Photoinduced Valence Tautomerism of a Cobalt-Dioxolene Complex Revealed with
Femtosecond M-edge XANES
Ryan Ash, Kaili Zhang, Josh Vura-Weis*
Department of Chemistry, University of Illinois at Urbana-Champaign
* Corresponding author: vuraweis@illinois.edu
Abstract
Cobalt complexes that undergo charge-transfer induced spin-transitions (CTIST) or
valence tautomerism (VT) from low spin (LS) CoIII to high spin (HS) CoII are potential
candidates for magneto-optical switches. We use M2,3-edge XANES spectroscopy with 40 fs
time resolution to measure the excited-state dynamics of CoIII(Cat-N-SQ)(Cat-N-BQ), where
Cat-N-BQ and Cat-N-SQ are the singly and doubly reduced forms of the 2-(2-hydroxy-3,5-ditert-butylphenyl-imino)-4,6-di-tert-butylcyclohexa-3,5-dienone ligand. The extreme ultraviolet
probe pulses, produced using a tabletop high-harmonic generation light source, measure 3p3d
transitions and are sensitive to the spin and oxidation state of the Co center. Photoexcitation at
525 nm produces a low-spin CoII ligand-to-metal charge transfer state which undergoes
intersystem crossing to high-spin CoII in 67 fs. Vibrational cooling from this hot HS CoII state
competes on the hundreds-of-fs timescale with back-intersystem crossing to the ground state,
with 60% of the population trapped in a cold HS CoII state for 24 ps. Ligand field multiplet
simulations accurately reproduce the ground-state spectra and support the excited-state
assignments. This work demonstrates the ability of M2,3-edge XANES to measure ultrafast
photophysics of molecular Co complexes.
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1. Introduction
Spin crossover (SCO) in transition metal complexes has gathered considerable attention
for its potential use in magneto-optical switching and high-density data storage devices.1–5
Molecules undergoing SCO exhibit changes in optical and magnetic properties with external
stimuli such as temperature, pressure, or light. Upon initiation by a laser pulse, a cascade of
coupled electronic and nuclear motion propels a molecular system from a low spin (LS) state
into a metastable high spin (HS) state. Most SCO complexes have LS and HS states that only
differ in the electron configuration on the metal center, but several cobalt complexes have LS
and HS states with a change in the electronic configuration of both the metal and ligands. The
difference between the states involves an electron transfer between metal and ligand orbitals,
with the phenomenon referred to as a charge-transfer induced spin-transition (CTIST) or valence
tautomerism (VT). This class of compounds includes well studied materials such as Co-Fe
Prussian Blue analogues and Co dioxolene complexes.5–9 Dioxolene ligands have valence
orbitals close in energy to those of third-row transition metal d orbitals, and can exist in multiple
oxidation states. Previous results showed that the electronic structure of the two valence
tautomers are localized, and can be thought of as electron transfer between the ligand and metal,
with the metal center changing from LS CoIII ↔ HS CoII.10–13
One such compound that exhibits valence tautomerism is CoIII(Cat-N-SQ)(Cat-N-BQ),
where Cat-N-BQ is the singly reduced 2-(2-hydroxy-3,5-di-tert-butylphenyl- imino)-4,6-di-tertbutylcyclohexa-3,5-dienone ligand and Cat-N-SQ is the doubly reduced analogue (Figure 1).
This molecule interconverts between LS CoIII(Cat-N-SQ)(Cat-N-BQ) and HS CoII(Cat-NBQ)2.10,14 The LS tautomer is a spin doublet with a radical localized on a single (Cat-N-SQ)
ligand, whereas the HS tautomer is a spin quartet with the spin localized on the metal center. For
the sake of brevity, both tautomers will be referred to as Co(DQ)2, where DQ is a singly or
doubly reduced shiff-base diquinone ligand. Ultrafast optical and infrared transient absorption
studies with 200 fs time resolution have shown that upon photoexciting the LS tautomer at 525
nm, the HS state forms in hundreds of
femtoseconds.15,16 An intermediate state
was identified in the optical transient
absorption (OTA) results with a
lifetime of ≤180 fs (potentially limited
by the instrument response function),
which was suggested to be a LS CoII /
oxidized ligand state. However, the
multitude of intraligand transitions in
the visible region makes assignment of
the electronic structure of the Co center
