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Selenophosphate Phase Diagrams Developed in Conjunction with the Synthesis of the New

Compounds

KoLa(P2Se;)12(PSa), KsLa(PSe),, KaLapsdPSa)2, Ko-xLairz(PSa)s (x = 0.5),

and KEuPSeg

Carl R. Evenson IV and Peter K. Dorhout*:

Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523
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Five new rare-earth metal polyselenophosphates have been synthesized by the reactive flux method and characterized
by single-crystal X-ray diffraction: HlL.a(P.Se&)1(PSe) (1), KsLa(PSe), (Il ), KsLaosAPSa). (Il ), Ko—xLay+x3(PSa)4

(x=10.5) V), and KEuPSg(V). Compound crystallizes in the monoclinic space groBp:/n with a = 9.4269-

(D) A, b=7.2054(1) Ac=21.0276(5) A = 97.484(1), andZ = 4. Compound| crystallizes in the monoclinic

space grougP2,/c with a = 9.5782(2) A,b = 17.6623(4) A,c = 9.9869(3) A, = 90.120(1), andZ = 4.
Compoundll crystallizes in the orthorhombic space grdbpmwith a = 19.0962(2) Ab = 9.1408(1) Ac =
10.2588(2) A, and® = 4. CompoundV crystallizes in the orthorhombic space graDpcawith a = 18.2133(1)

A, b=38.0914(4) Ac = 10.2665(1) A, an& = 8. CompoundV crystallizes in the orthorhombic space group
Pnmawith a = 17.5156(11) Ap = 7.0126(5) A,c = 6.9015(4) A, andZ = 4. Optical band gap measurements

show that compoun¥ has an optical band gap of 1.88 eV. Solid-state Raman spectroscopy of compouNds

shows the four normal vibrations expected for the ¢§%Seunit. The observation of compountisV in several

reactions has allowed the creation of a quasi-quaternary phase diagram for potassium rare-earth-metal
polyselenophosphates. This phase diagram can qualitatively be separated into three regions on the basis of the
oxidation state of phosphorus in the crystalline products observed and takes the next step in designing solid-state

compounds.

Introduction

In the past several years there has been considerable intere
in the synthesis of new rare-earth metal (RE) selenide com-

pounds using the reactive flux methbd. While the literature

ternary and quaternary rare-earth metal selenophosphate struc-

dpres have been reported, including K(REBR (RE=, La,

Ce, Pr, Gd), KsCeRSs,?® ARE)RSe (A = Rb, Cs; RE=

of transition-metal compounds synthesized by this method is (15) Chondroudis, K.; Kanatzidis, M. Gnorg. Chem.1998 37, 2098~

quite extensivé; 2% lanthanide and actinide compounds have
received much less attentiéi*2634 Of those, several new
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Table 1. Crystallographic Data for Ha(P.Se;)12(PSa), KsLa(PSe)z, KaLaosd{PSa)2, Ko—xLai+ws(PSe)s (x = 0.5), and KEuPSge

KzLaPZSe, K3La(PSa)2 K4La0A67(PSQ)2 Kgfoa1+x/3(PSQ)4 KEUPSQ
0) (i () (V) M

fw 831.77 949.83 943.09 1881.42 537.87
a A 9.42690(10) 9.5782(2) 19.0962(2) 18.2133(1) 17.5156(11)
b, A 7.20540(10) 17.6623(4) 9.14080(10) 38.0914(4) 7.0126(5)
c, A 21.0276(5) 9.9869(3) 10.2588(2) 10.2665(1) 6.9015(4)
o, deg 90.0 90.0 90.0 90.0 90.0
f, deg 97.4840(10) 90.1200(10) 90.0 90.0 90.0
y, deg 90.0 90.0 90.0 90.0 90.0
v, A3 1416.12(4) 1689.51(7) 1790.72(4) 7122.59(11) 847.71(9)
4 4 4 4 8 4
A(Mo Koy, A 0.71073 0.71073 0.71073 0.71073 0.71073
space group P2:/n (no. 14) P2,/c (no. 14) Ibam(no. 72) Ccca(no. 68) Pnma(no. 62)
temp, K 298(2) 170(2) 159(2) 158(2) 170(2)
Pealcs Mg/m? 3.901 3.734 3.498 3.209 4.214
w, mnrt 21.775 20.657 18.957 18.919 25.150
R12% 4.29 4.76 3.53 5.43 2.37
WR22 % 8.90 10.36 7.55 11.44 5.23

AR1= Y (|Fol — IFel)/Y|Fol. WR2 = [T [W(Fo® — FA)2/ Y [W(Fod)?]] 2

Ce, Gd)3! K4Eu(PSg),1° and KCeSg3® Many of these new KoLa(P.Se&)1(PSe) (I) was prepared by reacting 38.4 mg (0.486
compounds have been made using an alkali-metal polychalco-mmol) of Se, 69.7 mg (0.181 mmol) of:Ee;, 8.22 mg (0.265 mmol)
phosphate reactive flux. This particular reactive flux seems to of P, and 12.3 mg (0.089 mmol) of La. The reaction was carried out as
be well suited for the moderate to high temperature synthesisO'echrllt;l%‘;I S;JIS)OV(TI’) y\';{:g'r;)%edpfgrkea’e&"’rve;gisrfg'sgé & mg (0.483 mmol)
of RE compounds. Different polychalcophosphate units are 3 2 : :

believed to be stabilized within the flux and coordinate well to of Se, 139.0 mg (0.353 mmol) ofe, 13.1 mg (0.423 mmol) of P,

. . = - and 19.6 mg (0.141 mmol) of La. The reaction was carried out as
RE cations. Some units such as@®)*" and (PQ)*" (Q =, described above, producing yellow crystals.

