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The crystal structure of Na,K,[Te,O4(0OH),](H,0),, has been
determined. It belongs to the monoclinic space group I2/m and there
are two formula units in the unit cell, which has the dimensions
a=8.06, b=7.05, c=21.40 A, and f=93.0°.

The structure was solved by means of three-dimensional Patterson
and electron density summations, and the 805 independent O0kI— 5kl
reflections used in least squares refinements gave a final B value of
7.8 %.

The dinuclear Te,04(0OH),*~ ion consists of two oxygen octahedra
sharing one edge, each having a tellurium atom at its centre. The
bond distances are: Te—0=1.90, A and 1.91, A, Te—OH=2.02, &
and Te— Oy g5.= 2.03, A. Alarge number of O—0O distances ranging
from 2.60 A to 2.85 A indicates considerable hydrogen bonding in the
structure.

In a series of investigations of compounds containing tellurium coordinated
to oxygen, the crystal structure of a new tellurate has been determined.

A variety of different crystalline phases of tellurates are formed when
telluric acid and hydroxide solutions are mixed in different proportions. A
recent study of K,[Te,04(0OH),]J(H,0):5' showed that this structure is built
up from dinuclear tellurate ions linked together through water molecules by
hydrogen bonding. Crystals of this compound are easily obtained as described
previously,! but in one of the preparations a few crystals showed a slightly
different morphological appearance. They were initially thought to belong to
the same phase, but their X-ray diffraction pattern was found to be completely
different from that of K,[Te,04(0OH),](H,0);5. It was therefore considered
interesting to investigate the new phase and to make a comparison of these
two tellurates, which crystallize from the same aqueous solution.

EXPERIMENTAL

The crystals of the new compound were formed as colourless plates, elongated along
the b-axis. Their chemical composition was not obtained until the X-ray study had been
completed, since attempts to prepare the pure compound in quantities sufficient for
chemical analyses were unsuccessful.
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STRUCTURE OF A NEW TELLURATE 3063

The crystal used for the X.ray analysis was cut before mounting, the dimensions
being 0.10X 0.07 X 0.02 mm? (along the a-, b-, and c-axes, respectively). Weissenberg
multiple films 0kl— 5kl and the corresponding rotation photograph were recorded using
CuKou radiation. From these films the unit cell was found to be monoclinic with the cell
dimensions a=8.06--0.01 A, b=7.05+0.01 A, ¢=21.40+0.03 A and £=93.0+-0.5°
giving a cell volume of 1214 As.

The intensities were estimated visually with a calibrated scale, prepared from timed
exposures of a suitable reflection from the actual erystal. The six films recorded for each
layer line were scaled together using the method of ‘figure of merit’’. A total of 805
independent reflections was measured.

The scales between the layer lines were initially given values in accordance with the
exposure times.

STRUCTURE DETERMINATION

The only systematic absences occur when h+k+1=2n+1, suggesting one
of the space groups I2, Im, or I2/m. From a three-dimensional Patterson
summation I2/m was deduced to be the correct one, since most of the peaks
were situated in the sections P(uOw) (c¢f. Fig. 1) and P(uiw). However,
statistics of the normalized structure factors gave (|E|) =0.880 and (|E?—1|) =
0.722. Compared with the corresponding theoretical values 0.798 and 0.968
for centrosymmetric and 0.886 and 0.736 for non-centrosymmetric structures,
these values indicate either 12 or Im. This result clearly illustrates the failure
of statistical methods when applied to structures containing heavy atoms
and having many atoms in special positions.

Fig. 1. The Patterson section P(uOw). Fig. 2. The dinuclear Te,0,(0OH),*~ ion.

The Patterson function indicated that the tellurium atoms are situated
in the position 4(z) of 12/m* with x=0.00 and 2=0.07. The signs of the structure
factors calculated from these tellurium coordinates were applied to the |F,|
values and a three-dimensional Fourier summation was made, using 769
reflections fulfilling the condition 0.3<<|F |/|F.[< 3.0. Eight potassium atoms

* Coordinates of equivalent positions in I2/m:
(0,0,0; 1/2,1/2,1/2)4-
8(j): (@, ky.2); 4(): (2,0,2); 4(h): (0,y,1/2); 4(g): (0,y,0);
(0,0,0; 1/2,1/2,1/2)4-
4(f): (1/4,41/4,1/2); 4(e): (1/4,4:1/4,0); 2(d): (0,1/2,1/2);
2(c): (0,0,1/2); 2(b): (0,1/2,0); 2(a): (0,0,0);
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were found to occupy two positions 4(¢) and all oxygen atoms bonded to the
tellurium atom could be located in good agreement with the Patterson results.

