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Abstract

New binary compound Rh3B,_,, x = 0.167 crystallizing with its own structure type has been observed from the as cast alloys. The
compound has a limited thermal stability range: it was found to decompose after annealing at 800 °C for 20 days. The crystal
structure was investigated by X-ray diffraction from two single crystals using different techniques: CAD-4 automatic diffractometer,
a=54702), b =6.816(3), ¢ =9.068(4), o = 110.74(3), f =94.81(3), y = 90.44(2), 107 refined parameters, R = 0.0418, wR, =
0.1087 for 1223 reflections with I>24(l,), and BRUKER SMART AXS, a = 5.483(4), b = 6.818(6), ¢ = 9.072 (7), a = 110.78(1),
b =94.73(1), g = 90.46(1), 107 refined parameters, R; = 0.0401, wR; = 0.0959 for 943 reflections with />2a(l,). The Rh3B,_,,
structure (space group P1 , Pearson symbol aP30 — 1) is the first representative of structures with triclinic symmetry among binary
borides and contains three different types of boron-boron aggregation: isolated boron atoms, B-B pairs and B¢ chain fragments.

© 2004 Elsevier Inc. All rights reserved.

1. Introduction

The formation and crystal structures of the binary
Rh-B compounds were studied in a course of our
systematic investigations of the Ce(Y)-Rh-B ternary
systems. The schematic Rh-B phase diagram is pre-
sented in Ref. [1], which is based on the melting points
of two compounds, RhB;; and Rh;B; [2] and Rh-rich
eutectic temperature [3]. According to Ref. [4], these
compounds belong to anti-NiAs (P63 /mmc space group,
a=33058A, ¢c=42094A) and Th;Fe; (P63mc space
group, a = 7.471 A, ¢ = 4.777 A) structure types, respec-
tively. The authors of Refs. [5,6] reported on the results
of single crystal structural investigations for two more
compounds Rh,B (Pnma space group, a = 5.42A, b =
398A, c=7.44A) and RhsBy (P63/mmc space group,
a=3.3058A, c =20.394A).

From our investigations by means of X-ray powder
and single crystal diffraction of the as cast and annealed
at 800 °C Rh-B samples, the existence of the Rh;Bj,
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RhsB4 and RhB;; compounds have been confirmed.
The Rh,B compound has not been observed. New
binary boride Rh3B,_,, x = 0.166 was observed in the
as cast samples and found to decompose after annealing
at 800 °C. In the presented paper we report on the result
of the X-ray single crystal investigation of this phase.
Detailed description of the results of the investigation of
the Rh—B phase diagram will be a subject of our
forthcoming publication.

2. Experimental details
2.1. Synthesis

The Rh-B binary alloys with different composition
and a total weight of 0.5g, were synthesized by arc
melting proper amounts of the constituent elements
under high purity argon on a water cooled copper
hearth. The purities of the starting materials were not
less than 99.9% for boron obtained from CHEMPUR,
Germany and 99.95% for rhodium (OGUSSA-Wien,
Austria). The melting procedure was repeated at least
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three times in order to ensure a better homogeneity, with
total weight losses less than 1%. The resulting ingots
were then sealed under vacuum into silica tubes and
annealed for 20 days at 800 °C, followed by quenching
into cold water.

2.2. X-ray powder diffraction

The as-cast and annealed samples were examined by
X-ray powder diffraction. Diffracted X-ray intensities
were collected from the powdered ‘“‘as cast” and
annealed samples at room temperature with a Image
Plate Huber G670 camera (20<20<100° step size
0.005°, exposure time 24h) with monochromic Cuk,;
(A =1.54056 A) radiation. Phase identification, auto-
matic indexing and lattice parameters refinement were
accomplished using the WinPlotr [7], Powder Cell [8],
TREOR [9] and DICVOL [10] programs.

