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Abstract:		

The	 valence	 excited	 states	 of	 ferric	 and	 ferrous	 hexacyanide	 ions	 in	 aqueous	
solution	were	mapped	with	 resonant	 inelastic	 X-ray	 scattering	 (RIXS)	 at	 the	 Fe	
L2,3-	and	N	K-edges.	Probing	of	both	the	central	Fe	and	the	ligand	N	atoms	enabled	
identification	of	 the	metal-	and	 ligand-centered	excited	states,	as	well	as	 ligand-
to-metal	and	metal-to-ligand	charge	transfer	excited	states.	Ab	initio	calculations	
utilizing	 the	RASPT2	method	was	used	 to	 simulate	 the	Fe	L2,3-edge	RIXS	 spectra	
and	enabled	quantification	of	the	covalency	of	both	occupied	and	empty	orbitals	
of	 π 	 and	 σ 	 symmetry.	 We	 find	 that	 π	 back-donation	 in	 the	 ferric	 complex	 is	
smaller	 compared	 to	 the	 ferrous	 complex.	 This	 is	 evidenced	 by	 the	 relative	
amount	of	 Fe	3d	 character	 in	 the	nominally	2π	CN-	molecular	orbital	of	7%	and	
9%	in	ferric	and	ferrous	hexacyanide,	respectively.	Utilizing	the	direct	sensitivity	
of	 Fe	L3-edge	RIXS	 to	 the	Fe	3d	 character	 in	 the	occupied	molecular	orbitals	we	
also	find	that	the	donation	interactions	are	dominated	by	σ-bonding.	The	latter	is	
found	 to	 be	 stronger	 in	 the	 ferric	 complex	 with	 a	 Fe	 3d	 contribution	 to	 the	
nominally	 5σ	 CN-	 molecular	 orbitals	 of	 29%	 compared	 to	 20%	 in	 the	 ferrous	
complex.	These	results	are	consistent	with	the	notion	that	a	higher	charge	at	the	
central	metal	atom	increases	donation	and	decreases	back-donation.	

Introduction 
Transition	 metal	 coordination	 complexes	 are	 central	 constituents	 of	 many	 relevant	

homogeneous	and	biological	 catalysts	 and	photoactive	materials.	 In	 these	 systems	 the	

functionality	 is	 often	 governed	 by	 local	 changes	 of	 coordination,	 bonding,	 charge	 and	

spin	state	of	the	transition	metal	atom.1–6	Particularly	well	suited	for	probing	these	local	

properties	 are	 X-ray	 spectroscopic	 methods	 due	 to	 their	 intrinsic	 sensitivity	 to	 the	

electronic	 structure	 in	 a	 local	 and	 element-specific	manner.7	Therefore,	 owning	 to	 the	

significant	 advance	 of	 related	 experimental	 technologies	 in	 recent	 years,	 X-ray	

spectroscopy	 techniques	 are	 becoming	 increasingly	 popular	 in	 the	 research	 of	

functional	 transition	metal	 systems.	 Specially	 X-ray	 absorption	 spectroscopy	 (XAS)	 at	

the	 metal	 L2,3	 and	 ligand	 K-edges	 of	 transition	 metal	 compounds	 is	 now	 well	

established.8,9	In	the	present	study	we	apply	resonant	inelastic	X-ray	scattering	(RIXS)	at	

the	Fe	L2,3	and	the	N	K	absorption	edges	to	probe	the	valence	orbital	compositions	of	the	

occupied	and	unoccupied	valence	orbitals	of	iron	hexacyanides	in	aqueous	solution	from	

both	 the	metal	 and	 the	 ligand	 perspective.	 Utilizing	 quantum-chemical	 simulations	 of	

the	Fe	L2,3	RIXS	spectra	we	disentangle	the	chemical,	multiplet	and	core-hole	effects.	We	

carry	out	a	comparative	study	of	ferrous	and	ferric	hexacyanide	with	the	specific	aim	to	

understand	the	effect	of	the	Fe	charge	state	to	the	chemical	bonding	in	these	complexes.	

Ferrous	 and	 ferric	 hexacyanides	 are	 prototypical	 back-bonding	 transition	 metal	

complexes.	 The	 ferrocyanide	 anion,	 [Fe(CN)6]4-,	 contains	 Fe2+	 with	 a	 nominally	 3d6	

configuration,	 whereas	 the	 ferricyanide	 anion,	 [Fe(CN)6]3-,	 contains	 Fe3+	 with	 a	

nominally	 3d5	 configuration.	 Both	 complexes	 can	 be	 well	 described	 as	 having	 an	

octahedral	 Oh	 molecular	 structure	 (with	 a	 small	 Jahn-Teller	 distortion	 in	
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ferricyanide).10,11	The	3d	orbitals	are	 thus	energetically	 split	 into	 t2g	and	eg	orbitals	by	

the	 strong-field	CN-	 ligands.	Bonding	between	 iron	 and	 the	CN-	 ligands	has	 significant	

covalent	character.	 It	 is	dominated	by	 the	 interaction	of	 the	partially	occupied	 iron	3d	

orbitals	with	 the	occupied	CN-	valence	orbitals	 (electron	donation)	as	well	as	with	 the	

unoccupied	CN-	valence	orbitals	(back-donation).	

Chemical	 bonding	 or,	 more	 generally,	 the	 valence	 electronic	 structure	 of	 iron	

hexacyanides	 has	 been	 studied	 in	 the	 past	with	 various	 soft	 and	 hard	 X-ray	methods.	

Solid-state	samples	were	investigated	using	X-ray	absorption	spectroscopy	(XAS)	based	

on	electron-yield	detection	at	the	Fe	K-edge	(Fe	1s→4p),	at	the	Fe	L2,3-edge	(Fe	2p→3d)	

and	at	the	N	K-edge	(N	1s→2p).12–14	Early	solution-state	Fe	L2,3-edge	XAS	studies	were	

also	reported15	and	more	recently	an	Fe	L2,3	and	N	K-edge	RIXS	study	of	ferrocyanide	in	

solution	 combined	with	quantum-chemical	 calculations	was	published16.	A	detailed	Fe	

L2,3-edge	XAS	study	was	carried	out	by	Hocking	et	al.	where	they	used	extensive	semi-

empirical	charge-transfer	multiplet	(CTM)	calculations	to	simulate	spectral	shapes	with	

great	accuracy.17	Recently,	several	novel	hard	X-ray	spectroscopy	techniques	have	been	

applied	 for	 understanding	back-bonding	 in	 iron	hexacyanides	 complexes.	 Lundberg	 et	

al.	 (Ref.	 18)	 utilized	 hard	 X-ray	 Kα	 RIXS	 at	 the	 quadrupole	 allowed	 1s→3d	 pre-

resonance	 of	 the	 Fe	 K-edge	 to	 probe	 the	 covalency	 of	 solid	 state	 ferric	 and	 ferrous	

hexacyanide	and	successfully	simulated	the	RIXS	spectra	of	the	2p53dn+1	final	states	with	

the	CTM	model	of	Hocking	et	al.	Recently,	Penfold	et	al.	applied	the	latter	technique	to	

probe	 the	 solvent	 effects	 in	 ferrous	 and	 ferric	 hexacyanide	 dissolved	 in	 water	 and	

ethylene	 glycol.19	 Non-resonant	 Kβ	 and	 valence-to-core	 X-ray	 emission	 spectroscopy	

(XES)	studies	were	performed	on	solid	samples	of	ferri-	and	ferrocyanide	and	combined	

with	a	density	functional	theory	(DFT)	based	approach	to	disentangle	the	contributions	

of	metal	spin	state,	covalency	and	metal-ligand	bond	lengths.20,21	The	present	knowledge	

of	the	valence	electronic	structure	proved	useful	in	picosecond	time-resolved	hard	X-ray	

XAS22	and	XES23	investigations	of	iron	hexacyanides	in	solution	and	in	the	investigation	

of	their	redox	properties	in	an	electro-chemical	cell	at	in	operando	conditions.24		

The	above	mentioned	hard	X-ray	XAS	and	XES	spectroscopy	techniques	can	be	sensitive	

to	 chemical	 bonding.	 However	 the	 mechanism	 of	 sensitivity	 is	 relatively	 indirect,	

resulting	from	multiple-scattering	resonances	and	dipole	forbidden	weak	pre-resonance	

in	Fe	K-edge	XAS7,25	or	from	2p-3d	and	3p-3d	Coulomb	exchange	interactions	in	core-to-

core	Kα	and	Kβ	XES20,21,26.	 In	both	cases	the	considerable	 lifetime	broadening	of	the	1s	

core	hole	 further	 limits	 the	 information	 content.	 	 Specific	details	of	bonding	 such	as	 a	

delineation	 of	 donation	 and	 back-donation	 effects	 are	 not	 probed.	 Novel,	 but	
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experimentally	more	challenging	hard	X-ray	techniques	as	mentioned	above	can	be	used	

to	probe	directly	the	valence	orbitals:	RIXS	experiments	at	the	Fe	K-edge	pre-resonance	

are	 sensitive	 to	 unoccupied	 Fe	 3d	 character	 and	 valence-to-core	 XES	 probes	 directly	

occupied	Fe	4p	character	of	(nominally)	non-bonding	ligand	valence	orbitals.	

