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The Crystal Structure of Tetragonal Selenium Trioxide

By F.C. MIJLHOFF*

Crystallographic Laboratory of the University of Amsterdam, Netherlands

(Received 15 June 1964)

The crystal structure of selenium trioxide has been determined by three-dimensional Fourier synthesis
followed by least-squares refinement. The tetragonal unit cell (P32;c, a=b=9-636, c=5-28 A) contains
two (Se03)4 ring molecules, situated at 000 and }4%, their 4 axes coinciding with those of the cell. The
average Se-O distances are 1-77 and 1-55 A from Se to bridging and non-bridging O.

Introduction

Lehmann & Krueger (1952) described a method for
the preparation of selenium trioxide in gram quantities
by the action of sulphur trioxide on potassium selenate.
A liquid mixture of sulphur trioxide and selenium
trioxide results. Pure selenium trioxide can be obtained
by distilling off the much more volatile sulphur com-
pound. Thermal analysis of the SeO;-SO; system
(Mijlhoff & Gerding, 1963) revealed that mixed crystals
are formed having a composition between 25 and 100
mole % SeO;. An X-ray analysis was carried out in
order to determine the constitution of the solid seleni-
um trioxide and of the mixed crystals.

Experimental

Mixed crystals were obtained by slow crystallization
from a liquid mixture, and pure selenium trioxide
crystals by slow sublimation in high vacuum. The
oxides are very hygroscopic and chemically active,

* Present address: Inorganic Chemistry Laboratory, Uni-
versity of Amsterdam, The Netherlands.

but is was possible to select suitable crystals from a
sample immersed in a commercial liquid Freon. Unit-
cell dimensions were estimated from Weissenberg
photographs containing aluminum powder calibration
lines. Systematic absences determined the space group
uniquely. Crystal data are collected in Table 1. The
mixed crystal consisted of two fragments differing
slightly in cell volume, probably because they had
different sulphur trioxide contents.

Table 1. Crystal data

SeO; crystal a=b=9-636+0-0003, c=5-28 +0-02 A.

SeO;—SO 3

mixed crystal a=b=9486—-9-413, c~5-12 A.

Space group: P42,c

Intensities were obtained from integrated equi-
inclination Weissenberg photographs made with Cu Ko
radiation by the multiple film technique, the crystal
rotating about the ¢ (needle) axis. The zero to fourth
level intensities for the pure selenium trioxide crystal
were scaled by comparison with 40/ intensities derived
from a precession photograph made with Mo Ko
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radiation. Since the crystals were lost before their
shape could be determined, no corrections for absorp-
tion were made.

Two-dimensional synthesis

The cell volume and symmetry indicated the presence
of eight SeO; units in general positions, arranged in
two groups of four around the two 4 axes (Fig. 3).
This was confirmed by the Patterson synthesis of the
visually estimated mixed crystal Ak0 intensity data,
which were the first available. The vector OP in Fig. 1
corresponds to the Se-Se diagonal in the projection
of the ring along (001). Fig. 2 represents the minimum
function corresponding to two Patterson functions
related by a translation OP. Here the two tetrameric
rings at 000 and 111 show up clearly. Since the mixed-
crystal intensities could not be determined unambi-
guously because of the partial overlap of the reflexions
associated with the two fragments, no further refine-
ment of these data was carried out.

The photometered hkQ intensities from the pure
selenium trioxide were used for further corrections of
the x, y parameters by means of the centrosymmetric
electron-density projection along the ¢ axis, starting
from the positions found for the mixed crystal. After
all the structure factors had the right sign, individual
temperature factors were computed and a final adjust-
ment was made on the basis of a difference Fourier
synthesis.

The estimation of the individual temperature factors
was carried out as follows: If F| and F, are the contri-
butions of two different kinds of atom to the structure
factor and K is the scaling factor, then KFops=
Fyexp(— Bis?)+ F,exp(— Bys?). The exponentials were
computed by least-squares methods as coefficients of
F; in small 52 intervals, and a plot of the logarithms
of both these coefficients vs s2 gives K, B;, and B,.

