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Abstract

Polarized X-ray absorption near edge structure (XANES) at the Co K-edge and broadband
UV-visible transient absorption are used to monitor the sequential evolution of the excited state
structure of coenzyme B2 (adenosylcobalamin) over the first picosecond following excitation. The
initial state is characterized by sub 100 fs sequential changes around the central cobalt. These are
polarized first in the y direction orthogonal to the transition dipole and 50 fs later in the x direction
along the transition dipole. Expansion of the axial bonds follows on a ca. 200 fs time scale as the
molecule moves out of the Franck-Condon active region of the potential energy surface. On the
same 200 fs time scale there are electronic changes that result in the loss of stimulated emission
and the appearance of a strong absorption at 340 nm. These measurements provide a cobalt-

centered movie of the excited molecule as it evolves to the local excited state minimum.



Introduction

The possibility of molecular ‘movies’, i.e., the ability to observe structural evolution in real
time, has driven the development of new spectroscopic and structural methods. The goal of such
studies is to answer the question: how do molecules respond when placed on a new potential energy
surface following photoexcitation or other perturbation? Ultrafast UV-Visible and IR
spectroscopies allow the monitoring of valence electronic and vibrational changes with exceptional
time resolution and sensitivity. The recent development of femtosecond X-ray sources, especially
X-ray free electron lasers, has taken molecular ‘movies’ to a new level of precision and sensitivity.
Most measurements to-date have focused on ‘snapshots’ of local minima or kinetic intermediates.
Ultrafast X-ray scattering has the potential to track atomic positions as a function of time.!"!! Of
equal importance, ultrafast X-ray absorption spectroscopy provides the opportunity for element-
specific structural measurements at the active sites of a wide range of key systems for
photocatalysis, energy-storage, and enzymatic activity.'?>* Both of these techniques provide the
opportunity to move from kinetic ‘snapshots’ to dynamic molecular ‘movies’.

Cobalamins comprise an important class of biological cofactors.?*?* Coenzyme B2
(adenosylcobalamin, AdoCbl, Figure 1) catalyzes radical rearrangement reactions via substrate-
induced homolysis of the carbon-cobalt bond. Methylcobalamin (MeCbl), with a methyl group
replacing the 5’-deoxyadenosyl group in coenzyme B2, is the active coenzyme in a wide range of
methyl transferase enzymes. Although these enzymatic reactions are ground state reactions, the
photochemistry of cobalamins is of increasing relevance. For example, the photochemistry of
AdoCbl is vital to the sensing function of the newly discovered photoreceptor, CarH.3%-3
In addition to their biological function, cobalamins provide a promising platform as light-

activated agents for spatially and temporally controlled delivery of therapeutic agents and as a



biocompatible scaffold for CO releasing metal carbonyls,>’

since the upper axial ligand can be
replaced with a wide variety of chemically or biologically active ligands. The photochemistry and
photophysics of cobalamins are determined by seams of intersection between several low-lying
electronically excited states.®*? The positions of these seams and the pathways for
photodissociation or internal conversion vary with axial ligand and with environment.

In the work reported here we have used femtosecond X-ray absorption near edge structure
(XANES) measurements at the Co-K edge to probe the initial structural dynamics following
excitation of a photoactive alkylcobalamin, coenzyme Bi>. These measurements expand on our
previous studies of the dynamics of CNCbl'*!'* by comparing XANES and UV-visible transient
absorption measurements. This combination provides unprecedented detail on the initial excited
state dynamics, coupling structural dynamics with changes in the excited electronic configuration,

and moves beyond the limitations of kinetic models and coherent quasi-harmonic vibrational

oscillations.

Figure 1. Coenzyme B2, (Adenosylcobalamin, AdoCbl). The x, y, and z directions as defined in the text
are indicated on the figure. The x-direction is defined by the transition dipole direction excited at 540

nm and approximately connects the two methyl groups on either side of the corrin ring.



