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Infrared and Raman spectra (800-100 cm-l) of polycrystalline samples of 2D P2NbSs, 3D P2NbS8, 2D 
PNb&,, and 2D P2Nb& at 300 K were investigated and compared with those of Nb$Clr and of 
various phosphorus-sulfide anion containing salts. A complete assignment of the spectra is proposed 
and it emphasizes structural relationships within this niobium-phosphorus-sulfide family, and several 
modes are assigned to (Nb,(S,),) cluster motions. The UV-visible absorption spectra (250-1000 nm) of 
the four compounds exhibit optical band gaps at -300 nm, which confirms their broadband semicon- 
ductor property and an electric dipole allowed charge transfer (Nb + S) transition at about 370-400 
nm. This transition can account for selective intensity enhancements of some Raman bands due to 
(Nb,(S,),) cluster vibrations under preresonance conditions (A0 = 514.5-488.0 nm). Finally, this vibra- 
tional study permits identification of several characteristic modes, such as vNb-S, vNb-Nb, VP&, or 
VP& and stretching of S:- or S:- groups, which could be perturbed upon further intercalation reactions 
within the Van der Waals gaps of the two-dimensional host lattices and thus could be used as “elec- 
tronic probes.” 0 1986 Academic Press, Inc. 

Introduction of 2D compounds able to intercalate mole- 
cules or ions (5, 6). In fact, intercalation 

Two-dimensional (2D) and three-dimen- experiments within the van der Waals gaps 
sional (3D) PzNbSs, 2D PNb&, and 2D (-3.3 A> of these layered systems are now 
P2Nb&i are highly colored diamagnetic in- in progress to search for new materials of 
sulators. They represent four structural interest in electrochemistry as positive 
types of a homogeneous family whose electrodes in secondary generators. 
structures have been recently determined The main purpose of this study is thus to 
(1-4) and are based on different arrange- identify and compare typical vibrational 
ments of biprismatic bicapped (Nb&) modes in these host lattices in order to get a 
units and tetrahedral (PS,) groups. better insight into their short-range order 

The present study has been undertaken and the interatomic interactions around the 
as a part of a more general vibrational study possible redox centers. This study should 
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permit some predictions concerning struc- 
tural and electronic perturbations induced 
by future intercalation reactions. 

Experimental 

The four P-Nb-S compounds under 
study were prepared as described recently 
(1-4) and the NbS$& compound was ob- 
tained according to literature procedures 
(7-9). 

UV-Visible absorption spectra (250-1000 
nm) were recorded at 300 K using a Cary 17 
spectrometer in the transmission mode, and 
infrared spectra (1000-180 cm-‘) were ob- 
tained at 300 and 80 K with a Perkin-Elmer 
180 instrument, with the powdered samples 
being dispersed in Nujol. 

Raman spectra (1000-50 cm-i) were re- 
corded on a triple monochromator Coderg 
TSOO instrument, using different emission 
lines of a Spectra-Physics Model 171 Ar+ 
laser. Detection through a RCA C31034 
photomultiplier was made by standard pho- 
ton counting techniques. Low laser power 
was always used (PO 5 100-200 mW), and 
spectra of the compounds dispersed in KC1 
(KBr or KC103 were obtained by use of a 
sample holder rotating at ca. 1600 rev min-’ 
in order to avoid any local heating effects. 
Under these conditions, all the compounds 
were quite stable, although Nb&C12 has 
been previously reported to decompose 
rapidly in the laser beam (10). 

ID2h cluster = 3A, + Bzg 
- / 

Structures and Selection Rules 

The structure of the four P-Nb-S mate- 
rials is built of tetrahedral (PS,) groups and 
of distorted trigonal bicapped (NbSs) 
prisms sharing a rectangular face to consti- 
tute (NbZSi2) units (Fig. 1). In each (Nb&) 
biprism, there is a Nb4+-Nb4+ single bond 
lying perpendicular to the common face 
formed by two S$- pairs. When looking at 
interatomic distances (Z-4), the strongest 
short-range interactions are localized 
within cage-shaped (Nb2(S2),) units. As 
similar cages are already known to exist in 
niobium-chalcogenide halides NbS2X2 (7- 
12), we have made use of the NbS2Clz 
model system (see below). 

NbSzClz 

This compound crystallizes in the mono- 
clinic system, space group C2/m (C&), with 
two molecular entities per primitive unit 
cell (7, 9). The Bravais cell contains only 
one (Nb2(S2),) cage of approximately D2h 
symmetry which consists of a pair of Nb4+ 
ions lying perpendicular to the plane of two 
St- groups. The cages are linked together 
by the Cl atoms to form sheets parallel to 
the (a,b) plane and each metal ion is coordi- 
nated to four Cl atoms and to two Sz- pairs. 
However, Nb * . Cl interactions are mark- 
edly weaker than the Nb . . * S ones, so 
that the 12 vibrational modes of an “iso- 
lated” (Nb2(S2)2) cluster can be classified as 
follows: 

t B,, + BJg + A, + B2u + 2B,, + 2B3, 
--- 

rC2h crystal = 4A, + 2B, + 2A, + 
(Raman) (Raman) W 

One expects six Raman and six infrared ac- have not used the same numbering of vibra- 
tive vibrations with mutual exclusion and tions as in Ref. (II) and we propose a 
all these modes, labeled from Mi to Ml2 are slightly different representation of the nor- 
sketched in Fig. 2. It is noteworthy that we ma1 modes. 
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FIG. 1. Perspective view of a (Nb&) biprismatic 
bicapped unit showing (SIA-SlJ- pairs (I). 

