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Vibrational and low-energy optical spectra of the square-planar Pd(PS,), thiophosphate
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Room-temperature absorption and reflectance measurements have been carried out on single crystals of
Pdy(PS), in the region from 1 to 5.5 eV. The resulting spectra have been interpreted on the basis of the
analogies with those of other palladium compounds and within the framework of a simple molecular-orbital
scheme. From the absorption spectrum analysis an optical gap of 2.12 eV has been deduced in good agreement
with the literature. Below the fundamental absorption edge three weak structures have been observed and have
been assigned a3-d spin-forbidden transitions. These features are also weakly visible in the reflectance
spectrum. At photon energies greater than the absorption threshold the reflectance spectrum also presents three
structures, the first more intense than the others. These bands have been identified as ligand-to-metal charge
transfer transitions. Infrared and Raman spectra have also been measured in the regie2905%e * and
(550+100) cm'?, respectively. The observed vibrational spectra, interpreted on the basis of both the symme-
try properties and the comparison with those of other palladium and){P®ontaining compounds, well
agree with the x-ray crystal structure data. Evidence of the slightly distorted tetrahedpgl (RSit presence
and of a covalent character for the Pd-S bond has been obtaB@t63-182009)04228-9

INTRODUCTION direct transition has been observed. This discrepancy has
been ascribed to the low mobility of carriers in this material
The palladium thiophosphate, represented by the chemicéinat seems to be related to the;fRE), physical and elec-
formula Pd(PS),, is a member of théV,PCh, compound tronic structure.
family, whereM is a metal, P is phosphorous, Ch is a chal-  Crystallographic dafe’ show the structure of RtPS)), to
cogen, in particular S or Se, and the subscxifg equal to 3  be trigonal with space group3ml (ng): P cations and
with M=Cu, 1.5 withM=Pd, Co, Hg, Sr, W and 1 with (PS) 2 anions form a network with an anti-Claudetite
M =B, Al, Ga, In, Bi, Cr. In all these compounds the phos- (As,0O;)-type structure. Only by considering the main bonds,
phorus atom is exclusively in tetrahedral S coordination conthis material can be described asyfRf S;S"),. The coordi-
stituting thus the PSgroup. The presence of strong P-S nation polyhedron around the P atom is a trigonal pyramid
bonding within the PScluster, indicated by an average bond rather than a tetrahedron with three distances=230A
length of 2.03 A, classifies these compounds agnd the fourth P-S=2.0 A. The covalently bound S atoms
thiophosphates. have 1P-2Pd neighbors, which together with the lone elec-
Within such a large family, PGPS;), containing the pal- tron pair form a distorted tethraedron. Each Ed atom is sur-
ladium, a well-known catalyst, may provide surfaces onfounded by four S atoms of two p&etrahedra in an essen-
which photocatalytic reactions can take pladehis possibil- ~ tally square-planar configuration. This is the favorite
ity has supposed the utility of this compound as a catalyti@@ngement of ligands for the Pdion. The[PdS] square
photoelectrode in photoelectrochemical, photovoltaic andPpears to be fairly regular with Pd=2.32A. Other two

electrophotosynthetic cells. Moreover, JRS,), has been sulfur atoms of two P,Sunits_ complete _the coordination pic-
. . > ; '3 2. — ... ture around each Pd atom in a very distorted elongated octa-
described as a diamagnetic semiconductor with a resistivit

of about 4 10° Q) cm at room temperature and an optical Yedron. The layers are weakly held together electrostatically

band gapAE of about 2.2 eV Therefore, in PgPSy), the by the singular S ions: the S-Pd and S-S distances to the

. - . , ) ~  next layer are 3.59 and 3.85 A, respectively.
semiconductivity and catalytic properties combine. This in- £yan if P4(PS,), shows itself as a candidate electrode

