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The infrared and Raman spectra [lo-3100 cm-‘] have been recorded for aqueous solutions and poly- 
crystalline samples of Na.,P& . 6H20 as well as for several lamellar MpS3 (or i&P&) compounds with 
M = Fe, Co, Ni, Inzl and their intercalates with cobalticenium cations. A complete assignment of the 
observed spectra is proposed and a normal coordinate analysis of the [P&I anion is carried out; this 
allows proposal of a new assignment, for the spectra of the layered Mp& host systems which is slightly 
modified with respect to prior work. A detailed analysis of the infrared and far-infrared spectra is also 
reported for the intercalates with [Co(+C5H5):] cations. From these results, it is concluded that the 
mechanism of the electronic transfer during the intercalation process depends on the nature of the 
metal: when M = Co or Ni the main reduction site is the P-P bond, while when M = Fe (and perhaps 
also Mn) the reduction involves mainly the metal ion itself. 

Introduction As a part of a general vibrational study of 
these lamellar materials intercalated with 

The broadband semiconductors metal organometallic cations, we have recently 
hexathiohypodiphosphates of general for- shown for MnP&, ZnP&, and CdP& sys- 
mula MPSj (M = first row transition metal) terns that structural and dynamic informa- 
are structured on the same general pattern tion can be obtained by infrared, Raman, 
as the two-dimensional MS2 systems; the and inelastic neutron scattering spectros- 
stacking of the S M2,3(P2)1,3S slabs gives rise copy (4-8). The present study is more pre- 
to Van der Waals’ gaps in which cations cisely concerned with the vibrational spec- 
can be intercalated (1, 2). These intercala- tra of FeP&, COP&, and NiP& compounds 
tion compounds are of interest because of which are strongly colored semiconductors 
their quasi-two-dimensional properties and with gaps of about 1.5 eV. Among these 
of their applications as electrodes in high chalcogenophosphates, NiP& and, to a 
energy density batteries (3). lesser degree, FeP& behave as good cath- 

ode materials in lithium batteries (3, 9, 10). 
1 To whom all correspondence should be addressed. In addition the spectra of the corresponding 
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intercalates with Co($-CsH& (denoted 
hereafter CoCp,) are investigated. In order 
to confirm some vibrational assignments, a 
complete infrared and Raman study and a 
normal coordinate analysis of the [P&J 
anion existing in NtiP& * 6H20 are 
also carried out. Furthermore, the spectra 
of the metal-deficient layered compound 
In&l,~PS~ (where Cl stands for metal va- 
cancies) are presented in order to under- 
stand the effects of a multiplicity increase 
(2 x 3) in the layer planes (II, 12). Finally, 
an important goal of this optical study of 
the cobalticenium intercalates is to examine 
the electronic perturbations induced by the 
electron transfer which has occurred from 
the organometallic species to the inorganic 
host lattice during the intercalation pro- 
cess. 

Experimental 

I. Experimental Procedure 

NaP& * 6H20 was synthesized by slow 
addition of PC& to an aqueous solution of 
Na2S, following the procedure described by 
H. Falius (13). Well-shaped, colorless crys- 
tals were obtained by recrystallization of 
the initial polycrystalline precipitate from a 
water-ethanol mixture. 

Analyses. NhP& * 6H20. Calcd: Na, 
20.2; P, 13.6; S, 42.3; H, 2.7. Found: Na, 
19.7; P, 13.6; S, 40.3; H, 3.1. 

The layered systems iUPS with M = Fe, 
Co, Ni, and In2/3 were synthesized accord- 
ing to existing procedures (II, 14, 15) and 
were characterized by means of X-ray pow- 
der diffraction and chemical analysis. Inter- 
calation in M = Fe, Co, Ni host systems 
was performed via the classical or “direct” 
route, i.e., by treating the pure materials 
with a toluene solution of cobaltocene for 
-3 days at about 120°C in Pyrex ampoules 
sealed under vacuum (16). It should be 
mentioned here that no intercalation was 

observed after several weeks of treating the 
same starting materials with aqueous or al- 
coholic solutions of cobalticenium iodide, a 
route of intercalation which has been 
proved to be successful with M = Mn, Zn, 
or Cd materials (17). 

For the In&i,~PS~ system, it is noted 
that a complete, well-characterized, inter- 
calation could not be achieved, whatever 
route, solvent, and temperature conditions 
that were adopted. Therefore, no special 
study will be reported here. 

The sets of (001) lines observed in the X- 
ray powder diffraction patterns demon- 
strate that the interlayec distance increases 
by 5.32, 5.40, and 5.33 A upon intercalation 
of cobalticenium in FeP&, COP& and 
Nip&, respectively, an increment which 
satisfactorily compares with the Van der 
Waals bulk of the cobalticenium cation. 

Analyses. FePS3(CoCp&o.37. Calcd: Fe, 
22.1; P, 12.2; S, 38.0; Co, 8.6; C, 17.5; H, 
1.5. Found: Fe, 21.4; P, 12.0; S, 37.4; Co, 
8.3; C, 17.2; H, 1.7. 

