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THE VIBRATIONAL SPECTRUM OF THE Re0;- ANION 

Key w m g :  pentaoxorhenate (VII), infrared spectrum, 
Raman spectrum, force constants, bond properties 

Enrique J Saran 
Facultad de Ciencias Zxactas, Universidad 

Nacional de La Plata, 1990-La Plata, Argentina 

ABSTRACT 

The infrared and laser-Rarnan spectra of crystalline 
Ba (Re0 ) Br are reported and an assignment for the inter- 
nal vibrations of the square pyramidal 8e03- anion is pro- 
posed. Force constants, bond orclers and mean amplitudes of 
vibration are calculated. Some comparisons with other rhe- 
nium compounds are made. 

5 5 3  
5 

Recently, some new apatite-like phases of the type 
Ba5(Re05)3X (X = Cl,Br,I) have been preparedlS2. An espe- 
cially interesting aspect of these compounds is the presen- 
ce of isolated square pyramidal ~ ~ 0 ~ -  anions. 5 

As vibrational data on pentaoxometallates are very 
we have prepared the phase Bs (Re0 ) Br in order 

t o  investigate the spectroscopic behzwiour of this rhenium 
anion which, therefore, is the first oxoanion of this type 
that could be fully characterized from this point of view. 

5 5 3  

397 
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398 BARAN 

4v For an isolated square pyramidal anion of symmetry C 
nine fundamental vibrations should be observed. These are 

classified as 3A1 + 2B1 + B + 3E. A l l  nine modes should be 2 
Ramm active, whereas only the A1 and E species should 
be infrared active. 

In the solid compound Ba (Re0 ) Br (space group 5 5 3  
P6 cm and 2 = 2)’, the symmetry of the Re0;- moieties is 3 
lowered to C This lowering of the symmetry can produce a 
splitting of the double degenerate E modes into their com- 
ponents, and the activation of the i.r. forbiden modes B 
and B2. Furthermore, as the unit cell contains six rhenate 
anions, the number of observable internal modes can in- 
cream additionally due to the so called factor group 
splittings . 

9- 

1 

4 

The meassured infrared spectrum of Ba (Re0 ) Br is re- 5 5 3  
produced in Fig.1, The corresponding R a m  spectrum shows 
two very strong doublets in the 950-800 ern-' region, a se- 
ries of weak lines in the middle region and a strong doub- 
let at 350 cm-’. The meassured i.r. and Raman frequencies 

as well as the proposed assignments are shovm in Table 1. 
According to the structural analysis’, the Re03- anion 

has one short Re-0 bond of 1.679 A and four longer ones 
with an average distance of 1.86 A. Therefore, the strong 
Raman doublet at 914/908 cm” and the corresponding i.r. 
doublet can be assigned to the stretching of the shorter 
R e 4  bond. 

0 5 
0 

The next higher frequency band arises from the symme- 
tric in plane Re04 stretching mode. The corresponding anti- 
symmetric atretching mode, $,(E), is expected as a very 
strong band in the infrared and therefore, the very broad 
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Figure 1 : I R - S p w t s u  of Ba5(R.0 Br 

band centered at 690 cm” is assigned to this mode, which 
is seen as a very weak doublet in the Raman effect. 

The last stretching mode, the symmetric out of phase 
stretch, 4 ( B  ), has been assigned to the weak 640/625 Re0 

cm Raman doublet, which appears only as a weak shoulder 
around 620 om’’ in the infrared spectrum. 

4- 4 1  
-1 

The assignment of the five deformation modes is not 
so easy. The most intense Raman line which remains to be 
assigned, the 340/350 cm’l doublet, can be assigned confi- 
dently to the OVReO4 deformation mode S8(E) which has is 
counterpart in the medium intensity 347 cm’l i. r. band. 

mation, has been assigned to the weak 526 cm’l Raman line 
by comparison with the position of the vibration of the 
Re06 anion . 
expected to lie close to the symmetric out of plane defor- 

The J6(B2) mode, which is the symmetric in plane defor- 

6- 5 $5 

The antisymmetric out of plane deformation 4 ( B  ) is 5 1  
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400 BARAN 

TABLE 1 

Vi'brational Spectrum o f  Re0;- (values in em-') 

Infrared Raman Assignment 
Ly --- 

915 sh 914 908 vs} sh 'l('1) S(Re0') 
908 vs 

810 vs 823 812 vs} vs J2(A1) JS(ReO4) 

410 m - -  $,(%) ts(out of plane Re04) 

