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Abstract:
This dissertation encompasses two separate and unrelated research topics.

I. Electrochemical Reduction of Chlorinated Nitro and Nitrosobenzenes in Dimethylsulfoxide The
reduction potentials of nitrobenzene and all possible isomers of its chlorine derivatives have been
obtained by cyclic voltammetry in dimethylsulfoxide. The first reduction wave in each case, except
pentachloronitrobenzene, appears to be a one electron reversible wave. Subsequent reduction waves are
irreversible and have been interpreted in terms of either loss of chloride from the benzene ring or
reduction of the nitro group to nitroso. The loss of chloride is the dominant reduction process for the
higher chlorinated isomers while concomitant reaction of the nitro group and chlorine is observed for
the monochloronitrobenzenes. The proposed reduction processes are indicated by the observation of
new electrochemical processes when a second cycle of the voltammogram is recorded. Nitrosobenzene
and all possible isomers of its chlorine derivatives, except pentachloronitrosobenzene, were synthesized
and cyclic voltammograms were recorded for each. The reduction potentials of nitrosobenzene and the
monochloronitrosobenzenes correspond to some of the reduction potentials for the second cycle
voltammograms for the polychloronitrobenzenes.

II. Power Series Representation in the High Temperature Phase Equilibria of Several Metal Oxide
Systems The use of Redlich Kister power series representations of thermodynamic quantities in the
study of high temperature phase equilibria is described. Literature data was used to obtain power series
equations for the activity and enthalpy of the rutile phase of titanium dioxide treated as a solution of
titanium metal in titanium dioxide. Mass spectrometric data for the vaporization of potassium oxides
was obtained from another researcher. This data was interpreted to give new values for the heats of
formation of K2O(s) and K2O2(g). These new values and literature data were used to determine power
series equations and calculate a potassium oxide phase diagram. The phase equilibria of lithium oxide
and aluminum oxide was treated by power series representations and a revised phase diagram is
proposed. Power series representations in the potassium oxide, calcium oxide, and silicon dioxide
ternary system are presented. 
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x i

A b strac t

This d i s s e r t a t i o n  encompasses two se p a ra te  and u n re la te d  re sea rch  
to p ic s .

I .  E lec tro ch em ica l R eduction o f C h lo rin a ted  N itro  and N itrosobenzenes 
in  D im ethy lsu lfoxide

The re d u c tio n  p o te n t ia l s  o f  n itro b en zen e  and a l l  p o s s ib le  isom ers 
o f  i t s  c h lo r in e  d e r iv a t iv e s  have been o b ta in ed  by c y c lic  voltam m etry 
in  d iin e th y ls u lfo x id e . The f i r s t  re d u c tio n  wave in  each c a se , except 
p en tach lo ro n itro b e n ze n e , appears to  be a one e le c tro n  r e v e r s ib le  wave. 
Subsequent re d u c tio n  waves a re  i r r e v e r s ib le  and have been in te rp re te d  
in  term s o f e i t h e r  lo s s  o f  c h lo r id e  from th e  benzene r in g  o r re d u c tio n  
o f th e  n i t r o  group to  n i t r o s o .  The lo s s  o f  c h lo r id e  i s  th e  dominant 
re d u c tio n  p ro cess  fo r  the  h ig h e r c h lo r in a te d  isom ers w hile  concom itant 
r e a c t io n  o f th e  n i t r o  group and c h lo rin e  i s  observed f o r  th e  mono- 
c h lo ro n itro b e n z e n e s . The proposed re d u c tio n  p ro cesses  a re  in d ic a te d  
by th e  o b se rv a tio n  o f new e le c tro c h e m ic a l p ro cesses  when a  second cy­
c le  o f  th e  voltammogram i s  re co rd ed . N itrosobenzene and a l l  p o ss ib le  
isom ers o f  i t s  c h lo r in e  d e r iv a t iv e s ,  excep t p en tach lo ro n itro so b en zen e , 
were sy n th es ized  and c y c lic  voltammograms.were recorded  f o r  each . The 
re d u c tio n  p o te n t ia l s  o f  n itro so b en zen e  and th e  m onochloronitrosoben- 
zenes correspond  to  some o f th e  re d u c tio n  p o te n t ia ls  fo r  th e  second 
cycle  voltammograms fo r  the  p o ly c h lo rb n itro b en zen es .

I I .  Power S e r ie s  R ep re se n ta tio n  in  th e  High Temperature Phase 
E q u i l ib r ia  o f S ev e ra l M etal Oxide Systems

The use o f  R ed lich  K is te r  power s e r ie s  re p re s e n ta t io n s  o f  thermo­
dynamic q u a n t i t i e s  in  the  s tudy  o f h igh  tem peratu re  phase e q u i l ib r ia  
i s  d e sc r ib e d . L i te r a tu re  d a ta  was used to  o b ta in  power s e r ie s  equa­
t io n s  f o r  th e  a c t i v i t y  and e n th a lp y  o f th e  r u t i l e  phase o f ti ta n iu m  
d io x id e  t r e a te d  as  a s o lu t io n  o f ti ta n iu m  m eta l in  ti ta n iu m  d io x id e . 
Mass sp ec tro m e tric  d a ta  fo r  th e  v a p o r iz a tio n  o f potassium  ox ides was 
o b ta ined  from a n o th e r re s e a rc h e r .  This d a ta  was in te r p r e te d  to  give 
new va lu es  fo r  the  h e a ts  o f  fo rm ation  o f K^Ofs) and K^OgCg). These 
new v a lu es  and l i t e r a t u r e  d a ta  were used to  determ ine power s e r ie s  
eq u a tio n s  and c a lc u la te  a potassium  oxide phase diagram . The phase 
e q u i l ib r ia  o f  l i th iu m  oxide and aluminum oxide was t r e a te d  by power 
s e r ie s  r e p re s e n ta t io n s  and a re v ise d  phase diagram  i s  proposed. Power 
s e r ie s  re p re s e n ta t io n s  in  th e  potassium  o x id e , calcium  o x id e , and 
s i l i c o n  d io x id e  te rn a ry  system  a re  p re se n te d .



SECTION I .

INTRODUCTION

The e le c tro c h e m ic a l re d u c tio n  o f  n itro b en zen e  i s  one o f the  

c l a s s i c a l  re a c t io n s  o f  o rg an ic  p o la ro g rap h y . However n itro b en zen e  

i s  r a th e r  p r o l i f i c  in  i t s  re d u c tio n  p ro d u c ts , and complex reduc­

t io n  pathways are  p o s s ib le . Under the  p ro p er so lv en t and e le c ­

tro d e  co n d itio n s  one can reduce n itro b en zen e  to  n itro so b en zen e , 

phenylhydroxylam ine , a n i l i n e , azoxybenzene, azobenzene, o r  hyd ra- 

zobenzene. Most o f th e se  compounds can be e le c t r o a c t iv e ,  a s  w e ll 

as  many o f t h e i r  p o ss ib le  an ions and d ia n io n s . There a re  indeed 

th e n , many p o ss ib le  in te rm e d ia te s  and p ro d u c ts  observab le  e l e c t r o -  

ch em ica lly  even f o r  the  re d u c tio n  o f u n s u b s ti tu te d  n itro b en z en e .

The focus o f  t h i s  p re s e n t work i s  on th e  e le c tro c h e m ic a l reduc­

t io n  mechanisms o f p o ly c h lo r in a te d  n itro b en z en e s in  the  so lv e n t 

d im eth y lsu lp h o x id e , (DMSO). T herefore  th e  re d u c tio n  o f  n itrobenzene  

in  aqueous system s w i l l  be considered  o n ly  b r i e f l y  and th e  rem ainder 

o f  t h i s  in tro d u c to ry  d is c u s s io n  w i l l  be l im ite d  to  the  re a c t io n s  of 

n itro b en z en e , the  h a lo n itro b e n z en e s , and t h e i r  decom position  p roducts 

in  a p r o t i c 'so lv en t sy stem s.

E lec tro c h em is try  o f  N itrobenzene

N itrobenzene can be reduced in  a c id ic  aqueous m edia, pH le s s  than  

4«7, and the  fo llo w in g  mechanism has been proposed :^
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C-Hr NO H^+ + .2 e -  -+-.H+ ----- >  C-H NOH+ + HO (slow )o p  2 ^ o 5 2

C6H5NOH+ + 2e~ + .2H+ ------ C6H5NH2OH+ ( f a s t) . .

The r a te  d e te rm in in g  s te p  i s  th e  re d u c tio n  o f  n itro b en zen e  to  th e  

p ro to n a te d  form o f n itro so b e n ze n e . N itrosobenzene i s  more -e a s ily  

reduced  th an  n i trobenzene  and th e  second s te p  le ad in g  to  p ro to n a ted  

phenylhydroxylam ine i s  r a p id .  Follow ing t h i s  fo u r  e le c t r o n  wave, a t  

a more ca th o d ic  p o t e n t i a l ,  a two e le c t r o n  re d u c tio n  to  th e  p ro to n a ted  

form o f  a n i l in e  i s  observed :

CzHcNH0OH+ + 2e“ + 2 H + ------ >- C-Hi-NHt +  H0O ■6 5 2 6 ? i  2

In  n e u tr a l  and a lk a l in e  s o lu t io n ,  pH g r e a te r  t h a n .4 .7 ,  th e  pro­

posed mechanism i s :

6H5N02 ■+ 2e" + -H2O ---- - >  C6H5NO2H- + OH- (slow )

-H NOH- + 2e~  •+ 2Ho0
6 $ 2  2

------->- C-H NHOH + 30H"
6 .5.

( f a s t ) .

The second .re d u c tio n  wave o f phe nylhydroxylam ine to  a n i l i n e , a s  in  

th e  a c id  c a se , i s  n o t observed .

In  th e  nonaqueous so lv e n ts  N, N-dimet h y l f 0rmamide2 , (DMF), and 

a c e t o n i t r i l e ^ ,  ( ACN) ,  n itro b en zen e  I s  f i r s t  reduced in  a  r e v e r s ib le  

one e le c t r o n  t r a n s f e r  to  i t s  s ta b le  a n io n  r a d ic a l .  At a more catho­

d ic  p o te n t i a l .a n  i r r e v e r s ib l e  th re e  e le c t r o n  t r a n s f e r  w ith  p ro to n a tio n
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occu rs  to  form th e  m ajor p ro d u c t, phenylhydroxylam ine. With an 

added p ro to n  donor, .such -as pheno l, the  f i r s t  re d u c tio n  wave grows 

and th e  second d ecreases,. At a mole r a t i o  o f  a c id  to  n itro b en zen e  

o f fo u r  to  one o n ly  ,one i r r e v e r s ib le  fo u r  e le c t r o n  wave i s  observed 

a s  in  th e  a lk a l in e  a q u eo u s 'sy s te m s .

R eduction  o f  n itro b en zen e  i n  th e  p resence  o f a su sp en sio n  o f ' 

a c t iv a te d  n e u tr a l  alum ina to  remove e v e ry  t r a c e  o f e l e c t r o p h i l i c  

im p u rity , can r e s u l t  i n  th e  .form ation  o f th e  n itro b en zen e  d ia n io n

A-which i s  s ta b le  on th e  tim e s c a le  o f  c y c lic  voltam m etry. T h is ' ob­

s e rv a t io n  o f r e v e r s ib le  behav iou r fo r  th e  d ia n io n  i s  s u c c e s s fu l  in  

DMF, hexam ethylphosphoram ide, and p y r id in e , b u t I n  ACN where the  

so lv e n t i t s e l f  can donate  p ro to n s  more e a s i l y  th e  d ia n io n  decomposes 

more r a p id ly .

In  anhydrous l iq u id  ammonia th e  d ia n io n  o f n itro b en zen e  is ' s ta ­

b le  w ith  r e s p e c t  to  p ro to n a tio n  on th e  tim e sc a le  o f c y c lic  voltamm-

t r y  and does n o t p ro to n a te  even .on .an e l e c t r o l y s i s  tim e s c a le ,  a l -  ■
■5

though i t  does p r e c ip i t a t e  a s  th e  ,po tassium  s a l t .

E le c tro c h e m is try  o f  H alon itrobenzenes

■ H aloarom atics can g e n e ra l ly  be d iv id e d  in to  two c la s s e s  w ith

re s p e c t  to  th e  mechanism o f halogen I o s s .^  The f i r s t  c la s s  co n ta in s

a ro m atic  compounds w ith  o n ly  halogen  s u b s t i tu e n ts  ,or i f  o th e r  sub­

s t i t u e n t s  a re  p re s e n t th e y  a re  -e le c tro c h e m ic a lly  in a c t iv e .  These com-



pounds, such a s  th e  ha lo g en a ted  benzenes, b ip h e n y ls ,-b e n z o n i t r i le s ,  

and n a p h th a len e s , .lose  h a lid e  in  a two e le c t r o n  re d u c tio n  w ith  th e  

a d d i t io n  o f  a  p ro to n  to  q u a n t i t a t iv e ly  form .the dehalogenated  a ro ­

m atic  .

The second c la s s  o f  compounds, exam ples o f  which a re  some 

.halogenated  benzophenones, q u in o lin e s , p h en za in es, and n i t  robe i>- 

zen es , can lo se  h a lid e  a f t e r  l e s s  th an  two e le c tro n s  t r a n s f e r r e d  and 

th e  re d u c tio n s  u s u a lly  r e s u l t  i n  .s u b s ta n t i a l ly  .le s s  th an  .100% con­

v e rs io n  to  th e  d ehalogena ted  a ro m a tic . The .unhalogenate d  p a re n t 

compounds in  t h i s  c la s s  a re  e le c tro c h e m ic a lly  re d u c ib le  a t  .p o te n tia ls  

s im i la r  to  th o se  o f  t h e i r  ha lo g en a ted  d e r iv a t iv e s  and a f t e r  e le c tro n  

t r a n s f e r  h a lid e  lo s s  from  th e se  d e r iv a tiv e 's  may have to  compete -w ith, 

o r  be re p la c e d  by chem ical re a c t io n s  o f  .the non-halogen fu n c t io n a l  

g ro u p s .
7

I n  .1962 H olleck  and Becher re p o r te d  th e  p o la ro g rap h ic  halfwave 

p o te n t ia l s  f o r  th e  f i r s t  re d u c tio n  waves o f  s e v e ra l  o f th e  isom ers 

o f  io d o , bromo, and c h lo r o n i t robenzene in  .DMF and ACN. They observed 

anomalous re d u c tio n  waves fo llo w in g  th e  i n i t i a l  ones f o r  p-bromo and 

p—io d o n itro b en z e n e . Maki and Geske ., p rev io u s  to  t h i s  had n o t been 

a b le  to  o b se rv e .a n  e le c t r o n  sp in  re so n an ce , (ESR), s ig n a l  f o r  e le c t r o ­

ch em ica lly  g en era ted  p - io d o n itro b en zen e  a n io n  r a d ic a l .

Adams and cow orkers^ s e t  about to  re so lv e  t h i s  problem . They

4



observed  two re d u c tio n  waves a t  a hanging m ercury-drop e lec tro d e ., 

(HMDE), f o r  each o f th e  s ix  isom ers o f  bromo a n d •ch lo ro n itro b en zen e  

and th re e  re d u c tio n  waves fo r  each o f th e  th re e  isom ers o f  io d o n i-  

■trobenzene in  DMF. By o b se rv a tio n  o f i t s  ESB spectrum  d u rin g  

e l e c t r o l y s i s  a t  a p o te n t i a l  between th e  second and th i r d  w aves, th ey  

determ ined  th a t  th e  r e s u l t  o f  th e  second re d u c tio n  o f  each o f  the 

.io d o n itrobenzenes was th e  fo rm atio n  o f th e  n itro b en zen e  a n io n  ra d ic a l.. 

A lthough th e y  were a b le  to  show th a t  io d id e  i s  l o s t  by e le c t r o l y s i s  

on th e  f i r s t  wave, no ESR s ig n a l  was .observed a t  t h i s  p o te n t ia l .  

E le c t r o ly s i s  o f o-brom onitrobenzene in  th e  p resence o f t e t r a e t h y l -  

ammonium p e rc h lo ra te  a s  su p p o rtin g  e le c t r o ly te  and o f  p -brom onitro ­

benzene ;in  th e  p resence  o f tetraethylam m onium  io d id e  a t  a p o te n t ia l  

more ca th o d ic  th an  t h e i r  f i r s t  re d u c tio n  waves a lso  r e s u l te d  in  the  

g e n e ra tio n  o f th e  n itro b e n z e n e .a n io n  r a d ic a l .  Loss o f  c h lo r id e  was 

n o t observed d u rin g  th e  tim e ..for which th e y  e le c tro ly z e d  .so lu tio n s  

o f  th e .c h lo ro n itro b e n z e n e s .

From th e se  o b s e rv a tio n s , Adams and .coworkers p o s tu la te d  fo r  the  

io d o n itro b en z e n es  t h a t  th e  . f i r s t  wave was -a two e le c tro n  t r a n s f e r  .re­

s u l t in g  in  th e  e l im in a tio n  o f io d id e  and th a t  th e  second wave was the

10•form ation o f th e  n itro b en zen e  an io n  r a d i c a l .  . law less  and Hawley 

in te r p r e te d  them a s  p o s tu la t in g  th e  fo llo w in g  mechanism:

■5

CLH1NO I  + .2 e -  + H+ 
6 4 2

>■ CzHr NO0 + I ” ( f i r s t  wave) 
0 5
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C6H5N°2 + e  C^H^NO  ̂ ' (second .wave).

T his mechanism i s  n o t c o n s is te n t  -with th e  o r ig in a l  d a ta  in  th a t  

th e  halfw ave p o te n t ia l s  f o r  th e  second waves o f th e  io d o n itro b e n -  

zenes a re  isom er dependent and f i f t y  to  e ig h ty  .m i l l iv o l t s  more 

c a th o d ic  th an  th e  f i r s t  re d u c tio n  o f n itro b en z en e .
H

F u jin ag a  and cow orkers e le c tro ly z e d  th e  th re e  c h lo ro n i t r o -  

benzene .isom ers on th e  . 'f i r s t  wave in  ACN in  ran ESR c a v i ty  and d id  not 

observe c h lo r id e  lo s s .  E l e c t r o ly s is  o f  th e  meta and p a ra  isom ers in  

DM!? a t  th e  p o te n t ia l  o f  th e  second wave r e s u l te d  in  th e  re s p e c tiv e  

a n io n  r a d ic a l  ESR s p e c tra  a lthough  a t  reduced  in t e n s i t y  to  t h a t  ob­

served  when th e  e l e c t r o l y s i s  p o te n t ia l  was h e ld  between th e  two waves.. 

.In DMF e l e c t r o l y s i s  o f  o -c h lo ro n itro b en z e n e  a t.- th e  p o te n t i a l  o f  th e  

f i r s t  wave r e s u l te d  in  th e  slow d isap p ea ran ce  o f th e  o -c h lo ro n itro b e n -  

zene an io n  r a d ic a l  ESR spectrum  and th e  slow appearance o f  t h a t  o f 

th e  n itro b en zen e  a n io n  r a d ic a l .  When th re e  moles o f  phenol were 

added f o r  each mole o f  o -c h lo ro n itro b en z e n e  d eh a lo g en a tio n  was no t • 

observed  a t  .any p o te n t i a l .  The fo llo w in g  mechanism was proposed fo r  

o -c h lo ro n itro b e n z e n e :

CzH NO0Cl + e” ----- s- ..C4H1NO0Cl" ( f i r s t  wave)o 4 k D 4 ^

C^H^H^Cl* 4- 2e~ + H+ ---- >- C^H^NO^/ + Cl-  (second w ave).
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■The behav iou r of- p-brcm onitrobenzene was s im ila r  to  o -c h lo ro -  

n itrobenzene ., o-brom onitrobenzene r a p id ly  dehalo g en a ted  -even when 

e le c tro ly z e d  in  ACN and .deh a lo gen a tio n  was n o t observed f o r  m-bromo- 

n itro b e n z e n e . AU o f th e  iodo isom ers showed ra p id  d eh a lo g en a tio n  

w ith  fo rm atio n  o f  th e  n itro b en zen e  an io n  r a d ic a l  and -the fo llo w in g  

o rd e r  was deduced f o r  th e  ease o f  d e h a lo g e n a tio n :

p ,IDr-Cli Di-Bre=O-Cl <  p-Br ■< o-Br, p ,m ,o -I .

Chronoamperometric tech n iq u es  were used by law less  and H aw ley^ 

to  determ ine th a t  th e  f i r s t " tw o  re d u c tio n  waves f o r  p - io d o n itro b e n -  

zene a re  th e  r e s u l t  o f  app ro x im ate ly  two e le c tro n s  b e in g  t r a n s f e r r e d .  

They proposed th e  fo llo w in g  mechanism, where SE re p re s e n ts  th e  s o l­

v e n t:

—  W ^ Y

W Y =  - “ C6HzNO2- + I -  ( f a s t )

C4H,NO - + SE -----^  C,H1-NO  ̂ + S*
6 4 2 6 5 2

C6H5NO2 + e“ :—  W O y

T his mechanism, in  c o n t r a s t  to  th e  one th e y  assumed to  be proposed 

by Adams and cow orkers^ , h a s .a  t o t a l  o f  tw o■e le c tro n s  t r a n s f e r r e d  in ­

s te a d  o f th re e  to  end up w ith  th e  fo rm atio n  of the  n itro b en zen e  an ion
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r a d ic a l .

la w le ss  and Hawley a ls o  used t h e i r  chronoam perom etric d a ta  and 

a c u r r e n t - r e v e r s a l  ch ro n o p o ten tio m e tric  tech n iq u e  to  measure pseudo 

f i r s t  o rd e r r a t e  c o n s ta n ts  f o r  .hydrogen a b s t r a c t io n  by n i t r o phenyl 

r a d i c a l s .  The h a l f  l i f e  o f  th e  p -n itro p h e n y l r a d ic a l ,  .from t h e i r  

m easurem ents, ran g es  from  app ro x im ate ly  one second in  DMF to  approx­

im a te ly  n ine seconds .in  DMSO w ith  t e t r a e  th y  !ammonium .iodide p re se n t 

a s  su p p o rtin g  e l e c t r o l y t e .  .From t h e i r  su rvey  o f decom position  ra te s  

th e se  w orkers conclude th a t  th e  s t a b i l i t y  o f  an io n  r a d ic a l s  in  the  

d i f f e r e n t  so lv e n ts  used .in c re a se s  in  th e  o rd e r DMFc ACN <  .DMSO.

In  two subsequent p u b lic a t io n s  la w le s s , Hawley, and .coworkers

have d e sc rib e d  in v e s t ig a t io n s  in to  th e  mechanism o f decom position  o f

12d ih a lo n itro b en zen .e s  and s t e r i c  e f f e c t s  on re d u c tio n  p o te n t i a l  and 

r a te  o f  h a lid e  e l i m i n a t i o n .^

E le c t r o ly s is  o f  .2 ,6 -d ic h lo ro , 2 ,3 -d ic h lo ro ., and .2 ,4  d ic h lo ro -

n itro b en zen e  a t  p o te n t ia l s  j u s t  p a s t  th e  f i r s t  re d u c tio n  waves in

DMF a n d /o r  ACN re s u l te d  in  th e  fo rm atio n  o f o -c h lo ro , m -ch lo ro , and

.p -ch lo ro n itro b en zen e  a n io n  r a d ic a ls  r e s p e c t iv e ly .  Three re d u c tio n

waves were observed f o r  o -c h lo ro n itro b en zen e  in  DMF .as compared to

9two-waves observed by Adams and cow orkers '  under supposed ly  th e  same 

c o n d itio n s . The second wave was a t t r ib u te d  to  th e  f u r th e r  re d u c tio n  

o f th e  o -c h lo ro n itro b en z e n e  an io n  r a d ic a l  to  ..form th e  n itro b e n z e n e .
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an io n  r a d ic a l  and th e  th i r d  wave was co n sid ered  to  be -the f u r th e r  

re d u c tio n  o f th e  n itro b en zen e  an io n  r a d ic a l .  C o n tro lled  p o te n t ia l  

e l e c t r o l y s i s  o f  2 ,6 -d ibrom onitrobenzene to  the . p o in t where two e le c ­

tro n s  had been t r a n s f e r r e d  p e r mole o f  s u b s tr a te  r e s u l te d  in  98% 

d isap p ea ran ce  o f s t a r t i n g  m a te r ia l  and th e  o n ly  p roduct a n a ly s is  

th e y  could  determ ine  was 24% co n v ersio n  to  n itro b en zen e  and 8% con­

v e rs io n  to  o-brom onitrobenzene-

in v e s t ig a t io n  o f  s t e r i c  e f f e c t s  on h a lo n itro b en zen e  e le c t r o ­

chem istry  le d  Hawley and coworkers to  conclude th a t  .the tw is t in g  of 

th e  n i t r o  group ou t o f  th e  p lane o f th e  r in g  by o rth o  s u b s t i tu e n ts  

causes more lo s s  o f resonance energy  f o r  "the n i t r o  an io n  .ra d ic a l  th an  

f o r  th e  n e u tr a l  m olecule.. The h ig h e r  energy  p roduct re q u ire s  a more 

ca th o d ic  p o te n t ia l  f o r .a n io n  r a d ic a l  fo rm atio n , w h ile  th e  p o s s ib i l i t y  

f o r  r e la x a t io n  o f th e  tw is te d  n i t r o  group enhances th e  r a te  o f e lim - 

.in a tio n  o f the  o rth o  s u b s t i tu e n t .  They a ls o  p o s tu la te  t h a t  th e  ca th ­

od ic  re d u c tio n  p o te n t ia l  s h i f t  does n o t r e f l e c t  the  e n t i r e  lo s s  of 

.resonance energy  s in ce  p a r t  o f t h i s  lo s s  should be made-up by in ­

c reased  s o lv a t io n  o f  th e  tw is te d  n i t r o  a n io n  r a d ic a l .  M ethyl sub­

s t i t u t i o n s  on th e  h a lo n itro b e n z en e s  were observed to  in c re a s e  the  

r a t e  o f  h a lid e  lo s s  even when s t e r i c  e f f e c t s  were n o t in v o lv e d .

.Nelson, C a rp en te r, and S e o ^  have .used c y c lic  voltam m etry , 

chronoamperomet r y , and ch ro n o p o ten tio m etry  to  in v e s t ig a te  th e  reduc­



t io n  mechanisms o f a l l  .the m onohalon itrobenzenes. T h e y  have demon­

s t r a t e d  th a t  the  f i r s t  r e d u c tio n  wave i s  a one e le c t ro n  t r a n s f e r  fo r  

a l l  o f  the  compounds in v e s t ig a te d  ex cep t o-bromo and o -io d o n itro b e n -  

zene . They concur w ith  la w less  and H aw ley^  on the  one e le c t ro n  

t r a n s f e r  fo llow ed  by lo s s  o f  h a lid e  and hydrogen atom e x t r a c t io n  f o l ­

lowed a g a in  by one e le c t r o n  t r a n s f e r  f o r  th e  decom position  o f  p- 

io d o n itro b en zen e  to  th e  -n itrobenzene an io n  r a d ic a l .  They observed 

th e  ESR spectrum  f o r  th e  n itro b en zen e  an io n  r a d ic a l  d u rin g  e le c ­

t r o l y s i s  o f  a l l  th e  m onohalonitrobenzenes in  ACN, a lth o u g h  f o r  the  

f lu o ro  and ch lo ro n itro b en z en e s  up to  s e v e ra l  hours o f  e l e c t r o l y s i s  

tim e were re q u ire d . The in fe re n c e  i s  made th a t  th e  p - io d o n itro b e n -  

zene decom position  mechanism i s  g e n e ra l f o r  th e  h a lo n itro b e n z e n e s . 

However ex cessiv e  e l e c t r o l y s i s  tim e f o r  g e n e ra tio n  o f th e  .n itro b en ­

zene an io n  r a d ic a l  d em onstra tes  t h a t  t h i s  i s  a very  slow pathway fo r  

th e  f lu o ro  and c h lo ro n itro b e n z e n e s .

The . f i r s t  o rd e r r a t e  c o n s ta n ts  m easured fo r  h a lo n itro b en zen e  

decom position  from chronoam perom etric d a ta  show th e  fo llo w in g  t r e n d s :

kIneta'= kpai-a*=korthp and kP ^ kGFkBr-=kI-

In  experim ents w ith  deu terium  oxide /and d eu te ra te d  ACN th ey  

were ab le  to  p e rs u a s iv e ly  show th a t  th e  so lv e n t.a n d  n o t r e s id u a l  

w a te r  .is  th e  source o f hydrogen f o r  h a lid e  rep lacem ent.

