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ABSTRACT

This work concerns m ainly the c h a ra c te r iz a tio n  o f  oxonol dyes, 

cyanine dyes and t h e i r  conplexes:, e sp e c ia lly  w ith  te tra th ia fu lv a le n e  

(TTF). Some work has a lso  been done on titan iu m  (IV) doped iro n  ( I I I )  

oxide. Cyclic voltam m etry shows th a t TTF and i t s  d e riv a tiv e  dibenzo 

TTF can be re v e rs ib ly  ox id ized  to  i t s  ra d ic a l c a tio n  and d ic a tio n  in  

non-aqueous s o lu tio n . The equ ilib rium  p o te n tia ls  fo r  two one-e lec tro n  

o x id a tio n  s tep s  in  aceton itrile /te trabu ty lam m onium  p e rc h lo ra te  (TBAP) 

were measured and found to  be E (0 ,+ .) = 0.302V and E (+ .,++) = 0.770V 

fo r  TTF and E (0 ,+ .)  = 0.540V and E (+ .,++) = 0.900V fo r  dibenzo TTF. 

Unlike cyanine dyes, oxonols are  ir r e v e rs ib ly  ox id ized  and equ ilib rium  

p o te n tia ls  were measured by ex trap o la tio n  o f  po ten tia l-sw eep  ra te  curves. 

Also using  c y c lic  voltam m etry, th e  ra te s  o f  e le c tro n - tr a n s fe r  were 

c a lc u la te d  fo r  TTF and dibenzo TTF as w ell as an e lec trochem ical 

reduction  s e r ie s  fo r  some c h a rg e -tran s fe r  compounds r e la t iv e  to  

hydrogen red u c tio n  p o te n t ia l .

The complex TTF/oxonol dye was prepared e lec tro ch em ica lly  a t  the  

optimum co n d itio n s . I t s  s o lu b i l i ty  and s e n s i t iv i ty  towards pH changes 

were measured. C yclic  voltammetry shows th a t  th e  complex i s  

i r r e v e r s ib ly  o x id ized  and a t  lower vo ltages coimared to  i t s  c o n s titu en ts  

TTF and oxonol dye. E le c t r ic a l  measurements show th a t  th e  complex is  

a semiconductor (a -  9 .8  x cm“^) and th e  energy gap i s

0.516 eV.

F i r s t  io n iz a tio n  p o te n t ia ls  measured by p h o toe lec tron  spectroscopy 

fo r  TTF, dibenzo TTF and TTF-oxonol dye complex give approxim ately the 

same value which suggests th a t ,  the  so lu tio n  chem istry o f  these  

conpounds i s  d i f f e r e n t  from th e i r  gaseous s ta te  behaviour. NMK)



c a lc u la tio n s  were used fo r  geometry o p tijn iz a tio n , ch arg e-density  

d is t r ib u t io n ,  h ea ts  o f  form ation and io n iz a tio n  p o te n t ia ls .  Coupling 

c o n stan ts  and g - fa c to rs  were c a lc u la te d  fo r  TTF, i t s  dibenzo d e riv a tiv e  

and i t s  dye complexes using  e s r  spectroscopy.

C h arg e-tran sfe r complexes, p a r t ic u la r ly  TTF/TCNQ show some degree 

o f  response towards p o llu tin g  gases such as su lphur d ioxide and carbon 

monoxide as determ ined by th e i r  co n d u c tiv ity  changes when the gases 

were passed  over th e  su rface . They may th e re fo re  be used as gas 

sensors i f  c e r ta in  m odifications in  s tru c tu re  o r e lec tro d e  design could 

be made.

Titanium  (IV) Iron  ( I I I )  oxide m ixture shows a reasonable 

co n d u c tiv ity  o f  1.4  x 10 ^fî"^cm ^ but u n fo r tu n a te ly  a compressed p e l le t  

e lec tro d e  i s  n o t m echanically  s ta b le . This problem can be solved by 

s in te r in g  the  oxides w ith  g lass  powder which re s u lte d  in  a high 

re s is ta n c e  e lec tro d e  in  which some pH /voltage measurements haie been 

done.
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1.1 H is to r ic a l  Background o f  Organic M etals.

Organic so lid s  are  u su a lly  thought o f as e le c t r i c a l  in s u la to rs .

Recent d isco v e rie s  o f m olecular c ry s ta ls  and polymers th a t e x h ib it

m e ta llic  le v e ls  o f  co n d u ctiv ity  have d r a s t ic a l ly  a l te re d  th e

s i tu a t io n .  Such m a te ria ls  have been termed ’m olecular m e ta ls ’

( a 10-10^  ̂ cm They have provided new in s ig h ts  in to  the

s o lid  s ta t e  p ro p e r tie s  o f  organic systems and o f f e r  p rospects o f

many tech n o lo g ica l ap p lic a tio n s  in th e  fu tu re .

Although m e ta ll ic  in  n a tu re , they  have low co n d u c tiv ity

compared to  a m etal such as copper. However, w hile some organic

m etals become superconducting (absence o f e le c t r i c a l  re s is ta n c e )  a t

low tem peratu re, copper never does. The f i r s t  o rganic  m eta l, rep o rted  
2

in  1954 , was a perylene-brom ine complex.

Most o f  the  s tu d ie s  a re  now concerned mainly w ith  c h a rg e -tra n s fe r  

complexes^, which have been s tu d ied  ex ten s iv e ly  since  the beginning 

o f  th e  century^*^. F am iliar donors include a lk a l i  m eta ls , amines, 

o r  arom atic m olecules; among fa m ilia r  acceptors are  halogen atoms, 

quinones, o r  e le c tro n  d e f ic ie n t  a lkenes, h e terocyc les o r arom atic 

m olecules.

The f i r s t  evidence th a t  c ry s ta l l in e  c h a rg e -tran s fe r  complexes
6 7could be e l e c t r i c a l ly  conducting d a tes  back to  the  e a r ly  1960’s ’ .

o
Then L i t t l e  proposed a model fo r  h igh tem perature organic  super­

conductors involv ing  conduction along l in e a r  hydrocarbon chains 

surrounded by p o la r iz a b le  dye m olecules.
9

The p re p a ra tio n  o f a new donor, te tra th ia fu lv a le n e  (TTF) in

1970 le d , two years l a t e r  , to  d iscovery  o f some d e riv a tiv e s  which 

are  m e ta llic  a t  room tem perature^^ Many were su rp rised  to  lea i 

th a t  TTF/TCNQ (Tetrathiafulvalene/Tetracyanoquinodim ethane) had
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m e ta llic  co n d u ctiv ity , r i s in g  to  10^ cm”  ̂ around 60K, a t  which
11 9po in t a m etal-sem iconductor t r a n s i t io n  occurred * . This d iscovery  

caused many chem ists, p h y s ic is ts ,  and th e o re tic ia n s  to  e n te r  the  

f i e ld  o f organic m eta ls. U n itl 1979, when th e  f i r s t  o rgan ic  super­

conductor was discovered^"^, resea rch  focused on the  sy n th es is  o f  new 

TTF and TCNQ d e riv a tiv e s  and o th er novel donor and accep to r system s.

During th is  p e rio d , th e re  has been equal in te r e s t  in  polym eric 

hydrocarbons w ith  ex ten siv e  - e le c tro n  d e lo c a liz a tio n , where th e re  

i s  the p o s s ib i l i ty  o f  a narrow conduction band, derived  from the  m- 

o r b i ta l s .  Polyacetylene has received  most a t te n t io n ;  in  th e  pure 

s ta te  the  m a te ria l i s  an in s u la to r  10 ^  ̂ cm”^) w ith  a

r e la t iv e ly  la rg e  band gap, b u t Heeger, MacDiarmid and co -w o rk e rs^ ^ ^ ^ ^ ^  

showed in  1977 th a t  doping w ith  s trong  o x id iz in g  and reducing agents 

in crease  the  co n d u c tiv ity  o f  polyacety lene to  500 cm~^.

Since then  th e re  has been much work on po lyacety lene  and i t s  

d e riv a tiv e s^ ^ .

Two o th er r e la te d  c la s se s  o f  one-dim ensional conductors include
19polymers o f  the  main group elem ents, fo r  example, (SN)^ and

lin e a r-c h a in  ch e la ted  t r a n s i t io n  m etal conpounds where in tra c h a in

overlap  involves the  lig an d  - system as w ell as m etal-m etal 
20in te ra c t io n s  . For more inform ation on such m a te ria ls  see re ferences 

21-23.

The e lec tro n  w ave-function overlap  fo r  3- types o f  conducting 

m a te ria ls  are shown in  Figure ( l ) ^ t  Some examples o f  m olecular 

m etals are shown in  Table (1) and the  necessary  co n d itions to  

design an organic conductor were a lso  summarized.
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(a) (c)

Figure (1) 1 .1 .1  E lectron  wave fu n c tio n  overlap  fo r
carbon atom tt e le c tro n s  in :

a) a m olecular s tack

b) a polymer chain  and

c) m etal ion d -o rb ita ls  in  a metal 

organic compound.

Only some functions a re  shown in  (a) fo r  

c l a r i ty .
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1 .1 .2  Table (1 ):
Examples o f M olecular M etals,

TYPE STRUCTURE
FORMATION EXAMPLES

1. chain  compounds metal chains 
"metal ions o f 
the  chain are  
surrounded by 
organic lig ands"

[PtCCzHgNHz),] - 

[PtCC^HgNHp^Cl ]̂ CI4

2. conjugated 

polymers

polym erization ( i)  po ly -su lp h u r n i t r id e

CSN )̂

( i i )  po lyacety lene

3. c h a rg e - tra n s fe r  complexes fom ed  Donors: TTF and i t s  d e r iv a tiv e s

complexes from donors and

acceptors.

A cceptors : TCNQ and i t s  
d e riv a tiv es
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1 .1 .3  The necessary  cond itions to  design  organic  conductor
25composed o f donor (D) and accep to r (A) a re

1. Enforce a segregated  mode o f  s tack in g  ( . . .  .DD------1 1 ...  .AA.. . . )

in  th e  s o l id  s ta t e ,  which can be shown c le a r ly  as:

D A 0

D A ra  D

and th e  c ry s ta l  l a t t i c e  o f o rg an ic  m etals c o n s is t o f segregated  

s tack s  o f  p lan a r donors and p la n a r  acceptors.

2. Control the  A:D sto ich iom etry .

3. P a r t ia l  degree o f e le c tro n - tr a n s fe r .

4. Symmetry o f  donor and accep to r must be considered .

5. S ta b iliz e d  the  d e lo ca lized  s t a t e  (D*^D*^..11..A ^A below 

the  lo c a liz e d  one (D^D..11. .A^A) .

6 . Perm it and co n tro l the  degree o f  in te rc h a in  coupling.

1.2 D e fin itio n  o f  In su la to rs , Semiconductors and M etals in  terms

o f energy gap and range o f c o n d u c tiv ity .

When a s e t  o f  N- atoms o r  ions i s  condensed from the gas phase

to  form a c ry s ta l l in e  s o lid , the  d is c r e te  e le c tro n ic  energy le v e ls

o f th e  in d iv id u a l atoms in te r a c t  and spread  in to  bands o f allowed
26energy separa ted  by forbidden energy gaps . For pure accu ra te ly  

s to ich io m etric  compounds th ree  l im it in g  cases a r is e :

(a) Some s o lid s  are  e le c t r i c a l  in s u la tro s  (e .g . pure MgO) fo r  

th e se , each occupied band i s  e x ac tly  f i l l e d  w ith  i t s  quota o f
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e lec tro n s  and th e re  i s  a la rg e  fo rb idden energy gap AE° to  the  nex t 

allowed le v e l which is  thus c o n p le te ly  empty (Fig. 2d). The energy 

gap in  th i s  case is  more than  1 .2  eV.

(b) The second case fo r  pure compounds i s  Wien th e  forbidden 

energy gap i s  w ith in  an o rd e r o f  magnitude o f therm ally  a cc e ss ib le  

energ ies  (0.1 to  1.5 eV). Such conpounds are  in s u la to rs  a t  low 

tem peratures b u t ,  as the tem perature  is  ra is e d , in c reas in g  numbers 

o f  e lec tro n s  are  promoted to  th e  conduction band and the  conpound 

becomes a sem iconductor, w ith  a c o n d u c tiv ity  which in c reases  

ex p onen tia lly  w ith  tem peratu re. Both the e le c tro n s  in  the  conduction 

band and the p o s itiv e  ho les  in  the  alm ost f i l l e d  band co n trib u te  to  

th is  co n d u c tiv ity . Fig. (2 c ). Sem iconductivity  w il l  e i th e r  be 

in t r in s i c  o r e x tr in s ic  and th i s  w il l  be d iscussed  l a t e r .

(c) The th i r d  lim itin g  case d esc rib es  the s i tu a t io n  in  m eta ls: 

here e i th e r  the  h ig h est occupied band i s  only p a r t ly  f i l l e d  w ith  

e lec tro n s  (e .g . Nà) o r two bands o v e rlap , allow ing e le c tro n s  from an 

otherw ise f u l l  band to  leak  over in to  the  nex t h ig h er band (e .g . Mg). 

In both  cases th e re  are  le v e ls  to  which e lec tro n s  can move under th e  

in fluence  o f an app lied  p o te n t ia l  and the  m etal i s  a good e le c tro n ic  

conductor (Fig. (2a) and (2 b )).

The range o f e le c t r i c a l  co n d u c tiv ity  fo r  the  above 3- mentioned 
27cases are  as follow s :

m etals : lo"^ - 10^ n"^ cm

semiconductors : 10-9 - 10^ " "

in s u la to r s : 10-22 - 10-10 " "
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(a) Monovalent Metal 

I conductance band 1

AE < 0 .1  eVw\\\NWWW\\\\\\\WWŵ
valence band

(b) D ivalent Métal

overlap  band

valence band

(c) Semiconductor (d) In su la to r

AE 0 .1 -1 .5  eV

valence band

conductance band

AE > 1.5 eV

valence band

Figure (2) 1 .2 .1  Energy gap diagrams in  m eta ls , sem iconductors

and in s u la to rs .
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1 .2 .2  I n t r in s ic  and E x tr in s ic  Semiconduction.
27A sem iconductor may be e i th e r  i n t r in s ic  o r  e x t r in s ic  . 

C onductiv ity  shown by the  in t r in s ic  sem iconductor i s  due to  e le c tro n s  

acq u irin g  s u f f ic ie n t  energy in  some way, to  c ro ss  the  band. This 

energy may be th e rm al, photons, o r e l e c t r i c a l  f i e ld .

E x tr in s ic  c o n d u c tiv ity  is  due to  some k ind o f  l a t t i c e  d e fe c t 

such as:

(a) L a tt ic e  im p erfec tio n : which may be caused by some atoms 

leav ing  th e i r  l a t t i c e  s i t e s  and squeezing in to  p o s it io n s  which 

a re  between l a t t i c e  p o in ts  c a l le d  i n t e r s t i t i a l  s i t e s ,  g iv in g  a 

Frenkel d e fe c t. A l te m a tiv le y ,  l a t t i c e  im p erfec tio n s  may be caused 

by an excess o r  a d e fe c t o f  c o n s titu e n t atoms from the  s to ic h io m e tric  

form ula.

(b) Im p u ritie s : which occur because some o f  the  l a t t i c e  atoms have 

been rep laced  by atoms o f  a d if f e r e n t  elem ent. I f  th e  valence o f  the  

im purity  atom i s  h ig h e r th an  th a t  o f  th e  l a t t i c e  atoms o f  th e  paren t 

c r y s ta l ,  then one o f  th e  bonding e lec tro n s  o f  the  im purity  atoms w ill  

have no p a r tn e r  and th u s  w i l l  be only very  weakly bonded to  i t s  atom. 

L i t t l e  energy - in  f a c t  an energy o f the  o rd e r o f  kT -  w i l l  be 

req u ired  to  detach th i s  excess e le c tro n  com pletely  to  c re a te  a fre e  

e le c tro n . This im purity  i s  an n-type sem iconductor i . e .  a negative  

charge c a r r ie r .  A p -type  semiconductor i s  a type where th e  in p u r ity  

atoms have a valence below th a t  o f the h o st l a t t i c e  atoms. This i s  

shown d iag ram atica lly  in  Fig. (3a) and (3b).
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g j p-Tÿpe Im purity Semiconductor

0 0 0 0 0 0 0 0 0

AE

o # o o # o o # o

T = OK T = OK

b) n-Type Im purity Semiconductor

AE

z
T = OK

#  #  #

o # # o # # o e

AE

7

T > OK

Figure (3) 1 .2 .3  Mechanism o£ conductance in  im purity

type o£ semiconductors.
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1.3  Some A pplications o f Organic Sem iconductors.

TTF-TCNQ and i t s  d e riv a tiv e s  have no t found ex tensive

a p p lic a tio n s  p a r t ly  because o f  f r a i l t y  o f  the  c ry s ta ls  whereas

conducting polymers, such as p o ly ace ty len e , a re  in d u s tr ia l ly  more

adap tab le . However, the  uses o f  conducting s in g le  c ry s ta ls  in

m ic ro c ircu ity  o f  e le c tro n ic  dev ices have been w idely s tud ied .

Photo-induced sw itching between two s ta b le  re s is ta n c e  s ta te s  has been
28observed in  semiconducting film s o f  Cu-TCNQ and Cu-TNAP , and in  some

TCNQF̂  s a l t s .  Proposals have been made fo r  organic  m etals as

components o f  s o la r  c e l l s .  T heir p h o to e le c tr ic  and re c tify in g  behaviour

resembles th a t  o f  a conventional Schottky b a r r ie r  o r MIS (m etal-

insu lator-sem iconduct or) dev ices, and resea rch  in  th is  area  i s  now

concen tra ted  on optim ising the  n a tu re  and d is t r ib u t io n  o f  dopants
29in  the  organic film s to  give maximum e ff ic ie n c y  .

S o lid  s ta te  e lectrochem ical c e l l s  based on conducting complexes

have been stu d ied  since the  e a r ly  TCNQ work. Surface m odifica tion

o f conventional e lec tro d es  w ith  TTF/TCNQ has re su lte d  in  the  f i r s t

observation  o f  e le c t  ro n - tra n s fe r  from an organic so lu te  to  a compacted 
30organic  e lec tro d e  .

The e lec tro n -accep to r p ro p e r tie s  o f TCNQ have found many d iv e rse
31a p p lic a tio n s : study o f p o la r  head t r a n s i t io n s  in  some phospholipids ,

fo r  c h a ra c te r is in g  e lec tro n  donor p ro p e r tie s  o f  m etal oxides used in  
32c a ta ly s ts  , and fo r  determ ining th e  c r i t i c a l  m ice lle  concen tra tion  

33o f su rfa c ta n ts  . I f  superconductiv ity  can be achieved a t  h igher 

ten p era tu res  than  those req u ired  to  da te  then the  techno log ica l 

p o te n tia l  i s  enormous; more e f f ic ie n t  e le c tro n ic  m otors, very 

powerful electrom agnets and superconputers th a t  e x p lo it the  sm all h ea t 

output o f  superconducting c i r c u i t  elem ents have a l l  been considered^^.
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1.4 The Physics o f  T ran s itio n s  among In su la to rs , Semiconductors,

M etals and Superconductors.

The most e x c it in g  advances o f  th e  p a s t  few years have come from 

s tu d ie s  o f  te tra m e th y lte tra se le n a fu lv a le n e  (TMISF) s a l ts ^ .  In  1978, 

the  complex TMISF-2 ,5 -dim ethyl TCNQ was found to  be the  f i r s t  organic 

compound in  which a t r u ly  conducting s ta t e  i s  s ta b i l iz e d  under p ressu re  

down to  IK; a t  ambient p ressu re  a sh a rp -m e ta l- to - in su la to r  t r a n s i t io n  

occurs a t  42K^^*^^.

Two th e o rie s  were advanced to  ex p la in  the  low tem perature 

co n d u c tiv ity  o f TMISF-DMTCNQ. The Fermi su rface  may be semimet a l l  ic
37due to  in te rc h a in  h y d rid iza tio n  making a quaz i  -  two -diment io n a l s o lid

o r ,  on the  o th e r hand, th e re  may be gradual growth a t  low tem peratures
36o f a superconducting p a ir in g  between e le c tro n  s ta te s  .

According to  the  c ry s ta l  s tru c tu re  and segregated  mode o f s tack in g ,

conducting organic c h a rg e -tra n s fe r  complexes may be linked  to  a rray s

o f  one-dim ensional m olecules w ith more than  the  conplement o f  e lec tro n s

req u ired  fo r  valence bonding. In  p r in c ip le ,  th e  e x tra  e lec tro n s  w ill

p a r t i a l l y  f i l l  a conduction band whose w idth i s  determined by the

in te ra c tio n s  between neighbours.

The behaviour o f  such a system was d iscussed  in  the m id-1950's 
38when P e ie r ls  po in ted  out th a t ,  a t  a low tem perature, a quazi-one- 

dimens iona l m etal could not su s ta in  long range o rder bu t would be 

u n s tab le  w ith  re sp ec t to  l a t t i c e  d is to r t io n s .  In the  sim plest term s, 

the  conducting chain would be s tre tc h e d  in  one region and co n trac ted  

in  ano ther, so th a t  th e  conducting e le c tro n s  become lo c a liz e d , w ith 

a f i l l e d  e lec tro n  band a t  a lower energy and an empty band a t  a 

h ig h e r energy. A v a r ia tio n  o f  charge d e n s ity  in  phase w ith  the l a t t i c e  

d is to r t io n ,  such as t h i s ,  i s  known as a charge d en sity  wave, and the
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a sso c ia te d  energy gap r e s u l t s  in  an in s u la tin g , o r a t  b e s t ,  a 

semiconducting so lid .

