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Molecules of the general formTp*MoO(OR)2 [where Tp* = hydrotris(3,5-dimethyl-1-pyrazolyl)borate and (OR)2 = (OMe)2,
(OEt)2, and (O

nPr)2 for alkoxide ligands and (OR)2 = O(CH2)3O, O(CH2)4O, and O[CH(CH3)CH2CH(CH3)]O for diolato
ligands] were studied using gas-phase photoelectron spectroscopy, cyclic voltammetry, and density functional theory
(DFT) calculations to examine the effect of increasing ligand size and structure on the oxomolybdenum core. Oxidation
potentials and first ionization energies are shown to be sensitive to the character of the diolato and alkoxide ligands. A linear
correlation between the solution-phase oxidation potentials and the gas-phase ionization energies resulted in an
unexpected slope of greater than unity. DFT calculations indicated that this unique example of a system in which oxidation
potentials are more sensitive to substitution than vertical ionization energies is due to the large differences in the cation
reorganization energies, which range from 0.2 eV or less for the molecules with diolato ligands to around 0.5 eV for the
molecules with alkoxide ligands.

Introduction

Molybdenum-containing enzymes play an important bio-
logical role in animals, plants, and microorganisms. Oxomo-
lybdenum active sites are involved in the metabolism of
sulfur, nitrogen, and carbon. These catalytic active sites
undergo formal two-electron redox processes between the
MoVI andMoIVoxidation states;1 therefore, it is important to
understand the electron-transfer properties of oxomolybde-
numcenters. Extensivework has beenperformedonO-MoV

centers containing the tridentate ligand hydrotris(3,5-di-
methyl-1-pyrazolyl)borate (Tp*). Previous work compared
ligandswith oxygen donor atoms to ligands containing sulfur
donor atoms.2-4 The studies concluded that, because of the
greater amount of covalency in Mo-S bonds compared to
Mo-O bonds, sulfur atom ligation leads to smaller cation
reorganization energies. Hence, according to the Marcus
theory, faster electron-transfer rates are obtainable at oxo-
molybdenum centers with sulfur atom ligation.5

Photoelectron spectroscopy is a direct measure of the
energy for electron transfer from a molecule. In this techni-
que, the electron is transferred to the vacuum and the energy
is accurately referenced to gas-phase optical transitions.6,7

Detailed information on the ionization energies and cation
reorganization energies can be obtained on a fast time scale
and in the absence of environmental effects.8-10 In a study of
the gas-phase photoelectron ionizations and electrochemical
potentials of O-MoV molecules that contain phenoxide
ligands, it was found that the energies for electron removal
to form the cation were highly sensitive to changing the para
substituent on the phenoxide ligands.11 When comparing the
values, it was seen that the electrochemical potentials were
less sensitive to changes in the substituent than were the gas-
phase photoelectron ionizations. This trend is typical and
expected based on the solvent stabilization of the cation that
has a leveling effect on the energy required for removal of an
electron. In contrast, a similar study of O-MoV molecules
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containing alkoxide ligands compared to similar molecules
containing dialoto ligands suggested that the oxidation
potentials were more sensitive to the substitution than were
the ionization energies.12 To our knowledge, this trend is
unprecedented.
In the study reported here, oxidation potentials measured

by electrochemistry and ionization energies measured by
photoelectron spectroscopy are interpreted with the aid of
computations by density functional theory (DFT) for a series
of O-MoV molecules substituted with diolato and alkoxide
ligands (Figure 1). All of the molecules show a quasi-
reversible one-electron oxidation in dichloromethane and a
broad low-energy ionization band in the gas-phase photo-
electron spectra, both of which are sensitive to the composi-
tion of the diolato or alkoxide ligands.
To set the framework for discussion, Figure 2 is a sche-

matic of the electrochemical oxidation and photoelectron
ionization measurements of the energy difference from the
neutral molecule to themolecular cation. The lower potential
curve in Figure 2 represents the energy of distortion of the
neutral molecule from the lowest energy structure at point A,
and the upper potential curve represents the energy of
distortion of the cation away from the optimum structure
at point C. The energy from point A to point B in Figure 2 is
the vertical ionization energy (IEv). IEv is observed in
photoelectron spectroscopy as the point of highest intensity
of the ionization band. The energy difference between points
A and C in Figure 2 represents the adiabatic ionization
energy, which is generally indicated in the photoelectron
spectrum by the onset of the ionization intensity.13 The
difference in energy from the vertical to adiabatic ionization
is the cation reorganization energy,Er

