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ABSTRACT

CarH is a protein photoreceptor that uses a form of Bi2, adenosylcobalamin (AdoCbl), to
sense light via formation of a metastable excited state. Aside from AdoCbl bound to CarH,
methylcobalamin (MeCbl) is the only other example — to date — of photoexcited cobalamins
forming metastable excited states with lifetimes of nanoseconds or longer. The UV-visible
spectra of the excited states of MeCbl and AdoCbl bound to CarH are similar. We have used
transient Co K-edge X-ray absorption and X-ray emission spectroscopies in conjunction with
transient absorption spectroscopy in the UV—visible region to characterize the excited states of
MeCbl. These data show that the metastable excited state of MeCbl has a slightly expanded corrin

ring and increased electron density on the cobalt, but only small changes in the axial bond lengths.
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INTRODUCTION

Cobalamins perform diverse biological functions ranging from catalysis of radical
rearrangement or methyl transfer in mammals' to the regulation of gene expression in bacteria.? In
cobalamins, the six-coordinate cobalt is equatorially coordinated to 4 nitrogen atoms from the
corrin ring, with axially coordination by a “lower” or a ligand, often dimethylbenzamidazole, and
an “upper” or B ligand that varies. In methylcobalamin (MeCbl, see Figure 1) the upper ligand is
a methyl group. MeCbl is one of two biologically active cobalamins, facilitating methyl transfer
in mammalian enzymes including human methionine synthase."** Coenzyme B12, where the upper
ligand is a 5’-deoxyadenosyl group (AdoCbl), catalyzes radical rearrangement reaction in a variety
of enzymes, including the human enzyme methylmalonyl CoA mutase.!* While these enzymatic
reactions involve thermal chemistry, gene regulation exploits photochemistry.>> Most notably,
CarH uses the photochemistry of AdoCbl to regulate carotenoid production. In addition,
photoactivated cobalamins (Cbls) provide the opportunity to exert spatial and temporal control
over such varied processes as drug-delivery and Bi2 bioavailability®® and have attracted interest

of late based on their potential as photocatalysts in synthetic chemistry.!®!!
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Figure 1. UV-visible absorption spectrum of MeCbl at pH 7. The vertical lines indicate the center
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wavelength for pulses used to excited the MeCbl samples for UV-visible transient absorption (blue,
270 nm, 407 nm, and 540 nm), X-ray emission (red, 400 nm and 550 nm) and X-ray absorption
(green, 520 nm). The inset provides a schematic diagram of MeCbl with the axis system used in our

work.

Like ground state reactivity, the photochemical pathways in cobalamins are influenced both
by axial ligation and by environment.'??! Of particular note, the initial photochemical dynamics

18,19 and when

of AdoCbl differ in water,?? in ethylene glycol,?*** when bound to glutamate mutase,
bound to the photoreceptor, CarH.!”-?!?° The initial photochemical dynamics observed for AdoCbl
bound to CarH are characterized by formation of a long-lived excited state prior to bond cleavage.
The dynamics and the excited state optical spectrum resemble more closely those of MeCbl in
water than those of AdoCbl in water, ethylene glycol or bound to the enzyme glutamate mutase.!”!
Aside from CarH, MeCbl is the only other example — to date — of a photoexcited cobalamin
forming a metastable excited state with a lifetime of nanoseconds or longer.

Time-resolved X-ray spectroscopies provide the opportunity to characterize excited state
structure and dynamics with a level of precision and detail inaccessible by other methods. While
direct measurements on CarH are complicated by limited quantities and low concentrations,
MeCbl is readily available and samples can be prepared in mM concentration. In order to better
understand the nature of the unique, long-lived excited states that are formed in CarH and MeCbl,
we have used a combination of ultrafast optical and X-ray spectroscopies (polarized X-ray
absorption near edge structure (XANES) measurements and time-resolved X-ray emission spectra

(XES) in the Co Kai,2, KB1.3, and valence-to-core (VtC) regions) to probe the initial dynamics of

MeCbl in water following optical excitation.
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EXPERIMENTAL METHODS

Methylcobalamin was purchased from MilliporeSigma and used as received. Solutions were
prepared by dissolving methylcobalamin in deionized water to produce ~0.6 mM solutions for UV-
visible measurements and ~4 to 8 mM solutions for X-ray absorption and X-ray emission
measurements. Sample preparation took place under red light to avoid photolysis. Solutions for
UV-visible measurements were deoxygenated by bubbling nitrogen for at least an hour and
maintained under a positive pressure of nitrogen during measurements. The sample was circulated
through a fused silica flow cell with an optical path length of 1 mm to refresh the sample between
laser pulses. For XANES measurements, the samples were filtered, centrifuged, and pumped
through a glass nozzle to achieve a stable 50 um diameter jet of solution. For XES measurements,
the sample was delivered as a 100 um thick cylindrical jet running with a linear speed of about 60
m/s. Samples were monitored using UV-visible absorption to ensure that any buildup of
photoproducts remained insignificant.

UV-Visible Transient Absorption. UV-visible TA spectra of MeCbl were obtained using a
1 kHz Ti:sapphire laser system producing ca. 70 fs compressed pulses centered around 8§14 nm.
Pump pulses were generated by frequency doubling the fundamental in a B-barium borate crystal
to ca. 407 nm, summing 407 nm and 814 nm to produce 270 nm pulses, or pumping a noncollinear
optical parametric amplifier to generate 540 nm pulses. A portion of the 407 nm beam was used
to produce a broadband continuum probe in a translating CaF2 window, spanning the range from
290 nm to 600 nm. Alternatively, the 814 nm fundamental was used to produce a broadband
continuum probe spanning the range from 320 nm to 750 nm. All measurements were performed
with the polarization of the pump and probe pulses at magic angle (54.7°) with respect to each

other. These measurements characterize the spectral evolution out to hundreds of picoseconds
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complementing our earlier measurements which were only performed at specific wavelengths or
select time delays.?6-%

X-ray Absorption Near Edge Structure (XANES) Measurements. Time-resolved
polarized XANES measurements of MeCbl were performed using the XPP instrument of the x-ray
free electron laser LCLS at SLAC* using the liquid jet endstation.’! The X-ray beam and laser

beam travel in a nearly collinear geometry (~1° crossing angle) and were overlapped with the

sample about 500 um from the nozzle producing the sample jet. The optical pump pulse was 520
nm, ~50 fs FWHM and the X-ray probe pulse (~50 fs) was scanned from 7.7 to 7.76 keV. Cobalt
X-ray fluorescence was collected and used as a measure of X-ray absorption where the signal was
normalized to the small-angle scattering from the solvent. Both the optical and X-ray pulses were
linearly polarized. A waveplate in the optical beam was used to rotate the polarization to acquire
transient spectra with the polarization of the optical pulse parallel and perpendicular to the X-ray
pulses. The excitation fraction of ~0.25 was estimated as described previously.** The XANES
spectrum of ground state MeCbl was also obtained at SSRL beamline 9-3 for intensity scaling of
the simulated and experimental spectra. The synchrotron data were measured on frozen solutions
at ~10K as fluorescence excitation spectra, detected with a 100-element solid-state Ge detector
array with an Fe filter and Soller slits.

