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In this study, we perform steady-state and time-resolved X-ray absorption spectroscopy (XAS) on the iron
K-edge of [Fe(tren(py)3)](PF6)2 dissolved in acetonitrile solution. Static XAS measurements on the low-spin
parent compound and its high-spin analogue, [Fe(tren(6-Me-py)3)](PF6)2, reveal distinct spectroscopic signatures
for the two spin states in the X-ray absorption near-edge structure (XANES) and in the X-ray absorption fine
structure (EXAFS). For the time-resolved studies, 100 fs, 400 nm pump pulses initiate a charge-transfer
transition in the low-spin complex. The subsequent electronic and geometric changes associated with the
formation of the high-spin excited state are probed with 70 ps, 7.1 keV, tunable X-ray pulses derived from
the Advanced Light Source (ALS). Modeling of the transient XAS data reveals that the average iron-nitrogen
(Fe-N) bond is lengthened by 0.21( 0.03 Å in the high-spin excited state relative to the ground state within
70 ps. This structural modification causes a change in the metal-ligand interactions as reflected by the altered
density of states of the unoccupied metal orbitals. Our results constitute the first direct measurements of the
dynamic atomic and electronic structural rearrangements occurring during a photoinduced FeII spin crossover
reaction in solution via picosecond X-ray absorption spectroscopy.

1. Introduction

Describing the ultrafast structural dynamics of photochemical
processes in liquids remains an important scientific objective,
both for understanding fundamental chemical and biological
phenomena and for developing new materials and devices. The
outcome of a photoinduced reaction is dictated by the transient
electronic and molecular configurations of the various excited
states and the associated time scales of inter- and intramolecular
vibrational relaxation processes occurring in solution. Monitor-
ing these dynamics requires tools sensitive to the details of the
electronic and atomic structural rearrangements as the reaction
evolves over decades in time.1,2 It is with this aim that
experimental and theoretical studies of photochemical reactions
often strive to find a reduced set of variables or “reaction
coordinates” that can succinctly, but accurately, describe the
reaction process in its entirety.

In this study, we report on the picosecond structural dynamics
accompanying a photoinduced spin crossover (SCO) transition
of an iron(II) complex in solution. The term SCO typically refers
to the interconversion that can occur between the low- and high-
spin electronic configurations of certain six-coordinate metal
complexes.3 Elucidating the microscopic factors that dictate the
roles played by different spin states in transition metal com-
plexes is crucial for understanding classic textbook reactions

such as racemization, electron transfer, and ligand substitution.4

Spin-state equilibria are also considered to be an important
component of heme protein biochemistry.5 Additionally, com-
pounds exhibiting the SCO effect are being actively pursued
for their potential applications in magnetic storage and as the
basis of bistable devices.6 Since the discovery of spin equilibria
in the 1930s,7,8 considerable knowledge has been gained about
the physicochemical properties of SCO complexes using various
physical methods.4,9,10 The kinetics of the SCO transition has
been studied using a number of techniques, most notably laser-
temperature jump and optical pump-probe spectroscopies.4,11

However, the structural dynamics that accompany the change
in electronic configuration during the course of the SCO
transition have never been directly measured. We approach this
problem using ultrafast X-ray absorption spectroscopy to map
out the electronic and geometric changes associated with the
transition metal center after photoinitiating a SCO reaction.

Transition metal complexes and metalloproteins have long
been characterized by X-ray absorption spectroscopy (XAS),12

which consists of the XANES (X-ray absorption near edge
structure) region around the vicinity of the transition edge (-20
to 50 eV relative to the edge energy) and the oscillatory EXAFS
(extended X-ray absorption fine structure) region at higher
energies (10 to 500 eV above the edge energy).13-15 The
XANES spectrum arises from electronic transitions of core
levels to empty bound states and to the continuum providing
information about the local coordination geometry and oxidation
state of the X-ray absorbing atom. The EXAFS oscillations result
from the interference between the outgoing photoelectron wave
from the X-ray absorbing atom and the backscattered photo-
electron waves from the neighboring atoms. A Fourier analysis
of the EXAFS spectrum reveals the local structure around the
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absorbing atom in terms of bond lengths, coordination numbers
and local geometry.

