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INFLUENCE OF Z n ( I 1 )  , M n ( I 1 )  , AND Mg( I1 )  CATIONS ON 

THE VIBRATIONAL SPECTRA OF LJATEH I N  AQUEOUS 

PEHCHLURATE SOLUTIONS 

KEY dOkDS: aqueous s o l u t i o n s ,  d i v a l e n t  m e t a l  

p e r c h l o r a t e s ,  v i b r a t i o n a l  s p e c t r a ,  

h y d r a t i o n  phenomena 

3anusz S t a n g r e t  and Z o f i a  L ibuS  

Department o f  P h y s i c a l  C h e m i s t r y  o f  t h e  I n s t i t u t e  o f  
I n o r g a n i c  Chemis t r y  and Technology, T e c h n i c a l  
U n i v e r s i t y  o f  Gdansk, 80-952 Gdahsk, Po land  

ABSTRACT 

H y d r a t i o n  o f  Z n ( I 1 )  , M n ( I 1 )  , and Mg( I1 )  p e r c h l o -  

r a t e s  has been s t u d i e d  by  I R  and near- IR spec t roscopy .  

s a l t - a f f e c t e d  w a t e r  s p e c t r a  as w e l l  as t h e  number o f  
s a l t - a f f e c t e d  w a t e r  mo lecu les  have been de te rm ined  

and d i scussed  i n  terms o f  i o n  h y d r a t i o n  w i t h  r e l a t i o n  

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

INTRODUGTION 

As n e a r l y  a l l  n a t u r a l  and t e c h n i c a l  w a t e r s  

c o n t a i n  e l e c t r o l y t e s ,  t h e  p r o g r e s s  i n  i n t e r p r e t a t i o n  

o f  w a t e r  s o l u t i o n  s p e c t r a  i s  o f  g r e a t  p r a c t i c a l  and 

t h e o r e t i c a l  impor tance.  I n  s p i t e  o f  numerous e x p e r i -  

m e n t a l  and t h e o r e t i c a l  works i n  t h e  p r e v i o u s  s e v e r a l  

decades o u r  knowledge o f  t h i s  s u b j e c t  i s  s t i l l  incom- 
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3 98 STANGRET AND LIBUS 

p l e t e .  F o r  i n s t a n c e  i t  i s  d i f f i c u l t  t o  s p l i t  t h e  

observed e f f e c t  o f  t h e  s a l t  on  w a t e r  i n t o  c a t i o n  and 

a n i o n  c o n t r i b u t i o n s .  I t  can be  done o n l y  under some 

r a t h e r  c rude and c o n t r o v e r s i a l  assumptions. 

I n  t h i s  work we t r y  t o  o b t a i n  i n f o r m a t i o n  about 

c a t i o n - w a t e r  and an ion-water  i n t e r a c t i o n s  i n  aqueous 

s o l u t i o n s  o f  M n ( I 1 )  , Z n ( I 1 )  , and M g ( I 1 )  p e r c h l o r a t e s  

f rom t h e  a n a l y s i s  o f  t h e  I R  and near- IR v i b r a t i o n a l  
s p e c t r a .  I t  is known( l )  t h a t  i n  these systems t h e  

c a t i o n s  fo rm w e l l  d e f i n e d  s i x - c o o r d i n a t e  f i r s t  hydra-  

t i o n  s h e l l s  and p r e s e r v e  them untouched b y  an ions  

u n t i l  t h e  h i g h e s t  s a l t  c o n c e n t r a t i o n s .  I t  makes t h e  

i n t e r p r e t a t i o n  o f  t he  r e s u l t s  much e a s i e r  t han  f o r  

o t h e r  systems. The a n a l y s i s  o f  t h e  s p e c t r a  has been 
per fo rmed a c c o r d i n g  t o  t h e  p rocedure  proposed i n  t h e  

p r e v i o u s  paper  
f o r m e r l y  measured13) , and t h e  2 'J + 3, c o m b i n a t i o n  

band o f  H20 (4*5) measured i n  t h i s  work f o r  comparison 

purposes. P r e l i m i n a r y  r e s u l t s  have been p a r t i a l l y  p r e -  

