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ABSTRACT

1 .  The m a g n e t ic  mass s u s c e p t i b i l i t i e s  have been  

m easured  i n  t h e  s o l i d  s t a t e  a t  room t e m p e r a tu r e  f o r  

s e r i e s  o f  s a l t s  o f  u n i  and b i v a l e n t  c a t i o n s  o f  

c h l o r a t e s ,  b ro m a te s ,  i o d a t e s ,  p e r c h l o r a t e s ,  t r i o r 

t h o p h o s p h a t e s ,  s u l p h a t e s  and t h i o s u l p h a t e s . The 

m o la r  volume f o r  t h e s e  s a l t s  iiave a l s o  been  c a l c u l a t e d  

b y  d e t e r m in in g  t h e  d e n s i t y  a t  20®C,

2 .  The a d d i t i v i t y  r e l a t i o n s h i p s  o f  m o la r  s u s c e p 

t i b i l i t i e s  w ere  s t u d i e d  and compared w i t h  t h e  

a d d i t i v i t y  o f  m o la r  vo lum es .  The e f f e c t  o f  co

o r d i n a t i o n  number change on t h e  s u s c e p t i b i l i t y  h a s  

a l s o  been c o n s i d e r e d .

3. The th e o r e t ic a l s u s c e p t ib i l i ty  fo r  the sim ple ion s  

was ca lcu la ted  by S la te r ’ s method. The methods o f  

Pascal and Pauling were used to  c a lc u la te  the io n ic  

s u s c e p t ib i l i ty  o f the X 0^ and XO^ io n s .

The e x p e r im e n ta l  i o n i c  s u s c e p t i b i l i t i e s  were  compared 

w i th  t h e  t h e o r e t i c a l  o n es  and a  marked bond s h o r t e n i n g  

e f f e c t  on t h e  s u s c e p t i b i l i t y  was n o t e d .
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. . . »  ,  t
4 .  I n f r a r e d  s p e c t r a  o f  t h e X O ^  and XO^ i o n s  

were  r e c o rd e d  and t h e  c h a r a c t e r i s t i c  v i b r a t i o n a l  

f r e q u e n c i e s  were  s t u d i e d .  An a t t e m p t  was made 

t o  c a l c u l a t e  t h e  f o r c e  c o n s t a n t s  f o r  t h e s e  i o n s  

and  a com par ison  was made o f  t h e  s p e c t r o s c o p i c  

d a t a  and t h e  m a g n e t ic  s u s c e p t i b i l i t i e s .

Some in terp re ta tio n  in  r e la t io n  to  the bond len gth  

has been attanpted .
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PART 1 

GENERAL INTRODUCTION

M ag ne to -ch em is try  d e a l s  w i th  t h e  i n v e s t i g a t i o n  o f  t h e  

m ag n e t ic  p r o p e r t i e s  o f  atoms, i o n s  and m o le c u le s  a s  

a p p l i e d  t o  t h e  s tu d y  o f  c h o n ic a l  p rob lem s.  I n  r e l a t i o n  

t o  i n o r g a n i c  c h e m is t ry  magnetism h a s  been  e x t e n s i v e l y  

i n v e s t i g a t e d  d u r i n g  t h e  l a s t  c e n t u r y .  I n  o r d e r  t o  make 

a  c l e a r  i n t e r p r e t a t i o n  o f  t h e  m ag n e t ic  m easurem ents  i t  

i s  n e c e s s a r y  t o  c o n s i d e r  t h a n  i n  r e l a t i o n  t o  e l e c t r o n i c  

t h e o r i e s  o f  a to m ic  s t r u c t u r e  and v a le n c y .  The m ag ne t ic  

p r o p e r t i e s  o f  an  atom o r  i o n  can b e  c o r r e l a t e d  w i th  i t s  

o x i d a t i o n  s t a t e ,  v a le n c y ,  bond t y p e  and s t e r e o c h a n i s t r y .  

I n  t h i s  way prob lem s o f  m o le c u l a r  s t r u c t u r e ,  i n t e r a t o m i c  

and i n t e r i o n i c  d i s t a n c e s ,  t h e  v a le n c y  s t a t e  o f  a toms and 

i o n s  have a l l  been  s t u d i e d  by m a g n e to -c h a n ic a l  m ethods .  

The m ag ne t ic  p r o p e r t i e s  w h ich  a r e  m a in ly  i n v e s t i g a t e d  i n  

t h i s  f i e l d  a r e  t h e  m ag n e t ic  s u s c e p t i b i l i t y ,  e i t h e r  

volume o r  mass s u s c e p t i b i l i t y ,  and m a g n e t ic  moments o f  

m o le c u le s  a toms o r  n u c l e i i .  O th e r  m agn e t ic  p r o p e r t i e s  

i n  modem t i m e s  which have become i n c r e a s i n g l y  im p o r ta n t  

i n  su ch  s t u d i e s  a r e  e l e c t r o n  s p i n  re so n a n c e  s p e c t r o s c o p y  

and n u c l e a r  m agne t ic  r e so n a n c e  s p e c t r o s c o p y .
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According t o  t h e  c l a s s i c a l  t h e o r e t i c a l  t r e a tm e n t  of 

a tom ic magnetism ev e ry  r o t a t i n g  or s p in n in g  e l e c t r o n  

e x h i b i t s  a m agnet ic  moment. An atom or m olecule  w i l l
n

have a permanet m agnetic  moment i f  i t  has  an odd

number of e l e c t f o n s  or i f  a l l  t h e  e l e c t r o n s  a r e  no t

p a i r e d  o f f .  I f  th e  atom has a permanent m agnetic

moment, a p p l i c a t i o n  of  an e x t e r n a l  m agnet ic  f i e l d

l e a d s  t o  o r i e n t a t i o n  o f  t h e  moment and th e  atom i s

s a i d  t o  be p a r a m a g n e t ic ,  b u t  i f  t h e r e  i s  an  even

number of  e l e c t r o n s  w i t h  p a i r e d  s p i n s  th e  r e s u l t a n t

moment i s  z § ro ,  and th e  sys tem  e x h i b i t s  o n ly  d iam ag n e t i sm .

Larmor showed i n  1905 t h a t  i f  a sys tem  o f  e l e c t r o n s  i s

r o t a t i n g  abou t  an  a tom ic  n u c l e u s ,  on a p p ly in g  a m agnetic

f i e l d  t o  t h e  sys tem  t h e  v e l o c i t i e s  and hence th e  a n g u la r

momenta of t h e  e l e c t r o n s  a re  a l t e r e d .  A " P r e c e s s i o n

e f f e c t "  i s  imposed by th e  m agnet ic  f i e l d  upon th e

e l e c t r o n i c  o r b i t s  which t e n d s  t o  induce  c u r r e n t s  which

g ive ,  r i s e  t o  a f i e l d  o p p o s i t e  i n  d i r e c t i o n  t o  th e

in du c ing  f i e l d / '  and th e  s u b s ta n c e  t h u s  e x h i b i t s  d l a -
(1)

magnetism. Langevin  on t h e  b a s i s  of  e l e c t r o n i c  t h e o r y
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p u t  fo rw ard  an e x p l a n a t i o n  of d iam agne t ism ,  e&qploylng 

th e  c o n c e p t s  of e l e c t r o n s  moving i n  c lo s e d  o r b i t s  

around a massive n u c l e u s .  By c a l c u l a t i n g  th e  magnitude 

of th e  change i n  t h e  m agnetic  moment of  a moving 

e l e c t r o n  induced by t h e  e x t e r n a l  f i e l d  he deduced 

the  c l a s s i c a l  "Langewin E q u a t io n "  f o r  t h e  u n d e r ly in g  

d iam agne t ism  i n  a sys tem  o f  r o t a t i n g  e l e c t r o n s  such 

as  an atom. The magnitude of  t h e  d ia m a g n e t ic  e f f e c t  

f o r  atoms which  p o s s e s s  s p h e r i c a l  symmetry can  be 

e x p re s s e d  a s  t h e  gram a to m ic  s u s c e p t i b i l i t y .  T h is  i s  

g iv e n  by th e  e q u a t i o n  -

Z k  =

6 mc2

Where B- i s  t h e  e l e c t r o n i c  cha rge  (4 .8 02 88 .  10"^^ S.Ü)

Ç i s  th e  v e l o c i t y  of  l i g h t  (2 .99792 + 0 . 8 .  10^^ cm s e c " ^ ) ,

N i s  t h e  Avogadro number (6 .0 2 2 8 .  10^^ M oles"^)  and 

i s  th e  mean s q u a r e  r a d i u s ,  summed over a l l  th e  o r b i t s  

w i t h i n  th e  atom or  i o n .

S u b s t i t u t i n g  t h e  v a lu e s  of t h e  v a r io u s  c o n s t a n t s  t h i s  

becomes
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-  2X a  = -  2 . 8 3 . 10^°  Y ï

n
or i f  r  i s  e x p re s se d  i n  u n i t s  o f  £_p t h e  normal r a d iu s

—Q
of th e  hydrogen  atom ( r© = O.5 2 8 . lO cm.)

th e  e x p r e s s i o n  f o r  t h e  a tom ic  or  i o n i c  d ia m ag n e t ic

s u s c e p t i b i l i t y  becom es:-

X  A = - 0 .7 8 9  . 10 /  e, m.u. / g .  atom.

C a l c u l a t i o n of  Dlama&netic s u s c e p t i b i l i t i e s  from t h e  

LangeWin E q u a t io n

The a c t u a l  c a l c u l a t i o n  o f  atomic or  i o n i c  s u s c e p t i b i l i t i e s  

from t h e  LangeWin e q u a t i o n  r e q u i r e s  a knowledge of th e  

v a lu e  of  t h e  te rm  \  r " ^  .
VO

On th e  c l a s s i c a l  a tom ic  model t h i s  te rm  r e p r e s e n t e d  

th e  sum of  th e  mean square  r a d i i  of th e  e l e c t r o n i c  o r b i t s ,  

p r o j e c t e d  on a p lan e  p e r p e n d i c u l a r  t o  t h e  f i e l d  d i r e c t i o n .  

The o u te r  e l e c t r o n s  g iv e  a l a r g e r  c o n t r i b u t i o n  t o  th e  

s u s c e p t i b i l i t y  a s  t h e  i n n e r  ones a r e  more in f lu e n c e d  

by th e  e f f e c t  of t h e  n u c l e a r  c h a r g e .  Quantum m ech an ica l  

t h e o r y  has been  a p p l i e d  t o  c a l c u l a t e  ^  r~ ^  . On th e

modern quantum m ech an ica l  model t h i s  t e rm  r e p r e ^ t s  

th e  sp rea d  of  t h e  e l e c t r o n  f i e l d  or  e l e c t r o n  d e n s i t y
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d i s t r i b u t i o n .  Owing t o  t h e  complex n a tu r e  of a tomic

system s e x a c t  c a l c u l a t i o n s  of t h i s  te rm  a re  a t  p r e s e n t

d i f f i c u l t  t o  make and have n o t  been  c a r r i e d  out f o r  t h e

h e a v ie r  a tom s.  Approximate c a l c u l a t i o n s  have however been

made by v a r i o u s  a u th o r s  making d i f f e r e n t  a s s u m p t io n s .

I n  g e n e r a l  th e s e  t h e o r e t i c a l  s u s c e p t i b i l i t i e s  g ive  th e

o rd e r  of magnitude of  t h e  d iam a g n e t ic  s u s c e p t i b i l i t y

r a t h e r i .  t h a n  i t s  e x a c t  v a lu e  a l th o u g h  t h e y  do accoun t

f o r  t h e  v a r i a t i o n  i n  t h e  d iam agne t ism  on p a s s in g  from

one atom t o  th e  n e x t .  C a l c u l a t e d  ( s u s c e p t i b i l i t i e s  
$

t en d  t o  be h ig h e r  t h a n  th e  e x p e r im e n ta l  f o r  e lem en ts  

i n  t h e  p e r i o d i c  t a b l e  beyond Neon ( Z = 10) . T h is  i s  

v e r y  l a r g e l y  because  th e  t h e o r e t i c a l  s u s c e p t i b i l i t y  

r e f e r s  t o  a f r e e  i o n  or atom i n  "empty sp ac e"  r a t h e r  

t h a n  one su rrounded  by n e ig h b o u r in g  io n s  i n  a l a t t i c e .  

F u r t h e r  d i s c u s s i o n  and use of t h e s e  t h e o r e t i c a l  

s u s c e p t i b i l i t i e s  i n  r e l a t i o n  t o  th e  e x p e r im e n ta l  

measurements  found i n  t h i s  work i s  g iv e n  i n  a l a t e r  

s e c t i o n  ( p a r t  TV T h e o r e t i c a l  D i s c u s s i o n ) .



I n  t h e  p r e s e n t  work o n ly  d iam ag n e t ic  s u b s tan ce s  were 

c o n s id e r e d  and so th e  t h e o r y  of a tom ic and io n ic  

param agnetism  i s  n o t  in c lu d e d  i n  s p i t e  o f  i t s  g r e a t  

im por tance  i n  i n t e r p r e t i n g  p r o p e r t i e s  o f  many i n o r g a n ic  

s u b s t a n c e s .

Molecul a r  D iam agnetic  P a s c a l  C o n s t a n t s .

P a s c a l  and h i s  s c h o o l  o f  w orkers  from  I 9 O8 omrards

c a r r i e d  ou t  s y s t e m a t i c  s t u d i e s  of t h e  d iam agne t ism  of

o rg a n ic  m o le c u le s .  I n v e s t i g a t i o n  of th e  d iam a g n e t ic

s u s c e p t i b i l i t i e s  of  r e l a t e d  s e r i e s  of c a rb o n  c o n t a i n i n g

compounds showed t h a t  t h e  s u s c e p t i b i l i t y  i s  d e te rm in ed

by th e  n a t u r e  and number o f  t h e  atoms p r e s e n t  w i t h i n

t h e  m o le c u le .  i s  t h e  e x p e r im e n ta l  molar

s u s c e p t i b i l i t y  of  a g iv e n  compound t h e n  p a s c a l  showed

i h a t  % c

where and a re  t h e  atom ic s u s c e p t i b i l i t y

c o n s t a n t s  o f  th e  v a r io u s  a tom s,  a ,  b and c r e p r e s e n t  

r e s p e c t i v e l y  t h e  numbers of  t h e s e  atoms and X  i s  a 

c o n s t i t u t i v e  c o n s t a n t  which  i s  dependen t  on th e  v a r io u s
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bonds p r e s e n t .  T a b le s  of Values of t h e s e  c o n s t i t u t i v e  

c o n s t a n t s  have been  com piled  f o r  t h e  v a r io u s  l ig a n d s  

p r e s e n t .  Many o t h e r  w orkers  have used t h i s  system  

and t h e  v a l u e s  of  the  a tom ic  s u s c e p t i b i l i t y  c o n s t a n t s
( 3 )

are  w e l l  e s t a b l i s h e d  and have been  summarised by Selwood 

Soma of t h e s e  c o n s t a n t s  have been  used i n  th e  p r e s e n t  

work t o  c a l c u l a t e  a t h e o r e t i c a l  s u s c e p t i b i l i t y  f o r  

t h e  oxyanions  f o r  com par ison  w i th  th e  e x p e r im e n ta l  v a l u e s .  

D iam agne tic  S u s c e p t i b i l i t i e s ,  o f  .P o la r  S a l t s .

The m o le c u la r  d ia m a g n e t ic  s u s c e p t i b i l i t y  of  a p o la r  

s a l t  can  be assumed t o  be th e  sum of  th e  i n d i v i d u a l  

v a l u e s  f o r  t h e  s e p a r a t e  io n s  p rov ided  t h a t  the  s a l t  i s  

s t r i c t l y  p o l a r  and t h e r e  i s  no i n t e r a c t i o n  between  t h e  i o n s .  

The above e x p r e s s i o n  f o r  th e  \j0|amagnetic s u s c e p t i b i l i t y  

of a s im ple  f r e e  atom or i o n  ca n  be a p p l i e d  i n  t h e s e  

i d e a l  c o n d i t i o n s .  I t  does  n o t  i n  g e n e r a l  ho ld  e x a c t l y  

under  e x p e r im e n ta l  c o n d i t i o n s  and hence e x p e r im e n ta l  

s u s c e p t i b i l i t y  v a lu e s  f o r  s a l t s  w i l l  t e n d  t o  be r a t h e r  

d i f f e r e n t  from th e  ones c a l c u l a t e d  by use of  th e  e x p r e s s i o n

M = Z  c a t i o n  ^ ^  a n io n .
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Some of th e  e a r l i e s t  e x p e r im e n ta l  v a lu e s  which show 

t h a t  t h s  molar s u s c e p t i b i l i t y  of a s a l t  i s  d e te rm ined  

by th e  sum of  th e  s u s c e p t i b i l i t i e s  of  i t s  ions  were

( 4* )o b ta in e d  by Kido working w i th  s a l t s  i n  s o l u t i o n .

He s t u d i e d  a l i n e a r  r e l a t i o n s h i p  betw een  m o lecu la r

s u s c e p t i b i l i t y  and th e  number of  e l e c t r o n s  i n  th e

c a t i o n s  f o r  th e  s e r i e s  of  a l k a l i  s a l t s  w i th  th e

same a n io n s  and a l s o  f o r  t h e  s e r i e s  of th e  h a l i d e  io n s

w i th  t h e  same c a t i o n .  However Kido d id  n o t  c o n s id e r

t h e  c o o r d i n a t i o n  number changes  which cause  sm al l

d e v i a t i o n s  from t h e  l i n e a r  r e l a t i o n s h i p s .  I n  1935 B r i n d l e y  

(5 )
and Hoare c a r r i e d  ou t  a com prehensive  s tu d y  of  th e  

d ia m a g n e t ic  s u s c e p t i b i l i t y  of t h e  a l k a l i  h a l i d e s  i n  

th e  s o l i d  s t a t e ,  l a t e r  i n c l u d i n g  v a l u e s  f o r  s a l t s  i n  

s o l u t i o n »  They showed t h a t  a s y s t e m a t i c  r e l a t i o n s h i p  

e x i s t s  be tw een  th e  s u s c e p t i b i l i t i e s  of  t h e  s a l t s .  For 

example a n e a r l y  c o n s t a n t  d i f f e r e n c e  was found between 

t h e  s u s c e p t i b i l i t i e s  of  sodium s a l t s  and p o ta s s iu m  s a l t s  

w i th  t h e  same a n io n .  Whenever a v a r i a t i o n  was no ted  i t  

cou ld  be e x p la in e d  as  due t o  a d i f f e r e n c e  i n  th e

c o o r d i n a t i o n  numbers of  th e  io n s  i n  t h e  s a l t
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c o n s i d e r e d .  The c o o r d i n a t i o n  number of  a r^ o n  i n  a

c r y s t a l  l a t t i c e  r e p r e s e n t s  th e  number of  io n s  of  

o p p o s i t e  s i g n  su r ro u n d in g  th e  i o n  i n  q u e s t i o n .

B r i n d l e y  and Hoare found a sm all  b u t  s i g n i f i c a n t
o f

d i f f e r e n c e  ( e g j t h e  o rd e r  of 3 -  5^ ) i n  th e  

ex p e c ted  s u s c e p t i b i l i t y  inc rem en t  on p a s s in g  from 

p o ta s s iu m  c h l o r i d e  (C .ÏÏ .6)  t o  caes ium  c h l o r i d e  (C .W .8) .

T h is  was due to  t h e  e f f e c t  o f  t h e  change i n  c o o r d i n a t i o n  

number on t h e  i o n i c  r a d i u s  of  the  i o n .  T h i s  e f f e c t  

i s  r e f l e c t e d  i n  t h e  s u s c e p t i b i l i t y  as  t h e  sp re a d  of 

th e  e l e c t r o n i c  cha rge  i s  r e s t r i c t e d  by th e  l a r g e
(6)

number of  io n s  s u r ro u n d in g  a g iv e n  i o n .  I n  1936 Trew 

showed t h a t  f o r  a s e r i e s  of s im ple  T h a l l iu m  (1) compounds

t h e r e  was a s i m i l a r  a d d i t i v i t y  e f f e c t  o f  t h e  i o n i c
(7  )

s u s c e p t i b i l i t i e s .  The work of  B edw e ll ,  S pencer  and Trew 

i n  1949  showed t h a t  th e  a d d i t i v i t y  e f f e c t  and th e  co 

o r d i n a t i o n  number e f f e c t  were found i n  t h e  ca se  of s im p le  

ammonium compounds. These a u th o r s  a l s o  showed t h a t  

f o r  r e l a t e d  s e r i e s  of b i n a r y  s a l t s  such  as t h e  c h l o r i d e s  

of th e  a l k a l i  m e ta l s  and ammonium, th e  e x p e r im e n ta l  molar
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s u s c e p t i b i l i t y  of t h e  s a l t  whan p l o t t e d  a g a i n s t  t h e

atom ic number of  th e  c a t i o n  showed a c h a r a c t e r i s t i c

z ig - z a g  or  p e r i o d i c  r e l a t i o n s h i p .  T h is  was

c h a r a c t e r i s t i c  of  t h e  e l e c t r o n  c o n f i g u r a t i o n  o f  th e

c a t i o n  when a c o n s t a n t  a n io n  was u s e d .  The t h e o r e t i c a l

b a s i s  o f  t h i s  ty p e  of cu rv e  had bean e a r l i e r  p o in ted  
r o \

ou t  by Klemm and f u r t h e r  d i s c u s s e d  by Trew .

Œn i 960  Trew and Husain^^®^ s t u d i e d  th e  a d d i t i v i t y  

r e l a t i o n s h i p s  i n  p o l a r  a l k a l i  and ammoniumt^^^rom
A

t h e s e  a d d i t i v i t y  r e l a t i o n s h i p s  s e t s  o f  d ia m a g n e t ic  

s u s c e p t i b i l i t y  v a l u e s  f o r  io n s  i n  c r y s t a l s  i n  v a r io u s  

c o o r d i n a t i o n  s t a t e s  have bean  c a l c u l a t e d .  I n  g e n e r a l  

from t h e  above work i t  has  b een  shown t h a t  an  i n c r e a s e  

i n  t h e  c o o r d i n a t i o n  number of  t h e  io n s  s u r ro u n d in g  a 

g iv en  io n  b r i n g s  abou t  a lo w er in g  of  t h e  s u s c e p t i b i l i t y .  

Io n s  i n  s o l u t i o n ,  which  g e n e r a l l y  have a somewhat 

lower c o o r d i n a t i o n  number, have a h ig h e r  i o n i c  

s u s c e p t i b i l i t y  and th e  f i e l d  of s u r ro u n d in g  w a te r  

m o lecu les  does n o t  r e s t r i c t  the  sp rea d  of the  e l e c t r o n
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d e n s i t y  so  much as  io n s  i n  th e  s o l i d  s t a t e .  H ydra ted '  

io n s  i n  p o l a r  s a l t s  ten d  t o  show a c o n s t a n t  s u s c e p t i b i l i t y

f o r  h y d ra te d  c a t i o n s  such as M36 HgO , th e

w a te r  g e n e r a l l y  g iv in g  a f i x e d  d iam ag n e t ic  c o n t r i b u t i o n  

of 1 2 .9 6  u n i t s  p e r  m olecu le  o f  w a t e r .  The more c o v a le n t
3i

and l e s s  p o l a r i s a i t  th e  g r e a t e r  i s  t h e  d e p a r t u r e

from th e s e  a d d i t i v i t y  r e l a t i o n s h i p s .  T h is  may be

i l l u s t r a t e d  by c o n s i d e r i n g  some mercury  and cadmium

compounds. Kido c a r r i e d  out  some e a r l y  work on mercury

( 1 1 )
compounds, Spencer  and H o lM ns  i n v e s t i g a t e d  cadmium

compounds w h i le  P ra sa d  D h a rm a t t i  and Ghose s tu d ie d

(12)Mercury (1) and (11) compounds. The e x p e r im e n ta l

r e s u l t s  o b ta in e d  f o r  cadmium compounds and f o r  m ercury  (1) 

compounds show f a r  l e s s  d e f i n i t e  a d d i t i v i t y  r e l a t i o n s h i p s .  

F o r  example Spencer  and H o l ie n s  g ive  molar s u s c e p t i b i l i t y  

v a lu e s  f o r  cadmium c h l o r i d e  bromide and io d id e  of 

6 8 . 7 4 , 8 7 . 1 0 , and 1 1 7 .2 0  r e s p e c t i v e l y .  I f  i n  t u r n  th e

a n io n ic  c o n s t a n t s  f o r  t h e  c h l o r i d e  bromide and io d id e  

ions^^-^^ a r e  s u b t r a c t e d  from  th e s e  v a lu e s  th e  molar 

s u s c e p t i b i l i t y  of  th e  cadmium (11) i o n  i s  2 0 .1 ,  1 7 .5 ,
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and 1 6 . 0 . T h is  l a c k  of c o n s ta n c y  would seem t o  r e s u l t  from

th e  e f f e c t  of th e  c o v a le n t  bonding i n  t h e  m o le c u le s .

S i m i l a r  r e s u l t s  a re  o b ta in e d  i f  P ra sad  D h a rm a t t i

and G h ose 's  e x p e r im e n ta l  v a lu e s  f o r  mercury  (1) a re

t r e a t e d  i n  t h e  same way. I t  i s  obv ious  t h a t  t h e  most

s y s t e m a t i c  r e s u l t s  so f a r  o b ta in e d  a r e  f o r  the  a l k a l i

and ammonium h a l i d e s .  Although some r e s u l t s  a re

a v a i l a b l e  f o r  o t h e r  t y p e s  of s a l t s  such as o x y h a l id e s ,

s u l p h a t e s ^ n i t r a t e s  and c h ro m â te s ,  l i t t l e  s y s t e m a t i c

work has  been done .  Trew has done some m agnetic

measurements on t h e  c h l o r a t e s  b rom ates  i o d a t e s  and

p e r c h l o r a t e s  of  t h a l l i u m  (1)  and p o ta s s iu m  and c a l c u l a t e d

a c o n s t a n t  v a lu e  f o r  th e  t h a l l i u m  (1) io n  assuming t h a t

t h e  i o n i c  s u s c e p t i b i l i t i e s  a re  a d d i t i v e  f o r  p o l a r  s a l t s .
(13)

P ra sad ^ D h arm a t t i ,K a n ek a r  and B i ra d a r  s t u d i e d  th e  

m agnetic  p r o p e r t i e s  o f  some ph o sp h a tes  of b i v a l e n t

c a t i o n s  and some c h l o r a t e s  and b o r a t e s  of  u n i v a l e n t  c a t i o n s .

I n  most o t h e r  c a s e s  th e  a u th o r s  g iv e  i s o l a t e d  s u s c e p t i b i l i t y

v a lu e s  and n o t  s e r i e s  of r e s u l t s  f o r  s a l t s  o f  th e  same anion ,

I t  t h e r e f o r e  seemed u s e f u l  t o  undei^ake a much more



13.
s y s t e m a t i c  s tu d y  of t h e  fo l lo w in g  s e r i e s  o f  s a l t s

1. C h l o r a t e s ,  b rom ates  and i o d a t e s  of  odium, po thss ium  

s i l v e r  and t h a l l i u m  ( 1 ) .

2. P e r c h l o r a t e s  of  a l k a l i  m e ta l s  in c lu d in g  S i lv e r  and 

t h a l l i u m  ( 1 ) ,

3 .  T r i o r t h e p h o s p h a te s  of  some u n i v a l e n t  and b i v a l e n t  c a t i o n s .

4 .  S u lp h a te s  of  u n i v a l e n t  and b i v a l e n t  c a t i o n s .

5 .  T h i o s u l p h a t e s  of some u n i v a l e n t  and b i v a l e n t  c a t i o n s .  

M agnetic  p r o p e r t i e s  o f  th e  a l k a l i  h a l i d e s  (MX) have 

a l r e a d y  been  f u l l y  i n v e s t i g a t e d  and t h e i r  g r a p h i c a l  

r e l a t i o n s h i p s  w i th  t h e  e f f e c t i v e  atom ic number of  

c a t i o n  or  a n io n  have been worked o u t .  The r e l a t i o n s h i p  

of t h e  m olar  s u s c e p t i b i l i t y  t o  th e  molar volume and

t o  th e  c o o r d i n a t i o n  number of  th e  c a t i o n  have a l s o  been  

p o in te d  ou t  by Trew & H u sa in  i n  t h e  c a s e  of  a l k a l i  h a l i d e s .  

These s e r i e s  o f  s a l t s j t h e r e f o r e  se rve  as a u s e f u l  com

p a r a t i v e  one f o r  s tu d y  of  s i m i l a r  p o s s i b l e  r e l a t i o n s h i p s  

f o r  t h e  o x y h a l id e s ,  p e r o x y - h a l i d e s  and o t h e r  s e r i e s .
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Molar S u s c e p t i b i l i t i e s and Molar Volumes

I t  can  be s e e n  from th e  Langew in 's  e q u a t i o n  t h a t  t h e

d ia m a g n e t ic  s u s c e p t i b i l i t y  of th e  i o n  o r  atom depends

on th e  i o n i c  or  a tom ic r a d i u s .  Molar s u s c e p t i b i l i t i e s

of t h e  s a l t s  under i n v e s t i g a t i o n  have t h e r e f o r e  been

compared w i th  th e  molar volumes s in c e  V = 4 / 3  Tl r^

The molar volume i s  d e r iv e d  from t h e  measurements of

20d e n s i t y  by t h e  r e l a t i o n s h i p  V,  ̂ = M
“ 20

4
The r e l a t i o n s h i p s  o b ta in e d  between th e  molar s u s c e p t i b i l i t y  

and molar volumes a r e  d i s c u s s e d  i n  p a r t  m  

Some I n f r a  Red S p e c t r a

A s e a r c h  o f  t h e  l i t e r a t u r e  showqd t h a t  th e  i n f r a - r e d  

s p e c t r a  of  on ly  some of th e  c h l o r a t e s ,  b rom ates  

i o d a t e s  and p e r c h l o r a t e s  o f  th e  p r e s e n t  work have

(44 )been p r e v i o u s l y  s t u d i e d .  I n  1952 M i l l e r  and W ilk in s  

r e p o r t e d  an  i n v e s t i g a t i o n  of a number o f  th e  i n f r a - r e d  

s p e c t r a  and the  c h a r a c t e r i s t i c  f r e q u e n c i e s  of about  

l6 0  in o r g a n ic  io n s  in c lu d in g  some c h l o r a t e s ,  b ro m a tes ,  

i o d a t e s  and p e r c h l o r a t e s .  I n  i 960  B asen t  and Wgddington^^^ ^
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s t u d i e d  th e  i o d a t e s  of sodium, p o ta s s iu m ,  s i l v e r  and

t h a l l i u m  (1) d u r in g  a s t r u c t u r a l  i n v e s t i g a t i o n  of a

number of io d in e -o x y g e n  compounds. I n  t h e  same yea r  
(16)

R o c c h i c c i o l i  made a i n f r a - r e d  s tu d y  of  some of t h e s e  

i o d a t e s .  I t  seems t h a t  many w orkers  have i n v e s t i g a t e d  

t h e  s p e c t r a  of th e  p e r c h l o r a t e  i o n  i n  complexes 

bu t  th e  i n f r a - r e d  s p e c t r a  of  AgClO^ AglO^, TlClO^,

TlBr03 and TIC10^ have no t  been p r e v i o u s l y  s t u d i e d .

I t  seemed u s e f u l  t o  make a more s y s t e m a t i c  s tu d y  of 

th e  c h a r a c t e r i s t i c  f r e q u e n c i e s  of  some of  t h e  h a1oxy

a n io n s  and t o  see  w hether  t h e r e  i s  any s h i f t  i n  

f r e q u e n c i e s  on v a ry in g  th e  c a t i o n s .  The i n f r a - r e d  s p e c t r a  

of t h e  c h l o r a t e  b ro m a te s ,  i o d a t e s  and p e r c h l o r a t e s  of  

a l k a l i  m e ta l s  in c lu d in g  s i l v e r  and t h a l l i u m  (1) have 

been re c o rd e d  i n  th e  p r e s e n t  work and g iv e n  i n  p a r t  %  .



PART I I  

EXPBRIME^TTAL A.

PURIFICATION' AND ANALYSIS OF MATERIALS

The compounds s tu d ie d  i n  t h i s  i n v e s t i g a t i o n  were

o b ta in ed  as pure as  p o s s i b l e .  "A nalar"  or "Research

Reagent"  s a l t s  were used whenever a v a i l a b l e .  Analar

s u b s ta n c e s  were measured w i th o u t  f u r t h e r  p u r i f i c a t i o n

or a n a l y s i s .  I n  o th e r  c a s e s ,  the  s a l t s  employed were

r e c r y s t a l l i s e d  from d i s t i l l e d  w a te r  fo l low ed  by

washing w i th  95^ e t h y l  a l c o h o l .  The s a l t s  which could

not be o b ta in e d  were p r e p a r e d .  The p u r i t y  of the  s a l t s

i n  b o th  c a s e s  ( r e c r y s t a l l i s e d  and p re p a re d )  was checked

by a n a l y s i s  us ing  i n  each case  a s ta n d a rd  method.

D e l iq u e s c e n t  s a l t e  were s t o r e d  in  a d e s i c c a t o r .

All s a l t s  measured were t e s t e d  f o r  f e r ro m a g n e t ic  and

param agnet ic  i m p u r i t i e s  ( i . e . ,  i r o n ,  c o b a l t ,  and n i c k e l ) .

Param agnetic  s u s c e p t i b i l i t i e s  a re  one thousand  t im es

l a r g e r  t h a n  d iam agn e t ic  s u s c e p t i b i l i t i e s  and hence a

sm al l  t r a c e  of param agnetic  im p u r i ty  might a p p r e c i a b l y

a f f e c t  th e  measured d iam agnet ism .
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(a) IRON: -  k p u rp le  c o l o u r a t i o n  i s  g iv en  on th e  

a d d i t i o n  of an ammoniacal s o l u t i o n  of t h i o g l y c o l l i c  

a c id  t o  th e  t e s t  s o l u t i o n .

(b) NICKEL:-  A red  c o l o u r a t i o n  of n i c k e l  d im e th y l -  

g lyoxim ate  i s  g iv en  when d im e th y l  glyoxime i s  added 

t o  t h e  ammoniacal t e s t  s o l u t i o n .

(c)  COBALT;-  An orange c o l o u r a t i o n  i s  g iv en  on a d d i t i o n  

of the  r e a g e n t  a - n i t r o s o  ^  - n a p th o l  t o g e t h e r  w i th  

d i l u t e  c a u s t i c  soda and a l i t t l e  ammonium c h l o r i d e

t o  th e  t e s t  s o l u t i o n .

I n  no case  was t h e r e  any p o s i t i v e  i n d i c a t i o n  of any 

param agnet ic  or f e r ro m a g n e t i c  im p u r i ty .

D e ta i l s ,  of  t h e  p r e p a r a t i o n  of th e  compound^..

1. T h a l l iu m  ( I )  C h lo ra te  (TIC10^)

E q u iv a le n t  amounts of t h a l i t e s  s u lp h a te  and barium 

c h l o r a t e  were s e p a r a t e l y  d i s s o lv e d  i n  a minimum 

q u a n t i t y  of w a te r  and the  s o l u t i o n s  were h ea ted  to  

b o i l i n g .  The two s o l u t i o n s  were mixed t o g e t h e r  while  

s t i r r i n g .  The p r e c i p i t a t e d  barium s u lp h a te  was f i l t e r e d  o f f
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and the  f i l t r a t e  was c o n c e n t r a te d  t o  c r y s t a l l i s a t i o n  

i n  th e  e v a p o ra t in g  d i s h  on a sand b a th .  When the  

c r y s t a l l i s a t i o n  p o in t  was r e ach ed ,  th e  s o l u t i o n  was 

cooled  i n  i c e .  The c r y s t a l s  of t h a l l o u s  c h l o r a t e  

were f i l t e r e d  o f f  and washed w i th  a l c o h o l  and d r i e d .  

Ba(C10^)g + Tl^SO^— ^Ba SO^ + 2T1C10^

2 .  ThaXIjLum-Cl). Bzom&t s  (T iB rO ^)

E q u iv a le n t  amounts of p o ta ss ium  brornate and th a l lo u s

n i t r a t e  were d i s s o lv e d  s e p a r a t e l y  i n  th e  n e c e s s a ry

q u a n t i t y  of ho t  w a te r .  The s o l u t i o n s  were mixed and

s t i r r e d  and al lowed to  s ta n d  f o r  one hour in  i c e .

The p r e c i p i t a t e d  t h a l lo u s  bromate was f i l t e r e d  o f f ,

washed w i t h  co ld  w a te r  and th e n  w i th  a l c o h o l  and

d r i e d  i n  a d e s i c c a t o r .

K BrO + T1 NO — T1 BrO + K NO . 
o 3 3

3 . T h a l l iu m  ( I )  S u lpha te  (T l^  SO^).

T h a l lo u s  c a rb o n a te  was n e u t r a l i s e d  w i th  d i l u t e d  s u lp h u r i c  

ac id  and the  hot s o l u t i o n  f i l t e r e d  t o  remove the  

i n s o l u b le  im p u r i ty .  Then th e  f i l t r a t e  was ev a p o ra ted



u n t i l  i t  was about t o  c r y s t a l l i z e  and th e n  i t  was 

allowed t o  c o o l .  The c r y s t a l s  were f i l t e r e d  and 

washed w i th  a mixture of  w a te r  and a l c o h o l .

TlgCO^ + ^  + H^O + CO^

4 .  T h a l l iu m  ( I )  l o d a t e  (T1 10^)

Thalloi^s i o d a t e  was p r e c i p i t a t e d  by ^'îili:^ing hot 

s o l u t i o n s  of e q u iv a l e n t  amounts of t h a l l o u s  s u lp h a te  

and po tass ium  io d a te  i n . w a t e r .  The w hite  c r y s t a l l i n e  

p r e c i p i t a t e  of t h a l l o u s  io d a te  was f i l t e r e d  and washed 

w i th  w a te r  and th e n  w i th  a l c o h o l .

2 KIO^ + T l^  80^  > Kg 80^ + 2T1 10^

5. T h a l l iu m  _CI) P e r c h l o r a t e . (T1 CIO^)

obfca.iaed ,
T his  s a l t  was when t h a l l o u s  c a rb o n a te  was n e u t r a l / i s e d  

by p e r c h l o r i c  a c id .  The amount of p e r c h l o r i c  ac id  needed 

to  n e u t r a l i s e  th e  weighed amount of T h a l lo u s  c a rb o n a te  

was c a l c u l a t e d  from the e q u a t io n .  The n e u t ra l^ f i s ed  

s o l u t i o n  was f i l t e r e d  and ev a p o ra ted  on a w a te r  b a th  

u n t i l  the  c r y s t a l l i s a t i o n  p o in t  was re a c h e d .  The c r y s t a l s  

were f i l t e r e d ,  washed and d r i e d  in  a d e s i c c a t o r

2 H CIO^ + Tl^CO^ ------> 2 TIC 10^ + H^O + CO^
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6 .  T h a l l iu m  ( I )  O rthophosphate  (Tig

A m ix tu re  of phosphoric  a c id  and ammonia s l i g h t l y  

more t h a n  the  c a l c u l a t e d  q u a n t i t y  was added to  

a c o n c e n t r a t e d  s o l u t i o n  of t h a l l o u s  n i t r a t e .  The 

p r e c i p i t a t e d  t h a l l o u s  o r th o p h o sp h a te  was f i l t e r e i ^  

washed w i th  w ate r  and t h e n  w i th  a l c o h o l .

