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SPECTROSCOi’ICALLY A C T I V A  FkiF&UANCIGS OF PMol 20403- 
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ABSTEWCT 

A 53-atomic model o f  Td symmetry was assumed f o r  t h e  
PKo120407- i o n .  It  w a s  succeeded t o  perform a complete 
v i b r a t i o n a l  a n a l y s i s  f o r  t h i s  s t r u c t u r e .  The main f o r c e  
c o n s t a n t s  a r e  r e p o r t e d  a long  wi th  t h e  complete se t s  of  
s p e c t r o s c o p i c a l l y  a c t i v e  f r e q u e n c i e s ,  v i z . :  g A , ( H a )  + 13E 
(Ra) + 22P2(ir+Ka). The c a l c u l a t e d  v a l u e s  are t e n t a t i v e l y  
c o r r e l a t e d  w i t h  i n f r a r e d  d a t a  from l i t e r a t u r e  and s o  far  
unpubl ished Kamcin d a t a .  

A d e t a i l e d  v i b r a t i o n a l  a n a l y s i s  of t h e  YMo, 20403- i o n  
1 w a s  i n i t i a t e d  s imul t aneous ly  wi th  a new Haman i n v e s t i g a t i o n  

o f  compounds wi th  Keggin s t r u c t u r e s .  This  a n a l y s i s  i s  pre-  
ceded by o t h e r  v i b r a t i o n a l  s tud ies  of  cage s t r u c t u r e s  .3-6 

I n  Keggin s t r u c t u r e s  a mul t i t ude  o f  cages  can  be  d i s t i n g u i -  
shed, and a complete v i b r a t i o n a l  a n a l y s i s  of such a complex 
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860 LYHAMN ET AL. 

and relatively large structure (53 atoms) represented a 
challenging problem. It was not unexpected that features 
encountered in the previous analy~es~-~ of cage structures 
were enhanced in the present case. 

DPOIACULKK MODdL 

The PMo120403- ion was treated in terms of a 53-atomic 
model of Td symmetry. This is an idealized structure deduced 
from x-ray data.' A P atom is surrounded tetrahedrally by 
four 0 atoms here referred to as O(P). Each O(P) forms the 
apex in a trigonal Mo307 structure; cf. Fig. l(a). In each 
of these structures there are three terminal oxygen atoms, 
Ot. The Mo atoms take part in a puckered Ylo303 ring and 
nearly planar MoOMoO(P) rings. The four Mo307 parts are 
linked together by oxygen bridges (Ob), which together with 
the Mo atoms form No 0 rings of another type. Octahedral 
coordination of 0 atoms around each Mo is completed when 
adding six Ob atoms to each Mo307 structure. Thus the tri- 
gonal i Y 0 ~ 0 , ~  structure emerges; cf. Fig. l(b). 

3 7  

n l  u\ 0 Mo 

FIG. 1. T r i p o n a l  fragments of the P M O ~ ~ O ~ ~  s t r u c t u r e :  

(a> Mo30,, (b) Mo3OI3. 
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VIBRATIONAL ANALYSIS OF PMo120403- 861 

The normal modes o f  v i b r a t i o n  a r e  d i s t r i b u t e d  among 

t h e  s p e c i e s  o f  t h e  symmetry grnup Td accord ing  t o  

r . = 9 ~ ,  + 4~~ + 1 3 ~  + I ~ P ,  + 22F2 v i b  

Syiwetry Coordinates  were cons t ruc t ed  by the  method of 

c l a s s i f i c a t i o n  of t h e  v i b r a t i o n a l  modes i n t o  ( a )  framework 

v i b r a t i o n s ,  (b) framewor-k-iigund cou$ings, ( c )  l igand  v ib-  

r a t i o n s ,  and i d )  i n t e r l i g a n d  v i b r a t i o n s .  The theory and 

s y s t e m s  of  g e n e r a l  equa t ions  developed for t e t r a h e d r a l  com- 

p lexes  wi th  t r i g o n a l  l igands8’  were employed. I n  t h i s  
connect ion t h e  Mo 0 groups were cons idered  as l i g a n d s .  The 

procedure w a s  found u s e f u l  a l though t h e  l i g a n d  concept i n  
the  p re sen t  c:tse i n  based on a mati:ematicai viewpoint  r a t h e r  

than a chemical  one. 

