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The Crystal Structure of the Potassium Aluminate
K,[ALO(OR),]

GEORG JOHANSSON

Department of Inorganic Chemistry, Royal Institute of Technology, Stockholm 70, Sweden

The strueture of the potassium aluminate K,[Al,0(OH),] has been
determined from three-dimensional X-ray data. The symmetry is
orthorhombic, the space group is No. 41: Aba2 and the unit cell
dimensions are

a =102 A, b=1684 andc= 10044
The structure contains discrete aluminium-oxygen groups
[(OH),A10Al(OH);}** built up from two AlO, tetrahedra sharing
an oxygen. These groups are held together by means of the potassium
ions.

[nvestigations on alkaline aluminum salt solutions have shown that the
aluminum ion probably occurs mainly as a complex with one negative
charge per aluminum atom.! It has been suggested that the coordination
number of aluminum in these solutions is 4 rather than 6 and Raman spectra
are consistent with a 7; symmetry although in the absence of an infrared
spectrum a unique interpretation has not been possible.2 In order to get more
information on the bonding characteristics of the aluminum ion under these
conditions it would be of value to know the structures of some water-containing
aluminates. Two such sodium aluminates and one potassium aluminate have
been described 35 but their structures have not been investigated. In the
present paper the determination of the crystal structure of the potassium alu-
minate K,0-Al,04-3H,0 will be given.

EXPERIMENTAL

For the preparation of crystals a 43 9, KOH solution was saturated at about 50°C
with potassium aluminate obtained by dissolving aluminum metal (99.99 %) in 50 9,
KOH (p.a.). Precautions were taken to protect the solutions from the carbon dioxide
of the air. After filtering and cooling to room temperature well formed crystals separated
in a few hours. Because of their extreme water solubility they could not be washed free
from the mother liquor. They could, however, be washed with absolute alcohol and then
seemed to be somewhat less unstable in air, but no reproducible results could be obtained
when crystals treated in this way were analyzed, indicating an incomplete removal
of the mother liquor or a slight decomposition of the crystals.
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For the analysis aluminum was precipitated with 8-hydroxy-quinoline. Water was
determined by means of Brush and Penfield’s method as described by Kolthoff and
Sandell * and potassium was precipitated with sodium tetraphenyl boron. The averages
of the values found were 39.6 % Al,0,, 38.2 % K,O, and 21.2 % H,0 which are in
approximate agreement with the values 40.75 9%, Al,O,, 37.65 9%, K,0, and 21.6 % H,O
ca.f():ulated for the composition K,0-Al;0,:3H,0. This formula was suggested by Fricke
and Jucaitis “°* on the basis of the results of a large number of analyses carried out by
various methods and is confirmed by the present structure determination.

All preparations were carried out in glass-ware made of Pyrex or Jena glass and some
silica may therefore have been present in the solutions. No silicon could, however, be
detected in the crystals when tested by means of ammonium molybdate.

For the collection of intensity data a crystal was transferred directly from the mother
liquor into & thin-walled glass capillary. A small amount of mother liquor was also trans-
ferred into the capillary which was then sealed by means of lacquer. Weissenberg and
rotation photographs showed the crystals to be orthorhombic with the unit cell dimen-

sions:
a=102A b=176A c¢c=100,4

In order to get more precise values for the unit cell dimensions powder photographs
were taken of crystals which had been washed with absolute alcohol. Apparently this
treatment did not cause any noticeable change in the structure since the photographs
taken in a Guinier focussing camera could be completely indexed on the basis of the
unit cell determined from the Weissenberg photographs (Table 1). CuKa (A = 1.5405 A)

Table 1. Powder photograph of K,0-Al1,0,-3H,0. Guinier camera CuKa radiation.

hkl 10* sin?%0 10* sin®*6 I
cale obs obs
111 219 218 vw
020 413 414 vvw
202 462 461 v8
220 640 640 8
022 648 : 648 8
311 672 673 v8
113 689 689 vw
122 706 706 vVWw
213 8569 8569 m
222 8756 876 m
004 941 940 v8s
131 1045 1045 w
41 ; 1069 1070 w
40 1142
313 1143} 1142 m
124 1411 1412 vVvWw
331 1498 1499 w
511 1579
224 1581} 1582 s
1156 1631 1629 w
040 1653 1649 vVwW
404 1848 1849 VVW
142 1945 1945 vVW
333 1969 1968 VVW

radiation was applied and KClI (a, = 6.2929 A) was used as internal standard. By means
of a least squares procedure the unit cell dimensions were found to be:

a=1023,A b=1757T,A ¢=1004,4

Acta Chem. Scand. 20 (1966) No. 2



STRUCTURE OF K,[ALO(OH),] 507

The density determined by means of flotation was found to be 2.11. That calculated
assuming four formula weights in the unit cell is 2.135.