X-ray emission spectral (XES) Measurements. XES difference spectra of MeCbl in the Co
Kai2, Co KB1.3 and valence-to-core (VtC) regions were obtained at the FXE instrument of the
European X-ray free electron laser (EuXFEL).%-% The experiments were performed using the
dedicated chamber for experiments on liquid samples.*® The optical excitation wavelength was
550 nm or 400 nm, ~70 fs duration (FWHM), with a laser/X-ray crossing angle of ca. 2°. The

sample concentration was ~4 mM with 400 nm excitation and ~8 mM with 550 nm excitation. The
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sample integrity throughout each run was confirmed by UV-Vis spectroscopy. The incident X-ray
energy of the pulses was set to 9.3 keV and the intra-train repetition rate was either 0.564 or 0.282
MHz. Emission spectra were measured with a dispersive X-ray spectrometer operating in the von
Hamos geometry and equipped with 7-10 Ge(111) analyzers at ~83 degrees for measuring the Co
Kp and 5-8 Si(531) analyzers at ~77 degrees for the Co Ka over two experimental campaigns. All
cylindrical analyzers have 500 mm radius of curvature. The Co Ka and Kf3 signals were recorded
simultaneously using two distinct detectors, namely a Jungfrau 1M and a 500K, respectively. The
von Hamos spectrometer has a limited dispersion window in the Co Kf region and did not allow
detecting the complete Kf13 and VtC at once. Measurements of the VtC region were performed
by slightly changing the Bragg angle on the Ge(111) analyzers and moving the Jungfrau detector
accordingly. Both Jungfrau detectors integrated all pulses (total 140 for the experiments using 550
nm excitation or 200 for the experiment using 400 nm excitation) in each train from the European
XFEL burst mode operation. The pump-probe signal was generated by pumping every second train
(5 Hz) and the differences are constructed by first integrating all of pump-on and all of the pump-
off trains for a given delay time, normalizing each of these to the total integrated Ka or K3 intensity
and then subtracting the normalized pump-off from the normalized pump-on signal.
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.?”*® For most FDMNES simulations the cobalamin structure was truncated by
removing the tail and replacing the peripheral groups on the corrin ring with methyl groups. The
quantum chemical package Orca 4.2.13%% was used to perform time-dependent density functional
theory (TD-DFT) calculations with the B3LYP functional, ZORA-def2-TZVP basis, and CPCM

solvent to model the pre-edge region of the ground state spectra of MeCbl as well as the ground
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state valence-to-core emission spectrum. These calculations were performed on a truncated
structure replacing the peripheral groups on the corrin ring with hydrogen. Some calculations were
performed without the CPCM solvent model and the resulting spectra are nearly identical to those
presented here.

Optical transient absorption measurements, XANES pre-edge, and time-resolved XES
measurements were fit to a model consisting of a sum of exponential decay components using the

global analysis program Glotaran.*!

RESULTS

UV-Visible absorption shows 4 distinct excited state species

Broadband UV-visible transient absorption measurements of MeCbl following 540 nm
excitation were performed to refine the results from earlier single wavelength measurements and
to better characterize the spectra of the intermediate species.?* The experimental results were fit
to a sum of exponential decay components, with four distinct excited state species (labeled A to
D) prior to bond homolysis or ground state recovery. The results are summarized in Figure 2 and
in a contour plot in Figure S1. The new measurements identify an initial component, ta = 130 fs,
not observable in the original experiments. The spectrum of this initial species is dominated by
bleaching of the visible absorption band, a signature consistent with stimulated emission to the red
of the ground state absorption, and the appearance of a broad excited state absorption. The spectra
of the next three excited state species are similar to each other. In the visible region, the difference
spectra exhibit relatively small changes from the ground state spectrum and all three species show
the appearance of a prominent band at 340 nm, consistent with the earlier measurements.'”*” The
decay of the second species, B (ts8 = 1.7 ps), is in good agreement with the 1.5 + 0.5 ps component

identified earlier.? This component makes the largest contribution to the difference spectrum
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between 540 nm and 600 nm. The lifetime of C (tc = 28 ps), is longer than the 17 = 0.5 ps
component reported earlier.?® This difference is a consequence of better signal-to-noise in the new
measurements and of the ability to measure the broadband difference spectrum for global analysis.
The influence of tc on the overall quality of the fit is most prominent around 430 nm — a region
that was not probed in the earlier measurements. The current data set extends only to 750 ps
limiting our ability to determine the lifetime of D, although not interfering with our ability to
determine the spectrum of D; fortunately, D has been shown previously to decay on a ca. 1 ns time
scale, resulting in the formation of cob(II)alamin (~15%) or return to the ground state (~85%) and

these lifetimes could be used to constrain the present fits (see below).2
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Figure 2. Optical transient absorption results following excitation of MeCbl in water (pH ~7) at 540
nm. (a). The transient spectra were fit to a sum of exponential components resulting in the evolution
associated difference spectra plotted in the top panel. The difference spectra are compared with the
optical pulse used to excited the sample and with the ground state spectrum of MeCbl. (b). The
transient populations of the intermediate states determined from the fit to the data. The vertical
dashed lines indicate the time delay ranges used for excited state XANES and XES spectra (see
below). (¢). Sample kinetic traces (blue) at 393 nm, 430 nm, and 570 nm, together with the best fits
(black dashed lines) and residuals (orange). For 430 nm, fits are compared for models using 3 or 4
excited state species before bond homolysis, illustrating the need for four excited state species in

the fit.