In	 comparison	 to	hard	X-ray	methods,	 soft	X-ray	spectroscopy	 techniques	can	provide	

complementary	 and	 more	 detailed	 information	 because	 the	 spectral	 features	

corresponding	to	dipole-allowed	excitations	to	the	valence	orbitals	are	dominating	with	

respect	 to	 the	 continuum	 excitations	 (e.g.	 in	 contrast	 to	 the	 Fe	 K-edge	 XAS)	 and	 the	

associated	 natural	 lifetime	 broadenings	 are	 significantly	 smaller.	 Fe	 L2,3-edge	 XAS	 is	

dominated	 by	 dipole-allowed	 transitions	 from	 Fe	 2p	 to	 unoccupied	 valence	 orbitals	

containing	3d	character.	XAS	at	the	ligand	K-edge	probes	the	unoccupied	2p	character	of	

these	 orbitals.	 XES	 at	 these	 absorption	 edges	 probes	 the	 respective	 occupied	 valence	

orbitals.	 Soft	 X-ray	 RIXS	 thus	 offers	 the	 opportunity	 to	 efficiently	 probe	 the	 valence	

electronic	 structure	 by	 directly	 addressing	 both	 the	 occupied	 and	unoccupied	 valence	

orbitals.	

Despite	 these	 intrinsic	 advantages,	 soft	 X-ray	XES	 and	RIXS	 experiments	on	 transition	

metal	 solutes	are	 still	 relatively	 scarce	due	 to	experimental	 challenges.	Only	 relatively	

recently	 in-vacuum	methods	 for	 soft	X-ray	RIXS	spectroscopy	on	 liquids	and	solutions	

were	developed27–31	and	typical	count	rates	are	low	due	to	the	small	fluorescence	yields	

and	the	considerable	solvent	absorption	in	the	soft	X-ray	range.	The	latter	is	particularly	

important	 when	 dealing	 with	 dilute	 samples	 as	 typical	 for	 chemically/biologically	

relevant	 samples.	 The	 high	 solubility	 of	 iron	 hexacyanides	 in	 water	 make	 them	

appropriate	model	 systems	 to	 test	 current	 experimental	 capabilities	 of	 solution	phase	

soft	 X-ray	 RIXS.	 From	 a	 conceptual	 point	 of	 view	 they	 are	 ideally	 suited	 to	 test	 the	

concept	 of	mapping	 out	 the	 valence	 electronic	 structure	 from	 both	 the	metal	 and	 the	

ligand	perspective	by	decomposing	the	valence	orbitals	into	their	constituents.	

Engel	et	al.	applied	recently	soft	X-ray	RIXS	at	the	Fe	L2,3-	and	N	K-edge	to	directly	probe	

charge	donation	and	back-donation	in	ferrocyanide	aqueous	solution.16	Here	we	aim	to	

refine,	complement	and	extend	these	results	both	in	terms	of	new	experiments	and	new	

calculations	by	additionally	addressing	ferricyanide	and	by	comparing	both	compounds	

in	detail.	Furthermore	we	recorded	the	full	RIXS	planes	(in	contrast	to	a	limited	number	

of	XES	or	RIXS	spectra	at	selected	incident	photon	energies)	both	at	the	Fe	L2,3	and	the	N	

K-edges.	 In	 addition,	 we	 improved	 the	 restricted	 active	 space	 self-consistent	 field	

(RASSCF)	 calculations	 for	 the	 Fe	 L2,3-edge	 RIXS.	 The	 RASSCF	 method	 in	 combination	

with	second-order	perturbation	theory	(RASPT2)	has	become	a	powerful	computational	
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tool	 for	ab	 initio	 simulations	of	 soft	X-ray	spectra	of	 transition	metal	 complexes.32,33	A	

systematic	 RASPT2	 study	 of	 L2,3-edge	 XAS	 spectra	 of	 Fe3+	 ions,	 including	 ferricyanide,	

was	recently	performed	by	Pinjari	et	al.34	Here	we	extend	these	results	to	simulate	the	

full	 Fe	 L2,3-edge	 RIXS	 planes	 of	 both	 ferri-	 and	 ferrocyanide.	 The	 same	 computational	

approach	has	 been	 also	 applied	 for	 simulating	 the	 pre-edge	 features	 in	 the	 Fe	K-edge	

XAS	spectra.35	

Methods 

Experimental details 
Measurements	were	carried	out	at	the	beamline	U41-PGM	at	BESSYII	of	the	Helmholtz-

Zentrum	Berlin	(HZB).	The	experimental	setup	(FlexRIXS)	with	an	in-vacuum	liquid	jet	

for	 sample	 delivery	 and	 a	 grazing	 incidence	 spherical	 grating	 Rowland	 spectrometer	

was	 described	 before.31	 Briefly,	 the	 spectrometer	 was	 operated	 in	 a	 slitless	 mode	 to	

increase	 the	geometric	 acceptance,	with	 the	20	µm	 jet	diameter	 limiting	 the	 resolving	

power.	 The	 incident	 X-rays	 were	 linearly	 polarized	 and	 the	 emitted	 X-rays	 were	

detected	in-plane	of	the	incident	polarization	under	90°	scattering	angle.	

K3[Fe(CN)6]	 and	K4[Fe(CN)6]⋅3H2O	 salts	were	 purchased	 from	Sigma-Aldrich	 and	used	

without	further	purification.	The	solutions	with	respective	concentrations	of	0.5	M	and	

0.33	M	were	prepared	using	deionized	water.	The	sample	 in	the	probed	volume	of	the	

jet	is	replaced	continuously	at	a	rate	of	approximately	1	MHz	rate	(1	ml/min	flow	rate,	

20µm	liquid	jet	diameter,	20×40	μm2	X-ray	spot	size).	This	eliminates	the	effect	of	beam	

damage	to	the	sample	during	the	measurements.15,24,36	

RIXS	maps	were	recorded	while	stepwise	scanning	the	incident	photon	energy.	At	the	Fe	

L-edge	a	photon	energy	range	from	705	eV	to	730	eV	was	scanned	with	a	bandwidth	of	

0.5	eV	 for	 the	 incident	radiation	(step	size	0.4	eV).	The	spectrometer	resolution	was	1	

eV.	Data	accumulation	times	for	ferric	and	ferrous	solutions	amounted	to	6	h	20	min	and	

5	h	30	min,	 respectively.	At	 the	N	K-edge,	 the	scanned	photon	energy	range	was	 from	

395	 eV	 to	 415	 eV	 and	 the	 incident	 bandwidth	 was	 0.22	 eV	 (step	 size	 0.1	 eV).	 The	

spectrometer	resolution	was	0.5	eV.	The	data	were	collected	within	3	h	and	3	h	20	min	

for	ferric	and	ferrous	samples,	respectively.	At	the	Fe	L-edge,	the	incident	photon	energy	

was	 calibrated	 with	 the	 XAS	 spectra	 in	 Hocking	 et	 al.17	 and	 at	 the	 N	 K-edge	 the	

calibration	was	done	after	XAS	spectra	in	Vinogradov	et	al.14	The	photon	energy	scale	for	

emitted	X-rays	was	calibrated	using	the	elastic	scattering	peaks.	
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Computational details 
Multi-configurational	quantum	chemical	calculations	for	RIXS	spectral	simulations	at	the	

Fe	L2,3-edge	were	carried	out	in	MOLCAS	8.0	software37	in	D2h	symmetry	with	inclusion	

of	relativistic	 (scalar	and	spin-orbit	coupling)	effects	as	described	 in	our	previous	XAS	

simulations34,38,39	 (using	 the	 ANO-RCC-VTZP	 basis	 set,	 notice	 the	 recently	 corrected	

basis	 set	 for	 carbon	 from	 Ref.	 40).	 The	 [Fe(CN)6]3-/4-	 complex	 geometries	 are	 re-

optimized	 on	 the	 CASPT2(9/10,10)	 level41	 yielding	 the	 distances	 for	 the	 ferric	 (Fe-

C=2×1.921	Å,	4×1.943	Å,	Fe-N=2×3.107	Å,	4×3.127	Å)	and	for	the	ferrous	(Fe-C=6×1.917	

Å,		Fe-N=6×3.113	Å)	complexes.	