20 and 30 PINb& 

2D PzNbSs crystallizes in the orthorhom- 
bit Cmca (D$ space group with four enti- 
ties per primitive unit cell. The (NbAJ 
units are linked to each other through (P&J 
groups made from two edge-sharing (P&) 
tetrahedra giving rise to 

anions (Fig. 3). 
3D P2NbS8derivative crystallizes in the 

tetragonal P4m2 (Did) space group with 
four formula in the Bravais cell. Now, the 
(Nb&) biprisms are bonded to each other 

M, Ag L’ S-S 

in phase 

M2 Ag GNb(S2j2 Mg Ag YNb-Nb 

in phase 

M4 Big Deform M5 B29 Va Nb(S2) MS Bsg Deform. 

in phase 

MB B,, Pa Nb(S2) 

out of phase 

Mg B,, Deform. M, A, Deform. 

vs Nb(Q):! Ml1 Bgu Y S-S Ml2 Bgu Deform. 

out of phase out of phase 

FIG. 2. Schematic representation of the 12 internal vibrations in a (Nb2(S& cage unit. 
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FIG. 3. Projection of 2D PzNbSg along the i axis. Heavy continuous and dotted lines join the sulfur 
atoms constituting the niobium prismatic surrounding. Thin continuous and dotted lines join atoms of 
(P&J groups. Numbers are fractional heights (x 100) of the atoms (I). 

via interconnected (PS,) tetrahedra consti- 
tuting (P&) rings (Fig. 4). 

From interatomic-distance consider- 
ations one recognizes in both structures 
cage-shaped (Nb&%) units of approxi- 
mately Dz~ symmetry so that these crystal 
structures can be described as follows: 

2D-4 x PfNbSs 
(Du) special positions 

= 2(Nb2(Wd + 4(hs6) 
C2h site Cj site 

3D-4 x P2NbS8 
(D& special positions 

= 2(Nb2@,),) + 2(p&) 
D2 site S4 site 

First, the 12 internal vibrations of a 
(Nb2(S2),) cage give rise to 24 modes at the 
center of the Brillouin zone of the crystal 
and they are classified under the irreducible 
representations of the D2h and D2d point 
groups, respectively: 

2D P2NbSs 

PD2h cluster = 3A, + B2g + B,, + B3g + A,, + BZu + 2B1, + 2B3, 
---- 

rC2h site = 4A, + 2B, + 2A, + 4B, 
---- 

rD~ crystal = 4A, + 4B2, + 2B1, + 2Bj, + 2A, + 2Bzu + 4B1, + 4B3, 
W (RI W (RI - UR) (IN (IN 
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rDZh cluster = 3A, + A,, + B,, + 2B,, + BZn + BZu + Bjg + 2B3, 
---- 

TD2 site = 4A + 3BI + 2Bz + 3B3 
-- f . 

ID2d crystal = 4Aj + 4B, + 3A2 + 3B2 + 
(R) (RI - UR,R) (I& 

93 

One expects in the former case a splitting becomes infrared active (Bzu component). 
of the six Raman active modes into (A, + In the latter case, the infrared-Raman mu- 
Bzg) or (B,, + Bsg) doublets. Similarly, B,,- tual-exclusion rule is removed, all the un- 
and BsU-type modes must give rise to infra- gerade vibrations become Raman active, 
red doublets, while the BZu mode is no sen- and coincidences are expected for Bz- and 
sitive to correlation effects and the A,, one E-type crystalline vibrations. Finally, the 

79 Q OS 

A P 

. Nb 

b- 

FIG. 4. Projection along the i axis of 3D-P2NbS8 tetragonal structure. Numbers are fractional heights 
(X 100) of the atoms (2). 
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three totally symmetric A, cluster modes the (P&)*- anion belongs also to the DU 
should be split into (Al + BJ Raman dou- point group symmetry, and its internal vi- 
blets due to Davydov effects. brations are classified according to the cor- 

Concerning now the anionic fragments, relation diagram 

rD2h (P&J2- = 4A, + 2B,, + 2B2, + Bjg + A, + 3B1, + 2B2,, + 3B3, 
. / . / 

Fi site = 94 + 9Au 
4 . N 4 

rD2h crystal = 9A, + 9B1, + 9B2, + 9B3, + 9A, + 9B1, + 9B2, + 9B3, 
CR) CR) (RI W - (IN W WV 

Thirty-six modes are Raman active and rings in the 3D compound are localized on 
twenty-seven modes are infrared active, & symmetry sites and because of correla- 
preserving mutual exclusion. The (P&2) tion effects, one obtains: 

rs4 (P4S12) = 11A + IlB + 1OE 
/ * . -- 

TD2d crystal = 11Ai + 11A2 + 11Bi + llB2 + 20E 
0-9 - (R) (IR,R) (IR,R) 

All the modes remain active and one ex- 
pects a splitting of B-type vibrations into 
two Raman (BI + B2) components. 

