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Abstract:	 Fe(II)	 coordination	 complexes	 are	 promising	 alternatives	 to	 Ru(II)	 and	 Ir(III)	 chromophores	 for	
photoredox	 chemistry	 and	 solar	 energy	 conversion,	 but	 rapid	 deactivation	 of	 the	 initial	 metal‐to‐ligand	 charge	
transfer	(MLCT)	state	to	low‐lying	(d,d)	states	limits	their	performance.		Relaxation	to	a	long‐lived	quintet	state	is	
postulated	 to	 occur	 via	 a	 metal‐centered	 triplet	 state,	 but	 this	 mechanism	 remains	 controversial.	 	 We	 use	
femtosecond	extreme	ultraviolet	(XUV)	transient	absorption	spectroscopy	to	measure	the	excited‐state	relaxation	
of	Fe(phen)32+	and	conclusively	identify	a	3T	intermediate	that	forms	in	170	fs	and	decays	to	a	vibrationally	hot	5T2g	
state	in	40	fs.		A	coherent	vibrational	wavepacket	with	a	period	of	250	fs	and	damping	time	of	0.66	ps	is	observed	
on	the	5T2g	surface,	and	the	spectrum	of	this	oscillation	serves	as	a	fingerprint	for	the	Fe‐N	symmetric	stretch.		The	
results	show	that	the	shape	of	the	M2,3‐edge	X‐ray	absorption	near	edge	structure	(XANES)	spectrum	is	sensitive	to	
the	 electronic	 structure	 of	 the	 metal	 center,	 and	 the	 high	 spin	 sensitivity,	 fast	 time	 resolution,	 and	 tabletop	
convenience	 of	 XUV	 transient	 absorption	 make	 it	 a	 powerful	 tool	 for	 studying	 the	 complex	 photophysics	 of	
transition	metal	complexes.	

Introduction 
In	 the	 past	 several	 years	 there	 has	 been	 a	 surge	 of	
interest	 in	 FeII	 polypyridyl	 complexes	 as	
chromophores	 for	 photocatalytic	 and	 photovoltaic	
applications,	with	the	aim	of	replacing	expensive	RuII	
and	IrIII	photosensitizers.1–4	 	This	goal	 is	challenging	
because	 the	 weaker	 ligand	 field	 of	 first‐row	
transition	 metals	 creates	 a	 cascade	 of	 low‐lying	
metal‐centered	 states	 that	 rapidly	 deactivate	 the	
initial	 excited	 state.	 	 For	 example,	 both	 Ru(bpy)32+	
(bpy	=	2,2’‐bipyridine)	and	Fe(bpy)32+	have	metal‐to‐
ligand	 charge	 transfer	 (MLCT)	 states	 that	 lie	 2	 to	 3	
eV	above	the	ground	state.	However,	the	MLCT	state	
of	 Ru(bpy)32+	 has	 a	 lifetime	 of	 hundreds	 of	
nanoseconds	 whereas	 that	 of	 Fe(bpy)32+	 decays	
within	200	fs	into	a	low‐energy	5T2g	state	with	100%	
quantum	yield.	 	 Consequently,	 the	 energy	 is	wasted	
as	 molecular	 vibrations	 long	 before	 any	 useful	
photochemistry	 can	 occur.	 	 Chemists	 have	 tackled	
this	 challenge	 by	 engineering	molecules	 that	 either	
raise	the	energy	of	the	metal‐centered	excited	states	
above	 the	 energy	 of	 the	 MLCT	 state	 (a	
thermodynamic	 solution)	 or	 displace/deform	 the	

excited‐state	potential	energy	surfaces	of	 the	metal‐
centered	 states	 to	 trap	 molecules	 in	 high‐energy	
metastable	MLCT	or	 triplet	metal‐centered	states	 (a	
kinetic	 solution).3	 	 These	 strategies	 have	 had	 some	
success:	 FeII	 complexes	 with	 excited‐state	 lifetimes	
as	long	as	528	ps	have	been	described.5	

Despite	 these	 advances,	 there	 is	 still	 considerable	
uncertainty	 about	 the	 excited‐state	 dynamics	 of	 FeII	
polypyridyl	molecules,	due	 to	 the	complex	 interplay	
between	 electronic,	 spin,	 and	 nuclear	 degrees	 of	
freedom.	It	has	long	been	speculated	that	conversion	
of	the	MLCT	state	to	the	5T2g	state	occurs	via	a	triplet	
metal‐centered	 excited	 state	 (3T2g	 or	 3T1g),	 but	 the	
role	of	this	triplet	remains	controversial.	Because	the	
spin	 transition	 occurs	 in	 a	 region	 of	 the	 potential	
energy	 	 surface	 with	 curve	 crossings	 between	
multiplet	 states,	 the	 formation	 of	 a	 triplet	
intermediate	 cannot	 be	 ruled	 out	 on	 theoretical	
grounds.6,7	 In	 addition,	 the	 formation	 of	 3T	 states	
cannot	easily	be	probed	by	conventional	visible‐light	
transient	 absorption	 methods,	 because	 the	 d‐d	
transitions	are	weak	compared	to	 the	 intense	MLCT	
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band.	 	 As	 a	 result,	 the	 spectra	 are	 relatively	
insensitive	to	the	spin	state	of	the	metal	center.			

Other	 spectroscopic	 techniques	 have	 afforded	
conflicting	 information	 about	whether	 triplet	 states	
are	 generated	 upon	 excitation	 of	 FeII	 polypyridyl	
complexes.	 By	 using	 the	 spin‐selective	 technique	 of	
femtosecond	Fe	Kβ	emission	at	a	 free‐electron	 laser,	
Zhang	 et	 al.	 identified	 a	 spectroscopic	 signature	
consistent	with	formation	of	a	triplet	intermediate	in	
Fe(bpy)32+.8	 	 However,	 Auböck	 and	 Chergui	 used	
femtosecond	 ultraviolet	 transient	 absorption	
spectroscopy	to	show	that	Fe(bpy)32+	converts	into	a	
vibrationally	 hot	 5T2g	 state	 within	 50	 fs;	 these	
authors	argued	that	this	time	scale	was	too	short	to	
admit	a	triplet	 intermediate.9	 	More	recently,	Lemke	
et	al.	carried	out	ultrafast	Fe	K‐edge	X‐ray	absorption	
studies	 of	 Fe(bpy)32+	 and	 concluded	 that	 the	 time‐
dependent	spectra	are	consistent	with	formation	of	a	
triplet	intermediate.10		Slow	progress	in	the	detection	
of	these	short‐lived	excited	states	can	be	ascribed	in	
part	 to	 the	 scarce	beamtime	available	at	X‐ray	 free‐
electron	 laser	 facilities	 capable	 of	 performing	
femtosecond	spin‐selective	spectroscopy.	

