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A neutron diffraction analysis of the monoclinic modification of
telluric acid has been carried out in order to obtain the hydrogen
positions with high precision and accuracy, thus complementing the
earlier X-ray work. Full matrix least squares refinement based on
591 observed reflections gave a final R value of 0.024.

The Te—0O and O —H bonds have been determined with a pre-
cision of 0.001 and 0.003 A, respectively. The O—H bonds range
from 0.977 to 0.990 A, with a mean value of 0.985 A. The mean
O—-H---0 angle in the hydrogen bonds is 173.6°.

The scattering length of tellurium was refined to the value by.=
5.80+0.05 F, to be compared with 5.6 F given by The Neutron
Diffraction Commission.

The crystal structure of the monoclinic modification of telluric acid,
Te(OH)g(mon), has recently been determined by Lindqvist ! using X-ray
diffraction methods. Owing to the fact that the tellurium atoms did not
contribute to more than one quarter of the possible reflections, five of the six
independent hydrogen positions in the unit cell could be located from electron
density calculations. However, the precision of the hydrogen parameters was
not high, and in order to obtain more information concerning the hydrogen
bonding network in Te(OH),, it was decided to carry out a neutron diffraction
study.

EXPERIMENTAL

Crystal growth. The crystal used for the neutron diffraction work was obtained from
a saturated solution sealed in a cell at room temperature to prevent too rapid evaporation.
The temperature of the solution was gradually lowered by a total amount of 5°C over a
period of 20 h in order to obtain supersaturation. After a week at the lower temperature,
a single crystal of suitable size for neutron diffraction measurements had formed. The
crystal, which showed some well-developed faces, while others were more irregular in
shape (cf. Fig. 1), had a maximum linear dimension of 7 mm.
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(010)*

Fig. 1. The morphology of the crystal used
for data collection.

Data collection. The intensity measurements were carried out on a Hilger-Ferranti
automatic four circle diffractometer located at the Danish Atomic Energy Research
Establishment, Rise. The moving crystal and fixed detector technique (w scan) was
used in the measurements with a neutron wave length of 1.025 A. The monochromatic
neutron beam was uniform within + 3 9 for the area ranging over the crystal.

The crystal was mounted with the b axis along the ¢ axis of the instrument.
In measuring the reflections the crystal was rotated + 3° alternately about the diffraction
vector from the A-setting position, thereby at least avoiding simultaneous reflection
from 0k0 and hOl, when hkl was recorded.

A total of 1440 reflections with &> 0 and sin 6/4 < 0.55 A~ were measured in increasing
order of sin 0/1. A standard reflection, 112, was measured at intervals of 15. Step scan
measurements were used, and counts for each step were recorded. The total scan inter-
val was 4°, and the size of the step was 0.08°. The space group is P2,/n, and the space
group extinctions 0k0 for k odd, and AOl for A+1! odd were included in the reflections
measured.

Data reduction. The unit cell determined by the X-ray work,! .e. a = 6.495, b=9.320,
¢=11.393 A and f=133.88°, was used.

The reflection profiles were reduced to structure factors using a method which
determines the points of division between the peak and the background so that o(I)/I
is minimized,® where I is the integrated intensity and ¢(I) its standard deviation based
on counting statistics.

The reflections were corrected for drift in the experimental conditions as reflected
by the variation of the intensity of the standard reflection. This variation was of the
order of 2 9, within the measuring period.

An absorption correction was performed using the program DATAPH.* The calculated
linear absorption coefficient is #=1.90 cm™, assuming the incoherent scattering cross-
section of the hydrogen atom to be 38 b. The poorly developed faces of the crystal were
approximated to crystallographic planes as shown in Fig. 1, the distances to the boundary
planes from an internal origin being given in Table 1. The distances to the planes

Table 1. Crystal dimension. The distances from an internal origin to the boundary planes
are given. Those planes marked with an asterisk are approximations (¢f. Fig. 1).

Plane d (mm)
010)* 2.7
(010)} 2.7
(112) 1.0
(112) 1.0
(201) 1.7
(101)* 1.8
(110)* 1.2

Crystal volume =40.3 mm?
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STRUCTURE OF TELLURIC ACID 87

(101)* and (110)* were obtained after small adjustments giving an absorption correction
which accounted for the intensity variation of the 020 reflection as a function of ¢.
The crystal was divided into 6 x 8 x 4 Gaussian points along the @, b, and ¢ directions,
respectively. The calculated transmission factors varied between 0.52 and 0.68.

The symmetry related reflections were averaged, and 591 reflections having 2 > 40(F?)
were used for the refinement of the structure.

REFINEMENT OF THE STRUCTURE

The positions of the hydrogen atoms were determined from a nuclear
density summation, starting from the tellerium and oxygen parameters
obtained in the X-ray work.! Minima corresponding to all hydrogen atoms
in the cell were clearly resolved.

