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ABSTRACT

THERMODYNAMIC STABILITY AND ELECTRICAL CONDUCTIVITY OF 

HALOGEN COMPLEXES OF ORGANIC SOLIDS

by

DARNEL DEGRAFF 

ADVISOR: PROFESSOR SEYMOUR ARONSON

By means of a solid s t a t e  electrochemical te ch n iq u e ,  we have 

m easured  th e  Gibbs  f r e e  e n e r g y  of formation fo r  a num ber  of charge-  

t r a n s f e r  complexes of n i t r o g en -b e a r in g  polymers and polycyclic 

compounds with molecular  iodine o r  bromine.  T he  polymers s tudied  

a re :  an il ine  b lack(A B) ,  p a ra cy a n o g en ( P c y ) ,

2 -po ly v in y lp y r id in e (  P V P ) , c y c l i zed -po lyac ry lon i t r i le (C -P A N ) , and 

polyquinoxaline .  T h e  polycycl ic compounds comprise  a n th racen e ,  

phenaz ine ,  p h en o th iaz in e ,  p h e n a n th r id in e ,  1 , 10-phenan th ro l ine ,  

th i a n th r e n e ,  7 ,8 -b en zo q u in o l in e ,  indazole,  benzotr iazole ,  

benzothiodiazole,  benzimidazole ,  and  p h e n a n th r e n e .

The  Emf d a ta  were ob ta ined  us ing  solid s ta t e  electrochemical 

cells of t h e  ty p e :

( - )  P t /  A g / A g l / l 2( P ) / P t (  + )



w here  l 2 (P) r e p re s e n t s  e i th e r  p u r e  solid iodine o r  th e  iodine

complexed with t h e  o rgan ic  solid,  P. T h e  re su l t s  indicate t h a t

chemical bonding  between iodine and  t h e  o rgan ic  solids is weak.

Bonding with bromine is s t r o n g e r .

T h e  electrica l  conductiv it ie s  of t h e s e  complexes were  also

m easu red  us ing  t h e  Van d e r  Pauw f o u r - p r o b e  te chn ique .  The

conduct iv i t ie s  were  found to be in th e  semiconduct ing  range  of 10 ^ 

-2 -1to 10 (ohm cm) with a s t ro n g  d e p en d e n c e  on th e  halogen con ten t .

Electrochemical exper im ents  were  pe r fo rm ed  which dem onst ra te  

t h a t  conduct ion  in t h e s e  systems is pr im ari ly  e lec tronic .
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CHAPTER 1 

INTRODUCTION

1
Since 1950, when Mulliken s u g g e s t e d  t h a t  t h e  in tense

c h a r a c te r i s t i c  a b so rp t io n  in t h e  n e a r  u l t r a -v io le t  of a solution of

iodine in b enzene  may be due  to  in te rm olecu lar  c h a r g e  t r a n s f e r

between a d o n o r ( b e n z e n e )  and  an a c c e p t o r ( i o d i n e ) , i n t e r e s t  in the

sub jec t  of molecular complexes has  g r e a t l y  i n c re a se d .  Most of the
2 3s tud ies  done in th i s  a r e a  have  been in solution ' . It was not until 

r e cen t ly  t h a t  s c ien t i s t s  began  to  show i n t e r e s t  in molecular complex 

formation in t f e  solid s t a t e .
4

One of t h e  most  in te re s t in g  and  technologica l ly  promising

p ro p e r t i e s  of solid o rg a n ic  c h a r g e  t r a n s f e r  complexes  is t h e  abil i ty to

sus ta in  e lectrical  conduc t ion .  Possible  app l ica t ions  for organic

c o n d u c to r s  a re  well known.  These  inc lude ,  to  name a few, u sage  as

ca thodes  in s o l id - s ta te  pacemaker  power  cel ls ,  photovol ta ic  devices

and  p r e s s u r e  t r a n s d u c e r s .  Despite  some p rac t ica l  problems,

con d u c t in g  o rgan ic  complexes have  p e r s i s t e n t l y  been  viewed as
5potentia l  rep lacements  f o r  materia ls  in s h o r t  s u p p ly  . It is however 

im por tant to poin t  o u t  t h a t  desp i te  t h e  rap id  pace  of exper imenta l  

developments  in t h e  field of o rg an ic  sem iconduc to rs ,  complete 

theore t ica l  u n d e r s t a n d i n g  re g a rd in g  t r a n s p o r t  p ro p e r t i e s  and 

p red ic t ion  of new c o n d u c t in g  systems is lack ing .
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In o u r  invest igation  of o rgan ic  complex sys tem s ,  o u r  e f fo r t  was 

g e a red  tow ard  d iscove r ing  new organ ic  molecules and  polymers 

capable  of forming complexes with iodine o r  bromine and  evalua t ing  

t h e i r  thermodynamic  s tab i l i ty  and  electr ical  cond u c t iv i ty .
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CHAPTER 2 

EXPERIMENTAL METHODS

2.1 Chemicals

A n th ra c en e ,  p h enaz ine ,  p h en o th iaz in e ,  p h e n a n th r id in e ,

1 , 2 ,4 ,5 - t e t r a m in o b e n z e n e  t e t r a h y d r o c h l o r i d e ,  2 ,5 - d i h y d r o x y -

benzoqu inone ,  t h i a n t h r e n e ,  1 , 1 0 -p h e n a n th ro l in e ,  7 ,8 -benzoqu ino l ine ,  

indazole ,  benzo tr iazo le ,  p h e n a n t h r e n e ,  benzimidazole,  and  

benzothiodiazole  w ere  p u r c h a se d  in t h e  h ig h e s t  commercial g r a d e s  

avai lable  from Aldrich Chemical Co. of Milwawkee, Wisconsin.

Labora tory  g r a d e  resublimed iodine and  s i lve r  * iodide were  

ob ta ined  from l- isher Scienti f ic  Company in Fair  Lawn, New J e r s e y ;  

and  bromine from J . T .  Baker  Chemical Co. in Ph i l l ip sburg ,  NJ. 

S ilver  powder  and  s i lv e r  bromide w ere  p u r c h a s e d  in high p u r i t y  from 

Johnson  Matthey Inc.  Seabrook ,  New Hampshire .  Sp-1 g r a d e  

g r a p h i t e  powder  was ob ta ined  from T h e  National Carbon Co. (Union 

C a r b i d e ) .

Aniline b lack (AB) was s y n th e s i z e d  by  t h e  oxidation of anil ine
g

h y droch lo r ide  in aq u eo u s  KCI03 . 15 g ram s  of aniline h yd roch lo r ide

was d isso lved  in 100 ml of w a te r  an d  a d d e d  slowly to 100 ml of a hot 

aqueous  solution of 1M KCI03 con ta in in g  100 mg of CuCI2 . T h e  

m ix tu re  was s t i r r e d  a t  th e  boiling t e m p e r a t u r e  f o r  90 minutes .  T he  

c r u d e  material  was f i l t e red  and  w ashed  s ev e ra l  t imes with hot w a te r .  

A f te r  d r y in g  a t  105°C, th e  p r o d u c t  was e x t r a c t e d  with b enzene  in a
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S oxh le t ' s  a p p a r a tu s  f o r  48 to  60 h o u r s .  The  black r e s id u e  was d r ied  

in vacuum a t  room t e m p e r a t u r e  fo r  a minimum of 24 ho u rs .

Paracyanogen  (P cy )  was p r e p a r e d  by  th e  polymerization of 

m e rc u r ic  cyan ide  in vacuum .  About 5 grams of H g (C N )2 was placed 

in a b o t t l e - sh a p ed  g la ss  t u b e .  At f i r s t ,  as in r e fe re n ce  (7 ) ,  th e  

t u b e  was e v acu a ted ,  sea led and  heated  to 440°C. But u n fo r tu n a te ly ,  

a f t e r  a couple  of h o u r s ,  t h e  t u b e  s h a t t e r e d .  This  explosion was 

p r o b a b ly  d u e  to p r e s s u r e  buil t  up  from insuff ic ien t  evacua t ion  a n d / o r  

t h e  v a p o r  p r e s s u r e  of m ercu ry  which formed as a p r o d u c t .  To avoid 

th i s  problem, we hea ted  th e  sys tem u n d e r  pumping vacuum fo r  24 

h o u r s .  T h e  m ercu ry  metal was collected in a d r y  ice-ace tone  t r a p .  A 

d a r k - b r o w n ,  f luf fy  p r o d u c t  was reco v e red  from th e  react ion tu b e .

Polyquinoxal ine was p r e p a r e d  in accord  with r e f e re n ce  (8) as 

follow: to  a po lyphosphor ic  acid solution p r e p a r e d  from 31 grams of 

p h o s p h o r u s  pen tox ide  and  35 g rams of phosphor ic  acid was added 

0 .5776 grams of 1 , 2 ,4 ,5 - t e t r a m in o b e n z e n e  t e t r a h y d r o c h lo r id e  disso lved 

in 5 g ram s  of pho sp h o r ic  acid .  T he  te m p e ra tu re  of t h e  m ix tu re  was 

ra i sed  to  140°C to  allow complete d isplacement of HCI. When th e  

evolu tion of gas  c ea sed ,  0.2803 grams of 2 , 5 - d i h y d r o x y - p -  

ben zoqu inone  d is so lved  in 5 grams of phosphor ic  acid was added  to 

t h e  reaction m ix tu re .  T h e  t e m p e r a t u r e  of t h e  react ion m ix tu re  was 

ra i sed  to  180°C and  t h e  reaction allowed to p roceed  fo r  6 h o u rs .  At 

t h e  conclus ion of t h e  react ion ,  t h e  cooled reaction m ix tu re  was added
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slowly to  500 ml of w a te r .  The  fine ly  d iv ided  b lack prec ip i ta te  was 

w ashed  twice with 50 ml of w a te r ,  t h r e e  times with 50 ml portions of 

a 15% ammonium ca rb o n a te  solution and  finally  twice with 50 ml of 

w a te r .  T h e  polymer was d r ied  a t  180°C in vacuum o v e r  phosphorus  

pen tox ide .