Se) seem to be very stable and are observed in many different 1 a,¢(PSa), (Ill) was prepared by reacting 19.4 mg (0.246 mmol)
structures. while other units such as @fQ, (PQ,)?", and of Se, 96.8 mg (0.246 mmol) of #6e, 7.6 mg (0.246 mmol) of P,
(P,Q7)* are much rarer. The reason one unit forms over another 34.1 mg (0.246 mmol) of La, and 20.5 mg (0.123 mmol) of SrSe.
under certain reaction conditions has not been fully understood. Reactants were combined and reacted as described above. The finished
The concept of Lewis basicity has been used to help explain reaction revealed yellow crystals. Sr was not included in the crystalline
why different crystalline products are observed for different Product. _
reactant mixtures and reaction conditidriSor example, more Kolarus(PSa)s (x = 0.5) (IV) was prepared from the reaction
alkali-metal rich reactant mixtures for a given amount of 0f 82.3 mg (1.04 mmol) of Se, 48.2 mg (0.307 mmol) af, 7.6 mg

. . . . . (0.245 mmol) of P, and 17.0 mg (0.122 mmol) of La. The reaction
chalcogen yield a more Lewis basic flux. Fluxes with different product contained dark yellow crystals.

Lewis basicities appear to stabilize different anionic units in * kg,pse, (v) was obtained by reacting 39.8 mg (0.504 mmol) of
the liquid flux, where they can coordinate to alkali-metal and se, 29.4 mg (0.0746 mmol) of Be, 4.6 mg (0.149 mmol) of P, and
RE cations. While this Lewis basicity argument partially 23.5 mg (0.155 mmol) of Eu. Following the reaction procedure
explains the reason certain types of products are observed, itdescribed above yielded dark red crystals.

does not explain all phases observed. A more detailed analysis Physical Measurements. Single-Crystal X-ray Diffraction Inten-

would involve a careful investigation of the quaternary phase Sity data sets for crystals-V were collected using a Bruker SMART
space in the KRE—P—Se system. CCD diffractometer. Each intensity data set was integrated using
SAINT,%® a SADABS correction was applie and the structure was

In the process of trying to find new rare-earth-metal poly- solved by direct methods using SHELXTRCrystallographic data for
selenophosphate compounds, we have begun to develop ternarxompoundg —V are reported in Table 1

phase diagrams for the crystalline products observed for a = paman SpectroscopyThe solid-state Raman spectra of compounds

series of similar reactions. Contained in the Ka—P—Se and Il -V were taken with a Nicolet Magna-IR spectrometer with a FT-
K—Eu—P—Se phase diagrams reported here are the new Raman module attachment using a Nd:YAG excitation laser (1064 nm).
compoundd —V, for which some structure types are known, UV—Vis Spectroscopy A diffuse reflectance measurement for
as well as some products previously reported in the literature KEuPSe was taken with a Hitachi U-3501 spectrophotometer using a
and observed in our reactions. 60 mm diameter integrating sphere accessory and Ba8@ple and
reference plates. UVvis diffuse reflectance data were converted to
Experimental Section optical band gap data using the Kubelkdunk function?:42

Synthesis Crystals of all compounds observed were obtained using (34) Sutorik, A. C.; Kanatzidis, M. GChem. Mater1997, 9, 387—398.
the same basic procedure. The following reactants were used as receive@5) Sutorik, A. C.; Kanatzidis, M. GAngew. Chem., Int. Ed. Endl992
and stored in an inert atmosphere glovebox: La (99.999%, Ames (36) ?_ilégs.?ﬁll'slgghatzidis M. Gnorg. Cherm 1992 31, 431-439

0, i y J.my, i . . - y — .

;aebggtggg% Ego(f?r?s-gi-/l(\)/’la?r?; s)s ;?]Zorsa:,tgéygég Sg%aggfgé;d;r}? ded), (37) Schewe-Miller, IMetallreiche hauptgruppenmetall-Chalkogembin-

) e A AT A . dungen: Synthese, Strukturen und Eigenschalifiex-Planck-Institut
K.Se were previously made in liquid ammonia from the stoichiometric fur Festkorperforschung: Stuttgart, Germany, 1990.
combination of the element&*”Reactants were loaded into fused silica  (38) Data processing software for the SMART systBnuker Analytical
ampules inside the glovebox. Each ampule was flame sealed under X-ray Instruments Inc.. Madison, WI, 1995.
vacuum and placed in a temperature-controlled tube furnace. The (39) Sheldrick, G. M.SADABS University of Gottingen: Gottingen,
furnace was ramped to 72&, where it remained for 150 h. The furnace Germany, 1997.

. 40) SHELXTL 5.03Bruker Analytical X-ray Syst Inc.: Madison, WI,
was then allowed to cool back to room temperature‘d/h. Crystalline ( )1994. BBruker Analytical X-ray Systems Inc.: Madison

products were separated from excess flux with dimethylformamide (41) McCarthy, T. J.; Tanzer, T. A.; Kanatzidis, M. G.Am. Chem. Soc.
(DMF). 1995 117, 1294-1301.
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Figure 1. KilLa(P.Se)1(PSe): striped La-Se polyhedra, black X
(PSe)® tetrahedra, black phosphorus atoms iaS@)*". Potassium T

atoms left out for clarity.

z

Ene_rgy Dispersive Spectroscopy Semiquantitative mic_r_oprobe Figure 2. ORTEP plots of the (A) [La(PSp]®~ chain and (B)
analysis of compoundsl andIV was performed on a Philips 505  [Lay{PSa),]*~ chain. Thermal ellipsoids plotted at the 70% probability
scanning electron microscope equipped with a Kevex Analyst 8000 level. Unlabeled selenium atoms. Potassium atoms left out for clarity.