In	this	work,	we	use	tabletop	femtosecond	extreme	
ultraviolet	 (XUV)	 transient	 absorption	 spectroscopy	
to	 provide	 direct	 and	 unambiguous	 evidence	 that	 a	
metal‐centered	 triplet	 intermediate	 is	 generated	
following	 MLCT	 excitation	 of	 the	 FeII	 o‐
phenanthroline	 complex	 Fe(phen)32+.	 We	 also	 find	
that	 a	 coherent	 vibrational	 wavepacket	 on	 the	 5T2g	
surface	 leads	 to	 an	 oscillation	 in	 the	 transient	
spectrum	 that	 corresponds	 to	 the	 Fe‐N	 symmetric	
stretch.	 	 Ligand	 field	 multiplet	 simulations	 confirm	
these	assignments.		These	results	illustrate	the	utility	
and	 power	 of	 X‐ray	 absorption	 near	 edge	 structure	
(XANES)	 spectroscopy	 at	 the	 Fe	 M2,3‐edge,	 a	
technique	that	is	sensitive	to	the	oxidation	state	and	
spin‐state	 of	 the	metal	 center	 as	 well	 as	 the	 ligand	
field	symmetry	and	strength.11–15		

Experimental 
XUV	 Transient	 Absorption:	 The	 XUV	 probe	 is	
produced	 by	 high	 harmonic	 generation	 using	 a	
tabletop	 instrument	 described	 previously.11,16	
Briefly,	a	Ti:sapphire	driving	laser	(800	nm,	4	mJ,	35	
fs,	1	kHz)	is	focused	into	a	semi‐infinite	gas	cell	filled	
with	 120	 Torr	 of	 neon,	 where	 the	 intense	 electric	
field	at	the	focal	point	generates	a	~15	fs	XUV	pulse	
with	 a	 broad	 spectrum	 spanning	 50	 to	 90	 eV.	
Residual	driving	laser	photons	are	attenuated	by	a	Si	
mirror	and	a	100	nm	thick	Al	filter.	XUV	photons	are	
collected	 in	 transmission	mode	 and	 dispersed	 by	 a	
diffraction	 grating	 onto	 an	 array	 CCD	 detector.	 The	
spectrometer	 resolution	 is	 0.6	 eV	 FWHM	 as	
measured	 from	 the	atomic	absorption	 lines	of	Xe.	A	

secondary	 output	 from	 the	 driving	 laser	 is	 sent	
through	a	non‐collinear	optical	parametric	amplifier	
(TOPAS‐White)	 to	 generate	 the	 pump	 pulse	 (35	 fs,	
535	 nm).	 The	 instrument	 response	 time	 is	 40	 fs	
FWHM,	 as	 determined	 by	 measuring	 the	 rise	 of	 α‐
Fe2O3	 transient	 absorption	 features.13,17	 Samples	
were	 deposited	 as	 ∼100	 nm	 thick	 films	 on	 Si3N4	
substrates.	 Further	 experimental	 details	 can	 be	
found	 in	 Sections	 S1	 and	 S3	 of	 the	 Supporting	
Information.	

Ligand‐field	multiplet	 theory	 simulations:	 The	
procedure	 for	computing	LFM	theory	simulations	of	
M2,3‐edge	 spectra	 of	 metal‐centered	 excited	 states	
using	 a	 modified	 version	 of	 the	 program	 CTM4XAS	
has	 been	 described	 in	 a	 previous	 publication.14	
Briefly,	 the	 metal	 center	 is	 modeled	 in	 terms	 of	 a	
parametric	 Hamiltonian	 containing	 electron‐nuclear	
and	 electron‐electron	 Coulombic	 interactions,	 spin‐
orbit	 coupling	 and	 an	 electrostatic	 crystal	 field.18,19	
The	 parameters	 used	 in	 the	 present	 study	 can	 be	
found	 in	 section	 S7	 of	 the	 Supporting	 Information.	
The	 identities	 of	 the	 eigenstates	 of	 the	Hamiltonian	
are	 assigned	 by	 expanding	 the	 spin‐orbit	 coupled	
states	 in	 terms	 of	 pure‐spin	 basis	 functions.	 M2,3‐
edge	stick	spectra	are	computed	between	eigenstates	
of	 3p63dN	 and	 3p53dN+1	 configurations.	 Each	
transition	is	broadened	by	a	Lorentzian	whose	width	
is	determined	by	computing	the	Auger	decay	rate	of	
the	corresponding	3p53dN+1	state.		A	floor	of	1.0	eV	is	
imposed	 to	 account	 for	 other	 decay	 channels.	 The	
transitions	are	further	broadened	by	a	Gaussian	with	
σ=0.2	 eV	 to	 account	 for	 finite	 instrumental	
resolution.	

The	simulated	spectrum	of	the	1A1g	state	of	FeII	has	
been	 rescaled	 to	 60%	 of	 the	 computed	 intensity	 in	
accordance	 with	 the	 experimentally	 observed	
intensity	difference	in	the	spectra	of	the	1A1g	and	5T2g	
states	 of	 Fe[H2B(pz)2]2(bpy).	 Simulated	 difference	
spectra	 of	 FeII	 metal‐centered	 excited	 states	 are	
computed	 by	 subtracting	 the	 simulated	 absorption	
spectrum	of	 the	 1A1g	 state	 from	 those	of	 the	excited	
states.	 The	 difference	 spectrum	 of	 MLCT	 excited	
state	 is	computed	as	 the	difference	of	 the	simulated	
spectrum	of	 the	 2T2g	 state	of	 FeIII	 (rescaled	 to	60%)	
minus	 that	 of	 the	 1A1g	 state	 of	 FeII.	 All	 spectra	 are	
shifted	 along	 the	 energy	 axis	 to	 place	 the	
degeneracy‐weighted	 average	 transition	 energy	 at	
56.4	eV	for	the	1A1g	state,	at	55.2	eV	for	all	FeII	metal‐
centered	 excited	 states	 and	 at	 56.2	 eV	 for	 the	 FeIII	
2T2g	state.	

	

	

	



3 

 

Results
Ground‐St
performed
produces	a
from	 50	 t
ground	 sta
low‐spin	 F
of	approxi
eV	(Figure
M‐edge	 X
spectrum	
temperatu
thermal	
Fe[H2B(pz)
from	a	low
K.	 	 As	 sho
recorded	 a
with	 only	
HS	 spectr
redshifted	
with	a	maj
eV.	As	is	co
(2p→3d	
redshifted	
exchange	s

These	 sp
the	 correl
analogous	
interpret	 d
transitions
3p53d7	 cor
weak‐field
allowed	 fr

Figure	1:
diagram	s
as	a	func
and	low‐s

s and Discuss
tate	 Spectra
d	 using	 a	 table
a	broad	XUV	co
o	 90	 eV	 (see	
ate	 spectrum	
FeII	 complexes,
mately	equal	h
	1).		To	demon
XANES	 and	 t
upon	 spin	 cr
re‐dependent	

spin	
)2]2(bpy).20	 	 Th
w‐spin	singlet	t
own	 in	 Figure	
at	 85	 K	 is	 sim
minimal	 shifts
rum	 recorded
and	approxim
jor	peak	at	57
ommonly	obse
excitation),	 H
from	their	LS	
stabilization	of

pectra	 can	 be	
lation	 diagram
to	 the	 Tanab
d‐d	 excitations
s	 between	 the
re‐hole	 excited
d	(left)	side	of	t
rom	 the	 5D‐d

A)	Experiment
showing	the	all
tion	of	the	liga
spin	ground	sta

sion 
a:	 XUV	 spe
etop	 laser‐base
ontinuum	span
Experimental
of	 Fe(phen)32
,16	 and	 feature
height	at	58.7,	
nstrate	the	spin
to	 estimate	
rossover,	 we	
ground‐state	
crossover	

his	model	 com
to	a	high‐spin	
1A,	 the	 low‐s

milar	 to	 that	 o
s	 in	 the	 peak	
d	 at	 room	 te
mately	three	tim
.5	eV	and	a	sh
erved	in	L‐edge
HS	 spectra	 a
analogues	due
f	the	HS	core‐h

understood	w
m	 in	 Figure	
be‐Sugano	 diag
s.	 	 The	XUV	pr
e	 3p63d6	 grou
d	 states.	 	 On	
this	diagram,	t
derived	 groun

tal	and	simulat
owed	XUV	tran
nd	field	strengt
ate.		The	effects	

ectroscopy	 is
ed	 source	 that
nning	the	range
	 section).	 The
2+	 is	 typical	 of
es	 three	 peaks
61.5,	and	68.0
n	sensitivity	of
the	 transient
recorded	 the
spectra	 of	 the

complex
mplex	 switches
quintet	at	150
spin	 spectrum
of	 Fe(phen)32+
positions.	 The
emperature	 is
mes	as	intense
houlder	at	55.6
e	spectroscopy
are	 generally
e	to	additional
ole	state.21		

with	 the	 aid	 of
1B,	 which	 is
grams	 used	 to
robe	measures
und	 state	 and
the	 high‐spin
transitions	are
nd	 state	 to	 a

ed	M2,3‐edge	sp
nsitions	between
th	10Dq.	 	The	b
of	spin‐orbit	co

s	
t	
e	
e	
f	
s	
0	
f	
t	
e	
e	
x	
s	
0	
m	
,	
e	
s	
,	
6	
y	
y	
l	

f	
s	
o	
s	
d	
,	
e	
a	

close
~55	
state
(righ
bette
octah
betw
hole	
58,	6
on	 t
spect
stren
actua
omitt