2 -p o ly v in y lp y r id in e  (2-PVP) an d  cyc l ized-po lyacry lon i t r i le  (c-
5

PAN) were  avai lable  from prev ious  w ork  in o u r  l abo ra to ry  .

2 .2  l 2 o r  B r 2 Vapor  Absorp t ion

Since t h e  feasib il i ty  of th is  w ork  is b ased  on th e  abili ty of th e  

o rg an ic  solids to  re a c t  with th e  ha logen ,  p re l im inary  exper iments  

were  cond u c ted  to  see  w h e th e r  the  o rg a n ic  s u b s t a n c e s  a re  capable of 

a b so r b in g  iodine o r  bromine.  We u sed  th e  a p p a r a t u s  depic ted  in 

F igu re  (1) below. A weighed sample of t h e  s u b s t a n c e  of in te re s t  is 

p laced in a vial above  a suff ic ien t  amount of solid iodine. The  

sys tem  is ev acu a ted  an d  left in an oven fo r  48 ho u rs  a t  90°C. The 

only co n tac t  between t h e  two s u b s t a n c e s  o c cu r s  th r o u g h  th e  iodine 

v a p o r .  T h e  amount of iodine a b so r b e d  by  t h e  organ ic  solid is 

ca lcu la ted  by  weigh t  d i f f e rence .

Specific  12 to  o rgan ic  s u b s ta n c e  mole ra tios  were  p re p a red  by 

mixing a p p r o p r i a t e  amounts  of th e  ha logen and  o rgan ic  s u b s tan ce  in 

an e v ac u a ted  and  sea led g lass  t u b e .  T h e  sample mix ture  was 

annea led  a t  90°C fo r  48 h ou rs .
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c

s to p co ck

'sam p le  to be ha logenated

Iodine or Bromine

F igu re  1. A p p a ra tu s  used fo r  l2 or  B r 2 v ap o r  ab so rp t io n .
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The  a p p a r a tu s  in F igure  (1) was also used fo r  bromine 

absorp t ion  b u t  at  room t e m p e r a t u r e ,  since th e  v ap o r  p r e s s u r e  of 

bromine is suff ic iently  high a t  t h a t  t e m p e ra tu re .  To ob ta ined  specific 

bromine to o rgan ic  su b s ta n c e  mole ra t ios ,  t h e  reaction was s to pped  at  

calcula ted time in te rva ls  and t h e  sample mix ture  was weighed.  Those  

s u b s ta n c e s  which e i t h e r  did not t ak e  up iodine o r  formed mushy o r  

l iquid solutions were  not useful  a n d ,  th e re fo re ,  were  not f u r t h e r  

inves t iga ted .  T h ese  were  7 ,8 -benzoqu ino l ine ,  indazole,  p h e n a n th r e n e  

and benzothiodiazole.

2 .3  A p p a ra tu s

T he  in f r a r ed  s p ec t ra  were  obta ined  on po tass ium bromide 

pelle ts  us ing a Perk in-Elmer  model 267 in f ra red  sp ec t ro m e te r .

Electrical conduc t iv i ty  m easurem ents  on t h e  iodine complexes
10 11w ere  made by  th e  f o u r  p robe  Van d e r  Pauw tech n iq u e  ' . Samples

w ere  p r e s s e d  a t  18,000 atm. p r e s s u r e  using a 30 ton pellet  p r e s s  

Model M-30. T h e  pel le ts  w e re  in th e  form of d iscs  of uniform 

th i c k n e s s ,  0.1 cm, and  1 .3  cm in diameter .  The  conduct iv i ty  

a p p a r a t u s  used is shown in F igu re  (2 ) .  T he  pellet  is symetrical ly  

p laced u n d e r  t h e  f o u r  th in  p la t inum-coa ted  copper  p ro b e s ,  w here  

con tac t  is made a t  t h e  p e r i p h e r y .  C u r r e n t s  rang ing  from 0.1 to  50 

microamperes were  p a s s e d  t h r o u g h  poin ts  ( a ) - ( b )  us ing  a power 

s u p p ly  Model 5005T from Power Designs  In c . ,  W es tbu ry ,  NY. The



c o r re sp o n d in g  vo l tages  were m easured  a t  ( c ) - ( d )  with a Keithley 

Model 160 digital  mult imeter.  An addit ional Keithley multimeter (A) 

was pu t  in the  c i r cu i t  to measure  the  c u r r e n t  at (A).  The 

conduct iv i ty  o, was ca lcu la ted  by the  following re la t ionsh ip ,

o = ( l n 2 / t u ) ( l / V )  (1)

w here  V and I a re  t h e  measured  vo l tage  and c u r r e n t  re spec t ive ly ,  

and  t  is the  pellet  t h i c k n e s s .

po we r
supply

Sample

Figure  2. A s k e tch  of the  a p p a r a t u s  u sed  for  conduct iv i ty  

measurements  of th e  l 2 complexes.
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The  co nduc t iv i ty  of t h e  bromine complexes  was calcula ted  from 

equation (2) below by  measur ing  th e  r e s i s t a n c e ,  R, of rod -shaped  

pelle ts ,  p r e s s e d  in a P a r r  pelle t  p r e s s ,  0 .25  cm in diameter ,  us ing  a 

Keithley Model 160 digital  multimeter and  t h e  a p p a r a tu s  shown in 

F igure  (3 ) .

o = ( L / A H 1 / R )  (2)

L and A a re  t h e  length  and  c ro ss - sec t io n a l  area  of t h e  pellet ,  

r e spec t ive ly .

Pt foi l g l a s s  tubing

w i r e  p e l l e t  s a m p l e

Figu re  3. A s ch e tch  of the  a p p a r a t u s  u sed  to  measure  the  

co n d u c t iv i ty  of th e  B r 2 complexes.
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T h e  exper imental  facil i t ies avai lable  did not permit  t h e  

application of t h e  Van d e r  Pauw method fo r  t h e  conduct iv i ty  

measurements  of t h e  complexes of bromine.  At t h e  high p r e s s u r e  

r e q u i r e d  fo r  p ro d u c in g  su i tab le  pe l le ts ,  bromine was released 

s ign i f ican t ly ,  chang ing  th e  bromine co n ten t  of th e  pe lle ts .

For t h e  Emf m easurem ents ,  t h e  cell was p r e p a r e d  as follows:

us ing  a P a r r  pellet  p r e s s ,  a layer  of t h e  a p p r o p r i a t e  e lec t ro ly te  was

com pressed  on top of an a l ready  p r e s s e d  s i lve r  powder  d isc  in a

c y l in d e r  of 0 .6  cm in bo re  d iameter  a n d  finally the  complex,

uniformly mixed with g r a p h i t e ,  was com pressed  on top of t h e

e lec t ro ly te  layer .  G raph i te  in t h e  ca thode  s e r v e s  as an ine r t

e lec tr ica lly  conduc t ing  medium. However,  t h e  bromine complexes
12were  not mixed with g ra p h i t e  d u e  to poss ib le  reaction of t h e  two . 

F igu re  (4 ) ,  below, shows a schematic  of t h e  cell used  fo r  t h e  Emf 

m easurements  made a t  room t e m p e r a t u r e  with a Keithley 160 digital 

mul timete r.  Readings  on a g iven  sample were  con t inued  fo r  about  20 

minutes  unti l a s t e a d y  va lue was re a c h e d .  It was noted t h a t  fo r  t h e  

sys tems  with limited iodine so lubil i ty ,  i . e .  th o se  which formed two- 

p h ase  reg ions ,  an equil ibrium Emf value was quickly  reached within 

t h e  f i r s t  two minutes  of t h e  m easurem ent  and  remained s tead y .  

However,  those  systems which formed a continuum of solid solutions 

showed l a r g e r  Emf f luc tua t ions  and  t h u s  took longer  before  a s teady  

Emf value  was reached .  T he  Emf values  were  rep roduc ib le  within ±10 

mv fo r  d i f f e r e n t  ba tches  of samples of t h e  same composit ion.
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P t

Me)

pt

Figure 4. Cell for  electrochemical measurements  on solid samples
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2.4 Analysis and Characterization

Elemental analys is  of aniline black was per form ed  by  the  

Swarzkoff Microanalytical  Labora tory  of Woodside,  NY. The  

composition was found  to co r re spond  to th e  monomeric formula

c i 2h 8n j . g.

