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Abstract: Using photodetachment photoelectron spectroscopy (PES) in the gas phase, we investigated
the electronic structure and chemical bonding of six anionic [MoVO]3+ complexes, [MoOX4]- (where X ) Cl
(1), SPh (2), and SPh-p-Cl (3)), [MoO(edt)2]- (4), [MoO(bdt)2]- (5), and [MoO(bdtCl2)2]- (6) (where edt )
ethane-1,2-dithiolate, bdt ) benzene-1,2-dithiolate, and bdtCl2 ) 3,6-dichlorobenzene-1,2-dithiolate). The
gas-phase PES data revealed a wealth of new electronic structure information about the [MoVO]3+

complexes. The energy separations between the highest occupied molecular orbital (HOMO) and HOMO-1
were observed to be dependent on the O-Mo-S-C(R) dihedral angles and ligand types, being relatively
large for the monodentate ligands, 1.32 eV for Cl and 0.78 eV for SPh and SPhCl, compared to those of
the bidentate dithiolate complexes, 0.47 eV for edt and 0.44 eV for bdt and bdtCl2. The threshold PES
feature in all six species is shown to have the same origin and is due to detaching the single unpaired
electron in the HOMO, mainly of Mo 4d character. This result is consistent with previous theoretical
calculations and is verified by comparison with the PES spectra of two d0 complexes, [VO(bdt)2]- and
[VO(bdtCl2)2]-. The observed PES features are interpreted on the basis of theoretical calculations and
previous spectroscopic studies in the condensed phase.

Introduction

Metalloenzymes that contain a single Mo or W atom at the
active site are now well known.1-3 An unusual but common
feature of these enzymes is the presence of one or two
pyranopterin dithiolate units, which are coordinated to the metal
by the two sulfur atoms of the ene-1,2-dithiolate chelate portion
of the tricyclic ring, as shown in Figure 1.4-20 The Mo-
containing enzymes are proposed to cycle through Mo(VI/V/ IV) oxidation states during turnover conditions and catalyze

specific two-electron redox processes that are formally coupled* To whom correspondence should be addressed. E-mail: jenemark@
u.arizona.edu and ls.wang@pnl.gov.
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Figure 1. Structure of the pyranopterin cofactor derived from protein X-ray
crystallographic studies.4-20
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to oxygen atom transfer (OAT). These enzymes belong to three
structurally distinct families [sulfite oxidase, xanthine oxidase,
and dimethylsulfoxide (DMSO) reductase].1 The DMSO reduc-
tase family8-16 is unique because the Mo atom is coordinated
by two pyranopterin ene-1,2-dithiolates; this contrasts to the
single pyranopterin dithiolate observed for the sulfite oxidase4

and xanthine oxidase families.5-7,17,18This pyranopterin dithi-
olate unit is postulated to act as an electron conduit (superex-
change pathway) for electron-transfer (ET) regeneration of the
active site21 and may also play a role in modulating the metal
redox potential.1,21,22 The absence of additional redox centers
in the DMSO reductases fromRhodobacter sphaeroidesand
Rhodobacter capsulatushas provided unique opportunities to
probe the geometric and electronic structures of these active
sites by a variety of spectroscopic techniques, including X-ray
absorption, electron paramagnetic resonance (EPR), electronic
absorption, magnetic circular dichroism, and resonance Raman
spectroscopy.23-35 Similar spectroscopic studies of oxidized
biotin sulfoxide reductase fromR. sphaeroidesexpressed in
Escherichia colihave also been reported.36

The results of these structural and spectroscopic studies have
provided the motivation to synthesize and characterize a variety
of {Mo(O)S4} complexes as small inorganic molecular ana-
logues of the DMSO reductase active sites in order to evaluate
the role of the pyranopterin dithiolate S donors in catalysis.
Holm and co-workers have been particularly active in this area
and have provided a variety of new Mo (and W) compounds
relevant to the DMSO reductase active site.37-44 Mo compounds
possessing paramagnetic{MoVOS4}- centers are amenable to
study by a variety of spectroscopic techniques [EPR, electronic

absorption, magnetic circular dichroism (MCD), and resonance
Raman] that are well suited for investigating SfMo charge-
transfer (CT) transitions in these centers. In conjunction with
density functional theory (DFT) calculations, such detailed
spectroscopic studies have provided much insight into Mo-S
bonding and covalency within the [MoVOS4]- systems for a
variety of oxo-Mo(V) tetrathiolates45,46 and oxo-Mo(V) bis-
dithiolates.45,47 It should be noted that DFT calculations have
also been utilized and reported for studying organometallic
dithiolenes48 and other systems relating to ET49 and OAT50-54

in the active sites of the pyranopterin Mo and W enzymes.
However, ambiguities still remain regarding the exact nature
of certain spectral features and the molecular orbital description
of the ground state in the series of [MoOS4]- complexes.45-47

Photoelectron spectroscopy (PES) is a powerful technique
for studying the electronic structure and chemical bonding of
molecules. PES has been used to study numerous metal
complexes,55 including oxo-molybdenum complexes possessing
an ene-1,2-dithiolate ligand.56,57 The relevant PES studies
reported so far are for neutral molecules in the gas phase, which
limits the application of PES to compounds with sufficient
volatility and thermal stability. We have recently developed a
new experimental technique, which couples an electrospray
ionization (ESI) source with a magnetic-bottle PES apparatus.58

ESI is a versatile technique, allowing ionic species in solution
samples to be transported into the gas phase. Our recent research
has shown that the new ESI-PES technique is ideal for
investigating multiply charged anions in the gas phase,59 as well
as anionic metal complexes commonly present in solution.60-64

PES of such metal complexes in the gas phase allows their
intrinsic electronic structures to be probed without the complica-
tion of the solvents.

Herein we report a PES study of a series of [MoVOS4]-

anionic complexes in the gas phase. We were interested in
probing the electronic structures of the Mo complexes and
addressing issues related to the nature of their redox orbitals
and the chemical bonding between the Mo and ligand S atoms.
This study was also aimed at providing additional insight into
the electronic properties of monoanionic oxo-Mo(V) systems
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that are structurally related to the active sites of the DMSO
reductase family of pyranopterin Mo enzymes.

