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Abstract

Niobium palladium arsenide, NbsPdsAsy, is the second phase found in the Nb—Pd—As system. It was synthesized by direct
reaction of the elements and its crystal structure was determined from X-ray diffraction data obtained with synchrotron radiation on
aS5x5x5 um3 single crystal at 150 K. NbsPd4As, is isostructural to NbsPd,4P, and adopts the NbsCu,Siy-type structure (tetragonal,
space group I4/m, Z =2, a = 10.4457(17) A, c= 3.7868(6) A). The structure can be described as being built up of As-centered
trigonal prisms whose vertices are Nb and Pd atoms, or as chains of octahedral Nbg clusters embedded in Asg cubes parallel to
chains of edge-sharing tetrahedral Pd, clusters. Extended Hiickel calculations show that metal-metal bonding constitutes the most

important contribution to the stability of the structure, and that the Pd atoms are close to being zero-valent.

© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Although structural information can be extracted
from powder X-ray diffraction data, it is always
preferable to analyze single-crystal X-ray diffraction
data whenever possible because of the greater precision
that can be obtained. The high intensity of modern
synchrotron radiation sources, along with the high
sensitivity of CCD-based detectors, is now enabling
very small crystals to be examined [1,2].

In the (Nb, Ta)-Pd—(P, As, Sb) system, the only
compounds known thus far are NbsPdsP, [3] and
NbyPdAs; [4]. Interest in these compounds stems from
the desire to understand the role of metal-metal
bonding in metal-rich pnictides and to systematize the
poorly investigated crystal chemistry of the Pd systems
in contrast to the analogous Ni systems. Reported here
are the synthesis, structure, and bonding of the ternary
arsenide NbsPd4As,, isostructural to NbsPd,P4. Because
of difficulties in growing large single crystals of
NbsPd4As,, the original intention was to collect powder
diffraction data for the purpose of structure determina-
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tion. However, we were successful in extracting from the
powder sample a single crystal of dimensions
5x 5% 5um®, on which X-ray diffraction data were
collected with the use of synchrotron radiation.

2. Experimental
2.1. Synthesis

A 0.25-g mixture of Nb powder (99.8%, Cerac), Pd
powder (99.95%, Cerac), and As powder (99.99%, Alfa-
Aesar) in the ratio 5:4:4 was loaded into an alumina tube
jacketed by a fused-silica tube. The tube was evacuated
and heated at 600°C for 1 day and 1000°C for 3 days,
resulting in a quantitative yield of NbsPd4As, in the
form of a black powder, as determined by the powder
X-ray diffraction pattern obtained on an Enraf-Nonius
FRS552 Guinier camera (CuKoa, radiation; Si standard).

2.2. Structure determination
X-ray diffraction data were collected on a Bruker

AXS SMART CCD area-detector diffractometer [5] at
the microcrystal diffraction facility on station 9.8 of the
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Synchrotron Radiation Source, CLRC Daresbury La-
boratory [6,7]. The crystal was mounted on the end of a
two-stage glass fiber with perfluoropolyether oil, and
cooled by a Cryostream nitrogen-gas stream [8]. The
wavelength was calibrated by measurement of the unit
cell parameters of a standard crystal of known structure.
Data collection proceeded through three series of w-
rotation exposure frames with different crystal orienta-
tion ¢ angles. Reflection intensities were integrated
using standard procedures [9], allowing for the plane-
polarized nature of the primary synchrotron beam.
Corrections were applied semiempirically for absorption
and incident beam decay [9]. Unit cell parameters were
refined from the observed o angles of all strong
reflections in the complete data set [9]. The structure
was solved by direct methods and refined by least-
squares methods on all unique measured F? values [10].
The centrosymmetric space group I4/m was chosen on
the assumption that NbsPd4As, is isostructural to
NbsPd4P, [3]. Technical details are given in Table 1.
Final values of the positional and displacement para-
meters are given in Table 2. Interatomic distances are
listed in Table 3. Further data, in the form of a CIF,
have been sent to Fachinformationszentrum Karlsruhe,
Abt. PROKA, 76344 Eggenstein-Leopoldshafen, Ger-
many, as supplementary material No. CSD-412866 and

Table 1

Crystal data for NbsPd,As,

Formula NbsPd;As,

Formula mass (amu) 1189.83
Temperature (K) 150(2)

Radiation Synchrotron, 4 = 0.6880 A
Space group C;, — 14/m (No. 87)
a (A) 10.4457(17)

¢ (A) 3.7868(6)

V(A% 413.19(12)

VA 2

Pealed (gem 3) 9.563

i (mm 30.964

Crystal dimensions (mm) 0.005 x 0.005 x 0.005
Transmission factors 0.861-0.861

260 limits
Data collected

No. of data collected
No. of unique data, including

5.34°<20<57.78°
—l4<h< 14, —14<k<10,
—5<i<4

1483

339 (Rip = 0.0113)

F2<0

No. of unique data, with 313
F2>20(F?)