CoPS3(CoCp&,,. Calcd: Co, 31.5; P, 
11.9; S, 37.0; C, 18.0; H, 1.5. Found: Co, 
31.0; P, 11.0; S, 31.1; C, 14.7; H, 1.7. 

NiPMCoCpdo.37. Calcd: Ni, 23.0; P, 
12.1; S, 37.5; Co, 8.5; C, 17.3; H, 1.5. 
Found: Ni, 23.0; P, 12.1; S, 36.3; Co, 8.1; 
C, 17.6; H, 1.6. 

In~3UlmPS3. Calcd: In, 37.6; P, 15.2; S, 
47.2. Found: In, 39.7; P, 14.4; S, 46.6. 

Almost all the compounds under study 
seem to be stable in air; their spectra have 
been recorded without protecting the sam- 
ples from the atmosphere. In the particular 
case of the COPS, intercalate, chemical 
analyses performed on the powder samples 
show discrepancies with respect to the cal- 
culated formula. This feature may be attrib- 
uted in part to small amounts of CoS2 and/ 
or C03(Ps4)2 phases present as impurities, 
as mentioned in (1.5) but an extensive oxi- 
dation of the host system cannot be ruled 
out. Therefore infrared spectra were re- 
corded using freshly prepared samples. 
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II. Spectra 

In sharp contrast with the optical charac- 
teristics encountered with the MpS3 com- 
pounds of Mn, Zn, Cd, the reflectivity and 
opacity of the dark systems under study, 
excepting NaP& * 6H20 and In2&11,3PS3, 
render the Raman scattering experiments 
and the infrared absorption recordings 
rather difficult. Part of the experimental dif- 
ficulties inherent in dealing with these opti- 
cally poor samples have been overcome in 
the following manner. 

-Raman spectra were obtained by accu- 
mulation with a computerized triple mono- 
chromator CODERG T800 instrument us- 
ing a krypton (647.1 nm) and an argon 
(514.5-488.0 nm) laser in conjunction with 
a glass block rotating at 1500 t-pm in order 
to avoid any decomposition. Furthermore, 
some spectra were also recorded with a Ra- 
man microprobe double monochromator 
Jobin Yvon Mole instrument using an argon 
laser. 

-Infrared spectra were recorded on 
Perkin-Elmer 225 and 180 spectrometers 

and on a Polytec Fir 30 interferometer. 
Monocrystalline platelets were examined 
using a beam condenser; the polycrystalline 
samples were dispersed in Nujol. 

-Low temperature measurements were 
obtained using conventional cryostats 
working with either liquid nitrogen or liquid 
helium. 

Results and Discussion 

I. Vibrational Spectra and Normal 
Coordinate Analysis of the [P&l Anion 

In the sodium salt NaP&, prepared as 
an hexahydate, the existence of a [P2$] 
anion of Dsd symmetry has been established 
through 3’P-NMR and preliminary X-ray 
results (13). For such ethane-type anions a 
particularly simple vibrational spectrum is 
to be expected: 

I$id = (3A,, + 315&J 
+ lAi, + (2A2, + 3EJ; 

six modes are Raman active (the gerade 
ones) and only five modes are infrared ac- 

Raman 

(Cl 

IVV 

IVH 

/-)& J:_, 

600 500 400 300 200 100 cm-' 

FIG. 1. Room temperature vibrational spectra of the [P2S,4-] anion: Infrared (trace a) and Raman 
(trace b) spectra [7OO-10 cm-‘] for polycrystalline Na.$&, 6H20 compound. Polarized Raman spectra 
for aqueous solutions of the sodium salt (curves c). 
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tive (2AZu + 3EJ. Nevertheless, due to the 
lack of polarization measurements, the pre- 
viously published vibrational assignments 
are in error (18, 19). 

The infrared and Raman spectra of this 
compound in the solid state and the polar- 
ized Raman spectra for aqueous solutions 
are shown on Fig. 1. The corresponding 
band wavenumbers and assignments are 
given in Table I; they can be compared both 
with those previously published for the 
same Na salt (18) and with the results of 
our normal coordinate calculation. In 
agreement with the selection rule predic- 
tions, the Raman spectra of solutions ex- 
hibit only three polarized bands at 435 cm-i 
(very weak), 376 cm-i (very strong), and 
150 cm-i (strong). These bands can be confi- 
dently assigned, by comparison with the 
isoelectronic Si2C16 molecule (20), to the 
symmetric v(P-P), ,,(PS,), and &(PSJ A,, 
modes, respectively. The three remaining 
intense bands at 553, 257, and 175 cm-’ 
must therefore correspond to the stretch- 
ing, deformation, and rocking Eg modes, re- 
spectively. It is noteworthy that the former 
band is split into two components at 578 
and 553 cm-‘; this can be explained by the 
existence of a Fermi resonance with the 
combination 376 + 175 = 551 cm-l; as both 
components are depolarized, the previ- 
ously reported assignments of one of these 
bands to a symmetric stretching mode are 
wrong (Z8, 19). 