As p a r t  o f  the exp lan a tio n  o f superconductiv ity , however,
39F roh lich  poin ted  out in  1954 th a t  i f  charge d en sity  waves were 

coupled to  the v ib ra tio n  o f  the  underly ing  l a t t i c e ,  a charge d en sity  

wave could tra v e l f r e e ly  through the  c r y s ta l ,  a ffo rd ing  a super­

co n d u ctiv ity  ra th e r  than  an in su la tin g  s ta te .

When the number o f e le c tro n s  in  a chain  i s  commensurate w ith 

the number o f l a t t i c e  s i t e s ,  a me t  a l  -  to  -  in su l a to r  t r a n s i t io n  can be 

expected to  occur re a d ily  as the  e le c tro n  charge d en sity  wave becomes 

s t a t i c  because o f the  h igh  p o te n tia l  energy which must be overcome 

in  o rd er fo r  e lec tro n s  to  move to  new equ ilib rium  p o s itio n s  along the 

chain .

On the o th er hand, a charge d e n s ity  wave incommensurate w ith  the  

l a t t i c e  w ill  not be locked to  the  l a t t i c e  and w ill  be fre e  to  

t r a n s la te  to  new p o s it io n s , so ac tin g  as a charge c a r r ie r ,  w ithout 

adv erse ly  a ffe c tin g  the  en e rg e tic s  o f  i t s  re la tio n sh ip  to  the  l a t t i c e .  

Thus a mechanism fo r  h igh  co n d u c tiv ity  i s  a v a ilab le  and fo r  a t r u ly  

incommensurate system a superconducting s ta te  w ill  e x is t^ ^ . A sp in  

m odulation, w ithout a l a t t i c e  m odulation, provides another p o ss ib le  

in s t a b i l i t y  fo r  one-dimens io n a l conductors. Here, the  e le c tro n  sp in  

d e n s ity  d is to r ts  along th e  ch a in , in  the  extreme case g iv ing  an 

an tife rrom agnetic  arrangem ent o f  sp in s .

L a ttic e  d e fec ts  and im p u ritie s  can a lso  lead  to  random e le c t ro ­

s t a t i c  p o te n tia ls  th a t  w i l l  tend  to  sp in  the  charge d en sity  wave to  

th e  underly ing l a t t i c e  and favour P e ie r ls  d is to r t io n s .
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1.5 S tud ies o f Organic Conductors

In recen t years th e re  have been ex tensive  re sea rch  a c t iv i t i e s  

focussed on macromolecules w ith  extended m -electron  systems. Semi­

co n d u c tiv ity , as a p ro p e rty  o f  c r y s ta l l in e  o rganic  substances 

con tain ing  m -electrons, was e s ta b lish e d  in  th e  f i r s t  in s tan ce  fo r  

phthalocyanine and i  sod ib en z  an th rone and pyranthrone. I t  was 

supposed in  each case th a t  the  cu rre n t c a r r ie r s  were mobile tt- e le c tro n s , 

and support fo r  th is  view came from the  observation  o f  Inokuchi"^^ th a t  

the  therm al energy gap decreases w ith  in c rease  in  th e  number o f 

TT-electrons in  the  m olecule.

In the  e a r ly  1960's Masahtro^^ s tu d ied  the  param agnetic and 

e le c tro n ic  p ro p e rtie s  o f  p o ly ace ty len e . In 1963, R.G. Kepler^^ 

c a r r ie d  out magnetic s u s c e p t ib i l i ty  measurements fo r  a wide v a r ie ty  

o r organic s a l t s  based on th e  anion ra d ic a l o f TCNQ.

A c o rre la tio n  between th e  m agnetic and e le c t r i c a l  p ro p e rtie s  

h a s  been observed. I t  was found th a t ,  s a l t s  which e x h ib it the 

h igher c o n d u c tiv itie s  a lso  e x h ib it a tem perature independent p a ra ­

magnetic c o n trib u tio n  to  t h e i r  s u s c e p t ib i l i ty ,  b u t in  the  le s s  

conducting m a te r ia ls , th e  odd e le c tro n  a sso c ia te d  w ith  the TCNQ anion 

ra d ic a ls  are  p a ired  in  quazim olecular s ta te s  c o n s is tin g  o f  a s in g le t  

ground s ta te  and a t r i p l e t  s ta te  ly in g  s l ig h t ly  above the  ground s ta te .

In 1971 Sharp and Johansson'^^ p repared  io n -se le c tiv e  s o l id  

s ta t e  e lec tro d es  from io n -ra d ic a l s a l t s  o f  TCNQ. The technique used 

was a compressed p e l le t  o f  the  ground s a l t s  and a ttach ed  to  a b r ig h t 

platinum  base w ith  g rap h ite  p a s te  as adhesive and as e le c t r i c a l  

co n tac t.

They found th a t ,  c o p p e r-se lec tiv e  and the  s i lv e r  s e le c tiv e
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e lec tro d e s  showed only a few in te rfe re n c e s  and behaved according to

N e m s t 's  equation  over 5 and 6 decades o f  a c t i v i t i e s ,  re sp ec tiv e ly .

John^^ (1973), p repared  the new conpound TTF/TCNQ in  1:1 r a t io .

They concluded t h a t ,  th e  e le c tro n  tra n sp o rt p ro p e r tie s  o f TTF/TCNQ

are  o f in te r e s t  fo r  sev e ra l reasons : a) TTF i s  h ig h ly  symmetric

(po in t group D^^) and thus random p o te n tia ls  due to  asymmetric

o r ie n ta tio n  a re  le s s  l ik e ly  than fo r  o th e r c a tio n s  p rev io u sly

in v e s tig a te d , b) TTF i s  h igh ly  p o la riz ab le  because o f  the  presence

o f sulphur and th u s  coulomb rep u ls io n  between e le c tro n s  on

neighbouring TCNQ s i t e s  should be considerab ly  le s s  than  suggested

fo r  o th e r TCNQ complexes prepared w ith  n itro g en -co n ta in in g  h e te ro cy c lic
44ca tio n s  o f  s im ila r  s iz e  to  TTF .

The f i r s t  io n iz a tio n  p o te n tia l  o f  TTF as measured by e lec tro n

impact io n iz a tio n  was found to  be 6.95 ± 0 .1  eV"^ .̂ At the  same time

the  energy re q u ire d  to  remove a second e le c tro n  from TTF was suggested

to  be low by R.N. Compton and Co-workers^^ (1974). This suggestion
2 +

was due to  an o b serv a tio n  o f  s ta b le  TTF in  a m edium -resolution 

magnetic mass spectrom eter. They a lso  s tu d ied  th e  e le c tro n  a f f in i ty  

o f  TCNQ using  cesium c o l l is io n a l  io n iz a tio n  technique described  

in  re fe ren ce  47.

In 1975 E.M. Engler a t  the  Watson Research Centre in  New York 

s tu d ied  the  io n iz a tio n  p o te n tia ls  and donor p ro p e r tie s  o f  selenium 

analoges o f t e t ra th ia fu lv a le n c e . Using cyclic-voltam m etry  they found 

th a t  d is e le n a d ith ia fu lv a le n e  (DSeDTF) and te tra se le n a fu lv a le n e  were 

more d i f f i c u l t  to  o x id iz e , th a t  i s  they  are  weaker donors, than  TTF. 

T heir r e s u l ts  were a lso  confiimed by the energy o f  c h a rg e -tran s fe r  

abso rp tion  upon conplex form ation w ith  an accep tor and ca lcu la ted
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a sso c ia tio n  co n s tan ts .

Since selenium  possess a lower io n iz a tio n  energy than sulphur 
4910.4 v s. 9.8 eV) , i t  a lso  forms much weaker m-bonds to  carbon 

(e .g . C=S TT band s tre n g th , 3.00 eV v s . C=SC, 2.15 eV)^^. I t  i s  the  

balance between th ese  two opposing fa c to rs  which may be responsib le  

fo r  th e  d i f f e r e n t  tren d s  in  io n iz a ito n  energy observed on rep lac in g  

su lphu r w ith  selenium  in  th ese  heteroarom atic  system s.

The low io n iz a tio n  energy in  th e  TTF system probably  derives 

from i t s  a b i l i t y  to  d is t r ib u te  charge on a l l  fo u r su lphurs by 

TT-bonding to  carbon as i l lu s t r a te d  by resonance s tru c tu re s  below. 

Some m olecular o r b i t a l  c a lc u la tio n s  have been done to  i l l u s t r a t e  

th i s  p o in t.

L-S _ s /  \ s J l

In  1977, Robert C.W. showed th e  e f f e c t  o f  e le c tro n - tr a n s fe r  on

TTF/TCNQ complexes. His study concluded th a t ,  th e  p e rcen t e lec tro n

t r a n s f e r  in  such complexes could have co nsiderab le  in flu en ce  on

f in a l  e le c t r i c a l  co n d u c tiv ity  since e le c tro n - tr a n s f e r  in  tu rn  may

in flu en ce  the  ease o f  a P e ie r ls  t r a n s i t io n  to  an in s u la tin g  s ta t e ,

the  a b i l i t y  to  form c lo se ly  packed homogeneous s tack s  o f  c a tio n s  and

an io n s, and e le c tro n ic  in te ra c tio n s  in  homogeneous c a tio n  and anion

s tack s  once formed. There are  two ways to  a f fe c t  e le c t ro n - t r a n s f e r :
52to  vary  e le c tro n  accep to r o r donor s tre n g th s  and a l t e r  th e  s to ich iom etry
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In 1979 A llen J .  Bard e t  a l  s tu d ie d  some p ro p e rtie s  o f  compact
53p e l le t s  o f  TTF/TCNQ in  aqueous media as an e lec tro d e  . They found 

th a t  th e  e lec tro d e  was s ta b le  over a p o te n t ia l  range o f about 0 .9  V,

w ith in  th i s  region the e lec tro d e  e x h ib its  re s id u a l Faradaic cu rre n ts
2

o f le s s  than 1-2 pA/cm and the  o x id a tio n  and reduction  o f  so lub le

redox couples a t  th i s  e le c tro d e  could be c a r r ie d  ou t.

Another technique was used by F.B. Kaufman and co-w orkers^^,

in  which a l in e a r  p h en o x y te tra th ia fu lv a len e  polymer i s  p h y s ic a lly

adsorbed onto a m e ta llic  s u b s tra te  by sp in -co a tin g  to  produce a

polym er-m odified e lec tro d e  whose e lec trochem ical and o p tic a l  p ro p e r tie s

a re  d i s t in c t ly  d if f e r e n t  from those o f  the  m e ta llic  su b s tra te .

The e lec tro ch em istry  o f  TTF in  v a rio u s  aqueous media by using

carbon p aste  e lec tro d e , was s tu d ied  by Marian in  1982^^. In  m eta l-

a c e ta te ,  the  ox ida tion  o f  s o l id  TTF p rocédés, as in  so lu tio n , in  two
i  ..... ++one e le c tro n  s te p s , through the  successive  foim ation o f TTF * and TTF

sp ec ie s . He a lso  found th a t ,  in  c h lo rin e  and bromine media, the

form ation o f sev era l mixed valence s a l t s  (TTF)Cl, (TTF)Br i s
0 .7  0.05

d e tec ted  on the cu rre n t-v o lta g e  cu rves.

At the  same time Henning and co-worker s^^ prepared some e lec tro d es  

by covering the conductive s u b s tra te  (p t .  Ta, S i, Sn02) w ith  10 yL o f 

2% by weight Na/ion/EtOH so lu tio n  and allow ing the EtŒ  to  evaporate .

The TTF was in co ipo ra ted  in to  the  f ilm  by immersing the e lec tro d e  in  

an aqueous so lu tio n  o f 1 mM TTFCl fo r  10 m inutes. T heir study  suggests 

th a t  th ese  film s might be u se fu l as p ro te c tiv e  lay ers  on semiconductor 

e lec tro d e s  to  incorpora te  c a ta ly s ts  onto e lec tro d e  su rfaces .

R ecently cyanine dyes have been examined as p o ssib le  cand idates 

fo r  s o la r  energy conversion in  the  form o f  monolayers and th in  film s
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on g la ss  su b stra te s^ ^ . A bsorption and em ission c h a r a c te r i s t ic s  o f

cyanine dyes were s tu d ied  a t  the  same tim e. They found th a t  th e

e f f ic ie n c y  o f the cyanine dyes depends upon th e i r  em ission p ro p e r t ie s

and a lso  on th e i r  p h o to s ta b i l i ty .

U nfo rtunate ly , i t  i s  commonly observed th a t  the  cyanine dyes w ith

polym ethine chains in  the m olecular framework degrade in  l ig h t .
58W illiams , s tu d ied  se len iu m  - and sulphur - based o rgan ic

superconductors. They were e s p e c ia l ly  concerned w ith  th e  novel

s t r u c tu r a l  fe a tu re s  th a t  c h a ra c te r iz e d  th ese  systems and allow  the
59development o f  s tru c tu re -p ro p e r ty  c o rre la t io n s . O ther s tu d ie s  

involve the  range o f  e l e c t r i c a l  c o n d u c tiv ity  o f  TCNQ, which i s  s ta r te d  

as an in s u la to r  (pyrene-TCNQ), a sem iconductor (morphulinium-TCNQ), 

TTF/TCNQ the f i r s t  o rgan ic  m eta l, to  HNfTSF-TCNQ (Hexamethylenet e t r a - 

s e le n a fu lv a le n e ) , the  f i r s t  o rgan ic  compound to  remain m e ta ll ic  as 

the  tem perature approaches zero.

1.6 Aim o f  the  Research

The major aim o f th is  work i s  to  ch arac te rize  some novel conducting 

m a te r ia ls . The m a te ria ls  used include organic dyes, both an ion ic  

(oxonols) and c a tio n ic  (cy an in es), donors ( te tra th ia fu lv a le n e s )  and 

accep to rs (tetracyanoquinodim ethanes).

Cyclic voltammetry, conduction measurements, e le c tro n  sp in  

resonance, pho toelectron  spectroscopy and chemical a n a ly s is  techniques 

were used to  c h a ra c te rise  th ese  o rganic  dyes and th e i r  complexes. In 

ad d itio n  the novel m a te ria ls  were te s te d  to  make a sensor fo r  

p o llu tin g  gases (e .g . sulphur d io x id e , carbon monoxide).
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Titanium-doped iro n  oxide g la ssy  d iscs  were t r e a te d  under 

d if f e re n t  co n d itio n s . T heir e l e c t r i c a l  c o n d u c tiv ity , response to  pH 

changes were measured.
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CHAPTER 2

Electrochem ical S tudies o f  Ti-doped 

Iron  ( I I I )  Oxide Glassy D iscs.
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Electrochem ical S tudies o f  Ti-doped Iro n  ( I I I )  Oxide Glass M ixture

2. In tro d u c tio n

Inorganic semiconductors p lay  an im portant ro le  in  many in d u s t r ia l

d ev ices. E le c tro ly s is  o f  w ater to  give hydrogen and oxygen i s  an

obvious example, but ch lo rin e  p ro d u c tio n , fu e l c e l l s  and even c e r ta in

co rro sio n  reac tio n s  involv ing  gas e le c tro d e s  are  o f  p a r t ic u la r  in te r e s t .

The m a te ria ls  p re se n tly  used as in e r t  e le c tro d e s  a t  noble p o te n t ia ls

in  a c id  media include g rap h ite , lead  a l lo y s , lead  dioxide and
60p latinum  o r  ruthenium based coating  on titan iu m  .

Glass coating  techniques have been used su ccess fu lly  fo r  many 

years to  provide a p ro te c tiv e  coating  f o r  m ild s te e l  v e s se ls  used in  

handling  o f  a c id ic  media^^.

In general a g la ss  mixed w ith  sem iconductor oxides w i l l  be 

supposed to  conduct i f  i t  has two continuous phases -  a conducting 

oxide phase and a non-conducting g la ssy  phase Wiich f i l l  up a l l  p o res. 

This co n d ition  w ill  be s a t i s f i e d  i f  th e  oxide has some s o lu b i l i ty  in  

the  g la ssy  phase to  enable l iq u id  phase s in te r in g  to  tak e  p lace .

Very few o f the known semiconducting oxides possess adequate co n d u c tiv ity  

and co rro sio n  re s is ta n c e  in  a c id ic  media^^*^^*^^.

Work on iro n  oxide was in i t i a t e d  by Borom o f  the  U n iv e rs ity  o f  

C a lifo rn ia  in  1967^^. He and h is  group s tu d ied  the  re a c tio n s  between 

m e ta ll ic  iro n  and co b a lt oxide bearin g  sodium d i s i l i c a t e  g la s s . T heir 

re sea rch  was aimed to  confirm  the  th eo ry  th a t  chemical bonding occurs 

between a g la ss  and m etal when thermodynamic equ ilib rium  r e la t iv e  to  

th e  low -valent oxide o f  the  metal i s  p re sen t a t  the  in te rfa c e ^

They a lso  repo rted  q u a n tita tiv e  and d e f in i t iv e  s tu d ie s  o f  th e
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e lec tro ch em is try  o f  a model g lass-m eta l system, i . e .  iro n  and sodium 

d i s i l i c a t e  g la ss  contain ing  co b a lt oxide.

I t  has been shown th a t  re a c tio n s  may occur in  g lass  con ta in ing  

red u c ib le  oxide-m etal systems th a t  a re  n o t a t  equ ilib rium , which a re  

galvan ic  o r e lectrochem ical in  n a tu re  and thus req u ire  both e le c tro n ic  

and io n ic  tra n sp o r t mechanisms. Thus sa tu ra tio n  o f the  g la ss  a t  th e  

g lass-m eta l su b s tra te  in te rfa c e  w ith  the  oxide o f  the  metal can be 

achieved only  by so lu tio n  o f  an oxide foimed by p reox ida tion  o f  the  

m etal.

R ecently  NiCd20^ has been developed as an e lec tro d e  m a te ria l to  

produce pure O2 on a small s c a le , p a r t ic u la r ly  fo r  use in  developing

c o u n trie s  fo r  medical purposes^^ » 70,71 ̂  Tseung and h is  group o f the

72C ity  U n iv e rs ity  s tud ied  the  ro le  o f  lower m etal ox ide/h igher m etal 

oxide couples in  deteim ining the  minimum vo ltage  requ ired  fo r  the  

ev o lu tio n  o f  oxygen, to g e th e r w ith  o th e r  e s s e n tia l  requirem ents such 

as e l e c t r i c a l  r e s i s t i v i t y ,  e lec tro d e  m ic ro s tru c tu re , co rrosion  

re s is ta n c e  and c a ta ly t ic  p ro p e r tie s . T heir survey o f  various m etal 

oxides based on the  above c r i te r io n  suggested th a t  NiCo20^ i s  o f  

p a r t ic u la r  in te r e s t  and te f lo n  bonded e lec tro d es  based on th i s  

m a te ria l gave over 1300 A/m^ a t  1.63 V vs. dhe, 70°C, 5N KCH.

They a lso  s tud ied  hydrogen ev o lu tio n  on te flo n  bonded Pt b lack , 

p la t in iz e d  Pt and Pt f o i l  e lec tro d es  in  5N H2SO4 , 25°C. T heir study  

showed th a t  te f lo n  bonded e lec tro d e s  gave a h ig h er perfoimance than  

th e  o th e r  e lec tro d e s . T afel p lo ts  on such e lec tro d es  are  com plicated 

by the  form ation o f  h igher ox ides, gas bubbles, and emptying o f  th e  

e le c t ro c a ta ly s t  po res , and i t  i s  suggested th a t  p o te n tio s ta t ic  p u lse  

techn iques can give more re l ia b le  r e s u l t s ,  provided the  e lec tro d es
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a re  fu l ly  preanodized to  form the  h igher metal oxide.

Prelim inary attem pts to  develop inexpensive, p ro te c tiv e  conducting 

coatings on mild s te e l  fo r  use as in so lub le  anodes were s tu d ie d  by 

the  same group. They managed to  show th a t 3% T i-Fe20^ p lu s  20% g la ss  

p e l le t s  f i r e d  a t 1250°C have low r e s i s t i v i t y  and low p o ro s ity  a t  

which ch lorine  could be evolved in  HCl. Their r e s u l ts  showed th a t  a 

Ti-doped g lass  coating  d id  n o t give 100% p ro te c tio n  to  th e  m ild s te e l .  

They suggest th a t  improvement in  th e  coating  technique o r  the  use o f  

a more acid  r e s i s ta n t  m etal could provide inexpensive, s ta b le  e le c t r o ­

chemical anodes fo r  a whole range o f  aqueous e le c tro sy n th e s is  p rocesses.

