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The reaction of Ta with an in situ formed polythiophosphate melt of Cs,Ss, P,Ss, and S yields the two new quaternary
tantalum thiophosphates Cs;Ta,P2S1, (I) and CssTasP4Sy4 (II). Both compounds were obtained with the same
stoichiometric ratio but at different reaction temperatures. Compound | was prepared at 873 K and crystallizes in
the monoclinic space group P2;/c (No. 14) with a = 8.862(2) A, b = 12.500(3) A, ¢ = 17.408(4) A, B = 99.23(3)°,
and Z = 4. Compound Il was prepared at 773 K and crystallizes in the monoclinic space group P2,/n (No. 14) with
a=14.298(3) A, b = 17.730(4) A, ¢ = 16.058(3) A, B = 106.19(3)°, and Z = 4. The two structures are closely
related and exhibit two-dimensional anionic layers consisting of dimeric [Ta,Si1] units which are linked by two
tetradentate and two tridentate [PS,] tetrahedra. The significant difference between these two compounds is the
orientation of the [Ta,Sy1] units in infinite [Ta,S4(PS4)]x chains which are subunits of both structures. The specific
orientation of the [Ta,Sy;] blocks in compound | leads to the formation of one cavity in the 2.[Ta,P,S15]?~ layers,
whereas in compound Il two types of cavities are observed in the 2.[Ta4P4Sy4]*~ layers. The Cs* ions are located
between the layers above and below the cavities. The compounds were characterized with infrared spectroscopy
in the MIR region, Raman spectroscopy, and UV/Vis diffuse reflectance spectroscopy. When Cs,TasP4Sy4 (1) is
heated at the synthesis temperature of compound | it is fully converted into compound I.

Introduction structures, and properties of the new quaternary thiophos-
phates with group 5 metals, Rtb,P,S;:* and RRTaPsSx4.2

We demonstrated that a systematic variation of the reaction
nparameters, e.g., temperature, reaction time, and stoichiom-
etry of the starting materials, leads to the formation of new
quaternary thiophosphates with interesting structural features.
Upon analyzing the structures of these compounds often
[M2S;1] or [M3S;7] units and tetrahedral [BB~ groups are
found as the general structural motifs¢1° A highly
interesting observation in the structures with group 5 metals
is that in the overwhelming number of compounds only the
[PS]® anion occurs as the building unit. An exception is
vanadium for which [B5¢]*~ and [RS;]* anions were re-
ported®=> The well characterized [B]" species such as

The use of the molten alkali metal polychalcophosphate
flux method is a well-established synthetical tool to synthe-
size new quaternary chalcogenphoshates. The in-situ fusio
of AxQy, P:Qs, and Q (A= alkali metal, Q= S, Se) forms
highly reactive, discrete [®/]" anions which in the
presence of metal ions coordinate and become the building
block of new structures. Group 5 metal thiophosphates are
known for their low-dimensional crystal structures and
interesting physical properties. In the structures of com-
pounds in the AM—P—S system (A= alkali metal, M=
group 5 metal) the dimensionality of the anionic parts varies
from one-dimensional chains to three-dimensional intercon-
nected network: % Very recently we reported the syntheses,
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Layered Quaternary Tantalum Thiophosphates

[P2Se]?~, [P2Se]*, [P2Sol*, [P2S1d* [PsSo®, [PsSid®,
[P4S12*, or [P4S13]¢~ 1+18 are never found in the quaternary

Table 1. Crystal Data and Structure Refinements fopTasP2S2 (1)
and CgTauPsSy4 (1)