difficult. Recent calculations by van
Veenendaal of a single CoII atom
Figure 1: Structure of the two valence tautomers of
coupled to a symmetric M-CN
the Co(DQ)2 system: LS CoIII(Cat-N-SQ)(Cat-Nvibrational mode suggested that
BQ) (left) and HS CoII(Cat-N-BQ)2 (right).
intersystem crossing (ISC) from the
Frank-Condon LS CoII state to the
metastable HS state could occur within 20 fs, and the Co center might populate higher energy
quartet states during relaxation.17
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Despite the great interest in CoII systems undergoing CTIST/VT, no transient
experiments have been performed that directly probe the electronic state of the metal center with
the time resolution necessary to observe the intersystem crossing. Many commonly used
techniques to characterize metal-centered spin states, such as magnetometry and EPR, lack the
femtosecond time resolution necessary to observe short lived excited states. Core-level
techniques such as L-edge X-ray absorption near-edge structure (XANES) and Kß x-ray
fluorescence are sensitive to the spin of the Co center18,19 and have been successfully used to
probe the temperature-dependent spin state of a valence tautomer similar to the one studied
here.11 While ultrafast core-level spectroscopy of Fe complexes has provided important insights
into the excited-state electronic structure of molecules such as FeII polypyridyl complexes,20–24
femtosecond experiments at the Co edge are less common.25–28 The intermediate spin states
involved in photoinduced VT have therefore remained elusive.
Extreme ultraviolet (XUV) spectroscopy probes the M2,3-edge of third-row transition
metals (hereafter written as “M-edge” for brevity). The 3p → 3d dipole-allowed transitions lying
between 30-100 eV contain information about the oxidation state, spin state, and coordination
geometry of the metal center, and can be predictably reproduced using ligand-field multiplet
(LFM) simulations.29–32 The development of ultrafast XUV light sources based on high-harmonic
generation (HHG) has extended the applicability of M-edge spectroscopy to study the dynamics
of 3d transition metal complexes. Femtosecond M-edge XANES has been used to measure
excited-state relaxation dynamics in Fe and Ni complexes31,33,34 and in transition metal oxide
semiconductors,35–39 but its applicability to molecular cobalt complexes has not yet been
demonstrated. In the present work, we use this emerging technique to measure the mechanism
and timescale of ultrafast valence tautomerism in Co(DQ)2 from the perspective of the metal
center, revealing an initial LS CoII state that precedes competitive vibrational cooling and
intersystem crossing processes.
2. Methods
Co(DQ)2 was synthesized according to literature procedures,10 and samples were
deposited as ~125 nm thick films on 100 nm Si3N4 membranes via vacuum sublimation. The
sublimation was performed at 1x10-5 torr and 210°C, with a deposition rate of 0.1-0.3 Å/s. The
complex initially deposits as a mixture of the two valence tautomers, so films were than annealed
at 170°C for 30 minutes to convert the majority of the film to the 1CoIII(Cat-N-SQ)(Cat-N-BQ)
phase.
XUV photons for M-edge XANES studies were produced via high-harmonic-generation
using the instrument shown in Figure 2A. XUV pulses with a duration of ~15 fs are generated by
focusing a Ti:sapphire driving laser pulse (800 nm, 4 mJ, 35 fs, 1 kHz) into a semi-infinite gas
cell40 containing 100 torr Ne. The residual 800 nm photons are attenuated with a Si mirror and
100 nm Al filter. The XUV pulse is then transmitted through the sample and dispersed onto an
array CCD. As shown in Figure 2B, the broadband probe spans 40 to 90 eV. Odd harmonics of
the 800 nm driving field create peaks every 3.1 eV,41 but the broad continuum beneath these
peaks is suitable for absorption spectroscopy. The spectrometer resolution of roughly 0.3 eV is
measured daily by fitting atomic transitions of Xe+ and Kr+. The instrument is maintained at a
pressure of <10-6 torr to prevent absorption of the XUV probe by air. For transient absorption
experiments, a fraction of the Ti:sapphire output (0.7 mJ) is fed into a noncollinear optical
parametric amplifier (TOPAS White) to generate 10 µJ, 30 fs pulses centered at 525 nm. This
3

