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because generally we are only trying to find the co-
ordinates of one atom, and they can be determined
one at a time. We can concentrate on the spectra
which can be measured accurately, and neglect such
as are uncertain because a weak intensity is hard to
measure against the background. Yet such intensities
may correspond to F values which affect a Fourier
considerably. Termination of a Fourier series may in-
fluence the accuracy of the peak position, but in
comparing spectra it is of no importance. A selected
set can be measured out to a high order without undue
labour, and so a high resolution can be attained, as
in the example of an (0%40) series for ox haemoglobin
given above.

1f the crystals were very closely isomorphous, if
the added heavy atom were on one definite site, if
there were no error in scaling the measurements of the
protein against those of the protein with added heavy
atom, if all spectra could be included up to an order
where they become negligibly small, and if the random
errors were small compared with the difference pro-
duced by the addition of the heavy atom, even for the
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spectra which are faint against the background, any
method of calculation would lead to accurate positions
for the heavy atom. Actually, however, we are dealing
with necessarily imperfect and incomplete data be-
cause of all these sources of error. Evidence must be
weighed and judgement exercised in arriving at the
best estimates of the coordinates. It is of first impor-
tance to fix these coordinates as accurately as pos-
sible, because they will eventually be needed to deter-
mine the phases of the protein structure factors. It is
the purpose of this note to draw attention to the pos-
sible advantages of a method of representing the ob-
servations, which enables one to weigh the evidence
of all the most significant and trustworthy data plotted
in each case on the one chart.
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The Crystal Structure of Iridium Diselenide
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The structure of IrSe, has been determined, using single-crystal data. The unit cell is orthorhombic
with o = 20:94, b = 593, ¢ = 3:74 A. There are eight iridium and sixteen selenium atoms in the
unit cell. The space group is Prnam. The iridium atom has octahedral selenium environment, the
coordination distances are three Ir-Se = 2-44 A and three Ir-Se = 2-52 A. Half of the selenium
atoms are surrounded by three iridium atoms at three corners of a distorted tetrahedron, and by
a selenium atom at a distance Se—Se = 2-57 A at the fourth corner. The other half of the selenium
atoms are coordinated in the same way, but the distance Se—Se = 3-27 A in this case, which
implies that very little bond character is left. An explanation of the divergence in the Se—Se dis-
tances and of the difference in the Ir-Se octahedral bond lengths is attempted.

Introduction

The iridium selenides have been studied in this
institute by Sevold (1954). He confirmed ¢nter alia
the existence of the compound IrSe,, which was first
prepared by Wohler, Ewald & Krall (1933).

Sevold succeeded in preparing a few crystals of IrSe,
and used a prismatic one with cross-section 0-07 x 0-07
mm.? and length 0-1 mm. along the shortest axis to
take Weissenberg photographs about the three axes,
using Cu K« radiation (1 = 1-542 A). With these
photographs he determined the unit-cell dimensions,
and from the systematic absences of reflexions the
two possible space groups Pram and Pna, with Pram
as the more probable.

By combining the X.ray data and the pycnome-
trically determined densities Sevold concluded that
the diselenide possibly is a non stoichiometric com-
pound, with a selenium content corresponding to the
formula IrSe,_,, where x & 0-1. The calculations here
will be based on the composition IrSe,.

Moreover, Sevold measured the magnetic suscepti-
bility of iridium diselenide and found a weak and
nearly temperature-independent paramagnetism.

Determination of the structure

In the calculation of the Fourier projections it seemed
safer to use the space group Pna2,, because only one
of the special positions of the space group Pnam proved
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to be possible by consideration of the available space.
It turns out, however, that this structure can be de-
scribed by the special positions of the space group
Pnam. The orientation and origin of the space group
Pna2, is preferred, for it has the advantage of making
it easy to compare the structure of IrSe, with the
structure of marcasite, to which it has some similarity.
Therefore, the orientation Pnam is chosen with

a=2094, b=593, ¢c=374 «=8=y=90%,
V = 4644 A3; d = 9-68 g.cm.=3; Z = 8 (Zegre. = 772);
ab:c=3531:1:0-631 .

The lattice constants are determined from a powder
photograph of IrSe, taken with Cr K« radiation
(A = 2-201 A).

The systematic absences are: Okl reflections when
k+1 is odd, ROl reflections when A is odd; 2k0 reflec-
tions have no conditions. The special positions are:

%9, 0, %9, %; 3—= §+y, §; $+2,§-9,0.

