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A b s t r a c t  

Golden plate-like crystals of Rb4(Si,Nb)2Nb36OTo were prepared by heating a mixture of 
Rb2COa, Nb205 and NbO (2"2:3) in a quartz ampoule at 1100 °C. The incorporated silicon 
originates from the container material. Rb4(Si,Nb)2Nb35OTo crystallizes in P3 with 
a = 782.1(2) pm, c = 2651.3(8) pm and Z =  1 (four-circle diflYactometer Syntex P1, 2063 
Io (hkl), Mo Ka, Rw=0.10). The structure consists of slabs similar to those found in the 
structures of Bas(Si,Nb)2Nb20.80,4 and Na3A12Nb34084 , and can be described in terms of 
a common close packing of oxygen and rubidium atoms together with Nb8 octahedra. 
Characteristic building units of the new structure type are isolated Nb6012 clusters, NbO8 
octahedra and SiO4 tetrahedra. Slabs occur in which three NbO5 octahedra share edges 
forming Nb3013 units with long Nb--Nb distances (306 and 335 pro) indicating weak and 
no Nb-Nb bonds, respectively, to be present. The Nb6012 clusters exhibit M-M bonding 
with short distances dm~_~,~=279-284 pro. 

1. I n t r o d u c t i o n  

In the  las t  f ew  yea r s  m a n y  r e d u c e d  o x o n i o b a t e s  con ta in ing  i so la ted  or  
c o n d e n s e d  Nb6012 c lus te r s  [ 1 - 2 5 ]  have  b e e n  syn thes ized  and  the  n u m b e r  
is still g rowing.  An ex tens ive  c o m p a r i s o n  o f  the  so  fa r  k n o w n  c o m p o u n d s  
is g iven  in refs .  26 and  27. The  s t ruc tu r e s  o f  t hese  c o m p o u n d s  can  be  
d e s c r i b e d  in t e r m s  o f  a c o m m o n  close  p a c k i n g  of  o x y g e n  a toms ,  Nb6 o c t a h e d r a  
and  large  coun te rca t ions ,  such  as  the  h igher  h o m o l o g u e s  o f  the  alkaline,  
ea r th  a lkal ine  or  ra re  ea r th  ( l an thanum,  p r a s e o d y m i u m ,  n e o d y m i u m )  meta ls .  
D e p e n d i n g  on  the  s t ack ing  of  the  shee t s  the  c o u n t e r c a t i o n s  a re  cuboc t ahed ra l l y  
or  c lo se -hexagona l ly  s u r r o u n d e d  b y  12 o x y g e n  a toms .  The re  is a size l imi ta t ion  
fo r  the  c o u n t e r c a t i o n s  filling the  cavi t ies  tha t  a re  bui l t  f r o m  o x y g e n  a t o m s  
and  Nb6 oe t ahed ra .  F o r  example ,  BaNb406 [21, 23]  h a s  b e e n  p r e p a r e d  but  
the  c o r r e s p o n d i n g  c o m p o u n d  SrNb406 h a s  no t  ye t  b e e n  synthes ized .  However ,  
s o m e  s t r u c t u r e  t y p e s  s e e m  to  b e  r a the r  insensi t ive  to  the  size of  the  
co tmte rca t ion ,  e .g .  MNbsOIa ( M - K ,  Sr, Ba, La)  [7, 10, 17] and  M2NbsO9 
(M---K, Sr, Ba)  [12, 16, 23].  

Highly  r e d u c e d  alkali  m e t a l  o x o n i o b a t e s  exhib i t ing  m e t a l - m e t a l  b o n d e d  
a r r ays  h a v e  b e e n  found  so  fa r  on ly  wi th  s o d i u m  or  p o t a s s i u m  and  it s e e m e d  
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promising to look for comparable phases with the larger homologues caesium 
and rubidium. All experiments with caesium have failed [28], but we have 
found a new reduced oxoniobate containing Nb6012 clusters and rubidium 
on which we report here. 