To in v e s tig a te  f u r th e r ,  we s tu d ied  in  th is  re p o rt tita n iu m  doped 

iro n  ( I I I )  oxide g la ss  m ixture a t  d if f e r e n t  compositons and heated  

in  d if fe re n t co n d itio n s . An e le c tro d e  o f  a conpressed p e l l e t  was 

constructed  and examined to  be used as io n -se lec tiv e  e le c tro d e , 

e sp e c ia lly  towards hydrogen io n -co n cen tra tio n . Io n -se le c tiv e  e lec tro d es  

can be defined as an e lec trochem ical sensors th a t  allow  p o ten tio m e tric  

determ ination o f the a c t i v i ty  o f  c e r ta in  ions in  th e  presence o f o th e r  

io n s , and the s u ita b le  s o lid  s ta t e  m a te ria ls  should have th e  follow ing 

p ro p e rtie s  :

a) Ion-exchange should be ra p id  and rev e rs ib le  fo r  a t  l e a s t  one ion .

b) Ion-exchange should a t t a in  lo c a l thermodynamic equ ilib rium .

c) They should be io n ic  conductors w ith re s is ta n c e  sm all compared 

to  the  imput inpedence o f  the  measuring device.

2.1 P reparation  o f d is c s .

A ll the s ta r in g  m a te r ia ls  were o f  Analar Grade. Iron  ( I I I )  oxide 

i s  99.9% pure from Ventron (A lfa d iv is io n ) , titan ium  dioxide (BDH
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Chemicals L td .) and 120 mesh g la ss  powder. The mixed oxides were
60prepared  by d ire c t  m ixing o f  the  th re e  oxides and by c o -p re c ip ita t io n  

o f the  hydroxides from s o lu tio n  a c id i f ie d  w ith  HCl, using  excess 

ammonia. The p r e c ip i ta te s  were washed and heated  to  1000°C f o r  2 h rs . 

in  a i r .  D iffe ren t d isc s  were p repared  by p ressin g  about 0 .7 5 -1 .5  

grams o f  the  m ixture in to  a 1 cm s te e l  d ie  a t  10-15 tons cm .

These d iscs  were f i r e d  in  a i r  a t  1200°C fo r  d if f e r e n t  in te rv a ls .  

The composition o f the  m ixture was changed and the  cond itions o f 

h ea tin g  were a lso  changed each tim e. The r e s i s t i v i t y  o f  th e  oxide 

p e l le t s  (Table (4) ) was measured by u sing  8020A model D ig ita l M ultim eter 

(John Fluke HFG. Co., I n c .) .  Using aluminium f o i l s  a ttach ed  a t  both 

s id e s  o f  the  d isc  fo r  an easy  e l e c t r i c a l  co n tac t.

2.2 E le c tr ic a l  Measurements R e su lts .

Table (2) shows th e  range o f  e l e c t r i c a l  conductiv ity  fo r  p e l le ts  

o f  d if f e r e n t  com position w ith  co n stan t 20% by weight o f  g la ss  powder 

conpared to  th a t  o f  pure iro n  ( I I I )  oxide. Table (3) re p re se n ts  

oxides w ith constan t com position, bu t d if f e r e n t  heating  co n d itio n s . 

The e f fe c t  o f in c reas in g  titan iu m  percen t on con d u ctiv ity  o f  titan iu m  

doped iro n  ( I I I )  oxide d is c  was a lso  shown in  Fig. (4 ).
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Table (2)

2.3 The E ffe c t o f  Increasing  Ti % in C onductiv ity  o f Ti-doped 

Iron  ( I I I )  Oxide D iscs Heated in  A ir (1200°C.)

Composition C onductivity
(0-1 cm"l)

1 . 2.5
----- -7
X 10 '

2. 1.96% Ti-Fe^O^ 20% g la ss 5.1 X 10 '6

3. 2.91% Ti-Fe^O^ 20% g la ss 8.1 X 10 '^

4. 3.84% Ti-Fe^Oj 20% g la ss 1.5 X 10-4

5. 4.76% Ti-Fe^O, 20% g la ss 4 .3  X lO'G

6. 7.68% Ti-FezO, 2o% g la ss 1 .0  X I0"4

7. 3.84% Ti-FezO, (no g lass) 1.4 X 10-3
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Table (3)

Iro n  ( I I I )  Oxide Disc.

Composition Heating
Conditions

C onductivity

(O 'l c m 'b

1. 3.84% T i-F e2Û3 

20% g la ss
2.5 h rs . (Air) 9 .3  X lO 'l

2. 3.84% Ti-FezO^ 

20% g la ss
overn igh t (Air) 1 .5  X 10'4

3. 3.84% Ti-FezOg 

20% g la ss
overn igh t (vacuum) 7.8 X 10"4

4. 3.84% Ti-Fe^Oj 

20% g la ss
overn igh t (Argon) 6 .4  X 10"3

2.5 E lectrochem ical S tudies

Some o f  the  p ressed  d isc s  were mounted: one s id e  o f  the d isc  was 

coated w ith  s i lv e r  paste-epoxy adhesive (RS Components L im ited). A 

n ic k e l mesh screen  was pressed  onto the  s ilv e r-ep o x y  coating  and 

copper w ire was fix ed  to  the  n ick e l screen using  the  same m a te ria l. 

Using a p la s t ic  cover as a mould, the  e lec tro d e  was then encapsulated  

in  epoxy re s in  (Arald i te ) .  Side and f ro n t views were shown in  

Fig. (5 ). The whole assembly was used as a working e lec tro d e  in  

a 3 -e lec tro d e  c e l l ,  to g e th e r w ith Calomel e lec tro d e  reference and 

a sheet o f  p latinum  a u x ilia ry  e lec tro d e  -  dipped in  0 .1  M hydroch loric



49

oo

N .

o

in

o

rsi

o

o ooo o o o o o o oo oo

(S
&

I

H 
mkO

I
« I

•H

•S

«44O

I
•H

o
rvi oo >o OJ oo fN

, . 0 i x

(^_1BD 90U BJD npU 03



50

(a)

copper w ire

p la s t i c  cover 

is o la te d  a r a ld i te

T i-Fe2Û2 d isc

(b)

I
1

copper w ire

p la s t ic  cover 

is o la te d  a r a ld i te

T i-Fe203 d is c

s i lv e r  epoxy re s in

Figure (5) Front view (a) and s id e  view (b) fo r

T i-Fe2Ü2 e lec tro d e .
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ac id . A cu rre n t passed w ith  the corresponding v o ltage  was recorded , 

and graphs o f  c u rre n t versus vo ltage was p lo t te d ,  F ig. (6) and (7 ).

/
2.6 PH/Voltage Measurements

In  a sep a ra te  experim ent a two e le c tro d e  c e l l  was co n stru c ted .

The working e lec tro d e  was an oxide m ixture p repared  as described  

b e fo re , to g e th e r w ith  a Calomel re fe ren ce  e le c tro d e . Using a so lu tio n  

o f d i lu te  hyd roch lo ric  ac id  in  the c e l l  and d i lu te  sodium hydroxide 

in  a b u re tte  fix ed  ju s t  above the  c e l l ,  the  pH o f the  te s te d  so lu tio n  

was c o n tro lle d . The pH change was measured using  a pH-Meter Model 

E512. The vo ltage  corresponding to  each pH was recorded fo r  

d i f f e r e n t  com position o f the working e lec tro d e  (Table 4 ). P lo ts  o f  

v o ltag e  versus pH fo r  the  same e lec tro d e  m a te ria ls  a re  a lso  shown 

in  F ig . ( 8) and (9 ).

Table (4) Values o f  Voltage v s. pH fo r  D iffe re n t Oxides D iscs.

Fe Og only, 3.84% Ti-F^203 •

pH Voltage (V) pH V oltage (\f)

3 .8 0 .1 3 3 , 3.1 0.499

4 .6 0.153 4 .1 0.433

5.5 0.144 6 .0 0.400

6.8 0.122 8.5 0.379

8.8 0.104 10.2 0.362

10.0 0.088 11.2 0.352

14.0 0.053 14.0 0.299
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Table 4. (Continued)

3.84% Ti-Fe^Og + 3.84% Ti-FezOg + 

20% g la ss  (vacuum)

pH Voltage (V) pH Voltage (V)

3.5 0.430 3.2 0.490

5.0 0.400 4.2 0.516

6.9 0.340 5.5 0.518

8 .0 0.320 7.4 0.514

9 .8 0.295 9 .0 0.100

11.6 0.274 12.2 0.080

14.0 0.130 14.0 0.106

2.7 E lec tro n  M icroscopic Surface Study.

Due to  th e  h igh  re s is ta n c e  o f the  oxide d is c ,  th e  su rface  of 

th e  d is c  under in v e s t ig a tio n  was coated w ith  a very  th in  m e ta ll ic  lay er 

o f  palladium o r  gold (23 nm) to  allow easy passage o f  the  e lec tro n s  

from the  e le c tro n ic  microscope to  the  su rface  o f  th e  e le c tro d e  fo r 

b e t t e r  re s o lu tio n . A ll d isc s  examined appeared to  have r e la t iv e ly  

homogeneous su rface s  w ith  some ho les and i r r e g u la r i t i e s  o f  about 200 yM. 

The d isc  th a t  was formed w ith  a d ire c t  mixing o f  oxides and heated 

under vacuum, appeared to  have a very smooth su rfa c e , w hile th a t  formed 

b y ,a  c o -p re c ip i ta t io n  o f  th e  oxides has a rough su rface  w ith  p a r t ic le s  

having a lens-shaped  appearance. The d isc  th a t  has no g la ss  seem to  

be cracked w ith  d i f f e r e n t  shapes, Wiich in d ic a te s  the  f r a g i l i t y  o f 

the  m ixture and th e  importance o f g la ss  to  make a m echanically  s tab le
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2o jjm

Figure (10) :  An e lec tron-m icroscope su rface  a n a ly s is

o f g la ssy  T i-Fo202 e le c tro d e
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e le c tro d e . The homogenity o f  the  m ixture was supported by the  e le c tro n  

em ission experim ent run by Dr. D.B. H ibbert o f  th e  Chemistry Department, 

Royal Holloway and Bedford New C ollege, under whom th is  research  was 

conducted. In h is  experiment no sep a ra te  em ission from g lass  powder 

appeared on the  screen . A photograph o f  an e lec tro d e  su rface  is  

shown in  Figure (10).

2.8  D iscussion

The iro n  ( I I I )  oxide d isc s  had v e ry  low co n d u c tiv ity  o f  about 
—7 —1 —12.5 X  10" O" cm . When doped w ith  a c e r ta in  percentage of 

titan ium -ox ide  (3.84% T i-Fe202) ,  th e  c o n d u c tiv ity  remarkably 

in creased  (1.4 x lO"^ cm"^) owing to  the  e f f e c t  o f  titan iu m  

dioxide \diich a c ts  as an in p u rity  in  the  iro n  ( I I I )  oxide m atrix . 

In tro d u c tio n  o f  Ti^* to  Fe^^ h o st l a t t i c e  i s  a ty p ic a l n-type semi­

conductor. Titanium  (IV) has one more valence e le c tro n  than iro n  ( I I I ) , 

hence when i t  i s  inco rpo ra ted  s u b s t i tu t io n a l ly ,  one e le c tro n  p er 

titan iu m  i s  in troduced  in to  the  bonding s tru c tu re  o f  the  host l a t t i c e .

At low tem perature th e  excess e le c tro n s  remain in  the  v ic in i ty  o f  th e  

titan iu m  im p u r itie s , bu t as the  tem perature r a is e d , these  e lec tro n s  a re  

free  to  move and as a r e s u l t ,  the  iro n  host l a t t i c e  can conduct c u rre n t.
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Although the  mixed oxides d is c s  have a reasonable  co n d u c tiv ity , 

u n fo rtu n a te ly  they  were so f r a g i le  th a t  they  can e a s i ly  be broken 

during handling . A ddition o f  g la ss  powder o f  about 20% by w eight, 

b rin g s  about a m echanically  s ta b le  e le c tro d e , but i t  decreases the  

co n d u c tiv ity  by about te n  fo ld  (1 .5  x 10 ^ cm”^ ).

H eating co n d itions w il l  a f f e c t  th e  p ro p e r tie s  and surface 

s tru c tu re  o f  the mixed oxide d is c s . D iscs th a t  were heated  overn igh t 

under vacuum seem to  have the  h ig h e s t co n d u c tiv ity  (7 .8  x lO"^ cm”^) 

The decrease in  co n d u c tiv ity  fo r  g la ssy  e lec tro d es  may be explained 

by the  fa c t  t h a t ,  a d is c o n tin u ity  o f  th e  two phases (g la ss  phase and 

m etal oxide phase) might e x is t  w ith in  th e  bulk o f  the  e lec tro d e  o r 

d isc  d e sp ite  th e  fa c t  th a t  e le c tro n  microscopy shows a homogeneous 

su rface  d is t r ib u t io n .  This d is c o n tin u ity  could lead  to  con tac t 

re s is ta n c e .

D iscs th a t  were heated  in  a i r  have a lower co n d u c tiv ity  (1.4 x 10  ̂

 ̂ cm~^), p o ss ib ly  due to  in te rfe re n c e s  o f  some m olecules in  a i r  such 

as oxygen o r hydrogen in  form o f  w ater vapour. H eating under vacuum 

may cause more vacancies and in p e rfe c tio n  which could lead  to  a h igher 

c o n d u c tiv ity . The same ex p lana tion  w il l  be expected fo r  d iscs  which 

were heated  under argon, b u t in  a le s s e r  e x ten t. That might ex p la in  

why d is c s  heated  under argon have lower co n d u ctiv ity  than those 

which were heated  under vacuum.

In c reas in g  the  percentage o f  titan iu m  in  titan iu m  doped iro n  ( I I I )  

oxide d isc s  leads to  an observable in c rease  in  d isc  co n d u ctiv ity .

The h ig h e s t % o f  titan iu m  (7.68%) expected to  give th e  h ig h est 

co n d u c tiv ity , bu t t h i s  i s  no t the  case , the  h ig h es t co n d u ctiv ity  

was found around th e  reg ion  3.84% which in d ic a te s  th a t ,  th e re  may
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be an optimum amount o f  th e  ijnpurity  oxide to  give a reasonab le  

co n d u ctiv ity .

From the c u rre n t-v o lta g e  curve i t  was observed th a t ,  th e  cu rren t 

s ta r te d  to  flow around 1 .7  V versus SCE which i s  the v o ltag e  a t  

which ch lo rin e  gas i s  expected to  evolve. This value i s  com patible 

w ith th a t  found by Tseun^^W iich was 1.6 V versus RHE. The l in e a r i ty  

o f the  curve in  the  reg ion  (1 .7  - 2.6 V) i s  due to  the  h igh 

re s is ta n c e  o f  the  e le c tro d e .

The p o s s ib i l i ty  o f  g la ssy  oxide d iscs  to  be used as hydrogen 

io n -se le c tiv e  e lec tro d es  i s  l im ite d . This was observed from the 

pH versus vo ltage  curves in  Wiich th e re  were no reasonable change 

o f v o ltage  w ith in c reas in g  pH o f the  te s te d  so lu tio n . The very  

lim ited  response found i s  n o t N em stian  in  n a tu re , s ince  th e  slopes 

o f a l l  graphs were very  d i f f e r e n t  from the value c a lc u la te d  from 

N erust equation  (60 mV). The slopes fo r  th e  fou r te s te d  e lec tro d e s  

(Fe^O^, 3.84% Ti-Fe^O^ w ith  and w ithout g la ss , heated  in  vacuum) 

were as follow s : -1 .07  x 10 -1 .25 x 10 -2 .0  x 10  ̂ and

4.4 X 10 ^ V  ̂ re sp e c tiv e ly .

The oxide d isc  heated  under vacuum has very  l i t t l e  response 

in  a c id ic  media, bu t th e re  was an observable sharp change in  

vo ltage in  changing the  pH o f  the so lu tio n  from a c id ic  to  b a s ic .

This can be explained by th e  fa c t  th a t ,  th e re  i s  a s p e c if ic  su rface  

s tru c tu re  which was only  a f fe c te d  by OH groups and i t  w i l l  no t 

re a c t w ith  any excess hydrogen in  a c id ic  media. The p o ss ib le  

mechanism suggested i s  th a t  th e  surface  acqu ires OH groups which a re  

thermodynamically favourable to  re a c t w ith CH to  generate  w ater 

ra th e r  than re a c t w ith  hydrogen to  give the same product. This can
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be rep resen ted  as fo llow s:

Fe-

O

F e .

H

O H

Fe-----

O

Fe .. - 0 HO

Thennodynamic eq u ilib riu m  can be a t ta in e d  a f te r  g en era tio n  o f 

w ater m olecules in  b a s ic  media.

In g en era l, i t  was shown c le a r ly  th a t ,  u sing  g la ss  powder as 

w ell as the  r ig h t  amount o f  im purity  (doped oxide) w ith  semiconducting 

oxides were im portant fo r  s in te r in g  a t  h igh tem perature and fo r  

reasonable e l e c t r i c a l  co n d u ctiv ity .

Some D if f ic u l t ie s  Involved 

In This Work.

1. The major d i f f i c u l ty  i s  the high re s is ta n c e  o f the  e lec tro d e s  

which p reven t any reasonable c u rre n ts  being passed.

2. Mixing the  oxides homogeneously is  a very  s e n s i t iv e  p rocess  and 

i t  needs much ca re .
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CHAPTER 3

In v e s tig a tio n  by C yclic Voltainmetry o f 

the  E lectrochem ical P ro p e rtie s  o f  TTF, Some 

Organic Dyes and T heir D eriv a tiv es .
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3. C yclic VoltaimiK)grajn Instn jm eiità tio ri and C ell Design

In the  l a s t  f i f te e n  y e a rs , c y c lic  voltainmetry has become a

popular to o l fo r  studying e lec tro ch em ical re a c tio n s . The method

was app lied  to  study the o rganic  dyes and th e i r  d e r iv a tiv e s .
73Voltammetry may be defined  g e n e ra lly  as the  measurement o f c u r re n t-  

vo ltage  re la tio n sh ip s  a t  an e le c tro d e  immersed in  a so lu tio n  con ta in in g  

an e le c tro a c tiv e  sp ec ies . More s p e c if ic a l ly ,  i t  i s  the  determ ination  

o f th e  p o te n tia l  o f  a s in g le  e le c tro d e  during the  course o f  a 

su sta in ed  e le c tro n - tr a n s fe r  re a c tio n  a t  the  e lec tro d e  su rface . This 

technique re q u ire s :

1. Waveform g en era to r to  produce th e  e x c ita tio n  s ig n a l.

2. A potentLostat to  apply th i s  s ig n a l to  an e lectrochem ical c e l l .

3. A cu rre n t to  a vo ltage  co n v erte r to  measure th e  re s u lt in g  c u rre n t.

4. An X-Y reco rd er o r o sc illo sco p e  to  display the  voltammogram.

The f i r s t  th ree  items are  norm ally  inco ipo ra ted  in to  a s in g le

e le c tro n ic  device although modular instrum ents a re  a lso  used. F igure 

(11) shows a c i r c u i t  diagram fo r  c y c lic  voltammetry. Data were
- I

ty p ic a l ly  ob tained  v ia  an X-Y Recorder a t  slow scans i . e .  1 .0  Vs

o r le s s  and s to rag e  o sc illo sco p e  a t  f a s t e r  r a te s .  Scan ra te s  up to
-1 -1

20,000 Vs have been used , however r a te s  f a s te r  than  100 Vs were

ra re ly  p ra c t ic a l  because o f  iR drop and charging c u rre n t.
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waveform genera to r

P o te n tio s ta t  
R E  W E A E

(x-axis)

S R

(y -ax is)

W'E =

R*E = 

A«E =

S-R

Working Electrode 

= Reference Electrode 

= Auxiliary 

= Voltage Controlled 

= Standard Resistance.

Figure (11) C irc u it  fo r  cyclic-voltairanetry.
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3.1 The C.V. Experiment

The v o lta g e  a p p lie d  to  th e  "working" e le c tro d e  i s  scanned 

l in e a r ly  from an i n i t i a l  v a lu e  E^, to  a predeterm ined l im i t ,

(known as the  sw itch ing  p o te n t ia l )  where th e  d ire c t io n  o f  th e  scan 

i s  re v e rsed  (F igure  12a). The o p e ra to r  can h a l t  th e  scan anywhere 

o r  l e t  th e  in strum en t cy c le  between E^^ and some o th e r  p re s e le c te d  

value E^2' The c u rre n t response i s  p lo t te d  as a fu n c tio n  o f  th e  

ap p lie d  p o te n t ia l .  F igure 12b shows a ty p ic a l  c u r re n t-v o lta g e  curve 

fo r  Fe(CN)g^"

(a) (b)

♦
WO

O 0
TIME

Figure (12)

- 0.3

A PPLIED  VOLTS

3.2 E lec trochem ica l C e ll

Modem p o te n t io s ta t s  u t i l i z e  a th re e -e le c tro d e  c o n f ig u ra tio n  as

i t  i s  shown in  F ig . (13 ). The p o te n t io s ta t  a p p lie s  the  d e s ire d

p o te n t ia l  between a working and a re fe ren ce  e le c tro d e . The working

e le c tro d e  i s  th e  one a t  which the re a c tio n s  (s) o f  in t e r e s t  tak es

p la c e . The c u rre n t re q u ire d  to  s u s ta in  the  re a c tio n s  a t  th e  working
75

e le c tro d e  i s  p rovided  by th e  a u x il ia ry  e le c tro d e . The arrangem ent 

p rev en ts  la rg e  c u rre n ts  from passing  through the re fe ren ce  e le c tro d e
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th a t  cou ld  change i t s  p o te n t ia l .  The re fe ren ce  e le c tro d e  is  ty p ic a l ly  

a SCE p la c e  n e a r  th e  working e le c tro d e  o r connected to  i t  using  a 

f in e  tube  c a l le d  a Luggin tube to  decrease  iR drop in  th e  so lu tio n .