Since there are eight iridium and sixteen selenium
atoms in the unit cell, the parameters of two iridium
and four selenium atoms are to be determined.
Intensity measurements were carried out visually on
Weissenberg photographs, using the multiple-film
technique. A total of 146 A%0 reflexions were recorded,
out of the 157 theoretically accessible, and 50 A0k re-
flexions out of the 57 theoretically accessible. Correc-
tions for the Lorentz and polarization factors were
made. For the calculation of the structure amplitudes
the Thomas-Fermi model of the atomic scattering
function was used, where the values of f were taken
from the International Tables. Corrections for the
temperature factor exp [—B sin? §/A2] were attempted,
where the constant B was determined by comparison
between the calculated and observed structure factors.
The constant was determined to be B = —0-5 A2
This means that the ratio between the calculated and
observed amplitudes for different values of sin /24 is
not very far from constant, and that the temperature
and absorption factor nearly neutralizes each other.
An attempt to correct the observed amplitudes for
absorption, and the theoretical atomic scattering func-
tion for the temperature factor (calculated as before),
gave a much too high positive value of the constant
B and not as good a correlation between the observed
and calculated F values. Therefore, no further correc-

tions were applied.

The [001] projection

A Patterson F? projection along the ¢ axis was
difficult to interpret. However, with the help of
Buerger’s (1951) minimum-function method the ap-
proximate coordinates of the iridium atoms were
determined. A consideration of the available space,
combined with the Patterson projection and numerous
refinements, led to a preliminary location of the
selenium atoms. By a difference synthesis F,—F, i,

e

Fig. 1. (a) Iridium diselenide [001] Fourier projection. Contours
are drawn at arbitrary equidistant levels, starting from 0.
(b) Iridium diselenide [010] Fourier projection. Contours are
drawn at arbitrary equidistant levels, starting from 0
(broken line).

a greater accuracy in the determination of the sele-
nium atomic coordinates was achieved. At last, the
electron-density map, shown in Fig. 1{(a), was ob-
tained, where all atoms are well resolved and the
iridium atoms are easily distinguished by the greater
height of the peaks.

The final  and y coordinates for the iridium atoms
were determined from the map. A correction of up to
two units in the third figure was made on some of the
selenium atomic coordinates determined from this
electron-density map. This departure from the co-
ordinates determined from the map seems plausible,
because the same coordinates determined from a map
where the iridium atoms are subtracted give correc-
tions in the same directions. Moreover, the parameters
chosen give a better correlation factor.

The coordinates of the iridium and selenium atoms
are given in Table 1.

Table 1. Atomic coordinates

z/a y/b zle
Ir, 0-076 0-427 0:500
Ir, 0-304 0-442 0-500
Se, 0-007 0-270 0-000
Se, 0-121 0-045 0-500
Se, 0-237 0-324 0-000
Se, 0-363 0-074 0-500

A detailed consideration of the errors has not been
attempted, but the coordinates of the iridium and
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Table 2. Observed and calculated values of the (b k 0) structure factors

hikl F, F, hkl F, F,
200 —17-9 16-4 020 857 567
400 — 93 11-2 120 —69-8 39-6
600 —24-4 19-4 220 —26-4 20-9
800 —15-0 17-2 320 137 14-2
1000 569 52:2 420 —179-3 58-2
1200 10-9 22-4 520 —76-4 575
1400 656 67-2 620 —22.1 23-1
1600 87:1 87-3 720 —204 239
1800 —175-8 79-9 820 —69:5 61-9
2000 —11-1 14-9 920 883 70-2
2200 —156 15-7 1020 281 27-6
2400 16-7 34-3 1120 24-2 26-1
2600 774 88-1 1220 —43-8 44-0
1320 —17-2 29-1
110 — 367 25-4 1420 20-6 28-4
210 12-0 10-4 1520 —19-7 23-9
310 —61-6 40-6 16 20 31-5 425
410 54-6 39-6 1720 —50-2 55-2
510 87-3 52-2 1820 —65-2 72-4
610 9-2 10-4 1920 14-2 14-9
710 9.7 10-4 2020 —19-5 23-1
810 —21.8 23-9 2120 — 99 11-9
910 34-2 34-3 2220 —31-0 27-6
1010 31 11-2 2320 27.9 29-9
1110 17-8 23-9 2420 6-6 52
1210 —24-7 254 2520 40-8 41-0
1310 —127-8 1053
1410 545 53-0 130 17-9 20-2
1510 12:0 14-9 230 64 0
1610 — 57 0 330 — 280 26-9
1710 36 19-4 430 109-4 79-1
1810 48-3 575 530 40-6 41-0
1910 44-0 396 630 —334 396
2010 12-5 17-9 730 — 65 0
2110 27-3 29-1 | 830 — 327 42-5
2210 — 76 119 | 930 37-8 44-0
2310 —36-4 328 : 1030 —49-5 515
2410 —10-8 119 © 1130 — 25 0
2510 19-6 20-2 { 1230 —480 51-5
2610 18:5 291 | 1330 —205 27-6
| 1430 435 38-1