microanalyzer.
Table 2. Fractional Atomic Coordinates and Equivalent Isotropic

Results and Discussion Displacement Parameters{A 10%) for KoLa(P:Se)1(PSa)
Structures. A single crystal of KLa(P.Se)1(PSe) or X y z U(eq)
KoLaP,Se (1) was selected, 8862 (3365 independent) reflections  La(l) 0.8072(1) 0.4726(1) 0.1499(1) 19(1)

were collected, and an absorption correction was appReg ( Se(1) 0.7175(1) 0.4614(1)  —0.0040(1) 26(1)

_ 3 : Se(2)  0.5838(1)  0.7758(1) 0.1045(1) 27(1)
0.0513). The s.tructur.e was solvedRfi/n by direct m3ethods Se(3) 0.8091(1) 0.0780(1) 0.2192(1) 23(1)
to electron density residuals of 1.285 and.503 e A3, and Se(4) 1.0527(1) 0.4794(1) 0.2592(1) 34(1)
all atoms were refined anisotropically with SHELXTL using Se(5) 1.0565(1) 0.2591(1) 0.0991(1) 26(1)
full-matrix least-squares refinement & for 110 variableg? Se(6) 1.0224(1) 0.7511(1) 0.0967(1) 25(1)
K,LaP,Seg is a layered structure containing quasi-infinite layers §?1()7) 8555%((21)) S'gfgj(%)) 8-11g8658((11)) 12;((11))
) 2— i ; . . .
of z,[La(P.Se;)1-(PSe)]* in the (101) _plane of the_ unit cell. P 0.9184(2) 0.4903(3) —0.0432(1) 20(1)
These layers are separated by 9-coordinate potassium atoms with (1) 1.2576(2) 0.0075(3) 0.0091(1) 40(1)
an average K Se distance of 3.592(9) A. Figure 1 shows that () 1.3425(3) 0.5411(4) 0.1865(1) 54(1)

these layers comprise chains of-t&e polyhedra coordinated
by (PSg)3~ tetrahedra. Along each chain, each (P%e
tetrahedron is coordinated to three different lanthanum atoms.
Two La—Se polyhedra share a common vertex and share anTable 3. Selected Bond Distances (A) forKa(P:S&)12(PSe)

edge with one (PSF~ tetrahedron. The chain propagates via La(1)-Se(4) 3.0421(10) La(Dse(?) 3.0979(10)

aU(eq) is defined as one-third of the trace of the orthogonalizgd
tensor.

another corner-shared £&e polyhedron and a shared (B3e La(1)-Se(2) 3.0980(9) La(DSe(5) 3.1127(9)
tetrahedron. These chains are linked together b~ units La(1)—Se(6) 3.1609(9) La(B)Se(3) 3.1829(9)
to form a layer. Eight selenium atoms with an average Sa La(1)-Se(3) 3.1937(9) La(1)Se(1) 3.2380(9)
distance of 3.141(3) A coordinate each lanthanum atom in a P(1)-Se(7) 2.189(2) P(H)Se(4) 2.195(2)
. ) ! . . P(1)-Se(3) 2.217(2) P(®)Se(5) 2.184(2)
distorted square antiprism. Atomic coordinates and selected bond P(2)-Se(6) 2.184(2) P(2)Se(1) 2.171(2)
distances for KLa(P.Se;)12(PSe&) can be found in Tables 2 and P(1)-Se(2) 2.189(2) P()P(2) 2.226(4)

3, respectively. Several other compounds with similar structures
have been reported, including Z®&P,Se; and KYP.Se,*? F2 for 127 variable$? The structure of KLa(PSe). consists
K2CeR$;,2° and RhCeRSe; and CsGdR.Se,. of anionic:[La(PSe);]3~ chains that run along the axis of

A single crystal of kLa(PSa), (Il) was selected, 10987  the unit cell. These chains are separated by potassium cations.
(4059 independent) reflections were collected, and an absorptionajong the length of the chain, 8-coordinate lanthanum atoms
correction was applied; = 0.0478). The structure was solved  are separated by two (P§¥ tetrahedra in which one Se atom
in P21/C by direct methods to electron density residuals of 2.658 on each (PS¢3* tetrahedron bridges two neighboring La atoms.
and—1.607 e A3, and all atoms were refined anisotropically Figure 2A shows two different long kala distances that arise
with SHELXTL using full-matrix least-squares refinement on  from the alternating orientation of bridging Se atoms. Where
) Wik C <elv. G, InDiffuse Reflect — the bridging Se atoms and two La atoms (for example, La(1)

lKinson, r.; Kelly, . InDilfuse Rertlectance as otolysis .
“2 Scaiano, J. C., Ed.);/ CRC Press: Boca Raton, FL, 1989; V0|3./ 1, pp g.nd La(l.D)) form a plane paralle! to.tm plane, the La-La
293-314. istance is 5.292 A. Where the bridging Se atoms and La atoms

(43) Van Calcar, P.; Evenson, C. R.; Dorhout, P. K. Unpublished results. (for example, La(1B) and La(1C)) form a plane parallel to the
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Table 4. Fractional Atomic Coordinates and Equivalent Isotropic
Displacement Parameters{A 10°)2 for KsLa(PSe)2

Evenson and Dorhout

Table 6. Fractional Atomic Coordinates and Equivalent Isotropic
Displacement Parameters{A 10°)7 for K,Laos{PSa)2

