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Synthesis and Crystal Structure of UP,S,

Junghwan Do, Jungwook Kim, Sangmoo Lah, and Hoseop Yun

Department of Chemistry, Ajou University, Suwon 441-749. Received June 10, 1993

The new ternary phase UP,Se¢ has been prepared and structurally characterized. The compound is isostructural with
ZrP;Ss and ThP,S, but is different from TiPS,. The structure has been determined by a single crystal X-ray diffraction
technique. UP:Ss crystallizes in the the tetragonal system (Clw~Pdo/m, a=6.797(7) &, ¢=9.738(12) &) with two formula
units in the unit cell. The structure can be described in terms of U** and P,Ss*~ ions. This hexathiohypodiphosphate
anion (P>S¢' ") has ideally staggered conformation. The U'* cation is coordinated by 8 sulfur atoms in a slightly distorted
dodecahedral geometry (#2m). The distribution of sulfur atoms is very well optimized for this geometry.

Introduction

For metals with oxidation number 4, the compounds [M** ]
[P:Ss'~] (M=Ti,' Zr, and Th®) represent new structural ty-

pes unrelated to the known hexathiohypodiphosphates of di-
valent metals ({M?* Jo.[P,S¢'~J). Attempts to prepare 8-12 ym
IR-transmitting new phases in the metal/P/S system were
made to investigate the effect of a highly oxidized metal
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Table 1. Summary of Crystal Data, Intensity Collection, and

Refinement for UP:Ss
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Table 2. Positional Parameters and Equivalent Isotropic Ther-
mal Parameters for UP:S;

Molecular weight

a (&)

e @

v &9

¥4

Space group

Density {calc, g/cm®)
Crystal volume {mm?®
Crystal shape (mm}

Radiation

Linear absorption
coefficient {cm™")

Transmission factors

Detector aperture (mm)

Take-off angle (deg)
Scan type

Scan range (deg)
Scan speed (deg/min)
AT sing, limits (-1
Background counts

p-factor

Number of unique data
including F2<0

Number of unique data
with F,2>306(F2)

Number of variables

R(F?%)

R«(F%)

Rlon F for F,2>30(F.2)

Error in observation of
unit weight, €*

492 .36
6.797(7)
9.738(12)
449.88
2
24»-P42/ m
219
2.1X10°¢
needle bound by {100} {110}
approx. dimens. 0.024X0.024 X0.44
graphite monochromated
Mo Koy (MKay)=0.70930 (R))

187.1

0.644-0.680

3 horizontal, 1.8 vertical

17.3 cm from crystal

35

6-20

0.8 below Ka, to 0.8 above Ko
2.0

0.0492-0.7049

1/4 of scan range on each side
of reflection

0.03

697

504
24
0.064
0.080
0.033

117

¢Obtained from refinement constrained so that a=p=y=90°.

atoms. These attempts afforded a new compound, UP:Se,
which is isostructural with ZrP;S; and ThP,Ss? In this struc-
ture the metal atom is coordinated by eight sulfur atoms
in a dodecahedral geometry.

Experimental

Synthesis. Single crystals of UP.S; were initially isola-
ted from a direct combination of the elemental powders of
U (Johnson Matthey, 99.7%), P (AESAR, 99.999%), and S
(Aldrich 99.999%) mixed in a 1:3:9 mole ratio in a quartz
tube. The tube was evacuated to ~10~° Torr, sealed, heated
at 700C for 10 days, and then cooled slowly. Small needle-
shaped dark red crystals formed. Qualitative chemical analysis
with the microprobe of a scanning electron microscope con-
firmed the presence of all three elements in the crystal. Sub-
sequent experiments demonstrated that single crystals of UP
2S¢ could be obtained in high yield from the reaction of the

Atom x y 2 Beq &y
U 0 ¢ 1/4 0.45(1)
P 0.0620(4) 0.3485(4) 1/2 0.57(5)
S\ 0.1714(4) 0.1817(4) 0 0.62(5)
5(2) 0.2192(3) 0.3210(3) 0.3270¢2) 0.86(4)

*Beq=(8m/3)ELU,a%a" (a-s)
I

Table 3. Anisotropic Thermal Parameters*® for UP.S;

Atom Uu Uzz sz Ulz U13 U23
u 52( 3) 52 3 66(2) 0 0 0
P 85(12) 48(12) 82(12) —-110) O 0
S 84(11)  69(11) 8111y 1y o 0

S 128( 8)  95( 8)

“ORTEP I, Type 8, *All U; values given here are multiplied
by 10%.