In f ra red  ana lys is  of a powder sample of anil ine  black in KBr

showed the  following absorp t ion  peaks  at 1595, 1500, 1300, 1150, and

800 cm . T h ese  va lues  a re  in good agreem ent  with those  obta ined 
6by Langer who p ro p o sed  the  s t r u c t u r e  shown in F igu re  (5 ) .  T he  

IR spec trum of anil ine  black is shown in Appendix  A.

n

Figure  5. S t r u c t u r e  of anil ine black
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The  IR spec t rum  of p a racyanogen  (A ppendix  A) showed one 

broad  absorp t ion  peak c e n te re d  at  1540 cm \  This  absorp t ion  

f r e q u e n c y  is cons is ten t  with a completely con juga ted  double  bond 

system having  the  s t r u c t u r e ^  shown in F igure  (6) .

F igure  6. S t r u c t u r e  of p a racyanogen
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The polymer,  polyquinoxaline  (PQX), was h a rd  and  b r i t t l e .  

T h u s ,  we were  unable  to make th e  KBr-pe l le t  samples n e c e s sa ry  for
g

t h e  IR ana lys is .  The  s t r u c t u r e  of PQX is shown in F igure  (7 ) .

As Pcy and  PQX were  found to ab so rb  only neglig ib le  amounts 

of iodine or  bromine,  they  were  no longer  of i n t e r e s t  to us .  We 

t h e r e f o r e  omitted t h e  analys is  of t h e i r  elemental composi t ions .

©cb:i
H. n

Figure  7. S t r u c t u r e  of polyquinoxaline
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CHAPTER 3 

THERMODYNAMIC STABILITY

3.1 Iodine Complexes

Emf da ta  on t h e  iodine complexes and  p u r e  iodine w ere  obta ined  

a t  room te m p e r a t u r e  on electrochemical solid s t a t e  cells of th e  ty p e :

12Cs) in (2) r e f e r s  to p u r e  solid iodine and  P ( 12 )^ in (1) 

r e p r e s e n t s  iodine complexed in v a ry in g  amount,  o, with th e  organic  

solid,  P, u n d e r  s t u d y .  We assume electrochemical reve rs ib i l i ty  and 

t h e  following cell reac t ions :

( - ) P t / A g / A g l / P ( l 2)a/ P t (  + ) ( 1)

( - )  P t / A g / A g l / 1 2 ( s ) / P t ( * ) ( 2 )

2Ag + ( 1 / 6 ) P ( I 2) = 2Agl + ( 1 / 6 ) P ( I 2) . ( l a )a a - 0

2Ag + 12 (s )  = 2Agl (2a)
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w here  react ions  ( l a )  and (2a) c o r r e sp o n d  to  cells (1) and (2) 

r e spec t ive ly .  S ub t rac t ion  of equat ion ( l a )  from (2a) g ives :

l2 (s) + ( 1 / 6 ) P ( I2) . = ( 1 / 6 ) P ( I 2) (3)a - o  a

w here  6 is infinitesimally small, and  th e  co n cen t ra t ion  change  is, 

t h e r e f o r e ,  negl ig ib le .

Accord ing to equation (3),  a mole of p u r e  solid iodine with 

molar f r ee  e n e r g y  G° is t r a n s f e r r e d  to an iodine complex solution to 

form a mole of complex with an iodine part ia l  molar f r e e  en e rg y  G. 

Th u s  , on t h e  basis  of s t a n d a rd  thermodynamic  re la t ionsh ips ,  it 

follows t h a t  t h e  re la t ive  partial  molar f r ee  e n e r g y  of iodine,  G - G°, 

can be  e x p r e s s e d  as ,

G - G° = nF(E-E°)  = R T In (a /a ° )  (4)

w here  t h e  te rm  on t h e  left is the  d i f f e rence  be tween th e  partial  molar 

f r ee  e n e r g y  of iodine in t h e  complex and  in p u r e ,  solid iodine. F is 

F a ra d a y ’s num ber ;  n is t h e  number of e lec t rons  t r a n s f e r r e d ,  2; E° 

and  E a re  t h e  Emf's of th e  cell with p u r e  iodine and  complexed iodine 

re spec t ive ly ;  a 0 and  a a re  the  thermodynamic  act iv i t ies  of iodine in 

p u r e  iodine and  in t h e  complexj r e s p e c t iv e ly .
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The  Emf data  ob ta ined  for  t h e  12-complex sys tems  s tu d ie d  a re  

p lo t ted  as a function of th e  mole ratio  of molecular iodine to  th e  

o rgan ic  molecule o r  monomeric un i t .  The  g r a p h s  a r e  shown in 

F igu res  8 to 15

Inspect ion of t h e s e  Emf c u r v e s  reveals  the  common f e a t u r e  of 

inc reas ing  Emf with inc reas ing  iodine concen t ra t ion  unti l a p la teau  is 

r e ach ed .  The exper imental  Emf va lue  a t  t h e  plateau is equa l ,  within 

exper imenta l  limits, to t h a t  e x p ec te d  theore t ica l ly  for  th e  formation of 

s i lve r  iodide from p u r e  solid s i lve r  and  iodine us ing a cell of t y p e

( 2 ) .

Emf(v) vs. composition
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~  0.66 -
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0.67-
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0.64-

0.63-

0 1 2 3
mole ratio of Ijto  organic compound

Figure  8. Emf c u rv e  fo r  a n t h r a c e n e - l 2
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Emf(v) vs. composition
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Figure 9. Emf cu rve  for  aniline b lack - l2



Emf(v) vs. composition
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Figure 10. Emf curve  for t h i a n th r e n e - l2
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Emf(v) vs. composition
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Figure 11. Emf cu rv e  for  1 ,10-phenanthroline-12
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Emf(v) vs. composition
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Figure 12., Emf c u rv e  for  p h e n a n th r id in e - l2
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Emf(v) vs. composition
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F igure  13. Emf c u r v e  fo r  p h e n a z in e - l2 

+ , Refe rence  15; x ,  th i s  work.
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Emf(v) vs. composition
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Figu re  14. Emf c u r v e  f o r  p h e n o t h i a z i n e - l 2 

+ , Reference  14; x,  th i s  work .
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Emf(v) vs. composition
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Figure 15. Emf cu rve  for benzotriazole-12
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Table  (1 ) ,  below, compares  the  mole ratios of iodine or  bromine 

to  th e  o rgan ic  un i t  a t  which th e  Emf c u r v e s  p la teau ,  with the  

maximum mole ratios obta ined  from halogen v ap o r  u p ta k e  at  90°C.

Table  1. Comparison between th e  maximum halogen 

v apo r  up take  of t h e  compounds and the  composition 

a t  which th e  Emf c u r v e  levels o f f .

Subs tance  j 2/ M , a t  90°C 12/M, Emf c u r v e

anil ine black 2 .6  2 .5

phenan th ro l ine  4 . 0  3 . 5

p h e n an th r id in e  2 .8  3 .0

a n th ra ce n e  2 .3  2 .0

benzotr iazole  2 .6  1.0

phenaz ine  1 .2  1 .0

phenoth iaz ine  8 .5  ------

B r 2/M, at  25°C 

anil ine b lack  2 .7  1 .0

C-PAN 1 .0  1.2



26

The  agreement  is su f f ic ien t ly  good to w a r r a n t  t h e  conclusion 

t h a t  p u r e  iodine is p r e s e n t  a t  mole ratios h ighe r  than  t h e  sa tu ra t ion  

composit ion. In th e  case  of benzotr iazo le -12 and aniline b l a c k - B r 2, 

th e  thermodynamic  ac t iv i ty  of the  complexed halogen slowly 

app roaches  t h a t  of t h e  p u r e  halogen ove r  a wide composition range .

To calculate t h e  re la tive  in tegra l  f r ee  energ ies  , AG, of the
13complexes,  we solved t h e  following exp re ss ion  by  numerical  

in teg ra t ion ,

fAG = ( 1 - X ' ) / X ' |  (G -G 0) / (1  - X ) 2dX (6)

S o

X is t h e  mole f rac t ion  of iodine complexed with th e  o rgan ic  

s u b s ta n c e ;  X' is t h e  mole f rac t ion  of iodine at  th e  composition where  

t h e  thermodynamic  ac t iv i ty  of iodine in t h e  complex ap p ro a ch e s  t h a t  

of p u r e  iodine. Since t h e  in teg ra t ion  must s t a r t  a t  X = 0, th e  Emf 

data  were  ex t rap o la ted  to a mole ratio of iodine to o rgan ic  species  of 

0.

In th e  case  of p heno th iaz ine -12 and phenaz ine -12, t h e  Emf 

v e r s u s  iodine composit ion c u r v e s  show more than  one p la teau .  In 

l ight  of t h e  phase  ru le ,  each pla teau c o r re sp o n d s  to an h e te rogenous  > 

system composed of two solid p h a se s .  T he  f i r s t  pla teau r e p r e s e n t s  a 

m ix ture  of an o rgan ic  complex, PC12) q with a c o n s ta n t  composi t ion,  o,
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and  p u re  solid o rgan ic  compound, P. For phenoth iaz ine ,  th e  n e x t  

p la teau is a mix tu re  of o rgan ic  complexes P ( l 2)p and P ( 12) a w here  3 

is l a rg e r  than  a.  T h e  h ighes t  p la teau  cons is t s  of o rgan ic  complex,

P ( 12 )•». of maximum composit ion,  Z, and  p u r e  solid iodine.0
Note t h e  peculiar  case  of t h i a n t h r e n e  in Figure  (10) .  The  Emf 

va lue  as a function of composition is almost cons tan t .  T he  

themodynamic  in te rp re ta t io n  of th i s  b e h av io r ,  based  upon electr ical  

conduc t iv i ty  resu l ts  to  be  d i scu ssed  la te r ,  is t h a t  iodine is almost as 

ac t ive  a t  all compositions in th e  complex as in p u re  solid iodine.

