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SPECTROSCOPY LETTERS, 16( 12), 879-890 (1983) 

SECOFiD O K U E R  I R  5PECTRUIl O F  TIiE 1<4Fe(CN)6.3H20 CRYSTAL 

I<ey viords:  I n f r a r e d  s p e c t r a ,  c r y s t a l  v i b r a t i o n s ,  

c o m b i n a t i o n  and o v e r t o n e  f r e g u e n c i e s ,  

a n h a r m o n i c i t y ,  H - bond. 

E.Anachkova and 1 .Sava t inova  

I n s t i t u t e  o f  S o l i d  S t a t e  P h y s i c s ,  B u l g a r i a n  Acsdemy o f  

S c i e n c e s ,  1184 S o f i a ,  B o u l .  L e n i n  72, B u l g a r i a  

INTRODUCTION 

The i n v e s t i g a t i o n  o f  second o r d e r  v i b r a t i o n a l  

s p e c t r a  o f  s o l i d  h y d r a t e s  i s  a c o m p l i c a t e d  e x p e r i m e n t a l  

and t h e o r e t i c a l  p rob lem,  Up t o  now, t h e r e  i s  a s m a l l  

number o f  I R - a b s o r p t i o n  s t u d i e s  a n d  a few Raman ones ,  

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

t h e o r e t i c a l  works  o f  P .granov ich  lg2 and R u v a l d i s  and 

Zawadowski5 have appear  w h i c h  t r e a t  some a s p e c t s  o f  two- 

phonon p r o c e s s e s  i n  m o l e c u l a r  c r y s t a l s .  The emphas is  o f  

t h e s e  works  i s  p l a c e d  on  some e f f e c t s  c h a r a c t e r i s t i c  

o n l y  f o r  t h e  second o r d e r  d p e c t r a  - F e r m i  resonance ,  

two-bound s t a t e s ,  s i m u l t a n e o u s  e x c i t a t i o n s  o f  two 

m o l e c u l e s  e t c .  
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880 ANACHKOVA AND SAVATINOVA 

The p u b l i c a t i o n s  devo ted  t o  t h e  above p o i n t s  u s u a l l y  

anR lyze  c o n c r e t e  o v e r t o n e s  o r  c o m b i n a t i o n  bands, n o t  

c o n c e r n i n g  t h e  r e s t  p a r t  o f  t h e  spec t rum and i t s  t o t a l  

i n t e r p r e t a t i o n  on t h e  b a s i s  o f  t h e  f u n d a r n e n t a l v i b r a t i o n s .  

The main  reason  i s  t h e  d i f f i c u l t y  t o  u n d e r s t A n d  t h e  

o r i g i n  o f  t h e  numerous o v e r t o n e s  and c o m b i n R t i o n s  w h i c h  

o f t e n  g i v e  r i s e  t o  c l o s e l y  s i t u e t e d  o r  o v e r l a p p e d  bands. 

I t  i s  n o t  easy  t o  f i n d  a l e a d i n g  p r i n c i p l e  f o r  i d e n t i f i -  

c e t i o n  o f  t h e  obse rved  s p e c t r a l  p i c t u r e .  The l i m i t a t i o n s  

posed f rom t h e  g r o u p - t h e o r y  r u l e s  a r e  r a t h e r  weok i n  t h e  

c a s e  o f  l o w  symmetry c r y s t a l s .  

D e s p i t e  o f  t h e  complex s i t u a t i o n ,  a c o n s i d e r a b l e  

i n t e r e s t  has  been shown i n  t h i s  f i e l d  d u r i n g  t h e  l a s t  

y e a r s .  The second o r d e r  s p e c t r a  can  g i v e  R v a l u a b l e  

i n f o r m a t i o n  a b o u t  t h e  a n h a r m o n i c i t y  o f  t h e  n o r m a l  

v i b r a t i o n s .  Sometimes t h e y  can t h r o w  an a d d i t i o n a l  l i g h t  

on t h e  spec t rum o f  f undamenta l s  and, thus, can h e l p  

t h e i r  e x a m i n a t i o n s .  I n t e r e s t i n g ,  c a r e f u l l y  s t u d i e d  c l a s s  

o f  second o r d e r  s p e c t r a  is t h a t  o f  H-bonded e l c o h o l s  

and d i f f e r e n t  f o rms  o f  i c e  

4 

5 

The p r e s e n t  work i s  a p e r t  o f  o u r  s y s t e m a t i c  s t u d i e s  