Finally, as far as lattice modes are con- 
cerned, in 2D P2NbSs 18 librational vibra- 
tions are Raman active (l$?’ = 4A, + 5B,, 
+ 4B2, + 5Bs,) and 15 translational motions 

are infrared active (I’:?’ = 4A, + 4B1, + 
3B2, + 4B3,) excluding the acoustic modes. 
In contrast, Raman and infrared coinci- 
dences are expected in the low-frequency 
spectra of the 3D compound <Fi?” = AI + 
2A2+B2+4EandIpd=A,+B,+B2+ 
3E). 

20 PNb2Sla and 20 P2Nb& 
The layered PNb& compound crystal- 

lizes with orthorhombic symmetry, space 
group P21212(D:), with four entities per unit 
cell, and the 2D P2Nb4S2i crystal shows the 
monoclinic symmetry space group C2/c 

(C&J, with two entities per primitive unit 
cell. 

In these compounds, the (Nb2Si2) units 
are directly linked to each other not only 
through S . * . S edges of the prisms but 
also through one of their bicapping sulfur 
atoms, forming infinite (Nb2S9) chains (Fig. 
5). It is noteworthy that the capping sulfur 
is also involved in a S-S bond with one of 
the edge sulfur atoms, and it gives rise to a 
new S”,- pair (intercluster pair). In the first 
PNb2Slo compound, bonding between the 
chains takes place through (P2Ss) units built 
of two (PS,) groups, i.e., two (P&) groups 
sharing again another St- pair (intraanionic 
pair). In the second case of P2Nb4S2i, the 
chains are linked to each other through 
(P&J units made from two (PS4) tetrahedra 
themselves interacting with an extra sulfur 
atom, i.e., two (PS,) groups sharing a (S3)2- 
anionic group (3, 4). 
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b 

t 

FIG. 5. Schematic representation of a (Nb&) infinite chain. 

In both compounds, as previously men- 
tioned for PzNbSs phases, the distances be- 
tween niobium and sulfur atoms constitut- 
ing the common rectangular face of the 
biprism are shorter than the other Nb-S 
distances (-2.55-2.59 A as compared with 
2.47-2.54 A); nevertheless, (Nb&?> in- 
teractions involving intercluster pairs are 
still very strong. This implies that “iso- 
lated” (Nb2(S&) clusters cannot be consid- 
ered, and we propose to describe the mo- 
lecular structures according to the 
following formulae: 

2D-4 x PNb& 
0: special positions 

= 4(Nbz(SMz) + 2(pzs6@2)) 

Cl site C2 site 

2D-2 x P2Nb4S2, 
Cth special positions 

= 4(Nb&hhSd + 2(p2s,(s,)) 

Cl site Ci site 

Consequently, the correlation diagrams be- 
tween site and factor groups for the anionic 
frameworks are: 

F2 site = 13A + 11B 

(p2s6@2)) ec - P . 
I% crystal = 13Ar + 13Bi + 11A2 + llB2 

(R) (IR,R) (IR,R) (IR,R) 

Fi site = 12A, + 15A, 

(p2s6@3)) / - . r + 4 

I% crystal = 12A, + 12B, + HA, + 15B, 
(RI (RI (IN (IN 

It is noteworthy that, in the P2Nb& 
structure, a dynamical disorder of the cen- 
tral S atom in (S3)2- catenated anions can 
only account for the time averaged special 
centrosymmetric positions of the anionic 
fragments (4). 

Similarly, correlation tables for the 
vibrations of the complex (Nb2(!%)&) 

units can be established, and in both 
cases one expects complex spectra 
with many Raman and infrared coinci- 
dences. 

Finally, in the low-frequency regions, 
chain-bending vibrations and also lattice 
modes will be expected and only tentative 
assignments can be suggested. 
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FIG. 6. Raman spectra (650-100 cm-l) of a polycrystalline sample of NbSzClz at 300 K using two 
different exciting lines. (*) Bands assigned to vNb-Cl vibrations. 

Vibrational Results and Discussion 

Raman spectra of powdered samples of 
NbS2C12 using the 514.5 and 457.9 nm ex- 
citing lines are shown on Fig. 6. The infra- 
red and Raman (ho = 514.5 and/or 488.0 
nm) spectra for polycrystalline samples of 
2D PzNbSs, 3D PzNbSs, 2D PNb$&, and 
2D P2Nb& are shown in Figs. 7, 8, 9, and 
10, respectively. The corresponding band 
positions and proposed assignments are re- 

ported in Tables I-III. Finally, the UV-visi- 
ble absorption spectra of the four P-Nb-S 
solid phases under study are shown on Fig. 
11. 

Vibrational Spectra of NbS2C12 

The vibrational spectra of Nb&X, com- 
pounds (X = Cl, Br, I) have been already 
reported by Pen-in et al. (IO, II), but in- 
complete Raman data were obtained be- 

FIG. 7. Infrared and Raman spectra (700-100 cm-l) of 2D P2NbSs at 300 K. 
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L I I 1 t 1 I 1 
600 400 200 )' ml- 

FIG. 8. Infrared and Raman spectra (700-100 cm-‘) of 3D P2NbSs at 300 K. 

cause of photodecomposition of the sam- 
ples under the He-Ne (A0 = 632.8 nm) laser 
beam. Such effects were avoided in this 
study even when using different exciting 
lines from 514.5 and 457.9 nm. 