2.3. Single crystal X-ray diffraction

Single crystals suitable for the X-ray measurements
were isolated by mechanical fragmentation from the
buttons of the ““as cast” Rhg¢7Bp33 and Rhg oBog.4o
alloys, glued on the top of a glass fiber and mounted on
to the goniometer head. X-ray single crystal diffraction
data for the crystal I, which was selected out from the
Rhg 67Bg33 sample, were obtained using a four circle
diffractometer Enraf-Nonius CAD-4 with graphite
monochromatized MoK, radiation (4= 0.71073A).
The data set was recorded at 20°C in a w — 20 scan
mode. The intensities were corrected for absorption
(using psi-scan), polarization and Lorentz effect.

For the single crystal II isolated out from the
Rhg¢oBo4o alloy, the X-ray diffraction data were
obtained using a Bruker AXS CCD diffractometer
(graphite =~ monochromatized MoK,  radiation,
A=0.71073 A). The data set was recorded at 27 °C in
the w-scan mode. A total of 2424 frames were collected
with a Ap of 0.3° and an exposure time of 30s. Data
reduction was carried out using the SAINT suite of
programs [11]. The intensities were corrected for

Table 1

absorption with the assistance of the program SADABS
[11].

Further details of single crystal data collection
and structural refinement for both crystals are listed in
Table 2.

3. Results
3.1. X-ray phase analysis

The existence of the Rh;Bs;, RhsB;, and RhB;;
compounds have been confirmed from the phase
analysis of the as cast and annealed at 800°C Rh-B
samples. The crystallographic characteristics obtained
for these phases agree well with those reported in Refs.
[2,6]. The sample of the Rhg ¢7B( 33 composition which
corresponds to the earlier reported “Rh,B” compound
[5] was found to contain two phases in both annealed at
800 °C (namely Rh;B; and RhsB,) and as cast condi-
tions (Rh;B; and phase with unknown structure)
(Table 1). The X-ray powder pattern of the Rhg 9B 40
sample revealed mainly the reflections belonging to the
unknown phase, which was consequently investigated by
X-ray single crystal diffraction.

3.2. X-ray single crystal structural study

The lattice parameters for the crystal 1
(a=54702)A, b=6816(3)A, ¢=9.068(4)A, o=
110.74(3)°, f =94.81(3)°, y = 90.44(2)°) were obtained
from the automatic indexing and the least-square
refinement of the 25 well-centered and strong reflections
measured in the various regions of the reciprocal space
and for the crystal II (a =9.072(7)A, b = 6.818(6) A,
c=5483(4) A, o =90.46(1), f=85.27(1), y = 69.22(1)
from automatic indexing and least-square refinement of
242 reflections.

For the analyses of the X-ray single crystal data and
structure refinement, the WinGX 1.64 program package
[12] was used. The presence of a center of symmetry and
the space group was checked using the procedure E-
STATS [13] and ABSEN [14]. The structure was solved

Results of the X-ray phase analyses for the selected samples of the Rh—B system

Nominal composition Heat treatment, °C Phase analyses

Space group Structure type Lattice parameters, A

a c
Rh0_67B0_33 As cast Rh7B3 P63mc Th7F€3 74702(2) 47759(1)
Unknown (traces)
Rh0_67B0_33 800 Rh7B3 P63mc Th7FC3 74707(2) 47736(2)
RhsB, P63 /mme RhsB, 3.3057(3) 20.386(9)
Rhg 60Bo.40 As cast Unknown
Rho 60Bo 40 800 Rh,B, P6yme Th,Fe; 7.4736(3) 4.7759(3)
Rh;B, P63 /mme RhsB, 3.3063(2) 20.393(8)
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Table 2
Parameters for the single crystal X-ray data collection and refinement
Crystal 1 11
Diffractometer CAD-4 Bruker SMART AXS
Lattice parameters, A
a 5.470(2) 5.483(4)
b 6.816(3) 6.818(6)
¢ 9.068(4) 9.072(7)
o (deg) 110.74(3) 110.78(1)
p (deg) 94.81(3) 94.73(1)
y (deg) 90.44(2) 90.46(1)
Cell volume, A® 314.8(2) 315.7(4)
Calculated density, gem ™ 10.398 10.367
Linear absorption coefficient (mm™") 22.84 22.84
20,0x 53.92 50.13
Data set —6<h<6, -8<k<8, —11</<11 —6<h<6, —8<k<8, —10</<10

Number of measured reflections
Number of unique reflections
Number of reflections with I >2a(1,)
Number of refined parameters

