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IR SPECTRA OF Wim4.nHpO ( n  = 7 , 6 , 4 , 1 , 0 )  A N D  OF THEIR 

lEUTERATED ANALOGUES 

Key words: n i c k e l  s u l p h a t e s ,  I i b s p e c t r a  

M. Mane-, D. RizOM, L. Genov 

Dep. I n o r g a n i c  Chem. , S o f i a  Technology Univ. ,iC K l .  Ohridski Blvd.  
I156 S o f i a ,  B u l g a r i a  

A b s t r a c t  

I R  s p e c t r a  were taken  o f  NiS04.nH20 ( n  = 7 , 6 , 4 , 1 , 0 )  and 

of t h e  f u l l y  and p a r t i a l l y  d e u t e r a t e d  ana logues  of t h e i r s  i n  

the  region of 400i)cm-’ t o  300 cm‘l i n  t a b l e t s  o f  D r ,  i n  Nujol 

i n  t h e  r e g i o n  of  4000 cm-l t o  500 cm-’, and in suspens ion  of 

1 ,3-hexachlorobutadiene from 4000 t o  1000 cm-l. They were in-  

t e r p r e t e d  i n  r e l a t i o n  t o  t h e  s t r e t c h i n g  and bendinR v i b r a t i o n s  

of t h e  h y d r a t e  w a t e r ,  i t s  symmetry, t h e  t y p e s  of H bonds i n  

which it p a r t i c i p a t e s  

H20 
c a l c u l a t e d  from s p e c t r o s c o p i c  d a t a ,  v a r i e s  w i t h i n  t h e  i n t e r v a l  

of 32 - 22 kJ/mol f o r  NISOq.nH20 ( n  = 1.6.4)  and i s  38.9 kJ/mol 

f o r  NiSOq.H20. C o r r e l a t i o n  h a s  been e s t a b l i s h e d  between t h e  

of t h e  H bond and  d(Ni  c 0).  The l i b r a t i o n a l  v i b r a t i o n s  were 

c h a r a c t e r i z e d  mainly by t h e  r e s p e c t i v e  composi te  v i b r a t i o n s  

(H20 - - - H - 0 - H - - - OSOj and 

and t h e i r  enerRy. The l a t t e r ,  - - H - 0 - H - - - OH2) 

E 
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6 04 MANEVA, R I Z O V A ,  AND GENOV 

o). The symmetry of t h e  SO group h a s  been examined 4 
and compared i n  t h e  v a r i o u s  h y d r a t e s ,  as w e l l  a s  i t s  b i d e n t a t e  

c o o r d i n a t i o n  i n  t h e  monohydrate. 

The i n v e s t i g a t i o n  of t h e  h y d r a t e s  of a g i v e n  compound 

by t h e  method of  I R  s p e c t r o s c o p y  can p r o v i d e  u s e f u l  i n f o r m a t i o n  

about  t h e  s t a t e  of t h e  h y d r a t e  water ,  a b o u t  i t s  p a r t i c i p a t i o n  

i n  v a r i o u e  H bonds w i t h  t h e  s u r r o u n d i n g  Eroups, and a b o u t  t h e  

symmetry of t h e  oxoion in t h e  c r y s t a l l i n e  s t r u c t u r e  of t h e  

i n v e s t i q a t e d  compounds. T h i s  is t h e  a i m  o f  t h e  i n v e s t i g a t i o n  

under taken ,  which i n v o l v e s  t h e  t a k i n g  and t h e  i n t e r p r e t a t i o n  

o f  t h e  I R  s p e c t r a  o f  NiS04.nH20 ( n  = 7 , 6 , 4 , 1 , 0 )  and  o f  t h e i r  

f u l l y  o r  . p a r t i a l l y  deutera ted .  a n a l o m e s .  

