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ABSTRACT:	 Ferrate(VI)	 has	 the	potential	 to	 play	 a	 key	 role	 in	 future	water	 supplies.	 Its	 salts	 have	been	 suggested	 as	
“green”	alternatives	 to	current	advanced	oxidation	and	disinfection	methods	 in	water	 treatment,	especially	when	com-
bined	with	ultraviolet	light	to	stimulate	generation	of	highly	oxidizing	Fe(V)	and	Fe(IV)	species.	However,	the	nature	of	
these	intermediates,	the	mechanisms	by	which	they	form,	and	their	roles	in	downstream	oxidation	reactions	remain	un-
clear.	Here	we	use	a	combination	of	optical	and	X-ray	transient	absorption	spectroscopies	to	study	the	formation,	inter-
conversion,	and	relaxation	of	several	excited-state	and	metastable	high-valent	iron	species	following	excitation	of	aqueous	
potassium	ferrate(VI)	by	ultraviolet	and	visible	light.	Branching	from	the	initially	populated	ligand-to-metal	charge	trans-
fer	state	into	independent	photophysical	and	photochemical	pathways	occurs	within	tens	of	picoseconds,	with	the	quan-
tum	yield	for	generation	of	reactive	Fe(V)	species	determined	by	relative	rates	of	the	competing	intersystem	crossing	and	
reverse	electron	transfer	processes.	Relaxation	of	the	metal-centered	states	then	occurs	within	4	ns,	while	the	formation	
of	metastable	Fe(V)	species	occurs	in	several	steps	with	time	constants	of	250	picoseconds	and	300	nanoseconds.	Results	
here	improve	the	mechanistic	understanding	of	the	formation	and	fate	of	Fe(V)	and	Fe(IV),	which	will	accelerate	the	de-
velopment	of	novel	advanced	oxidation	processes	for	water	treatment	applications.	

INTRODUCTION 
Ensuring	 adequate	 water	 supplies	 is	 one	 of	 the	 grand	

challenges	of	the	21st	century,1	and	the	tetrahedral	[FeO4]2-	
ion,	known	as	ferrate(VI),	may	play	a	key	role	in	this	area.	
Salts	of	 ferrate(VI)	are	the	only	known	shelf-stable	hexa-
valent	iron	compounds,	making	them	incredibly	powerful	
and	 versatile	 stores	 of	 oxidizing	potential.2	 For	 example,	
both	 potassium	 and	 barium	 ferrate(VI)	 have	 been	 em-
ployed	as	selective	oxidizing	agents	in	organic	syntheses,3–
8	 and	 potassium	 ferrate(VI)	 has	 been	 used	 to	 transform	
trace	 organic	 contaminants	 (TOCs)	 in	 water	 treatment	
applications.9–11	 Crucially	 for	 practical	 large-scale	 use,	
these	durable,	non-toxic	salts	are	also	comprised	entirely	
of	earth-abundant	elements	and	may	be	prepared	in	bulk	
quantities	 through	 straightforward	 chemical12,13	 and	elec-
trochemical	syntheses.14–16	
Water	supplies	are	threatened	by	TOCs	from	urban	and	

agricultural	 run-off,	 industrial	 activity,	 and	 wastewater	
treatment	plants,10,17	and	mitigation	of	these	TOCs	is	pro-

jected	 to	 require	 a	 high	 level	 of	 effort	 and	 focus	 in	 the	
near	 term.1	 Treatment	 of	 TOCs	 has	 been	 accomplished	
with	 chlorine-based	 oxidants	 (e.g.,	 hypochorite,	 chlorine	
dioxide)	with	 some	 success;	 however,	 this	 approach	 can	
lead	to	the	formation	of	halogenated	disinfection	byprod-
ucts,	 including	 trihalomethanes	 and	 haloacetic	 acids.17–20	
Also,	 some	 recalcitrant	 TOCs	 are	 not	 amenable	 to	 such	
oxidizing	agents.	Advanced	oxidation	processes	(AOPs)	–	
processes	 involving	 the	 addition	 of	multiple	 reagents	 to	
form	 highly	 reactive,	 transitory	 species	 –	 have	 proven	
effective,	 typically	 involving	 ozone,	 hydrogen	 peroxide	
and/or	 ultraviolet	 (UV)	 light.19	 Tradeoffs	 with	 existing	
AOPs	 include	 the	 need	 for	 on-site	 generation	 of	 inputs	
and	byproduct	formation.21	
Ferrate(VI)	 has	 a	 pH-dependent	 reduction	 potential	

that	 is	 higher	 than	 that	 of	 ozone	 and	 chlorine	 dioxide	
under	 acidic	 conditions,8,22	 and	 its	 direct	 byproducts	 are	
non-toxic,	 insoluble	 Fe(III)	 oxides	 that	 may	 support	
downstream	coagulation	and	filtration	processes	in	water	
treatment	systems.23,24	 Improved	transformation	of	TOCs	



 

can	be	achieved	 through	“activation”	of	 ferrate(VI)	–	 the	
addition	 of	 aqueous	 phase	 reductants,25–27	 acids,28,29	 car-
bonaceous	 materials,30,31	 or	 UV	 light.18,32,33	 The	 improve-
ment	 in	effectiveness	 can	be	attributed	 to	 the	 formation	
of	Fe(V)	(perferryl)	and	Fe(IV)	(ferryl)	intermediates,25,26,34	
which,	 like	 the	hydroxyl	 radicals	 formed	 in	 other	AOPs,	
are	 several	 orders	 of	 magnitude	more	 reactive	 than	 the	
parent	 Fe(VI)	 ion	 toward	 target	 compounds.9,35,36	 Since	
the	Fe(V)	species	are	known	to	have	the	higher	reduction	
potentials,	 most	 proposed	 mechanisms	 for	 either	 direct	
oxidation	of	TOCs	or	 generation	of	 intermediary	 oxidiz-
ing	species	(e.g.,	hydroxyl	radicals)	with	activated	ferrate	
invoke	 a	 pentavalent	 iron	 intermediate,9,18,33–35	 though	
recent	 studies	 have	 suggested	 that	 Fe(IV)	 species	 likely	
play	a	significant	role	as	well.32	
The	ephemeralness	of	these	intermediates	and	the	una-

voidably	complex	web	of	interconnected	radical	pathways	
in	 these	 reactions,	 however,	 present	 a	 substantial	 chal-
lenge	 for	 unambiguously	 identifying	 and	 tracking	 indi-
vidual	 species	 using	 conventional	 spectroscopic	 tech-
niques	and	analyses.	Prior	attempts	to	separate	the	roles	
of	contemporaneous	radicals	within	 the	activated	 ferrate	
system	 have	 included	 (1)	 adding	 aqueous	 phase	 reduct-
ants	 in	 excess	 to	 quench	 any	 Fe(V/IV);	 (2)	 using	 probe	
compounds	 such	 as	 tert-butanol,	 ethanol,	 and	 dimethyl	
sulfoxide	 to	quench	specific	 radicals,	 (3)	 studying	 ferrate	
reactions	in	anaerobic	conditions,	and	(4)	assessing	radi-
cal-adducts	 via	 electron	 paramagnetic	 resonance.25,37,38.	
These	approaches	have	helped	elucidate	the	roles	of	such	
intermediates,	but	direct	observation	of	ferryl	and/or	per-
ferryl	 intermediates	 toward	 the	 development	 of	 a	 full	
mechanistic	 understanding	 of	 this	 water	 treatment	 ap-
proach	has	remained	elusive.	
The	 optical	 absorption	 spectra	 of	 aqueous	 ferrate(V)	

(that	is,	Fe(V)-containing	[FeO4]3-)	buffered	at	several	pH	
values	 have	 been	 previously	 measured	 by	 Bielski,	 Rush,	
Sharma,	and	coworkers	using	pulse	radiolysis.35,36,39–42	This	
technique,	in	which	short	electron	pulses	are	used	to	gen-
erate	unstable	 reduced	and/or	oxidized	species,	was	also	
used	to	monitor	decay	and	oxidation	kinetics	of	ferrate(V)	
intermediates	 in	 real	 time	with	microsecond	 to	millisec-
ond	 resolution.	 Similarly,	 Roth	 and	 coworkers	 used	 a	
stopped-flow	pH-jump	method	to	measure	the	kinetics	of	
water	oxidation	by	ferrate(VI)	in	acidic	solution	by	moni-
toring	the	optical	absorption	spectrum	over	time,43	while	
Novak	et	al.	used	57Fe	Mössbauer	spectroscopy	to	quantify	
the	 Fe(III)	 –	 Fe(VI)	 content	 of	 freeze-quenched	 aqueous	
and	 ethanolic	 solutions	 of	 ferrates	 (IV),	 (V),	 and	 (VI).44	
Other	 short-lived	Fe(V)	and	Fe(IV)	complexes	generated	
photochemically	 from	lower-valent	precursors	have	been	
studied	by	optical	and	infrared	transient	absorption	spec-
troscopies,45–47	while	the	steady-state	spectroscopic	prop-
erties	(EPR,	vibrational,	optical,	X-ray,	Mössbauer,	etc.)	of	
isolable	 Fe(IV)	 –	 Fe(VI)	 compounds	 have	 been	 exhaust-
ively	 documented	 due	 to	 the	 prevalence	 of	 high-valent	
iron	centers	 in	metalloenzymes.48–67	Surprisingly,	howev-
er,	direct	spectroscopic	measurements	of	the	excited	state	
dynamics	of	ferrate(VI)	have	not	been	reported.	