Ry, wRy (I>20(1,)

R, WR; (all data)

2716

1356 (Rine = 0.0488)
1223

107

0.0418, 0.1087
0.0467, 0.1115

2702
1113(Ring = 0.0338)
943

107

0.0401, 0.0959
0.0468, 0.0991

Goodness of fit 1.218 1.014

Extinction coefficient 0.003488(3) 0.000320(1)

Highest/lowest peaks of electron density (e/A) 2.51/=2.22 2.01/—3.60

Table 3

Atomic coordinates and thermal parameters for the Rh3;B,_, compound

Atom X y z G, % U‘;; x 10%, A?
Rhl 0.03916(2) 0.19795(17) 0.48455(14) 100 0.86(3)
Rh2 0.15373(2) 0.44179(17) 0.31144(14) 100 0.85(3)
Rh3 0.76978(2) 0.90099(16) 0.22804(14) 100 0.78(3)
Rh4 0.26047(2) 0.47235(16) 0.02617(13) 100 0.79(3)
Rh5 0.27871(2) 0.85397(17) 0.28168(14) 100 0.80(3)
Rh6 0.53484(2) 0.26034(17) 0.45415(14) 100 0.89(3)
Rh7 0.42598(2) 0.14324(17) 0.12941(14) 100 0.79(3)
Rh8 0.10223(2) 0.81444(17) 0.96631(14) 100 0.87(3)
Rh9 0.65627(2) 0.52488(16) 0.26886(13) 100 0.94(3)
Bl 0.016(3) 0.375(2) 0.8086(19) 100 0.7(3)
B2 0.099(3) 0.097(3) 0.221(2) 100 0.9(3)
B3 0.217(3) 0.760(2) 0.729(2) 100 0.8(3)
B4 0.353(3) 0.043(3) 0.544(2) 100 1.0(3)
B5 0.462(3) 0.770(2) 0.0583(19) 100 0.6(3)
B6 0.158(6) 0.527(5) 0.552(4) 50 0.8(6)
"Uso for B atoms.

Table 4

Anisotropic thermal parameters for the Rh atoms in Rh3B,_ structure

Atom Uy x 107, A2 Uy, x 107, A2 Us; x 107, A2 Us; x 107, A2 Ups x 107, A2 Ups x 107, A2
Rhl 0.92(5) 0.57(5) 1.18(6) 0.35(4) 0.47(4) 0.20(4)
Rh2 0.88(6) 0.68(5) 1.21(6) 0.49(4) 0.50(4) 0.24(4)
Rh3 0.80(5) 0.57(5) 1.12(6) 0.39(4) 0.46(4) 0.21(4)
Rh4 0.90(5) 0.54(5) 1.06(6) 0.37(4) 0.48(4) 0.15(4)
Rh5 0.93(6) 0.60(5) 1.05(6) 0.41(4) 0.49(4) 0.24(4)
Rh6 0.84(5) 0.75(5) 1.12(6) 0.29(4) 0.50(4) 0.17(4)
Rh7 0.79(6) 0.65(5) 1.06(6) 0.36(4) 0.46(4) 0.17(4)
Rh8 0.86(6) 0.67(5) 1.21(6) 0.42(4) 0.44(4) 0.17(4)
Rh9 0.91(6) 0.74(5) 1.18(6) 0.27(4) 0.51(4) 0.19(4)
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Fig. 1. Projection of the Rh3B,_,, unit cell on the YZ plane.

with the aid of the SHELXS-97 [15] program in the
space group P1 [16] using the Patterson method, which
resulted in the positions of all Rh atoms. Difference
Fourier syntheses enabled us to localize the position of
the boron atoms. The structure was refined by a full-
matrix least square program using atomic scattering
factors provided by the program package SHELXIL.-97
[17]. The weighting schemes included a term, which
accounted for the counting statistics, and the parameter
correcting for isotropic secondary extinction was opti-
mized. The anisotropic displacement parameters for Rh
atoms and the isotropic displacement parameter for the
B atom were refined. The refinement showed an
approximately ~5 times larger value for the displace-
ment parameter for the B6 atom than for other boron
atoms. Consequently, an occupancy of 50% was