w i t h  t h e  use o f  31(00) o f  HDO band, 

1.3 

sen ted  a t  35. Bunsen-Kolloquium i n  Marburg (6) . 
EXPEH I M E  NTAL 

Zn(C104) 2, Mn( GlO,) 2, and Mg( C10,) were p repared  

and p u r i f i e d  as p r e v i o u s l y ( 3 )  . A b s o r p t i o n  s p e c t r a  i n  

near- IK 
computer band sha e a n a l y s i s  has been per fo rmed as 

(1100 - 1300 n m )  were measured and t h e  

l a t e l y  r e p o r t e d  27 . 
HESULTS AND DISCUSSION 

2+ 2+ The a b s o r p t i o n  s p e c t r a  o f  aqueous Zn , Mn , 
and Mg2+ p e r c h l o r a t e  s o l u t i o n s  o f  t he  fundamenta l  HDO 

v i b r a t i o n  ( I R )  , as w e l l  as  i n  the  range o f  H20 over -  

t one  v i b r a t i o n s  (near - IR) ,  a r e  r a t h e r  s i m i l a r .  As an  

example t h e  r e s p e c t i v e  s e t s  o f  s p e c t r a  f o r  Zn(ClO,), 
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402 STANGRET AND LIBUS 

s o l u t i o n s  a r e  p r e s e n t e d  i n  F i g .  1. A more pronounced 

d i f f e r e n c e  has been observed i n  t h e  r a t e  o f  t h e  

s p e c t r a  i n t e n s i t y  changes w i t h  m o l a l i t y ,  i l l u s t r a t e d  

by  t h e  d e r i v a t i v e s  (dE/dm),,, shown i n  F i g .  2. 

They have been de te rm ined  by  c a i c u l a t i n g  a n a l y t i c  

d e r i v a t i v e s  o f  eq . (2 )  a t  each f requency  3,, w i t h  t h e  

use t h e  l e a s t - s q u a r e s  A(Qi) and B(Qi) pa ramete rs  o f  

t h i s  e q u a t i o n .  From t h e  d e r i v a t i v e s  i n  F i g .  2 i t  i s  

c l e a r  t h a t  s p e c t r a l  changes i n  t h e  l ow- f requency  

p a r t  o f  t h e  bands ( r e l a t e d  t o  t h e  h i g h - f r e q u e n c y  

p a r t )  a r e  more pronounced f o r  t h e  fundamenta l  t h a n  

f o r  t h e  r e s p e c t i v e  o v e r t o n e  bands. These d i s c r e p a n c i e s  

a r e  caused by  d i f f e r e n t  i n f l u e n c e  o f  H-bonds o n  band 

i n t e n s i t y :  t h e  fundamenta l  t r a n s i t i o n  moment o f  OH 

o s c i l l a t o r s  s t r o n g l y  i n c r e a s e s  w i t h  H-bond i n t e r a c -  

t i o n s ,  wh ich  i s  accompanied b y  low- f requency  s h i f t ,  

w h i l e  t h e  o v e r t o n e  t r a n s i t i o n  moment r a t h e r  s l i g h t l y  
decreases (7,B). 

The e x p l a n a t i o n  of  t h e  observed s p e c t r a l  changes 

has been per fo rmed by d e t e r m i n a t i o n  o f  t h e  r e s p e c t i v e  

s o l u t e - a f f e c t e d  w a t e r  s p e c t r a .  

C a l c u l a t i o n s  were based on  e q . ( l )  w h i c h  was de- 

r i v e d  ( R e f .  2 )  f rom t h e  assumpt ion  t h a t  wa te r  i n  so- 

l u t i o n  m igh t  be d i v i d e d  i n t o  t h e  b u l k  and s o l u t e -  

- a f f e c t e d  w a t e r  (9-13). The f u l f i l m e n t  o f  t h i s  assum- 

p t i o n  s h o u l d  be t h e  b e t t e r  t h e  l o w e r  i s  t h e  c o n c e n t r a -  

t i o n  o f  s o l u t i o n .  Eq.( 1) a l s o  i n c l u d e s  t h e  exper imen-  
t a l l y  w e l l - j u s t i f i e d  a p p r o x i m a t i o n  (2810) t h a t  t h e  

r e l a t i o n  between mean mo la r  a b s o r p t i v i t y  o f  w a t e r  i n  

s o l u t i o n , E  (gi) , and m o l a l i t y  o f  t h e  s o l u t e ,  m, c a n  

be f i t t e d  a t  e v e r y  f requency ,  si, by q u a d r a t i c  eq. 

