5
0 . 8  7 . 6 0  0 . 4 5
1 . 0  8 . 2 3  0 . 4 4

n - 1 0  0 . 1  3 . 9 8  0 . 4 4
0 . 2  4 . 5 1  0 . 4 4
0 . 4  5 . 2 3  0 . 4 5
0 . 6  5 . 7 1  0 . 4 5
0 . 8  7 . 4 5  0 . 4 5
1 . 0  7 . 8 9  0 . 4 5

n - 1 5  0 . 1  3 . 7 2  0 . 4 4
0 . 2  4 . 2 7  0 . 4 4
0 . 4  4 . 7 8  0 . 4 5
0 . 6  5 . 5 4  0 . 4 4
0 . 8  7 . 3 9  0 . 4 5
1 . 0  7 . 6 2  0 . 4 4

n=20 0 . 1  3 . 1 8  0 . 4 5
0 . 2  3 . 9 0  0 . 4 4
0 . 4  4 . 5 4  0 . 4 5
0 . 6  5 . 4 9  0 . 4 8
0 . 8  7 . 3 6  0 . 4 8
1 . 0  7 . 5 6  0 . 4 8

n=25 0 . 1  2 . 6 0  0 . 4 0
0 . 2  3 . 3 7  0 . 4 0
0 . 4  4 . 3 2  0 . 4 1
0 . 6  5 . 4 5  0 . 4 0
0 . 8  7 . 2 0  0 . 4 1
1 . 0  7 . 5 0  0 . 4 1
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Figure 5.5.5.1 T h e  e f f e c t  o f  redox si te concentrat i on and  

to l uene-4- sul phoni c  acid concentrat ion on k °  for  

[Os(bipy)2(PVI)n Cl]Cl mo di f i e d  electrodes.  The  

electrolyte concentrat i ons  are,  f rom top to bottom,  1.0, 

0.8, 0.2 and 0.1 M.

228



Loadi ng  Cone .  k ° * 1 0 4 <X

M cms- *

T a b l e  5.5.6.1 T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  p e r c h lo r ic  a c i d  s u p p o r t i n g

e le c t r o l y te  and redox s i te  l o a d i n g  on h e t e r o g e n e o u s  e le c t r o n  t r a n s f e r

param eters  o f  [O s (b ip y ) 2 ( P V I ) n CI]Ci m o d i f i e d  e le ct ro de s .

n=5 0 . 1  1 . 7 2  0 . 4 7
0 . 2  1 . 8 0  0 . 4 5
0 . 4  1 . 8 6  0 . 4 5
0 . 6  1 . 9 0  0 . 4 6
0 . 8  2 . 1 9  0 . 4 6
1 . 0  2 . 2 2  0 . 4 8

n=10 0 . 1  1 . 2 5  0 . 4 5
0 . 2  1 . 9 6  0 . 4 5
0 . 4  2 . 0 0  0 . 4 5
0 . 6  2 . 2 1  0 . 4 6
0 . 8  2 . 5 5  0 . 4 8
1 . 0  2 . 7 1  0 . 4 7

n = 1 5  0 . 1  0 . 8 4  0 . 3 5
0 . 2  2 . 1 6  0 . 3 6
0 . 4  2 . 3 0  0 . 3 8
0 . 6  2 . 4 4  0 . 3 7
0 . 8  2 . 8 7  0 . 3 7
1 . 0  3 . 1 2  0 . 3 8

n=20 0 . 1  0 . 6 6  0 . 3 6
0 . 2  1 . 4 3  0 . 3 5
0 . 4  1 . 5 0  0 . 3 7
0 . 6  1 . 5 5  0 . 3 6
0 . 8  1 . 9 0  0 . 3 7
1 . 0  2 . 2 0  0 . 3 8

n=25 0 . 1  0 . 5 3  0 . 3 5
0 . 2  0 . 6 9  0 . 3 5
0 . 4  0 . 8 2  0 . 3 4
0 . 6  0 . 9 2  0 . 3 5
0 . 8  1 . 0 5  0 . 3 5
1 . 0  1 . 1 1  0 . 3 8
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v a lu e  o f  0.5 e x p e c te d  fo r  r e v e r s ib le  s in g le  e le c tr o n  r e a c t io n s ,  w h i le  fo r  lo w e r  

lo a d in g s  it  is su p p ressed  to a p p r o x im a t e ly  0.35.

S e c t io n  5.5.7 L i th iu m  P erch lo ra te

In a ll  c o n c e n tr a t io n s  o f  L iC lO ^  k °  in c r e a se s  w i th  in crea s in g  r e d o x  

s ite  lo a d in g  fo r  25>n>15 b e fo r e  d e c r e a s in g  at the  1:10 an d  1:5 lo a d in g s  

r e s p e c t iv e ly  f o r  lo w  a n d  h ig h  e l e c t r o ly te  c o n c e n tr a t io n s .  k °  sh o w s a n e a r ly  

l in e a r  in c r e a s e  as th e  e le c tr o ly te  c o n c e n t r a t io n  is  in c r e a se d  (T ab le

5.5.7.1). W here n  = 15 an d  n = 10 k °  in c r e a se s  s ig n i f i c a n t ly  b e tw e e n  0.2

and  0.4 M  L iC 1 0 4 , fo r  o th er  lo a d in g s  k °  in c r e a se s  in  a near l in ea r  m a n n e r  

w it h  in c r e a s in g  e le c tr o ly te  c o n c e n tr a t io n .

T h e  tr a n s fe r  c o e f f i c i e n t  o n ly  a p p r o a c h e s  th e  th e o r e t ic a l  v a lu e  o f  

0.5 f o r  th e  1:5 lo a d in g  in 0.8 a n d  1.0 M  e le c tr o ly te .  F o r  lo w e r  lo a d in g s  and  

e le c t r o ly te  c o n c e n tr a t io n s  (X has a v a lu e  o f  a p p r o x im a t e ly  0.35.
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Loadi ng  Cone.  k ° * 1 0 4 a

M cms” *

T a b l e  5.5.7.1 T h e  e f f e c t  o f  c o n c e n tr a t io n  o f  l i t h i u m  p e r c h l o r a t e  s u p p o r t in g

e l e c t r o l y te  an d r e d o x  s i te  l o a d i n g  on h e te ro g en eo u s  e l e c t r o n  t r a n s f e r

par am ete rs  o f  [ O s (b ip y )2 ( P V I ) n Cl]Cl m o d i f i e d  e l e c t r o d e s .

n=5 0 . 1  1 . 1 0  0 . 3 5
0 . 2  1 . 2 3  0 . 3 8
0 . 4  1 . 3 4  0 . 3 9
0 . 6  1 . 5 5  0 . 4 2
0 . 8  1 . 6 1  0 . 4 5
1 . 0  1 . 8 1  0 . 4 5

n - 1 0  0 . 1  2 . 0 4  0 . 3 5
0 . 2  2 . 5 3  0 . 3 6
0 . 4  3 . 0 4  0 . 3 7
0 . 6  3 . 1 9  0 . 3 6
0 . 8  3 . 4 3  0 . 3 5
1 . 0  3 . 6 9  0 . 3 6

n=15 0 . 1  2 . 1 9  0 . 3 5
0 . 2  2 . 7 0  0 . 3 5
0 . 4  3 . 1 9  0 . 3 5
0 . 6  3 . 3 4  0 . 3 5
0 . 8  3 . 4 8  0 . 3 5
1 . 0  3 . 6 0  0 . 3 5

n=20 0 . 1  1 . 4 3  0 . 3 5
0 . 2  1 . 5 5  0 . 3 5
0 . 4  1 . 7 1  0 . 3 6
0 . 6  1 . 9 0  0 . 3 6
0 . 8  2 . 0 1  0 . 3 6
1 . 0  2 . 2 1  0 . 3 8

n = 25  0 . 1  0 . 8 3  0 . 3 5
0 . 2  0 . 9 0  0 . 3 5
0 . 4  1 . 0 4  0 . 3 5
0 . 6  1 . 0 5  0 . 3 5
0 . 8  1 . 4 1  0 . 3 5
1 . 0  1 . 5 1  0 . 3 5
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Se c t i o n  5.6 D i s c u s s io n  o f  H o m o g e n e o u s  and H e t e r o g e n e o u s  C h a r g e  T r a n s p o r t

T h e  rates  o f  h o m o g e n e o u s  c h a rg e  tran sp ort  th r o u g h  

[O s (b ip y )2 (P V I )n CI]Cl f i l m s  and  fr o m  the e le c tr o d e  in to  su c h  c o a t in g s  is  

c le a r ly  d e p e n d e n t  on the  e le c tr o ly te  ty p e ,  its  c o n c e n tr a t io n  a n d  th e  r e d o x  s ite  

lo a d in g .  In  g en era l  fo r  th e  a b o v e  sy stem s th e  rate  o f  c h a r g e  tra n sp o r t  is  

a lso  d e p e n d e n t  on  the  t im e s c a le  o f  th e  m e th o d  u sed  to e v a lu a t e  it. A  s im ila r  

re su lt  w a s  o b ta in e d  fo r  p o ly ( 4 - v in y lp y r id in e )  f i lm s  c o n t a in in g  th e  

[O s (b ip y ) 2 C l]+ r e d o x  c e n tr e  e x a m in e d  in  th is  w ork . B o th  p o t e n t ia l  s tep  

a n d  s w e e p  e x p e r im e n ts  d id ,  h o w e v e r ,  g iv e  the  sam e resu lt  f o r  s e v e r a l  sy s tem s  

n o ta b ly  in  su lp h u r ic  a c id .  A s  d isc u sse d  p r e v io u s ly  th e  d i f f e r e n c e  b e tw e e n  

D C X (PS) and  DQ-p(CV) ca n  ar ise  b e c a u se  C V  m e a su r e m e n ts  are m a d e  at  a lo n g er  

t im e s c a le  w h e r e  e q u i l ib r iu m  o f  a ll m o b i le  sp ec ie s  is m o re  l i k e l y  to be  

e s ta b l ish e d .

In th e  short  t im e s c a le  p o te n t ia l  s tep  e x p e r im e n ts  s p e c ie s  r e s id e n t  

w it h in  th e  f i lm  are used  to m a in ta in  e le c tr o n e u tr a l i ty  w i t h in  th e  f i lm .  T h is  

le a d s  to th e  e s ta b l i s h m e n t  o f  a k in e t ic  e q u i l ib r iu m  i n v o l v i n g  o n ly  h ig h ly  

m o b i le  sp ec ies  w i t h in  th e  f i lm .  T h is  s i tu a t io n  occu rs  b e c a u se  o f  th e  

in s ta n ta n e o u s  d e m a n d s  o f  e le c tr o n e u tr a l i ty  on o x id a t io n  o f  th e  r e d o x  cen tr e  

[14]. W here th e  su p p o r t in g  e le c tr o ly te  c o n c e n tr a t io n  is  h ig h  th ere  m a y  be a 

la r g e  e x c e ss  o f  c h a rg e  c o m p e n s a t in g  c o u n te r io n  w i t h in  th e  f i lm ,  in  su c h  

c ir c u m s ta n c e s  th e  p o te n t ia l  step  m e a su r e m e n ts  m a y  in v o lv e  an e q u i l ib r iu m  o f  

io n s  w i t h in  the  f i l m  as w e l l  as e lec tro n s .  In lo w  c o n c e n tr a t io n s  o f  

e le c tr o ly te ,  p rocesses  su ch  as D o n n a n  e x c lu s io n  m a y  o p e r a te  l e a d in g  to  an ion  

sh o r ta g e  w i t h in  th e  f i lm ,  an d  a k in e t ic  s i tu a t io n  in v o lv in g  o n ly  r e d o x  

e q u i l ib r iu m  [15] is  e s ta b l ish e d .
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In con trast ,  at lo n g er  tim es '' a t h e r m o d y n a m ic  e q u il ib r iu m  w il l  be  

e s ta b l ish e d ,  in w h ic h  a ll m o b ile  sp ec ie s  w i l l  reach  e q u i l ib r iu m . T h is  p rocess ,  

in  co n tra s t  to the  short t im esca le  m e a su r e m e n ts  w i l l  in v o lv e  ch a rg e  

c o m p e n s a t in g  c o u n te r io n  m otion  w ith in  th e  f i l m ,  across  th e  f i l m / e l e c t r o ly t e  

b o u n d a r y  an d  in  so lu t ion .  T he  n atu re  o f  th e  e q u i l ib r iu m  ob served  u s in g  these  

e le c tr o c h e m ic a l  m eth o d s  w i l l  be d e p e n d e n t  on th e  m a g n i tu d e  o f  th e  p o te n t ia l  

g r a d ie n t ,  c h a rg e  c o m p e n sa t in g  c o u n te r io n  a v a i la b i l i t y ,  the  ex ten t  o f  f i l m  

s w e l l in g  an d  the  w ork  terms assoc ia ted  w ith  th e  s w e l l in g  in v o lv e d  in  th e  fo r c e d  

in c lu s io n  o f  c h a rg e  c o m p e n sa t in g  c o u n te r io n  as d ic t a t e d  b y  e le c tr o n e u tra l i ty .

T h is  m ean s  th a t  w h ere  th e r m o d y n a m ic  e q u i l ib r iu m  is e s ta b l ish ed  v e r y  

r a p id ly ,  the  rate  o f  h o m o g en eo u s  charge  tra n sp o r t  as m ea su red  by  p o te n t ia l  step  

a n d  s w e e p  m e th o d s  w i l l  be sim ilar . S u ch  a s i tu a t io n  appears  fo r  s u lp h u r ic  

a c id ,  e.g in  1.0 M  H 2 S 0 4 D C T (PS) f o r  [O s (b ip y ) 2 (P V I) 2 5 Cl]Cl is 1.15 x  

10“9 c m V *  w h i le  D £ j ( C V )  is 1.08 x  10 ' 9 cm ^s’ *. It is

c o n c e iv a b le  th a t  a s i tu a t io n  could  ar ise  in  w h ic h  a th e r m o d y n a m ic  e q u i l ib r iu m  

c o u ld  n o t  be e s ta b l ish e d  even  u nder  c y c l i c  v o l ta m m e tr y  c o n d it io n s ,  in th ese  

c ir c u m s ta n c e s  D ^ j ( P S )  and D ^ j ( C V )  c o u ld  a g a in  agree , su ch  a resp on se  does  

n o t  h o w e v e r ,  appear  to be observed  fo r  th ese  f i lm s .

It is  p o ss ib le  to  m a in ta in  e le c tr o n e u tr a l i ty  w i t h in  th e  f i lm  d u r in g  

th e  o x id a t io n  c y c le  b y  ingress  o f  a n e g a t iv e ly  c h a r g e d  c o u n te r io n  or egress  o f  

a p o s i t iv e ly  ch a rg ed  co - ion .  It is p oss ib je ,  th e r e fo r e ,  th a t  d e p e n d in g  on th e  

pH  o f  th e  su p p o r t in g  e le c tr o ly te  H + tra n sp o r t  ou t  o f  th e  f i lm  co u ld  p la y  a 

ro le  in  th e  ch a rg e  transport process. F or  th e  f i lm s  d iscu ssed  here su ch  a 

process  a p p ears  u n l ik e ly  s in ce  D ^ j ( P S )  is s im i la r  at  b o th  pH 1 and  pH  7.
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F u r th e r m o r e ,  the  rate  o f  ch a r g e  tran sp ort  is in d e p e n d e n t  o f  th e  c a t io n  ty p e ,  eg 

th e  sa m e  D q j (PS) and D ^ y C C V ) v a lu e s  are o b se r v e d  in  T e a p C l ,  N a C l ,  L iC l  and  

KC1. T h e se  o b se r v a t io n s  s tr o n g ly  su g g e s t  that o n ly  a n io n  tran sp ort  is 

s i g n i f i c a n t  in  d e te r m in in g  the  rate  o f  ch a rg e  tran sp ort  f o r  th ese  f i lm s .  It 

is p o ss ib le  th a t  th e  sp e c ie s  c o n tr ib u t in g  to the  e q u i l ib r iu m  e s ta b l i s h e d  are  

d i f f e r e n t  at d i f f e r e n t  t im e sc a le s .  It has been  su g g e s te d  th a t  fo r  

p o ly t h io n in e  f i lm s  p r o to n ic  sp ec ie s  d o m in a te  th e  sh ort  t im e s c a le  re sp o n se ,  

w h i le  at  lo n g e r  t im es  a ll m o b i le  sp ec ie s  reach  e q u i l ib r iu m  p o p u la t io n s  [16].

A n  a l t e r n a t iv e  e x p la n a t io n  o f  th e  d i f f e r e n c e s  o b s e r v e d  b e tw e e n  

D C T (PS) an d  D ^ j ( C V )  is th a t  d i f f e r e n t i a l  f i l m  s w e l l in g  o ccu rs  th r o u g h  th e  

f i l m  th ic k n e ss .  T h is  i n v o lv e s  a m o d e l  in  w h ic h  th a t  p o r t io n  o f  th e  f i l m  

a d ja c e n t  to the  e le c tr o d e  is sm o o th ,  h o m o g e n e o u s  an d  less  s w o l le n  th a n  th a t  

p o r t io n  in d ir e c t  c o n ta c t  w i th  th e  su p p o r t in g  e le c tr o ly te .  T h e  e x te r io r  r eg io n  

w o u ld  th e r e fo r e ,  h a v e  a lo w e r  f i x e d  s i te  c o n c e n tr a t io n  l e a d in g  to an  

u n d e r e s t im a t io n  o f  the ch a r g e  tran sp ort  rate. S u ch  a process  is c o n s id e r e d  

u n l ik e ly ,  s in c e  th e  d i f f e r e n c e  b e tw e e n  D ^ j ( P S )  a n d  D ^ y C C V ) can  be as la rg e  

as a fa c to r  o f  450. T h is  w o u ld  req u ire  d i f f e r e n t i a l  s w e l l in g  b e tw e e n  th e  in n er  

a n d  o u ter  r e g io n s  o f  th e  f i l m  o f  o v er  20 0 0  %. S u ch  a la rg e  d i f f e r e n c e  in  

c o n c e n tr a t io n  seem s u n l ik e ly .  F u r th e r m o r e ,  it is in e le c tr o ly te s  w h ic h  are  

e x p e c te d  to p r o to n a te  th e  f r e e  n i tr o g e n s  o f  the p o ly m e r  b a c k b o n e  an d  in d u c e  

f i l m  s w e l l in g ,  w h e r e  D ^ j ( P S )  an d  D (~ .j(C V ) are s im ilar .

T h e  rate  o f  h o m o g e n e o u s  c h a rg e  tran sp ort  th r o u g h  th ese  m a te r ia ls  

im m o b i l i s e d  on e le c tr o d e  su r fa c e s  is c le a r ly  re la ted  to th e  n a tu re  an d  

c o n c e n tr a t io n  o f  ch a rg e  c o m p e n s a t in g  c o u n te r io n  in s o lu t io n .  U n l i k e  o th er  

s y s tem s ,  is n o t  d ir e c t ly  re la ted  to the  a n io n  s ize  or m o la r  v o lu m e  [17],

T h is  p o in t  is e m p h a s ise d  b y  the v a lu e s  o b ta in e d  in  p -T S A . T h e  m olar
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v o lu m e  per u n i t  ch a r g e  o f  th is  a n io n  is c o n s id e r a b ly  la rg er ,  th an  f o r  e x a m p le  

su lp h a te ,  th e  rate  o f  c h a r g e  transport is h o w e v e r ,  c o n s id e r a b ly  fa s te r .  T h is  

su ggests  th a t  o th e r  p ro p er t ie s  o f  the e le c tr o ly te  s o lu t io n  s u c h  as s w e l l in g  

a b i l i t y  e x e r t  m ore  i n f l u e n c e  o ver  D q j - th an  d o e s  a n io n  s iz e  or v o lu m e .

In g en era l ,  f o r  b o th  D q j (PS) and  D q -j . (C V )  th e  ra te  o f  c h a rg e  

tran sp ort  is i n s e n s i t i v e  to e le c tr o ly te  c o n c e n tr a t io n  in  a l l  e le c tr o ly te s  

e x a m in e d  at h ig h  r e d o x  s ite  lo a d in g s .  F u r th e r m o r e ,  th e  a c t iv a t io n  e n e r g ie s  

a sso c ia te d  w i t h  th is  p ro cess  is g e n e r a l ly  q u i t e  lo w  15-40 k J /M o l  a n d  is c o u p le d  

to a n e g a t iv e  e n tr o p y  term . T h e se  o b se r v a t io n s  s t r o n g ly  su g g e s t  th a t  ion  

transport  a n d  a v a i la b i l i t y  d ir e c t ly  in f lu e n c e s  c h a r g e  tr a n sp o r t  fo r  th ese  

system s. F or  th e  o th er  l im i t in g  case  o f  lo w  r e d o x  s i te  lo a d in g  /  h ig h  

e le c tr o ly te  c o n c e n tr a t io n  b o th  D ^ j ( P S )  an d  D^-pCCV) are  s e n s i t iv e  to th e  

e le c tr o ly te  c o n c e n tr a t io n  sh o w  h ig h  a c t iv a t io n  e n e r g ie s  a n d  p o s i t iv e  e n tr o p y  

terms. T h e se  p o s i t iv e  e n tr o p y  term s are a s s o c ia te d  w i t h  a d is o r d e r in g  process  

l im i t in g  th e  ra te  o f  ch a r g e  transport  [18]. F or  th e s e  cases ,  i t  a p p ears  

th e r e fo r e ,  th a t  s e g m e n ta l  p o ly m e r  c h a in  m o t io n  l im i t s  D q j . T h a t  su ch  a ra te  

l im it in g  step  s h o u ld  be o b se r v e d  is re a so n a b le  s in c e  th e  in t e r s i t e  se p a r a t io n  

w il l  be o f  th e  ord er  o f  65 A  [19], th u s  r e q u ir in g  m o v e m e n t  o f  th e  p o ly m e r  

c h a in s  to w h ic h  th e  r e d o x  cen tres  are b o u n d  f o r  e le c tr o n  s e l f  e x c h a n g e .

In p r a c t ic e  th e  o b se r v a t io n  o f  th ese  l im i t in g  ca ses  d e p e n d s  on  fa c to r s  

su ch  as th e  o p e r a t io n  o f  D o n n a n  e x c lu s io n ,  f i l m  s w e l l in g  a n d  th e  ease  o f  a n io n  

transport  w i t h in  th e  f i lm .  In HC1 fo r  e x a m p le ,  D C T (PS) is in s e n s i t i v e  to 

r e d o x  s ite  lo a d in g ,  (som e d ecrea se  is o b se r v e d  b u t  th is  m a y  be  a c o n s e q u e n c e  o f
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o v e r e s t im a t in g  the f i x e d  s i te  c o n c e n tr a t io n  fo r  h ig h  lo a d in g s ) ,  E a (PS) is lo w  

a n d  co u p led  to a n e g a t iv e  e n tr o p y  fo r  a ll  lo a d in g s .  T h e s e  o b s e r v a t io n s  su g g est  

th a t  ion  transport  rep resen ts  the rate  d e te r m in in g  step . In c y c l i c  v o l ta m m e tr y  

e x p e r im e n ts  tw o  l im i t in g  cases ,  as d isc u sse d  a b o v e  are o b se r v e d .  F or  lo w  

lo a d in g s  D q j (C V )  is s e n s i t iv e  to  e le c tr o ly te  c o n c e n tr a t io n  an d  has la rg e  

a c t iv a t io n  e n e r g ie s  c o u p le d  to p o s i t iv e  e n tr o p ie s  w h ic h  su g g e s ts  s e g m e n ta l  

p o ly m e r  c h a in  m o t io n  as th e  rate d e te r m in in g  e v e n t .  In co n tr a s t ,  as th e  a c t iv e  

s i t e  lo a d in g  is in c r e a se d  to 1:10 an d  1:5 D ^ j ( C V )  is less  s e n s i t iv e  to HC1 

c o n c e n tr a t io n  an d  has a r e d u c e d  a c t iv a t io n  e n e r g y  an d  n e g a t iv e  e n tr o p y  terms.  

T h e s e  o b se r v a t io n s  su g g e s t  an io n  tra n sp o r t  l im i t a t io n  as e x p e c te d .  N a C l  sh o w s  

a s im ila r  b e h a v io u r  w i t h  th e  e x c e p t io n  th a t  D £ y ( C V )  is  l im i t e d  b y  p o ly m e r  

c h a in  m o v e m e n t  f o r  a ll lo a d in g s  in  1.0 M  N aC l.

In H 2 S O 4 as s u p p o r t in g  e le c tr o ly te  D q T (PS) a n d  D ^ j ( C V )  are  

m o re  s im ila r  th a n  in  o th e r  e le c tr o ly te s .  A s  w e l l  as th is ,  th e  n a tu r e  o f  th e  

ra te  d e te r m in in g  steps  as m ea su red  b y  p o te n t ia l  s tep  a n d  s w e e p  m e th o d s  are  the  

sa m e  (v id e  in fr a ) .  In 0.1 M  e le c tr o ly te  b o th  D ^-p(PS) an d  D q j ( C V )  are  

in s e n s i t iv e  to r e d o x  s i te  lo a d in g .  T h e  a c t iv a t io n  e n e r g ie s  are  o f  s im i la r  

m a g n itu d e  (35-55  k J /M o l)  and  are  c o u p le d  to n e g a t iv e  e n tr o p y  term s s u g g e s t in g  

a n  ion  tran sp ort  l im ita t io n .  In 1.0 M  s u lp h u r ic  a c id  b o th  D ^ ^ P S )  a n d  

DCT(CV) are  m o re  s e n s i t iv e  to e le c tr o ly te  c o n c e n tr a t io n .  W here 2 5 > n > 1 0  

D q j ( P S )  sh o w s  large  a c t iv a t io n  e n e r g ie s  and  p o s i t iv e  e n tr o p ie s  in d ic a t in g  

th a t  ch a rg e  tra n sp o r t  is l im ite d  by  s e g m e n ta l  p o ly m e r  c h a in  m o t io n .  F or  h ig h e r  

r e d o x  s ite  lo a d in g s  E a (PS) is r e d u c e d  an d  c o u p le d  to a n e g a t iv e  e n tr o p y  

term . T h is  su g g ests  that  ion  m o v e m e n t  is th e  ra te  d e t e r m in in g  step . In the  

ca se  o f  the c y c l i c  v o l ta m m e tr y  e x p e r im e n ts  a s im ila r  b e h a v io u r  is o b s e r v e d  

e x c e p t  that the  c h a n g e  in  the  rate  d e t e r m in in g  e v e n t  o c c u r s  at th e  1:15
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B oth  K 2 SO 4 an d  p -T S A  e x h ib i t  lo w  a c t iv a t io n  e n e r g ie s  c o u p le d  to 

n e g a t iv e  e n tr o p y  term s f o r  a ll lo a d in g s  a n d  e le c tr o ly te  c o n c e n tr a t io n s .  T h is  

s tr o n g ly  su g g es ts  an io n  tran sp ort  l im i t a t io n s  f o r  a ll lo a d in g s  in  b o th  0.1 an d

1.0 M  e le c tr o ly te s .  T h e  resp o n se  o f  b o th  D ^ -p(P S) an d  D q j ( C V )  to c h a n g e s  in  

e le c tr o ly te  an d  red o x  s i te  lo a d in g  is d i s t in c t ly  d i f f e r e n t  in  b o th  

e le c tr o ly te s .  In K 2 SO 4 DQ-p(PS) i n i t ia l l y  in c r e a se s  w i t h  in c r e a s in g  r e d o x  

s ite  lo a d in g  b e fo r e  d e c r e a s in g  at the  1:5 lo a d in g .  In p -T S A  D ^ j ( P S )  

in c r e a se s  o v e r  th e  w h o le  r e d o x  lo a d in g  ra n g e  e x a m in e d .  T h e  c y c l i c  v o l ta m m e tr y  

e x p e r im e n ts  a lso  sh o w s  a d i f f e r e n t  b e h a v io u r  in  th e  tw o  e le c tr o ly te s .  In  

K 2 SO 4 D c j C C V )  d ecrea ses  s y s t e m a t ic a l ly  w i th  in c r e a s in g  r e d o x  s i te  

lo a d in g ,  th is  process  b e in g  r e f le c te d  in  an  in c r e a s e d  a c t iv a t io n  en e r g y .  In  

c o n tra st ,  in  p -T S A , D ^ j ( C V )  in crea ses  l in e a r ly  w i t h  in c r e a s in g  o sm iu m  c o n te n t  

w it h in  the  f i l m  and  th e  a c t iv a t io n  e n e r g y  r e m a in s  in v a r ia n t .  T h e se  

o b se r v a t io n s  c le a r ly  sh o w  th a t  th e  o b se r v e d  c h a r g e  tra n sp o r t  ra te  an d  

d e p e n d e n c y  on  e le c tr o ly te  an d  a c t iv e  s i t e  c o n c e n tr a t io n  is a p r o d u c t  n o t  o n ly  

o f  th e  rate  d e te r m in in g  e v e n t ,  but a lso , o f  fa c t o r s  su ch  as f i l m  s w e l l in g  an d  

a n io n  m o b i l i ty .

T h e  ch a r g e  tran sp ort  b e h a v io u r  o f  th ese  m o d i f i e d  e le c tr o d e s  is  u n u su a l  

in  th a t  D £ -p (C V )  d ecrea ses  w i th  in c r e a s in g  p e r c h lo r a te  c o n c e n tr a t io n .  A s  

d isc u sse d  p r e v io u s ly  (ch a p ter  4) the  p e r c h lo r a te  sa lts  o f  th e s e  m a te r ia ls  are  

in s o lu b le  in  a q u eo u s  m ed ia .  T h e  d e p e n d e n c e  o f  E a (PS) on r e d o x  s i t e  lo a d in g  

is s im ila r  in  b o th  0.1 a n d  1.0 M  p e r c h lo r ic  ac id .  F or  2 5> n > 15  th e  a c t iv a t io n  

en e r g y  is la rg e  an d  is c o u p le d  to p o s i t iv e  e n tr o p y  terms. W hen th e  a c t iv e  s ite  

lo a d in g  is in c r e a se d  to 1:10 and  1:5 th e  a c t iv a t io n  e n e r g y  is  r e d u c e d  a n d  is 

c o u p le d  to a n e g a t iv e  e n tr o p y  term. T h e s e  o b s e r v a t io n s  su g g e s t  th a t  c h a r g e

loa di ng .
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tran sp ort  is l im i t e d  by p o ly m e r  c h a in  a n d  ion  m o v e m e n t  at  lo w  a n d  h ig h  red o x  

s i te  lo a d in g s  r e s p e c t iv e ly .  In 1.0 M  p e r c h lo r ic  a c id  the  r e sp o n se  as o b s e r v e d  

u sin g  c y c l i c  v o l ta m m e tr y  is s im ila r  e x c e p t  th a t  th e  t r a n s i t io n  f r o m  p o ly m e r  

c h a in  to io n  m o v e m e n t  occu rs  at th e  1:10 lo a d in g .  In 0.1 M  H C IO 4 

is a g a in  l im ite d  b y  p o ly m e r  c h a in  m o v e m e n t  f o r  25> n >15  a n d  b y  io n  tra n sp o r t  fo r  

the  1:5 lo a d in g .  T h e  in te r m e d ia te  lo a d in g  o f  1:10 sh o w s  d u a l  s lo p e  b e h a v io u r  

o b se r v e d  p r e v io u s ly  fo r  th e  p o ly ( 4 - v in y lp y r id in e )  f i lm s  (c h a p te r  4). F o r  

tem p e r a tu r e s  g rea ter  th a n  285  K  E a (C V ) is  la rg e  a n d  c o u p le d  to  a p o s i t iv e  

e n tr o p y  term , b e lo w  this  te m p e r a tu r e  E a (C V ) is r e d u c e d  a n d  a s s o c ia te d  w i t h  a 

n e g a t iv e  en tro p y .  T h ese  o b se r v a t io n s  su g g e s t  th a t  p o ly m e r  c h a in  m o v e m e n t  

l im it s  D q j ( C Y )  f o r  tem p era tu res  a b o v e  285  K  w h i le  b e lo w  th is  te m p e r a tu r e  ion  

tran sp ort  is th e  rate  d e te r m in in g  step . In l i th iu m  p e r c h lo r a te  th e  sh o r t  

t im e sc a le  p o te n t ia l  step m e a su r e m e n ts  a ll  sh o w  sm a ll  a c t iv a t io n  e n e r g ie s  an d  

n e g a t iv e  e n tr o p y  term s s u g g e s t in g  an io n  tran sp ort  l im ita t io n .  T h e  a c t iv a t io n  

e n e r g y  resp o n se  o b se r v e d  v ia  c y c l i c  v o l ta m m e tr y  is s im i la r  in  b o th  0.1 a n d  1.0 

M  L iC lO ^. F or  25>n>15  a large  a c t iv a t io n ,  p o s i t iv e  e n tr o p y  b e h a v io u r  is 

o b se r v e d  in d ic a t in g  p o ly m e r  c h a in  m o v e m e n t  l im it s  D q j ( C V ) .  A t  th e  h ig h e s t  

lo a d in g  e x a m in e d  (1:5) E a (C V ) is r e d u c e d  and  a sso c ia te d  w i t h  n e g a t iv e  e n tr o p y  

term s s u g g e s t in g  an ion  tran sp ort  l im ita t io n .  T h e  1:10 lo a d in g  s h o w s  p o ly m e r  

c h a in  an d  io n  m o v e m e n t  at  h ig h  a n d  lo w  e le c tr o ly te  c o n c e n tr a t io n s  r e s p e c t iv e ly .

T h e  ra te  o f  h e te r o g e n e o u s  e le c tr o n  tr a n s fe r  m e a su red  as k °  is  

s im i la r ly  a f f e c t e d  b y  c h a n g e s  in  th e  e le c tr o ly te  a n d  r e d o x  s i t e  c o n c e n t r a t io n  

as D(->j(PS). T h is  b e h a v io u r  is s i g n i f i c a n t  s in c e  it  im p l ie s  th a t  p ro cesse s  

su c h  as ion  m o v e m e n t  s im i la r ly  a f f e c t  b o th  h o m o g e n e o u s  a n d  h e te r o g e n e o u s  charge  

tr a n s fe r  [12 ,13 ,20], T h is  su ggests  th a t  th e  d e p o s i te d  f i l m  c o n tr o ls  th e  

c o n c e n tr a t io n  o f  e le c tr o ly te  at th e  f i l m  /  e le c tr o d e  in t e r f a c e  an d  th a t  th is
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p rocess  in f lu e n c e s  the fo r m a t io n  o f  th e  c lc c tr ic a l  d o u b le  la y e r  an d  h e n c e  k °  

and OL. S ig n i f i c a n t ly  th e  d e p e n d e n c e  o f  D q j ( P S )  and k °  on  th e  f i x e d  s i te  

c o n c e n tr a t io n  is not r e f le c te d  in the t r a n s fe r  c o e f f i c i e n t  [21]. CX is 

t y p ic a l ly  m ore  s e n s i t iv e  to e le c tr o ly te  c o n c e n tr a t io n  th a n  th e  f i x e d  s i t e  

c o n c e n tr a t io n  a g a in  s u g g e s t in g  th a t  ion a v a i la b i l i t y  w i t h in  th e  f i l m  as  

d ic ta te d  la r g e ly  by  the f i lm s  D o n n a n  p o te n t ia l  d ir e c t ly  i n f l u e n c e s  the  

h e te r o g e n e o u s  k in e t ic s .
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T h e  r e d o x  b e h a v io u r  o f  [O s(b ip y )2 (P V I ) n C l]C l im m o b i l i s e d  on  g lassy  

ca rb o n  e le c tr o d e s  is  n ea r ly  id e a l ly  r e v e r s ib le  f o r  a l l  lo a d in g s  and  

e le c tr o ly te s  e x c e p t  fo r  those  based  on  p e r c h lo r a te .  T h e  rate  o f  c h a rg e  

tran sp ort  th r o u g h  th ese  f i lm s  is d e p e n d e n t  on  th e  s u p p o r t in g  e le c tr o ly te  

s o lu t io n ,  th e  r e d o x  s i te  lo a d in g  a n d  th e  e x p e r im e n t a l  t im esca le .  

S ig n i f i c a n t ly ,  b o th  D ^ t (PS) and  D q T (C V ) a re  less  s e n s i t iv e  to  c h a n g e s  in  

th e  p H  o f  th e  s u p p o r t in g  e le c tr o ly te ,  n e i th e r  is  th e r e  a d ir e c t  r e la t io n sh ip  

b e tw e e n  a n d  th e  a n io n  m olar  v o lu m e .  T h e  o p t im u m  rate  o f  h o m o g e n e o u s

c h a rg e  tr a n sp o r t  is n o t  a t ta in e d  f o r  th e  h ig h e s t  r e d o x  s i t e  lo a d in g  e x c e p t  in  

th e  case  o f  t o lu e n e  su lp h o n ic  acid .

T h e  ra te  o f  h e te r o g e n e o u s  e le c tr o n  tr a n s fe r  is a lso  d e p e n d e n t  on th e  

io n  p o p u la t io n  w i t h i n  th e  f i lm ,  w h ic h  in  c e r ta in  ca ses  a p p ea rs  to be d ic ta te d  

b y  D o n n a n  e x c lu s io n .  T h e  f o r m a t io n  o f  th e  d o u b le  la y e r  an d  sy m m e tr y  o f  th e  

e n e r g y  barr ier  to  e le c tr o n  tr a n s fe r  a lso  a p p ea rs  to  be  c o n tr o l le d  m ore  b y  th e  

n a tu re  o f  th e  su p p o r t in g  e le c tr o ly te  th a n  th e  r e d o x  s i t e  lo a d in g .

Se c t io n  5.7 C o n c l u d i n g  R e m a r k s .
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C H A P T E R  6

C h a r g e  Tra nsp or t  P rop er t ie s  o f

P o lv iN -v in y l im id a z o le ' )  P o ly m e r s

C o n t a i n i n g  r O s ( N ) ^ 1 ^ +//^ + M o i e t i e s
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T h e  in v e s t ig a t io n  o f  m e ta l lo p o ly m e r s  as e le c tr o d e  m o d i f i e r s  is o n e  o f  

th e  m ore  a c t iv e  areas  in  c o n te m p o r a r y  e le c tr o c h e m is tr y  [1-3]. T h r o u g h  th ese  

in v e s t ig a t io n s  i t  is b e c o m in g ly  in c r e a s in g ly  a p p a r e n t  th a t  th e  p h y s ic o c h e m ic a l  

p ro p er t ie s  o f  th e  p o ly m e r  p h ase  e x er t  c o n s id e r a b le  i n f l u e n c e  on the  

e le c tr o c h e m ic a l  p ro p er t ie s  o f  th e  m o d i f i e d  e le c tr o d e s  [4-6]. In  p r e v io u s  

ch a p ters  th e  e f f e c t  o f  c h a n g e s  in  th e  n a tu r e  an d  c o n c e n t r a t io n  o f  the  

su p p o r t in g  e le c tr o ly te ,  th e  r e d o x  s i te  lo a d in g  a n d  th e  n a tu r e  o f  th e  p o ly m e r  

b a c k b o n e  w e r e  ex p lo r e d .  T h e se  s tu d ie s  c l e a r ly  s h o w e d  th a t  is i n f l u e n c e d

by th ese  p a ra m eters  a n d  by  th e  e x p e r im e n ta l  t im e sc a le .  In th is  c h a p te r  the  

e f f e c t  o f  a lt e r in g  th e  n a tu re  o f  th e  c o o r d in a te d  s i t e  f r o m  m o n o  to bis  

c o o r d in a t io n  is e x a m in e d  fo r  the  ca se  o f  [O s (b ip y )2 (P V I)jQ ](C l ) 2  f i lm s .

T h e  p r e se n c e  o f  [O s(N )g ]^ +//^+ c e n tres  w i t h in  th e  p o ly m e r  m a tr ix  is e x p e c te d  

to  in c r e a se  th e  s tru c tu ra l  r ig id i t y  o f  th e  m a tr ix .  It is  a n t ic ip a t e d  th a t  th e  

m e a su r e m e n t  o f  ch a rg e  tran sp ort  p aram eters  f o r  th is  m a te r ia l  w i l l  g iv e  u s e f u l  

in f o r m a t io n  a b o u t  th e  lo c a l  m ic r o e n v ir o n m e n t  o f  th e  r e d o x  c e n tr e  a n d  h e n c e  

a b o u t  the  p o ly m e r  m a tr ix .  In tem p e r a tu r e  d e p e n d e n t  m e a su r e m e n ts ,  th e  im m o b i le  

r e d o x  c e n tr e  acts  as an  in te r n a l  sen sor  g iv in g  i n f o r m a t io n  a b o u t  s e g m e n ta l  

p o ly m e r  c h a in  m o t io n  a n d  a b o u t  the  m o v e m e n t  o f  a n io n ic  sp e c ie s  th r o u g h  the  

m a tr ix .  T h is  is v a lu a b le  in f o r m a t io n  w h ic h  is d i f f i c u l t  to o b ta in  b y  o th er  

m eth od s .

T h e  in f l u e n c e  o f  the  su p p o r t in g  e l e c t r o ly te  on  the  h e te r o g e n e o u s  

k in e t ic s  is a lso  c o n s id e r e d .

Se c t i o n  6.1 I n t r o d u c t i o n
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S e c t io n  6.2 E x p e r i m e n t a l

M a ter ia ls  [O s (b ip y ) 2 (P V I)jQ ](C l ) 2  w a s  p re p a r e d  as d e s c r ib e d  

p r e v io u s ly  in  c h a p ter  2. T h e  d e n s i ty  o f  th e  m e ta l lo p o ly m e r  w a s  e s t im a te d  in

'I
d ic h lo r o m e t h a n e /p e t r o le u m  e th er  m ix tu r e  as 1.07 g / c m  , th is  g iv e s  a m a x im u m  

c o n c e n tr a t io n  o f  0.71 M  f o r  o sm iu m  cen tres  w i t h i n  th e  f i lm .  T h e  s e p a r a t io n  o f  

th e  r e d o x  c en tres  is ta k e n  as 25 A.

A p p a r a tu s  an d  p r o c e d u r e s  E le c tr o c h e m ic a l  m e a s u r e m e n ts  w e r e  p e r fo r m e d  

u s in g  an E. G. & G. M o d e l  273 p o t e n t io s t a t /  g a lv a n o s ta t  a n d  th e  e x p e r im e n ta l  

m e th o d s  o u t l in e d  in  c h a p te r  3.

T h e  v a lu e s  f o r  th e  d i f f u s i o n  c o e f f i c i e n t s ,  h e te r o g e n e o u s  e le c tr o n  

t r a n s fe r  ra tes  and  a c t iv a t io n  p a ra m eters  are r e p r o d u c ib le  to w i t h in  + 2 % on a 

s in g le  c o a t in g  and  to + 10% b e tw e e n  c o a t in g s .  T r a n s f e r  c o e f f i c i e n t s  are  

a c c u r a te  to +0.05.

S e c t io n  6.3 R esults: T h e  E f f e c t  o f  E le c tr o ly te  C o n c e n tr a t io n  on the  R a te  o f  

H o m o g e n e o u s  an d  H e te r o g e n e o u s  C h a rg e  T r a n s f e r  R e a c t io n s  o f  

[ O s C b ip v W P V P i q K C P 2  F ilm s.

