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Two new thorium chalcophosphates have been synthesized by the reactive flux method and characterized by
single-crystal X-ray diffraction, diffuse reflectance, and Raman spectroscopy: CssTh,PsS1s (I); Rb7ThoPeSes; (II).
Compound | crystallizes as colorless blocks in the triclinic space group P1 (No. 2) with a = 12.303(4) A,
b=12.471(4) A, ¢ = 12.541(4) A, o. = 114.607(8)°, B = 102.547(6)°, y = 99.889(7)°, and Z = 2. The structure
consists of (Th,PsS1s)*~ layers separated by layers of cesium cations and only contains the (P,Se)*~ building
block. Compound 1l crystallizes as red blocks in the triclinic pace group P1 (No. 2) with a = 11.531(3) A,
b= 12.359(4) A, ¢ = 16.161(5) A, o = 87.289(6)°, B = 75.903(6)°, ¥ = 88.041(6)°, and Z = 2. The structure
consists of linear chains of (Th,PsSe,;1)’~ separated by rubidium cations. Compound Il contains both the (PSes)*~
and (P;See)*™ building blocks. Both structures may be derived from two known rare earth structures where a rare
earth site is replaced by an alkali or actinide metal to form these novel structures. Optical band gap measurements
show that compound | has a band gap of 2.8 eV and compound Il has a band gap of 2.0 eV. Solid-state Raman
spectroscopy of compound | shows the vibrations expected for the (P,Se)*~ unit. Raman spectroscopy of com-
pound Il shows the vibrations expected for both (PSeq)®~ and (P.Seg)*~ units. Our work shows the remarkable
diversity of the actinide chalcophosphate system and demonstrates the phase space is still ripe to discover new
structures.

Ses’ KoUPsSe,” CsUs(PsS10)2(PSy)a, KioThs(P2S7)a(PS)2,

The molten alkali metal polychalcogenide flux method has AsAN(PS)s (A = K, Rb, Cs; An= U, Th)? KsPu(PS)s,
produced a myriad of novel and complex compouhiige ~ aNd APURS; (A =K, Rb, Cs)? Our work entails studying
rare earth chalcophosphate elements made from this methodh€ acumdg elements and their reactn_nty in the molten fluxes.
include K(RE)RSe (RE= Y, La, Ce, Pr, Gd}, K:CeRSs,? We report in this paper two new t'h0r|ur.n chalcophosphates,
A(RE)PSe, and A(RE)RSe (A = Rb, Cs: RE= Ce, Gd)' C&Th%PGSlg gnd RbhTh,PsSe;, which gX|st as layered and
More recently, chalcophosphate compounds were prepareoone—dlmen5|onal structures, respectively. Our work shows

from the actinide elements includifigk ;ThP:Se,5 RyU,Ps- the remarkable diversity of actinide containing chalcoph_os- .
phate compounds. The chalcophosphate phase space is still
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Quaternary Thorium Chalcophosphates

Table 1. Select Crystallographic Data for g$1,PsS:s and

Table 3. Bond Distances (A) for GFh,PsS;s

Rb7ThoPsSex T se) rota s —
CsyThoPsSus (1) Rb;ThoPeSep (I1) Th(1)-S(1) 2.934(3) P(1)yS(4) 2.044(4)
Th(L~-S(4) 2.949(3) P(2)S(13) 2.024(4)
;WA ?;?égém) 212(_)56\43?3) Th(1)-5(8) 3.001(3) P(2)S(6) 2.034(4)
b, A 12.471(4) 12.359(4) Th(1)-S(9) 3.051(3) P(2)S(9) 2.035(4)
A 12.541(4) 16.161(5) Th(1)-S(6) 3.059(3) P(3)S(17) 1.975(4)
a. deg 114.607(8) 87.289(6) Th(1)-S(5) 3.094(3) P(3}S(2) 2.029(4)
. deg 102.547(6) 75.903(6) Th(1)-S(3) 3.119(3) P(3}S(7) 2.053(4)
, deg 99.889(7) 88.041(6) Th(1)-S(7) 3.136(3) P(4yS(11) 2.002(4)
VA 1631.5(9) 2230.7(11) Th(L~S(9A) 3.150(3) P(4yS(14) 2.024(4)
: ; : R dms  nesn  sou
ig\:\(?ngolrz)’uﬁ[; gfa\?gsz) Poi7(ﬁlcc)) 723) Th(2)—S(15) 2:939(3) P(5}S(3) 2:019(4)
temp, K 163 208 Th(2)-S(5A) 2.949(3) P(6)S(16) 1.967(4)
peata glorT? 3.580 4.327 Th(2)-S(10) 2.964(3) P(6)S(15) 2.035(4)
O ot 31602 Th-S(13)  2991(3)  P(S(0) 20494
S TR
wR2P % 0.0916 0.0979 Th(2)-S(7A) 3:238(3) P(5)P(6) 2:235(4)
AR1= Z||Fo| — [Foll/Z|Fol. PWR2 = [S[W(Fo? — Fe?)A/Z[W(Fo?)?] 2 P(1)-S(18) 1.967(4)