trinsic capacity, which is one of the basic properties thatnaterial in photoelectrochemical cells, as far as we are
makes a given single crystal a suitable electrode material fofyare, the experimental information concerning its physical
regenerative photovoltaic and photoelectrolysis devices, hasroperties is rather scarce: no detailed study of its vibra-
led to an investigation of its photoelectronic properties.  tional, optical, and electronic properties has been reported.
In particular, the photoelectrochemical characterizdtion Such an investigation is essential for understanding the elec-
of Pd(PSy), has shown that this compound exhibits appre-tronic structure of this compound, which is not yet known,
ciable photoeffects in a number of solutions, showing theand for supposing other possible technological applications.
best results inT and Br~ electrolytes. From the analysis of ~ The aim of this paper is twofold: to deduce more detailed
the band edge a value of 2.54 eV results for the band gamformation about both the electronic structure and the bond
(indirect and there is also an indication of a direct gap atnature of Pg(PS)),. Therefore, we present the room tem-
2.89 eV. Therefore, a large difference between the value oberature absorption and reflectance spectra obtained in the
2.15 eV, deduced for the optical gap from absorptionregion from 1 to 5.5 eV. These spectral data have been com-
measurementsand the photoelectrochemically measured in-pared with those of other palladium compounds and inter-
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FIG. 1. Room temperature reflectance spectrum of #A%)),
single crystal. The open circles represent the experiméhtidta; FIG. 2. Room-temperature optical absorption spectrum of a
the solid line is the calculated one-surface reflectdRgce 200um Pd(PS), single crystal in the region of the Pdd44d

transitions. The open circles represent the absorption coeffigient
preted within a simple molecular orbital scheme. We alscalculated from the absorbance and true reflectance data according
show the PgPS), infrared and Raman spectra recorded into Eq.(3) in Ref. 7, the solid line is the best fit calculated absorption
the (550-200) cm * and (5506- 100) cm * regions, respec- spectrum, while the dashed lines are the Gaussian curves.

tively. The assignment of the observed vibrational frequen-

cies is based on both the symmetry properties and the confnd at normal incidelnce_. Near the fundamental absorption
parison with the vibrational spectra of other palladium and€d9€; @ pronounced rise in the reflectance spectral response
(PS)3~ compounds is observed. A similar reflectance increase is common to

most layertype materials: it is a consequence of multiple re-
flections between the front and rear plane boundaries of
samplée® In the absence of interference fringes, we have cal-
Room-temperature absorption and reflectance measuréulated the P4PS,), true reflectancé; (the fraction of in-
ments were performed on single crystals of(P&,), using a  cident radiation that is reflected from the first surfafrem
Perkin-Elmer double-beam UV-VIS spectrophotometer,the measured reflectanBeand transmittancé data with the
model Lambda 2. In both cases unpolarized light struck thénethod reported in the literatufé. The one-surface reflec-
crystal surface at normal incidence. For the reflectance medanceRs of Pd(PS,),, obtained in this way and represented
surements a specular accessory was mounted. The invedti- Fig. 1 with solid line, exhibits a residual increase around
gated spectral region was between 1 and 5.5 eV. 1.98 eV followed by a very strong peak at about 2.86 eV and
Room-temperature infrared transmission spectra ofwo weak structures at about 4.02 and 4.38 eV. For photon
Pdy(PS,), single crystals were recorded on a Perkin-EImerenergies smaller than 1.90 eV some weak shoulders are vis-
spectrophotometer, model 983, in the (55200)-cm® ible. Since they are located in the spectral region where the
spectral range. A Dilor LabRam fast analytical micro-Ramancorrection for back reflection works well and because of their
spectroscopy system, equipped with a 15-mW He-Ne lasdpW intensity an accurate placement of these structures can-
(A=633nm), a notch filter and a two-dimensional chargenot be realized. However, a comparison with the absorption
coupled device detector, was used to measure the roorflata reported in Fig. 2, allows us to identify only their nature
temperature Raman spectra between 550 and 100.cm as will be discussed later on. In Table I, the above-mentioned
The samples used in the experiments appeared as purpligéflectance structures of RBS), are listed and identified.
red plates with thickness in the range=(40+200)um. As in the case of the GB.Xs and HgPXg
They were grown and supplied by Laboratoire de physiqu@ompound§;8 we have calculated the absorption coefficient
des Mateiaux Electroniques of the Institut de Physique Ap- @ of a 200-nm thick P§[PS,), sample directly from the mea-
pliquee of the Eole Polytechnique FfErale de Lausanne. sured values of absorbance and true reflectanceabhem-
All of the measurements were repeated several times ttemperature spectral variation is shown, below the funda-

