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Equiatomic Quaternary Rare Earth Element Zinc Pnictide Oxides RZnPO and RZnAsO
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The twelve phosphide oxides RZnPO Y, La—Nd, Sm, Gd-Tm) and the nine arsenide oxides R,

La—Nd, Sm, Gd-Dy) have been prepared by reaction of the rare earth elements, ZnO, and phosphorus or arsenic,
respectively, in a NaCI/KCl flux. The compounds RZnPO=RY, Pr, Nd, Sm, G&-Tm) crystallize with a new
trigonal rhombohedral structure type, determined from single-crystal X-ray diffractometer data of NdR3RD:
a=397.7(1) pmc = 3097.5(5) pmZ = 6. The other eleven compounds are isotypic with ZrCuSPEr(mm

Z = 2). This tetragonal structure was refined from single-crystal X-ray data of LaZaP©404.0(1) pmc =

890.8(2) pm) and NdZnAsQa(= 403.0(1) pmc = 894.9(4) pm). In both structure types rare earth element
oxygen layers alternate with zinpnictogen layers. The rare earth element atoms have four oxygen and three
(NdZnPO) or four (LaZnPO, NdZnAsO) pnictogen neighbors. The zinc atoms have tetrahedral pnictogen
coordination. The arsenide oxides as well as the tetragonal phosphide oxides LaZznPO and CeZnPO are black,
while the other (trigonal) phosphide oxides are transparent. The more metallic character of the tetragonal
compounds is ascribed to their more delocalized chemical bonding, as is indicated by their higher coordination
numbers, which in part also result through significant-Zm bonding.

Introduction Materials and Methods

In recent years some 60 quaternary pnictide oxides with the  Sample Preparation, Properties, and Lattice Constants. The
composition 1:1:1:1 have been reported, including the actinoid- starting materials for the preparation of the new quaternary compound-
and copper-containing compounds UCuPThCuPQ®? and swere ingots of the rare earth elements (all with nominal purities of
ThCuAsO? as well as the series of lanthanoid (Ln) compounds =99.9%), ZnO (Merck, ultrapure), and red phosphorus (Hoechst,
LnFePO? LnRUPO34 LnOsPO? LnCoPO3? and LnMnPnO Knapsack, ultrapure). The arsenic (Ventron, 99%) was purified by
with Pn=, P As 854,5 Compotlnds with Z,inc at the positioyns fractional sublimatiofprior to the reactions. Filings of the rare earth

Ll metals were prepared under dry (Na) paraffin oil, which was washed
of the transition elements Wgre reported most “?Cé"ﬁ'ﬁ” , away by repeated treatment with dnhexane. The filings were only
of these compounds crystallize with the very simple “filled

. ™ briefly exposed to air prior to the reactions.
PbFCl-type structure, first reported for ZrCuSiAsihere the The title compounds, the tetragonal as well as the trigonal, were

silicon positions correspond to the oxygen positions of the hrenared by reaction of stoichiometric mixtures of the rare earth
quaternary pnictide oxides. We have now explored the stability elements, ZnO, and red phosphorus or arsenic, respectively, in a salt
range of this structure type for the zinc-containing series. In flux (1:1 NaCI/KCI). In all cases, 0.5 g of the mixed components and
the course of this investigation, we prepared eleven compounds2 g of the NaCI/KClI flux were annealed in evacuated sealed silica tubes
LnZnPnO with Pn= P, As. In addition we found ten for 1 day at 500°C, followed by 7 days at 808C, and then quenched
compounds LnZnPO, which crystallize with a new trigonal in air. The salt matrix was dissolved in water.

structure type. This paper presents a full account of our work. ~ The crystals of all compounds have the shape of platelets. The

A brief preliminary report has already been given at a con- trigonal platelets are relatively thicker than the tetragonal ones. The
ference® crystals of the trigonal compounds RZnPO+«RY, Pr, Nd, Sm, G&-

Tm) are transparent with brownish color, and their powders are yellow-
ocher, whereas the crystals with tetragonal symmetry (including
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Table 1. Cell Dimensions of Quaternary Pnictide Oxides with Table 3. Atomic Parameters of NdZnPO, LaznPO, and NdZnAsO