S c c t io n  6.3.1 G en era l  la v e r  p r o p e r t ie s . W hen d e p o s i t e d  f r o m  m e t h a n o l ic  

s o lu t io n s  o n to  g la ssy  ca rb o n  e le c tr o d e s ,  th e  m e ta l lo p o ly m e r  sh o w s  th e  e x p e c te d  

s in g le  e le c tr o n  r ed o x  b e h a v io u r  in  a l l  e le c tr o ly te s  e x a m in e d  (see  F ig u r e

6.3.1.1). T h e  O s(II /I I I )  r e d o x  c o u p le  is o b se r v e d  a t  a b o u t  420  m V  vs SCE,  

d e p e n d in g  on  th e  e le c tr o ly te ,  an d  is p h o to c h e m ic a l ly  a n d  th e r m a l ly  s ta b le .  T h e  

fo r m a l  p ea k  p o te n t ia l  o b se r v e d  in  C H ^ C N /O .l  M  T E A P  o f  450  m V  vs SCE is

245



0.2 0.4  0.6  0.8

E ( V v s S C E )

F ig u r e _______6.3.1.1 C y c l ic  v o l t a m m o g r a m  o f

[O s (b ip y ) 2 (PV I)jQ ](C l )2 on a g la s s y  c a r b o n  e lec tro d e .  

S c a n  ra te  5 m V /s .  0.1 M  HC1 as s u p p o r t in g  e le c tr o ly te .

o _2
S u r f a c e  c o v e r a g e  1.7 x 10 m o lcm  .
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s im ila r  to th a t  o b se r v e d  fo r  th e  a n a lo g o u s  m o n o n u c le a r  m o d e l  c o m p o u n d

[O s(b ip y )2 (M e im )2 ]^+ (E Q = 475  m V  M eim  = N - m e t h y l im id a z o le )  an d  is

2+in d ic a t iv e  o f  th e  p r e s e n c e  o f  an  [O s(N g)] m o ie t y  [7], T h e  

e le c tr o c h e m ic a l  data , to g e th e r  w i th  e le c tr o n ic  sp ec tra  a n d  th e  s y n t h e t ic  

c o n d it io n s  are  c o n s is t e n t  w i th  a m o le c u la r  f o r m u la  

[O s (b ip y ) 2 (P V I)jQ ](C l)2 , w h e r e  o f  th e  ten P V I  u n i t s  p r e se n t  per o sm iu m  

atom , tw o  are  c o o r d in a t iv e ly  b o u n d  to the  m eta l  cen tre .

P o te n t ia l  s tep  c h r o n o a m p e r o m e tr y  an d  s a m p le d  c u r r e n t  v o l ta m m e tr y  h a v e  

b een  used , as d e s c r ib e d  in  se c t io n s  1.3.2 an d  1.3.3 to  e v a lu a t e  h o m o g e n e o u s  

ch a r g e  tran sp ort  ra tes  (D £ - j-(PS)). C y c l ic  v o l t a m m e t r y  p e r fo r m e d  u n d er  

s e m i - in f in i t e  d i f f u s i o n  c o n d i t io n s  has a lso  b e e n  u sed ,  as d e s c r ib e d  in  s e c t io n  

1.3.1, to c a lc u la te  a h o m o g e n e o u s  c h a rg e  tran sp ort  ra te  la b e l l e d  D Q y (C V ) .

S a m p led  c u rren t  v o l ta m m e tr y  has a lso  b e e n  u t i l i s e d  to e x a m in e  th e  rate  

o f  h e te r o g e n e o u s  e le c tr o n  tr a n s fe r  f r o m  th e  g la ssy  c a r b o n  e le c tr o d e  in to  the  

m o d i f y in g  f i lm .  A  t y p ic a l  sa m p led  c u rren t  v o l ta m m o g r a m  is i l lu s t r a te d  in  

F ig u r e  6.3.1.2. T h e se  s ig m o id  sh a p e d  w a v e s  are  s im i la r  to  th o se  o b s e r v e d  at  

u n m o d i f i e d  e le c tr o d e s  f o r  so lu t io n  p h a se  r e a c ta n ts .  T h e  c a t h o d ic  cu rren ts  

in c r e a se  w i t h  d e c r e a s in g  sa m p lin g  t im e  T  an d  at th e  sa m e  t im e  th e  h a l f  w a v e  

p o te n t ia ls  o f  th e  v o l ta m m o g r a m s  fo r  th e  o x id a t io n  p ro cess  s h i f t  in  a p o s i t iv e  

d ir e c t io n  w ith  d e c r e a s in g  sa m p lin g  t im e. T h is  b e h a v io u r  is a c c e p te d  as b e in g  

i n d ic a t iv e  o f  B u t le r -V o lm e r  k in e t ic s  [8] an d  th e  c o n v e n t io n a l  a n a ly s i s  fo r  

sa m p le d  c u r r e n t  v o l ta m m o g r a m s  as d e s c r ib e d  in  s e c t io n  1.3.3 can ,  th e r e fo r e ,  be 

used.
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E ( m V v s S C E )

F ig u r e  6.3.1.2 T y p ic a l  sa m p led  c u r r e n t  v o l ta m m o g r a m s  f o r  th e  

O s (I I / I I I )  o x id a t io n  w i t h in  [O s (b ip y ) 2 ( P V I ) |g ] ( C l ) 2  

f i lm s .  E le c tr o ly te  0.1 M  HC1. S a m p lin g  t im e s  are , f r o m  top

O
to  b o t to m ,  1, 2, 4 and  10 ms. S u r fa c e  c o v e r a g e  2  x  10 

m o lc m  .
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In h y d r o c h lo r ic  a c id  both  D q j ( P S )  a n d  D (-.-p(CV) in c r e a s e  l in e a r ly  as 

th e  e le c tr o ly te  c o n c e n tr a t io n  is in c r e a s e d  (see  T a b le  6.3.2.1). D ^ j ( C V )  is, 

h o w e v e r ,  m ore  s e n s i t iv e  to HC1 c o n c e n tr a t io n .  T h e  ra te  o f  h o m o g e n e o u s  ch a rg e  

tran sp ort  in  N a C l  is s im i la r  to th a t  o b se r v e d  in  HC1. B o th  Dq-j-(PS) an d  

D C T (C V ) s h o w  a m ore rap id  in c r e a se  as th e  N a C l c o n c e n tr a t io n  is  in c r e a se d  

a b o v e  0.6 M. T h e  rate  o f  h e te r o g e n e o u s  e le c tr o n  t r a n s fe r  is  a p p r o x im a t e ly  1.5 

x  10 ‘ 4 cms'^ an d  is s im ila r  fo r  a ll  e l e c t r o ly te  c o n c e n tr a t io n s  in  b o th  HC1 

an d  N aC l.

T h e  t r a n s fe r  c o e f f i c i e n t  in c r e a se s  in  HC1 f r o m  0.2 in  0.1 M  HC1 to 

0.32 in  1.0 M  HC1. In N a C l  it  r e m a in s  a p p r o x im a t e ly  c o n s ta n t  at  a v a lu e  o f  

0.19 ±  0.02.

S e c t io n  6.3.3 S u lp h a te  B ased  E le c tr o ly te s

D q j ( P S )  in crea ses  l in e a r ly  f r o m  4.17 x  10'^® c m V *  to 8.25 x  

1 0 ’ ^® c m V ^  as th e  su lp h u r ic  a c id  c o n c e n tr a t io n  is  in c r e a s e d  f r o m  0.1 to

1.0 M  as s h o w n  in  F ig u r e  6.3.3.1 (T a b le  6 .3.3.1). D q j ( C Y )  a lso  in c r e a se s  

l in e a r ly  w i t h  in c r e a s in g  e le c tr o ly te  c o n c e n tr a t io n .  T h e  o v e r a l l  c h a n g e  is, 

h o w e v e r ,  s i g n i f i c a n t l y  larger  th an  th a t  o b se r v e d  u s in g  p o te n t ia l  s tep  m e th o d s ,  

w it h  D £-j-(C V ) in c r e a s in g  by  a f a c t o r  o f  5 o v e r  the  0.1 to  1.0 M  c o n c e n tr a t io n  

range . T h e  e f f e c t  o f  an  in c r e a se  o f  the  pH  o f  th e  su p p o r t in g  e le c t r o ly te  to 7 

on th e  rate  o f  ch a r g e  p r o p a g a t io n  has b een  e x a m in e d  u s in g  p o ta s s iu m  s u lp h a te  as 

s u p p o r t in g  e le c tr o ly te .  D ^ j ( P S )  is o f  c o m p a r a b le  m a g n i t u d e  to th a t  o b se r v e d  

in  su lp h u r ic  ac id . H o w e v e r ,  DQ-p(CV) is r e d u c e d  b y  a f a c t o r  o f  a p p r o x im a te ly  

10 c o m p a red  to th e  H 2 SO 4 v a lu e s .  B oth  D q j ( P S )  a n d  D ^ j ( C V )  v a lu e s  

in c r e a se  as th e  p o ta ss iu m  su lp h a te  c o n c e n tr a t io n  is in c r e a se d .  A s  o b s e r v e d  fo r

Se c t io n  6.3.2 C h lo r id e  Based  E le c t r o ly t e s
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T a b l e  6.3.2.1: T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  c h l o r i d e  based s u p p o r t i n g

e l e c t r o l y te s  on  c ha rge  t rans po r t  p ar am eters  o f  [ O s ( b i p y ) 2 ( P V I ) j q](CI)2

m o d i f i e d  e lect rodes .

E l e c t r o -  Cone.  DCT(PS) k °  DCT(CV) E°

l y t e  M *1010 * 1 0 4 * 1 0 n  V

2 - 1 - 1  2 -Ie n r s  cms x e n r s

HC1 0 . 1  5 . 2 2  1 . 6 7

0 . 2  5 . 6 2  1 . 6 0

0 . 4  5 . 7 6  1 . 7 0

0 . 6  6 . 1 5  1 . 5 7

0 .8  6 . 6 1  1 . 6 2

1 . 0  7 . 0 6  1 . 9 4

0 . 2 0  4 . 3 5  0 . 4 1 5

0 . 2 0  7 . 4 5  0 . 3 9 5

0 . 2 7  8 . 0 5  0 . 3 8 5

0 . 3 4  1 0 . 5 0  0 . 3 9 0

0 . 3 2  1 0 . 5 0  0 . 3 9 0

0 . 3 2  1 3 . 8 0  0 . 3 8 5

NaCl 0 . 1  5 . 5 8  1 . 1 7

0 . 2  5 . 9 6  1 . 2 9

0 . 4  6 . 1 0  1 . 2 7

0 . 6  6 . 5 7  1 . 4 2

0 . 8  8 . 4 9  1 . 5 7

1 . 0  1 1 . 1 0  1 . 5 2

0 . 2 0  3 . 1 6  0 . 3 9 5

0 . 1 9  3 . 6 9  0 . 4 0 0

0 . 2 1  3 . 9 1  0 . 3 9 0

0 . 1 8  4 . 8 6  0 . 3 9 0

0 . 1 8  7 . 3 1  0 . 3 9 0

0 . 1 9  8.88  0 . 3 9 5
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Figure 6.3.3.1 The effect of sulphuric acid concentration on 

D^T(PS) for thin films of [Osibipy^PVIJjQXCl^.



T a b l e  6.3.3.1 T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  s u l p h a t e  ba sed su p p o r t in g

e l e c t r o l y t e s  on  c h a r g e  t r a n s p o r t  p a r a m e t e r s  o f

[ O s ( b i p y ) 2 (PV I) jQ ] (C l ) 2  m o d i f i e d  e le c tr ode s .

Electro- Cone, 

lyte M

Dc t (PS)

*1 0 1 0

2 -1  enrs

*1 (T

cms- 1

a dc t (c v )

*10 11

2 - 1  enrs A

E°

V

h2s o4 0.1
0.2

0.4

0 . 6

0 . 8

1.0

4.17

5.03

5.48

6 . 3 9

7.52

8.25

1.71

1.85

1.64

1.57 

1 . 68

1.58

0.45

0.45

0.45

0.45

0.45

0.45

5.90

9.30

19.03

20.06

25.16

29.05

0.400

0.380

0.390

0.390

0.385

0.380

k2s o4 0. 1

0 . 2

0.4

0.6

3.34

6.17

6.90

8.74

0.64

0 .88

1.24

1.62

0.40

0.40

0.41

0.39

0.29

0.44

0.81

1.16

0.420

0.430

0.420

0.415
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su lp h u r ic  a c id ,  the  in c r e a s e  o b se r v e d  in  D £ y ( C V )  is  r e l a t iv e ly  la rg er  th an  

th a t  o b se r v e d  f o r  DQ-p(PS).

T h e  rate  o f  h e te r o g e n e o u s  e le c tr o n  t r a n s fe r  r e m a in s  a p p r o x im a te ly  

c o n s ta n t  (1.67 + 0.18 x 10 ' 4 cms"^) as the  s u lp h u r ic  a c id  c o n c e n tr a t io n  is  

in c r e a se d .  In  co n tra s t  k °  in c r e a se s  as th e  p o ta s s iu m  s u lp h a te  c o n c e n tr a t io n  

is in crea sed .  T h e  tr a n s fe r  c o e f f i c i e n t  is in s e n s i t iv e  to e i th e r  s u lp h u r ic  a c id  

(0 .45) or p o ta s s iu m  s u lp h a te  (0 .40 + 0 .01) c o n c e n tr a t io n .

S e c t io n  6.3.4 T o lu e n e -4 -S u lp h o n ic  A c id  E lc c tr o lv te

D q -j-(PS) in c r e a se s  f r o m  16.5 x 10’ *® c m V ^  to 23.5 x  10'*® 

cm  s u p o n  c h a n g in g  th e  e le c tr o ly te  c o n c e n tr a t io n  f r o m  0.1 to 1.0 M

e le c tr o ly te  (T a b le  6 .3.4.1). D q j ( C V )  in crea ses  f r o m  0.61 x  10'*® 

ernes'* to 2 .22 x 10"*® ernes’ * on  g o in g  f r o m  0.1 to 0.2 M  p T S A , a f t e r  

w h ic h  p o in t  DQ-p(CV) is ra th er  in s e n s i t iv e  to f u r t h e r  in c r e a s e  in  the

e le c tr o ly te  c o n c e n tr a t io n .  T h e  rate  o f  h e te r o g e n e o u s  e le c t r o n  tr a n s fe r  is  not  

g r e a t ly  a f f e c t e d  b y  e le c tr o ly te  c o n c e n tr a t io n .  T h e  t r a n s f e r  c o e f f i c i e n t  does  

in c r e a se  f r o m  0.35 to 0.41 f r o m  0.1 to 1.0 M  pT SA .

S e c t io n  6.3.5 P e r c h lo r a te  B ased  E le c tr o ly te s

In c o n tr a s t  w i th  th e  o th er  e le c tr o ly te  sy s tem s  e x a m in e d  an in c r e a se d  

p e r c h lo r a te  c o n c e n tr a t io n  d e c r e a se s  b o th  D q j (PS)  a n d  D ^ ^ C V ) .  T h e

D c t (PS)  v a lu e s  are  s i g n i f i c a n t l y  la rger  th a n  th o se  o b s e r v e d  f o r  th e  other

q
e le c tr o ly te s  (T a b le  6.3.5.1). H o w e v e r ,  D ^ t (PS) d e c r e a se s  f r o m  4.05 x  10 

cm ^s'*  to 1.05 x 1 0 ' 9 c m V *  w h e n  the  p e r c h lo r ic  a c id  c o n c e n tr a t io n  

is in c r e a se d  f r o m  0.1 to 1.0 M. T h e  d i f f e r e n c e  b e t w e e n  D q T (PS) a n d  D q T (C V )  

is larger  th a n  th a t  o b se r v e d  fo r  the  o th e r  e le c tr o ly te s  e x a m in e d ,  a p p r o x im a te ly
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T a b le  6.3.4.1 T h e  e f f e c t  o f  c o n c e n tr a t io n  o f  p -T o I u e n e  s u lp h o n ic  a c id  as 

s u p p o r t in g  e le c tr o ly te  on ch a r g e  tr a n sp o r t  p a r a m e te r s  o f

[O s(b ip y ) 2 (P V I)jQ ](C l )2 m o d i f i e d  e lec tro d es .

Electro- Cone, 

lyte M

dc t <p s )

*10 10

cm2s 1

*10

eras- 1

a dc t (c v )

*1 0 n

2 -1 cm s A

E °

V

pTSA 0.1

0.2

0 . 4

0.6

0.8
1.0

1 6 . 5  

1 6 . 8

1 7 . 5  

1 8 . 9  

21.0

2 3 . 5

2.21

2.21

2 . 3 1

2 . 10

2 . 3 5

2 . 4 0

0 . 3 5

0 . 3 5

0 . 3 5

0 . 4 0

0 . 4 0

0 . 4 1

6 . 1 7

2 2 . 2 3

2 3 . 0 6  

2 4 . 1 1  

2 5 . 8 9

2 6 . 0 7

0 . 4 1 0

0 . 4 5 5

0 . 4 4 0

0 . 4 3 0

0 . 4 2 5

0 . 4 2 0
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T a b l e  6.3.5.1 T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  p e r c h l o r a t e  based

s u p p o r t i n g  e l e c t r o l y t e s  on  c h a r g e  tr a n sp o rt  p a r a m e t e r s  o f

[ O s ( b i p y ) 2 (P V I) jQ ](C l ) 2  m o d i f i e d  e le c tr od es .

Electro- Cone, 

lyte H

Dc t ( P S )

* 1 0 10

2 - 1  enrs

*10

cms- 1

a Dc t (gv)

*1 0 1 1

cm2s_1

E °

V

HC10/ 0.1
0.2

0 . 4

0.6

0.8
1.0

4 0 . 5

3 9 . 8  

3 3 . 0

3 0 . 9

2 6 . 4

1 0 . 5

2 . 4 8

2 . 4 5

2 . 3 4

2 . 2 9

2.12

1 . 5 7

0.20

0 . 1 8

0 . 1 4

0 . 1 3
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Figure 6.3.5.1 The effect of lithium perchlorate 

concentration on D^-p(PS) for thin films of 

[Os(bipy)2 (PVI)1 0](Cl)2.
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a f a c t o r  o f  100. D q -j-CCV) a lso  d ecrea ses  f r o m  4 .74  x 1 0 " ^  c m V *  to

1 1 9  12.10 x  10 cm  s o v e r  th e  0.1 to 1.0 M  c o n c e n t r a t io n  ra n g e  w i t h  m u c h

o f  th is  d e c r e a se  o c c u r r in g  b e tw e e n  0.2 an d  0.6 M  p e r c h lo r ic  ac id .

C h arge  tran sp ort  ra tes  in  l i th iu m  p e r c h lo r a te  are o f  s im ila r  

m a g n i tu d e  to th o se  o b se r v e d  in  p e r c h lo r ic  a c id .  T h e  e f f e c t  o f  l i t h iu m  

p e r c h lo r a te  c o n c e n tr a t io n  on  D ^ j ( P S )  is i l lu s tr a te d  in  F ig u r e  6 .3.5.1. T h is  

f i g u r e  sh o w s  that  D ^ j ( P S )  is in s e n s i t iv e  to L iC lO ^  c o n c e n t r a t io n  o v e r  the  

0.1 to 0.4 M  ran ge , but  d e c r e a se s  f o r  th e  0.6 M  c o n c e n t r a t io n  a f t e r  w h ic h  p o in t  

D C T (PS) is a g a in  in s e n s i t iv e  to l i t h iu m  p e r c h lo r a te  c o n c e n tr a t io n .  D q T (C V )  

d e c r e a se s  f r o m  8.91 x  1 0 ' ^  to 3.53 x  lO '1  ̂ cm ^ s“* w h e n  th e  l i t h iu m  

p e r c h lo r a te  c o n c e n tr a t io n  is in c r e a se d  f r o m  0.1 to 1.0 M  (T a b le  6.3.5.1).

T h e  rate  o f  h e te r o g e n e o u s  c h a r g e  t r a n s fe r  d e c r e a se s  as th e  p e r c h lo r ic  

a c id  c o n c e n tr a t io n  is in c r e a s e d ,  r e d u c in g  f r o m  2.48 x  10"4 cm s'*  to 1.57 x 

10 ' 4 c m s’ l  In l i t h iu m  p e r c h lo r a te  k °  sh o w s  a s im i la r  d e c r e a se  f r o m  2.51 

x 10"4 cms"^ to 1.93 x  10 ' 4 cms"^ on g o in g  f r o m  0.1 to  1.0 M  

e le c tr o ly te .  In both  e le c tr o ly te s  the  tr a n s fe r  c o e f f i c i e n t  d e c r e a se s  f r o m  a 

v a lu e  o f  a p p r o x im a te ly  0 .20  to 0.11 on g o in g  f r o m  0.1 to  1.0 M  e le c tr o ly te .

S e c t io n  6.4 D e te r m in a t io n  o f  A c t iv a t io n  P a ra m eters

T h e  e v a lu a t io n  o f  th e r m o d y n a m ic  p a r a m e te r s  c a n  be u s e f u l  in  th e  

i d e n t i f i c a t i o n  o f  the  ra te  d e te r m in in g  step  o f  th e  c h a r g e  tra n sp o r t  process  

[9- 11] a n d  can  p r o v id e  u s e f u l  in f o r m a t io n  as to t e m p e r a tu r e  e f f e c t s  on  p o ly m e r  

m o r p h o lo g y .  A c t iv a t io n  en e r g ie s  h a v e  been  e v a lu a t e d  in  b o th  0.1 a n d  1.0 M  

e le c tr o ly te s  b y  v a r y in g  th e  te m p e r a tu r e  o f  th e  c o n t a c t in g  e le c tr o ly te  o v e r  th e  

ra n g e  2 7 8 -3 0 3  K  in  a c c o r d a n c e  w ith  th e  m e th o d s  d e s c r ib e d  in  s e c t io n  3.4 an d  the  

resu lts  p resen ted  in  tab les  6.4.1 an d  6.4.2.
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[Os(bipy)2 (PVI)ioKCl)2  films as obtained by potential step methods.

T a b l e  6.4.1 : A c t i v a t i o n  p ar am eters  f o r  c h a r g e  tr an sp or t  t h r o u g h

E l e c t r o l y t e Ea (PS) A H ( P S ) * A S ( P S ) * A G f P S ) “1

kJ/Mol kJ/Mol J M o l ^ K - 1 kJ/Mol

HC1 0.1  M 2 3 . 8 2 1 . 3 - 9 8 . 2 5 0 . 6

1 . 0  M 6.6 4 . 1 - 1 5 3 . 4 4 9 . 8

NaCl 0 . 1  M 1 9 . 3 1 6 . 8 - 1 1 2 . 7 5 0 . 4

1.0  M 3 . 9 1 . 4 - 1 5 8 . 7 4 8 . 7

h2 s o4 0 . 1  M 1 5 . 8 1 3 . 3 - 1 2 6 . 9 5 1 . 1

1.0  M 1 4 . 6 12.1 - 1 2 5 . 2 4 9 . 5

k2s o 4 0.1  H 1 3 . 7 11.2 - 1 3 5 . 8 5 1 . 7

0 . 6  M 12.8 1 0 . 3 - 1 3 9 . 2 4 9 . 3

pTSA 0 . 1  M 2 6 . 4 2 3 . 9 - 7 9 . 9 4 7 . 7

1 . 0  M 9 . 3 6.8 - 1 3 4 . 3 4 6 . 9

h c i o 4 0 . 1  M 9 . 8 7 . 3 - 1 2 8 . 1 4 5 . 5

1.0  H 3 . 6 1.1 - 1 6 0 . 2 4 8 . 9

Li C104 0 . 1  M 1 5 . 4 1 2 . 9 - 1 0 9 . 8 4 5 . 6

1 . 0  M 3 6 . 3 3 3 . 8 - 4 5 . 2 4 7 . 3
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T a b l e  6.4.2 : A c t i v a t i o n  pa ram ete rs  fo r  c h a r g e  tr an sp or t  th r o u g h

[ O s ( b i p y ) 2 ( P V I ) j q ] ( C 1 ) 2  f i l m s  as o b t a i n e d  by c y c l i c  v o l t a m m e t r y .

E l e c t r o l y t e Ea (CV) AH( CV) * A S ( C V ) f A g (c v )+

kJ/Mol kJ/Mol JMol - 1 K- 1 kJ /Mol

HC1 0 . 1  M 104 . 6 1 0 2 . 1 1 5 2 . 3 5 6 . 7

1 . 0  M 65 . 4 6 2 . 9 30 . 4 5 3 . 9

NaCl 0 . 1  M 8 8 . 4 8 5 . 9 9 5 . 3 5 7 . 5

1 . 0  M 65. 4 6 2 . 9 2 6 . 7 5 4 . 9

h2s o4 0 . 1  M 15 . 8 1 3 . 3 - 1 4 3 . 1 5 6 . 0

1 . 0  M 1 1 0 . 1 10 7 . 7 1 8 6 . 5 5 2 . 0

k2s o4 0 . 1  M 35.6 33 . 1 - 1 0 1 . 7 6 3 . 4

0 . 6  M 9 1 . 5 8 9 . 0 9 7 . 4 6 0 . 0

pTSA 0 . 1  M 26.1 23 . 6 - 1 0 8 . 2 5 5 . 9

1 . 0  M 65 . 7 6 3 . 2 36 . 6 5 2 . 3

h c i o 4 0 . 1  H 98 . 2 9 5 . 7 1 3 1 . 5 5 6 . 5

1 . 0  M 102 . 3 9 9 . 8 13 8 . 5 5 8 . 5

LiC104 0 . 1  M 107 . 5 10 5 . 0 167 . 6 5 5 . 0

1 . 0  M 47 . 9 4 5 . 4 - 3 6 . 7 5 7 . 2
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In 0.1 M HC1 E a (PS) is 23.6 k J /M o l,  a v a lu e  w h ic h  d e c r e a se s  to 6.6 

k J /M o l  in 1.0 M e le c tr o ly te .  B oth  o f  these  a c t iv a t io n  e n e r g ie s  are c o u p le d  to 

n e g a t iv e  en tro p y  terms. T h is  is in  con trast  to  th e  c y c l i c  v o l ta m m e tr y  v a lu e s  

w h ic h  sh o w  p o s it iv e  e n tr o p y  term s in both  0.1 an d  1.0 M  HC1. A s o b se r v e d  fo r  

E a (PS), E a (CV) is red u ced  in  the  h ig h e r  c o n c e n tr a t io n  o f  e le c tr o ly te .

In sod iu m  c h lo r id e  a s im ila r  b eh a v io u r  is o b serv ed .  B oth  E a (PS) and  

E a (C V ) are reduced  in  1.0 M  N a C l co m p a red  to 0.1 M  N aC l.  T h e  c y c l i c  

v o lta m m e tr y  m ea su rem en ts  sh o w  p o s i t iv e  e n tr o p y  term s, w h i l e  v a r ia b le  

te m p e r a tu r e  ch ro n o a m p ero m etry  sh o w  n e g a t iv e  e n tr o p y  term s.

S e c t io n  6.4.2 Su lphate  B ased  E lec tro ly te s .

E a (PS) is in s e n s i t iv e  to th e  e le c tr o ly te  c o n c e n tr a t io n  in  b o th  

s u lp h u r ic  ac id  and  p o ta ss iu m  su lp h a te .  In both  0.1 a n d  1.0 M  s u lp h u r ic  a c id ,  

E a (PS) is 15.2 + 0.6 k J /M o l ,  w h i le  fo r  the sa m e  c o n c e n tr a t io n s  o f  p o ta s s iu m  

s u lp h a te  E a (PS) is 13.3 ±  0.5 k J /M o l.  T h ese  a c t iv a t io n  e n e r g ie s  are  c o u p le d  

to n e g a t iv e  en trop y  term s. T h e  c y c l i c  v o l ta m m e tr y  v a lu e s  are  la rg er  a n d  sh o w  

d i f f e r e n c e s  b e tw een  th e  0.1 and  1.0 M  va lues .  In 0.1 M  s u lp h u r ic  a c id  th e  

a c t iv a t io n  en erg y  is lo w  (15.8 k J /M o l)  and  c o u p le d  to a n e g a t iv e  e n tr o p y  term.  

T h is  in crea ses  to 110.1 k J /M o l  an d  th e  e n tro p y  term  b e c o m e s  p o s i t iv e  in  1.0 M  

s u lp h u r ic  ac id . A s im ila r  response  is o b serv ed  in p o ta s s iu m  s u lp h a te  w ith  

E a (C V ) in crea s in g  fr o m  35.6 to 91.5 k J /M o l  on in c r e a s in g  th e  K 2 SO 4 

c o n c e n tr a t io n  fr o m  0.1 to 1.0 M. T h e  e n tro p y  term  c h a n g e s  f r o m  n e g a t iv e  to 

p o s i t iv e  o ver  th is  c o n c e n tr a t io n  range.

Se c t io n  6.4.1 Chlor ide  B as ed Ele ctro lyt es .
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In  p T S A  E a (PS) d e c r e a se s  f r o m  26.4 to 9.3 k J /M o l  on  g o in g  f r o m  0.1 

to 1.0 M  e le c tr o ly te .  B o th  a c t iv a t io n  e n e r g ie s  are  c o u p le d  to n e g a t iv e  e n tr o p y  

term s. When e x a m in e d  u s in g  v a r ia b le  t e m p e r a tu r e  c y c l i c  v o l ta m m e tr y  th e

a c t iv a t io n  e n e r g y  sh o w s  an in c r e a se  f r o m  26.1 to 65.7 k J /M o l  on  g o in g  f r o m  0.1

to 1.0 M  pT SA . T h is  is  c o n n e c te d  to a c h a n g e  o f  th e  s ig n  o f  th e  e n tr o p y  term

fr o m  n e g a t iv e  to p o s i t iv e .

S e c t io n  6.4.4 P e r c h lo r a te  B ased  E le c tr o ly te s .

In p e r c h lo r ic  a c id  E a (PS) is  lo w e r  th a n  o b s e r v e d  f o r  o th er  

e le c tr o ly te s .  In 0.1 M  p e r c h lo r ic  a c id  E a (PS) is 9.8 k J /M o l ,  w h ic h  d e c r e a se s  

to 3.6 k J /M o l  in  1.0 M  e le c tr o ly te .  T h e  e n tr o p y  term s are  b o th  n e g a t iv e .  

E a (C V ) v a lu e s  are  larger  th a n  those  o b se r v e d  u s in g  p o t e n t ia l  s tep  m eth o d s .  

E a (C V ) v a lu e s  in  b o th  0.1 an d  1.0 M  H C IO 4 are  s im i la r  at  100.2 + 2 k J /M o l  

a n d  are c o u p le d  to p o s i t iv e  e n tr o p y  terms.

T h e  e f f e c t  o f  l i t h iu m  p e r c h lo r a te  on  E a (PS) is d i f f e r e n t  to th a t  

o b se r v e d  fo r  o th er  e le c tr o ly te s  e x a m in e d ,  w i t h  E a (PS) in c r e a s in g  as the  

e le c tr o ly te  c o n c e n tr a t io n  is in crea sed .  In  0.1 M  L iC lO ^  E a (PS) is 15.4

k J /M o l  w h ic h  in c r e a se s  to 36.3 k J /M o l  in  1.0 M  L iC lO ^. T h e s e  a c t iv a t io n  

e n e r g ie s  are c o u p le d  to n e g a t iv e  e n tr o p y  term s. E a (C V ) d e c r e a se s  as the  

l i t h iu m  p e r c h lo r a te  c o n c e n tr a t io n  is in c r e a se d .  T h e  e n tr o p y  is p o s i t iv e  in  0.1 

M  L iC lO ^  an d  b eco m es  n e g a t iv e  in  1.0 M  e le c tr o ly te .

S e c t io n  6.4.3 T o l u c n e - 4 - S u l p h o n i c  A c id
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S e c t i o n  6.5 D i s c u s s i o n  o f  H o m o g e n e o u s  a n d  H e t e r o g e n e o u s  C h a r g e  T r a n s f e r

T h e  resu lts  p r e se n te d  sh o w  that  the  ra te  o f  h o m o g e n e o u s  ch a r g e  

tran sp ort  th r o u g h  th e s e  o sm iu m  c o n t a in in g  p o ly ( N - v i n y l i m i d a z o l e )  f i lm s  is  

d e p e n d e n t  on th e  n a tu r e  o f  the  ch arge  c o m p e n s a t in g  c o u n te r io n  in  th e  

e le c tr o ly te  s o lu t io n  an d  its  c o n c e n tr a t io n .  T h e  re su lts  a lso  su g g e s t  th a t  th e  

rate  o f  h o m o g e n e o u s  ch a r g e  tran sp ort  th r o u g h  th e se  m e ta l lo p o ly m e r  f i lm s  is  

d e p e n d e n t  on  th e  t im e s c a le  o f  the  e x p e r im e n t .  D (-; T ( C Y )  is  a lw a y s  less  th an  

D c t ( P S ) ,  th e  d i f f e r e n c e  b e tw e e n  the  tw o  ra tes  is, h o w e v e r ,  s i g n i f i c a n t l y  

a f f e c t e d  by  th e  n a tu r e  an d  c o n c e n tr a t io n  o f  the  e le c tr o ly te .

F or  a ll  e le c tr o ly te s ,  e x c e p t  th o se  b ased  on p e r c h lo r a te  a n io n ,  

D C T (PS) sh o w s  o n ly  sm a ll  in c r e a se s  as the  e le c t r o ly te  c o n c e n tr a t io n  is  

in crea sed .  T h is  i n s e n s i t i v i t y  to e le c tr o ly te  c o n c e n tr a t io n ,  su g g e s ts  th a t  the  

rate  c o n tr o l l in g  step  o f  th e  c h a rg e  p r o p a g a t io n  p rocess ,  as d e te r m in e d  b y  sh ort  

t im e sc a le  p o te n t ia l  s tep  m e a su r e m e n ts ,  r e m a in s  u n a l t e r e d  o v er  th e  0.1 to 1.0 M  

c o n c e n tr a t io n  range . T h e  t h e r m o d y n a m ic  d a ta  su p p o r t  th is  in te r p r e ta t io n .

E a (PS) d ecrea ses  w i t h  in c r e a s in g  e le c tr o ly te  c o n c e n t r a t io n  an d  r e m a in s  

c o u p le d  to n e g a t iv e  e n tr o p y  terms. N e g a t iv e  e n tr o p y  term s h a v e  b een  p r e v io u s ly  

rep orted  fo r  re la te d  o sm iu m  an d  r u th e n iu m  sy s te m s  [12-13], as w e l l  as, fo r  

oth er  red o x  p o ly m e r s  [14] and  h a v e  b een  a s s o c ia te d  w i th  o r d e r in g  p ro cesses  

n a m e ly  ion  or e le c tr o n  m o v e m e n t .  T h e  n e g a t iv e  e n tr o p y  term s rep o r ted  h ere  

su g g est  th a t  f o r  th e  O s(II /I I I )  o x id a t io n  an o r d e r in g  process  occu rs  in  the  

p o ly m er  m a tr ix  in  a lo c a l is e d  r eg io n  a ro u n d  th e  r e d o x  cen tre .  T h e  ra te  o f  

e lec tro n  s e l f  e x c h a n g e  has b een  m e a su red  u s in g  s te a d y  s ta te  m e th o d s  [15] fo r  

re la ted  o sm iu m  [16] a n d  r u th e n iu m  p o ly m e r s  [17] an d  is t y p ic a l ly  s u b s ta n t ia l ly  

h ig h e r  ( 10"^-10‘  ̂ c m V ' )  th a n  th e  c h a r g e  tra n sp o r t  ra tes  m e a su r e d  

here. T h e r e fo r e ,  th e  r e la t iv e ly  lo w  v a lu e s  o f  D q j ( P S ) ,  in c o n ju n c t io n  w i th
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th e  lo w  a c t iv a t io n  e n e r g y ,  n e g a t iv e  e n tr o p y  term s an d  th e  s e n s i t iv i t y  o f  

D £ j ( P S )  to th e  n a tu re  o f  the  e le c tr o ly te  a n io n ,  s tr o n g ly  su g g es t  th a t  ch a rg e  

c o m p e n sa t in g  c o u n te r io n  m o tio n  w ith in  th e  f i lm  l im it s  D q j (PS).

In con trast ,  D ^ j ( C V )  w h i le  b e in g  s i g n i f i c a n t l y  less  th an  D q j (PS), 

by at lea st  an order  o f  m a g n itu d e ,  is m ore s e n s i t iv e  to e le c tr o ly te  

co n c e n tr a t io n .  T h e  a c t iv a t io n  en erg ie s  are larger  an d  are  f r e q u e n t ly  a sso c ia te d  

w ith  p o s i t iv e  en tro p y ,  su g g e s t in g  that  d is o r d e r in g  processes  l im it  D ^ j ( C V ) .  

T h ese  o b se r v a t io n s  su ggest  that  th e  n a tu r e  o f  th e  e q u i l ib r iu m  e s ta b l ish e d  and  

th e  rate  d e te r m in in g  step  are d i f f e r e n t  to those  o b se r v e d  p r e v io u s ly  fo r  

p o te n t ia l  step  m easu rem en ts .  In c h lo r id e  b ased  e le c tr o ly te s  E a (C V ) is large  

a n d  c o u p le d  to a p o s i t iv e  e n tro p y  term  in  both  0.1 an d  1.0 M e le c tr o ly te .  In 

0.1 M su lp h a te  an d  p T S A  e le c tr o ly te s  E a (C V ) is o f  s im i la r  m a g n itu d e  to the  

r e le v a n t  E a (PS) v a lu e s  and  are a sso c ia te d  w i t h  n e g a t iv e  e n tro p y  term s. In  1.0 

M  e le c tr o ly te  the  a c t iv a t io n  e n e r g y  in c r e a se s  sh a r p ly  an d  the  e n tr o p y  term  

b eco m es  p o s i t iv e .  T h is  su ggests  th a t  fo r  h ig h  c o n c e n tr a t io n s  o f  n o n  p e r c h lo r a te  

e le c tr o ly te s  w h e r e  large  a c t iv a t io n  e n e r g ie s  a n d  p o s i t iv e  e n tro p y  term s are  

ob serv ed ,  p o ly m e r  ch a in  m o tio n  l im it s  D ^ j ( C V )  [12,13].

T h e se  o b se r v a t io n s  su ggest ,  th e r e fo r e ,  th a t  in  th e  n o n -p e r c h lo r a te  

e le c tr o ly te s  a k in e t ic  e q u i l ib r iu m ,  i.e an  e q u i l ib r iu m  on  th is  short  t im e sc a le ,  

is  e s ta b l ish e d  w i t h in  th e  f i lm ,  su ch  th a t  ion  m o v e m e n t  w i t h in  th e  f i l m  l im its  

D c t (PS). In  con trast ,  fo r  h ig h  e le c tr o ly te  c o n c e n tr a t io n s ,  the  c y c l i c  

v o lta m m e tr y  s i tu a t io n  in v o lv e s  a th e r m o d y n a m ic  e q u i l ib r iu m  in  w h ic h  a ll  m o b ile  

sp ec ie s  in c lu d in g  e lec tro n s ,  ions  a n d  p o ly m e r  c h a in s  c o n tr ib u te  to th e  o b serv ed  

ch a rg e  tran sp ort  rate.
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B oth  c h lo r id e  and  su lp h a te  a n io n s  h a v e  s im ila r  m olar  v o lu m e s  [18] an d  ch a rg e  

tran sp ort  rates. T o lu e n e -4 -s u lp h o n ic  a c id ,  h o w e v e r ,  has  a larger  m olar  v o lu m e  

a n d  y e t  in  p T S A  b oth  D q -j-(PS) and  D £ j ( C V )  are  larger  th a n  th ose  o b se r v e d  fo r  

th e  c h lo r id e  an d  su lp h a te  based e le c tr o ly te s .  T h is  o b s e r v a t io n  su ggests  that  

it  is n o t  th e  a n io n  s ize  w h ic h  d ic ta te s  th e  p e r m e a t io n  o f  th e  r e q u ired  c h a rg e  

c o m p e n s a t in g  co u n ter io n .  D o n n a n  e x c lu s io n  is e x p e c te d  to be o b se r v e d  fo r  non  

porous f i lm s ,  th is  acts to e x c lu d e  c o - io n s  fr o m  th e  f i lm  w h e r e  th e  e le c tr o ly te  

c o n c e n tr a t io n  is b e lo w  the f i x e d  s ite  c o n c e n tr a t io n .  T h is  can  in d ir e c t ly  lo w e r  

th e  to ta l  q u a n t i ty  o f  ch a rg e  c o m p e n sa t in g  c o u n te r io n  r e s id e n t  w i t h in  th e  f i lm .

T h is  ca n  ca u se  an ion  sh ortage  w i t h in  th e  f i l m  and  h e n c e  a su p p ressed  

[19]. F or  the  f i lm s  d iscu ssed  here  h o w e v e r ,  th e  f a c t  th a t  D^-p(PS) v a r ie s  

m o n o to n ic a l ly  w i th  e le c tr o ly te  c o n c e n tr a t io n ,  and  th a t  l i t t le  v a r ia t io n  in  th e  

fo r m a l  p o te n t ia l  is ob serv ed ,  d isc o u n ts  su ch  a process  o c c u r r in g  f o r  th e  

n o n -p e r c h lo r a te  e lec tro ly te s .

U n l ik e  th e  p o ly ( 4 -v in y lp y r id in e )  f i lm s  rep o r ted  p r e v io u s ly  [20] an d  

d isc u sse d  in  ch a p ter  4, pH  has l i t t le  e f f e c t  on  th e  ch a r g e  p r o p a g a t io n  rate.

T h e  p K a o f  p o ly ( N - v in y l im id a z o le )  l ie s  b e tw e e n  3.00 fo r  c h lo r id e  so lu t io n s  to 

4.18 f o r  p - to lu e n e -su lp h o n a te  so lu t io n s  [21]. It is has  p r e v io u s ly  b e e n  

o b se r v e d  th a t  w h e r e  the  e le c tr o ly te  p H  w a s  b e lo w  th e  p K a o f  th e  p o ly m e r  

b a c k b o n e ,  th a t  p ro to n a t io n  o f  the  u n c o o r d in a te d  n itr o g e n s  re su lted  in  f i lm  

s w e l l in g  and  a m ore porous co a t in g .  T h is  r e su lte d  in  a grea ter  ion  

a v a i la b i l i t y  an d  h e n c e  a m ore rap id  c h a rg e  tran sp ort  rate . T h e  f a c t  th a t  su ch  

an e f f e c t  is n o t  o b served  fo r  th e  p resen t  ca se  su ggests  an o p en  f i lm  s tru c tu re  

[22 ],

T h e  a n i o n  m ola r  v o lu m e s  o f  the  e l e c t r o ly te s  e x a m i n e d  are d i f f e r e n t .
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T h e  b e h a v io u r  in  p e rch lo ra te  b ased  e le c tr o ly te s  is s ig n i f i c a n t ly  

d i f f e r e n t  to that  o b serv ed  fo r  th e  o th er  e le c tr o ly te s .  B oth  D ^ j ( P S )  an d  

D C T (C V ) d ecrease  as the  p e r c h lo r a te  c o n c e n tr a t io n  is in c r e a s e d . T h e  

d i f f e r e n c e  b e tw e e n  D ^ j ( P S )  an d  D ^ j i C V )  is a lso  c o n s id e r a b ly  larger ,  

a p p r o x im a te ly  a fa c to r  o f  100. T h is  su ggests  that  the  n a tu r e  o f  th e  

e q u i l ib r iu m  es ta b lish ed  is d is t in c t ly  d i f f e r e n t  fo r  the  tw o  te c h n iq u e s .  T h e  

th e r m o d y n a m ic  d a ta  support th is  in te r p r e ta t io n .  E a (PS) is lo w  (4 -36  k J /M o l)  

fo r  b o th  p e r ch lo r ic  ac id  and l i t h iu m  p er c h lo r a te  e le c tr o ly te s .  T h is  c o u p le d  to  

n e g a t iv e  e n tro p y  terms su ggests  th a t  io n  tran sp ort  l im it s  D <~.-p(PS). In  

p er c h lo r ic  a c id  E a(C V ) is c o n s id e r a b ly  larger  (100  k J /M o l)  and  c o u p led  to  

p o s i t iv e  en tro p y  terms. T h is  su g g ests  that  a d iso r d e r in g  p rocess ,  n a m e ly  

d is r u p t iv e  s e g m e n ta l  p o ly m er  c h a in  m o t io n ,  l im its  D ^ j ( C V ) .  In 0.1 M  l i th iu m  

p e rch lo ra te  E a (C V ) is o f  s im ila r  m a g n i tu d e  (107.5 k J /M o l)  and  is a lso  c o u p le d  

to a p o s i t iv e  e n tro p y  term. In 1.0 M  e le c tr o ly te  E a (C V ) is  r e d u c e d  to 47.9  

k J /M o l  an d  is c o u p led  to a n e g a t iv e  e n tr o p y  term . T h is  su ggests  th a t  in  

LÍCIO 4 th e  ra te  d e te r m in in g  step  is  p o ly m e r  c h a in  m o v e m e n t  in  lo w  e le c tr o ly te  

c o n c e n tr a t io n  and  ion  transport in  1.0 M  so lu t io n s .