Experimental Details

Synthesis. All reactions and synthetic operations, unless noted
otherwise, were performed under a dry inert atmosphere of prepurified
argon using Schlenk techniques, a double-line high-vacuum/gas
manifold, and a polyethylene glovebag. All glassware and accessories
were heated, purged with argon, and when possible evacuated prior to
use. THF was dried and purified by distillation over sodium/benzophe-
none. All other solvents (CCl4, CH3CN, CH2Cl2, MeOH, Et2O) were
used as received (Drisolv; EM Science). These solvents were thoroughly
degassed by repeated freeze-pump-thaw cycles and transferred to
reaction vessels via steel cannula techniques under a positive pressure
of dry argon. The reagents (Aldrich), MoCl5, tetraphenyl phosphonium,
and tetraphenyl arsonium chloride salts, were dried in vacuo prior to
use. The ligands (Aldrich), thiophenol (HSPh), 4-chlorothiophenol
(HSPhCl), 1,2-ethanedithiol (H2edt), and 3,6-dichloro-1,2-benzenedithiol
(H2bdtCl2), were distilled and/or dried in vacuo prior to use. 1,2-
Benzenedithiol (H2bdt) was synthesized according to literature prece-
dent65 and purified by vacuum distillation. The [PPh4]+ salts of
[MoOCl4]- (1), [MoO(SPh)4]- (2), and [MoO(SPhCl)4]- (3) were
prepared according to published methods.66-68

The syntheses of the [PPh4]+ salts of [MoO(edt)2]- (4) and
[MoO(bdt)2]- (5) were reported previously.69,70A modification of this
procedure was used here to synthesize and purify the [PPh4]+ salt of a
new complex, [MoO(bdtCl2)2]- (6). To an evacuated flask, a mixture
of precursor2 suspended in CH2Cl2 (23 °C) was added, followed by 2
equiv of the H2bdtCl2 proligand, which was stirred under argon for 4.5
h and then filtered anaerobically. The resulting solution was then
transferred onto a coarse glass frit (filter tube) connected to a flask
containing Et2O. A positive pressure of argon through the flask provided
a slow diffusion of Et2O vapor into the solution maintained on top of
the frit. The slow stream of Et2O forced through this saturated solution
eventually effected a dark black/green material to precipitate out, which
was subsequently collected by filtration and washed with Et2O followed
by cold MeOH to remove any unreacted dithiol. The powder collected

was dissolved in a minimum amount of CH2Cl2 and layered with Et2O
in a 1:4 ratio. Green-black crystals of6 were filtered and washed with
Et2O.

[HNEt3]2[VO(bdt)2] and [HNEt3]2[VO(bdtCl2)2] were prepared under
argon from VO(acac)2 and the respective dithiol proligand by ligand
exchange in the presence of distilled, dry triethylamine, as described
by Cooney et al.71 The monoanionic V(V) species, [VO(bdt)2]- (7)
and [VO(bdtCl2)2]- (8), were generated from the respective dianionic
V(IV) species in situ and isolated by time-of-flight (TOF) mass
spectrometry as described below for PES studies. The oxo-Mo(V)
complexes (Figure 2) were characterized by HR-ESI(() in CH3CN.
The (PPh4)[MoOS4] compounds investigated in this study are air
sensitive, especially in solution. Hence, the preparation and manipulation
of these samples required the rigorous exclusion of both oxygen and
water. Samples were stored in a dry, inert atmospheric glovebox until
needed.

Photodetachment Photoelectron Spectroscopy.Details of the ESI-
PES apparatus were published elsewhere.58 Only a brief description of
the experimental procedure is given here. To produce the desired anions,
we used 10-3 M solutions of the [PPh4]+ salts of1-6, respectively, in
a pure and oxygen-free CH3CN solvent. The solutions were sprayed
through a 0.01-mm-diameter syringe needle biased at-2.2 kV in a
nitrogen atmosphere. Negatively charged ions emerging from a
desolvation capillary were guided by a radio-frequency-only quadrupole
ion guide into an ion trap, where the ions were accumulated for 0.1 s
before being pushed into the extraction zone of a TOF mass
spectrometer. The main anion signals corresponded to the anionic
species of each compound. The anions of interest were mass-selected
and decelerated before being intercepted by a laser beam in the
detachment zone of the magnetic-bottle PES analyzer. For the current
study, 266 nm (4.661 eV) photons from a Q-switched Nd:YAG laser
and 193 (6.424 eV) and 157 nm (7.866 eV) photons from an excimer
laser were used for photodetachment. Photoelectrons were collected at
nearly 100% efficiency by the magnetic-bottle and analyzed in a 4-m-
long TOF tube. Photoelectron TOF spectra were collected and then
converted to kinetic energy spectra, calibrated by the known spectra
of I- and O-. The binding energy spectra were obtained by subtracting
the kinetic energy spectra from the corresponding photon energies. The
energy resolution (∆E/E) was about 2% (fwhm), i.e.,∼10 meV for
0.5 eV electrons, as measured from the spectrum of I- at 355 nm.

Theoretical Methods.The [MoO(edt)2]- (4) and [MoO(bdt)2]- (5)
anions were also studied theoretically using the Amsterdam density
functional (ADF version 2000.01) program package.72-75 The geom-
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Figure 2. Schematic structures of [MoOCl4]- (1) and the five [MoOS4]- compounds (2-6). The nomenclature [MoOS4]- has been used to designate a
four-sulfur center comprising the inner coordination sphere about Mo in these five-coordinate oxo-Mo(V) complexes. The thiolate (SR)- and dithiolate
(S-S)2- ligands are shown in their respective monoanionic and dianionic forms. The coordinate systems for the oxo-Mo(V) complexes use idealizedC4V and
C2V structures.
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etries were derived from the crystal structures of (PPh4)[MoO(edt)2]
and (PPh4)[MoO(bdt)2],69,70respectively, with the coordinates adjusted
such that the Mo-O bond is coincident with thez-axis and the average
point of the four sulfur atoms is coincident with thexz-plane (see
Supporting Information).76 The calculations were performed in the spin-
restricted mode. Scalar relativistic effects were included in the
calculation using the zero-order regular approximation (ZORA).76-79

All electron basis sets were used for all atom types except Mo, which
was frozen to the 3d level. The relativistic potentials necessary for each
atom were calculated using the auxiliary program DIRAC, which is
supplied with the ADF program package. The density functional for
all calculations used a generalized gradient approximation, with the
exchange correction of Becke80 and the correlation correction of Lee
et al.81

