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A compound with a composition close to TaPS,Se was prepared either from the elements or from Ta 
P& and Se heated respectively at 630 and 460°C in evacuated silica tubes for 20 days. The crystal 
symmetry is monoclinic, space group P2, with the following cell parameters: a = 15.657(2) A, b = 
6.8714(8) A, c = 22.273(3) A, p = 135,09(l)“, V = 1691.7(5) Ai, and Z = 8. The structure determination 
made from 3238 reflections and 244 parameters yielded a reliability factor of R = 0.050. TaP&Se 
atomic arrangement is very similar to that of Ta4P4SZP. with the same basic tunnel framework in which, 
instead of ordered sulfur helices, selenium chains, partially substituted by sulfur, are inserted. The 
chains of composition (Se&) present a periodicity of 2b, but owing to the existence of four different 
statistically distributed chains, no superstructure is observed. The origin of the network and chain 
commensurability is related to the chain composition and Se-Se-S angle distortion, along with some 
small substitution by selenium within the Tap!& framework itself. This substitution induces some 
distortion in the [Ta&,] bicapped biprisms and in the [PS,] tetrahedra that constitute the basic struc- 
ture of the compound. Some elongated interatomic distances were found in the substituted Sz pairs 
(mean I& = 2.123 A) and in the mean Ta-Ta distances (mean d,.,+,, = 3.426 A). Tap&Se is semicon- 
ducting and diamagnetic in agreement with c/” tantalum cations. c’ IYXX Acxlcmxc Prc\\. Inc 

1. Introduction The later phase presents a new combination 
of a tridimensional network (Ta4P&) and 

The large number of phases encountered polymeric sulfur (S,) not bonded to each 
in the M-P-S families (M being, for exam- other. The sulfur chain is trapped in a tun- 
ple, a transition metal) originates in the nu- nel formed by the Ta4P& framework. It 
merous oxidation states that can be taken was thought possible to substitute the sulfur 
not only by the transition metal, but also by helix of Ta4P4SZ9 by selenium, which is 
phosphorus and sulfur. Among the M-P-S known to form a polymeric chain in its ele- 
phases where M is a Group VA element, mental form (3). Since the sulfur chain de- 
the tantalum derivatives (3D)TaP& and velops in the tunnel of Ta4P& over two 
(3D)Ta4P& were recently obtained (I, 2). lengths of the subcell, selenium with a 

larger atomic size could be expected to lead 
* To whom correspondence should be addressed. to a noncommensurate phase. The synthe- 
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sis and structure determination of a phase 
closely corresponding to the analytical for- 
mula Tap&Se is reported in this article. 

2. Description of TaPS6 and Ta4P4S29 
Structures 

Prior to studying TaPS$e, it may be use- 
ful to briefly recall some general features of 
the two phases Tap& and Ta4P&, since 
they have many features common to the 
phase under study. First of all, from an 
electrochemical point of view, a rather 
complex charge balance is found for the 
compounds. For example, Tap& can be 
written TaVPV(S$n(S-n)4. Ta4P& may 
appear to be quite a different compound, 
but written as (TaPS&SS the relationship 
linking the two compounds is more evident. 
Thus, the first part of the formula corre- 
sponds to what has been called the basic 
tunnel structure (BTS) and the second one 
to the sulfur chain trapped in it (2). The 
charge balance is hence as follows: [TaVPV 

(4 
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” 
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FIG. 1. Arrangement of the biprismatic bicapped 
[Ta&] units and tetrahedral [PS,] groups in (a) TaPS, 
and (b) Ta4P&. 

. T. 

AP 

OS 

FIG. 2. Partial projection, along their c axis, of (a) Ta 
PS6 and (b) Ta4P& structures. showing the large (Sl) 
and narrow (S2) space left by the structural array. 

(S&1’(S~n)4]4S~. Actually, the main differ- 
ence between both compounds does not 
come from their building blocks, which are 
about the same, but from the way that they 
span the crystal space as explained below. 

Both phases are built from a [Ta2S12] bi- 
capped trigonal prism and a [P&I tetrahe- 
dron. The two units are alternatively linked 
to one another as indicated in Fig. 1, the 
[P&I tetrahedra being formed from a cap- 
ping and the edge sulfur from two neighbor- 
ing prisms. In the interconnected groups, 
the [Ta&] biprisms that have their edges 
parallel to the c axis of the tetragonal cell in 
Tap& are tilted relative to that axis in Ta4P4 
!&. However, for the purpose of the sche- 
matic representation of both structures (4), 
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(a) 

(b) 

Frc;. 3. Schematic representation of the two interlocking systems constituting (a) TaPS, and (b) Ta4P4 
S,,, ~II’UCIUIW~. Segment\ repl-e\cnt rhe [I a&:] hiprism\: ligul-cs :~Ic’ rounded elevations of the tan~:~- 
lum atoms of these units. Arrows indicate the upward direction of rotation of the [Ta,S,,] groups. Both 
(a) and (b) correspond to the interlocked chains of the structures. 

the difference due to the tilting of the 
groups can be ignored, as is clearly seen in 
Fig. 2, where a basic portion of the two 
structures are represented. From that 
structure projection, one observes that the 
structural array leaves large and narrow 
empty spaces (Sl and S2). In symbolizing 
the ITaZSlz] biprisms by a straight line join- 
ing the Ta-Ta axis and ignoring the linking 
(P&J groups, we obtain the representation 
shown in Fig. 3, corresponding to both Ta 
P& and Ta4P&. Arrows indicate the way 
the biprisms go up the c axis. 

Actual structure representation is 
achieved by putting both pictures above 
each other (Fig. 4). In the case of Ta4P4& 

BTS, the same two arrangements preserve 
the original large space (S I) that becomes a 
wide tunnel. On the contrary, in Tap& SI 
and S2 areas are above each other and one 
obtains two interpenetrating (or interlock- 
ing) arrangements (which is also the case 
for Ta4P&J but without the large tunnel. 

3. Experimental 

Because Se-Se distances are larger than 
the S-S ones. a smaller selenium content 
was expected to substitute for the sulfur 
chain in Ta4P4& (Taps,, S, ?5) and a Ta 
P&,/Se ratio of I /I was chosen. This molec- 
ular ratio proved fairly justified, within er- 
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(a) 

(b) 
FIG. 4. Final schematic construction of (a) Tap& 

and of (b) Ta4P& basic tunnel structure. 

ror, by the elemental analysis obtained 
from the substituted crystals (Table 1). 

To achieve the chemical synthesis of the 
phase, two different pathways were used. 
The first consisted in heating the stoichio- 
metric proportions of the elements in an 
evacuated silica tube at 630°C for 20 days, 
followed by a IO-hr cooling. 

Because of the structure similarities be- 
tween Tap& and Ta4P4&, it was believed 
that little energy would be necessary if Ta 
PS6 was allowed to react with 1 mole of 
selenium. Thus, heating Tap& and Se in a 
l/l ratio at 460°C for 3 weeks yielded the 
same phase as the previous procedure. In 
both cases, well-shaped and crystallized 
black needles grew at the sample’s surface. 
Their analysis was conducted with a micro- 

probe (microsonde Ouest CNEXO) using 
Ta4P& and (TaSe&I single crystals as 
standards. The results (Table I) are in fair 
agreement with the stoichiometric formula 
Tap&Se, although, indeed, because of the 
special features of the structure (see struc- 
ture description), the selenium amount may 
not be exactly equal to one. For conve- 
nience, the stoichiometric formula will be 
used in the article. Single-crystal X-ray 
studies showed patterns indistinguishable 
from that of Ta4P&,, except for the 2c su- 
perstructure due to the sulfur chain (2) 
which completely vanished. Powder spec- 
tra could be indexed with Ta4P4& tetrago- 
nal cell parameters, but least-squares re- 
finement conducted in this symmetry did 
not yield the best goodness of fit. A mono- 
clinic cell, derived from the tetragonal one 
according to the relation, 

had to be taken instead and Tap&Se new 
monoclinic parameters (Table I) were cor- 
rectly refined. This was done from the 71 
first reflections of a Guinier powder spec- 
trum (Table II) (Guinier Nonius FR.552, 
XCuKai = 1.54056 A, Si as standard). Final 
refinement yielded a Tap&Se cell volume 
of V = 1691.7(5) A3, quite larger than that 
of Ta4P& subcell with V = 1655.0(2) A3. 