Since in each he te rogenous  region th e  ac tiv ity  of iodine in t h e  

system is a co n s ta n t ,  equat ion (6) becomes,

AG = nF(E-E°)  (7)

w here  n was defined in equat ion (4) .

By apply ing equa t ions  (6) o r  (7 ) ,  a p p ro p r i a t e ly ,  to  th e  g r a p h s  

in F igures  (8-15) ,  f r e e  energ ies  of formation of t h e  iodine complexes 

w e re  ca lcu la ted .  T h e  re su l t s  a re  p r e s e n t e d  in Table  (2 ) ,  along with 

r e s u l t s  ob ta ined  by  o t h e r  in v e s t ig a to r s .



Table  2.  Free energ ies  of formation of iodine 

com plexes , a t  25°C .

-AG(kcal/mole l2)
#

Reaction This  work* O the r

AB + 2 .512 = A B (I2) 2 . 5 1.6

Phe. - 3 .512 = P h e ( l2) 3 . 5 2.9

Phen.  + 3 I 2 = P h e n ( l 2) 3 2 .6

A nth .  + 2 I2 = A n t h ( l 2) 2 1.0

Benzt.  + l 2 = B e n z t ( l 2) 1.1

Phenz. + l2 = P h e n z ( l 2) 4.1 143 .58

Phet.  + 1.512 = P h e t ( l 2) ! . 5 3 .6 153.22

benzim idazole( l2) >0**

t h i a n t h r e n e ( l 2) 0

* Estimated limits of e r r o r ,  ±0.5kcal/mol l2

** Emf da ta  were s c a t t e r e d .  However,  t h e  re su l t s  

indicate  t h a t  a s tab le  complex is formed.

# AB: anil ine black

Phe: 1 , 10-phenan th ro l ine  

Phen:  p h e n an th r id in e  

A nth :  an th ra ce n e  

Benzt:  benzotr iazole  

Phenz: phenaz ine  

Phet:  phenoth iaz ine
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3.2 Bromine Complexes

The  Emf da ta  on t h e  bromine complexes were  obta ined  using

electrochemical cells similar to  t y p e  (2) above,  excep t  now th e  solid

e lec t ro ly te  is s i lve r  bromide.  G rap h i te  was not mixed with th e
12cathode  material  as it known to  reac t  with bromine .

The  Emf da ta  fo r  anil ine  b lack (AB),  and  cyclized-

polyacry lonit r i l e  (C -P A N ) ,  p lo t ted  a g a in s t  t h e  mole rat io  of B r 2 to 

monomeric un i t  a r e  shown in F igures  (16) and  (17).  T h e  f ree

energ ies  of formation were  calcula ted  us ing  equat ion (6) and  the

co r re sp o n d in g  Emf c u r v e s  in F igures  (16) and  (17).  T h e  re su l t s  a re

given  in Table  (3 ) .

Table  3. Free e n e r g ie s  of formation of B r 2 complexes 

of aniline black  and  cy c l i ze d -p o ly a c ry lo n i t r i l e .

Reaction -AG(kcal/mol B r 2)*

AB + B r2 = A B ( B r 2) 19

CPAN + 1 .2 B r 2 = C P A N (B r2) ! . 2 11

*Estimated limits of e r r o r ,  ±1kcal/mol B r 2



Emf(v) vs. composition

30

1.0

0.9

0.8 

M—

E
LU 

0 .6 -

0.5-

0.4
0 1 2 3

m ole ratio of to m onom er

Figure 16. Emf cu rv e  for  aniline b lack -B r2
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Emf(v) vs. composition
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Figure 17. Emf cu rve  for cycl ized-polyacrylonitr i le -Br2
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3 . 3  T h e o r y  of C harge  T r a n s f e r  In te rac t ion
16In view of Mulliken's quan tum  mechanical  t r e a tm en t  of ch a rg e

t r a n s f e r  complexes between a do n o r ,  D and  accep to r ,  A, th e  g round

s t a t e  of t h e  complex, DA, can be d e sc r ib e d  by  th e  wave func t ion ,  Y, 

g iven  b y ,

Y = aY„ (A: D) + b Y , ( A “ :D +) (8)

Y 0 deno tes  a no-bond s t r u c t u r e ,  in which t h e  two molecular species

in t e r a c t  with o rd in a ry  in termolecular fo r c e s ,  such as th e  Van Der 

Waals t y p e ,  and  Y w a da t ive  o r  c h a r g e - t r a n s f e r  s t r u c t u r e  in which 

an e lec t ron  is t r a n s f e r r e d  from t h e  d o n o r  to  t h e  accep to r ,  a and  b 

a r e  normalization c o n s ta n ts  whose  re la t ive  magni tudes  define  th e  

e x t e n t  of c h a rg e  t r a n s f e r .  If b is v e r y  la rge ,  t h e  second term on 

t h e  r i g h t  of equat ion (8) p reva i l s  and  complexation is s t r o n g e r .  

Mulliken 's  th e o ry  co n s id e rs  t h e  complex as a resonance  hybr id  

between t h e  non-bonded  and  t h e  c h a r g e - t r a n s f e r  s t r u c t u r e s .  It has 

been de term ined^  from th e  exper imenta l  va lue  of t h e  dipole moment of 

t h e  b e n ze n e -1 2 complex t h a t  t h e  ratio a 2/ b 2» 1 ;  i . e .  t h e  contr ibut ion  

of t h e  c h a r g e - t r a n s f e r  s t r u c t u r e  amounts  to  only a small p e rc en ta g e  

in t h e  g r o u n d  s t a t e .  N e v e r th e le s s ,  t h e  small b u t  non-zero  

co n t r ib u t io n  of the  c h a r g e - t r a n s f e r  s t r u c t u r e  s tabil izes t h e  complex.
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T h e re  is conclus ive  ev idence  t h a t  th e  s t r e n g t h  and  s tab i l i ty  of donor
4

accep to r  in te ract ion  a r e  d e p e n d e n t  on th e  ex ten t  of c h a r g e  t r a n s f e r  .

Table  (4 ) ,  below, l ists  th e  s t r u c t u r e s  of t h e  o rgan ic

molecules and t h e  Gibbs f r e e  e n e r g ie s  of the  iodine complexes of th e

a n th ra ce n e  ana logs ,  fo r  a 1:1 mole ratio,  as de termined  in th is  work .

The electrochemical t e c h n iq u e  used  to obtain f r ee  e n e r y  data  is

not suff ic ien tly  sens i t ive  for  ob ta in ing  p rec i se  values  of the

te m p e ra tu re  d e p en d e n c e  of th e  Emf. For th is  re a son ,  only f r ee

e n e r g y  values  and  not e n t r o p y  and en tha lpy  values  a r e  p r e s e n t e d .

We will compare f r e e  e n e r g y  values  of d i f f e r en t  complexes a t  t h e  same

12 to o rgan ic  s u b s t a n c e  mole ratio,  1:1,  to minimize e n t ro p y

d i f fe rences .  It has been shown th a t  the  e n t ro p y  values  of iodine
14 15 17c h a r g e - t r a n s f e r  complexes a r e  v e r y  similar ' In th e  following

d iscuss ion ,  we assume t h a t  t h e  f r ee  e n e r g y  values  a re  p ropor t ional  to 

t h e  en tha lpy  va lues  which a re  a m easu re  of th e  s t r e n g t h  of  bonding 

between donor  and  accep to r .
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Table  4. Comparison of t h e  f ree  energ ies  of formation 

for  a 1:1 mole ra tio  of t h e  iodine complexes of a s e r ie s  of 

an th ra ce n e  a n a l o g s . '

Material S t r u c t u r e  ^AGtkcal/mol *2 )

a n th racen e  I 1.9

phenaz ine  II 4.1

phenoth iazine  III 3 .6

th ia n th re n e  IV 0
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A comparison of t h e  f ree  e n e r g ie s  of t h e  l 2 complexes of

a n th r a c e n e  and  phenaz ine  immediately s u g g e s t s  t h a t  t h e  donor

(o rgan ic )  a ccep to r  ( l 2) in te ract ion is s t r o n g e r  in p h e n a z in e - l2 than

in a n t h r a c e n e - l 2 .

T h e  key s t r u c t u r a l  d i f fe rence  he re  is t h e  p r e s e n c e  of n i trogen

in th e  he terocycl ic  c e n t e r  r ing of phenaz ine .  Nit rogen atoms in t h e se
2

sys tem s  a re  known to ac t  as e lectron d onors  . Since t h e  s t r e n g th  of 

complex formation d e p e n d s  on th e  e x t e n t  of c h a r g e  d e n s i ty  donation,  

t h e  en h an c e d  thermodynamic  s tab i l i ty  of p h e n a z in e - l2 over  

a n t h r a c e n e - 1 2 may be a t t r ib u ta b le  to t h e  p r e s e n c e  of n i t rogen ,  acting 

as a Lewis base .

As we proceed  from phenaz ine  to  t h i a n t h r e n e  in Table  (4 ) ,  we 

no te  a s t e a d y  d e c r e a se  in f r ee  e n e r g y  (all comparisons  of th e  

m agn i tude  of t h e  f r e e  e n e r g y  re fe r  to  t h e  abso lu te  va lues ) ,  though 

not  too marked  in t h e  case  of pheno th iaz ine .  This  dec rea se  in 

s tab i l i ty  indica tes  t h a t  s u l f u r  in t h e  c en t r a l  r ing  somehow dis favors  

complexat ion .