10
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D uring e le c tro c h e m ic a l sy n th e s is  in v e s t ig a t io n s , a t  h igh  sub­

s t r a t e  c o n c e n tra tio n , 4 - n i t ro b ip h e n y l.■ was formed by e l e c t r o l y s i s  o f  

p -io d o n itro b en zen e  in  a 50/50  m ix ture  o f  ACN/benzene, a ls o  50 — 60% 

y ie ld s  o f  U34 1-dibrom oazoxybenzene were ob ta in ed  by e l e c t r o l y s i s  o f 

p-brom onitrobenzene a t  th e  p o te n t ia l  o f  i t s  second re d u c t io n  wave. 

N otab ly , no d in i tro b ip h e n y ls  o r  so lv e n t a d d i t io n  p ro d u c ts  could be 

i s o la te d  o r c h a ra c te r iz e d  a lth o u g h  s e v e ra l  u n id e n t i f ie d  p ro d u c ts  were 

produced.

. Sosonkin and c o w o r k e r s ^  have used bo th  e le c tro c h e m ic a l and 

chem ical re d u c tio n  o f h a lo n itro b e n z en e s  to  determ ine th e  mechanism 

o f h a l id e  s u b s t i t u t io n  by hydrogen. They su p p o rt the  .mechanisms pro­

posed f o r  o -c h lo ro , p-bromo, and th e  io d o n itro b en zen es  by P u jinaga  

and coworkers^**".. They e la b o ra te d  on th e se  mechanisms as fo l lo w s :

CzH1NO I  + e"
o 4 2 W 0217

( f i r s t  wave; .X=Cl,Br)

.C6H4NO2XT + e~ — > C6H4NO2X= -- ^ c 6H4NO2 + X - -

C6H4NO2-  + H+ — ^  C6H^NO2 > (second wave)

.C6Ĥ NO2 + a"  - C6H^NO2 .

and
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W O 2" + e -  C ^ N O - > ( f i r s t  wave)

G6H4BO2-  +  H+ C6H5BO2

C6H5HO2 + 6-  ^ i - C 6H5BO2- (second wave)

Thus .fa r  in  t h i s  s e c t io n ,  p e r t in e n t  r e s u l t s  o f  the  e l e c t r o ­

chem ical in v e s t ig a t io n s  o f  h a lo n itro b e n z e n e s have been p re se n te d  w ith  

a  minimum o f p e rso n a l -.comments. These . r e s u l ts  w i l l  now be summarized 

and c r i t i c a l l y  a n a ly z e d ..

The s e v e ra l  proposed mechanisms a re  i l l u s t r a t e d  in  f ig u r e  .1. 

Pathway ( I )  encom passes an i n i t i a l  one e le c t r o n  r e v e r s ib le  wave to  

form th e  s ta b le  h a lo n itro b en zen e  an io n  ra d ic a l,.  At a more ca thod ic  

p o t e n t i a l ,  ( c .a .  one v o l t ) ,  a second e le c t r o n  i s  added, r a p id  dehalo - 

gen a tio n  o c cu rs , and th e  r e s u l t in g  c a rb a n io n -e x tra c ts  a  p ro to n  from 

th e  so lv e n t to  form n itro b e n z e n e . N itrobenzene .is  reduced  more 

e a s i l y  th a n  th e  h a lo n itro b en zen e  a n io n  r a d ic a l  so i t  .is  r a p id ly  re ­

duced in  -a one e le c t r o n  t r a n s f e r  to  make th e  second wave a  two e le c ­

t r o n  re d u c tio n . T his pathway i s  th e  one o r ig in a l ly  su g g ested  by

F u j in a g a ,and c o w o rk e rs^  and a lso  su p ported  by Sosonkin-and co -

. .15,16w o rk e rs . *

The pathway .re p re se n te d  by (2 ) beg in s  w ith  -a two e le c t r o n  wave

w hich can be broken down .in to  an i n i t i a l  one e le c t r o n  t r a n s f e r  to



FIGURE I. . Halonitrobenzene Reduction Pathways
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Note: Carbanions and neutral radicals w ill  be localized on
the ring position from which halide was lo s t .
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y ie ld  an u n s ta b le  h a lo n itro b e nzene an io n  r a d ic a l .  . I t  .lo ses  h a lid e  

and i s  .ra p id ly  reduced  by a  second e le c t r o n  to  .a c a rb an io n . .Pro­

to n a t io n  r e s u l t s  "in th e  fo rm atio n  o f  n e u t r a l  n itro b en zen e  which i s  

reduced  a t  a s l i g h t l y  more ca th o d ic  p o t e n t i a l ,  ( c .a .  0 .2  v o l t s ) ,  

r e s u l t in g  in  th e  second wave. This pathway was in f e r r e d  by th e  d a ta  

o f  Adams and cow orkers^ f o r  th e  decom position  o f the  io d o n itro b e n -  

z en es . I t  was a lso  supported  by the  .o b se rv a tio n s  in  re fe re n c e s  11, 

.15, and 16.

Pathway (3 ) a g a in  beg in s  w ith  an i n i t i a l  one e le c t r o n  t r a n s f e r  

t o ,y i e l d  an u n s ta b le  h a lo n itro b e n z e ne a n io n  r a d ic a l  which lo s e s  ha­

l i d e .  The n e u t r a l  r a d i c a l  w h ic h 'r e s u l ts  i s  reaso n ab ly  s ta b le  and de­

composes by hydrogen atom e x t r a c t io n  from th e  so lven t.. .N itrobenzene 

i s  th e n  reduced a t  th e  same o r a s l i g h t l y  more ca th o d ic  p o te n t ia l  and 

a " t o t a l  o f  two one e lec tro n -w av es  are  supposed ly  observed . The work 

o f  .Hawley .and c o w o r k e r s '^ ^ ' and. t h a t  -of N elson and cow orkers"^  sup­

p o r t  t h i s  pathway.

The fo llo w in g  o b se rv a tio n s  -,are made:

I .  I t  app ears  obvious t h a t  any supposed c o n f l ic t  betw een th e  mechan­

ism s o f  pathways ( I )  and (3 ) can be ex p la in ed  by a llo w in g  both  

to  be v a l id .  I f  an e le c tro d e  i s  h e ld  ,a t  th e  p o te n t i a l  o f  the 

f i r s t  r e v e r s ib le  wave th e  h a lo n itro b e n z e ne an ion  r a d i c a l  can 

lo se  h a lid e  a t  a  r a te  c h a r a c te r i s t i c  o f  :the p a r t i c u l a r  halogen
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and .isomer .in v o lv ed . I f  a s  in  th e  case o f  io d in e , .halide ' lo s s  

i s  ra p id  and i f  hydrogen atom e x tr a c t io n  i s  v a l id ,  "the .n i t r o ­

benzene an io n  r a d ic a l  can be g en e ra ted  w ith  on ly  two e le c tro n s  

t r a n s f e r r e d .

When th e  h a lo n itro b en zen e  an io n  .ra d ic a l  i s  q u ite  s ta b le  a s  fo r  

c h lo r in e , r e a c t io n  by pathway (3 ) w i l l  be slow. A p p lic a tio n  o f 

an e le c tro d e  p o te n t ia l  a s  ca th o d ic  a s  the  second wave can th en  

produce th e  n itro b en zen e  a n io n  .ra d ic a l  w ith  a t r a n s f e r  o f  th re e  

e le c t r o n s .

2 . N e ith e r pathway (2 ) o r  (3 ) e x p la in  th e  lo d o n itro b en z e n e  e le c t r o ­

chem istry  o f  Adams and coworkers^-. The f i r s t  re d u c tio n  wave of 

th e se  compounds i s  a t  . le a s t  tw ice  a s  la r g e ,  (tw ice  a s  much 

.c u r re n t) ,  a s  th e  second wave. The halfw ave p o te n t ia l s  o f  the  

second and th i r d  waves do n o t correspond  to  those  o f n itro b e n ­

zene, th e  supposed p roduct o f th e  f i r s t  wave. A re d u c tio n  mechan­

ism in v o lv in g  a  so lv e n t a d d i t io n  p ro d u c t may be a b le  to  e x p la in  

th e se  r e s u l t s .

3-. P roduct a n a ly se s  a f t e r  c o n tro l le d  p o te n t ia l  e l e c t r o l y s i s  have no t 

.re s u lte d  i n  th e  i d e n t i f i c a t i o n  o f th e  n itro b en zen e  r a d ic a l  coupling  

p ro d u c t, d in i t ro b ip h e n y l ,  even though th e  p o s tu la te d  l i f e t im e  o f 

th e  r a d ic a ls  i s  q u ite  ..long. Also th e  f a te  o f  th e  so lv e n t r a d ic a ls
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rem ains a 'm ystery . -A .number o f  i t s  a d d it io n  p ro d u c ts  a re  p o ss i­

b l e ,  ( f ig u re  2 ) ,  and th e y  should be . id e n t i f i a b l e .

4 . F a ilu re  to  m inim ize r e s id u a l  w a te r can have a s u b s ta n t ia l  e f f e c t

on th e  p o te n t ia l s  and p o s s ib ly  th e  mechanisms o f decom position

a t  th e  more ca th o d ic  i r r e v e r s ib le  re d u c tio n s . As .mentioned
9

e a r l i e r ,  Adams and coworkers observed  one r e v e r s ib le  and one 

i r r e v e r s ib le  wave f o r  th e  re d u c tio n  o f o -c h lo ro n itro b e n z e n e . Law- 

l e s s  and Hawley observed  one r e v e r s ib le  and two i r r e v e r s ib le  

waves f o r  t h i s  compound under n e a r ly  id e n t i c a l  c o n d itio n s . This 

a u th o r  has observed  th a t  a d d i t io n  o f t r a c e s  o f  w a te r to  d ry  DMSO 

can cause a change from a t o t a l  o f  th re e  waves to  .a " to ta l  o f two 

f o r  th e  re d u c tio n  o f t h i s  compound and th a t  changes in  th e  v o l t -  

ammo grams o f p o ly c h lo ro n itro b en z e n es  by t r a c e s  o f w a te r 'i s  a 

g e n e ra l f e a tu r e .

5. No re a c t io n s  o f  th e  n i t r o  group concom itant to  h a lid e  lo s s  have 

been d e sc r ib e d  p rev io u s  to  t h i s  in v e s t ig a t io n .

E le c tro c h e m is try  o f  N itrosobenzene and Azoxybenzene

17Kemula and Sioda have in v e s t ig a te d  th e  e le c tro c h e m ic a l reduc­

t io n  o f n itro so b en zen e  i n  DMF w ith  sodium n i t r a t e  a s  .supporting  

e l e c t r o l y t e .  They observed two p o la ro g ra p h ic  waves f o r  t h i s  reduc­

t i o n ,  and the  f i r s t  was a t t r ib u te d  to  th e  fo rm a tio n  o f th e  n i t r o s o -



•FIGURE 2 . -- Secondary R eac tio n s  With S o lven t
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benzene a n io n  r a d ic a l .  The .second wave was p o s tu la te d  to  be a com­

b in a t io n  o f th e  f u r th e r  re d u c tio n  o f  th e  n itro so b en zen e  a n io n  .ra d i­

c a l  and the  re d u c tio n  o f azoog/benzene formed by th e  r e a c t io n  o f  two 

a n io n  r a d ic a ls  from  th e  f i r s t  wave o r  a n io n  r a d ic a ls  r e a c t in g  w ith  

n e u t r a l  n itro so b en zen e  m o lecu les. E l e c t r o ly s is  o f  n itro so b en zen e  on 

th e  f i r s t  wave r e s u l te d  in  th e  c u rre n t decaying  to  zero  b e fo re  the  

passage o f one e le c t r o n  p e r m olecule o f s u b s t r a te .  P o larography  o f

an  e le c tro ly z e d  s o lu t io n  in d ic a te d  o n ly  th e  fo rm atio n  o f  azoxybenzene.
18A sirv a th an  and Hawley have s tu d ie d  th e  c o n tro lle d  p o te n t ia l  e le c ­

t r o l y s i s  o f  n itro so b en zen e  i n  ACN and .DMF.. ,In ACN th e y  observed un­

u s u a lly  ra p id  decom position  which was com plete a f t e r  th e  passage o f

0 .3  moles o f  e le c t r o n s  per mole o f s u b s t r a te .  They proposed th a t  

hydroxide io n s  produced du rin g  th e  fo rm atio n  o f azoxybenzene a lso  

caused th e  decom position  o f n itro so b en zen e  to  azoxybenzene. This was 

supported  by th e  f a c t  t h a t  each 0 .3  o f  a mole .of tetraethylam m onium  

hydroxide added to  a s o lu t io n  o f n itro so b en zen e  caused th e  d isap p e a r­

ance o f one mole o f  n itro so b e n z e n e , w ith  th e  fo rm atio n  o f azoxybenzene 

a t  a  70% y ie ld .  At l e a s t  n in e  o th e r  m inor p ro d u c ts  were i s o la te d  b u t 

n o t i d e n t i f i e d .  S im ila r  y ie ld s  o f  azoxybenzene were o b ta in ed  from 

ex h au s tiv e  e l e c t r o l y s i s  and a g a in  i t  was th e  o n ly  p ro d u c t t h a t  could 

be i d e n t i f i e d .  ' .

A lthough th e  n itro so b en zen e  .anion r a d ic a l  was somewhat more s ta b le
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in  DMP, s im i la r  re s u lts ''w e re  o b ta in ed  .fo r bo th  e le c tro c h e m ic a l and

chem ical decom position  in  t h i s  so lv e n t .

19L ip s z ta jn  and coworkers 7 observed th re e  poIa ro g rap h ic  waves fo r  

th e  re d u c tio n  o f  n itro so b en zen e  in  DMF w ith  'tetraethylam m onium  

p e rc h lo ra te  as  su p p o rtin g  e l e c t r o l y t e .  .However under th e  same con­

d i t io n s  , fo u r  re d u c tio n  waves were observed on a  chrono-voltammogram 

tak en  a t  a hanging m ercury d rop  e le c tro d e .  They in te r p r e te d  t h e i r  

r e s u l t s  a s  .shown in  f ig u re  3 . N itrosobenzene .is  reduced .in  a par­

t i a l l y  r e v e r s ib le  one e le c t r o n  wave to  th e  n itro so b en zen e  a n io n  rad ­

i c a l  which can d im erize  .and lo s e  hydroxide to  form azoxybenzene.. From 

th e  e le c tro c h e m is try  o f  a u th e n t ic  a zo x y b en zen e^ , th e y  were a b le  to  

i n t e r p r e t  th e  second wave a s  th e  r e v e r s ib le  one e le c tro n  re d u c tio n  

o f azoxybenzene. The th i r d  wave was b e lie v e d  to  be „a com bination o f 

f u r th e r  re d u c tio n  o f n itro so b en zen e  an io n  r a d ic a l s  th a t .h a d  su rv ived  

d im e riz a tio n  and th e  i r r e v e r s ib l e  re d u c tio n  o f azoxybenzene an ions 

to  g ive azobenzene.. The azobenzene .formed i s  more e a s i l y  reduced 

th a n  th e  azoxybenzene an io n s  so a second e le c t r o n  i s  i n s t a n t l y  t r a n s ­

f e r r e d  to  g ive  azobenzene a n io n s , whose re d u c tio n  to  hydrazobenzene 

c o n s t i tu te  th e  fo u r th  wave.

They found th a t  changing th e  c o n c e n tra tio n  o r the  c a t io n  o f t h e . 

su p p o rtin g  e le c t r o ly te  could  cause s u b s ta n t ia l  changes in  th e  e le c t r o ­

ch em istry  o f  n itro so b en zen e  and i n  th e  p resence  o f sodium p e rc h lo ra te
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t h e i r  r e s u l t s  were s im ila r  to  th o s e  o f .Kemula and S io d a .1^

In  anhydrous l iq u id  ammonia .n itro sobenzene  can be reduced in  

two r e v e r s ib le  one e le c t r o n  s te p s  to  i t s  s ta b le  d ia n io n .  ̂ N itro ­

sobenzene i s  a ls o  observed a s  a s ta b le  re d u c tio n  p roduct o f  n i t r o ­

benzene ,in  l iq u id  ammonia w ith  iso p ro p y l a lc o h o l added a s  a p ro to n  

donor. The proposed mechanism i s  as fo llo w s:

e~ e-  _
C ,H c NO . ^ = ±  CxHc NO :  Ca Hc NO “

6 $ . 2  6 $ 2  6 $ 2

C6H5NO2 "  +  EOH — ^  C6H5NO2H - '+  R O -

C6H5NO2H - - ^ C 6H5N O t O i r

C6H5 NO C6H5NO7 C6H5NO=

Ca H N O " ' t  ROH ---- ^  C , Hc NOET +  R 0 ~ .6 $ 6 5

The c a th o d ic  cycle  o f  a c y c lic  voltammogram shows two waves. The 

n itro b en zen e  an io n  .ra d ic a l  i s  formed on th e  , f i r s t  wave and th e  p ro - 

to n a te d  n itro so b en zen e  d ia n io n  i s  formed on th e  second wave. On the  

anodic  scan  two new .waves a re  seen . The f i r s t  i s  from th e  o x id a tio n  

o f  th e  p ro to n a ted  n itro so b en zen e  d ia n io n  which a f t e r  lo s s  o f  an- 

e le c t r o n ,  r a p id ly  d ep ro to n a ted  to  g ive th e  n itro so b en zen e  a n io n  rad ­

i c a l .  The o x id a tio n  o f the  n itro so b en zen e  an io n  r a d ic a l  .makes up 

th e  second new wave. A second ca th o d ic  sweep shows th e  re d u c tio n
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.o f  n itro so b en zen e  a t  a p o te n t i a l  anodic o f  n itro b en zen e  re d u c tio n ,

No re p o r ts  o f  e le c tro c h e m ic a l in v e s t ig a t io n s  o f ha lo g en a ted  n i t r o ­

sobenzene s i n  a p ro t ic  media were d isco v e red  du rin g  an e x te n s iv e  . l i t ­

e r a tu re  s e a rc h .
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'STATEtfflNT OF PROBLEM

T his work h a s  grown ou t o f  th a t  o f  S. 0. F a rw ell a n d 'F . A. 
opBela n d . They in v e s t ig a te d  the  e le c tro c h e m ic a l re d u c tio n  o f 

s e v e ra l  c h lo r in a te d  homologs such as  the  po lych lo robenzenes and 

p o ly c h lo ro b ip h e n y ls . The o n ly  e le c t r o a c t iv e  fu n c tio n s  in  th e se  com­

pounds were th e  c h lo r in e  s u b s t i tu e n ts  and th e y  concluded th a t  each 

e le c tro c h e m ic a l re d u c tio n  wave was the  . r e s u l t  o f  an i r r e v e r s ib le  

two e le c t r o n  t r a n s f e r  w ith  th e  .lo ss  o f  c h lo r id e  and p ro to n  a b s tr a c ­

t io n .  "They a p p lie d  c o n tro l le d  p o te n t ia l  e l e c t r o l y s i s  and CRDO 

m o lecu lar o r b i t a l  c a lc u la t io n s  to  th e  problem  o f de term in ing  e le c t r o ­

chem ical re d u c tio n  mechanisms .and p ro d u c t d is t r ib u t io n s  f o r  th e se  

compounds.

The e le c tro c h e m ic a l b eh av io u r o f  m olecu les w ith  more th a n  one 

e le c t r o a c t iv e  fu n c t io n a l  group, s p e c i f i c a l l y  th e  c h lo r in a te d  n i t r o  

and n itro so b e n z e n e s , a re  th e  su b je c t o f  t h i s  in v e s t ig a t io n .  F u r th e r­

m ore, b o th  r e v e r s ib le  and i r r e v e r s ib le  e le c tro c h e m ic a l p ro c e sses  are 

in v o lv ed  in  th e  re d u c tio n  o f  th e se  compounds and c y c lic  voltam m etry 

i s  needed to  d is t in g u is h  betw een th e  two .p ro cesses . The e lu c id a t io n  

o f  th e  mechanism o f .re d u c tio n  in  the  p resence  o f com peting e le c t r o ­

chem ical and chem ical r e a c t io n s  and th e  c a ta lo g in g  o f th e  re d u c tio n  

p o te n t ia l s  i n  th e  so lv e n t dimeth y l s u l f oxide ,fo r  the  .p o ly ch lo ro n i t r o  

and p o ly ch lo ro n itro so b en zen es  i s  th e  problem  ad d ressed  i n  t h i s  por­

'21

t io n  o f  t h i s  d i s s e r t a t i o n .



EXPERIMENTAL

E lec tro c h em ica l C e ll and E le c tro d e s

A sm all volume H-c e l l  -was c o n s tru c te d  w ith  a g la s s  wool p lug  

to  d iv id e  th e  two com partm ents. A t o t a l  sample volume o f  8 to  10 

m il l i l i t e r s  f o r  th e  two compartments was found to  be co n v en ien t. 

Between a n a ly s is  o f  samples th e  c e l l  was r in se d  .re p e a te d ly  w ith  

d i s t i l l e d  -water and th e  c e l l  was th e n  d r ie d  by r in s in g  th re e  o r fo u r  

tim es w ith  ace to n e  fo llow ed  by fo rc in g  a c u rre n t o f  a i r  th rough  the  

g la s s  wool p lu g .

The w orking e le c tro d e  was a  p la tinum  f la g  w ith  a t o t a l  a re a  o f
p

ap p ro x im ate ly  60 mm , coated  w ith  m ercury  ..by th e  procedure o f  Enke 

'23and cow orkers. .An a u x i l i a r y  o r  co u n te r e le c tro d e  was formed -by a 

c o i l  o f  20 gauge p la tinum  w ire . The re fe re n c e  e le c tro d e  was a s i lv e r  

w ire  which had been anodized  i n  th e  p resence  o f  c h lo r id e  to  form a 

s i l v e r  c h lo r id e  c o a tin g . T his coated  w ire  was p laced  in  a g la s s  tube 

w ith  a f in e  c a p i l l a r y  t i p  and th e  tube w as f i l l e d  w ith  a s a tu ra te d  

aqueous s o lu t io n  o f po tassium  c h lo r id e . and s i l v e r  ch lo rid e ..

.Although aqueous re fe re n c e  e le c tro d e s  ..have la r g e ,  unknown ju n c tio n

p o te n t ia l s  when used in  nonaqueous system s, th e se  ju n c tio n  p o te n t ia l s

can be made re p ro d u c ib le  w ith  a- p ro p e rly  c o n s tru c te d  re fe re n c e  e le c ­

tro d e  . ^  T his Ag/AgCl re fe re n c e  has an e q u ilib r iu m  p o te n t i a l  0.197

v o l ts  p o s i t iv e  o f  th e  s tan d a rd  hydrogen e le c t ro d e .  T his i s  0.045
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v o l t s  n eg a tiv e  o f  th e  p o te n t i a l  o f  .the .more .commonly used s a tu ra te d  

calom el e le c tro d e  tand .approxim ate com parison to  p o te n t ia l s  .repo rted  

v e rsu s  th e  s a tu r a te d  calom el can be o b ta in ed  by s u b tra c t in g  0.045 

v o l t s  .from th e  p o te n t ia l s  re p o r te d  h e re in .

The re fe re n c e  e le c tro d e  was p laced  in  c o n ta c t w ith  th e  s o lu t io n  

i n  one compartment o f  th e  .H -ce'll and th e  working and co u n te r e le c -  

,t ro d e s  were p laced  in  th e  .o th e r compartment. The working compartment 

s o lu t io n  was f lu sh e d  w ith  n i tro g e n  f o r  s e v e ra l  m inutes to  remove 

oxygen p r io r  to  re c o rd in g  o f  a voltammogram.

C yclic  Voltammetry In s tru m e n ta tio n

A c o n v en tio n a l c y c lic  voltam m eter w ith  .a s tan d a rd  "three e le c tro d e ,  

o p e ra t io n a l  a m p lif ie r  p o te n t io s ta t  was .co n stru c ted  as  shown schem ati- 

.c a l ly  in  f ig u r e s  4 and 5. T his d e sig n  .allowed f o r  the  i n i t i a l  po ten ­

t i a l  and th e  ca th o d ic  and anodic  l im i t s  to  be in d ep en d en tly  and a r b i ­

t r a r i l y  s e t .  .The anodic  and ca th o d ic  sweep r a te s  were a ls o  independ­

e n t ly  v a r ia b le ,  b u t .fo r a l l  th e  work re p o r te d  h e re in  th e y  were :se t 

■equal to  each o th e r  a t  75 m v/sec. The uncompensated IR drop  in  the  

system  was deemed n e g l ig ib le  and was n o t c o rre c te d  f o r  e l e c t r o n i c a l ly .  

,All voltammograms were reco rd ed  on a .Houston In stru m en ts  Qmnigraphic 

2000 Z-T re c o rd e r  .and peak p o te n t ia l s  were determ ined g ra p h ic a l ly .



F igure  4 . C yclic  Voltammeter Block Diagram
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F igure 5. C yclic  Voltamrneter C ir c u i t  Diagram.
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S o lv en t P u r i f ic a t io n

.Reagent grade dime th y  I -  s u l f o x i d e (DMSO)., :was o b ta in ed  from -J.. T. 

Baker Co. and was found to  c o n ta in  a t  l e a s t  one e le c t r o a c t iv e  .impur­

i t y  which in t e r f e r r e d  w ith  th e  re c o rd in g  o f voltammograms o f sub­

s t r a t e s  .a t  5 x  .IO- ^M co n cen tra tio n s ..

The so lv e n t was p u r i f ie d  by re f lu x in g  300-400 ml p e r b a tch  over 

te n  grams o f sodium hydroxide a t  .approx im ate ly  75°C f o r  two and a 

h a l f  h o u rs . The re f lu x in g  m ix tu re  was co n tin u o u s ly  s t i r r e d  and 

m ain ta in ed  under an  atm osphere o f  n itro g e n  a t  reduced p re s s u re . The 

so lv e n t was th en  decan ted  in to  a  f l a s k  c o n ta in in g  f iv e  grams o f p u l­

v e r iz e d  calcium  h y d rid e , to  rem ove-w ater, and the  m ix tu re  was s t i r r e d  

f o r  th re e  to  fo u r  hours w hile  a n itro g e n  atm osphere was m ain ta ined  

above th e  l iq u id .  The DMSO was th e n  d i s t i l l e d  under vacuum, w ith  the  

f i r s t  and l a s t  20-30 ml .being d is c a rd e d . The c o l le c t io n  f l a s k  was 

cooled  i n  an  ic e  b a th  and th e  m iddle fra c tio n -w a s  o b ta in ed  a s  a s o l id .  

A ll s o lu t io n s  f o r  e le c tro c h e m ic a l-a n a ly s is  were p repared  and analyzed  

w i th in  48 h o u r s - a f te r  t h i s  p u r i f i c a t io n  and d ry in g  p ro ced u re .

E le c t r o ly te  and O rganic S u b s tra te s

The su p p o rtin g  e le c t r o ly te  used th ro u g h o u t .th is  s tu d y  was t e t r a -  

ethylammonium p e rc h lo ra te  from Eastman O rganic .Chem icals, halogens 

as  bromide 1 0 0 .ppm o r l e s s .



29

P o ly ch lo ro n itro b en zen e  s

N itrobenzene was purchased  from F is h e r  S c ie n t i f i c  Co. Sam­

p le s  o f  2-ch loro .; 4 -c h lo ro ; 2 ,4 -d ic h lo ro ;  3 ,4 -d ic h lo ro ;  2 ,3 ,4 -  

t r i c h lo r o ;  2 , 4 , 5 - t r i c h l o r o ; .2 ,3 ,4 ,$ - te t r a c h lo r o ;  2 ,3 ,5 ,6 - t e t r a -  ' 

ch lo ro  and p e n tac h lo ro n itro b en zen e  were purchased from A ld rich  

Chem ical C o., Inc.. Samples o f  3 -c h lo ro ; 2 ,3 -d ic h lo ro  and 2 ,5 -  

d ic h lo ro n itro b e n z ene were purchased from J .  I .  Baker Chemical Co.

The s y n th e s is  o f  th e  fo llo w in g  compounds was c a r r ie d  o u t w ith, 

th e  g o a l o f  o b ta in in g  enough pure p roduct to  c a r ry  ou t e lec trochem ­

i c a l  a n a ly s is .  L i t t l e  e f f o r t  was .devoted to  p e r fe c t in g  s y n th e t ic  

methods and y ie ld s  a re  n o t re p o r te d . I n  th e  case o f  th e  p o ly ch lo ro - 

n itro so b en zen .es , much o f th e  crude p ro d u c t was s a c r i f ic e d  in  the  in ­

t e r e s t  o f  p u r i ty .  .Y ields were t y p ic a l ly  I^  o r . l e s s ,  b u t most o f 

th e se  .m a te r ia ls  co n ta in ed  no im p u r i t ie s  o b servab le  by voltam m etry.

