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Barium Aluminate Hydrates. III. The Crystal Structure of a-Ba[MO(OH)2]2 
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Department of Chemistry, University of Aberdeen, Old Aberdeen, Scotland 

(Received 6 August 1969) 

The compound ~-BaO.A1203.2H20 has been shown by X-ray structure analysis to contain complex 
anions of formula [A10(OH)~-]~. The structure of this compound is essentially an arrangement of 
single helical chains formed from A102(OH)2 tetrahedra linked by sharing corners. The chains are held 
together by barium atoms and H-bonds. The formula should thus be written e-Ba[A10(OH)2]2. 

Introduction 

The compound of empirical formula BaO. A1203.2H20 
was first prepared by Carlson & Wells (1948) by treat- 
ing BaO. A1203.7 H20 hydrothermally at 124-215 ° C 
under saturated steam pressure. Later its stability 
relationships were studied (Carlson, Chaconas & Wells, 
1950). Several polymorphs have been reported (Thilo 
& Gessner, 1965; Ahmed, 1969). The one discussed in 
this paper is the same as that prepared by Carlson 
et al. and will be called ~-BaO.A1203.2H20. 

In the present study pure ct-BaO. A1203.2H20 was 
prepared hydrothermally using different starting ma- 
terials having bulk molar BaO/A1203 ratio 1.0 at 80- 
215°C under saturated water vapour pressure. The 
refractive indices of this compound (Table 1) agreed 
well with those reported by Carlson & Wells (1948). 

Table 1. Crystal data for ~-Ba[A10(OH)2]2 

Unit-cell 
a 12.99 
b 12-34 
c 7.19 
Space group Pbca 
Z 8 
X-ray density 3.356 g.cm-3 
Observed density 3.30 g.cm-3 
/z 72 cm-1 

Refractive indices 

Carlson & Wells (1948) Present study 
ct 1-610 1"607 + 0"003 
y 1.613 1"613_+ 0"003 

Single-crystal X-ray studies confirmed that the crys- 
tals were orthorhombic. Unit-cell constants and space 
group are given in Table 1. The cell contents are 
BasAl1604sH32, 

Experimental 

The crystal selected for intensity measurements was a 
lath whose longest dimension was less than 0.2 ram. 

* Present address: Department of Soil Science, University 
of Dacca, E. Pakistan. 

Three-dimensional intensity data for about 3600 re- 
flexions in half of the reciprocal lattice were collected 
using a Hilger and Watts automatic linear diffractom- 
eter with Mo Ke radiation. Each reflexion was meas- 
ured four times and no correction was made for 
absorption or extinction. Data were processed on an 
EUiott 803B computer, mainly using programs kindly 
supplied by Daly, Stephens & Wheatley (1963). After 
averaging equivalent reflexions, values for 943 inde- 
pendent reflexions remained. 

Structure determination 

The approximate positions of the barium atoms were 
derived from the Patterson function, and a three- 
dimensional Fourier synthesis, based on the signs ob- 
tained using the positional parameters of the barium 
atoms, indicated plausible sites for the aluminum and 
oxygen atoms. The structure was refined by the method 
of least squares (block-diagonal approximation). Scat- 
tering factors for Ba z+ and Ap+ were taken from Inter- 
national Tables for X-ray Crystallography (1962). A 
curve for 02- was constructed by extrapolation from 
values for O-. It was hoped that this would to some 
extent compensate for ignoring the contribution of the 
hydrogen atoms. 

The least-squares procedure closely followed that of 
Cruickshank, Pilling, Bujosa, Lovell & Tauter (1961) 
and incorporated the same weighting scheme and 
method of calculation of the estimated standard de- 
viations. At first positional parameters only were re- 
fined, using low angle data only (116 reflexions); after 
four further cycles on the full data (943 reflexions) 
with isotropic temperature factors the maximum shift 
in atomic coordinates was about ½ of the estimated 
standard deviation (e.s.d.) and the average shift only 
81 of the average e.s.d., showing that the structure was 
refined as completely as the data would permit. The 
conventional R value at this point was 0.09. Table 2 
gives the values of Fo and Fc obtained, Table 3 the 
corresponding final parameters, and Table 4 some de- 
tails of the coordination polyhedra. A three-dimen- 
sional difference map gave electron density values 
ranging from about - 1  e.A -3 to + 1 e.A -3, except in 
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Table  3. Final parameters for the atoms of ~-Ba[A10(OH)2]2 

Figures in brackets represent the estimated standard deviation corresponding to the least significant digit. 

