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Electronic absorption and 7.0 T magnetic circular dichroism (MCD) spectra in the UV-vis region, 1.6 to∼4.0
µm-1 (1 µm-1 ) 104 cm-1) are reported for [Pd(AuPPh3)8](NO3)2 and [Pt(AuPPh3)8](NO3)2 in acetonitrile solutions
at room temperature. The MCD spectra are better resolved than the absorption spectra and consist of bothA and
B terms. The spectra are interpreted in terms ofD4d skeletal geometry and MO’s that are approximated by 5s
and 6s orbitals for Pd and Pt/Au atoms, respectively. The lowest energy excited configurations and states are
attributed to intraframework (IF) Au82+ transitions. Evidence is also presented for Pt 5df Au 6s transitions in
the MCD spectra for Pt(AuPPh3)82+. Acetonitrile solution absorption and MCD spectra for the related Pt-centered
cluster complexes [Pt(CO)(AuPPh3)8](NO3)2, [Pt(AuP(p-tolyl)3)8](NO3)2, [Pt(CuCl)(AuPPh3)8](NO3)2, [Pt(AgNO3)-
(AuPPh3)8](NO3)2, [Pt(Hg)2(AuPPh3)8](NO3)2, [Pt(HgCl)2(AuPPh3)8](BF4)2, and [Pt(HgNO3)2(AuPPh3)8](BF4)2
are also reported and interpreted within the context of the model developed for the M(AuPPh3)82+ complexes.

Introduction

In recent years, several heteronuclear gold cluster complexes
of the general formula M(AuPAr3)nm+ have been prepared and
investigated.1,2 These complexes have interesting structures and
properties. For example, [Pd(AuPPh3)8](NO3)2, PdAu82+, and
[Pt(AuPPh3)8](NO3)2, PtAu82+, in the solid state, have a structure
which consists of a centered crown (approximatelyD4d skeletal
symmetry),1.3,4 The Au-Au distances range from 2.77 to 2.86

Å and are shorter than in metallic gold (2.886 Å). The average
Pd- or Pt-Au distances are 2.62 and 2.64 Å, respectively. The
centered crown structure is also exhibited by [Au(AuP(p-C6H4-
OMe)3)8](NO3)3,5 but the analogous gold-centered cluster with
PPh3 ligands [Au(AuPPh3)8](NO3)3, Au93+, exhibits a different
structure with aD2h symmetry, which may be viewed as a
centered icosahedral fragment,2.6

Among the more interesting chemical properties of the
PdAu82+ and PtAu82+ clusters is their ability to function as

homogeneous and heterogeneous catalysts for H2/D2 exchange.7,8

Also, the PtAu82+ cluster complex reacts irreversibly with CO
and CNR (R) i-Pr, t-Bu), while PdAu82+ reacts reversibly only
with CO, and Au93+ is much less reactive and does not react
appreciably with either CO or CNR.9

In spite of the interesting structures and properties of these
cluster complexes, very little is known about their electronic
structure. Some extended Hu¨ckel MO calculations for the
PtAu82+ and [Pt(CO)(AuPPh3)8](NO3)2, Pt(CO)Au82+, cluster
complexes have been presented recently, but low-energy excited
states were not identified.10 Also some preliminary electronic
spectral data for the strongly colored PdAu8

2+ and PtAu82+ ions
and some other related gold cluster complexes have been
reported,1,8,11but these spectra have not been assigned and the
associated excited states remain largely uncharacterized.
In order to provide insight into the electronic structure and

interpret the electronic spectra of these and other heteronuclear
bimetallic cluster complexes, a systematic investigation of
representative complexes by means of magnetic circular dichro-
ism (MCD) spectroscopy has been initiated. An MCD study
of Au93+ and the related Au8(PPh3)82+ complex from this
laboratory was reported earlier.12a,b In the present paper, the
absorption and MCD spectra for the PdAu8

2+ and PtAu82+ ions
in acetonitrile solutions are reported and interpreted and
comparisons are made with the earlier spectra for Au9

3+. The
absorption and MCD spectra for several other structurally related
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platinum-centered gold clusters were also measured in aceto-
nitrile solution and are reported and interpreted herein. These
complexes, which may be visualized as derivatives of PtAu8

2+,
include [Pt(CO)(AuPPh3)8](NO3)2, [Pt(AuP(p-tolyl)3)8](NO3)2,
[Pt(CuCl)(AuPPh3)8](NO3)2 (abbreviated Pt(CuCl)Au82+), [Pt(Ag-
NO3)(AuPPh3)8](NO3)2 (Pt(AgNO3)Au82+), [Pt(Hg)2(AuPPh3)8]-
(NO3)2 (Pt(Hg)2Au82+), [Pt(HgCl)2(AuPPh3)8](BF4)2 (Pt(HgCl)2-
Au82+), and [Pt(HgNO3)2(AuPPh3)8](BF4)2 (Pt(HgNO3)2Au82+).

Experimental Section

Preparation of Compounds. [Pd(AuPPh3)8](NO3)2. The purple
octakis((triphenylphosphine)gold)palladium(2+) nitrate, [Pd(AuPPh3)8]-
(NO3)2, was prepared according to the literature method.3 A CH2Cl2
solution of Pd(PPh3)4 and Au(PPh3)NO3 was treated with a methanol
solution of NaBH4 (mole ratio 1:8:5.6 for the three reactants,
respectively) under N2. The solid was then crystallized from methanol/
diethyl ether. The compound gave satisfactory elemental analysis, and
the31P NMR [δ(CDCl3) ) 51.8 ppm (s)] and UV-vis spectra compared
favorably with published data.1,3,11

[Pt(AuPPh3)8](NO3)2. The brown octakis((triphenylphosphine)gold)-
platinum(2+) nitrate, [Pt(AuPPh3)8](NO3)2, was also prepared according
to the literature4 from [Pt(H)(PPh3)(AuPPh3)7](NO3)2, Pt(H)Au72+,
which was prepared by bubbling H2 for 2 h through a THF solution of
Pt(PPh3)3 and Au(PPh3)NO3 (1:6 molar ratio).13 The Pt(H)Au72+

starting material in CH2Cl2 was then treated with Au(PPh3)NO3 (1:2.2
molar ratio), along with a few drops of triethylamine. The solid
obtained from the evaporation of the solvent was reprecipitated from
1:10 (v/v) methanol/diethyl ether. The compound gave satisfactory
elemental analysis, and the UV-vis spectra and the31P NMR spectra
[δ(CD3OD)) 58.7 (s with satellites;2J(195Pt-31P)) 493 Hz);δ(CDCl3)
) 58.1 (s with satellites;2J(195Pt-31P)) 497 Hz)] compared favorably
with published data.1,4,8,10,11

[Pt(CO)(AuPPh3)8](NO3)2. The bright red carbonyloctakis((tri-
phenylphosphine)gold)platinum(2+) nitrate, [Pt(CO)(AuPPh3)8](NO3)2,
was prepared according to the literature9 by bubbling CO through an
acetone solution of [Pt(AuPPh3)8](NO3)2 until dry. The solid gave
satisfactory elemental analysis, and the UV-vis spectra and31P NMR
spectra [Pt(CO)Au82+ δ(CDCl3) ) 54.2 (s with satellites),2J(195Pt-
31P) ) 391 Hz] compared favorably with the published data.1,9,11

