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ABSTRACT 

Femtosecond time-resolved X-ray absorption (XANES) at the Co-K-edge, X-ray emission (XES) 

in the Co-K and valence-to-core region, and broadband UV-vis transient absorption are combined 

to probe the femtosecond to picosecond sequential atomic and electronic dynamics following 

photoexcitation of two vitamin B12 compounds, hydroxocobalamin and aquocobalamin. Polarized 

XANES difference spectra allow identification of sequential structural evolution involving first 

the equatorial and then the axial ligands with the latter showing rapid coherent bond elongation to 

the outer turning point of the excited state potential followed by recoil to a relaxed excited state 

structure. Time-resolved XES, especially in the valence-to-core region, along with polarized 

optical transient absorption suggests that the recoil results in formation of a metal-centered excited 

state with a lifetime of 2-5 picoseconds. This combination of methods provides a uniquely 

powerful tool to probe the electronic and structural dynamics of photoactive transition metal 

complexes and will be applicable to a wide variety of systems.  

  



Watching Excited State Dynamics with Optical and X-ray Probes 3 

INTRODUCTION 

Cyclic metal-centered tetrapyrroles comprise an important class of cofactors that includes the 

porphyrins, hemes, chlorins, and corrins.  These are widely utilized both in biological systems and 

in synthetic chemistry. The reactions of these molecules exploit changes in oxidation state, spin 

state, axial ligation, and electronic structure. In addition to their ground state reactivity, the strong 

optical absorption of the conjugated ring has led to a variety of photochemical applications ranging 

from light harvesting and energy conversion to photodynamic therapy, gene regulation, and drug 

delivery.1-9 Ultrafast transient absorption spectroscopy in the visible and ultraviolet regions of the 

spectrum has proven to be an invaluable tool in the study of these photochemical transformations.  

Unfortunately, UV-visible transient absorption spectra can be ambiguous to interpret and do not 

typically provide a direct link to molecular structure. As a consequence, while time scales can be 

exquisitely well defined using UV-visible transient absorption spectroscopy, the connection to 

electronic and structural dynamics is often less clear.10-15 Ultrafast X-ray spectroscopies offer an 

element specific probe of these dynamics, helping to refine assignments and thus providing new 

understanding of the structural transformations that occur following photoexcitation.16-23 In this 

paper we use ultrafast X-ray absorption at the Co K-edge and ultrafast X-ray emission in the K1,3 

and valence-to-core regions to probe the excited state dynamics of two cobalamin compounds and 

use the results to obtain insights into the excited state dynamics. 

Cobalamin compounds are of increasing interest, both for their biological function and their 

synthetic potential. Enzymatic reactions of coenzyme B12 (adenosylcobalamin, AdoCbl) and 

methylcobalamin (MeCbl) are essential for human health and well-being.24,25 As a consequence, 

the ground state chemistry of cobalamins has been investigated extensively. More recently, the 

significance of the photochemistry of cobalamins has been realized with applications exploiting 
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both the photolability of alkylcobalamins and the photostability of non-alkylcobalamins such as 

aquo, hydroxo, and cyanocobalamin (H2OCbl+, HOCbl, CNCbl).  

Chemical reactivity is controlled by the coupled dynamics of electrons and nuclei. The 

photochemical and photophysical pathways accessed in cobalamins are determined by seams of 

intersection between several low-lying electronically excited states.26-28 Structural deformations 

coupled with changes in electronic configuration facilitate internal conversion and relaxation.  

While alkylcobalamins are generally photolabile, resulting in cleavage of the Co-C bond on a sub 

nanosecond time scale, this can be modified by the environment and by the nature of the alkyl 

ligand.29-32 In fact, control of the photochemistry of AdoCbl is vital to the sensing function of the 

B12 dependent photoreceptor, CarH.7,33-38  

In contrast with the photolability of alkylcobalamins, non-alkylcobalamins are generally 

photostable. Channels for rapid internal conversion to the ground electronic state compete 

effectively with bond dissociation and radical pair formation. Cyanocobalamin (vitamin B12, 

CNCbl) is the most commonly isolated form of the cofactor. The quantum yield for photolysis of 

CNCbl in solution is vanishingly small, although triplet mechanisms for photodegradation of the 

solid have been reported.39 Internal conversion to the ground state occurs on a picosecond time 

scale dependent on solvent polarity and temperature.40,41 Both aquocobalamin (H2OCbl+, vitamin 

B12a, Figure 1) and hydroxocobalamin (HOCbl, vitamin B12b) are photostable under visible and 

near-UV excitation, although bond homolysis is observed with excitation wavelengths shorter than 

300 nm.11,42 The photostability of H2OCbl+ and HOCbl is essential to the gene regulation function 

of the AeR proteins.43-46 In addition to this natural biological function, cobalamins also provide a 

promising platform in optogenetics,34,35,47 as light-activated agents for spatially and temporally 

controlled delivery of therapeutic agents,8,9 and as a biocompatible scaffold for CO releasing metal 
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carbonyls.48,49 Thus, the factors controlling the photochemistry of cobalamins are also of 

significant practical interest. 

 

 

Figure 1. Left) Schematic illustration of the structure of HOCbl and H2OCbl+, showing the 

molecular coordinate system used in this work (inset gives a truncated view of the ring looking 

down the z axis).  Right) UV-visible absorption spectra of HOCbl and H2OCbl+.  

Detailed understanding of the nature of the coupled electronic and atomic degrees of freedom 

responsible for the observed photochemistry and photophysics of cobalamins remains elusive. 

Ultrafast UV-Visible spectroscopy (Transient absorption or TA) allows the monitoring of valence 

electronic and coupled vibrational changes with exceptional time resolution and sensitivity. 

However, interpretation of these data can be challenging.  While coherent oscillations will 

sometimes reveal details about the vibrational motions that are coupled to the excitation, it is more 

often the case that structural dynamics can only be inferred indirectly. Moreover, the use of visible 

light for both excitation and probing means that the earliest processes (<100 fs) are often obscured 

by coherent features arising from interactions of the pump and probe beams, but unrelated to the 

photochemistry and photophysics of interest.  

