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Abstract:	Hemoglobin	and	myoglobin	are	oxygen-binding	proteins	with	S=0	heme	{FeO2}
8	active	sites.	The	electronic	

structure	 of	 these	 sites	 has	 been	 the	 subject	 of	 much	 debate.	 This	 study	 utilizes	 Fe	 K-edge	 X-ray	 absorption	

spectroscopy	(XAS)	and	1s2p	resonant	inelastic	X-ray	scattering	(RIXS)	to	study	oxyhemoglobin	and	a	related	heme	

{FeO2}
8	 model	 compound,	 [(pfp)Fe(1-MeIm)(O2)]	 (pfp	 =	 meso-tetra(α,α,α,α-o-pivalamido-phenyl)porphyrin,	 or	

TpivPP,	1-MeIm	=	1-methylimidazole)	(pfpO2),	which	was	previously	analyzed	using	L-edge	XAS.	The	K-edge	XAS	and	

RIXS	data	of	pfpO2	and	oxyhemoglobin	are	compared	with	the	data	for	low-spin	FeII	and	FeIII	[Fe(tpp)(Im)2]
0/+	(tpp	=	

tetra-phenyl	porphyrin)	compounds,	which	serve	as	heme	references.	The	X-ray	data	show	that	pfpO2	 is	similar	to	

FeII,	 while	 oxyhemoglobin	 is	 qualitatively	 similar	 to	 FeIII,	 but	 with	 significant	 quantitative	 differences.	 DFT	

calculations	show	that	 the	difference	between	pfpO2	and	oxyhemoglobin	 is	due	 to	a	distal	histidine	H-bond	to	O2	

and	the	less	hydrophobic	environment	in	the	protein,	which	lead	to	more	backbonding	into	the	O2.	A	valence	bond	

configuration	 interaction	multiplet	model	 is	used	 to	analyze	 the	RIXS	data	and	show	that	pfpO2	 is	dominantly	FeII	

with	6-8%	FeIII	character,	while	oxyhemoglobin	has	a	very	mixed	wavefunction	that	has	50-77%	FeIII	character	and	a	

partially	polarized	Fe-O2	π	bond.	



Significance:	The	electronic	structure	of	the	heme	oxy-iron	center	in	oxyhemoglobin	and	oxymyoglobin	has	been	the	

subject	 of	 debate	 for	 decades.	 Various	 experimental	 and	 computational	 methods	 have	 been	 used	 to	 study	 this	

system,	leading	to	conflicting	conclusions.	This	study	uses	X-ray	spectroscopy	to	directly	probe	the	iron	center	in	the	

highly	delocalized	oxyhemoglobin	and	 its	model	 compound	 to	define	 the	electronic	 structure	and	understand	 the	

differences	between	the	protein	and	the	model.	This	study	settles	a	longstanding	debate	in	bioinorganic	chemistry	

and	provides	insight	into	heme	iron-oxygen	binding,	the	key	first	step	in	many	biocatalytic	processes.	

	

The	electronic	structure	of	the	active	sites	in	oxyhemoglobin	(HbO2)	and	oxymyoglobin	has	been	the	subject	of	study	

and	debate	for	decades.	The	iron	oxygen-binding	proteins	contain	an	S=0	{FeO2}
8	active	site,	denoting	eight	valence	

electrons	 delocalized	 among	 the	 Fe	 3d	 and	 O2	 π*	 orbitals	 in	 the	 Enemark-Feltham	 notation	 used	 for	 metal-NO	

complexes.	(1)	Three	electronic	structure	models	have	been	proposed	by	Pauling	(low-spin	FeII	with	singlet	O2),	(2,	3)	

Weiss	(low-spin	FeIII	antiferromagnetically-coupled	to	doublet	O2
-),	(4)	and	McClure,	Harcourt,	and	Goddard	(S=1	FeII	

antiferromagnetically-coupled	to	triplet	O2,	also	known	as	the	“ozone”	model).	(5-8)	Much	computational	work	has	

been	done,	with	all	 three	models	supported	by	different	calculations.	 (9-13)	However,	 there	has	been	a	dearth	of	

experimental	data	to	directly	probe	the	electronic	structure.	In	particular	the	intense	porphyrin	π→π*	transitions	of	

heme	complexes	make	it	difficult	to	probe	the	highly	covalent	Fe	with	traditional	spectroscopic	methods.	(14)	

	

X-ray	 absorption	 spectroscopy	 (XAS)	 has	 emerged	as	 a	 site-specific	 technique	 that	 provides	 a	 direct	 probe	of	 the	

metal	center.	An	analysis	of	the	iron	K	pre-edge	suggested	that	HbO2	has	an	electronic	structure	similar	to	the	Weiss	

model	 in	 solution,	 but	 that	 crystalline	 HbO2	 has	 an	 electronic	 structure	more	 similar	 to	 the	 Pauling	model.	 (15)	

Alternatively,	a	recent	X-ray	emission	Kβ	study	suggested	that	the	iron	center	has	an	S	=	1	spin	state,	similar	to	the	

ozone	model.	 (16)	However,	neither	 technique	provides	a	quantitative	analysis	of	 the	electronic	 structure	of	 iron	

centers.	 In	contrast,	L-edge	XAS	measures	the	electric	dipole-allowed	metal	2p→3d	transitions,	and	the	integrated	

intensity	 is	 proportional	 to	 the	 total	 amount	 of	 metal	 3d	 character	 in	 the	 valence	 orbitals.	 (17)	 This	 makes	 the	

technique	 powerful	 in	 studying	 highly	 covalent	metal	 sites.	 Quantitative	 covalency	 information	 can	 be	 extracted	



through	modeling	of	the	L-edge	XAS	spectra	using	a	valence	bond	configuration	interaction	(VBCI)	multiplet	model.	