Other Cluster Complexes. The dark brown nitratosilver(I) octakis-
((triphenylphosphine)gold)platinum(2+) nitrate, [Pt(AgNO3)(AuPPh3)8]-
(NO3)2,14 the dark brown chlorocopper(I) octakis((triphenylphosphine)-
gold)platinum(2+) nitrate, [Pt(CuCl)(AuPPh3)8](NO3)2,11,15 the dark
brown octakis((tri-p-tolylphosphine)gold)platinum(2+) nitrate, [Pt(AuP-
(p-tolyl)3)8](NO3)2, the orange dimercury(0) octakis((triphenylphos-
phine)gold)platinum(2+) nitrate, [Pt(Hg)2(AuPPh3)8](NO3)2,16 the brown
bis(chloromercury(I)) octakis((triphenylphosphine)gold)platinum(2+)
tetrafluoroborate, [Pt(HgCl)2(AuPPh3)8](BF4)2,16,17 and the red brown
bis(nitratomercury(I)) octakis((triphenylphosphine)gold)platinum(2+)
tetrafluoroborate, [Pt(HgNO3)2(AuPPh3)8](BF4)2,16 were all gener-
ously donated by Professor L. Pignolet. The silver and copper clus-
ter complexes gave the following31P NMR spectra (δ in ppm).
Pt(AgNO3)Au82+: δ(CD3COCD3) ) 59.3 (s with satellites),2J(195Pt-
31P) ) 497 Hz; 60.8 (m, broad). Pt(CuCl)Au82+: δ(CD3COCD3) )
59.3 (s with satellites),2J(195Pt-31P) ) 498 Hz; 60.0 (m). The31P
NMR for Pt(AuP(p-tolyl)3)82+ gave δ(CD3COCD3) ) 57.2 (s with

satellites),2J(195Pt-31P)) 497 Hz. The dimercury cluster complexes
gave31P NMR spectra that compared favorably with the published data:
1,16 Pt(Hg)2Au82+, δ(CD3COCD3) ) 55.5 (s with satellites),2J(195Pt-
31P) ) 486 Hz, 3J(199Hg-31P) ) ca. 365 Hz and ca. 250 Hz;
Pt(HgCl)2Au82+, δ(CD3CN) ) 61.5 (s with satellites),2J(195Pt-31P))
394 Hz,3J(199Hg-31P) ) 354 Hz.
Spectral Measurements.Preliminary electronic absorption spectra

were measured for acetonitrile solutions of the cluster complexes by
means of a Cary 1501 spectrophotometer. Absorption and MCD spectra
were then recorded simultaneously and synchronously along the same
light path by means of a spectrometer described previously.18 A
magnetic field of 7.0 T was obtained from a superconducting magnet
system (Oxford Instruments SM2-7, fitted with a room-temperature bore
tube). Spectral grade acetonitrile was used throughout, and all spectra
were corrected for a solvent blank. Spectral measurements were limited
to energies below∼4.0 µm-1 (1 µm-1 ) 104 cm-1) because of the
onset of strong absorptions from the ligand phenyl substituents and
the nitrate counterions. Absorption and MCD spectra obeyed Beer’s
law to within experimental error in the concentration range 10-4-10-5

M. The solutions were not appreciably light sensitive and did not
exhibit any noticeable changes during the time required to make spectral
measurements (typically, 1 h per scan).

Results and Discussion

Electronic Absorption and MCD Spectra. Figures 1 and
2 show the electronic absorption and MCD spectra for PdAu8

2+

and PtAu82+, respectively, in acetonitrile at room temperature.
Spectra for the Pt-centered cluster complexes Pt(CO)Au8

2+,
Pt(CuCl)Au82+, Pt(Hg)2Au82+, and Pt(HgCl)2Au82+ are pre-
sented in Figures 3-6. The spectra for Pt(AuP(p-tolyl)3)82+

and Pt(AgNO3)Au82+ are of similar quality and are very similar
in pattern to the spectra for PtAu82+. The spectra for Pt(HgNO3)2-
Au82+ are very similar to the spectra for Pt(HgCl)2Au82+.
Quantitative spectral data for all the cluster complexes are
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(18) Mason, W. R.Anal. Chem.1982, 54, 646. The spectrometer has been
upgraded by replacing the analog lock-in amplifier with a newer DSP
Lock-in (Stanford Research Systems SR850) and by replacing the PDP
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Figure 1. Magnetic circular dichroism (upper curve) and electronic
absorption (lower curve) spectra for [Pd(AuPPh3)8](NO3)2 in acetonitrile
at room temperature.∆εM has units of (M cm T)-1, andε has units of
(M cm)-1; 1 µm-1 ) 104 cm-1.
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collected in Table 1 (1µm-1 ) 104 cm-1). It may be noted
that better resolution and more individual features are seen in
the MCD spectra than in the absorption spectra. For example,
the MCD spectra in Figures 1 and 2 show weak negative features
at 1.69µm-1 for PdAu82+ and 1.84 and 1.95µm-1 for PtAu82+,
in both cases, to lower energy than of the lowest energy
absorption band maximum, band I. These MCD features must
correspond to transitions unresolved in the absorption spectra.
Underlying transitions are also indicated in the MCD spectra

at 2.80µm-1 and at 2.71µm-1 between bands III and IV for
PdAu82+ and for PtAu82+, respectively. The triphenylphosphine
ligands and nitrate ions are transparent below∼3.5 µm-1.
Therefore, bands below this energy for the cluster complexes
are attributed to the intramolecular transitions within the metal
cluster framework. Spectral features above∼3.6 µm-1 were
not investigated due to the strong ligand and counterion
absorptions.

Figure 2. Magnetic circular dichroism (upper curve) and electronic
absorption (lower curve) spectra for [Pt(AuPPh3)8](NO3)2 in acetonitrile
at room temperature. The units are as in Figure 1.

Figure 3. Magnetic circular dichroism (upper curve) and electronic
absorption (lower curve) spectra for [Pt(CO)AuPPh3)8](NO3)2 in
acetonitrile at room temperature. The units are as in Figure 1.

Figure 4. Magnetic circular dichroism (upper curve) and electronic
absorption (lower curve) spectra for [Pt(CuCl)(AuPPh3)8](NO3)2 in
acetonitrile at room temperature. The units are as in Figure 1.

Figure 5. Magnetic circular dichroism (upper curve) and electronic
absorption (lower curve) spectra for [Pt(Hg)2(AuPPh3)8](NO3)2 in
acetonitrile at room temperature. The units are as in Figure 1.
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Electronic Excited States and MCD Terms for MAu82+.
In order to develop an electronic structure model suitable for
interpreting the absorption and MCD spectra for the Au cluster
complexes, an MO energy level scheme was constructed for
the MAu82+ ions. These ions were chosen partly because of
their higher symmetry than some of the other Pt-centered Au
complexes studied here and partly because the latter may be
visualized as derivatives of PtAu82+. The solution structures
for the PdAu82+ and PtAu82+ ions are not known. Therefore
in order to construct the MO scheme, a structural assumption
must be made. The most reasonable assumption is that the solid-
state D4d skeletal structure1 is retained when the solid
compounds are dissolved in acetonitrile. In the discussion that
follows the symmetry labels are those ofD4d. However,
alternative structures were also considered and correlated with
the D4d structure. Two important symmetries that were
considered wereD4 andD2h. The latter corresponds to skeletal
structure,2, observed for the Au93+complex and is necessary
for comparison purposes. A reduction of theD4d symmetry to
D4 can be easily visualized by a small twist of one of the square
faces of1 relative to the other about the 4-fold axis; such a
twist for small angles is expected to involve only a small change
in the potential energy. Other more drastic distortions of the
D4d skeletal structure were considered less likely on energetic
grounds.
The MO energy level scheme was developed by first forming

Hückel MO’s (HMO) for a hypothetical crown-shaped Au8
2+

cluster complex ofD4d symmetry. The MO’s for the gold
framework were formulated in terms of 6s valence orbitals by
following the earlier study of Au93+ 12aand by assuming bonding
only between adjacent Au atoms. As in the case of Au9

3+, the
Au 5d orbitals are considered to be too stable to contribute
appreciably to Au-Au bonding and the Au 6p orbitals are
expected to be too high in energy. The Au8

2+ MO’s were then
extended to give the centered crown by the interaction of the
central Pd(0) and Pt(0) atoms with the Au8

2+ skeleton. The Pd
5s and the Pt 6s orbitals were also assumed to have the greatest
overlap with the Au 6s orbitals. The Pd 4d and Pt 5d orbitals,

like the Au 5d orbitals, are visualized as essentially nonbonding
with respect to the cluster framework. The HMO energy levels
for the PdAu82+ and PtAu82+ complexes that result inD4d are
shown in Figure 7, while one-electron wavefunctions are given
in Table 2. It should be emphasized that the MO enegy levels
presented in Figure 7 areschematicand that no quantitative
rigor is implied. Note the elaboration of the MO scheme for
the central metalnd orbitals. Although not visualized as being
strongly involved in bonding, these orbitals are believed to be
important spectroscopically for Pt (see below). The framework
e1, e2, e3, b2, and 2a1 MO’s are assumed to be primarily Au
centered. Even though the intermixing of thend orbitals on
the central atom with the framework MO’s of the same
symmetry type is permitted, this intermixing is taken to be small
to a first approximation. The diamagnetic ground-state electron
configuration is ... (e1)4 for both PdAu82+ and PtAu82+ and is
designated1A1. Electric-dipole-allowed transitions are permitted
to B2 (z-polarized) and E1 (x,y-polarized) excited states inD4d