Table 2. Fractional Atomic Coordinates and Equivalent Isotropic

Warning: 232Th is a radioactie element with a half-life of 1.41

Displacement Parameters {26)* for CsTh:PeSis x 10 years. Although its radioactity is low, the daughter

X y z U(eq) products of decay can render the samples highly radioaaier
Th(1) 0.6466(1) 0.6783(1)  —0.0041(1) 8(1) time
Téh((i)) %):;%%(31((11)) %Zéi%((ll)) —83282% 1553((1)) Synthesis of CgThyPeSyg (1). CThyPeSyg or CsiThy(P,Ss)s was

S . . —0. i
Cs()  11242(1)  08535(1) —01024(1)  17(1) prelpg‘;ed fro?’ "’;;n')é“;r?eﬁf 0'(1)57970 9 (OiZS?Smmocli)Oofz'{;I, O'gdéé?(’)
Cs(3)  1.1692(1)  02283(1) —0.4459(1)  22(1) g (1.52 mmol) of P, 0.5771 g (1.77 mmol) of S, and 0.217 g (0.
Cs(4) 1.6495(1) 1.0745(1)  —0.2719(1) 21(1) mmol) of CsSs. The mixture was loaded into a fused-silica ampule

P(1) 0.7844(3) 0.4532(3) 0.0119(3) 10(2) in a nitrogen glovebox and sealed under vacuum. The ampule was

Eg; ig%g;g; 2238#8 *0-(1)2f81£%3) 101((1)21) heated to 500C at a rate of 30C/h and held there for 288 h. The

P(4) 1:3552(3) 0:3649(3) _0_6;112(3) 8(1) ampule was cooled tq room temperature at a rate 9€/8. The

P(5) 1.3007(3) 1.0301(3)  —0.2537(3) 10(1) ampule was opened in a nitrogen glovebox, and the excess flux

P(6) 0.7749(3) 0.1302(3)  —0.5556(3) 10(1) was washed with DMF. The colorless blocks isolated were air and

28 8-2131(2)8; 8-%2%% _8%32%)3) E((i)) moisture sensitive. A single crystal was selected for analysis by

S gmmg  ommg omma dy  rdiaciens1o9K A coledion of he conmess ook

S(4) 0.8544(3) 0.6391(3) 0.1254(3) 11(1) - ! :

S(5) 0.5357(2) 0.5587(3)  —0.2886(3) 10(1) The sample appeared to be stable during the collection of Raman

S(6) 0.4261(3) 0.7567(3)  —0.0510(3) 11(1) and diffuse reflectance spectra.

S(7) 0.6438(3) 0.8651(3)  —0.1110(3) 11(1) . i

S(8)  08261(3)  0.9182(3) 0.1854(3)  13(1) Synthesis of REThoPeSe: (I). RbyThoPeSe, or RbyTh,