Figure 2: A) Schematic of the XUV spectrometer. XUV photons are produced by highharmonic generation, then transmitted through a sample and dispersed onto an array CCD. B)
Normalized probe spectrum after passing through a 100 nm Si3N4 membrane.
pump fluence generates an excitation fraction of ~14%, calculated using the measured
absorbance at the pump wavelength. Samples are cooled by a stream of N2 gas to reduce the
effects of accumulative pump laser heating between shots. Time-zero and the instrument
response function (IRF) of 40 fs FWHM were measured by concurrent transient absorption of the
IRF-limited LMCT state in α-Fe2O342.
M-edge spectra of transition metal complexes are simulated using ligand field multiplet
(LFM) theory.29,30,32 Briefly, the metal center is modeled using a parametric Hamiltonian
containing electron-nuclear and electron-electron coulomb terms, spin-orbit coupling and an
electrostatic crystal field. Slater-Condon electron-electron repulsion and mixing parameters were
reduced to 60-100% of their free ion values to account for electron delocalization. The
simulation assumes an octahedral crystal field with the field splitting parameter 10Dq of 2.7 eV
for LS CoIII and 1.5 eV for HS CoII. The crystal field splitting for the LS CoII simulation is also
set to 2.7 eV to account for its preparation in a Frank-Condon state with the same ligand field as
the LS CoIII state. Spin-orbit coupling constants were kept the same as the free ion values. A
similar computational framework has been used successfully to understand L-edge spectra,
including ultrafast studies of FeII spin crossover complexes. 24 Further information about the
LFM simulations can be found in the Supporting Information section S2.
3. Results
3.1. Sample preparation and ground state spectra
Thermal evaporation of Co(DQ)2 produces a film that is a mixture of the lowtemperature LS CoIII and high-temperature HS CoII tautomers. As shown in Figure 3A, the UVVis absorption spectrum of the as-deposited film has peaks at 390, 430 and 530 nm, in addition
to a broad absorption feature from 700-800 nm. This low-energy absorption feature is assigned
to the HS CoII tautomer14. Upon annealing, the 700-800 nm feature disappears and the peaks at
390, 430 and 530 nm rise, indicating conversion from the HS CoII tautomer to the LS CoIII
tautomer. The annealing process removes the ability of Co(DQ)2 to undergo thermally induced
VT, with the film decomposing upon further heating before showing any spectral changes. The
film can be redissolved in toluene, showing the same UV-Vis spectra as the synthesized
compound and re-exhibiting thermal VT in solution upon heating above room temperature. The
bulk solid does not exhibit the same behavior on annealing. The loss of thermal VT on annealing
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is likely from a change in the molecular packing of the annealed film that increases the energy
difference between the two valence tautomers.
Ground state M-edge XANES spectra of the as-deposited and annealed films are shown
in Figure 3B. The annealed film has peaks at 65.0, 68.4, and 74.0 eV with a weak shoulder at
61.6 eV. In the as-deposited film, the 74.0 eV peak is attenuated and the 61.6 eV shoulder and
main peak gain intensity, with the main peak shifting from 65.0 to 64.4 eV. The difference
spectrum (Aas-deposited - Aannealed) in Figure 3A highlights the changes upon annealing, with a main
peak at 62.1 eV, shoulders at 59.9 and 66.4 eV, and a broad negative feature from 70-85 eV.
Two independent effects combine to blueshift the LS CoIII spectrum relative to HS CoII. First,
the increased effective nuclear charge on LS CoIII stabilizes the 3p orbitals. As in K-edge and Ledge XANES, an oxidation state change of +1 causes a 1-2 eV blueshift. Second, in the HS CoII
state there is increased exchange
stabilization of the 3p53d6 core-state,
B
which redshifts high-spin spectra relative
to their low-spin analogues29. This
behavior is also observed in L2,3-edge
spectra of 3rd row transition metal
complexes24,43. The experimental
spectral changes are in good agreement
with LFM simulations of a combination
C
D
of HS CoII and LS CoIII species. As
shown in Figure 3C, the LFM simulation
for the HS CoII species (4T1g) predicts a
shoulder at 60.0 eV followed by a larger
main peak at 63.0 eV. Note that we use
Mulliken term symbols to denote the
multiplicity and symmetry of the metal
Figure 3: A) UV-Vis spectra of the Co(DQ)2 films
center, not the overall complex. The LS
III
1
as deposited (red) and annealed (blue). B) Ground
Co simulation ( A1g, with a radical on
state M-edge absorption spectra of the as
the ligand) predicts three features of
deposited (red) and annealed (blue) films along
similar intensity at 64.3, 68.7 and 74.3
with their difference (black). C) LFM simulations
eV. These peaks can be understood
for a HS CoII complex (red) and LS CoIII complex
through a straightforward application of
(blue). D) LFM simulations of the as-deposited
ligand field theory, as described in detail
(red) and annealed (blue) films by taking a
in the Supporting Information section
60%:40% and 10%:90% linear combinations of
S2. By forming linear combinations of
the HS CoII– LS CoIII shown in C. The difference
the simulations and comparing them to
the experimental spectra, we estimate the between the simulated spectra is shown in black.
as-deposited film to be a mixture of a
60% HS CoII: 40% LS CoIII. When annealed, we estimate this percentage shifts to 10%:90%
(Figure 3D). Conveniently, the difference between the experimental annealed and as-deposited
spectra gives the expected transient spectrum for photoinduced VT in the Co(DQ)2 system, with
shoulders at 59.7 and 65.6 eV, main peak at 62.0 eV, and bleaches at 68.9 and 74.6 eV.
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3.2. Transient M-edge XANES
Transient M-edge XANES spectra of Co(DQ)2 after photoexcitation at 525 nm are
summarized as a contour plot in Figure 4A, showing the difference in absorption after laser
pumping (Apump on – Apump off) as a function of energy and delay time between the pump and
probe pulses. As noted in the methods section, absolute t0 and the instrument response of 40 fs
FWHM are measured by fitting the rise of the LMCT state in α-Fe2O3. Spectral slices at several
delay times are shown in Figure 4B. The IRF limited spectrum depicted in the 10 fs slice has a
weak induced absorption at 61.5 eV and a bleach and from 72-80 eV. In the first 100 fs, the
induced absorption feature rises and blueshifts to 62.5 eV. The dark blue line in Figure 4A tracks
the energy of the peak maximum at each timepoint, and shows that this blueshift is complete by
60 fs. By 250 fs, the transient spectrum is similar to the difference spectrum between the asdeposited and annealed films, as expected for conversion of LS CoIII to HS CoII. The difference
between the spectrum after 250 fs and the as-deposited vs annealed spectrum is likely due either
to a difference in the local environment (molecular packing) or to the photoexcited molecules not
being fully vibrationally equilibrated.44