We have observed all the expected Ra- 
man modes and in particular we assign the 
three intense bands at 590, 332, and 214 
cm-’ to the totally symmetric Ag vibrations, 
namely, US-S, VsNb-(S&, and vNb-Nb 
(Fig. 6). The last mode, not observed in 
Ref. (ZO), was erroneously identified with a 

plasma line at -188 cm-‘. As far as the 
v,Nb-S2 (MS mode) and deformation clus- 
ter vibrations are concerned, we assign the 
new weak signal at 354 cm-’ to MS (its infra- 
red out-of-phase counterpart, MS, has been 
previously observed at 377 cm-t) and we 
locate Me (IQ and M4 (Bt,) vibrations at 
-310 and -240 cm-r, respectively. The ad- 
ditional bands in the frequency range 300- 
240 cm-’ correspond to intercluster uNb- 
Cl vibrations in agreement with infrared 
results for NbS2C12 (10) and Nb2Cl10 (13). 

I I 1 I I I 

600 400 200 pcm-l 

FIG. 9. Infrared and Raman spectra (700-100 cm-l) of 2D PNb&, at 300 K. 
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600 400 

FIG. 10. Infrared and Raman spectra (650-100 cm-l) of 2D P2Nb& at 300 K; arrows indicate bands 
assigned to S:- vibrations (see text). 

Finally, the low-frequency Raman signals 
at 172 and 154 cm-r probably come from 
GNbCl* bending vibrations and/or libra- 
tional cluster motions. In order to check 
these assignments, several Raman spectra 
were recorded using exciting radiations 
ranging from 514.5 to 457.9 nm, and inten- 
sity variations were estimated with respect 
to the 465 cm-r band of KC104 used as in- 
ternal standard. However, as the laser inci- 
dent energy increases, no drastic intensity 
enhancements were observed and, in con- 

trast, the intensity of the vS-S band at 590 
cm-i decreases markedly. This may be due 
in part to the strongly absorbing nature of 
this semiconductor-type material which ex- 
hibits an absorption edge at -320 nm and 
an intense electronic transition at 365 nm 
(24); also, antiresonance phenomena or in- 
terference effects between low lying La- 
Porte-forbidden d-d-type transitions and 
higher energy allowed transitions can be in- 
voked (15, 16). In fact, according to photo- 
electron results and atomic orbital studies 

P2NbdS2,-21 
1 I I 1 I 

200 600 1000 p”m 200 600 1000 Ynm 

FIG. 1 I. UV-Visible absorption spectra of 2D and 3D PzNbSs, 2D PNbzSlo, and 2D P2Nb4SZI at 300 K 
(wavelengths of some maxima are reported). 



TABLE II 

INFRARED AND RAMAN BAND POSITIONS (cm-‘) IN 3D P2NbS8 AND COMPARISON WITH VIBRATIONAL DATA 

FOR P&, AND Ag.,P& AT 300 K 

P&o (21) &&S, ( 17) 3D PZNb&” 

IR Raman IR Raman IR Raman Tentative assignments 

715vw 
690~s 
650m-w 

56Svw 

53ovs 

715ms 

689m 
656w 

64ovw 

803w 
738sh 
721m,br 
689-W 
651s 

I I 

640s 
S%m 6olw 612~~ 

570m 
54Osh 

S26s 
512s 

571vs 

hPS3 55ow 566sh 
549s 
527~ 

504m 516~~ 

454s Y ds\P a 450m 

487vs 
481~s 

480sh 

398m 

267sh ’ ’ 272s 

264m 
260sh 260sh 

8 

, , 

d”\, 

205sh 203sh 

192sh 198~s 

189~ , (188m 
162~~ 16Om 

40Sm ASPS, 411vs 

s 

44ovw 

396s 

.p/ ’ P 389~s 

371vw 
354vw 
346m 

1328m1 

298w ’ 

283m 285m 
27Sw SPS, 

25ovw’ + 

I 

255m 

225vw, dl\, 210s 

318m 
310m 
2%s 
292s 
280m 

260m 
251s 

68lvw 
649vw 
64lvw 
611~~ 
584sh 
578m 
565~ 
548vw 
528~ 
5 l7vw 

476~ 
459vw 
44ovw 

412~ 

400s 

384m 
353m 
343vw 
332sh 
328sf 

318~ 
309m 
2%m 
29Ovw 
281~7 

258~ 

243~ 
238m 

481 + 328 = 809 cm-’ 
3% + 346 = 742 cm-’ 

3% + 328 = 724 cm-’ 

3% + 2% = 692 cm-’ 
v.PS, term 

328 + 281 = 609 cm-’ 

I 

&PST term 

+ Ml + Ml, 

328 + 222 = 550 cm-’ 