In the Raman spectrum of the solid com- 
pound, the same features are observed, 
with additional weak bands arising from li- 
brational motions of HZ0 molecules, and 
also with many new low frequency bands 
which are assigned to translations of HZ0 
and Na+ species (Table I). Similarly, the 
infrared spectrum can be readily under- 
stood: the AZ” modes are localized at about 
400 and 300 cm-i and the bands at about 
582, 240, and 100 cm-i are assigned to the 
E, vibrations. In this spectrum, the degen- 
erate stretching PS3 mode gives rise to a 

TABLE II 
NON-ZEROSYMMETRYFORCECONSTANTS (lO’Nm-’ 

and lo2 N m/rad) OF THE P& ION 

FL, Value Ft.,’ Value 

1,l = 5,5 2.67 2J -0.40 
2,2 = 6,6 1.30 7,7 = 10,lO 2.40 
3,3 1.85 8,8 = 11,ll 1.20 
1,2 = 5,6 0.50 9,9 = 12,12 0.90 
193 0.50 7,9 = 10,12 0.50 

0 Labeling of force constants according to the last 
column of Table I. 

strong and broad absorption band with 
maxima at 606,592, and 582 cm-i due to the 
possible occurrence of many combination 
bands in this range; moreover, one notes 
that some vibrations, such as the v(P-P) 
mode, become infrared active due to crys- 
tal effects. 

Using the above results, a complete nor- 
mal coordinate analysis has been per- 
formed for the four Alg, AZ”, E,, and Eg 
blocks with a set of 10 non-zero symmetry 
force constants (Table II). All the calcu- 
lated frequencies compare nicely with the 
observed values, and the potential energy 
distributions are in satisfactory agreement 
with our predictions. One notes, however, 
some vibrational coupling between the 
6,(PS3) and v(P-P) modes in the A,, block 
and between the &(PS3) and p(P&) vibra- 
tions in the Eg blocks (Table I). 

Finally, the values of some internal force 
constants are compared in Table III with 
those in selected molecules such as [PS:-] 
(18, 22), [P&14- (21), P4 (22) and PZ (23). 
The P-S stretching force constant, 2.5 x 
10d2 N m-i, appears to be “normal,” as 
compared with the values known for the 
[Psi-] anion, the upper limit, 2.8 x lo-* N 
m-l, being observed for [P&-l entities; our 
value for the P-P force constant, 1.85 x 
lo-* N m-i, marks the lower limit for 
known P-P bonds and corresponds exactly 
with that proposed by Somayajulu (23) for a 
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TABLE III 
COMPARISON OF SOME INTERNAL FORCE CONSTANTS (102 N mm’ and lo2 N m/rad) 

OF SELECTED MOLECULES 

Ref. f(P.v f(PSIPS') fm fWS') f gg) f(SPP) 

P& 

Psi- 
P.& 
P4 
p2 

This work 2.49 
(19) 2.60 
(18) 2.70 
(18, 19, 21) 2.50-2.70 
(21) 2.80 
(22) - 
(23) - 

0.09 1.85 1.23 0.03 -0.90 
0.23 1.60 1.75 - 1.10 
0.10 2.15 - - - 
0.27-0.19 - 0.88 0.09 
0.30 2.05 

- 2.065 - - 
- 1.85 - - 

single bond. These results show the pre- 
dominance of P-S bond strengths over P-P 
interactions in the isolated [P&l anions; 
such a conclusion could not have been 
reached from a simple comparison of inter- 
nuclear distances. 

II. Vibrational Spectra of the FeP&, 
COP&, and Nip& Host Lattices 

The crystal structure of these layer-type 
compounds is known only for FeP& (24). It 
consists of two layers of sulfur atoms which 
are in cubic close-packed arrangements 
with Pz groups and of metal ions in octahe- 
dral sites (Fig. 2). These sandwiches are 
weakly bonded together, giving rise to Van 
der Waals’ gaps (-3.4 A), with each layer 
parallel to the (x, y) planes of the mono- 
clinic structure. The structure belongs to 
the C2/m (C:h) space group with two FeP& 
entities per primitive cell. Cobalt and nickel 
derivatives have nearly the same lattice pa- 
rameters as FeP&; one may therefore as- 
sume isomorphous structures. All the nor- 
mal modes can be classified according to 
the representation for k = 0, I’$ = 8A, + 
7B, + 6A, + 9A,; one expects 15 Raman 
and 12 infrared active modes after subtrac- 
tion of the acoustic modes (A, + 2BJ. 
However, few intense ir and Raman bands 
are observed on the recorded vibrational 
spectra of these compounds (Fig. 3). Also a 

great similarity with the spectra of the so- 
dium compound Na4P& . 6H20 is ob- 
served: this arises from the existence of 
[P$!$] entities within the layers; neverthe- 
less, these anions are no longer isolated 
and, as we have already shown (4), it is 
more appropriate to describe these layered 
structures as composed of PS3 groups 
(d(P-S) - 2.0 A> defining flat pyramids of 
nearly Dsh symmetry, weakly interacting 
through P-P bonds of length of 2.2 A. Us- 
ing the oriented gas model approximation 

< > 
bo 

FIG. 2. Schematic representation of the regular (or 
FePSj-type) and metal-deficient (or In&J,,~PS1-type) 
structures viewed perpendicular to the layers. In the 
former case M represents a metal in the formal oxida- 
tion state (2+); in the latter, M represents an In’+ ion 
and q designates a vacancy; P2 denotes P-P pairs. 
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and the assumption of weak site effects, 
only eight strong Raman bands and roughly 
four strong infrared bands are thus ex- 
pected (4, 5). 