Results

Monodentate Complexes.Figure 3 shows the 157 nm PES
spectra of the three monodentate complexes,1-3. The spectrum
of 1 (Figure 3a) is relatively simple, revealing five well-resolved
peaks (X, A-D). The lowest binding energy peak, X, with a
vertical detachment energy (VDE) of 4.68 eV, is well separated

from the higher binding energy features. The energy gap
between X and A is as large as 1.32 eV. The intensities of the
X and A features are weaker than those of the three higher
binding energy peaks (B, C, D). The spectrum of2 (Figure 3b)
shows a well-resolved threshold peak (X) at a VDE of 3.46
eV. This peak is similar to the threshold peak of1 (Figure 3a)
in terms of both its shape and relative intensity. Following an
energy gap of∼0.79 eV, a broad band between 4.0 and 5.6 eV
was revealed in the spectrum of2. The spectrum in this energy
range is likely to contain numerous overlapping features, but
three (A, B, C) were tentatively identified for later discussions.
At even higher binding energies above 6 eV, more overlapping
features were observed (D, E, F). The spectrum of3 (Figure
3c) is very similar to that of2, except that it is shifted to higher
binding energies by∼0.4 eV due to the inductive effects of the
Cl-substituted ligands. Again, a well-resolved threshold peak
(X) was observed at a VDE of 3.89 eV, followed by an energy
gap of∼0.76 eV. We note that the energy gaps between X and
A of 2 and 3 are nearly identical, but they are considerably
smaller than that of1.

Bidentate Complexes.Figure 4 shows the 157 nm spectra
of 4-6, each with two dithiolate ligands. These spectra are
similar to each other in overall spectral patterns but are quite
different from those of1-3. Seven detachment features were
resolved in each case, as labeled by the letters in Figure 4. A
weak threshold feature (X) was again observed in all the spectra,
similar to that observed in the spectra of1-3. But the gap
between the X and A bands is considerably smaller in4-6 than
that in1-3. The spectra of5 and6 are almost identical in terms
of spectral patterns, except that the spectrum of6 was shifted
to higher binding energies by∼0.5 eV, again due to the
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(81) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B 1988, 37, 785-793.

Figure 3. Photoelectron spectra of (a) [MoOCl4]- (1), (b) [MoO(SPh)4]-

(2), and (c) [MoO(SPhCl)4]- (3) at 157 nm (7.866 eV). The solid bars are
the molecular orbital energy levels calculated for [MoOCl4]- and the model
compound [MoO(SCH3)4]- using Koopmanns’ approximation (see text and
Tables 2 and 3).

Figure 4. Photoelectron spectra of (a) [MoO(edt)2]- (4), (b) [MoO(bdt)2]-

(5), and (c) [MoO(bdtCl2)2]- (6) at 157 nm. The solid bars are the molecular
orbital energy levels calculated using Koopmanns’ approximation (see text
and Tables 4 and 5).
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inductive effects of the Cl-substituted ligands in the latter. In
addition, the relative intensity of feature E seemed to be
enhanced in the spectrum of6 (Figure 4c).

PES Spectra at 193 and 266 nm.We also obtained PES
spectra at 193 nm for all six complexes (Figure 5) and at 266
nm for2, 3, and5 (not shown). The lower photon energy spectra
were better resolved for the lower binding energy features. The
266 nm spectra are not shown because they did not reveal much
new spectral information. However, the lower photon energy
data yielded more accurate adiabatic detachment energies
(ADEs) for the threshold feature. The very weak feature at 3.6
eV in the 193 nm spectrum of [MoOCl4]- (Figure 5a) is from
photodetachment of Cl-, a fragmentation product from the
parent complex. Overall, the 193 nm spectra revealed the same
features as in the 157 nm spectra up to the 193 nm photon
energy, with slightly better spectral resolution and some intensity
variations.

ADEs. The ADEs of the threshold peak (X) represent the
electron affinities of the neutral species in each case and are
related to the redox properties of the metal complexes in
solution. The ADEs were determined from the 193 nm spectra
for 1, 4, and6 and from the 266 nm spectra for2, 3, and5
because of the slightly better resolution of the X peak in the
lower photon energy spectra. The VDE of each feature was
measured straightforwardly from the peak maximum. Due to
the lack of vibrational resolution, the ADE was measured by
drawing a straight line along the leading edge of the X band
and then adding a constant to the intersection with the binding
energy axis to take into account the finite resolution and thermal

broadening. Thus, the ADEs measured from the lower photon
energy spectra were more accurate. The ADE and VDE of the
X peak of1-6 are listed in Table 1. The VDEs of all observed
features are given in Tables 2-5.

Discussion

Overview of the Electronic Structures of [MoOS4]-. The
PES features shown in Figures 3-5 represent transitions from
the ground state of the anions to the ground and excited states
of the corresponding neutral molecules. Within the single-
particle approximation (Koopmans’ theorem), these PES features
can be viewed as removing electrons from the occupied
molecular orbitals (MOs) of the anions. Therefore, unlike other
various experimental methods based on electronic transitions
from occupied MOs to empty or partially empty MOs, PES
directly maps out the energy levels of the occupied MOs. It

Figure 5. Photoelectron spectra of [MoOS4]- anions,1-6, at 193 nm (6.424 eV).

Table 1. Experimental Adiabatic (ADEs) and Vertical (VDEs)
Detachment Energies for [MoOCl4]- (1), MoO(SPh)4]- (2),
[MoO(SPhCl)4]- (3), [MoO(edt)2]- (4), [MoO(bdt)2]- (5), and
[MoO(bdtCl2)2]- (6) in eV

ADEsa VDEsa

difference,
VDE − ADE

1 4.43(8) 4.67(8) 0.24
2 3.28(8) 3.46(8) 0.18
3 3.68(8) 3.89(8) 0.21
4 3.35(8) 3.70(8) 0.35
5 3.42(8) 3.70(10) 0.28
6 3.88(8) 4.17(8) 0.29

a The numbers in parentheses represent the uncertainty in the last digit.
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should be pointed out, however, that Koopmans’ theorem only
provides a useful first approximation because it does not take
into account relaxation effects, and the relationship of DFT
Kohn-Sham orbital energies to ionization energies is not clearly
defined beyond the highest occupied molecular orbital (HOMO).
Nevertheless, it has been shown that a very good empirical
correspondence exists between DFT Kohn-Sham orbital ener-
gies and the corresponding vertical ionization potentials deter-
mined by PES.82 For anions involved in ET reactions, PES data
yield the intrinsic oxidation energy of the free anions since
photodetachment is an oxidation process.