640 ) q4(B1) ds(out of phase Re0 ) 

382 m - -  J5(B1) sas( out of phase Re04) 
625 vw 4 N 6 2 0  sh 

N 5 3 0  sh 526 w J6(B2) Ss(in plane Re04) 

690 a z;! g] 4-p) $as(~e~4) 
347 m 350 340 ") s d8(E) S(O'Re04) 

Jg(E)  ras(in plane Re04) 

vs = very strong; a = strong; m = medium; w = weak; 
vw = very weak; sh = shoulder 

mation 9 ( 
ned to these vibrations the medium intensity i.r. bands 

) and, in accordance with this, we have assig- 3 %  

lying at 382 and 410 cm-' respectively, assuming that also 
here $, must lie at higher frequency as 
that proposed in the case of the square pyramidal interha- 
logen molecules , the corresponding chalcogenate fluori- 
des 

, similarly to 
3 45 

6 
7 6 and the XeOF4 molecule . 
Finally, the weak i.r.doublet at 332/318 cm'l, which 

is 8een as a part of the strong band located between 300 
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and 400 cm , has been assigned to the antisymmetric in 
plane deformation $,( E ) .  

The appearance of most of the observed bands as dou- 
blets may probably be explained as a manifestation of the 
correlation field splittings, inasmuch as the differences 
between the doublet components are generally very small, 

The weak i.r. shoulders at 852 and 737 cut’’ probably 

arise from overtones o r  combinations of the fundamentals 
described above, wheeas the bands at 210 and 164 cm-l as 
well as the Raman lines located at 163 ( s ) ,  152 ( s ) ,  126 ( s ) ,  

120 (m), 94 (vs) and 78 ( a )  cm-l can be assigned to ex- 
ternal (lattice) vibrations. 

-1 

In order to check the plausibility of the above as- 
signments and also to obtain a wider insight ipto the bond 
characteristics of the Re03- anion, we have made a calcu- 
lation of their force constants. 

5 

The 5- and 2- matrix elements proposed by Begun et 

al. have been used, assuming all the angles equal to 900 

and using the values of 1.68 

R e 4  bonds respectively . The following frequency values 
were used to so lve  the secular equation: $1 = 911, a2 = 817, 

d3 = 410, q4 = 630, q5 = 382, Q6 = 526, q7 = 690, q8 = 345 
and q9 = 325 cm . 
are given in Table 2. In this table, R refers to the Re-0’ 
bond, r to the Re-0 bonds, o( to the OReO angles and to 
the O’ReO angles. The primed values refer to interactions 
between opposite coordinates, and the unprimed to interac- 
tions between adjacent coordinates. A l l  stretch/bend inte- 
ractions a8 well as the interactions between opposite an- 
gles ( fkd)  were put equal to zero. 

6 

and 1.86 f o r  the Re-O’and 
1 

-1 

The calculated symmetry and internal force constants 
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TABLE 2 

Syinmetry and I n t e r n a l  Force Constants  f o r  the Re03- Ion  5 
( values  i n  m~lyn/i)  

Fll = fR = 7.16 

- f + 2fr, + f l r r  = 6.29 F22 - r 
P - f p  + 2fpr) + f'pp = 1 . 2 1  3 3  - 
F44 = fr - 2f + flrr = 3.74 

P55 = f f  - 2f(yj + P'pp = 1.37 

P66 = f h  - 2fdc4. + f'dd = 0.65 

F77 = f r  - f l r r  = 3.79 

F88 = fe - f @  = 0.36 
= fd - f>r = 0.46 

rr 

F99 

f R  = 7,16 f p  = 0.83 

f r  = 4.40 fpr =-0.04 

frr= 0.64 fjp = 0.46 

fkr= Oo61 f d =  0.46 
f U(<=-O.lO 

The obtained s e t  of f o r c e  cons t an t s  g i v e s  an e x a c t  f i t  

bebveen the  observed and computed f requencies .  The poten- 

tial energy d i s t r i b u t i o n  showed that  a l l  t h e  v i b r a t i o n s  of 

t he  Re03- an ion  were h igh ly  c h a r a c t e r i s t i c ,  except  t h e   NO 

