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ABSTRACT

Com plex Formation B etw een Iodine and the 

Triphenyl Compounds o f the Group VA Elem ents 

by 

YINGRU ZHANG 

ADVISOR: PROFESSOR SEYMOUR ARONSON

T h e  io d i n e  c o m p l e x e s  o f  t r i p h e n y l a m i n e ,  t r i p h e n y l p h o s p h i n e ,  t r ip h -  

e n y l a r s i n e  and t r i p h e n y l s t i b i n e  w ere  s tu d ie d  in the so l id  s ta t e  and in o r g a n ­

ic solut ion.

In the sol id  state,  the iod ine  com plexes  are s tab le  ove r  wide  ranges  of  

io d in e  c o n c e n t r a t i o n  and are p re p a re d  by m i x in g  the  p o w d e r  c o m p o n e n t s .  

T r ip h e n y l s t i b in e  forms  a l iqu id  complex .  By means  o f  a sol id  s ta te  e l e c t ro ­

c h e m ic a l  t e c h n iq u e ,  we h a v e  d e t e rm in e d  the G ibbs  f ree  ene rgy  o f  c om plex  

fo rm at ion .  The  E M F  da ta  were  ob ta ined  us ing  solid e l ec t roche m ic a l  ce l ls  with  

an Agl elec trolyte of  the type:

( - )  (+)

Pt I Ag I Agl I I2 (c) I Pt

w h e r e  ^ ( c )  r ep re sen t s  e i t h e r  p u re  or  c o m p le x e d  iod ine .  The  r e su l t s  in d ica te  

tha t  the  bond  s t r e n g th s  b e t w e e n  io d in e  and t r i p h e n y l  c o m p o u n d s  are in the 

order of  P > As > Sb > N.

The  e le c t r i c a l  c o n d u c t iv i t i e s  were  also m e a su re d  u s in g  the  Van  der  

Pauw four -p robe  techn ique  for  sol id complexes  and a tw o-probe  m e thod  for



l i q u id  co m p lex es .  A c t iv a t io n  en e rg i e s  were  c a l c u la te d  f rom the t e m p e ra t u r e  

dependence  o f  the conduc t iv i ty  o f  the complexes .

E l e c t r o c h e m i c a l  e x p e r i m e n t s  w ere  p e r f o r m e d  w h ich  d e m o n s t r a t e  tha t  

c o n d u c t io n  in the se  c o m p lex es  is p r im ar i ly  e l ec t ron ic .

In o rg a n ic  so lu t io n ,  an e l e c t r o c h e m i c a l  t e c h n iq u e  was  e m p lo y e d  to 

s tudy  the io n iza t ion  o f  the iod ine  co m p lex es  o f  PhgN, PhgP, PhgAs,  PhgSb 

and  p y r id in e .

E M F  m e a s u re m e n t s  were  m ade  in 1, 2 - d i c h l o r o e th a n e  on c o n c e n t r a ­

t ion  cel ls  of  the type:

Pt I I2 , R, TEAI(c) in 1,2-DCE II I2 , R in 1, 2-DCE I Pt

w h e re  T E A I  rep re sen t s  t e t r a e t h y la m m o n iu m  iod ide ,  R is a sym bol  fo r  o r g a n ­

ic c o m p o u n d s .  In c o n j u n c t i o n  w i th  e l e c t r i c a l  c o n d u c t i v i t y  m e a s u r e m e n t s  

and U V -V IS  s p e c t ro p h o to m e t r i c  ana lys i s ,  s evera l  d i f f e r e n t  i o n i z a t i o n  m e c h ­

a n i sm s  w ere  p r o p o s e d  d e p e n d i n g  on the  c h e m ic a l  n a t u r e  and c o n c e n t r a t i o n  

ra t io  o f  the  reac tan ts .  E q u i l ib r iu m  cons tan t s  were  ca lcu la ted  f rom the  EM F 

data for  the various  ion iza t ion  steps.

O 1
A J 1 P - N M R  s t u d y  w a s  a l s o  p e r f o r m e d  to  i n v e s t i g a t e  t h e  t r i p h -

e n y l p h o s p h i n e - i o d i n e  c h a r g e - t r a n s f e r  c o m p l e x  f o r m a t i o n  and  i o n i z a t i o n  

r e a c t io n s .



V

ACKNOWLEDGEMENT

To P ro fe s s o r  S eym our  Aronson,  I will  be fo rev e r  g ra te fu l .  His e x c e l ­

l e n t  s c i e n t i f i c  g u id a n c e  was  e x p e c te d ,  h is  u n d e r s t a n d i n g ,  f r i e n d s h i p  and 

ca r ing  went  wel l  beyond  the ca l l  o f  duty.  I cou ld  not  have  had  a be t t e r  b e ­

g in n in g  in the U .S .A .  than  s ta r t ing  and c o m p le t i n g  my g ra d u a t e  s tudy  with  

one o f  the bes t  t e a c h e r s  I h ave  e v e r  had.  I am p roud  to h a v e  w orked  under  

such  a f ine  r e s e a r c h  s c ie n t i s t ,  his  g u id a n c e  and in f i n i t e  p a t i e n c e  have  made  

this  p ro jec t  possible.

I wou ld  l ike to give my special  thanks  to P ro fe s so r  V o j te ch  F r ied  who 

in t roduced  me to,  and assisted in my accep tance at Brooklyn  College.

I w ish  to express  my s ince re  thanks  to P ro fe s s o r s  R ic h a rd  P iz e r  and 

H enry  T eoh ,  the  m e m b e rs  o f  my c o m m i t t e e ,  fo r  c o n t r i b u t i n g  t h e i r  t im e  and 

adv ice .  P r o f e s s o r  Gary  M e n n i t t  d e s e rv e s  my deep  th a n k s  fo r  c o n t r i b u t i n g  

his  ex tens ive  know ledge  o f  NMR spec troscopy.

It is a g rea t  p leasu re  to acknow ledge  Mr. O t tm ar  S a f fe r l ing ,  my glass-  

b lo w in g  t e a c h e r  and good  f r iend .  The  g rea t  help  he  p ro v id e d  w i th  his  u tm os t  

s k i l l  in g l a s s b l o w i n g  as w e l l  as the  k n o w l e d g e  in w o r d p r o c e s s i n g  w i th  

M acin tosh  was essen ti al  for  this  thesis  work.

F in a l ly ,  my f u r th e r  th a n k s  and good  w ishes  to P ro f e s s o r s  D om in ick

L a b i a n c a ,  R i c h a r d  P i z e r  and G ary  M e n n i t t  who m a d e  my g r a d u a t e  yea rs  

m ore  r e w a r d in g  and p le a s u r a b l e  with  t h e i r  f r i e n d s h ip  and th o u g h t s .



vi

CONTENTS

ABSTRACT...............................................................................................................................  iii

ACKNOWLEDGEMENTS........................................................................................................ v

LIST OF TABLES.....................................................................................................................  ix

LIST OF FIGURES..................................................................................................................  xi

CHAPTER

1. INTRODUCTION

§ . 1 . 1  General  A s p e c t s ...................................................................................... 1

§ . 1 . 2  H i s t o r y ......................................................................................................... 1

2. THEORETICAL

§ . 2 . 1  C h a r g e - T r a n s f e r  T h e o r y ....................................................................  4

§. 2.2 Common Types  and Strength of
Donors  and A c c e p t o r s ............................................................ 5

§. 2.3 Inner  and Oute r  C om plexes .............................................................. 7

§. 2.4 NMR Spec t ra ............................................................................................  10

§. 2.5 E lec t r i ca l  C onduc t ion  M echanism

2.5 -1  Band Theory  and Hopping  M o d e l ....................................... 11

2 .5 -2  Conduct iv i ty  of  Organic S e m i c o n d u c to r s ........................  12

2 .5 -4  Liquid C o n d u c to r s ......................................................................... 14

§. 2.6 T h e rm o d y n a m ic  F u n c t io n  for

M olar  Free  Energy  o f  F o r m a t i o n .........................................  16

3. EXPERIMENTAL

§. 3.1 C h e m ic a l s ..................................................................................................  19

§. 3.2 Iod ine  A b s o rp t io n  M e a s u r e m e n t s ................................................  19

§. 3.3 C on d u c t iv i ty  M e a s u r e m e n t s ............................................................  21



vi i

3 .3 -1  Complexes  Formed by Mixing  Solid C o m p o n e n t s   21

3 .3 -2  Complexes  Formed in Organic S o lu t io n ............................... 23

§ . 3 . 4  E lec t ro m o t iv e  Force  M e a s u r e m e n t s ...............................................  25

3 .4 -1  Solid Electrochemical  Cells  for

the Solid and Liquid Complexes ..........................  25

3 .4 -2  Concentrat ion Cells  for  Complexes
in Organic  S o lu t i o n .................................................. 28

§ . 3 . 5  U V -V is ib le  Spec t ra  M e a s u r e m e n t s ................................................  30

§. 3.6 NMR Spec t ra  M e a s u r e m e n t s .............................................................. 30

4. THERMODYNAMICAL AND ELECTRICAL PROPERTIES IN THE SOLID STATE

§. 4.1 Compounds  Used in the S t u d y ...........................................................  31

§ . 4 . 2  T h e r m o d y n a m i c a l  S t a b i l i t y ................................................................  33

4 .2 -1  E l e c t ro c h e m ic a l  B e h a v i o r ........................................................ 33

4 .2 -2  Maximum Compos it ions  o f  Iodine in the Complexes. . .  42

4 .2 -3  Ca lculat ions  of  Free Energy o f  Complex Formation. . . .  42

4 .2 -4  Discussion o f  Free Energy o f  Complex F o r m a t io n   47

§. 4.3 Elec t r ica l  Conductivi ty. . . . . . . .................................................................  52

4 .3 -1  Var ia t ion  o f  Conduct iv i ty  with Iod ine C o n t e n t   52

4 .3 -2  T em pera tu re  D ependence  of  the Conduct iv i ty
and A c t iva t ion  E n e r g i e s .........................................  54

4 .3 -3  C on d u c t io n  M e c h a n i s m s ...........................................................  57

5. IONIC DISSOCIATION MECHANISM IN ORGANIC SOLUTION

§. 5.1 R eac t ion  M ech an i sm s  at High Concen t ra t ion  Ratios
of  Iodine to Organic  M o l e c u l e s ...........................  63

5 .1 -1  Iod ine  C om plexes  o f  P y r id ine  and Tr ipheny lam ine . . .  67

5 .1 -2  Iodine  Com plexes  o f  T r ipheny ls t ib ine ,
T r i p h e n y l a r s i n e  and T r i p h e n y l p h o s p h i n e ................  72

§. 5.2 R eac t ion  M echan ism s  at High Concen t ra t ion  Rat ios

of  Organic Molecules  to I o d i n e ...........................  81



v i i i

5 .2 -1  Iodine  C om plexes  o f  T r ipheny la r s ine
and  T r i p h e n y l p h o s p h i n e ....................................  82

5 .2 -2  Iod ine  Com plex  o f  T r i p h e n y l a m i n e ....................................  89

6 . 3  2P NMR MEASUREMENTS OF TRIPHENYLPOSPHINE-

IODINECOMPLEXES...................................................  93

Appendix  A ..............................................................................................................................102

Appendix  B ...............................................................................................................................105

B i b l i o g r a p h y ........................................................................................................................  107



ix

L is t  o f  T a b le s

Table No. Page_Ng.

(2-1). The com mon types o f  donors  and ac c e p to r s ...........................................  6

(2-I I ) .  Conduc t iv i t ies  o f  l iqu id  s e m ic o n d u c to r s .................................................. 15

(4-1). M axim um ^ c o m p o s i t i o n s  de te rm ined  by

the vapor  up take  and EM F m e a s u r e m e n t s ...................................  43

(4-I I) .  F ree  energ ies  of  fo rm a t ion  o f  iod ine  complexes

at m ax im um  c o m p o s i t io n s ...................................................................  48

(4- I I I ) .  F ree  energy  va lues  fo r  iod ine  com plexes  o f  t r ipheny l
group VA com pounds  at selec ted c o m p o s i t i o n s ........................ 49

(4-IV).  F ree  energy  va lues  fo r  iod ine  co m p lex es  o f  n i t rogen-

bea r ing  a rom at ic  com pounds  at s e lec ted  c o m p o s i t i o n s   51

(4-V).  F ree  energy  va lues  for  iodine  com plexes  of  ac r id ine  and

phenaz ine  at a se lec ted  c o m p o s i t i o n ..............................................  53

(4-VI).  Com par ison  o f  the exper im en ta l  vo l tages  and

the ca lcu la ted  v o l t a g e s .......................................................    62

(5-1). D ependence  o f  the ionic d i s soc ia t ion  of  the p y r id in e - io d in e
com plex  on the conce n t ra t ions  o f  i o d i n e ..................................... 6 8

(5-II).  EM F values  for  py r id ine - iod ine  so lu t ion  at high

iod ine  c o n c e n t r a t i o n s ............................................................................ 69

(5 - I I I ) . D ependence  o f  the ionic d is soc ia t ion  o f  t r i p h e n y la m in e -
iodine com plex  on the conce n t ra t ions  o f  i o d i n e ......................  70

(5-IV). E M F  va lues  fo r  t r ip h e n y la m in e - io d in e  so lu t ion  at h igh-

iod ine  c o n c e n t r a t i o n s ............................................................................ 71

(5-V).  Conduc t iv i t i e s  o f  so lu t ions  at h igh iodine  c o n c e n t r a t i o n s   73

(5-VI).  E M F  va lues  for  t r i p h e n y l s t i b in e - io d in e  so lu t ions
at h igh  io d in e  c o n c e n t r a t i o n s ...........................................................  77

(5 -V II ) .E M F  values  for  t r i p h e n y la r s in e - io d in e  so lu t ions
at h igh  iod ine  c o n c e n t r a t i o n s ...........................................................  78

(5-VII I ) .  EM F values  for  t r ip h e n y lp h o s p h in e - io d in e  so lu t ions



X

at  h ig h  io d in e  c o n c e n t r a t i o n s .......................................................  79

(5-IX). E M F  va lues  for  t r i p h e n y la r s in e - io d in e  so lu t ions
at  h ig h  c o n c e n t r a t i o n s  o f  t r i p h e n y l a r s i n e ............................... 8 6

(5-X). E M F  v a lu e s  for  t r i p h e n y lp h o s p h in e - i o d in e  so lu t ions

at h ig h  c o n c e n t r a t i o n s  o f  t r i p h e n y l p h o s p h i n e ...................... 87

(5-XI). C onduc t iv i t ie s  o f  so lu t ions  at h igh  concen t ra t ions
o f  o rg an ic  c o m p o u n d s ........................................................................  8 8



xi

L is t  o f  F ig u r e s

(2.1). P o te n t i a l  ene rgy  d i a g ra m  fo r  in t e r a c t io n  b e tw ee n

a d o n o r  and a c c e p to r  with  v a ry in g  degrees  

o f  e n v i ro n m e n ta l  a s s i s t a n c e .............................................................  9

(2.2). E lec t ron  energ ies  as a func t ion  o f  wave  n u m b e r ................................  13

(3.1). A p p a ra tu s  fo r  v a p o r  a b s o rp t io n  m e a s u r e m e n t s .................................  20

(3.2). A ppara tu s  for  c o n d u c t iv i ty  m easu re m en ts  o f  sol id com plexes . . .  22

(3.3). T w o -p ro b e  cel l  fo r  c o n d u c t iv i t y  m e a s u r e m e n t s .................................  24

(3.4). Cell  for  EM F measurements  o f  sol id com plexes .....................................  26

(3.5). Cell for  EM F measurements  of  liquid c o m p l e x e s .................................. 27

(3.6). C oncen t ra t ion  ce l l  fo r  EM F m e a s u r e m e n t s ............................................  29

(4.1). Organ ic  com pounds  used  in the s t u d y .......................................................  32

(4.2). E M F  curve  fo r  t r i p h e n y l p h o s p h i n e - i o d i n e ........................................... 34

(4.3). EM F curve for  (P h) 3 N - I 2  and (P h N ) 3 ( P h N 3 ) - I 2 .................................  35

(4.4). EMF curve for  P h 3Ph and P h 3 ( P h N 3) ....................................................... 36

(4.5). E M F  cu rve  for  t r i p h e n y l a n t i m o n y - i o d i n e .............................................  38

(4.6). E M F  cu rve  for  t r i p h e n y l a r s i n e - i o d i n e ....................................................  39

(4.7). EMF curve fo r  a c r i d i n e - i o d i n e .....................................................................  40

(4.8). E M F  curve  for  p h e n a z i n e - i o d i n e ................................................................  41

(4.9). V ar ia t ion  o f  con d u c t iv i ty  with  iodine  c o n t e n t .....................................  55

(4.10). T e m p e ra tu re  d e p e n d e n c e  o f  the c o n d u c t i v i t y ......................................  56

(4.11). 100% Elec t ron ic  conduc t ion  in c o m p l e x e s .............................................. 58

(4.12). 100% Ionic conduc t ion  in c o m p l e x e s ........................................................  60

(5.1). Lew is  s truc tu res  o f  the i o n s ...........................................................................  6 6

(5.2). Variat ion  o f  EMF with  iodine c o n t e n t .......................................................  75

(5.3). V ar ia t ion  o f  conduc t iv i ty  with  I2/R r a t i o ............................................... 76

(5.4). UV-vis ib le  spec t rum o f  P h 3 P+I 2  in 1, 2 - d i c h l o r o e t h a n e .................. 84



xi i

(5.5). U V-v is ib le  spec trum o f  PhgAs+l 2  in 1, 2 - d i c h l o r o e t h a n e ................  85

(5.6). UV-vis ib le  spec tra  o f  PhgN+l 2  in 1 , 2 - d i c h l o r o e t h a n e ......................  91

(5.7). UV-vis ib le  spec tra  o f  P h 3 N+l 2  system with T E A I ................................. 92

(6.1). 3 *P NMR spectrum o f  PhgP in l , 2 -d ic h l o ro e th a n e (D C E ) ..................  94

(6.2). 31P NMR spectrum o f  0.05M Ph3P and 0.01M I2  in 1,2-DCE............  96

(6.3). 31P NMR spectra of  0.05M Ph3P with 0.08M I 2  and

O . l O M ^ i n  1 , 2 - d i c h l o r o e t h a n e .........................................................  97

(6.4). 31P NMR spectra of  0.05M Ph3P + 0.25M I2  and with TEAI

in 1 , 2 - d i c h l o r o e t h a n e ............................................................................. 98

(6.5). 31P NMR spectra of  0.04M PhgP + 0.02M I2  and 0 .004M P h 3 P+

0.2M I2  in CC14 .............................................................................................100

( 6 .6 ). V a r ia t ion  o f  chem ica l  sh if t  w ith  iod ine  c o n c e n t r a t i o n .................... 101



1

<CBa®ipil©ir 31 HNTIROIIMJCTIION 

§. 31=31 G e n e r a l  A s p e c t s

S ince  the  1 9 6 0 ’s, r e s ea rch  in te re s t  in m o l e c u la r  c o m p le x e s  has  been 

on th e  u p s u rg e .  C h a r g e - t r a n s f e r  c o m p le x e s  a re  o f  i n t e r e s t  n o t  on ly  b e c a u se  

o f  the  m any  in t r ig u in g  p o s s i b i l i t i e s  o f  n o v e l  m a te r i a l s  and  t h e i r  p ro m i s i n g  

p r o p e r t i e s  bu t  al so  because  a good  th e o re t i c a l  u n d e r s t a n d i n g  o f  the  t h e r m o ­

d y n am ic  and e lec t r i ca l  t r an s p o r t  p rope r t i e s  is s t i l l  l a c k i n g . 1

T h e  io d i n e  c o m p l e x e s  o f  t r i p h e n y l a m i n e ,  t r i p h e n y l p h o s p h i n e ,  t r i p h ­

e n y l a r s i n e  a n d  t r i p h e n y l s t i b i n e  a re  e s p e c i a l l y  i n t e r e s t i n g  b e c a u s e  th e y  

g ive  a usefu l  set  o f  n -donor ,  G -accep to r  s y s t e m s  w h e re  the  d o n o r  s t r e n g th s  

v a ry  m a rk e d ly .  W h e n  the t r i p h e n y l  c o m p o u n d s  are c o m p le x e d  w i th  iod ine ,  

the  r e s u l t i n g  s y s t e m  has  s e m i c o n d u c t i n g  p r o p e r i t i e s .  W h e n  io d i n e  r eac t s  

w i th  the  t r i p h e n y l  c o m p o u n d  in an o rg an ic  s o lv e n t ,  the  f i r s t  s tep  is the f o r ­

m a t io n  o f  an “o u te r  c o m p l e x ” in w h ich  a sm al l  am o u n t  o f  c h a rg e  t r a n s f e r  

o c c u r s .  T h e n ,  the  c h a r g e  t r a n s f e r  m ay  p r o c e e d  f u r t h e r  w i th  the  f o r m a t io n  

o f  an “ in n e r  c o m p l e x ” w h ich  is an ion -p a i r .  The  s e c o n d  s tep  may be  favo red  

by a po la r  medium,  a so -ca l led  so lven t -a ss i s ted  charge  t rans fe r  reac t ion .

§. 31 = 2 H i s t o r y

M o d ern  in t e r e s t  in m o l e c u la r  c o m p le x e s  was  aw a k e n e d  a f t e r  the  p u b ­

l ica t ion  of  the spec t ropho tom et r ic  s tudies  o f  H. A. Benes i  and J. H. Hildebrand 

on iod ine  c om plexes  o f  a rom at ic  subs tances  in 1950.  The  ex tens ive  d e v e lo p ­

m e n ts  in th is  f ie ld  are r e f l e c t e d  by a s t e a d i ly  in c r e a s in g  n u m b e r  o f  papers  

and novel  mate r ia ls .

The  io d in e  cha rge  t r a n s f e r  c o m p le x e s  o f  the t r i p h e n y l  g roup  VA c o m ­

p ounds  were  f i r s t  s tud ied  in o rgan ic  so lu t ion  by B h a t 2 and Rao in 1966. The
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t r a n s f o r m a t i o n  o f  t h e  o u t e r  i o d i n e  c o m p l e x e s  o f  t r i p h e n y l a r s i n e  and  

t r i p h e n y l s t i b i n e  to t h e i r  i n n e r  c o m p le x e s  has  b e e n  r e p o r t e d  to be a f i r s t  

o r d e r  re a c t io n .  Bha t  et  al h a v e  show n  th a t  the  ra te  c o n s t a n t s  are q u i t e  la rge  

and the t r a n s f o r m a t io n  fo r  ( P h ) 3 A sl 2  is f a s te r  than  fo r  ( P h ) 3 S b l 2

Rao 3 and co-workers  have  made a s tudy o f  the e lec tron ic  spec t ra  o f  io ­

d ine  c o m p le x e s  o f  t r i p h e n y l  g roup  VA c o m p o u n d s  in n o n - p o la r  o rg an ic  s o ­

lu t ion .  They  es t im a ted  tha t  the  ease  o f  f o rm a t ion  o f  the  inne r  com plex  is in 

the o rder  : P (P h ) 3  > As(Ph ) 3  > Sb(Ph ) 3  > N(Ph)3 .