Samples o f  2 ,6 -d ic h lo ro ;  2 ,3 ,5 - t r i c h l o r o ;  .2 ,3 ,6 - t r i c h l o r o ; 2 ,4 ,6 -  • 

t r i c h lo r o  and 2 ,3 ,4 ,6 - te tr a c h lo ro n i t r o b e n z e n e  were sy n th es iz ed  by 

K ath leen  Brunke, Linda D avis, an d /o r R ichard  Geer. Samples o f  2 ,6 -  

d ic h lo ro  and 2 ,4 ,6 - t r i c h lo r o a n i l in e  were o x id ized  w ith  30/  HgO- in  

a 9 to  I  m ix tu re  o f  a c e t ic  to  form ic a c id  a t  n ear b o i l in g  tem p era tu res  

to  y ie ld  2 , 6 -d ic h lo ro n itro b e n z e n e , m .p. 7 1 -7 2 0C and 2 , 4 , 6 - t r i c h lo r o -  

n itro b e n z e n e , m .p. 69-70°C. A sample o f  2 ,3 .,5 - tr ic h lo ro n itro b e n z e n e



was .syn thesized  by c h lo r in a t io n  o f o -am inonitrobenzene i n  b o th  meta 

p o s i t io n s  w ith .c h lo r in e  g as . This was .follow ed by rep lacem en t o f 

th e  amine group by c h lo r in e  w ith  cuprous c h lo rid e  v ia  th e  Sandmeyer 

r e a c t io n ,  m .p. 49 -50°C. A sample o f  2 ,3 ,6 - t r ic h lo ro n i t ro b e n z e n e  was 

sy n th es iz ed .f ro m  ,2 ,6 -d ic h lo ro n itro b e n z e n e  by c h lo r in a t io n  o f one o f 

th e  meta p o s i t io n s  w ith  antim ony p e n ta c h lo r id e , m .p. 78 -83°C. A sam­

p le  o f  2 ,3 ,4 ,6 - te tra c h lo ro n itro b e n z e n e  was t h e .n i t r a t i o n  p ro d u c t o f

1 . 3 . 4 . 5 - te .trach lo ro b en zen e  w ith  n i t r i c  and  s u l f u r ic  a c id ,  m .p. 40 -42°C. • 

A sample o f 3»5 -d .ich lo ro n itro b en zen e  was sy n th es ized  by deam ination

o f  2 ,6 - d ic h lo r o - 4 - n i t r o a n i l in e  w ith  sodium n i t r i t e  in  th e  p resence ■ 

o f  e th a n o l and s u l f u r ic  acid .. The crude p ro d u c t was .steam d i s t i l l e d  

and th e n . r e c r y s ta l l i z e d  from e th a n o l , m .p. 58-60°C. A sample o f

3 . 4 . 5 -  t r ic h lo ro n itro b e n z e n e  was sy n th es iz ed  by d ia z o t iz a t io n  o f 2 ,6 -  

d ic h lo r o - 4 - n i t r o a n i l in e  w ith  sodium n i t r i t e  .in  the  p resence  o f a c e t ic  

and s u l f u r ic  a c id .  The f r e s h ly  p repared  diazonium  s a l t  s o lu t io n  was 

added to  a s o lu t io n  o f cuprous c h lo rid e  .in  co n cen tra ted  HGI' to  e f ­

f e c t  th e  rep lacem ent o f  th e  diazonium  group by c h lo r in e . The crude 

p ro d u c t was r e c r y s t a l l i z e d  from a c e t ic  .a c id , m .p. .67-69°C.

P o ly c h lo ro n itro sobenzene s

25
N itrosobenzene was sy n th es iz ed  by th e  procedure o f  Coleman e t .  a l .  

which e n ta i le d  th e  re d u c tio n  o f n itro b en zen e  i n  a v ig o ro u s ly  s t i r r e d

30
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aqueous susp en sio n  w ith  z in c  powder,, ( J .  \T. Baker Chemical Co.)*

The re d u c tio n  p ro d u c t, phenylhydroxylam ine, was o x id ized  to  n i t r o -  

sobenzene in  a co ld  aqueous s o lu t io n  o f s u l f u r ic  a c id .a n d  sodium 

d ich ro m a te . The .crude p ro d u c t was steam  d i s t i l l e d  and. r e c r y s t a l l i z e d  

from e th a n o l . A sample o f  4 -c h lo ro n itro so b en zen e  was sy n th es iz ed  by 

th e  same procedure a s  n itro so b en zen e  ex cep t th e  4 -ch lo rophen y lh yd roxy l- 

mine was i s o la te d  and r e c r y s t a l l i z e d  from hexane and th e  crude pro­

d u c t  from the  o x id a tio n  was .used w ith o u t f u r th e r  p u r i f i c a t io n .

Samples o f  2 ,6 -d ic h lo ro ;  2 ,3 ,6 - t r i c h l o r o ; .2 ,4 ,6 - t r i c h l o r o ; .2 ,3 ,4 ,6 -  

t e t r a c h lo r o  and 2 ,3 ,5 ,6 - t e t r a c h lo r o n i t r o sobenzene w e re . sy n th es iz ed

by th e  o x id a tio n  o f  th e  re s p e c tiv e  .a n i l in e s  w ith  30% HO by th e  p ro -
■ 2 .2pZ

cedure o f  Holmes .and Bayer,' • .m odified by .the use o f a 9 to  I  mix­

tu re  o f  a c e t ic  to  form ic a c id  a s  so lv e n t in s te a d  o f pure a c e t ic  a c id . 

The s o lu t io n s  were a llow ed to  r e a c t  f o r  24 "to -48 h ou rs a t  room temper­

a tu re  and th e  p ro d u c ts  were r e c r y s t a l l i z e d  from e th a n o l . An a ttem p t 

to  sy n th es iz e  p e n tach lo ro n itro so b en zen e  by  t h i s  method was unsuccess­

f u l .

The rem ainder o f  th e  p o ly ch lo ro n itro so b en zen es  w ere sy n th es iz ed
■27by a procedure s im ila r  to  t h a t  o f "Lutz and L y tto n , T y p ic a lly  20 

grams o f .the p a r t i c u l a r  c h lo r in a te d  n itro b en z en e  and I  gram o f CaCl^ 

were d is so lv e d  i n  150 ,m i l l i l i t e r s  o f a 5 to  I  m ixture o f  e th a n o l and 

w a te r , more so lv e n t be ing  re q u ire d  fo r  th e  h ig h e r  c h lo r in a te d  com­

pounds. 20 grams o f  z in c  powder, ( J .  T.. Baker Chemical C o .) , was



added and the  s t i r r e d  m ix tu re  was re f lu x e d  f o r  :45 m inutes.. .At 

t h i s  p o in t th e  r e a c t io n  p o ts  always co n ta in ed  a l o t  o f  p r e c ip i ­

ta te d  m a te r ia l  which was f i l t e r e d  h o t and washed w ith  s e v e ra l  hun­

d red  m i l l i l i t e r s  o f  h o t e th a n o l . The f i l t e r e d  a lc o h o l-w a te r  so lu ­

t i o n  o f c h lo r in a te d  phenyIhydroxylam ine was added to  2$ grams o f 

f e r r i c  c h lo r id e  hexahydrate  d is so lv e d  .in  400-500 ml o f  ic e  w a ter 

s lu r r y .  A p r e c ip i t a t e  was o b ta in ed  im m edia te ly  and i t  was allow ed 

to  d ig e s t  f o r  s e v e ra l  hours b e fo re  i t  was f i l t e r e d  o f f  and steam 

d i s t i l l e d .  The c h lo r in a te d  n itro so b en zen es  d i s t i l l e d  over .as sm all 

g reen  o r g reen -b lu e  d r o p le ts  ;and c o l le c te d  a s  s e v e ra l  '.large o i l  d rop . 

VJhen th e se  o i l  d rops s o l id i f i e d  th e  p ro d u c t was r e c r y s t a l l i z e d  from 

e th a n o l .  The m e ltin g  p o in ts  o f th e  n itro so b en zen es  a re  g iv en  in

J 2

ta b le  I .
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Table I .  P o ly ch lo ro n itro so b en zen e  M elting  P o in ts

C hlo rine  P o s i t io n
Observed

M elting  P o in t(C c )

60
2 52-56
3 68-72
4 80-84

2 ,3 88-90
2 ,4 •43-45
2 ,5 97-98
2 ,6 172-173
3 ,4 83-85
3 ,5 97-100

2 ,3 ,4 58-59
2 ,3 ,5 . 77-78
2 ,3 ,6 170
2 ,4 ,5 88-90
2 ,4 ,6 140
3 ,4 ,5 76-86*

2 ,3 ,4 ,5 ' 83-85
2 ,3 ,4 ,6 163-164
2 ,3 ,5 ,6 197-198

■"'Melting began a t  76° to  a medium g reen  l iq u id  and th e  l a s t  f in e  

n eed le s  m elted  a t  S6'°C.



RESULTS AND DISCUSSION

The peak p o te n t ia l s  f o r  the  .red u c tio n  waves o f  the  p o ly c h lo ro n itro  

and p o ly ch lo ro n itro so b en zen es  are  shown i n  ta b le s  2 and 3 . Too few 

re p e a t  measurem ents were reco rd ed  to  determ ine a s t a t i s t i c a l  p re ­

c i s io n  f o r  th e se  v a lu e s . However ex p erien ce  w ith  m easuring th e  peak 

p o te n t ia l s  o f  2 -c h lo ro  n i t  robe nze ne a t  s e v e ra l  d i f f e r e n t  tim es d u rin g  

th e  p e rio d  o f  . in v e s t ig a t io n  re v e a le d  th a t  th e  d e v ia t io n  from  measure­

ment "to ,measurement was about -  10 m i l l i v o l t s .  A ll o f  th e  re p o rte d  

v a lu e s  a re  b e lie v e d  to  be p re c ise  w ith in  th e se  l im i t s .

The m atching o f  peak p o te n t ia l s  o f e le c tro c h e m ic a lly  a c t iv e  i n t e r ­

m ed ia tes  w ith  th e  peak p o te n t ia l s  o f  a u th e n t ic  compounds d ese rv es  

more leew ay th a n  :-  10 m i l l i v o l t s  s in ce  th e  in te rm e d ia te s  g ive  r i s e  

to  sm a lle r  c u r re n t  waves whose peak p o te n t i a l  can no t be measured 

a s  p r e c is e ly  as  th e  peak p o te n t ia l s  o f th e  .'la rg e r waves. Also the  

■ p o ten tia ls  o f  th e  in te rm e d ia te  waves a re  o f te n  c lo se  to  o th e r  waves 

•which may s h i f t  .the ap p a ren t -p o te n tia l  o f  th e  peak cu rren t..

S e m i-q u a n tita tiv e  i n t e r p r e t a t i o n s  o f th e  voltammograms f o r  the 

purpose o f id e n t i f y in g  e le c tro c h e m ic a l re d u c tio n  pathways a re  now 

p re s e n te d . The mechanisms p re sen te d  show-the e le c tro c h e m ic a l and 

chem ical re a c t io n s  to  th e  p o in ts  where th e  re d u c tio n  p ro d u c t i s  a 

p re v io u s ly  d iscu ssed  compound. The e le c tro c h e m is try  o f  t h i s  .com­

pound when co n sid ered  as a re d u c tio n  p ro d u c t i s  ta k e n  to  be th e  same 

as  when t h i s  compound was co n sid ered  as  th e  .s u b s tra te .
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Two c y c lic  voltammograms o f n itro b en zen e  a re  .shown i n  f ig u re

6. The to p  voltammogram shows th a t  th e  f i r s t  re d u c tio n  p ro cess  i s  

r e v e r s ib le .  T h is  wave co rresponds to  th e  one e le c t r o n  re d u c tio n  o f 

n itro b en zen e  'to  i t s  s ta b le  r a d ic a l  an io n  and the. o x id a tio n  o f the  

an io n  i s  observed  on th e  anodic  sweep. The c u rre n t-v o lta g e  curve 

w i l l  t r a c k  i t s e l f  w ith o u t any n o tic e a b le  d ecrease  in  c u rre n t f o r  

s e v e ra l  hundred c y c le s . However i f  the  p o te n t ia l  o f  th e  working 

e le c tro d e ,  w ith  r e s p e c t  to  th e  re fe re n c e  e le c tro d e ,  i s  allow ed to  be­

come .more n e g a tiv e , a second e le c tro c h e m ic a l p ro cess  ta k e s  p la c e .

On v o lta g e  scan  r e v e r s a l  th e re  i s  no co rrespond ing  o x id a tio n  and 

t h i s  second re d u c tio n  i s  th e re fo re  i r r e v e r s ib le . .  Also th e  o x id a tio n  

o f th e  n itro b en zen e  an io n  r a d ic a l  i s  observed  a t  reduced, c u r re n t 

magnitude .and .a  new o x id a tio n  p ro cess  i s  observed . A second ca th o d ic  

sweep,shows th a t  t h i s  new p ro cess  i s  re v e rs ib le ,.  F igure 38 shows 

c y c lic  voltammograms f o r  n itro so b e n z e n e . The peak p o te n t ia l  f o r  the  

r e v e r s ib le  wave o f n itro so b en zen e  compares w e ll  w ith  th e  peak po ten­

t i a l  f o r  th e  new wave in  th e  n itro b en zen e  voltammogram, -0 .8 2 9  v o l ts  

and -0 .8 1 8  v o l t s  r e s p e c t iv e ly .

A mechanism i s  proposed f o r  th e  e le c tro c h e m ic a l re d u c tio n  o f n i ­

trobenzene in  f ig u re  7- The . f i r s t  e le c t r o n  t r a n s f e r  corresponds 

to  th e  f i r s t  r e v e r s ib le  wave o f  th e  voltammogram, peak p o te n t ia l  

-1 .0 5 3 . The second -wave in v o lv e s  a second e le c t r o n  t r a n s f e r  and
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y ie ld s  th e  d ia n io n  o f  n itro b en zen e  which a b s t r a c t s  .a p ro to n ,

p ro b ab ly  from th e  so lven t., and lo s e s  hydroxide to  form n i t r o s o -

benzene. .The n ex t two e le c t r o n  t r a n s f e r s  should  tak e  p lace  a t  the

p o te n t i a l  o f  th e  second wave, - 2.009  v o l t s ,  s in ce  t h e i r  p o te n t ia l s

from th e  a n a ly s is  o f  a u th e n t ic  n itro so b en zen e  a re  —0.829 v o l t s  and

-1 .8 9 0  v o l t s .  Some o f th e  n itro b en zen e  and n itro so b en zen e  an ion

r a d ic a ls  i n  th e  v i c i n i t y  o f  th e  e le c tro d e  su rv iv e  f u r th e r  r e a c t io n

s in ce  t h e i r  o x id a tio n  can be seen  on th e  ..anodic sweep. T h is i s

5id e n t i c a l  to  th e  .mechanism proposed by Smith ..and Bard f o r  the  re ­

d u c tio n  o f  n itro b en zen e  in  l iq u id  ammonia in  th e  presence o f iso p ro p y l 

a lc o h o l .

C yclic  voltammograms f o r  2 -c h lo ro n itro b en z e n e  a re  ..shown in  f ig u re  

8 . The f i r s t  wave i s  ag a in  r e v e r s ib le ,  th e  second w a v e .re s u lts  in  

th e  appearance o f  a new e le c tro c h e m ic a l p ro c e ss , and th e  th i r d  wave 

r e s u l t s  in  th e  appearance o f a second new s e t  o f  waves. F igure  9 

shows the  proposed mechanism f o r  th e  e le c tro c h e m ic a l re d u c tio n  o f 

t h i s  compound. .Although th e  lo s s  o f  c h lo r id e  a f t e r  th e  second e le c ­

t ro n  t r a n s f e r  i s  n o t observed  i n  term s o f  a  wave fo r  n itro b en z en e , 

t h i s  p ro cess  i s  observed  f o r  .4 -ch lo ro n itro b en zen e  under th e  r ig h t  con­

d i t io n s .  The f i r s t  new wave has ,a peak p o te n t ia l  o f -0.-631 v o l ts  

compared w ith  -0 .6 4 8  v o l t s  f o r  the  f i r s t  r e v e r s ib le  wave o f  2 -c h lo ro -  

n itro so b e n z e n e , f ig u re  39- The second new wave has a peak p o te n t ia l
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o f  -0 .6 2 3  v o l t s  compared w ith  —0,829 v o l t s  f o r  the  . f i r s t  re v e r -  

.s ib le  wave o f  n itro sp b e n z e n e . That .n itrosobenzene appears to  be 

a p ro d u c t o f  th e  second i r r e v e r s ib le  wave o f  the  2 -c h lo ro n itro b e n ­

zene re d u c tio n  a ls o  su p p o rts  th e  su g g es tio n  th a t  h a lid e  lo s s  i s  .one 

o f th e  re a c t io n s  o f  th e  d ia n io n  o f 2 -c h lo ro n itro b e n z e n e .

C yclic  vbltammograms o f  3 -c h lo ro n itro b en z e n e  a re  shown in  .figu re  

10 . Only one i r r e v e r s ib le  wave i s  observed  in  t h i s  case and on ly  one 

new s e t  o f  e le c tro c h e m ic a l waves i s  observed  on a second v o lta g e  

scan . The proposed e le c tro c h e m ic a l re d u c tio n  mechanism i s  shown in  

f ig u re  11. The peak p o te n t i a l  o f  th e  re d u c tio n  o f the  new wave i s  

—0.664 compared w ith  -0 .6 6 9  f o r  th e  f i r s t  r e v e r s ib le  wave o f  3 -  

c h lo ro n itro so b e n ze n e , f ig u re  40. On the  f i r s t  ca th o d ic  scan  th e  

p o te n t ia l  sweep was in te r r u p te d  a t  th e  c a th o d ic  l im i t  and the  po­

t e n t i a l  was h e ld 'th e r e  f o r  te n  seconds. Close exam ination  o f the  

o r ig in a l  voltammogram re v e a le d  a v e ry  sm all s e t  o f waves j u s t  ca th ­

odic o f  "the r e v e r s ib le  wave f o r  3 -c h lo ro n itro b e n z e n e . N itrobenzene 

and i t s  an ion  r a d ic a l  a re  judged to  be .re sp o n sib le  f o r  t h i s  s e t  o f 

waves and th e  lo s s  o f  c h lo r id e  .is p robab ly  a m inor pathway f o r  the  

r e a c t io n  o f  th e  d ia n io n  o f  3 -c h lo ro n itro b e n z e n e . That th e  lo s s  o f 

.h a lid e  from th e  meta p o s i t io n  -is slow er th a n  lo s s  from th e  o rth o  and 

p ara  p o s i t io n s  a g re e s  w ith  o b se rv a tio n s  in - th e  l i t e r a t u r e .

C yclic  voltammograms o f 4 -c h lo ro n itro b en z e n es  .are shown in  f ig u re



.38

12, and th e  proposed e le c tro c h e m ic a l .re d u c tio n  mechanism i s  shown 

in . f i g u r e  1 3 . One i r r e v e r s ib le  w ave-w ith .a sh o u ld er i s  observed on 

th e  ca th o d ic  scan . With th e  in fo rm a tio n  a v a i la b le  i t  .is im possib le  

to  d is t in g u is h  th e  r e l a t i v e  m agnitudes o f  th e  c u rre n t r i s i n g  .from 

th e  two i r r e v e r s ib le  p ro c e sse s . The m iddle voltammogram in c lu d e s  a 

te n  second h o ld  o f the  p o te n t i a l  a t  th e  ca th o d ic  lim it .. The subse­

quen t cycle  shows two new e le c tro c h e m ic a l p ro c e sse s . The most a n o d ic . 

i s  a t t r i b u t e d  to  4 -c h lo ro n itro so b e n z e n e , f ig u re  41, and th e  s e t  o f 

waves j u s t  ca th o d ic  o f  th e  r e v e r s ib le  wave f o r  4 -ch lo ro n itro b en zen e  

a re  - a t t r ib u te d  to  n itro b e n z e n e . When th e  p o te n t i a l  i s  swept ou t p a s t 

bo th  th e  i r r e v e r s ib le  waves th e  s e t  o f  waves a t t r ib u te d  to  n itro b e n ­

zene i s  n o t observed  on th e  second c y c le , b u t a  s e t  o f  waves a t  the  

p o te n t ia l  o f  n itro so b e n ze n e  i s  now observed .

From a q u a l i t a t iv e  a n a ly s is  o f  the  r e l a t i v e  m agnitudes o f  th e  

c u r re n t  waves a t t r ib u te d  t o ' t h e  m onochloron itro so b en zen e  and n i t r o ­

sobenzene f o r  each o f th e  m onochloronitrobenzene voltammograms, 

th e  o rd e r o f  th e  r a te  o f  c h lo r id e  lo s s  from "the d ia n io n  o f th e  mono- 

c h lo ro n itro b en zen e  i s  o rth o  > p a r a >  met a .

The d i f f i c u l t y  o f  ob serv in g  in te rm e d ia te  r e a c t io n  p ro d u c ts  in ­

c re a se s  w ith  th e  .number.o f  s u b s t i tu e n ts  s in ce  the  number .of p o ss ib le  

p ro d u c ts  a ls o  in c re a s e s .  T herefo re  vthe proposed mechanisms, t h a t  f o l ­

low are on a l e s s  f irm  fo o tin g  th a n  th o se  t h a t  p reced e .



C yclic  voltammograms o f  2 ,3 -d ic h lo ro n itro b e n z e n e  a re  shown .in f i g ­

u re  .14 -and .the proposed e le c tro c h e m ic a l re d u c tio n  mechanism i s  shown 

i n  f ig u re  16. The o n ly  p o s s ib ly  new e le c tro c h e m ic a l p ro cess  ob­

served  a f t e r  sweeping p a s t  th e  f i r s t  i r r e v e r s ib le  wave i s  .a v e ry  

sm all s e t  o f  waves whose p o te n t ia l s  do no t coryrpspond to  any l i k e l y  

re d u c tio n  p ro d u c t and may be due to  an  e le c t r o a c t iv e  im p u rity . I f  

any 3 -ch lo ro n itro b en z e n e  was formed in  the  f i r s t  i r r e v e r s ib le  reduc­

t io n  p ro cess  , i t  was n o t ob serv ab le  e le c tro c h e m ic a lly  s in ce  th e  peak 

p o te n t ia l s  f o r  th e  r e v e r s ib le  re d u c tio n s  o f  th e  3 -c h lo ro  and 2 ,3 -  

d ic h lo ro  compounds d i f f e r  by o n ly  one m i l l i v o l t .

S u rp r is in g ly  th e re  i s  ev idence  th a t  th e  lo s s  o f  'th e  meta c h lo rin e  

competes w ith  th e  l o s s  o f  th e  o rth o  c h lo r in e . The second i r r e v e r s i ­

b le  wave peak p o te n t ia l  f o r  2 ,3 -d ic h lo ro n itro b e n z e n e  i s  -1 .8 5 0  com­

pared  to  —1.811 and —1.870 f o r  th e  f i r s t  i r r e v e r s ib le  waves o f  2- 

ch lo ro  and 3 -c h lo ro n itro b e n z e n e . Sweeping p a s t  th e  second wave re ­

s u l t s  in  one new s e t  o f  waves w ith  re d u c tio n  peak p o te n t ia l  —0.655 

v o l t s  which can be compared w ith  e i t h e r  -0 .6 4 8  o r —O.669 f o r  th e  re ­

d u c tio n  waves o f  2 -c h lo ro  o r  3 - c h lo r o n i t r o sobenzene'.

J 9 '

The t h i r d  re d u c tio n  wave peak p o te n t i a l  i s  -1 .9 7 7  v o l t s  compared

w ith  -2 .0 0 9  f o r  th e  second re d u c tio n  o f n itro b en z en e . A second sm all

s e t  o f  waves i s  observed  :a f te r  sweeping p a s t  a l l  th e  re d u c tio n  waves

and i t s  re d u c tio n  peak p o te n t i a l  ,is  -0 .7 9 1  compared to  -0 .8 2 9  fo r

n i t r o  sobe nze ne..
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■ C yclic  Toltammograms o f  2 , 5 -d ic h lo ro n itro b e n ze n e  a re  shown in  .f ig ­

ure  15 a n d 'th e  p ro p o se d -e lec tro c h e m ica l re d u c tio n  mechanism i s  shown 

in  f ig u re  16. I f  th e  o rth o  c h l o r i n e . i s . l o s t  on th e  f i r s t  i r r e v e r s i ­

b le  wave th e  e le c tro c h e m is try  o f  th e  .r e s u l t in g  3 -ch lo ro n itro b en zen e  

may be obscured  by th a t  o f  2 ,5 -d ic h lo ro n itro b e n ze n e  s in ce  t h e i r  

f i r s t  .re v e rs ib le  waves have s im ila r  p o te n t i a l s .  ".,The peak p o te n t ia l  

o f  th e  second . i r r e v e r s ib le  .red u c tio n  .is  -1 .8 7 2  compared to  - 1 . 870 

f o r  th e  i r r e v e r s i b l e  .re d u c tio n  o f  3 -c h lo ro n itro b e n z e n e . The p o te n t ia l  

o f  th e  new s e t  of-w aves compares v e ry  w e ll  w ith  t h a t  o f  3 -c h lo ro -  

.n itro so b en zen e .

C yclic  voltammograms o f 2 ,4 -d ic h lo ro n itro b e n ze n e  a re  shown i n  

f ig u re  .17 and th e  proposed e le c tro c h e m ic a l re d u c tio n  mechanism i s  

shown in  f ig u r e  19. The most in te r e s t in g  f e a tu re  i s  th e  ap p aren t 

fo rm a tio n  o f n itro b en zen e  when the  sweep was in te r ru p te d  f o r  10 sec­

onds, a t  th e  p o te n t ia l  o f  the  second i r r e v e r s ib le  p ro c e ss . The peak 

p o te n t i a l  f o r  the  .new wave i s  -1 .0 3 8  compared t o  -1 .0 5 3  f o r  n itro b e n ­

zene . All o f  th e  f i r s t  and second sweep p o te n t ia l s  are c o n s is te n t  

w ith  th e  dom inant lo s s  o f  th e  o rth o  c h lo r in e  and th e  .fo rm ation  o f 

4 -c h lo ro  and n itro so b e n ze n e .

C yclic  voltammograms o f 2 ,6 -d ic h lo ro n itro b e n ze n e  .are  shown.in  f ig ­

u re  .,18 and th e  proposed e le c tro c h e m ic a l re d u c tio n  mechanism i s  shown

i n  f ig u r e  .19. The compounds w ith  .both .o rtho  p o s it io n s  c h lo r in a te d
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ap p ea r to  e x h ib i t  a b so rp tio n  phenomena a t  th e  m ercury e le c t r o d e .

On the  second cycle  the  .re v e rs ib le  wave ,is  s h i f te d  anodic  i f ,  th e  

sweep has been as  ca th o d ic  as  t h e  f i r s t  , i r r e v e r s ib le  ,wave. .Both

2 -  ch lo ro  and n itro so b en zen e  a re  p o s tu la te d  a s  re d u c tio n  i n t e r ­

m ed ia tes  f o r  t h i s  compound. .Any fo rm atio n  o f  n itro b en zen e  may be 

obscured  by th e  wave f o r  2 ,6 -d ic h lo ro n itro b e n z e n e .

.C yclic  voltammograms f o r  3 , 4 -d ic h lo ro n itro b e n ze n e  a re  shown in  

.f ig u re  .20 and th e  proposed e le c tro c h e m ic a l re d u c tio n  mechanism i s  

shown in  ,f ig u re  22. The m ajor re d u c tio n  in te rm e d ia te  observed was

3 -  c h lo ro n itro so b e n z e n e .

,Cyclic voltammograms fo r  ,2 ,3 ,4 - tr ic h lo ro n itro b e n z e n e  a re  shown in  

f ig u re  21 and the  proposed e le c tro c h e m ic a l re d u c tio n  m echanism .is 

shown in  f ig u re  22. The m ajor re d u c tio n  in te rm e d ia te  observed  was 

.3 -c h lo ro n itro so b e n z en e .

C yclic  voltammograms f o r  3 , 5 -d ic h lo ro n itro b e n ze n e  a re  shown in  

f ig u r e  23 and the  proposed e le c tro c h e m ic a l re d u c tio n  mechanism i s  

shown in  f ig u r e  2$. The m ajor re d u c tio n  in te rm e d ia te s  observed were 

3 -c h lo ro n i t ro  and 3 -c h lo ro 'n itro sobenzene.

C yclic  voltammograms f o r  2 ,3 ,5 - tr ic h lo ro n itro b e n z e n e  a re  shown in  

f ig u r e  24 and the  proposed e le c tro c h e m ic a l re d u c tio n  mechanism i s  

shown in  f ig u re  25. The m ajor .re d u c tio n  in te rm e d ia te s  observed were 

3 -c h lo ro n i t ro  and 3 -c h lo ro n itro so b e n z en e .



