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The crystal structure of barium telluropentathionate trihydrate,
BaTe(S,0;),.3H,0, has been determined by X-ray methods. The salt
crystallizes in the monoclinic space group P2,/c (No. 14) with four
formula units in a unit cell of dimensions a=11.139(3) A, b=5.243(2)
A, ¢=21.306(6) A, p=106.94(4)°. The refinement was carried out by
a full-matrix least squares program using 2389 non-zero reflections,
recorded by means of a single-crystal diffractometer. The R value
was 0.024.

The telluropentathionate ion has the trans form, the sulphonate
groups being rotated out of the plane of the three middle atoms to
different sides of the plane. The dimensions of the S—S—-Te—-S—-8
chain, from one end of the chain to the other, are S(1)—S(2)=2.102(2)
A, S(2)—Te=2.384(2) A, Te—S(4)=2.392(2) A, S(4)—S(5)=2.090(2)
A, /S(1)—S(2)—Te=103.08(5)°, /S(2)—Toe—S(4)=96.02(4)°>, /
Te —S(4) —S(5)=102.59(5)°. The SS8Te/STeS dihedral angles are
87.7°and 98.7°.

The crystal structures of two barium pentathionate dihydrates,1,? of barium
selenopentathionate dihydrate 3,4 and trihydrate,® and of barium telluro-
pentathionate dihydrate &7 and trihydrate ® have been reported. The latter
structure was solved and refined by means of film data. The results of the refine-
ment were not quite satisfactory, the standard deviations being high, compared
to those of the barium selenopentathionate hydrates.®,5 The present work is
a more detailed description of this structure analysis, including least squares
refinement of diffractometer data.

The pentathionate, selenopentathionate, and telluropentathionate ions
have been found to occur in two rotational-isomeric forms, and crystallize
in the cis form in all of their barium salts, except in barium telluropentathionate
trihydrate. The telluropentathionate ion has the trans form in the trihydrate,
the sulphonate groups being located on opposite sides of the plane through
the three middle atoms. The trans form of this ion was also found in the crystals
of ammonium telluropentathionate ? and rubidium telluropentathionate hemi-
trihydrate.1®
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EXPERIMENTAL

Barium telluropentathionate trihydrate, BaTe(S,0;),.3H,0, was obtained by crys-
tallization of crude barium telluropentathionate from dilute hydrochloric acid.’* The
crystals are light yellowish-green, flat prisms.

The intensity data used for the solution and first refinement of the structure were
collected by the multiple-film technique. Integrated zero-layer and equi-inclination Weis-
senberg photographs were taken with CuK« radiation (Ni-filtered) for the hOl, hll, h2l,
and Okl reflections. The intensities of the 1106 independent, observed reflections were
measgured visually.

The intensity data used for a more accurate refinement of the structure were measured
on a Siemens automatic single-crystal diffractometer using MoK« radiation (Nb-filtered)
and a scintillation counter.

The crystal was mounted with the b axis approximately parallel to the ¢ axis of the
diffractometer, and the orientation of the crystal and preliminary unit cell dimensions
were determined from the 6, ¥, and ¢ angles of 10 non-coplanar reciprocal vectors.

The 6— 20 scan technique and five-value procedure were used. The scan width was
0.70° for all reflections, and the maximum scan time per degree was 24 sec. For strong
reflections the diffractometer automatically selects higher scan speed, and inserts a
proper attenuation filter into the primary beam, if needed to avoid counting losses.

Two reflections, 700 and 0010, were used as reference, and measured two times
each at intervals of 50 reflections. The intensities of the reference reflections decreased by
7 9% during the data collection, and were used to bring the net intensities to a common
scale.

Out of 2877 reflections attainable within 6 = 28°, 488 were found to have net intensities
below three times its standard deviation. These reflections were assigned an intensity
equal to this limit, and labelled as unobserved.

Lorentz and polarization corrections were applied, and absorption corrections were
carried out using a modified version of the Gaussian integration method described by
Coppens et al.*® The linear absorption coefficients for CuKa and MoK« radiations are 526
cm™! and 66.2 em™?, respectively. The crystals used were prisms extended along the
b axes and bounded by (100) and (001). The distances between the (100), between the
(010), and between the (001) boundary faces were 0.036, 0.102, and 0.066 mm, respectively,
for the crystal used to collect the hOl — A2l film data, 0.014, 0.080, and 0.072 mm, respec-
tively, for the crystal used to collect the 0kl film data, and 0.033, 0.167, and 0.110 mm,
respectively, for the crystal used to collect the diffractometer data.

The film data were eventually also corrected for secondary extinction, using the
formula F,,.=KF., 1+ pCI )** Here p=2(1+ cos*20)/(1+ cos®20)?®, and C was cal-
culated to 1.34 x 1077,

The scattering factor curves used were those given in Infernational Tables for X-Ray
Crystallography,** Table 3.3 1B for tellurium, Table 3.3. 1A for sulphur and oxygen, and
the one given by Thomas and Umeda ** for barium ion. The curves for barium, tellurium
and sulphur were corrected for anomalous dispersion using the 4f’ and 4f” values given
by Cromer,!® and taking the amplitude of f as the corrected value.

Least squares refinement was carried out with a program minimizing the function

r=3W(F,|-K|F)}

For the film data W=[(3K)*+ (2F,)?/4W,+ (0.07 F,)*]2, where W, is a weight factor
based on the estimated reliability of the individual intensities. For the diffractometer data
W=4(I,—~I,)}/F I+ I,+k¥I,—I,)*] where I, is the total intensity of a reflection,
I, is the background intensity, and k is the relative standard deviation in the scaling curve
based on the reference reflections. Unobserved reflections were included with |F,| equal
to the observable limit when |F | exceeded this limit.

The programs used for calculations of setting angles and preparation of input tape
data for the diffractometer, conversion of diffractometer output tape data to the comput-
er, calculation of atomic distances and angles, and for secondary extinction corrections
of the film data are written by K. Maartmann-Moe of this institute. The programs used
for calculation of unit cell dimensions, film data processing, absorption corrections,
two-dimensional Fourier summations, and least squares refinement were made available
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by the Chemical Department of X-Ray Crystallography, Weizmann Institute of Science,
Rehovoth, Israel. The programs used for diffractometer data processing and three-
dimensional Fourier summations are written by K. Ase of this institute. The program used
for drawing of illustrations is written by C. K. Johnson, Oak Ridge National Laboratory,
Oak Ridge, Tennessee, USA. The calculations were carried out on an IBM 360/50H
computer.