For	the	spectrum	simulations,	RASSCF	calculations42	were	performed	with	three	Fe	2p	

orbitals	in	the	first	active	space	(RAS1,	one	hole	allowed)	and	with	ten	valence	orbitals	

in	the	second	active	space	(RAS2).	These	included	two	5σ(eg)	orbitals,	three	t2g	orbitals,	

two	eg	orbitals	and	three	2π(t2g)	orbitals	which	accommodate	9	(ferric)	or	10	(ferrous)	

electrons	(Figure	1).	The	RASSCF	states	were	optimized	within	each	D2h	symmetry	class	

using	a	state-averaging	procedure	and	a	level	shift	of	1.0.	Dynamical	correlation	effects	

were	 taken	 into	 account	 via	 second-order	 perturbation	 theory	 (PT2)43	 using	 an	

imaginary	 shift	 of	 0.3.	 Spin-orbit	 interactions	 were	 calculated	 in	 the	 RASSI	 scheme44,	

including	 doublet	 and	 quartet	 states	 for	 ferricyanide	 and	 singlet	 and	 triplet	 states	 for	

ferrocyanide	 (sextet	 and	 quintet	 states	 were	 excluded	 as	 their	 effect	 to	 spectra	 was	

found	 to	be	 insignificant).	 In	 total	1440	 (800)	valence-excited	 states	and	2880	 (1760)	

core-excited	 states	where	 calculated	 for	 ferric	 (ferrous)	 hexacyanide.	 For	 comparison	

with	 experiment,	 core-excited	 state	 energies	 of	 ferricyanide	 and	 ferrocyanide	 were	

shifted	by	-3.3	eV	and	-3.1	eV,	respectively.	For	ferricyanide,	the	presented	spectra	are	

an	average	of	the	calculated	spectra	of	the	two	states	corresponding	to	the	ground	state	

doublet	in	D2h	symmetry.	

Charge-transfer	multiplet	 (CTM)8,45,46	RIXS	 calculations	 at	 the	 Fe	 L3-edge	were	 carried	

out	 using	 the	 parameters	 from	 the	 XAS	 calculations	 in	Hocking	 et	 al.	 (Table	 S2	 in	 the	

Supporting	 Information).	 Calculations	 were	 done	 in	 the	 C4h	 point	 group	 symmetry	 to	

account	 for	 linear	 polarization	 of	 incident	 X-rays,	 but	 the	 latter	 effects	 were	 found	

negligible.	 The	 core-excited	 state	 energies	 were	 shifted	 to	 match	 with	 the	 first	 XAS	

resonance	in	the	experiment.	

For	 both	 the	 RASPT2	 and	 the	 CTM	 calculations,	 RIXS	 spectra	 were	 simulated	 by	

multiplying	absorption	and	emission	dipole	transition	moments,	i.e.	interference	effects	

were	not	included.	The	following	broadening	scheme	for	the	calculated	transitions	was	

applied	 in	 order	 to	 facilitate	 comparison	 with	 experiment	 (values	 for	 the	 FWHM	 are	
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given):	0.5	eV	Gaussian	broadening	taking	 into	account	the	 incident	bandwidth,	0.3	eV	

(0.6	 eV)	 Lorentzian	 natural	 lifetime	 broadening	 at	 the	 Fe	 L3	 (L2)	 edge,	 and	 1.0	 eV	

Gaussian	 broadening	 to	 account	 for	 the	 spectrometer	 resolution.	 An	 additional	 0.5	 eV	

Gaussian	 broadening	 for	 both	 X-ray	 absorption	 and	 RIXS	 spectra	 was	 introduced	 to	

account	 for	 inhomogeneous	 and	 vibrational	 broadening	 effects.	 Possible	 polarization	

effects	of	the	incident	radiation	were	checked	for	the	RASPT2	calculations	and	found	to	

be	negligible.	

Results 
In	 Figure	 1	 we	 show	 a	 qualitative	 valence	 molecular	 orbital	 (MO)	 diagram	 of	 iron	

hexacyanide	complexes	(a	representative	list	of	MOs	from	a	SCF	calculation	is	shown	in	

the	Supplementary	 Information,	Table.	 S1).	Electron	donation	between	Fe2+/3+	 and	 the	

CN-	ligands	is	carried	by	a	covalent	interaction	of	the	Fe	3d	MOs	with	1π	and	5σ	ligand	

orbitals	and	back-donation	is	dominated	by	the	2π	ligand	orbitals	(all	three	are	mostly	

derived	from	2p	atomic	orbitals	of	N	and	C).	MOs	derived	from	Fe	3d	are	depicted	as	t2g	

and	eg,	according	to	their	respective	symmetry	class	in	the	Oh	point	group.	

XAS	and	RIXS	data	of	ferric	and	ferrous	cyanide	in	aqueous	solution	measured	over	the	

whole	Fe	L2,3-edge	are	displayed	in	Figure	2.	The	XAS	spectra	were	obtained	by	plotting	

the	RIXS	intensities	integrated	over	all	energy	transfers	versus	incident	photon	energy.	

They	 thus	 correspond	 to	 partial-fluorescence	 yield	 (PFY)	 detected	 XAS	 (PFY-XAS).	

Discrepancies	between	our	and	previously	published	solution	phase	XAS	spectra	can	be	

explained	by	possible	beam	damage	in	studies	with	solid	or	non-flown	liquid	samples15	

or	by	the	established	differences	between	x-ray	absorption	cross	sections	as	measured	

in	transmission	and	XAS	spectra	as	measured	by	detecting	fluorescence.47,48	Saturation	

effects	 are	 negligible	 in	 the	 measured	 PFY-XAS	 spectra	 at	 the	 used	 solution	

concentrations.	 Spectral	 features	 in	 the	 RIXS	 maps	 can	 be	 categorized	 according	 to	

whether	they	correspond	to	valence	excited	final	states	resulting	from	filling	of	the	core-

hole	 created	 by	 photoabsorption	 or	 whether	 they	 correspond	 to	 ionized	 final	 states	

resulting	 from	 fluorescence	 decays	 preceded	 by	 Coster−Kronig	 decays	 (at	 the	 Fe	 L2-

edge).33,49	 Being	 interested	 in	 probing	 the	 valence	 electronic	 structure	 and	 chemical	

bonding	we	concentrate	in	the	following	on	analyzing	the	RIXS	maps	only	at	the	Fe	L3-

edge	because	spectral	features	at	the	Fe	L3-edge	have	higher	intensity,	smaller	core-hole	

lifetime	broadening	and	are	not	complicated	by	Coster-Kronig	features.		

In	Figure	3	we	compare	in	detail	the	RIXS	maps	and	XAS	spectra	at	the	Fe	L3-	and	N	K-

edges	of	ferric	and	ferrous	hexacyanide.	XAS	spectra	in	Figure	3C-D	reproduce	well	the	

features	 of	 the	 published	 electron	 yield	 XAS	 spectra	 measured	 from	 the	 solid	
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polycrystalline	samples	at	 the	Fe	L2,3-edge17	and	N	K-edge14.	The	 ferricyanide	complex	

has	three	prominent	XAS	resonances	at	the	Fe	L3-edge	which	we	denote	aM	(705.6	eV),	

bM	(710.0	eV)	and	cM	(712.5	eV).	The	first	resonance	corresponds	to	excitations	of	an	Fe	

2p	 electron	 to	 the	 partially	 occupied	 t2g	 manifold	 and	 the	 two	 resonances	 at	 higher	

energies	 can	 be	 tentatively	 assigned	 to	 excitations	 to	 eg	 and	 2π(t2g)	 MOs.	 The	

assignments	of	all	X-ray	absorption	resonances	are	summarized	in	Table	1.17	The	exact	

nature	of	the	bM	and	particularly	the	cM	resonances,	however,	is	more	complicated	than	

the	aM	 resonance	as	 is	evident	also	 from	 the	comparably	 large	width	and	 the	complex	

shapes	 of	 these	 resonances.	 It	 has	 been	 shown	 that	 mixing	 of	

[Fe2p(t1u)]5[t2g]5[eg]0[2π(t2g)]1	 with	 the	 doubly-excited	 [Fe2p(t1u)]5[t2g]4[eg]2	 and	

