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n o n s t o i c h i o m e t r y  will  i m p r o v e  t he  e lec t roca ta ly t i c  behav-  
ior  of  RuO2 films. Un l ike  n o r m a l  s e m i c o n d u c t o r  films, 
t h o s e  of RuO2 are genera l ly  h igh ly  c o n d u c t i n g ;  t he  m a i n  re- 
s i s t ance  c o m p o n e n t  is p r o b a b l y  due  to i n t e r g r a n u l a r  con-  
t a c t  r e s i s t ance  in t h e s e  m i c r oc r y s t a l l i ne  layers.  

S. A r d i z z o n e ,  15 A.  C a r u g a t i ,  ~5 G. L o d i ,  ~5 a n d  S. T r a s a t t i :  ~5 
The  m a i n  p o i n t  of  Dr. B u r k e ' s  r e m a r k s ,  as we u n d e r s t a n d  it, 
is t h a t  t h e r e  are no r ea sons  to e x p e c t  t h a t  the  e lectro-  
ca ta ly t ic  ac t iv i ty  of  RuO2 e l ec t rodes  s h o u l d  be  i n f l u e n c e d  
by  n o n s t o i c h i o m e t r y  s ince  t he  ac t ive  sur face  s i tes  at  h i g h  
a n o d i c  po ten t i a l s  are i n v a r i a b l y  Ru(VI)  species .  Whi le  we 
do  n o t  feel l ike ag ree ing  o n  th i s  c o n c e p t  in  pr inc ip le ,  we 
c o n t e n d  t h a t  Dr. B u r k e ' s  c r i t i c i sm is no t  p r o p e r l y  ad- 
d ressed .  F igu re  1 on  p. 1690 a n d  the  r e l a t ed  c o m m e n t  in  our  
p a p e r  c lear ly  p o i n t  ou t  t h a t  " c r a c k e d "  a n d  " c o m p a c t "  elec- 
t rodes  d i f fer  in  t he  sur face  m o r p h o l o g y  r a t h e r  t h a n  in  t he  
n o n s t o i c h i o m e t r y .  F igu re  3 shows  t h a t  no  a p p r e c i a b l e  dif- 
f e rence  is o b s e r v e d  w i t h i n  each  g roup  of  e l ec t rodes  al- 
t h o u g h  the  n o n s t o i c h i o m e t r y  va r i e s  largely,  ye t  a differ- 
e n c e  pos s ib ly  ex i s t s  b e t w e e n  t he  two groups ,  w h i c h  may,  
thus ,  be  r e l a t ed  to t he  sur face  m o r p h o l o g y .  Therefore ,  t he  
m e s s a g e  f rom th i s  p a p e r  is t h a t  m o r p h o l o g y  r a t h e r  t h a n  
n o n s t o i c h i o m e t r y  is t he  crucia l  f ac to r  in  e lec t roca ta Iys i s  at  
RuO2 anodes .  

T h a t  t h e  su r face  m o r p h o l o g y  can  af fec t  t he  e lec t roca ta-  
lyt ic  p r o p e r t i e s  of  RuO2 has  b e e n  s h o w n  in  our  p r e v i o u s  
work  ~6 on  O3 evo lu t i on  on  s o m e  sets  of  e lec t rodes .  The  ef- 
fect  in  t h a t  case  is a d m i t t e d l y  more  s t r ik ing,  a n d  our  conc lu-  
s ions  h a v e  b e e n  c o n f i r m e d  in d i f f e ren t  l abora tor ies .  ~7' ,8 I t  
h a s  b e e n  nea t ly  f o u n d  TM t h a t  the  deg ree  of  c rys ta l l in i ty  ha s  a 
def in i te  effect  on  t he  O3 evo lu t i on  m e c h a n i s m .  T he  po in t  of  
zero c h a r g e  of RuO2 s a m p l e s  ha s  b e e n  f o u n d  ,8, 38 to d e p e n d  
on  t he  t e m p e r a t u r e  of  p r e p a r a t i o n  a n d  to be  re la ted ,  as ex-  
p e c t e d  f rom theor ies ,  w i t h  t he  c rys ta l  p a r a m e t e r s  of  t he  ox- 
ide. 2' All  of  t he se  o b s e r v a t i o n s  e m p h a s i z e  t h e  e x t r e m e  sensi-  
t iv i ty  of  the  n a t u r e  of  the  ac t ive  s i tes  to t he  m o r p h o l o g y  of  
t h e  surface.  