E-bands of lower frequency, 
5 

From the  obtained i n t e r n a l  f o r c e  cons t an t s  f o r  t h e  two 

Re-0 bonds, an es t ima t ion  of t he  r e s p e c t i v e  bond o r d e r s  has 

been made us ing  t h e  method of S i e b e r t  . For the  s h o r t e r  

bond a value of 2.05 is obta ined ,  whereas f o r  t h e  longe r  

ones it  l i e 3  a t  1.40. Both va lues  po in t  t o  apprec i ab le  v- 

a 
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Re03- A K U N  5 

c on t  r i bu t i  sns , DO s t i inpo r t a n t  

bond, whi?h can be considered 

Such s t rong m e  tsl-oXygeil 

n iun  cht?niatry.  For  i n s t a n c e ,  

403 

il? t h e  case  of the  s h o r t e r  

p r a c t i c a l l y  as a double bond. 

bonds a r e  no t  r a r e  in  the rhe- 

the  h igh  vslae f a r  the f o r c e  

cons t an t  found  !wre i s  y e t  overcorned by t&t of  t he  Re-0 

bonds o f  t he  t e t r a h e d r a l  ReO- ion (7 .54 mdyn//A) , t he  t e r -  4 
mi.?al Re0 groups of the  Re207 (8 .42  mclyn//~)lo and t h a t  of 

t he  ReOjCl (8.28 indyn/;)l’. But a l l  tfie iie-9 bonds of the 

Re02- an ion  a r e  not.zbly s t r o n g e r  than triosc? o f  the octahe-  

0 9  

3 

F i n a l l y ,  we have also m3de an e s t ima t ion  of the  mean 

ampli tudes of v i b r a t i o n  us ing  the I%ethod of the Charact?- 

r i u  t i c  Vibra t ions”  ( c f .  12-11). The v i b r a t i o n a l  assignment 

t o  the XY, and ZXY ltpseudo molecules” was performed us ing  

t h e  same c r i t e r i a  as i n  a previous  paper15. The r e s : i l t s , i n  

t he  ternperat-me r ~ i i g e  betuecn 0 and 700 K ,  a r e  shovin i n  

Table 3. 

2 

The amp1ihi:le values  f o r  t he  s h o r t e r  Re-0 bond lies i n  

a range which is cons idered  c h a r a c t e r i s t i c  f o r  h e p t s v a l e n t  

rhenium-oxygen conpounds 14’16. The va lzes  f o r  the  o t h e r  f o u r  

bonds, on t h e  con t r a ry ,  a r e  c l e a r l y  h ighe r ,  po in t ing  t o  a 

cons iderable  bond weakening i n  the “Re0 plane”. 4 

EXPERIIMENTAL 

Samples of  Ba (Re0 ) Br  have been obta ined  accord ing  5 5 3  
t o  Baud e t  al.’, by r e a c t i o n  bet.rveen me ta l i c  rhenium powder 

and a s l i g h t  excess  of anhidrous  €?aBr2 working i n  plat inum 

c r u c i b l e s ,  i n  a i r  and a t  temperatures  around 800OC. The pro- 

duc t  was depos i ted  i n  the border  of t h e  c r u c i b l e  a8 very  

small, l i gh t -ye l lowish ,  c r y s t a l l s  o r  powder. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



404 BAKAN 

TABLE 3 
Mean Amplitudes of Vibration (in i) for the Re0 

3- 
5 Ion 

U U 
( K )  %eO %eOt UO...O(sh) O. , .O( lg )  0...0' 

~~ ~ -~~ ~~~ ~ - 

0 0.0402 0.0354 0.066 0.056 0.063 
100 0.0402 0.0354 0.066 0.056 0.064 
200 0.0405 0.0355 0.069 0.057 0,067 
300 0,0416 0.0359 0,075 0.059 0,072 
400 0,0436 0,0368 0.081 0.062 0.078 
500 0.0459 0.0381 0.088 0.066 0,085 

600 0.0485 0,0397 0.094 0.070 0.091 
700 0.0511 0.0414 0.101 0.074 0.097 

The i.r. analysis of the .samples show that they con- 
tain also small quantities of Ba(Re04)*. Totally 
samples have been obtained by treating the impure product 
with hot absolute methanol, in which &(Re0 ) ie partial- 
ly soluble but Ba (Re0 ) Br, similarly as Ba5(Re05)2, is 
insoluble (cf.for example 

pure 

4 2  

3i71. 

The infrared spectrum has been recorded with a Perkin 
Elmer 180 model spectrophotometer, dispersing the sample in 
a C s I  pellet. The Raman spectrum has been meassured with a 
Coderg spectrophotometer (Type PHO) using the 514.4 nm li- 
ne of an Ar' laser as the excitation source. 
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