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Six new actinide metal thiophosphates have been synthesized by the reactive flux method and characterized by

single-crystal X-ray diffraction: QUs(P3S10)2(PSl)6 (l), K]_oThg(PzS7)4(PS;)2 (“ ), K5U(PSO3 (||| ), K5Th(PS;)3
(IV), RsTh(PS)s3 (V), and CgTh(PS)s (VI). Compound crystallizes in the monoclinic space groBg:/c with
a=33.2897(1) Ab = 14.9295(1) Ac = 17.3528(2) A3 = 115.478(19, Z = 8. Compound| crystallizes in
the monoclinic space group2/c with a = 32.8085(6) Ab = 9.0482(2) A,c = 27.2972(3) A8 = 125.720(1),

Z = 8. Compoundll crystallizes in the monoclinic space groBg:/c with a = 14.6132(1) A = 17.0884(2)

A, c=9.7082(2) Ap = 108.63(1}, Z = 4. CompoundV crystallizes in the monoclinic space groBp,/n with

a = 9.7436(1) A,b = 11.3894(2) A,c = 20.0163(3) A, = 90.041(1}, Z = 4, as a pseudo-merohedrally
twinned cell. Compound¥ crystallizes in the monoclinic space groBgy/c with a = 13.197(4) Ab = 9.997(4)

A, c=18.189(7) A8 = 100.77(1y, Z = 4. CompoundVI crystallizes in the monoclinic space groBp,/c with
a=13.5624(1) Ab = 10.3007(1) Ac = 18.6738(1) AS = 100.670(19, Z = 4. Optical band-gap measurements
by diffuse reflectance show that compoundsdlIll contain tetravalent uranium as part of an extended electronic

system. Thorium-containing compounds are large-gap materials. Raman spectroscopy on single crystals displays

the vibrational characteristics expected for JPS [P,S7]*, and the new [E5;]°>~ building blocks. This new

thiophosphate building block has not been observed except in the structure of the uranium-containing compound

CsUs(P3S10)2(PSy)e.

Introduction Se, and A(RE)RSe (A = Rb, Cs; RE= Ce, Gd) have been
) ) synthesized using this meth&&19.1317 Recently, several new
The use of mo_Iten alkali metal polych_alcogemde fluxes has ,cfinige compounds have been synthesized using molten alkali
had a profound impact on the synthesis of complex ternary, meia1 polychalcogenide fluxes includingPSe, and RhUPs-
quaternary, and quinary chalcogenide compounésThis Sex, and their Th analogues, and ATk,PsSe,. 111821 We
method has been used to synthesize numerous quaternary rarg, ot herein the synthesis and characterization of the first

feﬁ{thfnﬁ "I"Ctinride chhatllcophosphzte corﬁpodnt?sQ:alt?eénary quaternary thorium and uraniuthiophosphatecompounds:
“block chalcophosphate compounds such #8585 AAREIR CqUg(PS102(PS)s (1), KioThs(PSa(PS)2 (1), KsU(PS)3
(1), KsTh(PS)3 (IV), RbsTh(PS)3 (V), and CsTh(PS)s (V).
*To Whor_n. correspondence should be addressed. Telephone: 970-491-Thage six new compounds exhibit structures ranging from three-
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t Department of Chemistry, Colorado State University. dimensional extended networks to isolated dimers. The actinide
* Department of Physics, Colorado State University. atoms in these structures are linked together through thiophos-
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Table 1. Crystallographic Data for Compoundis-VI
| I 1 v Y, \Y
empirical formula CﬂJz_sPsSzz K5Th1_5P5513 K5UP3S_12 K5Th P3Sq_2 Rb;,ThP:«;S;lz C%Th%slz
fw 2017.85 1275.49 911.16 905.17 1137.02 1374.22
a A 33.2897(1) 32.8085(6) 14.6132(1) 9.7436(1) 13.197(4) 13.5624(1)
b, A 14.9295(1) 9.0482(2) 17.0884(2) 11.3894(2) 9.997(4) 10.3007(1)
c, A 17.3528(2) 27.2972(3) 9.7082(1) 20.0163(3) 18.189(7) 18.6738(1)
B, deg 115.478(1) 125.720(1) 108.63(1) 90.041(1) 100.77(1) 100.670(1)
v, A3 7785.6(1) 6579.0(2) 2297.31(4) 2221.28(6) 2357(2) 2563.66(3)
z 8 8 4 4 4 4
A(Mo Kay),A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
space group P2,/c (14) C2/c (15) P2,/c (14) P2:/n (14) P2,/c (14) P2,/c (14)
temp, K 163(2) 163(2) 163(2) 163(2) 163(2) 163(2)
Peale glcn? 3.443 2.575 2.634 2.707 3.204 3.560
u, mm-t 15.50 8.80 9.26 8.98 17.84 13.97
R1, % 0.0590 0.0346 0.0376 0.0363 0.0501 0.0452
wR2, 96 0.1156 0.0714 0.0744 0.0780 0.1111 0.1182

aR1= Y (IFol — IFcl)/3|Fol. WR2 = [J[W(Fo> — F)A/3 [w(Fe?)? ]2

the thiophosphate flux has produced many interesting ligands °C per hour. Excess flux was removed by washing with DMF. Amber

all based on Pstetrahedral building blocks. These ligands
include [PS]3, [P.S7]*, and the previously unobserved
[PsS10]°~. Raman vibrational analysis, diffuse reflectance, and

thermal analysis data are presented and discussed in the conte>§1

of these new structures.

Experimental Section
General SynthesisRed phosphorus powder (99.9%) was obtained

plates were then isolated by filtration and selected crystals were hand-
picked for analysis.

Synthesis of KTh(PSs)s, IV. KsTh(PS)s was synthesized from a
ixture of 0.0626 g (0.27 mmol) of Th, 0.0252 g (0.81 mmol) of P,
0846 g (2.64 mmol) of S, and 0.0812 g (0.57 mmol) eBK The
mixture was loaded into a fused silica ampule and sealed under vacuum.
The ampule was then heated to 5@ over 16 h and held there for
288 h. The ampule was cooled to ambient temperature at a rate of 3
°C/h. Excess flux was removed by washing with DMF. Colorless

from Cerac. Selenium shot (99.999%) was purchased from Johnsonirregular-shaped crystals were then isolated by filtration and selected

Matthey. 2%2Th ribbon was obtained from Los Alamos National
Laboratory 238U turnings (99.7%) were obtained from CeragSfAand
AoSs (A =K, Rb, Cs) were prepared from a stoichiometric ratio of the
elements in liqguid ammonia as described elsewfeMN-dimethyl-
formamide (DMF) was obtained from Aldrich and used without further

crystals were hand-picked for analysis.