Tr
The	
meas
band
15	 f
Meth
instr
trans
െ݈݃
selec
IRF‐l
has	 a
62	 e
shou
eV.	 	O
furth
the	p
65	 to
500	
resem

pectra	of	high‐s
n	the	3p63d6	gr
break	at	1.8	eV
oupling	are	wea

ely‐spaced	gro
eV	 and	 anoth

es	 at	 ~58	 eV
ht)	 side	 of	 the
er	 described	 b
hedral	 symm
ween	 the	 1A1g	 g
states;	 the	 tra
62,	and	65	eV.	T
the	 ligand	 fie
trum	 a	 sensi
ngth.	 	 Spin‐or
al	spectral	sim
ted	in	this	qua

ransient	M‐ed
femtosecond	
sured	 by	 phot
d	with	a	35	fs,	
fs	 broadband	
hods	 for	 a	
ument).	 	Figur
sient	 absorp
݃ଵ൫ܫ௨	 ⁄ܫ
cted	 delay	 tim
limited	initial	s
a	weak,	 broad
V.	 	 By	 100	 fs
ulder	at	61.0	eV
Over	the	next	
her	and	develo
peak	at	64.0	eV
o	 75	 eV	 also	 a
fs,	 the	 shape	o
mbles	the	high

spin	and	low‐sp
ound	state	and	
V	is	caused	by	t
ak	and	for	simp

up	of	 5F‐	and	
her	 group	 of	
V.	 	 On	 the	 lo
e	 diagram,	 the
by	 Mulliken	 te
metry.	 Transit
ground	 state	 a
ansitions	 appe
The	position	o
eld	 splitting	
itive	 probe	 o
rbit	 coupling	
mulations,	but	is
alitative	descrip

dge	XANES	and
dynamics	 of

toexciting	 the	
535	nm	pump
XUV	 probe	
detailed	 d

re	2A		shows	a
ption	 spectru
௨	൯.	 Spec
mes	 are	 shown
state	(as	show
d	 positive	 featu
s,	 a	 peak	 rises
V	and	a	small	i
~400	fs	 the	p
ps	a	clear	shou
V	disappears.		A
appears	 on	 thi
of	 the	differen
h‐spin/low‐spi

pin	FeII	complex
	the	3p53d7	cor
the	crossover	b
licity	are	not	sh

5D‐derived	sta
5D‐	 and	 5P‐d
w‐spin,	 stron
e	 electronic	 st
erm	 symbols	 w
tions	 are	 al
and	 three	 1T1u
ear	 at	 approxim
f	each	peak	de
10Dq,	 makin
of	 the	 ligand
is	 included	 i
s	weak	enough
ption.	

d	Kinetic	Mod
f	 Fe(phen)32+
sample	 at	 its	
p	and	probing	
(see	 Material
escription	 of
a	contour	plot	
um,	 where
ctroscopic	 slic
n	 in	 Figure	 2C
wn	by	the	30	fs
ure	 between	 5
s	 at	 57.0	 eV	 w
isolated	peak	a
peak	at	57.0	eV
ulder	at	54.5	e
A	broad	bleach
is	 timescale.	 B
nce	 spectrum	c
n	thermal	diffe

xes.		B)	Correla
re‐hole	excited	s
between	a	high‐
hown.	

ates	at	
erived	
g‐field	
tate	 is	
within	
llowed	
u	 core‐
mately	
epends	
ng	 the	
d	 field	
in	 the	
h	to	be	

deling:	
were	
MLCT	
with	a	
ls	 and	
f	 the	
of	the	
ܣ∆ ൌ
ces	 at	
.	 	 The	
s	slice)	
53	 and	
with	 a	
at	64.0	
V	rises	
eV,	and	
h	from	
Beyond	
closely	
erence	

 

ation	
state	
‐spin	



4 

 

spectrum	 (Ahot	 –	 Acold)	 of	 the	 iron(II)	 complex	
Fe[H2B(pz)2]2(bpy)	 (Figure	 2B).	 This	 similarity	
confirms	 that	 photoexcitated	 Fe(phen)32+	 converts	
into	a	long‐lived	high‐spin	state.			

Kinetic	 slices	 at	 select	 energies	 are	 shown	 in	
Figure	2D,	with	the	data	shown	as	open	symbols;	fits	
with	 and	 without	 the	 3T	 intermediate	 (discussed	
below)	 are	 shown	 as	 solid	 and	 dashed	 lines,	
respectively.	 Both	 the	 57.0	 eV	 peak	 and	 54.5	 eV	
shoulder	 show	 clear	 oscillations	 with	 a	 period	 of	
~250	 fs.	 The	 relative	 amplitude	 of	 the	 oscillation	 is	
strongest	at	54.5	eV,	where	 it	 is	25%	of	the	average	
signal.		The	peak	at	64.0	eV	rises	to	a	maximum	at	90	
fs	 before	 decaying	 to	 near	 baseline	 by	 400	 fs.	 	 This	
rise	 is	 considerably	 delayed	 compared	 to	 the	 40	 fs	
FWHM	 instrumental	 response	 function,	 indicating	
that	 this	 signal	 is	 not	 due	 to	 the	 directly	 pumped	

1MLCT	 state	 or	 the	 rapidly‐formed	 3MLCT	 state.22		
The	 M‐edge	 XANES	 spectrum	 is	 not	 sensitive	 to	
ferro/antiferromagnetic	coupling	between	the	metal	
and	 ligand	 spins,	 so	 the	 singlet	 and	 triplet	 MLCT	
states	 are	 expected	 to	 have	 identical	 spectra	 in	 this	
energy	range.	

Two	different	kinetic	models	were	used	to	perform	
global	 fits	of	 the	 transient	M‐edge	XANES	spectra	of	
Fe(phen)32+	vs.	 time:	 (1)	a	 three‐state	kinetic	model	
that	includes	an	intermediate	(presumably	3T)	state,	

i.e.,	 ଵ,ଷܶܥܮܯ ఛభ
→ ܶଷ

ఛమ
→ ଶܶ

ହ ,	and	(2)	a	two‐state	kinetic	
model	 that	 excludes	 this	 intermediate	 state,	 i.e.,	

ଵ,ଷܶܥܮܯ ఛభ
→ ଶܶ

ହ .	 	 In	both	models,	 the	final	 5T2g	state	
has	 an	 additional	 damped	 oscillatory	 component.	
The	 process	 of	 spin	 crossover	 accompanied	 by	
vibrational	coherence	is	modeled	using	a	spin‐boson	

	Figure	2:	A)	Contour	plot	of	transient	M‐edge	XANES	spectra	of	Fe(phen)32+.	B)		Transient	spectrum	of	Fe(phen)32+	at	
1	 ps	 compared	 to	 the	 thermal	 difference	 spectrum	 of	 Fe[H2B(pz)2]2(bpy).	 C)	 Transient	 spectra	 of	 Fe(phen)32+	 at	
selected	times.		D)	Experimental	kinetic	slices	at	selected	energies	(open	symbols),	with	reconstructed	kinetics	from	
global	fits.		Solid	lines	include	the	3T	intermediate,	while	dashed	lines	assume	the	5T2	state	is	formed	directly	from	the	
1,3MLCT	state.		The	two	fits	are	indistinguishable	at	54.5	eV,	57.0	eV,	and	67.0	eV,	but	only	the	 ଵ,ଷܶܥܮܯ → ܶଷ → ଶܶ

ହ 	
model	successfully	fits	the	data	at	64.0	eV.	
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frequency	 has	 been	 reported	 for	 crystalline	
Fe(phen)2(NCS)2	(expt.	116	cm‐1	vs	DFT	96	cm‐1).26,27	
In	 both	 cases,	 the	 discrepancies	 between	 the	
computed	 and	 experimental	 frequencies	 are	
probably	due	to	solid‐state	packing	effects.	