The infrared and Raman spectra of these 
compounds are shown on Fig. 3 and the 
corresponding band wavenumbers are 
given in Table IV. In the high frequency 
range (600-150 cm-i) all the bands are as- 
signed in terms of motions of PS3 groups; 
one notes that the v(P-P) mode or the out- 
of-phase Tl(PSJ motion gives rise only to 
an infrared band at about 440 cm-l, which 
is in agreement with predictions based on 
the above selection rules. Similar results 
have already been obtained for MnP&, 
ZnPS3, CdPS3 (4, 5), and Sn2P& (25, 26). 
According to the above results for N%P2S6, 
some other band assignments are modified; 
in particular, we now assign the bands at 
about 154 cm-l to a symmetric deformation 
of the PSJ groups. The important difference 
between the cation and the P& group 
masses and the weak interaction between 
the six sulfur atoms surrounding each metal 
ion result in a very large separation of the 
bands responsible for the metal-S and P-S 
valence vibrations. The few low frequency 

bands observed at v 5 140 cm-l are thus 
assigned to translational motions of metal 
ions (Table IV). When we note small fre- 
quency variations of these modes within 
the triad Fe-Co-Ni; for Nip&, we clearly 
observe, for the first time, the three ex- 
pected bands with appreciable Raman in- 
tensities. This result indicates the rather co- 
valent character of the Ni-S bonds; this 
may be linked to recent work where it is 
stated that the best energy yields in lithium 
batteries are obtained with low ionicity ma- 
terials (10). 

Finally, the large separation (-50-60 
cm-‘) of these T’ modes shows that the 
metal ions are in anisotropic environments 
and that the six sulfur atoms surrounding 
them define strongly distorted octahedra. 
In fact, the existence of different P-S 
bonds in these layered structures is also il- 
lustrated by a comparison of the infrared 
spectra for a powder sample and for a 
monocrystalline platelet (E/lab) of COP& 
(Fig. 4): the polarized spectrum shows 
many absorption maxima on the asymmet- 
ric profile of the broad band at about 550- 
600 cm-’ assigned to the vd(PS3) vibrations. 
In agreement with structural consider- 

TABLE IV 
INFRARED AND RAMAN BAND WAVENUMBERS (cm-‘) OF SOME MPSl COMPOUNDS AT 300 K 

MnPSs(4) 

ir R 

FePSs COPSl NiPS, 

Approximate type 
ir R ir R ir R of motions 

512 VW 

530 w 

450 m 
- 

316 m 

255 s 

194s 
152 s 
138 s 
115 VW 

I Jl9 m 
566w 

539 VW 

- 
378 VW 

I 
273 VW 
244 VW 
225 m 
185 VW 
154 m 

115 w 
11ow 

580 sh 
571 VW 
560 sh 

- 

445 w 
- 

295 w 

251 s 
230 w 
183 s 
153 s 
131 sh 

76 VW 

1 573 w 
560 VW 
544 VW 

- 
383 VW 

569 VW 

- 

443 w 
- 

291 w 

256 VW 
- 

190 VW 
156 s 
130 w 
109”” 

74 VW 

605 VW 
583 w 
556 w 

- 

- 
378 VW 
315 w 

I 
211 w 
245 s 
221 m 

589 sh 
575 VW 
571 sh 

542 w 
530 w 

440w 
- 

289 w 

- T’,(PS,) or v(P-P) 
317 VW %(PW 

265 s 
214 VW 
187 s 
156 sh 
139 w 
109W 

298 w &Wd 

I 271 241 m VW ws) 
222 m 

fr or R:,Gw 
153 w MPW 
126 w 

95 w T'M2+ 
12 w 16 m 

562 s aw 

Combination 
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i . 560 363 
I- 560 V 

571 Fe PS3 

V 
568 

co PS3 

-1 \ .- / 167 I 

Ni PS3 

FIG. 3. Room temperature infrared and Raman spectra [620-10 cm-‘] of FeP&, Cop&, and NiPS, 
compounds. 
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ations, the intensities of the bands at 445 
cm-i @(P-P)) and at 297 cm-l (&(P&)) are 
also observed to decrease markedly. 

ZZZ. Vibrational Spectra of the Zn2~&11~2PS~ 
Compound 

This metal vacancy compound, first char- 
acterized by Soled and Wold (II), is an in- 
sulator and has an optical absorption edge 
of 3.1 eV. According to Diehl and Carpen- 
tier (12) it belongs to the monoclinic space 
group PzJC& and its crystal structure was 
found to be a metal-deficient threefold (a’ = 
3ao) superstructure of the FeP& type 
formed by the ordering of indium atoms and 
of metal vacancies. The unit cell multiplic- 
ity is Z = 12, i.e., one obtains the formula 
In&14(PS& per primitive cell which is 
composed of two sets of four In3+ ions on 
general positions and of three sets of four 
PS3 groups; within the first family of these 

groups two [P&J anions exist on Ci sites 
and within both of the other sets, four 
[P&J entities are localized on general po- 
sitions. Therefore one expects a total num- 
ber of 168 crystalline normal modes, i.e., 48 
vibrations for the first set of PS3 groups, 96 
vibrations for the remaining ones, and 24 
translational motions of indium ions. For 
such a structure a complex vibrational 
spectrum is to be expected; we thus con- 
centrate mainly on the effects of the three- 
fold ordered superstructure. 