The UV-visible transient absorption spectra of both H2OCbl+ and HOCbl for a range of 

excitation wavelengths were reported earlier.11 These data were modeled using a global analysis 

fit to a sum of exponentials yielding a fast component (0.35  0.15 ps, H2OCbl+ and 0.30  0.10 
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ps, HOCbl), and a small amplitude picosecond decay (2.3  0.3 ps, H2OCbl+ and 5.3  0.4 ps, 

HOCbl). The identification of additional faster components, <100 fs, in these data was complicated 

by the limited time-resolution and the presence of coherent features (eg. cross phase modulation, 

two-photon absorption, and stimulated Raman scattering), but are now identified in the X-ray 

measurements (see below).  Thus, both species show evidence for three different excited state 

species or evolution associated populations consistent with a model S0 →A→B →C → S0 where 

A represents the initial (Franck-Condon) excited state, which decays first to a population B, then 

to C, and then ultimately to the ground state.  Despite that broad similarity in temporal behavior, 

the spectral changes for H2OCbl+ and HOCbl were different. In particular, the absence of clean 

isosbestic points for H2OCbl+ suggested that this species relaxed through rapid (0.35 ps) formation 

of a vibrationally hot ground state which thermally equilibrated over the next several ps, while 

HOCbl relaxed first to a relatively long-lived (5 ps) excited electronic state, which then underwent 

internal conversion to the ground state.  These observations, together with theoretical calculations 

suggesting a pathway for rapid internal conversion for H2OCbl+ but not for HOCbl,11 led to the 

hypothesis of distinct photophysical pathways for the two molecules.  

With the development of femtosecond X-ray free electron lasers (XFELs), it has become 

possible to interrogate directly the coupled electronic and structural changes that are responsible 

for chemical transformations, and to do so on femtosecond time scales and with element-specific 

sensitivity. Photoactive transition metal compounds provide a particularly fruitful system for the 

application of ultrafast X-ray methods. Polarized time-resolved X-ray absorption (tr-XAS ) in the 

X-ray absorption near edge structure (XANES) region  is sensitive to the scattering of the X-ray 

excited photoelectron by nearby atoms, and thus can be used to study sequential structural 

dynamics of cobalamins and other compounds.21,22 In contrast, XAS features in the pre-edge region 
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and X-ray emission (XES) can be described as bound-state transitions and are thus more sensitive 

to details of the electronic structure.  Time-resolved X-ray emission (tr-XES) and tr-XAS can thus 

be used to probe both the electronic and structural dynamics of the photoexcited cobalt.13,50-56 

Combined, these methods provide a powerful probe of photochemical dynamics.  In prior studies, 

we used tr-XANES at the cobalt K-edge to probe the excited state dynamics of AdoCbl and 

CNCbl.21-23 Here, we combine cobalt K-edge tr-XAS in the pre-edge and XANES regions with 

cobalt K and valence-to-core tr-XES to probe the femtosecond and picosecond electronic and 

structural dynamics of H2OCbl+ and HOCbl. The focus of our studies is on the initial coherent 

wave packet motion and on the mechanisms for ground state recovery in these two compounds. 

Our XANES and XES measurements suggest that both molecules exhibit similar excited state 

dynamics, differing in time scale, but not in mechanism. 

RESULTS 

XANES 

Time-resolved XANES spectra of H2OCbl+ and HOCbl following 520 nm excitation were 

obtained for time delays between -0.4 ps and 2 ps. The isotropic difference spectra are plotted in 

Figure 2. Both compounds exhibit a large transient signal that decays to a much smaller signal 

within half a picosecond. For HOCbl, a high potassium concentration and small number of scans 

results in a much lower signal-to-noise ratio. However, the general trends are the same. 
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Figure 2.  Isotropic tr-Co-XANES difference spectra for H2OCbl+ (left) and HOCbl (right). 

The tr-XANES data are consistent with the presence of at least 3 distinct excited state species: 

an initial * excited state produced immediately upon optical excitation that will be designated 

“A” identified by the positive difference signal around 7.73 keV at the very earliest times; a 

population present at ca. 150-200 fs corresponding to the maximum of the transient signal that will 

be designated “B”; and a longer-lived state that will be designated “C” with a lifetime of ca. 2.3 

ps for H2OCbl+ and 5.3 ps for HOCbl. An estimate of the excitation fraction, f, permits the 

reconstruction of the corresponding excited state spectra from the isotropic difference spectrum 

STotal as defined in Eq. 1.  
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The excitation fraction is estimated as f=0.4 for H2OCbl+ and 0.5 for HOCbl (see Experimental 

Methods and SI for more detail). The evolution of the excited state spectra and the estimated 

spectra for each population, A, B, and C, are illustrated in Figure 3. 

 

Figure 3. Evolution of the XANES spectrum as a function of time. The surface plots in the lower 
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panels illustrate the motion of the Co XANES edge. The upper panels illustrate the isotropic 

difference spectra, the ground state XANES spectrum, and the estimated excited state XANES 

spectra at the earliest time delays (A), at ca. 150 to 200 fs (B) and of the species with a picosecond 

lifetime (C).  

The signals obtained for parallel and perpendicular polarization geometries allow us to 

distinguish the structural changes that occur along the direction of the initially excited transition 

dipole (defined as the molecular x-axis) from those that occur in the orthogonal directions.10,21-23 
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The optical pulse energy for the measurements on H2OCbl+ was higher than desired for optimal 

polarization discrimination and the data were therefore corrected for imperfect polarization 

discrimination (See the Experimental Methods section as well as additional discussion in SI 

including Figures S8 and S9). Measurements made earlier with much lower optical pulse intensity 

confirm the validity of this correction (Figure S9). As illustrated in Figure 4, the initial transient, 

A, is confined primarily to the ring.  There is a small difference signal polarized in x and similarly 

sized signal in y+z.  While y and z cannot be distinguished experimentally, the approximate 4-fold 

symmetry of the corrin argues in favor of the initial y+z transient in A arising primarily from y-

polarized distortions, with the similar amplitude suggesting that there are equal x- and y-polarized 

contributions. In contrast, species B is characterized by a large increase in the y+z-component. 

This demonstrates that B is dominated by expansion of one or both axial bonds. The picosecond-

lived state C is characterized by smaller differences in the axial direction and almost no x-polarized 

contribution suggesting that the ring has returned nearly to the ground-state structure in C. The 

data for HOCbl plotted in Figure 4 were obtained using a lower optical pulse energy. As a result, 

the excitation fraction is smaller (f=0.25) and the polarization discrimination is better than for 
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H2OCbl+, although noise from potassium scattering complicates the analysis. The data available 

for HOCbl does not permit decomposition into direction dependent contributions at the earliest 

times (species A), but the trends at longer time delays are similar for the two molecules. 

 

Figure 4. The polarization decomposition for the tr-Co-XANES observed following excitation of 

H2OCbl+ and HOCbl. The data for HOCbl does not permit decomposition into direction dependent 

contributions for the initial species designated A. The excitation fraction for H2OCbl+ was ca. 0.4 

and as a result the polarization discrimination is imperfect. A correction was applied in the left hand 

column of Figure 4 (See SI discussion and Figure S9).  The excitation fraction for the HOCbl data 

plotted here was ca. f=0.25 and a correction is unnecessary. 

XAS Pre-Edge Region 

Qualitatively, the pre-edge region of H2OCbl+ shows two resolved transitions, a relatively 

strong feature at ~7710.1 eV and a broad weaker feature ~ 5 eV higher energy. The intensity of 

the first feature is higher than would typically be expected for an approximately octahedral Co site.  