Weissenberg photographs were taken along the a axis (0 to 3rd layer hne), along
[011] (O to 3rd layer line) and along [101] (0 to 7th layer line). The systematic absences
were such that

hkl occurred only for k + I =
(1724 » » » k= 2nandl = 2n
hOl » » » h=2nand ! = 2n

This is characteristic of the space groups No. 64: Acam (the setting differs from that
given in the International Tables) and No. 41: Aba2.

Intensities were estimated by means of a scale prepared by timed exposures of one
of the reflections of the crystal. Only the two sets of photographs taken around the
diagonals were used for the intensity measurements. Since a small amount of mother
liquor always adhered to the crystals the absorption conditions were not specified and
no correction for absorption could be applied. The shapes of the crystals were rather
irregular with the largest dimension about 0.2 mm.

The intensities were put on a common scale by means of reflections occurring on more
than one photograph. 380 independent reflections were observed corresponding to about
80 9 of those within the sphere of reflection.

STRUCTURE DETERMINATION

Table 2 lists those peaks in the three dimensional Patterson function

Table 2. Peaks (> 15) in the three-dimensional Patterson function (expected heights
for single K—K, K—Al, and Al— Al vectors are 10, 7, and 5, respectively).
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which have a height larger than 15. On this scale the expected heights are
10, 7, and 5 for a single K—K, K—Al, and Al—Al vector, respectively. No
peaks occur at 00}, 030, or 00w which limits the possible positions for the
8 potassium and the 8 aluminum atoms in the unit cell to 8(f) in Acam or
8(b) in Aba2. These positions have the coordinates (0,0,0; 0.4,3) + z.y,2; z,9,2;
1—x.34+9.2; 2+x,3—y,2 where z = 0 if the space group is the centrosymmetric
Acam. Possible z and y parameters can be calculated from the peak positions
given in Table 2 using the Harker vectors }—2z,3,0 and },3—2y,0, each of
Which has a fourfold weight. The possible parameters are then found to be

0, %, 40.195, and 40.305 for z, and 0, 1, 4-0.205, and 4-0.295 for y.

The helghts of the peaks listed in Table 2 indicate that the first and the
fourth of the vectors are most likely to correspond to K—K vectors. The
parameters for the K atoms should then be 2 = 0.195 and y = 0. The z para-
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meter must be 0 if the space group is Acam and can be chosen to be 0 if the
space group is Aba2. Other possible positions are equivalent to this. From
the remaining vectors in Table 2 the parameters of the Al atoms can be cal-
culated to be z = 0.5 and y = 0.205. As shown in Table 2 the vectors 2x,2y,0
when calculated from the deduced parameter values are found to correspond
to peaks in the Patterson function which supports the correctness of the
assumed parameters.

The K—Al vectors do not correspond to peaks in the Patterson func-
tion, if the space group is assumed to be Acam, where the z parameter
can only have the values 0 or 4. For the non-centrosymmetric 4ba2, however,
these vectors can be unambigously related to peaks in the plane w = 1/4,
indicating a value of 2 = 0.25 for the Al atom.

According to the interpretation of the Patterson function, therefore, the
structure is non-centrosymmetric and the space group is No. 41: 4ba2. Both
the potassium and the aluminum atoms are in positions 8(b) with the following
parameter values:

K: z=10.195 =0 z2=20
Al: x = 0.50 y = 0.205 z=0.25

All resulting K—K, K—Al, and Al—Al vectors are compared with observed
peaks in Table 2. Many of the vectors overlap partly (indicated in the table by
242 etc) which results in an apparent discrepancy between observed and
calculated heights.