Synthesis of RRTh(PSs)s, V. RbsTh(PS)s was synthesized from a
mixture of 0.0779 g (0.36 mmol) of Th, 0.0356 g (1.17 mmol) of P,
0.1047 g (3.27 mmol) of S, and 0.1665 g (0.710 mmol) ofRbThe
mixture was loaded into a fused silica ampule and sealed under vacuum.

purification. Initial searches for phases in these chemical systems wereThe ampule was then heated to 50D over 16 h and held there for

performed using stoichiometric compositions that resembled known
lanthanide phaseé$.Reactions were optimized to produce high yields
of the products once they were identified. Ampules for the reactions
were all fused-silica tubes vhita 4 mminner diameter asha 6 mm

288 h. The ampule was cooled to ambient temperature at a rate of 3
°C/h. Excess flux was removed by washing with DMF. Colorless rods
were then isolated by filtration and selected crystals were hand-picked
for analysis.

outer diameter. All reagents were stored and manipulated in a helium  Synthesis of C§Th(PSy)s, VI. CsTh(PS); was synthesized from a

filled glovebox.Warning: 2%2Th and?®®U are radioactie elements with
half-lives of 1.41x 10% years and 4.47x 1Q° years, respectiely.
Although their own actiity is low, the ineitable daughter products of
decay can render samples highly radioaetiover time ).

Synthesis of CgUs(P3S10)2(PSy)s, |. CssUs(PsS10)2(PS)s was syn-
thesized from a mixture of 0.0248 g (0.10 mmol) of U, 0.0129 g (0.43
mmol) of P, 0.0251 g (0.78 mmol) of S, and 0.0666 g (0.16 mmol) of

mixture of 0.0619 g (0.27 mmol) of Th, 0.0299 g (0.99 mmol) of P,
0.0320 g (1.00 mmol) of S, and 0.2320 g (0.54 mmol) ofSesThe
mixture was loaded into a fused silica ampule and sealed under vacuum.
The ampule was then heated to 50D over 16 h and held there for
288 h. The ampule was cooled to ambient temperature at a rate of 3
°C per hour. Excess flux was removed by washing with DMF.
Translucent, slightly green-tinted polyhedral cyrstals were then isolated

CsSs. The mixture was loaded into a fused silica ampule and sealed by filtration and selected crystals were hand-picked for analysis.

under vacuum. The ampule was then heated to°T0ver 16 h and

Physical Characterization. Single-crystal X-ray diffraction was

held there for 100 hours. The ampule was cooled to ambient temperatureperformed on a modified Siemens P4 four-circle diffractometer

at a rate of £C per hour. Excess flux was removed by washing with
DMF. Amber rods were then isolated by filtration and selected crystals
were hand-picked for analysis.

Synthesis of lﬁ_oThg(Pz&h(PSa)z , L KmThg(PzS7)4(PS;)2 was
synthesized from a mixture of 0.084 g (0.36 mmol) of Th, 0.0379 g
(2.22 mmol) of P, 0.0447 g (1.39 mmol) of S, and 0.1805 g (0.760
mmol) of K;Ss. The mixture was loaded into a fused silica ampule and
sealed under vacuum. The ampule was then heated t6G@0er 16
h and held there for 288 h. The ampule was cooled to ambient
temperature at a rate of°€/h. Excess flux was removed by washing
with DMF. Clear, colorless rods were then isolated by filtration and
selected crystals were hand-picked for analysis.

Synthesis of KU(PS)s, lll. KsU(PS)s was synthesized from a
mixture of 0.1041 g (0.44 mmol) of U, 0.0305 g (1.00 mmol) of P,
0.1713 g (5.3 mmol) of S, and 0.0994 g (0.700 mmol) eEK The

equipped with a SMART CCD system detector or a Siemens SMART
CCD system using graphite-monochromated Ma. Kadiation. El-
emental analysis confirming the stoichiometries of the compounds was
obtained from Energy Dispersive Spectroscopy on a Philips 505
scanning electron microscope system equipped with a Kevex Analyst
8000 microanalyzer. U¥vis NIR spectra were recorded as diffuse
reflectance spectra using a Cary 500 spectrometer equipped with
praying-mantis reflectance focusing optics. The data were evaluated
using the KubelkaMunk relationship for diffuse reflectance d&ta.
Only the data for the uranium compounds are shown. Raman spectra
were recorded on a home-built optical bench using an Acton Research
Spectra Pro-275 LNcooled CCD detector (256« 1024) using a
controller model ST130 and a 50 mW HeNe laser line at 632.8.
Structure Determination. Crystals were selected from the reaction
mixtures and mounted in grease and placed directly into the cold stream

mixture was loaded into a fused silica ampule and sealed under vacuumof the diffractometer on a glass fiber with the long axis of the crystals

The ampule was then heated to 5@ over 16 h and held there for

288 h. The ampule was cooled to ambient temperature at a rate of 3

(22) Liao, J.-H.; Kanatzidis, M. Gnorg. Chem.1992 31, 431.

oriented roughly parallel to the length of the fiber. Cell constants for

(23) Wilkinson, F.; Kelly, G.Diffuse Reflectance Flash PhotolysBRC
Press: Boca Raton, FL, 1989; Vol. 1.
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Table 2. Fractional Atomic Coordinates and Equivalent Isotropic
Displacement Parameters{A 10%)2 for CgUs(P:S10)2(PS)s, |

X y z U(eq)
u(1) 0.0000 0.4182(1) 0.2500 12(1)
u(2) 0.0647(1) 0.1648(1) 0.3708(1)  11(1)
U@B)  —0.1585(1) —0.2452(1) 0.1448(1)  12(1)
P(1) 0.1097(1) —0.0399(3) 0.3649(3)  12(1)
P(2)  —0.0840(1) —0.4267(3) 0.1907(2)  14(1)
P(3) 0.0459(1) 0.2487(3) 0.1568(2)  12(1)
P(4) 0.2494(1) 0.2396(3) 0.3284(3)  17(1)
P(5) 0.1369(1) 0.2172(3) 0.5834(2)  12(1)
P(6)  —0.2330(1) —0.2944(3) —0.1169(2)  13(1)
S(1) 0.0777(1) 0.3107(3) 0.2744(2)  13(1)
S(2) 0.0390(1) 0.5424(3) 0.1869(2)  18(1)
S(3) 0.0723(1) 0.4886(3) 0.3891(2)  18(1)
S(4) 0.0160(1) 0.3111(3) 0.4026(2)  13(1)
S(5) 0.0944(1) 0.1103(3) 0.5404(2)  15(1)
S(6) 0.0297(1) 0.1229(3) 0.1854(2)  15(1)
S(7) 0.1269(1) 0.2925(3) 0.4795(2)  16(1)
S(8) 0.1391(1) 0.0840(3) 0.3756(2)  16(1)
S(9) 0.0478(1) —0.0183(3) 0.3597(3)  16(1)

S(10)  —0.1291(1) -0
S(11) —0.2425(1) -0
S(12) —0.0743(1) -0
S(13) —0.1467(2) -0
S(14) —0.1058(1) -0
S(15) —0.1786(1) -0

S(16)  —0.2159(1

-0

~

S(17) —0.1475(1) -0
S(18) 0.0800(1) -0
S(19) 0.2002(1) -0

S(20) 0.2719(2)
S(21) 0.2049(1)
S(22) 0.2901(2) -0
Cs(l) —0.0126(1) -0
Cs(2) 0.1574(1)
Cs(3) 0.3743(1)
Cs(4) 0.2574(1) -0

tensor.

