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AABBSSTTRRAACCTT:: Advancing theories of how metal–oxygen bonding influences metal oxo properties can 

expose new avenues for innovation in materials science, catalysis, and biochemistry. Historically, spec-

troscopic analyses of the transition metal peroxyanions, MO4
x-, have formed the basis for new M–O 

bonding theories. Herein, relative changes in M–O orbital mixing in MO4
2- (M = Cr, Mo, W) and 

MO4
1- (M = Mn, Tc, Re) are evaluated for the first time by non-resonant inelastic X-ray scattering, 

X-ray absorption spectroscopy using fluorescence and transmission (via a scanning transmission 

X-ray microscope), and linear-response density functional theory. The results suggest that moving 

from Group 6 to Group 7 or down the triads increases M–O e* (π*) mixing. Meanwhile, t2* mixing 

(σ* + π*) remains relatively constant within the same Group. These unexpected changes in frontier  

orbital energy and composition are evaluated in terms of periodic trends in d orbital energy and 

radial extension. 
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Introduction. 

The nature of chemical bonds between metals and light atoms such as oxygen, nitrogen, and carbon 

is of widespread interest because these interactions control the physics and chemistry of many techno-

logically important processes and compounds. Light atoms are prone to form highly covalent metal-

ligand multiple bonds involving one σ bond and one or more π bonds, resulting in oxo, imido, nitrido, 

alkylidene, alkylidyne, and carbido functionalities with many desirable chemical reactivities and physi-

cal properties.1 Among this diverse group, metal oxides stand out because of their widespread presence 

in biological and bio-inspired processes and for applications utilizing their unique magnetic, electronic, 

and thermal properties.2-13 Developing a clear understanding of how M–O electronic structure and or-

bital mixing changes for a range of metal oxo compounds and materials will greatly benefit attempts to 

advance these technologies. 

Among approaches explored previously, ligand K-edge X-ray absorption spectroscopy (XAS) has 

emerged as an effective method for quantitatively probing electronic structure and orbital mixing in 

metal–chlorine and metal–sulfur bonds.14 This spectroscopic technique probes bound state transitions 

between core ligand 1s orbitals and unoccupied molecular orbitals. The excitations can only have transi-

tion intensity if the empty acceptor orbitals contain ligand p character.14 At first glance, such an ap-

proach seems well-suited for studying metal–oxygen bonding. However, attempts to use this technique 

to study non-conducting molecular systems are complicated by experimental barriers derived from the 

low energy of the oxygen K-edge (ca. 530 eV), which magnifies issues associated with surface contam-

ination, saturation, and self-absorption effects. 

In this manuscript, we overcome these challenges and evaluate relative changes in metal-oxo elec-

tronic structure and orbital mixing for non-conducting molecular solids using O K-edge spectroscopy in 

conjunction with hybrid density functional theory (DFT) calculations. Specifically, non-resonant inelas-

tic X-ray scattering (NIXS), XAS, and linear-response density functional theory (TDDFT) are used as 

complimentary techniques to assess bonding in peroxyanions, MO4
2- (M = Cr, Mo, W) and MO4

1- (M = 
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Mn, Tc, Re).15 These highly symmetric d0 anions were selected as analytes because historically they 

were foundational in development of valence bond theory for tetrahedral compounds.16,17 Developing 

the chemistry of these MO4
x- anions is also needed to support a variety of applications, which include 

use as stoichiometric and catalytic oxidants,18 in radiopharmaceutical purifications,19 and in advanced 

nuclear fuel separations.20 Despite the similarities of these isoelectronic d0 MO4
2- and MO4

1- anions, we 

find significant differences in σ- and π-type metal oxo orbital mixing both for adjacent metals in the 

same row as well as for metals within the same group triad.  

Results & Discussion 

Ground State Electronic Structure Calculations. Oxygen K-edge spectroscopy probes bound 

state dipole allowed transitions of O 1s electrons into vacant molecular orbitals that contain O 2p char-

acter due to metal–oxygen orbital mixing.21 Before presenting the experimental results, it is instructive 

to discuss the electronic structure calculations that guided spectral interpretations. Because the electron-

ic structures for Td-MO4
x- are well-established,17,22 this discussion focuses on the unoccupied metal-based 

orbitals relevant to the O K-edge spectra (Figure 1). Results from the DFT calculations are consistent 

with group theory, and can be summarized as follows. A symmetry adapted linear combination (SALC) 

of the four oxygen 2p atomic orbitals having σ-symmetry with respect to the M–O bond spans a1 + t2 

symmetries. The remaining eight oxygen 2p SALCs have π-symmetry with respect to the M–O bond 

and span e + t1 + t2 symmetries. With this designation, metal s, p, and d orbitals are allowed by sym-

metry to form M–O σ-interactions of a1 and t2 symmetry and π-interactions of t2 and e symmetry, which 

leaves the O 2p orbitals of t1 symmetry as nonbonding oxygen lone pairs (HOMO). Overall, this pro-

vides two sets of unoccupied e* (π*; LUMO) and t2* (σ* + π*; LUMO+1) orbitals that primarily con-

tain metal d character and is consistent with established bonding pictures for tetrahedral compounds.17,22-

24 

Density functional theory calculations using relativistic effective core potentials (RECPs) were con-

ducted to determine how antibonding molecular orbital compositions and energies varied as (1) metals 
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changed within a group (Cr, Mo, W and Mn, Tc, Re) and (2) metal charges increased from M6+ (Group 

6) to M7+ (Group 7), which is accompanied by a decrease in anionic charge from MO4
2- to MO4