3 7  

rHIJVCIPLAS 0)’ CALCULATION 

A d iagonal  f o r c e  f i e l d  i n  terms of va lence  coord ina te s  

i n c l u d i n g  redundancies  WI*S assumed. The va lence  c o o r d i n a t e s  

a r e :  (a) a l l  s t r e t c h i n g s ,  ( b )  a l l  bendings ,  bu t  exc luding  

the n e a r l y  l i n e a r  bendings f o r  oppos i te  bonds i n  the  oc ta -  

hedra  around each h o ,  and f i n a l l y  ( c )  s e l e c t e d  1’0 t o r s i o n s  
and a l l  MOO t o r s i o n s  i n  six-membered and four-membered r ings .  
The t o t a l  number of va lence  c o o r d i n a t e s  i s  3 8 2 ;  hence 223 
redundancies  a r e  p r e s e n t .  The most important  f o r c e  cons t an t  
v a l u e s  a r e  those  of t h e  s t r e t c h i n g s :  4.5 f o r  P-0, 0 .8  f o r  

Ho-O(P), 7 . 4  f o r  Mo-Ot, and 4 .0  f o r  a l l  o t h e r  Mo-0 bonds; 
a l l  va lues  i n  mayne/i. For t h e  d i .? fe ren t  bendings v a l u e s  
from 0.25 t o  0.45 rndyne/8 were t aken ,  and a l l  t o r s i o n a l  

fo rce  c o n s t a n t s  were assumed t o  be 0.01 mdyne/A. 
The d i agona l  f o r c e  cons t an t  ma t r ix  w a s  conver ted  t o  

F mat r ix  b locks  i n  terms o f  symmetry c o o r d i n a t e s ,  and t h e  
corresponding v i b r a t i o n a l  f r e q u e n c i e s  were computed. 
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TABLE 1 
Calcu la t ed  and Observed Frequencies  f o r  PMol ,OdO3- 

ob se rv cd 
Raman Ten ta t ive  d e s c r i p t i o n  ir A, r: P, 

I <. 

1107 P-0 s t r e t c h  1070 1090 (vw) 

980 2-0 s t r e t c h  990a 996 ( v s )  
973 974 Mo-Ot s t r o t z h  965 

945 941 Mo-O(P) s t r e t c h  89Ba 895 
883 885 870 825 ( ? )  

959 963 Mo-Ot s t r e t c h  977 ( s )  

' O 0  Mo-Ob s t r e t c h  762 
687 687 

674 677 

571 
547 547 

469 
450 441 447 

41 2 

358 
32'7 

582 

502 485 

31 5 

295 283 

301 

246 266 J 239 
272 
21 6 

202 201 
194 

174 159 
153 

Mo-O(P) s t r e t c h  

790 

598 
560a 
500 
456a 
450 

, b r i d g e  s t r e t c h i n g s  410 

380 
340 

and deformat ions  

71 8 
71 0 
602 (s) 

580b 
495 (w) 
463 
463 
406b 
370 ( d oub l e  t ) 
340 ( ? I  
m i s s ing (? )  

28 2 
265 

247 ( s )  
220 220 

220 220 (broad) 
200 

'57(doublet) 
157 
1 1  O(doub1et) 
75 

- 
- 

a From Lange e t  a1.l'; a l l  o t h e r  i n f r a r e d  f r e q u e n c i e s  from 
1 1  Thouvenot e t a1 . 

From Thouvenot e t  a1.I'; a l l  other Raman frequencies from 
Lyhamn e t  a l .  1 
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VIBRATIONAL ANALYSIS OF P M ~ ~ ~ o ~ ~ ~ -  86 3 

The theo ry  p r e d i c t s  9A1 + 13E + 22E2 fundamentals  

a c t i v e  i n  daman, while  t hose  of s p e c i e s  F2 a l s o  should be 
a c t i v e  i n  i n f r s r e d .  The 4A2 + 16P1 fundamentals  are  i n a c t i v e .  

All t h e  s p e c t r o s c o p i c a l l y  a c t i v e  f r e q u e n c i e s  ca l - . u l a t ed  from 

t h e  present  f o r c e  f i e l d  ( s e e  above) a r e  c o l l e c t e d  i n  Table 1. 
They a r e  t e n t a t i v e l y  c o r r e l a t e d  wi th  exper imenta l  d u t ;  Evai- 

l a b l e  s o  f a r .  7 ’ o y 1 ’  The t a b l e  also i n c l u d e s  a sugges t ion  t o  

a p a r t i a l  approximate d e s c r i p t i o n  o f  t h e  normal modes. 

It i s  c l e a r  t h a t  t h e  p re sen t  approximate a n a l y c i s  

cannot  p r e d i c t  t h e  fundamental f r e q u e n c i e s  wi th  any l a r g e  
degree o f  accuracy .  Neve r the l e s s  we f i n d  t h e  c a l c u l a t e d  
f r equenc ie s  t o  be d i s t r i b u t e d  i n  t h e  same ranges  as t h e  

exper imenta l  f r equenc ie s  and a l s o  s e v e r a l  i n s t a n c e s  of 

q u a n t i t a t i v e  agreements .  

where. 
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