on t h e  c r y s t a l  K4Fe(CN)6.3H20 (KFCT). Up t o  now o u r  

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

spec t rum o f  t h i s  h y d r a t e  and e s p e c i a l l y  on 

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

(H20- I ,  H20-11, H20-111).  H e r e  we p r e s e n t  

i n v e s t i g a t i o n  o f  t h e  second o r d e r  spec t rum 

t h e  n e a r  i n f r a r e d  r e g i o n  (3700 - 7200  cm-' 

t h e  dynamics  

mo 1 ec u 1 e s 6-8 

he f i r s t  

o f  KFCT i n  

, where 
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SECOND ORDER I R  SPECTRUM 88 1 

n e i t h e r  F e r m i  resonance  n o r  any  o t h e r  t y p e  o f  i n t e r a c -  

t i o n s  between o v e r t o n e s  and fundamenta l s  a r e  expec ted .  

Pn i n t e r p r e t a t i o n  o f  t h e  o b s e r v e d  bands i s  g i v e n  based 

on o u r  knowledge o f  t h e  IR and Raman fundamenta l  

f r e a u e n c i e s .  

EXPERIMENTAL 

S i n g l e  c r y s t a l l i n e  p l a t e s  o f  KFCT, grown p e r p e n d i -  

c u l a r l y  t o  t h e  c r y s t a l l o g r a p h i c  b a x i s  w i t h  a t h i c k n e s s  

o f  abou t  1 mm, were  used. S p e c t r a  were r e c o r d e d  o n  a 

C a r l - Z e i s s  s p e c t r o m e t e r  Specord ,  mode l  6 1  N I R  w i t h  a 

scan speed 30 cm-l /min.  The t i m e  c o n s t a n t  was chosen t o  

be 1 sec and t h e  s p e c t r a l  s p l i t  w i d t h  - 1 

o r d e r  t o  improve  t h e  q u a l i t y  o f  t h e  s p e c t r a  and t o  

e x t e n d  t h e  wavenumber s c a l e ,  a p a r a l l e l  r e g i s t r a t i o n  o f  

t h e  s i g n a l  a m p l i f i e d  2 + 10 t i m e s  has  been c a r r i e d  o u t  

( r e c o r d e r  K 201 C a r l - Z e i s s )  . Because o f  t h e  b roadness  

o f  t h e  bands a t  room t e m p e r a t u r e ,  t h e  s p e c t r a  were  

o b t a i n e d  a t  90 K u s i n g  a C a r l - Z e i s s  t e m p e r a t u r e  c e l l .  

3 cm". I n  

SPECTROSCOPIC DATA AND DISCUSSION 

The i n f r a r e d  s p e c t r a  o f  t h e  KFCT c r y s t a l  i n  t h e  

r e g i o n  o f  3700 - 7200 cm" a r e  shown i n  F i g . l a , b .  One 

can see d i s t i n c t  band sys tems w h i c h  may be  a s s i g n e d  a s  

f o l l o w s  : 

1. C o m b i n a t i o n s  o f  w a t e r  s t r e t c h i n g  modes vOH and  

w a t e r  l i b r a t i o n s  8 
i o n  o f  t h e  t y p e  3 Fe-CfN (3700 - 4300 cm-') . 

o r  v i b r a t i o n s  o f  t h e  f e r r o c y a n i d e  " 2O 
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882 ANACHKOVA AND SAVATINOVA 

2. Over tones  and c o m b i n a t i o n s  o f  C=N s t r e t c h i n g  

v i b r a t i o n s  3 cE., (4070 - 4200 cm-l)o 

3 .  C o m b i n a t i o n s  o f  w a t e r  s t r e t c h i n g s  go,, and 

bend ing  8 o,, modes (SO00 - 5200 cm"). 

4.  C o m b i n a t i o n s  o f  w a t e r  s t r e t c h i n g s  Q O H  and CLN 

v i b r a t i o n s  3 CN (5400  - 5700 c m - l ) .  

5 .  Over tones  2 Po,, and c o m b i n a t i o n s  &, + 3 
o f  w a t e r  s t r e t c h i n g  v i b r a t i o n s  (6500 - 7200 c m - l ) .  

OH 

The d i s t r i b u t i o n  o f  t h e  second o r d e r  spec t rum o f  

KFCT i n  d i s t i n c t  s p e c t r a l  s e r i e s  i s  r a t h e r  s t r A n g e  b u t  

i t  h a s  been found  t o  be  v e r y  u s e f u l  f o r  i t s  i n t e r p r e -  

t a t i o n .  The unambiguous ass ignment  o f  t h e  s e r i e s  a s  a 

who le  has  h e l p e d  us t o  i n t e r p r e t  t h e  obse rved  bands i n  

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

a l s o  a l l o w e d  us t o  drew some c o n c l u s i o n s  a b o u t  t h e  

i n t e r a c t i o n s  between t h e  d i f f e r e n t  g roups  i n  t h e  

c r y s t a l  u n i t  c e l l .  