105( 9) —26(7) 43(7) 22D

elements U, P, and S in a 1:2:6 mole ratio heated in a
furnace having a temperature gradient of 700/750C for 10
days. The addition of a small amount of J, as a transport
agent resulted in the growth of rod-shaped crystals up to
2 mm in length at the cool end of the tube.

Crystallographic Studies. Preliminary examinations
revealed that the crystals of UP,S; possess 4/m Laue sym-
metry. The systematic absence (00, {=2n+1} is indicative
of the space groups C%,-P4:/m and C%-P4,. The unit cell
parameters were determined from least-squares analysis of
the setting angles of 25 reflections automatically centered
in the range 23.0° <20 (Mo Ka,)<37.0° on an Enraf-Nonjus
CAD4 X-ray diffractometer.

Intensity data were collected on a needle-shaped crystal
with the 0-20 scan techniue. During data collection, six stan-
dard reflections measured every three hours showed no sig-
nificant variation in intensity throughout the data collection.
Additional relevant crystal data and details of data collection
are given in Table 1.

All calculations were carried out with the use of programs
and methods described elswhere.’ Conventional atomic scat-
tering factors were used and anomalous dispersion correc-
tions were applied. The reflection data were corrected for
absorption with the use of the analytical method.S As a satis-
factory residual of 0.051 is obtained from averaging the ab-
sorption corrected data in P4,/m, this space group is prefer-
red. The structure was solved by the heavy atom methoed.
The initial position for the U atom was determined from
a Patterson synthesis and the P and S atoms were located
in the subsequent etectron density synthesis. The final ani-
sotropic refinement on FJ2 based on 24 variables and 697
observations, resulted in an R index on F® of 0.064. Other
residuals are R,(F?)=0.080, where the weights were derived
from counting statistics and a value of p of 0.03. The conven-
tional R index for the 504 data with F,2>30(F.% is 0.033.
The final difference electron density map revealed no featu-
res greater than 10.5% of the height of a P atom.

Table 2 lists fractional coordinates and equivalent isotropic
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Table 4. Selected Bond Distances (&) and Angles (deg) for UP;S

U-45(2) 2.747(2) P-P 2.226(6)
U-45(1) 2.968(2) P-25(2) 2.004(3)
25(1)-U-S(1) 69.78(9) P-S(1) 2.047(4)
45(1)-U-S(1) 132.28(5) 25(1)-P-5(2) 112.1(1)
45(1)-U-S2) 71.37(6) S(2)-P-S(2) 114.4(2)
48(1)-U-S(2) 71.93(7) P-P-S(1) 103.8(2)
45(1)-U-5(2) 140.13(6) 2P-P-5(2) 106.8(1)
48(1)-U-S(2) 82.08(7)
25(2)-U-$(2) 148.30(9)
45(2)-U-5(2) 94.28(2)
UP,Se
e U
o p
O s

Figure 1. Perspective view of UP;S; structure. U atoms are
filled circles; P atoms are small open circles; S atoms are large
open circles. Bonds in the P,S¢*~ anion are darkened for clarity.

thermal parameters. Anisotropic thermal parameters are gi-
ven in Table 3.

Results and Discussion

The results of the single crystal study of UP,;S; demonst-
rate the existence of another phase of MP.S; isomorphous
with ZrP:Ss and ThP.S;? The structure of UP,S; is described
in terms of bond distances and angles in Table 4. The struc-
ture of this compound consists of the packing of U** and
PS¢~ ions. A view of the structure is given in Figure 1.

In the P,S¢'” anion shown in Figure 2, the phosphorus
atom is surrounded tetrahedrally by three sulfur atoms and
one additional phosphorus atom. This P,Ss'~ anion has cry-
stallographically imposed 1 symmetry but shows approximate
3m molecular symmetry. This anion is typical of P,Qs
anions (Q=S, Se)®” and has an ideally staggered conforma-
tion, This P»S¢"~ ion can be classified as a salt of hypothetical
thiohypodiphosphoric acid (HsP,Ss). When the hypodiphos-
phoric acid (HP;O6) loses four protons, the hypodiphosphate
anion is described by resonance structures:

Junghwan Do et al.

Figure 2. View of the staggered conformation of the P.S¢*
anion in UP,S; showing bond distances in A

Figure 3. Dodecahedral coordination about U down [001] in
UP;S;, showing bond distances in &. The U atom is a filled circle;
S(1) atoms are shaded circles; S(2) atoms are open circles.