group 5 thiophosphates. Therefore, we decided to investigate CeTaP;S12 CsiTaPsSy
intensively the A-M—P—S family (A = alkali metal, M= fw 1074.38 2148.76
group 5 metal). In our ongoing investigations of quaternary space group P2,/c P2)/n
tantalum thiophosphates synthesized applying a polythio- () 8.862(2) 13.298 (3)
phosp Yy _ pplying a poly b (A) 12.500 (3) 17.730 (4)
phosphate melt, we have obtained two new quaternary  c(A) 17.408 (4) 16.058 (3)
mpounds: P,Si2 (1) and CsTaPsSy4 (I1). Here w B (deg) 99.23 (3) 106.19 (3)
compounds: CIaPSi (1) and CsTalPsSy (I). Here we V(A3 1903.3 (7) 3900.2 (14)
report the synthesis, the crystal structures, and the optical 5 2 4
properties of these new quaternary thiophosphates. T(K) 293 293
Dearc (g/cm?) 3.749 3.651
Experimental Section # (mm) 16.72 16.28
Rint 0.0518 0.0582
Synthesis.The following reagents were used as obtained: Cs R1 (Fo > 40(Fo)) 0.0540 0.0352
(99.5%, Strem), Ta (99.97%, Fluka),R (99.99%, Alfa), S ‘ggi(a" data) 22493 v

(99.99%, Heraeus). GS; was prepared from a stoichiometric ratio
of the elements in liquid ammonia under an argon atmosphere. Thetaple 2. Atomic Coordinates and Equivalent Isotropic Displacement
compound CsT&:P,S;, (I) was prepared by the reaction of 0.28 Parameterdleq (A2-10%)2 for C$TaoP,S1, (1)P

mmol CsS;, 0.56 mmol Ta, 0.28 mmol &85, and 1.1 mmol S.

The reaction mixture was thoroughly mixed in afMled glovebox atom X Y 2 Ueg
and loaded into a silica tube which was evacuates (102 mbar) lzgg _8 '515532((11)) 8 'zlfgg((ll)) g '01037592((11)) 2201((11))
and flame-sealed. The ampule was placed in a computer-controlled cg(1) ~0.3068(1) 0.3844(1) 0.2166(1) 39(2)
furnace and heated to 873 K within 18 h. After 4 days the sample Cs(2) 0.1634(1) 0.5663(1) 0.1809(1) 63(1)
was cooled to 523 K wit 2 K h™%, and then in 10 h to room P(1) —0.7049(3) 0.2627(2)  —0.1796(2) 24(1)
temperature. P(2) —0.2208(3) 0.2557(2) 0.0051(2) 23(1)
. S(1) —0.7527(3) 0.3621(2)  —0.0944(2) 27(1)
Cs;TasPsSy4 (I1) was prepared from a reaction of 0.25 mmol s(2) 0.3965(3) 0.1546(2) 0.2394(2) 27(1)
CsSs, 0.25 mmol Ta, 0.25 mmol#Ss, and 1.8 mmol S. The starting S(3) 0.1063(3) 0.2962(2) 0.2493(2) 27(1)
materials were loaded into a glass ampule (Duran) and were heated S(4) 0.0156(3) 0.0462(2) 0.1554(2) 32(1)
to 773 K for 6 days and then cooled to room temperature with a ~ S(3) —0.0427(3) 0.3222(2) 0.0821(2) 27(1)
cooling rate 63 K h*_l. To remove unreacted %S, the resultant gg% _%.512%(;((?) %.11254(57((%)) :8:(1)822% gg&;
melt was washed with DMF and ether. The produtjsagd (1) S(8) —0.6597(3) 0.0705(2) 0.0687(2) 24(1)
(yield: ~70% based on Ta) consisted of orange crystals which are  S(9) —0.3467(3) 0.1522(2) 0.0640(2) 27(1)
stable in air and moisture. A semiquantitative EDX analysis of ~ S(10) —0.3857(3) 0.3723(2)  —0.0210(2) 28(1)
single orange crystals indicated the presence of all four elements 283 :g:éggggg géigigg _0'8%%%(5()2) 3‘2(}()1)

(Cs, Ta, P, and S) for both compounds in an approximate atomic
ratio of 1:1:1:6.

Structure Determinations. Single-crystal X-ray diffraction data
were collected using a STOE Image Plate Diffraction System
(IPDS) (Mo Ka. radiation;4 = 0.71073 A). Structure solution was

aThe Ueq is defined as one-third of the trace of the orthogonalizgd
tensor.? Estimated standards deviations are given in parentheses.

