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Ta2P2SII is a new phase of the Ta-P-S system obtained by high-temperature synthesis from the 
elements. Single-crystal diffraction analysis showed the phase to crystallize in the P2Jc space group 
with the following cell parameters: a = 6.876(3) b;, b = 24.109(8) A, c = 26.41 l(8) A, p = 106.04(3)“, V 
= 4208(6) A3, and 2 = 10. Low-temperature (T = 140 K) structure study has been performed and 3104 
independent diffractometer data have been refined, with 328 variables, to R = 8.9%. The structure is 
made of two types of polyhedra, a tetrahedral group (PS,) (mean dpms = 2.030 di) and a bipolyhedral 
group (Ta2S,,) (mean dTti = 2.494 h;, in which tantalum is heptacoordinated. These (Ta&) units are 
formed of two distorted (TaS,) groups sharing a triangular face made of mono- and disulfide anions 
((S,)-u-S-u). Of the three kinds of (Ta&,) bipolyhedra, two of them show disorder of the common 
triangular sulfur face. The way the coordination groups are bonded to one another determines the 
occurrence of three kinds of tunnels in the structure. Their characteristics and the reason of their 
emptiness are related to their size and to the special linking arrangement taking place between the 
(PS& and (Ta&) groups. With the formulation TaYPT(S2)-u(S-u)9 the phase is expected to be 
diamagnetic and semiconducting or insulator. 8 1987 Academic press, hc. 

1. Introduction 

Low-dimensional M-P-S phases may 
occur for high sulfur content and for small 
electronegativity differences between M 
and S atoms. These conditions ensure that 
the cation will share oriented bonds mostly 
with surrounding anions of its coordination 
group (octahedron, tetrahedron, trigonal 
prism, trigonal antiprism, etc.) and that the 
charge borne by the chalcogen ion will be 
very small. Combinations of the coordina- 
tion groups through edge, face, or corner 
sharing allow them to constitute chains or 
sheets that can be stacked upon one an- 

* NATO postdoctoral fellow. 
t To whom correspondence should be addressed. 

other because of the very low repulsion be- 
tween weakly charged anions, thus building 
stable one- or two-dimensional phases. In 
the M-P-S family, M being a VD metal, 
this is conveniently illustrated by the vana- 
dium derivatives that present only 1-D and 
2-D structures for the sulfur-rich materials 
(Table I). Although it is more electroposi- 
tive, niobium maintains, in its Nb-P-S 
phases, mostly low-dimensional structures. 
However, no 1-D arrangements are found 
and the phase NbP& presents both 2-D 
and 3-D structures. To date, tantalum de- 
rivatives , Ta-P-S , constitute exclusively 
tridimensional arrays, with increased elec- 
tropositivity (Table I). Niobium is thus, in 
that group of compounds, a frontier ele- 
ment separating more covalent 1-D and 2-D 
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TABLE I 

VD TRANSITION METALS THIOPHOSPHATES AND 
THEIR DIMENSIONALITY 

Vanadium Niobium Tantalum 

(2-D) Ve.nPS, (I) (2-D) NbzPS,o (5) (3-D) TaPS6 (9) 
(2-D) Po.zVSz (2) (2-D) Nb4PzSZI (6) (3-D) TaqP& (10) 
(I-D) VzPS,o (3) (2-D) NbP& (7) (3-D) TaPS&e (II) 
(2-D) VzP& (4) (3-D) NbP& (8) (3-D) TazPzSt~ 

Note. Niobium represents a frontier element between vanadium that 
gives only low-dimensional (1-D) and (2-D) derivatives and tantalum that 
leads exclusively to three-dimensional crystal networks. 

vanadium derivatives from more ionic 3-D 
tantalum phases. Among these latter, the 
two phases, TaP& and Ta4P&, constitute 
attractive materials with tunnels in their 
atomic arrays (8, 9). It was tempting to fur- 
ther investigate the Ta-P-S system to find 
new compounds and to verify whether the 
tunnel structures would again occur. This is 
the case for the new phase Ta2P2Sll for 
which synthesis and structure determina- 
tions are reported in this paper. 

2. Experimental 

Small amounts of Ta2P&, crystals were 
obtained, in evacuated silica tubes, by heat- 
ing the elements in the Ta/P/S ratio 4/5/24 
at 600°C for about 10 days. Attempts to pre- 
pare the phase from the stoichiometric pro- 
portions resulted in samples containing 
mostly the TaP& phase, the composition of 
which is very close to that of the compound 
studied. Microprobe analysis (microsonde 
Ouest Ifremer) was difficult to perform be- 
cause of the instability of the phase under 
the electron beam and/or of the poor crys- 
tal surface quality. The best analytical run 
reported (Table II) is, however, in satisfac- 
tory agreement with the Ta,P#ll formula, 
which was also obtained from the structural 
determination. Only the convergence of an- 
alytical and structural data could ascertain 
the phase stoichiometry, since many other 
formulas could be imagined in relation to 

the complex charge balance taking place 
through various oxidation states of the an- 
ions in these types of phases. 