2. Exper imenta l  detai ls  

2.1. Preparation and characterization 
Rb4(Si,Nb)2Nb3507o was prepared by heating a mixture of Rb2COa (Mor- 

thon-Thiokol) and Nb205 (Merck) in a 1:1 ratio for 1 day at 900 °C under 
vacuum until gas evolution ceased. This product was then heated under 
argon together with NbO (Johnson-Matthey) in a 2:3 mixture (pressed to 
a pellet and brought into a quartz ampoule) for 11 days at 1100 °C. The 
ampoule was cooled slowly. The pellet was partially molten and embedded 
into the ampoule wall. 

The product consisted of very thin golden plate-like crystals with a 
hexagonal habit which formed conglomerates. An energy-dispersive X-ray 
analysis showed only the presence of niobium and rubidium. Silicon could 
not be detected because its Ka and K/3 peaks (1745 eV and 1838 eV 
respectively) are hidden by the intense La peak of rubidium (1700 eV). 
Rb4(Si,Nb)2Nb35OT0 is stable against mineral acids, and impurities could 
therefore be removed by washing the sample with concentrated HC1. 

The powder diagram (Stoe STADIP powder diffractometer, position- 
sensitive detector) of the HCl-treated platelets showed only a few impurity 
lines besides the lines of Rb4(Si,Nb)2Nb35OT0. The title compound is described 
by the following characteristic lines at the resolution for Cu Kal radiation 
(calculated d values (pm), intensities in parentheses): 2651.3(100), 
1325.7(12), 883.8(26), 656.2(21), 603.2(22), 537.6(56), 473.7(37), 
417.5(33), 370.1(24), 336.8(32), 330.6(57), 328.1(45), 316.2(73), 314.7(80), 
301.6(24), 297.7(42), 292.8(88), 285.4(11), 270.1 (23), 254.8(56), 251.4(49), 
245.9(87), 241.0(27), 238.8(28), 221.5(40), 212.1 (46), 202.6(85), 201.1(14), 
193.2(29), 184.2(65), 183.7(10), 183.5(18), 178.8(20), 168.3(19), 167.3(42), 
152.2(38), 147.8(83), 145.5(16), 144.9(10), 126.0(21), 120.5(12), 119.4(11). 
The refinement of the lattice constants resulted in a--782.1(2) pm and 
c -- 2651.3(8) pm. 

2.2. Structure analysis 
Precession photographs ((hkO) and (hkl))  of a single crystal of 

Rb4(Si,Nb)2Nb85OTo look very similar to the corresponding ones observed 
for single crystals of M(Si,Nb)NbloO19 and MaA12Nb34064 (M=-Na, K) [7, 26]. 
This indicates that a comparable structure set-up with close-packed layers 
of oxygen atoms and Nb6 units is present. The different length of the c axis 
in Rb4(Si,Nb)2Nb35Oro compared with NasA12Nb~4064 is due to the different 
stacking of the close-packed layers. 

The general quality of the single crystals was poor, but with one out 
of a number of tested single crystals which seemed to be the best (Table 



TABLE 1 

Summary of single-crystal data and X-ray intensity collection for Rb4(Si,Nb)eNbasOT0 
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Formula 
Molar weight 
Lattice constants a 
Space group 
dc~c 
/z(Mo Ka) A 
Dimensions of the single crystal 
Data collection 

Range of data, method 
Scan speed 
Number of reflections 
Independent reflections 
Absorption correction 
Refinement 

Number of parameters 
R (aniso) 
R~ (aniso) 

Rb4(Sil.6aNbo.~2)Nb35070 
4782.2 Da 
a = 782.1 (2) pm, c = 2651.3(8) pm" 
P:3, Z = I 
5.65 gcm -3 
97.37 cm -1, 71.069 pm 
0.3×0.2×0.02 mm a 
Four-circle diffractometer Syntex P1 

graphite monochromator, scintillation counter 
2°~<20-<<55 °, w scan 
Variable depending on I 
2631 
2063 of 2189 with F>~3a(F) 

scan with 11 reflections 
SHELX-76 
full matrix, least squares 

116 
10.8% 
10.1% 

aFrom powder diffractometer data. 
Further detKils of the crystal structure investigation may be obtained from the Fachinfor- 
mationszentrum Energie, Physik, Mathematik, D-7514 Eggenstein-Leopoldshafen, F.R.G., on 
quoting the depository number CSD-55798, the names of the authors, and the journal citation. 

