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Molecular magnetic systems such as nanomagnets and biological
systems have attracted much interest in resent years*™® In
disordered magnetic systems, where the spin system does not have
macroscopic magnetization, it is crucia to directly observe the
transient spin states to aid in the understanding and controlling of
the dynamic magnetic properties. In studies of ultrafast spin
dynamics, pico- and femtosecond time scales are now accessible
with advanced optical pump—probe measurement using two ul-
trafast lasers. However, it is not trivia to deconvoluting the
dynamics of the spin state from transient optical signal. Although
the magneto-optical effect has been applied to macroscopic mag-
netization,® it is difficult to apply in disordered magnetic systems.
To overcome these difficulties, apulsed hard X-ray has been utilized
as a probe for the dynamics of the inner-atomic transitions.

At the K-edge of transition metals, which are typicaly the
elements which make up magnetic systems, X-ray absorption fine
structure (XAFS) spectra can be classified into three regions: pre-
edge peaks, X-ray absorption near-edge structure (XANES), and
extended X-ray absorption fine structure (EXAFS). These mainly
contain information about the spin state, the electronic state, and
molecular structure, respectively.” The pre-edge peaks reveal
information about the spin state of the 3d electrons in the metal
ion as the peaks are attributed to the 1s—3d quadrupol e transition.®°
Therefore, time-resolved XAFS uniquely probes the spin dynamics.
In addition to this, the electronic and molecular configurations can
be tracked simultaneously for a particular excited state.**** This
is the greatest advantage in using hard X-rays, as electronic and
molecular structural modifications can be studied in depth, provided
there is a redistribution of the 3d electrons.

In aqueous solutions of [Fe''(phen)s]?*, an iron atom is coordi-
nated to six nitrogen atoms from the three phenanthroline ligands
and isin the low-spin (LS) configuration in the ground state.*® This
complex exhibits a strong absorption at ~430 nm due to a metal-
to-ligand charge transfer (MLCT) to the singlet MLCT state.***4
In the relaxation process from the singlet state to the LS ground
state, spectral changes in visible region attributed to the formation
of an intermediate state have been reported.*® The intermediate state
is generated within 1 ps and relaxes to the LS state with a
subnanosecond lifetime. Based on the optical spectrum, the
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intermediate state has been assumed to be a quintet high-spin (HS)
state generated as a result of the spin crossover (SC) and named as
a photoexcited HS state. However, no direct evidence for the
transient changes in the spin state of the 3d electron has been
reported even though spin dynamics is the essence of the ultrafast
SC phenomena. Moreover, the SC from LS to HS states is closely
related to the molecular structure around the metal atom, since the
spin state depends on the strength of the ligand field. Therefore,
the photoinduced SC in the agueous solution of [Fe'(phen)s]?*
provides a model for the direct measurement of spin dynamics
coupled with electronic and molecular structure modifications in
disordered systems. In previous studies, the transient spin state has
been derived from local modulation of the electronic state and the
molecular structure.***¢ However, in this study, the transient spin
state in a disordered magnetic system has for the first time been
directly studied by probing the dynamic features of the 3d state on
a picosecond time scale. In addition, studying the transient spin
state alows for a more comprehensive investigation, including
variations in the electronic states and molecular structure.

The pump—probe time-resolved XAFS experiments'’ were
conducted at the undulator beamline NW14A of the Photon Factory
Advanced Ring (PF-AR) in Tsukuba.*® A Ti:Sapphire femtosecond
laser, synchronized with the X-ray pulse, was used as a pump source
to excite the MLCT band of agqueous [Fe'(phen)s]?". See the
Supporting Information (SI) for more details.

In adivalent iron system, the spin state in the ground state can be
tuned by the steric hindrance in the ligand field. [Fe'(2-CH3-phen)3]?*
is an analogue of [Fe'(phen)s]?" which has an HS ground state® due
to steric hindrance between the methyl groups of the ligands. In the
top part of Figure 1a, Fe K-pre-edge peaks of [Fe!'(phen)s]?t inan LS
ground state and [Fe/'(2-CHs-phen)s]?* in the HS ground state are
indicated by the solid and dotted lines, respectively. The features,
corresponding to many-€lectron states, arise from the d9 fina state
of the absorption process.®® In the A, LS and 5T, HS states, the
trangition of an electron from an Fe 1s orbital to the localized Fe 3d
orhitals produces the electron configurations shown in Figure 1b. Since
the d™ many-electron states are given by the coupling of the valence
electron in these configurations, the (tx)° (e,)* configuration provides
an %Ey date in the LS case In the HS andogy, the (tx)(ey)?
configuration provides a “Tyq state and the (t,g)* (€y)* configuration
gives Ty and “T,, states.®?° To investigate the photoexcited HS state
in [Fe!'(phen)3]?", a time-resolved XAFS experiment was conducted
with pulsed laser excitation a the MLCT band. In the bottom part of
Figure 1a, a difference spectrum of [Fe'(phen)s]?" before and after
thelaser excitation at 50 psis plotted as atransent difference spectrum
(circles) and can be compared with the difference spectrum of the LS
ground state of [Fe'(phen)s]?" and the HS andogue [Fe'(2-CHs-
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Figure 1. (a Top) Ground state Fe K-pre-edge peaks of [Fe'(phen)s]?"
(LS, solid line) and [Fe''(2-CH3-phen)s]?" (HS analogue, dotted line) in
aqueous solution. (a, Bottom) Pre-edge peaks of the difference between
the ground states of the HS analogue and L S spectra (dashed line), and the
transient difference 50 ps after the excitation of the MLCT band (O). (b)
The electron configurations of the d™ final states. (c) Time course of the
intensity (#), measured at o in difference XAFS spectra. The dotted lines
represent the fitting analysis by the exponential convergence with the step
function (solid line) convoluted by the X-ray pulse duration (¢ = 60 ps).
The right axis indicates the fraction of the photoexcited HS state.

