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ABSTRACT: We probe the dynamics of valence electrons in photoexcited [Fe(terpy)2]
2+

in solution to gain deeper insight into the Fe−ligand bond changes. We use hard X-ray
emission spectroscopy (XES), which combines element specificity and high penetration
with sensitivity to orbital structure, making it a powerful technique for molecular studies in
a wide variety of environments. A picosecond-time-resolved measurement of the complete
1s X-ray emission spectrum captures the transient photoinduced changes and includes the
weak valence-to-core (vtc) emission lines that correspond to transitions from occupied
valence orbitals to the nascent core-hole. Vtc-XES offers particular insight into the
molecular orbitals directly involved in the light-driven dynamics; a change in the metal−
ligand orbital overlap results in an intensity reduction and a blue energy shift in agreement
with our theoretical calculations and more subtle features at the highest energies reflect
changes in the frontier orbital populations.

■ INTRODUCTION

Valence-to-core X-ray emission spectroscopy (vtc-XES) is an
emerging, information-rich technique to characterize chemically
active metal sites,1−4 which has started to fully unfold its
potential only recently, after its theoretical modeling became
readily available.5−10 The features in this hard X-ray spectral
region stem from radiative transitions from occupied valence
orbitals to an inner core-hole vacancy generated, for instance,
through X-ray absorption by a core electron. The transition
probability can be about 3 orders of magnitude lower than that
of the main emission lines (e.g., 2p → 1s) and is therefore
challenging to measure. With the high X-ray flux provided by
modern synchrotron sources (and emerging X-ray free electron
lasers) measurement of vtc-XES is possible even for dilute
samples. The chemical information content has been elucidated
by several experimental and theoretical studies.1−10 The
interpretation of spectral features is facilitated by the fact that
simple electric dipole transitions dominate the spectra. In 3d
transition metal compounds vtc-XES is particularly sensitive to
the ligands coordinating the metal ion, including the number

and distance.1 One can also determine the type of molecules
bound to the metal and detect chemical changes in ligands such
as protonation.3,8,9,11 The intensity of vtc-XES features can be
used to indicate bond activation of ligands,12 and studies of
bioinorganic molecules7,13 next to in situ and in operando
studies of catalysts4,10,14,15 demonstrate the technique’s
applicability to rather complex sample environments.
We extend here vtc-XES to the ultrafast time domain, an

important step toward the aim of watching the evolution of
valence electrons during the course of a chemical reaction. Our
measurement captures the short-lived high-spin (HS) excited
state of an Fe(II)-based polypyridal complex, [Fe(terpy)2]

2+

(terpy =2,2′:6′,2″-terpyridine), in an aqueous solution. The
low-spin (LS) ground state, with a (t2g)

6 configuration for the
Fe 3d valence electrons (approximating octahedral symmetry
for simplicity), is switched to the HS state, with (t2g)

4(eg*)
2

configuration, via ultrashort laser pulse excitation in the visible
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regime. The photoabsorption initially excites a metal-to-ligand
charge transfer (MLCT) manifold of states which undergoes
internal conversions and intersystem crossings to the lowest
metal-centered high spin (HS) quintet excited state in <1
ps.16,17 The HS state decays nonradiatively back to the LS
ground state with a lifetime of 2.6 ns in room-temperature
aqueous solution.18

■ EXPERIMENTAL AND THEORETICAL METHODS
Experimental Details. Figure 1 depicts the laser-pump/X-

ray-probe measurement scheme. The low vtc-XES yield

required both a very efficient use of the incident X-ray flux
and efficient collection of the X-ray fluorescence. The former
was secured by pump−probe cycles at the same MHz repetition
rate of the X-rays and the latter with a 16-crystal dispersive
spectrometer that covered a large solid angle. Complete Fe 1s
emission spectra were collected using eight of the crystals to
diffract the Kα (2p → 1s) lines and the other eight to diffract
the mainline Kβ (3p → 1s) and vtc emission lines.
Measurements were carried out at 7ID-D at the Advanced