2912(3) 0.3261(2)  15(1)
.3245(3) 0.1034(3)  18(1)
.2966(3) 0.1668(3)  17(1)
.1206(3) 0.0353(2)  19(1)

.1015(3) 0.2429(2)  13(1)
3390(3) —0.0164(2)  19(1)
.1179(3) 0.1580(3)  17(1)

4350(3) 0.1762(3)  17(1)
2491(3) 0.5887(2)  18(1)
.1562(3) 0.1281(3)  16(1)

0.1201(3) 0.3225(3)  22(1)
0.2909(3) 0.2059(2)  16(1)
2449(3) 0.1152(3)  23(1)
.2209(1) 0.3882(1)  23(1)

0.0680(1)
0.0193(1) —0.1161(1)
.0446(1)

0.1819(1)  23(1)

26(1)

0.0054(1) 25(1)
aU(eq) is defined as one-third of the trace of the orthogonalized U

Table 3. Selected Bond Distances (A) for £&(P:S10)2(PS)s, |

U(1)-S(2)
U(1)-S(3)
U(1)-S(1)
U(1)-S(4)
U(2)-S(8)
U(2)-S(9)
U(2)-S(5)
U(2)-S(7)
U(2)-S(1)
U(2)-S(4)
U(2)-S(6)
U(2)-S(6)
U(3)-S(12)
U(3)-S(16)
U(3)-S(13)
U(3)-S(11)
U(3)-S(14)
U(3)-S(17)
U(3)-S(15)
U(3)-S(10)

2.747(4)
2.780(4)
2.915(4)
2.939(4)
2.725(4)
2.781(4)
2.792(4)
2.849(4)
2.891(4)
2.910(4)
2.928(4)
2.980(4)
2.772(4)
2.773(4)
2.804(4)
2.829(4)
2.831(4)
2.880(4)
2.937(4)
2.946(4)

P(1S(13)

P(4)S(19)

2.032(6)
2.038(6)
2.048(6)
2.063(6)
2.033(6)
2.058(6)
2.022(6)
2.041(6)
1.961(6)
2.084(6)
2.069(6)
2.073(6)
1.954(6)
1.961(6)
2.142(6)
2.171(6)

Inorganic Chemistry, Vol. 40, No. 12, 2002853

\

L
W\’r‘%

"

i
L,

WA

N 5
\\\k ’\‘\ g Ve l" 2N
»V._,,'% .‘ \‘ /' lﬁ 9 : \\\\\\\
. " e8]
Figure 1. CsUs(Ps:S10)2(PS)s, |, as viewed down+10-1]. Polyhedra
are US, cesium atoms are gray, phosphorus atoms are filled, and sulfur
atoms are open circles.

XSHELL package of progran?$.For nearly every case, the final cycle

of refinement included all anisotropic displacement parameters. Second-
ary extinction coefficients were applied to the final refinements.
Additional experimental details are given in the Supporting Information.
Specific refinement issues related to each structure are explained in
the Results and Discussion section.

Results and Discussion

CssUs(P3S10)2(PSy)s, I. The compound was isolated from the
flux of the reaction by dissolution of the flux in DMF. Amber
rodlike crystals were isolated by filtration and by hand sorting
from undissolved flux. Table 1 lists specifics about the data
collection and refinement. For the 19 869 reflections collected,
the space group2;/c was selected (R = 0.097) based on
systematic absences. After solution and refinement and applica-
tion of a secondary extinction coefficient, the largest unassigned
peaks in the electron density map were 2.73%eWable 2 lists
the atomic coordinates and Table 3 lists relevant bond distances.

Figure 1 shows a polyhedral view of the structure down the
[-10—1] axis. This compound has a three-dimensional network
structure built up of Ugpolyhedra and two different types of
thiophosphate ligands, [RS8~ and the previously unknown
[PsS10]°~, @ unit comprising three corner-sharing;R&rahedra.
Three crystallographically distinct uranium atoms are found in
the structure as Wicapped trigonal prisms with an average
U—S bond distance of 2.852 A, distances comparable to uranium
sulfide binary compounds. From Figure 1, one can see that the
structure comprises layers bridged by thiophosphate groups. A
view of one such layer is seen in Figure 2. In this view, one
can easily distinguish the two types of thiophosphate polyhedra,
[PS] and [RSyq. It is also possible to recognize that the
uranium atoms form trimeric units (U1 and two U2) and isolated
atoms (U3). Figure 3 shows a thermal ellipsoid plot of the
trimeric unit. In this trimer of U(1) and two U(2) atoms, one
finds four sulfur atoms on each metal that are shared with the
neighboring U atom. This edge sharing among the U(1) and

all structures were initially calculated from reflections taken from U(2) polyhedra forms a trimer unit where two [FS tetrahedra
approximately 30 frames of reflections. Final cell constants were cap the top and bottom of the trimer. The fourth S atom of the

calculated from all reflections observed in the actual data collection. [PS;]3~ tetrahedron is a terminal atom, coordinating only with
Table 1 summarizes the crystal structure parameters for compoundsCs"™ countercations. The cavity formed inside the trimer has
I=VI. For each structure, the data were processed and corrected forthe approximate dimensions: 4.85:44.83 A x 5.32 A and

absorption using SADAB$ The structures were solved by direct

the closest -U contact is 4.41 A.

methods allowing the unambiguous space group assignments and refined
in full-matrix least-squares using the program SHELXTunder the

(24) Sheldrick, G. M.SADABS University of Gdtingen:

Germany, 1997.

Gitingen,

(25) Sheldrick, G. M.SHELXTL, version 5.; Siemens Analytical X-ray
Instruments, Inc.: Madison, WI, 1997.

(26) Sheldrick, G. M.XSHELL, Siemens Analytical X-ray Instruments,
Inc.: Madison, WI, 1999.
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Figure 2. View of one layer in CgUs(PsS10)2(PS)s. |, along [10-1]
showing a U(1) and U(2) trimer (gray atoms) linked to six filled U(3)
atoms by the ES;¢> units (striped tetrahedra). The PStetrahedra
are shaded dark gray.

Figure 3. Thermal ellipsoid plot (50%) of the uranium trimer indCs-
(PsS10)2(PS)e, .

St @ st

Figure 4. Thermal ellipsoid plot (50%) of the U(1)U(3) unit in gLés-
(PsS10)2(PSy)s, |, showing the PSlink.