FT-spectrometer (ATI Mattson). Single crystals of the compounds

performed with SHELXS-97¢ Refinement was done against F~ Were ground together with KBr and pressed into a transparent pellet.
using SHELXL-971° All atoms were refined with anisotropic ~ Selid-State UV/Vis/NIR Spectroscopy UV/Vis-spectroscopic
displacement parameters. Technical details of the data acquisitioninvestigations were conducted at room temperature using & UV
as well as some refinement results for compouhdsid Il are Vis—NIR-two-channel spectrometer Cary 5 from Varian Techtron
summarized in Table 1. Atomic coordinates and equivalent isotropic Pty-» Darmstadt. The optical properties of the compounds were
displacement parameters are given in Table 2 for compduamdi investigated by studying the UV/Vis reflectance spectrum of the
in Table 3 for compoundi . powdered sample. The absorption data were calculated using the
Infrared Spectroscopy. Infrared spectra in the MIR region Kubelka—Munk relation for diffuse reflectance data. Baggwder

(4000-400 cn1, 2 cnT! resolution) were collected on a Genesis Was used as reference material. _ o
Semiquantitative Microprobe Analyses.Semiquantitative mi-

croprobe analyses were performed using a Philips ESEM XL 30
scanning electron microscope equipped with an EDAX analyzer.
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Results and Discussion

Crystal Structures. CTaP,S;, (1) crystallizes in the
monoclinic space group2,/c with 4 formula units in the
cell. The two crystallographically independent Cs, Ta, and
P atoms as well as the 12 unique S atoms of compolnd (
are located on general positions. In the structufBa,P>S;5]>~
anionic layers are found which are separated by the Cs
cations (Figure 1).

(19) Sheldrick, G. MSHELXL97 and SHELXS9W@niversity of Gdtingen,
Germany, 1997.

The layers are formed by the interconnection of dimeric
[Ta:;S;y] units and [Pg tetrahedra. Each Ta atom is
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Table 3. Atomic Coordinates and Equivalent Isotropic Displacement
Parametert)eq (A2 10%)2 for CsTauPsSps (11 )P

atom X y z Ueq

Ta(1) 0.2500(1) 0.3909(1) 0.7575(1) 13(1)
Ta(2) 0.1345(1) 0.2279(1) 0.8094(1) 12(1)
Ta(3) 0.1714(1) 0.3763(1) 1.3409(1) 13(1)
Ta(4) 0.2120(1) 0.2130(1) 1.2340(1) 14(1)
Cs(1) 0.4934(1) 0.5163(1) 0.6239(1) 28(1)
Cs(2) —0.1318(1) 0.3336(1) 1.0322(1) 36(1)
Cs(3) 0.3589(1) 0.4374(1) 1.0489(1) 38(1)
Cs(4) —0.0564(1) 0.3720(1) 0.5018(1) 49(1)
P@1) 0.2953(2) 0.0423(2) 1.2983(2) 21(1)
P(2) 0.3099(2) 0.5652(1) 0.8314(2) 15(1)
P(3) 0.1578(2) 0.2166(2) 1.0190(2) 16(1)
P(4) 0.2523(2) 0.3893(1) 1.5526(2) 14(1)
S(1) 0.1374(2) 0.2898(1) 0.6708(2) 18(1)
S(2) 0.2003(2) 0.1425(1) 0.9380(2) 17(1)
S(3) 0.1801(2) 0.1049(2) 1.3215(2) 23(1)
S(4) 0.2758(2) 0.4479(2) 1.2618(2) 20(1)
S(5) 0.3193(2) 0.2816(1) 1.3339(2) 18(1)
S(6) 0.1016(2) 0.3286(2) 1.1909(2) 20(1)
S(7) 0.3906(2) 0.4824(1) 0.7922(2) 21(1)
S(8) 0.0016(2) 0.1680(2) 0.7428(2) 20(1)
S(9) 0.0659(2) 0.2603(1) 1.2808(2) 19(1)
S(10) 0.2564(2) 0.1400(1) 0.7658(2) 20(1)
S(11) 0.3031(2) 0.4415(2) 1.4604(2) 23(1)
S(12) 0.0753(2) 0.3570(1) 0.7454(2) 18(1)
S(13) 0.0864(2) 0.2952(2) 0.9314(2) 24(1)
S(14) 0.1921(2) 0.4963(1) 0.8335(2) 19(1)
S(15) 0.1769(2) 0.4611(1) 0.6090(2) 17(1)
S(16) 0.1705(2) 0.3053(1) 1.4771(2) 17(1)
S(17) 0.3545(2) 0.3449(2) 0.6569(2) 18(1)
S(18) 0.0760(2) 0.1678(2) 1.0891(2) 24(1)
S(19) 0.3113(2) 0.3046(2) 0.8616(2) 20(1)
S(20) 0.2755(2) 0.2620(2) 1.1087(2) 22(1)
S(21) 0.3252(3) 0.1160(2) 1.2095(2) 30(1)
S(22) 0.0531(2) 0.4558(2) 1.3348(2) 27(1)
S(23) 0.3772(2) 0.6137(2) 0.9427(2) 26(1)
S(24) 0.4011(4) 0.0173(3) 1.4010(3) 60(1)