1-. The 

molecular orbital picture determined by DFT (Figure 1) is consistent with conclusions from group theo-

ry. As expected based on the relative energies of the 3d, 4d, and 5d atomic orbitals, an increase in ener-

gy for the e* and t2* orbitals was observed within a Group triad, such that Cr < Mo < W and Mn < Tc < 

Re (Figure 1). These orbitals also decrease in energy on moving from Group 6 (MO4
2-) to Group 7 

(MO4
1-), e.g. Cr > Mn and Mo > Tc. Participation of the O 2p orbitals in the e* and t2* orbitals is calcu-

lated to decrease subtly with heavier metals in an individual Group triad as shown by the decrease in 

oxygen 2p character (Figure 1). More profound changes in oxygen 2p character are observed on moving 

from Group 6 to Group 7, which is also correlated with an increase in the formal charge on the metal. 

For example, the O 2p character for the ReO4
1- e* and t2* orbitals (43.2 and 41.8%, respectively) is ap-

preciably larger than that observed for the same orbitals on WO4
2- (33.2 and 32.6%). 

O K-edge Spectra. Oxygen K-edge spectra for the MO4
2- (M = Cr, Mo, W) and MO4

1- (M = Mn, Tc, 

Re) anions were obtained using a variety of excitation sources and detection methods to ensure that ac-

curate representations of the O K-edge data were obtained, and to characterize contributions from radia-

tion damage, saturation, self-absorption, and surface contamination.21 To demonstrate that correct O K-

edge data have been acquired, Figure 2 shows the background-subtracted and normalized O K-edge 

NIXS spectra for Na2CrO4, Na2MoO4, and Na2WO4 and the O K-edge XAS obtained in transmission 

mode using a scanning transmission X-ray microscope (STXM) and by fluorescence yield (FY) detec-

tion. Each spectrum contains two large pre-edge features indicative of covalent M–O bonding between 

ca. 525 and 535 eV. To a first approximation, these pre-edge features correspond to transitions from O 

1s orbitals to unoccupied molecular orbitals formed by interactions between O 2p and metal d orbitals, 

as described above. Moving down a row to heavier metals – i.e., from Cr to Mo to W – causes both pre-

edge peaks to shift to higher energies (Table 1). Analogous increases in pre-edge peak energy have been 

observed previously in the Cl and S K-edge XAS of transition metal coordination compounds, and were 

attributed to the increasing energy of the 3d, 4d, and 5d atomic orbitals.25-29 
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Group 7 d0 KMnO4, (Ph4P)TcO4, and NaReO4 salts were analyzed to evaluate how traversing from 

left to right in the periodic table affected the O K-edge MO4
x- spectra (Supporting Information). Not all 

measurements could be performed on KMnO4 or (Ph4P)TcO4 owing to the susceptibility of permanga-

nate towards radiation damage and difficulties associated with handling radioactive 99Tc. Spectra for 

NaReO4 have been provided in an earlier publication.21 Because analyses on Na1+, K1+, and PPh4
1+ salts 

of ReO4
1- provided equivalent data, within experimental error, we assume that pre-edge spectral contri-

butions from O–Na and O–K interactions are not appreciable. 

The O K-edge NIXS and XAS spectra for the MO4
1- and MO4

2- salts were modeled as described pre-

viously using symmetrically-constrained Gaussian line shapes and a step function with a 1:1 ratio of 

arctangent and error function contributions.21 Curve fitting models of the XAS (transmission) data are 

shown in Figure 3 and Table 1 (See Supporting Information for NIXS and FY models). In each case the 

analyses agreed well with the experimental data as shown by low correlation coefficients, residual data 

that only slightly deviated from a line of zero intensity, and symmetric residual peaks that were similar 

in shape to the parent Gaussian functions (see Supporting Information). Errors associated with the area 

(hereafter referred to as the intensity) of the low energy curve fitting functions due to normalization or 

curve-fitting were estimated at 5% for the FY data and 10% for the STXM and NIXS data.21 Each spec-

trum, whether it was obtained using NIXS, STXM, or FY, also exhibited an additional third feature in 

the low-intensity valley after the two main pre-edge features and before the onset of the rising edge. The 

close proximity of these features to the rising edge results in greater uncertainty in the intensity of their 

corresponding curve-fit functions and, consequently, only the intensities for the first two most intense 

features are discussed. 

The two intense features at low energy in each O K-edge spectrum were well-resolved from the ris-

ing edge and intensities were determined with confidence from the area of the corresponding curve-fit 

functions. As noted previously,21 accurate comparisons between pre-edge intensities can be derived 

from both NIXS and transmission data because contributions from self-absorption and saturation effects 

are not present (NIXS)30-32 or can be minimized/eliminated (STXM).33 In contrast, FY measurements 
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provide reduced spectral intensities due to saturation and/or self-absorption effects, stemming from the 

relative size of the particles compared to characteristic X-ray penetration lengths (~ 1 µm) and high 

concentrations of analyte required for the measurement. Hence, comparisons between NIXS and STXM 

data for MO4
2- and MO4

1- show that pre-edge peak positions decrease in energy from Group 6 to Group 

7 (Mn < Cr, Tc < Mo, and Re < W), which is accompanied by an increase in pre-edge peak intensities 

measured for the Group 7 (MO4
1-) compounds relative to Group 6 (MO4

2-). Origins for these changes in 

spectral intensity are discussed below. 

