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Cu K-edge EXAFS 

The non-phase shift corrected Fourier Transforms (FT) of the Cu K-edge EXAFS for Cu2S and CuS are 

presented in Figure S1A and S1B, respectively, along with their FEFF fits. The inset shows the corre-

sponding EXAFS region. There is a significant change in EXAFS intensity between the two complexes, 

with CuS being more intense than Cu2S. FT data for Cu2S show two peaks at 1.83 Å and 2.31 Å and 

that for CuS show two peaks at 1.80 Å and 3.45 Å. The Cu K-edge EXAFS data for both Cu2S and CuS 

have been reported in the literature but show significant variability and are of poorer resolution as in-

ferred from the FT data. Most importantly, the reported EXAFS for CuS has only the first shell peak, 

the peak at 3.45 Å is either completely missing or is dramatically diminished. Since Cu is extremely 

concentrated in these samples, the lack of longer distance features and the poor resolution likely indi-

cates self-absorption problems brought about by suboptimal sample to BN ratio. FEFF fits to the 

EXAFS data are presented in Table S1 and are in reasonably good agreement with the crystal structures 

of covellite and low-chalcocite, indicating that the samples are pure and have not undergone oxidation.  

 

 

 

 

 

 

 

 

 

 

Figure S1 Non-phase shift corrected Fourier transform data for (A) CuS and (B) Cu2S. The inset show 

the corresponding EXAFS region. Data are represented with solid black curves. FEFF fits are represent-

ed with dashed red curves. 
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Cu K-edge XAS 

The data presented in Figure 1 in the main manuscript are qualitatively similar to those present in the 

literature, however quantitative differences can be observed. First, the data in the literature have some 

variability in the edge-region, indicating either contamination (likely arising due to surface oxidation) or 

self-absorption. Second, the data presented here have sharper rising-edge features (clearly observed for 

CuS) indicating higher resolution and minimal self-absorption. The effect of self-absorption in both the 

rising-edge and EXAFS region is dramatic and is demonstrated with CuS as an example in Figure S2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2 Cu K-edge XAS (A) and EXAFS (B) data for CuS obtained on samples prepared with differ-

ent BN:CuS ratio (by weight). BN is used to dilute the sample to prevent self-absorption. For the black 

and red spectra BN:CuS was 10:1 and 5:1, respectively. 
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Density Functional Theory 

To predict the X-ray emission spectra (Kβ” region), simplistic models of Cu2+-sulfide (2-atom) and Cu2+-

disulfide (3-atom) were created. Gradient-corrected, (GGA) spin-unrestricted density functional theory 

(DFT) calculations were carried out using ORCA1,2 on a 8-cpu cluster. The Becke3,4 exchange and the 

Perdew5 correlational functional was used. Ahlrichs’ triple-ζ valence basis set6,7 with polarization func-

tions (TZVP) was used on the S atoms and the core properties CP(PPP)8 basis set (as implemented in 

ORCA) was used on Cu. Conductor like solvation model9 and tight convergence criterion were used on 

all calculations. The calculated energies and intensities were Gaussian broadened with half-widths of 

1.5 eV to account for core-hole lifetime and instrument resolution. The XES spectra were calculated us-

ing literature protocol.10,11 The calculated Kβ1,3 and Kβ” spectra for Cu2+-monosulfide (S)2- and Cu2+-

disulfide (S2
2-) are shown in Figure S3.  

 

 

 

 

 

 

 

 

 

Figure S3 TD-DFT calculated Kβ1,3 and Kβ” data. The calculated energies are 227 eV down shifted relative to 

the experimental energies. This is generally the case with core level TD-DFT calculations since DFT does not 

describe core potentials accurately, resulting in the core levels being too high in energy relative to the valence 

levels. 
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Cu L-edge XAS of CuS 

Cu L-edge XAS data for CuS were taken from literature. CuS has a low-energy features at ~931.7 eV 

(recalibrated for comparison to discreet molecular system presented here). Two arguments have been 

made about this feature: first that this feature falls in the range of Cu(I) complexes (931.9 – 933.4 eV)12 

and second that Cu L-edge data for Cu(II) complexes are ~25 times more intense than Cu(I) complex-

es.13,14 Both arguments are correct for Cu bonded to light atom ligands. However, in the case of Cu-S 

compounds, two things happen, first, strong covalent overlap between the two leads to delocalization of 

the 3d9 hole onto the sulfur. This in turn, decreases the transition probability of Cu 2p to the now delo-

calized Cu 3d orbital. Second, due to increase in ligand field, the energy of the low-energy edge feature 

shifts to higher energy relative to light atom systems.15 Comparison of the L-edge data for 

[Cu(TMPA)(OH2)](ClO4)16 (5 Cu-N/O bonds) and [(Cu[HB(3,5-Pri
2pz)3)]2(S2)]15 (2 Cu-S and 3 Cu-N 

bonds) demonstrates these two effects (Figure S4). The data show a sharp decrease in intensity and an 

increase in energy position in Cu-S containing compounds. Therefore, even if the 2p→ 3d transitions 

are ~25 times14 stronger than the 2p → 4s transitions in typical Cu2+ systems and far overwhelm the 

higher energy features in the XAS spectra, in Cu-S systems the 2p→ 3d transitions are of modest inten-

sity. 

 

 

 

 

 

 

 

 

 

Figure S4 The normalized Cu L-edge XAS data for [Cu(TMPA)(OH2)](ClO4) (⎯) and [(Cu[HB(3,5-

Pri
2pz)3)]2(S2)] (⎯). 

930.9 eV
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The comparison of Cu L-edge XAS spectra of [(Cu[HB(3,5-Pri
2pz)3)]2(S2)] and CuS12(reproduced) 

shows that the CuS has transition similar in energy as the Cu2+ 2p → 3d transition in [(Cu[HB(3,5-

Pri
2pz)3)]2(S2)]. This peak is significantly diminished. This can be attributed to two factors: first, a 

stronger covalent interaction in CuS (3 Cu-S and 4 Cu-S interactions). Second, only a third of the Cu 

sites contribute to the pre-edge whereas the rest contribute only to the higher energy 2p → 4s transition. 

These two factors obscure the Cu2+ feature in the spectra of CuS and have led to the misinterpretation of 

electronic structure based on Cu L-edge XAS. 

 

 

 

 

 

 

 

 

 

 

Figure S5 The normalized Cu L-edge XAS data for CuS (⎯) and [(Cu[HB(3,5-Pri
2pz)3)]2(S2)] (⎯). 
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Table S1. EXAFS Least Squares Fit Parameters  

 Coordination/Path R (Å)a σ2 (Debye-Waller) E0 Fb 

CuS 

1 Cu-S 2.17 0.0070 

-15.43 0.8 
3.3 Cu-S 2.9 0.0032 

6 Cu-Cu 3.26 0.0260 

6 Cu-Cu 3.78 0.0076 

Cu2S 

3 Cu-S 2.29 0.0072 

-15.6 0.31 2 Cu-Cu 2.72 0.0069 

2 Cu-Cu 2.89 0.0063 
aThe estimated standard deviations for the distances are in the order of ± 0.02 Å. bError is given by 
Σ[(χobsd – χcalcd)2 k6]/Σ[(χobsd)2k6]. The S0

2 factor was set at 0.9. 
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