1) the s t ructure  analysis could  be carr ied out. The s t ructure  was  solved via 
Four ier  syntheses  us ing a set of  s tar t ing pa ramete r s  ca lcula ted  f rom the 
posi t ional  pa ramete r s  for  the s t ructure  Na~A12Nb34004 [5] in which  similar 
sheets  of  oxygen  a toms  and  Nb6 units occur .  The refined posi t ional  pa ramete r s  
and d i sp lacement  fac tors  are listed in Tables  2 and 3. It is remarkable  tha t  
the d i sp lacement  fac tors  o f  0 ( 5 )  and  O(10)  show relatively large values of  
390  p m  2 and 294 p m  2 respect ively.  This is due to the partial  occupa t ion  of  
the ne ighbour ing  posi t ions  of  silicon and Nb(6)  (see discussion) .  Accord ing  
to the shor t  d is tance dsi-Nb(~) = 1 55 p m  these  posi t ions  canno t  be s imul taneously  
occupied .  A similar s i tuat ion is found  in Na(Si,Nb)NbloO1o. Consequent ly  the 
occupa t ion  fac tors  were  res t r ic ted to a sum of  1.0. Four ie r  syntheses  at  the  
last state revealed non-spher ica l  e lec t ron densi ty  a round  0 ( 5 )  and O(10).  
Therefore  a new s t ructure  ref inement  was  carr ied out  assuming  the p resence  
of  split pos i t ions  for  these  a toms  by coupl ing  the occupa t ion  fac tors  for  the 
split pairs  with the co r r e spond ing  fac tors  of  silicon and  Nb(6).  The pa ramete r s  
of  the refined split pos i t ions  for  0 ( 5 )  and O(10)  are shown in Table 4. 

3. D i s c u s s i o n  o f  the  crystal  s tructure  

The new s t ructure  of  Rb4(Si,ib)2Nba5070 consis ts  o f  layers  conta in ing 
O a toms  ( type co), O and  Rb a toms  (a)  and O a toms  and  Nb~ Units (fl) 
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TABLE 2 

Positional parameters, site occupation factors k, U~u~ values of the anisotropic and U~o values 
of the isotropic displacement factors (pm 2) for Rb4(Si,Nb)2NbasO~0 

Atom Site x y z U ~  k 

Nb(1) 6g 0.2176(3) 0.1960(3) 0.95617(8) 137(8) 1 
Sb(2) 6g 0.1153(3) 0.4701(3) 0.22811(8) 136(8) 1 
Nb(3) 6g 0.4506(3) 0.1393(3) 0.68386(8) 138(8) 1 
Nb(4) 2d 1/3 2/3 0.0404(1) 171(9) 1 
Sb(5) 6g 0.0855(3) 0.4715 0.86867(9) 219(9) 1 
Sb(6) 2d 2/3 1/3 0.234(1) 280(53) 0.159(8) 
Nb(7) 2c 0 0 0.3128(1) 160(9) 1 
Nb(8) 6g 0.3929(3) 0.1261(3) 0.40720(8) 162(8) 1 
Nb(9) lb 0 0 1/2 194(14) 1 
Rb(1) 2c 0 0 0.1783(1) 210(11) 1 
Rb(2) 2d 2/3 1/3 0.5365(2) 289(12) 1 
Si 2d 2/3 1/3 0.2924(5) 161(31) 0.841(8) 
0(1) 6g 0.260(2) 0.429(2) -0.0004(5) 106(30) 1 
0(2) 6g 0.395(2) 0.904(2) 0.0856(5) 96(29) 1 
0(3) 6g -0.207(2) 0.028(2) 0.0890(6) 146(31) 1 
0(4) 2d 2/3 1/3 0.0912(9) 77(44) 1 
0(5) 6g - 0.287(3) 0.568(3) 0.1739(8) 390(46) 1 
0(6) 6g 0.124(2) 0.691(2) 0.1803(7) 254(38) 1 
0(7) 6g 0.150(2) 0.919(2) 0.2712(6) 155(33) 1 
0(8) 6g -0.108(2) 0.479(2) 0.2735(6) 152(32) 1 
0(9) 6g -0.167(2) 0.063(2) 0.3548(6) 144(32) 1 
O(10) 2d 2/3 1/3 0.358(1) 291(60) 1 
0(11) 6g 0.093(2) 0.461(2) 0.3626(7) 222(36) 1 
0(12) 6g 0.497(2) 0.390(2) 0.4330(6) 168(33) 1 
0(13) 6g 0.013(2) 0.223(2) 0.4548(6) 181(33) 1 

