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Vibrational and low-energy optical spectra of the square-planar Pd3„PS4…2 thiophosphate
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Room-temperature absorption and reflectance measurements have been carried out on single crystals of
Pd3~PS4!2 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 asd-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 regions (5504200) cm21 and
(5504100) cm21, respectively. The observed vibrational spectra, interpreted on the basis of both the symme-
try properties and the comparison with those of other palladium and (PS4)

32 containing compounds, well
agree with the x-ray crystal structure data. Evidence of the slightly distorted tetrahedral (PS4)

32 unit presence
and of a covalent character for the Pd-S bond has been obtained.@S0163-1829~99!04228-9#
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INTRODUCTION

The palladium thiophosphate, represented by the chem
formula Pd3~PS4!2, is a member of theMxPCh4 compound
family, whereM is a metal, P is phosphorous, Ch is a ch
cogen, in particular S or Se, and the subscriptx is equal to 3
with M5Cu, 1.5 with M5Pd, Co, Hg, Sr, W and 1 with
M5B, Al, Ga, In, Bi, Cr. In all these compounds the pho
phorus atom is exclusively in tetrahedral S coordination c
stituting thus the PS4 group. The presence of strong P
bonding within the PS4 cluster, indicated by an average bon
length of 2.03 Å, classifies these compounds
thiophosphates.1

Within such a large family, Pd3~PS4!2 containing the pal-
ladium, a well-known catalyst, may provide surfaces
which photocatalytic reactions can take place.2 This possibil-
ity has supposed the utility of this compound as a catal
photoelectrode in photoelectrochemical, photovoltaic a
electrophotosynthetic cells. Moreover, Pd3~PS4!2 has been
described as a diamagnetic semiconductor with a resist
of about 43106 V cm at room temperature and an optic
band gapDE of about 2.2 eV.3 Therefore, in Pd3~PS4!2 the
semiconductivity and catalytic properties combine. This
trinsic capacity, which is one of the basic properties t
makes a given single crystal a suitable electrode materia
regenerative photovoltaic and photoelectrolysis devices,
led to an investigation of its photoelectronic properties.

In particular, the photoelectrochemical characterizati4

of Pd3~PS4!2 has shown that this compound exhibits app
ciable photoeffects in a number of solutions, showing
best results in I2 and Br2 electrolytes. From the analysis o
the band edge a value of 2.54 eV results for the band
~indirect! and there is also an indication of a direct gap
2.89 eV. Therefore, a large difference between the value
2.15 eV, deduced for the optical gap from absorpt
measurements,4 and the photoelectrochemically measured
PRB 600163-1829/99/60~4!/2333~7!/$15.00
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direct transition has been observed. This discrepancy
been ascribed to the low mobility of carriers in this mater
that seems to be related to the Pd3~PS4!2 physical and elec-
tronic structure.

Crystallographic data3,5 show the structure of Pd3~PS4!2 to
be trigonal with space groupP3̄m1 (D3d

3 ): Pd21 cations and
(PS4!

23 anions form a network with an anti-Claudeti
(As2O3)-type structure. Only by considering the main bond
this material can be described as Pd3

II~P1S3S
2!2. The coordi-

nation polyhedron around the P atom is a trigonal pyram
rather than a tetrahedron with three distances P-S52.10 Å
and the fourth P-S252.0 Å. The covalently bound S atom
have 1P12Pd neighbors, which together with the lone ele
tron pair form a distorted tethraedron. Each Pd atom is s
rounded by four S atoms of two PS4 tetrahedra in an essen
tially square-planar configuration. This is the favori
arrangement of ligands for the Pd21 ion. The@PdS4# square
appears to be fairly regular with Pd-S52.32 Å. Other two
sulfur atoms of two PS4 units complete the coordination pic
ture around each Pd atom in a very distorted elongated o
hedron. The layers are weakly held together electrostatic
by the singular S2 ions: the S2-Pd and S2-S distances to the
next layer are 3.59 and 3.85 Å, respectively.