The electronic configuration for the metal in the [MoVOS4]-

centers is formally 4d1. It is widely accepted that the strongσ-
andπ-donor properties of the axial oxo ligand largely determine
the electronic structure of the chromophore, destabilizing the
4dz2 and 4dxz/4dyz orbitals within the d orbital manifold in the
molecular frame (the axial ModO bond vector is defined as
thez-axis).66 This oxo-mediated destabilization in the presence
of a moderate equatorial ligand field results in the unpaired
electron residing in an MO of predominantly Mo dxy character
in C4V symmetry (or dx2-y2 in C2V) to give a doublet ground state
for [MoOS4]-. Beneath this d orbital manifold, there is a set of
eight ligand-based symmetry-adapted linear combinations
(SALCs) consisting of the lone pairs of the ligand S atoms.
Four are primarily S 3p(π) MOs, and four are primarily S 3p-
(pseudo-σ) MOs. The energies of the S 3p(π) MOs strongly
depend on the O-Mo-S-C(R) dihedral angle, whereas the
energies of the S 3p(pseudo-σ) MOs are relatively independent
of this angle. For a [MoOS4]- center with four monodentate
thiolate ligands and idealizedC4V symmetry, the S 3p(π) MOs
are optimally oriented for in-planeπ-bonding with the Mo 4dxy

orbital (O-Mo-S-C(R) ) 0°). At the observed equilibrium
C4 geometry with an O-Mo-S-C(R) dihedral angle of∼59°,
the primary dπ-pπ interaction is decreased, and the S 3p(π)
MOs are generally at higher energies (less stabilized) than the
S 3p(pseudo-σ) MOs. A synchronous rotation about the Mo-S
bonds causes the S 3p(π) orbitals to rotate out of the four-S
plane, such that at theC4 limit [O-Mo-S-C(R) ) 90°] these
S 3p(π) orbitals are now oriented orthogonal to dxy and parallel
to the ModO bond vector. A similar situation occurs for the
bis-dithiolate compounds with idealizedC2V symmetry, where
the rigid geometry imposed on the S ligand donor atoms by the
chelate ring constrains the S 3p(π) orbitals such that they are
oriented out of thexy-plane and orthogonal to the S 3p(pseudo-
σ) MOs within the plane.45 Such a Walsh diagram for the
energies of the MOs of [MoOS4]- has been derived from density
functional calculations and used to interpret the electronic
absorption and MCD spectra of the corresponding species.45-47

Singlet-Triplet Splitting and the Observed PES Features
for the [MoO S4]- Complexes.The ground states of the anions,
1-6, are all open-shell with one unpaired 4d electron. Detaching
this unpaired d electron gives rise to the closed-shell ground

(82) Chong, D. P.; Gritsenko, O. V.; Baerends, E. J.J. Chem. Phys. 2002, 116,
1760-1772.

Table 2. Experimental Vertical Detachment Energies (VDEs) and
Calculated MO Levels in eV for [MoOCl4]- (1), and the
Assignments of the PES Spectra

VDEsa MO levels (1)b assignmentc

4.68(8) (X) 4.68 dxy (b2)
6.00(8) (A) 5.92 Cl in-plane (a2)
6.76(8) (B) 6.51 Cl in-plane (e)

6.54 Cl out-of-plane (b1)
7.08(8) (C) 6.86 Cl out-of-plane (e)
7.23(8) (D) 7.35 Cl out-of-plane (a1)

a The numbers in parentheses represent the uncertainty in the last digit.
b Taken from spin-unrestricted DFT calculations in idealizedC4V crystal
coordinates (from ref 82). The calculated MO levels were obtained by
shifting the DFT dxy MO level to the VDE of the X feature.c The Cl in-
plane and out-of-plane MOs are also referred to as Cl 3p(π) and Cl
3p(pseudo-σ), respectively.

Table 3. Experimental Vertical Detachment Energies (VDEs) and
Calculated MO Levels in eV for [MoO(SPh)4]- (2) and
[MoO(SPhCl)4]- (3), and the Assignments of Their PES Spectra

VDEs (2)a MO levels (2)b assignmentc VDEs (3)a

3.46(8) (X) 3.46 (dxy)-1 3.89(8) (X)
4.25(15) (A) 4.67 [e(π)]-1 4.65(15) (A)
4.70(15) (B) 5.01 [a(π)]-1 5.10(15) (B)
5.17(15) (C) 5.12 [b(π)]-1 5.55(15) (C)
6.25(10) (D) 5.25 [e(pseudo-σ)]-1 6.90(20) (D)
6.55(10) (E) 6.02 [a(pseudo-σ)]-1 6.90(20) (E)
7.00(15) (F) 6.45 [b(pseudo-σ)]-1 7.45(10) (F)

a The numbers in parentheses represent the uncertainty in the last digit.
b Taken from the spin-restricted DFT calculated energies of the S 3p frontier
MO levels for the model compound [MoO(SCH3)4]- at the same geometry
as [MoO(SPh)4]-, but with the calculated energies shifted so that the HOMO
4dxy MO level aligns with the VDE of the X peak in the PES spectrum.
From ref 45.c The S 3p(pseudo-σ) MOs lie in thexy-plane and the S 3p(π)
MOs lie out of thexy-plane in theC4 tetrathiolate complexes.

Table 4. Experimental Vertical Detachment Energies (VDEs) and
Calculated MO Levelsa in eV for [MoO(edt)2]- (4), and the
Assignments of the PES Spectra

VDEs (4)b MO levels assignment

3.70(8) (X) 3.70 (dx2-y2)-1

4.17(8) (A) 4.26 [a2(π)]-1

4.56(8) (B) 4.64 [b1(π)]-1

4.80 [b2(π)]-1

5.18(8) (C) 5.32 [b1(pseudo-σ)]-1

5.40(8) (D) 5.40 [a1(π)]-1

5.54 [b2(pseudo-σ)]-1

6.22(8) (E) 6.25 [a2(pseudo-σ)]-1

7.30(10) (F) 7.21 [a1(pseudo-σ)]-1

a Although the crystal coordinates employed reveal a low symmetry
distortion from idealizedC2V geometry, theC2V nomenclature is retained
for describing the MOs derived from the spin-restricted DFT calculations.
The normalization and alignment procedure for the calculated MO levels
is discussed in the text.b The numbers in parentheses represent the
uncertainty in the last digit.