The samples of Ta2P2Sll are elongated 
parailelepipedic crystals. As can be seen in 
Fig. 1, the needles are hollow and consti- 
tuted of many smaller crystals. This corre- 
sponds to heavy twinning that was system- 
atically observed in diffraction patterns. 
After numerous attempts, breaking the 
crystal edges and/or corners yielded tiny 
untwinned samples. The X-ray diffraction 
pattern indicated rather weak intensities 
and not very sharp spots. The symmetry 

TABLE II 

ANALYTICAL AND CRYSTALLOGRAPHIC DATA: 
PARAMETERS OF THE X-RAY DATA COLLECTION 

ANDREFINEMENT 

Physical, crystallographic, and analytical data 
Fomwla: TazPzSu Molecular weight: 776.54 g 
Theoretical weight fraction concentration: 

Ta: 46.6%, p: 8.0%. S: 45.3% 
Microprobe analysis: 

Ta: 43.6%, p: 8.3%. S: 45.3% 
Crystal symmetry: Monoclinic Space group: P21/c 
Cell parameters (293 K): 

a = 6.87q3) A, b = 24.109(8) A, c = 26.411(S). A. 
(3 = 106.04(3)~, V = 4X8(6) A), Z = 10 

Cell parameters (140 K): 
(I = 6.84(l) A, b = 24.058(9) A, c = 26.340) A, 
@ = 105.80(S)“, v = 4171(14) Al 

Density: peal = 3.062 
Absorption factor: p(hMoKa): 144.5 crn~l 
Crystal size: 10.10 x 0.10 x 0.07 mm) 

Data wllection 
Temperature: 140 K Radiation: MoKa 
Monochromator: oriented graphite (002) Scan mode: o/2 B 
Recording angle range: l-23” scan angle: I .a3 + 0.35 tan 0 
Values determining the scan speed: 

SIGPRE: 0.85, SIGMA: 0.01, VPRE: 20 min-‘, 
TMAX = 60 set 

Standard reflection: 0 9 2.0 3 1 Periodicity: 3600 set 

Refinement conditions 
Reflections for the refinement of the cell dimensions: 25 
Recorded reflections in the quarter-space: 6558 
Utilized reflections: 3104 with I > 3 v(f) 
Refined parameters: 328 
Reliability factors: R = xl1 FoI - / Fcll/z[ Fo[ 

Refinement results 
R = 8.9% R, = 11.4% 
Extinction coefficient: EC = 1.3(4) x lo-* 
Difference Fourier maximum p&k intdnsity: 3.1(6) e-/b’ 
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FIG. 1. Photograph showing the curious hollow feature of the Ta2P2Sll crystals (x75). Arrow indi- 
cates a heavy twinning region. 

was found to be monoclinic with P2,/c 
space group. 

Intensity recording on a CAD4 diffrac- 
tometer with a cathode power set at 1 kW 
showed, on three different runs, a fast, 
steady decrease of the standard intensities, 
attributed to the compound’s instability un- 
der the X-ray beam and/or to reaction with 
air. Samples were then sealed into capillar- 
ies, the X-ray tube power was lowered to 
800 W, and recording of data was resumed. 
Stability of the standard reflection intensi- 
ties became then satisfactory and an inde- 
pendent space was recorded. Subsequent 
structure refinement yielded coherent 
structural features with very high thermal 
factors for the atoms, however, and unac- 
ceptable low sulfur-sulfur distances in 
some S2 pairs. Observation of low-tempera- 
ture TazP& electronic diffraction patterns 

revealed very sharp diffraction spots and it 
was decided to record the X-ray diffraction 
spectrum intensities at low temperature 
(140 K), in the hope of obtaining better con- 
trasted reflection peaks and a better re- 
solved structure. From this new set of data, 
the structure refinement carried out using 
previous atomic positions gave lower ther- 
mal vibrations and more homogeneous and 
better interatomic distances. It is, hence, 
these results that are reported here. Be- 
cause the crystal had ill-formed faces, the 
intensities were not corrected for absorp- 
tion. The SDP-PLUS program chain (1982 
version) of Enraf-Nonius, written by Frenz 
(Z2), was used to solve the structure. Table 
II presents the analytical and crystallo- 
graphic data and parameters of the X-ray 
data collection and refinement. The room 
temperature cell parameters were obtained 
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TABLE III 

Ta2P2SII X-RAY POWDER DIFFRACTION DATA 

6s (A) dcaic (A) h/d 100 x Z/Z, dobs(& 
- 

a.75 
8.00 
1.67 
6.94 
6.80 
6.376 
6.038 
5.917 
5.900 

5.834 

5.619 

5.441 

5.266 
5.223 
4.%9 

4.530 

4.366 

4.310 
4.249 
4.170 
4.114 
3.993 
3.971 

3.838 

3.779 
3.742 

3.622 

3.480 

3.439 

3.364 

8.74 022 
7.98 013 
7.66 031 
6.93 023 
6.79 032 
6.373 110 
6.027 040 
5.912 12i 
5.902 ll? 
5.832 122 
5.826 111 
5.821 033 
5.615 024 
5.434 123 
5.444 042 
5.250 114 
5.224 13i 
4.968 015 
4.532 14i 
4.542 113 
4.370 044 
4.380 123 
4.318 123 
4.254 141 
4.167 016 
4.117 106 
3.992 026 
3.969 061 
3.841 124 
3.839 054 
3.831 062 
3.780 153 
3.743 036 

100 x ZIZO 

69 3.336 3.332 204 
100 I 6 3.338 153 J 

88 3.302 
I 3.305 031 137 I 2 

39 3.308 
42 3.232 3.229 108 8 

26 3.101 I 3.107 047 4 
11 3.102 154 I 
18 3.017 3.079 171 8 

51 2.989 
I 2.987 171 2.986 242 I 9 

12 ( 2.897 240 I F 
2.887 ., 

5 
2.895 

2.900 

13 

25 
12 
3 

7 

13 

5 
5 

12 

7 

5 

13 

2.872 

2.848 

2.787 

2.739 

2.687 

2.641 

2.627 

2.586 

2.552 

2.4% 

2.482 

2.419 

1 2.901 174 J 

2.741 251 

5 

8 

25 

7 

4 

Note. Intensities were calculated with Lazy Pulverix program (17). a = 6.876(3) A, b 
= 24.109(8) d;, c = 26.411(g) A;, fi = 106.04(3)“. 

from a Guinier powder spectrum (Guinier ing into account the first 50 reflections (Ta- 
Nonius FR552, ACuKZ = 1.5418 A Si as ble III). Low-temperature (140 K) cell pa- 
standard) by a least-squares technique tak- rameters refined on the Nonius CAD4 
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diffractometer from 25 chosen reflections 
are given in Table II. 