aThe Ueq is defined as one-third of the trace of the orthogonalizigd
tensor.? Estimated standards deviations are given in parentheses.

Figure 1. Crystal structure of G aP,S;, (I) with view along [0 1 0].

surrounded by ongx>-7?, #?-S?>~ anion, oneu,-S?~ ion, and
four terminal $~ anions in a distorted pentagonal bipyra-
midal environment (Figures 2 and 3, left). Two of these
distorted [Tag groups share a triangular face made of mono-
and disulfide anions to form the dimeric [&,] units.
Hence, the coordination mode can be described agf7Fa
S) 21 *-S2) (Sl*

The Ta(1) atom is 0.315 A below the pentagonal plane
formed by S2-S3—S5-S7-S8, whereas the Ta(2) atom is
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Figure 2. Interconnection of the [T#:1] units by [PS] tetrahedra in Cs
TaP,S12 (1) with atomic labeling. The ellipsoids are drawn at the 50%
probability level. The dashed lines represent the longestSThonds.

0.219 A above the pentagonal plane formed by-ST—
S8-S9-S10. The angle between these two planes is°72.3
The Ta-S bond lengths range from 2.192(3) to 2.740(3) A.
Each of the two unique Ta atoms has a short bond to a sul-
fur atom (S(4) and S(12)) of about 2.2 A. We note that the
short bond of Ta(1) is to the terminal S{4)anion, whereas
Ta(2) has the shortest bond to #€S(12¥~ anion which is
bound to Ta(l) (Table 4, Figure 2). These short distances
match well with those reported for compounds containing
the complex anion [Tg5;,]4. 2022

The longest Ta'S bonds of 2.740(3) A for Ta(YS(12)
and 2.629(3) A for Ta(2)S(6) are observed in trans position
to the short TaS bonds. Again, this TaS bond lengths
pattern was also found in compounds with the J8igd*~
anion?°-22\We note that the coordination mode of the metal
centers in the pentagonal bipyramid of the ternary sulfides
AM,S;; (A = K, Rb, Cs, Tl; M = Nb, Ta) is quite
different?°=24 In both pentagonal planes of the {84
anion are onej>-S,*~ unit, oneu,-S*~ anion bridging the
two M>" atoms, and oneug-172n*-S;) anion which isy? to
one MP* while one S atom of this unit serves as a bridging
atom to the second M center (Figure 3, right). Therefore,
the connection mode for these pBy]*~ anions may be
described as [Tuz-S)ua121m%-S2)2(17%-32)2(S)k]* . In the
pentagonal planes of compouhdre three 8 anions and
one (>-n%,1%S;) anion which isy? to both Ta atoms. The
12~ unit bridging the two Ta atoms is moved out of the
pentagonal plane and is located in axial position (Figure 3,
left). From a formal point of view the 53~ anions in the

(20) Herzog, S.; Nther, C.; Bensch, WZ. Anorg. Allg. Chem1999 625
969-974.

(21) Ditrichen, P.; Bensch, WActa Crystallogr.1998 C54, 706—708.

(22) Teske, C. L.; Bensch, WZ. Anorg. Allg. Chem2001, 627, 385—
389.

(23) Bensch, W.; Drichen, P.Eur. J. Solid State Inorg. Chert996 33,
527-536.

(24) Bensch, W.; Drichen, P.; N¢her, C.Solid State Scil999 1, 85-108.
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Figure 3. Crystal structure of the [[:&;5]%~ anion in CsTaP,S; (1) (left) and A TaS;; (A = alkali metal, TI) (right). The dashed lines represent the

longest Ta-S bonds.