This trimer is the fundamental building block in this structure.
Each individual trimer is linked to six U(3) polyhedra, two to
U(1) and two to each U(2) polyhedra. It is through these U(3)
polyhedra that the trimers are linked together to form a layer in
the ab plane. The U(3) polyhedra are connected to the U(1)
and U(2) polyhedra through two different thiophosphate tetra-
hedra, [P(1)g3~ and [P(2)g]3", seen in Figure 4. The U(3)

polyhedra are also linked to each other via one end of the

previously unknown [ES;¢]° ligand, as seen in the thermal
ellipsoid plot, Figure 5. The [%,0]>~ unit effectively “chelates”
one face of a U(3) atom while bridging U(2) and U(3) atoms

Hess et al.

Figure 5. Thermal ellipsoid plot (50%) of the linkage to the new
[PsS10]°~ by three uranium atoms in @ds(PsS10)2(PS)s, .

and establishing connectivity along tlaedirection. There is
sufficient twisting in the [BS;¢)°~ that it no longer resembles
3/, of the [PS12]*~ ring that has been observed previodsiyr

the [RS1]*~ cyclohexane-type thiophosphafeThe P(1) and
P(2) tetrahedra both link to two U(3) polyhedra by sharing two
of the thiophosphate-group edges. The individual layers are
connected together along thedirection through [ESi]°~
ligands.

This connectivity creates tunnels that propagate through the
structure. Tunnels exist along three different unit cell directions.
One tunnel can be seen when the structure is viewed down the
[101] direction and has the dimensions 5.9xA18.8 A. Two
other tunnels can be seen when the structure is viewed down
the [001] and [100] directions. Their respective dimensions are
8.7 A x 8.9 and 6.7 Ax 11.5 A. Four distinct Cs cations
exist in the structure and reside inside the tunnels. The Cs
cations are all coordinated by sulfur atoms only. Cs(1), Cs(2),
and Cs(4) are all nine coordinate, and Cs(3) is eight coordinate.
All the elements in this structure are found in oxidation states
consistent with their known chalcogenide chemistry* g,

Pot, and S~

K10Th3(P2S7)4(PSs)2, . This compound crystallized as
colorless rods in the centered monoclinic space graig Rint
= 0.044) based on systematic absences in the data; crystal-
lographic details can be found in Table 1. Tables 4 and 5 list
the atomic coordinates and the relevant bond distances. The
structure was solved without complications, except for the need
for a secondary extinction coefficient (5.6 1075), leaving
peaks in the difference map of 1.7 /A

This compound displays a two-dimensional layered structure
containing two crystallographically distinct Th atoms. Th(1) and
Th(2) are both coordinated to eight sulfur atoms in a distorted
dodecahedral geometry. Figure 6 is a polyhedral view of the
structure down the [010] direction, showing the layers in the
(011) planes that comprise two corrugated, interpenetrating
layers of thorium thiophosphates. Figure 7 shows thermal
ellipsoid plots of the coordination around each thorium atom
and the [Pg°® and [RS7]*~ units. The Th-S bond distances
range from 2.844 to 2.924 A with an average distance of 2.905
A. These Thg dodecahedra are linked together to form layers
via the two distinct thiophosphate ligands. All of the sulfur atoms
coordinated to Th(1) and Th(2) are sulfidé, Sand are linked
to phosphorus in the thiophosphate ligands. Th(1) is coordinated
by one [P3]®~ and two [BS;]* ligands while Th(2) is
coordinated by one [RF~ and three [B5/]*~ ligands (for

(27) Fransisco, R. H. P.; Tepe, T.; Eckert, H.Solid State Chen1.993
107, 452—459.

(28) Chondroudis, K.; Kanatzidis, M. Gnorg. Chem.1998 37, 2098-
2099.
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Table 4. Fractional Atomic Coordinates and Equivalent Isotropic
Displacement Parameters{A 10%)2 for KioThs(P.S7)4(PS)2, |l

X y z U(eq)
Th(l)  0.0000 0.09651(1)  0.2500 13(1)
Th(2)  0.1366(1)  0.06960(1)  0.5557(1) 13(1)
K(1) 0.1836(1)  0.0460(2) 0.4264(1) 27(1)
K(2) 0.0718(1)  0.2228(2) 0.6005(1) 64(1)
K(3) 0.0281(1)  1.3851(2) 0.3734(1) 34(1)
K(4) 0.2733(1)  0.4315(2) 0.7363(1) 28(1)
K(5) 0.1478(1)  0.5546(2) 0.3369(1)  44(1)
P(1) 0.0717(1)  0.8057(2) 0.3999(1) 15(1)
P(2) 0.0977(1)  0.6242(2) 0.6522(1) 16(1)
P(3) 0.1838(1)  0.0637(2) 0.6089(1) 15(1)
P(4) 0.1825(1)  0.3743(2) 0.5294(1) 18(1)
P(5) 0.1009(1)  0.1405(2) 0.2533(1) 16(1)
S(1) 0.0410(1)  0.6939(2) 0.3201(1) 21(1)
S(2) 0.0495(1)  1.2435(2) 0.2608(1) 19(1)
S(3) 0.0598(1)  1.0252(2) 0.3776(1) 20(1)
S(4) 0.0909(1)  0.9172(2) 0.2559(1) 25(1)
S(5) 0.0399(1)  0.7345(2) 0.4413(1) 19(1)
S(6) 0.1465(1)  0.7591(2) 0.4586(1) 18(1)
S(7) 0.2260(1)  0.5350(2) 0.5918(1) 19(1)
S(8) 0.1138(1)  0.3927(2) 0.5132(1) 22(1)
S(9) 0.2276(1)  0.8777(2) 0.6370(1) 19(1)
S(10)  0.1696(1)  0.6377(2) 0.6782(1) 21(1)
S(11)  0.0526(1)  0.6136(2) 0.5603(1) 21(1)
S(12)  0.1113(1)  1.0003(2) 0.5463(1) 20(1)
S(13)  0.0759(1)  0.8403(2) 0.6619(1) 21(1)
S(14)  0.0838(1)  0.0690(2) 0.6918(1) 24(1)
S(15)  0.1876(1)  0.3800(2) 0.4602(1) 40(1)
S(16)  0.2129(1)  0.1602(2) 0.5638(1) 18(1)
S(17)  0.1899(1)  0.1946(2) 0.6714(1) 22(1)
S(18)  0.1696(1)  0.2172(2) 0.3116(1) 24(1)