The larger ground state pre-edge transition for H2OCbl+ peaking at 7710.1 eV is approximately 

Gaussian in lineshape with a FWHM of 1.8 eV, consistent with the convolution of the intrinsic 1s 

core-hole width (ca. 1.25 eV) and estimated spectrometer resolution (ca. 1.5 eV).  In order to shed 

light on the origin of these features, we have used TDDFT calculations of the spectra; in previous 

work,  transitions in this region have been well modeled by TDDFT calculations.57-60 For 

comparison with the experimental spectrum, an energy shift of 17.1 eV was used to match the 
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observed energy of the primary pre-edge transition and a 1.77 eV FWHM Gaussian lineshape was 

used for all transitions (Figure 5). The calculations suggest that there are three main contributions 

to the observed spectrum. At the lowest energy there is a  21 *3 / *
z

s d   transition and ~1.3 

eV higher in energy an unresolved 1 3 / *xys d   transition (see Figs. 1 and 6 for a discussion of 

coordinate system). The former has significant dipole character as a result of 4pz mixing into the 

final state and is predicted to be polarized in the z-direction.  In contrast, the latter has almost 

exclusively quadrupole character.  The dipole character of the first transition accounts for the 

unusually intense pre-edge spectra.   Approximately 4.7 eV higher in energy there are again two 

unresolved transitions, a very weak 21 *3 / *
z

s d   transition and a second 1 3 / *xys d   

transition, but this time an in-phase combination of LUMO+2 and LUMO+3. The latter transition 

gains intensity from 4p mixing and is predicted to have significant x, y, and z components to the 

transition dipole.  The simulation agrees reasonably well with the measured spectrum as shown in 

Figure 5, including agreement with the presence of two clear peaks and the separation between 

these peaks. 
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Figure 5. Experimental and simulated Co pre-edge transitions for H2OCbl+.  The baseline under the 

pre-edge transitions is estimated and subtracted from the data as shown to allow better comparison 

with the calculated spectrum. The structural parameters for the ground state are discussed in more 

detail with the XANES simulations below. Note that the designation 3dxy for the unoccupied 

approximately eg orbital, rather than the more traditional 2 23
x y

d


, is a consequence of the fact that 

we have defined x as the transition dipole moment direction for the visible transition and, as 

illustrated in Figure 1, this falls between the equatorial Co-N bonds rather than along these bonds. 

A similar figure for HOCbl is included in SI (Figure S10). 

The time-resolved X-ray absorption signal in the pre-edge region of H2OCbl+ is consistent 

with a significant change in structure and/or electronic configuration for both species B and C 

(Figure 6). The transition for species B is also approximately Gaussian with a FWHM of 1.8 eV, 

but with a lower intensity than the ground state and is red-shifted to ca. 7709.3 eV. The pre-edge 

transition for state C is approximately Gaussian in lineshape with the same width and intensity as 

the ground state transition, but with a peak at an intermediate energy of ca. 7709.8 eV. The pre-

edge signal is weak, precluding a reliable decomposition into components x and y+z. The time 

traces on the right hand side of Figure 6 are consistent with three dynamic species. There is a rapid 

bleach around 7710.3 eV accompanied by an increase in absorption around 7708 eV and 7712 eV. 

These all show rapid decay over a few hundred fs, accompanied by a delayed increase in absorption 

around 7709.4 eV. Finally, there is a longer-lived species exhibiting a small increase in absorption 

at all of these energies. 
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Figure 6. Left: Isotropic difference spectra and estimated excited state spectra in the Co pre-edge 

region for species B and C following excitation of H2OCbl+. The horizontal bars in the upper panel 

indicate the energy ranges that were integrated to follow the time-evolution of the signal (right 

panel).  The ground and estimated excited state spectra in the lower panel are fit to Gaussian line 

shapes as described in the text. These fits are indicated black dashed lines. Right: The time-

dependence of the tr-XAS signal averaged over the energy ranges indicated by the horizontal bars 

in the upper left panel. The central energy for each range is indicated. 

X-ray Emission  

Time-resolved K1,3 X-ray emission spectra were obtained following 400 nm excitation of 

both H2OCbl+ and HOCbl (Figure 7a,b). The isotropic UV-visible difference spectra following 

excitation at 400 nm are similar to those obtained following excitation in the  band between 530 

nm and 575 nm.11 Coherent features prevent comparisons at early times (<100 fs), but the kinetic 

traces are independent of excitation wavelength at longer time delays (see Figures S6 and S7) 

suggesting similar excited state dynamics following excitation. At least three distinct species are 

revealed in the transient XES data (see Figure S2). The change in the XES band at the very earliest 

time (species A) is characterized by a small red-shift as illustrated in Figure 7d. It is possible that 

the nature of this initial state may depend on excitation wavelength (although see below); however, 
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the identity of later-time UV-visible TA results demonstrates that the later species (>~150 fs) are 

independent of excitation wavelength (See Figure S6). The XES for the excited state species 

designated B is characterized by a blue-shift of the main emission band and an increase in the 

emission intensity around 7.638 keV. The effect is significantly larger for H2OCbl+ than for 

HOCbl. In contrast to this difference at short times, the changes in the XES for the longer-lived 

state C are approximately the same for both molecules.  

 

Figure 7. Tr-XES measurements of the Co K
1,3

 emission band following 400 nm excitation. (a) 

and (b) Surface plots of the time-dependent difference spectra for H2OCbl+ and HOCbl, 

respectively. (c) The time-dependent reduction and recovery of the K
1,3

 main-line emission band 

for H2OCbl+ and HOCbl.  Panels (d), (e) and (f) compare the difference spectra and estimated XES 

spectra of H2OCbl+ and HOCbl for species A, B, and C. (g) The absorption increases in the region 

often designated K are compared for both molecules and all three species. The color key is the 

same as in panel (c). 
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In a separate series of measurements, time-resolved K1,3 XES spectra of both H2OCbl+ and 

HOCbl were obtained following 550 nm excitation. For these measurements, the detector was 

positioned to cover the valence-to-core region between 7.680 keV and 7.720 keV and as a result 

the K1,3 region was limited to energies >7.644 keV. Thus, the region often designated K that is 

highlighted in Figure 7(g) was not included in these measurements. Transient spectra were 

measured for time delays between -400 fs and 1 ps. The transient spectra were also measured at 

set time delays of 200 fs and 1 ps to improve the signal-to-noise ratio for the weak valence-to-core 

transition. These results are summarized in Figure 8. The overall dynamics in the K1,3 region are 

similar to those observed following 400 nm excitation.  