The excited state and product spectra can be estimated from the difference spectra in Figure 2
using:

AL =(AA+AL-a)/a (1)

where o is scale factor depending on the excitation fraction, the quantum yield for excited state or
product formation, and the differences in concentration and path length for the steady state
absorption measurement of Ags and the transient absorption measurements. The spectrum of the
long-lived excited state of MeCbl reported earlier was used to constrain o.!”?” The estimated
spectrum of the initial excited state, A, is plotted in Figure 3 along with the difference spectra
measured at the earliest times. This excited state is characterized by a broad excited state
absorption. The apparent decrease in absorbance in the red, where there is no ground-state

absorption, is a signature of stimulated emission.



Excited State Dynamics of MeCbl 11

—Pulse
> —MeCbl
@ A (0.13 ps)
2 —60fs

. 113 fs
-81 . T T T T N —167 fs
£ 06 . ’ =
T 04 " 2 O
o) S
B 02 N <V
2 0 N S 03
iZ -0.2 r il |
| Ll -
0.4 .,"m',‘*l " ! ‘ 2

430 480 530 580 630 680 730
Wavelength (nm)

Figure 3. Time resolved difference spectra and estimated excited state UV-visible spectra for the
initial excited state, A, following excitation of MeCbl. The arrows indicate features assigned to
Stokes and anti-Stokes stimulated Raman scattering from the water solvent. The yellow bracket and
oval highlight the signature of stimulated emission in the data. The left axis in the upper plot is AA
(mOD) for the difference spectra and € (x10° M! cm™) for the spectra of the ground state and A.

The scaled intensity of the pump pulse is shown for comparison.

The estimated excited state spectra for B, C, and D are plotted in Figure 4. Following internal
conversion from the initial excited state A, the subsequent excited states of MeCbl all have similar
spectra, resembling the ground state spectra of typical cob(Ill)alamins. The transition of MeCbl
from B to C (t8= 1.7 ps) is characterized by a small increase in the peaks of the major absorption
bands and a decrease in absorption on the red-wing of the visible band. The transition of MeCbl
from C to the metastable excited state D (tc = 28 ps) is characterized primarily by a small increase

in absorption bands around 430 nm.
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Figure 4. Estimated excited state UV-visible spectra for MeCbl. The excited states are designated
by their lifetimes. The inset in the plot illustrates the primary difference between the 28 ps state C

and the 1 ns state D of MeCbl. The spectrum of the short-lived species A is plotted in Figure 3.

Broadband UV-visible transient absorption measurements of MeCbl following 407 nm and
270 nm excitation were also performed, spanning time ranges from shortly before t=0 to 900 ps
(407 nm) or 750 ps (270 nm). These measurements are consistent with the earlier measurements
performed at select time delays or select wavelengths,?* but provide a more comprehensive
picture of the excited state dynamics. These data are discussed in greater detail in supporting
information.

Adenosylcobalamin in solution is also characterized by several excited state species with
distinct spectral signatures. Evolution out of the initial Franck-Condon excited state, designated
A, occurs on a time scale of ca. 200 to 300 fs, populating a relaxed excited state, designated B,
with a lifetime of 1.7 ps in water and 13 ps in ethylene glycol.'”** In both water and ethylene
glycol, this is followed by evolution to an excited state, designated C, that is characterized by a
significant decrease in intensity in the visible region of the spectrum (see Figure 5). In ethylene
glycol this state decays via bond homolysis forming cob(Il)alamin on a ca. 100 ps time scale, while
in water an additional excited state, designated D, characterized by a blue-shifted spectrum is

populated prior to bond dissociation on a ca. 100 ps time scale.'>** When AdoCbl is bound to



Excited State Dynamics of MeCbl 13

glutamate mutase, the excited states B and C are similar to the excited state of methylcobalamin
or of AdoCbl bound to CarH, but again, bond homolysis occurs on a ca. 100 ps time scale in
glutamate mutase, much faster than is seen for CarH.'>!#!° The UV-visible transient absorption
results show that MeCbl in solution is a better model than AdoCbl in solution for the excited
electronic states of AdoCbl bound to CarH.
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Figure 5. Comparison of the excited state spectra of MeCbl and AdoCbl. The spectra of state B for
AdoCbl are adapted from Figure S5 of ref. 7. Copyright 2020, American Chemical Society. The
spectra of C and D are from the same data. The evolution of the excited state for AdoCbl in water
or ethylene glycol (EG) is distinct from the evolution of MeCbl in solution or of AdoCbl bound to

CarH or to glutamate mutase.!”

Time-resolved XANES measurements show anisotropic structural changes
Polarized time-resolved XANES measurements were performed for methylcobalamin
following excitation at 520 nm for time-delays from -.5 to 1.5 ps and at 100 ps. Data were obtained

using parallel and perpendicular polarization with the total signal calculated as AS = AS +2AS .

The total signal obtained at early time delays following excitation of MeCbl is plotted in Figure 6.
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Figure 6. Isotropic XANES difference spectrum of MeCbl as a function of time delay following
excitation at 520 nm. The data were oversampled along the energy axis and are smoothed using a

three point running average. The plot on the right is expanded to emphasize the early time behavior.

The estimated excited state spectra are calculated from the difference spectra using:

AS,+2AS,
Sy =0+ S 2)

where f'is the excitation fraction and ¢ is the quantum yield. The excitation fraction was ~0.2532
and ¢ for excited state formation is ~1 at 0.3 ps and 1.5 ps and 0.95 at 100 ps. The isotropic
difference spectra are compared with the ground and estimated excited state spectra in Figure 7.

The time resolved XANES results at 100 ps and the estimate of the difference spectrum for the

formation of cob(Il)alamin were reported previously.>?
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indicate the energy regions averaged for the kinetic traces in Figure 8. (b) Ground state XANES
spectrum of MeCbl (GS black) and estimated excited state spectra at the indicated time delays. The
inset emphasizes the changes in the pre-edge region. The cob(Il)alamin and 100 ps excited state
spectra are adapted from ref3? copyright 2019, American Chemical Society. (c) and (d)
Decomposition of the XANES difference spectra into contributions along (x) and perpendicular

(y+z) to the transition dipole initially excited. For the time delays indicated.