There a r e  d a t a  i n  p e r t i n e n t  l i t e r a t u r e  a b o u t  t h e  I R  

s p e c t r a  of NiSO .nH20 (n = 7 , 6 , 4 , 1 ) ,  b u t  t h e y  do n o t  embrace 

t h e  spectrum i n  i t s  e n t i r e  r e e i o n  and  c o n s i s t e n t l y  for a l l  

h y d r a t e s .  In some c a s e s  /1,2/ t h e y  i n v o l v e  examinat ion  o n l y  of 

the  va lency  v i b r a t i o n s  of H20 i n  t h e  r e g i o n  of 3700 t o  2700 

cm 

t o  a l l  h y d r a t e s  of N I S 0 4  i n  t h e  same ree;ion. The above p u b l i -  

c a t i o n s  do n o t  comment on t h e  bending  v i b r a t i o n  of t h e  h y d r a t e  

water .  In  /3/ t h e r e  are a l s o  d a t a  a b o u t  t h e  SO4 group i n  t h e  

hydra ted  s u l p h a t e s  (n = 7.6.4.1) i n  t h e  r e g i o n  of 1200 - 900 

cm 

i n v e s t i g a t e d  reg ion .  C. B o c c h i c c i o l i  /4/ s t u d i e d  t h e  6 t r e t c h i n g  

v i b r a t i o n s  o f  h y d r a t e  w a t e r  and t h e  v i b r a t i o n s  of t h e  s u l p h a t e  

group f o r  NiSO .nH20 (n = 7 , 1 / 0 )  and t h o s e  o f  NiS04.7D20. 4 
There a r e  a l s o  data /5/ a b o u t  t h e  s t r e t c h i n g  v i b r a t i o n s  o f  t h e  

h y d r a t e  water  i n  NiS04.nH20 ( n  = 7 , 6 ) ,  and  compar isons  have 

been rcade w i t h  o t h e r  d a t a  a l r e a d y  p u b l i s h e d .  

4 

-1 f o r  NiS04.nH20 (n = 7 , 6 ) ,  whi le  i n  /3/ t h e y  a r e  r e l a t e d  

-1 , t h e  q2 and J4 v i b r a t i o n s  o f  SO4 r e m a i n i n 5  o u t s i d e  t h e  
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IR SPECTRA AND DEUTERATED ANALOGUES 605 

The s t r u c t u r a l  data about  t h e  i n v e s t i q a t e d  compounds 

a r e  t h e  fo l lowing:  NiSO .7H20 - orthorhornbic, a = 1186 pm, 

b = 1208 pm, c = 681 pm, z = 4 , P 21  Z 1  2, 

- monocl inic ,  a = 987 pm, b = 721.4 pm, c = 2906.5 pm, 

4 
/6/;  b-NiS04.6H2C 

(3 = 98O37'. z = 8, C2/c /7/: NiS04.4H20 - monocl inic ,  

a = 580 pm, b = 1320 pm, c = 765 pm, 

N i S O  .H 0 - monocl in ic ,  a = 684 pm, b = 757 pm, c = 147 pm, 4 2  
F =  117'57' 

pm, c = 515.5 pm, z = 4 /9/. 

Ex p e r  imen ta  1 

0 = 91°04',. z = 4 /3/ ;  

/€I/; NiS04 - orthorhornbic, a = 633.8 pm, -b = 784.2 

The i n v e s t i q a t e d  h y d r a t e s  and  t h e i r  f u l l y  o r  p a r t i a l l y  

d e u t e r a t e d  ana logues  were obta ined  i n  t h e  f o l l o w i n e  winner: 

The i n i t i a l  NiSB4.7H20 w a s  o b t a i n e d  by twofold r e c r y s t a l l i z a t i o n  

f r o m  water  s o l u t i o n  at 30°C. The lower h y d r a t e s  

and NiS04.4H20 were o b t a i n e d  by d e h y d r a t i o n  o f  t h e  heptahydra te  

w i t h  e t h y l  a l c o h o l  under  c e r t a i n  c o n d i t i o n s  / l o / .  The monohyd- 

r a t e  - NiSO .H 0 and t h e  anhydrous sa l t  were o b t a i n e d  by t h e r m a l  

dehydra t ion  under  c o n d i t i o n s  d e f i n e d  i n  /3/. 

/2NiSO4.6H20 

4 2  

The d e u t e r a t e d  h e p t a h y d r a t e  w a s  i s o l a t e d  from s o l u t i o n  

of heavy w a t e r  a f t e r  s e v e r a l f o l d  r e c r y s t a l l i z a t i o n  of NiS04.7H20 

and the p a r t i a l l y  d e u t e r a t e d  h e p t a h y d r a t e  w a s  i s o l a t e d  from a 

mixture  of  heavy and  o r d i n a r y  water .  The d e u t e r a t e d  and p a r t i -  

a l l y  d e u t e r a t e d  samples  of pNiS04.6H20 and NiS04.4H20 were 

o b t a i n e d  by t h e  methods a l r e a d y  i n d i c a t e d ,  s t a r t i n g  f rom 

N i S O 4 . 7 q O ,  whi le  t h e  monohydrate and  t h e  anhydrous sa l t  were 

o b t a i n e d  Br t h e r m a l  d e h y d r a t i o n  of NiS04.4%0 under  t h e  r e s p e c t -  

ive  c o n d i t i o n s  / 3 / .  

