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One of the products of reaction between NbzOs, Nb, and BaO in a 1.6:1:2.4 mole ratio at 1250°C in an 
evacuated silica capsule is the complex oxide BaaNb21_xSizO44. The compound has an hexagonal unit cell 
of dimensions a = 7.774 ± 0.004/~, c = 16.765 ± 0.007 A, probable space group P3, Z = 1. Its structure 
has been determined from 4484 independent reflections measured by counter methods. Refinement by 
Fourier andleast-squaresmethodswascarriedoutto aweightedRvalueof9.8 %(conventionalR = 12.4%). 

The structure consists of a close-stacking of seven close-packed layers in the sequence BaO6, 06 (oxygen 
layer with 1]7 of the oxygen missing), O7, BaO6, BaO6, 07, Oo. Between two BaO6 layers there is one Nb in 
an octahedral site (population parameter -~ 0.8); between BaO6 and 07 layers there are three Nb in octa- 
hedral sites; between BaO6 and 06 layers there are three Nb in sites coordinated by five O in a square 
pyramidal arrangement; and between 06 and 07 layers, there are three Nb in similar square pyramidal 
sites, one Nb in an octahedral site, and one Si in a tetrahedral site. The niobiums in square pyramidal sites 
form an octahedron about the oxygen vacancy of the 06 layer and engage in metal-metal bonding, the 
Nb-Nb distances ranging from 2.78 to 2.85 A_. 

Nb6Ols clusters can be identified in which the Nb6 octahedron is surrounded by a cuboctahedron of 
oxygen atoms capped by oxygen atoms on the square laces. Alternatively, the oxygen array may be des- 
cribed as an octahedron of oxygens with oxygens also at the centers of the edges. 

ntroduction 

W h e n  Nb20~, Nb ,  and  BaO react  in the 
~resence o f  SiO2, var ious  complex  oxides m a y  be 
~roduced. The  first such c o m p o u n d  to be 
]escr ibed was B%Nb6Si4026, which Shannon  
]e termined to have a s tructure composed  of  
: trings o f  NbO6 oc tahedra  jo ined  by  corner-  
'haring,  bo th  a m o n g  each other  and  with SizO7 
; roups  (two SlOg te t rahedra  shar ing one vertex), 
Nith ba r iums  occupying holes between the chains 
.'1). The  c o m p o u n d  Ba3NbTSi2025_x ( x ~ 0 . 5 )  
has a similar  bu t  somewhat  more  complex  
; t ructure (2), in which some edge-shar ing 
o f  NbO6 oc tahedra  occurs. A thi rd  oxide, 
Ba3Nb21_xSi2044, however ,  has  an entirely 
ilifferent s tructure which will be descr ibed herein. 

In  it Nb6018 clusters can be  identified. Pro-  
fessor  W a r d  has always shown an interest  in 
such clusters, so we are par t icu la r ly  pleased to 
be able to  repor t  on  a c o m p o u n d  which not  only 
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represents  a con t inua t ion  of  his work  at  the 
Univers i ty  o f  Connect icut ,  bu t  which also has 
some features  o f  special interest  to him. 

Experimental 

The reac tants  Nb205  and N b  were ob ta ined  
commercia l ly .  BaO was p repa red  by hea t ing  
BaO~ in vacuo to  1000°C for  one hour .  These 
three reac tan ts  were mixed in a 1 .6 :1 :2 .4  mole  
ra t io  and  t r i tu ra ted  under  pe t ro leum ether. The  
result ing p o w d e r  was p laced  in a silica capsule  
which was evacuated  and sealed, the silica 
serving as bo th  conta iner  and  reactant .  The  
sample  was held  at  1250°C for  one week. U p o n  
remova l  f rom the furnace,  the capsule  was in a 
par t ia l ly  co l lapsed  state, and  on  cool ing  i t  became 
c louded  and  crazed on the inside. 

W h e n  the capsule was opened,  b lack ,  highly 
reflective crystals  were obse rved ,  bo th  loose  and  
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embedded in the walls, many of the former 
aggregated into clusters that appeared to have 
been partially melted. The loose non-aggregated 
crystals occurred in two distinct habits: thick 
chunks only occasionally exhibiting flat faces, and 
very thin hexagonal plates, often broken but 
usually having at least one 120 ° angle visible. 
The chunks were eventually determined to be 
Ba3Nb7Si2025_ x. It  is, however, the investigation 
of the thin plates that is of  interest here. 