In g e n e ra l ,  t h e  e x t e n t  of c h a r g e  t r a n s f e r  in a complex depends

on th e  ionization potent ia l  and  th e  e lec t ron  a f f in i ty  of t h e  donor  and
18 19a cc e p to r  r e spec t ive ly  '  . On th e  ba s i s  of  t h e  ionization potential

of t h e  donor  atoms in t h e  he terocyclic  r in g  a lone,  we would expec t  

t h i a n t h r e n e  and  pheno th iaz ine  to form s t r o n g e r  complexes than 

p henaz ine  with iodine. However,  th i s  was not t h e  case .
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A nother  cons idera t ion  may be  t h e  f ac t  t h a t  ir-eiectron

conjugat ion is d i s r u p t e d  in the  cen t r a l  r ing  of phenoth iazine  and

th i a n th r e n e .  Complete delocalization of ir -e lec trons  leads to a lower
5

ionization potential  of th e  molecule as a whole and ,  hence,  to a 

l a r g e r  t r a n s f e r  of c h a r g e  and a s t r o n g e r  d o nor  a ccep to r  in te rac t ion .  

In such  a case ,  it may be in a p p ro p r ia te  to sp eak  of t h e  ionization 

potentia l  of j u s t  an atom in t h e  molecule.

It would be in te r e s t in g  to s tu d y  t h e  poss ib le  l2-complexes of a 

molecule like 9 , 1 0 -d ih y d r o a n th r a c e n e ,  in F igu re  (18) ,  so as to 

a s ce r ta in  th e  e f fec t  of t h e  absence  of a romatic ity  in th e  centra l  r ing  

on t h e  magnitude  of t h e  Gibbs  f ree  e n e r g y .

F igu re  18. T he  s t r u c t u r e  of 9 , 1 0 - d ih y d r o a n th r a c e n e .
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In Table (5 ) ,  below, it Is o b s e r v e d  t h a t  t h e  f r ee  e n e r g y  of 

formation of th e  1 ,1 0 - p h e n a n th r o l in e - l2 complex is s ignif icant ly  l a rg e r  

t h a n  t h a t  of p h e n a n t h r i d i n e - l 2. Since 1 , 10 -phenan th ro l ine  contains  

one n i t rogen  more t h a n  p h e n a n th r id in e ,  th is  r e su l t  is co n s i s ten t  with 

t h e  fac t  t h a t  n i t rogen  ac ts  as an e lec tron  donor  in t h e s e  sys tems .

When benzothiadiazole  (Table  5) is exposed  to l 2 vapo r  at 

e i t h e r  50° o r  90°C f o r  48 h o u r s ,  it does not t ak e  up  a s ignif icant

amount of iodine. For practical  p u r p o s e s ,  benzoth iad iazole  does not

reac t  with l2. From th i s  obse rva t ion  we assume t h a t  t h e  Gibbs f r ee

e n e r g y  of the  complex would be equal  to o r  g r e a t e r  th a n  zero.

T h e  analog of benzoth iodiazole ,  benzotr iazole ,  which does not 

contain s u l fu r ,  has a measurable  f r e e  e n e r g y  value of -1.1 kcal/mole 

l 2 . This  exper imental  f inding  again  s u g g e s t s  t h a t  t h e  p re s e n c e  of 

s u l f u r  a n d / o r  th e  ab se n c e  of aromatic ity  a re  fac to rs  which influence 

thermodynamic  s tab i l i ty  of th e  complex.



Table  5. Free e n e r g y  of formation fo r  a 1:1 mole ratio  of 

complexes of p h e n an th r o l in e s  and  benzo-azoles

Material S t r u c t u r e  kcal/mol l 2)

p h e n an th ro l in e  V 7 .6

p h e n a n th r id in e  VI 5.1

benzimidazole VII >0

benzotr iazole  VIII 1.1

benzoth iadiazole  IX £0

V

VI

VII ©gr
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The  d a ta  g a t h e r e d  fo r  th e  o rgan ic  compounds d i scussed  so fa r

seem to imply t h a t  n i t r o g e n -b e a r in g  systems form s t r o n g e r  complexes

with iodine than  do th e  homopolynuclear  aromatic  and s u l fu r -

conta ining compounds.  Indeed ,  t h e  f r ee  e n e r g y  da ta  obta ined  on th e

iodine complexes of a number  of homonuclear  aromatic hyd roca rbons
17rang ing  from p y r e n e  to  ovalene o f fe r  some s u p p o r t  fo r  th is  idea.
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3 .4  Polymeric complexes

Table (6) shows the  free  en e rg ie s  of formation of t h e  iodine 

complexes of polymeric systems.

Tab le  6. Free e n e rg ie s  of formation of n i t r o g e n - b e a r in g  

polymer iodine complexes for  a 2 :1 rnole r a t i o .

Material S t r u c t u r e  ^AGCkcal/mol *2 )

anil ine black X 3 .2

pa racyanogen  XI ------

polyquinoxaline  XII ------

C-PAN XIII 2.0.9

po lyv iny lpy r id ine XIV

X

n

XI

n
XIV

XII

XIII

n n
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At th is  point ,  one  w onders  w h e th e r  t h e  p re sen c e  of n i t rogen  in 

genera l  g u a ran tee s  complexation.  Accord ing  to t h e  da ta  ob ta ined  on 

t h e  n i t r o g e n -b e a r in g  polymeric sys tem s  in Tables  (6) and  (7 ) ,  the  

an sw e r  is, a p p a r e n t ly ,  no. Besides con ta in ing  n i t rogen ,  all of th e se  

polymers  a re  i r-conjugated.  Yet among them a re  pa racyogen  and

polyquinoxaline  which form complexes with n e i the r  iodine nor

bromine.  It may v e r y  well be a r g u e d  t h a t  t h e  re la tive ly  high deg ree  

of chaos known to ex i s t  in polymeric system d u e  to  possib le  chain 

fo ld ing ,  tw is ting  and  kno t t ing  in t e r f e r e s  with t h e  nece ssa ry  

o r ien ta t io n s  and t h u s  t h e  inser t ion of t h e  accep to r  be tween the

polymer cha ins .  U ndoub ted ly ,  t h e s e  sys tems  re q u i re  f u r t h e r  

in v e s t ig a t i o n .

It is worth noting  in Tables  (6) an d  (7) t h a t  th e  f r ee  energ ies

of t h e  bromine complexes  of anil ine  black and  cyclized-

po lyacry lon i t r i le  a re  much l a rg e r  th a n  t h e i r  iodine c o u n te r p a r t s .

T h e s e  re s u l t s  a re  not s u r p r i s i n g  c o n s id e r in g  th e  h ig h e r  reac t iv i ty  of

bromine.  In f a c t ,  in i ts  react ion with aromatic h y d ro c a rb o n s ,

bromine has been known to  en g ag e  in s u b s t i tu t io n  reactions  on th e  
12r in g s  . Differences in e lectron  aff in it ies  be tween l 2 and B r 2 and  in 

molecular s izes,  which can minimize s t e r i c  f a c to r s ,  may lead to 

s t r o n g e r  bonding  in te rac t ion  between d o n o r  and  accep to r  molecules.



Table  7. Free energ ies  of formation of th e  bromine 

complexes of polymeric sy s tem s  fo r  a 1_:1_ mole r a t io . 

Material -AG(kcal/mol B r 2)

aniline black 19

C-PAN 11
*

polyquinoxaline NR

paracyanogen  NR

* NR: no react ion.
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CHAPTER 4

ELECTRICAL CONDUCTIVITY

4.1 Iodine Complexes

Electrical conduct iv i t ie s  of t h e  iodine complexes were  measured

20a t  room te m p e r a t u r e ,  u s ing  th e  f o u r - p r o b e  Van Der  Paw techn ique  .

T h e  data  obta ined  a r e  shown graph ica l ly  in F igu res  (19) to (26).

T h e  logarithm of t h e  conduct iv i t ies  a re  plo tted  a g a in s t  moles of iodine

p e r  mole of o rgan ic  molecule or monomer uni t .  T h e  da ta  rep re se n te d
21by  th e  lower c u r v e  in F igure  (21) were  obta ined  from t h e  l i te ra tu re  

and  a re  shown fo r  compar ison .