Trigonal NdZnPO- and Tetragonal ZrCuSiAs-Type Structtires

occupancy X y z By
a(pm) ¢ (pm) cla V (nne) NdZnPO.R3m
NdZnPO-Type Nd 6c 1.0011(8) 0 0 0.38118(1) 0.338(3)
YZnPO 388.3(1) 3031.9(7) 7.808 0.3959 Zn 6c 0.989(2) 0 0 0.19617(2) 0.661(7)
PrznPO 398.6(1) 3105.4(4) 7.791 0.4273 P 6c 1.001(4) 0 0 0.11365(4) 0.47(1)
NdzZnPO 397.7(1) 3097.5(5) 7.789 0.4243 o 6c 1.07(2) 0 0 0.3052(1) 0.53(4)
SmZnPO 394.8(1) 3074.9(6) 7.789 0.4151
GdznPO 391.8(1)  3054.8(6)  7.797 0.4061 la 2 1.0001) LaZ?ZO'Pf',Tmmollgg 706)  0470(3)
ThZnPO 390.4(1) 3044.7(9) 7.799 0.4019 Zn % 1.000(3) 3 1 1 0.82(1)
. 4 4 2 .
HoZnPO 388.2(1) 3024.9(6) 7.792 0.3948 o 2a  1.05(1) 9 Y, 0 0.71(5)
ErznPO 386.8(1) 3015.0(6) 7.795 0.3907 ' '
TmznPO 385.9(1) 3007.9(6) 7.795 0.3879 NdZnAsO,P4/nmm
. Nd 2 0.998(1) Y4y Yy 0.13032(5) 0.425(3)
ZrCuSiAs-Type Zn b 1014B) Y Ya 1, 0.88(1)
. 4 4 . .
CeZnPO 401.3(1) 882.4(2) 2.1989 0.14210 o 2a  1.01(1) 9 Y, 0 0.57(5)
YZnAsO 394.3(1) 884.3(3) 2.2427 0.13748 ' '
LaZnAsO 409.5(1) 906.8(3) 2.2144 0.15206 2 The occupancy parameters were obtained in separate series of least-
CeZnAsO 406.9(1) 899.5(3) 2.2106 0.14893 squares cycles. In the final cycles, the occupancy parameters were
PrznAsO 404.7(1) 896.3(1) 2.2147 0.14680 assumed to be ideal. The last column contains the equivalent isotropic
NdZnAsO 403.0(1) 894.9(4) 2.2206 0.14534  thermal parameteB.q(x 1074, pn¥), as defined bBeq= 872Ueq, Where
SmZnAsO  400.3(1) 890.3(2) 22241  0.14266  Ueqis one-third of the orthogonalized; tensor.
GdZnAsO 397.6(1) 889.4(3) 2.2369 0.14060
ThZnAsO 395.7(1) 884.1(2) 2.2343 0.13843 Table 4. Interatomic Distances in the Structures of NdZnPO,
DyZnAsO 394.7(1) 883.8(1) 2.2392 0.13769 LaZnPO, and NdZnAs®
aStandard devitations in the least significant digits are given in NdZnPO (New Trigonal Structure Type)
parentheses throughout the paper. Nd: 10 2354 Zn: 3P 2409 P: 3Zn 240.9
30 2376 1P 2556 1Zn 255.6
Table 2. Crystallographic Data of NdZnPO, LaznPO, and 3P 307.0 3Zn 2935 3Nd 307.0
NdZnAsCG 3Zn 359.5 3Nd 359.5 O: INd 2354
empirical formula ~ NdZnPO LaznPO NdZnAsO g“g g;‘;g 3Nd 2376
space group R3m P4/nmm P4/nmm )
(No. 166) (No. 129) (No. 129) LaZnPO (Tetragonal ZrCuSiAs-Type Structure)
a (pm) 397.6(1) 403.8(1) 402.9(1) La: 40 236.8 Zn: 4P 2496 P: 4Zn 2496
c® (pm) 3095.5(5) 889.6(1) 894.7(1) 4P 335.2 4Zn 285.7 4La 335.2
V (nmd) 0.4238(1) 0.1451(3) 0.1452(3) 4La 3777 4La 380.0 O: 4La 236.8
Z 6 2 2 4Zn  380.0
fw 256.58 251.25 300.53 4La  404.0
T(°C) 21 21 21 1P 4224
4 (pm) 71.07 71.07 71.07 NdZnAsO (Tetragonal ZrCuSiAs-Type Structure)
P calea (g/C) 6.025 5.739 6.867 Nd: 40 2328 Zn: 4As 2559 As: 4Zn  255.9
u (cm™) 273 233 372 4As 333.4 4zZn  284.9 4Nd 3334
R(F) 0.010 0.016 0.015 4Nd 368.2 4Nd 387.3 O: 4Nd 232.8
Rw(F) 0.012 0.017 0.015 4Zn 387.3
aR — _ . - -2 _ 2 4Nd 403.0
R = (ZlIFol = IF)/ZIFol; Rw = ((X(a(F)2lIFol — [Fcll?)/ 1As  406.3

(S (o(F))2IFo|3)Y2 b These lattice constants were obtained on the four-

circle diffractometer. For the calculations of the interatomic distances,  a a|| distances shorter than 440 pm (£n, Ln—2Zn, Ln—Pn, Ln—

the lattice constants obtained from the Guinier powder patterns (Table 0), 390 pm (Zr-Zn, Zn—Pn), 335 pm (ZA-O, Pn—Pn, Pr-0), and

1) were used. 280 pm (G-0) are listed. The standard deviations are all equal to or

less than 0.1 pm with the exception of one-Nd distance in NdZnPO

were collected on a four-circle diffractometer with graphite-monochro- that is 0.3 pm.

mated Mo ku radiation, a scintillation counter with pulse-height

discrimination, and background counts at both ends of é&fhscan.

