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THE VIBRATIONAL SPECTRA OF A SERIES OF 
SIMPLE PHOSPHORUS/CHROMIUM POLYOXOANIONS 

Key words: polyoxoanions, IR spectra, Raman spectra, 
vibrational assignment. 

Entique J.Baran and Carmen I.Cabello 
Facultad de Ciencias Exactas,Universidad 

Nacional de La Plata, 1900-La PlatanArgentina 

ABSTRACT 

The infrared and Raman spectra of polycrystalli- 

samples of K2HPCr2010, Na3PCr3013.3H20, K3PCr4OI6 ne 
and (NH4)3PCr4016 were recorded and discussed. A gene- 
ral vibrational assignment for the internal vibrations 
of these species i e  proposed. 

The structural characteristics of an interesting 
3- series of simple polyoxoanions of the PCrn03n+4 type 

have been determined recently'-'. These species are 

essentially built from a central PO4-tetrahedron which 
share a different number of corners with Cr04-tetrahe- 

dra. 
As part of our present studtes on different phy- 

sico-chemical properties of polyoxoanions, we have in- 
vestigated the vibrational spectra of crystalline spe- 

cies containing the following anions: 

PCr30$ and PCr40:, . 
features, their vibrational spectra can be analyzed 

2- 
HPCr2OI0, 

As the three species have some common structural 
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BARAN AND CABELLO 982 

and compared i n  terms of  t h e s e  common b u i l d i n g  e lemen-  

t s ,  i . e . ,  t e r m i n a l  CrO., and  PO g r o u p s  and  P O C r  b r i d g e s .  

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

u n i t s  a r e  a l s o  v e r y  s i m i l a r  i n  a l l  t h e  a n i o n s  and  t h e  

C r - 0  d i s t a n c e s  a r e  s i m i l a r  t o  t h o s e  found  in t h e  n o r -  

ma1 ( t r i c l i n i c )  fo rm o f  K2Cr207 . 8 

RESULTS AND DISCUSSION 

- 1 . K 2 H P C r 2 O I 0  

o f  K 2 H P C r 2 O I 0  h a s  n o t  b e e n  r e f i n e d  

( c f . ) ,  b u t  i t  i s  as sumed ,  t h a t  t h e  g e n e r a l  f e a t u r e s  

were v e r y  s i m i l a r  t o  t h o s e  found  i n  t h e  c o r r e s p o n d i n g  

b a r i u m  s a l t ' .  The c e n t r a l  P O 4 - t e t r a h e d r o n  p r e s e n t s  o n e  

P-0  bond which  is somewhat  s h o r t e r  t h a n  t h e  o t h e r  t h r e e  

( 1 . 4 8  t o  1 . 5 5  A ) .  T h i s  i m p l i e s ,  t h a t  o n e  of t h e  two 

t e r m i n a l  P-0 b o n d s  ( t h e  l o n g e r  o n e )  r e t a i n s  t h e  p r o t o n ,  

g e n e r a t i n g  a PO(0H)-moie ty .  B u t ,  a s  i t  s h a l l  b e  d i s -  

c u s s e d  l a t e r ,  t h e  h y d r o g e n  atom t a k e s  p a r t  i n  t h e  f o r -  

m a t i o n  of  s t r o n g  h y d r o g e n  bonds  and  i t  c a n n o t  t h e r e f o -  

r e  be  c l e a r l y  l o c a l i z e d  o v e r  o n e  o f  t h e  t e r m i n a l  P-0 

b o n d s .  

The s t r u c t u r e  
2 

0 

The IR s p e c t r u m  o f  t h i s  compound i s  shown i n  

F i g . 1 .  The Raman s p e c t r u m  is r a t h e r  s i m p l e  and  shows 

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

g e t h e r  w i t h  t h e  p r o p o s e d  a s s i g n m e n t s  a r e  p r e s e n t e d  i n  

T a b l e  1. 

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

h y d r o g e n  bonded s y s t e m s  w i t h  t h e  t y p i c a l  A,B,C band 

a r r a n g e m e n t  '''O c a n  be  o b s e r v e d  i n  t h e  h i g h  f r e q u e n c y  

r e g i o n .  T h i s  s p e c t r a l  p a t t e r n  c l e a r l y  p o i n t s  t o  an i m -  

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

t e r m i n a l  oxygen  a t o m s  and  p r o b a b l y  t o  t h e  P 0 2 - u n i t s  

of  n e i g h b o u r i n g  a n i o n s .  
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984 BARAN AND CABELLO 

TABLE 1 
Assignment of the Vibrational S ectrum of K2HPCr2010 

(values in cm-') 