In p e rch lo ra te  so lu t io n s  th e  f i l m  appears  to a c t  as a s e m ip e r m e a b le  

m em b ran e . F ig u r e  6.3.5.1 sh o w s th a t  D ^ j ( P S )  is in s e n s i t iv e  to c h a n g e s  in  the  

l i th iu m  p erch lo ra te  over  the  c o n c e n tr a t io n  ra n g e  0.1 to  0.4 M  a f t e r  w h ic h  

D C T (PS) d ecrea ses  sh arp ly  to a c o n s ta n t  v a lu e  fo r  p e rch lo ra te  c o n c e n tr a t io n s  

b e tw e e n  0.6 and  1.0 M. T h e  c o n c e n tr a t io n  at w h ic h  D^-j-(PS) d ecrea ses  is 

a p p r o x im a te ly  the  co n c e n tr a t io n  o f  o sm iu m  sites  w i t h in  th e  f i lm .  T h is  su ggests  

th a t  D o n n a n  e x c lu s io n  m ay  be the  c a u se  o f  th is  b e h a v io u r .  H o w e v e r ,  in  n orm al  

c ir c u m sta n c e s  a b r e a k d o w n  o f  D o n n a n  e x c lu s io n  resu lts  in  an e n h a n c e d  D ^ - p  

T h e f a c t  th a t  D ( - j ( P S )  d ecreases  at  th is  c o n c e n tr a t io n  an d  th a t  D ^ T (PS) and
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DCT(CV) d ecrea se  as th e  p e rch lo ra te  c o n c e n tr a t io n  is in c r e a s e d  su ggests  th a t  

th ere  is a s p e c i f i c  in te r a c t io n  o f  the  p e rch lo ra te  a n io n  an d  th e  f i lm .  It has  

p r e v io u s ly  been  reported  th a t  p o ly ( 4 - v in y lp y r id in e )  f i lm s  b e c o m e  d e h y d r a te d  an d  

c o m p a c t  w h e n  ex p o sed  to p e r c h lo r a te  c o n ta in in g  s o lu t io n s  [23], and the  

f o r m a t io n  o f  cro ss l in k s  has a lso  been  p rop osed  in  p e r c h lo r a te  m e d ia  [24], T h e  

resu lts  p r esen ted  suggest  th e r e fo r e ,  th a t  as the  p e r c h lo r a te  c o n c e n tr a t io n  is  

in c r e a se d  and  e x c e e d s  the f i x e d  s ite  c o n c e n tr a t io n  D o n n a n  e x c lu s io n  breaks  

d o w n . T h is  w o u ld  n o r m a lly  in c r e a se  D ^ j ,  but su ch  an i n f l u x  o f  p erch lo ra te  

ion  m a k es  th e  f i l m  m ore c o m p a ct ,  thus  h in d e r in g  io n  tran sp ort  and  h e n c e  

su p p ress in g  D ^ j .  T h e  n e g a t iv e  e n tr o p y  ob serv ed  in  1.0 M L iC lO ^ u s in g  

c y c l i c  v o l ta m m e tr y  supports  th is  in te r p r e ta t io n  o f  im p e d e d  ion  transport ,  s in c e  

i t  r e f le c t s  an ion  sh ortage  e v e n  at lo n g  t im e sc a le s  an d  h ig h  e le c tr o ly te  

c o n cen tra t io n s .

For o sm iu m  an d  r u th e n iu m  c o n ta in in g  p o ly m e r s  in  w h ic h  [M (N j)C l]  (M  = 

Os, R u )  m o ie t ie s  w ere  im m o b i l i s e d ,  ch a rg e  tran sp ort  ra tes  w e r e  c o n s id e r a b ly  

m ore s e n s i t iv e  to ch a n g es  in  th e  c o n c e n tr a t io n  o f  th e  su p p o r t in g  e le c tr o ly te  

[28, 20], T h e r m o d y n a m ic  p a ra m eters  su g g e s te d  th a t  th e  f i lm s  b e c a m e  s w o l le n  an d  

a d o p te d  an e x te n d e d  c o n f ig u r a t io n  o n ly  in  lo w  p H  e le c tr o ly te s  o f  h ig h  

c o n c e n tr a t io n .  T h e  [O s(b ip y )2 (P V I)jQ ](C l )2 f i lm s  d e s c r ib e d  here  appear  

to be s i g n i f i c a n t ly  porous fo r  a l l  n o n  p erch lo ra te  b a sed  e le c tr o ly te s ,  and  

rather  in s e n s i t iv e  to th e  su p p o r t in g  e le c tr o ly te  c o n c e n tr a t io n .  T h is  is 

s o m e w h a t  su rp r is in g  g iv e n  the th e  b is  c o o r d in a t io n  m ig h t  be e x p e c te d  to resu lt  

in  a less so lu b le  f i lm .  We su g g es t  th a t  it  is the  s tr u c tu r a l  r ig id i t y  o f  the  

m e ta l lo p o ly m e r  w h ic h  is re sp o n s ib le  f o r  the  porous n a tu r e  o f  th e  f i lm s .  For  

f i lm s  w h e r e  the  red o x  c en tre  is c o o r d in a te d  to a s in g le  m o n o m e r  u n it  [20] it  

appears  th a t  th ere  is s u f f i c i e n t  f l e x i b i l i t y  fo r  th e  p o ly m e r  c h a in s  to ad op t
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thei r  lowest  energy  state. In contrast ,  fo r  the b is -coord ina ted  mater ia ls  

discussed in this  chapter ,  the in t ra  chain  coord ina t ion  of  the  metal  centre,  

means tha t  sites must  m a in ta in  thei r  re la t ive  geometry thus leading  to a more 

porous film.

A f e a t u re  of  the poly(N-vinyl imidazole)  polymers  which  has a t t r ac ted  

a t ten t ion  is the i r  high in te rnal  b u f f e r in g  capac i ty  [21]. This  in te rnal  

b u f f e r in g  may  also be present  in these metallopolymers .  Such a b u f f e r in g  

capac i ty  would  prevent  changes in the concen t ra t ion  of  the contac t ing  

electrolyte being di rect ly  t r a n s fe r re d  to w i th in  the f ilm.  This  would  explain 

the insens i t ivi ty  of  D q j  to changes in the electrolyte  concentra t ion.

It has previously been noted tha t  s imilar  t rends are observed fo r  both 

homogeneous an d  heterogeneous electron t ransport  ra tes as the electrolyte  

c oncen t ra t ion  is changed.  We have  reported  on this  behav iour  recent ly  fo r  

osmium con ta in in g  poly(4-vinylpyr idine)  f i lms  [13] an d  this  was discussed in 

chap te r  4. The  immobil ised f i lms  acted as semipermeable  membranes  and  as the 

electrolyte  concen t ra t ion  was increased the an ion  popula t ion  w i th in  the f i lm  

increased thus  a l te r ing the dynamics of  double  layer  fo rm ation .  This  resul ted 

in D q j (PS) an d  k °  both increasing as the electrolyte  concen t ra t io n  was 

increased.  For  the poly(N-vinyl imidazole)  metal lopolymers  r epor ted  here,  

D q j (PS) and  k °  appear  rela ted.  k°  shows a s imi lar  dependence  on the

n a tu re  of  the  electrolyte  anion as does D C T (PS); wi th  the largest  D CT and 

k °  values being observed fo r  the pe rchlora te  based electrolytes.  In all non 

pe rchlora te  e lectrolytes  k°,  as observed fo r  D^-p(PS), does not  va ry  

s ign i f ican t ly  w i th  increasing electrolyte  concentra t ion.  In pe rchlo ra te  media  

however ,  a l inear  va r ia t ion of  log k °  and log D ^ j ( P S )  is observed as 

i l lu s tra ted in Figure  6.5.1. This  type of  dependence  has  been r epor ted  fo r
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Figu re  6.5.1 Correla t ion o f  D(-.T (PS) and  k°  fo r  

[Os(bipy)2 (PVI)jo](Cl ) 2  m o d i f i e d  electrodes. •  HCIO 4  

an d  x LiC10 4  as suppor t ing  electrolyte .
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other  osmium con ta in ing  polymers [13]. This  suggests th a t  processes such as 

charge  compensat ing coun te r ion  motion s imi lar ly  a f f e c t  the homogeneous and  

heterogeneous  charge t ran s fe r  processes. It  is s ign i f ican t  t h a t  i t  is only in 

perch lo ra te  media,  where evidence  of  D onnan  exclusion was observed,  tha t  this 

behav iou r  occurs. For  the o ther  e lectrolytes,  k °  is r a t h e r  insensi t ive to 

e lectrolyte  concentrat ion .  This  suggests tha t  the double  layer  fo rm a t ion  is 

s imilar  fo r  all e lectrolyte  concentrat ions.  This  is in agreement  wi th  the 

homogeneous charge t ranspor t  da ta  presented ear l ier ,  since it  suggests tha t  the 

popula t ion  of  charge compensa t ing coun te r ion w i th in  the f i lm  is s imilar  a t  all 

e lec trolyte  concentrat ions,  which in t u rn  suggests a porous f i lm  structure.

The  t r ans fe r  coeff ic ien t  da ta  also show a dependence  on the na tu re  and  

concen t ra t ion  of  charge compensa t ing counter ion.  In  sodium  chlor ide  a  is 

insensi t ive to e lectrolyte  concen t ra t ion  and  remains cons tant  a t  0 .2 +0 . 0 1  

suggesting a asymmetr ic  ba r r i e r  to e lectron exchange. In  hydroch lor ic  acid (X 

increases w i th  increasing electrolyte  concentra t ion.  The t r a n s fe r  coeff ic ien t  

is l arger  in sulpha te  and  pTSA electrolytes  approach in g  the theoret i cal  value 

o f  0.5 in  high concent rat ions o f  electrolyte.  In pe rch lo ra te  media  the 

t r a n s fe r  coef f ic ien t  is low an d  decreases  wi th  increasing electrolyte  

concen tra t ion.  As discussed previous ly fo r  D^. j (PS)  and  k Q this  is 

cons idered  to be rela ted to the ava i l ab i l i ty  of  an ion  w i th in  the  film.
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C H A P T E R  7

Electrocatalvsis

bv r O s f b i p v W P V P ^ qCIICI

M odif i ed  Electrodes.
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This  chap te r  descr ibes how propert ies  of  m o d i f i e d  electrodes may  be 

exploi ted  to act  as e f f i c i e n t  e lectrocatalysts.  M edia ted  charge  t r a n s fe r  fo rms  

the  basis of  m any  app l icat ions  inc lud ing  elec trochemica l  synthesis  [1-3], 

oxygen r educ t io n  [4-8], ana ly t ica l  appl icat ions  [9], s emiconductor  

e lec trochemis try  [10-13] an d  pho togalvanic  and  di sp lay devices  [14-16]. For  

those appl icat ions involv ing  charge  m edia t ion  by the  m o d i f y in g  layer  be tween  

the unde r ly ing  elec trode  m ate r i a l  and  a ta rge t  species in solut ion,  the  theory  

of  m edia ted  charge t r a n s fe r  has  been ex tensively s tu d ied  by m any  au thors  and  

allows mechanis t ic  e luc idat ion  and  k inet ic  pa ram ete rs  to be e va lua ted  [17-24]. 

With the theore t ical  models discussed below, bo th  qu a l i t a t iv e  and  q u a n t i t a t iv e  

in fo rm a t io n  abou t  these processes can be obtained .  Fo r  the  f ie ld  of  analysis  

it  de f ines  a means of  opt imising electrode response.

Section 1.2 Theore t ica l  and  Exper im en ta l  Implementa t ion  of  Media t ion  Processes 

a t  M odif ied  Electrodes

The  f u n d a m e n ta l  r edox  react ions  which  may  occur  be tween  a solut ion 

species Y and  a m ed ia t ing  layer  con ta in ing  the r edox  couple  A /B  are  shown in 

Figure  7.2.1.

Section 7.1 In troduc t ion
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b = bn yv = Kys

D,
-B + Y 'aq

✓

Jo
■A ♦ Z -aq

Electrode Layer Electrolyte

Figure 7.2.1 Gene ral  model  fo r  a m odif ied  clcctrode showing 

the notat ion.  Four  processes a rc  shown, c lcctrode surface 

react ion (k’jr), pa r t i t i on  of  subs tr a te  into the f i lm (K), 

mediated  react ion in the f i lm (k), and  surface  mediated 

react ion (k” ).
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The media t ing  process can be descr ibed by react ions  1 and  2;

A + e  > B (1)

B + Y  > A + Z (2)

In this example  the mediat ing  process involves the r educ t io n  of  the su rface  

bound  redox species A, bu t  for  a media t ing  process based on the ox ida t ion  of  

the su r face  bound  species the same theories  can be used. Other ,  more complex 

m edia t ing  processes, involving reversible m ed ia t ing  reactions,  self  exchange  

react ions,  add i t io na l  chemical steps and charge exchange have been cons idered  

by A ndr ieux  and  Saveant  and  co-workers  [25-30].

Depending  on factors  such as f i lm morphology,  f i lm thickness,  the 

d i f f u s io n  ra te  of  the electroact ive species th rough  the  f i lm,  e lectron t r a n s fe r  

ra te  etc. f o u r  types of  l imit ing cases may arise  [26];

1 ) e lec tron and  substrate  d i f fu s io n  (D £  and  D y )  are  so fast  tha t  

the rate  control l ing step is the rate,  k, of  the cataly t i c  reaction.

2 ) the cata ly t i c  react ion is so fast  that  the ra te  is controlled by

the two d i f fu s ion  processes, i.e d i f fu s io n  of  e lectrons and  substrate .

3) w hen  d i f fu s ion  of  electrons is fas te r  than  d i f fu s ion  of  subs tra te  a 

pure  k inet ic  s i tua t ion may arise by m utu a l  compensa t ion of  the la t ter  

process and  the cataly t i c  reaction.
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4) in the opposite case a pure k inet ic  s i tua t ion  m ay  again  arise  

resu l t ing  in the  m utua l  compensat ion  of  e lec tron d i f f u s io n  and  

ca ta ly t i c  react ion.

The  f u n d a m e n ta l  processes invo lved in the  m ed ia t ing  process are  

i d en t i f i ed  as charge  in t roduc t ion  at the m od i fy in g  laye r /e l ec t rode  in te r face ,  

charge in t roduc t ion  at  the layer /so lu t ion  i n te r f a c e  an d  reac t ion  of  the ta rge t  

ana ly te  w i th  the m od i fy in g  layer. Coupled to these reac t ions  one m ay  observe 

substrate  d i f f u s io n  into  the  f i lm  as d ic ta ted  by the  p a r t i t i o n  coeff ic ien t ,  K.

I f  the substrate  is capable  of  pene tr a t ing  the  f i lm  then  the  d i f fu s io n  rat e  of  

subs tra te  Y w i th in  the layer  D y  will,  in all b u t  a f ew  cases, be cons iderab ly  

less th a n  the solut ion va lue  Dg.

The  analysis  p resent ed  below is t h a t  deve loped  by Albery,  H i l lm an  a nd  

co-workers  [17], [31-33]. A s imilar  model  descr ib ing the  m ed ia t ing  process has 

been deve loped by Andr ieux ,  Saveant  and  co-workers  [25-30], The  two d i f f e r  in 

tha t  the Albery  and  H i l lm an  model  ut il ises  the no t ion  of  "react ion layers" to 

descr ibe two d i f f e r e n t  r eac t ion  zones w i th in  the  f i lm,  a) a region where  

permeat ing  Y is convert ed  to p roduct  Z an d  b) a region of  consumpt ion  of  an  

electron or B. In  this  analysis  a ra te  cons tan t  k ’̂ ^ .  f o r  the  m od i f ied  

electrode is ut i l ised,  in con tra s t  to Savean t ’s model  where  no reac t ion  layers  

are  id en t i f i ed  bu t  the m edia t ing  process is descr ibed via  charac te r is t ic  

currents .  A l t e rna t ive  models have also been  deve loped [34-35].

To ana lyse the  m edia t ing  process fo r  e lec troca ta ly t ic  m od i f ied  

electrodes one has to solve, equa t ions  3 an d  4 given ce r t a in  b ounda ry  

condit ions.
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charge t ransport De  ‘ kby = 0 (3)

with in  f i lm Sx2

Substrate  d if fus ion Dy b 2 y  - kby  = 0 (4)

in f i lm

These  equat ions describe the concen t ra t io n  prof i le s  of both the f ix ed  redox  

couple and  the substrate  w i th in  the f ilm.  In these equat ions b and  y are  the  

concen t ra t ion  in the coating of  B and  Y respect ively.  The  b ounda ry  condi t ions  

used are;

1) assuming Marcusian A /B  self  exchange  behaviour ,  it is assumed th a t  

charge in troduc t ion  at  the e le c t rode / l a ye r  in te r face  will be more 

r ap id  than  charge p ropaga t ion  [36]. T hus  charge  t rans fe r  to the 

e lec trode / layer  in te r face  is not  expec ted  to be rate  l imit ing.

2) a t  x = 0 the concen tra t ion  of  B is bQ, an d  is controlled by the 

electrode potential.

3) the modify ing  layer  acts in a ca ta ly t i c  m anner ,  such tha t  any  

subs tra te  which permeates  the layer  an d  reaches the under lay in g  

electrode will not react  there,  th e r e fo r e  (¿jy/§x)Q=0. This  b o u n d a ry  

condi t ion  is in agreement  wi th  the pe rcep t ion  of  a modif ied  electrode 

where  the  substrate  is not  reac t ing  d i rec t ly  with the unde rl ay ing  

electrode surface,  but  where the e lectrochemical  process is contro l led
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by  the media t ing  layer.  It  is to be noted  tha t  Saveant  an d  co-workers  

have included in the i r  t r ea tm en t  the reac t ion  of the subs tr a te  

di rec t ly  a t  the electrode su r face  [25].

4) the pa r t i t i on in g  of  the subs tra te  Y be tween  the solut ion an d  the 

m od i fy ing  layer  is given by;

5) the electron f lux  at  the l aye r / so lu t ion  inte r face  is re la ted  to the 

kinet ics  by equa t ion 6 ;

where b ^  is the concen tra t ion of  B at  the  in te r face  (X = L).

Using these bounda ry  condi t ions and  equa t ions  1 and  2, the electron f lux  at  the 

electrode,  j Q which is proport iona l  to the cu r ren t ,  i, is obtained;

At this  stage an electrochcmical  rate  cons tan t ,  k’M£,  can be in t roduced  [17], 

which  relates  the concen tra t ion of Y at  the layer /so lu t ion in te r face  to the 

electron f lux,  as in equat ion  8 ;

vl = Rys (5)

-DE( 5 b /5 x ) L = kMbL Ys (6)

j 0  = i /F A  = -DE ( ò b / ò x ) 0 (V)

j0 = k MEys ( 8)
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The  rate  cons tan t  k ’j ^ £  can be eva lua ted  f rom  the  in te rcep t  of  K ou tecky-Lev ich  

plots using RDE.  The observed cu r ren t  ip ,  is thus rela ted to the sum of  the 

f luxes of  di rec t  ( jY) and mediated (jB) charge  t r a n s fe r  and  the 

concen t ra t ion  grad ients  at  the e lec t rode / f i lm  in te r fa c e  by :

( ip /n F A )  = j Q = j B + Jy =

-DE ( 8 b / S x ) Q + D y( 5 y / S x ) Q = k ’M Eys (9)

As discussed ear lier  an essential concept  to be inc luded  in this  

analysis  is t h a t  of  the "reaction layer". The  f i r s t  reac t ion  layer ,  X L , 

de f ines  the  di s tance  which Y can t ravel  w i th in  the  f i lm  pr io r  to r eac t ing  wi th  

B and  is given by equat ion  10:

X L = ( D y / k b L ) 1 / 2  (10)

The  second reac t ion  layer, X Q, def ines  the  average d i s tance an elec tron can 

d i f fu se  be fo re  reac t ing with Y :

X Q = (DE / k y 0 ) 1 / 2  (11)

With the concepts  of  the electrochemical  ra te  cons tan t  and  of  the reac t ion  

layer  in t ro d u c ed  one can now go back to reac t ions  3 and  4. Depend ing  on the 

relat ive im por tance  of  e lectron and substrate  d i f fu s io n  d i f f e r e n t  

approx im at io ns  fo r  k ’jvjE can be obtained .  I f  D E b Q» D y k y s, i.e. fas t  

e lectron t r a n s p o r t  or slow permeat ion or  ine f fec t ive  pa r t i t ion ing  of  the 

substrate ,  t h e n  :
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1 = YSL + 1 (12)

k ME D E bo k"b0 +k b 0 K X L t a n h ( L / X L )

electron surface layer

t ransport  react ion reac t ion  

w i th in  layer

I f  pe rm eat ion  is very fast a n d /o r  e lec tron t r a n spo r t  w i th in  the f i lm  is 

re la t ive ly s lower then D Eb 0 « D y K y s and  :

1 = L

k ME KDy

t ranspor t  

of  Y across 

layer

k" ta n h ( L /X Q) + k K x 0  

k K x 0 b 0 {k"+kKx 0 t a n h ( L / x 0)} 

surface layer  

reaction reac t ion

(13)

F rom  these two equations it can be deduced  that  the slower 

con tr ibu t ions  to the mediat ing react ion,  w h ich  can  be k inet ic  or d i f f u s io n a l  in 

na tu re ,  wil l  de te rmine  the magni tude  of  k ’j^^ .  In the l imit ing case as 

represen ted by equa t ion 1 2  the last term  on the  r igh t  h a n d  side represen ts  the 

compe ti t ion between  the surface reac t ion (k") an d  the layer reac t ion (k). The  

f lux  however  may al te rnat ively be l im ited to a va lue  o f  D j :b0/ L  by elec tron 

t ranspor t  th rough  the film. The posit ion of  the  reac t ion layer  is r e f lec ted  in 

the equa t ion  obtained for  k ’j ^ g  in these l im it ing  cases, and  will depend on
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the ra t io  be tween  the reaction layer  and  the layer  thickness  L. For  cases 

where  X ^ » L  the whole layer  pa r t ic ipa tes  in the react ion,  this is cal led the 

layer  (L) case. In the reverse case the reac t ion  occurs  in a thin layer  a t  the 

layer /e lec t ro ly te  inter face,  the su rface  (S) case.

T he  posit ion of  the reac t ion layer  in the second l imit ing  case, as 

presented in equa t ion 13 can  be obta ined  by s imilar  methods. I f  the  layer  

thickness L » X Q then the k inet ic  te rm reduces to k K X Qb 0  and  the  reac t ion  

takes  place in a layer  ad jacen t  to the electrode. This  is called the 

l aye r /e l ec t rode  (LE) case. In the reverse  s i tuat ion,  when  L » X Q, the  

react ion takes  place at  the l ayer /e lec t ro ly te  in te r face ,  the  l a y e r / s u r f a c e  (LS) 

case. For  in te rmed ia te  rat ios  of L an d  X Q the reac t ion  takes  place 

t h roughou t  the whole layer.

A no the r  s i tuat ion arises when  ne i the r  equa t ion  8  or 9 a re  val id .  Th is  

would be the  case i f  the electron a n d  subs tra te  d i f f u s io n  c on tr ibu t ions  a re  of  

the same magni tude ,  but  can be descr ibed as in equa t ion  14;

° E bo =  V
K V s  X L

(14)

U n d e r  such condi tions,  and  i f  X Q or X ^  is less than  L, then  the reac t ion  

will  take place somewhere in the middle  of  the layer  and  is contro l led  by the 

d i f fu s ion  rates of  both electrons and  substrate .  This  is called the 

l ay e r / r e ac t io n  zone (LRZ) case. For  this  s i tua t ion  the solut ion fo r  k ’j ^  is 

given by :
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i m l

k ME D YK + D Ebo/ y s

(15)

From  the above equations it can be seen th a t  the  LE, LS and  S cases 

(i.e those de r ived  above) can controlled e i the r  by the t r a n spo r t  or by the 

k inet ic  term.  So depending on the rela t ive  im por tance  of  these two terms, 

these cases can be subdiv ided  in to subclasses. These  subclasses  are  e i ther  

control led by  t ranspor t  processes, in which  case they  a re  given the  label  te 

or ty, de pe nd ing  on whe ther  e lectron or subs tr a te  t r a n s p o r t  are ra te  

l imit ing,  or  by k inet ic  factors ,  in which case the labels a re  k or  k” . So LEk 

denotes  a m ed ia ted  reaction that  takes place a t  a l aye r  close to the unde r ly ing  

electrode su r f a c e  and  is controlled k inet ica l ly ,  whe reas  in the LEty case the 

reac t ion  takes  place in the same par t  of  the layer  bu t  is contro l led by 

substrate  t ransport .  These labels, together  wi th  the  correspond in g  rate  

cons tan t  fo r  the  var ious l imit ing cases have  been l is ted in Table  7.2.1. A 

d iag ram  dep ic t ing  the d i f f e r e n t  posit ions and  no ta t ions  f o r  the react ion  layer  

has been given in Figure 7.2.2.

The  equa t ions  given above have  been used by A lbe ry  and  co-workers  to 

construc t  a k ine t ic  zone diagram. An example  of  such a d i ag ra m  is given in 

Figure  7.2.3. "Surface" and  "electrode" cases give a th i r d  d imens ion  to the 

d iag ram  bu t  those cases are not  of  inte res t  in the  search  f o r  th ree  d imens iona l  

sensor devices  and  therefo re  only the layer  cases are included .

Some paramete rs ,  including bQ, ys and L, given  in the above 

analysis a n d  in Table  7.2.1 can be easily changed,  whi le  others  such as D ^ ,

D y  and  k a re  not  so read i ly  variable . Resul ts  p resent ed  in  this  thesis have
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Expression for charge transfer rale

Case notation k'ME iF

Sk" k-b0 —

St£ DebJLy. —

LSk Kkb0X¡, (¡.UYa
LStB D e boJ Lyt *E
Lk Kkb0L Ú
LRZt t̂y D^bJLy, +  *tDy / L j E +  1.
LEk KkbyXo
LEly k D y/ L ».
Ek'B ir Até —

Ely r D v / L —

Table 7.2.1 Nota t ion a nd  expressions descr ib ing  behav iour  of 

d i f f e r e n t  cases fo r  F a r a d a i c  reac t ions  at  po lymer modif ied  

electrodes.
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Figure 7.2.2 The  locat ion of  the react ion  in the ten 

possible eases together wi th  the no ta t ion  used to 

dis t ingu ish them. The  clectrodc is on the le f t  in each case 

and the location of  the reac t ion is shown by the shaded  

region.
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log (Xj/L)

[ log ( is / ik)1/2J

log ( X 0/L)

I log ( ie/ik )
,1/7,

F igu re  7.2.3 The  e f f e c t  on of  inc reas ing  the  su r face

concen t ra t ion  of  media tor  b Q. T he  o rder  o f  wi th

respect  to bQ is shown by the  circled numbers .
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sought  to show th a t  all  of  these pa ramete rs  can  be sensi t ive  to changes in the 

na tu r e  of  the  electrolyte  and  its concen t ra t ion  as wel l as t em pera tu re .

The  Saveant  approach  [29] leads to the same conclus ions as the  Albery 

model bu t  i t  does not  d e f in e  reac t ion  layers. Instead the  m ed ia t ing  processes 

are  descr ibed by the  charac te r is t ic  curren ts  i A , ig, iE a n d  i^. These 

curren ts  give the con t r ibu t ion  to the observed cu r ren ts  by respect ively,  

subs tra te  d i f f u s io n  f rom  the solut ion to the  elec trode  su r face ,  subs tra te  

d i f fu s io n  in the f i lm,  e lectron d i f f u s io n  in the f i lm  a nd  f in a l ly  by the rate  

of  the cross-exchange reac t ion  be tween  the redox centre  an d  the subs trate .  The  

equa t ions  de r ived  fo r  these charac te r is t ic  curren ts  an d  the processes they 

descr ibe are  given in equa t ions  16-19 [37]:

The  subs tra te  d i f fu s io n  f rom  the solut ion to the f ilm.

Elect ron  t r a n s fe r  be tween  d i f f e r e n t  redox sites in the  f i lm ,  the  electron self  

exchange process.

i A = F A C ° A D / d ( 16)

Subst rate  d i f fu s io n  in the f ilm.

i s  = F A C ° A D S/ L (17)

iE = F A C ° p D E / L (18)
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The cross exchange reac t ion  between  the redox cen tre  a n d  the substrate  in the 

f ilm.

iK  = F A C ° Ak K C 0L (19)

In these equat ions  F  : F a r a d a y  constant ,  C ° A : bu lk  concen tra t ion  

of  the redox substrate ,  C °p  : concen tra t ion  of  the  redox site w i th in  the 

f i lm,  A : the electrode area,  D : d i f fu s ion  coe f f ic i en t  of  the  subs tra te  in 

solut ion,  D p  the charge  t ranspor t  pa ramete r  descr ib ing  electron "diffusion" 

th rough  the f ilm,  Dg substrate  d i f fu s ion  w i th in  the  f i lm,  K  : pa r t i t ion  

c oef f ic ien t  of  the subs tra te  between  the f i lm  and  solut ion,  k : second order  

ra te  cons tan t  descr ibing the media ted reac t ion be tw een  the f i lm  and  substrate ,  

d : d i f f u s io n  layer thickness  and  L the f i lm  thickness.

This model  has been used successful ly to descr ibe the electrochemical  

proper t ie s  of  m odif ied  electrodes [38-40], p a r t i cu la r ly  w i th  respect  to 

im p o r ta n t  ana ly t ica l  appl icat ions.

The  condi t ions fo r  op t im um e f f i c i e ncy  of  ca ta ly t ic  m odif ied

electrodes, tha t  is a high value fo r  k ’j ^ p / k ’p ,  the  r a t io  between  the

electrochemical  ra te  cons tan t  fo r  the m od i f ied  and  ba re  electrode,  have been 

considered by Albery an d  Hi l lm an  [32] and  by Savean t  an d  co-workers  [26]. In

these s tudies fac tors  such as the thickness  of  the  m od i fy in g  layer  L and l imits  

fo r  the k inet ic  pa rameters  discussed above have  been considered.  Where the

electrode response has been opt imised wi th  respect  to e lectron t ransport  and  

morphology i t  is usually  f o u n d  tha t  e lectron d i f f u s io n  is f a s t e r  than  substrate  

d i f f u s io n  an d  tha t  the concen tra t ion  of  the su r face  bou n d  redox couple is 

large r  than  tha t  of  the substrate.
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Because of  the "precondit ions"  discussed above the  n u m b e r  of  l im it ing  

cases to be considered fo r  op t imisa t ion of  the  m od i f ie d  electrode a re  l imited,  

w i th  the laye r  cases showing most  promise.  The  op t im u m  e f f i c i e n cy  cases are  

LSk and  LEk.  LSk corresponds to r ap id  electron t r a n s f e r  compared  to subs tra te  

d i f f u s io n  th rough  the f i lm,  the reac t ion  occurr ing  n ea r  the  l aye r /e l ec t ro ly te  

i n te r fa c e  the  exact  posi t ion depending  on the  m ed ia te d  reac t ion  ra te  cons tan t  

k. In  the LEk  the  m ed ia te d  reac t ion occurs  close to the  u nde r ly ing  electrode  

mate r ia l .  Fo r  the  laye r  cases the m agn i tude  of  k ’j ^ g  wil l  in i t ia l ly  increase  

w i th  the laye r  thickness  ( all  sites m ed ia te  e lec tron t r a n s f e r  u n d e r  k ine t ic  

control)  then  pass th rough  a m ax im um  be fo re  decreasing  due  to t ran spo r t  

l imita t ions  of  the  substrate.  These ideal  cases cor respond  to a su f f i c i e n t  

am oun t  of  m edia t ion  sites fo r  substrate  consumpt ion  combined  wi th  e f f i c i e n t  

subs tra te  or charge  d i f f u s io n  an d  corre spond to the idea l  th ree  d imens iona l  

mod i f ied  electrode. Fo r  the  LSk case the  ca ta ly t ic  ad v a n ta g e  becomes

kW k E = K X l /! (20)

This  can  be ve ry  large since the reac t ion  layer  th ickness  can be much  

grea ter  t h a n  1, the  d is tance  over  w h ich  elec tron t r a n s f e r  can take  place. It  

can  be clear ly  seen th a t  fo r  reac t ions  which  exh ib i t  s low homogeneous  kinet ics  

th a t  a layer  reac t ion  is r equ i red  where  Y permeates  the  f i lm  rap id ly .  This  

requires  an  open porous s t ruc tu re  fo r  the  f i lm  which  will  ensure easy 

pe rm eat ion  of  B, bu t  e lec tron t ranspor t  must  also be r ap id  to avo id  l imita t ions  

posed by charge t ransfe r .
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Fina l ly  we wish to consider  the two op t im um  su r f a c e  and  electrode 

cases Sk” a nd  E k ’p. In these two l imit ing  cases m ed ia t ion  does not  occur  

t h roughou t  the layer  and  the  reac t ion  occurs  a t  the  l aye r / s o lu t io n  an d  the 

e le c trode / l ayer  i n te r fa c e  respectively.  These l im it ing  cases f i n d  only l imited  

app l icat ion in  analysis  as the electrochemica l  reac t ion  is only t ak ing  place in 

a monolaye r  an d  canno t  the re fo re  be descr ibed as th ree  dimens iona l .  In the 

su r face  case a p rac t ica l  app l i ca t ion  can be envisaged  on ly  o f  B is a specif ic  

cata lys t  fo r  the ox ida t io n  or r educ t ion  of  the subs tr a te  Y. The  electrode case 

becomes inte res t ing  w hen  a f avou ra b le  pa r t i t ion  can be obtained.  In th a t  case, 

even as the r eac t ion  is t ak ing  place at  the u n d e r l a y in g  elec trode  su rface,  a 

ca ta ly t i c  e f f e c t  wil l  be ob ta ined  because of  the  h igh va lue  of  the pa r t i t ion  

coeff ic ien t ,  K. This  pa r t i cu l a r  approach  has  been used in a n u m b e r  of 

occasions where  p reconcen t ra t ion  has been used as a w ay  to cons truc t  new 

sensors.

The  exper im en ta l  de te rm ina t ion  of  the pa ram ete rs  invo lved  in  the 

theoret i cal  descr ibed above rel ies on recogn i t ion  o f  the  a p p ro p r i a t e  l imit ing  

processes. I t  is the use of  the  ro ta t ing  d isk  an d  r o ta t ing  r ing-d isk  

electrodes w h ich  prov ides  the means of  ana lys ing  the k inet ics  of  catalysis at  

the m od i f ied  electrode surface.  These techniques  al low control  of  the 

substrate  d i f f u s io n  in solut ion and  thus pe rm i t  the e lu c ida t ion  of  the  kinet ics  

a n d  mechan ism of  the ca ta ly t ic  react ion.  By cont ro l l ing  the  elec trode  

po tent ia l  the su r face  concen t ra t io n  of  so lut ion species can be reduced  to zero 

and  the  c u r r e n t  response becomes l im ited by mass t r a n spo r t  and  is given  by the 

Levich  equa t ion  [41].

289



i L ev = 1.554nAFD2 / V 1/6y CO 1/2 (21)

Rota t ing  disk measurem ents  are  ideal fo r  the inves t iga t ion  of  media ted  

react ions at  e lectrode su r faces  since the rat e  of  mass t r a n spo r t  of  the 

substrate  is calculable.  Th is  has lead to the widesp read  explo i ta t ion  of  the 

techn ique  [42-45]. The  m od i f ied  electrode does no t  usua l ly  obey the  s imple 

Levich equa t ion s ince mass t ransport  may not  r ep re sen t  the rat e  l im it ing  

process. In this  case the  l imit ing cu r ren t  is given by :

1 / i Lim -  1/ip- + 1/i
(22)

Lev

or

!//iL im  = l / ( n F A k M E y) +

l / (1 .5 5 4 n F A D 2 / 3  D ’ 1 /6y a ) 1/2)

A plot of i ' 1 vscO1 ^ 2  gives a s t ra ight  l ine, where  the  slope is the 

reciprocal  of  the Lev ich  slope, the in te rcep t  y ie ld ing  the  va lue  of  k ’j^jr.

Albery and  H i l lm an  [17] have  publ ished  a use fu l  f l o w c h a r t  fo r  the diagnosis  of  

react ion type based on this  mode of  ana lys is  (see F ig u re  7.2.4). In this  f low 

chart  the func t iona l  dependence  of  k ’ME on bQ, y s a n d  L allows 

classif icat ion of  the  process.
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Figure  7.2.4 Diagnosis  of  mechanism for  m od i f ied  electrodes.
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Section 7.3 E x p e r im e n ta l . [Os(bipy) 2 (PV P) 1 oCl]Cl was p repa re d  as descr ibed 

in  chap te r  2. Fi lms o f  va ry ing  thickness  were p r ep a re d  by d rop le t  evapo ra t ion  

or spin coat ing as descr ibed in chap te r  3. R o ta t i n g  di sk vo l tamm ogram s  were 

recorded as de ta i led in chap te r  3.

Section 7.4 Resul ts:  Media ted Reduc t ion  of  r F e f P ^ O ) ^ *  by 

r O s f b i p v W P V P ^ QC11C1 in 0.1 M H . S O ^

[Fe(H 2 0 )£]3+ does not  undergo  a redox reac t ion  at  a glassy 

carbon electrode in  the  potent ia l  region fo r  the  Os(II I / I I )  (E°=250mV) 

r educ t io n  despite  a fo rm a l  potent ia l  of  460 mV. G iven  this  fo rm a l  po ten t ia l  of 

the F e 2+//^+ reac t ion,  it  is expected tha t  e lectrodes m o d i f ie d  wi th  

[Os(bipy) 2 (PVP)jQCl]Cl  could media te  the  [Fe(H 2 0 )g]3+/ 2+ r educ t ion  

according to equa t ion  24:

Fe(III)  + Os(II) —* Fe(II) + Os(i l l )  (24)

with a 210mV d r iv ing  force.

Typical  ro ta t ing  disk vol tammogram s fo r  the m ed ia ted  reduc t ion  of  a 

0.2 mM [Fe(H 2 0)g ]^+ by [Os(bipy) 2 (PVP)jQCl]Cl  m od i f ie d  electrodes are 

shown in F igu re  7.4.1. It  is ev iden t  f ro m  these plots t h a t  a m edia ted  

reduc t ion  of  [Fe(H 2 0 )g]3+ appears  in the po ten t ia l  region of  the 

Os(III /I I)  r educ t ion  and  tha t  iL is d e p e n d en t  on the  ro ta t io n  ra te  CO.  

K outecky-Lev ich  plots can be used to ana lyse  this  da ta .  Typ ical  plots showing 

the dependence  on layer  th ickness  of  this  m ed ia ted  r educ t ion  in  0.2 mM 

[Fe(H 2 0 )g]3+ are  shown in F igure  7.4.2. These plots a re  l inea r  fo r  the
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0.7S 0.50 0.25 0.00 -0.25

E (V vsSCE)

Figure  7.4.1 Reduc t ion  of  a 0.2 mM solut ion of

[Fe(H 2 0 ) 6]3+ in 0.1 M H 2 S 0 4  by

[Os(bipy) 2 (PVP)jQCl]Cl. The  ro ta t io n  rates are, f rom

bottom to top, 500, 1000, 1500, 2000, 2500 and  3000 rpm.

-Q -9Surface  coverage 5 x 10 7  molcm .
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- 1 / 2 < H Z - 1' 2 ,U)

Figure  7.4.2 Typical  Koutecky-Lev ich  plots fo r  the r educ t ion  

o f  0.2 mM [Fe(H2 0 ) 6]3+ in 0.1 M H 2 S 0 4  a t  an 

[Os(bipy) 2 (PVP)jQCl]Cl m odif ied  electrode.  Sur face
9

coverages in mol cm are, f ro m  top to bottom, 7.0 x 

1 0 '10, 1.8 x 10'9, 2.7 x 10'9, 5.0 x 10'9, 1.1 x
O

1 0  and  bare  plat inum.

294



su r face  coverages exam ined  and  all  give a slope of  9.4+0.8 x 10"^ c m s ' ^ ^ .

Since the l im it ing  c u r r e n t  is dependen t  on the ro ta t io n  ra t e  an d  the 

K ou tecky-Lev ich  plots are  l inea r  the  St-,  L S t .  an d  LEk  cases can be 

e l imina ted  (see F igu re  7.2.4). The  L R Z t et y case is expected  to have  a 

slope which  is smaller  than  th a t  given by the Lev ich  constan t ,

Lev=l .  55D 2 / 3 ! ; ' 1 / 6  (25)

at  a c lean u n m o d i f i e d  electrode. Th is  has been e va lua ted  as 1.01x10 

cms"^/2, A lbery  has examined  this reac t ion  an d  repor ts  Lev as 1 .04xl0‘3 

cms ’ ^ / 2  [46]. The  e lec tro reduc t ion  of  [Fe(H 2 0 )g]3+ at  a n  electrode 

m od i f ied  w i th  po lyhyd roxyphenaz ine  has  been  cons idered  [47]. Us ing  d a ta  

repor ted  in this  paper  a va lue  of  1 .14x l0 '3 cms‘ * ^  fo r  the Lev ich  cons tan t  

is obtained.  T he re fo re ,  the  slope of  the  [Os(bipy)2 (PVP)jQCl]Cl  m o d i f i e d  

electrode is the  same as tha t  ob ta ined  at  a bare  e lectrode w i th in  exper im en ta l  

error . G iven  th a t  the slopes of  the  K ou te c ky -L e v ich  plots a t  b a re  an d  m o d i f ie d  

electrodes a re  the  same the kine t ic  zone L R Z t e t y can be e l imina ted .  Thus  

hav ing  exc luded  the  above cases, the  m o d i f i e d  elec trode must  l ie  w i th in  the 

Sk” , LSk, Lk  or L E t y kine t ic  zones. These cases can be d i s t ingu ished  by 

examin ing  the  dependence  of  k ’j ^ p  on L. The  m od i f ie d  electrode ra t e  cons tan t  

k ’ME can be eva lu a ted  f ro m  the in te rcep t  of  the  K ou te c ky -L e v ich  plot  as 

discussed ear l ier .  The  dependence  o f  k ’j y ^  on L is given in Tab le  7.4.1 fo r

0.8 an d  0.2 m M  [Fe(H 2 0 )g]3+. This  shows th a t  the m od i f ie d  elec trode  rate  

cons tan t  is f i r s t  order  wi th  respect  to the  layer  thickness . A s imi lar  

behav iour  is observed fo r  the other  concen t ra t ions  examined .
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Table  7.4.1 The  dependence of  k ’j^E on the  layer  thickness  L where  the 

[Fe(H 2 0 )g]3+ concentration is 0.2 mM. Elect ro ly te  0.1 M H 2 SO4 .