B

Figure 4: A) Contour plot of transient M-edge XANES of Co(DQ)2, with the dark blue trace
showing the energy of the max induced absorption over time. B) Spectral slices within the
first picosecond of laser excitation, showing a delayed rise of a feature that shifts to higher
energies then reduces in intensity after a few hundred femtoseconds. The transient spectrum at
250 fs and beyond is similar in shape to the difference spectrum between annealed and
unannealed films shown in gray, scaled to match the height of the 250 fs spectrum.
6

Within the first few ps, the transient signal drops by ~40% of the maximum observed
value (Figure 5C), then decays further over the next 100 ps. A weak signal with a peak at 63.0
eV lasts longer than the time window of the experiment (> 2 ns). This long-time signal strongly
resembles the GS difference spectrum. Based on the spectral shape and previous transient
experiments using thin film samples,31,45 we assign the long-lived state as a thermal population
of the CoII HS state from pump laser heating. This heat shifts the equilibrium between the HS
and LS isomers in the laser spot and temporarily results in a higher concentration of HS species.
The spot cools before the next laser shot 1 ms later and restores the original equilibrium.
3.3. Kinetic modeling
𝑘𝑘1

𝑘𝑘2

𝑘𝑘3

The data was first fit to a 4-state 𝐴𝐴 → 𝐵𝐵 → 𝐶𝐶 → 𝐷𝐷 sequential model in which state D
accounts for the persistent long-lived heat signal and not to a separate electronic state of the
photoexcited molecules. Time zero and the 40 fs instrument response function are fixed to the
values obtained from concurrent transient absorption of α-Fe2O3. Global fitting extracts 3
component spectra with time constants (𝜏𝜏 = 1/k) 𝜏𝜏1 = 67 ± 3 fs, 𝜏𝜏2 = 268 ± 16 fs, and 𝜏𝜏3 = 23.8 ±
2.1 ps. Component D is treated as a shelf with an infinite time constant as it does not decay over
the 2 nanosecond experimental window. This kinetic model is summarized in the inset to Figure
5A. The IRF-limited first absorption feature (state A) has weak peaks centered at 61.7, 65.5 and
71.5 eV. The second and third component spectra (states B and C) are almost identical in shape
having a main peak at 62.5 eV and shoulders at 60.0 and 65.2 eV, with the main difference being
their intensities (Figure 5A). Specifically, state C has 40% lower intensity than state B. The
fourth component spectrum (state D) has a similar shape as both B and C but is further reduced
in intensity.
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D