phen)s]?" (dashed line). In the pre-edge region, the transient difference
spectrum can be scaled to the static difference spectrum which reveals
a6.7% yield of the 5T, HS states in 3d electrons at 50 ps after the
photoexcitation. This corresponds to a population factor of 1/15. These
results clearly show thefirst direct evidence that the photoexcited HS
state in [Fe'(phen)s]?" takes a quintet HS configuration.

The time course of the intensity at o in the difference spectrais
plotted in Figure 1c against the delay time t between the X-ray
and the laser. The photoinduced conversion from *A; to the lowest
energy excited state 5T, viathe * MLCT state and other short-lived
intermediate states occurs within 1 ps.*® The conversion is
approximated by a step function at 7 = 0 ps as the time scale is
relatively short compared with the o ~ 60 ps of the X-ray pulse
duration. The lifetime of the photoexcited HS state was derived by
fitting the data with an exponential function. The fitting did not
seem to be unduly effected by the use of a step function to
approximate the formation of the state, which was intractably
convoluted with the X-ray pulse duration. The lifetime is in good
agreement with the value estimated from the optical experiment.*®
Moreover, the evolution over time can be assigned to vibrational
relaxations in the two-level system from the photoexcited HS state
to the LS ground state (see the Transient differences of EXAFS
spectra section in the Sl). When the photoexcited HS state is
normalized, the evolution of the intensity at o corresponds to the
remaining fraction of the photoexcited HS state, as shown on the
right-hand axis of Figure 1c.

Because 3d electrons occupy an antibonding e, orbital in the 5T,
photoexcited HS state, large modifications in the electric state and
molecular structure are expected. An iron K-edge XAFS spectrum of
the LS (solid line) and HS analogy (dashed line) ground states are
shown in the top part of Figure 2a. The characteristic structures in
these spectraare indicated by A— D (A’ — D). Structures A (A) and
B (B") in the XANES region arise from the transition of an electron
from the Fe 1 s to the Fe 4 p unoccupied state, and the spectra
difference in the XANES region between the LS and the HS states
can be explained with amolecular orbital interpretation.*%*? Whereas
six of the d electrons occupy the ty, orbital in the LS state, only two
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Figure 2. (& Ground state Fe K-XAFS spectrain LS (solid line) and HS
anal ogue (dotted line), and the difference between the ground state HS and
LS spectra (dashed line) and the transient difference at 50 ps (O). (b) Time
courses of the intensity at 8 and y in the difference spectra, and the fitting
curve with a decay constant of 690 ps.

d electrons occupy the o-antibonding g, orbital in the HS state. An
increase in the bond length of Fe—N, which is associated with the
spin trandtion, promotes a decrease in the og-antibonding overlap
between the Fe 4 p and N 2 p orhitals, and increases the Fe 4 p
unoccupied density of states. This effect is clearly observed at the
structure A with an increase in intensity. Moreover, o-antibonding is
stabilized from the increase in 4 p character resulting in an increasein
the Fe—N bond lengths. As a result, the structure B shifts to lower
energy. Structures C (C) and D (D’) correspond to the EXAFS
oscillation. The spectral changes here are caused by the modulation
of the resonant effect in the multiple scattering of the photo electron
when the bond length of Fe—N is increased. In this EXAFS region,
the spectral changes, accompanied by an extension of the Fe—N bond
length, has been accurately modeled by a full multiple scattering
cdculation on a smple seven-atom cluster consisting of a six-
coordinated iron with nitrogen atoms.?>

The ground state and transient difference at 50 ps are shown &t the
bottom of Figure 2a. Comparison of the photoexcited HS state spectra
with that of the HS analog in the energy region from 7100 to 7232
eV indicates that, around the Fe atom, the local electronic state and
the structures are very similar. In the difference spectra, apesk () in
the XANES region and a dip () in the EXAFS region are attributed
to the locd modulation of the eectronic state and the molecular
structure, respectively. The time courses of the intensity at 5 and y
are shown in Figure 2b. Fitting these data to exponential curves shows
that the transient variaion in structuresin the XANES (3) and EXAFS
(y) regions progresses with the same time constant of 690 ps as
obtained from the pre-edge region. It is clearly indicates that, on the
picosecond time scale, the photoexcited HS state accompanies the
coupled modifications in the spin configuration, the electronic states,
and the molecular structure. In addition, in the relaxation process of
the photoexcited HS state, all of the changes revert to the origina LS
state smultaneoudly.