Spectral Interpretations. Calculated O K-edge spectra were generated using time-dependent DFT 

(TDDFT) to guide spectral interpretations (Figure 4 and Table 1). This approach has been applied suc-

cessfully to simulate spectra for several other transition metal systems26,27,34-36 and to simulate the ab-

sorption spectrum of permanganate.37 Each calculated spectrum has been shifted by approximately +13 

eV to account for omission of electronic relaxation and other effects (see Methods).38,39 Absolute ener-

gies and peak splittings for the first two features in the O K-edge spectra measured using NIXS and ob-

tained by XAS (STXM and FY) all agree with the TDDFT simulated values (Table 1). The TDDFT cal-

culations are also consistent with expectations from group theory, which show that the only spin and 

dipole allowed transitions for each of the d0 MO4
x- complexes must be between 1A1 → 1T2 states. Hence, 

the first pre-edge feature in each of the O K-edge spectra is assigned to an excitation from the O 1s lig-

and orbitals of t2 symmetry to the e* molecular orbitals, while the second feature consists of closely-

spaced excitations from O 1s orbitals of a1 and t2 symmetry to the t2* orbitals (Figure 4 and Table 1). 

Additional confidence in this spectral interpretation is obtained by comparing the O K-edge XAS with 

published UV-visible spectra.17 Figure 5 depicts this graphically by showing the linear relationship be-

tween the O 1s → e* (1A1 → 1T2) O K-edge excitation energies and the HOMO → e* (1A1 → 1T2) UV-

visible excitation energies. 

The calculations also predict transitions that may account for the third low intensity and high-energy 

feature in the experimental spectra (see above). Consistent with our earlier report describing the NaReO4 

O K-edge spectrum,21 and similar to several other ligand K-edge studies,35,40-42 the electronic structure 
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calculations on MO4
2- and MO4

1- attribute this high-energy feature to transitions involving higher lying 

Rydberg-type orbitals. These allowed transitions involve electronic states that result from small amounts 

of mixing between the higher lying metal orbitals (e.g., 4p for CrO4
2-) and O p orbitals. The DFT results 

suggest that these orbitals are not associated with the antibonding counterpart of any occupied bonding 

orbitals; hence, the minor amount of transition intensity observed for the third feature is not likely to be 

indicative of ground state bond covalency. 

Evaluating M–O Orbital Mixing. Relative changes in the O K-edge transition intensities can be 

used to quantify the changes in O 2p character for the empty π* (e*; LUMO) and σ* + π* (t2*; 

LUMO+1) orbitals of MO4
1- and MO4

2-. It is instructive to begin by discussing bonding trends derived 

from the STXM O K-edge XAS measurements, which were made on all six MO4
1- and MO4

2- anions. 

The first low-energy pre-edge peak, which was assigned to the O 1s → e* transition, shows a wide 

range of intensities for the complexes in Group 6 [CrO4
2-, 1.9(2); MoO4

2-, 2.7(3); WO4
2- 3.9(4)] and 

Group 7 [MnO4
1-, 2.9(3); TcO4

1-, 3.1(3); ReO4
1-, 4.2(4)] (Table 1). These data reveal that greater intensi-

ties (more mixing) are correlated to larger atomic numbers within a given group triad (Cr < Mo < W and 

Mn ≅ Tc < Re). In addition, the intensity for this 1s → e* feature increases on moving from Group 6 to 

Group 7 (Mn > Cr, Tc > Mo, Re ≈ W). The increases in peak intensity can be substantial (by a factor of 

1.1 to 1.5), suggesting that the amount of O 2p mixing with the d orbitals of e symmetry is appreciably 

larger for heavier metals. For O 1s → t2* transitions, systematic increases in transition intensity with 

increasing atomic number in an individual group triad were not observed. For example, the intensities 

do not vary significantly for complexes with Group 6 metals [CrO4
2-, 3.4(3); MoO4

2-, 3.2(3); WO4
2- 

3.6(4)] or Group 7 metals [MnO4
1-; 5.3(5); TcO4

1-, 4.4(4); ReO4
1-, 5.7(6)]. However, as observed for the 

O 1s → e* (π*) transition, the O 1s → t2* transition intensities increase substantially when moving from 

Group 6 MO4
2- to Group 7 MO4

1- (Mn > Cr, Tc > Mo, Re > W). 

The intensities measured in transmission using the STXM reflect a complex pattern of σ- and π-type 

mixing between oxygen 2p and metal d orbitals for different MO4
2- and MO4

1- anions. Intensities meas-
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ured using NIXS for ReO4
1- and the Group 6 MO4

2- were compared to support these measurements, 

which showed that periodic trends in intensity are similar for both the transmission and NIXS measure-

ments.21 In general, peak intensities for MO4
2- and MO4

1- measured using NIXS are identical to those 

measured using transmission detection within one equivalent of the error (1σ). Larger deviations of 2σ 

were observed between the two measurements for both pre-edge peaks in the CrO4
2- spectrum and for 

the low energy pre-edge peak for MoO4
2-. Because NIXS measurements at the O K-edge are immune to 

saturation effects,21 this may be evidence of small errors in the transmission data. However, the overall 

periodic trends in intensity described above are similar for both the transmission and NIXS measure-

ments. Relative MO4
2- and MO4

1- experimental pre-edge peak intensities are also in good agreement 

with the oscillator strengths calculated using TDDFT (Table 1). As observed experimentally, the 

TDDFT shows a substantial increase in the intensity of the low energy O 1s → e* (π*) transition when 

descending individual Group triads (CrO4
2-, 2.9; MoO4

2-, 3.5; WO4
2-, 3.9 and MnO4

1-, 3.7; TcO4
1-, 4.0; 

ReO4
1-, 4.2). A subtle decrease in intensity was calculated for the higher energy O 1s → t2* (σ* + π*) 

transition, whether the metal is in Group 6 (CrO4
2-, 3.4; MoO4

2-, 3.2; WO4
2-, 2.7) or in Group 7 (MnO4

1-, 

4.3; TcO4
1-, 3.9; ReO4

1-, 3.7), as observed experimentally.  