The refinement of the structure was performed with the least squares
program LINUS,* and the neutron scattering lengths for the different atoms
were by=—3.72 F, b,,=5.6 F (The Neutron Diffraction Commission %) and
b,=5.88 F (Brown and Chidambaram ¢). The quantity minimized was
szFol - IFcH2'

The weights initially used were based on the standard deviations of the
structure factors modified as o, 4=(0(F?)+1.025F%)!—|F|. Since this
procedure tended to overweight the weak reflections, an artificial weighting

e _jle—(F—-a)]}, F>a

W= Tart {(c x alF)}, F<a

scheme was used. When a=20.6 and ¢=233.3 a more reasonable weighting
was obtained (cf. Table 2).

Table 2. Agreement analyses using weights based on (&) 0,04 and (b) gy
R=3|F,—|Fl/|>F, Ry=QwF,—|FJ?>wF2)?} and w4® are normalized quantities
Sw|F,—|F*)/N, where N is the number of reflections in the relevant F, interval.

. (a) (b)
F, interval N w4? wa?
00— 6.8 45 2.85 1.97
6.8— 9.3 63 2.45 1.78
9.3— 12.2 64 1.12 0.90
12.2— 16.1 66 0.71 0.55
16.1— 20.7 74 0.66 0.60
20.7— 25.3 68 0.38 0.39
25.3— 30.6 44 0.56 0.54
30.6— 42.5 72 0.71 1.41
42.5— 59.4 52 0.54 1.13
59.4—-110.0 43 0.25 0.95

R =0.025 R =0.024

R, =0.033 R, =0.019

8

Although the weak reflections were given low weight in the refinement,
the wA4? values are highest for these data, as is seen in Table 2. The F_ values
are often too small, which, in some cases may be due to multiple reflection
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88 LINDQVIST AND LEHMANN

effetcs, or merely a result of the fact that, among the reflections just above
the limit of acceptance, the statistical counting errors do not conform to the
normal distribution curve.

The final atomic parameters are given in Table 3 and observed and
calculated structure factors are compared in Table 4.

Table 3. Final neutron diffraction parameters in Te(OH),. The anisotropic temperature
factor is exp[—2a%(h%a*2U,, + k*6*2U 5 + 12c¥2U 35+ hka*b* U 5, + hla*c* U 13 + kib*c* U,,)].,
The numbers in parentheses are the e.s.d.’s calculated by the least squares program,

Atom x Y z
Te, 0 0 0
Te, 0 0 3
0, 0.7324(2) 0.1543(2) 0.8943(2)
0,1 0.1252(3) 0.0486(1) 0.2038(2)
O, 0.7741(3) 0.3751(2) 0.5378(2)
04 0.6921(2) 0.0968(2) 0.4545(2)
0, 0.3251(3) 0.4511(1) 0.7850(2)
o, 0.7193(3) 0.3270(1) 0.0789(2)
H, 0.2397(5) 0.2864(3) 0.4688(3)
H, 0.3306(6) 0.0695(3) 0.2913(3)
H, 0.4720(6) 0.0931(3) 0.1246(3)
H, 0.7337(5) 0.1989(3) 0.4873(3)
H, 0.9476(5) 0.0359(3) 0.2638(3)
H, 0.8983(6) 0.3332(3) 0.1941(3)
Uy x10* Uy x10* U,y x 10% Uy, x10* U,;sx 100 Uy x 10*
Te, 62(10)  119(10) 74(10) 34(10) 74(17) 28(13)
Te, 85(10)  105(10) 98(11) —18(12)  124(17) 3(13)
0, 128(6) 163(7) 135(7) 86(10)  114(11) 16(12)
0, 109(9) 324(9) 105(7) —16(17)  131(15) —89(11)
0, 105(8) 191(7) 225(7) 35(11) 170(14) —120(11)
0, 117(7) 191(10)  194(7) —13(10)  200(14) —80(12)
0, 104(7) 322(8) 118(7) —34(10)  140(12) —-91(11)
0, 141(8) 146(6) 145(9) 92(10)  133(16) 1(11)
H, 285(12)  258(13)  271(13)  —117(19)  363(22) 30(23)
H, 212(17)  442(14)  199(12) —57(22)  226(18)  —152(22)
H, 153(16)  359(14)  274(13) 8(21)  237(26) 110(22)
H, 273(12)  236(17)  346(13) 4(21)  405(22)  —124(23)
H, 262(13)  442(15)  222(12) 35(21)  389(22) 40(20)
H, 225(14)  278(13)  214(16) 83(19)  177(28) 46(19)

In addition to atomic coordinates and anisotropic thermal vibration
parameters, an isotropic secondary extinction parameter and the scattering
length of tellurium were allowed to vary in the refinement. The extinction
effect was unusually small, resulting in a maximum correction to the intensities
of less than 3 %,. -

The tellurium scattering length was refined since the tabulated values are
of low precision. Starting from b, =5.6 F ¢ for both Te atoms, the b values
of Te, and Te, were refined independently, giving by, =5.79+0.06 F and
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STRUCTURE OF TELLURIC ACID 89

Table 4. Observed and calculated structure factors. The columns are h, k, I, 10F, and
10F .. Those reflections with F,=0 were not included in the refinement.

