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High-resolution molybdenum K-edge X-ray emission spectroscopy
(XES) was used to characterize the K, and KS'" valence-to-core
transition bands in the oxo-Mo compounds K,MoOs;, MoO(S,-
CNEt,),, and MoO,(S,CNEt,),. The KB, and K5'" emission bands
are attributed to transitions to the Mo 1s core hole from molecular
orbitals possessing primarily molybdenum 4d and oxygen 2s
character, respectively. This communication describes the first
assignment of the KA"' interatomic band in the emission spectra
of molybdenum complexes. Additionally, the KB, and Kj"
transitions are shown to be sensitive to the chemical and electronic
environment of the metal, suggesting that high-resolution XES might
be an effective method for elucidating the nature of the molyb-
denum centers in biological systems.

California 95616

detection devicéshas increased the scope of XES as an
analytical tool. In particular, these technological advances
have facilitated the study of chemically sensitive, low-
intensity valence-to-core transitions that are observed in the
X-ray emission spectra of metal complexes. The chemical
dependence of K valence bands has been systematically
studied for 3d metal%,® but analogous studies have not been
reported for the 4d transition metals. Herein, we report the
full assignment of the g X-ray emission spectra of a series
of biologically pertinent molybdenum complexes and discuss
general aspects of the electronic and chemical dependence
of the KB" and KB, transitions. This work provides a
foundation for XES studies on molybdenum enzymes with
the intention of providing a more complete description of
the electronic and chemical nature of the active site.

The high-resolution Mo g X-ray emission of KMoO,

X-ray absorption spectroscopy (XAS) has been extensively is shown in Figure 2° The low-energy region of the spec-

utilized as a method of characterizing the active sites of
metalloproteins. Two significant features of this technique

trum comprises the B; (19608 eV) and K; (19590 eV)
main lines resulting from dipole-allowed transitions from the

are its element specificity and its nondestructive nature, thus

allowing one to study active sites in situ. X-ray emission
spectroscopy (XES)exhibits experimental qualities analo-
gous to those of XAS; however, there are few examples in
the literature of the application of this technique to the study
of biological system8.The advent of brilliant third-genera-
tion synchrotron radiation sources and increasingly efficient
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Figure 1. High-resolution K emission spectrum of #1004. The vertical KBa

scale is in arbitrary units, and the abscissa scale for the insets is expanded
by a factor of 2 for the regions indicated.

Mo 2ps, and 2p,, orbitals, respectively. Toward the center
of the spectrum, at 19772 eV, is the formally Laporte- —
forbidden Kjs (3d — 1s) transition. Here, an enhancement
of the theoretical emission intensity for the free Mo atom is
anticipated because of solid-state efféétghe spectral vors | Y
featu,r? at 19965 ev_ 1S aSSIQne_d. as thg,K4p _. 1s) . Figure 2. Qualitative molecular orbital depiction of the origins of the
transition. Notably, this peak exhibits an asymmetric profile kg, and k3" transitions. The K" band results from a transition that is
that has been attributed to final-state multiplet interactions primarily oxygen in character. The/ derives from transitions from the
between the 4p and 4d electrdRsn general, the emission valence band orbitals that are predominantly Mo 4d and O 2p in character.
bands described thus far are insensitive to both electronic — T T T T
and chemical modification of the metal and will not be
discussed in further detdit.Situated above the & peak in
energy are the K' and K5, emission bands (inset of Figure
1). Both of these peaks arise from valence-to-core transitions;
the KB, peak is formally generated from filling of the Mo
1s core hole by a Mo 4d electron and is observed in the
emission spectra of pure Mo metal and each of the Mo
compounds, whereas the “interatomic” or “crossovep’'K
band is observed only in the spectra of the oxo-Mo
complexes (Figure 2). The/K band has been identified in
3d metal complexes and is formally desrcibed as a ligand
2s to metal 1s transitiott:!> Its dependence on ligand
distance, type, and orientation has been studied in detail for B
Mn compoundg:1® The interatomic 8" peak has not been
previously characterized in the emission spectra of second- T T T
row transition metals. For the/K and K3, valence-to-core 19920 19940 19960 19980 20000 20020
transitions, the energy and emission intensity are influenced Energy (eV)

by modifications to the metal ligand and electronic environ- Figurle 3-d Hliah-eneTrﬁy region OL the ehmission _Spectra} gf A rﬁolybéieglum
ment. As a Conseql'_lence' _these peaks provide a pOtemiag‘nedtZrign PSea:)k?:.;\re ss‘()eﬂIc?ctfvsoig\tNﬁttseoz‘3 ?I%:rhlrr?g m ar?(tjakg”eb;ids; "
structural and frontier orbital profeand thus, further  and the black lines show the total fits.

discussion of these bands is warranted.