A single crystal in the shape of a roughly 
triangular plate about 0.3 m m  across and 0.05 
mm thick was selected for study. X-ray precession 
photographs showed hexagonal (trigonal) sym- 
metry, Laue group 3. There were no systematic 
absences, so the probable space group is either 
P3 orP3.  Unit-cell dimensions o f a  = 7.78 A, e = 
16.75 A were determined from the photographs. 
Due to the extremely small quantity of  sample, 
measurement of  its density was not feasible. 

Data  for structure determination were collected 
on a Picker Nuclear computer-controlled single- 
crystal diffractometer, using MoKa radiation 
and operating in the 0-20 scan mode. The base 
scan width was 3 ° in 20; a dispersion factor of  
0.692 was used; background was counted for 
20 seconds on each side of the peak; three standard 
reflections were measured every 40 reflections. 
Data  were collected in the following range: 
h and k, - 3  to 10; l, - 3  to 36; and 20, 2 ° to 100 °. 
In all, 6260 intensities were measured. The 
standards showed considerable variation with 
time, which was later shown to be due to instru- 
ment instability. Partial correction for this 
variability was made by dividing the data into 
groups during whose collection the standards 
remained reasonably constant and applying 
scale factors to bring the standards of different 
groups into agreement. Twenty scale groups 
were used, containing from 80 to 920 reflections 
and with scale factors ranging from 0.928 to 
1.071. After scaling, the three standards had 
standard deviations of  1.6 ~ ,  6.0 ~ ,  and 3.6 ~ .  
The data were corrected for background and 
absorption, and reflections related by the sym- 
metry of the Laue group were averaged. The 
absorption correction was made using Prewitt 's 
program ACACA (3), with a few modifications 
to compensate for errors presumably due to 
diffractometer alignment problems. Averaging 
reduced the data set to 4484 independent re- 
flections. 

Of  these, 1148 had intensities less than twice 
the standard deviation of  the background and 

were labelled as unobserved. Upper  bounds fi 
these intensities were set equal to the observe 
intensities plus twice their standard deviatioi 
(Io + 2O'io). A standard deviation was calculate 
for each reflection according to the formula 

~r o 1 
- ( ( N T  + m + 

[0.02(NT -- BG)12}/(NT - BG)) 1 

for observedreflections and 

o- o i (BG~I/2 
aF--  10 2~/Lpp" 

for unobserved reflections, where o-g is the percen 
standard deviat ion in a group of symmetr) 
related reflections (set to 10 for single reflectionsl 
Lp is the product of  Lorentz and polarizatio 
factors, AfT is the total counts recorded on th 
scan through the peak, and BG is the backgrount 
counts for the scan. These standard deviation 
are derived from counting statistics, the equation 
used being based on those given by Stout an, 
Jensen (4). 

Lorentz and polarization corrections wer~ 
made using the program package "The X-ra- 
System" (5), which was also used to calculat~ 
accurate cell dimensions of  a = 7.774 ~ 0.004 J 
and c = 16.765 ± 0.007 A from the 20 values o 
twelve individually centered reflections, ant 
in all subsequent calculations of  Fourier map~ 
least squares refinements, and so forth. 

A rough determination of relative compositior 
was made with a KEVEX-Quanta/Metri :-  
energy dispersive spectrometer, using Ba3Nb7. 
Si2025-x as the standard. This measuremen 
indicated a Ba/Si ratio of  about 3/2 and a Ba/I',". 
ratio of  about 1/7. The statistical distributior 
of  normalized structure factors indicated the 
presence of a center of  symmetry, making th~ 
probable space group/ '3 .  