(18)	This	methodology	has	been	applied	to	iron	complexes	to	extract	the	differential	orbital	covalency	(DOC),	which	

allows	for	quantification	of	ligand	σ	and	π	donation	(17,	19,	20)	and	metal	π	back-bonding,	(21)	including	in	heme	

models.	(14)	

	

L-edge	XAS	and	the	VBCI	multiplet	model	were	used	in	a	study	to	analyze	the	S=0	{FeO2}
8	heme	model	compound	

[(pfp)Fe(1-MeIm)(O2)]	 (pfp	 =	 meso-tetra(α,α,α,α-o-pivalamido-phenyl)porphyrin,	 1-MeIm	 =	 1-methylimidazole)	

(pfpO2).	(22)	That	study	determined	that	the	pfpO2	model	compound	had	an	electronic	structure	more	similar	to	the	

Pauling	model.	The	pfpO2	compound	has	been	seen	as	a	good	model	for	HbO2,	with	similar	vibrational	(23-26)	and	

Mössbauer	spectra.	 (27-32)	One	major	difference	between	the	model	complex	and	the	protein	 is	 that	the	protein	

has	 a	 conserved	 histidine	 in	 the	 active	 site	 that	 can	 hydrogen-bond	 to	 the	 O2.	 This	 hydrogen-bond	 has	 been	

calculated	by	Shaik,	et	al.	to	be	important	in	modulating	the	electronic	structure	of	oxymyoglobin,	leading	to	a	more	

polarized	Weiss-like	description.	(9)	It	is	therefore	important	to	experimentally	compare	the	pfpO2	model	compound	

with	the	HbO2	protein.	

	

One	major	limitation	of	iron	L-edge	XAS	is	that	it	occurs	in	the	soft	X-ray	regime	(~710	eV),	which	requires	ultrahigh	

vacuum,	which	limits	the	measurement	of	protein	or	solution	samples.	To	measure	the	protein	samples,	hard	X-rays	

(~7100	 eV),	 such	 as	 used	 for	 iron	 K-edge	 XAS,	 are	 required.	However,	 “L-edge	 like”	 information	 can	 be	 obtained	

through	1s2p	resonant	inelastic	X-ray	scattering	(RIXS).	(33)	1s2p	RIXS	involves	a	two-step	process,	where	a	hard	X-

ray	incident	photon	of	energy	Ω	causes	a	1s→3d	transition,	followed	by	2p→1s	decay,	releasing	a	photon	of	energy	

ω.	(34,	35)	The	resulting	2p53dn+1	final	state	configuration	is	the	same	as	for	L-edge	XAS,	which	can	be	simulated	with	

the	 VBCI	multiplet	model	 to	 extract	 the	DOC	 and	 provide	 a	 quantitative	 bonding	 description.	 (36)	 1s2p	 RIXS	 is	 a	

complementary	 technique	 to	 L-edge	 XAS	 and	 the	 differences	 between	 L-edge	 XAS	 and	 1s2p	 RIXS	 have	 been	

previously	studied	with	several	non-heme	iron	model	compounds.	(37)	

	



A	combined	L-edge	XAS	and	1s2p	RIXS	methodology	was	developed	and	applied	to	study	the	bonding	in	ferrous	and	

ferric	cytochrome	c.	(38)	This	involved	an	initial	analysis	of	heme	model	compounds	that	could	be	measured	by	both	

L-edge	XAS	and	1s2p	RIXS,	which	allowed	for	calibration	of	the	VBCI	model	between	the	two	techniques.	The	1s2p	

RIXS	analysis	of	the	model	compound	was	then	used	to	calibrate	the	1s2p	RIXS	analysis	of	the	protein	system,	where	

L-edge	XAS	data	were	unavailable.	This	methodology	is	applied	in	the	present	study,	by	first	studying	the	1s2p	RIXS	

of	pfpO2,	for	which	the	L-edge	XAS	analysis	has	been	done,	and	then	using	this	model	as	a	reference	for	the	analysis	

of	the	1s2p	RIXS	of	HbO2.	

	

Results	and	Analysis	

	

Figure	1:	Background	subtracted	RIXS	planes	of	(a)	Fe2tpp,	(b)	pfpO2,	(c)	HbO2,	and	(d)	Fe3tpp.	The	diagonal	white	
lines	represent	where	CEE	cuts	were	made.	The	vertical	red	and	green	lines	represent	where	CIE	cuts	were	made.		
	



RIXS	Planes.	The	2-dimensional	background-subtracted	RIXS	data	for	both	pfpO2	and	HbO2	are	shown	in	Figure	1b	

and	1c,	respectively,	along	with	the	RIXS	planes	of	[FeII(tpp)(ImH)2]	(Fe2tpp,	1a)	and	[Fe
III(tpp)(ImH)2]

+	(Fe3tpp,	1d)	

included	as	 references	 for	 low-spin	FeII	and	 low-spin	FeIII	 in	porphyrin	environments	 (large	version	Figure	S1).	The	

RIXS	 planes	 for	 pfpO2	 and	 HbO2	 exhibit	 clear	 differences.	 The	 pfpO2	 plane	 has	 only	 a	 single	 incident	 energy	

resonance	(x-axis)	at	7112.2	eV.	The	main	L3	feature	of	the	resonance	is	broad	along	the	energy	transfer	direction	(y-

axis)	and	resolves	 into	two	peaks,	with	the	main	peak	at	707.2	eV	and	an	 intense	shoulder	at	708.3	eV.	At	higher	

energy,	a	low-intensity	satellite	feature	also	appears	at	~710	eV.	The	pattern	of	the	RIXS	plane	of	pfpO2,	with	a	single	

incident	energy	resonance	and	a	double-peak	feature	in	the	energy	transfer	direction,	is	very	similar	to	the	pattern	

of	the	RIXS	plane	of	Fe2tpp	(Figure	1a).	