Due	 to	 the	 high	 density	 of	 electronic	 states	 in	 fer-
rate(VI),	 several	 competing	 assignments	 of	 the	 optical	
transitions	have	been	presented	over	the	past	six	decades.	
The	d2	 tetrahedral/d8	octahedral	Tanabe-Sugano	diagram	
provides	 a	 framework	 for	 ordering	 the	 ligand	 field	 (or	
metal-centered,	 MC)	 states	 relative	 to	 the	 3A2	 ground	
state,68	 showing	 that	 the	 lowest	 energy	 transitions	 for	 a	
realistic	ligand	field	splitting	are	the	spin-forbidden	tran-
sitions	to	the	 1E	and	 1A1	states.	The	earliest	published	ab-
sorption	 spectra	 of	 aqueous	 ferrate(VI)	 did	 not	 extend	
sufficiently	into	the	near-infrared	to	find	the	bands	corre-
sponding	 to	 these	 transitions,69	 but	 Orgel	 assigned	 the	
bands	at	790	nm	(12700	cm-1)	and	510	nm	(19600	cm-1)	to	
the	3A2	→	3T2	and	3A2	→	3T1	transitions,	respectively.70	Itoh	
first	 identified	a	weak	band	at	 1.1	µm	(9100	cm-1)	and	as-
signed	 it	 to	 the	 3A2	→	 1E	 transition	 in	 1976,71	 and	Güdel	
and	coworkers	reported	an	even	lower	energy	band	at	1.6	
µm	(6200	cm-1)	in	both	the	absorption	and	emission	spec-
tra	of	 cryogenic	 ferrate(VI)-doped	K2CrO4	 crystals	 in	 the	
early	 1990s,	 assigning	 it	 to	 the	 3A2	→	 1E	 transition	 and	
revising	the	assignment	of	the	1.1	µm	band	to	the	3A2	→ 1A1	
transition.72,73	
Restricted	active	space	self-consistent	field	calculations	

reported	by	Al-Abdalla	et	al.	in	1998	show	that	the	d2	lig-
and	 field	 theory	 model	 is	 inadequate	 in	 capturing	 the	
complexity	of	the	electronic	structure,	as	the	strong	cova-
lency	 in	 ferrate(VI)	 results	 in	 substantial	 mixing	 of	 the	
higher	energy	d-d	 transitions	and	 ligand-to-metal	charge	
transfer	 (LMCT)	 states.74	 Nevertheless,	 the	 authors	 as-
signed	 the	broad	 visible	 absorption	band	 spanning	 from	
450	to	600	nm	to	transitions	to	two	clusters	of	3MC	states	
(both	3T1)	with	some	1MC	and	charge	transfer	character		

	

Figure	 1.	 Steady-state	 UV-visible	 absorption	 spectrum	 of	
ferrate(VI).	The	absorption	in	the	UV	corresponds	to	several	
LMCT	transitions	 from	the	 3A2	ground	state.	Two	 3T1	 ligand	
field	 bands	 and	 one	 3T2	 band	 are	 apparent	 in	 the	 visible,	
while	the	weak	spin-forbidden	 1A1	band	appears	in	the	near-
infrared.	 (Inset)	Relative	energy	spacings	of	 the	ground	and	
excited	states	of	ferrate(VI).	

and	 absorption	 in	 the	 UV	 to	 a	 cluster	 of	 5LMCT	 states.	
The	 steady-state	 absorption	 spectrum	 of	 potassium	 fer-



 

rate(VI)	 and	 the	 average	 relative	 energy	 spacings	 of	 its	
excited	 states	 aggregated	 from	 the	 references	 discussed	
above	are	presented	in	Fig.	1.	
The	 only	 excited	 state	 absorption	 (ESA)	 spectrum	 of	

ferrate(VI)	 to	 date	 was	 presented	 by	 Brunold	 et	 al.	 in	
1996.75	 The	 authors	 measured	 the	 spectrum	 of	 a	 fer-
rate(VI)-doped	K2SO4	 crystal	 at	 room	 temperature	while	
pumping	the	visible	absorption	band	with	a	chopped	cw	
argon	 ion	 laser,	 finding	 a	 strong	 band	 at	 750	 nm	 (13300	
cm-1)	 that	 they	 assigned	 to	 the	 1E	→	 1T2	 transition.	 The	
same	 group	 had	 previously	 found	 the	 lifetime	 of	 the	 1.6	
µm	 photoluminescence	 to	 be	 ~0.6	 ms	 at	 0	 °C.73	 Im-
portantly,	 they	 also	 reported	 a	 strong	 temperature	 de-
pendence	 of	 the	 quantum	 yield	 of	 this	 emission	 band,	
suggesting	 that	 nonradiative	 internal	 conversion	 (IC)	 to	
the	ground	state	 from	the	 3MC	states	begins	 to	outcom-
pete	 intersystem	crossing	 (ISC)	 to	 the	 1MC	states	 at	 ele-
vated	temperatures.	
In	this	work,	we	use	a	combination	of	multiwavelength	

optical	 transient	 absorption	 (OTA)	 and	 X-ray	 transient	
absorption	(XTA)	spectroscopies	to	disentangle	the	com-
peting	 photophysical	 and	 photochemical	 pathways	 in	
ferrate(VI)	 following	UV	 excitation.	OTA	 gives	 us	 a	 pic-
ture	 of	 these	 dynamics	 with	 ultrafast	 resolution,	 while	
XTA	provides	an	element-specific	probe	of	 the	oxidation	
state	of	iron.	By	performing	these	experiments	using	visi-
ble,	near-infrared	(NIR),	and	UV	excitation,	we	first	inves-
tigate	the	dynamics	of	 the	MC	states	and	then	use	these	
insights	to	inform	our	analysis	of	the	dynamics	following	
charge	transfer.	Our	results	 indicate	that	within	the	 first	
50	 ps,	 relaxation	 from	 the	 initially	 populated	 3LMCT	
Fe(V)*	state	diverges	between	1)	reverse	electron	transfer	
to	 yield	 Fe(VI)*	 3MC	 states	 that	 ultimately	 relax	 to	 the	
ground	state,	and	2)	ISC	to	a	5LMCT	Fe(V)*	state	that	ul-
timately	 abstracts	 a	 hydrogen	 atom	 from	 the	 solvent	 to	
give	 the	 metastable	 [FeO3(OH)]2-	 species.	 Because	 only	
the	 second	 pathway	 produces	 the	 perferryl	 species	 re-
sponsible	for	oxidation	of	TOCs,	the	branching	ratio	gives	
us	the	quantum	yield	 for	UV	activation	of	 ferrate(VI).	 In	
addition	to	the	implications	for	water	treatment	applica-
tions,	these	results	provide	the	first	time-resolved	picture	
of	the	excited	state	dynamics	of	ferrate(VI),	showing	how	
light	 stimulates	 the	 incredible	oxidizing	potential	of	 this	
uniquely	high-valent	iron	species.	

RESULTS AND DISCUSSION 
X-ray	transient	absorption	
General	 procedures.	 Steady-state	 and	 transient	 X-ray	

absorption	 spectra	were	 acquired	 at	 beamline	 7-ID-D	 at	
the	Advanced	Photon	Source	 (APS)	at	Argonne	National	
Laboratory	 with	 the	 storage	 ring	 operating	 in	 24	 bunch	
mode.	 The	 ground	 state	 iron	 K-edge	 X-ray	 absorption	
near	 edge	 structure	 (XANES)	 spectrum	 of	 aqueous	
potassium	ferrate(VI)	buffered	at	pH	8.6	is	shown	in	Fig.	
2A.	 Because	 ferrate(VI)	 is	 rapidly	 photoreduced	 by	 the	
intense	X-ray	 beam	at	 an	 insertion	device	 beamline	 and	
the	sample	thus	could	not	be	recirculated,	only	a	narrow	
energy	 range	 was	 measured	 for	 the	 XANES	 scans.	

However,	 the	pre-edge	peak	at	7.115	keV	provides	a	clear	
probe	of	the	occupation	of	the	iron	3d	orbitals,	while	the	
energy	 of	 the	 edge	 reports	 on	 the	 oxidation	 state	 of	 the	
iron	 center.	 The	 pre-edge	 observed	 here	 is	 remarkably	
intense	due	to	the	tetrahedral	geometry	of	the	complex,76	
which	 imparts	 substantial	 dipole	 character	 to	 the	
nominally	quadrupole-allowed	1s	→	3d	transition	through	
mixing	of	the	3d	and	4p	orbitals.	

	

Figure	 2.	 Steady-state	 and	 transient	 iron	K-edge	 spectra	 of	
aqueous	 potassium	 ferrate(VI).	 (A)	 Ground	 state	 XANES	
spectrum.	 (B)	 Pulse	 sequence	 used	 for	 XTA	measurements.	
The	 laser	 “pump”	 (green)	 is	 synchronized	 with	 the	 X-ray	
“probe”	 (black)	 at	 one-fifth	 the	 repetition	 rate,	 giving	 the	
measurement	window	indicated	by	the	gray	box.	The	sample	
flow	 rate	 is	 tuned	 such	 that	 the	 optically	 excited	 sample	
(plum)	leaves	the	beam	overlap	position	by	the	arrival	of	the	
fifth	pulse.	(C)	XTA	difference	spectra	following	excitation	at	
532	 nm	 at	 Δt	 =	 100	 ps	 (yellow)	 and	 153	 ns	 (teal).	 (D)	
Schematic	of	the	excitation	to	the	3MC	state,	highlighting	the	
origin	of	the	ESA	(gray	circle)	and	GSB	(red	circle)	peaks.	(E)	
XTA	difference	spectra	following	excitation	at	266	nm	at	Δt	=	
100	ps	(red)	and	153	ns	(blue).	(F)	Schematic	of	the	excitation	
to	 the	LMCT	 state,	highlighting	 the	origin	of	 the	GSB	peak	
(red	circle).	