C yclic  Voltammograms f o r ,2 ,3 ,6 - t r ic h lo r o n i t r o b e n z e ne .are shown 

in  f ig u re  26 and th e  proposed e le c tro c h e m ic a l re d u c tio n  mechanism 

i s  shown :in. .f ig u re  28. The f i r s t  i r r e v e r s ib le  re d u c tio n  i s  p o stu ­

la te d  to  r e s u l t  in  th e  lo s s  o f  an  o rth o  c h lo r in e  to  g ive 2 ,5 — 

d ic h lo ro n itro b e n z e n e . The n ex t "two w aves, i r r e v e r s ib le  waves, a re  

s im ila r  to  th o se  o f  2 ,5 -d ic h lo ro n itro b e n z e n e , however a sm all t r a i l i n g  

sh o u ld er a t  th e  p o te n t ia l  o f  th e  second re d u c tio n  o f n itro b en zen e  

shows th a t  l ik e  the  case o f  2.,3 -d ic h lo ro n itro b e n ze n e  th e  o rth o  

c h lo r in e  enhances th e  r a te  o f  lo s s  o f  -the meta c h lo r in e .

C yclic  voltammograms f o r  2 ,4 ,5 - tr ic h lo ro n itro b e n z e n e  a re  ,shown 

in  f ig u r e  2? and th e  proposed e le c tro c h e m ic a l .red u c tio n  mechanism 

.is  shown in  f ig u re  28. The m ajor re d u c tio n  in te rm e d ia te s  observed 

were 3 -c h lo ro n i t ro  and 3 -c h lo ro n itro so b e n z e n e .

C yclic  voltammograms f o r  2., Lr, 6 - tr ic h lo ro n itro b e n z e n e  -are shown in  

f ig u r e  .29 and th e  p ro p o se d -e lec tro c h e m ica l re d u c tio n  mechanism i s  

shown in  f ig u r e  31* -The m ajor .re d u c tio n  in te rm e d ia te  observed  was 

n itro so b e n ze n e , b u t -a .sm all amount o f  4 -c h lo ro n itro so b e n z en e  a lso  

ap p ears  to  have been form ed. ■

C yclic  voltammograms f o r  3 , k , 5 - tr ic h lo ro n itro b e n z e n e  a re  shown in  

f ig u re  30 and the  proposed e le c tro c h e m ic a l re d u c tio n  mechanism i s  

shown in  f ig u r e  ,31. The m ajor re d u c tio n  in te rm e d ia te s  observed  were 

3 - c h lo ro n i t ro  and 3 -c h lo ro n itro so b e n z e n e .
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C y clic  voltammograms f o r  2 ,3 ,4 /5 - te u ra c h lo ro n itro b e n z e n e  a re  

shown in  f ig u re  32 and th e  proposed e le c tro c h e m ic a l .red u c tio n  

mechanism i s  shown i n  f ig u re  .35. .The m ajor re d u c tio n  in te rm e d ia te s  

were observed  on voltammograms no t in c lu d ed  h ere ,.h o w ev er v e ry  

sm all waves were observed  which were a t t r i b u t e d  to .3 - c h lo r o n i t r o -  

sobenzene and p o s s ib ly  3 , 5 -d ic h lo ro n itro so b e n z e n e .

C yclic  voltammograms o f 2 ,3 ,4 ,6 - te tra c h lo ro n itro b e n z e n e  .are shown 

i n  f ig u re  33 and th e  proposed e le c tro c h e m ic a l .!reduction mechanism i s  

.shown i n  f ig u re  ,35. The m ajor re d u c tio n  in te rm e d ia te s  observed  were 

3 -c h lo ro n it ro s o  and n itro so b e n z e n e .

The sweeps to  more anodic  p o te n ia ls  show .an in te r e s t in g  e le c t r o ­

chem ical p ro c e ss . The anod ic  wave i s  th e  a b so rp tio n  on o r  r e a c t io n  

w ith  th e  m ercury e le c tro d e  o f e le c tro c h e m ic a lly  g en era ted  c h lo r id e . 

The ca th o d ic  waves a re  due to  - d e so rp tio n  o r .reverse  re a c t io n s  o f ' the  

c h lo r id e  m ercury f i lm . S im ila r  o b se rv a tio n s  f o r  a "mercury io d id e  

f i lm  p a tte rn "  have been re p o r te d  by Adams e t . a l . ^ These f i lm  p a t­

te r n s  are  a good t e s t  to  see i f  a .reduction-w ave r e s u l t s  .in  th e  lo s s  

o f  c h lo r id e  o r  n o t .  T hat th e se  waves a re  " tru ly  due to  c h lo r id e  

r e a c t io n  i s  supported  by th e  o b se rv a tio n s  t h a t  th ey  .occur a f t e r  the  

re d u c tio n  o f hexachlorobenzene and th e y ,a r e  a ls o  observed when 

tetraethylam m onium , c h lo r id e  i s  -added to  a .DMSO t e t r a e thy!ammonium 

p e rc h lo ra te  s o lu t io n .
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C yclic  voltanunograms o f 2 ,3 # 5 j '6 - te tra c h lo ro n itro b e n z e n e  a re  

shown in  f ig u re  34 and th e  proposed e le c tro c h e m ic a l re d u c tio n  mechan­

ism  i s  shown i n  f ig u re  35- The m ajor re d u c tio n  p ro d u c ts  observed 

were 3 - c h lo ro n itro so  and n itro so b en zen e  and p o s s ib ly  3 ,5 -d ic h lo ro -  

n itro sobenzene ..

C yclic  voltaramograms o f p e n ta c h lo ro n itro b e n z e n e .a re  shown in  

.fig u re  36 and th e  proposed e le c tro c h e m ic a l re d u c tio n  mechanism i s  

shown in  f ig u re  37- The d if fe re n c e  in  peak p o te n t ia ls  f o r  the  re v e r­

s ib le  .and f i r s t  i r r e v e r s ib l e  wave o f  the  p o ly c h lo ro n itro b e nzenes has 

s t e a d i ly  decreased  w ith  in c re a s in g  number o f  c h lo r in e s . F o r p en ta­

ch lo ro n itro b en zen e  th e  f i r s t  wave i s  i r r e v e r s ib le  a n d -c h lo rid e  i s  

. lo s t  d u rin g  t h i s  p ro cess  as shown by th e  m ercury c h lo rid e  f i lm  p a t­

t e r n .  The on ly  s e t  o f in te rm e d ia te  waves observed i s  p ro b ab ly  .due 

to  2 , 3 , 4 , 5 - te tra c h lo ro n itro b e n z e n e .

In  g e n e ra l the  e le c tro c h e m is try  o f  th e  p o ly ch lo ro n itro b e  nze ne s i s  

g r e a t ly  e f f e c te d  by t r a c e  amounts o f w a te r  i n  .the so lv e n t . For exam­

p le  the  voltammogram .of 2 -c h lo ro n itro b e  nze ne on ly  e x h ib i ts  one i r r e ­

v e r s ib le  wave when a l i t t l e  w a te r is . added. The new waves observed 

in  the  p resence  o f w a te r a re  l a r g e r  and a re  p o o rly  d e f in e d .

The o b se rv a tio n  o f th e  ,form ation o f n itro so b en zen es  as e l e c t r o ­

chem ical re d u c tio n  p ro d u c ts  o f  n itro b en z en e s has no t .been re p o rte d  

.and p ro b ab ly  does n o t occur fo r  work w ith  th e se  compounds in
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a c e t o n i t r i l e  .and'N ,N -diniethyfom am ide.. The f a c t  t h a t .n i t r o s o -  

benzene fo rm atio n  i s  observed  in  l iq u id  ammonia w ith  added is o p ro p y l 

a lc o h o l and in  DMSO and n o t i n  ACN o r .DMF g iv es  r i s e  to  th e  id ea  

t h a t  th e  a c id i ty  o f  th e  so lv e n t p lay s  a  m ajor ro le  in  th e  l ik e l ih o o d  

o f  t h i s  re d u c tio n  pathway.

Of th e  r e d u c t io n  pathways d e sc rib e d  i n  th e  in tro d u c t io n  and 

i l l u s t r a t e d  in  f ig u re  I  th e  one d e s ig n a te d  a s  ( I )  i s  the  most con­

s i s t e n t  w ith  th e  o b se rv a tio n  here f o r  th e  p o ly ch lo ro n itro b en z e n es . ■ 

However lo s s  o f  c h lo r id e  from i t s  .n itrobenzene an ion  r a d ic a l  may 

tak e  p lace  i f  th e  p o te n t i a l  i s  h e ld  on th e  f i r s t  ‘r e v e r s ib le  wave long 

enough. .In th e  case o f  .2 ,3 ,5 ,6 - te tra c h lo ro n itro b e n z e n e  e l e c t r o l y s i s  

on th e  f i r s t  wave d id  r e s u l t  in  the  d isap p earan ce  o f the  2 ,3 ,5 ,6  

compound and the  appearance o f 2 ,3 ,5 - t r ic h lo ro n i t ro b e n z e n e .

The c y c lic  voltammograms o f th e  p o ly c h lo rb n itro so b e n z en e s , ex­

cep t p e n tac h lo ro n itro so b en z e n e , a re  shown in  f ig u re s  38 th rough  56.

19The e le c tro c h e m ic a l re d u c tio n  mechanism proposed by L ip z ta .in .e t .  al« 

f o r  n itro so b en zen e  i n  DMF, f ig u re  3 , app ears  to  be f a i r l y  g e n e ra l fo r  

th e  p o ly c h lo ro n itro so b e nzenes.. However th e  re d u c tio n  pathways are 

com plicated  by c h lo rid e  lo s s  e s p e c ia l ly  f o r  th e  h ig h e r c h lo r in a te d  

n itro so b e n ze n e s .  The f i r s t  wave i s  somewhat re v e r s ib le  i n  a l l  cases 

and . i s - a t t r ib u te d  to  th e  fo rm atio n  o f th e  n itro so b en zen e  an io n  rad ­

i c a l .  The lo s s  o f c h lo r id e  on t h i s  f i r s t  wave i s  observed even fo r
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th e  d ic h lo ro n itro b e n z e n e s as  shown by  th e  m ercury c h lo rid e  f i lm  

p a tte rn s ..

The second .m ajor wave i n  each case .is i r r e v e r s ib le  and i s  p robab ly  

due to  th e  fo rm a tio n  o f th e  n itro so b en zen e  d ia n io n . Minor waves are 

observed and a re  a t t r i b u t e d  to  th e  e l e c t r o a c t i v i t y  o f  azoxybenzene 

and azobenzene... ..Their fo rm atio n  from the  d im e r iz a t io n  o f th e  n i t r o -  

sobenzene an io n  r a d ic a l s  . is ,  i n  p a r t ,  re sp o n s ib le  f o r  the  p a r t i a l  

r e v e r s i b i l i t y  o f  th e  f i r s t  re d u c tio n  o f th e  n itro so b en zen e  s .

A lthough th e  u lt im a te  .re d u c tio n  p ro d u c ts  o f  the  p b ly c h lo ro n itro -  

benzenes in  DMSO a re  p ro b ab ly  .comprised m o stly  o f  phenylhydroxyl-: 

am ines, th e  fo rm atio n  o f some azoxybenzene and azobenzene can be 

en v is io n ed  .under the  .r ig h t  c o n d itio n s  o f  a p p lie d  p o te n tia l . .

The peak p o te n t ia l s  o f  th e  f i r s t  re d u c tio n  waves o f  th e  p o ly - 

ch lo ro n itro b en z en e s  a re  shown p lo t te d  a g a in s t  th e  number o f  c h lo r in e s  

on th e  m olecule in  f ig u re  57. Three groups can be d is tin g u ish e d , in  

t h i s  f ig u r e . The compounds w ith o u t an  o rth o  c h lo rin e  a re  th e  most 

e a s i l y  reduced  fo r  each c h lo r in e  number. ..The compounds w ith  one

o rth o  c h lo r in e  a re  th e  n ex t most e a s i l y  reduced  and th e  compounds
>

w ith  b o th  o rth o  p o s i t io n s  s u b s t i tu te d  a re  th e  most d i f f i c u l t .  The 

l in e s  in  f ig u re  57 show th e se  g roup ings.
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Table 2. F i r s t  Cathodic Sweep R eductions Tor P o ly c h lo ro n itro -  
benzenes. Peak P o te n t ia ls  in  V o lts  v s. Ag/AgCl.

C hlorine R ev ersib le  I r r e v e r s ib le  Waves
P o s itio n Wave F i r s t Second T hird F ourth

-1 .053 -2 .0 0 9

.2 -1 .026 -1 .8 1 1 - 1.956 '

3 -0 .9 3 1 -1 .8 7 0

4 -0 .965 -1 .8 8 4  • -1 .9 9 9

■2,3 -0 .9 3 0 -1 .5 5 9 -1 .8 5 0 -1 .9 7 7

2 ,4 -0 .939 —I .664 -1 .8 9 8  . ■ -2 .0 0 1

' 2 ,5 -0 .8 9 8 -1 .6 5 0 -1 .8 7 2

2 ,6  • -1 .0 9 4 -1 .6 7 1 —I . 866 -2 .0 2 5

' 3 ,4 -0 .875 - 1 .6 9 2 - 1 .9 0 0

3 ,5 . -0 .8 0 8 - 1 .726 • -1 .8 8 9

2, 3 ,4 . -0 .8 7 6 -1 .4 8 1 -1 .6 6 6 -1 .8 3 0

2, 3 ,5 -0 .823 -1 .4 0 8 - 1 . 723 -1 .8 8 9

2 , 3 ,6 -1 .0 1 0 -1 .4 0 2 • - 1.673 -1 .8 8 5 -2 .0 0 7

2 , 4 ,5 -0 .8 3 8 —1.524 -1 .6 7 8 -1 .8 9 0

2 ,4 ,6 -1 .016 -1 .4 8 0 -1 .6 9 1 -1 .9 3 0 -2 .0 2 2

. 3 ,4 ,5 -0 .7 7 0 —1.460 -1 .7 3 2 -1 .903

2 ,3 ,4 ,5 -0 .7 8 4 -1 .253 -1 .4 4 6 -1 .7 2 9 -1 .8 3 5

2 ,3 ,4 ,6 -0 .9 4 2 - I . I 72 -1 .5 1 0  . - I . 660 -1 .8 5 6

2 , 3 , 5 ,6 ■ -0 .9 3 4 -1 .0 9 8 -1.-388 -1 .7 2 7 -1 .8 3 0

2, 3 , 4 , 5 ,6 -0 .8 9 2 -1 .2 5 8 -1 .4 3 9 -1 .6 8 6 -1 .7 9 7



Table 3* Peak P o te n t ia ls  o f  New Waves on th e  Second Cathodic
Sweep f o r  the P o lych lo ron itrobenzenes and Peak P o te n tia ls  
fo r  R eduction Waves o f th e  P o ly c h lo ro n itro sobenzenes. 
P o te n t ia ls  .in  V o lts v s . • Ag/AgCl.

P o lych lo ron itro sobenzenes
C hlorine  P o ly ch lo ro n itro b en zen es R ev ersib le  I r r e v e r s ib le
P o s i t io n  New R eduction Waves Wave Wave

-
Second

-0 .8 1 8
Cathodic .Sweep

- 0 .829 - 1 .890

2 -0 .6 3 1 - 0.823 -0 .6 4 8 -1 .7 1 2

3 -O .664 - 0.669 -1 .7 1 1

4 - 0 .7 0 6 -0 .805 - 1 .032 - 0 .722 -1 .7 6 3

2,3 -0 .6 5 5 -0 .7 9 1 - 0.529 - 1.593

2 ,4 -0 .7 0 9 -0 .7 9 2 - 1 .038 - 0.553 - 1 .6 6 0

■ 2 ,5 -0 .6 7 1 -0 .4 8 7 -1 .5 9 1

2 ,6 -0 .643 -0 .8 2 7 -0 .5 9 4 - 1 .679

' 3 ,4 - 0 .6 7 6 - 0 .5 8 8 -1 .7 0 1

3 ,5 -0 .6 6 5 - 0 .9 2 2 -0 .5 2 4 - 1.577

2, 3 ,4 -0 .6 7 5 -0 .4 5 3 -1 .5 3 4

2, 3 ,5 -0 .6 5 9 -0 .9 1 0  ' -0 .3 7 1 -1 .3 9 9

2, 3 ,6 -0 .6 6 4 . -0 .693 - 0 .892 -0 .4 8 1 -1 .5 1 6

2 , 4 ,5 —0 .6 6 8 -0 .9 1 0 -0 .413 - 1 .584

2, 4 ,6 -0 .723 -0 .8 1 7 -0 .5 1 6 -1 .6 0 0

3 , 4 ,5 - 0 .6 6 0 - 0.923 - 0.473 -1 .4 9 2

2 , 3 , 4 ,5 ■ -0 .513 —0 . 686* - 0 .382 -1 .3 5 6

2 , 3 , 4 ,6 -0.672-::- -6 .8 1 1 -0 .4 1 2 - 1 .4 H

2 , 3 , 5 , 6- - 0 .5 2 2 - 0 .678 - 0 .781 - 0.382 - 1.396

2 , 3 , 4 , 5 ,6 -0 .7 5 2

'"Estizzated from anodic peak p o te n t ia l .
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F igu re  6 N itrobenzene

- 0 .500  - 1 .000  - 1.500  - 2.000  - 2.500

P o te n t ia l  (v o l ts  v s . Ag/AgCl)
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FIGURE 7. E lec tro ch em ica l R eduction  Pathway fo r  N itrobenzene
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F igure 8 ch lo ro n itro b en zen e

- 0.500  - 1 .000  - 1 .500  - 2.000  - 2.500

P o te n t ia l  ( v o l t s  v s . Ag/AgCl)
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FIGURE 9. E lec tro c h em ica l.R e d u c tio n  Pathways 
f o r  2 -  ch lo ro n itro b en zen e

Products
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ch lo ro n itro b en zen eF igu re  10

___________ I I______________________________ I______________________________i I -

- 0 .500  - 1 .000  - 1.500  - 2.000  - 2.500

P o te n t ia l  ( v o l ts  v s . Ag/AgCl)
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FIGURE 11. E lec tro c h em ica l R eduction  Pathways 
f o r  3 -  c h lo ro n itro b en zen e

Cl' Cl'
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c h lo ro n i t ro benzeneF igure  12

- 2.000-1.500

P o te n t ia l  (v o lts  v s .  Ag/AgCl)
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FIGURE 13

Cl

E lec tro c h em ica l R eduction  Pathways 
f o r  4 -  c h lo ro n itro b en zen e
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F igure  14

- 2.500- 2.000-1 .5 0 0- 1 .000- 0.500

P o te n t ia l  (v o lts  v s . Ag/agCl)
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F igure  15

- 0 .500  - 1 .000  - 1 .500  - 2.000  - 2.500

P o te n t ia l  (v o l t s  v s .  Ag/AgCl)



FIGURE 16. E lec tro ch em ica l R eduction  Pathways f o r  2 ,3  -  d ich lo ro n itro b en zen e  
and 2 ,5  -  d ic h lo ro n itro b en z e n e

O
Cl Cl Cl Cl
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F igure  I? 2 ,4  -  d ic h lo ro n itro b en z e n e

- 0 .5 0 0  -1 .0 0 0 -1 .5 0 0  -2 .0 0 0  -2 .5 0 0

P o te n t ia l  (v o lts  v s .  Ag/AgCl)
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F igure  18 2 ,6  -  d ich lo ro n itro b en z e n e

- 0 .5 0 0  -1 .0 0 0  -1 .5 0 0 -2 .0 0 0  -2 .5 0 0

P o te n t ia l  (v o lts  v s . Ag/AgCl)



FIGURE 19. E lec tro ch em ica l R eduction  Pathways fo r  2 ,4  -  d ic h lo ro n itro b en zen e  
and 2 ,6  -  d ic h lo ro n itro b en z e n e
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F igu re  20 3 ,4  -  d ic h lo ro n itro b en zen e

- 0.500  - 1 .000  - 1 .500  - 2.000  - 2.500  

P o te n t ia l  ( v o l ts  v s .  Ag/AgCI )
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F igure  21 2 ,3 ,4  -  tr ic h lo ro n itro b e n z e n e

- 1.000  - 1.500  - 2.000

P o te n t ia l  (v o l ts  v s .  AgAgCl)

-0 .5 0 0 -2 .5 0 0



FIGURE 22. E lec tro ch em ica l R eduction  Pathways f o r  3 ,4  -  d ic h lo ro n itro b en zen e
and 2 ,3 ,4  -  t r ic h lo ro n itro b e n z e n e

Cl Cl Cl
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F ig u re  23 3 ,5  -  d ic h lo ro n itro b en z e n e

- 0 .5 0 0  - 1 .0 0 0  - 1 .5 0 0  - 2 .0 0 0  - 2 .5 0 0

P o te n t ia l  ( v o l ts  v s . Ag/AgCl)
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tr ic h lo ro n itro b e n z e n eF igure  24

- 2.000- 1.500

P o te n t ia l  ( v o l t s  v s .  Ag/AgCl)



FIGURE 25. E lec tro ch em ica l R eduction  Pathways f o r  2 ,3 ,5  -  tr ic h lo ro n itro b e n z e n e  
and 3 ,5  -  d ic h lo ro n itro b en zen e
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F igure  26 2 ,3 ,6  -  t r i c h lo r o n i t r o b e nzene

- 0.500  - 1.000  - 1.500  - 2.000  - 2.500

P o te n t ia l  (v o l t s  v s .  Ag/AgCl)



C
ur

re
nt

70

t r i c h lo r o n i t r o b e nzeneF igu re  2?

- 2.500- 2.000- 1.500-1 .0 0 0- 0.500

P o te n t ia l  (v o l ts  v s .  Ag/AgCl)



FIGURE 28. E lec tro ch em ica l R eduction  Pathways f o r  2 ,4 ,5  -  tr ic h lo ro n itro b e n z e n e
and 2 ,3 ,6  -  t r ic h lo ro n itro b e n z e n e

NO.
C l y ^ Z ^ y C l  e '

Cl Cl Cl Cl Cl
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F igure  29 2 ,4 ,6  -  t r i e h lo ro n itro b e n z ene

- 0 .5 0 0  - 1 .0 0 0  - 1 .5 0 0  - 2 .0 0 0  - 2 .5 0 0

P o te n t ia l  ( v o l t s  v s . Ag/AgCl)
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F igure  30

- 0 .500  - 1 .000  - 1.500  - 2.000  - 2.500

P o te n t ia l  ( v o l t s  v s . Ag/AgCl)



FIGURE 31. E lec tro ch em ica l R eduction  Pathways f o r  2 ,4 ,6  -  t r i c h lo r o n itrobenzene
and 3 ,4 ,5  -  t r i c h lo r o n i t r o benzene

C l Cl Cl

Cl Cl Cl
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-  te tra c h lo ro n itro b e n z e n eF ig u re  32

-2 .5 0 0- 2.000- 1.500-1 .0 0 0- 0 .500

P o te n t ia l  ( v o l ts  v s . Ag/AgCl)



C
ur

re
nt

2 ,3 ,4 ,6  -  te tra c h lo ro n itro b e n z e n eF igure 33

- 2.500- 2.000- 1 .5 0 0-1 .0 0 0

P o te n t ia l  ( v o l t s  v s . Ag/AgCl)



F igure  34 2 ,3 ,5 ,6  -  te tra c h lo ro n itro b e n z e n e

0 .0 0 0 - 0.500  - 1.000 - 1 .5 0 0  - 2 .000 - 2 .500

P o te n t ia l  ( v o l ts  v s . Ag/AgCl)



FIGURE 35- E lec tro ch em ica l R eduction  Pathways fo r  2 ,3 ,4 ,5  -  te tra c h lo ro n itro b e n z e n e , 
2 ,3 ,4 ,6  -  te t r a c h lo ro n itro b e n z e n e , and 2 ,3 ,5 ,6  -  te tra c h lo ro n itro b e n z e n e
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F igu re  36 P en tach lo ro n itro b en zen e

- 0.500  - 1 .000  - 1 .500  - 2.000  - 2.500

P o te n t ia l  ( v o l ts  v s . Ag/AgCl)

0 .000



FIGURE'37- E lectrochem ical Reduction Pathways fo r  2 ,3 ,4 ,5 ,6  -  pentachloronitrobenzene

§

Cl Cl Cl Cl
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F igu re  38 N itrosobenzene

- 2.000-1 .5 0 0-1 .0 0 0-0 .5 0 0

P o te n t ia l  ( v o l t s  v s .  Ag/AgCl)

c h lo ro n i t ro s  obenzeneF igure  39

- 2.000- 1 .500-1 .0 0 0-0 .5 0 0

P o te n t ia l  ( v o l t s  v s . Ag/AgCl)
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F igure  40 3 -  ch lo ro n itro so b en zen e

-0 .5 0 0 -1 .0 0 0 - 1.500 - 2.000

P o te n t ia l  ( v o l ts  v s .  Ag/agCl)

c h lo  r o n i t ro s  obenzeneF igure  41

- 2.000- 1.500-1 .0 0 0- 0.500

P o te n t ia l  ( v o l ts  v s .  Ag/AgCl)
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F igure 42 2 ,3  -  d ich lo ro n itro so b en zen e

0.000
_______ u_________________________ I__________________________I_________________________ I___

-0 .5 0 0  -1 .0 0 0  -1 .5 0 0  -2 .0 0 0

P o te n t ia l  (v o lts  v s . Ag/AgCl)
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0 .000  -0 .5 0 0  -1 .0 0 0  -1 .5 0 0  -2 .0 0 0

P o te n t ia l  (v o l ts  v s . Ag/AgCl)
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d ich lo ro n itro so b en zen eFigure 44

- 2.000- 1 .5 0 0-1 .0 0 0-0 .5 0 00 .000

P o te n t ia l  ( v o l t s  v s . Ag/AgCl)
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0 .0 0 0 -0.500  -1 .0 0 0  -1 .5 0 0

P o te n t ia l  ( v o l t s  v s . Ag/AgCl)

- 2 .0 0 0
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3 ,4  -  d ich lo ro n itro so b en zen eFigure 46

- 1.500 - 2 .000-1 .0 0 0- 0 .5 0 00 .000

P o te n t ia l  (v o l ts  v s . Ag/AgCl)
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3 ,5  -  d ich lo ro n itro so b en zen eF igure 47

- 1 .5 0 0 - 2 .0 0 0-1 .0 0 0- 0 .5 0 00 .0 0 0

P o te n t ia l  (v o lts  v s . Ag/AgCl)
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F igu re  48 2 ,3 ,4  -  t r ic h lo r o n i t ro s o b e nzene

3

0 .0 0 0  - 0 .5 0 0  - 1 .0 0 0  - 1 .5 0 0  - 2 .000

P o te n t ia l  ( v o l ts  v s . Ag/AgCl)
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t r ic h lo ro n itro so b e n z e n eF igure 49

- 2.000- 1.500-1 .0 0 0- 0 .5 0 00 .0 0 0

P o te n t ia l  ( v o l t s  v s . Ag/ftgCl)
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F igure  50 2 , 3 ,6  -  tr ic h lo ro n itro so b e n z e n e

0 .0 0 0
.  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1- - - - - - -

- 0 .5 0 0  - 1 .0 0 0  - 1 .5 0 0  - 2 .000

P o te n t ia l  (v o l ts  v s . Ag/AgCl)
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F igure  51 2 ,4 ,5  -  tr ic h lo ro n itro so b e n z e n e

i  i_______________________________________ I______________________________________ I.
0 .0 0 0  - 0 .5 0 0  - 1 .0 0 0  - 1 .500  - 2 .000

P o te n t ia l  (v o lts  v s .  Ag/AgCl)
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tr ic h lo ro n itro so b e n z e n eF igure 52

- 2.000- 1.500-1 .0 0 0-0 .5 0 00 .0 0 0

P o te n t ia l  ( v o l ts  v s . Ag/AgCl)
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F igure 53 3 , 4 ,5  -  tr ic h lo ro n itro so b e n z e n e

0 .0 0 0 - 0 .5 0 0 -1 .0 0 0 - 1.500 - 2 .0 0 0

P o te n t ia l  (v o lts  v s . Ag/AgCl)
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F igure 54 2 , 3 , 4 ,5  -  te tra c h lo ro n itro so b e n z e n e

NOv>

0.000 -0 .5 0 0 -1 .0 0 0 - 1.500 - 2.000

P o te n t ia l  ( v o l t s  v s . Ag/agCl)
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F igure  55 2 ,3 ,4 ,6  -  te tra c h lo ro n itro so b e n z e n e

0 .0 0 0  - 0 .5 0 0  - 1 .0 0 0  - 1 .5 0 0  - 2 .000

P o te n t ia l  (v o lts  v s . Ag/AgCl)
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F igure 56 2 ,3 ,5 ,6  -  te tra c h lo ro n itro so b e z e n e

xO

0 .0 0 0
_ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _

- 0 .5 0 0  - 1 .0 0 0  - 1 .5 0 0  - 2 .000

P o te n t ia l  ( v o l ts  v s . Ag/AgCl)



PE
AK

 P
O

TE
NT

IA
L 

(V
ol

ts
 v

s.
 