	

Unlike	pfpO2,	HbO2	clearly	shows	two	 incident	energy	resonances,	with	a	small,	weak	feature	at	7111.4	eV,	and	a	

large,	broad	feature	at	7112.8	eV.	The	7112.8	eV	resonance	does	not	exhibit	 the	double-peak	 feature	seen	 in	 the	

pfpO2	and	Fe2tpp	planes.	The	HbO2	RIXS	plane	is	not	only	different	from	the	low-spin	FeII	reference	plane,	but	is	also	

very	 different	 from	 the	 low-spin	 FeIII	 reference	 plane	 (Figure	 1d).	 The	 “dπ”-resonance	 (7111.3	 eV)	 in	 the	 Fe3tpp	

plane	is	higher	in	intensity	than	the	low-energy	resonance	in	HbO2	and	is	also	further	separated	in	energy	from	the	

main	peak	(7112.9	eV)	in	the	energy	transfer	direction.	For	Fe3tpp,	the	low-energy	peak	of	the	L3	occurs	at	706	eV	in	

the	energy	transfer	direction,	with	the	main	peak	at	708	eV,	compared	to	706.5	eV	and	708	eV,	respectively	in	HbO2.	

From	the	comparison	of	the	RIXS	planes,	pfpO2	experimentally	appears	very	similar	to	Fe2tpp,	while	HbO2	appears	

more	“ferric-like”	than	pfpO2,	but	significantly	less	than	Fe3tpp.	

	



Figure	2:	(a)	Comparison	of	CEE	cut	of	pfpO2	(red)	with	Fe2tpp	(blue).	(b)	Comparison	of	K-edge	spectrum	of	pfpO2	
(black)	with	CEE	cut	(red).	(c)	Comparison	of	K-edge	spectrum	of	HbO2	(black)	with	CEE	cut	(green).	(d)	Comparison	
of	CEE	cut	of	HbO2	(green)	with	Fe3tpp	(purple).	
	

CEE	Cuts	and	K-edge	Spectroscopy.	The	K-edge	spectra	of	pfpO2	and	HbO2	are	shown	in	Figure	2b	and	c,	along	with	

comparisons	to	the	corresponding	constant	emission	energy	(CEE)	cuts	(full	K-edge	XANES	in	Figure	S2).	The	CEE	cuts	

were	made	through	the	maxima	of	the	RIXS	planes	and	are	marked	by	the	diagonal	white	lines	through	the	planes	in	

Figure	1.	The	integrated	intensity	of	the	pfpO2	pre-edge	is	4.1	units,	while	the	HbO2	pre-edge	is	more	intense	at	6.7	

units.	 The	 pfpO2	 pre-edge	 intensity	 is	 comparable	 to	 the	 pre-edge	 intensities	 of	 other	 six-coordinate	 low-spin	

ferrous	 and	 ferric	 compounds	 (3-5	 units),	 (39)	 including	 Fe2tpp	 (4.9)	 and	 Fe3TPP	 (4.3).	While	 HbO2	 has	 a	 more	

intense	pre-edge	than	the	other	compounds,	it	is	still	significantly	lower	in	intensity	than	the	pre-edge	intensities	of	

distorted	six-coordinate	protein	active	sites	(~8	units)	(40)	and	of	four-coordinate	tetrahedral	and	square	pyramidal	

five-coordinate	compounds	(11+	units).	The	latter	have	significant	electric	dipole	intensity	due	to	4p-mixing	caused	

by	 loss	 of	 inversion	 symmetry.	 (39)	 This	means	 that	 the	 pre-edge	 features	 of	 pfpO2	 are	 primarily	 due	 to	 1s→3d	

quadrupole	excitations,	but	HbO2	has	a	small	amount	of	dipole	intensity	due	to	limited	distortion	at	the	Fe	center.	

	

In	comparing	the	K-edges	with	the	CEE	cuts	in	Figure	2b	and	c,	the	main	insight	is	that	the	CEE	cuts	in	red	and	green	

provide	a	higher	energy-resolution	K-edge.	In	the	CEE	cut	of	pfpO2,	there	is	a	single	pre-edge	peak,	as	in	the	K-edge,	

but	with	a	higher	energy	shoulder.	This	shoulder	is	not	due	to	a	new	1s→3d	excitation,	but	is	due	to	overlap	with	the	

feature	 in	 the	 pre-edge	 that	 occurs	 at	 the	 same	 incident	 energy,	 but	 higher	 energy	 transfer	 in	 Figure	 1b.	 This	

phenomenon	was	noted	in	our	previous	RIXS	studies	and	emphasizes	the	need	to	collect	the	full	2-D	RIXS	plane	in	

order	to	analyze	these	data.	(37)	

	

The	high-resolution	CEE	cut	of	HbO2	clearly	shows	two	peaks,	with	a	small	peak	at	lower	incident	energy	(Figure	2c).	

This	 peak	 is	 much	 less	 clear	 in	 the	 K-edge,	 where	 analysis	 of	 the	 second	 derivative	 is	 necessary	 to	 confirm	 the	

presence	of	the	peak.	The	CEE	cuts	emphasize	the	differences	between	pfpO2	and	HbO2	seen	in	the	RIXS	planes.	To	



compare	cuts	between	the	different	samples,	cuts	were	scaled	such	that	the	RIXS	pre-edge	integrated	intensity	was	

the	same	as	that	obtained	through	K-edge	XAS.	The	pfpO2	CEE	cut	is	very	similar	to	the	CEE	cut	of	Fe2tpp	(Figure	2a).	

The	HbO2	CEE	cut	is	very	different	from	that	of	Fe3tpp	(Figure	2d).	While	the	lower-energy	peak	appears	comparable	

in	intensity	to	that	in	Fe3tpp,	the	energy	splitting	between	the	low-energy	peak	and	the	main	peak	is	much	smaller.	