Even if Pd3~PS4!2 shows itself as a candidate electro
material in photoelectrochemical cells, as far as we
aware, the experimental information concerning its physi
properties is rather scarce: no detailed study of its vib
tional, optical, and electronic properties has been repor
Such an investigation is essential for understanding the e
tronic structure of this compound, which is not yet know
and for supposing other possible technological applicatio

The aim of this paper is twofold: to deduce more detai
information about both the electronic structure and the bo
nature of Pd3~PS4!2. Therefore, we present the room tem
perature absorption and reflectance spectra obtained in
region from 1 to 5.5 eV. These spectral data have been c
pared with those of other palladium compounds and in
2333 ©1999 The American Physical Society
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2334 PRB 60C. CALARESO, V. GRASSO, AND L. SILIPIGNI
preted within a simple molecular orbital scheme. We a
show the Pd3~PS4!2 infrared and Raman spectra recorded
the (5504200) cm21 and (5504100) cm21 regions, respec-
tively. The assignment of the observed vibrational frequ
cies is based on both the symmetry properties and the c
parison with the vibrational spectra of other palladium a
(PS4)

32 compounds.

EXPERIMENTS

Room-temperature absorption and reflectance meas
ments were performed on single crystals of Pd3~PS4!2 using a
Perkin-Elmer double-beam UV-VIS spectrophotomet
model Lambda 2. In both cases unpolarized light struck
crystal surface at normal incidence. For the reflectance m
surements a specular accessory was mounted. The inv
gated spectral region was between 1 and 5.5 eV.

Room-temperature infrared transmission spectra
Pd3~PS4!2 single crystals were recorded on a Perkin-Elm
spectrophotometer, model 983, in the (5504200)-cm21

spectral range. A Dilor LabRam fast analytical micro-Ram
spectroscopy system, equipped with a 15-mW He-Ne la
(l5633 nm), a notch filter and a two-dimensional char
coupled device detector, was used to measure the ro
temperature Raman spectra between 550 and 100 cm21.

The samples used in the experiments appeared as pur
red plates with thickness in the ranged5(404200)mm.
They were grown and supplied by Laboratoire de Physi
des Mate´riaux Electroniques of the Institut de Physique A
pliquée of the École Polytechnique Fe´dérale de Lausanne
All of the measurements were repeated several times
check for their reproducibility.

RESULTS

In Fig. 1, the open circles represent the reflectanceR of
the Pd3~PS4!2 single crystal, measured at room temperat

FIG. 1. Room temperature reflectance spectrum of a Pd3~PS4!2

single crystal. The open circles represent the experimentalR data;
the solid line is the calculated one-surface reflectanceRs .
o

-
m-
d

re-

,
e
a-
sti-

f
r

n
er
e
m-

ish

e

to

e

and at normal incidence. Near the fundamental absorp
edge, a pronounced rise in the reflectance spectral responR
is observed. A similar reflectance increase is common
most layertype materials: it is a consequence of multiple
flections between the front and rear plane boundaries
sample.6 In the absence of interference fringes, we have c
culated the Pd3~PS4!2 true reflectanceRs ~the fraction of in-
cident radiation that is reflected from the first surface! from
the measured reflectanceR and transmittanceT data with the
method reported in the literature.7,8 The one-surface reflec
tanceRs of Pd3~PS4!2, obtained in this way and represente
in Fig. 1 with solid line, exhibits a residual increase arou
1.98 eV followed by a very strong peak at about 2.86 eV a
two weak structures at about 4.02 and 4.38 eV. For pho
energies smaller than 1.90 eV some weak shoulders are
ible. Since they are located in the spectral region where
correction for back reflection works well and because of th
low intensity an accurate placement of these structures
not be realized. However, a comparison with the absorp
data reported in Fig. 2, allows us to identify only their natu
as will be discussed later on. In Table I, the above-mentio
reflectance structures of Pd3~PS4!2 are listed and identified.

