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Abstract 
The title compound is a new mixed-valence barium 
titanate (Ba~ITi~llTil~O27). A refinement using X-ray 
powder data was carried out using the Rietveld method, 
with the lattice parameters and atomic sites of the 
isostructural compound BanA12TiloO27 as a starting 
model. 

Comment 
During syntheses of known compounds in the ternary 
barium-titanium-oxygen system, a new ternary mixed- 
valence barium titanate, Ba4Ti12027, was synthesized 
and characterized by Rietveld refinement (Rietveld, 
1969). The observed, calculated and difference profiles 
are shown in Fig. 1. 

Roth et al. (1993) mentioned that the title com- 
pound was reported in the literature, citing a publication 
concerning the isostructural compound BaaA12Ti10027 

• (Schmachtel & Miiller-Buschbaum, 1981). However, 
on careful examination of that paper, no reference to 
Ba4Ti12027 could be found. The authors compared the 
overall composition of Ba4A12Ti10027 with Ba2Ti6Oi3 
(Schmachtel & Mtiller-Buschbaum, 1977). By dou- 
bling the composition of the mixed-valence compound 
Ba2Ti6Ol3 (Ba~lTi~IITi~vo26), it is evident that the com- 
pounds differ by only one oxygen, but they have differ- 
ent structures. 

A projection of the structure of Ba4Ti12027 along 
the b axis is shown in Fig. 2, emphasizing the main 
building units. The structure is rather compact, having 
narrow channels along this direction. Bond distances 
and angles are in good agreement with the isostruc- 
tural compounds BanA12Ti10027 (Schmachtel & Miiller- 
Buschbaum, 1981) and Ba4ZnTillO27 (Lindsay et al., 

'f Current address: University of Bern, Department of Chemistry and 
Biochemistry, Freiestrasse 3, 3000 Bern 9, Switzerland. 
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Fig. 1. The observed (dots) and calculated (solid) X-ray diffraction 
profiles from Rietveld analysis of Ba4Ti12027. Tick marks indicate 
the position of the allowed reflections for the Cu Kt~l wavelength. 
The difference profile is located at the bottom of the figure. 

1994). Comparing the distance ranges and coordination 
numbers of the barium and titanium sites in Ba4Ti12027 
with other barium titanates [e.g. Ba2Ti6Ol3 (Schmach- 
tel & M011er-Buschbaum, 1977), BaTi8Oi6 (Schmachtel 
& M011er-Buschbaum, 1980), Ba2Ti9020 (Tillmanns & 
Hofmeister, 1983), BaTi409 (Hofmeister et al., 1984) 
and Ba2Ti13022 (M6hr & Mtiller-Buschbaum, 1993)], 
one can see that they are all similar, except for the 
Ti4 site. With the exception of Ba2TiO4 (Wu & Brown, 
1973; Gtinter & Jameson, 1984), where titanium has a 
distorted tetrahedral coordination of oxygen, in all other 
barium titanates, the Ti sites are surrounded by six O 
atoms, building an octahedron. In Ba4Ti12027 and the 
known isostructural compounds, the octahedral coordi- 
nation around the Ti4 site is not only distorted but also 

Fig. 2. Projection of the structure of Ba4Ti12027 along the b axis. 
The polyhedra represent the TiO6 octahedra and the circles the Ba 
atoms. The gray scale emphasizes the different building units. The 
darkest octahedron represents the Ti4 site and the solid line the unit 
cell. 
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e longa t ed  (Table 2). The  Ti4 site has f ive O a toms  in the  
d is tance  range  1.83 ~2) to 1.95 (1),~,, and  the  s ixth at a 
d is tance  o f  2.66 (1) A. T h e  Ti4 oc t ahed ron  is c o n n e c t e d  
by c o m e r  shar ing wi th  three  n e i g h b o r i n g  t i t an ium sites, 
and  shares a face  wi th  the  TiO6 oc t ahed ron  o f  the  Ti5 
site (see Fig. 3). W h i l e  this face  shar ing  affects  one  
Ti----O d is tance  for  the Ti4 site, the  Ti5 site exhibi t s  
on ly  no rma l  dis tances .  A poss ib le  exp lana t ion  for  this 
cou ld  be found  in the  m o r e  r ig id  e n v i r o n m e n t  o f  the  Ti5 
oc tahedron ,  w h i c h  shares  edges  wi th  two  T i l  and  two  
Ti8 oc tahedra ,  and  one  c o m e r  wi th  two  edge - sha r ing  
Ti2 octahedra .  