Structure Determination and Refinement 

Examination of the hk0 reflections revealec 
140 and 630 to be very strong, suggesting tha 
many of the heavy atoms lie on or near the inter 
sections of  the corresponding planes, i.e. a 
sites 0, 0, z; 1/3, 2/3, z; 1/21, 5/21, z; 2/7, 3/7, z 
2/21, 10/21, z (and symmetry-related sites) 
Of  these, only the first two are suitable fm 
barium, since use of  any of the other three wouk  
place symmetry-related bariums uncomfortabl3 
close together. All five sites are possible fm 
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:obium (and also for oxygen). A Patterson map 
as calculated and  showed s t rong concentra t ions  
fpeaks  cor responding  to the in te ra tomic  vectors 
n o n g  the above  hypothes ized  locat ions.  
One par t icu la r ly  large peak  indica ted  the pos-  

ble presence o f  a heavy a tom at 1/3, 2/3, 0.14. 
difference Four i e r  m a p  calcula ted f rom a mode l  

f jus t  one ba r ium at this loca t ion  was used in 
~njunction wi th  the Pa t te r son  to  suggest nio-  
ium locat ions.  Structure  solut ion proceeded  
y tr ial  and  error ,  using A F  maps  as the p r imary  
~oI for  revision o f  the model .  In  o rder  to reduce 
alculat ion t ime, only  observed reflections o f  

s i n 0 < 0 . 5  (1770 reflections) were used in this 
process.  A l t h o u g h  the ini t ial  b a r i u m  had  actual ly  
been wrongly  placed,  a reasonable  mode l  was 
eventual ly  p roduced  in this way, having pa ra -  
meters  close to the final values shown in Table  I. 
The  ideal  fo rmula  o f  the c o m p o u n d  was deter-  
mined  f rom this mode l  to be BaaNb21Si2044. 
Af te r  ref inement  o f i s o t r o p i c  the rmal  parameters ,  
using a weight ing funct ion w = 1/tre 2, the weighted 
R-value  was 0.115 and  the convent iona l  R was 
0.119 for  the res t r ic ted da ta  set. 

An i so t rop ic  thermal  pa ramete r s  were in t ro-  
duced for  ba r ium and  n iob ium and  the full da t a  

TABLE I 

ATOMIC PARAMETERS FOR Ba3Nb2~_xSi2044 

~tom Ba(1) Ba(2) Nb(1) Nb(2) Nb(3) Nb(4) Nb(5)" 

osition la  2d 6g (general) 6g 6g 2c 1 b 
nitial coordinates 0, 0, 0 ½, a~, ~21 ~r,2 ~r,~ o a-~ ~-,1 ~,s ~o~o v,~ ~,1 ~oo3 s 0, 0, ~o~ 0, 0, ½ 
inal 
x 0 ½ 0.1123(2) 0.1423(2) 0.3938(2) 0 0 
y 0 ~- 0.4762(2) 0.6951(2) 0.1317(2) 0 0 
z 0 0.4406(1) 0.0765(1) 0.2165(1) 0.3601(1) 0.2112(1) ½ 

71~ x 100 1.582 2.623 0.801(52) 0.740(52) 1.757(68) 1.586 2.313 
f22 x 100 1.582 2.623 0.814(53) 0.851(53) 1.415(62) 1.586 2.313 
7a3 × 100 0.738(52) 0.872(42) 0.248(28) 0.306(28) 0.383(30) 0.542(57) 1.197(145) 
ij2 x 100 0.791(31) 1 .311(29)  0.391(46) 0.461(45) 1.094(57) 0.793(35) 1.157(91) 
113 × 100 0 0 0.042(35) -0.100(34) -0.185(39) 0 0 
12~ × 100 0 0 -0.045(35) 0.000(36) -0.132(39) 0 0 

ktom Si(1) O(1) 0(2) 0(3) 0(4) 0(5) 

"osition 2d 6g 6g 6g 6g 6g 
nitial coordinates ~,~,/~o 1 ~ 0 . . . . . . . .  ¢ 1 ,  14 ~ ,  1o ~4 

=inal 
x ½ 0.1265(14) 0.0715(14) 0.5202(14) 0.2358(16) 0.0992(15) 
y ~} 0.7061(15) 0.2367(15) 0 .4112(14)  0.1726(15) 0.4708(14) 
z 0.8199(3) 0.0080(5) 0.1453(5) 0.1487(5) 0.2784(5) 0.2915(5) 

.J × 100 0.727(107) 0 .964(165)  0.918(162) 0.633(140) 0.996(162) 0.983(159) 

ktom 0(6) 0(7) 0(8) 

