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Several ternary palladium pnictides of the early transition metals have been prepared by arc-melting of the elemental
metals and the binary pnictides ZrP, HfP, HfSbr NbP, and their structures have been determined by X-ray
diffraction methods. The phosphides®thP; (M = Zr, Hf) adopt a new structure type (Pearson syntifed0),
crystallizing in the orthorhombic space groBpmawith Z = 4 and unit cell parameters af= 16.387(2),b =
3.8258(5), anat = 9.979(1) A for ZgPd;P; anda = 16.340(2) b = 3.7867(3), ana = 9.954(1) A for HEPd;Ps.

The antimonide HfPdSb was identified by powder X-ray diffraction (orthorhonttrieng Z = 4, a = 6.754(1)

A, b=4.204(1) A, andc = 7.701(2) A) and confirmed to be isostructural to ZrPdSbh, which adopts the TiNiSi-
type structure. The phosphide kP, adopts the NECwSis-type structure, crystallizing in the tetragonal space
groupl4/mwith Z=2,a= 10.306(1) A, ana = 3.6372(5) A. Coordination geometries of pentacapped pentagonal
prisms for the early transition metal, tetracapped distorted tetragonal prisms for Pd, and tricapped trigonal prisms
for the pnicogen are found in the three structures; tetracapped tetragonal prisms for Nb are also fouad in Nb
Pd,P;. In common with many metal-rich compounds whose metal-to-nonmetal ratio is equal or close to 2:1, the
variety of structures formed by these ternary palladium pnictides arises from the differing connectivity of pnicogen-

filled trigonal prisms. Pnicogenpnicogen bonds are absent in these structures, but-amatdal bonds (in addition
to metat-pnicogen bonds) are important interactions, as verified by extendekeHband structure calculations

on ZrPdyPs.

Introduction

Although many examples are now known of metal-rich binary

and to date none is known with Pt. Paralleling these contrasts,
the binary Ni and Pd phosphides share little in common; the

and ternary transition-metal pnictides in which the ratio of metal
to nonmetal is equal or close to Z1hy no means have they
been exhaustively investigated, as demonstrated by the recent
discovery of HfP,;, for instance Their structures typically
feature the pnicogen atoms coordinated in a trigonal prismatic
fashion by the transition-metal atoms. The trigonal prisms may
then be further capped on their quadrilateral faces by additional
transition-metal atoms, leading to differentiation in structure
types: monocapped in MeRype, tricapped in TiNiSi-type,
tetracapped in G&i-type, and pentacapped inMi-type3 (A
quadrilateral face can be capped by more than one atom, as
occurs in the latter two cases.) There is extensive metal
pnicogen and metalmetal bonding in these structures but no
pnicogen-pnicogen bonding. In ternary transition-metal pnic-
tides containing a combination of an early and a late transition
metal, metat-metal bonding can be understood in terms of a
Lewis acid-base stabilization afforded by donation of electron
density by the latter to the formér.

Among ternary pnictides MA'yPr, (where M= Zr, Hf, Nb,
Ta; M' = Ni, Pd, Pt; Pn= P, As, Sb), there are numerous
examples containing Nibut only recently have a few containing
Pd (ZsP&P;, HfsPchP;, ZrPdAs, and ZrPdSh)been reported
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only isostructural members are the phosphorus-rich compoundsTable 1. X-ray Powder Diffraction Data for HfPdSb

NiP3; and PdR.”8 Besides these, Ni forms other phosphorus-
rich compounds such as Nffas well as metal-rich compounds
(NiP° NioP (FeP- and NjP-types):?11NizP 12 NisP,,13 NisPy,14
NigPs,15 and Ni,Ps6), whereas Pd forms only other metal-rich
compounds (P (FeC-type)” PdP18 PP, PchsP, 20
Pd;Ps21). More striking is the frequent lack of isotypy between
the structures of ternary pnictides of Zr and Hf, ostensibly the
two most similar elements in the periodic table. Differences in

metalk-metal bond strengths have been argued as the reason

behind this observatiof?, although perhaps, in some cases,
obtaining the desired phase may just be a matter of optimizing
synthetic conditions.

In view of the surfeit of ternary nickel phosphides relative
to the scarcity of ternary palladium phosphides, the metal-rich
regions of the Zr, Hf, Nb, Ta/Pd/P systems were explored. The
compounds ZPd,P; and HEPdP; augment the recent discovery
of ZrsPdyP; and HEPP,,% and NizPdyP; is the first compound
found in this system. Also, the compound HfPdSb, isotypic with
ZrPdShk? has now been prepared.