The unit cell dimensions, calculated by means of a least squares program using the
6 angles (§= 18 — 22°) of 10 reflections measured on the diffractometer are, a=11.139(3) 4,
b=5.243(2) A, ¢=21.306(6) A, f=106.94(4)°. The space group is P2,/c (No. 14) with
four BaTe(S;0;);.3H;0 formula units per unit cell.lt

THE STRUCTURE ANALYSIS

Two-dimensional Patterson maps, calculated on the basis of the 0l and
0kl film data, revealed the positions of the two heavy atoms. The subsequent
electron density maps allowed the location of the four sulphur atoms, and
since two sulphur atoms are coordinated to the tellurium atom, it was possible
to distinguish the tellurium atom from the barium ion. The sulphonate and
water oxygen atoms were located in additional electron density maps.

Least squares refinement based on the 1106 independent, observed A0l,
h1l, k2l and Okl reflections was then carried out. With individual isotropic
thermal parameters for all atoms the R value (3||F,| —|F ||/>|F,|) converged
at 0.120. Introduction of anisotropic thermal parameters for barium, tellurium
and sulphur, followed by secondary extiction corrections, reduced the R
value to 0.106 only.

None of the thermal parameters were unusually high, and the atomic
distances and angles were not much different from those found in the rubidium
salt of telluropentathionic acid.l® However, the standard deviations were
rather high, the agreements between |F | and |F | for many of the strong

Table 1. Atomic coordinates for barium telluropentathionate trihydrate. Origin at a
centre of symmetry. Standard deviations are given in parentheses.

x Yy 2
Ba 0.86098(2) 0.83134(6) 0.09725(1)
S(1) 0.16922(9) 0.62221(21) 0.04248(5)
S(2) 0.32916(10) 0.80347(23) 0.10351(5)
Te 0.40372(2) 0.50579(6) 0.19076(1)
S(4) 0.53083(10) 0.26496(23) 0.13903(5)
S(5) 0.70999(9) 0.41366(21) 0.18220(5)
o(1) 0.07601(31) 0.62342(91) 0.07634(18)
0(2) 0.13999(41) 0.77857(93) —0.01489(18)
0(3) 0.20295(39) 0.36689(81) 0.03066(21)
0(4) 0.74671(29) 0.33338(69) 0.25033(14)
o(5) 0.78286(30) 0.29377(73) 0.14358(16)
0(6) 0.70578(31) 0.68819(64) 0.17507(18)
H,0(1) 0.07150(32) 0.13818(69) 0.14962(17)
H,0(2) 0.01078(33) 0.59785(79) 0.21127(17)
H,0(3) 0.59990(38) 0.80036(108) 0.03228(19)
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reflectrons were not good, and two-dimensional difference election density
maps showed unexpected high peaks.

The new set of data, recorded by means of a single-crystal diffractometer,
was used for the further refinement of the structure. With atomic coordinates
and thermal parameters as derived from the film data, the R value was 0.079.
Refinement of the same parameters as in the film data set reduced the relia-
bility index to 0.036, and by using anisotropic thermal parameters for all atoms,
the refinement converged at R=0.024. Unobserved reflections are included
when |F | exceeds the observable limit. The final maximum shift of a param-
eter was about one fifth of its standard deviation.

A three-dimensional difference electron density map showed no peaks higher
than 0.6 e/A3. The regions of positive electron density near the water oxygen
atoms were too diffuse for location of the hydrogen atoms.

Tables 1 and 2 give the final atomic parameters with standard deviations
from least squares. The structure factors, calculated on the basis of these
parameters, and the observed ones, from the diffractometer data, are given
in Table 3.

Table 2. Thermal parameters expressed in the form
exp [—2a*h2a~2U,,+ - +2hka b"1U,,+ -..)]. All values have been multiplied by
10%. Standard deviations are given in parentheses.

Ull Ui! USJ Ul! URS Ul:l
Ba 247(1) 287(1) 302(1) 26(1) 64(1) 113(1)
S(1) 179(5) 201(5) 184(5) —~13(4) 0(4) 41(4)
S(2) 221(5) 240(6) 314(6) —62(5) 18(5) 6(4)
Te 180(1) 308(2) 224(1) 3(1) —28(1) 49(1)
S(4) 167(5) 295(6) 261(5) —13(4) —92(4) 43(4)
S(5) 152(5) 225(5) 206(4) —10(4) 2(4) 58(4)
o(1) 262(19) 824(33)  467(22)  —159(21)  —225(22) 197(17)
0(2) 663(30) 755(33)  394(22)  —380(26) 376(23)  —207(20)
0(3) 523(27) 394(25)  740(30) 149(21)  —337(22)  —139(23)
0(4) 264(17) 400(20)  235(16) —59(17) 70(15) —7(13)
0(5) 252(17) 442(22)  447(20) 0(17)  —135(17) 180(16)
0(6) 355(20) 241(18)  443(20) 0(16) 39(16) 154(16)
H,0(1) 362(20) 285(20)  458(21) 23(17) 58(17) 55(16)
H,0(2) 345(21) 504(25)  397(20) —82(18) 23(18) 58(16)
H,0(3) 419(24)  1039(40)  417(23) 72(27) 60(25) 50(19)
RESULTS

The dimensions of the telluropentathionate ion, calculated from the atomic
coordinates of Table 1, are listed in Table 4. The standard deviations given
include estimated uncertainties in unit cell dimensions.

