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The clectronic structures of o- and B-gold sclenides are studied. o- and B-AuSc are known as mixed valence
compounds having lincar (AuSez, Au™) and squarc-planar (AuSce,, Aud™) umits m their structure simultancously .
Our EHTT calculations, however, show that the oxidation states of Auin ¢ and B-AuSe are both close w +1.
This 15 because the Trontier orbitals are largely made up ol Se p-orbitals and Au d-orbitals that lic well below the
Fermi level. Ourresults are consistant with the recent X-ray absorption spectroscopy study on AuSc which show
that all Auin the compound exhibit a monovalent state independent of their chemical enviromments.

Introduction

A mixcd valence compound contains an clement in two
formally different oxidation slates. The majorily of such
compounds involve (ransition metals. which can exist in a
varicty of oxidation stales. Duc 1o (he intcractions between
the ions of diffcring oxidation states. the properiics of mixed
valence malerials are oficn more variced (han would be pre-
dicted on the basis of the propertics of the individual ions
involved. Many mixed valence compounds cxhibit an
intcnse absorplion in (he visible region. while compounds
containing ions having only onc of the constituent oxidation
states arc pale or colorless.  An illustrative example is the
Wollram's red salt (WRS). [PI{C-HsNH-.)4] [PCC-HsNH-)4.
CL:]CL4H-0." This compound consists of ---PIL,---Cl-
PiL+-Cl--- chains (L=C-H:NH-:). in which shorl and long
platinum-chlorine distances (P(-Cl and Pt---CI) occur (o give
two structurally distinct platinums: onc 6-coordinate Pt (d".
PIL;Cl:) and the other roughly squarc-planar P©°' (d8. PIL,).
Ncither [P{(C-HsNH-),]*" nor [P((C-Hs NH-),Cl-]* has an
absorbance in (he visible. whilc WRS has a deep red color
duc (o an inervalence clectron (ransfer. P! > Pi*'. Vibra-
tional and photoclectron spectroscopy studics arc in agree-
ment with this proposed clectron localization. As in the case
of WRS. the ions in mixed valence compounds arc frc-
quently found 1o occur in two crystallographically distin-
guishable sitcs.

Gold halides arc other known mixed valence compounds
in which Au- and Au®' coexists.” Typically. the trivalent
gold is said 1o occupy a squrc coplanar AuX, group. and the
univalent gold a lincar AuXs silc. An important issuc inscp-
arablc from the discussion of formal oxidation states is the d-
clectron count scheme, For example. Au'. Au”'. and Au™
ions arc oflen regarded as d'™. d®. and d® ions. respectively.
The d-clectron count scheme described above is based on a
qualitative theory of ¢lectronic structure developed for those
transition mclal compounds whosc fronticr orbitals arc
largely madc up of the metal d orbitals. i.e.. those svstems in
which the metal d orbitals lic higher in energy than do the
ligand p orbitals. The Wells' cesium  salt analogucs
Cs>Au-Xg (X=CI. Br. D*6 arc well-known mixed valence

gold compounds in which AuX; and AuX, units cxist.
Therefore. two different gold ions (j.e.. Au' and Au™') are
expected in the compounds. However. re-cent clectronic
structure calculations on Cs:Au:X, (X=Cl. I) show that the
oxidation statc is +1 for Au in both AuX: and AuX; unit.”
This means that the metal d-orbitals arc lower in energy than
arc (he ligand p-orbitals. which is oppositc to the expected d-
clectron count scheme,

a- and B-AuSc arc non-halide gold compounds that have
been belicved (o illustrate the mixed valency ® As in the case
of the Wells' cesium salt. they posscss 2- and 4-coordinate
gold ions. Both arc jct black in color. as expected for mixed
valence sysiems with shared ligands bridging the cations,
The color was belicved to arisc from the small cnergy
required for the clectron transfer from the lincar AuSc- unit
to the squarc-planar AuSc, unit. Upon counting the formal
charge of Sc as -2. thosc of Au arc expected to be +1 and +3
in lincar and squarc-planar structure. respectively.® How-
cver. as in the casc of the Wells' cesium salt. it is necessary
to investigate the limitation of the usual mixcd-valence
description and the associated d-clectron count scheme in
describing the clectronic structures of conpounds by exam-
ining whether the transition metal d-orbitals are higher in
cnergy than are the ligand p-orbitals. We probe this question
by performing extended H ckel tight-binding (EHTB)® ¢lec-
tronic band structurc calculations for (he o-. [B-gold
sclenides. The atomic paramcters em-ploved for our EHTB
calculations are listed in Table 1.