Table 4. Selected Distances (A) and Angles (deg) forTzsP,S;> (1)

Ta(1)-S(2) 2.564(3) Ta(1)yS(3) 2.551(3)
Ta(1)-S(4) 2.192(3)  Ta(1)S(5) 2.572(3)
Ta(1)-S(7) 2514(3)  Ta(1)S(8) 2.536(3)
Ta(1)-S(12) 2.7403)  Ta(®s(1) 2.588(3)
Ta(2)-5(6) 2.629(3) Ta(2}S(7) 2.576(3)
Ta(2)-S(8) 2.495(3)  Ta(2}S(9) 2.490(3)
Ta(2)-S(10) 2563(3) Ta(®)s(12) 2.255(3)
S(7)-S(8) 2.069(4)

P(1)-S(1) 2.031(4) P(BS(2) 2.067(4)
P(1)-S(3) 2.052(4)  P(1)S(6) 2.026(4)
P2)-S(5) 2.073(4)  P(2)S(9) 2.082(4)
P(2)-S(10) 2.062(4) P(2)S(11) 1.967(4)
S(1-P(1r-S(2)  110.9(2) S(BP(1)-S@3) 114.5(2)
S(3)-P(1)-S(2) 99.8(2) S(6YP(1)-S(1) 105.8(2)
S(6-P(1-S(2)  113.5(2) S(6YP(1)-S(3) 112.6(2)
S(5-P(2-S(9)  110.1(2) S(10IP(2-S(5)  107.3(2)
S(10-P(2-S(©)  97.5(2) SABPR2)-S(B)  112.0(2)
S(11-P(2)-S(9) 113.7(2) S(IBP(2-S(10)  115.2(2)

[M2S15]4~ groups are oxidized followed by a pronounced
rearrangement of the ligands within the §8,] unit.

The S-S bond length in the £ anion amounts to
2.069(4) A and is in the expected range for aSsingle
bond (Table 4). The TaTa distance within the [T,8;1] units
amounts to 3.443(2) A, which is too long for metal-to-metal
interactions [r(T&t) = 0.69 A]25

The most interesting feature of the structure is the
connection scheme of the [4%] units via [PS] tetrahedra.
Each [TaS;;] group shares common edges with two tet-
radentate [P tetrahedra, a common corner as well as a
common edge with two tridentate [fJStetrahedra. The
interconnection of the [T&:] units via the tridentate
P(2)S® anions yields infinite [TaB4(P(2)S)]x chains run-
ning parallel to the crystallographe axis (Figure 4). On
the other hand, the connection of the {$a] building blocks
via the tetradentate P(1)S anions leads to the formation
of another chain [T£4(P(1)S)]x which is directed along the
¢ axis. In neighboring chains the [%] building blocks
exhibit the same orientation (Figure 4). In addition, the
terminal S atom of the P(2)S anion in the [TaSy(P(2)-
Sy)]x chain always points into the same direction (Figure 4).

The layered?,[Ta,P,S;,]?>~ anion extending within the

Figure 4.

Interconnection of the [T#&;i] units via tridentate [P$
tetrahedra in G8 aP,S;» (1) parallel to the crystallographi axis and the
interconnection of the individual chains by the tetradentate][@8ahedra.
Cs" cations are omitted for clarity.

proximate diameters of about 679.17 A (measured from
coordinate to coordinate) (Figure 4).

The average PS bond lengths in the two unique PS
anions amount to 2.044 and 2.046 A (Table 4). The
individual P-S distances range from 1.967(4)(8, t =
terminal) to 2.082(4) A (P Sy, br = bridging) (Table 4).
The [PS] tetrahedra are strongly distorted as is evidenced
by the S-P—S angles between 97.5(2) and 115.2(2)able
4). These distortions of the tetrahedra are similar to those
found in other [Pg containing compounds2627

The two crystallographically independent alkali metal
cations are in an 11-fold coordination (Cs(1l), average
Cs(1)-S distance 3.785 A), and a 9-fold coordination
(Cs(2), average Cs(2)S distance 3.735 A). The Csations
are located above and below the cavities. The average&Cs
bond lengths are in agreement with the sum of the ionic
radii.?®