In 1979,  S aha i 4 and  c o - w o r k e r s  m e a s u r e d  e q u i l i b r i u m  c o n s t a n t s  o f  

ou te r -com plex  fo rm at ion  in CCI 4  fo r  th e se  sy s tem s  u s in g  e le c t r i c a l  c o n d u c ­

ta n c e  and  r e f r a c t o m e t r i c  t e c h n iq u e s .  T h e i r  c o n d u c t r o m e t r i c  t i t r a t i o n s  i n d i ­

ca ted  1:1 s to ic h iom e t ry  for  the se  com plexes .  T he  c o n d u c ta n c e  m e a su re m e n t s  

o f  Saha i  in d io x a n e  and t e t r a h y d r o f u r a n  and B e v e r i d g e 5 and c o w o r k e r s  in 

a c e t o n i t r i l e  d e m o n s t r a t e d  th a t  s i g n i f i c a n t  i o n i z a t i o n  o f  the  c o m p le x e s  o c ­

curs .

A q u a n t i t a t iv e  study  o f  the io n i z a t i o n  r e ac t io n  by A ro n s o n 6 on  p y r i ­

d in e - io d in e  c o m p le x e s  in d ic a te s  th a t ,  at h igh  c o n c e n t r a t i o n  ra t ios  o f  p y r i ­

d i n e  to i o d i n e ,  t w e n t y - f i v e  p e r  c e n t  o f  t h e  c o m p l e x  i o n i z e d  in  1 , 2 - 

d i c h lo r o e th a n e .

In the so l id  s ta te ,  the  cha rge  t r a n s f e r  c o m p le x e s  o f  iod ine  w i th  the 

tr iphenyl  compounds  of  N, P, As and Sb are stil l far  from fully exp lo red7 .

The  re fe rence  by S te in k o p f  and Schw en  in 1921 for  the f ir s t  t ime c o n ­

ta in s  a p a s s in g  m e n t io n  o f  ( P h ) 3 A s - l 2  which was not  cha ra c te r i z e d .  In 1964,  

H a r r i s 8 and B eve r idge  no te d  the  ex i s t en ce  o f  (P h ) 3 A s- l 4  bu t  s t i l l  no c h a r a c ­

te r i za t ion  was  repor ted.

H a r r i s 8 and c o - w o r k e r s  p r e p a r e d  the  c o m p o u n d s  ( P h ) 3 P - l 2 , ( P h ) 3 P - l 4  

( P h ) 3 A s - l 2 > ( P h ) 3 A s- l 4  and  ( P h ) 3 S b - l 2  by c ry s ta l l i z a t ion  from C H 3 CN. Their 

conductances  in CH3CN solut ion were also reported.
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In 1980,  H a r r i s  and  F a r h a t  r e p o r t e d  c o n d u c t a n c e  s tu d i e s  o f  m any  

“ ha logen  a d d u c t s ” o f  ( P h ^ P ,  but  mostly with mixed sets o f  halogens .

C o t to n 9 a n d  K i b a l a  r e c e n t l y  d e t e r m i n e d  th e  c r y s t a l  s t r u c t u r e s  o f  

(P IO 3 P - I 4  and  (P IO 3 AS-I 4  T h e i r  x - ray  an a ly s i s  in d i c a t e d  tha t  the s t r u c tu re s  

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

[ ( P h ^ P I ^ ^ ] * ^ "  and  [ ( P l ^ A s I ^ ^ ] * ^ '  T h e  s t r u c t u r e  o f  th e  p h o s p h o r u s

com plex  c rys ta l l ized  from to luene  so lu t ion  was (P h 3 P I +) l 3 _.

S evera l  s tud ie s  have recently  been  made  to d e t e rm in e  f ree  ene rg ie s  of  

fo rm a t io n  o f  i o d in e -o rg a n ic  c o m p le x e s  u s in g  Agl as a so l id  e l e c t r o l y t e  in 

e l e c t ro ch e m ic a l  cel ls .  These  s tud ie s  inc lude  the iod ine  com plexes  o f  meta l-  

lo p h t a l o c y  a n i n e s 10, p h e n o t h i a z i n e "  , p h e n a z i n e 12 and p o l y a c r y l o n i t r i l e 13.
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<COa®ipil®r 2 THEORETICAL

§ . 2 ° 1  C h a r g e - T r a n s f e r  T h eory

In 1950, M u l l i k e n 14 p ro v id e d  a s a t i s f a c to ry  e x p l a n a t i o n  o f  the c h a r a c ­

t e r i s t i c  e l e c t r o n i c  a b s o r p t i o n  in t e rm s  o f  an i n t e r m o l e c u l a r  c h a r g e - t r a n s f e r  

t r a n s i t i o n  — the Charge  T r a n s f e r  Model .  F o l lo w in g  M u l l i k e n ’s qu an tu m  m e ­

c h a n i c a l  t r e a t m e n t  o f  c h a r g e  t r a n s f e r  c o m p le x e s  b e t w e e n  a d o n o r (D )  and an 

a c c e p to r ( A ) ,  the  g ro u n d - s t a t e  wave  fu n c t i o n  fo r  the d o n o r - a c c e p t o r  c om plex  

(D. A) has the form:

*Fn  (D  A )  =  a\ j/o(D,A) +  b \ j / i (D + - A _) +  ••• (2 .1 -1)

w h e r e  \|fo(D,A) d e n o te s  a “ n o - b o n d ” s t ru c tu re ,  in w h ich  the  two m o l e c u la r  

s p e c ie s  in t e r a c t  w i th  o r d in a r y  i n t e r m o l e c u l a r  fo r c e s  and \( /i (D+ - A ”) is the

“ d a t i v e ” w a v e  fu n c t i o n  r e p r e s e n t i n g  t r a n s f e r  o f  an e l e c t r o n  f rom  d o n o r  to 

accep to r .  The  “ a ” and “ b ” are no rm a l iza t io n  cons tan ts  w hose  re la t ive  m a g n i ­

tude s  de f ine  the e x ten t  o f  ch a rg e  t rans fe r .

M u l l i k e n ’s cha rge  t r a n s f e r  m ode l  im p l ie s  tha t  the  c o m p lex  is s t a b i ­

l i z e d  by the  r e s o n a n c e  b e t w e e n  the  “ n o - b o n d ” s t r u c t u r e  V ° a n d  the  “ d a t iv e ” 

s t r u c t u r e  Vl. The  s t r eng th  and s tab i l i ty  o f  d o n o r - a c c e p to r  in t e r a c t io n  are

d e p e n d e n t  on the ex ten t  o f  ch a rg e  tr ans fe r .  W hen  b > a, ^ p r e v a i l s  and com- 

p lexa t ion  is s tronger.  When b «  a in the case o f  loose com plexes  (outer  c o m ­

p l e x e s ) ,  a v e ry  s m a l l  b u t  n o n - z e r o  c o n t r i b u t i o n  o f  the  c h a r g e - t r a n s f e r  

s t ruc tu re  s tab i l izes  the com plex .

A c c o r d i n g  to q u a n t u m - t h e o r y  p r i n c i p l e s ,  th e re  m us t  be an e x c i t e d -
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state *E ,  co r r e s p o n d in g  to the  g round -s ta te  ^ N ,  w here

'Pe (D A) = -b*\|/0(D,A) + a*\j/1(D + -A ') + -  (2.1-2)

T h e re fo re ,  the  sp ec t ru m  o f  a m o le c u la r  com p lex  then  co n s i s t s  o f  a un ique  

ab s o rp t io n  due to the  t r a n s i t io n  from the g round  to ex c i t e d  s ta te  o f  the  c o m ­

plex — a so-ca l l ed  “ cha rge - t r ans fe r  b a n d ” .

§ .2= 2  C o m m o n  T y p e s  a n d  S t r e n g t h  o f  D o n o r s  a n d  A c c e p t o r s

M u l l i k e n  has  d iv id e d  e v e n - e l e c t r o n  d o n o r  and a c c e p to r  s p ec ie s  in to  

i n c r e v a l e n t  and s a c r i f i c i a l  t y p e s 14. The com m on types  o f  donors  and a c c e p ­

tors are l is ted in Table (2-1).

In i n c r e v a l e n t  do n o rs ,  d o n a t io n  o f  one  e l e c t ro n  is f rom a lone  p a i r  l o ­

ca ted on the key atom (such  as :N in R 3 N), the  n i t r o g e n  v a l e n c e  in c re a s e s  

from 3 to 4. I 2  is a sac r i f i c ia l  G a c c ep to r ,  the  a c c e p ta n c e  o f  an e l e c t r o n  in to

its ^ n  m o l e c u la r  o rb i t a l  l e a d in g  to I 2 " w eak en s  the  bond  b e tw e e n  the atoms.

As a resu l t  o f  a c o m p ro m is e  geom etry  be tw een  I 2  and 1 2 " ( as in Vo and V l  

te rm o f  E q . (2 .1 -1 ) ,  r e s p ec t iv e ly ) ,  the I-I  bond  leng th  in a com plex  is longer  

than  tha t  in o rd in a ry  I 2  and s h o r te r  than  tha t  in I 2 ".

I n c r e v a l e n t  a c c e p to r s  are v a c a n t - o r b i t  (V) a c c e p to r s  w hose  f u n c t i o n ­

ing  in the  Vl te rm o f  E q . (2 .1 -1 )  is s im i la r  to tha t  o f  inc re va len t  donors .  The  

behav io r  o f  sacr if ic ia l  donors  is s im i la r  to sacr if ic ia l  accepto rs .

In g e n e r a l ,  n - v  c h a r g e - t r a n s f e r  l e ads  to the s t r o n g e s t  c o m p le x  and

7U• 7t in t e rac t ion  g ives  the w e a k e s t  com plex .  Th is  c o n c lu s io n  is based  on the 

g e n e ra l  fac t  tha t  a s t r o n g e r  d o n o r  or  a c c e p to r  tends  to m a k e  b /a  l a rg e r  in
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T a b le  (2 -1 ):  

T h e C om m on  T y p es  o f  D o n o rs  an d  A c c e p to r s  13

D on or

S t r u c t u r e

T vpe

F u n c t i o n

T v p e

D a t i v e  E l e c t r o n  

F rom E x am p les

n Increvalent Nonbonding lone pair : N R 3

b Sacrificial Bonding  orbtial B e n z e n e

b Sacrificial Bonding  orbtial RX

A ccen to r

S t r u c t u r e

T vpe

F u n c t i o n

Tvpe

D a t i v e  E l e c t r o n  

F ro m E x a m p le

V Inc reva len t Vacant orbital b c i 3

a Sacrificial A n t ib o n d in g  orb ti a l TCNE*

a Sacrificial A n t ibond ing  orb ti a l Io d in e

*: TCNE stands for  te tracyanoe thylene .
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Eq. (2 .1 -1 ) ,  hence ,  com p lex a t io n  is s tronger .

W h a t  f ac to r s  d e t e rm in e  the s t r e n g th  o f  do n o rs  and a c c e p to r s ?  In v iew  

o f  the C h a r g e - T r a n s f e r  R e s o n a n c e  M ode l ,  d o n o r  ab i l i ty  in c re a s e s  with  d e ­

c r e a s i n g  io n i z a t i o n  p o te n t i a l  I and a c c e p to r  a b i l i ty  w i th  d e c r e a s i n g  e lec t ron  

a f f in i ty  E. N ev e r th e le s s ,  M u l l ik en  has  po in ted  out  tha t  the g eo m e t r ic  fac to rs  

( s u c h  as m u t u a l  a p p r o a c h a b i l i t y )  a re  o f t e n  im p o r t a n t .  T h e r e f o r e ,  a good  

donor  shou ld  have small  I and good approachab i l i ty .

A n o t h e r  e f f e c t  is e q u a l ly  i m p o r t a n t  in c o n s i d e r i n g  th e  s t r e n g t h  o f  

th e  d o n o r - a c c e p t o r  i n t e r a c t i o n 15 —  Two-way  D onor -A cc ep to r  Action  (also 

ca l led  “ b a c k b o n d i n g ” o r  “ syne rg i s t i c  a c t i o n ” ).

Some donors ,  so -ca l led  am phodonors ,  such as P and S, have  low - ly ing  

d -o rb i t a l s  so they  can fu n c t io n  not  on ly  as n -d o n o rs  bu t  as V -accep tors  in a 

tw o -w ay  ac t ion ,  w hereas  the o the rs  l ike N and O have  em pty  d -o rb i t a l s  only  

at h ig h e r  e n e rg i e s  and so they  h a v e  no fu n c t i o n  e x c e p t  th a t  as n -d o n o rs .  

O b v io u s ly ,  the  b a c k - b o n d i n g  e n h a n c e s  the  d o n o r - a c c e p t o r  i n t e r a c t i o n  and 

the  a m p h o d o n o r  or  a m p h o a c c e p t o r  is m o re  e f f i c i e n t  in the  c o m p l e x a t i o n  

than  an one-w ay  d ono r  or  accepto r .

§. 2=3 I n n e r  a n d  O u t e r  C o m p l e x e s

M u l l i k e n  q u a l i t a t i v e l y  d e s c r ib e d  the  en e rg y  o f  i n t e r a c t i o n  b e tw e e n  

do n o rs  and a c c e p to r s  as a f u n c t io n  o f  a c h a r g e - t r a n s f e r  r e a c t io n  c o o rd in a te ,  

“c ” . W i th o u t  a p rec i se  d e f in i t io n ,  c is used  as a quan t i ty  w hich  co n t in u o u s ly  

i n c re a s e s  w i th  c h a r g e - t r a n s f e r  ( tha t  is ,  w i th  i n c r e a s in g  b /a  in E q s . (2 .1 -1 ) ) .  

S eve ra l  p la u s ib le  fo rm s  o f  the  p o te n t i a l  ene rgy  d i a g r a m 13 fo r  the i n t e r a c ­

t ions  b e t w e e n  a d o n o r  and an a c c e p t o r  w i th  v a r y i n g  d e g r e e s  o f  e n v i r o n ­



m e nta l  a s s i s t a n c e  are show n  in F ig u re  (2.1) .  T h e re  are tw o  m i n im a  in curves  

I and II, one at smal l  c co r re s p o n d in g  to b ^ « a ^  is for  the o u te r  com plex ,  a n ­

o the r ,  w h ich  was taken  as d e f in in g  c = l ,  c o r r e s p o n d in g  to — a^ o r  b^> a^,

is fo r  the  in n e r  c om plex .  The  m a x im u m  be tw ee n  the se  m in im a  is an a c t i v a t ­

ed complex.

T h e  in n e r  com p lex  is an io n -p a i r  and the  ac t iv a t e d  com plex  is the  i n ­

t e r m e d i a t e  b e t w e e n  th e  i n n e r  and  o u t e r  c o m p l e x e s .  I n c r e a s i n g  c c o r r e ­

s p o n d s  to i n c r e a s i n g  io n i c  c h a r a c t e r  in the  w a v e  f u n c t i o n .  T h e r e f o r e ,  a 

p o la r  s o lv en t  m u s t  lo w er  the ene rgy  m o re  and m ore  as c inc re ases .  S o lva t ion  

wil l  s tab i l i z e  the in n e r  com p lex  to a g r e a t e r  ex ten t  than  the o u te r  com plex .  

T h e  a c t i v a t i o n  e n e r g y  s h o u ld  d e c r e a s e  w i th  i n c r e a s i n g  s o l v e n t  d i e l e c t r i c  

cons tan t ,  (F igu re  (2 .1)  cu rv e  I and II) .  So u n d e r  a s u f f ic ie n t  in f lu en ce  o f  a 

p o la r  so lv en t ,  the  in n e r  com p lex  be c o m e s  the m ore  s tab le  form o f  the donor-

a c c e p to r  p a i r  ( cu rve  II) .  F o r  many  s t rong  c o m p le x e s  ( such  as n-V c o m p le x ­

es ) ,  p a r t i c u l a r ly  in a s o lv e n t  w ith  h ig h - d i e l e c t r i c  c o n s t a n t ,  a s in g le  deep  

m i n im u m  c o r r e s p o n d i n g  to the  i n n e r  co m p le x  w i th  e x t e n s i v e  c h a r g e  t r a n s ­

fer  is typ ica l ,  (curve  III).

I f  the  i n n e r  c o m p le x  b e c o m e s  the  e n e r g e t i c a l l y  m o re  s t a b l e  fo rm ,  

m o r e  o r  l e s s  c o m p l e t e  d i s s o c i a t i o n  in to  s o l v a t e d  i o n s  m ay  o c c u r  as a 

seco n d a ry  p rocess .
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Activated  complex
In n e r  c o m p le x

eoUiOa
a Outer  complex

c
u
o
cu

Reaction Coordinate “c

Figure (2 .1) :
Po ten t ia l  ene rgy  d ia g ra m  for  in te rac t ion  be tw een  a d o n o r  and  
ac c e p to r  w i th  v a r y in g  d e g r e e s  o f  e n v i ro n m e n ta l  a s s i s t a n c e :  
c u r v e  I , unassisted; c u r v e  I I ,  assisted by a ra ther  low -d ie lec t r ic  
solvent;  c u r v e  I I I ,  a ss is ted  by a h igh -d ie lec t r ic  solven t .
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§ .2 = 0  N M R  S p e c t r a

I n t e r a c t i o n  o f  a n u c l e u s  w i th  i ts  e l e c t r o n i c  e n v i ro n m e n t ,  e s p e c i a l l y  

the  v a l e n c e  e l e c t r o n s ,  i n f l u e n c e s  the  m a g n e t i c  r e s o n a n c e  a b s o r p t i o n  o f  the 

n u c l e u s . 16 At  r e s o n a n c e ,  a c h a n g e  in the  e l e c t r o n i c  e n v i r o n m e n t  w i th i n  the  

a tom so tha t  the  m a g n e t i c  f i e ld  at  the n u c leu s  is e n h a n c e d  o r  r ed u ce d  n e c e s ­

s i t a t e s  a c h a n g e  in  th e  a p p l i e d  m a g n e t i c  f i e ld .  S uch  a c h a n g e  is c a l l e d  a 

c h e m ic a l  s h i f t  w h ich  is m e a s u r e d  in par ts  per  m i l l i o n  (ppm)  o f  the  app l ied  

m a g n e t i c  f i e ld  r e l a t i v e  to a chem ica l  co m p o u n d  c hosen  as a r e fe re n c e .  S ince  

p h o s p h o r u s  has  sp in  1 / 2 , a h ig h  m a g n e t i c  m o m e n t ,  1 0 0 % n a t u ra l  ab u n d a n c e

and i t s  N M R  has  unc ro w d ed  chem ica l  s h i f t s , 17 NMR spec t roscopy  has  b e ­

com e a p o w e r fu l  tool  in the  ana ly s i s  o f  o rgan ic  p h o s p h o ru s  c o m p o u n d s  and 

coord ina te  complexes .

The  m a g n e t i c  r e s o n a n c e  s p e c t ru m  o f  a n u c l e u s  can  e x i s t  in m ore  than  

one  c h e m ic a l  e n v i ro n m e n t  and i ts  a p p e a ra n c e  is d e p e n d e n t  on  i ts  l i f e t im e s  

in t h e s e  d i f f e r e n t  e n v i r o n m e n t s 18. Cons ide r  the case  o f  two env i ronm en ts ,  I 

and II,  in e i th e r  o f  w hich  a lone  it is a s ing le t .  I f  the l i f e t im es  in the two

s ta tes  are 10 to 1000 t imes  l o n g e r  than  V2^(7t I 8 i - 8 n I H) 1 ( w h e r e  and 

s tand  fo r  the two c h e m ic a l  sh i f t s  i f  e ac h  a b s o r p t i o n  a p p e a re d  s in g ly  and 

I 8 i - 8 n  IH  i s th e f r e q u e n c y  d i f f e r e n c e  in Hz) then  two l ines  are o b s e rv ed .  If

the l i f e t im es  are 1 to 100 t im es  shor te r  than V? (ft I 8 j -Sn  I H) ^  th e n  the re  is

only a s ingle ,  t ime-average l ine  whose posit ion  is dependent on the relative  

p op u la t ion s19, Pj and Pjj in the two environments:

8  = P 1 8 1  + P 1 1 8 1 1  (2.4-1)

T h e  o b s e r v e d  c h e m i c a l  s h i f t  8  o f  th e  b r o a d e n e d - l i n e  is i n f l u e n c e d  by
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ch anges  in factors  such as concentrat ion  and temperature which cause an 

alteration in Pj and Pjj .

I t is a n t i c ip a te d  tha t  we may o b s e rv e  such  c h e m ic a l  s h i f t  c hange s  r e ­

s u l t i n g  f rom some e q u i l ib r i a  in v o lv ed  in c o m p le x - f o r m a t io n  o r  co m p le x -d i s -  

s o c ia t io n  r eac t io n s  o f  the cha rge  t r a n s f e r  com plexes .

§. E le c t r ic a l  C o n d u c t i o n  M e c h a n i s m s

For  O r g a n ic  M a te r ia l s

V a s t  n u m b e r s  o f  o r g a n ic  m a t e r i a l s  a re  g e n e r a l l y  c o n s i d e r e d  to be 

e l e c t r i c a l  in su la to r s .  H o w e v e r ,  s ince  the  1 9 6 0 ’s, an in c re a s in g  n u m b e r  o f  o r ­

g a n ic  c o m p o u n d s  h a v e  b e e n  d i s c o v e r e d  to e x h i b i t  i n t e r e s t i n g  and u se fu l  

e l e c t r i c a l  c h a r a c t e r i s t i c s .  A l t h o u g h  c o n s i d e r a b l e  e x p e r i m e n t a l  w o rk  has  

b een  c a r r i e d  ou t  on the p r e p a r a t i o n  and s tudy  o f  the e l e c t r o n i c  p ro p e r t i e s  o f

th e se  m a te r i a l s ,  no c o m p re h e n s iv e  th e o ry  fo r  c o n d u c t io n  has  ye t  b een  p r o ­

posed.

2 .5 -1  Band T h e o r y  and H o p p in g  M odel

T h e  m o s t  w id e ly  u s e d  e x p l a n a t i o n s  o f  the  e x p e r i m e n t a l l y  o b s e rv e d  

c o n d u c t i o n  p h e n o m e n a  in o r g a n ic  c h a r g e - t r a n s f e r  c o m p l e x e s  are in t e rm s  

o f  an e lec t ron ic  band model  and a hopp ing  model .

B loch  so lved  the S c h ro e d in g e r  eq u a t io n  with  a pe r io d i c  p o te n t ia l  a r i s ­

ing from the lat t ice atoms.  The  solu t ions were o f  the form:

*Fk = elkx|J.K(x) (2 .5- 1)

w here  k is the  w ave  n u m b e r  and  ^k (x )  is a per iod ic  fu n c t io n  w hose  per iod  is 

the la t t i c e  co n s ta n t ,  a. The e n e rg y  d e p e n d e n c e  o f  f ree  e l e c t ro n s  on wave  

n u m b e r  is g iven  by the fo l lo w in g  equa t ion :
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E K =  -h^~ k 2
2  m  (2.5-2)

T h e  ene rgy  d e p e n d e n c e  fo r  e l e c t ro n s  in a p e r io d i c  l a t t i c e  d e s c r ib e d  

by Eqs.  (2.5-1) and (2 .5-2)  is shown in F igure  (2 .2 )20. T h u s  th e re  are a l low ed  

and f o r b id d e n  r a n g e s  o f  en e rg y .  They  c o r r e s p o n d  to  the  e n e rg y  b a n d  c a l c u ­

la t e d  by o v e r l a p  i n t e g r a l s  o f  m o l e c u l a r  w av e  f u n c t i o n s  b e t w e e n  a d j a c e n t  

m o l e c u l e s .  T h e  r e l a t i v e  w e a k n e s s  o f  t h e  i n t e r m o l e c u l a r  i n t e r a c t i o n  o f  

c h a r g e - t r a n s f e r  c o m p l e x e s  r e s u l t s  in r a th e r  n a r r o w  c o n d u c t i o n  b a n d s  and 

low c a r r i e r  mobi l i t ies .