IR Raman* Assignment 

- 2 7 0 0  

N 2 4 4 0  

2 2 8 0  

~ 1 8 5 8  

1 6 3 2  

1 2 3 3  

1 1 2 9  

1008 
9 8 2  
9 5 1  

V(OH) band A 
26 (OH) ? 

v(OH) band B 
? 

v ( O H )  band C 

a(0H) in plane 

9 0  1 9 1 6  v s  us W O j )  
8 1 8  --- b(OH) out of plane(?) 
6 3 0  6 5 0  v (POCr) as 
5 8 5  
5 2 7  sh  
5 1 5  

4 8 5  
460 
4 3 3  
3 8 8  
3 7 1  
3 5 7  

v s  (POCr) 

4 3 7  vw 

3 7 4  m 
3 9 0  w 6 (croj )  

3 6 5  8 

3 2 5  3 3 0  vw p ( C r 0 3 0 ' )  ( ? I  

*) The Raman spectrum was recorded between 1200 and 
200 cm ; vs: very strong; s: strong; m: medium; 
w: weak; vw: very weak; sh: shoulder. 

- 1  
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PHOSPHORUS/CHROMIUM POLYOXOANIONS 985 

The existence of strong hydrogen bonds between 
neighbouring groups is also supported by the thermal 
behaviour of K2HPCr 0 
ly generated H20 molecule is released in the first de- 
gradation step. 

Only the terminal P-0 stretching can be seen from 
the phosphorus-oxygen vibrations, whereas the band as- 
signable to the P-OH stretching and expected to lie 
around 900 cm-l (cf. 12-14) i s  probably overlapped by 
the stronger Cr03-bands. 

be seen in the Raman spectrum, which only shows bands 
related to the CrO and POCr bridge modes, is ano- 
ther remarkable aspect of the spectral behaviour of 
this anion. 

because an intramolecular- 

The fact that not one of the P-0 vibrations can 

3 

The Cr03-vibrations, lie in a very similar range 
to that found for the Cr20;- ion (cf-for examplel5-17). 

The most intense Raman line clearly corresponds to one 

of the vs(Cr03) components, which appears a l s o  very 

well defined in the IR spectrum. 

The assignment of both POCr vibrations is not ea- 
sy. We have assigned the strong IR band at 630 cm-'to 

the respective antisymmetric mode, but the location 
of the symmetric one i s  more difficult because a great 
number of bands are observed in the lower frequency re- 
gion. The proposed assignments are baeed on the fact 
that these bands were observed in all the investigated 
anions and they lie in very similar ranges. 

The assignment of the 6(Cr03) modes is supported 
by comparieon with the well knwon dichromate-spectra 
(cf. ''-I7) and also by results of resonance-Raman ex- 
periments, which have clearly shown that these bands 

18 are related to Cr03-modes . 
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986 BARAN AND CABELLO 

- 2.Na3PCr2013.3H,0 

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

g h l y  h y g r o s c o p i c .  

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

I t s  I R  s p e c t r u m  i n  t h e  r e g i o n  o f  t h e  i n t e r n a l  v i -  

b r a t i o n s  of  t h e  a n i o n  i s  shown i n  Fig.2A.  The p r o p o s e d  

band a s s i g n m e n t  i s  p r e s e n t e d  i n  T a b l e  2 .  

The most  i n t e n s e  Raman l i n e  ( 9 1 1  cm-') i s  a s s i g -  

ned t o  o n e  of t h e  v (Cr03)  components ;  i t s  I R  c o u n t e r -  

p a r t  shows some s p l i t t i n g .  

w e l l  d e f i n e d  I R  band a t  1181 cm'l b u t ,  i t  i s  i n t e r e s -  

t i n g  t o  n o t e  t h a t  t h i s  PO v i b r a t i o n  c o u l d  n o t  b e  ob- 

s e r v e d  i n  t h e  Raman e f f e c t .  T h i s  band  l i e s  a t  a s l i -  

g h t l y  h i g h e r  f r e q u e n c y  t h a n  t h e  s i m i l a r  band measured  
2- i n  t h e  HPCr2010 a n i o n  a l t h o u g h  t h e  P-0 d i s t a n c e s  are  

p r a c t i c a l l y  i d e n t i c a l l S 3 .  T h i s  f a c t  c a n  p r o b a b l y  be  