L (nm)a k M Ex l °

150 6.30

70 2.84

38 1.54

25 0.93

The  dependence  of  k ’jyjE on layer thickness  L where  the 

[Fe(H 2 0 ) g ] 3+ concentrat ion is 0.8 mM. Elect ro ly te  0.1 M

h 2s o 4.

L  (nm)a k ’MEx l 0 3  (cms-1)

230 2.52

70 0.78

45 0.48

15 0.16

a L a y e r  thickness  L calculated f rom  s u r f a c e  coverage using a 

f ix e d  s ite concen tra t ion of 0.7 M.
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Since the dependence of  k ’j ^ p  on L is f i r s t  o rde r  the k inet ic  zone 

can  be assigned via the f low c h a r t  to be Lk. In o rder  to c o n f i rm  this  

diagnosis  the dependence of  k ’j ^ p  on bQ, the concen t ra t io n  of  m ed ia to r  

w i th in  the f i lm,  was invest igated,  k ’j ^ g  is an t i c ipa ted  to have  a f i r s t  o rder  

dependence  on bQ given tha t  the k inet ic  zone is Lk.

In order  to analyse the dependence  on bQ it is necessary to eva lua te  

the concen t ra t ion  of  Os(II) w i th in  the f i lm  as a f u n c t io n  of  e lectrode 

potent ia l .  Fi lms of  [Os(bipy) 2 (PVP)jQCl]Cl show classical  su rface  bound 

behav iou r  in 0.1 M H 2 SO4  at  the sweep rates  employed in the  ro ta t ing  disk 

vo l tammetry  (chap ter  3). This s t rongly suggests tha t  the Nerns t  equa t ion  is 

valid.  Control led  potent ia l  coulometry has also been used to f u r t h e r  consider  

this behaviour .  This procedure  was implemented  by inc rem en t ing  the  electrode 

po tent ia l  nega t ively from 1.0 V, where the f i lm  is f u l ly  oxidised,  to -0.4 V 

where  the f i lm  is fu l ly  reduced.  The  potent ia l  inc rem en t  was 50 m V and  each 

po ten t ia l  was held for  5 minutes  du r ing  which t ime the  ca thod ic  c u r r e n t  was 

in tegra ted ,  a f t e r  this  t ime the ra t e  of  charge accum ula t ion  was negligible.  

Ex t raneous  background  charg ing was corrected fo r  by s tepp ing the  po ten t ia l  in a 

region where  no redox reac t ion occurred  and  l inear ly  ex trapolat ing .  The  

observed response is indeed Nerns t i an  as shown fo r  an 

[Os(bipy)2 (PVP)jQCl]Cl modif ied  electrode in 0.1 M H 2 SO4  in Figure

7.4.3. The slope of  this l ine is 58+2mV per  decade  in close agreement  wi th  the 

theoret i cal  slope of  59.6 m V/decade .  This  da ta  can be used to ca lcu late  the 

f rac t ion  f  of  the f i lm  which is oxidised via the rela t ion

ln [ f / ( l - f ) ]= (F /R T)(E-E° )  (26)
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Figure  7.4.3 Nerns t  plot  fo r  an [Os(bipy) 2 (PVP)j()Cl]Cl 

modif ied  electrode in 0.1 M H 2 SO4 . Su r face  coverage 5 x 

1 0 * 9  m olcm '2.
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In (1 - f )

Figure  7.4.4 The e f f e c t  of  in creas ing  the Os(III) 

concentra t ion w i th in  the f i lm  on the  m o d i f ie d  electrode rate  

constant  k ’j ^  for  the r eac t ion  o f  0.2 mM 

[Fe(H 2 0 )g]3+ in 0.1 M H 2 SO 4 . Su r fa c e  coverage 5 x 

1 0 ' 9  molcm"2.
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and  hence  bQ can be eva luated.  By ana lys ing the  r is ing por t ion o f  the 

ro ta t in g  disk vol tammogram k ’̂ j :  can be eva lu a ted  at va r ious  f rac t ions  of 

Os(III) reduc t ion.  F igure  7.4.4 shows the  dependence  of  k ’j ^ £  obta ined  f ro m  

K ou tecky-Lev ich  plots on (1-f). The  plot  is l inear  w i th  a slope of  0.98+0.05.

This  agrees wi th  the slope of  1 an t i c ip a ted  fo r  an Lk case.

H av ing  establ ished tha t  the mechanism is Lk,  i.e the cataly t i c  

reac t ion  occurs  th roughou t  the layer ,  the ra te  of  reac t ion  being l imited by the  

ca ta ly t ic  react ion,  k, between B a nd  Y, k can be e va lua ted  f ro m  equat ion  27

k ME=k K L b o <27)

w here  K  is the pa r t i t i on  coeff ic ient .  The  constant  k K  has been eva lua ted  as 

5.6x102 M ' 1 s ' 1.

The  k inet ic  zone d iag ra m  for  this  system is given  in  Figure  7.4.5. As
O _ 1 f)

discussed ear l ier  fo r  su rface  coverages between  1 x 10 and  7 x 10 

molcm the kinet ic  zone is of  the  Lk  type. For  these  su r face  coverages the  

r eac t ion  is control led by the polymer  layer. Fo r  th ick  f i lms  r > l  x 10 

molcm" the l imit ing c u r r e n t  becomes indepe nde n t  of  f i lm  thickness.  This  

corresponds to total  catalysis  in tha t  d i f fu s ion  o f  [ F e i ^ O ) ^ ] 3* f rom  

solut ion to the  electrode su r face  controls the process.

Section 7.5 Mediated Reduc t io n  of  r F e i ^ O ^ l 3* by 

r O s f b i p v W P V P ^ QCnCl in 1.0 M H C IO ^

The  rate  of  charge t ranspor t  th rough  [Os(bipy) 2 (PVP)jQCl]Cl f ilms 

in con tac t  wi th  pe rch lorate  con ta in ing  solut ions showed unusua l  behaviour ,  wi th  

m uch  large r  var ia t ions in D^-p as measured by po ten t ia l  step and  sweep methods
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F igu re  7.4,5 K ine t i c  zone showing the k ine t ic  control  of  the 

m ed ia t ing  process for  the react ion of  Fe(III)  and Os(II) 

immobil ised w i th in  [Os(bipy) 2 (PVP)jqC1]C1 as a funct ion  

o f  su r face  coverage.
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th an  was observed in other  e lectrolytes  (see Chap te rs  3 a nd  4). More 

s ign i f ican t ly  perhaps,  the rate  of  charge t ran spo r t  as m easu red  by l inear  sweep 

vo l tamm etry  decreased as the perchlora te  concen t ra t ion  was increased.  This  was 

discussed in terms of  a non-swollen,  s ign i f ican t ly  d e h y d ra t e d  f i lm  which  

e f fec t ive ly  exc luded  charge  compensa t ing coun te r ions  and  rest r ic ted  counte r ion  

and  polymer  cha in  motion  w i th in  the f ilm.  These observa t ions  suggest  tha t  the 

presence of  pe rch lo ra te  salts might  resul t  in in h ib i t e d  pe rm ea t ion  of  

[Fe(H 2 0 )g]3+ resu l t ing in a change of  the k ine t ic  zone assignmen t  f rom  

the Lk case observed in su lphur ic  acid.  A decrease in pe rm ea t ion  would act  to 

decrease thus p roducing  a k inet ic  zone of  the  su r f a c e  type. To 

inves t igate  these assumpt ions the m edia t ion  proper t ie s  of  

[Os(bipy) 2 (PVP) |QCl]Cl  f i lms in 1.0 M HCIO 4  were inves t ig a ted  using 

[Fe(H 2 0 )g]3+ as substrate .

The  e xam ina t ion  of  K ou tecky-Lev ich  plots,  w h ic h  cor responds to 

in f in i t e  ro ta t ion  rate  where  negl igible  pola r isa t ion  of  the  subs tra te  occurs  in 

the electrolyte  phase,  have  aga in  been used to i d e n t i f y  the  k ine t ic  zone to 

which  the system belongs. The  l imit ing c u r r e n t  l ike t h a t  observed in su lphur ic  

acid  is dependen t  on the ro ta t io n  rate.  The  K ou te c ky -L e v ich  plots a re  l inear  

and  have  the  same slope as tha t  observed a t  a bare  e lectrode.  An example  of 

this  behav iour  is shown in F igure  7.5.1. The  d ependence  o f  k ’j ^ £  on L was 

f i r s t  o rder  in su lphur ic  acid,  this  dependence  in  perchlor i c  acid is 

i l l us tr at ed  in F igu re  7.5.2. This  f igure  shows th a t  k ’̂ g  is i n d ep e n d e n t  of  

L. This  independence  suggests (Figure  7.2.4) th a t  the  k ine t ic  zone is Sk” or 

LSk,  both su r face  cases. To d is t ingu ish  be tween  these two s i tua t ions  requ ires ,  

as before ,  an exam ina t ion  of  the dependence  o f  k ’jyjp on b Q. For  the LSk 

case a reac t ion order  of 1/2 is expected while  fo r  the  Sk” case the reac t ion
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Fig u re  7.5.1 Typical  K ou tecky -L ev ich  plots  fo r  the  reduc t ion  

o f  0.2 mM [Fe(H 2 0 )g]3+ in 1.0 M  H C IO 4  a t  an 

[Os(bipy)2 (PVP)ioCl]Cl  m od i f ied  electrode.  Sur face  

coverages in molcm are, f ro m  top  to bo t tom, 7.0 x 

10‘ 10, 1.8 x 10 '9, 2.7 x 10'9, 5.0 x 10 '9 , 1.1 x
O

1 0  a n d  bare  plat inum.
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F ig u re  7.5.2 Plot  showing the o rd e r  o f  fo r  the

reac t ion  o f  a 0.2 mM [Fe(H 2 0 ) 6]3+ so lu t ion  in  1.0 M 

H C IO 4  w i th  [Os(bipy) 2 (PVP)jQCl]Cl  w i th  respect  to the 

s u r f a c e  coverage T .
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F i g u r e  7.5.3 Nerns t  plot fo r  an [Os(bipy) 2 ( P V P ) i o c l ]Cl 

m o d i f i e d  electrode in 1.0 M HCIO 4 . Su r fa c e  coverage  5 x
_ o  .0

1 0  molcm .
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order  should be uni ty .  Control led  po ten t ia l  cou lometry  was used to examine  the 

f r a c t ion  conver ted  as a func t ion  of  the  electrode po ten t ia l  an d  the  resul ts  

presen ted  in F igu re  7.5.3. The  non- l inear i ty  of  this  plot suggests t h a t  the 

the rm odynam ic s  of  the  Os(III /I I)  r educ t io n  are  more  complex th a n  those 

associated w i th  a s imple one electron t r a n s fe r  react ion.  As a fu l ly  oxidised 

f i lm  undergoes  reduc t ion ,  the curve  is a pp rox im ate ly  l in ea r  w i th  a super  

N erns t i an  slope of  65-75 m V/decade .  As the  fo rm a l  po ten t ia l  is app roached  the 

slope decreases  an d  approaches  a N e rns t i a n  value. A f t e r  f  = 0.5 the  slope 

again  increases a nd  reaches a va lue  of  80-100 m V / d e c a d e  wh ich  is m a in ta in e d  

unt i l  the  ox ida t ion  is complete.  The  use of  the  te rm  "slope" is used only as a 

convenience to id e n t i f y  those regions wh ich  a re  a p p rox im a te ly  l inear .  This  

da ta  has been  used to ca lculate  the f r a c t i o n  convert ed  an d  hence  b Q.

By e xam in ing  the r is ing por t ion of  the ro ta t in g  d isk  vo l tamm ogram s  in 

con junc t ion  w i th  this  da ta  the dependence  o f  k ’̂ - ^  on b Q can be eva lua ted .

This be ha v iou r  is i l lu s tra ted  in F igu re  7.5.4. The  log-log plot is a 

reasonable  s t r a igh t  l ine al though  some sca t te r  exist  in the  da ta ,  the  slope of 

the best f i t  l ine  is 1.05+0.2. It  appear s  t h e re fo re  tha t  the  r eac t ion  order  

w i th  respect  to b Q is uni ty .  Thus  the  k ine t ic  zone is of  the  Sk” type.

F rom  F igu re  7.5.4, where  f  = 0, corresponding  to a fu l ly  reduced  f i lm,  

the m o d i f ie d  elec trode  rate  cons tant  is 2.90+0.2 x 10" 4  cm 2 s’ .̂ For  the 

Sk” case k ’j ^ £  is equal  to k” bQ, where  k ” is the second order  ra te  

cons tan t  fo r  the  reac t ion  be tween  the su r face  bound  m ed ia to r  and  

[Fe(H 2 0 )g]3+ in solut ion. Using a c oncen t ra t ion  of  0.7 M for  the osmium 

concen t ra t ion  w i th in  the f i lm  this  gives k ” as 3.1 x 10 4  

m o l ^ d m ^ c m s ' 1. The  value of  the homogeneous rate  cons tan t  is s im ila r  to 

tha t  ob ta ined  by Albery  and  H i l lm an  (4 x 10 ' 4  m o l ^ d m ^ m s ' 1) fo r  the
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Figu re  7.5.4 The e ffec t  of  i nc reas ing  the  Os(III) 

concen t ra t ion  with in the f i lm  on  the  m o d i f i e d  electrode rate  

cons tan t  k ’ME for  the reac t ion o f  0.2 mM 

[Fe(H 2 0 )g]3+ in 1.0 M HCIO 4 . Su r fa c e  coverage  5 x 

1 0 ‘ 9  m o lcm '2.



reac t ion of  [Fe(H 2 0 )g]3+ wi th  a th ion ine  m od i f ied  electrode where  a 

d r iv ing  fo rce  of  -250  mV exists.

Section 7.6 Discussion of  Media t ion  Processes fo r  r O s f b i p v W P V P ) i qCIICI 

f i lm s .

In su lphur ic  acid [Os(bipy) 2 ( P V P ) j 0 Cl]Cl f i lms can  ca ta lyse  the 

e lec tro reduc t ion  of  [Fe(H 2 0 )g]3+ e f f i c i e n t ly  giving rise to c u r r e n ts  

which  a re  l im ited  by subs tra te  d i f f u s io n  in solut ion fo r  th ick  films.

Catalysis occurs close to the  fo rm a l  po ten t ia l  which  is ap p ro x im a te ly  200mV 

more nega t ive  than  the Fe ( II I / I I )  fo rm a l  potent ia l .  The  f a c t  t h a t  the 

immobil i sed f i lms  can act  as th ree  d imens iona l  catalysts  is s ign i f ican t .  The  

resul ts  discussed previously  in the  charge  t ran spo r t  sect ion showed th a t  in

_ Q  2-1su lphur ic  acid  charge  t ran spo r t  was r ap id  ( D ^ j= 2 .9 5  x 10 cm s when 

m easured  using po ten t ia l  step methods,  an d  D (-.p=2.51 x 10 c m V 1 when  

measured  using l inea r  sweep vo l ta m m etry )  and  tha t  ion m ovem en t  represen ts  the 

ra te  l im it ing  step. The p ro tona ted  s t ruc tu re  o f  the m eta l lopo ly m er  in this 

e lectrolyte  appear s  su f f i c i e n t ly  porous to pe rm i t  cons iderable  i ron  pe rm eat ion  

despite  the elec tros tat ic  repul s ion  w h ich  would  be expected  be tw een  p ro to na ted  

py r id ine  uni ts  an d  [Fe(H 2 0 )g]3+.

The  f a c t  t h a t  the k ine t ic  zone, where perchlo r ic  ac id  is the 

support ing  elec troly te  is d i f f e r e n t  to th a t  observed in su lphu r ic  acid and  the 

observa t ion th a t  the reac t ion is a surface,  one correlates  w i th  the charge  

t ranspor t  da ta  presented  previous ly in chap te r  4. The  ra te  of  charge  t ranspor t  

th rough  these osmium con ta in in g  f i lms is of  s imila r  m ag n i tu d e  in bo th  su lphur ic  

and  perchlo r ic  acid electrolytes  w hen  m easured  using po ten t ia l  s tep 

measurements .  I f  this  represents  the t rue  ra te  of  charge  t r a n s p o r t  th rough  the 

f i lm  then  i t  seems un l ike ly  tha t  e lec tron t ran spo r t  th rough  the  f i lm  would  be
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s u f f i c i e n t ly  d i f f e r e n t  be tw een  the two electrolyte  systems to a l t e r  the kine t ic  

zone f r o m  Lk  to Sk” , I f  charge  t r a n spo r t  t h rough  the  o u t e r  p o r t ion  is more  

accu ra te ly  m easu red  by  l in ea r  sweep vo l tam m etry  then  th e  r ed u c e d  value 

w ou ld  tend  to push the  system tow ard  an L E k  case. Th is  leads  to the  conclusion 

th a t  decreased  [FeCH^OJg] pe rm ea t ion  leads to the  s u r f a c e  case. Th is  

is cons is tent  w i th  the  suggest ion t h a t  the  ra t e  o f  charge  t r a n s p o r t  as measured  

by l in ea r  sweep vo l tam m etry  decreases w i th  inc reas ing p e rc h lo ra te  concen t ra t io n  

because o f  inc reas ing f i lm  d e h y d ra t io n  w i th  consequen t  i n h ib i t e d  ion 

permeat ion.  The  f a c t  th a t  the  k ine t ic  zone is of  the  Sk” case means  t h a t  the  

m ed ia te d  reac t ion  occurs  be tw een  [FeiHjOJg]  sti ll  in  so lu t ion  a n d  the  

f i lm  w i th in  a region  of  molecu la r  dimensions.
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Chap te r  8  Conclusions



When deposi ted on electrode sur faces  all of  the  meta l lopolymers  

descr ibed  in this  thesis show reversible,  single e lec tron r edox  reac t ions  fo r  

su r face  bound  species, where  s ign i f ican t  i n te rac t ion  be tw een  sites is absent .

Ideal  redox  behav iou r  is observed in a wide  va r i e ty  of  e lectrolytes ,  wi th  the 

possible excep t ion of  those based on pe rc h lo ra te  ion. As well as this,  the 

m odif ied  electrodes are  stable  toward  the rm a l  and  pho tochemica l  l igand  

subs t i tu t ion  reactions.  Fu r the rm ore ,  the m o d i f ie d  su r f a c e  has a long l i f e t ime  

even when exposed to 1.0 M ac idic  solut ions.  These are  essent ia l  pr erequ is i te s  

fo r  the e xam ina t ion  of  homogeneous and  he terogeneous  charge  t r a n s fe r  reac t ions  

of  mater ia ls  of  this type.  This  is because che mica l  reac t ions  or  loss of  

m od i fy ing  m ate r ia l  f ro m  the electrode,  makes i t  impossible fo r  pa ramete rs ,  such 

as the r eac t ion ent ropy,  where  there  is a small v a r i a t i o n  in the expe r im en ta l  

observable  to be accu ra te ly  eva luated.  The  s ign i f ican t  syn the t ic  f l ex ib i l i ty  of  

these mater ia ls  is ev id en t  since a wide  va r i e ty  of  polymers  based on the 

[Os(bipy)2 ]2+//3+ un i t  can be synthesised each w i th  a d i f f e r e n t  redox 

po ten t ia l  and  charge  t r a n spo r t  property.  The  ab i l i ty  to cont ro l  the redox 

po ten t ia l  is p a r t i cu la r ly  usefu l  in the  design of  m o d i f i e d  electrodes fo r  

sensor app l i ca t ion  based on electrocatalysis.

In general  both D q -j-(PS), D q j (CV)  and  k°  a re  sensi t ive to the 

concen t ra t ion  of  the support ing  electrolyte ,  increas ing wi th  increas ing 

concen t ra t ion  fo r  all loading  and  electrolytes  examined ,  wi th  the excep t ion  of 

those based on pe rch lora te  anion.  The  same ra te  of  charge  t ranspor t  as measured  

by po ten t ia l  step and  sweep measurements  is only observed u n d e r  ce r ta in  

c i rcumstances,  no tab ly  in su lphur ic  ac id at  high  concent rat ions.  F u r the rm ore ,  

the ac t iva t ion  energies  fo r  the two t echn iques  are f r e q u e n t ly  d i f f e r e n t .  The

Section 8.1 Conclusions
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potent ia l  step measurem ents  typica l ly  show low ac t iva t ion  energies  an d  negat ive  

en tropy  terms,  suggest ing tha t  an o rder ing  process, namely  ion t r a n spo r t  l imits 

D C T (PS). In contrast ,  the  cyclic vo l tam m etry  expe riments ,  p a r t i cu l a r ly  in 

high e lec tro ly te / low redox site concen t ra t io n  combina t ions ,  show a lower rate  

of  charge t ransport ,  h igher  ac t iva t ion  energies  and  posi t ive en t ropy  terms. 

These observat ions  suggest  tha t  a di so rder ing  process, segmental  po lymer  chain  

motion  l imits  D £ j ( C V ) .  The  above a rgum en ts  suggest  tha t  those species which 

a t t a in  equ i l ib r ium  w i th in  the f i lm  du r ing  the  charge  t ran spo r t  process is t ime 

dependent .  The  resul ts  obt a ined  f ro m  all o f  the po ly m e r /a c t iv e  site 

load ing /e lec t ro ly te  combina t ions  examined ,  suggest  tha t  a t  short  t imes only 

those species of  high mob il i ty  i.e. e lectrons an d  high mobil i ty  ions a t t a in  

equ i l ib r ium  due  to k ine t ic  barr ier s  to mass t r a n spo r t  processes. In the case of  

the longer  t imescale cyclic vo l tam m etry  experiments  t h e r m o d y n a m ic  equ i l ib r ium  

is established. This  involves an equ i l ib r ium  of  all mobile  species inc lud in g  

electrons,  ions an d  po lymer chains.

The  rate  de te rm in ing  step of  the  charge  t r a n spo r t  process is d e pe nden t  

on the exper imen ta l  t imescale,  e lec trolyte  type and  c oncen t ra t ion  as wel l as, 

the redox site loading. However ,  fo r  the present  case the  ra te  o f  charge  

t ransport  a t  low electrolyte  concen t ra t ions  appears  to be l im it ed  by ion 

movement  w i th in  the films. Where the redox s ite loading  is low, it  appear s  that  

segmental polymer  cha in  movement  is r equ i red  to b r idge  the  in te rs i te  separa t ion  

and allow electron t r a n s fe r  to occur.  The  ra t e  de te rm in ing  step of  e lectron 

self  exchange is not  observed. This  appears  to be re la ted  to the  r equ i rem en ts  

fo r  observing elec tron self  exchange  as the  r a t e  d e te rm in ing  step. Th is  will  be 

favou re d  by a high concen t ra t ion  of  o r ien ted  sites. However ,  a high metal  

conten t  w i th in  the f i lm  resul ts  in poor  swel l ing wh ich  is r eq u i r ed  fo r  f a s t  ion
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t ransport .  Thus  at  high redox site loadings the  f i lms become too compact  for  

e f f i c i e n t  ion t ran spo r t  and  so an ion m ovem ent  l im i ta t ion  is observed.  Remova l  

of the  ion t ranspor t  l im it a t ion  by decreasing  the ac t ive  site load ing 

invar i ab ly  resul ts  in a more swollen f i lm  in wh ich  the in te rs i te  separa t i on  is 

larger  and  so polymer  cha in  movem ent  becomes the ra te  d e te rm in ing  step. A 

possible solut ion to these problems is to have  in te rna l  b u f f e r i n g  of  the 

system. In the mater i a ls  discussed here,  there  are  n i t rogen  moieties wh ich  can 

unde rgo p ro to na t io n  in ac idic  media.  D u r in g  the  ox ida t io n  of  the osmium centre,  

e le c troneu tr a l i ty  could be m ain ta ined  by dep ro tona t ion  of  these n i t rogens  and 

expuls ion of  protons. The  s imila r i ty  of  charge  t r a n spo r t  ra tes in both h igh  and 

low pH electrolytes ,  no tab ly  in the po ly(N-v inyl imidazole )  polymers  suggests 

tha t  such a process does not  occur.  The  possibi l i ty  of  m a i n ta in in g  an  excess of 

charge compensa t ing  coun te r ion  w i th in  the f i lm  to suppor t  the r edox react ion  

requ ires  f u r t h e r  invest igat ion.

The  op t imisa t ion  of  e lectrode response fo r  app l i cat ions  typ ica l ly  

involves maximis ing the rate  of  charge  t r a n spo r t  th rough  the f i lm  to the 

f i lm /e lec t ro ly te  in te r face.  This  ensures  tha t  the  redox  reac t ion  occur r in g  

w i th in  the f i lm  does not  constra in  the elec trode  pe r fo rmance .  In appl icat ions  

involving  catalysis  it  means tha t  the whole layer  can  be ut i l ised,  wh ile  in 

e lectrochromic  app l icat ions  it  ensures  a short  response time. T ra d i t io n a l  

th ink ing  on m od i f ie d  electrodes has sought  to opt imise charge  t r a n s p o r t  rates  

by con f in ing  the highest  possible concen t ra t ions  o f  r edox  ac t ive  m ate r ia l  

w i th in  the f i lm.  In  the  present  case, the  highest  redox site loading  explored  

was 1:5 osmium to monomer uni ts.  Th is  s i tua t ion  means t h a t  the redox  centres  

are at a concen t ra t io n  of  app rox im ate ly  1.2 M  and  th a t  a d ja c e n t  sites 

approx im ate ly  touch.  However ,  this  s i tua t ion  typ ica l ly  fa i l ed  to de l ive r  the
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op t im um  charge  t ransport  ra te  ( the only excep t ion  being 

[Os(bipy)2 (PVI) 5 Cl]Cl in toluene-4-sulphonic  acid).  Despi te  this,  it  is to 

be r em embered  tha t  these systems do f re q u e n t ly  give the highest  cyclic 

vo l ta m m etry  peak cu rren ts  and  ch ronoam perom et r ic  responses,  since even though  

the charge  t ranspor t  ra te  is not  a t  a m ax im u m  the act ive  site concen t ra t ion  is 

high thus giving a large r  response. The f i lms  con ta in ing  the m ax im um  act ive 

site loading do not  however ,  give the op t im um  response per  un i t  cost.

The  mod if ied  electrodes cons idered here f r e q u e n t ly  show Donnan  

exclusion behaviour .  This  acts to exclude charge  compensa t ing  co-ions f rom  the 

f i lm  where  its concen tra t ion is below the f ixed  site concentra t ion.  This  

observa t ion is im por tan t  fo r  appl icat ions  of  these mater ia ls ,  since where the 

total  e lectrolyte  concen tra t ion is low, the ana ly te  may  be exc luded  f ro m  the 

f i lm  resul t ing in a su rface  reac t ion  and  hence a small ana ly t ica l  response. At  

h igher  concen tra t ions  of  e lectrolyte  Donnan  exclusion may  break  down,  causing 

in f lux  of  the  ana ly te  thus  ut i l is ing a g rea ter  p ropor t io n  of  the f i lm,  and  

hence resul t ing in an enhanced  response.  The  Donnan  exclusion behav iou r  is 

pa r t i cu la r ly  in te rest ing in  pe rchlora te  based media.  The  

[Os(bipy) 2 (PVI)|Q](Cl ) 2  f i lms show a reverse  D on n a n  behav iour  in  l i th ium  

perchlora te  (Figure 6.3.5.1). For  l i th ium  perchlora te  concen t ra t ions  between  

0.1 and  0.4 M D ^ T (PS) is large (4 x 10’ 9  c m V * )  wh ich  decreases  to 2 x 

10 ' 9  cm 2 s'* in 0.6 to 1.0 M electrolyte.  This  behav iou r  is though t  to 

arise due to a b reakdow n of Donnan  exclusion resu l t ing  in an ion inf lux.  

Perch lo rate  interact s  wi th  the f i lm  to give a d e h y d ra t ed  layer  thus  imped ing  

ion t ran spo r t  and  hence a r educed  D ^ j ( P S )  is observed.
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The  ra te  of  charge t ran spo r t  t h rough  the po ly(4 -v iny lpyr id ine)  and  

po ly (N-vinyl imidazole)  metal lopolymers  have  several  f ea tu re s  in common.  For  all 

e lectrolytes  except  those based on pe rch lora te  D q -j-(PS) and  D£,T (CV) increase 

w i th  increas ing electrolyte  concen t ra t ion ,  s imila r ly  a m a x i m u m  meta l  loading  

does not  necessar i ly  resul t  in the op t im um  charge  t r a n s p o r t  rate.  In general  

the ra te  of  charge  t ranspor t  th rough  the  poly (4-v iny lpyr id ine)  f i lms  is s imi lar  

to those observed in the poly(N-v inyl imidazole)  po lymers  w i th  the most  rap id  

rate  of  charge  t ranspor t  being observed fo r  i n te rm e d ia t e  load ings  in high 

concen t ra t ions  of  su lphur ic  and  p- toluene su lphonic  acid.

It is inte res t ing to note th a t  the where  the  osmium cen tre  is 

coord ina ted  in  a bis m an n e r  to the po lymer  backbone  th a t  a more porous mater ia l  

results.  This  is cons idered  to ar ise because of  the s t ruc tu ra l  r ig id i t y  which  

this  coord ina t ion  mode imposes on the  polymer. U n l ik e  the  m ono-coord ina ted  

mater ia ls ,  this  appears  unab le  to adop t  its lowest  energy  s tate,  p resum ab ly  an 

e x tended  co n f ig u ra t io n  to min imise  elec tros tat ic  repu ls ion  be tw een  the 

posi t ively charged  redox  centres.

The  ro ta t in g  disk da ta  presented  in this  work  show th a t  the choice of 

e lectrolyte  fo r  a given ana ly t ica l  app l i ca t ion  is im por tan t .  Where it  is 

des irable  to avoid a reac t ion of  the ana ly te  a t  the und e r ly in g  electrode 

su r face  an  electrolyte ,  such as perchlor i c  acid,  which  causes f i lm  compact ion  

and  resul ts  in a su rface  reac t ion may  be desirable.  In  contras t ,  where  the 

object ive is to ut i l ise  as much as possible of  the f i lm  a swel ling electrolyte  

such as su lp hur ic  acid should be used.

In f in a l  conclusion then,  i t  is to be hoped  tha t  this  w ork  goes some 

way tow ard  an u n d e rs t a nd ing  of  charge  t ran spo r t  f ro m  the  u n d e r ly in g  electrode 

into these f i lms  an d  w i th in  the layer.  The  resul ts  p resented  clear ly  show tha t
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the  charge  t ran spo r t  behav iour  of  these mate r ia ls  canno t  be clear ly  e luc idated  

in a single e lec troly te  a t  a s ingle redox loading.
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Abbrevia t ions

AES Auger e l e c t r o n  spectroscopy
bipy 2 , 2 ' - b i p y r i d i n e
CPE carbon p a s t e  e l e c t r o d e
GC Glassy carbon
Melm methyl imidazole
NPV Normal pu lse  voltammetry
p i c  4-methyl p y r id in e
phen phenan th ro1i ne
PLL poly (L-Lysine)

Pol polymer
p-TSA p - to lu en e  su lphon ic  ac id

PVI poly(M-vinyl imidazole)
PVP p o ly (4 - v in y lp y r Id in e )
PVF po ly (v iny l  f e r ro c e n e )
RDE r o t a t i n g  d isk  e l e c t r o d e
SEM scanning e l e c t r o n  microscopy
TEAP t e t r a e t h y l  ammonium p e r c h l o r a t e
XPS X-ray p h o to e le c t ro n  spectroscopy

320



Roman Symbols

Symbol Meaning

A a rea

absorbance 

a j  a c t i v i t y  o f  ion i

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

c ap a c i tan ce  

Cj (x) c o n c e n t r a t io n  of  s p ec ie s

j a t  d i s t a n c e  x 

Cj(x=0) c o n c e n t r a t io n  of  s p ec ie s

j a t  th e  e l e c t r o d e  s u r f a c e  

C j ( x , t )  c o n ce n t r a t i o n  of  s p ec ie s

j a t  d i s t a n c e  x a t  t ime t

C i ( 0 , t )  c o n c e n t r a t i o n  of  s p e c ie s  j a t

th e  e l e c t r o d e  s u r f a c e  a t  t ime t

C j(y)  c o n ce n t r a t i o n  o f  s p e c i e s  j a t

a d i s t a n c e  y below an RDE 

Cj(y=0) c o n ce n t r a t i o n  of  s p e c ie s  j a t

an RDE

Dei(CV) Rate o f  homogeneous charge

t r a n s p o r t  measured by c y c l i c  

voltammetry

Dimension

none

M

M, mol cm , mM 

F

M, mol cm-3 

— 1M, mol cm J 

M, mol cm 

M, mol cm J 

M, mol cm

 *3

M, mol cm

2 -1  cm s
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r a t e  o f  homogeneous charge 

t r a n s p o r t  measured by p o t e n t i a l  

s t ep

P o t e n t i a l  o f  an e l e c t r o d e

versus  a r e f e r e n c e

emf o f  a r e a c t io n

p u lse  h e ig h t  in d i f f e r e n t i a l

pu lse  voltammetry

s tan d a rd  p o t e n t i a l  o f  an

e l e c t r o d e

s tanda rd  emf o f  a h a l f  r e a c t i o n  

d i f f e r e n c e  in s tanda rd  p o t e n t i a l  

f o r  two couples

formal p o t e n t i a l  o f  an e l e c t r o d e  

a c t i v a t i o n  energy o f  a r e a c t i o n  

peak p o t e n t i a l

Epa-Epc in cv 

anodic  peak p o t e n t i a l

c a th o d ic  peak p o t e n t i a l

h a l f  wave p o t e n t i a l  measured in

voltammetry

Faraday c o n s ta n t

Gibbs f r e e  energy

Gibbs f r e e  energy change in a

chemical p rocess

V

V

mV

V

V

V, mV 

V, mV 

kJ/Mol 

V, mV 

V, mV 

V, mV 

V, mV

V, mV 

C

kJ

kJ

2 -1cnr s



s tanda rd  Gibbs f r e e  energy 

change in a chemical p rocess  

Standard Gibbs f r e e  energy of  

a c t i v a t i o n  

en tha lpy

s tanda rd  en tha lpy  change in a

chemical r e a c t i o n

s tandard  en tha lpy  of  a c t i v a t i o n

P la n c k 's  c o n s ta n t

c u r r e n t

anodic  component c u r r e n t

c a th o d ic  component c u r r e n t

1im i t ing  c u r r e n t

peak c u r r e n t

anodic  peak c u r r e n t

c a th o d ic  peak c u r r e n t

c u r r e n t  d e n s i ty

exchange c u r r e n t  d e n s i t y

r a t e  c o n s t a n t  f o r  a homogeneous

r e a c t i o n

s tanda rd  ( i n t r i n s i c )  

he te rogeneous  r a t e  c o n s t a n t  

he te rogeneous  r a t e  c o n s t a n t  f o r  

o x id a t io n

heterogeneous  r a t e  c o n s t a n t  f o r  

r e d u c t io n

kJ

kJ/Mol

kJ

kJ

kJ/Mol 

J - s e c  

A, uA 

A, uA 

A, uA 

A, uA 

A, uA 

A, uA 

A, uA

A/cm2, uA/cm2 

A/cm2 , uA/cm2

depends on o rder

cm/sec

cm/sec

cm/sec



Ox

Q

Red

R

Rs

Ru

A  s 

A s° 

A s*

T

t

V

l a y e r  th ic k n e s s  o f  modifying 

f  i lm

number o f  e l e c t r o n s  pe r  

molecule o x id i s e d  o r  reduced 

o x id i s e d  form o f  t h e  s tan d a rd  

system Ox + ne «= Red 

charge  passed in e l e c t r o l y s i s  

reduced form of  t h e  s tan d a rd  

system Ox + ne = Red 

gas c o n s ta n t  

s o l u t i o n  r e s i s t a n c e  

uncompensated r e s i s t a n c e  

en tropy change in a chemical 

p rocess

s tanda rd  en tropy change in a

chemical process

s tan d a rd  en tropy o f  a c t i v a t i o n

a b so lu t e  tem pera tu re

time

l i n e a r  p o t e n t i a l  scan r a t e

cm

none

C, uC

J  Mol-1  K-1

ohms

ohms

kJ/K

kJ/K

kJ Mol“ 1 K-1

K

sec

mV/sec
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Greek Symbols

a  t r a n s f e r  c o e f f i c i e n t  none

j s u r f a c e  coverage o f  s p ec ie s  j mol cm

8  d i f f u s i o n  l a y e r  t h i c k n e s s  cm

T sampling t ime in sampled c u r r e n t

voltammetry sec

a ngu la r  frequency  o f  r o t a t i o n  

co 2 x 7i r o t a t i o n  r a t e  sec -1
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A ppend ix  A Acqu is i t ion and  Analys is  of

Elect rochemica l  Da ta  Using  C om pute r  Based Systems

1



In troduc t ion

1 ) d a ta  c ap tu re  a n d  in s t rumen ta l  control ,

2 ) da ta  analysis  an d  fo rm att ing ,

3) d a ta  p resen ta t ion  and  management ,  

was explored.

A1 In tegra ted  Da ta  C ap tu re  and Analysis

In this  sect ion an  in tegra ted  app roach  in  which  the in s t ru m e n t  is 

control led  by the host  computer ,  and  the da ta  cap tu red ,  ana lysed  and  presen ted  

w i thou t  opera to r  m a n ipu la t ion  is i l lu s tra ted  fo r  sampled  c u r r e n t  vo l tammetry .