Standard deviations are given in parentheses. 

wh ich  a re  s t a cked  in h e x a g o n a l  o r  cubic  m a n n e r  ( see  Fig. 1). I n t e r a tomic  
d i s t ances  a re  g iven  in Tab le s  5 and  6. The  two  different  c o m m o n  close-  
p a c k e d  layers  o f  s ix o x y g e n  a t o m s  and  one  Nb6 uni t  (~)  a re  s u r r o u n d e d  by  
the  ne ighbour ing  s hee t s  ( (~,  eo) or  (e0, a)  r e spec t ive ly )  in a cub ic  m a n n e r  

[Nb~Ox~ lOs c lus ters .  The  cen t ra l  p a r t  o f  the  uni t  cell  r e p r e s e n t s  resu l t ing  in l a 
the  c o m p l e t e  s t ruc tu re  of  Ba3Si2Nb2o.sO44 [ 1 ] wi th  M - Ba  ins tead  of  M -  Rb. 
I t  is e n h a n c e d  b y  a b a r  in Fig. 1. The  u p p e r  and  lower  p a r t  o f  the  uni t  cell  
is a lso  found  to  be  p a r t  o f  an  a l r eady  k n o w n  s t ruc tu re ,  n a m e l y  NaaA12Nb84064 

[5l. 
B e t w e e n  the  c o m m o n  c l o s e - p a c k e d  layers  con ta in ing  NbaO12 c lus te r s  

addi t iona l  Nb a t o m s  (Nb(6)  and  Nb(7 ) )  are  l oca t ed  in oc t ahed ra l  ho les  and  
Si a t o m s  in t e t r ahed ra l  holes .  As m e n t i o n e d  above ,  t he  ne ighbour ing  
pos i t i ons  of  si l icon and  Nb(6 )  r evea l  a spec ia l  s i tuat ion.  Because  of  the  too  
shor t  Nb(6)--Si  d i s tance  (d~(6)_s i=155  p m )  an  a l t e rna t ing  occupa t io~  
(k(Si)  : k (Nb(6 ) )  = 0 .84  : 0 .16)  was  obvious .  This  r e su l t s  in spl i t  pos i t ions  for 



TABLE 3 

U u values" of the anisotropic displacement factors (pm 2) for Rb4(Si,Nb)2Nb35OT0 
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~ o m  Un ~2  ~3  ~2  ~3  ~3  

Nb(1) 144(10) 145(10) 127(10) 76(8) - 17(8) - 13(8) 
Nb(2) 123(10) 139(10) 134(10) 57(8) -5(8)  3(8) 
Sb(3) 146(10) 152(10) 113(10) 72(9) -5(8)  -7(8)  
Nb(4) 186(11) Ula 142(17) Uaa/2 0 0 
Sb(5) 262(12) 228(12) 144(11) 105(10) -4(9)  22(9) 
Nb(6) 221(65) U~a 400(88) UI~/2 0 0 
Nb(7) 178(11) Un 122(17) U~/2 0 0 
Sb(8) 186(11) 187(11) 119(10) 99(9) 5(8) 2(8) 
Nb(9) 201(16) Ual 178(26) U~1/2 0 0 
Rb(1) 211(13) Ua~ 207(20) UH/2 0 0 
Rb(2) 301(15) U~1 265(23) U~/2 0 0 
Si 217(39) Uaa 48(50) Un/2 0 0 

The positions of oxygen atoms have been refined isotropically. 
Standard deviations are given in parentheses. 
"The Uij are defined for exp[-2"z~(Ulah~a*2 +.. .  + 2U23klb*c*)]. 