The compounds o b t a i n e d  were i d e n t i f i e d  by t h e  methods 

of q u a n t i t a t i v e  a n a l y s i s :  N i  - complexometr ica l ly  ,!l I/, soq - 
by weight  a n a l y s i s  / 1 2 /  and water  - a f t e r  F i s h e r  /13/ .  

The s p e c t r a  of  t h e  samples  were taken  on a Perk in  Elmer 

983 i n  suspens ion  of h'ujol i n  a 4000 - 500 cm-' range ,  i n  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
5
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



606 MANEVA, R I Z O V A ,  A N D  GENOV 

1.3-hexachlorobutadiene i n  a 4000 - 1000 cm-’ r a n g e ,  and i n  

KBr t a b l e t s  from 4000 t o  700 cm-’ . 
Exper imenta l  B t a  and Discuss ion  

Table  1 c o n t a i n s  t h e  v a l u e s  of t h e  absorp t . ion  bands  

observed i n  t h e  IR s p e c t r a  o f  NiW4.nH20 (n = 7 , 6 , 4 , 1 , 0 )  and 

Of t h e  r e s p e c t i v e  f u l l y  and p a r t i a l l y  d e u t e r a t e d  samples .  

The s p e c t r a  of  NiS04.nH20 ( n  = 7 , 6 , 4 )  a r e  v e r y  i n t e r e s t -  

i n g  from t h e  p o i n t  of view of t h e  v i b r a t i o n s  of t h e  h y d r a t e  

water ,  s i n c e  they  provide  good informat ion  a b o u t  t h e  c h a r a c t e r  

of H bonds in which t h e  w a t e r  molecules  p a r t i c i p a t e  w i t h  t h e i r  

sur rounding  s t r u c t u r a l  g roups ,  as w e l l  a s  a b o u t  . t h e i r  symmetry. 

~- 

In t h e  spectrum o f  NiS04.7H20 in t h e  r e g i o n  of t h e  

s t r e t c h i n g  v i b r a t i o n s  of t h e  h y d r a t e  water  i t  is  p o s s i b l e  t o  

r e c o r d  f a i r l y  w e l l  t h e  two v i b r a t i o n s  ( v 1  and 3 ) a t  3375 and 

3245 cm-’, which a r e  w e l l  i d e n t i f i e d  wi th  t h e  i s o t o p e  s h i f t  of 

t h e  r e s p e c t i v e  v i b r a t i o n s  i n  t h e  IR spectrum of t h e  d e u t e r a t e d  

s m p l e :  vH/ J, is 1.77 and 1.34, r e s p e c t i v e l y .  The p o s i t i o n  

of t h e s e  v i b r a t i o n s  is i n d i c a t i v e  of  t h e  e x i s t e n c e  of s t r o n e  

hydrogen bonds i n  t h e  c r y s t a l l i n e  s t r u c t u r e ,  as conf i rmed a l s o  

by t h e  p o s i t i o n  of t h e  f l a t  bending  v i b r a t i o n  of t h e  water, 

which is s h i f t e d  toward t h e  h i g h e r  f r e q u e n c i e s .  The l a t t e r  

appears  s p l i t  i n t o  two components (1660 cm-’ and 1630 cm”) 

and b e a r s  c o n f i r m a t i o n  f o r  t h e  s t r u c t u r a l  d a t a  /1 ,5 ,6 ,14 ,15/  

a c c o r d i n g  t o  which t h e  s t r u c t u r e  o f  N i S O  .7H20 c o n t a i n s  two  

c r y s t a l l o c h e m i c a l l y  u n e q u i v a l e n t  t y p e s  of water  m o l e c u l e s ,  

namely: s i x  molecules  c o o r d i n a t e d  a round t h e  n i c k e l  and forming  

t h e  o c t a h e d r a l  aquacomplex [ N i ( H 2 0 ) i ]  2+ and one molecule  n o t  

connected d i r e c t l y  t o  i t .  T h i s  molecule  is a t  a d i s t a n c e  from 

t h e  n i c k e l  of 440 pm, while  i n  t h e  c a s e  of t h e  c o o r d i n a t e d  

molecules  t h e  d i s t a n c e  

This  de te rmines  c o n s i d e r a b l e  p o l a r i z a t i o n  of t h e  OH bond of 