Fig. 1is a view of the ion, as seen along a line through Te and the coordinate
midpoint of S(2) and S(4), with principal bond lengths and angles. The largest
differences between these values and those arrived at by the refinement based
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Table 3. Observed and calculated structure factors ( x 10) for barium telluropentathionate
unobserved reflection.

trihydrate. A minus sign on F(O) indicates an
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Table 3. Continued.
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s T 1 & -111 -18 10 1-23 =112 13 13 1-17 T8 -Ta4s i 215 552 S4e
H T 108 613 =677 W0 l=22 -1l .14 13 1-le 3le -323 L 216 157 =Tes
H T 1 6 508 ~50§ 10 1-21 a2s ~819 13 1-15 539 525 1 217 =102 3
5 T 1 7 314 =364 10 1-20 368 =404 13 1-14 533 =552 1218 52 512
E T 1 8 218 ~3121 19 1-19 S5Cy 522 13 1-13 204 19> L 219 251 -239
] T 1 9 1454 1450 10 1-18 259 -279 13 1-12 =~125 -133 1 22 152 152
5 7T 110 -2 sl 0 1=17 148 ~139 13 1-11 =130 =139 1 221 431 =4Le
H T 11 513 ~559 10 i=l6 ~105 =53 13 1-10 565 554 1 222 536 =537
H T 112 =112 9 0 1-15 118 =113 13 1 -9 539 538 I 223 =112 57
H 7T 11 233 214 10 1~14 5€1 57¢ 13 1 -8 AT2 408 1 2 ¢s 29% 319
B T 114 247 245 10 1-13 “55 aT0 13 1 -7 1074 ~-lo078 1 22 230 23]
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Table 3. Continued.

P X L FlO) FLO) H K L FLQ) FLC) Hox L FQ) FLC) "Xk L FLO) FlC) H K L FLO) Fio)
1 3 =104 -11¢ 5 3 -4 EEL] 531 7 312 -11§ =72 10 3 5 827 ~B44
1 3 5 3 -3 -1c9 33 T 313 323 325 10 3 6 -119 -8
1 3 5 3 =2 LY -ty 7 53 14 -127 ~135 1w 3 7 444 464
1 3 5 3 -1 61C =474 7 315 615 EY 10 3 8 -1 -33
1 3 5 3 ) 150 =152 7T 316 =122 =67 19 3 9 436 403
1 3 5 3 1 1001 e 8 =23 -115 ] 103190 =139 -1k
1 3 5 3 2 194 203 8 3-22 244 299 11 3-19 249 228
1 3 5 21 3 155 1i78 8 =il 374 =379 11 3-18 290 sle
1 3 5 3 & 2322 251 8 3=20 -llo -13 1L 3-17 377 =37y
1 3 5 1 > 1142 -1134 8 3=y 219 =213 11 3~i6 =119 114
1 3 5 3 o T4 55 8 3=16 314 =333 11 3-15 171 =174
1 3 5 31 7 124 =124 8 o=i7 831 =195 11 3-14 273 -282
1 3 5 3 8 -lin =74 8 s=lo 128 95 11 3-13 682  =ol0
1 3 s 2 ) 118 141 8 3-15 10l 1023 11 3-12 31 31
1 3 5 1) 135 129 4 3=i4 231 =224 11 311 831 83>
1 3 5 211 2,5 =32 8 3-13 433 483 11 3-10 173 15¢
1 3 5 2 46 “ah 8 3-12 256 =27) 1L 3 -9 46 2o
1 3 5 313 11T 10l4 8 3-11 620 -413 11 3-8 21 =192
1 3 5 3 14 215 -313 8 3=l =lu6 =35 1L 3 -7 833 ~d4e
1 3 5 315 6l4 =v43 4 3 =9 253 292 11 3 -6 147 140
1 3 5 216 135 -1%) B 3 -b -1lc =91 113 -5 «129 -62
1 3 S 317 413 =472 8 3 ~1 869 =36l 11 3 -4 192 =147
1 3 S 314 2zl 21 3 5 =6 346 344 Il 3 3 643 =604
1 3 5 317 =117 s 8 3 -5 639 65) 1L 3 -2 332 =29»
1 3 6 2 4 3 -4 ~1l14 -27 11 3 -1 579 ELTY
1 3 6 b 3 =3 1197 12102 113 0 ~120 S
1 3 6 4 3 =2 210 =e57 1 3 1 148 1033
1 3 b 6 3 -1 911 =493 11 3 2 143 ~1lus
1 3 6 8 3 0 825 421 33 504 =500
1 3 o 6 3 303 =411 13 & 222 2¢4
1 3 6 8 3 2z =117 5 113 5 <-lc4  =loy
1 3 [ 4 3 3 9u4 =97 113 6 ~lie 34
1 3 3 8 3 4 443 ~aby W3 T 243 =21
1 3 ) U 3 5 =il6 34 ¢ 3-17 Lus 2u¢
! 3 6 8 3 o 1ss 173 12 316 =133 165
1 3 o 8 3 T 1217 1233 12 3=15 79y ~7d3
1 3 t 4 3 U 152 -154 12 3-14 272 2l
i 4 6 8 3 837 =581 12 3=13 291 =2
1 “ © 8 3 1) ~le2 =55 12 3-12 301 =305
1 “ 3 8 3 14 225 =243 12 3-11 =~123 =27
1 “ 6 8 312 =-l20 33 12 3~10 =119 19
1 “ 6 8 313 =123 =54 12 3 =9 =12y 113
1 “ & 8 3 4 146 “1306 12 3 =8 =~124 3u
1 4 & 9 3-22 1a96 =174 12 3 -7 Ti6 T2
1 4 6 9 3-21 451 435 12 3 -6 30T =328
< [ o 9 3-ed =119 81 12 3 =5 645 -o73
i 4 3 9 3-19 697 =391 12 3 =4 =121 21
< 4 6 9 3-18 ~-114 =5) 12 3 -3 175 =17
i 4 o 9 =17  2t4 =253 12 3 -2 =120 -4
i “ 6 9 316 352 =371 12 3 -1 293 211
r 4 ) 9 3=15 324 303 12 3 0 <126 ila
< “ & 9 a-la =110 45 e 3 1 14) =146
i 4 L) 9 3-13 552 589 2 3 2 -l ¥
i -~ o 9 J=12 =114 83 12 3 3 8l4 a1y
< 4 6 9 3-1l S12 316 13 3~i2 =125 =56
H] - ¢ 9 3-1) 296 214 13 3-11 641 =684
‘ “ o 9 3 =9 1257 =1247 15 3= 228 =<y
i 4 o 9 3 -8 =114 62 13 3 -9 697 Tus
H “ 6 9 3 -7 335 =333 13 3 =8 -125 ]
« “ © 9 3 -u 157 =183 13 3 -7 329 3ue
2 4 ) 9 3-5 313 318 13 3 -6 =119