 

Figure 8. Tr-XES measurements of the Co K
1,3

 and valence-to-core emission bands of H2OCbl+ 

and HOCbl following 550 nm excitation. (a) and (b) Surface plots of the time-dependent difference 

spectra for HOCbl in the K
1,3

 and valence-to-core bands. The valence-to-core region for H2OCbl+ 

is plotted in Fig. S11(a). (c) Comparison of the ground state K
1,3

 XES with the difference signals 

obtained at ca. 200 fs and at 1 ps. (d) Comparison of the ground state valence-to-core emission bands 

with the difference signals obtained at ca. 200 fs and at 1 ps. The legend is the same as in panels (c) 
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and (d).  

The transient difference spectra obtained for both H2OCbl+ and HOCbl following 550 nm 

excitation were fit to a model consisting of a sum of three exponential decay components. The 

lifetime of the initial state was fixed at 50 fs, consistent with the XANES measurements described 

above.  The lifetime of the femtosecond species B was allowed to vary freely. Because the time-

resolved emission spectrum was only measured out to 1 ps, the lifetime of the picosecond state 

was fixed at the lifetimes obtained from the UV-visible transient absorption measurements, i.e. 2.3 

ps for H2OCbl+ and 5.3 ps for HOCbl. The lifetimes obtained from this fit for the intermediate 

state B are 0.34 ps for H2OCbl+ and 0.25 ps for HOCbl, consistent with the values obtained from 

the UV-visible TA measurements (0.35  0.15 ps, H2OCbl+ and 0.30  0.10 ps, HOCbl). The 

species associated difference spectra calculated using a sequential model are plotted in Figure 9 

(a) and (b). Kinetic traces averaged over significant spectral regions are plotted with the fits in 

Figures 9 (c) and (d). The fastest transient signal is observed in the valence-to-core region () and 

on the low-energy wing of the K1,3 transition (). The blue-shift of the K1,3 mainline (, ) is 

delayed, peaking around 150 fs. 
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Figure 9. Global analysis of the Co K
1,3

 and valence-to-core emission bands of H2OCbl+ and 

HOCbl following 550 nm excitation. (a) Species associated difference spectra in the K
1,3

 region 

for the three species A, B, and C. The spectra for A are offset for clarity. (b) Species associated 

difference spectra in the valence-to-core region for species B and C following excitation of HOCbl. 

Similar trends are observed for H2OCbl+ although the data are much noisier (See Figure S11). (c) 

The time dependence of the difference signal in the regions of panel (a) designated  and . These 

regions probe the blue shift of the emission band in the excited state. This shift is larger for H2OCbl+ 

than for HOCbl, consistent with the results following 400 nm excitation in Figure 7(c,f). (d) The 

time dependence of the difference signal in the region of panel (a) designated  and the portion of 

the valence-to-core spectrum in panel (b) designated . The transients in these regions were used to 

assign the time zero point for maximum overlap of the optical and X-ray pulses. 

The results presented above suggest that even the changes at very short times are similar for 

400 nm and 550 nm excitation. The initial transient, A, is characterized by a small red-shift of the 

K1,3 emission that is evident primarily on the low-energy wing of the emission band. The 

magnitude of the shift is similar for H2OCbl+ and HOCbl. The * excitation of the corrin ring 

results in a small expansion around the cobalt and a modest change in the intensities and/or 

energies of the underlying transitions in the K1,3 emission band. The bleach at the peak of the 

valence-to-core transition also appears at very early times consistent with involvement of the 

nitrogen atoms in the corrin ring in the * excitation. A decrease in the emission intensity 

could result from an increase in the Co-N bond lengths61 and/or the removal of electron density 

from the  orbitals.   

The evolution to species B is accompanied by a significant blue-shift of the K1,3 emission, 

an increase in emission in the region often designated as K (see Figure 8(g)), and a decrease in 

emission in the high energy wing of the valence-to-core transition as illustrated in Figure 10. 
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Finally, the similarity of the UV-visible spectra, the XANES spectra, the K1,3 emission spectra, 

and the transients in the valence-to-core region for the species designated C challenges our earlier 

hypothesis that these are qualitatively different kinds of states for H2OCbl+ and HOCbl. 

The valence-to-core emission following excitation of ground state H2OCbl+ and HOCbl was 

simulated as described in Experimental Methods. The single transition at the peak of the of the 

emission for H2OCbl+ involves contributions from cobalt px and the px and py orbitals of the 

equatorial nitrogen atoms. There is no significant contribution from the axial ligands. The 

calculation predicts that this transition is polarized along the x-axis. In contrast, there are three 

orbitals contributing to the peak of the emission for HOCbl with all three including contributions 

from the axial ligands in addition to cobalt px and py and the px and py orbitals of the equatorial 

nitrogen atoms with transitions polarized near the Co-N bonds rather than along the x- or y-axes. 

The orbitals corresponding to the two most intense transitions are plotted in Figure 10.  

 

Figure 10. Comparison of the time dependence in the Co valence-to-core region for H2OCbl+ and 

HOCbl. The difference spectra plotted in the upper panel were obtained for a time delay of ca. 200 

fs (B) and 1 ps (C). Calculated emission spectra for the ground state are plotted as stick plots 

indicating the transitions and broadened using a Lorentzian lineshape with =4.5 eV for comparison 
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with the experimental results. The time dependence of the signal integrated over the regions labeled 

 and  is plotted in the lower panels. The orbitals plotted to the right represent the dominant 

contribution at the peak of the H2OCbl+ emission (orange stick) and the two largest contributions at 

the peak of the HOCbl emission (orange and pink sticks). 

Polarized UV-Visible Transient Absorption 

The polarized UV-visible transient absorption data reported previously11 are replotted in 

Figure 11 using the decomposition into directional components as outlined in Eq. 2 for the three 

species A (~30fs), B and C. These plots make it clear that the transition dipole responsible for the 

-band (designated x in Figure 1) and the transition dipole responsible for the -band are 

approximately orthogonal as shown by fact that their transient bleaches are almost completely x 

and y+z polarized, respectively. The picosecond excited state spectra C for H2OCbl+ and HOCbl 

are very similar in the -band region, while their -bands remain distinctive (see also Figure S5). 

Of more significance for comparison with the X-ray spectra, there is a structured bleach at ca. 400 

nm for both molecules that is polarized orthogonal to the x-direction (i.e. it shows up in the y+z-

polarized contribution, but not in the x-polarized contribution to the total signal). This bleach and 

its polarization was not obvious in the way the data was presented previously.11 The two electronic 

transitions bleached at ca. 390 nm and 412 nm for H2OCbl+ are similar to peaks identified in the 

ground state MCD spectrum reported by Brunold and coworkers and assigned to */3dxy 

transitions.62  
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Figure 11. Plots of the polarization decomposition of the difference spectra for the excited states of 

H2OCbl+ (left) and HOCbl (right). The ground and C state absorption spectra of H2OCbl+ and 

HOCbl are also compared in each panel. The excitation pulse spectrum (same for both 

measurements) is shown for comparison. Similar results are obtained for H2OCbl+ with an excitation 

pulse centered around 530 nm (see Figure S4). The blue boxes on the 30 fs spectra indicate regions 

where stimulated Raman scattering from the solvent contributes to the signal. The arrows indicate 

the orthogonally polarized bleaching signal discussed in the text. 