The spec t rum i n  t h e  r e g i o n  o f  3700 - 4300 cm- l  i s  

v e r y  c o m p l i c a t e d  due t o  numerous p o s s i b l e  c o m b i n a t i o n s  

o f  t h e  t y p e  9 OH +r;i,o and 3 OH +VFe-Cgr j  w h i c h  may 

e x i s t  t h e r e  ( F i g , l a  - s o l i d  l i n e ) .  The cornpar isson 

between t h e  s p e c t r a  o f  p u r e  and d e u t e r a t e d  I<FCT ( F i g ; l a -  

dashed l i n e )  a l l o w s  us t o  e s t a b l i s h  t h e  p a r t i c i p a t i o n  o f  

)IOH modes i n  t h i s  p a r t  o f  t h e  spec t rum.  The spec t rum o f  

p a r t i a l l y  d e u t e r a t e d  KFCT ( F i g l a  - do t ted -dashed  l i n e )  

h e l o s  u s  f o r  t h e  ass ignment  o f  t h e  bands, P r o b a b l y  t h e  

h n d s  w h i c h  do n o t  s h i f t  by d e u t e r a t i o n  a r e  c o m b i n a t i o n s  

o f  t h e  t y p e  OH +')JFe-CaN, a s  t h e  s t r e t c h i n g  modes o f  
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SECOND ORDER IR SPECTRUM 

I I I I 1 1 1 
3800 coo0 4200 [crn-'J 

F i g r i a .  I n f r a r e d  s p e c t r a  a t  90 K o f  KFCT ( s o l i  l i n e ) ,  DKFCT 

(dashed l i n e )  and KFCT/DKFCT s o l u t i o n  (dot ted .  - dashed 

l i n e ) .  The record  is obta ined  by a 2' a m p l i f i c a t i o n .  
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a84 ANACHKOVA AND SAVATINOVA 

I I I I I 1 I I I I I I I I I 
4500 5000 5500 

1 1 1 1 I 1 I I I I I I 1 I I 
6000 6500 7000 [cm- ' I  

F l g . 1 b .  I n f r a r e d  spectrum o f  KFCT a t  90 K I n  the  r e g i o n  o f  
4200 - 7200 cm" obta ined  on a Specord 6 1  NIR. 
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SECOND ORDER I R  SPECTRUM a85 

7 t h e  HDO and H 0 m o l e c u l e s  i n  KFCT a r e  n e a r l y  i d e n t i c a l  . 
However,  t h e  HDO and H20 l i b r a t i o n  f r e q u e n c i e s   re 

c l u i t e  d i f f e r e n t  Pnd t h e i r  c o m b i n a t i o n s  v i i t h  yo, ,  v i l l  

be i n f l u e n c e d  b y  d e u t e r a t i o n .  

2 

The sys tem o f  e x t r a o r d i n a r y  n a r r o w  bands l o c a t e d  

between 4070 - 4200 cm-', w h i c h  a r e  n o t  a f f e c t e d  by  

d e u t e r a t i o n ,  a r e  s u r e l y  o v e r t o n e s  and c o m b i n a t i o n s  o f  

vcr,! s t r e t c h i n g  modes. The appearance o f  such  n a r r o w  

bands w i t h  a h a l f w i d t h  o f  o n l y  2 + 5 cm- l  i s  a r a r e  

phenomenon i n  t h e  I R - a b s o r p t i o n ,  e s p e c i a l l y  i n  t h e  case  

o f  second o r d e r  s p e c t r a ,  I . loreover,  i t  i s  r a t h e r  s t r a n g e  

t h a t  t h e  o v e r t o n e  and c o m b i n a t i o n  bands a t  90 I< a r e  

b e t t e r  r e s o l v e d  t h a n  t h e  c o r r e s p o n d i n g  f u n d a m e n t a l  bands 

a t  28 I< ( F i g . 2 ) .  A d e t a i l e d  ass ignmen t  o f  t h e  obse rved  