The	main	peak	 in	HbO2	 is	also	much	more	 intense	 than	 in	Fe3tpp.	From	the	crystal	 structures	of	HbO2,	 the	Fe-O2	

bond	 length	 is	 ~1.8	Å,	 compared	 to	~2	Å	 for	 the	other	bonds.	 (41)	 This	would	 lead	 to	4pz	mixing	with	dz2,	which	

would	increase	the	intensity	in	the	main	peak.	(39)	Although	HbO2	displays	two	peaks	in	its	CEE	cut,	it	has	significant	

and	quantitative	differences	from	the	low-spin	ferric	reference	spectrum.	

	

Figure	3:	The	CIE	cut	of	pfpO2	at	7112.2	eV	(solid)	with	the	L-edge	spectrum	(dotted).	Inset:	comparison	of	the	CIE	
cut	of	pfpO2	(red)	with	Fe2tpp	(blue).	Arrows	show	where	pfpO2	has	different	intensity	from	that	of	Fe2tpp.	
	

CIE	 Cuts	 and	 L-edge	 Spectroscopy.	 The	 L-edge	 spectrum	 of	 pfpO2	 was	 analyzed	 in	 a	 previous	 study	 (22)	 and	 is	

compared	with	the	constant	 incident	energy	(CIE)	cut	through	the	maximum	of	the	RIXS	pre-edge	in	Figure	3.	The	

CIE	is	given	by	the	red	vertical	lines	in	Figure	1.	Unlike	the	L-edge	spectrum	(dotted),	which	has	one	prominent	peak	

in	 the	 L3	 region,	 the	 CIE	 cut	 has	 a	 broad	 double-peak,	with	 the	 lower-energy	 peak	 being	 higher	 in	 intensity.	 The	

higher	energy	satellite	feature,	at	~710	eV,	is	higher	in	intensity	in	the	L-edge	spectrum	compared	to	the	CIE	cut.	The	

L2	region	of	the	CIE	cut	is	also	higher	in	intensity	compared	with	the	L-edge	spectrum.	The	inset	in	Figure	3	shows	a	

comparison	 of	 the	 CIE	 cut	 of	 pfpO2	with	 the	 CIE	 cut	 of	 Fe2tpp.	 The	 cuts	 are	 qualitatively	 very	 similar,	with	 both	

showing	a	broad	double-peak	main	feature	in	the	L3	region.	There	are	however	several	notable	differences	between	

the	two	cuts,	with	the	pfpO2	cut	having	 less	 intensity	 in	the	region	at	~707.5	eV	and	in	the	higher	energy	satellite	



feature	at	~710	eV,	but	more	intensity	in	the	L2	region	(~720	eV),	compared	to	the	Fe2tpp	cut.	These	differences	are	

very	similar	to	those	previously	observed	comparing	reduced	cytochrome	c	to	Fe2tpp,	where	there	is	also	a	change	

in	the	axial	ligation	(N	to	S).	(38)	

	

Figure	 4:	 Comparison	 of	 CIE	 cuts	 of	 HbO2	 (solid)	 and	 Fe3tpp	 (dotted).	 CIE	 cuts	 through	 the	 low-energy	 peaks	 (at	
7111.4	eV	for	HbO2	and	7111.3	eV	for	Fe3tpp)	are	in	green.	CIE	cuts	through	the	main	peaks	(at	7112.8	eV	for	HbO2	
and	7112.9	eV	for	Fe3tpp)	are	in	red.	The	CIE	cuts	are	scaled	to	match	the	RIXS	and	K	pre-edge	integrated	intensities.	
	

For	 HbO2,	 there	 is	 no	 comparison	 between	 L-edge	 and	 RIXS	 CIE	 cuts,	 due	 to	 the	 limitations	 in	 acquiring	 L-edge	

spectra	on	proteins.	The	comparison	of	the	CIE	cuts	through	the	maxima	of	the	two	resonances	 in	HbO2	(given	by	

the	red	vertical	 line	 in	Fig.	1c)	with	the	CIE	cuts	through	the	maxima	of	the	two	resonances	 in	Fe3tpp	 is	shown	in	

Figure	4.	The	most	significant	difference	between	the	two	data	sets	comes	from	the	CIE	cut	through	the	low-energy	

dπ	peak	 (green).	While	 the	 Fe3tpp	 cut	 (dotted)	has	 a	 sharp,	 intense	peak	at	 706	eV	with	 some	 residual	 intensity	

from	 the	 main	 resonance	 at	 708	 eV,	 the	 HbO2	 cut	 (solid)	 has	 a	 lower	 intensity	 peak	 at	 706.5	 eV	 that	 is	 barely	

discernible	 from	 the	 residual	 intensity	 from	 the	 main	 resonance.	 In	 the	 CEE,	 the	 low	 energy	 peaks	 appear	

comparable	in	intensity,	but	the	CIE	cuts	clearly	show	that	the	HbO2	peak	has	lower	intensity	compared	to	Fe3tpp	

and	has	a	smaller	energy	splitting	between	the	low-energy	peak	and	the	main	peak.	The	cuts	through	the	main	peak	

show	similar	shapes,	but	with	HbO2	having	higher	intensity	due	to	the	dipole	contribution	(vide	supra).	

	

Thus,	the	RIXS	data	show	significant	differences	between	HbO2	and	pfpO2.	pfpO2	has	spectral	features	qualitatively	

like	 that	of	 the	 low-spin	 ferrous	 reference	 compound,	while	HbO2	has	 two	 incident	energy	 resonances,	 similar	 to	

that	 of	 the	 low-spin	 ferric	 reference	 compound.	 However,	 the	 HbO2	 spectrum	 has	 significant	 quantitative	



differences	in	peak	energy	and	intensity	compared	with	the	Fe3tpp	spectrum.	The	next	section	uses	DFT	calculations	

to	gain	insight	into	the	origin	of	these	differences.	The	electronic	structures	of	pfpO2	and	HbO2	are	analyzed	further	

with	VBCI	modeling	of	these	different	RIXS	planes	in	the	last	section	of	the	analysis.	