The w orking and a u x i l ia r y  e le c tro d e s  a re  p la tinum  sh ee ts  p laced 

in  the  s o lu tio n  and u s u a lly  sep a ra ted  by a f in e  porous membrane to  

decrease  th e  d i f f u s io n  o f  reac ted  sp ec ie s  between working and a u x i l ia ry  

e le c tro d e s .

5-Compartment E lectrochem ical Cell 

RE = Reference E lec tro d e

LP = Luggin Probe

WE = Working E lec tro d e  

GF ~ G lass F r i t

A*E = A u x ilia ry  E lec tro d e

Figure (13)

G en era lly , v a r ia b le s  a f fe c t in g  th e  r a te  o f  an e lec tro d e  

re a c tio n  were summarized below:

Extsmal variables

Electrical variables

Temperature ID  
Pressure iP)
Time U)

Mode (diffusion, 
convection)

Surface concentrations 
Adsorption

Material
Surface area L4| 
Georretry 
Surface condition

Potential IE)
Current (t)
Quantity of electricity (Q)

Bulk concentration of electroactive 
species ICp. Cm )

Concentrations of other species 
(electrolyte, pH ,. . . )

Solvent

Figure (14)
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3.3 M ate ria ls

T e tra th ia fu lv a le n e  (TTF) was purchased from A ldrich  Chemical 

Company (97%) and used w ithout fu r th e r  p u r if ic a t io n .  A c e to n itr ile  

was sp ec tro sco p ic  grade q u a lity  which had been d i s t i l l e d  over 

phosphorus pen taox ide. Dibenzo TTF, oxonol dyes and cyanine dyes 

were su p p lied  by Dr. M. G ro sse l's  group a t  Royal Holloway and Bedford 

New College (C o-operative work) and they  were p repared  by methods 

(77) and (78).

5.4 Experim ental

A c e r ta in  amount o f  each dye (about 0 .3  gram) was d isso lved  in  

50 ml a c e to n i t r i l e .  Cyclic-voltammograms were recorded a t  platinum  

working e le c tro d e  (Johnson Matthey 99.99%) in  a th re e -e lec tro d e  c e l l  

ag a in s t an aqueous sa tu ra te d  calomel e lec tro d e  and platinum  f o i l  

counter e le c tro d e . The supporting e le c tro ly te  was tetrabutylammonium 

p e rc h lo ra te  (TBAP). The voltammogram was run fo r  d if f e re n t  dyes w ith  

the same sk e le to n  (Figure 15), bu t d i f f e r e n t  numbers o f bridge carbon 

atoms and d i f f e r e n t  s ide  chain len g th . The experim ent was a lso  run 

fo r  TTF and i t s  dibenzo d e riv a tiv e  (Figure 15). This was compared 

w ith  b lank  experim ent. No allowance has been made fo r  the liq u id  

ju n c tio n  p o te n t ia l ,  bu t fo r  the  arrangement described  the  r e s u lts  

were rep ro d u c ib le  and formal e lec tro d e  p o te n t ia ls  were comparable 

w ith  pub lished  v a lu es .
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'S -J 1 TTF

2 DIBENZO TTF

N
Me

3 TCNQ

Me

0 OXOJOL DYE

R and R are a lk y l groups
R

X = Br , I . . .

CYANINE DYE

Figure (15) S tru ctu re  o f compounds studied.
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3.5 C yclic VôltaiTimôgrajn R esu lts

The c y c lic  voltammogram o f the  so lv en t [a c e to n itr i le )  p lu s  the  

supporting e le c tro ly te  (TBAP), N-Et oxonol dye, TTF and a m ixture 

o f  TTF w ith  the  dye are shown in  Figure (16). Since the  commonly 

used e lec tro d e  m a te ria ls  were p latinum  and n ic k e l, cy c lic  voltammograms 

were run fo r  both o f them in  the  same so lu tio n  (O.OIM TBAP in  MsCN), 

Figure (17).

The e f fe c t  o f  in c reas in g  s ide  chain  leng th  in  oxidation  p o te n tia ls  

and in  the  s t a b i l i ty  o f the  re s u l t in g  spec ies  i s  shown in  Figure (18). 

At the same time the e f f e c t  o f  changing the counter ion i . e .  

te tra b u ty l  ammonium p e rc h lo ra te  rep laced  by te tra e th y l ammonium 

p e rch lo ra te  and the number o f  b ridge  carbon atoms ;are. a lso  shown 

in  Figure (19).

C yclic voltammograms o f  TTF compared w ith th a t o f dibenzo TTF 

are  shown in  Figure (20). To c a lc u la te  an accurate standard reduction  

p o te n tia l  fo r  each compound the  c y c lic  voltammogram was run a t  

d if f e r e n t  sweep ra te s  (Table (5) and Figure (21). The average values 

found fo r  TTF and dibenzo TTF are  shown below:

- 0  ,

TTF TTF'̂ * E^ = 0.302V
+e

—̂ j
TTF'^’ ^  TTF*'  ̂ W  = 0.770V+e

DIBTTF ^  DIBTTF*' ' é  = 0.540V+e
DIBTTF'^’ ^  DIBTTF' '̂  ̂ = 0.900V

+e
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Since a l l  oxonols under study show only an o x id a tio n  peak w ith 

sm all o r n o n -ex is tin g  corresponding reduction  peak, th e  formal 

reduction  p o te n tia ls  were determ ined by ex trap o la tin g  a graph o f 

peak p o te n tia l versus square ro o t o f  the  sweep ra te  to  zero sweep 

r a te .  Table (6) shows the values obtained fo r  oxonol dyes w ith 

d if fe re n t  side chain len g th , W iile Table (7) shows the  values 

obtained  fo r dyes o f  d if f e r e n t  numbers o f bridge carbon atoms.

Unlike oxonol dyes, cyanines show d is t in c t  o x id a tio n  reduction  

peaks (Figure (22 )). T heir formal reduction  p o te n tia ls  were 

c a lc u la te d  from the average peak p o te n tia ls  and th ese  a re  summarized 

in  Table (8) .
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) N-Et (b) N-Hex"

- 2 -0

0-(

(c) N-Bun
( d )  N -M e

0*0— 2*0
O O

3 .5 .3 . Figure (18} c .v . fo r  oxonol dyes o f  d if f e r e n t  

s ide  chain  len g th , a l l  in  O.OIM TBAP in  MeCN a t  

sweep ra te  o f  1 .0  mVs”^.
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(a) Benzo TTF

12mA

1.5 V

(b) TTF

2 oV

Figure (20) 3 .5 .5  c .v . fo r  TTF and Dibenzo TTF in  0.01 M TRAP

in  MeCN a t sweep ra te  o f  80 mVs~^
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3 .5 .6  Change o f Peak P o te n tia l w ith  Sweep Rate fo r  TTF in  

O.OIH TBAP in  MeCN.

Table (S)

E(V) E(V)Sweep Rate 

(m V s'l)

0.484 0.143 0.313

0.574 0.043 0.303100

-0.054 0.2960.646250

0.304-0.1430.753500

-0.251 0.2950.8431000

0.302 ± 0.006Average E
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3.5 .7  E Values fo r  Qxonol Dyes w ith  D iffé ren t Side Chain Length 

Table 6

DYE SWEEP RATE
y"v V(V) E^ VALUE (V)

N-Me 30 5.48 0.56

Oxonols 60 7.75 0.60

100 10.00 0.64

150 12.25 0.68

200 14.14 0.71 0.465±0.05V

N-Et 60 7.75 0.64

Oxonols 80 8.94 0.68

100 10.00 0.69

200 14.14 0.74

250 15.81 0.77 0.539+0.05V

N-BuP 60 7.75 0.67

Oxonols 80 8.94 0.70

120 10.95 0.72

200 14.14 0.76 0.573±0.03V

N-Hex^ 40 6.32 0.70

Oxonols 80 8.94 0.75

120 10.95 0.78

200 14.14 0.80 0.628±0.04V
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3. 5.8 E Values fo r  Qxôriol Dyés o f D iffe ren t Number o f  Bridge 

Carbon Atoms.

Table (7)

DYE SWEEP RATE 
(mVs"^)(v) V(V) Ê VALUE(V)

MDnomethine 40 6.32 0.805

(1-carbon 80 8.94 0.859

atom) 150 12.25 0.899

200 14.14 0.966 0.682±0.05V

Trimethine 40 6.32 0.630

(3-carbon 60 7.75 0.678

atoms) 100 10.00 0.684

150 12.25 0.725

200 14.14 0.765 0.54±0.04V

Pent ame th in e 40 6.32 0.571

(5-carbon 80 8.94 0.617

atoms) 120 10.95 0.698

150 12.25 0.752

200 14.14 0.778 0.38±0.07V
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3.5 .10  E Values fo r  Cyanine Dyes o f  Five D iffe ren t Side Chain 

Length.

Table (8)

Cyanine Dye Value (V) ± 0 .0 1

N-Me Cyanine s
(Oj)

(%22

N-Et. Cyanines 0.32

N -propl. Cyanines 
CO3)

0.62

N-Bu^. Cyanines 
CO4)

0.62

N-Pent. Cyanines 
(O5)

0.62
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3.6 D iagnostic T ests fo r  Reaction Control Using Cyclic 

Voltammétry.

Using d iag nostic  t e s t s  repo rted  by F le tcher i t  i s  p o ssib le  to

ob ta in  some fu r th e r  infoim ation about the  reac tio n  which is  taking 
79place . F le tch er f i r s t  s ta te s  th a t  i f  one wishes to  determine i f  

a reac tio n  is  d iffu s io n  lim ited , k in e t ic a l ly  c o n tro lle d , o r mixed, 

the  re la t io n  o f 1^(peak-current) and V (peak-voltage) must be 

considered. This gives various t e s t  r e s u l ts  which are l i s t e d  in  

Table (9).

Thus i f  Ip i s  p lo tte d  ag a in s t V and J T  one can deduce how the 

re a c tio n  is  c o n tro lled . These are  shown in  Figures (23) and (24). 

F le tch e r fu r th e r  s ta te s  th a t  w ith peaks caused by adsorp tion  steps 

(or reac tio n s  o f an e x is t in g  adsorbed layer) fo r  which the surface 

re a c tio n  and not m ass-tran sfe r i s  ra te  determ ining can be recognised 

by the fa c t th a t  Ip i s  d ir e c t ly  p ro p o rtio n a l to  V.

Also fo r  adso rp tion-desorp tion  s tep s  o r ox idation  and 

reductions o f the adsorbed lay e r AEp i s  zero. A ll f ig u re s  show 

th a t Ip i s  not d ir e c t ly  p ro p o rtio n al to  V, and a t  the  same time AE 

was not found to  be equal to  zero.
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Table (9)

D iagnostic Tests fo r  Réaction Control Using Cyclic 

Voltammetry R esu lts .

D iffusion Limited 

E lectrode Process
Mixed Control

K in e tic a lly
C ontrolled

Current

Ip versus y\T

is  l in e a r  and 

passes through 

the o rig in .

Ip depends on

V b u t Ip 

versus JS f 

i s  non l in e a r .

Ip independ­

en t o f V.
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_v
CD
Q)Q_

10.00

8 . 0 0 - -

6 .00  -  -

N -E t  OXONOL DYE

OIBENZOTTF

2 .00  - -

0.00
10.002 .00 4.00

Sueep Rate (mVs)

6.00 8.000.00
)xlO

Figure (23) V ariation o f peak height w ith sweep ra te .

_v
(00

O L

10.00

8 .00

TTF

6.00

4.00
OIBENZOTTF

2.00

0.00
30.0020.00 35.0000 10.00 15.00

f r

Figure (24) V aria tion  o f  peak height w ith square 

roo t o f sweep ra te s .
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5.7 C alcu la tion  of the E lectrôri-T rànsfer Raté Constant

Using Cyclic Voltammétry.

The theo ry  o f  cy c lic  voltammetry has been extended to  include

e le c tro n - tra n s fe r  reac tio n s  Wiich are  described  by the electrochem ical
80absolute r a te  equation . R esults o f  th e o re t ic a l  c a lcu la tio n s  made 

i t  p o ssib le  to  use c y c lic  voltammetry to  measure standard ra te  constan ts 

fo r e le c tro n - tra n s fe r .  Thus, a system which appears re v e rs ib le  a t 

one frequency may be made to  ex h ib it k in e tic  behaviour a t h igher 

frequencies, as in d ica ted  by increased sep ara tio n  o f cathodic and 

anodic peak p o te n tia ls .  The standard ra te  constan t fo r  e lec tro n - 

tra n s fe r  i s  determined from th is  peak p o te n tia l  separation  and 

frequency. The method provides an extrem ely rap id  and simple way 

to evaluate  e lec tro d e  k in e tic s .

By an ap p lic a ito n  o f absolute ra te  theory  to  the e lec trode
80process and num erical so lu tio n  o f an in te g ra l  equation Nicholson 

provides a c o rre la tio n  between the  sep ara tio n  o f anodic and 

cathodic peak p o te n tia ls  (AEp) and a function  Y given by

iri D„(nF/RT)^ vs

vdiere y ” The square ro o t o£ th e  r a t io  o f  d iffu sio n  c o e ff ic ie n ts

Cq  a n d

a = The t r a n s fe r  c o e ff ic ie n t.

V = Sweep ra te
A

kg = The standard  ra te  constant a t  E = E 

The o th e r terms have th e i r  usual s ig n ifican ce .
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Since the  d iffe ren ce  in  D values is  o rd in a rily  sm all, is  

u n ity  fo r  many p ra c t ic a l  s itu a tio n s . Nicholson has a lso  shown th a t 

in  many s itu a tio n s  Y is  independent o f  a , as AÊ  is  unchanged due 

to  equal changes to  the  anodic and cathodic  peaks.

Adams s im p lif ie d  the  above equation  w ith the following approx­

im ations^^. I f  = 1, = 1 X 10"^ cm^/sec and F/RT -  39.2 V"^

then i f  v is  in  v o lts  sec .

Ks
Y = 28.8 —

V2

so using the values o f Y fo r  various AE  ̂ quoted by Nicholson, standard  

curve can be drawn (Figure 25). Using th is  curve, the f i r s t  and 

second e le c tro n - tra n s fe r  ra te  co n stan ts  were ca lcu la ted  fo r  TTF and 

dibenzoTTF. The re s u l ts  a re  shown in  Table (10) and (11) re sp ec tiv e ly . 

The equilib rium  p o te n tia ls  fo r  most o f  the conpounds stud ied  are 

shown in  Table (12) and an electrochem ical reduction s e r ie s  re la t iv e  

to  hydrogen reduction  p o te n tia l  i s  a lso  shown in  Table (13).
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3.7.1 The Measurements o f  E lec trôn-Tràrisfér Raté Constant a t 

Various Voltage Scan Ratés fo r  TTF.

Table (10a)

Sweep Rate 
V/S

AE (mV)
P i

Y Kg(cm”^sec”^)

0 . 1 2 5 1 9 5 0 . 1 7 0 2 . 0 9  X  1 0 " 3

0 . 1 0 0 1 9 0 0 . 1 8 0 1 . 9 8  X  1 0 " 3

0 . 0 8 0 1 8 4 0 . 1 9 0 1 . 8 7  X  1 0 " 3

0 . 0 5 0 1 8 0 0 . 1 9 5 1.51 X 10'3

Average 1.86 x 10 ^ ± 2.17 x 10 ^

Table (10b)

Sweep Rate 
V/S

AE (mV) 
P ii

T Kg(cm”^sec’ ^̂

0.125 223 0.119 1.46 X  10"3

0.100 203 0.125 1.37 X  10"^

0.080 171 0.188 1.85 X  10"3

0.050 198 0.156 1.20 X  10"3

Average 1.47 x 10 ^ ± 2.38 x 10
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3.7 .2  The Measurements o f  the E lec tron -T ransfer Rate Constant 

C alcu la ted  a t  Various Voltage Scan Rate fo r  Dibenzo TTF.

Table (11a)

Sweep Rate 
V/S

AE (mV) 
P i

- 1  - 1
K g (cm sec )

0 . 5 0 0 1 1 3 0 . 3 7 0 9 . 0 8  X  1 0 " ^

0 . 2 5 0 96 0 . 7 5 0 1 . 3 0  X  1 0 " 2

0 . 1 0 0 96 0 . 7 5 0 8 . 2 4  X  1 0 " 3

0 . 0 8 0 8 0 1 . 3 0 1 . 2 8  X  1 0 " 2

0 . 0 5 0 64.8 6 . 0 0 4 . 6 6  X  l O ' Z

0 . 0 4 0 64 7 . 0 0 4 . 8 6  X  l O ' Z

Average 2.30 x lO"^ ± 1.7 x 10’ ^

Table (11b)

Sweep Rate 
V/S

AE  ̂ (mV) 
Pii

Kg(cm~^sec~^^

0.500 103 0.570 1.40 X  10"^

0.250 80 1.300 2.26 X  10"2

0.100 110 0.410 4.50 X  10"3

0.080 90 0.800 7.86 X  10"3

0.050 77.8 1.800 1.34 X 10"2

0.040 90 0.800 5.55 X  10"3

Average 1.13 x 10  ̂ ± 6.19 x 10
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3.8 Equilibrium  P o te n tia ls  fo r some Compounds Studied

Table (12)

Electrochem ical Reaction E°(V)

TCNQ + e = TCNQ" 0 . 1 2 7 ^ ^

TTF"̂ ’ + e = TTF 0 . 3 0 2

.(N-Et cy an in e /I)^  + e = (N-Et cyamine /  I) 0 . 3 2 0

(pent, oxonols) + e = (pen t, oxonols)" 0 . 3 8 0

(N-Et oxonols) + e = (N-Et oxonols) 0 . 5 3 9

Dibenzo TTF^ + e = (Dibenzo TTF) 0 . 5 4 0

(N-Hex^-Cyanine/Br) ^ + e = (Cyanine/Br) 0 . 6 2 0

(N-Hex^-oxonols) + e = (N-Hex^-oxonols) 0 . 6 2 8

TTF'̂ '*’ + e = TFF*̂ 0 . 7 7 0

Dibenzo TTF^^ + e = Dibenzo TTF* 0 . 9 0 0
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3 .9 Electrochem ical Reduction S eries  fo r  some E lec troactive  

Organic Compounds.

Table (13)

TTF** + e = TTF*'

N-Hex oxonols + e =
(N-Hex-oxonols)

Dibenzo TTF + e =
Dibenzo TTF

(N-Et cyan ine/I) + e = 
(cyan ine/1)

I HggCl^ + e = Hg + Cl

l.OOV

Dibenzo TTF** + e = Dibenzo TTF*

(N-He/^ cyanin/Br) * + e 
(cyanin/Br)

(N-Et oxonols) + e = (N-Et 
oxonols)

0.500

(Pent, oxonols) + e = (pent 
Oxonols)

TTF '+  e = TTF

- (76)

0.00—

TCNQ + e = TCNQ

lo .242

H jO + e = H2O + 5H2
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3.10 Discussion

Platinum w ire , sh ee t o r mesh proved to  be the su ita b le  e lec trode  

m ateria l fo r the o x id a tio n  o f  these dyes, since i t  i s  s ta b le  w ith in  

a very large range o f  v o ltag e  (-1 .5  to  1.8 V) vs. SCE. There are 

two peaks shown w ith in  a region of -2 .0  to  +2.0 V. The peak which 

occurs around -1 .8  V is  most probably due to  reduction o f the solvent 

and or the supporting e le c tro ly te  while the peak formed a t  +0.2 V 

is  due to  desorption o f  th e  so lven t. The corresponding ox idation  

peak is  l ik e ly  to  be formed around 2.0 V. On the  o th e r hand n ick e l 

shows d is t in c t  peaks a t  -1 .3  V and +1.3 V (sm aller range compared to  

platinum) which are most probably due to  n ickel d is so lu tio n  ra th e r  

than the expected  oxygen evo lu tion  process. This i s  concluded 

because the same peaks d id  no t occur when platinum  was used as 

working e lec trode  w ith in  th e  same so lu tio n .

Oxonol dyes s ta r te d  to  oxidize around +0.5 V, but th e re  was no 

reduction peak shown in  th e  lower homologues o f the  s e r ie s .  This 

suggests th a t  the  o x id a tio n  products were not s tab le  and the  s t a b i l i ty  

increases w ith in c reas in g  s ide  chain  length . This i s  shown by the 

appearance o f the red u c tio n  peak in  N- Bu^ and N- Hex^ oxonols and i t s  

absence in  N- Et dye.

The formal reduction  p o te n tia ls  o f  oxonol dyes w ith d if fe re n t  

side chain lengths in c rease  s l ig h t ly  w ith increasing  s ide  chain length . 