þ.8 This reorganization
energy will be a focus of this study. The magnitude of Er

þ is
reflected simply in the width of the first ionization band. The
slower time scale of cyclic voltammetry compared to photo-
electron spectroscopy allows full geometry relaxation and a
direct measurement of the energy between points A and C
(represented by the dashed line in Figure 2); however, cyclic
voltammetry is a free-energy measurement rather than a

spectroscopic-energy measurement and also incurs energy
changes associated with solvent effects not present in the
gas phase. Theoretical vertical ionization energies, cation
reorganization energies, and free energies of oxidation in
solution were also computed and compared with the experi-
mental measurements. A unique correlation between the
results from the photoelectron spectra and the cyclic voltam-
mograms (CVs) is presented.

Experimental Section

Preparations.MoleculesA-D andFwere prepared according
to previously reported methods.14 Molecule E was synthesized
using the samemethod as that of moleculesA-D. All molecules
were characterized by mass spectrometry, cyclic voltammetry,
and photoelectron spectroscopy.

Photoelectron Spectroscopy. Photoelectron spectra were re-
corded on the same instrument and analyzed with the same
spectral fitting procedures as those reported previously.15 The
position of the peak maximum in the analytical representation
of the first ionization band is reproducible to about (0.02 eV.
All samples sublimed cleanly without evidence of decomposi-
tion. Sublimation temperature ranges were 132-145 �C for A,
147-151 �C for B, 124-138 �C for C, 152-161 �C for D,
147-151 �C for E, and 153-161 �C for F.

Electrochemical Measurements. All electrochemical experi-
ments were performed at room temperature using a Bioanaly-
tical Systems CV-50W potentiostat. All solutions contained
∼0.1M tetrabutylammonium tetrafluoroborate as a supporting
electrolyte in degassed, anhydrous dichloromethane. A scan
rate of 0.1 V/s was used for all voltammograms. A platinum-
disk working electrode (1.6 mm diameter) was used with a
platinum wire auxiliary electrode and a Ag/AgCl reference
electrode. The working electrode was polished with alumina
prior to each experiment. Potentials were measured with respect
to the ferrocene/ferrocenium (Fc/Fcþ) couple, which was mea-
sured in a separate solution, and all values are reported as the

Figure 1. General structures of Tp*MoO(OR)2 and Tp*MoO(O2R)
molecules.

Figure 2. Diagram illustrating the relationship among photoelectron
ionization energies, cation reorganization energies, and electrochemical
measurements for classical potential wells with unresolved vibrational
structure. The vertical arrows represent spectroscopic ionization energies
measured in the gas phase on the fast time scale of photoelectron
spectroscopy, and the dashed line represents the free energy of oxidation
measured in solution on the slower time scale of cyclic voltammetry. See
the Introduction for a further explanation.
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average of the oxidation and reduction peaks (E1/2) with respect
to the Fc/Fcþ redox couple.

DFT Calculations. All calculations were performed using
ADF2006.01d.16-18 Geometry optimizations and frequency
calculations were carried out using the VWN functional with
the Stoll correction implemented on the complete molecules
including the methyl groups of the Tp* ligand.19 The OPTX
density functional was used to calculate all electronic energies
reported.20 The OPTX functional was compared to many other
common functionals found in theADF package, and the OPTX
functional most accurately predicted the oxidation potentials
and ionization energies for this series of O-Tp*Mo molecules.
A triple-ζ STO basis set with one polarization function (TZP)
was used in all calculations. Relativistic effects were taken into
account in all calculations by using the scalar ZORA formal-
ism,21 implemented as part of the ADF2006.01d program. All
electronic structures with unpaired spins were calculated using
an unrestricted framework. Only low-spin molecules have been
analyzed. The theoretical stretching frequencies for all species
were calculated analytically, and the lack of imaginary frequen-
cies shows that each geometry was a true minimum. All figures
of the geometry-optimized structures were created using the
program Molekel.22