XAS of transition metal K-edges has matured into an active
area of research in biology, chemistry, and physics following
the development of modern synchrotron sources. Besides being
sensitive to minute structural and electronic changes around the
metal atom, XAS relies on processes occurring on sub-
femtosecond time scales, making it an ideal tool for studying
local time-dependent phenomena accompanying chemical pro-
cesses in dispersed media.16 While this approach has been
proposed for some time, it has not been trivial to implement
due to experimental difficulties.17-23 There exists a need for a
tunable source of ultrafast pulsed X-rays with sufficient flux to
perform transient experiments with a high signal-to-noise ratio
without excessive signal averaging and/or sample damage.24,25

Also, to probe a photochemical reaction from start to finish,
the delay between the initiating pump pulse and the X-ray probe
pulse needs to be scanned over appropriate time scales (i.e. from
tens of femtoseconds to nanoseconds). The nascent and growing
field of ultrafast XAS has recently been reviewed, and the
experimental challenges and recent accomplishments using
synchrotron and laboratory based sources are outlined in great
detail.26-28 At the same time progress is being made in the
complementary fields of ultrafast X-ray diffraction to study time
evolving structures in crystals and recently in solution.29-32

The chemical structures of the FeII complexes used in this
study are shown in Figure 1a. An advantage of this system in
the present context lies in the ability to control the ground state
of the molecule through synthetic means. It is known that

replacement of the protons ortho to the pyridyl nitrogens with
methyl groups converts the low-spin (1A1: (t2)6(e)0) complex,
[Fe(tren(py)3)](PF6)2 to a high-spin (5T2: (t2)4(e)2) analogue,
[Fe(tren(6-Me-py)3)](PF6)2.33 X-ray crystallographic studies have
confirmed the hexadentate nature of the ligands in both
complexes, resulting in a slightly distorted octahedral molecular
geometry around the iron atom.34,35 The electronic absorption
spectrum of the low-spin FeII compound (solid line, Figure 1b)
reveals intense metal-to-ligand charge-transfer bands (1A1 f
1MLCT) at 560, 520, and 370 nm.36 It has been shown
previously that photoexcitation into the1MLCT bands of the
low-spin compound results in the formation of the high-spin
5T2 term as its lowest-energy excited state. The spectroscopic
features of this excited state are identical to that of the high-
spin analogue, [Fe(tren(6-Me-py)3)](PF6)2. These observations
enabled the characterization of the kinetics associated with the
photoinduced SCO event using femtosecond transient absorption
spectroscopy and the results are summarized in Figure 1c.11,37,38

Here we consider the structural changes associated with the
ultrafast photoinduced conversion of the ground low-spin1A1

state to the excited high-spin5T2 state of [Fe(tren(py)3)](PF6)2

dissolved in acetonitrile solution using synchrotron-based XAS.
Time-resolved X-ray absorption spectra of [Fe(tren(py)3)](PF6)2

are collected following excitation with a 100 fs optical pulse,
and the results are compared with the steady-state X-ray
absorption spectrum of its high-spin analogue, [Fe(tren(6-Me-
py)3)](PF6)2. The steady-state X-ray absorption spectra show
distinct XANES signatures for the different spin states and reveal
an increase of 0.23 Å in the Fe-N bond length for the high-
spin analogue species. Transient pump-probe experiments
observe that the structural and electronic changes following1A1

f 1MLCT excitation are complete within 70 ps and the Fe-N
bond length is increased by 0.21 Å in the photoexcited5T2 high-
spin state. The dilation of the first coordination sphere explains
all the observed transient spectral features, suggesting that the
average Fe-N bond length is a good reaction coordinate for
following the SCO process of FeII systems in solution using
XAS.

2. Methods

2.1. Sample Preparation.[Fe(tren(py)3)](PF6)2 and [Fe(tren-
(6-Me-py)3)](PF6)2 were prepared using previously published
methods.33 HPLC grade CH3CN was purchased from Sigma
Aldrich and used as received in the spectroscopic studies.

2.2. Experimental Techniques.Steady-state XAS on solu-
tions of [Fe(tren(py)3)](PF6)2 and [Fe(tren(6-Me-py)3)](PF6)2 was
performed in fluorescence mode at the iron K-edge on beam
line 10.3.2 at the ALS. A detailed description of the beam line
has been reported previously.39 Briefly, the broadband X-ray
source passes through a two-crystal Si (111) monochromator
with a resolution of 1-2 eV, and the monochromatized light is
focused onto the sample. Solutions of∼0.02 M FeII compounds
dissolved in CH3CN were held in thin-walled quartz capillary
tubes (0.3 mm thick), which are mounted on ax-y translation
stage. The X-ray measurements are performed using a germa-
nium solid-state detector. The fluorescence yield is normalized
to the incident beam intensity and the dwell time of the detector.
The spectral data are collected from 7017 to 7624 eV in steps
of 4 eV.