XTA	 measurements	 were	 performed	 with	 the	 optical	
laser	operating	at	a	repetition	rate	equal	to	one	fifth	that	
of	 the	storage	ring	(1.30	and	6.52	MHz,	respectively)	and	
the	sample	jet	delivering	a	fresh	sample	at	the	laser/X-ray	
overlap	 position	 at	 approximately	 the	 same	 rate	 as	 the	
laser.77	 In	 this	mode,	we	 can	measure	 three	X-ray	 probe	
pulses	 for	 each	 laser	 shot,	 as	 depicted	 schematically	 in	
Fig.	 2B:	 1)	 a	 ground	 state	 reference	 before	 the	 arrival	 of	
the	laser	pulse	(i.e.,	negative	pump-probe	delay	time,	Δt	<	
0);	 2)	 a	 short	 Δt	 (Δts)	 with	 ~80	 ps	 temporal	 resolution;	
and	3)	a	long	Δt	=	Δts	+	153	ns,	which	is	the	time	interval	
between	 sequential	X-ray	 pulses.	Although	 the	 next	 two	
pulses	roughly	correspond	to	values	of	Δt	at	additional	153	
ns	 intervals,	 a	 significant	 amount	 of	 the	 photoexcited	
sample	 has	 already	 escaped	 the	 X-ray	 beam	 position	 at	
these	 times,	 and	 thus	 any	 analysis	 of	 the	 data	 acquired	
with	these	probe	pulses	must	account	for	this	effect.	
Visible	 excitation.	Difference	 spectra	 (“laser	 on”	minus	

“laser	off”)	following	excitation	of	the	d-d	band	at	532	nm	
are	 shown	 in	 Fig.	 2C	 at	 Δt	 =	 100	 ps	 (yellow)	 and	 153	 ns	



 

(teal);	 the	solid	 lines	are	the	average	of	several	 (typically	
nine)	measurements	and	the	shaded	regions	indicate	the	
standard	deviation	of	these	measurements.	The	spectrum	
at	 100	 ps	 shows	 a	 prominent	 excited	 state	 absorption	
(ESA)	 peak	 on	 the	 red	 side	 of	 the	 pre-edge	 with	 a	
maximum	at	7.1145	keV	and	a	ground	state	bleach	(GSB)	
peak	 on	 the	 blue	 side	 with	 a	 minimum	 at	 7.1160	 keV.	
Within	the	tetrahedral	crystal	field	picture	shown	in	Fig.	
2D,	the	optical	transition	corresponds	to	the	creation	of	a	
hole	 in	 the	 e	 orbitals	 and	 the	 loss	 of	 a	 hole	 in	 the	 t2	
orbitals,	resulting	in	the	derivative-like	XTA	feature	seen	
here.	We	note	that	for	the	ground	3A2	state,	only	the	1s	→	
t2	transitions	are	dipole	allowed,	accounting	for	the	single	
pre-edge	 peak	 observed	 here.78	 In	 the	 3T2	 excited	 state,	
however,	the	1s	→	t2	and	the	1s	→	e	transitions	are	dipole	
allowed.	Accordingly,	what	we	 observe	 in	 our	 difference	
spectrum,	to	a	first	approximation,	is	the	loss	of	some	of	
the	1s	→	t2	 intensity	(GSB)	and	the	growth	of	the	1s	→	e	
intensity	 (ESA).	 A	 broad	 positive	 band	 at	 7.1290	 keV	 is	
also	observed,	likely	arising	from	the	1s	→	4p	transitions.	
Kinetic	 traces	 measured	 at	 the	 ESA	 and	 GSB	 peaks	 are	
shown	 in	 Fig.	 3A-B.	 Both	 features	 decay	
monoexponentially	with	 an	 average	 time	 constant	of	 3.8	
ns	(Fig.	S2A-B)	with	no	evidence	of	any	long-lived	species	
(these	 time	constants	are	collected	 in	Table	 1,	 and	all	 fit	
parameters	are	given	in	Table	S1).	Thus,	we	may	conclude	
that	 the	 lifetime	 of	 the	 3MC	 state	 is	 3.8	 ns	 under	 these	
conditions.	

	

Figure	 3.	 XTA	 kinetic	 traces.	 (A)	 Full	 XTA	 kinetic	 traces	
measured	 at	 7.1145	 keV	 (teal)	 and	 7.1160	 keV	 (purple)	
following	excitation	at	532	nm.	(B)	Early	time	window	of	the	
data	 in	panel	 (A).	 (C)	Full	 kinetic	 traces	measured	at	 7.1145	
keV	 (blue)	 and	 7.1160	 keV	 (orange)	 following	 excitation	 at	
266	nm.	(D)	Early	time	window	of	the	data	in	panel	(C).	

Ultraviolet	 excitation.	 Difference	 spectra	 following	
excitation	of	the	LMCT	band	at	266	nm	are	shown	in	Fig.	
2E	at	 the	 same	values	of	Δt	 (red	and	blue,	 respectively).	
The	100	ps	spectrum	closely	resembles	the	3MC	spectrum	
in	Fig.	2C,	but	the	amplitude	of	the	ESA	peak	(7.1145	keV)	
relative	 to	 the	 GSB	 peak	 (7.1160	 keV)	 is	 somewhat	
diminished	 and	 the	 broad	 positive	 band	 at	 the	 edge	 is	
even	 broader	 and	 centered	 at	 a	 slightly	 lower	 energy	

(7.1287	 keV).	Within	 153	 ns,	 the	 pre-edge	 ESA	 and	 GSB	
features	 associated	with	 the	 3MC	 state	 have	 disappeared	
entirely,	leaving	only	a	GSB	peak	positioned	at	the	center	
of	 the	 pre-edge	 at	 7.1154	 keV.	 In	 addition,	 the	 energy	 of	
the	broad	positive	band	has	 shifted	 even	 lower	 to	 7.1273	
keV.	The	kinetic	traces	shown	in	Fig.	3C-D	are	dominated	
by	the	same	3.8	ns	decay	observed	following	excitation	of	
the	 d-d	 band,	 though	 additional	 slower	 components	 are	
also	observed	with	time	constants	of	50	and	300	ns	(Fig.	
S2C-F),	 with	 the	 former	 only	 appearing	 in	 the	 ESA.	
Importantly,	 the	 300	 ns	 time	 constant	 is	 comparable	 to	
the	 sample	 refreshment	 period	 (see	 SI	 for	 details),	 and	
thus	it	is	not	clear	from	these	data	alone	if	it	arises	at	all	
from	genuine	excited	state	dynamics.	Similarly,	the	50	ns	
time	constant	should	be	taken	as	a	qualitative	estimate,	as	
it	is	still	within	an	order	of	magnitude	of	the	refreshment	
period.	
Table	 1.	 Time	 constants	 obtained	 from	 XTA	 kinetic	
fits	with	95%	confidence	intervals.	

Pump	(nm)	 266	 532	

Probe	(keV)	 7.1145	 7.1160	 7.1145	 7.1160	

τ1	(ns)	 3.7	±	0.7	 3.2	±	0.4	 3.6	±	0.3	 4.0	±	0.3	

τ2	(ns)	 50	±	40	 x	 x	 x	

τ3	(ns)	 380*	 380	±	70	 x	 x	

*Time	constant	was	fixed	for	this	fit.	An	entry	of	‘x’	means	
no	component	was	observed.	

These	spectra	clearly	reveal	that	the	initially	populated	
3LMCT	 state	 relaxes	 on	 the	 picosecond	 timescale	
principally	 into	the	 3MC	manifold,	 from	which	 it	 returns	
to	the	ground	state	with	a	lifetime	of	3.8	ns.	This	accounts	
for	 the	 striking	 similarity	between	 the	difference	 spectra	
and	the	kinetic	traces	at	early	Δt.	Beyond	10	ns,	however,	
the	 difference	 spectrum	 is	 consistent	 with	 Fe(V):	
occupation	of	the	t2	orbitals	(Fig.	2F)	gives	rise	to	GSB	but	
no	 ESA	 in	 the	 pre-edge,	 and	 an	 oxidative	 edge	 shift	 is	
apparent	at	7.127	keV.	Both	the	loss	of	pre-edge	intensity	
and	 edge	 shift	 are	 in	 excellent	 agreement	 with	 the	
difference	observed	between	the	steady-state	iron	K-edge	
spectra	 of	 the	 penta-	 and	 hexavalent	 variants	 of	 high-
valent	 iron	 model	 complexes.53,66	 We	 may	 thus	 assign	
these	features	to	the	5LMCT	state	and	conclude	that	ISC	is	
the	 minor	 relaxation	 pathway	 from	 the	 3LMCT	 state.	
Assuming	 the	 magnitudes	 of	 the	 GSB	 features	 of	 the	
transient	 species	 are	 approximately	 equal,	 we	 may	
perform	a	 simple	 linear	 combination	 analysis	 of	 the	 266	
nm/100	 ps	 difference	 spectrum	using	 the	 532	 nm/100	 ps	
and	266	nm/153	ns	difference	spectra	as	Fe(VI)	and	Fe(V)	
standards,	 respectively	 (see	 SI	 and	 Fig.	 S3	 for	 details).	
From	this,	we	find	that	~90%	of	the	 3LMCT	state	relaxes	
via	 the	 3MC	 manifold	 and	 only	 ~10%	 undergoes	 ISC	 to	
give	the	long-lived	perferryl	species	that	are	active	toward	
oxidation	 of	 organic	 contaminants	 in	 water	 treatment	
applications.	
To	 monitor	 the	 long-time	 behavior	 of	 the	 difference	

spectrum,	 XTA	 measurements	 with	 UV	 excitation	 were	
also	performed	using	a	3.0	kHz	excitation	repetition	rate	



 

and	a	~100	µs	sample	refreshment	period	at	beamline	 11-
ID-D	at	 the	APS.	Here,	 the	delay	window	was	 limited	to	
~20	µs	not	by	the	sample	flow	rate	but	instead	by	the	X-
ray	 chopper	used	 to	 limit	 the	X-ray	 flux	 incident	on	 the	
sample.	The	difference	spectrum	at	153	ns	shown	in	Fig.	4	
(blue)	agrees	well	with	that	shown	in	Fig.	2E,	and	it	is	also	
qualitatively	 indistinguishable	 from	 the	 spectrum	
averaged	between	 153	ns	 and	 18	µs	 on	 top	of	which	 it	 is	
plotted	 (purple).	 This	 demonstrates	 that	 the	 population	
and/or	 spectrum	 of	 the	 Fe(V)	 species	 does	 not	 change	
significantly	between	100	ps	and	10	µs,	which	is	consistent	
with	 the	 few	 ms	 lifetimes	 observed	 in	 pulse	 radiolysis	
work.40	 Accordingly,	 the	 component	 of	 the	 300	 ns	 time	
constant	observed	in	the	high	repetition	rate	XTA	kinetic	
traces	 that	 originates	 from	 metastable	 and/or	 excited	
state	dynamics	is	likely	to	be	small.	
The	excellent	signal-to-noise	in	the	time-averaged	spec-

trum	 in	 Fig.	 4	 also	 confirms	 the	 reproducibility	 of	 the	
small	ESA	shoulder	at	7.113	keV	seen	in	the	266	nm/100	ps	
spectrum	but	not	in	the	532	nm/100	ps	spectrum	in	Fig.	2.	
Because	this	feature	is	not	observed	at	153	ns,	we	may	as-
sociate	it	with	the	50	ns	time	constant	obtained	from	the	
fit	 of	 the	 non-monotonic	 kinetic	 trace	 of	 the	 ESA	 peak	
(Fig.	S2E-F).	The	assignment	of	this	time	constant	is	dis-
cussed	later.	