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

Table 5. Selected Bond Distances (A) foryflhs(P:S,)4(PS)s, Il

Th(1)-S(3) 2.879(1) P(1)S(5) 2.039(2)
Th(1)-S(1) 2.912(2) P(1S(6) 2.044(2)
Th(1)-S(3) 2.879(1) P(2)S(10) 2.032(2)
Th(1)-S(1) 2.913(2) P(2)S(11) 2.039(2)
Th(1)-S(2) 2.918(2) P(2)S(13) 2.150(2)
Th(1)-S(2) 2.918(2) P(2)S(14) 1.982(2)
Th(1)-S(4) 2.924(2) P(3)S(9) 2.049(2)
Th(1)-S(4) 2.924(2) P(3)S(12) 2.040(2)
Th(2)-S(12) 2.844(2) P(3)S(16) 2.136(2)
Th(2)-S(7) 2.886(1) P(3)S(17) 1.988(2)
Th(2)-S(5) 2.893(1) P(4)S(7) 2.053(2)
Th(2)-S(10) 2.898(1) P(4)S(8) 2.033(2)
Th(2)-S(8) 2.903(2) P(4)S(15) 1.992(2)
Th(2)-S(6) 2.911(1) P(4yS(16) 2.129(2)
Th(2)-S(11) 2.926(1) P(5)S(13) 2.131(2)
Th(2)-S(9) 2.968(1) P(5)S(18) 1.977(2)
P(1)-S(1) 2.055(2) P(5)S(2) 2.037(2)
P(1)-S(3) 2.047(2) P(5)S(4) 2.055(2)

clarity, all the thiophosphates are not included in the thermal
ellipsoid plot). The unique [P$~ ligand consists of a

phosphorus atom, P(1), surrounded by four sulfur atoms in a

distorted tetrahedral geometry. The P{§bond distances range
from 2.044 to 2.055 A with an average distance of 2.046 A,

Inorganic Chemistry, Vol. 40, No. 12, 2002855

Figure 6. A polyhedral view of KoThs(P.S7)4(PS)2, Il , down [010].
Polyhedra are ThS potassium atoms are gray spheres, phosphorus
atoms are filled circles, and sulfur atoms are open circles. Stacking of
Th(1) and Th(2) polyhedra is shown by the arrows.

5(2)

S14C)

stios)  \
S(78)

PS(8B)

Figure 7. Thermal ellipsoid plot (50%) of the thorium thiophosphate
network in KloTh3(st7)4(PS1)2, Il.

coordinated to thorium but are free terminal atoms that point
into the interlayer space, interacting with potassium cations
through long ionic interactions (3:13.9 A). The other [BS7]4~
ligand contains P(3) and P(4) with S(16) as the bridging atom.
This ligand links two different Th(2) polyhedra together along
the b direction. Both S(15) and S(17) are terminal atoms that
coordinate to interlayer potassium atoms. In the case of the two
[P.S7]*~ ligands, the phosphorus-to-corner shared sulfur atom
distances are typically 0.1 A longer than the averageSP
distance. The phosphorus-to-terminal sulfur atom distances are
significantly shorter (0.04 A) than the average distance and are
approximately equidistant between a phosphorus single and a
double bond. The SP—S bond angles are within the range
expected for a PSetrahedron.

Each individual layer in this structure can be described as

consistent with typical thiophosphate bond distances. This containing two rows of Th(2) polyhedra separated by one row

thiophosphate ligand links the Th(1) and Th(2) polyhedra along

of Th(1) polyhedra, where the rows run along theirection

c crystallographic direction by sharing one edge (S(3) and S(1)) in the layers, as shown in Figure 8. The Th(2) polyhedra are

with Th(1) and another edge (S(5) and S(6)) with Th(2), as
shown in Figure 7. Two distinct §S7]4~ units exist in this
structure. Both ligands are composed of twq Bfrahedra that

linked together along the c direction through Th(1) polyhedra.
These polyhedra are linked via both S and [RS/]*
ligands. When a single layer is viewed down [101], as in Figure

corner-share one sulfur atom, S(16) or S(13) in Figure 7. One 8, it becomes apparent that the layer is built up of two

[P.S7]* ligand contains P(2) and P(5) with S(13) as the bridging

intertwined chains with the composition ThP,S;]*"—Th-

atom. This ligand edge-shares to both Th(1) and Th(2) polyhedra(1)—[PS]3~—Th(2). Connectivity between Th(1) and Th(2)

thus connecting them along therystallographic direction. Two
of the sulfur atoms in this ligand, S(14) and S(18), are not

along theb direction is established thoughf&]*~ only. These
intertwined chains create channels that run alondpttieection
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Figure 8. View down [101] of one layer of kThs(P.S7)4(PS),, Il . Th(1) are hatched polyhedra, Th(2) are shaded polyhedra. Potassium atoms
have been removed for clarity.

Table 6. Fractional Atomic Coordinates and Equivalent Isotropic

Table 8. Fractional Atomic Coordinates and Equivalent
Displacement Parameters{A 10%2 for KsU(PS)s, Il