7 0 -9 205 268 5 4 ~4 138 ~137 4 6 -8 0 24 3 5 -5 523 532 2 3 &4 155 151
T 0 -1 213 -273 5 4 -3 109 -95 4 6 ~T 34T 349 3 5 -4 387 395 2 3 5 o 20
7 1-10 220 214 S 4 -2 142 -131 4 6-6 175 -169 3 5.3 184 -193 2 4-10 273 272
7 1-9 129 121 5 5-10 189 -187 4 6 =5 60 -4l 3 5 -2 0 -34 2 4 -9 o 32
7 1-8 176 175 5 5 =9 184 -182 4 6 =4 331 -323 3 5 -1 26T 245 2 4 -8 159 156
7 1 -1 268 -212 5 5 -8 180 -183 4 6 -3 198 -189 35 0 269 =259 2 4 -7 498 =507
6 0-17 138 -105 5 5 =T 268 270 4 6 -2 0o 32 3 5 1 6l4 =620 2 4 -6 405 407
6 0 -& 105 100 5 5-6 88 -87 4 6 =1 o 20 35 2 112 -113 2 4 -5 39 400
¢ 0 -6 97 -90 5 5 -5 698 =705 4 6 2 590 596 3 5 3 395 389 2 4 -4 243 243
6 0 -4 679 0689 5 5 -6 318 324 4 7-9 126 120 3 6-9 330 =330 2 4 -3 61 -45
¢ 1-12 8% b5 5 5 -3 92 &5 4 7 -8 57 3 6-8 0 15 2 4 -2 868 B75
¢ 1-11 0 -26 5 5 -2 684 689 4 1-7 017 3 6 -7 120 -112 2 & -1 473 467
6 1-10 104 104 5 6 -9 206 210 4 1-6 0 80 3 6 -6 188 -198 2 4 0 851 862
6 1 -9 181 185 5 6 -8 50 40 4 75 92 98 3 6-5 117 -109 2 4 1 320 -9
6 1 -8 29 308 5 6 =1 164 =145 4 T -4 276 274 3 6 -4 159 166 2 4 2 625 624
6 1 -7 ) 16 5 6 -6 107 115 4 7T -3 159 151 3 6 -3 98 93 2 4 3 564 =564
6 1 -6 N =34 5 6 -5 212 208 4« 71 -2 212 =207 3 6 =2 335 =333 2 & 5 63 59
6 1 -5 118 -117 5 6 -4 122 =125 4 7 -1 258 255 3 6 -1 247 245 2 5-9 119 13
6 1 -4 75 =48 5 6 -3 85 -gn 4 8 -7 106 111 3 6 0 87 67 2 5 -8 0 =20
6 1 -3 71 45 5 7-7 45 28 4 8 -6 509 502 3 6 1 153 151 2 5 -7 193 -195
6 2-11 238 237 5 7 -6 458 446 4 8 -5 0 30 3 6 2 211 =214 2 5 -6 326 -330
6 2-10 143 142 5 T -5 345 =344 4 8 -4 601 598 3 7-9 134 130 2 5-5 153 -158
6 2 -9 407 419 4 0-12 605 607 4 8 -3 158 160 3 7-8 109 93 2 5 -4 119 121
6 2 -8 225 226 4 0-10 183 183 3 0-11 164 -l66 3 7 -7 0 =31 2 5 -3 232 -235
6 2 -1 526 525 4 0 -8 399 404 3 0-9 126 124 3 7~ o 2 2 5 =2 81 -75
6 2 -6 330 -331 4 0 -6 111 -101 3 0 -7 9 4 3 7.5 209 27 2 5 -1 [ 1
6 2 -5 252 -251 4 0 -6 125 120 3 0 -5 321 319 3 7T -4 152 147 2 5 0 90 36
& 2 -4 129 125 4 0 -2 641 644 30 -3 677 -673 37 -3 63 -48 2 5 1 291 298
6 2 -3 360 -361 4 0 0 286 282 3 0-1 538 533 37 -2 267 -261 2 5 2 0 -38
6 3-11 87 -66 4 D 2 285 286 3 0 1 88 -80 3 1 -1 791 797 2 5 3 o 18
6 3-10 129 =129 4 1-12 89 -79 3 0 3 T4 64 3 7T 0 425 426 2 5 4 135 133
6 3 -9 95 82 4 1-11 0 -31 3 1-11 567 571 307 1 199 21 2 6-9 0 -15
6 3 -8 196 197 4 1-10 o 23 3 1-10 321 =312 3 8 -7 66 51 2 6 -8 326 1323