Solvation effects on the molecules were modeled through the
conductor-like screening model of solvation.23 The solvent
parameters implemented were those defined by the ADF-
2006.01d program to simulate a dichloromethane-solvated en-
vironment. Thermal contributions to the free-energy (G) values
were calculated from the electronic self-consistent-field energies
considering the qtranslational, qrotational, and qvibrational contribu-
tions in the gas phase.24 Enthalpy and entropy terms were
calculated under standard temperature and pressure. The trans-
ferability of these thermal contributions to the solvent phase is
not a serious concern for calculating the free-energy differences
with oxidation because the differences in translational, rota-
tional, and vibrational contributions are small for the removal
of one electron.

Standard potentials versus ferrocene were computed as the
free-energy difference of the reaction Fcþ þ A h Fc þ Aþ,
where A is the O-Tp*Mo molecule under investigation. From
this, the standard potential is obtained by the relationE�(A/Aþ)
versus ferrocene = -ΔG�rxn/F, where F is Faraday’s constant.
When the free energy is expressed in units of volts, the numerical
value of the Faraday constant is 1. The absolute half-cell
potential for the Fc/Fcþ couple was calculated to be 5.17 V in
dichloromethane.

Results and Discussion

Photoelectron Spectroscopy. The He I photoelectron
spectra of the six Tp*MoO(OX)2 molecules of this study
are displayed in Figure 3. The photoelectron spectra of
molecules A-D and F had been measured previously12

and are repeated here to ensure similar accuracy and

consistency in the determination of the ionization energies
for comparison to the measured oxidation potentials in this
series. The spectra shown in Figure 3 match the spectra
reported previously within the variations of signal-to-noise
ratios, resolution, and baselines of scattered electrons. The
spectra from 5.5 to 10 eV ionization energy show two main
features in the ionization profile: a symmetric, broad, low-
intensitybandbetween6and7.5 eVandacomplex ionization
bandabove 7.5 eV. Ionizations above 7.5 eVare attributed to
filled orbitals of the ligands12 and were not analyzed further
for this study. The band below 7.5 eV, however, is attributed
to the ionization of the lone d1 MoV electron of these
molecules. The broadness of these low-energy ionization
bands indicates large reorganizationenergiesuponformation
of the cation structures.25 For comparison with the ioniza-
tions of metal d electrons that are largely localized on the
metal center and in nonbonding interactions, the width at
half-height of the predominantlymetal d a1 ionization of (η

5-
C5H5)2Mo(CH3)2 is about 0.3 eV,26 and that of the predo-
minantlymetal d a1g ionizationof ferrocene is about 0.1 eV.

27

The width at half-height for the first ionization shown in
Figure 3 is on the order of 0.6 eV.
To gain further insight into the vertical ionization

energies and the cation reorganization energies, DFT
calculations were performed. The geometric and electro-
nic structures for all six neutral and corresponding cation
molecules were calculated. The calculated vertical ioniza-
tion energies are compared to the experimental values in
Table 1. The calculated values and trends are in good
agreement with those of the experimental values, indicat-
ing that the calculations are able to properly account for
the geometric and electronic structures of the molecules.
Within each series of molecules with alkoxide or diolato
ligands, the ionization energies shift slightly lower with
increasing size of the hydrocarbon portion of the ligands,
but the shifts are small and there is little difference overall
in the vertical ionization energies between the alkoxide-
and diolato-containing molecules.
Figure 4 illustrates the lowest-energy neutral structures

