ACTA CHEMICA SCANDINAVICA 26 (1972) 4107-4120

A Redetermination of the Crystal Structure of KTeO,(OH)
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of Goteborg, P.O. Box, S-402 20 Géteborg 5, Sweden

The crystal structure. of KTeO3(OH) has been reinvestigated.
KTeO4(OH) crystallizes in space group P2,/a with a=6.498, b=
11.696, c=5.121 A, and f=93.86° and with Z=4. The refinement of
the atomic parameters was based on 3706 single-crystal X-ray reflec-
tions, collected with a Philips Pailred diffractometer, a final R value
of 0.044 being obtained. The structure contains Te— O, octahedra
which share edges, thus forming infinite chains. Apart from the
electrostatic forces due to the potassium ions, the [TeO4OH)],"~
chains are held together by strong hydrogen bonds with distances of
2.480 A. The coordination distances around tellurium are: Te — Obridge
=1.94g, 1.947, 1.994, and 1.997 A, Te—OH=1.883 A and Te—~O=
1.843 A,

A characteristic feature of tellurates containing both Te —OH and Te—O

(terminal) bonds is that the Te—O bond distance is about 0.1 A shorter
than the Te — OH bond distance. This difference usually makes it possible to
distinguish between the two types of bond in an ordinary X-ray investiga-
tion, although in the compounds KTeO,(OH),; ! and KTeO4(OH) 2 these two
bond lengths are equal owing to symmetry. However, the structure of
KTeO,(OH), given by Lammers and Zemann was idealized, and, as they
pointed out,! there ought to be slight deviations from ideality. It therefore
seems reasonable to assume that the Te — OH bond is in fact longer than the
Te—O bond. Lammers, who determined the structure of KTeO4,(OH) using
data from three film projections, found systematic absences according to
the centric space group 12/a.? Apart from yielding equal Te —OH and Te—O
bond distances, this symmetry implies either disordered hydrogen atom posi-
tions or the presence of a symmetrical hydrogen bond. The latter would, how-
ever, seem unlikely in view of the O —O hydrogen bond distance of 2.62 A
reported by Lammers.

In cooperation with Dr. Jan Petrovic, Slovac Academy of Sciences, Bra-
tislava, a series of hydrothermal experiments was performed, in 1969, on
aqueous solutions of Te(OH)y, KOH and K,CO; mixed in different proportions.
In one of the preparations well-developed crystals of KTeO,(OH) were ob-
tained. Since a preliminary X-ray investigation showed the space group to be
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P2, /a, rather than I2/a, with the orientation given by Lammers, it was decided
to perform a reinvestigation of the crystal structure of KTeO,(OH).

EXPERIMENTAL

Crystals of KTeO4(OH) were prepared according to the method described by Lammers
and Zemann.»? In one preparation large colourless needles with lengths up to 3 mm
were obtained.

Preliminary Weissenberg exposures of the layers k0 and hkl showed the crystals to
be monoclinic with cell dimensions in agreement with the values previously given by
Lammers. However, the only systematic absences found were: A0l with h=2n+1 and
0k0 with k=2n+ 1, indicating the space group to be P2,/a rather than I12/a. Although
all reflections with h+k+1 odd were generally much weaker than those with h+k+1
even, a large number of such reflections were clearly visible on the films.

Table 1. Cell dimensions and powder data for KTeO4(OH).