Dr. B u r k e  c o n t e n d s  t h a t  t he  deg ree  of  h y d r a t i o n  is no t  ex-  
p e c t e d  to be  i m p o r t a n t  in  i m p a r t i n g  t he  e l ec t roca ta ly t i c  
p roper t i e s .  I t  is wel l  e s t ab l i shed ,  however ,  t h a t  a n u m b e r  of 
p r o p e r t i e s  of  RuO2 are c losely  i n t e r r e l a t e d  as a f u n c t i o n  of  
t he  t e m p e r a t u r e  of  p repa ra t ion .  ~6~ 22 Thus ,  t h e  r e s idua l  hy-  
d r a t i on  d e c r e a s e s  as T i nc r ea se s  a n d  at  t h e  s a m e  t i m e  the  
c rys ta l l in i ty  increases .  H y d r a t i o n  is p r e s u m a b l y  loca ted  in  
g ra in  b o u n d a r i e s  or at  " i n n e r "  sur faces  (pores,  etc.). As  the  
c rys ta l l i t es  of  RuO2 grow, defec t - r ich  r eg ions  wil l  sh r ink .  
T h a t  is w h a t  Fig. 9 in  our  p a p e r  is dev i s ed  to p o i n t  out. 

In  Dr. B u r k e ' s  op in ion ,  we h a v e  no t  pa id  m u c h  a t t e n t i o n  
to t he  above  a s p e c t  a p p a r e n t l y  b e c a u s e  we have  no t  appre -  
c ia ted  some  p o i n t s  h e  t o u c h e s  u p o n  in h is  c o m m e n t s .  (i) Re- 
ve rs ib i l i ty  of the  C12 reac t ion:  Th i s  is eas i ly  p r o v e d  b y  t he  
fact  t h a t  we were  ab le  to  m e a s u r e  the  e x c h a n g e  c u r r e n t  
f rom e q u i l i b r i u m  i-E cu rves  [cf. foo tno te  23]. T h e  effect  of 
m a s s  t r a n s f e r  on  t h e  Tafel  s lope ha s  b e e n  d i s c u s s e d  by  one  
of us  in  a p r e v i o u s  p a p e r  24 p rec i se ly  in  c o n n e c t i o n  w i t h  t he  
C12 e v o l u t i o n  reac t ion .  We t h i n k  t h a t  L o s e v ' s  r e su l t s  25 h igh-  
l igh t  th i s  a s p e c t  a t  t h e  best .  We have  also s u g g e s t e d  t h a t  
Losev ' s  idea  cou ld  a c c o u n t  for  t he  r e su l t s  in  Fig. 3 b u t  t h a t  
we c a n n o t  offer  a n y  def in i te  p r o o f  for  this .  In  a c h a p t e r  
wr i t t en  by  two  of  us, 2e t he  c o n t r a s t  b e t w e e n  03 e v o l u t i o n  as 

~5 Department of Physical Chemistry and Electrochemistry, Uni- 
versity of Milan, Milan, Italy. 
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Electrochem., 8 135 (1978). 