6 3 -7 99 -11 4 1 -9 41 37 3 1 -9 144 145 3 8 -6 201 =196 2 6 =1 500 =500
6 3 -6 67 53 4 1 -8 145 -144 3 1 -8 406 401 3 8 -5 224 -226 2 6-6 742 743
€ 3-5 117 126 4 1 -7 144 -140 3 1 -7 280 -281 3 8 -4 60 -39 2 6-5 206 221
6 3 -4 4g =43 4 1 -6 198 -201 3 1 -6 253 255 3 8 -3 2 -1 2 6 -4 467 4u7
6 =17 333 334 4 1 -5 g6 =85 3 1 +~5 288 -286 3 g -2 91 89 2 6 -3 317 -320
6 4 187 =176 4 1 -4 61 =47 3 1 =6 613 -419 3 8 -1 256 -265 2 6 -2 352 1363
¢ 4 551 551 4 1 -3 180 166 3 1 -3 618 ~621 3 86 0 198 198 2 6 -1 0 240
6 4 149 =137 4 1 -2 167 -152 3 1 -2 554 557 3 9 -5 0 -36 2 6 0 9 19
6 4 199 312 4 1 -1 250 251 31 -1 127 126 3 9 -4 433 450 2 6 1 61 23
6 & 484 -697 4 1 9 a2 =27 3 1 0 54 37 3 9-3 n =40 2 6 2 164 144
6 4 456 456 4 1 1 217 =215 301 1 61 63 3 9 -2 280 281 2 6 3 190 187
6 5 160 -160 4 1 2 131 -199 31 2 1075 1090 2 0-10 203 198 2 6 & 293 293
6 5 16 -72 4 2-12 406 400 A1 3 5 56 2 0-8 N =50 2 1 -8 73 -60
6 5 61 45 4 2-11 o =23 31 4 19 194 2 0-6 9% 975 2 71 -7 51 =48
6 5 125 119 4 2~10 187 -181 3 2-11 60 =67 2 0 -4 0o 38 2 1 -6 95 78
5 B 4 4 2 -3 79 =717 3 2-10 167 =171 2 0 =2 377 312 2 1 -5 2 =11
5 195 =105 4 2-8 602 696 32 =0 264 242 2 0 0 657 =639 2 1 -4 191 202
5 265 283 4 2 -1 393 -397 3 2 -8 180 1sl 2 0 4 84T Ba4 2 T -3 163 -170
5 lol 156 4 2 -6 382 34 V2.7 173 -174 2 0 6 461 460 2 7 -2 187 -193
5 521 525 4 2 -5 298 =299 1 2-6 170 -166 2 1-10 108 113 2 T =1 427 <434
5 330 ~34l 4 2 -4 669 670 3 2-5 17 1es 2 1 -9 36 ~t8 2 7T 0 163 136
5 3 -9 4 2 -3 323 334 32 -4 121 111 2 1-8 63 65 2 1 1 80 ~52
5 251 =254 6 2 =2 LI? 604 3 2 -3 380 =380 2 1 -1 231 -242 2 T 2 145 =132
5 630 676 4 2-1 M7 1% 3 2-2 258 -265 2 1 -6 221 226 2.1 3 7 -49
5 348 348 4 2 0 62 46 3 o2 - T4 €8 2 1-5 26T 268 2 8 -7 122 -117
5 241 =243 4 2 1 0 -z8 3 2 0 183 -124 2 1L -4 179 166 2 8 -6 272 -265
5 423 430 6 2 2 622 4R I 2 1 266 =263 2 1 -3 89 -80 2 8 -5 74 ST
5 564 567 4 3-10 169 172 3 2 2 317 -319 2 1 =2 53 “n 2 8 -4 b4 34
5 433 431 4 3-S5 121 -114 3 2 3 84 69 2 1 -1 94 83 2 8 -3 515 -510
5 106 =197 4 3-8 47 88 3 2 4 332 -332 2 1 0 339 330 2 8 -2 266 -260
5 277 =221 4 3 -7 84 -77 3 3-11 172 3ot 2 1 1 243 =253 2 8 -1 67 =55
5 86 98 4 3 -6 a7 =29 3 3-10 0 =25 2 1 2 244 =240 2 8 0 81 13
5 61 72 4 3 -5 9 15 3 3 -9 343 <341 2 1 3 126 103 2 8 1 256 257
5 o -28 4 3 -4 115 =120 3 3 -8 94 -&6 2 1 4 248 =242 2 8 2 170 170