& “ 6 9 3 =4 505 503 13 3 =5 236 267
< “ 3 9 3 -3 ~118 17 13 3 =4 165 163
& - 6 9 3 -2 -LI7 55 13 3 -3 174 =193
i 4 6 9 3 -1 856 459 0 4 0 =115 79
. 4 6 9 3 0 3499 =367 0o 4 1 Tle -2
< - 3 9 3 1 913 =912 U 4 2 B9%  ~gdo
2 4 6 9 3 2 =125 133 0 4 3 1120 ~llly
H “ 7 9 3 3 8H4  ~HBS U 4 4 =120 oy
i “ T 9 3 4 173 ~18) 0 4 5 218 =21y
i “ 7 9 3 5 630 063 0 4 b 873 862
2 “ 7 9 3 6 278 =294 0 4 T 1124 Lie7
i 4 7 9 3 1 -119 0 4 8 479 =480
i 4 T 9 3 8 =121 49 0 4 9 418 i
H “ 7 9 3 9 713 751 0 4 10 343 339
é “ 7 9 3 W -l2¢ =73 0 4 11 460 =453
H 4 7 9 31 1.7 =207 u 412 11T -iso
‘ 4 7 9 3 12 =124 2 0 4 13 548 =5a7
2 L) 7 3-l4  1ET =158 10 3=21 =1ls =35 0 4 L4 24 291
< - T 213 1e5 lee 17 3-2) ~1lle ~83 0 4 15 15¢ =171
i 4 7 =12 -1G3 ~42 1) 3-19 48l 461 ¢ 416 775 759
@ “ T 3-1L (30 =327 1) 3=14 =129 135 0 41T 44y 4ol
H . T 3-1d 434 =433 W 3-17 471 ~45) 0 418 695  -6uy
H 5 7 3=9 1075 =1153 13 3-lo ~115 -5 0 4139 620 539
2 5 7 3-8 213 =212 1) 3~15 538 =525 0 420 ~l16 -35
H 5 T 3 -7 1548 1541 1 3-14 292 33 0 4 2L ~-124 =158
i 5 7 2 -p =116 =122 1) 3-13 887 992 0 422 -1l4 =13
i 5 T 3 -5 626 623 W 3-12 -l 19 1 4=22 =120 137
H s T 3 -4 -114 SE 10 3=il 116 s 1 4=21 208 PR
z s 7 3 -3 149 =187 107 3-10 =114 ~42 1 4=20 571 =563
2 5 7 3 -2 219 261 17 3 =9 403 392 1 4-19 =108 v
H 5 7 3-1 208 ~288 10 3 =8 424 454 1 4-18 538 583
H s T3 9 176 =16S 1) 3 =1 376 =367 1 4=17 I =775
H 5 T 3 1 1409 =1348 10 3 =6 =130 164 I 4-l6 182 =219
H 5 7 03 2 =113 -39 10 3 =5 1174 =1197 1 4-15 -1J7 -4y
2 5 7T 3 3 RI%) 1533 10 3 =4 195 ~189 1 4=-14 =107 106
3 5 T 3 4 508 507 10 3 -3 601 593 1 4-13 628 630
H 5 7 3 5 406 339 1w 3 -2 =119 ~75 1 4-12 1084 luse
2 5 T 3 6 -ll¢ =26 w3 -1 222 241 1 4-11 156 142
2 s T 3 1 417 =423 1 3 0 192 =17 1 4=19 1017 -l018
2 5 T 3 8 1l =22 10 3 1 a3 132 1 4 =9 =102 3u
H 5 7T 31 9 =114 =70 10 3 2 175 ~-189 1 4 -8 225 =217
] 5 T o110 203 216 0 3 3 -119 104 1 ¢ -1 501 =516
H 5 T 3 844 ~834 19 3 4 ~113 =12 1 4 -8 248 =261
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Table 3. Continued.