	

DFT	 Calculations.	 Based	 on	 the	 RIXS	 data,	 there	 are	 significant	 differences	 between	 the	 electronic	 structures	 of	

HbO2	and	pfpO2.	To	understand	the	source	of	these	differences,	DFT	calculations	were	performed	on	these	systems	

using	the	crystal	structures	as	the	starting	geometries,	(41,	42)	with	toluene	as	the	solvent	in	a	polarized	continuum	

model	(PCM)	for	pfpO2.	For	HbO2,	the	proximal	histidine,	which	binds	directly	to	the	Fe,	as	well	as	the	distal	histidine,	

which	 can	 H-bond	 with	 the	 O2	 and	 has	 been	 implicated	 in	 tuning	 the	 electronic	 structure	 of	 the	 site,	 (9)	 were	

included	 in	 the	 calculation	as	 full	 amino	acid	 residues	 (Figure	 S3).	Additionally,	 a	 side	 chain	 carbonyl	 that	may	H-

bond	with	the	proximal	histidine	was	modeled	using	a	formaldehyde,	(15)	and	a	dielectric	of	10	was	used	to	model	

the	 protein	 environment.	 Geometry	 optimizations	 were	 performed	 on	 the	 starting	 structures	 using	 the	 BP86	

functional.	Parallel	hybrid	calculations	with	B3LYP	gave	similar	results	(Figure	S4).	In	all	cases,	a	polarized	electronic	

structure	was	found	lowest	in	energy	by	a	few	kcal/mol.	Full	computational	details	can	be	found	in	SI	Materials	and	

Methods.	

	

Calculated	%	Metal	3d	Character	in	Unoccupied	Orbitals	

Compound	 σ	(dz
2)	 σ	(dx

2
-y
2/xy)	 π*	(por)	 π*	(O2)	 Totalb	

Total	
Backbondingc	

O2	
Backbonding	

		 α	 β	 α	 β	 α	 β	 α	 β	 		
	

		
Fe2tpp	 66.5	 66.5	 71.2	 71.2	 9.5	 9.5	 N/A	 N/A	 313.2	(302)	 37.8	 N/A	
pfpO2	 63.2	 55.5	 68.6	 64.1	 9.5	 2.9	 59.8	 9.0	 344.9	(310)	 93.5	 68.8	
HbO2	 61.3	 56.7	 68.1	 63.6	 6.1	 2.3	 64.4	 11.8	 342.7	 93	 76.2	
Fe3tpp	 66.5	 63.3	 67.2	 62.8	 5.7	 2.1	 70.9a	 N/A	 346.2	(365)	 18.6	 N/A	

	

Table	1:	Amount	of	metal	3d	character	in	the	lowest	unoccupied	orbitals	calculated	for	the	different	compounds	
using	the	BP86	functional	with	experimental	values	in	parentheses.	For	Fe2tpp,	the	closed	shell	solution	was	lowest	
in	energy	so	α	and	β	occupancies	are	the	same.	The	metal	values	for	the	porphyrin	π*	orbitals	are	an	average	of	two	
different	orbitals.	aThis	value	for	Fe3tpp	represents	the	metal	character	in	the	dπ	hole.	bExperimental	unoccupied	3d	
character	comes	from	L-edge	integrated	intensity,	which	does	not	exist	for	HbO2.	

cTotal	backbonding	includes	
backbonding	to	both	O2	and	porphyrin	π*	orbitals	and	is	the	sum	of	metal	character	from	the	orbitals.	



	

The	electronic	structure	results	of	the	calculations	are	given	in	Tables	1	and	S1	and	Figure	S5,	along	with	calculations	

on	 Fe2tpp	 and	 Fe3tpp	 as	 reference	 compounds.	 The	 optimized	 structures	 of	 pfpO2	 and	 HbO2	 have	 very	 similar	

coordination	 environments	 around	 the	 Fe.	 The	 calculated	 electronic	 structures	 are	 also	 largely	 similar,	with	 both	

having	~344%	total	unoccupied	metal	3d	character	in	the	valence	orbitals	(Table	1).	This	is	to	be	compared	to	346%	

and	 313%	 for	 the	 Fe3tpp	 and	 Fe2tpp	 references.	 Thus,	 both	 are	 calculated	 to	 be	 closer	 to	 FeIII,	 however	 the	

experimental	L-edge	XAS	total	d	character	for	pfpO2	is	closer	to	Fe
II.	The	main	difference	is	found	in	the	backbonding.	

While	the	total	amount	of	backbonding	of	occupied	Fe	character	into	the	porphyrin	and	O2	π*	(Table	1)	orbitals	 is	

the	 same	 for	both	 complexes	 (~93%,	 Table	1),	 the	distribution	of	 this	metal	 character	 is	 different.	 pfpO2	has	 less	

backbonding	into	the	O2	π*	(68.8%	vs	76.2%),	which	is	compensated	by	increased	backbonding	into	the	porphyrin	π*	

orbitals.	This	difference	in	Fe-O2	bonding	explains	the	slightly	longer	Fe-O	(1.83	vs	1.82	Å)	and	shorter	O-O	(1.30	vs	

1.32	Å)	calculated	bonds	in	pfpO2	compared	to	HbO2	(Table	S1).	