5 ¢ =46 4 3 =3 447 =457 3 3 -7 171 -171 2 1 5 8 90 2 9 -5 a =22
5 128 =100 4 3 -2 [ 3 3 -6 306 308 2 1 6 292 =291 2 9 -4 69 62
5 296 =211 4 3 -1 0 =34 3 3 -5 9 -1 2 2-10 437 43) 2 9 -3 145 145
5 218 219 4 3 0 53 43 33 -4 221 219 2 2 -9 734 733 2 9 -2 266 =239
5 2 -6 167 3710 4 3 196 -197 3 3 -3 734 -729 2 2 -8 150 ~l64 2 9 -1 o 15
S 2 -5 131 -126 4 3 2 374 -301 3 3-2 928 932 2 2-1 539 507 2 9 ¢ 106 -91
5 2 -4 2 9 4 4-11 168 158 3 3 -1 105 107 2 2 -6 119 112 2 9 1 127 =122
L 2-3 121 125 4 4-10 184 -177 3 3 0 81 ~b6 2 2 -5 235 237 1 a-9 121 12)
5 2 -2 53 28 4 & -8B 262 267 3 3 1 478 -477 2 2 -4 416 -415 1 0-17 o -7
5 2 -1 213 22 4 6 =T 356 30664 303 2 0 -37 2 2-3 228 -231 1 0 -5 387 ~384
5 2 0 215 215 4 4 -0 Go-12 3 03 3 287 292 2 2-2 198 203 1 0 -3 72 -5%
5 311 176 175 4 4 =5 a 7 303 4 91 -71 2 2-1 173 -174 1 0-1 0 13
5 3-10 18 108 4 4 -4 103 -83 3 4-11 116 117 2 2 v 63 =48 T 01 105 106
5 1 -3 14l -142 4 4 -3 216 =212 3 4-10 0 -39 2 2 1 182 -186 1 0 3 0 14
5 3-8 633 610 4 4 -2 261 -263 3 6 -9 110 113 2 2 2 160 162 1 0 5 203 201
5 3 -1 668 673 4 4 -1 143 144 3 4 -8 147 138 2 2 3 126 -123 1 0 7 166 164
5 3 -6 101 490 4 & 0 292 =296 3 4 -7 135 -135 2 2 4 96 83 1 1-10 707 714
5 3 -5 82 T1 4 4 1 74 48 3 4 -6 75 56 2 2 5 229 -23m 11 -9 233 -239
5 3 -4 253 259 4 5-10 64 -49 3 4 -5 224 221 2z 6 0 -3 11 -8 22y =225
5 3-1 466 471 4 5 -9 143 130 3 4 -4 026 628 2 3 -9 14l 137 11 -7 0 -5
5 3 -2 213 =215 4 5 -8 112 112 1 4 -3 17 224 2 3-8 b4 =E6 1 1 -¢ 890 902
5 3 -1 166 =173 4 5-1 219 213 3 4 =2 199 -203 2 3-1 291 205 1 1 -5 6717 691
5 3 0 3 311 4 5 -6 89 79 3 4 -1 91 96 2 3 ~6 265 ~261 11 -4 198 194
5 3 1 0 -49 & 5 =5 223 232 3 6 0O 563 545 2 3 -5 134 137 1 1 -3 9} 95
5 3 2 405 402 4 5 -4 148 =150 3 4 1 235 =240 2 3 -4 63 44 11 -2 524 512
S 4-11 88 -83 4 5 -3 55 =3% 3 4 2 210 197 2 1-3 64 =51 11 -1 [ ]
5 4=10 76 =67 4 5-2 s =33 3 4 3 =10 2 3 -2 98 =96 1 1 0 521 516
5 4 -9 6 =35 4 5 =1 ) 18 3 5-10 677 672 2 3 - 6421 428 11 1 19
5 4 -8 405 ~4ub 4 5 0 218 212 3 5 =9 446 -446 2 3 0 381 342 1 1 2 551 -543
5 4 -7 1e3 =141 4 5 1 166 -163 3 5 -8 6% 632 2 3 150 =145 T 13 69 5¢
L4 -6 121 ~1%4 4 6-10 348 347 3 5 -7 237 236 2 3 2 0 -16 11 4 88 76
S 4 -5 238 -291 4 6 -9 121 -120 3 5 -6 535 5.9 T3 3 o -8 11 5 621 423
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Table 4. Continued.