,7 L. I. Krishtalik, Personal communication. 
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a " d e m a n d i n g , "  i r r eve r s ib l e  r eac t ion  a n d  CI~ evo lu t i on  as a 
revers ib le ,  pos s ib ly  "faci le"  p rocess  h a s  b e e n  e x h a u s t i v e l y  
d i scussed .  (ii) R e l e v a n c e  of  su r face  r e d o x  behav io r :  We 
first s u g g e s t e d  2~, 38 t h a t  t h e  b e h a v i o r  of  RuO2 e l ec t rodes  
s h o u l d  be  a c c o u n t e d  for  in  t e r m s  of  su r face  r e d o x  couples .  
The  i n v o l v e m e n t  of  sur face  r e d o x  coup l e s  in  e lec t rocata-  
lyt ic r eac t i ons  ha s  b e e n  r ecen t ly  r a t iona l i zed  by  Krish-  
talik.  22 In  any  case, i t  is  h a r d  to t h i n k  t h a t  t he  sur face  r e d o x  
b e h a v i o r  is s u b s t a n t i a l l y  u n a f f e c t e d  b y  t he  sol id p h a s e  
compos i t i on .  Whi le  t h e  g r o w t h  of  a sur face  layer  of  more  
ox id ized  spec ies  m i g h t  offset  some  of  t he  e x p e c t e d  differ- 
ences ,  t he  f ea tu res  of  t he  over layer  are still  e x p e c t e d  to de- 
p e n d  on  t he  cha rac t e r i s t i c s  of  t he  u n d e r l y i n g  layers.  Pro-  
l o n g e d  o x y g e n  e v o l u t i o n  m a y  lead  to a c o m p o s i t i o n  profi le  
in  t he  over layer  3~ w h i c h  m i g h t  s m o o t h  d o w n  ini t ia l  differ- 
ences  b e t w e e n  d i f f e ren t ly  t r e a t ed  samples .  However ,  in  t h e  
case  of  CI~ evo lu t ion ,  t he  large specif ic  a d s o r p t i o n  of  C1- 
ions  31 is to be  t a k e n  in to  a c c o u n t  w h e n  e n v i s a g i n g  sur face  
ox ida t i on  m e c h a n i s m s .  I t  is pos s ib l e  t h a t  s o m e  of  the  ex- 
p e r i m e n t s  c i ted  by  B u r k e  are no t  sens i t ive  e n o u g h  to give 
e v i d e n c e  to sur face  effects.  The  free e n e r g y  of  a c rys ta l  is 
ce r t a in ly  a f fec ted  b y  n o n s t o i c h i o m e t r y ,  a n d  th i s  is ex- 
p e c t e d  to be  the  case  also for the  sur face  w h e r e  add i t i ona l  
fac tors  (morpho logy )  h a v e  h o w e v e r  to be  t a k e n  in to  cons id-  
era t ion.  (iii) N o n s t o i c h i o m e t r y  a n d  conduc t iv i t y :  Dr. B u r k e  
c o n t e n d s  tha t ,  u n l i k e  s e m i c o n d u c t i n g  oxides ,  RuO2 con-  
d u c t i o n  p rope r t i e s  are  no t  a f fec ted  by  n o n s t o i c h i o m e t r y  
s ince  it  is a meta l l i c  conduc to r .  Therefore ,  no  i m p r o v e m e n t  
in  the  e lec t roca ta ly t i c  p r o p e r t i e s  are to b e  e x p e c t e d  f rom 
th i s  p o i n t  of  view. We ce r t a in ly  d id  no t  e x p e c t  any  effect  of  
th i s  sor t  s ince  we d r e w  a t t e n t i o n  to the  meta l l i c  f ea tu res  of  
RuO2 ear ly  in  our  w o r k ?  7 Dr. B u r k e ' s  s t a t e m e n t  (wi th  no  
re fe rence)  t h a t  t he  m a i n  r e s i s t ance  c o m p o n e n t  in  RuO2 
films is p r o b a b l y  due  to i n t e r g r a n u l a r  c o n t a c t  r e s i s t a n c e  
ha s  b e e n  e x p e r i m e n t a l l y  s u b s t a n t i a t e d  in  t h i s  l a b o r a t o r y  
a n d  s h o w n  in a p a p e r  3~ w h e r e  t he  m a i n  goal  ha s  b e e n  aga in  
to e m p h a s i z e  the  role  of m o r p h o l o g y  in  i m p a r t i n g  "appar -  
en t  s e m i c o n d u c t i n g  p r o p e r t i e s "  to RuO2 fi lms or p r e s s e d  
powders .  