EXPERIMENTS

check for their reproducibility. mental absorption edge, in Fig. 2: three broad shoulders
centered at about 1.36, 1.56, and 1.80 eV respectively, fol-
RESULTS lowed by a rising strong absorption beginning at energies

higher than 1.90 eV can be distinguished. The three bands
In Fig. 1, the open circles represent the reflectalRa&  show an increasing intensity in the direction of higher energy
the Pd(PS), single crystal, measured at room temperatureof absorption. The steep absorption may mask further struc-
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TABLE I. Assignments of the observed {BS,), reflectance TABLE Ill. Assignments of the observed absorption structures
structures. and fundamental absorption edge, whose energy positions are de-
noted withE; (i=1, 2, 3, andg in order of increasing energy
Transition
energy(eV) Assignment E; (eV) Assignment
<1.90 singlet-tripletd-d transitions 1.36 singlet-tripled-d transition
1.98 1Alg—>lAzg and scattering by cleavage planes 1.56 singlet-tripled-d transition
within the sample 1.80 singlet-tripled-d transition
2.86 L7—d charge-transfer and-d spin-allowed 2.12 L7—d charge-transfer transition
transitions
4.02 Lar-d charge-transfer transitions
4.38 L-d charge-transfer transitions the strongest Raman features occur: a sharp line at about 311

cm ! and a very strong doublet consisting of two narrow
lines positioned at about 191 and 186 ¢mA weak and
tures, the presence of which may be emphasized by means efther broad structure, due to an overlap of two bands at
low-temperature absorption measurements. Since no vabout 249 and 237 cht is also present, as better shown in
bronic structure is evident, we have analyzed the abovethe enlargement of the Raman (26230)-cnmi® spectral
mentioned spectrum assuming that it can be represented esnge(see curved’).
the sum of three overlapping Gaussian curves in the low-
energy region and with an exponential function at higher DISCUSSION
energies. This decomposition is based, as will be discussed
later on, on the analogy with the absorption spectra of other As already said in the introduction, the crystallographic
diamagnetic palladium complexes where, because of the paflata indicate that in R(PS), palladium is present as a biva-
ladium appreciable spin-orbit coupling, it is possible to ob-lent cation. Consequently the Pdion has a 4° electronic
serve wealkd-d transitions below the fundamental absorption configuration. Moreover R(PS), is a square-planat® pal-
edge. The results of this analysis are given in Table II. Inladium complex: even if there are six sulfur atoms around
Fig. 2 the open circles represent the calculaiedata, the —each palladium cation, the local symmetry about'Pid not
dashed lines the obtained Gaussian curves, and the solid ligtahedral Q) but tetragonal D,p,), i.e., four sulfur atoms
the best fit calculated by means of a least-square fitting proare arranged in a square at whose center the palladium cation
cedure. In Table Ill the assignments of the observed absorps located while two other sulfur atoms are placed above and
tion structures and the fundamental absorption edge are tablelow this plane. This arrangement is characteristic of biva-
lated. lent palladium and makes diamagnetic the;(P&,), com-
Figure 3 shows the room-temperature;®,), infrared  pound, as shown from a magnetic stddyhe octahedral
(curve a) and Raman(curve b) spectra in the (550 field, imposed by the six sulfur atoms, splits the fierbit-
+100)-cm* spectral range. The observed vibrational fre-als, degenerate in the free ion, into a triply degenetafe
guencies, their relative intensities and the proposed assign-
ments are summarized in Table 1V, where the fundamental
frequencies of the tetrahedral free (S ion are also listed
for comparison. Between 550 and 400 ¢nthe infrared
spectrum(curve a) exhibits a very strong feature positioned
at about 492 cm', a shoulder at about 512 ¢rh and a weak
band located around 413 ¢rh At lower frequencies three
rather intense bands occur: the first structure consists of two
overlapping bands positioned at about 317 and 296'cthe (a)
second one, characterized by a medium intensity, appears at
about 263 cm! and the third one is located at about 234
cm L. As one can see in Fig. 3 and in Table IV, the com-
parison of Raman and infrared spectra shows that some Ra-

man bands present an infrared counterpart. Below 400'cm a’y\
TABLE II. Energies of the absorption maxintg,, heights of
the maxima(in cm™?) A and half widthso of the Gaussian curves (b) S
AXexp[—In(2)[(hw—Eg)/o]?} used to fit the absorption peaks of the \
palladium 4i-4d spin-forbidden transitions in RPS,),. E, is the ; - | .
fundamental absorption edge. 500 400 300 200 100
Eo (eV) AcmY o (eV) E,y (eV) Wave number (cm™)
1.36 25.72 0.07 2.12 FIG. 3. The Pg(PS), infrared (a) and Ramar(b) spectra ob-
1.56 26.06 0.08 tained at room temperature in the spectral range (550
1.80 28.22 0.17 +100) cm'L. The curve b’) is an enlargement of the Raman spec-

trum between 260 and 230 ¢rh
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TABLE IV. The P&(PS), infrared and Raman frequencies