Lol o6 237 =200 14 - LA Ve =2 nr 2a 13 1 3 -8 O 4 -4 96 &5
I T A S 14 14 -7 138 -1 1o -1 “ 19 1 9 2 862 s6l o 4 -3 285 -271
1 2 - 1 29 1 4 -8 1o 131 e o0 EAN ArIY 110 -2 124 131 0 & =2 412 -413
1 2 -9 R 1 4 -5 120 134 1 6 1 443 -441 110 -1 67 =37 N4 -1 191 -233
12 -1 7 -uy 14 -4 38y -39 L6 2 117 176 110 2 219 219 0 4« 0 29 -260
) T kL] 1 4 -3 147 =1t 1 5 3 59 73 o 6 -8 223 =231 N 5 =7 144 146
12 -5 116 16 1 4 -2 3o =397 o6 4 135 =11 0 G -6 228 =29 9 5 -6 b} 32
1 2 -4 265 248 1 4 -1 107 -1 17 -7 185 -179 50 -4 91 B4 25 -5 PR TS
1 2 € -1 1 4 3 475 -478 1 7 -6 ERY 37 o 0 =2 514 510 ¢ 5 -4 It 175
12 =2 9" 9e 1 4 1 6o 4“4 11 - 244 244 o1 -8 163 -162 2 5 =3 95 -t4
12 - @ a2 OIS 296 =296 17 -4 68> 685 uob -7 90 ~80 v o5 -2 143 -1.0
12 00 60 -47 14 3 TE wk 17T -31 495 -422 ¢ o1 -6 351 =362 €5 .y 68 62
12 1 20 267 1 4 4 23, =241 L7 -2 444 450 Co1 =5 326 330 0 6 ~7 151 149
L2 2 625 601 Vo4 o5 012 110 17 -1 457 -458 01 -4 282 =279 5 6 =6 179 ~179
12 3 Ul =214 16 6 i 29 7 g 22 ¢ o1 -3 187 -165 9 6 =5 259 260
v o2 e 160 17 L4 7 e -1.b o 24 =536 ool =2 66 52 n 6 -4 236 =244
L2 s t e 15 -8 o o-iu3 17 2 1ie 112 7 02 -8 0 12 0 6 -3 223 ¢
12 99 54 1 5 -7 ho4 =568 17 3 448 ~6447 o2 =7 173 172 o6 -2 298 3>
e 7 G99 -be 15 -0 2713 =273 17 e 243 =262 12 -6 586 581 U o6 -1 184 -lcE
1 3 =7 22y 213 1 9 - -t 17 5 399 4lu N2 -5 350 -361 0 6 0 360 367
13 -8 2% 20 L5 =4 lait 15y 1 4 -6 2,6 -2,9 G 2 =4 638 648 ¢ 7 -6 57 -4b
13 =7 345 -349 L5 =3 190 =213 15 -5 50 247 ©2-3 248 252 0 7 -5 156 =192
I3 -6 42 543 L5 =2 28 262 1 8 -4 177 12 G2 =2 259 254 0 7 -4 213 =211
Vo3 -5 635 64l 15 -1 59 4y 1 & -3 147 148 02 - o -8 0 7 -3 82 7¢
1 3 -4 41E =415 1 > W 223 23 1 e -2 3 25 "2 0 528 512 0 1 -2 167 -174
1 3 -3 92 Lo 15 1 n16 571 1 8 -1 175 1e9 o 3 -8 127 136 0 7 -1 343 391
13 -2 < o-19 L5 2 412 46 18 4 6 -6t ¢ 3-7 195 -195 0 8 -5 268 2u4
13-l 12 133 TS 3 499 -4y 1 8 1 136 -161 ¢ 3 -6 110 -118 0 8 -4 352 359
13 v 167 e 1 5 4 457 453 16 2 29 3 -5 109 -93 0 8 -3 506 5uB
13 1 6l e 15 5 ~o-z 18 3 198 =204 0 3 -4 352 361 0 8 -2 486 4E9
13 2 50 528 1 5 6 637 w47 LoE e 82 ~¢3 3 -3 218 0 8 -1 0 -45
13 76 -u3 16 -d 136 120 19 -5 9 w7 1 -2 202 206 0 8 2 312 312
Loy e 8ot g2y [ 7 [ P R S T 3 -1 125 -106 0 9 -4 69 -5l
L3 5 Al 2ol 16 -6 ty =95 10 - 65 9 @ -8 215 219 0 9 -3 21 Lt
13w 54 -4n 16 =5 1% 1% v -2 - [ o E] 0 9 -2 5 &
[ Y A L8 1 6 -4 Yoo o9 -1 vy 74 o4 -0 372 372 3 9 -1 Ao
1 e -9 56 =42 Coe =5 10 lua [} i =5 A4 =5 265 =242 010 -1 133 ~126