TABLE 4 

Positional parameters, site occupation factors k and isotropic displacement factors (pm 2) of 
the oxygen split positions in Rba(Si,Nb)2Nb350~0 

Atom Site x y z U~o k 

0(5) 6g -0.284(4) 0.568(4) 0.172(1) 388(64) 0.841(8) 
O(5a) 6g -0.300(9) 0.570(9) 0.181(6) 264(105) 0.841(8) 
O(10) 2d 2/3 1/3 0.356(1) 225(73) 0.159(8) 
O(10a) 2d 2/3 1/3 0.374(7) 352(106) 0.159(8) 

Standard deviations are given in parentheses. 

the  s u r r o u n d i n g  o x y g e n  a t o m s  0 ( 5 )  and  O(10) .  In the  case  of  o c c u p a t i o n  
o f  the  s i l icon pos i t i on  the  O(10)  a t o m  is c lo se r  to  th is  pos i t ion  for  e lec t ros ta t i c  
r e a s o n s  t h a n  in the  case  o f  non -occupa t i on .  0 ( 5 )  b e h a v e s  in the  s a m e  way  
with  r e s p e c t  to  the  pos i t i on  of  Nb(6) .  The  d i sp l acemen t  f ac to r  o f  0 ( 8 )  tha t  
is sha r ed  b e t w e e n  SiO4 t e t r a h e d r a  and  Nbo o c t a h e d r a  is o f  a n o r m a l  size, 
153 p m  2. Obvious ly  the  r igid b o n d  of  0 ( 8 )  to  the  Nb6 o c t a h e d r o n  ( type  O i) 
p r e v e n t s  an  o b s e r v a b l e  spl i t  pos i t ion  fo r  this a tom.  

Nb(5)  a n d  Nb(8 )  a t o m s  o c c u p y  th ree  of  the  seven  oc tahedra l  ho les  
within one  (a,  w) s lab in such  a w a y  tha t  the  NbO0 o c t a h e d r a  share  th ree  
edges  f o r m i n g  Nb3Ola units .  C o m p a r a b l e  uni ts  a re  well  known  f r o m  r e d u c e d  
m o l y b d a t e s ,  e.g.  Zn2MoaO8 [29], o r  ha l ides  such  as  Nb3Br8 [30], in which  
shor t  M - M  d i s t ances  indica te  m e t a l - m e t a l  bond ing  within the  Ms tr iangle.  
Owing to  the  r a t h e r  l ong  d i s t ances  d~(~>_~( 0 = 306  p m  within the  Nb8 t r iangle  
in th is  s t r u c ~ r e  t he r e  is p r o b a b l y  on ly  w e a k  m e t a l - m e t a l  bonding.  The  
N b ( 8 ) - N b ( 8 )  d i s t ances  a re  even  l a rge r  (d~(s ) . -~(s )= 335 pm) .  
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Nb(9) 
Rb(2), 0(12), 0(13) 
Nb(8) 
O(9), O(10), O(11) 
Nb(3), Nb(7), Si 
0(7), 0(8) 
Nb(2), Nb(6) 
Rb(1), O(5), O(6) 
Nb(5) 
0(2), 0(3), 0(4) 
Nb(1), Nb(4) 
0(I) 

Fig. 1. Projection of the crystal structure of Rb4(Si,Nb)zNb35OT0 along [1 0 0]: O, 0 atoms; 
@, rubidium atoms. Nb6 octahedra, NbO6 octahedra and SiO4 tetrahedra are graphically 
emphasized. That part of the structure which corresponds to the unit cell of Ba3(Si,Nb)2Nb20.sO44 
is indicated by a bar. 