a =6.4981(5) A
b =11.696(1) A V =388.33(5) As
¢ =5.1210(3) A Z=4
B = 93.861(6)°
sin? 6 x 10° sin? 6 x 10° sin?6x 10° sin? 6 x 10°
hkl obs. cale. hkl obs. calc.
020 1736 1735 -123 22869 22876
—-110 1840 1845 -850 23535 23545
011 2702 2706 312 23657 23674
-121 5174 5178 033 24336 24357
-130 5311 5314 062 24702 24703
121 5652 5660 —-431 27769 27794
031 6175 6176 —-143 28072 28080
040 6937 6939 -233 28551 28555
-220 7382 7380 143 29523 29528
002 9091 9091 —402 29723 29744
-112 10450 10453 -1172 31268 31270
022 10817 10825 172 32215 32234
141 10856 10864 -323 32716 32721
-231 11335 11339 —-280 33399 33401
112 11419 11418 -370 33949 33953
—-150 12244 12253 —451 34728 34733
231 12301 12304 -253 35493 35494
051 13106 13114 510 35732 35719
—-202 13772 13772 004 36363 36362
132 14877 14887 —-114 37245 37243
—-222 15497 15506 091 37396 37400
202 15692 15701 024 38106 38097
-321 15980 15987 114 39167 39172
-330 16599 16606 521 40485 40499
321 17432 17434 —-282 41531 41527
—-312 20765 20780 204 43928 43938
—-152 20847 20861 3172 44500 44491
—-341 21204 21191 -314 46607 46605
260 21240 21258 512 47219 47222
152 21811 21826 -154 47625 47651
341 22633 22638
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To obtain accurate cell dimensions, a Guinier powder photograph was taken, using
lead nitrate as an internal standard (apbNo,),="7.8566 A at 21°C).* The cell parameters
were refined with the program POWDER * and the results are shown in Table 1.

Table 2. Boundary planes and corresponding distances from an internal origin for the
crystal used in the investigation.

h k 1 d (mm)
1 0 O 0.050
-1 0 O 0.050
1 6 0 0.034
-1-6 0 0.034
-1 2 0 0.044
0 0 1 0.233
0 0-1 0.233

A crystal of the dimensions given in Table 2 was mounted along the needle axis
(c axis) in a Philips Pailred linear diffractometer. The intensities were recorded with graphite
monochromated MoK« radiation using the w-scan technique. The background was meas-
ured at both ends of the scan interval. The levels 2k0 — hk8 were measured up to sin@/A
~ 1.3 and those 3740 reflections with ¢(I)/I <0.5 were used in the subsequent calcula-
tions. The counting statistics and the Lp correction were calculated with the program
DATAP1S5 '

When collecting data from the hkl and hk3 layers, five very weak k01 and h03 reflec-
tions with h = 2n + 1 were registered (- 301, — 101, 101, 301, —~103). The precise alignment
in the Pailred instrument could favour the generation of Renninger reflections, and an
examination of pairs of the strongest reflections showed that of the ‘“un-allowed’ hOl
reflections the five above-mentioned were those most likely to arise from multiple reflec-
tion. That these reflections are indeed Renninger reflections is further supported by the
fact that no h0l reflection was registered with A= 2n+ 1 and I = 2n. The formation of such
a reflection due to the Renninger effect would have required contributions from pairs
in which one reflection had h+k+!=2n+ 1. Throughout the structure analysis it was,
however, borne in mind that the space group might be P2, or P2,/m instead of P2,/a.

The linear absorption coefficient for KTeO;(OH) in MoK« radiation, u=87.4 cm™,
was calculated from atomic mass absorption coefficients given in the International
Tables® The absorption correction was performed using the program DATAP2,° the
crystal being divided into 4 x 8 x 8 Gaussian grid points. The transmission factors varied
between 0.44 and 0.58.

REFINEMENT

The atomic coordinates given by Lammers 2 were used as starting values
in the refinement. In order to make the positions generated in space group
I2/a consistent with the symmetry elements of P2,/a the origin had to be
shifted. The cell used in this investigation was therefore translated (%,
—1,—1) from Lammers’ original cell.

Isotropic refinement, including separate scale factors for the nine Ak0 — 2k8
levels and an isotropic secondary extinction parameter, gave an R value of
0.063. The corresponding isotropic temperature factors are given in Table 4.