	

Figure	 4.	 Long-time	 XTA	 difference	 spectra.	 Spectra	
measured	 following	 excitation	 at	 267	 nm	 using	 a	 3.0	 kHz	
excitation	repetition	rate	at	Δt	=	 153	ps	 (blue)	and	averaged	
over	all	X-ray	probe	pulses	between	0.15	and	18	µs	(purple).	

Optical	transient	absorption	
Visible	 excitation.	 While	 XTA	 provides	 an	 excellent	

probe	 of	 the	 dynamics	 of	 photoexcited	 ferrate(VI),	 the	
duration	of	the	X-ray	pulses	at	the	APS	limits	the	achiev-
able	 temporal	 resolution	 to	 ~80	 ps.	 To	 gain	 further	 in-
sight,	 we	 complemented	 these	 studies	 with	 OTA	meas-
urements	at	both	the	fs/ps	and	ns/µs	timescales.	All	OTA	
measurements	 were	 performed	 at	 kHz	 repetition	 rates	
using	 a	 recirculating	 sample	 pumped	 through	 a	 0.5	mm	
pathlength	quartz	flow	cell	cuvette	with	a	~100	µs	sample	
refreshment	rate	(see	SI	for	more	details).	

	

Figure	5.	Ultrafast	OTA	spectra	and	kinetics	with	visible	excitation.	(A)	OTA	spectra	plotted	at	several	values	of	Δt	 following	
excitation	at	560	nm,	showing	a	GSB	peak	centered	at	530	nm	and	an	ESA	peak	centered	at	650	nm.	(B)	Kinetic	trace	of	the	GSB	
averaged	over	the	spectral	window	centered	at	530	nm	indicated	 in	panel	(A)	by	the	gray	vertical	bar.	The	data	points	(black	
dots)	were	fit	(red	curve)	to	the	sum	of	two	exponential	terms	convolved	with	a	Gaussian	IRF	after	excluding	the	data	points	
within	240	fs	of	the	maximum	of	the	strong	coherent	artifact.	The	inset	shows	the	rise	of	the	trace	at	Δt	<	10	ps.	(C)	Kinetic	trace	
of	the	ESA	averaged	over	the	spectral	window	centered	at	650	nm	indicated	in	panel	(A)	by	the	salmon	vertical	bar	fit	using	the	
same	function	with	an	additional	exponential	term.	(D)	–	(F)	The	same	data	and	fits	measured	following	excitation	at	500	nm.	



 

	

Figure	6.	Nanosecond	OTA	spectra	and	kinetics	with	visible	excitation.	(A)	OTA	spectra	plotted	at	several	values	of	Δt	following	
excitation	at	560	nm,	showing	a	GSB	peak	centered	at	520	nm	and	ESA	peaks	centered	at	650	and	775	nm.	(B)	Kinetic	trace	of	
the	GSB	averaged	over	the	spectral	window	centered	at	490	nm	indicated	in	panel	(A)	by	the	gray	vertical	bar.	The	data	points	
(black	 dots)	 were	 fit	 (red	 curve)	 to	 a	 single	 exponential	 term	 convolved	 with	 a	 Gaussian	 IRF.	 (C)	 Kinetic	 trace	 of	 the	 ESA	
averaged	 over	 the	 spectral	window	 centered	 at	 650	nm	 indicated	 in	 panel	 (A)	 by	 the	 salmon	 vertical	 bar	 fit	 using	 the	 same	
function.	

Broadband	ultrafast	OTA	spectra	and	kinetics	following	
visible	 excitation	 are	 shown	 in	 Fig.	 5.	 The	 sample	 was	
pumped	 at	 both	 560	 nm	 (panels	 (A)-(C))	 and	 500	 nm	
(panels	 (D)-(F)),	 the	 wavelengths	 corresponding	 to	 the	
centers	of	the	two	3A2	→	3T1	d-d	bands.	For	all	Δt	>	0,	the	
difference	spectra	for	both	pump	wavelengths	exhibit	GSB	
and	ESA	peaks	 centered	at	 530	nm	and	650	nm,	 respec-
tively.	The	fits	of	the	ESA	kinetic	traces	show	three	expo-
nential	 components:	 two	 short	 rises	 with	 average	 time	
constants	of	900	fs	and	9	ps	and	a	slow	decay	with	a	time	
constant	 of	 3.4	 ns	 that	 is	 consistent	 with	 the	 3.8	 ns	
ground	state	recovery	time	obtained	from	the	XTA	meas-
urements	 (these	 time	constants	 are	 collected	 in	Table	 2,	
and	all	fit	parameters	are	given	in	Table	S2).	Importantly,	
a	single	short	rise	component	cannot	reproduce	the	kinet-
ics	at	both	very	short	(<	3	ps)	and	intermediate	(3-20	ps)	
times.	The	 fits	 of	 the	GSB	kinetic	 traces,	 however,	 show	
only	 the	 shorter	 rise	 and	 the	 slow	 decay,	 with	 average	
time	constants	of	1.7	ps	and	3.7	ns,	respectively.	Although	

the	states	in	the	500	nm	band	must	relax	through	those	in	
the	560	nm	band,	no	statistically	significant	difference	is	
observed	 between	 the	 kinetics	 measured	 for	 the	 two	
pump	wavelengths	 in	 either	 the	 GSB	 or	 ESA,	 indicating	
that	this	relaxation	is	 faster	than	the	300	fs	resolution	of	
the	measurement	 determined	 from	 the	width	 of	 the	 co-
herent	artifact	(see	Fig.	S4).	
Because	our	fs	OTA	instrument	is	limited	to	Δt	<	2	ns,	

the	~4	ns	 time	constant	obtained	 from	the	 fits	shown	 in	
Fig.	5	is	only	approximate,	and	we	also	cannot	conclusive-
ly	 rule	 out	 the	possibility	 of	 a	 residual	 long-lived	 signal.	
Accordingly,	we	performed	ns	OTA	using	560	nm	excita-
tion	 to	 confirm	what	we	 observed	 in	 the	XTA	measure-
ments.	The	OTA	spectra	in	Fig.	6A	are	consistent	with	the	
fs-resolved	 spectra	 in	 Fig.	 5A,	 showing	 distinct	GSB	 and	
ESA	peaks	centered	at	520	nm	and	650	nm,	respectively,	
that	 disappear	 nearly	 entirely	within	 10	 ns.	 The	 broader	
white	 light	 continuum	probe	used	 in	 the	ns	OTA	meas-
urements	also	reveals	an	additional	ESA	peak		

	

Figure	 7.	Ultrafast	OTA	 spectra	 and	 kinetics	with	NIR	 excitation.	 (A)	OTA	 spectra	 plotted	 at	 several	 values	 of	 Δt	 following	
excitation	at	800	nm,	showing	a	GSB	peak	centered	at	530	nm	and	an	ESA	peak	centered	at	650	nm.	(B)	Kinetic	trace	of	the	GSB	
averaged	over	the	spectral	window	centered	at	530	nm	indicated	 in	panel	(A)	by	the	gray	vertical	bar.	The	data	points	(black	
dots)	were	fit	(red	curve)	to	the	sum	of	two	exponential	terms	convolved	with	a	Gaussian	IRF	after	excluding	the	data	points	
within	240	fs	of	the	maximum	of	the	strong	coherent	artifact.	The	inset	shows	the	rise	of	the	trace	at	Δt	<	10	ps.	(C)	Kinetic	trace	
of	the	ESA	averaged	over	the	spectral	window	centered	at	650	nm	indicated	in	panel	(A)	by	the	salmon	vertical	bar	fit	using	the	
same	function.	