Experimental Section

Synthesis.Binary transition-metal pnictides were first prepared by
direct reaction of stoichiometric amounts of the elemental powders (Zr,
99.7%, Cerac; Hf, 99.8%, Cerac; Nb, 99.8%, Cerac; P, 99.995%, Cerac;
Sb, 99.995%, Aldrich) in evacuated fused-silica tubes (3 days at 800
°C for ZrP and HfP, 3 days at 100@ for NbP, or 5 days at 65¢0C
for HfSby). Arc-melting reactions were then carried out on a 0.25-g

scale on pressed pellets of mixtures of elemental Pd (99.95%, Cerac)

and binary transition-metal pnictides, with the use of a Centorr 5TA
triarc furnace under argon (gettered by melting a titanium pellet).
Elemental compositions were determined by EDX (energy-dispersive
X-ray) analysis on a Hitachi S2700 scanning electron microscope.
Powder X-ray diffraction patterns were obtained on an Enraf-Nonius
FR552 Guinier camera (Cudg radiation, Si standard) and analyzed
with the Filmscan and Jade 3.1 software pack&ges.

Small black needle-shaped crystals ofR%,P; were originally
obtained from the reaction ZrR 2Pd. EDX analysis revealed the
presence of all three elements in the atomic proportions 27% Zr, 43%
Pd, and 30% P in these crystals, one of which was selected for the
structure determination. With a knowledge of the correct composition,
ZrsPdiP; was prepared with only trace amounts of unidentified impurity
from the reaction 3ZrP+ 4Pd. The analogous reaction 3H#P 4Pd
also afforded small black needle-shaped crystals gP#P;, but the
product was contaminated with30% binary impurities such as HfP.
Similarly, small black plate-shaped crystals ofsRt,P, were originally
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hkl 2eobs dcalc (A) dobs (A) ch IO
002 22.94 3.8506 3.8737 2 2
011 23.96 3.6898 3.7109 5 3
102 26.50 3.3452 3.3608 2 6
111 27.40 3.2381 3.2525 1 5
210 33.99 2.6328 2.6352 16 31
112 34.18 2.6175 2.6209 45 32
202 35.25 2.5390 2.5442 29 31
211 36.02 2.4912 2.4910 100 100
103 37.38 2.3996 2.4034 18 16
013 41.13 2.1909 2.1929 49 45
301 41.69 2.1610 2.1646 13 14
020 42.90 2.1018 2.1060 36 39
113 43.31 2.0840 2.0873 8 8
203 44.23 2.0437 2.0462 5 3
302 46.66 1.9436 1.9451 10 11
311 47.20 1.9219 1.9238 5 8
022 49.31 1.8449 1.8464 1 3
213 49.55 1.8380 1.8382 1 2
122 51.24 1.7797 1.7814 1 1
114 1.6944 5
303 }54'15 1.6926 }1'6923 3 }6
400 54.23 1.6886 1.6901 4 6
204 54.88 1.6726 1.6716 5 5
401 55.71 1.6494 1.6486 2 1
22 56.83 1.6191 1.6187 12 13
23 58.32 1.5811 1.5807 8 8
402 59.78 1.5464 1.5456 3 3
411 60.23 1.5354 1.5351 3 4
321 61.52 1.5067 1.5061 6 12
105 61.72 1.5017 1.5017 6 5
223 63.43 1.4652 1.4652 3 3
412 64.13 1.4513 1.4508 3 2
322 65.36 1.4270 1.4266 6 8
024 65.68 1.4197 1.4203 1 1
14 67.78 1.3819 1.3813 12 15
13 70.37 1.3374 1.3367 2 4
323 1.3183 2
420 }71'63 1.3164 }1'3163 3 }8
224 72.13 1.3088 1.3084 3 5
421 72.87 1.2976 1.2969 1 6
230 1.2942 1
132 73.11 12924 }1.2933 3 }3
231 1.2763 8
502 }74.28 12747 }1.2758 1 }16
511 74.84 1.2685 1.2676 5 9
422 76.46 1.2456 1.2447 3 5
033 77.60 1.2299 1.2292 5 5
125 1.2219 5
512 78.33 12198 }1.2196 5 }11
315 78.62 1.2168 1.2158 4 5
116 79.37 1.2078 1.2062 4 6