Structural Aspects

The synthescs and propertics of o- and -AuSc have been
reported by Cranton er. /.. and by Rabenau er. o/.'" Both arc
black in color. and they have the form of thin needles (-
AuSce) or of thin plates (f-AuSc). The crystal structures of
these compounds have been determined thereafier! ™ X-ray
diffraction data of these compounds suggest that (he struc-
turcs of both arc closcly related 1o the rock-salt type with one
hecavy metal atom being coordinated with four Sc aloms and
ongc being two S¢ atoms. However. the X-ray reflection cal-
culated for these structures and the observed valucs suggest
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Table 1. Laponents ¢, and Valence Shell lonization Potentials /£,
ol Slater Type Orbitals ¥, Used for Extended 1lickel Tight-Binding
Calculations

atom % Hi <, c? Q. ¢
Au 63 -10.92 2602
Au Op =355 2584
Au 3d 15076 6,163 0.6851 2791 (L3696
Te Ss 208 25]
Te Sp -132 216
I 3s -180 2679
I Sp -127 0 2322
Se ds =205 244
Se dp -132 207
B3 4y 2207 2388
Br 4p -13.1 2.131
Cl 3s 263 2183
Cl 3p -14.2 1733

“Coctlicient in double-{ expansion of 3d function.

that these compounds show a distortion ol the idcal rock-
salt. The structure distortion is possibly duc to ihe grouping
of the scleniumatoms closer (o the 4-coordinated Au aloms
thao to the lincarly coordinated Au.

As mentioned carlicr. (wo different Au are present in -
AuSc: Ong is lincarly coordinated 1o (wo Sc aloms (hercalter
we denote atoms in this unit as Au-2) whilc another has a
squarc-planar coordination formed by four Sc atoms (hereal-
ter we denole atoms in (his unit as Au-4) as demonstrated in
Figure 1. Each Sc atom makes a bond with 2-coordinated Au
atoms in onc side and with 4-coordinated Au atoms in the
other side simultancously, These Au-Sc bonds build up rods
of infinitc length parallel to the b-dircction, Each rod is con-
necled by very weak AuAu and Sc--Sc interactions, The
bond distances arc 2.43 A and 2.48 A in lincar and squarc-
planar of Au-Sc units. respectively. Furthermore. the Au-Au
and Sc-Sc distances within a rod range from 3.49 A (0 3.71
A and from 3.32 A 10 3.71 A. respectively. The Au-+-Au
and Sc -+ Sc conlact distances between rods arc of the same
order as within the rods.

Figure 1. Projection of the structure of a-AuSce along (he a-axis.
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Figure 2. Projection of the structure of B-AuSc along the s-axis,

Each Au is surrounded by six S¢ atoms. and vice versa. in
the form of a distorted octahedron in B-AuSc. B-AuSc also
contains two diffecrent Au atoms, which are bonded with two
(i.e.. Au-2. Sc-2) and four Sc atoms (i.e.. Au-4. Sc-4) to form
lincar and squarc-planar coordinations. respectively, Figure
2 clearly illustrate two different Au sites. The bond distances
of Au-Sc in lincar and squarc-planar sitcs arc 2.43 A and
249 A respectively. The shortest Se---Se distance in this
compound is 3.663 A which is still shorter than the van der
Waals radii sum of S¢ (5.e.. 4.0 A).

Results and Discussion

The results of EHTB band clectronic structure calculations
for o- and B-AuSc are presented in Figures 3 and 4. respee-
tively. which plots the total density of states and the pro-
jected DOS (or the 5d orbitals of Au. The dotted line in the
figurcs rcfers to the Fermi encrgy. The band gaps of o- and
[B-AuSc arc about 0.6 ¢V and 0.7 ¢V. respectively. which is
inagreecment with their semiconducting propertics.