S(9) 0.5816(3) 0.5312(3) 0.1366(3) 11(1) (PSe)3(P.Se)15 was prepared from a mixture of 0.0901 g (0.388
S(10) 1.1532(3) 0.7317(3)  —0.4099(3) 12(1) mmol) of Th, 0.0383 g (1.24 mmol) of P, 0.0980 g (1.24 mmol) of
S(11) 1.2639(3) 0.4695(3)  —0.5540(3) 12(1) Se, and 0.3830 g (0.677 mmol) of f8®. The mixture was loaded
ggg igggg% ggggg% :8%233% igg; into a fused-silica ampule in a nitrogen glovebox and sealed under
S(14) 1.5553(3) 0.7108(3)  —0.4492(3) 12(1) vacuum. The ampule was heated to 5@ at a rate of 3C°C/h
S(15) 1.3698(3) 0.8295(3)  —0.4835(3) 14(1) and held there for 288 h. The ampule was cooled to room
S(16) 0.8780(3) 0.0980(3)  —0.4360(3) 16(1) temperature at a rate of°®/h. The ampule was opened in air, and
S(17) 1.1342(3) 1.0857(3) 0.2221(3) 16(1) the excess flux was washed with DMF. A single crystal was selected
S(18) 1.1117(3) 0.6518(3) 0.0210(3) 13(1)

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

Experimental Section

General Synthesis. Red phosphorus powder (99.9%) was
purchased from Cerac. Selenium shot (99.999%) was purchased
from Johnson Matthey32Th ribbon was obtained from Los Alamos
National Laboratory. Alkali metal chalcogenide saltsQA (A =
Rb, Cs, Q= S, Se), were prepared from a stoichiometric ratio of
elements in liqguid ammonia as described elsewHerhl,N-
dimethylformamide (DMF) was purchased from Aldrich and used
without further purification. Ampules for the reactions were fused-

silica with 10 mm inner diameter and a 12 mm outer diameter. ) ) o
Figure 1. Polyhedral view of the layered ¢E,PsS1s. Equatorial circles

are Cs, open circles are S, filled circles are P, and striped polyhedra are
(10) Liao, J.-H.; Kanatzidis, M. GInorg. Chem.1992 31, 431-439. Th.
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Figure 2. Thermal ellipsoid plots at 50% showing (a) the 10-coordinate binding environment of Th(1) and (b) the 9-coordinate binding environment of

Th(2) in C&TthsSlg.

Figure 3. Thermal ellipsoid plots at 50% showing-{a) the three binding modes of {&)*~ and (d) the tetramer of thorium in g&,PsS;s.

for analysis by X-ray diffraction. A collection of the red blocks SADABS correction was applied,and the structures were solved
were hand picked for Raman and diffuse reflectance measurementsby direct methods using SHELXTS, Crystallographic data for
The red blocks decomposed when ground into a fine powder. A compound andll are reported in Table 1.
stoichiometric mixture of the elements did not produce red crystals ~ Raman SpectroscopyThe bulk solid-state Raman spectrum of
of Rb;ThoPsSep. compound was recorded on a home-built optical bench using an
Physical Measurements. Single-Crystal X-ray Diffraction. Acton Research Spectra Pro-275 liquig-¢boled CCD detector
Intensity data sets were collected using a Bruker Smart CCD (256 x 1024) using a controller model ST130 and a 50 mW HeNe
diffractometer. These data were integrated using SAINE,

(12) Sheldrick, G. M.SADABS University of Gottingen: Gottingen,
(11) SAINT; Data processing software for the SMART systBraker Germany, 1997.
Analytical X-ray Instruments, Inc.: Madison, WI, 1995. (13) SHELXTL 6.1 Bruker AXS Inc.: Madison, WI, 2000.
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Quaternary Thorium Chalcophosphates