3 

4 

N i  t OH2 is 207 pm on t h e  a v e r a a e .  
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608 MANEVA, RIZOVA, AND GENOV 

t h e  c o o r d i n a t e d  w a t e r ,  and i t s  p o s s i b i l i t i e s  f o r  t h e  r e a l i z a t i o n  

of s t r o n g  H bcnds w i t h  t h e  s t r u c t u r a l  groups s u r r o u n d i n g  it i n  

t h e  c r y s t a l .  Depending on t h e i r  s u r r o u n d i n g s ,  part of t h e  water  

molecules  have t h r e e  a p p r o x i m a t e l y w n a r  ne ighbours ,  w h i l e  

a n o t h e r  part a r e  i n  a t e t r a h e t r a l  c o o r d i n a t i o n .  

is n o t  t o  be observed due t o  o v e r l a p p i n g  w i t h  t h e  
b 2 0  

i n t e n s i v e  asymmetric s t r e t c h i n g  v i b r a t i o n  of SO4, b u t  

is recorded  very w e l l ,  moreover s p l i t ,  

f a c t  is r e l a t e d  t o  t h e  presence  of unsymmetr ical  w a t e r  molecules  

i n  t h e  s t r u c t u r e ,  i . e .  such a s  a r e  p a r t i c i p a t i n r g  in v a r i o u s  

t y p e s  of H bonds a s  

One c o n f i r m a t i o n  of t h a t  is a l s o  t h e  c h a r a c t e r  o f  t h e  a b s o r p t -  

ion  band cor responding  t o  t h e  symmetric s t r e t c p i n g  v i b r a t i o n  

( o l )  of NJCO, which is s p l i t  a l s o  ( V ,  = 2420, 2345 cm-’) i . e .  

A ~ J =  75 cm-l. 

5,, 
a\) = 2 0  cm-’. T h i s  

0 SO - - - H - 0 - H - - -  HTO. 3 

The spectrum of t h e  monocl in ic  P iSO4.6H20,  of t h e  

d e u t e r a t e d  sample r e s p e c t i v e l y ,  does n o t  d i f f e r  e s s e n t i a l l y  

from t h e  spectrum of t h e  h e p t a h y d r a t e  i n  t h e  r e g i o n  of t h e  

s t r e t c h i n g  and bendina v i b r a t i o n s  of  t h e  h y d r a t e  w a t e r .  T h i s  

is i n  accordance  w i t h  t h e  c r y s t a l l i n e  s t r u c t u r e  of  NiS04.6H20 

/7 ,14,16/ ,  whereby it also h a s  t h e  o c t a h e d r a l  aquacomplex 

LNi(H20)6]2+, though h e r e  f i v e  of  t h e  s i x  water  molecules  coor-  

d i n a t e d  around Ni have t r i g o n a l  s u r r o u n d i n g s  and  o n l y  one h a s  

t e t r a h e d r a l  sur rounding .  T h i s  f a c t  m y  s e r v e  t o  e x p l a i n  t h e  

g r e a t  d i f f e r e n c e  i n  t h e  i n t e n s i t y  o f  t h e  two components t o  

which 5 i s  s p l i t .  
H2 O 

I n  t h e  s t r u c t u r e  of NiS04. 4H20, u n l i k e  t h e  h e p t a h y d r a t e  

and t h e  hexahydra te ,  a c c o r d i n g  t o  /3 ,17,18/ ,  two of t h e  s i t e s  

i n  t h e  octahedron o f  t h e  N i  i o n  a r e  h e l d  by oxygen atoms from 

two d i f f e r e n t  s u l p h a t e  , g o u p s  p a r t i c i p a t i n g  i n  t h e  format ion  

of a n o t h e r  octahedron.  The b a s i c  s t r u c t u r a l  g r o u p  i s  
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I R  S P E C T R A  AND DEUTERATED ANALOGUES 609 

h ' i  (SO ) . 8 H 2 0 .  However, t h i s  s t r u c t u r e ,  e s s e n t i a l l y  d i f f e r e n t  