The structure of CFasPsS;4 (I1') (Figure 5) is isotypic to
that of RbTayP4S;4.2 In the structuré.[TasPsS4]*~ anionic
layers are separated by Cs atoms. The layers are also built
of dimeric [TaS,,] units and [Pg] tetrahedra. The TaS

(010) plane may be viewed as the condensation product ofdistances of the two distinct [3&..] building blocks range

two chains that are running parallel to different crystal-

lographic directions. The distinct connection scheme leads

to the formation of cavities within the layers with ap-

(25) Shannon, R. DActa Crystallogr.1976 A32 751-767.

from 2.179(3) to 2.786(3) A. Each of the four crystallo-

(26) Cieren, X.; Angenault, J.; Couturier, J.-C.; Jaulmes, S.; Quarton, M.;
Robert, F.J. Solid State Chen1.996 121, 230-235.

(27) Derstroff, V.; Ensling, J.; Ksenofontov, V.; @igh, P.; Tremel, W.
Z. Anorg. Allg. Chem2002 628 1346-1354.
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Figure 5. Crystal structure of G3asPsSz4 (I1') with view along [1 0 0].

Table 5. Selected Distances (A) and Angles (deg) forTaPsSz4 (I1)

Ta(1)-S(1)
Ta(1)-S(12)
Ta(1)-S(15)
Ta(1)-S(19)
Ta(2)-S(2)
Ta(2)-S(10)
Ta(2)-S(13)
Ta(3)-S(4)
Ta(3)-S(6)
Ta(3)-S(11)
Ta(3)-S(22)
Ta(4)-S(5)
Ta(4y-S(9)
Ta(4)-S(20)
S(1)-S(12)
P(1)-S(3)
P(1)-S(21)
P(2)-S(7)
P(2)-S(14)
P(3-S(2)
P(3)-S(18)
P(4)-S(11)
P(4)-S(16)
S(4)-P(1)-S(3)
S(21)-P(1)-S(3)
S(24)-P(1)-S(4)
S(7)-P(2)-S(14)
S(10)-P(2)-S(14)
S(23)-P(2)-S(10)
S(13-P(3)-S(2)
S(18)-P(3)-S(2)
S(18)-P(3)-S(20)
S(11)-P(4)-S(16)
S(15)-P(4)-S(11)
S(15)-P(4)-S(17)

2.548(3)
2.524(3)
2.633(2)
2.254(3)
2.522(2)
2.577(3)
2.546(3)
2.551(3)
2.484(3)
2.559(3)
2.183(3)
2.244(3)
2.550(3)
2.579(3)
2.059(4)
2.104(4)
2.064(4)
2.071(4)
2.089(4)
2.058(4)
2.029(4)
2.043(4)
2.066(4)
101.7(2)
96.4(2)
112.1(2)
96.4(2)
100.7(2)
114.2(2)
100.3(2)
113.4(2)
105.4(2)
99.1(2)
112.2(2)
102.8(2)

Ta(1)S(7)
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Ta(1)S(17)
Ta(2)S(1)
Ta(2)S(8)
Ta(2)S(12)
Ta(2)S(19)
Ta(3)S(5)
Ta(3)S(9)
Ta(3)S(16)
Ta(4)S(3)
Ta(4}S(6)
Ta(4)S(18)
Ta(4)S(21)
S(6)S(9)
P(ErS(4)
P(1)S(24)
P(2¥S(10)
P(2)S(23)
P(3yS(13)
P(3)S(20)
P(4)S(15)
P(4)S(17)
S(4yP(1)-S(21)
S(24yP(1)-S(3)
S(24YP(1)-5(21)
S(16YP(2)-S(7)
S(23)P(2)-5(7)
S(23)P(2)-S(14)
S(13)P(3)-5(20)
S(18)P(3)-S(13)
S(26)P(3)-5(2)
S(1BP(4)-S(17)
S(15)P(4)-S(16)
S(1AP(4)-S(16)