( 2 )  , E q u a t i o n s  ( 1) and (2) a r e  p r e s e n t e d  below:  

- 
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AQUEOUS PERCHLORATE SOLUTIONS 40 3 

where &a($i) denotes mo la r  a b s o r p t i v i t y  o f  s o l u t e -  

- a f f e c t e d  w a t e r  and &b(9i) - mo la r  a b s o r p t i v i t y  o f  

b u l k  w a t e r  ( G  p u r e  w a t e r )  a t  t h e  same f requency  

qi; N - t h e  number o f  moles o f  s o l u t e - a f f e c t e d  w a t e r  

p e r  one mole o f  a s o l u t e ,  r e f e r r e d  f u r t h e r  as '*hy- 

d r a t i o n  number"; M - m o l e c u l a r  we igh t  o f  w a t e r ;  

- t h e  l e a s t - s q u a r e s  parame- 

t e r s  o f  e q . ( 2 ) .  

have been f i t t e d  t o  t h e  s o l u t e - a f f e c t e d  s p e c t r a  de- 

f i n e d  by eq.( 1) , i n  wh ich  t h e  N v a l u e  has been 

s tepw ise  v a r i e d .  From minima on p l o t s  o f  t h e  m i n i m i -  

zed f u n c t i o n  ( t h e  sum o f  squares  o f  d i f f e r e n c e s  

between t h e  measured and c a l c u l a t e d  spec t rum)  vs.  r\i 

t h e  " t r u e "  h y d r a t i o n  number, N, has been a d j u s t e d .  

dhen a minimum d i d  n o t  e x i s t ,  t h e  h y d r a t i o n  number 

was a d j u s t e d  f rom a r u n  o f  t h e  parameters  o f  t h e  

l og -no rma l  component bands vs .  N, see Hef .  2. T h e i r  

v a l u e s  a r e  shown i n  T a b l e  1. 

The s a l t - a f f e c t e d  s p e c t r a  a t  i n f i n i t e  d i l u t i o n  

( m  P 0) f o r  t h e  a d j u s t e d  N v a l u e s  a re  shown i n  
F i g s .  3 and 4a f o r  IK and near - IK ,  r e s p e c t i v e l y .  

The s p e c t r a  f o r  b o t h  r e g i o n s  c o n t a i n  t h e  i s o l a t e d  

background. F o r  I R ,  i t  may be caused by  a c o m b i n a t i o n  

wh ich  appear t o  d i f f e r  i n  shape i n  t h e  s a l t  s o l u t i o n  

and i n  p u r e  H20 (11) or/and may c o r r e c t  i s o l a t e d  con- 

t o u r s  o f  t h e  main component bands from t h e  p u r e  l o g -  

-normal shapes. These backgrounds and t h e  r e s p e c t i v e  

c a t i o n - a f f e c t e d  bands cannot be separa ted  i n  a u n i -  

v o c a l  way. F o r  near- IR r e g i o n ,  t h e  background a r i s e s  

f rom ano the r  t y p e  o f  c o m b i n a t i o n  bands a t  about 

1400 n m .  I n  o v e r t o n e  s p e c t r a  t h e  h igh -energy  band 

, B(gi), and O($,) 

A sum o f  t h e  l og -no rma l  shape f u n c t i o n s  (2,141 

band o f  t h e  bend ing  and a l i b r a t i o n  mode o f  H20 ( 4) , 
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404 STANGRET AND LIBUS 

T M L E  1 

Number o f  s a l t - a f  f e c t e d  wa te r  mo lecu les  ( " h y d r a t i o n  

number", N )  and band p o s i t i o n s  o f  t h e  i o n - a f f e c t e d  

wa te r  (ern-', f o r  tIU0 s p e c t r a ;  n m ,  f o r  H ~ O  o v e r t o n e  

s p e c t r t l )  f o r  ; in(ClU4)2, P:n(C;1Uq)2, and Mg(C10412 

equeout ;  s o l u t i o n s  

p e r c h l o -  an ion -  c a t i o n -  a n i o n + c a t  i o n -  
r a t e  - a f f e c t e d  - a f f e c t e d  - a f f e c t e d  