 

	

Figure	 8.	 Ultrafast	OTA	 spectra	 and	 kinetics	with	UV	 excitation.	 (A)	OTA	 spectra	 plotted	 at	 several	 values	 of	 Δt	 following	
excitation	at	267	nm,	showing	a	 featureless	ESA	band	spanning	 the	spectral	window	of	 the	white	 light	continuum	probe.	 (B)	
Kinetic	trace	of	the	ESA	averaged	over	the	spectral	window	centered	at	590	nm	indicated	in	panel	(A)	by	the	gray	vertical	bar.	
The	data	points	(black	dots)	are	fit	(red	curve)	to	the	sum	of	three	exponential	terms	and	a	step	function,	all	convolved	with	a	
Gaussian	IRF.	The	inset	shows	the	rise	of	the	trace	at	Δt	<	13	ps.	(C)	OTA	kinetics	measured	separately	with	a	single-wavelength	
400	nm	probe	fit	using	the	same	function.	

centered	 at	 775	 nm.	 Kinetic	 traces	 taken	 from	 both	 the	
GSB	(Fig.	6B)	and	the	ESA	(Fig.	6C)	are	fit	well	by	a	single	
exponential	 term	 convolved	with	 a	Gaussian	 instrument	
response	function	(IRF)	with	an	average	time	constant	of	
3.8	ns	with	no	evidence	of	a	long-lived	component.	Again,	
we	 may	 conclude	 that	 ground	 state	 recovery	 from	 the	
3MC	manifold	is	3.8	ns.	
Near-infrared	excitation.	To	determine	whether	ground	

state	recovery	occurs	directly	from	the	3T1	band	or	instead	
from	 the	 3T2	 band,	 we	 also	 performed	 fs-resolved	 OTA	
measurements	using	near-infrared	(NIR;	800	nm)	excita-
tion	to	pump	the	3T2	band	directly.	The	spectra	shown	in	
Fig.	7A	appear	essentially	identical	to	those	in	Figs.	5	and	
6,	 but	 the	 kinetic	 traces	 taken	 at	 the	 peaks	 of	 both	 the	
GSB	in	Fig.	7B	and	the	ESA	in	Fig.	7C	do	not	show	the	9	
ps	 rise	 characteristic	 of	 the	 ESA	 following	 excitation	 at	
500	or	560	nm.	Instead,	both	traces	may	be	fit	with	only	
an	ultrafast	rise	and	a	slow	decay,	with	average	time	con-
stants	 of	 1.0	 ps	 and	 a	 2.6	 ns;	 fitting	 the	 traces	with	 two	
few-ps	components	reduces	the	norm	of	the	residuals	by	
<1%.	 The	 difference	 between	 the	 visible-	 and	 NIR-
excitation	 early	 time	 kinetics	 is	 highlighted	 in	 Fig.	 S5.	
Taken	 together,	 these	 results	demonstrate	 that	 the	OTA	
spectrum	observed	beyond	the	first	several	ps	at	any	exci-
tation	 energy	 below	 the	 LMCT	band	 corresponds	 to	 the	
lowest	 energy	 3T2	 state	 rather	 than	 any	 of	 the	 3T1	 states.	
Furthermore,	 while	 intraband	 relaxation	 within	 the	 3T1	
manifold	occurs	faster	than	300	fs,	IC	to	the	3T2	manifold	
occurs	with	a	relatively	sluggish	lifetime	of	9	ps.	The	1.2	ps	
lifetimes	found	in	the	visible-	and	NIR-excitation	kinetics	
are	 then	 attributable	 to	 a	 combination	of	 vibrational	 re-
laxation	and	solvent	reorganization.	Importantly,	we	note	
that	 the	9	ps	 lifetime	 for	 the	 3T1	→	 3T2	 IC	manifests	as	a	
rise	 in	 the	ESA	only	and	not	 the	GSB,	while	 the	compo-
nents	 associated	 with	 vibrational	 relaxation	 and	 ground	
state	 recovery	 appear	 in	 both	 the	 ESA	 and	 GSB	 as	 ex-
pected.	
Ultraviolet	excitation.	Broadband	ultrafast	OTA	spectra	

following	 excitation	 at	 267	 nm	 are	 shown	 in	 Fig.	 8A.	 A	
broad,	 featureless	 ESA	 spans	 the	 entire	 probe	 spectrum	

for	 all	 Δt	 >	 0.	 A	 representative	 kinetic	 trace	 taken	 at	 a	
probe	wavelength	of	 590	nm	 is	plotted	 in	Fig.	 8B	 (black	
dots)	with	a	fit	(red	line)	to	the	sum	of	three	exponential	
decays	and	a	step	function,	all	convolved	with	a	Gaussian	
IRF	(see	Fig.	S6A	for	the	individual	fit	components).	The	
same	fit	was	performed	across	the	full	probe	spectrum	to	
give	 the	 decay-associated	 spectra	 (DAS)	 shown	 in	 Fig.	
S6B.	Importantly,	there	is	very	little	variation	in	the	time	
constant	of	each	component	between	550	and	700	nm	as	
shown	 in	Fig.	S6C,	demonstrating	 that	our	 fitting	model	
is	 indeed	representative	of	 the	 full	dataset.	Each	compo-
nent	is	positive	in	sign	at	all	probe	wavelengths,	meaning	
each	 corresponds	 to	 decay	 of	 ESA	 rather	 than	 GSB	 or	
stimulated	 emission.	 Additionally,	 any	 contributions	 to	
the	 OTA	 kinetics	 from	 hydrated	 electrons	 generated	 by	
two-photon	 ionization	of	 the	 solvent	 are	negligible	 after	
the	first	0.5	ps	(see	Figs.	S8-S9	and	accompanying	discus-
sion	in	SI).	The	time	constants	obtained	by	averaging	over	
the	DAS	are	0.4	±	0.2	ps,	10	±	4	ps,	and	300	±	200	ps,	with	
approximately	25%	of	the	initial	signal	persisting	beyond	
the	1	ns	measurement	window.	
Perhaps	 surprisingly,	 the	 spectra	 in	 Fig.	 8A	 do	 not	

closely	resemble	those	in	Figs.	5A	and	5D.	But	because	the	
XTA	 data	 shows	 that	 ~90%	 of	 the	 excited	 state	 fraction	
relaxes	to	the	3MC	manifold	within	100	ps,	we	must	then	
conclude	that	the	OTA	signal	within	the	spectral	window	
of	our	white	light	probe	is	substantially	greater	in	magni-
tude	 for	 the	 LMCT	 states	 than	 for	 the	 3T2.	 This	may	 be	
confirmed	 by	 comparing	 the	 ns	 OTA	 spectra	 averaged	
over	 different	 temporal	 windows	 shown	 in	 Fig.	 9A.	 The	
spectrum	 averaged	 between	 12	 and	 200	ns	 following	UV	
excitation	 (blue)	 corresponds	 exclusively	 to	 the	 5LMCT	
state	as	the	3T2	state	has	a	lifetime	of	3.8	ns,	and	this	spec-
trum	indeed	resembles	those	in	Fig.	8A.	As	expected,	the	
spectrum	averaged	over	the	same	window	following	visi-
ble	excitation	(yellow)	shows	no	signal	whatsoever,	while	
the	 same	 spectrum	 averaged	 over	 the	 first	 two	 3T2	 life-
times	(red)	resembles	those	in	Figs.	5A	and	5D.	It	 is	also	
likely,	however,	that	some	difference	between	the		



 

	

Figure	 9.	 Separating	 ISC	 and	 IC	 kinetics.	 (A)	 OTA	 spectra	 averaged	 over	 short	 and	 long	 ns	 time	 windows.	 The	 spectrum	
averaged	over	12-200	ns	following	UV	excitation	(blue)	corresponds	to	the	5LMCT	state	only,	while	the	spectrum	averaged	over	1-
8	ns	following	visible	excitation	(yellow)	corresponds	to	the	3T2	state	only.	The	12-200	ns	spectrum	following	visible	excitation	
(green)	shows	no	TA	signal.	(B)	Ultrafast	OTA	spectra	following	excitation	at	500	nm	at	various	Δt	>	0,	showing	a	consistent	
zero	crossing	at	590	nm.	(C)	Kinetic	trace	averaged	over	the	spectral	window	centered	at	590	nm	indicated	in	panel	(B)	by	the	
gray	box.	The	first	30	ps	are	shown	in	the	inset	to	highlight	the	lack	of	TA	signal	at	all	times	after	the	coherent	artifact.	

shapes	of	the	ultrafast	OTA	spectra	obtained	using	visible	
and	UV	excitation	arises	 from	 incomplete	overlap	of	 the	
more	 tightly	 focused	 UV	 pump	 beam	 with	 the	 spatially	
chirped	white	light	continuum	probe.	
We	 are	nevertheless	 faced	with	 the	 challenge	 of	 sepa-

rating	the	contributions	from	the	3MC	and	5LMCT	states	if	
we	wish	 to	obtain	 lifetimes	 for	 the	competing	 relaxation	
processes	 from	the	 3LMCT	state.	One	solution	 is	evident	
from	Fig.	 9A-B,	 the	 latter	 of	which	 shows	ultrafast	OTA	
spectra	at	several	values	of	Δt	following	visible	excitation:	
the	3MC	OTA	spectrum	has	a	zero	crossing	at	590	nm	that	
is	 nearly	 invariant	 for	 all	 Δt	 >	 0.	 The	 kinetic	 trace	 ob-
tained	by	averaging	across	the	spectral	window	in	Fig.	9B	
indicated	 by	 the	 gray	 box	 is	 plotted	 in	 Fig.	 9C,	 and	 in-
deed,	only	a	sub-ps	coherent	artifact	is	apparent.	Accord-
ingly,	any	dynamics	measured	at	590	nm	cannot	contain	
contributions	 from	 relaxation	 from	 or	 within	 the	 3MC	
states.	 Because	 we	 expect	 little	 difference	 between	 the	
OTA	spectra	of	the	triplet	and	quintet	LMCT	states	in	the	
vicinity	of	 the	d-d	 band,	 any	decay	 in	 the	OTA	signal	 at	
590	 nm	must	 then	 correspond	 to	 either	 relaxation	 from	
the	 3LMCT	 state	 into	 the	 3MC	manifold	 or	 formation	 of	
chemically	 distinct	 Fe(V)	 species,	 i.e.,	 photochemical	
products.	Approaching	 the	near-UV	where	LMCT	transi-
tions	 dominate	 the	 spectrum,	 however,	 we	 expect	 the	
magnitude	of	the	5LMCT	ESA	to	be	lower	than	that	of	the	
3LMCT	 state	 due	 to	 the	 smaller	 number	 of	 spin-allowed	
LMCT	 transitions.	 Decay	 in	 this	 region	 thus	 reflects	 all	
relaxation	processes	from	the	3LMCT	state.	
The	 two	 intermediate	 components	 from	 the	 fit	 of	 the	

kinetic	trace	at	590	nm	in	Fig.	8B	have	time	constants	of	8	
±	3	ps	and	210	±	 130	ps	(95%	confidence	 intervals).	 If	we	
assume	 one	 of	 these	 corresponds	 to	 relaxation	 into	 the	
3MC	 manifold,	 we	 predict	 the	 corresponding	 ISC	 time	
constants	to	be	72	±	27	ps	and	2000	±	1200	ps,	respective-
ly,	using	the	9:1	branching	ratio	estimated	from	the	XTA	
data.	Meanwhile,	the	two	intermediate	components	from	
the	fit	of	the	kinetic	trace	at	400	nm	in	Fig.	8C	(measured	
using	 the	 second	 harmonic	 of	 the	 laser	 as	 a	 single-
wavelength	probe)	are	5	±	6	and	45	±	24	ps.	The	 first	of	
these	is	consistent	with	the	8	±	3	ps	component	observed	