for Tp*MoO(OEt)2 (B) and Tp*MoO[O(CH2)3O] (D)
along with the calculated singly occupied molecular orbi-
tal (SOMO) for each molecule. The SOMO is the highest
energy occupied orbital, and, hence, the ionization from
this orbital is responsible for the first broad band in the
photoelectron spectra. As can be seen from Figure 4, the
SOMO consists of primarily molybdenum character but
also contains some π-antibonding character between the
alkoxide or diolato oxygen atoms and the molybdenum
center. This antibonding interaction between the pπ elec-
trons of the oxygen atoms and the dπ electron of the
molybdenum atom destabilizes the SOMO of the mole-
cules. Ionization of the d1 MoV electron relieves
the repulsive interaction and results in a relaxation along
the O-Mo-O bond angle and the O-Mo-O-C dihe-
dral for the alkoxide molecules. This relaxation has been
shown previously to be an important factor in cation
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reorganization energies of d1 bent metallocene CpMX2

molecules.28 The diolato molecules, however, cannot

undergo large geometric reorganizations without putting
excessive ring strain in the alkyl linkers of the chelating
ligands. Table 2 lists the O-Mo-O bond angles and the
O-Mo-O-C dihedrals for the computed lowest-energy
neutral and cationmolecules. As can be seen fromTable 2,
the alkoxide molecules are able to go throughmuch larger
geometric reorganizations upon ionization compared to
the diolato molecules. These reorganizations help to
stabilize the charge at the metal, and hence the alkoxide-
containingmolecules exhibit much larger cation reorgani-
zation energies, Er

þ.
It is important to emphasize that the calculated values

of Er
þ are not similar for all of the molecules. The

calculated values for the cation reorganization energies
are listed in Table 1 and range from a low of 0.15-0.20 eV
for the diolato molecules in comparison to about 0.50 eV
for the alkoxidemolecules. The large calculated reorgani-
zation energies for the alkoxide molecules agree well with
the broadness of the first ionization band in the photo-
electron spectra. However, the photoelectron spectra of
the diolato molecules also exhibit a large degree of broad-
ening in the first peak despite the expected and calculated
smaller reorganization energies. A further computational
investigation into the diolato molecules indicated that the
broadening was due to ionization of multiple geometric
conformations of the chelating diolato ligands, which can
adopt chair or boat structures. For Tp*MoO[O(CH2)4O],
chair, boat, or boat-twist structures are possible for the

Table 1. Experimental and Calculated Vertical Ionization Energies (eV) and
Oxidation Potentials (V vs Fc/Fcþ)a

expt
IEv

calcd
IEv Er

þ ΔGsolv ΔGt,r,v

calcd
E�ox

expt
E�ox

Alkoxide Ligands

A 6.63 6.66 0.50 0.86 0.04 0.09 0.09
B 6.60 6.54 0.48 0.85 0.02 0.02 0.05
C 6.58 6.52 0.51 0.81 0.06 -0.03 0.03

Diolato Ligands

D 6.84 6.71 0.15 0.85 0.01 0.54 0.44
E 6.81 6.61 0.17 0.83 0.01 0.44 0.47
F 6.71 6.58 0.20 0.85 0.02 0.36 0.32

a IEv is the gas-phase vertical ionization energy (eV). The experi-
mental IEv values were obtained by fitting the spectroscopic data and
have an uncertainty of (0.02 eV. Er

þ is the calculated gas-phase
reorganization energy of the molecular positive ion (eV). ΔGsolv is the
calculated difference in the free energy of solvation of the molecular
cation and neutral species in dichloromethane (Gs

þ-Gs�, eV).ΔGt,r,v is
the calculated gas-phase translational, rotational, and vibrational con-
tributions to the free-energy change with ionization (eV). E�ox is the
standard oxidation potential in V vs Fc/Fcþ with a(5 mV uncertainty.

Figure 3. Close-upHe I photoelectron spectra of Tp*MoO(OX)2 mole-
cules. The broad band near 7 eV is assigned to ionization of the Mo 4d1

electron. The spectra are displayed from top to bottom in order of
increasing ionization energy of this band.

Figure 4. Calculated SOMO for representative alkoxide (B) and diolato
(D) molecules. The SOMOs are primarily the lone Mo 4d1 electron, but
they also contain considerable antibonding character from the O pπ
orbitals.