&PSI term 

I Y dS\P a 

(22Sml 228wf 
222s/1 M, + M, 

213~~ 
206vw 

213m tw. PS I and/or $s\P 
207m sp,s,, 
182~ w. PS2 and/or M, 

176~ 

130sh I38m 
124s l32sh 

l71m tw. PSI and/or 6P. b 

153vw r. PS2 or R’ cluster? 
l36m 
12ow bending (P&J 
93w 
7ow 

L? Same symbols as in Table I. 
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carried out by Bullet (12) and Rijnsdorp (8) 
on the (Nb$S&) cage, the highest filled 
level and the next unoccupied molecular or- 
bitals are composed of -90% niobium d 
states, the last occupied Nb-4dz2 (AB sym- 
metry) bonding orbital lying just above the 
highest occupied S-3p,* (Bi, symmetry) or- 
bital. We thus attribute the high-energy 
transition at -365 nm to a vibronically al- 
lowed metal-to-ligand charge-transfer tran- 
sition. Now, if we compare both spectra 
displayed in Fig. 6, we can use the vNb-Cl 
band at -282 cm-i as an internal standard 
which takes into account absorption ef- 
fects, in which case we note mainly inten- 
sity disenhancements of IS-S (AR), and BzR- 
and &,-type modes, while some apparent 
enhancements are observed for the remain- 
ing bands, in particular those assigned to 
the V,Nb-(S2)2 and vNb-Nb (A,,) vibrations. 
These preliminary results under prereson- 
ante conditions thus confirm not only our 
proposed assignments of the low-frequency 
totally symmetric modes but also the elec- 
tric-dipole-allowed character of the high- 
energy charge-transfer transition. More- 
over, since the four P-Nb-S phases under 
study exhibit also a strong electronic transi- 
tion at -375-405 nm (see below), we have 
recorded their Raman spectra with different 
excitations in order to detect similar Raman 
intensity disenhancements. 

Vibrational Spectra of 20 PzNbSg 

In conjunction with spectroscopic data 
concerning the (P&J2- ion in Ag2P& (17) 
or Tl2P& (18, 29) and the isoelectronic 
Al&4 molecule (20), the above results for 
NbS2C12 allow us to propose complete as- 
signments of the vibrational spectra of 2D 
P2NbSs (Table I). 

First, most of the cluster modes appear 
as well-resolved doublets or as asymmetric 
signals in agreement with crystal-effect ex- 
pectations and they are generally shifted to- 
ward lower frequency values (- 10 and -30 
cm-i). We assign the very broad and in- 
tense absorption band at 570 cm-i to the 

vS-S B&Vii) mode and the corresponding 
Raman-active symmetric (MI) mode must 
surely contribute to the medium intensity 
doublet at 573-563 cm-i. The strong Ra- 
man bands at 329 and 203 cm-’ are assigned 
to other A, vibrations, namely, v,Nb-(S2)2 
and vNb-Nb, while the infrared-active out- 
of-phase stretching Bz,, mode gives rise to 
an intense doublet at -310 cm-i. At higher 
frequencies, the strong infrared doublet at 
356-347 cm-i and its weaker Raman coun- 
terpart a 352-346 cm-i are attributed to 
v,Nb-S2 MS and Ms modes, respectively. 
Finally, the two medium absorption bands 
at 289 and 278 cm-’ and the Raman signal at 
281 cm-i can be assigned to Mg, M12, and 
M6 cluster fundamentals since no vibra- 
tional modes of the (P2S6)2- entities are ex- 
pected in this frequency range. The last B,,- 
type (M.J cage vibration is tentatively 
located at 222 cm-i. It is noteworthy that 
this last mode and the two totally symmet- 
ric V,Nb-(S2)2 and vNb-Nb vibrations un- 
dergo apparent Raman intensity enhance- 
ments when changing the exciting line from 
514.5 to 488.0 nm (Fig. 7). This prereson- 
ante Raman result reflects again the 
charge-transfer character of the dipole-al- 
lowed electronic transition observed at 
-385 nm (Fig. 11). 

As far as vibrations of (P2S6) units are 
concerned, the vibrational spectra of 2D 
P2NbSs show remarkable similarity with 
those of Ag2P& ( 17) and T12P2S6 ( 18, 19). 
As shown in Table I, assignments of the 
three compounds can be established simul- 
taneously and frequency values can be 
compared, while large frequency shifts due 
to mass effects are noted for the isoelec- 
tronic A12C& molecule (20). We thus pro- 
pose some new assignments for T12P&, in 
disagreement with the results published by 
Wibbelmann et al. (18). 

In the high-frequency region (850-650 
cm-i) numerous weak bands are observed 
and explained in terms of overtones and 
combinations. Several sets of intense infra- 
red bands and weak Raman signals at -630, 
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610, 570, and 520 cm-l are assigned to 
stretching vibrations of the terminal (PS2) 
groups (involved in weaker Nb . - * S inter- 
actions) while the stretching modes of 

bridged P’ 
S 

’ P bonds are easily identified 
with strong signals in the range 440-390 
cm-l. Only the bands due to vPS2 modes 
show some crystal splittings, but we have 
never observed all the theoretically ex- 
pected components, which confirms, in 
agreement with X-ray data (I), that (P$S6)2- 
anions are weakly interacting. Now, the in- 
frared doublet at 262-254 cm-’ is attributed 
to the overlapping v9 (rock. PS3 and vr8 (6 
PS3 vibrations, and the strong Raman 
bands at 235 and 169 cm-l are assigned to v7 
(wag. PS3 and v15 (twist. PS3 modes, with 
an expected strong contribution of the 6 

S 
P ’ ‘P deformation. In the low-fre- 
quency region, only tentative assignments 
are proposed. The weak infrared and Ra- 
man bands at 181 and 154 cm-i, respec- 
tively, may be due either to a bending vibra- 
tion of (PS3 groups or to deformation (or 
librational) motion of (Nb2(S2),) cages. 