A volume increase may appear normal 
for a substitution of sulfur by selenium. 
However, Ta4P4SZ9 BTS may be considered 
as a frame rigid enough to allow rather little 
expansion, should only the sulfur atom of 
the tunnel be substituted. This consider- 
ation is probably still more true for the pa- 
rameter along the chain, which neverthe- 
less increased from 6.8258(4) to 6.8714(g) 
A. Indeed, this information, indicating pos- 
sible substitution in the BTS, is valuable 
and must be considered in the course of the 
structure refinement study (see below). 
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TABLE 1 

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

Physical. crystallographic, and analytical data 
Formula: PTaS, ,$e, , Molecular weight: 495.96 g 
Calculated weight fraction concentration: 

P: 6.2%. S: 39.8%. Se: 17.X%? TX 36.5% 
Microprobe analysis: 

No. I = P: 6.2%, S: 39.4%, Se: 15.9%. Ta: 37.9% 
No. 2 = P: 6.5%, S: 40.5%. Se: 17.3%. Ta: 34.7% 

Crystal symmetry: Monoclinic. Space group: P2 
Cell parameters (293 K): 

a = 15.657(2) A, h = 6.8714(X) A, (’ = 22.273(3) A. p = 135.09(l)“, V = 1691.7(5) A’. Z = 8 
Density: Pi,,, = 3.813 g/cm’ 
Absorption factor: p: AMoKn: 186. I cm ’ 
Crystal size: 0.034 X 0.075 X 0.55 mm’ 

Data collection 
Temperature: 293 K. Radiation: MO& 
Monochromator: oriented graphite (002). Scan mode: w/20 
Recording angle range: 4”-30”. Scan angle: 0.95 + 0.35 tan H 
Values determining the scan speed: 

SIG,,,: 0.75. W: 0.0X. NPI,,,<: lo” min ‘. 7’,,,,,, = 90 WC 
Standard rellcctions: 532, Yi2. 604. Periodicity: 3600 \cc 
ABS,,;,,: 0.5454. ABS,,,,: 0.1663, ABS.,,,: 0.4644 

Refinement conditions 
Reflections for the refinement of the cell dimensions: 25 
Recorded reflections in the quarter-space: 10,363 
Utilized reflections: 323X with I 2 3v(I) 
Refined parameters: 244 
Reliability factors: R = XllF,l - /Fcll/XIFt,l 

R, = IX w(!F,l - lF,l)'hF;j" 

Refinement results 
R = 0.05, R, = 0.057 
Difference Fourier maximum peak intensity: 3.8(5) e iA 

At first, the condition limiting possible 
reflections on the (Ml) planes appeared to 
be h01 with 1 = 2n, indicating PC or P2lc as 
possible space groups. Recording the dif- 
fraction pattern of a better crystallized and 
bigger single crystal indicated however 
very weak (ho/) reflections with I = 2n + 1 
(77 of them with I 2 3a(I) out of 3238 re- 
flections were kept for the refinement cal- 
culations). P2, P2im, or Pm were then con- 
sidered as possible Tap&Se space groups. 
Best refinement was obtained with the P2 
group. 

The crystal selected for intensity record- 

ing on the Nonius CAD4 diffractometer 
was a small parallelepiped elongated along 
the monoclinic h axis (Table I). From the 
crystal size and shape, intensities were cor- 
rected for absorption, using, as for the data 
reduction, structure solution, and refine- 
ment, the SDP-PLUS program chain (1982 
version) of Enraf-Nonius written by Frenz 
(6) (Table I). 

4. Structure Refinement 

Since the Tap&Se X-ray powder pattern 
was very similar to that of Ta4P&, it sug- 
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TABLE II 

TaP&Se X-RAY POWDER DIFFRACTION DATA 

d oba &a,, 
(A, (.h 

11.06 

7.83 

5.84 

5.533 
5.166 

4.948 

4.905 

4.313 
4.157 
4.018 
3.686 
3.493 
3.436 
3.321 

3.283 

3.246 
3.115 

3.086 

2.919 

2.870 

2.846 

2.821 

2.7996 
2.7617 
2.6930 
2.6727 
2.6077 
2.5786 
2.5643 
2.5453 
2.5128 
2.4959 
2.4707 
2.4500 
2.4074 
2.3255 

11.14 
Il.05 

l 

7.86 
7.83 

1 

5.85 
5.83 
5.527 
5.164 

i 

4.959 
4.942 

i 

4.905 
4.899 
4.307 
4.156 
4.012 
3.685 
3.494 
3.436 
3.320 

( 

3.283 
3.281 
3.247 
3.114 

i 

3.088 
3.087 
3.085 
3.083 
2.918 

1 

2.873 023 
2.870 323 

i 

2.847 311 
2.845 411 
2.824 122 
2.821 322 
2.8005 514 
2.7634 400 
2.6922 321 
2.6732 513 
2.6095 606 
2.5803 418 
2.5639 410 
2.5460 423 
2.5128 320 
2.4964 512 
2.4112 604 
2.4497 422 
2.4081 615 
2.3254 614 

hkl 100 x I/f,” 

102 
100 

002 
202 I 
112 
110 I 
200 
212 
102 

-1 302 
Ill 
21i 1 
210 
313 
312 
300 
402 
020 
413 
122 
120 I 
310 
412 
123 
223 

-1 

121 
221 
220 

I 

I 

I 

2 

29.7 

100 

7.5 
0.4 

36 

7.4 

10.6 
0.5 
0.5 
3.8 
0.2 
2.1 
0.9 

0.9 

0.2 
5.4 

9.4 

0.5 

4.1 

3 

4.7 

1.3 
2 
3.1 
2.5 
4. I 
9.5 
9.3 
1.4 

9.3 
0.4 
5.1 
0.6 
0.3 
I 

d $a dwlc 
(A) A hk I 

2.3118 2.3118 
2.2998 2.9997 
2.2894 2.2879 
2.2424 2.2428 
2.2175 2.2187 
2.2107 2.2108 

2.1766 
2.1770 
2.1765 

2.1131 
2.1135 
2.1129 

2.1042 
2.0772 
2.0657 

2.0568 

2.0498 
2.0254 
2.0062 
I .9891 

2.1045 
2.0781 
2.0639 

‘2.0577 
2.0567 

-2.0562 
2.0494 
2.0250 
2.0061 
I .9896 

1.9654 
I .9655 
1.9643 

1.9588 ‘1.9571 
I .9274 I .9279 
I.9148 I.9155 
I .X649 I.8651 

I .8400 
1.8400 
1.8396 

f- I .8340 

I .X332 

I.8161 
I .7Y74 
I .7555 
1.7175 

I .7069 

I .6929 
I .6852 

I .6757 

1.6468 
I .6453 

1.6137 

I .596l 

I .8335 
1.8327 
I.8317 

008 
I3J 

SOS 
623 
432 
713 

2lE 
13G 
21% 

XII0 

5012 -1 

62j 

I.8163 702 
I .797Y 533 
I .7560 71 
I.7179 040 
I .7065 4112 
1.7061 028 
I .6930 814 
I .6847 I I IO 

42T 
5lT 
524 
130 

52% 
500 
131 
23i 
II6 

522 
510 
626 
125 
304 
71, 
215 
715 
333 
624 
521 

I .6468 611 
I .6458 7lT 
I .6146 
I .6140 
I .5963 I38 

100 x I/l,” 

I 
I 
7.3 
0.4 
1.3 
I.4 

9.8 

8.3 

2.3 
2 
0.6 

2 

0.7 
0.3 
0.‘) 
0.6 

4 

I.5 
2 
1.6 
I .3 

0.9 

I.!, 

0.5 
0.9 
1.x 

0.2 

1.3 

0.5 

0.3 
0.3 

0.2 

0.4 

(’ Intensities calculated with the LAZY PULVERIX program (5) 
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gested the same type of atomic arrange- 
ment for the BTS of this latter phase, and 
refinement calculations were hence started 
using the same structure frame. The calcu- 
lation converged rapidly, but, owing to 
strong correlations between atoms related 
by the pseudo-c/2 glide plane, drifting of 
the atoms thermal factors could not be pre- 
vented, and the anisotropic thermal coeffi- 
cients pii of the corresponding atoms were 
set identical and kept as such thereafter. 