Complexing of AI § by S -2 Ions in Alkali  Halide Melts 

z. Nagy, J. L. Settle, J. Padova, and M. Blander 
(pp. 2034-2037, Vol. 129, No. 9) 

R. W. B e r g  34 a n d  N. J. B j e r r u m :  ~4 The  e x p e r i m e n t s  re- 
p o r t e d  in t h e  t e c h n i c a l  no te  by  Nagy  et al. are ve ry  in te res t -  
ing  a n d  c o m p l e m e n t  our  ear l ier  r e su l t s  ~ in  LiC1-CsC1 melts .  
We wou ld  l ike to ra i se  s o m e  gene ra l  c r i t i c i sm r e g a r d i n g  t he  
i n t e r p r e t a t i o n  of  t h e s e  n e w  resu l t s  in  t he  l igh t  of  ou r  work ,  
e spec ia l ly  in  r e l a t i on  to t he  p r o p o s e d  (and  q u e s t i o n a b l e )  so- 
ca l led  " c h a r g e  c o m p e n s a t e d  c o u l o m b  c o m p l e x "  or "4C" 
mode l .  

First ,  c o n s i d e r  t h e  q u e s t i o n  of  t he  deg ree  of  complexa -  
t ion  b e t w e e n  A1 +3 a n d  C1- in  sulf ide-free ch lo r ide  mel ts ,  ei- 
t h e r  be  i t  LiC1-KC1 or LiC1-CsC1. Appa ren t l y ,  t he  a u t h o r s  of  
the  no te  in  t h e i r  "4C" m o d e l  t r ea t  t he  A1 +3 a n d  C1- as essen-  
t ia l ly u n c o m p l e x e d .  Th i s  is no t  in  a g r e e m e n t  w i t h  p r e s e n t  
c o m m o n l y  a c c e p t e d  k n o w l e d g e ,  a c c o r d i n g  to w h i c h  
[A1CI~]- c o m p l e x  i o n s  s h o u l d  b e  f o r m e d  u n d e r  s u c h  
cond i t ions .  

We are sure  t h a t  t h i s  f o r m a t i o n  of  [A1C14]- t akes  place, be- 
cause  t he  R a m a n  spec t r a  of  A1C13 d i s so lved  in p u r e  ch lo r ide  
m e l t s  s h o w  a s t rong  pola r ized  b a n d  at ca. 347 c m  -1. This  
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b a n d  h a s  b e e n  r e p e a t e d l y  i n t e r p r e t e d  3~38 as t h e  charac te r i s -  
t ic  s t r o n g  v, f u n d a m e n t a l  m o d e  Of v i b r a t i o n  of  the  [A1C14]- 
t e t r a h e d r o n .  The  sol ids  M[A1C1,] w i t h  M = Li, Na, K, etc. 
de f in i te ly  c o n t a i n  t e t r a h e d r a l  [A1C14]- ions  ( acco rd ing  to 
severa l  def in i t ive  s ingle  c rys ta l  x-ray s t r u c t u r e  so lu t ions}  9 
a n d  t hey  also give t he  s ame  v~ R a m a n  b a n d .  39 In  t h i s  way, 
t h e r e  can  b e  no  d o u b t  t h a t  A1 +3 p r e d o m i n a n t l y  ex i s t s  as 
[AiC14]- ions  in  LiC1-KC1 melts .  Th i s  p o i n t  ha s  b e e n  ne- 
g lec ted  b y  t he  a u t h o r s  of  the  note ;  t h e y  m e r e l y  m e n t i o n  as a 
poss ib i l i ty  t h a t  t h e  b o n d i n g  b e t w e e n  A1 +3 a n d  C1- cou ld  be  
no t  to ta l ly  ionic.  