Methods
Experimental Methods

XANES difference spectra, AS(1)=S,,(¢)—S,; , were obtained for time delays between -0.5

ps and 1.2 ps using the XPP instrument of the X-ray free electron laser LCLS at SLAC.* The
AdoCbl sample was dissolved in ultrapure deionized water or ethylene glycol to a concentration
of 5 mM and pumped through a glass nozzle to achieve a stable 50 um diameter jet of 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 um below the nozzle. The optical pump pulse (~50 fs
full width at half maximum (FWHM)) was centered at 540 nm or 365 nm. The X-ray probe pulse
(~40 fs FWHM) was tuned from 7.7 keV to 7.8 keV by using a Si(111) channel cut monochromator
(1.4x10"* AE/E resolution) and cobalt X-ray fluorescence was collected and used as a measure of
X-ray absorption where the signal was normalized to a reference lp. More details are found
elsewhere.** The jitter between the X-ray and optical laser was recorded pulse by pulse and used
to sort the XANES spectra into finer time steps. The data were averaged using 50 fs bins centered
every 25 fs. The combined final instrument response function, including the X-ray and optical
laser pulse durations, as well as the jitter measurement error, is estimated to be ~125 £5.4*° The
polarization of the optical pulse was rotated between horizontal and vertical to obtain parallel and
perpendicularly polarized difference spectra using a remote-controlled optical waveplate. The
measured XANES spectrum with the optical laser off is in excellent agreement with the spectrum
reported by Champloy et al. for AdoCbl free of radiation damage.*®

The UV-visible transient absorption measurements were performed using a tunable

Ti:sapphire based laser system (Spitfire, Spectra-Physics) in the LUMOS laboratory. The sample



was a thin (ca. 300um) wire-guided flow to minimize coherent artifacts at short time delays. The
excitation wavelength was 575 nm from a noncollinear optical parametric amplifier (TOPAS
White, Light Conversion) and the probe was a broadband continuum spanning the range from <330
nm to 750 nm generated by focusing the fundamental at ca. 800 nm into a 5 mm CaF; plate. The
polarization was alternated between parallel and perpendicular with three scans collected for each

polarization. The resulting difference spectra used to calculate the absorption anisotropy,

r(t)=(AAH(t)—AAL(Z))/ (AAH(t)+2AAL(t)), and the isotropic difference  spectrum

AA. (t)z%(AAH(t)JFZAAL(t)). Analysis of the optical absorption anisotropy is available in

supporting information. An additional data set was collected at magic angle (54.7°) using a | mm
quartz flow cell and a continuum generated by focusing ca. 400 nm into the CaF» plate. Because
the continuum extends below 300 nm with significant intensity, this data set provides a better
measure of the relative intensity of the excited state y band between 300 nm and 350 nm. However,

the thicker sample and use of a flow cell results in coherent features that complicate the

interpretation at time delays <300 fs.
Computational methods

The computations reported in this work, geometry optimization and frequency calculations,
have been performed using density functional theory (DFT) with the non-hybrid (GGA) Becke-
Perdew (BP86) exchange-correlation functional together with TZVP basis set for H atom and
TZVPP for Co, C, O and N atoms, respectively as implemented in Gaussian09.*” The X-ray
crystallographic structure of AdoCbl*® has been used to construct the truncated model, Im-
[Co(IlT)corrin]-Ado". The lower dimethylbenzimidazole base, was replaced by imidazole (Im),

while the amide side chains of corrin ring along with the nucleotide loop have been truncated and



replaced with hydrogen atoms. Similar simplified structural models of cobalamins have been
successfully used in previous vibrational studies.*’° Due to the incomplete treatment of
correlation energy and to take into account approximately the effects of anharmonicity, scaling of
frequencies was applied.’!? To obtain the best agreement with experiment, the DFT-based
computed frequencies of Im-[Co(IIT)corrin]-Ado" were uniformly scaled by 0.86.4%%

The ground state XANES spectrum was simulated using the truncated Im-[Co(III)corrin]-
Ado" structure and the FDMNES code.>**** The molecule was aligned according to the axis system

defined in Figure 1 to allow decomposition of axial and equatorial contributions.