X y z U(eq) X y z U(eq)
La(1) 0.2266(1) 0.0138(1) 0.9704(1) 17(2) La(1y 0.5000 0.0000 0.2500 14(1)
Se(1) —0.0365(1) 0.1268(1) 0.9681(1) 22(1) Se(1) 0.4218(1) 0.3012(1) 0.3271(1) 23(1)
Se(2) 0.0567(1) 0.0186(1) 1.2558(1) 24(1) Se(2) 0.3939(1) 0.0324(1) 0.0000 27(1)
Se(3) 0.5378(1) 0.0246(1) 0.8193(1) 19(1) Se(3) 0.2586(1) 0.2530(1) 0.5000 24(1)
Se(4) 0.3088(1) —0.1320(1) 0.8226(1) 25(1) P(1) 0.3710(2) 0.2054(2) 0.5000 14(1)
Se(5) 0.2172(1) 0.1166(1) 0.7183(1) 25(1) K(1) 0.4168(1) 0.3812(2) 0.0000 32(1)
Se(6) —0.1278(1) 0.1815(1) 0.6308(1) 28(1) K(2) 0.2572(1) 0.0000 0.2500 39(1)
g:gg 82;32% _0012123(11()1) 0'f g%(:)L(ll()l) 23(41()1) aU(eq) is defined as one-third of the trace of the orthogonalizgd
P(1) 0.5251(2)  —0.0991(1) 0.7750(2) 17(2) tensor.” The La(1) position is only 2/3 occupied.
Egg _82%283 8%8228; 2;3%% 411;83 Table 7. Selected Bond Distances (A) forsKao 6{PSe)2
K(2) 0.3826(3) —0.2855(2) 0.6259(3) 47(1) La(l)-Se(1)x 4 3.2305(6) P(1)Se(1) 2.2029(13)
K(3) 0.2699(2) —0.0323(1) 0.5138(2) 31(1) La(1)-Se(2)x 4 3.2812(5) P(1)ySe(2) 2.2029(13)

P(1)-Se(2) 2.218(2) P(HSe(3) 2.190(2)

aU(eq) is defined as one-third of the trace of the orthogonalized
tensor.

Table 5. Selected Bond Distances (A) forsKa(PSe),

La(1)-Se(8) 3.0403(11) P(B)Se(7) 2.167(2)
La(1)-Se(5) 3.1060(11) P(2)Se(1) 2.228(3)
La(1)-Se(3) 3.1533(11) P(2)Se(2) 2.209(3)
La(1)-Se(2) 3.2856(10) P(BSe(3) 2.232(3)
La(1)-Se(4) 3.0712(11) P(DSe(4) 2.204(2)
La(1)-Se(1) 3.1406(11) P(2)Se(5) 2.191(3)
La(1)-Se(1) 3.2152(11) P(2)Se(6) 2.155(3)
La(1)-Se(3) 3.3496(10) P(BSe(8) 2.200(3)

bc plane, the La-La distance is 4.409 A. Atomic coordinates
and selected bond distances fosLid(PSe), can be found in

A-3, and all atoms were refined anisotropically with SHELXTL
using full-matrix least-squares refinement d&# for 140
variables® The initial monoclinic unit cell chosen by SMART
[a=21.1980(1) Ab = 10.3100(1) Ac = 18.2874(1) Ap =
115.541(19] was very similar to the unit cell of RiCe(PSg)4*°

[a = 21.446(5) A,b = 10.575(5) A,c = 18.784(4) A8 =
115.94(2j], and we therefore predicted a structure with the
formula KgLa(PSe)s containing isolatecb[La(PSa)4°~ an-
ionic clusters. However, an acceptable structure solution could
not be obtained in the expectetl/c space group. It was
suggested that in this monoclinic space group the structure might
exist as a merohedral twin; however, we were unable to model

Tables 4 and 5, respectively. Compounds with similar structures this solution. Significant election density was left on one of the

reported in the literature includesReP:Sg?° and RBCeRSe;
and CsGdPSe;.3!
A single crystal of KlLags{PSa), or KeLa(PSe)s (Ill) was

potassium sites, leading to a structure with a lanthanum ratio
higher than 1 and a formula that could not be charge balanced.
We then looked to a system of higher symmetry based on a

selected, 5519 (1150 independent) reflections were collected,unit cell transformation to an orthorhombic ce@cca with

and an absorption correction was appli€(= 0.0413). The
structure was solved by direct methods lbam to electron
density residuals of 1.367 and1.477 e A3, and all atoms
were refined anisotropically with SHELXTL using full-matrix
least-squares refinement &8 for 42 variables’® On the basis
of its formula, one would expect KapsA{PSa). to have a
structure similar to that of fLa(PSa),; indeed, they are related

lattice parametera = 18.2133(1) Ab = 38.0914(4) A, ana
=10.2665(1) A. In this cell a reasonable structure solution was
found with the formula K _yLaiiy3(PS&)s (x = 0.5). The
structure of K_yLas+w3(PSa)4 (x = 0.5) contains two different
crystallographically distinct lanthanum atoms. The first lantha-
num exists as isolatedlLa(PSe)4]°~ clusters like those ob-
served for the R§Ce(PSeg), structure. These clusters alternate

as they both contain chains of lanthanum atoms coordinated bywith potassium atoms along tlzexxis of the unit cell as shown

(PSe)3~ tetrahedra. In KlLagsAPSe),, the [LagesAPSa)2]*"
chains propagate along thzeaxis. Unlike in the KLa(PSe)
structure, the (PSP~ tetrahedra iniLagsA{PSa),]*~ are

in Figure 3. The second lanthanum is found in chains of
lanthanum atoms linked together by (RSe tetrahedra along
the z axis of the unit cell. The lanthanum position along these

orientated with their nonbridging Se vertexes in the same chains is 2/3 occupied, just as in thel&, s{PSa), struc-

direction as seen in Figure 2B. The average-Ba bond
distance is 3.256(2) A compared to an average $a bond
distance of 3.170(3) A in KLa(PSe).. Another significant
difference is that the lanthanum position inl& sA{PSa), is

ture. The two different lanthanum positions alternate through-
out the structure.iLapsAPSe)2]*" chains alternate with
oJ[La(PSa)4]® clusters along thex axis andy axis. Both
lanthanum atoms exist as dodecahedra with eight@bonds.

partially occupied to satisfy the charge-balancing requirements The average LaSe bond to each lanthanum shows the
of the structure. On average, every third lanthanum atom is difference in environments. The average-1%e bond around