I I I I I I  
2000 2100 [cm-' I  

F i g . 2 .  I R - a b s o r p t i o n  s p e c t r u m  o f  CEN s t r e t c h i n g  f u n d a m e n t a l s  

i n  KFCT c r y s t a l  a t  28 K ,  o b t a i n e d  on  a P e r k i n - E l m e r  180 

s p e c t r o m e t e r  . 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



886 ANACHKOVA AND SAVATINOVA 

bands 1s d i f f i c u l t  b u t  n o t  a b s o l u t e l y  n e c e s s a r y .  The 

s t r o n g e s t  bands a r e  c o n c e n t r a t e d  i n  t h e  f r e q u e n c y  r e g i o n  

o f  4105 - 4150 cm- l  and c o r r e s p o n d  t o  t h e  o v e r t o n e s  o f  

t h e  most i n t e n s i v e  CEFl l i n e s  a t  2050-2070 cm-’. i n  t h e  

f i r s t  o r d e r  s p e c t r a  ( F i g . 2 ) .  The e n e r g y  a n h a r m o n i c i t y  

2XCN a p p r o x i m a t e l y  e v a l u a t e d  f rom t h i s  co r respondence  

has  an a v e r a g e  v a l u e  o f  10 cm- l  

t h e  h a l f w i d t h s  o f  t h e  fundamenta l s  ( 3  t 6 cm-’) .  Acco rd -  

i n g  

w h i c h  i s  g r e a t e r  t h e n  

we assume t o  o b s e r v e  bound vcF, phonons. 

The w e l l  s e p a r e t e d  bands w i t h  h a l f w i d t h s  o f  8 i 1.5 

cm- l  i n  t h e  r e g i o n  o f  5400 - 5G50 em-’ may be o n l y  

comh ina t  i o n s  o f  w a t e r  and c y a n i d e  s t  r e t c h i n g  modes 

+vcF,. T h e i r  i n t e r p r e t a t i o n  i s  a l s o  n o t  easy  i f  we t a k e  

i n t o  c o n s i d e r a t i o n  t h e  c o m p l i c a t e d  s p e c t r a  o f  v0,, and 

OH + 

cFJ fundamenta l s .  As we have a l r e a d y  men t ioned ,  t h e  

i n f r a r e d  $ C N  bands a r e  n o t  w e l l  r e s o l v e d  even a t  28 I<. 

The c o r r e s p o n d i n g  Raman bands, however ,  a r e  s t r o n g l y  

p o l a r i z e d  and can  be i d e n t i f i e d  more d e f i n i t e l y  . 
T h e i r  waven.umbers a r e  g i v e n  i n  t h e  T a b l e  1. 

6 

The appearance o f  w e l l  r e s o l v e d  and r e l a t i v e l y  

n a r r o w  bands, c o r r e s p o n d i n g  t o  ‘3 OH + 

shows t h a t  we o b s e r v e  d i s c r e t e  s t a t e s  due t o  a 

s i m u l t a n e o u s  e x c i t a t i o n s  o f  t h e s e  v i b r a t i o n s  i n  t h e  

w a t e r  m o l e c u l e s  and i n  t h e  Fe(CN):-ions. T h i s  f a c t  can  

be e x p l a i n e d  by  t h e  e x i s t e n c e  o f  d i f f e r e n t  bonds o f  

t h e  t y p e  0-tI...N, w h i c h  have been d i s c u s s e d  b y  us i n  o u r  

p r e v i o u s  p a p e r s  7’9’100 A t e n t a t i v e  ass ignment  o f  t h e  

obse rved  c o m b i n a t i o n  bands t o  c o n c r e t e  f r e q u e n c y  sums 

cI.! c o m b i n a t i o n s ,  
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888 ANACHKOVA AND SAVATINOVA 

vo,, +Vcl l  i s  shown i n  T a b l e  1. O f  c o u r s e ,  t h e  i n t e r -  

p r e t a t i o n  o f  some b a n d s ,  e s p e c i a l l y  o f  t h o s e  i n  t h e  

m i d d l e  o f  t h e  f r e q u e n c y  r e g i o n ,  c a n n o t  b e  c o m p l e t e l y  

u n i q u e  b u t  i t  a c c o u n t s  f o r  t h e  m a i n  e x p e r i m e n t a l  d a t a .  

Lome i m p o r t a n t  c o n c l u s i o n s  c a n  be d r a w n  f r o m  t h i s  

i n t e r a r e t a t i o n  a b o u t  t h e  p a r t i c i p a t i o n  o f  t h e  OH- 

o s c i l l a t o r s  i n  t h e  d i f f e r e n t  h y d r o g e n  b o n d s .  F o r  e x a m p l e ,  

no  s u c h  c o m b i n a t i o n  h a s  been  o b s e r v e d  f o r  t h e  01:- 

o s c i l l a t o r  v i t h  f r e q u e n c y  o f  3 4 3 6  cm-'. T h e  b a n d  p t  

3 4 9 6  cm-? was e s r l i e r  a t t a c h e d  b y  us t o  t h e  o n l y  Obi- 

~ r o u p ( M 2 0 - I )  e n g a g e d  i n  H - b o n d i n g  o f  t h e  t y p p  0-H.. .O.  