3. Structure Refinement 

The structural calculations were begun 
first with the tantalum atoms, the positions 
of which had been determined from a Pat- 
terson map. With only these atoms, the reli- 
ability factor dropped to about 25%, em- 
phasizing the overwhelming influence of 
these heavy cations. With the help of 
Fourier and Fourier difference maps, the 
other light atoms (S and P) were progres- 
sively added. Because they had very high 
thermal coefficient values, and also due to 
incompatible atomic distances, the occu- 
pancy ratio of nine sulfur atoms had to be 
divided by two, the structural features of 
the phase explaining satisfactorily this dis- 
tribution (see below). The final refinement 
was conducted with anisotropic factors, ex- 
cept for the sulfur atoms positions with half 
occupancy, for which, because of their 
weak contribution and the quality of the re- 
cording, the temperature factor was kept 
isotropic and made identical. A reliability 
value of R = 8.9% was finally obtained for 
the 3104 reflections and 328 variables. A 
Fourier difference map revealed that the 
more intense peak corresponded to 3.1(6) 
elA3, the other peak intensities decreasing 
regularly (the tenth peak for instance is re- 
corded at 2.6 elA3). This observation en- 
sured that all the structure atoms had been 
taken into account in the refinement calcu- 
lation, the compound composition being 
Ta2P&, in agreement with the analytical 
data. In Tables IV and V are gathered the 
positional and thermal atomic parameters 
of the structure. Structure factor tables are 
deposited at ASIS/NAPS.l 

1 See NAPS document No. 04485 for 16 pages of 
supplementary materials from ASIUNAPS, Micro- 
fiche Publications, P.O. Box 3513, Grand Central Sta- 
tion, New York, New York 10163. Remit in advance 
$4.00 for microfiche copy or for photocopy, $7.75 up 
to 20 pages plus $.30 for each additional page. All 
orders must be prepaid. 

TABLE IV 

POSITIONAL PARAMETERS AND THEIR ESTIMATED 
STANDARD DEVIATIONS 

Atom x Y z Be&Q) 

Ta1 
Tal 

0.6996(4) 
0.627X4) 
0.4665(3) 
0.6971(3) 
0.0691(4) 
0.349 (4) 
0.462 (4) 
0.869 (4) 

0.967 (4) 
0.891 <4j 
0.451 (4) 
0.430 (2) 
0.787 (2) 
0.637 (2j 
0.769 (2) 
0.811 (2) 
0.345 (3) 
0.008 (3) 
0.471 (3) 
0.353 (2) 

0.5021 (1) 
0.6287 (1) 
0.76920(9) 
0.80473(9) 
0.0507 (I) 
0.560 (I) 
0.535 (1) 
0.581 (I) 

0.571 (1) 
0.592 ilj 
0.549 (1) 
0.6690 (7) 
0.6335 (7) 
0.5236 i6j 
0.4427 (7) 
0.7163 (7) 
0.6695 (7) 
0.4490 (7) 
0.4256 (6) 
0.8303 (8) 

0.7620 (1) 
0.8027 (I) 
0.50930@) 
0.63179(9) 
0.0431 (1) 
0.750 (1) 
0.825 (1) 
0.780 (1) 

0.826 (1) 
0.752 (1) 
0.784 (1) 
0.7168 (6) 
0.8989 (6) 
0.6658 <5j 
0.8416 (6) 
0.8013 (6) 
0.8326 (7) 
0.7562 (6) 
0.7208 (6) 
0.5750 (6) 

3.02(6) 
3.56(5) 
1.83(4) 
1.97(5) 
2.85(5) 
1.9 (2)* 
1.9* 
1.9* 

1.9* 
1.9* 
1.9* 
3.0(3) 
2.9(3) 
2.4i3j 
4.4(4) 
3.1(3) 
4.2(4) 
4.5(4) 
3.3i4j 
3.5(4) 

SZ-2 0.369 (3) 0.7492 (7) 0.5936 (7) 4.2(4) 
S-3 0.809 (2) 0.7700 (7) 0.5613 (6) 3.1(3) 
s24 0.417 (2) 0.8595 (7) 0.4631 (6) 3.9(3) 
~2%S 0.465 (2) 0.6641 (6) 0.5132 (6) 2.8(3) 
SI4 0.718 (3) 0.9064 (7) 0.6272 (8) 4.0(4) 
~2%7 0.817 (2) 0.7110 (6) 0.6731 (6) 2.9(3) 
s2-8 0.581 (2) 0.7449 (6) 0.4310 (5) 2.3(3) 
S2-9 0.103 (2) 0.7493 (6) 0.4620 (6) 2.7(3) 
s*-IO 0.043 (2) 0.8224 (6) 0.6892 (6) 3.w 
sz-1 I 0.554 (2) 0.8058 (7) 0.7098 (5) 2.9(3) 