A s t r o n g  d e p en d e n c e  of conduct iv i ty  on iodine con ten t  is 

o b s e r v e d  from t h e s e  c u r v e s .  Notice t h a t  t h e  conduc t iv i ty  passes  

t h r o u g h  a maximum. It is in te re s t ing  to poin t  ou t  t h a t  fo r  some of 

t h e s e  sys tem s ,  t h e  iodine composition a t  which t h e  conduct iv i ty  is a

maximum is approx im ate ly  equal to th e  iodine composition a t  which th e

c o r r e sp o n d in g  Emf c u r v e s  p la teau .  Since t h e  conduct iv i ty  is 

o b s e r v e d  to d e c r e a se  with inc reas ing  iodine c o n ten t  beyond th e  

maximum, it can be a r g u e d  th a t  a t  t h a t  poin t  we a r e  dealing with a 

tw o -p h a s e  sys tem co ns is t ing  of a m ix ture  of t h e  complex with p u r e  

solid iodine which is an  insu la to r .  In o th e r  w o rd s ,  t h e  decrease  in 

conduc t iv i ty  beyond  t h e  maximum p robab ly  r e su l t ed  from th e

d isper s ion  of small conduct ing  complex domains within a

nonconduc t ing  iodine m atr ix .
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Conductivity vs. composition

-4-

210
m ole ratio of l2 to organic com pound

Figure 19. Conduct ivi ty curve for  a n th r a c e n e - l2
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Conductivity vs. composition
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Figure 20. Conduct ivity curve for phenaz ine - l2
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Conductivity vs. composition

- 2 -
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42 30 1
mole ratio of l^to organic com pound

F ig u re  21. C o n d u c t iv i ty  c u rv e  fo r  p h e n o th i a z in e - l2 

+ , Reference  21; x ,  t h i s  work .
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F igu re  22. C onduct iv i ty  c u r v e  fo r  t h i a n t h r e n e - l 2
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Conductivity vs. composition
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mole ratio of l2  to organic com pound

Figure  23. Conductivity cu rve  for  1 , 10-phenanthrol ine- l2
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conductivity vs. composition
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Figure 24. Conduct ivity curve for p h e n a n th r id in e - l2
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Conductivity vs. composition

-4.2
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0.2
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Figure 25. Conduct ivity  curve  for benzotr iazole-12
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Conductivity vs. composition

- 2 -

0 1 2 4
mole ratio of fa to m onom er

Figure 26. Conductivity curve  for  aniline b lac k - l2
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4 .2  Bromine Complexes

The  electrical  conduct iv i t ie s  of th e  bromine complexes of aniline 

b lack (AB), cyc l ized-po lyacry lon i t r i le  (C -P AN ) ,  and 

2 -po lyv iny lpy r id ine  w e re  measured  at  room te m p e r a t u r e  by  the  

methode de sc r ibed  in C h a p t e r  (2) Section (3) .  F igures  (27) and  (28) 

dep ic t  th e  varia tion in conduct iv i ty  of AB and C-PAN with bromine 

co n ten t ,  re spec t ive ly .

The  conduc t iv i ty  behav io r  is similar to t h a t  of t h e  iodine 

sy s tem s ,  excep t  t h a t  t h e  c u r v e ,  unexp ec ted ly ,  p a ssed  th r o u g h  a 

minimum in th e  case  of AB. This  behavior  is r a t h e r  unusua l  and 

re q u i r e s  f u t h e r  s t u d y .

The  conduc t iv i ty  da ta  for the  2 - P V P - B r 2 sys tem were  v e r y  

s c a t t e r e d  and ,  t h e r e f o r e ,  not adequa te  fo r  p re s e n ta t i o n .  However,  

t h e  maximum co n d u c t iv i ty  t h a t  was measured  is l isted in Tab le  (8) .

Table  (8) sumar izes  t h e  room te m p e ra tu re  c o n d u c t iv i ty  of the  

iodine and  bromine complexes of th e  systems s tu d ie d ,  along with some 

comparat ive  l i t e r a tu re  va lues .  As noted p rev io u s ly ,  t h e  conduc t iv i ty  

of t h e s e  complexes is a func t ion  of th e  halogen c o n te n t  and  goes 

th r o u g h  a maximum. Listed he re ,  a re  the  maximum conduct iv i t ie s  

a n d ,  in b r a c k e t s ,  t h e  compositions at  which th e y  o c c u r .  These  

conduc t iv i ty  va lues  w e re  rep roduc ib le  within ±25" fo r  d i f f e r e n t  ba tch  

of samples of th e  same composition.
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Conductivity vs. composition

-3.8

-4.0 -

-4.2 -

4.6 -

-4.8 -

-5.0 -

-5.2
0 1 3

m ole ratio of Br̂  to m onom er

Figure 27. Conductivi ty  c u rv e  for aniline b la c k -B r2



log
 

er

54

Conductivity vs. composition
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Figure 28. Conductivity cu rve  for cycl ized-polyacry loni t r i le -Br2
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Table  8. Electrical conduct iv i ty  of iodine and  

complexes of o rgan ic  compounds and  p o ly m e rs . 

Material a [ 12] (ohm.cm)

a n th r a c e n e  3.0x10 [2 .4]

phenaz ine  5.0x10 9 [1.4]

pheno th iaz ine  8.4x10 ^ [1 .5 ]

pheno th iaz ine  (4x10 3 [ 1 .5]

t h i a n t h r e n e  4.2x10 ^ [1 .2 ]

p h e n an th ro l in e  7.5x10 ^ [2 .0 ]

p h e n a n th r id in e  3.2x10 ^ [2 .0 ]

7 ,8 -benzoqu ino l ine  -----

indazole----------------------------------------- ------

benzotr iazo le  5.0x10 3 [0.6]

benzimidazole 1.0x10 3 [1.0]

benzoth iadiazole  ------

anil ine  b lack 3.5x10 3 [2 .0]

anil ine  black 3.0x10 ^ [0 .0 ]

polyquinoxal ine  ------

C-PAN (1x10 '3 [ 1 . 0 ] ) 9

2-PVP (2 .3x10 -3 [2 .3] ) 9

p a ra cy a n o g en  ------

bromine

o [ B r 2] (ohm.cm)

7 . 9 x 10~5 [2 .3 ]*

5 . 3 x 10' 5 [ 1 . 2 ] 

4 . 8 x 10' 5 [ 1 . 9 ]

* This  va lue  c o r r e sp o n d s  to a conduc t iv i ty  minimum.
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It is worth  noting t h a t  of all t h e  material  l isted in Table  (8) ,
g

only anil ine  black is a c o n d u c to r  in its uncomplexed form. Langer
-3 -1re p o r t e d  a conduc t iv i ty  va lue  of 2x10 (ohm cm) for t h e  p u re  

polymer and  was able to  obta in  ESR da ta  indica tive  of a re la tively 

high f r e e  sp in  d e n s i ty .

A no th e r  obse rva t ion  is t h a t  t h e  conduct iv i t ie s  of t h e  bromine 

complexes a r e  abou t  two o r d e r s  of m agn i tude  lower than  those  of th e  

c o r r e sp o n d in g  iodine complexes for  t h e  polymers  aniline black,  

2 -p o ly v in y lp y r id in e  and  cyc l ized -po lyac ry lon i t r i le .  F igure  29, below, 

compares  t h e  conduc t iv i ty  b ehav io r  of t h e  sys tem s  c -P A N -B r2 and c-

PAN-I2 . This  d i f fe rence  in conduc t iv i ty  is ,  a p p a r e n t ly ,  not due  to

d i f f e r e n t  t e ch n iq u es  of measurement ,  s ince  t h e  conduct iv i ty  values  of 

samples of anil ine b lack ,  measured  with both te ch n iq u es ,  only 

d i s a g r e e  by  a maximum of 50%. T h e  d i f f e r en ce  in conduct iv i ty

be tween t h e  l2 and  B r 2 complexes of t h e s e  polymers  may be a

co n seq u en ce  of t h e  physico-chemical  n a t u r e  of t h e  complex mater ia ls.
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Conductivity vs. composition

•2

•3

•4

5

6
0 1 2 3

mole ratio of Br^or l2 to m onom er

Figure  29. Comparison of co n d u c t iv i ty  of c - P A N - B r 2 , x; and  c-PAN- 

l 2, + , Ref. 9.

4 .3  Band T h e o ry  of solids .

In an e f fo r t  to b e t t e r  u n d e r s t a n d  t h e  implications of t h e  above 

conduc t iv i ty  d a ta ,  it  is n e c e s s a r y  to  p u t  them in theore tical  

p e r sp ec t iv e .
22The basic  idea of  th e  b a n d  th e o r y  of solids co n s i s t s  of the  

formation of r e s t r i c t e d  ranges  of allowed e n e r g y  s t a t e s  called b an d s .  

In t h e  familiar molecular o rb ita l  t h e o r y ,  when two atoms a re  b ro u g h t  

t o g e t h e r  to form a molecule,  t h e  atomic e n e r g y  levels spli t  into a 

lower bonding  orb i ta l  and  a h ig h e r  an t ib o n d in g  o rb i t a l .  When a la rge  

n um ber  of atoms o r  molecules a r e  b r o u g h t  t o g e t h e r  to  form a
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crys ta l l ine  solid, t h e  e lec t ronic  s t a t e s  mix so as to form b a n d s .  The

h ig h e s t  filled band is called th e  valence  band  and t h e  lowest empty 

b a n d ,  th e  conduct ion b an d .

A band can be  pa r t ia l ly  o r  completely fi l led. If t h e  valence 

band  is only par t ia l ly  popu la ted ,  as in F igure  (29) ,  t h e r e  will ex is t  

closely lying empty s t a t e s  above  th e  Fermi level* to which e lec t rons  

can be promoted. Such an incompletely fil led b and  is a n eces sa ry  

condition for  meta l l ic - type  conduction in a solid. If t h e  h ig h es t  

occupied band is e n t i r e ly  fil led,  th e  material will e i th e r  be  an 

insu la to r  o r  have  semiconduct ing  p r o p e r t y  d e p e n d in g  on th e  

separa t ion  between t h e  va lence  and  t h e  conduction b a n d .  This  

separa t ion  is often called th e  e n e r g y  g ap ,  Eg. A la rge  Eg is 

c h a rac te r i s t i c  of i n su la to r s ,  s ince  it would r e q u i r e  a re la tive ly  la rge  

q u a n t i t y  of e n e r g y  to  promote e lec t rons  into s t a t e s  within the  

conduction band.

conduct ion  band

a b

Figu re  30. (a) va lence  band  p a r t ly  fi l led,  (b )  va lence  band
completely fi l led. * T h e  Fermi level is t h e  e n e r g y  of t h e  h ig h e s t  
occupied  s ta t e  within a b a n d ,  a t  abso lu te  zero .
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Most organ ic  ir donors  as well as inorganic  sigma accep to rs  like

12 a re  in su la tors  b ecau se  th e y  form completely filled valence  b an d s  in

' 18 t h e i r  c rys ta l l ine  solids .  However,  in many cases  , when th e  o rgan ic

material  is complexed with e lec t ron  accep to r s ,  like iodine,  the

re su l t in g  sys tem has semiconducting  p ro p e r t i e s .