The infrared (at 300 and 100 K) and Ra- 
man (at 300 and 10 K) spectra of this 
compound are shown on Fig. 5 for the pow- 
der samples and on Fig. 4 for a monocrys- 
Mine platelet. The corresponding band 
wavenumbers and approximate assign- 
ments are reported in Table V. As ex- 
pected, many band splittings are observed, 
and, in particular for the degenerate 

co PSI 

FIG. 4. Infrared spectra [650-250 cm-‘] of polycrystalline samples and of platelets for the same 
compound at 300 K: (a) and (a’) for COP&; (b) and (b’) for In2,j0,1~PS~. 
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I  I  I  I  600 I I 500 400 L 
300 200 100 cm-’ 

FIG. 5. Infrared (upper traces) and Raman (lower traces) spectra [650-10 cm-l] of In2,30,,,PS, at 
room and low temperatures. 

stretching vibrations of PS3 groups, one ob- transition occurs and that the superstruc- 
serves nine infrared components and ture is completely ordered at room temper- 
eleven Raman counterparts relative to the ature. Finally, the polarized infrared spec- 
twelve expected in each case. We note trum obtained with a platelet (Fig. 4) 
again that the v(P-P) vibration is only infra- exhibits polarization effects similar to those 
red active (at about 450 cm-‘) while the described for CoPS3: the intensities of the 
symmetric valence mode v,(PS~) at about bands at 450 cm-l (VP-P) and at 340-330 
380 cm-* is essentially Raman active; the cm-’ (6,PS3) decrease. However, intensi- 
weak splittings of these modes show that ties of the bands at 373 cm-l (v,PS,) and at 
the interlayer couplings are quite weak. 320-3 10 cm-l (6,PS3) increase markedly. In 
Similarly, many low frequency bands at v 5 agreement with X-ray results (22), this 
120 cm-* assigned to T’(In3+) motions are shows that two families of (P&) entities 
clearly resolved on the Raman spectrum at exist: the anions of the first family (local- 
10 K and small A,-& splittings can also be ized on Ci sites) are responsible for the ex- 
observed. Nevertheless, the spectra do not pected behavior of the two former bands, 
change dramatically when cooling down the while those of the second family (on general 
samples; we conclude, in agreement with positions) give rise to the particular polar- 
the X-ray results (II, 12), that no phase ization effects for the two latter bands. 
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From this we conclude that this last set of 
anions is built of nearly flat PS3 pyramids 
which are tilted out of the (OOC) layer 
planes. 

IV. Infrared Spectra of FePSs, COP&, 
Nip& Intercalated with [CoCp:] 

There are no accurate structural data for 
these intercalated compounds. X-Ray pow- 
der diagrams have shown that an interlayer 
distance increase of 5.3 to 5.4 A takes place 
upon intercalation (2, 16) but no super- 
structure is in evidence among the (001) 
lines. However, the chemical composition 
Mp!+(CoCp& with x = l/3 suggests that 
the primitive unit cell can have at least a 
threefold multiplicity. The infrared spectra 
(700-30 cm-‘) of these compounds at 300 
and 100 K are shown on Fig. 6 where they 
are compared with those previously ob- 
tained for the manganese derivative (4). All 
the band wavenumbers are collected in Ta- 
ble IV. As these compounds are extremely 
opaque, we have not been able to obtain 
Raman data. 

The infrared spectra of these intercalates 
do not exhibit large changes with respect to 

those of the host lattices but new bands 
clearly appear: 

Some of these are characteristic of the 
(CoCp:) cationic species demonstrating 
that an electron transfer from the organo- 
metallic species to the host lattice has oc- 
curred during the intercalation reaction. 
More precisely, tilting, asymmetric stretch- 
ing, and deformation via metal-ligand vi- 
brations are observed at about 500,460, and 
175 cm-‘, respectively. We have also ob- 
served some internal vibrations of the Cp 
rings, in particular the out-of-plane y(C-H) 
modes at about 860 cm-‘. All the above 
mentioned bands still appear with strong in- 
tensity in the polarized infrared spectrum 
(E/lab) as recorded with a platelet of the 
iron compound (Fig. 6). We again conclude 
(4) that the CS symmetry axis of the guest 
cations lies parallel to the host lattice lay- 
ers. 