Table 5. Experimental Vertical Detachment Energies (VDEs) and
Calculated MO Levels in eV for [MoO(bdt)2]- (5) and
[MoO(bdtCl2)2]- (6), and the Assignments of Their PES Spectra

VDEs (5)a MO levelsb,c assignmentc VDEs (6)a

3.70(10) (X) 3.70 (dx2-y2)-1 4.15(8) (X)
4.12(8) (A) 4.23 [a2(π)]-1 4.61(8) (A)
4.65(8) (B) 4.64 [b1(π)]-1 5.03(8) (B)

4.69 [b2(π)]-1

5.02(8) (C) 4.96 [a1(π)]-1 5.27(8) (C)
5.58(8) (D) 5.38 (5.40) [b1(pseudo-σ)]-1 5.84(8) (D)

5.77 [b2(pseudo-σ)]-1

6.04(8) (E) 6.16 (6.18) [a1(pseudo-σ)]-1 6.48(8) (E)
6.51 [a2(pseudo-σ)]-1

6.85(15) (F) 7.33(10) (F)

a The numbers in parentheses represent the uncertainty in the last digit.
b Values in parentheses are derived from normalizing the energies of the
SipfMo dx2-y2 CT transitions assigned to the two lowest electronic
absorption bands of5 (from ref 47).c Although the crystal coordinates
employed reveal a low symmetry distortion from the idealizedC2V structure
of [MoO(bdt)2]-, theC2V nomenclature is retained to label the MO levels
derived from the spin-restricted DFT calculations. The normalization and
alignment procedure for the calculated MO levels is discussed in the text.

Anionic PES Study of [MoOS4]- Centers A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 124, NO. 34, 2002 10187



state of the neutral molecules, corresponding to the lowest
binding energy feature (X) in each spectrum. Removal of one
electron from the deeper MOs can result in two states (triplet
or singlet), depending on the spin of the detached electron.
Without knowing the triplet-singlet separation, it is difficult
to assign the spectral features using the corresponding MO
configurations of the anions.

To evaluate the triplet-singlet separation, we further obtained
PES spectra of two analogous [VOS4]- complexes, in which V
is formally in the 5+ oxidation state with a 3d0 configuration.
The PES features of these complexes correspond to transitions
from the singlet ground state of the anions to the ground and
excited states of the neutral molecules, which should all be
doublet states. The 157 nm PES spectra of [VO(bdt)2]- (7) and
[VO(bdtCl2)]- (8) are compared with those of the corresponding
Mo complexes in Figure 6. Except for the lowest binding energy
peak (X), the spectral features (A-F) of the Mo complexes (5
and6) are very similar to those of the V complexes (7 and8)
and have a one-to-one correspondence, as labeled in Figure 6.
The X features in the Mo complexes are due to removal of the
single metal 4d electron, which is not present in the 3d0 V
complexes. The similarity of the spectral features between the
Mo and V complexes, in particular, the one-to-one cor-

respondence for the features labeled A-F, suggests that either
(1) the singlet-triplet splitting for the Mo complexes is too small
to be resolved, (2) the splitting is very large and the singlet
components are all outside our spectral range, or (3) the peaks
for one of the spin states are very broad and weak and not
resolved as spectral features. Since the PES features for1-6
cover an energy range of∼4.0 eV and the features in the spectra
of 4-6 are reasonably well resolved, the scenarios of (2) and
(3) seem unlikely. Thus, the triplet-singlet components derived
from detachment from a completely filled MO in the Mo
complexes would be contained in one single PES band. This
results in the similarity observed between the spectral features
of the analogous Mo and V complexes, despite their different
ground-state electronic configurations. This interpretation is
consistent with the spin-unrestricted calculations of McMaster
et al.45 for [MoO(edt)2]-, which showed that the energy levels
of the SALCs inâ-spin orbitals were all within 0.15 eV of the
correspondingR-spin orbitals. With this knowledge, as well as
the previous optical spectroscopic data (electronic absorption
and MCD),2,45-47 we can tentatively assign all the PES features
of the five [MoOS4]- complexes.

The VDEs of the spectral features (A-F) for [MoO(bdt)2]-

are∼0.2-0.3 eV higher than those of the corresponding peaks
for [VO(bdt)2]-. A similar trend is observed for [MoO(bdtCl2)2]-

versus [VO(bdtCl2)2]- (Figure 6, Table 6). Furthermore, the
intensity of the A band in the V complexes is stronger than the
corresponding feature in the Mo complexes. As discussed below,
all S-based MOs give rise to relatively strong peaks compared
to the peaks of MOs of mainly metal d character. The weakness
of the A feature in the Mo complexes suggests that the
corresponding MO in the Mo complexes has considerable metal
d contributions. The increase in covalency in the Mo-S bonds
indicates more charge donations from the dithiolate ligands to
the metal center and hence reduces the overall negative charges
on the ligands, leading to the increased VDEs of the PES
features due to ionization of the ligand S orbitals in the Mo
complexes.

PES Spectra of [MoOCl4]- (1). The [MoOCl4]- anion
displaysC4V symmetry with the unpaired electron in the dxy

orbital (b2). This simple halide model complex serves as a
prototype for understanding the more complicated electronic
structure of the molybdenum tetrathiolate centers.83-85 Both
DFT83 and discrete variationalXR calculations85 predicted that
the unpaired d electron is located in an MO of predominantly
Mo 4dxy character. Just below this singly occupied d orbital,

(83) Swann J.; Westmoreland, T. D.Inorg. Chem. 1997, 36, 5348-5357.
(84) Sabel, D. M.; Gewirth, A. A.Inorg. Chem. 1994, 33, 148-156.
(85) Deeth, R. J.J. Chem. Soc., Dalton Trans. 1991, 1895-1900.

Figure 6. Comparison of the 157 nm photoelectron spectra of [MoOS4]-

with those of [VOS4]- complexes.