Isotropic temper- 
Coordinates (fractions of cell edge) ature factor B 

x y z (A2) 
Ba 0.0733 (1) 0.3433 (1) 0.3947 (1) 1.54 (2) 
AI(1) 0.149 (1) 0.015 (1) 0.387 (1) 1.1 (1) 
A1(2) 0.326 (1) 0.150 (1) 0.226 (1) 1.1 (1) 
O(1) 0"429 (1) 0"222 (1) 0"328 (2) 1-4 (2) 
0(2) 0.094 (1) -0"008 (1) 0.162 (2) 1.0 (1) 
0(3) 0.223 (1) 0"242 (1) 0"180 (2) 1"7 (2) 
0(4) 0.0795 (10) 0.120 (1) 0.493 (2) 1"3 (2) 
0(5) 0.278 (1) 0"053 (1) 0.373 (2) 1"4 (2) 
0(6) 0"370 (1) 0.103 (1) 0"017 (2) 1.1 (2) 
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Fig. 1. Projection of two cells of ~-Ba[A10(OH)2]2 on (100), showing the configuration of the [A10(OH)2],o chains (centre). Large 
solid circles represent barium atoms and small open circles aluminum atoms. Medium circles represent oxygen atoms (shaded) 
and hydroxyl groups (open). The larger figures (left hand cell) give heights in a/100; the small figures in the right hand cell 
give atom designations for the appropriate asymmetric unit (cL Table 3). Dot-dash lines represent hydrogen bonds. 
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the region immediately adjacent to the barium atom 
where the values were higher, probably reflecting the 
fact that isotropic temperature factors only had been 
used in the refinement. No indication of the hydrogen 
positions could be obtained. 

Description of the structure 

Fig. 1 shows the structure projected on (100). Each 
aluminum atom has as nearest neighbours four oxygen 
atoms disposed at the corners of a tetrahedron. The 
tetrahedra are joined together to form single helical 
chains running along the 21 axes parallel to c. The 
'water' is thus presumably all present as hydroxyl 
groups and the anion can be written [A10(OH)2]oo. 
Each tetrahedron has two types of oxygen atoms, viz. 
(1) bridging oxygen atoms, and (2) non-bridging oxygen 
atoms. Each of the latter is presumably associated with 
a hydrogen atom giving the anion 

OH OH OH OH % /  -,a,/ 
\ \ / /  ~ / /  \ \ / /  

O O O 

The single chains (in which Al(1)-oxygen te t rahedra  
a l ternate  with Al(2)-oxygen te t rahedra)  are l inked by 
the ba r ium a toms,  each of  which  is coord ina ted  by 
eight non-br idg ing  oxygen (hydroxyl)  a toms  at distan- 
ces in the range 2.78-3.02 A and  one br idging oxygen 
[0(5)] only slightly more  remote  t han  this (3.22 /k). 
The conf igura t ion o f  the BaO9 po lyhedron  may  be de- 

scribed as follows. Six of the coordinating oxygen atoms 
(including the most remote one) form a distorted trian- 
gular prism with the barium at its centre; the remain- 
ing three lie just outside the centres of the prism faces. 

Study of the O-O bond distances suggests that the 
chains having the same x coordinates are linked by H 
bonds [O(3)-0(4 ')] ,  some of which are shown in Fig. 1. 

The [Al(2)-O] tetrahedra are more distorted than 
the [AI(1)-O] tetrahedra (Table 4). It is by no means 
clear why this is. The mean of the distances from Al 
to non-bridging oxygen atoms (1.77 &) is somewhat 
longer than that to the bridging ones (1.74 A) but the 
scatter is such that it is difficult to say whether this is 
significant. Each OH group is linked to two barium 
atoms and one aluminum atom; each of the bridging 
oxygen atoms is linked to two aluminum atoms and one 
of them also makes contact with one barium atom. In 
order to apply Pauling's electrostatic valency rule, as a 
first approximation the bonds between the barium and 
bridging oxygen atoms may be neglected. This leads 
to the distribution of electrostatic bond strengths shown 
below: 

OH OH 

~ O  1 [1½ 1 0  1------A[1½ 1 0  . -  

OH OH 
I /  \¼ ¼/ \¼ / \ / \ 

Ba 
//A\\ 

Table 4. Interatomic distances and bond angles 

Figures in brackets represent the estimated standard deviation corresponding to the least significant digit. O(6') is related to 0(6) 
by the 2~ axis parallel to c. Other atoms in different asymmetric units are indicated by letters, which represent the operation of 
glide planes on the original atoms. Thus, O(2a+ c) is derived from 0(2) by an a-glide translation followed by a c-glide translation. 