I t  does seem th a t an a l ip h a t ic  side  chain has l i t t l e  e f f e c t  on the 

reduction p o te n tia ls . The high reduction  p o te n tia l (0.682 V) o f the 

monomethine conpound compared to  th a t  o f  pentamethine (0.380 V) shows 

the high s ta b i l i ty  o f th e  former r e la t iv e  to  the l a t t e r .  The o ther 

th ing Wiich must be taken in to  account i s  th a t ,  although the 

monome th ine conpound i s  oxid ized  a t  high vo ltage , i t  has a s tab le
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products r e la t iv e  to  the  r e s t  o f the  s e r ie s .  The tren d  towards

e a s ie r  ox idation  o f  th e  oxonol dyes w ith increasing  number o f me th ine

groups and decreasing  len g th  o f a lk y l chain a t  n itro g en  r e f le c ts
0-1

an increase in  the  energy o f  the HOMO. I t  is  known th a t  increasing

the number o f  methine u n i ts  in  polymethine dyes causes a s h i f t  of

absorption to  longer wavelengths, in d ic a tin g  a narrowing o f  the gap

between H(M) and LUMO. The counter ion as w ell as the  s ide  chain

length  in  cyanine dyes seems to  have an e f fe c t  on the  reduction

p o te n tia ls . G enerally , cyanine dyes are more e a s i ly  oxid ized  with

decreasing leng th  o f a lk y l chain a ttached  to  n itro g en . These dyes
82are known to  aggregate in  so lu tio n  even a t  low concen tra tions with 

re su ltin g  s h i f t s  in  bands to  h igher (H-band aggregation) and lower 

wavelength (J-band ag g reg a tio n ). The aggregation i s  s e n s it iv e  to  

su b s titu en ts  and i t  may be th is  phenomenon th a t i s  resp o n sib le  fo r 

the observed changes in

Two benzene r in g s  a ttached  to  the  sides o f  the  symmetrical 

molecule TTF have an observable e f fe c t  on the  o x ida tion  reduction  

p o te n tia l. The red u c tio n  p o te n tia l increases from 0.302 V fo r  TTF 

to  0.540 V fo r  dibenzo TTF, w ith a d iffe ren ce  o f 0.140 V. The same 

d ifference  was observed from the ox idation  reduction  process to  form 

the d ica tio n  ra d ic a l .  A re v e rs ib le  t r a n s i t io n  between th e  n eu tra l 

molecules, mono and d ic a tio n s  is  c le a r ly  seen. The formal e lec trode
p? 07  oA

p o te n tia ls  agrees w ith  published values (0.32) , (0.30) , (0.33 V)

but E^ (TTF^VtTF**) i s  somewhat g rea te r (0.66 V)^^, 0 .70

The values o f e le c tro n - tra n s fe r  ra te  constan ts obtained from 

the data  provided compare w ell to  th e  range o f e le c tro n - tra n s fe r
76 85

ra te  constan ts noim ally  assoc ia ted  w ith these types o f  reac tio n s  *
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Although the values obtained are not absolu te due to  the assumptions

made, the con sis ten cy  o f the re s u lts  suggests th a t  the reac tio n  is

to ta l ly  e lec trochem ical and th e re fo re  no side chemical reac tions

o f any consequence are  occuring a t  th a t  v o ltag e . This observation

is  supported by the re p e a ta b il i ty  o f subsequent cycles a f te r  the

i n i t i a l  sweep. I f  any chemical re ac tio n  had occurred , the shape

of subsequent curves would be d if fe re n t  to  th e  i n i t i a l  sweep. At

large  values o f  the  param eter Y mentioned before (K  ̂ la rg e , o r v

sm all) , c u rren t-v o ltag e  curves a re  independent o f  k in e tic  parameters 
80Y and a . For th is  case re s u lts  are  id e n tic a l to  ones obtained 

prev iously  where the  e le c tro n - tra n s fe r  was assumed to  be N em stian^^. 

This i s  in  a good agreement o f the  re s u lts  obtained  fo r  dibenzo TTF 

a t low sweep r a te  o f 40 mVs  ̂ a t which Y value i s  7.0 and the peak 

separa tion  is  64.0 mV which i s  n early  a ty p ic a l N em stian  behaviour. 

When Y < 7, th e  cu rren t-v o ltag e  curves are dependent on both the 

values o f Y and a. For s u f f ic ie n tly  small Y (K  ̂ very  small o r v very 

la rg e ) , the  back re a c tio n  fo r  e le c tro n - tra n s fe r  i s  u n in p o rtan t, and 

the process fo r  ox ida tion  and reduction  can be t re a te d  separa te ly  

as the  t o t a l ly  ir r e v e rs ib le  case. For in term ediate  values o f  Y (a 

region sometimes re fe rre d  to  as q u a z i- re v e rs ib le ) , the  form o f the 

cu rren t-v o ltag e  curves depends markedly on the exact values o f Ÿ and 

a.

The r e s u l ts  obtained  from TTF and dibenzo TTF may be c la s s if ie d  

to  the l a s t  group, s ince  most values o f  Y are between 0.1 and 7.0.

The f i r s t  e le c tro n - tra n s fe r  reactio n  ra te s  fo r  TTF and dibenzo TTF 

are f a s te r  than  the corresponding second r a te s ,  bu t in  general, both 

ra te s  in  dibenzo TTF were found to  be f a s te r  than th a t o f TTF (ten  

fo ld  in c re a se ) .
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P lo ts  o f peak cu rren t and peak vo ltage as suggested by P letcher^^

showed th a t ,  the  reac tio n  o f  the  e le c tro a c tiv e  m ateria l on e lec tro d e

surface i s  co n tro lle d  by a m ixture o f d iffu s io n  and k in e tic s . Since

the peak cu rre n t (Ip) i s  no t d i r e c t ly  p ro p o rtio n a l to  the  peak

voltage , the  ratedelernining s tep  i s  l ik e ly  to  be the m ass-tran sfe r

process and n o t surface reac tio n . As i t  was mentioned before AE is
P

not equal to  zero , the reac tio n  i s  not a sso c ia ted  w ith a simple 

adsorp tion-desorp tion  process o r a re a c tio n  o f  an adsorbed sp ec ies.

I t  i s  known th a t TTF/TCNQ is  a ty p ic a l conducting c h a rg e -tran sfe r  

complex. The p o te n tia l  d iffe ren ce  (0.175 V) from the electrochem ical 

se r ie s  can be taken as an optimum value around which the r ig h t  

stoichiom etry o f  c h a rg e -tran sfe r occurs. I f  th i s  p o te n tia l i s  taken 

as re fe ren ce , then  se le c tio n  o f donors and acceptors which form 

conducting complexes might be p o ss ib le . Having th is  idea, N-Et oxonol/TTF 

with a p o te n tia l  d iffe ren ce  o f 0.237 V should form a b e t te r  conducting 

complex than the h igher homologues N- hexyl and pentamethine in  which 

the p o te n tia l d iffe ren ces  a re  0.326 and 0.068 V re sp ec tiv e ly . The 

same idea can be app lied  to  dibenzo TTF which i s  expected to  form a 

b e tte r  complex w ith the  h igher homologues ra th e r  than lower ones.

N-Et cy an in e /I , dyes are  expected to  form charge - tra n s fe r  complexes 

w ith TCNQ, b e t te r  than N- Hex^ cyanine/Br. The p o te n tia l d iffe ren ce  

in  the  former i s  0.193 V, while i t  i s  0.493 V in  the l a t t e r  from the 

standard TCNQ (0.127 V).
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CHAPTER 4 

P repara tion  and Some P roperties o f 

TTF/N-Et Oxonol Dye Complex.
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4. E lectrochem ical P répara tion  o f  TTF/DYE Complex.

A platinum  sheet e lec tro d e  o f approximately 1 cm  ̂ area was 

cleaned by dipping in to  a so lu tio n  of aqua regia (a m ixture o f  1:3 n i t r i c  

acid  and hydrochloric  ac id  resp ec tiv e ly ) fo r  about fiv e  m inutes, then 

washing w ith d i s t i l l e d  w ater, acetone and then d i s t i l l e d  w ater. To 

complete the removal o f  any im p u tities  the e lec trode  was used to  

e lec tro ly se  I.O M su lphuric  acid  a l te rn a te ly  anodic and cathodic fo r 

30 minutes a t 1 mA.

The complex between oxonol dye and TTF o r i t s  d e riv a tiv e  

dibenzo TTF was formed elec trochem ically  by the in  s i tu  oxidation  o f 

n eu tra l TTF in  a so lu tio n  (acetonitrile-tetrabuty l-am m onium  perch lorate) 

containing the d isso lved  dye. The complex was foimed on th e  anode 

surface a t a cu rren t o f  2 mA, p re fe re n tia l ly  a t  the  edges. The 

coated e lec trode  was then removed from the so lu tio n  and washed from 

an excess o f  the  dye o r  TTF using fresh  a c e to n i t r i le .  The complex 

was then allowed to  dry in  a i r  fo r  th ree  hours o r in  an oven (80°C) 

fo r an hour. The dry b lack  c ry s ta ll in e  m ateria l was then scraped from

the e lec trode  surface  and co llec ted .

The experiment was repeated a t  d if fe re n t run tim es and p o ten tio - 

s ta t i c a l ly  in s tead  o f g a lo an o s ta tic a lly . The optimum conditions fo r

the conplex form ation were chosen (Table 14) and a m icroanalysis o f

the powder was recorded (Table 15).
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4.1 Optimum C onditions fo r  P repara tion  o f Qxônol-Dye/TTF Complex

E lec trochem ica lly .

Table (14)

Complex Time (h rs .) C urrent or 
Voltage Applied

Conductivity 
( ü r l  cm"l)

TTF/DYE 1.0 2.0 mA 1 . 1 3  X 1 0 " 4

TTF/DYE 1 .0 1.0  V 4 . 6  X l O ' S

XITF/DYE 1.0 2.0 mA 5 . 9  X  l O ' S

TTF/DTE 3 . 0 1 .0  mA 8 . 7  X  1 0 " ^

TTF/DYE 3.0 1.0  V very low

TTF/DYE 6.0 2.0 mA 7 . 4  X  1 0 " ?

TTF/DYE 12.0 2.0 mA very low
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4.2 M icroàriàlysis o f  TTF/DYE Complex, 

Table (15).

Reaction time 
(h rs .) Expected % % Found

1 . 0 C 5 4 . 4 5  % 5 4 . 0 1  %

H 3 . 8 6  % 3u98 %

N 9 . 4 1  % 9 . 7 0  %

1 2 . 0 C 5 8 . 7 7  % 5 1 . 0 6  %

H 4 . 2 8  % 4 . 0 5  %

N 1 1 . 4 2  % 1 0 . 0 7  %
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4.3 E lec tron  Microscope A nalysis o f th e  C rysta l Growth o f 

TTF/DYE Complex on Platinimi Mesh E lectrode Surface.

TTF/DYE c ry s ta ls  fomied on the platinum  mesh elec trode  surface

were examined under the  electronm icroscope. I t  was observed th a t ,

using a cu rren t o f  1 mA fo r  one hour gave long c ry s ta ls  ra d ia tin g

outwards from a c e n tra l po in t and d is t r ib u te d  reg u la rly  a l l  over

the su rface  as shown in  Figure (26). On the  o th er hand using a cu rren t

o f 1 mA fo r  a longer p e riod  (2.0 to  3 .0  hours) c ry s ta ls  s ta r te d  to

b u ild  up in  th ree  d if fe re n t  shapes which a re  r a d ia l ,  rod and le a f - l ik e .

This i s  shown c le a r ly  in  Figure (27). A nalysis o f the em itted  X-rays

from su lphur in  the  Electronm icroscope gave no d ifference  in  the

composition o f the  d if fe re n t  c r y s ta l l i t e s  bu t th is  technique would
+ 2 +not d iscrim in a te  between s a l t s  o f TTF and TTF .

4.4 S o lu b ili ty  o f TTF/DYE Complex.

To run any electrochem ical experim ent on TTF/DYE a so lvent must 

be chosen which w ill  d isso lv e  the supporting  e le c tro ly te  and not the 

complex i t s e l f .  A s e r ie s  o f so lven ts have been te s te d  and th e i r  

s o lu b i l i ty  is  summarized in  Table (16).
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25  j j

Figure (26): C ry sta l growth o f  TTF/DYE complex on

platinum  mesh e lec tro d e  as shown by 

e le c tro n  microscopy (1mA fo r  1-0 hour)
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ô pm

Figure (27): C rysta l growth o f TTF/DYE complex on

platinum  mesh e lec tro d e  as shown by 

electron-m icroscope (1mA fo r  2 to  3 hours)
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Table (16) S o lu b i l i ty  o f TTF/DYE complex and TBAP in  some chosen 
s o lv e n ts . ....................................................

Solvent S o lu b ili ty  o f  
TBAP S o lu b ility  o f TTF/DYE

D is ti l le d  w ater not so lub le s l ig h t ly  soluble

n-Heptane not so lub le not soluble

Toluene not so lub le s l ig h t ly  soluble

Benzene not so lub le

1,4-dioxan not so lub le complex i s  re a d ily  
d isso lved  in  a l l

Methanol no t so lub le four solvents

Ketones n o t so lub le

A c e to n itr ile so lub le Although TTF/DYE is  
formed in  th is  so lv en t, 
i t  d isso lved  slowly in  
i t  and hence work in  
a c e to n itr i le  must be 
c a rr ie d  out over a 
sho rt period o f time.
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4.5 pH Dependence o f  thé  OCV o f  the  TTF/oxondl DYE Complex.

A fre sh  platinum  mesh/TTF-DYE e lec trode  was prepared. The open 

c irc u it  p o te n tia l  o f  the e lec tro d e  was measured against a SŒ as a 

function o f pH. D ilu te  hydroch lo ric  acid  (O.IM) and sodium hydroxide 

(O.IM) were used to  co n tro l the  pH throughout. The pH changes were 

measured using  a PTI-6 U niversal D ig ita l pH Meter. The p o te n tia l  

was measured fo r  the  e lec tro d e  a f te r  p rep a ra tio n , a f te r  reduction  

(1 mA fo r  s u f f ic ie n t  time to  e f f e c t  a one e lec tro n  reduction o f the 

complex), and a f te r  an ox id a tio n  o f a s im ila r  e lec tro d e . Knowing 

the weight o f the complex on the  e lec trode  su rface , the  time requ ired  

to oxidize o r reduce the  whole amount was ca lcu la ted  using the equation;

T = (— x n F )  X  1000 sec.
M

where

T = time req u ire  fo r  the  whole compound to  oxidize o r 

reduce.

W = Weight o f  th e  conplex

M = M olecular w eight o f the complex

h = number o f  e lec tro n s  involved and i t  assumed as n = 1 .

F = Faraday co n stan t.

The r e s u l ts  a re  shown i s  Figure (28). In te rcep ts  and slopes 

ca lcu la ted  from pH-voltage curves are a lso  given in  Table (17). 

the pH was kept constan t in  th e  a c id ic  region (pH 1 ), th e  voltage 

was observed to  in crease  i n i t i a l l y  w ith  time and then lev e l o ff .

This was reversed  Wien a f re sh ly  prepared e lec trode  was used in to  a 

so lu tion  o f pH 13>7 (Figure (29 )).

When
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Slope and In te rc e p t Values C àlcülatéd froiii pH/Voltàgé Curves fo r  three  

Forms o f TTF/DYE COnplexes.

Table (17)

Complex form Slope (mV) In te rc e p t (mV)

TTF/DYE -16.16 156.7

Oxidized form o f 
TTF/DYE -32.0 444.5

Reduced form o f 
TTF/DYE - 6.5 46.6
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4.7 Cyclic-Voltaironagrain o f p t mesh/TTF-DYE Complex.

The cyclic-voltainmograjii of the e lec tron-donor TTF and the 

anionic oxonol dye were discussed in  Chapter 3. I t  would be of 

in te re s t in th is  sec tio n  to  show the voltammograms of the complex 

coated on the surface of platinum mesh e lec tro d e . The experiment was 

run in an aqueous medium (0.1 M H2S0^) and non-aqueous medium (dry
- I

a c to n i tr i le )  a t  sweep ra te  o f 100 mVs . The voltage ranges were 

chosen according to  the ca lcu la tio n s  shown. P lo ts  o f emf versus pH 

for an aqueous so lu tio n  shows th a t ,  the d iffe ren ce  in voltage between 

oxygen and hydrogen evolu tion  in platinum  e lec tro d e  surface is  almost 

constant and i t  i s  about 1.23 a t the  corresponding pH value as 

i t  is  shown in  Figure (30).

O f  H
1.23

emf
[V]

Figure (30).
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Following the N em st equation  fo r  a simple hydrogen reduction  

process ( 2H  ̂ + 2e = H2) , th e  vo ltage  can be ca lcu la ted  as:

E = E° + ^ I n  |H+|2

= o + 2.303 ^  log  H*

+  R T
Since pH = -log  H and 2.303 ^  0.059V

E = -0.059 pH V a t  298 K

vàich shows th a t ,  the  emf i s  l in e a r ly  dependent on the pH. 

For 0.1  M H2SO4 , pH = 1

E w .r.t SHE = - 0-059 V

^w r  t  = -  0.242 - 0.059 = - 0.301 V, so the lower l im it  

should be taken as -0.301 V o r below th is  value. The choice o f the 

upper l im it should be below 1.7 V i . e .  the  voltage a t which oxygen 

expected to  evolve from su rface .

The cyclic-voltammograms o f a clean  platinum mesh to g e th e r w ith 

th a t o f the  conplex prepared on a platinum  mesh electrode are  shown 

in Figures (31) and (32). Two re v e rs ib le  peaks are found o v erla id  

with peaks due to  the  form ation and reduction  o f surface oxides o f 

platinum. The l a t t e r  appear to  be sh if te d  by the presence o f the 

conplex to  h igher and lower p o te n tia ls  resp ec tiv e ly . This could 

be s in p ly  a r e s u l t  o f the g re a tly  hindered d iffu sion  o f e le c tro ly te  

through the lay e r o f complex. Averages o f the oxidation and 

reduction peaks o f the conplex give formal electrode p o te n tia ls  o f 

0.218 V and 0.548 V re sp ec tiv e ly . The behaviour o f the complex
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is  seen more c le a r ly  in  th e  non-aqueous media o f a c e to n i t r i le  

(Figure 33) in  which the  complex i s  sparing ly  so luble. The values 

of the formal p o te n tia ls  a re  now 0.266V and 0.675 V. The c y c lic -  

voltammogram of the  complex is  d if f e r e n t  from th a t  o f a mixed 

so lu tion  of TTF and oxonol dye, the  l a t t e r  being a simple sum of 

Figures (16b) and (16c) (see a lso  reference  no. 88) .
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o o 1-2V

Figure (31) Cyclic-Voltammogram o f  p t mesh e lec trode

(vs. SCE in  0.1 M H2S0^ a t  sweep ra te  o f  100 mVs"^).
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-  o *2

Figure (32) Cyclic-Voltammogram o f p t mesh 

electrode covered w ith TTF/DYE

(vs. SCE in  0 .1  M H^SO  ̂ a t sweep 

ra te  o f 100 mVs ^ ) .
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o -o 12 V

Figure (33) Cyclic-Voltammogram o f p t mesh

covered w ith TTF/DYE (in  0.05M TBAP/MeCN 

a t  sweep ra te  o f 100 mVs ^ ) .
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4.8 Discussion

The mechanism o f form ation o f  TTF/DYE complex on the surface

of platinum  mesh o r sheet can be explained as follows. The n eu tra l

TTF molecules are  oxidized to  the  ra d ic a l ca tions TTF^‘ by applying

a cu rren t o r v o ltag e  in  th e  reac tio n  m ixture. The ra d ic a l then

adsorbed on the surface and the dye anions re a c t to  form the complex

on the su rface . This w ill  suggest th a t  the  adsorption and reaction

processes are  f a s te r  than the d iffu s io n  o f the rad ica l in to  the bulk

of the so lu tio n . I t  was observed th a t  th e  complex was b u i l t  up a t

the edges o f  the  e lec tro d e  a f te r  a complete coverage o f the surface.

This might be due to  g re a te r  f ie ld  s tren g th  between the so lu tion  and

the edges. The electrochem ical p rep ara tio n  o f  complexes o f TTF

described above was s e n s itiv e  to  the  exact conditions o f the

experiment, p a r t ic u la r ly  the  dura tion  and magnitude o f the curren t

or vo ltage  app lied . The coulomb e ffic ie n cy  was low and the p u rity

of the  product v a r ia b le . The problem may be explained by reference

to the c y c lic  voltammograms o f the re a c ta n ts . The only electrochem ical

reac tio n  th a t i s  requ ired  to  take p lace i s  TTF TTF^* + e (E = 0.302 V

versus SCE). However TTF^' i s  oxidized to  the  inactive  (in  terms o f

the fo im ation o f  m olecular conductors) TTF^^ (E = 0.77) and the oxonol

anions a re  ir r e v e r s ib ly  oxidized. The ap p lica tio n  o f indiscrim inate

anodic c u rre n ts  re s u l ts  in  unwanted side  reac tio n s . Time is  also  an

im portant fa c to r .  For longer deposition  times a t  a constant curren t

the co n d u ctiv ity  o f  the  complex f e l l  from 1.13 x 10 ^ cm  ̂ a f te r
7 “1one hour (1 mA constan t cu rren t) to  7.4 x 10 cm a f te r  6 hours 

and < 10"^ cm“  ̂ a f te r  12 hours. M icroanalysis also  suggested 

th a t a f t e r  12 hours p rep ara tio n  time the  stoichiom etry o f  the  product
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had moved away from th a t expected fo r the  1:1 conplex (ca lcu la ted  

C 54.45%, H 3.86%, N 9.41%, found a f te r  1 hour C 54.01%, H 3.98%,

N 9.70%, a f te r  12 hours C 51.06%, H 4.05%, N 10.07%). The change 

does not s in p ly  r e f le c t  a move to  2:1 conplex containing TTF^^ but 

probably in d ic a te s  th e  in co rp o ra tio n  o f  ox idation  products in to  the 

m aterial deposited  on the anode.