~osition 6g 6g 2d 
nitial coordinates 10 281, 21 21 ' 2.5], 21 3,  ~, 3 6 z 6  ~ 0  
;inal 

x 0.4975(18) 0.0274(16) ½ 
y 0.3903(18) 0.2327(16) 3 z 
z 0.4107(7) 0.4298(5) 0.7247(8) 

'_1 x 100 2.159(237) 1 .282(171)  0.697(258) 

a Population parameter 0.79(1). 
Anisotropic thermal vibration expressed as: 

exp[-1/4(a*2U11 h 2 + b .2 U22 k 2 + c .2 U3a l 2 + 2a* b* U12 hk  + 2a* c* Ut3 hl + 2b* c* U2a kl)] 

Errors in the last digit are given in parentheses; where no error is shown, the parameter is not independent. 
lsotropic thermal motion expressed as: [exp -8~r 2 U sin 2 0/2, 2] 
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set was used for the final stages of refinement. 
Allowing population parameters to vary resulted 
in a significant change only for Nb(5), whose 
final refined occupancy factor is 0.79. The 
compound formula is thus Ba3Nbzl_xSi2044 
(x _~ 0.2). A correction for secondary extinction 
was made to the 118 reflections having intensities 
greater than 10,000 and sin0/2 less than 0.40, 
using the empirical method described by Stout 
and Jensen (4). Anomalous dispersion was 
included in all structure factor calculations. 
Neutral atom scattering factors taken from the 
International Tables (6) were used throughout. 
The final weighted R was 0.098, the conventional 
R 0.124. The maximum shift to error ratio 
in the final cycle of refinement was 0.084. A final 
AF map showed no peak higher than one-third 
the height of the peak produced by deliberate 
omission of a single oxygen atom. Atomic 
parameters are listed in Table I. 

Discussion 

The unit cell of Ba3Nb21_xSi2044 is shown in 
stereo in Fig. 1. It may be conveniently described 
in terms of the layer structure diagrammed in 
Fig. 2. Considering each layer simply as a/close- 
packing of equal spheres, the stacking sequence 
is ABCBCBC. The compositions of the seven 
layers are: BaO6, 06 (an oxygen layer with 
one-seventh of the oxygens missing), 07 (a 
complete oxygen layer), BaO6, BaO6, 07, 06, 
respectively. 

The BaO6 layer found here has not, to our 
knowledge, been reported previously. It is, 
however, analogous to the KF6 layer found in 
KOsF6 and similar compounds. KOsF6 has a 
structure based on a cubic stacking of approxi- 
mately close-packed KF6 layers, with one Os 
occupying the only available octahedral site 
between each pair of layers (7). Between the two 

% 

Fro. 1. Stereo view of the unit cell of BaaNb2t-xSi2044. 
Shaded circles are Ba, large open circles O, small open 
circles Nb, and small closed circles Si. 

1 A - -  BAO s 

5 N B  

7 C - - 0 8  
4 N~, 1SI 

6 B - - 0 7  ( ~  
5N. 

5C BA06 
1 NB 

4B BA06 
5NB 

5C O~ 
4 NB, 1S i  

2B 0 6 
3NB 

1A - -  B A O  6 1 
*NB, 'S I  *.ovz , - * .z  

oN%'S ,  , , 'o"  '~ '"" ~ BA 0 0 

FIG. 2. Layer structure of BaaNb21-xSi2044. 

adjacent BaO6 layers in Ba3Nb2a_xSi2044 there 
is, similarly, a single niobium (Nb(5)) in the onll 
available octahedral site, although here its popu 
lation parameter is somewhat less than one. 

NB5 

NB 4 SI f ~ , ~  
k.V_y 

NB1 
FIG. 3. Niobium and silicon coordination in BaaNb21-: 

Si2044. See Table II for explanation of superscripts. 
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( ( 
FIG. 4. Stereo view of Nb6Ols cluster. 

Between BaO6 and O7 layers there are three 
aiobiums in octahedral  sites; between BaO6 
and 06 layers there are three niobiums in sites 
zoordinated by square pyramids  o f  oxygens with 
the niobiums in the pyramid  bases; and between 
"-~6 and 07 layers there are three niobiums in 
square pyramidal  sites, one n iob ium in a normal  
octahedral  site, and one silicon in a te trahedral  
site. The coord ina t ion  o f  the various n iobiums 
and of  the silicon is shown in Fig. 3. 