(in D4 they are A2 and E, respectively). The lowest energy
excited configurations which give allowed excited states are
collected in Table 3. Transitions from the HOMO e1 to the e2,
e3, b2, or 2a1 levels are appropriately designatedintraframework
(IF) Au82+ transitions in Table 3. Figure 8 shows an energy
level correlation diagram betweenD4d, D4, andD2h. If there is
structural distortion fromD4d toD4, transitions to formallyD4d

symmetry-forbidden A2 and E3 excited states become symmetry-
allowed A2 and E excited states inD4. Transitions to these
states are expected to be weaker and may be partly obscured
by the more intense allowed transitions to the B2 and E1 D4d

states (A2 and E inD4), which are allowed in both symmetries.
Finally, transitions to formally spin-forbidden triplet states can
give rise to intensity because of the intermixing of singlet and
triplet excited states as a result of heavy atom Au or Pt spin-
orbit coupling. The spin-orbit states for bothD4d andD4 are
listed in Table 3; spin-orbit states forD2hwere given earlier.12a

The MCD spectra for PdAu82+ and PtAu82+ can exhibit both
A terms (E1 states), which result from Zeeman splitting of
degenerate states, andB terms (B2 and E1 states), which result
from mixing between states in the presence of the magnetic
field.19 TheA andB terms for E3 states may also be seen if the

(19) Piepho, S. B.; Schatz, P. N.Group Theory in Spectroscopy with
Applications to Magnetic Circular Dichroism;Wiley-Interscience:
New York, 1983. This reference describes the standard (Stephens)
definitions and conventions that are used here.

Figure 6. Magnetic circular dichroism (upper curve) and electronic
absorption (lower curve) spectra for [Pt(HgCl)2(AuPPh3)8](BF4)2 in
acetonitrile at room temperature. The units are as in Figure 1.

Figure 7. Schematic molecular orbital energy levels for PdAu8
2+ and

PtAu82+, assumingD4d symmetry and Pd 5s and Pt/Au 6s framework
bonding.
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symmetry is reduced toD4. The diamagnetic ground state
requiresC terms to be absent. For space-averaged anisotropic
molecules in solution, MCDA terms for the degenerate E1(i)
excited states can be described19 by theAh1/Dh 0 parameter ratio
in eq 1, whereD0, the electric-dipole strength of the transition

to the E1(i) states, is given byD0 ) (1/3) |〈1A1|mE1|E1(i)〉|2 and
µB ) Bohr magneton;m ) er andµ ) -µB(L + 2S) are the
electric and magnetic moment operators in the respective
reduced matrix elements (RME). Defined in terms of antisym-
metrized one-electron MO’s, the E1(i) states (Table 3) can be
approximated by Pd or Pt and Au atomic orbitals. In order to
estimate the sign ofAh1/Dh 0 for Au-localized orbitals to a first
approximation using eq 1, two-centered integrals are required

Table 1. Spectral Data for Acetonitrile Solution

absorption MCD absorption MCD

band no. νj, µm-1 λ, nm ε, (M cm)-1 ν, µm-1 ∆εM, (M cm T)-1 band no. νj, µm-1 λ, nm ε, (M cm)-1 ν, µm-1 ∆εM, (M cm T)-1

[Pd(AuPPh3)8](NO3)2
1.69 -0.155 2.80 -2.03a

I 1.94 516 7 150a 1.99 +1.39 IV 2.88 347 61 800 2.91 -7.35
II 2.17 462 14 400 2.08 +1.19 V 3.24 309 65 100a 3.07 +2.54

2.21 -2.77a 3.31 -10.3
III 2.42 414 22 000 2.31 -5.04 VI 3.36 290 67 800 3.38 -1.58

2.50 +2.55

[Pt(AuPPh3)8](NO3)2
1.84 -1.21a IV 2.82 354 47 500 2.84 -4.30
1.95 -1.76 V 3.00 333 40 000a 3.04 +1.87

I 2.09 478 8 200a 2.11 +3.21 3.15 -1.71
2.24 +1.71a VI 3.27 306 72 300 3.21 +0.992

II 2.34 428 20 000 2.32 +2.93 3.32 -7.46
III 2.53 396 17 100a 2.50 -3.00 VII 3.50 286 75 100 3.51 -10.4

2.71 -4.13

[Pt(CO)(AuPPh3)8](NO3)2
2.18 +0.430 2.94 -0.674

I 2.31 433 17 000 2.31 -0.328 3.23 -5.18
2.43 +0.470 III 3.38 296 84 000a 3.40 +0.208

II 2.82 354 18 400a 2.70 -1.48 IV 3.52 284 91 600 3.60 -6.41

[Pt(AgNO3)(AuPPh3)8](NO3)2
1.82 -1.33a IV 2.85 351 36 400a 2.82 -2.52
1.90 -2.34 V 3.05 328 46 700 2.96 -0.830

I 2.08 480 6 590a 2.08 +3.00 3.12 -2.18
II 2.33 429 20 700 2.30 +2.71 VI 3.31 302 63 700a 3.32 -3.13
III 2.67 375 24 900a 2.67 -2.25 VII 3.51 285 74 400a 3.51 -9.49

[Pt(CuCl)(AuPPh3)8](NO3)2
1.83 -1.48a IV 2.82 354 47 900 2.83 -4.64
1.95 -2.02 V 3.00 333 40 000a 3.05 +1.48

I 2.09 478 7 270a 2.11 +3.89 VI 3.27 306 73 000 3.23 +0.909
II 2.33 429 19 900 2.31 +3.30 3.33 -8.65
III 2.53 396 16 800a 2.51 -3.41 VII 3.50 286 75 500 3.52 -11.4

[Pt(AuP(p-tolyl)3)8](NO3)2
1.81 -1.46a IV 2.81 356 49 700 2.82 -3.80
1.95 -2.35 V 3.06 327 42 400a 3.04 +2.90

I 2.09 479 7 560a 2.11 +4.42 VI 3.27 306 75 100 3.25 -0.940
II 2.33 430 20 000 2.30 +3.99 3.33 -8.89
III 2.52 397 17 000a 2.49 -4.26 VII 3.50 286 81 000a 3.51 -13.3

[Pt(Hg)2(AuPPh3)8](NO3)2
I 2.27 441 18 100a 2.23 -1.73 IV 2.94 340 37 800a 2.92 -6.23

2.30 -1.11 3.10 -6.05
II 2.36 424 23 300 2.36 -2.95 V 3.26 307 82 900a 3.30 +2.04
III 2.53 395 25 400 2.56 -3.36 VI 3.50 286 110 000 3.53 -16.1

2.72 +2.17

[Pt(HgCl)2(AuPPh3)8](BF4)2
I 2.11 475 5 320a 2.20 +0.783 V 2.84 352 30 100a 2.83 -3.73
II 2.31 433 14 100a 2.30 -0.153 3.04 -2.97
III 2.51 399 28 600 2.40 +0.880 3.17 -2.73

2.57 -3.06 VI 3.41 293 87 100a 3.24 -1.79
IV 2.61 383 29 900 2.66 -3.42 3.50 -7.51

[Pt(HgNO3)2(AuPPh3)8](BF4)2
I 2.09 479 4 900a 2.08 +0.089 V 2.83 -3.06
II 2.32 430 13 000a 2.31 -0.751 3.03 -3.48
III 2.53 395 24 000a 2.43 +0.30 VI 3.41 293 91 000a 3.23 -0.98

2.58 -2.28a 3.49 -6.96
IV 2.65 378 25 000a 2.66 -2.72
a Shoulder.