7 Table 4. Fractional Atomic Coordinates and Equivalent Isotropic

, Pp iz = O A Displacement Parameters E£8)2 for Rb;ThoPsSe
572 /////\§A SN [ 7' G\ S ; Th(1) 0.7954(1) 0.6438(1) 0.5125(1) 22(1)
— \\\\\:\‘,?, _ ////// TE((Z)) 0.8584((1)) 0.6834((1% 0.8493((1)) 21((1%
o ——\= 1Y\ Rb(L 0.7278(2 0.4930(2 1.2500(1 35(1
‘%\?\\\\\‘§\/ &ﬁ-&\\%ﬂll////ﬁ‘ﬁ/{& ° Rb(2) 0.9572(2) 0.9915(2) 0.6493(1) 49(1)
. S =\ LN ] Rb(3) 0.4730(2) 1.0031(2) 0.8266(1) 46(1)
5 \»\\:\ ) i Rb(4) 0.4063(2) 0.8330(2) 0.5922(1) 49(1)
V7=, Rb(5) 0.3686(2) 0.7030(2) 1.0147(1) 50(1)
({\<\§§\\\\%ﬁ% L Rb(6) 0.7208(2) 1.3112(2) 0.6834(1) 54(1)
\\?///‘/4,,\ SN Rb(7) 0.9326(2) 0.8306(2) 1.1049(1) 46(1)
0 b o P(1) 0.9170(4) 0.4641(4) 0.9934(3) 24(1)
° P(2) 0.7781(4) 0.9764(4) 0.9163(3) 21(1)
Figure 4. Polyhedral view of the [T§PsS1g]*~ layer in CgThyPsSis. Cs P(3) 0.9238(4) 0.3570(4) 0.4063(3) 21(1)
atoms were removed for clarity, open circles are S, filled circles are P, and  P(4) 0.5925(4) 0.6582(4) 0.7495(3) 21(1)
striped polyhedra are Th. P(5) 0.5754(4) 0.7799(4) 1.3476(3) 20(1)
P(6) 1.2535(4) 1.1478(4) 0.6424(3) 22(1)
; i Se(1) 1.0182(2) 0.7637(2) 0.5058(1) 28(1)
laser line at 632.8 nm. The buII_( solid-state Raman spectrum of se(?) 0.6376(2) 0.5605(2) 0.8562(1) 35()
compound| was recorded on a Nicolet Magna-IR 760 spectrometer Se(3) 0.7772(2) 0.5897(2) 1.0301(1) 32(1)
with a FT-Raman module attachment by use of a Nd:YAG  se(4) 0.8802(2) 0.7169(2) 0.3274(1) 26(1)
excitation laser (1064 nm). Se(5) 0.7548(2) 0.7573(2) 0.6945(1) 32(1)
UV—Visible Spectroscopy.Diffuse reflectance measurements gzg% g-giig% giig?% 8-3‘5“5‘%3 ggg
were recorded ona Van.an Cary 5_00 Scanchs—NlR spectro- Se(8) 0:7285(2) 0:8792(2) 0:4942(1) 28(1)
photometer equipped with a Praying Mantis accessory. A Teflon  gg(g) 0.6600(2) 0.8339(2) 0.9354(1) 29(1)
standard was used as a reference. The Kubelkank function Se(10) 1.0955(2) 0.6830(2) 0.9271(1) 32(1)
was applied to obtain band-gap informatign. Se(11) 0.4239(2) 0.7405(2) 0.7928(1) 37(1)
Se(12) 0.9538(2) 0.8979(2) 0.8597(1) 32(1)
; ; Se(13) 0.5841(2) 0.5546(2) 0.6442(1) 30(1)
Results and Discussion Se(14) 0.7441(2) 0.4177(2) 0.4638(1) 31(1)
; Se(15) 0.7430(2) 1.0983(2) 0.8226(1) 43(1)
ICS“T:'ZPGSB (). Asingle Zlear C[ijtal of fclﬁh?PeSlB was | Se(l§) 059852 07321  12182)  34(1)
selected, 10 977 (7605_|n epen e_nt) reflections were col-  gg(17) 1.0851(2) 0.7214(2) 0.7102(1) 34(1)
lected, and an absorption correction was applieg: R Se(18) 1.2149(2) 1.0083(2) 0.7257(1) 36(1)
ithi Se(19) 0.4358(2) 0.9024(2) 1.3860(1) 32(1)
0.0363). Data were collected W|.th|rﬁaang§ of 1.7#28.27 S0(20) 0.9526(2) 05071(2) 0:6144(2) 75(0)
to a completeness of 93.7% with a data index range bf Se(21) 0.7857(2) 1.0528(2) 1.0308(1) 41(1)

<h=<16,-16< k< 9,and—16 < | < 16. The structure
was solved inP1 by direct methods with final electron
density residuals of 5.200 and3.500 e A3, The residual

electron density was slightly higher than expected and wasTable 5. Bond Distances for RTh:PsSex