IsotropicDisplacement Parameters? (& 10%2 for KsTh(PS)s, IV

X y z U(eqp frac occup X y z U(eqp
u@@) 0.3337(1) 0.5008(1) 0.8902(1) 12(1) Th(1) 0.1070(1) 0.6489(1) 0.0806(1) 10(1)
K(1) 0.2083(3) 0.8052(2) 0.6065(4) 37(1) 0.5 K(1) 0.1131(4) 0.6558(1) —0.2574(1) 20(1)
K(1A) 0.2306(2) 0.8070(2) 0.6748(4) 26(1) 0.5 K(2) 0.1814(2) 0.9057(2) —0.0974(1) 29(1)
K(2) 0.0143(1) 0.4704(1) 0.2153(2) 26(1) K(3) —0.3595(2) 0.5902(2) 0.0834(1) 39(1)
K(3) —0.0765(1) 0.7037(1) 0.3429(2) 32(1) K(4) 0.6706(3) 0.6062(2) —0.2498(1) 32(1)
K(4) 0.3140(1) 0.4948(1) 0.4432(2) 33(1) K(5) 0.3802(2) 0.1412(1) 0.0795(1) 20(1)
K(5) 0.5530(1) 0.7008(1) 0.7185(2) 47(1) P(1) 0.3810(2) 0.8118(2) 0.0793(1) 13(1)
S(1) 0.4058(1) 0.6461(1) 0.0349(2) 18(1) P(2) —0.0930(3) 0.6718(1) —0.0812(1) 12(1)
S(2) 0.4783(1) 0.4759(1) 0.1717(2) 20(1) P(3) 0.4023(3) 0.8312(2) —0.2623(1) 13(1)
S(3) 0.3738(1) 0.3792(1) 0.7182(2) 28(1) S(1) 0.2638(2) 0.4343(2) 0.0801(2) 19(1)
S(4) 0.2790(1) 0.3512(1) 0.9537(2) 18(1) S(2) —0.0772(2) 0.4367(2) 0.0692(1) 14(1)
S(5) 0.2137(1) 0.5131(1) 0.0655(2) 17(1) S(3) —0.0949(4) 0.7732(2) 0.0026(1) 34(1)
S(6) 0.1585(1) 0.4860(1) 0.6577(2) 17(1) S(4) 0.0737(2) 0.5672(2) 0.2197(1) 16(1)
S(7) 0.3089(1) 0.6273(1) 0.6982(2) 21(1) S(5) —0.0954(4) 0.7784(2) 0.1554(1) 27(1)
S(8) 0.0820(1) 0.6721(1) 0.6840(2) 28(1) S(6) 0.2017(2) 0.9064(2) 0.0784(2) 24(1)
S(9) 0.1303(1) 0.6160(1) 0.3853(2) 28(1) S(7) 0.3589(2) 0.7025(2) —0.0018(1) 19(1)
S(10) 0.4361(2) 0.6275(1) 0.3892(2) 46(1) S(8) 0.3577(2) 0.7027(2) 0.1603(1) 19(1)
S(11) 0.2288(1) 0.3488(1) 0.2697(2) 27(1) S(9) 0.0582(2) 0.6000(2) —0.4194(2) 18(1)
S(12) 0.0509(1) 0.3663(1) 0.9574(2) 21(1) S(10) —0.0942(3) 0.7732(2) —0.1621(1) 19(1)
P(1) 0.1628(1) 0.6029(1) 0.6009(2) 15(1) S(11) 0.2742(3) 0.4256(2) —0.2383(1) 21(1)
P(2) 0.4835(1) 0.5943(1) 0.2274(2) 18(1) S(12) 0.4167(3)  0.7358(2) —0.1778(1) 19(1)
P@E) 0.1900(1) 0.3921(1) 0.0660(2)  16(1) aU(eq) is defined as one-third of the trace of the orthogonalized U
aU(eq) is defined as one-third of the trace of the orthogonalized U tensor.
tensor.
Table 9. Selected Bond Distances fosRh(PS)s, IV
Table 7. Selected Bond Distances (A) forsK(PS)s, Il Th(1)-S(1) 2.882(2) P(LSE) 2.056(3)
U1)-S(7) 2.802(2) P(1yS(6) 2.078(2) Th(1)-S(5) 2.882(2) P(1)S(7) 2.058(3)
U(1)—S(4) 2.805(1) P(HS(7) 2.083(2) Th(1)-S(3) 2.883(3) P(2yS(10) 1.989(3)
U(1)-S(5) 2.814(2) P(2yS(10) 1.991(3) Th(1)-S(4) 2.954(2) P(2)S(3) 2.036(3)
U(1)—S(6) 2.832(1) P(2yS(10A) 2.032(2) Th(1)-S(8) 2.980(2) P(2yS(1) 2.057(3)
U(1)—-S(3) 2.842(2) P(2¥S(2) 2.052(2) Th(1)-S(2) 3.020(2) P(2)S(2) 2.082(3)
U(1)-S(2) 2.881(1) P(2yS(1) 2.089(2) Th(1)-S(7) 3.021(2) P(3yS(12) 2.016(3)
U(1)—-S(1) 2.903(1) P(3yS(11) 2.015(2) Th(1)-S(6) 3.074(2) P(3yS(11) 2.027(4)
U(1)—S(2A) 3.021(2) P(3yS(12) 2.017(2) Th(1)-S(2A) 3.168(2) P(3yS4) 2.063(4)
P(1)-S(9) 2.005(2) P(3)S(4) 2.068(2) P(1)-S(9) 1.998(2) P(3)S(5) 2.068(3)
P(1)-S(8) 2.012(2) P(3yS(5) 2.098(2) P(1)-S(6) 2.052(3)

within each layer. These channels have dimensions 13.667 AAs there are no SS bonds present in this structure, the

x 4.358 A. The closest Tk Th distance within the layers is  oxidation states of the elements can be assigned as follows: K

7.210 A. Th4t, PP, and $~. Thorium in the 4 oxidation state is
Five distinct K" cations exist in this structure, all of which  consistent with its known chalcophsophate chemistty.

are coordinated to S atoms. K(1) and K(4) are coordinated by Differential thermal analysis data indicate that while thg-K

seven S atoms, K(2) is coordinated by five S atoms, K(3) is Ths(P.S7)4(PS)2 was prepared by heating to 50Q in a flux,

coordinated by eight S atoms, and K(5) is coordinated by six S it decomposes at 391C under nitrogen. A large exothermic

atoms. The averageKS distance is 3.371 A. The potassium peak is found just before the decomposition peak that may

atoms K(1), K(4), and K(5) all lie between the layers, though indicate a phase change that is not reversible.

they are not symmetrically situated with respect to the centers KsU(PS)s (Ill), K sTh(PS)s (IV), RbsTh(PSy)s (V), and

of the channels. The potassium atoms K(2) and K(3) both lie CsTh(PSs); (VI). Compoundsll —VI are nearly isostructural,

within the channels contained in tbe plane, described above.  consisting of dimers of actinide atoms linked through thiophos-
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Table 10. Fractional Atomic Coordinates and Equivalent Isotropic
Displacement Parameters{A 10%2 for RbsTh(PS)s, V

X y z U(eq)

Th(l)  0.1853(1) 0.1010(1) 0.0351(1) 8(1)
P(1) 0.2871(2) 0.3717(3) —0.0193(2)  10(1)
P(2) 0.0326(2) 0.9086(3) —0.1346(2)  10(1)
P@3) 0.6428(2) 0.1040(3) —0.1800(2)  11(1)
S(1) 0.0422(2) 0.2557(3) 0.1020(2)  13(1)
S(2) 0.0289(2) —0.0732(3) 0.0893(2)  14(1)
S(3) 0.1840(2) —0.0956(3) —0.0823(2)  18(1)
S(4) 0.2758(2) 0.0680(3) 0.1952(2)  14(1)
S(5) 0.3436(2) —0.1036(3) 0.0645(2)  19(1)
S(6) 0.3573(2) 0.1989(3) —0.0449(2)  15(1)
S(7) 0.1351(2) 0.3395(3) —0.0666(2)  14(1)
S(8) 0.2933(2) 0.3541(3) 0.0943(1)  13(1)
S(9) 0.6574(2) 0.4525(3) 0.0475(2)  14(1)
S(10)  0.0238(2) 0.9044(3) —0.2453(2)  17(1)
S(11)  0.7072(2) 0.2720(3) —0.2128(2)  15(1)
S(12)  0.4932(2) 0.0927(3) —0.2299(2)  16(1)
Rb(1)  0.5151(1) 0.3877(1) —0.1281(1)  16(1)
Rb(2)  0.1527(1) 0.6118(1) —0.1910(1)  16(1)
Rb(3)  0.2044(1) 0.1570(1) —0.2221(1)  31(1)
Rb(4)  0.5296(1) 0.1768(1) 0.1240(1)  25(1)
Rb(5)  0.1407(1) —0.3608(1) 0.0526(1)  23(1)

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

Table 11. Selected Bond Distances (&) for Rth(PS)s, V

Th(1)-S(1) 2.881(3) P(BS(7) 2.055(4)
Th(1)-S(3) 2.899(3) P(1)S(8) 2.060(4)
Th(1)-S(5) 2.901(3) P(2)S(10) 1.995(4)
Th(1)-S(4) 2.953(3) P(2)S(3) 2.047(4)
Th(1)-S(8) 3.003(3) P(2)S(1) 2.061(4)
Th(1)-S(2) 3.004(3) P(2)S(2) 2.073(4)
Th(1)-S(7) 3.015(3) P(3}S(12) 2.017(4)
Th(1)-S(6) 3.076(3) P(3)S(11) 2.022(4)
Th(1)-S(2A) 3.285(3) P(3)S(4) 2.073(4)
P(1)-S(9) 2.008(4) P(3)S(5) 2.076(4)
P(1)-S(6) 2.055(4)

Figure 9. Polyhedral view of KU(PS)s, Ill , down [00-1]. Potassium
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Figure 10. Thermal ellipsoid plot (50%) of the JPS)s]*% dimer
in KsU(PS)s, Il .