Table 5
Selected interatomic distances (d, A) for the Rh atoms in the Rh3B,_, structure
Atom d, A Atom d, A Atom d, A
Rhi1-B4 2.151(16) Rh4-B1 2.175(16) Rh7-B2 2.104(16)
Rh1-B6 2.18(3) Rh4-B5 2.215(15) Rh7-B5 2.124(15)
Rh1-B6 2.28(3) Rh4-B1 2.216(16) Rh7-B3 2.205(16)
Rh1-B2 2.290(17) Rh4-B5 2.228(15) Rh7-B5 2.407(15)
Rh1-B3 2.392(16) Rh4-Rh8 2.7073(18) Rh7-Rh7 2.660(3)
Rh1-B4 2.629(16) Rh4-Rh4 2.749(2) Rh7-Rh2 2.6764(19)
Rh1-Rh2 2.7597(18) Rh4-Rh3 2.7553(2) Rh7-Rh9 2.703(2)
Rh1-Rh9 2.771(2) Rh4-Rh9 2.758(2) Rh7-Rh8 2.738(2)
Rh1-Rh2 2.778(2) Rh4-Rh2 2.7765(19) Rh7-Rh6 2.774(2)
Rh1-Rh3 2.779(2) Rh4-Rh8 2.7963(18) Rh7-Rh3 2.8062(18)
Rh1-Rh6 2.7926(18) Rh4-Rh5 2.799(2) Rh7-Rh8 2.8352(18)
Rh1-Rh6 2.8001(19) Rh4-Rh7 2.8468(18) Rh7-Rh4 2.8468(18)
RhI-Rh5 2.828(2) Rh4-Rh9 2.879(2) Rh7-Rh5 2.9212(18)
Rh2-B6 2.04(3) Rh5-BI 2.133(15) Rh8-B5 2.137(15)
Rh2-Bl1 2.10(15) Rh5-B2 2.140(16) Rh8-B3 2.202(16)
Rh2-B6 2.16(3) Rh5-B5 2.227(16) Rh8-B2 2.214(16)
Rh2-B2 2.208(16) Rh5-B4 2.268(17) Rh8-B2 2.431(17)
Rh2-B3 2.372(16) Rh5-B4 2.390(17) Rh8-Rh8 2.662(2)
Rh2-Rh7 2.6764(19) Rh5-Rh4 2.799(2) Rh8-Rh4 2.7073(18)
Rh2-Rh8 2.759(2) Rh5-Rh3 2.8055(18) Rh8-Rh7 2.738(2)
Rh2-Rhl 2.7597(18) Rh5-Rh3 2.8260(13) Rh8-Rh2 2.759(2)
Rh2-Rh4 2.7765(19) Rh5-Rhl 2.828(2) Rh8-Rh4 2.7963(18)
Rh2-Rhl 2.778(2) Rh5-Rh8 2.858(2) Rh8-Rh7 2.8352(18)
Rh2-Rh6 2.797(2) Rh5-Rh6 2.883(2) Rh8-Rh5 2.858(2)
Rh2-Rh9 2.8065(18) Rh5-Rh7 2.9212(18) Rh8-Rh9 2.944(2)
Rh2-Rh6 2.8760(18) Rh5-Rh6 2.930(2)
Rh2-Rh9 2.8871(18)
Rh3-B4 2.132(17) Rh6-B4 2.166(16) Rh9-B6 1.98(3)
Rh3-B5 2.139(16) Rh6-B3 2.195(16) Rh9-B3 2.077(16)
Rh3-B1 2.165(15) Rh6-B4 2.195(16) Rh9-B1 2.168(15)
Rh3-B3 2.199(16) Rh6-B6 2.23(3) Rh9-Rh7 2.703(2)
Rh3-B2 2.250(16) Rh6-Rh9 2.721(2) Rh9-Rh6 2.721(2)
Rh3-Rh4 2.755(2) Rh6-Rh7 2.774(2) Rh9-Rh4 2.758(2)
Rh3-Rhl 2.779(2) Rh6-Rhl 2.7926(18) Rh9-Rhl 2.771(2)
Rh3-Rh9 2.7893(19) Rh6-Rh2 2.797(2) Rh9-Rh3 2.7893(19)
Rh3-Rh5 2.8055(18) Rh6-Rhl 2.8001(19) Rh9-Rh2 2.8065(18)
Rh3-Rh7 2.8062(18) Rh6-Rh2 2.8760(18) Rh9-Rh4 2.879(2)
Rh3-Rh5 2.8260(18) Rh6-Rh5 2.883(2) Rh9-Rh2 2.8871(18)
Rh3-Rh6 2.965(2) Rh6-Rh5 2.930(2) Rh9-Rh8 2.944(2)
Rh6-Rh3 2.965(2)
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introduced for B6 atom that resulted in the decreasing of
R, value from 4.30% to 4.18% and 4.10% to 4.01% as
well as Ujs, for B6 atom for both crystals. The results
were checked for additional symmetry with assistance of
PLATON program package [18]. The final residuals for
both the crystals are given in Table 2. The atomic
coordinates were standardized using the Structure Tidy
program [19] and listed in Table 3. The anisotropic
thermal parameters for Rh atoms are presented in
Table 4. The crystal structure of the Rh3B,_,, x = 0.167
compound is shown in Fig. 1.