[Fe2p(t1u)]5[5σ(eg)]3[t2g]6[eg]1	 configurations	 contributes	 significantly.34	 Ferrocyanide	

with	 a	 filled	 [t2g]6	manifold	 has	 two	XAS	 resonances	which	 analogously	 correspond	 to	

nominal	excitations	to	eg	(bM,	709.1	eV)	and	2π(t2g)	(cM,	711.2	eV)	MOs	(Table	1).17	The	

high	 intensity	of	 the	 cM	 resonance	has	been	attributed	 to	 intensity	borrowing	 through	

mixing	 of	 [Fe2p(t1u)]5[t2g]6[eg]0[2π(t2g)]1	 with	 [Fe2p(t1u)]5[t2g]5[eg]1[2π(t2g)]1	

configurations.17	

Our	RASPT2	and	CTM	calculations	for	the	Fe	L3-edge	are	displayed	in	Figure	4.	Overall	

we	find	very	good	agreement	of	the	calculated	with	the	measured	RIXS	features	for	both	

ferri-	 and	 ferrocyanide.	 The	 calculated	 XAS	 spectra	 derived	 from	 the	 calculated	 RIXS	

maps	 as	 described	 for	 the	 experimental	 data	 are	 displayed	 in	 Figures	 4E-F.	 For	

comparison	the	experimental	spectra	from	Figure	3	are	reproduced	here	(the	calculated	

spectra	are	shifted	to	match	with	the	lowest	energy	XAS	resonance	as	described	in	the	

Methods	section).	For	ferricyanide	the	relative	energy,	intensity	and	shape	of	the	aM	and	

bM	 resonances	 are	 reproduced	 nearly	 perfectly	 by	 the	 RASPT2	 calculation.	 The	 cM	

resonance	is	shifted	by	about	1	eV	to	higher	energy	and	has	higher	intensity	than	in	the	

experiment.	 However,	 the	 agreement	 is	 better	 compared	 to	 the	 CTM	 calculation	

reproduced	from	Hocking	et	al.,	which,	in	addition,	does	not	describe	as	well	the	shapes	

of	 the	 bM	 and	 cM	 resonances.	 For	 ferrocyanide,	 both	 the	 RASPT2	 and	 the	 CTM	

calculations	 reproduce	 very	well	 the	 relative	 intensities	 of	 the	 bM	 and	 cM	 resonances,	

although	the	energy	spitting	is	overestimated	in	the	RASPT2	calculation	by	0.75	eV	and	

underestimated	in	the	CTM	calculation	by	0.25	eV.	Note	that	agreement	of	our	RASPT2	

calculation	 with	 experiment	 is	 improved	 compared	 to	 the	 calculation	 in	 Engel	 et	 al.	

where	 the	 intensity	 ratio	 of	 the	 bM	 and	 cM	 resonances	 is	 not	well	 reproduced	 and	 the	

energy	 splitting	 is	 overestimated	by	 about	2	 eV.16	This	 is	 primarily	due	 to	 the	 limited	

flexibility	in	the	active	space	and	differences	in	orbital	optimization.	Additionally,	in	the	

present	 calculations	we	 found	 that	 inclusion	 of	 the	 dynamical	 correlation	 reduces	 the	
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energy	difference	between	the	bM	and	cM	resonances	and	increases	the	relative	intensity	

of	the	cM	resonance.		

In	 Figure	 3C-D	we	 show	 PFY-XAS	 spectra	 for	 the	 N	 K-edge	 as	 derived	 from	 the	 RIXS	

measurements.	N	K-edge	XAS	is	sensitive	to	the	N	p	character	of	the	unoccupied	MOs.	It	

is	evident	that	the	dominant	N	K-edge	XAS	resonances	at	399.5-399.6	eV	correspond	to	

transitions	of	N	1s	electrons	to	the	unoccupied	CN-	2π-derived	manifold	of	MOs	(Figure	

1	and	Table	1).	 In	 addition	 to	 the	anti-bonding	2π(t2g)	MO	 this	manifold	also	 includes	

non-bonding	2π(t1u,t2u,t1g)	MOs	and	in	ferricyanide	the	cL	resonance	at	399.6	eV	and	in	

ferrocyanide	 the	 cL	 resonance	 at	 399.5	 eV	 can	 be	 assigned	 to	 transitions	 into	 these	

MOs.14,16	In	ferricyanide	the	weak	aL	resonance	at	396.1	eV	(Figure	3C2)	corresponds	to	

excitation	 to	 the	 same	 partially	 filled	 t2g	 MOs	 as	 the	 aM	 resonance	 at	 the	 Fe	 L3-edge.	

Evidently	 this	resonance	 is	not	present	 in	 ferrocyanide.	 In	addition,	 in	 ferricyanide	we	

observe	a	 clear	 shoulder	at	398.5	eV	on	 the	 low-energy	 side	of	 the	 cL	main	 resonance	

which	 we	 label	 here	 with	 bL	 (Figure	 3C2).	 We	 propose	 that	 this	 bL	 resonance	

corresponds	to	N	1s	to	eg	transitions	(Table	1)	resulting	from	intensity	borrowing	from	

2π	 MOs	 due	 to	 mixing	 between	 states	 of	 [N1s(eg)]3[t2g]5[eg]0[2π(t1u)]1	 and	

[N1s(t1u)]5[t2g]5[eg]1[2π(t1u)]0	 configurations.	 We	 corroborate	 this	 assignment	 in	 the	

analysis	 of	 the	RIXS	 features	 at	 the	bL	 shoulder	below.	The	bL	 feature	 is	 not	 visible	 in	

ferrocyanide	 (Figure	 3D2),	 possibly	 because	 the	 respective	 states	 are	 closer	 to	 the	

dominant	cL	resonance.	

Direct	comparison	of	Fe	L3-edge	and	N	K-edge	XAS	spectra	of	ferricyanide	(Fig.	3C1	and	

3C2	and	Table	1)	reveals	that	the	energy	separation	between	the	aM	and	cM	resonances	

is	 much	 larger	 (6.9	 eV)	 than	 between	 aL	 and	 cL	 (3.5	 eV,)	 although	 the	 respective	

resonances	correspond	to	excitations	to	nominally	the	same	MOs.	This	can	be	explained	

by	 the	different	 influence	of	Fe	2p	and	N	1s	 core-hole	potentials	 to	 the	different	MOs.	

The	Fe2p	 core-hole	 strongly	 interacts	with	 the	 t2g	MOs	with	dominant	Fe3d	 character	

thus	increasing	the	energy	difference	between	t2g	and	2π	MOs	and	explaining	the	large	

aM-cM	 separation.	 In	 contrast,	 the	 N	 1s	 core-hole	 interacts	more	 strongly	with	 the	 2π	

MOs,	 therefore	 leading	 to	 a	 decrease	 of	 the	 energy	 between	 t2g	 and	 2π	 MOs	 and	

explaining	the	small	aL-cL	separation.	

The	4.4	eV	energy	separation	of	aM	and	bM	resonances	reflects	the	10Dq	of	ferricyanide	

complex.	It	matches	very	well	with	the	ground	state	10Dq	of	4.3	–	4.5	eV	derived	from	

UV/vis	absorption	experiments,50,51	although	contraction	of	metal	3d	orbitals	due	to	2p	

core-hole	leads	typically	to		10	–	20%	reduction	of	the	10Dq.52	Latter	was	also	confirmed	

for	 ferri-	 and	 ferrocyanide	by	Hocking	et	 al.	who	deduced	4.0	and	3.9	eV	10Dq	values	
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from	 Fe	 L2,3-edge	 XAS	 experiment,	 respectively.17	 The	 difference	 between	 aM-bM	

separation	and	the	core-excited	10Dq	value	is	explained	by	the	multiplet	effects,	evident	

from	the	complex	multiplet	structure	of	the	bM	resonance.	Note	however	that	metal	L2,3-

edge	RIXS	probes	the	ground	state	10Dq,	similarly	to	UV/vis	absorption.33,53,54	

The	 ferricyanide	RIXS	 spectra	 taken	 at	 the	 aM	 and	 aL	 resonances	 (Figure	5A)	 show,	 in	

addition	 to	 the	 elastic	 scattering	 peak,	 a	 main	 RIXS	 peak	 denoted	 1aM,L	 at	 an	 energy	

transfer	 of	 4	 eV	with	 a	weaker	 peak	 denoted	 2aM,L	 at	 ~7	 eV.	 For	 excitation	 at	 the	 aM	

resonance	 at	 705.6	 eV	 the	 elastic	 peak	 is	 intense	 due	 to	 six	 (nearly)	 degenerate	 t2g	

electrons,	 thus	 allowing	 more	 resonant	 elastic	 scattering	 channels	 compared	 to	

excitation	at	the	bM	and	cM	resonances.	The	1aM,L	and	2aM,L	peaks	correspond	to	decays	

from	 dominantly	 ligand-centered	 MOs	 resulting	 in	 ligand-to-metal	 charge-transfer	

(LMCT)	 final	states.	The	assignments	of	all	observed	 inelastic	scattering	peaks	 to	RIXS	

final	 states	 are	 summarized	 in	 Table	 2.	 The	 relative	 intensities	 of	 the	 elastic	 and	 the	

inelastic	scattering	peaks	1aM,L	and	2aM,L	when	excited	at	the	metal	aM	(705.6	eV)	and	the	

ligand	 aL	 resonances	 (396.1	 eV),	 which	 probe	 MOs	 with	 Fe	 3d	 and	 N	 2p	 character,	

respectively,	change	accordingly	(elastic	strong	for	aM	excitation,	inelastic	strongest	for	

aL	excitation).		