selenium atoms are probably reliable to +0-01 A and
+0-03 A, respectively (those of Se, are less reliable).

The correlation between calculated and observed
amplitudes is given by R = X||F |- |KF,||+~X|KF,|,
where the F, corresponding to observed values too
weak to be detected are taken in the summation with
their half value. The constant K, by which the ob-
served amplitudes are multiplied, is determined by
the method of least squares by the formula K =
2F,F |XF? The result obtained was R = 0-18.

In Table 2 the structure factors calculated from the
z and y coordinates are listed, together with the ob-
served structure amplitudes.

The [010] projection

A Patterson projection along the b axis indicated
that the parameters along the ¢ axis for all atoms were
either 0 or } in accordance to the special positions of
the space group Pnam. The z and z coordinates having
been fixed (see Table 1), the phases of the observed
structure factors were determined and the electron-
density map shown in Fig. 1(b) was obtained.

AC11

hkl Fe F, hEL F. F,
1630 45 0 950 —26-4 38-8
1630 —14-5 19-4 1050 —17-4 17-9
1730 24-5 33-6 1150 — 35 0
1830 314 381 1250 —20-1 27-6
1930 — 81 14-2 1350 19-3 26-9
2030 24-8 38-8 1450 40-3 46-3
2130 26-6 32-1 1550 21-6 24:6
2230 —90-4 88-1 1650 2-3 0
2330 —27-7 36-6 1750 —21-3 29-1
2430 —29:0 30-6 1850 36-8 44-8

1950 —25-7 22-4

040 7-0 15-7 2050 48-2 43-3

140 —259 24-6

240 11-9 17-2 060 —177-0 73-1

340 —16-1 20-2 160 —30-7 37-3

440 14-9 20-9 260 —277 34-3

540 —36-3 42-5 360 20-7 31-3

640 32-8 35-1 460 26-5 351

740 —57-5 56-7 560 —28-4 41-0

840 19-5 27-6 660 — 39 11-9

940 133-2 121-0 760 —33-8 39-6
1040 27-6 32-8 860 381 38-8
1140 6-7 0 960 52-1 53-0
1240 — 69 9-0 1060 —35:0 36-6
1340 6-4 75 1160 — 2-8 0
1440 — 34 0 1260 — 87 11-9
1540 —24-9 261 1360 - 85 20-2
1640 15-0 18-7 1460 —56-6 56-7
1740 —48-1 54-5 1560 —14-9 16-4
1840 19-3 20-9 1660 —32-3 28-4
1940 34-9 425
2040 21-1 17-9 170 40-3 48-5

270 0-4 0

150 22-1 23-1 370 35-7 47-8

250 4-0 75 470 13-0 20-2

350 — 51 9:0 570 —50-9 55-2

450 88-1 88-8 670 —29-8 336

550 —55-3 61-2 770 6-1 9-0

650 —37-5 38-8 870 — 2.7 90

750 —11-4 14-9 970 —12-3 11-9

850 — 1.7 10-4 1070 27-3 26-1

The structure factors calculated from the z and z
coordinates are compared with the observed ampli-
tudes in Table 3. The correlation factor obtained,
following the same procedure as before, is B = 0-24.
The less good correlation between the calculated and
observed amplitudes is probably to some extent due
to absorption effects, which are larger for this projec-
tion. A few of the highest intensities observed are also
determined with less accuracy.