After a preliminary refinement of the known atomic parameters a differ-
ence (F,—F.) synthesis was calculated. This was expected to show the oxygen
atoms of the water molecules in the cell, and well defined peaks corresponding
to four positions 4(¢) and two positions 8(j) were found. However, one of the
fourfold peaks had an electron density of 15 e/A3, while all the others had
densities (between 6 and 8.5 e/A3) consistent with oxygen atoms. Since, in
addition, the atom giving the high peak had six oxygen neighbours at distances
of about 2.4 A, it was concluded that this peak corresponds to a sodium atom.
Thus the unit cell was found to contain 4 tellurium, 8 potassium, 4 sodium and
48 oxygen atoms.

The presence of sodium atoms in the material was not suspected from the
beginning, but the potassium hydroxide used in the preparation had, in fact,
been stored for several months in a Pyrex flask and the crystallisation was
carried out in a soda-glass vessel. Small amounts of sodium ions could, there-
fore, be present in the solution, making possible the formation of a sodium
potassium tellurate. Subsequent attempts to prepare a pure sample of this
phase, using hydroxide solutions with different ratios of sodium to potassium
have failed. This may mean that the sodium-potassium compound is metastable
under the preparation conditions used.

REFINEMENT OF THE STRUCTURE

A preliminary refinement of coordinates, isotropic temperature factors
and separate scale factors for the six layer lines gave an R factor of
12 % (R=2||F,|—|F.JI/2|F,]). At this stage no absorption correction had

Table 1. Final atomic parameters for Na,K,[Te,0,(OH),](H,0),,. The anisotropic tem-
perature factor is
exp[ — 2n2(h2a*2U |+ k2b*2U 45+ 12¢¥2U 354 hka*b* U 1, hla*c* U 3+ klb*c* U,,) .

Ator X Y Z Uy Uzz Uss Uyz Uy, Uzy
Te -0.0109(2) 0 0.07317(5) 0.007(2) 0.0062(5)  0.0029(6) 0 ~0,003(1) o

K 0.2556(10) o 0.5041(3) 0,066(8) 0.059(%) 0.030(3) 0 0.007(7) 0

iy 0,2041(16) 0 0.7975(3) 0.05%(7)  0.0L1(3)  0.039() 0 0,032(7) 0

Ne o.co1(1k) 0 0.3461(b) 0.020(9) 0,024 (k) 0.034(5) 0 ~0.042(10) 0

0, [ €.1533(20) 0 0.089(17)  0.015(6)  0.010(7) 0 0.002(16) 0

07 ~0,0LC6(30)  clzozo{ih)  0.1305(5) 0.006(11)  0.020(5) 0,018(5) 0.000(11)  0.035(11) =0.009(8)
03 c.2052(37) 0 0.0002(95) -0,032(11)  0.014(3) 0.006(6) 0 0.018(10) 0

0Oy 0.2610(25) G -0,0581{10) 0.012(17)  0.027(5) 0.080(1L) 0 -0.026(21) [4

[} 0,2004( 1) 0 0.2066(7) -0,020(12)  0,0k5(8) 0.025(8) 0 0,015(13) 0

Og 0.7363(3¢C) 9 0.3567(13) 0.006(19)  0.070(15)  0.,123(22) 0 ~0.008(27) 0

0y 0.0000(2C)  0.2177(15)  0.2551(6) 0.016(11)  o.0%2(7) 0.052(6)  =0,016(12) ~0.004(13)" 0.009(11)
Oy 0.0207(10)  c.2klz{1n 0.520%5(7) 0.083(12)  0.,036(6) 0.,071(10) -0.025(13)  0.032(15) -0.043(12)
09 €.3106(31) ¢ 0.3 0.053(20)  0.040(11)  0.065(1k) 0 ~0.015(2Y) 0
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Table 2. Observed and calculated structure factors for Na,K,[Te,O,(0OH),J(H,O
The columns are I, | F,| and F, respectiv?ely‘. “OOR:AELON
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Table 2. Continued.
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been applied. The linear absorption coefficient, calculated from the Interna-
tional Tables? is 265 cm™, and after the absorption correction had been
performed, the R value became 8.7 9,

In the final refinement anisotropic temperature factors were included.
After three cycles of full matrix refinement the greatest shifts were about
10 9, of the standard deviations and the R value converged to 7.8 9, (8.8 9,
including 94 unobserved reflections). The resulting atomic parameters are
given in Table 1 and a comparison between observed and calculated structure
factors is made in Table 2. The atomic scattering factors used were those
calculated by Cromer and Waber 3 for Te, K*, Na*, and O. Artificial structure
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factor weights according to the formula w=(a+|F | +c|F,2+d|F,®)7, with
a=120, ¢=0.004, and d=0.00006, were applied.* The final weight analysis
(¢f. Table 3) has an abnormally high value of w-42 for the |F | interval corre-
sponding to the strongest reflections. These are, however, probably effected
by primary and secondary extinction not accounted for.