Empirical absorption corrections were made fram scan data. factors. The weighting schemes reflected the counting statistics. In

Additional details of the data collections and structure refinements are each case the occupancy parameters were refined in a series of least-

listed in Table 2. squares cycles together with the thermal parameters, while the scale
The crystals of LaznPO and NdZnAsO showed tetragonal symmetry factors were held constant. These occupancy parameters are listed in

and were found to be isotypic with the previously reported compounds Table 3. It can be seen that they did not greatly deviate from the ideal

NdMnPnO (Pr= P, As, Sbf: Rhombohedral symmetry was observed values. Therefore, in the final least-squares cycles the ideal occupancy

for NdZnPO. The positions of the neodymium atoms of this new parameters were resumed. All atoms were refined with anisotropic

structure type were located by Patterson syntfiésisd the other atomic  thermal parameters. The positional parameters of LaZnPO and

sites were obtained through difference Fourier syntheses. NdZnAsO were transformed to the setting as described for the prototype
The structures were refined by a full-matrix least-squares program ».c,siad and the parameters of NdZnPO were standardized using

using atomic scattering factors corrected for anomalous dispersion aSine program STRUCTURE TID¥2 The atom parameters and

provided by the progrartt. Parameters correcting for isotropic second- interatomic distances are summarized in Tables 3 and 4. The

ary extinction were refined and applied to the calculated structure _ . - . .
anisotropic displacement parameters are available as Supporting
Information.

(10) Sheldrick, G. M.SHELXS-86: Program for the Solution of Crystal
Structures;University of Gadtingen: Gottingen, Germany, 1986.
(11) Frenz, B. A. & Associates IN&DP Structure Determination Package;

College Station, TX, 1985.

(12) Gelato, L. M.; PartheE. J. Appl. Crystallogr.1987, 20, 139.
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Figure 1. Cell volumes of rare earth element zinc pnictide oxides with
NdZnPO ¢ = 6)- and ZrCuSiAs Z = 2)-type structure. To facilitate

comparisons, the cell volumes of the tetragonal ZrCuSiAs-type
compounds are multiplied by 3. The data for the antimonide oxides

are taken from ref 4. 7 ‘ ' ‘/__‘V.,\/- O o 0 ,Y)
Discussion ,{,.,. Q

The new rare earth element zinc pnictide oxides RZnPO and
RZnAsO as well as the earlier reported corresponding com-
pounds with antimorfyRZnSbO crystallize with two different
structure types (Figure 1). For the phosphorus-containing
compounds RZnPO we find the tetragonal ZrCuSiAs-type Ndznpo
structure for R= La, Ce, while a new trigonal structure type is
now established for R Y, Pr, Nd, Sm, Ge-Tm. The arsenic- yue_ « v =(IP
containing compounds RZnAsO as well as the corresponding Y2 zup B
compounds with antimony RZnSbO are all isotypic with @/\ Nd } =(ﬁ)= ’éb
ZrCusSiAs. With the neodymium compounds NdZnAsO (tet-
ragonal) and NdZnPO (trigonal) we have examples where both @m Zn }
structure types were refined. They are therefore well-suited for As i
a comparison of both structure types and their near-neighbor /Q ;
environments (Figures 2 and 3). Both structures have a layered (o)
character, and this is also reflected in the shapes of the crystals, ®
which are platelets. In both structures the zinc and phosphorus NdZnAsO
or ar§epi§: atoms, respecti\(ely, form polyanionic two-dimension- Fiqure 2. Crvstal structures of the triconal (space arde&m) and
ally mf.lmt.e networks, which are S.eParated from each other thg tetragona)I/I-“(4/nmnj rare earth elemgent zigcppnict?dm()jes with
by cationic layers of the composition NdO. These layers the compounds NdZnPO and NdZnAsO as examples. The right-hand

reflect the trigonal and tetragonal symmetry of the structures parts of this figure show projections of the N® and Zn-Pn layers
(Figure 2). alongz