at	 590	nm,	 and	 the	 second	 is	 consistent	with	 the	 corre-
sponding	72	±	27	ps	 time	constant	predicted	 for	 ISC;	no	
evidence	of	a	~2	ns	component	 is	observed	at	any	probe	
wavelength.	 Together,	 these	 observations	 support	 the	
model	 in	 which	 IC	 from	 the	 3LMCT	 state	 into	 the	 3MC	
manifold	 occurs	 with	 a	 lifetime	 of	 8	 ps	 and	 ISC	 with	 a	
lifetime	of	45	ps,	giving	a	15%	quantum	yield	for	ISC.	This	
value	 is	 in	 good	 agreement	with	 the	 10%	quantum	yield	
estimated	 from	 the	 XTA	 data;	 however,	 because	 that	
analysis	 required	 us	 to	make	 assumptions	 regarding	 the	
relative	magnitudes	of	difference	 features,	we	expect	 the	
quantum	yield	 obtained	 from	 the	 branching	 ratio	meas-
ured	by	OTA	to	be	more	accurate.	The	8	ps	IC	lifetime	is	
also	comparable	to	the	9	ps	3T1	→	3T2	IC	lifetime	obtained	
from	the	visible-excitation	data,	lending	more	support	for	
this	assignment.	A	 likely	assignment	 for	 the	210	±	 130	ps	
decay	observed	across	the	white	light	probe	spectrum	but	
not	at	400	nm,	then,	 is	the	formation	of	[FeO3OH]2-,	 the	
dominant	 protonation	 state	 of	 aqueous	 ferrate(V)	 at	 pH	
8.6.9	The	d-d	band	of	aqueous	 [FeO3OH]-	 is	dramatically	
attenuated	 relative	 to	 that	 of	 [FeO4]2-	 while	 the	 absorp-
tion	 at	 400	 nm	 is	 nearly	 identical	 for	 the	 two	 species,40	
and	 it	 is	 reasonable	 to	 expect	 similar	 behavior	 for	 fer-
rate(V).	 The	 lifetime	 is	 also	 consistent	 with	 those	 com-
monly	measured	 for	 photoinduced	 proton-coupled	 elec-
tron	 transfer	 from	water79	 and	 other	 protic	 solvents80	 to	
organic	dyes.	
Although	 these	 assignments	 are	 fully	 consistent	 with	

the	entire	body	of	OTA	and	XTA	data	presented	here,	we	
nevertheless	cannot	rule	out	a	model	in	which	both	relax-
ation	processes	from	the	3LMCT	state	occur	on	the	sub-ps	
timescale.	 The	 widths	 (FWHM)	 of	 the	 Gaussian	 IRFs	
measured	 for	 the	 white	 light	 continuum	 and	 400	 nm	
probe	experiments	are	0.26	±	0.05	ps	and	0.17	±	0.05	ps,	
respectively,	 and	 it	 is	possible	 that	 this	 temporal	 resolu-
tion	 is	 simply	 insufficient	 to	 identify	multiple	distinct	 fs	
decay	components.	In	that	case,	the	8	ps,	45	ps,	and	210	ps	
time	constants	would	then	all	presumably	correspond	to	
downstream	reactions	of	the	long-lived	ferrate(V)	species	
([FeO4]3-)	following	ISC.	The	spin	state	sensitivity	afford-
ed	 by	 Kβ	 X-ray	 emission	 spectroscopy81	 with	 the	 >50	 ps	



 

temporal	 resolution	 of	 a	 storage	 ring	 source82,83	 could	
provide	 a	 sufficient	 test	 of	 the	 slower	 model,	 though	
emission	 measurements	 with	 fs	 resolution	 (i.e.,	 using	 a	
hard	X-ray	 free	electron	 laser)	would	 likely	be	necessary	
to	reach	a	definitive	conclusion.	

	

Figure	 10.	 Nanosecond	OTA	 spectra	 and	 kinetics	 with	 UV	
excitation.	 (A)	 OTA	 spectra	 plotted	 at	 several	 values	 of	 Δt	
following	 excitation	 at	 267	nm,	 showing	 features	 consistent	
with	 both	 the	 3T2	 and	 5LMCT	 states.	 (B)	 Kinetic	 trace	
averaged	 over	 the	 spectral	 window	 centered	 at	 490	 nm	
indicated	 in	 panel	 (A)	 by	 the	 gray	 vertical	 bar.	 The	 data	
points	 (black	 dots)	 are	 fit	 (red	 curve)	 to	 the	 sum	 of	 three	
exponential	 terms	and	a	 step	 function,	all	 convolved	with	a	
Gaussian	IRF.	The	inset	shows	the	rise	of	the	trace	at	Δt	<	100	
ns.	 (C)	 Kinetic	 trace	 of	 the	 ESA	 averaged	 over	 the	 spectral	
window	 centered	 at	 650	 nm	 indicated	 in	 panel	 (A)	 by	 the	
peach	 vertical	 bar	 fit	 using	 the	 same	 function.	 (C)	 Kinetic	
trace	of	the	ESA	averaged	over	the	spectral	window	centered	
at	800	nm	indicated	in	panel	(A)	by	the	salmon	vertical	bar	
fit	using	the	same	function.	

Finally,	we	 consider	 the	 fate(s)	 of	 the	 species	 contrib-
uting	to	the	signal	beyond	the	first	several	ns	by	analyzing	

the	 ns	 OTA	 experiments	 using	 267	 nm	 excitation.	 The	
OTA	 spectra	 in	 Fig.	 10A	 show	 the	distinct	GSB	 and	ESA	
peaks	of	the	 3T2	state	that	decay	with	the	anticipated	3.8	
ns	 time	 constant,	 after	 which	 the	 spectrum	 only	 shows	
the	 broad,	 featureless	 ESA	 of	 the	 5LMCT	 state.	 As	 ex-
pected,	the	sign	of	the	3.8	ns	decay	component	obtained	
from	multiexponential	fits	is	negative	at	490	nm	(Fig.	10B)	
and	 positive	 at	 650	 and	 800	 nm	 (Fig.	 10C-D).	 The	 DAS	
(Fig.	 S7)	 show	 two	 additional	 time	 constants	 of	 ~35	 and	
~300	ns	at	all	probe	wavelengths	as	well	as	a	substantial	
population	 that	 persists	 beyond	 the	 10	 µs	 measurement	
window,	 in	excellent	agreement	with	 the	high	repetition	
rate	XTA	results	shown	in	Figs.	3	and	S2.	Importantly,	the	
~300	ns	component	accounts	 for	<20%	of	 the	 total	OTA	
signal	 across	 nearly	 the	 entire	 probe	 bandwidth.	 Thus,	
while	the	low	repetition	rate	XTA	results	shown	in	Fig.	4	
demonstrate	 that	 the	majority	 of	 the	 ~300	 ns	 decay	 ob-
served	 by	 high	 repetition	 rate	 XTA	 arises	 from	 sample	
refreshment,	 the	 OTA	 results	 demonstrate	 that	 some	
metastable	 and/or	 excited	 state	 dynamics	 indeed	 occur	
on	 a	 commensurate	 timescale.	Notably,	 the	 signs	 of	 the	
longer	components	in	the	OTA	data	are	reversed	relative	
to	those	from	the	XTA	data	–	that	is,	the	35	ns	component	
is	negative	while	 the	 300	ns	 component	 is	positive.	This	
observation	will	 likely	provide	 important	clues	regarding	
the	origin	of	 these	 components,	 but	 such	 analysis	 is	 be-
yond	the	scope	of	the	current	work.	For	now,	we	hypothe-
size	 they	 correspond	 to	 diffusion-limited	 reactions	 of	
[FeO3OH]2-,	 including	 coordination	 of	 water	 ligands	 to	
give	an	octahedral	complex40	and/or	formation	of	a	difer-
rate	 species,84	 though	we	do	not	have	direct	evidence	 to	
support	 this.	 Although	 these	 longer	 time	 constants	 are	
consistent	with	the	XTA	measurements,	which	selectively	
probe	the	iron,	we	have	also	performed	a	series	of	control	
experiments	 to	confirm	that	our	OTA	measurements	us-
ing	UV	excitation	do	not	contain	contributions	 from	hy-
drated	electrons	
	

Table	2.	Time	constants	obtained	from	OTA	kinetic	fits	with	95%	confidence	intervals.	