Figurcs 3(b). 3(c). and 3(d) rcpresent the partial DOS for
the 3d orbitals of Au-2. Au-4. and the 4s. 4p orbitals of Sc in
o-AuSc. respectively. as a function of cnergy. Also illus-
trated in Figures 4(b). 4¢c). and 4(d) arc the partial DOS cal-
culated for the 3d orbitals of Au-2. Au-4. and 4s. 4p orbilals
of Sc in f-AuSc. The top portion of the occupied bands of
both ot- and B-AuSc is dominated by the Sc orbital contribu-
tion. while the contribution of the 3d orbitals of Au occurs in
the encrgy rcgion well below the Fermi level. From the
intensity and the arca of (he main peak around - 15 ¢V in Fig-
urcs 3(b). 3(c). 4(b). and 4(c). which rcpresent the d-orbilal
contribution. it is noticed that (he clectron density contribu-
tion by the Au-2 d-orbitals is similar to that of the Au-4 d-
orbitals. Tt is also shown by the Figures 3(b). 3(c). 4(b). and
4(c) that the clectron density contribution from Au-2 and
Au-4 d-ombitals in the region of the Fermi encrgy is nearly
zcro (only very weak Au-4 d-orbital contribution is scen in
the energy region slightly above the Fermi level). Thus. the
clectron densitics on the Au-4 and Au-2 atoms arc similar,

As mentioned carlier. the d-clectron count scheng in (ran-
sition mctal compounds is based on the fact that the fronticr
orbitals arc made up of the metal d-orbitals. Thus Au™ G.e.,
d®) and Au* (i.e.. dV) arc truc only when the metal d-orbitals
lic higher in energy than do the ligand p-orbitals. However.
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Figure 3. Total DOS (a) and projecicd DOS for the 3d orbitals of Figure 4. Total DOS (a) and projected DOS for the 5d orbitals of
{b)y Au-2, (¢) Au-4, and (d) that of the 4s and 4p of S¢ in o-AuSc. (b) Au-2_(c) Au4. and (d) that of the 4s and 4p of S¢ in -AuSe.
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our EHTB calculations on total clectron density show differ- Fenni level (see Figures 3 and 4). Tn addition. the Sc orbital
ent results that d-orbital contributions lic well below the contribution is much stronger than {he Au orbital contribu-
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tion around the Fermi level. which represents the conduction
band rcgion (scc Figurcs 3(d) and 4(d})). Since the cnergy
levels of Au d-orbitals are lower than those of Sc p-orbitals.
the valence band (ie.. HOMO) has stronger Au d-orbital
charactcr while the conduction band (i.e.. LUMO) has stron-
ger Sc p-orbital character. This is the reason why the fronticr
orbitals arc majorly made up of Sc p-orbitals in - and
AuSc. Tn this condition. clectrons in higher encrgy (ie.. Se
p-orbitals) flow down 1o the orbitals in lower energy (i.e..
Au d-orbitals). Therefore. the oxidation states of two differ-
ent Au become both close 10 Au (i.e.. d'™) and Au environ-
ments in - and B-AuSc should be described by [Aux™
(Sc)z~]. The shorter SeSe and AuAu distances in both - and -
AuSc strongly support this description. Our resull is in good
agreement with the recent X-ray absorption speciroscopy
study on AuSc that all Au in the compound show a monova-
lent state independent of their chemical environments. !t

Conclusions

Two gold chalcogenides. m- and B-AuSe. were known as
mixcd valence compounds having lincar and squarc-planar
units simultancously. It is known that two different Au units
show diffcrent Au environments: the oxidation stalcs of Au
in lincar AuSc: and squarc-planar AuSc; units arc +1 and
+3. respectively. However. our EHTB calculations show
that the oxidation states of Au in lincar and squarc-planar
units arc both closc 1o +1. This is because the fronticr orbii-
als arc largely made up of p-orbitals of chalcogen and halo-
gen. Qur resulis are consistant with the recent X-ray
absorption spectroscopy study on AuSc in which all Au in

I ang Ro Lee and Dongwoon Jung

the compound show a monovalent state independent of their
chemical environments.
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