Results

Femtosecond time-resolved X-ray absorption from 7.7 keV to 7.8 keV was measured
following excitation of AdoCbl in water and in ethylene glycol at 540 nm. Over the first
picosecond the excited state dynamics are independent of solvent. Here we will focus primarily on
the data obtained in water. The data obtained in ethylene glycol, which are included in supporting
information, are somewhat noisier but are in agreement with the data measured in water. Time-
resolved XANES (tr-XANES) data obtained with parallel and perpendicular polarization of the
optical and X-ray pulses allows construction of the isotropic tr-XANES difference spectrum and
separation of the tr-XANES difference spectrum into contributions polarized parallel (x) and
perpendicular (y+z) to the transition dipole direction of the optical transition.'*

AS

Iso

=AS, +2AS, =AS +AS, .
AS, =2AS,-AS, (1)

AS,,. =3AS, —AS,

The isotropic fs tr-XANES difference spectrum obtained following excitation of AdoCbl at 540



nm is plotted in Figure 2(a). The dominant features are (1) a prompt bleach of the 1s—3d pre-edge
transition at 7.711 keV, (2) a rapid increase in absorption at 7.729 keV, (3) a delayed increase in
absorption at 7.721 keV correlated with an overall red-shift of the XANES edge, and (4) a delayed
absorption feature in the pre-edge region at 7.7085 keV. Additional changes are observed in the

higher energy features (see Figure S1). The data obtained in ethylene glycol are similar (Figure

S2).
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Figure 2. (a) Top: Laser-off XANES spectrum of AdoCbl in water (solid blue) compared with the
simulated XANES spectrum (dashed cyan). The decomposition of the simulated spectrum into
contributions polarized along the x, y, and z coordinates is also plotted. Bottom: Surface plot of the
isotropic XANES difference spectrum from -0.2 ps to 0.6 ps. (b) Top: UV-Visible spectrum of AdoCbl
in water. The aff-band is the lowest mn* excitation of the corrin ring. The y-band region is dominated
by contribution from higher energy mn* transitions of the corrin ring.*?>>¢ The excitation pulse for
UV-Visible transient absorption and the central wavelength for X-ray transient absorption are indicated.
Bottom: Surface plot of the isotropic transient difference spectrum from -0.2 ps to 0.6 ps. The black
boxes indicate regions dominated by Stokes and anti-Stokes stimulated Raman scattering from the water

solvent.

The fs tr-XANES spectra are compared with broadband transient absorption measurements in



the UV-visible region of the spectrum in Figure 2b. Consistent with the XANES measurement,
these data are characterized by an initial transient evolving on a ca. 200 fs time scale. The strong
features around 480 nm and 720 nm arise from stimulated Raman scattering in the water solvent.
The remaining features are characteristic of the AdoCbl excited state evolution. The initial excited
state is characterized by a bleach at 377 nm, an increased absorption at 400 nm, a strong bleach of
the visible absorption between 500 nm and 590 nm, and the contribution of a stimulated emission
signal to the red of the ground state absorption, 590 nm < A < 650 nm evidenced by the apparent
negative absorption change in this region to the red of the ground state absorption. These features
disappear within 200 fs, replaced by a strong y-band absorption at 340 nm, a weak, but increasing,
ground state bleaching signal around 550 nm, and a weak, broad, absorption tail at wavelengths
greater than 590 nm.

Difference spectra at selected time delays and time traces at selected energies are plotted in
Figure 3. Optical excitation results in a prompt electronic change in the w orbitals of the corrin ring
and may include some involvement of Co d orbitals.>®*? The earliest change observed in the X-
ray absorption spectrum is the decrease in absorption of the sharp 1s—3d transition at 7.711 keV.
The bleach of this signal appears on a time scale that is consistent with the temporal width and
overlap of the X-ray and optical pulses at the sample. The instrument response function (/RF) was

B

I =

e
oV2n

(t—ét)z
¢/ with  FWHM of

approximated as a Gaussian function [RF(¢,6,0t)=

At =c62~421In2 =125 fs. Every other change in the XANES spectrum is delayed in time from this

initial electronic signature; these delayed changes thus report on structural and/or electronic
evolution in the excited electronic state following excitation. The fit to the transient at 7.711 keV

is used to define t=0 overlap for the tr-XANES data. The UV-visible data in Figure 3(b) is
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corrected for dispersion (i.e., chirp) of the broadband continuum using a polynomial function.®’
These data have an IRF of At = 100 fs, limited by the intrinsic temporal width of the continuum
probe generated in 5 mm CaF». The excitation pulse is somewhat shorter than the probe, with an
estimated width of <70 fs FWHM.