Three-dimensional synthesis and refinement

From the x, y coordinates and the Se-O distances
found from electron diffraction in the gas phase, of
1-56 and 1-80 A for Se to non-bridging and bridging
O (Mijlhoff, 1965), a unique model could be con-
structed that did not violate the common notions
about valence angles. The first set of z parameters was
derived from this model; the two (SeOs), molecules

were placed in the cell with their centres at 000 and
4. A three-dimensional Fourier synthesis of the
electron density was computed and the coordinates
corrected with the suggested shifts, multiplied by a
factor 1-7 to account for the fact that the projection
along [001] is centrosymmetric (¢f. Cruickshank,
1950; Shoemaker, Donohue, Schomaker & Corey,
1950). Further refinement was accomplished by means
of difference syntheses, leaving out reflexions with
very large discrepancies between Fops and Feale, i.€.
AA or 4B>10 (Table 4). Table 4 shows that the
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Fops of a number of high intensity, low angle reflexions
were systematically too low, probably because no
extinction corrections were made. For most other
reflexions there was much better agreement. It was
found necessary, with isotropic temperature factors,
to readjust the scaling factors for the individual layer
lines by about 1094 or less.

Fig. 1. Patterson projection along [001] of 4 of the unit cell,
arbitrary scale. P is the end point of a diagonally opposed
Se-Se distance vector.
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Fig. 2. Minimum function on arbitrary scale. The shift was
made along OP in Fig. 1. Circles mark initial choice of ato-
mic positions.



Table 2. Final atomic positions and isotropic
temperature factors for the asymmetric unit

Se

o(l)
0(2)
0Q)

Table 3. List of structure factors used for refinement

F. C. MIJLHOFF
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Further refinement was carried out with a least-
squares program for refinement of coordinates and
isotropic individual temperature factors, written by

x y z B .
0224 0013 0063 1-92 Rutten (1963) for the EL XI computer. Again, the
0-120 0-101 —0-156 2:25 structure factors of Table 4 were left out of consider-
0-336 —0-055 —0-104 2:6 ation. After three cycles the shifts were less than the
0-234 0-100 0-309 2:6

Table 3 (cont.)