Polarization decomposition of the transient XANES spectra provides more insight into the
evolution of MeCbl on the excited state surface. The signals obtained with parallel and
perpendicular polarization are used to separate the contributions along the transition dipole initially
excited, designated “x”, and the sum of the two perpendicular directions, “y+z".

AS, =2AS, - AS,

AS . =3AS, —AS ®)
y+z 1 I

The transition dipole lies in the corrin ring and thus AS_ probes equatorial changes in structure,

while AS . includes both equatorial and axial contributions.

4

The decompositions of the difference spectra for MeCbl averaged around 0.3 ps, around 1 ps,

and at 100 ps are plotted in Figure 7. The time dependent polarization decomposition at three key
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energies is plotted in Figure 8. The pre-edge bleach at 7.711 keV is the earliest transient observed
in the data and we use this to define zero time-delay. The transients around 7.72 keV and 7.73 keV
monitor the edge-shift and the initial peak amplitude, respectively. As shown in simulations (see
below), the former is most sensitive to average nearest-neighbor distance, while the latter is
primarily a marker of corrin ring expansion. From ~0.3 ps [B (~79%), C (~15%)] to ~1 ps [B
(~52%), C (~47%)] the x-polarized component is unchanged within the accuracy of the
measurement suggesting that much of the ring expansion occurs on time scales <300 fs. The
primary change in the spectrum between 300 fs and 1 ps is an increase in the intensity of the y+z
polarized signal around 7.72 keV suggesting that out of plane motions of the ring or the axial
ligands occur on this picosecond time scale. The 100 ps spectrum [D (95%)] is characterized by a

decrease in the ring expansion as shown by the decrease in the edge-shift.
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Figure 8. Decomposition of the transient XANES signal at key energies following excitation of
MeCbl. The bleach of the pre-edge transition at 7.711 keV is prompt and contains little or no
contribution from the x-direction. This is consistent with a bleaching of a z-polarized 1s—3d

transition. The signal at 7.714 keV reflects the delayed appearance of a y- or z-polarized excited
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state 1s to ligand pre-edge transition. The signal at 7.73 keV appears quickly and contains
approximately equal contributions from the x and y+z directions, while the signal monitoring the
edge-shift at 7.72 keV is dominated by the y+z contribution and appears later. The shaded regions

indicate the time windows averaged for Figure 7.

Time-resolved XES measurements show changes in electronic structure

Time-resolved X-ray emission measurements were performed at the FXE instrument at the
European XFEL for MeCbl following photoexcitation at 400 nm or 550 nm. The incident X-ray
energy was 9.3 keV and the detection range covered the K12, K13, and valence-to-core regions.
Time-resolved XES measurements following excitation at 550 nm are plotted in Figure 9. Time
zero for these measurements is defined by the transient averaged around 7.645 keV as this is the
earliest transient identified in the data. The difference spectra obtained for time delays averaged
from 0.05 ps to 0.15 ps (~100 fs), 0.2 ps to 0.4 ps (~300 fs), 0.8 ps to 1.5 ps (~1 ps), and at 100 ps
are plotted in Figure 10(b). XAS difference spectra averaged over similar time ranges are shown
for comparison in Figure 7(a). All of the XES transients in the Kf1.3 region show a blue-shift in
the peak of the emission band and an increase in the splitting of the transitions underlying the
observed band, resulting in an overall increase in bandwidth and a characteristic up-down-up
difference signal. The XES difference is slightly larger at 300 fs spectrum than at 1 ps, in contrast
to the structural evolution probed by XANES, which increases from 300 fs to 1 ps. The XES peak
width decreases slightly from 1 to 100 ps, but remains significantly larger than in the ground state.

The difference signal in the valence-to-core region also evolves between 50 fs and 1 ps
reaching a maximum depletion of emission around 300 fs followed by a slight recovery of intensity
accompanied by a red-shift of the peak of the difference signal by ~0.2 eV. In the long-lived excited
state probed at 100 ps, the intensity of emission in the valence-to-core region has recovered further,

accompanied by a change in the shape of the difference signal. These changes reflect an evolution
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in the electronic configuration and/or corrin ring structure between 1 ps (B) and 100 ps (D).
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Figure 9. Time-resolved X-ray emission spectra for MeCbl. (a) The top panel illustrates the time
dependence for the signals averaged around 7.645 keV (K XES) and 7.109 keV (1s-3d XAS) used
to define time zero in the XES and XAS spectra respectively. The rise of the tr-XAS signal at 7.72
keV and the XES signal integrated over the valence-to-core (~7.703.5 - 7.706.5 keV) are also
plotted. The shaded boxes indicate the regions averaged for the plots in (b). (b) The XES difference
spectra over indicated time ranges. The total emission signal is normalized to an integrated area of
1, and multiplied by 10* for plotting. The ~1 ps spectrum is dashed to avoid obscuring the ~300 fs
spectrum. The difference spectra in the valence-to-core region are shown on an expanded scale in

the inset.

The transient XES in the Kai2, KB13, and valence-to-core regions were fit to a sum of
exponential decay components using the time constants obtained from analysis of the UV-visible
transient absorption spectra. Species associated difference spectra for the species A, B, and C are
obtained from this analysis. The difference spectrum corresponding to species D is obtained from

the measurement at 100 ps. These difference spectra are plotted in Figure 10. Plots illustrating the
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quality of the fit are included in Figures S3-S5. The initial difference spectrum following
photoexcitation (A, 1=0.13 ps) is symmetric, suggesting a broadening of the Ko and Kf3 mainline
emission peaks as the main effect on this time scale accompanied by a decrease in the VtC emission
peaking at 7706.1 eV. The spectrum of B (1=1.7 ps) exhibits the most significant deviation from
the ground state spectrum, characterized by a blue-shift of the K13 mainline peak and a decrease
in the VtC emission intensity and a shift in the VtC minimum to 7705.7 eV. The tr-XES difference
spectra of C (=28 ps) and D (=1 ns) are similar in magnitude and shape characterized by a
decrease in the blue shift of the K3 mainline peak. For D the VtC difference decreases in amplitude

and shifts to lower energy.
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Figure 10. Left: Evolution associated difference spectra obtained from a fit to the transient XES
spectra. The upper panel illustrates the spectra in the Ko, region while the lower panel contains
the Kfi 3 region and the valence-to-core region. In the VtC region, the difference spectrum for C is

complicated by the low signal and the fact that the traces only cover time delays out to 2 ps and is
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not plotted. The left axis label (ASx10%) and right axis label (Sx10%) apply to both KB and VtC.
Right: Estimated excited state XES spectra in the Ko and K mainline regions of the spectrum for

an excitation fraction of /= 0.6.