The oxonol anion i s  a base and through th is  p roperty  the equilibrium  

p o ten tia l o f  TTF-oxonol conplex e lec tro d e  may be expected to  show some 

dependence on pH. A p o ss ib le  re a c tio n  may be w ritten :

TTF*D‘ + H* + e = TTF + DH

where D is  the  oxonol dye. I f  a l l  the  species th a t in te ra c t w ith H  ̂

are immobilized in  the  su rface  and thus have constant a c t iv i ty

E = E° + RT/F ln (s )  + RT/F InCaH"")

where s is  the  r a t io  o f  ion ized  conplex to  the n e u tra l protonated 

foim. The equation  p re d ic ts  a l in e a r  f a l l  in  E w ith  pH w ith a slope 

of -59 mV per pH u n i t .  Reduction in  acid  medium w ill  favour the 

neu tra l p ro tonated  form, decreasing  s and hence the value o f  the 

in te rcep t o f th e  E versus pH graph. Conversely oxidation  should 

lead to  a g re a te r  value o f s and in te rc e p t. Q u a lita tiv e ly  these 

features are  shown in  Figure (28). The slopes o f the graphs (a) and 

(b) are near 30 mV towards h igher values o f pH and the reduced form 

shows only a sm all pH dependence. The above equation only holds i f  

equilibrium  can be e s ta b lish e d  and i f  s is  indeed a constan t. I f  

a local co rrosion  c e l l  were e s ta b lish e d  with the equation represen ting
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one h a lf  c e l l  then would e s s e n t ia l ly  t i t r a t e  the  b asic  form o f the

complex. No pH dependence would then be seen since  changes in  s

would compensate fo r  the e f fe c t  o f the  changing pH. A co n trib u tio n

o f th is  type o f  mechanism would decrease the  slopes o f  the curves in

the manner observed.

The formal e lec tro d e  p o te n tia ls  c a lc u la te d  fo r  the  complex were

comparable to  the  values obtained by Lamanche e t  a l .^ ^ . They analysed

the  c y c lic  voltammograms o f  TTF-carbon p aste  e lec tro d es  in  d if fe re n t

e le c tro ly te s  and concluded th a t  E^(TTF^‘ ,TTF) = 0.25 V versus SCE in
2+aqueous media and th a t  TTF was unstab le  in  w ater.



117

CHAPTER 5

E le c t r ic a l  and E le c tro n ic  P ro p e rtie s  

o f  some M olecular Conductors
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5 .1  E le c t r ic a l  C o n d u c tiv itie s  o f  Oxonol Dyes/TTF Complexes

A TTF/Dye complex p rep a red  a s  d e sc rib e d  b efo re  was p la ce d  in

a g la s s  tube o f  in te r n a l  d iam e te r 0 .3 4  cm and p re ssed  between two

s t e e l  ro d s . The amount o f  p re s su re  a p p lie d  ('v 20 kgf) was measured

u s in g  a S a l te r  Pocket Balance connected  to  th e  system as shown in

F igu re  (34). The e l e c t r i c a l  c o n d u c tiv i ty  o f  th e  p re ssed  d is c  was

m easured by co n nec ting  a conductance b rid g e  to  th e  s t e e l  rods

te m iin a ls .  The e l e c t r i c a l  c o n d u c tiv i ty  o f  th e  fo u r compounds

measured i s  shown in  Table (18). D ie le c t r i c  lo s s  measurements have
89been made on th e  p re c u rso r  oxonol dyes , showing them to  be in s u la to r s  

o r  s e m i- in s u la to r s . The e f f e c t  o f  th e  a p p lie d  p re s su re  on th e se  

measurements i s  a ls o  shown in  F ig u re  (35) u s in g  th e  b e t t e r  conducting  

TTF/TCNQ complex.

Table (18) E le c t r ic a l  C onductiv ity  o f  Oxonol Dyes/TTF Complexes.

DYE Complex
C o n d u ctiv ity

cm -l)

N-Et oxonol DYE/TTF 9 .8  X 10"4

N-Et oxonol DYE/Benzo TTF 4.1  X 10"4

N-Bu" oxonol DYE/TTF 4 .4  X 10”^

M^nomethine oxonol DYE/TTF 7.6  X lO 'S

Pentam ethine oxonol DYE/TTF 4 .3  X 10"4



119

Figure (34): A p re ssu re  appara tu s fo r  m easuring the

c o n d u c tiv ity  o f  an o rgan ic  s o l id  powder
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5 .1 .2  Change o f  C onductiv ity  w ith  Temperature fo r  TTF/DYE 

Complexes

From th e  e l e c t r i c a l  measurements, i t  i s  b e liev ed  th a t  TTF/DYE

and i t s  d e r iv a tiv e s  a re  sem iconductors. Since i t  i s  known th a t  fo r  
27a l l  sem iconductors , th e  co n d u c tiv ity  in c rease s  ex p o n en tia lly  w ith  

tem perature i . e .  obey the  usual equation  fo r  an in t r i n s i c  semiconductor:

P = Pq exp|AE/2KT|

an experim ent was run to  show th is  dependency. The f i r s t  t r i a l  to  

design  the  appara tus i s  shown in  F igure (36) in  which a d isc  o f  the  

sample was connected to  copper w ires u sing  s i l v e r  adhesive re s in  w hile 

i t  i s  in  th e  p re s s in g  tube. The whole assembly was p laced  in  a g la ss  

tube . A thermocouple was fixed  to  th e  sm all tube to  d e te c t tem perature 

changes. This method d id  no t work, s in ce  the  e l e c t r i c a l  co n d u ctiv ity  

o f  th e  d isc  i s  very  low compared to  th e  value Wien i t  was pressed  

between the  two s t e e l  rods. This suggested  th a t  th e  p ressu re  to  b rin g  

the  powder p a r t i c le s  to g e th e r in  a d d itio n  to  the  e le c t r i c a l  con tac t a re  

very  in p o rta n t f a c to r s .

A su ccessfu l method i s  the one in  which a m odelling p la s t ic in e  

m a te r ia l was used to  b u ild  a c a v ity  around the g la ss  tube con tain ing  

the  d is c  (F igure (3 4 )). The cav ity  was f i l l e d  w ith  l iq u id  n itro g en .

The tem perature in c re a se s  from 77K to  room tem perature ('̂  ̂ 298K) by 

a llow ing l iq u id  n itro g e n  to  evaporate slow ly. The tem perature changes 

were d e tec te d  by a thermocouple f ix e d  to  th e  g la ss  tu b e . A blank 

experim ent was run to  show the v a l id i ty  o f  th e  system. The change o f  

co n d u c tiv ity  w ith  tem perature was recorded  fo r  d i f f e r e n t  dye complexes.
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The d a ta  recorded  fo r  TTF/N-Et oxonol dye, Juonomethine/TTF and 

dibenzo TTF/N-Et oxonol dye are  shown in  Tables (19), (20) and (21).

A p lo t  o f  c o n d u c tiv ity  change w ith  tem perature in  ad d itio n  to  lo g arith m  

o f c o n d u c tiv ity  versus 1/T fo r  the  TTF/DYE complex a re  a lso  shown in  

Figures (37) and (38). The a c tiv a tio n  energy Ea in  th e  sem iconductor 

equation  m entioned was ca lc u la te d  from the slope o f  F igure (38) and i t  

i s  recorded  fo r  some dye complexes. I t  i s  observed th a t  th e  change in  

co n d u c tiv ity  i s  very  sm all in  the  range o f  tem perature between 77 to  

173 K , bu t i t  i s  remarkable in  th e  range 173 to  298 K. This is  

shown in  Figure (39).
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5 .1 .5  C onstruction  o f TTF/DYE E lec tro d e  fo r  Measuring Conductance 

Change w ith  Temperature

P la s t i c  cover

I s o la te d  a r a ld i te  

TTF/DYE d isc

Thermocouple

Copper w ire

G lass tube

  S i lv e r  epoxy r e s in

Figure (36)
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Table (19) Data Obtained from Changé o f  Conductance w ith  

Temperature f o r  TTF/DYE Complex.

T(K°) 1/T (K"l)xlO"3 Conductance (ys) lo g ^

163 6.13 0.107 -2 .26

173 5.77 0.173 -1 .75

183 5.46 0.0444 -0 .81

193 5.18 0.840 -0 .17

203 4.92 1.33 0.29

213 4.69 3.15 1.15

223 4.48 6.80 1.92

233 4.29 13.47 2.60

243 4.11 22.22 3.10

253 3.95 33.60 3.50

258 3.87 40.89 3.71

263 3.80 49.17 3.90

268 3.73 59.29 4.08

273 3.66 70.69 4.26

276 3.62 . 78.60 4.36

278 3.60 83.98 4.43

283 3.53 100.87 4.61

288 3.47 119.70 4.78

298 3.35 176.40 5.17

AE = 0.516 eV
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Table (20) Data Obtained from Changé o f  Gôndüctàilce w ith

Téiïipérature fo r  TIF/mônoitiethirié Qxoriol Dye Complex.

T(K°) 1/T (K“^)xlO"^ Conductance (ns) log*

133 7.51 26.2 3.27

143 6.99 26.7 3.28

153 6.53 27.5 3.31

163 6.13 28.8 3.36

173 5.77 30.6 3.42

183 5.46 34.8 3.55

193 5.18 44.2 3.79

203 4.92 61.9 4 .13

213 4.69 94.0 4.54

223 4.48 154.5 5.04

233 4.29 260.0 5.56

243 4.11 444.3 6 .10

248 4.03 572.4 6.35

253 3.95 737.7 6 .60

258 3.87 948.1 6.85

263 3.80 1196.0 7.09

268 3.73 1466.0 7.29

273 3.66 1845.0 7.52

278 3.60 2297.0 7.74

283 3.53 278.0 7.93

288 3.47 3474.0 8.15

298 3.35 5880.0 8.68

AE = 0.397 eV
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Table (21) Data Obtained from Changé o f  Conductance w ith  

Température fo r  Dibenzô TTF/DYE.

T(K°) 1/T (K l)x lO "3 Conductance (a) log*

93 10.0 17.6 ns 2.86

103 9.69 19.3 ns 2.96

113 8.84 25.0 ns 3.22

123 8.13 33.0 ns 3.50

133 7.50 41.9 ns 3.74

153 6.53 59.0 ns 4.08

163 6.13 91.4 ns 4.52

173 5.77 170.0 ns 5.14

183 5.46 331.0 ns 5.80

193 5.18 699.0 ns 6.55

203 4.92 1.26 ys 7.14

213 4.69 2.20 ys 7.70

223 4.48 3.71 ys 8.22

233 4.29 6.10 ys 8.72

243 4.11 9.09 ys 9.11

253 3.95 12.93 ys 9.47

258 3.87 15.40 ys 9.64

268 3.73 21.62 ys 9.98

273 3.66 25.51 ys 10.15

278 3 .60 29.96 ys 10.31

283 3.53 35.20 ys 10.47

288 3.47 41.00 ys 10.62

298 3.35 57.93 ys 10.97

AE = 0.413
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Figure (39) V aria tion  o f conductance w ith temperature 

fo r TTF/DYE conplex in  the  range -196 to

21.3°C.
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5.2 ESR S tudies o f TTF, Diberizo TTF arid th e i r  Conplexes w ith 

Oxohol Dyes.

5 .2 .1  Method

Since the  discovery of high e le c t r i c a l  conductiv ity  in  the charge- 

t ra n s fe r  complex of TTF/TCNQ, a la rg e  number o f such organic m etals 

have become known^^. Most o f these  conducting m ateria ls  are complexes 

o r s a l t s  o f e lec tro n  donors s t ru c tu ra l ly  re la te d  to  TTF. The sp in  

d is tr ib u tio n  in  the  rad ica l ca tio n s  o f TTF-based donors as w ell as 

some k in e tic  param eters are th e re fo re  o f in te r e s t  fo r understanding 

the p ro p e rtie s  o f the p e rtin e n t ’organic m e ta ls ’ . The e s r  sp ec tra  fo r  

TTF, dibenzo TTF and th e i r  complexes w ith oxonol dyes were measured.

Cation ra d ic a ls  were prepared by d isso lv in g  these compounds in  

dichloromethane in  an e s r  sample tube f i t t e d  w ith a greaseless ta p . A 

few drops o f tr i f lu o ro a c e tic  acid  (TEA) was added and the mixture was 

th m su b jec ted  to  five  freeze-pump-thaw cycles on a vacuum l in e .  Iso tro p ic  

e s r  sp ec tra  were obtained w ith these so lu tio n s . To minimize proton 

d ipole  in te ra c t io n s , toluene-dg was su b s titu te d  fo r  the dichloromethane 

fo r the  powder spec tra  measurements. In the case o f  the dye complexes 

adequate s o lu b i l i ty  could only be obtained w ith a c e to n i t r i le , hence 

th is  so lven t was used fo r both so lu tio n  and powder e s r  measurements.

5 .2 .2  Measurements

Esr sp ec tra  were obtained w ith  a Varian E-4 spectrom eter: g -fa c to rs  

were measured w ith the a id  o f a Bruker ER035M 1000 gaussmeter used in  

conjunction w ith  a Marconi type 2440 microwave frequency counter.

Sanple ten p era tu res  were measured w ith a Comark type 5215 d ig i ta l  

thermometer.
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5.2.3 Results and D iscussion

The e s r  spectrum o f th e  TTF ra d ic a l (Œ 2CI2, -35°C) i s  a q u in te t

(Figure (40)) in d ica tin g  fou r equ ivalen t protons; a^ = 0.1262 ± 0.0023 mT.

The hyper fine  s p l i t t in g  agrees w ith  th a t  measured recen tly  by Gerson 
90(0.125 mT) . The is o tro p ic  g -fa c to r  is  large in d ica tin g  th a t  a

su b s ta n tia l p roportion  o f  th e  unpaired spin density  re s id e s  on the

sulphur atoms. The la rg e  amount o f an iso tropy  in the system is

re f le c te d  in the  wide spread values o f g ^ ,  g^^ and g^^. The d iffe ren ce

between the average o f th ese  values <g> and g^^^ may be a t t r ib u ta b le

to  the la rge  widths o f th e  lin e s  in  the powder spec tra . Figure (41)

shows the powder spectrum o f TTF ra d ic a l along w ith th a t  o f dibenzo TTF
33a t the  freezing  co n d itio n s , w hile Figure (42) shows the sulphur 

s a t e l l i t e  in  dibenzo TTF a t  -30°C.

Table (22) shows the  d a ta  obtained fo r TTF, dibenzo TTF and th e i r  

oxonol dye conplexes. The e s r  spectrum of the  TTF/oxonol dye complex 

in  a c e to n i t r i le  showed th e  expected fiv e  lin e s  a ris in g  from the  four 

equ ivalen t pro tons, a hyper f in e  s p l i t t in g  constant o f 0.1190 ± 0.0005 mT 

was evaluated  from the second d e riv a tiv e  spectrum (Figure 43). This 

value i s  very close to  th a t  found fo r  TTF '̂* in  dichloromethane. However, 

from the sulphur - s a t e l l i t e s  th e re  i s  some d ifference  in  th e  a^ values. 

The s u lp h u r^ ^ -sa te lli te s  spectrum fo r  TTF/DYE complex i s  shown in  

Figure (44), while a powder spectrum o f the  complex a t  a freez in g  

condition  i s  shown in  Figure (45). The so lu tion  spectrum o f the 

ca tio n  ra d ic a l o f the  dibenzo TTF/DYE complex in  a c e to n i t r i le  could not 

be reso lved  but a s in g le  narrow lin e  o f h a lf-h e ig h t width o f 0.105 mT 

was observed. The narrowness o f the  lin e  suggests th a t the  two a^ 

values are  sm aller than those observed fo r  dibenzo TTF * in  d ich lo ro -



131

methane. G enerally, the  powder sp ec tra  fo r the dye conplexes in  

a c e to n i t r i le  are ra th e r  d if fe re n t from those o f  TTF'*’* and dibenzo TTF '̂ 

in  to luene-dg. However, th is  is  to be expected since the  proton and 

n itro g en  n u c le i in  a c e to n i t i r le  w ill cause problems. T en ta tive  values 

o f g -fac to rs  obtained from the cation  rad ica l o f the  TTF/DYE complex 

in  a c e to n i t r i le  a t  -146°C are  shown in  Table (22).
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Table (22) ESR Hyperfine Côüplirig Constants (mT) and g-F actors

fo r the Cation Radicals o f TTF, Dibénzô TTF and th e i r  

Oxonol Dye Complexes.

TTF Dibenzo TTF TTF/DYE Dibenzo TTF/DYE

% 0.1262± 0.049±0.001 0 .1190± __

0.0023 0.01S±0.001 0.0005 —

0.439± 0.41S± 0.564± 0.408±

0.003 0.002 0.002 0.003

^xx 1.9984 1.9990 2.00072 2.00072

gyy 2.00397 2.00402 2.00822 2.00303

^ZZ 2.01175 2.01175 2.01178 2.01175

<g> 2.00470 2.00491 2.00690 2.00517

^ iso 2.00704±
\

2.00683± 2.00705± —

0.00001 0.00003 0.00001
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5 .2 .4  C alculation o f E lectron D ensity fo r  TTF Cômplé:Kés using 

Standard DPPH.

An appreciable concentra tion  o f unpaired e lec trons has been 

found in  a l l  o f the  TTF/DYE complexes through the ap p lica tio n  o f 

e le c tro n  spin resonance spectroscopy. In th is  sec tio n  the number 

o f  sp in  per gram and some o ther param eters fo r these compounds were 

c a lcu la ted  and they are  summarized in  Table (23). The q u a n tita tiv e  

sp in  assay was obtained from the area beneath the in te g ra te d  absorp tion  

peaks through a d ire c t  comparison w ith  th a t of a so lid  p o ly c ry s ta l l in e  

1 ,1-d iphenylp icry lhydrazyl ra d ic a l (DPPH) of known concen tra tion . 

C alcu la tion  o f e lec tro n -d en s ity  fo r N-Et oxonol dye/TTF complex gave 

a value o f 2.0 fo im ila  u n its  per sp in  (see Table (23)). This may 

r e s u l t  from p a r t ia l  c h a rg e -tran sfe r g iving TTF^' DYE^'^ o r the  

incorpora tion  o f n e u tra l molecules in to  the complex. Complexes o f 

TTF/TCNQ have been shown^^ to  have stoichiom etry XTF^'^^’*̂ TCNQ ’̂ ^^ . 

Other complexes fo r  which th is  determ ination have been made req u ire  

many more molecules o f complex fo r  one spin . Smaller amounts o f 

these  compounds were prepared and the  p o s s ib i l i ty  o f d i lu t io n  by 

the presence o f im p u ritie s , p a r t ic u la r ly  s ta r t in g  m a te r ia l, may account 

fo r  these  observations.
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Table (25) Data C alcu lated  from ESR Spectra o f  TTF/DYE Complexes.

Compound Spin/g Average
m / s

No. o f Molecules 
per spin

DPPH 1 . 5 3  X  1 0 ^ ^ 4 . 5  X  1 0 ^ 1 . 0

N-Me DYE/TFF 1 . 3 0  X 1 0 ^ ° 4 . 6  X 1 0 ^ 1 . 3

N-Et DYE/TTF 4 . 7 5  X  1 0 ^ ° 1 . 2  X 1 0 ^ 2 . 0

N-Bu" DYE/TTF 2 . 7 1  X  1 0 ^ ^ 2 . 2  X lO'* 3 4 . 1

N-Et DYE/Benz TTF 2 . 3 7  X  1 0 ^ ® 2 . 5  X  1 0 ^ 3 6 . 7

Monome th in e  /TTF 1 . 9 4  X  1 0 ^ ® 3 . 1  X 1 0 “* 5 7 . 3
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5 .2 .5  Thennal S ta b i l i ty  o f TTF/DYE Complex as >feasiired by ESR.

Bulk powder sp ec tra  o f TTF/DYE complex was measured as a function 

of tem perature. The decay o f the e sr s ignal was used to  monitor the 

s t a b i l i ty  o f  the complex. No decay was observed below about 150°C 

and the reac tio n  was i r r e v e rs ib le .  A sample held  a t  170°C fo r  1.0 

minute had i t s  e s r  s ignal reduced to  zero which remained so on taking 

the tem perature back to  room ten p era tu re . 150°C is  considerably

lower than the tem perature a t  which the conplex decomposes (256^0). 

Figures 46a and 46b show the  decay a t d if fe re n t tem peratures as well 

as the reac tio n s  are i r r e v e rs ib le .  Wudl d iscusses the m e ta l-to - 

in su la to r  t r a n s i t io n  fo r molecular c ry s ta ls . In conpounds w ith many 

equ ivalen t p o s itio n s  in  the  u n it  c e l l  re o r ie n ta tio n  o f anions leads 

to  an in s u la to r . Other mechanisms a r ise  from electron-phonon 

in te ra c tio n s  (charge density  waves) and magnetic in te ra c tio n s  (spin 

d en sity  waves). The s ize  o f the dye anion may ru le  out easy reo rien ­

ta tio n  although w ithout knowledge o f the  c ry s ta l  s tru c tu re  a conclusive 

statem ent cannot be made. The in teg ra ted  abso ip tion  s ignal was used 

as a measure o f the  ac tiv e  amount o f conplex remaining. Figure (47) 

shows a f i r s t  o rder p lo t  o f  the  decay a t  163^0. The peak heigh t and 

peak area a t  sp e c if ic  tim es a re  tabu la ted  in  Table (24) and they are 

p lo tte d  in  Figures (48a) and 48b). The ra te  a t  which the conpound 

lo ses i t s  e s r  s ig n a l i s  ca lcu la ted  from tiie slope o f Figure (48b)
-9  —1

and i t  was found to  be -3.54 x 10“ ± 0.0025 s “ . Since the e s r  s ignal 

decreases g radually , change o f c ry s ta l form i s  le s s  probable while 

decomposition o r o ther processes had mostly occurred. An in f ra  red 

sp ec tra  showed the same peaks fo r the complex a f te r  and before heating  

w ith a le s s e r  in te n s i ty  fo r  the  heated form. I t  may be concluded th a t 

decomposition process has occurred.
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Table (24) Data C alculated from the Rate o f Unpaired E lectron  Loss 

Using e s r  fo r  TTF/DYE Complex.

