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 Figure S1. A plot of energy vs. normalized intensity for the O K-edge non-resonant 
inelastic X-ray scattering (NRIXS) spectrum of NaReO4 that had been 
encapsulated in polystyrene. S2 
 

 Figure S2.  A plot of energy vs. normalized intensity for the O K-edge X-ray absorption 
spectrum of NaReO4 that had been encapsulated in polystyrene obtained 
using fluorescence yield detection. S3 

   
 Figure S3. A plot of energy vs. normalized intensity for the O K-edge X-ray absorption 

spectrum of a single particle of NaReO4, which is shown in the insert, 
using scanning transmission X-ray microscopy. S4 

 
 Figure S4. The TD-DFT calculated spectrum (red) that shows contributions from O 1s 

electronic excitations to molecular orbitals that primarily consist of Re s 
(green), p (blue), and d (pink) orbitals. S5 

 
 Figure S5. Analysis of the sensitivity of the predicted spectrum to some simulation 

parameters such as functional, basis set, and methodology S6 
 
 Figure S6. Density of unoccupied states in a crystal simulation of NaReO4 calculated 

with hybrid DFT and decomposed in angular momentum components S7 
 

 Figure S7. Molecular orbitals for ReO4
- calculated at the B3LYP optimized structure, 

Re-O=1.751 Å. (expt. Re-O=1.722 Å). S8 
 

 Table S1.  The calculated bond lengths and charge for the optimized structure of the 
ReO4

1- anion. S9 
 

 Table S2. Orbital composition for representative occupied and unoccupied orbitals 
for ReO4

- orbital contributions  (B3LYP//Stuttgart, optimized structure, 
Gaussian 03). S10 
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Figure S1.  A plot of energy vs. normalized intensity for the O K-edge non-resonant 
inelastic X-ray scattering (NRIXS) spectrum of NaReO4 that had been encapsulated in 
polystyrene. The experimental data (black) and curve fit (red dashes) are compared 
with the residual featuresa (blue, orange, green, purple, pink, and yellow) and the 
negative amplitudes of the Gaussian functions (gray) used to generate the fit. 
 

a  Residual features are obtained by subtracting the functions used to generate the fit, with the 
exception of the function used to model the feature of interest, from the data. 
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Figure S2.  A plot of energy vs. normalized intensity for the O K-edge X-ray absorption 
spectrum of NaReO4 that had been encapsulated in polystyrene obtained using 
fluorescence yield detection. The experimental data (black) and curve fit (red dashes) 
are compared with the residual featuresa (blue, orange, green, purple, pink, and yellow) 
and the negative amplitudes of the Gaussian functions (gray) used to generate the fit. 
 

a  Residual features are obtained by subtracting the functions used to generate the fit, with the 
exception of the function used to model the feature of interest, from the data. 
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Figure S3.  A plot of energy vs. normalized intensity for the O K-edge X-ray absorption 
spectrum of a single particle of NaReO4, which is shown in the insert, using scanning 
transmission X-ray microscopy. The experimental data (black) and curve fit (red 
dashes) are compared with the residual featuresa (blue, orange, green, purple, pink, 
and yellow) and the negative amplitudes of the Gaussian functions (gray) used to 
generate the fit.  
 

a  Residual features are obtained by subtracting the functions used to generate the fit, with the 
exception of the function used to model the feature of interest, from the data. 
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Figure S4. The TD-DFT calculated spectrum (red) that shows contributions from O 1s electronic 
excitations to molecular orbitals that primarily consist of Re s (green), p (blue), and d (pink) orbitals.  
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Figure S5. Comparison of predicted spectrum with experimental one to test the reliability of the 
computational interpretation.  Spectra calculated with the following levels of theory are overlaid: B3LYP, 
adding a full f shell, using CAM-B3LYP, and configuration interaction with single excitations.  
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Figure S6. Density of unoccupied states for NaReO4 crystal (red line) calculated using periodic boundary 
conditions with the VASP code and the hybrid density functional HSE in a plane wave expansion.  The 
green, blue, and magenta lines indicate the percentage rhenium s, p, and d characters of the DOS resulting 
from projecting each band into a local basis set of spherical harmonic.  The oxygen p component is not 
shown.  While this picture is not indicative of the intensity in the xanes spectrum, it is indicative of the 
presence of three features resulting from hybridization of rhenium d and oxygen p orbitals.  Notice that 
while the rhenium participation in the first peak in the DOS is almost entirely through d orbitals, a 
significant participation of p orbitals is observed in the second peak, similarly to what is shown in Figure 
S4 for the actual absorption spectrum. 
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Figure S7:  Molecular orbitals for ReO4

- calculated at the B3LYP optimized structure, 
Re─O=1.751 Å. (expt. Re─O=1.722 Å). 
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Table S1. The calculated bond lengths and charge for the optimized structure of the ReO4

1- 
anion. 
 
 

M-O (Å)  Charge (Mulliken)  
Expt. (ave.) Calc.  Re O 

ReO4
1- 1.722(5) 1.751  1.68 -0.67 
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Table S2. Orbital composition for representative occupied and unoccupied orbitals for ReO4
- 

orbital contributions  (B3LYP//Stuttgart, optimized structure, Gaussian 03). 
 

MO # Bond 
Sym 

E. (eV) Re_s Re_p Re_d O s O p 

        
52.53.54 t2 31.65 0 0 0 0 100 
49,50,51 t1 31.11 0 0 0 0 100  

47,48 e 18.20 0 0 90 0 10 
44,45,46 t2 16.22 0 0 90 0 10 

43 a1 13.33 93.6        0                    0 0 6.4 
40.41,42 t2 9.99 0 100 0 0 0 

38,39 e 6.50 0 0 94.1 0 6.0 
35,36,37 t2 6.49 0 0 93.2 0 5.6 

34 a1 6.04 98.4        0                    0  0 1.6 
31,32,33 t2 5.10 0 7.7 54.8 0 36.8 
28.29.30 t2 3.92 0 95.4 3.8 0 0.4 

27 a1 3.08 100         0         0 0 0 
25, 26 
LUMO 

e 3.03 0 0 60.9 0 38.8 

22, 23, 24 
HOMO 

t1 -3.21 0 0 0 0 100 

19,20,21 t2 -4.05 0 6.0 4.0 0 89.2 
18 a1 -5.40 0 9.4 0 0 84.8 

  16,17 e -6.97 0 0 46.8 0 52.4 
13, 14 15 t2 -7.03 0 4.3 34.5 0 54.8 
10,11,12 t2 -20.16 0 1.4 5.8 91.6 0 

9 a1 20.76 0 0 0 98.8 0 
6,7,8 t2 -46.67 0 98.0 0 0 0.8 

5 a1 -85.96 99.5 0 0 0 0 
2,3,4 t2 -516.49 0 0 0 25.0 0 

1 a1 -516.49 0 0 0 25.0 0 
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