IS, 0.797 i4j 1.002 iii 1.013 iii 2.3* 
SW 0.866 (2) l.wO4 (7) 0.8717 (6) 3.3(3) 
SS3 0.978 (2) 0.8674 (6) 1.0175 (6) 3.1(3) 
h6 0.585 (2) 0.9144 (6) 0.9105 (6) 3.1(3) 
S-7 0.088 (2) 0.8805 (7) 0.9108 (6) 3.1(3) 
R 0.345 (3) 0.2272 (7) 0.7760 (7) 3.3(4) 
P2 1.002 (2) 0.4051 (6) 0.8221 (6) 2.3(3) 
9 0.417 (2) 0.4643 (6) 0.6513 (6) 1.9(3) 
P4 0.474 (2) 0.1738 (6) 0.5932 (6) 2.2(3) 
PS 0.159 (2) 0.6669 (6) 0.4767 (5) 2.1(3) 

Note. Asterisked atoms were refined isotropically. Atoms 
of groups I, II, and III were refined with an occupancy ratio of 
7 = 0.5. Anisotropically refined atoms are given in the form of 
the isotropic equivalent thermal parameter: S *[a* * B,,,,, + b* * 
Em + c*E,,,,, + abkos y ) * &,I, + U&OS p) * Em, + bc(cos 
4 * &.3,1. 

4. Structure Results and Discussion 

4.1. Generalities 
Before studying the main structural fea- 

tures of Ta2P&, it may be useful to recall 
briefly some elements of a new approach to 
structurally describe complex polyhedra 
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TABLE V 

REFINED TEMPERATURE FACTOR EXPRESSIONS--P’S 

Name %.I, Bc2.2) B (3.3) 

Ta,, 
Tal 
Ta2 
TaZ 
Ta3 
S 
s:I: 
S 
S:: 
S 
s:“, 
SI-!O 
SI-II 
%I 

%2 

S 2-3 

S-4 
S 2iJ 
s2-6 

S 2-7 
s2-s 

S 2-9 
S 2-10 
S 2-I, 
SF4 
S M 
S-6 
S >7 
PI 
p2 

p3 

p4 

P5 

0.0208(6) 
0.0367(6) 
0.0116(4) 
0.0118(5) 
0.0180(6) 
0.016 (3) 
0.015 (3) 
0.022 (3) 
0.033 (4) 
0.020 (4) 
0.026 (4) 
0.048 (5) 
0.029 (4) 
0.014 (3) 
0.024 (4) 
0.013 (3) 
0.037 (4) 
0.012 (3) 
0.019 (4) 
0.021 (3) 
0.016 (3) 
0.008 (3) 
0.018 (4) 
0.024 (3) 
0.023 (4) 
0.019 (3) 
0.024 (4) 
0.026 (4) 
0.022 (4) 
0.014 (3) 
0.009 (3) 
0.011 (3) 
0.016 (3) 

0.00101(4) 
0.00081(4) 
0.00068(4) 
0.00074(4) 
0.00119(4) 
0.0015 (3) 
0.0017 (3) 
0.0008 (2) 
0.0013 (3) 
0.0010 (3) 
0.0017 (3) 
0.0013 (3) 
0.0007 (3) 
0.0022 (4) 
0.0015 (3) 
0.0015 (3) 
0.0009 (3) 
0.0008 (2) 
0.0009 (3) 
0.0009 (3) 
0.0006 (2) 
0.0015 (3) 
0.0009 (3) 
0.0014 (3) 
0.0016 (3) 
0.0008 (3) 
0.0008 (3) 
0.0014 (3) 
0.0010 (3) 
0.0009 (3) 
0.0008 (3) 
0.0008 (3) 
0.0011 (3) 

0.00091(4) 
0.00151(4) 
0.00084(3) 
0.00085(3) 
0.00084(4) 
0.0010 (2) 
0.0006 (2) 
O.ooo8 (2) 
0.0025 (3) 
0.0013 (3) 
0.0016 (3) 
0.0012 (2) 
0.0014 (3) 
0.0014 (3) 
0.0020 (3) 
0.0012 (2) 
0.0020 (3) 
0.0015 (3) 
0.0020 (4) 
0.0016 (2) 
0.0013 (2) 
0.0014 (3) 
0.0012 (3) 
0.0009 (2) 
0.0011 (2) 
0.0020 (3) 
0.0013 (3) 
0.0005 (2) 
0.0013 (3) 
0.0011 (2) 
0.0011 (2) 
0.0011 (2) 
o.ooo4 (2) 

Bw, &,3, B (2,)) 

0.0047(3) 
-0.0013(3) 
-0.0005(2) 
-0.0011(2) 

0.0064(3) 
-0.002 (2) 

0.001 (2) 
0.000 (2) 
0.008 (2) 
0.001 (2) 
0.008 (2) 
0.008 (2) 

-0.004 (2) 
-0.002 (2) 
-0.004 (2) 
-0.003 (2) 

0.004 (2) 
-0.004 (2) 
-0.000 (2) 
-0.000 (2) 
-0.001 (1) 
-0.002 (1) 
-0.002 (2) 
-0.001 (2) 
-0.000 (2) 
-0.000 (2) 

0.000 (2) 
0.008 (2) 

-0.001 (2) 
0.001 (1) 

-0.001 (1) 
-0.001 (1) 
-0.003 (2) 

-0.0015(3) 
0.0115(2) 
0.0031(2) 
0.0018(2) 

-0.0006(2) 
0.002 (1) 

-0.001 (1) 
0.005 (1) 
0.015 (1) 
0.003 (1) 
0.003 (2) 
0.009 (2) 
0.004 (2) 
0.005 (1) 
0.002 (1) 
0.002 (1) 
0.014 (1) 

-0.001 (2) 
-0.003 (2) 

0.008 (1) 
0.006 (1) 
0.004 (1) 