An im por tant s t r u c t u r a l  f e a t u r e  fo r  effic ient c h a r g e  t r a n s p o r t

in o rgan ic  complex sys tem s  is t h e  p r e s e n c e  of equal ly  spaced  atoms in

t h e  case  of a polymer chain o r  equal  in te rp la n a r  d is tances  in s tacks

of p lanar  po lynuc lear  aromatic  molecules,  not all in t h e  same oxidation 

18s t a t e  In o th e r  w o rd s ,  c h a r g e  migration will not t a k e  place in the  

a b sen ce  of m ixed-va lence  in te rac t ions .

On th e  basis  of th e  b a n d  th e o r y ,  as it appl ies  to c h a r g e  

t r a n s f e r  p ro c e s s e s ,  t h e r e  o c c u r s  an in te ract ion between the  

completely filled va lence  band  of t h e  donor  and  th e  empty  conduction 

ban d  of t h e  accep to r  as t h e i r  e lec t ron ic  s ta t e s  a re  b r o u g h t  to g e th e r  

in complex format ion.  As a r e s u l t ,  e lec tron d en s i ty  is t r a n s f e r r e d  

from donor  to a cc e p to r ,  t h e r e b y  c re a t in g  par tia l ly  filled b a n d s ,  

n e c e s sa ry  to s u p p o r t  conduct ion .  Depending  on t h e  e x t e n t  of ch a rg e  

t r a n s f e r ,  m ixed-va lence  s ta t e s  can be fo rmed,  and  c h a r g e  migration 

can occur .

T h e  e x t e n t  of c h a r g e  t r a n s f e r  in o rgan ic  iodine complexes,  as 

de te rm ined  from ESR ana lys is ,  is re la tive ly  s m a l l ^ .  T h e  small f r ee  

e lec t ron  d e n s i ty  p e r  iodine atom is con s i s ten t  with weak donor
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accep to r  in te rac t ion ,  as  t h e  Gibbs  f r ee  e n e r g y  of complex formation 

indica tes .

It is, t h e r e f o r e ,  c lear  t h a t  semiconductiv ity  in solid o rgan ic  

complexes a r i ses  as a r e s u l t  of e lec t ron  dens i ty  t r a n s f e r  from donor  

to accep to r  to form m ixed-va lence  s ta t e s  which fac il i ta tes  c h a rg e  

m ig ra t ion .

The  delocalization of c h a r g e s  can o ccu r  along t h e  o rg an ic  s tack

a n d / o r  possibly  along t h e  assoc ia ted  polyiodine  cha in .  T h e  p re v a len t

conduction pa thway  d e p e n d s  upon p r o p e r  in t e rp la n a r  d i s ta n ce s  in th e

organ ic  s tacks  and  p r o p e r  iodine bond d i s tances  along t h e  polyiodine 

18chain A detai led knowledge of t h e  c ry s ta l  s t r u c t u r e  of a given 

complex is needed to be  able  to d iscr imina te  between th e se  

possibil i t ie s.

4 .4  Thermodynamic Stability and Conductivity

The values  of t h e  Gibbs  f r e e  en e rg ie s  and  conduc t iv i t ie s  of th e  

halogen complexes s tu d ie d  indica te  t h a t  h ig h e r  co n d u c t iv i ty  is 

a ssoc ia ted  with lower b ind ing  e n e r g y .  For example,  t h e  Gibbs f r ee  

e n e r g y  of formation of a n th r a c e n e - 1 2 is fo u r  times lower th a n  t h a t  of 

p h e n a z in e - l j  b u t  t h e  fo rm er  is one  h u n d r e d  times more c o nduc t ing .  

A no th e r  i l lus tra tion involves  t h i a n t h r e n e - l 2 and  p h e n a z i n e - l 2 . 

T h i a n th r e n e  b inds  v e r y  weakly  to  iodine with a Gibbs f r e e  e n e r g y  of 

formation of approx imate ly  0 kcal/mole l 2 . T h e  r e s u l t in g  complex has
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a conduc t iv i ty  abou t  ten  times h ighe r  than  t h a t  of p h e n a z in e - l2, 

whose f r e e  e n e r g y  was measured  as -4 .1kcal/mol  l 2 .

It is impor tant  to point  ou t  t h a t  t h e  zero  f r e e  e n e r g y  value

obta ined  fo r  t h i a n t h r e n e - l 2 only means t h a t  t h e  chemical potentia l  of

l2 in t h i a n t h r e n e - l 2 is v e r y  near ly  equal to t h a t  of p u r e  solid iodine,
15as ev idenced  by  t h e  c o r re sp o n d in g  Emf d a ta .  Some au th o rs  have 

in t e r p r e t e d  t h e s e  Emf data  as indicat ive  of no complex formation.  

This  in te rp re ta t io n  is not cons is ten t  with t h e  re la tively  high 

conduct iv i ty  o b s e r v e d .  Both t h i a n th re n e  a n d  p u r e  solid iodine a re  

e lectrical  in su la to rs .  The  fac t  t h a t  t h e i r  in te rac t ion  p ro d u ces  an 

e lectrical  c o n d u c to r  s t ro n g ly  s u g g es t s  t h a t  complex formation o ccu r s .

We noted e a r l i e r  t h a t  t h e  conduct iv i t ies  of t h e  bromine

polymeric complexes a r e  about  one th o u san d  t imes lower than  th o se  of 

t h e i r  iodine c o u n t e r p a r t s .  T he  f r ee  e n e r g ie s  of t h e  bromine

complexes a re  v e r y  much h ig h e r  than  th o s e  of t h e  c o r re sp o n d in g  

iodine complexes.  T h e s e  re su l t s  f u r t h e r  ind ica te  t h a t  high 

thermodynamic  s tab i l i ty  is associa ted  with low cond u c t iv i ty .

As a genera l  conclusion it ap p ea rs  t h a t  t h e  n i t r o g en -b e a r in g  

sys tems  form s t r o n g e r  iodine complexes th a n  t h e  homopolynuclear 

aromatics and  t h e  su l fu r - co n ta in in g  compounds,  while th e  l a t t e r  form 

b e t t e r  c o n d u c to r s .
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4.5  Conduction Mechanism

T h e  re su l t s  of ESR s tud ies  of a num ber  of c h a r g e  t r a n s f e r

complexes of o rgan ic  solids with iodine have  been cons i s ten t  with an
21 23e lec t ronic  conduct ion  mechanism '

In an a t t em p t  to  dete rmine  w h e th e r  conduction  is ionic or  

e lec t ronic  in t h e  o rgan ic  complexes s tud ied  in th i s  work ,  we have 

dev ised  t h e  following electrochemical exper im en t :  T h e  electrochemical

cell (3) was c o n s t r u c t e d  by combination of cells (1) and  (2 ) ,  th e  Emfs  

of which were  p rev io u s ly  dete rmined as E x and  E2, respec t ive ly .

P t / A g / A g l / P ( l a ) a (1)

P t / A g / A g l / P ( l 2)p (2)

( + ) P t / A g / A g l / P ( l 2) o/ P ( l 2) p/ A g l / A g / P t ( - )  (3)

P ( l 2) and  P ( I 2) D den o tes  o rgan ic  complexes of iodine con ten t  a and  a p

3.

C ons ide r  a v i r tu a l  e lec tro lysis  re su l t ing  from t h e  passage  of 2 

moles of e lec t rons  t h r o u g h  ce l l (3 ) .  Analysis  of t h e  t r a n s p o r t  

p ro c e sse s  in t h e  cell leads to  t h e  following e x p re s s io n ,



< V 5)P(I»)« * <tel/ S ) P t l i ) 6 = (tel/ i ) P ( , *)«-6 ' <‘el/6 )P ( l* V «

w h ere  t g | is th e  e lec t ron  t r a n s p o r t  nu m b er  and  6 is t h e  c h an g e  in

iodine c o n ten t .  If t  | is un i ty ,  a mole of l2 is t r a n s f e r r e d  from

P ( l 2) to P ( l 2)„ and  t h e  c o r r e sp o n d in g  f r e e  e n e r g y  is g iven b y ,  a p

AG = -2FE , el

w h e re  Ee | = E2 - E x, fo r  |S>a.