Oxygen K-edge transition intensities provided from the transmission XAS, NIXS, and TDDFT 

measurements all support a consistent picture of the excited state electronic structure changes between 

MO4
2- and MO4

1- anions (Figure 6). Intensities associated with the transitions into both e* or t2* orbitals 

increase moving right and down in the periodic table, such that the amount of O 2p and M d orbital mix-

ing is greatest for ReO4
1- and smallest for CrO4

2-. These changes in mixing are also loosely correlated 

with the strength of the ligand field dictated by the four oxo ligands (Δt) as estimated by the spitting of 

the O 1s → e* and O 1s → t2* transitions. For example, the experimental e* and t2* peak splittings 

measured for Group 7 MO4
1- increase by approximately 0.7 eV from MnO4

1- to ReO4
1- (Table 1). With 

the exception of CrO4
2- and MnO4

1-, where no change was observed, the experimental and TDDFT peak 

splittings generally increase when moving from Group 6 (MoO4
2- and WO4

2-) to Group 7 (TcO4
1- and 

ReO4
1-). Although UV-visible and K-edge spectroscopies probe different excited state electronic config-
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urations, these values also agree with the e* → t2* (2E → 2T2) transition energies17 observed for d1 CrO4
3- 

(1.99 eV) and d1 MnO4
3- (2.05 eV) via UV-visible spectroscopy. 

The experimental and TDDFT calculated O K-edge transition intensities and peak splittings corre-

late well with the trend of O 2p orbital mixing coefficients obtained from the virtual Kohn-Sham orbit-

als in the ground state DFT calculation, as described at the beginning of the Results and Discussion (see 

also Figure 6 and Table S1 in the Supporting Information). For example, the ground state DFT calcula-

tions also show that the amount of O 2p mixing with the M d orbitals of both e* (π*) and t2* (σ* + π*) 

symmetry increases when moving from Group 6 MO4
2- to Group 7 MO4

1-. The ground state DFT calcu-

lations subtly differ in that they show a small decrease in O 2p character for the t2* (σ* + π*) orbitals 

when moving from 1st row to 2nd to 3rd row transition metals for both the MO4
2- and MO4

1- anions, while 

the experimental and TDDFT results showed no change or only slight increases in O 2p character. The 

ground state DFT calculations are considerably divergent in that they predict a minor decrease in O 2p 

character for the e* (π*) orbitals with heavier metals, while the experimental and TDDFT clearly sup-

port the opposite trend. Hence, virtual orbital compositions obtained from the Mulliken populations in 

the ground state DFT calculation do not provide an accurate representation of the excited state electron-

ic structure in this case. In addition, spin-orbit coupling may contribute to additional mixing with the O 

2p orbitals,22,43,44 which has not been taken into consideration by these hybrid DFT calculations, but is 

the focus of ongoing theoretical efforts. 

Conclusion. 

These experimental and theoretical results provide insight into periodic trends in electronic structure 

and orbital mixing for metal–oxo multiple bonds, and demonstrate a spectroscopic approach that may be 

useful for studying metal-ligand multiple bonds involving metals and light atoms such as carbon, nitro-

gen or fluorine. The O K-edge spectra and DFT results show substantial variability in the extent of M–O 

mixing for the antibonding e* (π*) and t2* (σ* + π*) orbitals of tetrahedral d-block peroxyanions. The 

NIXS, XAS, and TDDFT results indicate that metal d and oxygen 2p orbital mixing increases by a fac-
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tor of 1.1 to 1.5 in the e* orbitals, and by a factor of 1.2 to 2.0 in the t2* orbitals, on traversing from 

Group 6 to Group 7. Within group triads, a pronounced increase in O 2p mixing by a factor of up to 2.0 

is observed for the π-type antibonding interactions in the e* orbitals on moving to heavier 2nd and 3rd 

row transition metals. Conversely, mixing in the t2* (σ* + π*) orbitals, on average, does not appreciably 

change on moving from 3d to 5d transition metals in either Group 6 or 7. 

A simple theoretical framework to rationalize these experimental results can be derived from first-

order perturbation theory, which establishes that orbital mixing is directly related to the spatial overlap 

between valence atomic orbitals and inversely proportional to their energy separation.45 In an individual 

Group triad, O 2p mixing may increase through better spatial overlap with larger 4d and 5d atomic or-

bitals, but the 3d atomic orbitals will have the most favorable energy match. For example, the increase 

in π-type mixing in the antibonding e* orbitals observed for the 2nd and 3rd row transition metals is in-

dicative of improved π spatial overlap between the O 2p and more diffuse 4d and 5d atomic orbitals. 