The refinement showed proper tantalum 
and sulfur positions and parameters. On the 
other hand, the phosphorus atoms pre- 
sented very high thermal factors, away 
from the range for phosphorus in tetrahe- 
dral [PSJ groups (7-18). Such phenomenon 
is often the consequence of partial site fill- 
ing by an atom. The refinement of the occu- 
pancy ratio was introduced in the calcula- 
tion, with an isotropic thermal factor that 
reached then expected lower values. In- 
deed, the amount of phosphorus became 
too small and other positions had to be 
found. Extra tetrahedral voids exist in the 
structure as is seen in Fig. 5. These sites 
located at about z = 0.5 above the first filled 
ones are empty in Ta4P4Sz9. Their partial 
occupancy was revealed by a Fourier dif- 
ference map and their subsequent introduc- 
tion in the calculation resulted in the low- 
ering of the reliability factor. The total 
phosphorus amount became, within error, 
close to the analytical result, but correlated 
shifts took place between the occupancy ra- 
tio T and the thermal factors. These latter 
were kept at the value they have in Ta4P& 
(B = 0.9 AZ) and r was refined. It was found 
that half of the position has a 7 = 0.6 and 
the other half a 7 = 0.4. It was thus chosen 
to take the values T = 0.6 and 0.4 and to 
resume the refinement with free B factors 
(see Table V). Anisotropic refinement 
could not be done. 

It is to be pointed out that the phos- 
phorus positions with T = 0.4 correspond to 
a right-handed rotation of the (TazSr2-P&-- 

Ta2Si2-PS4 . . .) groups and the one with 7 
= 0.6 to a left-handed rotation of the same 
groups. Also, in Ta4P& the sulfur helix 
was found to rotate like the units of the 
BTS, and this is an important point to be 
discussed in the following section. 

At that step of the refinement procedure, 
a calculation of some important interatomic 
distances, in particular that of the sulfur- 
sulfur bonds in the (Sz)-ii groups indicated, 
on all the anionic pairs, too large distances 
between 2.10 and 2.15 A. Distances in such 
anions are equal to 2.05 + 0.01 A for all the 
other M-P-S phases (7-18). In addition, 
the equivalent thermal factors (B,,) of these 
sulfur atoms gave mean values of B,, - 1 
AZ, somewhat lower than the average ob- 
tained on the other sulfur anions of the 
structure (B,, = 1.4 AZ). Moreover, the Ta- 
Ta distances of the tantalum cations situ- 
ated on each side of (S)? rectangle consti- 
tuted by (S2) pairs were quite longer (Ta-Ta 
= 3.43 A) than in TaPS, (3.37 A) and Ta4P4 
s2g (3.38 A,. 

These data implied some small statistical 
substitution of sulfur by the selenium atoms 
at the dianionic sites. This conclusion is to 
be compared with the observation that the 
cell parameters (and particularly the h axis) 
had substantially and unexpectedly in- 
creased upon selenium substitution. A cal- 
culation considering the interatomic dis- 
tances in SF” and Se?” groups and taking 
into account the atomic numbers gave a 
-5% substitution. This was introduced in 
the calculation, the atomic coordinates and 
thermal factors of S and Se of the same 
sites being refined but kept identical to each 
other and the substitution ratio being left at 
its evaluated value. 

BTS structure refinement with aniso- 
tropic thermal factors (except for phos- 
phorus kept isotropic) led to R = 0.077. At 
that point of the calculation, only the sele- 
nium atoms in the tunnel had to be located. 
A study of the data statistics revealed ho- 
mogeneous reliability factor values for the 



FIG. 5. TaPS,Se structure projection along the h axis. Figures are the elevation (X 100) of the atoms. 
Rings represent the statistical distribution of the (Se&) chains trapped in the basic tunnel structure 
(BTS). Details of these chains projections are given in Figs. 6 and 7. 

420 
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various (Ml) groups, except for the (ho/) 
and (h21) family with respectively R = 
0.148 and 0.097 (Table III). A difference 
Fourier peak search revealed the last posi- 
tions in the tunnel of the BTS, but with 
rather weak peaks. A density map was 
hence drawn around the tunnel axis. It re- 
vealed peaks elongated mostly in the h 
direction, consistently with some random 
distribution of the atoms, and with fuzzy 
maxima not corresponding to simple classi- 
cal Se-Se bond lengths nor to S-S dis- 
tances or even to S-Se ones (if one sup- 
poses some sulfur substitution in a 
selenium chain). 

The introduction of these atoms on the 
more significant positions of the density 
map produced a significant lowering of the 
reliability factor, particularly of the (h01) 
and (h21) groups. In addition, the newly in- 
troduced atoms showed, in agreement with 
the idea of complete disorder, very high 
thermal motion (B,, = 10 A’). The refined 
occupancy ratio gave, within error, a crys- 
tal composition in the elemental analysis 
range. In view of the residual, this first cal- 
culation was quite satisfactory with a value 
of R = 0.047 (and R, = 0.053) and homoge- 
neous data of the different (Ml) families as 

shown by the statistical analysis (Table III). 
However from a filling of the tunnels stand- 
point, a true atomic disorder along the tun- 
nels should have given rise to constant elec- 
tronic density, which was not the case for 
the PTaP&Se phase, consistent with the 
fact that the positions introduced were re- 
maining rather stable in their sites during 
the refinement. One had thus to find a 
meaning to the many positions found in the 
tunnel which, at first sight, were senseless. 
The most plausible hypothesis was that of 
the occurrence of chains (with identical 
atomic sequences) having different posi- 
tions within the tunnels introduced, at the 
X-ray diffraction level (that yields average 
structures), a macroscopic disorder. 

An exhaustive research of chains of at- 
oms spanning the crystal space in the same 
way as those present in Ta4P& was under- 
taken. A somewhat complex solution ap- 
peared to satisfy both the interatomic dis- 
tances and the bonds angles. The answer to 
the problem consisted of splitting the initial 
positions (corresponding to the electronic 
map elongated peaks) into two distinct 
positions within each independent tunnel. 
This gave four chains: CHI, CH2, CH3. 
and CH4, only two being independent, i.e., 

TABLE 111 

STATISTICAL DATA BASEDON GIVEN VALUESOF~,BEFORE ANDAFTERSELENIUMINTKODUCTION 

Values of Number of Average 
k contributions F ,,b\ 

Without Se With Se 
in tunnel in tunnel 

R R, R R, 

397 130 0. I48 

568 112 0.066 
559 115 0.097 

4x1 109 0.062 
347 114 0.064 
296 113 0.053 
27s IO6 0.066 
211 96 0.057 
105 102 0.064 

24 130 0.075 

0.182 

0.072 
0.133 

0.074 
0.078 
0.061 
0.079 
0.066 
0.074 
0.085 

0.039 0.040 

0.043 0.049 
0.046 0.055 

0.047 0.058 
0.048 0.058 
0.048 0.057 
0.052 0.065 
0.052 0.060 
0.056 0.066 
0.063 0.075 
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CHI left hand helix 
tunnel II) 

CH3 righthand helix 

FIG. 6. Projection of the two independent CHI and CH3 left- and right-hand helices (Se,Se:) devel- 
oping over 2 unit lengths as proposed from structural considerations. Due to the twofold axis, thi\ 

makes four chains statistically distributed in tunnel II. 