The neodymium atoms in the trigonal (tetragonal) structure

have four (four) oxygen and three phosphorus (four arsenic)
neighbors, respectively. Itis remarkable that in both structures ®
the more electronegative oxygen atoms are all at one side N

of the coordination shell of the neodymium atoms, while the
three phosphorus or four arsenic atoms are at the other side Nd(@m) Zn(3m) P(@3m) O(3m)
(Figure 3). trigonal NdZnPO

In both structures the zinc atoms have four pnictogen atoms

as closest neighbors forming tetrahedra. In addition, the zinc
atoms have three (in the trigonal) or four zinc neighbors (in the ®
tetragonal structure) at the marginally bonding distances of 293.5
and 284.9 pm, respectively (Table 4). We will return to these _ a
below. Nd (4mm) Zn (42m) As(dmm) O (42m)

The phosphorus and arsenic atoms of both structures have tetragonal NdZnAsO
four zinc neighbors all at one side of their coordination shells Figure 3. Near-neighbor environments in the trigonal compound
with three (in the trigonal) and four neodymium atoms (in the NdzZnPO and in NdZnAsO with the tetragonal ZrCuSiAs-type structure.
tetragonal structure) at the other side. The arrangement of these he site symmetries are indicated in parentheses.
neighbors around the phosphorus and arsenic atoms is similar
to the coordination polyhedra of the neodymium atoms. These NdZnPO is greater than the N@® distances of 232.8 pm in
polyhedra may be designated as monocapped octahedra angne tetragonal compound NdZnAsO. This difference may

trigonal antiprisms, respectively (Figure 3). . . . L .
The environments of the oxygen atoms are similar in both possibly be rationalized by considering the other neighbors of

structures: distorted tetrahedra of neodymium atoms. The € neodymium atoms. In the trigonal compound they have

zup
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bonded) phosphorus neighbors at 307.0 pm, whereas inhave broad bands. Indeed we find higher coordination numbers
the tetragonal compound they have four arsenic neighbors atin the tetragonal structure for all atoms except for the oxygen
333.4 pm. atoms (Table 4 and Figure 3). Possibly the most important
For the rationalization of chemical bonding we can start from difference can be seen in the higher coordination number of
a simple model using oxidation numbers (formal charges), where the zinc atoms in the tetragonal structure caused by the stronger
the bonding electrons are counted at the partner with the higherZn—2Zn interactions. In the transparent trigonal structure of
electronegativity. Neither the trigonal nor the tetragonal com- NdZnPO, the zinc atoms have three zinc neighbors with the
pounds have any-PP, As—As, P-0O, As—0, or O-0 bonds. rather long Zr-Zn distance of 293.5 pm. Because the zinc
Hence, these electronegative atoms can be assigned their usuatoms have the more electronegative phosphorus atoms as their
oxidation numbers: As, P>, and G in agreement with the ~ main bonding partners, they will have mostly engaged their
octet rule. Then the metal atoms also obtain their normal valence electrons in zirgphosphorus bonding, and little Zn
oxidation numbers: -8 for the rare earth elements and- 2or Zn bonding is to be expected in this transparent compound. In
zinc. The cell volumes of the cerium coumpounds do not contrast, the ZnZn distances of 284.9 pm in NdZnAsO are
deviate from the smooth function of the cell volumes found for shorter, and they are close to the average Zm bond distance
the compounds with the typically trivalent rare earth elements of 277.8 pm in the hexagonally close-packed stucture of
(Figure 1). Thus, cerium does not show any tendency to becomeelemental zind2 Therefore, we believe that the more metallic,
tetravalent in the three tetragonal compounds CeZnPnG=Pn tetragonal pnictide oxides are stabilized by weak-Zn bonds.

P, As, Sb). However, since the ZnZn distances are rather large, the
The fine-tuning of this simple bonding model should account splitting between bonding and antibonding-Zan bands will
for the fact that the trigonal compounds RZnPO<RY, Pr, be small or it may not occur at all. In either case the-Zm

Nd, Sm, Gd-Tm) are transparent, whereas all tetragonal interactions might well be responsible for the semiconducting

compounds (including LaZnPO and CeZnPO) are black. They or metallic properties of the tetragonal phosphide oxides

might be metallic conductors, or they might be semiconducting LaZnPO and CeZnPO as well as the arsenide and antimonide
like elemental silicon, which is also black. Unfortunately, the oxides. Certainly, band structure calculations are required for
crystals of all compounds prepared by us were too small to a more quantitative understanding of these interesting simple
determine their electrical conductivity. However, the optical compounds.

properties clearly indicate that the tetragonal crystals have a .
smaller band gap and thus that they have more metallic characte¥ Acknowledgmeqt. We thank D|p_|. Ing._ U. Ch. Rodewald
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