The  band  m ode l  has  b een  wide ly  used  to ex p la in  many e x p e r im e n ta l  

resu lt s .  H ow ever ,  it is not  app l icab le  to all sys tems .  P a r t i cu la r ly  fo r  ma te r ia l s  

w h ich  e x h i b i t  a p e r io d i c  l a t t i c e  and very  sm al l  c a r r i e r  c o n c e n t r a t i o n s  and 

m obi l i t ie s ,  the band model  may be replaced by a hopp ing  model .

In o r g a n ic  c ry s t a l s ,  the  o v e r l a p s  o f  the  m o l e c u l a r  o rb i t a l  a re  g e n e r a l ­

ly very  smal l .  The o rb i ta l  o f  one m o lecu le ,  the re fo re ,  can be c o n s id e re d  to be 

i so la ted  f rom tha t  o f  o thers .  Thus ,  c onduc t ion  invo lves  an ene rgy  b a r r ie r  for  

an e lec t ron  to “ h o p ” from one molecu le  to the next .

2 .5 -2  C o n d u c t i v i t y  o f  O r g a n ic  S e m ic o n d u c t o r s

Conduc t iv i ty ,  in genera l ,  is g iven by the equa t ion :

G = N q p .  (2.5-3)

N is the  c o n c e n t r a t i o n  o f  c u r r e n t  c a r r i e r s ,  q is the e l e c t r i c  ch a rg e  on a c a r ­

r ie r ,  and ^ i s  the  m o b i l i t y .  T h e  c o n c e n t r a t i o n  o f  th e  c u r r e n t  c a r r i e r s  shou ld  

vary  with  t e m p e ra tu re  a c c o rd in g  to the fo l l o w in g  r e l a t io n s h ip :
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k
(a)

20
F ig u re  ( 2 . 2 ) :
E l e c t r o n  e n e r g i e s  as  a f u n c t i o n  o f  wave number,  f or  ( a )  f r e e  
e l e c t r o n s ,  and ( b )  e l e c t r o n s  moving i n  a p e r i o d i c  p o t e n t i a l .  
The a l l o w e d  e n e r g y  bands ( a s  a f u n c t i o n  o f  d i s t a n c e  t h r o u g h  
t h e  c r y s t a l )  a re  shown i n  ( c ) .
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N  = N0exp(-e/2kT) (2.5-4)

w here  k is B o l t z m a n n ’s cons tan t ,  N q is a cons tan t  and e i s  the en e rg y  gap  b e ­

t w e e n  th e  v a l e n c e  and  c o n d u c t i o n  b a n d .  It  is a s s u m e d  t h a t  the  m o b i l i t y  

var ie s  s lowly  with  te m pera tu re .  From Eqs.  (2 .5 -3)  and (2 .5-4),  we can write  

the conduc t iv i ty  as fo l lows:

o  = q-|i-No-exp(-E/kT) = aQ-exp(-E/kT) (2.5-5) 

w h ere  ° 0  is a cons tan t  and E is the ac t ivi t ion  energy,  which is equal  to e/2.

2 .5 -3  L iq u id  C o n d u c to r s

T h e re  are th r e e  l iqu id  type s  w h ich  w ere  c l a s s i f i e d  a c c o r d in g  to th e i r  

e l e c t r i ca l  con d u c t iv i ty  by M o t t 21 shown in Tab le  (2 -I I ) .  T h e i r  c o n d u c t iv i t i e s  

can be ca lcu la ted  by d i f f e r e n t  equat ions .  F o r  m e ta l l ic  l iqu ids ,  conduc t iv i ty  is 

d e t e rm in e d  by c a l c u la t in g  the  Fermi w ave  n u m b e r  k p  acco rd ing  to free  e l e c ­

t r o n  t h e o ry  and  e v a l u a t i n g  the  e l e c t r o n i c  m e an  f r e e  p a t h ,  A, u s in g  x - ray  

d i f f r a c t io n  te ch n iq u es .  F o r  sem i -m e ta l l i c  l iqu ids ,  Mott  a rgued  tha t  the d e n s i ­

ty o f  s ta tes  at the Fermi ene rgy  n(Ep) r a t h e r  th a n  A b e c o m e s  the c o n t ro l l i n g  

fac to r ,  Eq.  (2 .5 -7) .  F o r  in s u la t in g  and s e m i -c o n d u c t in g  l i qu ids  w h ich  c o r r e ­

sponds  to a  < 300 (^cttt) '1, the co n d u c t iv i t y  a r i ses  f rom the the rm a l  e x c i ta t io n

o f  c a r r i e r s  ac ross  the m o b i l i t y  gap or  by h o p p in g  p ro ces s e s .  The  s e m i - e m ­

pir ica l  equa t ion  Eq . (2 .5 -5)  is used to ca lcula te  the conduc tivi ty .
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T a b le  (2 - I I ) 21 

C o n d u c t iv i t i e s  o f  L iq u id  S e m ic o n d u c to r s

L ia u id  T v n e
M a g n itu d e  o f C o n d u c t iv i ty

E x D ress io n

Metallic liquids

(eg.  m e rc u ry )

>3,000 Q ^ cm '^
k p 2 e 2A

G = - £—z-----
37t2h

(2 .5 -6 )

k p  Ferm i  wave n u m b e r  

a : ele.  m ean  free path

Sem i-m etallic 300 to 3 ,000
g 2e 2
3hd (2 .5 -7 )

Liquids (flcrn)’ ^

(eg. Sb 2 S3 , CU2 S
g = n(EF) / n 0 (Ep) 

nQ(Ep): free ele. densi ty
in l iqu id  state) d: in t e ra to m ic  s pac ing

Insulating and

Semiconducting < 300 f l'^ cm ' * a  =  <J0 e x P ( ' E / k T )

Liquids (2 .5 -5 )

(eg. Cul  in l iquid state) < * 0 is a Constance.
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2 .5 -4  Th e  T h e r m o d y n a m ic  F u n c t io n  For

the  R e la t iv e  I n te g r a l  M o la r  Free  E n erg y

L ew is  and R an d a l l  h ave  d e f in e d  a “ r e l a t i v e ” p a r t i a l  q u a n t i t y  as the 

d i f f e r e n c e  b e tw e e n  a pa r t i a l  m o la r  q u a n t i ty  o f  a c o m p o n e n t  in so lu t io n  and 

the m o l a r  qu an t i ty  o f  the pure  s u b s tan ce  in the r e fe ren c e  sta te .

The relative integral molar free energy G  is d e f in e d  as the d i f f e r ­

ence  b e tw e e n  the sum o f  the  f ree  e n e rg i e s  o f  the p u re  s u b s t a n c e s  p e r  mole ,  

and  t h t  free energy of one mole of the solution, C ^ .  F o r  exam ple ,  in a b in a ­

ry so lu t ion:

AmG  =  G m - (XiG® +  x 2G 2) (2.6-1)

G& =  (x l G i  +  x2G 2) (2.6-2)

AmG  =  x ^ G i  - G^) +  x2( G 2 - G 2) (2.6-3)

w h e re  Gj and G 2  are the partial molar free energy o f  species 1

and 2 in so lu t ion ,  respect ive ly .

/-<0 /-0
and ^ 2  are the molar free energy of pure substances

1 and 2 , respectively,  

x j  and X2  are the  mole fractions o f  subs tances  of  1 and 2 r e s p ec t iv e ­

ly in the  b ina ry  so lu t ion .

( G l  " G j )  a n d  ( G 2 - G 2) are t h e c h a n g e s  in f r e e  e n e r g y  r e s u l t i n g  

from m i x in g  one  mole  o f  pu re  s u b s t a n c e s  1 and 2 with  an in f in i t e  quan t i ty  

of  solution. (G j  - G j )  js > jjy defini tion , the relative partial molar free 

energy of substance i. Thus,
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Am G i =  G r  G j

(2.6-4)

Am G 2 =  G 2 - G ^

Subs ti tut ing Eq. (2.6-4) into Eq. (2.6-3),  we obtain

Am G  =  Xj Am G ! +  x 2Am G 2 (2 .6 -5 )

from the G ib bs -D uhen  re la t ion ,  it fo l lows that

x  3 ^  a ^ G 2

0X2 ox2

We can  rew r i te  the equa t ion  in the form:

(2 .6- 6)

(2.6-7)

T h e  lo w er  l im i t  o f  in t e g ra t i o n  in the e q u a t io n  is fo r  pu re  su b s t a n c e  1, 

ie. x2  = 0 , AmGi = o.

In teg ra t ing  Eq.  (2.6-7) by par ts ,  we obta in  the fo l low ing  equat ion:

A M G l(x 2 ) = r ^ d x 2 - i ^
Jo ( l - x 2 )  O  - x 2/  (2.6-8)

Substi tut ing Eq. (2.6-8) into Eq.(2.6-5),  we obtain

+ x2 AmG 2 (2.6-9)AmG = x r ^ dX 2. ^ ^ i
\ J o  (1 -X2) ( 1 - x 2>

T h u s ,  the  f ree  e n e rg y  c h a n g e  fo r  the r e v e r s ib l e  and  i s o t h e r m a l  f o r m a ­

t ion o f  one mole  o f  so lu t ion  or  complex  from x j  moles  o f  pure  s ubs tance  1 

and x 2  mo les  o f  pure  s u b s tan ce  2  can be ca lcu la ted  by the fo l lo w in g  e q u a ­

t ion:
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AMG = a-K2)f d x2
Jo ( l -x 2)2

(2.6- 10)
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dh®iptt®ir 3  E X P E R I M E N T A L

§.3=1  CH EM ICALS

T r i p h e n y l a m i n e ,  - p h o s p h i n e ,  - a r s i n e ,  - s t i b i n e ,  2 , 4 , 6 - t r i ( 2 - p y r i d y l ) -

1 ,3 ,5 - t r i a z in e ,  iod ine ,  s i l v e r (6 0 -m e s h )  and s i lv e r  io d id e  (9 9 .9 % )  w ere  p u r ­

c h a s e d  in the  h ig h e s t  c o m m e rc i a l  g rades  a v a i l a b l e  f rom A ld r ic h  C hem ica l  

Co. of  Milwaukee,  Wisconsin.

R e a g e n t  g rade  iod ine  was  r e sub l im ed  at 150°C u n d e r  v a c u u m  and  k ep t

in a t igh t ly  c losed  con ta ine r .  S i lve r  iod ide  was  r ecyc led  f rom 160°C to room

t e m p e r a t u r e  s e v e ra l  t im e s .  G r a p h i t e  p o w d e r  ( N o . 635)  w as  o b t a i n e d  f rom

Joseph  Dixon Co. o f  Jersey City,  N.J. Te t rae thy lamm onium iodide was obta ined

in h igh pur i ty  from Alfa Chem ical s  Co.

§. 3=2 IO D IN E  A BSO RPTIO N  M EA SU REM EN TS

E x p e r im e n t s  were  c o n d u c te d  to d e t e rm in e  the  ex ten t  to w h ich  iod ine  

is a b s o rb ed  by the o rg an ic  co m p o u n d s .  The  m a x im u m  u p ta k e  o f  iod ine  by 

each  o f  the  t r i p h e n y l  c o m p o u n d s  at room  t e m p e r a t u r e  was  d e t e r m in e d  by 

u s in g  the ap p a ra tu s  dep ic ted  in F igure  (3 .1) .  A w e ighed  s am p le  o f  t r ipheny l  

co m p o u n d  was  p laced  in a via l  above an excess  am oun t  o f  sol id  iod ine  in an 

e v a c u a te d  tube .  C o n ta c t  b e t w e e n  the  s u b s t a n c e s  was  on ly  th r o u g h  the gas 

phase .  The  am oun t  o f  iod ine  abso rbed  by the t r i p h e n y l  c o m p o u n d  was  d e t e r ­

m in e d  by m e a s u r i n g  the w e ig h t  c h a n g e  f rom  day  to day  un t i l  no  f u r th e r  

c h a n g e  o c c u r r e d .  The  t im e  to r each  m a x im u m  u p ta k e  r an g ed  f rom less  than 

fou r  d ays  in the  case  o f  t r i p h e n y l p h o s p h i n e  to t w e n t y - f i v e  days  in the  case
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Vacuum

O r g a n i c  compound

I o d i n e

Figrue (3 .1): Apparatus for vapor absorption measurements
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o f  t r i p h e n y l s t i b in e .

D es ig n a te d  co m p o s i t io n s  o f  i o d in e - t r ip h e n y l  c o m p o u n d  were  p rep a red  

by  t h o r o u g h l y  m i x in g  and  g r i n d i n g  a p p r o p r i a t e  a m o u n ts  o f  the  tw o  so l id  

s u b s t an ces ,  s ea l ing  in e v a c u a te d  glass  tubes ,  and h o ld ing  at room t e m p e r a ­

ture for  48 hours.

S ince  t r i p h e n y la n t im o n y  reac ts  w ith  iod ine  fo rm ing  a l iqu id  com plex ,  

to p re p a re  a h o m o g e n e o u s  b ina ry  phase  o f  l iqu id  m ix tu re ,  i t  is e a s ie r  to use 

the ap p a ra tu s  in F ig u re  (3 .1 ) .  S pec i f i c  m o le  ra t ios  o f  io d in e  to t r i p h e n y la n t i ­

m ony  w ere  o b t a in e d  by the  a b s o rp t io n  o f  i o d in e  by t r i p h e n y l a n t i m o n y  d u r ­

ing  a p r e d e t e r m i n e d  t im e  p e r io d .  The  m ix tu r e s  were  then  p la c e d  in em pty

evac ua ted  tubes  for  ano the r  day and reweighed.

§ .3= 3  CONDUCTIVITY M EASUREM ENTS

3.3 -1  C o m p l e x e s  F o r m e d  By M i x i n g  S o l id  C o m p o n e n t s

E l e c t r i c a l  c o n d u c t iv i t y  m e a su re m e n t s  on the so l id  io d in e  c o m p lex es  

w ere  m a de  by the  fo u r  p ro b e  Van  d e r  P au w  t e c h n i q u e . ” ' 23 The  p o w d e r  s a m ­

ples were  com pac ted  at a p ressu re  o f  25 ton / inch^ ,  us ing a 30 ton pel le t  press

Model  M-30.  The solid cy l ind r ica l  pe l le ts  were  fab r ica ted  in the form o f  discs 

o f  uniform th ickness ,  about  0 .15 cm, and 1.3 cm in d iameter .  In the appara tus 

show n  in F ig u re  (3 .2 ) ,  the p e l l e t  was  p la ced  u n d e r  the fo u r  th in  p la t in u m -  

coa ted  co p p e r  p robes  w hich  were  d r i l l ed  th rough  one p ie c e  o f  p la s t ic .  The 

fou r  ho le s  on  the  p la s t ic  f ixed  the p robes ,  s y m m e t r i c a l ly  c o n t a c t i n g  with  the 

p e l l e t  at the  p e r ip h e ry .  C u r re n t s  r a n g in g  from 0.1 to 50 m i c r o a m p e r s  were  

passed  th rough  po in ts  (a) and (b) us ing  a po w er  supp ly  M odel  5005T  from 

P o w e r  D es igns  Inc. ,  W es tbu ry ,  New York.  The cu r ren t s  (I) were  read  with  a 

K e i th ley  M odel  169 d ig i ta l  m u l t im e te r  in the c i rcu i t .  The  co r re s p o n d in g  v o l t ­

ages  (V) were  m e a su re d  b e tw e e n  (c) and (d)  w ith  a n o t h e r  K e i th le y  m u l t im e-
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Figure (3.2) :

Apparatus for conductivity  m easurem entsof so lid  com
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ter.

The  conduc t iv i ty  was then ca lcu la ted  by the fo l lo w in g  equa t ion :

o  = l n 2 , 1
t- K .V.

where  t is the pe l le t  th ickness .

A tw o -p ro b e  m e th o d 24 was  u sed  in m e a s u r in g  the c o n d u c t iv i t i e s  o f  l i q ­

uid com p o s i t io n s  o f  ( P h ^ S b C ^ ) * .  As shown in F igure  (3.3) ,  a U -shape  cel l 

was  used ,  cons is t ing  of  two 10 mm i.d. ve r t i ca l  sect ions connec ted  by a 25 cm 

lo ng  cap i l l a ry  tube .  E l e c t r i ca l  leads  were  c l ipped  to g ra p h i t e  rods  s e rv in g  as 

e lec t rodes .

T h e  U - tube  c o n d u c t iv i t y  ce l l s  were  c a l ib r a t e d  with  the g r a p h i t e  rods 

in pos i t ion  us ing  0.100 M and 1.00 M so lu t ions  o f  po tass ium ch loride  in d i s ­

t i l led  w a te r  at room te m p era tu re .  The ce l l  co n s ta n t  was  c a lcu la ted  us ing  the 

r e s i s t a n c e  o f  the  p o ta s s iu m  c h lo r id e  so lu t io n s  m e a su re d  with  an ac c o n d u c ­

t iv i ty  b r idge .

T he  ac and dc m e a s u r e m e n t s  o f  r e s i s t a n c e  o f  t r i p h e n y l a n t i m o n y - i o -  

dine  com p lex  were  m ade  u s in g  a YSI M odel  31 c o n d u c t iv i t y  b r idge  and a 

Kei th ley  Model  169 mult imeter .

3 .3 -2  C o m p le x e s  F o rm e d  In O r g a n ic  S o lu t io n

C o n d u c t i v i t y  m e a s u r e m e n t s  o n  i o d i n e  c o m p l e x e s  in  1 ,2 -  

d ich lo ro e th a n e  were  made us ing  a YSI-3402  S tandard  Dip C onduc t iv i ty  cel l  

and a YSI Model  31 conduct ivi ty bridge.

The  ce l l s  were  c l e a n e d  by im m e rs io n  in c o n c e n t r a t e d  n i t r i c  ac id  and 

c l e a n in g  so lu t io n  and then  w ere  re p e a te d ly  r in sed  w i th  d i s t i l l e d  w a te r  and 

l e f t  s t a n d i n g  in  w a t e r  u n t i l  r e u s e .  A l l  s o l u t i o n s  w e r e  p r o -



Figure 3.3: Two-probe Cell for Conductivity Measurements
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te c ted  f rom l igh t  by s to r ing  in  the  dark  be tw een  pe r iods  o f  m easu rem en t .

§. 3=41 ELECTROMOTIVE FORCE MEASUREMENTS

3 .4 -1  So l id  E l e c t r o c h e m ic a l  C e i l s  For  

the  So l id  and L iq u id  C o m p le x e s

The E M F  m easu re m en ts  on com plexes  fo rm ed  by m ix in g  so lid  c o m p o ­

nen ts  were  pe r fo rm e d  us ing  e l e c t ro c h e m ic a l  ce l l s  w i th  an A g l  e l e c t ro ly te .

The  cel l  fo r  so l id  co m p le x e s  was  p r ep a red  by the fo l l o w in g  p rocedu re .  

I o d in a t e d  t r ip h en y l  co m p o u n d  was  f i r s t  u n i fo rm ly  m ixed  w i th  10% to  20% 

g r a p h i t e  w h ich  s e rv e d  as an  ine r t ,  e l e c t r i c a l l y  c o n d u c t i n g  m e d iu m  in the 

ca th o d e .  T h e  m ix tu r e ,  the s i l v e r  io d id e ,  and  the  s i l v e r  p o w d e r  w ere  each ,  

p r e l i m i n a r i l y ,  p r e s s e d  in to  p e l l e t s  w i th  m a x i m u m  p r e s s u r e  by h a n d  in a 

c y l in d e r  o f  13 mm in d ia m e te r ,  and then  the e l e c t r o l y t e  l a y e r  was  p la c e d  b e ­

tw een  the c o m p lex  m ix tu re  and the s i lv e r  p o w d e r  d iscs .  U s ing  a h y d rau l i c  

p e l l e t  p re s s  w i th  vacuum  a t t a c h m e n t ,  the th ree  la y e r s  w ere  c o m p re s s e d  t o ­

g e t h e r  in to  a p e l l e t  at a p r e s s u r e  o f  20 to n / in c h ^ .  The  com pac t  was  p laced  in

the ce l l  show n in F igure  (3.4) .  P ieces  o f  p la t in u m  foil ,  a t tached  to p la t in u m  

wires ,  were  used for  e lec t r i ca l  contacts .

T r i p h e n y l a n t i m o n y - i o d i n e  c o m p le x e s  are l i q u id  at room  te m p e ra t u r e .  

We used  the appara tus  shown in F igure  (3.5)  to m easure  the EM F.  The  fo l lo w ­

ing  p ro ced u re  was used  to p repa re  thi s  cel l .  A la ye r  o f  s i lve r  iod ide  p o w d er  

was  p re s sed  on top  of  a laye r  o f  p res sed  s i lve r  pow der .  The  l iqu id  m ix tu re  

was  pou red  on top  o f  the s i lv e r - s i lv e r  iod ide  pe l le t .  A g raph i t e  rod was  in se r t  

into  the l iqu id  th ro u g h  a h o le  in the  cover .  At the bo t tom ,  a p ie ce  o f  p l a t ­

inum fo il ,  a t tached  to a p la t inum  lead,  was  p res sed  up to c o n tac t  the s i lve r  

su r f a c e  u s in g  a m e ta l  sp r ing .  The v o l t a g e  b e tw e e n  the  g r a p h i t e  rode  and  the 

p la t inum lead was read.
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Figure (3 .4) : Cell for EMF measurements of solid complex
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Figure (3.5) : Cell for EMF measurementsof liquid complexes
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E M F  m e a s u re m e n t s  w ere  made  at room t e m p e ra t u r e  u s in g  a K ei th ley  

169 e l e c t ro n i c  m u l t im e te r .  In genera l ,  the  E M F  read in g  on a s am p le  reached  

a s teady  va lue  in about  20 minu tes .  The  f inal  E M F  read ings  were  not  taken  

u n t i l  the  v a lu e s  had  re m a in e d  c o n s ta n t  fo r  a h a l f  hou r .  It was  n o te d  tha t  for  

s y s t e m s  p o s s e s s i n g  tw o - p h a s e  r e g io n s ,  su ch  as the  t r i p h e n y l a n t i m o n y - i o -  

d in e  s y s tem ,  the e q u i l ib r iu m  E M F va lues  w ere  m u c h  m o re  r a p id ly  reached  

and w ere  m ore  s tab le  than  th o se  fo r  the  s y s t e m s  w h ich  fo rm e d  a c o n t in u u m  

o f  so l id  so lu t ions .  The E M F  va lues  were  genera l ly  the same w i th in  +10 mv for 

d i f fe ren t  ba tches  o f  sample  o f  the same com posi t ion .