Ah1/Dh 0 ) ( -1
x2µB

)〈E1(i)||µA2||E1(i)〉 (1)
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for the orbital (L ) part of the magnetic moment RME because
the one-center terms are zero due to the lack of angular

momentum for the Au 6s orbitals. For the approximate
evaluation of the RME of the spin-orbit states of 1E1 through

Table 3. Excited Configurations and States

excited
confgn.a

zero-order
states

spin-orbit
states inD4d

b
spin-orbit
states inD4

b
A term
signc

excited
confgn.a

zero-order
states

spin-orbit
states inD4d

b
spin-orbit
states inD4

b
A term
signc

Intraframework (IF) Au82+

e13e2 1E1 1E1 1E positive 2a1e2f 1E2 (12E2) (12B1), (12B2)
3E1 2E1 2E positive 3E2 15E1 25E negative

1B2 1A2 (11E3), (13E2) 26E, (13B1), (13B2) negative
(1B1), (1E2) (1A1), (1B1), (1B2) 2a1e3f 1E3 (12E3) 27E positive

1E3 (1E3) 3E positive 3E3 (13E3) 28E positive
3E3 (2E3) 4E positive (6A2) 14A2

(1A2) 2A2 (6A1), (14E2) (14A1), (14B1), (14B2)
(1A1), (2E2) (2A1), (2B1), (2B2) 2a12b2f 1B2 9B2 15A2

e13e3 1B1 (2B1) (3A1) 3B2 16E1 29E negative
3B1 3E1 5E positive (9B1) (15A1)

2B2 3A2 2a13a1f 1A1 (7A1) 16A1
1B2 3B2 4A2

3A1 (14E3) 30E positive
3B2 4E1 6E positive (7A2) 16A2

(3B1) (4A1) 1b22a1e 1B2 10B2 17A2
1E2 (3E2) (3B1), (3B2) 3B2 17E1 31E negative
3E2 5E1 7E ∼0 (10B1) (17A1)

(3E3), (4E2) 8E, (4B1), (4B2) 1b2e2f 1E2 (15E2) (15B1), (15B2)
e13b2 1E3 (4E3) 9E negative 3E2 18E1 32E negative

3E3 (5E3) 10E negative (15E3), (16E2) 33E,(16B1), (16B2) negative
(2A2) 5A2 1b2e3f 1E1 19E1 34E negative
(2A1), (5E2) (5A1), (5B1), (5B2) 3E1 20E1 35E negative

e132a1 1E1 6E1 11E negative 11B2 18A2
3E1 7E1 12E negative (11B1), (17E2) (18A1), (17B1), (17B2)

4B2 6A2 1b22b2f 1A1 (8A1) (19A1)
(4B1), (6E2) (6A1), (6B1), (6B2) 3A1 (16E3) 36E positive

e132a1e 1E1 13E1 23E negative (8A2) 19A2
3E1 14E1 24E negative 1b23a1f 1B2 12B2 20A2

8B2 13A2 3B2 21E1 37E negative
(8B1), (11E2) (13A1), (11B1), (11B2) (12B1) (20A1)

Pt 5df Au 6sd

a1(Pt)e2 1E2 (7E2) (7B1), (7B2) 5B2 9A2
3E2 8E1 13E negative 1B2 6B2 10A2

(6E3) 14E negative 3B2 10E1 18E positive
(8E2) (8B1), (8B2) (6B1) (10A1)

e2(Pt)3e2 1A1 (3A1) (7A1) e2(Pt)3e3 1E1 11E1 19E negative
3A1 (7E3) 15E positive 3E1 12E1 20E negative

(3A2) 7A2 7B2 11A2
1A2 (4A2) 8A2 (7B1), (9E2) (11A1), (9B1), (9B2)
3A2 (8E3) 16E positive 1E3 (9E3) 21E negative

(4A1) (8A1) 3E3 (10E3) 22E negative
1B1 (5B1) (9A1) (5A2) 12A2
3B1 9E1 17E positive (5A1), (10E2) (12A1), (10B1), (10B2)

a Filled orbitals omitted, notation as in Figure 5. Ground state confign: ... e1
4, 1A1. b Electric-dipole-forbidden states in parentheses.c Estimated

from eq 1 for E1 states (or E states inD4). d a1(Pt)) Pt 5dz2, e3(Pt)) Pt 5dxz, 5dyz, e2(Pt)) Pt 5dxy, 5dx2-y2. eFor the Pt(HgCl)2Au82+ complex only,
notation as in Figure 9. Ground-state configuration: ... e1

4, 1A1. f For the Pt(Hg)2Au82+ complex, notation as in Figure 9. Ground-state configuration:
... e142a12, 1A1.

Table 2. One-Electron Molecular Orbitals for MAu82+

sym energya MO wavefunctionb

1a1c 2x2â1 + â2
1/4(2x2φ1 + φ2 + φ3 + φ4 + φ5 + φ6 + φ7+ φ8 + φ9)

e1 x2â2
1

2x2(x2φ2 -x2φ4 + φ6 - φ7 - φ8 + φ9)

1

2x2(-x2φ3 +x2φ5 - φ6 - φ7 + φ8 + φ9)

e2 0 1/2(φ2 - φ3 + φ4 - φ5)
1/2(φ6 - φ7 + φ8 - φ9)

e3 -x2â2
1

2x2(x2φ2 -x2φ4 - φ6 + φ7 + φ8 - φ9)

1

2x2(-x2φ3 +x2φ5 + φ6 + φ7 - φ8 - φ9)

b2 -2â2
1

2x2(φ2 + φ3 + φ4 + φ5 - φ6 - φ7- φ8 - φ9)

2a1c -2x2â1 + â2
1/4(2x2φ1 - φ2 - φ3 - φ4 - φ5 - φ6 - φ7- φ8 - φ9)

aHückel MO exchange integrals:â1 from radial overlap ofφ1 with φ2, φ3, ... φ9; â2 from adjacent tangential overlapφ2, φ9; φ9, φ5; etc. b φ1 )
Pt 6s or Pd 5s orbital;φi ) Au 6s orbital on atomi (i > 1). c For the hypothetical Au82+ (D4d) cluster, this energy level is omitted while the energy
of 1a1 becomes+2â2 with the omission ofφ1 from the 1a1 wavefunction.
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7E1 (1E through 12E forD4), the two-centered terms were
evaluated using eq 2, whereφi represents the 6s orbital on the
appropriately numbered atom (see footnote b in Table 2), and
Rxj is thex coordinate of the vector from the origin to atomj.

Thesignof the MCDA term for the E1(i) excited states, found
by using eq 1, is included in Table 3. Because of the several
approximations involved, the quantitative magnitude of the
Ah1/Dh 0 ratios determined from eq 1 is not deemed very reliable.
The MCDB terms expected for the transitions1A1 f J, where

J is either a B2(i) or an E1(i) state, arise from the summation of
the magnetic field induced mixing with all other K excited states,
where K) E1(j) for J ) B2(i) and K) B2(j) or E1(j) for J )
E1(i). TheB term for1A1 f J is given by eq 3,19 where∆WKJ

) WK - WJ is the energy difference between states K and J,
anda ) -1/x2 for J, K) E1 anda ) +1 for J) E1 and K)
B2. Because the summation is over all states K, the determi-
nation of B term signs and magnitudes requires a detailed
knowledge of the relative energies of the J and K states and,
thus, is very difficult. However the inverse energy dependence
in the summation over K states in eq 3 dictates that the largest
contributions to theB term for the transition to the state J will
be from states K closest in energy to J. Therefore if the
summation can be reduced to one or only a few terms from
states very close in energy, then an estimate of theB term sign
can sometimes be made. In the present case, for example, aB
term sign estimate was carried out for J) 1E3(1E3) and K)
1E1(1E1) excited states (see Table 3 for electronic state notation)
and was found to bepositiVe. Similarly, theB term contribution
for J ) 1E1(1E1) and K) 3B2(1B2) (K state) was found to be
positiVe, also. However, due to the complexity of the present
case which results from many possible close-lying states in the
summation, it was concluded that a reliable prediction ofB term
signs was,in general, not feasible, especially for states of
intermediate energy with contributions from both lower and
higher energy states.