T he  use of  a compute r  control led po tent ios ta t  a llows more  complex wave  forms,  

such as sampled  c u r r e n t  a n d  square wave  vo l tam m etry  to be implemented .  This  

was achieved using a BBC mic rocomputer  i n te r f a c e d  via  an  IEEE-488 in te r f a c e  to 

an E.G.& G. Model  273 potent iostat .  For  sampled  c u r r e n t  vo l tam m etry  a p rogram 

has been w r i t t en  in BASIC to allow fo r  d a ta  acqu is i t i on  an d  analysis.  This  

p rogram  fea tu re s  fu l l  f r o n t  panel em ula t ion  al lowing the ope ra to r  to enter ,  via 

the compute r  the r equ i r ed  experimental  condi t ions  such as po ten t ia l  l imits,  

i n cremen ta l  po tent ia l  s tep size and timescale.  Th is  i n fo rm a t io n  is then  used 

to cons truct  the r equ i red  w ave fo rm  which  is then t r a n s fe r r e d  via the IEEE-488 

in te r face  to the potent ios ta t .  The  w a v e f o rm  is then  app l i ed  to the

In the course of  this  work  the use of  com pu te r  based methods  for,
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elec trochemica l  cell  an d  the resul t ing d a ta  cap tu red .  Th i s  d a ta  is then  

t r a n s fe r re d  to the  compute r  f o r  analysis in the  m a n n e r  discussed in  sect ion

1.3.3. The  resul t ing  cu r ren t-po ten t ia l  response is d isplayed on screen fo r  

ope ra to r  eva lua t ion .  F u r th e r  d a ta  processing such as smoo thing  a n d  cor rec t ion 

f o r  capac i t ive  cu r ren ts  is then possible. The  r a t e  of  homogeneous charge  

t ran spo r t  a n d  he te rogeneous  electron t r a n s f e r  a re  e v a lua te d  a n d  p resen ted  on 

screen. A h a rd c o p y  ou tpu t  to an  Epson Hi-80 p lo t t e r  of  the  c u r r e n t -po te n t ia l  

response a n d  th e  ca lcula ted ra t e  cons tan ts  is also ava i lab le .  T he  c om pu te r  

p rog ram  fo r  this  d a ta  contro l ,  capture ,  analysi s  a nd  p re se n ta t ion  is given  in  

p rogram  l is t ing 1.
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S am p led  C u rren t V o lta m m etrv

10 P$=""

20IKEV0 GOTO 3710 

30 t K E Y 1 RUN 

40 DIM T I M (5)

50 DI MH I $(300)

¿0 YF=1 

70 CLS

BO REM NORMAL PULSE WAVEFORM PROGRAMMER 

90 DIM O U T P U T S (300,0)

100 DIM BCt(lO)

110 DIM BC(10)

120 DIM B A C K $ (300)

130LET PLACE = 0 

140LET NERO - 0 

150 LET ROGER = 1 

160 LET NAP = 0 

170 TIME = 0

ISO DIM P U L S E M A G i (2001,0$(200)

190 DIMA$(26)

200 MODE 128:CLS 

210 PRINT

220 PRINT"FDRMAL P O T ENTIAL IN MILLIVOLTS AS DETERMINED FROM CYCLIC "

230 INPUT"VOLTAMMETRY AT SLOW SWEEP RATES ";ER 

240 PRINT

250 IF ER-0 THEN ER = 4 0 0

260 INPUT'ENTER INTIAL POTENTIAL OF NORMAL PULSE PROGRAM INIT

270 IF INIT=0 THEN INIT— 400 

2B0 PRINT

290 INPUT "FINAL POT E N T I A L  mV";FINAL 

300 IF FINAL=0 THEN FINAL^IOOO 

310 P U L S E S T  

320 R E S $ = ""

330 PRINT

340 INPUT"ENTER FULL SCALE CURRENT IN MILLIAMPS ";POTFS 

350 IF POTFS-O THEN SOUND 1,-15 , 1 0 0 0 , 10:CLS:GOTO 340 

360 PDTFS=P0TFStlE-3 

370 PRINT

3B0 I N P U r T E M P E R A T U R E  IN DEGREES CENTIGRADE ";T E M P :T E M P = T E M P + 2 7 3 .1 

390 IF TEMP =273.1 THEN T E M P = 2 9 8 . 1 

400 PRINT

410 GOSUB 550

420 IF A B S (V A L (OUTPUT $(1,0)) ) ) 1 0 0 0  THEN SOUND 1,-15,1000,10:PR I NT "CURRENT OVERLOAD, INCREASE CURRENT SETTING":END

430PRINT

440 PRINT

450 PLACE=0

460 ROGER-1

470PRINT

480 INPUT "NUMBER OF P U L S E S"¡PULSES 

490 IF PULSES=0 THEN P U L S E S T  

500PRINT
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510 INPUT ‘OUTPUT TO DATA FILE Y/N";RES$

520 IF R E S I G N "  DR RESi="" THEN 550 

530 PRINT

540 INPUT "ENTER FILENAME ”;FlLEt

550 LET INCREM = (FINAL - INIT)/PULSES

560 LET B A S E $ = S T R $ (INIT)

570 FDR N=1 TO PULSES

5B0LET PULSEMAG = INIT + NtINCREtt

590LET Z=4tINIT

600LET LOOJ = 5 T R $ ( - 4 t (I N I T - P U L S E M A G ) )

610LET PULSEMAG*(N) = "ADD "+L00$

620 LET fl$(N)="LC 0 5 0 0 0 0 0"

630LET SETE$="BI AS "+BASE$

640 LET R$="LC 1999 1 0"

650 NEXT N

660 DATA "SIE 1","FP 0","LP 1999","MM 2 " , "MR 2","TMB 100"

670 DATA "DCV 0 " , "SCV 2 ”,"PCV 2 " , "CLR"

6B0 DATA "PCV 0 “,'CLR","NC","CELL 1","TC"

690DATA "WCD","DC 0 1“, "DC !5 1 ”, "DC 25 1","DC 45 1 " , "DC 105 1" 

700LET COM = 26

710REM SETTING UP THE INTERFACE 

720 t IEEE
730 cmdX-OPENIN("COMMAND")

740 data7.=0PENIN("DATA")

750 PR INT#cmdX, "BBC DEVICE N O " , 7 

760 P R I N T f c m d X , " C L E A R”

770 P R I N T fcmdX,"REMOTE ENABLE"

7B0 PR INTIcmdX,"END OF S T R I N G " , C H R $ (13)+CHR$(lö)

790 p o t X = O P E N I N (" 12")

BOO P R I M T I c m d J , " L I STEN",potX,"EXECUTE"

BlOPRINTIdataX,"DD 13 + 10"

B20 FOR M = 1 TD PULSES 

B30 PRINT

B40 PRINT "PULSE ";M" NOW BEING APPLIED"

B50 PRINT 

860 GDSUB 1620 

870 RESTORE 

BBO NEXT M 

B90 PRINT

900 SOUND 1,-15,1500,15

910REM FINDS BACKGROUND CURRENT PER PULSE

920 IF PULSES = 1 THEN GOTO 1190

930 DIM 1(5)

940 EI=-400 

950 EF=0

960 F I R S T - A B S t (I N I T - E I )/INCREMI5 )

970 L A S T = A B S ( I N I T - E F ) / I N C R E M t 5 

980 FOR X= FIRST TO LAST STEP 5 

990 B C (11= B C (1)+ V A L ( O U T P U T S (1+ X ,0))

1000 B C ( 2 ) = B C ( 2 ) + V A L ( 0 U T P U T $ i 2 + X , 0 ) )
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1010 B C ( 3 ) = B C ( 3 M V A L ( D U T P U T *  (3+X,0))

1020 B C ( 4 ) - B C ( 4 ) + V A L ( 0 U T P U T * ( 4 + X , 0 ) )

1030 NEXT X

1040 B C * (1)= S T R * ( ( B C (1))/((LflST-FTRSTl/5))

1050 B C $ 12)= S T R $ ( IBCI2)) / I(LAST-FIRST)/5))

1060 B C $ (3) =STR$ ((BC(3 ) ) / ( ( L A S T - F I R S T W 5 ) )

1070 B C $ ( 4 ) = S T R * ( (BC(4)) / ( ( L A S T - F IRST)/5))

10B0 D-l

1090 TERM=PULSESt5

1100 FDR Y= 1 TO 4

1110 FOR X=0 TO TERM STEP 5

1120 F A C T 0 R = X / 5 t I N C R E M / ( E F - E I )

1130 CDRRECT^VAL (BC$ (Y) X F A C T O R

1140 B A C K * ( D + X ) = L E F T $ ( S T R f ( V A L ( D U T P U T $ ( D + X , 0))- C O R R E C T ) ,4)

1150 NEXT X

I 160 0 = D + 1 

1170 NEXT Y

II BO PRINT

1190 IF PULSES)1 THEN Pt="T"

1200 IF P $ = "  THEN GOTO 1230 

1210 IF P$<>"P" THEN GOTO 1440 

1220 VDU 2 

1230PRI NT

1240PRINT " SAMPLING TIME milli seconds

1250PRINT " V D L T S " ; " 0 '¡“ 1 " ¡ " 2  " ¡ " 4  ";" 10 "

1260FDR Y = 0 TO PLACE-1

1270 IF NERO ) 0 THEN 1350

12B0 LET MOT $ = S T R $ (INCREMtROGER + INIT)

1290 LET ROGER = ROGER + 1

1300 NERO = NERO + 1

1310 D U T ^ V A L ( O U T P U T * ( Y , 0 ) )/1024tP0TFS

1320 D U T * = L E F T * ( S T R * ( O U T ) ,4)+ R I G H T * ( S T R * ( O U T ) ,3)

1330 LET DUMP* = MOT$ + " " + OUT*

1340 GOTO 1380

1350 IF NERO = 1 THEN LET NAP = 9 ELSE NAP = NAP + 6

1360 D U M P * - L E F T * ( S T R * ( V A L ( O U T P U T * ( Y . 0 ) ) / ! 0 2 4 t P 0 T F S ) ,4)+ R I G H T * ( S T R * ! V A L ( O U T P U T *  (Y,0))/!024tPOTFS),3) 

1370 LET NERO = NERO + 1 

1380 PRINT TAB(NAP);DUMP*;

13901F NERO < 5 THEN 1430

1400LET NERO = 0

1410 LET NAP = 0

1420PRINT

1430NEXT Y

1440 VDU 3

1450 IF RES*-"Y" THEN 1460 ELSE 1610

1460 REM SENDS DATA TO DISK

1470 «DISK

14B0 »CLOSE

1490 H-OPENOUT FILE*

1500 PRINT»H,STR*(PLACE)
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1510 PRINTIH,STRS(INCREM)

1520 PRINTJH.STRSIINIT)

1530 PRINTIM,STR$(FINAL)

1540 PRINTKH.STRt(PULSES)

1550 FOR C = 0 TO PLACE-!

1560 PRINT IH,OUTPUTS(C,0)

1570 NEXT C 

15 3 0 P R 1 N T «H ,"STOP"

1590 CLOSEIH 

1600 tIEEE 

1610 GOTO 2210 

1620 FOR N=1 TO COM

1630 IF N = 1 1 THEN A * (11)=PULSEHAG*I H I :SOTO 1690 

1640 IF N = 12 THEN A * (12)=Q$(M):GOTO 1690

1650 IF N = 13 THEN AS(13)=RS :G0T0 1690

1660 IF N = 17 THEN A S (17)= S E T E * :GOTO 1690

1670 IF »=21 THEN A S (21)=SETES:GOTO 1690

16B0 READ AS INI 

1690 NEXT N 

1700 TIME=0

1710REM MAIN LOOP OF STATIC INTERFACE 

1720PR1 NT ScadX,"UNLISTEN"

1730F0R N = 1 TO COM

1740REM GOES TO DEVICE DRIVER ROUTINE

1750 GOSUB 2040

1760 IF (ASC(serool IS) AND 21=2 THEN PRINT "ERROR"

1770 IF N0=0 THEN 1850

1780 FOR I - 0 TO NO

1790 GOTO 1810

1800PRI NT OUTPUTS(PLACE,I);" ";

1810 NEXT I

1820 PLACE -- PLACE ♦ 1

1830 GOTO 1850

1840 PRINT

1850 NEXT N

1860 GOTO 2200

1870 REM SEND C O M MAND TO 273

1880REM DO SERIAL POLL

1890G0SUB 2100

1900REM WAIT FOR PREVIOUS COMMAND TO PE DONE 

I910IF (A S C ( s e r d o  11S ) AND 1) THEN 1920 ELSE 1890 

1920PRINT»c«idX,'LISTEN",poU, "EXECUTE"

1930PRINTIdataX,AS(N) 

l940PRINT»c»dX,"UNLISTEN“

1950RETURN

I960REM GET R E SPONSES 

1970LET NO = 0 

I980REM DO A SERIAL POLL 

199060SUB 2100

2000IF (ASC(serooI IS) AND !2B) = 128 THEN 2010 ELSE 2020
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2 0 2 0 IF ( A S C i s e r o o l U !  AMD H  = 1 THEV 2030 ELSE 1990 

2030RETURN

2040REM DEVICE DRIVER

2050 REM OUTPUT COMMAND TO DEVICE

2060G0SUB 1870

2070REM GET RESPONSES

2080 GOSUB 1960

2090 RETURN

2 1 0 0REM SERIAL POll

2 1 lO P R I N T I c m d X ,“SERIAL P O L L”,oot X . !

2!20INPUTSc«id7..serpollS 

2 130RETURN

2I40REM R E CEIVING OUTPUT FROM 273 

2 1 5 0 P R I N T * c m d X ,“T A L K * ,poLX 

21 i»01NPUTII da t a X , OUTPUT* (PLACE, NO)

2 1 7 0 P R I N T K c m d X ,"UNTALK"

2 180N0 = NO + I 

2190RETURN 

2200 RETURN

2210 P R I N T i c m d X ,“GO TO LOCAL", p o t X ,"EXECUTE"

2220CL0SE#cmdX

2230CL0SE#dataX

2240CL0SESc*dX

2250 IF PULSES)! THEN GOTO 2270 

2260 RETURN 

2270 DIH F t (5)

2280 PRINT

2290 INPUT"ENTER B FOR BACKGROUND CORRECTED VALUES ELSE RETURN BCORRECT*

2300 REM THIS PROGRAM OBTAINS THE STORED OUTPUT DATA FROM THE NORMAL PULSE EXPT

2 310M0DE 12B

2320 N00FSP=5

2330 VDU 28,0,5,60,0

2340 REM NORMAL PULSE WAVEFORM PROGRAMMER

2350 NER0=0

2360 R O G E R S

2370 NAP=0

23B0TIME=0

2390 LET A = 0

2 4 0 0 1 D 1SK

2410M0VE 0.0

2420 LET R = 0

2430 LET D U F F * =“0"

2440 LET Y*="0"

2450F0R U  1 TO NOOFSP 

2460MDVE 0,0 

2470 D U F F * = " 0”

24B0 Y $ = " 0’

2490 FOR A = 0 TO 10 

2500 LET D=10*AIN0DFSP

2010G05UB 2140
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2510 IF D> PLACE-1 THEN 2660 ELSE R = R M  

2520 FOR X - 0 TO 9

2530 LET Y = Z + XtNOG’FSP + 10«AtMD0F5P 

2540 IF Y>PL A C E - 1 THEN 2640

2550 IF X = 0 THEN LET HItIR! = "AM 0" + <■ DUFFi + + Vi

2560 IF BC0RRECT$="B" THEN B = V A L ( B A C K i ( Y ) ! ¡GOTO 25B0 

2570 8 rVAL(0UTP U T i ( Y , 0 i 1

2580 LET D U F F * = S T R * (I N C REM+INCREMtX+1NCREM*10*A)

2590LET Yi=STRi(ABS(BtYF))

2600LET VOLT=INCREM+INCREMtX+lNCREM*lOtA 

2 6 1 ODRAW ( IWIT+VOLT)/!.2,ABS(BtYF)

2620LflBEL$="LA"+STR$(POTFS/YF<100 1 + "ifl"

2630 LET HI$(R)-HI$(R) + \ "  + DUFF$ + + Y$

2640 NEXT X

2650 NEXT A

2660 NEXT Z

2670 PRINT

2680 INPUT "ENTER SCALE FACTOR ON CURRENT AXIS OR RETURN TO CONTINUE ";YF 

2690PRI NT

2700 IF YF=0 THEN YF=1

2710 IF YF>1 THEN CLS:GOTO 2300

2720

2730 INPUT"ENTER P FDR HARDCOPY TO PLOTTER, RETURN TO END \ P L T $

2740 IF PLT$="" THEN M0DE12B:GOTD 3010 

2750 VDU 2

2760PRINT "MA 300,300"

2770 PRINT "OR"

2780 PRINT"AM 0,0,0,0,1000"

2790 PRINT "HA 0,0"

2800PRINT "AX 3, M O O ,  7,1,-400,1000,50.0"

2B10 PR I N T "MA 0,0"

2820 FOR C = 1 TO R-l 

2830 PRINT HlilC)

2640 NEXT C 

2B50 PRINT "HO"

2860PRINT "MA -1500,0"

2870 PRINT "OR"

2BB0 PRINT "HA 400,-200"

2B90 PRINT "C S 3 "

2900 PRINT "MA BOO,-175"

2910 PRINT "SI 35,25"

2920 PRINT "LA POTENTIAL mVoIts "

2930 PRINT'AM 0,600,600,600,700"

2940 PRINT"MA 610,650"

2950 PRINT LABEL*

2960 PRINT ’H O“

2970PRINT "MA -300,-300"

2980 PRINT "OR"

2990 VDU 3 

3000 MODE 128
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3010 TIrt(41= 3 1 .6227 766 

3020 T ! N ( 31=22.3606797B 

3030 T I H (2)=15.B113383 

3040 T IM(I) = 10 

3050 FOR 3=4 TO 1 STEP -I

3060 XY=XY+(VAL (OUTPUT* (PLACE* 1,01)/¡024 IPOTFS)tT| H U )

3070 TX=TX + T 1 M (1 1

3080 T Y = T Y + ( V A L (OUTPUT*(PLACE-1,01)/¡024IP0TFS)

3090 SX=SX+((TIH(I1)*2)

3100 SY=SY+(VAL (OUTPUT*(PLACE-1.0M/10241PÜTFS)*2 

3110 NEXTI 

3120 AX=TX/4 

3130 AY=TY/4

3140 B = ( K Y - { 4 I A m Y l ] / ( S M 4 H A P 2 n )

3150 R=tXY-(4IAXtAY))/lt (SX-(4t 1A1T2) )1 U B Y - t 4 t  ( A Y * 2 ) H  )*0.5) 

3160 C=AY~BtAX

3170 PRINT ’REGR ESSION LINE IS Y =“;C’t“;B"X*

31B0PR1NT 

3190 PRINT

3200 PRINT "COORELATION IS ";R

321 OPR ! NT

3220 D=B/20949.2

3230 PRINT*D " 1 / 2 . C  “¡ABSIDI

3240 0 2 M A B S ( D ) / 0 . 7 E - 3 t A 2

3250D2*=TA D (0.7M) “+STR*(D2)

3260 DIFF*=”LA n / 2 . C  "+STR«(ABS(D)1 

3270 VDU2

32B0 PRINT'DI 0 , 3 6”

3290 P R I N T’flA 2 0 0 0 , 1 0 0“

3300 PRINT DIFF*

3310 PRINTB2*

3320 PRIN T - H A  2100,100"

3330 VDU3 

3340 Q Q = 2 100 

3350 PRINT 

3360 PRINT

3370 FDR J= 4 TO I STEP-I 

3390 PRINT 

3390 Q Q = Q Q + 100 

3400 PRINT

3410 X = 0 : Y=0:XY=0:TX=0:TY=0:SX=0:SY=0:N=0 

3420 DL=25

3430 START= ( 1NTI fER-IN1 T-DL-i./INGR€Hi ) 15 

3440 HL=300

3450 N0=(INT((ER-INIT+HL)/INCRETI 1*5 
3460 X=(((START/51INCREM1-4001/1000)

3470 FOR 1= START-J TO ND STEP 5

3480 M T O P = A B S ( V A L (OUT P U T * (1,0)1/1024IP0TFS)

3490 M B T M = A B S (VAL(OUTPUT*(PLACE-J,0 ) ) / 1024IP0TFS)

3500 H=«T O P / « B T M
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3510 Z= r11610.7 0 9 / T E M P ) t (X - ( E P / 1 0 0 0 ) )

3520 T P = 1 . 7 5 f r 2 t ( l l » E X P < - Z > r 2 l  

3530 B T M = 1 - M I t 1+ E X P ( - Z ) )

3540 IF BTM<0 THEN GOTO 3450 

3550 Y-LN(Mtt(TP/BTfllA0 . 5))

3560 IF V < -1 THEN GOTO 3650 

3570 I F Y M  THEN GOTO 3650 

3550 N = N + 1 

3590 XY=XY+XtY 

3600 T X =TX+X 

3610 TY=TY+Y 

3620 SX=SX+ fXA2 1 

3630 SY=SY + IYA2)

3640 X = X M I N C R E M / 1 0 Q 0 )

3650 NEXT I 

3660 AX-TX/N 

3 670 ftY=TY/M

3680 B=(XY-INIAX t A Y ) ) / ( S X - I N t ( A X A2 ) ))

3690 R r (XY-(NtAXtAYJ1/( [{SX-(NtlAX'2) ) H ( S Y - ( N t ( A Y A2) ) ) )A 0.5) 

3700 C=AY-BtftX

3710 P R I N T "R E G R E S S ]ON LINE IS 

3720 PRINT

3730 PRINT -CORRELATION IS ";R 

3740 A A = B / I 11610.709/TEMP)

3750 G = ( E R / 1 0 0 0 ) - C-C/B)

3760 K E L - T I H ( J ) t 3 A0.5/4tEXP(AAt96485tG/8.3l/298)

3770 K--KELIABSIDI 

37B0PRINT 

3790 PRINT "ALPHA 

3800 VDU2

3810 A L P H A ^ ' L A  ALPHA *+ STRtlAAl 

3820 PRINT ALPHA*

3830 K l N E T I C i =”LA KINETICtCONC ,+STS$IK)

3840 PRINT KINETIC*

3550 MVí=*flA " + S T R i l Q Q H \ l O O "

3B60 PRINTMVi 

3870 VDU3 

3BB0 PRINT

3890 PR I N T”K INE TIC « CONC ";K 

3900 NEXT J 

3910 VDU2 

3920 P R I N T ' I N”

3930 VDU3
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A  le ss  c o m p lic a te d  co m p u ter  b ased  sy ste m  is  to u se  th e  in s tr u m e n ta l  

f r o n t  p a n e l to s e le c t  th e  d e s ir e d  e x p e r im e n ta l c o n d it io n s , a n d  th e n  to h a v e  

d ir e c t  d a ta  tr a n s fe r  to a co m p u ter  fo r  m a n ip u la t io n  a n d  a n a ly s is .  S u ch  a 

p r o ced u re  w a s im p le m e n te d  fo r  d a ta  ca p tu re  fr o m  a P h il l ip s  3311 d ig ita l  s to ra g e  

o s c illo s c o p e  u sed  fo r  sh o r t t im e sc a le  p o te n tia l s tep  e x p e r im e n ts . T h is  w a s  

a c h ie v e d  v ia  an  IE E E -4 8 8  in te r fa c e  a n d  BBC m ic r o c o m p u te r . T h e  d a ta  fr o m  th e  

o s c illo sc o p e , r e su lt in g  fr o m  th e  p o te n t ia l step  e x p e r im e n t  is  tr a n s fe r r e d  to  

th e  co m p u ter  an d  d is p la y e d  as a C o ttr e ll p lo t. T h e  r e su lts  o f  s e v e r a l su ch  

e x p e r im e n ts  are o b ta in e d  an d  s ig n a l a v era g ed . C o r r e c tio n  fo r  b a c k g r o u n d  

c u r r e n ts  is  a c h ie v e d  as d e sr ib e d  in  s e c t io n  3.3 an d  s im ila r ly  a v e r a g e d . T h e  

F a r a d a ic  cu r r e n t resp o n se  is  o b ta in e d  by su b tr a c tio n  a n d  th e n  p r e se n te d  as a 

C o ttr e ll p lo t. T h e  o p era to r  th e n  se le c ts  th e  re g io n  o v e r  w h ic h  th e  h o m o g e n e o u s  

c h a r g e  tra n sp o rt c o e f f i c ie n t  (D ^ -p (P S )) is  c a lc u la te d . T h is  m ea n s th a t th e  

r e g io n  o f  a n a ly s is  can  b e c o n str a in e d  to th e  s e m i- in f in i t e  d i f f u s io n  reg iem e . 

P ro g ra m  l is t in g  2 g iv e s  th e  B A SIC  p rogram  w h ic h  im p le m e n ts  th is  p ro ced u re .

A 2  D ir e c t  D a ta  A n a ly s is
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iODIM B (255)

20DI (1 C (255)

30DIMDI255)

4 0 m = " "

5 0 D I M B C (255)

60A=,3B4B 

7 0 D I M B * (255)

BOD IMfl$(2 6 B )

9 0 D I M C N T (255)

100DIM T I M (255)

110CLS

1 20PRINT:PRINT:PR I N T :PR I M :PR I NT

130PRINT" 1. FOR NEW MEASUREMENT "

140PRINT:PRINT

150PRI N T " 2. RECONSTRUCT PREVIOUSLY SAVED TRACE"

160 P R I N T :PRINT

170PRINT" 3. SAVE DATA*

180 INPUTIi

1 90IFIi="l"THEN 60T0220 

2 0 0 I F l $ r "2"THEN G0T01360 

2 10 1FI$ = "3"THEN G0T01200 

220 CLS 

230 »IEEE

2 4 0 c m d X = 0 P E N I N ("C O M M A N D " )

2 5 0 d a t a X ^ O P E N I N ("D A T A " )

2 6 0 P R INTHc«dX,"BBC DEVICE NO",7 

270 PRINT (tcmdX, "CLEAR"

280 PRINT KcmdX,"DEVICE CLEAR"

290PRINT#cmdT., "REMOTE ENABLE"

300 o s c X = O P E N I N ("B " )

3 1 O P R I N T # c m d X , "SERIAL P O L L ' ,o s c X , 1 

320INPUT#cuidX,statusmessage$

330 PRINT "RESULT OF SERIAL POLL ";A S C (s t a t u s m e s s a g e i )

340 PRINT

350 INPUT"ELECTRDDE AREA IN CENTIMETRES SQUARED ";AREA 

360 PRINT

370 INPUT"INPUT NUMBER OF REPEATED TRANSIENTS REQUIRED ";VV 

3B0 PRINT

390 INPUT "RECORD FORWARD TRANSIENT AND PRESS RETURN TO CONTINUE ";ZZ$

400 PRINT

4 1 0 P R I N T k m d X ,  "LISTEN", oscX, "EXECUTE"

4 2 0 P R I N T « d a t a V S P R  32"

430PRINT#data7., "USP 47"

440PRINTfldataX,"WTD 30"

4 5 0 P R I N T # d a t a X , "REG O/VER A/FCN ON/BGN O/END 255/CNT 1/DAT ?”

460PRINTtcmd7., "UNLISTEN"

470PRINT"PLEASE WAIT WHILE DATA IS TRANSFERRED APPROX. DURATION 20 SECONDS" 

4B0PRINTicmd7., "TALK" ,osci 

490F0R I M T 0 2 5 5  

500INPUT#dataX, A$ (17.)

P o ten t ia l  Step  C h r o n o a m p e r o m e tr v
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510C (IX) =VftL (A* U X ) ) +Cf IS!

520NEXT IX

530 PRINT S c m d X , " G O  TO L O C A L " ,oscX,"EXECUTE"

540 J = J + 1:IF J <VV THEN INPUT'RECORD NEXT TRANSIENT PRESS RETURN ’:J$ ¡GOTO 410 

550PRINT#cmd7., "REMOTE ENABLE"

5 6 0 F 0 R 1=1T0255 

570A*(II=STRi(C(I)/VV)

560 NEXT I

590PRINTicffldX,"IJNTALK" 

feOOPRINTKcudX,"UNLISTEN"

610 PRINTHcaidX, "GO TO LOCAL",oscX,"EXECUTE"

620CC=0

6 30AVI=0

6 4 0FDRA=1T030

650IFABS(VAL(A$(A))-VAL(A*(2)))<!0 THENfiVI=AVI+VAL(fi$(A))

660IFABS(VAL(A$(A) )-VflL(A$(2) ) K J O  THEN CC=CC+1

6 70NEXTA

6B0AVI=AVI/CC

690PRINT

700INPUT"VERTICAL SCALE IN VOLTS PER FIVE DIVISIONS ";SCV:

710PRINT

720 INPUT"POTENTIOSTAT FULL SCALE IN MILLIAMPS ”;POT F S : P O T F S = P O T F S / 1000 

7 30F0RI=2T0255

7 4 0 C N T (I) = ( (VAL(Ai(I))-AVI!/25.5ISCV*P0TFS/5)

750NEXTI

760 PRINT

770 G O S U B 1910

780IF CC< CBC THEN CC=CBC

7 9 0 R E M :TIMES CORRESPONDING TO CURRENTS

BOOPRI NT

6 1 0 1 NPUT"TIME IN MILLISECONDS PER DIVISION ";T D I V : T D I V = T D I V / 1000 

8 20F0RI=1T0255

8 3 0 T I M (I )=((I-CC-2)/255t10ITDIV)

840NEXTI 

850 PRINT

660!NP U T " S T A P T 1 N G  POINT OF ANALYSIS " \ l  

B70PR I N T

8 8 0 1 N P U T "END POINT OF ANALYSIS MAX 255 ";F

B90 IF F >255 THEN F=255

900IN=CC+Z+3

910 X Y = 0 : T X = 0 :TY=0:SX=0:SY=0:AX=0:AY=0;N=0 

9 2 0 N = F - I N + 1

930 IF XXi-"C"THEN GOTO 980 

940 FDR I=CC+3 TO 255 

950 T I M ( I ) = l / f T I M ( I ) A0.5)

960CNT(I)=CNT(I)-(BC(I)t4)

970 NEXTI

980 FOR J = IN TO F 

990XY=KY+CNT(J)tTIMIJ)

1 0 0 0 T X = T X * ( T I M ( J ) )
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10!O T Y = T Y + ( C N T ( J ) )

10205X=SX + (I'lMI.') )A2I 

I030SY=SY«((QNTU)!'2)

1040AX=T X/N 

1050AY=TY/N 

1060NEXTJ

1 0 7 0 B = ( X Y - ( N t A X t A Y ) )/(S X -(N *(A X *2)))

1080R=(XY-(N*ftXIAY)) / ( I(SX- INIIAK‘2 ) ))l ISY-INIIAYA2 ) ))'A0.5)

1090C=flY-Bt AX 

1IOOCLS

1 1 10PRINT-REGRESSI0N LINE IS 

1120PRI NT

113 0 P R I N T“CORRF L A T ! O N  IS ";R 

1 140 D = ( I B / ( 9 6 4 8 5 * A R E A I 0 . 7 5 E - 3 ) )* 1.77)A 2 

1 150PRINT

1 lfeOPRINT’DIFFUSION COEFFECIENT ";D 

I170VDU3 

! 180G0SUB 2310 

1190PRINT 

1200* DI SC

12101NPUT"FILENAME ",F$

I220PRINT

1230INPUT-TITLE OR OTHER RELEVANT COMMENTS *;T*

1240PRI NT 

1250PRI NT

126 0 I N P U T’TITLE OR OTHER RELEVANT COMMENTS FOR BACKGROUND CORRECTION";TBS 

1270 X=OPENOUT F$

12B0PRI NT# X ,T$

I290PRINTIX,TB$

1300F0RI=1T0 255 

1310PRINT#X,Ai(I),BS(I)

1320NEX TI 

1330ICL0SE 

1340END 

1350PRI NT

1360REM TRACE RECON S T R U C T I O N  NB NO BACKGROUND CORRECTION 

1370t DI SC

1 3 3 0 1NPUT"GIVE FILENAME ",F$

1390X-0PENIN F$

U O O I N P U T I I X J B i  

14101NPUT K X . TS 

1420PRINT 

1430PRINTTB$

1440PRINT 

14 5 0 F 0 R I =1T0255 

1460INPUTIX, A i d ) ,  Bill)

1470NEKTI 

1480 tCLOSE 

1490*IEEE

1 5 0 0 c » d X = 0 P E N I N I " C O M M A N D " )

15



1510datar.=0PEN1N ("DATft")

1520PRINTflcmd7.,"BBC DEVICE N O " , 7 

]530PRINTttcmdX, "CLEAR"

1540PRINT#cmdi,"REMOTE ENABLE"

1550 osci-0PENIN("8")

1560 P R I N T f c « d X , " L I S T E N“,o s c i , "EXECUTE"

1570PRINT#dataX,"SPR 32"

150OPRINTidata/t, "USP 47"

1590PRINTttdata7., "REG 1/VER A/FCN DN/BGN O/END 255/CNT 1" 

l600PRINT#dataX, "DAT 128"

1610FDR I=1T0255

1620PRINT#dataX,STR$(VfiL(A$(I) ) )

1630NEXT I

1640PRINTIcmd7., "UNLISTEN"

1650 PRINT#cmdX, "GO TO LOCAL",oscX, "EXECUTE"

1660IDISC

1670 INPUT"PRESS ANY KEY FOR ASSOCIATED BACKGR O U N D  TRANSIENT RECONSTRUTION ";HHt 

1680 X = O P E N 1N F$

1690PRI NT 

1700PRINTT$

171OCLOSESX 

1 7 2 0 * IEEE

1730cmdr.=0PENIN ( "COMMAND" )

1740data7.-0PENIN('DflTA")

1750PRINT#cmdX,"BBC DEVICE NO'1,7 

1 760PRINT»c#dX,"CLEAR"

17 7 0 P R I N T # c m d X , "REMOTE ENABLE"

1780 oscX=OPENIN("B")

1 7 9 0 P R I N T * c m d X , " L I S T E N " , o s c i , "EXECUTE" 

l B O O P R I N T H d a t a X ,“SPR 32" 

l B l O P R I N T I d a t a V U S P  47"

IB20PRINTttdataX, "REG 1/VER A/FCN ON/BGN O/END 2 5 5/CNT 1“

1830PRINT(tdataX, "DAT 128"

1840F0R I-1T0255 

1 850PRINT*datai,STR$IVAL(Bill)))

1860NEXT I

lB70PRINT*cmd7.,"UNLISTEN"

1BB0 PRlNTIcmdX,"GO TO LOCAL",oscX,"EXECUTE"

1B90END

1900REM BACKGROUND CORRECTION

19!OINPUT"INPUT NUMBER OF REPEATED BACKGROUND TRANSIENTS REQUIRED ";VV 

1920PRINT

1930 INPUT "RECORD BACKGROUND TRANSIENT AND PRESS RETURN TO CONTINUE ";C$

1940PRINT

1950J=0

1 9 6 0 P R I N T k m d 7 „  "LISTEN",osci, " E X E C U T E 1 

1 9 7 0 P RINT#data%,"SPR 32"

1 980PRINTfdataX,"USP 47"

1990PRINT#d a L a X , " W T D  30"

2 0 0 0 P R I N T # d a t a X ,"REG O/VER A/FCN ON/BGN O/END 2 5 5/CNT 1/DAT ?"
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201 OPR I N T S c m d X ,"UNLISTEN"

2020PRI NT "PLEASE WAIT WHILE DATA IS TRANSFERRED APPRO)!. DURATION 20 SECONDS" 

2030PRINT#cmd'/.,"TftLK',oscX 

2040FDR I X - 1T0255 

2050INPUT#dataX,B$(IX)

2060D(IX)=VAL(B$(IX))+0(I")

2070NEKT IX

2080 P R I N T k m d V G O  TO LOCAL",oscT.,"EXECUTE"

2 0 9 0 J =J + 1 : TF J<VV THEN IWPUT*’RECORD NEXT TRANSIENT PRESS RETURN ";Vi :GOTO 1960 

2100PRINT

2 1 lOPRINTIcmdX,'REMOTE ENABLE"

2120F0R U 1 T 0 2 5 5  

2130B$(I)=STRi(D(I)/VV)

2 M 0 N E X T I

2 1 5 0PRINT#cmdX,"UNTALK"

21 6 0PRINT#cmdX,"UNLISTEN"

2170 PR INTfrcmdX, "GO TO LOCAL",osci,"EXECUTE"

2 1 B O A V I =0 

2 1 9 0 F 0 R A = 1TD30

2200IFABS(VAL(8$(A! )-VAL(B$(2) I X 1 0  THENAVI=AVI + VAL(Bi (A))

2 2 1 0 I F A B S ( V A L ( B $ ( A ) ) - V A L ( B $ ( 2 ) ))<10 THEN CBC=CBC+1

2220NEXTA

2 2 30AVI-AV1/CBC

2240INPIIT"VERTICAL SCALE IN VOLTS PER DIVISION \ S C V :

2250PRI NT

2260 INPUT'POTENTIOSTAT FULL SCALE IN MILLIAMPS ";P O T F S : P O T F S = P O T F S / 1000 

22 7 0 F D R I-2T0255

2 2 B 0 B C (I ) = ( ( V A L ( B $ (I))- A V I )/25.5ISCVIP0TFS/5)

2290NEXTI 

2300RETURN 

2310XF-1100/TI«(IN)

2320YF=900/ CNTIIN)

2 330M 0 V E 5 0 , 50

23 4 0 D R A W1279.50

2350MQVE50,50

2 3 6 0 D R A W 5 0 , 1023

2370F0R I = 5 0 T 0 1 0 7 3 S T E P Y F

2380PL0T 69,49, 1:PLDT69.4S,I:NEXTI

2390F0RI=50 TO 12 7 9 S T E P X F : P L 0 T 6 9 , 1 ,47:P L 0 T 6 9 , 1,46:NEXTI

2400FDRI=IN TO F

2 4 1 0 X = T I M (I )tXF

2 4 2 0 Y = C N T ( I )tYF

2430PL D T 6 9 , X + 5 0 , Y + 5 0

2440NEXTI

2450PRINT

2460 INPUT'PRESS C TO ALTER ANALYSIS BOUNDARIES ";XX$

2470IFXX$="C" THEN PRINT:BDTO B60 

24B0 G 0 T 0 1 10

2490F 0 R I = 1 T 0 2 5 5 : P R  I N T I ;' ";TIH(I);" ";C N T (1);" " ; B C ( D

2500NEXTI
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In ord er  to  e v a lu a te  ra te  co n sta n ts  su ch  as th e  ra te  o f  h o m o g e n e o u s  

ch a rg e  tra n sp o r t fr o m  e le c tr o c h e m ic a l d a ta  w ith in  th e  fr a m e w o r k  o f  th e  

th e o r e t ic a l m o d e ls  d isc u sse d  in  S e c tio n  1.3 se v e r a l B A SIC  p ro g ra m s h a v e  b een  

w r itte n . T h is  so ftw a r e  d o es n o t in te r a c t  d ir e c t ly  w ith  th e  e x p e r im e n ts  b u t is  

p o stru n  on an  IB M  c o m p a tib le  com p u ter . A ll p rogram s in  th is  s e c t io n  w ere  

w r itte n  u s in g  GW -BASIC.

P ro g ra m  1 c a lc u la te s  D ^ T (C V ) fro m  th e  c y c l ic  v o lta m m e tr y  p ea k  

cu r r e n t, r e d o x  s ite  c o n c e n tr a t io n  a n d  su r fa c e  c o v e r a g e  w ith  a f i n i t e  d i f f u s io n  

sp a ce  fr o m  th e  m o d e l o f  A o k i et a l. d isc u sse d  in  s e c t io n  1.3.1. T h is  is  

a c h ie v e d  u s in g  an it e r a t iv e  p ro ced u re  b ased  on  th e  b is e c t io n  m eth o d . I te r a tio n  

is  c o n t in u e d  u n t il  th e  error  on  th e  p r e d ic te d  p eak  c u r r e n t is  le ss  th a n  1%. A s  

w e ll  as c a lc u la t in g  D q j (C V )  th e  p a ra m eter  W d e sc r ib in g  th e  r a t io  o f  th e  

th ic k n e ss  o f  th e  d i f f u s io n  sp a ce  to  th e  f i lm  th ic k n e ss  is  a lso  c a lc u la te d  a n d  

a ss ig n e d  to  e ith e r  o f  th e  tw o  l im it in g  ca ses  i.e  a su r fa c e  or s e m i- in f in i t e  

d if f u s io n  sp ace .

Program  1 L in e a r  Sweep Yol tam metrv  With Fin i t e  D i f fu s i o n  Space.

10 R E M  P R O G R A M  TO  C A L C U L A T E  D IF F U S IO N  C O E F F IC IE N T S  F R O M  C Y C L IC

V O L T A M M E T R IC  D A T A  F O R  A  R E V E R S IB L E  R E A C T IO N  U S IN G  T H E  A O K I A 

20 CLS

30 IN P U T " S U R F A C E  C O V E R A G E  IN  M O LES P E R  C E N T IM E T R E  S Q U A R E D  ";SC

40 IF  SC =0 T H E N  C LS:BEEP :G O TO  30

50 P R IN T

60 IN P U T " C O N C E N T R A T IO N  O F  E L E C T R O A C T IV E  SP E C IE S IN  M O LES

P E R  C E N T IM E T R E  C U B E D  ";CONC  

70 IF  C O N C = 0 T H E N  C L S:B E E P:G O T O  60

80 P R IN T

A 3  2 A n a l y s i s  o f  E l e c t r o c h e m i c a l  Data .
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250  T Y = T Y + Y

260  S X = S X + (X A2)

2 7 0  S Y = S Y + (Y A2)

280  P R IN T

290  G O T O  100

30 0  A X = T X /N N

310 A Y = T Y /N N

320  B = (X Y -(N N * A X * A Y )) /(S X -(N N * (A X A2)))

330  R = (X Y -(N N * A X * A Y )) /( ( (S X -(N N * (A X A2 )))* (S Y -(N N * (A Y A2 ))) )A.5)

340  C = A Y -B * A X

350  D .5 C = B /2 6 9 0 0 0 ! /A

360 D = (D .5 C /C O N C )A2

370  P R IN T :P R IN T

380  P R IN T  " D IF F U S IO N  C O E F F IC IE N T  B A S E D  O N  L IN E  S L O P E  IS ";D;"CMA2 SA-1"

390  P R IN T

4 00  IF  C <0 T H E N  P R IN T " R E G R E S S IO N  L IN E  IS Y=";B;"X";C

410  IF  C >0 T H E N  P R IN T  " R E G R E S S IO N  L IN E  IS Y=";B;"X+";C

4 20  P R IN T

4 30  P R IN T " C O R R E L A T IO N  C O E F F IC IE N T  IS ";R

T h e  e v a lu a t io n  o f  th e r m o d y n a m ic  p a ra m eters  fr o m  th e  tem p e r a tu r e  

d e p e n d e n c e  o f  b o th  th e  c y c l ic  v o lta m m e tr y  a n d  p o te n t ia l s tep  m ea su rem en ts  

fo r m e d  a c e n tr a l p art o f  th is  w ork . T h e  fo l lo w in g  p rogram  u ses p r e v io u s ly  

o b ta in e d  d a ta  fo r  th e  d e p e n d e n c e  o f  th e  c y c l ic  v o lta m m e tr y  p e a k  c u r r e n t  on  

te m p e r a tu r e  to  c a lc u la te  th e r m o d y n a m ic  p a ra m eters . I n i t ia l ly  th e  c h a r g e  

tra n sp o r t r a te  is  c a lc u la te d  a t ea ch  te m p era tu re , d e p e n d in g  o n  th e  a c c u r a c y  

w ith  w h ic h  th e  p eak  cu r r e n t is  rep ro d u ced  th e  o p era to r  d e c id e s  w h e th e r  to 

a c c e p t or r e je c t  th e  d a ta  p o in t. T h e  e f f e c t  o f  in c r e a se d  te m p e r a tu r e  on  th e  

ra tio  o f  th e  d i f f u s io n  la y e r  th ic k n e ss  to f i lm  th ic k n e ss  is  e x p lo r e d  v ia  th e  

p a ra m eter  W. T h e  A r r h e n iu s  p lo t  is  d isp la y e d  on  scr e e n , w ith  an  o p t io n  fo r
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h a r d c o p y  o u tp u t, p o in ts  ca n  be d e le te d  as req u ired . L ea st sq u a r e s  lin e a r  

re g r e ss io n  is  th e n  a p p lie d  to c a lc u la te  th e  a c t iv a t io n  e n e r g y  a n d  e n th a lp y  

term s. U s in g  th e  v a lu e  o f  th e  in te r s ite  sep a ra tio n  e n te r e d  b y  th e  o p e r a to r  and  

th e  E y r in g  e q u a t io n  th e  e n tr o p y  is  c a lc u la te d . F in a lly  th e  e n th a lp y  term  is  

c a lc u la te d .

P rogram  3 E v a lu a t io n  o f  T h e r m o d y n a m ic  P aram eters fo r  H o m o g e n e o u s  C h arge  

T ra n sp o rt U s in g  C y c lic  V o lta m m e tr v  W ith F in ite  D i f f u s io n  S p ace.