Our	 RASPT2	 calculations	 of	 the	 Fe	 L3	 RIXS	 spectra	 in	 Figure	 6	 confirm	 these	

assignments.	They	clearly	show	that	the	1aM	peak	results	due	to	decay	from	the	5σ(eg)	

MOs	(Figure	6A1).	The	2aM	peak	can	correspond	decay	from	the	1π(t2g)	MOs	or	from	the	

4σ(eg)	MOs.	 Although	 the	 latter	 decay	 channels	 are	 not	 included	 in	 the	 RASPT2	 RIXS	

calculation,	 the	 calculated	 SCF	MOs	 indicate	 that	 both	 the	 1π(t2g)	 and	 4σ(eg)	MOs	 are	

lower	in	energy	than	5σ(eg)	MOs	and	there	is	a	few	percent	of	Fe	3d	character	mixed	to	

1π(t2g)	due	to	π-donation	(Table	S1).	According	to	the	calculations	Fe	3d	content	of	the	

4σ(eg)	MOs	 is	 below	1%,	 thus	we	 assign	 the	2aM	peak	dominantly	 to	 decays	 from	 the	

1π(t2g)	MOs.	 	 	The	inelastic	1aL	and	2aL	peaks	for	excitation	at	the	N	K-edge	likely	also	

correspond	 to	 decays	 from	 5σ(eg)	 and	 1π(t2g)	 MOs,	 reflected	 in	 the	 almost	 identical	

energy	transfer	and	spectral	shapes	as	compared	to	the	1aM	and	2aM	peaks.	However	we	

note	that	decays	from	1π(t1g)	and	5σ(a1g)	MOs	are	also	possible	at	the	aL	resonance.		

In	both	ferri-	and	ferrocyanide	the	RIXS	spectra	for	excitation	at	the	bM	resonance	at	710	

eV	 (Figure	 5A2	 and	 5B1)	 exhibit	 two	 intense	 and	 broad	 peaks	 denoted	 2bM	 and	 3bM.	

They	 are	 located	 at	 energy	 transfers	 of	 around	 4	 eV	 (2bM)	 and	 at	 around	 8	 eV	 (3bM).	

They	 respectively	 correspond	 to	 metal-centered	 (MC)	 [t2g,eg]5/[t2g,eg]6	 and	 LMCT	

[5σ(eg)]3[eg]1	 final	 states	 (Table	2).	 In	 ferricyanide	 the	2bM	peak	has	a	clear	 low-energy	

shoulder	at	an	energy	transfer	of	3	eV.	This	feature,	labeled	as	1bM,	can	only	be	assigned	
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to	 quartet	MC	 states	 (i.e.	 lowest-energy	 valence-excited	 states),	which	 can	 be	 reached	

due	to	a	significant	mixing	of	states	with	different	spin	at	the	core-excited	configuration	

due	 to	 2p	 spin-orbit	 interaction	 (Figure	 7).	 At	 the	 N	 K-edge,	 excitation	 to	 the	 bL	

resonance	at	398.5	eV	leads	to	a	dominating	peak	denoted	3bL	and	located	at	an	energy	

transfer	of	6.5	eV	together	with	a	clearly	separated	weaker	2bL	peak	at	4	eV.	The	energy	

of	the	latter	matches	exactly	with	the	energy	of	the	2bM	peak	for	excitation	at	the	Fe	L3-

edge.	 Therefore	 it	 is	 very	 likely	 that	 the	 2bL	 peak	 corresponds	 to	 2MC	 final	 states,	

suggesting	that	the	bL	X-ray	absorption	resonance	has	considerable	[N1s(t1u)]5[t2g]5[eg]1	

character.	The	high	 intensity	of	 the	3bL	peak	 indicates,	however,	 that	excitations	to	2π	

still	dominate	at	the	bL	resonance,	also	due	to	the	proximity	to	the	cL	resonance.		

We	denote	 the	most	 intense	RIXS	peak,	 for	excitation	at	 the	cM	resonance	at	712.5	eV,	

with	2cM	and	find	it	at	7	eV	in	ferricyanide	and	at	5	eV	in	ferrocyanide	(Figure	5A3	and	

5B2).	These	energies	match	well	with	the	energies	of	the	corresponding	2cL	peaks	of	7	

eV	 in	 ferricyanide	and	5	eV	 in	 ferrocyanide	 for	excitation	at	 the	 ligand	cL	resonance	of	

399.6	eV.	Based	on	our	calculations	(Figure	6)	we	assign	these	peaks	to	metal-to-ligand	

charge-transfer	(MLCT)	final	states	(Table	2).	Given	the	complicated	character	of	the	cM	

resonance,	it	is	likely	that	scattering	to	higher-energy	MC	final	states	is	possible	(double	

and	 triple	 excitations	 to	 eg	 orbitals	 gives	 rise	 to	 MC	 final	 states	 around	 8	 to	 12	 eV).	

Mixing	 with	 the	 low	 energy	 MC	 [t2g]4/5[eg]1	 states	 is	 apparent	 from	 the	 clearly	

distinguishable	1cM	features	at	3.25	eV	energy	transfers	corresponding	to	4MC/3MC	final	

states.	 The	 most	 intense	 RIXS	 peak	 for	 excitation	 at	 the	 cL	 resonance	 at	 399.6	 eV	 is	

denoted	3cL	and	 is	 located	at	8	eV	 in	 ferricyanide	and	at	7.5	eV	 in	 ferrocyanide.	Given	

that	this	peak	is	absent	for	excitation	at	the	cM	resonance,	the	3cL	peak	can	be	assigned	

to	 ligand-centered	 (LC)	 [5σ,1π]9[2π]1	 final	 states,	 including	 decays	 from	 the	 nine	

1π(t1u,t2u,t1g)	and	four	5σ(a1g,t1u)	non-bonding	MOs	that	are	not	probed	at	the	Fe	L3-edge.	

This	 is	 supported	by	SCF	calculations	which	show	that	non-bonding	1π(t1u,t2u,t1g)	MOs	

have	 higher	 energy	 compared	 to	 bonding	 5σ(eg)	 and	 1π(t2g)	 MOs	 (Table	 S1).	 The	 3cL	

peak	has	a	high	energy	tail	denoted	with	4cL,	which	overlaps	in	energy	with	the	4cM	peak	

for	excitation	at	the	Fe	L3-edge.	These	features	can	thus	be	identified	with	LC	final	states	

corresponding	to	decays	from	bonding	5σ(eg)	and	1π(t2g)	MOs	(i.e.	decay	from	same	MOs	

as	in	case	of	1aM,L/2aM,L	and	3bM	RIXS	features).	The	3cL	and	4cL	peaks	correspond	to	a	

collection	of	 final	 states	which	 can	be	 reached	via	 excitations	 involving	N	1s(a1g,t1u,eg)	

core-holes	 while	 the	 MLCT	 final	 states	 of	 the	 2cL	 peaks	 are	 only	 reached	 via	 	 core-

excitations	involving	N1s(t1u)	holes.	
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Comparison	between	 ferri-	and	 ferrocyanide	shows	 that	 the	LMCT	[5σ(eg)]3[t2g]5/6[eg]1	

and	the	LC	[1π(t1u,t2u,t1g)]17[t2g]5/6[eg]0[2π]1	states	(the	3bM	and	3cL	peaks,	respectively)	

are	 relatively	 insensitive	 to	 the	 	 Fe	 charge	 state	 (i.e.	 t2g	 occupation).	 In	 contrast,	 the	

MLCT	[t2g]4/5[eg]0[2π(t2g)]1	and	the	LC	[5σ(eg)]3[t2g]5/6[eg]0[2π(t2g)]1	final	states	(the	2cM/L	

and	4cM/L	peaks,	respectively)	are	higher	 in	energy	by	about	1.5	–	2	eV	 in	 ferricyanide	

with	respect	to	ferrocyanide.	We	find	that	this	observation	cannot	be	solely	explained	by	

the	different	 ground	 state	MO	energies,	 but	must	be	 related	 to	differences	 in	how	 the	

different	 occupation	 of	 the	 t2g	 manifold	 in	 the	 final	 states	 influence	 the	 energy	 of	

respective	 excitations.	 Using	 UV/vis	 absorption	 spectroscopy	 it	was	 found	 that	MLCT	

states	 have	 comparable	 energies	 in	 ferri-	 and	 ferrocyanide	 (Table	 S4).	 This	 could	 be	

explained	 by	 the	 fact	 the	 UV/vis	 absorption	 spectroscopy	 probes	 ungerade	 MLCT	

[t2g]4/5[eg]0[2π(t1u,t2u)]1	 states,	whereas	 RIXS	 probes	 gerade	MLCT	 [t2g]4/5[eg]0[2π(t2g)]1	

states.	 Alternatively,	 it	 is	 also	 possible	 that	 UV/vis	 peaks	 assigned	 to	 MLCT	 states	 in	

ferricyanide	actually	correspond	to	LMCT	states.	