XANES Simulations 

The Ground States of H2OCbl+ and HOCbl. The ground state XANES spectra of both 

H2OCbl+ and HOCbl were simulated using the FDMNES software63,64 beginning with the crystal 

structure for H2OCbl+ reported by Kratky et al.65  These are shown, together with the experimental 

data in Figure 12. Because the XANES spectra of H2OCbl+ and HOCbl are similar, we have used 

the same corrin ring to model both compounds modifying only the axial groups. The 

crystallographically determined structures show similar axial ligation for H2OCbl+ (Co-NDMB 

1.925 Å, Co-O 1.952 Å) and HOCbl (Co-NDMB 1.985 Å, Co-O 1.919 Å), although the Co-NDMB 

distance reported for H2OCbl+ (1.925 Å) is significantly shorter than reported for other similar 

cobalamins.  

We find that our simulations of the ground-state spectrum of H2OCbl+ give somewhat better 

agreement if we use axial bonds lengths that are slightly longer than the crystallographic values 

(Figure 12). However, the simulations are nearly identical for a range of axial bond lengths from 

(Co-NDMB 2.00 Å, Co-O 1.95 Å) to (Co-NDMB 1.95 Å, Co-O 2.00 Å) (see Figure S12) providing 

the average axial bond length remains ~1.975 Å.  Any of these structures could be used to represent 

the ground state.  In what follows, we will compare the excited state spectra to those for a ground 

state simulation in which both axial bonds have the same length, (Co-NDMB 1.975 Å, Co-O 1.975 
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Å), bearing in mind that a range of structures with the sum of the axial bond lengths ca. 3.95 Å are 

equally plausible. This is also the structure that was used for the ground state XES and pre-edge 

XAS calculations plotted above (Figures 5 and 10). In contrast to the adjustments needed for 

H2OCbl+, the axial bond lengths reported in the crystal structure for HOCbl66 result in a simulation 

that agrees reasonably well with the experimental data. Thus, we have used these bonds lengths 

for the ground state of HOCbl.   

 

Figure 12. Comparison of the ground state Co XANES spectra of H2OCbl+ and HOCbl obtained in 

room temperature solution at LCLS and measurements obtained on frozen solution samples at 

SSRL. FDMNES simulations of the ground state are also plotted with axial bond lengths as 

indicated. The spectra are scaled to the calculated intensity in Mbarns/atom.  

The initial excited state A. The XANES spectrum of the initial excited state populated 

following excitation of H2OCbl+ is estimated from the signal at the very earliest times, assuming 

that the population at t=0 is 50% of the maximum.  Excitation of a * transition of the corrin 
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ring is expected to expand the cavity around the cobalt due to a general weakening of ring bonds. 

In order to model this initial state in a chemically reasonable fashion, we start with the hypothesis 

that the excited state ring will resemble the ring that is seen if a larger metal is substituted for the 

Co3+. A good candidate is Rh3+ and there is a crystal structure of chlororhodibalamin (ClRbl) 

available that can be used to simulate the structural change upon excitation.67 The average 

expansion of the Co-NCorrin bonds in ClRbl relative to the ground state ring of H2OCbl+ is 0.077 

Å, accompanied by some ruffling and expansion of the outer ring. Substituting the rhodibalamin 

ring for the cobalamin gives a predicted XANES spectrum that changes relative to the ground state 

in the same way that A changes.  This can be seen by comparing the dark blue (experimental) and 

solid red simulations in Figure 13, confirming the expectation that the fastest motions are in the 

ring. Although the experimental polarization decomposition for A is noisy (Figure 4), it is 

consistent with the polarized predictions for the rhodibalamin ring (dashed, and dotted red lines, 

Fig. 13). A somewhat smaller increase in the average axial bond length in A (ca. 0.075 Å) leaves 

the x and y components of the difference spectrum essentially unchanged while giving an increase 

in the z component and thus in y+z. This gives a slightly better fit, as shown by the light-blue and 

magenta lines in Figure 13, but it is not possible distinguish between expansion of the Co-O bond, 

the Co-NDMB bond, or a combination of these.  While it is possible that distortions other than those 

seen in rhodibalamin might give similarly good results, it is clear from the polarization dependence 

that the principle qualitative change immediately following excitation is an increase in the size of 

the cobalamin cavity around the central cobalt atom. 
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Figure 13. Comparison of the ground (GS) and initial excited state (species A) Co XANES spectra 

of H2OCbl+ with FDMNES simulations. The bright blue lines are the experimental excited state 

difference spectrum and estimated XANES spectrum. The solid black line is the experimental 

ground state spectrum of H2OCbl+. The parameters for the FDMNES simulations are indicated in 

the legend as Co-NDMB, Co-O bond lengths in Å. Rb designates use of the rhodibalamin ring for the 

excited state (CCDC 2017112). The expansion of the ring is illustrated in the inset, with light blue 

atoms representing the ground state structure and magenta atoms the excited state. The dashed lines 

in the upper plot represent the polarization decomposition for the difference spectra without changes 

in the axial bonds illustrating that the x and y+z contributions are comparable.  

 Species B at ca. 150 fs.  The difference spectrum for B is much larger than for A and is 

polarized primarily in the y+z direction, indicating that the expansion of the cavity in A is followed 

by a rapid expansion in the z-direction by one or both axial bonds.  For an excitation fraction of 

f=0.4, the excited state spectrum at this time delay is well modeled using Co-NDMB from 2.6 Å to 

2.7 Å and Co-O of 2.10 Å as illustrated in Figure 14. Because the excitation fraction affects our 

estimate of the absolute magnitude of the difference spectrum, any error in excitation fraction 
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could, in principle, change this conclusion.  Fortunately, the excitation fraction can be constrained 

to being between 0.4 and 0.5 as discussed in Supporting Information.  As shown in Figure S13, an 

excitation fraction of 0.5 does not substantively change the comparison of simulations with 

experiment.   

Expansion of the Co-O bond instead of the Co-NDMB bond does not agree as well with the 

measured difference spectrum, as shown on the right hand side of Figure 14.  However, the 

difference in the fits is small and is not sufficient to rule out the long Co-O possibility. Simulations 

of H2OCbl+ for a broad range of bond lengths are plotted in Figure S15. Of particular note, these 

simulations show that a symmetric expansion of both bonds does not give as good agreement with 

the measured difference spectrum as do either of the asymmetric expansions. Similar results are 

obtained for HOCbl as illustrated in Figure 15. 
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Figure 14. Comparison for H2OCbl+ of simulated and experimental Co XANES spectra for the 

species B, present at 150 fs. The axial bond lengths are as indicated (Co-NDMB, Co-O in Å) and the 

rhodibalamin structure is used to model the ring distortion in the excited state. The lower row of the 

figure illustrates the magnitudes of the predicted distortions, with the ground state in pastel blue 

(ring) and pink (axial groups), and the comparison of select simulations with the polarization 

decomposition of the experimental measurement.  
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Figure 15. Comparison of the experimental and simulated Co XANES spectra of HOCbl species B 

for the axial bond lengths indicated in the figure (Co-NDMB, Co-O in Å) and the excited state ring 

approximated with the rhodibalamin ring.  