The	vibrational	coherence	of	the	final	5T2g	state	has	
a	damping	time	of	0.66	±	0.01	ps.	The	damping	rate	
of	 vibrational	 coherence	 in	 condensed	 phases	 is	
highly	 variable.	 Our	 value,	 measured	 from	 an	
amorphous/nanocrystalline	 sample,	 falls	 within	 the	
range	 previously	 measured	 from	 solution	 samples	
(e.g.,	0.4	–	1	ps	depending	on	wavelength),9,24	 liquid	
jet	 samples	 (320	 fs),10	 and	 crystalline	 solid	 samples	
(0.166	 ps)27	 of	 related	 compounds.	 The	 time‐
dependent	 state	 populations	 and	 spectroscopic	
components	 obtained	 from	 this	 three‐state	 fit	 are	
shown	 in	 Figure	 3A	 and	 B.	 	 Reconstructed	 kinetic	
traces	 (Figure	 2D)	 closely	 match	 the	 experimental	
results.			

The	 two‐state	model	without	 the	 3T	 intermediate	
fits	the	spectroscopic	features	at	54.5,	57.0,	and	67.0	
eV	 equally	 well,	 but	 the	 3T	 state	 is	 required	 to	
reproduce	 the	 64.0	 eV	 feature.	 	 For	 this	 reason,	we	
will	confine	the	rest	of	the	present	discussion	to	the	
three‐state	 model	 with	 the	 3T	 intermediate.	 	 A	
detailed	discussion	of	the	two‐state	model	is	given	in	
Section	S6	of	the	Supporting	Information,	along	with	
a	comparison	of	the	residual	from	each	fit.			

Additional	 information	 about	 the	 species	 formed	
upon	 photoexcitation	 of	 Fe(phen)32+	 is	 provided	 by	
the	shapes	of	the	spectral	components	deduced	from	
the	fit	 to	the	three‐state	model.	 	As	shown	in	Figure	
3B,	 the	 spectrum	 of	 the	 MLCT	 state	 is	 quite	 weak,	
featuring	a	slight	positive	feature	between	51	and	55	
eV	and	a	 slight	negative	 feature	between	55	and	60	
eV.	 	 As	 discussed	 in	 Section	 S8	 of	 the	 Supporting	
Information,	 the	 low	 intensity	 of	 this	 transient	
spectrum	 is	 explained	 by	 a	 coincidental	 similarity	
between	 the	 1A1g	 ground	 state	 and	 FeIII	 2T2g	 MLCT	
spectra.	The	fit	also	shows	that	the	3T	component	has	
an	 intense	positive	 feature	at	57.0	eV,	a	 shoulder	at	
60.0	eV,	and	a	strong	positive	peak	between	63	and	
67	 eV.	 Finally,	 the	 spectrum	 of	 the	 5T2g	 component	
matches	the	1	ps	spectrum	shown	in	Figure	2B,	and	
the	oscillatory	component	has	two	negative	peaks	at	
54.7	and	56.8	eV.	

These	experimental	components	match	ligand	field	
multiplet	 (LFM)	 simulations	 carried	 out	 with	 the	
program	CTM4XAS	 (Figure	 3D).	 	 The	 extracted	 5T2g	

spectrum	 agrees	 well	 with	 the	 corresponding	
simulation,	 which	 contains	 strong	 positive	 features	
at	 54.8	 and	57.4	 eV	 and	a	broad	bleach	 from	61‐70	
eV.	The	3T1g	simulation	has	peaks	at	57.6	and	63.9	eV,	
which	agree	almost	exactly	with	the	spectrum	of	the	
intermediate	deduced	 from	the	 fit	 to	 the	 three‐state	
model.	 	 As	 shown	 in	 Section	 S7	 of	 the	 Supporting	
Information,	 a	 simulation	 of	 the	 3T2g	 transient	
spectrum	is	also	a	good	match	to	experiment,	so	this	
experiment	 cannot	 confidently	 distinguish	 between	
the	two	triplet	states.	In	either	case,	the	experimental	
spectrum	is	more	intense	than	what	LFM	simulations	
suggest.		In	view	of	the	rapid	excited‐state	dynamics,	
which	 especially	 in	 the	 case	 of	 the	 3T	 intermediate	
permit	 only	 a	 single	 passage	 through	 the	 transition	
state	 to	 5T2g,	 the	 first‐order	kinetic	model	used	here	
will	 underestimate	 the	 population	 of	 the	
intermediate	 and	 overestimate	 its	 spectral	
contribution.28			

As	 noted	 above,	 a	 vibrational	 coherence	 with	 a	
period	of	250	fs	is	observed	on	the	5T2g	surface.	The	
spectrum	 of	 this	 oscillation	 serves	 as	 a	 fingerprint	
for	 the	 structural	 distortion	 activated	 by	 the	 spin	
crossover	 event.	 The	 most	 prominent	 structural	
difference	 between	 the	 Franck‐Condon	 geometry	
and	the	relaxed	5T2g	geometry	is	the	fully‐symmetric	
expansion	 of	 the	 Fe‐N	 cage,	 which	 in	 the	
computational	framework	used	here	is	modeled	as	a	
decrease	in	the	ligand	field	strength	10Dq.		As	shown	
in	Figure	3C,	 the	 intensities	of	 the	54.5	eV	shoulder	
and	 57.0	 eV	 peak	 are	 inversely	 correlated	 with	 the	
ligand	 field	 strength.	 	 Therefore,	 a	 vibrational	
wavepacket	 launched	on	the	compressed	side	of	the	
Fe‐N	potential	surface	(large	10Dq)	will	initially	have	
low	 absorbance	 at	 these	 energies,	 and	 the	 signal	 at	
these	energies	will	reach	a	maximum	one	half‐period	
later	 at	 the	 outer	 turning	 point.	 	 This	 prediction	 is	
confirmed	 by	 the	 negative	 amplitude	 of	 the	 fitted	
oscillatory	 component	 in	 Figure	 3C,	 which	 is	 an	
excellent	 match	 for	 the	 simulated	 component	 in	
Figure	3D.		Note	that	the	kinetic	model	used	in	the	fit	
properly	 accounts	 for	 the	 phase	 of	 the	 vibrational	
wavepacket:	 for	 example	 the	 portion	 of	 the	 5T2g	
population	 that	 is	 launched	 at	 time	 t	 will	 be	 out	 of	
phase	with	the	portion	of	the	population	launched	at	
time	 (t	 +	 125	 fs),	 and	 their	 oscillatory	 components	
will	 cancel	 via	 destructive	 interference.	 	 Figure	 4	
summarizes	 the	 full	 excited‐state	 relaxation	
dynamics.	
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S1 Additional data collection and experimental details 
The instrument layout is shown in Figure S1A. A typical spectrum of the probe beam is shown in Figure 