Spectral Interpretation for the MAu 8
2+ Ions. The elec-

tronic absorption and MCD spectra below∼3.5 µm-1 are
assigned to intramolecular transitions within the cluster complex.
Most assignments have been chosen on the basis of band energy
and intensity, within the context of the lowest energy excited
configurations and states (Table 3), together with the predicted
MCD term signs. The following discussion offers a rationale
for specific spectral assignments.
PdAu82+ Spectra. Bands I-III are assigned as IF transitions

to states of the lowest energy e1
3e2 configuration. Bands II and

III are assigned as transitions to the 1E3(1E3) and 1E1(1E1) states,
respectively, which are the lowest energy excited states of singlet
origin, while the weaker band I is assigned as transitions to the
states of triplet origin, 2E3(3E3) and 1A2(3E3). The transition
to the 1E1(1E1) state, allowed in bothD4d andD4 symmetries,
is expected to have a greater absorption intensity than the
transition to the 1E3(1E3) state, allowed in onlyD4 symmetry.
Consistent with the assignment for band III, the MCD spectrum
for PdAu82+ shows a positiveA term, although it is unsym-
metrical and broadened on the low-energy side. The transition
to the 1E1(1E1) state is also predicted to have a negativeB term
contribution from the magnetically coupled lower energy 1E3-
(1E3) state (band II). The unsymmetrical appearance of theA
term for band III is believed to be partly due to this negativeB
term. The broadness may be due to overlap with the MCD
features in the region of band II. The MCD spectrum for band
II is interpreted as presenting a dominant contribution from the
positiveB term from the 1E3(1E3) state (see above) which must
obscure the positiveA term expected for the transition to this
state. Transitions to the 1B2(3E1) and 2E1(3E1) states are also
expected lower in energy than band III, near the energy of band
II, and thus may contribute to the modest absorption intensity
seen for this band. These transitions are predicted to have
negativeB term contributions from the magnetically coupled
lower energy 2E3(3E3) state (band I; see below), which together
with the positiveB term for the 1E3(1E3) state could give the
MCD spectrum for PdAu82+ the appearance of a negative
pseudo-A term (B terms of opposite signs close together)19 in
the region of band II. At low energy, the broad shoulder band
I is assigned to unresolved transitions to the predominantly
triplet states 2E3(3E3) and 1A2(3E3) on the basis of their lower
energy position compared to the singlet 1E3(1E3) state, band II.
The MCD spectrum in the region of band I appears to be
dominated by a positiveB term with a minor contribution from
a small positiveA term responsible for the weak negative MCD
minimum at 1.69µm-1, which is lower in energy than the
absorption shoulder at 1.94µm-1. The positiveA term is
consistent with the 2E3(3E3) assignment for band I, and a positive
B term is expected for the magnetic interaction of 2E3(3E3) with
1B2(3E1) and 2E1(3E1), which, as noted above, are likely to be
near the energy of band II. TheB term for the transition to the
1A2(3E3) state, however, is of undetermined sign.
The MCD spectrum in the region of band IV shows a single

minimum at nearly the same energy (2.91µm-1) as the intense
absorption maximum (2.88µm-1) and therefore is interpreted
as a negativeB term. Band IV is therefore reasonably assigned
to the transition to 3B2(1B2), the only fully allowed, singlet,
and nondegenerate state of the next lowest energy configuration,
e13e3. The large negative MCD intensity for band IV is assumed
to be due to magnetic coupling to higher energy states beyond
the range of measurement. At slightly lower energy a negative
MCD shoulder at 2.80µm-1, which has no resolved absorption,
may signal the presence of a transition to the 4E1(3B2) state
which is expected to be lower in energy compared to its singlet
counterpart 3B2(1B2).

Figure 8. Molecular orbital energy correlation diagram among the
symmetries ofD4d, D4, andD2h.

〈φi|lzj|φj〉 ) -ipRxj〈φi| ∂∂yj|∂j〉 (2)

Bh0(J,K)) Re{ 2a

3µB
[ ∑
K * J

〈J||µ||K〉

∆WKJ

〈A1||m||J〉〈K||m||A1〉]}
(3)
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Band V is assigned to the transition to the higher energy
6E1(1E1) state, of the e132a1 energy configuration. The MCD
spectrum is interpreted as showing a negativeA term in accord
with expectation. However theA term is unsymmetrical due
to overlap with adjacent transitions. Figure 1 shows that there
is a broad shoulder on the low-energy side of band V which
indicates the presence of several unresolved transitions. For
example, the transitions to the 4E3(1E3), 5E3(3E3), and 2A2(3E3)
states from the lower energy e1

3b2 configuration are expected
to not only give negativeA terms (E3 states) andB terms of
undetermined sign but to be weak since they are only allowed
in D4 symmetry. The transition to the 7E1(3E1) and 4B2(3E1)
states of triplet parentage are also expected to be weaker and
lower in energy than band V and predicted to have a negative
A term and aB term of undetermined sign, respectively. The
combination of all of these unresolved weakA andB terms
may explain why theA term for band V is unsymmetrical.
Finally, the assignment of band VI is not easily made. One
possibility is to an IF Au82+ transition from a higher energy
configuration such as from a Au 5d orbital to the Au 6s orbitals.
Unfortunately the MCD results offer little help, since a term
assignment is not clear from the observed spectrum.
The assignments of the absorption and MCD spectra for

Au93+ complex were based on IF Au82+transitions even though
the skeletal structure was assumed to be different (i.e.,2,D2h).12a

The low-energy region of the MCD spectrum for PdAu8
2+, in

fact, looks similar in pattern to that reported for Au9
3+ (Figure

1, ref 12a), with the bands of PdAu82+ shifted∼0.4 µm-1 to
lower energy. The assignments for bands I-IV for both
PdAu82+ and Au93+ may be correlated by using Figure 8, and
the excited configurations for each band for both complexes
are found to be essentially the same. Minor changes between
the spectra for PdAu82+ and that of Au93+ certainly would be
expected upon replacing the center Pd(0) with Au(I) and altering
the skeletal structure. Thus it appears that a satisfactory
interpretation of the lower energy absorption and MCD spectra
for PdAu82+, like that of Au93+, can be made primarily on the
basis of the IF Au82+type transitions.
PtAu82+ Spectra. When a comparison is made between the

absorption and MCD spectra for PtAu8
2+ with that of PdAu82+

or Au93+ at energies greater than 2.6µm-1, especially for band
IV (in all three), and between band VI (PtAu82+) and band V
(PdAu82+), similarities are seen which suggest common assign-
ments, namely, that these PtAu8

2+ transitions are also primarily
due to IF Au82+ transitions. Thus, band IV at 2.82µm-1 is
assigned to the transition to 3B2(1B2), with the MCD minimum
at 2.84µm-1 interpreted as a negativeB term. Band VI is
assigned to the transition to the higher energy 6E1(1E1) state.
Weaker band III is reasonably assigned to the transition to the
predominantly triplet state 4E1(3B2), on the basis of its energy
and intensity, which is lower than the singlet state 3B2(1B2) from
the same configuration. The negative MCD feature at 2.71
µm-1 can be assigned to the transition to the 5E1(3E2) state, on
the basis of its energy; the absorption is unresolved. Band V,
also of low intensity, is assigned similarly to a state of triplet
parentage, 4B2(3E1), with the MCD interpreted as aB term. The
negative MCD feature at 3.15µm-1 can be assigned to the
transition to 7E1(3E1) state on the basis of its proximity to 4B2-
(3E1) and its lower energy compared to 6E1(1E1) (band VI); the
absorption is also unresolved. Band VII may signal a higher
energy 5d IF Au82+ transition, but the proximity to phenyl
absorptions makes assignments in this region difficult. For
example, the large negative MCD feature at 3.51µm-1 probably
results from the onset of strong negative MCD signals from
the triphenylphosphine ligands.20

If assignments of IF transitions for PtAu82+ are made at
energies> 2.6 µm-1, it follows that the lower energy IF
transitions assigned in the spectra for PdAu8

2+ or Au93+ must
also be presentin the regions of bands I and II for PtAu82+.
However, the PtAu82+ MCD spectrum in this region is quite
different compared to the MCD spectra for PdAu8

2+ and Au93+,
even though the absorption spectra for all three are similar.
Therefore, other transitions must be presentin addition to the
IF transitions for PtAu82+ to account for the differences observed
in the MCD. One reasonable possibility is the presence of Pt
5d f framework Au 6s charge-transfer-like transitions in the
low-energy region. Consideration of atomic orbital energies
place the Pt(0) 5d orbitals higher in energy than the 5d orbitals
for Au(+0.25).21 The transitions from the Pt 5d orbitals to Au
6s orbitals are expected to be less intense than the IF Au8