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

d e l o c a l i z a t i o n  of  t h e  p r o t o n  o v e r  t h e  two t e r m i n a l  PO 

bonds  i n  HPCr20:, , 
The b e h a v i o u r  o f  t h e  water m o l e c u l e s  i s  a l s o  in- 

t e r e s t i n g .  From t h e  s t r u c t u r a l  a n a l y s i s  , i t  i s  c lear  
t h a t  t h e  t h r e e  m o l e c u l e s  a re  n o t  e q u i v a l e n t .  T h i s  f a c t  

becomes a l s o  e v i d e n t  d u r i n g  t h e  s t u d y  of  t h e  t h e r m a l  d q  

g r a d a t i o n " .  The IR s p e c t r u m  i n  t h e  O H - s t r e t c h i n g  r e g i -  

on shows t h r e e  w e l l  d e f i n e d  b a n d s  a t  3545, 3 4 7 0  and 

3408 cm-' and a weaker  o n e  a t  3240 c m - l .  A n i c e l y  re- 
s o l v e d  and s t r o n g  d o u b l e t  w i t h  components  a t  1637 and 

1615 cm'l i s  o b s e r v e d  i n  t h e  b e n d i n g  r e g i o n .  The weak 
d o u b l e t  a t  800-780 ern-', a l s o  s e e n  i n  Fig.2A. c a n  p ro -  

b a b l y  b e  a s s i g n e d  t o  w a t e r - l i b r a t i o n a l  modes. 

B 

The t e r m i n a l  P O - s t r e t c h i n g  band a p p e a r s  as  a v e r y  

3 
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Fig.2,IR Spectra o f  Na3PCr3OI3.3H20 ( A )  

and K3PCr4OI6(B) 
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988 BARAN AND CABELLO 

3- 
3113 

T A B L E  2 
A s s i g n m e n t  o f  t h e  I n t e r n a l  V i b r a t i o n s  o f  P C r  0 

a n d  P C r 4 0 1 6  (K+ a n d  N H 4  s a l t s ) .  V a l u e s  i n  cm- . 3- + 

Na 3 PCr3013.3H20 K3PCr4016 (NH4)3PCr4016 A s s i g n m e n t  

I R  Raman IR I R  Raman 

1 1 8 1  

1050 sh 
1 0 2 0  

952 s h  
9 4 8  
9 3 2  ah  
9 0 5  s h  

902 
8 9 0  s h  

6 5 0  

565 

4 5 5  

4 2 2  
39 5 
3 78 
- 

-- -- -- -- 

1 1 0 4  1100 
1 0 4 2  1030 

9 5 5  s 9 4 8  9 4 0  946 m 
9 6 2  s h  

9 0 0  9 1 6  v s  9 0 5  
911 vs 8 8 2  s h  

6 5 7 , 6 3 7 s h  6 5 5 , 6 3 5 s h  

59  2 6 0 0  

475 4 7 2  

415 410 3 8 1  s 

374 s 3 7 5  372 
- 3 1 1  3 1 2  - 

v s :  v e r y  s t r o n g ;  8 :  s t r o n g ;  m :  medium; sh: s h o u l d e r  

3.K3PCr 0 

is r e l a t i v e l y  s i m p l e .  I t  was v e r y  d i f f i c u l t  t o  o b t a i n  

good q u a l i t y  Raman s p e c t r a  o f  t h i s  c o a p o u n d .  T h e s e  a p e 2  

tra show a l w a y s  o n l y  o n e ,  medium i n t e n s i t y  l i n e ,  l o c a -  

ted a t  917 cm”. 

- -4-1 6 
The  I R  s p e c t r u m  o f  t h i s  compound,  shown i n  F ig .PB,  

I n  t h e  C r 0 3 - s t r e t c h i n g  r e g i o n  t h e  I R  s p e c t r u m  

shows a s t r o n g  and  b r o a d  d o u b l e t  a n d  a s t r o n g  b a n d  as- 

s i g n a b l e  t o  t h e  vas-mode a n d  a n o t h e r ,  w e l l  d e f i n e d  

b a n d ,  w i t h  a weak s h o u l d e r  o n  t h e  low f r e q u e n c y  s i d e ,  

c o r r e s p o n d i n g  t o  t h e  s y m m e t r i c  v i b r a t i o n .  
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PHOSPHORUS/CHROMIUM POLYOXOANIONS 98 9 

The weak i n t e n s i t y  o f  t h e  657/637 c m ”  d o u b l e t ,  

a s s i g n a b l e  t o  t h e  a n t i s y m m e t r i c  POCr  b r i d g e - v i b r a t i o n ,  

i s  v e r y  i n t e r e s t i n g  i n  t h i s  compound. T h i s  w e a k n e s s  i s  
p r o b a b l y  o r i g i n a t e d  by t h e  h i g h e r  symmetry a r o u n d  t h e  

c e n t r a l  p h o s p h o r u s  atom i n  t h i s  case,  when compared  

w i t h  t h a t  o f  t h e  o t h e r  a n i o n s  d i s c u s s e d  b e f o r e .  