S1B. At the sample position, the probe beam size was measured using a knife‐edge scan to be 80 μm 

FWHM and the pump beam set to be ~200 μm FWHM. The sample was pumped at 3.5 mJ/cm2, 

corresponding to ~12% excitation per pulse. This excitation fraction is calculated using the known pump 

fluence and the sample absorbance at 535 nm. Nitrogen gas cooling was employed to avoid sample 

heating and damage.1 Neither pump‐induced nor XUV‐induced damage was observed under these 

conditions, confirmed by periodically comparing ground state absorption of a pumped area on the 

sample to a pristine area. During processing, ~10% of scans were discarded due to fluctuations in the 

XUV probe.  The spectral region from 65‐67 eV was averaged and any single scan which differed from 

the average by ± 4 mA was discarded. This data set was collected over three days for a total of ~30 hours 

of data collection including concurrent α‐Fe2O3 transient absorption. 
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S2 Thermal Spin‐Crossover of Fe(H2B(pz)2)2bpy 
Fe(H2B(pz)2)2bpy was synthesized according to published procedures.

2 The sample consisted of a ~150 

nm thick film deposited on a 100 nm Si3N4 free‐standing membrane by vacuum sublimation.  To collect 

variable temperature M2,3‐edge spectra, a thin film of Fe(H2B(pz)2)2bpy was loaded into a home‐built 

bath cryostat, with a temperature range of 85 – 300 K. An aluminum sample cell is attached to a liquid 

nitrogen filled cold finger via a small copper rod, with an aluminum flange making up the base of the 

cold finger to increase heat transfer to the sample cell.  The cold finger is attached to a 3‐axis 

manipulator out of vacuum which moves the sample into the XUV beam path. Spectra were collected at 

295 (HS) and 85 (LS) K using the same sample on the same day.  

S3 Sample preparation of Fe(phen)3(SCN)2  
Thin films of Fe(phen)3(SCN)2 were prepared by reactive sublimation of Fe(phen)2(NCS)2 as described by 

Ellingsworth et al.3  Fe(phen)2(NCS)2 powder was loaded into a boron nitride crucible and loaded into a 

homebuilt vacuum sublimation chamber. The chamber was pumped down to a pressure of ~1x10‐5 Torr 

and the crucible heated to 300 °C. UV‐Vis spectra of the films were then recorded to confirm the 

complex was deposited as Fe(phen)3(SCN)2 and to estimate sample thickness (Figure S3). 

 

Figure S2: A) Fit (red) of the bleach seen in the transient data (black) of α‐Fe2O3 pumping at 535 nm. 
This fit was used to extract t0 for Fe(phen)3

2+ runs. B) Determination of t0 for Fe(phen)3
2+

 runs (red 
circles) by linearly interpolating between α‐Fe2O3 runs throughout the day (black squares). 
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S4 Spin boson model of visible‐pump XUV‐probe response 
The spin‐boson model used here (and the nomenclature below) is adapted from Nitzan.4  Let us first 

consider the general case of the linear absorption spectrum from a coherent state that consists of a 

manifold of ܰ closely spaced nondegenerate eigenfunctions (denoted |݊ۧ with eigenvalues ܧ) and 
energetically separated upper states  (denoted |ܿۧ with eigenvalues ܧ  such that ܧ ≫   for any ݊ orܧ
ܿ). In this basis, the Hamiltonian is given by ܪ ൌ ∑ |݊ۦۧ݊|ܧ  ∑ |ܿۦۧܿ|ܧ  and the density matrix 

describing this coherent state is ߩො ൌ ∑ |݊ۦۧ݉|ߩ
ே
,ୀଵ . The density matrix is assumed to evolve slowly 

so that it is assumed to be constant on the time scale of ݊ → ܿ transitions. 

In the relevant spectral region the transition dipole moment operator is given by ̂ߤ ൌ ∑ |ܿۦۧ݊|ሺߤ ,

ሻݐሺߤ̂ ሻ. Let|ܿۦۧ݊| ൌ ݁
ಹ

௧̂ି݁ߤ

ಹ

௧. 

The linear absorbance is then given by ߙሺΩሻ ൌ ൣ݉ܫ χሺݐሻ݁ஐ௧݀ݐ
ஶ
 ൧ where χሺݐሻ ൌ




,ሻݐሺߤሼሾ̂ݎܶ  ොሽ is theߩሿߤ̂

dipole correlation function and Ω is the angular frequency. 

It can be shown that χሺݐሻ ൌ



,ሻݐሺߤሼሾ̂ݎܶ ොሽߩሿߤ̂ ൌ

ଶ


∑ sin ቀ

ா

ቁݐ ଶߤ ,ߩ െ

ଶ


∑ ቆ݉ܫ ൬ߩ݁


ಶ

௧൰ வ,

݉ܫ ൬ߩ݁

ಶ

௧൰ቇ ߤߤ  where ܧ ൌ ܧ െ  .ܧ

Therefore, ߙሺΩሻ ൌ
ଶ


∑ ଶߤ ܮߩ ቀΩ െ

ா

ቁ, 

ଶ


∑ ߤߤ ቄܴ݁ሺߩሻ ቂܮ ቀΩ െ

ா

ቁ வ,

ܮ ቀΩ െ
ா

ቁቃ െ ሻߩሺ݉ܫ ቂܮᇱ ቀΩ െ

ா

ቁ െ ′ܮ ቀΩ െ

ா

ቁቃቅ, where ܮሺΩሻ ൌ

/ଶ

ஐమାమ
 and ܮ′ሺ߱ሻ ൌ

ஐ/ଶ

ஐమାమ
 and Γ 
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Figure S3 UV/Vis spectrum of a film of Fe(phen)3(SCN)2 as deposited 
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is the intrinsic linewidth of ݊ → ܿ transitions. Note here that emissive components such as ܮ ቀω 
ா

ቁ 

have been omitted. If the interlevel spacing between |݊ۧ is small compared to Γ, then ቚܮᇱ ቀΩ െ
ா

ቁ െ

ᇱܮ ቀΩ െ
ா

ቁቚ 

|ாିா|

మ
ൎ 0.  This approximation holds for the M‐edge transitions in this work, where 

|݊ۧ are eigenfunctions of a ligand cage breathing mode of about 100‐200 cm‐1 and Γ ൌ103‐104 cm‐1 for 

the linewidth of each XUV absorption peak. 

 

Therefore, the absorption spectrum is given by 

ሺΩሻߙ ൌ
ଶ


∑ ଶߤ ܮߩ ቀΩ െ

ா

ቁ, 

ସ


∑ ܮሻߩܴ݁ሺߤߤ ቀΩ െ

ா

ቁவ,  or 

ሺEሻߙ ൌ
ଶ


∑ ଶߤ ሺEܮߩ െ ሻ,ܧ 

ସ


∑ ሺEܮሻߩܴ݁ሺߤߤ െ ሻவ,ܧ  in terms of energy. 

Let us now consider the case of pump‐probe response of vibronic spin‐crossover system. We denote the 

MLCT state as State 0, the intermediate as State 1, and the 5T2g state as State 2. We only consider the 

vibronic levels of State 2, denoted as States 2n for n=0,1,…. We assume that the density matrix is of the 

following form ߩ ൌ

ۉ

ۈ
ۇ

,ߩ 0 0 0 ⋯
0 ଵ,ଵߩ 0 0 ⋯
0 0 ଶ,ଶߩ ଶ,ଶଵߩ ⋯
0 0 ଶଵ,ଶߩ ଶଵ,ଶଵߩ ⋯
⋮ ⋮ ⋮ ⋮ ی⋰

ۋ
ۊ
. More specifically, we assume that there is no 

coherence between States 0 and 1, between State 0 and any of States 2n or between State 1 and any of 

States 2n.  