f r o m ' t h e  s t r u c t u r e  of t h e  hie;her h y d r a t e s ,  is r e s p o n s i b l e  f o r  

t h e  e x i s t e n c e  a l s o  i n  t h i s  c a s e  of two t y p e s  of c r y s t a l l o c h e m i -  

c a l  water  molecules ,  a s  w e l l  as of asymmetr ica l ly  s t r u c t u r e d  

water  molecules  p a r t i c i p a t i n e ;  i n  hydrogen bonds of t h e  

ojso - - - H - 0 -  H - - -  H 2 0 .  However, t h e  d i f f e r e n c e  

i n  t h e  1ene;th o f  t h e  N i  t OH1 bonds i n  t h e  t h r e e  h y d r a t e s ,  

2 4 2  

which is  accordin.qly 2 0 3  pm f o r  t h e  h e p t a h y d r a t e  / 6 / ,  205 pm 
Pm 

f o r  t h e  hexahydrate  /7'/ and 209vfor  t h e  t e t r a h y d r a t e  /17,18/, 

de te rmines  t h e  d i f f e r e n t  p o l a r i z a t i o n  o f  t h e  c o o r d i n a t e  water  

molecules  and hence t h e  d i f f e r e n c e  i n  t h e  ener .qies  o f  t h e  H bonds 

i n  which t h e y  p a r t i c i p a t e .  On t h e  b a s i s  of s p e c t r o s c o p i c  d a t a  

o b t a i n e d  by u s  it is p o s s i b l e  t o  c a l c u l a t e  t h e  approximate  

v a l u e s  of t h e s e  bonds a c c o r d i n g  t o  Sokolova's e q u a t i o n  /19/. 

The v a l u e s  obta ined  LA\ / /&  = 3 . 8 ~ E x l O - ~  kJ /mol  f o r  H bonds 

c a l c u l a t e d  i n  r e l a t i o n  t o  t h e  r e c o r d e d  symmetr ical  s t r e t c h i n g  

v i b r a t i o n  ( 3 , )  and t h e  same a b o u t  t h e  f r e e  molecule i n  a @;as 

s t a t e  (V,  = 3657 cm-') a r e  p r e s e n t e d  i n  Table  2 .  

The v a l u e s  found f o r  t h e  e n e r q i e s  of t h e  hydrogen bonds 

a r e  i n  good c o r r e l a t i o n  w i t h  t h e  r o e n t q e n o s t r u c t u r a l  d a t a  a b o u t  
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30 

28 

26 

24 

22 ' 

20 - 
201 203 205 207 209 

d(Ni-OH21, pm 

FIG. I 

EXEERGY OF B-BOXDS IN NiSO4.nH20 , n= 7,6,4 . 

t h e  d i s t a n c e  d(Hi f- OH2) i n  t h e  d i f f e r e n t  h y d r a t e s  ( F i e .  1 )  and 

a l s o  w i t h  t h e  recorded  Tmx of t h e  e n d o e f f e c t s  observed i n  t h e i r  

L"A c u r v e s  /lo/. 
The spectrum of t h e  monohydrate i n  t h e  r e g i o n  of  t h e  

s t r e t c h i n E  and  bending v i b r a t i o n s  of t h e  water  is e s s e n t i a l l y  

d i f f e r e n t  from t h o s e  examined s o  f a r .  The s t r o n q  and  r e l a t i v e l y  

narrow a b s o r p t i o n  c u r v e  found ,  which c o r r e s p o n d s  t o  t h e  

s t r e t c h i n g  v i b r a t i o n ,  i s  drawn t o  a c o n s i d e r a b l e  e x t e n t  t o  t h e  

lower f r e q u e n c i e s ,  t o  3200 cm'l. If we c a l c u l a t e  

wi th  t h i s  v i b r a t i o n ,  we s h a l l  o b t a i n  f o r  it a v a l u e  of a b o u t  

38.9 kJ /mol ,  which i s  c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  of  t h e  

H bonds i n  t h e  remainine; h y d r a t e s  of NIS04. These d a t a  have 

been confirmed by t h e  r o e n t q e n o s t r u c t u r a l  and s p e c t r o s c o p i c  

i r i v e s t i g a t i o n s  of H.  O s w a l d  /8, 20/ on MeS04.H20 (Me = Mg, N i ,  

Cu, Co, Fe and Zn) and a r e  e x p l a i n e d  b y  t h e  p a r t i c u l a r  p o s i t i o n  

d3 

E of a H boQd 
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of t h e  w a t e r  molecule i n  t h e  c r y s t a l l i n e  s t r u c t u r e  o f  Nim4.H20. 