I II a t  m > O  
III+IV ( 2 4  

t i W  s p e c t r a  

Zn 11 .5L l  2 4 0 0 ~  7 2 5 2 0 ~ 1 0  

14 n 11 +1 262722 2412211 2 5 3 0 ~ 1 0  

M9 10 +1 2 4 3 9 ~  9 2550210 

I I  0 Over tone s p e c t r a  2 
12 10+ 10 1225: U - 12 t 1 - i n  

t4n 10 - + 1 115821 1220+ - 12 1 2 00: 10 

P' 9 10 - + 1 122 0: 12 1200+10 

s p l i t s ,  as f o r  C a (  (;lo4) 
nent  a t  117423 nm appears t o  be p r a c t i c a l l y  indepen-  

dent  o f  t h e  k i n d  o f  t h e  c a t i o n .  

c a t i o n - a f f e c t e d  (11) w a t e r  bands; t h e i r  p o s i t i o n s  a r e  

l i s t e d  in T a b l e  1, The p o s i t i o n s  in IR a r e  c l o s e  t o  

these  r e p o r t e d  by  K r i s t i a n s s o n  e t  a l ,  and 

H e i n j e  (12) . However, i n  c o n t r a s t  t o  t h e  f o r m e r l y  

c i t e d  a u t h o r s  "l) , c a t i o n - a f f e c t e d  band p o s i t i o n s  

d i f f e r  d i s t i n c t l y  f rom each o t h e r  and t h e i r  f r e -  

s o l u t i o n s [ 2 ) ,  and t h e  compo- 

The s p e c t r a  r e v e a l  t h e  a n i o n - a f f e c t e d  ( I )  and 
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AQUEOUS PERCHLORATE SOLUTIONS 40 5 

q u e n c e s  f o r m  t h e  f o l l o w i n g  o r d e r :  ZnZ+<i.ln2+<!qg2+. 
AS H e i n j e ( 1 2 )  e s t i m a t e d  t h e  b a n d  p o s i t i o n  f o r  Cu2+ 
t o  b e  2370220 cm", i t  seems t h a t  c a t i o n - a f f e c t e d  
b a n d  s h i f t  t o  l o w e r  f r e q u e n c e s  f o r  Iqn-Zn t r a n s i t i o n  

w h i c h  c a n  b e  j u s t i f i e d  b y  t h e  l i y a n a - f i e l d  s t a b i l i z a -  

metal  c a t i o n s  h a s  t h e  I r v i n g - . . i l l i a m s  t y p e  p l o t  (15) 

t i o n  e n e r g y  (161 . 
B e c a u s e  t h e  d e t e r m i n e d  N v a l u e s  a r e  r e l a t i v e l y  

small  ( T a b l e  1) , i t  s h o u l d  b e  s u p p o s e d  t h a t  t h c y  
i n c l u d e  m a i n l y  t h e  f i r s t  h y d r a t i o n  s p h e r e  o f  t h e  
c a t i o n ,  Ti lough I* v a r i e s  b i i t h  t h e  k i n d  o f  c a t i o n  
v d i t h i n  t h e  l imi t s  o f  t h e  e s t i m a t e d  e r r o r ,  a t e n d e n c y  
c a n  be o b s e r v e d  f o r  N t o  i n c r e a s e  i n  t h e  same o r d e r  
as  t h e  c a t i o n - a f f e c t e d  b a n d  s h i f t s  t o  lower f r e -  
q u e n c e s .  T h u s  t a k i n g  i n t o  a c c o u n t  t h e  c a t i o n - i n d u c e d  
c o o p e r a t i v i t y  o f  H-bonds ,  t h o r o u g h l y  d i s c u s s e d  b y  
Luck a n d  co-workers ( R e f .  13 a n d  r e f e r e n c e s  c i t e d  
t h e r e i n ) ,  I J  s h o u l d  d e p e n d  on t h e  H-bond e n e r g y  
b e t w e e n  t h e  f i r s t  a n d  s e c o n d  c o o r d i n a t i o n  s h e l l .  T h e n  
N may i n c l u d e  t o  sume e x t e n t  a l s o  t h e  s e c o n d  c o o r d i n a -  
t i o n  s p h e r e ,  d e p e n d i n g  on t h a  a c i d i t y  o f  t h e  a q u o -  
- c a t i o n ,  w h i c h  s h o u l d  be a good  m e a s u r e  o f  t h e  a b i l i t y  
f o r  t h e  f o r m a t i o n  o f  h y d r o g e n  b o n d s  w i t h  m o l e c u l e s  o f  
s e c o n d  s p h e r e ( ' )  ( t h e  h y d r o l y s i s  c o n s t a n t s ,  PI<, o f  
t1g2+, Mn2+, and Zn2+ a q u o - c a t i o n s  a r e  e q u a l  t o  11.4,  