Photon Source19 using the high-repetition-rate pump−probe
liquid-jet setup developed there.20−22 Microfocused X-rays
spatially overlapped the pump laser with a 100 ps relative delay
at a flat liquid jet, and fluorescence from the sample was
collected and spectrally resolved using a multicrystal emission
spectrometer in the von Hamos geometry. The spectrometer,
built by JJ X-ray (www.jjxray.dk) for the FXE beamline at the
European XFEL,23 consists of 16 cylindrically bent crystals,
each of which is secured to a kinematic mount that is
individually adjustable using three actuators driven by stepper
motors. The design is adapted from the spectrometer built by
R. Alonso Mori and U. Bergmann for the SSRL and LCLS.24

Eight of the crystals were segmented Si(111) analyzers, made at
the Paul Scherrer Institute, and were used to measure the Kα
region of the emission spectrum. The other eight crystals were
single crystal Si(220) analyzers purchased from Saint-Gobain
Crystals (www.crystals.saint-gobain.com) and used to measure
the Kβ and valence-to-core region of the spectrum. The crystals
were each 30 mm × 110 mm (in the dispersive and focusing
directions, respectively), pressed on cylindrical substrates with

curvature (50 cm radius) along the direction orthogonal to the
dispersion plane. The spectrometer was positioned at 90°
relative to the incident X-ray beam to reduce contribution from
elastic scattering. The crystals directed the focused and energy-
dispersed fluorescence onto a 2D hybrid pixel array detector
(Pilatus 100k, Dectris) that was positioned above the liquid jet.
The vertical dispersion is advantageous because the source size
(X-ray probed region along the liquid jet) does not impact the
spectral resolution. A helium bag was used to encompass the
path from the sample, to the analyzer crystals, and to the
detector. For both Kα and Kβ, the spectrometer resolution was
∼0.6 eV. The resolution was due to the pixel size of the
detector, 172 μm, corresponding to 0.4 eV (0.5 eV) for Kα
(Kβ), and the misalignment in the overlapping of the analyzer
crystals (0.3−0.4 eV). Scans around the elastic lines with ∼0.4
eV bandwidth of the incident X-rays resulted in 0.7−0.8 eV
FWHMs, in agreement with the above.
The sample consisted of a 250 mL, 20 mM [Fe(terpy)2]

2+

solution in water. It was circulated through a sapphire nozzle
that produced a flat, 100 μm thick jet. The jet was oriented at
an angle of ≈45° with respect to the incident X-ray beam to
enable a clear path for the X-ray emission to the crystal
analyzers.
The X-ray flux on the sample was 2 × 1012 photons/second

corresponding to 3 × 105 photons/pulse. The X-rays, centered
at 7.4 keV (above the Fe K-edge at 7.112 keV), were
monochromatized using a double crystal diamond (111)
monochromator (ΔE/E = 5.4 × 10−5 fwhm energy bandpass)
and focused to a fwhm spot size of 5 μm × 5 μm using
Kirkpatrick Baez mirrors. The standard 24 bunch operating
mode of the APS was used which provides evenly spaced X-ray
pulses at 6.52 MHz with 153 ns separation. The laser (Duetto,
Time Bandwidth) was synchronized to the X-rays through the
storage ring rf. The laser’s repetition rate was 3.26 MHz, and
pulses were set to overlap every other X-ray pulse at the sample
with a 100 ps delay. The second harmonic of the Duetto laser
was used (532 nm) which had a 10 ps pulse duration. The
incident laser power was 2 W, and fluence on the sample was
≈30 mJ/cm2. The laser spot size was approximately 6 times
larger than the X-ray spot and carefully aligned to the X-ray
beam so that the X-rays probed only the sample volume with
the highest excitation fraction. The flow speed of the jet was ∼6
m/s which was not fast enough to refresh the probed volume
for each pump−probe cycle. However, the sample was known
to recover completely back to the ground state within less than
5 ns which was considerably faster than the 306 ns pump−
probe cycle period. The detector was run in gating mode,25

accumulating signal only during ∼100 ns intervals around every
other X-ray pulse at a 3.26 MHz repetition rate for ≈12 s before
an image was read-out. The position of the gate in time was
alternated between overlap of the signal from laser-pumped
sample and from the ground-state sample between each image
collection. The total acquisition time for the emission spectrum
was 19 h. Spectra were normalized to the area under the curves
so that potential artifacts such as variations in jet thickness,
density decrease (due to thermal expansion), and concentration
changes were accounted for.