As in the case of the Cd2P2X6 and Hg2P2X6
compounds,7,8 we have calculated the absorption coefficie
a of a 200-nm thick Pd3~PS4!2 sample directly from the mea
sured values of absorbance and true reflectance. Thea room-
temperature spectral variation is shown, below the fun
mental absorption edge, in Fig. 2: three broad should
centered at about 1.36, 1.56, and 1.80 eV respectively,
lowed by a rising strong absorption beginning at energ
higher than 1.90 eV can be distinguished. The three ba
show an increasing intensity in the direction of higher ene
of absorption. The steep absorption may mask further st

FIG. 2. Room-temperature optical absorption spectrum o
200mm Pd3~PS4!2 single crystal in the region of the Pd 4d-4d
transitions. The open circles represent the absorption coefficiea
calculated from the absorbance and true reflectance data acco
to Eq.~3! in Ref. 7, the solid line is the best fit calculated absorpti
spectrum, while the dashed lines are the Gaussian curves.
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PRB 60 2335VIBRATIONAL AND LOW-ENERGY OPTICAL SPECTRA . . .
tures, the presence of which may be emphasized by mea
low-temperature absorption measurements. Since no
bronic structure is evident, we have analyzed the abo
mentioned spectrum assuming that it can be represente
the sum of three overlapping Gaussian curves in the l
energy region and with an exponential function at high
energies. This decomposition is based, as will be discus
later on, on the analogy with the absorption spectra of ot
diamagnetic palladium complexes where, because of the
ladium appreciable spin-orbit coupling, it is possible to o
serve weakd-d transitions below the fundamental absorpti
edge. The results of this analysis are given in Table II.
Fig. 2 the open circles represent the calculateda data, the
dashed lines the obtained Gaussian curves, and the solid
the best fit calculated by means of a least-square fitting
cedure. In Table III the assignments of the observed abs
tion structures and the fundamental absorption edge are t
lated.

Figure 3 shows the room-temperature Pd3~PS4!2 infrared
~curve a! and Raman ~curve b! spectra in the (550
4100)-cm21 spectral range. The observed vibrational fr
quencies, their relative intensities and the proposed ass
ments are summarized in Table IV, where the fundame
frequencies of the tetrahedral free (PS4)

32 ion are also listed
for comparison. Between 550 and 400 cm21 the infrared
spectrum~curvea! exhibits a very strong feature positione
at about 492 cm21, a shoulder at about 512 cm21, and a weak
band located around 413 cm21. At lower frequencies three
rather intense bands occur: the first structure consists of
overlapping bands positioned at about 317 and 296 cm21; the
second one, characterized by a medium intensity, appea
about 263 cm21 and the third one is located at about 2
cm21. As one can see in Fig. 3 and in Table IV, the co
parison of Raman and infrared spectra shows that some
man bands present an infrared counterpart. Below 400 c21

TABLE I. Assignments of the observed Pd3~PS4!2 reflectance
structures.

Transition
energy~eV! Assignment

,1.90 singlet-tripletd-d transitions
1.98 1A1g˜

1A2g and scattering by cleavage planes
within the sample

2.86 Lp˜d charge-transfer andd-d spin-allowed
transitions

4.02 Lp-d charge-transfer transitions
4.38 Lp-d charge-transfer transitions

TABLE II. Energies of the absorption maximaE0 , heights of
the maxima~in cm21! A and half widthss of the Gaussian curve
A3exp$2ln(2)@(\v2E0)/s#2% used to fit the absorption peaks of th
palladium 4d-4d spin-forbidden transitions in Pd3~PS4!2. Eg is the
fundamental absorption edge.

E0 ~eV! A ~cm21! s ~eV! Eg ~eV!