Second ly ,  r e g a r d i n g  m i x e d  so lu t ions  of A1C13 a n d  Li2S in  
p u r e  ch lo r ide  m e l t s  s u c h  as LiC1-KC1 or  LiC1-CsC1 eutec-  
tics, t he  s i tua t ion  is t he  s ame  t h o u g h  no t  as clear-cut .  Our  
R a m a n  s p e c t r o s c o p i c  a n d  o the r  e v i d e n c e  35 i nd i ca t e s  t he  
f o r m a t i o n  of  p o l y m e r i c  spec ies  s u c h  as [AlnS~_,CI~+2] ~- 
w i t h  n >- 3. We are  sure,  as are t he  a u t h o r s  of  the  note,  t h a t  
n e w  c o m p l e x  spec ies  are i n d e e d  f o r m e d  u p o n  t h e  a d d i t i o n  
of  su l f ides  to  t h e  so lu t ions  of A1C13 in  ch lo r ide  mel t s ;  n e w  
R a m a n  b a n d s  a p p e a r  d u e  to t h e s e  n e w  spec ies  (mos t  nota-  
b ly  n e a r  325 cm-~). 35 But ,  con t r a ry  to t he  a u t h o r s  of  t he  note,  
we f ind no  r e a s o n  to pos tu l a t e  spec ies  d e v o i d  of  ch lor ine ,  
s u c h  as [AlmS,] +r Rather ,  we h a v e  p r e s e n t e d  e v i d e n c e  
t h a t  t he  m i x e d  so lu t ion  c o n t a i n s  [AI~S,CI~,+2]"- (e.g. t he  
p r e p a r a t i o n  of  the  pu re  p o l y m e r i c  c o m p o u n d  CsA1SC12 
w i t h  a s imi la r  R a m a n  spect rum)25 

T h e  so-cal led "4C" model ,  l ike  o the r  s imi la r  p u r e l y  elec- 
t ros ta t i c  m o d e l s  in  phys i ca l  chemis t ry ,  is s i m p l e  a n d  easy  to 
u se  in  ca lcu la t ions ,  b u t  t he  r e su l t s  are of l i t t le  or no  va lue  as 
l ong  as c h e m i c a l  b o n d s  are involved .  T h e  R a m a n  e v i d e n c e  
shows  t h a t  th i s  is t h e  case  in the  c o n s i d e r e d  sys tem,  a n d  
t h e r e f o r e  t he  p r e d i c t i o n s  o b t a i n e d  b y  t h e  "4C" m o d e l  are of 
l i t t le  if  any  use. Th i s  c o n c l u s i o n  t a k e s  n o t h i n g  f rom t h e  
va lue  of t he  e x p e r i m e n t a l  r e su l t s  o b t a i n e d  b y  t he  au thors .  

Z.  N a g y ,  4~ J. L. S e t t l e ,  4~ ,l. P a d o v a ,  4~ a n d  M. B l a n d e r :  4~ 
T h e  c o m m e n t s  b y  B e r g  a n d  B j e r r u m  are b a s e d  on  a m i s u n -  
d e r s t a n d i n g  o f  our  u s e  of  t he  c o n c e p t  of  c o m p l e x i n g  w h ~ h  
m a y  no t  h a v e  b e e n  c lear ly  s t a t ed  in ou r  paper .  We will  at- 
t e m p t  to clar i fy our  v iew of  th i s  c o n c e p t  in  th i s  reply.  