	

Based	on	the	models	used	for	the	calculation,	this	difference	 in	backbonding	can	be	due	to	several	 factors:	1)	the	

carbonyl	H-bond	to	the	proximal	histidine,	2)	the	dielectric,	3)	the	distal	histidine	H-bond	to	the	O2,	and/or	4)	the	

different	porphyrins	(heme	b	vs	picket-fence	porphyrin).	These	factors	were	investigated	through	perturbations	to	

the	 HbO2	model	 (Figure	 S6).	 Removing	 the	 carbonyl	 H-bond	 to	 the	 proximal	 histidine	 in	 the	 calculation	 showed	

minimal	effect	(76.2%	vs	76.1%	backbonding	to	O2)	on	the	electronic	structure,	in	contrast	to	previous	calculations.	

(15)	Then	lowering	the	dielectric	constant	from	10	(protein)	to	2.4	(toluene)	decreased	the	backbonding	to	O2	from	

76.1%	to	74.3%,	while	subsequent	removal	of	the	distal	histidine	further	lowered	the	backbonding	to	69.1%,	similar	

to	pfpO2.		The	latter	effect	has	been	described	by	Shaik	et	al.	(9)	Since	this	perturbed	heme	b	model	has	the	same	

bonding	description	as	 in	pfp,	 these	calculations	 show	that	 this	difference	 in	porphyrin	has	minimal	effect	on	 the	

electronic	 structure;	 the	 primary	 effect	 coming	 from	 the	 distal	 histidine	 H-bond	 to	O2,	 and	 the	 less	 hydrophobic	

environment	of	the	protein	pocket.	

	



The	difference	 in	backbonding	to	the	O2	qualitatively	explains	the	spectral	differences	between	pfpO2	and	HbO2	in	

the	RIXS	data.	As	seen	in	the	VBCI	modeling	(vide	infra),	 increased	backbonding	from	the	Fe	into	the	O2	leads	to	a	

more	polarized	electronic	structure	associated	with	the	appearance	of	the	low	energy	feature	seen	in	the	HbO2	RIXS	

plane.	 In	comparing	the	pfpO2	and	HbO2	calculations	with	those	of	Fe2tpp	and	Fe3tpp,	both	are	more	 like	Fe3tpp	

than	 Fe2tpp	 (Figure	 S5,	 right	 and	 left,	 respectively).	 The	 π-bonding	 into	 O2	 leads	 to	 a	 low-energy	 α	 hole	 with	

significant	metal	 character	 (~63%),	 like	 the	 dπ	 hole	 in	 Fe3tpp	 (70.9%)	 (purple	 orbital	 α1	 in	 Figure	 S5).	 The	 total	

unoccupied	 metal	 3d	 character	 is	 also	 very	 close	 to	 that	 of	 Fe3tpp	 (346.2%),	 but	 not	 Fe2tpp	 (313.2%).	 This	

significantly	 contrasts	 the	 experimental	 XAS	 and	 RIXS	 data,	which	 show	 that	 pfpO2	 is	more	 like	 Fe2tpp,	 and	 that	

HbO2,	while	having	a	pre-edge	 feature	associated	with	 spin	polarization,	 is	 still	 significantly	different	 from	Fe3tpp	

(vide	supra).	TD-DFT	calculations	were	also	performed,	which	also	show	that	 the	HbO2	and	pfpO2	calculations	are	

more	ferric-like	than	seen	experimentally	(see	SI	TD-DFT	Analysis).	

	

VBCI	Modeling.	Since	the	DFT	calculations	provide	a	spin-polarized	electronic	structure	description	for	both	pfpO2	

and	 HbO2	 that	 have	 more	 ferric	 character	 than	 the	 experimental	 data	 suggest,	 a	 semi-empirical	 VBCI	 multiplet	

model	was	used	to	fit	the	RIXS	data	to	lock	in	on	the	electronic	structure	of	the	two	compounds.	The	VBCI	model	can	

provide	a	quantitative	measure	of	 the	DOC	 in	a	metal	complex	 through	mixing	 the	ground	3dn	configuration	with	

ligand-to-metal	charge	transfer	(LMCT)	(3dn+1L,	L	=	ligand	hole)	and	metal-to-ligand	charge	transfer	(MLCT)	(3dn-1L-)	

configurations,	 respectively.	 The	weight	of	 the	 configurations	 in	 the	mixed	wavefunction	depends	on	 the	 relative	

energy	of	the	configurations	and	the	strength	of	the	mixing.	

	



Figure	5:	VBCI	RIXS	simulations	progressing	from	FeIII→FeII	using	the	ferric	3d5	ground	configuration,	starting	with	
the	fit	for	Fe3tpp	in	a,	with	fits	for	HbO2	(c),	pfpO2	(e),	and	Fe2tpp	(f).	Full	fit	parameters	for	Fe3tpp	can	be	found	in	
Table	S2.	In	this	series,	Δ	is	decreased	from	1.5	in	a,	to	-12.1	in	f,	decreasing	the	weight	of	the	3d5	configuration	and	
becoming	dominantly	3d6.		
	

Previous	 studies	 have	 shown	 that	 by	 varying	 the	 weights	 of	 the	 charge	 transfer	 configurations,	 it	 is	 possible	 to	

simulate	 ferrous	 (and	 ferric)	 L-edge	 spectra	 using	 both	 a	 ferric	 and	 a	 ferrous	 ground	 configuration.	 (21,	 22)	 This	

approach	can	be	applied	to	1s2p	RIXS	simulations	as	well.	Figure	5	shows	a	series	of	RIXS	simulations,	starting	with	

the	low-spin	ferric	simulation	of	Fe3tpp	on	the	left	(a).	In	the	Fe3tpp	simulation,	the	energy	difference	between	the	

LMCT	(3d6)	configuration	and	the	ground	(3d5)	configuration,	Δ,	 is	1.5	eV.	As	Δ	decreases,	the	weight	of	the	LMCT	

configuration	 increases	 and	 the	 wavefunction	 gains	 more	 ferrous	 character,	 becoming	 3%	 3d5	 in	 the	 rightmost	

simulation	(f).	The	low	energy	dπ	peak	also	decreases	 in	 intensity	and	shifts	up	 in	energy,	eventually	merging	 into	

the	main	peak	in	Figure	5e.	