The  square pyramidal  sites ment ioned above 
would  be octahedral  except for the oxygen vac- 
ancy in the 06 layer. The absence of  an oxygen 
at the site is established by the lack o f  any peak 
on the final A F m a p  and by the fact that, when an 
oxygen a tom was in t roduced there, upon re- 
finement it quickly acquired a thermal  parameter  
so large (U ~ 55) as to indicate that  the a tom 
was not  there at all. The six niobiums in square 
pyramidal  sites surround the vacancy in an 
octahedral  arrangement ,  as shown in Fig. 4. 
The  N b - O  distances, as shown in Table  II,  

TABLE II 

INTERATOMIC DISTANCES AND ANGLES IN Ba3Nbzl_xSi2044 

Distances: 
~Ba(1)-O(1) 2.907 ± 0.014 
Ba(1)-O(2) 2.933 ± 0.009 
Ba(2)-O(5) 3.018 ± 0.008 
Ba(2)-O(6) (same layer) 3.039 ± 0.017 
Ba(2)-O(6) (different layers) 2.953 ± 0.013 
Ba(2)-O(7) 3.008 ± 0.012 
Nb(l)--Nb(1) 2.793 ± 0.002 
Nb(1)-Nb(2) 1 2.840 ± 0.002 
Nb(1)-Nb(2)  z 2.854 ~ 0.002 
Nb(1)-O(1) ~ 2.080 ± 0.012 
Nb(1)-O(1) z 2.028 -~ 0.011 
Nb(1)-O(1)" 2.197 ± 0.008 
Nb(1)-O(2) 2,076 ~ 0.011 
Nb(1)-O(3) 2.115 ~ 0.007 
Nb(2)-Nb(2) 2,783 ± 0.002 
Nb(2)-O(2) 2.104 :t- 0.010 

TABLE II--continued 

Distances: 
Nb(2)-O(3) 2.154 ~: 0.006 
Nb(2)-O(4) 2.185 ± 0.009 
Nb(2)-O(5) 1 2.037 ± 0.011 
Nb(2)-O(5) 3 2.114 ± 0.006 
Nb(3)-O(4) 1.969 ± 0.012 
Nb(3)-O(5) 2.065 ± 0.011 
Nb(3)-O(6) 1 1.947 ± 0.013 
Nb(3)-O(6) z 1.973 ± 0.014 
Nb(3)-O(7) 1.797 ± 0.007 
Nb(3)-O(8) 2.378 ~- 0.008 
Nb(4)-O(2) 1.973 m 0.011 
Nb(4)-O(4) 1.992 ± 0.011 
Nb(5)-O(7) 2.078 :~ 0.012 
Si(1)-O(3) 1.622 ± 0.013 
Si(l)-O(8) 1.595 ± 0.015 