2.521(3)
2.498(3)
2.617(3)
2.492(2)
2.179(3)
2.555(3)
2.786(3)
2.727(3)
2.574(3)
2.527(2)
2.491(3)
2.562(3)
2.704(3)
2.468(3)
2.056(4)
2.055(4)
1.953(5)
2.066(4)
1.975(4)
2.041(4)
2.050(4)
2.037(4)
2.048(4)
111.2(2)
115.5(2)
117.8(3)
113.7(2)
114.3(2)
115.6(2)
111.8(2)
114.8(2)
111.4(2)
116.8(2)
115.4(2)
111.2(2)
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Figure 6. Interconnection of the two distinct [F&:] units by [PS]
tetrahedra in CdasPsSz4 (I1) with atomic labeling. The ellipsoids are drawn
at the 50% probability level. The dashed lines represent the longess Ta
bonds.

Figure 7. Interconnection of the [T#:1] units via tridentate [P§
tetrahedra in CaiP»Sz4 (1) parallel to the crystallographib axis and
the interconnection of the individual chains by the tetradentate] [PS
tetrahedra. Cscations are omitted for clarity.

(Table 5). The binding mode in the [F%4] groups may be
described as [T#uz-S)u2121%-S)(S)]* and is identical

graphically independent Ta atoms has a short bond to a sulfurwith that found inl.

atom (S(19), S(8), S(22), and S(5)) and the longestJa
bonds are again situated in trans position to the shortSTa

bonds (Table 5, Figure 6).
The Ta-Ta separations within the [F8i;] units

amount to 3.5407(7) A for Ta(BTa(2) and 3.4956(7) A

The connection mode between the {$a] and [PS]
groups in compount is closely related to that in compound
I. Again, two infinite [TaS4(PS))]x chains are observed which
are condensed to form the layered anion. One chain contains
only [Ta(1,2)34] or [Ta(3,4)S1] units and is directed along

for Ta(3)-Ta(4) and they are a little bit longer than those theb axis. In the second chain along tbexis [Ta(1,2)%i]

in compound . The S-S bond lengths in the,3 anions of
2.059(4) and 2.056(4) A are typical for aS single bond

3002 Inorganic Chemistry, Vol. 43, No. 9, 2004

and [Ta(3,4)%] groups alternate (Figure 7). The-S bond
lengths range from 1.953(5) {F5, t = terminal, average
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Figure 9. Raman spectra of GEapP,S12 (1) (A) and CgTauPsSy4 (11) (B).

P—S 1.964 A) to 2.104(4) A (P-S, br = bridging, average
P—S, 2.059 A) (Table 5) and are comparable with those
observed i and other thiophosphaté$®1°However, there
are significant differences between the structure$ ahd

II. In 1l the [T&S:;] units change their orientation within
the individual chains (compare Figures 4 and 7). The ter-
minal S atom of the P(2)8 anion joining the [Ta(1,2)8]
units along theb axis shows a left-right-left orientation
(Figure 7) whereas the P(L§S anion interconnecting the
[Ta(3,4)S1] blocks exhibits a right-left-right orientation
(Figure 7).
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rangement of the bulky [£&:] units inll and the occurrence
of two different cavities are responsible for the less dense
packing of the constituents.

A comparison with the geometrical parameters of the
isostructural compound Rba,P,S;4 reveals only a slight
influence of the Rb ions onto the geometric parameters of
the layered anion. Because of the smaller ionic radius ¢f Rb
the unit cell parameters are slightly shorter and the unit cell
volume is lower. The TaS bond lengths in R a;PsS;4
range from 2.172(2) to 2.770(2) A (average 2.508 A) and
agree well with those found in compouiid

A consequence of the distinct arrangement of the chains Optical Properties. The MIR spectra of G aP,S; (1)

is the formation of layers with two types of cavities (T1,
T2) (Figure 7). The larger cavity (T1) with an ellipsoidal
shape has a diameter of about 4-@%65 A (measured from

and CgTasP,Sy4 (I1') are shown in Figure 8. The spectrum
of | displays absorptions at ca. 616, 596, 580, 551, 532, 482,
430, and 421 cmt. Using the data published for other [PS

coordinate to coordinate) and the smaller is nearly rectangularcontaining compounds, the signals at 421, 430, 482, 532,

(T2) with dimensions of about 3.848.13 A.