Finally, in agreement with the above se- 
lection rules, it may be pointed out that 
these spectra exhibit quite a few infrared 
and Raman coincidences as indicated by 
band positions with brackets in Table I. We 
thus conclude that the main interatomic in- 
teractions are effective within both 
(Nb#&) and (P&) frameworks. 

Vibrational Spectra of 30 P2NbS8 

The spectra of 3D P2NbSS show the same 
general pattern as previously observed for 
the 2D derivative and one recognizes again 
modes due to the (Nb2(S2),) unit in addition 
to bands due to the anionic fragment. How- 
ever, at first glance the spectra are more 
complex and structured (Fig. S), a result in 
agreement with the selection rules which 
predict that all the vibrations become Ra- 
man active. First of all, some relative inten- 
sity changes are noted for the cluster 

modes. The US-S stretching vibrations of 
Si- pairs give rise to a very strong asym- 
metric infrared band at -570 cm-’ and to a 
Raman doublet at 578-565 cm-‘; these po- 
sitions compare favorably with those previ- 
ously found, since the S-S bond lengths are 
nearly equivalent (2.014 A compared to 
2.024 A). The two A, vibrations, v,Nb-(S2)2 
at 328-332 cm-’ and vNb-Nb at 222-228 
cm-‘, again show Raman intensity en- 
hancements under preresonance conditions 
when the laser energy approaches that of 
the intense charge-transfer electronic tran- 
sition at 375 nm (Fig. 11). However, care 
must be exercised in discussing a selective 
enhancement mechanism since intensities 
of all the cluster modes have apparently in- 
creased when changing the exciting radia- 
tion from 514.5 to 488.0 nm. We thus con- 
clude that a strong distortion and a lowering 
of symmetry of the cages have taken place. 
Several infrared and Raman coincidences 
were indeed observed, although this was 
not expected for the totally symmetric A, 
modes (Table II). 

To propose assignments of the (P&2) 
ring frequencies, we have made use of 
spectroscopic data already known for the 
P&J molecule (21) and the (PzS~)~- ion 

(17), which present sulfur bridged P’ 
S 

‘P 
bonds. Four main regions with several sets 
of peaks showing infrared-Raman coinci- 
dences can be distinguished: 

(i) In the high-frequency regions 650-610 
cm-’ and 580-510 cm-‘, the bands are as- 
signed to v,PS2 and v,PS2 vibrations of ter- 
minal (or “extracyclic”) P-S bonds. 

(ii) In the range 490-370 cm-‘, several 
new and intense (infrared) bands are ob- 
served which must take origin from stretch- 

S 
ing vibrations of “endocyclic” P /\ P 
bridged bonds. 

(iii) Below 320 cm-‘, the PS2 bending 
modes occur and the corresponding fre- 
quencies follow the same pattern as for 2D 
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PzNbSs. However, two additional bands ap- 
pear at 318 and 213 cm-l and are tentatively 

S 
assigned to 6 P P deformation. 

(iv) Finally, some low-frequency (V 5 150 
cm-i) and weak Raman signals are ob- 
served which probably come from deforma- 
tion and librational motions of (P&) rings 
with likely contributions of intermolecular 
cluster modes. 

We thus emphasize that precise and com- 
plete assignments of these spectra are not 
straightforward; however, it is obvious that 
2D and 3D PzNbSs compounds can be eas- 
ily characterized by their quite different vi- 
brational spectra. 

Vibrational Spectra of 20 PNb2S10 
and 20 P2Nb& 

In these compounds, we have previously 
mentioned that a description of a part of the 
crystal structures in terms of isolated 
(Nb#&) cages was a crude approxima- 
tion. Nevertheless, such a model seems to 
apply again, since we observe all the bands 
yet assigned to (Nb&Q) cluster modes at 
very close frequency values. This means 
that intercluster vibrational couplings 
within the infinite chains are weak, a result 
in agreement with the low multiplicity of 
the detected signals (no further splittings 
were observed by cooling the samples 
down to 80 K). Moreover, as the spectra of 
both compounds show a great similarity, 
we conclude that short-range interactions 
of the same order of magnitude are taking 
place in between the (Nb&) chains of these 
layered systems. 