Species C, t>400 fs.  The final species preceding ground state recovery exhibits a lifetime of 

2.3  0.3 ps for H2OCbl+ and 5.3  0.4 ps for HOCbl. The absence of a significant x-polarized 

component in the XANES difference spectrum (Figure 4) and the similarity of the UV-visible 

ground and excited state spectra (Figure 11 and Figure S5), indicate that for both molecules the 

corrin ring has recovered to a structure that is similar to the ground state structure. Thus, the 

FDMNES simulations for C used the ground state structure for the corrin ring (See Figure S17). 

The best agreement was found for an expansion of the Co-NDMB bond to ca. 2.25 Å accompanied 

by a small contraction of the Co-O bond to ca. 1.88 Å. As illustrated in Figure 16, this model does 

an excellent job of reproducing both the large y+z component and the small x component of the 

difference spectra. The opposite change, with contraction of the Co-NDMB bond and expansion of 

the Co-O bond, does not agree with the data, overestimating the size of the bleach at 7.726 keV 

(See Figure S17e). 



Watching Excited State Dynamics with Optical and X-ray Probes 27 

 

Figure 16. The upper plots compare the experimental (dark blue lines) and simulated Co XANES 

spectra of species C in H2OCbl+ and HOCbl for the axial bond lengths indicated in the figure. The 

ground state spectra are also shown (black lines).  The lower plots compare the experimental and 

simulated decomposition into x and y+z components. The structure (lower middle) illustrates the 

magnitudes of the predicted distortions for state C with the ground state in pink for the axial groups. 

DISCUSSION 

The combination of transient optical and X-ray spectroscopy provides detailed picture of the 

excited state dynamics and subsequent relaxation of H2OCbl+ and HOCbl. The initial excitation 

into the visible absorption band results in prompt expansion of the bonds around the central cobalt 

atom.  The magnitude of the change is consistent with population of a * excited state followed 

by ligand to metal charge transfer populating a *(3dz2) state. The crystal structure for ClRbl 

provides a good model for the corrin ring in this excited state because the radius of the six-

coordinate 4d transition metal Rh3+ ion is expected to be approximately the same as that of six-

coordinate Co2+. The X-ray emission spectrum in the K1,3 region is characterized by a small 
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increase in the low energy wing around 7.645 keV and a prompt decrease of the valence-to-core 

emission centered at 7.707 keV. The change in the K1,3 region is distinct from the changes 

observed at later times (species B and C, below) and consistent with a small shift to lower energy 

(~0.1 eV). In A, it may be that the -* excitation moves electron density from the corrin nitrogens 

to the ring * orbitals, decreasing the ability of the corrin to shield the Co 3p orbitals and thus 

lowering very slightly the K emission energy. 

The species A is followed by ligand to metal charge transfer populating a *(3dz2) state in 

which the Co is, at least formally, reduced to Co2+. Population of the metal-ligand antibonding 

*(3dz2) state is followed by rapid expansion of the axial bonds. Earlier TDDFT simulations gave 

predicted excited state potential energy surfaces for HOCbl and H2OCbl+.11  From these, one can 

predict that the outer turning points – that is, the points that have an energy consistent with an inner 

turning point at the ground state axial bond lengths – will occur around Co-NDMB 2.6 Å, Co-O 2.15 

Å for H2OCbl+ and Co-NDMB 2.6 Å, Co-O 2.1 Å for HOCbl.  We attribute the species B (i.e., the 

structure observed at ca. 150 fs) to the outer turning point of the excited state potential energy 

surface. The excited state dynamics are best described as ballistic motion on the excited state 

potential energy surface with the XANES difference spectra dominated by the turning points. 

Although the kinetic behavior can be fit using a sequential exponential model, the displacements, 

which are what drives the XANES changes, are unlikely to be well modelled using exponential 

kinetics.  

The XANES spectra for H2OCbl+ and HOCbl are similar at the point of maximum 

displacement (species B above), although the predicted axial bond elongation may be slightly 

larger for H2OCbl+. In contrast to the XANES similarity, the UV-visible spectra (Figure S5) and 

the X-ray emission spectra (Figures 7-10) all exhibit distinct differences. In particular, the larger 
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blue-shift in the K1,3 emission band of H2OCbl+, along with the larger change in the region often 

designated as K and the stronger bleach in the valence-to-core emission, reflect differences in 

the electron density around the central cobalt atom for these two molecules. 

The up-down-up pattern seen in the K1,3 emission difference signal for B has been attributed 

previously to changes in the metal spin state.68-70  Spin-spin coupling between unpaired spin in the 

d-orbitals and in the 3p5 shell causes a change in the splitting of the K multiplets giving rise to 

this more complex difference pattern.  For example, the difference between the K emission for 

the low-spin Fe(II) complexes FeS2 and K4Fe(CN)6 is very similar to that seen for B vs. the 

cobalamin ground state.  Low-spin Fe(II), like the low-spin Co(III) in cobalamins, has S=0 and 

thus should not, to a first approximation, have any spin-exchange.  For Fe(II), the observed 

differences were attributed to configuration interaction mixing of d6 Fe(II)L + d7 Fe(I)(L+).  By 

analogy, we attribute the difference signal in B to formation of an electronic state with significant 

d7 Co(II)(L+) character.  An estimate of the effective change in spin (S) can be obtained using the 

calibrated spin values estimated by Lafuerza et al.68 adjusted for the increase in Slater exchange 

integrals for Co vs. Fe.69  The Integrated Absolute Difference (IAD)68 for B relative to the ground 

state suggests S values of ~0.5 and ~0.3 for H2OCbl+ and HOCbl respectively.  This would be 

consistent with a  low-spin Co(II), as is typical for Co(II)alamin. 

The rebound of the axial bonds leads to formation of a species C with a picosecond lifetime 

for both H2OCbl+ and HOCbl. These states have strikingly similar spectroscopic properties, 

including similar persistent decreases in valence-to-core emission intensity, similar molecular 

structures as deduced from XANES, similar K mainline differences, and similar bleaches of the 

transitions around 410 nm in the UV-visible absorption spectra. The FDMNES simulations of C 

suggest that the corrin ring around the cobalt ion has recovered to a structure similar to the ground 
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electronic state, while the Co-NDMB bond is longer than in the ground state (r ca. 0.25 Å to 0.35 

Å) and the Co-O bond is shorter than in the ground state (r ca. -0.04 to -0.1 Å). Together, these 

observations all lead to the hypothesis that the state C for both H2OCbl+ and HOCbl is a metal-

centered excited state with modifications in the 3d electronic distribution accounting for the 

differences in the absorption and emission spectra relative to those for B.   

