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The Crystal Structure of Ru,B,

BERTIL ARONSSON

Institute of Chemistry, University of Uppsala, Uppsala, Sweden

The crystal structure of Ru,B; has been determined from single
crystal data. There are two formula units in the unit cell, which
Aselius  has determined to be hexagonal with a = 7.467 A and
¢ = 4.713 A. The space group is P6ymc. The ruthenium atoms are
situated in two six-fold positions 6 (c) with x; = 0.4563, z; = 0.318,
and 2yy = 0.1219, z; = 0.000 and one two-fold position 2(b) with
2z = 0.818. The structure of Ru,B; is very closely related to that of
the trigonal chromium carbide Cr,Cj;.

Very little is known about the borides of the platinum metals. Buddery
and Welch ! have shown that a number of such borides exists and are
easily prepared by direct combination of the elements. These authors have
given the approximate compositions of many borides of the platinum metals
and, in some cases, also have established the unit cell dimensions. Later Mooney
and Welch? determined the crystal structure of Rh,B from single crystal
data. Rh,B seems to be the only noble metal boride with known crystal
structure and, as Geller 3 points out, it is isomorphous with Rh,Ge3, 8-Ni,Si4
and Co,SiS.

Since a knowledge of the platinum metal borides is very essential for a
better understanding of the transition metal borides, X-ray investigations
in this group of compounds have been started at this institute. The borides
of ruthenium were supposed to be those most related to the well-known molyb-
denum and iron borides and were therefore chosen as the first object of in-
vestigation. In an investigation of the Ru-B system, Aselius 4, confirming
the results of Buddery and Welch, has found that the most metal-rich inter-
mediate phase in this system has the approximate composition Ru,B. He was
able to index the powder photograph, chosing a hexagonal unit cell with
a=17467 A, ¢ =4.713 A ‘and c/a = 0.631. The density was found to be
10.7 g/em3, showing that there are 14 ruthenium atoms in the unit cell and
indicating that the formula should be written Ru,B; rather than Ru,B.
Aselius ¥ has also found the isomorphous phase Rh,B; with a = 7.47 A,
¢ =4.78 A and c/a = 0.640.
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The crystal structure of Ru,Bg has been determined with single crystals
kindly donated by Aselius. The relation of this structure to that of the trigonal
chromium carbide 8, Cr,Cg, and to other transition metal borides will be discus-
sed.

EXPERIMENTAL

Some small single crystals were picked out of an arc melted alloy. By use of MoKa-
radiation, Weissenberg photographs around the @- and c-axes were taken of two crystals
which were found to be free from satellites. The multiple film technique (with thin iron
foils between the films) was used and the intensities were estimated visually. With the
exception of a few low angle reflexions from the larger crystal (rotated around the a-axis),
no serious influence from absorption or extinction could be detected. Log Io/I. decreased
linearly with sin%*@/13, and for both crystals the temperature constant B was found to be
0.42 A2, The go(xy) and g.(zy) electron density projections were computed on the
Higg-Laurent ? machine and with Beevers-Lipson strips. Twenty eight nonequivalent
hki0 reflexions were used in these calculations,

DETERMINATION AND DESCRIPTION OF THE STRUCTURE

The Weissenberg photographs showed that the crystals were hexagonal.
There was no evidence that the symmetry should be lower. The systematic

extinctions of hh2hl reflexions for l odd gave the possible space groups P6,/mmc,
P82c and P6s;mc. The approximate positions of the 14 ruthenium atoms in
the unit cell were deduced from the following two conditions:

(1). The ruthenium atoms cannot all have the z-parameters 0, 1/4, 1/2
and 3/4. This is a consequence of the relation |F|oy s << [Flogoz < |Floo0s <
|Floo0s Which was found from the intensities of the 000l-reflexions.

(2). No Ru-Ru contacts are shorter than 2.5 A. This seems a reasonable
assumption since the shortest Ru-Ru distance in pure ruthenium is 2.65 A.
In particular, this condition establishes that two ruthenium atoms cannot
have the same z- and y-parameters but different z-parameters because such
a situation would imply Ru-Ru contacts shorter than 2.36 A (c/2 = 2.357 A).

These two conditions eliminate all the positions of space group P6s/mmec.
Condition (2) rules out 12(k), 12(z), 6(g), 4(f), 4(e), 2(b) and 2(a). Condition
(1) rules out any combination of 12(j), 6(2) and the remaining two-fold posi-
tions. In the same way any combination of the positions of space group
P62¢ violates one or both of the above conditions. Only the space group
P6ymce then remains. Of the positions in this space group condition (2) elimina-
tes 12(d) and 2(a). The only alternative remaining is to put the 14 ruthenium
atoms into two six-fold positions 6(c) and one two-fold 2(b) position. An evalua-
tion of the threedimensional Patterson function in the section P(xy0) and
along P(00z) showed that no Ru-Ru contacts shorter than 2.7 A exist in the
basal plane or in the direction of the c-axis. This supports the correctness of
condition (2). In addition, the Patterson function gave approximate x-para-
meters of the ruthenium atoms. Approximate z-parameters could be obtained
from space considerations.