4_
0 0 -4H' 0
HO \p P/ OH > | o ) 14 9—
=T .’_)3 \&. — 0
H OH 0 0

The thic- and seleno-hypodiphosphoric acids have not
been reported. However, the P.Ss” and P;Ses'~ anions
should be regarded as sulfur and selenium analogues of the
P,0s*" anion. This can be justified by the fact that the ave-
rage P-S distance (2.022) A) is between the single bond
distance (2.14 ﬁ) and the double bond distance (1.91 R). The
bond distance between P-P (2.226(6) r?\) is typical of single
P.-P bond length. Brec et 4l. pointed that the PS; groups
appear as rigid entities and the P-P distances vary to accom-
modate the various metal sizes® However this trend has
not heen observed in the MP:S; system where M is Ti, Zr,
Th, or U. The S-P-S bond angles are greater than the P-
P-5 bond angles. This can be explained by the steric repul-
sion of the large sulfur atoms bound to the same phosphorus
atom. .
The U** cation is coordinated by four sulfur atoms (S(2))
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Table 5. Comparison of Parameters for Dodecahedral Coordina-
tion

WM-L)/M-Ly L-M-L)/2 () EaeM-L2)/2 (%)

Optimum 42 m

dodecahedron® 1.05 352 735
ZreSs¢ 1.11 344 750
ThP.Ss 1.07 3438 73.7
UP,S; 1.08 U9 742

“Reference 11, *Reference 2.

Table 6. The Ratio of Volume per Sulfur and the Ionic Radius®
of Each Metal in the MP,S¢ System (M=Ti, Zr, Th, and U)

Compound Ionic radius Volume/sulfur (&%)
TiP-Ss 0.68 36.19
ZrP2S¢ Q.79 35.31
ThP,S¢ 102 39.06
UP,Ss 0.97 3749

sReference 10, *Reference 1, ‘Reference 2.

at 2.747(2) A and four sulfur atoms (S(1)) at 2.968(2) A (Fig-
ure 3). The US; group has crystallographicailly imposed 4
symmetry but shows approximate dodecahedral 42m mole-
cular symmetry, which is not unusual for U**? The average
distance between U and S is 2.86(16) A. This is comparable
to the sum of the ionic radii of each element (2.84 A).'

The two usual geometries for coordination number eight
are the square antiprism and the dodecahedron. Detailed
analysis® of the energetics of metal-ligand and ligand-ligand
interactions suggested that there will be little difference bet-
ween the energies of the square antiprismatic and the dode-
cahedral arrangements. Therefore the choice between them
is usually determined by other factors such as the chelating
effect, energies of partially filled inner shell, and orbital hy-
bridizations.” At present there is no satisfactory method to
predict the geometry the metal ion will adopt.

Hoard and Silverton have investigated the optimum arra-
ngement of ligands in an isolated dedecahedron.'*'? To mini-
mize the electrostatic repulsion energy between ligands, they
determined the parameters for the most favorable shape of
the dodecahedron. They found that the ratio of the two dif-
ferent distances between metal-ligand (M-L,)/(M-L;) and the
angles L\-M-L, and L-M-L; for an optimum lignad arrange-
ment. The parameters for this optimum arrangement are
compared in Table 5 with the experimentally determined
values for the MP,Ss system (M=Zr, Th, and U). Those of
the ThP.S; and UP;Ss are very close to the optimum values,
which means the MS; groups have a favorable arrangement
of sulfur atoms.

Bull. Korean Chem. Soc, Vol. 14, No. 6, 1993 681

Comparing the ratios of the volume per sulfur for TiP,Sg
and MP,S; (M=2Zr, Th, and U) along with the ionic radius
of each element® in Table 6, one can find that this ratio
decreases from TiP.Ss to ZrP,Ss although the ionic radius
increases. The compound TiP,Ss; also has PS¢’ anions.
However, the Ti metal is coordinated by only six sulfur
atoms i a slightly distorted octahedral arrangement. The
reason that TiP,S; and MP.Ss (M=Zr, Th, and U) adopt
different structures could be explained by the sizes of the
metal atoms. The Ti** cation is not sufficiently large to acco-
mmodate eight sulfur atoms without undue crowding. There-
fore, even if we assume the dodecahedral geometry of sulfur
atoms around a Ti'* cation, the repulsive energy between
sulfur atoms would surpass the stabilization energy of the
dodecahedral geometry. Thus, there are relatively few eight
coordinated complexes known for the first row transition
metals {ie., Ti(S,CNRz)*M).
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