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Cs,Pd3(P,07), (1) and Cs,Pds(As,07), (2) have been synthesized by molten flux reactions and characterized by
single-crystal X-ray diffraction. The structure of 1 consists of discrete Pd"O, squares which are linked by P,0O;
groups via corner-sharing to generate a 3D framework containing 12-ring channels in which Cs* cations are located.
Compound 2 adopts a 2D layer structure with the interlayer space filled with Cs* cations. Within a layer there are
PdO, squares and As,0; groups fused together via corner-sharing. Adjacent layers are stacked such that strings
of Pd atoms are formed. The PdO, squares show eclipsed and staggered stacks with alternate short and long
Pd---Pd distances. The two compounds adopt considerably different structures although they have the same general
formula: Cs,Pd3(X,07),. Compound 2 is the first palladium arsenate reported. Crystal data for 1: orthorhombic,
space group Cmc2; (No. 36), a = 7.6061(4) A, b = 14.2820(7) A, ¢ = 14.1840(7) A, and Z = 4. Crystal data for
2: tetragonal, space group P4/n (No. 85), a = 16.251(1) A, ¢ = 5.9681(5) A, and Z = 4.

Introduction and iridium are actually not known. The structural chemistry

A large number of transition metal phosphates have been®f the corresponding arsenates is even more limited. We
believe that use of proper starting materials and a choice of

prepared or found as minerals. Their great structural diversity -~ bl X hod be the k h I
results from the variations of the phosphate species, a Iarges_“'ta e preparative methods may be the key to the crygta—
number of transition metals with variable oxidation states !Zation of these phosphates that have never been crystallized.

to which the phosphate species may be coordinated, and g °" examplc_a, crystals of RhR@nd RhB(?g were obtained
large selection of inorganic or organic cation templates. 'TOM cr_\em|cal vapor transport reactiohs>tR0; was
Two synthetic approaches, namely high-temperature solid ;ynthe_saed by reaction betwe_en Pt metal agdhivapor
state reaction and hydrothermal methods, are commonly used” & dried oxygen“ stream ‘rf}t high temperatifrée amor-

to obtain these solid phosphates. All elements in the first phous_precurso_r bRURO10 p_repared by t_he re_zactlon of
transition series and most elements in the second and thirdUthenium chloride hydrate with phosphoric acid was used
series form crystalline phosphates. However, a few phos—tq prepare metaphosphate R_u(,lgOand mlxed-vzzlence
phates of the platinum-group metals, namely Ru, Os, Rh, Ir, diphosphates ARP.Oy). (A = Li, Na, Ag, and Cup:®We

Pd, and Pt, have been reported. Solid phosphates of osmiunitave therefore undertaken an investigation of the phosphates
’ ' ' and arsenates of the platinum-group metals. This paper

*To whom correspondence should be addressed. E-mail: likh@ reports the results of our exploratory synthesis and single-
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considerably different structures although they have the sameTable 1. Crystallographic Data for GBd(P,07)2 (1) and

general formula: G&d(X207)2.

CSQPdg(ASgO7)2 (2)

1 2
Experimental Section cr}:(\emical formula C£14PsP s As,C014P
7.6061(4 16.251(1
Synthesis A mixture of 0.690 g of CskPQy, 0.198 g of (NH).- gﬁA 1f gng()?) 12.221((1))
HPQO,, and 0.177 g of PdGI(Cs/P/Pd mole ratie= 3:4.5:1) was c/A 14.1840(7) 5.9681(5)
placed in a 5-mL platinum crucible and thermally treated as VIA? 1540.8(1) 1576.2(4)
. . z 4 4
follows: heated from r.t. to 850C over 8 h; cooled to 450C at formula weight 932.9 1108.7