koK L F(3) FLO) K K L F(Q) FiC) H K L FO) F(C) H & L F(0) FiC) K K L Fto) FC)
1 4 -8 €13 -422 3 412 E4h ~€e4 6 4 -8 §€6 799 9 4 =3 ~117 =16 1 53 619 -595
1 4 -4 245 =249 3 413 334 306 6 4 -7 221 =222 9 4 ~7 322 =324 1 5 4 784 ~To8
1 4 -2 £27 L2¢ 3 4 14 152 -157 6 4 -6 ~108 =<5 9 4 -6 506 -517) 1L 5 5 139 122
1 4 -2 €19 9y 3 415 297 =221 6 4 -5 142 157 9 4 =5 ell - a2 1 5 6 186 =182
1 4 -1 £es 3 4 16 19 ~178 6 4 -4 625 ~637 9 4 ~4 €95 £99 1 57 172 =ida
1 4 € 1439 3 417 217 =19¢ 6 4 =3 559 ol4 9 4 =3 26l =262 1 5 8 436 404
1 4 1 =111 3 418 =113 63 6 4 =2 lel 171 9 4 =2 210 218 1 5 9 633 -85
I o4 2 1¢€1 3 416 214 =23 6 4 -1 208 =113 9 4 -1 767 144 1 %510 (128 6Ly
1 4 3 2¢4 b 6=23 479 -482 6 & ) 783 =192 9 4 0 =125 =92 1 511 531 Sle
1 4 4 $74 4 4=c2 211 =232 5 o4 L 579 -54¢ 9 4 1 ERSY 353 1 512 224 =229
1 4 ¢ 871 4 4=21 179 =171 6 4 2 30l alu 9 & 2 469 451 1 513 =117 =91
1 4 ¢ 22¢ 4 =29 222 222 ¢ 4 3 5¢7 =571 9 4 3 412 =416 1 514 360 =345
1407 21 4 4=1§ 214 LEB3 6 &4 4 253 289 9 4 4 690 =711 1 515 ~l118 85
1 4 €& 1134 1123 4 418 20y 215 ¢ 4 5 €55 249 9 & 5 239 =217 1 516 <~l15 35
1 4 ¢ 55 783 4 417 43S 4e3 6 4 & 400 =401 9 4 6 164 187 1517 123 162
L4 L 4=16 87l -£73 6 4 7 €er 072 9 4 T ~-134 ~125 1 5 18 =125 129
1 4 4 4=15 269 335 6 4 3 457 43k 9 4 3 3463 ELTY 2 5-19 =115 45
14 4 4= le 213 304 6 4 3 185 ~173 9 4 9 231 267 2 5=18 1¢4 13s
1 ¢ 4 4=13 659 =708 6 4 1) 416 =413 10 417 13 127 2 5-17 508 528
1 4 4 A-12 352 ~3:3 6 4 11 401 -304 1} 4-lo 164 181 2 5-16 275 -27s
[ 6 =Ll 74T <154 6 4 ~243 2 5-15 493 =531
14 4 4=l =1)2 58 6 4 =401 2z 514 254 ~244
1 4 o 4 =9 5.3 531 6 4 ~4T7L 2 5-13 =197 EL
1 4 € 4 =8 1241 123¢ 6 41 24 ¢ 5=12 =197 ls
14 4 4 =7 493 500 T 4 173 2 5-11 =115 ~lzs
1 4 4 L =6 158 ~755 T 4 552 Z 5=10 675 (14
[ 4 4 -5 330 378 T 4 N1 2 5 =9 166 =lbe
i k= b 4 =4 =112 3 7 . =4ty 2 5 -8 419 “lv
H 4 4 =3 411 =421 7 214 2 5 =T 1293 1cle
2 b 4 =2 514 51C 7 “2 2 5 =0 728 =Tud
Z 4 4 =1 17¥%  ~1)13 7 ~117 2 5 =5 103 =-1Te
‘ “ 4 v 162 ~158 7 13) 2 5 =4 459 =451
z 4 4 ) =119 1% 7 403 2 5 =3 4)z =42l
2 4 4 2 2lA a1s 1 192 2 5 -2 144 04
‘ 4 4 3 1I0) LugE 7 ~162 2 5 =1 =119 “bu
H L 4 4 13T =102 7 53y 2 5 0 354 358
i 4 4 5 37) 360 7 411 2 5 1 638 =67y
Fi 4 4 b 4et ~hek 7 =559 2 5 2 351 347
H w4 T 215 =3 7 265 2 5 3 992 903
2 4 4 8 125 208 7 =142 2 5 & 40l =adl
K 4 & 5§  Sr2  =93f 7 -87 2 5 5 -111 -39
Z 4 4 10 €52 557 7 115 2 5 @6 435 =4l
2 4 4 11 ~113 =55 7 al 2 5 1 935 -41
< 4 412 445 441 7 =43 2 5 8 191 2V6
K 4 4 13 135 41 7 =413 2 5 9 193 iss
e 4 &4 14 -116 =34 7 4493 2 519 338 339
2 4 415 24l 3S 7 472 2 511 331 =367
2 4 & 16 EER =373 7 -39 Z 512 473 474
2 4 417 e ~2e7 1 553 2 513 6178 623
¢ 4 13 42 424 7 559 2 5 14 152 =144
2 3 4=22 143 =133 7 446 Z 515 499 93
& 5 4=21 521 =-£34 T 4 =69 2 516 548 =594
< 5 4=20 =117 12¢ 7 “ =103 2 517 529 =529
¢ 5 4-19 =1(A < 7 4 -454 3 5=13 344 358
2 5 4-18 171 182 7 4 -327 3 5-18 329 3¢
‘ 5 417 581 5€7 7 4 43) 3 5-1T =112 =51
2 5 4=l 413 w85 7 “ ~42) 3 5-16 =19 ~3d
Z 5o4=15 27 234 7 4 -329 3 5-15 361 60
2 5 4=14 713 =727 7 4 ERLY 3 5-14 334 =344
H 5 ¢=13 «l0F -te 7 “ 292 3 5-13 134 =léy
Z 5 4=12 121 lle 8 - 21 3 5-12 la4 =l4o
K 5 A=11 749 -7€l 8 4 349 3 5-i1 515 =520
< 5 4=10 155 157 L “ =223 3 5-19 =113 s
& 5 4 =5 51 =211 4 4 32) 3 5 -9 547 559
z 5 4 =8 347 =357 8 5 441 3 5 -8 425 422
K 5 4«7 1157 1180 8 5 2 =131 3 5 =T ~10 =25
Z 5 4 -6 115" 1951 8 4-14 259 =238 )y 5 3 534 559 3 5 -6 ~1J6 T3
H 5 4 =5 EPS] 31¢ 8 4=13 415 475 1 5 4 457 ~457 3 5 =5 118 92
2 5 4 =4 253 =224 8 4=12 417 40 9 5 5 893 =891 3 5 =4 675 -685
2 5 & =3 294 -2l 8 4-11 321 <98 0 3 6 353 nl 3 5 =3 ~l1§ =97
2 5 4 =2 1113 =1140 b 4=l c? =116 L T 135 =125 3 5 =2 629 =67
1 o4 =1 263 =222 8 4 -7 14 156 0 5 8 334 3T? 3 5 <1 851 =475
2 5 4 N0 171 T8¢ 3 & =b k5T =449 ) S 9 33 345 3 5 0 450 484
3 5 4 1 512 ~528 & 4 -7 4E3 “43€ J 510 ~-113 =57 3 5 1 330 329
3 54 2 214 ~255 4 4 = 494 493 0 5 1l 134 53 3 5 2 532 565
2 5 4 3 5eé6 360 3 4 =5 114 =721 D512 327 “3)5 3 5 3 205 -4d9
3 5 4 4 -l1C -l6 8 4 =4 555  ~545 0 513 213 223 3 5 4 -11) 54
2 5 4 5 51 €26 3 4 =3 443 459 N5 16 264 =261 35 5 ~1in =31
3 S 4 6 25 =241 8 4 =2 718 731 g 515 145 =772 3 5 6 421 ~4la
3 5 4 1 287 ~370 8 4 -1 550 577 0 51w 229 189 3 5 1 518 491