Fig. 3. Perspective view of the connectivity of the TiO6 octahedra of 
the Ti4 and Ti5 sites in Ba4Tii2027. The Ti4 octahedron shares a 
face with the Ti5 and is connected through comers with one Til0 
and two Ti7 octahedra. On the other hand, the Ti5 octahedron shares 
edges with two Ti I and two Ti8 octahedra, and one comer with two 
edge-sharing Ti2 octahedra. Spheres represent oxygen and the Ba 
atoms have been omitted for clarity. 

Bes ides  Ba4Ti12027, there  is on ly  one  o ther  ba r ium 
t i tanate  wi th  a s t rongly  d i s tor ted  Ti site known, i.e. 
BaTi205 (Ti l lmanns ,  1974), wi th  five O a toms  in the  
d is tance  range  1.72 Q )  to 2 .06 (1) ,~ ,  and  the  sixth at a 
d i s tance  o f  2.47 (1) A. 

Due  to the  s t rong d is tor t ion  o f  one  TiO6 o c t a h e d r o n  in 
these  c o m p o u n d s ,  the  coo rd ina t ion  shou ld  be desc r ibed  
as a 5 + 1 coord ina t ion .  This  has a l ready been  po in t ed  
out  by o ther  authors  in c o n n e c t i o n  wi th  o ther  ox ide  
c o m p o u n d s  (Roth  et al., 1993; T i l lmanns ,  1974, and  
re fe rences  therein) .  

E x p e r i m e n t a l  

Ba4Ti12027 was prepared by heating a mixture of BaCO3, 
TiO2 and graphite in the molar ratio 1:3:1. The compound 
can also be synthesized when graphite as a reducing agent is 
substituted with Ti powder (molar ratio 2:5:1). The starting 

materials were mixed together using an agate mortar and 
pestle, and pressed into a pellet. The pellet was placed in a 
corundum crucible and heated in a corundum tube with a seal. 
The tube was evacuated and purged with argon several times. 
The synthesis was carded out under an argon atmosphere in 
a vertical tube furnace for 20 h• at 1573 K. The starting Ar 
pressure on the gas cylinder was about 60 kPa. After heating, 
the pellet was still intact, exhibiting a dark-grey colour. For 
the powder diffraction measurement, the sample was ground 
using an agate mortar and pestle. The sample was then slurried 
in acetone and transferred onto a stainless-steel sample holder. 

Crystal data 

Ba4Ti12027 
Mr = 1555.85 
Monoclinic 
C2/m 
a = 19.8165 (2) .~ 
b = 11.4468 (1) .~, 

o 
c - 9.9208 (1) A 
3 -" 109.1847 (5) ° 
V - 2125.41 (4) .~3 
Z = 4  
Dx = 4.862 Mg m -3 
D,,, not measured 

Data collection 
Philips X'Pert diffractometer 
0/20 scans 
Specimen mounting: 

stainless-steel sample 
holder 

Refinement 

Refinement on I, et 
Rp = 0.038 
Rwp = 0.052 
Rexp = 0.034 
R8 = 0.018 
S = 1.541 
Excluded region(s): none 
Profile function: pseudo- 

Voigt (Young & Wiles, 
1982) 

Cu Kct radiation 
)~ = 1.54056, 1.54439/k 
T = 293 K 
Specimen shape: flat 
15 x 15 x 2 mm 
Specimen cooling rate 

8.5 K min -  i 

Specimen prepared at 
1573 K 

Dark grey 

Specimen mounted in 
reflection mode 

Absorption correction: none 
20min = 5, 20max = 150 ° 
Increment in 20 - 0.02 ° 

90 parameters 
Weighting scheme based 

on measured s.u.'s 
( Z ~ / O ' ) m a x  " -  0.01 
Extinction correction: none 
Preferred orientation 

correction: none 
Scattering factors from 

International Tables for 
Crystallography (Vol. IV) 