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

attributed to an absorption correction problem with thorium.  Th(1)-Se(1) 2.986(2) P(®)Se(21) 2.137(5)
All atoms were refined anisotropically of? for 272 Th(1)-Se(8) 3.004(2) P(2)Se(15) 2.184(5)
. 13 . " Th(1)-Se(4) 3.0167(19) P(2)Se(12) 2.221(5)
variables’” Select crystallographic data, atom positions, and  11,7)_se(13) 3.020(2) P(2)Se(9) 2.228(5)
a list of selected bond distances are listed in Table8.1 Th(1)-Se(14) 3.054(2) P(3)Se(17) 2.182(5)
The compound is composed of two-dimensional fTh Th(1)-Se(6) 3.111(2) P(3)Se(20) 2.201(5)
" . A ; Th(1)-Se(20) 3.136(2) P(3)Se(1) 2.210(5)
PeSiel*™ layers, Figure 1. The cesium ions reside between 1) se(s) 3.243(2) P(3)Se(14) 2.178(5)
the layers and inside holes within each layer. Two crystal-  Th(2)-Se(12) 2.933(2) P(4)Se(5) 2.244(5)
lographically independent thorium atoms exist in the struc-  Th(2)-Se(2) 2.985(2) P(4)Se(2) 2.213(5)
" . . Th(2)-Se(9) 3.0058(19) P(4)Se(11) 2.138(5)

ture. Th(1) is coordinated to 10 sulfur atoms in a spheno-  1,(5)_se(3) 3.030(2) P(4)Se(13) 2.200(5)
coronal geometry, Figure 2a. Th(2) is coordinated to nine  Th(2)-Se(17) 3.038(2) P(5)Se(6) 2.216(5)
sulfur atoms in a distorted tricapped trigonal prism, Figure m(g):ge(? g-‘l)ﬂ(g) E(F’)ge(ig) g-igg(i)
2b. The Th(1)-S bond distances range from 2.914(3) to Thgzg,siglg)) 3'_27522)) P((g.))p?é) ) 2.'237((7))
3.150(3) A with an average distance of 3.04(8) A. The  P(1)-Se(10) 2.163(5 P(6)Se(8) 2.208(5)
Th(2)—S bond distances range from 2.842(3) to 3.238(3) A P(1)-Se(7) 2.197(4) P(6)Se(4) 2.224(5)
with an average distance of 2.99(1) A. These bond distances EE&E?S ) 22.'1133((%) P(E)Se(18) 2126(53)

are expected for TH. The thorium polyhedra are linked by

three distinct ethane-like §Bs)*" building blocks to form  sulfur atoms to one or more atoms. The sixth sulfur atom is
the layers. The 5-fold coordinate binding 0b$8)*” modes  terminal and bonded to phosphorus and cesium cations. No
are shown in Figure 3ac. The (BSg)*~ building block  terminal sulfur atoms are bonded to Th(1) or Th(2); all sulfur
contains a PP bond making the phosphorus formally atoms belong to thiophosphate building blocks.
tetravalent. Each building block coordinates five of its six ~ The fundamental unit in each [IRS;g* layer is a

— - - tetramer of thorium polyhedra. Each tetramer is linked to
(14) Wilkinson, F.; Kelly, G.CRC Handbook of Organic Photochemistry

Scaiano, J. C., Ed.; CRC Press: Boca Raton, FL, 1989; Vol. 1, pp ngighbori_ng tetramers_thrOUQh two )"~ buildin.g bIQCks'
293-314. Figure 4 illustrates a single [ER:S1g]*~ layer, while Figure

Inorganic Chemistry, Vol. 44, No. 6, 2005 2109
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Figure 5. (a) Polyhedral view of C&h,PsS;s with thorium as striped polyhedra and Cs(4) as black polyhedra showing a completed layer that is similar
to (b) the [LaRBSg]~ layers in KLaRSs. Phosphorus and other alkali metals were removed for clarity.

Figure 6. Polyhedral view down the-axis of RbTh,PsSe1. Equatorial
circles are Rb, open circles are Se, filled circles are P, and polyhedra are
Th.

3d illustrates the coordination within a single tetramer unit.
Each tetramer contains two Th(1) and two Th(2) polyhedra;
the two Th(1) polyhedra form the interior portion of the unit
and are edged shared through S(9) and S(9A) while the two
Th(2) polyhedra cap the unit by sharing the triangular face
containing S(5), S(6), and S(7).