Mixing in the t2* orbitals is extensive, even for CrO4
2- and MnO4

2-, and can be attributed to improved 

spatial overlap arising from more directional σ bonding character in the t2* orbitals (Figure 7). However, 

an increase in t2* mixing is not observed with 2nd and 3rd row transition metals, suggesting that im-

provements in spatial overlap in the bonding and antibonding t2 orbitals are more effectively offset by 

an increasing energy mismatch between the O 2p and M 4d and 5d atomic orbitals. An increase in mix-

ing is observed in both the e* and t2* orbitals on moving from Group 6 to 7. This increase in O 2p char-

acter may result from a stabilization of the d orbitals that occurs with increased metal charge, which fa-

cilitates orbital mixing by decreasing the energy mismatch with the O 2p orbitals. These experimental 

and theoretical results demonstrate that models of metal–oxo electronic structure should not rely solely 

on periodic changes in either d orbital energy or radial extension. On the contrary, orbital composition is 

influenced by a complex interplay between both factors, leading to dramatic changes in the energy and 

composition of the frontier orbitals even for formally isoelectronic metal oxos. 
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Experimental. 

Sample Preparation. Reagents were obtained from commercial sources, purified by crystallization 

from H2O, dried, and subsequently handled with rigorous exclusion of air and moisture using standard 

Schlenk, glovebox, and glovebag techniques to ensure that trace water or oxygen impurities were re-

moved. For example, crystalline Na2CrO4, K2CrO4, Na2MoO4, Na2WO4, and NaReO4 were ground in a 

mortar and pestle and heated (150 °C) under vacuum (10-3 Torr) for 24 h. Crystalline KMnO4 was 

ground in a mortar and pestle, and dried for several weeks under vacuum (10-3 Torr) in the presence of 

anhydrous CaSO4. [Ph4P][TcO4] was prepared by adding a solution of pertechnetic acid (0.100 mL, 0.10 

M, 0.010 mmol) in water to Ph4PCl (0.020 g, 0.053 mmol) in water (0.9 mL). The resulting white pre-

cipitate was isolated by centrifugation, washed with water (1 mL), and dried at 95 °C overnight. Sam-

ples for FY, STXM, and NIXS measurements were prepared as previously described.21 

O K-edge XAS Measurements. XAS spectra for the MO4
x- anions were collected in transmission 

mode using the STXM at the Advanced Light Source-Molecular Environmental Sciences (ALS-MES) 

elliptically polarizing undulator beamline 11.0.2.21 For KMnO4, radiation damage occurred unless data 

acquisitions were limited to less than 5 minutes, which was achieved by reducing the dwell time (0.5 

ms), increasing the step size (0.25 eV), and selecting particles larger than 4 μm2 in the dimensions per-

pendicular to the incident beam and thinner than ca. 100 nm in the dimension parallel to the incident 

beam. The FY XAS spectra for MO4
2-, KMnO4, and NaReO4 were collected on beamlines 8.2 and 10.1 

at SSRL (top-off mode at 350 mA).21 These VUV beamlines are equipped with bending magnet (8.2) 

and wiggler (10.1) insertion devices and spherical grating monochromators (approximately 200–1600 

eV). Spectra with reproducible peak intensities were obtained with step sizes of 0.07 eV over the rising 

edge, and only minimal effects from radiation damage were observed for KMnO4. 

As described previously,21 NIXS measurements for NaReO4 and Na2WO4 were taken using LERIX 

at the PNC/XOR 20-ID beamline of the APS, which is an undulator beamline equipped with a double-

crystal Si(111) monochromator that provides a typical photon flux of approximately 1012 photons/s.46 

NIXS measurements for Na2CrO4 and Na2MoO4 were taken using the 40 crystal X-ray Raman spec-
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trometer on the wiggler beamline 6.2 at SSRL47 through the beamline’s Si(311) double crystal mono-

chromator and under normal operational conditions for the SPEAR3 storage ring (incident beam flux of 

2 × 1012 photons/s at approximately 10 keV; 350 mA). The energy resolution at the Si(660) reflection 

was approximately 500 meV. The FY, XAS, and NXIS data were modeled as previously described.21 

Errors in intensity associated with each measurement were estimated at 5% for the FY data and 10% for 

the STXM and NIXS data, which is based on our ability to reproduce the data over multiple experi-

ments.21 

Electronic Structure Calculations and Simulated O K-edge Spectra. Ground state electronic 

structure calculations were performed on MO4
1- and MO4

2- species using the B3LYP hybrid density 

functional theory (DFT)48,49 in the Gaussian 09 code.50 The transition metals were modeled with the 

Stuttgart relativistic effective core potential (ecp) and basis set51,52 with the most diffuse s, p, and d func-

tions removed. O was modeled using a Pople style double-ζ 6-31G(d’,p’) basis set with polarization 

functions optimized for heavy atoms.53 These functionals and basis sets have demonstrated good agree-

ment between experimental and simulated ligand K-edge XAS for organometallic and inorganic sys-

tems.21,26,29,54 The molecular orbital compositions of each compound were obtained by Mulliken popula-

tion analysis of the individual molecular orbitals.  

The O K-edge XAS were simulated using TDDFT. This approach has been applied successfully to 

simulate spectra for several other transition metal systems26,27,34-36 and to simulate the absorption spec-

trum of permanganate.37 These calculations were conducted as described previously.21,26,27 A moderate 

energy shift (Table S2, Supporting Information), was established by setting the energy of transitions 

simulated for the d orbitals of e symmetry to be equal to those in the transmission XAS obtained using 

STXM, which accounts for the omission of the electronic relaxation associated with the core excitation, 

relativistic stabilization, and errors associated with the functional.26 Calculated intensities were taken 

from the TDDFT oscillator strengths and scaled to the O 1s → e* transition in the O K-edge XAS 

(STXM) of ReO4
1- by applying a scaling factor of 86.2. 
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SSuuppppoorrtt iinngg  IInnffoorrmmaatt iioonn. Additional X-ray absorption spectra and calculated atomic composi-

tions. Complete reference 50. This material is available free of charge via the web at 

http://pubs.acs.org.  