4. Discussion

The crystal structure of the compound belongs to the
new structure type of intermetallic compounds and is the
first representative of structures with triclinic symmetry
among binary borides.

Interatomic distances for Rh atoms are shown in
Table 5. Coordination polyhedra for these atoms are
rather asymmetric and have 12, 13 and 14 vertexes.
Minimum and maximum Rh-Rh distances are 2.6597
and 2.9645A, respectively. Those slightly larger
than the sum of radii [20] distances have been
also encountered for several compounds from the R-B
system, drh_Rrn = 2.591o —3.034A for Rh;B; ang
drn—rnh = 2.697 — 3.306 A for RhsB, as well as 2.845 A
for RhBl_l.

According to classification of Krypyakevych [21], this
structure belongs to class NI10. The coordination
polyhedra for B atoms are trigonal prisms, which are
formed by six rhodium atoms without or with 1, 2 or 3
additional atoms (Fig. 2). Some of the interatomic Rh—B
distances (Table 6) are shorter as compared with the
atomic radii sum of 2.22 A; however, these values are
not unusual for borides. A number of platinum metal
borides also display short metal-B distances, e.g. RhsBy
with Rh—-B distances of 2.080 and 2.148 A, IrByo and
IrB, 35 with dyr-p = 2.04—2.13 A (radii sum 2.24 A) and
Pd,B with dpg-g = 2.104—2.122 A (radii sum 2.25A).
The smallest value of Rh—B bond length in Rh3;B,_,,
x = 0.167 structure, 1.98(6) A, was observed for Rh9-B6
verifying the partial occupancy of the atomic position by
B6 atom as obtained from the structural refinement.

The classification scheme based of the type of
boron—boron aggregation within complex metal borides
have been presented by different group of authors
[21,22]. This classification can be achieved in terms of
the boron—boron aggregation which turns out to be
function of the boron concentration. The decision, as to
which specific type of B-B aggregation occurs, depends
on the distances between boron atoms. In the YBgg,
NaBis, AlB|,, CaBg, ThBy structure types boron atoms
form three-dimensional boron frameworks. In the AIB,,
ReB,, RuB, structures they form two-dimensional

B1 B2

B5 Bo6

Fig. 2. Coordination polyhedra of boron atoms in the Rh3B,_,
structure.

boron nets. The structures of the V,Bsz, VsBs, FeB,
CrB, MoB, PtB compounds can be considered as chain
borides.