In the high frequency region, 650-550 
cm-l, other absorption bands due to the 
host lattice are greatly altered: the asym- 
metric stretching modes vd(PSj) are split 
into at least five broad components indicat- 
ing that some distortion of the PS3 groups 

TABLE V 
INFRARED AND RAMAN BAND WAVENUMBERS (cm-‘) OF THE METAL-DEFICIENT In&ilnPS~ COMPOUND 

Infrared Raman 

300K 1OOK 300K 10 K Approximate type of motions 

619 sh 621 sh 625 VW \ 
617 w 

613 s 617 s 614 w 
605 s 609s 608~ 604 VW 
595 s 598 VW 600 VW , vd(PSJ 
583 VW 586 s 590 VW 596 w 

584 m 
565 VW 568 VW 570 w 570 m 

565 w 559 w 
551 VW 554 VW 556 VW 548 VW 
535 VW 538 VW 542 w 545 VW J 

526 sh 
451 m 453 m - - Ti(PS,) or (P-P) 

445W 
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TABLE V-Continued 

Infrared Raman 

300K 1OOK 300K 10 K Approximate type of motions 

379 s 
383 s 
382 sh v,uw 
376 w 

\ 

371 w 373 w 
363 VW 
347 sh 
342 m 
331 s 
321 m 
309m 

375 sh 

1 &(PS,) 340 m 
328 s 
319 m 
307 m J 

305 m 

300s 
286 s 
280 s 1 
276 sh 
273 VW > Sd(PS,) 

256 vs 
244 s 
237 s 
232 sh ’ 

223 m 
219 m 

1 

299s 
282 sh 
280 s 

288 s 289 s 

279 s 
267 s 
252 sh 
246 m 
232 m 

270 s 
267 s 
253 VW 
245 m 
231 m 

254 VW 
243 s 
235 m 

224 m 224 m 
220 w 

208 VW 
192 s 

210 m 
195 s 202 w 

183 w 
204m 
186 w I pr or Ri,(PW 

182 
173 
168 VW 1 

m 
w 

161 m 
158 m 
147 w 
140 s ~SPS3) 
127 s 
121 m 
117 m 

; 

111 m 
103 m 
IOOW 

88 m 
83 m T’(ItQ+) + Corner Brillouin zone 
80 m ’ Lattice modes 
67 m 
64m 
59 VW 
55 m 
51 m 
35 w 
25 VW, 

169 m 

158 m 
150 m 
131 s 

150 m 
132 s 139 s 

126 m 

118 s 119 s 
108 s 

117 m 
11ow 

101 s 99s 

78 m 84 m 

1OOW 
81 m 

78 m 

63 m 62 m 

53 m 
47 m 
35 w 

50 m 
34 w 

46 m 
34 w 
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has taken place. This cannot be directly ac- 
counted in terms of an electronic localiza- 
tion on the P-S bonds since a quite similar 
behavior has been noted (see above) for the 
indium host lattice; moreover, we do not 
observe any splitting of these bands on the 
infrared spectra of the lithium intercalates 
of FeP& and NiPS3 (27). Hence, these 
broad and complex absorption bands (ex- 
tending over somewhat 100 cm-l) more 
than likely reflect the formation of a dis- 
torted structure or superstructure upon 
CoCpZ intercalation. It should be men- 
tioned here that such an interpretation is 
strongly supported by recent results ob- 

L., FePS3,1CoCp210.37 

L I 

m 

NIPs3/CoCp*)o 37 

1 

700 600 500 400 300 200 100 cll-1 

FIG. 6. Infrared spectra (700-30 cm-9 of the 
(CoCp:) intercalation compounds in MnP&, FeP&, 
COP&, and NIPS, at 300 K (upper traces) and at 100 K 
(lower traces). The polarized infrared spectrum of an 
intercalated platelet of FeP& at 300 K is given for 
comparison. Arrows indicate bands due to metal-li- 
gand vibrations of CoCp;. 

tained for the Mn derivative by Clement et 
al. (28-29): the combination of EXAFS 
data, magnetic susceptibility, and magneti- 
zation measurements clearly shows that the 
intercalation process induces a local disor- 
der around the manganese ions. This disor- 
der could be responsible for the intense 
spontaneous magnetization observed at low 
temperature ( 29). 

In other respects, it is noteworthy that 
the average frequencies for these vd(PS3) vi- 
brations show an increase of 10 to 15 cm-’ 
upon intercalation suggesting a strengthen- 
ing of some P-S bonds. 

The most puzzling changes in the spectra 
concern the v(P-P) modes whose frequen- 
cies are unaltered but whose relative inten- 
sities decrease markedly on passing from 
the manganese or iron to cobalt and nickel 
intercalates. This behavior may be related 
to the properties of the additional electrons 
gained by the host lattices during the inter- 
calation process. As previously proposed 
by Johnson (30), we can correlated the de- 
crease in the v(P-P) intensity, observed in 
the case of Co and Ni compounds, with the 
location of the transferred electrons in the 
antibonding orbitals of some P2 pairs. In- 
deed the reduction of some phosphorus at- 
oms from the formal valence state of four to 
three would result in the breakdown of the 
corresponding P-P bonds and lead to the 
decrease of the v(P-P) intensity; simulta- 
neously a strengthening of the correspond- 
ing P-S bonds would be expected. Such a 
mechanism for the intercalation of cobalto- 
cene in COP& and NiPS3 host systems, 
where the P-P bonds behave as the main 
site of reduction, is in agreement with pre- 
liminary NMR results (31) which have 
shown that, when cobaltocene is intercala- 
ted in NiP& both the position and the line- 
width of the 31P line are affected. One 
should recall that (i) this situation is in 
sharp contrast with the one encountered af- 
ter Li intercalation in the same host lattice 
(32, 33); (ii) from optical and magnetic sus- 
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TABLE VI 