2 The orthorhombic cell parameters refined from the powder pattern,
obtained on a Guinier camera at room temperature with the use of the
program POLSQ (program for least-squares unit cell refinement,
modified by Cahen, D. and Keszler, D., Northwestern University, 1983),
area= 6.754(1) Ab=4.204(1) Ac=7.701(2) A, and/ = 218.66(8)

A3, The intensities were calculated based on positional parameters
from the crystal structure of ZrPdSb (Heerdmann, A.; Johrendt, D.;
Meuwis, A.Z. Anorg. Allg. Chem200Q 626, 1393.) with the use of the
program ATOMS (Dowty, EATOMS Shape Software: Kingsport,
TN, 1999).

obtained from the reaction Nbf* 2Pd. EDX analysis revealed the
presence of all three elements in the atomic proportions 35% Nb, 35%
Pd, and 30% P in these crystals, one of which was selected for the
structure determination. The reaction Nt¥NbP+ 4Pd produced only
about 50% NEPd,P,. Finally, the reaction Hft 2Pd-+ HfSh, produced
a black powder which was identified by X-ray diffraction to 480%
HfPdSb, isostructural to ZrPdShb. Table 1 lists observed and calculated
interplanar distances and intensities for HfPdSb.

Structure Determination. All crystals were prescreened by EDX
analysis and Weissenberg photography. Intensity data were obtained
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Table 2. Crystallographic Data for 2Pd,Ps, Hf;sPd,P;, and Table 3. Positional and Equivalent Isotropic Displacement
NbsPd;P4 Parameters for 2Pd4Ps, HfsPd;Ps, and NBPP,
Zr3Pd,P; HfsPd,Ps NbsPdsPs Wyckoff
formula mass (amu) 792.18 1053.98 1014.03 atom _ position X y z Uq (A%
space group Dy—Pnma Dxy—Pnma Cy—14/m ZrsPdiPs
(No. 62) (No. 62) (No. 87) Zr(1) 4 0.26016(9) 1/4 0.0244(2)  0.0051(3)

a(A) 16.387(2F  16.340(2)  10.306(1Y Zr(2) 4c 0.45161(9) 1/4 0.8825(2)  0.0050(3)

b (A) 3.8258(5y  3.7867(3)  10.306(1) Zr(3) 4 0.56056(9) 1/4 0.5893(2)  0.0050(3)

c(R) 9.979(1F  9.954(1}  3.6372(5) Pd(1) & 0.17653(7) 1/4 0.3107(1) 0.0066(3)

V(A9 625.6(2) 615.9(1) 386.31(8) Pd(2) & 0.20644(7) 1/4 0.7352(1)  0.0064(3)

z 4 4 2 Pd(3) &£ 0.37095(7) 1/4 0.6170(1)  0.0061(2)

T(°C) 22 22 22 Pd(4) &£ 0.41869(7) 1/4 0.1833(1)  0.0063(3)
1(R) 0.71073 0.71073 0.71073 P(1) & 0.0448(2) 1/4 0.1795(4)  0.0056(7)

Peaica (9 CNT9) 8.410 11.367 8.717 P(2) & 01141(2) 1/4 0.5366(4)  0.0055(8)
(Mo Ka) (cm™?) 166.75 623.96 169.45 P(3) &£ 03227(2) 14 0.3888(4)  0.0065(8)

R(F) for F? > 20(F)°  0.044 0.049 0.039 Hf PP

Ru(Fo?)° 0.081 0.079 0.070 Hf(1)  4c  0.2602(1) 1/4 0.0229(2)  0.0044(5)

a Obtained from a refinement constrained so that 8 = y = 90°. Hf(2) ~ 4c  0.4522(1) 1/4 0.8810(2)  0.0061(5)
b Obtained from a refinement constrained so that b anda = § = Hf(3) 4c 0.5605(1)  1/4 0.5880(2)  0.0093(5)
y=90°. °R(F) = Y ||Fo| — [Fdl/3|Fol. ¢ Ru(Fsd) = [S[W(Fs2 — FA?/ Pd(1) £ 0.1765(2) 1/4 0.3104(4) 0.0041(8)
zWFUA]llz; wil= [OZ(FDZ) + (ap)z + bp] Wherep — [max(Foz,O) + Pd(2) £ 02058(2) 1/4 07310(4) 00023(7)
2F /3. For ZnPdPs, a = 0.0223 andb = 0.0000; for HEPAPs, Pd) 4 0.3703@2) 1/4 0.6176(4)  0.0041(7)