Table  1. Fractional atomic coordinates and equivalent 
isotropic displacement parameters (,~ 2 ) 

Ueq = (1/3)Ei~yUiJaiadai.aj. 

x y z Ueq 
Bal 0.0649 (I) 0.2742 (!) 0.2154 (2) 0.0070 (3) 
Ba2 0.0745 (I) 0 0.7123 (2) 0.0054 (5) 
Ba3 0.2032 (I) 0 0.1265 (2) 0.0058 (5) 
Til 0.2461 (2) 0.6328 (3) 0.2142 (4) 0.0049 (3) 
Ti2 0.3680 (2) 0.8609 (4) 0.3397 (4) 0.0049 (3) 
Ti3 0.3775 (2) 0.2582 (3) 0.0816 (4) 0.0049 (3) 
Ti4 0.1118 (3) 0 0.3897 (5) 0.0049 (3) 
Ti5 0.2636 (2) 0 0.5166 (6) 0.0049 (3) 
Ti6 0.3879 (3) 0 0.0784 (6) 0.0049 (3) 
Ti7 0 0.2319 (5) 1/2 0.0049 (3) 
Ti8 I/4 1/4 I/2 0.0049 (3) 
Ti9 0 1/2 I/2 0.0049 (3) 
Til0 0 0 0 0.0049 (3) 
Ol 0.0574 (7) 0.121 (1) 0.437 (1) 0.0024 (5) 
02 0.0607 (7) 0.631 (1) 0.465 (I) 0.0024 (5) 
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03 0.1784 (7) 0.253 (1) 0.116 (2) 0.0024 (5) 
04 0.1851 (6) 0.115 (1) 0.392 (I) 0.0024 (5) 
05 0.1911 (6) 0.635 (1) 0.368 (1) 0.0024 (5) 
06 0.3037 (7) 0.749 (1) 0.357 (2) 0.0024 (5) 
O7 0.3119 (6) 0.370 (I) 0.123 (1) 0,0024 (5) 
08 0.3274 (6) 0.126 (1) 0.135 (1) 0.0024 (5) 
09 0.4385 (7) 0.128 (1) 0.056 (1) 0.0024 (5) 
O10 0.4326 (7) 0.250 (1) 0.306 (I) 0.0024 (5) 
O11 0.4405 (7) 0.372 (1) 0.053 (I) 0.0024 (5) 
O12 0.068 (I) 0 0.196 (2) 0.0024 (5) 
O13 0.2030 (9) 0 0.655 (2) 0.0024 (5) 
O14 0.3148 (9) 0 0.386 (2) 0.0024 (5) 
O15 0.313 (1) 0 0.885 (2) 0.0024 (5) 
O16 0.429 (1) 0 0.304 (2) 0.0024 (5) 

T a b l e  2. Selected geometric parameters  (A, o) 

Ti4---O12 1.83 (2) Ti5--O14 1.89 (2) 
Ti4---O1 1.91 (1) Ti5--O5 i' 1.96 (1) 
Ti4--O1 i 1.91 (1) Ti5--O5 i'' 1.96 (1) 
Ti4-----O4 1.95 (1) Ti5--O4 2.10 (I) 
T i 4 - - O 4  i 1.95 ( 1 ) Ti5--O4' 2. I 0 ( 1 ) 
Ti4--O 13 2.66 ( 1 ) Ti5--O 13 2. I 0 ( 1 ) 
O12--Ti4---O1 98.4 (5) Oli--Ti4---O13 90.7 (4) 
O12--Ti4----O1' 98.4 (5) O1--Ti4---O4' 164.7 (5) 
O12--Ti4---O4 96.2 (5) O 1 - - T i ~ 4  88.9 (5) 
O12--Ti4---O4 i 96.2 (5) O1--Ti4---O13 90.7 (4) 
O12--Ti4---O13 166.7 (7) O4i--Ti4----O4 84.7 (5) 
Oli--Ti4---Ol 93.8 (5) O4--Ti4--O13 74.2 (4) 
Oli--Ti4----(M i 88.9 (5) O4---Ti4--OI3 74.2 (4) 
O 1 i--Ti4--O4 164.7 (5) 

Symmetry codes: (i) x, - y ,  z; (ii) ½ - x, ½ - y, 1 - z; (iii) ½ - x, y - 
½,1 - Z .  