From Fig. 1(b) one can see that in this projection
there are quite strong peaks caused by the termination-
of-series error. A rough calculation of the radius for
these effects shows that the false peak below atom Ir,
in Fig. 1(b) is built up of six such termination-of-series
effects from the surrounding atoms. Otherwise, all
atoms are well resolved and the iridium atoms are
easily distinguished. The peak corresponding to the
Se; atom is weaker than the other Se atom peaks.
Assuming that the compound is non stoichiometric,
as Sgvold did, this might possibly indicate the site of
a selenium vacancy in the lattice. Therefore, a calcula-
tion of the structure factors was tried, omitting one
selenium atom from these positions. A better correla-

6
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Table 3. Observed and calculated values of the (b 0 1) structure factors

hEkl F, F, hEkl Fe F,
200 —17-9 35 601 60-6 43-7
400 9-3 10-3 801 25-0 29-3
600 —24-4 20-5 1001 63-1 45-5
800 —150 20-0 1201 42-3 437
1000 56-9 55:7 1401 —33:3 337
1200 10-9 26-6 1601 6-8 14-1
1400 65-6 75-8 1801 —23-7 34-2
1600 87-1 81-7 2001 —~43-2 59-0
1800 —175-8 93-1 2201 114-6 133-2
2000 —11-1 21-3 2401 18-8 30-0
2200 —156 23-6 2601 267 30-5
2400 16-7 40-6
2600 77-4 91-8 002 206-8 131-8
202 —13:6 18-4
201 — 59 0 402 — 72 11-7
401 —141-5 80-8

tion with the observed amplitudes was obtained in this
projection, but in the 2y projection the correlation was
not so good. Since no peculiarities suggesting an or-
dered distribution of the selenium vacancies could be
detected on the Weissenberg photographs, this ques-
tion was not studied further.

Description of the structure

The structure determined is shown in Fig. 2. In this
struecture each iridium atom is surrounded octa-

@lr

Fig. 2. The unit cell of iridium diselenide. In the right half of
the cell the selenium atoms are not drawn.

OSe

hedrally by six selenium atoms. The interatomic
distances are listed in Table 4. From the table it is
seen that three Ir-Se distances are shorter than the

Table 4. Interatomic distances

By the Ir-2 Se distances is meant that the two selenium
atoms lie ¢ = 3-74 A over each other.

The sign— means that the y coordinate of the atom is
negative. Index! means that the atom is moved in accordance
with the space group Pnram.

Ir-Se bond distances
Ir~2 Se,= 254 A Ir,-2 Se}= 243 A

Ir~Sel = 2:50 & Ir,—Se, = 245 A
Ir,-2 Sel= 252 A Ir,-2 Se,= 2:44 A
Ir,-Sey = 2:51 A Ir,Sel = 242 A

m+ts = 2:52040-017 A m4s = 243540015 A
Se-Se distance in tetrahedral bond direction
Se,—Se, = 2:57 A Se,~Sel~= 3:27 A

hEL Fe F, hkl Fe F,
602 —20-4 20-7 1003 48-2 48-2
802 —17-6 19-6 1203 35-1 40-6
1002 48-2 437 1403 —27-2 28-3
1202 99 17-5 1603 56 10-4
1402 56-9 54-9 1803 —21-8 29-8
1602 77-4 81-6 2003 375 62-6
1802 —65-4 831
2002 —10-2 16-8 004 143.2 126-8
2202 —14-9 21-2 204 — 96 14-5
2402 15-6 9-1 404 — 52 10-7
604 —15-0 16-5
203 — 46 0 804 —14-7 19-7
403 —100-3 85-5 1004 36-9 35:3
603 43-2 47-9 1204 7-6 15-6
803 18-3 29-8 1404 45-6 41-8

other three, 2:44 A against 2:52 A. The three closer
selenium atoms are all situated on one side of the
iridium atom. The deviation from the regular octa-
hedral angles is generally within +7°, but in one case
reaches —11°. Each selenium atom is surrounded tetra-
hedrally by three iridium atoms at the same distances.
In the fourth tetrahedral direction one half of the
selenium atoms have a selenium atom at a distance of
2-57 A. The other half have the nearest selenium atom
at the much larger Se-Se distance of 3-27 A. The
latter distance indicates that very little bond character
is left. The largest deviation from the regular tetra-
hedral angle is +15°.

The octahedral and tetrahedral environment of the
iridium and selenium atoms, respectively, leads one to
compare the structure of iridium diselenide with that
of compounds of the marcasite or pyrite type.