2+

transitions due to the ratio of Pt to Au and are thus likely to be
obscured by the latter in the absorption spectrum. Yet the
greater relative intensities of the MCD features in the experi-
mental spectrum are consistent with the angular momentum of
the Pt 5d orbitals which lead to higher excited state magnetic
moments (single-center terms in eq 1). Thus, the Ptf Au
transition to the 9E1(3B1) state and/or 10E1(3B2) state, both of
triplet origin, can be envisioned in the region of band I. The
positiveA term for both of these states would complement the
small positiveA term for the 1E3(1E3) IF state assumed to be in
the same region. Also, the negative MCD shoulder at 1.84µm-1

may signal the beginning of another positiveA term expected
for the Ptf Au transition to 7E3(3A1) and/or 8E3(3A2). The
absorption for both of these transitions is expected to be very
weak, and the MCDA terms are predicted to be positive, which
would add to the positiveA term for the 2E3(3E3) IF state
assumed to be present also in the region of the broad unresolved
absorption on the low-energy side of band I. Furthermore, the
Ptf Au transition to the 11E1(1E1) state can be envisioned in
the region of band II. The negativeA term predicted for 11E1-
(1E1) is then interpreted as dominating the MCD spectrum and
obscuring the weaker positiveA term expected for the IF
transition to the 1E1(1E1) state which is believed to be present
at similar energy. Thus the presence of Ptf Au transitions in
the region of bands I and II for PtAu82+ provides an explanation
for the observed differences in the MCD spectrum compared
to PdAu82+ and Au93+. Finally, band III has a lower relative
intensity in the absorption spectrum for PtAu8

2+ and increased
complexity in the MCD spectrum which may also signal the
presence of one or more additional Ptf Au transitions, perhaps
to the 9E3(1E3) and 10E3(3E3) states, together with the IF
transition to 4E1(3B2) believed to be present.
Pt(CO)Au82+ Structure and Spectra. This strongly colored

complex has a skeletal structure,9 3 in the solid state, with

approximatelyC2V symmetry. Compared to1, the Pt atom is
drawn up out of the center of the Au82+ ring, distorting the ring

(20) Adrowski, M. J.; Mason, W. R. Unpublished results, 1994. The
absorption for free PPh3 in acetonitrile begins around 3.50µm-1 and
shows a prominent negative MCD feature at∼3.8 µm-1.

(21) Moore, C. E.Natl. Bur. Stand. Circ. (U.S.)1958, No. 467, Vol. III.
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slightly. The Pt-C distance of 1.896 Å is not unusual for a
Pt-CO bond, while the Au-C distances are approximately 3.0
Å, which are considered to be too long for bonding. The Pt-
Au distances are increased slightly compared to PtAu8

2+. The
solution structure of the Pt(CO)Au82+ complex is not known,
and the solid stateC2V skeletal symmetry (zaxis along the Pt-C
bond) is assumed to be retained in solution. A simple HMO
treatment of3 was developed by adding theσ(filled) andπ*-
(empty) energy levels of the CO ligand to the scheme for
PtAu82+, with due allowance for the reduction in symmetry.22

The Pt dπ orbitals for the Pt(CO)Au82+ complex inC2V are
expected to be stabilized due to a back-bonding interaction with
the π* orbitals of the CO, while the Au-based orbitals are
expected to be only slightly affected. Thus, the lowest energy
excited states are expected to be IF Au8

2+. In contrast, the Pt
f Au transitions for the PtAu82+ complex should be shifted to
higher energy in the spectra for the Pt(CO)Au8

2+ complex where
they will likely be obscured by more intense IF Au8

2+

transitions. The MCD spectra for theC2V Pt(CO)Au82+ complex
can exhibit onlyB terms, resulting from magnetic coupling of
nondegenerate excited states.19 Even though the reliablea priori
prediction ofB term signs is in general very difficult, the pattern
of features in the MCD can be used to assist in making
assignments. For example, correlations and comparisons of the
spectra for the Pt(CO)Au82+ complex with the spectra for the
PdAu82+ complex shows that certain features ascribed to the
IF Au82+ transitions are only affected slightly between the two
complexes. In view of the many allowed possible excited states
and the few visible bands in the absorption spectrum, the
interpretation of the Pt(CO)Au82+ spectra must be qualitative.
Due to the broad nature of band I, Figure 3, and the positive

and negative features of the MCD spectrum, several excited
states must be present in this region. Band I is logically assigned
to the unresolved transitions that correlate with the IF Au8

2+

transitions to the singlet degenerate excited states 1E3(1E3), and
1E1(1E1), assigned for bands II and III for the PdAu8

2+ complex.
Other IF transitions, allowed due to the lower symmetry for
the Pt(CO)Au82+ complex, may also be present in the region
of band I, adding to its broadness. The corresponding triplet
states will be lower in energy and account for the tail on the
lower energy side of the absorption band. The MCD spectrum
for the Pt(CO)Au82+ complex at energies> ∼3.0 µm-1 is
remarkably similar to that of the PdAu82+ complex and, to a
lesser degree, to that of the PtAu8

2+ complex for energies>
∼2.8 µm-1. The similarities argue for the same type of
transitions in the spectra for the Pt(CO)Au8

2+ complex. There-
fore, band III is assigned to the IF transition to 3B2(1B2)
correlating with band IV in both the PdAu82+ and PtAu82+

complexes. The appearance of one broad band in the absorption
spectrum for the Pt(CO)Au82+ complex is consistent with
increased congestion and compression of states compared to
the absorption spectrum for the PdAu8

2+ complex. Band IV is
assigned by analogy to the assignment made for band VI for
the PtAu82+ complex. Higher energy IF Au82+ transitions and
PPh3 ligand transitions are probably responsible for the intensity
in the absorption spectrum at energies> ∼3.5 µm-1. The
unresolved absorption region to lower energy than band III for
the Pt(CO)Au82+ complex is likely due to a number of triplet
states that are allowed inC2V, but not inD4d. For example, the
triplet states originating from the excited configurations of e1

3b2
in D4d would become allowed inC2V. Also transitions to the
excited states (inD4d) 4E1(3B2) and 5E1(3E2), which were
assigned for PdAu82+ and PtAu82+ complexes in the region
between∼2.5 and 3.0µm-1, are logically expected in this same

region because the singlets of the same configuration are
assigned to band III for Pt(CO)Au82+ to higher energy.
The MCD spectrum for the Pt(CO)Au82+ complex, Figure 3,

compared to that for PtAu82+, Figure 2, clearly shows consider-
able differences. The dramatic change in the lower energy
region in the MCD spectrum for Pt(CO)Au82+ is consistent with
the CO ligand primarily affecting the Ptf Au transitions. The
IF Au82+ transitions, which should be relatively unaffected
between Pt(CO)Au82+ and PtAu82+, remain mostly unchanged.
The differences that do occur are likely due to differences in
structure (C2v vs.D4d) and therefore small shifts in energy levels.
Pt(AgNO3)Au82+ and Pt(CuCl)Au82+ Structures and Spec-

tra . These Lewis acid adducts of PtAu8
2+ have structures,4,

resembling the PtAu82+ crown skeleton, with Ag or Cu atoms
bonded to the side14,15 among the crown Au atoms to give
approximatelyCs symmetry. The Pt-Ag bond distance is
slightly longer than the Pt-Au distances, while the 3 Ag-Au
distances are almost the same as the Au-Au distances. The
Pt-Cu distance is roughly the same as the Pt-Au distances
though the 3 Cu-Au distances are slightly shorter than the Au-
Au distances found in the complex. The acetonitrile solution
skeletal structures are presumed to be4, but the NO3- ligand
on the Ag(I) may be partly dissociated. The presence or absence
of coordinated NO3- will not likely affect the intramolecular
electronic transitions attributed to the cluster complex (the NO3