The isotropic difference spectrum can be used to reconstruct the excited state XANES
spectrum as a function of time. Given an excitation percentage, 3, the excited state spectrum as a
function of time is reconstructed from the isotropic difference spectrum and the measured laser-

off spectrum according to:
1
S(t) = E ( Slaser—on (t) - Slaser—q{j" + BSlaser—Q[f' ) (2)

For the XANES measurements reported here = 0.23, limited on the low end to > 0.17 by the
requirement of positive excited state X-ray absorption at all X-ray energies and on the upper end
to B < 0.3 by the magnitude of the cob(II)alamin difference spectrum at long time delays.'>4%>% At
the earliest times the integration of the instrument response function is also included in the value

of B to account for the time-dependence of the build-up of excited state population:
=023 IRF({)dr.

The evolution of the reconstructed excited state XANES spectrum is plotted in Figure 3(a).
The excited state spectrum is characterized by a rapid increase in intensity between 7.725 keV and
7.730 keV accompanied by a red-shift of the peak at 7.735 keV followed by a slower red-shift of
the XANES edge. The excited state UV-visible transient spectra plotted in Figure 3(b) are
calculated in the same manner, although the excited fraction is much lower, ca. 3% as estimated
from the sample concentration and the magnitude of the signal. The relative intensity between 300

nm and 340 nm at the edge of the broadband continuum generated using 800 nm pulses in CaF; is
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underestimated in the transient absorption measurements. Estimated spectra at 0.4 ps and 1 ps
obtained with a UV continuum generated using 400 nm pulses in CaF» are also plotted in Figure
3(b) to illustrate the actual intensity of the excited state y-band at 340 nm. These data were obtained
using a quartz flow cell where coherent artifacts obscure the AdoCbl transient absorption signals
for time delays earlier than ca. 0.3 ps.
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Figure 3. Difference spectra and reconstructed excited state spectra as a function of time. The legend
is the same for all plots. (a) XANES spectra in the edge region. The difference spectrum at -0.1 ps
illustrates the noise level in the data. (b) UV-visible absorption spectra at the same time delays. The
difference spectrum at -0.2 ps illustrates the noise level in the data. The 0.05 ps traces includes remnants
of the solvent stimulated Raman scattering contribution. The relative intensity between 300 nm and 340
nm at the edge of the broad band continuum is underestimated. Estimated spectra at 0.4 ps and 1 ps

from a separate data set obtained using a deep UV continuum extending below 300 nm are shown for



comparison (dashed lines). (¢) Time-dependence at selected X-ray energies. (d) Time dependence at
selected UV-visible wavelengths. The signals between 520 nm and 560 nm, including the low frequency
oscillatory component at 560 nm, are consistent with single-wavelength high-time-resolution

measurements reported earlier.”’
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Figure 4. (a) The XANES difference spectrum averaged around four key time delays as indicated on
the plot. Both the isotropic spectrum and the decomposition into the x and y+z contributions are plotted.
The vertical lines indicate X-ray energies plotted as time traces in (b). (b) Decomposition of the XANES
time dependence averaged around five X-ray energies as indicated on the plot into the x and y+z

contributions. The legend is the same as in (a). The vertical lines indicate t=0 and the time delays plotted

12
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in (a).