bkl fFeate [Fow [ BR[| Feate [Fors [P R{1 | Foarc | Fon
. bkt [Foe 1P | Bk Bkl [ Faase | Fons
ol2'0 | 24 | 24| 5[5[0] 510 514 [ 20871142 124 ———r R L.
8| |349 | 336 8 15,1 | 159 9 10.2 | 107 ol8]2 |13.3 [143 | 4in .6 | 3]5|3 {327 [325
0] 'eo |150 9 2.2 | 27.1 10 8.1 | 7.6 10 go | 7.1 [sls . 6 109 [ 1.3
11:0 253 |243 1 47 | 45 n 22.5 | 23.5 1 15.0 |15.7 6 . 17 .2 112
2! 9.3 | 8.2 12 9.9 | 11.0 12 47 | 4.3 1fol2 |58 i7s| '8 . 8 15.4 1156
3t D |79 | 6f6io| 226 1238 | 3[a|1| 196|202 2 29.9 j29.6 [ 19 . 9| 1188 |18.4
4 1210 | 184 7] 54 | 4s 5 24.7 | 24.5 3 53 1 3.8 10 [ 4.613 (293 (284
5 256 | 230 8 10.6 10,1 6y 1293 |29.9 4 19.0 |19.0 | 6 6 . {90 1136 1153
6 |67 | ea 9 s e 71 | e | 5 285 [29.1 7 8 s 6318 [i2e
7! 263|277 10 68 | 80 8 8.0 | 6.4 6 213 (218 | '9 X 7. 265 1296
8t |17 (123 | 7:7;0] 307 |38 9 150 1155 7 260 1259 | 10 0 f6 7,3 81| 78
9, |30 !37.4 8 54 | 60 | 0 7.9 | s7 8 133 122 | 7] 7 . "8, & 95| 88
0! 1.8 | 12.0 10: 8.0 | 7.0 n 127 113.2 9 18.8 ;187 ig . . 9| | 85 1 73
ui e a7 M 1146 1159 | 415) 1] 531 | 548 10 95 189 |8 8 . .3 | 7183 118 ‘108
12) 1155 1174 | 8, 801 9.6 105 e 17.3 | 169 " 0.4 F75]03 . 5 | 0104 144 (142
13; 9.0 [10.8 ] 19 69 | 60 7 4.6 | 571 2|312 1 94 ;106 | 4 . . 1 265 |28.4
20370 1324 ‘310 | 0l3 1| 322 1310 ‘ 8 62 1 60 4 0.4 |10.2 5 . X 3 431 [ 445
'4 35 | 35| "4 |76 1170 9 28.0 | 30.1 5 469 (483 | ‘6 . . 7 34,2 1334
'a‘ 42.5 139.7 6 9.1 | 265 g0l e lns 6 325 |39 | ‘8 . L3 | 1|14 136 |10
70 153 {13.8 7 50 | 5.8 nm 7.9 | 8.2 8 9.4 | 8.2 9 . ] 3 105 {112
8, 126 124 | 8, 69 | 81 | sleinf 53] 59 9 23.3 |23.2 10 X . 4 19.9 {19.9
0] 140 [1ne | | 9| | 39.8 | 39.6 vz 202 |21 10 69 | 66 | 112 . X 5 129 {126
120 e ez | ol 7.7 1 66 81 . 171 179 3[3]2 {284 |289 3 129.8 ;303 6 174 [17.7
31310 |29.0 !263 nt 62| 80 “9. 187 1100 4 37.5 [38.2 4| 1262 1259 9 0.3 ! 89
sl iz bise | [z 43 | s ol 99y 9.2 5 9.1 1 9.7 s| e ez [ 2f2(4| 7.4 ¢ 92
6! 16.3 [160 [ 17371 l 18.7 | 17.0 | I os4 92 6 15.1 {165 6l 1181 1igs 3 9.5 |10.0
7 1429 | 437 5 150 [13.4 | 6;7| 1] 289 |29.2 7 5.6 |26.7 71 1220 | 223 5 36,1 |36.4
8i 7.8 | 7.6 6 153 1154 |8 175 1 17.8 8 w73 8 1.9 | 10,7 9 26,3 | 21.8
L9 9.6 [ 116 7 204 1195 9 ‘ 57 | 65 9 134 (133 9 14.3 | 159 | 3|3 [4 | 139 |125
[0 17.5 | 19.8 8l | 1.8 | 128 0] | a8 | 59 10 9.1 | 9.6 10 1.0 | 9.6 4 29.6 |28,
o218 231 tet fss s | 7 8110 89| 92 " 148 [12.8 [ 2] 3[3 | 179 | 17 7 120 |12
4;4.0 589 |58.6 0, 74| 69 94 122 125 41412 |386 |39.6 | 2| 4|3 | 53.8 | 53.4 8 9.2 | 7.5
5 2.9 |268 | N9 |20 | 891 128 | 145 5 104 |17 6 81 | 65 |47 |4 263 |223
¢ tza | iz | | 48 |oftlzi &s | %0 7 25,5 |26.7 7 15,5 | 15.8 8 1.0 | 8.2
8. [17.8 | 197 2|4 1| 338 | 3.2 20 1 55| 62 8 19.0 [19.3 8 209 | 194 | 5|64 [19.2 | 104
91 105 {105 | |5 125 | 111 5 9.3 | 9.7 9 8.0 | 81 10 15 [ 100 | 664|138 [ N2
100 {126 | 123 6 64 | 7.3 s 16,6 | 15.8 10 64 | 59| 3 4[3] 81| 9.4
bl 88 | 9.4 | |7 | 900|487 7| | 400|389
Table 4. List of structure factors not used in refinement (R=20%;)
hkl Fearc Fobs hkl Feare Fobs hkl Feaic Fobs
040 63-2 52-5 121 431 354 042 536 50-7
220 121-2 771 4 281 229 222 612 51-4
011 71-5 511 231 64-8 559 013 11-0 60
2 46-0 37-6 002 519 459 2 58-4 392
5 54-9 452 3 48-5 44-9 124 37-2 30-3
Table 5. Atomic positions (A) and isotropic temperature factors, with standard deviations
x Oz y ay z gz B OB
Se +2:1556 0-0014 +0-1209 0-0013 +0-3329 0-0020 1-93 0-02
o) +1-151 0-011 +0-971 0-011 —0-823 0-015 2:25 0-20
0(2) +3-239 0-011 —0-528 0-011 —0-550 0-014 2:60 0-21
0Q3) +2:341 0-011 +0-959 0-011 +1-633 0-015 2:60 0-21