1.36 25.72 0.07 2.12
1.56 26.06 0.08
1.80 28.22 0.17
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the strongest Raman features occur: a sharp line at abou
cm21 and a very strong doublet consisting of two narro
lines positioned at about 191 and 186 cm21. A weak and
rather broad structure, due to an overlap of two bands
about 249 and 237 cm21 is also present, as better shown
the enlargement of the Raman (2604230)-cm21 spectral
range~see curveb8!.

DISCUSSION

As already said in the introduction, the crystallograph
data indicate that in Pd3~PS4!2 palladium is present as a biva
lent cation. Consequently the Pd12 ion has a 4d8 electronic
configuration. Moreover Pd3~PS4!2 is a square-planard8 pal-
ladium complex: even if there are six sulfur atoms arou
each palladium cation, the local symmetry about Pd21 is not
octahedral (Oh) but tetragonal (D4h), i.e., four sulfur atoms
are arranged in a square at whose center the palladium c
is located while two other sulfur atoms are placed above
below this plane. This arrangement is characteristic of bi
lent palladium and makes diamagnetic the Pd3~PS4!2 com-
pound, as shown from a magnetic study.3 The octahedral
field, imposed by the six sulfur atoms, splits the fived orbit-
als, degenerate in the free ion, into a triply degeneratet2g

FIG. 3. The Pd3~PS4!2 infrared ~a! and Raman~b! spectra ob-
tained at room temperature in the spectral range (5
4100) cm21. The curve (b8) is an enlargement of the Raman spe
trum between 260 and 230 cm21.

TABLE III. Assignments of the observed absorption structur
and fundamental absorption edge, whose energy positions are
noted withEi ( i 51, 2, 3, andg in order of increasing energy!.

Ei ~eV! Assignment

1.36 singlet-tripletd-d transition
1.56 singlet-tripletd-d transition
1.80 singlet-tripletd-d transition
2.12 Lp˜d charge-transfer transition



-
f
n

d

po

n

ta
-
c
o

on
o
er

li-
n
F
tu
un
th
o
ul
e
ar
n
iu

eral

t

is

re
s

ng

r

-

are

-
he

also
re-

re
iplet
an
t
ec-
by
ity
.
-
glet

fur-
t, is

s
om
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orbital set and into a doubly degenerateeg orbital set. The
lowering of symmetry fromOh to D4h causes a further split
ting of thed orbitals into four different levels, the ordering o
which may depend on the metal ion and the type of liga
under consideration.

Figure 4 shows the possible orderings of the 4d orbital
energies as a tetragonal distortion is applied to an octahe
coordination: the triply degeneratet2g orbital set are given
by the functionsdxy , dxz , anddyz , while the doubly degen-
erateeg orbitals set bydx22y2 and dz2.9 As an increasing
tetragonal distortion is impressed upon the system the
sible arrangementsA, B, andC arise:a1g , b1g , b2g , andeg
are the symmetry types in which the central metal iondz2,
dx22y2, dxy , anddxz ,dyz orbitals transform, respectively, i
the point groupD4h . As regards thes, px , py , and pz or-
bitals of the central metal ion thea1g , eu , anda2u symmetry
types are expected.10

Since to our knowledge no theoretical or experimen
information about the Pd3~PS4!2 electronic band structure ex
ists, we may interpret the reflectance and absorption spe
reported in Figs. 1 and 2, respectively only by comparis
with those of other palladium compounds.