A	 detailed	 comparison	 of	 the	 experimental	 and	 calculated	 RIXS	 spectra	 is	 shown	 in	

Figure	 6.	 The	 relative	 energies	 and	 intensities	 of	 the	 inelastic	 RIXS	 features	 are	

reproduced	 very	 well	 by	 the	 RASPT2	 calculations.	 Particularly,	 in	 comparison	 to	 the	

CTM	calculations	the	RASPT2	calculations	describe	better	the	features	corresponding	to	

decays	 from	 5σ(eg)	 MOs	 (1aM,	 3bM,	 and	 4cM	 features).	 This	 indicates	 an	 improved	

description	 of	 σ-donation	 in	 the	 RASPT2	 calculations.	 An	 apparently	 significant	

discrepancy	between	 the	experimental	 and	calculated	 spectra	 is	 the	overestimation	of	

the	 elastic	 peak	 intensities.	 In	 ferricyanide	 the	 calculated	 elastic	 peak	 intensities	 are	

about	two	times	higher	than	in	the	experiment,	whereas	in	ferrocyanide	the	discrepancy	

is	more	than	factor	of	ten.	Although	this	can	be	due	to	inaccuracies	 in	the	calculations,	

there	are	several	factors	that	influence	the	elastic	peak	intensity	and	that	were	not	well	

controlled	 in	 our	 experiment	 or	 were	 not	 included	 in	 our	 simulations.	 These	 include	

vibrational	effects,	Thomson	scattering,	surface	scattering	and	self-absorption	effects.	

In	Figure	7A-B	we	present	the	spin	decomposition	of	 the	XAS	spectra	according	to	 the	

RASPT2	calculations.	With	the	exception	of	the	aM	resonance,	the	bM	and	cM	resonances	

have	strongly	mixed	spin	character	 in	both	 ferri-	and	 ferrocyanide	due	to	 the	2p	spin-

orbit	 interaction.	A	decomposition	of	 the	RIXS	maps	according	 to	 the	 spin	of	 the	RIXS	

final	state	is	shown	in	Figure	7C-F.	The	weak	3d	spin-orbit	interaction	does	not	strongly	

mix	 the	 valence	 excited	 states,	 but	 final	 states	with	quartet/triplet	multiplicity	 can	be	

reached	due	to	strong	mixing	of	spin	character	in	the	intermediate	core-excited	states.	
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Discussion 
Disentangling	 donation	 and	 back-donation	 effects	 in	 ferri-	 and	 ferrocyanide	 is	

experimentally	challenging,	in	principle	requiring	orbitally	resolved	methods	that	probe	

both	 occupied	 and	 unoccupied	 MOs.	 Effects	 of	 donation	 are	 manifested	 in	 X-ray	

absorption	 spectra	 indirectly	 as	 modifications	 of	 resonance	 energies	 and	 relative	

intensities	 (e.g.	 edge	 shifts	 and	 modifications	 of	 multiplet	 structures	 due	 to,	 e.g.,	 the	

nephelauxetic	 effect	or	10Dq),	 thus	not	having	a	unique	 spectroscopic	 signature	 (note	

that	 the	 well-known	 charge-transfer	 satellites	 in	 L2,3-edge	 XAS	 of	 transition	 metal	

compounds	 only	 probe	 the	 change	 of	 donation	 between	 the	 ground	 and	 core-excited	

states55).	In	contrast,	RIXS	at	the	Fe	L3	and	the	N	K-edge	is	directly	sensitive	to	the	MOs	

relevant	 for	 quantifying	 the	 donation	 and	 back-donation	 effects.	 For	 ferri-	 and	

ferrocyanide,	the	RIXS	peaks	corresponding	to	LMCT	and	LC	final	states	(1aM/2aM,	3bM	

and	4cM)	reflect	the	Fe	3d	character	of	nominally	CN-	5σ(eg)	and	1π(t2g)	MOs	(σ-	and	π-

donation,	respectively).	The	peaks	corresponding	to	MLCT	final	states	 for	excitation	at	

the	N	K-edge	 (2cL)	 in	 turn	reflect	 the	N	2p	character	of	nominally	Fe	 t2g	MOs	(π	back-

donation).	π	back-donation	can	also	be	directly	probed	by	analyzing	XAS	at	 the	Fe	L3-

edge	 and	 inspecting	 the	 resonance	 corresponding	 to	 excitations	 to	 2π(t2g)	 MOs	 (cM	

resonance)	 or	 at	 the	N	 K-edge	 if	 the	 t2g	manifold	 is	 partially	 filled,	 like	 in	 the	 case	 of	

ferricyanide	 (aL	 resonance).	 Therefore	 a	 combined	RIXS/XAS	experiment	 at	 the	Fe	L3-

edge	is	directly	sensitive	to	both	donation	and	back-donation.	

Quantification	of	 these	 interactions	requires	high-level	 simulations	due	 to	overlapping	

spectral	features	and	due	to	the	presence	of	several	multiplet,	configuration	interaction	

and	 core-hole	 relaxation	 effects.	 All	 of	 these	 effects	 are	 taken	 into	 account	 in	 our	

RASPT2	 calculations.	 Given	 the	 very	 good	 agreement	 of	 our	 calculations	 with	 the	

measured	 XAS	 and	 RIXS	 data	 we	 can	 now	 proceed	 to	 interpreting	 experimental	

observables	 with	 the	 RASPT2	 calculations	 to	 extract	 a	 consistent	 picture	 of	 chemical	

bonding	in	ferri-	and	ferrocyanide	in	solution.		

Table	3	summarizes	the	covalent	chemical	bonding	effects	in	terms	of	decompositions	of	

the	relevant	valence	MOs	into	Fe	3d,	N	2p	and	C	2p	contributions.	The	contributions	are	

calculated	 based	 on	 respective	 squared	 atomic	 orbital	 coefficient	 (e.g.	 coefficients	

corresponding	 to	 five	 Fe	 3d	 atomic	 orbitals)	 and	 dividing	 them	 by	 the	 sum	 of	 all	 the	

squared	 atomic	 orbital	 coefficients	 of	 the	 MO	 (i.e.	 normalization	 to	 1).	 For	 ferri-	 and	

ferrocyanide	we	deduce	 from	the	relative	amount	of	Fe	d	character	strong	σ-donation	

(29%	vs.	20%	in	5σ(eg),	respectively).	We	also	find	weak	π-donation	(~1%	in	1π(t2g)	in	

both	complexes)	and	considerable	π-back-donation	(7%	vs	9%	in	2π(t2g),	respectively).	
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Our	calculations	 thus	reveal	 that	σ-donation	 is	 stronger	 in	 the	 ferric	complex	while	π-

back-donation	 is	 stronger	 in	 ferrous	 complex.	 	 π-donation	 is	weak	 and	 approximately	

equal	in	both.	

Our	analysis	is	consistent	with	the	results	from	infrared	spectroscopy	where	it	has	been	

established	that	σ-donation	increases	and	π-back-donation	decreases	when	the	effective	

metal	charge	increases	(or	when	the	d	electron	count	decreases).56	Experimentally	this	

is	 manifested	 in	 higher	 C-N	 stretch	 frequencies	 in	 ferricyanide	 with	 respect	 to	

ferrocyanide.	

In	Table	4	we	compare	our	results	for	ferric	and	ferrous	hexacyanide	in	terms	of	metal-

ligand	 covalency	with	 the	previous	X-ray	 spectroscopy	 studies.	We	note	 that	 although	

quantitative	 comparison	 of	 the	 covalency	 values	 between	 different	 methods	 is	 not	

accurate,	 the	 trends	 in	 covalencies	 within	 a	 method	 still	 provide	 valuable	 electronic	

structure	information.	The	overall	magnitude	of	σ-donation	matches	well	with	the	DFT	

calculations	 published	 by	 Hocking	 et	 al.17	 However,	 in	 contrast	 to	 our	 results	 their	

calculations	 exhibit	 the	 same	 Fe	 3d	 content	 in	 the	 5σ(eg)	 MOs	 of	 ferric	 and	 ferrous	

hexacyanide.	Also,	we	find	considerably	weaker	π-donation	compared	to	Hocking	et	al.	