The parameters of the potassium and the aluminum atoms were refined
by means of 9 least squares cycles * which lowered the R factor (B = 3 || Fops| —
|F el || S| Fps]) from 0.31 in the first cycle to 0.27 in the last cycle. The
resulting parameters were used to calculate a three-dimensional electron
density map. Although the phases of the structure factors were based only
on the contributions from the potassium and the aluminum atoms the positions
of three sets of oxygens in positions 8(b) and one set of oxygens in 4(a) were
clearly indicated. This accounts for all of the oxygens in the unit cell if the
formula K,0-Al,0,-3H,0 is assumed to be correct.

All atoms were now included for a new series of least squares refinements.
The R factor decreased from 0.26 to 0.125 in 12 cycles. Individual, isotropic
temperature factors were also refined. Hughes’ weighting scheme 7 was used.
In the last cycle no shift in any of the parameters exceeded 1/20 of the cal-
culated standard deviation. Observed and calculated structure factors obtained
in the last cycle are compared in Table 3.

* The calculations were carried out on a Facit EDB computer. The least squares program
by Asbrink and Brindén (IUCr World List of Cryst. Computer Programs, No. 6023 FACIT (1962))
and the structure factor and Fourier programs by Liminga and Olovsson (Acta Polytechn. Scand.
(1964) Ma 10) were used.
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Table 3. Observed and calculated structure factors.

h k1 Fobs Feae
20 0 42 39
4 31 31
6 76 89
8 22 20
10 98 78
12 — 9
00 2 38 28
2 110 166
4 24 24
6 58 68
8 88 138
10 26 18
12 39 48
00 4 149 192
2 45 41
4 86 80
6 97 102
8 < 9 5
10 59 63
12 — 8
00 6 34 36
2 96 115
4 26 26
6 18 19
8 — 50
10 — 35
00 8 110 108
2 41 44
4 37 40
6 62 61
8 27 26
10 — 45
0010 — 37
2 : — 62
4 19 15
6 32 34
8 56 68
11 1 41 38
2 24 21
3 103 110
4 76 74
5 103 113
6 32 29
7 46 48
8 < 9 4
9 17 17
10 25 28
11 31 28
12 32 30
13 22 29
11 3 35 34
2 ki 75
3 108 112
4 21 19
5 65 64
6 45 46
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Bkl Fu Feate «/360 Bkl Fos Fearc /360
122 0 38 38 0.500 53 1 74 74 0.123
02 2 121 177 0.975 6 45 45 0.083
1 48 40 0.173 7 44 41 0.545
2 88 72 0.616 8 18 18 0.422
3 52 41 0.323 9 18 19 0.064
4 55 50 0.905 10 < 10 13 0.376
5 16 13 0.918 11 30 32 0.178
6 82 81 0.006 12 12 14 0.181
7 13 14 0.698 13 3 25 22 0.519
8 14 11 0.179 2 45 37 0.124
9 35 37 0.486 3 94 86 0.632
10 56 62 0.008 4 39 34 0.474
11 11 11 0.130 5 73 5 0.921
12 19 21 0.631 6 30 25 0.972
02 4 37 36 0.983 7 68 67 0.567
1 65 64 0.980 8 21 21 0.633
2 96 108 0.507 9 32 34 0.685
3 14 14 0.882 10 22 21 0.730
4 48 48 0.348 11 29 25 0.828
5 33 29 0.403 12 20 21 0.821
6 58 54 0.380 13 5 72 71 0.174
7 17 16 0.137 2 13 12 0.151
8 6 82 0.478 3 62 56 0.369
9 19 17 0.871 4 51 43 0.446
10 25 26 0.114 5 5 75 0.071
11 27 28 0.939 6 34 31 0.140
12 38 45 0.483 1 18 20 0.365
02 6 132 152 0.989 8 11 9 0.381
1 16 16 0.482 9 46 46 0.158
2 41 35 0.822 10 9 9 0.122
3 48 48 0.519 11 25 30 0.145
4 5 65 0.982 13 7 49 43 0.784
5 12 11 0.061 2 < 9 4 0.033
6 63 58 0.978 3 90 88 0.621
7 20 15 0.091 4 39 42 0.582
8 32 26 0.652 5 40 31 0.913
9 36 33 0.513 6 19 16 0.901
10 58 51 0.001 7 50 37 0.641
02 8 — 52 0.245 8 13 14 0.628
1 34 31 0.072 9 38 33 0.820
2 77 79 0.488 10 8 7 0.777
3 < 10 4 0.344 13 9 — 19 0.203
4 27 24 0.491 2 14 13 0.963
5 19 16 0.656 3 40 37 0.322
6 40 33 0.482 4 23 20 0.577
7 20 17 0.896 5 69 72 0.127
8 83 69 0.507 6 — 21 0.087
0210 — 87 0.029 7 28 28 0.454
1 - 13 0.998 1311 — 12 0.922
2 - 12 0.735 2 - 14 0