Transient XAS measurements are performed in transmission
mode in a non-collinear pump-probe geometry on beam line
5.3.1 at the ALS, as illustrated in Figure 2. The experiment
utilizes a special filling pattern of the ALS, which usually
consists of 328 electron bunches each separated by 2 ns. In this
special mode, the ring is filled with 276 bunches separated by

Figure 1. Physical and photochemical properties of the low-spin FeII

complex used in the X-ray absorption studies. (a) Multidentate ligand
structure of the cation in [Fe(tren(py)3)](PF6)2 (tren(py)3 ≡ tris((N-(2-
pyridylmethyl)-2-iminoethyl)amine). This compound has a low-spin
(1A1: (t2)6(e)0) ground state. The addition of the methyl groups results
in the high-spin (5T2: (t2)4(e)2) compound, [Fe(tren(6-Me-py)3)](PF6)2.
(b) Electronic absorption spectra of the low- (solid line) and high-spin
(dashed line) complexes dissolved in acetonitrile at room temperature.
The spectrum of the low-spin complex is dominated by1A1 f 1MLCT
transitions at 370, 520, and 560 nm, while that of the high-spin complex
reveals a much weaker5T2 f MLCT transition at 490 nm and a5T2 f
5E ligand field transition at 855 nm (not shown). (c) Simplified depiction
of the photoinduced low-spin to high-spin conversion of [Fe(tren(py)3)]-
(PF6)2 following 1A1 f 1MLCT excitation as determined by ultrafast
transient optical absorption spectroscopy (see ref 37 for further
information).
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2 ns and contributing 1.4 mA/bunch to the total ring current. A
single bunch contributing 10 mA is placed within the center of
the 100 ns empty section and is known as the “camshaft pulse”.
The X-ray radiation from the camshaft pulse has a temporal
width of 70 ps and can be easily singled out using a fast
photodiode making it suitable to use as a probe in time-resolved
experiments. Monochromatic X-rays are selected by a two-
crystal germanium (111) monochromator from 2 to 12 keV with
an energy resolution of∼2.5 eV at the Fe K-edge (7 keV). A
mechanical chopper running at 2 kHz is placed before the
monochromator to reduce the X-ray flux at the germanium
crystals. To perform time-resolved experiments, the optical
femtosecond pump pulse at 1 kHz has to be synchronized with
the X-ray probe pulse at 1.52 MHz. This is achieved by first
synchronizing the femtosecond laser oscillator to the 500 MHz
radio frequency of the storage ring by adjusting the cavity length
of the laser in a feedback loop. The laser amplifier selects a
pulse from the oscillator every millisecond, and it is synchro-
nized with the opening of the chopper window and to the 1.52
MHz revolution frequency of the ALS storage ring. This ensures
that a femtosecond pump pulse is coincident on the sample with
an X-ray probe pulse. The delay between the laser and X-ray
pulses (τ) is set by a computer-controlled phase shifter, which
adjusts the phase of the RF reference signal used to synchronize
the laser oscillator. All subsequent triggers are changed accord-
ingly.

A 100 fs, 350 µJ, 400 nm pulse derived by frequency
doubling the output of a 1 kHz Ti:sapphire femtosecond laser
system initiates the FeII spin crossover transition in a sample
consisting of a 0.5 mm thick free-flowing jet of 0.02 M [Fe-
(tren(py)3)](PF6)2 dissolved in acetonitrile at room temperature.
The X-ray flux at the sample is between 500 and 1000 photons/
pulse/0.1% bandwidth. The spot sizes of the laser and X-ray
beams at the sample are 0.5× 0.5 and 0.3× 0.1 mm2,
respectively, and they cross at an angle of 30°. To ensure optimal
overlap, the pulses are put through a 0.2 mm stainless steel
pinhole placed at the focus of the beams. Temporal overlap is
achieved by placing a fast silicon avalanche photodiode at the
focal plane of the two beams and recording the traces on a 1
GHz oscilloscope. Time zero can be set to within(10 ps in
this manner with the aid of an electronic phase shifter. The X-ray
photons transmitted through the sample are detected by a silicon
avalanche photodiode.