5°C/h; and quenched to r.t. by turning off the power of the furnace.
The flux was still a liquid at 450C. The flux was dissolved with

space group
T,°C

Cma; (No. 36)
23

P4/n (No. 85)
23

hot water, and the solid product was obtained by suction filtration. /I%Mo Ko, A 0.71073 0.71073
The product contained olive crystals of £85(P,0;). (denoted as Dealc, g-cm® ) 4.022 4.672
1) and olive polycrystalline solid. The X-ray powder pattern of the /é('\fo Ko), cm 8%228 %)682";1
bulk product indicated that a single phase obRE(P,O7), had Wlen 0.0544 0.0814

been obtained (see Figure S1 in the Supporting Information). The
yield was 43% based on Pd. Cgk$O, was prepared from a
solution of AsO;3 dissolved in HO, with cesium hydroxide. NiH-
AsQO, was prepared in a similar way with ammonium hydroxide.
For the crystal growth of GRdy(As,0-), (denoted af), a mixture
containing CskAsO,, NH4H,ASO,, and PACG] (Cs/As/Pd mole ratio

= 3:4.5:1) was slowly heated to 80, cooled to 450°C at 5

ARy = Y||Fo| — IFcl/Z|Fol. PWR: = [SW(Fo? — FAIIW(FAY2 w
= U[o4F?) + (aP)2 + bP], P = [Max(F,,0) + 2(F¢)?)/3, wherea = 0.0288
andb = 1.64 for1l anda = 0.0416 andb = 0.00 for2.

Table 2. Selected Bond Lengths (A) for gR(P.07), (1) and

CSQPdg(ASgO7)2 (2)

Compoundl

°C/h, and then quenched to r.t. The flux was a solid at 4560 CsEl)):OE\%; 3.142%4; E&g ngl)):og4g 3.27054; E;kg
; i Cs(1)-0(6 3.407(4) (% Cs(1)-0(7 3.192(4) (%
Be_zlde?f_thg maroon cryfti!sz)fthﬁdprody(;t_alstodcgntalneg m)lfh Cs(1)-0(8) 3.418(4) (2) Cs(2)-0(1) 3.001(4)
unidentified orange crystalline solid, as indicated by powder X-ray  cg5) o7 3.342(4) (%) Cs(2)-0(4) 3.671(4) (X)
diffraction. Subsequently, reaction mixtures containing stoichio-  cg(2)-0(5) 3.102(5) Cs(2Y0(6) 3.691(4) (%)
metric CsHAsO,, NH4H,AsO,, and PdO (or PdG) (Cs/As/Pd mole Cs(2)-0(7) 3.358(4) (¥) Pd(1)-0(4) 1.999(4) (%)
ratio = 2:4:3) were heated at 60U (or 650°C) for 36 h with Egg)):g% i-ggggg g; Egg)):ggg g-g(l)igjg gg
several |ntgrm|ttent grindings. T.he reactions yleldegP@;{As?Oﬂzl . Pd(3)-0(7) 200 A(4) () P(1)-0(1) 1:610(2)
as thg_major propluct ann_g with a smal! amount of_unldentlfled P(1)-0(2) 1.523(4) P(10(3) 1.524(4)
impurities (see Figure S2 in the Supporting Information). P(1)-0(4) 1.504(3) P(2)O(5) 1.613(3)
Single-Crystal X-ray Diffraction. An olive crystal of dimen- P(2)-0(6) 1.504(4) P(2y0(7) 1.518(4)
sions 0.05x 0.05 x 0.10 mn? for 1 and a maroon crystal of P2-0(@) 1.517(4)
dimensions 0.05x 0.05 x 0.01 mn? for 2 were selected for Compound2
indexing and intensity data collection on a Bruker APEX CCD  Cs(1)-0O(1) 3.006(4) Cs(H0(2) 3.142(4)
diffractometer equipped with a fine-focus, 2-kW, sealed-tube X-ray ~ €s(1)-O(@)  3.465(4) Cs(hro@  3.297(5)
source. The data were collected at room temperature in 1270 frames Cs()-06) 3.259(6) Cs(Ho) 3.47809)
urce. w perature | _ Cs(11-0(6)  3.023(4) Cs(BO(6)  3.023(4)
with w scans (width 0.30 per frame). Empirical absorption Cs(1)-0(7) 3.183(4) Pd(1Hy0(1) 2.000(4) (%)
corrections based on symmetry equivalents were appligd fax Pd(1-0(5) 1.988(5) (%) Pd(2)-0(6) 2.000(4) (%)
=0.582, 0.947 fol; 0.461, 0.990 foR). On the basis of systematic Egg&ggg gggigg gg AP\d((%%gg)) iggggg (%)
.. . . . . . . . S(1)— .
absenges, statistics of intensity distribution, and successful solupon As(1)-0(2) 1.678(4) AS(1Y0(3) 1.671(4)
and refinement of the structures, the space groups were determined sg(1)-0(4) 1.757(4) As(2)O(4) 1.753(4)
to beCma; (No. 36) forl andP4/n (No. 85) for2. The structures As(2)-0(5) 1.667(4) As(2)0O(6) 1.673(5)
were solved by direct methods and difference Fourier syntheses. As(2)-0(7) 1.675(5)