Table 6. Experimental Vertical Detachment Energies (VDEs) in
eV for [VO(bdt)2]- (7) and [VO(bdtCl2)2]- (8) Compared to Those
for [MoO(bdt)2]- (5) and [MoO(bdtCl2)2]- (6)a

[MoO(bdt)2]- (5) [VO(bdt)2]- (7) [MoO(bdtCl2)2]- (6) [VO(bdtCl2)2]- (8)

X 3.70(10) 4.15(8)
A 4.12(8) 3.86(8) 4.61(8) 4.35(8)
B 4.65(8) 4.37(8) 5.03(8) 4.78(8)
C 5.02(8) 4.82(8) 5.27(8) 5.19(8)
D 5.58(8) 5.35(10) 5.84(8) 5.62(8)
E 6.04(8) 5.89(10) 6.48(8) 6.42(10)
F 6.85(15) 6.50(10) 7.33(10) ∼7.5

a The numbers in parentheses represent the uncertainty in the last digit.
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there are three in-plane (ip) Cl 3p MOs,a2(ip) and e(ip),
followed by four out-of-plane (op) Cl 3p MOs,b1(op), e(op),
and a1(op).66 Such an MO scheme was confirmed previously
and used to interpret electronic absorption and MCD spectra of
[MoOCl4]-.66 The well-resolved PES features for [MoOCl4]-

make the analysis and assignment relatively straightforward. The
X peak is due to removal of one electron from the 4dxy orbital
(b2), resulting in a closed-shell singlet neutral MoOCl4. The
features A-D are due to detaching one electron from the Cl 3p
lone pairs,a2(ip), e(ip), b1(op), e(op), anda1(op), respectively,
as shown in Table 2. This assignment is also consistent with
the recent DFT calculation.83 By shifting the dxy MO level to
the VDE of the X feature and using Koopmans’ approximation,
the calculated relative orbital energies are in good agreement
with the PES data, as shown in Table 2 and Figure 3a. In fact,
the strong intensity and the discernible shoulder observed for
the B feature are consistent with the assignment to two
detachment channels frome(ip) andb1(op).

PES Spectra of [MoO(SPh)4]- (2) and [MoO(SPhCl)4]-

(3). The X-ray crystal structure of [AsPh4][MoO(SPh)4] revealed
a [MoO]3+ unit coordinated by four S donors in a square
pyramidal geometry of approximatelyC4V symmetry.86 However,
the average O-Mo-S-C(R) dihedral angle (θ) is 58.8°, and
this synchronous distortion from idealizedC4V symmetry (where
θ ) 0° for C4V) results in2 possessing effectiveC4 symmetry
(0° < θ e 90° for C4). UnderC4 symmetry, the frontier MOs
predicted from recent DFT calculations45 areb(4dxy) < e(π) <
a(π) < b(π) < e(pseudo-σ) < a(pseudo-σ) < b(pseudo-σ). The
b(4dxy) HOMO was predicted to be well separated from theπ
andσ MOs derived from the S lone pairs. This MO pattern is
in excellent agreement with the observed PES spectra for2 and
3 (Figure 3). Thus, the X feature is clearly due to detachment
of the single d electron from theb(4dxy) HOMO of 2 and 3.
The higher binding energy features in the spectra of2 and 3
appeared to group in two broad energy ranges, labeled as A-C
and D-F. These features should be due to detachments from
theπ andσ MOs of the S lone pairs. The energy gaps between
X and A are nearly the same in2 and 3 (∼0.8 eV) but are
much smaller than the energy gap between X and A in
[MoOCl4]- (1.32 eV), due to the lower ionization potentials of
the S lone pairs of the thiolate ligand compared to the ionization
potentials of the Cl- ligands. The vertical lines in Figure 3b
represent the calculated energies of the S 3p frontier MO levels
for the model compound [MoO(SCH3)4]- at the same geometry
as [MoO(SPh)4]- (2),45 but with the calculated energies shifted
such that the HOMO 4dxy level aligns with the VDE of the X
peak in the PES spectrum (Table 3). The calculated MO energy
levels of the S 3p lone pairs are grouped ase(π)-a(π)-b(π)-
e(pseudo-σ) anda(pseudo-σ)-b(pseudo-σ). Although detailed
assignments are not feasible due to the congested nature of the
high binding energy features, the calculated MO energies for
the S lone pairs are in excellent qualitative accord with the
observed PES patterns for both2 and3.

PES Spectra of [MoO(edt)2]- (4), [MoO(bdt)2]- (5), and
[MoO(bdtCl 2)2]- (6). The PES spectra of4-6 are similar to
each other (Figure 4), except that the C and D bands appeared
to be more closely spaced in the spectrum of4 than in the spectra
of 5 and 6. The overall spectral similarity between4 and 5

strongly suggests that the observed PES features have similar
electronic origins. However, the spectra of the three bidentate
Mo complexes are qualitatively different from those of the
monodentate complexes (2 and3). The PES data clearly show
that the rigid C-C backbones of the edt, bdt, and bdtCl2

chelating ligands have a significant effect on the electronic
structure and chemical bonding of the Mo complexes. First, the
X-A energy gap is much smaller for the three dithiolate
complexes,∼0.47 eV for4, ∼0.42 eV for5, and∼0.46 eV for
6, compared to∼0.8 eV for2 and3. The reduced X-A gaps
result in partial overlap of the two PES features (Figure 4).
Second, in contrast to2 and3, where the PES features (A-F)
are grouped in two binding energy ranges and are rather
congested, the A-F features of4-6 are more equally spaced
in a similar overall binding energy range and are much better
resolved.

It has been predicted that the O-Mo-S-C dihedral angle
plays an important role in determining the orientation of the S
lone pairs, with respect to the Mo 4d orbitals, and the energy
separations.45 The structures of the molybdenum dithiolate
complexes possess effectiveC2V symmetry, and the O-Mo-
S-C dihedral angles are constrained (i.e.,θ ) ∼90°), whereas
the dihedral angle is∼59° for complexes2 and3 (C4). With
the 90° dihedral angle, the energy separation between the
occupied 4d orbital and the highest occupied S-based MO is
predicted to be substantially less than the analogous separation
in [MoO(SPh)4]-. Our observed PES patterns for2-6 are in
remarkable agreement with the Walsh diagram derived from
the previous DFT calculations,45 depicting the changes of the
frontier MOs of a model [MoOS4]- complex, [MoO(SMe)4]-,
as a function of the O-Mo-S-C dihedral angle. The Walsh
diagram (Figure 6 in ref 45) predicts that, at an O-Mo-S-C
dihedral angle of 58.8°, appropriate for2 and 3, there is a
reasonably large gap between the 4d HOMO and the top of the
S-based MOs, which are congested into two groups. On the
other hand, at a dihedral angle of 90°, appropriate for4-6, the
Walsh diagram predicts that the energy of the 4d HOMO is
close to the top of the S-based MOs, which are now more evenly
spaced, with the exception of thea(π) ande(pseudo-σ) MOs in
the middle of the diagram that are nearly degenerate. The two
closely spaced PES features C and D in4 are in excellent
agreement with this latter prediction.