AUTHOR INFORMATION 

Corresponding Author 

Email: stosh@lanl.gov; LA-UR 12-25057 

ACKNOWLEDGMENT  

This work was supported under the Heavy Element Chemistry Program at LANL by the Division 

of Chemical Sciences, Geosciences, and Biosciences, Office of Basic Energy Sciences, U.S. De-

partment of Energy. Los Alamos National Laboratory is operated by Los Alamos National Securi-

ty, LLC, for the National Nuclear Security Administration of U.S. Department of Energy under 

contract DE-AC52-06NA25396. This work was also supported by the Director, Office of Science, 

Office of Basic Energy Sciences, Division of Chemical Sciences, Geosciences, and Biosciences 

of the U.S. Department of Energy at Lawrence Berkeley National Laboratory under contract DE-

AC02-05CH11231. In addition, supported was provided by LANL by Glenn T. Seaborg Institute 

Graduate and Postdoctoral Fellowships (SGM, SDR, JAB, PY) and Director’s Postdoctoral Fel-

lowships (JMK). Work at the University of Washington (GTS) was supported by the U.S. Depart-

ment of Energy, Office of Basic Energy Sciences. The Advanced Light Source (ALS) is a national 

user facility supported by the U.S. Department of Energy, Office of Science, Office of Basic Ener-

gy Sciences (contract DE-AC02-05CH11231). PNC/XOR facilities at the Advanced Photon 

Source (APS), and research at these facilities, was supported by the U.S. Department of Energy, 

Office of Basic Energy Sciences, a Major Resources Support grant from NSERC, the University of 

Washington, Simon Fraser University and the APS. Use of the Advanced Photon Source was also 

supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences 



 

 

15 

at ANL (contract DE-AC02-06CH11357). Portions of this research were carried out at the Stan-

ford Synchrotron Radiation Lightsource, a Directorate of SLAC National Accelerator Laboratory 

and an Office of Science User Facility operated for the U.S. Department of Energy Office of Sci-

ence by Stanford University. The SSRL Structural Molecular Biology Program is supported by the 

DOE Office of Biological and Environmental Research, and by the National Institutes of Health, 

National Institute of General Medical Sciences (including P41GM103393) and the National Center 

for Research Resources (P41RR001209). The contents of this publication are solely the respon-

sibility of the authors and do not necessarily represent the official views of NIGMS, NCRR or NIH. 

REFERENCES 

(1) Nugent, W. A.; Mayer, J. M. Metal–Ligand Multiple Bonds; John Wiley & Sons: New York, 

NY, 1988. 

(2) Holm, R. H. Chem. Rev. 1987, 87, 1401. 

(3) Kung, H. H. Transition Metal Oxides: Surface Chemistry and Catalysis; Elsevier: New York, 

1989. 

(4) Fierro, J. L. G. Metal Oxides; CRC Press: New York, 2006. 

(5) Ferreira, K. N.; Iverson, T. M.; Maghlaoui, K.; Barber, J.; Iwata, S. Science 2004, 303, 1831. 

(6) Kaizer, J.; Klinker, E. J.; Oh, N. Y.; Rohde, J. U.; Song, W. J.; Stubna, A.; Kim, J.; Munck, E.; 

Nam, W.; Que, L. J. Am. Chem. Soc. 2004, 126, 472. 

(7) Yano, J.; Kern, J.; Sauer, K.; Latimer, M. J.; Pushkar, Y.; Biesiadka, J.; Loll, B.; Saenger, W.; 

Messinger, J.; Zouni, A.; Yachandra, V. K. Science 2006, 314, 821. 

(8) Que, L., Jr.; Tolman, W. B. Nature 2008, 455, 333. 

(9) Kanan, M. W.; Nocera, D. G. Science 2008, 321, 1072. 

(10) Ortiz de Montellano, P. R. Chem. Rev. 2010, 110, 932. 

(11) Karunadasa, H. I.; Chang, C. J.; Long, J. R. Nature 2010, 464, 1329. 



 

 

16 

(12) Prat, I.; Mathieson, J. S.; Gueell, M.; Ribas, X.; Luis, J. M.; Cronin, L.; Costas, M. Nat. Chem. 

2011, 3, 788. 

(13) Borovik, A. S. Chem. Soc. Rev. 2011, 40, 1870. 

(14) Solomon, E. I.; Hedman, B.; Hodgson, K. O.; Dey, A.; Szilagyi, R. K. Coord. Chem. Rev. 2005, 

249, 97. 

(15) Connor, J. A.; Ebsworth, E. A. V. Adv. Inorg. Chem. 1964, 6, 279. 

(16) Wolfsberg, M.; Helmholz, L. J. Chem. Phys. 1952, 20, 837. 

(17) Viste, A.; Gray, H. B. Inorg. Chem. 1964, 3, 1113. 

(18) Schroder, M. Chem. Rev. 1980, 80, 187. 

(19) 99mTc used in nuclear medicine is most commonly purified from 99Mo, and isolated as TcO4
1- us-

ing the column chromatography concept developed at Brookhaven National Laboratory: 

Richards, P.; Tucker, W. D.; Srivastava, S. C. Int. J. Appl. Radiat. Isot. 1982, 33, 793. 

(20) See Long, K. M.; Goff, G. S.; Ware, S. D.; Jarvinen, G. D.; Runde, W. H. Ind. Eng. Chem. Res. 