It p a r t i c i p a t e s  i n  t h e  b u i l d i n g  of t h e  hiKhly deformed oc tahedrcn  

around N i  and forms s t r o n g  H bonds w i t h  t h e  a d j a c e n t  SO4 groups.  

According t o  t h e  r o e n t g e n o s t r u c t u r a l  d a t a  /8/ t h e  l e n g t h  o f  t h e  

H bonds is 271.8 pin, i .e.  c o n s i d e r a b l y  s m a l l e r  than t h e  a v e r a g e  

value of K b r i d g e s  i n  many o t h e r  h y d r a t e s .  The energy  of t h i s  

H bond c o r r e l a t e s  alsc w i t h  t h e  h i q h  tempera ture  o f  t h e  thermal  

dehydra t ion  o f  NiS04.H20 / l o / .  

The presence of t h e  o c t a h e d r a l  Ni06 qroup is proved 

first of a l l  by t h e  a b s o r p t i o n  observed  i n  t h e  s p e c t r a  of t h e  

i n v e s t i g a t e d  h y d r a t e s  i n  t h e  390-370 cm-l i n t e r v a l  and,  accord-  

i n <  t o  /21,22,27/,it r a y  be a s c r i b e d  t o  t h e  c o o r d i n a t i o n  bond 

N i  t O(H2) o r  N i  t O( SOj). 

The l i b r a t i o n a l  v i b r a t i o n s  c h a r a c t e r i s t i c  o f  t h e  c o o r d i -  

na ted  w a t e r  molecules  i n  t h e  i n v e s t i g a t e d  h y d r a t e s  c a n  be observ-  

ed o n l y  p a r t i a l l y ,  s i n c e  some of them o v e r l a p  with t h e  normal 

v i b r a t i o n s  of t h e  s u l p h a t e  groups ( v l ,  v,, V 2 ) ,  moreover n o t  

on ly  i n  t h e  o r d i n a r y  s p e c t r a  b u t  i n  t h e i r  d e u t e r a t e d  ana logues  

as w e l l .  However, t h e y  a r e  c h a r a c t e r i z e d  by t h e  correspond-  

i n g  composi te  v i b r a t i o n s  (& 

24OO - 2 l o 0  cm-’. For  i n s t a n c e ,  i n  NiS04.7H20 t h e r e  a p p e a r s  on ly  

r o c k i n g  v i b r a t i o n  ( v R )  a t  76C cm-’ which c o r r e s p o n d s  t o  t h a t  a t  

580 cm-’ i n  t n e  d e u t e r a t e d  s p e c t r u m  ( c’,/$D = 1 . 3 2 ) .  A l s o  mani- 

f e s t e d  i s  t h e  composi te  v i b r a t i o n  a t  2410 cm-l which c o r r e s p o n d s  

t o  i t .  However, a c c o r d i n p  t o  t h e  r o e n t K e n o s t r u c t u r a 1  d a t a  a n d  

t h e  r e s u l t s  of  t h e  i n v e s t i g a t i o n s  by E l s k e n  /24/. t h e r e  must be 

n o t  one but a t o t a l  o f  f o u r  l i b r a t i o n a l  v i b r a t i o n s  ( t w o  3 ,  a n d  

two \I,) i n  t h i s  spec t rum.  A c t u a l l y ,  f o u r  composi te  o n e s  a re  t o  

be observed ,  from which it is p o s s i b l e  t o  c a l c u l a t e  t h e  v a l u e s  

of t h e  r e s p e c t i v e  l i b r a t i o n a l  vibrations (Table  1 ) .  