“missing”, resulting in significantly shorter “chains” than the
quasi-infinite chains found in L a(PSa),. Semiquantitative

each La(1) cluster is 3.125(3) A, while the average-Ba bond
length around each La(2) in a partially occupied chain is

energy dispersive spectroscopy was performed on three different3.256(5) A. Semiquantitative energy dispersive spectroscopy

crystals, giving an average composition afdd_ap s1P2.245€ 77

was performed on three different crystals, giving an average

Atomic coordinates and .selected bond distance§ for composition of K gd.a; odPs.155617.46 We have also synthesized
KalLaos{PSe), can be found in Tables 6 and 7, respectively. the isostructural compounds K.Y 113(PS&)s and R3—Lay +3-

KaLagsAPSe): is isotypic with KEu(PSg)2.10
A single crystal of K_yLa;+x3(PSa)s (X = 0.5) (IV) was

(PSQ),4. The formation of K_yLa;+x3(PSa)4 (x = 0.5) instead
of KgLa(PSe), is discussed later in terms of dimensionality and

selected, 21677 (4392 independent) reflections were collected,the position of these quaternary structures within a ternary phase

and an absorption correction was appli&}«(= 0.0855) for

diagram. Atomic coordinates and selected bond distances for

an orthorhombic solution. The structure was solved by direct Kg_yLai+x3(PSa)4 (X = 0.5) can be found in Tables 8 and 9,

methods to electron density residuals of 1.774 arid935 e

respectively.
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Figure 3. ORTEP plot of the different lanthanum coordination 19ure 4. (EuPSe)” layer: black Eu circles, (P9E" tetrahedra.

environments in K-xLa;+x3(PSe)4 (x = 0.5). Thermal ellipsoids plotted ] ] o ]
at the 50% probability level. a twinned structure in the monoclinic space grédtg/m with

Table 8. Fractional Atomic Goordinat 4 Equivalent Isotropi cell parametera = 6.8469(6) Ab = 6.9521(6) A.c = 9.0436-
avle . Fractional Atomic Coordinates and tquivarent 'Sotropic gy A, and 8 = 107.677(2).** Switching the reported axis
Displacement Parameters & 10°° for Kodava(PSa)s (x = and ¢ axis, transforming from a monoclinic cell to an ortho-

0.5

) rhombic cell, and finally doubling the new axis gave cell

X b z U(ea) parameters similar to ours af= 17.2338 A,b = 6.9521 A,
La(1) 0.0000 0.2500 0.7500 6(1) andc = 6.8469 A; however, we note here that our reaction
éz((zl))b _0620510505(1) Odofggs(l) 00-755359(1) i)g?l ) conditions were different from those reported by Kanatzidis et
Se(2) 0:1493(1) 0:2867(1) 0:6790(1) 14(1) aI._ Their reaction conditions may have Ie(_j to poor-quality,
Se(3) —0.1269(1) 0.1291(1) 0.5148(1) 17(1) twinned crystals or a phase of slightly different structural
Se(4) —0.1546(1) 0.2079(1) 0.3353(1) 17(1) organization. Our KEuPSés isotypic to CsPbPS380a layered
Se(5) —0.4005(1) 0.0394(1) 0.3307(1) 21(1) material with lead atoms intricately linked by (R¥e tetra-
Se(6) —0.4010(1) 0.0388(1) 0.6750(1) 24(1) hedra.
Se(7) —0.3770(1) 0.1208(1) 0.5040(1) 23(1) _ :
Se(8) —0.2340(1) 0.0535(1) 0.5040(1) 32(1) _ In our KEuPSg eac_hg[EuPSa] Iayer_|s formed from a
K(1) 0.1893(2) 0.2916(1) 1.0138(2) 23(1) zigzag layer of europium atoms coordinated by alternating
K(2) 0.0000 0.2500 0.2500 30(1) (PSe&)®~ units above and below the europium atoms. These
K(3) 0.0000 0.1259(1) 0.7500 28(1) layers are separated by potassium cations. Viewed dowa the
ﬁggg :g-ggggg; g-ggggﬁg 8-?283% 38&; axis, Figure 4, each layer contains alternating @f*S¢etrahedra
K(6) 0.0000 0:1324(2) 0.2500 43(1) and S-coordlnate europium atoms as t_)lcappeq trigonal prisms.
P(1) ~0.1035(2) 0.1845(1) 0.5084(2) 7(1) In this way, each (PS¥~ tetrahedron is coordinated to four
P(2) —0.3531(2) 0.0636(1) 0.5039(2) 15(1) different europium bicapped trigonal prisms in an edge-sharing

manner. The 8-coordinate europium atom contains six shorter
Eu—Se bonds (3.1324(8)3.2259(5) A) and two longer
Eu—Se bonds (3.6374(3) A). The long ESe bonds are the

aU(eq) is defined as one-third of the trace of the orthogonalizgd
tensor.” The La(2) position is only 2/3 occupied.

Table 9. Selected Bond Distances (A) forgKLay3(PSa)s (x = capping Eu-Se bonds and result from a selenium atom bridging
0.5) two alternating europium atoms. These two long bonds were
La(1)-Se(1)x 4 3.1077(11) P(BHSe(2) 2.228(3) not observed in the CsPbRSstructure; however, an 8-coor-
La(1)-Se(2)x 4 3.1424(11) P(1Se(3) 2.153(4) dinate divalent europium atom is more reasonable than a
La(2)-Se(5)x 2 3.2234(14) P(L)Se(4) 2.195(3) 6-coordinate divalent europium atom. Divalent europium atoms
ta(Z)—Se(6)>< 2 3.2246(14)  P2)Se(5)  2.181(3) with this type of coordination have been observed before in
a(2)—-Se(8)x 2 3.285(2) P(2)Se(6) 2.176(3) EWwRiS, % and E 6 . di d sel d bond

La(2)-Se(8) x 2 3.293(2) P(2)-Se(7) 2.220(5) .Uz i1IS4™an léSb;Sg Atomic coor |n'ateS and selecte on
P(1)-Se(l) 2.221(4) P(3Se(8) 2.204(5) distances for KEuP3ecan be found in Tables 10 and 11,
respectively.