Table 2. Calculated Changes in the O-Mo-O Bond Angles and O-Mo-O-C
Dihedral Angles upon Ionizationa

molecule O-Mo-O O-Mo-O-Cb

Alkoxide Ligands

A 11.5 34.6
B 11.3 30.0
C 10.5 25.4

Diolato Ligands

D 0.2 10.4
E 0.4 10.0
F 0.4 15.0

aOnly values for the lowest-energy calculated structures are reported.
bValues were averaged over both dihedrals in the molecule.

(28) Petersen, J. L.; Lichtenberger, D. L.; Fenske, R. F.; Dahl, L. F.
J. Am. Chem. Soc. 1975, 97, 6433–6441.
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diolato ring. The chair conformations were calculated as
the lowest-energy predominate conformers for D and E
and the boat-twist structure for F. A Boltzmann distribu-
tion analysis, at the sublimation temperature of the
molecules, however, indicated that the minor conformers
are present and have an effect on the photoelectron
spectrum. The calculated vertical ionization energies of
the minor conformers (Table 3) are higher in energy than
the calculated vertical ionization energies of the major
conformers by about 0.2 eV but fall within the experi-
mental ionization band. The ionization energies of the
minor conformers, therefore, should have a broadening
effect on the first ionization band.
Another set of computations were also performed to

further illustrate that the largeEr
þ values for the alkoxide

molecules arise from the geometric changes that are
unattainable in the diolato molecules. A geometry opti-
mization calculation was performed on the cation of
molecule A starting from the neutral geometry and with
the O-Mo-O angle frozen to the value for the neutral
molecule. The resulting cation with the frozen O-Mo-O
angle was 0.16 eV higher in energy than the lowest-energy
cation structure of A, meaning that the Er

þ value was
much smaller with this constraint. A similar calculation in
which the O-Mo-O angle was allowed to optimize, but
the O-Mo-O-C dihedral was frozen to the value found
in the neutral molecule, also resulted in a decrease of Er

þ,
this time by 0.14 eV. Hence, the relaxations of the
O-Mo-O bond angles and the O-Mo-O-C dihedrals
in the alkoxide molecules account for a majority of the
approximately 0.3 eV difference in the cation reorganiza-
tion energies between the alkoxide- and diolato-contain-
ing molecules. These geometric reorganizations do not
occur to the same extent for the diolato ligands, and
thereforemuch smaller calculatedEr

þ values are obtained
for the diolato-containing molecules.

Electrochemistry. Cyclic voltammetry was used to de-
termine the oxidation potentials for the MoV/MoVI cou-
ple of the Tp*MoO(OX)2 molecules. All CVs exhibited
quasi-reversible waves as displayed by the voltammo-
gram of F in Figure 5 (the areas under the oxidation
and reduction waves are the same within 1% and the
separation between the peaks is 68 mV at this scan rate),
which is representative for the entire series of molecules.
Reduction potentials of the MoV species were not exam-
ined for this study but had been reported previously.14

An initial examination of the CVs showed that the
oxidation potentials for the Tp*MoO(OX)2molecules are
very sensitive to the character of the diolato rings and
alkoxide chains. The measured oxidation potentials,
listed in Table 1, range from 0.03 to 0.47 V in dichloro-
methane (vs Fc/Fcþ). Also listed in Table 1 are the
oxidation potentials obtained from the DFT computa-
tions. The strong agreement between the calculated and
experimental oxidation potentials indicates that the cal-
culations account well for the structural changes of the
cations, along with the solvation energies associated with
solution-phase oxidation. These experimental measure-
ments and computations set the stage for the following
discussion.