551, 596, and 616 cm may be assigned to-FS stretching

The four crystallographically independent Cs cations are Vibrations:*#"3t The remaining signal at 580 crh is
located between the layers above and below the cavities.attributed to a S stretching mod#.

With a cutoff of 4.2 A the C$ ions are in a 9-fold coor-
dination (Cs(1), average Cs($ distance 3.586 A; Cs(3),
average Cs(3)S distance 3.769 A), in a 10-fold coordina-
tion (Cs(2), average Cs(2p distance 3.781 A) and in a
12-fold coordination (Cs(4), average Cs{4 distance
3.807 A).

The density of compoundl is significantly lower than
that of | (Table 1). It can be assumed that the special ar-

The spectrum of compouritl exhibits absorptions at 638,
632, 592, 565, 546, 538, 512, 482, 438, and 424cihhe
most intense absorption at 592 and the weak peak at 538

(28) McCarthy, T.; Kanatzidis, M. GJ. Alloys Compd1996 236, 70—
85.

(29) Loken, S.; Tremel, WEur. J. Inorg. Chem1998 283-289.

(30) Gieck, C.; Tremel, WChem. Eur. J2002 8 (13), 2980-2987.

(31) Evain, M.; Queignec, M.; Brec, Rl. Solid State Cheml988 75,
413-431.
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Figure 10. Transformed reflectance spectra of (A),C&P,S1» (1) and (B) CgTasPsSy4 (I1).

cm! are due to S S stretching vibration® The remaining
signals may be assigned to-B stretching modes. The
MIR spectrum ofll is in good agreement with that of
RbyTayPsS4.2

Raman spectra of GBapP,S;» (1) and CeTayPsSy4 (11) are
shown in Figure 9. In the spectrum ofvery strong ab-
sorptions are located at 201, 429, 480, and 513'cReso-
nances at lower energies (33020 cn1') may be assigned
to the S-P—S deformation modes of the [F]Setrahedra
and the Ta S stretching vibrations. The additional peak at
513 cn1! can be tentatively assigned to a8 stretching
mode. Compound exhibits strong absorptions at 424, 436,
and 481 cm?! which can be assigned to—5 stretching
vibrations. The spectrum df is in good agreement with

cooling to room temperature (cooling eaB8 K h1) the
product was investigated with X-ray powder diffractometry.
The diffraction pattern of the material could be fully indexed
on the basis of the pattern of compoundiccording to the
result of this experiment and as expected from the differing
densities the thermodynamically more stable compound at
room temperature should bbe

Summary

Two new quaternary tantalum thiophosphatesl@$>,S,»
(1) and CgTasPsS,4 (1) were prepared by applying an in
situ formed melt containing [8] units, demonstrating the
large potential of the synthesis method for the preparation
of new and interesting compounds. An interesting observa-

the observed MIR data and the Raman spectrum of tion is that in the structures only [F]$™ anions are found

RbyTayPsSy4.2
The UVis diffuse reflectance spectra bfand Il are

which act as tridentate or tetradentate ligands. TheJiih
units in the two compounds are interconnected by theg][PS

shown in Figure 10. The band gaps were estimated to units in a different fashion and in the layered anions different

approximately 2.29 eV (541 nm) fdrand 2.38 eV (521

cavities are formed. In compoutdnly one type of pore is

nm) for Il . These values are in good agreement with the observed, whereas the specific arrangement of the different

orange color of the crystals.

Thermal Properties. Further investigations have shown
that CgTasPsS,4 (II') is also obtained with the same sto-
ichiometric ratio as G aP,S;, (1) at 773 K. This indicates

building units inll leads to the formation of two different
cavities. Interestingly, when ¢BauP,S;4 (11) is heated to
873 K itis fully converted intd. Further syntheses are under
way to explore the quaternary group 5 thiophosphate system

that the formation of the structure depends on the temper-with the aim to prepare compounds that contain othg®JP
ature. Therefore, we investigated the possibility of a thermal groups.

conversion of compound into compoundl . In previous

investigations with respect to the thermal behavior of ternary St
group 5 chalcogenides we have demonstrated that the
directed thermal decomposition of compounds is a synthetical

tool for the preparation of new compoundsCompound]
was loaded into a silica tube which was evacuated 1910
mbar and flame-sealed. The sample was heated to 873
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