Table 3. Weight analysis. The quantities w-4* have been normalized giving the sum of
the values for the ten | F,| intervals equal to 10.0. N is the number of reflections in each

interval.

|F,! interval w- 4% N
0.0— 38.8 1.04 80
38.8— 49.4 1.10 81
494 58.7 0.75 81
58.7— 67.0 0.95 81
67.0— 75.1 0.72 83
75.1— 83.2 0.81 78
83.2— 93.8 0.71 81
93.8—107.8 1.10 81
107.8—131.0 0.89 81
131.0—294.0 1.93 81

A three-dimensional (F,—F ) Fourier summation was calculated to check
the refinement results. Good agreement was obtained and the largest differ-
ences, corresponding to about 2.5 e/A3, occurred on the line (0,0,z).

Because of the presence of the sodium atoms and the many special posi-
tions, the structure was also refined as if it belonged to the space group 12,
in spite of the very clear indications of I2/m in the Patterson function. The
coordinates were moved out of their centric positions, but in the refinement
they were shifted back again, leading to matrix singularities. Since Im is
considered quite impossible, this result offers extra proof for the correctness
of the structure determination.

All calculations have been carried out on an IBM 360/50 computer. The
following programs were used:® Lp and absorption correction—DATAP2; E
statistics—GAASA; Patterson and Fourier summations—DRF; Refinements —
LALS; Distances and angles—DISTAN.

DESCRIPTION OF THE STRUCTURE

The structure contains dinuclear tellurium ions consisting of two TeOg
octahedra sharing an edge. Distances and angles within this ion are given in
Table 4 in accordance with the notation of Fig. 2. As can be seen, six of the
twelve Te—O distances are significantly longer (2.02,—2.03, A) than the
others (1.90,—1.91, A). These six distances would then correspond to oxygen
single bonds, O, being shared between two tellurium atoms and O, belonging
to a hydroxyl group. The formula of the complex tellurium ion should then
be Tey04(0H),,%, which is in accordance with the fact that it is neutralized
by two Na* and four K* jons. The chemical composition of the compound
should thus be given as Na,K,[Te,05(OH),](H,0),,-
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Table 4. Distances and angles in the dinuclear tellurate ion Te,0,(0H),*".

Te-Te’ 3.146(5) A 0,~Te—0,’ 78.8(6)°
Te—0, 2.036(9) 0,—~Te—0, 92.0(4)
Te—0, 1.912(11) 0,—Te—0, 88.7(5)
Te—0, 1.901(14) 0,~Te—0O, 87.8(6)
Te—O, 2.026(21) 0,—Te—0, 96.3(6)
0,~Te—0, 97.7(6)
0,—Te—0, 85.3(7)
0,—Te—0, 175.4(7)
0,—-0/ 2.59(3) A 0,—0, 2.85(2)A
0,-0, 2.84(1) 0,—0, 2.87(2)
0,—0, 2.75(2) 0,~0, 2.67(2)
0,-0, 2.82(2) 0,—0, 2.99(2)

A comparison of the anion in K, [Te,04(OH),J(H,0)7;5' with that of
Na,K,[Te,04(0H),](H,0),, shows good agreement between the bond distances:

Te—O (A) Te—OH (A)  Te—Oupriage (A)
Te,06(OH),* 1.86,, 1.89, 1.985, 2.00, 1.98,, 2.02,
Te,05(0H),5" 1.90,, 1.91, 2 X 2.02, 2 % 2.03,

There are no significant differences in the various Te—O bond types,
but a small expansion of all the bonds in Te,O4(OH),%~ is indicated,
as might be expected from the higher charge of this ion. The structure of
K,[Te,04(0H),]1(H,0)7 3 hasalsobeen compared! with those of KTeO(OH;)-H,0,%
KTeO,(OH);,? KTeO4(0OH),? and K,[I,04(0H),}(H,0),.°

All O—O distances below 3.4 A in the cell, except those within the
Te,04(OH ), ion, are listed in Table 5. Only those shorter than 3.0 A, however,
are considered to be possible for hydrogen bonding. For most of the 56 hydrogen
atoms belonging to the water molecules (O;—Oy) in the cell, very probable
locations can be deduced. The hydrogen atoms of O;, O4, Og, and O, are likely
to be situated as proposed in Table 5, but for O, the situation is not so clear.