In the case of the Rh3B,_,, x = 0.167 compound we
observed three different types of the boron—boron
aggregation (Fig. 3):

1. isolated boron atoms, namely B1 and BS
2. B-B pairs
3. Bg chain fragments

Isolated B atoms are typical for the structures with
poor concentration of boron (Table 7). The ratio
between metal and boron atoms for two CrsB; and
(W,Fe);B, compounds is very close to those in Rh3;B,_,
x = 0.167 and all of these three structures contain boron
pairs with B-B distances d =1.86A. A B, chain
fragment with dg_g = 1.82—1.83A was observed in
the Mo,IrB, structure. Similar interatomic distances
between four boron atoms (B3-B6-B6-B3) in the inner
section of the Bg chain fragment are 1.82(4)71.86(6)1&
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Table 7
Classification of the borides with metal-boron ratio from 3/1 to 3/2
[22,23]

Atom d A C.N. Atom d, A C.N. Compound Aggregation of boron atoms
B1-Rh2 2.100(15) 6 B4-B4 1.86(3) 8 ResB (TisP str. type), Pd;B (FesC  Isolated boron atoms
BI-Rh5  2.133(15) B4Rh3  2.132(17) str. type)
BI1-Rh3 2.165(15) B4-Rhl 2.152(17) PdsB, (MnsC,; str. type) Isolated boron atoms
B1-Rh9 2.168(15) B4-Rho6 2.166(16) Rh;B; (Th;Fejs str. type) Isolated boron atoms
B1-Rh4 2.175(16) B4-Rh6 2.195(16) Ta,B (CuAl, str. type), Cr,B Isolated boron atoms
BI-Rh4  2.216(16) B4-Rh5  2.268(17) (Mg,Cu str. type), Pd,B (anti-
B2 B3 2.00(2) 8 B4-RhS  2.390(17) CaCl, str. type)
B2-Rh7 2.104(16) B4-Rhl 2.629(16) CrsB3 (own str. type) Isolated boron atoms and boron
B2RhS  2.140(16) B5Rh7  2.124(15) 7 pairs
B2-Rh2 2.208(16) B5-Rh8 2.137(15) (W,Fe);B, (UsSi; str. type) Boron pairs
B2-Rh8 2.214(16) B5-Rh3 2.139(15) Mo,IrB; (Y3Co, str. type) B4 chain fragments
B2-Rh3 2.250(16) B5-Rh4 2.215(15)
B2 Rhl  2.290(17) B5-RhS  2.227(16)
B2-Rh8 2.431(17) B5-Rh4 2.228(15)
B3-B6 1.82(4) 9 B5Rh7  2.407(15)
B3-B2 2.00(2) B6-B3 1.82(4) 8
B3 Rh9  2.077(16) B6-B6 1.86(6)
B3-Rh6  2.195(16) B6-Rh9  1.98(3)
B3-Rh3  2.199(16) B6-Rh2  2.04(3)
B3-Rh8 2.202(16) B6-Rh2 2.16(3)
B3 Rh7  2.205(16) B6-Rhl  2.18(3)
B3-Rh2 2.372(16) B6-Rh6 2.23(3)
B3 Rhl  2.392(16) B6-Rhl  2.28(3)
X
Y
- ] - o
“1.:1:5_° °‘1,:;&,.
L
2.00, 0“2.00 ‘“z.uo
o
Q 18 o 8 @ 18
’-136“ rl.s&"‘ rl,gg—d
182 @ 182 @ 182 @
“2 00, o & o d& : .
o 2.00 2-00§° for boron chain fragment in the RhsB; compound
"1 86, 1.8 (dB—B = 2.22A).
9 .o :
Q,z 0 - - % The structure can be described as built up from boron
' \? o 2% o = centered slightly deformed trigonal prisms formed by
o & o & PORE ) rhodium atoms. The [B1Rhg] and [B5Rhg] trigonal
1. 1_86.4‘ 1.86’“ prisms form chains in the [100] direction (Fig. 4a) and
1.5 P 14 @ Lg ° the other ones build the three dimensional zig-zag chains
‘\ ° i ° ‘\ (Fig. 4b). The holes which are formed between these two
2-00‘ 2.00,,,° z.m),.~° types of arrangement of trigonal prisms can be occupied
@ . e . by atoms with smaller size (e.g. C or N).
° ® e ° o

Fig. 3. Three types of B-B aggregation in the Rh;B,_, structure.

and two outer B2 atoms are located at rather longer
distance of 2.00(2) A. This value is large if compared
with the radii sum but is smaller than the B-B distances
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pository number for Rh;3;B,_y compound is CSD
413800.
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