3 .4 -2  C o n c e n t r a t i o n  C e l l s  F o r  C o m p l e x e s  

I n  O r g a n i c  S o l u t i o n

E M F  m e a su re m e n t s  fo r  c om plexes  in o rgan ic  so lu t io n  w ere  m a de  on 

c o n c e n t r a t i o n  ce l l s  o f  the form :

Pt I I2 , R, TEAI(c) in DCE II I2> R in DCE I Pt 

The cel l  des ign  is shown in F igure  (3.6) .  The H -shape  cel l  cons is ts  of  

tw o  c o m p a r t m e n t s  w h ich  are s e p a ra t e d  by a f i n e - f r i t  d isc .  Both  c o m p a r t ­

m en ts  were  f i l led  to the same level .  P ieces  o f  p la t inum  foil  a t tached  to p l a t ­

’ s  - im w i r e  l e n d s  w e r e  I n s e r t e d  i n t o  e n e f i  ' • n m n n r i  m e m  t »  <*• < ■ •• •> . t



platinumv i  re

f ine- fr i t  pyrex disk

Figure (3.6): Concentration cell for EMF measurements



30

§. 3 - 5  UV-VIS  S P E C T R A  M E A S U R E M E N T S

U l t r a v i o l e t - v i s i b l e  a b s o r p t i o n  m e a s u r e m e n t s  on io d i n e  c o m p le x e s  in

1 .2 -d ich lo roe thane  were  m a d e  us ing  a P E R K IN -E L M E R  L a m b d a  3B UV-VIS 

s p e c t r o p h o t o m e t e r  w i th  P E C S S  U V -V IS  D a ta  S ta t io n  and R - 1 0 0 0 A  C h a r t  

R ecorde r .  Q uar tz  cel ls  o f  10 mm and 2 mm th ickness  were  used  in the se  m e a ­

s u r e m e n t s .

§ . 3 - 6  N M R  S P E C T R A  M E A S U R E M E N T

The  m e a s u re m e n t s  w ere  m ade  with  the  B r u k e r  AC 2 50M c  high  r e s o lu ­

t i o n  F o u r i e r  t r a n s f o r m  n u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r o m e t e r  th a t  has

a i
J i P  m o n i to r in g  ca p a b i l i ty  w ith  s u p e rc o n d u c t in g  s o le n o i d s  c o o le d  by l iqu id  

h e l iu m .

T r i p h e n y l p h o s p h i n e - i o d i n e  c o m p l e x e s  in  1 , 2 - d i c h l o r o e t h a n e  w e r e  

co n ta in e d  in 10 mm c y l in d r ica l  qua r tz  tubes .  A lo c k in g  s igna l  was  ob ta ined  

by u s in g  an co n c e n t r i c  tube  c o n t a in in g  D 2 O inserted  into the sample  tube.

E i g h ty - f iv e  p e r  cent  o r th o p h o s p h o r ic  ac id  in a s ea led  10 mm tube ,  o b ­

ta ined  from M ilwad  Glass  Co. Inc. ,  Buena  N.J. ,  was used  as an ex terna l  r e fe r ­

ence  s t a n d a rd .  P r e c i s io n  by u s in g  an ex te rna l  s t a n d a rd  is l im i ted  b e c a u s e  o f  

the d i f f e r e n c e  in the bu lk  p r o p e r t i e s  o f  the  sam p le s  and the l i n e a r i t y  o f  the 

f ie ld  sweep .  The use o f  an ex te rna l  s tandard  was  ju s t i f i e d  on the bas is  o f  a 

l e s s e r  n eed  fo r  p r e c i s i o n  w h e n  the c h e m ic a l  s h i f t  r ange  is v e ry  la rg e ,  as in 

our  s tudy of  phosphorus  NMR.
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Clhapttwr 4 THERMODYNAMIC AND ELECTRICAL 

PROPERTIES IN THE SOLID STATE

§ . 4 ° !  C o m p o u n d s  U sed  In  the  S tu dy

Iod ine  r eac ts  w ith  a va r ie ty  o f  o rgan ic  c o m p o u n d s  in the so l id  s ta te to 

fo rm  c h a r g e - t r a n s f e r  c o m p le x e s .  N ine  o r g a n ic  c o m p o u n d s  h a v e  b een  s t u d ­

ied whose  s t ruc tu res  are shown in F igure  (4.1) .

The  m o s t  im p o r ta n t  co m p o u n d s  used  in th i s  s tudy  are the  fou r  t r i p h ­

eny l  c o m p o u n d s  o f  g r o u p  V A:  t r i p h e n y l a m i n e ,  t r i p h e n y l p h o s p h i n e ,  t r ip h -  

e n y l a r s i n e  and  t r i p h e n y l s t i b i n e .  As an i n c r e v a l e n t  d o n o r ,  the  key  a tom s  in 

the compounds  (N, F, As and Sb) react  with iod ine to d if ferent  exten ts  to form 

n -d o n o r ,  o - a c c e p t o r  c h a r g e - t r a n s f e r  c o m p le x e s .

2 , 4 , 6 - T r i ( 2 - p y r i d y l ) - l , 3 , 5 - t r i a z i n e ,  2 , 4 , 6 - t r i p h e n y l - l , 3 , 5 - t r i a z i n e  and

1 ,3 ,5 -T r ipheny l  benzene  were  also se lec ted  fo r  the  study.  T h ese  com pounds  

are s i m i l a r  to e a c h  o t h e r  in  th a t  th r e e  p h e n y l  o r  p y r id y l  g r o u p s  are c o n ­

n e c t e d  to a c e n t r a l  b e n z e n e  o r  a r o m a t i c  n i t r o g e n  r ing  w i th  s i n g l e  b o nds ,  

and they  are d i f f e r e n t  f rom one  a n o t h e r  in  the  n u m b e r  and lo c a t i o n  o f  the 

n i t r o g e n  a tom s .  T h e s e  o r g a n ic  c o m p o u n d s  m ay  g ive  us i n f o r m a t i o n  about  

th e  c o n t r i b u t i o n s  o f  t h e  a r o m a t i c  r i n g s  a n d  th e  n i t r o g e n  a t o m s  to  th e  

c h a r g e - t r a n s f e r  i n t e r a c t i o n  w i th  iod ine .

A c o n d e n s e d  a r o m a t i c  n i t r o g e n  c o m p o u n d  m a y  e x h i b i t  l a r g e r  

ch a rg e  dens i ty  d o n a t io n  b e c a u se  o f  f ew er  s te r ic  e f f ec t s  c o m p a re d  with  the 

c o m p o u n d s  d i s c u s s e d  above .  Two c o n d e n s e d  a ro m a t ic  o rg a n ic  co m p o u n d s ,  

phen az in e  and acr id ine ,  were,  the re fo re ,  also s tudied .
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2 . 4 .6 - T r i ( ' 2 - p v r i d v n - l  .3 .5 - t r i az ine

1.3 .5-Tr iphenvl  benzen

M ■ N, P, As or Sb

Triphenvl Group VA Compounds

/ \

X x '

2 .4 .6 . -T  r ip h e n v l - 1 .3 .5 - t r i a z in e

P h e n a z i n e

A c r i d i n e

Figure(4.1) Organic Compounds Used In the Study
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§ .4 „ 2  T h e r m o d y n a m ic  S ta b i l i ty

4 .2 -1  E le c t r o c h e m ic a l  B e h a v io r

E M F  d a t a  w e r e  o b t a i n e d  on  e l e c t r o c h e m i c a l  c e l l s  o f  t h e  t y p e ,  

1 2 (c) I Agl I Ag at 25°C. ^ ( c )  rep re s en t s  p u re  io d in e  or  io d in e  c o m p le x e d  in 

v a ry in g  am oun ts  w i th  one  o f  the o rgan ic  c om pounds .  The  EM F  da ta  fo r  the 

iodine  com plexes  are p lo t ted  as a func t ion  o f  the mole ratio of molecular io­

dine to the organic compound ( sym bol ized  by I 2 /R .  w h e re  R r e p r e s e n t s  the 

organic  com pound)  in F igures  (4.2)  to (4.8) .

A c om m on  fea tu re  o f  the da ta  is tha t  the EM F at h igh iod ine  c o n c e n ­

tr a t ions  r eaches  a p la teau  at 680 + 3 mv. This  va lue  is equal ,  w ith in  e x p e r i ­

menta l  l im i t s ,  to the EM F va lue  for  the fo rm at ion  o f  s i lve r  iod ide  from pure 

so l id  s i lv e r  and iod ine  u s in g  the same type  o f  cel l .  T h e re fo re  th is  p la teau  in ­

d ica tes  tha t  e lementa l  iodine is present .

The e le c t ro c h e m ic a l  b e h a v io r  o f  the v a r io u s  iod ine  co m p le x e s  is qu ite  

d ive rse .

In the case o f  the t r i p h en y lp h o s p h in e— iodine  com plex  in F igure  (4.2) .  

The E M F  r ises  s teep ly  with  inc reas ing  iod ine  co n te n t  to an I2 /R  rat io  o f  a p ­

prox im ate ly  1 and then more  slowly to the saturat ion value  o f  4.3.

T h e  b e h a v i o r  o f  t r i p h e n y l a m i n e  and 2 , 4 , 6 - t r i ( 2 - p y r i d y l ) - l  , 3 ,5 - t r i -  

azine in F igure  (4 .3)  is fair ly simi la r .  The EMF va lues  g radua l ly  in c reased  as 

the  s a t u r a t i o n  v a l u e s  o f  4 .5  and  3.1 f o r  t r i p h e n y l a m i n e  and  2 , 4 , 6 - t r i ( 2 -  

p y r i d y l ) - l , 3 , 5 - t r i a z i n e ,  r e spec t ive ly ,  were app roached .

For  the c o m p o u n d s ,  2 , 4 , 6 - t r i p h e n y l - l  , 3 ,5 - t r i a z in e  a n d l  , 3 ,5 -T r ip h e n y l  

benze ne ,  the  EM F va lues  are e s s en t i a l ly  i n d e p e n d e n t  o f  the I 2 /R  ra t io  and 

are c lose  to 680 mv as shown in F igure  (4.4) .  The  most  l ikely exp lana t ion  is 

that  these  com pounds  do not  form a complex  with iodine.  This  conc lus ion  is 

s u p p o r t e d  by the r e s u l t s  o f  the v a p o r  up take  e x p e r i m e n t s  to be d i s c u s s e d
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la te r .

T he  m os t  i n t e r e s t in g  b e h a v i o r  is e x h i b i t e d  by the  t r i p h e n y l s t i b i n e — 

iodine  com plex  in F igure  (4.5) .  Up to an I 2 /R  rat io o f  1.5, a solid materia l  is 

v i sua l ly  obse rved .  F rom an I 2 /R rat io o f  1.5 to 3.5,  a mixtu re  o f  sol id and l iq ­

u id  is p r e s e n t  w h ich  c o r r e s p o n d s  to  the  a p p e a r a n c e  o f  a h o r i z o n t a l  p la teau  

in the E M F  data.  Between  3.5 and the sa tu ra t ion  value o f  5.7, the m a te r ia l  is 

l iqu id .  A bove  5.7 ,  we have  a m ix tu re  o f  e lem en ta l  iod ine  and l iqu id  mate r ia l .  

I t is o b v io u s  tha t  t r i p h e n y l s t i b in e  fo rms  a l i qu id  com p lex  with  iod ine  and a 

p h a s e  c h a n g e  s eem s  to be o c c u r r i n g  at  the I 2 /R  rat io o f  about  3.8.  It might  

be well  to n o te  tha t  t r i p h e n y l s t i b in e  has the lo w es t  m e l t i n g  p o in t  o f  al l these  

com pounds ,  52-54°C. The  p resence  o f  a l iquid in the iodine  com plex  at room 

te m pera tu re  may have  some r e la t io n  to this  fact .

In the case  o f  the  a r s e n ic  c o m p o u n d  in F ig u r e ( 4 . 6 ) ,  a p h a s e  c h an g e  

seems to be occur r ing  at an I 2  ratio of  3.8.

E M F  data  for  the an t im ony  com plex  be low an I 2 /R  ra t io  o f  1.0 and for  

the a r sen ic  com plex  be low  a ra t io  o f  2 . 0  are no t  p re s e n te d  b eca u se  the  va lues  

were  not  r eproduc ib le .  Th is  may be rela ted to the fac t  tha t  the e lec tr ica l  c o n ­

duc t iv i ty  o f  these  c om plexes  is very  low, as d i scu ssed  in the nex t  chap te r ,  r e ­

s u l t ing  in an i r r e v e r s i b l e  b e h a v i o r  in e l e c t r o c h e m ic a l  ce l l s .

In the cases  o f  the ac r id ine  and p h e n a z in e — iod ine  co m p lex es ,  each  of  

the EM F curves  shows two p la teaus  in F igures  (4 .7)  and (4.8) .  In l ight  o f  the 

phase  ru le ,  each  p la teau  c o r r e s p o n d s  to a h e t e ro g e n e o u s  sys tem  c o m p o se d  of  

two phases .  The  low er  p la teau  at sm a l le r  I 2 /R ra t io s  r e p r e s e n t s  a m i x tu r e  o f  

pure  so l id  o rgan ic  c om pound  and an o rg a n ic — iod ine  com plex ,  R ( l 2 ) a > w i th  a

c ons tan t  co m p o s i t io n ,  a, o f  1.5 fo r  ac r id ine  or  1.0 fo r  p henaz ine .  The upper  

p la teau  cons is t s  of  the o rgan ic  complex ,  R ( l 2 ) a , and pure m o lecu la r  iodine.



E
M

F(
m

v)

38

690

680

670

660

650

640

630

620

610
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Mole  r a t io  o f  iod in e  to t r ip h e n y l s t ib i n e

Figure (4 .5): EMF curve for triphenylstib ine-iodine



E
M

F
(m

v)

39

700 

680 

660 

640 

620 

600
1.0 2.0 3.0 4.0 5.0 6.0 7.0

Mole ratio o f iod ine to triphenylarsine 

Figure (4.6): EMF curve for triphenylarsine-iodine



EM
F 

(m
v)

40

700 ----------------------------------------------------------------------------------------

690 -

680 - <■ ■ ■

67G - 

660 - 

650 -
■

640 -  „-----
■

630 - 

620 - 

610 -

600  1--1—    1--------------------------- 1-------------
0.0 1.0 2.0 3.0

Mole ratio o f iodine to acridine 

Figure (4.7): EMF curve for acridine-iodine

-

-

m------■-------- ■

■
■■

t ■.... ..........1....-...... ■
.0 1.0 2.0 3.

Mole ratio o f iodine to acridine



EM
F 

(m
v)

41

700

680

660

640

620

600

580
0

Figure (4.8): EMF curve for phenazine-iodine

-© — »

■ 1 ■ 1 • 1____■____ L. I  L
.0 0.4 0.8 1.2 1.6 2.0 2.4

Mole ratio iodine to phenazine



42

4 .2 -2  M a x im u m  C o m p o s i t i o n s  o f  I o d in e  in the C o m p le x e s

M axim um  com pos i t ions  o f  iod ine in the com plexes  were  de te rm ined  by 

th e  m e a s u r e m e n t  o f  m a x i m u m  v a p o r  a b s o r p t i o n  o f  iod ine . jby  th e  o r g a n ic  

c o m p o u n d s .  B as ed  on the p r e c e d in g  d i s c u s s io n ,  the m a x im u m  co m p o s i t io n  

should  co r re s p o n d ,  in an E M F  curve,  to the I 2 /R  ra t io  at the  p o in t  w h e re  the 

last  p la teau  begins.

T h e  m a x im u m  a b s o r p t i o n s  d e t e r m i n e d  f ro m  v a p o r  u p t a k e  and  f rom 

the E M F  m e a s u re m e n t s  are c o m p a re d  in T ab le  (4-1).  T he  a g re e m e n t  be tw ee n  

the  two m e thods  is sa t i s fac to ry .  On the bas is  o f  th is  ag reem en t ,  it seems r e a ­

s o n a b l e  to a s s u m e  th a t  t h e r m o d y n a m i c a l l y  r e v e r s i b l e  d a t a  a re  b e i n g  o b ­

ta ined  from the E M F  measurements .

U p o n  e x p o s u re  to iod ine  vapo r  at e i th e r  room te m p e r a t u r e  o r  80°C for 

severa l  days ,  bo th  2 ,4 ,6 - t r i p h e n y l - l , 3 ,5 - t r i a z i n e  and 1 ,3 ,5 -T r ipheny l  benzene  

do n o t  abso rb  iod ine .  I t  is ev iden t  from the  resu l t s  o f  b o th  the  v a p o r  up ta ke  

and E M F  m e a s u r e m e n t s  t h a t  th e s e  tw o  t r i p h e n y l  c o m p o u n d s  do no t  r eac t  

with  iodine.

4 .2 -3  C a lc u la t i o n s  o f  F re e  E n e r g y  o f  C o m p lex  F o r m a t io n

By m eans  o f  E M F  m e asu re m en ts ,  Gibbs  free energy  o f  fo rm at ion  o f  io ­

d ine  c om plexes  can be de te rm ined  us ing  e lec t rochem ica l  cel ls  o f  the type :

( - )  (+)
Pt 1 Ag 1 Agl I I 2  1 Pt < I>

Pt I Ag I Agl I R(I2)(x I Pt < H >

In cel l  I, I2  refers  to pure  sol id iodine.  The  EM F  o f  the cel l  co r responds  

to the full  cel l  reac t ion:

2Ag + I2  = 2 Agl (4.2-1)
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Table 4-1 Maximum 12 com posit ions  determined  

from vapor uptake and the EMF measurements

Com pound M axim um  I2 /R m ole ratio

vapor uptake EMF method

(P h)3 P 4.1 4.3

(P h)3 As 3.7 3.8

(P h)3 Sb 5.9 5.7

(P h)3 N 4.5 4.5

(PhN)3 (PhN3 ) 3.1 3 .0

(Ph)3 (PhN3 ) no reaction

(P h)3 P h3 no reaction

C1 2 H8 N2 1.0 1.0

Ci 0 H6 N4 1.4 1.5
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A g+ io n s  fo rm e d  at th e  A g -A g I  i n t e r f a c e  d i f f u s e  t h r o u g h  th e  e l e c ­

t ro ly te ,  A g l ,  and c om bine  with  I" at the  A g l - ^  in t e r f a c e  to form Agl .  F o r  the

t r a n s f e r  o f  2 m o le s  o f  e l e c t ro n s ,  the f ree  e n e rg y  o f  fo rm a t io n  o f  A g l  can be 

d e te rm ine d  f rom  cell  I by the  equa t ion :

-2 E I °F = 2G°AgI - 2 G ° Ag - G0^  (4.2-2)

w he re  E j °  is the EMF value measured for  cel l I.

In ce l l  II,  for  a com plex  o f  com posi t ion ,  R ( l 2 ) a > th e  n o m i n a l  h a l f  ce l l

r e a c t io n s  are

2Ag -2e = 2Ag+ (4 .2-3)

1/ 5 R ( I2>a-8 + 2F  (4.2-4)

The  fu l l -cel l  reac t ion  is

2 A g+  1/ 5 R (I2) a = 2A gI + 1/ 8 R (I2) a _6 (4 .2 -5 )

8  is an i n f i n i t e s i m a l l y  sm a l l  n u m b e r ,  and the  c o n c e n t r a t i o n  c h a n g e  is 

t h e r e f o r e  n e g l ig ib l e .  The  f r e e  e n e r g y  c h a n g e  o f  th i s  r e a c t i o n ,  w h ic h  c o r r e ­

sponds to the EMF value of  cel l II, is

-2EI I °F = 2G°AgI + 1/ 8 G°R(I 2 ) 0 [_ 8  “ 2G°Ag ‘ 1/ 5 G°R(I2) a  (4.2-6)

S u b t r a c t i n g  the two c h e m ic a l  e q u a t io n s ,  E q . ( 4 .2 - 5 )  f rom E q . (4 .2 -1 ) ,  

y ie lds  the reac t ion :

R G 2 ) a- 8 + 8I2 = R <I2 ) a  <4 -2 ' 7)

T h u s ,  s u b t r a c t i n g  the  c o r r e s p o n d i n g  f ree  e n e r g i e s ,  E q . ( 4 . 2 - 6 )  f rom 

Eq. (4 .2-2),  we obtain the free energy change per mole of iodine in this re-
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— °

ac t i on ,  A gG :

4SG° = •2(EI ' - E I I " )F = 1/ 5 0 ”R ( l2 )o - ! / 5 G"R(, 2)a_6 - G “l2  ( 4 2 . 8)

T h e  pa r t i a l  m o la r  f r ee  ene rgy  o f  the  c o m p le x e s  can  be ex p re s s e d  in 

the fo l lo w in g  equa t ions :

° ”R<l2>a =° I 2[R(I2)“ 1 + ° R [R(I2>a) <4 '2-9>

(a ' 5 )° I 2 [RW2 ) “ -S 1 + ° R [R(I2>a-8) <4 -2 - 10>

in  w h i c h  t h e  p a r t i a l  m o l a r  f r e e  e n e r g y ,  or

Q ^ [ R ( l 2 ) a ], is e s s e n t i a l l y  a c o n s t a n t  t h r o u g h  i t s  i n f i n i t e s i m a l l y  n a r r o w  

range ,  8 . There fore  Eq . (4 .2 -10)  can be rewrit ten  as:

GR(i2)a.5 = (a  - 5)Gi2[R(I2)a] + GR[R(I2)a] (4.2-11)

Substi tu t ing E q . ( 4 . 2 - l l )  and Eq.(4.2-9) into Eq .(4 .2-8),  we have:

AgG° =  -  2F  (E f -^ n )  = G l2[R (I2)a ]— < 4  ( 4 .2 - 1 2 )

— 0

Eq. (4 .2 -12)  au tom at ica l ly  manifes ts  a c o nc lu s ion  tha t  AgG i s equal  to 

the re la t i ve  p a r t i a l  mo l ar  f r e e  energy  o f  iodine  AaGj2.

AgG = A«Gl2 (4 .2-13)

w h ich  is the  d i f f e r e n c e  b e t w e e n  the  p a r t i a l  m o l a r  f ree  e n e r g y  o f  i o d in e  in 

the com p lex  R ( l 2 ) a  and  the m o l a r  f ree  en e rg y  o f  p u re  io d in e ,  c o r r e s p o n d i n g

to the reac t ion:
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I 2 (s) = I2 [R(I2) 0 ] (4.2-14)

It is feasible,  (see §.2-6) ,  to d ed u ce  the m o la r  f ree  ene rgy  o f  f o rm a ­

t ion  o f  the  c h a r g e - t r a n s f e r  c om plex  R ( l 2 ) a  as a func t ion  o f  Aa G i 2

r X 12 _

AG0= ( 1~ ' ^ 2 ) I d X Iz (4 .2- 1 5 )
I Xi> I J 0 ( 1- X i . F

w h e r e  is the mole  f rac t ion  o f  iodine,  is the mole  f rac t ion  o f  iod ine  at

- o
the com position  se lec ted  fo r  ca lcu la t in g  a A G  v a lu e 25.

Inspection  of  the EM F curves revea ls  that two cases are possible :

1. ( E i ° - E n °) is a cons tan t  be tw een  0  and a  w h ich  is a p la t e a u  in the 

E M F  curve  c o r r e s p o n d in g  to a h e t e ro g e n e o u s  sys tem  c o n t a in in g  tw o  phases .

Based  on Eqs . (4 .2 -12) ,  (4 .2 -13)  and (4.2-15) ,  the free energy  o f  fo rm at ion  o f

—°
the com plex  R ( l 2 ) a  Per  mole  o f  iodine,  AG  , can then  be c a l c u l a t e d  f rom  the 

difference  of  EM F values o f  cel l I and cell II:

AG° = - 2F  (Ei—I?n) (4 .2 - 16)

2. The value  o f  (E j°  - E j j ° )  is a func t ion  o f  iodine com pos i t ion ,  a solid

—o
so lu t ion  ex is t s  be tw een  the com pos i t ion  from 0 to a. In thi s  case ,  A G ,  can  be

c a l c u l a t e d  by n u m e r i c a l  i n t e g r a t i o n  o f  the  e x p r e s s i o n  f ro m  E q s . ( 4 . 2 - 1 2 ) ,  

(4.2-13) and (4.2-15):
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a S * - ( • = & . )  dXll (4.2-17)
I Xi 2  ) J0 ( 1 - X l 2 ) 2

Since  the  in t e g ra t i o n  m u s t  s ta r t  at X j^  = 0, all the data  were  ex t rapo­

la ted to an I 2 /R ratio of  0 .