Computational Details. All calculations were carried out
using the ORCA 3.0 quantum chemistry package26 using
density functional theory. We used the B3LYP* functional (the
standard B3LYP27−29 hybrid functional reparametrized by
Reiher30), in combination with the TZVP basis set.31 The
structures for the LS and HS states of [Fe(terpy)2]

2+ were fully

Figure 1. Experimental setup showing the 16-crystal von Hamos
spectrometer installed at 7ID-D in a pump−probe geometry. Two
different sets of eight Si analyzer crystals were used to collect both Kα
and Kβ plus vtc X-ray emission simultaneously. The detector image
shown is a cropped actual frame from the Pilatus 100k pixel detector
recorded during the experiment. On the left, the molecular structure of
the [Fe(terpy)2]

2+ complex is shown.
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optimized, and the vtc-XES was calculated in a quasi one-
electron picture,2,3 applying the implementation of Neese and
co-workers.5,6 The numerical integration accuracy was set to 7.0
for the Fe atom in order to achieve a more accurate description.
The modeled spectra were broadened with a pseudo-Voigt line
profile, in order to account for broadenings from the core-hole
lifetime and the experimental resolution. Full widths at half-
maximum (fwhm) of 1.4 eV for the Lorentzian and 1.5 eV for
the Gaussian component were chosen to achieve agreement
with the experimental spectra.

■ RESULTS AND DISCUSSION

The measured XES spectra for aqueous [Fe(terpy)2]
2+ in its LS

ground and laser-pumped excited states are shown in Figure 2
together with their difference spectra. The emission lines
reflecting core-to-core transitions include the Kα1 (2p3/2 → 1s)
and Kα2 (2p1/2 → 1s) peaks in Figure 2A and the Kβ1,3 peak
and Kβ′ shoulder (3p → 1s) in Figure 2B. These emission lines
do not directly probe the valence electron structure but are
quite sensitive to the spin density of the central metal ion. This
stems from the intra-atomic exchange interaction in the final
state of the emission process between the unpaired electrons in
the metal-centered 3d orbitals and the 2p or 3p core-hole. The
unpaired d electrons in the HS state lead to a broadening of the
Kα1 and Kα2 lines, next to a blue shift of the Kβ1,3 line, and an
intensity transfer from the Kβ1,3 peak to the Kβ′ satel-
lite.11,32−34 The spectral changes observed in Figure 2 reflect
the expected transition from LS to HS,22,34,35 in agreement with
our previous time-resolved core-to-core XES measurements on
the same compound.18

The vtc-XES region is found on the high energy side of the
Kβ1,3 peak in Figure 2B and is shown magnified by a factor of
22 in Figure 2C. Although it is much weaker than the core-to-
core emission lines (200 times smaller than the dominating Kα1
line), vtc-XES is valuable because it directly reflects occupied
valence orbitals. The peak observed in Figure 2C, historically
referred to as Kβ2,5, has been shown in 3d transition metal
complexes to be dominated by contributions from highest

occupied valence orbitals that have mixed metal p and ligand p
character.5,9 The Kβ2,5 peak in the laser-excited vtc-XES
spectrum is reduced in intensity and slightly shifted to higher
energy relative to the LS ground state, and the origins of these
changes will be discussed in what follows. Figure 2C also shows
the pre-edge X-ray absorption spectra (XAS) for ground-state
and laser-excited [Fe(terpy)2]

2+, which have been previously
measured and theoretically described18 and that reflect
transitions from the Fe 1s orbital to lowest unoccupied orbitals
that contain metal d character.11,36 The LS ground state has
only a single resonance while population variations due to a
smaller ligand field leads to the appearance of three resonances
in the laser-pumped pre-edge XAS spectrum.18,37 The ability to
now record both vtc-XES and pre-edge XAS in time-resolved
measurements promises a more comprehensive picture of the
changes in the frontier orbitals that occur as reactions proceed.
Figure 3 shows the measured vtc-XES spectra compared to