o 19 a 178 ~1¢3

bp,=5.8110.06 F. The resulting value, b,,=5.80 F, is probably more
reliable than the lower value determined previously, since it is based on the
more accurately known scattering lengths of hydrogen 5 and oxygen.®

DISCUSSION

The Te— Og octahedra. The higher precision of the neutron diffraction data
has enabled the molecular dimensions of Te(OH); to be determined with
appreciably better precision than was obtained in the previous X-ray
investigation. However, the improvement in the Te —O bond determination
can also be ascribed to the fact that the Te— O distances are determined
solely by the oxygen positions, since all tellurium parameters are fixed by
the symmetry.

Table 5. Distances and angles within the two tellurium-oxygen coordination polyhedra.

The angles listed are those indicated in Fig. 4, where Te, corresponds to the tellurium

atom at the origin in Fig. 3. E.s.d.’s are given in parentheses. No distances have been
corrected for thermal motion.

Distances Angles
Te, -0, 1.907(1)A 0,—Te,—0, 88.69(7) °
Te,— 0, 1.908(1) 0,—-Te,—0, 91.07(6)
Te;— 0, 1.910(1) 0,—Te,—0, 92.08(7)
Te,— O, 1.908(1) 0,—Te, — O 87.60(6)
Te,— O, 1.908(1) 0,—Te,— 0, 88.38(6)
Te,— O, 1.914(1) 0,—Te;— O, 90.71(7)
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The tellurium —oxygen bond distances and angles are given in Table 5,
and stereoscopic drawings, obtained with the program ORTEP,” are shown
in Figs. 2 and 3.

The average Te — O bond distance of 1.909 + 0.001 A is in good agreement
with the X-ray value of 1.916+0.005 A. In both the neutron and X-ray
investigations, it has been found that the Te, — O4 bond is slightly longer than

Iig. 2. Stereoscopic pictures 7 of the two independent Te(OH), molecules. The thermal
ellipsoids enclose areas with an atomic probability density greater than 50 %,.

Fig. 3. Stereoscopic picture ’” showing all atoms bonded to tellurium atoms within one
unit cell. The cell is viewed along the a* direction.
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the other Te—O bonds, and, according to the neutron diffraction results,
this bond may be significantly longer than the Te, -0, and Te,— O; bonds.
There seems to be no obvious reason for this effect, but it is possible that the
hydrogen bonds in the structure may cause deviations from the ideally octa-
hedral oxygen coordination around tellurium. That this is the case is clearly
indicated in the significant deviations of the O —Te— O angles from 90°, as
discussed below.

A comparison of the Te—O coordination in Te(OH)g with that in other
tellurates was given in the previous paper.!

Hydrogen bonds. The hydrogen positions determined in the X-ray investiga-
tion have been shown to be reasonable, and thus the hydrogen bonding net-
work indicated in Fig. 2 and Table 8 of Ref. 1 is correct. However, no detailed
discussion of the hydrogen bonds was possible at that stage, since the e.s.d.’s
of the hydrogen positions were as high as 0.1 A. The neutron diffraction
results are given in Table 6.

Table 6. Hydrogen bonding in telluric acid.

0-0 0—H H--0 fO-H+0 /Te-~O—H /H--0—Te

Te,— 0,—H,"-O,—Te,  2.695(2) A 0.989(3) A  1.711(3) A 173.4(3)°  113.6(2°) 129.7(1)°
Te,— Oy—H,-+:0,—Te,  2.709(2) 0.983(3) 1.727(3) 175.3(3) 114.5(2) 129.4(1)
To,— Og— Hy-+-0,—Te,  2.696(2) 0.977(3) 1.720(3) 175.8(3) 114.2(2) 127.8(1) -
Tey—O,—H, 03— To,  2.685(2) 0.990(3) 1.698(3) 174.5(2) 113.1(2) 127.6(1)
Tey— O;— Hy++-0,—Te,  2.676(2) 0.987(3) 1.704(3) 167.2(3) 115.0(2) 126.2(1)
Teg— Og— H,++0,—Te,  2.730(2) 0.983(3) 1.750(3) 175.1(3) 112.6(2) 127.0(1)

/H,0,—H, 111.1(2)° /H,0,—H, 111.1(2)

/H0,—H, 115.3(2) /Hg-0,—H, 118.4(2)

/H,0,—H, 114.9(2) /H,-0,—H, 113.3(2)

The O—H...O distances, ranging from 2.676 A to 2.730 A with a mean
value of 2.699 A, indicate rather strong hydrogen bonding in the structure.
The complex three-dimensional hydrogen bond network is of (12,8) type (cf.
the monograph by Hamilton and Ibers,® p. 21), i.e. each molecule is involved
in twelve hydrogen bonds to eight neighbouring molecules (¢f. Fig. 3). Six of
these bonds are directed octahedrally towards six other molecules, a three-
dimensional network thus being formed. The remaining six all extend
approximately along the [102] direction, making three connections to each of
the two adjacent molecules, thus in this direction resulting in the formation
of chains running through the structure (cf. Fig. 4).

There is no hydrogen bonding between symmetry related Te(OH)g mol-
ecules. The main difference between the two independent molecules in the
cell is that the Te, molecule supplies four hydrogen atoms to the chain bonds
and only two to the octahedral bonds, while these numbers are reversed for
Te, (cf. Fig. 3).

None of the O—H bonds are significantly different from the average
value 0.985 A, but there are small differences among the H...O bonds.
Hamilton and Ibers 8 have investigated the correlation between the O —H
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Fig. 4. Schematic drawing indicating the

angles listed in Table 5. The unmarked

angles are given from symmetry (Te, and
Te, at 1).

bond length and the O—H...O and H...O distances, respectively. In the
present investigation, the average H...O bond distance is 1.718 A, and,
according to the empirical curve given by Hamilton and Ibers, this value
should correspond to an O — H bond length of 0.99 A. This is in good agreement
with the value of 0.985 A actually found in Te(OH)s.