It is known that the optical spectra of most transiti
metal compounds are characterized by two groups of p
sible transitions:~i! excitations between the incomplete out
d orbitals of the transition-metal ion and~ii ! others, compris-
ing ligand-to-metal, metal-to-ligand, intrametal, or intra
gand transitions. The former are all parity forbidden a
therefore weak; the latter can be both weak and strong.
most octahedral complexes of the transition metals the na
of the weak, long-wavelength absorption bands is well
derstood and detailed assignments to transitions within
dn configuration of the metal ion have been made. The c
responding problem for planar complexes is more diffic
since the effect of the ligands on the energies of the differ
d orbitals is much more complicated. Various molecul
orbital approaches have been used for the interpretatio
the electronic spectra of some square planar pallad
complexes.10–15 However, as far as the low-intensityd-d

TABLE IV. The Pd3~PS4!2 infrared and Raman frequencie
~cm21!, their relative intensities and proposed assignments in c
parison with the ‘‘free’’ (PS4)

32 ion vibration modes~Ref. 23!.
s5strong, m5medium, w5weak, sh5shoulder, br5broad,
v5very.

Pd3~PS4!2 ~PS4!
32 ~Ref. 23!

IR Raman (Td) Assignments

186s-m d~S-Pd-S!
191vs 215 n2@E(R)# dd(S-P-S)

234s 237w

.
270 n4@F2(R,IR# dd(S-P-S)

263m
249w nas(Pd-S)
311s ns(Pd-S)

296vs
. nd(Pd-S)

317vs
413w 412m 416 n1@A1(R)# ns(P-S)
492vs 487m-w

. 548 n3@F2(R,IR)# nd(P-S)
512sh
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transitions are concerned, there seems to be the gen
agreement that the ‘‘d-like’’ molecular orbital ordering is

b1g~dx22y2!.b2g~dxy!.eg~dxz,yz!.a1g~dz2!,

in agreement with theC arrangement of Fig. 4. If we adop
the samed molecular-orbital’s level ordering for Pd3~PS4!2
and since the Pd12 ion is diamagnetic, its ground state
1A1g with the dx22y2 orbital utilized for bonding and the
eight electrons, which occupy the four otherd orbitals.16 If
we also assume that in Pd3~PS4!2, as happens in other squa
planar palladium complexes,12 the highest occupied level
and the lowest unoccupied level are mainly metald orbitals,
the lowest unfilled molecular orbital is then the antibondi
orbital involving dx22y2 with b1g symmetry. In this way the
optical spectra of Pd3~PS4!2, in analogy with those of othe
diamagnetic palladium complexes,12,14–19 should show at
low energiesd-d transitions, that is transitions in which elec
trons from thed filled orbitals are excited to theb1g* orbital.
These transitions, which are based mainly on the metal,
designated as follows:

dz2˜dx22y2, 1,3B1g ; dxy˜dx22y2, 1,3A2g ;

dxz,yz˜dx22y2, 1,3Eg ,

where, for example, bydxy˜dx22y2 we denote the subcon
figuration arising from the ground-state configuration by t
promotion of an electron from thedxy to thedx22y2 orbital.
Near each transition the symmetry of the excited state is
indicated. Since palladium, like platinum, shows an app
ciable, even if lower, spin-orbit coupling,17 it is possible to
observe not only the singlet-singletd-d transitions but also
the singlet-tripletd-d ones. Even if all these transitions a
less intense than the charge-transfer ones, the singlet-tr
d-d excitations show a lower intensity: they are at least
order of magnitude weaker.9 Moreover, the singlet-single
d-d transitions are spin allowed but parity forbidden as el
trical dipole transitions. Therefore, even if characterized
low intensity, they are visible because they borrow intens
from higher allowed transitions by vibronic perturbations16

The singlet-tripletd-d transitions are spinforbidden and lo
cated at lower energies than the corresponding singlet-sin
d-d transitions.10

FIG. 4. Possible arrangement of thed orbitals in a complex with
D4h symmetry. Degeneracies under the octahedral splitting are
ther broken as a tetragonal distortion, increasing toward the righ
applied.