CHl and CH3 for tunnel 2 and CH2 and 
CH4 for tunnel 1 (see Figs. 6 and 7), with 
an occupancy ratio of Q- = 0.25. This ar- 
rangement yields 20 independent atoms 
(Table V). 

Refining simultaneously all the above po- 
sitions in the tunnel proved impossible be- 
cause of very close atomic positions and 
hence correlations (Figs. 6 and 7). Conse- 
quently, the following procedure was used. 

The atoms constituting the right-handed 
helix CHl and CH2 (chosen because they 
are not related by the pseudo-symmetry c) 
were first introduced alone in the calcula- 
tion with a fixed B (B = 5 a?) and a double 
occupancy ratio (7 = 0.50) to take into ac- 
count the overall composition. The atomic 
coordinates were then refined. After re- 
moval of CHl and CH2 the same procedure 
was used for CH3 and CH4. The final re- 
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CH2 lefthand 
tunnel 

CH4 righthand 
(in tunnel 

helix 
I) 

helix 
1) 

FIG. 7. Same as Fig. 6 for chains CH2 and CH4 in tunnel I. 

finement was resumed with the four chains, 
the x, .Y, and z, coordinates being kept at the 
values obtained through the separate refine- 
ments (and with 7 = 0.23, only the temper- 
ature factor being varied, except with the 
following constraints. Let us recall that, be- 
cause of the pseudo-symmetry P2/c, the at- 
oms corresponding to each other through 
the c glide plane had their B factors set 
equivalent. The same constraint on the se- 
lenium B factors had to be added between 

atoms originating from the above position 
splitting. They were too close to avoid cor- 
related shifts. 

The refinement carried out with an occu- 
pancy ratio of T = 0.25 for all atoms and 
assuming only selenium atomic positions 
showed that four atoms had very high ther- 
mal factors. 

Also, the distances between these atoms 
and their closest neighbor in the chains av- 
eraged 2.2 A, smaller than the Se-Se mean 
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distance of 2.3 .& indicative of sulfur sub- were not kept at T = 0.25, but were set at 
stitution to give a (Se4-S-Se&) chain. In- 0.30 and 0.20 respectively for CHI, CH2 
troduction of sulfur on these positions led and CH3, CH4 in relation with the same 
to acceptable B parameter values. filling ratio (0.60 and 0.40) found for the 

For reasons explained below, the occu- phosphorus atoms. This change, which ac- 
panty ratio of the chains atomic positions tually did not modify significantly the re- 

TABLEIV 
REFINED TEMPERATURE FACTOR EXPRESSIONS (p’s) 

Atom 

Tal 
Tal’ 
Ta2 
Ta2' 
Sl 
Sl' 
s2 
S2' 
s3 
S3' 
s4 
S4' 
S5 
S.5' 
S6 
S6' 
s7 
Sl' 
S8 
S8' 
s9 
S9' 
SlO 
SlO’ 
Sll 
Sll’ 
s12 
S12’ 
Se-S1 
Se-SI’ 
Se-S2 
Se-S2’ 
Se-S7 
Se-S7’ 
Se-S8 
Se-S8’ 

PII P22 

0.00208(2) 

0.00:3(2) 

0.0044(l) 

0.0044(l) 

0.0029(l) 

0.0039(l) 

0.0026(l) 

0.0033(l) 

0.0023(l) 

0.0015(1) 

0.0031(1) 

0.0030(1) 

0.0023(l) 

0.0030(1) 

0.00497(9) 

0.0051(1) 

0.0057(7) 

0.0061(7) 

0.0084(S) 

0.0078(8) 

0.0066(7) 

0.0076(7) 

0.0073(7) 

0.0056(7) 

0.0080(8) 

0.0088(9) 

0.0070(7) 

0.0063(7) 

P33 

0.00086(1) 

0.00085(l) 

0.00144(5) 

0.00130(5) 

0.00189(6) 

0.00195(6) 

0.00128(6) 

0.00126(5) 

0.00145(7) 

0.00117(7) 

0.00109(6) 

0.00089(6) 

0.00141(6) 

0.00139(6) 

0.0005(Z) 
-0.0008(2) 
-0.0015(2) 

0.0015(2) 
-0.002 (I) 
-0.002 (I) 
-0.001 (I) 
-0.003 (1) 
-0.007 (I) 

0.004 (I) 
-0.001 (1) 
-0.003 (1) 

0.001 (I) 
0.001 (I) 
0.003 (I) 

-0.004 (I) 
-0.001 (I) 
-0.002 (1) 

0.003 (I) 
-0.0015(9) 

0.002 (I) 
-0.004 (I) 
-0.002 (I) 

0.001 (1) 
-0.005 (I) 
-0.000 (1) 

0.0045(9) 
-0.002 (I) 

0.00206(3) 
0.00208(4) 
0.00148(3) 
0.00148(3) 
0.0042 (2) 
0.0042 (2) 
0.0043 (2) 
0.0037 (2) 
0.0037 (2) 
0.0037 (2) 
0.0044 (2) 
0.0048 (2) 
0.0025 (2) 
0.0024 (2) 
0.0033 (2) 
0.0033 (2) 
0.0015 (2) 
0.0020 (2) 
0.0015 (2) 
0.0013 (2) 
0.0022 (2) 
0.0021 (2) 
0.0022 (2) 
0.0020 (2) 
0.0020 (2) 
0.0026 (2) 
0.0032 (2) 
0.0028 12) 

0.0015(1) 
-0.0014(1) 
-0.0007(1) 

0.0007(1) 
-0.0010(6) 
-0.0007(7) 
-0.0005(6) 
-0.0023(7) 
-0.0070(7) 

0.0042(7) 
-0.0012(7) 
-0.0022(7) 

0.0030(7) 
-0.0009(7) 

0.0006(7) 
-0.0033(7) 
-0.0022(X) 
-0.0001(7) 

0.0022(7) 
-0.0004(7) 

0.0000(7) 
O.O003(7J 
0.0014(7) 
0.0003(7, 

-0.0051(8) 
0.0017(7) 
0.0021(7) 

-0.0014(7) 

Note. The form of the anisotropic thermal parameter is: exp[-(/3ilhz + ,&k2 + &12 + p12hk + p,,h/ 
+ P23Wl. 

a /3,‘s for primed atoms were constrained to the values of unprimed atoms. 
b p,,‘s and /3,, for the Se-S atoms were constrained to the values of the sulfur atoms they substitute. 
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finement results, was introduced because it 
was felt to correspond to better internal 
structure coherence. 

Last calculation cycles led to R = 0.050, 
the Fourier difference map showing only 
some electronic distribution around the tan- 
talum atoms (-3.8(j) e/A3) attributable to 
uncompletely corrected absorption. The fi- 
nal positional and thermal atomic parame- 
ters of TaP&Se are collected in Tables IV 
and V. 