In  b i n a r y  s y s t e m s  of  any  two  chlor ides ,  t he  n e a r e s t  ne igh-  
bo r s  of  all  c a t ions  are  a l m o s t  exc lus ive ly  ch lo r ide  ions,  a n d  
all ca t ions  are, i n  a sense,  c o m p l e x e d  by  an ions .  Thus ,  t he  
d i f f e rence  b e t w e e n  t he  " c o m p l e x i n g "  of Li  +, Al3+, or  e v e n  
K + by  ch lo r ide  ions  in  a so lu t ion  of  LiC1, KC1, a n d  A1C13 is 
one  of  deg ree  n o t  of  k ind .  I t  is, of  course ,  p r o p e r  to  def ine  
spec ia l  c o m p l e x e s  s u c h  as A1CI~ in a lkal i  ha l ide  m e l t s  
w h e r e  t h e r e  is s t rong  spec t roscop ic  e v i d e n c e  for t he  exis t -  
e n c e  of  th i s  spec ies  a n d  w h e r e  we  be l i eve  t h e  A1CI~- is l ike ly  
to b e  t he  major ,  if  n o t  exc lus ive ,  A18+ c o n t a i n i n g  species .  
W h e t h e r  o t h e r  spec ies  coex is t  d e p e n d s  on  u n k n o w n  fac tors  
r e l a t ed  to t he  re la t ive  sens i t iv i ty  of  d e t e c t i n g  t h e s e  o the r  
species .  B e c a u s e  t h e r e  is a lways  some  u n c e r t a i n t y  a b o u t  
t he  d i s t r i b u t i o n  of  spec ies  (e.g., t h e r e  cou ld  be  s o m e  A13+ 
ions  w i t h  c o o r d i n a t i o n  o the r  t h a n  4), i t  is m o r e  exac t  a n d  
safer  to avo id  de f in ing  t he  spec ies  in  w o r k  s u c h  as is de- 
s c r i bed  in ou r  paper .  (This  is e v e n  m o r e  i m p o r t a n t  in  o t h e r  
s y s t e m s  w h e r e  t he  c o o r d i n a t i o n  spec ies  are m o r e  poor ly  
u n d e r s t o o d  or de f ined  t h a n  in  m e l t s  d i lu te  in  A13+.) 

C o n t r a r y  to B e r g  a n d  B j e r r u m ' s  c o m m e n t ,  we d id  n o t  as- 
s u m e  t h a t  A1 ~+ a n d  C1- are  no t  pa r t  of  a c o m p l e x  n o r  t h a t  t he  
A1CI~ spec ies  does  no t  exist .  Thus ,  t h e i r  s e c o n d  p a r a g r a p h  
r e su l t s  f rom a m i s u n d e r s t a n d i n g  of  ou r  p a p e r  a n d  is no t  a 
p o i n t  of  con t en t i on .  Fo r  t he  p u r p o s e s  of  our  paper ,  t he  
de f in i t ion  of  s u c h  spec ies  (A1CI~) was  i r r e l e v a n t  a n d  un-  
necessa ry .  The  A1 ~+ ions  h a v e  some  ave r age  n e a r e s t  ne igh-  
b o r  e n v i r o n m e n t  a n d  cou ld  b e  exc lus ive ly  four  c o o r d i n a t e d  
or cou ld  h a v e  some  d i s t r i b u t i o n  o f  c o o r d i n a t i o n  n u m b e r s .  
The  S 2- ion  wil l  also h a v e  some  ave rage  e n v i r o n m e n t  w h i c h  
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37 H. A. Oye, E. Rytter, P. Klaeboe, and S. J. Cyvin, Acta Chem. 
Scand., 25, 559 (1971). 
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n e e d  no t  be  specif ied.  W h e n  t he  A1 +3 a n d  S 2- ions  associa te ,  
one  can  b r e a k  d o w n  t h e  p rocess  in to  two  changes .  The  first 
is t he  r e p l a c e m e n t  o f a  C1- in  the  first shel l  of  a n  A13§ b y  S 2- 
a n d  the  r e p l a c e m e n t  of a n  alkal i  ion in t he  first she l l  of t he  
S 2- b y  a n  A1 ~+ l ead ing  to a ne t  e n e r g y  c h a n g e  of  a b o u t  
-2e2/d. The  s e c o n d  c h a n g e  is t he  r e a r r a n g e m e n t  of t he  
o the r  n e i g h b o r i n g  alkal i  a n d  ha l ide  ions  w h i c h  is r e l a t ed  to 
t h e  c o m p e n s a t i o n  or  sh i e ld ing  of th i s  in t e rac t ion .  Be rg  a n d  
B j e r r u m  m a k e  the  u n s u p p o r t e d  c la im t h a t  b o n d i n g  of the  
A1S + a n d  A1CI~- spec ies  is " c h e m i c a l "  i n  na tu re .  T h e  word  
c h e m i c a l  is u n d e f i n e d  in th i s  con tex t .  In  addi t ion ,  t h e r e  are 
no  ana lyses  of  t he  ene rge t i c s  of  t h e s e  spec ies  to  s u p p o r t a n y  
b o n d i n g  type.  Indeed ,  h o w e v e r  un l i ke ly  i t  is, one  can  h a v e  
A1CI~ spec ies  in  so lu t ion  e v e n  i f  t he  b o n d s  were  p u r e l y  
ionic.  I f  " c h e m i c a l "  is de f ined  as n o n - c o u l o m b i c  in te rac -  
t ions  then ,  of course ,  n o n c o u l o m b  forces  are u n d o u b t e d l y  
s ign i f ican t  b u t  t h e y  'are l ikely to be  smal l e r  t h a n  t he  large  
c o u l o m b  forces  i n v o l v e d  (unless  sul f ide  ions  in  so lu t ion  
h a v e  cha rges  close to -1) .  T o  b e  i m p o r t a n t ,  t h e  n o n c o u -  
l o m b  e n e r g y  of i n t e r ac t i on  of  A13+ w i t h  a n e a r e s t  n e i g h b o r  
ch lo r ide  ion  m u s t  b e  m o r e  nega t ive  t h a n  t he  n o n c o u l o m b  
e n e r g y  o f  i n t e r a c t i o n  o f  A1 +3 w i t h  a n e a r e s t  n e i g h b o r  
sulf ide  ion b y  a n  a m o u n t  close in m a g n i t u d e  to t he  cou- 
l o m b  energy.  Th i s  s e e m s  un l ike ly  but ,  of course ,  is no t  im-  
poss ib le .  Q u a n t u m  m e c h a n i c a l  ca l cu la t ions  of  t he  energe t -  
ics of  t h e s e  spec ies  are u n d e r w a y .  41 