2012, 51, 10445 and references therein. 

(21) Bradley, J. A.; Yang, P.; Batista, E. R.; Boland, K. S.; Burns, C. J.; Clark, D. L.; Conradson, S. 

D.; Kozimor, S. A.; Martin, R. L.; Seidler, G. T.; Scott, B. L.; Shuh, D. K.; Tyliszczak, T.; 

Wilkerson, M. P.; Wolfsberg, L. E. J. Am. Chem. Soc. 2010, 132, 13914. 

(22) Green, J. C.; Kaltsoyannis, N.; Sze, K. H.; Macdonald, M. A. Chem. Phys. Lett. 1990, 175, 359. 

(23) Ziegler, T.; Rauk, A.; Baerends, E. J. Chem. Phys. 1976, 16, 209. 

(24) Stückl, A. C.; Daul, C. A.; Güdel, H. U. J. Chem. Phys. 1997, 107, 4606. 

(25) Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. J. Am. Chem. Soc. 1995, 117, 2259. 

(26) Kozimor, S. A.; Yang, P.; Batista, E. R.; Boland, K. S.; Burns, C. J.; Clark, D. L.; Conradson, S. 

D.; Martin, R. L.; Wilkerson, M. P.; Wolfsberg, L. E. J. Am. Chem. Soc. 2009, 131, 12125. 

(27) Kozimor, S. A.; Yang, P.; Batista, E. R.; Boland, K. S.; Burns, C. J.; Christensen, C. N.; Clark, 

D. L.; Conradson, S. D.; Hay, P. J.; Lezama, J. S.; Martin, R. L.; Schwarz, D. E.; Wilkerson, M. 

P.; Wolfsberg, L. E. Inorg. Chem. 2008, 47, 5365. 



 

 

17 

(28) Ray, K.; George, S. D.; Solomon, E. I.; Wieghardt, K.; Neese, F. Chem. Eur. J. 2007, 13, 2783. 

(29) Minasian, S. G.; Kieth, J. M.; Batista, E. R.; Boland, K. S.; Christensen, C. N.; Clark, D. L.; 

Conradson, S. D.; Kozimor, S. A.; Martin, R. L.; Schwarz, D. E.; Shuh, D. K.; Wagner, G. L.; 

Wilkerson, M. P.; Wolfsberg, L. E.; Yang, P. J. Am. Chem. Soc. 2012, 134, 5586. 

(30) Bergmann, U.; Glatzel, P.; Cramer, S. P. Microchem. J. 2002, 71, 221. 

(31) Soininen, J. A.; Ankudinov, A. L.; Rehr, J. J. Phys. Rev. B 2005, 72, 045136. 

(32) Schuelke, W. Electron Dynamics by Inelastic Scattering; Oxford University Press: New York, 

2007. 

(33) Bluhm, H. et al. J. Electron. Spectrosc. Relat. Phenom. 2006, 150, 86. 

(34) George, S. D.; Brant, P.; Solomon, E. I. J. Am. Chem. Soc. 2005, 127, 667. 

(35) Casarin, M.; Finetti, P.; Vittadini, A.; Wang, F.; Ziegler, T. J. Phys. Chem. A 2007, 111, 5270. 

(36) George, S. D.; Petrenko, T.; Neese, F. Inorg. Chim. Acta 2008, 361, 965. 

(37) Neugebauer, J.; Baerends, E. J.; Nooijen, M. J. Phys. Chem. A 2005, 109, 1168. 

(38) Martin, R. L.; Shirley, D. A. Many-electron theory of photoemission. Electron Spectroscopy, 

Theory, Techniques and Applications; Academic Press: New York, 1977; Vol. 1. 

(39) Segala, M.; Chong, D. P. J. Electron. Spectrosc. Relat. Phenom. 2010, 182, 141. 

(40) Fillaux, C.; Guillaumont, D.; Berthet, J.-C.; Copping, R.; Shuh, D. K.; Tyliszczak, T.; Den 

Auwer, C. PCCP 2010, 12, 14253. 

(41) Wen, A. T.; Hitchcock, A. P. Can. J. Chem. 1993, 71, 1632. 

(42) Lancaster, K. M.; Finkelstein, K. D.; DeBeer, S. Inorg. Chem. 2011, 50, 6767. 

(43) Green, J. C.; Guest, M. F.; Hillier, I. H.; Jarrettsprague, S. A.; Kaltsoyannis, N.; Macdonald, M. 

A.; Sze, K. H. Inorg. Chem. 1992, 31, 1588. 

(44) Bursten, B. E.; Green, J. C.; Kaltsoyannis, N. Inorg. Chem. 1994, 33, 2315. 

(45) Albright, T. A.; Burdett, J. K.; Whangbo, M. Orbital Interactions in Chemistry; John Wiley and 

Sons: New York, 1985. 



 

 

18 

(46) Fister, T. T.; Seidler, G. T.; Wharton, L.; Battle, A. R.; Ellis, T. B.; Cross, J. O.; Macrander, A. 

T.; Elam, W. T.; Tyson, T. A.; Qian, Q. Rev. Sci. Instrum. 2006, 77. 

(47) Sokaras, D.; Nordlund, D.; Weng, T. C.; Mori, R. A.; Velikov, P.; Wenger, D.; Garachtchenko, 

A.; George, M.; Borzenets, V.; Johnson, B.; Qian, Q.; Rabedeau, T.; Bergmann, U. Rev. Sci. 

Instrum. 2012, 83, 043112. 

(48) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. 