0 Dy,
(cm™Y), their relative intensities and proposed assighments in com- ' r . o
parison with the “free” (P$)%~ ion vibration modegRef. 23. wyy ) )
s=strong, m=medium, w=weak, sh=shoulder, b#broad, e TR by by
v=very. @) 6y - :
PR Zz ) ) o)
Pd(PS), (PS)°” (Ref. 23 (f) brg by
IR Raman Ta) Assignments —. e
D D) b @ 207
186s-m &S-Pd's . (x2)(yz) Ay [
191vs 215 v,[E(R)] 54(S-P-S) = e @
234s 23w ’ ‘. ‘ g
> 270 V4[F2(R,IR] 5d(S'P'S) A B c
263n
249w va5(Pd-S) FIG. 4. Possible arrangement of therbitals in a complex with
311s vs(Pd-S) D,, symmetry. Degeneracies under the octahedral splitting are fur-
296vs ther broken as a tetragonal distortion, increasing toward the right, is
31%s > va(Pd-S) applied.
413w 412m 416 v,[A;(R)] vs(P-S) y
49%s  487Tm-w transitions are concerned, there seems to be the general
51%h > 548v5[Fy(RIR)] v4(P-S) agreement that thed-like” molecular orbital ordering is

) . ) blg(dx27y2)>b2g(dxy)>eg(dxz,yz)>alg(d22),
orbital set and into a doubly degenerggorbital set. The . ) _
lowering of symmetry fromOj, to D,,, causes a further split- in agreement with th€ arrangement of Fig. 4. If we adopt

ting of thed orbitals into four different levels, the ordering of (e samed molecular-orbital’s level ordering for BPS,);
iqganc@nd since the P& ion is diamagnetic, its ground state is

under consideration. A4 with the dy2_,2 orbital utilized for bonding and the

Figure 4 shows the possible orderings of the drbital eight electrons, Which occupy the four otmle-orbitals.16 If
energies as a tetragonal distortion is applied to an octahedrif€ /S0 assume that in 5932)2’ as happens in other square
coordination: the triply degeneratg, orbital set are given planar palladium complexes,the highest occupied levels

by the functiongd,, dy,, andd,,, while the doubly degen- and the Iowes'; unoccupied level _are_mainly metalrb_itals, _
eratee, orbitals set byd, > and d,2.° As an increasing the lowest unfilled molecular orbital is then the antibonding

tetragonal distortion is impressed upon the system the po&rbital involvingd,z_,2 with b;q symmetry. In this way the

sible arrangements, B, andC arise:ay y, by, by, ande, optical spectra of P4PS,),, in analogy with those of other

; - - T4-19
are the symmetry types in which the central metal ign :jlamagnepc palladium comﬁlexé%, ~should Shhor‘:" I""t
dee_ 2, dyy, andd,,.d, , orbitals transform, respectively, in W energiesd-d transitions, that is transitions in which elec-

the point groupD.,. As regards the, p,, p,, andp, or- trons from thed filled orbitals are excited to thk}’l*g orbital.
bitals of the central metal ion theg o ;'nd;; symr;etry These transitions, which are based mainly on the metal, are
types are expecte 9w ! designated as follows:

Since to our knowledge no theoretical or experimental

1,3, . 1,3 .
information about the R(PS,), electronic band structure ex- dzz—dye—y2, Big: Oxy—he-yz Ay

ists, we may interpret the reflectance and absorption spectra dezyr—Ohzy2, g,
reported in Figs. 1 and 2, respectively only by comparison ’
with those of other palladium compounds. where, for example, by,,—d,2_,2 we denote the subcon-