The following divergences are to be pointed out:

The axial ratio of iridium diselenide (a:b:c =
3:531:1:0-631) shows that a/b is nearly four times
greater than for marcasite-type structures (e.g. in
FeSe, a:b:c =0-838:1:0-626 (Tengnér, 1938)). In
iridium diselenide only half of the selenium atoms are
bonded to one other selenium atom and there are three
longer and three shorter Ir-Se octahedral bond dis-
tances. In the marcasite-type structure all metalloid
atoms are bonded in pairs and there are usually two
shorter and four longer M-X octahedral bond dis-
tances.

Discussion

The interesting feature of iridium diselenide that one
half of the selenium atoms are bonded in pairs, and
the other half not, leads to the conclusion that the
iridium atom is in valence state 3. Assuming that the
iridium and selenium atoms form covalent d%sp? and
sp® bonds respectively, this means that three of the
twelve electrons needed for six octahedral bonds are
delivered by the iridium atom, four are delivered by
three selenium atoms which have a free electron pair
in the fourth bond direction, and five by three of the
selenium atoms bonded in pairs.
This gives for each Ir-Se bond:
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3+3(4+3) = 2 electrons .

According to Pauling & Huggins (1934), the octa-
hedral radius for Ir(ITI) is 1-32 A and the tetrahedral
radius for Se is 114 A, giving Ir-Se and Se-Se dis-
tances of 2:46 A and 2-32 4, respectively. In the struc-
ture of iridium diselenide three Ir-Se distances are
0-06 A longer and three 0-02 A shorter than the cal-
culated one, whereas the Se-Se bond distance is 0-25 &
longer (Table 4). The close agreement between the
Ir-Se distances and those for octahedral and tetra-
hedral bonds makes it reasonable to assume that
mainly 5d26s6p® and 4s4p® orbitals are used in the
bond formation. The great divergence from the tetra-
hedral angle and the large Se-Se bond distance in-
dicate, however, that these bonds are hardly purely
tetrahedral. The Se-Se and the three longer Ir-Se bond
distances observed agree better with the metallic radii
given by Pauling (1947). With coordination number six
for iridium and four for selenium, the radius of both
atoms are 126 A and all metallic bond distances
2:52 A. This is in perfect agreement with the three
observed Ir-Se distances of 2-52 A and is within the
possible error of determination for the observed Se-Se
bond distance of 257 A.

This good agreement between the observed and the
metallic atomic distances, together with the fact that
the compound has a small and almost temperature-
independent paramagnetic susceptibility and metallic
lustre, can be taken as an indication that the Se—Se
and three of the Ir-Se bonds have metallic character.

The fact that the three other Ir-Se distances are
shorter can be explained by supposing that the iridium
atom, with its three electrons in the 5d?6s6p® orbitals
participating in bond formation, forms three normal
and three coordinated covalent bonds and that only
the three so-called coordinated bonds are metallic.
This would mean that in the structure of iridium
diselenide a small difference in energy between normal
covalent and coordinated bonds is retained, owing to
the metallic character of the components. The metallic
character of the bonds can be due to electrons of the
selenium atoms being exited to the conduction band,
or to the possibly non stoichiometric composition of
IrSe,, mentioned in the introduction, which might give
a sufficient deficiency of electrons to make some of the
5d?6s6p® and 4s4p® orbitals metallic (Pauling, 1949).

The structure of iridium diselenide would then have
layers with metallic bonds alternating with layers with
normal covalent bonds perpendicular to the a axis.
In this connexion it would be of great interest to find
out whether iridium diselenide has an enhanced
electrical conductivity in the b¢ plane in order to
test this hypothesis. There are, however, practical
difficulties in carrying out such measurements because
of the extremely small size of the crystals obtained.

A parallelism between the number of electrons con-
tributed by the metal atom to the bonds and the
octahedral M—X bond distances seems to exist also in
structures of the marcasite type. With two shorter and
four longer octahedral bond distances, one would ex-
pect the metal atom to contribute with two electrons to
the bonds and form two normal and four coordinated
covalent bonds. This agrees completely with the
valence state assumed for the metal in the sulphides,
selenides and tellurides with marcasite-like structures.

In corresponding compounds where the metalloids
are phosphorus, arsenic and antimony, a deficiency of
electrons is present in the d2sp® and sp® orbitals sup-
posedly used in bond formation. But this is no obstacle
to the assumption that some of the bonds in these
structures have more metallic character.

The author intends to continue the study of this
problem.

The author is indebted to Prof. Haakon Haraldsen
for suggesting the determination of this structure and
for his interest in this study.

Thanks are also due to the American Association of
University Women for having given her possibilities
to specialize in the field of X.ray diffraction.
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