-0.002 (2) 
0.007 (1) 
0.006 (1) 
0.008 (1) 
0.003 (2) 
0.002 (1) 
0.002 (2) 
0.004 (1) 
0.003 (1) 
0.002 (1) 
0.003 (1) 

-0.00046(7) 
-0.00024(7) 
-0.00034(6) 
-0.00029(6) 
-0.00006(7) 
-0.0004 (5) 
-0.0012 (4) 

0.0005 (4) 
0.0019 (5) 

-0.0003 (4) 
-0.0015 (5) 

0.0003 (5) 
0.0004 (4) 

-0.0014 (5) 
-0.0014 (5) 
-0.0013 (5) 

0.0008 (4) 
-0.0002 (4) 
-0.0002 (5) 
-0.0001 (4) 
-0.0005 (4) 
-0.0002 (4) 
-0.0002 (4) 
-0.0005 (4) 

0.0008 (5) 
-0.0003 (4) 

0.0013 (4) 
0.0004 (4) 
0.0004 (5) 
0.0009 (4) 

-0.0004 (4) 
0.0007 (4) 
0.0002 (4) 

Note. The form of the anisotropic thermal parameter is exp[-(Bci,i, * h2 + Bi2.2, * k2 + Bm * t2 + B(U) * hk + 
B(,,,, * hl + Bp.3) * WI. 

and their combination, in particular in the 
M-P-S phases, developed recently (23). 

Because of the occurrence of polyanionic 
groups, in particular of (X&II pairs (X = 
S and Se), that are found along with 
monoatomic ligands, rather complex 
groups M(Xi)fin (with i’ = 2 in most cases 
to date) are encountered in the transition 
metal chalcogenide family and related 
groups (organometallic and thiophosphate 

phases, for instance). In order to make it 
easier to classify and describe these phases, 
it is possible to see the irregular i’kI(X&X~ 
polyhedra as generated from regular poly- 
hedra MXi, i.e., polyhedra without pairs. 
For instance, let us consider an octahedron 
[MX6] (see Fig. 2). The cv transformation 
keeps the same metal coordination number, 
but introduces a ligand pairing; the X2 pairs 
are formed from unpaired X corners of the 
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FIG. 2. Generation of complex polyhedra through application to an A,, octahedron of the CY and /3 
transformation. Also indicated is the deductive y-transformation. Thick lines symbolize ligand pairs, 
and double arrows indicate the ligand atoms involved in pairing, from one configuration to the follow- 
ing one. 

original polyhedron. The /3 transformation 
corresponds to an increase of the coordina- 
tion number through substitution of a X cor- 
ner by a Xz group. The y transformation 
that derives from the two above operations 
corresponds to the addition of an extra li- 
gand and formation of X2 pairs. All the ex- 
amples given in Fig. 2 may also correspond 
to each other by thereverse operations. 

So far, VD transition elements have been 
found to present the coordination AC, and 
those derived from it, i.e., &, B,, CO, Cl, 
and C, (Fig. 1). In the last five configura- 
tions, the polyhedra very often share trian- 
gular or rectangular faces and they consti- 
tute chains or autonomous “bipolyhedra” 
that allow, in some instances, the occur- 
rence of metal-metal bonding (Fig. 3). The 
ligands in capping or edge position may be 
bonded to another identical polyhedron or 
bipolyhedron, directly (Fig. 4) or through a 

polyanion (Fig. 5), typically a thiophos- 
phate group in the M-P-S family. In more 
complicated cases, the bipolyhedral units 
can even share between each other simulta- 
neously an edge, a comer, and a capping 
ligand (Fig. 6). 

The way the bipolyhedral groups are 
bonded, in particular via their capping or 
corner ligand, may be related to the crystal 
space spanning and also to the dimensional- 
ity of the phase. For example, let us con- 
sider a bipolyhedron constituted by a bi- 
capped biprism MlXi2 (M~(X&XS) (Fig. 7). 
With respect to the plane containing the 
cation (M) and the capping ligand (C for 
capping), the other anions (E and R for edge 
and rectangle) will be situated either below 
(subscript D for down) or above (subscript 
U for up), hence, the labeling given in Fig. 7 
(13). In certain structures, the connection 
between polyhedra (directly or through 
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a b 

d 

FIG. 3. Examples of obtention of bipolyhedral 
groups from A,, II,,, and CO units of Fig. 2, by sharing 
of one triangular face (a and b (with A, and B,)) and 
one rectangular face (c (with CO)). 

polyanions) is of the CEIEC type (Fig. 4), 
and in the case of four simultaneous such 
connections, three possibilities exist (Fig. 
8). They are @z, C”,R, and @tL. The last 
two configurations are super-labeled R and 
L (for right and left), since one is the mirror 
image of the other. It has been shown (13) 

I \ I 
y&P I 
d b 
I 

i 
FIG. 4. Direct bonding of the ECICE type through 

capping and edge sulfur atoms of rectangular face- 
sharing biprisms as encountered in some transition 
metal chalcogenides. The structure is that of the 
MX2Y2 family (M = VD element; X = S, Se; Y = Cl, 
Br). 