Correlation between Photoelectron Spectroscopy and
Electrochemistry. Experimental and computational data
both indicate that the gas-phase spectroscopic ionization
energies are only moderately sensitive to the composition
of the alkoxide and diolato ligands for this series of
Tp*MoO(OX)2 molecules, whereas the solution-phase
oxidation free energies are very sensitive to the exchange
of alkoxide ligands for diolato ligands. Although photo-
electron spectroscopy and electrochemistry differ in mul-
tiple ways, as analyzed below for these molecules, there is
often a linear correlation between the measurements
made by these two techniques. The relationship between
oxidation potentials (E1/2) and vertical ionization ener-
gies (IEv) can be represented by eq 1

E1=2 ¼ IEv -Er
þ -ðGs

þ -Gs�Þ-ΔGtrans, rot, vib -C1 ð1Þ
where C1 is a constant dependent on the reference poten-
tial, calculated here to be 5.17 V for the Fc/Fcþ couple in
dichloromethane. The calculated values for each term
in eq 1 for each of the molecules in this study are listed in
Table 1. The major contributions to the oxidation poten-
tials are the inherent ionization and reorganization ener-
gies (Er

þ), along with the free energies of solvation (Gs
þ

andGs�) associatedwith the cation and neutralmolecules.
The minor contribution from the changes in the free
energy of translational, rotational, and vibrational de-
grees of freedom (ΔGtrans,rot,vib) is small, as expected,
because there is little change in the molecular mass,
molecular shape, and vibrational frequencies with re-
moval of an electron from the SOMO of these molecules.
The solvation energy of amolecule, when expressed as a

positive number, is defined as the energy required to

Table 3. Calculated Vertical Ionization Energies and Thermal Population
Analysis for Conformations of the Diolato Molecules

relative E (kcal/mol) IEv (eV) % of population

Molecule D

boat þ2.1 6.92 6
chair 0 6.71 94

Molecule E

boat þ3.0 6.81 2
chair 0 6.61 98

Molecule F

boat þ2.3 6.77 4
chair þ3.4 6.63 1
boat-twist 0 6.58 95

Figure 5. Voltammogram of F that is representative of the Tp*MoO-
(OX)2 molecules. The experimental conditions are found in the Methods
section. The arrows indicate the direction of the scan. The switching
potentials are not shown.
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remove a molecule from a solvated environment into a
vacuum. Neutral molecules of similar size and composi-
tion, such as the Tp*MoO(OX)2 molecules of this study,
are expected to have very similar solvation energies (Gs�).
Charged molecules typically have larger solvation ener-
gies (Gs

þ) than neutral molecules because of the higher-
energy molecular charge-induced solvent dipole interac-
tions as the cation is stabilized by the surrounding solvent
molecules. If one assumes that the reorganization ener-
gies, solvation energies of the neutral molecules, and
translational/rotational/vibrational free-energy differ-
ences are either relatively small or do not change signifi-
cantly through a given series of related molecules, then eq
1 can be rearranged to eq 2

E1=2 ¼ 1-
Gs

þ

IEv

 !
IEv -C2 ð2Þ

where C2 is now approximately constant, equaling Er
þ -

Gs�þΔGtrans,rot,vibþC1. A linear correlation ofE1/2 with
IEv in this case indicates thatGs

þmust be proportional to
IEv, and the slope will be less than 1 because bothGs

þ and
IEv are positive numbers by definition. This correlation is
often the case.11,29-31 For example, a previous study
comparing E1/2 and IEv for a series of substituted ferro-
cenemolecules resulted in a linear correlation with a slope
of 0.73 and anR2 value of 0.97 in acetonitrile.29 The value
of the slope was attributed to stronger interactions bet-
ween the solvent and the ferrocene derivatives with higher
ionization energies. Taking this slope value and
the known vertical ionization energy IEv of ferrocene
(6.86 eV27) gives a value for the solvent stabilization
energy of ferrocene in acetonitrile, Gs

þ, of 1.85 eV. We
have previously validated a computational approach that
accounts extremely well for many properties, including
pKa values and redox potentials, of iron-containing orga-
nometallic molecules.15,25,32 These calculations obtain a
cation stabilization energy for ferrocene in acetonitrile of
1.90 eV. Hence, the results suggest that, for the series of
molecules that satisfy the conditions of eq 2, which is
often the case, the slope of the plot of E1/2 versus IEv

offers a method to experimentally measure the solvent
stabilization energies of cations.
An example more closely related to the present study is

the series of molecules with the general formula
Tp*MoO(p-OC6H4X)2.