The rubidium atoms are surrounded by 12 oxygen atoms, each in a 
cubic close-packed environment for  Rb(1) and a hexagonal  close-packed 
environment  for Rb(2) respectively. 

Between the two central layers of oxygen and rubidium atoms (type a) 
only one Nb(9) atom provides weak bonding between the slabs which explains 
the easy cleavability of the plate-like crystals. The distances within the 
octahedron around Nb(9) are very large (d~(9)_oo8) = 208 pm (six times) 
and doo8)-~(13) ~ 294 pm (twelve times)). A similar situation is found in the 
structure of Ba3Si~Nb2o.8044 where the corresponding Nb(5 ) -0 (7 )  and 
0 ( 7 ) - 0 ( 7 )  distances are 208 pm and 295 pm respectively. 

Motifs of the mutual adjunction [31] together  with bond order  sums 
[32] are listed in Table 7. An assignment of oxidation numbers  to the atoms 
on the basis of  bond order  sums can be made, but  for mixed-valence oxides 
containing Nb6012 clusters it needs special care as a certain hierarchy of 
the bond strengths is reflected by large deviations from expected values (see 
ref. 5). 

The structure of Rb4(Si,Nb)2Nb35Ozo contains two different NboO~2 
clusters with average distances d ~ _ ~ = 2 8 2  pm. The bond order  sum 
Zs~(Nb(1)-O)=3.03 is much higher than the average bond order  sum 2.71 
for Nb(2) and Nb(3), thus suggesting different numbers  of electrons in M-M 
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TABLE 5 

Important interatomic distances in Rb4(Sil.68Nb0.a2)Nb35OT0 (pm) 

Nb(1)-O(1) 203.9(15) Nb(6)--O(8) 186.9(21) 3 × 

0(3) 204.5(13) 0(5) 231.6(30) 3 × 

0(3) 208.6(17) Nb(7)-O(7) 193.1(19) 3 × 
0(1) 212.3(12) 0(9) 196.1(18) 3 x 
0(2) 221.6(17) Nb(8)--O(13) 180.5(19) 
Nb(1) 281.3(3) 2 X 0(12) 190.6(12) 
Nb(1) 283.5(4) 2x O(12) 192.4(15) 

Nb(2)-O(7) 209.3(18) O(11) 201.1(15) 
0(6) 210.6(15) 0(9) 201.4(16) 
0(6) 211.3(20) O(10) 233.5(17) 
O(8) 215.1(18) Sb(9)-O(13) 207.8(18) 6x 
0(5) 231.1(24) Rb(1)-O(7) 293.1(17) 3× 
Nb(2) 282.0(3) 2 x 0(3) 293.4(17) 3 x 
Nb(3) 283.8(3) 0(5) 298.1(17) 3x 
Nb(3) 284.3(3) 0(6) 302.5(22) 3 x 

Sb(3)-O(11) 204.2(18) Rb(2)-O(13) 311.0(13) 3x 
0(7) 212.6(18) O(12) 312.3(20) 3 x 
O(8) 213.1(3) O(12) 317.5(17) 3x 
O(11) 214.0(19) O(11) 319.9(17) 3x 
0(9) 222.7(13) Si-O(8) 162.6(14) 3 x 
Nb(3) 279.0(3) 2 x O(10) 173.5(33) 

Sb(4)--O(1) 197.0(15) 3x (Si-Sb(6) 155.0(31) a 
0(2) 205.3(15) 3 x 

Nb(5)-O(6) 197.4(16) 
0(2) 199.5(13) 
O(3) 201.6(18) 
0(5) 204.4(18) 
O(4) 206.3(12) 
0(5) 208.5(24) 

Standard deviations are given in parentheses. 
aHypothetical distance for simultaneous occupation. 