T h u s ,  t h e r e  i s  n o  r e a s o n  t o  e x p e c t  c o n s i d e r a b l e  c o u p l i n g  

b e t w e e n  t h i s  g r o u p  a n d  t h e  Fe(CN):-ions. I t  i s  n o r t h  t o  

n o t i c e  t h a t  t h e  m o r e  i n t e n s i v e  t h e  b a n d s  a r e  i n  t h i s  

r e g i o n  t h e  g r e a t e r  a r e  t h e  a n h a r m o n i c  c o u p l i n g  c o n s t a n t s .  

The b a n d s  c o r r e s p o n d i n g  t o  o v e r t o n e s  a n d  c o m b i -  

n a t i o n s  o f  i n t e r n a l  w a t e r  v i b r a t i o n s  a r e  t h F  mos t  

i n t e r e s t i n g  o n e s .  The  p r o b l e m s  o f  h y d r o g e n  b o n d ,  w a t e r  

s t  r e t c h i n g  v i b r a t i o n s  and  t h e i r  anha  r m o n i c i t y  a r e  

c l o s e l y  r e l a t e d .  E x t e n s i v e  s t u d i e s  h a v e  b e e n  c a r r i e d  

o u t  i n  r e c e n t  y e a r s  o n  t h e  o v e r t o n e s  o f  t h e  0-i-I 

s t r e t c h i n g  v i b r a t i o n s  w h i c h  d e m o n s t r a t e d  t h e  

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

s p e c t r a .  I t  was f o u n d  t h a t  a k n o w l e d g e  o f  t h e  c o m p l e t e  

s e c o n d  o r d e r  s p e c t r u m  o f  w a t e r  i s  n e c e s s a r y  t o  u n d e r -  

s t a n d  t h e  r e g i o n  o f  t h e  s t r e t c h i n g  o v e r t o n e s  a n d  t h e  

c o m b i n a t i o n s .  U s u a l l y  t h e  a u t h o r s  c o n s i d e r  o n l y  t h e  OH 

s t r e t c h i n g  o v e r t o n e s  b e c a u s e  t h e y  a r e  r e l a t i v e l y  w e l l  
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i s o l a t e d .  I n  t h e  case o f  !KFCT one can  see some w e l l  

d e f i n e d  bands a t  5000 - 5200 cm". ( F i g . 1 b )  c o r r e s p o n d i n g  

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

+ S O H  f o r  t h e  t h r e e  k i n d s  o f  w a t e r  m o l e c u l e s .  The mean 

o,,+ 

e n e r g y  a n h a r m o n i c i t y  has  an  a p p r o x i m o t e  v a l u e  o f  5 cm- 1 . 
The t e n  bands i n  t h e  r e g i o n  o f  6500 - 7200 cm-' 

a r e  o v e r t o n e s ,  i n t r a -  and i n t e r m o l e c u l a r  c o m b i n a t i o n s  

o f  OH s t r e t c h i n g s .  A d d i t i o n a l  i n v e s t i g a t i o n s ,  e.g., b y  

t h e  h e l p  o f  i s o t o p e  d i l u t i o n  t e c h n i q u e ,  a r e  n e c e s s a r y  

f o r  t h c i r  e x a c t  ass ignmen t .  \ / i t h o u t  g o i n g  i n t o  d e t a i l s ,  

a p r e l i m i n a r y  e s t i m a t e  f o r  t h e  a n h a r m o n i c i t y  c o n s t a n t s  

2XOk, g i v e s  t h e  v a l u e  o f  abou t  200 cm'l w h i c h  i n c r e a s e s  

w i t h  i n c r e a s i n g  t h e  kI-bond s t r e n g t h .  

The d a t a  o b t a i n e d  i n  t h e  p r e s e n t  work a r e  o n l y  a 

b a s i s  f o r  f u r t h e r  i n v e s t i g a t i o n s  o f  t h e  second o r d e r  

v i b r a t i o n a l  spec t rum o f  KFCT. An a t t e m p t  w i l l  be made 

t h e s e  q u a l i t a t i v e  c o n s i d e r a t i o n s  t o  be p e r s u e d  more 

q u a n t i t a t i v e l y .  
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