10 R E M  P R O G R A M  T O  C A L C U L A T E  A C T IV A T IO N  E N E R G IE S , E N T R O P IE S , E N T

G IB B S F R E E  E N E R G IE S  

20 S C R E E N  2

30 Y M IN = lE + 0 8 :X M IN = lE + 0 8

40  Y M A X = -1 E + 0 8 :X M A X = 0

50 K E Y  1,"LIST "+ C H R $ (1 3 )

60  K E Y  3, "GOTO 6 4 0 ” + C H R $ (1 3 )

70 CLS

80 IN P U T " P R E S S  P F O R  R E S U L T S  TO  P R IN T E R  ";PR N $

90 P R IN T

100 IF  PRN$="P" O R  PRN$="p" T H E N  IN P U T  "PL E A SE  I N P U T  E L E C T R O L Y T E  

U S E D  ";T $:PR IN T

110 IN P U T  " S E P A R A T IO N  O F  E L E C T R O  A C T IV E  C E N T R E S  IN  A N G S T R O M S  ";SEP 

120 IF  S E P N = 0  T H E N  BE E P:C L S:G O T O  110 

130 S E P N = S E P N * 1 E -1 0

140 P R IN T

150 IN P U T " C O N C E N T R A T IO N  O F  E L E C T R O A C T IV E  SP E C IE S IN  M O LES

P E R  C E N T IM E T R E  C U B E D  ";CONC  

160 C O N C = C O N C *.001

170 IF  C O N C = 0 T H E N  C LS:BEEP:G O TO  150

180 P R IN T

190 D IM  X (1 0 0 ) ,Y (1 0 0 )

200  N N = 0
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210  IN P U T " S U R F A C E  C O V E R A G E  IN  M O LES P E R  C E N T IM E T R E  S Q U A R E D  ";SC 

2 20  IF  SC =0 T H E N  B E E P  :CLS :G O TO  210

230  P R IN T

2 4 0  IN P U T  "E L E C T R O D E  A R E A  IN  C E N T IM E T R E S  S Q U A R E D  ";A 

250  IF  A = 0  T H E N  A = .3 8 4 8

260 P R IN T

270  IN P U T  "N U M B E R  O F  E L E C T R O N S  T R A N S F E R R E D  ";N

280  IF  N = 0  T H E N  N =1

290 F = 9 6 4 8 5 !:R = 8 .3 10001

300 P R IN T

310  IN P U T " T E M P E R A T U R E  IN  D E G R E E S  C E N T IG R A D E  ";T

320  IF  T = 0  T H E N  BEEP:C LS: G O T O  310

330 T = T + 273 .1

340 P R IN T

350  V = .l

360  IN P U T 'P E A K  C U R R E N T  IN  M IC R O  A M PS ";IP:IP=IP*.000001

370 IF  IP = 0 T H E N  BEEP: C L S:G O T O  360

380 P R IN T

390 K 1 =.001

400  K 2 = 4 0 0 0

4 10  P R IN T

420  CLS

430  D E F  F N T H (X )= ( .5 * (E X P (X )-E X P (-X )) ) /( .5 * (E X P (X )+ E X P (-X )) )

440  W = N * F * V * K 1 /R /T

450  C =.56*(W A.5)+(.05*W )

460  IF  C>5 T H E N  E l= .4 4 6 * N * F * A * S C /K l* (W A.5)-IP :G O T O  480

470  E 1 = .4 4 6 * N * F * A * S C /K 1 * (W A.5 )* F N T H (C )-IP

4 80  W = N * F * V * K 2 /R /T

490  C =.56*(W A.5)+(.05*W )

500 IF  C>5 T H E N  E 2 = .4 4 6 * N * F * A * S C /K 2 * (W A.5)-IP :G O T O  520

510 E 2 = .4 4 6 * N * F * A * S C /K 2 * (W A.5 )* F N T H (C )-IP

520 K 3 = ( K l+ K 2 ) /2

530 P R IN T  K 1 ,K 2 ,K 3

540 IF  E 2>0 T H E N  P R IN T  "PR O B L E M  IN  L IM IT S !!!!!!!!":END

550 W = N * F * V * K 3 /R /T
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560

570

580

590

610

620

630

640

650

660

670

680

690

700

710

720

730

740

750

760

770

780

790

800

810

820

830

840

850

860

870

880

C =.56*(W A.5)+(.05*W )

IF  C>5 T H E N  E 3= (.446*N *F *A *S C *(W A.5 )/K 3 )-IP :G O T O  590

E 3 = .4 4 6 * N * F * A * S C /K 3 * (W A.5 )* F N T H (C )-IP

IF  E 3< = 0  T H E N  K 2 = K 3  600  IF  E 3>0 T H E N  K 1 = K 3 :

IF  A B S (K 1 -K 2 )< .0 0 0 1  T H E N  G O T O  630  

G O T O  440

P R IN T rP R IN T  "T H IC K N E S S A2 /D I F F U S I O N  C O E F F IC IE N T  IS ";K1

L E T  L T = S C /C O N C

P R IN T

D  = (L T A2 )/K 1

W = N * F /R /T * V * K 1

IP E = .4 4 6 * N * F * A * S C /K 1 * (W A.5)

IF  IP E  <IP *.999 O R  IP E >IP*1.001 T H E N  B E E P  

P R IN T  " P R E D IC T E D  P E A K  C U R R E N T  F R O M  T H IS  V A L U E  O F  

T H IC K N E S S  S Q U A R E D  /  D IF F U S IO N  C O E F F IC IE N T  IS ";IPE 

L C = N A2 * F A2 * V * S C /4 /R /T  

P R IN T

P R IN T  "L A N G M U IR  C U R R E N T  IS ";LC 

IF  IP E  > LC T H E N  B E E P:B E E P  

P R IN T

P R IN T  "E ST IM A T E D  D IF F U S IO N  C O E F F IC IE N T  IS ";D" C M A2/S"

P R IN T

P R IN T  "LOG D IF F U S IO N  C O E F F IC IE N C T  ";L O G (D )

P R IN T

P R IN T  " 1/T  ";1/T  

P R IN T

P R IN T  "L A Y E R  T H IC K N E S S  ";LT/100;" M E T R E S"

P R IN T

IF  W>6.9 T H E N  P R IN T  "THIS V A L U E  O F  W (";W") IM P L IE S A  

D IF F U S IO N A L  B E H A V IO U R "

IF  W<1.3 T H E N  P R IN T  "THIS V A L U E  O F  W(";W") IM PL IE S A  S U R F A C E  WAVE" 

P R IN T

IN P U T  "PRESS R E T U R N  TO  A C C E P T  T H IS  E N T R Y  O R  N  T O  R E JE C T  ";N$

IF  N$="" T H E N  N N = N N + 1 :X (N N )= 1 /T :  Y (N N )= L O G (D )
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890 IF  N$="" A N D  N N = 1  A N D  PRN$="P" T H E N  L P R IN T :L P R IN T :L P R IN T :  

L P R IN T :L P R IN T :L P R IN T  "TEMP ’K  I / T  Ip D c t  L n DcT"

900 IF  N$="" A N D  PRN$="P" T H E N  L P R IN T :L P R IN T  T" ";1/T" ";IP"

";D" ";LO G (D)

910  P R IN T

920 I N P U T  " IN P U T  E  T O  E N D , R E T U R N  T O  I N P U T  A N O T H E R  SW EEP R A T E  

U N D E R  SA M E  C O N D IT IO N S  ";CC$

9 30  IF  CC$="E" O R  CC$="e" T H E N  G O T O  950

9 40  CLS :G O TO  310

950 F O R  J=1 T O  N N

960 IF  X (J )> X M A X  T H E N  X M A X = X (J )

9 70  IF  Y (J )< Y M IN  T H E N  Y M IN = Y (J)

980  IF  Y (J )> Y M A X  T H E N  Y M A X = Y (J )

990  IF  X (J )< X M IN  T H E N  X M IN = X (J )

1000 X Y = X Y + (X (J )* Y (J ))

1010 T X = T X + X (J )

1020 T Y = T Y + Y (J )

1030 S X = S X + ((X (J )A2))

1040 S Y = S Y + ((Y (J )A2))

1050 N E X T  J

1060 A X = T X /N N

1070 A Y = T Y /N N

1080 B = (X Y -(N N * A X * A Y )) /(S X -(N N * (A X A2)))

1090 R = (X Y -(N N * A X * A Y )) /( ( (S X -(N N * (A X A2 )))* (S Y -(N N * (A Y A2 ))) )A.5)

1100 C = A Y -B * A X

1110 IF  PRN$="P" T H E N  L P R IN T

1120 P R IN T

1130 G O S U B  1430

1140 IF  PRN$="P" T H E N  L P R IN T :L P R IN T

1150 IF  B >0 T H E N  P R IN T  "R E G R E SSIO N  L IN E  IS Y=";C"+";B"X"

1160 IF  B>0 A N D  PRN$="P" T H E N  L P R IN T  " R E G R E S S IO N  L IN E  IS Y=";C"+";B"X"

1170 IF  B <0 T H E N  P R IN T  "R E G R E SSIO N  L IN E  IS Y=";C;B"X"

1180 IF  B<0 A N D  PRN$="P" T H E N  L P R IN T  " R E G R E S S IO N  L IN E  IS Y=";C;B"X"

1190 P R IN T

1200 IF  PRN$="P" T H E N  L P R IN T
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1210 P R IN T  " C O R R E L A T IO N  C O E F F IC IE N T  IS ";R

1220 IF  PRN$="P" T H E N  L P R IN T  " C O R R E L A T IO N  C O E F F IC IE N T  IS '';R

1230 P R IN T

1240 IF  PRN$="P" T H E N  L P R IN T :L P R IN T

1250 A C T = -B * 8 .3 1 0 0 0 1 /1 0 0 0

1260 IF  PRN$="P" T H E N  L P R IN T  "E L E C T R O L Y T E  U S E D  IS ";T$

1270 IF  PRN$="P" T H E N  L P R IN T

1280 P R IN T  " A C T IV A T IO N  E N E R G Y  IS ";ACT" k J/M ol"

1290 IF  PRN$="P" T H E N  L P R IN T  " A C T IV A T IO N  E N E R G Y  IS ";ACT" kJ/M ol"

1300 P R IN T :IF  PRN$="P" T H E N  L P R IN T

1310 D C T O = E X P (C )

1320 E N T  l= (D C T O /2 .7 1 8 /1 .3 8 E -2 3 /2 9 8 * 6 .6 E -3 4 /1 0 0 0 0 )A.5

1330 E N T 2 = (E N T 1 /S E P N )A2

1340 E N T = ((L O G (E N T 2 )))* 8 .3 10001

1350 P R IN T  "E N T R O P Y  IS ";ENT"J/M ol":IF PRN$="P" T H E N  L P R IN T  

" E N T R O P Y  IS ";ENT" J/M ol"

1360 P R IN T :IF  PRN$="P" T H E N  L P R IN T

1370 P R IN T  " E N T H A L P Y  IS ";A C T-2.47"kJ/M ol":IF PR N $="P" T H E N  L P R IN T  

" E N T H A L P Y  IS ";A C T-2.47"kJ/M ol"

1380 P R IN T :IF  PRN$="P" T H E N  L P R IN T  

1390 F E = A C T -2 .4 7 -(2 9 8 * E N T /1 0 0 0 )

1400 P R IN T  "FR EE E N E R G Y  IS ";FE"kJ/M or':IF PR N $="P" T H E N  L P R IN T  

"FREE E N E R G Y  IS ";FE”kJ/M ol"

1410 P R IN T :IF  PRN$="P" T H E N  L P R IN T  

1420 E N D

1430 R E M  g ra p h ics  r o u tin e  

1440 CLS

1450 X F A C = 6 0 0 /(X M A X -X M IN )

1460 Y F A C = 2 0 0 /(Y M A X + A B S (Y M IN ))

1470 X L = 0:Y L = 0

1480 F O R  J=1 TO  N N

1490 X = (X (J )-X M IN )* X F A C :Y = 2 0 0 -(Y (J )+ A B S (Y M IN ))* Y F A C  

1500 P SE T  (X ,Y )

1510 L IN E  (X L ,Y L )-(X ,Y )

1520 X L = X :Y L = Y
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1530 C IR C L E  (X ,Y ),5  

1540 N E X T  J

1550 IN P U T  "PRESS R E T U R N  T O  C O N T IN U E  ";X X $  

1560 R E T U R N

U sin g  c y c l ic  v o lta m m e tr y  d a ta  o b ta in e d  u n d er  s e m i- in f in i t e  d i f f u s io n  

c o n d it io n s  th e r m o d y n a m ic  p ara m eters  can  be s im ila r ly  e v a lu a te d  u s in g  th e  

te m p era tu re  d e p e n d e n c e  o f  o b ta in e d  v ia  th e  R a n d le -S e v c ik  e q u a tio n .

Program  4 E v a lu a tio n  o f  T h e r m o d y n a m ic  P a ra m eters  fo r  H o m o g e n e o u s  C h arge  

T ra n sp o r t U s in g  C y c lic  V o lta m m e tr v  w ith  S e m i- in f in i t e  D i f f u s io n  S p ace

10 R E M  P R O G R A M  T O  C A L C U L A T E  A C T IV A T IO N  E N E R G IE S , E N T R O P IE S , E N T

A N D  G IBBS F R E E  E N E R G IE S  

20 S C R E E N  2

30 Y M IN = lE + 0 8 :X M IN = lE + 0 8

40  Y M A X = -1 E + 0 8 :X M A X = 0

50 K E Y  1,"LIST "+ C H R $ (1 3 )

60 K E Y  3, "GOTO 770" + C H R $ (1 3 )

70 CLS

80 IN P U T  "PLEA SE IN P U T  E L E C T R O L Y T E  U S E D  ";TITLE$

90 P R IN T

100 IN P U T " E N T E R  P F O R  R E S U L T S  T O  P R IN T E R  ";P$

110 P R IN T

120 IN P U T 'S E P A R A T IO N  O F R E D O X  C E N T R E S  IN  A N G S T R O M S  ";SEPN

130 S E P N = S E P N * 1 E -1 0

140 IF  S E P N = 0  T H E N  BEEP:CLS: G O T O  120

150 P R IN T

160 I N P U T  "O SM IUM  C O N C E N T R A T IO N  IN  M O L E S P E R  C M A3 ";CONC

170 IF  C O N C = 0 T H E N  C LS:BEEP:G O TO  160

180 C O N C = C O N C *.001

190 P R IN T



220

230

240

250

260

2 70

280

290

300

310

320

330

340

350

360

370

380

390

400

410

420

430

440

450

460

470

480

490

500

510

520

I N P U T  "E L E C T R O D E  A R E A  IN  CM A2 D E F A U L T  0 .3 8 4 8  ";A

IF A = 0  T H E N  A = .3848

P R IN T

D IM  X (1 0 0 ) ,Y (1 0 0 )

N N = 0

IF  N = 0  T H E N  N =1  

F = 9648 5 !:R = 8 .3 10001

IN P U T 'T E M P E R A T U R E  IN  D E G R E E S  C E N T IG R A D E  ";T$

IF  T$="/" T H E N  G O T O  410  

T = V A L (T $ )

IF  T =0 T H E N  BEEP:CLS: G O T O  270

T = T +273.1

P R IN T

IN P U T  "PE A K  C U R R E N T  O B T A IN E D  A T  100 m V /S  IN  M IC R O  A M PS ";IP 

IP = IP *.000001

D = ( I P /4 6 4 0 0 0 0 ! /A / .3 16 2 /C O N C * (T A.5 ))A2 

N N = N N + 1 :X (N N )= 1 /T :  Y (N N )= L O G (D )

IF  N N = 1  A N D  P$="P" T H E N  L P R IN T :L P R IN T :L P R IN T :L P R IN T :L P R IN T :  

L P R IN T  "TEMP ’K  1 /T  D c t  L n  DcT"

IF  N$="" A N D  P$="P" T H E N  L P R IN T :L P R IN T  T" ";1/T" ";D"

”;L O G (D )

P R IN T

CLS :G O TO  270  

F O R  J=1 T O  N N

IF  X (J )> X M A X  T H E N  X M A X = X (J )

IF Y (J )< Y M IN  T H E N  Y M IN = Y (J)

IF  Y (J )> Y M A X  T H E N  Y M A X = Y (J )

IF  X (J )< X M IN  T H E N  X M IN = X (J )

X Y = X Y + (X (J )* Y (J ))

T X = T X + X (J )

T Y = T Y + Y (J )

S X = S X + ((X (J )A2))

S Y = S Y + ((Y (J )A2))

N E X T

A X = T X /N N

29



530

540

550

560

570

580

590

600

610

620

630

640

650

660

670

680

690

700

710

720

730

740

750

760

770

780

790

800

810

820

830

840

850

A Y = T Y /N N

B = (X Y -(N N * A X * A Y )) /(S X -(N N * (A X A2)))

R = (X Y -(N N * A X * A Y )) /( ( (S X -(N N * (A X A2 )))* (S Y -(N N * (A Y A2 ))) )A.5)

C = A Y -B * A X

IF  P$="P" T H E N  L P R IN T

P R IN T

G O S U B  900

IF  P$="P" T H E N  L P R IN T :L P R IN T

IF  B >0 T H E N  P R IN T  "R E G R E SSIO N  L IN E  IS Y=";C"+";B"X"

IF  B>0 A N D  P$="P" T H E N  L P R IN T  " R E G R E S S IO N  L IN E  IS Y=";C"+";B"X" 

IF  B<0 T H E N  P R IN T  " R E G R E S S IO N  L IN E  IS Y=";C;B"X"

IF  B<0 A N D  P$="P" T H E N  L P R IN T  "R E G R E S S IO N  L IN E  IS Y=";C;B"X" 

P R IN T

IF  P$="P" T H E N  L P R IN T

P R IN T  " C O R R E L A T IO N  C O E F F IC IE N T  IS ";R

IF  P$="P" T H E N  L P R IN T  " C O R R E L A T IO N  C O E F F IC IE N T  IS ";R

P R IN T

IF  P$="P" T H E N  L P R IN T :L P R IN T  

A C T = -B * 8 .3 1 0 0 0 1 /1 0 0 0

IF  P$="P" T H E N  L P R IN T  " E L E C T R O L Y T E  U S E D  IS ";TITLE$

IF  P$="P" T H E N  L P R IN T

P R IN T  " A C T IV A T IO N  E N E R G Y  IS ";ACT" kJ/M ol"

IF  P$="P" T H E N  L P R IN T  " A C T IV A T IO N  E N E R G Y  IS ";ACT" kJ/M ol"

P R IN T :IF  P$="P" T H E N  L P R IN T

D C T O = E X P (C )

E N T l= (D C T O /2 .7 1 8 /1 .3 8 E -2 3 /2 9 8 * 6 .6 2 6 E -3 4 /1 0 0 0 0 )A.5

E N T 2 = (E N T 1 /S E P N )A2

E N T = ((L O G (E N T 2 )))* 8 .3 10001

P R IN T  "E N T R O P Y  IS ";ENT"J/M ol":IF P$="P" T H E N  L P R IN T  

" E N T R O P Y  IS ";ENT" J/M ol"

P R IN T rIF  P$="P" T H E N  L P R IN T

P R IN T  " E N T H A L P Y  IS ";A C T -2.47"kJ/M ol":IF  P$="P" T H E N  L P R IN T  

" E N T H A L P Y  IS ";A C T-2.47"kJ/M ol"

P R IN T :IF  P$="P" T H E N  L P R IN T  

F E = A C T -2 .4 7 -(2 9 8 * E N T /1 0 0 0 )
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860 P R IN T  "FR E E  E N E R G Y  IS ";FE"kJ/M ol":IF P$="P" T H E N  L P R IN T

"FR EE E N E R G Y  IS ";FE"kJ/M ol”

870 P R IN T tIF  P$="P" T H E N  L P R IN T

880 P R IN T

890 E N D

900 R E M  g r a p h ic s  r o u t in e  fo llo w s

910 CLS

9 20  X F A C = 6 0 0 /(X M A X -X M I N )

930 Y F A C = 2 0 0 /(Y M A X + A B S (Y M IN ))

940  X L = 0 :Y L = 0

950  F O R  J=1 T O  N N

960 X = (X (J )-X M IN )* X F A C :Y = 2 0 0 -(Y (J )+ A B S (Y M IN ))* Y F A C

970 P SE T  (X ,Y )

980 L IN E  (X L ,Y L )-(X ,Y )

990 X L = X :Y L = Y

1000 C IR C L E  (X ,Y ),5

1010 N E X T

1020 IN P U T  "PRESS R E T U R N  TO  C O N T IN U E  ";X X $

1030 R E T U R N

A  B A S IC  p rogram  to  c a lc u la te  th e  th e r m o d y n a m ic  p a ra m eters  fr o m  th e  

tem p era tu re  d e p e n d e n c e  o f  D ^ j  c a lc u la te d  fr o m  p o te n t ia l  s te p  has a lso  b een  

d e v e lo p e d .

P rogram  5 E v a lu a t io n  o f  T h e r m o d y n a m ic  P a ra m eters fo r  H o m o g e n e o u s  ch a rg e  

T ra n sp o rt U s in g  P o te n t ia l S tep  D ata  w ith  S e m i- in f in it e  D i f f u s io n  S p ace.

10 R E M  P R O G R A M  TO  C A L C U L A T E  A C T IV A T IO N  E N E R G IE S , E N T R O P IE S , 

E N T H A L P Y  A N D  G IBBS F R E E  E N E R G IE S  

20 S C R E E N  2

30 Y M IN = lE + 0 8 :X M IN = lE + 0 8

40 Y M A X = -1 E + 0 8 :X M A X = 0
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50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

200

210

220

230

240

250

260

270

280

2 90

300

310

320

330

340

350

360

370

K E Y  1,"LIST "+ C H R $ (1 3 )

K E Y  3, "GOTO 770" + C H R $ (1 3 )

CLS

IN P U T  "PLEA SE IN P U T  E L E C T R O L Y T E  U S E D  ";T IT L E $

P R IN T

IN P U T " E N T E R  P F O R  R E S U L T S  T O  P R IN T E R  ";P$

P R IN T

IN P U T " S E P A R A T IO N  O F R E D O X  C E N T R E S  IN  A N G S T R O M S  ";SEPN  

S E P N = S E P N * 1 E -1 0

IF  S E P N = 0  T H E N  BEEP:CLS: G O T O  120  

P R IN T

D IM  X (1 0 0 ) ,Y (1 0 0 )

N N = 0

IF  N = 0  T H E N  N =1  

F = 9 6 4 8 5 !:R = 8 .3 10001

I N P U T  "POW ER O F  D IF F U S IO N  C O E F F IC IE N T  D E F A U L T  IE -9  ";MAN

IF  M A N = 0  T H E N  M A N = lE -0 9

P R IN T

IN P U T " T E M P E R A T U R E  IN  D E G R E E S  C E N T IG R A D E  ";T$

IF  T$="/" T H E N  G O T O  360  

T = V A L (T $ )

IF  T = 0  T H E N  BEEP:CLS: G O T O  230

T = T + 273 .1

P R IN T

I N P U T  " D IF F U S IO N  C O E F F IC IE N T  O B T A IN E D  U S IN G  C H R O N A M P E R O M E T R  

D = D * M A N

N N = N N + 1 :X (N N )= 1 /T :  Y (N N )= L O G (D )

IF  N N = 1  A N D  P$="P" T H E N  L P R IN T :L P R IN T :L P R IN T :L P R IN T :L P R IN T :  

L P R IN T  " T E M P ’K  1 /T  D c t  L n  DcT"

IF  N$="" A N D  P$="P" T H E N  L P R IN T :L P R IN T  T" ";1/T" ";D"

";LO G (D )

P R IN T

C LS :G O TO  230  

F O R  J=1 TO  N N

IF  X (J )> X M A X  T H E N  X M A X = X (J )
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390

400

410

420

430

440

450

460

470

480

490

500

510

520

530

540

550

560

570

580

590

600

610

620

630

640

650

660

670

680

690

700

710

720

IF  Y (J )< Y M IN  T H E N  Y M IN = Y (J )

IF  Y (J )> Y M A X  T H E N  Y M A X = Y (J )

IF  X (J )< X M IN  T H E N  X M IN = X (J )

X  Y = X Y + (X (J )* Y  (J))

T X = T X + X (J )

T Y = T Y + Y (J )

S X = S X + ((X (J )A2))

S Y =S Y +(( Y  ( J)A2))

N E X T

A X = T X /N N

A Y = T Y /N N

B = (X Y -(N N * A X * A Y )) /(S X -(N N * (A X A2)))

R = (X Y -(N N * A X * A Y )) /( ( (S X -(N N * (A X A2 )))* (S Y -(N N * (A Y A2 ))) )A.5)

C = A Y -B * A X

IF  P$="P" T H E N  L P R IN T

P R IN T

G O S U B  960

IF  P$="P" T H E N  L P R IN T -.L P R IN T

IF  B >0 T H E N  P R IN T  " R E G R E S S IO N  L IN E  IS Y=";C"+";B"X"

IF  B >0 A N D  P$="P" T H E N  L P R IN T  " R E G R E S S IO N  L IN E  IS Y=";C"+";B"X" 

IF  B <0 T H E N  P R IN T  " R E G R E S S IO N  L IN E  IS Y=";C;B"X"

IF  B <0 A N D  P$="P" T H E N  L P R IN T  " R E G R E S S IO N  L IN E  IS Y=";C;B"X" 

P R IN T

IF P$="P" T H E N  L P R IN T

P R IN T  " C O R R E L A T IO N  C O E F F IC IE N T  IS ";R

IF  P$="P" T H E N  L P R IN T  " C O R R E L A T IO N  C O E F F IC IE N T  IS ";R

P R IN T

IF  P$="P" T H E N  L P R IN T :L P R IN T  

A C T = -B * 8 .3 1 0 0 0 1 /1 0 0 0

IF  P$="P" T H E N  L P R IN T  " E L E C T R O L Y T E  U S E D  IS ";TITLE$

IF  P$="P" T H E N  L P R IN T

P R IN T  " A C T IV A T IO N  E N E R G Y  IS ";ACT" kJ/M ol"

IF  P$="P" T H E N  L P R IN T  " A C T IV A T IO N  E N E R G Y  IS ";ACT" kJ/M ol"

P R IN T :IF  P$="P" T H E N  L P R IN T

D C T O = E X P (C )
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730 E N T l= (D C T O /2 .7 1 8 /1 .3 8 E -2 3 /2 9 8 * 6 .6 2 6 E -3 4 /1 0 0 0 0 )A.5

740 E N T 2 = (E N T 1 /S E P N )A2

750 E N T = ((L O G (E N T 2 )))* 8 .3 10001

760 P R IN T  " E N T R O P Y  IS ";ENT"J/M ol":IF P$="P" T H E N  L P R IN T

"E N T R O P Y  IS ";ENT" J/M ol"

770 P R IN T :IF  P$="P" T H E N  L P R IN T

780 P R IN T  " E N T H A L P Y  IS ";A C T-2.47"kJ/M ol":IF P$="P" T H E N  L P R IN T

" E N T H A L P Y  IS ";A C T-2.47"kJ/M ol"

790 P R IN T :IF  P$="P" T H E N  L P R IN T

800 F E = A C T -2 .4 7 -(2 9 8 * E N T /1 0 0 0 )

810 P R IN T  "FR EE E N E R G Y  IS ";FE"kJ/M ol":IF P$="P" T H E N  L P R IN T

"FR EE E N E R G Y  IS ";FE"kJ/M ol"

820 P R IN T :IF  P$="P" T H E N  L P R IN T

830 P R IN T

840 E N D

850 CLS

860 X F A C = 6 0 0 /(X M A X -X M IN )

870 Y F A C = 2 0 0 /(Y M A X + A B S (Y M IN ))

880  X L = 0:Y L = 0

890 F O R  J=1 T O  N N

900 X = (X (J )-X M IN )* X F A C :Y = 2 0 0 -(Y (J )+ A B S (Y M IN ))* Y F A C

910 P SE T  (X ,Y )

920 L IN E  (X L ,Y L )-(X ,Y )

930 X L = X :Y L = Y

940 C IR C L E  (X ,Y ),5

950 N E X T

960 R E M

970  R E T U R N

T h e a b il i ty  to  d ia g n o se  th e  p r e se n c e  o f  in te r a c t io n s  b e tw e e n  r e d o x  

cen tres  im m o b ilis e d  w ith in  a p o ly m e r ic  f i lm  can  a id  th e  in te r p r e ta t io n  o f  

p ro cesses  su ch  as n o n -N e r n s t ia n  th erm o d y n a m ics . F o r  a ll o f  th e  m e ta llo p o ly m e r s  

e x a m in e d  h ere  a N e r n s t ia n  resp o n se  w as o b serv ed  in  a ll  e le c tr o ly te s  at a 

s u f f i c i e n t ly  lo w  sw eep  ra te  w ith  th e  e x c e p t io n  o f  th o se  b a sed  o n  p e r c h lo r a te
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a n io n . In te r a c tio n s  b e tw e e n  s ite s  m ay  be an  e x p la n a t io n  o f  th e se  

o b se r v a tio n s . In  th e  f o l lo w in g  p rogram  th e  m a g n itu d e  o f  th e  in te r a c t io n  

b e tw e e n  s ite s  can  be d e te r m in e d  fr o m  th e  p ea k  w id th  at h a l f  h e ig h t  o f  th e  s lo w  

s w e e p  r a te  c y c l ic  v o lta m m e tr y  resp on se .

P rogram  6 E v a lu a tio n  o f  In te r a c tio n  P a ra m eters F rom  P ea k  W idth o f  S u r fa c e  W ave 

C y c lic  V o lta m m o g ra m s.

10 K E Y  3, "GOTO 370" + C H R $ (1 3 )

20  R E M  in te r a c t io n  p a ra m eters  fr o m  p ea k  w id th s

30 R E M  T H IS  P R O G R A M  IS Q U IT E  IN A C C U R A T E  A R O U N D  Z E R O  IN T E R A C T IO

40 CLS

50 I N P U T  "PEA K  W ID T H  IN  M IL L IV O L T S  ";PW

60 P R IN T

70 I N P U T  "S U R F A C E  C O N C E N T R A T IO N  IN  M O L E D  P E R  C E N T IM E T R E  S Q U A R E

80 P R IN T

90 IF  SC =0 T H E N  S C = lE -0 8

100 IN P U T  " T E M P E R A T U R E  IN  D E G R E E S  C E N T IG R A D E  ";T:T=T+273.1  

110 IF  T =273.1  T H E N  T =298.1

120 P R IN T

130 IN P U T  "N U M B E R  O F  E L E C T R O N S  P A S S E D  ";N

140 IF  N = 0  T H E N  N =1

150 P R IN T

160 IF  PW =90 A N D  N =1 T H E N  C L S :P R IN T " IN T E R A C T IO N  P A R A M E T E R  IS Z E R O  !!

170 IF  PW =45 A N D  N = 2  T H E N  C L S :P R IN T " IN T E R A C T IO N  P A R A M E T E R  IS Z E R O  !!

180 CLS

190 P W = P W /1 0 0 0 * N * 9 6 4 8 4 .6 /(8 .3 1 4 4 1 * T )

200 Tl=-2

2 10  T 2= 2

220 F l= .5 + .5 * ( ( l - ( 4 / ( 8 - 2 * T l) ) ) A.5)

2 30  Y 1 = (L O G (F  1 / (  1 - F 1 ))-(T  1 * (2*F  1 -1 )))

2 40  Y 1 = Y 1 * 2
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250 F 2 = .5 + .5 * ( l- (4 /(8 -2 * T 2 )))A.5

260 Y 2 = (L O G (F 2 /( l-F 2 )) -T 2 * (2 * F 2 - l) )

270 Y 2 = Y 2 * 2

280 T 3 = (T l+ T 2 ) /2

2 90 F 3 = .5 + .5 * ( l- (4 /(8 -2 * T 3 )))A.5

300 Y 3 = (L O G (F 3 /( l-F 3 ) ) -T 3 * (2 * F 3 - l) )

310 Y 3 = Y 3 * 2

320 P R IN T  Y 1 ,Y 2 ,Y 3 ,P W

330 IF  A B S (Y 3-P W )< .0000005  T H E N  G O T O  360

340 IF  Y 3<PW  T H E N  T 2= T 3:G O T O  220

350 IF  Y 3>PW  T H E N  T l= T 3 :G O T O  220

360 R = T 1 /S C

370 CLS

380 B E E P

390 P R IN T  "SU R F A C E  C O N C E N T R A T IO N  * R  =";T1

400 P R IN T

410 P R IN T " IN T E R A C T IO N  P A R A M E T E R , R=";R

C o m p u ter  a n a ly s is  o f  e x p e r im e n ta l resu lts  h as a lso  b e e n  e x p lo ite d  in  

th is  w o rk  in  th e  f ie ld  o f  e le c tr o c a ta ly s is  to in v e s t ig a te  th e  l in e a r ity  o f  ij 

v s w “* /2 an d  to  c a lc u la te  a m o d if ie d  e le c tr o d e  ra te  c o n sta n t .

P rogram  7 E v a lu a tio n  o f  a M o d if ie d  E lec tro d e  R a te  C o n sta n t  (k f ^ ) F rom  the  

D e p e n d e n c e  o f  i ^  w ith  R o ta t io n  R a te .

10 R E M  T H IS  P R O G R A M  U S E S  R O T A T IN G  D IS K  D A T A  T O  C A L C U L A T E  A

M O D IF IE D  E L E C T R O D E  R A T E  C O N S T A N T  A C C O R D IN G  T O  T H E  A L B E R Y -H I  

20  R E M

30 S C R E E N  2

40 Y M IN = lE + 0 8 :X M IN = lE + 0 8

50 Y M A X = -1 E + 0 8 :X M A X = 0
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60 K E Y  1,"LIST ”+ C H R $ (1 3 )

70 K E Y  3, "GOTO 770" + C H R $ (1 3 )

80 CLS

90 IN P U T " E N T E R  P F O R  R E S U L T S  TO  P R IN T E R  ";P$

100 P R IN T

110 I N P U T  "E L E C T R O D E  A R E A  D E F A U L T  0 .0 7 0 6  ";A R E A

120 IF  A R E A = 0  T H E N  A R E A = .0 7 0 6

130 P R IN T

140 D IM  X (1 0 0 ),Y (1 0 0 )

150 N N = 0

160 IF  N = 0  T H E N  N=1

170 IN P U T  " R O T A T IO N  R A T E  IN  R .P.M .";RO T$

180 IF  R O T$="/" T H E N  G O T O  310

190 R O T = V A L (R O T $ )

2 00  IF  R O T  =0 T H E N  B E E P:C L S:G O T O  170

2 1 0  R O T = R O T /6 0

2 2 0  T = R O T

230  P R IN T

240  IN P U T  "L IM IT IN G  C U R R E N T  IN  M IC R O A M P S ";D

250  IF  D = 0  T H E N  BE E P:C L S:G O T O  240

2 6 0  D = D *.000001

2 7 0  N N = N N + 1 :X (N N )= 1 /(T A.5): Y (N N )= 1 /D

2 8 0  R E M  N N = N N + l:X (N N )= (D A-2): Y (N N )= ((D A-2 )* (T A-.5))

2 9 0  P R IN T

300  G O T O  170

310  F O R  J=1 TO  N N

320 IF  X (J )> X M A X  T H E N  X M A X = X (J )

330  IF  Y (J )< Y M IN  T H E N  Y M IN = Y (J )

340  IF  Y (J )> Y M A X  T H E N  Y M A X = Y (J )

350  IF  X (J )< X M IN  T H E N  X M IN = X (J )

3 60  X Y = X Y + (X (J )* Y (J ))

3 70  T X = T X + X (J )

380  T Y = T Y + Y (J )

390  S X = S X + ((X (J )A2))

4 00  S Y = S Y + ((Y  ( J )A2))
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410 N E X T  

420  A X = T X /N N  

430  A Y = T Y /N N

440  B = (X Y -(N N * A X * A Y )) /(S X -(N N * (A X A2)))

450  R = (X Y -(N N * A X * A Y )) /( ( (S X -(N N * (A X A2 )))* (S Y -(N N * (A Y A2 ))) )A.5)

460  C = A Y -B * A X

470  IF  P$="P" T H E N  L P R IN T

480  P R IN T

490  G O S U B  720

500 IF  P$="P" T H E N  L P R IN T :L P R IN T

510 IF  B>0 T H E N  P R IN T  "R E G R E SSIO N  L IN E  IS Y=";C"+";B"X"

520 IF  B >0 A N D  P$="P" T H E N  L P R IN T  " R E G R E S S IO N  L IN E  IS Y=";C"+";B"X"

530 IF  B <0 T H E N  P R IN T  " R E G R E SSIO N  L IN E  IS Y=";C;B"X"

540 IF  B <0 A N D  P$="P" T H E N  L P R IN T  " R E G R E S S IO N  L IN E  IS Y=";C;B"X"

550 P R IN T

560  IF  P$="P" T H E N  L P R IN T

570  P R IN T  " C O R R E L A T IO N  C O E F F IC IE N T  IS ";R

580  IF P$="P" T H E N  L P R IN T  " C O R R E L A T IO N  C O E F F IC IE N T  IS ";R

590 P R IN T

600  P R IN T

6 1 0  L E V =.001

6 20  C C A L C  = 1 /(L E V * B * A R E A * 9 6 4 8 5 !)

6 30  P R IN T " C O N C E N T R A T IO N  R E Q U IR E D  T O  G IV E  L E V IC H  

SL O PE  IS ";CCALC  

640 P R IN T

6 50  IN P U T 'R E Q U IR E D  C O N C E N T R A T IO N  ";CONC  

6 60  IF  C O N C = 0 T H E N  C O N C = C C A L C  

6 70  P R IN T

680  P R IN T " L E V IC H  SL O P E  G IV E N  C O N C  =";C O N C "M O L S/L  IS 

" l/(B * 9 6 4 8 5 !* C O N C * A R E A )

6 90  P R IN T

700 P R IN T " k  M E IS " ;l/(C * A R E A * 9 6 4 8 5 !* C O N C )

710  E N D

720 R E M  g ra p h ics  r o u tin e  fo llo w s  

730 CLS
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740 X F A C = 6 0 0 /(X M A X -X M IN )

750 Y F A C = 2 0 0 /(Y M A X -(Y M IN )):

760 X L = 0:Y L = 0

770 F O R  J=1 TO  N N

780 X = (X (J )~ X M IN )* X F A C :Y = 2 0 0 -(Y (J )-(Y M IN ))* Y F A C

790 P SE T  (X ,Y )

800 IF  J o  1 T H E N  L IN E  (X L ,Y L )-(X ,Y )

810 X L = X :Y L = Y

820 C IR C L E  (X ,Y ),5

830 N E X T

840 IN P U T  "PRESS R E T U R N  T O  C O N T IN U E  ";X X $

850 R E T U R N

T h e  a p p lic a t io n  o f  co m p u ters  in  th e  m a n n er  d e sc r ib e d  h ere  is l ik e ly  

to  b eco m e in c r e a s in g ly  w id e sp r e a d  in  th e  n ear fu tu r e . T h e  l im ita t io n s  in  

p ro cess in g  p o w er , m em o ry  an d  g ra p h ic s  o f  m a c h in e s  su ch  as th e  BBC  

m icro co m p u ter , u sed  fo r  p o te n t io s ta t  p ro g ra m m in g  a n d  d a ta  m a n ip u la t io n , h a v e  

n o w  b een  rem o v ed  w ith  r e c e n t  w id e sp r e a d  in tr o d u c t io n  o f  m a c h in e s  b a sed  on  th e  

In te l 80386  an d  M o to ro la  6 8 0 2 0  ch ip s. T h e  a p p lic a t io n  o f  c o m p u ters  in  th e  

m a n n er  d esc r ib e d  in  s e c t io n  1 in v o lv in g  d a ta  a c q u is it io n , fo r m a tt in g , a n a ly s is ,  

sto ra g e  a n d  p r e se n ta tio n  is  b eco m in g  in c r e a s in g ly  w id e sp r e a d . C o m p u ter  b ased  

m eth o d s h a v e  th e  a d v a n ta g e  o f  f le x ib i l i t y  an d  th e  a b i l i ty  to  e x p lo it  n ew  

th e o r e t ic a l m o d els  w ith o u t  w a it in g  fo r  a d e d ic a te d  in s tr u m e n t. A m ore  

s ig n if ic a n t  d e v e lo p m e n t is  th a t m ore t im e  can  be d e v o te d  to  a c tu a l re sea rch  

ra th er  th an  "num ber cru n ch in g" . T h e  in te g r a te d  a p p ro a ch  d e sc r ib e d  in  s e c t io n  1 

is the p r e fe r r ed  ro u te , s in c e  a ll a sp ec ts  o f  the e x p e r im e n t  c a n  be co m p u ter  

c o n tr o lle d . T h is  can  in c lu d e  o p tim isa t io n  o f  e x p e r im e n ta l c o n d it io n s , d a ta  

a c q u is it io n , ca p tu re , a n a ly s is  an d  p r e se n ta tio n . D a ta  o b ta in e d  in  th is  m an n er  

is  a lso  r e a d ily  p o r ta b le  a n d  ca n  be u sed  d ir e c t ly  in  s ta t is t ic a l  a n a ly s is  

p a ck a g es  as w e ll  as w o rd  p r o c e ss in g  e n v ir o n m e n ts .
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ABSTRACT

The ru e  o( charge transport through [Os(bipy); (PV P)10Cl)C1 films has been investigated using 
chronojjnperometry. chronocoulometry and cyclic vollammctry (bipy -  2_2'-bipyndyl; PVP -  poly-4- 
vmylpyridine). The apparent charge transport diffusion param eter D t f c  for the 09(11/111) oxidation, is 
measured as a function of electrolyte and temperature. The Values obtained by these techniques, for 
D & c  and for the activation energy are discussed in relation to the rate determining step in the charge 
transport process. The implication of these observations in relation to  sensor application is considered.

INTRODUCTION

Considerable effort has been made in the field o f redox polymer modified 
electrodes because of iheir potential applications in electrocatalysis [1-3), photoelec
trochemistry [4.5] and macromolecular electronics [6J. Their applicability in many o f  
these areas will be determined by the rates of charge propagation through the redox 
polymer films. This rate of charge propagation wiD be controlled by one of three 
processes: (i) The intrinsic barrier to self exchange for electron hopping between 
polymer bound redox centres, (ii) Counterion movement in to /out of the film as 
oxidation or reduction occurs, (iii) Physical displacement of the polymeric chains to 
which the redox centre is bound in order to allow their mean separation to become 
sufficiently small for electron exchange.

* To whom correspondence should be addressed. 

0022-0728/8 9 /S 0 3 .i0  C 1989 Elsevier Sequoia S.A.
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The evaluation of charge transport rates in modified electrodes using chro- 
nocoulometry (CC) and chronoamperometn (CA) has received much attention [7], 
In recent times the question of migration effects has been addressed for the case of 
mobile redox ions incorporated into polymeric matrices [8] and more recently for 
fixed site systems such as the one examined in this contribution [9]. These theoreti
cal models indicate that, where significant migration is present, potential step 
methods are limited for the evaluation of charge transport rates and may lead to 
serious overestimation of charge percolation rates.

The use of steady methods rather than transient methods to consider charge 
transport dynamics through melallopolymers has also received attention of late 
[10,11], These methods can avoid problems with migration effects and thus reveal 
more interesting and subtle aspects of electron transfer dynamics [12,13],

In this contribution, the charge transport process for the O s(II/III) oxidation has 
been investigated for glassy carbon electrodes modified with poly-4-vinylpyridine 
(PVP) bound 0 s(b ip y )20 2 groupings (bipy = 2,2'-bipyridyl). In this study both 
potential step techniques [7] and cyclic voltammetry (CV) [14,15] have been utilised. 
It was hoped that by using these two techniques, the charge transport process 
throughout the whole layer, rather than just close to the electrode/film  interface, 
could be studied. It is recognised that measurements at longer limes including cyclic 
voltammetry are limited due to the expected inhomogeneity of the polymer layer 
[16], However the observed trends should remain valid; in particular the activation 
energies obtained will be useful to distinguish between the different limiting 
processes.

EXPERIMENTAL

Materials
Glassy carbon electrodes of either 3 or 7 mm diameter mounted in teflon shrouds 

were used throughout the experiments and were prepared by mechanical polishing 
using 0.5 (im  alumina slurry on a felt bed followed by thorough washing with water 
and methanol. Poly-4-vinylpyridine (PVP) was prepared from freshly distilled 
4-vinylpyridiDe by bulk polymerisation under nitrogen at 70-75 °C  using 2,2'-azo- 
isobutyronitrilc and purified by repeated precipitation in diethyl ether from 
methanol. The molar mass, as determined by viscometry in absolute ethanol, was 
found to be 4.3 X 10s g. Os(bipy)2G 2 was prepared by standard laboratory proce
dures [17], The modifying metallopolymer was prepared as reported for the corre
sponding ruthenium containing polymer by refluxing Os(bipy)2G 2 with a 10-fold 
excess of PVP in ethanol [18],

Apparatus and procedures
Electrochemical measurements were performed using an EG & G  PAR 175 uni

versal programmer and 363 potentiostat and coulometric measurements were ob
tained from a 379 digital coulometer. Where necessary, IR  compensation was 
achieved via positive feedback circuitry. Electrochemical cells were of conventional
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design and were thermostaited to ± 1 °C . Transient current/charge measurements 
were made over the lime range 0 to 20 ms by means of a Philips 3311 digital storage 
oscilloscope interfaced to a BBC microcomputer for data interrogation and allowing 
signal averaged results to be obtained. For both the redox active potential step and 
for background correction, typically 5 signals were averaged. This regime typically 
gave a response which obeyed the Cottrell equation. For the perchlorate based 
electrolytes however significant migration effects were observed which resulted in 
non zero intercepts on the current axis. The data was analysed by taking ihe linear 
portion of the Cottrell p lot without forcing the data through the origin. Adherent 
electrode coatings were obtained by evaporation of a few microlitres of a 1% 
solution of the m etallopolymer in ethanol on the electrode surface in a solvent 
saturated chamber followed by air drying. All potentials are referenced with respect 
to the potassium chloride saturated calomel electrodes (SCE) without regard for 
liquid junction potentials.

Surface coverages were estim ated by graphical integration of the background 
corrected slow sweep rate cyclic voltammograms (1 m V /s), and were typically 
2 -4  x 10“ 8 mol cm -2 . Layer thickness was estimated from the density of the dry 
complex (1.2 g /cm r) as measured by flotation; this gave a concentration for redox 
centres within the film o f 0.7 M  and this values was used foe calculating A l t  in 
Tables 1-3.

The results for D ^ c  and A t t  presented in this work are all obtained from 
different electrode coatings. This avoids possible problems from “ memory effects” 
where the rate of charge transport through a Film would be dependent on the 
electrolytes to which it had previously been exposed.

The values for the activation parameters are reproducible to ±2% on a single 
coating and to ±  10% between coatings. Some hysteresis is observed between those 
values obtained when the temperature is increased and when it is decreased, 
approximately ±  10%.