Compared	to	the	RASSCF	results	from	Engel	et	al.	our	calculations	give	less	σ-donation.16	

The	 DFT	 and	 Valence	 Bond	 Configuration	 Interaction	 (VBCI)	 results	 from	 Hocking	 et	

al.17	and	Lundberg	et	al.18	show	π-back-donation	to	be	larger	by	approximately	a	factor	

of	 2	 compared	 to	 the	 RASPT2	 results	 presented	 here.	 Additionally,	 no	 considerable	

difference	 in	 π-back-donation	 between	 ferri-	 and	 ferrocyanide	 was	 found.	 These	

discrepancies	 in	 characterizing	 the	2π(t2g)	 composition	 could	be	 attributed	 to	 the	 fact	

that	the	DFT	and	VBCI	results	refer	to	the	overall	Fe	d	character	and	not	only	to	the	Fe	

3d	 character.	 	 There	 is	 a	 very	 good	 agreement	 between	 the	 values	 of	 overall	 Fe	 d	

contribution	 to	 the	 2π(t2g)	 MOs	 retrieved	 in	 this	 work	 (Table	 S3)	 and	 the	 values	

presented	in	Hocking	et	al.	and	in	Lundberg	et	al.	(note	however	that	the	results	of	Engel	

et	 al.	 are	 still	 considerably	 higher).	 Only	 for	 the	 2π(t2g)	MO	 the	 Fe	 4d(t2g)	 and	 5d(t2g)	

contributions	 become	 considerable.	We	 find	 that	 the	 Fe	 d	 character	 of	 the	 other	MOs	

listed	in	Table	3	is	mostly	due	to	Fe	3d	orbitals	(Table	S3).	

Our	RASPT2	calculations	further	reveal	considerable	core-hole	induced	effects	to	the	Fe	

3d	content	of	 the	valence	MOs.	σ-donation	 to	 the	5σ(eg)	MO	 is	 considerably	 increased	

upon	Fe	2p	core-hole	screening,	whereas	π-back-donation	is	decreased		(Table	3).	Latter	

effects	 can	be	 explained	by	 considering	 the	 lowering	of	 t2g	 and	 eg	MO	energies	due	 to	

core-hole	 potential	 which	 results	 in	 decrease	 of	 5σ(eg)	 and	 eg	 energetic	 distance	 and	

increase	of	the	energetic	distance	between	t2g	and	2π(t2g)	MOs.	Interestingly,	the	overall	
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Fe	d	content	to	the	2π(t2g)	MOs	in	ferricyanide	increases	as	a	result	of	Fe	2p	core-hole	

screening	while	in	ferrocyanide	the	Fe	d	content	decreases	(Table	S3).	

Summary 
Utilizing	 Fe	 L2,3	 and	N	K-edge	RIXS	we	 have	mapped	 out	 the	 valence	 excites	 states	 of	

ferric	 and	 ferrous	 hexacyanide.	 The	 task	 of	 identification	 and	 characterization	 of	 the	

valence	 excited	 state	 spectrum	 in	 transition	metal	 complexes	 is	 often	 a	 challenge	 for	

more	conventional	UV/vis	absorption	spectroscopy	due	to	high	density	of	overlapping	

states,	large	differences	in	absorption	cross	sections	and	the	extension	of	state	energies	

to	 the	 vacuum	 ultraviolet	 region.	 Here,	 combining	 the	 metal	 and	 the	 ligand	 views	

allowed	to	identify	the	metal-centered,	the	ligand-to-metal,	the	metal-to-ligand	and	the	

ligand-centered	excited	states	and	to	quantify	their	relative	energetics.	

The	 high	 sensitivity	 of	 RIXS	 at	 the	 Fe	 L2,3-edge	 to	 chemical	 bonding	 has	 been	

demonstrated	before.16,57,58	However,	disentangling	donation	and	back-donation	effects	

from	 multiplet,	 configuration	 interaction	 and	 core-hole	 relaxation	 effects	 is	 a	

challenging	 task	 which	 we	 have	 resolved	 here	 with	 quantum	 chemical	 RASPT2	

calculations.	This	allowed	us	to	quantify	the	donation	and	back-donation	interactions	in	

ferric	and	ferrous	hexacyanide	aqueous	solutions	with	unprecedented	detail.	Our	results	

agree	with	previous	infrared	spectroscopy	studies	that	have	shown	that	the	increase	of	

the	effective	Fe	charge	increases	donation	and	decreases	back-donation.	

	The	presented	 investigation	demonstrates	the	potential	of	soft	X-ray	RIXS	for	detailed	

studies	of	 local	 chemical	bonding	of	 functional	 transition	metal	 compounds,	as	well	as	

for	time-resolved	studies	of	the	excited	states	of	photoactive	materials.	
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Figure	 1.	 Qualitative	 valence	 molecular-orbital	 (MO)	 diagram	 of	 an	 octahedral	 iron	
hexacyanide	 complex	with	 Fe-centered	 nominal	 3d	 and	 ligand-ceneterd	 CN-	MOs.	 The	
ferrous	complex	(Fe2+,	3d6)	has	completely	occupied	t2g	MOs,	whereas	the	ferric	complex	
(Fe3+,	3d5)	has	a	hole	at	the	t2g	MOs	(note	the	red	electron	for	the	ferrous	complex).	
	
	

	
Figure	 2.	 Experimental	 Fe	 L2,3-edge	 RIXS	 of	 Ferri-	 and	 ferrocyanide.	 Partial	
Fluorescence	yield	(PFY-)XAS	(A	and	B),	RIXS	maps	(C	and	D)	and	RIXS	spectra	(E	and	F)	
of	 ferri-	 and	 ferrocyanide.	 The	 features	 denoted	 CK	 result	 from	 fluorescence	 decays	
preceded	 by	 Coster−Kronig	 decays.	 Normalized	 intensities	 in	 the	 RIXS	 planes	 are	
encoded	 in	 color	 where	 green	 corresponds	 to	 zero	 and	 red	 to	 one.	 The	 RIXS	 spectra	
correspond	 to	 vertical	 cuts	 through	 the	 RIXS	 planes	 and	 are	 shown	 for	 the	 given	
incident	photon	energy	ranges	corresponding	 to	 the	PFY-XAS	maxima	of	 the	L3	and	L2	
edges.		
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Figure	3.	Experimental	Fe	L3-edge	and	N	K-edge	RIXS	and	XAS	spectra.	(A1)	RIXS	map	
of	 ferricyanide	 at	 the	 Fe	 L3-edge	 and	 (A2)	 at	 the	 N	 K-edge.	 (B1)	 RIXS	 map	 of	
ferrocyanide	at	the	Fe	L3-edge	and	(B2)	at	the	N	K-edge.	PFY-XAS	of	(C)	ferricyanide	and	
(D)	 ferrocyanide.	 Note	 that	 incident	 photon	 energies	 are	 consistent	 in	 all	 panels.	 The	
displayed	 incident	 photon	 energy	 ranges	 at	 the	 Fe	 L3-edge	 and	 at	 the	 N	 K-edge	 are	
chosen	to	line	up	at	the	lowest	energy	XAS	resonance	of	ferricyanide.	
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Figure	4.	Comparison	of	experimental	and	calculated	RIXS	maps	and	XAS	spectra	at	the	
Fe	L3-edge.	Calculated	RIXS	maps	of	(A)	ferricyanide	and	(B)	ferrocyanide	using	the	ab	
initio	 RASPT2	method.	 Calculated	RIXS	maps	 of	 (C)	 ferricyanide	 and	 (D)	 ferrocyanide	
using	 the	 semi-empirical	 CTM	 method	 and	 comparison	 PFY-XAS	 experimental	 and	
calculated	spectra	for	ferricyanide	(E)	and	ferrocyanide	(F).		
	
	

	
Figure	5.	Experimental	RIXS	spectra	at	the	selected		X-ray	absorption	resonances.		RIXS	
spectra	 of	 (A)	 ferricyanide	 and	 (B)	 ferrocyanide	 at	 the	 selected	 X-ray	 absorption	
resonances.	RIXS	spectra	taken	at	the	Fe	L3	and	at	the	N	K-edges	are	directly	compared.	
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Figure	6.	Comparison	of	experimental	and	calculated	RIXS	spectra	at	the	selected	X-ray	
absorption	resonances	at	the	Fe	L3-edge	of	(A)	ferricyanide	and	(B)	ferrocyanide.	
	