Pump	(nm)	 267	 500	 560	 800	

Probe	(nm)	 400	 590	 	 530	 650	 530	 650	 530	 650	

τ1	(ps)	 0.6	±	0.4	 0.3	±	0.1	 	 1.7	±	0.3	 0.5	±	0.3	 1.6	±	0.4	 1.2	±	0.9	 1.4	±	1.0	 0.6	±	0.2	

τ2	(ps)	 5	±	6	 8	±	3	 	 x	 8	±	7	 x	 10	±	9	 x	 x	

τ3	(ps)	 45	±	24	 210	±	130	 	 x	 x	 x	 x	 x	 x	

τ4	(ns)	 >>	3	 >>	3	 	 3.8	±	0.3	 3.3	±	0.2	 3.6	±	0.4	 3.5	±	0.3	 2.6	±	0.5	 2.6	±	0.3	

Probe	(nm)	 490	 650	 800	 	 	 490	 650	 	 	

τ4	(ns)	 7.3	±	5.2	 2.8	±	0.8	 3.9	±	2.1	 	 	 3.9	±	0.8	 3.7	±	0.4	 	 	

τ5	(ns)	 43	±	65	 36	±	66	 30	±	25	 	 	 x	 x	 	 	

τ6	(ns)	 470	±	200	 250	±	140	 200	±	120	 	 	 x	 x	 	 	

τ7	(µs)	 >>	10	 >>	10	 >>	10	 	 	 x	 x	 	 	

An	entry	of	‘x’	means	no	component	was	observed;	an	empty	entry	means	the	measurement	was	not	performed.	

generated	by	two-photon	ionization	of	the	aqueous	envi-
ronment.	The	details	of	these	experiments	and	the	corre-

sponding	data	 analysis	 are	presented	 in	 Section	 3	 of	 the	
SI,	 and	 the	 results	 clearly	 demonstrate	 that	 the	 longer	



 

time	constants	may	indeed	be	attributed	to	the	ferrate(V)	
intermediate	species	rather	than	hydrated	electrons.	
Overall	relaxation	mechanism	
The	results	discussed	above	may	be	summarized	com-

pactly	in	the	Jablonski	diagram	shown	in	Fig.	11.	We	note	
that	 wherever	 possible,	 the	 lifetimes	 shown	 here	 were	
calculated	by	 averaging	 those	 obtained	 from	all	 relevant	
discrete	probe	measurements	or	averaging	those	obtained	
from	 the	 DAS	 across	 the	 region(s)	 of	 the	 broadband	
probe(s)	 for	 which	 significant	 OTA	 signal	 was	 observed	
(this	process	is	described	in	detail	 in	the	SI).	As	a	result,	
while	some	of	the	average	lifetimes	shown	in	the	diagram	
vary	 from	those	 reported	 in	Table	2	 for	 individual	probe	
wavelengths,	 these	 lifetimes	 always	 fall	 within	 the	 95%	
confidence	intervals	given	in	the	table.	

	

Figure	11.	Jablonski	diagram	for	aqueous	ferrate(VI)	at	room	
temperature.	The	competing	photophysical	(left)	and	photo-
chemical	 (right)	 relaxation	 pathways	 (purple	 curvy	 arrows)	
following	UV	excitation	(straight	blue	arrow)	are	shown	with	
the	lifetimes	of	the	individual	steps.	The	energy	levels	corre-
sponding	to	the	visible	and	NIR	excitation	wavelengths	used	
in	this	work	are	also	indicated	with	straight	arrows	(aquama-
rine,	500	nm;	yellow-green,	560	nm;	red,	800	nm).	

We	propose	that	the	initially	populated	3LMCT	branch-
es	between	a	photophysical	path	in	which	it	relaxes	to	the	
ground	state	via	IC	to	the	3MC	states	and	a	photochemical	
path	in	which	it	converts	irreversibly	to	an	Fe(V)	species	
following	ISC	to	the	5LMCT	state.	Because	IC	occurs	much	
more	rapidly	than	ISC	(8	ps	vs.	45	ps),	the	photophysical	
path	 accounts	 for	 ~85%	 of	 the	 relaxation.	We	 also	 find	
that	ground	state	recovery	occurs	with	a	lifetime	of	3.8	ns.	
Because	 the	 OTA	 spectra	 at	 Δt	 >	 10	 ps	 are	 identical	 in	
shape	regardless	of	whether	the	sample	 is	pumped	using	
visible	 or	 NIR	 radiation,	 we	 conclude	 that	 ground	 state	
recovery	 occurs	 from	 the	 lowest	 energy	 3T2	 state	 rather	
than	 from	 the	 lowest	 energy	 3T1	 state;	 this	 is	 also	 con-
sistent	with	the	lack	of	visible	or	near-infrared	emission	at	
room	temperature	in	solution	following	UV	or	visible	ex-
citation.	While	both	 the	 3T1	→	 3A2	 and	 3T2	→	 3A2	 transi-
tions	 are	 spin-allowed,	 the	 latter	 is	 symmetry	 forbidden	
and	 thus	 expected	 to	 have	 a	 longer	 radiative	 lifetime	 as	
well	 as	 a	 faster	 nonradiative	 lifetime	 in	 accordance	with	

the	 energy	 gap	 law.	 Thus,	 while	 fluorescence	 could	 be	
expected	from	the	3T1	state	if	it	persisted	beyond	a	few	ps,	
the	3.8	ns	IC	process	is	able	to	outcompete	emission	from	
the	3T2	state.	
Notably,	the	fs	OTA	kinetics	following	excitation	at	500	

or	 560	nm	 in	Figs.	 5	 and	S4	 show	a	 clear	non-impulsive	
growth	within	the	first	few	ps	that	is	entirely	absent	from	
the	kinetics	following	excitation	at	267	or	800	nm.	The	9	
ps	time	constant	of	the	exponential	growth	term	is	visibly	
distinct	from	both	the	500	fs	decay	term	found	in	the	UV-
excitation	 kinetics	 and	 the	 300	 fs	 coherent	 artifact,	 and	
thus	we	assign	 this	 term	 to	 the	 3T1	→	 3T2	 transition.	Be-
cause	IC	from	the	3LMCT	state	occurs	in	8	ps	and	the	sub-
sequent	9	ps	 IC	between	 3T	states	 results	 in	a	change	 in	
ESA	of	opposite	sign	(i.e.,	a	growth),	the	subsequent	9	ps	
transition	 is	 not	 observed	 in	 the	 UV-excitation	 kinetics;	
on	 the	 other	 hand,	 intraband	 relaxation	 within	 the	 3T2	
manifold	 occurs	 on	 the	 sub-ps	 timescale,	 and	 thus	 the	
subsequent	9	ps	transition	may	be	clearly	seen.	Like	those	
observed	 in	 the	 visible-	 and	NIR-excitation	 kinetics,	 the	
500	fs	term	in	the	UV-excitation	kinetics	is	likely	attribut-
able	 to	 a	 combination	 of	 vibrational	 relaxation	 and	 sol-
vent	 reorganization,	 but	 because	 the	 distinctively	 poly-
phasic	coherent	artifact	observed	in	the	visible-	and	NIR-
excitation	 kinetics	 (Fig.	 S4)	 is	 not	 present,	 it	 is	 unclear	
what	 the	 magnitude	 and	 duration	 of	 the	 nonresonant	
solvent	response	is.	Accordingly,	the	500	fs	lifetime	is	tak-
en	to	be	only	a	qualitative	estimate	of	the	vibrational	re-
laxation	 and	 solvent	 reorganization	 processes	 following	
UV-excitation.	
The	photochemical	path	 is	directly	 related	 to	UV	acti-

vation	of	 ferrate(VI)	 for	water	 treatment,	 as	 it	 yields	 the	
more	highly	oxidizing	Fe(V)	(and	ultimately	Fe(IV))	spe-
cies.	 Following	 ISC,	we	 believe	 that	 abstraction	 of	 a	 hy-
drogen	atom	 from	a	 solvent	molecule	 (either	 in	 a	 single	
step	as	a	true	hydrogen	atom	transfer	or	through	sequen-
tial	proton	and	electron	transfer	steps)	occurs	in	210	ps	to	
give	[FeO3OH]2-	which	then	undergoes	subsequent	inter-
molecular	reactions	with	lifetimes	of	35	and	300	ns	to	give	
metastable	species	that	persist	beyond	several	tens	of	µs.	
This	 agrees	 with	 the	 ms	 lifetimes	 of	 ferrate(V)	 species	
measured	 using	 pulse	 radiolysis.35,40,41	 Time-resolved	 EX-
AFS	measurements	would	help	confirm	these	assignments	
and	 identify	 the	 long-lived	 and	 metastable	 species,	
though	such	experiments	would	be	especially	challenging	
due	 to	 the	 instability	 of	 ferrate(VI)	 under	 X-ray	 irradia-
tion	and	the	lack	of	commercial	sources	of	bulk	quantities	
of	potassium	ferrate(VI).	
Importantly,	we	performed	 all	 experiments	 at	 a	 pH	of	

8.6,	at	which	the	protonation	equilibria	of	ferrate(VI)	and	
ferrate(V)	give	almost	exclusively	[FeO4]2-	and	[FeO3OH]2-

,	respectively.	Although	this	pH	was	initially	chosen	simp-
ly	 to	 slow	 the	 spontaneous	 reduction	 of	 aqueous	 fer-
rate(VI)	at	room	temperature,	it	also	dramatically	simpli-
fies	 the	 analysis	 of	 the	 transient	 absorption	data.	 In	 our	
model,	we	make	the	assumptions	that	only	the	dominant	
(unprotonated)	 ferrate(VI)	 species	 exists	 prior	 to	 excita-
tion	and	only	the	dominant	(monoprotonated)	ferrate(V)	
species	is	formed	directly	from	the	5LMCT	state.	



 

Intersystem	crossing	and	internal	conversion	rates	
The	45	ps	lifetime	assigned	to	ISC	is	substantially	long-

er	 than	 the	well-known	 sub-200	 fs	 ISC	 lifetime	 between	
the	 MLCT	 and	 MC	 states	 in	 [Fe(2,2′-bipyridine)3]2+.85	
However,	ISC	lifetimes	on	the	order	of	tens	of	ps	are	not	
uncommon	among	3d	transition	metal	complexes,	includ-
ing	other	d2	 species,86	Fe(III)	and	Mn(III)	porphyrins,87,88	
and	 tetrahedral	Cu(I)	 dyes.89–92	 There	 are	 even	 some	 ex-
amples	of	3d	complexes	exhibiting	ISC	 lifetimes	between	
charge	 transfer	 states	 on	 the	 order	 of	 tens	 of	 ns.93	 Fur-
thermore,	 the	 lack	of	near-infrared	emission	 from	 the	 1E	
state	of	 ferrate(VI)	at	room	temperature	tells	us	that	the	
lifetime	for	the	3T2	→	1E	ISC	process	must	be	substantially	
longer	 than	 the	3.8	ns	 lifetime	 for	 the	 3T2	→	 3A2	 IC	pro-
cess,	 similar	 to	 that	 typically	observed	between	 the	 low-
lying	MC	states	in	Fe(II)	thermal	spin-crossover	complex-
es.94–99	
One	reason	 for	 the	slow	 ISC	 in	 ferrate(VI)	may	be	 the	