INFRARED BAND WAVENUMBERS (cm-‘) OF FePS,,CoPS,, AND Nip& INTERCALATED WITH CoCp, 

FePS3-(CoCp2h 

300K 1OOK 

coPs3-(cocP2),39 

300K 1OOK 

NiPS34CoCth.37 

300 K 1OOK 
Approximate type 

of motions 

1412 m 

1007 w 

861 m 

616 sh 
603 VW 
585 sh 
570 s 
552 VW 

5OOw 
461 m 
445 m 
378 VW 
306m 

252 m 

225 VW 

180m 
172 VW 
151 m 
144 VW 

82 VW 

1413 m 

1007 w 
1004W 

868 sh 
860m 
848 sh 
621 s 
608 VW 
588 s 
575 s 
562 vs 
556 vs 

502 w 
464m 
448 m 
380 w 
308 m 
305 w 
254 m 
250 sh 
226 VW 

186 m 
175 m 
152 m 
145 VW 

83 w 

1412 

1007 w 

860 m 

615 sh 
601 vs 

574 s 
553 vs 

501 w 
459 m 
443 m 
382 VW 
308 VW 

253 m 

221 w 

185 m 
170 w 
146 m 

115 w 
84 m 

1413 m 

1009w 

861 m 
842 w 

L 

619 s 
604 vs 
577 s 
560 vs 
552 vs 

504 m 
464m 
446 w 
384 w 
309 w 

255 sh 
253 m 
222 w 

187 m 
172 w 
146 m 

115 w 
85 m 

1411 m 

- 

860 m 

626 sh 
612 vs 
576 vs 
553 vs 
545 sh 

499 w 
460 m 
437 VW 
380 VW 
298 VW 

261 m 

225 w 

179 m 
172 VW 
154 VW 

- 

90 sh 
77 m 

1411 m 
1407 sh 
1007 w 

861 m 

631 s 
618 vs 
599m 
585 sh 
581 vs 
558 vs 
550 s 
504 w 
464 m 
440w 
382 VW 

‘300w 
294 VW 

.263 m 

226 w 
221 sh 
186 m 
174 m 
156 w 

- 

92 w 
78 m 

L-C of cocp; 

X-H CoCP; 

YCH CoCp: 

Vd(PS3) 

Tilt, CoCp: 
v, cocp; 
v(P-P) or Ti”(PS3) 
.WS3) 
#(PS3) 

&PS3) 

I 

pr or Ri,(PS3) 

Def. CoCp: 
mps,) 

I 
T’M2+ 

ceptibility measurements it was already 
concluded that the ligand field around the 
nickel ions increases upon CoCpz intercala- 
tion and that the nickel ions are not reduced 
(16). 

Concerning the cobaltocene intercalate 
of FeP& as no decrease is observed in 
v(P-P) intensities and as no 3’P-NMR 
results are yet reported, it is impossible to 
ascertain whether the previous mechanism 
is still operative; therefore another kind of 
electronic transfer, based on the reduction 
of some transition metal cations, cannot be 

ruled out. In this respect studies in the far 
infrared region of the T’ modes of metal 
ions should be highly informative. In fact, 
we observe two very weak bands at 114 and 
82 cm-i. Two bands are also detected in the 
same region with the cobalt and nickel in- 
tercalates but it should be noted that the 
relative intensities of the lowest frequency 
bands (at 82,84, and 77 cm-‘, respectively), 
increase when going from the iron to the 
cobalt and nickel derivatives. The lower in- 
tensity of the The mode might suggest that 
some iron cations were reduced upon co- 
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baltocene intercalation; therefore, a mecha- 5. 
nism distinct from the one depicted in Co 
and Ni intercalates could be involved with 6. 
the Fe compound. 7. 

Conclusion 

In this spectroscopic study, a new assign- 8’ 
ment for the vibrational modes of P&- an- 
ions (& symmetry) has been postulated 
and the infrared and Raman spectra of the 
lamellar MI’S3 compounds with M = Fe, 9. 
Co, Ni, Inu3 have been analyzed for the first 1O, 
time. From the infrared spectra of the 
CO(CSH& intercalated host lattices under 
study a mechanism for the electronic trans- 11. 

fer during the intercalation process has 12, 
been proposed: the main reduction site for 
COP& and NiPSJ compounds is the P-P 13. 
bond, while some reduction of iron ions in 

C. SOURISSEAU, J. P. FORGERIT, AND Y. 
MATHEY, J. Phys. Chem. Solids 44, 119 (1983). 
C. SOURISSEAU, Y. MATHEY, AND C. POIN- 
SIGNON, Chem. Phys. 71, 257 (1982). 
C. SOURISSEAU AND Y. MATHEY in “Proceedings, 
8th International Conference on Raman Spectros- 
copy” Bordeaux (J. Lascombe and Pham. V. 
Huong, Eds.), p. 641, Wiley, New York (1982). 
0. POIZAT, J. BELLOC, C. SOURISSEAU, R. CLAM- 
ENT, AND Y. MATHEY, in “Proceedings, 8th Inter- 
national Conference on Raman Spectroscopy” 
Bordeaux (J. Lascombe and Pham. V. Huong 
Eds.), p. 639, Wiley, New York (1982). 
R. BREC, D. SCHLEICH, A. LOUISY, AND J. 
ROUXEL, Ann. Chim. Fr. 3, 347 (1978). 
R. Bane, G. OUVRARD, A. LOUISY, J. ROUXEL, 
AND A. LE M~HAUT~, Solid Stare Ionics 6, 185 
(1982). 
S. SOLED AND A. WOLD, Mater. Res. Bull. 11,657 
(1976). 
R. DIEHL AND C. D. CARPENTER, Acta Crystal- 
logr. B 34, 1097 (1978). 
H. FALIUS, Z. Anorg. Allg. Chem. 356, 189 
(1968). 