7 .  T h a l l iu m  ( I )  C h lo r id e  (T lCl)

E q u iv a l e n t  amounts of t h a l l o u s  n i t r a t e  and po tass ium  

c h l o r i d e  were weighed and d i s s o l v e d  s e p a r a t e l y  i n  

d i s t i l l e d  w a te r  and h e a te d .  The hot s o l u t i o n s  were 

th e n  mixed w i th  s t i r r i n g .  The p r e c i p i t a t e d  t h a l l o u s  

c h l o r i d e  was al lowed t o  co o l  and f i l t e r e d ,  washed 

w i th  w a te r  and a l c o h o l .

TlNOg + K Cl  ----- > T lC l  + K NOg

T h a l l iu m  ( I )  bromide and io d id e  were s i m i l a r l y

p repared  us ing  p o ta ss iu m  bromides and io d id e s  r e s p e c t i v e l y

2 KBr + TlgSO^ ------^  2 T1 Br + Kg 30^

T1 NOg + KI  T1 I  + K NOg

8 .  S i l v e r  C h lo ra te  (Ag ClOg)

S i l v e r  c h l o r a t e  was p rep a red  by d i s s o l v i n g  s e p a r a t e l y
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e q u iv a l e n t  amounts of s i l v e r  n i t r a t e  and sodium

c h l o r a t e  i n  a minimum q u a n t i t y  of d i s t i l l e d  w a te r

and mixing the  hot s o l u t i o n s  t o g e t h e r .  The s o l u t i o n

was al lowed t o  c o o l  s lo w ly  t o  0° C, and f i l t e r e d

by s u c t i o n .  The c r y s t a l s  were washed w i th  sm all

amounts of w a te r  and th e  compound was d r i e d  i n  a

vacuum d e s i c c a t o r  over c o n c e n t r a t e d  80^.

k g m  + NaClO ------ > AgClO + Na NO .
3 o 0 3

9 .  S i l v e r  bromate (AgBrOg ) .  was p re p a red  s i m i l a r l y  

us ing  p o ta s s iu m  bromate i n  p lace  of  p o ta ss ium  c h l o r a t e

Ag NOg + KBrOg --------> Ag BrOg + K NOg.

10. Rubidium

This  s a l t  was p repared  by n e u t r a l i s i n g  rub id ium  hydrox ide  

w i th  p e r c h l o r i c  a c i d .  The r e s u l t a n t  s o l u t i o n  was 

c o n c e n t r a t e d  on a w ate r  b a th  to  c r y s t a l l i s a t i o n  p o i n t .

The c r y s t a l s  were k ep t  i n  a vacuum d e s i c c a t o r .

R6^0H + H C I O ^ --------^  RbClO^ + HgO.

Ceasium p e r c h l o r a t e  (CsClO^) was s i m i l a r l y  p rep a red  ^

Cs OH + H C I O ^  > CsClO^ + H^O.
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P A R T  11

EXPERIMENTAL B

Measurements of  P h y s ic a l  P r o p e r t i e s  of  th e  Compounds

Measurements of  Magnetic S u s c e p t i b i l i t i e s  o f  s a l t s  i n  
__________________________________________the  s o l i d  s t a t e .

The measurements of  the  magnetic s u s c e p t i b i l i t y  were c a r r i e d

out  by the "Gouy Method” u s in g  a type of  balance o r i g i n a l l y
(47) no,

designed by Sugden and m odified  by Trew and Watkins;

A photograph of  the  balance and a diagram (Diagram 1) are

shown on the  fo l low ing  page. The method i s  based on the

p r i n c i p l e ,  t h a t  when a subs tance  i s  f r e e l y  suspended i n  a

non-homogeneous magnetic f i e l d ,  i t  expe r iences  a fo rc e

which induces a tendency f o r  diamagnetic  subs tances  to

move away from the  r e g io n  of g r e a t e s t  f i e l d  i n t e n s i t y ,

and f o r  pa ra  and fe r rom agne t ic  m a te r i a l s  to  move i n t o  the

re g io n  of  maximum f i e l d  i n t e n s i t y .  The r e s u l t a n t  fo rc e

on the  specimen i s  measured by n o t in g  the  change i n  weight

o f  the  sample when such a d i f f e r e n t i a l  magnetic f i e l d  i s

a p p l ie d  to  i t .

D e t a i l s  of magnetic balance

The magnetic f i e l d  (H) was gene ra ted  by means o f  an 

e lec trom agnet  (M) having c o l l s  o f  20,000 tu rn s  and us ing
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a pole gap of 1 ,5  cm. A current of ju st under 3 amperes 

and 220 v o lts  was maintained which was controlled  by means 

of a rheostat (R) and gave a f ie ld  (H) of about >+,500 gauss 

(see  Diagram 1 ) . Overheating of the c o i l s ,  which might

have e iffe c te d  th e  b a lan c e  o s c i l l a t i o n s  by c o n v e c tio n  

c u r r e n t s ,  was av o id ed  by p u t t in g  th e  magnet on f o r  as 

b r i e f  a  tim e as p o s s ib le  i n  ta k in g  re a d in g s .  The m agnetic  

t h r u s t  wa^measured by a s e n s i t i v e  s h o r t  beam b a lan ce  

( s e n s i t i v e  to  O.OOOOlg) p la c e d  above th e  e le c tro m a g n e t.

The l e f t  hand pan of the balance was replaced by a hook 

to which was attached a nylon thread carrying a polythene 

stopper, passed through a hole in  the balance beneath 

the le ft-h an d  arm. The s u sc e p t ib ility  tube was suspended 

by the stopper and hung v e r t ic a lly  in  the centre of the 

gap between the pole p iec es . A thrust of about 7.6 mg. 

was obtained for a dia«iagnetic liq u id  such as water when 

placed in  a cy lin d r ica l tube of 0 .6  cm. radius, with the 

bottom of the sample in  the maximum f ie ld  and the upper 

part in  zero f i e ld .  Nylon thread by which the tube was 

suspended was chosen for i t s  cheapness and i t s  strength .



t e

I t  does not tend to kink in  the sam^ay as platinum or 

phosphor-bronze w ire. A further advantage of i t s  use 

i s  that i t  i s  very easy to adjust to any required length .

The g lass of the tube has a low magnetic su sc e p t ib ility .

Care was taken to  place the tube in  the same 

p o sitio n  in  the f ie ld  each tim e, and in  such a way that 

one end of i t  lay  exactly  at the centre o f the pole 

pieces and the other end in  the region of n eg lig ib le  f i e ld ,  

the p o s itio n  of which was determined by ca lib ra tio n . The 

magnet below the bench was enclosed to prevent draughts, 

and the pole p ieces and suspended tube were further  

arranged w ithin a lagged enclosure. I t  was found that 

the temperature in  the region of the suspended s u sc e p t ib ility  

tube remained remarkably constant at 20 + 2°C on most days 

on which measurements were carried out.

The approximate length  o f the tubes used to the 

ca lib ra tio n  mark was 8 cm. Each tube was separately  

calibrated  to fin d  i t s  exact length  and volume. The 

length  to the ca lib ra tio n  mark was carefu lly  measured 

against a m etre-ruler and the reading checked several tim es.
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The volume was determined by f i l l i n g  the tube with water 

in  a thermostat at 20°C and find ing the weight of water; 

knowing the density at 20°C, the volume was ca lcu la ted .

The menisuus correction  for the tube was very small and 

was neglected  in  the measurements o f the su sc e p tib ility  

o f the s o lid s , as i t  was considerably le s s  than the normal 

random errors of packing the tube with the sample.

The fo llow ing diagram (Diagram 11) shows the experimental 

arrsingements of the specimen r e la t iv e  to the f i e ld .

C alculation of S u sc e p tib ility

The substance used i s  in  the form of a uniform cylinder  

of constant area of cross sec tio n

K1 = volume su sc e p t ib ility  of substance
y

2 = volume s u sc e p t ib ility  of medium (a ir )

^ 1  = perm eability o f m aterial

2 = perm eability of medium (a ir )

The force on a m aterial of perm eability in  a medium

of perm eability p-g i s  given by

F = ( H-i -  ^ 2 )  A (H  ̂ -  Hg ) ------------------- (1)

8 T
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su b stitu tin g  = 1 + L iT" K

F = 1/2 ( -  Kg ) A (H  ̂ -  h| )

i#@* K*| = 2 F ,
5 p -r 2.

A (HJ -  Hp •< ' -     (2)

since %, the mass su sc e p t ib ility  = K where d = density
d

of the substance and d = W = W
. V lA

the above expression  (2) can be w ritten

1 F t t
% W ( ^

(  Kg = Volume su sc e p t ib ility  of a ir  =

O.029V I'. 10"^ e .g . s .  u n its

In th is  equation = V = Volume of the m aterial

' V  - '^ F t  e «
■ UJ )

where C. = 0.029>+l x 10~^V i s  su b stitu ted  for  the a ir
W

displacement correction .

Since diamagnetic s u s c e p t ib il i t ie s  are of iPder 10“^

m ultiplying by 10^ gives

-  10^ ^  = 2 F̂  ̂ .10^ + C» e .g .s .u n it s
W (r2 -  h| )

I f  the m aterial i s  in  a d if fe r e n t ia l f ie ld  when th is  

length  of the cy lin d r ica l specimen ( t ) i s  s u ff ic ie n t ly  

long, then Hg becomes zero. This was arranged to be the
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condition  in  the experiment.

Thus -10^ % g = 2 FC-IO^g = 2 F2;10 + c .q .s .u n it s  ,
W.:|^2

Ifjthe experiments are carried out using a constant f ie ld

(H) and length  of specimen (4)

"  "'A
/• w( X  i s  the balance constant fo r  the particu lar f ie ld

Then -10^% = + C. c .q .s .  un its (3)

strength (H) and length  ( -t

i . e .  = 2 L • 10^ or i f  for convenience

the force (F) i s  measured in  m illigrams ( ) in  cms

and(W) in  grams

X  = 2 t- 10^ < 981• 10~^ c .g .s .u n it s
H21

The f ie ld  strength i s  then given by

= 0 1 .962  x l - 1 0 ^
oĈ

^1  = ^0^ J I 7 96r : T ;------
oC

Thus i f  the length  of m aterial and the balance constant 

are determined, the f ie ld  strength  used may be calcu lated  

from measurements on substances of known s u s c e p t ib il i ty .
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C alibration

The magnetic balance required to be calibrated  before

sta rtin g  the su sc e p t ib ility  measurements. Various

authors have employed d ifferen t standards. In the

in v estig a tio n  of paramagnetic substances, the most common

standards recommended are so lid  coppej^ulphate p e n t a h y d r a t e

and n ick el ammonium sulphate hexabydrate_aqueous so lu tion s

of n ick e l chloride o f known concentration, and so lid  mercury
0 3 )

cobalt tetra-th iocyanate Hg Co (CNS)̂  ̂ The required

properties of a calibrant are (1) read ily  availab le in  a 

pure w e ll-c r y s ta llis e d  form, (2) an accurately known and 

moderate s u sc e p t ib ility  ( % g ^ 10.10"^ ) ,  (3) s t a b i l i ty  

in  moist a ir  and (>f) % g must vary in  a known and simple 

way at le a s t  a t room temperature. F iggis & Nyholm found 

that the complex Hg Co (CNS)i  ̂ o ffers  some advantages and 

i t s  su sc e p t ib ility  i s  now w ell estab lish ed  as ^ 3  '

16.44 ±0.08 e .g .s .u n it s  -

Coppeysulphate pental^drate (so lid )  has the disadvantage 

that the s a l t  i s  rather hygroscopic and the d isso c ia tio n  

pressure i s  somewhat low so i t  tends to lo se  water on

grinding. For diamagnetic substances ^wever i t  was
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thought more sa tis fa c to ry  to employ a diamagnetic standard 

with a s u sc e p t ib ility  of the same order of magnitude as 

the substance measured. Analar benzene and conductivity  

water were used as magnetic standards. Benzene has an 

accepted room temperature s p e c if ic  s u sc e p tib ility  of 

- 0 .7023  .10“  ̂ e .g .s .u n it s  and water has the su sc e p t ib ility  

of ”0.7200  . 10”6 c .g . s .  u n its a t 20®C. Being diamagnetic 

substances they have nearly a zero temperature c o e f f ic ie n t .  

Some authors have objected to the use of water owing to  

small changes in  the s u sc e p t ib ility  with temperature, from 

changes in  hydrogen bonding. Over the temperature range 

15  -  25  ̂ C, th is  var ia tion  i s  n e g lig ib le  for the degree of 

accuracy of the apparatus.

The m agnetic  s u s c e p t i b i l i t y  o f benzene and w a te r 

have been  w id e ly  s tu d ie d  and th e s e  a re  good s ta n d a rd s .

I n  th e  i n v e s t i g a t io n  b o th  benzene and w a te r were used  as 

i n i t i a l  s ta n d a rd s ,  la te r ^ w a te r  a lo n e  was u sed  to  check 

c a l i b r a t i o n  d u rin g  th e  co u rse  o f  w ork.
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Precautions were taken to obtain the pure standards for

reference -  such as d is t i l le d  water and research grade

benzene. The d is t i l l e d  water was conductivity water from

an inn-exchange column. May & Baker* s "Molecular Weight

Benzene" was used as a s ta rtin g  m aterial in  the case of

benzene. This had been p u rified  by d is t i l la t io n  and

fra c tio n a l c r y s ta ll is a t io n , the middle fra ctio n  only in

each case being se le c te d , and dried over sodium. This

proéedure gave samples of re fra c tiv e  index of 1.5011 in

good agreement with the accepted figure o f the National
( 20)

Bureau of Standards for pure benzene. The su sc e p t ib ility

tube was thoroughly cleaned with sulphuric-chromic acid

mixture, rinsed severa l times with d is t i l l e d  water and

steamed out fo r  10 minutes. I t  was dried and kept in  a

desiccator before sta r tin g  the ca lib ra tio n  process.

C alculation  of the balance constant (oc) and the 
____________________________ f ie ld  strength  (H) used.

The balance was calibrated  and the values o f the balance 

constant (oL) and the f ie ld  strength (H) used were c a l

culated  by measurements on pure d is t i l l e d  water and 

benzene,, using equation (2) .



I l

-10^ ‘X g  = ^  *  0 .
w

(w ith = 0.0294 x Y ^

6*  2 2 .10

oC is  only constant for a p articu lar pole gap and 

strength  of f i e ld ,  and i s  dependent on the length  of 

the column of the m aterial used. As i t  i s  dependent on 

the f ie ld  strength  (H) i t  may be used to give a measure 

of (H).

C alculation  of <<

With water as standard (-10^% = O.7200 c .g . s .  u n its)

su b stitu tin g  the values of the thrust (F) in  milligrams 

and the weight of the water (W) in  grams which f i l l s  the 

volume of the tube (V) up to the mark, oC may be ca lcu lated  

as follow s

eg . V = 5 .8 5 2 3 ">cc . W = 5. 8lO??0 g F -  5.9omg.
}

1 = 7 .85  cm.
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0.7200  =

o(’

o i  =

+ 0.02941. 5.8428

5.811 j 5.811

'0.7200 + 0 .0 2 9 .M 5.811 1

.5 .9 0  J
0.7496 . 0.9849

0.7383

Three measuranents were made and the average readings 

were taken in  the above ca lcu la tio n .

Calculation o f  H

. . H

H = 1 0 ^ \ 1 .9 6 2  1

cK. »? 2 l  . 1 0 ^ .9 8 1

H ^

H = 1 q 5
1 .9 6  • 7 .8 5

.10 e .g .« .u n it s

0.7383C:

H 10 84 4564 gauss.

It oC n redetermined for each new tube used, o f
/

s l ig h t ly  d ifferen t length ' '• • and was checked 

at in terv a ls  by the ca lib ra tion  standards.
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Table A

Values of and H for d ifferen t s u sc e p t ib ility  tabes

Tube

• € '
length  
( cm ) (balance constant) -t

(F ield  
strength) 
in  gauss

1 8.00 0.7510 0.0939 4570

2 7 .9 0 0.7553 0.0956 4528

3 8.00 0.7502 0 .09374 4572 ■

4 7 .85 0.7383: 0.09404 4564

5 7.90 0.7352'’24
mean

0 .0931

0.09408

4586
mean

4564

Table 'A' shows that for  the d ifferen t tubes, the balance 

constant per u n it length  i s  constant with a value

0 .09408ï  This gives a mean H ( 4564 gau ss).

The values of were determined at in terv a ls  during the 

course of the work, when from time to tim e, new tubes were 

required. The figu res in  column 4 and 5 show a sa tis fa c to r y  

agreement as the basis of the ca lib ra tio n  for the magnetic 

measurements.
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D e te rm in a tio n  o f  V a r ia t io n  o f  f i e l d  w ith  th e  c u r r e n t  

The v a r i a t i o n  o f  th e  m agnetic  f i e l d  w ith  th e  c u r r e n t  i n  

th e  c o l l  was in v e s t ig a te d  by d e te m in in g  th e  m agnetic  

fo rc e  e x e r te d  on a tube  o f 7 . 8 cm. le n g th  packed w ith  

s o l i d  a n a la r  p o tassiu m  c h lo r id e  a t  room tem p era tu re  

u s in g  d i f f e r e n t  e x c i t in g  c u r r e n t s .  The p o le  p ie c e s  a re  

f ix e d  a t  a  p o le  s e p a r a t io n  o f  1 .5  cm. The t h r u s t  on K C l^ d  

tu b e , p lo t t e d  a g a in s t  e x c i t in g  c u r r e n t  i s  shown i n  f ig .A .

The graph i s  nearly a lin ea r  one. The maximum current 

strength was 3 amperes, a value that i s  obviously below 

the saturation  current. I t  was thus necessary to  check 

the ammeter reading carefu lly  with each measurement.

Since the magnet gets very hot with th is  current strength  ̂

i f  l e f t  on fo r  any length  of tim e, a lower current o f 2 .6  

amperes was used for  the present work. This was adjusted  

with the help of a very se n s it iv e  rheostat R (shown in  

diagram 1) in  se r ie s  with the c o i l s ,  the readings of the 

Crompton moving c o i l  ammeter A being kept at exactly  2.6  

amperes during the experiments. By adjusting the weights 

oh the balance pan when the magnet was not on, i t  was
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p ossib le  to cut down the length of time for which the 

magnet was operating.

The varia tion  of magnetic force on the specimen with  

the height of the base of the tube above the pole p iece c e n tr e , 

The minimum length  of the tube which should be used for  

the measurements was in vestiga ted  by f i l l i n g  the tube 

with the so lid  analar potassium chloride for d ifferen t  

lengths and measuring the thrusts at 2.6 amperes.. A graph 

of the thrust was p lo tted  against d ifferen t lengths as 

shown in  f i g .  B. The graph in d ica tes that the length  . 

of the specimen should be at le a s t  k.5 cm. or a l i t t l e  

longer to  be sure to have the upper end in  the zero f ie ld .

A c o n s ta n t  le n g th  o f ab o u t 7 .8  cm. was th e r e f o r e  u sed  f o r  

m easurem ents.
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S u sc e p tib ility  Measurements on Compounds 
 _____________________ (In the so lid  State)

The cleaned and dried su sc e p tib ility  tube was weighed

empty and the thrust on the tube in  the magnetic f ie ld

found. S ix  readings were taken each time. The tube was

then packed ca refu lly  with f in e ly  powdered s a l t  to th e

ca lib ra tion  mark. Packing was done with great care by

ramming and tapping. In the ramming technique, m aterial

to f i l l  about 2 mm.length of the tube was added and th is

was rammed by use o f a g lass rod with a fla tten ed  base

of s iz e  ji)st le s s  than that of the tube. Subsequent

additions o f the same amount were s im illa r ly  rammed u n t il

the tube was f i l l e d  to the mark. In the tapping method

sim ilar amounts of m aterial were placed in  the tube, but

the tube was tapped gently and regularly on a smooth

surface about twenty tim es, turning the tube during

the process. On the whole the tapping method gives more

Uniform packing. In the ordinary method of packing by 

ramming, the powder in  the s u sc e p tib ility  tube seemed to  

reta in  variable amounts of a ir  in  the in te r s t ic e s  of the

solid p a r tic le s . If this occurs, the paramagnetism of



the oxygen in  the a ir  would then tend to cause discrepancies 

in  the diamagnetic s u s c e p t ib i l i t ie s ,  which though small 

might a ffe c t  the experimental error of the measurements. 

Errors in  measurements w il l  obviously be magnified in  

ca lcu la tin g  the molar su sc e p tib ilit j .e s , because of the 

large molecular weight by which the sp e c if ic  su sc e p t ib ility  

i s  m u ltip lied . So great care was taken in  packing the 

tube to get uniform packing throughout.

The weight of the s a l t  was f i r s t  determined with 

the magnet o ff  (w ith zero f ie ld )  and then the weight 

was found in  the magnetic f ie ld  (magnet on ). The 

d ifferen ce in  weight gave the thrust for  a diamagnetic 

substance from which the thrust due to the tube was 

subtracted. Weighings to the f i f t h  place were made, the 

f i f t h  place being found from the method of o s c i l la t io n s .

S ix  readings were taken each time and the mean value was 

used for ca lcu la tio n . Three measurements were made on each 

compound. When there was not enough m aterial to f i l l  the 

tube up to the mark, the tube was calibrated  at 5 cm. by 

marking the tube at th is  p oin t.
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The sp e c if ic  su sc e p tib ility  of the follow ing groups of 

compounds were measured

The ch lorates, bromates, iod ates, perchlorates, and
Û

boroflt^ ides of the a lk a li metals together with those 

of univalent s i lv e r  and thallium . A number of phosphates, 

sulphates and th iosulphates of some univalent and b ivalent
i

cations were a lso  in v estig a ted .

Example of C alculation  -  The S p ec ific  su sc e p t ib ility
of Thallium (I) Chlorate

The sp e c if ic  s u sc e p t ib ility  was ca lcu lated  from the equation

-10^ % s a l t  = F + C.
W *

(Where oC is the balance constant F the thrust on the s a lt
> )

W weight o f the s a l t ,  0.02941 c .g .s" ^ ïs  the su sc e p t ib ility  

of a ir  (medium), and V the volume of the tube up to the 

ca librated  mark)

The molecular su sc e p tib ility  was ca lcu lated  by m ultiplying  

the mass su sc e p t ib ility  by the molecular weight of the 

compound.

-10^ % M = -10^ %  s a l t  n Mol.weight
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Temp. 20 C. 

Voltune of the tube (V) 

Weight of TtCfo^ (w)

Thrust on the s a l t  (F)

Thrust on the tube

Thrust of) the tube + s a lt

-10^ % s a lt

-10^ X  M for  7 iClOj

8.179 c .c .

17.9318 g 

5.168 mg 

2 .6 1 5  mg

7.783 mg

0 .7 5 5 3

0 .7553 X 5 .1 6 8  +
17 .9318

0 .0 2 9 tfl X 8 .179  ‘
17 .9318

0.20429

0.20429 X 287.85 = 58.52
e .g .s .u n it s

b. Determination of the D en sities and Apparent Molar Volumes 

In the determination of the density  of s o l id s , the method 

to be used for a p articu lar so lid  must be chosen according 

to the circum stances. D en sities are measured by displacement 

o f a standard liq u id  in  a d en s ity -b o ttle . The liq u id  

must be chosen so that the so lid  does not d isso lve  or react

w ith  i t ,  and th e  l i q u id  sh o u ld  have a low er d e n s i ty  th a n  th e  

s o l i d .  Carbon t e t r a c h lo r id e  was u sed  to  d e te rm in e  th e
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density  of the compounds under in v estig a tio n .

This i s  an in er t so lvent and i t s  density i s  below that 

of the so lid s .u sed . I t  i s  a lso  r e la t iv e ly  in v o la t i le .

The experiments were made using the "Regnault d en sity -  

bottle"

Experiment

The b o ttle  with the stopper was cleaned, dried and weighed. 

About 5 gms. o f  the dried f in e ly  powdered s a lt  were in tro 

duced and the b o ttle  re-weighed. ' Therxsufficient of the 

liq u id  was run in  to cover the so lid  and a l l  the a ir  

bubbles in  between the so lid  p a r tic le s  were removed by 

tapping and subsequent suction  on a water pump. The 

b o ttle  was then f i l l e d  with the standard liq u id  and 

kept in  the thermostat at 20°C for 20 minutes. Using a 

f i l t e r  paper, the le v e l  was adjusted or brought down to the 

mark while keeping the b o ttle  in  the thermostat. Then 

the b o ttle  was quickly taken away from the thermostat, 

dried with a clean c lo th  and weighed. The experiment was 

repeated three tim es.



C alculation  of Density

The density  of the so lid  was calcu lated  from the formula

4 3

D = Wd
(W + ¥' ) -  W"

Where K = , weight of so lid

d = ■ density  of CCl̂ ^

W* = weight o f bottine + CClĵ

W" = weight of b o ttle  + CClĵ  + so lid

The density  o f CClĵ  was determined experim entally and

i t  was found to be 1.597 (L itevature figure D^  ̂= )

Example of ca lcu la tio n  of density  -  potassitm  chlorate
20

Wd
(W+ W‘ ) -WV

Weight of the so lid  (W) 6.66460 g

D ensity of CClĵ  = 1 .5 9 7

Weight o f b o ttle  + liq u id  = 53.56350 g.

Weight of b o tt le  + CCl^ + so lid
55.65230  g

So, the density of KCIÔ 6.66460 X 1 .597
(6 .66460 + 53 . 56350) - 55 . 65230) 

= 6 .66460 X l .? 9 7  
4.5758

= 2 .3 2 7  g .m nl* '
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D e te rm in a tio n  o f  th e  M olar Volume

The m olar volume o f each  compound was c a lc u la te d  from 

th e  m easured d e n s i ty .

V _ M
M 20

" i t

20
where M i s  th e  m o le c u la r  w eigh t o f  th e  compound, D 4

k
i s  th e  d e n s i ty  a t  20°C.

eg . P o tass iu m  c h lo ra te  (KCIO^)

D^p = 2 .3 2 5

M = 122.55

''m KCIO3 = i22X55 .  5 2 . 7 1

• " 2.325  = = = = =
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P A R T  111 

R e su lts  and D isc u ss io n

1 . M agnetic s u s c e p t i b i l i t i e s  o f C h lo ra te s .  B rom ates.
a n d  lo d a te s  o f  Sodium. P o ta ss iu m . S i lv e r  & U n iv a len t T hallium

P o tassiu m  C h lo rid e  was s e le c te d  as a  s ta n d a rd  o f com parison

w ith  e a r l i e r  m easurem ents, s in c e  th e re  i s  more g e n e ra l

agreem ent as to  th e  e x p e rim e n ta l v a lu e s  o f th e  compound as

o b ta in e d  by d i f f e r e n t  a u th o r s .  The fo llo w in g  ta b le  shows

th e  p r e s e n t  v a lu e s  o f th e  m olar mass s u s c e p t i b i l i t y  u s in g

d i f f e r e n t  tu b e s ,  as w e ll  as th e  l i t e r a t u r e  v a lu e s  which

were a v a i l a b l e .

-10^ -10^ ( L i te r a tu r e )

3 9 .4 4 3 8 .4 5  (2J) 37 .66  (26)

3 8 . 9 3 9 .1 (12) 3 9 .6  (49)

3 9 .^ (2j)(soIn) 38 .8  (5)
3 8 .0 1

39 .6 (zi)(SoIn.) 38 . 4  (27)/ o n 1
38. 6 35 .8 (A-)

38 .8  • W

• 39 .2 (25)

38 .71 (io)

mean 3 8 .? ^ mean 3 8 .7



I t  can  be seen  from  th e  ta b le  t h a t  m ost o f  th e  l i t e r a t u r e  

v a lu e s  a re  i n  good agreem ent w ith  each  o th e r  and w ith  th e  

p r e s e n t  r e s u l t s . K ido’ s e a r ly  v a lu e  i s  found to  be r a th e r

low er th a n  th o se  o f any o th e r  a u th o rs .

The r e s u l t s  i n  T ab le X sum m arise th e  m agnetic s u s c e p t i b i l i t i e s

w hich were found  f o r  th e  s a l t s  m easured i n  th e  s o l id  s t a t e .

The r e s u l t s  o b ta in e d  f o r  th e  s p e c i f i c  s u s c e p t i b i l i t i e s  a re

shown i n  Column 4 and f o r  th e  m olar s u s c e p t i b i l i t i e s  i n

Column 5. These a re  compared w ith  th e  a v a i la b le

l i t e r a t u r e  v a lu e s ,  w hich a re  shown I n  Column 6 . Columns

2 & 3 g ive  th e  m o le c u la r  w eigh t and th e  c o - o rd in a t io n

number o f  th e  c a t io n  i n  th e  s a l t  r e s p e c t iv e ly .  The

l i t e r a t u r e  v a lu e s  w hich a re  a v a i la b le  f o r  s u s c e p t i b i l i t y

m easurem ents on s a l t s  a re  f a i r l y  com parable w ith  th e

p re s e n t  r e s u l t s .  I n  th e  case  o f po tassium  brom ate

and p o tass iu m  io d a te  th e  l i t e r a t u r e  v a lu e s  a re  a few

p e rc e n t  h ig h e r  th a n  th e  p re s e n t  o n es. The m easurem ents

were re p e a te d  to  check and confirm ed  i n  th e s e  c a s e s .

I n  any ca se  th e  v a r i a t i o n  i n  th e  s u s c e p t i b i l i t y  i s  n o t

l a r g e  i n  m ost c a se s  and so th e  f ig u r e s  may be compared 

w ith  th o se  o f  o th e r  w o rk ers .



TABLE 2
f  7

S a l t
Mol.

w t.
•

C.N.
-IQ^Z

( s a i t ) - 1 0 ^ 2  M
#

-1 0 ^ ^  M 
L i te r a tu r e  
L" v a lu es

NaClO^ 106 .49 6 0.3014
0.3008
0.3010

32.08
32.02
32.04 

mean
32 .0 5

.  .  >

NaBrO^ 150,91 6 0.2942
0 .2944
0.2942

44.38 
44.41
44.38 

mean
4 4 .4 0

♦

NalO^HgO 215.92 0.2932
0.2920
0.2927

63.30
6 3 .0 5
63.20

mean
63 .20

NalO^ 197.92 8 50.24

K Ci 7 4 .5 5 6 0.5290
0.5218

0.5100
0.5178
mean
0.5197

39 .44
38. 95)

38 .01
3 8 .6 0

mean
3 8 .7 4

(see
page 

45T )



TABLE 2 ( contd)

-10^
L i te r a tu r e  
''î' v a lu es

Mol
wt

-10
S a i t ( s a i t )C.N

122.55 0.3386
0.3408
0 .337

167.02 0 .3 2 5 6
0.3281
0 .3 2 6 8

KBrO

mean

214.02 6 1 .7
6 0 .0 0

6 0 .3

0.2882
0 .2 8 0 2

KIO

0.2810
mean

5 0 .1 0

0 .2 7 6 7
0 .2 7 4 3
0 .2 7 6 0

mean



TABLE 2 (c o n td -)
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S a i t
Mol.

w t. C.N.
- l O ^ Z

( s a i t )
-10^ %  M -10

L i te r a tu r e  
VJ v a lu es

( . 1 3 7Ag B r 187.8 6 0.3080 57.8»+

AgBrO^ 235.8 8 0.267»+
0.2678
0.2673

63.06
63 .15
63 .04

mean
1 63.10

AglO^ 282.8 12 0.2356 66.63
0 .2355
0.23515

66.6
66.5

mean
66.6

Tl c l 239.85 8 0.2»+39 58.»+ 57. 8 ^̂ ^

Tl c l  0 , 287.85 8 0.2073 59.69 6 5 .5  ^
0.20»+3
0.2026

58.52
58 . 31+

mean
58.96

?
Tl Br 28»+. 31 8 0 . 23»+»+ 6 6 .6 4

( 6 )
6 3 .9

T l BrO^ 3 3 2 3 # 8 0.2202
0 .2 2 1 7
0 .2 2 1 5

73.18
73.685
7 3 .6 0 5

mean
7 3 .5 0

( 6  ) 
7 5 .9



TABLE 2(eont.i')
50

S a i t
Mol.

w t. C.B.
- io 6  Z

( s a i t )
- 1 0 ^ %  M -10^ Z n

L i te r a tu r e  
Y? v a lu es

T l I 331 .31 7 0 .2 5 4 0 84.30 ( 6 )  
82 .2

T l 10^ 379.3 8 0 .2 0 9 5

0 .2 0 9 5

0 .2 0 9 5

7 9 .5 0

7 9 .5 0

7 9 .5 0
mean

7 9 .50

( 6 ) 
86 .8
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Where v a lu es  a re  g iv en  i n  T able 1 f o r  th e  anhydrous s a l t

to  compare w ith  th e  l i t e r a t u r e  v a lu e , th e se  have been

c a l c u l a t e d  from th e  e x p e rim e n ta l f ig u re  o b ta in e d  from

th e  h y d ra te d  s a l t  by s u b tr a c t in g  th e  n e c e ssa ry  m u ltip le s

o f th e  m olar s u s c e p t i b i l i t y  o f w ate r ( - 1 2 .9 6  x  10”^ c .g . s

u n i t s  p e r  mole o f w a te r ) .  P rasad^D harm atti^K anekar and 
(13)

B ira d a r  have q u e r ie d  w hether th e  w ate r o f  h y d ra tio n  has 

p r e c i s e ly  th e  same s u s c e p t i b i l i t y  as w ate r i n  b u lk .

They c o n s id e re d  th a t  th e  d i f f e r e n c e  i n  v a lu e  f o r  the  

s u s c e p t i b i l i t y  betw een h y d ra te d  and anhydrous s a l t s  

may be a f f e c te d  by f a c to r s  such  as th e  s t r e n g th  o f th e  

bonding o f  th e  w ate r m olecu les ( th e  t i g h t e r  th e  bonding 

th e  g r e a te r  th e  d e p a r tu r e ) , and th e  d i s t r i b u t i o n  o f 

charge  i n  th e  m olecu le  o f th e  h y d ra te . I n  th e  p re s e n t  

in v e s t i g a t io n  m agnetic  m easurem ents on h y d ra te d  and 

anhydrous s a l t s  were on ly  c a r r i e d  o u t w ith  sodium 

p e r c h lo r a te ,  sodium p e rc h lo ra te  mono4 y d ra te  and anhydrous 

sodium p e r c h lo r a te .  Owing to  th e  hyg roscop ic  c h a ra c te r  

o f  th e  h y d ra te d  s a l t ,  i t  i s  d i f f i c u l t  to  check th i s  p o in t  

from th e  m easurem ents. The s u s c e p t i b i l i t y  f o r  anhydrous sodium 

p e rc h lo ra te  c a lc u la te d  from  th a t  o f the  m onohydrate by



5 1

s u b t r a c t io n  o f  - 10* X  Hg 0 _ -  1 2 .9 6  i s  s l i g h t l y  h ig h e r

th a n  t h a t  f o r  th e  anhydrous s a l t  w hich was c a r e f u l ly

packed f o r  s u s c e p t i b i l i t y  m easurem ent i n  a d ry  box.

I n  th e  f i r s t  ca se  a va lue  f o r  th e  m olar s u s c e p t i b i l i t y

o f anhydrous sodium p e rc h lo ra te  o f 40 .0  was o b ta in ed  and

i n  th e  second  case  th e  v a lu e  was 3 6 . 6 . I t  appeared  more

l i k e l y  t h a t  th e  d i f f e r e n c e  was due to  th e  hygroscop ic

c h a ra c te r  o f th e  h y d ra te d  s a l t  th a n  a d if fe re n c e  i n  th e

a c tu a l  s u s c e p t i b i l i t y  f o r  d i f f e r e n t  numbers o f w ater

m olecu lesj^suggested  by P ra sad  and co -w o rk ers . Trew ,H usain

& S id d iq u i  have shown t h a t  th e re  i s  a good a d d i tk iv i ty

f o r  th e  s u s c e p t i b i l i t y  on th e  a d d i t io n  o f w ate r m o lecu les

i n  th e  case  o f th e  magnesium su lp h a te  h y d ra te s  and anhydrous

magnesium s u lp h a te .  D e v ia tio n s  i n  a d d i tk v i ty  a re  i n  any
(34)

case  very  sm all even i f  th ey  do o ccu r; I t  th e r e fo re  seems 

j u s t i f i a b l e  to  make use  o f t h i s  a d d i t t v i t y  method which does 

enab le  a com parison  to  be made bettreen  p re s e n t  m easurem ents 

and th e  a v a i la b le  l i t e r a t u r e  f ig u r e s  on anhydrous s a l t s .

A t e s t  o f th e  a d d it^ r iv ity  r e la t io n s h ip s  i n  th e  s a l t s  o f 

th e  a l k a l i  m e ta ls  and th o se  o f s i l v e r  and th a ll iu m  w ith  th e
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oxyanions c h lo r a te ,  brom ate and io d a te  i s  b e s t  made by

com parison w ith  th e  s u s c e p t i b i l i t i e s  o f th e  re s p e c t iv e

h a l id e s .  The a d d it jA v ity  p ro p e r t ie s  o f th e se  have

a lre a d y  been  w ide ly  in v e s t ig a te d  and th e  e f f e c t  o f a change

i n  c o - o rd in a t io n  on th e  m olar s u s c e p t i b i l i t y  o f th e  s a l t
( 6 )

has been  e s ta b l i s h e d .  For th e  com parison w ith  th e

p re s e n t  w ork, th e  v a lu e s  o f th e  m agnetic s u s c e p t i b i l i t y
C: 6)

o f th e  a l k a l i  h a l id e s  were ta k e n  from th e  l i t e r a t u r e .

T hallium  h a l id e s  were rem easu red . I n  th e  ca se  o f  s i l v e r
(1?^ (77)

h a l id e s  o n ly  two s e t s  o f v a lu e s  were a v a i l a b le .  Sugderis

work on s i l v e r  h a l id e s  was c a r r i e d  o u t some tim e ago and

th e  obvious i n t e r e s t  h e re  la y  i n  th e  d if f e r e n c e  betw een 

th e  d iam agnetism  o f s i l v e r  ( 1 ) and th e  param agnetism  o f 

s i l v e r  ( 1 1 ) r a th e r  th a n  in  o b ta in in g  a c c u ra te  m easurem ents 

f o r  th e  d iam ag n e tic  s a l t s .  D iam agnetic m easurem ents c a r r ie d  

o u t f o r  com para tive  purposes i n  t h i s  way a re  u n l ik e ly  to  be 

so a c c u ra te  as sy s te m a tic  m easurem ents on p u re ly  d iam agnetic  

s u b s ta n c e s . The s u s c e p t i b i l i t y  o f s i l v e r  (1) h a l id e s  were 

th e r e fo re  r e in v e s t ig a te d  i n  t h i s  c u r re n t  work. The m easure

ments were made w ith  g re a t  c a re  u s in g  s p e c ia l ly  p rep a red  

m a te r ia l s .  The p re p a ra t io n s  a re  d e sc r ib e d  i n  S e c tio n  A P a r t  11.
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The s a l t s  were c a r e f u l ly  t e s t e d  to  see  i f  any fe rro m ag n e tic

im p u r i t ie s  were p r e s e n t ,  th e  m ost l i k e l y  be ing  i r o n ,

A few  v a lu e s  f o r  s u s c e p t i b i l i t y  measurem ents on s i l v e r
( ' )

s a l t s  g iv en  i n  th e  I n te r n a t io n a l  C r i t i c a l  T ables were 

found to  be i n  c lo s e r  agreem ent w ith  th e  p re s e n t  v a lu es  

th a n  th o se  o f  Sugden. In  a d d i t io n  th e  p re s e n t  v a lu e s  

showed good sy s te m a tic  r e la t io n s h ip s  w ith  th e  s a l t s  o f 

th e  a l k a l i  h a l id e s .