5. Structural Results and Discussion 

Before any other considerations, it is im- 
portant to compare the crystal composition 

obtained from the structure determination 
and that gathered from the microprobe 
analysis. Following the above structure de- 
termination steps, we have, from the BTS 
composition TaVPV(S2)-nS~n, substituted 
the S;” pairs by selenium and obtained Ta” 
PV(S,.9Seo.,-uS~n. Introduction of sulfur- 
substituted selenium chains (Se&), i.e., Se 
SO.zs per tantalum, led to the overall compo- 
sition TaVPV(S,.sSeo.I)~‘lSq” (Se”S!.2s) that 
is TaPS6.tsSe,., . If one compares the theo- 
retical weight fraction concentration of this 
composition and of that of the stoichio- 
metric formula PTaP&,Se, (Table I), one 
sees that little change is introduced in the P, 
S, and Ta concentrations, only that of sele- 

4ium 

Ial 
la, 
Td 
Ta? 
SI 
SI 
s2 
SZ’ 
si 
S?’ 
s4 
S4’ 
ss 
SS’ 
Sh 
Sh’ 
Sl 
S7’ 
sx 
3’ 
SY 
SY’ 
SIO 
SIO’ 
SII 
SII’ 
Sl2 
SI? 
PI 
PI’ 
P2 
P2’ 

I 
I 
I 
I 
0 YS 
0 95 
(I.95 
0.9s 
I 
I 
I 
I 
I 
I 
I 
I 
0 Y? 
0.95 
0 91 
0.95 
I 
I 
I 
I 
I 
1 
I 
I 
0.6 
0 4 
0.4 
0.4 

TABLE V 

I’osl-rloNAl I’ARAM~I ~KS AND THMK ESTIMAIW %I.ANDARI> DWIATIONS 

x Y / 

0.0044llh) 0.442 0.82724(41 
0.0042616l 0 55X6(2) 0.6770214~ 
lJ.3?Oll(hl 0.0578(21 0.67304(5) 
0.6?ll?$(hl 0.9413l21 0.82308l5) 
O.lOlh (41 0 277 (1) 0.78?0 13) 
0.9094 (4) 0741 (1) 0.7216 (71 
0.1016 (41 0 742 (I) Il.8196 131 
0.91 IO (51 0.277 (Ii O.6892 (3) 
0.7824 (5) 0.419 (II 0 749? (31 
II.221 1 14) OSYX (I, 0 7474 (31 
0.7241 (5) 0.911 (I) 0.7508 (3, 
0.2816 (4) 0.091 (II 0.7496 (3) 
0.0012 (5) 0 II? (1) 0.X704 (31 
0.001 I (5) 0.890 (1) 0.6301 (3) 

-ll.lx~l (5) 0.642 ,I, 0.9167 (3) 
0.9992 (51 0 35x (II 0.5831 (3) 
0.4627 (5) 0.764 (1) 0.7757 (3) 
(I.5346 (5) 0.227 (Il 0.7170 (3) 
0.5337 (5) 0.241 (1) 0 Xl09 13) 
0.4631 (41 0.776 (I) 0.6804 (31 
0.7783 (5) 0.415 (I) 0.0262 (3) 
O.?IXI (5) 0.5Y2 (I) 0.4676 (3) 
0.7152 (5) 0.919 II) 0.9662 (31 
0.2728 (5) 0.099 (I) 0.5247 (3) 
0.x343 (5) 0.144 (I) 0 9167 (4) 
0.1670 14) 0.858 (11 0.5830 (3) 
0.7402 (4) 0.613 (I) 0.8693 (3) 
0.2599 (0 0.392 (I) 0.6290 0) 
0.1693 (81 0.139 (21 0.9883 IS) 
0.830 (I) 0.x50 (3) ll.Sl3S (8) 
0.1682 (7) 0.864 0) 0 6795 (5) 
0.830 (I) 0.155 (3, 0.8157 (81 

R CA’, 

0.8X( I, 
09 
0 901 I) 
0.9 
1.361X) 
I.4 
I 27(7l 
I.5 
I .53(9l 
I.5 
I .60(9) 
1.5 
I 29(X) 
1.3 
1.31(X) 
I3 
1.7(l) 
I.5 
I. 1419) 
I2 
I 5219) 
1.6 
I .40(9) 
1.5 
I .49(9) 
1.3 
1.25(X) 
1.4 
l.2(11- 
I.2 
1.0(I)* 
1.0 

Atom T 

P3 0.6 
P3’ 0.4 
P4 0.6 
P4’ 0.4 
S-CH I 0.3 
Sel-CHI 0.3 
SeZ-CH I 0.3 
S&CHl 0.3 
Se4-CHI 0.3 
S-CH2 0 3 
Sel-CH2 0.3 
SeZ-CH? 0.3 
Se3-CH? 0.3 
Se4-CH? 0.3 
S-CH3 (1.2 
Sel-CH3 0.2 
SeZ-CH3 0.2 
Se3-CH3 0.2 
Se4-CH3 0.2 
S-CH4 0.2 
Sel-CH4 0 2 
Se2-CH4 0.2 
Se3-CH4 0.2 
Se4-CH4 0 2 
se-s I 0.05 
se-s I ’ 0.05 
Se-S2 0.05 
Se-S2’ 0.05 
Se-S7 0.05 
Se-S7’ 0.05 
Se-S8 0.05 
Se-s3 0 05 

x Y 

0.8047 (71 0 369 (?I 
0 191 (1) 0.659 (31 
0.8043 (7) 0.637 (21 
0.193 (II 0.344 I31 
0.393 0.515 
0.478 0 696 
0.424 0.X89 
0.429 0.112 
0.474 0.322 
0.503 0.013 
0.601 0.196 
0.559 0.390 
0.563 0 610 
0.601 0.819 
0.504 1).015 
0 399 0.181 
0.440 0.392 
0.439 O.618 
0.400 0.x23 
0.606 0.498 
0.522 0.695 
0.573 0.x90 
0.572 0.116 
0.525 0.330 
I.102 I .277 
1.909 1.741 
I.102 I.742 
I.911 I .271 
I .463 I 764 
1.535 1.227 
I.534 I.241 
I .463 1.776 

% B IA’) 

D.4871 (51 1 o(I)* 
0.0114 18) I .o 
0.8182 IS) 0.91 I I* 
0.6811 IX) 0.9 
0.949 
0.039 
0.932 
0.995 
0.937 
0.554 
0.562 
0.491 
0.568 
0.537 
0.950 
0.961 
0.933 
0.005 
0.93x 
0 550 
0.562 
0.506 
0.567 
0.46 I 
0.782 
0.722 
0.820 
0.689 
0.776 
0.717 
0.71 I 
0.680 

3.414)’ 
h.O(2l= 
5.701~ 
5 x(2)- 
‘.‘)(2)* 
3.3(4)* 
5.7 
6.0 
5’) 
r.x 
3.3 
sn 
5’) 
6.0 
5.7 
3.4 
5.9 
5.x 
5.7 
6.0 
I.4 
1.4 
1.3 
1.5 
1.7 
1.5 
I.1 
1.2 
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TABLE VI 

SOME INTERATOMIC DISTANCES (A) AND ANGLES (IN 
DEGREES) IN [Ta,S,,], [P&l, AND THE FOUR 

(Se&Se& CHAINS CHl, CH2, CH3, AND CH4 

[TqS,J biprismatic bicapped groups 

Tal-Tal’:3.439(1) Ta?-Ta?‘: 7.413(l) 
41 : 2.604(4) -S7 : 2.589(6) 
41’ :2.651(S) -S7’ : 2.579(4) 
-S2 :2.636X5) -SE : 2.603(5) 
-S2’ : 2.552(4) 38 : 2.550(5) 
-S3 : 2.564(4) -S4’ :2.5X8(4) 
-S5 : 2.480(5) 310’: 2.607(4) 
-S6 : 2.465(5) -S I I ’ : 2.445(S) 
-S9 : 2.556(4) -Sl2’: 2.505(6) 