10.6, a n d  9.5, r e s p e c t i v e l y  (17)). A s  a l l  t h e s e  c a t i o n s  
b i n d  s i x  water m o l e c u l e s  i n  t h e i r  f i r s t  c o o r d i n a t i o n  
z o n e  a n d  t h e  minimum N v a l u e  ( a d j u s t e d  f o r  M g ( C 1 0 4 ) 2 )  
e q u a l s  t o  1021, one p e r c h l o r a t e  a n i o n  a f f e c t s  n o t  
more t h a n  two water  m o l e c u l e s .  If i t  i s  t r u e ,  water 
m o l e c u l e s  f r o m  t h e  n e a r e s t  n e i g h b o u r h o o d  o f  t h e  
p e r c h l o r a t e  a n i o n  seem t o  be o r i e n t e d  t o  i t  w i t h  b o t h  
h y d r o g e n  atoms. I t  s h o u l d  be n o t e d  t h a t  t h i s  c o n c l u -  
s i o n  i s  o f  r a t h e r  c o n t r o v e r s i a l  c h a r a c t e r  (19-21) 
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406 STANGRET AND LIBUS 

FIG. 3. calculated salt-affected HLjO spectra for 
2n( C10,) 2, Mn( ClO,) *, end Mg( C10,) 
solutions at various molalities: 1, 0; 2, 
1.1; 3. 2.2; 4, 3.3. The component bands are 
shown for infinite dilution. I, 11, I11 and 
I V  denote ion-affected water bands, as in 
T a b l e  1 and eq.(3). 
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50( 

F I G U R E  3 CONTINUED 

I n  most cases a h y d r a t i o n  number decreases w i t h  

s a l t  c o n c e n t r a t i o n  as a r e s u l t  o f  s h a r i n g  water  mole- 

c u l e s  which belong t o  b o t h  an ion and c a t i o n .  T h i s  

comes about i n  a process o f  i n n e r  and/or outer-sphere 

a s s o c i a t i o n  o f  t he  s a l t  ( l 1 l 8 ) .  I n  the  case o f  Mn-Zn 

t r a n s i t i o n  me ta l  and Mg p e r c h l o r a t e s  however i t  can 

be supposed t h a t  t he  hexacoord inate h y d r a t i o n  sphere 

i s  preserved up t o  h i g h e s t  c o n c e n t r a t i o n s  w i t h  p ro -  

bab le  l a c k  o f  p e r c h l o r a t e  an ions i n  t h e  second hydra- 
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FIG. 4. a. Calculated Zn[C104) 2-affected Ii2G overtone 
spectra at various molalities: 1, 0; 2, 1.1; 
3, 2.2; 4, 3.3. The component bands are shown 
for infinite dilution, b .  The parameter A 
( s e e  text) VS. wavelength for iLn(C1U4)2, 
tin( ~ 1 0 ~ 1  , and pjg[clu4) aqueous solutions. 
I, 11, I11 and 1 V  denote ion-affected w a t e r  
bands, as in Table 1 and eq.(3) , 

tion sphere in the wide range of concentrations (11 . 
Thus, the assumption that N is independent of mola- 
lity seems to be acceptable, at least for low and 
moderate concentrations. The salt-affected water 
spectra for various selected molalities (also higher), 
calculated on the basis o f  the above assumption, are 
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AQUEOUS PERCHLORATE SOLUTIONS 409 