The excited state spectra can be estimated from the evolution associated difference spectra
assuming an excitation fraction. For the XES measurements the excitation fraction is estimated to
be f=0.6£ 0.1, although a larger value is possible. The general trends are similar for any excitation
fraction between 0.5 and 1. Fractions <~0.45 produce estimated spectra having unrealistic shapes
for one or more of the peaks. The excited state B exhibits a pronounced blue-shift of the Ko and
K mainline peaks, while C and D have a smaller blue-shift.

Time-resolved X-ray emission measurements were also performed at the FXE instrument for
MeCbl following photoexcitation at 400 nm. The incident X-ray energy was 9.3 keV and the
detection range covered the Kai2, KB1,3, and KB’ regions. The difference spectra obtained at four
key time delays are summarized in Figure 11. Given a branching of 3:1 between formation of the
metastable excited state and prompt dissociation to cob(Il)alamin and a 1 ns lifetime for the
metastable excited state, the data obtained at ca. 15 ps and at 1 ns can be used to estimate difference
spectra for the excited state and for the formation of cob(Il)alamin. These are plotted in Figure
11(b). The difference spectra of the excited state species (D) are similar for both excitation
wavelengths. These are distinct from the difference spectrum for the formation of cob(Il)alamin
from MeCbl. The latter has a shape that is consistent with that observed for dissociation of AdoCbl
using 550 nm excitation pulses. Formation of cob(I)alamin results in a broadening of the Kf31.3
transition, while formation of the electronic excited state of MeCbl results in a clear blue-shift of
this transition. It is also clear that the differences in the KB’ region for the formation of

cob(Il)alamin are no larger than the differences for population of the excited electronic state and
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may even be somewhat smaller. Analogous, albeit much smaller, distinctions between the spectra

for D and those for Co(Il)alamin may also be present in the Ka region.
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Figure 11. (a) Difference spectra obtained at the indicated time delays following excitation of MeCbl

at 400 nm. The spectrum at ~250 fs represents an average from 100 fs to 400 fs and the spectrum at

~15 ps represents an average of data from 10 to 20 ps. The legend is the same for the Ko and K3

regions. The 1 ns spectrum is scaled to account for the quantum yield for ground state recovery at 1

ns. (b) Decomposition of the difference spectra following excitation at 400 nm into contributions

from the metastable excited state D and the formation of cob(II)alamin following bond dissociation.

The difference spectrum corresponding to population of the metastable excited state is compared

with the spectrum obtained following 550 nm excitation and the difference spectrum corresponding

to bond dissociation is compared with the difference spectrum for dissociation of AdoCbl to form

cob(Il)alamin 450 ps after excitation at 550 nm.

XANES simulations characterize corrin dynamics

In our earlier paper we used FDMNES®7*® simulations to model the long-lived excited state

of MeCbl probed 100 ps after excitation.>? Simulations were performed starting with the truncated
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structures for the ground and excited states optimized by Lodowski et al. using DFT and TD-DFT
methods.* The primary conclusions from that study were: (1) The dominant contribution to the
difference between the ground and excited state is an expansion and distortion of the corrin ring.
(2) The experimental XANES difference spectrum requires a larger distortion or expansion of the
corrin ring than is predicted using TD-DFT. This was modeled by using the crystal structure for
the adenosylrhodibalamin (AdoRbl) ring where a Rh*" ion replaces the Co** in cobalamins.** (3)
The large 0.12 A contraction of the Co-Nimv distance predicted by Lodowski et al. was not
consistent with the data although a contraction of <0.05 A was deemed possible.

In the analysis reported here, we use a larger model system with methyl groups rather than
hydrogen atoms replacing the peripheral groups on the ring, a benzimidazole rather than imidazole
for the lower axial ligand, and we begin with the corrin ring structure obtained from the crystal
structure of ethylcobalamin reported by Hannibal et al.** rather than the DFT optimized corrin
ring. A Co-C bond length of ca. 2.000 + 0.025 A and a Co-Npwms bond length of 2.23 + 0.01 A
results in a simulated XANES spectrum in good agreement with the measured spectrum as
discussed in detail elsewhere.*® This structure was used as a starting point for exploring the
structural dynamics in the excited state.

In agreement with our earlier results, an expansion of the corrin ring is required to account for
the magnitude of the x-polarized component of the transient XANES difference spectrum at 100
ps. This ring expansion is consistent with about 70% of the difference between the ground state
and Rbl rings as illustrated in Figure 12(d). The average increase in the equatorial Co-N bonds in
the simulation is +0.058 A (range: +0.050 A to +0.066 A). The ring expansion may be
accompanied by relatively small expansions (<0.05 A) of one or both axial bonds, although the

large number of potential distortions of the corrin ring make it difficult to be certain. It is possible
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that the difference signal is due entirely to changes in the structure of the corrin ring in the excited
state, without significant change in the axial bond distances. Our earlier conclusion that a small
(<0.05 A) contraction of the Co-Npms bond might be possible is not consistent with the current
simulations using a larger molecule and starting with crystal structures rather than DFT predictions
for the ring unless it is compensated by some distortion of the corrin ring. The calculations do not

predict such a distortion.
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Figure 12. Comparison of experimental difference spectra and estimated excited state spectra for
MeCbl with simulated spectra. In each panel the black line is the experimental ground state spectrum

and the gray line is the simulated spectrum as described above. The vertical dashed line is the
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approximate break between the pre-edge and XANES regions. (a) The difference spectrum and
estimated excited state spectrum at ~100 fs compared with the simulated results using ground state
axial bond lengths and an expanded ring 50% of the distance between the ground state ring and the
Rbl ring. (b) The difference spectrum and estimated excited state spectrum at ~300 fs compared
with the simulated results using ground state axial bond lengths and a corrin ring expanded 70% of
the distance between the ground state ring and the Rbl ring and the axial bonds expanded by 0.05
A. (c) The difference spectrum and estimated excited state spectrum at ~1 ps compared with the
simulated results using an expanded ring obtained from the crystal structure of Rbl and axial bonds
expanded by 0.1 A and 0.2 A. The difference spectra averaged from 450 fs to 550 fs are also plotted
to illustrate the rapid bond elongation at times <500 fs. (d) The difference spectrum and estimated
excited state spectrum at 100 ps compared with the simulated results using ground state axial bond
lengths and a corrin ring expanded 70% of the distance between the ground state ring and the Rbl
ring and the axial bonds expanded by 0.05 A. The experimental data in this panel is reproduced from

Ref. 32 copyright 2019, American Chemical Society.