C
a = 0.0135 andb = 0.0000; for NBPckP,, a = 0.0238 andb — Pd@) £ 041942 14 0.1825(4) = 0.0051(8)
0 OOOd ' ' ' ' P(1) & 0.0428(6) 1/4 0.1801(12) 0.003(2)

’ ' P(2) Ziy 0.1134(6) 1/4 0.5342(13) 0.007(3)
at 22°C on a Bruker P4/RA/SMART 1000 CCD diffractometer using ~ P(3) 4  0.3233(6) 14 0.3883(12) 0.004(2)
a combination of¢ rotations (0.3) and w scans (0.3 in the range NbsP P,
4° < 29(M0 K(X) < 65° for Z|'3Pd4P3, 4° < ZG(MO K(X) < 50° for Nb(l) 2a 0 0 0 00057(4)
HfsPdiPs, and 5 < 26(Mo Ka) =< 65° for NbsPdyPs. Crystal data and Nb(2) & 0.3104(1) 0.3722(1) © 0.0065(3)
further details of the data collections are given in Table 2. All pd <) 0.40535(8) 0.11385(9) O 0.0073(2)
calculations were carried out using the SHELXTL (version 5.1) P & 0.0608(3) 0.2434(3) O 0.0071(6)

" . . .
packageé* Conventional atomic scattering factors and anomalous 2 Uqqis defined as one-third of the trace of the orthogonalidgd

dispersion corrections were us&dntensity data were processed, and
face-indexed numerical absorption corrections were applied in XPREP.
Initial atomic positions were found by direct methods using XS, and
refinements were performed by least-squares methods using XL.
Weissenberg photographs of;PhP; and HEPd,P; revealed Laue

tensor.

the positional and displacement parameters are given in Table 3.
Interatomic distances are listed in Table 4. Further data in the form of
symmetrymmmand systematic extinctionskQk + | = 2n + 1; hk0, a CIF_ file are availa_ble as Supporting Information, and final structural
h = 2n + 1) consistent with the orthorhombic space groBpsnaand amplitudes are available from the authors. _

Pr2,a. The centrosymmetric space groBpmawas chosen on the basis Band Structure. One-electron band structure calculations og Zr

of the successful structure solution and refinement, which proceeded PdPs were performed using the EHMACC suite of progratfi¥.
satisfactorily. Refinements on occupancy factors confirm that all sites Extended Hukel parameters were taken from literature values and are
are fully occupied. Although the structure determination ofPziP; hst_ed in Table_ S. Properties were extra_cted from th_e bgnd structure
was straightforward, data collection for 4Ri4Ps proved to be more using 120k points in the irreducible portion of the Brillouin zone.
challenging. Crystals that were singular (as revealed by Weissenberg . .

photographs) and of suitable size were difficult to find; we made do Results and Discussion

with a small crystal of HIPdiPs (0.03 x 0.005x 0.004 mm) that had Although there are numerous ternary zirconium and hafnium
an even smaller fragment of HfP attached to it. Errors arising from the

contribution of HfP to the collected intensities of RtLP; were not nickel pho_sphldegéﬁn m_)ne is isostructural to gPd,Ps and Hg-
serious because incidences of accidental overlap of reciprocal lattice P&Ps, Which, along with the recently reportedsPcbP; and
points were low. The displacement parameters for the P atoms wereHfsP®bP7,° are the few examples of ternary zirconium and
refined isotropically; these were sensitive to absorption corrections, hafnium palladium phosphides known to datesRdiP; (M =
which are important even for such a small crystal because of the large Zr, Hf) crystallizes in a new structure type; for concreteness
absorption coefficient(Mo Ka) = 624 cm™) but were difficult to we will take M = Zr in the following description. As in most
apply because of imprecision in measuring the very small dimensions ternary metal-rich phosphides, the unit cell has a short axis
of the crystal. Final refinements led to satisfactory residuals (Table 2) phetween 3 and 4 A. A view of the structure down the short
and to featureless Igifirence electron dden5|ty_mm4x = d2'50 and axis is given in Figure 1. All atoms are located on mirror planes
Apnin = —2.87 € or ZrsPdiPs and Apnax = 3.43 andApmin = perpendicular tdb, alternately on X, Y4, 2) or (x, 34, 2), as