RESULTS

General layer properties
When deposited from ethanolic solutions onto glassy carbon electrodes, the 

metallopolymer shows the expected single electron redox behaviour in all electro
lytes examined (see Fig. 1). The O s{II/III) redox couple is observed at about 250 
mV vs. SCE, depending on  the electrolyte, and is photochemically and thermally 
stable. The formal peak potential observed in CH3CN + 0.1 M  TEAP of 335 mV vs. 
SCE is similar to that observed for the analogous mononuclear model compound 
[Os(bipy)2(pic)Q ]* ( £ )/2 — 345 mV; pic = 4-methylpyridine) and is consistent with 
data observed for other osm ium  compounds [19J. The electrochemical data together 
with electronic spectra, synthetic conditions and elemental analysis are consistent 
with the molecular formula [O s(bipy); PVPl0G]Cl. A detailed discussion o f the 
synthesis and spectroscopic properties of these and other osmium containing 
polymers will be published elsewhere [20],
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0

k

0 OS 10E /V vs. SCE

Fig. 1. Cyclic vollammograin of |Osfbipy)2PVP,0C l)Q  on i  glass;, carbon Electrode. Scar ru e  10 mV 
s _ l . 0.1 M  H 2S0 4 as background electrolyte.

Electrolyte dependence of charge transport
Potential step chronoamperometry and chronocoulometry were employed to 

estimate the charge transport rates for the O s(II /lI I )  oxidation as apparent diffu
sion parameters D }/{c  and At - As the results obtained using the two potential step 
techniques were the same within experimental eiror. only those obtained by chro
noamperometry will be discussed further. In general, linear Cottrell plots were 
obtained from limes up to about 10-20  ms.

In the cyclic voltammetry (CV) experiments, sweep rates between 100 and 500 
m V /s  were utilised giving linear / p versus v plots. This permits the use of the 
R andles-Sevfik analysis (eqn. 1) for the evaluation o f A t  [211-

where n is the number of electrons passed. F  the Faraday constant. A the 
geometric electrode area, A t  the apparent charge transport diffusion coefficient, c 
the concentration of redox active sites within the film, v the sweep rate, R the gas 
constant. T  the absolute temperature.

The theoretical model proposed by Aoki et al. [15] (eqn. 2) which combines both 
surface and semi-infinite diffusional behaviour, has also been applied for this 
purpose. The peak current is given by:

, p =  0 .4 4 6 3 (n F )y/7AD'c? c v yr- / (  R T ) yr' ( 1)

i p = 0.446nFA { D ^ c / L } W'1 n  tanh Y (2)
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TABLE 1

The effect of concenlraiion of chloride based supporting electrolytes on charge transport parameters of
[Os(bipy)jPVPl0Cl)Cl modified electrodes

Cone. 10 " D ^ c /  
/ M  m o lcm " 2

I O '^ c t /  
era2 s ' 1 *-c

X Q 'D tfc /  
mol cm ‘ 2
j - 1/2 b

lO’D f-r / 
cm "s * 1bc

E ° ' / \

HCI electrolyte
0.1 0.76 (0.02) 0.12 3.1 (0.20) 1.% 0.215
0.2 1.20 (0.03) 0.29 3.9 (0.32) 3.10 0.205
0.3 1.86(0.10) 0.71 4.1(0.28) 3.43 0.215
0.4 2.33(0.12) 1.11 4.1 (0.21) 3.43 0.190
0.6 4.40(0.15) 3.95 4.4 (0.38) 3.95 0.200
0.8 4.89(0.18) 4.88 6.8 (0.70) 9.44 0.16«
1.0 5.81 (0.10) 6.88 9.2(1.00) 17.27 0.160
2.0 5.85 (0.08) 6.98 9.6 (0.84) 18.81 0.160

SaC ! electrolyte
0.1 1.15(0.017) 0.27 1.78 (0.07) 0.65 0.275
0.2 1.33(0.007) 0.36 * 2.30 (0.08) 1.08 0.265
0.4 103 (0.066) 0.84 2.83 (0.11) 1.63 0.270
0.5 2.14(0.031) 0.93 3.04 (0.21) 1.89 0.200
0.6 137(0.011) 1.15 3.26 (0.10) 2.17 0.210
0.8 139(0.010) 1.17 3.26 (0.15) 117 0.240
1.0 2.41 (0.005) 1 19 5.31 (0.21) 5.75 0230

* Evaluated from cyclic voltammeiry using the anodic peak current and the Riindles-Scviik equation. 
b Evaluated from chronoampcrometry using the Cottrell equation. 
c A rr calculated using c -  0.7 (see text).

where

W  = nFl}a/D(~^RT  (3)

Y =  0 .56 if,,/2  + 0.05H'' (4)

L is the layer thickness, and all other symbols are as in eqn. (1).

Chloride based electrolytes
The concentration dependence of Arr as measured from CA in H Q  using the 

Cottrell equation at short times is illustrated in Table I and Figure 2. The results 
obtained show clearly a strong dependence of the charge transport rates depending 
on the ion concentration of the contacting electrolyte solution. The concentration 
dependence of D ^ 2c and Dqj in the same electrolytes was also calculated using the 
anodic peak currents from cyclic vol tammograms over the sweep range 100-500  
m V /s, using both the Randles-Sevftk and the Aoki approach (see Fig. 3). This 
figure shows that both the Randles-Sev&k and Aoki approach give essentially the 
same results. The same behaviour was observed in all other electrolytes. Therefore 
only the results as obtained from the Randles-Sevfik approach are included in the 
tables. The most striking results obtained from the measurements is the difference in
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Fig. 2 The effeci of H O  concentration on the rale of charge tran sp o rt measured as through films 
of |Os(bipy)jPV P|0Cl)Cl as determined from chronoam perom etry.

Fig. 3. The effect of H O  concentration on the rate of charge transport, measured as Dq-, through films 
of [Osibipy),PVP|0O )O  as measured by cyclic votiammelry using the Randles-Sevfik ( • )  and Aoki ( x  ) 
equation.

the transport parameters, which are typically found to be an order o f magnitude 
smaller in the potential sweep experiments. A tt was also determined for a range of 
chloride concentrations at near neutral pH in NaCl solutions. In Table 1 it can be 
seen that at high pH, the diffusion parameters are generally lower compared to 
those at low pH but that a similar type of behaviour is obtained in both electrolytes.

Perchlorate based electrolytes
The perchlorate anion has a similar hydrated molar volume to that of chloride 

(96.9 vs. 93.6 enr' m ol-1 [22]. It is expected, therefore, that if ion transport alone 
limits A t - a similar result will be observed [23]. However, the insolubility of the 
perchlorate salt o f the metallopolymer can also be expected to influence the 
morphology of the immobilised film and hence ion permeation rates.

The effect of perchloric acid concentration on the magnitude of the charge 
transport diffusion parameter evaluated from potential step experiments at short 
times is shown in Fig. 4 and Table 2. The effect of raising the perchloric add  
concentration from 0.1 to 1 M  on the charge transport rate is not as significant as 
that found in H G .

The effect of concentration of perchloric acid on the diffusion parameter as 
evaluated from CV data is shown in Fig. 5. H ie  CV results show a decrease in D ^  
with an increasing concentration of supporting electrolyte.

The behaviour in perchlorate solutions around pH 7 was examined using aqueous 
L iG 0 4 (Table 2). The trend of decreasing diffusion parameter as evaluated from 
CV data with increasing electrolyte concentration was again observed.
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Fig. 4. The effect of HC104 concentration on the rate of charge transport, measured as £><-r through 
films of [Os(bipy)iPVP10Cl)Cl as determined from chronoam perom elry.

Fig. 5. The effect of H 0 0 4 concentration on the rate of charge transport, measured as ^CT through 
films of [Os(bipy): PVPl0Cl]Cl as determined from cyclic vollam meiry using the Randles-Seviilt equa
tion.

Toluene-4-sulphonic acid
Toluene-4-sulphonic acid was Investigated because of the large molar volume of 

this electrolyte (22). Because of this larger volume one would expect a significantly 
reduced diffusion parameter if counter ion transport alone is rate determining.

TABLE 2

The effect of concemratiqn of perchlorate based supporting electrolytes on charge transport parameters 
of [Os(bipy)jPVPl0C])CT modified electrodcs

Cone.
/•V

lO’D ^ v /  
mol cm ‘ '  
s "

10"Z > c t/ 
cm; s • 1 *-c

1 0 'D ^ 'c /  
mol cm '
s -i

io’/w
cm: s ‘ ' b c

£ ° ' / V

HC104
0.1 4.89(0.21) 4.88 4.25 (0.31) 3.69 0.215
0.2 4.45 (0.07) 4.04 4.30(0.32) 3.77 0.120
0.4 4.15(0.07) 3.51 4.12(0.28) 3.69 0.215
0.6 3.40(0 17) 2.36 5.58(0.46) 6.35 0.170
0.8 2.39 (0.15) 1.17 5.58 (0.41) 6.35 0.142
1.0 1.50 (0.02) 0.46 5.74 (0.55) 6.72 0.125

uao,
0.1 2.59 (0.07) 1.37 2.63 (0.11) 1.41 0.255
0.2 2.53 (0.05) 1.31 2-53 (0.09) 1.31 0.235
0.4 2.01 (0.03) 0.82 2-53 (0.10) 1J1 0.245
0.6 1.72 (0.04) 0.60 3.24 (0.20) 2.14 0.130
0.1 2.5« (0.07) 1.34 2.69 (0.12) 1.48 0.255

* Evaluated from cyclic voltamroetry using the anodic peak current and the Randles-Scvfik equation.
* Evaluated Trom chronoamperomelry using the Collrell equation.

calculated using c -  0.7 S i  (see text).
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TABLE 3

The effect of concentration of sulphate based and toluene sulphom c acid supporting electrolytes on
charge transport parameters of [Os(bipy); PVP10Cl)Cl modified elecirodes

Cone.
/ M

10 " D ^ c /  
mol cm " :

10n £>c-r/
cm:

10 ' D t f c /  
mol c m ' 14- i / i  h

l O ^ c - r /
c r o - 's - ,b c

£ . y V

H ;S 0 4
0.1 11.1 (2.25) 25.14 3.8 (0.13) 2.95 0.260
0.2 17 J  (5.01) 61.08 4.3 (0.28) 3.77 0.248
0.3 20.7 (7.05) 87.45 4.6 (0.37) 4.32 0.250
0.4 25.0(5.80) 127.55 5.6 (0.47) 6 40 0.250
0.6 27.0 (4.00) 148.78 6.6 (0.74) 8.89 0250
1.0 28.6 (8.10) 166.93 6.7 (0.76) 9.16 0.250

k : s o 4
0.2 3.64(0.16) 2.70 1.46(0.03) 0.44 0.210
0.4 5.04 (0.26) 5.18 136(0 .04) 0.49 0.195
0.6 7.50 (0.90) 11.48 3.47(0.11) 2.46 0.200
0.8 9.31 (0.96) 17.69 4.12(0.30) 3.46 0.135
1.0 11.4 (0.11) 26.52 4.16(0.31) 3.53 0.160

Toluene-4-suIphonic acid 
0.1 6.36(0.80) 8.25 2.00 (0.08) 0.82 0.290
0.2 7.89 (0.90) 12.70 2.31 (0.11) 1.09 0.255
0.4 9.40 (0.60) 18.03 4.10(0.25) 3.43 0.250
0.6 10.5 (1.00) 22.50 4.25 (0.37) 3.69 0.265
0.8 11.3 (0.80) 26.06 4.25 (0.43) 3.69 0.265
1.0 13.2 (1.12) 35.56 4.24 (0-29) 3.67 0.240

* Evaluated from cyclic voliammetp, using the calhodic peak current and the R andles-Sevfik equation. 
b Evaluated from chronoamperomeiry using the CottrcO equation.
'  &cr calculated using c — 0.7 M  (see text).

Table 3 shows that indeed for the diffusion parameters obtained from potential step 
measurements a small decrease is obtained, but the values obtained from CV are 
among the highest obtained for the modified electrodes studied here.

Sulphate based electrolytes
The charge transport diffusion parameters for varying concentrations of H 2S 0 4 

and K 2S 0 4, evaluated by potential step and sweep techniques are outlined in Table
3. The values obtained indicate an increase of charge transport rates with increasing 
electrolyte concentration. What is significant is that the values obtained from both 
techniques are more closely related to one another. In the case of 1.0 M  H Q . Arr 
as measured from CA was approximately 250 times larger than the CV value, while 
in 1.0 M  H;,S04, this factor is just 6. The Arr values obtained from CV are the 
highest obtained for the system studied. The rates o f charge transport in K 2S 0 4 are 
slower, and show greater variation between the potential step and sweep experi
ments.
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Temperature effects
Given the problems of specifying the rate determining steps in the charge 

transport process it is expected that the evaluation of activation parameters for the 
charge transfer process will be fruitful in the specification o f the nature of the rate 
d e te rm in in g  step [24]. Therefore the temperature dependence of D^  as measured 
by CA and CV of [Os(bipy)2PVPI0Cl]Cl modified electrodes over the range 276-309  
K in 0.1 and 1 M  solutions of the above electrolytes has been investigated. The 
Arrhenius equation

Dc t - D ^ c - ^ ”

has been used to calculate activation energies and the Eyring equation 

D £ = cS2{ k t T / h ) c x p ( b S * / R )

to calculate entropies. In this equation, S denotes the mean separation o f osmium  
centres ( -  50 am), e is the base of the natural log, k  B is the Boltzmann constant 
and A is the Planck constant. The activation parameters as obtained from CV are 
listed in Table 4. This table shows clearly a substantial variation in activation 
parameters, not only between the different electrolytes, but also with varying 
concentration. Where the activation parameters in chloride electrolytes appear to be 
relatively insensitive to concentration, for sulphate based electrolytes the activation 
energy varies from 10.5 kJ m o l'1 in 0.1 M  to 115 kJ m ol-1 for 1 M  H 2S 0 4. The 
experimental data with regard to the determination of the activation energy using 
cyclic voltammetry over the sweep range 100-500 m V /s  in 0.1 M  H 2S 0 4 has been 
presented in Fig. 6. The Cottrell plots are presented in Fig. 7. In perchloric acid a

TABLE 4

Activaiioo parameters for charge transport through [Os<bipy) 2PVP)0O ) O  films i s  obtained by cyclic 
voJlamzneuy

Electrolyte + R T ) /
k J m o T '

A S * /
}  m ol- 1 IC' 1

A G * /  
kJ m ol ' 1

0.1 M U O O , 117 212.7 512
1.0 M  U O O , 36 - 6 4 51.3
0.1 Si H 0 0 4. T >  2*5 K 224 248 147.6
0.1 Si H 0 0 4. r  < 285 K 35 -1 0 6 64
10 s i  h c io 4 92 105.5 51
0.1 M H jS 0 4 10.5 -1 1 5 43
1.0 M  H 2S 04 115 220 47
0.1 Si K 2SO4 16 -  100 43
1.0 Si k . s o 4 122 241.5 48
0.1 Si loluene-4-5ulpbonic add 15 -  142 54.8
1.0 Si ioluene-4-sulphonic acid 40 - 3 2 47
0.1 Si N aO 17 -  116.8 495
1.0 Si NaCl 16 -122 .5 50
0.1 Si HC1 18 -118 .6 51
1.0 Si HO 16 -  109.7 47
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Fig. 6. The effect of temperature on the sweep rate dependence of ; pj as determined b \ R andles-Sevfik 
analysis. 0.1 M H.SO, as background electrolyte The lempciaiure in degree* centigrade of the 
containing electrolyte is indicated on each line.

Fig. 7. The effect of temperature on the chronoamperometnc response presented a«. Cottrell plots for 
|O s(bipy); PVP10CI)CI modified elcctrodes in 0.1 M  H : S 0 4. The temperature in degrees centigrade is 
indicated oo each line.

TABLE 5

Activation parameters for charge transport through [Os(bipy); PVP10O)C! films as obtained by chro- 
noamperotnetrv

Electrolyte f . l - A / f ’  ■+ R T )  
Id m ol" 1

A S ' /
J m o r ’ K.-1

A C ' /  
kJ mol -  1

0.1 M  u a o 4 15 -1 0 4 .6 44
1.0 M  UOO*. T  > 285 K 16 -92 41
1.0 M  u a o , ,  r <  285 K 2 -141 41
0.1 M  H 0 0 4 1 4 3 - 102.5 42.7
1 .0 W H C 1 0 ,, T >  285 K 134 250 56.5
1.0 M  H 0 0 4. r <  285 K 51 -38 60
0.1 M  H : SO, 24 -7 2 42.7
1.0 M  H jSO . 6 -116.7 38.3
0.1 M  KjSO, 23 -7 9 44.5
0.6 M JUSO, 45 27.5 34.5
0.1 M  ioluene-£sulphofuc add 74 116 37
1.0 Af tdueoe-4-sulphomc add 46 96 41.5
0.1 M  N a d 22 -7 5 42
1.0 M  N»C1 13 -108 42
0.1 M H Q 27 -6 2 42.7
1.0 M  H Q 9 -104 37.5
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Fig. 8. Temperature dependence of as measured from chronoamperometry. (A) background
electrolyte 0.1 S4 HC104, (B) background electrolyte 1 hi HCIO,.

different situation is seen again, where at 0.1 A/, two distinct linear regions are 
observed in the Arrhenius plot, leading to an activation energy of 224 kJ m ol’ 1 at 
high temperatures and a value of 35 kJ m o l'1 below 285 K. However, at 1 M  
HC104 a linear Arrhenius plot is obtained with an activation energy o f 92 kJ m ol- ’.

The temperature dependence of the CA response was also investigated and the 
results are given in Table 5. The activation parameter results obtained for CA are 
quite different from those given in Table 4. For non-perchlorate based electrolytes, 
a decrease in activation has been obtained (with the exception of K 2S 0 4) with 
increasing electrolyte concentration. In perchloric add based electrolyte two distinct 
activation energies have been obtained at high electrolyte concentration (see Fig. 8).

The entropy values obtained by CV or CA are related to the activation energies 
in that for those situations where a high activation energy is observed large positive 
entropies are obtained. If the activation energy is low then negative entropy terms 
are found.

DISCUSSION

The experimental variable which has been evaluated in these studies is D ^ c .  It is 
apparent therefore that changes in D ^ c  may reflect a variation in the charge 
transport rate or the fixed site concentration within the film.

Firstly the sulphate, chloride and toluene sulphonic add based electrolytes will 
be considered. It is thought likely that the observed increase in D ^ c  with 
increasing electrolyte concentration reflects, at least in part, an increased charge 
transport rate. This is likely since in addic electrolytes, the effect o f  increased 
supporting electrolyte concentration is expected to be to reduce the Fixed site 
concentration within the film as a result of the protonation of the unbound pyridine
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units within ihc film (pA'a of PVP s  3.3 [25]). With increased protonation film 
expansion is likel> due to electrostatic repulsion. It seems unlikely therefore that 
D ^ 'c  increases because of an increase in concentration of the fixed site within the 
film.

In neutral pH electrolytes, a similar increase in D ^ c  is observed (see Tables 
1-3). This could result from a more compact film at higher electrolyte concentration 
or an increased charge transport rate. It has been suggested (26] that, at low  
supporting electrolyte concentrations, the ability of the contacting solution to 
reduce the electrostatic repulsions of the charged fixed site is limited. Thus the 
redox sites adopt an extended configuration so as to minimise these coulombic 
repulsions. As supporting electrolyte concentration is increased the contacting 
solution can act to shield the redox centres and so a more compact structure is 
possible.

An increase in the concentration of the charge compensating counterion in the 
supporting electrolyte need not necessarily result in a greater ion availability within 
the film. It is known [27] that, for polyelectrolyte films, ions can be excluded at 
concentrations of supporting electrolyte below the fixed site concentration by the 
film's associated Donnan potential. Such an effect appears to be reflected for some 
electrolytes examined here. In HCL when D cj is measured using CV. a rapid 
increase is observed in going from 0.4 and 0.6 M  electrolyte solutions (see Fig. 3). 
For the CA results a similar increase is observed, but n o w  on going from 0.6 to 0.8 
M  electrolyte solutions (see Fig. 2). This suggests that the fixed site concentration 
for that part of the film where the potential step experiment is performed is higher 
than that in the remainder of the film. This would suggest that the region of the film 
contacting the electrolvtc directly is more swollen that that portion adjacent to the 
underlying glassy carbon. A breakdown of the Donnan exclusion effect also appears 
to be reflected in the formal potentials which in certain cases show sharp decreases 
between 0.4 and 0.8 M  (see Table 1). possibly reflecting increased ion permeation.

Dcj values as obtained by CV and CA both show a dependence on the 
concentration of supporting electrolyte; however their magnitudes differ greatly 
between the two techniques (Table 1). This may arise since, in the CA experiment, 
ion motion will be “ shon range" while for CV it will by necessity he of a  “ long  
range“ type due to the extent of the redox reaction. Alternatively there may be 
regions of distinct morphology within the film. It has been reported [28] that PVP 
films contain a smooth base layer and a more irregular outer region. It is in this 
amorphous portion that part o f the redox reaction will occur in the CV measure
ment of A n -

The temperature dependence results give support to the view of ion transport 
limitalions at low electrolyte concentrations. For the electrolytes examined (except 
for those based on C IO /), the activation energies of between 10 and 27 kJ m o l '1 
obtained at 0.1 M  electrolyte arc consistent with ion transport within an analogous 
film [29]. The activation energies measured for the ion transport process are 
dependent on the techniques employed, but are consistent for all the electrolytes 
examined. The CV value (10-18  kJ m ol-1 , Table 4) is thought to be associated with
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long range ion movement through the structurally more porous outer region o f the 
film which makes ion transport more facile, while the CA value (Table 5) of 
approximately 20-25 kJ m o l-1 represents ion movement through the more com 
pact, smooth underlying base coat of the immobilised film. An interesting observa
tion is that for the CV experiments in H 2S 0 4, where charge transport was most 
rapid presumably due to film solubilisation and hence efficient ion transport, the 
CV activation energy is low with a vaJue of 10.5 Id m o l'1, indicating facile ion 
movement. The CA value is. however, similar to that seen in the other electrolytes, 
possible indicating that even H ; S 0 4 is unable to alter the base layer morphology 
significantly. Charge transport in 0.1 M  toluene-4-sulphonic acid does not appear to 
be related to ion transport in the CA case. The activation energy obtained of 74 kJ 
m ol-1 is higher than those seen earlier and has a positive entropy term. It would 
appear that in this case, charge transport is associated with segmental m otions of 
the polymer chains to allow transport of this large ion. The positive entropy term 
indicates the disorder which segmental motion induces within the film.

Activation parameters obtained at 1.0 M  electrolyte suggest that only for certain 
systems has the ion movement lim itation been eliminated. For the CV experiments, 
H; S 0 4. K : S 0 4 and toluene sulphonic acid show increased activation energies and 
positive entropies in contrast to the low concentration electrolytes. This suggests 
that the limiting charge transport process has changed from ion movement to 
polymer chain motions [29], The combined results can be rationalised as follows; 
due to the redox site separation ( -  50 am) the overall rate limiting step for charge 
transport is the rate of redox site juxtaposition as dictated by polymer chain  
movement. Only when electrolyte concentrations are increased can ion transport 
become sufficiently facile e.g. in H ;S 0 4 to allow charge percolation to proceed at a 
rate dictated by the rate o f redox 'site juxtaposition. This is observed only for 
swelling electrolyte solutions such as sulphuric acid which make at least the outer 
portion of the film sufficiently porous to ensure rapid ion movement. For the CA  
experiment the activation energy generally decreases at 1.0 M electrolyte (6 -1 3  kJ 
m ol-1 ; Table 5) except for K : S 0 4. The different behaviour in K.; S 0 4 may be 
related to crystallisation o f the salt within the film when high concentrations are 
present during redox. The reduced activation energy remains associated with an 
ordering process (the entropy term remaining negative) except for toluene-4- 
sulphonic acid. The toluene-4-sulphonic acid value continues to be connected to the 
segmental chain motion required for ion influx. These lower activation energies 
observed in H ;S 0 4. HC1 and NaC l may be associated with the intrinsic barrier to 
electron self exchange or more likely an effect of polymer swelling with temperature.

Perchlorate based electrolytes
The concentration dependence results suggest that as the perchlorate concentra

tion is increased, ion transport becom es increasingly hindered due to increasing 
contraction of the film as a consequence of the film's insolubility. Alternatively it is 
possibly based on ion pair associations within the film. Ion pair associations within  
the polyelectrolyte [30] can act as crosslinks thus increasing matrix rigidity and
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opposing the ion movement into the film required for electroneutrality. The short 
range nature of the ion movement proposed for potential step experiments could 
explain the increased D & c  when the electrolyte concentration is increased because 
the ion shortage seen for CV is not expected to be so pronounced with CA.

The activation energies obtained in 0.1 M  C104* electrolytes are significantly 
different for the potential step and sweep experiments. For CV. large activation 
energies are obtained, which is consistent with the model discussed above. In 0.1 M  
HC104 the CV response shows a behaviour previously seen in ruthenium containing 
co-polymers [31] i.e. a distinct activation energy at high and low temperatures. The 
activation energy obtained at high temperature (224 Id m ol- 1 ) may be indicative of 
segmental chain motion where chain motion is restricted due to considerable film 
compaction. The low temperature value of 35 LJ m ol- ’ correlated with that 
observed for an analogous ruthenium polymer (40 Id m o l '1) [29] and is consistent 
with ion motion inside a compact matrix. At high HCI04 concentrations, a single £ ,  
is obtained using CV. The value of 92 Id m ol" ’ is associated with increasing 
disorder within the film (the entropy being positive + 105 J m ol" ’ K - 1 ) and 
probably represents polymer strand motion. It seems that the matrix has become so 
compact or crosslinked that only by polymer chain motion can ions move into the 
film.

CONCLUD1NG REMARKS

The establishment o f a link between A tt  and a physical process within the 
polymer film is of great importance, not onl\ fundamentally, but also for the 
successful application of modified electrodes. The results suggest that the ultimate 
rate limiting step for charge transport is segmental polymer chain motion required 
to bridge the distance ( -  50 nm) between redox centres. However, the charge 
transport process will reflect this latter process only at high concentrations of 
background electrolyte (typically > 1  M ). At low supporting electrolyte concentra
tions the effect of either Donnan exclusion and/or insufficient ion concentration 
means that ion transport limitations control the process.
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ELECTRODEPOSITION OF SILVER ONTO ELECTRODES  
COATED WITH [Os(bipy)2(PVP)1 0Cl]Cl

R. W a n g , R. J. F o r s t e r ,  A. C l a r k e ,  and J. G . V o s

School of Chemical Sciences, Dublin City University, Dublin 9, Ireland

(Received 30 M ay  1989; in revised form  7 August 1989)

Abstract—Silver has been deposited electrochcmically onto glassy carbon electrodes modified with the 
redox polymer [Os(bipy)2(PV P)J0Cl]Cl. where bipy =  2. 2'-bipyridyl and PVP = poly-4-vinylpyridine. The 
electrodeposition process has been studied using cyclic voitammctry. For electrodes coated with the 
analogous ruthenium containing polymer [Ru(bipy)2(PVP)10CI]CI no clectrodcposition was observed. 
These results suggest a mediated clectrodcposition in the case of the osmium polymer. C hronocoulom etry 
experiments show that the charge transport behaviour of the osmium coalings does not change upon 
deposition of silver.

Key words: silver, elecL . ^p o s itio n , osmium, poly-4-vinylpyridine, redox polymer.

IN T R O D U C T IO N

In recent years it has been recognised th a t modified 
electrodes can be further modified by in troducing  
metal particles into the polym er m a tr ix [ l-9 ] .  A n u m 
ber of investigations have focused on the e lec tro 
deposition of metals onto conducting  polym ers. K ao  
and  K uw ana[l] found that P t particles dispersed into 
poly (vinylacetic acid) electrocatalyse hydrogen evol
u tion  and oxygen reduction. M ore recenty, K u w an a  et 
al. reported that Pt electrodeposited in to  polyaniline 
films catalyses the reduction of hydrogen  an d  the 
ox idation  of m ethanol[2]. The e lec trodeposition  of 
palladium  particles within poly(thiophene) modified 
electrodes and their electrocatalytic activ ity  for the 
reduction  of oxygen was investigated by Y assar 
et o/.[4].

Less attention has been paid to  m etal e lec tro 
deposition onto redox polym ers. H ow ever, the first 
exam ple of metal deposition on to  po lym er coatings 
was reported by W righton’s g roup  using a  redox 
po lym er[6 ,7], In this investigation Pt(IV) and  Pd(II) 
complexes were introduced in to  surface bo u n d  N ,N '-  
dialkyl-4,4'-bipyridinium layers an d  then reduced  to 
Pt(0) and Pd(0) by electrochemical o r pho tochem ical 
techniques. It was dem onstrated th a t the efficiency of 
hydrogen evolution at a sem iconductor p h o to ca th o d e  
w as improved by this modification. W righ ton  an d  co- 
w orkers also reported catalytic genera tion  of hy
drogen by deposited Rh and Pd in a cobaltacen ium  
redox polymer on a sem iconductor e lec trode[8 ]. T he 
electrodeposition of metal particles in the redox po ly 
m er poly-[Ru(bipy)2(4-vinylpyridine)2] 2 + has been 
reported  by Pickup et al.[9].

The modification of redox polym er m odified elec
trodes with metal particles is interesting, no t only 
because of the aforementioned cata ly tic  activ ity , bu t 
also  because of other potential app lications. F o r  in
stance, copper deposition was used to  study  the 
m icrostructure of Nafion films con ta in ing  conducting  
crystals[10]. Also, “sandwich" m odified electrodes, ie
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polymer coated electrodes coated  w ith a m etal layer, 
have been proposed for the study of charge transport 
processes in redox p o ly m e rs [ ll ]  w hereas the ap 
plication of such assem blies in electronic devices has 
also been proposed[12].

In this paper, we rep o rt the electrodeposition  of 
silver onto a glassy carbon  electrode coated  with the 
redox polymer [O s(bipy)2P V P 10C l]C l (Fig. 1). To ob
tain inform ation ab o u t how the electrodeposition  is 
initiated, experim ents were also carried  ou t with the 
corresponding ru then ium  polym er.

E X P E R IM E N T A L

Materials

[Os(bipy)2P V P 10Cl]Cl and [Ru(bipy)2P V P 10Cl]Cl 
were prepared as described e lsew here[13 ,14]. All the 
reagents were of AR grade and  used w ithou t further 
purification.

Fig. 1. Molecular structure of redox polymers
[M(bipy)2P V P, 0CI]C1, M  =  Os(II), Ru(II), N -N  =

2,2’-bipyridyl (bipy).
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Cyclic voltammetry was conducted  using an ED T 
ECP133 potentiostat and galvanostat. C hronocou- 
lom etry was carried out using an E G & G  PAR 175 
universal program m er and 363 po ten tio sta t, com 
bined with a 397 digital coulom eter. A Philips 3311 
digital storage oscilloscope interfaced to  a BBC m icro
com puter was used for transien t d a ta  acquisition and 
analysis. Transient coulom etric m easurem ents were 
m ade in the 20ms range while the poten tia l was 
stepped from —0.2 to 0.8 V. By m icrocom puter typ
ically three signals were averaged and  background  
signals were subtracted. The surface coverage of the 
electrode surfaces was estim ated from cyclic voltam - 
mogram s obtained at a scan ra te  o f 1 mV s"  *. As the 
actual swelling of the polym er in the different electro
lytes is not known, it is n o t possible to ob ta in  an 
accurate measure for the layer thickness. An estim ate 
can be made from the density  of the d ry  polym er 
(1.2 g e m “ 3), if swelling is ignored a  typical surface 
coverage of 1.5 x 10"8 mol c m -2 , has a calculated 
thickness of about 200 nm. T he electrochem ical cell 
used was a conventional three electrode cell. All the 
electrochemical potentials are referenced to  see. In 
cyclic voltammetry experim ents, a g a r - K N 0 3 salt 
bridges were used for separating  the w orking solution  
and  reference electrode. P t foil w ith an area o f ca 
1.6 cm 2 was used as auxiliary electrode. W orking 
electrodes were Teflon shrouded  glassy carbon  disc 
electrodes with a diam m eter o f 0.7 cm. T he sup p o r
ting electrolyte used for electrodeposition  was 0.1 M 
H 2S 0 4. Silver was electrodeposited using the per
chlorate salt. All the experim ents were perform ed in 20 
+  2°C. Experiments on [Ru(bipy)2P V P 10Cl]C] coated 
electrodes were conducted in the dark  to  avoid pho to - 
chemically induced ligand exchange reactions 
[15,16],

Apparatus and methods

RESULTS AND D IS C U S S IO N

Earlier experiments with the osm ium  contain ing  
polym er have shown the m aterial to  be very stable in a 
range of electrolytes. The redox po ten tia l o f the 
Os{II/III) redox couple of interest in these studies is 
around  + 200 mV vs see. depending on the electrolyte 
used[17]. W hen a [Os(bipy)2P V P 10CI]Cl coated elec
trode in 0.1 M H 2S 0 4 containing 1 m M  A gClQ 4 was 
held a t +0.22 V for a few m inutes o r  cycled between 
-I- 0.7 and — 0.2 V vs see, the form ation of a clear silver 
coating could be observed. U nder these experim ental 
conditions the redox potential o f the polym er coating  
is +  200 mV vs see. This suggests tha t at the deposition  
potential used, mediation of the reduction o f Ag* by 
the surface bound redox couple, as in reactions (1) and  
(2), is thermodynam ically possible:

A g+ + O s 2 + -*Ag° +  O s3+, (1)

O s3* +  e~ ->O s2 *. (2)

However, it is also possible that Ag* ions perm eate 
from solution through the polym er and are then 
electrodcposited directly onto the glassy carbon  sur
face. Further deposition on this directly deposited 
silver can then also result in the form ation of a silver 
coating throughout the film. T o obtain inform ation

V vs see

Fig. 2. Cyclic voltammograms of bare glassy carbon electro
de (A, B) and [Os(bipy)2P V P 10CI]CI coated electrode 
(C, D) in 0.1 M H jS 0 4 +  1 mM AgC104(--- in 0.1 M 
H 2S 0 4), scan rate 100 m V s '1, surface coverage =2.2 
x 10" 8 m olcm -2 . the current scale is the same in 2A-2D.

abou t the nature of the electrodeposition  process 
cyclic voltam m etry was em ployed. O n bare glassy 
carbon, the electrodeposition  starts  at abou t 
+  160 mV (Fig. 2a). In the first scan, a slight hysteresis 
is seen, indicating the overpo ten tia l for elec trodepos
ition of silver onto  glassy carbon. T his overpoten tial is 
elim inated as soon as nucleation has s ta rted  (Fig. 2b). 
D uring the positive scan, a  very sharp  anodic wave 
reflects the stripping of silver from  the electrode 
surface. In the second scan, the elec trodeposition  
starts  at a m ore positive po ten tial relative to  the first 
scan. A perm anent silver coating  on glassy carbon  
canno t be obtained using cyclic voltam m etry  as the 
deposit is stripped off during  the positive scan.

A [O s(bipy)2P V P 10C l]C l polym er coated  electrode 
was first cycled in background electrolyte until the 
cyclic voltam m ogram  became stable. T hen  the e lec tro 
de was transferred to  a Ag + -containing solution and 
cyclic voltam m ogram s were recorded (Fig. 2). D uring 
the first scan of the polym er coated electrode, in 
addition  to the polym er reduction wave, a small 
cathodic  wave appears at a potential of ab o u t 
+  100 mV vs see (Fig. 2c). D uring  the positive scan, 
instead of very sharp  anodic wave observed in the bare 
glassy carbon electrode experim ent, only a small 
shoulder on the polym er oxidation  wave is present. 
F rom  the second scan on, the wave at +  100 mV no 
longer appears, but the reductive wave of the polym er 
is enhanced and a small cathodic plateau currcnt is 
observed. (Fig. 2d) a t the same time the anodic plateau 
becom es lower. At slower scan rates, two slightly 
separated  reduction peaks are seen and an anodic 
stripp ing  wave is observed at + 400 mV (Fig. 3). If the 
scanning potential is limited to m ore positive poten
tials, where the small wave in the first scan was not 
reached, the reduction wave of the polymer still in
creases gradually and stabilises after a few minutes, 
indicating  that also  under these conditions deposition
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of silver is taking place. The effect of the silver ion 
concentration, scanning limits and o f the film th ick
ness is shown in Fig. 4. This figure show s th a t a t higher 
substrate concentration and for thin films the cathodic 
plateau is increased, but that there is also  evidence for 
anodic stripping, as evidenced by a w ave a t + 4 0 0  mV 
vs see (compare Figs 4a and 4b). F igure 4c show s tha t 
by scanning to less negative po ten tia ls  the direct 
deposition can be reduced considerably, so th a t no 
stripping wave is observed.

V vs see

Fig. 3. Cyclic voltammetry of [Os(bipy)2P V P l()Cl]Cl coated 
electrode in 0.1 M H2S 0 4 (l)and in 0.1 M H 2S 0 4 containing 
1 mM AgCIO*, 2 and 3 are respectively the first and second 
scan in the silver containing solution; scan rate S m V s '1, 

surface coverage 2.7 x 10" 8 mol c m " 2

The results obtained so fur clearly indicate the large 
influence of the polym er coaling  on, especially, the 
stripping process. It appears that the electrodeposition 
is, at least in part, m ediated by the polym er coating 
and not just arising from a direct deposition  of silver 
on the underlaying electrode surface. T o further inves
tigate the relative im portance o f direct and  mediated 
electrodeposition, the analogous redox polymer 
[Ru(bipy)2P V P |0Cl]CI was investigated. The ru then
ium containing polym er is expected to  have a very 
similar structure as the osm ium  con ta in ing  polymer. 
However, the ruthenium  polym er is therm odynam i
cally unable to m ediate the reduction  o f A g+ as its 
formal potential is m ore positive (abou t 640 mV vs see) 
than that of the A g>/0 couple (590 mV vs see). There
fore only electrodeposition directly on the underlaying 
glassy carbon surface is possible for an electrode 
coated with this polym er. E lectrodes coated  with the 
ruthenium  containing polym er were scanned over the 
same potential range as used for the above described 
experiments with the osm ium  coatings. In contrast 
with the results obtained  for the osm ium  coatings 
(Fig. 2) no reduction wave was observed a t +  100 mV 
and no differences betw een the first an d  subsequent 
scans was observed (Fig. 5). In the positive scan, a very 
small stripping wave was observed a t ab o u t + 4 0 0  mV 
indicating some electrodeposition  o n to  the glassy 
carbon. It is im portan t to note here th a t con trary  to 
what is observed for the osm ium  polym er, the strip
ping process can be m ediated by the po lym er coating. 
However, when the scanning range was extended past 
the ruthenium redox couple, only a very sm all increase 
of the ruthenium oxidation  wave, th a t cou ld  be inter
preted as a stripping o f silver, was observed (Fig. 5).

So the results obtained for the ru then ium  polym er 
support the suggestion m ade before th a t the electro
deposition is m ediated by the osm ium  polym er and 
tha t the osm ium centres are involved in the 
electrodeposition process. As is also observed for the

V vs see

Fig. 4. Cyclic voltammetry of [Os(bipy)2P V P 10Cl]Cl coated electrodes in 0.1 M H 2S 0 4 without (1) and 
with (2) AgCIO*, scan rate: 10 mV s " ' ,  Ag(I) concentration; (A) 3 mM and (B, C) 2 mM, surface coverage 
= 1.5 x 10" 8 mol cm " 3 for (A) and  7 x 10‘ 8 mol cm " 2 for (B, C); negative scan limit —200 mV vs see for A
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V vs s e e

Fig. 5. Cyclic voltammetry of a [Ru(bipy)2(PVP)10Cl]CI 
coated electrode in 0.1 M H 2SO« (A, E) and in 0.1 M H 2S 0 4 
+ 1 mM AgCIO., (B, C, D,) scan rate 100 m V s '1, Surface 

coverage 1.5 x 10' 8 m olcm “ 2.

bare electrode, the mediation of the Ag(I) reduction by 
Os(II) is initially slow, but as soon as any nucleation 
occurs the subsequent deposition becomes easier. The 
location of this nucleation process is at this stage 
unclear. T hat direct deposition on the glassy carbon 
surface occurs can be seen clearly from the stripping 
current observed at about + 4 0 0  mV vs see. The 
m agnitude of the direct deposition can be controlled 
by adjusting variables such as substrate  concen tra
tion, layer thickness and scanning range (Fig. 4). D e
position might occur either at the underlying glassy 
carbon surface or in the polym er layer. However the 
results obtained from the ruthenium  polym er suggest 
tha t even if initially direct deposition on the electrode 
occurs, the presence of osmium centres is needed to 
p ropagate the process through the whole layer. As 
stripping of the silver deposit by the osm ium polym er 
is therm odynam ically not possible, any stripping cu r
rent observed must come from silver deposited d i
rectly onto  the glassy carbon.

Potential-step chronocoulom etry were carried ou t 
for the O s(Il/III) oxidation wave using glassy carbon 
electrodes with a surface coverage of 2 + 1  
x 10“ 8 mol cm ~J. From  an Anson type analysis[18] 

of the transient data, apparent diffusion coefficients of 
6.0 ±  1 x 1 0 '9 cm 2s~ 1 for the coating containing 
metal particles and 5.6+1 x 10~9 cm 2 s " 1 for the 
polym er coating before deposition were estim ated. 
T his clearly shows that the overall charge tran spo rt

properties o f the layer have not been effected by the 
presence of the silver particles.

C O N C L U SIO N

This study shows tha t it is possible to  introduce 
metal particles into the osmium contain ing redox 
polym er via m ediation at quite positive potentials. As 
anodic stripping of the silver from the polym er layer is 
therm odynam ically unfavourable, the m etal deposits 
can be m aintained on the polymer. In this m anner 
metal deposits with specific catalytic properties can  be 
obtained  w ithout destroying the redox activity o f the 
polym er itself.
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The object o f this preliminary note is to present measurements o f  the mass transport 

process in thin films o f [Os(bpy)2PVPioCl]Cl during redox o f the Os 2+/3+ couple  

(bpy=2,2'-bipyridyl; PVP=poly-4-vinylpyridine). Specifically w e demonstrate that the 

mass transport process shows considerable variation with supporting electrolyte and solvent 

and quantitative information on solvent transport is able to be obtained using the quartz 

crystal microbalance(QCM) in solution[l,2], Solvent transport during redox o f  thin film s 

has been shown to be important in their electrochemical behaviour[3] The ability o f  

substrates to move freely into polymer film s is an important property in the use o f  m odified  

electrodes as electrocatalysts which is dependent on the degree o f  swelling o f  the polym er  

film [4].

W e have previously examined the charge propagation in thin films o f  this osm ium  

polymer complex[5] and o f the ruthenium analogue[6]. The diffusion coefficient for 

apparent charge transport, Dapp, is dependent on the supporting electrolyte anion. It has 

recently been shown that an osmium polym er film  o f  this type is capable o f  the oxidation o f  

the glucose oxidase en2yme[7].

Qualitative evidence, obtained with the QCM , for solvent transport during 

electroneutrality requiring ion transport in thin film s has been shown in the case o f  

poly(vinylferrocene)[8,9], polyaniline[10,l 1] and nitrated poly(styrene)[12]. The u se o f  

deuterated solvent allowed the unambiguous quantitation o f  solvent transport in the nickel 

analogue o f  Prussian Blue to be clarified! 13]. In this report w e have used this approach to 

elucidate quantitative information on the reversible mass transport processes occuring during 

the redox reaction of thin films o f  this osm ium  polym er complex.