The XANES difference spectrum at the earliest times is dominated by an increase in
absorption around 7.73 keV with approximately equal contributions in the x and y+z directions
reflecting an expansion of the corrin ring around the cobalt (Figure 12(a)). The expansion is about
half as large as the difference between the ground state and Rbl rings, with an average increase in
the Co-N distances of ca. 0.043 A. The red-shift of the XAS edge monitored around 7.72 keV is
slightly delayed from the initial excitation, and dominated by y+z (see Figure 8). The difference
spectrum at 300 fs is similar to the difference spectrum at 100 ps, suggesting that the structural
distortion is similar (Figure 12(b)). The magnitude of the structural distortion in the excited state
is significantly larger at 500 fs, and approximately constant from 500 fs to 1.5 ps, with increased
contributions in both the x and y+z directions. The larger x-polarized contribution suggests that

the expansion of the corrin ring is larger for B than for the metastable state D. In agreement with
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this observation, the x-polarized component of the difference spectrum is consistent with the
difference between the ground state and Rbl rings as illustrated in Figures 12(c). The average
increase in the Co-Neq bonds in the simulation is +0.085 A (range: +0.074 A to +0.097 A). The
y+z component requires a larger axial contribution as well, with a ca. 0.1 A expansion of the Co-
C bond and a ca. 0.2 A expansion of the Co-N bond providing qualitative agreement with the
measurement. While a better model for the ring distortion will be required to refine the axial bond
length changes as a function of time delay, it is clear that substantial expansion of both axial bonds
is required to account for the magnitude and breadth of the observed difference signal in the B

state from 500 fs to 1.5 ps.

DISCUSSION

In the experiments presented above, femtosecond to picosecond time-resolved UV-visible
absorption, Co K-edge X-ray absorption, and Co Ka, KB, and valence-to-core emission, were
combined to characterize the excited state dynamics of MeCbl in aqueous solution.

A: <200 fs

Excitation of MeCbl in the af3-band region produces an initial excited state that is primarily
corrin-centered (m—n*), although quantum chemical calculations suggest significant involvement
of Co 3d character in the occupied orbitals involved in the allowed transitions.****’>2 The
stimulated emission contribution to the UV-visible transient absorption spectrum (Figure 4)
suggests that the lifetime of the initially excited state is ca. 130 fs followed by evolution to a dark
state. In the initial state, the Ko and K3 X-ray emission spectra are broadened slightly (Figure 10),
but significant shifts in the emission peaks only develop on a longer time scale suggesting that the
net change around the cobalt is relatively small in the bright state.

The valence-to-core X-ray emission and pre-edge X-ray absorption spectra provide more
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insight into the initial bright state. In this state, the 1s—3d.2 absorption transition is immediately

bleached, either because of an increase in the electron density in the 3d:2 orbital or because of a
decrease in the mixing of this orbital with the Co 4p- orbitals. As illustrated in Figure 13(b), the
initial bleach has the full width of the ground state transition, with no evidence for new intensity
in other pre-edge transitions in this region. The initial transient in the valence-to-core region is
characterized by a decrease in emission on the high-energy side peaking around 7.7061 keV. A
comparison of the valence-to-core spectrum of MeCbl with a TD-DFT calculation of the
transitions involved in this spectrum is plotted in Figure 12. The dominant transition on the high-
energy wing of the emission spectrum is also calculated to be z-polarized, with significant mixing
of Ccus and Nimidazole 2p- ligand orbitals with the Co 3d:2/4p: orbital. The initial decrease in

emission intensity appears to overlap with this transition.
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Figure 13. (a) Comparison of the valence-to-core spectrum of MeCbl with a TD-DFT simulation of
the transitions involved. The high frequency large fluctuations in the ground state spectrum result
from a poor characterization of the detector background. This cancels in the light minus dark
difference spectra. The estimated excited state spectrum for species B is also plotted to provide an
indication of the magnitude of the changes in the emission spectrum. The orbitals making dominant

contributions are illustrated to the right. The three transitions around 7.705 keV are polarized in the
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corrin ring. The transition at 7.7065 keV is z-polarized. (b) Comparison of the X-ray absorption pre-

edge transitions of MeCbl with a TD-DFT simulation of the transitions involved.

The exponential model assumed by the global analysis of UV-Visible TA and XES provides
useful insights into the excited state dynamics, but careful consideration of the X-ray absorption
highlights the inadequacy of such a model (see Figure S6). The initial structural dynamics
following photoexcitation can be characterized from the XANES difference spectra in a manner
similar to that used previously for AdoCbl,** where the signal in each energy region plotted in
Figure 9 is fit to a step function convoluted with a Gaussian. An exponential decay is included to
account for the longer time scale behavior when necessary. For these fits, the decay was fixed to
1.7 ps, consistent with the optical transient absorption and the time-resolved X-ray emission. The
fits are plotted in Figure 14 and the parameters are summarized in Table 1. The time for maximum
overlap of the optical and X-ray pulses and the instrument response function (IRF) are set using
the earliest and fastest rising transient in the data. This is the bleach of the z-polarized pre-edge

transition centered at 7.711 keV. At the other energies, the signal is characterized by a delayed
onset and convoluted with a slower Gaussian rise 6f = +/Op; +0., , where om is the width

corresponding to the intrinsic material response. The data reflect sequential structural evolution of
MeCbl on the excited state surface. Ring expansion probed at 7.729 keV may be delayed slightly
(~ 30 fs) from the bleach of the pre-edge transition, while the edge shift is delayed ~70 fs from
excitation. Rapid axial expansion in MeCbl is consistent with the resonance Raman excitation
profile of the Co-C vibration at 505 cm™.>* Brunold and coworkers deduce an excited state slope
consistent with harmonic displacement > 0.1 A in the Co-C bond, although the accompanying
expansion of the Co-Npms bond was not evident in the Raman data, perhaps because this stretching

motion is distributed over a number of Raman bands.
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Figure 14. Fit of the XANES difference spectra of MeCbl averaged over select energy regions to a
displaced step function convoluted with a Gaussian. The time-displacement from the earliest signal,
t, for the 7.714 keV trace is indicated on the plot. An exponential contribution with t=1.7 ps is also

included for the data around 7.720 ke V.