—3.52 ¢ A3 for HfsPd,P). A X . . .
The possible space groups for §akP, consistent with its Laue distinguished by the light or heavy lines. This representation

symmetry 4iand systematic extinctions indicating only body centering €Mphasizes the description of the structure in terms of the
(hkl, h + Kk + | = 2n + 1) arel4, 14, and14/m. The centrosymmetric stacking of two-dimensional nets consisting of triangles, dis-

space group4/mwas chosen on the basis of its isotypy withsShy- torted squares (“quadrangles”), and pentagons. These nets are
Siy and the successful refinement (Table 2). The final difference electron self-dual?® with the vertexes of one net centering the polygons
map is featureless\pmax = 2.37 andApmin = —2.03 & A-3). of the other net and vice versa.

The atomic positions of 4Pd,Ps;, HfsPdiP;, and NBPdP, were
standardized with the program STRUCTURE TIBFinal values of (26) Gelato, L. M.; PartheE. J. Appl. Crystallogr.1987, 20, 139.

(27) Whangbo, M.-H.; Hoffmann, Rl. Am. Chem. Sod.978 100, 6093.

(24) Sheldrick, G. M.SHELXTL version 5.1; Bruker Analytical X-ray (28) Hoffmann, R.Solids and Surface®\ Chemist's View of Bonding in
Systems, Inc.: Madison, WI, 1997. Extended Structured/CH Publishers: New York, 1988.

(25) International Tables for X-ray CrystallographWilson, A. J. C., Ed.; (29) O’Keeffe, M.; Hyde, B. G.Crystal Structures |. Patterns and
Kluwer: Dordrecht, The Netherlands, 1992; Vol. C. SymmetryMineralogical Society of America: Washington, DC, 1996.
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Table 4. Selected Interatomic Distances (A) fors2d,Ps, HfsPd;Ps,