A. AI(I)-O tetrahedron 

Interatomic distances (,&) 
Al(I)-O(2) 1.78 (2) 
AI(1)-O(4) 1.75 (2) 
Al(I)-O(5) 1.75 (2) 
AI(1)-O(6') 1.75 (2) 
O(2)-0(4)  2.87 (2) 
0(2) -0(5)  2.92 (2) 
0(2)-O(6 ' )  2.85 (2) 
0 (4) -0 (5)  2.84 (2) 
0(4)-O(6')  2.84 (2) 
0(5)-O(6 ' )  2.91 (2) 

B. Al(2)-O tetrahedron 

Interatomic distances (A) 
AI(2)-O(1) 1.77 (2) 
AI(2)-O(3) 1-78 (2) 
A1(2)-O(5) 1.72 (2) 
AI(2)-O(6) 1"71 (2) 
O(1)-0(3)  2-89 (2) 
O(1)-0(5)  2"89 (2) 
O(1)-0(6)  2"79 (2) 
0 (3) -0 (5)  2.80 (2) 
0 (3) -0(6)  2"81 (2) 
0 (5) -0 (6)  2"90 (2) 

Bond angles (e.s.d. 1 °) 
O(2)-Al(1 )-0(4) 108" 3 o 
O(2)-AI(1)-O(5) 111"8 
O(2)-A1(1)-O(6') 107"2 
O(4)-A1(1)-O(5) 108"8 
O(4)-A1(1)-O(6") 108"2 
O(5)-A1(1)-O(6') 112"5 

Bond angles (e.s.d. 1 °) 
O(1)-A1(2)-O(3) 109.1 ° 
O(1)-A1(2)-O(5) 111.9 
O(1)-A1(2)-O(6) 106.3 
O(3)-A1(2)-O(5) 106"7 
O(3)-A1(2)-O(6) 107.5 
O(5)-AI(2)-O(6) 115-2 

A C 26B - 4* 
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Table 4 (cont.) 
C. Ba-O polyhedron 

Interatomic distances (A) 
Ba-O(la+ c) 2.85 (1) 
Ba-O(3c) 3.02 (1) 
Ba-O(la) 2-88 (1) 
Ba-O(3) 2.78 (1) 
Ba-O(4) 2.85 (1) 
Ba-O(2c) 2.81 (1) 
Ba-O(2a+ c) 2.88 (1) 
Ba-O(4c) 2.92 (1) 
Ba-O(5b) 3.22 (1) 

D. Hydrogen bond 
O(4)-O(3c) 2-86 (1) A 

A more satisfactory distribution might be obtained 
by assigning some arbitrary small value to the bonds 
between barium and bridging oxygen atoms; this would 
tend to equalize the electrostatic bond strengths of the 
A 1 - O  bonds and to reduce slightly those of  the re- 
maining Ba-OH bonds. 
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BY HERMAN L. AMMON* 

Division of Natural Sciences, University of California, Santa Cruz, California, 
and Department of Chemistry, University of Maryland, College Park, Maryland, U.S.A. 

AND RAYMOND E. GIBSON 
Division of  Natural Sciences, University of California, Santa Cruz, California, U.S.A. 

(Received 20 May 1969 and in revised form 24 September 1969) 

The title compound, C21H12NzO3, crystallizes in the orthorhombic space group Pbca with unit-ceU 
dimensions of a = 14.45, b = 8-22 and c = 25.58 A, and with eight molecules per unit cell. Three-dimen- 
sional X-ray diffraction data were recorded on equi-inclination Weissenberg films using Cu Ke radia- 
tion, and the 2196 intensities were visually estimated. The structure was solved with the symbolic addi- 
tion method and has been refined with fuU-matrix least-squares to an R index of 0.10; anisotropic 
temperature factors were used for the carbon, nitrogen and oxygen atoms and the hydrogen atoms were 
included with isotropic temperature factors. The molecule is reasonably planar and structural require- 
ments have produced two close intramolecular contacts, O. • • H and CH3" " "O. Bond distances in the 
heterocyclic portion of the molecule show the effects of n-electron delocalization. 

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

The reaction of 1,4-naphthoquinone (I) with hydrazine 
hydrate does not occur in the usual way to yield the 

* Address inquiries to this author at the University of 
Maryland. 

familar ketonic hydrazone derivative. Hand & Cohen 
(1967) have reported that the naphthoquinone 'hydra- 
zone' and the compound isolated from the reaction 
of hydrazine hydrate with 2,2'-di-(1,4-naphthoquinone) 
(II) are identical, and they have shown that the material 
is the cinnoline derivative (IIIa). Our investigation of  
the structure of (III) was stimulated by some recent 