theory. It has been found that one-electron descriptions can
provide excellent results for vtc-XES spectra (apart from the
absolute energies).3,5,6,8,38−40 These DFT calculations capture
the vtc-XES features in general, very well, and this also holds for
our case. The magnitudes of the intensity reduction and blue
energy shift calculated for the HS state relative to the LS state
(red and blue lines, respectively, in Figure 3A) are larger than
what is observed in the measurement, which is due to the fact
that the measured laser-excited spectrum (red line in Figure
3B) consists of a mixture of LS and HS molecules. The
estimated excitation fraction for the measurement, based on an
analysis of the measured changes in the mainline Kβ spectrum,
as described in previous work,18 is 30%. Taking this fraction
into account in the theoretical spectrum (red dashed line in
Figure 3A), it is seen that the agreement with the experiment is
good. The experimental difference is negative across the 7085−
7100 eV (Kβ″) energy region and through the main Kβ2,5 peak
in agreement with the theoretical curve. A very small positive
peak in the experimental difference on the high energy side of
the Kβ2,5 is observed, which is indicative of the blue shift
predicted by theory. The assignment of this feature as a blue
shift is further supported by comparison to statically measured

Figure 2. Full 1s XES of [Fe(terpy)2]
2+; blue (thin) lines denote spectra of the ground state, red (thick) lines denote data measured 100 ps after laser

excitation, and the green filled areas show the spectral variation. (A) The Kα region. (B) The mainline Kβ and vtc-XES regions. (C) The inset shows
the contributions from the region of the frontier orbitals: the Kβ2,5 region of vtc-XES maps the highest occupied MOs, while the 1s X-ray absorption
pre-edge (dashed lines) projects the lowest unoccupied MOs.
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LS and HS spectra of a very similar Fe(II) complex,
[Fe(phen)2(NCS)2]. In this complex the spin transition was
induced by a temperature change and the spectra could be
measured with better statistics. Figure 4 shows the LS singlet
state and the HS quintet state of [Fe(phen)2(NCS)2] along
with their difference. The green-filled area corresponds to the
difference reduced to 30%, the fraction of HS species in the
[Fe(terpy)2]

2+ time-resolved measurement. The structureless
negative bleach signal and a very weak positive peak around

7110 eV are found to be similar to those in the time-resolved
measurement in Figure 3B.
The theoretical spectra yield insight into the origin of the

experimental features, and examination of the calculations will
constitute the remainder of this discussion. Figure 5 presents

details of the calculated LS spectrum. Oscillator strengths for
each vtc emission line are represented by a so-called stick
spectrum, and the blue line represents the envelope obtained
when broadening accounting for the core-hole lifetime and
experimental resolution is introduced. Representations of the
most relevant molecular orbitals (MOs) contributing to the
spectral features are shown. Dipole-allowed transitions
dominate the vtc-XES, so MOs with Fe p character are the
primary contributors to the spectrum. In complexes such as
[Fe(terpy)2]

2+, the orbitals with metal p mixing have mostly
ligand character. We find that MOs with ligand 2s character
contribute at lower energy (the Kβ″ part of the spectrum), and
MOs with ligand 2p character contribute to the Kβ2,5 region,
consistent with previous assignments.1

The Kβ″ region is often simpler to interpret than the Kβ2,5
because the energies of features are characteristic of the donor
atom within the ligand. In the present case the two peaks
observed in the calculations at 7090 and 7094 eV in Figure 5
could be naively assigned to transitions involving 2s orbitals
from the two more tightly bound axial nitrogen atoms (Nax,
R(Nax−Fe) = 1.886 Å) and the four more loosely bound
equatorial nitrogen atoms (Neq, R(Neq−Fe) = 1.985 Å) that are
present in [Fe(terpy)2]

2+.18 Their energy separation is expected
because a smaller bond length for the axial ligand atoms, thus
larger metal−ligand orbital overlap, stabilizes these MOs in
energy, resulting in a higher binding energy and a
correspondingly lower emission energy. Our calculations reveal,
however, more complexity. An energy splitting between the
emission lines involving Nax and Neq 2s orbitals is found (red vs
green sticks, respectively, in Figure 5) but with much smaller
magnitude than the peak separation. The two peaks in the vtc
spectrum are found instead to result from two different kinds of
MOs that involve ligand 2s orbitals: those with large N 2s
orbital mixing coefficients (contributing to the lower energy
peak) and those with substantial C 2s (and to some smaller
extent C 2p) orbital mixing alongside N 2s mixing that

Figure 3. Calculated (A) and measured (B) vtc-XES spectra of LS and
HS [Fe(terpy)2]

2+. The theoretical curves correspond to 100%
transition and have been shifted by +158 eV to match the experiment.