Computational Studies and Further Considerations of the
PES Data for [MoO(edt)2]- (4) and [MoO(bdt)2]- (5). The
DFT calculations on [MoO(edt)2]- using both spin-restricted
and spin-unrestricted methods showed that the Mo 4d manifold
and some of the S 3p(π)-based MOs were very close in energy
for idealizedC2V symmetry.45 For the spin-unrestricted DFT
calculations on [MoO(edt)2]-, the similar energies of the Mo
4d and S 3p(π) orbitals produce a spin polarization between
the occupied (R-spin) and unoccupied (â-spin) components of
the 4dx2-y2 orbital, such that theR-spin dx2-y2 MO lies lower in
energy than the highest occupied S 3p(π) MOs. However, the
calculated energy of the unoccupiedâ-spin dx2-y2 MO is within
∼0.1 eV of the highest occupied S 3p(π) MOs. Since theâ-spin
dx2-y2 MO is the lowest unoccupied molecular orbital that is
metal-based, the results of these spin-unrestricted calculations
were important for assigning the low-energy CT transitions to
the dx2-y2 redox acceptor orbital in the optical spectra of these
compounds. Although these calculations (employing the highest

(86) Bradbury, J. R.; Mackay, M. F.; Wedd, A. G.Aust. J. Chem. 1978, 31,
2423-2430.
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effective symmetry possible) provided a useful basis for
interpreting the observed MCD transitions in [MoO(edt)2]-,45

the previous computational results appear to be inconsistent with
the current experimental observations, which indicate a singly
occupied metal-based (4d) HOMO for4. A similar MO ordering
was observed for5 in the present DFT study using geometry-
optimizedC2V coordinates in spin-restricted and -unrestricted
calculations (not discussed here). These discrepancies between
the DFT calculations and the experimental PES data suggest
that additional geometric and/or electronic effects must be
considered in assigning the anionic PES features of4 and 5.

The actual symmetry of the [MoO(edt)2]- anion in the solid
state is approximatelyC2,69 lower than the idealizedC2V

symmetry employed in the previous calculations. This distortion
in the crystal is evident from the twisting of the two MoS2

chelate planes relative to each other. Therefore, we carried out
further DFT calculations on [MoO(edt)2]-, using the geometric
coordinates found in the crystal structure (Table S1, Supporting
Information). These spin-restricted calculations correlate with
those of McMaster et al.,45 except that the 4dx2-y2 orbital
becomes the HOMO in the current study. Beneath the d orbital
manifold, there is a set of eight ligand-based SALCs that are
primarily S 3p in character. The ordering of these orbitals is
the same as that found by McMaster et al. (Table S2, Supporting
Information).45 The distortion away fromC2V symmetry is due
to the fact that the ligand carbon atoms have approximate
tetrahedral geometry and the hydrogen atoms conform to a
staggered rather than eclipsed configuration. The anion PES data
imply that the distortion persists in the gas phase. The
computational results enable the assignment of the PES spectral
features of [MoO(edt)2]- (4). The computational results are
normalized to the PES features by shifting the dx2-y2 MO level
to the VDE of the X feature. The normalization procedure for
the [MoO(dithiolate)2]- complexes is the same used previously
for the [MoOCl4]- and [MoO(SR)4]- compounds. The energy
levels of the valence MOs can be aligned with the features A-E
by adding the difference between the eigenvalues of the valence
MOs and the HOMO to the VDE of the X feature in the spirit
of Koopmans’ approximation. The obtained relative orbital
energies are in good agreement with the PES data, as shown in
Table 4.

The X-ray crystal structure of (PPh4)[MoO(bdt)2] shows that
the anion in this crystal is also distorted from idealizedC2V

symmetry, as evidenced by the nonplanarity of one of the chelate
rings.70 The same effect, where one of the chelate rings is
essentially planar and the other ring is folded along the S- - -S
vector, forming a dihedral angle of 144° with the MoS2 plane,
is observed in the crystal structure of (NEt4)[MoO(cis-ethylene-
1,2-dithiolate)2].42 The similar structures of these two different
[MoO(ene-1,2-dithiolate)2]- anions in the PPh4+ salt70 and the
NEt4+ salt42 suggest that the common distortion of these anions
may be electronic in origin. We also performed DFT calcula-
tions, employing the crystal coordinates of [MoO(bdt)2]- (Table
S3, Supporting Information), to provide further insight into the
PES features of5 (geometry optimization calculations starting
from these coordinates did not reach convergence). The results
of the spin-restricted calculations for5 correlate with the
calculations of McMaster et al.45 for the anion [MoO(edt)2]-,
except that the dx2-y2 orbital is calculated as being the HOMO.
Again, beneath the d orbital manifold there is a set of eight

ligand-based SALCs that are primarily S 3p in character. The
four highest energy ones are primarily S 3p(π) MOs, and the
next four are primarily S 3p(pseudo-σ) MOs. This calculated
ordering of the MOs corresponds with the anion PES spectra
of 5 and 6, which show that the HOMO is metal-based. The
HOMO of [MoO(bdt)2]- (Figure 7), obtained from calculations
using the crystal structure coordinates, reveals the effect of the
distortion from idealizedC2V symmetry induced by the nonpla-
narity (folding) of one of the chelate rings. The results show
that a considerable amount of S 3p character (21%) is present
in the dx2-y2 redox orbital, suggesting that indeed this folding is
electronic in origin. Specifically, the electronic structure calcula-
tions reveal that the symmetry reduction in5 (and in4) results
in a substantial increase in the dithiolate sulfur (3p) character
mixed into the HOMO. The DFT results obtained using the
crystallographic coordinates show that the HOMO in both5
and4 is primarily metal based (Mo 4d) and is more covalent
due to the additional Mo 4d-S 3pπ mixing in the lower
symmetry. The covalency in the metal-based HOMO of5
(52.6% dx2-y2) is similar to that in each of the structures
calculated for2 (53% 4dxy) and4 (55.4% dx2-y2), as illustrated
by the amount of Mo 4d character. Table S4 (Supporting
Information) gives the relative energies of the MOs and their
atomic composition for5. The compound has pseudo-C2V

symmetry, and symmetry labels for this point group are included
for convenience. These computational results again enable a
qualitative assignment of the PES spectral features of5,
implying that the distortion away fromC2V symmetry persists
for 5 in the gas phase. The shift procedure for normalizing and
aligning the results of the molecular orbital calculations to the
PES features was applied to5 in a manner similar to that
described above for1, 2, and4. The calculated relative orbital
energies are in good agreement with the PES data, as given in
Table 5.