Figure 3 displays the high-energy region of theg K
emission spectra of Mo metal andbMoO,, respectively.
The emission spectrum of the molybdenum metal exhibits a
single band, approximately 32 eV above thg,Keature.
This peak has been previously obseAfeahd is attributed

Arbitrary Intensity
>

to the K3, transition. The theoretical & emission rate for

a free Mo atom (with respect tofl) has been calculated to
be 0.00127 In contrast, we observe a considerably larger
KB4/Kp, ratio of 0.0052, which is consistent with a previ-
ously reported experimental value of 0.002&he significant
gain in spectral intensity arises from an increase in dipole
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Table 1. X-ray Emission Energies and Rates fofKand K3" shifts are believed to be strongly influenced by the molyb-
Transitions denum 1s rather than oxygen 2s binding energy, as X-ray
energy (eV) emission rate photoelectron spectroscopy has shown the variance in the O
species Me-O(R)  Kga KB KBJKBL KB'IKB: 2s binding energy to be negligibt€??This trend is followed
Mo foil 19997.0 — 0.0125 — by the change in crossover band energies for the oxo-

MoO(SCNEb), 1.664  19997.4 19981.7 0.0109 0.0118 molybdenum compounds presented in this work. Moreover,
'\K"Z(’Moégzc’\”f@? TIOS 109080 Tooosd 0.0w02 2.0 the trend in the energy shift of thefK bands is analogous

' ' ' ' ' to the absorption edge shift for each complex, i.e., the
in the emission rate of the fk transition. A comparison ~ @psorption edge and crossover band energy follow the
between the K./Kf; ratios for KMoO,, MoO(SCNEL),, sequence BMoO; > MOO(SCNEL). > MOO(SCNEg)..
and MoQ(S,CNEb); indicates that the Mo 4d manifolds of In both cases, the energy shifts can be_ related to the binding
K,MoO, and MoQ(S;CNEb), exhibit significantly more energy of the Mo 1s electron. The binding energy of a metal
ligand p character than does that of MoGLSIE),. Table core electron will increase with increasing oxidation state

1 indicates that the energy of thegkband is also sensitive and will (in general) decrease with increasing covalency of

to the coordination environment of the metal. In addition, Metat-ligand bonding. Thus, near-edge spectroscopy is a
the direction of the energy shifts in the3ikpeaks is analo- valuable tool for the structural and electronic determination

gous to the observed shifts in the corresponding absorption®f Metal centers. Sirrj,ilar information is contained in the
edges. The molybdenum valence orbitals will be modified €N€rgy positions of K" and K, transitions in Mo XES,
by oxidation state, geometry, and mettigand covalency: with the possible advantage of not incorporating the same

thus, more data would be required to propose a general trendeVvel of spectral detail associated with transitions to bound

that encompasses the relative emission rate and energy oftates: _ _
the KB4 band. This work presents the full assignment of the high-energy
The KB emission spectra of #100s, MOO(SCNEb),, region K5 XES a series of Mo compounds. Notably, the
and MoQ(S,CNEb), exhibit an additional feature at ap- interatomic or crossover transitions are characterized for the
proximately 20 eV above the ik peak. We attribute this first time in a 4d metal complex. We find that both thg K
band to the K" interatomic transition from molecular and KB features are sensitive to changes in the electronic
orbitals with predominantly O 2s character to the 1s Mo core State and coordination of the metal in oxo-Mo compounds.
hole. This assignment is consistent with the relative energies 1NiS Study demonstrates the value of XES as a tool for
of the frontier orbital manifold obtained from DFT calcula- Ccharacterizing the coordination environment of 4d metals and
tions performed on Mog@~.1° Here, the £ orbital [which is provides the foundation for a systematic study of Mo

primarily (88%) O 2s in character] lies approximately 15 €ompounds. Future work will focus on optimizing this
eV below the O 2p nonbonding HOMO. technique in order to investigate the biologically essential

and ubiquitous molybdenum enzyrieand enlarging the
study to include resonance inelastic X-ray scatteffng.
Analysis of these valence level transitions might yield
information on ligand types and distances that cannot be
resolved by other techniques.

The crossover emission arises from a transition from a
predominantly ligand-based orbital, but its intensity is largely
due to the amount of metal character in the ligand 2s orbital.
Because the overlap of the ligand and metal orbital wave
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