and NBPd,P,
Zr3Pd4P3
Zr(1)—P(2) 2.814(3) k2) Zr(3)—P(1) 2.695(5)
Zr(1)—P(3) 2.708(3) «2) Zr(3)—P(1) 2.730(3) «2)
Zr(1)—Pd(1) 3.047(2)x2) Zr(3)—P(3) 2.714(3) k2)
Zr(1)—Pd(1) 3.168(2) Zr(3yPd(2) 2.963(2)
Zr(1)—Pd(2) 2.896(2) x2) Zr(3)—Pd(3) 3.026(2) % 2)
Zr(1)—Pd(2) 3.017(2) Zr(3yPd(3) 3.120(2)
Zr(1)—Pd(3) 3.022(2) x2) Zr(3)—Pd(4) 2.987(2) %2)
Zr(1)—Pd(4) 3.044(2) Zr(3yZr(3) 3.282(2) &«2)
Zr(1)—Zr(2) 3.442(2) Pd(yP(1) 2.524(4)
Zr(1)—Zr(3) 3.462(2) Pd(LyP(2) 2.476(5)
Zr(2)—P(1) 2.787(3) k2) Pd(1)-P(3) 2.519(4)
Zr(2)—P(2) 2.680(3) k2) Pd(1)-Pd(2) 2.812(1)%2)
Zr(2)—P(2) 2.782(4) Pd(BHPd(3) 2.828(1) %2)
Zr(2)—Pd(1) 2.930(2) x2) Pd(2)-P(2) 2.493(4)
Zr(2)—Pd(3) 2.961(2) Pd(2)P(3) 2.497(3) k2)
Zr(2)—Pd(4) 2.934(2)x2) Pd(2)-Pd(3) 2.943(2)
Zr(2)—Pd(4) 3.050(2) Pd(2)Pd(4) 2.852(1) %2)
Zr(2)—Zr(2) 3.416(3) k2) Pd(3)-P(1) 2.440(3) k2)
Zr(2)—2Zr(3) 3.428(2) Pd(3)P(3) 2.410(4)
Pd(4)-P(1) 2.479(4)
Pd(4)-P(2) 2.468(3) «2)
Pd(4)-P(3) 2.585(4)
Hf:Pd,P;
Hf(1)—P(2) 2.804(8) k2) Hf(3)—P(1) 2.685(12)
Hf(1)—P(3) 2.691(8) k2) Hf(3)—P(1) 2.697(8) k2)
Hf(1)—Pd(1) 3.021(3)%2) Hf(3)—P(3) 2.691(7) k2)
Hf(1)—Pd(1) 3.171(4) Hf(3)}Pd(2) 2.979(4)
Hf(1)—Pd(2) 2.861(3)%2) Hf(3)—Pd(3) 3.009(3) % 2)
Hf(1)—Pd(2) 3.038(4) Hf(3)-Pd(3) 3.122(4)
Hf(1)—Pd(3) 3.003(3) x2) Hf(3)—Pd(4) 2.985(3) «2)
Hf(1)—Pd(4) 3.048(4) Hf(3)-Hf(3) 3.251(3) k2)
Hf(1)—Hf(2) 3.442(3) Pd(1yP(1) 2.542(11)
Hf(1)—Hf(3)  3.443(3) Pd(1)P(2) 2.454(13)
Hf(2)—P(1) 2.755(9) k2) Pd(1)-P(3) 2.520(10)
Hf(2)—P(2) 2.657(8)«2) Pd(1y-Pd(2)  2.812(4)%2)
Hf(2)—P(2) 2.766(11) Pd(HPA(3) 2.802(4) % 2)
Hf(2)—Pd(1)  2.916(3)%2) Pd(2)-P(2) 2.473(12)
Hf(2)—Pd(3) 2.943(4) Pd(2)P(3) 2.502(8) «2)
Hf(2)—Pd(4) 2.896(3) x2) Pd(2)-Pd(3) 2.916(5)
Hf(2)—Pd(4) 3.049(4) Pd(2)Pd(4) 2.829(3) «2)
Hf(2)—Hf(2) 3.411(3) k2) Pd(3)-P(1) 2.447(7) k2)
Hf(2)—Hf(3) 3.411(3) Pd(3)P(3) 2.409(12)
Pd(4>-P(1) 2.436(11)
Pd(4)>-P(2) 2.460(8) «2)
Pd(4>-P(3) 2.580(12)
NbsPd,P,
Nb(1)-P 2.585(3) &4)  Nb(2)-Nb(1) 2.9541(9) k2)
Nb(1)-Nb(2) 2.9541(9)«8) Nb(2)-Nb(2) 3.292(2) &«2)
Nb(2)—P 2.572(2) «2)  Nb(2)-Nb(2) 3.425(2) «2)
Nb(2)—P 2.682(2) k2) Pd-P 2.365(2) &2)
Nb(2)—P 2.919(3) Pe-P 2.455(3)
Nb(2)—Pd 2.874(1) k2) Pd-Pd 2.822(1) k4)
Nb(2)—Pd 2.885(1) PePd 3.052(2)
Nb(2)—Pd 3.021(1)
Table 5. Extended Huokel Parameters
atom  orbital H; (eV) En C1 &p C2
Zr 5s —-8.93 1.82
5p -529 1.78
4ad —9.24 3.84 0.6213 1505 0.5798
Pd 5s —7.51 2.19
5p —-3.86 2.15
ad —-1253 598 0.55 2.61 0.67
P 3s —18.60 1.88
3p —-12.50 1.63

Inorganic Chemistry, Vol. 39, No. 21, 200@939

O ZrorHf

® Pd
o P

Figure 1. View of ZrsPd,P; or HfsPd,P; in terms of two-dimensional
nets stacked along theaxis aty = 1/, (light lines) ory = 3/, (heavy
lines). The large lightly shaded circles are Zr or Hf atoms, the medium
solid circles are Pd atoms, and the small open circles are P atoms.

surrounding Zr(1) and by four Zr, six Pd, and five P atoms
surrounding Zr(2) or Zr(3). The four Pd sites have similar
tetracapped distorted tetragonal prismatic coordination geom-
etries (CN12), with Pd(1) showing the least severe distortion.
Pd(1) is surrounded by five Zr, four Pd, and three P; Pd(2) by
four Zr, five Pd, and three P; Pd(3) by six Zr, three Pd, and
three P; and Pd(4) by six Zr, two Pd, and four P. If only-#®d
bonds are considered, then Pd(4) is found to be coordinated in
a distorted tetrahedron of P atoms whereas the other Pd atoms
are bonded to three P atoms in a T-shape (Pd(1)) or in a trigonal
pyramid (Pd(2), Pd(3)). All P atoms reside at the centers of
tricapped trigonal prisms. The CN9 coordination is completed
by five Zr and four Pd around P(1) or P(2) and by four Zr and
five Pd around P(3). The axial directions of the pentagonal,
tetragonal, and trigonal prisms around Zr, Pd, and P atoms,
respectively, are all oriented parallel to theaxis.