TABLE 6 

Selected interatomic distances (pm) with regard to the split positions in Rb4(Si,Nb)2NbasOTo 

Nb(6)-O(8) 186(2) 3 x O(5a)--Nb(5) 211 (11) 
O(5a) 223(12) 3 x Nb(2) 212(12) 

Si-O(8) 163(2) Nb(6) 223 (12) 
O(10) 169(4) 3 x Nb(5) 227(12) 

O(5)-Nb(5) 204(3) Rb(1) 229(6) 
Nb(5) 223(1) O(10)-Si 169 (4) 
Nb(2) 235(3) Nb(8) 236(2) 
Rb(1) 298(2) O(10a)-Nb(8) 213(8) 

3x 
3× 

Standard deviations are given in parentheses. 

bond ing  states. In Na3A12Nb34064 with its two different Nb60~2 clusters,  no t  
only the  average  dis tances  dsb-Nb ( "~ 282 pm)  but  also the b o n d  order  sums 
( ~  2.95)  for  the n iob ium cluster  a toms  are  near ly  the same. 



TABLE 7 

Motifs of mutua l  adjunct ion [31] and  b o n d  o rde r  s u m s  [32] ~s i  in Rb4(Sil.68Nbo.32)Nb35OTo 

¢J1 

Atom I 6 0 ( 1 ) '  6 0 ( 2 )  i 6 0 ( 3 ) '  2 0 ( 4 ) -  6 0 ( 5 )  ~ 6 0 ( 6 ) '  6 0 ( 7 ) '  6 0 ( 8 ) '  6 0 ( 9 )  a 2 0 ( 1 0 ) -  6 0 ( 1 1 ) '  6 0 ( 1 2 ) -  6 0 ( 1 3 ) -  CN Y-z~ 

6Nb(1)  2 /2  1/1 2 /2  . . . . . . . . . .  5 3.03 
6Nb(2)  . . . .  1/1 2 /2  1/1 1/1 . . . . .  5 2.64 
6Nb(3)  . . . . . .  1/1 1/1 1/1 - 2 /2  - - 5 2.78 

2Nb(4)  3/1 3/1 . . . . . . . . . . .  6 4.60 
6Nb(5)  - 1/1 1/1 1/3 2 /2  1/1 . . . . . . .  6 4.38 
2Nb(6)  . . . .  3/1 - - 3 /1  . . . . .  6 4.65 
2Nb(7)  . . . . . .  3 /1  - 3 /1  . . . .  6 5.46 
6Nb(8) . . . . . . . .  1/1 1/3 1/1 2 /2  1/1 6 5.15 
1Nb(9) . . . . . . . . . . . .  6/1 6 3.82 
2Rb(1) - - 3/1 - 3/1 3/1 3 /1  . . . . . .  12 1.80 
2Rb(2) . . . . . . . . . .  3 /1  6 /2  3/1 12 1.09 
2Si . . . . . . .  3 /1  - 1/1 - - - 4 3.72 

Cn 3 3 4 3 5 4 4 4 3 4 4 4 3 

Y~s~ 2.12 1.92 2.23 1.99 1.86" 2.14 2.28 2.09* 2.06 1.72" 2.08 2.16 2.07 

CN, coordinat ion number .  
I F o r  the  no ta t ion  of  the  O a t o m s  see  ref. 33. 
*Calculated a s sum i ng  a ratio S i :Nb(6 )=1 .68 :0 .32  and  taking the  split  pos i t ions  o f  0 ( 5 )  and  O(10)  into account .  
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A more detailed analysis shows that  the bond order sums of the O i 
atoms (notation according to ref. 33) are somewhat higher than the expected 
value 2.0 whereas the O a atoms exhibit lower values. The bond order sum 
for O(10) is 1.72 when its split position is taken into account. In comparable 
systems these deviations from expected values are discussed in terms of a 
higher bond strength within the Nb6012 clusters compared with the bond 
strength within NbO6 octahedra or other M-O bonds (see ref. 5). 