It is known that the optical spectra of most transition figuration arising from the ground-state configuration by the
metal compounds are characterized by two groups of pogeromotion of an electron from the,, to thed,2_,2 orbital.
sible transitions(i) excitations between the incomplete outer Near each transition the symmetry of the excited state is also
d orbitals of the transition-metal ion arti) others, compris- indicated. Since palladium, like platinum, shows an appre-
ing ligand-to-metal, metal-to-ligand, intrametal, or intrali- ciable, even if lower, spin-orbit couplind,it is possible to
gand transitions. The former are all parity forbidden andobserve not only the singlet-singldtd transitions but also
therefore weak; the latter can be both weak and strong. Fdhe singlet-tripletd-d ones. Even if all these transitions are
most octahedral complexes of the transition metals the natuless intense than the charge-transfer ones, the singlet-triplet
of the weak, long-wavelength absorption bands is well und-d excitations show a lower intensity: they are at least an
derstood and detailed assignments to transitions within therder of magnitude weakérMoreover, the singlet-singlet
d" configuration of the metal ion have been made. The cord-d transitions are spin allowed but parity forbidden as elec-
responding problem for planar complexes is more difficulttrical dipole transitions. Therefore, even if characterized by
since the effect of the ligands on the energies of the differentow intensity, they are visible because they borrow intensity
d orbitals is much more complicated. Various molecular-from higher allowed transitions by vibronic perturbatidfs.
orbital approaches have been used for the interpretation dfhe singlet-tripletd-d transitions are spinforbidden and lo-
the electronic spectra of some square planar palladiumated at lower energies than the corresponding singlet-singlet
complexes®'® However, as far as the low-intensit-d  d-d transitions'°
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In the light of these observations, we assign the weak As regards the weak structures around 4.02 and 4.38 eV,
bands positioned at 1.36, 1.56, and 1.80 eV in thgf™g),  the first is separated from the high-intensity band around
absorption spectrungsee Fig. 2 to the singlet-tripletd-d  2.86 eV by about 1.34 eV. This energy separation well
spin-forbidden transitions. Only on the basis of a comparisoragrees with that observed in some square-planar halide com-
with the optical spectra of other palladium compounds arplexes, where two charge transfer bands, separated by 1.24 to
identification of the individual states in the triplets is not 1.61 eV with the second more intense than the first, are
feasible since, because of the palladium smaller spin-orbibbserved! The different intensity ratio may be due to the
coupling, the singlet-tripled-d spin-forbidden transitions fact that the other twal-d spin-allowed transitions can con-
are not always visible in the spectra. As already said, eactribute to the peak around 2.86 eV. The comparison with the
singlet-triplet excitation has a corresponding singlet-singleK,PdBr, optical spectra, in which a minor peak is observed
one at higher energy. If in RPS,)),, as happens in some at 4.60 eV!® suggests that the weak shoulder around 4.38 eV
palladium and platinum compound¥;*? the singlet-singlet might also be due to ligand-to-metal charge-transfer transi-
d-d transition appears at about 1 eV or less from the corretions. At present no conclusions are possible regarding the
sponding singlet-triplet band, the singlet-singtetd bands nature of the ligand states involved in these transitions. This
will be not visible in Fig. 2 as they are obscured by the risingneeds an accurate band-structure calculation or at least a
strong absorption beginning at energies higher than 1.90 e\temiempirical energy level scheme, which may be used as a
The position of 2.12 eV for the RPS)), band edge, de- basis for the interpretation of the experimental results.
duced by the best fit, well agrees to that reported in the With respect to the RGPS, infrared and Raman spectra,
literature? On the basis of the absorption edge definition inaccording to the reported structural determinafionihe
semiconductor or insulator transition-metal compounds, théuilding elements are discrefe?S;]*>~ anions, which are
obtained Pg¢(PS,), band edge may be associated with alinked by the P@" cations. Since the Pd-S and P-S bonding
ligand-to-metal or  metal-to-ligand charge-transferdistances are closely covered by the sum of the correspond-
transition3® ing covalent radii(Pd 1.28 A, P 1.10 A, S 1.04 A the