The  ave rage  c o u l o m b  c o m p l e x  ha s  an  u n k n o w n  and  gen-  
era l ly  unspec i f i ed  n u m b e r  of  a lkal i  a n d  ch lo r ide  ions  of  t he  
so lven t  as n e a r  ne ighbor s .  To do  as Be rg  a n d  B j e r r u m  h a v e  
d o n e  a n d  s ing le  ou t  a smal l  n u m b e r  of  so lva t ing  ch lo r ides  
to be  pa r t  of  t he  c o m p l e x  is specu la t ive  a n d  m a y  no t  repre-  
s en t  t h e  rea l  species ,  w h i c h  could  readi ly  h a v e  a b r o a d  dis- 
t r i b u t i o n  of  d i f f e ren t  ionic  e n v i r o n m e n t s  w h i c h  cou ld  be  
e x t r e m e l y  difficult ,  i f  no t  i m p o s s i b l e  to o b s e r v e  b y  any  
k n o w n  s t r u c t u r a l  m e a s u r e m e n t .  F r o m  a t h e r m o d y n a m i c  
p o i n t  of  view, t he  so lven t  ions  in  t he  e n v i r o n m e n t  are irrele-  
v a n t  if  b o t h  A13+ a n d  S ~- are at  low c o n c e n t r a t i o n s .  

Be rg  a n d  B j e r r u m  do b r i n g  ou t  a n  i m p o r t a n t  p o i n t  con-  
c e r n i n g  la rger  complexes .  A l t h o u g h  we felt  t h a t  t he  evi- 
d e n c e  favored  the  s imp le  A1S § c o m p l e x  (a lbei t  so lva ted  by  
so lven t  ca t ions  a n d  anions) ,  we  cou ld  no t  ru le  ou t  t he  im- 
p o r t a n c e  of l a rger  spec ies  as we s t a t ed  in  ou r  paper .  