The difference signal in the K1,3 emission for C has the same shape as B, but lower amplitude 

reflecting a smaller amplitude in the blue-shift of the mainline emission (see Figure 7(e) and (f)).  

The decrease in difference amplitude is consistent with increased covalency as the axial and 

equatorial bond lengths contract and the evolution of the electronic structure to a metal-centered 

d6 Co(III) excited state. The IAD values for C suggest an effective S of ~ 0.2 relative to the 

ground state. 

While the cobalt contribution to the most intense valence-to-core emission transition is 

primarily px1s, the other transitions in the region designated  in Figure 10 have significant 

contributions from dxz, dyz, and 2 2x y
d


1s. A decrease in the electron density in these 3d orbitals 

or a change in the mixing with Co px or py orbitals could account for the persistent decrease in 

emission intensity around 7.707 keV. This decrease does not appear to be related to the changes 

in axial bond lengths (see SI and Figure S18). The preservation of intensity in the 21s *3
z

d

pre-edge transition in the XAS and the bleach of transitions assigned to */3dxy around 410 nm 

in the optical spectrum62 suggests that electron density may have moved from 23
z

d  to 3dxy, 

although it also possible that a change in the relative energies of the 23
z

d  and 3dxy orbitals changes 

the */3dxy transition and increases the mixing of 23
z

d with Co 4pz. A simplified schematic of 

this evolution is shown in Figure 17. 
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Figure 17.  Simplified 1-electron schematic illustration of the evolution of electron density following 

photoexcitation of H2OCbl+ and HOCbl. Calculated molecular orbitals of cobalamins are mixtures 

of ligand and cobalt orbitals and changes in the relative contributions may account for the 

observations.   

The evolution of electron density outlined in Figure 17 is also consistent with the time-

dynamics of the emission in the region often designated as K illustrated in Figure 7(g) and Figure 

18. An increase in emission intensity, consistent with an increase in spin-density at the cobalt, is 

observed as the excited state evolves into a   2

11 *3d
z

   configuration. The increase is larger for 

H2OCbl+ than HOCbl, perhaps reflecting the somewhat longer apparent axial distances in the 

former. The emission in this region decreases as the electronic configuration evolves into a metal-

centered excited state, but remains higher than the ground state for the duration of the excited state 

lifetime (see Figure 8(g) State C and Figure 18). 

Both of the configurations suggested for C in Fig. 17 are low-spin, S=0.  This is consistent 

both with the lack of any evidence for intersystem crossing in these cobalamins and with the very 

small IAD, which is inconsistent with a high-spin Co(III).  The fact that the apparent S (~0.2) is 

small but not zero for C suggests differences in the importance of configuration interaction mixing 

for the latter. 
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Figure 18. Time dependent evolution of the X-ray emission in the Co K region following 

excitation of H2OCbl+ and HOCbl at 400 nm. The difference signal is integrated over the energy 

range indicated. The dashed black line is the fit to this region obtained from a global analysis of the 

XES data for H2OCbl+. The longest decay constant is 2.4 ps. 

The difference in the time-constants and relaxation dynamics for HOCbl and H2OCbl+ reflect 

quantitative rather than qualitative differences between these two molecules. The barrier for 

internal conversion back to the ground state is larger for HOCbl than for H2OCbl+ accounting for 

the longer excited state lifetime. In addition, the prominent relaxation component in the UV-visible 

TA spectrum of H2OCbl+ compared with HOCbl (see Fig. 6 of ref.11) suggests that the metal-

centered state is lower in energy for H2OCbl+ than HOCbl allowing the dissipation of vibrational 

energy while in the electronic excited state to play a more prominent role in the observed transient 

signals. 

CONCLUSIONS 

The combination of tr-XAS in the pre-edge and XANES regions, K1,3 and valence-to-core 

tr-XES, and transient UV-visible spectroscopy, provides a powerful tool to probe the femtosecond 

and picosecond electronic and structural dynamics photoactive transition metal complexes. Here 

we have focused on the detail available using these methods to probe the dynamics of photo-

excited HOCbl and H2OCbl+. The measurements and simulations reported here demonstrate that 
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both molecules follow similar excited state pathways, contrary to prior hypotheses based on UV-

visible spectroscopy and quantum chemical calculations.11  Polarized XANES difference spectra 

allow identification of sequential structural evolution involving the equatorial and axial ligands. 

Time-resolved XES, especially in the valence-to-core region, along with polarized optical transient 

absorption leads to the hypothesis that both molecules form a metal-centered excited state with a 

lifetime of 2 to 5 picoseconds. More detailed simulations of the XES and the XAS pre-edge 

transition as well as time-resolved X-ray measurements at the Co L-edge and N K-edges will 

provide more detailed insight into the electronic evolution in the excited state. These 

measurements will be enabled by upcoming developments at both LCLS and the EuXFEL. 

EXPERIMENTAL METHODS 

XANES Measurements. XANES difference spectra, ( ) ( )on offS t S t S    , were obtained for 

time delays between -0.5 ps and 2 ps using the XPP instrument of the X-ray free electron laser 

LCLS at SLAC.71 Hydroxocobalamin hydrochloride sample was dissolved in ultrapure deionized 

water buffered at pH 5 (H2OCbl+) or pH 10 (HOCbl) and pumped through a fused silica nozzle to 

achieve a stable 50 m diameter jet of recirculating solution. The X-ray beam and laser beam travel 

in a nearly collinear geometry (~1 crossing angle) and were overlapped with the sample about 

500 m from the nozzle. The optical pump pulse (~50 fs full width at half maximum (FWHM)) 

was centered at 520 nm. The X-ray probe pulse (~40 fs FWHM) was tuned from 7.7 keV to 7.76 

keV by using a Si(111) channel cut monochromator (1.410-4 E/E resolution) and cobalt X-ray 

fluorescence was collected and used as a measure of X-ray absorption where the signal was 

normalized to the X-ray scattering from the solvent. More details are found elsewhere.21,22,33 The 

jitter between the X-ray and optical laser was recorded pulse by pulse and used to sort the XANES 
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spectra into finer time steps. The data were averaged using 50 fs bins centered every 25 fs.  

Time-resolved XANES measurements were performed on H2OCbl+ buffered at pH 5 during 

two different runs at XPP. The first used a sample concentration of 5 mM, covered the time range 

from -0.4 ps to 1.2 ps, and achieved an excitation fraction of ca. 0.25, similar to the fraction 

determined for MeCbl during the same run as described previously.72 During the second run, 

excellent data were obtained for a 12 mM sample buffered at pH 5, with a nominal pulse energy 

of 5 J/pulse covering the time range from -0.4 ps to 2 ps. We estimate an excitation fraction of 

approximately 0.4 for these spectra (see SI for additional details).   