Compound has no known rare earth analogues; however,
the layered structure is related to the class of rare earth
compounds with the empirical formula ARER (A = Na,
K; RE = La, Ce, Pr, Sm, Gd; & S, Se}° by the following
consideration:

ALaP,Q; x 3= A,La,PQ;q
3La"y = 2(thY) + A'
AsLlagPeQis = A, Th,PQyg

Both | and ARERQs are layered structures with the
ethane-like (EQe)*~ building block. The coordination envi-
ronments around Th(2) and the rare earth are similar,
coordinating nine chalcogenides belonging to four building Figure 7. Thermal ellipsoid plots at 50% of RBh,PsSe»; showing (a)

blocks. Two (RQs)*~ building blocks are coordinated to the the 8-coordinate binding environment of Th(1) and Th(2) linked by two
(PSe)®~ building blocks, (b) the binding environment between adjacent
Th(1) with two tridentate (PS¥~ building blocks, and (c) the binding
environment between adjacent Th(2) with a hexadenta@e{P~ building

(15) Chen, J. H.; Dorhout, P. Knorg. Chem.1995 34, 5705-5706. (b)
Evanson, C. R.; Dorhout, P. Knorg. Chem 2001, 40, 2884-2891.

(c) Chen, J. H.; Dorhout, P. Knorg. Chem 1996 35, 5627-5633.  PIock-
(C(jr)]ﬁnfz%”dz‘]ﬁ"é‘éﬁ'{‘éy'@;’gjgﬁ'd;j#',zﬁq”aéz__'gf.s’K'\Sr'n@SOﬁg: metal in a face-shared arrangement, one building block is
Solid State Chen2001, 160, 195-204. edge-shared, and one is corner shared. Compduhoks

2110 Inorganic Chemistry, Vol. 44, No. 6, 2005
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U d"‘\\. corsl_J

,,,/-/). . / {\v///. A ,‘

Figure 8. Polyhedral view of the [T¥PsSes]’~ 1-dimensional chain in RFh,PsSex1. Rb atoms were removed for clarity. Open circles are Se, black
circles are P, black polyhedra are the (§®ebuilding blocks, and striped polyhedra are Th.

not have a herringbone structure of the ® bonds when The one-dimensional chains are seen in Figure 8. Th(1)
viewed along the direction as seen in ARE®s. If the Cs(4) and Th(2) polyhedra are corner-shared through Se(5) and
atoms in CsTh,PsS;s were drawn as polyhedra, Figure 5a, 3-fold coordination of a [PS§~ tetrahedron, Figure 8. Th(1)
compound would have a complete layer of interconnected atoms are connected together through two tetrahedral]fPSe
polyhedra similar to ARER), Figure 5b. Since thorium  units, Figure 7b, creating a tetramer of thorium polyhedra.
exists as a tetravalent species, the compound will not chargeThe tetramers are connected to each other through ethane-
balance if the ARERs structure is adopted. A cesium atom like [P,Se&]*~ units and Th(2) polyhedra, Figure 7c, creating
occupies a site in the layer to form the new structure of a zigzag one-dimensional ribbon. All selenium atoms coor-
compound . The compound requires the alkali metal for a dinated by thorium are part of a selenophosphate building
stable structure as the reaction did not form a thorium block. Th(2) is capped by a 2-fold coordinate [RFSeunit
analogue of URS; which is also charge balanced but has an while Th(1) is capped by a 3-fold coordinate.f]*~ unit.
unrelated structur®. The mixed tetrahedral and ethane-like building blocks are
Rb7Th,PsSes (II). A single red crystal of RITh,PsSe; found in the class of compounds with the formulsR&ER.Q;
was selected, 17 968 (9629 independent) reflections were(A = K, Rb, Cs; RE= La, Ce, Sm; Q= S, Se)!*P15¢17The
collected, and an absorption correction was applieg R Rb;Th,PsSe; structure has no known rare earth analogues
0.1124). Data were collected withirfarange of 1.36-28.31° yet is related by the following consideration:
to a completeness of 86.7% with a data index range 15

<h=15-16< k= 16, and-21 < | < 21. The structure AzLaPQ; x 3= AglasPeQy
was solved inP1 by Patterson methods with final electron " v |
density residuals of 2.521 ane2.147 e A3. All atoms were 3(La’) =2(Th™) + A

refined anisotropically or? for 325 variables? Select
crystallographic data, atom positions, and a list of selected
bond distances are listed in Tables 1, 4, and 5.