Tal’-SI : 2.546(5) TaZ’-S7 : Z&13(5) 
-Sl’ :2.619(5) -S7’ : 2.581(5) 
-S2 : 2.671(4) -S8 : 2.634(5) 
-S2’ : 2.551(5) -SX’ 2.605(4) 
-S3’ : 2.553(4) -S4 : 2.572(4) 
-S5’ : 2.491(6) 310 : 2.575(4) 
36’ : 2.461(5) 31 I .2.465(4) 
-S9’ :2.5X2(4) -Sl2 :2.468(h) 

mean d, .&-\” ?.hOO S2-Sl’ :2.125(h) 
mean d,.,+F” : 2.524 Sl-S2’ 2.107(6) 

S7’-S8 : 2.104(7) 
S8’-S7 : 2.129(6) 

mean d-\ : 2. I Ih 

[P&I tetrahedral groups 

PI-S5 :2.017(X) 
-s9 : 2.181(10) 
-SlO : 1.9%(10) 
-Sl I : 2.158(8) 

PI’-S5’ : 2.036(1 I) 
-S9’ : 2.082(14) 
-SIO’ :2.073(13) 
S11’:2.184(11) 

P3-S6’ : 2.151(8) 
mS9’ : 2.003(9) 
-SIO’:2.128(9) 
-Sl2’ : 2.008(9) 

P3’-S6 :2.117(11) 
-S9 : 2.076(12) 
-SlO :2.132(12) 
-Sl2 :2.067(11) 

mean dp-S : 2.088 

P2-S3’ : 2.131(10) 
-S4’ : 2.020(10) 
-S5’ :2.001(8) 
-Sll’:2.138(8) 

P2’-S3 .2 ll4(13) 
-S4 : 2.062(13) 
S5 :2.029(10) 
-SIl .2.206(11) 

P4-s3 : 1.990(8) 
-S4 : 2.172(9) 
-S6 : 2.162(7) 
SI? 1.986(7) 

P4’-S3’ :2 122(ll) 
-S4’ .2.0h9(I?) 
-S6’ : 2.145(10) 
-Sl2’: 2.066(10) 

Chain I 

S-CHI-Sel-CHI ~2.212 S-CHI-Se2-CHI . 3.325 
Sel-CHI-SGCHI : 2.290 S-CHI-S&CHI : 3.472 
Se2-CHI-Se3-CHI :2.230 
Se3-CHI-Se4-CHI : 2.354 
Se4-CHI-S-CHI : 2.248 
Sel-CHI-S-CHl-Se4-CHI : 99 
S-CHl-Se4-CHI-Se3-CHI : 98” 
Se4-CHI-S&CHl-S&CHI : 105” 
Se3-CHI-Se2-CHI-Sel-CHl : 102” 
Se2-CHI-Sel-CHI-S-CHI : 95” 

Se4-CH2-S-CH2 : 2.257 
S-CH2-Sel-CH2 : 2.224 

Chain 2 

S-CH2-Se2-CH2: 3.341 
S-CHZ-Se3-CH2: 3.484 

TABLE VI-Conrinued 

Chain 2 

Sel-CH2-Se2-CH2: 2.293 
Se2-CH2-Se3-CH2: 2.246 
Se)-CH2-Se4-CH2: 2.368 
S-CH2-Se4-CHZ-Se-CH2 98 
S&CH2-S&CH2-Se2-CH2 : 103” 
Se3-CH2-Se2-CH2-Sel-CH2 : 103 
Se2-CH2-Sel-CHZ-S-CH2 : 95 
Sel-CH2-S-CH2-Se4-CH2 : 99” 

Chan 3 

Sel-CH3-S-CH3 : 2.158 
S-CH3-Se4-CH3 : 2.216 
S&CH3-Se3-CH3 : 2.332 
Se3-CH3-Se2-CH3: 2.244 
SeZ-CH3-Sel-CH3: 2.367 
Set-CH3-S-CH3-Se4-CH3 : 99 
S-CH3-Se4-CH3-Se3-CH3 : 98” 
S&CH3-S&CH3-SeZ-CH3 : 104 
Se3-CH3-S&CH3-Sel-CH3: 105” 
SeZ-CH3-Sel-CH3-S-CH3 : 95” 

Cham 4 

S-CH4-Sel-CH4 .2.234 
Sel-CH4-S&CH4:2.31? 
SeZ-CH4-Se3-CH4: 2.224 
Se3-CH4-Se4-CH4: 2.398 
Se4-CH4-S-CH4 : 2 I90 
S-CH4-Sel-CH4-Se2-CH4 95’ 
Sel-CH4-SeZ-CH4~Se3-CH4: IO4 
SZ~-CH~-S&CH~-S~~-CH~ : 105” 
S.E~-CH~-S&CH~-S-CH~ 94” 
Se4-CH4-S-CH4-Sel-CH4 : 99” 

Mean Se-Se : 2.305 
Mean Se-S : 2.217 

S-CH3-Se3-CH3: 3.328 
S-CH3-Se3-CH3: 3.425 

S-CH4-Se2-CH4: 3.418 
Se3-CH4mS-CH4’ 3 347 

.&lean SC-S-SC 104’ 
Mean (S-SC-Se): 97 

(and SC-S-SC) 

N T&S distance between Ta and rubrtltuted (Sz) pairs. 
h Ta-S distance between Ta and edge-unsubstituted sulfur atom\ 

nium being somewhat altered. Table I 
shows that either formula may fit with the 
two series of analyses performed on two 
different batches underlining a possible 
variation in composition consistent with 
the structural features revealed by the 
crystallographic work. In any case, the 
analysis confirms the successful insertion 
of about one selenium atom per Tap&, 
formula and plainly -justifies the above 
structural procedure and results. 

Table VI lists some main distances of the 
Tap&Se structure and Fig. 5 gives the 
structure projection along the monoclinic h 
axis. One can clearly see that Ta4P& and 
Tap&Se BTS are very similar. Still, from 
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an overall structural viewpoint it must be 
pointed out that Ta4P& BTS is composed 
of two interlocking systems (see above), 
whereas the partial occupancy by phos- 
phorus of all available tetrahedral sites 
seems to remove that special characteristic 
in TaP&Se BTS. In fact, one set of phos- 
phorus positions (that is occupied at 60%) 
corresponds to a right-hand rotation of the 
BTS tunnels and the other (40%) to a left- 
hand rotation and it is possible to imagine 
the crystal as made, at the microscopic 
level, by both types of arrangement. The 
compound would still then have an inter- 
locked structure and, in addition, each type 
of tunnel would accompany the chalcogen 
helix having the same rotation direction. 
This would fit with the observation made on 
Ta4P4& where the (So) helix rotates like 
the BTS itself. This explains and justifies 
the choice of the occupancy ratio taken for 
the four helices in Tap&Se during the last 
step of the refinement calculation. The as- 
sumption of coupled rotation is supported 
by the TazPzSl I structure (19) where a large 
tunnel was found empty in relation to non- 
rotating coordination groups. 

From a symmetry point of view, the 
monoclinic distortion may be attributed, to 
some extent, to the selenium substitution in 
the TaP&Se BTS. Curiously, this substitu- 
tion, although weak, seems to take place 
mostly on the (S&i’ pairs of the structure, 
with the consequence of elongating the cal- 
culated atomic distance to dses = 2. II6 A 
(mean value) from dss = 2.044 A, for ex- 
ample, in Ta4P4S2’). Correlatively, one finds 
a mean Ta-Ta length of LITrz,-F, = 3.426 A to 
be compared to 3.384 A in the selenium- 
free phase. To justify further the only sub- 
stitution of the dianionic sulfur groups by 
selenium, one can compare the Ta-S dis- 
tances between the substituted and unsub- 
stituted sulfur atoms. To do that, we com- 
pare separately the mean Ta-S bond 
lengths between the cation and respectively 
the S;” and S-It anions. 