The combined final instrument response function, including the X-ray and optical laser pulse 

durations, was determined by fitting the pre-edge region of propylcobalamin data measured 

immediately after the H2OCbl+ measurement. The pre-edge bleach of propylcobalamin, like the 

pre-edge bleach of AdoCbl, is strong and provides an upper limit for the intrinsic time resolution 

of the measurement.21 The fit yielded a Gaussian with a full width at half maximum (FWHM) of 

112 fs ( = 47.8 fs). The time zero point for maximum overlap of the optical and X-ray pulses was 

assigned by using the earliest XANES difference signals for H2OCbl+ observed at 7.708 keV and 

7.731 keV as well as the x-polarized component at 7.723 keV (see Figure S1).   

During the second run, measurements were also performed for 12 mM HOCbl buffered at pH 

10. A high potassium concentration (~1 M instead of 10 mM) complicated the measurement by 

adding background scatter to the signal. Four time-resolved XANES scans for the HOCbl sample, 

two for each polarization, were obtained at a relatively high optical pulse energy (nominally 6 

J/pulse, estimated excitation fraction 0.5) covering the time range from -0.4 ps to 2 ps. An 

additional 10 scans, five for each polarization, were obtained at a lower optical pulse energy 

(nominally 4 J/pulse, estimated excitation fraction 0.25) covering the time range from 0.1 ps to 
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2 ps. To ensure that the higher ionic strength did not perturb the excited state dynamics, optical 

transient absorption measurements were performed for 1 M and 10 mM buffers with identical 

results (see Figure S3). 

For all XANES measurements, the polarization of the optical pulse was rotated using a 

remote-controlled optical waveplate to be oriented either perpendicular or parallel to the 

polarization of the X-ray pulse. The difference signal with each polarization can be used to obtain 

the component parallel to the excited transition dipole moment and the sum of the components 

perpendicular (see Eq. 2). Because the ground state molecules are randomly oriented in solution, 

as the excitation fraction approaches or exceeds 1/3 the polarization discrimination introduced by 

the excitation pulse must decrease. If the excitation fraction is 1, all molecules in the sample are 

excited and no polarization discrimination remains. The polarization discrimination for the first 

run (excitation fraction ca. 0.25) is good, but the higher excitation fraction for H2OCbl+ during the 

second run resulted in a slight decrease in polarization discrimination. The latter data were 

corrected as described in supporting information and validated by comparison with the results from 

the first run (see Figure S9). For HOCbl, polarization analysis was only performed for the lower 

excitation fraction (ca. 0.25).  

XANES spectra of ground state H2OCbl+ and HOCbl were also obtained at SSRL beamline 

9-3 for comparison with the LCLS measurements and for better intensity scaling of the simulated 

and experimental spectra. Hydroxocobalamin hydrochloride was dissolved in 50 mM phosphate 

(pH 5) or carbonate (pH 10) buffer and frozen. Data were collected using a Si(220) 

monochromator, and a Rh-coated mirror with an energy cutoff of 9 keV used for harmonic 

rejection. The samples were measured at 10 K using a He-cooled cryostat in fluorescence mode 

and a 100-element Ge detector array equipped with Soller slits and an Fe filter.  Four successive 
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spectra (each ~ 5 minutes of data acquisition) were compared to ensure that there was no X-ray 

induced radiation damage.  Data were normalized using M-Back.73 

XES Measurements. XES difference spectra for HOCbl and H2OCbl+ in the Co K1,3 and 

valence-to-core regions were obtained at the FXE instrument of the European X-ray free electron 

laser (EuXFEL).74-76 The incident X-ray energy was 9.3 keV. Emission spectra were measured 

with a dispersive X-ray spectrometer operating in the von Hamos geometry and equipped with 7 

Ge(111) analyzers at ~83 degrees for measuring Co K. All cylindrical analyzers have 500 mm 

radius of curvature. The Co K signal was recorded using a Jungfrau 500K detector. The detector 

integrated all pulses (total 75 or 150) in a train at 10 Hz. The pump-probe signal was generated by 

pumping every second train (5 Hz) and the differences are constructed by subtracting one train ON 

minus one train OFF after normalization to the total integrated K intensity. The sample was 

delivered as a 100 m thick cylindrical jet running with a linear speed of 60 m/s. 

Two sets of XES measurements were performed. The first set used an excitation wavelength 

400 nm, 70 fs duration (FWHM), and a laser/X-ray crossing angle of ca. 15. To avoid distortions 

due to detector gain switching, the image from each XFEL pulse train was examined, and pixels 

where the intensity caused a switch to lower gain were omitted from the average.  An approximate 

time zero was determined by fitting a Gaussian-broadened Heaviside step function to the 

maximum in the K transient. Because the rises of these signals are delayed, the time zero point 

for maximum overlap of the optical and X-ray pulses was refined by using the earliest transient 

signals, particularly the signal observed around 7645.5 eV (See Figure S2). The second set of 

measurements were performed with an excitation wavelength 550 nm, 70 fs duration (FWHM), 

and a laser/X-ray crossing angle of ca. 2. The spectrometer and detector were aligned to capture 

the valence-to-core region for these measurements. The earliest transient signals in these 
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measurements were observed in the valence-to-core region and these were used to assign the time 

zero point for maximum overlap of the optical and X-ray pulses (see below). The IAD was 

calculated as described in Ref. 68.   

UV-Visible Transient Absorption. UV-visible TA spectra of HOCbl, and H2OCbl+ were 

obtained as reported previously.11,42 New measurements were performed to characterize the 

polarized response following excitation at 400 nm and to test the influence of ionic strength on the 

transient absorption signal for HOCbl (Figure S3). 

Computational Methods. The Finite Difference Method Near Edge Structure (FDMNES) 

program was used to simulate the ground and excited state XANES spectra as a function of 

molecular structure.63,64 XES spectra in the valence-to-core region were simulated using Orca 

4.2.157 to perform density functional theory (DFT) calculations with the B3LYP functional and 

ZORA-def2-TZVP basis. The pre-edge XAS spectrum was simulated using Orca 4.2.1 to perform 

time-dependent density functional theory (TDDFT) calculations with the B3LYP functional and 

ZORA-def2-TZVP basis.  

SUPPORTING INFORMATION 

Details of the beamtime proposals and data recorded for the experiment at the European XFEL 

are available at doi:10.22003/XFEL.EU-DATA-002715-00 and doi:10.22003/XFEL.EU-DATA-

003079-00. 

A pdf file including details of data analysis and modeling along with additional figures of 

experimental data and of FDMNES simulations as a function of structural parameters is available. 
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