Figure 11. Thermal ellipsoid plot (50%) of the [TtPS;)e]*~ dimer
in KsTh(PS)s, IV.

solution of the structureK(1) and K(1A) are each modeled as
50% occupied and could not be modeled well with anisotropic
thermal ellipsoids. The dimers are composed of two crystallo-
graphically identical uranium atoms that are linked together
through sharing of two [P§~ ligands across an inversion
center. A thermal ellipsoid plot of the local coordination may
be seen in Figure 10. The uranium atom is coordinated to eight
sulfur atoms in a dodecahedral geometry. All eight sulfur atoms
belong to face-capping or edge-bridging distinct{PSligands,
each of which has a slightly distorted tetrahedral geometry. The
tetrahedron centered on P(1) has two sulfur atoms (S(6) and
S(7)) that are bound to one uranium atom in an edge-sharing
arrangement with the two sulfur atoms (S(8) and S(9)) coor-
dinated only to potassium cations. The P(2) tetrahedron and the
U(1) polyhedron share a common edge of atoms S(2) and S(3)
and the P(2) tetrahedron and the U(1A) polyhedron share a
common edge of atoms S(1) and S(2). The fourth sulfur atom
on P(2), S(10), is terminal, being coordinated only to potassium

atoms are gray circles, phosphorus atoms are filled circles, and sulfur cations. Finally, the P(3) tetrahedron and the U(1) polyhedron

atoms are open circles.
phate bridges with significant differences in the packing

also share a common edge of two sulfur atoms (S(4) and S(5)).
The other two sulfur atoms on P(3), S(11) and S(12), are

arrangements of these dimers and the coordination of theterminal. The bridging nature of the thiophosphates is not

thiophosphates within each dimer. Each compouiid—V1)
crystallizes in a primitive monoclinic space group, as listed in
Table 1. The atomic coordinates fidlr, IV, andV and relevant
bond distances are listed in TablesHlL, respectively.
KsU(PSy)s (lll). This structure consists of discrete dimers
of uranium polyhedra packed in the unit cell with potassium

enough to bring the electron-poor uranium atoms within bonding
distance, the closesttU contact is 4.643(2) A.

What will become significant later in the discussion of
compoundsll —VI are the bond distances across the dimer from
An(1)—S(2A) and from S(2A>An(1A), as well as the S(9)
P(1)>-An(2) tilt angle of the P(1)5tetrahedron. Idll , the key

cations filling the voids between the dimers, as shown in the U—S(2A) and S(2A)-U(1A) distances are 2.903(2) and 3.021-
polyhedral representation in Figure 9. Packing problems as- (2) A, respectively. The angle of tilt in the P(L)&trahedron,

sociated with the larger [}0PS)s]'®~ dimeric unit and relatively

S(9)-P(1)-U(1), is 139, indicating that the triangular face

small potassium cations caused a disorder problem in thecomprising S(6), S(7), and S(8) is tilted away from the uranium
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Figure 12. Thermal ellipsoid plot (50%) of the [BAPS,)e]% dimer
in RbsTh(PS)s, V. Dotted line indicates long FhS interaction.
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Figure 13. Diffuse reflectance spectra of (A) &5(P:S10)2(PS)e, |,
and (B) KU(PS)s, IlI .

polyhedron and S(8) is not within bonding distance to U(1);
the U(1)-S(8) contact distance is 4.625(2) A.

Finally, all five K* cations are coordinated only to S atoms.
K(1), K(2), and K(4) are eight coordinate while K(3) and K(5)
are both nine coordinate. The+S bond distances range from
3.170(4) A to 3.960(4) A with an average distance of 3.52 A.

KsTh(PSs)s3, IV. The structure ofV is related tdll in that
it also consists of two actinide atoms, coordinated by thiophos-
phate ions, to form dimeric units in the monoclinic lattice. It
was necessary to solve the structure Igf as a pseudo-
merohedrally twinned monoclinic unit cell, with the final twin
component of the modeled lattice refining to a BASF value of
0.553(1)2° Note the relationship of the 9.7 &axis inlll to
the 9.7 Aa-axis inIV.

Figure 11 shows the thermal ellipsoid plot of the thorium
dimer. The most striking contrasts betwddnandIV can be
found in the P(1) thiophosphate ligands.I\h, thiophosphate
P(1)S caps a triangular face of the 9-coordinate thorium atoms;
whereas iflll , the same phosphate group is only edge-bridging.
Now S(8) is located 3.074(2) A from Th(1). The angle formed
by S(9-P(1-Th(1) is 178—a nearly linear arrangement,
indicating that the triangular face formed by S(6), S(7), and

(29) BASF is part of the SHELXTL program, Siemens Analytical X-ray
Systems, Inc.: Madison, WI, 1998.
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Figure 14. Raman spectra of (A) GYs5(PsS10)2(PS)s, |, (B) KsU-
(PS)s, I, (C) RsTh(PS)s, V, and (D) KioThs(P2S7)4(PS)2, II .
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S(8) is nearly perpendicular to the S{9)h(1) line. Indeed, S(8)
is within normal bonding distance to Th(1).

As in Il , the dimer is bridged by two edges on the Pg)S
sharing across the gap, having S(2) on phosphate P(2) bridging
to both Th(1) and Th(1A) through bonds 3.167(2) and 3.020-
(2) A, thereby causing the two P(2) phosphates, related by the
center of inversion, to act ag-type ligands on each thorium
atom as we saw ifill . It should be noted that the long bond
distance has increased significantly from 3.021(2) A to 3.167-
(2) A between the actinide atoms and the bridging atom S(2).
This coordination extension brings the two Th(IV) centers only
to within 5.125(2) A, a much longer ArAn interaction than
in 1l .

Finally, all five K™ cations are coordinated only to S atoms.
K(1), K(2), and K(4) are eight coordinate. K(3) and K(5) are
both nine coordinate. The-KS bond distances range from 3.170
to 3.96 A with an average distance of 3.52 A.

The structural differences betwekh andlV may arise from
arrangements in packing. Viewed along the comnaeaxis
dimension, the two structures display significant differences.
Both pack the dimers in layers, with interleaving potassium
cations, but the packing arrangements are significantly different.
In 1l , the dimers pack in parallel, tilted within one layer, with
the alternating layer packing in the opposite directionIVn
the packing resembles a herringbone arrangement within and
between layers.