A single crystal of KEuPSg(V) was selected, 5130 (1080 Phase Diagrams. La-P—K System. Figure 5 shows the
independent) reflections were collected, and an absorption quasi-quaternary Gibbs-type phase diagram forPaK. This
correction was applied. Systematic absence analysis and a lowternary phase diagram is used to represent quaternary phase
Rint (0.0368) confirmed the correct space group choiceroha
The structure was solved by direct methods to electron density (44) aitken, J. A.; Chondroudis, K.; Young, V. G.; Kanatzidis, M.1org.
residuals of 0.829 anet1.193 e A3, and all atoms were refined Chem.200Q 39, 1525-1533.
anisotropically with SHELXTL using full-matrix least-squares ~ (4%) Lemoine, P. P.; Carre, D.; Guittard, Mcta Crystallogr.1982 B38

. ; 727-729.
refinement orf2 for 41 variables’® The structure for KEUPSe  (46) Lemoaine, P. P.: Carre, D.: Guittard, Mcta Crystallogr.1981, B37,
was recently reported by Kanatzidis et al., which was solved as 1281-1284.
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In Figure 5, six different crystalline products are repre-
sented: K-xLai+x3(PSa)s (x = 0.5) (V), KsLagsAPSa): (Il ),
KsLa(PSe). (1), and KLa(P.Se&)1-(PSe) (1); two additional
phases, KLafSe?” and KsPsSes,*” were observed as crystalline
reaction products, but have been reported elsewhere. At high
potassium molar ratios and low phosphorus and lanthanum
molar ratios (points £3), compoundV was the only crystalline
product observed. Increasing the molar ratio of phosphorus and
decreasing the molar ratio of potassium in the reactant mixture
changes which crystalline products are observed in the reactions.
CompounddV andlIl were observed at points 4 and 5, and
compoundll was found at point 6. Up to this position in the
phase diagram, only structures with (BSeunits are observed.
However, as the phosphorus molar ratio was increased and the

P La potassium molar ratio was decreased, we observed compound

| at points 7-9, which contain both (P98~ and (BSe;)* units.

Figure 5. La—P—K ternary phase diagram. Numbers represent the C_ontinuing in a ?im“ar mannerl the_re Is a regio_n of the phase

ratio of La—P—K in a particular reaction mixture. Shapes indicate the diagram containing only ¢Se)*" units as seen in KLaBe;

ratio of elements in a product formula disregarding Se: cirele  (point 12), and finally, at high phosphorus concentrations we

KLaP,Se;, square= K¢PsSas. observed KPsSeg as a reaction product in addition to

KLaP,Se; at point 13. The significance of the different &)~

units observed may be attributed to the relative oxidation state

of phosphorus and, therefore, the relative oxidizing power of

NN N NN N N NN

Table 10. Fractional Atomic Coordinates and Equivalent Isotropic
Displacement Parametersi{A 10%)2 for KEuPSg

x y z U(ea) the flux. In (PSg)3~ phosphorus is ¥ (P,Se)*" contains &,
Eu(1) 0.4754(1) 0.2500 0.2893(1) 15(1) and KsPgSeg contains B, This trend is logical since the amount
Se(1) 0.3274(1) 0.2500 0.0341(1) 17(1)  of material that needs to be oxidized (P, La) is increased for a
ggg; 83;5;&% :8-3823 W g'ég?ég)) 1553((?) given S&Se- composition. Both phosphorus and lanthanum
P(1) 0.4035(1) 0.2500 ~0.2212(2) 10(1) need to be oxidized, and when the PAS€") or La/(S&/Se)
K(1) 0.2135(1) 0.2500 0.4768(2) 25(1) ratios are too high, there is insufficient oxidizing power to

oxidize phosphorus to higher oxidation states. On the basis of

aU(eq) is defined as one-third of the trace of the orthogonalizgd the oxidation state of phosphorus, the phase diagram can be

tensor. . - . . . .
divided qualitatively into three regions. A line separating P
Table 11. Selected Bond Distances (A) for KEuRSe and PV can be drawn approximately between points 6 and 7 at
Eu(1)-Se(l) 3.1324(8) Eu(HSe(2) 3.1598(8) a 35% phosphorus molar_ ratio, and a line separatiMgaRd
Eu(1)-Se(3) 3.1793(5) Eu(BSe(3) 3.1793(5) P! can be drawn approximately at a 50% phosphorus molar
Eu(1)-Se(3) 3.2259(5) Eu(BDSe(3) 3.2259(5) ratio.
Eu(1)-Se(2) 3.6374(3) Eu(1)Se(2) 3.6374(3) There is a strong correlation between reactant ratios and the
Eg);gggg g:ggg?z()lo) 55113228)) 22?2200923((21)0) position 01_‘ products on this phase diagl_ram. For example, if a
tie-line exists between KLaBe; (black circle) and KPsSes
Table 12. Reactant Ratios Represented in Figure 5 (black square) under these reaction conditions, then a reaction
phase with K—P—La ratios corresponding to point 13 should yield
diagram KI(K + PIK+ La/(K+ reaction both crystalline products. This was observed experimentally.
point(#) P+Lla) P+Lla) P+La) product(s) This same type of relationship is found for the other crystalline
1 0.7272 0.1818 009 compounds. We can therefore conclude that, under these
2 0.667 0.1667 O. 162? &KLara(PSa)s isometric, isothermal reaction conditions, we have identified all
3 0.625 0.25 0.125 the stable phases in this region of the phase diagram.
4 0.6153  0.308 0.07€2>B Ko-xLau+w3(PSa)s and Eu—P—K System The Eu-P—K phase diagram, Figure 6,
g 8'2714 8'225?57 (?'2154 Iﬂ_af;gliggi is very similar to the lanthanum version, but with fewer stable
7 05 03333 01667 Ka(PSe), and phases found under our isometric and isothermal reaction
KoLa(P:Sey)1(PSa) conditions. Four crystalline products have been observed so far
8 0.4545 0.3636  0.181B La(PSa)i(PSa) and are listed in Table 13: KEuP@_eepo_rted here, leu_-
9 0.3333  0.3333 0.33 ZRETeRy (PSa),,10 K¢PsSeas4” and EuP;Se;, which is isostructural with
10 0.25 0.5 0.25 KLafSe ELI2P255.48
11 0.2857 0.5714 01429 ﬁtlfgaind In this phase diagram,YRs represented by the,Ru(PSg)2