A
g/

A
gC

l)

98

F igure 57. Peak P o te n t ia ls  o f  the  F i r s t  Wave R eductions o f
P o ly ch lo ro n itro b en zen es  P lo t te d  A gainst th e  Number 
o f  C hlorine S u b s t i tu t io n s .

CHLORINE NUMBER
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SUMMARY

The e le c tro c h e m ic a l re d u c tio n  o f  th e  p o ly c h lo ro n itro b en z e n es  

was in v e s t ig a te d  by c y c lic  voltam m etry . The f i r s t  re d u c tio n  in  

each  c ase , ex cep t p e n tach lo ro n itro b en zen e  i s  a one e le c t r o n  t r a n s ­

f e r  to  form th e  s ta b le  r a d ic a l  an io n . Subsequent re d u c tio n  waves 

correspond  to  e le c tro c h e m ic a l e l im in a tio n  o f c h lo rin e  o r  re d u c tio n  

o f th e  n i t r o  group to  n i t r o s o .  R eduction  p o te n t i a l s ,  c y c lic  

v n l t ammograTriB and proposed e le c tro c h e m ic a l .red u c tio n  mechanisms 

a re  g iven  f o r  a l l  o f th e  p o ly c h lo ro n itro b e n z e n e s .' The fo rm atio n  of 

n itro so b en zen e  and th e  m onoch lo ron itro sobenzenes-as e le c tro c h e m ic a l 

re d u c tio n  p ro d u c ts  o f  th e  p o ly ch lo ro n itro b en zen es  in  dimeth y l s u l f oxide 

i s  a s ig n i f ic a n t  o b se rv a tio n .

The p o ly ch lo ro n itro so b en zen es  were sy th e s iz e d  and t h e i r  e l e c t r o ­

ch em istry  in  d im e th y ls u lfoxide re c o rd ed . The observed r e d u c t io n • 

p ro cesses  o f  th e  c h lo r in a te d  n itro so b en zen es  fo llow  th e  g e n e ra l 

mechanism o f n itro so b en zen e  a lth o u g h  lo s s  o f c h lo r in e  i s  a  compli­

c a t in g  f a c to r  in  th e  mechanism d e te rm in a tio n . The re d u c tio n  poten­

t i a l s  a re  g iven  and th e  c y c lic  voltammograms shown.



SECTION I I .

' INTRODUCTION

The' s tu d y  o f  phase e q u i l ib r i a  in v o lv es  th e  d e te rm in a tio n  o f the 

e x is te n c e  o r  co ex is ten ce  o f  th e  th re e  s t a t e s  o f  m a tte r , ( s o l id ,  l iq u id ,  

and g a s) w ith  re s p e c t  to  thermodynamic s t a b i l i t y  a t  d i f f e r e n t  tem per­

a tu re s  and p re s s u re s . When two o r  more components a re  p re s e n t the
'

s tu d y  i s  ex tended to  a range o f com positions as  w e ll .  The thermody­

namic s t a b i l i t y  o f  th e  d i f f e r e n t  phases o f  a s e t  o f  m a te r ia ls  a t  d i f ­

f e r e n t  te m p e ra tu re s , p re s s u re s , and com positions can be determ ined 

from th e  thermodynamic p ro p e r t ie s  o f  th e  system  o f m a te ria ls- and i f  

th e  dependence o f  the  themodynamic p ro p e r t ie s  on te m p e ra tu re , p re s­

s u re , and com position  a re  known, the  phase e q u i l ib r ia  o f  the  system  

i s  de term ined .

Tem perature and p re ssu re  dependence o f thermodynamic p ro p e r tie s  

a re  o f  i n t e r e s t  a p a r t  from  th e  s tu d y  o f  phase e q u i l ib r i a .  For exam­

p le ,  th e  tem peratu re  dependence o f the  e n th a lp y  i s  determ ined  by the 

h e a t c a p a c ity  and i t s  tem peratu re  dependence and a t  c o n s ta n t tem per­

a tu re  th e  p re ssu re  dependence o f the  G ib b 's  f re e  energy  i s  r e la te d  

to  volume. However one new v a r ia b le  i s  o f  im portance in  the  s tudy  o f 

.s o lu t io n  chem istry  o r  phase e q u i l ib r ia  and t h i s  i s  the  com position 

v a r i a b le .

Power s e r ie s  eq u a tio n s  re p re se n tin g  thermodynamic p ro p e r t ie s  such 

a s  the  e n th a lp y  o r f r e e  energy  o f  a s o lu t io n  a re  lo g ic a l ly  chosen to
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be power s e r ie s  .in a com position  v a r i a b le . A number o f  d i f f e r e n t  ways 

o f  re p re s e n tin g  th e  composi to n  o f a s o lu t io n  a re  commonly u sed , fo r  

example m o la r i ty , m o la l i ty ,  mole p e rc e n t, w eigh t p e rc en t and mole 

f r a c t i o n .  One o f  the  most conven ien t f o r  phase e q u i l ib r i a  work i s  

mole f r a c t io n  and power s e r ie s  expansions o f  thermodynamic p ro p er­

t i e s  in  term s o f mole f r a c t i o n  have been used  fo r  sometime.

One o f  the  e a r l i e s t  proposed s e t  o f  power s e r ie s  r e p re s e n ta t io n s  
28i s  t h a t  o f  M argules , shown here  f o r  a two component system :

T1- 1I  = (I-X 1 ) 2 Ca1+  B1X1  +  C1X2 . . . )

Y2- Y| = X1 (A2 + B2X1 + C2X1 . . . )

Y6 = X1X2 (Ae + BeX1 + CeX1 ,. . . )  ..

Y i s  used to  r e p re s e n t  an  a r b i t r a r y  thermodynamic q u a n t i ty  such as 

e n th a lp y , f r e e  en erg y , lo g a rith m  o f  a c t i v i t y  c o e f f ic ie n t ,  and so f o r th .  

Yj_ s tan d s  f o r  the  p a r t i a l  moI a l  q u a n t i ty  d e fin ed  as 3Y /^n ., Y? i s  the  

v a lue  o f the  thermodynamic p ro p e r ty  f o r  th e  pure m a te r ia l ,  and I e i s  

th e  ex cess  q u a n t i ty  o f  m ix ing . As re q u ire d , a t  the  com position  o f 

e i t h e r  o f  th e  pure m a te r ia ls  the  ex cess  q u a n t i ty  o f  m ixing goes to  

zero  and the  p a r t i a l  moI a l  q u a n t i t ie s  go to  the  m olar v a lu e s  o f  the 

pure m a te r ia ls ,  _ i.e . Y1 = 1 °  a t  X1 = I .
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A lthough the  M argules eq u a tio n s  have th e se  e s s e n t i a l  q u a l i t i e s  

th e re  a re  some d isad v an tag es  to  u sing  th e se -s im p le  power s e r i e s .

F i r s t  a d i f f e r e n t  s e t  o f  c o e f f ic ie n ts  app ears  i n  each o f  the  eq u a tio n s  

•above. Second th e  mole f r a c t io n  term s w ith in  a g iven  e q u a tio n  a re  

n o n o rthogonal. I f  th e  term s were o rth o g o n a l the  f i r s t  th re e  term s 

o f  a fo u r  term  s e r ie s  would be i d e n t i c a l  to  th ose  o f a th re e  term  

s e r i e s .  However because th e  term s a re  nonorthogonal w ith  r e s p e c t  to  

each o th e r  the  c o e f f ic ie n t s  would d i f f e r  c o n s id e ra b ly  betw een a th re e  

o r  fo u r  term  f i t  o f  some thermodynamic d a ta .  The d e c is io n  o f  how many 

term s to  use in - a  power s e r ie s  f i t  o f  a s e t  o f  thermodynamic d a ta  

p o in ts  i s  f a c i l i t a t e d  by knowing th e  approxim ate m agnitude o f  the  

,in d iv id u a l term  c o n tr ib u t io n s . This i s  possib le" when th e  term s are  

somewhat o rth o g o n a l.

29Bale and P e lto n  -have proposed the  fo llo w in g  power s e r ie s  f o r  

thermodynamic p ro p e r ty  re p re s e n ta t io n :

■ 2 ^
V 1I  = (1~x i )  ± h  a I p i U i )

:n

V i I = 4  &  b I iW

^  = %  S b  ^ r i Xx1 ) .

The Pj_(x^) a re  s tan d a rd  Iegendre polynom ials which a re  com pletely  

o rth o g o n a l. However th e  . r e la t io n  o f the  p a r t i a l  m dlal q u a n t i t i e s  to



th e  ex cess  q u a n t i ty  .re q u ire s  t h a t  each  e q u a tio n  have i t s  own s e t  o f  

c o e f f ic ie n ts  i f  the  Legendre polynom ials a re  used f o r  th e  mole f r a c ­

t i o n  te rm s.

A re a so n ab le  compromise betw een o r th o g o n a li ty  and convenience
30 31

i s  p rov ided  by th e  B ed lich  K is te r  e q u a tio n s  > - :
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1I - t I [A + B(Ax1- I )  + C(6x1- l ) ( 2 x 1- l )  + D(Sxi - I ) ( 2 x ^ 1 )

Y2-I=  = X^ [ a + B(Ax1-S ) + C(6x1-5 ) (2 x 1- l )  +  D(Sx1-Y )(2x^-1 A  . _ 

I® = X1X2 [ A + B(2x1- 1 )  + C(2x1- 1 ) 5 + D (2x-1)3 . . ..

The c o e f f ic ie n t s  a re  th e  same i n  each e q u a tio n  and a lth o u g h  th e  term s 

in  a p a r t i c u l a r  e q u a tio n  a re  n o t e x a c t ly  o rth o g o n a l w ith  re s p e c t  to  

each  o th e r ,  approx im ate  o r th o g o n a li ty  does e x i s t .  The in d iv id u a l  mole 

f r a c t i o n  term s o f  th e  I e e q u a tio n  a re  shown in  f ig u re  58 . The shapes 

o f  th e se  term s a re  w e ll  su ite d , to  be ing  added to g e th e r  to  f i t  th e  ob­

served  b eh av io u r o f  excess thermodynamic q u a n t i t i e s .

The re a so n  th a t  the  c o e f f ic ie n ts  can .be th e  same i n  each e q u a tio n  

i s  t h a t  th e  p a r t i a l  m ola l e q u a tio n s  a re  d e riv e d  from t h e i r  r e l a t io n ­

sh ip  to  th e  ex cess  q u a n t i ty  e q u a tio n . From th e  d e f in i t io n  o f  the  p ar­

t i a l  m ola l q u a n t i ty :

-  2 1
n2 ,T ,P
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and. th e  e x p re ss io n  f o r  th e  thermodynamic q u a n ti ty :

I  = H1Y- +  B2I -  + (B1 +  B2 )T£

th e  fo llo w in g  r e la t io n s h ip  can be d e riv e d :

J 1 .  I ” +  X6 + (B1 +  B2 ) l i j .

since K =(IS)(l§)and
^ - X 1  ^ +  X2 I i i .

%2
nI  +  n2

one can w r i t e :

The e q u a tio n  f o r  Y can be r e w r i t te n  a s :

I 6 = A(-x^ + X1 ) ■+ B (-2x^ ■+ 3x^-x^) + C(-4x^ ■+ 8x^-5x^-bc_L)

and

x 2 = A(-2x1x2-bc2 ) + B (-6xi x2+6x-lx2- x2 ) + C(- l 6x^x2+24x_^x^- 

^YeY6 + x
■2 F l  -  :1(- X141X1 -2X1X2+X2 )

3 2 2+ B (-2x^+3x^ -x^-6 x^X2+6x^x2- x2 )

+ C (-4x^4B x^-5x^tx^-l6x^x2+24x^x2-10x  x  d%2 )

Using X^lx2= I t h i s  e q u a tio n  can be rea rra n g ed  to :  

X2 [Ad-B(Axi - I )  + C(6x - I ) ( 2 x ^ 1 ) .  . .1SE Y1-Y

H
 o
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The shapes o f  th e  in d iv id u a l  term s f o r  Y^-Y° can be o b ta in ed  from 

■those f o r  Y^-Y° by r e f l e c t i n g  th e  p o in ts  o f  th e  graph th rough  a plane 

p e rp e n d ic u la r  to  th e  paper a t  x^= .5  f o r  th e  term s A, C, E . . . and 

by r o ta t in g  th e  p o in ts  o f  th e  graph 180° about an a x is  th rough  "the 

p o in t where x^=.5  and c o e f f ic ie n t  eq u a ls  zero  f o r  the  term s B , .D,

F ... . .

L east Square F i t t i n g  o f  Data

The method o f l e a s t  sq u ares  i s  based on f in d in g  th e  l in e  which 

w i l l  m inim ize th e  sum o f th e  squares o f  th e  d if f e r e n c e s  between ob­

serv ed  and c a lc u la te d  d a ta  p o in ts .  I f  v a lu es  o f  a  dependent v a r ia b le ,  

■y a re  m easured a t  a s e r ie s  o f  v a lu es  o f  an  independen t v a r i a b le , x , 

a s t r a ig h t  l in e  f i t  o f  th e  y  v a lu es  w i l l  have th e  form  y  = mx+b where 

m .is  th e  slope and b i s  th e  in te r c e p t .  The square o f the  d if fe re n c e  

between th e  m easured v a lu e  y  and -a c a lc u la te d  value  mx+b i s  (y-mx-b) .. 

The b e s t  f i t  l i n e  can be determ ined  by m inim izing the  sum o f  th ese  

d if f e r e n c e s  f o r  a l l  th e  y  v a lu e s . This m in im iza tio n  can be accom­

p lis h e d  by s e t t in g  th e  d e r iv a t iv e s  o f  th e  sum o f th e  d if f e r e n c e s  w ith  

re s p e c t  to  m and b e q u a l to  z e ro .

The in d iv id u a l  term s f o r  th e  Y^-Y° e q u a tio n  a re  shown i n  f ig u re  5 9 .

d
dm M I II Yj 2 (y-m x-b)(-X ) = 0

Ab X! (y-m x-b)2 = Y  2 (y -m x -b )(- l)  = 0



F igure 5 9 . In d iv id u a l C o n trib u tio n s  to  Y^-Y".
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Rearrangem ent g iv e s :

X V  = b £ x  + m ^ x 2 

X]y = bn + mX] x

•where n i s  th e  number o f  o b se rv a tio n s . These two e q u a tio n s  in  two. 

unknowns can be e a s i l y  so lved  fo r  m and b .

The l e a s t  sq u ares  method can be used to  determ ine t h e ’R ed lich  

K is te r  power s e r ie s  c o e f f ic ie n t s  s im ila r  to  th e  procedure f o r  m and 

b in  th e  l i n e a r  c a se . .For example:

Y6 = X1 (I-X 1 )CA + B(Rx1- I ) .  . . )

^  [ Y6 -  X1 Cl-X ) (A + B(Rx1- I ) ,  . . )

Taking d e r iv a t iv e s  w ith  r e s p e c t  to  .A and B g iv e s :

X >  [  Ye - A C - X ^ 1  ) - B ( - R x 3 + 3 x 2 - x 1 )  ]  C - X ^ - X 1 )  =  0

£ 2  [ Ye -A (^ -B x 1 )-B ( - R x ^ x j j V 1 ) ] (-Rx^t-Jx2-X1 ) = 0

and rearrangem ent g iv e s :

( - x2-Hx1 )=A Yf (- X ^ 1 ) 2+B X; ( -  R x^Jx2-Xi ) ( -X2^x1 )

XjY6 (-Rx^tJx2-X1  )=A I c - X 2-^ 1 ) (-Rx^tJx2-X )+B X  (-RxJtjx^-X1 ) 2



.The ex p e rim en ta l v a lu es  o f  Te as a fu n c tio n -o f  x  can th u s  be used to  

determ ine th e  power s e r ie s  e q u a tio n .

E q u ilib riu m  C onstan ts

E q u ilib riu m  c o n s ta n ts  are  v e ry  u s e fu l  in  th e  s tu d y  o f  phase 

e q u i l i b r i a  s in ce  th e y  in d ic a te  th e  r e l a t iv e  ..amounts o f  th e  d i f f e r e n t  

components p re s e n t a t  e q u ilib r iu m . An e q u ilib r iu m  c o n s ta n t i s  r e la te d  

to  th e  s tan d a rd  Gibbs f r e e  energy  o f  th e  components in v o lv ed  in  the 

e q u ilib r iu m  by th e  fo llo w in g  e x p re ss io n :

G | = -RT In  Kt

The e q u ilib r iu m  c o n s ta n t can a ls o  be ex p ressed  a s :

Kt .= e -* HT/RT eAST/R

o r :

K_ = 1Q-AHT/2.303RT^AST/2.303R

However ta b u la t io n s  o f thermodynamic p ro p e r t ie s  o f te n  in c lu d e  the  f r e e  

energy  f u n c t io n ,^ , which co n ta in s  th e  tem p era tu re  dependence o f both  

aH and a s . .

x  Hi>98.15 ™GT 
X t

109
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Although s e v e ra l  s l i g h t l y  d i f f e r e n t  d e f in i t io n s  o f  <]) a re  sometimes 

used in  th e  l i t e r a t u r e ,  t h i s  d e f in i t io n  r e s u l t s  in  a f a m i l ia r  form 

f o r  th e  e q u ilib r iu m  c o n s ta n t e x p re ss io n :

■K = 10 AH298.15/2.303RT]_o a $ /2 .3 0 3 R
T

The f r e e  energy  fu n c tio n  i s  p re fe r re d  in  ta b u la t io n s  such a s  th e  JANAF
32

ta b le s  s in ce  i t s  v a r ia t io n  w ith  tem p era tu re  i s  n e a r ly  l i n e a r .  This 

a llo w s f re e  energy  fu n c tio n  v a lu es  o f  rea so n ab le  accu racy  to  be d e te r ­

mined a t  in te rm e d ia te  tem p era tu res  by in te r p o la t io n  betw een th e  tab u ­

la te d  v a lu e s .

Computer c a lc u la t io n  o f f r e e  energy  fu n c tio n  v a lu es  a t  d i f f e r e n t  

te m p e ra tu res  i s  e a s i l y  accom plished i f  bo th  th e  value o f  th e  f r e e  energy  

fu n c tio n  a t  a p a r t i c u l a r  tem pera tu re  and a  h e a t c a p a c ity  e q u a tio n  v a l id  

f o r  th e  tem p era tu re  range co n sidered  a re  known. A co n ven ien t eq u a tio n  

f o r  h e a t c a p a c ity  as  a  fu n c tio n  o f tem p era tu re  used th ro u g h o u t t h i s  

work i s :

Cp = A + B(T-To) + C(T-To)2 + D(T-To)3 . .. ,.

The c o e f f ic ie n t s  can be determ ined  by l e a s t  squares f i t t i n g  o f  ex p e r- ■ 

im e n ta l h e a t c a p a c ity  d a ta  and th e  A v a lue  a u to m a tic a lly  g iv es  the  

h e a t c a p a c ity  a t  th e  s tan d a rd  te m p e ra tu re . To.

A s e t  o f  s tan d a rd  thermodynamic p ro p e r t ie s  can be chosen to  allow  

th e  c a lc u la t io n  o f  e q u ilib r iu m  c o n s ta n ts  a t  v a rio u s  te m p e ra tu re s .
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For each component th e  v a lu e s  o f  ( j ) ^ ,  H°q , , .and a v a l id  .heat

c a p a c ity  e q u a tio n  a re  s u f f i c i e n t  to  a llow  e q u ilib r iu m  c o n s ta n t ca lcu ­

l a t i o n .

C a lc u la tio n  o f  a  Phase Diagram

In  o rd e r  to  c a lc u la te  a phase diagram  i t  i s  n ecessa ry  to  know 

th e  a c t i v i t y  o f  th e  components a s  a fu n c tio n  o f  .tem perature and 

.com position w ith  th e  p re s su re  f r e q u e n tly  chosen to  be c o n s ta n t. Red- 

I i c h  K is te r  eq u a tio n s  f o r  lo g  % a t  a s tan d a rd  tem pera tu re  arid fo r  the  

•en thalpy  o f  th e  system  can p rov ide  t h i s  n e ce ssa ry  in fo rm a tio n  on a c t i ­

v i ty  to  a  rea so n ab le  ap p ro x im atio n . I f  th e  h e a t c a p a c ity  o f  th e  system  

and th e  tem p era tu re  dependence o f  th e  .heat c a p a c ity  are.know n a s  a  

fu n c tio n  o f com position , a c t i v i t y  v a lu es  a t  d i f f e r e n t  tem p era tu res  

can be c a lc u la te d  w ith  g r e a te r  accu racy . The accu racy  o f th e  ca lcu ­

la te d  v a lu es  w i l l  o f  course depend on the  accu racy  o f th e  ex p erim en ta l 

d a ta  used to  determ ine th e  c o e f f ic ie n ts  o f a l l  .the power s e r ie s  equa­

t io n s ,  and on th e  q u a l i ty  o f  th e  f i t  o b ta in e d .

The l in e s  on a  two component phase .diagram show th e  tem p era tu res  

and com positions a t  which th e  d i f f e r e n t  phases a re  in  e q u ilib r iu m . 

T herefo re  i f  one c a lc u la te s  th e  e q u ilib r iu m  c o n s ta n t a t  a p a r t i c u la r  

tem p era tu re  f o r  th e  r e a c t io n  o f th e  components o f th e  one phase going 

to  form  th e  components o f a n o th e r , ,one w i l l  have an  e x p re ss io n  fo r  

th e  a c t i v i t i e s  o f  th e  p ro d u c t components d iv id e d  by th e  r e a c ta n t  com­



ponents r a is e d  to  th e  a p p ro p r ia te  s to ic h io m e try  powers.. The R ed lich  

K is te r  e q u a tio n s  a llow  th e  a c t i v i t y  o f  each component a t  t h i s  tem per­

a tu re  to  be c a lc u la te d  a t  any com position . The com position o r  compo­

s i t i o n s  a t  which th e  c a lc u la te d  a c t i v i t i e s  in  th e  a p p ro p r ia te  e q u i l i ­

brium  e x p re ss io n  e q u a l th e  e q u ilib r iu m  c o n s ta n t w i l l  be th e  composi­

t io n s  o f  th e  p o in ts  o f  e q u ilib r iu m  on th e  phase diagram  .l in e s  a t  th a t  

te m p e ra tu re .

For example a s o l id  o f  s to ic h io m e try  M9N can be in  e q u ilib r iu m  

.w ith l iq u id  o f  com position  x^Mtx^N below th e  m e ltin g  p o in t o f  M^N^. 

The r e a c t io n  and e q u ilib r iu m  c o n s ta n t f o r  M̂ N going to  l iq u id  w ill- 

b e :

— >- 2M + 3N

2 3 2 ,3
aMaN aMa N

Keq = aTTTT = T "iM2N3

T his e q u ilib r iu m  c o n s ta n t can be c a lc u la te d  from ta b u la te d  thermody­

namic p ro p e r t ie s  f o r  M, N, M N . Power s e r ie s  eq u a tio n s  f o r  log  

and lo g  % a llow  th e  fo llo w in g  r e la t io n s h ip s  to  be w r i t t e n :

Keq ( ^ 1 0 1OgXM)2 ( x l 0 ^ h 3

x§(A+B(4xM- . l ) .  .. -.) 2
' x M (-^+ B ( 4 x ^ - 3 )  • -•

[ x M1 0  J 1__Keq
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S ince  th e  e q u ilib r iu m  c o n s ta n t i s  known .and th e  A, B., C. . .. a re  

o b ta in e d  from  ex p erim en ta l d a t a , . a  computer can e a s i ly  s te p  through 

mole f r a c t io n  v a lu es  and by a m in im iza tio n  p ro cess  a r r iv e  a t  the  

mole f r a c t io n  o r mole f r a c t io n s  th a t  make th e  two s id e s  o f  th e  equa­

t io n  e q u a l. By re p e a tin g  t h i s  p ro cess  a t  d i f f e r e n t  tem p era tu res  the  

e n t i r e  l in e  o f  e q u ilib r iu m  com positions and tem p era tu res  f o r  s o lid  

. in  e q u ilib r iu m  w ith  l iq u id  can be de term ined .

Extended R e d lic h .K is te r  N o ta tio n

One o f  th e  m ajor advan tages o f  power s e r ie s  re p re s e n ta t io n s  in  

th e  s tu d y  o f phase e q u i l i b r i a  i s  t h a t ,  i n  p r in c ip le ,  a l l  o f  th e  th e r ­

modynamic in fo rm a tio n  o f m ulticom ponent system s can be .rep resen ted  

by a r e l a t i v e l y  sm all number o f  power s e r i e s  c o e f f ic ie n t s .  Thus f a r  ■ 

most o f  t h i s  d is c u s s io n  has been o r ie n te d  tow ard two component system s. 

However a n o ta t io n  fo r  ex ten d in g  R ed lich  K is te r  power s e r ie s  re p re se n -
3

t a t io n s  to  th re e  component system s has been p resen ted  in  th e  l i t e r a t u r e . 

T his n o ta t io n  has been superceded by a s l i g h t l y  d i f f e r e n t  n o ta t io n  

which has been checked o u t f o r  up to  s ix  component system s and w i l l  

be d e sc r ib e d  h e re .

I d e a l ly  th e  d e s c r ip t io n  o f a .multicomponent system  w i l l  in c lu d e  

c o n tr ib u tio n s  from each o f th e  b in a ry , te r n a r y ,  q u a te rn a ry , e t c .  sub­

system s p lu s  c o n tr ib u tio n s  from the  p ro p e r t ie s  o f th e  components when 

a l l  a re  p re s e n t a t  once. The c o e f f ic ie n ts  th rough E term s f o r  a th re e



component system  w ith  th e  new est .n o ta tio n  a re  shown in  Table 4 . The 

f i r s t  th r e e  columns .correspond to  .the .R edlich  K is te r  c o e f f ic ie n t s  fo r  

th e  th re e  .b in a ry  subsystem s. The rem ainder o f  th e  term s must be de­

te rm ined  from  thermodynamic p ro p e rty  measurement in  the  th re e  com­

ponent system .
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Table 4- Three Component.Extended R ed lich  K is te r  C o e f f ic ie n ts .

A12 -A13 A23 • '

B12 B13 B23 =321

C12 C13 ^23 =321 =321

,D12 D13 E23 =321 =321 Dc
321

E12 E13 ' =23 =321 =321
Ec

321
Ed

321

For the ex cess q u a n t i ty  th e  mole f r a c t io n  term s which a re  m u ltip l ie d

by th e se  c o e f f ic ie n t s  a re  coded f o r  by th e  s u b s c r ip ts  and s u p e r s c r ip ts .  

As f o r  th e  b in a ry  power s e r ie s  th e  c o e f f ic ie n ts  tim es mole f r a c t io n  

p ro d u c ts  in  th e  f i r s t  th re e  columns a re  A ^x^x^ , E "x^x (X f-x  ) \  

C25X5X  ̂(x2- x ^ ) 2 , . ,. ..

The number o f  s u p e r s c r ip ts  i s  alw ays two l e s s  th a n  th e  number 

o f  s u b s c r ip ts .  The number o f  s u b s c r ip ts  s t a r t s  a t  two f o r  each cap­

i t a l  l e t t e r  and can in c re a se  to  a  maximum o f  one more th a n  th e  p o s i­

t i o n  o f "the l e t t e r  in  ,the .a lp h ab e t o r  to  th e  .number o f  components con­

s id e re d  which e v e r i s  s m a lle r . F o r example th e  maximum number o f sub­

s c r ip t s  f o r  E i s  s ix  i f  s ix  o r  .more com ponents. a re  be ing  co n sidered
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b u t i s  lim ited-- to" th re e  f o r  a  th re e  component system .

The A term  i s  second power in  mole f r a c t io n ,  the  TB term  i s  th i r d

power and so on. The sm all case l e t t e r s  a lso code fo r  powers

fo llo w in g  scheme i s  helpful':

A B C D E F G H .. . .  .

a b c d e f g h i J

0 1 2 3 -4 5 6 7 8 9 .