As expected, most of the cage vibrations 
are both infrared and Raman active. First, 
the intracluster IS-S vibrations are local- 
ized at 560-550 cm-‘, i.e., at lower frequen- 
cies than in 2D P2NbSs, in agreement with 
X-ray data which have converged to signifi- 
cantly larger d(S-S) distances (2.043 A as 
compared with 2.024 A). The several peaks 
observed between 565 and 535 cm-’ can 
thus be assigned according to the different 

S-S bond lengths found in the crystal struc- 
tures (ranging from 2.041 to 2.066 A). In 
addition, the more complex infrared spec- 
trum of PNbzSro in this region is probably 
due to the existence of a third type of S:- 
pairs within the (P&(S2)) units. These as- 
signments (Table III) are supported by em- 
pirical calculation (see below). The very 
strong Raman bands at -205 and -335 
cm-i (the latter giving rise to a doublet in 
PNb2SIO) are assigned to vNb-Nb and 
r+Nb-(S& symmetric modes, and the in- 
tense infrared bands at 318 and 329 cm-* in 
PNb& and P2Nb&, respectively, are at- 
tributed to the corresponding out-of-phase 
Nb-(S& stretching Bs,, modes. The isolated 
absorption bands near 366 cm-r (resolved 
into a multiplet in PNb$&) correspond to 
the B1, v,Nb-S2 (MS) mode, and its Bzg in- 
phase Raman counterpart, MS vibration, 
appears at slightly lower frequencies. Also, 
several medium- or weak-intensity bands in 
the range 300-240 cm-r can be assigned to 
other cluster vibrations (Table III). Finally, 
additional Raman bands at 311 cm-r in 
PNb& and at 320 cm-l in P2Nb& (with- 
out infrared component) are observed for 
the first time. We attribute these new bands 
to vNb-Sz intercluster (or intrachain) sym- 
metric vibrations, and their low frequency 
can be related to the slightly larger (+O.OS 
A) bond lengths involved as compared with 
the intracluster Nb-S2 distances. 

Most of the (Nb&)2) unit vibrations in 
the Raman spectra of PNb&o were found 
to be enhanced when changing the exciting 
laser radiation, due to preresonance effects 
with the intense electronic charge-transfer 
transition at -405 nm (Fig. 11). Unfortu- 
nately, similar effects were not evidenced 
with the highly colored P2Nb& compound 
and satisfactory Raman results were only 
obtained using the 514.5-nm line (Fig. 
10). 

A comparison of the remaining positions 
(Table III) with available spectroscopic 
data for (PzS~)~- (17) and (PS4)3- (22, 23) 
reveals that spectra of PNbzSro and 
PZNb4S2r can be better understood in terms 
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of linked (PSJ groups rather than using a 
model of interacting (PSd) tetrahedra. The 
great multiplicity of bands in the high-fre- 
quency region, 620-400 cm-‘, affords 
strong support for the first model mean- 
while the characteristic frequency pattern 
and relative intensities known for the fun- 
damental modes in several (PSd)3- salts are 
not encountered. The numerous high-inten- 
sity infrared bands at 600-520 cm-’ are thus 
assigned to asymmetric v,PS3 vibrations, 
and the corresponding symmetric Raman 
intense modes are localized around 410 
cm-i as in A&P& spectra. In this respect, 
the very strong band at 454 cm-i (infrared) 

S 
and at 389 cm-’ (Raman) due to v P P 
vibrations in (P2S7)4- anions (and previ- 
ously discussed in the spectra of the P2NbSs 
systems) are now missing since simple sul- 

fur-bridged P 
2, 

P bonds do not exist in 
PNb&, and P2Nb4S2i crystal structures. 
Finally, some deformation modes of the 
(PS,) groups must contribute to the sets of 
bands observed in the region 300-230 cm-i, 
and they overlap in part with other 
(Nb#&) cage vibrations. Some additional 
weak bands at -460 cm-i (infrared, Ra- 
man), 424 cm-’ (Raman), and 227 cm-’ (Ra- 
man), only detected in P2Nb& spectra, 
are still remaining, and we propose to as- 
sign these bands to the stretching (Y,, v,) 
and bending (6) vibrations of intraanionic 
(S3)2- groups. Such a result is in agreement 
with spectroscopic data already known in 
BaS3 (24), in spite of the variations of the 

S 
A 

S angle and bond lengths (mean val- 
ues are equal to 101” and 2.028 A, respec- 
tively, compared to 114.9” and 2.076 8, in 
BaS3) and the fact that strong constraints in 
2D P2Nb4S2i are likely to exist. 

Finally, it may be noted that many low- 
frequency Raman bands were detected in 
both PNb2S10 and P2Nb4S21. Although no 
precise assignments can be made, these 
bands must originate from intrachain and 
interchain bending modes. 

Correlations between Vibrational and 
X-Ray Data and Future Outlooks 

Discarding the high- and low-frequency 
parts of the spectra (combinations and lat- 
tice + deformation modes), we have shown 
in this study that the vibrational spectra are 
essentially a juxtaposition of bands charac- 
teristic of the niobium cluster units and of 
those of the anionic species. This result 
confirms not only the proposed descrip- 
tions of the crystal structure in terms of 
ionic fragments but also the predominance 
of nearest-neighbor interactions of covalent 
character. 