The site occupancy factors of Cs atoms were allowed to refine.
The Cs(1) and Cs(2) positions ih and Cs(1) position in2,

Pd'O, squares which are linked by®; groups via corner-
respectively, refined to values of 0.498(1), 0.497(1), and 0.998(3), sharing to generate narrow channels along #axis
indicating that all Cs positions are fully occupied. The final cycles containing 12-ring windows in which Csatons are located

of least-squares refinement including atomic coordinates and (Figure 1a). The 12-membered rings, which are formed by
anisotropic thermal parameters for all atoms convergeR,; at alternating Pd@squares and PQetrahedra, adopt a her-
0.0228 anavR, = 0.0544 forl andR, = 0.0271 anchR; —0.0814 ringbone array. The two distinct Cs atoms, three Pd atoms,
for 2. The Flackx parameter forl was 0.02(2), indicative of a . . L
correct absolute structure. All calculations were performed using and the br'dg'ng OXVQe” atoms, O(1) and O(5), in two distinct
the SHELXTL Version 5.1 software packa@€rystallographic data P20; groups sit on mirror planes and a.II other oxygen atoms
for 1 and2 are summarized in Table 1. Selected bond lengths for are at general positions. Thus, the diphosphate groups are
1 and2 are provided in Table 2. in eclipsed conformation. As shown in Figure 1b, Pd(1) and
Pd(2) are linked to three,P; groups, while Pd(3) is linked
to two R.O; groups. There is only one type of channel in
which are found two columns of Cs(1) and Cs(2) atoms. The
window of the channel, which approximates to 3.%/40.5
A by measuring the ©-O distances, is so narrow that the
movement of C5 cations is unlikely. A limit of 3.7 A was
set for the Cs-O interactions, which gives the following

Results and Discussion

As revealed by single-crystal X-ray crystallography, the
3D framework structure of GBd(P,Oy), consists of discrete

(7) Sheldrick, G. M.SHELXTL Programsversion 5.1; Bruker AXS
GmbH: Karlsruhe, Germany, 1998.

2500 Inorganic Chemistry, Vol. 43, No. 8, 2004



3D Palladium Phosphate and 2D Palladium Arsenate

Figure 2. Structure of2 viewed (a) along the axis and (b) along the
axis. The arsenate tetrahedra are shown in green. Red and blue circles are
Pd and Cs atoms, respectively.

Figure 1. (a) Structure ofl viewed along thea axis. The phosphate
tetrahedra are shown in green. Red and blue circles are Pd and Cs atoms,
respectively. (b) ORTEP plot df showing the coordination environments

of the Pd atoms viewed in a direction approximately parallel tcathgis.
Thermal ellipsoids are shown at 50% probability.

coordinations: Cs(1), four-capped trigonal prism; Cs(2), two-
capped square prism.
To the best of our knowledge, §Ph(As,05); is the first
palladium arsenate reported. Its structure consists of pal-
ladium arsenate layers in ttab-plane with the interlayer
space filled with C$ cations, as illustrated in the perspective
view parallel to the [100] direction (Figure 2a). There is only
one crystallographically distinct layer within the repeat
distancec. Adjacent layers are aligned such that 7-ring
channels along the-axis are formed. The nine-coordinate
Cs' cations are located within the channels (Figure 2b).
Within a layer there are PdGsquares and A®; groups
fused together via corner-sharing. Each asymmetric unit _ . ) ) .