Decomposition of the XANES difference spectrum into x and y+z contributions provides
additional insight into the structural dynamics following excitation. Signals at key time delays and
X-ray energies are plotted in Figure 4. As noted above, the earliest transient is the bleach of the
pre-edge transition at 7.711 keV. The initial bleach is absent in the x component, although a small
contribution grows in with time. Of particular interest, the growth of the x and y+z difference
signals at 7.729 keV are not simultaneous. The growth of the x-polarized signal is delayed by ca.
50 fs from the y+z signal as shown in Figure 4b. This delay suggests that there are sequential
asymmetric changes in the corrin ring over the first 100 fs as discussed in more detail below.
Although the data obtained in ethylene glycol solvent are noisier than those in water, the general
features are similar: the prompt bleach of the pre-edge transition, the ca. 200 fs delay of the red-
shift of the XANES edge, and the 50 fs time delay of the x-component with respect to y+z at 7.729

eV are all reproduced (Figure S3).

Discussion

They and 7 contributions to XANES can be separated by comparing the effects of UV and visible

excitation.

Although it is not possible to associate X-ray absorption intensity at a particular energy with
individual atomic positions (see e.g., Fig. 8 of Rossi ef al. for an illustration of the complexity of
XANES data in macrocyclic ligands)®’, the availability of polarization dependent difference
spectra allow us to connect different energy regions with different structural features. Specifically,
the y and z components of the difference spectra can be further identified and separated at some

X-ray energies by using polarization resolved data obtained at 12 ps in ethylene glycol. By



14

measuring transient X-ray absorption spectra for both 540 nm excitation, where the transition
dipole is defined as “x”, and 365 nm excitation, where the transition dipole is approximately
orthogonal to x in the corrin ring (i.e. ~ “y”), it is possible to completely define the transient
absorption tensor.!'? The excited state XANES spectrum, and thus the excited state structure, does
not change significantly between 1 ps and 12 ps in ethylene glycol (Figure S4). The isotropic
difference spectrum in ethylene glycol depends slightly on excitation wavelength, but the general
trends are the same following both 540 nm and 365 nm excitation.

As shown in Figure 5, ASx(540 nm) and ASx+-(365 nm) are similar from 7.725 keV to 7.733
keV. The same is true when comparing ASy+,(540 nm) and ASy(365 nm) over this region. The
comparison demonstrates that contributions from x and y dominate in this region with little or no
contribution from z. This is consistent with our simulations of the excited state structure of
MeCbl,'? where we found that the increase in X-ray absorption around 7.729 keV arises from
expansion and distortion of the corrin ring contributing primarily to the x- and y-polarized
difference spectra. Changes in AS, dominate from 7.711 keV to 7.717 keV with little or no
contribution from either ASx or ASy. From 7.718 keV to 7.723 keV all three components make a

significant contribution to the difference signal, although it is clear that AS; makes the major

contribution to the red-shift of the XANES edge.
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Figure 5. Top: Identification of the changes in the XANES spectrum following excitation of AdoCbl at
540 nm. The labels indicate the polarization and approximate time delays. Bottom: Decomposition of

the difference spectrum 12 ps following excitation of AdoCbl in ethylene glycol (EG) at 540 nm and

365 nm.

Time dependent changes in the XANES provide evidence for sequential structural changes.

Although it is possible to fit the early time data to a sum of exponential components, such a
fit provides little physical insight into the excited state dynamics. The early dynamics are not
expected to obey kinetic rate equations giving rise to exponential population evolution. Rather,
wave packet motion on the excited state surface evolves toward the excited state local minimum
energy structure on a time scale of a few hundred femtoseconds accompanied by changes in the
electronic configuration. Assuming that the dynamics are well described as ballistic wave packet
motion on the excited state surface, the rise in the X-ray signal can be fit using a step function

H(t,0¢) convoluted with a Gaussian to give the empirical lineshape F(z,064,0t) = H(t,0t)*G(t,09),

¢ 7l[x—6t]2
F(t,6,,8t)= I ;e 2027 ) dx, where o is the effective rise time of the X-ray signal at that

o0 G.f'm

energy and 0t is the delay in the changes relative to the changes at 7.711 keV. A small exponential
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decay component is included with the step function where necessary (e.g. 7.711 keV). Because
both the X-ray and optical pulses have a finite width the effective rise time, oy, is approximately

the convolution of the /RF with the broadening due to the intrinsic rate of molecular response .