The c o n tr ib u t io n  to  th e  ex cess  thermodynamic p ro p e r ty  o f

s ix th  power in  mole fr a c t io n  and the f i r s t  three mole fr a c tio n s  are

x^x^x^ fo r  the su b scrip ts  3 2 1 .  The next mole fr a c t io n  term i s  Tm

where 'm i s  the number o f the c a p ita l l e t t e r ,  which i s  6 fo r  E, minus

the number o f su b scr ip ts . In th is  case m i s  6-3=3. T i s  defined as

1 - x . where i  i s  the f i r s t  su b scr ip t. For i  ,is  a lso  3 and so .far
i. 321

th is  g iv es  E321X3X2X1 ̂ ^  su p erscr ip ts  are co rre la ted  w ith

the su b scr ip ts  s ta r t in g  from the r ig h t .  Therefore fo r  a c o e f f ic ie n t  

such as E^ a co rr e la te s  w ith  4 and c co rr e la te s  w ith  3 .  For each 

su p erscr ip t there i s  a -Zn term where 'n i s  corresponding power o f the 

su p erscr ip t. Z i s  d efin ed  as (X j-x^j/T  where j i s  the second su b scrip t  

from the l e f t  and k i s  the su b scrip t corre la ted  w ith  t h is  Z term 's 

su p erscr ip t. For E3 2 I  the on ly  Z term corresponds to  the superscrip t  

b which i s  co rre la ted  w ith  the su b scrip t I .  This g iv es  j equal 2 , k
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e q u a l I ,  and n=b=2. The com plete c o n tr ib u t io n  . i s :

E321x3x2x1t3z2=:E321x3z 2x1 (1 -x3 ( ™ 1 ^ ) 2=E3 S lzJ xI xI  ̂  1_X3  ̂ ẑ 2"z i ^

T his can be ex tended to  term s th a t  can appear in  system s w ith  

more th a n  th re e  components such as  G12345 wiiere i  e q u a ls  I ,  m equals  

8-5=3 and j  e q u a ls  2. For th e  f i r s t  a on th e  r ig h t  k i s  5 and n .is 

0 and:

(Z (a ) ) °  =  (S^ZiL)0 = !

For th e  c s u p e r s c r ip t  k i s  .4 and n i s  ,2 and:

(Z(=) )2 -  (B 5 S ) 2

The second a s u p e r s c r ip t  g iv es  k eq u a l 3 a n d .n .eq u a l .0 a n d :

(Z (a ) )°  -  ( S p ) 0 - .1 .

The t o t a l  c o n tr ib u t io n  o f 8^2345 excess q u a n ti ty  i s :

G12345x l x 2z 3z 4z 5^1“z i^   ̂ l - x p

Gl2345z i z 2X3 % ( E- x i ) ( X2 " ' \ ^

Some more example s a r e :

D3%4b  W p 2- V
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' F23564x2x3x5x6x4(x3-x4 :i

0I L tV A u I-o V l

^ 34XlX2X3X4 (X2-X4 )(X2-X 3)

tt3 4 A V 5 (1A )3 (V x 5 )2

The use o f  th e  ex tended R ed lich  K is te r  eq u a tio n s  in  phase e q u i l ib r ia  

■work i s  v e ry  in v o lv ed  and w i l l  n o t be ex p la in ed  h e re . However sev­

e r a l  in v e s t ig a t io n s  o f  power s e r ie s  use in  b in a ry  system s w i l l  be 

d e sc rib e d  i n  th e  n ex t s e c t io n s  .and a s h o r t  look  a t  a te rn a ry  system

w i l l  be ta k e n  .in  th e  f i n a l  s e c t io n .



TITANIUM DIOXIDE

The f i r s t  example o f  th e  a p p l ic a t io n  o f  R ed lich  K is te r  power 

s e r ie s  to  th e  d e s c r ip t io n  o f  phase e q u i l i b r i a  i s  somewhat t r i v i a l  b u t 

se rv es  as good t u t o r i a l  example o f  th e  methods used .

The r u t i l e  phase o f t i ta n iu m  d io x id e  e x i s t s  over th e  tem pera tu re  

range o f  SOO0K to  i t s  m e ltin g  p o in t a t  .2143°K. R u tile  can be r e ­

duced a m oderate amount so t h a t  th e  com position  range' over which th e  

. in t e g r i ty  o f  th e  r u t i l e  c r y s t a l  s t ru c tu re  i s  m ain ta in ed  i s  from TiO^ 

to  TiOj^ • For th e  sake o f ' thermodynamic c a lc u la t io n s  the  r e ­

duced r u t i l e  w i l l  be co n sid e red  as a s o lu t io n  o f t i ta n iu m  m eta l d is ­

so lv ed  in  t i ta n iu m  dioxide..

In  o rd e r  to  o b ta in  a power s e r ie s  th a t  .re p re se n ts  a thermodynamic 

p ro p e r ty , th e  f i r s t  th in g  t h a t  i s  needed i s  e x p e r im e n ta lly  m easured

35v a lu es  o f  th e  thermodynamic q u a n t i ty .  B lum enthal and Whitmore ' have 

used a s o l id  e l e c t r o ly te  e le c tro c h e m ic a l c e l l ,

P t Fe, w u s t i t e I ( 0 .S^ZrO2 + 0 .1 5 CaO) | T iO xide| P t, 

to  measure p o te n t ia l s  which can be r e la te d  to  th e  e q u ilib r iu m  oxygen 

p re s s u re s over t i ta n iu m  ox ides o f d i f f e r e n t  s to ic h io m e tr ie s .  The 

v a lu e s  th e y  o b ta in e d  f o r  oxygen p re s su re s  over TiO^ s e v e ra l

te m p e ra tu res  are  g iv en  i n  Table 5.

Norm ally i f  the  measured a c t i v i t i e s  o r  p re s su re s  were th o se  o f 

one o f  th e  s o lu t io n  com ponents, a power s e r ie s  e q u a tio n  f o r  the  

lo g a rith m  o f  th e  a c t i v i t y  c o e f f ic ie n t  cou ld  be f i t  d i r e c t l y .  'In 

t h i s  case th e  measured v a lu e s  can be r e la te d  to  the
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Table .5 • E q u ilib riu m  Cbyrgen' P re ssu res  Over TiO^ From EMF Data

Tem perature ( 0K) P a r t i a l  P ressu re  (A tm .)

1123

1173

1223

.1273

1323

■2.36X10~23 

9.95X10"22 

3.03X10“ 20 

7.16X10"19 

1.37X10-17

Table 6* E q u ilib riu m  C onstan ts f o r  th e  R eac tio n  
TiO^c) T i(c )  + 02 (g)

Tem perature ( 0K) Keq

1173

1273

■1323

1735

2.8507X10-33

'5.7239X10"30

1.6558X10-28

1.0782X10-19
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a c t i v i t i e s  o f  th e  s o lu t io n  ^components - by th e  fo llo w in g  r e a c t io n  and 

e q u ilib r iu m  c o n s ta n t:

TiO^Cc, r u t i l e ) -

Keq a T lPo2
aTiO0

T i ( c ,b e ta )  + O5 Cgas)

E q u ilib riu m  c o n s ta n ts  can be c a lc u la te d  a t  th e  tem p era tu res  o f  the  

ex p erim en ta l d a ta  from th e  s tan d a rd  thermodynamic p ro p e r t ie s  in  ta b le

7. The c a lc u la te d  e q u ilib r iu m  c o n s ta n ts  appear in  ta b le  6 .

Chem ists a re  q u ite  used to  th in k in g  abou t s o lu t io n s  o f  s o l id  

s o lu te s  d is so lv e d  in  l i q u id  s o lv e n ts .  The s o lu te s  .in  th e se  s o lu tio n s  

norm ally  d is s o lv e  a s  .m olecules o r  th e y  d is s o c ia te  in to  Ions,. ■ In  :a . 

s o l id  s o lu t io n  a d is so lv e d  m olecule can d is s o c ia te  in to  atoms and each 

fragm ent o f  th e  m olecule can behave a s  an independent so lu te  sp e c ie s . 

When ti ta n iu m  d io x id e  d is s o lv e s  in  n e a r ly  pure t i ta n iu m  m e ta l, the  

oxygen atoms w i l l  .occupy i n t e r s t i t i a l  p o s i t io n s  i n  the  t i ta n iu m  l a t ­

t i c e  and w i l l  no lo n g e r be a s s o c ia te d  w ith  a p a r t i c u la r  t i ta n iu m  atom. 

The e f f e c t iv e  m o lecu lar w eigh t o f  t i ta n iu m -d io x id e  which c o n tr ib u te s  

one mole o f  independen t s o lu te  sp ec ie s  f o r  each mole o f  m a te r ia l  d is ­

so lved  i s  h a l f  t h a t  o f  TiO5 and has th e  form ula T i 0.

The e f f e c t iv e  m o lecu lar w eigh t o f t i ta n iu m  m eta l d is so lv e d  in  

n e a r ly  pure " titan iu m  d io x id e  can be determ ined  from th e  H enry 's  law



Table 7. S tandard  Thermodynamic P ro p e r tie s

T i02 (c , r u t i l e )
H1000-H298.15

46.940

H1000

-897 .81

TiO2 ( I iq u id ) 46.940 - 8 3 9 .5 6

T i(c ,  b e ta ) 19.062 2 5 ,0 5 8

T i ( I iq u id ) 19.062 3 9 .9 2 4

O2 (g as) 22.707 22.707

Cp eq u a tio n

$ 1 0 0 0 cI

CV
UI

IO6C3 IO9C4

82.320 17.50 3 .2 0 8 -0 .6238 0.4187

107.10 21 .0

4 9 .8 6 9 6,821 1.096 0.5772 0.3882

56.605 8.5

220.77 8 .3 3 4 1 .141 0.9701 0.7151

E n th a lp ie s  in  k j/m o le j Free Energy F unction  in  J/mole°K 

Cp e q u a tio n  i s  Cp = C1 + C2 (T-IOOO) + C3 (T - IO O O )^  , ; ; 

Values ta k en  from JANAF Tables

IOl 2C3 

-Oi 1087

-0.2635

-0 ,1 9 3 5

.121
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beh av io u r o f  th e  t i ta n iu m -m e ta l a c t i v i t y .  .In th e  H enry 's  law re g io n  

o f a s o lu t io n  th e  a c t i v i t y  o f  th e  d i lu te  component w i l l  be p ro p o rtio n ­

a l  to  i t s  mole f r a c t i o n  and th e  p r o p o r t io n a l i ty  c o n s ta n t i s  th e  H enry 's 

.law c o n s ta n t. I f  an  a r b i t r a r y  m o lecu lar w eigh t fo r  t i ta n iu m  i s  assumed, 

th e  fo llo w in g  .re a c tio n  can be w r i t t e n :

2Ti O (C )-^ n T il7  + 0 (g)
• 5 / T l 2

and th e  fo llo w in g  eq u a tio n s  deduced;

lI
Icxrp1 (H enry 's  Law)

/ n

lI
/ n

n n 
c Xf i .

"Zn

n _Keq a T i c0

TT 2n n Aecl a T i r ok> :^ -
Blum enthal and Whitmore determ ined  th e  'eq u ilib riu m  oxygen p res­

sure  a t  1173 °K f o r  TiO1 ^92 a ^d TiO1 and found th a t  i t  in c reased

by a f a c to r  o f  1900. The value  o f am. „ changes v e ry  . l i t t l e  over
-1:l.5 0

t h i s  range o f  com position  and th e  mole f r a c t io n  o f Ti^yn changes by 

• a f a c to r  o f  4 no m a tte r  what the  value o f ,n. The value o f  n i s  c a l­

c u la te d .a s  fo l lo w s :



Vn

(1 .9 9 2 )

(1 .9 9 8 )

/ J i l / n  

\ ^ l / n

(1 .9 9 2 ) '

(1 .9 9 8 )
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.feq a § i  

> 0? ( I . 992) 
KQq QTli5 O 

Po2 ( l .9 9 8 )

Po2 C l.998) 

P o 2 (l-9 9 2 )

(4 )n = 1900 , n = 5.45

The value o f  n  can .be  chosen to  be e i t h e r  f iv e  o r  s ix  c o rre ­

sponding to  th e  fo rm ulas Ti^y^ o r T i^y^. The s o lu t io n  o f ti ta n iu m

m eta l in  T i 0 i s  p o s tu la te d  to  proceed by one o r bo th  o f th e  f o l -
*.5

low ing r e a c t io n s :

Ti +8/5 .Ti 0 - > 4 /5  T i3++ l /5 4+( i n t e r s t i t i a l ) + 8 / 5  0=1/5 .5
3+ —.

Ti^y^+Ti ^O -> 2 /3 T i + 1 /3 (oxygen vacancy)+© .

Both e q u a tio n s  r e s u l t  in  th e  fo rm atio n  o f one mole o f  independent
3+so lu te  sp e c ie s  f o r  each mole o f  d is so lv e d  t i ta n iu m  and bo th  g ive Ti 

io n s  which a re  th e  e le c t ro n  d o n a tin g  .im p u ritie s  re sp o n s ib le  f o r  the  

n -ty p e  sem iconducting  p ro p e r t ie s  o f  reduced r u t i l e .

S ince B a o u lt1 s law i s  obeyed by th e  m ajor component, T i j.0 and• P
•Henry's law i s  obeyed by th e  m inor component, T i, o r  'T i, / / ,  th e  a c t i



v i t i e s  a re  v a ry in g  l i n e a r l y  w ith  mole f r a c t i o n  and th e re  i s  l i t t l e  

to  be gained  by f i t t i n g  more th an  one power s e r ie s  c o e f f ic ie n t  fo r  

lo g  t) . One c o e f f ic ie n t  f o r  lo g  t  a t  1173 °K can be .e x a c tly  d e te r ­

mined by an  e q u ilib r iu m  c o n s ta n t and one oxygen p re ssu re  v a lu e :
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Pona
Za I l l Z 5 P°2 i I i iz 5 x I l v 5

Keq=
aT i c0 'f* T i 0 x T i fc0

♦5 .5 *5

XT iV 5 - 21° EX T i 5O=10*

Keq xT i^ 0

- P° z  x ^ v 5-

The one c o e f f ic ie n t  R ed lich  K is te r  eq u a tio n s  fo r  log  are ':

l o g ^ T i  50 A(1-XT i ^  ’ l o g ^ T i1^5 axT I^O -

S u b s t i tu t io n  o f th e se  e q u a tio n s  in to  th e  p rev io u s  one g iv e s :

-A x̂T i o- 2 ^ -xT i c0
O  • .3

) log
Keq xT i o

^0SxTi
1/5

F o r th e  oxygen p re s s u re , e q u ilib r iu m  c o n s ta n t ,  and mole f r a c t io n  a t

1173 0K and TiOn th e  v a lu e  o f  A i s :
1 .992

A (lo g  i  ,T i1^5 )= -..313164
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■By a s im ila r  p ro ced u re , th e  value  of.A  a t  1173 6K f o r  T i1^  can be 

c a lc u la te d :

A(log -4 .8 7 3 2 x10~4 .

.Although th e  c o e f f ic ie n t s  were determ ined  a t  the  TiO com-
1 .992

p o s i t io n ,  th e  power s e r ie s  .equations a re  v a l id  over th e  e n t i r e  r u t i l e  

com position  ran g e . As a check th e  e q u ilib r iu m  oxygen p re s su re  over 

TiO^ can be c a lc u la te d  and compared w ith  the  ex p erim en ta l value,. 

The R ed lich  K is te r  e q u a tio n s  .a re :

lo g  & T i Q=AU-Xt i  0 ) and lo g  K
• 5 .5 I i v 5 =t e T i i5O

The mole f r a c t io n  o f T i a t  TiO^ f o r  t h e 'T i ^ ^  case i s  .997504
-3

and th e  a c t i v i t i e s  a re  a™. =.997500 and am- =1.21811x10 . The
T l,5 °  1/5

■ c a lc u la te d  e q u ilib r iu m  oxygen p re s su re  a t  1173 °K i s :

Kes aT i ,0
Po = — ------- 2̂-  = 1.067x10 atm.

^ 1 / 5  .

T h is compares w e ll  w ith  th e  ex p erim en ta l v a lue  1.9070x10 atm os-

35pheres a t  t h i s  tem p era tu re  and com position  -.

The e n th a lp y  o f t h i s  s o lu t io n  can be determ ined from th e  tem­

p e ra tu re  dependence o f th e  . a c t i v i t i e s .  A form .of the  G ibbs-H elm holtz 

e q u a tio n :
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W  H0 
d l /T  = T .3 0 3 r '

g iv es  the  tem peratu re  dependence o f  the  a c t i v i t y  o r a c t i v i t y  coef­

f i c i e n t  in  term s o f th e  e n th a lp y  o f the  s o lu t io n .  The lo g  <f coef­

f i c i e n t s  a t  1273 0K a re  A (log X , T i ^ J =  -.222985 and A(log 2T , T i ^ ) =  

7.49602x10 By use o f  a m odified  Gibbs-HeIm holtz e q u a tio n :

AA(log K ) A(H) 
a  1/T = 2.303R

The value o f th e  e n th a lp y  c o e f f ic ie n ts  a r e :

A(H,Ti1 /5 ) -2 .5 9 x l0 4 J /mole and A(H,Ti .^)= -2 .1 6 x 1 O4 J /mole

These c o e f f ic ie n ts  fo r  e n th a lp y  can be used to  c a lc u la te  lo g  (f coef­

f i c i e n t s  a t  any o th e r  tem pera tu re  v ia  th e  fo llo w in g  e q u a tio n :

I  I  A(H)
A(log o jT ^)—(rp2“T2_̂ 2 #303R+ ^ ^

With th e se  v a lu es  f o r  e n th a lp y  and lo g  ^  c o e f f ic ie n ts  and the  

c a lc u la te d  e q u ilib r iu m  c o n s ta n ts  the  a c t i v i t i e s  o f both components 

and the  e q u ilib r iu m  oxygen p re ssu re  can be c a lc u la te d  a t  any tem per­

a tu re  and com position  over which the  r u t i l e  phase o f t i ta n iu m  d iox ide

e x i s t s .



POTASSIUM OXIDES

The h igh  tem p era tu re  thermodynamic behav iou r o f  po tassium  oxides 

i s  o f  p a r t i c u la r  i n t e r e s t  in  m o lten  carb o n ate  f u e l  c e l l  chem istry

where oxygen d is so lv e d  in  th e  .Li CO -K CO m ix tu res  r e s u l t s  in  the
2 3 2 3

fo rm atio n  o f  some po tassium  o x id e . The phase e q u i l ib r ia  o f  potassium  

ox ides i s  a ls o  o f  i n t e r e s t  i n  th e  o p e ra tio n  o f co a l f i r e d  magnetohy­

drodynamic channels -where po tassium  m eta l i s  used to  in c re a se  the  

c o n d u c tiv ity  o f  th e  w orking plasm a.

Three compounds .of potassium  and oxygen a re  known to  ex is t.:  

po tassium  monoxide, (KgO); po tassium  p e ro x id e , (K^O^); and potassium  

su p ero x id e , (KC^).

Potassium  Monoxide i s  the  most r e a c t iv e  o f th e  o x id e s , i t  i s  

d i f f i c u l t  to  keep p u re , and i s  so c o rro s iv e  a t  h igh  tem p e ra tu res  th a t  

r e a c t io n  w ith  most c ru c ib le  m a te r ia ls  in t e r f e r e s  w ith  a c c u ra te  th e r ­

modynamic m easurem ents. The po tassium  oxide system  w i l l  be t r e a te d  

a s  a s o lu t io n  o f KO ( I )  and 0 (1 ) in  e q u ilib r iu m  w ith  th e  s o l id  com-

pounds. The m o lecu lar w eigh t o f  KO was chosen because o f the  s o l-
•5

u t io n  behav iou r o f  K^O w ith  SiO^ and Al^O^ and so th a t  th e  power s e r ie s  

e q u a tio n s  from t h i s  system  could be combined w ith  those  o f  th e  o th e r 

sy stem s. The s e le c t io n  o f 0 (1 ) w i l l  be d iscu ssed  l a t e r .

The g e n e ra l ly  accep ted  value f o r  th e  en th a lp y  o f fo rm atio n  of

KO r ,  —180.75 k J/m o le , comes from a s in g le  re p o rte d  h e a t o f  s o lu tio n• P
36



A ttem pts to  o b ta in  ,a phase diagram  u sin g  t h i s  va lue  in d ic a te  the  

p o s s i b i l i t y  t h a t  t h i s  v a lue  i s  in  e r r o r .

,The o r ig in a l  re c o rd s  .from experim en ts w ith  po tassium  monoxide 

h e a te d  .in  a p la tin u m  e f fu s io n  c e l l  in  a mass sp ec tro m ete r were ob­

ta in e d  from Dr. Thomas' .E h le rt o f  M arquette U n iv e rs ity , Milwaukee.,

WI. In  Dr. E h l e r t1s exp erim en ts , s o l id  E^O was formed by th e  re a c -  

t io n 3 7 ,3 8 , '

,128

2KN0 +IOK— ^ 6k20 '+ N2 .

The potassium  n i t r a t e  was re a c te d  w ith  excess .potassium  m e ta l, th e  

u n reac ted  p o r t io n  o f which -was d i s t i l l e d  o f f  a t  '500°K. T his r e s u l te d  

in  h igh  po tassium  io n  c u rre n ts  .in  th e  mass sp e c tro m e te r•and e lim in a ted  

th e  p o s s i b i l i t y  o f  m easuring e q u ilib r iu m  po tassium  p re s s u re s . These 

would have been o f v a lue  i n  de term in in g  th e  monoxide e n th a lp y  .from 

th e  predom inant decom position  re a c t io n :

2K0 j. ( s ) — 1 /2 K202 ( s ) + K(g).

However good io n  c u r re n ts  f o r  K2O+ could  be m easured and the  

e n th a lp y  o f  fo rm atio n  o f  s o l id  po tassium  monoxide could  be determ ined 

from i t s  h e a t o f  su b lim a tio n  and an  in d ep en d en tly  de term ined  value 

o f  th e  h e a t o f  fo rm a tio n  o f K2O g a s F i g u r e  60 shows; two sep e ra te  

experim ents f o r  which th e  lo g a r ith m  o f  K^O+ c u rre n t tim es tem pera-
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tu r e  i s  p o tte d  a g a in s t  r e c ip ro c a l  tem peratu re,. Since e q u ilib r iu m  

p re s su re s  can be r e la te d  to  the  c u r re n t  by p re ssu re  = ( s e n s i t i v i t y  

c o n s ta n t)  " ( c u r r e n t)  "• ( te m p e ra tu re ) ,  th e  e n th a lp y  o f su b lim a tio n  

can  be c a lc u la te d  from  th e  G ibbs-H eIm holtz e q u a tio n  and th e  s lopes 

in  f ig u re  60. The su b lim a tio n  r e a c t io n  i s :

2 K 0 ^ ( 5 ) - » E :2 0 ( g ) .

The e q u ilib r iu m  c o n s ta n t i s :

% o ( g )

Keq= -2---------- = % 2 0 (S ) '
% 0 ( s )

The G ibbs-H elm holtz e q u a tio n  i s :

= K R*(s lo p e ) .

T his i s  d e s ig n a te d  a s  a second law tre a tm e n t.

The f iv e  v a lu es  shown as  s o l id  c i r c l e s  came from what appeared 

to  be th e  b e t t e r  experim en t and th e  s lope  o f th e  l e a s t  sq u ares  l in e  

th ro u g h  th e se  p o in ts  was used to  c a lc u la te  a A H ^ g  o f su b lim a tio n  

o f 181 k j/m o le . In  co n ju n c tio n  w ith  a p re v io u s ly  measured value  o f 

AH° ^  f o r  K2O(g) o f -142 .k j /m o le ^ ,  th e  value  o f a  H° ^ f o r
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.K O ^(s) i s  de term ined  to  be —162 k J /m o le .

Another .value o f ° 293 l o r  KO ( s )  can be o b ta in ed  from 

a t h i r d  law tre a tm e n t i f  th e  v a lu e .o f th e  s e n s i t i v i t y  c o n s ta n t i s  

known. An ex p e rim en ta l va lue  f o r  th e  s e n s i t i v i t y  c o n s ta n t has 

been determ ined  from a mass sp e c tro m e tr ic  s tu d y  o f th e  e q u ilib r iu m ^ ^ :

K g O C g ) - » 2 K (g )  4- 1 /2  O ^fg)

This v a lu e  has been c o rre c te d  f o r  the  s iz e  o f  the  e f fu s io n  o r i f i c e  

and th e  d e te c to r  g a in  d i f f e r e n c e s ^  . The r e s u l t in g  value  i s  .2.97.5•

The value  o f I ^ T  a t  600°K i s  3 .765x10"^  and the  co rrespond ing  p re s -

—9sure  i s  1.12x10 I .  This p re ssu re  i s  eq u a l to  the  e q u ilib r iu m  c o n sta n t 

f o r  th e  su b lim a tio n  o f  .K̂ O and i s  a ls o  eq u a l to :

Keq= — = 10" AHs u b l ,2 9 8 /2 .303RT 10^  6 0 0 /2 .303R
CD'

The v a lue  o f A ^  ^qq can be c a lc u la te d  from th e  h e a t c a p a c i t ie s  and

^lOOO vaI ues l o r  KO ( s ) and  K^OCg) and the  e q u a tio n :

^ T  " ^ T 0 [ H^To^ -  H (2 9 8 .1 5 )  ( T -  T q) -  T ^ ToGpdT+|

t o  c o r r e c t  to  600°K. The f r e e  energy  fu n c tio n s  a t  600°K a re  62.00 

■and 278.06 J/m ole°K  f o r  KO '(s) and K^0(g) r e s p e c t iv e ly  and ^ $ ^ 0 0  

e q u a ls  154.06 J/m ole °K. The c a lc u la te d  value  f o r  -a HsuI3̂ j 298 "195
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kJ/m ole and th e  th i r d  law value  f o r  AH° a i s  - I 69 kJ/m ole f o r  

KO (s).. -.For ta b le  8 th e  v a lu e  has been rounded o f f  to  -170
•5

-5 k J /m o le . This v a lue  ag re es  re a so n a b ly  w e ll w ith  th e  second law 

h e a t and has been  ad o p ted .'fo r. th e  c a lc u la t io n - r e p o r te d " h e re .

Potassium  Peroxide The e n th a lp y  o f  fo rm ation  o f  O  ̂ re p o rte d  

in  th e  JANAF^ ta b l e s  r e f e r s  back to  th e  d a ta  o f C entnerszw er and 

B lum enthal ’ ,b u t  t h e i r  d a ta  fo r  th e  p rev io u s  though t to  e x i s t  com­

pound K^O  ̂ a re  f o r  th e  tem pera tu re  range 753-912°K. These tem pera­

tu r e s  a re  above th e  KO -K 0 e u te c t ic .  De F o rc ra n d ^  r e p o r ts  a h ea t
2 2 2

o f s o lu t io n  f o r  K^O  ̂ which was used by R i l e y ^  to  c a lc u la te  an 

e n th a lp y  o f fo rm atio n  o f -489..53 kJ/m ole f o r  K 0 ( s ) .

.Measurements o f  oxygen p re ssu re s  over KO provide --an even b e t t e r  

means o f c a lc u la t in g  t h i s  en th a lp y  o f  fo rm atio n  v ia  th e  re a c t io n :

2K 02(s)— ^KgOgCs) + OgCg)

Second law c a lc u la t io n s  f o r  th e  h e a t o f  t h i s  r e a c t io n  from ;two 

se p a ra te  ex p erim en ta l i n V e s t l g a t i o n s ^ f ^  y ie ld  61.76 and 65.27 k J /  

mole r e s p e c t iv e ly .

These two s tu d ie s  a re  in  e x c e l le n t  agreem ent on th e  oxygen

gas p r e s s u r e .a t  '573°K. A th i r d  law tre a tm e n t a t  t h i s  tem p era tu re
32u s in g  th e  e s t imated  en tro p y  f o r  .K 0 ( s )  g iven  in  JAMAr g iv e s  a h e a t

-2 , 2  / ■ . 7  •

.of r e a c t io n  a t  298°K o f  75.55 kJ/m ole . 'The h e a ts  o f .re a c tio n  65.27 

and 75.55 kJ/m ole and th e  accep ted  h e a t o f  fo rm atio n  f o r  KC^( s ) o f



Table Si

T h e r m o d y n a m ic  v a lu e s  f o r  th e  p u r e  m a t e r i a l s .