	

	
Figure	 7.	 Spin	 decomposition	 of	 XAS	 and	RIXS	 RASPT2	 calculations.	 Ferricyanide	 (A)	
decomposed	XAS	spectra	(D	–	doublet,	Q	–	quartet),	(B)	doublet	RIXS	final	states	and	(C)	
quartet	 RIXS	 final	 states.	 Ferrocyanide	 (A)	 decomposed	 XAS	 spectra	 (S	 –	 singlet,	 T	 –	
triplet),	(B)	singlet	RIXS	final	states	and	(C)	triplet	RIXS	final	states.	
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Table	1.	Energies	and	assignments	of	measured	X-ray	absorption	resonances	based	on	
Refs.	 14,17,34	 and	 calculations	 in	 this	 work	 for	 ferric	 and	 ferrous	 hexacyanide	 and	 for	
resonances	aM-cM	at	the	Fe	L3	and	aL-cL	the	N	K-edge	(see	Figure	1	for	labels	of	molecular	
orbitals).	
	 [Fe(CN)6]3-	 [Fe(CN)6]4-	
Reso-
nance	

Energy	
(eV)	

Assignment	 Energy	
(eV)	

Assignment	

Fe	L3-edge	
aM	 705.6	 [Fe2p(t1u)]5[t2g]6[eg]0	 -	 -	
bM	 710.0	 [Fe2p(t1u)]5[t2g]5[eg]1	 709.1	 [Fe2p(t1u)]5…	[t2g]6[eg]1	
cM	 712.5	 [Fe2p(t1u)]5[t2g]5[eg]0[2π(t2g)]1	

[Fe2p(t1u)]5[t2g]4[eg]2	
[Fe2p(t1u)]5[5σ(eg)]3[t2g]6[eg]1	

711.2	 [Fe2p(t1u)]5[t2g]6[eg]0[2π(t2g)]1	
[Fe2p(t1u)]5[t2g]4[eg]2	
	

N	K-edge	
aL	 396.1	 [N1s(t1u)]5[t2g]6[eg]0	 -	 -	
bL	 398.5	 [N1s(t1u)]5[t2g]5[eg]1	 -	 -	
cL	 399.6	 [N1s(a1g,t1u,eg)]11[t2g]5[eg]0[2π

]1	
399.5	 [N1s(a1g,t1u,eg)]11[t2g]6[eg]0[2π]

1	
	
Table	 2.	 Energies	 and	 assignments	 of	 RIXS	 peaks	 based	 on	 the	 comparison	 of	 the	
experiments	 and	 calculations	 in	 this	 work	 for	 ferric	 and	 ferrous	 hexacyanide	 and	 for	
excitations	at	the	Fe	L3	and	the	N	K-edge	(see	Figure	1	for	labels	of	molecular	orbitals).	
	 [Fe(CN)6]3-	 [Fe(CN)6]4-	
Peak	 Energy	

(eV)	
Assignment	 Energy	

(eV)	
Assignment	

Fe	L3-edge	
1aM	 4	 2LMCT	

[5σ(eg)]3[t2g]6	
-	 -	

2aM	 ~7	 2LMCT	
[1π(t2g)]5[t2g]6	

-	 -	

1bM	 3	 4MC	
[t2g]4[eg]1	

-	 -	

2bM	 4	 2MC	
[t2g]4[eg]1	

3.5	 1MC	
[t2g]5[eg]1	

3bM	 8.5	 2,4LMCT		
[5σ(eg)]3[t2g]5[eg]1	
[1π(t2g)]5[t2g]5[eg]1	

8	 1,3LMCT		
[5σ(eg)]3[t2g]6[eg]1	
[1π(t2g)]5[t2g]6[eg]1	

1cM	 3.25	 4MC	
[t2g]4[eg]1	

3.25	 3MC	
[t2g]5[eg]1	

2cM	 7	 2,4MLCT	
[t2g]4[eg]0[2π(t2g)]1	

5	 1,3MLCT		
[t2g]5[eg]0[2π(t2g)]1	

4cM	 11	 2,4LC		
[5σ(eg)]3[t2g]5[eg]0[2π(t2g)]1	
[1π(t2g)]5[t2g]5[eg]0[2π(t2g)]1	

9.5	 1,3LC		
[5σ(eg)]3[t2g]6[eg]0[2π(t2g)]1	
[1π(t2g)]5[t2g]6[eg]0[2π(t2g)]1	

N	K-edge	
1aL	 4	 2LMCT	

[5σ(eg)]3[t2g]6	
[1π(t1g)]5[t2g]6	

-	 -	

2aL	 ~7	 2LMCT	
[1π(t2g)]5[t2g]6	
[5σ(a1g)]1[t2g]6	

-	 -	

2bL	 4	 2MC	
	[t2g]4[eg]1	

-	 -	

3bL	 6.5	 2LMCT	and/or	2MLCT	
[5σ(eg)]3[t2g]5[eg]1/	
[t2g]4[eg]0[2π]1	

-	 -	
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2cL	 7	 2MLCT	
[t2g]4[eg]0[2π(t2g)]1	

5	 1MLCT	
[t2g]5[eg]0[2π(t2g)]1	

3cL	 8	 2LC		
[1π(t1u,t2u,t1g)]17[t2g]5[eg]0[2π]1	

7.5	 1LC		
[1π(t1u,t2u,t1g)]17[t2g]6[eg]0[2π]1	

4cL	 ~11	 2LC		
[5σ]11[t2g]5[eg]0[2π]1	
[1π(t2g)]5[t2g]5[eg]0[2π]1	

~10	 1LC		
[5σ]11[t2g]6[eg]0[2π]1	
[1π(t2g)]5[t2g]6[eg]0[2π]1	

	
	
Table	3.	Decomposition	of	valence	molecular	orbitals	 into	 the	contributions	of	atomic	
orbitals	with	Fe	3d,	N	2p	and	C	2p	character	for	ferric	and	ferrous	hexacyanide.	Values	
are	 deduced	 from	 the	 RASPT2	 calculations	 based	 on	 the	 normalized	 squared	 atomic	
orbital	 coefficients	 of	 valence	molecular	 orbitals.	 Values	 are	 averaged	 over	 individual	
D2h	 symmetry-adapted	 molecular	 orbitals	 and	 over	 states	 with	 different	 symmetries.	
Numbers	 in	 front	 (in)	 the	 parenthesis	 correspond	 to	 contributions	 in	 the	 electronic	
ground	states	(in	the	presence	of	a	Fe	2p	core-hole).		
Molecular	
orbital	

[Fe(CN)6]3-	 [Fe(CN)6]4-	
Fe	3d	 N	2p	 C	2p	 Fe	3d	 N	2p	 C	2p	

5σ(a1g,t1u)	 0.0(0.0)	 45.5(45.4)	 25.6(26.4)	 0.0(0.0)	 47.5(47.5)	 25.3(26.2)	
1π(t2g)	 1.4(1.4)	 59.8(60.7)	 37.9(37.1)	 1.1(1.0)	 63.8(64.6)	 33.9(33.2)	
5σ(eg)	 28.9(48.9)	 10.7(8.4)	 24.0(28.3)	 20.1(37.5)	 10.1(9.3)	 20.8(27.2)	
1π(t1u,t2u,t1g)	 0.0(0.0)	 43.6(43.7)	 22.4(22.2)	 0.0(0.0)	 46.1(46.2)	 19.6(19.5)	
t2g	 93.9(95.2)	 5.6(3.5)	 0.1(0.2)	 90.9(94.4)	 7.8(4.5)	 0.7(0.0)	
eg	 40.4(24.8)	 3.2(3.5)	 12.1(7.2)	 37.4(23.7)	 3.3(3.3)	 6.7(4.2)	
2π(t2g)	 6.8(4.3)	 45.1(42.3)	 33.7(30.2)	 9.4(6.0)	 41.5(42.8)	 37.0(39.1)	
2π(t1u,t2u,t1g)	 0.0(0.0)	 26.8(27.0)	 47.1(47.3)	 0.0(0.0)	 27.2(27.2)	 49.4(49.4)	
	
	
Table	4.	Comparison	of	metal-ligand	covalency	in	ferric	and	ferrous	cyanide	in	terms	of	
%	of	Fe	3d	character	in	the	valence	molecular	orbitals	from	this	work	and	compared	to	
previous	studies.	
Molecular	
orbital	

[Fe(CN)6]3-	 [Fe(CN)6]4-	
This	
work	

DFTa	 VBCIb		 This	
work	

DFTa	 VBCIb		 RASSCFc	

1π(t2g)	 1.4	 10	 -	 1.1	 8	 -	 -	
5σ(eg)	 28.9	 28	 -	 20.1	 28	 -	 33.1	
t2g	 93.9	 77	 62	 90.9	 77	 -	 98.5	
eg	 40.4	 54	 52	 37.4	 57	 58	 34.9	
2π(t2g)	 6.8	 14	 13	 9.4	 16	 14	 55.4	
a	BP86	DFT	calculations	from	Figure	11	in	Ref.	17.	
bValence	Bond	Configuration	Interaction	(VBCI)	results	from	Table	S3	in	the	Supporting	
Information	of	Ref.	18.	
c	Restricted	Active	Space	Self	Consistent	Field	(RASSCF)	calculations	from	Table	1	in	Ref.	
16.	
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