Assuming that both the /RF" and the molecular response are Gaussian, then 6, » \ O +0.. This

allows an estimate of the intrinsic molecular response G, from orand orr (See SI for additional
details). While the fitted parameters 6¢ and G,» do not necessarily represent specific molecular

motions, they provide a convenient way to characterize the energy dependent changes in the

XANES spectrum and at specific energies may be assigned to qualitative molecular changes.
Table 1. Fits of select time-traces following excitation of AdoCbl in water to a step function delayed by
St and convoluted with a Gaussian rise of width oz The final two columns, o, and At, represent the

width of the rise after deconvolution of the /RF. Fits at additional energies are provided in Table S1.

X-ray energy Component” ot (fs) or(fs) on(fs) At =c,2v2In2
(keV) (FWHM, fs)
7.711¢ 4z (2) 0 53 (Gurr) 0 0
7.736 Xtz 93 115 102 241
7.729 X 70 79 59 139
7.729 2 () 19 85 67 157
7.721 x 182 126 114 269
7.721 4z 195 108 94 222
7.720 x 199 115 102 241
7.720 4z 223 129 118 277
7.715 V2 232 102 87 204
7.714 e 227 96 80 189
7.709 Xtz 196 221 214 504

@ The values obtained in the fit to the 7.711 keV trace are used to define t=0 and the width of the

instrument response function. Every other change is later and slower.

b Experimental difference spectra that were fit to determine 8¢ and o For 7.711 keV and 7.729 keV,
independent data measured following 365 nm illumination demonstrates that the observed change is

primarily polarized along the z or y axis respectively (see text).
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Fits to the X-ray absorption at key energies are summarized in Table 1 with additional energies
reported in Table S1. Time traces at 7.729 keV characterize the rapid increase in absorption
between 7.725 keV and 7.730 keV. At this energy the y+z component is delayed by ca. & = 19 fs,
with an intrinsic Gaussian rise of Az, = 157 fs. As demonstrated above, this signal is dominated
by the y-component with minimal contribution from z. The x component displays a slightly sharper
rise (ca. 139 fs) but is delayed by 70 fs. Near the XANES peak at 7.735 keV the x and y+z (v)
contributions are similar. The isotropic absorption increase at 7.731 keV is delayed by 50 fs while
the bleach at 7.736 keV develops slightly later, delayed by 90 fs from t=0; both of these signals
have a longer Gaussian rise >200 fs. These signals report on the sequential and asymmetric
distortion of the corrin ring around the central Co atom at the very earliest times following optical
excitation.

The shift of the red-edge of the XANES spectrum, monitored using the y+z component
between 7.716 keV and 7.721 keV (Figure 5), is characterized by a Gaussian rise (247 fs £+ 44 fs)
delayed by 214 fs + 15 fs from time zero. The error bars represent the standard deviation of the
values obtained in fits to the traces plotted in Figure 6. The parameters for the individual fits are
reported in Table S1. This transient signal in this region is dominated by changes in the axial z-
polarized direction and reports on the elongation of one or both axial bonds following
photoexcitation. The axial elongation is delayed from excitation by ca. 214 fs and ballistic with a
rise time of ca. 250 fs. The x component at the edge (7.719-7.721 keV, not shown in Figure 6)
appears slightly earlier, 197 £ 14 fs with a ca. 270 fs Gaussian rise, but significantly later than the

absorption increase between 7.725 and 7.730 keV.
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Figure 6. Fits of the y+z data at the peak of the initial pre-edge bleach and along the red edge of the
XANES spectrum illustrating the delayed shift of the z-polarized edge. The dashed lines represent the
fits to the data. The light vertical lines are the same as in Figure 4b. The average values and standard
deviation of &¢ and At, from 7.721 keV to 7.715 keV are given on the plot.