Transient X-ray absorption spectra are collected at 2 kHz to
measure small difference signals relative to a reference spectrum.
In this way we monitor the pairwise subtraction of two adjacent

X-ray pulses passing through the sample,∆T ) (I(τ) - Iref),
whereI(τ) and Iref refer to the XAS signals with and without
the effect of the laser pulse, respectively. The difference signal
(∆T) is normalized with theIref signal on a shot-to-shot basis
to account for long-term drifts in the X-ray intensity. The
collection scheme ensures that the experimental signal-to-noise
ratio is dictated almost entirely by the shot noise limit of the
X-ray source. Energy-resolved measurements at a particular
delay time are performed by tuning the monochromator crystals
to select wavelengths from 7.1 to 7.3 keV in 2 eV steps. The
data acquisition time for the energy resolved measurements is
∼20 h. The sample is refreshed during the course of the
experiment, and optical absorption measurements are performed
regularly to check for sample integrity.

2.3. Data Analysis.Data reduction of the raw steady-state
XAS signal shown in Figure 3 is done according to standard
procedures.13,15 EXAFS structural parameters are determined
using WinXas 3.0.40 For this purpose,k3-weighted EXAFS
spectra, wherek ) (2m(E - E0)/p2)1/2 (m≡ mass of an electron,
E0 ) 7121 eV), are Fourier transformed over the 2-11 Å-1

range using a Bessel window. The spectra were fitted using the
EXAFS formula:

where the backscattering amplitude,F(k), phase,δ(k), and the
photoelectron mean path,λ, are obtained from theoretical
scattering functions calculated with FEFF 8.20 from the
published crystal structures of [Fe(tren(py)3)](PF6)2 and [Fe-
(tren(6-Me-py)3)](PF6)2.34,35 The following parameters were
allowed to vary in the fitting routine: the Fe-N bond length,
R, the coordination number,N, and the Debye-Waller factor
accounting for thermal and static disorder,σ2. The value of the
amplitude reduction factor,S0

2, is held constant at 0.72 in all
the fits. The fits are performed both ink (Å-1) and its Fourier
conjugate,R (Å) space, to check for consistency.

The calculation of the XANES spectra for the reactant and
transient photoproduct species, shown in Figure 5b, were
performed using FEFF 8.20.14,41 The code carried out a full
multiple scattering XANES calculation for an atomic cluster
of radius 6.0 Å centered on the Fe atom. The angular momentum
projected density of states was calculated using the LDOS
routine in the FEFF 8.20 code from-20 to 40 eV with a
Lorentzian broadening of 0.02 eV. The atomic coordinates from
the published crystal structure of the low-spin reactant species
were used for calculating the reactant spectrum. The structure
was modified by lengthening the Fe-N bonds by 0.2 Å and
then used to simulate the XANES spectrum of the transient
species.

3. Results and Discussion

3.1. X-ray Absorption Spectroscopy of the Ground-State
Low- and High-Spin FeII Compounds.Figure 3a displays the
significantly different XANES spectra of [Fe(tren(py)3)](PF6)2

(solid line) and [Fe(tren(6-Me-py)3)](PF6)2 (dashed line) com-
plexes dissolved in CH3CN. To aid the discussion, various
spectral features for the low-spin and the high-spin analogue
compounds have been labeled. A comparison of the two spectra
reveals that (i) the intensity of the shoulder labeled A at 7124
eV in the spectrum of the low-spin compound increases to A′
for the high-spin complex, (ii) the main resonance shifts to lower
energies from B (7131 eV) to B′ (7128 eV), (iii) the shoulder
at C (7142 eV) loses intensity, and (iv) the broad peak at D

Figure 2. Layout of BL 5.3.1 at the ALS used for performing
picosecond XAS experiments. The sample jet flows in a chamber purged
with helium gas to minimize the absorption of the X-ray photons by
air. Transmitted X-ray pulses are detected with a silicon avalanche
photodiode (D).