-
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In the light of these observations, we assign the we
bands positioned at 1.36, 1.56, and 1.80 eV in the Pd3~PS4!2

absorption spectrum~see Fig. 2! to the singlet-tripletd-d
spin-forbidden transitions. Only on the basis of a compari
with the optical spectra of other palladium compounds
identification of the individual states in the triplets is n
feasible since, because of the palladium smaller spin-o
coupling, the singlet-tripletd-d spin-forbidden transitions
are not always visible in the spectra. As already said, e
singlet-triplet excitation has a corresponding singlet-sing
one at higher energy. If in Pd3~PS4!2, as happens in som
palladium and platinum compounds,10–12 the singlet-singlet
d-d transition appears at about 1 eV or less from the co
sponding singlet-triplet band, the singlet-singletd-d bands
will be not visible in Fig. 2 as they are obscured by the risi
strong absorption beginning at energies higher than 1.90
The position of 2.12 eV for the Pd3~PS4!2 band edge, de-
duced by the best fit, well agrees to that reported in
literature.4 On the basis of the absorption edge definition
semiconductor or insulator transition-metal compounds,
obtained Pd3~PS4!2 band edge may be associated with
ligand-to-metal or metal-to-ligand charge-trans
transition.36

As regards the Pd3~PS4!2 reflectance measurements, t
pronounced rise observed near the absorption edge in F
is common to most layertype materials and can be expla
as being partially due to the back surface reflection resul
in multiple reflection within the sample.6,20 However, as
shown in Fig. 1, the correction for the back reflection
duces the rise in reflectance but does not remove it c
pletely. This residual increase can be the result of eithe
both of two concomitant causes. The first one is, in agr
ment with the literature, the scattering caused by the cle
age planes within the sample which are parallel to
surfaces.20 The second possible cause is the presence
structure associated with thed-d transitions. In fact, the op
tical spectra of some palladium compounds, such as K2PdCl4
and K2PdBr4,

21 show a peak at about 1.98 eV due to the fi
d-d spin-allowed transition, that is the1A1g˜

1A2g or
b2g(xy)˜b1g* (x22y2) transition.

In the above-mentioned hypothesis that in Pd3~PS4!2 the
highest occupied levels and the lowest unoccupied level
mainly metald orbitals, the high-intensity band located
about 2.86 eV may be assigned to ligand-to-metal cha
transfer transitions (Lp˜d). The same nature may be ass
ciated to the optical band gap of 2.12 eV, which does
show any structure inRs if we suppose, as reported in th
literature, an indirect nature for it. Moreover, the feature
2.86 eV well agrees with the value of 2.89 eV reported in
literature for a direct gap in Pd3~PS4!2.

4 In the spectral region
below 1.90 eV some weak shoulders appear in the refl
tance of Fig. 1. Because of their low intensity, they are
well defined but a comparison with the absorption spectr
reported in Fig. 2 identifies them as the singlet-tripletd-d
spin-forbidden transitions. Since ad-d spin-allowed transi-
tion is associated to each ad-d spin-forbidden one with the
first transition positioned at higher energies, the char
transfer band at about 2.86 eV could mask those s
allowed d-d bands which should be located between 2
and 3.75 eV.13,14,21
k
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As regards the weak structures around 4.02 and 4.38
the first is separated from the high-intensity band arou
2.86 eV by about 1.34 eV. This energy separation w
agrees with that observed in some square-planar halide c
plexes, where two charge transfer bands, separated by 1.
1.61 eV with the second more intense than the first,
observed.21 The different intensity ratio may be due to th
fact that the other twod-d spin-allowed transitions can con
tribute to the peak around 2.86 eV. The comparison with
K2PdBr4 optical spectra, in which a minor peak is observ
at 4.60 eV,15 suggests that the weak shoulder around 4.38
might also be due to ligand-to-metal charge-transfer tra
tions. At present no conclusions are possible regarding
nature of the ligand states involved in these transitions. T
needs an accurate band-structure calculation or at lea
semiempirical energy level scheme, which may be used
basis for the interpretation of the experimental results.