Data col lect ion was pe r fo rmed  using PC-APD software 
(Philips Electronics,  1997). The  measu remen t  was carried out 
us ing p rog rammable  optics for the pr imary and secondary  
paths. The  sample  was spun dur ing the measurement ,  and 
the irradiated area had a width and a length of  10 mm.  For 
data reduct ion,  and cell and structure ref inement ,  the program 
PC-Rietveld Plus (Philips Electronics,  1993) was used. Cell 
parameters  and atomic sites were taken f rom the isostructural  
c o m p o u n d  Ba4A12Ti10027 (Schmachte l  & Mti l ler -Buschbaum,  
1981). The  profile shape was corrected for peak a symmet ry  
up to 20 = 30.1 ° (Rietveld,  1969). In addit ion,  lattice and 
structure parameters ,  zero-point  shift, six background  param- 
eters and the scale factor were refined. A ref inement  of  the 
isotropic d i sp lacement  parameters  was possible for the bar ium 
sites. For  the t i tanium sites, as well as for the oxygen  sites, 
a c o m m o n  d i sp lacement  parameter  was refined. The  structural 
graphics  were created with ATOMS (Dowty, 1997). 

I g r a t e f u l l y  a c k n o w l e d g e  t he  f i nanc i a l  s u p p o r t  o f  the  
S c i e n c e  a n d  T e c h n o l o g y  A g e n c y  ( S T A ,  J a p a n )  f o r  a 

t w o  y e a r  g r a n t  f o r  a p o s t d o c t o r a l  s t ay  in J a p a n  ( S T A  
F e l l o w s h i p ) .  I w o u l d  a l so  l ike  to  t h a n k  the  K y u s h u  

N a t i o n a l  I n d u s t r i a l  R e s e a r c h  I n s t i t u t e  a n d  D r  A.  Y o s h i d a  
fo r  g i v i n g  m e  the  o p p o r t u n i t y  to  c a r r y  o u t  th is  r e s e a r c h  
w o r k .  

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: BR1212). Services for accessing these 
data are described at the back of the journal. 
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Abstract  

T h e  t i t le  c o m p o u n d  w a s  s y n t h e s i z e d  by  h i g h - t e m p e r a -  

t u r e  s o l u t i o n  r e a c t i o n  a n d  its s t r u c t u r e  d e t e r m i n e d  b y  
X - r a y  d i f f r a c t i o n  t e c h n i q u e s .  T h e  s t r u c t u r e  c o n t a i n s  
C a 4 0 1 9  t e t r a m e r s  w h i c h  f o r m  d o u b l e  c h a i n s  e x t e n d i n g  
a l o n g  the  a d i r e c t i o n .  T h e  d o u b l e  c h a i n s  are  l i n k e d  
to  f o r m  l a y e r s  a n d  B 2 0 5  g r o u p s  b r i d g e  t h e s e  a d j a c e n t  
c h a i n s  a n d  a d j a c e n t  l aye r s  t h r o u g h  O a t o m s  to  f o r m  a 
t h r e e - d i m e n s i o n a l  f r a m e w o r k .  

C o m m e n t  

T h e r e  are  f e w  p a p e r s  o n  the  C a O - B 2 0 3  s y s t e m  in 
the  l i t e ra tu re .  A s  e x a m p l e s ,  t he  d e t a i l e d  s t r u c t u r e s  o f  
Ca3 (BO3)2  ( S c h u c k m a n n ,  1969;  V e g a s  et al., 1975) ,  

C a 2 B 6 O l l  ( Z a y a k i n a  & B r o v k i n ,  1976)  a n d  C a B 4 0  7 
( Z a y a k i n a  & B r o v k i n ,  1977)  h a v e  b e e n  r e p o r t e d .  
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