ø(k) )
NS0

2F(k)

kR2
e(-2k2σ2)e(-2R/λ) sin[2kR+ δ(k)] (1)
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(∼7198 eV) shifts to lower energy D′ (7174 eV). In addition,
there is a weak preedge feature P, present in both spectra at
7114 eV. The XANES derivative spectra plotted in the inset of
Figure 3a also highlight the differences in the positions and
amplitudes of the spectral features discussed above. Figure 3b
shows thek3-weighted EXAFS spectra of the low-spin and high-
spin analogue complexes. We see that the frequency, amplitude,
and phase of the detected wave vector is different for the two
spin states, indicating their distinct molecular geometries. The
Fourier transform of the EXAFS spectra are plotted below in
Figure 3c. The position of the first major peak in each spectrum
corresponds to the radius of the first coordination shell around
the Fe atom. We can see that the average Fe-N bond length is
∼0.23 Å longer in the high-spin analogue complex with respect
to the low-spin complex.

The first two rows of Table 1 list EXAFS fitting results
displaying the coordination number, the Fe-N bond lengths,
and the disorder factors of the FeII complexes. The fits are
displayed as solid lines in Figure 3c. The increase in the Debye-
Waller disorder factor from 0.002 Å2 for the low-spin complex
to 0.013 Å2 for the high-spin species accounts for the decrease
in intensity of the peaks and the oscillations in the Fourier
transform spectra of Figure 3c and the EXAFS spectra of Figure
3b. The average Fe-N distance for [Fe(tren(py)3)]2+ of 1.96 Å
agrees well with the published average distance of 1.95 Å.35

Single-crystal studies of the high-spin analogue report two
distinct Fe-N bond lengths of 2.14 and 2.28 Å corresponding
to the bonding of the Fe-N(imine) and Fe-N(pyridine) ligands,
respectively.34 However, the solution EXAFS data of the high-
spin analogue is best fit by a single Fe-N distance of 2.19 Å.
The slight discrepancy, which corresponds roughly to a weighted
average of the two crystallographically determined values, is
likely due to the dynamic nature of molecular structures in
solution. A comparison of the fits in thek andR space and the
fitting of the high-spin data with one and two Fe-N bond
distances can be found in the Supporting Information.

The significant elongation of the Fe-N bond, reflecting the
difference in electronic configuration between the low-spin and
high-spin compounds, accounts for all the features observed in
the XANES spectra. The origin of the spectral features in the
XANES region of similar low-spin and high-spin FeII complexes
has been discussed in detail elsewhere.42-44 The preedge peak,
P, is due to the forbidden 1sf 3d transition. Its presence in
the XANES spectra indicates a slight distortion from perfect
octahedral symmetry, leading to increased mixing between the
metal (3d and 4p) and ligand orbitals in lower symmetry. The
fact that the amplitude of peak P remains the same for both
complexes suggests that the degree of distortion from a perfect
octahedral symmetry around the iron atom is similar in both
spin states.

In the XANES region, A(A′) and B(B′) arise from transitions
to the lowest unoccupied metal states. These unoccupied orbitals
result from mixing between the Fe (4s, 4p) and the N (2p) states.
As the Fe-N bond length increases (i.e. upon going from the
low-spin to the high-spin state), the overlap between the metal
atom and ligand orbitals diminishes. This effect has two
consequences: (i) the metal orbitals have less ligand character,
resulting in an increase in the intensity of the 1sf4p transition
(A′) and (ii) since the transition involves an orbital that is
formally antibonding in nature, the increase in bond length
lowers the energy of the unoccupied Fe(4s,4p)-N(2p) state(s),
accounting for the∼3 eV red shift of feature B′. The shoulder
labeled C(C′) has been attributed to multiple scattering processes
in similar FeII complexes.42 While a specific assignment is
difficult, its change in intensity in Figure 3a is diagnostic of
the geometrical difference between the low-spin and high-spin
complexes. Finally, the broad features D(D′) arise from scat-
tering of the photoelectron by the nearest-neighbor nitrogen
shell.43 Their spectral positions can be related by Natoli’s rule,