The p r o p o s e d  a s s i g n m e n t ,  i s  i n c l u d e d  i n  T a b l e  2 .  

4 .  (NH ) P C r  0 -4-3-4-1 6 
The I R  s p e c t r u m  of  t h e  ammonium s a l t  i s  t o t a l l y  

s i m i l a r ,  a l t h o u g h  i t  h a s  a l ess  d e f i n e d  band s t r u c t u -  

r e ,  t h a n  t h a t  of  t h e  j u s t  d i s c u s s e d  p o t a s s i u m  compound. 

The p r o p o s e d  a s s i g n m e n t  i s  a l s o  shown i n  T a b l e  2 .  
+ For  t h e  f u n d a m e n t a l  NH modes,  t h e  f o l l o w i n g  I R  4 

3 b a n d s  were f o u n d :  i n  t h e  N-H s t r e t c h i n g  r e g i o n ,  v 
a p p e a r s  a s  a v e r y  b r o a d  n o t  w e l l  s t r u c t u r e d  band cen-  

t e r e d  a r o u n d  3180 cm-l. A weak band a t  c a .  3045  cm-’ 

1’ c a n  b e  a s s i g n e d  t o  t h e  s y m m e t r i c  s t r e t c h i n g  mode v 
a l t h o u g h  i t  c o u l d  a l s o  be  o r i g i n a t e d  by t h e  v 2  + v 4  
c o m b i n a t i o n a l  mode. The  a n t i s y m m e t r i c  b e n d i n g  v 4  i s  

s e e n  a s  a v e r y  s t r o n g  b a n t  a t  1408  cm-’ and  t h e  c o r -  

r e s p o n d i n g  s y m m e t r i c  v i b r a t i o n ,  , as  a weak and  n o t  

w e l l  d e f i n e d  o n e  a t  c a .  1 6 4 5  cm . The s p e c t r u m  shows 

a l s o  two a d d i t i o n a l  weak b a n d s  a t  2825 and 1 8 5 2  cm-‘, 

wh ich  c a n  b e  a s s i g n e d  t o  2G4 and t o  a c o m b i n a t i o n  mo- 

d e  V 4  + V 6  r e s p e c t i v e l y ,  b e i n g  V 6  a t o r s i o n a l  o s c i l -  

l a t i o n  o f  t h e  NH4-group . 

19’20 , i s  s u g g e s -  t s  t h e  f r e e  m o t i o n  of  t h e  N H 4  g r o u p s  

t e d  by t h e  p r e s e n c e  of  t h e  l a s t  c o m b i n a t i o n  band ,  by 

t h e  p o s i t i o n  of  t h e  V and  v4  f u n d a m e n t a l s  and  t h e  

i n t e n s i t y  o f  t h e  2v4  band .  N o t w i t h s t a n d i n g ,  t h e  com- 

p a r i s o n  o f  t h e  ammonium and  p o t a e s i u m  s a l t s  of  t h e  

-p 

+ 19 

The e x i s t e n c e  o f  h y d r o g e n  b o n d i n g ,  wh ich  r e s t r i c -  
+ 

3 
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990 BARAN AND CABELLO 

3- PCr4016 anion (Table 2) clearly shows that, although 
all the Cr03-bands are slightly displaced to lower fre- 
quencies in the former salt, the overall effect is 
really negligible. 

EXPERIMENTAL 

1.Syntheses of the compounds. K2HPCr2OI0 was obtained 
from K2Cr207 and concentrated H3P04* and Na3PCr3013. 
3H20 from a 3:l mixture of Cr03 and Na2HP043. From the 
quaternary phosphates, the K3PCr4016,6 was obtained from 

concentrated 4:l Cr03/K3P04 solutions 
ve ammonium salt from a 2:1 (NH4)2Cr207/H3P04-mixtu- 
~ e ~ * ~ . T h e  purity of all the compounds was checked by 
chemical analysis and X-ray diffractometry 

2.Spectra.The IR spectra were recorded on a Perkin 

Elmer 580 B spectrophotometer using the KBr-pellet 

technique. Raman spectra of the crystal powders sea- 
led in glass capilars were obtained on a SPEX-Ramalog 
1403-double monochromator spectrometer equipped with a 
SCAMP control1 unit and employing the 488 nm-line of an 
argon-ion laser f o r  excitation. 

and the respecti- 

2,3.4,6 
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