3 Y4 8 SSS =1NCE 8 4 0 =117 12 0 517 152  ~l43 3 5 8 163  ~llo
2 5 4 9 210 ~157 8 4 1 ~124 -79 0 5 18 338 391 305 9 392 =397
3 5 410 EL) 781 8 4 ¢ 6Es =686 L 5-19 -113 =25 3 510 239 264
3 5 411 414 =363 8 4 3 =122 -8 1 5-18 224 -299 3 511 123 135
24 L4112 143 134 8 4 4 8935 w2y 1 5-17 488 “474 3 512 255 262
3 4 5 413 =113 74 8 4 5 613 =027 1 S5=le 453 =454 3 513 218 221
3 4 5 4 14 -117 =75 3 4 & =129 149 1 5-15 258 24 3 514 -117 49
3 4 5 415 £13 514 8 4 T ~l23 =16 L 5-14 133 -87 3 515 ~-11§ =21
3 4 5 4 le 511 525 8 4 3 ~122 ~68 1 5-13 623 =533 3 516 1764 =167
o4 5 4 17 =124 =38 8 4 9 591 595 1 5-12 112 Tl 4 5-19 498 476
3 4 -2 6 4~2 161 =183 8 4 v =lz8 94 1 5-11 218 229 4 5=-18 539 517
2 4 - 6 4=21 157 =zl¢ 8 4 11 1le5 174 1 5-10 397 364 4 5-11  3ue 328
3 4 € 18 fz 6 4=20 514 =500 8 412 511 =541 1 5-=9 7110 719 4 5-16 316 313
3 4 1 e £€2 o 4=19 442 =43¢ 9 4=19 ~=1ls 72 1 5-8 452 =444 4 515 492 411
P4 2 2)8 -172 6 4~18 52R 540 9 4=18 156 -175 1 5 -7 565 =557 4 5-14 3196 =330
o4 2 3687 2e2 6 4=17 =-119 =21 9 4-17 24§ =216 I 5«6 117 -7 4 5-13 120 =105
14 4 &30 4ee o 4=16 =112 ne 9 4-l6 621 =623 1 5 =5 525 512 4 5~12 4712 =482
3 & = 4% =439 ¢ 4=15 503 508 9 4=15 £35 -52¢ 1 5 =4 l68 -154 4 5-11 “12 “21
3 4 € 515 -(E3 6 4=ln =1l0 102 9 4=l 533 525 L 5 =3 311 =315 4 5=10 279 =261
3 4 1 2713 =262 6 4=13 302 250 9 4-13 ~115 =93 1 52 286 274 4 5 =9 943 =945
3 4 & 150 163 6 4=12 153 182 9 4=12 =118 -85 15 -1 =11l 39 4 5 -3 352 359
T o4 ¢ Qe ~z12 6 4=11 =122 -1 9 4-1l 660 664 1 5 9 549 568 4 5 -7 275 =283
1 41c €3 €24 & b=ly  E40 =53¢ 9 4=1) 280 =311 1 5 1 8ar 864 4 5 =6 353 309
3 < H1 22 o 4 =9 Te4 =778 9 4 -9 le4 193 1 5 2 282 -25) 4 5 =5 826 822
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Table 3. Continued.
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FiC) FLo) HoK L FLO) FiCH H & L Fto) Fo)
~lce 7 L 6 o T60 =152 4 6 -8 ~ll6 71
283 ~2t6 P8 7 298 194 4 5 -7 ~ll4 L)
419 =414 1L 6 0 -l15 95 4 & -8 144 =142
-129 LY 1 6 3 =118 =101 4 6 -5 =119 o4
-121 92 1 6 1) =114 33 4 6 -4 17 143
424 =421 L6 1l 135 =137 4 6 -3 178 =147
=124 3} 1 612 145 152 4 6 -2 139 157
351 345 2 b-i6 =121 -~ 4 o -l =13 a4z
252 284 2 6=13 130 -9% 4 6 0 859 -s77
=1zl 75 2 6=12 138 =743 4 6 1 161 i3y
161 166 2 b=1l 121 ~1335 b 6 2 ~l28 Ts
41¢ 346 2 6-13  3g8 407 4 6 3 335 =392
£14 =516 2 & =9 215 =232 4 6 4 ~=les 1o
=131 =73 2 6 -y 218 274 4 6 5 433 =235
521 =519 < 5 =T =111 23 4 6 6 2 278
723 =71s 2 6 =6 254 225 4 6 T -123 54
223 L2 2 6 =5 312 324 4 6 8 3718 364
3c1 278 4 6 -4 291 274 4 5 9 137 133
348 351 & 6 =3 137 115 5 &-12 158 137
169 =105 2 6 =2 g =109 5 6-1l 19 1w
158 ne 2 o -l =l27 87 3 410 -l13 26
i 156 Z 6 9 =l3a @ 5 & =9 143 =131
124 -4 2 6 1 =126 59 5 & =3 816 =70
139 139 ¢ 6 2 714 693 5 6 -T =123 134
2L¢ 212 2 6 3 =l ~63 5 6 =6 248 _T17
183 =205 < 6 & =117 31 5 6 =5 ~lu3 -T2
175 =194 2 6 Y -119 €3 5 6 -4 255 212
7 <10 2 6 6 234 289 5 6 =3 c-lle -9
178 209 2 v 1 -lis 4l 5 5 -2 =13y 97
-125 ~133 2 6 3 839 =437 5 6 -l -lsg -7
616 8l4 2 6 9 =122 =14 5 o 0 327 EN
=124 118 < b =lese =le3 5 o 1 24% =240
=11e =55 2 o Ll 158 =233 5 5 2 st -8y
35 LY 3 bel4e LT =153 5 6 3 -i23 =31
ile =308 3 e-l3 -113 =15 5 6 4 =-le7 =23
152 ) 3 oe=12 229 =end 5 6 5 136 131
ez =371 3 -1l 219 =224 5 o o 556 ol8
150 -157 3 o-lv 439 441 5 6 T -8 23
17c -2 3 6 -9 152 137 & 6-11 188 -2l
126 159 3 -2 212 209 6 6-17 =1l¢ -8l
T¢6 754 3 6 =7 219 22 6 6 =9 ~=119 8o
=119 -5 3 u o 172 nr 6 § -8 128 “ile
~l24 161 3 6 =5 =-l10 5 s 6T -12) -84
=117 -y5 3 6 - 237 =29 & & -4 412 ~450
173 -174 ERNE IS | (%1 154 6 6 =5 i ~edi
<1l L) 3 6 =2 =134 ~113 6 5 -4 -1l8 b4
-114 3 3 5.l -1 34 6 6 =3 143 ~15y
224 =215 306 ) 256 ~261 6 6 =2 615 645
~118 4 3 o 1 =131 =92 6 o -l 183 =198
139 132 3 6 2 204 =173 6 & 0 ~lel =159
&15  =g2s i 6 3 -1 51 6 5 1 165 i
-1(5 16 3 6 4 723 T0) 6 & 2 ~-132 63
163 =145 3 & 5 166 =155 6 6 3 136 207
945 =945 3 6 o ~lla 33 6 6 4 378  =38u
~1ll4 7 4 0 7 160 -15% T 6 =8 =~lo7 3t
Pkl 288 3 o ¥ 214 =197 T 6 -7 134 -9
“1¢3 L3 3 v 9 =122 =33 T 6 =5 ™ 746
=134 69 3 & v 215 =261 T 6 =5 L44 =123
23¢ &2l 4 b-l3 =121 123 T & =4 =130 43
355 Ja2 4 =12 =115 =32 T 6 =3 ~-l3l -19
-113 11 4 o=li 151 101 T 8 =2 =129 71
27 01 4 o=1d 657 =654 T e -1 225 259
-1 14 6 o =9 =l19 [T T o6 0 4ue 33