Angles: 
O(1)l-Nb(1)-O(1) 4 97.3 ± 0.4 
O(1)~-Nb(1)-O(1) 4 82.1 ± 0.4 
O(1)2-Nb(1)-O(1) 4 87.2 _-t: 0.4 
O(l)2-Nb(1)-O(2) 1 86,2 ± 0,4 
O(1)4-Nb(1)-O(2) ~ 94.5 ± 0.4 
O(1)l-Nb(1)-O(3) 3 90.0 ~ 0.4 
O(1)'-Nb(1)-O(3) a 87.0 ± 0.4 
O(2)-Nb(1)-O(3) 86.2 _+ 0.4 
O(2)-Nb(2)-O(3) 91.3 i 0.3 
O(2)-Nb(2)-O(4) 79.3 ± 0.3 
O(2)-Nb(2)-O(5) 90.5 ± 0.3 
O(3)-Nb(2)-O(4) 87.2 ~ 0.3 
O(3)-Nb(2)-O(5) 87.9 ± 0.4 
O(4)3-Nb(2)-O(5) 1 95.2 ± 0.4, 
O(4)a-Nb(2)-O(5) 3 88.6 :L 0.3 
O(4)-Nb(3)-O(5) 88.0 :L 0.4 
O(4)-Nb(3)-O(6) 96.1 ± 0.6 
O(4)-Nb(3)-O(7) 101.8 ± 0.4 
O(4)-Nb(3)-O(8) 84.3 ± 0.4 
O(5)-Nb(3)-O(6) 82.0 ~ 0.3 
O(5)-Nb(3)-O(7) 94.5 ± 0.4 
O(5)-Nb(3)-O(8) 84.2 ± 0.2 
O(6)-Nb(3)-O(6) 88.8 ± 0.5 
O(6)~-Nb(3)-O(7) 3 101.6 ~: 0.5 
O(6)2-Nb(3)-O(7) a 95.4 ± 0.4 
O(6)-Nb(3)-O(8) 78.7 ± 0.4 
O(2)-Nb(4)-O(2) 91.7 3_ 0.5 
O(2)~-Nb(4)-O(4) 1 87.3 ~ 0.4 
O(2)~-Nb(4)-O(4) z 89.8 ± 0.4 
O(4)-Nb(4)-O(4) 91.2 ~ 0.4 
O(7)-Nb(5)-O(7) (O's in same layer) 91.1 ± 0.5 ° 
O(7)-Nb(5)-O(7) (O's Jn different layers) 88.9 ± 0.5 
O(3)-Si(1)-O(3) 110.0 ± 0.5 
O(3)-Si(1)-O(8) 109.0 ± 0.4 

Where necessary, symmetry-related atoms are dis- 
tinguished by superscripts referring to the list of general 
position coordinates for space group P3 (No. 147) in the 
International Table (11). 
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TABLE III 

ELECTROSTATIC BOND STRENGTHS TO OXYGEN IN 
BaaNb21-xSi2044 

Assuming all niobium to be in average oxidation state (+3.56): 

O(1): 1 Ba at 1/6 + 3 Nb at 0.71 = 2.30 
0(2): 1 Ba at I/6 + 2 Nb at 0.71 + 1 Nb at 0.59 = 2.18 
0(3): 1 Si at 1 + 2 Nb at 0.71 = 2.42 
0(4): 1 Nb at 0.71 + 2 Nb at 0.59 = 1.89 
0(5): 1 Ba at I/6 + 2 Nb at 0.71 + 1 Nb at 0.59 = 2.18 
0(6): 2 Ba at 1/6 + 2 Nb at 0.59 = 1.51 
0(7): 1 Ba at 1/6 + 1.8 Nb at 0.59 = 1.23 
0(8): 1 Si at 1 + 3 Nb at 0.59 = 2.77 

Assuming Nb(1) and Nb(2) to be in +2.5 oxidation state and 
Nb(3), Nb(4), and Nb(5) to be NbV: 

O(1): 1 Baat  1/6+ 3 Nba t  1[2 = 1.67 
O(2): 1Ba at 1/6 + 2 Nb at 1/2 + 1Nb at 5/6 =2'00 
0(3): 1 Si at 1 + 2 Nb at 1/2 = 2.00 
0(4): 1 Nb at 1/2 + 2Nb at 5/6 = 2.17 
O(5): lBaat l /6+2Nbat l /2+lNbat5/6  =2.00 
0(6): 2 Ba at 1/6 + 2 Nb at 5/6 = 2.00 
O(7): 1 Ba at 1/6 + 1.8 Nb at 5/6 = 1.67 
0(8) : l Si at 1 + 3 Nb at 5/6 = 3.50 

range f rom 2.03 ~ to 2.20 A,  well within the 
no rma l  range for  n iob ium oxides,  bu t  the N b - N b  
distances,  averaging 2.81 A, are extremely short .  

In  the ion  Nb60~- ,  for instance,  the ar range-  
men t  of  n iob ium and oxygen is the same as in the 
present  Nb6Ox8 grouping  except  tha t  an addi -  
t ional  oxygen is present  in the center  o f  the group.  
The shortest  N b - N b  distance there, however,  
is a b o u t  3.2]~ (8). In  tha t  case, n iob ium is present  
as N b  v. In  Ba3Nb21_xSi2044 , however,  the 
average n iob ium oxida t ion  state is +3.56, 
assuming x ~ 0 . 2 1 .  Moreover ,  Nb(3),  Nb(4),  
and  Nb(5) are found  in the centers o f  simple 
N b O 6  oc tahedra  jo ined  by corner-  and  edge- 
shar ing and p r o b a b l y  have oxida t ion  numbers  
not  much  below +5. Hence Nb(1)  and Nb(2),  
which make  up the oc tahedra l  cluster,  p r o b a b l y  
have ox ida t ion  states in the n e i g h b o r h o o d  o f  
+2.5. 