RbsTh(PSs); and CsTh(PSs)s, V and VI. These two
compounds are isostructural to each other and are related to
the monoclinic cells of compoundd andIV by the unique
axis of the monoclinic cells of andVI being the 9.9-10 A
axis (thec-axis inlll and thea-axis in V). Only V will be
shown for brevity; a thermal ellipsoid plot d is available in
the Supporting Information. A thermal ellipsoid plot ¥f is
shown in Figure 12. As found ifll and IV, the compound
consists of isolated dimers of actinides linked through thio-
phosphate ligands. M, the P(2)3 unit bridges Th(1) and Th-
(1A) through sharing the S(2)S(1) edge with Th(1) but bonding
to Th(1A) through only S(3A). The distance between S(2) and
Th(1A) is a long 3.285(3) A, as indicated by a dotted line in
the figure. By contrast, the S@2)Th(1) distance is 3.004(2) A.
The S(9)-P(1)-Th(2) tilt angle of the PRetrahedron is again
nearly linear inV, at 174, compared to the same anglel
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Table 12. Raman Spectral Data of Selected Compounds (Vibrational Frequencies,amd Relative Intensitie)

CuHgPS assignments AgsP:S; assignments
CS&U5P12844 KloTh3P10836 K5UP3812 RQ,ThPsSlz ref 32 PS in Td ref 34 P.S; in sz

215m 210w 203 m V20 (B2)

265 m 254 m 260 w 254 m 236 m v2 (E) 247 m vo (A2)

300w 289 m, 315m 279w 287 m 298's v4 (T2) 300 m v13(B2)

425 vs 431 vs 424 s 430 vs 402 vs v1 (A1) 400 vs v3 (A1)

480 w 477 m v17(B2)
500 w 490 vw 509 w v3(T2)

516 m V2 (Al)

540 w 540 m 550 w 540 m 540 m v3(T2) 555 m V2 (A1)
570 w 570w 575w 579 w 570 m v3(T2)

590 w 500 w V1 (Al)

615w 602 w V12 (Bl)

a Assignments are from refs 32 and 34.

(175%). The dimer inVI has even more contrasting features with are in relatively good agreement with the literature except for
the Th(1)}-S(2) and Th(1)S(2A) distances being 2.990(3) and the shift to higher energy of the totally symmetric, high-intensity
3.429(3) A, respectively. However, the tilt angle of thesPS peak in all the spectra that can come about due to the relative
tetrahedron, S(9)P(1)-Th(1) is quite comparable at 175  binding of the thiophosphate to the actinide metal atoms. The
Packing of the dimers iV and VI are quite similar to the  main symmetric stretching mode of the /Aghits is observed
packing found in compoundV, with a herringbone-style i each sample. Several other low energy peaks related to the
packing arrangements in the layers. Itis likely that the increased tgtrahedral stretching modes (four total) or pse@gosymmetry

lengthening of the S(2)Th(1) interactions is due to packing  f the RS; unit found in AgP,S;.34
interactions related to the different alkali metal cations within

the lattice. The tilting of the P(1)Setrahedra on the dimers

may also be due to packing forces. For a direct comparison,
however, it would be necessary to compare the alkali metal |n this paper, we have introduced six new thiophosphate
series A= K, Rb, Cs directly between the different actinide gctinide materials prepared using the thiophosphate high-
elements. However, to date, we have been unable to isoate A temperature flux reaction on actinide metals. The compounds

Conclusions

(PS)s, where A= Rb, Cs. Instead, either only compouhs range in structural diversity from three-dimensional solids
found in the reactions or new phases, yet to be identified, are jtarconnected through the new?~ ligand to a series of
isolated. related dimers bridged by the BS ligand and affected by

Electronic Spectroscopy.Diffuse reflectance spectroscopy
was used to analyze the electronic structure of the materials.
Only the spectra for the two uranium compountsnd Il ,
are shown in Figure 13 for brevity. Band gap analysis using
UV —vis NIR diffuse reflectance spectroscopy indicates thgt K
Ths(P.S7)4(PSy)2, 11, has a band gap energy of 3.3 eV ang K

packing forces. The new compounds have been studied by
electronic spectroscopy (diffuse reflectance) and by Raman
vibrational analysis. These methods confirm the electronic and
structural diversity that comprise these six new compounds.
Magnetic measurements, which were not performed on these

Th(PS)s, IV, has a band gap energy of 3.0 eV. These values compounds, are being considered. Rgcent forays into he{;\\{ier
are expected for colorless compounds. Based on the analysisa‘?t'”'des have (_jemonstrated further unique materials cqmpnsmg
of compounds andlll , the materials have a complex electronic  thiophosphate ligands: KPu) and ksPuRSs.*? These actinide
structure dominated by the U(IV) electronic manifold. The studies have demonstrated the unique differences between the
classically ligand-to-metal charge-transfer peak seen in electronicchemistry of these heavier 5f elements and that of their lighter
spectra of aqueous U(|V) ions near 660 nm is observed in our 4f lanthanide counterpaPtéOillustrating the importance of the
compounds at around 730 nmy1.7 eV)%° Indeed, some fine  Size and chemistry of the actinides.
structure is observed in the spectrumlibf. The shift to lower .
energy is likely because the energy levels of the thiophosphate Acknowledgment. This research was supported by DOE
ligand are closer to the empty f-orbitals on uranium, indicating 9rant number DE-FG03-97ER14797 and the G. T. Seaborg
a morecovalent bonding re|ati0nship with the thiophosphate Institute for Transctinium Science at Los Alamos National
than is observed in the ionic or dipolar relationships found in Laboratory. We also thank Dr. Harry Dewey of LANL for
solution. Another general feature of the spectra is that they both helpful discussions about electronic spectroscopy.
show a broad rise in relative absorption beginning near 1.9 eV,
consistent with the color of the materials and indicating some
level of band structure to the electronic structure of the materials.
Raman Spectroscopy.Raman spectra were collected on
hand-picked crystals of the compounds and are shown in Figure
14. The general features of the spectra comprise low-energylC0014437
peaks indicative of the R$etrahedral units, spectra dominated
by the symmetric stretch near 430 thnSpecifically, peaks  (31) carrillo-Cabrera, W.; Peters, K.; von Schnering, H. G.; Mentzel, F.;
are recorded in Table 12 and assigned based on the pseudo-  Brockner, W.Z. Anorg. Allg. Chem1995 621, 557-561.

tetrahedral symmetry of the PSinits in all compounds and ~ (32) 2"%’5239_'5 ';-é Brockner, W.; Carrillo-Cabrera, Weteroat. Cheml993

the BS; or P;sS;o units in compounds andll 31734 These spectra (33) Pazmann, U.: Brockner, W.: Cyvin, B. N.; Cyvin, S. J. Raman

Spectrosc1986 17, 257—261.

(30) Katz, J. J.; Seaborg, G. T.; Morss, L. The Chemistry of the Actinide (34) Mentzel, F.; Ohse, L.; Brockner, \Meteroat. Chem199Q 1, 357—
Elements Chapman and Hall: New York, 1986; Vol. 1, p 218. 362.

Supporting Information Available: Additional crystallographic
details, tables of all bond distances and angles, anisotropic thermal
parameters, and ORTEP figures. This material is available free of charge
via the Internet at http:/pubs.acs.org.