FIG. 5. Indirect bonding of the ECICE type between 
the same bipolyhedra as in Fig. 4 through (P&) bi- 
tetrahedral linking groups. Solid and open circles rep- 
resent, respectively, the transition metal and phos- 
phorus. The structure is that of 2-D NbP& (7). 

that the use of one bonding group rather 
than the other changes the direction of rota- 
tion of the crystal array in some com- 
pounds. As an example, let us briefly study 
the interconnection of the (M2XL2) groups 
through (P&) units as encountered in 
TaPSa (9) and TQP&~ (20). The (Ta&) 
bicapped biprisms are bonded to (PS4) tet- 
rahedra as shown in Fig. 9a and the polyhe- 
dra then span the crystal space as indicated 
in Fig. 9b where a large tunnel is hence cre- 
ated. Figure 10 is a schematic of the struc- 
ture where the type of connection involved 
at the bipolyhedral site, i.e., C$R, has been 
given. It one compares Figs. 8 and 9, since 
the bonds between (Ta&) groups are such 
as the up (CE”) bond of one polyhedron is 
followed by a down bond (CEJ-,), the 
(Ta&) and (PS,) prisms are rotating coun- 

FIG. 6. Complex bonding between C polyhedra in- 
volving capping, edge, and rectangular face ligand 
sharing. This case is encountered for instance in 
Nb3SesC1, (26). 
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FIG. 7. Labeling of the ligand atoms of a C,/C, bi- 
polyhedron with respect to the plane containing the 
cation (M) and capping atoms (C). 

terclockwise around the large tunnel 
(U-D) to give a right-handed helix. For the 
adjacent little tunnel, the rotation is clearly 
opposite (U”D),. and with respect to that 
tunnel axis, rotation takes place clockwise 
(left-handed helix). Obviously change of 
the sulfur atoms in the interconnections will 
not change the compound composition, but 
will imply the direction of rotation (or ab- 
sence of rotation) of the structure polyhe- 
dra. A systematics has been studied for this 
type of phase (23). 

4.2. TazP#,, Structure 

4.2.1. General features. Like the other 
P-Ta-S phases, the Ta2P2SII structure can 
be described as a gathering of tantalum-sul- 
fur coordination groups interconnected by 
(PSJ tetrahedral units. The transition metal 
polyhedra are constituted by the B0 polyhe- 
dron of the above classification (Fig. 2). 
This group is made up of a tantalum cation 
with a sulfur triangle on one side ((S&u- 

FIG. 8. Schematic representation of a C&, bi- 
polyhedral cluster (face-sharing prisms) with the four 
up and down possibilities leading to three types of 
combinations. 

b 

FIG. 9. (a) Indirect combination through a (PS4) link- 
ing unit between two biprisms [Ta&] in ThP&. (b) 
Rotating arrangement resulting of the [Ta&] cluster 
indirect interconnection (right handed helix). 

FIG. 10. Schematic representation of the basic tun- 
nel structure revealing the C:R connections. Large 
and small tunnels present, respectively, right- and left- 
handed polyhedron helix. 
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. Ta 

VP 

OS 

FIG. 11. Projection, along the a axis, of Ta2P2SII structure that shows the three types of bipolyhedra 
(labeled 1, 2, and 2) and the three kinds of tunnels (TI, T2, T,). Dotted lines correspond to capping 
sulfur atoms, and broken lines to the second type of sulfur arrangement resulting from the sulfur 
disorder on the (S,) triangles of the (Ta2SII) bipolyhedra. 

S-II) and an edge on the other (S-1*-S-u), tion parameters). Clearly, from simple 
with two capping sulfur anions. This in- geometrical considerations (see Fig. 3b), 
duces an heptacoordination of tantalum. both configurations (drawn separately in 
Two such units share their triangular face Fig. 12) are equivalent. In the case of poly- 
to build a (Ta&i) bipolyhedron (Fig. 3b). In hedron 3, this is mandatory as the inversion 
the structure TazP2SII, there exist five dif- center of the P2Jc space group is located at 
ferent bipolyhedra, differing only slightly in the center of the (Ta&r) unit. This situa- 
interatomic angles and distance. Figure 11 tion implies very similar energies for the 
is a projection of the structure where three coordination groups. Since the triangular 
groups of polyhedra (labeled 1, 2, and 2) (S3) group is not bonded to any other 
can be seen. For bipolyhedra 1 and 3 two atomic entities, both configurations take 
different orientations of the (S3) triangles place easily, hence the statistical distribu- 
have been found, in agreement with the sta- tion. Such an atomic arrangement is not un- 
tistical occupation of the corresponding sul- known and it is of interest to emphasize the 
fur sites (see Table IV of the atomic posi- case of the organometallic compounds 
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FIG. 12. ORTEP drawings of the different (Ta&) bipolyhedra encountered in Ta2P&. (1) and (3) 
show the two arrangements resulting of the two types of sulfur triangle sets and (2) the other ordered 
(Ta2S,,) biunits. 

Nb2C14S3, 4SC4H8 and Nb2Br4S3, 4SC4Hs compound gathering the two structural fea- 
(24). In these phases, the coordination tures of the above organometallic phases. 
groups are Nb2X4S7 (X = Cl, Br), and one In the case of the (Ta&) bipolyhedron 1, 
finds (Nb&X4) cages, like the (Ta&) ones located in a general position, the occupancy 
of (Ta2P2SII). If the brominated phase ratio of the two (Ss) triangles was set at 50% 
presents regular bipolyhedra, the S3((S2)-It- and not refined, but obviously some depar- 
S-II) bridging group of the chlorinated com- ture from that even distribution can take 
pound is found disordered with two types place. The (Ta&) groups are bonded to 
of positions filled respectively at 66 and one another through a (PS,) tetrahedron 
34%. Ta,P,Si I is a phase where both ordered utilizing an edge and capping sulfur atom, 
and disordered (Ta2S1i) units are found, the in a Ci, CiR, and @iL, way. This leaves 
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three types of tunnels in the structure, two 
small (Ti and T2) and a large one (T3). 