Thus a more  app rop r i a t e  ana logy  than  the 
Nb6089 group  is found in the Nb6C12+ ion, 
which consists o f  an oc tahedron  o f  n iob ium s with 
chlorines p laced  some distance out  f rom the 
midpo in t s  o f  the edges. The n iob ium ox ida t ion  
state is +21, the average N b - N b  dis tance 2.9 A,  
and  the shortest  distance 2 .85 /k ,  qui te  compa r -  
able  to the values in Ba3Nb21_xSi20, 4 (9). 
A n  even more  similar  N b - N b  dis tance is found  

in NbO2, in which edge-shar ing  NbO6 octa.- 
hedra  in a rut i le- type chain  are d is tor ted  so as 
to br ing  pai rs  o f  n iob iums  into m e t a l - m e t a l  
bond ing  range.  The  N b - N b  distances a long  the 
chain  are a l ternate ly  2.80 A. and  3.20 A. (10). 
The bond ing  dis tance o f  2.80 A is v i r tual ly  
ident ical  to the 2.81 A N b - N b  dis tance found  in 
the present  compound .  

Nb(1)  and  Nb(2),  then, fo rm an  oc tahedra l  
cluster o f  n iob iums  held together  by  m e t a l -  
meta l  bonding ,  each n iob ium being coo rd ina t ed  
to four  others.  The  coord ina t ion  sphere o f  each 
n iob ium consists o f  five oxygens in a square 
p y r a m i d a l  a r rangement ,  with the n iob ium in the: 
base o f  the pyramid .  Nb6Ols  clusters can be 
identif ied in which the Nb6 oc t ahed ron  is sur- 
rounded  by a cuboc t ahed ron  o f  oxygen a toms  
capped  by oxygen a toms  on the square  faces. 
Al ternat ively ,  the oxygen a r r ay  m a y  be descr ibed 
as an oc t ahedron  with oxygens also at  the centers, 
o f  the  edges. The  remain ing  n iob iums  in the '  
s t ructure  are in oc tahedra l  sites, hav ing  N b - O  
distances o f  1.95 to  2.08 A,  wi th  the except ion 
o f  the  Nb(3) -O(8)  dis tance o f  2.38 A.  The ex- 
t reme length o f  this bond  relat ive to the n o r m a l  
N b - O  dis tance is due to  the very p o o r  local  
charge ba lance  a r o u n d  0(8)  shown in Table  III .  
Elect ros ta t ic  bond  strengths are given first 
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TABLE IV--continued 

2Z 

1 33.3 1 2 t  

l g  2 " 9  ] 1 6  

2 S  3 7 9  2 ~ S  1 I  l ¢ a  - I ~  

Z~  ~ 5 7  ~ e ~  ~ ~ - - ~ 6 ~  e 1 9 t *  1 2 2  1~  3 1 2 "  1 6 9  

~6  ? ~ 2  1 9 6  ~ l ~ q 2  1 3 0 5  I 1 9 S  - -26R g 2 0 9  - l ~  l S  ~ 6 Z  ~ 0 2  

7 2 7  ~ 7 1 B  1 3  2 0 6 ,  ~ 8  1 6  3 1 6  

5 0 2  - S i l l  19  1 1 2 6  1 0 0 3  1 5  2 6 0  - ~ q Z  1~  3~2  - Z ~ 0  • 
V - 9 0 g  ~ 0  2 7 ~  - 1 0 8  1 6  ~ n  - ~ 1 ~  l g  2 7 2 ,  1 ~6~  . 2 ~  

2 3  ~ 2 ~  2 0 5  1 9  2 5 ~ "  

2 ~ 1 .  - 3 0  ~ 2 1 ~  13~  ~ a ~ 9  - a S ?  3 ~ 8 )  1 5 3  3 3 1 •  2 6 ~  

~z. - ~  

z z  ~ s o  ~ z s  

g z ~  
1 5  2 ~ 2 .  1 1 6  

z r  z ~ l  - 1 ~ 0  
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9 , o 7 . L  