AgLagPeQyy = A;Th,PQy

The metal polyhedra of RER.Q; form one-dimensional

. - . - : _ Sio!
thmpoundl is Icompose(.j of one dlmens'onaLEPGSQﬂ_ chains that are interconnected by (JQ tetrahedra similar
chains running along thedirection, Figure 6. The rubidium to Il . The chains then form a two-dimensional layer using

cations surround the chains anq provide_z charge_ balanc_e in(P2Q6)4_ units through the same 6-fold coorination as seen
the structure. Two crystallographically unique thoriums exist in Il Figure 10. If the site occupied by the Rb(3) atonilin

in this structure. The thorium environment is shown in Figure ;o 401 as a polyhedron, Figure 9a, the one-dimensional
7a. Both are coordinated by 8 selenium atoms in a distortedChains would connect an(;l the comp,ound would have the
b!capped trigonal prism geometry. The Tthe bond same two-dimensional layer asRERQ;, Figure 9b. Once
distances range from 2.986(2) to 3.24_3(2) A with an average again, due to the charge balance issues discussed for
c2)f 3'2721(2) A'Z Th; T‘{](zf}:e bond dlstar;ces ranzgeAfro? compound, the structure adopts the novel one-dimensional

93 (,) to 3.275(2) A with an average o _3'059( ) A. The actinide chain structure by substitution of an alkali metal in

bond dlsta_mces are expected forTHr he thorium polyhedr_a_ the layer. Moreover, one expects that as the ratio of alkali
are also interconnected by two selenophosphate buildingeia'tg actinide metal increases, the dimensionality of the

- i 47 i 1
blocks, the ?tha_ne like §Be]*", and the tetrahedral [P3¢ . structure changes from a two-dimensional structure to a one-
The [RSe]*" unit contains a PP bond making the oxidation dimensional structure

state of the phosphorus formally tetravalent. The phosphorus Several examples of one-dimensional chalcophosphate

in [PSe]*" is formally pentavalent. The compound is charged compounds and one-dimensional compounds with mixed
balanced with thorium being formally tetravalent.

(17) Evanson, C. R.; Dorhout, P. khorg. Chem 2001, 40, 2875-2883.
(16) Do, J.; Kim, J.; Lah, S.; Yun, HBull. Korean Chem. S0d.993 14, (b) Chondroudis, K.; Kanatzidis, M. Gnorg. Chem1998 37, 3792—
678. 3797.

Inorganic Chemistry, Vol. 44, No. 6, 2005 2111



Chan et al.

Figure 9.

other alkali atoms were removed for clarity.

A
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Figure 10. Diffuse reflectance spectra in Kubetkdunk units of (a) Cs
ThyPsS1g and (b) RbThoPsSe;.

building blockd® are reported in the literature. ;K-
(PSe&).(P:Se&)?° and KMP,S; (M = Cr, V)?! most closely

resemble the chains seenlin The compounds form edge-

(18) Cody, J. A.; Mansuetto, M. F.; Pell, M. A.; Chien, S.; Ibers, JJA.
Alloys Compd1995 219 59-62. (b) Chondroudis, K.; Kanatzidis,
M. G.; Sayettat, J.; Stephane, J.; Brec,|Rorg. Chem.1997 36,
5859-5868. (c) Gauthier, G.; Jobic, S.; Brec, R.; Rouxellnarg.
Chem.1998 37, 2332-2333. (d) Coste, S.; Kopnin, E.; Evain, M,;
Jobic, S.; Brec, R.; Chondroudis, K.; Kanatzidis, M. &lid State
Sci.2002 4, 709-716.

(19) Derstroff, V.; Tremel, W.; Regelsky, G.; Schmedt auf der Gunne, J.;

Eckert, H.Solid State Sci2002, 4, 731-745.

(20) Chondroudis, K.; Kanatzidis, M. @. Solid State Cheni998 136,
79-86.

(21) Tremel, W.; Kleinke, H.; Derstroff, V.; Reisner, C. Alloys Compd.
1995 219 73-82.