	

	

Figure	6:	VBCI	RIXS	simulations	progressing	from	FeII→FeIII	using	the	ferrous	3d6	ground	configuration,	starting	with	
the	fit	for	Fe2tpp	in	a,	with	fits	for	pfpO2	(b),	HbO2	(e),	and	Fe3tpp	(f).	Full	fit	parameters	for	Fe2tpp	can	be	found	in	
Table	S2.	In	this	series,	Δbb	is	decreased	from	0.6	in	a,	to	-2.262	in	f.	
	

Figure	6	shows	a	series	of	RIXS	simulations,	starting	with	the	low-spin	ferrous	simulation	of	Fe2tpp	on	the	left.	In	this	

series,	the	energy	difference	between	the	MLCT	(3d5)	and	ground	(3d6)	configurations,	Δbb,	is	decreased	going	from	

left	to	right.	As	the	weight	of	the	MLCT	configuration	increases,	the	wavefunction	gains	more	ferric	character,	and	a	

low-energy	dπ	peak	appears	in	Figure	6d,	which	gains	in	intensity	and	moves	to	lower	energy.	Correlation	of	these	



simulations	to	the	HbO2	data,	which	has	a	low-intensity	dπ	peak	close	in	energy	to	the	main	peak	(Figures	1	and	2),	

show	that	they	can	be	simulated	as	a	mixed	wavefunction	of	low-spin	3d6	and	3d5	configurations;	thus	qualitatively	

it	 can	either	be	described	as	 a	 low-spin	 ferric	 site	with	 strong	π	donation	 into	 the	dπ	hole,	 or	 a	 low-spin	 ferrous	

center	with	extensive	π	backbonding	into	the	O2.	

	

Figure	 7:	 Best	 VBCI	 fits	 from	 the	 simulations	 described	 in	 Figures	 5	 and	 6	 for	 a)	 pfpO2	 and	 b)	 HbO2	 with	 the	
experimental	data	on	the	left,	and	the	fit	on	the	right.	Since	the	results	showed	that	pfpO2	is	dominantly	FeII,	the	FeII	
fit	is	given.	In	the	case	of	HbO2,	the	results	showed	a	mixed	wavefunction	that	is	more	FeIII,	and	therefore	the	FeIII	fit	
is	 given.	 For	 HbO2,	 the	 experimental	 data	 contains	 dipole	 character	 in	 the	main	 peak,	 while	 the	 simulation	 only	
contains	 quadrupole	 character.	 Therefore,	 the	 best	 fit	was	 based	 on	 the	 energy	 splitting	 of	 the	 low-energy	 peak	
from	the	main	peak	and	the	relative	intensity	of	the	low-energy	peak	compared	to	the	Fe3tpp	fits,	rather	than	the	
intensity	ratio	of	the	low-energy	peak	to	the	main	peak.	
	

By	fitting	the	Fe2tpp,	pfpO2,	HbO2,	and	Fe3tpp	data	along	the	Fe
III→FeII	(Figure	5)	and	FeII→FeIII	(Figure	6)	series,	the	

amount	 of	 FeII/FeIII	 character	 in	 each	 system	 can	 be	 estimated	 to	 obtain	 a	more	 quantitative	 description	 of	 the	

electronic	structure.	The	simulated	 integrated	CEE	and	CIE	were	compared	with	the	experimental	data	to	find	the	

best	match	within	a	series	(Figures	S7	and	S8,	Table	S3).	Since	the	VBCI	model	only	calculates	quadrupole	intensity,	it	

is	directly	comparable	to	the	pfpO2,	Fe2tpp,	and	Fe3tpp	data	sets.	However,	because	the	HbO2	contains	some	dipole	

intensity	 in	 the	 main	 peak,	 the	 intensity	 and	 energy	 splitting	 of	 the	 low	 energy	 peak	 is	 the	 primary	 handle	 for	

comparing	 the	VBCI	 simulations	 to	 the	 experimental	 data.	 The	 Fe2tpp	 and	 Fe3tpp	 fits	were	 used	 as	 FeII	 and	 FeIII	

limits,	 (38)	 representing	 0%	 and	 100%	 “FeIII”	 character,	 respectively.	 The	 first	 limit	 corresponds	 to	 2%	 3d5	

character	and	the	second	limit	to	66%	3d5	character.	The	difference	between	FeIII	and	3d5	character	comes	

from	ligand	donation	and	backdonation	present	already	 in	 the	 reference	complexes.	The	FeIII	 character	 for	

pfpO2	and	HbO2	were	then	defined	relative	to	those	references	 (SI	VBCI	Fitting).	The	resulting	 fits	 (Figure	7)	show	

that	along	the	FeIII→FeII	series,	pfpO2	has	6%	Fe
III	character,	while	HbO2	has	50%	Fe

III	character.	In	the	FeII→FeIII	series,	



pfpO2	has	8%	Fe
III	character,	while	HbO2	has	77%	Fe

III	character.	Thus,	the	fitting	shows	that	pfpO2	is	dominantly	FeII,	

and	that	HbO2	has	a	very	mixed	FeII/FeIII	wavefunction	that	has	more	FeIII	character.	