I t  can  be seen  from th e  e x p e rim e n ta l r e s u l t s  

th a t  th e  v a lu e s  o f th e  m olar d iam agnetic  s u s c e p t i b i l i t y  

in c r e a s e /  w ith  th e  in c re a s e  i n  atom ic number o f  th e  c a tio n s  

as w e ll  as  o f th e  a n io n s .

Ha CIO3 <  K CIO3 <  Ag CIO^ T l 010^

K CIO3 <  K BrOg <  K IO3

From th e  v a lu e s  i n  Table 1 , graphs were p lo t te d  o f th e  

m olar d iam ag n e tic  s u s c e p t i b i l i t y  o f th e  a l k a l i ,  s i l v e r  

and th a l l iu m  o x y s a l ts  a g a in s t  th e  e f f e c t iv e  atom ic number 

o f th e  an io n  p re s e n t  as shown i n  f ig u re s  l a ,  2a ,  3a and 4a 

and th e  g raphs a re  compared w ith  th e  s im i la r  ones f o r  the

co rre sp o n d in g  h a l id e s .  The in d iv id u a l  r e s u l t s  a re  d is c u sse d  

below .
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M olar s u s c e p t i b i l i t y  r e la t io n s h ip  o f sodium s a l t s  

F ig .  l a  shows th e  m olar s u s c e p t i b i l i t i e s  o f sodium o x y h a lid es  

p lo t te d  a g a in s t  th e  e f f e c t iv e  atom ic number o f th e  an io n  

compared w ith  th e  s im i la r  g raph  f o r  th e  sodium h a l id e s .

The s lo p s  o f th e  oxyanion g raph  betw een c h lo ra te  and brom ate 

shows a  s l i g h t  in c re a s e  compared w ith  th e  h a lid e  g raph .

From th e  brom ate to  th e  io d a te  however, th e re  i s  a  ve ry

much s m a lle r  in c re a s e  i n  th e  s u s c e p t i b i l i t y ,  so th a t  th e  

g raph  f o r  th e  oxyanions c ro s se s  t h a t  f o r  the  sim ple a n io n s , 

The low s u s c e p t i b i l i t y  v a lu e  o f th e  io d a te  m ight be expected  

from th e  more dense pack ing  o f th e  c r y s t a l  and th e  r e s u l t a n t

in c re a s e  i n  c a t io n  c o -o rd in a t io n  number i n  th e  s a l t .

The c o - o rd in a t io n  number o f b o th  sodium ch lo ra te .-an d  brom ate 

i s  s i x  and th a t  o f th e  io d a te  i s  e ig h t .  This in c re a s e  i n  

c o -o rd in a t io n  number and c lo s e r  pack ing  cou ld  r e s u l t  i n  a 

low er s u s c e p t i b i l i t y .  The c o -o rd in a t io n  number o f th e  

th re e  h a l id e s  i s  however th e  same ( s i x ) ,  and so th e  

m a g n e t ic - s u s c e p t ib i l i ty  f o r  th e  h a l id e s  would be expected  

to  in c re a s e  more s te e p ly  as th e  atom ic number o f the  an io n  

in c r e a s e s .  The form o f th e  s u s c e p t i b i l i t y  graph as a lre a d y
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e x p la in e d  f o r  th e  h a l id e s  i s  w e ll e s ta b l is h e d  and s im ila r
(page5J)

to  t h a t  f o r  th e  f r e e  h a l id e  io n . The .n u m e r ic a l  va lue  

o f th e  a c tu a l  inc rem en ts  (^ ^ jb e tw ee n  o x y h n lid e ^ (-1 0 ^  Z  XO^' )

i s  shown i n  th e  fo llo w in g  ta b le- ( -1 0 ^  X  X ')

H alogen

O xyhalides 
Na X 0^

. (-1 0 ^  )

H alid es
£aX

. (-10^  X m  )

S u s c e p t ib i l ty  
in c rem en ts  
(O xyhalide- 

/ h a lid e )
. -1 0 ° A X  (XO^-X‘ )

C l 3 2 .5 30 .2 + 2 .30

B r ^ 1 .1 + 3 .30

i 50.0 57.0 — 7 .0
i" # • t

The v ery  much low er s u s c e p t i b i l i t y  o f th e  io d a te  g ives r i s e  

i n  th e  ta b le  to  a n e g a tiv e  increm en t betw een id d a te  and 

io d id e .  I f  i t  i s  th e  c lo s e r  packing and in c re a se d  co

o rd in a t io n  number which causes t h i s  f a l l  in  th e  s u s c e p t i b i l i t y  

increm en t betw een io d a te  and io d id e ,  i t  shou ld  be s im i la r ly  

shown by th e  m olar, volum es. The bond le n g th  o f th e  godinm 

oxyhalogen  compounds a re  c o n s id e red  in  r e l a t i o n  to  th i s  p o in t

l a t e r ^ a f t e r  c o n s id e r in g  th e  s a l t s  o f th e  o th e r  c a t io n s .
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b . P o tassiu m  S a l t s

The m olar s u s c e p t i b i l i t i e s  o f th e  po tassium  o x y h a lid es  a re  

show^^ in  f ig u r e  2 a , p lo t te d  a g a in s t  th e  e f f e c t iv e  atom ic 

number o f th e  a n io n , and th e  co rresp o n d in g  graph f o r  th e  

po tass iu m  h a l id e s  i s  a ls o  shown. The graph i s  s im i la r  to  

t h a t  o f th e  sodium s a l t s .  The oxyanion graph betw een 

c h lo ra te  and brom ate a ls o  shows a s l i g h t  in c re a s e  i n  s lo p e  

compared w ith  th e  h a l id e  g raph . A gain from brom ate to  

io d a te  how ever, th e re  i s  a s im i la r  very  much sm a lle r  in c re a s e  

i n  th e  s u s c e p t i b i l i t y  and h e re  a g a in , th e  graph f o r  th e  

oxyanions c ro s se s  t h a t  f o r  th e  sim ple  a n io n s . The low
• I

s u s c e p t i b i l i t y  v a lu e  o f th e  io d a te  as i n  th e  case  o f sodium

s a l t s ,  may be ex p ec ted  from th e  in c re a s e  i n  c a t io n  co

o rd in a t io n  i n  th e  io d a te .  The c o -o rd in a t io n  numbers o f 

po tassium  c h lo r a te ,  brom ate and io d a te  a re  known from 

c r y s t a l  s t r u c tu r e  d e te rm in a tio n s . These a re  r e s p e c t iv e ly  

s i x ,  e ig h t  and tw e lv e . The v a t io n  c o -o rd in a t io n  number o f 

a l l  th e  th re e  po tassium  h a l id e s  i s  however th e  same ( s ix )  

and so th e  change i n  c o -o rd in a t io n  number o f the  oxyhalides

brom ate and io d a te  w ith  th e  in c re a se d  c lo s e r  packing  cou ld
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e x p la in  why t h e i r  m agnetic  s u s c e p t ib i ty  in c re a s e s  le s s  

s te e p ly  as th e  atom ic number o f th e  an io n  in c r e a s e s .

The fo llo w in g  ta b le  shows th e  nu m erica l increm en t betw een 

th e  po tassiu m  o x y h a lid es  and th e  co rrespond ing  h a lid e s

H alogen
O xyhalides 

( - 10^ )

H alid es
KX

( - 10^ Z m )

Increm ent
- 10 /̂d X
C x O i -  X ' )

C l ^1 .53 3 8 .7 + 2 .8

Br 5^.6 k9 .6 + 6 .0

I

■

6 0 ,6 5 6 5 .5 -  ^-.85

The in c rem en ts  f o r  c h lo ra te  and brom ate i n  t h i s  case  a re  

s l i g h t l y  h ig h e r  th a n  th o se  o f sodium s a l t s ,  a lth o u g h  the  

d i f f e r e n c e s  a re  n o t la rg e  and so may be w ith in  th e  range 

o f th e  e x p e rim e n ta l e r r o r s . The increm ent -10^ ^  X  

d O ' 2 -  I ' )  i s  two u n i t s  o f s u s c e p t i b i l i t y  l e s s  f o r  ihç 

po tassium  s a l t  th a n  f o r  th e  sodium s a l t ,  a  r a th e r  unexpected  

r e s u l t  as  th e  c o -o rd in a t io n  number o f po tassium  i n  th e  io d a te  

i s  h ig h e r  th a n  t h a t  o f sodium i n  sodium io d a te .  A f u r th e r  

c o n s id e r a t io n  o f t h i s  f a l l  i n  th e  s u s c e p t i b i l i t y  increm ent
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betw een Io d a te  and io d id e  fo llo w s th e  graph  f o r  the  m olar

volumes and bondlengths o f th e  oxyhalogen compounds «

c. S i lv e r  s a l t s .-

The m olar s u s c e p t i b i l i t y  o f th e  s i l v e r  o x y h a lid es  and h a l id e s  

a re  p lo t t e d  a g a in s t  th e  e f f e c t iv e  atom ic number o f th e  an ion  

i n  f ig u r e  3 a . The graph  i s  very  s im ila r  to  t h a t  f o r  th e  

sodium and p o tass iu m  s a l t s .  Once ag a in  th e  graph f o r  th e  

oxyanions shows a s l i g h t  in c re a s e  i n  s lo p e  betw een c h lo ra te  

and brom ate compared w ith  th e  h a l id e  graph and once a g a in  

c ro sse s  t h a t  f o r  th e  h a l id e s .  The value  o f th e  m olar s u s 

c e p t i b i l i t y  o f  th e  s i l v e r  io d a te  i s  found to  be low er th a n  

m ight be e x p e c te d . I t  can be seen  from th e  graph and th e

fo llo w in g  t a b le  t h a t  th e  increm en t betw een th e  io d a te  and 

■ th e  io d id e  i n  th e  ca se  o f s i l v e r  i s  g re a te r  th a n  th a t  f o r  

sodium , p o ta ss iu m  and th a ll iu m  (1) compounds. The v a lu e  f o r  

th e  s u s c e p t i b i l i t y  o f s i l v e r  io d id e  i s  a ls o  somewhat h ig h  

and t h i s  cou ld  be expected  from th e  low c o -o rd in a tio n  number 

(^•) i n  th e  s a l t  s i l v e r  io d id e .  The la r g e r  ihcrem ent of -9 .2  

u n i t s  o f s u s c e p t i b i l i t y  betw een s i l v e r  io d a te  and io d id e  may 

p a r t ly  be due to  t h i s  e f f e c t  b u t ,  th e  s lo p e  o f th e  graph b e-



C2

-o

LU



60

tw een brom ates and io d a te s  shows th a t  th e  s i l v e r  io d a te  

does i n  f a c t  have a r a th e r  low s u s c e p t ib i l i ty A r e la t io n  to  

o th e r  io d a te s .  The c o -o rd in a t io n  number o f th e  o x y h a lid es
( 3 5  )

o f s i l v e r  c r s  n o t d e f in i t e l y  known. Wyckoff s t a t e s  th a t  

th e  s t r u c tu r e  i s  th e  same as t h a t  o f th e  a lk a l i - o x y h a l id e s , 

b u t th e s e  io d a te s  have X c o -o rd in a t io n  numbers o f b o th  

e ig h t  (sodium ) and tw elve (p o ta ss iu m ).T h e  low s u s c e p t i b i l i t y  

o f s i l v e r  io d a te  would seem to  make tw elve th e  more l i k e ly  

v a lu e . The c o -o rd in a t io n  number o f s i l v e r  i n  s i l v e r  c h lo ra te  

and s i l v e r  brom ate i s  c o n s id e re d  h e re  as s ix  and e ig h t  

r e s p e c t iv e ly .  F or s i l v e r  c h lo r id e  and bromide th e  co

o rd in a t io n  numbers a re  th e  u s u a l  v a lu e  s i x ,  and fo u r  i n  th e  

ca se  o f s i l v e r  io d id e .  The s u s c e p t i b i l i t y  increm en t betw een 

th e  o x y h a lid e s  and th e  h a l id e s  as c a lc u la te d  a re  shown i n  

th e  fo llo w in g  t a b le  : -

H alogen

Oxy h a l id e  
Ag XO.

( - lO ^ Z  n  )

H alide  
Ag X

Increm ent 
- 10^ A ^

C l 52 .5 5 0 .1 + 2 .h

Br 6 3 .1 5 7 .9 5 .2

I

- ... ■ ■ ■ t
66 . 5 75.8

#
-  9 .2

L - -
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T hallium  s a l t s

F ig u re  5a shows th e  m olar s u s c e p t i b i l i t i e s  o f th a l l iu m  (1)

o x y h a lid e s  p lo t t e d  a g a in s t  th e  e f f e c t iv e  atom ic number o f

th e  a n io n  and once a g a in  f o r  com parison  th e  s im i la r  graph

f o r  th a l l iu m  (1) h a l id e s  u s in g  th e  v a lu e s  i n  t a b le  1  ,

The g e n e ra l  form  o f  th e  g raph  i s  s im i la r  to  t h a t  o f sodium

s
p o ta ss iu m  and s i l v e r  s a l t s .  The s i ^ e p t i b i l i t y  in crem en ts 

i n  t h i s  ca se  a re  v ery  s im i l a r  to  th o se  f o r  po tassium  s a l t s  

ex c e p t f o r  th e  c h lo r a te  and c h lo r id e .  The in crem en t betw een 

th a l l iu m  (1) c h lo r a te  and c h lo r id e  i s  low compared w ith  th o se  

o f  sodium , p o ta ss iu m  and th e  s i l v e r  (1) s a l t s .  The co

o r d in a t io n  number o f th a l l iu m  i n  h a l id e s  i s  e ig h t  (CsCl 

s t r u c tu r e )  and i n  th e  O xyhalides i s  a ls o  e ig h t .  So th e re  

i s  no c o - o r d in a t io n  change i n  th e  case  o f th a l l iu m  i n  p a s s in g  

from  h a l id e s  to  o x y h a lid e s , w h ile  i n  a l l  o th e r  cases  con

s id e r e d  h e re  th e r e  i s  a c o - o rd in a t io n  number change. So 

th e  in c re m e n ts  would be ex p ec ted  to  be h ig h e r  th a n  when 

th e re  i s  a c o - o r d in a t io n  number change. The fo llo w in g  ta b le  

shows th e  n u m erica l in c rem en ts  betw een th e  o x y h a lid es  and 

th e  h a l id e s  : -
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S o d i u m  S o d t s
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-Scii.U \ F*»̂  O x '^ U o - l i d c s

50 70



1
H alogen

O xyhalide
T t  XO3

(-10^
•

H alid e
t l x

( .1 0 ^

Increm en t 
-10^ A X

(XO'2  -  X»)

C l 59.0 58.5 + 0.50

Br 7 3 .4 4 6 6 .6 k + 6 .8

I 7 9 .5
e

8 4 .3 -  4 .8

Column fo u r  shows t h a t  th e  c h lo r a te - c h lo r id e  in crem en t does 

n o t show th e  ex p e c ted  h ig h e r  in c re m e n t, b u t th e  o th e r  two 

o x y h a lid e s  do. B e fo re  a tte m p tin g  to  e x p la in  th e s e  e f f e c t s

f u r th e r  th e  r e s u l t s  f o r  th e  m olar volumes w i l l  be c o n s id e re d .

F i r s t ,  how ever, a g ra p h ic a l  com parison o f  th e  s u s c e p t i b i l i t y  

r e s u l t s  can be made. F ig u re  5a sum m arises on one g raph  

th e  r e s u l t s  f o r  th e  o x y h a lid e s  and th e  h a l id e s  and shows 

th e  g e n e ra l  s i m i l a r i t y  o f  b eh a v io u s  f o r  s a l t s  o f  th e  fo u r  

c a t io n s .  A com parison can a ls o  be made o f  s a l t s  w ith  

d i f f e r e n t  c a t io n s  and th e  same a n io n .
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Com parison o f s u s c e p t i b i l i t i e s  o f h a lo x y  compounds 

M X 0 ^ w ith  th e  same oxyan ion  and d i f f e r e n t  c a t i o n s .

The m olar m agnetic  s u s c e p t i b i l i t y  v a lu e s  o f th e  s a l t s  

o f th e  fo u r  d i f f e r e n t  c a t io n s  (Na^ Ag* and TI* )

w ith  th e  same an io n  can  be com pared. I t  i s  i n  t h i s  way 

p o s s ib le  to  s tu d y  any in f lu e n c e  w hich th e  c a t io n  has on 

th e  s u s c e p t i b i l i t y  o f th e  h a lo x y an io n . By com paring th e  

io n ic  s u s c e p t i b i l i t y  o f  th e  h a lo x y an io n  w ith  th e  su s 

c e p t i b i l i t y  o f  th e  co rre sp o n d in g  h a l id e s ,  th e  s u s c e p t i b i l i t y  

in crem en t f o r  th e  a d d i t io n  o f  th re e  oxygens to  t h e  h a l id e s  

can  be s tu d ie d .

C h lo ra te s

F or th e  c h lo r a te s  o f d i f f e r e n t  c a t io n s  th e  m agnetic

s u s c e p t i b i l i t i e s  were p lo t t e d  a g a in s t  th e  e f f e c t iv e  atom ic 

number o f th e  c a t io n  and compared w ith  th o se  o f  c h lo r id e s ,  

s im i l a r ly  p lo t t e d .  On th e  same g raph  th e  io n ic  su scep 

t i b i l i t y  o f th e  c a t io n s  a re  a ls o  shown. The v a lu e s  f o r

th e  s u s c e p t i b i l i t y  o f sodium and po tassiu m  c a t io n s  a re
( 6  )

from Trew and H usain . The v a lu e s  f o r  s i l v e r  and th a ll iu m  

c a t io n s  a re  c a lc u la te d  from th e  p r e s e n t  m easurem ents o f  

th e  s u s c e p t i b i l i t y  o f th e  s i l v e r  and th a l l iu m  h a l id e s .



COMPARISON O F  HALOPiy COnPOUW DS

W ITH  THAT OF HOLirES 1^0*^ DIFFERENT ^ ^
 ..— ■ ■   r l G . b < * .CRTIOWSJ m

C H L O R A T E S

.

(O

5 -
K)



6 4
u sin g  th e  an io n  s u s c e p t ib i l i t y  c o n s ta n ts  o f Trew and 

H usain . The th re e  graphs a re  shown in  f ig u re  

th e  c o -o rd in a t io n  number o f th e  c a t io n  being  in d ic a te d  

f o r  each compound. A very  good p a r a l l e l  r e la t io n s h ip  

i s  seen  betw een th e  g rap h s, th e  s u s c e p t i b i l i t y  value  

in c re a s in g  as th e  atom ic number o f th e  c a t io n  i s  in c re a se d .

An alm ost e x a c tly  p a r a l l e l  r e la t io n s h ip  can be seen  f o r  th e

s u s c e p t i b i l i t i e s  o f th e  h a lid e s  and o x y h a lid es  (cu rv es  

When th e  s u s c e p t i b i l i t i e s  o f th e  c h lo ra te s  a re  co n sid e red  

i n  r e l a t i o n  to  th e  io n ic  s u s c e p t i b i l t i e s  f>r th e  fo u r  c a tio n s  

(cu rv es  th e re  i s  a s im ila r  p a r a l l e l  r e la t io n s h ip  betw een

th e  graphs from th e  sodium to  th e  s i l v e r  s a l t s .  I t  can 

however, be seen  th a t  th e re  i s  a le s s  s te e p  increm ent o f 

th e  s u s c e p t i b i l i t y  f o r  th e  c h lo ra te  graph on p ass in g  from 

the  s i l v e r  s a l t s  to  th o se  o f th a lliu m  th an  th e re  i s  f o r  

t h a t  o f th e  two c a tio n s  (Ag"*" & Tl"  ̂ ) . This can be ex p la in ed  

by th e  change in  c a tio n  c o -o rd in a tio n  number which i s  s ix  

f o r  s i l v e r  i n  s i l v e r  c h lo ra te  and e ig h t  f o r  th a lliu m  in  

th a ll iu m w c h lo ra te . There i s  th e re fo re  c lo s e r  packing in  

th e  th a lliu J j(i)ch lo ra te  c r y s t a l .
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The a c tu a l  s u s c e p t i b i l i t y  increm ent f o r  a d d it io n c f  th e  

th re e  oxygen atoms may be c a lc u la te d  and i s  shown in  th e  

fo llo w in g  t a b l e ,  to g e th e r  w ith  th e  d iam agnetic  suscep 

t i b i l i t y  c o n s ta n t f o r  the  c h lo ra te  io n  which the  p re se n t 

r e s u l t  would in d ic a te

«

C atio n
-10^ %M
c h lo ra te

Î

-10^
c h lo r id e

1

-1 0 ^
(C lO yC l)

1

-10^
c a tio n

t

- 10^ %  G iol 
c h lo ra te  ^  

, io n

Na^ 32.6
i

30 .2 2.4 5.9 26.7
K+ if l .5 38.7 2.8 14.4 27.1
Ag 52.5 50.1 2.4 24.7 27.8

TI* 59.0

1

58.4 0.6 32.9

1

26.1
mean

26.82
f

Column h  o f t h i s  ta b le  shows th e  increm ent f o r  th e  th re e  

oxygen atoms and column 6 th e  d iam agnetic  s u s c e p t i b i l i t y  

increm ent o f th e  c h lo ra te  io n . The in c re a s e  i n  suscep 

t i b i l i t y  on p a ss in g  from c h lo r id e  to  c h lo ra te  i s  c o n s ta n t 

a t  2 .6  u n i t s  o f s u s c e p t i b i l i t y  excep t i n  th e  case o f  th a lliu m
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Bromates

F ig u re  shows s im ila r  curves f o r  th e  brom ates compared 

w ith  th o se  o f th e  brom ides and th e  io n ic  s u s c e p t i b i l i t y  

o f th e  c a t io n s .  Here a g a in  we g e t a g e n e ra l p a r a l l e l  

r e la t io n s h ip  betw een th e  c u rv e s . The slope between sodium

and po tassium  brom ates d e v ia te s  from a p a r a l l e l  r e l a t i o n 

sh ip  w ith  t h e i r  b rom ides. The re aso n  f o r  t h i s  i s  n o t

c le a r  as c o r re c t in g  f o r  th e  c o -o rd in a tio n  number e f f e c t  

would make th e  curves even le s s  p a r a l l e l ,  i . e .  the  su s

c e p t i b i l i t y  o f sodium brom ate in  e ig h t  f o ld  c o -o rd in a tio n  

shou ld  be low er th an  i n  s ix  fo ld  c o -o rd in a tio n . A part

from th i s  th e  s lo p e  of th e  curve between potassium  and

s i l v e r  brom ate i s  p a r a l l e l  to  t h a t  f o r  the  co rrespond ing  

brom ides and th e  s l i g h t l y  low er value o f th e  s u s c e p t i b i l i t y  

o f th a l lo u s  bromide (C.N-8) can be ex p la in ed  i n  term s o f 

i t s  h ig h e r  c o -o rd in a t io n  number, an a d d it io n  o f about 

two s u s c e p t i b i l i t y  u n i t s  i s  in d ic a te d  from th e  graph to  

b r in g  th e  curves p a r a l l e l .  This i s  o f the  same o rd e r as 

the  s u s c e p t i b i l i t y  increm ent on changing from e ig h t to
U O )

s ix  fo ld  c o -o rd in a t io n  which was found by Trew and Husain
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fo r  th e  a l k a l i  s a l t s .  With t h i s  c o r r e c t io n  fo r  c o -o rd in a tio n  

number th e  cu rves f o r  th e  brom ates w ith  c o -o rd in a tio n  number 

e ig h t  a re  p a r a l l e l  to  th o se  f o r  th e  bromides w ith  c o -o rd in a tio n  

number s ix ,  w ith  th e  ex c ep tio n  o f th e  sodium s a l t .  The a c tu a l  

s u s c e p t i b i l i t y  increm ent between bromate and bromide in  each 

case  may be c a lc u la te d ,  i . e .  th e  s u s c e p t i b i l i t y  increm ent 

fo r  a d d it io n  o f th e  th re e  oxygen atom s. I t  i s  shown in  

th e  fo llo w in g  ta b le  (Table a )  to g e th e r  w ith  th e  d iam agnetic  

s u s c e p t i b i l i t y  c o n s ta n t fo r  th e  brom ate io n  which th e  p re se n t

r e s u l t s  would i n d i c a t e : -
Ta.Lîe a.

C a tio n
-10^

brom ate
-10^

bromide
1

-10^ A X
(B rO .'-B r ')

■j

-10^
c a tio n brom ate

io n

Na^ 44.1+ ^1 .1 3 .3 . 5 .9 3 8 .5

K*" 54.6 49 .6 5.0 1 4 .4 40 .2

Ag* 6 3 .1 57.84 5.26 24 .7 3 8 .4

TI* 7 3 .5 66 .64

1

6 .86  1 
(4 .9  C.N

co rrec ted )]
1-------------------1

1 32 .9

1
1--------------------

40 .6
mean

39.33
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Column 6 g iv es  th e  io n ic  s u s c e p t ib i l i t y  f o r  th e  bromate

io n  c a lc u la te d  by s u b tr a c t io n  of th e  v a lu es  o f th e  c a t io n ic  

c o n s ta n ts  from th e  m olar s u s c e p t i b i l i t y  of th e  s a l t  shown

i n  column 2 . A mean va lue  o f 39>33 i s  o b ta in ed  f o r  th e

s u s c e p t i b i l i t y  o f th e  brom ate io n .

lo d a te s

For io d a te s  o f d i f f e r e n t  c a tio n s  the  m agnetic s u s c e p t i b i l i t i e s  

were p lo t te d  a g a in s t  th e  e f f e c t iv e  atom ic number o f th e  

c a tio n s  and compared w ith  th o se  o f  th e  c h lo r id e s .  The 

curve f o r  th e  io d a te s  f a l l s  below th a t  o f th e  io d id e s , 

i . e .  th e  m agnetic s u s c e p t i b i l i t y  o f th e  io d id e s  i s  h ig h e r 

th an  th a t  o f th e  io d a te s .  Though the  graphs a re  f a i r l y  

p a r a l l e l ,  th e  cause  f o r  the  low er s u s c e p t i b i l i t y  of the  

io d a te s  needs to  be ex p la in ed  and f u r th e r  s tudy  i s  needed.

The n eg a tiv e  increm en ts f o r  th e  s u s c e p t i b i l i t i e s  betw een 

the  io d a te s  and th e  io d id e s  a re  s im ila r  f o r  po tasslum  

and th a ll iu m  b u t r a th e r  l a r g e r  f o r  sodium and s i l v e r .

From th e  graph and th e  ta b le  i t  can be seen  th a t  the  

m agnetic s u s c e p t i b i l i t y  o f s i l v e r  io d id e  i s  h ig h  compared 

w ith  o th e r  io d id e s  and i t  may be due to  th e  low co

o rd in a t io n  number o f f o u r .  The a c tu a l  ex p erim en ta l s u s -
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c e p t i h i l l t y  d if f e re n c e  f o r  th e  a d d it io n  o f th e  th re e  

oxygen atoms to  th e  io d id e  io n  may be c a lc u la te d  and i s  

shown i n  th e  fo llo w in g  ta b le  to g e th e r  w ith  th e  d iam agnetic  

s u s c e p t i b i l i t y  c o n s ta n t f o r  th e  io d a te  io n  which the  

p re s e n t  r e s u l t s  would in d ic a te

C a tio n io d a te
”10^ Z m

io d id e ( l o î

- 10^
c a tio n io d a te

io n

Na* 50.24 5 7 .0 0 - 6 .7 6 5 .9 0 4 4 .3 4

K* 6 0 .6 5 6 5 . 5 . -4 .8 5 14.40 46 .25

H * 6 6 .6 0 75.80 -9 .2 0 24.70 41 .9

Tl* 7 9 .5 0 84.30 — 80 3 2 .9 0 46.60
mean
44 .8

Column 6 g iv es  th e  io n ic  s u s c e p t i b i l i t y  fo r th e  io d a te  io n  

c a lc u la te d  by s u b t r a c t io n  o f th e  v a lu es  o f th e  c a t io n ic  

c o n s ta n ts  from th e  m olar s u s c e p t i b i l i t y  shown in  column 2, 

A me^n v a lu e  o f ^-4.80 i s  o b ta in e d  f o r  th e  s u s c e p t i b i l i t y  

o f th e  io d a te  io n  compared w ith  5 ^ .^  f o r  th e  io d id e  io n .
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Mnlar Volumes of the  c h lo r a t e s ,  brom ates and lo d a te s  of 

a l k a l i  m e ta ls  and of s i l v e r  and th a l l iu m

In  ta b le  2 a re  g iven  th e  d e n s i t ie s  and m olar volumes of

th e  s a l t s  m easured. The e f f e c t iv e  m olar volume has been

c a lc u la te d  from  th e  d e n s i t i e s  of th e  s a l t s ,  which were

determ ined  as d e sc r ib e d  in  p a r t  l i e .  From the  r e l a t i o n -
r'.

sh ip  " th e  m olar volumes were c a lc u la te d .
4

In  some c a se s  where th e  d e n s i ty  was w e ll  e s ta b l is h e d ,  

i t  was not rede term ined  and th e  m olar volumes were
r'

c a lc u la te d  from  d e n s i ty  v a lu e s  g iven  in  th e  l i t e r a t u r e .
(a)

These v a lu e s  a re  in d ic a te d  in  th e  ta b le  and o th e r  

l i t e r a t u r e  v a lu es  a re  shown in  column 6 , in  the  case 

where th e  d e n s i ty  was rem easured . In  t a b le  2 , column 1 

g iv es  th e  form ula of th e  compound. The m o lecu lar w eight 

i s  g iv en  in  column 2; column 3 g iv es  th e  c o o rd in a tio n  

number of th e  c a t io n ,  and columns 4 and 5 g ive th e  d e n s i ty  

and th e  c a lc u la te d  molar volum e. Molar volumes of 

th e  haloxy  compounds of th e  a l k a l i  m eta ls  and th o se  

of s i l v e r  (1) and th a l l iu m  (1) a re  p lo t te d  s im i la r ly  to  

th e  s u s c e p t i b i l i t i e s  a g a in s t  th e  e f f e c t iv e  atom ic number
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of the  an ions and th e se  a re  compared w ith  th e  molar 

volume of th e  co rrespond ing  h a l id e s  in  each c a s# .

F ig u re s  l 6 ,  26, 3& and 46 show th e se  g ra p h s . The 

same s c a le  i s  used th roughou t fo r  com parison .

5'. Sodium S a l t s .  (F ig u re  lb )

In  th e  case of sodium s a l t s ,  th e  s lo p e  between th e  

c h lo ra te  and th e  brom ate i s  s l i g h t l y  l e s s  s te e p  th a n  

fo r  th e  c h lo r id e  and the  brom ide. From th e  brom ate to  

th e  io d a te ,  th e re  i s  very  l i t t l e  r i s e  in  the molar 

volume u n lik e  th e  r i s e  in  increm ent betw een th e  bromide 

and io d id e .  T h is  can be seen  from  th e  graph and from 

th e  increm ents which are  c a lc u la te d  by s u b tra c tin g  th e  

m olar volumes fo r  th e  a p p ro p r ia te  p a i r s . 

l a ;  ( (NaBr) -  (Na Cl ) = )= 3 .85

\  \  (jjg U O , ) = Vĵ  (BrO^» -  2 .8 9

(N al) -  (NaBr) = (I* -  B r' ) = 8 .7 5

(Nal^S) -  v ^ (% B r0 3 ) = (I0^« -  BrO^« ) = ©.47

There i s  th e re fo re  a much sm alle r in c re a s e  in  th e  t o t a l  

molar volume of th e  o x y z ,an io n  s a l t s  f o r  each p a ir  th a n
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f o r  th e  simple h a l i d e s .  T h is  i s  e s p e c i a l l y  marked 

on pass ing  from the  bromate t o  the  io d a te  as compared 

w ith  th e  bromide and io d id e .

Potassium  S a l t s , ( f i g u f e  2b)

Very s i m i l a r  r e s u l t s  are  shown by th e  corresponding  

molar volume graphs f o r  potass ium  s a l t s .  Here however 

th e  molar-volume of po tass ium  bromate i s  s l i g h t l y  l e s s  

th a n  t h a t  of potass ium  c h l o r a t e  and much lower th a n  

t h a t  of po tassium  i o d a t e .  I n  the  case  of h a l id e s  th e  

molar volumes i n c r e a s e /  s h a rp ly  from c h lo r id e  to  i o d id e .  

The increm ents  f o r  th e  h a l id e s  i s  thu s  much h igher  

th a n  those  fo r  the  haloxycompounds as  can  be seen 

from th e  graph or by s u b t r a c t i n g  the  molar volumes of 

the  a p p r o p r i a t e  p a i r s  as i n  the  case  of sodium.

( 7^ ( K B t )  -  7^  (KCi ) = 7^  (Br' -  C V  ) = 5 .8  

( 7^ (KBrO^) -  7 j^(KCto, ) = (BrO^* -  C lO ^ * )  = -0 .8 4

( 7., (KI) -  7_(KBr) = 7^ (I* -  Br* ) = 9 .74M M K

( V^ (KIO^) -  V^ (KBrO^) = V^ (10^* -  BrO»^) = 2 .45  

The low molar volume of potassium bromate g iv ing  the  

n e g a t iv e  increment of -0 ,8 4  i s  p robab ly  due to  a change
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i n  c o o r d in a t io n  and hence of the  packing of the potassium
a a

io n  which a r i s e s  j f ro m ^ d i f f e re n t  c r y s t a l  s t r u c t u r e .

Now a sy s tem a t ic  s tudy  of th e  c r y s t a l  s t r u c t u r e  and

c o o r d in a t io n  number fo r  some of th ese  haloxy compounds

can  be made w i th  r e fe re n c e  to  the  Lando 11 -Büirnst e i n
(3%) (39) (35)

T a b le s ,  Wells  ( S t r u c t u r a l  Chemistry) and Wyckoff

( c r y s t a l  s t r u c t u r e ) .  The r e f e r e n c e s  are  in d ic a te d  (a)

(b) and (c) r e s p e c t i v e l y .  A ll  the  sodium, potassium

and rubid ium h a l id e s  have the  Na61(0^) type  of

c r y s t a l  s t r u c t u r e  which bias a c o o r d in a t io n  number of s i x .
(a)

NaClQ^ .  Sodium C h lo ra te  i s  inc luded  i n  the  G 0^ type

I t  shows s i m i l a r i t i e s  w i th  the  NaCl type f o r  the  p o s i t i o n

of the  c h lo r in e  and sodium atoms. The CIO^ group shows

a pyram idal  form arranged  w ith  th e  c h lo r in e  a t  th e  apex ^

The oxygen atoms are  d i r e c t e d  towards th e  Sodium,Since

Na CIO shows s i m i l a r i t i e s  w i th  th e  NaCl ty p e ,  the  
J

c o o r d in a t io n  of the  Na atom in  sodium c h lo r a te  i s  s i x .

The d i s t o r t i o n  of the NaCl arrangement in  NaClO^

s l i g h t  so t h a t  the  c r y s t a l  as  a whole remain c u b ic .  

NaBrO^ .  Sodium bromate has a s i m i l a r  s t r u c t u r e  to  t h a t  of
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sodium c h l o r a t e  (GO^) and i t  shows s i m i l a r i t i e s  w i th  the  

Na ^  type  f o r  the p o s i t i o n  of the  bromine and th e

sodium atoms* The bromate group forms a r a t h e r  f l a t

pyramid w i th  bromine a t  the  apex* The c o o r d in a t io n  

number of th e  sodium io n  i s  s i x .

NfllO^. Sodium io d a te  y i e l d s  an X -  ra y  p a t t e r n  ve ry  l i k e
r-T

t h a t  of CaTiO^ and i t  was t h e r e f o r e  o r i g i n a l l y  thought

to  be a d i s t o r t e d  p e r o v s k i t e - l i k e  pseudo cubée( 5 
^C)

s t r u c t u r e .  The arrangement developed by a more c a r e f u l  

a n a ly s i s  shows however a c o n s id e ra b le  d e p a r tu re  from 

t h i s  s t r u c t u r e .  I t  i s  suggested  t h a t  i t  has a d i s t o r t e d  

a r r a y  of sodium atoms and io da te  ions  of th e  same shape 

as th e  c h l o r a t e  and bromate io n s .  No one i s  c e r t a i n  

about the  s t r u c t u r e  of NalO^ so f a r . A  c o o r d in a t io n  

number of e ig h t  i s  sugges ted  here s ince  the s u s c e p t i b i l i t y  

va lue fo r  sodium io d a te  measured tend s  to  support  t h i s  

c o o r d in a t io n  number.

KG 1̂0^ , Potass ium  c h l o r a t e  has a s t r u c t u r e ,  which i n  s p i t e

of i t s  monoclin ic  c r y s t a l  form i s  c l o s e l y  r e l a t e d  to  t h a t
(C)

of th e  bromate and l i k e  i t ,  i s  a d i s t o r t i o n  of the
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sodium c h lo r id e  a r rangem ent .  The r e s u l t i n g  c h lo r a te  

ions a re  t r i g o n a l  pyramids of s u b s t a n t i a l l y  the  same 

shape and s i z e  as those  i n  the  more d e f i n i t e l y  e s t a b l i s h e d  

sodium c h l o r a t e  s t r u c t u r e .

KBrO^.  The QO  ̂ type of symmetry i s  g iv en  i n  th e  case  of

potass ium  brom ate .  T h is  i s  of th e  ceasium c h lo r id e  type
or

of symmetry which has a c o o r d i n a t i o n ^ e i g h t .

KIO. . Potass ium  io d a te  i s  of the  E symmetry type 
3 ^1

which i s  t h a t  of p e r o v s k i te  (CaTi03). The ca lc ium  atom

has th e  c o o r d in a t io n  number of twelve in  CaTiO^ and th u s

i t  i s  assumed t h a t  the potass ium  has a s i m i l a r  c o o r d in a t io n
(a) and (c)

number i n  EIO^

G. S i l v e r  S a l t s ,  ( f i g u r e  3 b ) .

The s lope  of the  graph from the  c h lo r id e  t o  the  bromide 

i s  s l i g h t l y  s te e p e r  th a n  t h a t  from c h l o r a te  to  bromate,  

but  from bromide to  iod ide^  the  s lope i s  very  much 

s t e e p e r  th a n  t h a t  from bromate t o  i o d a t e .  Th is  can be 

seen from th e  graph and by s u b t r a c t i n g  the  molar volumes 

of the  a p p ro p r ia te  p a i r s : -
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i e -
j ( A p r )  -  (AgCl ) = (Br' -  CE.') = 0 .22

( (AgBrO^) -  (AgCE.0^) = (BrO^' -  CÏ.0 ^ ' ) = 2 .1

(Agi) -  (AgBr) = 7^ ( I '  -  B r ' )  = 1 2 .4 .

\  (AglO^) -  Vjj (AgBrO^) = 7^ (10^. _ BrO^') = 5 .?