ACI18— 14*

Table 6. Interatomic distances and angles and their standard deviations in (SeQOj;),
The numbers refer to Fig. 3.

Distances Angles

Se-O 0-0 0-Se-0O Se-O-Se
c=0013 A c=0018 A 0=0-85° a=0-75°
1-5 175 A 5-8 268 A 5-1-8 98-7° 1-5-2  123-2°
1-8  1-80 9-13 279 9-1-13 1282
1-9  1-54 89 272 8-1-9 1084
1-13 156 5-13 273 5-1-13 1105

5-9  2:59 5-1-9  103-2

8-13 2-64 8-1-13 103-2

corresponding standard deviations and R had decreased
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to 6%. The resulting parameters are collected in Table
2. Table 3 lists the final calculated structure factors
together with the observed F’s. Since absorption has
been neglected the B values include some absorption
effects and therefore probably only their differences
are more or less significant.

Discussion of the structure

The arrangement of the molecules in the cell is given
in Fig. 3. The molecule itself resembles closely the
(PNCl,), molecule, described by Ketelaar & de Vries
(1939) and reinvestigated recently by Hazekamp,
Migchelsen & Vos (1962).

The final coordinates and isotropic temperature
factors, together with their standard deviations, are
given in Table 5, and the intramolecular distances
and angles in Table 6. The numbering in Table 6
corresponds to Fig. 3.

The Se-O distances in the ring are not equal, and
in view of the standard deviations the difference must
be regarded as significant (significance level 1%).
The non-bridging Se-O distances are considerably
shorter. This is a common feature within the class of
polyoxo complexes in which a number of AO, tetra-
hedra share oxygen atoms.

The differences in bridging and non-bridging bond
lengths can be explained in terms of d,—p, bonding,
which has been shown (Craig, MacColl, Nyholm,
Orgel & Sutton, 1954; Jaffé, 1954; Stone & Seyferth,

1A

O Selenium

O Oxygen

Fig. 3. Positions of (SeO3)4 molecules in the unit cell.
z-coordinates in asymmetric unit are in A.
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1955; Cruickshank, 1961) to occur in these tetrahe-
drally coordinated oxo complexes.

Cruickshank (1961) has reviewed most known
distances in this type of compound; recently data
about P,Of;" in Na,P,0,, . 4H,0 and S;0, were given
by Ondik (1963) and Pascard & Pascard-Billy (1963)
respectively. Following Cruickshank’s reasoning there
are two systems of z orbitals in the Se,O;, molecule.
One extends throughout the molecule and includes
p orbitals of both kinds of oxygen atom and one 4,
orbital of the Se atom, the mismatch of p orbitals on
the bridge-oxygen being only slight. In the other
Dr—d, orbitals only the non-bridging oxygen p orbitals
are involved, together with the other selenium d,
orbital. The 7 bond orders are 41/186=0-22 and
52/186+4=0-78 for the bridging and non bridging
Se-O bonds respectively.

My gratitude is due to Prof. Dr. C. H. MacGillavry
and Dr. C. H. Stam for their help and advice and to
Dr. Elisabeth Rutten, who managed to have the
computer programs always ready just in time for
me to use them. I am also indebted to Mr. A. Kreuger
of the Netherlands Organization for the Advancement
of Pure Research (ZWO), who succeeded in taking
excellent photographs from this almost unmanageable
substance.
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