Figure 4. Statically measured vtc-XES of the LS (blue line) and HS
(red line) states of [Fe(phen)2(NCS)2]. This Fe(II) complex is in
many respects similar to [Fe(terpy)2]

2+, but due to the smaller ligand
field splitting the spin transition could be induced by a temperature
change (rather than by light), and the HS state is stable above a certain
temperature. The LS singlet state is very similar to the ground state of
[Fe(terpy)2]

2+, and the HS quintet state is comparable to the excited
state of [Fe(terpy)2]

2+. The dark green line is the difference between
the LS and HS states, and the green filled area corresponds to the
difference reduced to 30%, which is the fraction of HS species in the
time-resolved measurement on [Fe(terpy)2]

2+. Reproduced from the
data in Figure 1 in G. Vanko ́ et al. J. Phys. Chem. B 2006, 110, 11647−
11653.

Figure 5. Molecular orbital contributions to the vtc-XES spectra of LS
[Fe(terpy)2]

2+. In the so-called Kβ″ region, contributions from the N
2s-based molecular orbitals are unambiguously identified. Above 7095
eV (Kβ2,5) MOs stemming from N 2p mixed with iron orbitals make
up the spectra.
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contribute to the higher energy peak. This result exemplifies the
sensitivity of vtc-XES to intricate details of the valence
electronic structure.
The origin of the experimentally observed blue shift and

amplitude reduction can be understood by examining the
calculated LS and HS spectra in Figure 6. Figure 6A shows stick
spectra for the two states, with the HS spectrum vertically offset
for clarity. The reduction in amplitude and shift to higher
energy in the HS spectrum are found to be constant across a
large portion of the spectral range. This can be seen in Figures
6B and 6C where the HS spectrum has been shifted by −0.75
eV and the amplitude of the LS spectrum has been divided by
3. Once the energy shift and intensity reduction have been
removed, the positions and intensities of the transitions are
seen to be very similar between LS and HS, particularly in the
lower energy part shown in Figure 6B. As explained earlier and
indicated in the schematic in Figure 6A, the blue energy shift
indicates a destabilization of the probed MOs. This is expected
for the spin-state transition because two of the six Fe 3d
electrons originally residing in the nonbonding t2g orbitals (in
the LS state) now populate antibonding eg* orbitals in the HS
state, and this causes the elongation of the Fe-ligand bonds,
diminishing orbital overlap. Time-resolved EXAFS measure-
ments revealed an increase of 0.2 Å for the Nax−Fe bonds and
0.23 Å for the Neq−Fe bonds.18 The reduction in intensity from
LS to HS indicates that the amount of Fe p character
contributing to the populated MOs has decreased, which
implies that some electron density has moved from the Fe to
the ligand. This observation is similar to recent findings by Van
Kuiken et al.41 where time-resolved XAS at the N K-edge was
used to study a similar Fe complex. A shift to lower energy of
the N absorption peak originating from a N 1s → ligand π*
transition was interpreted as arising from more negative charge
at the N sites. Our calculations reveal that vtc-XES is sensitive
to the electron population and density at the Fe center and can

complement N XAS in its sensitivity to electron density at the
ligands.
The measured Kβ2,5 feature is on the higher energy side of

the spectrum and should be compared to the calculations in
Figure 6C. In this region, an overall blue shift of approximately
0.75 eV is present but alongside more subtle changes in the
positions of the emission lines and the appearance of new lines
at the highest energies. Additionally, there is more variation in
the intensity reduction in individual lines. These observations
are indicative of the fact that this region reflects occupied MOs
that are more affected by changes of the electron populations in
the frontier orbitals. In particular, the new lines at the high-
energy side are found to be from MOs based on the mixing of
Fe 3d and N 2p orbital, which have reduced symmetry that
makes the vtc transitions dipole allowed. Their presence is a
result of the lowered symmetry of the HS state (C2 as opposed
to D2d in the LS state). These orbitals include the highest
occupied MOs in the HS state, the eg* orbitals populated at the
spin-state transition. The experimentally observed intensity
reduction and blue shift, then, is understood to be due to the
reduced metal−ligand orbital overlap in combination with the
appearance of new emission lines reflecting differently
populated orbitals in the HS state.
The calculated spectra presented here contain finer details