No. of variables 21

R(F) for F2>2q(F2)" 0.026

Ry (F2)° 0.069
Goodness of fit . 1.122
(AD) s (AP)in (€A™ 1.987, —1.723

“R(F) = X|IFol = Fell/ SIF.
PR.(F2) = [CIw(F2 — F2)’)/ Y wr]

1/2

+14.4413p], where p = [max(F2,0) + 2F?2]/3.

;s wl=[62(F2) + (0.0405p)*

Table 2
Atomic coordinates and equivalent isotropic displacement parameters
for Nb5pd4AS4

Atom  Wyckoff  x y 2 U (AW
position

Nb(l)  2a 0 0 0 0.0044(3)

Nb2)  8h 0.30972(8)  0.38055(8) 0 0.0042(2)

Pd 8h 0.40547(7)  0.11028(6) 0  0.0038(2)

As 8h 0.06659(9)  0.24482(9) 0 0.0033(2)

# Uqq is defined as one-third of the trace of the orthogonalized Uy
tensor.

Table 3
Selected interatomic distances (A) in NbsPdAs,

Nb(1)-As 2.6502(10) (x4)  Nb(2)-Nb(1)  3.0154(7) (x2)
Nb(1)-Nb(2)  3.0154(7) (% 8) Nb(2)-Nb(2)  3.3189(12) (x 2)
Nb(2)-As 2.6400(9) (% 2) Nb(2)-Nb(2)  3.5469(14) (x 2)
Nb(2)-As 2.7723(9) (x 2) Pd-As 2.4415(8) (x2)
Nb(2)-As 2.9086(13) Pd-As 2.4959(12)
Nb(2)-Pd 2.9406(9) (x2) Pd-Pd 2.8616(8) (x 4)
Nb(2)-Pd 2.9951(12) Pd-Pd 3.0344(14)
Nb(2)-Pd 3.0554(11)
Table 4
Extended Hiickel parameters
Atom Orbital H;; (eV) (it 1 {n 5]
Nb Ss —9.04 1.89

5p —5.13 1.85

4d -9.94 4.08 0.6401 1.64 0.5516
Pd Ss —7.51 2.19

5p —3.86 2.15

4d —12.53 5.98 0.55 2.61 0.67
As 4s —16.22 2.23

4p —12.16 1.89

can be obtained by contacting FIZ (quoting the article
details and the corresponding CSD numbers).

2.3. Band structure

A tight-binding extended Hiickel band structure
calculation was performed on NbsPd4As, with the use
of the EHMACC suite of programs [11,12]. The atomic
parameters were taken from literature values [4] and are
listed in Table 4. Properties were extracted from the
band structure using 128 k points in the irreducible
portion of the Brillouin zone.

3. Results and discussion

NbsPd4As, is the second phase found in the Nb—Pd—
As system, in which NbgPdAs; was recently discovered
[4]. Tt is isostructural to the phosphides NbsNi4P,
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Fig. 1. Projection down the c-axis of the structure of NbsPdjAsy,
in terms of (a) As-centered trigonal prisms or (b) Nbg octahedra and
Pd, tetrahedra. Atoms marked with heavy rims are displaced by % the
¢ unit repeat. The chains of NbgAsg and Pd, clusters are shown in (c).

[13,14], TasNiyP4 [14], and NbsPd4P, [3], which belong
to the NbsCuySiy structure type [15]. Fig. 1 shows
different representations of the NbsPd4As, structure.
In common with many transition-metal pnictides whose
metal-to-pnicogen ratio is close to 2:1, the structure can
be described through pnicogen-centered trigonal prisms
as building blocks. Fig. 1a shows how such As-centered
trigonal prisms, each with four Nb and two Pd atoms at
the vertices, are connected to form tetramers; the center
of each tetramer contains an additional Nb atom. The
tetramers are then connected together through Pd-Pd
bonds. This viewpoint draws out the relationship to