With respect to the Pd3~PS4!2 infrared and Raman spectra
according to the reported structural determination,3,5 the
building elements are discrete@PS4#

32 anions, which are
linked by the Pd21 cations. Since the Pd-S and P-S bondi
distances are closely covered by the sum of the corresp
ing covalent radii~Pd 1.28 Å, P 1.10 Å, S 1.04 Å!, the
existence of the Pd-S and P-S covalent bonds can be
posed. Therefore, in Pd3~PS4!2 two units can be recognized
PS4 and PdS4. On the basis of the ‘‘site symmetry’’ group
analysis for the tetrahedral PS4

32 unit (Td symmetry! and the
planar PdS4 one (D4h symmetry! ~Refs. 22–27! and by com-
parison with the vibrational spectra of both other@PS4#

32

containing compounds and some palladium square-pla
complexes,22–32we have interpreted the Raman and infrar
spectra of Fig. 3 as follows. The bands located between
and 400 cm21 can be described in terms of the P-S vibr
tional stretching modes by analogy with the vibrational sp
tra of theMPS4 (M5In, Ga, Bi) ~Ref. 28! and Na3PS4 ~Ref.
22! compounds. In particular, the strong infrared band
about 492 cm21 as well as the shoulder at about 512 cm21

has been assigned to then3(F2) mode resulting from a de
generate P-S stretching vibration,nd(P-S). This mode of vi-
bration is reported for the free@PS4#

32 ion at 548 cm21,23 as
shown in Table IV. The observation of two infrared comp
nents suggests degeneracy removing probably due to a
ering of symmetry. As a matter of fact the Pd3~PS4!2 struc-
tural data analysis reports the presence of slightly disto
tetrahedral@PS4#

32 groups and a ‘‘2d’’ position, in the Wy-
ckoff notation, for the P atoms.3,5 In theD3d

3 space group the
d position corresponds to aC3v-point symmetry.34 There-
fore, in the authors’ opinion the split of then3(F2) degener-
ate mode can be attributed to a lowering of symmetry fr
Td to C3v for the @PS4#

32 group. The Table V, which is the
Td˜C3v correlation one, supports this assignment.
shown in Fig. 3, curveb, the n3(F2) degenerate mode pre
sents a weak Raman counterpart at about 487 cm21 as ex-
pected. The observed weak intensity also seems to indica
small coupling between two@PS4#

32 units by correlation
effects. Such an hypothesis agrees well with the Pd3~PS4!2
structural data according to which the@PS4#

32 anions are
linked by the Pd21 ions.3,5 The lowering of symmetry from
Td˜C3v is also confirmed by the presence of the weak
frared band at about 413 cm21. In fact, this feature, which
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TABLE V. The Td˜C3v correlation table.

Point group n1 n2 n3 n4

Td A1(R) E(R) F2(I ,R) F2(I ,R)
C3n A1(I ,R) E(I ,R) A1(I ,R)1E(I ,R) A1(I ,R)1E(I ,R)
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presents a strong Raman counterpart at the same frequ
can be ascribed to then1(A1) mode deriving from a sym-
metric stretching vibration of the P-S bond,ns(P-S), in the
@PS4#

32 ion. Then1 mode is only Raman active in theTd
symmetry, but it becomes infrared active if the symmetry
lowered toC3v as happens in Pd3~PS4!2. Moreover, as one
can see in Table IV, this mode is not very sensitive to
cation in good agreement with the literature.33 The other in-
frared and Raman structures observed at lower frequen
can be attributed to either the S-P-S bending vibrations in
(PS4) units or the Pd-S vibrations in the (PdS4) group.