11 The correlation of E1/2 with
IEv is shown as the red line in Figure 6. The slope value
of 0.44 (R2 = 0.94) suggests substantial solvent stabiliza-
tion energies for the cations of these molecules that
exhibit proportionality with the magnitude of the vertical
ionization energies. Using the computational approach of
the present study, the calculated Gs

þ for Tp*MoO-
(p-OC6H4F)2 (IEv = 6.73 eV) is 0.19 eV greater than
theGs

þ of Tp*MoO(OC6H5)2 (IEv=6.45 eV), which is in

reasonable agreement with the 0.16 eV increase predicted
by eq 2.
Also shown in Figure 6 is the correlation of experi-

mental E1/2 with IEv values for the present series of
Tp*MoO(OX)2 molecules that contain alkoxide and
diolato ligands. It is immediately apparent that this series
presents a much different situation compared to the
correlation for the phenoxide molecules shown in the
same plot. The most striking feature is the slope of 1.79,
which is much greater than unity and inconsistent with
that of eq 2. Plotting the correlation as separate groups of
either just alkoxide-containing molecules or just diolato-
containing molecules also results in slopes of greater than
unity for each group (1.12 for the alkoxide-containing
molecules and 1.10 for the diolato-containing molecules;
see the Supporting Information). The explanation for the
slope greater than unity shown in Figure 6 presents itself
in the values in Table 1. The calculated vertical ionization
energies vary only over a small range, reflecting the size of
the hydrocarbon chains of the alkoxide and diolato
ligands. In addition, the differences in solvent stabiliza-
tion energies between the cations and neutral molecules,
ΔGs, are relatively small and nearly constant. As dis-
cussed earlier, the ionization is largely localized on the
molydenum center of the molecules, and the bulky Tp*
ligand and the hydrocarbon portion of the alkoxide and
diolato ligands help to “shield” the positively charged
molydenum center from the solvent molecules. In com-
parison to the similar O-MoV molecules containing
phenoxide ligands,11 the alkoxide and diolato ligands
do not have a delocalized phenoxide π system with the
substituent on the periphery of the molecule. Our calcula-
tions indicate that the phenoxide ligands allow charge
delocalization, which makes substitutions on the phen-
oxide-containing molecules more sensitive to solvent
effects.
Under these circumstances for the alkoxide- and dio-

lato-containing molecules, the cation reorganization
energies, Er

þ, have the largest effect on the correlation.
As shown in the analysis of the photoelectron spectra, the
flexibility of the alkoxide ligands allows reorientation of
the ligands for substantial stabilization of the cation,
while the more constrained diolato ligands only allow
much smaller cation reorganization energies. As a con-
sequence, the molecules with alkoxide ligands have much

Figure 6. Correlation between the experimental oxidation potentials (V
vs Fc/Fcþ) and ionization energies (eV) for Tp*MoO(p-OC6H4X)2
molecules (red) and Tp*MoO(OX)2 molecules (black).
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lower oxidation potentials than the molecules with dio-
lato ligands, while the range of ionization energies is
small. The oxidation potentials are more sensitive to the
alkoxide and diolato ligand substitutions than are the
vertical ionization energies, and the slope of the line is
much greater than 1. To our knowledge, this is the first
instance that a correlation slope greater than unity has
been reported.
For comparison with sulfur-containing ligands, calcu-

lations were carried out also on Tp*MoO[S(CH2)3S],
which is analogous to D but with sulfur atoms replacing
the oxygen atoms. The calculated value for the cation
reorganization energy Er

þ was only 0.08 eV, which is
roughly half the amount of the cation reorganization
energy calculated for D. A likely factor is the shorter
Mo-O distances compared to the Mo-S distances,
which create greater π repulsion between the metal
d electron and the oxygen lone pairs in the neutral
molecule and greater stabilization of the metal positive
charge in the cation by the oxygen lone pairs. Smaller
cation reorganization energies favoring faster electron
transfer are thus expected for sulfur-containing ligands

that are chelating to themetals or otherwise geometrically
constrained in the enzymes.
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