(points 1-3) and KEuPSeg(point 4) structures. This'Pregion

space wherein the reactions were all performed with a constantOf the phase diagram seems to extend farther into the phosphorus-
b- rich region than in the lanthanum diagram. This can be

selenium content and under a relative thermodynamic equili . - RO -
fium isotherm of 725°C. In these phase diagrams, numbers _ratlonallzed by the fact that europium is only oxidized tGEu

represent reactions wherein various ratios of KAKP + La) instead O.f E&r; giver! the relativg r gdox couples O.f lanthanum
P/(K + P + La), and La/(K+ P + La) were used. Table ’12 vs europium, there is more oxidizing agent available for the
lists the ratio of respective components for each phase diagramOX'datlon of phosphorus. Structures witff Rvere not observed
point. In this way, the quasi-quaternary tB-K phase dia- /0% 0 G o0 iic W Gnorg. Chem 1998 37, 2582
grams can be thought of as an isometric selenium slice through* "~ 5564 T M oM ' ‘

the quaternary LaP—K—Se phase diagram. (48) Brockner, W.; Becker, RZ. Naturforsch.1987, 423 511-512.
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Figure 6. Eu—P—K phase diagram. Numbers represent the ratio of
Eu—P—K in a particular reaction mixture. Shapes indicate the ratio of
elements in a product formula disregarding Se: cireleEwP,Se;,
square= KePsSes.

Table 13. Reactant Ratios Represented in Figure 6

phase
diagram  K/(K + P/(K + Eu/(K + reaction
point P+ Eu) P+ Eu) P+ Eu) product(s)
1 0.6667 0.1667 0.16
0.5 0.25 0.25 KEu(PSe),
3 0.5714 0.2857 0.14
4 0.333 0.333 0.333 KEuPSe
5 0.375 0.5 0.125 ER.Se;
6 0.2857 0.5714 0.1429 EpSe; and
KePsSeas

until at least a 45% phosphorus molar ratio, whenHz8e;

Inorganic Chemistry, Vol. 40, No. 12, 2002881

Table 14. 1—o0 Values, Predicted Formulas, and Reported Structures
for (A4P:Se&)i(AsPSe)n(Las(P.Se)s)n(LaPSe)o

predicted reported
| m n o formula structure
0 1 0 0 APSe K3sPSg®®
1 0 0 0 APSe K4P.Se>
0 0 1 0 La(P:Se)s
0 0 0 1 LaPSe
1 0 1 0 AlLa(P.Se), KLaP,Se?”
1 0 0 2 AlaPSe)PSe). Kila(P:Se)i(PSa)
0 1 0 1 Ala(PSe): KsLa(PSe),
0 2 0 1 Ala(PSe)s KqLaoeAPSa)2
0 3 0 1 AgLa(PSQ)4 Kgfoa1+)</3(PSQ)4

Table 15. 1—o0 Values, Predicted Formulas, and Reported Structures
for (A4P,S&)I(AsPSe)m(Ele(P2S&))nl(Eus(PSa)zlo

predicted reported
I m n o formula structure
0 0 1 0 EuPSe EwP.Se;
0 0 0 1 EuPSa):
1 0 1 0 AEwPSe),=AEURSe
0 1 0 1 AEwPSe)s KEuPSe
0 4 0 1 Ag_zEUg(PSQ)e K4EU(PSQ)210
0 7 0 1 AEw(PSe)=AEUPSE)s
0 10 0 1 AgoELb(PSQ)lz = AloEU(PSQ)4

Table 15 contains formulas for compounds described by eq
2, which has been slightly modified from eq 1 to account for
the divalent Eu(ll) cation. In this formula, two parent structures
have changed to B(P.Se;) and Ey(PSa),.

(A4P,S&)(AsPSE)(EW(P,S&))[(Eus(PSE),l, (2)

These formulas, combined with the appropriate phase dia-

(points 5 and 6) was found. Another difference between the gram, can be used to predict new structure compositions and
two phase diagrams is that we and others have not yet beernthe reaction conditions necessary to synthesize them. For

able to synthesize a europium structure containing both P
(PSa)3~ and PY (P,Se;)* units. It would be expected to be

example, eq 2 can be used to predict the formulsEA(PSg)4,
which should be analogous to the homolepticllE(PSe),”

found in the region of the phase diagram between 40% and cluster structure, and#&u(PSeg)s, which should be analogous
50% phosphorus. Future experiments may reveal these selenoto Il . However, these structures have eluded us to date.

phosphate units, but not within this %8¢~ phase space or
under our reaction conditions. We do observe th#sRBes

The positions of phasel$ —IV in Figure 5 and their low
dimensionality may help explain whygKLa;+x3(PSaQ)4 (X =

structure (point 6), indicating a region of the phase diagram 0.5) was found instead of Ka(PSe)s. KLaP,Se; and KLa-
above 55% phosphorus where selenophosphate units containingP.Ses)1,(PSe) are both two-dimensional layered structures.
P! can be found. As was the case in the lanthanum phaseKslLa(PSe). contains one-dimensional chainsliég s{PSe)»
diagram, tie-lines can be drawn between different products on also contains one-dimensional chains, but one could say that
the basis of their element ratios. Point 6, for example, lies on a its dimensionality is actually lower than that of;lka(PSe).