The x-parameters were refined from successive go,(xy) and p.(xy) syntheses
until the final ’backshift”’-corrections were less than - 0.001. The final
z-parameters (Table 1) are estimated to be reliable to within 4 0.002. No

Acta Chem. Scand. 13 (1959) No. 1



CRYSTAL STRUCTURE OF Ru,B, 111

Table 1. Final atomic parameters of Ru,;B;. Space group P6yme. (Estimated accuracy
of z-parameters + 0.002, of z-parameters + 0.003.)

6 Ru; in 6(c) @y = 0.456, 2 = 0.318
6 R’uII in 6(0) Ty = 0.1219 i = 0.000
2 RUIII in 2(0) Ty = 1/3 21y = 0.818
6B  in 6(c) ap — 0.18, 28 = 0.58,

significant difference in the scattering parameters (number of electrons) of
the different ruthenium atoms was revealed in the Fourier projections. The
z-parameter of the Rui atom (Table 1) was chosen to be zero. The z-parameter
of the Ru; atom was obtained by comparison between calculated and observed

|F| values of 3n03nl reflexions (I = 5, 7, 9), the contribution of the Rum
atom to these reflexions being zero. In the same way the z-parameter of the
latter was obtained from inspection of 202! reflexions (I = 5, 7, 9) since the
contribution of the Rur atom to the intensities of these reflexions was found
to be very small. A variation of £ 0.001 in the z-parameters changed the
|F|cae values by 1—5 9, and the final z-parameters are estimated to be
reliable to within 4 0.003. With the final atomic parameters given in Table 1,
the reliability index of the observed 28 nonequivalent 2k:0 reflexions was found
to be 8.2 9, while that of the observed 64 nonequivalent 0kl reflexions was
11.8 9%,

As/ seen from Fig. 1 the ruthenium skeleton of Ru,B, is fairly densely
packed and is built up mainly of metal tetrahedra, some of which are outlined
in the figure. Besides the tetrahedra there are metal octahedra with their
centres in 0, 0, 1/4 and 0, 0, 3/4 and sharing faces in the c-direction. Between

B

Y X Er

0318 0.50 0.818 0.420.58

Fig. 1. The structure of Ru,B; as seen along the hexagonal axis.
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the octahedra and the tetrahedra there are two types of ’holes’ whose centres
in the mirror planes correspond to positions 6(c). The larger "hole’ has a roughly
trigonal prismatic environment and the parameters of its centre are = 0.20;
z = 0.58. The smaller hole is more irregular and the parameters of its ’centre’
are x ~ 0.20; z ~ 0.42. In addition to these two types of holes only the octahed-
ral holes of the metal skeleton can possibly accomodate the boron atoms.
(The tetrahedral interstices are much too small for a boron atom.)

The difference (¥, —F,) synthesis (only the contribution from the ruthe-
nium atoms was included in the F, terms) was carried out in the xy-projec-
tion. No maximum was found in the origin, indicating that there are no boron
atoms in the octahedral holes. The highest maximum of the difference syn-
thesis (amounting to 5 9, of the ruthenium maxima of the F, synthesis) had
the coordinates x ~ 0.17; y ~ 0.83, which indicates that one of the remaining
’holes’ did contain boron atoms. An attempt has been made to obtain some
experimental evidence showing which of the two holes is actually occupied.
Since the z;-parameter is about 0.20, the 505! (I = 2, 4) are the kOl reflexions
that are most likely to give some information about the z-parameter of the
boron atom. Fortunately, these two reflexions are fairly weak and therefore
a considerable influence of the boron atoms on their intensities can be anticipa-
ted. The |F,—F|/|F,| values for the 5052 and 5054 reflexions are given
below. The value of |F,| has been computed for the two alternative boron
positions and also for the situation when the contribution from boron is
neglected.

|Fo—F|/|F,| values for the 5052 and 5054 reflexions

neglecting boron with 6 boron atoms in 6(c) and
xg = 0.20, 25 = 0.58; x5 = 0.20, 25 = 0.42
5052 0.21 0.11 0.31
5054 0.16 0.11 0.27

As seen from the table, a z; value of 0.58 is strongly preferred over the
value of 0.42. In fact, with az = 0.20 the only 2z parameters which will
improve the agreement between observed and calculated structure factors
for the above reflexions are zz ~ 0.1 and 25 ~ 0.6, and the first of these is
impossible since it would give a Ru-B distance of about 1 A.