-

ligand is included in the Pt(AgNO3)Au82+ formula in the
following discussion).
Even though the Ag and Cu atoms are partly bound to the

platinum atom in both the Pt(AgNO3)Au82+ and Pt(CuCl)Au82+

complexes, the pattern in the lower energy region of the MCD
spectra ascribed to the Ptf Au transitions in the PtAu82+

complex seems to be very similar (see Figure 4 and Table 1,
compared to Figure 2). This is reasonable because the locations
of both the AgNO3 and CuCl ligands primarily among the Au
atoms are not expected to greatly affect the platinum 5d orbitals
and, in turn, the Ptf Au transitions. Thus assignments made
for bands I and II for the PtAu82+ complex would apply in an
analogous manner for both the Pt(AgNO3)Au82+ and Pt(CuCl)-
Au82+ complexes. At higher energies, the absorption and MCD
spectra for the Pt(CuCl)Au82+ complex appear to be unaffected
by the addition of the CuCl ligand into the ring of gold atoms.
The IF Au82+ transitions that have been assigned to bands III
through VII for the PtAu82+ complex can be reasonably applied
to those same bands for the Pt(CuCl)Au8

2+ complex. For the
Pt(AgNO3)Au82+ complex, the absorption and MCD spectra at
higher energies (∼2.5-3.5 µm-1) are affected slightly by the
addition of the AgNO3 ligand. The IF transitions appear to be
shifted closer together, which results in generally poorer
resolution in the absorption and MCD spectrum in this region.
Pt(AuP(p-tolyl) 3)82+ Spectra. The structure of Pt(AuP(p-

tolyl)3)82+ is presumed to be1, the same as for PtAu82+. The
absorption and MCD spectra for Pt(AuP(p-tolyl)3)82+ and
PtAu82+ are remarkably similar (see Table 1), which result
argues for an analogous spectral interpretation. The additional
electron density from the phosphine due to thep-tolyl groups
apparently does not affect the relative orbital energies of the
cluster complex.(22) Adrowski, M. J. Dissertation, Northern Illinois University, 1996.
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Pt(Hg)2Au82+ and Pt(HgX)2Au82+ (X ) Cl-, NO3
-) Struc-

tures and States. The Pt(Hg)2Au82+ complex1,16 and the
Pt(HgNO3)2Au82+ complex1,17 (and presumably also the
Pt(HgCl)2Au82+ complex1,2,17) have a molecular structure,5,
which maintains theD4d PtAu82+crown skeletal configuration
with Hg, (NO3)Hg-, or ClHg- ligands residing above and
below the Pt atom in the cluster. The average Hg-Au bond
distance in Pt(Hg)2Au82+ and Pt(HgNO3)2Au82+ is 3.00 Å, and
the Hg-Pt bond distances are 2.98 Å. The average Pt-Au bond
distances in the PtAu82+ and Pt(Hg)2Au82+ complexes are all
within the range 2.629-2.635 Å. In acetonitrile solution, the
skeletal structures are assumed to be5, but for Pt(HgNO3)2-
Au82+ the NO3- ligands, as in the case of Pt(AgNO3)Au82+

above, may be partly dissociated.16,17 The electronic spectra
are not expected to be affected by partial dissociation, and the
NO3

- ligands are retained in the formula to emphasize Hg(I)
in the cluster complex.

The absorption spectra for the Pt(Hg)2Au82+ and Pt(HgX)2-
Au82+ (X ) Cl-, NO3

-) complexes are similar to each other
(see Figures 5 and 6 and Table 1). However, the MCD spectra
for the Pt(Hg)2Au82+ and the Pt(HgX)2Au82+ complexes are
distinctly different and are also different from that for the
PtAu82+ complex (Figure 2), especially within the lower energy
region (below 2.5µm-1). On the other hand, the MCD spectra
in this same region for the Pt(HgX)2Au82+ complexes are similar
to the MCD spectrum of the Pt(CO)Au82+ complex (Figure 3).
Within the region of∼2.5-3.3 µm-1, the MCD spectrum for
the Pt(Hg)2Au82+ complex exhibits some features analogous to
those corresponding to bands III-V in the PtAu82+ MCD
spectrum. The pattern of the MCD spectra for the Pt(HgX)2-
Au82+ complexes also compares favorably within this same
region (∼2.5-3.3 µm-1) yet is uniformly negative.
A schematic HMO energy level diagram for the Pt(Hg)2-

Au82+, Pt(Hg)2Au84+ (which serves as a model for Pt(HgNO3)2-
Au82+), and Pt(HgCl)2Au82+ cluster complexes was developed
by using the diagram for PtAu82+ as a starting point and adding
energy levels for the two Hg0, HgI, or ClHgI- ligands.22 The
schematic diagram is given in Figure 9. The additional excited
configurations involving the 2a1 and 1b2 Hg-based orbitals which
give allowed excited states are found in Table 3. The MCD
spectra for the Pt(Hg)2Au82+ and the Pt(HgX)2Au82+ complexes
can exhibit bothA and B terms, the signs of which were
determined by means of eqs 1-3 by using the same procedure
for PtAu82+.
The broad features in the electronic absorption and MCD

spectra reflect the large number of states and are likely to include
a number of unresolved transitions in each case. Nevertheless
a qualitative interpretation is presented. Just as the addition of
CO to the PtAu82+ complex affected the lower energy region
of the MCD spectrum ascribed to Ptf Au transitions, the
addition of Hg(0) and XHg- ligands to the PtAu82+ complex
seems to have a similar affect. This is not surprising because
the platinum 5d orbitals are accessible to the Hg or XHg-
ligands along thez-axis. InD4d symmetry, the empty mercury
px and py orbital π combinations have e3 symmetry and can
overlap with the filled Pt 5dπ orbitals of the same symmetry.
While the Hg(0) and XHg- ligands donate electron density

through theirσ s or sp hybrid orbitals, respectively, they also
may be visualized as acceptingπ electron density into their
empty p orbitals from the filled Pt 5d orbitals in much the same
way as CO. Both the absorption and MCD spectra for
Pt(Hg)2Au82+ and the Pt(HgX)2Au82+ complexes show no
features below energies∼2.0 µm-1. Therefore transitions to
excited states for PtAu82+ observed in this region must be blue-
shifted for the Pt(Hg)2Au82+ and Pt(HgX)2Au82+ complexes.
One reasonable explanation for the blue-shift of the low-energy
IF Au82+ transitions is that the HOMO e1 level is stabilized by
the empty Hg ligand px and py orbitals. Furthermore, the MCD
spectra for the Pt(HgX)2Au82+ complexes show that the Pt 5d
π orbitals must be stabilized also because the Ptf Au
transitions believed responsible for the MCD for the PtAu8

2+

complex are absent in this lower energy region.
Pt(Hg)2Au82+ Spectra. For the Pt(Hg)2Au82+ complex, the

broad nature of bands I-III, Figure 5, and multiple features of
the MCD spectrum imply several additional excited states to
those already assigned for the PtAu8

2+ complex in the lower
energy region. Some reasonable possibilities for these excited
states are given in Table 3 and involve the Hg-based MO’s 2a1

and 1b2, for example, the 15E1(3E2), 11E3(3E2), 18E1(3E2), and
15E3(3E2) states of triplet origin, each having predicted negative
MCD A terms, which could be visualized as adding to the
positive MCDA term features that result from the Ptf Au
transitions or the IF Au82+ transitions and thus give rise to the
observed complicated MCD spectrum. The broadness of band
III for the Pt(Hg)2Au82+ complex, along with the negative and
positive MCD features at 2.56 and 2.72µm-1, respectively,
which resemble a positiveA term, may signal the presence of
the transitions to the 12E3(1E3) and 13E3(3E3) states, both of
which predict positive MCDA terms.
At energies> ∼2.7µm-1, Figure 5, the pattern in the MCD

spectrum for Pt(Hg)2Au82+ complex is similar to that observed
for the PtAu82+ complex (Figure 2). For example, the MCD
features at 2.72 (pos), 2.92 (neg), and 3.10 (neg)µm-1,
respectively, for the Pt(Hg)2Au82+ complex present a similar
shape to the negative MCD features at 2.59, 2.71, and 2.84µm-1

for the PtAu82+ complex, even though the MCD feature at 2.59
µm-1 remains negative. These similarities argue for the same
type of transitions in the spectra for the Pt(Hg)2Au82+ complex.
The IF Au82+ assignments made for the PtAu8