Thal l ium  s a l t s , ( f ig u r e  4b)

I n  the  case  of t h a l l i u m  s a l t s ,  th e  s lo pe  between t h a l l iu m  (1)

bromate and io d a te  i s  f a i r l y  p a r a l l e l  t o  th e  s lope  between

t h a l l i u m  (1) bromide and io d id e .  The molar volume of 
1

t h a l l i u m  bromate i s  however unexpec ted ly  l e s s  th a n  

t h a t  of t h a l l i u m  (1 ) c h l o r a t e  and so th e  s lope  of th e  

graph between TICIO3 and TIBxO^ i s  l e s s  s t e e p  th an  t h a t  

between T lC l  and T lB r . The increments  which show t h i s  can  

be found n u m e r ic a l ly  and from th e  graph as b e f o r e ,  

i e .  ( 7^  (TlBr) -  7̂  ̂ (TlCl)  = 7^ (Br' -  C l '  ) = 3 .4

( 7^  (TlBrO^) -  7^  (TIC10^) = 7^ (Brp^ -  CIO^') = -1 .2 3

(7m (T II  ) -  7„  (TlBr) = 7,, ( I '  -  B r ' )  = 9.0?( M M

( 7 ^ (T 1 I0 . )  -  7 „ (T IB rO , ' )  = 7_ (10 ' -  BrO ' ) = 6 .52M 3 M 3 M 3  3

Now the  c r y s t a l  s t r u c t u r e  of s i l v e r  and t h a l l i u m  s a l t s

can be c o n s id e r e d .  The c o o r d in a t io n  of s i l v e r  c h l o r a t e ,
' >

V

bromate and io d a te  i s  not  w e l l  e s t a b l i s h e d .  Wyckoff
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sugges ts  t h a t  the  c h l o r a t e  ion  here should have th e  same 

s i z e  and shape as i n  po tass ium  c h lo r a te  and so may have 

the  same c o o r d in a t io n  number. Th is  i s  s i x ,  and the  bromate 

and i o d a t e ,  l i k e  th e  po tass ium  s a l t s ,  p robab ly  have a 

c o o r d in a t io n  number of e ig h t  and tw e lv e .

TIC10^ & TlBrO^ According to  Wyckoff B a l lo u s  c h lo r a t e  and 

bromate have,the po tass ium  bromate s t r u c t u r e  w i th  a 

c o o r d in a t io n  number of e i g h t .  The molar volume and 

molar s u s c e p t i b i l i t y  graphs  may he lp  to  support  t h i s  

s t r u c t u r e .  The molar volumes of a l l  th e  haloxy s a l t s  

are  p l o t t e d  on th e  same graph a g a in s t  the  e f f e c t i v e  

atomic number of the  an io n s .  (F igure 5b) .  I t  can be 

seen  t h a t  a l l  the graphs are  more or l e s s  p a r a l l e l  to  

each o th e r  w i th  th e  sm all  d e v ia t io n s  a l r e a d y  po in ted  out 

above* The s lopes  between the  bromates and io d a te s  a re  

f a i r l y  p a r a l l e l  w hile  the  s lopes  between the  c h l o r a t e s  and 

th e  bromates are  r a t h e r  l e s s  p a r a l l e l .  T h is  combined 

graph b r in g s  out v e ry  c l e a r l y  th e  change in  c o o r d in a t io n  

number of po tass ium  bromate from the  s ix  fo ld  c o o r d in a t io n
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of sodium “bromate t o  i t s  a c t u a l  va lue of e i g h t .

The molar volume and s u s c e p t i b i l i t y  increments  have 

been c o l l e c t e d  t o g e th e r  i n  T ab le s^ (a )  and (b)
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PERCHLORATES

a® Magnetic M olecular  S u s c e p t i b i l i t y

Magnetic s u s c e p t i b i l i t y  measurements were made o f  th e  

p e r c h l o r a t e s  o f  t h e  a l k a l i  m e ta l s  and o f  s i l v e r  and 

th a l l iu m ,  t o g e t h e r  w i th  th o s e  o f  barium and magnesium. 

L ith ium , rubidium, caesium and t h a l l i u m  p e r c h l o r a t e s  

were p re p a red  and th e  o th e r  p e r c h l o r a t e s  were o b ta in e d  

and th e n  r e c r y s t a l l i s e d .  Three measurements o f  th e  

magnetic  s u s c e p t i b i l i t y  were made on each p e r c h l o r a t e .

Each time s i x  r e a d in g s  were tak en  and t h e  mean v a lu e  

was used  f o r  c a l c u l a t i o n .  The packing o f  t h e  suscep

t i b i l i t y  tu b e  was c a r r i e d  ou t  in  a dry  box w i th  s p e c i a l  

c a re  a s  t h e  s a l t s  a r e  d e l i q u e s c e n t .  Table 4 summariees 

t h e  r e s u l t s  o b ta in ed  f o r  t h e  m olar  s u s c e p t i b i l i t y  a s  

w e l l  a s  th e  measured s p e c i f i c  s u s c e p t i b i l i t y  o f  th e  

p e r c h l o r a t e s .  The va lue  o f  th e  m olar  s u s c e p t i b i l i t y  v a lu e s  

f o r  t h e  p e r c h l o r a t e s  were p l o t t e d  a g a in s t  the  e f f e c t i v e
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atomic number of the  c a t io n s  and compared with  those  

of the  correspond ing  c h l o r i d e s ,  and w i th  the  exp e r im en ta l  

and t h e o r e t i c a l  s u s c e p t i b i l i t y  of th e  c a t i o n s .  As i n  

e a r l i e r  g raphs the c a t i o n  c o o r d in a t io n  number i s  shown 

on the graph f o r  each s a l t .  The t h e o r e t i c a l  io n ic  

s u s c e p t i b i l i t y  c a l c u l a t e d  from S l a t e r ’ s atomic c o n s ta n t s

f o r  th e  c a t i o n s  i s  shown on the  lower p a r t  of f i g u r e  3 f o r
A

comparison. There i s  a good g e n e ra l  s i m i l a r i t y  fo r  the  

s lo p es  of the  graphs i n  th e  case of p e r c h l o r a t e s ,  

c h l o r i d e s ,  and the ex pe r im en ta l  s u s c e p t i b i l i t y  of the 

c a t i o n s ,  a l though  one or two s i g n i f i c a n t  d i f f e r e n c e s  

are  found . The graph f o r  the t h e o r e t i c a l  s u s c e p t i b i l i t y  

of the c a t i o n s  r i s e s  much more s t e e p l y  f o r  c a t io n s  a f t e r  

rubidium th a n  the  ex p e r im e n ta l  c u rv e s .  Th is  r e s u l t  i s

s i m i l a r  to  t h a t  noted by e a r l i e r  w orkers ,  e s p e c i a l l y
(g) (3)

Klemm and Trew, and w i l l  be cons idered  in

co n n e c t io n  w ith  the t h e o r e t i c a l  d i s c u s s i o n  l a t e r  in
3Î

sec t io n ^  S u s c e p t i b i l i t y  increments  between p e r c h lo r a t e s  

and c h l o r i d e s ,  and between p e r c h lo r a te s  and c a t io n s  are
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Suinmary o f th e  p:raph (fi.o;ure 9 ) ( c l i lo r id e s  & p e r c h lo r a te s )

C a tio n
1.

E l i • a t  No.
Oi th e  
c a t io n  (Z)

-10^%  M

(M+)
. . - - ........ - 1

,  > 
-1 0 °  Z M

iMC^ g)

-10*^ Z  M

(MC'f Cj.)

Li+
1

ti
i

2 + 1 .0 23 .30 27.02

10 5.90 30.20 36.60

18 14.40 38.70 46.30

Rb+ 36
(

21.80^ fO) 46 .40 55.80

46 24.70 50.10 56.40

Cs'^ 54 3 4 .4 ( '0 ) 56.70 65 .40

Tl + 80 

_L_ .

32.90 58.40 69.20
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a l s o  summarised in  t a b l e  5  The c h i e f  d i s c re p a n c y  i s  

t h a t  of l i t h i u m  p e r c h l o r a t e  which has a s u s c e p t i b i l i t y  

l e s s  t h a n  th e  expec ted  va lu e  from th e  s lo p es  of  th e  

g rap h .  The o th e r  inc rem en ts  a re  ve ry  much as expected  

w i t h i n  th e  l i m i t s  of e x p e r im e n ta l  e r r o r ,  but  the  e f f e c t  

of th e  change i n  c o o r d i n a t i o n  i s  not  c l e a r  i n  a l l  c a s e s .  

The p a r a l l e l  r e l a t i o n s h i p  i s  good between po tass ium  and 

rub id ium , and caesium and th a l l iu m ^  where compounds of th e  

same c o o r d i n a t i o n  number a re  be ing  compared f o r  a l l  t h r e e  

c u r v e s .  Sodium p e r c h l o r a t e  does no t  however seem to  

show th e  e f f e c t  of i t s  lower c o o r d in a t i o n  number as t h e  

t h r e e  cu rv es  a re  p a r a l l e l  between sodium and p o ta ss iu m .

The s i l v e r  p e r c h l o r a t e  v a lue  seems t o  be a l i t t l e  low and 

th e  s i l v e r  c h l o r i d e  v a lu e  r a t h e r  h igh  f o r  a good p a r a l l e l  

r e l a t i o n s h i p  between rubid ium  and s i l v e r .  From t a b l e  ^ 

th e  mean molar s u s c e p t i b i l i t y  f o r  the  p e r c h l o r a t e  io n  

from th e  v a lu e s  i n  column 6 i s  3 2 *ET o m i t t in g  the  low 

l i t h i u m  v a l u e .  A more or l e s s  c o n s ta n t  increment would 

be expec ted  co r re sp on d in g  to  the  in c re a s e d  volume of th e
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ion  on p ass in g  from c h lo r id e  to  p e rc h lo ra te *  The 

increm ents  between the  p e r c h l o r a t e s  of d i f f e r e n t  c a t i o n s  

were c a l c u l a t e d  and a re  shown below. I n  each case the  

s u s c e p t i b i l i t y  of the second ion  i s  s u b t r a c te d  from t h a t  

of the  f i r s t  showing the  increment fo r  th e  v a r io u s  

p a i r s  of compounds arranged  w i th  in c r e a s in g  atomic number. 

( - 1 0 ^ 2 %  C1Û4) -  ( - 1 0 ^ ^ Li CIO^) = 9 .52

( - I 0 ^ Z & C 1 0 4 ) -  (-1 0  ̂Z Na ClO^j _

(-16  ̂Z  Rb CIO^)- (-lO^ZKciO^) = 9 . 5

( -  10^ Z CsClO^)- ( - lO ^ R b  c io ^ )  = 9 . 5 3

i - i o ^ Z  TIC1O4)- ( - 1 0 ^ 2  c s  c io ^ )  = 3 .9

( -10^ ;^  Ag CIO^)- i - 1 0 ^  Z  Rb CIO^) = 0 .66

The increm ents  f o r  the  a l k a l i  compounds a re  almost c o n s ta n t  

showing the  s i m i l a r i t y  i n  p r o p e r t i e s  among the  a l k a l i  m e ta l s .

■4“ H” H* “4“
The increm ent  between Rb & Ag and Cs & T l  are  much 

s m a l l e r .  The c o n s i d e r a t i o n  of the  magnetic s u s c e p t i b i l i t y  

change on pass ing  from the  s a l t s  w i th  a c h lo r id e  io n  t o  

those  w i th  the  p e r c h l o r a t e  ion  i s  of importance as i t  g iv e s  

a measure of the  e f f e c t  of a d d i t i o n  of fo u r  oxygen atoms
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i n  the  an ion .  The ex p e r im e n ta l  r e s u l t s  may be compared 

w i th  c a l c u l a t e d  v a lu e s  f o r  a d d i t i o n  of oxygen as g iven  

by P a s c a l ’ s d iam agne t ic  s u s c e p t i b i l i t y  c o n s ta n t s  and a l s o  

w i th  a t h e o r e t i c a l  )on\c s u s c e p t i b i l i t y  c a l c u l a t e d
(42)

by use of S l a t e r ’ s method. The molar s u s c e p t i b i l i t y  

increment f o r  a d d i t i o n  of fo u r  oxygen atoms can a l s o  be 

c o r r e l a t e d  w i th  the  molar volume change and the  bond 

l e n g th  in  the p e r c h lo r a t e  io n .

Table 6  shows t h a t  i t  i s  no t  p o s s ib le  to  de term ine  

w i th  c e r t a i n t y  (from th e  increm ents  i n  column 

e x a c t ly  what e f f e c t  th e  change in  c o o r d in a t io n  number on 

p ass in g  from c h lo r id e  to  p e r c h lo r a te  has upon t h i s  

'%C104’ -  % C 1 ’ in c rem en t .  For th e  s a l t s  where th e r e  

i s  a change i n  c o o r d in a t i o n  number from s i x  i n  the 

c h l o r i d e  to  tw e lve  i n  th e  p e r c h l o r a t e ,  the  molar 

s u s c e p t i b i l i t y  increment v a r i e s  from 6 . 3  (Ag compounds),

6 . 6  (Cs compounds w i th  c h lo r id e  c o r r e c t e d  to  s i x - f o l d  

c o o r d in a t io n )  7 .6  (K compounds) t o  9 .4  f o r  rubidium 

compounds. The mean of th e s e  i s  7*5 u n i t s  of s u s c e p t i b i l i t y .
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In  two p a i r s  of compounds, th o se  of caesium and t h a l l i u m  

t h e r e  i s  a co r respond ing  change i n  c o o r d in a t i o n  number 

of f o u r ,  ie, from a c o o r d in a t io n  number of e ig h t  i n  th e  

c h lo r id e  t o  twelve i n  the  p e r c h l o r a t e .  Here th e  p e r c h l o r a t e -  

c h lo r id e  increment i s  8 .7  f o r  th e  caesium s a l t s  (when 

Cs C l  i s  not  c o r r e c t e d  t o  s i x  c o o r d in a t io n )  and 10.8^ 

f o r  th e  t h a l l i u m  s a l t s .  The mean of th e s e  two i s  9«75 u n i t s  

of s u s c e p t i b i l i t y .  Although t h i s  i s  some-what h igher  th a n  

the  mean when the  change i n  c o o r d in a t i o n  number i s  from s i x  ’ 

to  twelve ( i e ,  a change of s i x  u n i t s )  i t  i s  a r a t h e r

u n c e r t a i n  f i g u r e  owing t o  the  d i f f e r e n c e  of v a lu es  from

which i t  c a l c u l a t e d .  For th e  sodium p e r c h lo r a t e  and c h l o r i d e  

th e r e  i s  a c o o r d in a t i o n  number change of two, i e ,  from s i x  

t o  e i g h t ,  and here th e  increment between th e  p e r c h lo r a t e  

and c h l o r i d e  i s  8 . 1 .  I t  would seem t h e r e f o r e  as though the  

oxyanions a re  somewhat l e s s  s e n s i t i v e  t o  c o o r d in a t io n  

number changes t h a n  the  s imple a n io n s .  The f i g u r e s  i n d i c a t e  

t h a t  t h e  p e r c h l o r a t e - c h l o r i d e  inc rem en t ,  when th e r e  i s  no

change i n  c o o r d in a t i o n  number on p ass ing  from c h lo r id e  i c
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t o  p e r c h l o r a t e ,  i s  r a t h e r  g r e a t e r  th a n  e ig h t  u n i t s  of 

s u s c e p t i b i l i t y  and i s  p o s s i b l y  of th e  o rd e r  of 9 u n i t s  by
_____ (do^H)

comparison w i th  e a r l i e r  work. Magnesium and barium s a l t s  

may a l s o  be compared to  f i n d  th e  increment and support  a 

f i g u r e  of app rox im ate ly  9 u n i t s .  Table j  shows t h a t  th e  

magnetic s u s c e p t i b i l i t y  of magnesium p e r c h l o r a t e  i s  6 7 .6 9  

c a l c u l a t e d  from the  hydra ted  s a l t .  The correspond ing  f i g u r e
( 3 4 )

f o r  magnesium c h lo r id e  i s  4 9 .8 6 .  The increment f o r  two 

p e r c h l o r a t e - c h l o r i d e  ions  i s  t h e r e f o r e  17.53 u n i t s  and f o r  

one i s  8 . 9  u n i t s .  S i m i l a r l y  th e  molar s u s c e p t i b i l i t y  of 

barium p e r c h l o r a t e  i s  9 0 . I  u n i t s  w hile  t h a t  of barium
m )

c h lo r id e  i s  72 .3  u n i t s .  Here ag a in  th e  increment i s  8 .9  

Both magnesium and barium va lues  a re  determined on hexa-  

hydra ted  p e r c h l o r a t e s  and c h l o r i d e s .  I t  has been shown^^^^ 

(Trew, Husain  and S i d d i q i  i n  p re s s )  That  a change i n  

c o o r d in a t i o n  number has l i t t l e  in f lu e n c e  on th e se  hexa-  

hydra tad  c a t i o n  which a re  w e l l  sc reened  by the  s h e a th  of 

w ate r  m olecu les  from th e  e f f e c t  of su rround ing  io n s .

i e .  r  .  - +  +

. / - A C .
-b ' . ' M
-
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T his  e s t im a te  of 9 u n i t s  of s u s c e p t i b i l i t y  f o r  a d d i t i o n  of 

fo u r  oxygen atom to  th e  an io n ,  i e -  ^

Cl* ___________

would give 2 .25  u n i t s  per  oxygen atom. T h is  i s  ve ry  much 

l e s s  th a n  th e  c a l c u l a t e d  s u s c e p t i b i l i t y  increment f o r  

oxygen, e i t h e r  from th e  S l a t e r  method or using th e  P a s c a l  

c o n s t a n t s  f o r  oxygen and th e  re a so n  f o r  t h i s  i s  d i s c u s se d  

in  s e c t i o n  2%

The cu rves  show t h a t  s i l v e r  and t h a l l i u m  (1) c h l o r i d e s  and

p e r c h l o r a t e s  have much lower s u s c e p t i b i l i t i e s  th a n

expected  when compared w i th  the  a l k a l i  s e r i e s .  Th is  i s

ev id e n t  when the  S l a t e r  t h e o r e t i c a l  curve i s  compared 
ih t

w ith  th r e e  upper c u rv e s .  T h is  can  be co ns ide red  i n  term s
A-

of the e l e c t r o n i c  s t r u c t u r e  of the  c a t i o n s  which i s  shown 

bol.OTc iht  iablû- .
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5s"p^dlO ; 6 s2
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For th e  a l k a l i  c a t i o n s ,  th e  ou te r  s h e l l  i s  an i n e r t  gas 

c o n f i g u r a t i o n  (S^P^) and th e  s i l v e r  and t h a l l iu m  (1) have 

a d^^ stoJz a t  or near  th e  s u r fa ce  of th e  io n .  (6s i s  v e ry  

l i t t l e  d i f f e r e n t  i n  energy from 5 d ) .  These l e v e l s ,  as 

can be seen from the  Hartree. wave f u n c t i o n  graphs i n  

L an d o l t -B o n n s te in ,  ha?e a l a r g e r  p a r t  o f  th e  d o r b i t a l  

energy d i s t r i b u t i o n  f u n c t i o n  w e l l  away from the  core of 

the  atom in  th e  o u te r  sphere . The p a r t  of th e  e l e c t r o n i c  

charge in  th e s e  d o r b i t a l s  w i l l  be very  s e n s i t i v e  t o  

the  surrounding  ions in  th e  environment and hence p a r t  

of th e  s u s c e p t i b i l i t y  which depends upon the io n ic  

volume i s  modified when th e  e f f e c t i v e  volume of th e  

c a t i o n  i s  reduced i e ,  the c a t i o n  i s  very  s e n s i t i v e  when 

the  d^^ s h e l l  i s  near  the  s u r fa c e  to  crowding e f f e c t s ,  

of i t s  a n io n ic  n e ig h b o u rs .  Both th e  molar volume and 

. s u s c e p t i b i l i t y  graphs show t h i s  e f f e c t .  The molar volume 

i s  de term ined  by th e  c lo s e n e s s  of packing of th e  c r y s t a l  

and th e  r e s u l t a n t  s i z e  of the  io n  i n  i t s  t u r n  c o n t ro l  

the  s u s c e p t i b i l i t y .
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The Molar Volumes of the  p e rch lo ra te .^  S e r i e s  of S a l t s .

The d e n s i t i e s  of the  p e r c h lo r a t e s  were determined and 

the  e f f e c t i v e  molar volumes were c a l c u l a t e d  from t h e s e ,  

from th e  r e l a t i o n s h i p  . The r e s u l t s  are

g iv en  i n  t a b l e ?  • L i t e r a t u r e  va lues  used f o r  the

d e n s i t i e s  i n  a few cases  a re  marked i n  th e  t a b l e .

These molar volumes were p l o t t e d  a g a in s t  th e  e f f e c t i v e  

atomic number of th e  c a t i o n s  as b e fo re  and compared 

w i th  th o s e  of th e  co r respond ing  c h l o r i d e s .

The s l o p e s b e t w e e ^  l i t h i u m  p e r c h lo r a t e  and sodium 

p e r c h l o r a t e  and between l i t h iu m  c h lo r id e  and sodium

c h lo r id e  a re  p a r a l l e l .  The increments between the  

p e r c h lo r a t e  and the  c h lo r id e  i n  th e s e  two cases  are  

t h e r e f o r e  c o n s ta n t s

i e ,  Li CIO^ -  Li Cl)  = 23.3

A,Vj  ̂ ( Vm Na 0104 - Na Cl) = 23 .0 .

The graphs between sodium p e r c h lo ra te  and potassium
two

p e r c h l o r a t e  and t h a t  of between t h e ^ c h lo r id e s  are l e s s  

p a r a l l e l ,  the  increment being d i f f e r e n t  in  th e se  c a s e s .  

A \  ^  G104 -  K Cl) = 17.7
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TABLE .7

D e n s i t ie s  and m olar volumes o f  th e  -p e rch lo ra te s  

and th e  c h lo r id e s

20Compound

42  « 4

106.4

2.068 20.53

43 .82.429

88,45 2.165 27.00

122.45 2.45 50.0

KCf 74.553 37.5

138.55 2 .51 55.2

2.76120.94 43 .8

184.94

Cs C( 168.37 3.97 42.40

232.37 69.783.33

1 4 3 .3 4 26.65 .4

207.34 63.83.25

239.85 7.00

303.85 4 .89 62.14
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Again th e  molar volume increm ent between th e  p e r c h lo ra te s  

and th e  c h lo r id e s  of rubid ium  and po tass ium  are not 

c o n s ta n t  and th e r e f o r e  th e  graphs a re  not p a r a l l e l .

^ ^bClO^ -  Rb C l) = 22 .2^M M  4 M

)
4

I t  can be seen  from the  graph t h a t  t h i s  i s  p o s s ib ly  b e 

cause the  c lo s e r  packing accompanying th e  change from 

e ig h t  to  tw elve c o o rd in a t io n  occurs a t  po tassium  

p e r c h lo r a t e .  T h is  change low ers th e  molar volume of 

po tass ium  p e r c h lo ra te  below the  f ig u r e  expected  fo r  e ig h t  

c o o rd in a t io n  ( i e ;  p a r a l l e l  w ith  th e  c h lo r id e  c u rv e .)

T h is  i s  shown by th e  d o t te d  l i n e  i n  f ig u r e  iO  ̂ I t  i s  

obvious from th e  graph t h a t  th e  po tass ium -rub id ium  p e r c h lo ra te  

s lo p e  i s  a l s o  c o r re c te d  by t h i s  change becoming p a r a l l e l  

t o  t h a t  f o r  th e  two c h lo r id e s .  A sm ila r  e x p la n a t io n  f o r  

th e  s lo p e  between rub id ium  and caesium c h lo r id e s  i s  i n d i c a t e d .  

The s lop e  between caesium  and th a l l iu m  i s  norm al. But th e  

very  low molar volume of s i l v e r  c h lo r id e  causes a d e v ia t io n  

in  th e  increm ents  -in which i t  i s  concerned . I t  i s  d i f f i c u l t  

to  e x p la in  th e  cause of t h i s .
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O; TABLES E

Molar Volume in c rem en ts  between p e rc l i lo ra te  and C hlo ride
 ̂ *̂r J . f .

S a i t V ,/° (C (0 , ’ )m 4 ri
(CfO^»-G«.’ )

Li"^ 43. s 20.5 • 2 3 .3 .

Na'*' 50.0 27.0 23.00

K'^ 55ô2 37.5 17.70

Rb'*' 66.05 43.00 22 .97

G s'*' 69; S 42 .4 27:4

6 3 .Ô 26.7 37.1

+
\

62.14 "Æ #
■---'«<■ ;f 34.3 27; 04
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C ry s t a l  s t r u c t u r e  of .the h a l i d e s  and the  p e r c h lo r a t e s  

of the c a t i o n s  concernée^.

The Lithium io n  has f o u r - f o l d  c o o r d in a t io n  i n  l i t h iu m

c h l o r i d e .  At o rd in a ry  tem p era tu re  and p r e s s u r e ,  s i l v e r  
o

f l u r i d e ,  s i l v e r  c h lo r id e  and bromide, sodium and potass iumA-

and rubid ium h a l id e s  c r y s t a l l i s e  w i th  Na 01 symmetry 

( s i x - f o l d  c o o r d in a t i o n ) .  The c h l o r i d e ,  bromide and 

iod ide  of caesium and ' [ i  the  c h l o r i d e  and bromide 

of T l  ( I )  c r y s t a l l i s e  w i th  GsCl Symmetry ( e ig h t  f o ld  

c o o r d i n a t i o n ) .  The c r y s t a l  s t r u c t u r e  of the  normal 

yellow t h a l l i u m  io d id e  i s  s i m i l a r  to  the  orthorhombic 

form of sodium hydrox ide .  Th is  may be regarded  as b u i l t  

of s l i c e s  of Na Cl s t r u c t u r e  i n  which each sodium has 

f i v e  n e a r e s t  OH * groups a t  f i v e  of th e  a p ic e s  of an 

oc tahed ron  and the  m issing  apfev. i s  occupied by two 

OH: a t  3 . 7 A

DPI
HO

1

1
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So i t  could be suggested  t h a t  the  c o o r d in a t io n  of

th a l l i u m  i n  t h a l l i u m  io d id e  i s  seven .  The red form
(•

of t h a l l iu m  io d id e  has CsCl symmetry. Under p r e s s u r e ,

S i l v e r  iod ide  can  be c r y s t a l l i s e d  w ith  NaCl s t r u c t u r e ,  

but a t  o rd in a ry  tem p era tu re  and p r e s s u r e ,  s i l v e r  iod ide  

has th e  zinco|blénd s t r u c t u r e  (ON.4 ) .

P e r c h lo z a t e e . L ith ium has s i x - f o l d  c o o r d in a t io n  i n  Li CIO^ 

The w ate r  molecules  are  arranged  in  groups of 

t h r e e  aroundplânes l-« p e rp e n d ic u la r  t o  the  plane of 

th e  paper. The l i t h iu m  ions l i e  between th e  groups and 

a re  t h e r e f o r e  surrounded o c t a h e d r a l l y  by s i x  water mois.

A l l  th e  o th e r  p e r c h l o r a t e s  concerned except Aodium 

p e r c h l o r a t e  have been to  have twelve c o o r d in a t io n

f o r  th e  c a t i o n  i n  the  s a l t s .  BaSO^ type symmetry i s
Galium

g iven  f o r  a l l  th e s e  p e r c h l o r a t e s .  1'^ has a c o o r d in a t io n  

number' of twelve in  BaSO^ ^
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Magnetic S u s c e p t i b i l i t y  of the T r io r th o p h o s p h a te s  

of U n iva len t  C a t io n s .

The r e s u l t s  of the  measurements of the  s u s c e p t i b i l i t i e s  of 

th e  t r io r th o p h o s p h a te s  of u n iv a le n t  c a t i o n s  are  

summarised i n  t a b l e  ^  . Columns 1 and 2 of t h i s  t a b l e  

give th e  form ula  and the  m olecular  wight of th e  s a l t s .

The s p e c i f i c  mass s u s c e p t i b i l i t y  and the  molar s u s c e p t 

i b i l i t y  a re  g iven  i n  columns 3 and 4 .  The molar 

s u s c e p t i b i l i t y  of the  s a l t s  in c r e a s e s  w i th  in c re a s in g  

atomic number of th e  c a t i o n s  as a l r e a d y  found f o r  

h a l i d e s ,  n i t r a t e s ,  and o th e r  s a l t s  b o th  by e a r l i e r  

workers  and i n  the  p re se n t  work.

I n  o rder  t o  b r in g  out c l e a r l y  the  resemblances w i th  th e  

h a l i d e s ,  the  molar s u s c e p t i b i l i t i e s  of th e  t r i o r t h o -  

phosphate^ (M^PO^) were p l o t t e d  a g a in s t  t h r e e  t imes the  

e f f e c t i v e  atomic number of t h e  c a t i o n s .  Three t im es  th e  

molar s u s c e p t i b i l i t i e s  of th e  h a l id e s  of the  same c a t i o n s  

were p l o t t e d  s i m i l a r l y  on th e  same graph as shown in  

f i g u r e  • A ve ry  good g e n e ra l  p a r a l l e l  r e l a t i o n s h i p  

i s  shown in  the  g raph .  The s lope  between l i th iu m
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M agnetic S u s c e p t i b i l i t y  o f th e  O rthophosphates 

o f  th e  U n iv a len t c a t io n s
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S a l t Mol. w t. -10^ Z  ( s a l t ) -10^ X  M

Li^PO^ 115; Ô 0.3028

0.3052

0 . 302s

35.10

35.34

35.10 
mean

3572

NagPO,'12HgOj  4 ^ 3S o ; i 6 0.5597 

0.5576 

. 0.55973

212,76

212.00

212.76
mean

212.8

Ka3F0^ 164;015 57.24

K3PO4H2O 230 ; 5 0 .381  ' ■ 

0.362  

07 363

87.74

87.97 

88 .2

mean
87.97

K3F0^ 2/ 2-  2.7 0.363 75.01
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TABLE 7 (contd)

m

S a l t
"•

M ol.wt. -10*^;^ ( s a l t ) -10*^ X. M

(NH^)3 PO^.SHgO 202.975 0.6006  :

0.5911

0.592

' 122.02 

120.1

120.3  '■ 
mean

120.13

148.975 81.25

132.,07 0.5240

0.5281

0.5283

69.2

69.73

69.77

mean
69.75

AS3P04 418,62 0.3056

0.3051

0.3050

127.91

127.72

127.7
mean

127 .7

^°4 708.15 0.2087

0.2089

0.2084

147.8

148.0

147.6
mean

147.8
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c h lo r id e  and sodium c h l o r i d e  i s  p a r a l l e l  t o  t h a t  

between l i t h i u m  and sodium o r th o p h o sp h a te s .  The 

s lo p e s  between po tass ium  and ammonium s a l t s  and th o se  

between po tass ium  and s i l v e r  s a l t s  a r e  l e s s  p a r a l l e l .

But th e  s lo p e s  between l i t h i u m  and ammonium s a l t s  are  

f a i r l y  p a r a l l e l .  I t  i s  n o t  p o s s ib le  t o  c o n s id e r  and- 

d e t e c t  the  e f f e c t  o f  th e  c o o r d in a t i o n  number of the  

c a t i o n  i n  t h e  s a l t s  as  th e  c o o r d in a t i o n  number of th e  

c a t i o n  i n  a l l  t h e  phospha tes  i s  no t  known. Owing t o  th e  

l a r g e r  phosphate an io n  the  e f f e c t  of any c o o r d in a t io n  

number change could not  be expected  t o  be as l a r g e  as 

i n  th e  s im ple  h a l i d e s .

The s u s c e p t i b i l i t y  inc rem en ts  ( ^ X )  between the  h a l i d e s  

and th e  phosphates  a re  c a l c u l a t e d  and are  shown i n  the  

fo l lo w in g  t a b l e  10 .
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I n  t h i s  t a b l e  column 4 g iv es  the  s u s c e p t i b i l i t y  increment 

between the  t h r e e  c h lo r id e  ions and th e  one phosphate io n .

The increment between one c h lo r id e  io n  and 1/3 phosphate 

io n  i s  g iv en  i n  column 5» I f  th e  s u s c e p t i b i l i t y  f o r  th e  

c h lo r id e  io n  i s  assumed to  be 24.3 th e n  the  s u s c e p t i b i l i t y  

of 1 /3  of th e  phosphate  io n  fo l lo w s  by s u b t r a c t i n g  the  

v a lu e s  i n  column 5 from 2 4 .3 .  The s u s c e p t i b i l i t y  of the  

phosphate ion  i s  g iven  in  column 6 by m u l t ip ly in g  t h i s  

f i g u r e  by 3 .  Column 8 g iv e s  th e  s u s c e p t i b i l i t y  va lue  

f o r  th e  phosphate  io n  by an o th e r  method, i e -  by s u b t r a c t i n g
f

3 t im es the  io n ic  s u s c e p t i b i l i t y  of  the  c a t io n s  from th e  

s u s c e p t i b i l i t y  of th e  s a l t .  Thus columns 6 and 8 g ive  th e  

s u s c e p t i b i l i t y  f o r  the  phosphate io n  c a l c u l a t e d  by two

d i f f e r e n t  methods. These two methods a re  no t  e n t i r e l y

independen t  as th e  low v a lu e  fo r  th e  potass ium  s a l t  and

th e  h igh  v a lu e  f o r  the  s i l v e r  and t h a l l i u m  s a l t s  found i n

b o th  c a s e s  i s  de term ined  by the  a c t u a l  expe r im en ta l  va lue  

f o r  th e  s u s c e p t i b i l i t y  of th e  phosphate s a l t .

I f  we tak e  a mean va lue  of the  s u s c e p t i b i l i t y  fo r  the
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phosphate io n  i t  i s  4 2 . Ç u n i t s  of s u s c e p t i b i l i t y .

This  f i g u r e  i s  somewhat u n c e r t a i n  s in c e  the  po tass ium

s a l t  g iv e s  a r a t h e r  lowgr v a lu e  and s i l v e r  and T ha l l ium

give a h igh  va lue  f o r  the  s u s c e p t i b i l i t y  of th e

phosphate  io n .  The low s u s c e p t i b i l i t y  va lue  f o r  th e

potass ium  s a l t  and the  h igh  v a lu e  f o r  the  s i l v e r  and

t h a l l i u m  s â l t s  may be due to  a d i f f e r e n c e  in  c o o r d in a t i o n

e f f e c t  and hence of th e  packing of th e  ions  in  the  c r y s t a l s .

P robab ly  more measurements and f u r t h e r  work are  needed here

i n  o rd e r  t o  make a c l e a r e r  s tudy  of  th e  magnetic

s u s c e p t i b i l i t y  r e l a t i o n s h i p s  of o r th o p h o s p h a te s .

Molar Volumes of th e  o r th o p h o sp h a tes  of th e  UnlvaleJit. Cations . .

The molar volumes of th e s e  o r tho ph o sph a te s  were c a l c u l a t e d  from 
(37)

the  d e n s i t y  and the  r e s u l t s  are shown i n  t a b l e  1 1 .

I n  g e n e r a l  th e  molar volume in c r e a s e s  w i th  the  in c r e a s in g  

atomic number of th e  c a t i o n  i n  th e  p ho sp ha te s .  But 

s i l v e r  o r thophospha te  g iv e s  a c o n s id e r a b ly  low molar volume. 

Th is  i s  s i m i l a r  t o  th e  e f f e c t  shown i n  th e  case of s i l v e r  

c h l o r i d e  and s i l v e r  p e r c h l o r a t e  and i s  due to  th e  d en se r  

packing of th e  c r y s t a l .



TABLE IX

m

20S a l t

1 1 5 .S 2 .42 46.70

164.015 64.652.537

2.33  ̂ 91.10

(NH, ) PO 149.095 1 .5 4 96.20

1 .619132.07 21.60

412.62 6 .4 65 .4

708.15 6 .29

%
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Molar volumes w ere , s i m i l a r l y  to  the  s u s c e p t i b i l i t i e s ,  

p lo t t e d  a g a in s t  t h r e e  t im es  the  e f f e c t i v e  atomic 

number of the  c a t i o n s .  Three t imes th e  molar volume 

of th e  correspond ing  c h lo r id e s  were a l s o  p lo t t e d  on th e  

same graph in  order t o  b r in g  out c l e a r l y  the  resemblances 

w i th  the  h a l i d e s .  In  g e n e ra l  t h e r e  i s  a p a r a l l e l  r e l a t i o n 

sh ip  between the  c h lo r id e s  and the  phosphates i n  t h i s  

graph and i t  i s  q u i te  c l e a r  t h a t  th e se  molar volume 

r e l a t i o n s h i p s  a re  r e f l e c t e d  i n  the  s i m i l a r  p a r a l l e l  n a tu re  o? the. 

s u s c e p t i b i l i t y  r e l a t i o n s .  There i s  one po in t  of d i f f e r e n c e  

because th e  molar volumes of s i l v e r  c h lo r id e  and phosphates 

are below those of potassium while  the  molar s u s c e p t i b i l i t y  

va lues  of th ese  two s a l t s  come between those  of potassium 

and t h a l l i u m .  The molar volume which i s  a d i r e c t  p ro p e r ty  

of the  packing of th e  ions  in  the  c r y s t a l  and- s o  i s  r a t h e r  

more dependent upon t h i s ,  and on the  c o o rd in a t io n  number^than 

i s  Oft the  s u s c e p t i b i l i t y .  I f  th e  molar volumes and sus

c e p t i b i l i t i e s  of the  remaining members of the  a l k a l i -  

c h lo r id e  s e r i e s  ie^ rubidium c h lo r id e  and caesium c h lo r id e
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are a l s o  compared w ith  th e s e  g raphs ,  i t  i s  c l e a r  t h a t

th e re  i s  a lowering of bo th  p r o p e r t i e s  i n  th e  case of

s i l v e r  and th a l l iu m  s a l t s  compared w i th  th e  rubidium and

caesium s a l t s ,  i e ,  t h r e e  t imes th e  molar s u s c e p t i b i l i t y

of rubid ium c h lo r id e  has a value of 
6

- l O  M ” ^39*2 ( Rb Cl = 46 .4  ) .  Three times th e
the ‘ 4-

e f f e c t i v e  atomic number o:  ̂ ien  Rb Uh i s  108 and the  graphfPi^ure <ld]

shows t h i s  g iv es  a p o in t  s l i g h t l y  above th e  slope between 

potass ium  and s i l v e r  c h l o r i d e s .  In  the case  of caesium 

c h lo r id e  th e  e f f e c t  i s  c l e a r e r  even though here th e  

c o o r d in a t io n  number of the  room tem pera tu re - fo rm  i s  e i g h t .

Three t im es  the  molar s u s c e p t i b i l i t y  of caesium c h lo r id e

i s  170.1 ( -10 ^  CsCl = ?6 .7  ) and 3 Z f o r f c a t i o n r
+ ,

Cs i s  162 ( Z (Os ] = 5 4  ) .  This  g iv es  a p o in t  about

14 u n i t s  of s u s c e p t i b i l i t y  above th e  s lope  between s i l v e r

and t h a l l i u m .  A s i m i l a r  but more marked e f f e c t  i s  found

w i th  th e  molar volumes. The s lope of th e  graph fo r  the

complete h a l id e  s e r i e s  t-htts runs h igher  th an  the  s loped for
the 32j|:s shoŵ n. in  ̂ .
Gf ■tèejf ig u re d  - 42- • The molar volumes of the  room

tem pera tu re  forms of rubidium and caesium c h lo r id e s
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m u lt ip l ie d  by th re e  give v a lu es  of I 3O and 129 r e s p e c t iv e ly  

(the  caesium  value being t h a t  f o r  8 - fo ld  c o o r d in a t io n ) .  