INTRODUCTION

26



EXPERIMENTAL

5 M Hz AT cut quartz crystals o f 13 mm diameter (Toyo Kurafuto) were coated on 

both faces with Au (ca.300nm) using a Cr adhesion layer (2nm) by vacuum deposition. An 

asymmetric keyhole electrode arrangement was used in which the piezoelectrically active 

area (0.28cm 2) was smaller than the area o f the working electrode face (0.64cm 2). This 

arrangement has a mass sensitivity o f S ^ S X lO ^ z c n ^ g ^ fM ].

Thin films (0.1-0.5^im) o f  the Osmium polymer com plex were deposited by 

evaporation from ethanol over the whole electrode face until visibly smooth. The polymer 

films were allowed to dry for 1 week under ambient conditions before attachment o f  the 

crystal to the side arm o f an electrochemical cell using silicone rubber. The geometric area 

o f the film  exposed to solution, not covered with silicone was determined accurately for 

each case but was typically 0.5cm 2.

The resonant frequency was determined with the crystal as the active elem ent o f  an 

oscillation circuit using a Hewlet Packard 5334B universal counter. Electrochemical 

measurements were conducted with the working electrode at ground in an operational 

amplifier based potentiostat/galvanostat(Polarization Unit PS-06, Toho Technical Research). 

A Pt wire was used as the counter electrode in a frit separated compartment and as reference 

electrode, a saturated sodium chloride calomel electrode(SSCE) w as used in aqueous 

electrolytes while a A g wire pseudoreference was used in acetonitrile solutions.

Acetonitrile (reagent grade) was purified by distillation under reduced pressure after 

drying over m oleculer sieve for 2 days. Doubly distilled deionized water and Dueterium  

oxide (99.8% , Merck) were used for preparation o f aqueous electrolytes. 

Tetraethylammonium para toluene sulphonate (TEApTS), tetrabutylammonium  

perchlorate(TBAP), sodium p-toluene sulphonate(NapTS) and sodium perchlorate(NaC104) 

were guaranteed reagent grade(>99%) and used as received.

RESULTS and DISCUSSION

The typical steady state QCM response and cyclic volLammetric response for the 

Osmium polym er complex in 0.1M TBAP and in 0.1M  TEApTS acetonitrile solutions are 

shown in figure la  and lb  respectively. The frequency decreases during oxidation o f  the
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Os 2+/3+ couple which indicates that the mass o f  the film increases. A comparison o f  the 

steady state charge passed with the steady state frequency change allows the molar mass 

equivalent(M eq) to be determined, this corresponds to qualitative identification o f the mass 

transporting species. The Meq was found to be 129g/mol for 0 .1M T B A P  and 192g/mol 

for 0 .1M  TEApTS. The Meq determined remained constant(±5%) with sweep rate in the 

range 1 -100m V/s indicating the absence o f  any kinetic effects[14]. The molecular masses o f  

the anions are 99g/mol, C104 and 171g/moI, pTS and the behaviour here is consistent with 

the permselective movement o f  anion into the polymer film in order to maintain 

electronuetrality. There may be a small amount o f solvent ingress during oxidation. The 

good agreement between M eq and the molecular mass shows that the film behaves as a rigid 

layer describable by the Sauerbrey equation[14]. The half mass change and half charge 

potentials coincided to within 5m V  up to 20m V/s at a minimum frequency sampling time o f  

0 .4s which shows that the mass transport process and electron transfer process occur 

sim ultaneously.

The behaviour in aqueous electrolyte solutions is shown in figure 2. The frequency 

response for 0 .1M N a G 0 4 is again typical o f  permselective anion mass transport, M eq  

94g/m ol, with little or no cation or solvent m ovem ent However the frequency behaviour in 

0.1M  NapTS is quite different, the frequency changc is still consistent with the mass 

increase o f  the film during oxidation but the M eq determined is 602g/moL This remains 

constant with sweep rate in the range (5-100m V/s) and there is still good agreement o f  the 

half mass change and half charge change potentials indicating a simultaneous process. A  

possible reason for this disparity is that there is movement o f water into the film  during 

oxidation. W e have investigated this by replacing H20  with deuterium oxide, D 20 .  The 

average M eq determined was 651g/mol(±5% ) and the effect o f  isotopic substitution on M eq  

(after substracting the molecular mass o f  the pTS anion) was an 11% increase fo r D 20  as 

shown in Table 1. A similar film with a surface coverage o f 21^ig/cm2 i.e. three times 

low er had a substitution increase o f 13%. It is clear that the excess mass in M eq for 0 .1M  

NapTS as suporting electrolyte is consistent with the increase in the molecular mass o f  water 

due to deuteration o f 11%. The good agreement here may indicate that the rigid layer
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approximation is still valid which would Indicate that 24 molecules o f  water accompany 

anion movement into or out o f  the film during oxidation or reduction. This w ould indicate a 

considerable change in the solution properties o f the film between the initial O s2+ stale and 

the oxidized O s3+ state. At the slowest sweep rate used, lm V /s this corresponds to a 13% 

sw elling due to water uptake. The diffusion coefficient, D*pp, for the oxidation and 

reduction processes were found to be 1 .6 X 1 0 12 cm 2/s and 3 .8 X 1 0 '12 cm 2/s respectively, 

determined by potential-step chronocoulometry, which was constant for both H 20  and D 20  

as solvents.

It must also be noted that a change in the surface morphology, the polym er film  

becom es more uneven between the oxidized and reduced states, should also lead to a similar 

solvent dependence as more solvent molecules would become trapped in the polym er 

solution interface region[16]. If this can occur then the magnitude o f  the frequency change 

may also be dependent on the replacement o f  H 20  by D20  and as such the increase in 

viscosity and density would correspond to a 16 % increase in frequency[17J. A  

m orphology change is considered to be unlikely as no similar effect w as observed in 

acetonitrile.

The effect o f  compressional stress is mitigated against by using a piezoelectrically  

active area which is smaller than the electrochemically active area(asymmetric electrode 

arrangement) as only the radial distribution o f  mass sensitivity is stress dependent and not 

the integral o f  the mass sensitivity which remains constant(18]. It is concluded therefore 

that com pressional stress is not a contributing factor. The movement o f  water during 

electroosm osis cannot be considered to be contributing to this behaviour as it w ould  have 

the opposite effect, water movement out o f  the film during oxidation. The difference in 

mass transport in aqueous systems between N a G 0 4 and NapTS is not unusual as the 

perchlorate salt o f  the polymer is highly insoluble and swelling effects are the normal 

situation for other anions.

A discussion o f the in situ mass transport behaviour o f various electrolyte counter 

ions and solvent will be presented in a com plete publication which is in preparation.
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Table 1 Frequency and charge changes evaluated from steady state cyclic 
voltammograms in 0.1 M NapTS with (a) H2O and (b) D2O as solvent Surface 
coverage o f polymer film : 67ng/cm2.

(a) H20

Sweep rate AF* AQb Meq

mV/s Hz mC g/mol

1 658 1.05 488

5 586 0.78 580

10 487 0.61 620

20 355 0.44 628

35 263 0.32 635

50 218 0.31 543

100 154 0.20 606

(b ) D 2O

1 694 0.99 546

5 540 0.62 632

10 417 0.48 678

20 286 0.33 664

35 214 0.24 686

50 • 187 0.23 586

100 124 0.15 658

a. Change in frequency at steady state from maximum to minimum.

b. Change in charge, average of anodic and cathodic charges.
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Figure 1

Frequency and current response o f steady state cyclic voltammogram at 10m V/s in 

acetonitrile for (a)0.1M TBAP, surface coverage=13|ig/cm2 and (b)0.1M TEApTS, 

surface coverage=21(ig/cm2. Potentials quarted versus Ag wire reference.
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Figure 2

Frequency and current response o f steady state cyclic voltammogram at 10m V/s in 

water, (a)0.1M NaClCto and (b)0.1M NapTS for a film o f  surface coverage 

=21|a.g/cm2.
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Synthesis, Characterisation, Reactivity, and X -R ay  Structure  of 
c/s-Carbonylchlorobis[1 -m ethy I -3 - (pyr id in -2 -y  I ) -1 ,2 ,4-triazole-/V4/V'] ru th e n iu m  
Hexafluorophosphate  t

R obert J. Forster, Aidan Boyle, and Johannes G. Vos ‘
S chool o f Chemical Sciences. Dublin City University. D ub lin  9. Ireland
Ronald Hage, Anouk H. J. Dijkhuis, Rudolf A. G. de G raaff, Jaap G. Haasnoot, Rob Prins, and 
Jan Reedijk
Department o f  Chemistry, Gorlaeus Laboratories, Leiden University, 2300 RA Leiden, The Netherlands

The compound [R u(L -L ')j(C O )C I]P F , [ L—L' = 1 - m ethyl-3 - (p y rid in -2 -y l)-1 ,2.4-triazole] has been 
obtained in high yield from ruthenium trichloride and the pyridyltriazole ligand in dimethylformam- 
ide, as a mixture of co-ordination isomers. One of these isomers was obtained using 
crystallisation techniques and crystallises in the m onoclin ic space group P 2Jn  w ith  unit-cell 
parameters a = 11.085(1), b = 13.120(2), c = 16.108(2) A. (3 = 97.17(1)°. andZ = 4. The metal 
cation has a cis geometry for CO and Cl, and the triazole ring is bound to the ruthenium centre via 
its N* nitrogen atom. The CO and Cl groups are trans to the triazole rings of the pyridyltriazole 
ligand. The average ruthenium nitrogen distance is 2.09 A. From this compound the species 
[R u (L -L ')(C O )L ] + have been obtained, where L = NCS~ or H~. All the compounds have been 
characterised by spectroscopic, electrochemical, and high-perform ance liquid chromatographic 
methods. The results, and in particular the high yield in w h ich  the title  compound is obtained, 
strongly suggest that the pyridyltriazole ligand is a weaker n acceptor than 2 ,2 '-bipyridyl.

There is at present much interest in the chemistry of ruthenium 
polypyridyl com pounds because of their possible application as 
photochemical or electrochemical catalysts.1' 1 Recently a 
series of ruthenium  polypyridyl carbonyl compounds have been 
reported with the overall formula of [Ru(bipy)2(CO)L]"* 
(n =  1 or 2, bipy =2.2'-bipyridyl. L =  a series of monodentate 
ligands including CO), showing some very unusual and 
interesting properties. The electronic properties of these 
com pounds are quite different from those normally expected for 
ruthenium  polypyridyl complexes, also photochemical lability 
o f the carbonyl ligand has been observed. The use of the 
com pound [Ru(bipy)2(CO)Cl] * as a catalyst in the water-gas 
shift reaction has been reported.8'’ This compound and also the 
osmium carbonyl hydride compound have been proposed as 
catalysts for the electrochemical reduction of C O 2.‘0 Detailed 
investigations, including hydride-transfer studies, have also 
been carried out on [Ru(bipy)2(C O )H ]PF6, 1 l i :  a possible 
interm ediate in the earlier mentioned ruthenium-catalysed 
water-gas shift reaction.

We have started a systematic investigation13 of the 
physical properties of ruthenium compounds with asymmetric 
ligands of the type L -L ‘, where L-L ' is a series of pyridyl- 
1.2,4-triazoles. In this conlribution we report the synthesis, 
characterisation, and reactivity of the compound [R u(L -L ) 2- 
(C O )C I]P F6, where the ligand L -L ’ is l-methyl-3-(pyridin-2- 
yl)-l,2,4-triazole and the molecular structure of one of its 
isomers. It was anticipated that with this study information 
would be obtained about the electronic properties of the ligand. 
The properties of the compounds obtained are compared with 
those observed for the corresponding 2.2'-bipyridyl carbonyl 
compounds.

Results and Discussion
Preparation o f  [R u (L -L ')2(CO)Cl]PF,,.—The compound is

+ Supplementary data available: set Instructions for Authors. J. Chem. 
Soc.. Dahon Trans., 1990. Issue I, pp. xix— xxii

obtained by reaction of ruthenium trichloride trihydrate with 2 
equivalents of the ligand in refluxing dimethylformamide (dmf) 
[reaction (1)]. The formation of such carbonyl com pounds, is

R uC lj +  2L -L ' [R u(L -L ')2(CO )C l] * (1)

most likely the result of a decarbonylation of the solvent, 
dmf.*- ’ The ligand was added in small portions, so as to  avoid 
the form ation of [R u(L -L ')3] J *. The corresponding bipy 
compound has been prepared in the same m anner.4 How ever, in 
that case the yield obtained is only about 40°'o, while with ou r 
pyridyltriazole ligand a yield of close to 100°,, is obtained. 
N.m.r. spectra of the products obtained (see below) clearly 
show the presence of different co-ordination isomers. The first 
fraction to crystallise out was used for the AT-ray analysis. As this 
fraction contained however only about 15?'„ of the overall 
yield there is no guarantee that only one isomer is obtained. For 
the bipy compound the main product is [R u(bipy)2C l2], 
however no evidence for the formation of such a com pound was 
obtained with the pyridyltriazole ligand. This suggests that

C(21)
N(2i;

C<25)

Ni12)

C(134) 

C 035)

Figure 1. O R TE P drawing of oj-[Ru(L -L )2(CO )C1]PF6, showing the 
atom labelling system
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T»ble I. Fraclional alomic co-ordinaics ( x 10! for Ru; x 10* for C. Cl. F. O. N, and P) of [R u(L -L '); (CO lCI]PFk

Atom X a Y b Z.r Atom A' a Y,b Z c

Ru 23 480(4) 4 705(4) 14 941(2) N(22) 5 049(4) 2 395(4) 878(3)
Cl 783(1) -776(1) 1 242( 1 ) C(23) 4 188(5) 1 696(4) 835(3)
C(l) 3 380(51 -567(5) 1 887(4) N(24) 3 669(4) 1 597(3) 1 551(3)
O 3 936(5) - 1  240(4) 2 137(3) C(25) 4 238(5) 2 265(5) 2066(3)
N (ll) -578(5) 2 475(4) 716(3) N(231) 2 863(4) 416(4) 281(3)
C ( ll) - 1  480(8) 3 062(6) 201(5) C(232) 3 743(5) 1 067(4) 115(3)
N( 12) -694(4) 2 278(4) 1 552(3) C(233) 4 151(5) 1 116(5) -648(4)
Cl 131 280(5) 1 729(4) 1 779(3) C(234) 3 638(6) 486(6) -  1 282(4)
N( 14) 995(4) 1 573(4) 1 162(3) C(235) 2 753(6) -144(6) - 1  122(4)
C(15) 431(5) 2 050(4) 507(4) C(236) 2 386(6) -178(5) -350(4)
N(I3I) 1 697(4) 723(3) 2 634(3) P 6 529(2) 1 026(2) 3 789(1)
C(I32) 669(5) 1 295(4) 2 596(3) F (l) 6 201(4) 738(4) 4 680(3)
CO 33) 58(6) I 440(5) 3 268(4) F(2) 5 628(5) 1 934(4) 3 769(3)
C(I34) 499(7) 977(6) 4 020(4) F(3) 6 854(5) 1 331(4) 2915(3)
C( 135) 1 520(6) 420(6) 4 063(4) F(4) 7 482(5) 174(4) 3 836(3)
C(136) 2 103(6) 312(5) 3 379(4) F(5) 7 510(5) 1 733(5) 4 225(4)
N(2I) 5 073(4) 2 748(4) 1 678(3) F(6) 5 556(6) 355(6) 3 352(4)
C(2I) 5 974(6) 3 497(5) 2 019(4)

Table 2. Selected bond lengths (A) and angles (°) of [Ru(L-L')2(CO )Cl]PFt with estimated standard deviations (e.s.ds) in parentheses

Ru-N(|4) 2.104(5) C( 13)—N(14) 1.362(6) C( 135)—C( 136) 1.352(9) N(21)-N(22) 1.367(6)
Ru—N (131 ) 2.082(4) N(14)-C(15) 1.317(6) C(233)-C(234) 1.380(8) N(22)-C(23) 1.318(6)
Ru-N(24) 2.074(4) C(15)-N (l 1) 1.329(7) C(234)-C(235) 1.333(9) C(23)-N(24) 1.357(6)
Ru-N(231) 2.104(4) C(I3)-C(132) 1.450(7) C(235)-C(236) 1.357(8) N(24)—C(25) 1.313(61
R u-C(l) 1 839(7) N(131 )—C (132) 1.359(7) N(231)-C(236) 1.336(7) C(25)-N(21) 1.338(7)
Ru-CI 2.382(2) C(132)-C(133) 1.360(7) C ( l) -0 1.123(7) C(23)-C(232) 1.458(7)
C ( l l ) - N ( l l) 1.440(8) C( 13 3)—C( 134) 1.388(9) C( 136)—N(131) 1.342(7) N(231 )—C(232) 1.348(7)
N (11)-N (I2) 1.394(6) C( 134)—C( 135) 1.341(9) C(21)-N(21) 1.458(7) C(232)-C(233) 1.363(7)
N( 12)—C( 13) 1.312(7)

Cl-R u-N (14) 87 0(1) Ru—N( 14)—C( 15) 141.5(4) N( 131 )—C( 132)—C( 133) 122.7(5) N(24)-C(23)-C(232) 118.9(5)
Cl-R u-N (131) 86.2(1) Ru-N(I4)-C( 13) 112.3(4) C( 13>—C( 132)—C( 133) 123.1(6) N(22>-C(23)-C(232) 127.3(5)
Cl-Ru-N(24) 172.6(1) C( 15)—N( 14)—C( 13) 104.6(5) C(I32)-C(133>-C(134) 118.5(6) N(24)-C(25)-N(21 ) 109.1(5)
C l-R u-N (23l) 95.4(1) C(15)—N( 11 )—N( 12) 110.5(5) C( 135)—C( 134)—C( 133) 119.1(6) Ru-N(231)-Q232) 116.7(4)
C l-R u -C (l) 87.6(2) C( 15)—N( 11 )—C( 11) 128 6(6) C( 136)—C( 135)—C( 134) 120.1(6) Ru-N(231)-C(236) 126.7(4)
N(14)-Ru-N(131) 78.5(2) N( 12)—N (11 )—C( 11) 120.9(6) N( 131 )—C( 136)—C( 135) 123.0(6) C(232)-N(231 )—C(236) 116.5(5)
N(14)-Ru-N(24) 89.9(2) N( 11 )—N( 12>—C( 13) 101 5(5) Ru-N(24)-C(25) 141.7(4) N(231 )—C(232)—C(23) 112.5(5)
N(14)-Ru-N(231) 93.1(2) N( 14)—C (13)—N( 12) 114.4(5) Ru-N(24)-C(23) 113.8(4) N(231 )—C(232)—C(233) 122.5(5)
N (14)-R u-C(l) 171.7(2) N (14)-C(I5)-N (11) 109 1(5) C(25)-N(24)-C(23) 104.5(5) C(23)—C(232)—C(233) 125.0(5)
N(131)-Ru-N(24) 99.7(2) N(14)—C( 13)—C( 132) 118.0(5) C(25)-N(21 )-N(22) 110.2(5) C(232)-C(233)-C(234) 119.1(6)
N (131 )—Ru—N(231 ) 171.3(2) N(12)-C(13)-C(132) 127.6(5) C(25)-N(21)-C(2I) 128.6(5) C(233)-C(234)-C(235) 118.3(6)
N( 131 )—Ru—C( I ) 94.8(2) Ru—N( 131 )—C( 132) 115.4(3) N(22)-N(21)-C(21 ) 121.0(5) C(234)-C(235)-C(236) 120.6(6)
N(24)-Ru-N(23l) 78.1(2) Ru—N( 131 )—C( 136) 127 6(4) N(2I )—N(22)—C(23) 102.3(4) N(231 )—C(236>—C(235) 122.9(6)
N (24)-Ru-C(l) 96.2(2) C( 132)—N( 131 )—C( 136) 116.6(5) N(24)—C(23>—N(22) 113.8(5) R u -C (l)-0 174 9(6)
N(231 )—Ru—C( 1 ) 93.7(2) N( 131 )—C( 132)—C( 13) 114.2(5)

the pyridyltriazole ligands are less strong jt acceptors, as weak 
k acceptors are expected to stabilise the chlorocarbonyl 
com pound with respect to the dichloride because of a decreased 
com petition for electron density with the carbonyl ligand.4

The compound [R u(L -L ')(C O )2C l2] was obtained as 
reported before for the corresponding bipy compound in high 
yield, by treating L-L' with a CO-containing m ethanol-waler 
solution of R uC lj.4*

X -R a y  S tructure o f  r« -[R u (L -L ')2(C O )C l]PF6.— Fraclional 
co-ordinates are given in Table 1, relevant bond distances and 
angles in Table 2. An O RTEP projection of the [R u(L -L ')2- 
(CO)CI] ’ cation is shown in Figure 1 together with the atom 
labelling system used. The unit-cell packing of the [R u(L -L '),- 
(COKTIjPF,, ion pairs is shown in Figure 2

The co-ordination geomelry around the central metal ion 
is slightly distorted octahedral, with the L -L ' ligands co
ordinated in a cis fashion in such a way that the triazole groups 
are m utually cis and the pyridines mutually irons. The largest 
distortion is the small value of the angle between the ruthenium

atoms are omitted for clarity

ion and iwo co-ordinaling nitrogen aloms [e.g. N (l4 )-R u - 
N( 131) 78.5, N(24)-Ru-N (231) 78.1°]. These angles, which, 
are significantly smaller than 90°, appear to be imposed on the
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structure by the rigidity of the pyridv llria^olc ligands. The small 
bite angle has been observed before in compounds containing 
ligands with com parable geometries14 and is similar to that 
found for bipy.1 *• *" The ligands are bound to the metal ion via 
the pyridine nitrogen and the N4 atom of the triazole ring. C o
o rd ination  through this nitrogen atom of the triazole ring leads 
to less steric hindrance than that through the N 2 atom. The 
pyridine groups are trans to each other with the carbonyl and 
chloride ligands trans to triazole ring, probably because in this 
m anner the possibilities for metal-to-ligand back bonding are 
optim ised. The R u-N  distances of beiween 2.104 and 2.074 A 
are as expected for divalent rulhenium compounds. The trans 
efTect observed for the C O  and Cl ligands is, however, much 
sm aller than that observed in [Ru(bipy)J(C O )C l] '\  where a 
difference of 0.11 A for the Ru-N distances trans to  these ligands 
was observed (2.06 vs. 2.17 A).44 This is possibly related to the 
fact th a t the triazole ring is not expected to be involved in the 
n-back bonding system. The Ru-C bond is 1.84 A with th eC -O  
distance of 1.12 A and a R u-C -O  angle of 175°. These values 
and also the o ther m etal-ligand distances are very similar to 
those in the corresponding bipy compound.4"

R ea c tiv ity .— Attem pts were made to prepare a series of 
com pounds with the general formula [R u(L -L ')2(CO)L]"* by 
refluxing [R u (L -L ')2(CO)C1]* in the presence o f an excess of 
ligand [reaction (2)3- As attempts to isolate the different isomers 
o f the chloro  carbonyl compound failed, the reactivity studies 
were carried ou t with samples containing a mixture of co
o rd ination  isomers. Reaction (2) was found to be efficient for the

[R u (L -L ')2(C O ) C ir  +  L  .
[Ru(L-L')2(C O )L ]"4 +  Cl (2)

p rep ara tio n  of the bipy analogues and a range of compounds 
w ith L =  pyridine, acetonitrile, N C S ',e /r . has been rep o rted ."  
F o r the chlorocarbonyl compound reported here reaction (2) 
was extrem ely slow and it appeared to be very difficult to 
replace the chloride ligand with neutral ligands. The chloride 
ligand is not exchanged at all upon refluxing in organic solvents 
for up to 3 d. The addition of water to the reaction mixture does 
lead to  a slow release of the anion. Numerous attem pts were 
m ade to  prepare [R u(L -L ')2(C 0X H 20 ) ] 2*\ from refluxing 
ace tone-w ater mixtures, also in the presence of acids, base, or 
A g N 0 3. However, no pure products were obtained in this 
m anner. The best results were obtained by the acid decom
position  of the hydride compound. The results given below for 
the aq u a  and C H jC N  compounds are obtained from samples 
p repared  in this manner.

As the variations in electronic spectra, obtained as a result 
o f the ligand-exchange process, are very small u.v.-visible 
spectroscopy could not be used to monitor these reactions. The 
reactions were therefore followed by high-performance liquid 
ch rom atography  (h.p.I.c.). In experiments where we tried to 
p repare  com pounds with a 2 + charge, com pounds with ligands 
such as H 20  and C H jC N , recombination of the displaced 
chloride ligand with the 2 +  species formed occurred upon 
injection of a sample of the reaction mixture into the, mainly 
organic, mobile phase.

T he exchange of the chloride ion with other anions is more 
efficient. The N CS" com pound could be prepared, but this is 
also no t very stable. The compound [R u (L -L ')2(C 0 )H ]C 1 0 4 
was prepared at room  temperature [reaction Í3)].4* It is

[R u (L -L ')2(C O )C I]+ +  N aB H , CH,0H.
[R u(L -L '),(C O )H ]*  (3)

however, not very stable. Addition of NH4P F 6 and also excess

of the borohydridc decomposed the compound, but the hydride 
could be isolated as the perchlorate salt using NaCIO*. A 
similar behaviour was observed before for Ru(bipy); hvdrides 
containing phosphine ligands and can be attributed to the 
acidity of the NH*‘ group.4'  The stability of the chlorocarbonyl 
compound is further emphasised by the experiments carried out 
with [R u(L -L ')(C O )2CIj], When we attempted to prepare 
[R u(L -L ’),(C O )2] 2 * by treating [R u(L -L ')(C O )2CI2] with 1 
equivalent of the chelating ligand the major product obtained 
was the chlorocarbonyl compound, with only a relatively small 
amount ofa dicarbonyl species identified by i.r. spectroscopy and 
h.p.I.c.

As expected the carbonyl ligands are photochemically 
labile.4* The chlorocarbonyl compound was photolysed in 
acetonitrile using u.v. irradiation. Both h.p.I.c. and u.v.-visible 
spectroscopy show the formation of one product, with a in 
the visible of 420 nm for short irradiation times. Upon 
prolonged irradiation a small amount of a second product is 
formed with an absorption maximum at about 385 nm. The 
products obtained were not isolated, but from spectroscopic 
and h.p.I.c. data it is concluded that the initial product is 
most likely [R u(L -L ')2(C H 3CN)C1] A similar product was 
obtained for the corresponding bipy com pound ."  while the 
second product most likely is [R u(L -L ')2(C H 3C N )2] 2*.

Purification of the compounds prepared by column chrom ato
graphy using neutral alumina was not possible as they did 
adhere to the top of the column. The purity of the compounds 
was therefore checked by h.p.I.c. using a m ethod described in the 
Experimental section. The retention times observed are given in 
Table 3. It proved very difficult to obtain samples having 
satisfactory elemental analyses. Satisfactory spectroscopic and 
electrochemical data could be obtained for the compounds with 
L =  H 20 ,  C H jCN, C l ' ,  N C S ', or H~. The purity of these 
compounds was belter than 95% as judged by h.p.I.c. 
Satisfactory elemental analyses could only be obtained for the 
Cl NCS " ,and H - compounds. M ost likely slow decomposition 
of the compounds is taking place.

N .M .R . Spectroscopy.—N.m.r. spectroscopy was used to 
establish the co-ordination sphere around the ruthenium ion. 
This technique is particularly suited to identify isomers, 
especially because of the presence of a methyl group in the 
pyridyltriazole ligand.13 All compounds prepared show a series 
of resonances in the 6 7.5— 10.0 range which can be attributed to 
the pyridyltriazole ligands. Around 5 4.0, signals due to the 
methyl groups in the complex are observed. The proton 
spectrum of the sample used for the A'-ray analysis is given in 
Figure 3. Assignments were made by comparison with spectra 
obtained for the free ligand and for similar com pounds reported 
in the literature.13 For this compound, two further signals, 
attributed to methyl resonances, are observed at 8 4.01 and 3.97. 
The presence of these two methyl resonances and also the 
presence of two resonances for the triazole H 5 proton are in 
agreement with the crystal structure obtained. The n.m.r. 
spectrum shows clearly that both pyridyltriazole ligands are 
inequivalent. This is confirmed by the l3C n.m.r. spectrum of 
this sample (see Experimental section).

An 1H n.m.r. spectrum of other samples of the chlorocarbonyl 
compound appeared to be far more complicated. Depending on 
the particular sample, beiween 6 and 10 signals were obtained in 
the 6 4— 5 region that can be attributed to the triazole methyl 
group. This strongly suggests the presence of more than one 
isomer. Because of the asymmetry of the ligand six geometrical 
isomers can be obtained for the cis compound. On the basis of 
molecular models all isomers are expected to be of the cis 
configuration. As a result of the complexity of the situation no 
analysis of the spectra obtained was carried out to identify these 
isomers. There are however two distinctly different sets of
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[Ru(L-L')j(CO)Cl] +

—I   l_
9 0 8.5

Figure 3. 200-MHz Proton n.m.r. spectrum of the X-ray sample of 
resonances. Solvent (C D jJ jS C H C D jljC O  (4:1)

Table 3. Spectroscopic,electrochemical, and h.p.l.c. data for [R u (L -L )2- 
(C O )L ]"' and some related compounds

Ru3* '3'  ligand- 
based reductions/ H.p.l.c.

v(CO) V vs. s.c.e retention
Compound cm"1 A. time mint

[R u(L-L ')2(CO )CI]’ 1 967 1.58 — 1.56* 2.67
[ R u ( L - f) 2(CO)(NCS)]* 1 983 1.47 • -1 .5 7 * 2.30
[R u(L -L ')2(CO)H ]* 1 916 1.15* — 1.83 * 2.04
[R u(L -L ')2(C0MH:0 ) ] ! * 1 981 -1 .5 6 * 8.20
[R u(L -L ’)2(CO)(CH jC N )]j ’ 2 008 -1.4 7 * 8.12
[R u(L-L 'X C O ),C I3] 2 067. 

1 988
2.00

[Ru(bipy)j(CO)CI] ' 1 970 1.50 -1.34
-1.5 6

[Ru(bipy)2(COKNCS)J ' 1 982 1.47* -1.2 5
-1.46

[Ru(bipy)2(CO)H] * 1 912 1.03* -1.5 5
-1 .7 5

[R utbipyljlC O K H jO )]1 * 1 995
[R u(bipy)j(CO X CH jCN )]2 ' 2015 -1 .18

-1.38
[Ru(bipyKCO)jCljJ 1 997.

2 055

Data on bipy compounds from ref. 4</. 
* Irreversible redo* process.

methyl resonances, one set at about 8 4.0 and another at about 
4.3 with a ratio of about 1 :1. The presence of a set of resonances 
at about 8 4.3 suggests strongly that the tria2ole N J atom  is also 
able to co-ordinate to the central metal ion.13 This is contrary 
to the results obtained for com pounds of the type [Ru- 
(b ipy),(L -L  )]2 *, where for the ligand reported here only 
co-ordination rio N* was observed.13* The different behaviour

8 0

u (L -L )2(CO )CI]PF6, together with the assignment of the different

found here is possibly explained by the extra space present 
round the metal ion because of the absence of the bipy ligands.

The spectrum obtained for the hydride compound contains 
resonances at 8 —12.51, —12.66, — 13.46, and -  13.57 that can 
be attributed to  the hydride ion,*' also suggesting the presence 
of several isomers in this com pound. C arb o n -13 n.m.r. spectra 
were obtained for [R u (L -L ')2(C O )C I]P F6 and [R u(L-L ')- 
(CO)2Cl2] (see Experimental section). For the first compound, 
using the X-ray  analysis fraction, two sets of resonances were 
observed indicating the presence of two different pyridyltriazole 
ligands. The 13C n.m.r. spectrum obtained for [R u(L-L ')- 
(CO )2Cl2] shows one set of resonances, indicating the presence 
of only one isomer. This is further confirmed by the proton 
n.m.r. spectrum of this compound (see Experimental section). 
For the dicarbonyl compound two resonances are obtained 
for the CO ligands at 6 206.5 and 196.2 p.p.m. For the 
chlorocarbonyl compound one signal is found at 206.8 p.p.m.

Infrared Spectroscopy .—The carbonyl stretching frequencies 
of the compounds together with those observed for a number of 
analogous bipy com pounds are given in Table 3. The i.r. spectra 
did not give any indication for the presence of more than one 
isomer. Within the series of pyridyltriazole compounds the 
frequency of the carbonyl vibration varies with the nature of the 
sixth ligand as expected.4 The small differences observed 
between the series and those found for Ihe corresponding bipy 
compounds is surprising in view of the differences in rc-acceptor 
properties of the pyridyltriazole and bipy ligands, The presence 
of the chloride ligand in [R u (L -L )j(C O )C I]P F ,, is confirmed 
by a M -Cl stretching vibration at 330 c m 1, absent for all other 
monocarbonyl com pounds obtained. For [R u(L -L ')(C O );CI2] 
a single M -Cl stretching vibration is found at 330 c m '1. For the 
hydride no m etal-hydrogen stretching vibration could be 
observed. This band is however expccted to  be hidden under the 
strong CO stretching vibration* The presence of the NCS~
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group was confirmed by medium-strong bands at 2 110 and 
2 057 c m '1. The presence of the two bands is again indicative of 
the fact that more than one isomer is formed.

Electronic Spectra .—The u.v.-visible absorption spectra arc
dom inated by the strong n    n* L -L ’ based transitions
at about 240 and 270 nm. As for the analogous bipy compounds,
d  ___ , n* transitions are expected in the u.v. region and are
hidden by the strong ligand-based transitions. The high energy 
of these transitions is explained by the strong back donation to 
the carbonyl ligand.4 Only the hydride com pound shows a well 
defined transition in the visible region (400 nm), in agreement 
with the strong donor properties of the hydride ion.4*-7

Electrochem istry.— The data obtained are given in Table 3. 
N o reversible ligand-based reductions were found. Of the 
ruthenium -based oxidations only the chlorocarbonyl com
pound shows a reversible Ru2* '3 * redox couple. For the 
com pounds with a 2+  charge no metal-based oxidation was 
observed; as for the bipy compounds such an oxidation is 
expected at potentials around 2 V vs. saturated calomel 
electrode (s.c.e.), outside the range of the solvent used. The 
R u2* '3* redox potentials obtained for the L -L ' compounds are 
very similar to those obtained for their bipy analogues and show 
the expected varia tion ."

Conclusions
The fact that in the reaction between R uC lj and l-methyl- 
3-(pyridin-2-yl)-l,2,4-triazole the chlorocarbonyl complex is 
obtained as the only product can be considered to be strong 
evidence for the reduced re-acceptor properties of this ligand 
with respect to bipy. Also the reduced stability of the hydride 
points to  reduced rc-acceptor properties for the pyridyl triazole 
ligand. It is therefore somewhat surprising that the physical 
properties of the compounds, such as m etal-to-ligand distances, 
v(CO) frequencies, and redox potentials, are  so similar to those 
obtained for the corresponding bipy com pounds. An exception 
has to be made however for the reactivity. W hereas the synthesis 
o f com pounds of the type [Ru(bipy)2(C O )L]"* from the 
parent com pound [Ru(bipy)2(CO)CI] + is easy, the synthesis 
of the corresponding L -L ' com pounds is m uch more difficult 
especially when the sixth ligand is neutral. As the NCS ’ and H “ 
com pounds are formed more easily, the stability of the parent 
chloro compound is probably based on kinetic rather than 
therm odynam ic reasons.

Another point worth mentioning is the presence of m any co
ordination isomers. Although this would be expected on the 
basis of the asymmetry of the pyridyltriazole ligands, the n.m.r. 
evidence that the N 3 atom is able to bind to the ruthenium ion 
is somewhat unexpected considering the presence of the methyl 
group  on the neighbouring nitrogen atom . Certainly this 
co-ordination mode is not found in the R u(bipy)2 complex of 
l-methyl-3-(pyridin-2-yl)-l,2,4-iriazole,'3,1

Experimental
X -R a y  C rystallography.—A yellow bar-shaped crystal with 

approxim ate dimensions of 0.4 x 0.2 x 0.3 mm was used. The 
density of the crystals was determined using the flotation 
method.

C rysta l data. C ,7H |6CIF6N BO PR u, M  =  629.86. m ono
clinic. space group P2\',n, a - 11.085(1), b  =  13.120(2). c = 
16.108(2) A, p =  97.17(1)°. U =  2 324.2(2) A3, D m = 1.81(1) 
Mg n r 3. Z  = 4, Dc =  1.80 Mg n r 3, f(000) =  1 243.56, 
H(Mo-K,) =  9.2 c m '1, X(Mo-K,) =  0.710 730 A.

D ata  collection and processing. An Enraf-Nonius CAD4

diffractometer with graphitc-m onochromated Mo-A’, radiation 
was employed. Intensities of 5 304 independent reflections 
were measured at room tem perature (2.0 < 0 < 27.0) Lattice 
parameters were determined b> measuring 25 reflections with 0 
from 9.5 to 14.0°. No absorption correction was applied. The 
range of h. k. and I used was — 14 $  A $  14. 0 $  £ <  16. and 
0 S I i  20. The intensity standards used were the reflections 
(611). (1 6 0), and ( - 1 0 1 1 ) .  The intensity variation through
out the experiment was 5°„.

Solution and refinement o f  the structure. Atomic scattering 
factors for neutral atoms with corrections for anomalous 
dispersion were taken from ref. 17. Patterson techniques and the 
program AUTOFOUR 18 were used to find the positions of the 
heavy atoms. All subsequent least-square refinements and 
Fourier synthesis were based on the 2 501 significant reflections 
[ /  >  2o(/)] only. All but one of the hydrogen atoms were 
located in successive difference Fourier maps. The position of 
the last hydrogen atom. H(236), was calculated geometrically 
before least-squares refinement. In this refinement all hydrogen 
atoms were given the thermal param eter of the carbon atom to 
which they are bound and were kept at a given distance from this 
carbon atom.

In the final difference Fourier synthesis, having a minimum 
value of -  0.32 e A '3 and a maximum value of + 0.82 e A '3, there 
were still three small but significant peaks. These were located 
near the ruthenium atom. D isorder of the fluorine atoms can be 
deduced from the high anisotropy in the thermal parameters. A 
model was applied consistently of two [P F 6]~ units with 
identical phosphorus positions and different positions for the 
fluorine atoms.

Additional material available from the Cambridge Crystallo- 
graphic Data Centre comprises H-atom co-ordinates, thermal 
parameters and remaining bond lengths and angles.

The conventional final residual was R  =  IIAfl/EF,, =  0.037 
for the 2 501 reflections used in the refinement, R ' = [X>v(Af)2.
IhW 2]1 = 0044-

Physical M easurem ents.—High performance liquid chrom 
atography was carried out using a Waters 990 photo
diode array h.p.I.c. system in conjunction with a NEC APC III 
computer, a Waters pump model 6000 A. a 20-^1 injector loop, 
and a Partisil SCX radial PAK cartridge; the detection 
wavelength was 280 nm. The chromatography was carried out 
using acetonitrile-water (80:20) containing 0.08 mol d n r 3 
LiCIO* as a mobile phase. The flow rate was 3.0 cm 3 min"1.

U.v.-visible spectra were recorded on a Shimadzu UV 240 
spectrophotometer, i.r. spectra on a Perkin-Elmer 599 spectro
photometer as KBr disks. Proton n.m.r. spectra were obtained 
on a JEOL JNX-FX 200 spectrometer, 13C n.m.r. spectra on a 
JEOL 50.1-MHz spectrometer, using SiMe* as an internal 
standard. Electrochemical measurements were carried out using 
an E.G. and G. PAR model 174A polaragraphic analyser, a 
PAR 175 universal program m er and a platinum working 
electrode. The samples were measured in spectroscopic grade 
MeCN dried over molecular sieves using 0.1 mol d m '3 
NEt4C104 as supporting electrolyte. The scan rate used was 
100 mV s '1. A KCI-saturated electrode was used as the reference 
electrode.

M aterials.—The ligand l-methyl-3-(pyridin-2-yl)-l,2.4-tri- 
azole was prepared as described before.131’ The compound 
RuC IjO H jO  was obtained from Johnson Mallhey. All other 
materials used for the syntheses were of reagent grade used 
without further purification.

Preparation o f  Com pounds.—[R u(L -L ’)2(C O )C I]PF6. The 
salt RuC1j-3H20  (2.10 g. 8 mmol) was refluxed in dmf (60 cm3) 
for 1 h. Then 2 equivalents of L -L ’ were added in five portions at
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5-min interval The resulling mixture was healed al reflux for 
ano ther 6 h. The product was precipilaled by the addilion of an 
excess of aqueous N H «PF6, recryslallised from an acetone- 
toluene mixture, and dried in vacuo at room temperature. 
Yield 2.1 g (85%) (Found: C, 32.1; H. 2.5; Cl. 6.0; N. 17.9. 
C , - H l6C lF 6N sO PR u requires C, 32.4; H. 2.6; Cl. 5.6; N. 17.8%). 
,3C N.m.r. [(C D 3),SO j: 8 38.0, 37.7 (Me), 122.5. 122.6 <C3).
127.2. 127.6 (C 5). 139.3. 140.4 (C4). 145.7, 147.6. 148.7 (C !'. C 3).
153.2. 156.7 (C6). 160.0. 161.2 (C3 ). and 206.8 p p.m. (CO). 

[R u(L -L ')2(CO)(NCS)]PF(,-0.5H20 .  This compound was
prepared as the analogous bipy com plex ." Yield 75% (Found:
C. 32.2; H, 2.4; N. 19.3. C 18H , ,F 6N , 0 3 5PRuS requires C. 32.6; 
H. 2.6; N. 19.0%).

[R u (L -L ')2(C 0)H ]C 10*-H 20 .  This compound was pre
pared as the corresponding bipy complex.4* It was precipitated 
however by addition of N aC I0 4 as the perchlorate compound 
as addition of N H 4P F 6 resulted in decomposition of the 
hydride. Yield 90% (Found: C, 35.6; H, 2.8: N, 19.5. 
C 1-,H ,,C 1 N ,0 4R u requires C, 35.9; H, 3.3; N. 19.7%).

[R u (L -L ')(C O )2C l2]. This was prepared like the corres
ponding ruthenium  bipy analogue.4* Yield 86% (Found: C, 31.0, 
H, 1.9; Cl, 18.6; N, 14.8. C 10H 8CI2N 4O 2Ru requires C, 31.0, H, 
2.1; Cl, 18.3; N, 14.4%). N.m.r. [(C D 3)2SO]: ‘H, 8 9.81 (I H, s, 
H 5 ), 9.16 (1 H. q, H 6), 8.32 (2 H. m, H 3, H 4), 7.85 (1 H, m, H 5), 
and 4.16 (3 H, s. Me); 13C 8 37.9 (Me), 122.5 (C 3), 128.0 (C! ), 
141.0 (C 4), 146.1 (C 3), 147.2 (CJ ), 153.3 (C 6), 160.4 (C3 ), 196.2 
(CO), and 206.5 p.p.m. (CO).

A  ttem p ted  Preparations.—[R u (L -L ')2(C 0 )(H 20 ) ] [P F 6] 2 by  
a c id  hydrolysis o f  the hydride. The hydride compound (0.16 g) 
was dissolved in acetone (20 cm3) and then water (30 cm3) was 
added. C oncentrated H 2SO« (0.5 cm 3) was added but 
subsequent addition of N H 4P F 6 did yield pure material (h.p.I.c.).

[R u (L -L ')2(C O X C H 3C N )][P F 6] 2. F o r this compound the 
sam e approach was used. Acetonitrile was however used to 
dissolve the hydride compound. The product obtained was 
h.p.I.c. pure but, as for the aquo com pound, did not yield a 
satisfactory elemental analysis.
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