3 < 1 11 0.695 3 - 57 0.669
4 35 29 0.010 4 17 20 0.656
5 7 2 0.425 5 25 28 0.904
6 44 45 0.978 04 0 106 119 0

13 1 73 14 0.982 1 33 33 0

2 53 48 0.036 2 10 7 0

3 99 104 0.359 3 47 46 0.500
4 5 21 21 0.500

33 29 0.338
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Rkl Fay Foute «/360 Bkl Fue Feae /360
36 2 29 31 0.432 87 3 12 13 0.556
4 27 25 0.080 17 5 50 41 0.220
5 10 9 0.283 2 42 39 0.133
6 < 11 2 0.241 3 42 39 0.270
7 13 9 0.051 4 41 38 0.548
8 31 36 0.567 5 55 49 0.136
9 30 52 0.516 6 26 30 0.918
10 12 22 0.968 7 16 18 0.220
06 4 46 41 0.091 17 7 27 38 0.686
1 52 49 0.034 2 35 30 0.941
2 30 26 0.486 3 49 46 0.674
3 20 19 0.450 4 33 30 0.522
4 <11 9 0.938 5 29 30 0.826
5 9 8 0.280
6 19 18 0.075 08 0 28 22 0.500
7 35 33 0.017 1 31 29 0
8 22 27 0.411 2 22 21 0.500
9 14 14 0.666 3 44 46 0.500
06 6 48 41 0.030 4 18 9 0
1 26 24 0.063 5 17 15 0.500
2 13 13 0.620 6 — 10 0.500
3 49 42 0.511 7 - 19 0
4 14 9 0.847 08 2 45 41 0.011
5 19 14 0.473 1 41 39 0.026
6 <15 2 0.795 2 7 7 0.817
7 12 10 0.132 3 24 21 0.521
8 10 10 0.542 4 16 13 0.803
06 8 31 28 0.966 5 13 13 0.788
1 41 34 0.031 6 24 21 0.958
2 29 23 0.537 7 21 27 0.957
3 24 20 0.616 08 4 16 11 0.452
4 18 15 0.306 1 41 45 0.987
5 10 9 0.728 2 25 24 0.463
3 19 22 0.639
17 1 56 49 0.183 4 19 17 0.359
2 40 38 0.003 5 13 13 0.515
3 37 32 0.287 6 17 19 0.424
4 43 39 0.543 08 6 37 32 0.964
5 38 30 0.135 1 30 29 0.029
6 29 29 0.005 2 17 12 0.883
7 31 29 0.371 3 18 17 0.580
8 - 20 0.460 4 18 20 0.980
17 3 23 23 0.756 19 1 52 42 0.753
2 21 14 0.881 2 24 23 0.999
3 44 46 0.635 3 20 16 0.658
4 34 40 0.481 4 28 32 0.464
5 32 36 0.768 19 3 24 20 0.335
6 44 50 0.058 2 23 24 0.052
7 30 40 0.676 3 17 14 0.231

Seven more cycles were carried out using the weighting scheme suggested
by Cruickshank 8 but no significant changes in the parameters occurred.
The largest differences from the previous results were all well below the
calculated standard deviations.

In order to check the results of the least squares refinement and to confirm
that no other atoms were present in the unit cell a three-dimensional electron
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174+

Fig. 1. A composite drawing of the final

three-dimensional electron density map.

Contours are drawn at intervals of 4 e.A"3,
beginning with the 4 e.A"? contour.

density map and a three-dimensional difference map were calculated with
the use of the parameters obtained in the least squares refinement and with
all observed reflections included. All peaks in the difference map were within
4 1.5 el/A® except for some spurious peaks close to the heavy atoms which
were slightly higher than 2 el/A3. These are probably due to the lack of correc-
tion for absorption and extinction. No remaining shifts were indicated. A sum-
mary of the three-dimensional electron density map is given in Fig. 1.