For Ta4P4Sz9 one finds 

dTjTa-S,p;iir\) = 2.560(6) A 

and d.r.;k-s(\ingle) = 2.517(6) A 

and for TaPS$e, 

&a-s~,x,,r\, = 2.600(6) A 
and d~r.l~s,,lnElcj = 2.524(6) A. 

It appears clearly that the Ta-S distances 
of unsubstituted anions remain the same 
within error. 

A lowering of the symmetry upon sele- 
nium substitution in Ta4P& from a tetrag- 
onal cell to a monoclinic one is expected to 
lead to some kind of distortion among the 
constituting groups of TaPS$e, [Ta2Sr2], 
and [PS,] units. This is particularly notice- 
able on the eight different tetrahedra of the 
unit cell, and one can observe (Table VI) a 
rather wide dispersion of the P-S bond 
lengths from I .99(l) to 2.18(l) A, much 
more important than in Ta4P.& (2.016)(5) 
to 2.069(6) A. Moreover, the mean P-S dis- 
tance is larger (mean dp-s = 2.09 A) in PTa 
&Se than in Ta4P4S29 (mean dr-s = 2.04 A). 
This indicates that the [TaZSJ units have 
become more separated and may be attrib- 
uted, in agreement with the increase in cell 
parameters, to the selenium insertion 
within the tunnel. 

Let us examine now the characteristics 
of the selenium and sulfur atoms located in 
the tunnels. These chalcogens form infinite 
helicoidal chains (Figs. 6 and 7) develop- 
ing in the h direction from a group of IO 
atoms (8 Se and 2 S) according to the 
sequence . .-S-Se&(S-Se4-S-Sc41- 
(S-Se4 . Although having ;I 37 periled- 
icity, the (S-%-S-F&) groups do not CIK- 
ate a superstructure as the (S,,,) helix in ‘I‘:), 
P&. In effect half of the helices i\ the im- 
age of the other halfthrough a IXO” rot:ttion. 
and since two helices are linked by a two- 
fold axis going through the tunnel center. 
the h pcriodicity is reestablished. 
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Each tunnel contains one right- and one 
left-hand helicoidal chain, and this is to be 
related to the phosphorus distribution. It is 
believed that the crystal may contain left- 
and right-hand microdomains with the cor- 
responding helices. In effect, starting from 
Ta4P&, one finds only van der Waals dis- 
tances between BTS and chains, and one 
may assume that if the (Si,,) chain develops 
in an orderly manner, it is due to a kind of 
steric pressure since such chains can only 
be obtained, for the element, under high 
pressure. The rotating tunnel frame of the 
BTS then must impose its own orientation, 
hence the coupled rotation. Notwithstand- 
ing, the same phenomenon must take place 
in Tap&Se with helices accompanying the 
BTS. 

The mean Se-Se distance (&se = 2.31 
A) and the mean Se-Se-Se angle (104”) are 
in good agreement with generally reported 
values, in particular for elemental selenium 
in its polymeric form (&-se = 2.32 A and 
Se-Se-Se = 105’). In the same way, the 
mean sulfur-selenium bond length of dsmse 
= 2.22 A falls between 2.18 A as observed 
in cyclotriselenium pentasulfur (20) and 
2.26 A calculated in the selenotrithionate 
ion (21). One observes that the expected 
Se-Se-Se bond angle of 104” is much larger 
than the S-Se-Se and Se-S-Se angles of 
97”. For these angles, an important squeeze 
is operated by the structure, in order to 
have the helices commensurate with the 
crystal b direction. In spite of the decrease 
of these angles, the chalcogens located at 
their tips still show acceptable distances be- 
tween 3.33 and 3.47 A. 

It is remarkable that the angle shrinking 
takes place only for those mixed chalcogen 
groups as though only the sulfur substitu- 
tion allowed it. This may be the origin of 
the sulfur substitution observed, the purely 
selenated chains being incompatible with 
the size and length in the tunnels. Then 
both (Tap&) and (Se) systems correlatively 
modify themselves to finally allow an ener- 
getically favorable solution without dis- 

cornmensuration, with the result that the 
BTS widens through a sulfur-selenium sub- 
stitution, the chain lowering its develop- 
ment parameter through selenium-sulfur 
substitution. This sheds a light on the prop- 
erty of adaptability of these Ta-P-X aniso- 
tropic tridimensional systems. 

All the above results have however been 
obtained through special procedures, and 
only separated and constrained variable re- 
finement could be done. This may, in part, 
explain the relatively high isotropic thermal 
factors of the chains atoms (Table V), al- 
though this was observed before, for in- 
stance in Ta4P4SZ9, in the sulfur chain. The 
importance of these thermal factors may 
also be related, to some degree, to miscom- 
mensuration and/or to some small statisti- 
cal substitution on the chain selenium sites. 
It was felt thus useful to undergo some in- 
frared and Raman spectroscopy studies to 
confirm the X-ray diffraction interpreta- 
tion. 

6. Vibrational Spectroscopic Investigations 

At first glance, Raman and IR spectra of 
Tap&Se show remarkable similarity in the 
whole frequency range with those of Tap&, 
and Ta4P& both in the general pattern and 
in the frequencies of the bands (22). This 
suggests that the observed spectra originate 
from the same species namely the internal 
modes of the [PS,] groups and the [Ta2(S&] 
units. It must be underlined that for vibra- 
tional study, an approach to the band as- 
signment can be successfully done from 
these two groups considered separately 
(22), [PS,] being the classical tetrahedral 
group and [TaQ,),] the cluster made of two 
Ta atoms and a ((SZ)-lt)Z rectangle. Never- 
theless, it must be pointed out that the sig- 
nals between 460 and 466 cm-i assigned to 
us-s within the sulfur chain in Ta4P4SZ9 are 
now missing. The assignment of the bands 
related to the [Ta$S&] cages is discussed 
in a forthcoming paper (22). 
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In TaP&Se spectra, the low multiplicity 
of frequencies gives evidence of weak vi- 
brational couplings within the unit cell as 
expected theoretically by Z = 8. Strong in- 
teractions must be localized within the tet- 
rahedral [PS,] groups in spite of their close- 
ness to Ta atoms. As a matter of fact, 
characteristic frequencies with relatively 
well-known intensities appear clearly in the 
spectra. [PS,] groups are in general position 
but simple correlation with factor group CZ 
should cause splitting of each mode into 
two components A and B both IR and Ra- 
man active. 

Crystal field and/or distortion from a per- 
fect tetrahedron appear sufficient to re- 
move partially the degeneracy of the Fz 
mode and to affect selection rules. The 
highest frequencies from 560 to 598 cm-’ 
are assigned to the antisymmetric stretch- 
ing v,(Fz) mode with three intense IR ab- 
sorption bands in particular. a(F?) mode 
gives rise to an intense IR doublet at 319- 
312 cm--’ and several weak Raman signals 
between 296 and 324 cm-’ whereas the 
v,(A,) mode becomes IR active (single 
weak signal at 424 cm-‘). A single band 
near 277 cm ’ is assigned to 6(E) mode. 

Care must be taken in discussing scatter- 
ing and values of va and v,P-S frequencies. 
They seem to show, in spite of a slight shift 
toward low frequencies, neither a larger 
dispersion of P-S bond lengths in Tap&Se 
than in Ta4P& nor the lengthening of the 
P-S interatomic mean distance from 2.044 
A (for Ta4P&) to 2.088 A (for TaPS+Se). 
Moreover, VP-S values of Tap&Se are ap- 
proximately the same as for Tap& which 
displays significantly shorter P-S bonds. 