M a t e r i a l  H ° ^ g  ^ H0H 1000 °  2 9 8 .1 5

O
O O O-

C eq u a t io n  

Cpi 10

O

K O 2 (s) -284512  t  2000 -221589 1 2 2 .4 9 9 4  4 166. 067 9 5 .5 0 2 3 .0 6 6  -2 9 .4 1 5

K 2O2 (s) -495411 T 3000 -408020 109. 92 3 4  4- 1 67 .830 147 .0 2 9 6 0 .7 9 9  - 8 .4 0 6

K O q {s ) -170000  i  5000 -140708 51. 0 0 4 +  6 7 5 .6 8 9 3 8 .0 6 2 4. 017

K O q 5 (I) -159536  ± 9000 -123972 5 9 .9 1 8  t  9 8 7 .9 9 0 47. 907 7. 531

O (I) -8 3 9 7 ° 11648 3 1 .3 6 7 ° 4 5 .7 1 9 2 9 .2 8 8 2. 092

K 2O (g) -142256415000 ■ -98480 2 6 5 .8 0 5  4 8 . 2 9 7 .5 2 4 6 2 .3 5 8

KO (g) 65270 ± 12000 91575 238. 112+  2 2 5 6 .7 2 2 3 8 .2 0 0 I .  168 - 0 .0 9 7

K 2O2 (g) -2 9 7 6 6 9 +  15000 -249922 2 7 1 .460410 3 0 5 .4 3 2 6 2 . 358d

a)  A ll  v a lu e s  a r e  g iv e n  i s  SI u n i t s ,  J ,  K, and  m o le s .  T he  n u m b e r  of f i g u r e s  g iven  w as  s e le c te d  

to r e p r o d u c e  e q u i l i b r iu m  c o n s ta n t  c a lc u la t io n s  to  f ive  o r  s ix  s ig n i f ic a n t  f i g u r e s ,  and  b e a r s  no

298r e l a t i o n s h i p  to  the  a c c u r a c y  of th e  t e r m s .  U n c e r t a in t i e s  a r e  e s t i m a t e d  f o r  H ° ono and  Sv

- C 1 + C 2 (T-IOOO) + C 3(T-IOOO)'
298'

b) T he  e q u a t io n  f o r  h e a t  c a p a c i t i e s  i s  C ~ -1- ^  ,rn 1 n n n ' ■ <- mnn%2
f

c) A d e f in e d  s t a n d a r d  s t a t e  i s  u s e d  f o r  O (I), and  t h e r e  i s  no th ing  to  m e a s u r e  the  u n c e r ta in ty  a g a in s t .

d) An a d d i t io n a l  E in s t e in  h e a t  c a p a c i ty  t e r m  a t  h v  /k  = 1266 K i s  ad d e d  f o r  (g).

•133
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—284.51 kJ/m ole y i e ld  h e a ts  o f  .fo rm ation  f o r  K 0 ( s )  o f --$03.75 and
2 2

-493•49 kJ/m ole . The average  o f th e se  v a lu es  and -489 .53  from  the

h e a t o f  s o lu t io n  o f  K.O g iv e s-a H° -  -4 9 $ .$ 8  kJ/m ole f o r  K 0 ( s ) .
2 3 f ,2 9 8  .2 .2

The f r e e  -energy fu n c tio n  and :heat c a p a c ity  in  ta b le  8 a re  from the  

JANAF ta b le s 52 .

Potassium  Superoxide The thermodynamic v a lu es  f o r  K 0^(s) in  

ta b le  8 a re  e s s e n t i a l l y  th o se  o f th e  JANAF ta b le s 52 . The h e a t capa­

c i t y  eq u a tio n  i s  a l e a s t  squares f i t  .of th e  JANAF high tem peratu re  

e x tra p o la te d  v a lu e s .

T races o f  KOH d is so lv e d  in  s o l id  KÔ  a re  v i r t u a l l y  im possib le  

to  e l im in a te . B esides t h i s  im p u rity , th e  decom position  o f  KO^( s ) 

form s some K^O^( s ) b e fo re  th e  m e ltin g  p o in t o f  KÔ  i s  reach ed  even 

in  th e  p resence  o f oxygen a t  one a tm osphere . M elting  p o in ts  r e ­

p o rted  in  th e  l i t e r a t u r e  range from 6$3 to  838°K4-l;46-50^ b e s t

v a lu e s , 823 and 8380K ^ 55^are  e x tra p o la t io n s  th a t  tak e  accoun t o f the  

po tassium  hydroxide im p u rity  c o n te n t. Taking account o f  b o th  hydrox­

id e  and po tassium  p erox ide  im p u r it ie s  should give a s t i l l  h ig h e r m elt­

in g  p o in t. For t h i s  work th e  tem p era tu re  a t  which s o lid  KO  ̂ i s  in  

e q u ilib r iu m  w ith  l iq u id  o f  th e  same com position  i s  e s tim a te d  to  be 

'845°K.

H y p o th e tic a l Oxygen L iquid The use o f  a h y p o th e tic a l  m a te r ia l  

such a s  oxygen l iq u id  a t  a tm ospheric  p re s su re  and te m p e ra tu res  near 

IOOO0K i s  j u s t i f i e d  sim ply by th e  convenience i t s  use p ro v id es  and
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by th e  f a c t  t h a t  i t  can be v e ry  e a s i ly  r e la te d  to  r e a l i t y .  F i r s t  

s in c e  po tassium  and oxygen form l iq u id s  w ith  K to  0 r a t i o s  from  

2 :1  to  1 :2 , a sim ple means o f  t r e a t i n g  t h i s  v a r ia b le  com position

l iq u id  a s  a so lu tio n , o f  two m a te r ia ls  i s  needed. KO ( l )  and 0(1 )
»5

have been chosen to  f u l f i l l  t h i s  need. • Second 0 ( l )  can be e a s i ly  

r e la te d  to  th e  e q u ilib r iu m  oxygen gas p re s su re  ov er th e  l iq u id  v ia  

an  e q u ilib r iu m  c o n s ta n t fo r  th e  r e a c t io n :

2 0 ( 1 ) o2 (g ).

T his e q u ilib r iu m  c o n s ta n t.c a n  be c a lc u la te d ' from th e  known thermo­

dynamic p ro p e r t ie s  o f  oxygen gas and th e  a r b i t r a r i l y  chosen thermo­

dynamic p ro p e r t ie s  o f  oxygen l i q u i d . .The s tan d a rd  e n th a lp y  was 

p icked  so th a t  i t  would be s im ila r  to  t h a t  o f  O^Cg) a t  IOOO0K and 

500 b a rs  p re s su re . The f r e e  energy  fu n c tio n  was chosen so th a t  the  

a c t i v i t y  o f  0 ( l )  would, .vary sm oothly th rough  o u t th e  e n t i r e  compo­

s i t i o n  range o f th e  phase diagram . The s tan d a rd  s ta t e  p ro p e r t ie s  o f 

0 ( l )  a re  g iven  in  ta b le  8 .
51

A c tiv i ty  C o e f f ic ie n ts  l e f f l e r  and W iederhorn have measured 

e q u ilib r iu m  oxygen p re s su re s  over po tassium  oxide l iq u id s  a t  773, 

873, and 923°K. They measured th e se  p re s su re s  over th e  com position

range in  mole f r a c t io n  from x%

the va lu es from X1KO

.5
.877 to  x,

.877 to xKO ..441. However
• 5

KO.5
6667, (th e  KO com position ),

2 2
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ap p ear to  be in  e r r o r ,  p o s s ib ly  because one .of .the v a p o r iz a t io n  

sp e c ie s  .is  .K^O^(g) w hich may have re a c te d  w ith  t h e i r  q u a rtz  c ru c ib le  

h o ld e r  to  r e le a s e  a d d i t io n a l  oxygen.

ZKgOgfg) +  GSiOg- a A 0 9 +  cA

The oxygen p re s su re  v a lu e s  in  the  re g io n  between th e  .K2O2 and 

KO2 com positions 'w ere  used to  determ ine a c t i v i t i e s  f o r  0 (1 ) v ia  the 

e q u ilib r iu m  c o n s ta n t d e sc rib e d  above.. The log#  0 (1 ) v a lu e s  c a lc u ­

l a t e d  from th e se  a c t i v i t y  v a lu es  and th e  co rrespond ing  mole f r a c t io n s  

a re  shown i n  ta b le  9-

Three v a lu e s  f o r  log 'tf^Q  q .) ' were e s tim a te d  by assum ing th a t
«5

th e  s o lu t io n  o f  KgO^(I) in  KgO(I) i s  id e a l .  For the  .E ao u lts  .'Law .re­

g io n  th e  a c t i v i t y  o f  KgO(I) w i l l  be e q u a l to  i t s  mole f r a c t i o n  in  

th e  K2O (I) -  K2O2 ( I )  system . At X^ = .9 ,  .8 , „7 th e  a c t i v i t y  

o f  K^O(I) = .9 , ..8 , .7  and s in ce  a^Q ^ ^  = a^  g ^ y t h e  a c t i v i t y  o f 

KO ^ (1 )  = ,.949f .894 , .837 . For the  K^O(I) -  K^Og(I) sy stem  th e  mole 

f r a c t io n s  Xg- = - 9  and x K q = - I  correspond  to  1 .8  + .2  moles

o f  KO ^ ( I )  f o r  each . . I  moles o f  0 (1 ) o r  x ^  =. .952 . For x^

.8 ,  „7 th e  mole f r a c t i o n  o f  KO = .909 , .870 . The fo llo w in g  v a lu es
.5

o b ta in :



Table 9- A c t iv i t i e s  and L o g o 's  f o r  0 (1 ) .

773 bK

=K0 .5 *0 (1 ) Iog^

.568 2.3978X10-4 -3 .

.541 3.4331X10-4 -3 .

»524 4.4858X10-4 -3 .

.518 5.4940X10-4 - 2 .

;508 6.1131X10-4 —2 #

.498 7.5824X10-4 «2 .

.488 8.4774X10-4 —2 .

.469 9.2865X10-4 - 2 .

;455 1.0173X10-3 —2 «

.442 2.1108X10-3 —2 «

.441 2.9366X10-3 —2 .

873 0K

KOi5 *0 (1 )

.645 3.5764X10-4

.599 4*3416X10-4

.571 6.3554X10-4

.556 6.9620X10-4

.538 7.6088X10-4

»529 8.3673X10-4

.515 8*9879X10-4

.503 9.4266X10-4

*483 1.2711X10-3

*448 2.0098X10-3

.446 2.4614X10-3

0 ( 1 )

2557

1261

0258

9432

9057

8209

7810

7572

7290

4222

2796

923 °K

lo g $  0 (1 ) XK0<5 *0(1) lo g ^ O ( I )
- 2.9968 .645 4*4632X10-4 -2*9006

- 2.9655 *613 5.4052X10-4 -2 .8549

-2 .8293 .585 6.4162X10"4 -2 .8108

-2 .8046 .565 6*9143X10-4 -2 .7987

-2*7833. .552 7.900AX10-4  -2 .7536

- 2.7504 .538 8.4683X10-4  -2*7368 ^

-2 .7 3 2 1  ' *448 2 . 8694x10 -2*2841

- 2*7220

-2 .6093

-2*4388

-2 .3523
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(a H lo g  ^KO r ( I )

.9 5 2 - I . 69x10*3

.9 0 9 -7 .0 6 x 1 0 * 3

.870 - I . 68x10“ 2 '

An a l t e r n a t iv e  manner in  which to  t r e a t  th e  i d e a l i t y  o f  t h i s  

s o lu t io n  i s  to  say  th a t  oxygen r e a c t s  w ith  KO to  form and

f o r  n e a r ly  pure KO th e  expected  a c t i v i t y  i s :

1KO x̂ KO " 2xO ^ 1 2xO  ̂ ^ xKO r 2 ) / ( 2xK0»P ■* 2 • y

T h is e x p re ss io n  comes from th e  f a c t  t h a t  two m olecules o f  KO re a c t
• 5

w ith  each atom o f  .0 to  "form K 0 . The v a lu es  o f lo g  „ c a lc u la te d2 2 &-U. t
t h i s  way a re  v e ry  c lo se  to  th o se  c a lc u la te d  by th e  p rev io u s  method

and a lth o u g h  th e  f i r s t  method was a c tu a l ly  used in  th e  phase diagram

52
c a lc u la t io n ,  th e  second method was p re sen te d  in  th e  l i t e r a t u r e  .

T s e n ts ip e r  e t ^ i n  'th e i r  phase diagram  s tu d ie s  o f  potassium  

o x id e s , conducted experim en ts  which a llo w  th e  e s tim a tio n  o f  th e  com­

p o s i t io n  and tem p era tu re  o f  a p o in t on th e  curve fo r  l iq u id  in  e q u i l i ­

brium  w ith  s o l id  KO . T h is p o in t a t  x  = .486 and T=733 °K fo r  the
2 KO.5

e q u ilib r iu m :

JK0 - ( s ) ^ K 0  ( I )  '+ 1 .5  0 (1 )
^ • 5
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and th e  e q u ilib r iu m  c o n s ta n t:  

Keq =

I  5
a llo w  the  c a lc u la t io n  o f a value f o r  IogX  X

ZvQ 0  -

106 * k° . 5 X 0
1 .5

' Keq

( .4 8 6 ) ( ,5 1 4 ),1 .5

The m e ltin g  p o in t o f  KO^, e s tim a te d  to  be 845 °K, a llow s th e  c a lc u ­

l a t i o n  o f .a s im ila r  v a lue  a t  XiKO ..4 :

lo g  ^KO
1 .5

-.5 0

.5

Keq(845)

( . 4 ) ( . 6 )
1 .5

The po tassium  oxygen r a t i o  o f K0O corresponds to  x
.2 ]KO . 666?

.5
and th e  m e ltin g  p o in t o f  K^O  ̂ i s  re p o r te d  to  be 763 “K ^ - '^ - .  A value 

f o r  lo g  'X q can be o b ta in ed  from th e  e q u ilib r iu m  c o n s ta n t fo r
. 5

K 0o i n  e q u ilib r iu m  w ith  l i q u id  a t  t h i s  tem pera tu re  a s  was done fo r

th e  m e ltin g  p o in t o f  KO . However a mixed l e a s t  sq u ares  f i t  o f  the
.2

X o ( l)»  X EO 5 (1 ) '  % K O ^(I) X 0 ( 1 ) ^
fo r  lo g  XgQ ( 1 ) X q( I )  showed th at the ox yg en  pressure measurements'3"l ^

(lo g  X 0 ( l )  v a lu e s ) , were in c o n s is te n t  w ith  th is  K̂ Ô  m elting point

v alues and t h i s  value

,51
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v a lu e . When t h i s  p o in t was om itted  .from the  l e a s t  sq u ares  c a lc u la t io n  

th e  a c t i v i t y  c o e f f ic ie n t  e q u a tio n  th a t  was o b ta in ed  r e s u l te d  in  a .cal­

cu lated . m e ltin g  p o in t below 650°K and th e  -  KO e u te c t ic  tem per­

a tu re  was w e ll below 633°K. This i s  in c o n s is te n t  w ith  R i l e y 's ^  ob­

s e rv a tio n  o f s o l id - s o l id - g a s  e q u ilib r iu m  in  t h i s  com position  reg io n  

a t  633°R. T his c o n f l i c t  betw een th e  m easured oxygen p re s su re s  and 

th e  re p o r te d  m e ltin g  p o in t .of ^ ( ^ ( s j ’was re so lv ed  by c a lc u la t in g  "the 

value o f log  ^  'X q ^o r th e  KgO m eltin g  p o in t  a t  700°K. P er-
• 5

form ing th e  . l e a s t  squares w ith  t h i s  p o in t a t  r e l a t i v e l y  low -w eight 

gave an  a c t i v i t y  c o e f f ic ie n t  power s e r ie s  w ith  which the  m e ltin g  

p o in ts  o f  683 and 865°K f o r  K2O  ̂ and KOq were c a lc u la te d ..  -.The mixed 

l e a s t  squares . f i t  o f  th e  lo g  % v a lu es  was perform ed a f t e r  a l l  the  

v a lu es  had been  c o rre c te d  to  IOOO0K w ith  th e  e n th a lp y  e q u a tio n  d e sc rib ed  

in  th e  nex t s e c t io n .  The R ed lich  K is te r  power s e r ie s  e q u a tio n  fo r  

lo g  t  i s  shown in  ta b le  .10.

E n thalpy  E q u a tio n  Although th e  s ta n d a rd ■ e n th a lp ie s  o f  th e  s o lid  

compounds have been chosen, th e  e n th a p ie s  o f  the  l iq u id  components 

must be determ ined  a s  a fu n c tio n  o f  com position  so t h a t  th e  tem pera­

tu re  dependence o f th e  a c t i v i t i e s  can be c a lc u la te d .

The h e a ts  o f  fu s io n  f o r  th e  po tassium  oxide compounds were e s t i ­

mated to  be l6 .7 4 -8 .4 k J ,  (4 -2  k c a l ) ,  p e r  mole o f potassium  in  th e  com­

pound. The h e a t o f  fu s io n  eq u a ls  th e  d if f e r e n c e  between th e  en th a lp y



J

Table 10. R e d lic h -K is te r  C o e f f ic ie n ts  f o r  the  KOq j- -  0 L iqu id  System;

A B C D E F

l o g IO ^ lO Q O -9 .213020 0; 636777 -7;401393 -2 .102460 29.207264 -19.554747

H (J  mol- 1 ) -167664 -9966 -199623 -12185 1152339 941663

TT
r
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o f  th e  l iq u id  and th e  -en th a lp y  o f th e  s o l id .  .The e n th a lp y  o f th e  

l i q u id  e q u a ls :

l iq u id
i h °
1KOi5 liKOi5

+ V 2 + (n.KO.5
+ a0 )H«

and

^ Hfu s io n  '"nKO g HK0 _ + nO11O + (nKO + nÔ  ^  "  nS Hs o l id * * 
p ■* p .* 5

For the  fu s io n  r e a c t io n s :

I------------------------------- AHfu s io n

1/3 K_0 ( s )  - * - 2 /3  KO _(1) + 1 /3  0 ( 1 ) —*-1/3 KO (I )
i_____________  r 2

(nK0 + :n0') H
• v

th e  a H a t  IOOO0K f o r  th e  f i r s t  r e a c t io n  can be c a lc u la te d  to  be 

—57.24  kJ from th e  v a lu es  .in ta b le  8 . Then th e  excess e n th a lp y  of 

m ix ing , He , a t  IOOO0K e q u a ls  2 /3 (1 6 .7 4 ) -  57 .24 = - 4 6 .OSkJ/m o le . For 

th e  fu s io n  r e a c t io n s :

2 /5  K O ^ s ) - » 2 /5  K O ^(I) + 3 /5  0 ( 1 ) - + 2 / 5  KO^(I)

The value  o f  He a t  IOOO0K i s  —3.9.34 k J/m o le . These two v a lu es  fo r  

He a re  p lo t te d  a t  t h e i r  a p p ro p r ia te  com positions i n  f ig u re  .61.
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.Figure 61. P lo t o f  Enthalpy Data fo r  K O - O  Liquid System.
•5

kJ mol

-50 ’



• E a r l ie r ',  i n  th e  d is c u s s io n  o f th e  r e la t io n s h ip  o f th e  p a r t i a l  

moI a l  R ed lich  K is te r  e q u a tio n s  to  the  e q u a tio n  f o r  the  ex cess  quan­

t i t y  th e  fo llo w in g  e q u a tio n  was d e r iv e d : 

I 1 - I f  - I e + X 2 ^ . .

,A s im ila r  e q u a tio n  i s  v a l id  fo r  Y2 -  Y5 0:

I 2 -  V  = ^  -  X1 - g

The in te r c e p t  a t  X2=I o f  any l in e  drawn ta n g e n t to  th e  curve f o r  Ye 

w i l l  g ive a va lue  fo r  Y2 — Y5 0 s in ce

dy
y  •= mx + b , m = - ^ ,  b 

51

dy

L e f f le r  and -Wiederhorn have measured oxygen p re s su re s  a t  th re e

d i f f e r e n t  te m p e ra tu re s .n e a r  th e  com position  x.
KO

,586 and the
5

value  o f was c a lc u la te d  to  be -4 6 .5 7  kJ/m ole a t  t h i s  com position . 

T his means t h a t  a l in e  ta n g e n t to  th e  curve fo r  He a t  X^ ~  .586 

should in te r c e p t  the  X^ = 0 a x is  a t  -4 6 .5 7  k J .

The experim ents o f  L e f f le r  and W iederhorn a lso  in d ic a te  th a t  

does n o t v a ry  g r e a t ly  between x^ = „45 and .60 and t h i s  i s  no t 

s u rp r is in g  s in ce  th e  m ixing o f KO and K0„ l iq u id s  .is  no t expected 

to  be h ig h ly  exo therm ic .

A curve f o r  He l ik e  t h a t  in  f ig u re  61 was drawn by hand by t r y ­
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in g  to  b e s t  f i t  th e  H v a lu es  and th e  c h a ra c te r  observed f o r  Hg.

A number o f  p o in ts  were tak en  o f f  t h i s  hand drawn curve and a l e a s t  

squ ares  f i t  was c a lc u la te d .  The a c tu a l  curve shown in  f ig u re  61 i s  

t h a t  de term ined  from the  l e a s t  sq u ares  e q u a tio n  f o r  e n th a lp y  which 

i s  g iven  i n  ta b le  10.

The l in e s  o f  th e  phase d iagram , f ig u re  62, were c a lc u la te d  by

th e  procedure d e sc rib e d  in  th e  in t r o d u c t io n .  The KO - l iq u id u s  l in e

was c a lc u la te d  by f in d in g  th e  com positions f o r  which th e  a c t i v i t y  o f

KO r ( l )  s a t i s f y  th e  e q u ilib r iu m  c o n s ta n ts  fo r  KO ( c ) KO ( l )  a t
°  .5 .5

a s e r ie s  o f  te m p e ra tu re s . The tem p e ra tu res  and com positions o f  l i ­

qu id  in  e q u ilib r iu m  w ith  s o l id  K^O^ were c a lc u la te d  by u s in g  th e  log  S’ 

and e n th a lp y  R ed lich  K is te r  e q u a tio n s  to  f in d  the  a c t i v i t i e s  o f KO 5 (1 ) 

and 0 (1 ) th a t  make th e  fo llo w in g  e q u ilib r iu m  e x p re ss io n  t r u e :

■ 2
a KO a O 2

KIemp. =  a  * ' = a K0.5a O ' .
K2O2

In  t h i s  case a .c o m p o s itio n 'w ill.b e  found on each s id e  o f th e  K^O  ̂ com­

p o s i t io n  f o r  each te m p e ra tu re . The KO  ̂ l iq u id u s  curve comes from the  

Iog tf and e n th a lp y  eq u a tio n s  and th e  e q u ilib r iu m  c o n s ta n ts  fo r  

KO ( c ) ^T K O  ( I )  + 1 .5 0 ( 1 ) . '
^ * S

The in te r s e c t io n s  o f  th e  .liq u id u s  curves .correspond to  the  

e u te c t ic  tem p e ra tu res  and com positions. The h o r iz o n ta l  l in e s  connect
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F ig u re  62. Potassium . Oxides .Phase Diagram.

L iquid

L iqu id  .
800 "

L iquid

600 * L iqu id

L iquid

500 -
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th e  th re e  phases t h a t  a re  in  e q u ilib r iu m  a t  th e se  te m p e ra tu re s .

E q u ilib riu m  between l iq u id  po tassium  oxide and oxygen gas a t  

one atm osphere i s  o b ta in ed  a t  th e  h ig h e r  tem p era tu res  o f  th e  phase 

diagram  n e a r th e  com position  o f KO^. T his l in e  was c a lc u la te d  by 

f in d in g  th e  tem p e ra tu res  and com positions a t  which the  a c t i v i t i e s  o f 

0 ( l )  s a t i s f y  th e  e q u ilib r iu m  e x p re ss io n :

Po2 ,1_ 
s Temp. = a 2 = a g

The tem p e ra tu res  o f  th e  KO -  KO and KO -  KOn e u te c t ic s
.5 2 2  2 2  2

from the  phase d iagram  c a lc u la t io n  a re  525°K and 620°K re s p e c t iv e ly .  

The 525 0K e u te c t ic  i s  supported  by d i f f e r e n t i a l  scanning  calo rim e­

t r i c  d a ta  which shows an endotherm  a t  520^10°K fo r  a sample o f  KO n
• S

53
i n  a pure gold  c ru c ib le  *

Thermodynamic P ro p e r t ie s  o f  KJS (g)  An a d d i t io n a l  bonus o f the 

use o f th e  mass sp e c tro m e tr ic  d a ta  o f  Dr. E h le r t  -was th e  chance to  

i n t e r p r e t  th e  v a p o r iz a tio n  in fo rm a tio n  to  e s tim a te  th e  thermodynamic 

p ro p e r t ie s  o f  K2O^Cg). In  a d d i t io n  to  th e  K2O+ c u r re n ts  observed fo r  

th e  po tassium  oxide sam ples,' c u r re n ts  o f  n e a r ly  eq u a l m agnitude were 

observed f o r  KO+.. T his c o n tr a s ts  w ith  th e  s i t u a t io n  w ith  K2CÔ  sam­

p le  where a t  h ig h e r  tem p e ra tu res  th e  KO+ c u rre n t was an o rd e r o f 

.m agnitude low er th a n  th e  K2O+ c u r re n t^ Figure 63 shows a p lo t 

o f  : in ( IK0+ )(T ) v s . 1/T and a l e a s t  squares l i n e  w ith  a slope  c o rre -



F igu re  63. P l o t .o f  Logarithm  o f
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spending  to  a h e a t o f  v a p o r iz a tio n  o f  154 kJ /m ole . T his would 

correspond  to  a h e a t o f  fo rm atio n  o f KO(g) o f  -65 .kJ/m ole which 

s e r io u s ly  d is a g re e s  w ith  a p re v io u s ly  determ ined  v a lu e , 46>5 k J/m o le -^ . .

The most reaso n ab le  sp ec ie s  t h a t  could  be re sp o n s ib le  f o r  the  

KO+ c u r re n ts  i s  .i^C^Cg). A second law tre a tm e n t o f  l iq u id  v a p o ri­

s a t i o n  by th e  r e a c t io n :

2KO_5 ( l )  + O ( I ) - ^ K 2O2 Cg)

g iv es  &.H° = -310  kJ/m ole f o r  ' ^ h is  va lue  i s  supported  by

a th i r d  law c a lc u la t io n  and ,leads to  reaso n ab le  v a lu e s  fo r  

vapor p re s s u re s . This v a p o r iz a tio n  p ro cess  could a ls o  be re s p o n s i­

b le  f o r  th e  h igh  oxygen p re s su re s  over h ea ted  sam ples s in ce  i t

can r e a c t  w ith  g la s s  o r  q u a r tz  to  produce oxygen.



LITHIUM ALUMINATES

Although l i th iu m  monoxide i s  n o t as b a s ic  o r  c o rro s iv e  as 

po tassium  monoxide, i t  i s  s t i l l  r e a c t iv e  enough to  r e a c t  w ith  alum­

inum o x id e , a weak a c id ,  to  form a s e r ie s  o f  compounds. The b e s t  

known and c h a ra c te r iz e d  compound i s  the  m eta-a lum inate LiAlC^. The 

thermodynamics o f  t h i s  m a te r ia l  i s  o f p a r t i c u l a r  i n t e r e s t  s in ce  i t  

i s  being  used  as a porous ceram ic su p p o rt f o r  h igh  tem pera tu re  

m olten  carbonate  f u e l  c e l l s .  There i s  a ls o  a s ta b le  s p in e l  s t r u c ­

tu re  on th e  a lu m in a -r ic h  s id e  o f  the  phase d ia g ra m '^  ̂  w hich has 

th e  form ula LiAl 0 a lth o u g h  i t  i s  s ta b le  over a s u b s ta n t ia l  range 

o f  s to ic h io m e try  a t  h igh  tem p era tu re^  Two compounds have been

id e n t i f i e d  and c h a ra c te r iz e d  on th e  l i th iu m - r ic h  s id e  o f  th e  phase
58

diagram . They have the  fo rm ulas L i ,AlO and L i AlO
b 3 5 4

The m o lecu la r w e igh ts  f o r  l i th iu m  oxide and aluminum oxide th a t

have been chosen f o r  t h i s  s tu d y  correspond  to  the  form ulas LiO

and AlO .. LiO w i l l  be d e s ig n a te d  as  component one and AlO
1 .5  .5 1 .5

w i l l  be d e s ig n a te d  as  component two.

The s tan d a rd  thermodynamic p ro p e r t ie s  o f  LiO ^ (s )  a re  q u ite  w e ll 

e S ta b l i s h e d " ^ 73?74^ ^he same i s  tru e  f o r  LiAlOf^^ a lth o u g h  th e  m elt­

in g  p o in t in  re fe re n c e  59, 1883°K, i s  q u e s tio n a b le . There i s  however 

a reaso n ab le  amount o f  ev idence f o r  an a l t e r n a t iv e  m e ltin g  tem peratu re  

n e a r 1 9 7 3 The cho ices  used f o r  th e  s tan d a rd  thermodynamic

p ro p e r t ie s  o f  a lp h a , gamma, and l iq u id  AlO have been d iscu ssed  inJ-O
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th e  l i t e r a t u r e  These s e le c t io n s  a re  l i s t e d  .in ta b le  11 along

w ith  h e a t c a p a c ity  • e q u a tio n s .