4 .2 -4  D i s c u s s i o n  o f  F re e  E n erg y  o f  C o m p le x  F o r m a t io n

Free  en e rg ie s  o f  fo rm a t io n  o f  the c o m p lex es  at the  m a x im u m  I 2 /R  r a ­

t io s  are l i s ted  in T a b le (4 - I I ) .  The u n c e r t a in t i e s  in AG° a re  h i g h e r  f o r  the  

t r i p h e n y l a r s i n e  and t r i p h e n y l s t i b i n e  b e c a u s e  o f  th e  l a r g e r  r a n g e  o f  e x t r a p ­

o la t ion  to an I 2 /R  rat io  o f  0. E n t ro p y  and en th a lp y  va lues  w ere  not  o b ta in ed  

b e c a u s e  the e x p e r i m e n t a l  d a t a  w ere  no t  ac c u ra te  eno u g h  to o b ta in  p r e c i s e  

va lues  of  the tem pera tu re  dependence  o f  the EMF.

Based  on the f ac t  tha t  e n t ropy  va lues  o f  iod ine  c h a r g e - t r a n s f e r  c o m ­

p le x e s  are v e ry  s im i l a r  and  r e l a t iv e ly  s m a l l 13 , we will  d iscuss  the e x p e r i ­

m e n ta l  resu l t s  on  the  a s s u m p t io n  tha t  the f ree  ene rgy  can  be c o n s id e r e d  as a 

m e a su re  o f  the bond  s t reng th  be tw een  iod ine  and the o rgan ic  com pounds .

F ree  en e rg ie s  o f  fo rm a t io n  o f  t r ipheny l  group  VA — iodine  com plexes  

at  an I 2 /R rat io o f  3.8 are l i s ted  in T ab le (4 - I I I ) ,  as well  as the re la t ive  par t ial  

m o l a r  f ree  e n e rg i e s  o f  io d in e  fo r  an I 2 /R rat io  o f  2.0.  It is observed  that  the 

o rd e r  o f  ab so lu te  v a lu es  o f  the  free  energy  o f  fo rm a t io n  o f  the iod ine  c o m ­

plexes is P > As > Sb > N.

T h e  p h o s p h o r o u s  c o m p le x ,  w i th  the m o s t  n e g a t iv e  f ree  en e rg y  v a l ­

u e s ,p ro d u c e s  the s t r o n g e s t  b ond ing .  The  n i t ro g e n  com p lex  y ie ld s  the w e a k ­

es t  b o n d i n g  in the  g ro u p .  W e may a t t r i b u t e  the  d i f f e r e n c e  to a tw o -w a y  

d o n o r - a c c e p t o r  ac t ion .  N i t ro g e n  can have  no fu n c t io n  o th e r  than  a s im p le
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Table 4-II Free energies of  formation of  iodine

complexes at maximum composit ions

Formation o f  

iod ine com plexes

-AG (KJ/mol I2 ) 

at m axim um  I2 /R m ole ratio

(P h )3 P + 4 .3I2 = (Ph)3 P .( I 2 )4 3 2 5 .0  ± 2

(P h)3 As + 3.8I2 = (Ph)3 As- (I2 )3.8 7.9 ± 4

(P h)3 Sb + 5.8I2 = (Ph)3 Sb- (I2 )5.8 5.9 ± 4

(P h)3 N  + 4.5I2 = (Ph)3 N. ( I 2 )4 5 3.3 ± 2

(PhN )3 (PhN3 ) + 3.1I2 = (PhN)3 (PhN3 ). (I2 >3.1 3 -8 ± 2

(P h)3 (PhN3 ) no reaction

(P h)3 Ph3 no reaction

q 2 H8 N2 + 1 -0I2 = ( C12H8 N2 > I 2 15.6 ± 1

q 0 H6 N4 + 1-5I2 = ( C l 0 H6 N4)- d2> 1.5 8 . 5 + 2
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Table 4-III

Free energy values for iodine complexes of  triphenyl  

group VA compounds at se lected composit ions

Compound -[q j  ( c) - q * j ] (KJ/mol I2 ) -AG (KJ/mol I2 )
2 2

at I2 /R m ole ratio 2.0 at I2 /R m ole ratio 3.8

(P h)3 P 12.5 ± 0 . 8  31 .0  ± 2

(P h)3 As 7.1 ± 0 . 8  7.9 ± 4

(P h)3 Sb 4.1 ± 0 . 4  7.9 ± 4

(P h)3 N 3.3 ± 0 . 8  4.1 ± 2



50

n -d o n a t io n ,  b eca u se  no o th e r  o rb i t a l  is access ib le .  P, As and Sb in the t r i p h ­

eny l  c o m p o u n d s  can  fu n c t i o n  as a c c e p to r s  w ith  l o w - ly i n g  d 7t o rb i ta ls  as  well  

as n -donors .

It is n o t  s u r p r i s i n g  th a t  ( P h ) 3P is cons idered  to be a good two-way 

donor .  P r e s u m a b ly  the  p o s s i b i l i t y  o f  i n t r a m o l e c u l a r  d a t iv e  c o n j u g a t io n  b e ­

t w e e n  th e  p h e n y l  r in g s  a n d  die o rb i t a l s  o f  P e n h a n c e s  the  d7 t-accep to r  c a ­

p ac i ty  o f  the p h o s p h o ru s  atom.  H o w e v e r  the  r eason  why P is the  s t ro n g e s t  

one  a m o n g  P,  As and  Sb r em a in s  u n k n o w n 14. The x-ray  s tud ies  o f  these  c o m ­

p o u n d s 2 6 ,2 7 d id  no t  g ive  e v i d e n c e  o f  any s ig n i f i c a n t  d i f f e r e n c e  in  the s t r u c ­

tu r e s  o f  ( P h ) 3 P, ( P h ) 3As and ( P h ) 3 Sb, e i th e r .  N e v e r t h e l e s s ,  the  r e s u l t  we 

h ave  o b ta in e d  he re  is the same as tha t  o b ta in e d  fo r  the  hea t  o f  r e a c t io n  of  

t r i p h e n y l  c o m p o u n d s  w i th  b o ron  t r i h a l i d e s 28 P  < As < Sb. The donor ability 

o f  complexes of  P, As and Sb also decreases in the order P  > As > Sb15.

A c o m p a r i s o n  o f  f r e e  e n e r g i e s  o f  n i t r o g e n - b e a r i n g  a r o m a t i c  c o m ­

p o u n d s ,  s h o w n  in T a b l e ( 4 - I V ) ,  s u g g e s t s  th a t  n i t r o g e n  a to m s  p r e s e n t  in  a 

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

( P h ) 3 ( P h N 3) has  th ree  n i t r o g e n s ,  ye t  fo rm s  no co m p le x  with  iod ine .  ( P h ) 3N 

c o n t a i n s  m u c h  le ss  n i t r o g e n  th a n  ( P h N ) 3 ( P h N 3), but  forms  a stab le  complex .  

T hese  resu l t s  suppor t  M u l l i k e n ’s p o i n t 1 4 th a t  the  g e o m e t r i c  a p p r o a c h a b i l i t y  

cou ld  be a dom in an t  f ac to r  in d o n o r - a c c e p to r  in te rac t ions .

B ased  on the fac t  tha t  (P h )3Ph does  not  absorb iod ine ,  it is safe to  say 

tha t ,  in the se  c o m p o u n d s ,  the  n -e lec t ron  d e l o c a l i z a t i o n  o v e r  each  s in g le  a r o ­

m a t ic  r ings  is no t  s u f f ic ie n t  to lead to a d o n o r - a c c e p to r  i n t e r a c t io n  with  i o ­

dine .  H ence ,  the n i t r o g e n s  are the only  sp e c ie s  w hich  ac t  as e l e c t ro n  donors .  

F u r th e rm o re ,  it is p o s s ib le  tha t  the a p p ro a c h a b i l i ty  o f  io d in e  to the n i t r o ­

gens  in th e s e  c o m p o u n d s  d i c t a t e s  the e x t e n t  to w h ich  a c h a r g e - t r a n s f e r  r e ­

a c t io n  wil l  ta ke  p la ce .  The  v a n i s h i n g  o f  the d o n o r  a b i l i t y  o f  n i t r o g e n s  in 

( P h ) 3 ( P h N 3) may r e s u l t  f rom  a s te r ic  e f f e c t  b e c a u s e  the  o u te r  th r e e  pheny l  

g r o u p s  are  i s o l a t i n g  the  n i t r o g e n s  in the  c e n t r a l  r in g  f rom  io d i n e .  Th i s
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Table 4-IV  

Free energy values for iodine complexes o f  nitrogen-  

bearing aromatic compounds at selected composit ions

Compound - [ q j  ( c) - q *j ] (KJ/mol I2 ) -AG (KJ/mol I2 )

at I2 /R m ole ratio 2.0 at I2 /R m ole ratio 3.0

(P h )3 N

(PhN )3 (PhN3 )

(P h )3 (PhN3 )

3.3 ± 0 . 8  

2.6 ± 0.8

4.8 ± 2

3.9 ± 2

no reaction

(P h )3 Ph no reaction
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s h o u l d  a l s o  be  th e  c a s e  f o r  t h e  t h r e e  n i t r o g e n s  on th e  c e n t r a l  r i n g  o f  

(PhhOgCPhNg).  The  fact  tha t  (P h )3N forms  a s t r o n g e r  com plex  with  iod ine  

t h a n  ( P h N ) 3 P h N 3  im p l ie s  th a t  th e  n i t r o g e n  at the  to p  o f  the  ( P h ) 3N p y ram id  

m ay  h a v e  a l a r g e r  e x p o s e d  s u r f a c e  than  the  n i t r o g e n s  in the  t e rm in a l  r ings  

o f  (P h N ) 3 ( P h N 3). U n d o u b te d ly ,  to ob ta in  b e t t e r  i n f o r m a t io n  abou t  the  i m ­

p o r t a n c e  o f  s t e r i c  h i n d r a n c e ,  i n t e n s i v e  s tu d ie s  o f  the  s t r u c t u r e s  o f  w e l l -  

c ry s ta l l i z ed  m o le c u la r  co m p lex es  are necessary .

A c r i d i n e  and  p h e n a z i n e ,  in w h ic h  s t e r i c  h i n d r a n c e  is n e g l i g i b l e ,  

m a n i f e s t  a d i f f e r e n c e  in th e  bond  s t r e n g th s  w i th  i o d i n e  w h ich  s im p ly  r e ­

su lt s  from the d i f f e re n t  n u m b e r  o f  n i t rogens  in the m o lecu le s .  In Tab le  

( 4 - V )  b e l o w ,  it  is o b s e r v e d  t h a t  th e  f r e e  e n e r g y  o f  f o r m a t i o n  f o r  the  

ph enaz ine - iod ine  com plex  is a l i t t l e  less  than  double  tha t  for  the acr id ine- io -  

d ine  com plex .  N i t rogen  a toms are know n to act  as  e l ec t ro n  donors .  The two 

c o n d e n s e d  a ro m a t ic  r ings ,  in the se  sy s tem ,  may have  ch a rg e  d en s i ty  d o n a ­

t ion  as well .  H ow ever ,  it is ob v io u s  tha t  the en h a n c e d  th e rm o d y n a m ic  s t a b i l ­

i ty o f  p h e n a z in e - io d i n e  o v e r  a c r id in e - io d in e  is a t t r i b u t a b l e  to the p r e s e n c e  

o f  the ex t ra  n i t rogen .

§ . 4  = 3 E le c t r i c a l  C o n d u c t iv i ty

4 .3 -1  V a r ia t io n  o f  C o n d u c t i v i t y  W ith  I o d in e  C o n te n t

E le c t r i ca l  co n d u c t iv i t y  m e a su re m e n t s  were  m a de  on  the  iod ine  c o m ­

p lexes .  The  c o n d u c t iv i t i e s  o f  the so l id  iod ine  co m p le x e s  o f  t r i p h e n y lp h o s -

p h i n e ,  - a r s i n e ,  - s t i b i n e ,  as  w e l l  as  a c r i d i n e  and  p h e n a z i n e ,  w e re  low ,

1
< 1 0 ° ( Q c m )  ,and not reproduc ib le  from sample to sample .  The conduc t iv i t ies

o f  the sol id com plexes  o f  (P h )3N and (P h N ) 3 ( P h N 3) and the l iqu id  com plex  of  

( P h ) 3Sb were  m easured  at 25°C. The  v a r ia t io n s  in th e i r  co n d u c t iv i t i e s  with  

iodine  con ten t  are shown in F igure (4 .9 ) .  The loga ri thm s  o f  the conduc t iv i t ie s
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Table 4-V

Free energy values for iodine complexes o f  

acridine and phenazine at a selected composit ion

Compound -[Ej (c) - E*j ] (mv) -AG (KJ/mol I2 )
2  2

at I 2 /R m ole ratio 1.0 at I2 /R  m ole ratio 1.0

C1 2 H 8 n 2 8 1  15.6  +  1

q  0 ^ 4  43  8.5 ± 2
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are plo t ted against  moles  o f  iod ine per  mole o f  organic  molecule.

All the  above o rgan ic  m a te r ia l s  th e m s e lv e s  do not  co n d u c t  e l ec t r i c i ty .  

Iod ine  is also an in su la to r .  H o w e v e r ,  when some o rg an ic  c o m p o u n d s  in t e ra c t  

w ith  iod ine ,  the r e su l t in g  c o m p le x e s  have  s e m ic o n d u c t in g  p ro p e r t i e s .  This  

o b s e r v a t i o n  may be e x p l a in e d  by m eans  of  the  band  theo ry .  T h e  in t e r a c t i o n  

be tw een  two in su la to rs ,  a com ple te ly  f i l led va lence  band o f  the d o n o r  — o r ­

gan ic  m o l e c u le  and the  e m p ty  c o n d u c t io n  band  o f  the  a c c e p to r  —  iod ine ,  

b r in g s  t h e i r  e l e c t r o n i c  s ta t e s  to g e th e r ,  w hi le  the  e l e c t r o n  d en s i ty  is t r a n s ­

fe r red  from the d o n o r  to accep to r .  As a re su l t  o f  the c h a rg e - t r a n s f e r  p rocess ,  

pa r t i a l ly  f i l led  bands  are fo rm ed  in com plex  fo rm at ion  which resu l t s  in e l e c ­

tr ical  conduc t ion .  (§.2.5-1)

It was  o b s e rv ed  tha t ,  fo r  ( P h ^ N ,  ( P h N ^ P h N g )  and  (P h)gSb ,  the c o n ­

duc t iv i ty  does  no t  s t rong ly  depend  on the iod ine  c o n ten t  and the l iqu id  c o m ­

plex  has a h ig h e r  con d u c t iv i ty  than  the sol id ones.

S im i la r  to s tu d ie s” on iod ine  and b ro m in e  c o m p le x e s  in som e  o t h e r  

systems,  the resul ts  o f  our  s tud ies  on the rm odynam ic  s tab i l i ty  and c o n d u c t iv ­

i ty c o n fo rm  to the  fac t  tha t  h ig h  th e rm o d y n a m ic  s t a b i l i t y ,  in ge n e ra l ,  is a s ­

s o c ia ted  with  low  c o n d u c t iv i ty .  (Ph)gN and ( P h N ^ P h N j )  fo rm  r e l a t i v e l y  

w eake r  so l id  iod ine  c o m p lex es  in the sys tem ,  but  are be t te r  conduc to rs .  Other 

o rg an ic  c o m p o u n d s ,  such  as (Ph)gP ,  ( P h ^ A s  and p h e n a z in e ,  form s t r o n g e r  

c o m p lex es  w i th  iod ine ,  but  they  have  low er  c o n d u c t iv i t i e s .  ( P h ^ S b - ^  m ay  

be an exception ,  but  it forms a l iquid complex.

4 .3 -2  T e m p e r a t u r e  D e p e n d e n c e  o f  t h e  C o n d u c t i v i t i e s

T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  c o n d u c t i v i t i e s  o f  ( P h ) g N  and 

( P h ^ S b  com plexes  is shown in Figure(4 .10) .  Assuming  tha t  the equa t ion

G =<To exp(- (2.5-5)
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'a

£

*J3

c3

Mole ratio o f iodine to organic com pound

Figure (4.9): Variation o f conductivity with iodine content:

° , ( P h ^ ^ P h ^ ) ;  ♦, (P h^N ; a, (P h^Sb (liquid).



56

- 1.0 
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- 3 .0  
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3.3 3.4 3.5 3 .6  3.7 

I03T"* CK‘ !)

Figure (4 .1 0 ): Temperature dependence o f the conductiv ity: 

o ,  (Ph)3 N (I2 )4 Q; □ . (Ph)3 Sb(I2 )5 80 (liqu id).



57

appl ies ,  a c t iva t ion  energ ies  o f  0 .34 and 0.32 ev were ca lcu la ted  fo r  the solid 

c om plex  ( P h ) 3 N ( l 2 > 4  o and the l iquid  com plex  ( P l O g S b C ^ ^  g respec t ive ly .

4 .3 -3  C o n d u c t i o n  M e c h a n i s m  o f  t h e  I o d i n e  C o m p l e x e s

In the s tudy  o f  the co n d u c t iv i ty  o f  l iqu id  Sb c om plex ,  we o bse rved  tha t  

ac and dc m e a su re m e n t s  on the  Sb com plex  y ie lded  iden t ica l  r esu l t s .  This  i n ­

d ica tes  tha t  the re  is a s ign i f i can t  e l ec t ron ic  c o n t r ib u t io n  to the conduc t iv i ty .

In an a t t e m p t  to  d e t e r m i n e  w h e th e r  the  c o n d u c t io n  is ion ic  o r  e l e c ­

t ro n ic  in the  so l id  iod ine  c o m p le x e s ,  a f u r th e r  e l e c t r o c h e m ic a l  e x p e r i m e n t 29  

was performed.  The e lec trochemic a l  c e l l< l>  and cel l<2>,  shown below,  were 

p r e p a r e d  a n d  t h e i r  E M F s  w e r e  m e a s u r e d  as E j  a n d  E 2 , r e s p e c t i v e l y .  

Combining c e l l< l>  and cel l<2>,  we constructed cel l<3> whose EMF was deter­

mined as Eexp

Pt I Ag I Agl I R(I2)x I Pt 

Pt I Ag I Agl I R(I2)y I Pt 

Pt I Ag I Agl I R(I2)x I R(I2)y I Agl lAg I Pt

( x < y  )

By c o m p a r i n g  the  v a lu e  o f  EeXp with  (EJ -E 2 ), we can  d e t e rm in e  the

pe rcen tage  o f  the ionic  or  e l ec t ron ic  c o nduc t ion  in the com plexes .

C ons ide r  a v ir tua l  e l ec t ro ly s i s  re su l t ing  from the p as sage  o f  2 moles  of  

electrons through cel l<3> as follows.

F ig u re (4 .1 1 )  shows a t r a n s p o r t  p roces s  in a com plex  which  has 100%

elec t ron ic  conduc t ion .  On the le f t  s ide o f  the cel l ,  A g+ ions gain 2 moles  of

< 1>

< 2>

<3>
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2 e  => <=Ag+ r=> 2e=> r=> <=Ag+ 2e=*

Pt I Ag | Agl | R(I2 )x | R(I2 ) y | Agl | Ag | Pt

2Ag++2e = 2Ag 2Ag-2e = 2Ag+

y 8 R ( l 2 ) K + 2 r  - 2 '  = V s ^ ^ x - t f  1/ 8 R <I 2>y + 2 e  = V s R CI2>y-S + 2I

2 Agl + %  r « 2 > x  = Vs R <I2>x+5 + 2AS 2 A g + y 5  R ( I 2)y = 2 AgI + %  R(I2)y_6

'/s ■<-1/ 8 R <I2>y = ‘/ s ^ W  + 1/ s R (I2 ) y - 5

E e x p  _ -
A5G° = -  2FEe, ej Eele = En  - Ej = E exp> E ele =

Figure (4.11): 100% Electronic Conduction in Com plexes
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e l e c t ro n s  fo rm in g  Ag at the A g -A g I  in te r f ace .  I '  io ns  d i f f u s e  t h ro u g h  the

A g l  to  reac t  w ith  R ( l 2 ) x at the  A g l - R ( l 2 ) x in te r face .  2 m o les  o f  e l e c t ro n s  are

re leased  to the r ight  s ide o f  the cel l .  On the r ight ,  the Ag re leases  2 moles  o f

e l e c t r o n s  to fo rm  A g + ions  at the  A g -A g I  i n t e r f a c e  w h ic h ,  t h e n ,  d i f f u s e  

th r o u g h  the  A g l  and  c o m b in e  w i th  I" ions p ro d u ced  by R ( l 2 >y at  the  i n t e r ­

face o f  the two complexes.

The  above  ana lys i s  o f  the  t r an s p o r t  p ro cess  leads  to the fo l lo w in g  e x ­

press ion  for  the overal l  reac t ion  in cel l<3>:

Vs R d 2 >x + Vs R <I 2 )y = Vs R <I 2 >x+S + Vs R d 2 )y . 8  M-3’1*

w h e r e  8  is the change  in iod ine  conten t .  It is c lea r  tha t  E q . (4 .3 -1 )  is a c o m b i ­

na t ion  o f  the two cel l  reac t ions  whose  E M F ’s are r ep re s en ted  by E j  and E 2 . 

T h e re fo re ,  the o bse rved  E M F  for the com plexes  with  100% e le c t ro n ic  c o n d u c ­

tion, E e je , is equal to the difference in the E M F ’s of  ce l l< l>  and cell<2>:

Eele = e 2 -e 1 (4.3-2)

A mole  o f  iod ine  is t r a n s fe r re d  from R ( l 2 ) x to R ( l 2 ) y and  the  c o r r e ­

sp o n d in g  f ree  e n e rg y  is g ive n  by the equa t ion :

A6 G° = -2FEele (4.3-3)

In the case  o f  a 100% ionic conduc t ion  o f  com plexes  show n  in F igure  

(4.12),  no I 2  is t r a n s fe r re d  and the m e asu re d  EM F would  be zero ,  s ince no

f ree  e n e r g y  c h a n g e  o c c u r s .  T h e  t r a n s p o r t  p r o c e s s  is  m e re ly  a t r a n s f e r  o f  

Agl from the left side to the r ight side in cell<3>.