To check the validity of space group P2,/a, the structure was refined for
several cycles in P2,. The space group P2,/m was not considered, since the
mirror plane perpendicular to the b axis is not consistent with the basic ar-
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rangement in the structure. During full matrix refinement the atomic
coordinates converged towards the centric arrangement obtained in P2, /a.
Since, moreover, the refinement converged slowly and all parameters had
relatively high e.s.d.’s when refined in P2,, it was therefore concluded that the
true space was P2,/a, and the five very weak reflections in 20! with h=2n+1
were removed from the data set. Some other of the very weakest reflections
also appeared to be in error due to simultaneous reflection since the corre-
sponding calculated structure factors were far too low. 29 such reflections

Table 3. Weight analysis after the last cycle of refinement. The quantities w4? are
normalized sums and N is the number of reflections within each ¥, interval.

F, interval w4? N

0.0— 5.3 1.16 351

53— 173 0.95 411

7.3—- 10.0 1.03 365
10.0—- 12.8 1.12 323
12.8—- 17.0 0.95 440
17.0— 21.5 0.80 372
21.56— 29.0 0.62 411
29.0—- 37.0 1.25 331
37.0— 50.0 0.93 303
50.0—-150.0 1.29 399

R=J|4l|SF,=0.044 (4=F, —F).
Ry=SwA[SwF2) = 0.059.

Table 4. Final parameters in KTeO4(OH). The anisotropic factor is exp [ — 2n%(h?a*2U,, +
k2b*2U py + B2c*2U 33 + 2hka*b* U 13+ 2hla*c* U 15 + 2klb*c* U,,)]. Standard deviations are
given in parentheses.

Atom x y z B (A2
Te 0.00324(2) 0.42824(1) 0.24981(3) 0.706(6)
K 0.4875(1) 0.6586(1) 0.2344(2) 1.83(2)
0, 0.1657(3) 0.4543(2) 0.9599(5) 0.97(3)
0, 0.1546(3) 0.5540(2) 0.4428(4) 0.93(3)
0, 0.1972(4) 0.3262(2) 0.4098(6) 1.39(4)
o, 0.1625(4) 0.6862(2) 0.8956(5) 1.24(4)

U, x10* U, x10* Ug,x10t U,x10* U3 x 10t Ujgs x 10%

Te 100.8(4) 78.1(3) 90.2(6) 4.5(4) 11.5(3)  —1.5(5)
K 150(3) 329(4) 233(4) —14(2) 1(2) 41(3)
0, 109(5) 140(7) 119(8) 22(5) 31(5) 5(5)
0, 132(6) 129(6) 103(8) —53(5) 37(5) —21(5)
0, 244(10) 158(8) 164(10) 111(7) —35(8) —5(7)
0, 231(9) 124(7) 141(9) —74(6) 3(7) —11(6)

Extinction parameter:1? g=1,55(4)x 10%.
P2[a, 4(e): £ (2,y,2), £(1/2—=,1/2+4y,—2).
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Table 5. Observed and calculated structure factors for KTeO;(OH). The columns
10|F,| and 10|F|, respectively.
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Table 5. Continued.
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-9 14l 136 2 622 589 -1 188 176 ~13 50 -68 -1l 164 161 -6 4T3 444
-10 54 s2 4 462 433 -5 161 149 -1t 53 -39 -9 214 204 -8 «l6 388
2 253 -236 -1l 67 60 5 113 113 -3 158 150 -10 47 =48 -3 50 s2 -10 377 348
3 “54 e -1z 52 55 ‘; ‘;:; ;}.‘; ': fi: f‘:; -8 63 =58 -1 232 224 -12 228 215
N -13 82 69 -7 143 -137 -6 59 52 -4 8
4 121 -113 1o 208 224 3 1is 132 14 128 160
12165 179
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were therefore removed from the data set before the final refinement. The
remaining 3706 were not corrected for multiple reflection effects.