Figure 3. Room-temperature steady-state XAS spectra of [Fe(tren-
(py)3)](PF6)2 (low-spin) and [Fe(tren(6-Me-py)3)](PF6)2 (high-spin)
compounds in CH3CN solution at the Fe K-edge. The spectra were
acquired in the fluorescence mode at beam line 10.3.1 at the ALS. (a)
XANES spectra of the low-spin (solid line) and the high-spin analogue
(dashed line) plotted as normalized X-ray absorption, whereø(E) )
[µ(E) - µ(E0)]/µ(E0) andµ ) I f/I0. The parametersI f and I0 refer to
the X-ray fluorescence from the sample and the background signals,
respectively. The value ofE0 ) 7121 eV used to normalize the spectra
is obtained by taking the root of the first derivative of the 1sf 4p
transition in the low-spin XANES spectrum. The derivatives of the
XANES spectra are plotted in the inset to highlight the differences in
spectral positions and amplitudes for the two distinct FeII compounds.
(b) EXAFS spectra of [Fe(tren(py)3)](PF6)2 and [Fe(tren(6-Me-py)3)]-
(PF6)2 weighted byk3. (c) Fourier transformed EXAFS spectra of the
above species weighted byk3. The solid lines correspond to the fits of
the data inRspace, yielding the parameters listed in Table 1. The peaks
represent the nearest-neighbor Fe-N bond distances (R). Note that the
spectra are not corrected for the phases, so the displayed distances are
shorter that the actual distances listed in Table 1.

TABLE 1: Best-fit Values for the Structures of the
Equilibrium and Transient Fe II Complexes Dissolved in
CH3CNa

compound Nb R,c Å σ2,d Å2

[Fe(tren(py)3)](PF6)2 6.0( 0.5 1.96( 0.01 0.0020( 0.0001
[Fe(tren(6-Me-py)3)] 6.0 ( 0.5 2.19( 0.01 0.0130( 0.0001
[Fe(tren(py)3)](PF6)2

at ∆τ ) 330 ps following
excitation at 400 nm

6.0( 1.0 2.17( 0.03 0.011( 0.001

a The value of S0
2 is held constant at 0.72 in all these fits.

b Coordination number.c Fe-N bond length.d Disorder parameter.
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∆E × R2 ) constant, where∆E is the energy of feature D(D′)
relative to a given reference energy andR is the mean Fe-N
bond length in the FeII compounds.45-47 Taking the K-edge
energy of an Fe foil as our reference (7112 eV), the experi-
mentally obtained ratio ofx∆E for the low-spin and high-spin
forms is∼0.9, which is consistent with the observed change in
the Fe-N bond lengths of the two spin complexes shown in
Figure 3c. Our observations agree with steady-state measure-
ments made on other FeII spin-crossover complexes in the solid
state and in solution.42,44,47-51

The steady-state XAS spectra of the FeII complexes with
different substitutions on the hexadentate ligand allow us to map
out the distinguishing spectroscopic features for the low-spin
and high-spin electronic configurations. However, they do not
provide any information about the dynamic relationship between
molecular structure and the ultrafast SCO transition. To shed
light on this complex problem, we use time-resolved picosecond
XAS to probe the transient structural changes in the excited-
state evolution of [Fe(tren(py)3)]2+ following 1A1 f 1MLCT
excitation in solution.

3.2. Transient Structural Changes during the Photoin-
duced SCO Process.Figure 4a shows the transient difference
absorption spectrum of [Fe(tren(py)3)](PF6)2 as a function of
the X-ray energy at the Fe K-edge, 330 ps after laser excitation
(open circles). This difference spectrum probes the changes in
the electron density around the Fe atom after the1A1 f 1MLCT
excitation, but prior to the ground-state recovery.37 For com-
parison, the difference absorption spectrum of the ground-state
high-spin complex ([Fe(tren(6-Me-py)3)](PF6)2) and [Fe(tren-
(py)3)](PF6)2, obtained from the steady-state measurements, is
plotted below the transient data in Figure 4a. The steady-state

difference spectrum is scaled by a factor of 0.1 to account for
the 10% photoexcitation of the ground-state species in solution
by the laser pump pulse. It can be seen that the two data sets
are strikingly similar in virtually all respects. In particular, the
following distinguishing spectral characteristics of the transient
5T2 state with respect to the ground state1A1, are observed (see
Figure 3a for the labeled spectral features): (i) there is no change
in the amplitude of the preedge feature P, (ii) the intensity of
spectral feature A increases, (iii) there is a change in the position
of the feature B, and (iv) the amplitude of feature C decreases.
Additionally, changes in the bond lengths are indicated by the
oscillations at higher energies.