Figure 5: A) Spectral components obtained from the sequential kinetic model. Inset: diagram
of the kinetic model with time constants. B) Spectral components obtained from the parallelpathway model. Inset: kinetic model with time constants. State D in both models is attributed
to a thermal population of the HS CoII state by pump laser heating. C) Kinetic traces at 62.0
(blue) and 76.5 (black) eV with the sequential (solid line) and parallel (dashed line) fits. D)
Kinetic traces at 61.7 (black circles) and 63.0 (red triangles) eV with the fits shown as solid
lines. The error bars represent ±1 standard error of the measurement. The instrument
response is shown as a blue gaussian.
The similarity between the spectra of states B and C in the sequential model suggests that
instead of the system passing through 3 different electronic states, there is another relaxation
pathway from state B in the first few ps that results in a reduction in its population. Following
this logic, the data was refit to a model with parallel relaxation pathways, as shown in the inset to
Figure 5B. State B is assumed to be a vibrationally hot state that either cools to state C or relaxes
directly to D. State C then relaxes slowly to state D. The extracted spectral components look
almost identical to the sequential model fit with changes in scaling of state C. This parallelmodel fit yields relaxation rates of 𝜏𝜏2= 460 ± 38 fs for BC vibrational cooling and 𝜏𝜏2’= 640 ±
19 fs for BD relaxation to the ground state, with the same rate constants for 𝜏𝜏1 and 𝜏𝜏3 as in the