Symbolizing the polyhedra according to 
Ref. (13) and as shown above in the case of 
the Tap& and TQP&~ structures, one ob- 
tains the structure projection of Fig. 13. 
The Ti tunnels are found to have polyhedra 
that rotate either clockwise or counter- 
clockwise (right- and left-handed rotation). 
Around tunnels Tz and T3 no rotation oc- 
curs. All the tunnels are found empty, as 
expected since the frame constituted by the 
(Ta#i,) and (PS,) polyhedra already corre- 
sponds to the analytical composition. Like 
in the case of the two previous Ta-P-S 
phases, Ta2P2S, i is made of two interlocked 
atomic networks sharing no bonds. To that 
rather open structure corresponds a fairly 
low calculated density of 3.06 to be com- 
pared to that of more dense phase Tap& 

(d = 3.25) and one may wonder why, like it 
does in the case of Ta4P4SZ9 structure, sul- 
fur as a polyatomic group is not filling the 
void spaces. The answer for Ti and T2 is 
straightforward: because the diameter of 
the tunnels is not large enough to accom- 
modate a sulfur helix, but T, has a size simi- 
lar to that found in TaP4SZ9. 

A convincing explanation can be put for- 
ward to understand that experimental ob- 
servation. It is to be remembered that in 
Ta4P&, the Sio sulfur helix is right-handed 
like the surrounding tunnel structure. Poly- 
meric sulfur can only be obtained under 
high pressure (15) and occurrence of such a 
chain in a solid state phase like TaP4SZ9 
obtained under low pressure must then be 
ascribed to a sort of steric pressure. This is 
probably possible for rotating tunnel struc- 
tures only. Since there are only van der 

FIG. 13. Schematic representation of Ta2P2SII structure projected (as in Fig. 11) along the a axis, 
using the systematization and labeling developed in Ref. (13). 
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Waals distances between the helix atoms 
and the basic tunnel structure (BTS), the 
sulfur chain develops in an orderly way that 
can only be explained if one assumes that 
the empty sites left by the BTS are com- 
mensurate with the chain and lock it. The 
atomic groups constituting the T3 tunnels 
do not rotate and the Ta2P&l structural 
frame cannot exert any steric pressure; 
hence, the void observed. The structure of 
selenium-substituted Tap&Se seems to 
support this analysis (II). 

4.2.2. Structure analysis. Tables IV and 
V give the positional parameters and the 
temperature factor expressions, while Ta- 
ble VI presents the main interatomic angles 
and distances found in Ta2P2Sll. The hepta- 
coordinated tantalum atoms yield a Ta-S 

TABLE VI 

MAIN INTERATOMIC DISTANCES (IN ?I) AND ANGLES 

(IN DEGREES) IN Ta2PZSI, (ESD IN PARENTHESES) 

[Ta2SIJ bipolyhedron 1 (with disordered S3 triangle) 
Tale-S,.., 2.719(16) Ta,-S,-, 2.618(16) 

St-2 2.736(16) SI-2 2.658(16) 

s-3 2.195(17) SI-3 2.233(17) 

%-I* 2.688(16) SI-1, 2.638(16) 
S-2' 2.589(17) SI-2 2.667(17) 
%3, 2.252(16) s,-3, 2.242(16) 
S 
S:: 

2.507(9) S 2.494(10) 
2.474(10) S:: 2.473(9) 

Lo 2.504(11) S-8 2.456(10) 
&II 2.468(10) S,-9 2.476(10) 

[Ta2SI ,] bipolyhedron 2 [Ta&,] bipolyhedron 3 

Ta2- S2-, 
S 
S: 
S-4 
SM 
sul 
S 

TaT- Sz 
s22 

s2-3 

L 

s2-7 

S 2-10 

SZll 

(with disordered (S3) triangle) 
2.547(10) Tad?-1 2.571(17) 
2.532(12) S 3-I 2.571(17) 
2.369(9) S s2 2.566(18) 
2.467(10) S 3-2 2.707(19) 
2.530(9) S M 2.163(18) 
2.465(g) SC3 2.321(18) 
2.506(9) S-4 2.491(9) 
2.495(11) S z-5 2.502(10) 
2.569(10) SH 2.493(10) 
2.347(9) SW 2.463(9) 
2.455(10) 
2.541(9) 
2.475(9) Mean Ta-S distance 2.494 
2.506(8) 

TABLE VI-Conrinued 

(PS,) tetrahedra 
PI-s&f 2.051(14) 

S 
S:I: 

2.040(15) 
1.993(13) 

%ll 2.012(14) 

p2-sI-7 2.018(12) 
ho 2.041(14) 
S 

szo 

2.012(14) 
2.025(13) 

p3-s14 2.031(12) 
%,I 1.998(13) 
S-4 2.061(13) 
SF6 2.020(12) 

p4-KS 2.089(13) 
SI-9 2.013(14) 
S 24 1.999(13) 
S 24 2.060(12) 

Ps-sz-5 2.048( 12) 
s2-9 2.036(13) 
S k5 2.025(12) 
S 3-7 2.023(12) 

mean P-S distance 2.030 

s1-l -PI-s,4 
s14 -PI-%7 
s-4 -PI-s2-I I 
Li -PI-&7 
s14 -PI-&II 

s2-7 -p,-&II 

SI-7 -p2-Lo 

SI-7 -p2-s24 

s-7 -P2-S2-I0 

~I-Io-P2-~24 

SI-Io-P2-L0 

~24-P2-~2-Io 

s,* -p,-fLll 

Sld -p,-fL4 

L -p,-%6 

LrP3-S34 

SI-II-P3-S34 

SW -P,-SM 
SI-s -P&3-9 

SI-s -p,-s2-4 

SI-5 -pa424 

SIL9 -p442-4 

s,-9 --PC-s24 

s2-4 -PCs24 

sze5 -Ps-Q& 
s*-5 -ps-s~s 
sz-5 -ps-%7 
sz-9 -ps+s 

s2-9 -pS-s3-7 

ss5 -pY&7 

100.3(6) 
110.0(6) 
114.4(6) 
114.3(6) 
111 S(6) 
106.5(6) 
100.6(6) 
119.9(7) 
112.2(6) 
108.8(6) 
114.9(6) 
101.1(6) 
102.4(5) 
110.4(5) 
114.4(5) 
112.9(6) 
114.9(6) 
102.3(5) 
101.2(5) 
112.9(6) 
112.6(5) 
116.4(7) 
111.2(6) 
102.9(5) 
103.8(5) 
115.5(6) 
111.2(6) 
112.7(6) 
113.4(6) 
100.6(5) 