+ vL) a p p e a r i q  i n  t h e  reg ion  of 
2 
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I 

1150 1000 500 U ,  cm' 

FIG. I1 

YORNAL OSCILLATIONS OF TEE SO, GROUP 

The a b s o r p t i o n  bands  of  t h e  SO4 g r o u p s  p a r t i c i p a t i n g  i n  

t h e  s t r u c t u r e  of t h e  examined h y d r a t e s  i n d i c a t e  d i s r u p t i o n  o f  

t h e i r  r e g u l a r  t e t r a h e d r a l  symmetry, a t  d i f f e r e n t  d e g r e e s  for 

t h e  d i f f e r e n t  h y d r a t e s  ( F i g .  2 ,  a ,  b, c ,  d ) .  I n f r a r e d  a c t i v e  

a t  t h e  h e p t a h y d r a t e  become t h e  s y m m e t r i c a l l y  s t r e t c h i n g  ( 3 , )  

and t h e  s y m m e t r i c a l l y  b e n d i n g  (v,) v i b r a t i o n s ,  b u t  t h e  r e s p e c t -  

i v e  t h r e e f o l d  d e g e n e r a t e d  asymmetr ic  ( $  and 'v ) v i b r a t i o n s  

a p p e a r  as s i m p l e  ones .  These d a t a  a r e  i n d i c a t i v e  of  l i g h t  
3 4 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
5
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



IR SPECTRA AND DEUTERATED ANALOGUES 613 

d e f o r m a t i o n  of t h e  o c t a h e d r o n ,  t h i s  beinR due t o  p a r t i c i p a t i o n  

o f  t h e  SO4 g r o u p s  i n  hydrogen bonds w i t h  t h e  w a t e r  m o l e c u l e s  

c o o r d i n a t e d  a round t h e  n i c k e l .  The s u l p h a t e  groups  from t h e  

h e x a h y d r a t e  a l s o  p a r t i c i p a t e  i n  s u c h  t y p e  of H bonds.  Its 

spec t rum shows a l s o . i t s  f o u r  normal  v i b r a t i o n s ,  v3 and 'v 
b e i n g  twofold  s p l i t .  T h i s  i s  i n d i c a t i v e  of  l o w e r i n 5  of i t s  

t e t r a h e d r a l  symmetry (Td) C s ,  c o r r e s p o n d i n g  t o  a pyramid w i t h  

i s o s c e l e s  t r i a n K 1 e  as i t s  b a s e ,  which is i n  f u l l  a c c o r d  w i t h  

t h e  s t r u c t u r a l  d a t a  /7,16/.  Accord in?  t o  them, o n l y  one of t h e  

f o u r  S-0 bonds is s h o r t e r  t h a n  t h e  r e s t .  I n  t h e  t e t r a h y d r a t e  

t h e  symmetry of t h e  s u l p h a t e  g r o u p  is d i f f e r e n t  f rom t h a t  i n  

t h e  h e x a h y d r a t e .  In i t  a l s o  t h e  f o u r  normal  V i b r a t i o n s  a r e  t o  

be observed  i n  t h e  I R  spec t rum,hr t  t h e  a b s w p t i o n  band c o r r e s p -  

onding  t o  t h e  

s i m p l e .  T h i s  is t o  be e x p e c t e d ,  havine; i n  mind t h e  f a c t  t h a t  

i n  NiSO .4H20 two of  t h e  oxygen a toms of one s u l p h a t e  g r o u p  

a r e  c o n n e c t e d  w i t h  n i c k e l  a toms from two d i f f e r e n t  n i c k e l  

o c t a h e d r o n s  /3,17,18/.  

4 

9, v i b r a t i o n  i s  t h r e e f o l d  s p l i t ,  w h i l e  v, is 

4 

B e s i d e s  t h e  3, and q, v i b r a t i o n s  of  SO4 t h e  s p e c t r u m  

of t h e  monohydrate shows comple te  r e a d i n g  of t h e  d e g e n e r a t i o n  

of J3. i . e .  i t s  c o r r e s p o n d i n g  a b s o r p t i o n  i s  of t h e  t h r e e f o l d  

s p l i t  t y p e ,  w h i l e  t h a t  c o r r e s p o n d i n g  t o  v4 is of  t h e  t w o f o l d  

s p l i t  type .  

F i g  2 p r e s e n t s ,  f o r  t h e  purpose  of  compar ison ,  t h e  

normal  v i b r a t i o n s  o f  t h e  SO g r o u p s  i n  t h e  h y d r a t e s  examined 

and of  t h e  anhydrous  NiS04. C l e a r l y  t o  be  s e e n  is t h e  lowerin!: 

of t h e i r  symmetry i n  t h e  d i r e c t i o n  of t h e  lower h y d r a t e s  and  

t h e  r e a c h i n g  of CZv symmetry i n  Nim4, c o r r e s p o n d i n g  t o  

b i d e n t a t e  c o o r d i n a t i o n  o f  t h e  So4 p o u p  /25/. 
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