Fig. 1. The trans form of the telluropenta-

thionate ion in BaTe(S,0;),.3H,0 as seen

along the b axis. The ellipsoids represent

50 0/5 probability; the thermal parameters

of the oxygen atoms are halved in size

relative to those of the tellurium and
sulphur atoms.
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Table 4. Dimensions of the telluropentathionate ion. Standard deviations, including
estimated uncertainties in unit cell dimensions, are given in parentheses.

Bond lengths and angles

S(1)—8(2)=2.1020(16) A S(4)— S(5)=2.0898(16) A
8(2) — Te=2.3835(15) To — S(4) =2.3924(16)
£.8(1) —8(2) - Te=103.08(5)° £ Te—8(4) - S(5)=102.59(5)°
£.8(2) —Te—S(4) = 96.02(4)°
S(1)-0(1)=1.427(4) A S(5)—0(4)=1.451(3) A
S(1)—0(2)=1.428(4) 8(5) —O(5)=1.456(4)
8(1) - O(3) = 1.432(4) S(5)— O(6) = 1.447(4)
/.8(2)—8(1)—0(1)=107.2(2)° £.5(4) —8(5)— O(4)=106.7(2)°
Z.5(2) —S(1) — 0(2) = 102.2(2)° /.S(4) —8(5) — O(5) = 102.0(2)°
Z.8(2)—8(1)—0(3) =108.2(2)° /.S(4)—8(5)—0(8) =109.1(2)°
Z0(1)—8(1)—0(2)=114.3(3)° / 0(4)—8(5) — O(4) = 113.5(2)°
Z0(1)—8(1)—0(3)=111.1(3)° /. O(4) — 8(5)— 0(6) =112.5(2)°
/. 0(2)—8(1)—0(3) =113.1(3)° Z.0(5)—8(6)—0(6) =112.1(2)°
Dihedral angles
S(1)S(2)Te/S(2)TeS(4) = 87.7° S(2)TeS(4)/TeS(4)S(5) = 98.7°
TeS(2)S(1)/S(2)S(1)0(1) =70.0° TeS(4)S(5)/S(4)S(5)0(4) = 68.8°
TeS(2)S(1)/S(2)8(1)0(2) = 169.5° TeS(4)S(5)/S(4)S(5)0(5) =171.9°
TeS(2)S(1)/8(2)S(1)0(3) = 50.0° TeS(4)S(5)/S(4)S(5)0(6) = 53.1°
8(2)S(1)0(1)/8(2)S(1)0(2) = 120.5° S(4)S(5)0(4)/S(4)S(5)0(5) =119.3°
S(2)S(1)0(1)/8(2)S(1)0(3) = 119.9° S(4)S(5)0(4)/S(4)S(5)0(6) = 121.9°
8(2)8(1)0(2)/8(2)S(1)0(3) =119.6° S(4)8(5)0(5)/S(4)S(5)0(6) = 118.8°
Non-bonded distances
S(1)-Te=3.5168(17) A Te—S(5)=3.5028(18) A
S(1) —S(4) =4.3747(22) S(2) — S(5) = 4.5652(23)
S(2) —S(4) =3.5497(21) S(1)—S(5)=5.9914(27)

on film data & are about 1.5 times the standard deviations estimated for the
film data values.

The non-planar S—S—~Te—S~S chain in the trans form possesses the
symmetry of a twofold axis, when the two halves of the chain are identical.
This is the case in the crystals of tellurium dibenzenethiosulphonate,'” where a
twofold axis is crystallographically required.

In the present salt the crystal symmetry does not impose a twofold axis,
but the dimensions are, except for the dihedral angles, nearly the same in the
two halves of the telluropentathionate ion. The S—S and S —Te bond lengths,
and the S—S—Te bond angles differ by only 0.0122 &, 0.0089 A, and 0.49°,
respectively, and thus correspond nearly to the symmetry of a twofold axis.
The dihedral angles between the S—S—Te and S—Te—S planes, however,
differ by 11.0°. This difference in the degrees of rotation about the S—Te
bonds is also seen from the non-bonded S(1)—S(4) and S(2)—S(5) distances
which differ by 0.1905 A. The dimensions of the two distorted tetrahedrally
shaped thiosulphate groups are also nearly the same, and as seen from the
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dihedral angles of Table 4, there is only a small difference in the degrees of
rotation of the sulphonate groups about the S—S bonds.

The oxygen atoms are numbered in the same order as in the description
of the structure of barium telluropentathionate dihydrate.” The dihedral
angles thus show that the degrees of rotation of the sulphonate groups about
the S—S bonds are different by about 21° in the two structures.

Table 5 gives the dimensions of the frans form of the S—S—-Te—-S—-S
chain in three compounds. The greatest variations are again found in the

Table 5. Bond lengths (A), bond angles (°) and dihedral angles (°) of the S —S ~Te— 8 —8
chain in the trans form. Standard deviations are given in parentheses.