mean S-P-S angle 109.5 

[S,] pairs of the (S,) triangle 

%I -St-2 2.017(23) 
s,-,.-s-z, 1.951(24) 
%I -L2 2.005(16) 
%I --SF2 1.974(25) 

mean distance of 2.494 A, compared to 
2.539 and 2.536 A, respectively, in TaP&, 
(10) and TaPS6 (9). Still, as can be seen in 
Table VI, some dispersion of the distances 
is shown. This is probably to be attributed 
to the poor crystal quality, as explained in 
the experimental section. However, some 
bonds length differences are expected be- 
cause of the nature of the (S3) triangles 
((SZ)-II-S-~~) shared by two tantalum at- 
oms. For example, in a compound such as 
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NbzBr& (Z4), the structure of which was 
refined to R = 0.061, the niobium atoms are 
closer to the monoatomic anion (dNbs = 
2.33 A) than to the (S&r1 pair (dNt,s = 2.49 
A). The same difference is observed in 
Ta2P2Sr1 in the case of the bipolyhedron 
with full occupancy of the sulfur in triangu- 
lar position (group 2) with a mean Ta-S dis- 
tance of 2.36 and 2.54 A, respectively with 
S-r1 and (S&II. The phenomenon is ampli- 
fied in the case of disordered polyhedra 1 
and 2 for which one calculates strong dis- 
persion (&+s = 2.16 w and dTas = 2.72 A). 
This is certainly to be also attributed to the 
small contribution of the half-filled sulfur 
positions as opposed to heavy tantalum at- 
oms. 

By contrast, the dispersion of the P-S 
bond lengths is small (mean dpms = 2.03 k 
0.02 A). The same cannot be said about the 
S-S distances of the S2 pairs and the diffi- 
culties encountered in obtaining proper val- 
ues for these bonds in the room tempera- 
ture structure determination data have been 
pointed out earlier. Two of the distances 
(S1-1~-S1-2j and S3-,-S& calculated at 
1.95(2) and 1.97(2) A are too short for such 
a diatomic anion. This is, in part, to be re- 
lated to the small diffraction weight of the 
corresponding atoms sites only filled at 
50%. However, taking into account the es- 
timated standard deviations, regular dis- 
tances can be reached. 

Considering the two types of anions of 
the cell (S;” and S-II), an oxidation state of 
V for the tantalum atom as inferred from 
the Ta-S distances, and assuming the same 
oxidation state of five for phosphorus at- 
oms as always found for tetrahedral (PS,) 
tiwws, one finds the charge balance 
Ta~~~(&)-rrS<“. This type of formulation is 
quite typical of the M-P-S phases (M = V, 
Nb, and Ta), and considering the structural 
features and interatomic distances, semi- 
conducting and diamagnetic (or insulator) 
properties are expected. _ 

The last observation to be done concerns 

the values of the equivalent thermal factors 
that, although quite lower than for the room 
temperature structure, are all rather high, 
especially if compared to that of related 
phases. This can be tentatively linked to the 
small compacity of the structure, inducing 
more freedom for the motion of the atoms. 
More important motions had been pointed 
out for less strongly bonded atoms in the 
case of Ta4P&, for instance (10). The high 
thermal factors can be linked to the occur- 
rence of sulfur disorder at the bipolyhedral 
sites 1 and 3. For these groups, Ees of tanta- 
lum is rather high (-3.2 AZ), the thermal 
motion incorporating the local induced dis- 
tortion. In effect, for group 2 with an or- 
dered (SJ face, a reasonable value of B,, = 
1.9 A2 is calculated for the cations. 

5. Conclusion 

Combination of tantalum, phosphorus, 
and sulfur seems to lead systematically to 
tunnel structures made of interlocked sys- 
tems themselves built from complex poly- 
hedral interconnections. In Ta2P2SrI, these 
polyhedra are constituted by (PS,) and 
(Ta2S 1 r ) coordination groups, the former 
being a tetrahedron and the latter a more 
original bipolyhedron in which tantalum ex- 
erts an heptacoordination. The largest tun- 
nel has a size suitable for sulfur chain inser- 
tion and is unexpectedly empty. This 
phenomenon can be related to the particu- 
lar arrangement of the (PS,) and (Ta2Sll) 
polyhedra which, contrary to other mate- 
rials, do not form in their interconnection, 
rotating helix-like system around the main 
tunnel axis. 

The complex charge balance of the com- 
pound (expected to be diamagnetic and 
semiconducting), written TarPr(S2)-11SP”, 
is a familiar feature of the thiophosphates of 
VD transition metal. For example, TaPS6 
and Ta4P4S29 were found to correspond 
respectively to TaVPV(S2)-11S;” and 
Ta~P~(S2)411S~11S~. Following recent sys- 
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tematic considerations in polyhedra (13) 
and their potential combinations, the possi- 
bility exists that several other phases with 
low density may occur. This would deserve 
further exploration of the M-P-S systems. 
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