I t  is u n f o r t u n a t e  t h a t  Be rg  a n d  B j e r r u m  c o n t r i b u t e  to t he  
c o n f u s i o n  c o n c e r n i n g  t he  d i f f e rences  b e t w e e n  c o m p l e x i n g  
in add i t i ve  b i n a r y  s y s t e m s  (e.g., K +, A13+/C1 - ) a n d  in  rec ipro-  
cal s y s t e m s  (e.g., K +, AI~+/CI-, $2-). In  t he  first case, all cat- 
ions  are " c o m p l e x e d "  a n d  one  c o n s i d e r s  as " t r u e "  com-  
p l e x e s  t h o s e  specia l  a n d  p r e s u m a b l y  t i gh t l y  b o u n d  spec ies  
w h e r e  s t ruc tu ra l  da ta  are ava i l ab le  to def ine  t he  s t ruc tu re .  
Of all t h e  b i n a r y  ch lo r ide  sys tems ,  t h o s e  c o n t a i n i n g  A13§ 
ions  are  p r o b a b l y  t he  c lea res t  e x a m p l e s  of  s y s t e m s  w i t h  
" t r u e "  complexes .  Fo r  a ma jo r  f rac t ion  of  b i n a r y  ch lo r ide  
sys tems ,  t h e r e  is s o m e  u n c e r t a i n t y  a n d  t h e r e  are  m a n y  
s h a d e s  of gray. E v e n  for t he  " t r u e "  c o m p l e x e s ,  t he  s t ruc-  
t u r a l  i n f o r m a t i o n  by  i t se l f  says  n o t h i n g  a b o u t  t h e  energe t -  
ics a n d  t ype  of  b o n d i n g  w h i c h  m i g h t  e v e n  b e  la rge ly  ionic.  
Thus ,  e v i d e n c e  for t he  ex i s t ence  of a c o m p l e x  is of  no  va lue  
in  u n d e r s t a n d i n g  t he  ene rge t i c s  of  r e a c t i o n  of  A13+ ions  w i t h  
sulf ide  or ox ide  ions.  In  r ec ip roca l  s y s t e m s  at  low concen-  
t r a t i ons  of  so lu te  ca t ions  a n d  an ions ,  a c o m p l e x  is f o r m e d  
b e t w e e n  t he  so lu te  ions  w h e n  t hey  are e a c h  o the r s  n e a r e s t  
n e i g h b o r s  w i t h  a g rea te r  t h a n  r a n d o m  probabi l i ty .  The  
con f igu ra t i ons  of t he  so lven t  ions  a b o u t  t h e  s e p a r a t e d  so- 
lu te  ions  a n d  a b o u t  t he  c o m p l e x  are  u sua l ly  no t  c o n s i d e r e d  
in  de f in ing  s u c h  complexes .  Th i s  t y p e  of  c o m p l e x  is less  
s u b j e c t  to u n c e r t a i n t y  in  def in i t ion  t h a n  t he  t y p e  in  addi-  
t ive  sys tems .  Our  po in t  is t h a t  t he  c o u l o m b  a t t r a c t i ons  be- 
t w e e n  S 2- (or any  o t h e r  p o l y v a l e n t  an ion)  w i t h  p o l y v a l e n t  
ca t ions  i n  a lkal i  ha l ides  (a r ec ip roca l  sys t em)  are ve ry  large  
a n d  are l ike ly  to d o m i n a t e  t he  ene rge t i c s  of c o m p l e x  forma-  
t ion.  Our  4C m o d e l  p r o v i d e s  a bas i s  for  p r e d i c t i n g  spec ies  
w h i c h  are l ike ly  to c o m p l e x  s t rongly.  The  a c c u r a c y  of t he  
m o d e l  c an  be  t e s t e d  and  i m p r o v e d  in a we l l -de f ined  m a n -  
ne r  w i t h  t he  u se  of  m o l e c u l a r  d y n a m i c s  a n d  q u a n t u m  me-  
chan i ca l  ca l cu la t ions  u n d e r  d e v e l o p m e n t  for  ca l cu l a t i ng  
t he  in f luence  of  sh i e ld ing  a n d  of  n o n c o u l o m b  f o r c e s  I f  
n o n - c o u l o m b  (e.g., cova len t )  forces  are i m p o r t a n t  t h e y  
cou ld  e v e n  e n h a n c e  t h e  effects  we d i scussed .  By  cont ras t ,  
Be rg  a n d  B j e r r u m  do no t  offer  any  t e s t a b l e  a l te rna t ive .  
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