	

Discussion	

From	the	VBCI	modeling	of	the	1s2p	RIXS	data,	HbO2	is	best	described	as	a	polarized	mixed	FeII/FeIII	system	that	has	

50-77%	 FeIII	 character.	 This	 contrasts	 with	 pfpO2,	 which	 is	 best	 described	 as	 an	 unpolarized	 Fe
II	 with	 6-8%	 FeIII	

character.	The	modeling	also	shows	that	the	difference	in	electronic	structure	can	be	attributed	to	the	covalency	of	

the	Fe-O2	π	bond.	HbO2	has	 significantly	more	FeIII	 character	 than	pfpO2	because	of	greater	π	backbonding	 to	O2.	

While	 DFT	 calculations	 give	 a	more	 “FeIII”	 description	 for	 pfpO2	 and	 HbO2	 than	 is	 found	 experimentally,	 they	 do	

qualitatively	 reproduce	 the	 difference	 in	 O2	 backbonding,	 which	 is	 due	 to	 the	 distal	 histidine	 H-bond	 to	 the	 O2	

combined	with	 the	 less	 hydrophobic	 protein	 environment.	 Both	 are	 important	 in	 polarizing	 the	 Fe-O2	 π	 bond.	 In	

previous	 studies	 on	 {FeNO}6,	 it	 was	 found	 that	 the	 degree	 of	 polarization	 is	 governed	 by	 the	 magnitude	 of	 the	

energy	 gap	of	 the	 Fe-NO	π	bonding	 and	antibonding	orbitals	 relative	 to	 the	 strength	of	 the	exchange	 interaction	

between	electrons	in	these	orbitals.	(43)	When	the	energy	gap	is	large	relative	to	the	exchange	interaction,	the	bond	

remains	unpolarized.	As	the	energy	gap	decreases,	the	wavefunction	becomes	more	polarized	(Scheme	S1).	pfpO2	

thus	has	a	large	enough	energy	gap	to	result	in	an	unpolarized	bonding	description.	The	addition	of	the	H-bond	and	

increased	dielectric	in	the	protein	stabilize	the	O2	π*	orbital	energy,	which	leads	to	polarization	of	the	Fe-O2	π	bond	

and	the	appearance	of	a	low-energy	peak	in	the	RIXS	spectrum	in	Fig.	1c.	

	

These	electronic	structure	descriptions,	unpolarized	FeII	for	pfpO2	and	mixed	FeII/FeIII	for	HbO2	due	to	greater	π	

backbonding	into	O2	are	reasonably	consistent	with	other	experimental	data.	L-edge	XAS	provided	evidence	that	

pfpO2	is	an	unpolarized	Fe
II	with	moderate	backbonding	to	O2.	(22)	The	K-edge	of	HbO2	is	shifted	slightly	higher	in	

energy	compared	to	pfpO2	(Figure	S2),	and	both	are	between	Fe2tpp	and	Fe3tpp,	with	pfpO2	closer	to	Fe2tpp	and	

HbO2	closer	to	Fe3tpp.	Although	previous	iron	Kβ	measurements	on	HbO2	and	oxymyoglobin	suggested	the	iron	is	S	

=	1	based	on	the	high	intensity	of	a	satellite	peak	at	~7045	eV,	we	have	measured	the	Kβ	spectrum	of	the	HbO2	



sample	used	here	(characterized	as	being	3%	met	by	EPR)	and	found	a	significantly	weaker	satellite	feature	that	is	

not	consistent	with	an	S	=	1	Fe	(Figure	11).	(16)	The	FeII	S	=	1	description	of	HbO2	also	requires	polarized	Fe-O	π	

backbonding	and	polarized	O-Fe	σ	donation.	Attempts	to	use	the	VBCI	multiplet	model	to	simulate	the	experimental	

RIXS	data	using	this	description	were	unsuccessful.	The	RIXS	analysis	is	also	consistent	with	previous	vibrational	and	

Mössbauer	spectroscopic	studies	(see	SI	Discussion	on	{FeO2}
8	O-O	Stretching	Frequencies	and	Mössbauer	

Parameters).	

	

These	results	also	provide	an	experimental	basis	 for	 further	calculations.	As	observed	 in	the	previous	section,	DFT	

calculations	provide	a	poor	description	of	 these	oxy-Fe	 sites.	DFT	 is	 a	 single	determinant	method	and	gives	 ferric	

descriptions,	while	the	data	indicate	more	ferrous	character.	Multi	reference	methods,	such	as	CASSCF	are	best	to	

correlate	to	these	data.	Importantly,	the	experimental	data	show	the	H-bond	and	protein	environment	have	a	large	

effect	on	the	{FeO2}
8	electronic	structure,	inducing	some	polarization	in	the	Fe-O2	π	bond.	While	some	calculations	

have	considered	these	effects	and	predicted	a	more	polarized	bond,	(9,	12)	other	computational	studies	do	not	take	

these	factors	into	account.	These	RIXS	data	on	the	electronic	structure	of	oxyhemoglobin	and	its	pfp	model	should	

provide	the	experimental	basis	for	more	detailed	electronic	structure	considerations.	

	

Materials	and	Methods	

Oxy-picket-fence	porphyrin	samples	were	prepared	as	described	in	ref.	30.	Hemoglobin	samples	were	prepared	as	

described	 in	 ref.	 15.	 K-edge	 XAS	 data	 were	 collected	 at	 beam	 line	 7-3	 at	 the	 Stanford	 Synchrotron	 Radiation	

Lightsource	 (SSRL).	 RIXS	 data	 were	 collected	 at	 beam	 line	 6-2	 at	 SSRL	 and	 ID-26	 at	 the	 European	 Synchrotron	

Radiation	Facility	(ESRF).	VBCI	modeling	was	performed	using	the	models	developed	by	Cowan	(44)	and	Thole	et	al.	

(45)	 	 DFT	 calculations	 were	 performed	 using	 the	 Orca	 3.0.3	 software	 package.	 (46)	 Full	 details	 on	 sample	

preparation,	spectroscopic	experiments,	and	calculations	are	included	in	SI	Materials	and	Methods.	
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