8

sequential model. The addition of these time constants closely matches 𝜏𝜏2 in the sequential
model: (1/𝜏𝜏2 + 1/𝜏𝜏2’)-1 = 268 fs. This parallel fit suggests that 40% of the overall population of
the vibrationally hot state B relaxes to state D before vibrational cooling, which correlates well
with the ~40% reduction in signal intensity between states B and C in the sequential model.
Both models give an identical fit to the data, with reconstructed kinetics compared to the
data in Figure 5C. At early times, both models clearly capture an initial IRF-limited species A
that evolves into a second species B in 67 fs. The time delay between these states is shown in
Figure 5D, which plots the rise of the signal at 61.7 eV (the peak of A) and 63.0 eV (slighly to
the blue of the peak of B). The rise at 63.0 is delayed by ~12 fs from the IRF-limited rise at 61.7
eV.
3.4. Assignment of component spectra
As discussed above, the global fit (or simple inspection of the early-time transient
spectra) identifies two distinct states in the first tens of femtoseconds after photoexcitation. The
spectra of these states A and B are reproduced in Figure 6A, and are assigned as low-spin and
high-spin CoII using the ligand field multiplet simulations shown in Figure 6B.
The LS CoII (2Eg) simulation has
three weak absorption features centered at
61.9, 66.5 and 71.2 eV, while the HS CoII
(4T1g) simulation has a main peak at 62.5
eV with shoulders at 60.0 and 65.6 eV.
The simulated LS CoII spectrum matches
the component spectrum for state A well
both in shape and in its weak intensity
compared to the HS CoII spectrum.
Similarly, the peak positions and overall
shape of the HS CoII simulation are good
matches for the experimental state B, with
B
the main difference being the height of the
shoulders and the depth of the bleach past
66 eV. As was shown in Figure 4B,
experimental states C and D are identical
in shape to B within the noise level of the
experiment. In conjunction with the
parallel kinetic model in the previous
section, state C is assigned as the
vibrationally cold HS CoII state, which to
our metal-centered probe is not
distinguishable from the hot HS CoII state.
Figure 6: A) Extracted component spectra for
As was discussed in Section 3.2, state D
states A (black) and B (red). B) LFM
represents excess heat within the pump
simulations of the LS CoII, 2Eg state (black) and
spot of the thin-film sample which shifts
HS CoII, 4T1g state (red).
the HS/LS equilibrium and produces a
long-lived excess of HS CoII valence
tautomers. Finally, we note that Gentili et al46 proposed that the initial excitation could form a LS
CoIV species. We address this possiblility in the Supporting Information section S3.
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4. Discussion
The photophysics described above are summarized in Figure 7. 525 nm excitation from
the LS CoIII ground state forms an LMCT state with LS CoII and an oxidized DQ1- ligand. The
fast time resolution and spin state specificity of the XUV probe provides the first conclusive
identification of the LS CoII excited state. Intersystem crossing in 67 fs forms vibrationally hot
HS CoII. Back-ISC in 640 fs competes with a 460 fs vibrational cooling time that traps
molecules in a cold HS CoII state. From there, back-ISC occurs in 23.8 ps. A similar interplay
between intersystem crossing and vibrational cooling has been observed in other transition metal
complexes.47 For example, photoexcitation of Cr(acac)3 leads rapidly to an equilibrium between
hot 4T2 and 2E states via thermally activated intersystem crossing.48–51 Approximately 20% of
the population traps in a cold 2E state which relaxes in hundreds of ps. An important difference
between the Cr(acac)3 and Co(DQ)2 systems should be noted: in Cr(acac)3 the thermally
activated back-ISC repopulates an excited state (4T2), but in Co(DQ)2 the ground state is
repopulated.
Co(DQ)2 was previously studied by
optical transient absorption with ~200 fs
time resolution.15 A time constant of 180 ±
20 fs was reported for the first relaxation
step, which we have identified here as LS
CoIIHS CoII intersystem crossing. This
time constant was likely limited by the IRF
or by a slight dependence of the optical
signal on the ligand dynamics, and is
therefore consistent with the M-edge
XANES result. More significantly, the
back-ISC lifetime from the cold HS CoII
state measured as 410 ps in chloroform
solution is significantly slower than the
23.8 ps we measure in a thin film with MFigure 7: Proposed dynamics of photoinduced
edge XANES. This difference in relaxation
valence tautomerization in a Co(DQ)2 thin film
times is likely a mixture of solvation and
thin-film heating effects. Faster relaxation
from the HS CoII state of a similar Co complex has been observed previously in doped polymer
films and was attributed to an environment-dependent energy difference between the two
tautomers.52 It is well known that solvation effects play a key role in the valence tautomerization
process, and can either change the transition temperature or entirely deactivate the process.9,53–56
This has been attributed to intermolecular factors such as a change in polarity or lattice softness
in crystalline VT compounds, which either changes the barrier or the energy difference between
the two tautomers. It is likely that annealing produces one or both effects. The loss of thermal
VT in the film suggests a stabilization of the LS CoIII tautomer, which lowers the activation
barrier for back-ISC. This correlation between energy gap and relaxation time is well known in
FeII systems, and is referred to as the inverse energy gap law.57 Sample heating also contributes
to fast back-ISC in the thin film. As shown in the Supporting Information section S1, optical
transient absorption (OTA) data was collected on the same thin film sample used for XUV data
collection and gave a 60 ps decay time. The difference in the relaxation times between the OTA
10

and M-edge experiments is likely due to the change from atmospheric convective cooling to
cooling by a stream of N2 in vacuum: the steady-state temperature of the sample is likely higher
in the latter, which accelerates the thermally activated back-ISC. The development of in-vacuum
thin liquid sheet-jets may soon allow transient XUV spectroscopy to be performed in the solution
phase, 58,59 allowing this environment dependence to be tested experimentally.
5. Conclusion
In summary, femtosecond XUV transient absorption spectroscopy shows that 525 nm
excitation of the valence tautomeric complex Co(DQ)2 forms a low-spin CoII LMCT state within
the 40 fs instrument response. The complex then undergoes rapid intersystem crossing in 67 fs to
a hot high-spin CoII state. Vibrational cooling in 460 fs competes with rapid back-intersystem
crossing, with 40% of the excited-state population relaxing to the LS CoIII ground state from the
hot HS CoII state. The cold HS CoII state relaxes the ground state in 24 ps, with a strong
influence from sample temperature and environment. This work showcases the growing
importance of ultrafast core-level spectroscopy for transition metal photophysics. The spin
sensitivity of M-edge XANES revealed branching between vibrational and electronic relaxation
that was not separable with visible-light probes. The fast time resolution and in-lab convenience
of this technique makes it a promising complement to hard X-ray probes of Co complexes.

Supplementary Material
Optical transient absorption in thin films and in solution, ligand field multiplet
simulations and assignment of spectra, IRF and time-zero determination, description of fit
algorithm.
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