BaTe(8,05),.3H,0 Rb,Te(S;0,),. 13H,01°  Te(S,0,C,H,),"
S—8 2.102(2), 2.090(2) 2.116(11), 2.126(9) 2.080(2)
S—Te 2.384(2), 2.392(2) 2.364(9), 2.370(7) 2.380(2)
/S—S—Te 103.08(5), 102.59(5) 103.3(4), 102.8(3) 103.46(7)
/S—Te—8 96.02(4) 100.1(3) 97.71(6)
/ SSTe/STeS 87.7, 98.7 77.7, 89.2 97.4

SSTe/STeS diredral angles. In each of the two salts, the two angles within a
chain differ by about 11°, and the average values in the two salts differ by
about 10°. The larger dihedral angles in tellurium dibenzenethiosulphonate
might be due to the space requirement of the benzenesulphonate groups.
The variations in the two salts, however, show that the dihedral angles are
also influenced by the cation-oxygen coordination or by other packing effects.
The variations in S —8S and S — Te bond lengths, and in S —S —Te bond angles
are small, though significant. The S—Te—S bond angles differ from 96.02(4)°
in the barium salt to 100.1(3)° in the rubidium salt.

Among the barium salts of penta-, selenopenta- and telluropentathionic
acids, BaTe(S,0,).3H,0 is the only example where the anion occurs in the
trans form. In the crystals where the cis form is found, each barium ion is in
close contact with nine oxygen atoms, of which three are from the water
molecules and the remaining six are from the anions. Two of the latter contacts
are from different sulphonate groups of the same anion. All the oxygen atoms,
except that of one of the water molecules in BaSe(S,05),.3H,0,5 are involved
ij&l the Ba — O coordination. The Ba— O distances are in the range 2.75 —2.94

4,5,7

In the present structure the barium ions are each surrounded by eight oxy-
gen atoms in the range 2.69—2.85 A, All the water and sulphonate oxygen
atoms, except O(4), take part once in these approaches. In addition there is
one Ba—O distance of 3.19 A, this oxygen atom being from the
same sulphonate group as one of those involved in the closer contacts. The
individual distances and related angles are listed in Table 6. Fig. 2 is a stereo-
scopic view as seen normal to the b crystal plane, showing the content of two

Acta Chem. Scand. 27 (1973) No. 5



STRUCTURE OF BaTe(8,0,),.3H,0 1665

Table 6. Distances (A), and angles (°) between directions, from barium ion to oxygen atoms. Standard deviations

of the distances and angles are 0.003—0.005 A and 0.1° respectively.

I I III v v VI VII  VIII
I H,0() (1+2,1+yz) 2794
I H,0(2 (1+2,9,2) 2.797 717
IIT  H,0(3) (x,9,2) 2.838 1481 1317
v o) (L+2,9,2) 2,783  68.1  69.2 135.0
vV 02 (1-2,2—y% 2693 705 1419 852  91.9
VI 0(3) (1—z,1—y,z)  2.808 1231 126.8 64.6 717  72.4
VII 0(5) (%,2) 3190 131.1 595 765 91.6 157.4  87.6
VIII O(5) (@, 14 y,2) 2,848 71,2 1037  81.1 1389  68.6 1294 120.4
IX 0(6) (2,9,2) 2.824 120.3 717  63.6 133.8 1342 1165 46,7 73.8

Fig. 2. A stereoscopic view as seen normal to the b crystal plane. The Ba — O coordination
is indicated by the thin lines.

unit cells along the a axis. The Ba—O contacts are indicated by thin lines,
whereas the bonds within the telluropentathionate ions are indicated by
thick lines. The sulphonate oxygen atoms coordinated to the two barium ions
in the middle of the figure are from the four nearest telluropentathionate ions
shown, or from ions generated from the latter by addition or substraction of
whole b units. The Ba—O coordination thus forms layers parallel to the ¢
crystal plane, with thickness half the ¢ spacing. The relation between neighbour
layers is through twofold screw axes at 2=} and 4. There are no Ba—0O
coordination contacts across the interfaces between the layers. This is very
similar to the situation found for BaTe(S,0,),.2H,0,” and the other barium
salts with anions in the cis form, and where the crystals show perfect cleavage
along the ¢ crystal planes.'® There is no such tendency of cleavage in the present
crystals, and this might be due to the closer packing of the layers, to hydrogen
bonds or other interionic contacts between the layers.

The most probable hydrogen bonds are; from H,0(1) to O(1) at (z,y,2)
and (z,y—1,2) with distances 2.993(6) A and 3.126(6) A and angle 117.9(2)°,
from H,0(2) to H,0(1) at (x,y,2) and O(4) at (1 —z,} +y,} —2) with distances
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2.917(6) A and 2.864(5) A and angle 99.3(2)°, and from H,0(3) to O(6) at
(z,9,2) and O(3) at (1—=,1 —y,z) with distances 2.984(5) A and 3.018(7) A and
angle 105.9(2)°. Only one of these assumed hydrogen bonds, H,0(2)—0(4),
is across the interface between barium-oxygen coordination layers.

The closest interionic Te...Te approaches are between the tellurium atom
at (x,y,2) and those at (1-2,} +y,5—2) and (1 -2, —}+y,} —2). The distances
are 3.833(1) A and the Te...Te...Te angle is 86.31(3)°. The oxygen atom O(4),
not involved in the Ba— O coordination, at (1 —x,4 +y,3 —2), is at a distance
of 2.926(4) A from tellurium. This oxygen atom and the tellurium
at (1-x,—}+y,3—2) are located only 0.11 A and 0.40 A, respectively, out
of the S(2)—Te—S(4) plane. The angles between directions from tellurium
to its four neighbours in this plane are: /S(2)—Te—S(4)=96.02(4)°,
/.S(4)—Te...Te=69.49(4)°, / Te--Te--O(4)=113.55(6)°, / O(4)--Te—S(2)
=80.63(7)°,  /S(2)—Te--Te=164.25(4)°, and  /S(4)—Te--O(4)=
175.86(8)°. There are thus two approximately linear systems, S(2)—Te...Te
and S(4)—Te---O(4), at nearly right angles. The Te..Te and Te.--O ap-
proaches are 0.29 A and 0.65 A, respectively, shorter than the sum of the
van der Waals radii of the atoms involved.!® The Te-.-Te and Te---O contacts
are across the interfaces between the layers mentioned earlier.
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