With respect to the S-P-S bending vibrations in the (P4)
group, the infrared structures at about 263 and 237 cm21, of
medium and strong intensity, respectively, show the sa
behavior as the strong band and shoulder observed at a
492 and 512 cm21 in the stretching region. In fact, they hav
a weak Raman counterpart at about 237 cm21, whose pres-
ence has been emphasized in the curveb8. Therefore, on the
basis of this analogy and by comparison with other@PS4#

32

containing compounds, these infrared and Raman struct
can be attributed to then4(F2) mode resulting from a degen
erate S-P-S bending vibration,dd ~S-P-S!. The presence o
two infrared components confirms degeneracy removing
to the above-supposed lowering of symmetry. The v
strong Raman feature at about 191 cm21, whose possible
infrared counterpart has not been detected since it prob
lies below 200 cm21, can be identified with then2(E) mode
derived from a degenerate S-P-S bending. This attributio
in good agreement with the literature according to which
n2(E) mode is stronger and at lower frequencies th
n4(F2).24,25

As regards the Pd-S vibrations in PdS4 groups, some of
them, in particular the Pd-S stretching modes, have b
observed in some palladium and sulfur compounds at (
4300) cm21.35 Therefore, the strong infrared bands o
served at about 317 and 296 cm21 can be attributed to the
n6(Eu) degenerate Pd-S stretching mode,nd(Pd-S), which
has no Raman counterpart. The presence of two compon
seems to indicate degeneracy removing due to a site ef
This is possible since, according to the structural data the
atoms occupy a ‘‘3e’’ positions in Pd3~PS4!2.

3,5 In the D3d
3

space group, aC2h-point symmetry corresponds to the
positions,34 therefore a lowering of symmetry fromD4h to
C2h is possible for the PdS4 groups. The other infrared activ
modes,n7(Eu) and n3(A2u), cannot give rise to any struc
ture in our infrared spectrum having been observed in o
palladium complexes below 200 cm21.26 On the contrary, all
the expected Raman modes, related to the Pd-S vibrat
appear. In fact, then1(A1g) symmetric Pd-S stretching
mode,ns(Pd-S), which is only Raman active, is identifie
with the Raman sharp line positioned at about 311 cm21.
This assignment is supported by the analogy with the vib
tional spectra of other palladium compounds.29 Similarly the
weak Raman band located at about 249 cm21, which has not
cy,
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e
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e
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ct.
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an infrared counterpart, can be attributed to then4(B2g)
asymmetric Pd-S stretching mode,nas(Pd-S). Finally the
strong Raman line located at about 186 cm21 is due to the
n2(B1g) in-plane S-Pd-S deformation mode. On the basis
these attributions, we observe the following Raman f
quency sequence:

n1~A1g!.n4~B2g!.n2~B1g!,

which is in agreement with that reported in other squa
planar palladium compounds, such as K2PdCl4 and
K2PdBr4.

26 Moreover, as expected then6 mode lies at higher
frequencies than then1 one.24,26

CONCLUSIONS

In this paper we have analyzed the optical and vibratio
properties of the Pd3~PS4!2 thiophosphate. The deduced in
formation can be summarized as follows.

From the analysis of the room-temperature reflecta
spectrum of Pd3~PS4!2 it results that two different band sys
tems can be identified, namely the weakd-d bands below the
fundamental absorption threshold and the high-inten
ligand-to-metal charge transfer bands at higher photon e
gies. The highest ligand-to-metal band seems to derive
from somed-d spin allowed transitions.

The study of the room-temperature absorption spectr
below the fundamental threshold confirms the presence
the d-d spin-forbidden transitions and classifies this co
pound as a broad band semiconductor with an optical ga
2.12 eV. This band gap, whose value and nature are in g
agreement with the literature, is associated to a ligand
metal charge-transfer transition.

As regards the Pd3~PS4!2 Raman and infrared spectra, tw
covalent units, PS4 and PdS4, can be recognized in goo
agreement with the existing crystallographic data. Site
fects seem to be operative on both groups, which show s
deviations from their ideal symmetry. The P-S vibration
stretching modes are observed in the (5204400)cm21 spec-
tral range, while below 400 cm21 the observed features ar
assigned to the S-P-S bending modes and the Pd-S stretc
and S-Pd-S bending modes.
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