Table 1. Fits of Select Time Traces Following Excitation of MeCbl in Water to a Step Function
Delayed by 5t and Convoluted with a Gaussian Rise of Width of; om and Aty= 24/2In(2)c
Represent the Width of the Rise after Deconvolution of the IRF

X-ray energy (keV) ot (fs) or(fs) Gm (fs) Atm (fs) fwhm
7.711 0 30 £ 4 (IRF) - 70 (IRF)
7.714 190 + 10 50+4 40 94
7.720 y+z 70+ 10 8214 77 180
7.720 x 200+ 10 77+ 4 71 168
7.729 30£10 30 £ 4 (IRF) - 70 (IRF)

The ~70 fs edge shift for MeCbl is significantly faster than the ~200 fs edge shift observed
for AdoCbl.*? In contrast to MeCbl, there is no strong resonance Raman enhancement of a Co-C
stretch in AdoCbl.3*** In fact, there is no single clear Co-C vibration in the Raman spectrum of
AdoCbl. At least four bands between 420 cm™ and 569 cm! in the Raman spectrum are sensitive
to 5'-12CH2/"*CH: and/or 5'-CH2/CD: substitution.”*> The mode at 569 cm involves ribose
deformation mixed with the Co-C stretching motion. This appears to be the dominant Co-C

stretching mode for AdoCbl.>* This peak is only weakly enhanced in the resonance Raman
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spectrum obtained with 568.2 nm excitation on the red-edge of the af-band absorption®® in
contrast to the relatively strong enhancement of the Co-C stretching mode in MeCbl obtained with
a similar excitation wavelength.’> Thus, both the resonance Raman enhancement and tr-XANES
suggest that axial elongation begins in the initial Franck-Condon excited state for MeCbl, while
for AdoCbl elongation occurs in the dark state after evolution out of the initial excited state.

Combining all of the data; evolution out of the initial excited state occurs on a time scale <190
fs consistent with the ca. 130 fs decay component in the exponential fit to the transient UV-visible
and XES spectra. Significant structural evolution occurs in this state, including ring expansion
and expansion of the axial bonds. The sequential structural evolution is not well modeled using a
sum of exponential components and requires consideration of wavepacket dynamics on the excited
state potential energy surface.
B: ~300 fs<t <~3 ps

The optical absorption spectrum of the dark excited state populated after a couple hundred
femtoseconds resembles typical cob(Ill)alamin species with an af3-band in the visible centered
around 525 nm and a strong y-band peaking at 340 nm. This spectrum is similar to the relaxed
excited state, with the primary difference being increased absorption intensity on the red-edge of
the spectrum. Given that the excess energy available to the molecule is larger for 407 nm excitation
or 270 nm excitation than for 540 nm, differences in structural relaxation may account for the
differences in the UV-visible transient absorption spectra measured using different excitation
wavelengths (see FigureS2).

New transitions appear in the pre-edge region for B, a weak absorption to the red of the ground
state transition and a somewhat stronger absorption to the blue of the ground state transition. The

y+z-polarized transient around 7.714 keV rises sharply, but is delayed by about 190 fs from t=0.
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There is no significant x-polarized contribution (see Figure 8). It is likely that the increase in
intensity in this region represents coherent evolution onto a dark potential surface accompanied by
a change in electronic configuration opening a z- (or y-) polarized transition. The transition
observed at ca. 7.709 keV, to the red of the ground state transition is also dominated by a y+z-
polarized contribution, although some x-polarized contribution cannot be ruled out. These
transitions exhibit a small decay as the population evolves from B to C to D, but the qualitative
features are unchanged (Figure 13(b) and Figure S7). The split 1s—3d transitions reflect a change
in occupancy of Co 3d orbitals or in the mixing of 3d and 4p orbitals.

The VtC emission intensity will be modified both by changes in the occupancy of the Co 3d
orbitals, and by changes in the overlap of the Co frontier orbitals with the ligand orbitals. Emission
near the peak of the spectrum is dominated by in-ring polarized transitions involving the overlap
of Co dy, px and py orbitals with the equatorial nitrogen atoms (Figure 13(a)). Species B is
characterized by an increased bleach of the emission and by a shift in the peak of the difference
spectrum from 7.7061 keV to 7.7057 keV. The decrease in VtC intensity is consistent with the
increase in the cavity around the Co, that is seen in the XANES spectra (~0.08 to 0.10 A for Co-
Neq and Co-C and an even longer expansion of the Co-Npms bond, See Figure S8).

The large changes in the Kf and Ka regions are also consistent with significant changes in
the electron density and bonding at the Co. In state B the K} mainline peak broadens and blue
shifts by ~0.47 eV from the ground state before recovering to a blue-shift of ~0.27 eV from the
ground state. Such a shift is commonly discussed in terms of an increase in spin at the metal or a
decrease in covalency of the metal-ligand bonds. In a simplified picture, the metal-centered orbitals

are described as linear combinations of metal and ligand orbitals:>

v, ~(1 _az)l/z%d +aop, 4)
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where a represents the amount of ligand character. The position of the K mainline shifts to higher
energy as the covalent character decreases. The magnitude of the difference spectrum, and thus of
the shift from the ground state (S=0), is larger for the excited states of MeCbl than for the formation
of cob(Il)alamin (S=1/2). The latter is typically attributed to 3p-3d spin exchange; however, there
is no evidence for intersystem crossing in to a triplet state in photoexcited MeCbl. Our data thus
suggest that changes in the covalent interaction of the Co atom with its ligands in the excited
electronic states can cause equally large changes in the effective spin at the Co atom. The changes
in the Ko emission follow the same trends as the changes in the K3 region, although they are
smaller, consistent with the weaker 2p-3d coupling. The dominant effect in the Ko region is a
broadening of the peaks, with only a small blue shift in the Koui emission of ~0.1 to 0.15 eV in all
excited states. The magnitude of the broadening decreases over the first two picoseconds, but
significant changes remain in the relaxed excited states C/D.