Thus, there is considerable experimental evidence that the boron atoms
are situated in the largest hole of the ruthenium skeleton, corresponding to
a position 6(c) with g ~ 0.20 and 2z ~ 0.58. Since the experimental material
does not permit an accurate determination of the boron positions, the coordi-
nates of the centre of the hole have been chosen as boron parameters. Aside
from the experimental evidence, it is very unlikely from space considerations
that boron atoms can occupy the ’smaller’ holes of the metal skeleton since
this would involve Ru-B distances shorter than 2.0 A.

The final atomic parameters are given in Table 1. The interatomic distances
(< 8.5 A) are given in Table 2. A projection of the structure along the c-
axis is shown in Fig. 1.
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Fig. 2. The environment of the boron
atoms in Ru,B; as seen along the hexagonal
axis.

DISCUSSION

The Ru-Ru contacts (Table 2) are on the average only 0.10 A longer in
Ru,B, than in ruthenium where the average interatomic distance is 2.68 A.
There are also contacts shorter than those in pure ruthenium. The Ru; atoms
form zig-zag rows in the c-direction with an intermetallic distance of 2.61 A.
The boron atom has its six closest neighbours at an average distance of 2.16 A.
(With rg, = 1.34 A, r; will be 0.82 A.) This value is rather small and is in
accordance with the Me-B distances found in MoB (B-6 Mo 2.23 A) 8 and in
the recently discovered borides of the cementite (FesC) type ®, e.g. in NizB
(B-6 Ni 2.04 A). In these two phases the boron atoms have a trigonal prismatic
environment as in Ru,B;. In Mo,B? and Rhy,B? where the boron atoms have
more than six close neighbours, the Me-B distances are considerably larger.
In Mo,B the boron atoms have eight metal neighbours at 2.37 A; in Rh,B
nine at distances between 2.38 A and 2.63 A with an average value of 2.50 A.

The most remarkable feature of the structure of Ru,B; is its close similarity
to that of the trigonal chromium carbide ¢, Cr,C;. The formula and the unit
cell of this carbide were determined by Westgren and Phragmén 1%, who found
the unit cell to be hexagonal with ¢ = 13,87 kX, ¢ = 4.53 kX and 2c/a = 0.654.
Later Westgren et al.! found a small deviation from the hexagonal symmetry
and concluded that Cr,C; was indeed trigonal. In a more recent paper on this

Table 2. Interatomic distances (in A) in Ru,;B,. (Estimated accuracy + 0.03 A.)

Average

Ruy — 11 Ru 2.61(2); 2.72; 2.76(2); 2.81(2); 2.84(2); 2.86(2). 2,77 A.
— 4 B 2.15(2); 2.66(2). ‘

Ruy — 11 Ru 2.73(2); 2.81(2); 2.84(4); 2.86(2); 2.87. 2.82 A.
— 4 B 2.15; 2.16(2); 2.86.

Rup — 12 Ru 2.72(3); 2.84(6); 2.87(3). 2.78 A.
— 3B 2.20(3).

B — 9 Ru 2.15; 2.15(2); 2.16(2); 2.20; 2.66(2); 2.86. 2.16 A.
— 2B 3.222). (six first)
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phase, Westgren ¢ gave its approximate crystal structure. As Aki0 reflexions
appeared only when % was even and k was even, a projection on the basal
plane could be divided into four identical parts. The atomic arrangements
projected on such a part were determined by Westgren. Using the space
group P6smc he found 6 Cr; in 6(c) with 2 = 0.455, 6 Cry in 6(c) with
2 = 0.125 and 2 Cr in 2(b). The chromium parameters of Westgren agree
within 0.001 and 0.003 with those reported here for the ruthenium atoms of
Ru,B;. Westgren did not try to determine the z-parameters but he gave a
description of the complete structure using the hexagonal space group P6gymec.
In particular, he pointed out the trigonal prismatic environment of the carbon
atoms. It isevident from Westgren’s proposed structure that the near environ-
ment of the atoms in Cr,C; and Ru,B; is practically the same. The structure
of Cr,C, can be described as a slightly distorted superstructure of Ru,B;, making
the unit cell four times larger and causing the symmetry to decrease to trigonal.

Ru,;B, is another example of a boride with close similarities to the ’complica-
ted’ carbides of chromium, manganese and iron. Other recently discovered
examples are CogB and Ni;B? which crystallize in the cementite (Fe,C) struc-
ture. It has also been found that boron and carbon to a large extent can substi-
tute for each other in the ’complicated’ carbide structures, e.g. in Fe,(C, B)2
and in Fey(C, B)g!3. It does not seem unlikely that further studies on the
platinum metal borides will reveal additional similarities between borides and
carbides.
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