T h ese^ if  p lo t te d  on th e  molar volume graph a t  v a lu es  of 

th re e  t im es  th e  e f f e c t i v e  atomic number of the c a t io n s ,
Which

t-ha s-e p o in ts ,  are  h igher  th a n  the potassium value  andA-

very  much h igher  than  th e  molar volumes of s i l v e r  and 

th a l l iu m  c h l o r i d e s .  The slope of th e  molar volume graph 

fo r  th e  h a l id e  s e r i e s  thus  comes above t h a t  f o r  the  

s e r i e s  in c lu d in g  s i l v e r  and th a l l iu m ,  but th e  low value 

f o r  caesium c h lo r id e  due to  the  e ig h t  c o o r d in a t io n  shows 

c l e a r l y .



Magnetic molar s u s c e p t i b i l i t y  and molar volume of the
I

orthopbospha tes  of some "bivalent c a t i o n s .

The r e s u l t s  of the  measurements of the  s u s c e p t i b i l i t y  

and th e  c a l c u la t e d  molar volumes a re  summarised i n  

t a b l e  <1£ . The molar s u s c e p t i b i l i t i e s  and th e

molar volumes of th ese  o r^ tho  phosphates  have a l s o  

been compared w i th  those  of the  c h lo r id e s  of the  

same c a t i o n s . The mean of the  l i t e r a t u r e  va lues  was 

tak en  f o r  the  molar s u s c e p t i b i l i t y  of th e  c h lo r id e s  of
/ i 7 \

ca lc ium , s t ro n t iu m  and barium. The Ion ic  s u s 

c e p t i b i l i t y  f o r  th e  c a t i o n s  was worked out by s u b t r a c t i n g  

tw ice  th e  Io n ic  s u s c e p t i b i l i t y  c o n s ta n t  f o r  the  c h lo r id e

Ion (2 X 2 4 . 3 ) from th e se  mean va lu es  of the  s a l t s , -
a i t )

ehlovitbga. Trew, Husain & S l d l q u l ' s  va lue  was tak en  

f o r  magnesium c h lo r id e  and f o r  Mg c a t i o n ,  l e .  49.86 

f o r  MgC12 and 2 .6  u n i t s  f o r  Mg . The o th e r  va lues  

a re  g iv en  below.

Ca"^

8r++

Ba

M c i ;

5 4 . 7 1 6 .10

6 2 . 3 2 1 3 . 7 2

7 2 . 9 2 24.3
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TABLE 7 2

]>Iag;netic s u s c e p t i b i l i t y  o f th e  o r thophospha te  o f  

b iv a le n t  c a t io n s

S a l t M ol.wt.
-10^ X

( s a l t )
-10& M

Mg^ 334.98

262.98

0.4305

0.4282

0.4288

144.22

, 143.50

193.64
mean

143.70

91.86

310.2 0.3028
0.3003
0.3015

93.92
93.20 '
93.50

mean
93.5

Sr3(P0,^)2 452.84 0.2109
0.2113
0.2107

95.50
95.70
95.40

mean
95.5

^^3(^^4 )2 602.04 0.2239
0.2233
0.2238

134.46
134.73

mean
134.6
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T i-5±;fiBLE 41

ouimiiary o f  -10^ % M and V,.% of th e  c h lo r id e s  o f  

u n iv a le n t  and b iv a le n t  c a t io n s  (used fo r  graphs)

» .............................................................................................-  . . . - ......................................................

S a l t E ff .
No.
th e

a t
of.
c a t io n -10^ X.M

- I

LiC< (6) 2 23.3   ̂ ^ ) 20.53

NaCl (6) 10 30.2 ( ^^ 27.00

NH  ̂ Cl
(S) 10 36 .56 '’̂ ®^ 35.1

KCl (6) IS 38.7 37.5

AgCl (6) 46 50.1 26.6

T( Cl (S) SO 58.4 34.26

MgClg (6) 10 49.86 (34) 41.12

CaCfg (6) 18 ■54.71  (^3) 44.20

ZnClg (Ô) 28 55.3 46 .9

SrClg (S) 36 62.32 (^3) 51.95

BaClg
it1

(9)

'

54 { 72.92
1
1

4- - - - - - - - - - - - - - - - - - - - - - - - - - - - -  -Î

53.2
!
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•TABLER 74-

M i. For B iv a le n t  C ations

S a l t M ol.wt. .

Ca3 (PO^)^ 310.26 3 .14 98.8

262.98 2 .17 121.19

S r j  (P0^)2 452.54 3.16 143.34

(^^4^2 602.16 3.8 158.46

m:

The d e n s i t i e s  a t  20^C a re  tak en  from th e  L i t e r a tu r e  

except f o r  ^ which i s  measured.
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These va lues  were used to  c a l c u l a t e  the  s u s c e p t i b i l i t y  

of the  phosphate io n .  The molar s u s c e p t i b i l i t i e s

of the  o r thophospha tes  of these  b iv a l e n t  c a t io n s  were

p l o t t e d  aga in s t ,  th re e  t im es  the  e f f e c t i v e  atomic

number of the  c a t io n s  and th r e e  times the  molar s u s 

c e p t i b i l i t i e s  of the  corresponding  c h lo r id e s  a l s o  were 

s i m i l a r l y  p l o t t e d  on the  same graph .  S im i la r  graphs were 

p l o t t e d  a l s o  i n  the  case  of molar v o l u m e s r e s  13 and 1/+) 

In  c o n s id e r in g  these  g rap h s ,  i t  should f i r s t  be noted 

t h a t  of the  o r th op ho sp ha te s ,  the  magnesium orthophosphate  

i s  a hydra ted  s a l t - l i k e  substancey While th e  o th e r  t h r e e  • 

s a l t s  a re  m icrocrystaUine  ' jamof jsphous anhydrous powders. 

There i s  th u s  a c o n s id e r a b le  d i f f e r e n c e  in  s t r u c t u r e  

as i s  c l e a r l y  brought out by the  graph of th e  $ o la r  

volumes ( f i g ,  ) The sample of the  magnesium 

or thophosphate  r e q u i r e d  to  measure th e  d e n s i ty  and 

molar volume was prepared  by simple d ehy d ra t io n

of th e  hydra ted  compound by removing th e  water i n  a  

vacuum over s u lp h u r ic  a c id .  The low d e n s i t y  and h igher 

molar volume would appear to  i n d i c a t e  t h a t  th e  l a t t i c e
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s t r u c t u r e  i n  the  dehydra ted  magnesium orthophosphate  

i s  not  th e  same as t h a t  of the o ther  t h r e e  s a l t s .

Th is  h ig h e r  molar valume i s  e v id e n t ly  r e f l e c t e d  i n  

the  r a t h e r  h igh molar s u s c e p t i b i l i t y  of th e  Mg  ̂

r e l a t i v e  t o  t h a t  of ca lc ium , s t ro n t iu m  and barium 

compounds. Apart from t h i s  the  p a r a l l e l  r e l a t i o n s h i p  

w i th  th e  c h l o r i d e s  i s  f a i r l y  c l o s e .  A s i m i l a r  e f f e c t  

[ o f  the  d i f f e r e n c e  between th e  hydrated  s a l t s  of the  

a l k a l i s  and th e  anhydrous powdered s a l t ) m ig h t  have 

been expected in  c o n s id e r in g  the  u n iv a le n t  phosphates  

and c h l o r i d e s  i n  th e  case  of s i l v e r  and thall ium,However 

here  bo th  c h lo r id e s  and phosphates  a re  s im i l a r  amorphous 

m i c r o - c r y s t a l l i n e  powders and the  molar volume and 

s u s c e p t i b i l i t y  lowering  i s  the  same both  as a l r e a d y  noted# 

I n  th e  s u s c e p t i b i l i t y  graph ( f i g .  i3 ) a very  good 

p a r a l l e l  r e l a t i o n s h i p  i s  seen i n  g e n e ra l  between the  

c h l o r i d e s  and the  o r th o ph o sp h a tes .  The s lope  between 

ca lc ium  and s t ro n t iu m  c h lo r id e s  i s  no t  e n t i r e l y  

p a r a l l e l  to  t h a t  between the  co rrespond ing  o r tho ph o sp h a te s ,  

w h i le  th e  c h lo r id e  -  o r thophosphate  graphs of s t ro n t iu m
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and barium are  p a r a l l e l .  The s u s c e p t i b i l i t y  increments  

between the  c h lo r id e  io n  and th e  o r thophosphate  io n  

i n  each case  are c a l c u l a t e d  as show in  the  fo l low ing  

t a b l e .  See
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The io n ic  s u s c e p t i b i l i t y  of the  phosphate io n  i s  

c a l c u l a t e d  i n  the  above t a b l e  by two methods a l th o u g h  

th ey  are no t  e n t i r e l y  independent s in ce  bo th  depend 

on th e  ex p e r im en ta l  s u s c e p t i b i l i t y  v a lu e  of the  

o r thophosphate  s a l t s . The va lue  c a l c u l a t e d  in  th e  

case of magnesium agrees  f a i r l y  w e l l  w i th  the  value 

ob ta ined  from the  o r thophospha tes  of u n iv a le n t  c a t i o n s .

All the  o th e r  th re e  c a t i o n s  give much lower s u s c e p t i b i l i t y  

f o r  th e  phosphate ion  t h a n  t h a t  fo r  the  u n iv a le n t  c a t i o n s  

and magnesium. This  e f f e c t  i s  e s p e c i a l l y  marked f o r  

s t ro n t iu m .  I t  appears  t h a t  th e re  i s  a lowering of th e  

s u s c e p t i b i l i t y  f o r  the  phosphate io n  i n  the  case of th e  

compounds of b i v a l e n t  c a t io n s  as Klemm has suggested 

fo r  o th e r  a n io n s .  I t  i s  however p o s s ib le  t h a t  t h i s  

a p p a re n t ly  lower phosphate s u s c e p t i b i l i t y  occurs  because
II

the  t h r e e  M ions are n o t  c o n t r i b u t in g  t h e i r  f u l l  

s u s c e p t i b i l i t y .  I f  t h e i r  s u s c e p t i b i l i t y  wàre l e s s  th an  

th r e e  t im es  t h a t  of th e  u n iv a le n t  c a t i o n ,  the  io n ic  

s u s c e p t i b i l i t y  of th e  phosphate ion  would be h i g h e r . .
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tht.
I t  i s  not  p o s s ib le  t o  decide which i s  c o r r e c t  

exp lan a t ion *  I n  the  molar volume graph ( f i g .  4̂ ) th e re  

i s  a more or l e s s  g e n e ra l  p a r a l l e l  r e l a t i o n s h i p  between 

th e  s lo p es  of th e  c h l o r i d e s  and the  o r thophospha tés  

e x c e p t io n  f o r  th e  h igher  molar volume of th e  magnesium 

o r th o p h o sp h a te .  However, the  molar volume of th e  ca lc ium  

or thophospha te  g ives  a lower value th an  expected 

which makes th e  s lo p es  l e s s  p a r a l l e l  between the  

c h l o r i d e s  and o r thophospha tes  of ca lc ium  and s t ro n t iu m .  

The c r y s t a l  s t r u c t u r e  of a l l  these  o r J h e - p h o s p h a t e s  

are  not w e l l  e s t a b l i s h e d  and very  l i t t l e  i s  known 

about th e  s t r u c t u r e .

Barium and s t ro n t iu m  or thophospha tes  are  cons idered  to  

be i s o s t r u c t u r a l  and rhombhedral.  Z achar isen  has
A-

showed t h a t  the  c o o r d in a t io n  number of the barium io n

(or s t r o n t iu m  ion) i n  the  phosphate d i f f e r s  from t h a t

of o t h e r s * . i e ,  t h e re  are  two d i f f e r e n t l y  arranged

groups barium and oxygen io n s ,  and th e s e  are  termed 
A

Baj- and Ba^_. The barium ion  Baj has a c o o r d in a t io n



number of twelve w i th  s i x  oxygen a t  a d i s t a n c e  of 3.23  

and s i x  o th e r s  a t  a d i s ta n c e  of 2 .80  ion  has

a t e n  c o o r d in a t io n  number w i th  s ix  oxygens a t  a 

d i s t a n c e  of 2.83  A° and o th e r  fo u r  oxygens a t  a 

d i f f e r e n t  p o s i t i o n .

Sr^ a l s o  has tw i lve  c o o r d in a t io n  w i th  s i x  oxygens a t  a 

d i s t a n c e  of 3*10 A° and the  o th e r  s i x  a t  a d i s t a n c e  of 

2.63  A°, S r^ i  has been co n s id e red  to  have t e n  oxygen 

atoms around th e  Sr^^ c a t i o n .

Mackay  ̂ i n  1953 (Acta. CrysC Vol. 6 . p . 743) t r i e d  to

i n v e s t i g a t e  th e  s t r u c t u r e  of -  Ca^(^0 )% but he
' , 4  ̂ 3 4dtiCLYmioe.

was not  ab le  to  i n v e s t i g a t e a d e f i n i t e  s t r u c t u r e .

There may be a d i f f e r e n t  s t r u c t u r e  Pof Ca^ (PO^) otiier
| > l i o s p h a  t e s

The magnetic measurements give r a t h e r  a low s u s c e p t i b i l i t y  

and i t  has a much lower molar volume th an  expec ted ,  which 

would suppor t  t h i s .

The above r e s u l t s  show t h a t  th e  measurements of the  

s u s c e p t i b i l i t i e s  and molar volumes of the o r thophospha tes  

of bo th  a l k a l i  and a l k a l i n e  e a r t h  elements  do show v ery  

s i m i l a r  g e n e ra l  t r e n d s  and marked d i f f e r e n c e s  i n  molar volume

r e l a t i o n s h i p s  are  i n  g e n e ra l  r e f l e c t e d  i n  th e  s u s c e p t i b i l i t y  

g raphs .
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c a t i o r^ .

The s u lp h a te s  measured were e a s i l y  ob ta ined  as *Analar* 

chem ica ls  and no a n a ly s i s  was done on th e s e  compounds.

The measurements were c a r r i e d  out as a l r e a d y  shown in  

th e  case  of o x y h a l id e s .  Three measurements were done on 

each s a l t  and the  r e s u l t s  a re  summarised i n  t a b l e  4 5  .

The s u lp h a te s  of th e  u n iv a le n t  and b i v a l e n t  c a t io n s  

are  t r e a t e d  s e p a r a t e l y .

$115.0.ftStJA ll i tjr pX .t Ü9...§Jalj;)Mte,§_qf_uni.%a1q.nt ..cm liqa&:

 Na^, K-", 1^4+. &%+, T1+.

The r e s u l t s  fo r  the  magnetic s u s c e p t i b i l i t y  of t h e  

s u lp h a te s  of th e se  u n iv a le n t  c a t io n s  a re  shovm i n  t a b l e  d 5  . 

and compared w i th  the  l i t e r a t u r e  va lu es  i n  column 6 of 

th e  t a b l e .  Columns 1 and 2 give the formula and th e  

m o lecu la r  weight of t h e  s a l t s .  The s p e c i f i c  s u s c e p t i b i l i t y  

and th e  molar s u s c e p t i b i l i t y  are  g iven  i n  columns 4 and 5* 

column 3 g iv e s  the  c o o r d in a t io n  number of th e  c a t i o n s  

i n  th e  s a l t s .  The p re s e n t  r e s u l t s  agree f a i r l y  w e l l  w i th  

the  a v a i l a b l e  l i t e r a t u r e  v a lu e s .
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These molar s u s c e p t i b i l i t i e s  were p l o t t e d  a g a in s t  th e  

e f f e c t i v e  atomic number of the  c a t i o n s .  Twice the  

molar s u s c e p t i b i l i t y  of the co rrespond ing  c h l o r i e s  

was p l o t t e d  s i m i l a r l y  on th e  same graph fo r  comparison 

as shown i n  f i g u r e  . The graph comparing the  

c h l o r i d e s  and th e  s u lp h a te s  shows a g e n e ra l  p a r a l l e l  

r e l a t i o n s h i p  th ro u g h o u t .  There are  a few sm all  d e v i a t i o n s  

which c a v  be seen .  I n  p a r t i c u l a r ,  th e  graph shows a 

f a l l  i n  s u s c e p t i b i l i t y  between ammonium and potassium 

s u l p h a t e s ,  w hile  t h e r e  i s  a r i s e  between the  co rrespond ing  

c h l o r i d e s .  Th is  can  be exp la ined  by the  change in  

c o o r d in a t i o n  number and c l o s e r  packing of potassium  

su lp h a te  and the  e f f e c t  of t h i s  change on the  s u s c e p t i b i l i t y  

can  be c a l c u l a t e d  i n  the  fo l low ing  way. Sodium su lp h a te

symmetry type)  has s i x  fo ld  c o o r d in a t io n .  An 

e s t im a t io n  of th e  s u s c e p t i b i l i t y  of the su lp h a te  ion  

i n  t h i s  s a l t  can be found by s u b t r a c t i n g  twice th e  

d iam agnet ic  c o r r e c t i n g  c o n s ta n t  f o r  the  c a t i o n

from th e  s u s c e p t i b i l i t y  of the  sodium s u lp h a t e .
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Na„ 80, 2 Na SO

-10^ X
•2 4 4

M 5 2 . 3 0  1 1 . 8 0  4 0 . 5 .

Œf th e  same method i s  a p p l ie d  t o  po tass ium  su lp h a te  

■we ge t

Kg 80^ 2k"' 80^" (9)

M 28.80 37 . 2 0

So th e  change in  c o o r d in a t io n  number from 6 to  9 

has lowered the  s u s c e p t i b i l i t y  of th e  s a l t  by 3*3 u n i t s*  

I f  t h i s  i s  now added to  the  s u s c e p t i b i l i t y  of po tass ium  

su lp h a te  th e  va lue  c o r r e c t e d  to  the  6 - f o l d  c o o r d in a t io n  

i s  6 9 . 3 . T h is  f i g u r e  i s  shown on th e  graph w i th  d o t te d  

l i n e s .  I t  can be seen  t h a t  the  appa ren t  d isc rep an cy  i s  

removed i n  t h i s .  way.

The s u s c e p t i b i l i t y  increm ents  between two c h lo r id e  ions 

and one su lp h a te  io n  and hence th e  increment between 

one c h lo r id e  io n  and ^  su lp h a te  ion  were c a lc u la te d *

The r e s u l t s  are  shown i n  t a b l e  1(> . I f  we s u b t r a c t  t h i s  

va lue  from th e  io n ic  s u s c e p t i b i l i t y  of the  c h lo r id e  ion  

(2 4 . 3 ) we ge t  the  s u s c e p t i b i l i t y  f o r  ^  su lp h a te  io n  and
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hence m u l t i p l i e d  by 2 g ives  the  io n ic  s u s c e p t i b i l i t y  

fo r  th e  su lp h a te  io n .  The c a l c u la t e d  va lue  f o r  the 

su lp h a te  ion  in  the case of each s a l t  i s  shown in  

t a b l e  column 6 .  The s u s c e p t i b i l i t y  of the  s u lp h a te  

ion  i s  c a l c u l a t e d  by an o th e r  method i e ,  s u b t r a c t i n g  

tw ice  the  io n ic  s u s c e p t i b i l i t y  of the  c a t i o n  from 

èhe molar s u s c e p t i b i l i t y  of the  s a l t .  These va lues  are  

g iven  i n  column 8 .  The r e s u l t s  a re  more or l e s s  th e  

same i n  bo th  c a s e s .  From th e  p re s e n t  measurements, 

a va lue  f o r  th e  io n ic  s u s c e p t i b i l i t y  c o n s ta n t  of the  

su lp h a te  io n  could be ob ta ined  in  th e  case  of u n iv a le n t  

c a t i o n s  which i s  eq ua l  to  4 0 .5 .  The mean of the b e s t  

t h r e e  agrooablo  v a lu e s  a re  t a k e n .

-10^ X. = 40 .5  e . g . s .  u n i t s .

Molar Volumes of the  su lp h a te s  of u n iv a le n t  c a t i o n s .

Molar volumes of th ese  s u lp h a te s  were c a l c u l a t e d  from the  

d e n s i t y  as a l r e a d y  shown b e fo re .  The r e s u l t s  are  g iven  i n

t a b l e  /7

To compare th e  molar volumes of th e  s u lp h a te s  w i th  th e
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Summary of  th e  r e s u l t s  fo r  t h e  molar volumes o f  t h e

73 5 -
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S a l t G.K Mol.Wt. Vj7 “
1

LigSO, - 4 : 109.95 2.221 49.50 1
NagSO^ 6 142.05 2.693 52.65

K^SO. !1 (C /-{- 
!

(9)
(10) 174.26 2.662 65.50

(10) I 132.15 1.769 74.70 !
!i

A§2 30^ 6 311.32 5.6 55.7
t
1
1i

1(2 30^ (9)
(10) 504.35 6.77 74.6

i

MgSO^ (6)
S 120.39 2 .66 45.3

I
1
I

CaSC^ 0 136.15 2.96 45.997

ZnSO,4 g 161.44 3 .4 47 ; 5

S r  SO^ 12 133.7 3.96 46 .4

BaSO^ 12 233.43 4 .2 55.6



correspond ing  c h l o r i d e s ,  they  were p l o t t e d  a g a in s t  

tw ice the e f f e c t i v e  atomic number of the  c a t i o n .

Twice th e  molar volumes were p l o t t e d  s i m i l a r l y  

on the  same graph as  shown in  f i g u r e  . There i s  

once a g a in  a g en e ra l  p a r a l l e l  r e l a t i o n s h i p  between the 

s u l p h a t e - c h lo r id e  molar volumes. E s p e c i a l l y  marked on
art

th e  g raph^the  low molar volumes of s i l v e r  su lpha te  and 

s i l v e r  c h l o r i d e .  However i n  s p i t e  of t h i s  low molar 

volume the s u s c e p t i b i l i t i e s  of Ag Cl and Ag^ ^0^ 

are  r a t h e r  h igher  th a n  those  of po tass ium  s a l t s  but 

would presumably be much h ig h e r  s t i l l  i f  the molar 

volumes had been normal* Th is  e f f e c t  i s  very  s i m i l a r  

to  t h a t  d i s c u s s e d  in  d e t a i l  in  th e  case  of s i l v e r  and 

th a l l i u m  t r i o r t h e p h o s p h a t e s .  Once ag a in  i f  the  complete 

h a l i d e  s e r i e s  in c lu d in g  rubidium and caesium are  

c o n s id e r e d ,  the  molar volumes and s u s c e p t i b i l i t i e s  g ive 

a h ig h e r  s lope  th a n  t h a t  f o r  th e  s i l v e r  and th a l l iu m  

s a l t s  i n
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cryg.t.al .aolptot̂ g gf, tĥ , .BBiY,a?.9nt g.atApjus
^  «2 "«4 .

Goldschmidt made extended s tu d ie s  of the r e l a t i o n s

between the  v a r io u s  s t r u c t u r e s  adopted by c r y s t a l s

of a g iv en  formula  type The compounds

%2 YO^ adopt many d i f f e r e n t  s t r u c t u r e s  accord ing  t o  the

n a tu r e s  of the atoms X and Y. (where X i s  the  m eta l

and Y i s  th e  su lphur  aitom)* We have compounds l i k e

w i th  w e l l  d e f in e d  80^^ ions and e s s e n t i a l l y

io n ic  bonds between the  c a t i o n s  and the  oxygen atoms

of th e  Y04 io n s .  The e s s e n t i a l  d i f f e r e n c e  between the

s t r u c t u r e s  of sodium and potass ium  s u lp h a te s  a t

o rd in a ry  tem p era tu re s  i s  t h a t ,  i n  th e  former the

Na"̂  io n  i s  surrounded by s i x  oxygen atoms (of  the

su lp h a te  io n s )  w h e r e a s  th e  l a r g e r  ions  have, e i t h e r

n ine  or t e n  oxygen ne ighbours  i n  th e  Kg ^ ^ 4  s t r u c t u r e

(which i s  a l s o  th e  s t r u c t u r e  ofRb SO and Cs^ SO ) .
2 4 2 4

The s u lp h a te  of the  s m a l l e s t  a l k a l i  m e ta l .  Lig SO^, 

c r y s t a l l i s e s  w i th  an o th e r  s t r u c t u r e  ( the  phenac i te  s t r u c t u r e )  

i n  which th e  l i t h i u m ( l i ’*’] ion  has only fou r  oxygen



ne ighbours  a rranged  t e t r a h e d r a l l y .  T h a l lo a s  Sulphate^

T l^  SO i s  i s o s t r u c t u r a l  w i th  po tass ium  s u l p h a t e ,
)

Kg 80^, i . e .  th e  T1 io n s  have e i t h e r  n ine  or
t h e m

t e n  oxygen neighbours  around S i l v e r  su lpha te  i s

(3? )g iven  H type  of symmetry i . e . a  sodium s u lp h a te
^7

s t r u c t u r e  i n  which th e  c a t i o n  i s  surrounded by s ix  

oxygen atoms of th e  su lph a te  io n .



Magne t l e . mol a r  _ s u&centIb i l i t l e  s of the  s u lp h a te s  of 

m y a l e n t _ c a t l œ i s _ -  C Z m " * " * " ,  8r"*"  ̂ and

The r e s u l t s  of the magnetic measurements on the  s u lp h a te s

of these  b i v a l e n t  c a t i o n s  are  summarised in  t a b l e  ^8

The measured s u s c e p t i b i l i t i e s  are compared w ith  the

l i t e r a t u r e  va lu es  g iven  in  column 6 of the  t a b l e  •

The c o o r d in a t io n  numbers of the  c a t i o n  in  th e se  s a l t s

are  shown i n  column 3* Trew S i d d i ^ i  and H usa in’ s
(3^)

s u s c e p t i b i l i t y  va lue  i s  tak en  i n  the  case of

magnesium s u lp h a te .  The molar s u s c e p t i b i l i t y  v a lu e s

f o r  magnesium and zinc s u lp h a te s  were determined

from the  hydra ted  s a l t s  (6 C.N.) and th e s e  v a lu e s  were

c o r r e c te d  f o r  the  e i g h t f o l d  c o o r d in a t io n  of the  anhydrous

s a l t  to  compare w i th  the  o th e r  anhydrous s u lp h a te s  Ca80^.

8r  80^ and Ba 80^. This  c o r r e c t i o n  was obta ined  from th e

ex p e r im e n ta l  molar s u s c e p t i b i l i t i e s  of ca lc ium  su lp ha te

and hep tahydra ted  magnesium s u lp h a te .  Calcium su lpha te

has e i g h t f o l d  c o o r d in a t io n  and by s u b t r a c t i o n  of the

io n ic  s u s c e p t i b i l i t y  va lue  fo r  Ca as d iscu ssed  under
;

th e  phosphate s u s c e p t i b i l i t i e s ,  a va lue f o r  the  su lp h a te
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1^1

in
io n ^ e ig h t  f o l d  c o o r d in a t io n  i s  ob ta ined  (38.45 u n i t s ) .

S u b t r a c t in g  th e  value f o r  the s u s c e p t i b i l i t y  of the
■^ni _n_  (^4 )

water/^for the  Mg io n  i n  s i x  fo ld  c o o r d in a t io n

gives  an io n ic  s u s c e p t i b i l i t y  f o r  th e  su lp ha te  ion  ©fvihh

6 c o o r d in a t io n  (41 .{Z u n i t s )  # The d i f f e r e n c e  between

th e s e  two va lues  = en ab le s  an e s t im a t io n  to  be

made of th e  s u s c e p t i b i l i t y  d i f f e r e n c e  f o r  the  30^" io n  

i n  th e  two c o o r d in a t io n  s t a t e s .  T h is  f i g u r e  i s
( 3 4 )

c lo s e  t o  t h a t  suggested by Trew, Husain and S id d ig i

f o r  th e  s i m i l a r  d i f f e r e n c e  between Na^ SO and K SO .
4 4

Both v a lu es  a re  shown i n  t a b l e  i% •

I n  th e  graph ( f ig u re  ) th e  molar s u s c e p t i b i l i t y  of th e  

s u lp h a te s  of b iv a l e n t  c a t i o n s  are  compared w i th  t h a t  

of the  co r respond ing  c h l o r i d e s .  The molar s u s c e p t i b i l i t i e s  

of bo th  s u lp h a te s  and c h lo r id e s  were p l o t t e d  a g a in s t  

t h e  e f f e c t i v e  atomic number of the  c a t i o n  p re se n t  i n  th e  

s a l t s .  Œn th e  case  of magnesium and %inc su lp ha te  both  

ex p e r im e n ta l  and c o r r e c te d  ( fo r  e ig h t  f o ld  c o o rd in a t io n )  

s u s c e p t i b i l i t i e s  were p l o t t e d .  The exper im en ta l  va lues
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a re  r e p r e s e n te d  by the  d o t t e d  l i n e s .  I n  g e n e r a l ,  t h e r e  

i s  a v e ry  good p a r a l l e l  r e l a t i o n s h i p  between the  c h l o r i d e s  

and th e  s u lp h a t e s  even though th e r e  are c o o r d in a t i o n  

number chang es .  Barium su lp h a te  however g ives  a lower 

va lue  th a n  expected  and t h i s  lower va lue  makes th e  

s lo p e s  l e s s  p a r a l l e l  i n  t h i s  r e g io n .  The s u s c e p t i b i l i t y  

inc rem en ts  between the  c h l o r i d e s  and th e  s u lp h a te s  

and hence a va lue  f o r  t h e  i o n i c  s u s c e p t i b i l i t y  of th e  

s u lp h a te  io n  are  c a l c u l a t e d  as shown i n  the  

fo l lo w in g  t a b l e .  (TaUe 10.j



/ 4 4

T a.b k  i g

vO
9

Cation! ^
vO

vO O  COI—1H

+ + 49 .86 2 .6

44.5^^)54.71 10,16Ca 39 .4

+ +
8 .355.5Zn 4 0 .3 7 . 1 40 .1

38.410.0

62.32 7 .9 4 0 .7 13 .7 40 .7o r

14.672.92 34.0Ba 24 .3
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Using the increment we can c a l c u l a t e  th e  io n ic  

s u s c e p t i b i l i t y  of th e  s u lp h a te  io n  by one method 

w i th o u t  knowing th e  c a t i o n i c  s u s c e p t i b i l i t y ,  k  va lue  

f o r  the  s u s c e p t i b i l i t y  of th e  s u lp h a te  io n  can  a l s o  

be ob ta in ed  by s u b t r a c t i n g  the  i o n i c  s u s c e p t i b i l i t y  

of th e  c a t i o n  from the s a l t ,  but th e s e  two methods 

a re  no t  e n t i r e l y  independen t  s in c e  bo th  va lues  depend 

on the  e x p e r im e n ta l  s u s c e p t i b i l i t y  r e s u l t s  f o r  th e  s a l t s .

The mean value of the  io n ic  s u s c e p t i b i l i t y  of th e  

s u lp h a te  io n  ob ta ined  i s  -10^ ^  SO ” ” 3 9 .So e . g . s .  u n i t s
( 0 6ayium ^

Mo l ar.,.voium&s. jsf , I h g, ,5.,ulph a te s  ,.qf ,

The molar volumes c a l c u l a t e d  are  shown i n  t a b l e  7 ?  •

These were p l o t t e d  s i m i l a r l y  t o  the  molar s u s c e p t i b i l i t i e s ,  

a g a i n s t  t h e  e f f e c t i v e  atomic number of the  c a t i o n  and 

compared w i th  th e  molar volumes of the  co r respond ing  

c h l o r i d e s .  The graph i s  shown i n  f i g u r e  7 8 .  The s lo p e s
curvias

of t h e  molar volumeJ^^f s u lp h a te s  from magnesium to  z inc  

are  f a i r l y  p a r a l l e l  t o  th o s e  f o r  th e  c h l o r i d e s .  But th e  

low molar volume of the  s t r o n t iu m  s u lp h a te  g ives  a
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d e v i a t i o n  from t h e  p a r a l l e l  r e l a t i o n s h i p  between t h e  

c h l o r i d e s  and th e  s u lp h a t e s  i n  a d i r e c t i o n  which i s  not  

a p p a r e n t l y  shown on th e  s u s c e p t i b i l i t y  g rap h .  The low 

molar volume of s t ro n t iu m  s u lp h a te  i s  due t o  th e  h ig h e r  

c o o r d i n a t i o n  of th e  s t ro n t iu m  io n  and hence the  dense r  

packing which has a more marked e f f e c t  on the  a c t u a l  

molar volume t h a n  on th e  s u s c e p t i b i l i t y .  The c r y s t a l  

s t r u c t u r e  of th e s e  s u lp h a te s  can  be co n s id e red  because 

of t h i s  marked e f f e c t  on the  molar volume c u rv e s .

Mg 30^ .  I n  th e  hydra ted  s a l t  th e  magnesium c a t i o n
I "f*

i s  surrounded  by s i x  m olecu les  of w a te r  and hence Mg 

has a s i x  f o ld  c o o r d i n a t i o n  i n  hydra ted  magnesium 

s u l p h a t e .  I n  anhydrous Mg SO^, th e  Mg"̂ "̂  i s  - surrounded
(^ 9 )

by e i g h t  oxygen atoms of th e  s u lp h a te  ions  o c t a h e d r a l l y .  

CaSO^.'meHOj type of symmetry i s  g iv en  f o r  ca lc ium

I"
s u lp h a te  i e .  C a ' io n  i s  surrounded bv e ig h t  oxygen atom s.  

Zn S0^« The h y d ra ted  and anhydrons s u lp h a te s  of z inc  a re  

s i m i l a r  t o  tho se  of magnesium su lp h a te  i n  c o o r d in a t io n  

bu t  th ey  a re  no t  i s o s t r u c t u r a l .



TA.
Sr 80 " Ba 80 type  i s  g iven  i e .  12 c o o r d i n a t i o n  f o r  8 r  .4 4

The d é v i a t i o n s  i n  th e  molar volume curve  can  be

r e l a t e d  t o  th e s e  d i f f e r e n c e s  i n  packing and c o o r d in a t i o n

number, and t h i s  h e lp s  to  e x p l a i n  the  s u s c e p t i b i l i t y

d e v i a t i o n .  From magnesium th rough  ca lc ium  to  z inc

b o th  t h e  c h l o r i d e  curve and th e  s u lp h a te  curve

r e f e r  to  a c o n s ta n t  c o o r d in a t i o n  number (6 fo r  th e

c h l o r i d e s  and 8*f o r  th e  s u lp h a t e s )  and th e r e  i s  a

good p a r a l l e l  r e l a t i o n  over t h i s  p a r t  of the  g rap h .

Both cu rves  show d i f f e r e n c e s  i n  c o o r d in a t i o n  number

between z inc  and s t r o n t iu m  and the  c h l o r i d e  curve shows

of
a sm a l l  d i f f e r e n c e ^ b e tw e e n  s t ro n t iu m  and bar ium .

S t ro n t iu m  <&hloride i n  s i x  f o l d  c o o r d in a t i o n  would 

have a h ig h e r  molar v a lu ae  and s i m i l a r l y  t h a t  f o r  

barium c h l o r i d e  would be s t i l l  h ig h e r  th a n  the  e x p e r i 

m enta l  f i g u r e .  T h is  would give an even s t e e p e r  s lope  

ch 10 red
f o r  thCji^molar volume eteardpà^ graph th a n  in

f u l l  l i n e  of f i g  i S  • S i m i l a r l y  S t ro n t iu m  Su lpha te  in B-Wd
coondînûhon

d
would haveAmuch h ig h e r  volume th a n  a c t u a l l y  found fo r
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th e  s a l t  i n  1 2 - fo ld  c o o r d in a t i o n  and barium  s u lp h a te  

would be expec ted  t o  have a s i m i l a r  h igh  f i g u r e .  T h is  

was ap p ro x im a te ly  e s t im a te d  i n  f i g u r e  and th e s e  

v a lu e s  a re  p l o t t e d  as d o t t e d  l i n e s .  The a c t u a l  

d i r e c t i o n  i n  which d e v i a t i o n s  occur (above or below 

th e  s lo p e )  i s  i n  l i n e  w i th  t h i s  e x p l a n a t i o n .  This  

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

graph as i s  shown by th e  d o t t e d  l i n e s  on t h i s  g ra p h ,  

a l th o u g h  th e  s u s c e p t i b i l i t y  of barium s u lp h a te  ap pears  

somewhat low. One l i t e r a t u r e  va lue  has t h i s  somewhat 

h ig h e r  v a lu e .  The d i f f e r e n c e  i n  methods of p re p a r in g  

th e s e  compounds might have a l i t t l e  e f f e c t  on th e  

s u s c e p t i b i l i t y  .
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Magnetic molar s u s c e p t i b i l i t i e s  and molar volumes of  th e

t h i o s u l p h a t e s  of u n i v a l e n t  and b i v a l e n t  c a t i o n s  (M^SgO and.

)•

The t h i o s u l p h a t e s  measured were e a s i l y  o b ta ined  a s

*analar* chemicals*  The r e s u l t s  of th e  magnetic 

measurements and molar volumes on th e se  s a l t s  a re  

summarised i n  t a b l e  lO  * The measurements were made 

only  on f i v e  s a l t s  ie* Sodium, ammonium, po tass ium , 

magnesium and barium th i o s u lp h a t e s *  The molar 

s u s c e p t i b i l i t i e s  and molar volumes of th e s e  t h i o 

s u l p h a t e s  were compared g r a p h i c a l l y  w i th  those  of th e  

c o r re sp o n d in g  su lp h a te s *  In  th e  ca se  of th e  u n iv a le n t  

c a t i o n s  to  compare s u l p h a t e s  and t h i o s u l p h a t e s , the  

s u s c e p t i b i l i t i e s  were p l o t t e d  a g a i n s t  tw ice  the  

e f f e c t i v e  atomic number of  th e  c a t i o n s ,  and i n  th e  case 

of b i v a l e n t  c a t i o n s ,  a g a i n s t  Z f o r  th e  c a t i o n .  The 

h c l a r  volumes were s i m i l a r l y  p l o t t e d  th e s e  two 

graphs  a re  shown i n  f i g u r e s ^ 0  Id.

I n  th e  s u s c e p t i b i l i t y  g raph ,  t h e r e  i s  i n  g e n e ra l
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TABLE 10
1$° % M T h io su lp h a te s  o f  u n iv a le n t  and b iv a l e n t  c a t io n s

: S a l t
Kol.
w t. (M) C.N. - lO ^ J ^ s a l t - 10^;{M

248.21 8 0.5210

0.5200

6.5210

129.30

129.10

129.30
mean

IJajSjO j 158.21 8
* 129.30

6 4 .5 0

190,32 0,4033

0.4053

0.4014

76 .77

77 .14

76.40
mean

76.60

‘ I™*) 2 % 148,21 0.5185

0.5235

0.5152

76.85

77.58

76.40
mean

76.60

. '
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TABLE iO  f c o n t d )

S a l t
Mol. 
w t . (M) C.N. - 10*̂ 'X . s a l t -1 0 ^ %  M

0^0 2  

ÔH^O 244.55 6 0.5240 128,13

0 .5234

0.5200

128.00

127.30
mean

1 2 7 .8 0

Mg S2O3 136.55 6 . 50.04

BaSgO^ HgO 267,6 6 0.3041

0.3052

81 .35

81 .63

0 .3047 81.5
mean

8 1 .5 0

BaSg O3 249.5

■ *u-------------------

68 .54



TABLE i d

M olar voluraes and d e n s i t i e s  o f  th e  t h io s u lp h a t e s  

ÔF u n iv a le n t  and b iv a le n t  c a t io n s

s a l t Mol.Wt. C.N. J)20
¥ ■

&

1 5 8 . 2 1 Ô 2 . 1 2 7 4 . 6 0

K2S2O3 ■ 1 9 0 .3 2 (2 ) 2.23 85 .35

(KH^ ) 2  3 2 O3 1 4 8 . 2 1 0 ) 1 . 6 8 8 8 .3 0

HgS2 0 3 136.43 6 1 .9 7 1 .8 0

Ba3203 2 4 9 .5 6 3.5 7 1 .3 0
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a v e ry  good p a r a l l e l  r e l a t i o n s h i p  between th e  

s u lp h a te s  and th e  t h i o s u l p h a t e s .  The s lo p e s  

between a d ja c e n t  p a i r s  of th io s u lp h a te s  ex cep t 

t h a t  betw een ammonium and p o tass ium  a re  re a so n a b ly  

p a r a l l e l  t o  th o se  of th e  s u lp h a te s .  There i s  a l s o  

a r a t h e r  h igh  v a lu e  f o r  sodium th io s u lp h a te  which 

may be r e l a t e d  to  th e  f a c t  t h a t  t h i s  s a l t  i s  h y d ra te d .