To study the time evolution of the spectral features as a
function of the delay between the visible pump and X-ray probe
pulses (τ), we performed a time-resolved scan at 7142 eV (peak
C in Figure 3a), and these results are plotted in Figure 4b. The
results show a decrease in the amplitude of the spectral feature
at 7142 eV following photoexcitation of the low-spin compound.
This observation is consistent with the steady-state spectra
plotted in Figure 3a and discussed in the previous section. The
time-resolved measurements reveal that the spectral change at
7142 eV (k ) 2.1 Å-1) is fully complete within the first 100 ps
after the charge-transfer excitation of the low-spin compound.
The temporal evolution of the difference X-ray signal is modeled
as a step function convoluted with the instrument response time.
It is fitted by a Gaussian error function (thick solid curve) with
a width of 70( 10 ps. This width corresponds to the X-ray
pulse duration and indicates that the structural evolution
following 1A1 f 1MLCT excitation of the low-spin compound,
[Fe(tren(py)3)](PF6)2, dissolved in CH3CN is complete within
the time resolution of our experiment.

We fit the difference XAS spectrum obtained atτ ) 330 ps
(Figure 4a) to determine the structure of the transient5T2 high-
spin state. The fitting is performed ink space (data are shown
as open circles in Figure 5a) from 1 to 7 Å-1 using the
expression,∆T(k,τ) ) f(τ)[I(k,τ) - Iref(k)], where I(k,τ) and
Iref(k) are the transmitted signals for the excited- and ground-
state species, respectively, andf(τ) is the fraction of photoexcited
species present at delay timeτ in the solution. The structural
parameters used for the EXAFS fit to the ground state (Iref(k))
are listed in the first row of Table 1 and are held constant during
the fitting procedure. For the transient excited-state species (i.e.
the high-spin5T2 state), the Fe-N bond length, the coordination
number, and the disorder parameter are free parameters in the
fitting procedure. The value off(τ) is estimated to be 10% from
optical absorption data and is held constant in the fit. Thek
space fit (solid gray line) is shown in Figure 5a and is in good
agreement with the data from the differential XAS (open circles).
The results from the fitting procedure are listed in the last row
of Table 1, revealing that the Fe-N bond length has lengthened
to 2.17( 0.03 Å atτ ) 330 ps from an initial value of 1.96(
0.01 Å.

Using the structural parameters obtained from the time-
resolved EXAFS data, we simulated the XANES spectra of the
ground state and the transient excited state. The results are
plotted in Figure 5b. The spectra were simulated with FEFF
8.20, which uses an ab initio based self-consistent real space
multiple scattering algorithm.41 The calculated low-spin ground-
state spectrum (solid line in Figure 5b) reproduces all the relative
amplitudes and positions of the major spectroscopic signatures
present in the experimental data of Figure 3a. To understand
the effect of the elongation of the Fe-N bond length in the
XANES region, we modified the crystal structure of the low-
spin complex by lengthening the Fe-N bonds by 0.2 Å, and

Figure 4. Time-resolved X-ray absorption difference spectroscopy of
the ultrafast SCO process in [Fe(tren(py)3)](PF6)2 in CH3CN solution.
(a) Transient difference X-ray absorption spectrum recorded 330 ps
after1A1 f 1MLCT excitation at 400 nm (open circles). The difference
between the steady-state XAS spectra of the high-spin and low-spin
compounds from Figure 3a is plotted below. (b) Pump-probe X-ray
absorption signal (open circles) at 7142 eV as a function of the delay
time between the laser and X-ray pulses (τ). The thick gray solid line
is a fit of the data using a cross-correlation width of 70 ps. This value
is dictated by the X-ray pulse width and corresponds to the temporal
resolution of the experiment.
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simulated the spectrum using FEFF 8.20. As expected, the
simulated transient XANES spectrum shown as the dashed line
in Figure 5b is reminiscent of the steady-state spectrum of [Fe-
(tren(6-Me-py)3)](PF6)2 shown in Figure 3a. Comparing the two
simulated spectra in Figure 5b, we see that the intensity of peak
A increases, the position of feature B shifts by 3 eV, and the
frequency and phase of the EXAFS oscillations change as a
result of the1A1 f 1MLCT excitation.

The projected unoccupied density of p-states (p-DOS) of the
Fe atom is plotted in the inset of Figure 5b. We note that as the
Fe-N bond is lengthened during the reaction, the unoccupied
p-DOS increases in amplitude and shifts to the red by 3 eV.
These results are consistent with the features observed in the
XANES spectra, since the spectral features A and B involve
transitions from the core metal 1s level to unoccupied 4p states
that mix with the ligand 2p orbitals. From the fits of the time-
and energy-resolved transient data and the modeling, we can
summarize that the5T2 excited high-spin state of [Fe(tren(py)3)]-
(PF6)2 is characterized by a lengthening of the first coordination
sphere by∼0.2 Å and that this transformation occurs within
70 ps. This is illustrated in the last panel of Figure 5, which
shows the crystal structure of the ground state with arrows
indicating the subsequent changes in the structure upon the
photoinduced1A1 f 5T2 conversion of the molecule in solution.