Table 4. Final parameters.

x Y z B
8 K in 8 (b) 0.1986 0.9743 0.0062 1.2 A2
8 Al » 8 » 0.5092 0.2078 0.2444 0.7
80, » 8 » 0.0685 0.2824 0.0813 1.5
80, » 8 » 0.3569 0.3202 0.2483 1.4
80, » 8 » 0.1199 0.1694 0.3416 0.5
40, » 4 a 0 3 0.3153 1.2

N

Table 5. Interatomic distances.

Distances within an AlO, tetrahedron:

Al—0, 175 A 0,-0, 285 A 0,—0, 2.85 A
—0, 1.78 —0, 2.80 —0, 291
—0, 1.76 —0, 295 0,—0, 2.80
-0, 173
Short O—O distances:
0,—0, 282 A
0,—0, 285 A
Other O — O distances < 4 A:
0,—-0, 358 A 0,-0, 344 A 0,-0, 349 A
—0, 341 —0, 3.83 0,—0, 3.96
-0, 3.96 —0, 3.11 0,—0, 3.55
K—O distances < 4 A:
K—-0, 279 A K-0, 289 A K—0, 393 A
—0, 2.89 —0, 2.80 -0, 3.73
—0, 2.76 —0, 3.44 —0, 3.76
-0, 295 -0, 3.27
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DESCRIPTION OF THE STRUCTURE

Final parameters are given in Table 4. Bond lengths are given in Table 5.
The calculated standard deviations are about 0.006 A for K, 0.007 A for Al,
0.017 A for O,, O,, and O, and 0.024 A for O,. This leads to standard deviations
of about 0.0l A in K—O and Al—O distances and about 0.02, A in 0—0
distances.

Projections of the structure along the three axes of the unit cell are shown
in Fig. 2. Each Al atom is tetrahedrally surrounded by four O atoms at an
average distance of 1.76 A, which is close to the sum of the crystal radii 1.78 A.10
In a review of Al—O tetrahedral distances Smith and Bailey ® have found
values for these between 1.75 and 1.80 A in well refined structures.

The coordination around the potassium ion is rather irregular with six
oxygens at distances between 2.76 and 2.95 A and two more oxygens at 3.27
and 3.44 A. The sum of the crystal radii for K+ and 02" is 2.73 A.10

5

o o

Fig. 2. Projections of the structure along
the three axes of the unit cell. Potas-
sium ions are indicated by open cir-
cles, aluminium ions by filled -circles.
All potassium-okygen contacts for one of
the potassium ions and one of the Al,0,
groups are indicated by dotted lines.
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A surprising feature in the structure is the presence of discrete aluminium-
oxygen complexes built up from two AlO, tetrahedra having an oxygen in
common (Fig. 2). The A1—O—Al angle is 132°. These negative Al,O, groups
are held together in the structure by the potassium ions as shown in Fig. 2
where some of the K—O contacts are indicated.

It seems reasonable to assume that the 24 hydrogen atoms in the unit cell
are bonded to those oxygens which belong to only one aluminum atom,
although no direct proof of this can be given. The formula for the aluminium-
oxygen group should then be [Al,O(OH)y]?>". The short distances between the
‘0, and O, atoms (Table 5) probably indicate the presence of hydrogen bonds.
This assumption is supported by the size of the angles 0;—0,—0,; and
‘0,—0;—0, which are 110° and 101°, respectively.

An estimate of the charge distribution in the unit cell also supports the
assumed arrangement of the hydrogen atoms. Since the Al—O bonds have
a large amount of ionic character the sum of the bond strengths for each oxygen
atom should be close to two as has been found to be the case for other
aluminum-oxygen compounds.1%!! By applying the formula D(n) = D(1) —0.60
log n suggested by Pauling 19 the bond lengths D(n) can be related to a bond
number n. If the electrostatic valences of the potassium ion and the aluminium
ion are divided among their bonds according to this relation, the sum of the
bond strengths for the oxygen atoms are found to be 2.09, 1.92, 1.98, and
2.02 for the O,, O,, O3, and O, atoms, respectively. These values are all close
to two, as expected, and the bridging oxygen does not differ from the oxygens
assumed to be associated with hydrogen atoms. It seems very likely, therefore,
that the discrete aluminum-oxygen complexes have a structure corresponding
to the formula [(OH);Al0Al(OH),] *.
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