Table 5. Distances and angles indicating hydrogen bonds in the structure of
Na,K,[Te,0,(0H),](H.0),, (¢f. Fig. 3).

0,—-0, 2.73(2) A 0,—0, (2x) 2.66(2) A
0,—0, (2x) 2.70(2) 0,—0, (2x) 2.85(2)
0,—0, (2X) 2.63(2) 0,—0, (2X) 2.80(2)
0,0, 2.68(2) (0,—0, (2x) 3.18(3))
(0,—0, (2x) 3.03(2)) (0,—0, (2x) 3.12(3))
(0,—0, 3.07(3))
0,—0,—0, 112.7(6)° (04 H—O,—H-+-0,)
(0,—0,—0, 94.8(8))
0,—0,—0, 106.0(9) (0, H—0,—H-+-0,)
(0,—0,—0 73.2(6))
(0.—0,—O: 87.6(3)) ] (0, H—0,—H--[Os 07))
0,—0,-0, 112.8(7) 1 Os
0,—0,—0, 99.0(5) (04 H—0,—H---0,)
0,—0,—0, 97.4(9) (0, - H—0,—H---0,)
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There are eight distances 0,—O0, of 2.68 A suggesting an eight-fold position
0,—H:--0, for one of the hydrogen atoms of O,. For the other one there
are only four distances O5;—O0, of 2.70 A left, and the four remaining hydrogen
atoms might be directed towards symmetry-related O, or O; atoms (c¢f. Table
5). Exact predictions concerning the location of the hydrogen on O, are diffi-
cult, but it is probably linked to O, within the anion. Probable hydrogen
bonding is marked out in Fig. 3, which shows a projection of the structure
along the b-axis.

Fig. 3. The structure of Na,K,[Te,04(0OH),](H,0),, projected along the b-axis. Atoms
related by the mirror plane have been shifted relative to one another for the sake of
clarity.

The sodium atoms are six-coordinated with Na—O distances ranging from
2.31 A to 2.48 A with a mean value of 2.41 A (¢f. Table 6 and Fig. 3). This is in
good agreement with the values (2.25—2.78 A) given in the International

Table 6. Coordination distances for the sodium and potassium atoms.

Na—O, 2.31(3) A

Na—0, (2x) 2.37(2)

Na—O, 2.45(3)

Na—0, (2x) 2.48(1)
K,—0, 2.83(2) A K,—0, (2%) 2.83(2) A
K,—O, 2.98(3) K,—0, (2x) 2.89(2)
K,—0, (2x) 2.98(1) K,—0, (2x) 2.94(2)
K,—0, (2x) 3.04(2) K,—O, 3.10(2)
K,—O, (2X%) 3.36(2) K,—O, 3.30(3)
(K,;—0, (2x%) 3.72(2)) K,—O, 3.43(2)
(K,—0, (2x) 3.72(1)) (Ky—0, (2X) 3.67(2))

(K,—O, (2X) 3.77(1))
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Tables.?2 The definite coordination of the potassium atoms is not obvious (see
Table 6). However, K, has eight oxygen atoms at distances ranging from 2.83
to 3.36 A while K, has nine at distances between 2.83 and 3.43 A.

The author wishes to thank professor Georg Lundgren for his support and for his
interest in this work. He is also indebted to Dr. Andrew Jelen for revising the English
text.

This work has been supported by Chalmers Institute of Technology, which has supplied
a grant to cover the costs of the computer work at the Gothenburg Universities’ Computing
Centre, and by the Swedish Natural Science Research Council (Contract No. 2318).

REFERENCES

. Lindqvist, O. and Lundgren, G. Acta Chem. Scand. 20 (1966) 2138.

. International Tables for X-ray Crystallography, 2nd Ed., Kynoch Press, Birmingham
1962, Vol. 3.

Cromer, D. T. and Waber, J. T. Acta Cryst. 18 (1965) 104.

. Cruickshank, D. W. J. The Eguations of Structure Refinements, Glasgow, Octoher
1964.

Lindgren, O. and Lindgvist, O. Acta Chem. Scand. To be published.

. Raman, S. Inorg. Chem. 3 (1964) 634.

Lammers, P. and Zemann, J. Z. anorg. allgem. Chem. 334 (1965) 225.

. Lammers, P. Naturwiss. 51 (1964) 552.

. Ferrari, A., Braibanti, A. and Tiripicchio, A. Acta Cryst. 19 (1965) 629.

CHTSU BW O

Received March 28, 1969.

Acta Chem. Scand. 23 (1969) No. 9