Combining all of the data; the excited state B is characterized by a change in the electronic
distribution around the central cobalt atom and by significant expansion of the cavity around the
cobalt atom (Ar ~0.1 A). The cavity collapses somewhat around the cobalt as the molecule relaxes
in the excited state, but the expansion remains >0.05 A.

C/D: ©>~5 ps

The excited state behavior of MeCbl is distinct from that of other alkylcobalamins. We have
measured bond homolysis yields for a range of alkylcobalamins, and find yields approaching 100%
on time scales of 100 + 50 ps in all cases except MeCbl.2*?*>7 The ultimate quantum yields for
Co-C homolysis can be variable, depending on the competition between cage escape and geminate
recombination rate,””-® but the initial yield of radical pairs is high. In contrast, optical excitation

of MeCbl in the visible absorption band results in population of a metastable excited state with a
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ca. 1 ns lifetime in water and a ca. 2.4 ns lifetime in ethylene glycol. The yield for bond homolysis
from this state is <15% in water and <15% in ethylene glycol. The majority of the population
returns to the ground state of MeCbl. The steady state quantum yield is controlled by branching
between bond dissociation and internal conversion to the ground state rather than by the probability
of geminate recombination.

The behavior of the photoreceptor CarH resembles that of MeCbl, with visible excitation
resulting in formation of a metastable excited state having a lifetime of several nanoseconds.!”
This behavior is distinct from that of AdoCbl either free in solution or bound to proteins,'>!1°
demonstrating that some aspect of the CarH site is able to modify AdoCbl so that it has behavior
that is otherwise seen only for MeCbl. The UV-visible spectrum of the CarH excited state and the

magnitude of its XANES difference spectrum are similar to those of MeCbl,!"?!

suggesting that
the structural and electronic changes may be similar. In contrast, both the transient absorption and
the XANES differences following excitation of AdoCbl in water are distinctly different from those
seen in either CarH or MeCbl. The evolution of the optical spectrum of AdoCbl in water is
compared with MeCbl in Figure 5. In contrast to the modest changes observed for MeCbl and for
AdoCbl bound to CarH, significant evolution is observed for AdoCbl. Here the X-ray
measurements on MeCbl may provide some additional insight. The changes in the XANES and
XES spectra for the metastable state D are consistent with contraction of the Co-ligand bond
lengths from the point of maximum distortion, but the ring remains expanded and the transients
support assignment to an excited state with increased electron density on the cobalt. A more
complete analysis of the structural changes as a function of time will require the development of

more sophisticated methods to optimize the structure and compare simulations with the

experimental X-ray absorption and emission spectra.
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Bond Dissociation

Although formation of cob(Il)alamin is a secondary channel following excitation of MeCbl,
it is of interest to compare the cob(I)alamin form with the relaxed excited state D. The XANES
difference spectrum for the formation of cob(Il)alamin was discussed previously.**#¢ Briefly, the
dominant change is axial, reflecting loss of the methyl ligand and a ca. 0.08 A contraction of the
Co-Nbpwms bond. The ring changes are smaller than for the excited electronic states; and increase of
ca. 0.03 A in the Co-Ncorin bonds provides qualitative agreement with the measured spectrum.*®
This is approximately half of the magnitude of the change required to model the metastable excited
state D. The XES difference spectra provide additional insight into the nature of the cob(Il)alamin
species. The difference spectrum for formation of D is asymmetric reflecting a blue shift of the K3
mainline peak, accompanied by some broadening and a small increase in emission in the region
generally attributed to Kf', indicating increased spin density on the cobalt. In contrast, the
difference spectrum for formation of cob(Il)alamin is symmetric, with little, if any, increase in

emission in the Kf’ region despite the explicit formation of a radical species with a low spin Co

(S=1/2) and spin density localized in a Co d-2 orbital.’*-! In this case, electronic excitation causes

a bigger change in the XES than bond dissociation and a change in the formal oxidation state.

CONCLUSIONS

Time-resolved XAS of MeCbl in the pre-edge and XANES regions has been combined
with time-resolved XES in the Kai2, KB13, and valence-to-core regions and with transient UV-
visible spectroscopy spanning the range from 290 nm to 730 nm. The combinations of methods
provide a powerful tool to probe the femtosecond and picosecond electronic and structural
dynamics on photoactive transition metal complexes. Polarized XANES difference spectra allow

characterization of sequential structural evolution. The initial dynamics involve equatorial
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expansion of the corrin ring around the central cobalt coupled with elongation of the Co-C bond
in the Franck-Condon allowed fluorescent excited state. This is consistent with resonance Raman
excitation profile where both Co-CHs and corrin ring stretching motions show significant
enhancement.’? Time-resolved XES, especially in the KB and VtC regions, along with polarized
XANES suggests that the state that is populated as the molecule moves into the initial dark state
is characterized by a prompt change in electronic configuration and coherent expansion of both
axial and equatorial bonds, with the elongation slightly overshooting the excited state minimum
before the molecule relaxes into a metastable state D having a nanosecond lifetime. The metastable
state is characterized by expansion around the central Co of ~0.05 A and increased electron density
on the Co ion approaching which might be expected for a 6-coordinate Co** with a corrin n-cation.

The primary difference between the XES spectra of the MeCbl ground state and the
cob(IT)alamin product is a broadening of the KP1,3 emission line. In contrast, the excited state is
characterized by a blue shift of this emission line leading to an asymmetric difference spectrum.
Surprisingly, the difference between the 6-coordinate excited state and the ground state is
significantly larger than the difference between 6-coordinate MeCbl and 5-coordinate
cob(IT)alamin. This suggests the need for some caution when using ground state spectra of stable
molecules to identify transient excited state species.

The spectroscopic similarity between the metastable state formed from MeCbl excitation and
that formed following excitation of CarH suggests that MeCbl — an outlier among alkyl cobalamins

because of its unique behavior — may be an excellent analog for CarH.

SUPPORTING INFORMATION

A pdf file including additional transient absorption spectra, global analysis of X-ray emission

spectra, comparison of fits to the X-ray absorption pre-edge region, and simulations of the valence-
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to-core emission spectrum is available.
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