lack	of	structural	distortion	expected	between	the	ground	
and	excited	states,	which	would	result	in	nested	potential	
energy	 surfaces	 and	high	energetic	barriers	 for	 crossings	
between	states;	this	may	also	account	for	the	sluggishness	
of	 the	 spin-allowed	 3T2	→	 3A2	 IC.75	The	 small	number	of	
vibrational	degrees	of	freedom	in	this	small	complex	also	
presumably	 results	 in	 sparse	 spin-vibrational/spin-
vibronic	manifolds	of	states	that	in	other	cases	are	direct-
ly	 responsible	 for	 facilitating	 rapid	 ISC.100–102	 Finally,	 the	
zero-field	 splittings	 in	 crystalline	 potassium	 ferrate(VI)	
measured	 by	 electron	 paramagnetic	 resonance	 are	 less	
than	 0.07	 cm-1,103	 demonstrating	 very	 weak	 spin-orbit	
coupling	in	the	ground	3A2	state	that	may	also	be	true	for	
the	 excited	 states.2	 The	 strong	 covalency	 in	 ferrate(VI)	
also	likely	results	in	substantial	ligand-based	character	of	
the	LMCT	states,	thereby	limiting	the	impact	of	the	heavy	
atom	effect.104	Confirming	the	long	ISC	lifetime	and	iden-
tifying	its	physical	origin	will	require	extensive	computa-
tional	work	 to	 calculate	 the	 potential	 energy	 surfaces	 of	
and	 spin-orbit	 coupling	 constants	 between	 the	 LMCT	
states,	and	we	are	currently	working	toward	this	goal.	
Significance	to	water	treatment	applications	
This	 work	 provides	 strong	 evidence	 of	 a	 metastable	

Fe(V)	species,	confirming	prior	deductions	based	on	indi-
rect	 techniques	 using	 probe	 compounds	 and	 spin	 traps.	
The	 role	 of	 Fe(V)	 in	 the	 (photo)activated	 ferrate	 system	
holds	 several	 points	 of	 relevance	 to	 the	water	 treatment	
field.	First,	we	can	calculate	a	quantum	yield	for	the	for-
mation	 of	 Fe(V),	 an	 essential	 step	 towards	 utilization	 of	
an	AOP.	Based	on	the	analysis	of	the	XTA	and	OTA	data	
presented	above,	we	estimate	 the	quantum	yield	 for	 for-
mation	of	the	metastable	ferrate(V)	species	following	UV	
excitation	to	be	15%.	Although	this	 is	substantially	 lower	
than	 the	 ~50%	 quantum	 yield	 for	 the	 UV	 photolysis	 of	
H2O2	 in	aqueous	solution	(or	equivalently,	a	 100%	quan-
tum	 yield	 for	 the	 formation	 of	 hydroxyl	 radicals),105	 the	
UV/ferrate(VI)	 combination	 has	 been	 shown	 to	 outper-
form	 UV/H2O2	 for	 remediation	 of	 2,4-dichlorophenol.33	
This	 is	because	the	effective	quantum	yield	 for	UV/H2O2	
(~10%19)	 is	 much	 lower	 than	 the	 quantum	 yield	 of	 the	

photolysis	 itself:	 very	 high	 concentrations	 of	 H2O2	 are	
required	 for	 water	 treatment	 with	 UV/H2O2	 due	 to	 the	
extraordinarily	low	molar	absorptivity	of	H2O2	at	practical	
excitation	wavelengths	(e.g.,	23	M-1·cm-1	at	250	nm106),	but	
the	 excess	 H2O2	 present	 also	 rapidly	 scavenges	 the	 hy-
droxyl	radicals	as	they	are	 formed.107	Thus,	 the	efficiency	
for	photoinduced	generation	of	metastable	highly	oxidiz-
ing	species	for	these	two	systems	is	 indeed	quite	compa-
rable.	Similar	quantum	yields	of	~10%	for	hydroxyl	radical	
formation	 from	 UV/O3	 have	 also	 been	 reported.108	 Alt-
hough	 ozone	 shows	much	 stronger	 UV	 absorption	 than	
H2O2,	 it	must	be	constantly	produced	 in	situ,	adding	an-
other	 degree	 of	 complexity	 to	 the	 water	 treatment	 pro-
cess.	 Potassium	 ferrate(VI),	 on	 the	 other	 hand,	 shows	
similarly	high	UV	absorption	(>5000	cm-1	at	250	nm)	and	
may	 be	 produced	 off-site	 and	 stored	 indefinitely	 under	
ambient	conditions.	The	quantification	of	Fe(V)	yield	and	
identification	 of	 the	 relaxation	 mechanisms	 might	 help	
enable	 water	 treatment	 system	 optimization	 toward	 full	
scale	adaptation.	
These	 results	also	point	 to	additional	options	 for	pho-

toactivation	of	Fe(VI).	The	LMCT	absorption	band	of	fer-
rate(VI)	 likely	extends	well	 into	 the	visible	spectrum	be-
fore	parasitic	absorption	by	the	unproductive	ligand	field	
transitions	 begins	 to	 dominate,74	 allowing	more	 energy-
efficient	blue	and	near-UV	light	to	be	used	for	activation.	
Using	longer	wavelength	light	would	also	greatly	improve	
the	photon	economy	for	the	photoactivated	treatment	of	
turbid	water,	 as	Rayleigh	 scattering	of	 the	 incident	 light	
by	suspended	particulates	scales	dramatically	as	1/λ4.	This	
is	 especially	 valuable	 in	 a	 surface	 water	 context,	 where	
particle	 loads	 can	 vary	 widely.109	 The	 potential	 to	 form	
radical-like	 iron	 intermediates	 with	 longer	 wavelength	
light	may	prove	an	especially	versatile	and	advantageous	
AOP,	given	the	current	paradigm	of	UV	light	dependence.	
We	are	currently	working	to	measure	the	quantum	yield	
for	photoactivation	of	aqueous	ferrate(VI)	as	a	function	of	
wavelength	across	this	region	to	assess	this	possibility.	

CONCLUSIONS 
Ferrate(VI)	is	remarkably	simple	in	structure	and	equal-

ly	 rich	 in	 excited	 state	 dynamics.	 And	 yet	 despite	 the	
broad	 range	 of	 potential	 applications	 for	 photoactivated	
aqueous	ferrate(VI),	those	dynamics	have	remained	most-
ly	unexplored.	A	major	reason	for	this	is	undoubtedly	the	
challenges	to	spectroscopic	analysis	presented	by	a	weak-
ly	absorbing	species	that	spontaneously	decomposes	into	
insoluble	particulates.	
By	 combining	 the	 element	 specificity	 of	XTA	with	 the	

ultrafast	 temporal	 resolution	of	OTA,	we	have	been	able	
to	overcome	these	limitations	and	map	out	the	relaxation	
pathways	of	 ferrate(VI)	on	timescales	ranging	from	~1	ps	
to	hundreds	of	ns.	The	strong	pre-edge	feature	 in	the	Fe	
K-edge	X-ray	 absorption	 spectrum	provides	 an	 excellent	
probe	of	 the	 3d	 orbital	occupation,	which	 in	 turn	allows	
us	 to	 differentiate	 between	 LMCT	 and	 MC	 states.	 We	
have	 found	 that	 the	 initially	 populated	 3LMCT	 states	
branches	between	IC	into	the	3MC	manifold	and	ISC	into	
the	5LMCT	manifold	on	the	timescale	of	tens	of	ps	with	a	



 

quantum	yield	of	~15%	 for	 ISC.	We	believe	 the	 thermal-
ized	5LMCT	state	then	reacts	with	water	on	the	timescale	
of	100s	of	ps	to	yield	the	[FeO3OH]2-	species	believed	to	be	
involved	 in	 the	 oxidation	 of	 recalcitrant	 TOCs,	 though	
direct	 evidence	 is	 necessary	 to	 confirm	 this	 assignment.	
We	have	also	measured	two	additional	time	constants	(35	
ns	and	300	ns)	 that	may	correspond	 to	diffusion-limited	
reactions	 of	 [FeO3OH]2-,	 although	 these	 assignments	 re-
main	unclear.	
Photoactivation	 of	 ferrate(VI)	 to	 produce	 radical-like	

iron	 intermediates	 (e.g.,	 Fe(V))	 may	 play	 an	 important	
role	 in	 a	 new	 generation	 of	 AOPs	 for	 water	 treatment,	
offering	 alternative	 approaches	 for	 tackling	 the	 pressing	
issue	 of	 TOCs.	 It	 offers	 several	 advantages	 over	 existing	
technologies,	 including	shelf-stable	 inputs	and	non-toxic	
byproducts.	The	detailed	picture	of	the	competing	photo-
chemical	 and	 photophysical	 relaxation	 pathways	 of	 the	
LMCT	 state(s)	 of	 ferrate(VI)	 presented	here	will	 provide	
crucial	 information	 for	 comprehensive	 techno-economic	
assessments	 of	AOPs	 employing	 the	 combination	 of	 fer-
rate(VI)	and	blue/UV	light	and	prove	essential	to	the	de-
velopment,	optimization,	and	 full-scale	adoption	of	 such	
technologies.	 Results	 here	may	 also	 provide	 insight	 into	
the	roles	of	Fe(V)	and	Fe(IV)	formed	in	parallel	work	on	
chemical	activation	of	ferrate	with	common	reductants.	
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ABBREVIATIONS 
XTA,	X-ray	 transient	absorption;	OTA,	optical	 transient	ab-
sorption;	XANES,	X-ray	absorption	near-edge	structure;	IRF,	
instrument	 response	 function;	 DAS,	 decay-associated	 spec-
trum;	UV,	 ultraviolet;	 NIR,	 near-infrared;	 LMCT,	 ligand-to-
metal	charge	transfer;	MC,	metal-centered;	IC,	internal	con-
version;	ISC,	intersystem	crossing;	GSB,	ground	state	bleach;	
ESA,	 excited	 state	 absorption;	 TOC,	 trace	 organic	 contami-
nant;	AOP,	advanced	oxidation	process.	
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