p r e s e n t e d  i n  F i g s .  3 and 4a.  I n t e r s e c t i o n  o f  respe-  

c t i v e  s p e c t r a  a t  one p o i n t  is t h e  m a t h e m a t i c a l  neces- 

s i t y  o f  u s i n g  t h e  q u a d r a t i c  eq . (2 )  t o  d e s c r i b e  t h e  

r e l a t i o n  between& and m (**) and o f  t h e  assumpt ion  

t h a t  N is i ndependent  o f  m .  ThLs a model o f  a chemi-  

c a l  e q u i l i b r i u m  i n  t h e  i n v e s t i g a t e d  s a l t - a f f e c t e d  

w a t e r  systems,  suggested  by these  " i s o s b e s t i c  p o i n t s " ,  

may o n l y  be t r e a t e d  as  an a p p r o x i m a t i o n  o f  undergo ing  

changes. 

- 

I t  can be seen i n  F i g s .  3 ano 4a t h a t  w i t h  t h e  

i n c r e a s e  o f  m o l a l i t y  a new band appears betwecn t h e  

c a t i o n i c  and a n i o n i c  ones, a t  t h e  expense o f  t he  

o r i y i n a l  bands. I t  seems t h a t  t h e  new band i s  due t o  

a n i o n + c a t i o n - a f f e c t e d  w a t e r .  The o r d e r  of i t s  p o s i -  

t i o n s  f o r  t h e  i n v e s t i g a t e d  s a l t s  i s  t h e  same as i t  

is f o r  t h e  r e s p e c t i v e  c a t i o n i c  bands ( T a b l e  1) . jome 

more d e t a i l e d  i n f o r m a t i o n  o f  t h e  newly  formed band 

c a n  be o b t a i n e d  f rom t h e  v a l u e s  o f  parameter  A"J1) 

o f  e q . ( 2 ) .  From eq.( 1) i t  is c l e a r  t h a t  A(vi) 

d e s c r i b e  t h e  changes wh ich  take  p l a c e  i n  t h e  spec t rum 

when the  m o l a l i t y  i n c r e a s e s  i n  r e l a t i o n  t o  t h e  one 

f o r  an i n f i n i t e l y  d i l u t e d  s o l u t i o n .  P l o t s  o f  p a r a -  

meter  A vs .  f requency  i n  IR, o r  vs .  wave leng th  i n  

near - IK ,  sugyes t  t h a t  a n i o n + c d t i o n - a f f e c t e d  kvater 

bands a r e  s p l i t t e d .  The r e s p e c t i v e  r e l a t i o n s h i p s  f o r  

o v e r t o n e  s p e c t r a  a r e  p r e s e n t e d  i n  F i g .  4b. A model  

o f  s o l u t i o n  i n  wh ich  d i f f e r e n t l y  charged i o n s  a r e  

separa ted  by two w a t e r  mo lecu les  e x p l a i n s  these  

o b s e r v a t i o n s  and is coheren t  w i t h  t h e  assumpt ion  

t h a t  N is i ndependent  o f  m .  3n t h i s  b a s i s  we a r e  

I n c l i n e d  t o  b e l i e v e  t h a t  t h e  f o l l o w i n g  approx ima te  

e q u i l i b r i u m  t a k e s  p l a c e  i n  t h e  d i s c u s s e d  m e t a l  p e r -  

c h l o r a t e  s o l u t i o n s  a t  low and moderate c o n c e n t r a t i o n s :  

v a l u e s  
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410 STANGRET AND LIBUS 

I I1  

I1 I I V  

where OD(0bi) denotes t h e  i o n - a f f e c t e d  UD o r  OH groups. 

,drth i n c r e a s i n g  s a l t  c o n c e n t r a t i o n  t h e  e q u i l i b r i u m  i s  

s h i f t e d  t o  t h e  r i g h t :  c o n c e n t r a t i o n  o f  t h e  I and 11 

s p e c i e s  decreases and t h e  new spec ies  (111 + I V )  

appear, i n  wh ich  two wa te r  mo lecu les  a r e  t r a p p e d  

between c a t i o n  and an ion .  
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