The time evolution of ߩො is given by the phenomenological master equation as follows: 

݀ρ,
ݐ݀

ൌ െ
1
߬ଵ
,ߩ  ;ݐሺܨܴܫ  ሻߪ

݀ρଵ,ଵ
ݐ݀

ൌ െ
1
߬ଶ
ଵ,ଵߩ 

1
߬ଵ
 ,ߩ

݀ρଶ,ଶ

ݐ݀
ൌ ൬݅ሺ݉ െ ݊ሻ߱ െ

1
߬ௗ
൰ ሺ1 െ ଶ,ଶߩሻߜ 

ܣ

߬ଶ
 ଵ,ଵߩ

where IRFሺݐ; ሻߪ ൌ
ଵ

ఙ√ଶగ
݁ି

௧మ
ଶఙమൗ

 is the instrument response function, ߱ ൌ
ଶగ

்
 is the fundamental 

angular frequency of the vibrational levels, ܶ is the fundamental oscillation period, ߬ௗ the damping 

time and ܣመ ൌ ∑ ,|2݊ۦ|2݉ۧܣ ൌ ∑ ,|2݊ۦ2݉ۧ|2݊ۧ|1ۦ1ۧ|2݉ۦ  is the projection of the intermediate 

state onto the vibronic states |2݊ۧ. 

To simplify the explicit expressions of the density matrix elements and the overall difference spectrum, 

we define the following functions: 

;ݐሺݑ ሻߪ ൌ ሻݐሺݑ ∗ IRFሺݐ; ሻߪ ൌ
1
2
൭1  erf ൬

ݐ

2√ߪ
൰൱ 
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expሺݐ; ߬, ሻߪ ൌ ሻ݁ି௧ݐሺݑൣ ఛ⁄ ൧ ∗ IRFሺݐ; ሻߪ ൌ
1
2
݁ି

௧ఛିఙమ

ଶఛమ ቈ1  erf ቆ
߬ݐ െ ଶߪ

2√ߪ߬
ቇ 

cosሺݐ; ܶ, ߬, ߶, ሻߪ ൌ ݑሺݐሻ݁ି௧/ఛ cos ൬
ߨ2
ܶ
ݐ  ߶൰൨ ∗ IRFሺݐ; ሻߪ

ൌ
݁ି

ଶగమఙమൗ் ି௧/ఛ

2
Re ݁ቀ

ଶగ
் ௧ାథቁ ൭1  erf ቆ

ܶ߬ݐ െ ሺ2݅߬ߨ െ ܶሻߪଶ

2√ߪ߬ܶ
ቇ൱൩ 

where ݑሺݐሻ is the step function and erfሺݐሻ is the error function. 

 

Using these expressions, the solutions to the first two equations can be expressed as ρ,ሺݐሻ ൌ

expሺݐ, ߬ଵ; ሻݐሻ and ρଵ,ଵሺߪ ൌ
ఛమ

ఛమିఛభ
ൣexpሺݐ, ߬ଶ; ሻߪ െ expሺݐ, ߬ଵ;  ሻ൧. The corresponding contributions toߪ

the difference spectrum are ߙሺE, ሻݐ ൌ ܵሺEሻρ,ሺݐሻ and ߙଵሺE, ሻݐ ൌ ଵܵሺEሻρଵ,ଵሺݐሻ, where ܵሺܧሻ ൌ
ଶ


∑ ߤ

ଶ ሺEܮ െ ሻܧ  and  ଵܵሺΩሻ ൌ
ଶ


∑ ଵߤ

ଶ ሺEܮ െ ଵሻܧ  are difference spectra of the MLCT state and State 

1. ܵሺΩሻ and  ଵܵሺΩሻ are treated as vectors of free parameters. 

 

Solving the third equation gives that ߩଶ,ଶሺݐሻ ൌ ሻݐሺݑܣ ∗  ሻ/߬ଶ for the diagonal elements andݐଵ,ଵሺߩ

ሻݐଶ,ଶሺߩ ൌ ൣ݁ܣ
ሺିሻఠ௧ݑሺݐሻ൧ ∗  .ሻ is the step functionݐሺݑ ሻ/߬ଶ for the coherences whereݐଵ,ଵሺߩ

The contribution to absorption spectrum from the 5T2g state is then  

,ଶሺEߙ ሻݐ ൌ
ଶ


∑ ଶߤ ሻݐሺݑܣ ∗ ൫Eܮሻݐଵ,ଵሺߩ െ ,ଶ൯/߬ଶ,ܧ 

ସ


∑ ൣ݁ܣܴ݁൫ߤߤ

ሺିሻఠ௧ି௧/߬݀ݑሺݐሻ൧ ∗வ

൫Eܮሻ/߬ଶ൯ݐଵ,ଵሺߩ െ  .,ଶ൯ܧ

 

If only coherences between neighboring levels are included, then 

,ଶሺEߙ ሻݐ ൌ
ଶ


∑ ଶߤ ሻݐሺݑܣ ∗ ൫Eܮሻݐଵ,ଵሺߩ െ ,ଶ൯/߬ଶ,ܧ 

ସ


∑ ሻ൧ݐሺݑ݀߬/ାଵ,ൣ݁ఠ௧ି௧ܣାଵ,ܴ݁൫ߤߤ ∗,

൫Eܮሻ/߬ଶ൯ݐଵ,ଵሺߩ െ  .,ଶ൯ܧ

 

Separating the time‐dependent and energy‐dependent parts gives, ߙଶሺE, ሻݐ ൌ ܵଶሺEሻߩଶଶሺݐሻ 
ܵଶ
ᇱሺEሻߩᇱሺݐሻ. The time‐dependent factors are 

ሻݐଶ,ଶሺߩ ൌ ;ݐሺݑ ሻߪ െ
ఛమ

ఛమିఛభ
expሺݐ, ߬ଵ; ሻߪ 

ఛభ
ఛమିఛభ

expሺݐ, ߬ଶ; ሻݐᇱሺߩ ,ሻߪ ൌ
ଵ

ఛమିఛభ
ቂexpሺݐ, ߬ଶ; ሻߪ

ୡ୭ୱథమ
ோమ

െ

expሺݐ, ߬ଵ; ሻߪ
ୡ୭ୱథభ
ோభ

ቃ 
ଵ

ఛభఛమ
cosሺݐ; ܶ, ߬ௗ, ߶ଵ  ߶ଶ, ሻ where ܴ௫ߪ ൌ ට൫1 ߬ௗൗ െ 1 ߬௫ൗ ൯

ଶ
 ቀଶగ

்
ቁ
ଶ
 and 

߶௫ ൌ Arg ൬
ଶగ

்
 ݅൫1 ߬ௗൗ െ 1 ߬௫ൗ ൯൰ for ݔ ൌ 1,2. The energy‐dependent factors are 

ܵଶሺEሻ ൌ
ଶ


∑ ଶߤ ൫Eܮܣ െ ,ଶ൯,ܧ  and ܵଷሺEሻ ൌ

ସ


∑ ൫Eܮାଵ,ߤߤ െ ,ଶ൯,ܧ , corresponding to the 
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difference spectrum of the 5T2g state and the energy‐dependent oscillation amplitude which is equal to 

twice the difference between the Frank‐Condon spectrum and the averaged spectrum of 5T2g. 