As regards the R(PS)), reflectance measurements, the existence of the Pd-S and P-S covalent bonds can be sup-
pronounced rise observed near the absorption edge in Fig.Posed. Therefore, in BPS;), two units can be recognized:
is common to most layertype materials and can be explaineBS; and Pdg On the basis of the “site symmetry” group
as being partially due to the back surface reflection resultingnalysis for the tetrahedral fSunit (T4 symmetry and the
in multiple reflection within the sampf?® However, as planar Pdgone 0,4, symmetry (Refs. 22—2Yand by com-
shown in Fig. 1, the correction for the back reflection re-parison with the vibrational spectra of both otHé&rS;]>~
duces the rise in reflectance but does not remove it comeontaining compounds and some palladium square-planar
pletely. This residual increase can be the result of either ogomplexes?~**we have interpreted the Raman and infrared
both of two concomitant causes. The first one is, in agreespectra of Fig. 3 as follows. The bands located between 550
ment with the literature, the scattering caused by the cleavand 400 cm' can be described in terms of the P-S vibra-
age planes within the sample which are parallel to itstional stretching modes by analogy with the vibrational spec-
surface€? The second possible cause is the presence of #a of theMPS, (M =1In, Ga, Bi) (Ref. 28 and NaPS, (Ref.
structure associated with tlied transitions. In fact, the op- 22) compounds. In particular, the strong infrared band at
tical spectra of some palladium compounds, such &dK|,  about 492 cm' as well as the shoulder at about 512 ¢m
and K,PdBr,, %! show a peak at about 1.98 eV due to the firsthas been assigned to thg(F,) mode resulting from a de-
d-d spin-allowed transition, that is théAlg—>1Azg or generate P-S stretching vibrationy(P-S). This mode of vi-
bag(Xy) = bi4(x*—y?) transition. bration is reported for the frde?S,]°~ ion at 548 cm ', as

In the above-mentioned hypothesis that iny(P&,), the ~ shown in Table IV. The observation of two infrared compo-
highest occupied levels and the lowest unoccupied level aréents suggests degeneracy removing probably due to a low-
mainly metald orbitals, the high-intensity band located at ering of symmetry. As a matter of fact the IS, struc-
about 2.86 eV may be assigned to ligand-to-metal chargeral data analysis reports the presence of slightly distorted
transfer transitionsl(w—d). The same nature may be asso- tetrahedra[ PS]°~ groups and a “2" position, in the Wy-
ciated to the optical band gap of 2.12 eV, which does notkoff notation, for the P atons? In the D3, space group the
show any structure iR if we suppose, as reported in the d position corresponds to €5,-point symmetry** There-
literature, an indirect nature for it. Moreover, the feature atfore, in the authors’ opinion the split of they(F,) degener-
2.86 eV well agrees with the value of 2.89 eV reported in theate mode can be attributed to a lowering of symmetry from
literature for a direct gap in RtPS,),.* In the spectral region Tq4 to Cs, for the[PS,]3~ group. The Table V, which is the
below 1.90 eV some weak shoulders appear in the reflecFy—Cs, correlation one, supports this assignment. As
tance of Fig. 1. Because of their low intensity, they are notshown in Fig. 3, curvéd, the v3(F,) degenerate mode pre-
well defined but a comparison with the absorption spectrunsents a weak Raman counterpart at about 487'cas ex-
reported in Fig. 2 identifies them as the singlet-tripded pected. The observed weak intensity also seems to indicate a
spin-forbidden transitions. Sincedad spin-allowed transi- small coupling between twdPS,]3~ units by correlation
tion is associated to eachdad spin-forbidden one with the effects. Such an hypothesis agrees well with the(PH),
first transition positioned at higher energies, the chargestructural data according to which tfi@S,]®~ anions are
transfer band at about 2.86 eV could mask those spinlinked by the P&" ions3®° The lowering of symmetry from
allowed d-d bands which should be located between 2.00T;—Cj;, is also confirmed by the presence of the weak in-
and 3.75 e\A314:21 frared band at about 413 ¢rh In fact, this feature, which
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TABLE V. The T4—Cj;, correlation table.