La G in e s tra  e t ,  a ll!^ have re p o r te d  d i f f e r e n t i a l  th e rm a l a n a ly s is  

r e s u l t s  f o r  th e  h e a ts  o f  r e a c t io n :
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3 LiO ( s ) + AlO
• 2  -L

5LiO , ( s )  + AlO1 J c 1 X ) - ^ L i c-AlO ( s )  A H jn = - 2 8 .2± 2 kJ/m ole
• ? J-.p 2 4 743

From the  in fo rm a tio n  in  ta b le  l i t h e  e n th a lp y  change i s  c a lc u la te d  fo r  

th e  r e a c t io n :

) "r^ L i  AlO^( s ) aH ^^  — -3 4 .5 ^  -4 kJ/m ole

LiO ( s )  ■+ AlO ( c , %  ) — »-.LiA10 ( s )  a H = -6 2 .8  kJ/m ole 
• v -L* ̂  ^  /  UO

ig n o rin g  th e  s l ig h t  v a r ia t io n  o f  a H w ith  tem p era tu re . The fo llo w in g  

re a c t io n s  can now be w r i t t e n :

LiAlO2 Cs) + 4LiO (s ) — >■ L i AlO. ( s ) 
5 4

a H = +34.6 kJ/m ole

LiAlO ( s )  + 2LiO (s )  
2

- - ^ L i3AlO3 (S) AH = +28.3 kJ/m ole

I f  A Cp i s  assumed to  be zero  th e  s tan d a rd  h e a ts  o f  .fo rm ation  o f 

Li^A lO ^(s) and Li^A lO ^(s) can be c a lc u la te d  as  -2350 and -1758 

kJ/m ole r e s p e c t iv e ly .

These v a lu e s  can be used to  c a lc u la te  th e  h e a t f o r  th e  d isp ro ­

p o r t io n a t io n  o f  LyAlO^ to  Lij-AlO^ and LiAlO^.
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Li AlO — > 1 /2  L i AlO + .1 /2  LiAlO = -1 1 .3 4  kJ/m ole 
,3 3 5 4 2

S ince t h i s  r e a c t io n  occurs when Li^AlO^ i s  h e a t e d ^ ,  i t  fo llo w s 

th a t  i f  t h i s  r e a c t io n  i s  exotherm ic Li^AlO^ i s  therm odynam ically  

u n s ta b le  a t  a l l  te m p e ra tu re s . However the  u n c e r t a in ty ,o f  th e  ^  H 

re p o r te d  by La G in e s tra  e t .  a l . ^ . f o r  th e  fo rm atio n  o f  Ii^A lO ^ i s  

a]m ost enough to  a llow  th e  d is p ro p o r t io n a t io n  re a c t io n  to  be endo­

therm ic  and LyAlO^ may be s ta b le  a t  298°K. In  any c ase , Li^AlO^ 

i s  n o t in c lu d ed  i n  th e  h igh  tem p era tu re  phase diagram  proposed h e r e ; '

L i AlO (c )  i s  a therm odynam ically  s ta b le  phase .even  though i t s
. 3 4

fo rm atio n  from  LiAlO^ and .LiO ^ i s  endotherm ic . . I t  i s  s t a b i l i z e d  by ■ 

th e  en tro p y  o f  m ixing o f  th e  l i th iu m  and aluminum on th e  c a t io n ic  

s i t e s  r a th e r  th a n  by i t s  e n th a lp y .

There i s  e s s e n t i a l l y  no e n th a lp y  d a ta  f o r  l i th iu m  alum inate  

l i q u id s ,  however from th e  h e a ts  o f  r e a c t io n  o f LiO and AlOn  ̂ to  

form s o l id  i t  i s  re a so n ab le  to  conclude t h a t  th e  most n e g a tiv e  excess 

e n th a lp y  o f m ixing f o r  th e  l iq u id  components w i l l  occur a t  a mole 

f r a c t io n  n ea r 0 .5 ,  th e  com position  o f  LiAlOg. I f  LiAlOg .m elts a t  

1973 0K th e  e n th a lp y  o f  th e  s o l id  a t  t h i s  tem pera tu re  can .be  c a lc u -

la te d  to  be -1020 kJ/m ole from th e  .in fo rm atio n  in  ta b le  11. JANAF 

re p o r ts  a AHm = 88 kJ/m ole so t h a t  th e  e n th a lp y  o f th e  l iq u id  w i l l  

be —932 k J/m o le . T h is va lue  i s  41 .5  kJ more n eg a tiv e  th a n  the  sum

5 9
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o f  one mole o f  each o f th e  pure l i q u i d s . a t  t h i s  tem p era tu re  and 

co rresponds to  an  ex cess  e n th a lp y  o f  m ixing o f -4 1 .5 /2  o r  

-2 0 .7  kj/m ole.. An ex cess  e n th a lp y  curve which has a minimum o f 

-2 0 .7  kJ a t  x  = .5  i s  re p re se n te d  by th e  R ed lich  K is te r  power s e r ie s  

w ith  th e  fo llo w in g  c o e f f i c i e n t s :

A(H) = -82931 , B(H) = 0 , C(H) = +47095

64
Venero and Westrum have m easured th e  h e a t c a p a c ity  o f  s o l id  

LiAlj-Og from 7 .4  to  541 °K, which g iv e s  a v a lue  fo r  S°^g = 149.79 

J/m ole °K. The h e a t c a p a c ity  a t  h ig h e r  tem p era tu re  can be e s t i ­

mated w ith  l i t t l e  e r r o r  by th e  .sum Cp( LiO ^ ) + 5 Cp(AlO^ ^ ) .  This 

data, a long  w ith  th e  value  f o r  th e  e n th a lp y  o f  fo rm atio n  o f .LiAl^Og 

a t  9680K re p o r te d  in  re fe re n c e  64 would g ive .a u sab le  s e t  o f  thermo­

dynamic v a lu es  f o r  th e  s p in e l ,u n f o r tu n a te ly  th e y  p r e d ic t  d isp ro p o r­

t io n a t io n  to  LiAlO^ and corundum, AlO^ ^ ( c , ck )., a t  a l l  tem peratu res.. 

However i f  th e  h ig h  tem pera tu re  d i s t r i b u t io n  o f th e  l i th iu m  and alum­

inum io n s  i s  co m p le te ly  random in  b o th  th e  t e t r a h e d r a l  and o c ta h e d ra l 

s i t e s  o f  LiAlj-Og an  a d d i t io n a l  22 .6  J/m ole °K en tro p y  o f  mix i ng can 

be added to  th e  e n tro p y  and 298.15 0K and to  th e  f r e e  en ergy  fu n c tio n  

a t  IOOO0K. Also th e re  .is  an  o rd e r -d is o rd e r  t r a n s i t i o n  i n  th e  LiAl^Og 

c r y s t a l  s t r u c tu r e  n e a r 1563 0K"^* ^ a n d  i f  t h i s  t r a n s i t i o n  .is  assumed 

to  in v o lv e  a ^H  o f  10 ,7  kJ /m ole and a  o f  4 J/m ole °K, a  reason ­
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a b le  phase diagram  can be o b ta in e d . The s tan d a rd  thermodynamic v a l­

ues chosen f o r  th e  h igh  tem p era tu re  form o f - th e  s p in e l  m a te r ia l  a re  

g iv en  in  ta b le  11..

A c tiv i ty  A e u te c t ic  i s  re p o r te d  to  occur between LiAl^Og and
55

LiAlO^ a t  = .45 and T = 1943 °K . The e q u ilib r iu m  c o n s ta n ts  fo r  

th e  r e a c t io n s :

LiAl-O (s.) —>■ LiO _ ( l )  + 5 AlOn ( I )
P O  -• P

and

.LiAlO ( s )  —>  LiO f l )  + AlO ( l )
2 .5 1 .5

y ie ld  v a lu es  f o r  lo g  S j  S'^ = - 1.572  and .log  ^ j  = —1.376 a t  

t h i s  com position  and te m p e ra tu re . These two v a lu es  a llow  th e  c a l­

c u la t io n  o f  lo g  "S'2 = - .0 4 9 , % ^ ~  «893, and a^  = 0 .491 f o r  l iq u id  

alum ina a t  X^ = .5 5 . S ince th e  v a lue  o f  a^  i s  o n ly  abou t IOfo l e s s  

th an ' x ^ , i t  ap p ears  t h a t  th e  B a o u lt ' s law re g io n  f o r  AlOj  ̂ -extends

o u t to  a mole f r a c t io n  o f  n e a r ly  .45 f o r  LiO r .
-• P

The e q u ilib r iu m  c o n s ta n t f o r  congruen t m e ltin g  o f LiAlO^ a t  

1973°K i s  .0117542 and th e  v a lue  o f lo g  Xj Sg i s  -1 .3 2 7 8 . By using  

th e  e n th a lp y  e q u a tio n  d iscu ssed  e a r l i e r  t h i s  value can be c o rre c te d  

to  lo g  Yj S 2 = -1 .34470  a t  1943 0K and x  = .5 0 . I f  th e  lo g a rith m s . 

o f  a c t i v i t y  c o e f f ic ie n t s  w ith  E a o u lt1s law behav iour f o r  ou t to



Table 11

Thermodynamic Properties of the Pure Materials In the LIO g-A10^g System

Substance
S0s298

cal mol ̂ 1 K 1

*1000

cal mol "1K"1

H0"298

kcal mol"1

Ho
hIOOO 

kcal mol"1

Cp equation 

A BxlO3 CxlO6 DxlO9 ExlO6
MATO,; (c,y) 12.75 23.007 -284.1 -268.706 24.35106 4.0882 -.83333

A10L5 
(c,corundum)

6.087 12.2175 -200.25 -190.933 • 14.908 2.3471 -1.2717 .34615

AlO1 5(c,y) 6.25 12.668 -198.000 -188.245 15.5835 1.40191 -.12140 0 -.53590
Hvnvn

a10LS
(t,<2000K)

9.27 16.5551 -190.358 -182.152 17.312 '

A10L5
(Z,<2000K)

— (19.1587) -190.358 (-191.020) • 27.66 -2;96

LiO 5(cj 4.528 8.6045 -71.445 -65.222 10.3127 3.1535 -1.5276

LiO5(Z) 6.58 T2.5897 -64.2084 -57.9674 9.84 . 2.7
LiAigOg 41.198
(ciSpinel,high temp form)

75.90 -1080.437 -1027.637 84.5049 9.84839 -2.1074 0 -2.5592

LiAl5O8 40.198
(c,ordered spinel,low T)

74.399 -1082.8' -1030.0 84.5049 9.84839 -2.1074 0 -2.5592

Li5AlO4(C) 27.83 64.8742 -561.61 -521.324 65.6019 16.702 -6.9437
Li3AlO3(C) 22. 44. -420.22 -392.60 40.9765 ' 10.3952 -3.8885
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= .45 and t h i s  v a lue  f o r  .log ^  a t  x =  .50 a re  f i t t e d  to  a 

th re e  term  power s e r i e s ,  the  R ed lich  K is te r  c o e f f ic ie n ts  a t  .19430K 

a r e :

A(log t> ) = -2 .6 8 9 4 , B (IogT f) = 0 .0 ,  C(lo g  X ) = 1 . 52724

However when t h i s  s e t  o f  c o e f f ic ie n t s  was te s te d  in .a  phase d ia ­

gram c a lc u la t io n  th e  H Al,-O  ̂ -  LiAlO^ e u te c t ic  was w e ll  below 

1943°K. A much b e t t e r  phase diagram  can be o b ta in ed  by ta k in g  in to  

acco u n t th e  s to ic h io m e try  o f  th e  s p in e l  phase, LiAl^Og, t h a t  i s  in  

e q u ilib r iu m  w ith  LiAlO^ and l iq u id  a t  th e  e u te c t ic  te m p e ra tu re .

Lejus and C ollongues r e p o r t  th e  com position  Xg == .85714 a t  

1673 0K f o r  th e  s a tu r a t io n  o f  LiAl^Og w ith  corundum. T his g iv es  a 

v a lu e  o f  lo g  I 2 = - 0 .0 7 2 8 ? . At 1673°K a v a lue  o f Iog-Ke = -.314074  

a t  x^ = .83333 can be c a lc u la te d  .from th e  p ro p e r t ie s  o f  s to ic h io m e tr ic  

LiAlf-Og. I f  fo u r  c o e f f ic ie n t s  a re  used to  f i t  th e se  two v a lu es  a re a ­

sonab le  r e p r e s e n ta t io n  o f th e  a c t i v i t y  o f  AlO^ ^ (c , K ) and LiO ^ ( c ) 

in  th e  s o l id  s p in e l  s o lu t io n  can be obtained.. .The R ed lich  K is te r  

c o e f f ic ie n ts  a re  shown in  ta b le  12. With th e se  c o e f f ic ie n t s  the  

boundary l in e s  f o r  th e  s p in e l  phase can be c a lc u la te d  and an  estim a­

t i o n  o f th e  com position  o f LiAl^Og in  e q u ilib r iu m  can be made. Some­

where betw een x^ =  .2  and X^ = .16666? th e  a c t i v i t y  o f  AlO^ ^ (c ,T  ) 

w i l l  be .64  and th e  co rrespond ing  a c t i v i t y  o f  AlO^ ^ (1 ) i s  .4759.
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Table 12. R e d lic h -K is te r  C o e f f ic ie n ts  f o r  '.the S o lid  S p in e l .Phase

i n  the  LiO — AlO , System R eferred  to  LiO (c )  and 
•5 1 .5  .5

AlO^ (c,& ) as  S tandard  S ta te s .

lo g  ^ 1000

A

-3.971271

.B

.847024

C

-.578040

■ D

-.068274

e n th a lp y  kJ/m ole -99 .4210 21.2087 -14 .4737 -1 .7096

f o r  the  L iquid  .Phase in

B ‘ - C  

-1 .9826  1.1939

Table 13. R e d lic h -K is te r  C o e f f ic ie n ts

the  LiO _ -  AlO System.
J- • y

lo g  X
.1000

A

-4 .7 9 1 8

e n th a lp y  kJ/m ole
-8 2 .9 3 1 0 .0 4 7 .0 9 5
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Log 1 2 Lor AlO1 l iq u id  a t  x  = .55 i s  -..0628 and two E ed lich  

K is te r  c o e f f ic ie n t s  f o r  th e  l iq u id  can be f i t  by re q u ir in g  th e  'B 

v a lue  to  g ive t h i s  lo g  X ^ value  e x a c t ly .  At 1943 °K th e  c o e f f i ­

c ie n t s  a re  A (Io g K ) = -2 .6 8 9 4 , B (Io g K ) = -1 .9 8 2 6 , C(Iogft)' = 0 .0 . 

-The e n th a lp y  c o e f f ic ie n t s  were used to  c o r re c t  th e se  v a lu es  to  

IOOO0K w ith  th e  r e s u l t s  shown in  ta b le  13. These c o e f f ic ie n ts  have 

been used to  c a lc u la te  th e  l iq u id u s  curves o f  th e  phase diagram , 

f ig u re  64* This l i t h i u m .alum inate  work has been p u b lish ed  in  

re fe re n c e  72 .

\
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F ig u re  64. 'L ithium  Aluminate Phase, Diagram.

2200

Liquid
Liquid

LiAlO,

LiAlO,
■ 1600 -

/  Liquid
• .1400 .

LiAlOl1200 ' .LiAlO,

MO, c+ LiAlO,

in MO



KO -CaO -  SiO2 .TERNARY SYSTEM

This system  i s  a subsystem  o f  a l a r g e r  system  which a ls o  

.inc ludes th e  .oxides o f  sodium, aluminum, and i ro n .  The therm ody- . 

namics o f  t h i s  la rg e  system  i s  needed to  a c c u ra te ly  model th e  

phase e q u i l i b r i a  o f  a c o a l f i r e d  magnetohydrodynamics ch an n e l.

The b in a r y ■subsystem s KO ^-S iO^ and CaO — SiO^ have been t r e a te d  by

th e  power s e r ie s  method 66*6? an(} th e  KO r -  CaO s o lu t io n  w i l l  be
• >

assumed to  be id e a l .  KO CaO, and SiO^ a re  d e s ig n a ted  as components 

one, two, and th re e  r e s p e c t iv e ly .

R ed lich  K is te r  c o e f f ic ie n ts  f o r  e n th a lp y  f o r  th e  th re e  b in a ry  

subsystem s a re  g iven  .in  th e  f i r s t  th re e  columns o f ta b le  14. The 

te rn a ry  term s in  t h i s  t a b le  were determ ined  by in te r p o la t io n  be­

tween the  b in a ry  te rm s. The g e n e ra l procedure fo r  t h i s  in te rp o ­

l a t i o n  p ro cess  i s  d e sc rib e d  by G. W. T o o p ^  S e v e ra l A term s

have been determ ined  f o r  the  h e a t c a p a c ity  and i t s  tem pera tu re  de­

pendence in  th e  b in a ry  systems.. S ince th e re  a re  no te r n a r y  c o rre c ­

t io n s  to  th e .A  te rm s, th e  b in a ry  c o e f f ic ie n ts  can be used d i r e c t l y  

to  c o r r e c t  th e  co rrespond ing  e n th a lp y  c o e f f ic ie n ts  f o r  changes in  

te m p e ra tu re . The h e a t c a p a c ity  c o e f f ic ie n ts  a re  shown i n  ta b le  15.

A c tiv i ty  d a ta  f o r  t h i s  system  comes from s e v e ra l  so u rc e s . Po­

ta ss iu m  gas p re s su re s  were m easured over sam ples o f th e  th re e  com­

ponents a t  a number o f  com positions in  a W oodriff Furnace by P u li-  

gand la  Fiswanadham. These d a ta  are shown in  t a b le  16.
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Table 14". ' T ernary  E n thalpy  C o e f f ic ie n ts .

A12 A13 a23
0 -8 .64100 - 5.96122

B12 B13 B23 B3 2 1
0 -7 .76211 - 6 .2 7 5 8 2  -5 .6 7 3 9 4

C12 C13 B23 S 21
0 - 3.22126 -4 .02094  11.43433 0 .7 7 5 1 8 5

D12 D13 D23 D321 D321 D3C21
0 2.51210 -1 .62641  - 72.99906 -1 1 .5 9 7 4 3 - 1 .9 7 2 9 5

E12 E13 E23 E321
Eb

321
Ec

321
0 2 .1 9 4 3 7 0 48.00184 1 8 .3 7 7 8 5 3 .5 6 5 8 5

E
321

0 .2 7 4 3 0
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Table .15-' Heat C ap ac ity  C o e f f ic ie n ts .

Cp

OIl A2 3 - S A23 -  5 .6

AC p 
BT ' A12 = 0 A13 = -0 .0 2 6 ? a23 = 0

B2 Cd

B T ^ A12 = 0 A13 = 22.2x10-6 a23 = 0

Table 16. Potassium P ressu re s  Over KO ^ — CaO■— SiO^ L iquid

Sample x KO _• S
XCaO
x CaOPxSiO2

lo g  PK Temp. ( 0K)

I .0 5 0 2 .3 3 6 9 1 -5 .1 6 8 7 9 1701
2 .09985 .3 3 3 4 1 - 5 .0 5 2 9 7 1649
3 .15003 .32953 -4 .9 2 0 7 2 1649
4 .20015 .3 3 7 6 0 - 5 .0 5 4 3 9 1538 '
5 .1000 .20013 -4 .8 8 8 8 1649
6 .1 9 9 9 9 .20010 -4 .9 6 7 1 7 1649
7 .0 9 9 9 8 .40012 -4 .68744 1649
8 .1 9 9 9 8 .40012 -4 .54763 1538



The po tassium  p re ssu re  can .be  converted  to  KO a c t i v i t i e s  by the  

fo llo w in g  e q u ilib r iu m  and e q u ilib r iu m  c o n s ta n t:
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KO( I )
.5 :K (g ) +  1 / 4  CL,(g)

Keq

1/4 Pk

Pk  PoV4

iKO

The e q u ilib r iu m  c o n s ta n ts  were c a lc u la te d  from the  known therm o­

dynamic p ro p e r t ie s  o f  th e  e q u ilib r iu m  components.

Two a c t i v i t y  o r  lo g  ^ ^  v a lu e s  were determ ined  from th e  two p o in ts  

a t  .1553 and 1693 °K where tr id y m ite  i s  in  e q u ilib r iu m  w ith  l iq u id  on a 

p u b lish ed  te rn a ry  phase diagram ''7"*'.. The lo g  % ^'s are lo g  ^ e '1 s f o r  the  

d if fe re n c e  betw een th e  lo g  & 1s f o r  CaO and SiO^ c a lc u la te d  from the  

e q u ilib r iu m  c o n s ta n ts  fo r  c r y s to b a l i te  and p seu d o w o lla s to n ite  going 

to  l iq u id  and the  lo g  & 's f o r  CaO and SiO^ as the  mole f r a c t i o n  o f 

KO goes to  z e ro , c a lc u la te d  from the  CaO -  SiO^ b in a ry .

The l in e s  in  the  th re e  component phase diagram  d e fin ed  by

x CaO^x CaO + xSiO2  ̂ a re  Pseudobj-naiT" system s which i n t e r s e c t  the 

KO ^ -apex. The pseudob inary  E ed lich  K is te r  c o e f f ic ie n ts  can be de­

term ined  f o r  thermodynamic q u a n t i t i e s  a long  th e se  .l in e s  o f  composi­

t io n  j u s t  as  i f  th e y  were t ru e  b in a ry  system s. The r e la t io n s h ip
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betw een the  pseudob inary  c o e f f ic ie n ts  and the. ex tended n o ta t io n , 

th re e  component c o e f f ic ie n ts  i s  com plica ted , b u t co n v ersio n  be­

tw een th e  two ty p es  o f  c o e f f ic ie n t s  i s  p o s s ib le .

The th re e  component c o e f f ic ie n t s  were o b ta in ed  i n  th e  fo llo w ­

in g  m anner: . f i r s t  an e n t i r e  s e t  o f  lo g  % c o e f f ic ie n ts  was o b ta in ed

from th e  c o e f f ic ie n t s  f o r  the  th re e  b in a ry  subsystem s by Toop i n t e r ­

p o la t io n .  S ince a  l im ite d  amount o f  ex p e rim en ta l a c t i v i t y  d a ta  was 

a v a i la b le ,  th e  ex tended  n o ta t io n  c o e f f ic ie n ts  from  the  in te r p o la t io n  

were used to  c a lc u la te  pseudob inary  c o e f f i c i e n t s ,  th rough  F te rm s, 

f o r  the  th re e  v a lu e s  o f  x QaQAx CaO + xSi02^ s l̂ovm ta b le  16. The 

l a s t  th re e  te rm s were r e ta in e d  f o r  each pseudob inary  and th e  . f i r s t  

th re e  c o e f f ic ie n t s  o b ta in ed  by . le a s t  sq u ares  f i t  o f  th e  lo g  ft ]_ and 

lo g  l) ^ v a lu e s , a f t e r  th e y  had been  c o rre c te d  to  IOOO0K w ith  th e  

e n th a lp y  and h e a t c a p a c ity  e q u a tio n s .

An a d d i t io n a l  c o n s t r a in t  was p laced  on each  . le a s t  sq u ares

e q u a tio n  i n  th e  form o f  an i n i t i a l  s lope f o r  IogYg-Q a t  v _ = 0.

For th e  KO _ -  SiO b in a ry  th e  i n i t i a l  s lope  .fo r  lo g  Y i s  —71.319
.5 k°.5

and f o r  th e  KO r -  CaO b in a ry  th e  i n i t i a l  s lope  f o r  lo g  1$ i s  zero

s in ce  th e  system  i s  assumed to  be i d e a l .  The v a lu es  o f

x C a o A x CaO + xSiOq^ 3X6 0.334363, 0 .200115, and 0.-400120 f o r  the  th re e

p seu d o b in a rie s  and th e se  a re  a ls o  th e  v a lu e s  o f  xqsq when Xyn eq u a lsKO.5
z e ro . The v a lu e s  o f  lo g  tfe = x Ca0'log YCa0 + ^ ^ l o g  f o r  the
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CaO -  SiOg b in a ry  a t  th e  a p p ro p r ia te  mole f r a c t io n s  o f  CaO a re  

x CaO = 334363, lo g  = - 1 .0 0 9 8 5 ;  x CaQ = 0.200115, lo g  Zfe =

- 1 .24526 and x,CaO O.4OOI2O, lo g  Ke = -1 .2 4 5 2 6 . The I n i t i a l  s lopes

f o r  th e  th re e  p seu d o b in a rie s  a re  c a lc u la te d  by in te r p o la t in g  between

th e  i n i t i a l  s lo p es  f o r  lo g  %KO.5
in  th e  KO _ -  SKL and KO c — CaO

.5 .5
system s and th e n  s u b tra c t in g  th e  v a lue  o f  lo g  Zr :

I n i t i a l  S lopes .
x c a 0 - 7 1 ' 3 1 9 ( l - = c a o )  "  ^

0.334363 -46 .4628  
0.200115 - 56.5096 
0.400120 -41 .5370

The f i r s t  th re e  lo g  Y c o e f f ic ie n t s  f o r  each o f th e  pseudo­

b in a r ie s  were c a lc u la te d  from  th e  lo g  ^ and lo g  X ^ v a lu e s  under 

th e  c o n s t r a in t s  o f  th e se  i n i t i a l  s lo p e s . The pseudob inary  c o e f f i ­

c ie n t s  a r e :

x CaO

0.334363
0.200115
0.400120

A

- 6.9600 
- 9 .7 9 9 8  
-8 .6813

B

1 0 .0 8 0 0  
9 .9 5 0 4  
9.8013

C

-22 .6487
-12 .0849
-12 .3149

D

9.8186
13.8819
7.6560

E

3.7244
- 8 .7 4 5 4
-2 .7 1 9 2

F

0.68004
2.0472
0.36424

The ex tended  n o ta t io n ,  th re e  component lo g  % c o e f f ic ie n t s  a t  

IOOO0K were c a lc u la te d  from  th e  pseudob inary  c o e f f ic ie n t s  and- a re  

shown in  t a b le  17.
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Table 15. T ernary  L o g tfnnnn C o e f f ic ie n ts  f o r  KO  ̂ -  CaO -  SiO L iquid
System. ^ u u  .5 2

A12 a13
A
23

0 -18 .7154 -11.3125

B12 B13 B23 B321 -

0 -15 .7461 -11 .4036 -17 .8786

C12 cI3 B23 Cap 21
CbC321

-

0 . -11.3359 -5 .1273 63.1499 0.51250

D12 D13 D23 D321 • . D321 em
0 -13.9369 0.25908 -327 .2701 - 41.7019 -8 .8452

E12 E13 E23 E321 E32l ' E32l  . E321
0 -16.5173 2.4022 546.1408 168.8564 40.5704 2.5203

E12 F13
F23 F321 Fb321 . FC321 Fd321 F6

321
0 -7 .8163 . 0 -381.5330 -183.6830 -51.7836 -7 .8163 ,-0.4885

Potassium  gas p re s su re s  over KO r -  CaO -  SiOc, s o lu t io n s  c a lc u -  

l a te d  w ith  th e se  c o e f f ic ie n ts  a re  shown in  f ig u re  65«

V.
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F igu re  65. C a lcu la ted  P o ta ss iu m -P ressu res  Over KO.5 — CaO — SiOg

L iqu id  S o lu t io n s .

V a p o r  p r e s s u r e  o f  p o t a s s i u m  a t  1 8 8 8  K o v e r  KCL r -  CaO -  S iO

s l a g s  a s  a  f u n c t i o n  o f  X  a n d  / « C a 0 « S B  I
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SUMMARY

Power s e r i e s  .re p re se n ta tio n  o f  thermodynamic q u a n t i t ie s  p rov ides 

a  conven ien t method f o r  h an d lin g  th e  phase e q u i l i b r i a  o f  multicom ­

ponent sy stem s. The use o f  th e  R e d lic h -K is te r  power s e r ie s  form alism  

has been  d e sc r ib e d  and i t s  a p p l ic a t io n  to  s e v e ra l  m eta l oxide system s 

has been p re se n te d .

The r u t i l e  phase o f t i ta n iu m  d iox ide  can be t r e a te d  as  a s o lu t io n  

o f t i ta n iu m  m e ta l i n  t i ta n iu m  d io x id e  and the  a c t i v i t y  o f  th e se  two 

components over the  com position  range o f the  r u t i l e  phase a re  g iven  

in  th e  form o f a power s e r i e s .

The thermodynamic d a ta  a v a ila b le  in  the  l i t e r a t u r e  and some mass 

sp e c tro m e tr ic  d a ta  f o r  the  po tassium  ox ides -were used in  co n ju n c tio n  

w ith  R e d lic h -K is te r  e q u a tio n s  to  c a lc u la te  -a complete po tassium  oxides 

phase d iagram . T h is i s  th e  f i r s t  proposed diagram  f o r  .the potassium  

monoxide to  po tassium  perox ide  re g io n .

L i te r a tu r e  d a ta  and power s e r ie s  r e p re s e n ta t io n s  were used to  c a l­

c u la te  a re v is e d  phase d iagram  fo r  the  l i th iu m  oxide and aluminum 

oxide system .

Measured po tassium  p re s su re s  and in fo rm a tio n  from th e  b in a ry  sub­

system s were used, to  determ ine te rn a ry  R e d lic h -K is te r  c o e f f ic ie n ts  f o r  

th e  po tassium  o x id e , calc ium  o x id e , and s i l i c a  te rn a ry  system s.
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