In summary, the model of visible‐pump‐XUV‐probe responses is given by ܵሺܧ, ሻݐ ൌ ܵሺEሻρ,ሺݐሻ 

ଵܵሺEሻρଵ,ଵሺݐሻ  ܵଶሺEሻߩଶ,ଶሺݐሻ  ܵଷሺEሻߩᇱሺݐሻ, having four scalar parameters ߬ଵ, ߬ଶ,	ܶ and	߬ௗ and four 
vectorial parameters ܵሺEሻ,  ଵܵሺEሻ, ܵଶሺEሻ, ܵଷሺEሻ. 

 

S5 Exploration of fitting parameter space by random sampling 
In order to assess the extent to which our choice of starting parameters is biasing the result of the fit, 

we conducted a broad exploration of the parameter space by initiating least squares refinement from 

randomly generated starting conditions. Least squares refinement was carried out using a method based 

on the variable projection method of Golub and Pereya5. Here, we will give a brief description of the 

method. 

Let ܻ be a matrix containing the pump‐probe signals with each row being a difference spectrum at the 

corresponding delay time. Let ܹ be a matrix containing inverses of the standard errors of pump‐probe 

observations. Let ܣሺߙԦሻ be a matrix containing the time‐dependent part of the model i.e. a row ݆ of ܣሺߙԦሻ 
is ൣρ,൫ݐ൯ ρଵ,ଵ൫ݐ൯ ρଶ,ଶ൫ݐ൯  ൯൧. The kinetic parameters of the model are absorbed into theݐᇱ൫ߩ

vector argument i.e. ߙԦ ൌ ሾ߬ଵ ߬ଶ ܶ ߬ௗሿ. The spectral parameters are absorbed into the matrix 

ܵ ൌ ሾܵሺEሻ ଵܵሺEሻ ܵଶሺEሻ ܵଷሺEሻሿ  where the rows range over the energy points. 

The goal is then to find the optimal ߙԦ and ܵ that minimize ‖ሺܻ െ Ԧሻ்ܵሻߙሺܣ ∘ ܹ‖ி
ଶ  where ‖⋅‖ி

ଶ  denotes 

Frobenius 2‐norm and ∘ denotes element‐wise product. It can be shown that given a fixed ߙԦ, the 

corresponding optimal is given by ܵ∗ሺߙԦሻ ൌ Ԧଵݏൣ
∗ሺߙԦሻ Ԧଶݏ

∗ሺߙԦሻ ⋯ Ԧݏ
∗ሺߙԦሻ ⋯൧

்
 where ݏԦ

∗ሺߙԦሻ ൌ

ݕሺሻା൫ܣ ∘ ܣ ,൯ݓ
ሺሻ ൌ diag൫ݓ൯ܣሺߙԦሻ, ݕ  (and ݓ) are the ݆’th column of ܻ (and ܹ), and ሺ⋅ሻା denotes 

the Moore‐Penrose inverse. Therefore, the problem is reduced to finding the optimal ߙԦ that minimizes 

‖ሺܻ െ Ԧሻ்ሻߙԦሻܵ∗ሺߙሺܣ ∘ ܹ‖ி
ଶ . 

This algorithm was implemented using the SciPy (version 1.2.1) package running on Python 2.7.15. 

Randomized starting parameters were drawn from uniform distributions (Table S1). 

Table S1 Ranges of the uniform distributions of the kinetic parameters 

  Range 

߬ଵ (fs)  10 – 300 

߬ଶ (fs)  10 – 300 

ܶ (fs)  201 – 299 

߬ௗ (fs)  300 – 2000 

 

One hundred trials were carried out. The outcomes fall into five classes (Table S2). The vast majority of 

trials converged to either of two classes of outcomes (classes 3 and 4) corresponding to inverted kinetics 

(߬ଵ>߬ଶ) and non‐inverted kinetics, respectively.  The fits from Class 3 are used in the main text, as the 

inverted kinetic description is standard in the literature of FeII spin crossover. 
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Table S2 Summary of random trial outcomes 

Class  Average parameters  Average cost  Count 

1  ߬ଵ =178 fs, ߬ଶ = 2 fs, ܶ = 268 fs, ߬ௗ = 411 fs  105863  1 

2  ߬ଵ =88 fs, ߬ଶ = 88 fs, ܶ = 417 fs, ߬ௗ = 114 fs  103325  1 

3  ߬ଵ =170 fs, ߬ଶ = 40 fs, ܶ = 250 fs, ߬ௗ = 657 fs  100847  50 

4  ߬ଵ =40 fs, ߬ଶ = 170 fs, ܶ = 250 fs, ߬ௗ = 657 fs  100847  47 

5  Failed to converge    1 

The component spectra corresponding to the MLCT state, the 5T2g state and the oscillation amplitude 

attained in class 3 and class 4 outcomes are exactly superimposable. The component spectra 

corresponding to the 3T state differ in magnitude but the shape is largely identical (Figure S4).  
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Figure S4 Component spectra attained in class 3 and class 4 outcomes 
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S6 Kinetic modeling results neglecting the triplet contribution 
The component spectra extracted using a kinetic model analogous to that described in Section S4 but 

with triplet deleted are shown below (Figure S5 right). The component spectrum of the 5T2g state is 

nearly identical to that extracted from the full model, whereas those of the oscillation amplitude and 

the MLCT state differ slightly in the region around 65 eV. 

 

The residual maps (reconstruction minus experiment) of the models and energy slices at select times are 

shown in Figure S6. It is clear that the model without the triplet is unable to fully account for the pump‐

probe signals around 65 eV, especially at around 10 fs and at around 100 fs (Figure S6D), even with the 

modifications in the MLCT spectrum and the oscillation amplitude. Including the triplet not only better 

accounts for the experimental signal around 65 eV at early times, but also leads to an overall reduction 

in residual (Figure S6A&B). 

 

Figure S5 Component spectra extracted from kinetic models with or without triplet 
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S7 LFM simulation parameters and simulated spectra of 3T1g and 
3T2g states 

Table S3 LFM simulation parameters 

  10Dq (eV)  Fdd scaling  Fpd & Gpd scaling  Horizontal shift (eV)  Intensity scale 

MLCT  2.0  0.625  0.625  56.2  0.6 
3T1g  2.2  1.0  0.8  55.2  1.0 
3T2g  2.2  1.0  0.8  55.2  1.0 
5T2g  0.6  1.0  0.8  55.2  1.0 
1A1g  2.6  1.0  0.625  56.4  0.6 

The parameters used for LFM simulation of difference spectra are in (Table S3). The simulated 

absorption spectra and difference spectra relative to 1A1g of 
3T1g and 

3T2g states are shown in Figure S7 

and Figure S8. The only major difference between the two is the height and width of the peak around 57 

eV. 

 

Figure S6 Residual maps and residual vs. energy plots at select delay times 
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LFM theory analysis shows that the M2,3‐edge spectra of 
3T1g and 

3T2g states contain three features: two 

transitions at around 55 eV and at 57 eV that become merged in 3T1g and a transition at around 65 eV. In 

the weak field limit, the lower energy features are transitions from the 3H term of a free Fe2+ ion to a 

manifold of triplet core‐hole excited states whereas the higher energy feature is a transition to a higher 
3G term. As the ligand field is increased, the ground and excited configuration states are remixed and 
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Figure S7 Simulated absorption spectra of 3T1g and 
3T2g states 

50 55 60 65 70 75 80

0.0


In

te
n

si
ty

Energy (eV)

 3T1g

 3T2g

 

Figure S8 Simulated difference spectra of 3T1g and 
3T2g states 
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shift slightly in energy, but the overall three‐feature structure is preserved (Figure S9).  We note that as 

opposed to the M‐edge transitions from the singlet and quintet states (Figure 1B in the main text), the 

transitions from the triplet states are difficult to describe intuitively, as spin‐orbit coupling mixes the 

closely‐spaced core‐hole states.  For example, whereas in the singlet, the lowest‐energy transition on 

the weak‐field side is a combination of 5F and 5D, the lowest‐energy transition for the triplet is a 

combination of two 3H, three 3G, one 3F, and one 3I states. 