S ince  th e  c o o r d in a t io n  number of th e  c a t io n s  i n  

ammonium and p o tass ium  t h i o s u lp h a te s  i s  n o t  known i t  

i s  no t p o s s ib le  t o  e x p la in  any e f f e c t  of c o o r d in a t io n  

number change on th e  s u s c e p t i b i l i t y .

I n  th e  m olar volumes graph  a l s o  th e r e  i s  a more or l e s s  

g e n e r a l  p a r a l l e l  r e l a t i o n s h i p  between th e  s u lp h a te s  and 

t f c M o s u lp h a te s .  The s lo p e  between p o ta ss iu m  and sodium 

t h io s u lp h a t e s  i s  f a i r l y  p a r a l l e l  t o  t h a t  between p o tass iu m  

and sodium s u lp h a t e s .  T hat between p o tass ium  and barium  

th i o s u lp h a te s  i s  p a r a l l e l  t o  t h a t  between th e  c o r re sp o n d in g  

s u lp h a t e s .  The low molar volume of sodium th io s u lp h a te  does 

no t seem to  be r e f l e c t e d  i n  th e  molar s u s c e p t i b i l i t y  

and th e  r e l a t i o n s h i p  here i s  no t c l e a r .



The s u s c e p t i b i l i t y  in c rem en ts  betw een th e  t h i o 

s u lp h a te s  and s u lp h a te s  were worked out and a mean 

va lu e  of 10 .7  u n i t s  of s u s c e p t i b i l i t y  f o r  th e  d i f f e r e n c e  

of th e s e  s a l t s  i s  o b ta in ed  w ith o u t c o n s id e r in g  the  

c o o r d in a t io n  e f f e c t .  A v a lu e  f o r  th e  8 _ 0 _ i o n
^ j

cou ld  be o b ta in e d  by adding 10.7 t o  the  mean io n ic  

s u s c e p t i b i l i t y  of th e  SÔ *̂  io n .  The va lu e  o b ta in ed  i n  

t h i s  manner i s  An io n ic  s u s c e p t i b i l i t y  c o n s ta n t

f o r '  th e  th io s u lp h a te  io n  was a ls o  c a lc u la t e d  by 

s u b t r a c t in g  th e  io n ic  s u s c e p t i b i l i t y  of th e  c a t i o n  

from t h a t  of th e  s a l t s .  I n  th e  case  of u n iv a le n t  c a t i o n s ,  

tw ice  th e  io n ic  s u s c e p t i b i l i t y  was s u b t r a c te d  to  g e t  

th e  io n ic  s u s c e p t i b i l i t y  f o r  th e  th io s u lp h a te  io n .

A mean v a lu e  of 48 .18  was o b ta in e d  as shown i n  t a b l e  X X  . 

Due to  th e  l im i te d  tim e which was a v a i l a b l e  i t  was no t 

p o s s ib le  f o r  th e  p r e s e n t  au th o r  to  proceed any f u r t h e r  

work on the  t h i o s u l p h a t e s .  F u r th e r  measurements may be 

n e c e s s a ry  to  make a com plete  s tu d y  on th e  t h io s u lp h a te s  

and give a more a c c u ra te  mean v a lu e  f o r  th e  io n ic  s u s c e p t i 

b i l i t y  c o n s ta n t  f o r  th e  th io s u lp h a te  io n .
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DI.WGNETIC SUSCEPTIBILITY G0NST;J^T3

The r e s u l t s  d is c u s s e d  h e re  enab le  th e  fo llo w in g  a d d i t i o n a l  

d iam ag n e tic  s u s c e p t i b i l i t y  c o n s ta n ts  based  upon th o s e  o f  

Trew and H usain  t o  be su sr .e s t  ed

1 Ion  
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I ........ - -
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io n  
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Ba ++ 24 .3 4 2 . 5 .
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Ca'*”*' 6 .1 4 o . /}-
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PART IV
C o n s id e r a t io n  of th e  Formula and S t r u c tu r e  of 

Io d in e  D ioxide

During r e c e n t  y e a r s  th e  i n v e s t i g a t i o n  of th e  fo rm ula  of

io d in e  d io x id e  has been  of i n t e r e s t  and the  s y s te m a tic

m agnetic  s u s c e p t i b i l i t y  r e l a t i o n s h i p s  o b ta in ed  f o r  th e

io d a te s  i n  th e  c u r r e n t  work appear t o  be a p p l ic a b le

to  t h i s  problem .

The e m p i r ic a l  fo rm ula  i s  10^, b u t  t h i s  would ba l i k e l y  

to  e x h i b i t  param agnetism  because o f th e  odd e l e c t r o n  p r e s e n t .

X R
i .

C o tto n  and W ilkson sugges ted  t h a t  th e  ye llow  s o l i dA

Ig  0^ ( ( ^ ^ 2 ^   ̂ ^ h ic h  i s  o b ta in ed  by p a r t i a l  h y d ro ly s i s

of (10 )^  80^ ap p ea rs  t o  have a netw ork b u i l t  up of 

po lym eric  I  -  0 c h a in s  which a re  c r o s s  l in k e d  by 10 g ro u p s . 

K le in b e rg  p o in ted  ou t t h a t  IgO^ and 1^ 0^ a l th o u g h

th e y  c o n ta in  on ly  io d in e  and oxygen a re  no t regarded  

as r e a l l y  be ing  o x id e s .  Ig  0^^ commonly known as  io d in e  

t e x t r o x i d e ,  i s  a ye llow  s o l i d  o b ta in ed  by th e  a c t i o n  of 

w a te r  on th e  p ro d u c ts  of r e a c t i o n  betw een io d ic  a c id  and 

warm c o n c e n t ra te d  s u lp h u r ic  a c id .  These p ro d u c ts  a re



/5 -g

p ro b a b ly  0 ^ ' ^2  *̂ 4* ^2 ^°4*

a c tu a l  s t r u c t u r e  o f I ^  0^ i s  no t f u l l y  e s t a b l i s h e d .  One 

fo rm ula  a s s ig n e d  t o  th e  compound makes th e  p resum ption  

t h a t  i t  i s  an io d y l  io d a te  (10 ) 10^.

V arious  w orkers  have used m agnetic  s u s c e p t i b i l i t y ,  and 

s p e c tro -p h o to m e tr ic  methods to  i n v e s t i g a t e  th e  s t r u c t u r e  

of io d in e  d io x id e  and o f s im i l a r  compounds. Evidence 

i n d i c a t e s  t h a t  th e  s im p le s t  m o lecu la r  fo rm ula  i s  0^ 

and an a t t r a c t i v e  s im p le  fo rm u la t io n  i s  j^IO ^| |^I0^ ^  

i e .  io d o x y - io d a te .  T h is  fo rm ula  ^ 0 ^  10^ i s  suppo rted  

by th e  e x is te n c e  of s im i la r  compounds such as ^ l o j  ^ 30^

formed whan io d in e  i s  d is s o lv e d  i n  Oleum ( a form of 

c o n c e n t ra te d  H^SO^). There i s  c o n s id e ra b le  d i f f e r e n c e  of 

o p in io n  abou t th e  e x a c t  s t r u c t u r e  of th e  io d in e  d io x id e .

M easurements of th e  m agnetic  s u s c e p t i b i l i t y  have been
(<(2 )

c a r r i e d  out by W illm arth  and D h a rm a tt i .  They showed 

t h a t  th e  su b s tan ce  i s  d iam ag ne tic  and suggested  t h a t  th e  

d iam agnetism  cou ld  be ex p la in ed  as due to  th e  p resence  

of an even  number o f 10^ u n i t s .  So th e y  suggested  t h a t  

th e  compound cou ld  be ( 1 0 ^ )  QiO^ ^ . W illm arth  and D harm atti



give a d iam ag n e tic  molar s u s c e p t i b i l i t y  v a lu e  of 
-6

-  7 6 . 0 . 10  f o r  t h i s  compound.
( C )

D asent and Waddington in v e s t ig a t e d  th e  p o s s ib le  

s t r u c t u r e  of ^2^4  o th e r  s im i l a r  compounds* They 

sug g es ted  t h a t  lO"  ̂ cou ld  not be p re s e n t  as such

because  i t  has th e  same number of v a len c y  e l e c t r o n s

3as oxygen (0^  ) and so should  have a ^ s p e c tro s c o p ic  

s t a t e  w i th  two un p a ired  e l e c t r o n  s p in s  and be param agnetic  

l i k e  th e  oxygen molecule* i e .  oxygen i s  fo rm u la ted

O ’ and 10"*" would s i m i l a r l y  be

These un pa ired  sp in s  cou ld  be avoided i f  th e r e  i s  a 

double bond ; J  : 0 ^ ”̂ , bu t th e  g e n e ra l

in d i c a t i o n s  show t h a t  th e s e  e l e c t r o n  d e f i c i e n t  compounds 

ten d  to  have th e  e l e c t r o n s  spread  over th e  a v a i l a b le  

o r b i t a l s .  D asant and Waddington p o in ted  out t h a t  th e  

i n f r a  red  s p e c t ro s c o p ic  ev idence  i s  n o t  i n  accord  w i th  a 

double  bond s t r u c t u r e ,  i e .  th e  1 - 0  s t r e t c h i n g  

f re q u e n c y  does no t come i n  th e  c o r r e c t  p lace  i n  th e



U d

infra-red'range for a double bond. Meanwhile in  1957
■ ( f w

Symons . worked on sim ilar compounds and discussed  

Willmarth and Dharmatti's magnetic evidence that the 

iodoxy io n , |^I0  ̂j i s  diamagnetic since the iodoxy 

iodate 10 is  diamagnetic. In 1962  Arotsky,

Miseha and Symonds remeasured the magnetic su sc e p t ib ility  

of IgO  ̂ and a lso  1^0^  ̂ (IO)g 80^ and (10) HŜ Ô ^

In order to ca lcu la te  an ion ic s u sc e p t ib ility  value for 

the |4o^ J  ion . They a lso  indluded the sa lt  potassium  

acid pyrosulphate KHSgÔ  and calcu lated  an ion ic  

s u sc e p t ib ili ty  for the j^IO^) ca tion  by subtracting  

s u s c e p t ib il i t ie s  as fo llo w s.

10^ [ 10+ )  = - I 0 ^ ^ [  10+j  H SgO^ -

- 1 0 ^ ^  M

= -  2 8 .9  -  7 9 .9  -  (-1 3 .0 )3

This g ives a paramagnetic su sc e p t ib ility  for the

ion of 10^ ^ M ~ 37 . 7 . c . g . s  u n its . There i s  however

some discrepancy since Willmarth and Dharmatti, assuming
+that was 10 10^* 1 obtained a value of



76 ;

-  24 .88 f o r  th e  s u s c e p t i b i l i t y  of th e  c a t i o n  10 .
( 6 )

T h is  was o b ta in e d  by s u b t r a c t in g  T re w 's  va lu e  f o r  th e

d iam ag n e tic  s u s c e p t i b i l i t y  of th e  10^ ' a n io n  from t h e i r  

own e x p e r im e n ta l  va lu e  o f -  7 6 .0  f o r  th e  I g O ^ . I t  

t h e r e f o r e  would appear t h a t  io d in e  t e t r o x id e  does n o t 

c o n ta in  th e  c a t i o n  ^  as a s im ple s p e c ie s  c o n t r a r y

t o  W illm arth  and D h a rm a t t i 's  a ssu m p tio n . As a l r e a d y  

no ted  t h i s  fo rm ula  should  lead  t o  a param agnetic  s u s 

c e p t i b i l i t y .  I f  however th e  s u s c e p t i b i l i t y  v a lu e  of 

A ro tsk y , Mischa and Symons f o r  th e  compound (IO)g 80^ 

i s  c o n s id e re d  u s ing  th e  p re s e n t  mean io n ic  s u s c e p t i b i l i t y  

of th e  s u lp h a te  io n  ( - 10^ I  ) a d iam ag n e tic

va lu e  i s  o b ta in e d  f o r  t h e  c a t i o n  in  t h i s  compound.

i e .  106 (IO)g = - 10^ Z  M ( 1 0 4  ®°4 M

* — 8 0 .2  — 9 ^ ^  z —4  ̂ 7

=  -  7

- / o ^ Z  For 10+ = ^ 5-0 -3 5

They c la im  t h a t  t h e i r  ev idence su g g e s ts  t h a t  th e  

m olecule 1 ^0^ c o n s i s t s  of sh e e ts  of po lym erised  c h a in s  

of IgO s e p a ra te d  by 10  * io n s  -  and i s  a g ia n t  l a t t i c e

ty p e  o f s t r u c t u r e .



/ é £

(ff)
In  1964 G re te  D aeh lie  and Arne L jekshus  r e p o r te d  t h e i r  

work on th e  io d in e  o x id es  and r e l a t e d  compounds -  

such as 120^ .30^ ; ^2^ 3 * 30^H20; 12^ 3 * GeC^j and

I 2O2, * T h e ir  ev id en ce  showed t h a t  12^̂  ̂ was th e  s t a b l e  end 

p ro d u c t o f  th e  decom position  o f  th e  o th e r  compounds a t  

low er - te m p e ra tu re s^ its e lf  n o t  b e in g  decomposed u n t i l

9
about 200c. These a u th o r s  do n o t  g iv e  any d e f i n i t e  

i n d i c a t i o n  o f  w hether th e  compound c o n ta in s  th e  (10***) c a t io n .  

I t  i s  i n t e r e s t i n g  to  p l o t  t h e  a v a i l a b l e  s u s c e p t i b i l i t y  

o f  l 2^^ (W illm arth  and  D harm atti  and A rotsky and co- 

w orkers) on th e  g raph  o f  the c u r r e n t  work f o r  th e  

s u s c e p t i b i l i t y  o f  th e  i o d a t e s .  The f i g u r e  shows 

t h i s  g rap h  w ith  Z (10*’’) = 6 0 . I t  w i l l  be

n o ted  t h a t  t h e  p o in t  f o r  th e  m olar s u s c e p t i b i l i t y  o f  

l 20^ f a l l s  a lm ost on th e  l i n e  between th e  m olar su s 

c e p t i b i l i t y  o f  s i l v e r  io d a te  and th a l l iu m  (1 ) i o d a t e .

I t  s u p p o r ts  th e  id e a  t h a t  th e  compound i s  an io d a te  and 

t h a t  th e  c a t io n  must be d iam a g n e tic .  The d iam ag netic  

c o n s ta n t  f ü r  th e  io d a te  io n  o b ta in e d  in  th e  p r e s e n t  work i s
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-44 .7*  10 and w ould, i f  s u b t r a c te d  from  W illm a rth  and 

D h a r m a t t i 's  S u s c e p t i b i l i t y  v a lu e  f o r  1^0^ .  g ive - 10^ % 

f o r  th e  io d in e  -  oxygen c a t i o n  a va lu e  of -  '^1 .^  and 

from  A ro tsk y , Mischa and Symonds' va lue  would g ive  

- 2 4 .9 .  The fo l lo w in g  t a b l e  summarises th e  above d i s c u s s i o n

L—......... ' " T
C a t io n Compound Io n ic  S u s c e p t i -  

- .... b i l i t y ___
A uthor.

10’*’ (10) HSgO^ + 3 7 *7 * c . g . s .  
u n i t s

A ro tsky , M ischa. 
and Symons. ,

(IO )g (10)2  SO^ -  4 0 .7  " u s in g  p r e s e n t  io n ic  
s u s c e p t i b i l i t y  fo r  
80^" . A ro tsky , Mischa 
and Symons' e x p e r i 
m en ta l v a lu e s

-2 4 .9  " P re s e n t  va lue  f o r  
10^' and A ro tsky , 
Mischa and Symons' 
e x p e r im e n ta l  v a lu e  
f o r  I 2O4 .

^2°4 -  31 .3  " P re se n t  10^ v a lu e ,  
W illm arth  and 
D h a rm a tt i ’ s e x p e r i 
m enta l v a lu e  f o r  

l2 °4 -

The above ev id en ce  seems t o  su g g es t  t h a t th e  compound



could  be an iodoxy i o d a t e ,  bu t t h a t  th e  sim ple 

(10 ) c a t i o n  i s  n o t  p r e s e n t  as such , b u t  th e  ev idence  

a l l  p o in t s  t o  a c o n f i rm a t io n  o f th e  s u g g e s t io n  t h a t  

t h e r e  i s  some po ly m erised  form p re s e n t  as th e  c a t io n *  

The e x a c t  s t r u c tu r e '  canno t be s e t t l e d  u n t i l  th e  c r y s t a l  

s t r u c t u r e  d e te r m in a t io n  by X -ray  d i f f r a c t i o n  a n a ly s i s  

has been made.

The use of th e  c u r r e n t  v a lu e s  to  support, th e  id e a  of 

an  iodoxy io d a te  i s  f u r t h e r  supported  by th e  s u s c e p t i 

b i l i t y  f o r  F t  (10 g iv en  by P rasad  D h arm a tti  and
W  6

Kanekar . They found a va lue  of -  0 .2356 ,10  f o r  

th e  s a i t  which w i th  a m o lecu la r  w eigh t of 5 5 7 .0 5  g iv e s  

-10^ 2  M of 1 3 1 .2 4 . I f  h a l f  o£ Üie f ig u r e

i s  p l o t t e d  a g a in s t  h a l f  Z f o r  F 6 ^  (Z = 4 0 ) ,  th e  

p o in t  f a l l s  on th e  p r e s e n t  g raph between th e  s u s c e p t i 

b i l i t i e s  of p o tass iu m  and s i l v e r  i o d a t e s .
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PART V
D is c u s s io n  o f  R e s u l ts  and T h e o r e t ic a l  M olar S u s c e p t i b i l i t y

R e la t io n s h ip s

G enera l I n t r o d u c t i o n

F or a ^ t e r i c a l  io n  th e  d iaw a g n e tic  s u s c e p t i b i l i t y  may be

t h e o r e t i c a l l y  found from th e  I,an gev in  E q u a tio n  -

6 0  ̂ 2 <—— ? -  10
-1 0  / [ „  = efN \  -  ^ = 2 .8 3  • 10 \

n Y*
6mc

n  n

where ^  r  ^ i s  th e  mean sq u a re  r a d iu s  o f  an  o r b i t a l  

summed over a l l  th e  n  o r i b i t a l s  w i th in  th e  atom o r  io n .

S in ce  th e  <4 q u a t io n  h o ld s  o n ly  f o r  a s p h e r i c a l  f r e e  io n ,  

i t  would n o t  be ex p e c ted  to  be i n  e x a c t  agreem ent w ith  th e

e x p e r im e n ta l  v a lu e s  ex c e p t  when th e s e  approx im ate  to  s p h e r i c a l  

symmetry i n  d i l u t e  s o l u t i o n  o r  a d i l u t e  g a s .  The s u s c e p t i b i l t y  

o f  an atom o r  io n  i s  t h e r e f o r e  p r o p o r t i o n a l  t o y —̂  *

I n  c r y s t a l s  th e  i n t e r i o n i c  d i s t a n c e s  depend a l s o  on th e  

i o n i c  r a d i i  and hence th e  f a c t o r s  which de te rm ine  such 

d i s t a n c e s  i n  a c r y s t a l  must in f lu e n c e  th e  m agnetic  s u s 

c e p t i b i l i t y .  I f  an  in c r e a s e  i n  th e  s i z e  o f  an io n  ten d s

to  i n c r e a s e  th e  v a lu e  o f  >— f o r  an io n  i n  th e  c r y s t a l ,
n

th e n  th e r e  sh o u ld  be an  in c r e a s e  i n  th e  m olar s u s c e p t i b i l i t y .



a t

This fo l lo w s ,  because  th e  volume o f a sp h e re  i s  H - j i l i - /  

and th e  mean sq u a re  r a d iu s  r e p r e s e n t s  th e  p r o je c te d  p a r t  

o f  t h i s  volume p r o je c te d  on a p lan e  p e rp e n d ic u la r  to  the  

f i e l d  a x i s .  So th e  charge i s  p o la r i s e d  by th e  f i e l d  and 

we would ex p e c t  th e  m olar volume and m olar s u s c e p t i b i l i t y  

to  be r e l a t e d .

There a re  v a r io u s  methods by which th e  v a lu e  o f  th e  mean 

\  2
sq u a re  r a d iu s  W  o f  th e  atom ic o r  io n ic  o r b i t a l s  may

^  (^7)
be c a l c u l a t e d .  Van Vleck and P a u l in g  developed  an

e q u a t io n  f o r  th e  m olar s u s c e p t i b i l i t y  o f  a  f r e e  gaseous

io n ,  c a l c u l a t i n g  by u se  o f  a p p r o p r ia te  v a lu e s  o f
/ r

th e  p r i n c i p a l  quantum number n ,  th e  o r b i t a l  a n g u la r  

momentum quantum number 1 , and th e  s c re e n in g  c o n s ta n t

f o r  a p a r t i c u l a r  ( n , l )  o r b i t a l .

2 „  \  2 •i . e .  ^  n , 1 = - e  N
6 me ^

n

Van V leck and P au lin g  have shown t h a t  -
. z
a .  n h

C 7 . - S )
1 + 3 / 2  i l -  t  ( l + T  ) - 1 / 3 ,

n2

p e r  gram atom ^ — h
I + -sfz \  1 -  t  t  + 0 - ^ / 5

n2
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To s im p l i fy  th e  e x p re s s io n  P a u l in g  m u l t i p l i e s  by 2 /5

I . e . 2 /5 1 f  3^2, I ’ -  H  ( - t l )  -  'h

n2

2n2

1 -

5 n 2

A = 5/2 JÉ.A/ )  _ n t_  h - i l S ± L ! l z J
É9r,c  ̂ / 5

I n  th e s e  e q u a tio n s  N i s  th e  p r i n c i p a l  quantum number o f  a 

group o f  e l e c t r o n s  w ith  o r b i t a l  a n g u la r  momentum quantum 

number 1 and Z i s  th e  e f f e c t i v e  atom ic number o f  th e  atom 

o r  i o n .  The t o t a l  s u s c e p t i b i l i t y  i s  found by summing over 

a l l  th e  sub-rgroups p r e s e n t .  The s c re e n in g  c o n s ta n t  s 

was c a l c u l a t e d  by P a u l in g  assuming t h a t  th e  v a r io u s  sub

groups in f lu e n c e  each  o th e r  l i k e  s u r f a c e  s p h e r i c a l  d i s t r i 

b u t io n s  o f  ch a rg e .  Using th e  v a lu e s  o f  th e  u n iv e r s a l

c o n s ta n ts  e ,  N, m, c and a^ which were ac cep ted  i n  1932,

P 2th e  v a lu e  o f  5/2 e N . a  was g iv en  by P a u l in g  as

6 me
o

2



f é 8

- 6
2 . 010 .10  . This i s  5 /2  g r e a t e r  th a n  th e  u s u a l  v a lu e

o f  e % .  used  by l a t e r  w orkers , i . e .  0 .8 0 4 .  10"^
6 mc^

Using modern v a lu e s  o f th e  c o n s ta n ts  a more c o r r e c t  f i g u r e

-6i s  0 .7 9 2 3  .10  which i s  u sed  i n  t h i s  d i s c u s s io n  ( s e e

pageil5 ). P a u l i n g 's  v a lu e s  o f  t h e o r e t i c a l  s u s c e p t i b i l i t i e s  

tended  to  be much to o  h ig h  f o r  e lem ents  i n  th e  l a t e r  p e r io d s  

o f  th e  p e r io d ic  t a b l e .  S u b seq u en tly  S l a t e r  in t ro d u c e d  an 

improved s e t  o f  s c re e n in g  c o n s ta n ts  and m o d if ied  e f f e c t i v e  

p r i n c i p a l  quantum numbers (n* ) f o r  v a lu e s  o f  n g r e a t e r  th a n  3 

These were a s e m i - t h e o r e t i c a l  s e t  o f  v a lu e s  a r ra n g e d  to  g ive  

a good agreem ent between th e  observed  and c a lc u la te d  v a lu es  

o f  th e  e n e rg ie s  o f  th e  v a r io u s  o r b i t a l s .  The io n ic  and 

atom ic s u s c e p t i b i l i t i e s  o b ta in e d  by S l a t e r ' s  method a re  

very  much c lo s e r  to  e x p e r im e n ta l  i o n ic  and atom ic su s 

c e p t i b i l i t i e s  th a n  th e  P a u l in g  o nes , a l th o u g h  s t i l l  con

s id e r a b ly  to o  h ig h  f o r  e lem ents  w ith  n  3 Angus^ 

has t a b u la t e d  P a u l i n g 's  i o n ic  s u s c e p t i b i l i t y  c o n s ta n ts  f o r  

a  number o f io n s  i n  com parison w ith  t h o s e  o b ta in e d  by th e  

S l a t e r  method and a m o d if ied  S l a t e r  method which he

developed  o f  d e te rm in in g  \  , The most a c c u ra te

n



p
e s t im a t io n s  o f  th e  v a lu e  o f  " a r e  th e  v a lu e s  c a l 

c u la te d  by H artre i^^^w ho developed  a method f o r  computing 

th e  d i s t r i b u t i o n  o f  e l e c t r o n  d e n s i ty  by a method based on 

quantum m echan ics . This g iv es  v a lu e s  o f  th e  atom ic and 

io n i c  s u s c e p t i b i l i t y  o f  a f r e e  io n  i n  good agreem ent w i th

e x p e r im e n ta l  v a lu e s .  B ut on ly  a l im i t e d  s e t  o f v a lu e s  f o r

th e  io n ic  charge  d i s t r i b u t i o n  i s  a v a i l a b le  and i n  the  c r y s t a l ,

th e  problem  cf th e  r e s t r i c t i o n  o f  th e  f i e l d  has to  be in c lu d e d .

The shapes o f  th e  s u s c e n t i b i l i t v - a t o m i c  number graphs 

and th e  t h e o r e t i c a l  c a l c u l a t i o n s

A c o n s id e r a t io n  o f  t h e o r e t i c a l  m olar s u s c e p t i b i l i t i e s  h e lp s  

to  e x p la in  th e  g e n e ra l  n a tu re  o f  th e  s u s c e p t i b i l i t y - a t o m ic  

number c u rv e s ,  i . e .  th e  z ig -z a g  c h a r a c te r  o f  th e s e  c u rv e s . 

C e r t a in  s y s te m a t ic  r e la t io n s h ip s  e x i s t  between th e  su s 

c e p t i b i l i t i e s  o f  th e  s a l t s  c o n ta in in g  io n s  o f  r e l a t e d  s e r i e s ,  

which a re  b e s t  shown g r a p h ic a l ly .  I t  has been  shown t h a t  

th e  d iam agn etic  s u s c e p t i b i l i t y  when p l o t t e d  a g a i n s t  th e

e f f e c t i v e  a tom ic number o f  th e  whole compound has a
( § )

c h a r a c t e r i s t i c  z ig -z ag  s lo p e  . This e f f e c t  i s  c l e a r  f o r  

s a l t s  o f  th e  same c a t i o n  and d i f f e r e n t  an ions when a g raph  

i s  p l o t t e d  o f  m olar s u s c e p t i b i l i t y  a g a in s t  th e  e f f e c t i v e
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atom ic number o f  a n i o n ' ( o r  th e  e f f e c t i v e  atom ic number o f

c a t i o n  f o r  s a l t s  w ith  th e  same a n io n ) . S im i la r  ty p es  o f

g raph  a re  th u s  found i n  th e  case  I'o^ i s o e l e c t r o n i c  s e r i e s

o f  s a l t s  on p a s s in g  from th e  s a l t s  o f  one c a t io n  to  t h a t
( f i g .13)

o f  th e  o t h e r .  This e f f e c t  i s  shown i n  th e  fo l lo w in g  f i g u r e

and was n o ted  by Klemnx and has been  f u r t h e r  developed  by
(40 )

Trew and co -w o rk e rs .  I n  t h i s  f i g u r e  th e r e  i s  shown the 

co u rse  o f  th e  g raph  o f  v a lu e s  f o r  th e  t h e o r e t i c a l  d i a 

magnetism o f  th e  i n e r t  gas type  o f io n s  p l o t t e d  a g a in s t
( 6 2 )

th e  o r d in a l  number, th e  v a lu e s  be ing  ta k e n  from Angus.

I t  i s  o b v io u s ly  c l e a r  t h a t  th e  s lo p e  does n o t ascend 

l i n e a r l y  w i th  th e  o r d in a l  number a l th o u g h  P ra sa d  and h is  

co-w orkers  have t r i e d  to  smooth o u t g raphs o f  t h i s  type  f o r  

e x p e r im e n ta l  measurements o f  ammonium and a l k a l i n e  e a r t h  

s a l t s  to  a s t r a i g h t  l i n e  r e l a t i o n s h i p s .  The f i g u r e  shows 

t h a t  a l th o u g h  th e r e  i s  a g e n e ra l ly  l i n e a r  ten den cy , th e r e  

a r e  s y s te m a t ic  i r r e g u l a r i t i e s  i n  the  g raph . This type  o f  

ifot i s  s i m i l a r  to  t h a t  f o r  th e  io n ic  r a d i i ,  m olar volumes 

and th e  m olar r e f r a c t i v i t y  v a lu e s .  There i s  a s t e e p e r  s lo p e  

from th e  neon to  argon  c o n f ig u r a t io n  and a r a t h e r  s m a l le r
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one from argon  to  k ry p to n  and a g a in  a g r e a te r  s lo p e  from
d o  )

k ry p to n  to  th e  xenon c o n f ig u ra tion*  Trew and Husain a ls o  

showed f o r  sim ple s a l t s  o f a l k a l i  m e ta ls  t h a t  th e se  p a r a l l e l  

p lo t s  were very  s e n s i t i v e  to  changes i n  c o -o rd in a t io n  number 

o f  th e  c a t i o n  o r  an io n . I n  view o f the  e a r l i e r  work, the 

r e s u l t s  f o r  th e  a l k a l i  h a l id e s  can be used as a u s e f u l  

r e fe re n c e  f o r  c o n s id e r a t io n  o f any sy s te m a tic  p r o p e r t i e s  

o f th e  s a l t s  i n v e s t ig a te d  i n  the  p re s e n t  work.

A change i n  th e  s lo p e  o f  the  s u s c e p t i b i l i t y  graph r e s u l t s  

when an  in c r e a s e  i n  the  number o f the  e le c t r o n s  occurs  due 

to  the  f i l l i n g  i n  of th e  d and f  o r b i t a l s  w i th in  the io n s .

This w i l l  in f lu e n c e  the  s i z e  of the  io n ic  r a d i i .  I n  the  

case  o f the  h a l id e  io n s ,  the  in c re a s e  i n  s lope  on p ass in g  

from bromide to  io d id e  i s  expec ted  from th e  e l e c t r o n ic  con

f i g u r a t i o n  of th e  h a l id e  io n s ,  i . e .  i n  the  c h lo r id e  io n  w ith  

Z = 18 th e  e l e c t r o n i c  c o n f ig u r a t io n  i s  IS ^ , 2S^P^, 

i n  the  bromide io n  w ith  Z = 36 th e  arrangem ent i s  

IS ^ ,2 S ^ ,P ^ , 3 8 ^ ^ 3 d ^ ^  , 48^P^ and the  io d id e  io n  w ith  Z = 54-

has i n  a d d i t i o n  th e  4d^°, 5S^P^, There i s  thus  a f i l l i n g  i n  

o f  an a d d i t i o n a l  d s h e l l  between bromide and io d id e  and t h i s



in c re a s e s  th e  charge d i s t r i b u t i o n  a s  i s  shown by the 

t h e o r e t i c a l  c a lc u la t io n s  u s in g  the  S l a t e r  method.

The f ig u r e s  below are  approxim ated to  th e  n e a r e s t  whole 

number from c a lc u la t io n s  u s in g  t h i s  method as shown on 

page 12é.

Io n Z A A
*--- -

/
F

1

10

> 8 9

> 22

Cl

1

1 8 /

/
18 32

> 19

Br

1
I

36

>
5if

18 50
2k

A s im i l a r  in c re a s e  i n  charge d i s t r i b u t i o n  might have been 

expec ted  on ad d in g  the  3 e le c t r o n s  i n  th e  bromide io n ,

b u t  th e  shaped o f th e  cu rves i s  ex p la in ed  by c o n s id e r in g  

the  t h e o r e t i c a l  c a lc u la t io n s  o f  \  ^ by the  S l a t e r  method 

( p a g e  194). The 3 ^  o r b i t a l  i n  the  bromide io n  c o n t r ib u te s

on ly  about 13 p e rc e n t  to  th e  t o t a l  va lue  o f whiler

i n  the  io d id e  io n  th e  c o n t r ib u t io n  i s  about 19 p e rc e n t  

So the  in c re a s e  i n  the  s lo p e  o f  the  s u s c e p t i b i l i t y  -  

e f f e c t i v e  atom ic number graph i s  g r e a te r  from bromide to  

io d id e .  The same e f f e c t  cou ld  have been shown u s in g  the



P au lin g  method which i s  th e  b a s is  of the  f ig u r e  2 3

T h e o r e t ic a l  c a l c u l a t i o n  of the  d iam agnetic  s u s c e p t i b i l i t y  

o f  th e  sim ple io n s  by S la te r*  s method

I n  o rd e r  to  compare th e  t h e o r e t i c a l  and ex p e rim en ta l  io n ic  

s u s c e p t i b i l i t i e s  o f  a n io n s ,  th e  t h e o r e t i c a l  v a lu es  f o r  

the  sim ple io n s  l i k e  F*, C l’ , B r* , and I * , were f i r s t  

c a lc u la te d  a f r e s h  u s in g  th e  S l a t e r  method which i s  con

s id e re d  to  be the  most u s e f u l  f o r  the  sim ple io n s .  I n  

a d d i t io n  th e  io n ic  s u s c e p t i b i l i t y  of th e  s i l v e r  io n  (Ag^) 

was c a lc u la te d  to  compare w ith  the  ex p e r im en ta l  va lue  

which appears  r a t h e r  low.

From th e  Langevin E q u a tio n  : -

. 6  - V  . 2  T— _ 2

r
-10" = els------

2
6 me 

2 2The c o n s ta n t  term  e N a ^ was c a lc u la te d  u s in g  the

6 mc^
(7o)

l a t e s t  v a lu es  o f  th e  u n iv e r s a l  c o n s ta n ts
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e = »+, 80288 . 10"^°

£- = 23 . 06766 . 10"^°

N * 6 , 02^72 . 10  ̂  ̂ atoms/mol.

t N = 13 . 897617 . 10^

m = 9.1085 . 10“ ®̂ g.

c = 2 . 997929. 10^° cms/sec.

C2 = 8 . 987578. 10^°
2

6mc , =, ^ .911801 . 10"̂

= 0.529171  A (10-8 Qgi)

o?o
= C .2800219.10-^8 cni

s.
. . N -0.t= 2.829^-3 . 10^° . 0 . 2800219. 10-^8

6mc^
= 0.7923  . 10-8

Where 2.829^3 . 10^° i s  -
6mc^



U S '

/
W ith th e  c o r re c te d  value  o f = 0.7923 #.10

6mc^

th e  f ig u r e s  ta b u la te d  by Angus have been c o r r e c te d .

S e v e ra l  o f th e se  va lues  a re  needed to  determ ine c a lc u la te d

io n ic  s u s c e p t i b i l i t y  f o r  th e  haloxy an io n s .

Table Z i  shows th e se  v a lu es  c o r re c te d  as fo llo w s

I n  Angus* p ap e r ,  Table 11 column 1 needs to  be m u l t ip l i e d

by a f a c t o r  0.7923 i . e .  0.98$44-7 to  c o r r e c t  to  modern 
0 . 804-

v a lu es  o The v a lu e s  i n  column 2 and 3 r e q u i r e  th e  f a c t o r

0.7923 i . e .  0.981784-. The Gray and F arquharson
0 .807
f ig u r e s  i n  Table 111 need to  be m u l t ip l i e d  by the  f a c to r  

0 .9 8 5 4 4 7  s in c e  i t  i s  c a lc u la te d  by Paulings method.
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T h e o re t ic a l  C a lc u la t io n  of th e  d.iamapnpt.in 

s u s c e p t i b i l i t y  of the  simple ions

From the Langevin Equation

2  Ion  = ^  9? . V T -
2 ^ 6mc r

h.

Thus -10^ 2 / )  = 0.7923 .10-6 \  (n , )2  ^
L— _  . o

(Z -  S)^

Where n* ie- the p r in c ip a l  qnantnm number allows fo r  screening 

of  nuc lear  charge, Z i s  the a c tu a l  nuc lea r  charge•of^atomA

o r  ion  and S i s  the sc reening  cons tan t  giving ^ f rac t io n  of 

the, n uc lea r  charge screened by^core e le c to n s .

For any s h e l l  ^ ^ 2  = (n>)^ (n^ + -è-) (n« + 1^

CZ -  8)2

S l a t e r  gives ru le s  f o r  determining n*. For any given 

value of n, the value of n* -  the e f f e c t i v e  quantum number — 

i s  as follows

n = 1, 2, 3, If, 5, 6

n« = 1, 2, 3, 3 .7 ,  4 .0 ,  4 .2 .

e ,g .  Potassium atom.

S^, 2S p6, 3 S ^ p 6 ,  ns^

n = 1, 2, 3, 4  4-
/

n ‘ = 1, 2, 3, 3 .7



■ T1

Rules for  determining S -  the screening constant 

The electron s are divided in to  groups with S and P 

electron s of th e same n taken together, but with d and f  

electron s taken sep arate ly . When we come to d e lectron s  

the S and electron s o f the same p rin cip a l quantum number 

count as the groups below. For each g roup of e lec tro n s, 

the screening constan t5are ca lcu lated  by the follow ing method: 

The in d iv id u al screening constant for a l l  1 S electron s  

i s  0 .3 0

For S and P e lectron s for  the group immediately below.  ̂

i t  i s  0 .85

For a l l  other lower groups the screening constant for each 

e lec tron  i s  1 .00 .