Refinement with anisotropic temperature factors was performed with
constant inter-layer scale factors, the isotropic extinction parameter still
being allowed to vary. In the final refinement, which yielded R = 0.044, weights
calculated with Cruickshank’s formula? w=(a+F +cF2+dF 3y, where
a=25.0,¢=0.01 and d=0.00025, were used. The corresponding weight analysis
is given in Table 3. The final structure parameters are listed in Table 4 and
the observed and calculated structure factors are compared in Table 5. Atomic
scattering factors due to Cromer and Waber 8 for Te, and to Doyle and Turner ?
for K* and O were used in the refinement. The Te and K™ scattering factors
were corrected for anomalous dispersion according to Cromer.!® The least
squares programmes used were BLOCK ! (block-diagonal approximation)
and LINUS 22 (full matrix).

A difference electron density summation computed from the final param-
eters did not reveal the positions of the hydrogen atoms, which is to be ex-
pected since tellurium is present. Although residuals as high as 3 ¢/A3 appeared
in the vicinity of the Te positions, there were no other regions of unexplained
electron density. The Fourier summation was carried out with the FFT (Fast
Fourier Transform) 3, programs designed by Ten Eyck,!® the summation of
all 3706 reflections at 41 000 points taking only 30 sec central unit time on
an IBM 360/65 computer.

DISCUSSION

The tellurium(VI) atoms in KTeO4(OH) are octahedrally coordinated by
oxygen atoms, the octahedra being connected through edges to form infinite
chains parallel to the ¢ axis (¢f. Fig. 1). This was already shown in 1964 by

® ®
@
Koo K- )
N D ‘
-7
® ® & | o ® @
ﬂ { by
P N S ®
® ® @ ) ® @
e ® &® ®  ® ®

Fig. 1. A stereoscopic view ?* along the a axis showing the [TeO4(OH)],”" chains. The
thermal ellipsoids enclose areas with an atomic probability density greater than 50 9.

Acta Chem. Scand. 26 (1972) No. 10



4118 OLIVER LINDQVIST

Lammers,? and although he solved the structure in the wrong space group
using equatorial data only, his Te—O bond distances do not deviate ap-
preciably from the present values. There are differences, however, in the
O —Te—O angles and in the O— O distances (¢f. Table 6).

Table 6. Tellurinm — oxygen coordination distances (A) and angles (°) in KTeO4(OH).
The values in the last columns have been calculated from the positions given by Lammers.?
The notation is in accordance with Fig. 2.

Distances Angles
Te—0, 1.945(2)  1.96 0,-Te—0, 78.3(1) 79
Te—0,’ 1.997(2)  2.01 0,—Te-0, 90.0(1) 93
Te—0, 1.994(2)  2.01 0,-Te—0, . 164.8(1) 168
Te—0,’ 1.947(2)  1.96 0,~Te—0, 93.4(1) 96
Te — O, 1.883(3)  1.84 0,-Te—-0, 97.4(1) 92
Te—0, 1.843(3)  1.84 0, —Te—0, 89.0(1) 85
0, —Te—0, 92.3(1) 93
0,-0/ 2.488(4)  2.52 0,/ —Te— O, 171.1(1) 172
0,-0, 2.785(3)  2.88 0,/ —Te-0, 90.4(1) 90
0,-0, 2.787(4)  2.83 0,—Te—0,’ 77.9(1) 79
0,-0, 2.847(3)  2.74 0,—Te—0, 87.6(1) 90
0,/—0, 2.797(3)  2.73 0,~Te—0, 172.3(1) 172
0, -0y 2.843(3)  2.88 0,/ —Te—0, 95.1(1) 92
0,/-0, 2.726(3)  2.73 0,'—Te—0, 94.5(1) 96
0,— 0, 2.477(4)  2.52 0,—Te—0, 94.1(1) 95
0,—0,4 2.685(4)  2.73
0,/—0, 2.828(4) 2.74 Hydrogen bond
0, -0, 2.785(3) 2.83 O4--:0, 2.480(4) 2.62
0,-0, 2.782(4)  2.73

The [TeO,(0OH)],"~ chains are held together by electrostatic interaction
with the potassium ions and through very strong hydrogen bonds between
0, and O,. The Og---O, distance is 2.480 A, and is thus much shorter than the

Fig. 2. The oxygen coordination of two
symmetry related tellurium atoms. The
notation used in Table 6 is indicated.
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value of 2.62 A given by Lammers. The fotassium ion has six oxygen contacts
at normal distances ranging from 2.654 A to 2.983 A (¢f. Table 7), with a mean
value of 2.782 A.