The work presented in this paper stands in contrast to previous
XAS studies of SCO systems, which exploited the LIESST
(light-induced excited-state trapping) effect to gain information
about the structural characteristics of the high-spin state.52,53

The LIESST effect involves “trapping” the high-spin state of a
solid SCO compound by lowering its temperature and irradiating
it with an incoherent light source to yield an almost complete
conversion of the solid sample to its high-spin form. In this
study, we impulsively photoinduce a spin crossover transition
in an FeII compoundin solution and then directly probe the
electronic and structural properties of the transient population
of the high-spin5T2 state at ambient temperature. Our results
reveal that, within the experimental signal-to-noise ratio, the

structure of the transient high-spin state of our FeII system fully
develops within 70 ps and is similar to the previously measured
structures of other FeII compounds in their “trapped” high-spin
states.48-51 Additionally, the lack of change in the preedge
feature P, at 7114 eV in the transient XANES signal, suggests
that there is little change in the pseudooctahedral symmetry of
the iron atom 70 ps after the SCO process has been initiated.
The measured structural changes along the Fe-N bond coor-
dinate also account for the local electronic changes around the
iron atom as observed by the altered unoccupied p-DOS of the
transient species.

Given that the1MLCT f 5T2 relaxation rate of these FeII

compounds in a room-temperature solution is>1012 s-1,11,37

our present time resolution of 70 ps prevents us from directly
tracking the structural changes along the reaction coordinate(s)
during these early events. However, future experiments at the
Fe K-edge using femtosecond X-ray pulses at the ALS will
enable us to discern these structural dynamics. Femtosecond
XAS experiments at the Fe L-edge, which is sensitive to the
population of the 3d electrons, will also be crucial for
understanding the electronic reorganization pathways responsible
for the highly efficient intersystem crossing in the FeII SCO
complexes.

4. Conclusion

In summary, synchrotron-based picosecond XAS has provided
the first direct insight into the atomic structural changes
associated with the spin crossover transition of an iron(II)
complex in solution with 0.03 Å spatial and 70 ps temporal
resolution. Our results show that within our time resolution and
the signal-to-noise of the data, the average Fe-N bond length
is a good reaction coordinate for describing this prototypical
intramolecular electron-transfer reaction in solution. This experi-
ment along with other recent efforts paves the way for future
femtosecond X-ray absorption studies of solution phase chem-
istry at synchrotron sources and at the Advanced Light Source
in particular. We anticipate a bright future for the technique of

Figure 5. Modeling the transient structural and electronic changes following the1A1 f 1MLCT excitation of [Fe(tren(py)3)](PF6)2 in CH3CN
solution. (a) Transient EXAFS signal (open circles) and the best-fit to the data (gray solid line), revealing an increase in the Fe-N bond length of
0.21 Å in the5T2 excited state. Given the signal-to-noise constraints of the data, only changes to the first coordination shell are accounted for in
the fitting process. (b) Simulated XANES spectra of the ground state (gray solid line) and transient (gray dashed line) species atτ ) 330 ps. The
projected unoccupied density of states (DOS) of the metal p states is plotted in the inset. The simulation of the ground-state compound was performed
using the real space multiple scattering code FEFF 8.20 using the published crystal structure of [Fe(tren(py)3)]2+. The transient XANES spectrum
was calculated by lengthening the Fe-N bonds of the first coordination shell. All the experimental trends are qualitatively reproduced by the
calculation. (c) Structure of the FeII compound used in this study (the nitrogen atoms are colored blue), demonstrating the structural changes that
take place during the course of the photoinduced SCO process.
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time-resolved XAS with the availability of femtosecond, tunable
(150 eV to 10 keV), high flux (>108 photons/pulse/0.1%
bandwidth at the sample) X-ray sources. The ability of ultrafast
XAS to measure structural changes with high spatial and
temporal resolution around specific elements in solution will
impact a wide range of scientific disciplines. Particularly exciting
is the potential ability to directly follow specific local structural
changes occurring on the ground and excited electronic states
in important chemical and biological systems.
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