2112 Inorganic Chemistry, Vol. 44, No. 6, 2005

(a) Polyhedral view of RiTh,PsSey; with thorium as striped polyhedra and Rb(3) as black polyhedra showing a two-dimensional layer that is
similar to (b) the [LaRS;]~ layers found in KLaPS;. Phosphorus atoms are shown as closed circles, selenium and sulfur are shown as open circles, and
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Figure 11. Raman spectra of (a) @BPsS;5 and (b) RbThyPsSes.

shared dimers that are interconnected by two {PSer
(PSe)* units. The dimers are then linked together by a
tetradentate (fBe;)* unit. The indium compound contains
the (BRSe)*" lying perpendicular to the chain. The chromium
and vanadium compounds contain theS&)*" lying along

the chain similar tdl but in a 4-fold coordinate fashion as
opposed to the 6-fold coordinate bindinglin Thorium, due

to its larger radius, is able to coordinate with a larger number
of selenium atoms.

Electronic Spectroscopy.The electronic structures of the
two compounds were analyzed using diffuse reflectance
spectroscopy. The band-gap analysis of the compound
indicates that CFh,PsSis, |, has a band gap of 2.7 eV,
Figure 10a, and Riih,PsSey, Il , has a band gap of 2.0 eV,



Quaternary Thorium Chalcophosphates

able 6. Room-Temperature Raman Spectral Peaks is tentatively assigned tBsy symmetry? e three peaks
Table 6. Room-T R S | Peaks {rof tentatively gned tBg sy try?® The three peak
CsThoPsS1s at 150, 164, and 221 crhare assigned tog (Ey), vs (Ey),
CsiTha(P2Ss)s KlaP,Ss!®  KoFeRSe? Daq band assgnt andv; (Ag). The peak at 247 cm indicates the (FBe)*"
89w 90 may also be assigned witl, symmetry with vy, (Bg)
1‘;1"”‘4 11 stretching?* The final two unassigned peaks at 173 and 185
188'm 183 vs (Asg) cm ! are similar to unassigned peaks found in,TBsPs-
204 vw 204 Sea.®
255 w 245 v11 (Eu)
310s .
358w Conclusions
412 vs 387 391 2 (A1g) .
We have prepared two novel thorium quaternary com-
;aleeh TD- SRoom-TemPerature Raman Spectral Peaks {yrof pounds with novel structures using the reactive flux method.
brThPeSen CsiThyPsSis formed a layered structure containing a tetramer
Dad Can Tq of thorium polyhedra interconnected by the thiophosphate

Rb;Thy-  MgoP-  band PhP»- band KslLa- band
PsSen Se??  assgnt Se?  assgnt (PSa);!’? assgnt

142 w 145 vy (Ey)

building blocks. RBTh,PsSe; crystallized as a one-
dimensional chain structure with two different selenophos-

150 m 149 wo(Ep) 149  wa(Ay phate building blocks interconnecting the thorium polyhedra.
164 w 165  vg(Eg) 163 va(F2) The two structures are related to known rare earth structures.
igg@v Due to charge balance issues, alkali metals are inserted into
221vs 222 (A9 215 ws(Ag rare earth sites to create the novel structures. As expected,
233s 237 n(Ay) by increasing the alkali metal to actinide metal ratio, the
247 m 244 Vlz(Bg)

dimensionality of the structures reduce as compared to the
Figure 10b. The band gaps correlate to the colorless and red ¢ earth structqres. The band gap of the compounds

) correlates well with the observed crystal color. Raman
colored crystals of compoundsand Il respectively. The )

: . . spectroscopy confirmed the presence of the chalcophosphate
band gaps are also consistent with other thio- and Seleno_buildin blocks. The alkali metal actinide chalcophosphate
phosphate compounds studied. hase% ace c<.3ntinues to produce extremel dif)/ersep struc-

Raman SpectroscopyRaman spectra were collected on P P o P y .
tures. Our continuing work explores the sodium actinide

compounds andll, Figure 11. The spectrum in Figure 11a halcophosphate oh p | struct d o stud

shows the general features of the ethane-likS{P~ unit ciza cof? otsp fa tf? P ﬁ(se"srﬁatt:el or:(t);]/e N ;?r::iéjreshaﬁ] ohs udy

of Cs,ThyPsSyg, |. Spectral peaks and tentative band assign- size etiects ot the alkall metals on the ac € chaicophos
phate structures.

ments are listed in Table 6. Three peaks are tentatively
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