Table 7. Potassium —oxygen distances (A) below 3.7 A. The values in the last column
have been calculated from the positions given by Lammers.

K-0, 2.654(3) 2.66
K-0, 2.661(3) 2.66
K -0, 2.762(2) 2.78
K-0, 2.804(3) 2.86
K-0, 2.828(2) 2.78
K-0, 2.983(3) 2.86
(K-0, 3.434(2) 3.65)

The presence of the heavy Te atom in the structure prevented the location
of the positions of the hydrogen atoms in the final electron density maps.
With an O...O distance as short as 2.480 A, the question, however, arises as
to the character of the hydrogen bond. As pointed out by Blinc and Hadzi ¢
no definite predictions can be made from the magnitude of the O...O separa-
tion alone. In this case, however, the significant difference between the Te — O,
(1.883 A) and the Te—O, (1.843 A) bonds indicates that the hydrogen atom
ought to be attached to Og, and thus that an antisymmetric hydrogen bond is
present. An argument against this might be that the Te — O, distance is shorter
than the Te — OH distances in other tellurates, which usually range from 1.93 A
to 2.03 A, and is even shorter than those in Te(OH)s, where the average
Te — OH bond distance is 1.916 A.17 However, a comparable situation occurs
in KH,(PO,), 18 in which a very short hydrogen bond of 2.405 A is accompanied
by P — O distances of 1.512 A and 1.516 A, both significantly shorter than the
ordinary P—OH distances of 1.549—1.560 A and just slightly longer than
the P— O distances of 1.490 A and 1.502 A. A recent neutron diffraction in-
vestigation ! has shown that the hydrogen bond is slightly antisymmetric,
with O—H=1.174 A and H...0=1.252 A. It is interesting to note that in
both KTeO4(OH) and KH,(PO,),, both Me — O distances involved in the short
hydrogen bond are shorter than the average value between an ordinary

Table 8. Bridging dimensions in tellurates containing octahedra sharing edges.

Te—0 (4) 0—Te—-0 (°)
K, [Te,0,(0H),](H;0), ; * 1.985(9) 77.6(4)
2.029(10)
Na,K,[Te,0,(0H),](H,0),, * 2 % 2.026(21) 78.8(6)
Na, K ;[Tes0,(0H),1(H;0), 2 1.992(14) 77.5(8)
2.027(16)
KTeQ,(OH) 1.945(2) 78.3(1)
1.997(2)
1.947(2) 77.9(1)
1.994(2)
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Me—OH and a ‘“keto” Me—O bond. In KH(PO,), this average value is
1.526 A, and in KTeOy4(OH) it ought to lie in the range 1.88—1.94 A, i.e. be-
tween the corresponding mean values calculated for KTeO(OH);.H,0 20 and
K,[Te,04(OH),](H,0), 3.2

The dimensions of the Te—O—Te bridges in KTeO4(OH) are in close
agreement with those in other tellurates containing the same type of double
bridges. There are small differences in the Te—O distances, but the large
deviations of the O —Te—O angles from 90° are of almost exactly the same
magnitude in all the compounds compared in Table 8.

The author thanks Prof. Georg Lundgren for his interest in this work. He is also
indebted to Ing. Erland Andersson for assistance in all stages of the work, and to Dr.
Susan Jagner for revising the English text. The work has been supported financially by
the Swedish Natural Science Research Council (NFR, Contract No. 2318).
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