If t  | = 0,  no iodine is t r a n s f e r r e d  and  t h e  Emf is zero  s ince  no f r ee

e n e r g y  ch an g e  o c c u r s .  In th i s  case ,  we a re  merely t r a n s p o r t i n g  Agl 

from t h e  r i g h t  side  to  t h e  left  s ide of t h e  cell . T h u s ,  t h e  magn i tude  

of t h e  o b s e r v ed  Emf will d e p en d  on t h e  ra tio  of e lec t ronic  to  ionic

t r a n s p o r t  in th e  o rgan ic  complex. It readily  follows t h a t  th e

exper imenta l  voltage  m easured  f o r  c e l l (3 ) ,  Ee x p / ' s re la ted  to  Eg|, 

which would be o b s e r v e d  if t  | equa led  one ,  by  t h e  following 

e x p re s s io n ,
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We have used th i s  t e c h n iq u e  on t h e  l 2 complexes of aniline 

b lack ,  cyc l ized-po lyacry lon i t r i le  and  2 -po ly v in y lp y r id in e .  T h e  re su l t s  

a r e  p r e s e n te d  in Table  (9 ) .

Tab le  9. Comparison of t h e  exper imenta l  vo l tage ,  Ertx, ,  and th e
GX p

calcula ted  voltage Eg|, fo r  t h e  f 2 complexes of AB, C-PAN and 

2-PVP.

AB - I ;

C -PAN-U

2-P V P- 1;

*
comg. I  (v )  Ee| Eexp

2 .6  .684

10mv ll .Omv

1.7 .674

0 .5  .648

0 .9  .688

1.4  .648

2 .0  .673

40m v 42. 0m v

25m v  26.1mv

* vo l tages  of individual  cells  (1) o r  (2 ) .
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The  fa c t  t h a t  t h e  va lue  of E is v e r y  close to th e  value ofexp
Eg| in each case  is good evidence  t h a t  conduction in t h e se  complexes 

is primari ly  e lec t ron ic .  T h e  fac t  t h a t  Eexp  is s l igh t ly  h ighe r  than  

Ee j m us t  be  d u e  to  exper imenta l  e r r o r  s ince  t g | in equation (A) 

c anno t  be  g r e a t e r  th a n  one.



APPENDIX A

In f ra red  s p e c t r a  of pa racyanogen  and  anil ine black
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APPENDIX B 

Emf and conduc t iv i ty  data



Table  10. Emf and  conduc t iv i ty  da ta  on anil ine  b l a c k - l 2
* -1 

Comp. Emf(v) o(ohm.cm)

0 .0    1 .3x10"4

0.20  .562------------------------------------------

0 .50  .634 4 .0 x 1 0 -2

0 .80  .649 -------

1 .0  .658 2 .4x10"2

1 .5  .666 2 .8 x 1 0 "2

1.7  .674------------------------------------------

2 .0  .673 3 .5 x 1 0 “2

2 .2  . o81 -------

2 .5  .683 5 .9 x l 0 " 3

2.6  .686 .........

3 . 0  .680 4 .0x10"3

3 .2  .686 -------

3 . 5  .679 2 .2x10"3

3 . 8  .686 -------

4 . 0    2 .4x10"3

* mole ra tio  of l2 to  monomer.  

  b roken  pelle t .



Table 11_. Emf and conductivity data on aniline b lack-Br2
*

Comp. Emf (v) o (o h m .c m )" 1

0 .0 1.3x10"4

0.25 .113 ------

0.30 .251 7 .1x10"5

0.55 .479 8 . 6 x 1 0 '5

0.70 .624 5.3x10

0.90 .841 4 . 3 x 1 0 5

1.0 .892 3 . 3 x l 0 -5

1.2 .892 2 .7x10

1.4 .888 5 .9x10"6

1.5 .901 2 .5 x 1 0 “5

1.9 .903 1 . 2 x 1 0 5

2.1 .897 8 .8 x10"6

2 .3 .893 9 .5 x10"6

3.1 .913 1 .4x10-5

3 .7 .924 2 .3 x 1 0 “5

* mole ratio  of l 2 to monomer



Table  12. Emf and co n d u c t iv i ty  d a ta  on a n t h r a c e n e - 1
*

Comp. Emf (v) o(ohm.cm)

0 .0 ------ ------

0 .20 .629 3 .5x10"6

0 .40 .637 1.0x10"5

0 .60 .641 2 .9x10-5

0 .80 .650 2 .5x10"5

1.0 .667 5.0x10"5

1.2 .670 1 .3 x l0 " 4

1.4 .678 2 .0x10“4

1.6 .678 1.4x10"4

2 .0 .682 1. 2 x 1 0 4

2 .4 .681 3 .0x10"4

* mole ratio  of l2 to  compound.



Table  13. Emf and  conduc t iv i ty  da ta on th ia n th r e n e - l
*

Comp. Emf (v) o(ohm.cm)

0 .0 ------ ------

0.20 .681 I.OxlO"6

0.40 .682 ------

0.60 .681 I.OxlO"5

0.80 .683 1.0x10"5

1.0 .682 1 .5 x l 0 " 5

1.2 .680 4 .0 x 1 0 “5

1.4 .681 2 .0x10"5

* mole ratio of l2 to compound.



Table 14. Emf and  conduc t iv i ty  da ta  on p h e n a z i n e - l 2

Comp.
*

Emf(v) o(ohm.cm)

0 .20 .583 4 .0 x10"7

0 .40 .586 5 .0x10"7

0 .60 .580 3 .0 x10"7

0 .80 .580 4 . 2 x 1 0 7

1.0 .626 5 .3x10"7

1.2 .665 1 .2x10"6

1.4 .672 5 .0x10“6

1.6 3 . 1x10"6

2 .0 .675 2 . 0 x 1 0 6

Table 15. Emf and  conduc t iv i ty  da ta  on 2 - P V P - B r 2

Comp. Emf (v) o (ohm. cm)

0.23 .00352 8 .6 x 1 0 “8

0.43 .00260 3 .6 x 1 0 "8

0.63 .269 6 .7x10-9

0.87 .461 3 . 0 x 1 0 ' 7

1.1 .802 1 . 6 x 1 0 '7

1.5 .825 9 . 1 x I O 6

1.9 .952 4 .8 x 1 0 "5

* mole ratio of halogen to monomer



Table 16. Emf and conductivi ty  data on phenoth iaz ine- l2

Comp. Emf (v) o(ohm.cm)

0 .30 .603 2 .0x10"4

0 .50 .600 3 . 0 x 1 0 3

0 .70 .605 4 . 4 x 1 0 ' 2

1 .0 .602 5 .2x10"2

1.2 .607

1.4 .617

1.5 .636 8.4x10~2

2 .0 .650 3 .4 x 1 0 -2

2 .5 .648 1.2x10"3

3 . 0 .649 5 . 5 x l 0 " 6

3 .5 .648 3 .2 x 1 0 "6

8 .5 .680 ------



Table 17. Emf and conductivi ty  data  on 1 , 10-phenanthrol ine- l2

Comp. Emf (v) o(ohm.cm)

0 .20 .098 2 . 0 x 1 0 7

0 .40 .469 9 . 0 x 1 0 7

0 .60 .569 2 .0x10"5

0.80 .570

1.0 .605 2 . 5 x 1 0 '5

1.2 .616 4 .5 x 1 0 '5

1.4 .628 2 .5 x 1 0 ‘ 5

1.8 .654 5.0x10"5

2 .0 .669 7 .5x10-5

2 .5 .666 5.7x10"5

3 . 0 .677 2 .5x10"5

3 .5 .680 2.0x10~5

3 .8 .679 ____

* mole ra tio  of l 2 to  compound.



Table 18. Emf and conductivity data on p h en an th r id in e - l2

Comp. Emf (V) o(ohm.cm)

0 .20 .533 2.0x10~7

0.40 .567 2 .0x10-7

0 .60 .570 I.OxlO-6

0.80 .580 2 .0 x 1 0 -6

1.0 .591 7 .0x10-6

1.2 .605 I.OxlO-5

1.4 .620 6 .3x10-6

1.7 .632

2 .0 .645 3 .2 x 1 0 -5

2 .5 .672 1.3x10-5

3 . 0 .674 I.OxlO-5

3 .6 .673 3 . lx lO -6

* mole ratio  of l 2 to compound.



Table 19. Emf data and conductivi ty  data on c-PAN-Br2
*

Comp. Emf(v) o(ohm.cm)

0.22 .00187

0 .30 .00650

0.50 .653 1 .1 x 1 0 5

0.61 .795

0.76 .899 5.0x10"5

0.86 .920

1.2 .951 5.3x10"5

1.6 .939 7 . I x l O 5

2 .8 .952 3 . 9 x 1 0 6

Table  2C. Emf and  c o n d u c t iv i ty  da ta  on b e n zo t r ia z o le - t2
*

Comp. Emf (v) o(ohm.cm)

0 .20 .635 2 . 8 x 1 0 '5

0 .40 .645 5 .1x10‘ 5

0 .60 .676 5.4x10"5

0 .80 .678 _____ **

1.0 .681

1.2 .679

1.4 .680

1.6 .680

2 .0 ____



* mole ratio of halogen to  monomer 

** s u b s ta n c e  is m ushy .

Table  21. Emf and  conduc t iv i ty  da ta  on benzim idazole- l2

Comp. Emf (v) o(ohm.cm)

0.20 .078 --------

0.40 .074 I.OxlO"6

0 .60 .151 4 . 0 x 1 0 6

0 .80 .610 8 . 6 x 1 0 6

1.0 .637 I .O x lO '5

1.2 .647

1.4 .615 6 . 5 x 1 0 6

1.6 .646 ------

1.8 .670 ------

2 .0 .683 ------

2 .2 .682 ------

* mole ra tio  of l2 to  compound.
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