line that ties phas¥ to KgPsSes.

since the lanthanum position is only 2/3 occupied. The

These phase diagrams can be used in conjunction with aKg_4La;+y3(PS&)s structure also contains these chains with a
formula developed by Kanatzidis to predict these types of partially occupied lanthanum position, but the structure also

structures’! We have modified the initial formula to include
the four terms shown in eq 1.
(AP,S&)(AsPSe)(Lay(PSg)s)(LaPSe), (1)
In this formula, La(P.Se;); and LaPSgare the parent struc-
tures for a RE" cation with (BSe)* and (PSg° units,

respectively. AP,Se; and AsPSe comprise each base anionic
unit with the appropriate number of alkali-metal cations to

balance the charge. In the case where lanthanum is the REfore,

cation, the structures of KLaBe;, KjLa(P.Se&)12(PSe),
KaLa(PSa)z, KilagsAPSa)2, and Ko—xLai+x3(PSa)s (x = 0)

contains isolated [La(Pgg] clusters. In other words, one can
imagine a relative continuum from an infinite chain structure
to a relatively short chain structure when going frorsLK-
(PSa), to KsLag s{PSa),, followed by short chains and clusters
in Kg_xLai1x3(PSa)s, terminating at “kLa(PSa)4”, which has

no chain structure at all but only isolate{La(PSe)]®
anionic units as in RiCe(PSg)4.3° Within the phase diagram,
the lines separating the sKa(PSe),, KilLapsAPSe),, and
Ko—xLai+x3(PSa), structures are not precisely defined. There-
the formation of KLa(PSe)s, with its isolated
o[La(PSa)4]°~ clusters, might not be as thermodynamically
stable under our conditions as a structure with a few short chains

can be derived from eq 1 as seen in Table 14. For example,in addition to isolated clusters as in the KlLa;+y3(PSa)s (X

one can think of breaking up the i&,Se;); parent structure
by adding a (BSe&)*~ anionic unit with four alkali-metal cations

= 0.5) structure. Figure 7 compares the lanthanum coordination
geometry looking down theiLagsA{PS&),]*~ chains in

to charge balance the new structure whose empirical formula K4Lags{PSa), and a g[La(PSe)4® molecular anion in

is the phase KLafSe;.

“KgoLa(PSe)s". The similarity of these coordination environ-
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Figure 7. ORTEP plots of lanthanum coordination environments in
KaLagsAPSa). and Ke_xLai+x3(PSa)s. Thermal ellipsoids plotted at
the 50% probability level. (A) View down [LaA{PSe).]*~ chains. (B)
[La(PSa)4]° isolated cluster.

Evenson and Dorhout
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Figure 8. Solid-state Raman spectra: (A) KEURS®) KsLa(PSe)z,
(C) KyLap64(PS8)2, (D) Koyl ar+x3(PSa)s.
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Figure 9. Optical band gap of KEuP%e
Table 16. Raman Peaks (ci) of Compounddl —V
(PSy)3- KsLa- Kilager  Koxlauiwz
(T9*® KEuPSe (PSa).  (PSe) (PSa)s
v3(F2) 548 454 443 454 446
v1(A1) 416 237 237 237 237,200
va(F2) 270 165 163 166 164
va(E) 215 130 145, 103 144 102

16 lists the peaks observed. The intense peak near 237ism
attributed to the totally symmetric stretch, and the small peak
around 454 cmt is attributed to the asymmetric stretch. Bands
below 200 cm! can be assigned to the bending vibrations of
the (PSg)3~ unit. The Raman spectrum &f shows a peak at
200 cnt?! that is much larger than in the other three Raman

ments shows how the difference in these compounds is only spectra. The (PQE~ tetrahedra in isolated [La(P9g°"
related to certain positions being occupied by lanthanum or clusters in K_4La;+w3(PS&)s Wwould be expected to have much
potassium. This is supported by noting that the monoclinic unit more freedom of motion, which may be represented by this

cell of the expected stoichiometricska(PSe)4 can be related
to a unit cell similar to KlLagsAPSa&). by converting it f =
21.1980(1) A,b = 10.3100(1) A,c = 18.2874(1) AB =
115.541(19] to an orthorhombic cell through a transposition
of the b axis andc axis and halving the neW axis to obtaina
=19.126 A,b = 9.1437 A, andc = 10.3100 A. In addition,
the cell of KyLag s{PSa). can be transformed into the cell of
Ko—xLai+x3(PSe)s (X = 0.5) by transposing and doubling tke
andy axes.

Vibrational and Electronic Spectroscopy. Solid-state Ra-
man spectroscopy has been performed on compolines.

The Raman spectra, shown in Figure 8, clearly show the four

Raman-active vibrational modes of the tetrahedral {PSenit
when compared to the (RS~ tetrahedral unit in KPS,.4° Table

intense peak.

Diffuse reflectance optical band gap measurements have been
performed on KEuPSe Figure 9 shows a plot ofafs)? vs
energy. Extrapolation shows that KEuR8elikely a semicon-
ductor with an optical band gap of 1.88 eV.

Conclusions

Compoundd —V have been synthesized by the reactive flux
method and their structures determined by single-crystal X-ray
diffraction. These compounds all contain (BSe and/or

(49) Muller, A.; Mohan, N.; Cristophlienk, P.; Tossidis, I.; Drager, M.
Spectrochim. Actd973 29A 1345.

(50) Briggs Piccoli, P. M.; Evenson, C. R.; Dorhout, P. K. Unpublished
structures.
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other structures reported in the literature indicates they are quiteScience Foundation (Grant CHE-9625378) and a NSF-MRI
thermodynamically stable. By using a Gibbs-type phase diagram nstrumentation Grant. We thank Dr. Victor Young, University
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