Thus ,  the exper imenta l  vo lt age  measured  for  cel l<3>,  E e x p, is a t t r ibu ted  

to the  e l e c t r o n i c  c o n d u c t io n  in the c o m p le x e s .  It  r e ad i ly  f o l l o w s  tha t  the 

f r a c t io n  o f  e l e c t r o n i c  c o n d u c t io n  in the o v e ra l l  c o n d u c t io n  m e c h a n i s m  can
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2 e  => <=Ag+ =>r =>r=> r=> <=Ag+ 2e=>

Pt I Ag | Agl | R(I2 ) x | R(I2 )y | Agl | Ag | Pt

2Ag++2e = 2Ag 2Ag-2e = 2Ag+

E

^ i o n  -  ® -  ^ e x p .

e x p  = Q 
E e i e

Figure (4.12): 100% Ionic Conduction in Complexes
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be expressed  by the rat io of  the measured  EM F,  Ee x p,  to the max im um  p o s s i ­

ble EMF, Ee je or  (E 2 - E j ) ,  w h i c h  is r e p r e s e n t e d  by  t h e  e l e c t r o n  t r a n s p o r t  

n u m b e r ,  t e j e :

tele = - J ^  = 1 to 0 (4.3-4)
Eele

We h ave  u sed  th i s  t e c h n iq u e  on the i o d i n e - t r i p h e n y l  c o m p le x e s .  The 

resu lt s  are p re sen te d  in Tab le (4 -V I) .  The  fac t  tha t  the va lue  o f  E e x p is very  

close to the Ee je va lue  in eac h  case ,  w i th in  e x p e r im e n ta l  e r ro r ,  is a good  e v i ­

dence  tha t  conduc t ion  in these  com plexes  is p r im ar i ly  e lec tron ic .
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TabI e(4-W> Compars ion  of  the exper imenta l  voltage,  Eexp.
and the calcu la ted volatage,  Eele.=( E l l - E j )

Complex ComPOsitionCx) EMFfmv’)______Eele/mvl Eexn.fmvl
Ph3 N(I2)x 3.0 667

1 . 0 655

4.5 675

Ph3P<I2)x 3.0 

0.85

2 . 0

640

582

628

58

46

60

47

ph3As(J2)x 4.0

2 . 0

672

641
31 31

p h3 Sb(I2)x 5.9(Liq.)

1.0(Sol.)

682

600
82 82

o
i S l  az)x

4.0

2 . 0  

1.5

6S2

670

658

1 2

1 2

1 2

1 1

1 . 8 681

0 . 6 621
60 61
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Clhaiptteir 5 IONIC DISSOCIATION MECHANISMS

IN ORGANIC SOLUTION

S e v e ra l  s p e c t ro s c o p i c  s tu d ie s  and c o n d u c t a n c e  m e a s u r e m e n t s 5 -6  h a v e  

d e m o n s t r a t e d  th a t  s i g n i f i c a n t  i o n i z a t i o n  o f  the  io d i n e  c o m p l e x e s  o f  t r i p h ­

enyl  g roup  VA com p o u n d s  and py r id ine  occurs  in p o la r  o rgan ic  so lvents .

In th i s  c h a p t e r ,  s e v e ra l  d i f f e r e n t  i o n i z a t i o n  m e c h a n i s m s  fo r  the  c o m ­

p le x e s  in l , 2 - d i c h l o r o e th a n e ( D C E )  are p ro p o sed ,  d ep en d in g  on the chem ica l  

n a t u r e  o f  the  o rg a n ic  m o l e c u le s  and  c o n c e n t r a t i o n  r a t io s  o f  the  r eac tan ts .  

M any  re a c t io n  s eq u en ce s  and io n iz a t io n  m e c h a n i s m s  were  c o n s id e re d .  Those  

p resen ted  here  were  found to be in bes t  accord  with  the exper im en ta l  data.

T he  te rm  “ n o m in a l  c o n c e n t r a t i o n ” u sed  in c o n n e c t i o n  w i th  I 2  PhgAs,  

P h 3 Sb, Py and TEAI refers  to the number  o f  moles added to a l i te r  o f  DCE so lu ­

t ion.  D is so c ia t io n  and in t e ra c t io n  in so lu t ion  are not  cons ide re d .  The  symbol 

used  fo r  n o m in a l  c o n c e n t r a t i o n s  is ‘c ’ as in c ( l 2 ) and  c ( P h 3 As).  The actual

c o n c e n t r a t i o n s  are shown in b racke ts  as in [I3‘ ] and [Ph 3 A sl 2 ].

§ . f  = l  H i g h  C o n c e n t r a t i o n  R a t i o s  of

Reaction Mechanism

The  fo l l o w i n g  r e a c t io n  s c h e m e  was  used  fo r  h ig h  c o n c e n t r a t i o n  ra t io s  

o f  iod ine  to o rgan ic  m o lecu le  in 1 ,2 -d ich lo roe thane .

I o d i n e  to  O r g a n i c  M o l e c u l e s

R + I 2  — > R I 2 (5-1)

r i 2  + i 2  ** R i + + 1 3 ' (5-2)

R I + + 2 I 2  <=* R I 2 2+ + I 3 ‘ (5-3)
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W e a s s u m e  th a t  the  a d d i t i o n  o f  t e t r a e t h y l a m m o n i u m  io d i d e  re s u l t s  

q u a n t i t a t iv e ly  in the  fo l l o w in g  reac t ion .

R in the  r e a c t io n s  r e p r e s e n t s  the  o rg a n ic  m o l e c u le .  W e  a s s u m e  tha t  reac t ion  

(5-1)  p ro c e e d s  co m p le te ly  to  the r igh t*  and th a t  su f f ic ie n t  t im e  has  e lapsed

so tha t  the  c om plex  p re s e n t  is the in n e r  co m p le x ,  R I +I", w h ich ,  fo r  c o n v e ­

n ience ,  we w r ite  as R I 2  The  ex ten t  to w h ich  r eac t io n s  (5 -2 )  and (5-3) p ro ­

ceed  to the  r igh t  dep en d s  on the  n a tu re  o f  the  o rgan ic  m o le c u le  and the  c o n ­

c e n t r a t i o n  rat io o f  the r eac tan ts .  It  would  be qu i te  c o m p l ic a te d  to q u a n t i t a ­

t ive ly  s tudy  all the eq u i l ib r i a  in th e se  i o n i z a t i o n  reac t ions ,  i f  the  sys tem  s i ­

m u l t a n e o u s l y  in v o lv ed  m ore  than  one  eq u i l ib r iu m .  F o r tu n a t e ly ,  the  E M F  and 

c o n d u c t iv i t y  da ta  o b ta in e d  in ou r  s tudy  sh o w  th a t ,  fo r  p y r id i n e  and tr iph -  

e n y la m in e ,  r eac t io n (5 -2 )  is the only  ionic d i s s o c ia t io n  reac t ion  o f  the iodine  

c o m p le x e s .  For  the o th e r  o rg an ic  m o le c u le s ,  s o lu t i o n s  w i th  s u f f i c i e n t ly  high  

c o n c e n t r a t i o n  ra t io s  o f  io d in e  to o rg a n ic  c o m p o u n d  can  be  p r e p a r e d  so tha t  

r e a c t io n (5 -2 )  e s s en t i a l ly  p ro c e e d s  to c o m p le t io n  and r e a c t io n (5 -3 )  b ecom es  

the  on ly  e q u i l i b r i u m  r e a c t io n  o p e ra t in g .

A fu r th e r  a s sum pt ion ,  tha t  c o n c e n t r a t io n s  can be  s u b s t i t u t e d  fo r  t h e r ­

m o d y n a m ic  ac t iv i t ie s ,  p e rm i t s  us to wri te  the  fo l l o w in g  ex p re s s io n s  fo r  the 

e q u i l i b r i u m  co n s tan t s .

I 2  + TEAI — > I 3‘ +TEA+ (5-4)

[RI2] [12
(5-5)

(5-6)
[ri+] [12]2

* : A d ispropor t ionation  constan t ,  K, for  I 3 '  = I2  + 1“ was r e p o r t e d 30 3’ in 

pyridine to be 1.25 X 10'^ M.
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Complexes  o f  the form R I+ h a v e  b e e n  p r o p o s e d  by  m a n y  in v e s t ig a t o r s .

A new complex ,  R I 2 2+, is be ing  p roposed  by us on the bas is  o f  the e x p e r i ­

m e n ta l  d a t a  to be p r e s e n t e d  b e lo w .  T h e  L e w is  s t r u c t u r e s  o f  the  io ns  are 

shown in F igure  (5.1) .

F o r  e lec t rochem ica l  cel ls  of  the type:

Pt I R, I2  II R,  I2» TEAII Pt (5-7)

(a) (b)

w h e re  t h e  n o m i n a l  c o n c e n t r a t i o n s  o f  R and  I 2  are the  sam e  o n  b o th  s ides  o f  

the  ce l l ,  we p ro p o s e  the fo l l o w in g  v i r tua l  e l e c t r o c h e m ic a l  r e a c t io n s  at the 

p la t in u m  e lec t rodes .

3 I 2 (a) + 2e = 2I3 - (a )  (5-8)

2 I 3 -(b) - 2e = 3I2 (b)  (5-9)

The  spec ie s  in so lu t ion  are in e q u i l ib r iu m ,  so the  cho ice  o f  e l ec t rode  

r e a c t io n s  is s o m e w h a t  a rb i t r a ry .  S p e c i e s  s h o u ld  be s e l e c t e d  w h ic h  are in

r e a s o n a b l y  h ig h  c o n c e n t r a t i o n  in the  s o lu t i o n  s uch  as I 2  and I3 ' .  The  selec­

t ion  o f  a d i f f e re n t  pa i r  o f  e l e c t ro d e  r eac t io n s  wil l  give  the sam e  resu l t s  as 

long  as they  are in accord  w i th  the e q u i l i b r i a  s p e c i f i e d  in r e a c t io n s  (5-2) 

and (5-3).

The EMF of such a cell is

e =_ e t  ln [ i j ( » > 1 W ) P  (5. 10)

2 F  [ l 3 ( b ) f [ l 2 ( a ) ] 3

The m a th e m a t ic a l  t r e a tm e n t  used  to ob ta in  va lues  for  K 2  and K 3  is dis­
cussed  in appendix A.
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( M = N, P, As or Sb. )

•  •
IS •  •

RI

2 +
• •  • •
I -----  I J

• •  • •

Figure (5.1): Lewis structures of the ions
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5 . 1 - 1  I o d in e  C o m p l e x e s  o f  P y r id in e  and T r i p h e n y l a m i n e

A s im p le ,  a p p r o x im a te  t r e a tm e n t  can  be p e r fo rm e d  u s in g  da ta  at h igh  

io d in e  c o n c e n t r a t i o n s  i f  t h e  on ly  e q u i l i b r i u m  re a c t io n  o f  im p o r t a n c e  is r e ­

ac t ion  (5 -2) .  S uch  a t r e a tm e n t  appears  to be a p p ro p r ia t e  f o r  p y r id in e  and 

t r i p h e n y la m in e - i o d in e  r eac t io n s .  I f  enough  TE A I  is added  on s ide  b in l ine-  

d ia g ra m  (5-7) ,  the a s s u m p t io n  can be m ade  tha t  r eac t ion  (5 -2 )  is c o m p le te ly

s u p p r e s s e d  and  th a t  the c o n c e n t r a t i o n  o f  I 3 '  on s ide b is the  n o m in a l  c o n ­

cen t ra t ion  o f  TE A I  accord ing  to reac t ion (5-4).  An approx im ate  form o f  e q u a ­

t ion (5-10) can then  be used.

w h e re  [ ^ ' ( a ) ]  is the c o n c e n t r a t i o n  o f  I 3 '  fo r  the in t r in s i c  d i s s o c i a t i o n  o f  the

complex  accord ing  to reac t ion  (5-2).

D a ta  o b ta in e d  fo r  p y r id i n e  and t r i p h e n y la m in e  at v a r io u s  io d in e  c o n ­

c e n t r a t i o n s  a re  s h o w n  in T a b l e  (5-1) and  T a b l e  (5 - I I I ) , r e s p e c t i v e l y .  F o r  

py r id ine  com plex ,  the d i s so c ia t io n  ca lcu la ted  u s in g  eq u a t io n  (5-11)  increases  

f rom 18 p e r  cen t  to 57 p e r  cen t  as we go from a c ^ )  /c (Py)  rat io o f  25 to 200. 

F o r  t r i p h e n y la m in e  c o m p lex ,  the d i s s o c ia t io n  inc reases  f rom 3.9 p e r  cen t  to 

56 p e r  cen t  as the c ( l 2 ) / c ( P h g N )  ratio goes from 10 to 150. In both  cases,  the 

da ta  be low  an iodine  to o rgan ic  molecu le  rat io o f  1 0 0  do no t  y ie ld  a cons tan t  

v a lu e  fo r  the  e q u i l i b r i u m  c o n s ta n t ,  K 2 . The  most  p robab le  reason  for  th is  is 

th a t  the  a s s u m p t io n  th a t  r e a c t io n  (5-1)  p ro c e e d s  al l the way  to the r igh t  is 

not  app l icab le  at  lower  rat ios.

In Tab le  (5-II)  and (5 - IV)  are E M F  da ta  on the in te rac t io n s  o f  iodine 

w i th  p y r id i n e  and  t r i p h e n y l a m i n e ,  r e s p e c t iv e l y ,  w h ich  w ere  used  to c a l c u ­

la te  the e q u i l ib r ium  co n s ta n t s  fo r  reac t ion  (5-2).  E q u a t io n s  (5 -2)  and (5-5) 

and the m a th e m a t ic a l  t r e a tm e n t  in A ppend ix  A1 were  u sed  in th is  ana lys is .  

By  c o m p u t e r  c a l c u l a t i o n ,  u s i n g  t r i a l  v a l u e s  o f  K 2  a n d  s u c c e s s i v e

(5-11)
F L1̂ ) !  F c(TEAl)



Table (5-1) Dependence of the ionic d issociation  of  the 
pyrid ine- iodine complex on the concentrat ions of  iodine

c(Py) = 1.00 x 10‘3  M, c(TEAI) = 3.00 x 10’3 M

c(I2) [I2]
c(Py) EMF (mv> c(Py)

25 72 .6  0 .18

50  59 .6  0 .29

75 54 .8  0 .35

100  48 .0  0 .46

2 0 0  —  0.57*

* This value was calculated from the data in Table (5-II).
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Table (5-II) EMF values for pyrid ine- iodine solution

at high iodine concentrations*

c(Py)  
(M x 103)

c(TEAI) 
(M x 103)

EMF exp. 
(mv)

EMF calc, 
(mv)

2 . 0 0 0 .4 0 0 7.5 6.7

2 . 0 0 1 .0 0 1 1 .6 11.1

2 . 0 0 1.40 15.5 15.1

2 . 0 0 2 . 0 0 25.2 25 .8

1 . 0 0 0 .4 0 0 10.9 10.7

1 .0 0 1 .0 0 21.5 22.3

1 . 0 0 1.40 26.1 2 8 .2

1 . 0 0 2 . 0 0 31.5 3 5 .4

* The nominal iodine  concentration in all these  measurements was  

0.200  M. The equilibrium constant, K^, used to calculate the EMF  

values was 3 .9  x 10"^.
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Table (5-III)

D e p e n d e n c e  o f  the io n ic  d i s s o c ia t i o n  o f  t r ip h e n y l a m in e -  

iodine complex on the concentrations of  iodine

c(Ph3 N) = 1.50 x 10‘3  M, c(TEAI) = 3.00 x 10"3  M

c(I2) [I_3]
c(Ph3N) EMF (mv) c(Ph3N )

10 100.9 0 .0 39

30 76.9 0 . 1 0

60 56.1 0 . 2 2

1 0 0 — 0.49*

150 — 0.56*

* This value was calculated from the data in Table ( 5 -IV).
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T a b le  (5 - IV )  E M F  v a lu e s  for  t r i p h e n y l a m i n e - i o d i n e  

s o l u t i o n s  a t  h ig h  io d in e  c o n c e n t r a t i o n s *

c(I2) 
(Mx 10)

1 . 5 0

1 . 5 0

1 . 5 0

1 . 5 0

2 . 2 5

2 . 2 5

c(TEAI)

( M x 1 0 3 )

0 . 4 5 5

0 . 8 3 3

1 . 1 5

1 . 4 3

1 . 5 0

3 . 0 0

EMF exp. 

(mv)

9 . 5

1 6 . 0

1 9 . 6

2 3 . 0

2 0 . 4

3 1 . 7

EMF calc, 

(mv)

9 . 3

1 5 . 5  

20.1

2 3 . 6

2 2 . 5

3 5 . 5

* The nominal Ph^N concentration in all these measurements was

1.50 x 10' 3  M. The equilibrium constant, K2 , used to calculate the 

EMF values was 4 .8  x 10"3 .
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app rox im at ions  (see A ppendix  A l ) ,  a va lue  o f  K 2  was  se lec ted  w hich  bes t  fit 

the exper im en ta l  EM F data.  The  va lue  se lec ted  fo r  py r id ine  was 3.9 x 10 '^  and

q
4.8 x 10" 0  for  t r ipheny lam ine .  On the bas is  o f  the sens i t iv i ty  o f  the ca lcu la ted

E M F  va lues  to the cho ice  o f  the e q u i l ib r ium  co n s tan t ,  the e r ro r  in K 2  and the 

o th e r  e q u i l ib r ium  cons tan ts  to be d i scussed  is e s t im a ted  to be w i th in  ± 5 0  per  

cent .

A ch e c k  on the v a l id i ty  o f  the  resu l t s  fo r  p y r id in e  p r e s e n t e d  in Tab le  

(5-1) and T ab le  (5- I I )  was  m a d e  by c o m p ar in g  the e lec t r i c a l  c o n d u c t iv i ty  o f  a

s o lu t io n  c o n t a in in g  nom ina l  c o n c e n t r a t i o n s  o f  2 .0  x 1 0 '^ M  I 2  and 1.0 x 10"^M

T E A I  with  the conduc t iv i ty  o f  a so lu t ion  with  nom ina l  c o n c e n t ra t i o n s  o f  2.0 x

10"^M I 2  and 1.0 x 10‘ ^M Py.  The  conduct iv i ty  values,  2.7 x 10“^ (o hm -c ra )"^

and 1.4 x 10‘^  ( o h m - c m ) ' ^  r e spec t ive ly ,  are shown in Tab le  (5-V) .  The  Ig"

c o n ce n t ra t io n s  for  the two so lu t ions  are c a lcu la ted  to  be  1.0 x 10“^ M and 0.57

x 10”J M respect ive ly  on the bas is  o f  equat ions  (5-4) and (5-2).  I f  we make  the

c rude  a s su m p t io n  tha t  the ion ic  co n d u c t iv i t i e s  o f  T E A + and P y l + are equa l ,

the ra t io  o f  the co n d u c t iv i t y  ra t io ,  0 .52 ,  is in r e a s o n ab le  ag re e m e n t  w i th  the 

conce n t ra t ion  rat io ,  0.57.

R e a s o n a b l e  a g r e e m e n t  was  al so  s h o w n  in  a s i m i l a r  c o m p a r i s o n  for  

t r i p h e n y la m in e - io d in e  com plex .  The resu l t s  are l i s t ed  in Tab le  (5 -V )  to be 

0.41 and  0 .4 9  fo r  the  ion  c o n c e n t r a t i o n  ra t io  and  e l e c t r i c a l  c o n d u c t i v i t y  

ra t io ,  respec t ive ly .

5 .1 -2  Io d in e  C o m p l e x e s  o f  T r i p h e n y l s t i b i n e ,  - a r s in e

and - p h o s p h in e

As we h a v e  d i s c u s s e d ,  fo r  p y r i d i n e  and t r i p h e n y l a m i n e ,  th e  a g ree
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Table (5-V)

Conductiv it ies  o f  solutions at high iodine concentrations

Compound c(R) c ^ )  conductivity [I3 “]

R M xlO^ Mx1 0^  (Q-cm)’1 x1 0 4 ( ratio) M x10^ (ratio)

Py 1.00 2 0 0  1.4 0 .57
0 .52  0.57

TEAI 1.00 2 0 0  2.7 1.00

Ph3 N 1.50 150  1.7 0 .7 4

0.41 0 .49
TEAI 1.50 150  4.1 1.50

Ph3 Sb 1.00 100  3.2 1 .19

1.07 1.19
TEAI 1.00 100  3.0 1 .00

Ph3 As 1.50 150 3.9 1 .92

0.93 1.28
TEAI 1.50 150 4.2  1.50

Ph3 P 1.50 75 3.7 1.56

0 .90  1.04
TEAI 1.50 75 4.1 1.50
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m e n t  b e tw e e n  the e x p e r i m e n t a l  E M F r ead in g s  and the  c a l c u l a t e d  EMF data in

T ab le  (5-I I)  and Tab le (5-IV)  shows tha t  the iodine  com plexes  are d is soc ia ted

into R I + and I 3 '  a c c o rd in g  to  reac t ion  (5-2).  H ow e ve r ,  the e x p e r im e n ta l  da ta

ob ta ined  fo r  iod ine  com plexes  o f  PhgSb,  Ph^As and PI1 3 P do no t  f it  this  one 

s tep  io n i z a t i o n  m ech an ism .

E x p e r im e n ta l  EM F da ta  fo r  t r ipheny l  g roup  VA co m p o u n d s  are p lo t ted  

a g a i n s t  t h e  m o l e  r a t i o  o f  i o d i n e  to  o r g a n i c  m o l e c u l e  in F i g u r e  ( 5 .2 ) .

C om pared  with  the  iodine  com plex  o f  PhgN, more  Ig" was p ro d u c e d  from the

com plexes  o f  PI1 3 P, Ph^As and PhgSb in acco rd  with  the  lo w e r  e x p e r im e n ta l  

values of the EMF.

The  r e m a r k a b le  d i f f e r e n c e  in b e h a v i o r  a l so  a p p e a r s  in th e  v a r i a t i o n  

in the e lec t r i ca l  c o n d u c t iv i ty .  As shown in F igu re  (5 .3 ) ,  the  co n d u c t iv i t i e s  of  

PI1 3 P, PI1 3 AS and P l ^ S b  d i f f e r  f rom tha t  o f  PI1 3 N, i n c re a s in g  s t e e p ly  with  in ­

c r e a s i n g  i o d i n e  c o n c e n t r a t i o n  and  th e n  r e a c h i n g  h o r i z o n t a l  p l a t e a u s  o f  

h ig h e r  c o n d u c t iv i t i e s  at m u c h  lo w e r  m o le  r a t io s  o f  (T h a t  the  P f ^ S b

cu rv e  p a r t s  f rom tha t  o f  PI1 3 P and PI1 3 AS in F igure (5.3)  is due to the lower 

c o n c e n t r a t i o n  o f  P l ^ S b . )  T h e  r ap id ly  in c re a s in g  and h ig h e r  c o n d u c t iv i t i e s  

o f  the iod ine  c om plexes  o f  P l ^ P ,  PI1 3 AS and P l ^ S b  may in d i c a te  e a s ie r  f o r ­

ma tion  o f  inne r  com plexes  and more  ex tens ive  d is soc ia t ion  o f  the complexes .

T h e re fo re ,  an ad d i t io n a l  io n iza t io n  s tep,  reac t ion  (5 -3 ) ,  w h ich  p o s t u ­

lates the ex i s t ence  o f  a new complex  ion, R l 2 ^+ , was invoked.  T he  a s sum p­

tions  were  m a de  tha t  r eac t ion  (5 -1) and reac t ion  (5-2)  p rocee d  c o m p le te ly  to 

the r ight  and tha t  the e q u i l ib r ium  p rocess  in reac t ion  (5-3) is in o p e ra t io n .  '

In T ab le  (VI) ,  (VII)  and (V III )  are EM F data  on the in t e rac t io n  b e ­

tw een  io d in e  and  P l ^ S b ,  PI1 3 AS and PI1 3 P w hich  were  used  to c a l c u la te  the 

e q u i l i b r i u m  c o n s t a n t ,  K 3 . E q u a t io n s  (5 -3)  and (5 -6 )  and the t r e a tm e n t  in 

A ppendix  A2 were  used in th is  analysis .  The va lues  o f  K 3  w h ich  b e s t  f i t  the
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Table (5-VI) EMF values for P i^ S b - io d in e  solutions

at high iodine concentrations*

C(I2 ) 

(Mx 10)

c(TEAI) 

(M x 103)

EMF exp. 