Point group vy vy V3 vy
Tq Ai(R) E(R) Fa(l.R) Fa(l.R)
Cs, A (1,R) E(1,R) A (1,R)+E(I,R) A (IL,R+E(I,R)

presents a strong Raman counterpart at the same frequenay infrared counterpart, can be attributed to #hgB,,)
can be ascribed to the,;(A;) mode deriving from a sym- asymmetric Pd-S stretching mode,(Pd-S). Finally the
metric stretching vibration of the P-S bone,(P-S), in the  strong Raman line located at about 186 ¢nis due to the
[PS]®" ion. The v, mode is only Raman active in tHE, v5(B1g) in-plane S-Pd-S deformation mode. On the basis of
symmetry, but it becomes infrared active if the symmetry isthese attributions, we observe the following Raman fre-
lowered toC;, as happens in B(PS)),. Moreover, as one quency sequence:

can see in Table IV, this mode is not very sensitive to the

cation in good agreement with the literatdfeThe other in-

frared and Raman structures observed at lower frequencies v1(A1g)>v4a(Bog) > v2(Byg),

can be attributed to either the S-P-S bending vibrations in the

(PSy) units or the Pd-S vibrations in the (PgSyroup. L , )

With respect to the S-P-S bending vibrations in the 4PS which is in ag_reement with that reported in other square-
group, the infrared structures at about 263 and 237%ciof ~ Planar E)6allad|um compounds, such as,PHC|, and
medium and strong intensity, respectively, show the samé2PdBL.”> Moreover, as eég)(zaé:ted the mode lies at higher
behavior as the strong band and shoulder observed at abdfgauencies than the, one™
492 and 512 cm' in the stretching region. In fact, they have
a weak Raman counterpart at about 237 &nwhose pres-
ence has been emphasized in the clriieTherefore, on the CONCLUSIONS

. . - . 3_
basis of this analogy and by comparison with otfie§] In this paper we have analyzed the optical and vibrational

containing compounds, these infrared and Raman structur operties of the PP thioohosphate. The deduced in-
can be attributed to the,(F,) mode resulting from a degen- ?zrrﬁation can be siﬂm%);rizedpas fgllows..

erate S-P-S bending vibratiody (S-P-S. The presence of  £rom the analysis of the room-temperature reflectance

two infrared components confirms degeneracy removing dugpectrum of PgPS), it results that two different band sys-

to the above-supposed lowering of_ésryr/]mmetry. Th? V€MNtems can be identified, namely the weskkl bands below the
strong Raman feature at about 191 cmwhose possible f,,qyamental absorption threshold and the high-intensity

infrared counterpart has not been detected since it probab'y and-to-metal charge transfer bands at higher photon ener-
lies below 200 crm?, can be identified with the,(E) mode J g J P

: : 3 .-~ gies. The highest ligand-to-metal band seems to derive also
derived from a degenerate S-P-S bending. This attribution 'grom somed-d spin allowed transitions.

in good agreement with the literature according to vyhich the 1ne study of the room-temperature absorption spectrum

vo(E) rzrjlgcsie is stronger and at lower frequencies thaneoy the fundamental threshold confirms the presence of

va(F2). o , the d-d spin-forbidden transitions and classifies this com-
As regards the Pd-S vibrations in Rd§roups, some of 5 nd as a broad band semiconductor with an optical gap of

them, in particular the Pd-S stretching modes, have beed 15 v/ This band gap, whose value and nature are in good
observed n some palladium and sulfur compounds at (35Q4reement with the literature, is associated to a ligand-to-
+300) cm ~.*> Therefore, the strong infrared bands ob- aiq charge-transfer transition.

served at about 317 and 296 ¢hcan be attributed to the As regards the R¢PS,), Raman and infrared spectra, two
ve(E,) degenerate Pd-S stretching modg(Pd-S), which .y aient units, PSand PdS, can be recognized in good
has no Raman counterpart. The presence of two componentseement with the existing crystallographic data. Site ef-
seems to indicate degeneracy removing due to a site effeGh s seem to be operative on both groups, which show some
This is possible since, according to the structural data the Pgayiations from their ideal symmetry. The P-S vibrational
atoms occupy a “8" positions in P&(PS,),.>° In the D3y stretching modes are observed in the (5200)cni* spec-
space group, &,,-point symmetry corresponds to these | range, while below 400 cif the observed features are

positions}* therefore a lowering of symmetry froM,, 0 assigned to the S-P-S bending modes and the Pd-S stretching
Czn is possible for the Pd3yroups. The other infrared active and S-Pd-S bending modes.

modes,v,(E,) and v3(A,,), cannot give rise to any struc-

ture in our infrared spectrum having been observed in other

palladium complexes below 200 ¢h?® On the contrary, all ACKNOWLEDGMENTS
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