As far as metal cage units are concerned, 
a close relationship’ between the four mate- 
rials is evidenced, and the spectra are 
nicely interpreted using the (Nb#2)2) clus- 
ter model. The YS$- stretching frequencies 
correlate well with d(S-S) bond distances, 
as shown in Fig. 12, and we find a good 
agreement with Steudel’s empirical equa- 
tion (25) &-S/cm-r = (2.57 - d(S-S)/&/ 
9.47 x lop4 (see the solid line in Fig. 12). 
Other available data on related trisulfide 
MS3 systems (M4+ = Nb, Ti, Zr, Hf) which 
also have S:- pairs within prismatic sur- 
roundings of metal ions (26-29) do not fit 
very well the same empirical rule. We con- 
clude that the J&-S modes in the systems 
under study appear to be characteristic 
and weakly coupled diatomic vibrations. 
Moreover, small differences on the fre- 
quency scale were observed between the 
in-phase A, and out-of-phase B3,, compo- 
nents. As in NbS2C12 (8), this can be ex- 
plained by weak direct interactions not only 
between the orbitals of both S:- pairs in a 
cage, but also between the different ions 
because of the strong covalent bonding with 
niobium atoms. 

In spite of similar Nb-Nb bond lengths in 
these four compounds (2.86-2.87 A) and in 
NbS2C12 (2.87 A), the vNb-Nb vibrations 
are shifted either toward lower frequencies 
(205 cm-i) in the 2D phases or toward 
higher frequencies (-222 cm-l) in 3D 
P2NbSs than its value of 214 cm-’ in 
NbS2C12. Although these variations are 
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FIG. 12. Variation of the US-S stretching vibrations versus interatomic distances, d(S-S), in the 
compounds under study [(l) 2D P*NbSs, (2) 3D PzNbSs, (3) 2D PNbzSlo, (4) 2D P2Nb&] and in related 
NbSzClz and MSs systems. The solid line corresponds to Steudel’s equation (see text). 

quite small, we believe that the highest fre- 
quency observed in 3D PzNbSs may come 
from the existence of constraints in relation 
to the compacity of this three-ditiehsional 
network. In this respect, it is difficult to 
estimate the influence of vibrational cou- 
plings and of short-range interactions, but it 
must be pointed out that most of the clus- 
ter-mode frequencies in 2D and 3D P2NbS8 
are weakly’ perturbed compared to their 
values in the other layer structures which 
possess (Nb&) infinite chains and inter- 
cluster S$- pairs. We thus conclude that 
these cluster frequencies are weakly depen- 
dent on the different anionic surroundings. 
In Table IV we have collected the observed 
frequencies of in-phase v, (MS-&) and Y, 
(i&A& Nb-(S& stretching vibrations and 
also of the intercluster vNb-S2 modes with 
corresponding metal-sulfur bond lengths. 
In addition, the corresponding values of 
two A, modes which possess a dominant 
contribution of M-S* bond stretching (ac- 
cording to calculations of potential energy 
distributions) in related MS3 compounds 
(26-29) are included. A rough frequency- 
distance correlation is apparent in all Nb4+ 
(&)-containing compounds in which the 
Nb-S interactions are nearly equivalent, 

while metal-sulfur force constants must be 
weaker in M4+ (#)-containing trisulfur sys- 
tems. 

Concerning now the consequences of 
structural and electronic perturbations 
which can take place upon further interca- 

TABLE IV 

DEPENDENCE OF vNb-S2 VIBRATIONS (cm-‘) ON 

MEAN INTERNUCLEAR DISTANCES d (Nb-S) (A) IN 

P-Nb-S PHASES, NbS&, AND RELATED MS3 
SYSTEMS 

Modes 
Y 

(cm-‘) dlA Ref. 

2D PzNbSs 
I 

M2 329-325 MS 3.52-346 1 2.50 

3D PzNbSs 
I 

M 332-328 MS 353-343 I 2.50 

2D PNb&, 

i 

M2 342-332 M 364 1 2.495 

intercluster 311 2.575 

2D P2Nb&, 

1 

M 331 
MS 345 

I 
2.495 

intercluster 320 2.58 

NbS*Cl* M 332-337 
M5 354 1 2.485 

MS3 I 4 350 4 340 1 2.55 (26) 

TiS, 300 278 I 2.50 (28) 

zrs, 280 275 I 2.60 (27) 
Hfs3 275 

261 2.60 (29) 
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lation reactions in these 2D phases, these 
vibrational results deserve some com- 
ments. If an electronic localization on P-S 
bands or structural distortions on (PS,) units 
occur upon intercalation, changes should 
be mainly detected in the infrared spectra 
where terminal VP& and VP& vibrations 
give rise to intense absorption bands. In the 
same way, perturbations of the bridged 

S 
P P bonds in 2D PlNbSg could be 
evidenced on the intense infrared and Ra- 
man signals at -400 cm-‘. Now, if 
(Nb&),) cages play the role of electronic 
acceptors, great modifications must occur 
in both the infrared and Raman spectra in 
relation to observed intense cluster modes, 
such as the Y,Nb-(S& A, and B2,, compo- 
nents. In particular, an electronic perturba- 
tion on the Si- pairs or on the metal centers 
could be detected by observing the YS-S or 
vNb-Nb vibrations. In this respect, we 
must mention that the UV-visible spectra 
should be also highly informative, since one 
can expect in the intercalates a modification 
of the lower energy d-d type transitions 
and also of the higher energy metal-to-sul- 
fur charge-transfer transitions, so that the 
guest-host lattice interactions could thus 
be investigated. 
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