Peak Height (cm)
2

Peak Area (a) (cm ) log (a) Time (min)

8.75 7.09 1.96 0 .0

8.20 6.64 1.89 2 .0

7.60 6.16 1.81 4 .0

7.25 5.87 1.77 6 .0

7.00 5.67 1.74 8.0

6.50 5.26 1.66 10.0

5.70 4.61 1.53 12.0

5.20 4.21 1.44 14.0
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5 .2 .6  In terconversion  of the Mono- and D ication R adicals o f TTF 

as Followed by e s r .

The r e v e r s ib i l i ty  o f  fonnation o f  TTF mono- and d ic a tio n  

ra d ic a ls  in  the form of a simple ch lo rid e  was examined using  the e s r  

technique. The s a l t  was prepared by the ac tion  o f ch lo rin e  gas on 

a carbon te tra c h lo r id e  so lu tion  o f the  n e u tra l TTI% A sto ich io m etric  

amount of ch lo rine  must be employed to  avoid fu r th e r  ox ida tion  to 

the  d ica tio n . In t h i s  experiment th e  ch lo rine  gas was passed 

through the carbon te tra c h lo rid e  so lu tio n  o f TTF while i t  was in 

the e s r  machine c e l l .  A fte r TTFCl s a l t  was foimed (deep p u rp le ), 

an e s r  spectrum was run (Figure 49( i ) a ) .  An a d d itio n a l amount o f 

ch lo rine  was added to  convert the s a l t  to  the  d ic a tio n  (yellow 

p r e c ip i ta te ) . The spectrum was run again . I t  was reduced in  

in te n s i ty  (Figure 4 9 (i)b ) . The so lu tio n  was l e f t  in  the  c e l l  

overnight and the  e s r  sp ec tra  was run again. I t  was found th a t  the  

e s r  sp ec tra  in creases in  in te n s ity , bu t i t  d id  no t reach the s ta r t in g  

in te n s i ty  (Figure 4 9 ( i ) c ) . This r e s u lt  suggests th a t  the  d ica tio n  

can e q u il ib r ia te  w ith  the monocation i . e .  c e r ta in  degree o f 

r e v e r s ib i l i ty  e x is t s .  The possib le  mechanism is  shown in  Figure (49) ( i i )
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5.5 Quantum Mechanical C alculations

The sem i-em pirical method MMDO (Modified n eg lec t o f  diatom ic

overlap) was used to  determine the equ ilib rium  m olecular geom etries,

e n th a lp ie s  o f  foim ation a t  these geom etries, io n iza tio n  p o te n tia ls

and m olecular charge d is tr ib u tio n  fo r  TTF, dibenzo TTF and th e i r

mono- ca tio n  ra d ic a ls . Geometries were defined in  teim s o f  bond

le n g th s , angles and d ihed ra l a n g l e s ^ T h e  experim ental repo rted
94data  fo r  TTF n eu tra l molecule and the optim ized geometry using 

MMDO are  shown in  Figures (50a) and (50c). To make sure th a t  the  

d a ta  given are from the co rre c t s tru c tu re  o f each m olecule, an 

optim ized geometry o f dibenzo TTF was p lo tte d . The atoms p o s it io n , 

which a re  in  a co rrec t o rder are shown in  Figure (51). E n thalp ies 

o f form ation , io n iza tio n  p o te n tia ls  and charge d is tr ib u tio n  a re  

shown in  Tables (25) and (26).
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Figure (50a) Eixperimental Geometries Taken from Reference 95
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Figure (50c) Optimized Geometries as P red icted  by >WDO Method.
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Table (25) C alculated  Enthalpies o f Formation and Ion ization  

P o te n tia ls  fo r  TTF, Dibenzo TTF and th e i r  Mono- 

Radical Cation Using MNDO Method.

AH^/KJ m o l'l I.P /K J m o l'l 
(n eu tra l molecules)

TTF 171.54 779.21

TTF*' 901.04 -

A(AH )̂ 729.50 -

DBTTF 241.41 774.39

DBTTF*' 950.18 -

A(AH )̂ 708.77 -
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Table (26) Chargé D istribü tio ri fo r  TTF N eutral Molecule as 

P red icted  by MNDO Method.

Atom
Number Atoms Charge D is trib u tio n

1 C -0.2290

2 C -0.2291

3 S 0.2935

4 S 0.2929

5 C -0.3470

6 C -0.3468

7 S 0.2936

8 S 0.2937

9 C -0.2291

10 c -0.2291

11 H 0.1092

12 H 0.1092

13 H 0.1090

14 H 0.1090
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I t  was observed th a t >NDO reproduces the experimental condition

th a t  the  C-C bond-length between the o u te r ring  carbon atoms (C2-C2

and Cg-C^Q, see Figure 50b) of TTF are  comparatively le s s  than th a t

of th e  carbons between the rings (C^-C^), without recourse to  the

use o f d -o rb ita ls , a requirem ent suggested by Cooper e t a l .^ ^ .  This
96tren d  m irrors the r e s u lts  obtained  fo r  heptafulvalene where the

b ridg ing  double bond (1.373A) was shown to  be longer than the  rin g

double bond (1.332-1.343A). The inportance of empty sulphur

d -o rb ita ls  in  organosulphur compounds is  one of continuing controversy . 
84 97Coffen and Mcloer found independently th a t unless d -o rb ita ls  a re

included in  the m olecular o rb i ta l  c a lc u la tio n s  o f TTF, n e ith e r

spectroscop ic^^, nor m olecular s tru c tu re^ ^  could be c o rre la te d  w ith

theory* This might be the reason fo r  some of the d iffe ren ces  between

the  ca lcu la ted  and experim ental va lu es .

A ll values o f io n iz a tio n  p o te n tia ls  are g rea ter than experim ental
98follow ing a trend  repo rted  by Dewar and McKee who note th a t

c a lc u la te d  io n iza tio n  p o te n tia ls  o f sulphur to  be about 1 eV (96.5

KJ mol”^) too high.

The small d iffe ren ces  between the  ca lcu la ted  io n iza tio n  p o te n tia ls

o f th e  n eu tra l molecules and the enthalpy d ifference o f form ation

(AH^(M*) = AĤ (M)) i s  re f le c te d  in  the  s im ila r geometries o f n e u tra l

m olecules and ca tio n s . MDO put most o f the  p o s itiv e  charge on

sulphur and hydrogen w ith the carbons o f the  fulvalene rin g s  acqu iring

neg ativ e  charge. The charge d is tr ib u tio n  fo r  TTF is  shown in  Table (26)
99This r e s u l t  is  d if f e re n t from th a t obtained by MINDO/3 in  which the 

p o s it iv e  charge is  la rg e ly  located  on the cen tra l carbon atoms w ith  a 

sm all p o s itiv e  o r even negative  charge on sulphur.
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5.4 Photoelectron Spectroscopy S tu d ies .

5 .4 .1  In troduct ion

A pho toelectron  spectrum is  a d is tr ib u tio n  curve o f the  k in e tic  

energ ies o f e lec tro n s  em itted  from a substance w h ils t under the  inpact 

o f monochromatic rad ia tio n ^ ^ ^ . The f i r s t  such sp ec tra  to  be 

obtained from the vapours o f atoms and molecules were recorded la te  

in  1961 by Al-Joboury and Tum er^^^ and by V ilesov e t  al.^^^L

Adsorption o f c e r ta in  frequencies o f f a r  u l t r a  v io le t  l ig h t  

b rings about t r a n s i t io n s  o f e lec tro n s  between o r b i ta l s .  The an a ly s is  

o f the  re su ltin g  sp ec tra  gives a p ic tu re  o f the  r e la t iv e  spacing o f 

the  o rb i ta ls .  This inform ation can also  be obtained by measuring 

how much energy i s  needed to  remove an e lec tro n  from an o r b i ta l .  This 

energy i s  one o f th e  io n iz a tio n  p o te n tia ls  o f the  m olecule. Measuring 

the io n iza tio n  p o te n tia ls  o f e lec tro n s  in  various o r b i ta ls  o f the 

molecule gives a p ic tu re  o f  the o rb i ta l  energ ies. R adiation in  the  

f a r  u l t r a  v io le t  reg ion  (X < 1700 S) can cause e le c tro n ic  e x c ita tio n , 

io n iza tio n  o r even bond rup tu re  in  a molecule. I f  a photon o f 

frequency (v) c o ll id e s  w ith  a s in g le  molecule, the  k in e tic  energy of 

the  e jec ted  e le c tro n  i s  given by:

1 2 ,  hv = — m V + I-
2 e

where (I^) i s  the io n iz a tio n  p o te n tia l  o f the  e jec te d  e lec tro n . The 

index ( i)  la b e ls  the  o rb i ta l  occupied by the e lec tro n  and hence the 

e lec tro n s  e jec te d  have various k in e tic  energies depending on the 

o rb i ta l  they occupy. The e jec ted  e lec tro n s  are  c a lle d  pho to e lec tro n s, 

and the  determ ination  o f th e i r  spectrum o f energ ies gives r i s e  to  the
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naine pho toelectron  spectroscopy ( p .e .s . ) .  I f  a m olecular photoelectron  

experiment i s  c a r r ie d  out a t  room tem perature, we can sa fe ly  assume 

th a t the molecule i s  in  i t s  ground e lec tro n ic  and v ib ra tio n a l s ta te .  

When the molecule i s  converted in to  the p o s itiv e  ion i t  may end up in  

an excited  v ib ra tio n a l s ta t e .  This is  given by:

where denotes the  io n iza tio n  p o te n tia l w ithout v ib ra tio n a l

changes i . e .  the io n iz a tio n  p o te n tia l .  The electrom agnetic  ra d ia tio n  

is  e s s e n tia l ly  in  the  U.V region o f the spectrum. A g rea t deal o f 

work has been done w ith l ig h t  generated by a d ischarge through helium: 

th is  gives a s tro n g  l in e  a t  58.4 nm E 21.22 eV, i . e .  th i s  only e je c ts  

e lec tro n s  w ith io n iz a tio n  p o te n tia ls  le s s  than 21.22 eV. Much h igher 

photon energ ies are  used fo r  e lec tro n s  deeper in  the  molecule and hence 

X-rays are  used g iv ing  r is e  to  a technique c a lle d  X-ray p^o toelectron  - - 

spectroscopy which i s  used fo r  q u a lita tiv e  chemical an a ly s is .

Both U.V and X-ray have proved to  be a u se fu l a n a ly tic a l

techniques, U.V being used to  d e tec t molecules on the b a s is  o f  sp ec tra l

" fin g e r p r in ts"^ ^ ^ , and X-ray being used to  d e tec t atoms on the b a sis
10 4o f c h a ra c te r is t ic  b inding  energies . Thus by combining core and 

valence io n iz a tio n  p o te n tia ls  data  one can q u an tify  the bonding o r 

anti-bonding c h a rac te r  o f  m olecular o rb ita ls .  This i s  the kind o f 

inform ation th a t  chem ists have always hoped to  o b ta in  from photoelectron  

spectroscopy bu t which u n t i l  recen tly  has g enera lly  only been obtained 

from th e o re tic a l c a lc u la tio n s .
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5.4.2 R esults and D iscussion.

This work has been done a t Sussex U n iv e rs ity  using  Perkin 

Elmer PS16. The valence io n iza tio n  p o te n t ia ls  o f TTF, Dibenzo TTF 

and TTF/DYE compounds a re  recorded using  helium  resonance l in e  (584&) 

as the  e x c ita t io n  source. Lower and upper l im its  o f  io n iz a tio n  

p o te n tia l  a re  marked by helium and argon ( io n iz a tio n  p o te n tia l  o f  

4.98 and 15.75 eV re s p e c tiv e ly ) . The p h o to e lec tro n  sp ec tra  o f  the 

th re e  compounds as w ell as the  f i r s t  two io n iz a tio n  p o te n tia ls  are  

shown in  Figures (52), (53), (54) and Table (27).

Table (27) F i r s t  and Second Io n iza tio n  P o te n tia ls  and th e  Binding 

Energy fo r  TTF, Dibenzo TTF and TTF/DYE Using P.E .S.

Compound 1 s t I.P±0.05 
(eV)

2nd I.P±0.05 
(eV)

Binding Energy 
( l s t - 2nd o rb i ta ls )

TTF 6.80 8.90 2.1

Dibenzo TTF 6.90 8.60 1.7

TTF/DYE 6.80 8.60 1.8
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I t  is  shown c le a r ly  th a t  TTF, Dibenzo TTF and TTF/DYE photoionized

a t approxim ately the  same value. Two benzene rin g s  a ttach ed  to  the

s id es  o f the symmetrical molecule TTF have l i t t l e  e f fe c t  on the

io n iz a tio n  p o te n tia l .  The f i r s t  and second o rb i ta ls  a re  s trong ly

bound in  TTF (binding energy of 2.1 eV) compared to  th e  o th e r two

compounds. The re la t iv e  orderings o f the  tt- ,  a and n -o r b i ta l s  in

such types o f compounds have never been firm ly  e s ta b lish e d . Two

main reasons may be cited . F irstly , there has been some question

as to whether the highest occupied a- orbital of aromatic conpounds

has an energy exceeding that of the lowest t t -  orb ita l, and secondly,

for molecules in which the hetero-atom 2p lone- pair’ electrons

are independent of the t t -  system, there has been no sure way of

finding out whether the t t -  orbital ionization potentials are lower
lOSthan the lone-pair ionization potentials

It is  generally known that to assign the various observed bands 

to a certain molecular orbital is  a very d iff ic u lt  matter. _ This is  

because ionization potentials are markedly affected by electronic  

relaxation energy and potential as well as by chemical bonding. That 

i s  Wiy photoelectron spectroscopy has often merely served as a testing  

ground for theoretical calculations^^^. From the above discussion i t  

i s  d iff ic u lt  to assign each ionization potential value calculated to 

a particular type o f orb ita l, but generally speaking, electrons are 

easier to remove from a TT-bond than a a-bond, hence, the f ir s t  

ionization potential could be from the TT-bond. This is  supported 

by the fine structure appearing in each of the three spectra.
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CHAPTER 6

Prelim inary In v es tig a tio n  o f  the  use 

o f Charge-Transfer Compounds as Gas Sensors.
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6. Introduction

I t  has long been known th a t adsorbed gases can have a marked 

e f f e c t  on th e  e l e c t r i c a l  con d u ctiv ity  o f  sem iconductors. The e ffe c t

has been rep o rted  in  t r a n s i t io n  m etal oxides^^^, an ion ic  dyes^^^,
109 27phthalocyanine film s and a range o f  organic so lid s  .

I t  has been shown th a t  the e le c t r i c a l  co n d u c tiv ity  o f

3-ca ro ten e  v a rie s  w ith  oxygen p ressu re^^^ , w hile s tu d ie s  by Labes^^^
112and Labes and Rudyi on the  iodine-anthracene and chloranil-am ine 

systems and by M isra^^^ on 3-caro tene show the p o te n tia l  o f  these 

m a te r ia ls  as the b a s is  o f  gas d e tec tin g  systems. The conductiv ity  

o f o rgan ic  sem iconductors can change by many o rders o f  magnitude 

when a gas adsorbs on th e i r  su rfaces , which makes them id e a l fo r 

d e te c tin g  very  low concen tra tions o f  p o llu ta n ts . When a gas molecule 

chemisorbs on the  su rface  o f a semiconductor, an e le c tro n  o r  e lec tro n s  

may be tra n s fe r re d  from one to  the  o th e r , the d ire c tio n  o f th is  t r a n s fe r  

depending upon th e  e le c tro n e g a tiv ity  o f  the  gas and the  work function 

o f  the  so lid^^^ .

Very re c e n tly  an ionom er-film  modified e le c tro d e  was introduced

in to  the  sensing process^^^ . An ionomer i s  a l in e a r  o r  branched

organ ic  polymer which con tains covalen tly  a ttached  io n izab le  g r o u p s ^ .

Ion-exchange s e le c t iv i ty  c o e f f ic ie n ts  fo r  a s e r ie s  o f  a lk y l-su b s titu te d

pyrid inium  c a tio n s  in  Na/ion have been measured. The la rg e  value o f

these  c o e f f ic ie n ts  a re  a t tr ib u te d  to  the  hydrophobic e f f e c t s ;  a f r e e -

energy re la tio n s h ip  re la t in g  the c o e ff ic ie n ts  to  the  s iz e  o f  the ion

has been described .

A semiconductor fo r  use as the b a s is  o f a gas sensor must have
114th e  follow ing p ro p e r tie s  :
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1. I t s  conductiv ity  must vary w ith the co n cen tra tio n , in  ambient 

a i r ,  o f the gas to  be measured. This e f fe c t  must be re v e rs ib le , i . e .  

in  the absence of the gas the conductiv ity  must re tu rn  to  i t s  o r ig in a l 

v a lu e , as w ell as reproducible i f  the sensor i s  to  be used in  

instrum ents.

2. The m ate ria l must be s tab le  viien heated to  tem peratures high 

enough fo r  the reac tio n  o f in te r e s t  to  take p lace  quickly  and 

rev e rs ib ly , and to  tenpera tu res > 100°C in  o rder to  minimize w ater 

condensation e f fe c ts .

Although not e s s e n tia l  i t  i s  d e s ira b le , from the po in t o f view

of providing cheap instrum entation , th a t  the  fa b r ic a tio n  o f sensors

using the m a te ria l is  easy and cheap. I t  would a lso  be an advantage

to  be able to  modify the s tru c tu re  o f the semiconductor in  o rder to

vary i t s  s e n s i t iv i ty  to  d if fe re n t gases.

The phthalocyanines s a t i s f y  most o f th ese  cond itions. Various

gases have been shown to a ffe c t the  e le c t r i c a l  conductiv ity  o f 
27these  m a te ria ls  . Although the r e v e r s ib i l i ty  o f  these  e f fe c ts  have

not been fu l ly  in v estig a ted , a t  le a s t  a degree o f  r e v e r s ib i l i ty  has 
117been repo rted  . In th is  sec tio n  sensors are  described  in  Wiich the 

conductiv ity  changes in  some ch arg e-tran sfe r compounds (TTF/TCNQ, TTFCl, 

LiTCNQ and TTF/DYE) th in  d iscs  and film s are used as a p o ssib le  means 

o f  d e tec tin g  some p o llu ta n t gases (SO^, H^S, NO2, CO, O2, (H^).
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6.1 P repara tion  o f E lectrodes fo r  Gas Sensors 

Phthalocyanines and th e i r  d e riv a tiv es  are  the  major organic

m a te ria ls  used as gas sensors as mentioned b efo re . In th is  se c tio n , 

the use o f some ch a rg e -tran sfe r  conpounds as gas sensors were te s te d . 

D iffe ren t methods were used to  construct the  e lec tro d es  o f which the  

p r in ted  c i r c u i t  comb-shaped e lec trode  i s  the  most successfu l. These 

methods can be summarized:

a. Impregnating the e le c tro a c tiv e  m a te ria l in to  the s i l i c a  gel 

coated p la s t i c  e lec tro d e .

b. A m icroscopic s l id e  g lass w ith a rough su rface  on which a th in  

la y e r o f  the e le c tro a c tiv e  m ateria l was coated.

c. A p ressed  d isc  o f  the  conducting powder.

d. PolytetrafLucroethylene/alum ina porous m ixture as su b stra te  

fo r  conducting powder.

e. A comb-shaped copper e lec trode  foimed from a p rin ted  c i r c u i t  

board.

A ll methods (a-d) give an e lec trode  o f h igh re s is ta n c e , which 

are no t su ita b le  to  be used as d e tec to rs . The l a s t  method (e) seems 

to  work i f  c e r ta in  param eters, such as the coated lay er th ickness could 

be co n tro lled .

6 .1 .1  P rin ted  C ircu it Copper E lectrode

A s in g le  side epoxy g lass  copper-clad board o f th ickness 1.6  mm 

was used in  co n stru c tin g  th is  e lec tro d e . The comb-shape o f copper 

lay e r on the  surface (th ickness ^  30 ym) was formed using an e tch  

r e s i s t  ink pen. The Wiole assembly was dipped in  concentrated 

so lu tio n  o f f e r r i c  ch lo rid e  (2.0 M) fo r  about 2 .0  hours and then 

removed from the so lu tio n , and rin sed  w ith  d i s t i l l e d  w ater. The ink
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was washed out using e th y l alcohol. The two term inals were welded to  

tinned-copper w ires fo r  connection. This is  shown is  Figure 55a. The 

organic  substance under t e s t  was pressed  in  a form o f a th in  d isc  on 

the  surface o f the copper e lec tro d e . Figure 55b.