   

   

 

Figure S9 Transition diagram for 3T states
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 C  3.3195  0.438568  2.765106 1.773263 3.012946 2.858184

 C  4.209988  ‐0.49755  2.27275 3.035136 3.210367 2.330753

 C  3.847297  ‐1.26287  1.141555 3.430291 2.497108 1.175807

 C  2.575256  ‐1.01561  0.57504 2.489992 1.600798 0.606371

 C  4.68545  ‐2.26673  0.546603 4.725125 2.643472 0.573904

 C  4.271016  ‐2.97559  ‐0.54394 5.064282 1.931888 ‐0.53794

 C  2.14592  ‐1.74996  ‐0.57277 2.8414 0.862868 ‐0.5831

 C  2.985112  ‐2.73759  ‐1.13892 4.132899 1.024625 ‐1.14635

 C  2.495752  ‐3.42965  ‐2.26961 4.438372 0.272843 ‐2.30421

 C  1.243044  ‐3.11306  ‐2.76175 3.486657 ‐0.57547 ‐2.83591

 C  0.482351  ‐2.11007  ‐2.13525 2.230547 ‐0.66509 ‐2.21112

 C  1.588982  1.469681  ‐2.1339 ‐0.53712 2.216304 ‐2.23637

 C  2.079594  2.629384  ‐2.7596 ‐1.22615 3.268306 ‐2.86288

 C  1.728216  3.872941  ‐2.2679 ‐2.43462 3.681677 ‐2.33543

 C  0.882473  3.951674  ‐1.13858 ‐2.94604 3.049921 ‐1.17866

 C  0.444419  2.731595  ‐0.57313 ‐2.17408 2.006079 ‐0.60744

 C  0.445952  5.184818  ‐0.54447 ‐4.19569 3.418997 ‐0.5766

 N  ‐1.69445  ‐0.07339  ‐1.06881 ‐0.88359 ‐1.64782 ‐1.14577

 N  ‐0.93062  ‐1.42033  1.066637 0.583978 ‐1.7771 1.145988

 N  ‐0.76612  1.513928  1.066352 ‐1.86755 0.363597 1.124999

 C  ‐2.06445  0.637347  ‐2.13812 ‐1.6213 ‐1.5769 ‐2.25542

 C  ‐3.31345  0.482311  ‐2.76511 ‐2.16015 ‐2.70553 ‐2.89483

 C  ‐4.21621  ‐0.44198  ‐2.27276 ‐1.92075 ‐3.95628 ‐2.35821

 C  ‐3.86365  ‐1.21201  ‐1.14155 ‐1.14695 ‐4.07266 ‐1.18162

 C  ‐2.58846  ‐0.98154  ‐0.57503 ‐0.64926 ‐2.87687 ‐0.60224

 C  ‐4.71497  ‐2.20472  ‐0.5466 ‐0.85 ‐5.33485 ‐0.56586

 C  ‐4.30993  ‐2.91898  0.543953 ‐0.09532 ‐5.40134 0.566991

 C  ‐2.16886  ‐1.72147  0.572787 0.137717 ‐2.9462 0.60285

 C  ‐3.02101  ‐2.69795  1.13894 0.418389 ‐4.21058 1.182373

 C  ‐2.54083  ‐3.39638  2.269647 1.201265 ‐4.23137 2.358538

 C  ‐1.28406  ‐3.09632  2.761803 1.656583 ‐3.04184 2.894594

 C  ‐0.5102  ‐2.10347  2.135297 1.323428 ‐1.83634 2.255182

 C  ‐1.56944  1.490596  2.13387 ‐2.30772 ‐0.26435 2.215319

 C  ‐2.04467  2.656694  2.759558 ‐3.52879 0.04254 2.840618

 C  ‐1.67685  3.895489  2.267861 ‐4.32008 1.041306 2.307274

 C  ‐0.83014  3.963016  1.138544 ‐3.89037 1.726285 1.147405

 C  ‐0.40827  2.737243  0.5731 ‐2.64674 1.342539 0.583898

 C  ‐0.37733  5.190271  0.544429 ‐4.65162 2.779327 0.537194

 H  1.362771  1.33597  2.517405 ‐0.08091 1.910285 2.629705

 H  3.564279  1.044098  3.631031 1.441361 3.547037 3.741858

 H  5.177068  ‐0.6488  2.743577 3.727799 3.907826 2.793523

 H  5.661067  ‐2.45438  0.98481 5.432869 3.332177 1.02546

 H  4.913015  ‐3.73387  ‐0.98202 6.047505 2.043479 ‐0.98516



S15 
 

 H  3.101706  ‐4.19855  ‐2.74014 5.417955 0.368749 ‐2.76407

 H  0.83507  ‐3.62396  ‐3.62717 3.69087 ‐1.16772 ‐3.72133

 H  ‐0.4985  ‐1.84767  ‐2.51446 1.463231 ‐1.32225 ‐2.60942

 H  1.851521  0.488746  ‐2.51278 0.410006 1.862513 ‐2.63263

 H  2.727186  2.530776  ‐3.62407 ‐0.80776 3.735155 ‐3.74792

 H  2.092959  4.781755  ‐2.73781 ‐2.99688 4.487197 ‐2.79954

 H  0.783516  6.119547  ‐0.98197 ‐4.77432 4.218462 ‐1.02955

 H  ‐1.34506  1.353836  ‐2.5174 ‐1.79296 ‐0.58271 ‐2.65678

 H  ‐3.55021  1.091012  ‐3.63104 ‐2.75181 ‐2.58202 ‐3.79542

 H  ‐5.18519  ‐0.58046  ‐2.74359 ‐2.32017 ‐4.84996 ‐2.82935

 H  ‐5.69297  ‐2.3795  ‐0.98482 ‐1.23818 ‐6.23964 ‐1.02392

 H  ‐4.96188  ‐3.66873  0.982032 0.128363 ‐6.36005 1.025252

 H  ‐3.15688  ‐4.15722  2.740179 1.438163 ‐5.18113 2.829717

 H  ‐0.88287  ‐3.61255  3.627231 2.261354 ‐3.02376 3.794762

 H  0.474021  ‐1.85401  2.514513 1.666858 ‐0.88754 2.656259

 H  ‐1.84494  0.513222  2.512755 ‐1.66509 ‐1.04334 2.614669

 H  ‐2.69351  2.566671  3.624027 ‐3.83146 ‐0.50342 3.727604

 H  ‐2.02954  4.809053  2.737766 ‐5.26795 1.306096 2.767358

 H  ‐0.70249  6.129388  0.981924 ‐5.60042 3.060068 0.98459

S10 Simulated difference spectra of the 5T2g state under various tetragonal 

distortions 
 

The ligand cage of the Frank‐Condon 5T2g state may be subject to tetragonal geometric distortions in 

addition to the fully symmetric compression described in the main paper. These tetragonal distortions 

split the previously degenerate eg and t2g orbitals. Figure S11 shows the difference spectra (distorted 

minus equilibrium where 10Dq = 0.6 eV) simulated for several combinations of eg and/or t2g splittings 

that may be achieved in a MLCT‐3T‐5T2g transition.  When calculating the energy‐dependent oscillation 

amplitude, the Auger linewidth is restricted to be within ±0.3 eV from a linear fit to the transition energy 

vs linewidth in order to suppress spurious variations in the computed linewidth. 
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Figure S11 Simulated difference spectra of 5T2g under various tetragonal distortions 
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