The O—H...O angles are close to 175° (except for angle O; — H;...O, which
is 167.2°) and they are slightly smaller than in the other pure hydroxy-acid
known, orthoboric acid. In a neutron diffraction study of D,BO; these angles
were found to range from 175.5° to 179.4°.% In both compounds, the hydrogen
atom is closer to the centre of the molecule than it would have been if the
hydrogen bonds had been linear (exception: D, in DyBO;). In the similar
compound H;IO,,1° the range 171 —178° has been found.

The Me—O—H and H...O—-Me angles are of the same magnitudes in
D,BO,, H;I0,, and Te(OH),, whereas the average H...O — H angle in Te(OH),4
is 114.0° compared to 119.8° for D...O~D in D;BO;. In orthoboric acid,
the arrangements of atoms around the oxygen atoms is approximately planar,
while in telluric acid the oxygen atom is significantly tilted out of the corre-
sponding plane permitting a smaller O...H—O angle. An assumption of sp?
hybridization of the oxygen atoms and double o= Te—~O bonds (according to
the Te— O bond length) seems reasonable as a first approximation. However,
it is difficult to quantitatively discuss the deviations from 120° of the angles
subtended at the oxygen atoms.

In a recent powder neutron diffraction investigation of cubic telluric acid
the hydrogen atoms were found to be statistically distributed.’! A detailed
comparison of the hydrogen bonds in the two modifications is therefore not
possible. It would appear that the more stable monoclinic phase, with its
localized hydrogen positions, can be described as being slightly distorted
from cubic symmetry.

When hydrogen bonds are formed changes occur in the parts of the
molecules involved. In telluric acid the molecules are connected solely through
hydrogen bonds and all hydrogen atoms participate, moreover, in similar
hydrogen bonds. It ought therefore to be possible to see what influence the
hydrogen bonds have on the tellurium coordination and thus obtain some
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indications as to how they arise. Assuming that in a free Te(OH), molecule
the oxygen atoms form a regular octahedron around Te, the main distortion
caused by the hydrogen bonding in the Te(OH), crystal is that the O —Te—0
angles are no longer 90°. One might except to find decreased angles as a result
of the O—H...O attractions where two molecules are connected over three
hydrogen bonds (cf. Fig. 4). This is not, however, the case. Nor is it possible
to explain the deviations in terms of strains caused by the preference of any
particular Te—O—H angle. There is, moreover, no correlation between
hydrogen to hydrogen repulsion and the O —Te—O angles (¢f. Fig. 5). The

R

+

Angle 0—Te-0
L 1

88 89 91 92

Fig. 6. Schematic drawing showing the Fig. 6. Correlation between acceptor di-
effect of the hydrogen bonds on the rections in the hydrogen bonds and the
O —Te— O angles. deviations of the O—Te—O angles from
90°. For each angle, the sum of the two
H-..-O projections (c¢f. Fig 5) has been

plotted.

deviations of the oxygen atoms from their ideal octahedral positions might,
however, be attributable to their role as acceptors in the hydrogen bonds.
In order to examine this effect more quantitatively, the acceptor bonds
O,--H and O, --H were projected on lines in the plane of the O,—Te—-0O,
angle under consideration. These lines were perpendicular to the Te— O, and
Te— 0, bonds, respectively, and their positive directions were defined as
indicated in Fig. 5. From Fig. 6, in which the sum of the two O,..-H and
O,---H projections for each of the six independent O,—Te—0, angles has
been plotted against the value of the angle, it is evident that there is a
correlation, indicated by a straight line through the origin. The method of
just adding the two components for each angle may be crude, and some of
the effects mentioned above might also affect the positions of the points in
the diagram. The rotation of the O—H bond around the Te—O bond,
necessary for the formation of the hydrogen bond network, might also disturb
the Te— O oz bonding system.

The correlation between the direction of the lone pair of the acceptor
oxygen atoms, which is presumably near the hydrogen bond direction, and
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the O —Te— O angles (¢f. Fig. 6) indicates that the increased electron density
in the direction towards the H— O donor is large enough to cause the accceptor
oxygen nucleus to shift its equilibrium position in this direction. Thus, when
hydrogen bonds are formed in Te(OH),, the main change in the system
seems to be concentrated in the accepting lone pair.

As discussed above, the donor O — H bond length is increased by formation
of hydrogen bond. In Te(OH),, this lengthening may partly be regarded as a
result of a decreased electron density in the O —H bond caused by transfer
of electron density towards the oxygen lone pair directed towards a hydrogen
atom in a neighbouring molecule.
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