The structures of most metal-rich transition-metal pnictides
can be built up by considering pnicogen-centered trigonal prisms
as building blocks. In ZPd;Ps, each P-centered trigonal prism
has four Zr and two Pd atoms at the vertexes and is linked with
adjacent prisms through the two-ZZr edges to form a one-
dimensional chain extending along thélirection, as shown in
Figure 2a. Each trigonal prism also shares its two trigonal faces
with adjacent prisms above and below along bhgirection so
that a two-dimensional corrugated sheet parallel to (001) results.
Neighboring sheets are then translated/ythe b unit repeat,
with the “notches” of one sheet fitting onto the “grooves” of
the next sheet.

In a similar manner, Figure 2b shows that the structure of
HfPdSb, isotypic with ZrPdSh,also consists of chains of
pnicogen-centered trigonal prisms, each having four Hf and two
Pd atoms at the vertexes. (The coordination geometries around
the other atoms in HfPdSb are also similar to those gPdiPs,
with Hf atoms in pentacapped pentagonal prisms and Pd atoms

The Zr atoms occupy three crystallographically inequivalent in tetracapped distorted tetragonal prisms.) When the Sb-
sites, all having pentagonal prismatic coordination with each centered trigonal prisms are tricapped, as they are here, by
of the five quadrilateral faces further capped. This CN15 additional metal atoms from adjacent chains, this is known as
coordination is achieved by two Zr, nine Pd, and four P atoms the TiNiSi-type structuré? an extremely common one. Among
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e Pd
o P Figure 3. Structure of NePd,P, in terms of pnicogen-filled trigonal
prisms, viewed in projection down theaxis. Light and heavy lines
indicate a displacement by, the ¢ unit repeat.
Cet——
which has been discussed widéh?3 The conventional descrip-
tion involves the condensation of i face-capped octahedral

a clusters through opposite vertexes to form one-dimensional
chains which are linked via chains of edge-sharing tetrahedral
Pd, clusters. However, as shown in Figure 3, the alternative
description in terms of pnicogen-centered trigonal prisms
O Zror Hf emphasizes the close relationship with other ternary pnictides.
Similar to the previous structures described, each P-centered
trigonal prism has four Nb and two Pd atoms at the vertexes,
o Sb with three additional capping atoms to form a tricapped trigonal

Figure 2. Comparison of the structures of (a)sRthPs; or HfsPdiP; prism. Four tngoryal prisms are linked through _NNb edges

and (b) ZrPdSb or HPdSb, in terms of pnicogen-filled trigonal prisms, 0 form a tetrameric star-shaped cluster, generating a tetracapped
shown in projection down thk axis. Light and heavy lines indicate a  tetragonal prismatic site occupied by Nb(1) (analogous to the
displacement by/, the b unit repeat. tetragonal prismatic site occupied by Pd irsRZaPs). Nb(2)

_ o ) resides in a pentacapped pentagonal prismatic site and Pd resides
the ternary metal-rich pnictides (M,MPn, occasionally the  in 3 tetracapped distorted tetragonal prismatic site, as in the
structures are the same when a congeneric early transition metabrevious structures.
is substituted (e.g., ZrPdSb (TiNiSi-type) vs HfPdSb (TiNiSi- ~ Ajthough the use of pnicogen-centered trigonal prismatic
typef) but more frequently they differ subtly (e.g., ZINiP @Ni- pyilding blocks clarifies structural relationships, little is implied
In-type with tetracapped trigonal prisri&ys HNiP (TiNiSi- about the relative importance of various bonding interactions
typef¥). The number of capping atoms around the trigonal other than the absence of pnicoggmicogen bonds in these
prisms has been correlated with the height/base ratio of the stryctures. In all cases, metahetal bonds, both homoatomic
trigonal prisms} and for MPdSbh and MPdiP; (M = Zr, Hf) and heteroatomic, are undoubtedly important contributions in
these values<1.2) are consistent with the presence of tricapped addition to metat-pnicogen bonds. These bonds extend in all
trigonal prisms, as indeed observed in their structures. In both three dimensions notwithstanding the portrayal of the structures
structures, the trigonal prisms are linked exclusively through iy Figure 2; in fact, the interchain metainetal bonds are shorter
the edges containing the early transition metaHM) instead  than the intrachain ones. The band structure faP#iP; was
of the Pd-Pd edges to form the one-dimensional chains. Even therefore determined to assess these interactions. The density
with these restrictions, there are numerous possibilities for of states (DOS) curve (Figure 4) shows that although most of
connecting these trigonal prisms to form different topologies the zr 4d states are above the Eermi leve —9.55 eV), a
and therefore different structures. In the case gP#Ps, whose substantial portion is found to be mixing with Pd 4d and P 3p
metal-to-nonmetal ratio is close to 2:1, the trigonal prisms are states in bonding levels below. Most of the Pd 4d states are
connected in such a way as to create a new tetragonal prismatiGgynd in the narrow peak betweerll1 and—13 eV, implying
site (Figure 2a) not present in (M;MPn structures, which'is 3 (o configuration for Pd. The calculated charges @73
occupied by an extra Pd atom. for Zr, —0.13 for Pd, and-0.56 for P. The Z+P distances