Time-resolved EXAFS analysis gives atransent molecular structure
of the photoexcited HS state. Details of the anadlysis can be found in
the SI. The Fourier transformed EXAFS functions k* x f (k) of the
LS, HS andog, and photoexcited HS a 7 = 50 ps, EXAFS spectra
are shown in Figure 3a and 3b, respectively. The EXAFS spectrum
of the photoexcited HS was obtained by the eq (1) in the SI. In al the
Fourier transforms, adominant contribution at ~1.0—2.0 A is attributed
to the first nearest-neighbor (NN) in the Fe—N shell. The features
appearing at ~2.0—2.5 A are due to the contributions from the second
NN carbon atoms (Fe—C) in the phenanthroline ligands. To investigate
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Figure 3. (a) EXAFS spectraweighted by k. (b) Fourier transformed EXAFS
spectra (solid line). The window functions indicated by the dashed line show
the R-range employed in the curve-fitting analysis. The dotted lines correspond
to the fits of the data in R space, yielding the parameters listed in Table 1.

Table 1. Results of EXAFS Analysis of the Fe—N and the Fe—C
Shells

Sample Shell R (A) (%)

LS? Fe—N 1.98(1) 0.001(1)
Fe—C 2.88(8) 0.02(2)

HS analogue® Fe—N 2.15(1) 0.019(1)
Fe—C 3.04(2) 0.014(3)

photoexcited HS® Fe—N 2.15(2) 0.011(3)
Fe—C 3.01(5) 0.02(1)

2 [Fe'(phen)]*". P [Fe'(2-CHa-phen)s]?*. ©[Fe''(phen)s]*" at
ps after excited.

T = 50

the molecular structures in more detail, a curve-fitting analysis using
only the Fe—N and Fe—C shells was performed. The R range
employed in the curvefitting analysis of the LS samplewas A R ~
1—2.4 A, and the HS analogue and the transient HS samples were A
Rer &~ 1—2.7 A. Fitting results are shown in Figure 3b as dotted lines
and arelisted in Table 1. The Fe—N distance of the LSis1.98 4+ 0.01
A, which is a typical distance for divalent LS Fe compounds.*+1622
At 7 = 50 ps after photoexcitation, the Fe—N distance is 2.15 + 0.02
A, which is in good agreement with the value in the HS analogue
(215 + 0.01 A) and the other divalent Fe compounds in the HS
state.*?? Moreover, the extended Fe—N distance in the photoexcited
HS tate is close to the vaue of the excited states of [F€'(bpy)s]?"
(2.183 + 0.008 A) and [Fe!(tren(py)s)]>" (2.17 + 0.03 A) systems*11¢
As discussed previoudly, the significant increase in the Fe—N bond
length is consistent with the spectral change in Figure 2a. The increase
in the disorder factor o from 0.001 A2 for the LS to 0.019 A2 (0.011
A?) for the photoexcited HS state (HS anal ogue) reflects the decreasing
intensity and the broadening of the peaks in the Fourier transform
spectra shown in Figure 3. The Fe—C shell is also expanded from
2.88 + 0.08 A t0 3.01 + 0.05 A in the photoexcited HS gtate. This
increase in bond length corresponds to the photoinduced movement
of the phenanthroline ligands and matches the value in the HS analogue
of 3.04 £ 0.02 A.

In summary, the transient SC transition has been directly observed
by detecting the evolution of the 1s—3d transition on the picosecond
time scale. The observation of the spin dynamics provides for a
comprehensive time-resolved XAFS investigation into the excited-state
kineticsincluding the variation of eectron state and molecular structure.
When the material has magnetic e ements, the inner atomic trangitions,
time-resolved XAFS process has great advantages for atom-specific
dynamic investigations. In a disordered magnetic system, this experi-
mental technique is particularly well suited to capturing ultrafast
photoinduced reactions in spin crossover transitions as well as in
magnetic photocatalysts,® nanomagnets,* and biological magnetic
systems.>* Time resolved XAFS provides precise local dynamic

information around the absorption atom, as demonstrated in this study.
However, timeresolved X-ray liquidography, which has achieved
success in investigating the dissociation dynamics®* and the excited
state in a macromolecular system,? gives full structural information
including solvents and solutes. A combination of these complementary
experimentsis helpful in understanding the overall molecular reaction
dynamics.
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