(mv)

EMF calc, 

(mv)

1 . 2 0 0 . 2 0 0 4.4 3.4
1 . 2 0 0 .5 0 0 8 .0 7.9
1 . 2 0 0 .7 0 0 1 0 .6 10.5
1 . 2 0 1 .0 0 13.9 14.1

1 . 0 0 0 . 2 0 0 4.1 3.6
1 . 0 0 0 .5 0 0 8.3 8.3
1 . 0 0 0 .7 0 0 10.9 11.1
1 .0 0 1 .0 0 14.8 14.8

0 .8 0 0 0 . 2 0 0 4.2 3.8
0 .8 0 0 0 .5 0 0 8.7 8 .8
0 .8 0 0 0 .7 0 0 11.9 11.7
0 .8 0 0 1 .0 0 15.5 15.5

0 .5 0 0 0 . 2 0 0 5.0 4.3
0 .5 0 0 0 .5 0 0 11.4 9.6
0 .5 0 0 0 .7 0 0 14.3 12.7
0 .5 0 0 1 .0 0 17.8 16.8

* The nominal Ph-jSb concentration in all these  measurements was

1.00 x 10‘3 M. The equilibrium constant, K3 , used to calculate the 

EMF values was 2 .9  x 10“^ M"^.
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T a b le  ( 5 -V I I )  E M F  v a lu e s  fo r  PI1 3 A s - io d in e  s o lu t io n s

at  h igh  io d in e  c o n c e n t r a t i o n s *

C(I2 ) 

(M x10)

c(TEAI)

( M x 103)

EMF exp. 

(mv)

EMF calc, 

(mv)

1.50 0 .5 0 0 5.4 5.2
1.50 0 .7 5 0 7.5 7.5
1.50 1.50 12.7 13.5
1.50 3 .00 22.7 22 .7

0 .9 0 0 0 .5 0 0 6 .2 6.1
0 .9 0 0 0 .7 5 0 9.0 8.7
0 .90 0 1.50 15.4 15.4
0 .9 0 0 3 .00 25.6 25 .2

0 .4 5 0 0 .5 0 0 7.0 6.9
0 .4 5 0 0 .7 5 0 9.8 9.8
0 .4 5 0 3 .00 17.6 17.0
0 .4 5 0 3 .00 29.8 27.3

* The nominal P h ^ A s  concentration in all these  measurements was

1.50 x 10"3 M. The equilibrium constant, K3 , used to calculate the 

EMF values was 3 .8  x 10-  ̂ wM.
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T a b le  ( 5 - V I I I )  E M F  v a lu e s  for  P h g P - i o d i n e  s o lu t io n s

at  h ig h  io d in e  c o n c e n t r a t i o n s *

C(I2 )

(M x 10"1)

c(TEAI) 

(M x 103 )

EMF exp. 

(mv)

EMF calc, 

(mv)

1.13 0 .5 0 0 7.0 6 .6
1.13 0 .7 5 0 8 .6 9.3
1.13 1.50 17.0 16.3
1.13 3 .00 26.5 26 .4

0 .75 0 .5 0 0 6 .8 7.0
0 .75 0 .7 5 0 9.4 9.9
0 .75 1.50 16.4 17.0
0 .75 3 .00 27.6 27.3

0 .38 0 .5 0 0 8.4 7.3
0 .38 0 .7 5 0 1 1 .0 10.3
0 .38 1.50 19.3 17.6
0 .38 3 .00 33.1 27 .9

* The nominal Ph-j P concentration in all these  measurements was

1.50 x 10 ' 3 M. The equilibrium constant, Kg, used to calculate the 

EMF values was 1.2  x 10"^ M"V
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data  were 2.9 x 10*^ M '* ,  3.8 x 10'^M"^ and 1.2 x 10‘^ M '^  r e s p e c t i v e l y  fo r

P h 3 Sb, P h 3As and P h 3P

EM F m e a su re m e n t s  were  al so made  fo r  so lu t ions  with  lo w er  c o n c e n ­

t r a t io n  ra t io s  o f  iod ine  to o rg an ic  m o lecu le s .  H o w e v e r ,  i t  was  found  tha t ,  

w h e n  the  n o m i n a l  c o n c e n t r a t i o n  r a t i o s  o f  io d i n e  to  o r g a n ic  m o l e c u l e  are 

sm al le r ,  a c o n s tan t  va lue  fo r  K 3  could  not  be ob ta ined .  Th is  may be because  

at lo w er  ra t io s  the a s s u m p t io n  tha t  r eac t ion  (5-2) p ro c e e d s  co m p le te ly  to the 

r ig h t  is no t  a pp l icab le .  Both  eq u i l ib r iu m  p ro c e s s e s  in r e a c t io n s  (5 -2)  and (5- 

3) may be in opera t ion .  As show n  in T ab le  (5 -V II I )  fo r  P h 3 P, fo r  in s tance ,  at 

a c o n ce n t ra t i o n  rat io o f  25,  the  ca lcu la ted  and ex per im en ta l  EM F data  start  to 

d iv e rg e .

A co m p a r i s o n  o f  c o n d u c t iv i t y  da ta  was  m ade  at h igh  c o n c e n t r a t i o n  r a ­

t ios of  I 2 /R  as shown in Tab le  (5-V).  The I 3" c o n c e n t r a t i o n  v a l u e s  w e re  c a l ­

cu l a te d  u s in g  the se lec ted  v a lu e s  o f  the e q u i l ib r iu m  c o n s ta n t ,  K3. The com ­

p a r i s o n  is m o re  c o m p le x  th a n  in the  case  o f  p y r i d i n e  and  t r i p h e n y l a m i n e  

b eca u se  o f  the  p re sen ce  o f  the two ion ic  spec ie s ,  P h 3 M I+ and  P h 3 M l 2 ^+. The

a g r e e m e n t  b e t w e e n  the c o n d u c t iv i t y  ra t io s  and  the I 3‘ c o n c e n t r a t i o n  r a t io s

is not  as good as in the case  o f  py r id ine  and P h 3N esp ec ia l ly  for  P h 3 As. The 

c o n d u c t iv i ty  data do,  at leas t  qua l i t a t ive ly ,  suppor t  the a s su m p t io n  tha t  the 

c o m p l e x e s  are  c o m p l e t e l y  i o n i z e d  at  t h e s e  h i g h  c o n c e n t r a t i o n  r a t i o s  o f  

iod ine  to organic  molecule .

We have  o b s e rv ed  tha t ,  at h igh  io d in e  c o n c e n t r a t i o n s ,  P h 3 Sb, P h 3As

and  P h 3P form the  P h 3 M l 2 ^+ ion as well  as the P h 3 M I+ ion  w h e re a s  Py and

P h 3N on ly  fo rm the P y l + ion. Some fac tors  tha t  may play a role in this  d i f ­

f e r e n c e  o f  b e h a v i o r  are the d i f f e r e n c e s  in m o l e c u l a r  g e o m e t r y  and  i o n i z a ­

t ion  ene rgy  and the p r e s e n c e  o f  em p ty  d o rb i t a l s  o f  f a i r l y  low en e rg y  in the
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p h o s p h o r u s ,  a r s e n i c  and  a n t im o n y  a to m s  w h ic h  can  r e s u l t  in b a c k b o n d i n g .  

In n i t r o g e n ,  the  p o s s i b i l i t y  o f  the  d - o r b i t a l  p a r t i c i p a t i o n  in  the  a c t iv a t e d  

complex does not  ex ist . (§. 2 -2 )

$.§■>2 H i g h  C o n c e n t r a t i o n  R a t i o s  o f  

O r g a n i c  M o l e c u l e s  to  I o d i n e

React ion Mechanism s

The  fo l lo w in g  r e a c t io n  s c h e m e  was  u sed  fo r  h igh  c o n c e n t r a t i o n  ra t io s  

o f  o rgan ic  m o lecu le  to iod ine  in 1 ,2 -d ich lo roe thane .

R + I 2  — > R I 2  (5-1)

R I 2  R I + + I* (5-12)

R e a c t io n  (5-1) p ro cee d s  c o m p le te ly  to the r ight ,  as e v i d e n c e d  by the 

a b s e n c e  o f  the  I 2  a b s o rp t io n  band  (at  about  500  nm )  in the U V -v i s ib le  s p e c ­

trum.  T h e  e x p re s s io n  fo r  the eq u i l ib r iu m  c o n s ta n t  c o r r e s p o n d in g  to reac t ion  

(5-12) is

K = [ - 1  H i !  (5-13)
[RI2]

F o r  e l e c t ro c h e m ic a l  ce l l s  o f  the type  in l in e -d ia g ra m  (5 -7 ) ,  we p r o ­

pose  the fo l low ing  e lec t rode  reac t ions

R I +(a) + 2e = R(a) + I" (a)  (5-14)

R(b) + I ' (b )  -2e = RI+(b )  (5-15)

The express ion for the cell EMF is

F _ RT ,n [ R ( a ) ] [ r ( a ) ] [ R I +(b)] ,
i F l n [R (b ) ] [ , ( b ) ] [R I* < a ) ]  <5' I6)
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The  m a th e m a t ic a l  t r e a tm e n t  used  to ob ta in  v a lues  fo r  K j 2  is d iscussed  

in appendix B.

5 .2-1  I o d in e  C o m p le x e s  o f  T r i p h e n y l a r s i n e  and  

T r i p h e n y l p h o s p h i n e

A p rev ious  s tu d y 6  on the  p y r id i n e - io d in e  s y s t e m  by  A ro n so n  et  al i n ­

d ic a ted  tha t  at h igh  c o n c e n t r a t io n  ra t io  o f  p y r id in e  to iod ine  the  com plex  is 

d is soc ia ted  by the reac t ion:

This  does  not  a p p e a r  to be  the case  for  the iod ine  co m p le x e s  o f  Ph^As,  P h 3P 

and  P h 3Sb on the b as i s  o f  o u r  e l e c t ro c h e m ic a l  d a t a  and s p e c t ro p h o to m e t r i c  

s tudy.  In the case  o f  PhgAs and PhgP, r eac t ions  (5-1) and (5 -12)  are in best  

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

ra t io  o f  the o rgan ic  m o lecu le s  to iodine .  In the case  o f  P h 3 Sb, the e l e c t r o ­

chem ica l  da ta  o b ta in e d  c o u ld  no t  be f i t ted  with  any s im p le  m e c h a n i s m  and 

wil l  not  be d i scussed  fu r ther  in this  thesis .

T r i p h e n y l p h o s p h i n e  and  t r i p h e n y l a r s i n e  in 1 , 2 - d i c h l o r o e t h a n e  show  

UV absorp t ion  bands  at 291 nm and 293 nm ,respec t ive ly .  On add i t ion  o f  i o ­

d ine  to the  t r i p h e n y l  c o m p o u n d ,  the so lu t io n  tu rns  y e l lo w  and tw o  fa i r ly  i n ­

te nse  b a n d s  at ab o u t  290 nm and 365 nm are o b s e rv e d  w h ich  are c h a r a c t e r i s ­

t ic o f  the t r i io d id e  ion.  The  in tens i t i e s  o f  the  I 3‘ bands  w ere  found  to d e ­

c r e a s e  as the c o n c e n t r a t i o n  ra t io s  o f  P h 3P and P h 3As to I2  inc reased  as is 

show n  in F ig u re s  (5 .4 )  and (5 .5 ) .  T hese  r e s u l t s  can  be  in t e rp r e te d  in te rm s  o f  

the fo l low ing  scheme:

2 R I 2 = R 2 I + + I3 ' (5-17)

(5-1)

r i 2  ^  r i + + r (5-12)

R I + + 2r I 3 '  + R (5-18)
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The  h ig h e r  the  c o n c e n t r a t i o n  o f  the  o r g a n ic  m o l e c u le  in the s o lu t io n ,  

the m ore  reac t ion  (5 -18)  wou ld  proceed  to the lef t,  so tha t  less  1 3 “ is observed  

in the U V -v i s ib le  spec t rum .  We al so o bse rved  the e q u i l ib r iu m  p ro c e s s  o f  re ­

ac t ion  (5 -18) by add ing  I" in to  P h g A s - ^  so lu t ion ,  1 3 " a b s o r b a n c e s  i n c r e a s e d

i m m e d i a t e l y  then  d e c r e a s e d  w i th  t im e ,  p a r t i c u l a r l y  w hen  the P l ^ A s  c o n c e n ­

t r a t io n  was  s u f f ic ie n t ly  high.

At PI1 3 P to I2  c o n c e n t r a t i o n  ra t ios  o f  10 and above ,  the s o lu t io n  b e ­

cam e  c o lo r l e s s  very  soon  a f t e r  add ing  I 2  to PI1 3 P and no 1 3 " was  observed

s p e c t r o p h o t o m e t r i c a l l y  i n d i c a t i n g  the a b s e n c e  o f  1 3 ". In the case  o f  P l^ A s ,

w h e n  the  c o n c e n t r a t i o n  ra t io  w en t  up to 500  or  h ig h e r ,  the  I 3 '  a b s o r p t i o n

bands  d i s a p p e a re d  a f te r  the so lu t io n  reac h ed  e q u i l ib r iu m  in a bou t  a w eek  as 

d e t e r m i n e d  by c o n d u c t iv i t y  m e a s u r e m e n t s  and the  s o lu t i o n  tu r n i n g  c o l o r ­

le ss .  A p ro b a b le  reason  fo r  th i s  d i f f e r e n c e  o f  b e h a v i o r  is tha t  the p h o s p h o ­

rus  c o m p o u n d  fo rm s  a s t r o n g e r  b o n d  w i th  i o d i n e  t h a n  th e  a r s e n i c  c o m ­

pound .  E q u i l ib r iu m  r e a c t i o n ( 5 - l 8 ) m ore  read i ly  to p ro c e e d s  to the r igh t  i f  

the bond be tw een  the o rgan ic  m olecu le  and iod ine  is weaker .

E lec t roc hem ic a l  m easu re m en ts  were  made on the co lor less  so lu t ions  at 

h igh  c o n c e n t r a t i o n  ra t io s  o f  o rg a n ic  m o le c u le  to iod ine .  D a ta  o b ta in e d  on 

PI1 3 AS-I2  and  PI1 3 P - I 2  so lu t ions  are shown in Tab le  (5-IX) and Tab le  (5-X),  

r e spec t ive ly .  E qua t ions  (5 -12)  and (5-13)  and the t r e a tm e n t  in A ppend ix  B 

w ere  used  to ob ta in  a va lue  fo r  the e q u i l ib r iu m  cons tan t ,  K ^ .  The va lues  se­

lec ted  were  2.4 x 1 0 '^ M  and 2.2 x 1 0 '^ M  f o r  t r i p h e n y l a r s i n e  and  t r i p h ­

e n y l p h o s p h i n e ,  r e s p e c t i v e l y .  A c o m p a r i s o n  o f  c o n d u c t i v i t y  d a t a  w i th  I 2 - 

TEAI solut ions  was again made  as shown in table (5-XI).  The 1 3 " c o n c e n t r a ­

t ion rat ios,  0.13 for  P l ^ A s  and 0.38 for Ph^P,  are r ea s o n ab ly  c lose  to the ir  

conduct iv i ty  rat ios,  0.12 and 0.50 respectively.
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4 . 0 0 0 0

3.2088

2.4000  

ABS 

1.6080

0.0000
288 .0  258.8 308 .0  350.«  468.8 450.0  5 00 .0  558 .0

m

 ,
688.8

Figure (5 .4) .  UV-vis ib le  spectrum of  Ph^P + I2 in 1 ,2-dichloroethane



85

4.0000 i

3.2800
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Mole rat ios o f  P l ^ A s  to I2  

/
• \/ /  \

/ /IB: 1 \ \

W7 S7\ \\ 
. _ /  100: l \  ;

{ C(I2) = 2.0 X 10*4 M }

0 .0000  1--------------1------------j------------ :-------------1------------ 1----------- :--------- — 1------------1

208.8 258.0 308.8 350.0 488.0 458.0 500.8 558.8 608.0
NH

Figure (5.5): UV -v is ib le  spectrum o f  PI13AS + I2  in 1 ,2 -d ic h loroe th a n e
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Table (5-IX)

EMF values for P hjA s- iod ine  solutions  

at high concentrations of  Ph^As*

c(Ph3 As)

(M)

c(I2 ) 

(M x 103)

c(TEAI) 

(M x 103)

EMF exp. 

(mv)

EMF calc, 

(mv)

0 .5 0 0 1 .0 0 0 .6 0 0 36.5 36.7
0 .5 0 0 1 . 0 0 0 .9 0 0 48.6 46 .0
0 .5 0 0 1 . 0 0 1.80 64.1 63 .0
0 .5 0 0 1 . 0 0 3.00 75.0 7 5 .9

0 .3 5 0 0 .5 0 0 1 .0 0 58.1 57.1
0 .3 5 0 0 .5 0 0 2 . 0 0 73.3 74.5
0 .3 5 0 0 .5 0 0 3 .00 82.6 84.8

* The equilibrium constant, K ^ .  used to calculate the EMF values  

was 2 .4  x 10"® M.



87

Table (5-X)

EMF values for Ph^P-iodine solutions  

at high concentrations of  Ph^P*

c(Ph3 P) 

(M x 102)

c (I2 )

(M x 103)

c(TEAI) 

(M x 103)

EMF exp. 

(mv)

EMF calc, 

(mv)

1 .0 0 1 .0 0 0 . 1 0 0 3.4 3.3
1 . 0 0 1 .0 0 0 .4 0 0 1 2 .0 12 .1
1 . 0 0 1 . 0 0 0 .7 0 0 19.1 19.3
1 . 0 0 1 .0 0 1 .0 0 24.6 25 .2

2 . 0 0 1 .0 0 0 .1 8 2 6.1 5.9
2 . 0 0 1 .0 0 0 .4 6 2 13.3 13.7
2 . 0 0 1 .0 0 0.571 16.2 16.4
2 . 0 0 1 .0 0 0 .7 5 0 2 1 . 2 20 .4

* The equilibrium constant, K j 2 * used to calculate the EMF values  

was 2 .2 4  x 10“4  M.
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Table (5-XI)

Conductivit ies  of  solutions  
at high concentrat ions of  organic compounds

Compound

R

c(R)

Mx10

c(I2 )

Mx103

Conductivity

(Q-cm)'1x104 ( rati°)

[I“]

Mx103 (ratio)

PI13 As 5 .00 1 . 0 0 0.30 0 . 1 2

TEAI 5 .00
0.13

2.4 1 . 0 0
0 . 1 2

P h3 P 1 .0 0 1 . 0 0 1.2 0 .38

TEAI 1 .0 0
0 .50

2.4 1 . 0 0
0.38
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5 .2 -2  I o d i n e  C o m p l e x e s  o f  T r i p h e n y l a m i n e

At h ig h  c o n c e n t r a t i o n s  o f  o r g a n i c  m o l e c u l e s ,  the  b e h a v i o r  o f  the  

t r i p h e n y la m in e - i o d in e  com plex  was al so  found to be quit e  d i f f e re n t  from the 

t r i p h e n y l p h o s p h i n e  and t r i p h e n y l a r s i n e - i o d i n e  c o m p le x e s .

On add i t ion  o f  I 2  i n t o  a c o l o r l e s s  t r i p h e n y l a m i n e  s o l u t i o n  in 1,2-

d i c h l o r o e t h a n e ,  the  s o lu t i o n  tu rn s  r e d - b r o w n  and 1 3 " is p roduced ,  as e v i ­

d e n c e  by the  p r e s e n c e  o f  I 3 '  a b s o rp t io n  b and  in the  U V - v i s i b l e  s pec t rum .  

H o w e v e r ,  as the  c o n c e n t r a t i o n  ra t io  o f  PI1 3 N and I 2  i n c re a s e d ,  as  s how n  in 

F ig u re  (5 .6 ) ,  the ab s o rp t io n  by 1 3 " inc re ased ,  in s te ad  o f  d e c r e a s i n g  as in the

case  o f  PI1 3 P and PI1 3 AS. In ten s iv e  I 3 '  a b s o rp t io n  b a n d s  w ere  o b s e r v e d  for

the s o lu t ion  with  c o n c e n t r a t i o n  ra t ios  o f  PI1 3 N to I2  up to 1000. Consequently,  

we can ex c lu d e  the p o s s ib i l i ty  o f  reac t ion  (5 -18)  be ing  one  o f  the e q u i l i b r i ­

um re a c t io n  to form 1 3 ". R eac t ion  (5-17) ,  which  was  found to be the io n i z a ­

t ion  r e a c t io n  fo r  the  P y - l 2  co m p le x ,  m ay  occu r  fo r  the  PI1 3 N -I 2  com plexes  at 

h ig h  c o n c e n t r a t i o n  ra t io s  o f  PI1 3 N to I2 .

The  fa c t  tha t  r e a c t io n  (5 -18)  does  no t  o c c u r  for  PI1 3 N q u a l i t a t i v e l y  

s h o w s  t h a t  P l ^ N  fo rm s  the  w e a k e s t  b o n d s  w i th  I 2  a m o n g  t h e  t r i p h e n y l  

group VA compounds .

M o r e o v e r ,  we fo u n d  tha t  the d i s s o c i a t i o n  m e c h a n i s m  fo r  the t r i p h ­

e n y l a m i n e - i o d i n e  co m p le x  is no t  the same as tha t  fo r  the p y r i d i n e - i o d i n e  

c o m p lex  in which  r eac t ion  (5 -17)  is the  only  io n iza t io n  reac t ion  o f  the c o m ­

plex .  The t r e a tm e n t  used  fo r  the P y - l 2  s y s t e m 6  does not  fit the EM F data for 

the iod ine  c o m p lex  o f  PI1 3 N. P re s u m a b ly ,  r e ac t io n  (5 -12) ,  w h ich  occu rs  at 

h ig h  c o n c e n t r a t i o n  r a t io s  o f  ^ / P l ^ N ,  also occurs  at low c o n ce n t ra t i o n  ra­

t ios.  Q u a n t i t a t i v e  resu l t s  w ere  not  ob ta ined  from the E M F data  o f  PI1 3 N -I 2  

com plex  at h igh  c o n ce n t ra t io n  ra t ios  o f  P l ^ N  to I2 .
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It  was  noted  tha t ,  when concen t ra t ion  ra t ios  o f  PhgN to I2  in c reased  to 

10:1 or  h ig h e r ,  the s o lu t i o n  tu rn e d  g reen .  Th is  was  n o t  o b s e r v e d  fo r  the 

o the r  o rgan ic  com pounds .  M oreove r ,  when we added  T E A I  to the green so lu ­

t ion,  it tu rned  back  to an o ran g e  b row n  co lor .  A change  was  al so  o bse rved  in 

the U V -v i s ib le  spec t rum ,  F igu re  (5.7) .  It seems p o s s ib le  tha t  the g reen  co lor

has  some re la t ion  to the com plex  ion,  R 2 I*  F u r th e r  i n v e s t i g a t io n  is n e c e s ­

sa ry  to o b t a in  f u r t h e r  i n f o r m a t i o n  a b o u t  the  io d i n e  c o m p l e x  o f  t r i p h e n y ­

la m ine  at  h ig h  c o n c e n t r a t i o n s  o f  PhgN.
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V: U8ER882 ; aE®c 888.8- 280.8; Pt8 881; ini 1.88; orsl 8.8789-5.8888; A 
inf: 11:49:43 89/18/23
6.0888

4.8880 4

3.6000 ■ 
ABS

2.4080

1.2800 J

380.0 480.8 508.0 600.8 708.8
Nil

F i g u r e  ( 5 . 6 )  : U V - v i s i b l e  s p e c t r a  o f  FhjN + I2 :
  : 4 x1 0"3 M P h j N ,  4x10-4 M I 2 ;
 : 4 x 1 0"4 M P h j N , 4x10*4 M I2 ;
 : 4x10*4 M P h 3 N.
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o.ODCO.