For d and f  e lectron s and a l l  lower groups i t  i s  1.00

So the to ta l  screening constant for  each closed  s h e ll
2

up to 5 5 p 6 i s  shown as fo llow s



1 2 J

R

O rb i ta l s Screening cons tan t S

i s  2 0.30

2 S 2 p 6 (2 . 0.85) + (7. 0.35) * 4J J

3 S2 p 6 (2 . 1.0) + (8 . 0.85) ■* (7 . 0.35) — 11.25

3 (2 . 1.0) + (8 . 1 .0)  + (8 . 1.0) + (9 . 0.35)
: 21,15

4 8^ p6 (2 . 1.0) + (8 . 1.0) + (18 .  0.85) + (7 . 0.35)
- ■ * 2 7 .7 5

4 (2 . 1.0) + (8 . 1 .0) + (8 . 1 .0) + (10 1.0)
+ (9 . /  0.35) = 3 9 ,1 5

5 s2 p6 (2 .
i
1.0) + (8 . 1.0) + (18 . 1.0) + (18 . 0.85)

+ (7 . 0.35) * ^ 5 .7 5



1 ^ 8

C alcu la t io n  o f  th e  io n ic  S u s c e p t ib i l i t y  o f Cl'

Z = 17 i . e .  Ig 2 . 28^ ■ 38^ ( f o r  Chloride
 ̂ ‘ ion)

Z -  3  fo r  18^ o r b i t a l  = 1? -  0.30 = 1 6 .7 0

" " " 28^ p6 " = 17 -  4.15 = 12.85

" " " 3 3 p  6 tt = 17 _ 11.25 = 5.75

Charge d i s t r i b u t io n  (r~^) fo r  13^ = 2 (1^ * 1& ' 2) = 0.02151

Tt Tt TT

(16.7) 2
23^p6

= 8 \(2 ^ -  2 .5  • 3 I =

(12 . 85)^ 1 ^*^5346
tT  TT Tt TT 3S^p6

= 8 3^ • 3.5 • 4 =
(5^75)2 30.4870

oo fo r  c l  = 31.96197

- lo 6  ^  ^ = 0.7923 • I r-2

- lo 6  %  g /  = 0.7923 . 31.96197

= 25,32 c. 9
i t

-  1 0 ^ ^ ^  fo r  Bromide Ion

Z = 35 i . e .  13^; 28^ ; 33^ p^. d^O. 43^ p6 ( fo r  Br")

The screen ing  constan t and - r^  a re  c a lc u la te d  as already-

shown in  th e  case o f  c h lo r id e  ion .



tf

TT

TT

f o r  13'

" 23^ p6

" 3S^p6

10" 3d

" 4S^p6

3 0 ’ ^  r~^

- l o 6  % Br

= 0.0498

(34 .7)2

^(2^ • 5/2 • 3) ' = 0 .2 0 2 1

(30.85)2  ,

/  32 • 7/2 • k l = 1.7870

i (23.75)2 1

^32 - 7 /2  . 4 i' = 60569

(13.85)

= 8 i ( 3 .7 )^ .  (4 .2) . (4.7)

(7;25)

= 41.13

= 49.73 

= 0.7923 X 49.73 = 39.401
:Æ
i

-10  A f o r  Iod ide  ion

Zi = 53, i . e .  . 13^.23^p6 3 3 ^ ^  d^° 4 3 ^  53^p^ ^
'  ' ' ' '  ' ( f o r i - )  1

f o r  13^

TT

TT

" 23^p6

" 3S^p6

2 (I^  ■ 3/2 • 2) 

(52 .7)2

8 j 2^ - 5/2 - 3 

(48.85)2

32 ■ 7 /2  . 4 

(41.75)2

= 0 . 0 0 0 2 1 6

=  0 .1 0 0 6

= 0.5783
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f 2 fo r  3d^°

tl 10

" " 5S^p6

= 10 J 3 • 7/2 ■ 4

- 2So, t o t a l  2

- l O ^ l A

1 .2421

(31.85)

10 I (3.7? • (4.2) . (4.7)

(13.85)2

8 y (4.0)2. ( ^5)  , (5,0) 
(7:25)

74.20

=  14.088

= 54.79

0.7923

- 10' %  i '  = o;O.T723 74.2 58.79 c 9 f \b -

-10^ ^  A (F luo r ide  ion  -  F” )

Z = 9 i . e .  13^ j  23^p6 (F")

Z -  3 f o r  13' 9 . - . 0 . 3  = 8 .7

;2p6

Charge d i s t r i b u t i o n

Z -  3 f o r  23 p° = 9 -  4.15 = 4.85
^ 2

- 2 ( n ' ) 2  (n '  + &) (n* + 1)

(Z -  3)2

" f o r  13' 2 ( l  ' 3/2 ' 2 I = 0 .0 7 9 2  

(8 .7 )2

" 2s2p6 = 8 j  (2)2. 5/2 « 3 1
(4.85)2 = 10.203



1 V

’—2So, t o t a l  7  r

-10 1

1 0 .2 8 2

0 .7923  V 10 .282

8.15 c 9 3

-10^ ZA g+

Z = 47 i . e .  13^ 2S^p^ 43^p^d^°(Ag'^)

(Z -  S) i s  c a lc u la te d  as  be fo re  fo r  each o r b i t a l

- 2 fo r  13'

Tt 23^p^

33^p^

= 2 f l2  - 3 / 2 . 2 )  = 0.00275

( 4 6 . 7 ) 2  

= 8 ] 22 ■ 5/2 • 3

(42.85)2

= 0.13071

= 6 ) • 7/2 • 4

(28.75)2

= 1.2195

t f ÎÎ 10

t f  Tt

3d

432p6

= 10 ]  3^ ' 7/2 . 4 / = 1.8856

(25.85)

= 8 j ( 3 . 7 ) 2 -  ( 4 . 2 ) -  ( 4 .  
[ ( 1 9 . 2 5 ) 2

7 l l=  5.8342

t t Tt 4d10 = 10 1(3 .7 )^ •  (4.2) . ( 4 . 7 ) i= 43.8542

(7.85)

T o ta l  / ~ 2 52.92693

-10& = 0.7923 ' y ^ 2

-10& 2  = 0:7923 5f 52.92693

= 42.93 C Î-S
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(b) T h e o re t ic a l  c a l c u l a t i o n  of th e  Ion ic  s u s c e p t i b i l i t y  

of oxvanions using P a s c a l ' s  method.

The Bond Depression E f f e c t .  I f  we assume t h a t  the ion ic

s u s c e p t i b i l i t i e s  of the h a l id e s  ( X* ) and t h a t  of the

a d d i t i o n a l  oxygens in  the  haloxy-anions can be t r e a t e d

a d d i t i v e l y ,  a^value fo r  the  io n ic  s u s c e p t i b i l i t y  of the

XO^' and XÔ * ions based on experim enta l  r e s u l t s  may

be c a lc u la t e d .  P asca l  has given atomic s u s c e p t i b i l i t y

co n s tan ts  f o r  the  simple elements mainly determined in

diamagnetic  organic compounds. His va lue fo r  oxygen

s in g ly  l inked  a s  in  0 - H and 0 -  Cl i s  4 .61  e . g . s .  u n i t s

of s u s c e p t i b i l i t y  and t h i s  value can be used fo r  the

oxygen in  the  p resen t  c a l c u l a t i o n s .  The io n ic  s u s c e p t i b i l i t y

c o n s tan ts  fo r  the  h a l id e s  used were those recommended by

Trew and Husain, these  being based upon a number of

experim enta l  measurements. P a s c a l ' s  cons tan t  fo r  the

halogen atoms was not used as i t  i s  a value fo r  the  halogen

in  cova len t  compounds being der ived  from organic h a l id e s  and

so does not allow fo r  the  a d d i t io n a l  nega t ive  charge.



For the  p e rch lo ra te  ion ,  the  s u s c e p t i b i l i t y  of four  

oxygen atoms i s  added to  t h a t  of the  c h lo r id e  ion  and 

fo r  the  c h lo ra te  ion s i m i l a r ly  the s u s c e p t i b i l i t y  of 

th re e  oxygen atoms i s  requ ired  

Cl* + 40 ------- > GIO^*

Cl* + 3 0  ------^  CIO^

The va lues  obtained in  t h i s  manner f o r  the  XÔ * and

XO^' ions are as fo l lo w s .

X' XÔ  or X0^« - 1 0 ^ 1

24.3 01 0 3 ' 3 8 .1 3

3 4 .8 S r°3 '
4 8 .6 3

5 0 .6 IO3 . 6 4 .4 3

CIO4 ' 42 .74

These c a lc u la te d  va lues  are compared w ith  the  p resen t  

experim enta l  ion ic  s u s c e p t i b i l i t i e s  and i t  can be seen 

t h a t  they  are co ns id e rab ly  higher than  the  experimental  

v a lu e s .  The d ep ress ion  of the s u s c e p t i b i l i t y  per bond 

can be c a l c u l a t e d .  I f  these  d i f f e re n c e s  are regarded 

as bond depress ions  i . e .  a s u s c e p t i b i l i t y  lowering on



/ f i

fo rm ation  of the X -  0 bond, the t o t a l  dep ress ion  can 

be d iv ided  by the  number of bonds in  order to  f in d  th e  

d ep re s s io n  per bond as shown in  the  fo llowing t a b l e .

I Ion ; Experimental  ion ic  
s u s c e p t i b i l i t y

ClO^' 2 6 .8 2

Br03* 3 9 .3 3

IO3 . 44. 8

CIO4 ' 3 2 .5

C alcu la ted  ion ic  
s u s c e p t i b i l i t y

3 8 .1 3

4 8 .6 3

6 4 .4 3

42.7

Depression 
per Bond.

3 .7 7

3 .1 0

6 .5 0

3 .4 0

The c a lc u la te d  va lues  using t h i s  method a re  a l l  h igher 

than  the experim enta l  value approximately  by the same 

amount i n  the case of c h l o r a t e ,  bromate, and p e r c h lo ra te .

•A much higher value fo r  th e  d ep re ss io n  ÿer  bond occurs in  

the  case of the i o d a te .  I t  appears t h a t  the  s u s c e p t i b i l i t y  

shows the e f f e c t  of the  bond shortening  on formation of th e
^ heo reh^

XC-* or XO ’ ion  which has not been included in  the  ab&ve 
3 4

c a l c u l a t i o n .  The ion ic  s u s c e p t i b i l i t i e s  here are of course 

based on the  experimental  measurements.
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(c) T h e o r e t i c a l  C a lc u la t io n s  of the  ion ic  s u s c e p t i b i l i t i e s  

of the  halo%y~ions by P a u l in e ' s  method.

A f u r t h e r  c a l c u l a t i o n  of the  t h e o r e t i c a l  s u s c e p t i b i l i t y  of 

the  v a r io u s  ha loxy-ions XO^' and XO^' can be made using 

P a u l in g 's  t h e o r e t i c a l  io n ic  s u s c e p t i b i l i t i e s  and allowing 

f o r  the e l e c t r o - n e g a t i v i t y  d i f f e re n c e  between the  atoms.

This g ives  an ion ic  s u s c e p t i b i l i t y  which i s  not 

co r rec ted  fo r  bond d e p re ss io n .  I t  i s  i l l u s t r a t e d  by 

cons ider ing  the p e rc h lo ra te  ion .

For the  pe rch lo ra te  ion  CIO ' ,  i t  can be assumed according
4c

t o  Pauling  t h a t  the nega tive  charge ( -  1 ) i s  d i s t r i b u t e d

over the  surface  of the ion  and thus  each oxygen atom

i s  assigned 0.25 of t h i s  charge in  a d d i t io n  to  the

a l l o c a t i o n  from th e  e l e c t r o - n e g a t i v i t y  d i f f e re n c e  between

c h lo r in e  and oxygen. The most recen t  a v a i l a b le  se t  of

C ^  )e l e c t r o  n e g a t i v i t y  va lues  0 = 1 .5 , Cl = 3 ^

Therefore  the  e l e c t r o - n e g a t i v i t y  d i f f e re n c e  i s  0 .5  u n i t s  and

(from the  graph given by Pauling t h i s  g ives r i s e  to  a

percentage io n ic  c h a ra c te r  of 11 The s in g le  C l-0  bond
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^ é ^ l l  4. 0.36  
may be rep resen ted  as - adding in  the

q u a r te r  charge from the  negative  charge of the  ion .

Adding up fo r  a l l  the  bonds the t o t a l  charge of the

p e rch lo ra te  ion  i s  as fo l low s .
- «'H
O

' o L ï ' 1 - o  “

The va lues  of th e  io n ic  9nd atomic s u s c e p t i b i l i t y  

c o n s tan ts  f o r  the  atoms and io n s ,  C l° ,  0°, Cl 0
c ̂  y)have been c a lc u la te d  by the Pauling t h e o r e t i c a l  

method fo r  determining io n ic  s u s c e p t i b i l i t i e s  frxm 

the Langevin Equation .
177'

The c o r rec ted  va lues  shown on pages  ̂ ( s e c t io n  (a) ) were 

used in  the p resen t  c a l c u l a t i o n .

i . e .  -  1 0 ^ ; (  = 1 7 .925

- 1 0 ^ 7 :  c i °  = 22 .517

-10^7^ qO = 7.085

- 10^ ^  o~i = 9 .4 6

Therefore  allowing f o r  the  charge d i s t r i b u t i o n  as shown 

in  th e  formula
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1 9 7

X  Cio^' = I  (0.44 ) + (0.56 . / c i ° 7  *

4 j ^  (0 .3 6  . 7^0- 1 ) + (0 .64 . 7 " o ° 7

(0.44 . 17 .925  ) + (0 .56 .  22 . 517 )]+  4 H o . 36 . 9 .4 6 ) +
^  0 (0.64 . 7 .085) ]

CIO,* = 52.26

This i s  an over es t im ate  of the ion ic  s u s c e p t i b i l i t y  

as no allowance i s  made so f a r  fo r  the change in  

s u s c e p t i b i l i t y  w ith  form ation  of bonds. S im ilar
fof

c a lc u la t i o n s  fo l low  the  XO * ion s .  CIO ' p  BrO*
^ 3 3 3

and 10^*

The c h lo ra te  ion  ( -10^ , )

The e l e c t r o - n e g a t i v i t y  d i f f e re n c e  between ch lo r in e  and 

oxygen i s  0 .5 ;  and so the percentage ion ic  ch a rac te r  

f o r  the  ion  i s  11 %f The negative  chai^ge ( -1 ) i s  

d i s t r i b u t e d  over the  th ree  oxygen atoms.
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T o ta l  charge on th e  c h l o r a t e  ion  -

O

c l ■O

■o

T h e re fo re ,  -lO^T^C-Co^* = jT o .3 3 lc (_  + ')  -f ( 0 . 6 7 l c (  °)~j

+ 3 ^ . 4 4 3  1^0-^^+ ( 0 . 5 5 7 / l o ° 7  

(0 .33  .7 .925)  + (0 .6 7  . 22 .517) j+  3 (0 .443 .  9 .46)

+ (0 .557 . 7.085)

«’ ♦ -  10*^^ c (  Gg = 45 .41  (mncorrected)

The bromate io n  (-10*^% B rO 'g)

The e l e c t r o - n e g a t i v i t y  d i f f e r e n c e  between bromine and oxygen

i s  0 .70  and so th e  p e r c e n ta g e  i o n i c  c h a r a c t e r  f o r  th e  bromate 

i o n  i s  14?ii ( re ad  from h a u l i n g ’ s g rap h ) .

Each Br-0  has  th e  charge d i s t r i b u t i o n  -
■t> o N

T o ta l  charge .0
0- 2̂.

- Ü - i
^ 0  

'Q   ̂ Ü - M i

-1 0 °  % B ro s ’ = | l o . 4 2  I S r ^ H  + ( 6 . 5 8 l B r ° ^  + 3 [ ( ' o . 4 7 3 l  0 " ' )

+ ( 0 . 5 2 7 1  0 ° ) ]
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- 1 0 ^  ^  B rO ^ ’ = (0.42 . 35. 29) + (0.58 . 43. 5) 

+3 (0.473 . 946 ) + (0.527 . 7 . 085)

64.68

The io d a te  io n  (-10^ TCi C^ )

The e l e c t r o n e g a t i v i t y  d i f f e r e n c e  between io d in e  and oxygen 

i s  1 .0  and so the  p e rc e n ta g e  io n ic  c h a ra c te r  fo r  th e  i o d a t e  iW

read  from th e  P a u l i n g 's  g raph  i s  35^. So each I  -  0 has th e  

charge j_ .--------  t j

6
^ ^ . 0 Ç  -  o  ' ^  ^  ^

T o ta l  cha rge  % — ——O
X

0^ Z 10- '  = j j O .  0.5  % r ^ )  + (0.95

3 j ^ o . 683l 0"^) + (0.317 % 0° ) ]

- 1 0 ^1  I  = 47.5 . - 10^ = 56.44

l O ^ / ^ I O j '  = (0.05 . 47. 5) + (8.95 . 56. 44) 

+ 3f o .683 . 9 . 46) + (0.317 . 7 . 085)

= 82.12
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The c a l c u l a t e d  u n c o r r e c te d  i o n ic  s u s c e p t i b i l i t i e s  f o r  

t h e  haloxy an ions  a r e  summarised below

ION

T

3..

-10^ Z  A

0 ( 0 ^  45.41

G ( 52.26

BrO.' 64.68

lOo* 82.12

t- 
_ .1
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These v a lu es  r e p r e s e n t  the  c a l c u l a t e d  s u s c e p t i b i l i t y  f o r  

th e  an ions  w ithou t  any c o r r e c t i o n  f o r  th e  bond d e p r e s s io n  

which occurs  i n  th e s e  i o n s .

The e f f e c t  on th e  s u s c e p t i b i l i t y  of d iam agne t ic  compounds 

0Ê th e  bond d e p r e s s io n  was o r i g i n a l l y  po in ted  out by 

Gray and Cruckshank who showed t h a t  f o r  c e r t a i n  simple 

o rgan ic  compounds a bond d e p r e s s io n  e f f e c t  could be 

c a l c u l a t e d  by red uc in g  P a u l i n g ' s  t h e o r e t i c a l  atomic 

c o n s ta n t s  (which are  c o r r e c t e d  and used i n  th e  c u r r e n t  

paper)  by a bond d e p r e s s io n  f a c t o r .  This  was c a l c u l a t e d  

from the  d i f f e r e n c e  between th e  P a u l i n g ' s  t h e o r e t i c a l  

v a lu e s  and P a s c a l ' s  w e l l  e s t a b l i s h e d  ex p e r im e n ta l  v a lu e s  

fo r  some of th e  common l i g h t  ca rbon  c o n ta in in g  compounds 

such as L a te r  workers  found t h a t  the  Gray and

Cruckshank bond d e p r e s s io n  f a c t o r s  were not  e n t i r e l y  

s a t i s f a c t o r y  fo r  more complex compounds. Bond d e p r e s s io n  

f a c t o r s  a re  no t  a v a i l a b l e  f o r  th e  bonds used i n  t h i s  

p a p e r .  An a t tem p t  t o  c a l c u l a t e  a bond d e p r e s s io n  f a c t o r  

i s  t h e r e f o r e  made as fo l lo w s  -
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The Lang0\ t in  E q u a t io n  f o r  the  t h e o r e t i c a l  d iam agnet ic  

s u s c e p t i b i l i t y  of an io n  i s  -  10^ %  ^  = O.7923  

so th e  d iam agne t ic  s u s c e p t i b i l i t y  i s  a p ro p e r ty  of 

th e  charge d i s t r i b u t i o n  of th e  io n .  The e x p re s s io n  

f o r  th e  t h e o r e t i c a l  s u s c e p t i b i l i t y  c o n ta in s  the  mean 

square  r a d iu s  i n  th e  te rm  T h is  a r i s e s  from th e

f a c t  t h a t  i n  c a l c u l a t i n g  the s u s c e p t i b i l i t y  the  charge i s  

averaged over a p lane  p e rp e n d ic u la r  to  the  magnetic f i e l d  

d i r e c t i o n  s in c e  th e  s u s c e p t i b i l i t y  i s  a p o l a r i z a t i o n  

induced by the  e x t e r n a l  magnetic f i e l d  H. Hence i t  

seemed l i k e l y  t h a t  th e  square  of th e  ex p e r im e n ta l  bond 

l e n g th  f o r  the  a p p r o p r i a t e  bonds such as  C l -0 ,  B r -0 ,  and 

I-O i n  c h l o r a t e s ,  p e r c h l o r a t e s ,  bromates and io d a t e s  

could  be used t o  c a l c u l a t e  a bond d e p r e s s io n  f a c t o r *

The sum of t h e  r a d i i  of th e  unbonded atoms i s  g iven  

by th e  cos/aUnt r a d iu s  of th e  atoms. The ex p e r im e n ta l

bond l e n g th s  a re  a v a i l a b l e  from c r y s t a l  s t r u c t u r e .

I t  seems l i k e l y  t h a t  a c o r r e c te d  s u s c e p t i b i l i t y  w i l l  

fo l lo w  from -
/  by- —2 / —2

T T co r rec ted  ^2



o

O'



—2
where r^ i s  obtained  from the square o f the

-2experim ental bond len g th , and r^ i s  the square 

o f  the sum o f  the normal cova len t r a d ii  o r ig in a lly  

deduced by Pauling, but subsequently corrected .

The r e s u lt s  o f  t h is  c a lc u la t io n  fo llo w :

-10® X. ClOg (c o r r .)  = -10® X  ClOg (im corr. ) x  r^/r^

= G l-0 = 1 .47  A
— 2

hence r^ = 2 .161

5g = Gl-0 (co v a len t r a d ii)

= 0 .9 9  + 0 .7 4

= 1 .7 3  A

Hence r^ = 2 .993

T herefore

CIO* (c o r r .)  =
I

G10„ (un corr.) x 2 .1 6 1  
 ̂ 2 .993

4 5 .41  X 2 .161  
2.993

32.8  e . g . s .  u n its



2 4

S im ila r ly ,

-10® X c iO ^ (c o r r .) 58.26 X 8 .074  (r , = 1 .4 4  i )  
8.993 ^

' = 36.22 e . g . s .  u n its

-10^ X ,BrO ^(corr.) = 64 .68  X 2.8224  
3.5344

51.65 e . g . s .  u n its

-10^ % IO g(corr.) = -10^ IO »(uncorr.) x 3.312
. 4 .285

(where r^ = 1 .82  (l-O )

and 5g = 2 .0 7 )

= 82.12 X 3.312  
4.285

63 ,48  e . g . s .  u n its

These corrected  io n ic  s u s c e p t ib i l i t i e s  o f  the

haloxy an ions, togeth er  w ith  the experim ental

v a lu es (p . 15^), were p lo tte d  a g a in st the

e f f e c t iv e  atomic number o f the anions as shown

in  P ig . 24. In th is  f ig u r e , A i s  the

< experim ental curve and B i s the th e o r e t ic a l  curve.
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I t  i s  q u i te  c l e a r  from the  graph t h a t  th e re  i s  a 

lowered ex pe r im en ta l  s u s c e p t i b i l i t y  in  the  case of 

i o d a t e s .  B esides  the  normal bond sh o r te n in g  found i n  the  

c h l o r a t e s , p e r c h l o r a t e s  and brom ates ,  t h e r e ' i s  an a d d i t i o n a l  

f u r t h e r  s h o r te n in g  of th e  1-0 bond i n  the  i o d a t e s .

The lowest  curves  of f i g u r e s  show t h i s  bond

s h o r te n in g  e f f e c t  f o r  th e  v a r io u s  a l k a l i  ozyanions#

In  th e se  c u rv e s ,  the  square  of the  bond le n g th  

between the  halogen and oxygen has been p l o t t e d  a g a in s t  

th e  e f f e c t i v e  atomic number of the  an ions  f o r  comparison 

w i th  the  s u s c e p t i b i l i t y  and the  molar volumes 

rciArVes). The same s h o r te n in g  e f f e c t  i s  shown in  a l l  

th e  c u rv e s .  I t  would seem to  be r e l a t e d  to  th e  l a r g e r  

s i z e  of th e  iod ine  atom. The more bu lky  iod ine  atom 

seems to  be more s e n s i t i v e  to  a bond sh o r ten ing  e f f e c t*
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Soae I n f r a - r e a d  S p e c t r a  of the  s a l t s  of th e  haloxv^anlons  

The s p e c t r a  were recorded by means of a Grubb P a rso n ’ s

I n f r a - r e d  s p e c t ro m e te r .  The reco rd in g  was made between

the  re g io n s  400-2,000 cm ( 5 - 2 5 A ) .  The samples

were ground to  a f i n e  powder to  minimize the s c a t t e r i n g

of l i g h t  and were examined as n u jo l  mulls between

potassium  bromide p l a t e s .  A potass ium  bromide prism

was used i n  t h i s  r e g io n .  The experiment was rep ea ted

t h r e e  t im es  fo r  each s a l t .  C h ar ts  of th e  c h a r a c t e r i s t i c

f r e q u e n c ie s  of the  haloxy  anions a re  g iv en  i n  diagrams HT, -

Tab les  2  4- and Z f  summarise the  p r i n c i p a l  maxima of th e

a b s o r p t io n  bands.

I n f r a  re d  s p e c t r a  of  the, p e r c h lo r a te s . .

The i n f r a  red  s p e c t r a  of a number of io n ic  p e r c h lo r a t e s

( 74-)are  l i s t e d  by M i l l e r  and Wilkins . The Raman spectrum 

of the  p e r c h lo r a te  ion  has been s tud ied  by s e v e ra l

( 7 ^  ) ( 7 3 )
i n v e s t i g a t o r s .  Hathaway and U n d e rh i l l  have

i n v e s t i g a t e d  th e  i n f r a  red s p e c t r a  of some t r a n s i t i o n  

m eta l  p e r c h l o r a t e s .  The work of th e se  i n v e s t i g a t o r s  has 

shown t h a t ,  a p a r t  from some very  minor d i f f e r e n c e s  i n  the
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numerical  va lues  obtained fo r  the  fundamental

o n a f
v i b r a t i o n a l  modes, the assignments of v i b r a t i a g  

modes f o r  these  s a l t s  i n  the  t e t r a h e d r a l  p e r c h lo ra te  

ion  i s  c l e a r l y  e s t a b l i s h e d .  The p e r c h lo r a te  ion  has a 

r e g u la r  t e t r a h e d r a l  s t r u c tu r e  and i s  a s p h e r i c a l  top  

molecule ee l ik e  methane. I t  belongs to  the  symmetry 

p o in t  group Td. For t h i s  type of molecule the  

t h e o r e t i c a l  number of fundamental v i b r a t i o n a l  modes 

given by the gene ra l  equ a t io n  (3n -  6) i s  nine s ince 

the  number of c o n s t i t u e n t  atoms n = 5 * These v i b r a t i o n a l  

f r e q u e n c i e s ^ d i s t r ib u t e d  between four  normal modes of 

v i b r a t i o n .  For t h i s  type of molecule the  in f r a r e d  and 

Raman s p e c t r a  show fo u r  fundamental v i b r a t i o n a l  modes 

i r i ,  and Of th e s e  the and modes are

th e  symmetric and an t i -sym m etr ic  s t r e t c h i n g  modes and 

^ 2  and are the corresponding bending modes. The 

mode i s  doubly degenerate  and the  and modes are 

t r i p l y  degenerate  making nine in  a l l .  The following 

diagram shows these  four fundamental modes.
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T h e o r e t i c a l l y  the  t r i p l y  d eg e n e ra te  modes IT. and "VV are  

i n f r a  red  a c t i v e  and th e s e  can be observed i n  th e  i n f r a 

red  s p e c t r a  of in o rg a n ic  p e r c h l o r a t e s .  The and 

modes a re  t h e o r e t i c a l l y  only  Raman a c t i v e ,  bu t 'o w in g  

t o  d i s t o r t i o n  of ions  i n  a c r y s t a l  f i e l d  of lower symmetry 

th a n  t h a t  of the  io n  i t s e l f ,  th e  nondegenera te  mode 

may appear i n  th e  i n f r a r e d  s p e c t r a  of c r y s t a l l i n e  s a l t s .  

The band appears  as a v e ry  broad s t ro n g  band w i th  a

p o o r ly  d e f in e d  maximum which i s  sometimes s p l i t .
( 7 0  (73)

Cohn and Hathaway & U n d e r h i l l  . have g iv e n  th e

fo l lo w in g  ass ignm ents  f o r  th e  fou r  fundam enta l  modes.

cm^

(R)

932 (H & U) 
( c r y s t a l )

935 (C) 
(Raman s o l n . )

(R) ( land  R)

460 (H & Ü and C)
n -^^ r- »

e-fys^-solld

“1110 (H & U.) 

1090-1140 (C)

( I  and R) 

c r y s t a l
626 (H & U) 

624 (C) .
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In  the  p re s e n t  work th e  i n f r a  red s p e c t r a  of the  

p e r c h l o r a t e s  of a l k a l i  m eta ls  and of s i l v e r  and 

th a l l i u m  ( I )  have been examined. L i th ium , rubidium , 

caesium and th a l l iu m  ( I )  p e r c h lo r a t e s  do not  appear 

to  have been in v e s t i g a t e d  p re v io u s ly  and th e r e  i s  

no s in g le  sy s tem a t ic  s tudy  of the  i n f r a . r e d  s p e c t r a  

of a l l  the  s a l t s  s tu d ied  h e r e .

Lithium p e r c h lo ra te  t r i h y d r a t e .  L i  CIO^ • 3

Since the p re se n t  work i s  mainly c o n c e n t r a te d  on the  

p e r c h lo ra te  an ion  the a b s o rp t io n  f r e q u e n c i e s  of the  w a te r  

molecule a t  I 63 I  cm"^ i s  no t  f u r t h e r  d i sc u sse d  h e r e .

In  the  s p e c t r a  of s o l id  l i t h iu m  p e r c h l o r a t e  a s t ro n g  and 

broad band appears  a t  1143 -  1075 cm ^ ( Cf ^ p  which can

be a s c r ib e d  to  the  asymmetric s t r e t c h i n g  v i b r a t i o n .  

k s t ro n g  band appears  a t  625  cm ^ which can be ass igned  

to  the F2 or asymmetric bending f req u en cy .  The 

symmetric s t r e t c h in g  f requency  appears  i n  the  spectrum of 

t h i s  s a l t  as a spur of moderate i n t e n s i t y  a t  939 cm"^ 

on the  low frequency  side of the  broad band. There i s
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no i n d i c a t i o n  of the symmetric bending frequency  

in  the  spectrum a t  460  cm The above assignments  

appear to  be c o r r e c t  by comparison w i th  Cohn's 

measurement on KClO.4 f

Sodium p e r c h l o r a t e  monohydrate NaClO.. H O .

I n  the  i n f r a  red s p e c t r a  of t h i s  s a l t  a s t ro n g  broad band 

w i th  a d e f in e d  maximum appears  a t  IO75 cm" (9*3 M ) 

and a weak band appears  as a spur a t  939 cm~^ ( 10*65  M ) *

These are  ass igned  to  the  same f r e q u e n c ie s  as i n  

l i t h iu m  p e r c h l o r a t e .  The s t rong  band a t  624 cm ^ ( I 6 .O3 )

i s  s i m i l a r l y  a sc r ib e d  to  the asymmetric bending 

f requency  of the  t e t r a h e d r a l  QlO^' ion* There i s  a l s o  

a shou lder  a t  633 cm"^ (15*8 ) .  M i l l e r  and Wilkins

give only one s t rong  broad band a t  1100 cm~^ (9*1 M ) 

f o r  the  p e rc h lo ra te  ion  i n  NaClO^ H^O.

P otass ium  p e rc h lo ra te  KClO Both Cohn and M i l l e r  & W ilkins 
____________    -4*.

have examined the i n f r a  red s p e c t r a  of t h i s  s a l t .  I n  th e  

p r e se n t  i n v e s t i g a t i o n  th e re  are t h r e e  bands appearing 

i n  the  spectrum. The band a t  624 cm ^ ( I 6 .O3 K ) mode)



i s  i n  the  p o s i t i o n  found by Cohn. This  band has a l s o  

a shou lder  a t  633 cm ^ (1 5 .8  h  ) which i s  not found 

i n  Cohn 's  s p e c t r a  f o r  t h i s  s a l t .  M i l l e r  and W ilk ins  

give a weak band in  t h i s  r e g io n  a t  637  cm~^ ( 15*7 ^  )

but t h e i r  spectrogram shows t h a t  the  band i s  v e ry  

broad and has no c l e a r l y  d e f in ed  maximum. The broad 

band which has a maximum a t  IO75  cm“^(9*3 ^  ) has a l s o  a 

s u b s i d i a r y  maximum a t  1145 cm"^ ( 8 . 7 5 )  These 

correspond reason ab ly  w i th  Cohn's o b s e rv a t io n s  of 

bands a t  IO9O and 1140 cm~^ (V^ made). M i l l e r  and 

W ilk ins  reco rd  a band a t  IO75  cm"^ w i th  a shou lder  

a t  1140 cm“^. Agreement i s  s a t i s f a c t o r y  w i th  th e s e  

e a r l i e r  o b s e rv a t io n s .  A medium sharp  band a g a in  

occurs a t  939 cm"^.

Rubidium p e r c h lo ra te  RbClO The spectrum i s  very
  - -  SJL

s i m i l a r  bu t  th e re  i s  a s l i g h t  s h i f t  i n  p o s i t i o n .  A 

very  broad and s t rong  band with  a p o o r ly  d e f ined  

maximum appears  a t  IO31 cm ^ (9*7 M ) (V^ ^ke 

s t ro n g  band due to  the  bending f requ en cy  occurs  a t
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619  cm ^ ( 1 6 .1 8  M ) .  The fo rb id d e n  f requ en cy  a p p e a rs  

here as a s t ro n g e r  and sharper  spur  a t  936 cm"^ ( 1 0 .6 8  ) ,

th a n  i n  the  e a r l i e r  s a l t s .  There i s  no shou lder  f o r  the  

band a t  619 cm ^ i n  the  case  of rubidium p e r c h l o r a t e .  

Caesium p e rc h lo ra te  CsClO^^

appears  here w i th  a poor ly  d e f in e d  maximum a t  1064 cm"^

(9*4 M ) .  The t h e o r e t i c a l l y  fo rb id d e n  f requency  a g a in  

appears  here a t  934.6 cm"^ (10 .7  ) and the  band a t

6 2 3 .2  cm"^ ( 1 6 .0 5  / ^ ) i s  v e ry  s t ro ng  and s h a rp .

S i lv e r  p e r c h lo r a t e  Ag C10^_ the  spectrum of t h i s

s a l t  the  mode appears  as  a broad and s t ro ng  band 

w i th  two shou lde rs  and a poor ly  d e f in e d  maximum a t  

1075 cm"^ (9 .3  P ) .  The sho u ld e rs  appear a t  1124 cm ^ 

and a t  IO93 cm"^ (8 .9  9 .15 h  ) These correspond

w i th  the  s t ro n g  and broad band a t  I I 60  -  IO3O cm~^ g iven  

by Hathaway and U n d e rh i l l  f o r  the  monohydrate of s i l v e r  

p e r c h lo r a te  & (AgClO^. H^O). The mode appears  as  a 

s t ro n g  and broad band a t  623 cm ^ ( I 6 .0 5  M ) .

T hal l ium  ( I )  p e r c h lo ra te  TIC10^^ The band appears
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between 1149 cm“^ and 1000 cm"^ (8 .7  //t -  10 .0  h  ) 

and i s  very  s t rong  and very  b road .  At 922 cm"^ •

(10.85 M ) the  fo rb id d e n  band in  th e  i n f r a  red r e g io n  

appears  t o  be s t rong  and sha rp .  The 1/̂  ̂ bending mode 

g ives  a very  s t rong  band a t  610 cm"^ ( 1 6 .4 yUu ) .

I n  c o n s id e r in g  th e se  p e r c h l o r a t e s  as a group c e r t a i n  

comparisons can be made.

The asymmetric s t r e t c h i n g  mode The broad band 

a r i s i n g  f o r  the  deg en e ra te  asymmetric s t r e t c h i n g  

mode i s  of a very  s i m i l a r  form f o r  LiClO^ 3 H^O, KCIO^, 

and CSCIO^ w i th  comparable w id th  and maximum a t  

1 075 . -  1064  cm"^. I n  sodium p e r c h lo r a t e  the  band i s  

much s h a rp e r ,  a l though  the  maximum i s  s t i l l  a'0 .0 7 5  cm"^ 

Rubidium p e r c h lo r a te  shows c o n s id e ra b le  d i f f e r e n c e s  as 

the  band i s  very  broad and f l a t  w i th  a maximum s h i f t e d  

t o  1031 cm” . This  band fo r  s i l v e r  p e r c h lo r a t e  i s  very  

s i m i l a r  t o  t h a t  f o r  potassium  p e r c h lo r a t e  in  i t s  w id th  

and th e  ex ac t  p o s i t i o n  of the  maximum. In  t h a l l i u m  ( I )  

p e r c h lo r a t e  t h i s  band i s  very  f l a t  and broad and
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the  spectrum here i s  s im i l a r  to  t h a t  of rub id ium .

There i s  a d e f i n i t e  s h i f t  i n  th e  maximum to  1000 cm”^ 

(10.0 ) .

There seems no sy s tem a t ic  t r e n d  which can  be noted 

here except t h a t  in  the case of two of th e  h eav ie r  

atoms, rubidium and t h a l l i u m ,  t h e r e  i s  a s h i f t  in  th e  

maximum to  s h o r t e r  f r e q u e n c i e s .  Although a s i m i l a r  s h i f t  

was expected i n  the case of caesium i t  was no t  observed .  

The symmetric s t r e t c h i n g  mode (1T. )
II ■ m m m m M w   .................... i i i i ■■ i i wi i i ■ i !■■■ m  i ,  w J i w - »

This  appears  i n  a l l  the  s p e c t r a  s t u d i e d ,  as a spur 

on the  longer  wave le n g th  s id e  of th e  above broad band.

I n  th e  s e r i e s  l i t h iu m ,  sodium, po tass ium  rubidium and 

caesium th e re  i s  a s l i g h t  s h i f t  i n  the  p o s i t i o n  of  the  

maximum. For l i th ium ^sodium  and po tass ium  t h i s  appears  

a t  939 cm“^ (10.65 h  ) whi£e f o r  rub id ium  and caesium 

i t  occurs a t  934 cm ^ (10 .7  ) which r e p r e s e n t s  a

s l i g h t  d isp lacem ent  to  longer  wave le n g th  w i th  in c r e a s in g  

weight of the c a t i o n .  The spectrum of the s i l v e r  s a l t  

i n  t h i s  r e g io n  i s  comparable w i th  th o se  of sodium and 

po tass ium , but th a l l iu m  shows a marked s h i f t  from
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939 cm"^ (10.65 ) t o  922 cm"" (10.85 /^ )  i n d i c a t i n g

th e  e f f e c t  of the heavy c a t i o n .

Hathaway and U n d e rh i l l  have po in ted  out t h a t  t h e r e

w i l l  be a s h i f t  i n  the  f r e q u e n c ie s  of th e  p e r c h lo r a te

ion  i f  th e  p e r c h lo ra te  group becomes involved in

p a r t i a l  co v a len t  bonding between one of i t s  oxygen

atoms and a c a t i o n .  This  changes the  symmetry from

Td to  the  type  and would invo lve  a c o n s id e ra b le

s h i f t  of the  band due t o  the  v i b r a t i o n a l  mode a t  

-1932 cm . They co n s id e r  t h i s  should be s h i f t e d  to  

739 cm ^ as found i n  th e  v i b r a t i o n a l  mode of 

p e r c h lo r i c  a c id .  There i s  no i n d i c a t i o n  in^he s p e c t r a  

of any of the  p re se n t  s a l t s ,  in c lu d in g  l i t h iu m  

p e r c h l o r a t e ,  fo r  any s i m i l a r  co v a le n t  bonding. The 

c l e a r  spur occuring th roughout  f o r  th e  mode a t  

939 cm” ^ shows t h a t  the  s a l t s  a re  p u re ly  i o n i c .

The asymmetric bending mode (V^).

