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Multiplet Calculations

Multiplet calculations were performed by means of the CT4XAS code [45]:

S5 CrlL,; - edges
3
2 RT, He exp.
=
w
=
©r* 0, CTM
572 576 580 584 588 502
Photon Energy (eV)
S8 CrlL,;-edges
3
m RT, He exp.
>
w
=
cr** 0,, CT™M
872 576 580 584 588 592
Photon Energy (eV)
S5 . Col,, - edges
15 ) — —_RT.Heexp.
Co* Td, CTM

TEY (a.u.)
%

| / \__Co™ Oh, CTM

/\___Co* Oh,CTM

Co®* Td, CTM

Photon Energy (eV)

>

776 T8O TB4 TEB TH2 TG

|

BOD

S8 ™~ Col,,-edges

_ N _/—__RT, Heexp
3 J\I&_J\JLT cTm
3
P J/\—\ _/\_co*0, CT™
e

Co®* T, CTM

/\__ Co* 0, CTM

776 780 TB4 TBB 792 796

Photon Energy (eV)

800

Mn L, ; - edges

" ~_RT, He exp.

x\..

N

/M T, CTM

TEY (a.u.}

_Mn* 0, CTM

Mn?* T,, CTM

Mr? O, CTM

636 640 644 BB 652 656
Photon Energy (V)

S8 Mn L,; - edges

~~ \_RT,Heexp

AN, CTM
= ~_Mn*' 0, CTM

/| Mn?* T, CTM
; Mn?* O, CTM

638 640 644 B8 652 656
Photon Energy (eV/)

TEY (a.u.)

S5 Ni Lzl3 - edges

TEY (a.u.)

L\,____h B MHE exp.

Ni2* O, CTM

852 856 860 @864 BEE 872 BTG
Photon Energy (eV)

S8 NiL,, - edges

TEY (a.u.)
=

V¥/VQHE exp.

Ni?* O,, CTM

852 856 B60 BG4 BEE 872 876
Photon Energy (V)

TEY (a.u.)

TEY (a.u.)

S5 Fel,, -edges

RT, He exp.
M cT™
Mo e

Mn. CTM
Mon, CTM

?64 763 ?"IZ ?“IB ?ZlEI ?éd ?é&
Photon Energy (V)

S8 Fe L, - edges
RT, He exp.
e N —_Fe* T,CTM
_/L—"@% CTM

J\LM cm
Mc’n. cTM

704 TOB 712 Ti6 T20 24 T28
Photon Energy (eV)

Fig. S1 L, 3-edges XAS spectra for the S5 and S8 spinels at the different transition metals edges,
along with simulated spectra using multiplet calculations. The parameters for the multiplet
calculations are reported in the tables below, according to the pertinent literature in reference. For the
Mn L, 3-edges, the energies of the peaks mainly due to Mn?*, whose intensity is changed during the
course of the reaction, are evidenced with vertical dotted lines. Oxidation states and local symmetries
are chosen according to the results of the analysis of the K-edges spectra shown in Fig. 1.



The L, ;-edge X-ray absorption spectrum of 3d elements is dominated by dipole allowed electron
excitations from the 2p core states to the 3d valence states. In compounds of these elements, the 3d
states can be treated as nearly atomic levels. Thus, the near edge spectrum can be calculated simply
by calculating all the probabilities of the transitions from the 3d" initial state to the 2p°3d™*! final state
(3d™ — 2p33d™"). The calculations can be thought as performed in two steps. First, only the
interactions within the absorbing atom are considered: the hole in the 2p states and the extra electron
in the 3d state are strongly interacting, and this gives rise to a large number of final states (multiplets).
Due to the very small core hole broadening at the 3d element L, 3-edges, all these states are usually
seen in the spectra. Then, the effect of neighboring atoms is introduced as a perturbation, including

crystal field and charge transfer effect.

The CTM4XAS program requires the following sets of parameters for the calculations: a) the
electronic configuration of the 3d metal ion (number of 3d electrons in the initial state); b) all the
crystal field parameters (i.e. 10Dq for octahedral symmetry, and the additional parameters Dt and Ds
for lower symmetries); c¢) charge transfer parameters, accounting for possible covalence of the metal-
ligand bonds; d) Slater integrals reduction parameters, which account for all the electron interactions

(i.e. 3d electrons with each other, core state with valence state, etc.).

The program is semi-empirical: this means that parameters b-c are usually adjusted until a good
correspondence between experiment and theory is obtained: in the present case, literature values, as

taken from the references below, have been used.



Tab. S1: Cr L edge — CTM calculation [S1]

Cr+ 0,
parameters
ionic crystal field (eV)
10Dqg 2.5
Dt 0
Ds 0
Slater’s integrals reduction (%)
Fug 1.0
Fog 1.0
Gpg 1.0
charge transfer (eV)
A 1
Ugq 0
Upg 11
T 0.5
Titog) o

Tab. S2: Mn L edge — CTM calculations [S2-54]

Mn3* 0, Mn2* O, Mn2*T,
parameters
ionic crystal field (eV)
10Dg 1.8 1.4 -0.6
Dt 0.06 0.075 0
Ds 0.02 0 0
Slater’s integrals
reduction (%)
Fuq 1.0 1.0 1.1
Fod 1.0 1.3 1.5
Ggg 0.8 1.0 1.3
charge transfer (eV)
A 0.5
Ugg 0
Upd 0 f .’f
T{EgJ 1
Tiezg) 0



Tab. S3: Fe L edge — CTM calculations [S5-57]

Fe* 0, Fe3* T, Fe* O, Fe2*T,
parameters
ionic crystal field (eV)
10Dq 2 -1.4 1.4 -0.8
Dt 0 0 0.05 0
Ds 0.02 0.01 0.1 0.2
Slater’s integrals
reduction (%)
Fag 1.0 1.0 1.0 1.0
Fod 1.0 1.2 1.2 1.0
Gpg 0.7 0.7 1.0 1.0

Tab. S4: Co L edge — CTM calculations [S8,59]

Co** 0, Co* T, Co?* 0, Co?*T,
parameters
ionic crystal field (eV)
10Dqg 2.6 -0.3 0.9 -0.6
Dt 0 0 0 0
Ds 0 0 0 0
Slater’s integrals
reduction (%)
Fag 1.0 0.4 1.0 1.0
Fog 1.0 0.6 1.0 1.0
G 1.0 1.1 1.0 1.0

pd

Tab. S5: Ni L edge — CTM calculations [S10]

Niz* 0,
parameters
ionic crystal field (eV)

10Dq 1.2
Dt 0
Ds 0.05

Slater’s integrals reduction (%)

Fug 1.0
Fod 1.0
G 1.0

pd
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