. L. Figure 3. Strings of Pd atoms i. For clarity the radii for As and O are
contains one Cs atom at general position, four Pd atoms atset zero. Selected interatomic distances: PeiR)(2a)= 2.871(1) A,
special positions, and one &3; group at general position.  Pd(2a)--Pd(2b) = 3.097(1) A, Pd(3-Pd4) = 2.791(1) A,
The diarsenate group is in a staggered conformation. Pd(1)Pd(4)-Pd(3a)= 3.177(1) A.
is linked to two AsO; groups, whereas Pd(2), Pd(3), and
Pd(4) are linked to four A®; groups. Adjacent layers are
stacked such that strings of Pd atoms aloxis are formed.

As shown in Figure 3, Pd(1)3quares show such stacking,
at an uninteresting PdPd separation of 5.968 A. More
interesting are the other two Pd strings. The Pd{2{uares
show an eclipsed stack with alternate short (2.871 A) and
long (3.097 A) Pe-Pd distances. Pd(3)Cand Pd(4)Q
squares are also arranged in a stack, but staggered, wit

within a layer, while the shorter distances are between
adjacent layers. The shortest-P&d distance is comparable
to that (2.75 A) in Pd metal. The Pd strings thare
reminiscent of the stacked columnar complexes typified by
KoPt(CN)-3H,O8 These square planar [Pt(CJ¥) ions
adopt a closely spaced parallel arrangement, allowing for
considerable interaction among tlg® orbitals of the Pt
jptoms. These orbitals are normally filled with electrons, so

alternate short and long PePd distances of 2.791 A and
3.177 A. The longer distances are the-#®ld separations

(8) Williams, J. M. Adv. Inorg. Chem. Radiocheni983 26, 235 and
references therein.
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the compound is white and a nonconductor of electricity. of 2D layers formed of linked Pd(quares andJ®; groups,
Partial oxidation of [Pt(CNJ?~ by nitric acid, C}, H,O,, or between which are found thetkcations!? The structure of
other reagents yields electrical conducting bronze-colored K,PdRO- is considerably different from those of BdRO;
forms of the compound. However, partially oxidized pal- and NaPdRO; despite the three having the same general
ladium analogues have not been reported. The attemptedformula. Ks sPdh 2o P,07), crystallizes with tunnels of various
preparations of partially oxidized compour2dby Br; in sizes in which are found the K cations!? We have
methanol were not successful. The synthesis of a platinumsynthesized a new palladium diphosphate with €ation,
analogue 012 is therefore.o.f great intgzrest with respect to  CgPdy(P,0-),. It adopts a 3D framework structure with one
one-dimensional conductivity properties. type of narrow channel where Csations are located. Much
_ Phosphates of palladium are rare in the literature and only tq qur surprise, the arsenate analogue with the same general
five compounds have been structurally characterized by formyla has a 2D layer structure containing strings of Pd
X-ray diffraction methods. Most of them are either maroon 4y ms During the synthesis @ we noted that there are

i i i 9-12 ’
or olive, except NgPdRO; which is yellow?™* The 3D ajgitional new compounds in the phase space. Comp@und
framework of P,d(PQZ con§|sts of tunnels which are formed is the first member of this family. The diverse chemical
gzuéfu?gg g?a&]:? dégjsz_:gkl(\alzP?é Opci‘g)lslqvljﬁir(?f' v-\I/—:rZ compositions may provide rich opportunities in exploring

7 7 . .

determined by the Rietveld technique from X-ray powder new palladium arsenates with novel structures.
diffraction data, can be described by alternate stacking of  acknowledgment. We are grateful to the National
layers containing alkali metal cations and zigzag ribbons gcience Council of Taiwan, R.O.C. for support of this work.
formed by Pd@squares and®; groups. KPdRO; consists
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