The above assignments of the PES spectra of4-6 imply that
the lowest binding energy peaks (X) (Figure 4) are due to
detachment of the unpaired d electron in each anion. This
assignment is further supported by comparison between the PES
spectra of [MoO(bdt)2]- and [VO(bdt)2]-, as shown in Figure
6. The absence of a similar weak, low binding energy peak (X)
in the formally 3d0 V complexes is expected. The calculations
also support the argument that the MO of peak A has more
metal character than the MOs of B-F, as suggested from their
respective PES intensities in4 and 5. The MO ordering in4
and5 has been re-evaluated by the DFT calculations in light of
the current experimental observations, which indicate that the
HOMO of these complexes is due to the Mo 4d orbital. The

Figure 7. MO contour of the HOMO in [MoO(bdt)2]- derived from
calculations using the crystal structure coordinates. The view is oriented
such that thez-axis is directed along the ModO bond vector and projected
out of the plane of the page.
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nature of the HOMO is important for understanding the
reactivity of these complexes, in particular their redox properties.

The ADEs and Redox Potentials.A one-electron oxidation
reaction, aside from solvation effects, is similar to electron
detachment in the gas phase. Therefore, the gas-phase ADEs
should be inherently related to oxidation potentials, except that
the solvation effects are absent in the electron detachment in a
vacuum. The X feature in the PES spectra of1-6 (Figures 3-5)
corresponds to removing the unpaired 4d electron from the
HOMO of each species. The ADEs of3 (3.68 eV) and6 (3.88
eV) with Cl substituents on the thiolate ligands are∼0.4 eV
higher than those of2 (3.28 eV) and5 (3.42 eV), respectively,
consistent with the electron-withdrawing effect of the Cl
substituents. Similar inductive effects have also been observed
in bulk redox potentials of related metal complexes.68,87,88

As we have shown previously,62 the energy difference
between the VDE and ADE of the X feature directly reflects
the geometry changes after one electron is removed and, hence,
is related to the intrinsic reorganization energy of an ET reaction.
Among the five [MoOS4]- complexes investigated here, the
differences between VDE and ADE for the bis-dithiolate
complexes are greater than those for the monodentate tetrathi-
olate anions (Table 1), implying larger geometry changes upon
detaching the unpaired Mo 4d electrons for the bis-dithiolate
complexes. This observation is consistent with the covalency
differences between the constrained chelate versus the nonch-
elated systems. Although the DFT calculations presented here
suggest similar sulfur contributions to the covalency of the
HOMO, previous electronic absorption data support more Mo-S
covalency for the HOMO in2 relative to that for the HOMO in
4.45-47 The greater covalency of the HOMO in2 relative to
that of the HOMOs in4 and 5 is implied by the greater CT
intensity of the low-energy SfMo dxy absorption bands in the
nonchelated complexes compared to that of the corresponding
transitions in the chelated complexes.45-47 Further understanding
of the nature and extent of the structural distortions that
accompany ionization, and the relationship between reorganiza-
tion energies and covalency differences in this series of
[MoOS4]- anions, will require detailed calculations on both the
anions and the neutral species with full geometry optimization.
Such detailed calculations are beyond the scope of this paper.

Conclusions

The electronic structures and chemical bonding of tetrathiolate
[MoVOS4]- centers with both monodentate and bidentate ligands
were investigated by photodetachment photoelectron spectros-
copy. The well-resolved lowest binding energy feature observed
in the PES spectra is assigned to derive from an MO primarily
of Mo 4d1 character, providing conclusive evidence that the
HOMOs and the redox orbitals in these [MoVOS4]- centers are
all metal-based. The PES data further revealed that the energy
gaps between the HOMO d orbital and the highest occupied
S-based ligand orbitals are dependent on the O-Mo-S-C
dihedral angles, which are influenced by bidentate versus
monodentate ligation. The energy separations are relatively large
for the complexes containing monothiolate ligands in which the
dihedral angle is∼59°, but much smaller for those possessing
dithiolate ligands with a dihedral angle of∼90°, consistent with
previous theoretical predictions.45-47 The higher energy PES
features are due to removal of electrons from the ligand-based
molecular orbitals that are primarily localized on sulfurs and
can be assigned satisfactorily on the basis of comparison with
previous and current theoretical calculations and MCD and
electronic absorption data. The reorganization energies after
removal of one electron from the redox orbital were observed
to be larger for the bis-dithiolate complexes than for the tetra-
monothiolate compounds.

Acknowledgment. The authors thank Dr. Jon McMaster at
Nottingham University for helpful discussions. Support by the
National Institutes of Health (GM-37773 to J.H.E. and GM-
63555 to L.S.W.) is gratefully acknowledged. The experimental
work done in Washington was performed at the W.R. Wiley
Environmental Molecular Sciences Laboratory, a national
scientific user facility sponsored by the U.S. Department of
Energy’s Office of Biological and Environmental Research and
located at Pacific Northwest National Laboratory, which is
operated for the DOE by Battelle.

Supporting Information Available: Tables S1-S4, listing
the atomic coordinates used in the density functional calculations
and the results of the restricted DFT calculations for the frontier
orbitals of [MoO(edt)2]- (4) and [MoO(bdt)2]- (5) (PDF). This
material is available free of charge via the Internet at
http://pubs.acs.org.

JA0265557

(87) Mader, M. L.; Carducci, M. D.; Enemark, J. H.Inorg. Chem. 2000, 39,
525-531.

(88) Inscore, F. E.; Joshi, H. K.; McElhaney, A. E.; Enemark, J. H.Inorg. Chim.
Acta 2002, 331, 246-256.

Anionic PES Study of [MoOS4]- Centers A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 124, NO. 34, 2002 10191