3.60CO
A8S

2.4000 -

0 . 0 0 0 0  1- 
200.0 300.0 500.0 600.0 700.0 500.0

F ig u re  ( 5 . 7 )  : U V - v i s i b l e  s p e c t r a  o f  Ph3N-I2 sy s t em:
  :- 4x10 "2M Ph3 N, 4 x l 0 -< M I2
  : 4x10 ”2M Ph3 N , 4x10'*- M I2 , 4x1 0'4M TEAI.
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Cltajptteir 6 .  3 ! P NMR MEASUREMENTS OF PlhgP-12 COMPLEXES

T h e  i n t e r a c t i o n  o f  i o d i n e  w i t h  t r i p h e n y l p h o s p h i n e  in  1 , 2 -

d ic h lo r o e th a n e  was  s tud ied  u s in g  3 *P NMR. A l th o u g h  a th e o re t i c a l  t r e a tm e n t

o f  the  b e h a v i o r  o f  p h o s p h o ru s  c o m p o u n d s  on  the  bas is  o f  c h e m ic a l  sh i f t s  is 

qu i t e  c o m p l e x 32, c h e m i c a l  s h i f t s  can  be h e l p f u l  in i d e n t i f y i n g  p a r t i c u l a r  

p h o s p h o r u s  c o m p o u n d s .

S ince  the  s en s i t iv i ty  at a g iven  f ie ld  s t r en g th  o f  the  3 *P nuc leus  is

only 6 .63% o f  tha t  of  an equ im olar  am ount o f  hydrogen  beca use  o f  the s m a l l ­

er  m a g n e t i c  m o m e n t 33 , we p repa red  the N M R  sam ples  to be as con ce n t ra te d  

as poss ib le .  H ow ever ,  the c o n ce n t ra t i o n  o f  the sam ples  is l im i ted  by the s o l ­

ub i l i ty  o f  iod ine  in 1 ,2 -d ich lo ro e th a n e .

3 ^P N M R  spec t ra  were  m e asu re d  fo r  so lu t io n s  w ith  d i f f e r e n t  mole  r a ­

t io s  o f  io d in e  to t r i p h e n y lp h o s p h in e  in o rd e r  to d e t e rm in e  the  3 *P c h e m ica l

shif ts  o f  the d if fe ren t  forms o f  the iod ine complexes .

The  s p e c t r a  ob ta ined  in th is  s tudy  ap p ea r  as a se r ies  o f  sharp  s igna ls  

s h o w in g  the e f f e c t s  o f  c h em ica l  sh i f t s .  The  s igna l  n a r r o w in g  was  ach ieved  

by b r o a d b a n d  p ro ton  d e c o u p l in g  and the gain  in s ig n a l - t o - n o i s e  ra t io  was 

o b ta in e d ,  as need e d ,  by spec t r a l  a c c u m u la t io n  u s in g  F o u r i e r  t r a n s fo rm  t e c h ­

n ique s .  T h e  c h em ica l  sh if t  da ta  are all in the form o f  p a r t s  p e r  m i l l i o n  from 

85% aqueous  p h osphor ic  acid,  which  is the ex te rna l  r e fe rence  s tandard .

T r i p h e n y l p h o s p h i n e  in 1, 2 - d i c h l o r o e t h a n e  was  i d e n t i f i e d  by a h ig h -  

f ield signal  at -4 ±  1 ppm, as shown in F igure  (6 .1) .  A cco rd ing  to Grim and 

M c F a r l a n e ’s em p i r ica l  e q u a t io n s 34, the c h e m ic a l  sh i f t  o f  t r i p h e n y lp h o s p h in e  

is calculated to be - 8  ppm.

T he  in t e n s i ty  o f  the PhgP  peak  d ec reased  when a smal l  am oun t  o f  io ­

d i n e  w a s  a d d e d  i n t o  t h e  t r i p h e n y l p h o s p h i n e  s o l u t i o n .  In  a d d i t i o n ,  a



F i g u r e ( 6 . 1 ) :  31 P NMR spectrum ( 101 . 2  MHZ) o f  Ph3P in  1,2-DCE
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r e s o n a n c e  s igna l  at l o w - f i e ld  s t r en g th  was  obse rved .  F o r  e x am p le ,  as shown 

in F igu re  (6 .2) ,  at an I 2  to Ph^P  rat io of  1 to 5, a s ignal  at 38 ppm occurred  in 

add i t ion  to the signal  at -4 ppm. We assume tha t  the signal  at 38 ppm is due to 

the f o rm a t io n  o f  an iod ine  c om plex .  As the  io d in e  c o n c e n t r a t i o n  inc reased ,  

the  s igna l  was  found  to sh i f t  tow ard  lo w er  f ie ld  s t r en g th s ,  ev e n tu a l ly  a t t a in ­

ing a cons tan t  value  of  57 ppm.

At a c o n c e n t r a t i o n  ra t io  o f  I 2  to PhgP c lose  to 1, the neg a t iv e  c h e m i ­

cal  sh i f t  a t t r ib u ted  to PhgP d isappeared .  In addi t ion  to the s ignal  at a low- 

f ie ld  s t r eng th  o f  38-57  ppm,  a new re sonance  s igna l  at 1 3 + 2  ppm appea red

(F ig u re  (6 .3 ) ) .  As the  io d in e  c o n c e n t r a t i o n  in c re a s ed ,  th is  ^ l p  N M R signal

b e c a m e  s t ro n g e r ,  w he reas  the  s igna l  at 38-57  ppm be c a m e  w e a k e r ,  as shown 

in spec tra (a) and (b) o f  F igure (6.3).

On the bas is  o f  the reac t ion  m e c h a n i s m s  p ro p o s e d  in sec t ion  5, r e a c ­

t ions  (5-1) and (5-2) ,  the above  ^ P  N M R sp e c t ro s c o p ic  resu l t s  can be in t e r ­

p re ted  by a s su m in g  tha t  the low -f ie ld  signal  at 38-57  ppm is due  to the iodine 

c om plex  and the s igna l  at 13 ppm resu l t s  f rom the fo rm a t io n  o f  the  iodine

com plex  ca t ion ,  PhgPI"*".

Th i s  in t e rp r e t a t i o n  is al so  s u p p o r ted  by the  r e su l t s  o f  the fo l low ing  

31p NMR measurements .  0 .05M TEAI was added to a solution with 0 .05M PhgP

and 0 .25M  I 2 . A c c o r d i n g  to r e a c t i o n  ( 5 - 2 ) ,  the  c o n c e n t r a t i o n  o f  P h ^ P I 4-

s h o u ld  d e c r e a s e  and  the  c o n c e n t r a t i o n  o f  P h ^ P ^  shou ld  inc rease .  The ^ l p

NM R sp ec t r a  in F ig u re  (6 .4)  show a dec re a se  in the s igna l  at  55 ppm and an 

inc rease  in the signal  at 13 ppm.

Since  no ionic  c o m p le x e s  are fo rm ed  in n o n p o la r  so lv en t s ,  we should  

see on ly  the u n io n iz e d  c o m p lex  when iod ine  and  PhgP are d i s so lved  in c a r ­

bo n  t e t r a c h l o r i d e .  O u r  ^ P  N M R  m e a s u r e m e n t s  on c a r b o n  t e t r a c h l o r i d e
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Figure (6 .2) :  31 P NMR spectrum of0.05M Ph5P and0.01M I2 in 1,2-DCE
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Figure  ( 6 . 3 )  : 31 P NMR s p e c t r a  o f  ( a ) . 0 . 0 5 M Ph3 P, 0.08M I2 ;
and ( b ) .  0 . 0 5 MP h 3P. 0.10M Ia inl ,Z-DCE.
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Figure  ( 6 . 4 ) :  31 P NMR s p e c t r a  of  ( a) : 0 .05M Ph3P.0.25M I2 ;

and (b)  : 0. 05M Ph3 P , 0 .  25M I2 and 0. 05M TEAI i n  1 , 2 -DCE.
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s o l u t i o n s  o f  io d i n e  and t r i p h e n y l p h o s p h i n e  s h o w e d  th a t  on ly  a l o w - f i e l d  

shift  of  4 5 + 5  ppm o c c u r r e d  (F igu re  (6 .5 ) ) ,  thus  r e in fo rc in g  the va l id i t y  of  

ou r  a s s u m p t io n  tha t  the s h i f t  to th i s  reg ion  is due to the u n io n i z e d  iodine  

complex.

A v a r i a t io n  o f  a few ppm  in the chem ica l  sh i f t  on the same c om pound  

is qui te  com m on in a 3 *P N M R  m e asu re m en t ,  due to the p rec i s io n  o f  the m e a ­

s u r e m e n t s  w i th  an e x t e r n a l  r e f e r e n c e  s t a n d a r d 35. H ow ever ,  the sh if t  in s ig ­

nal  f rom 38 ppm to 57 ppm as the  co n c e n t ra t i o n  ra t io  o f  iod ine  to PhgP was 

inc re ased  is too  la rge  to a t t r ib u te  to e x p e r im en ta l  v a r i a t io n  on a s ing le  c o m ­

pound ,  in th is  case ,  P h g P - ^ .  We sugges t  tha t  poss ib ly  tha t  a chem ica l  e x ­

c h an g e  m e c h a n i s m  is invo lved .

The  chem ica l  sh if t  v a lu es  are p lo t t e d  ag a in s t  the c o n c e n t r a t i o n  o f  i o ­

dine in F igu re  ( 6 . 6 ). As we m e n t io n e d  above,  when  I 2  is added  to the PhgP 

so lu t ion ,  the s igna l  at 38 ppm is sh if ted  to low er  f ield  s trengths  to a l imit  o f  

about  57 ppm. A poss ib le  exp lana t ion  o f  this  is tha t  the in i t ia l  s ignal  at 38 

ppm ar ises  from the iod ine  c o m p lex ,  ( P h g P ^ ^ .  w h ich  o c c u r s  at h ig h  PhgP 

to I 2  c o n c e n t r a t i o n  r a t i o s ,  and the sh i f t  at 57 ppm is for  the  com plex ,  P h g P ^ ,  

w h ich  o ccu r s  at low PhgP to I 2  c o n c e n t r a t i o n  r a t io s .  The  e x c h a n g e  r e a c t io n s  

w h ich  a pp ly  are PI1 3 P I 2  + PI1 3 P s f P h g P ^ ^  and ( P h g P ^ ^  + I2  = 2  P h g P ^ .

A c c o rd in g  to the r e a c t io n  m e ch an is m  su m m a r iz e d  in re a c t io n s  (5.1) ,

(5.2) and (5.3), P h g P ^ ^ 4" shou ld  be p roduced  at h igh  iod ine concen t ra t ions .  A

94-s ig n a l  fo r  PI1 3 P I 2  has not  been  obse rved .  The  p ro b a b le  reason  fo r  this  is 

th a t  the c o n c e n t r a t i o n  o f  P h g P ^ ^ i s  not  h igh  e n o u g h  to p ro d u c e  a m e a s u r ­

able  r e s o n a n c e  s ig n a l ,  the  h i g h e s t  c o n c e n t r a t i o n  o f  Ph^P\^+ p roduced  e x ­

p e r im en ta l ly  was  ca lcu la ted  to be 0 .002M  which  is p robab ly  not  obse rv ab le  

by 31P NMR.
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C
he

m
ic

al
 s

hi
ft 

(p
pm

)

101

60

50 -

40 -

30

Q c(PhjP) = 0.05 M

I i » i i 11 i i I i i » rT| i i i i i i i i
.01 .1.001

C oncentration o f Iodine (M)

Figure(6.6): Variation of chemical shift with iodine concentration



1 0 2

ApipxenndlSx A



103

M athem at ica l  T rea tments  for  the Ca lcu la t ion  o f  Equ i l ib r ium  Constants  

at High Iod ine  C o ncen t ra t ions

T he  fo l l o w in g  m a th e m a t ic a l  t r e a tm e n ts  w ere  m a d e  to ob ta in  v a lues  fo r  the 

e q u i l ib r iu m  c o n s ta n t s  at h igh  iod ine  c o n c e n t r a t io n s .

HI) High iod ine  con ce n t ra t io n s  with  equa t ion  (5 -2) as the only

In  th i s  c ase ,  the io d in e  c o n c e n t r a t i o n  is so h ig h  tha t  r e a c t io n  (5-1) 

goes  c o m p le t e ly  to the r ig h t  and e q u a t io n s  (5-2) and (5-5) are the p r im ary  

equat ions.  For  s ide (a) o f  l ine-diagram (5-7) (no added TEAI),  we have

[R I+] =  [I3 -]  =  x ;  [RI2 ] =  c ( R ) - x  

[I2 ] = c(I2 ) - c(R) - x 

T h e  e x p re s s io n  fo r  the e q u i l i b r i u m  c o n s ta n t ,  K 2 , in equa t ion  (5 -5)  becom e

re l e v a n t  e q u i l i b r i u m  r e ac t io n :

K2  = (5-19)
(c(O) - x)-(c(I2 ) - c(O) - x)

For  side (b) of  l ine-d iagram (5-7) (TEAI added),  we have

[RI+] = y ; [I3-] = y + c(TEAI)

[RI2] = c(R) - y ; [I2] = c(I2) - y - c(TEAI) - c(R)

The  express ion  for  K 2  be c o m e s

K2  = y(y + c(t e a i )) (5-20)
(c(O) - y)-(c(I2 ) - c(O) - y - c(TEAI))

The  e l ec t ro ch e m ic a l  equa t ion  (5-10) becom es

E = — ET in x (c ( I2 ) - y - c(TEAI ) ) 3 / 2

F (y + c(TEAI)) (c(I2 ) - c(O) - x) 3 / 2

(5-21)
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Using  equa t ions  (5-19) ,  (5-20) and (5-21) ,  va lues  for x, y and K 2  can  be c a l ­

culated for  each pair  of  EMF and c(TEAI)  values.

A 2 )  High iodine  c o n ce n t ra t io n s  with  equa t ion  (5-3) as the re levan t

e q u i l i b r i u m  r e ac t io n :

In th is  case,  we a s su m e  tha t  reac t ion  (5-2) also p roceeds  com ple te ly  to 

the r ight .  So equa t ions  (5-3) and (5-6) are the pr im ary  equat ions .

For  side (a) o f  l ine -diagram (5-7), we have

[R I2 +] = x ; [I3-] = c(R) + x

[RI+] = c(R) - x ; [I2 ] = c(I2) - 2c(R) - 2x » c ( I 2) -2c(R)

The  ex p re s s io n  for  the equ i l ib r ium  cons tan t ,  K 3 , in equat ion  (5-6) becomes

K3  = --------- gl?(P) I t *)------------- (5-22)
(c(O) - x) (c ( l 2 ) - 2 c(0 ))

F o r  side (b)  of  l ine-d iagram (5-7), we have

[RI22+] = y ; [I3 -] = c(R) + y + c(TEAI)

[RI+] = c(R) - y ; [I2 ] * c ( I 2) - 2c(R) - c(TEAI)

The express ion  for  K 3  b e c o m e s

K3   ________y(c(Q) + y + c(TEAI))________
(c(O) - y) (c(I2 ) - c(O) - y - c(TEAI))

The e lec t ro ch e m ic a l  equa t ion  (5-10)  becom es
f *

e _ _ R T  ln(c(Q) + x)-(c(I2 ) - 2c(Q) - c(TEAI ) ) 3 7 2  ( 5  24)

F (c(O) + y + c(TEAI)) (c ( I 2 )  - c(0 ) ) 3 / 2

Using  equa t ions  (5-22) ,  (5 -23)  and (5-24) ,  va lues  for x, y and K 3  can be c a l ­

culated for  each pa ir  o f  EMF and c(TEAI) values.
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M athem at ica l  T rea tm en ts  for  the Calcu la t ion  o f  E qu i l ib r ium  Cons tants  

at High Concen t ra t ions  o f  Organ ic  M olecules

T he  fo l l o w in g  m a th e m a t ic a l  t r e a tm e n t s  were  m a d e  to o b ta in  v a lu es  fo r  the 

e q u i l ib r iu m  c o n s ta n t s  at h igh  c o n c e n t r a t io n s  o f  o rg an ic  m o lecu le s .

In th is  case,  equa t ions  (5-12)  and (5-13)  are the p r im ary  equat ions .

For  side (a) o f  l ine-d iagram (5-7),  we have

[I-] = [RI+] = x ;  [RI2 ] = c(I2 ) - x

The  ex p re s s io n  for  the equ i l ib r ium  cons tan t ,  K j 2, becomes

K i 2  = ---- ^ -------------------- (5-25)
c(l2) - x

For side (b) o f  l ine-diagram (5-7) (TEAI added),  we have 

[RI+] = y ;  [I" ] = y + c(TEAI)

[RI2] = c(I2 ) - y ; [R(a)] — [R(b) ]

The  express ion  for  K j 2  b ecom es

Ki2 = y -fr  +  C(TEAI)) (5-26)
c(i2) - y

The  e l e c t ro ch e m ic a l  equa t ion  (5-16)  becom es

E=— S T  in Y  (5-27)
2F y + c(TEAI)

A va lue  for  y is ca lcu la ted  from each  expe r im en ta l  E M F  value .  The  e q u i l i b r i ­

um cons tan t ,  K j 2 , is, then  ca lcu la ted  us ing equat ion  (5-26).



IB II IB L U ©  ( S E A M Y



108

1 Cowan,  D. O. ; Wlygul, F. M. ; “The Organic Solid State”, Special Report in

C&E News. July 21, 1986, 29

2  Bhat, S. N. ; Rao, C. N. R. ; J. Am. Chem. Soc.. 8 8 , (1966), 3216—3218.

3 Bao, C. N. R. ; Bhaskar, K. R. ; Bhat, S. N. ; Singh, S.; J. Inorg. Nucl.  Chem. 28.

(1966), 1915 to 1925.

4  Sahai, R. ; Pande, P.C. ; Singh, V. ; Indian. J. Chem. 18A, (1979), 217 to 220.

5 Beveridge, A. D. ; Harris, G. S. ; J. Chem. Soc. ('19641 6076.

6 Aronson, S. ; Wilensky, S. B. ; Yeh, T. I. ; Degraff, D. ; Wieder, G. M. ; Can. J. Chem.

64,  (1986), 2060.

7 Okamoto, Y. ; Brenner, W. ; “ O rgan ic  S e m ic o n d u c to r s ” . . R e in h o ld  P u b l i s h in g

Corporpation,  New York,  (1964).

8 Berveridge, A. D. ; Harris, G. S. ; Inglis, F. J. Chem. Soc. CAl. (1966), 520.

9  Cotton, F. A. ; Kibala, P. A. ; J. Am. Chem. Soc. 109  (1987), 3308.

10 Euler, W. E. ; Melton, M. E. ; Hoffman, B. W. ; J. Am. Chem. Soc. 1 0 4 .  (1982), 5966.

11 Perissinotti,  L. ; Franco, J. I. ; Walsoe de Reca, N. E. ; Solid State Ionics 9 / 1 0 ,

(1983), 453.

12 Aronson, S. ; Wilensky, S. ; Jawitz, K. ; Teoh, H. ; P o l y m e r  27 .  (1986), 101.

13 Franco, J. I. ; Perissinotti, L. ; Walsoe de Reca, N. E. ; Solid State Ionics 15 .  (1985),

101, 95

14 Mulliken, R. S. ; Person, W. B. ; “ M olecu la r  Com plexes  — A le c tu re  and reprint

v o l u m e ” J. Wiley, New York. (1969) 266-287, 147, 354-356

15 Cotton, F. A. ; Wilkinson, G. ; “A d v a n c e d  In o rg a n ic  C h e m i s t r y ” . Wiley, New York.

(1980).

16 Andrew, E. R., N u c le a r  M agne t i c  R e s o n a n c e . Univ. Press: Cambridge,  1955

17 Gerenstein, D. G., Ed. “Phospho rus -31  NMR P r inc ip le s  and A p p l i c a t i o n s ”

Academic Press: New York,  1984.



109

1 8  Allerhand, A. ; Gutowsky,  H.S. ; Jonas, J.; J. Am. Chem. Soc.. 8 8 . (1966), 3185

1 9  Gutowsky, H. S. ; Holm, C. H. ; J. Chem. Phvs. 25 ,  (1956), 1688.

2 0  Hannay, N. B.; “ So lid -S ta te  C hem is t ry” . Prentice-Hall ,  Inc. , Englewood  Cliffs,

New Jersey. (1967)

21 Mott, N. F.; “ Organ ic  Liquid  S e m ic o n d u c t ro s ” Phil,  May,  24,1.(1971)

2 2  Van der Pauw, L. J. ; Ph i l ip s  R e s e a rc h  R e p o r t s . 13,  No.l ,  (1958), 1-9

2 3  Van der Pauw, L. J. ; P h i l ip s  T ec hn ica l  R e v i e w . 2 0 ,  (1958-1959),  220-224

2 4  Aronson, S. ; Liss, A. ; Hirsh, R. ; J. Chem. Phvs. 6 6 , No.2. (1977), 877.

2 5  Wagner, C. “ T he rm odynam ics  o f  A l lo y s ” Addison-Wes ley  Pub l ish ing  Co. ,  Inc.

2 6  Daly, J. J. : J. Chem. Soc. 10 .  (1964), 3799

2 7  Soboley, A. N. ; J. Oreanometa l  Chem. 1 7 9 .  (1979), 153-157

2 8  Mente, D. C. ; Mills, J. L. ; Inorg.  Chem . 14,  (1975), 123

2 9  Degraff, D. ; “T herm odynam ic  Stabi l i ty  and E lec tr ica l  Conduc t iv i ty  o f  Halogen

Complexes of  Organic Solids — A Ph.D. Disserat ion” . The  City Uniersi ty 

of  New York. (1987)

3 0  Nigretto, J. M. ; Jozefowicz, M. ; E lec troch im .  A c ta . 19,  (1974), 809.

31 Aronson, S. ; Epstein, P. ; Aronson, D. B. ; Wieder, G. ; J. Phvs. Chem. 8 6 . (1982),

1035

3 2  Muller, N. ; Lauterbur,  P. C. ; Goldenson, J. ; J. Chem. Phvs . . 78.('19551. 3557-3561

3 3 Jones, R. A. Y. ; Katritzky, A. R. ; Angew. Chem. internat .  E d i t . . 1, No. 1, (1962),

32-40.

34 Grim, S. O.; McFarlane, W. N a t u r e . (London),  2 0 8 ,  (1965), 995.

3 5  Verkade, J. G. ; Quin, L. D. “Methods in Stereochemical  Analysis  V o l . 8  —

Phosphorus -31  NMR S pec t ro scopy  in S te reochem ica l  A n a ly s i s ” .

VCH Publishers, Inc., Deerfield Beach,  Florida.  (1987), 96, 89