NbyPdAs,, whose structure can also be built up of As-
centered trigonal prisms [4]. Figs. 1b and ¢ portray the
structure of NbsPd4As, in the more customary fashion
as consisting of two types of chains aligned along the ¢
direction: one contains Asg cubes embedding octahedral
Nbg clusters compressed along the ¢ direction and
sharing opposite corners, and the other contains edge-
sharing Pd, tetrahedra. This viewpoint emphasizes the
relationship to other structures built up of one-dimen-
sional corner-shared M¢Xg clusters, so that the NbsCuy
Sis-type structure is sometimes described as being a filled
TisTey-type structure [16]. Neither description is com-
pletely satisfactory, of course. The first description
neglects some Nb-Nb bonds, the second description
neglects Nb-Pd bonds but overemphasizes the long As—
As distances (>3.7A) (Fig. Ic), and both descriptions
neglect the presence of Nb—As and Pd—As bonds.
Similar to the analysis for NbgPdAs; [4], examination
of the relative electronegativities suggests that any
electron transfer will occur predominantly from Nb
to As in the formation of Nb—As bonds. Assuming
full electron transfer, the resulting formulation
(Nb>*")5(Pd®)4(As*), then implies that there are 2.6
valence electrons remaining on each Nb atom available
for additional metal-metal bonding. Such a formulation
also suggests that the Pd atoms can enter as guests into a
hypothetical host structure “NbsAs,” that corresponds
to the TisTey-type structure. (Although NbsAs, is
unreported, the analogues TasAs, [17,18], NbsSby
[19,20], and TasSby [21] are known.) To evaluate the
bonding more accurately, the band structure of
NbsPd4As, was calculated. Fig. 2 shows the density of
states (DOS) curve and its atomic projections. Consis-
tent with expectations, there remain many unfilled Nb
4d states above the Fermi level whereas the Pd 4d and
As 4p states are almost completely filled below the Fermi
level (ef = —9.72¢V). Fig. 3 shows the crystal orbital
overlap population (COOP) curves for various contacts.
The dominant contribution to the stability of
NbsPdsAs, is the formation of Nb-Nb and Nb-As
bonds, as these are the interactions that are optimized
through complete occupation of all the bonding levels
and no antibonding levels (Figs.3a and c). In the
structural description emphasizing chains of Nbg
clusters, the range of intrachain Nb-Nb distances of
3.0154(7)73.3189(12)A corresponds to a Mulliken over-
lap population (MOP) of 0.197 whereas the longer
interchain Nb—Nb distance of 3.5469(14) A still has a
substantial MOP value of 0.095. The Nb-As bonds of
2.6400(9)-2.9086(13) A are strong (MOP 0.353). The
remaining types of bonds are not optimized, since some
antibonding levels have to be occupied. This lends
support to the idea that the Pd atoms can be viewed as
guests inserted into a “NbsAs,”” matrix, similar to a pro-
posal made for the Ni atoms in NbsNiyP4[13]. Although
weak, the Nb-Pd bonds of 2.9406(9)73.0554(11)1&
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Fig. 2. Contributions of (a) Nb, (b) Pd, and (c) As (shaded regions) to the total density of states (DOS) (line) for NbsPd4As,. The horizontal
line marks the Fermi level (¢f = —9.72¢V).

& &

& & &
12 | i | <
14
- ~ o+ - + - + - + - +
Nb-Nb COOP Nb-Pd COOP Nb-As COOP Pd-Pd COOP Pd-As COOP

@ (b) ©

(d) G

Fig. 3. Crystal orbital overlap population (COOP) curves for (a) Nb—Nb (solid line, intracluster; dashed line, intercluster), (b) Nb—Pd, (c) Nb-As,

(d) Pd-Pd, and (e) Pd—As interactions in NbsPd As,.

(MOP 0.070) can be considered as originating from a
Lewis acid—base interaction between early and late
transition metals [22]. The Mulliken charges are found
to be +0.32 for Nb, —0.25 for Pd, and —0.15 for As. It
may seem surprising that Pd carries the most negative
charge, but this reflects its similar electronegativity
compared to As ((pyuing = 2.2 for both elements).
Situations involving weakly electronegative ligands,
relative to the transition metals, have been previously
discussed [23,24]. The Pd atoms can be regarded as
being essentially closed shell, with a d'° configuration
to a first approximation. Correspondingly, formation of
the Pd-As bonds of 2.4415(8)-2.4959(12)A (MOP
0.211) requires some antibonding levels to be filled
(Fig. 3¢). The weak Pd-Pd bonds of 2.8616(8)
3.0344(14)A (MOP 0.027) originate from d'©—d!°
interactions [25] that mix in contributions from 5s and
S5p states so that there is a small net stabilization
of bonding despite the occupation of antibonding states,
as shown in the COOP curve (Fig.3d). A closer

inspection of the integrated atomic orbital projections
of the DOS suggests that the configuration of Pd in the
compound is 4d°% 55933 5p%27 A possible interpreta-
tion is that the weak Pd—Pd bonding arises primarily
from dispersion interactions between essentially d'* cores
with a small degree of covalent interactions between Ss
and 5p orbitals. The band structure of NbsPd;As,
resembles those of NbsPd,P4 [26] and NbsNisP, [13].
Although MOP values cannot be compared directly
between different types of contacts, the Nb-Nb and Nb—
pnicogen interactions are always the most important
in all three structures. The MOP values for the Ni—Ni
or Pd-Pd contacts are always small but positive,
supporting the proposal of d'°—d' interactions.

This work has further demonstrated the feasibility of
synchrotron radiation in single-crystal X-ray diffraction
analysis to obtain accurate structural information on
samples that would otherwise be dismissed as powder.
The description of NbsPdsAs, as being derived from
inserting essentially neutral Pd atoms as guests suggests
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that it may be worth targeting the preparation of the
host structure “NbsAs,”, as well as other stuffed
MsM' 4Pny compounds.
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