FePS3 cannot be ruled out. 14. W. KLINGEN, R. Orr, AND H. HAHN, Z. Anorg. 

Studies of the lithium intercalates of Allg. Chem. 396, 271 (1973). 

FePS3 and NIPS3 are currently in progress 
15. G. OUVRARD, R. BREC, AND J. ROUXEL, C.R. 

in order to obtain additional structural and 
Acad. Sci Ser. II 294, 971 (1982). 

16. R. CLEMENT, 0. GARNIER, AND Y. MATHEY, 
spectrospic information and to check if dis- 
tinct mechanisms are also operative for the 
electron transfer accompanying Li interca- 
lation in Fe and Ni analogs. 

Acknowledgments 

The authors thank Mrs. M. Revault for technical 
assistance in far-infrared measurements, Dr. P. Dha- 
melincourt for some experiments with the Mole instru- 
ment, and Dr. R. Ch?ment, Professor G. Lucazeau, 
and Professor J. Rouxel for helpful discussions. This 
work was supported by CNRS (ATP Chimie Fine). 

References 

I. R. BREC, D. M. SCHLEICH, G. OUVRARD, A. 
LOUISY, AND J. ROUXEL, Inorg. Chem. 18, 1814 
(1979). 

20. 

21. 

22. 

23. 

24. 

25. 

2. R. CLEMENT, AND M. L. H. GREEN, J. Chem. 
Sot. Dalton Trans. 10, 1566 (1979). 

3. A. LE MBHAUTB, G. OUVRARD, R. BREC, AND J. 
ROUXEL, Mater. Res. Bull. 12, 1191 (1977). 

Now. J. Chim. 6, 13 (1982). 
R. CLEMENT, J. Chem. Sot. Chem. Commun. 647 
(1980). 
H. BURGER AND H. FALIUS, Z. Anorg. Allg. 
Chem. 363,24 (1968). 
R. MERCIER, J. P. MALUGANI, B. FAHYS, J. 
DOUGLADE, AND G. ROBERT, J. Solid State 
Chem. 43, 151 (1982). 
F. HOFFER, W. SAWODNY, AND E. HENGGE, 
Spectrochim. Acta A 26, 819 (1970). 
H. BURGER, G. PAWELKE, AND H. FALIUS, Spec- 
trochim. Acta A 37, 753 (1981). 
C. W. F. T. PISTORIUS, J. Chem. Phys. 29, 1421 
(1959). 
G. K. SOMAYAIULU, J. Chem. Phys. 28, 814 
(1958). 
W. KLINGEN, G. EULENBERGER, AND H. HAHN, 
Z. Anorg. Allg. Chem. 401, 97 (1973). 
V. P. ZAKHAROV AND V. S. GEIUSIMENKO, 
“Structural Features of Semiconductors in the 
Amorphous State,” Naukova Dumka, Kiev 
(1976). 

26. M. I. GUIUAN, A. P. BUTURLAKIN, V. S. GERASI- 
MENKO, N. F. KORDA, AND V. Yu SLIVKA, Sov. 
Phys. Solid Stare (Engl. Trawl.) 19, 1794 (1977). 

4. Y. MATHEY, R. CLEMENT, C. SOURISSEAU, AND 27. M. BARJ, C. SOUIUSSEAU, G. OUVRARD, AND R. 
J. LUCAZEAU, Znorg. Chem. 19, 2773 (1980). BREC, Solid State Ionics (1983), in press. 

17 

18. 

19. 



[P&l ANION, Mp!$ LAYERED COMPOUNDS, AND INTERCALATES 149 

28. A. MICHALOWICZ AND R. CLEMENT, Inorg. 31. J. W. JOHNSON AND B. G. SILBERNAGEL, unpub- 
Chem. 21,3872(1982). lished results. 

29. R. CLEMENT, J. P. AUDIERE, AND J. P. RENARD, 32. C. BERTHIER, Y. CHABRE, AND M. MINIER, Solid 
Rev. Chim. Miner. 19, 560 (1982). State Commun. 28, 327 (1978). 

30. J. W. JOHNSON in “Intercalation Chemistry” (M. 33. Y. CHABRE, P. SEGRANSAN, C. BERTHIER, AND 
S. Whittingham and A. J. Jacobson, Eds.), Aca- G. OUVRARD, “Fast Ion Transport in Solids,” p. 
demic Press, New York (1982). 221, Lake Geneva, Wisconsin (1979). 