2+ complex in
the region of∼2.5-3.1 µm-1 are also reasonable for the
Pt(Hg)2Au82+ complex in the region of∼2.6-3.3 µm-1. The
appearance of the broad, poorly resolved absorption bands IV
and V in the region of∼2.7-3.4 µm-1 for Pt(Hg)2Au82+

Figure 9. Schematic molecular orbital energy levels for Pt(Hg)2Au82+

(left), Pt(Hg)2Au84+ (center), and Pt(HgCl)2Au82+ (right), assumingD4d

symmetry.
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complex is consistent with the states having slightly higher ener-
gies and being closer together compared to the PtAu8

2+ complex.
Due to the broad nature of band VI, Figure 5, with a large

intensity and the large negative feature in the MCD spectrum
for the Pt(Hg)2Au82+ complex, several excited states must be
present. Band VI is logically assigned to the same transitions
assigned for bands V-VII of the PtAu82+ complex (Figure 2).
This seems reasonable because the negative MCD features for
bands V and VI of the PtAu82+ complex, if shifted slightly to
higher energy, could be visualized to add to the negative MCD
feature for band VII resulting in the large negative MCD feature
observed for the Pt(Hg)2Au82+ complex. Other transitions, for
example, to the 9B2(1B2), 16E1(3B2), 19E1(1E1), 20E1(3E1), and
11B2(3E1) states may also be in this region and contribute to
the large absorption intensity as well as the large negative MCD
feature. This interpretation is admittedly speculative but seems
reasonable on the basis of the energy level scheme in Figure 9.
Pt(HgX)2Au82+ (X ) Cl-, NO3

-) Spectra. For the Pt(HgX)2-
Au82+ complexes, the shape of the MCD spectrum at energies
< ∼2.5 µm-1, Figure 6, is similar to that of the Pt(CO)Au82+

complex, Figure 3, and is also similar to that of the PdAu8
2+

complex, Figure 1. Thus the lower energy region of the spectra
for the Pt(HgX)2Au82+ complexes should be assigned to the
same IF Au82+ transitions that were assigned for the PdAu8

2+

and Pt(CO)Au82+ complexes. Bands I and II for the Pt(HgX)2-
Au82+ complexes are therefore assigned to the IF Au8

2+

transitions to the 2E3(3E3), 1E3(1E3), 2E1(3E1), and 1E1(1E1)
states. The transitions to the 14E1(3E1) and 13E1(1E1) states,
predicted to have negativeA terms, from the lowest energy
configuration e132a1 must also be in this lower energy region.
Unlike the higher energy region (>∼2.5µm-1) in the MCD

spectrum for the Pt(Hg)2Au82+ complex, the MCD spectrum in
this same region for the Pt(HgX)2Au82+ complexes, Figure 6
and Table 1, is less similar to that of the PtAu8

2+ complex
(Figure 2). With the blue-shift of both the IF Au82+ transitions
and the Ptf Au transitions, combined with additional transitions
from the filled 1b2 MO level, it is easy to see why the MCD
spectrum should not be similar. Bands III and IV for the Pt-
(HgX)2Au82+ complexes are assigned to the IF transitions to
the 4E1(3B2) and 5E1(3E2) states, assigned to the energy region
of bands III and IV for the PtAu82+ complex. Other transitions
are likely present to account for the broadness in the absorption
bands and their corresponding obscure MCD features, for
example, the transitions to the 17E1(3B2), 18E1(3E1), and 15E3-
(3E3) states, predicted to have negative MCDA terms, which
would give rise to a complicated MCD spectrum in the region
of bands III and IV.
Because the same energy absorption band and the corre-

sponding MCD feature at∼2.83 µm-1 are seen for both the
PtAu82+ and Pt(HgX)2Au82+ complexes, band V for the Pt-
(HgCl)2Au82+ complex, which is unresolved in the broad absorp-
tion for Pt(HgNO3)2Au82+, is logically assigned to the IF Au82+

transition to the 3B2(1B2) state, identical to the assignment made
for band IV for the PtAu82+ complex. Band VI is assigned to
the transition to 6E1(1E1) by analogy to band VI for PtAu82+.
The Ptf Au transitions to the 11E1(1E1), 12E1(3E1), 9E3(1E3),
and 10E3(3E3) states and the IF Au82+ transitions to the 19E1-
(1E1), 20E1(3E1), and 11B2(3E1) states may also be present in
this energy region and account for the unresolved, complex
negative MCD spectrum for the Pt(HgX)2Au82+ complex.
Even though there are similarities between the spectra for

the PtAu82+, Pt(Hg)2Au82+, and Pt(HgX)2Au82+ complexes,
spectral congestion is evident for the Hg(0) and XHg-
complexes. The large number of allowed excited states
contributes to unresolved transitions. This makesdetailed
assignments difficult, yet the broad qualitative interpretation

presented seems reasonable and plausible. Greater precision
in locating transitions to individual states will require more
resolved spectra, perhaps from low-temperature absorption and
MCD measurements.

Concluding Remarks
The MO schemes in Figures 7 and 8 can be used to interpret

the absorption and MCD spectra for PdAu8
2+ and PtAu82+ in a

reasonable and internally consistent way. It must be acknowl-
edged, however, that the detailed assignments proposed here
may not be unique because of the numerous states (Table 3)
which are possible based on the relatively simple model for
skeletal MO’s constructed from Pd 5s and Pt and Au 6s valence
orbitals. Nevertheless, and even though the absorption and
MCD spectra for PdAu82+ and PtAu82+are complicated, simi-
larities are seen when these spectra are compared, and when
they are compared to the spectra for Au9

3+, with the help of
the correlation in Figure 8. These similarities, together with
the predicted MCD term signs, guide the assignments to give
an internally consistent model based on the same type of IF
transitions for all three cluster complexes. Furthermore, the
striking low-energy MCD spectral changes observed on the
substitution of the Pt atom for Pd or Au are interpreted as due
to the presence of Pt 5df Au 6s transitions. The Pt 5df Au
6s transitions are proposed because of the higher energy of the
Pt 5d orbitals in comparison to the Au 5d orbitals in the PtAu8

2+,
which place them among the highest energy occupied MO’s of
the cluster complex. The MCDA terms for these transitions
are expected to be stronger and are envisioned as overlapping
and dominating the weaker IF MCD features anticipated in this
region. Changing the Au-bound phosphine ligand from PPh3

to P(p-tolyl)3 or bonding AgNO3 or CuCl to the side of the Au
skeletal structure causes little change in the MCD spectral
pattern. However when CO, Hg(0), or XHg- ligands are
bonded to the center Pt, the MCD is greatly changed in the
low-energy region. These observations are fully consistent with
the presence of the Pt 5d orbitals among the highest energy
occupied MO’s of the cluster complex. The Pt 5d orbital
involvement and the Ptf Au transitions proposed in the lower
energy region of the spectra are expressed in different ways for
each complex. The Pt(Hg)2Au82+ cluster complex, on the one
hand, has an MCD spectrum in the lower energy region showing
similarities to the MCD spectrum for the PtAu82+ complex. This
points toward the Pt 5d orbitals being involved in Pt-Hg
bonding to only a small degree and, therefore, is consistent with
the experimental finding that the complex reversibly dissociates
Hg atoms to give Pt(Hg)Au82+ or PtAu82+.16 On the other hand,
the lower energy region of the MCD spectra for the Pt-
(HgCl)2Au82+ or Pt(HgNO3)2Au82+complexes and Pt(CO)Au82+-
complex is very similar, and in these cases the spectra are
interpreted in terms of a shift of the Ptf Au transitions to
higher energy. In these complexes the bonding of the XHg-
and CO ligands to PtAu82+ is strong and irreversible.9b,16 The
Pt 5d orbitals must be involved in ligand binding to a greater
extent in Pt(CO)Au82+ and Pt(HgX)2Au82+ than in Pt(Hg)2-
Au82+. The Pt-HgCl stability is also borne out by experimental
results which show the complex’s ability to retain the ClHg-
ligands when a PPh3 is displaced by Cl-.17 The presence of
the Pt 5d orbitals among the highest occupied MO’s in the
cluster complex may be partly responsible for the greater reac-
tivity of PtAu82+ with electrophilic ligands such as H2 (or D2),
CO, RNC, Hg(0), and XHg- compared to PdAu82+ or Au93+.
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