The bond order sum for silicon is 3.7 which is comparable with the 
value found for silicon in Na(Si,Nb)NbloO,9 and the normal oxidation state 
+ 4 is clearly indicated. In contrast, the assignment of an oxidation state 
for the octahedrally surrounded Nb atoms is rather ambiguous. Nb(9) which 
is located between the two central layers (type a) has a bond order sum of 
3.86 and it is safe to assume the oxidation state + 4. Nearly the same value 
is obtained for the corresponding atom Nb(5) in BaaSi2Nb2o.sO4a and therefore 
the oxidation number should not be + 5 as assigned by Evans and Katz [1 ]. 
The oxidation state + 5 is obvious for Nb(8) and Nb(7) for which too high 
bond order sums of 5.15 and 5.46 have been calculated. The value 5.46 for 
Nb(8) results from very short distances to O(12) (180.5 pin) and to O(13) 
(190.6 and 192.4 pm). As these oxygen atoms belong to the central (a, a) 
slab in which they are very weakly bonded to the rubidium and Nb(9) atoms 
respectively, they must form a strong bond to Nb(8). Taking into account 
the special bonding situation in the neighbourhood of the Nb60~2 clusters 
[5], Nb(4) and Nb(6) with bond order sums of 4.60 and 4.65 respectively 
could still be + 5. Problems occur for Nb(5) whose bond order sum is 4.36, 
thus leaving a clear assignment of an oxidation state open. 

Finally, the problems with bond order summations in such structures 
become evident with the rubidium atoms. In contrast to a cuboctahedral 
void, which is much too small for Rb(1) exhibiting a bond order sum of 
1.8, the hole with the hexagonal close-packed coordination can accommodate 
up to the size of rubidium by enlargement, yielding a bond order sum of 
1.1 for Rb(2). 

Under the assumption that all niobium atoms with the exception of 
Nb(9) have an oxidation number +5 ,  the ionic limit 

Rb4 + 8i1.684 + Nbo.325 + Nb14 + Nb 165 + (Nb6)aO~02- 

leads to a charge of 7 0 - 2 - ( 4 . 1 + 1 . 6 8 . 4 + 0 . 3 2 . 5 + 1 - 4 + 1 6 . 5 ) =  +43.68  
which has to be compensated by the 18 niobium cluster atoms. Thus the 
average number of electrons available for metal-metal  bonding for the two 
different Nb60,2 clusters is (18 .5 -43 .68) /3 - -15 .5  which would thus be the 
highest so far observed in oxoniobates. The Nb-Nb distances within the 
clusters range between 279 and 284 pm and this distortion is relatively large 
compared with the same kind of clusters in other structures but the mean 
distance dNb_Nb=282.3 pm is similar to what has usually been found in 
reduced oxoniobates with 13, 14 or 15 valence electrons in N-N bonds of 
the NbsOm cluster [4, 5, 7-10,  17]. In contrast to corresponding ha]ides 
where a significant correlation between the number of valence electrons and 
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N b - N b  distances within the Nb6X12 clusters ( X - C I ,  Br) is observed, this is  
not the case for Nb6012 clusters (see Table 6). A possible difference in 
average N b - N b  bond lengths due to variations of  the number of  valence 
electrons is possibly hidden by matrix effects. 

Molecular orbital calculations [34] have shown that a cluster of  the 
M6X12 type can contain a maximum of  16 valence electrons in M-M bonding 
states but then strong M-O anti-bonding states are already filled. The "magic" 
number of  14 valence electrons is often found in such oxoniobates  with 
only bonding states of  the MsX12 clusters being filled. Therefore a description 
in the ionic limit 
R b 4  + • 4 +  5 +  4 +  5 +  5 +  1 6 +  Sh.6s Nbo32 Nbl Nblo [Nb(5)8 (Nb6)3 .4 .5e-]O702- 

is more adequate, where the Nb8012 clusters contain a minimum of 14 
electrons and the remaining 4.5 valence electrons are distributed over the 
three Nb8012 clusters and the Nba013 units. In this case the low bond order 
sum of  4 .36 for Nb(5) would indicate that an intermediate oxidation state 
between + 4 and + 5 for Nb(5)  is reasonable and weak Nb-Nb bonding in 
the (Nb(5))3 units is present. 
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