This  s t rong  band- appears i n  a s i m i l a r  p o s i t i o n  i n  th e  

case of l i t h iu m ,  sodium, po tass ium , caesium and s i l v e r .
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There i s  a s l i g h t  s h i f t  i n  the  case of rubidium 

(617  cm"^ ( 1 6 . 2 . ) ) .  There i s  a more marked

s h i f t  i n  th e  case  of t h a l l iu m  (609  cm“^ (16 .4  M ) ) 

Although th e re  i s  no r e g u l a r  s h i f t  th e r e  i s  aga in  

evidence f o r  a s h i f t  t o  longer  w avelength  i n  th e  

case of s a l t s  of l a r g e s t  atom.



I n f d _ s D_Gctra of the  c h l o r a t e s ,  bromates- and io d a tg ^ .  

X-ray  sp ec tro scop y  has shown t h a t  the  c h l o r a t e ,  bromate and 

io d a te  ions  a re  pyramidal  w i th  symmetry. There are

fo u r  normal modes of v i b r a t i o n  as in  the  case of 

p e r c h l o r a t e s  bu t  th e s e  are a l l  bo th  i n f r a - r e d  and Raman 

a c t i v e .  They are shown in  the  d iagram . o/i

The -\r^ and modes, th e  symmetric and an t isym m etr ic

s t r e t c h i n g  f r e q u e n c i e s ,  a re  near each o th e r  i n  t h e i r  

f r e q u e n c ie s  f o r  a l l  th e se  io n s .  The s t r e t c h i n g  v i b r a t i o n s  

are  t h e r e f o r e  u s u a l ly  observed as one s t rong  broad band. 

The two bending modes *^2 appear as d i s t i n c t

s t ro n g  sharp  bands.

The i n f r a r e d  s p e c t r a  of a number of c r y s t a l l i n e  a l k a l i

m eta l  c h l o r a t e s ,  brornates and io d a te s  have a l r e a d y  been

examined * Of th e  compounds s tu d ie d  i n  the  p re se n t  work

the  in f r a r e d  s p e c t r a  of s i l v e r  c h l o r a t e ,  t h a l l iu m  ( I )
%

c h l o r a te  and bromate do not  appear to  have been 

examined b e f o r e .
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The C h lo ra te s .
(75̂ )

I t  has been w e l l  e s t a b l i s h e d  by e a r l i e r  work t h a t

a broad band a t  960 cm"^ r e p r e s e n t s  th e  asymmetric

s t r e t c h i n g  f requency  w i th  a s u b s i d i a r y  spur or, small

peak on the  low f requency  s id e  a t  910 cm"^ which i s

due to  the  symmetric s t r e t c h i n g  f re q u en cy .  The

/  -1
bending f r e q u e n c ie s  "^4. occur a t  617 cm

and a t  493 cm"^ r e s p e c t i v e l y .  I n  a d d i t i o n  M i l le r  

and W ilk ins  found an e x t r a  band a t  990 cm i n

th e  case of sodium c h lo r a te  and a band a t  935 -  938 cm ^ 

i n  th e  case  of sodium and potassium  c h l o r a t e s ,  bu t  

th e y  gave no assignment of th e  bands observed in  t h e i r  

work to  any p a r t i c u l a r  v i b r a t i o n a l  mode. The i n f r a r e d  

s p e c t r a  of po tass ium  and sodium c h l o r a t e s  were 

remeasured i n  the p re s e n t  case as a s tan d a rd  and i n  

a d d i t i o n ,  th e  p p ec t ra  of  s i l v e r  and t h a l l i u m  ( I )  

c h l o r a t e s  are recorded here  f o r  the  f i r s t  t im e .

DiagramlE and Table 2.5 i n d i c a t e  t h a t  the s p e c t r a  of 

sodium and potassium c h l o r a t e s  showed bands which are  

i d e n t i c a l  w ith  those ob ta ined  e a r l i e r  and reproduced by



Nakamoto, l e ;  the band a t  962 cm ^ i s  e v id e n t ly  th e

■ifi ^ s t r e t c h i n g  f req uen cy  while  th ose  a t  about 621  cm"^

and 480-495 cm" are  the  snd bending f r e q u e n c i e s .

The s t r e t c h i n g  f req u ency  was only  observed fo r

s i l v e r  and th a l l iu m  ( I )  c h l o r a t e s  and occurs a t  909 cm

An a d d i t i o n a l  peak observed bo th  i n  th e  p r e s e n t  work

and by M i l l e r  and W ilk ins  i n  th e  case of sodium c h l o r a te

a t  990  cm ^ could be th e  f i r s t  over tone  band of the

frequency  (mean -  490 cm ^ ) . This  a l s o  appears  as a

f l a t  a d d i t i o n  to  the  maximum a t  980 cm"^ f o r  po tass ium

c h l o r a te  and s l i g h t l y  s h i f t e d  i n  the case  of s i l v e r  and

th a l l i u m  ( I )  c h l o r a t e s .  Twice the  f req u en cy  of the

band in  th e  case of s i l v e r  c h l o r a t e  ( 2 x 495 cm"^ )

would occur a t  990  cm"^, where th e re  i s  a s l i g h t

i n d i c a t i o n  of a broadening of the  band. In  the case of

th a l l i u m  ( I )  c h lo r a t e  the  bending f requency  occurs

a t  485  cm"^ and double t h i s  would give an over tone

which would r e in f o r c e  the  qP f re q u en cy .  I t  appears
3

t o  be t h i s  e f f e c t  which/is s s t ren g th ened  the  band 

which i s  more pronounced i n  i n t e n s i t y  i n  th e  case of t h i s  

s a l t .
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The w e l l  de f ined  band a t  938 cm"3. a l s o  observed by
( 1 ^ )  ^

e a r l i e r  workers i s  d i f f i c u l t  to  a s s i g n ,  bu t  i t

could be an overtone of the  a d d i t i o n a l  band observed 

a t  471 cm“^ in  th e  case of t h a l l iu m  and s i l v e r  c h l o r a t e s .  

S i l v e r  C h lo ra te ,

Th is  showed a very  broad band a t  1015-897 cm which

was s p l i t  i n t o  fou r  components. The maxima occured a t

1015, 9 6 2 , 938 and 897 cm“^ .  The s t r o n g e s t  peak a t

962 cm ^ appears  t o  be due to  th e  mode and t h a t

a t  897  cm"^ the  mode w i th  a s l i g h t  s h i f t .  The o th e r

two peaks cannot be a b s o l u t e l y  i n t e r p r e t e d  a t  p r e s e n t ,

but the peak a t  1015 cm"^ may be due to  th e  f i r s t  over tone

-1
band of the  v  bending mode a t  495 cm . Dasent and

( / f  )Waddington suggested a s im i l a r  e x p la n a t io n  f o r

a band observed in  the  s o l i d  s t a t e  s p e c t r a  of the  

io d a te s  which complicated the  sind nA ^ f r e q u e n c ie s

h e r e . The maxima a t  617 cm ^ and 495 cm ^ are i n  the  

c o r r e c t  p lace  f o r  the  and v i b r a t i o n a l  modes but

in  a d d i t i o n  a f u r t h e r  weak peak occurs  a t  471 cm"^. The 

f a c t  t h a t  t h i s  band a lso  appears  as a very  s t ro n g  band i n
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the  t h a l l i u m  ( I )  c h lo r a t e  spectrum would i n d i c a t e  t h a t  

i t  i s  an a c tu a l  band and i s  no t  due to  im p u r i ty .  At 

p re s e n t  the  assignment of t h i s  band i s  no t  c l e a r ,  but 

i t  might be the  metal-oxygen band observed a s -a n  e x t r a  band. 

T hall ium  ( I )  C h lo ra te .

Here ag a in  the  four  f r e q u e n c ie s  appear but w i th  some of 

the  maxima s h i f t e d .  The bands appear

a t  9 6 1 , 9 1 0 , and 486 cm"^ in  the  normal p o s i t i o n s  but 

the  band i s  s h i f t e d  to  a lower f req u en cy  and occurs  

a t  599 cm"^. There i s  a very  s t rong  band a t  471 cm"^ 

as found i n  the case of s i l v e r  c h l o r a t e s .

M i l l e r  and W ilkins have r e p o r te d  i n v e s t i g a t i o n s

of the i n f r a r e d  s p e c t r a  of sodium^potassium and s i l v e r

b rom ates .  I n  the case of sodium and po tass ium  bremâtes

only  one s t ro n g  and r a t h e r  broad band was observed a t

807 cm"^ and 79O cm"^ r e s p e c t i v e l y .  For s i l v e r  bromate

they  found t h a t  t h i s  band s p l i t  i n to  two w i th  maxima a t

797 cm"^ and 765 cm"^ and a f u r t h e r  band a t  1280 cm ^

which r e i n f o r c e s  the  n u jo l  band g iv in g  a s t ro n g e r  peak
In

th a n  u su a l  to  the  low frequency  n u jo l  band. Raman s p e c t r a
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(76)
th e  fou r  fundamenta l  modes have been ass igned  as fo l low s

iTg 1^3 ^ 4

cm"^ 806 421 836 356 .

The i n f r a  red bands of c r y s t a l l i n e  b rom ates ,  where th ey

occur are  l i k e l y  to  be s h i f t e d  s l i g h t l y .  For example i n  the

c h l o r a t e s ,  the  s t r e t c h i n g  f r e q u e n c ie s  occur a t  lower

f r e q u e n c ie s  in  the  c r y s t a l l i n e  solid w hile  th e  two

bending f re q u e n lc e s  are  s h i f t e d  to  h igh er  f r e q u e n c i e s .

I t  i s  l i k e l y  t h e r e f o r e  t h a t  the  bands observed by

M i l le r  and Wilkins i n  the  reg io n  8 IO-73O cm ^ f o r

sodium and potassium bromates are th e  double and

(\ĵ  ̂ bands s h i f t e d  somewhat in  the  s o l i d .  This  e x p la n a t io n

i s  confirmed by the f a c t  t h a t  the  band i s  re so lv e d  i n t o

two peaks a t  765 and 797 cm”^ i n  s i l v e r  bromate.
also

T his  i n t e r p r e t a t i o n  is^conf irm ed  by the  f a c t  t h a t  .

the  in terprva l  between th ese  peaks f o r  s i l v e r  bromate

i s  the  same as the  d i f f e r e n c e  between the  and oA
1 3

f r e q u e n c ie s  of the Raman s o l u t i o n  measurements.

I n  the p re se n t  i n v e s t i g a t i o n  shows t h a t  f o r

sodium bromate a broad and s t ro ng  band appears  w i th  a
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maximum a t  787*4 cm”^ and w ith  a shou lder  a t  8 l 6 cm"^ 

Another broad s t rong  band i s  found w i th  a maximum at 

440 cm"^. Although th e  sp ec tro m ete r  used d id  not 

record  f o r  f r e q u e n c ie s  l e s s  th a n  400 cm"^ t h e ' 

spectrum shows a tendency  to  be r i s i n g  to  another  

maximum be low t h i s  p o i n t .  From a comparison w i th  the  

f r e q u e n c ie s  of the  Raman s p e c t r a  i n  s o l u t i o n  the 

fo l lo w in g  assignments  are  su gg es ted .

Bromates “̂ 1 ^2 ^3 =̂ 4

p re se n t  I-R 787 440 816 400

Raman S p ec tra 806 421 836 356 CJkv'

This  assignment i s  s upporte'd by a comparison of the  s Olid

i n f r a r e d  and Raman s p e c t r a  of the c h l o r a t e s .

C h lo r a t e s ^ 1 '̂ '2

P re se n t  I-R
en::

909 621 962 490
-1cm

Raman 930 610 982 479 cm



The s h i f t s  here are  s i m i l a r  to  those  fo r  the  brom ates ,  

which su p po r ts  th e  suggested  assignment f o r  the  

bromates* This  may be checked by c o n s id e r in g  the  

I n f r a  red  s p e c t r a  of the  o th e r  b rom ates .

Potass ium  brom ate . The s p e c t r a  shows one s t ron g  broad 

band w i th  a maximum a t  794 cm which must be due 

to  the  combined and bands which are  not

re so lv e d  in  the s o l i d  spec tra*  There i s  no i n d i c a t i o n  

f o r  the  band. The t r a c e  i s  r i s i n g  s t e a d i l y  #■ '

u n t i l  the  l i m i t  of the  in s t rum en t  a t  400 cm"^ and

so i n  t h i s  r e g io n  th e re  appears  to  be evidence f o r  a 

v e ry  broad band r e p re s e n t in g  the  unreso lved  

bands .

S i l v e r  bromate.  The broad band between 790-750 cm"^ 

i s  re so lv e d  in to  two c l e a r  peaks a t  787 and 76O cm"^.

The peak a t  787 cm"^ r e p r e s e n t s  th e  asymmetric

s t r e t c h i n g  frequency .  The band a t  76O cm ^ i s  p robab ly  

a t  too low a f requency  to  be the  f req u ency  (816 cm"^) 

s h i f t e d  by the  heav ie r  c a t i o n .  I t  uould  be an over tone  

of th e  band which by comparison w i th  the  Raman



measurements on s o l u t i o n  should occur a t  about 376 cm 

This  e s t im a te  i s  ob ta ined  by assuming t h a t  th e r e  i s  a

s im i l a r  d i f f e r e n c e  between the p o s i t i o n  of the bands 

i n  th e  s o l id  I-R s p e c t r a  and those  in  Raman s o l u t i o n  

s p e c t r a  f o r  the  and bands. The d i f f e r e n c e

fo r  the band i s  an in c re a se  i n  f requency  of about

20 cm ^ and so i f  t h i s  i s  added to  the Raman va lue  of 

*̂ 4 (356 cm"^ ) i t  would give 376 cm"^ fo r  t h i s  

f requency  i n  the s o l id  s p e c t r a .  Double t h i s  f i g u r e  

would give 752 cm"^ fo r  the  f i r s t  over tone  band which 

i s  approx im ate ly  i n  th e  c o r r e c t  r e g io n  fo r  the  observed 

band (76O cm"^ ) .  The band occurs  c l e a r l y  as a

mediumly s t rong  band a t  about 430 -  440 cm“^.

Thall ium  ( I )  bromate, A s t ro n g  broad band was found 

and i t s  maximum i s  between 740 and 719 cm"^ which 

r e p r e s e n t s  the  ^  and ^  s t r e t c h i n g  f r e q u e n c ie s  

which are s h i f t e d  to  a lower f requency .  Th is  s h i f t  seems 

c o n s i s t e n t  f o r  a l l  the  t h a l l iu m  ( I )  compounds s t u d i e d .  

I o d a t e s .
More s tu d ie s  have been c a r r i e d  out on iodates  

th a n  on the  c h l o r a t e s  and bromates.  I n  the  p re se n t

- 1
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i n v e s t i g a t i o n  the  i n f r a r e d  s p e c t r a  of sodium, potass ium  

s i l v e r  and th a l l iu m  ( I )  i o d a te s  were re c o rd e d .  Shen,
(77)

Yao and Wu examined th e  Raman s p e c t r a  of s o lu t io n s

of io d a te s  and the  fo l lo w in g  assignm ents  were made.

nPg "̂ 4

779 390 826 330 cm-1

They are  a l l  i n f r a r e d  and Raman a c t i v e .  Dasent and 
( 1 5 )

Waddington have s tu d ie d  th e  i n f r a r e d  s p e c t r a  of

a number of c r y s t a l l i n e  io d a te s  between 4000 and 400 cm 

They observed and and in  a few cases

f r e q u e n c i e s .  The f requency  4/^  i n  most ca ses  l a y  

beyond the  s p e c t r a l  r e g io n  a c c e s s ib l e  w i th  sodium 

c h lo r id e  and potassium bromide p l a t e s .  Both the  and 

4/̂ 2 f r e q u e n c ie s  l a y  between 800 -  700 cm"^. They 

found i t  was d i f f i c u l t  to  a s s ig n  th e s e  w i th  c e r t a i n t y  

because the  overtone f requency  2 w i th  am p l i f ied

i n t e n s i t y ,  occurs near the  4/^ f requency  

( i e .  2 X 3 9 0  =  7 8 0  cm"^ ) .

I n  the  p re se n t  i n v e s t i g a t i o n  th e  s p e c t r a  of the  i o d a t e s  

of the  a l k a l i  metals  inc lu d in g  those  of s i l v e r  and
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t h a l l i u m  were reco rd ed .

Sodium io d a te  monohydrate (Na 10 -H O ) .  
________________________________3 There i s

a s t ro n g  broad band between 795 and 738 cm"^ w i th

-1 5ifour  maxima a t  794, 7835 7&3 and 738 cm . The peak 

a t  794 cm"^ can be a s s ig n e d ,  fo l lo w in g  Dasent and 

Waddington su g g e s t io n ,  to  th e  f requency  and the

763 cm"^ probably  to  the  mode. The maximum a t  

783 cm"^ occurs in  a r e a so n a b ly  c o r r e c t  p o s i t i o n  

fo r  th e  2 Lending frequency  s in c e  th e

f r e q u e n c ie s  occurs i n  the  Raman s o l u t i o n  s p e c t r a  a t

-1 -1390 cm . The band a t  739 cm found here i s  not

observed by Dasent and Waddington in  the  anhydrous

sodium io d a t e ,  but was noted by them as occuring  i n

the  case of rubidium and caesium i o d a t e s .  J n  a
( 7&)

subsequent paper th e y  a sc r ib e d  t h i s  to  the

1 = 0 asymmetric s t r e t c h i n g  f requency  (

occuring  over the  range 743 -  796 cm-1. As however

the  1 =  0 syminetric s t r e t c h i n g  f requency  (

•“1a l so  occurs  over th e  range 695 -  780 cm" th e re  i s  an

o ver lapp ing  of the  bands i n  t h i s  r e g io n  which  makes i t  

d i f f i c u l t  to  a s s ig n  them w i th  c e r t a i n t y .
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The complex c h a ra c te r  of the  m e t a l l i c  io d a te  spectrum 

has thus  been ass igned  by Dasent and Waddington to  the 

double band c h a ra c te r  of the  iod ine  oxygen bond and 

t h i s  appears  to  be r e f l e c t e d  in  the  lowered magnetic 

s u s c e p t i b i l i t y .

Potassium  io d a te  (KIO^ ) .  Here a g a in  a broad s t ro n g  

band w i th  t h r e e  maxima i s  found a t  787? 7^2, and 725 cm"^. 

The maxima a t  787 cm"^ may be ass igned  to  the 

f requency  and i t  i s  d i f f i c u l t  to  say which i s  and

2 RT2 the  o ther  two maxima.

i l v e r  io d a te  (&g I  0 ^ ) ,  The broad band appears  w i th

fo u r  maxima a t  764 , 746, 714, and 694 cm"^ and th e se  

a re  d e f i n i t e l y  s h i f t e d  t o  lower f re q u en c ie s*  These bands 

a re  almost in  the same p o s i t i o n  as those  g iven  by Dasent 

and Waddington who ass ig ned  the  s t rong  bands a t  766 

and 742 cm”^ to  the  s t r e t c h i n g  f requency  and th e

bands a t  705 and 695 cm~^ to  the  and 2 modes.

T hal l ium  ( I )  io d a te  (T1 1 0^ ) .  The spectrum found was 

much s im ple r  and one very  broad and s t ro n g  band w i th  a 

poor!).y de f ined  maximum a t  741 cm was o b ta in e d .
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This  i s  p robab ly  due to  the  f requency  which

agrees  w e l l  w i th  the  value f o r  t h i s  f requency  found

by Dasent and Waddington in  the  case of T1 I0 _ .  There

-1  ,
was no i n d i c a t i o n  of a band a t  705 cm i n  the  p re se n t

s p e c t r a  where one was o b ta ined  by Dasent & Waddington. 

and ass igned  to  the  and 2 modes* There was ®

a d e f i n i t e  d ec rease  of i n t e n s i t y  found i n  t h i s  r e g io n  

in  the  p re se n t  spec tra*
PftR7 Ml!

Comuarisibn of magnetic s u s c e p t i b i l i t i e s  and S p e c t ro sc o p ic  Data 

I t  i s  p o s s ib le  to  make a comparison between th e  magnetic 

s u s c e p t i b i l i t y  and the  s p e c t ro s c o p ic  d a t e .  As has been 

shown in  p a r t  jy the  d iam agnetic  s u s c e p t i b i l i t y  of 

p o la r  compounds i s  determined by the  charge d i s t r i b u t i o n  

in  th e  io n s .

The s h i f t  i n  the maxima of the v a r io u s  fundamenta l  

f r e q u e n c ie s  of the i n f r a r e d  s p e c t r a  on p ass ing  from a 

compound co n ta in in g  one halogen io n  to  the  next  can be 

deduced from the p re se n t  I n f r a r e d  measurements. For example 

i n  th e  s e r i e s  CIO^' , Br 0^' and 10^' the  fo l low ing  

t a b l e  shows the four  fundamental modes f o r  the
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c h l o r a t e ,  brornate, and io d a te  io n s .

^1
^2 ^3 ^ 4

Cl  -  0 909 cra~^ 621 962 490

Br -  0 787 440 816 ^ 4 0 0

I  -  0 763 391 794

The s h i f t  i n  the maxima has been e s t a b l i s h e d  f o r  

Raman s p e c t r a  and i s  r e l a t e d  t o  the  n a tu re  of th e  

atoms forming the  bonds, t h e re  being  a change towards 

lower f r e q u e n c ie s  on pass ing  from c h l o r a t e s  to  the  

i o d a t e s .  This  group i s  however not th e  most sym m etr ica l  

type  of molecule s tu d ie d  i n  the p r e s e n t  i n v e s t i g a t i o n .  

XY^ Type of Io n s .  Of th e  anions i n v e s t i g a t e d  h e re ,  

th e  phosphate ,  su lp ha te  and p e r c h lo r a t e  ions form 

an i s o e l e c t r o n i c  s e r i e s  of the  XY  ̂ ty p e .  These are  

symmetrical  t e t r a h e d r a l  io n s  and being  i s o e l e c t r o n i c  

have the  same e f f e c t i v e  n u c le a r  charge (Z = 50 )•

The i n t e r p r e t a t i o n  of the  i n f r a r e d  s p e c t r a  of t h i s  

type  of molecule i s  f a i r l y  s im ple .

For a r e g u la r  t e t r a h e d r a l  molecule of th e  type XY^ the



Z 5 ^

symmetrical  s t r e t c h i n g  f requency  can be

cons ide red  as r e l a t e d  t o  a s in g le  fo rc e  c o n s t a n t .

The value  i s  g iven  by K, = 4 IT ^ ^ My ,

where M y i s  the  mass of the  atom Y. The p o s i t i o n  of 

the  atom X i s  unchanged in  t h i s  sym m etr ica l  type of 

v i b r a t i o n  where a l l  fou r  bonds are s t r e t c h i n g  ev en ly .
( 79 )

Woodward has cons ide red  th e  sy s te m a t ic  r e l a t i o n s h i p s

of fo rce  c o n s ta n t s  d e r iv ed  in  t h i s  way f o r  simple 

r e g u la r  t e t r a h e d r a l  molecules of the  XY^ ty p e .

He has shown t h a t ' f o r  a number of s e r i e s  of i s o e l e c t r o n i c  

m olecu les ,  the  s e r i e s  f a l l  i n to  v a r io u s  c l a s s e s  

depending on the  way in  which the  fo r c e  c o n s ta n t  changes 

w ith  the  charge on the  io n .  He has a l s o  brought out 

the  r e l a t i o n s h i p s  between th e se  changes i n  the  fo rc e  c o n s ta n t  

and th e  r a d i a l  d i s t a n c e  between th e  atoms forming th e  bond. 

Since th e  magnetic s u s c e p t i b i l i t y  and the fo rc e  c o n s ta n t  

d e r iv e d  from the  s p e c t r a  of these  symmetric molecules are  

bo th  r e l a t e d  to  t h i s  r a d i a l  d i s t a n c e  i t  seems u s e f u l  

to  i n v e s t i g a t e  the r e l a t i o n s h i p  of the  two p r o p e r t i e s .  

Woodward's c l a s s  I  type of i s o e l e c t r o n i c  molecules r e p r e s e n t s
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the XH type such as BH "" GH , , h is  c l a s s  I I
4  4  4 ^ 4 ’

type are the ions contain ing a halogen atom where the 

other atom i s  not a member of the f i r s t  short period of 

the per iod ic  tab le  such as |^ â l 01^^ " 01^ ^

In both these tw o 'c la s se s  he has shown for a number of
y

examples that the force constant when p lo tted  against  

the charge on the ion  increases  in  a d e f i n i t e  non

l in ear  manner. The s lopes  of these graphs are very  

s im ilar  to  those obtained for  the s u s c e p t i b i l i t y  -  

e f f e c t i v e  atomic number graphs of simple ions .

Ions of the type XÔ  containing oxygen as one of the  

atoms f a l l  in_to a th ird  c la s s  and Woodward has shown 

that for  t h i s  type there i s  no longer a system atic  

r i s e  in  the force constant derived from the spectra on 

p lo t t in g  aga inst  the charge of the ion .  I t  i s  u se fu l  to  

consider the r e la t io n  of t h i s  to the present s u s c e p t i b i l i t y  

measurements.

In f igure  ié* a comparison i s  made for the phosphate 

sulphate and perchlorate ions of magnetic s u s c e p t i b i l i t i e s ^  

of the force  constant g iven  by Woodward, and the bond
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length in  the ions* These propert ies  are p lo tted  

against  the charge on the io n s .  The lo w is t  graph 

represents  the l i t e r a t u r e  values of the bond lengths  

which have been observed from X-ray cr y s ta l lo g r a p h ic
( 3^)

measurements , These are not very d i f f e r e n t  from
( 7i)

those ca lcu la ted  by Pauling except the per-

ch lorate  where the ca lcu la ted  va lue^a l i t t l e  high.

The next g r a p h (b )  represents  the io n ic  s u s c e p t i b i l i t y  

of the phosphate, sulphate and perchlorate ions  

ca lcu la ted  from the present measurements. Graph (C3 3,6

represents  the force constants  for these  three ions  

ca lcu la ted  by Woodward from the Raman spectra using  

the re la t io n s h ip  Ki,  ̂ /vj^* Graph (d)

Shows for  comparison one of h is  c la s s  I I  groups of
2 -

Cd Iions Inl^  1 and Snl^ p lo tted

s im i la r ly .

The c lo se  resemblance of the curves k  and B shows 

that the same e f f e c t  which i s  rcaurging a lowering 

of the force constant i s  acting in  the case of the

s u s c e p t i b i l i t y .



The lowering of the force constant has been shown to  be
( 79 ) ( do)

re la ted  to  the formation o f T T  bonds . In the

case of a simple gT bond between the atoms an increase  

in  the charge % of a ce n tra l  atom of an i s o e l e c t r o n ic
.A

tr iad  w i l l  r e s u l t  in  a shortening of the bond length  

and a corresponding increase in  force constant due to  

the t ig h ten in g  of the bond by e l e c t r o s t a t i c  a t t r a c t io n  

exerted by the nucleus of the c e n tr a l  atom on the 

e lec tro n s  of the surrounding io n s .  When there i s  

IT bonding, e i th er  ^involving p o r b i ta l s  or 

p IT -  dTT bonds an increase of the nuclear charge
( g o )

of t h i s  c e n tra l  atom may produce another e f f e c t

The shortening of the bond may a l t e r  the r e la t iv e

d i s t r ib u t io n  of the e le c tr o n ic  charges in  the donor

o r b i ta l s  and the  acceptor o r b i ta l s  so that they no

no longer overlap so w e l l .  This w i l l  tend to  reduce

the double bond character of the bond and so lower

the force constant.  This opposit ion  of e f f e c t s  which
/

strengthen the bond character and w eaken i^  the  

-ff bond character has been used by Woodward to

\
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exp la in  the anomalous behaviour of c la s s  I I I  

i so e le c t ro n ic  ions. The shortening of the bond a f f e c t s  

the magnetic s u s c e p t i b i l i t y  d i r e c t l y .  In t h i s  way i t  can 

be seen for  these i so e le c t ro n ic  molecules th a t  both 

the spectroscopic and magnetic p ro p re t ie s  are r e la te d  

in  t h e i r  dependence on the bond leng ths .

C a lcu la t ion  of the Force Constants fo r  the X0“ Ions.

These ions are pyramidal s t ru c tu re s  with a lone pair
( 8 1 )

of e lec t ro n s  a t  the apex of the pyramid. Herzberg

has applied a valence force -  f i e l d  approximation 

to  deduce the force constants  of XŶ  pyramidal 

s t r u c tu r e s .  This approximation assumes th a t  the only 

fo rces  operating are those which r e s i s t  bond extensions 

and bond deformations, i e .  deformation of the interbond 

angles .  There i s  in  t h i s  symmetrical type of molecule
Ohly one type oA L o n J  a n J  one type o ̂  inter ho n d oLn l̂e.Thui only one bond 

d o n e  bondbehding constant are required  to  c a lc u la te  the p o t e n t i a l  stretching

energy of the system. Putt ing  these in to  su i tab le  co

o rd in a te s ,  equations for  the normal frequencies  have been 

deduced (Herzberg, In f ra  red and Raman Spectra p. 1?6 ) ^



The bond s t r e t c h in g  cons tan t  and bond bending 

c o n s ta n ts ,  the so ca l led  force  cons tan ts  can be c a l 

cu la ted  from these  equa t ions .  No one s e t  of equations  

w i l l  give an exact r e s u l t  because of the i n i t i a l  fo rc e  

f i e l d  approximations b u t ,  using a c o n s i s t e n t  t rea tm en t  

force  cons tan ts  fo r  a l l  th ree  ions ,  c h l o r a t e ,  bromate 

and ioda te  may be ca lc u la te d  which are s u f f i c i e n t l y  

accura te  fo r  comparative purposes.

Herzberg*s equations I I  204 and 205 fo r  the normal 

f requenc ies  are the bes t  to  apply w ith  a few simplyfying

assumptions. By assuming th a t  the ions are of an

approximately t e t r a h e d r a l  form, the angle in  the

equation  i s  70° 32* , CO and
9

Sin^yô = 8 and the f a c to r  12 Coi jS _ ^

^ 1 + 3  C o s ^

Then expressing  the equations in  frequencies ,  we have :-

4 + 4 -rr ^ = 0-+3 Î I 1  Cos^/8 )
Mx n '^ '1

+ ( 1+3 JIX S in ‘̂ R )  %
M x  * My

^   ( I )

and 16 TT^ = (3 + 1) Kl K2 ■ ( 2 )
Mx My 2



Where Mx and My are the masses of the  atoms X and Y

and i s  the bond s t r e t c h in g  cons tan t  in  f o r c e / u n i t  leng th

and K has been w r i t t e n  as an a b b re v ia t io n  fo r  K
7 2

Thus Eg i s  a lso  a f o r c e / u n i t  leng th  since E(( i s  

an angle constan t  ( fo rce  -  rad iu s )  and f o r  small angle

deformations the chord equals  the  a rc .  Thus by d iv id in g

2 2 by the (rad ius  of r o t a t i o n )  , or (bond length)  , t h i s

cons tan t  i s  converted in to  the same u n i t s  as such as

dynes/cm. To apply the equation  to  the experimenta l  data

from the In f ra re d  sp ec tra  the wave number f requenc ies

must be converted to  abso lu te  f requenc ies  (sec ^ ) .  The

wave number f requenc ies  must be m u l t ip l ie d  by 2 .998.10^^,

the  value of C, the v e lo c i ty  of l i g h t .

The masses must be converted from gram atomic weights

to  grams per atom to  keep the equation  d im ensionally

c o r r e c t .  To s im plify  the c a lc u la t i o n s ,  wave numbers

and gram atomic weights may be employed i f  the  terras 
2

in  which 4 7Î appears are us#d w ith  a c o r r e c t io n  f a c to r

2 P0.05889 = 4 7T C to  c o r re c t  fo r  the  above dimensional
N

f a c t o r s .
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Example of c a l c u l a t i o n  fo r  th e  Bromate ion .

The symmetric stretching f rc ■** ? The 6 y metric
precjuency : :.rj bending frequency.

nr -j_ = 787 cm”^ '>'2 = 440 om”^

= 6 •19.10^ cm"^
*9 -O

= 1 .94  . 10^ cm “

0.05889 ( + ^ 2  ^ (  1 + 3 My C os" ^  j  %  +

Mx My

(  1 + 3 My K

Eqn. I I
0.5889^ (  v\Ai -

Mx

= (3 MZ + 1 )  ^1^2
Mx My^

±2
My

0.5889  . 8.13  . 10^ = (1 +3 . 16 . 1 I
80 Q~J

h
80 9 J 16

+ (1 + 3 X 1 6 ' G ) ^2 from (I)
80 9 . 1 6

and 0.5889^ . 6 .19  • 1.94 . 10^° = ^  + 3 . 16 j  K^Kg from ( I I )

80 256

But from ( I I )  1.6  K%K2 = 4.16 . 10
8

Kg = 6.66 . 10 

Kl

256

10



' 2 4 2

Substitute in  (I)  for Kg

4 .79  . 10^ Kl = 0.0667 Ki^ + 6 .3 9  . lo9 

Kl 4 .79  . lO'^ + ^2.294 . 10^ - 1.704 . 10^
N—y—

0 . 1333 .

Taking the pos it ive  s ign  = 5 • 42. 10-̂  dynes/cm.

The p os it ive  s ign g ives  the only acceptable so lu t ion  as

taking the negative s ign  gives  an impossible value for Eg*

Therefore the force constant for the bond stretching mode
5 4-E]_ = 5  .42 • 10 dynes/cm for the bromate ion.

Similar ca lcu la t ion s  give for the chlorate ion 

E]_ = 6.24 . 10 dynes/cm.

and for the iodate ion.

E2 = 5*24 . 10^ dynes/cm.



Comparison o f  M olar s u s c e p t ib i l i ty  and sp e c tro sc o p ic  Data

fo r  XOj* io n s

I t  i s  p o s s ib le  to  make a comparison of\ th e  m olar s u s c e p t i b i l i t i e s  

w ith  th e  fo rc e  c o n s ta n ts  c a lc u la te d  from th e  fundam ental 

v ib ra t io n  modes o f  th e  in f ra re d  s p e c tra  and a lso  to  compare 

them w ith  th e  bond le n g th s . In  o rd e r  to  ex p la in  th e  low ering  

o f  th e  m olar s u s c e p t ib i l i ty  o f th e  io d a te  io n  i t  i s  u s e fu l  

to  consider th e  th re e  p ro p e r t ie s  o f th e  oxyhalides w ith  th o se  

o f  th e  sim ple h a lid e  io n s . The m olar s u s c e p t ib i l i t y  and 

cova len t r a d i i  o f  tte  h a lid e  io n s  a re  known and one h a l f  o f  

th e  fo rc e  co n stan t fo r  th e  sim ple halogen m olecule may be 

used fo r  com parison

T able g iv es  th e  v a lu e s  o f th e  bond leVigths, fo rc e  c o n s ta n ts  

and th e  m olar s u s c e p t i b i l i t i e s  o f  th e s e  two groups o f  io n s  

and f ig u re  gj shows com parative graphs fo r  th e se  p ro p e r t ie s  

p lo t te d  a g a in s t th e  e f f e c t iv e  atom ic number o f th e  io n s .

The curves (a) show th e  bond le n g th s  o f  th e  h a lo x y -io n s and 

th e  c ry s ta l  r a d i i  o f  th e  h a lid e  io n s . Curves (b) re p re se n t 

th e  re c ip ro c a l  o f th e  fo rc e  c o n s ta n ts  fo r  th e  h a lo x y -io n s



and th e  re c ip ro c a l  o f  one h a l f  o f the  fo rc e  co n s tan t fo r  

th e  halogens to  o b ta in  a comparable q u a n ti ty . Curves (c) 

re p re se n t th e  m olar s u s c e p t i b i l i t i e s  s im ila r ly  p lo t te d .  

F igu re  X] c le a r ly  shows th e  e f f e c t  o f th e  sh o rten in g  o f 

th e  bond le n g th  in  th e  h a lo x y -io n s . The a c tu a l  bond le n g th  

curve fo r  th e s e  io n s  i s  below t h a t  fo r  the h a lid e  io n s  

and becomes in c re a s in g ly  low on p ass in g  to  th e  io d a te  io n . 

The fo rc e  co n s tan t curve p lo t te d  as  a re c ip ro c a l  fu n c tio n  

fo r  com parison shows how th e  a c tu a l fo rc e  co n s ta n ts  fo r  

th e  h a lo x y -io n s a re  g re a te r  than  th o se  f o r  the  sim ple 

halogen m olecu les and th a t  th e re  i s  an e f f e c t  ten d in g  to  

enhance th e  fo rc e  co n stan t in  th e  case o f th e  io d a te  io n . 

The m olar s u s c e p t ib i l i ty  shows th e  same anomaly fo r  th e  

io d a te , th e  v a lu e  f o r  th e  io d a te  ion  f a l l in g  below th a t  

fo r  th e  io d id e  io n . These e f f e c t s  can be exp lained  by 

th e  in f lu e n c e  o f  T bonding in  a somewhat s im ila r  manner 

to  th a t  d iscu ssed  fo r  th e  p e rc h lo ra te  io n . The p o s s i b i l i t y  

o f  forming a Tf" bond between the  o r b i t a l s  o f th e  halogen 

and th o se  o f  th e  oxygen atoms can e x p la in  th e  tre n d  o f



th e  curves in  f ig u re  27 . The 77 bond c h a ra c te r  between 

th e  halogen and th e  oxygen in c re a se s  from c h lo ra te  to  

io d a te , th e  la rg e r  halogens g iv in g  a b e t t e r  o r b i t a l  

o v e r l a p T h e  p re se n t r e s u l t s  show th a t  t h i s  e f f e c t  can be 

c le a r ly  d e te c te d  in  th e  low er diam agnetic s u s c e p t ib i l i ty  o f 

th e  io d a te  io n .

The p re se n t work p ro v id es  experim en ta l d a ta  fo r  th e  

sy stem atic  comparison o f th e  diam agnetism  o f  th e  v a rio u s  

oxyanions s tu d ie d  w ith  o th e r  p ro p e r t ie s  such a s  th e  

m olar volumes, co o rd in a tio n  number and th e  sp ec tro sco p ic  

d a ta .  I t  a lso  shows how th e  m agnetic p ro p e r t ie s  a re  

r e la te d  to  th e  fundam ental bond le n g th  o f th e  atoms in  

th e  io n s .
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TABLE

M olar s u s c e p t ib i l i t i e s ^  Bond le n g th s  and Force c o n s ta n ts  

o f th e  haloxy io n s and h a lid e  ions

r ............

Substance Z
Bond le n g th s

Y in  B

Force co n s tan t

K . 10̂
jcm .

-lo^;:)^ M
in  e .g . s .  
u n i t s

C O3 ’ 42 1.46 6 .24 26 .8

Br0 3 * 60 1 .6 8 5.42 39.3

IO3 ’ 7S 1 .8 2
.

5.24 44 .8

C i ’ 18 1 .8 1 3.19 24 .3

Br* 36 1.96 2 .42 34.8
t

I , 54 2.20 1 .70

(33)
NOTE The bond le n g th s  o f th e  haloxy io n s  a re  from re fe re n c e

(174 Ï
For th e  halogen io n s  th e  c r y s ta l  r a d i i  a re  g iven .

The fo rc e  c o n s ta n ts  fo r  th e  ha lox y -io n s a re  th o se  c a lc u la te d  

in  th e  p re se n t work, th o se  f o r  th e  halogen atoms a re  one h a l f
(51)

o f  th e  fo rc e  c o n s ta n ts  o f th e  m olecules
' r

The m olar s u s c e p t i b i l i t i e s  fo r  th e  h a lo x y -io n s  a re  th o se  o f 

th e  p re se n t work and th o se  f o r  th e  h a lid e s  a re  from Teew

and H usain.
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