not yet detectable in the measured spectra, indicating that an
improvement in the signal-to-noise (S/N) ratio would be
beneficial. More X-ray flux would help here. We performed our
measurements using monochromatic X-rays, but vtc-XES can
benefit from broader bandwidth incident X-rays. For example,
at 7ID-D of the APS, so-called “pink beam” operation with
∼1% bandwidth would provide ∼100 times more X-ray flux.
XFEL facilities, such as European XFEL and LCLS-II-HE, will
provide 104 times more flux than used here, enabling high S/N
vtc-XES spectra.
The information extractable from vtc-XES is comparable to

that obtained from photoelectron spectroscopy because the

Figure 6. (A) Stick diagram of the molecular orbital contributions to the vtc-XES spectra of LS and HS [Fe(terpy)2]
2+ (blue and red, respectively).

The variation of the molecular structure is also shown on an iron with a single terpy ligand. The expected variation of the orbital transition energies
with the bonding length are also shown in a simple scheme. The bottom of the figure shows the vtc-XES spectra with the HS shifted by −0.75 eV
and the intensity of the LS divided by 3 for better comparison. (B) The lower energy part reveals that the lower-lying bonding orbitals are rather
similar in the two states, only affected by the change in the overlap of the orbitals, reflected by the energy shift and the intensity change. (C) The
higher energy region, on the other hand, is directly affected by the change in the orbital populations.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b12940
J. Phys. Chem. C 2017, 121, 2620−2626

2624

http://dx.doi.org/10.1021/acs.jpcc.6b12940


final states in both processes are the same, with a hole in the
valence orbitals. Vtc-XES provides element selectivity, and as a
hard X-ray photon-in/photon-out technique, it offers a large
sampling depth and can thus be implemented with very
different sample environments (e.g., free-flowing liquid jets, in
situ and/or operando catalytic reactors, etc.). These advantages
make vtc-XES a promising means for gaining access to valence
electronic structure for presently challenging systems.

■ CONCLUSION
We have measured the complete Fe 1s emission spectrum of
photoexcited [Fe(terpy)2]

2+ in solution, capturing the transient,
photoinduced singlet to quintet spin-state change in the Kα and
mainline Kβ emission lines as well as the corresponding valence
orbital changes in the vtc emission. This is, to the best of our
knowledge, the first proper vtc-XES measurement (and the first
full 1s XES) made with picosecond temporal resolution. The
vtc-XES of the transient HS state is found to be reduced in
intensity and shifted slightly to higher energy. DFT calculations
capture the experimental spectral changes well. The intensity
reduction is understood to be a result of the expansion of the
Fe−ligand bonds; photoexcitation leads to population of
antibonding orbitals which causes elongation of the Fe−ligand
bonds, loss of Fe-ligand orbital overlap, and therefore reduction
of the Fe p MO character that contributes to the vtc emission
lines. The energy shift is also expected from the bond
elongation; the blue shift indicates a destabilization of the
probed MOs, a result of the diminished orbital overlap. Further
analysis of the DFT calculated vtc-XES spectra indicates that
fine details in the Kβ″ region hold more information about the
valence MO structure. Additionally, calculations reveal that
newly populated MOs in the HS state contribute to the high
energy side of the Kβ2,5 vtc peak. While these finer features are
difficult to observe in our present measured spectra due to the
limited statistics, new experimental opportunities with X-ray
sources providing higher flux, such as “pink beam” capability at
synchrotrons and upcoming high-repetition-rate XFELs,
promise to enable more detailed experimental observations.
Time-resolved vtc-XES offers a means of directly monitoring
photoinduced changes in the valence orbitals, those directly
involved in photoinitiated dynamics, with penetration power
and elemental specificity. Combined with other hard X-ray
techniques, such as EXAFS, vtc-XES can be used to correlate
valence orbital changes with geometric changes for a wide
variety of systems.
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