(49) Lee, C. T.; Yang, W. T.; Parr, R. G. Phys. Rev. B 1988, 37, 785. 

(50) Frisch, M. J. et al., Gaussian 09, Revision B.01, Wallingford, CT 

(51) Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. J. Chem. Phys. 1987, 86, 866. 

(52) Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H.; Preuss, H. Theo. Chim. Acta 1990, 77, 123. 

(53) Petersson, G. A.; Bennett, A.; Tensfeldt, T. G.; Allaham, M. A.; Shirley, W. A.; Mantzaris, J. J. 

Chem. Phys. 1988, 89, 2193. 

(54) Daly, S. R.; Keith, J. M.; Batista, E. R.; Boland, K. S.; Clark, D. L.; Kozimor, S. A.; Martin, R. 

L. J. Am. Chem. Soc., in press. 

 

 



 

 

19 

 

Figure 1. Correlation of the calculated molecular orbital diagrams for d0 peroxyanions showing the t1 

HOMO (black) and virtual orbitals of e (blue) and t2 (green) symmetry. Molecular orbitals energies are 

based on the data in Table S1 (Supporting Information), but have been shifted by a constant so that the 

O 1s orbitals all have energies of -508.4 eV. 
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Figure 2. O K-edge XAS of the Group VI peroxyanions CrO4
2-, MoO4

2-, and WO4
2-. Spectra shown were 

measured in X-ray transmission (STXM, black trace), scattering (NIXS, blue trace), and fluorescence 

(FY, dashed red trace) detection modes. 
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Figure 3. O K-edge XAS (STXM) experimental data (black circles), Gaussian functions (blue, green, 

and purple traces) used to generate the curve-fits (red traces), and post-edge residual data (dashed gray 

traces).  
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Figure 4. O K-edge XAS (STXM) experimental data (black circles), the TDDFT calculated spectra (red 

traces), and calculated transitions (red bars).  
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Table 1. Comparison of experimental and calculated O K-edge pre-edge peak energies (eV) and intensi-

tiesa for MO4
x- (M = Cr, Mn, Mo, Tc, W, Re; x = 1, 2). The TD-DFT calculated energies and intensities 

were adjusted based on the experimental data (see Methods). 

 
1s → e* 1s → t2* Splitting Ratio 

Method eV Int eV Int eV Int 

CrO4
2- 

TD-DFT 529.5 2.9 531.0 3.4 1.5 0.9 
FY 529.5 1.7(1) 531.1 3.1(2) 1.6 0.5 
STXM 529.5 1.9(2) 531.0 3.4(3) 1.5 0.6 
NIXS 529.5 2.9(3) 531.0 4.5(4) 1.6 0.7 

       
MnO4

1- 
TD-DFT 528.8 3.7 530.5 4.3 1.7 0.9 
FY 528.9 1.9(1) 530.5 3.9(2) 1.5 0.5 
STXM 528.8 2.9(3) 530.3 5.3(5) 1.5 0.6 

       
MoO4

2- 
TD-DFT 531.1 3.5 532.8 3.2 1.7 1.1 
FY 531.1 2.2(1) 532.9 2.7(1) 1.8 0.8 
STXM 531.1 2.7(3) 532.8 3.2(3) 1.7 0.8 
NIXS 531.1 4.0(4) 532.8 3.8(4) 1.7 1.0 

       
TcO4

1- 
TD-DFT 530.4 4.0 532.4 3.9 2.0 1.0 
STXM 530.4 3.1(3) 532.3 4.4(4) 1.9 0.7 

       
WO4

2- 
TD-DFT 531.9 3.9 533.4 2.7 1.5 1.4 
FY 531.9 1.8(1) 533.5 1.7(1) 1.6 1.1 
STXM 531.9 3.9(4) 533.5 3.6(4) 1.6 1.1 
NIXS 531.9 4.0(4) 533.5 3.6(4) 1.6 1.1 

       
ReO4

1- 
TD-DFT 531.4 4.2 533.4 3.7 2.0 1.1 
FY 531.4 3.2(2) 533.6 4.4(2) 2.2 0.7 
STXM 531.4 4.2(4) 533.7 5.7(6) 2.3 0.7 
NIXS 531.4 5.0(5) 533.5 6.9(7) 2.1 0.7 

(a) In general, peak intensities measured using NIXS are identical to those measured with STXM within 

one equivalent of the error (1σ). Larger deviations of 2σ were observed between the two measurements 

for both pre-edge peaks in the CrO4
2- spectrum and for the low energy pre-edge peak for MoO4

2-. Be-

cause NIXS measurements at the O K-edge are immune to saturation effects,21 this may be evidence of 

small errors in the transmission data. 
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Figure 5. Comparison of the 1A1 → 1T2 (1s → 2e*) transition energies measured using O K-edge XAS 

(STXM) and the energy of the 1A1 → 1T2 (HOMO → 2e*) ligand to metal charge transfer (LMCT) bands 

measured using UV-Visible spectroscopy.17 A linear polynomial fit to the data (dashed line) gives the 

equation XAS = (526.9 ± 0.1) + (0.81 ± 0.02) × LMCT with a correlation coefficient r2 = 0.996. 
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Figure 6. Comparison between the experimental (NIXS and STXM), calculated transition intensities 

(TDDFT), and amount of O 2p character calculated by ground-state DFT (%, right axis). Intensities and 

O 2p character per bond values are separated into two plots involving the t2* (top) and e* components 

(bottom). 
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Figure 7. Antibonding interaction of metal d orbitals with the oxygen e and t2 orbitals. 
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