6.2  Change o f Surface Conductivity fo r  D ifferen t E lectrode M ateria ls 

on Passing Set of D ifferen t Gases.

The e lec trode  prepared was encapsulated in  a g lass tube w ith the 

th in  lay e r surface o f the e le c tro a c tiv e  m ateria l facing an a i r  in le t  

(F igure 55c). The two term inals were connected to  an Automatic 

P rec is io n  Bridge B905 to  measure change o f surface conductiv ity  

during gas flow. The gas was allowed to  flow over the e lec trode  

su rface  w ith a flow ra te  o f 24 cm /min. Change of conductiv ity  

w ith  time was recorded during gas flow and a f te r  gas stopped flowing. 

The f i r s t  compound te s te d  was TTF/TCNQ. SO2, H^S, CI2 , CH^, NO2 and 

O2 pure gases were te s te d . Figure (56) showed th a t on passing  SO2 

gas, the  conductance decreased w ith  tim e, but i t  increased  when the 

gas stopped flowing which in d ica tes  th a t  the  response i s  re v e rs ib le . 

On the  o ther hand oxygen decreased th e  conductiv ity  and no recovery 

was observed even when the  gas stopped. Figure (57) showed oxygen 

gas compared to  methane which has the  same e f fe c t . On d ilu tin g  SO2 

and CO gases, the  e f fe c t  i s  very sm all as i t  was shown in  Figure (58).

To show th a t which conponent o f  the conplex TTF/TCNQ has the 

la rg e s t  e f fe c t  on gas adsorp tion , an experiment was run w ith TTF and 

TCNQ simple s a l t s  using d ilu te  gases. Figures (59) and (60) show the



(a)

Cb)
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copper

I# Li J  u
ILk—

( ------------

epoxy g lassy  su b s tra te

to  conductance bridge

s i lv e r  epoxy 
adhesive

tinned-copper
wire

sanple d isc

(c)
gas in le t

m m /A

to  conductance bridge

g lass  tube

-► gas o u t le t

Figure (55) Assembly fo r  e le c t r i c a l  contact (a) and (b) and 

fo r  gas sensor (c ).
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r e s u l ts .  The e f f e c t  o f th ese  d ilu te  gases was a lso  te s te d  ag a in st the 

conplex TTF/N-Et oxonol dye and the re s u lt  i s  shown in  Figure (61).

The percentage o f increased or decreased co nductiv ity  o f TTF/TCNQ 

e lec tro d e  when gas flow was on and o ff  a t d if f e re n t  in te rv a ls  are 

shown in  Table (28). The same calcu la tio n s  were done fo r  d if fe re n t 

e lec tro d e  m a te ria ls  using  5% SÔ  and 8% CO gases. The r e s u l ts  are 

shown in  Table (29).
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cŜ
t3

•S
0

I
8

I
8

%
a

I
vOuo

.1tS

(Sui) 90UB:̂ onpuo3



169

ton

U)
cni/i

TO
cn

O m

to

</)
TO
cn

in
TO
cn

r:

TO
cn cn

IN

ooo oo oo oo o o
o

U1
'Z

LU

œ
U J
QO
crI—u
UJ

UJ

a
z.uk-\
u_

zo
u
<
in
UJto<o
z'"o

QCO
U_

UJ
z

-TrJ » < J
h- ^

>-

u3
Q
Zou
UJu<u_ct3in

h
UJ13
Z<Xu

o
CD

O O
nO

oin
o
m oOJ in

(gui) 93UB33npU03 s
a
[Z!



170

oo

in

in

un in

in
tn

o

•4—

o
in

fMcn

o Vl
cn

o o o oo o o

L
p H  G)

I : "8
IHO

0  I— IU G) 
CO

Ï
s

g

<Dtn
tn
CO
P h

tn0
M
8
onO
00

( n  rv,

S  8
0Oin

U J  g

S  •§

+J
•H

8

I
8

So

oo
in

OOro
0  
in01

oofN
oin o

o o
in

(gui) 90ire:^onpuo3



171

oo
inin

o

in

O
(/) o

un
o

otnen
00fo
en

o
in

o
dc

c

en
in

o oooooo o
o

inininro tnvO in

U1

co

i
3W
—IU
u_

a
U JtolOc
CL

CO
UJlO
Cu
ou.v:
CD

c:lO

in
oco

e: LU

(S U i)  0O i r e q . o n p u o 3

LU 
ZL 
<  1— (_) 
3  en 
z  o  o
LU
IJ
C
LL
OC
a
u_o
UJen
z
Xu

en
LT)

S
a
LL



172

o
o

o
o
l_J

o
00

cOLfl
o

“ ’ d

oo

Q

U1

o

uo in

o

o o Qo oa oo oo ao

ooo#
oco

ovO o' f ofV oo
o
GO

o o o04

c/>

I+->
0 1—1 01J

«4H01
I
g

0(/)(/)
A
(/)
0

&

o\o
00

(D .

UJ
21

<ÿ.O
LO

I
5

i
I
mo
S)

g

a
f i

(sw ) BONViinoNoa



173

oo

in

in

QO
~"oo

L J

O
CO

inro

(/)
fU
en

oOJ

■"in

o

o

o(/)
in

en

oo ooo oaoo
o

cooOCO
fM

ül

g

VOV—/

Ip-l
) BONVlOnONO]



174

6 .2 .1  E ffe c t o f d if fe re n t gases on thé  su rface  conductiv ity  o f  

TTF/TCNQ e lec tro d e .

Table (28)

gas
% decrease a t  
the moment o f 
passing gas

% decrease in  
10 minutes

net e f fe c t  
overnight 

(no gas flow)

SO2 9.8 16.0 +7.0

H2S 31.7 91.1 +23.1

Cl 2 99.9 99.9 -99.9

CH4 50.8 74.1 -94 .3

NO2 32.4 99.2 -99.9

°2 6.4 31.4 - 66.1
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6 .2 .2  E ffec t o f 81 CO gas and 5^ SO2 gas (in  N7) on d if f e r e n t  

e lec trode  m a te ria l con d u ctiv ity .

Table (29)

e lec trode
m a te ria l

a t the moment 
o f gas flow

a f te r  10 minutes 
o f gas flow

n e t e f fe c t  
overnight 

(no gas)

CO gas

TTF/TCNQ -8 .7 -7 .3 -51 .6

TTF/DYE +11.5 -28.5 -76.2

TTFCl -32.1 -46.2 59.2

LiTCNQ -87.7 -92.1 -10 .3

SO7 gas

TTF/TCNQ -11.9 -6 . 8 -1 .3

TTF/DYE -14.4 -15.8

TTFCl +11.8 -26.4 -70 .3

LiTCNQ -40.3 -64.7 -30.7
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6.3  Vacuum Sublimation Thin Film E lec tro d e .

A th in  film  of TTF/TCNQ was coated on the surface o f a comb­

shaped copper e lec trode  by the vacuum sublim ation p rocess. The 

sample sublimed under vacuum 60 mmHg) and heating  110-120°C) 

on to  a surface o f  the  e lec trode  already  fixed  above the sample and 

connected to  a Conductance Bridge v ia  tungsten p inch-seated  copper 

w ires (Figure (62)), The th ickness o f the lay er evaporated was 

followed by the drop on r e s i s t i v i t y .  IVhen a reasonable reading  was 

reached (̂ \, 600 ^ ) , the e lec tro d e  was disconnected from the sublim ation 

chamber. This e lec tro d e  was used fo r d e tec tio n  o f SO2 a t  d if f e r e n t  

concen tra tions. The change of conductiv ity  w ith gas percentage is  

shown in  Figure (63).
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to  conductance b ridge

Tungsten p in ch -sea led  
to  copper w ire .

to  vacuum l in e

ice

copper comb-shaped 
e lec tro d e

sanple

Figure (62) 6 .3 .1  Apparatus used fo r  vacuum sublim ation o f TTF/TCNQ.
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6 .3 .3  M icroanalysis o f  TTF/TCNQ E lectrode M aterial a f te r  Passing 

a s e t  o f  D iffe ren t Gases.

A fte r passing a c e r ta in  type o f gas over the e lec trode  su rface , 

the  e lec tro d e  m ateria l was scrapped o f f  and taken fo r  elem entary 

a n a ly s is . I f  chemical reac tio n  has occurred , the elem ental r a t io  

should d i f f e r  from th a t in  a pure compound. The re s u lts  a re  shown 

in  Table (30).

Table (30)

Compound Gas
Adsorbed C%

Found*

HI NI

*
C alculated  

Cl HI NI

TTFCl CI2 23.72 1.62 - 30.02 1.66 -

TTF/TCNQ - 53.23 2.04 14.02 52.74 1.95 13.67

TTF/TCNQ SO2 53.29 2.01 14.08 It II II

TTF/TCNQ H2S 53.10 2.18 13.60 II II II

TTF/TCNQ O2 52.90 2.20 14.08 II II II

TTF/TCNQ CH4 52.28 2.13 13.25 II II II

TTF/TCNQ NO2 49.80 1.92 14.76 II II II

TTF/TCNQ CI2 27.34 1.35 7.08 28.25 1.04 7.32

C alculated % before passing  the gas

% found a f te r  passing the gas.
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6.4 Adsorption o f SO9 Gas on the  Surface of TTF/TCNQ E lectrode 

Under Vacuum.

The adsorption measurements were done in a vacuum l in e  a lready  

constructed  by a co lleague. Figure (64) showed the p a r ts  o f the  vacuum 

lin e  used. The sample was weighed using  a vacuum e le c tro n ic  m icro­

balance (C .I. E lec tron ics L im ited). The pressure o f  the  gas en terin g  

the  system was measured by a manometer connected to  the r ig h t  o f  the  

assembly and the p ressu re  which acted  on the sanple was measured w ith 

the one connected a t  the  l e f t .  The high vacuum was m aintained using  

a D iffusion and a Rotary pump. The low pressure o f  the gas measured 

by a Vacuum Gauge, P iran i Type, Model 8/2.

To get r id  o f  any m oisture on th e  sanple, i t  was heated  to  around 

100°C using an E lec tro n ic  Furnace Type LMF4 and then cooled before 

the  gas passed over. The change in  weight o f the sanple was measured 

ag a in s t the gas p ressu re  and the  r e s u l ts  were tabu la ted  in  Table (31), 

and p lo tte d  in  Figure (65).
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vacuum gauge
m icroforce balance

gas chamber

- g a s
in le t

manometermanometer sample
cooling  system

heating  o r cooling device

mercury ; 
heating  device—‘

high
vacuum
pump

Figure (64) 6 .4 .1  Vacuum Line used fo r  adso ip tion

measurements.
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6 .4 .2  C alcu la ted  Parameters from BET Equation, fo r  SQ2 Gas 

Adsorbed on TTF/TCNQ Electrode^^^.

Table (31)

p
(mmHg)

AW
(mg) ' V

(l/W [(P /po)-l](m g-l)

14 0.18 0.02 0.104

24 0.20 0.03 0.163

39 0.30 0.05 0.180

53 0.32 0.07 0.234

70 0.36 0.09 0.282

81 0.37 0.106 0.322

104 0.40 0.137 0.396
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6 .4 .3  C alcu la tion  o f S pecific  Surface Area o f TTF/TCNQ from 

the BET Equation^^^.

The determ ination o f surface a rea  from Brunauer, Emmett and 

T e lle r  (BET) Theory is  a s tra ig h t  forward ap p lica tio n  o f  the  f in a l  

form o f the  BET equation:

1 1 C-1

  '  —  ^ (1)
W p o / -1 ] w^c w^c P°

where:

W = weight adsorbed

= monolayer weight 

C = BET constant

P = applied  p ressu re

po = i n i t i a l  p ressu re

A p lo t o f ------------------ versus y ie ld s  a s tra ig h t  l in e  as
W [(P ° /p ) - l]

shown in  Fig. (65). The slope (s) and the  in te rc ep t ( i)  o f  BET p lo t 
C-1

are  s = -----
V

"  V

Solving the preceding equations fo r  and C g ives:

1
Mu = ----- (2)

S+C
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The to ta l  surface area can be ca lcu la ted  from the Langmuir 

equation:

St =  ---------------------------------------  (4)
M'

where: a i s  the c ro ss-se c tio n a l a rea ,

M" is  the molecular weight o f an adsorbate molecule and 

N" is  Avogadro's number.

The sp ec if ic  surface area can be determined by d iv id ing  by the

sanple weight. To do so, the area  fo r  one molecule o f the adsorbate

must be known. This was ca lcu la ted  from sulphur dioxide molecules in  

which the area occupied by one molecule was c a lcu la ted  from su lphur- 

oxygen radius i . e .  assuming the sulphur atom a t  the  cen tre  o f  the

c i r c le  occupied by one molecule as shown below:

The area occip ied  by one SO2 molecule was found to  be equal

25.2 X 10”^^ m^. The monolayer weight = 0.1604 x 10  ̂ gram
2

s u b s titu tio n  in  equation (4) y ie ld  a to ta l  su rface  area o f  0.380 m .

Dividing by the weight o f  the  complex used (0.0995 gr) gives the
2 “1sp e c if ic  surface area o f 3.82 m g .
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6.5 Discussion

The observation o f the increase in surface and bulk conductiv ity

o f e i th e r  doner or acceptor c ry s ta ls  \dien exposed to  acceptor or
108doner vapours, re sp ec tiv e ly  , appear to  be the case in  most organic 

confounds used as gas d e tec to rs , such as phthalocyanines. In the 

case stud ied  the conductance decreased vdien SO^, H2S, NO2, CI2 , CĤ  

and O2 gases passed over the  surface o f TTF/TCNQ. The same trend  

was a lso  followed when d ilu te  SO2 and CO gases adsorbed on the  

surface  of LiTCNQ, TTFCl, TTF/TCNQ and TTF/DYE.

Several p o ssib le  explanations o f  such a decrease must be considered . 

One such explanation is  th a t  most o f  the  compounds stud ied  are weak 

conductors (a - 10~^^f2~̂ cm̂  ^ ,h e n c e  an adsorption o f a gas w ill in c rease  

the  conductiv ity  by e i th e r  in je c tio n  o f e lec trons (n - type semicond­

uc to rs)^^^  or by hole c rea tio n  (p-type s e m ic o n d u c to r s ) . In  th is  

case , a l l  compounds used are  r e la t iv e ly  good conductors (TTFCl,a - 4 .6  

X 10‘ ^n‘ ^cm'^, LiTCNQ, o = 2.1 x  TTF/TCNQ, o = 7.0 x  10^

fl ^cm ^ ) , hence in je c tio n  o f e lec tro n s  o r c rea tio n  o f ho les might d is tu rb  

the e lec tro n ic  o r sto ich iom etric  s tru c tu re  o f the paren t compounds and 

the  r e s u lt  i s  a decrease in  conductiv ity . Another p o ss ib le  exp lana tion  

i s  th a t  d iffu sio n  o f gases occurs in to  the  bulk o f the c ry s ta l .
107However, th is  seems u n lik e ly  since th e  d iffu sio n  process i s  slow

Exposure to  m oist a i r ,  oxygen e t c . , i s  known to  a f fe c t  su rface 
115c u rre n ts  , bu t in  th is  case , the  e lec tro d e  m ateria l was a lready  in  

a s ta b le  condition , po ssib ly  an equ ilib rium  cond ition , before  passing  

the gas which i s  done in  a closed tube .

SO2 gas can ac t as a reducing agent by donating a lo n e -p a ir  o f  

e lec tro n s  from oxygen or sulphur atoms, hence i t  can a c t  in  a process
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o f e lec tro n  in je c tio n  as w ell as hole c rea tio n  by accep ting  e lec tro n s  

in to  i t s  sulphur d -o rb i ta l .  NO ,̂ CH^, O2, Cl2 and H2S gases reduce 

the conductiv ity  o f TTF/TCNQ ir re v e rs ib ly , while the only p o ssib le  

re v e rs ib le  process i s  adsorp tion  o f  SO^.

M icroanalysis o f  TTF/TCNQ as e lec tro d e  m ateria l before and 

a f te r  passing most o f  the  gases, give almost the same atomic percentage 

which might in d ica te  th a t th e re  a re  no chemical reac tio n s  taken p lace . 

In case o f ch lo rine  gas passed on the  surface o f TTFCl o r TTF/TCNQ 

e lec tro d e s , a change in  the element an a ly sis  (Table (30)) was 

observed. This i s  what was expected to  happen, since ch lo rin e  can 

form d ica tio n  o f TTF. Ten ch lo rine  atoms seems to  in te r a c t  w ith 

TTF/TCNQ as shown by the m icroanalysis re s u lts .

From the SÛ2% versus conductance curve, i t  seems th a t the  amount 

o f gas fo r  monolayer coverage is  very  sm all, since th e re  i s  not much 

increase  or decrease in  conductiv ity  in  increasing  gas % from 0.5  to  5. 

This i s  supported by the sm all sp e c if ic  surface area c a lc u la te d  from 

BET Theory. The small in crease  in  conductance using a th in  film  o f 

TTF/TCNQ by sublim ation on passing  SO2 gas o f d if f e re n t  concen tra tions 

in d ica te s  th a t th in  film s have d if f e r e n t  s tru c tu re s  from th in  d iscs  

used before , o r  the  e f fe c t  of m oisture i s  more pronounced in  th in  

f ilm s, since m oisture on the surface can in te ra c t  w ith  SO2 gas to  form 

an a c id ic  medium which leads to  an increase  in  conductance.
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CHAPTER 7 

General Conclusion and D iscussion
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7. Général Concliisiôn and Discussion

The e lec tro ch em istry  o f foimation o f TTF/DYE complex was 

in v e s tig a te d  by cyclic-voltam m etry to  determ ine the  optimum conditions 

fo r  i t s  p rep a ra tio n . A narrow range o f p o te n tia l  i s  a v a ilab le  to  the  

re a c tio n  foiming the TTF rad ica l ca tion  (0.30 - 0.77 V versus SCE). 

Each o f these  l a t t e r  reac tio n s  w ill reduce the  y ie ld  o r give unwanted 

products as a r e s u l t  o f ind iscrim inate anodic c u rre n ts . The only

re a c tio n  requ ired  to  take place is  TTF TTF^' + e (E^ = 0.302 V

versus SCE). The electrochem ical p rep ara tio n  o f TTF/DYE complexes 

were s e n s it iv e  to  the  conditions o f the experim ent, p a r t ic u la r ly  the 

du ra tion  and magnitude o f the  current and vo ltage  app lied . Formai 

e lec tro d e  p o te n tia ls  obtained fo r TTF/DYE complex in  aqueous and 

non-aqueous media were lower than the values obtained  fo r  the  two 

sep ara te  p recu rso rs.

The f i r s t  two io n iza tio n  p o te n tia ls  o f TTF and dibenzo TTF, 

measured from the  photoelectron-spectroscopy are  c lo se  in  va lue , and 

the form ation o f a complex with an oxonol dye equally  leads to  l i t t l e  

change. The s im ila r i ty  between the sp ec tra  o f  n e u tra l and conplexed 

TTF suggests th a t  in  each case the species observed i s  the same, 

namely n e u tra l TTF. Chemical analysis o f the  s a l t s  did  not reveal

n e u tra l TTF as an in p u rity  in  the complex and th e re fo re  i t  is

concluded th a t  the  TTF vapour a rise s  from the complex i t s e l f .  I t  i s

o f in te r e s t  to  note th a t  electrochem ical p o te n tia ls  from c y c lic -  

voltammetry measurements a re  more se n s itiv e  to  changes in  the  

molecules than e i th e r  e s r  o r pes although in  a l l  techniques i t  i s  

p o ssib le  to  d e tec t separa te  fea tu res due to  TTF and i t s  ions when 

conplexed w ith the oxonol dye.
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TTF/DYE conplexes a re  semiconductors and the  tren d  towards lower 

conductiv ity  appear to  follow  the sm aller numbers o f unpaired 

e lec tro n s . I f  the  number o f sp ins could be increased  g re a te r  

co n d u c tiv itie s  may be expected. The complex s ta r te d  to  lo se  i t s  

unpaired e lec tro n  a t a tem perature lower than i t s  decomposition 

tem perature and the  lo ss  i s  i r r e v e r s ib le .  The iso tro p ic  g -fa c to r  

c a lcu la ted  from e s r  measurements i s  la rg e  fo r TTF in d ic a tin g  th a t 

a su b s ta n tia l p roportion  o f the  unpaired  spin  d en sity  re s id e s  on the  

sulphur atoms, but NNDO c a lc u la tio n s  fo r  charge-density  d is t r ib u t io n  

gives sulphur atoms la rge  p o s itiv e  charge. This might be a d e fec t o f  

MÆXD which does not include d -o rb ita ls  in  i t s  b a s is  s e t .  The same 

reason may be applied  to  the  observation  th a t io n iz a tio n  p o te n tia ls  

p red ic ted  by FNDO method are h igher than the experim ental values by 

approxim ately 1 eV.

C harge-transfer complexes show d if fe re n t degrees o f  response 

towards some p o llu ta n t gases. The response is  low fo r  d i lu te  gases 

which i s  not d e sirab le  fo r  a compound to  be used as a gas sensor. The 

re s u l t  may be improved i f  b e t te r  e le c t r i c a l  con tac t and c e r ta in  

m odifications in  s tru c tu re  could be made, in  ad d ition  to  con tro l o f  

m a te ria l th ickness.
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