As far as the Ta2(Sz)z cluster modes are 
concerned, IS- frequencies (two Raman 
signals at 544 and 523 cm-’ and an IR coun- 
terpart at 540 cm-‘) yield a S-S distance of 
2.055 and 2.075 A according to Steudel’s 
empirical equation (23) (already well 
obeyed by Tap& and Ta4P4S&. If com- 
pared to the corresponding S-S bond 
lengths for these two last sulfides (same 

mean values of 2.04 A), these values prove 
to be significantly longer. This difference is 
quite in line with the statistical substitution 
by selenium within the S2 pairs as found by 
the structural study. 

Stretching modes of Se-Se pairs are ex- 
pected to occur, with high Raman effi- 
ciency compared to sulfur pairs (24), at 
about 300 cm-’ according to available data 
for ZrSe3, HfSei, Zr,S-,Se, (24, 25). A 
careful comparison of the spectra of Ta4P4 
Sz9 and Tap&Se between 180 and 450 cm-’ 
deserve some comments. First, we do ob- 
serve an intense IR absorption at about 290 

-I with a weak Raman counterpart. Un- 
fztunately, deformation modes of [PS,] 
group give rise to strong features in this fre- 
quency field and this peak might stem from 
a further splitting of 8(F2) or (E) modes. 
Moreover, the strong doublet dominating 
the Raman spectrum of Tap&Se at 35 l-343 
cm-’ is straightforwardly assigned to the 
totally symmetric A,vTa(Sz)z mode with 
contribution of the LL,VTaS? mode. The fre- 
quencies. slightly lower than those con- 
cerning Ta4P&, agree quite well with Ta- 
S bonds longer in the selenium compound. 
However, no structure attributable to a 
possible A,vTa(Se?)? mode or vTaSez mode 
was detected. 

The remaining deformation modes of Ta 
(S& units are found below 270 cm-’ as sin- 
gle bands at frequencies very close to that 
observed for TadP&. 

An estimation of the (Se-S)?- mode fre- 
quency (within pairs) suggested by Zwick 
et al. (25) may be obtained with a rather 
good approximation by 

o”(Se-S) = t[w’(S-S) + w’(Se-Se)]. 

With cr(S$” = 540 cm-’ and u(Se7)-r’ = 
300 cm-‘, this relation gives a wave number 
equal to 437 cm-’ for v(Se-S). An addi- 
tional peak, located in the high-frequency 
part in the IR spectrum at 446 cm ‘, might 
originate from such a mode. But, we do not 
observe the Raman counterpart, making 
this assignment somewhat speculative. 
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Next, a new structure appears clearly at 
368 cm-’ in the IR spectrum and at 375 
cm-’ as a weak Raman signal. These posi- 
tions are consistent with available data on 
&e-S for S,,Sesp, and Se,&-,, molecules, 
the values of which are reported in the re- 
gion 345-382 cm-’ (26, 27). This identifica- 
tion, along with the missing signals of vS-S 
(460-466 cm-’ for TadP&) and 6#\, 
(strong Raman line at 161 cm-’ for this 
same compound) is quite consistent with 
the occupancy of the channels by a mixed 
chalcogen chain, the sulfur atoms being 
only involved in Se-S bonds. 

Further spectroscopic characterization 
of this chain has been done to support the 
structural conclusions and the above as- 
signment. Back-scattering experiments us- 
ing Raman micromole were performed with 
the propagation direction of the p-polarized 
incident light perpendicular to the b axis 
growth of a single crystal. Change of orien- 
tation of the crystal shows, in the low fre- 
quency field, the high Raman efficiency of 
lines at 235 and 262 cm-‘. Although these 
experiments do not allow us to separate the 
contributions of the derived polarizability 
tensor and the A and B modes in the Ci 
group, they reveal a striking intensity 
correlation between the line at 262 
cm-’ and the Raman signal at 343 cm ’ 
associated to the fully symmetric A,vTa 
(Sz)2 mode. 

It is thus possible to assign the peak at 
262 cm-’ to the symmetric &e-Se mode 
within the chain and the peak at 235 cm-’ 
to the antisymmetric mode. These assign- 
ments are well supported by the location of 
the vSe-Se mode in metallocycloselenanes 
Cp,MSe5 (C, = nC5H5, M = Ti, Zr, Hf) at 
261-266 and 245-248 cm-’ (symmetric and 
antisymmetric modes, respectively) and in 
Se& at 271 cm-’ (28). A rather good agree- 
ment is also found with the r&e-Se fre- 
quency calculated at 259 cm-’ using the 
Se-Se mean bond length of 2.305 A (see 
structural result) and the empirical relation 
proposed by Butler et al. (28). 

&e-Se = 901.7 - 279.0[r(Se-Se)] 

Otherwise, in these single-crystal spectra, 
the intensities of the 544-cm-’ line v(S)” 
and of the 290-cm-’ line do not display the 
same behavior. This finding confirms-as 
proposed above-that the last signal can- 
not originate from v(Se$” within pairs and 
suggests random substitution into the 
(S,)-11 pairs. 

With this r&e-Se frequency within 
chains (262 cm-’ as a mean value) and Y 
S-S frequency (-463 cm-‘), a calculated 
value of z&e-S = 370 cm--’ is obtained us- 
ing the above relation between the three 
frequencies. This value confirms previous 
assignment of the peaks at 368 cm-’ (IR) 
and 375 cm-’ (Raman) to such a mode. 

From the above structural and spectro- 
scopic data, the particular features of Ta 
P&Se have been determined and the occur- 
rence of inserted and partially substituted 
selenium chains demonstrated. The occur- 
rence of these neutral chalcogen chains 
within the tunnel of Tap&Se can be sup- 
ported by magnetic measurements. From 
interatomic distance considerations, and ig- 
noring the slight selenium substitution in 
the (Sz)-” pairs of the BTS, one obtains the 
developed formula TavPv(S2))“S~“SeoS:‘/4. 
With d0 tantalum, the phase has to be 
diamagnetic and this is found with ~29~ k = 
- 100 x 10eh u.e.m. with a consistent room 
temperature high resistivity greater than 10’ 
0 cm. Tap&Se is thus closely related to 
Ta4P4Sy and presents the same charge bal- 
ance. Although selenium-substituted rings 
have already been synthesized, this is the 
first time that selenium-sulfur chains are 
found. 

7. Conclusion 

Substitution by selenium of the sulfur 
chain inserted in Ta4P&y was successfully 
achieved. The new phase obtained (-Ta 
PS6.1sSel.l) presents a monoclinic symmetry 
corresponding to a distortion of the original 
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tetragonal cell of the nonsubstituted sulfide 
to which it is closely related. TaPS$e BTS 
undergoes a small sulfur substitution on 
some specific sulfur sites constituted by the 
sulfur anionic pairs, indicating a preferen- 
tial action of selenium on these groups. Vi- 
brational (IR and Raman) studies seem to 
indicate a random selenium distribution in 
these pairs resulting in the occurrence of 
(S-Se) groups rather than (Sez) pairs. This 
substitution allows an increase of the tunnel 
size that, along with some substitution by 
sulfur in the selenium chains, the composi- 
tion of which becomes (Se4S),, explains the 
actual commensurate insertion of these 
polymeric groups in the compound. The 
spectroscopic studies also indicate, within 
the chalcogen chain, the only presence of 
Se-S and Se-Se bonds in agreement with 
the interpretation of the X-ray diffraction 
analysis which led to the conclusion of the 
occurrence of four different kinds of (Sex 
S2)% chains. 

These chains are found randomly distrib- 
uted within the BTS’s tunnels. Right- and 
left-hand helices can be recognized and as- 
sumed to fill separately the tunnels and to 
rotate in the same way as the BTS coordi- 
nation polyhedra, thus preserving the char- 
acteristics of Ta4P& features, in particular 
the interlocking of the structure. From 
these results and in agreement with the 
characteristics found for TaZP2SII (IY), it 
appears that the BTS rotating tunnel im- 
poses the same rotation on the inserted 
chalcogen chain which is locked through a 
sort of steric pressure. 
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