311  

1 2  I * ] t  

1 .  z v r  

q ~ - 5 , L  1 3  ~ 5 1  3 ~ V  11  7 6 0  7 q ~  I 9  ~ 5 5 "  3 0 Z  z 6  l q ~  - ~ 2  
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2 I s s -  - 6 ~  
3 1 8 9 .  - ~ 3 0  1 2 ) . 6 . L  1 6 . - S . L  

2 
8 7 2  8 ~  l Z . * 3 . k  l a , - S . L  

l l ) - 8 ) C  1 2 0 ~ "  - 7 6  1 2 1 1 "  ~ ]  

- ~ s  Z Z . - Z ) L  

I ~ , - 7 . L  1 ~ 5 ~  9 2 0  1 ~ a ~  - 3 S t  

1 3 1 3  ~ 9 2  3 1 8 ~ .  - 9  3 1 0 2 7  6 ¢ 6  
Z 0 3  - 1 0 S  

3 2 0 1 °  6 1 3 . - 1 0 , ~  l S ) - 1 0 ) L  

1 7 ~ o  " 1  

i s  e z * -  6 ¢  
5 2 ~  - z 6 a  16  2 3 7  ~ ° 8 a 9  ~ 8 7  
6 5 ~ 0  ~ r ~  17  2 ~ 9  i a ~ 6  4 2 5  

2 x o .  - ~ 7  

] 7  ° - r i o  2 ~ 5 0 .  a ~  

l ~  2 5 z  1 6 7  3 2 0 q .  - ] 2 7  
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i t  3 1 6  z 6 2  21 2 t ,  = 9 5  l ~  ~ 7 2  ~o  

z ~ t *  = ,  

3 I o i  - ~  1 3 . - 8 , L  1 5 , - 8 , L  

I [ , - ~ . L  

Z ~ 3  = 3 0 B  
3 S q 7  - 9 3 ~  I 3 . - V , L  l ~ , - V , t  

I I ) - 3 . L  1 l ~ q  - 1 4 1  1 n v n  = s 3 *  

z 17~  1 ~  ~ 6 a ~  - s s 7  3 2 . ~ °  1 0 2  
2 2 2 6  z 7 0  

7 7 6  ~ s 8  ~ 3 , - 6 , L  I S , - n , C  

I I , - Z . L  1 1 B ? ~  - ~ 0  ! 2 9 9  2 0 ~  
2 2 1 ~ "  . 8 a I X 6 "  2 0  

6 3 8  - ~ 6 7  1 3 ) . ~ ) L  l g ) - l O ) k  

2 7 7 ~  - 6 5 1  
3 1 8 7  - 1 2 9  X a ) - 9 * L  1 6 ) o 7 ) L  

3 Z ~ Z "  - t r k  l ~ ) - ~ . U  1 6 ) - * . a  

assuming that all Nb have the average oxidation 
state of  3.56, and then supposing Nb( l )  and Nb(2) 
to be +2.5 and Nb(3), Nb(4), and Nb(5) to be 
+5. The second supposition gives more reasonable 
bond strengths in five out of  eight cases; it makes 
the situation worse only for O(8), and the length- 
ening of  Nb-O(8)  distances may be sufficient 
compensation for the abnormal bond strength 
calculated to that atom even under the second 
distribution of  oxidation states. This distribution 
is therefore presumed to be more nearly correct 
than the original assumption of  average oxidation 
states. 

The SiO4 tetrahedron is quite regular, with 
Si-O distances ranging from 1.60 to 1.62 •. 
Ba(1) has a very regular 12-fold coordination, 
with Ba-O distances 2.91 to 2 .93 /L  The coordi- 
nation about Ba(2) is somewhat distorted with 
Ba-O distances ranging from 2.95 to 3.04 /~; 
the barium is displaced out of  its layer towards 
the oxygens of  the adjoining BaO6 layer, thus 

helping to hold the two layers together by electro- 
static attraction. 

Observed and calculated structure factors are 
shown in Table IV. The relatively poor agreement 
is attributed to the instrumental instability. 
However, convergence was attained. 
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