In contrast with the ternary palladium phosphides;PdkPs, range from 2.680(3) to 2.814(3) A, similar to those inZ(av
ZrsPP;) mentioned above, which find no counterparts in 2 72 AP4 and ZePdP; (2.605(3)-2.803(3) A))6 whereas the
ternary nickel phosphides, the compoundsRthP; does turn - pg—p distances range from 2.410(4) to 2.585(4) A, similar to
out to be isostructural with the nickel analogues;NikbP, and those in PeP; (av 2.47 AfL and ZEPdP; (2.403(4)-2.684(5)
TaeNisP.>' (We have been unable to prepare sPesP," to R).8 Correspondingly, the crystal orbital overlap population

date.) NBPd,P, is the first ternary niobium palladium phosphide, (COOPY curves (Figure 5a) confirm that the-ZP bonding is
and it adopts the NiCwSis-type structuré! an interesting one

® Pd

(32) Simon, A.Angew. Chem., Int. Ed. Engl981, 20, 1.
(30) Shoemaker, C. B.; Shoemaker, DARta Crystallogr.1965 18, 900. (33) Simon, A.Ann. Chim.(Paris) 1982 7, 539.
(31) Ganglberger, EMonatsh. Chem1968 99, 549. (34) Ahlzen, P.-J.; Rundqvist, &Z. Kristallogr. 1989 189 117.
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distances range from 3.282(2) to 3.462(2) A, slightly greater
than those in elemental Zr (3.178.232 A)36 and the Pe-Pd
distances range from 2.812(1) to 2.943(2) A, longer than that
in elemental Pd (2.751 Af The Zr—Pd distances of 2.896-
(2)—3.168(2) A are comparable to those inZa (2.774-3.059

A)%7 and ZPdP; (2.898(2)-3.102(1) A)¢ The COOP curves

for these metatmetal interactions are shown in Figure 5b.
Consistent with the reduced state of Zr, there is considerable
Zr—Zr bonding with most of the bonding levels occupied and
an MOP of 0.137. The small but positive MOP of 0.027 for the
Pd—Pd contacts corresponds to a weaR-gi!® interaction in
which mixing with Pd 5s and 5p states further stabilizes bonding
levels even though antibonding levels are occugidthere may

be other sources, such as dispersion, for this type of interaction,
but the extended Hikel model suggests that such hybridization
effects are important. Finally, the ZPd bonding is essentially
optimized with an MOP of 0.072, consistent with a Lewis acid
base stabilization implicit in interactions between early and late
transition metals.

Whether the conclusions of the band structure calculation can
be extrapolated to explain the absence of agNyP;” com-

Figure 4. Density of states (DOS) curve for Rd;P; (solid line) and pounq Is ques_tionable. Certainli;odc_ilo interactions will change
its Zr (long dashes), Pd (short dashes), and P (dotted) projections. The@n 90ing to Ni, but covalent energies represent only one factor.

Energy (eV)

Fermi level,e, is at—9.55 eV. The variety of ways that trigonal prisms can be connected to
form different topologies suggests that energy differences
(a) (b) between these structures may be quite small and subject to steric

or matrix influences. As demonstrated in the synthesis of
- HfPdSb, which requires a higher temperature than that of

: 283452 ) ZrPdSb, the reason may be quite pedestrian: one simply has to

| 2812208 A look harder.

-
(2.896-3.168 A)

0 7
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indicated (a) metatP and (b) metatmetal contacts in ZPd;Ps. 10006551

-16

optimized with all bonding levels and no antibonding levels
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