Finally, the differences in the pre-edge region report on changes in the electronic configuration
as a function of time-delay through Co 1s excitation to bound valence orbitals. The y+z absorption
at 7.714 and 7.715 keV is delayed slightly from the red-shift of the XANES edge, following the
7.711 keV bleach by 230 fs, with a ca. 200 fs Gaussian rise. There is no significant x component
between 7.711 keV and 7.717 keV. The pre-edge absorption at 7.709 keV includes both x and y+z
contributions. Although the small size of the signal at 7.709 keV precludes separate analysis of the
x and y+z components, the isotropic x+y+z signal at 7.709 keV is noticeably delayed (~196 fs)
from t=0 and is characterized by a very broad, ca. 500 fs, integrated Gaussian rise. This suggests

a change in the electronic configuration giving rise to intensity in Co 1s—3d transitions with x, y,

and z-polarized contributions.

Time-resolved differences in UV-visible and XANES reveal coupled changes in electronic and

atomic structure.

The dominant electronic change following excitation of AdoCbl at 540 nm is often described

as involving the depopulation of a corrin-rt orbital and the population of a corrin-n* orbital. The
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observation that there is a bleach of the z-polarized pre-edge transition at 7.711 keV, typically
described as a 1s-3d transition, on a time-scale that matches the n-n* excitation is thus surprising,
since this seems to suggest that the initial excitation involves an increase in electron density in the

cobalt-o* 3d orbitals. Resolution of this apparent discrepancy begins with recognition that TD-

DFT calculations predict some amount of Co 3dx,, 3dy,, and 3d,2 character in the “n*” HOMO,
but more nearly pure corrin ©* character for the excited state.*> Similarly, the “1s-3d” transition
in fact represents excitation from the 1s core level into a molecular orbital with significant 3d
character. The observed 1s-3d transition in AdoCbl is unusually intense in comparison with other
6-coordinate Co(IIl) complexes;*®S! this is attributable to a small amount of Co 3d + 4p mixing,
which provides some dipole character to the otherwise dipole-forbidden 1s-3d transition. The
observed bleaching in z may thus represent a small decrease in the Co 4p, character of the
nominally 3d,2 molecular orbital.

The m—n* excitation of the corrin ring initiates subsequent structural changes in the AdoCbl
molecule. The first change, ca. 19 fs after excitation, is in the y direction, perpendicular to the
transition moment excited in the corrin ring, resulting in an increase in the X-ray absorption
between 7.725 keV and 7.73 keV. This is followed in ~ 50 fs by a similar change in the x direction,
along the transition dipole initially excited, between 7.725 keV and 7.73 keV accompanied by a
red-shift of the xy polarized peak at 7.735 keV. These signals report primarily on deformations in
the corrin ring arising from t—n* excitation. During this initial phase, a stimulated emission signal
is observed in the UV-visible transient absorption spectra for 590 nm < A < 650 nm indicating
evolution on the optically bright electronic state.

Elongation of the axial bonds follows ring expansion ca. 200 fs after excitation, resulting in

red-shift of the z-polarized XANES edge and the abrupt loss of the stimulated emission
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contribution to the UV-Visible transient spectrum as the molecule moves out of the region that is
optically coupled to the ground state (Figure 7). There is also a much smaller shift in the x and
presumably y-polarized contributions to the XANES edge. As the axial bonds change, a strong y-
band absorption appears at 340 nm in the UV-visible spectrum accompanied by a blue-shift of the
of}-band absorption. The UV-visible spectrum of this excited state is similar in structure to the

spectrum observed for MeCbl, although the blue-shift of the af3-band absorption is larger (Figure

S6).62_64
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Figure 7. Comparison of the time dependence in the X-ray and UV transients. The y+z signal arising
from the red-shift of the XANES edge is compared with the disappearance of stimulated emission (630
nm and 620 nm) and the appearance of the excited state y-band (340 nm). Precise assignment of t =0
in the UV is uncertain and the appearance of the y-band either precedes by ca. 50 fs (dashed line) or
accompanies (solid line) the red-shift of the XANES edge. See Figure S5 for a similar plot in ethylene
glycol.
The excited state that is formed within a few hundred femtoseconds of excitation of AdoCbl
in both water and ethylene glycol, as well as the one that is probed at 100 ps following excitation
of MeCbl, are typically described as a metal-to-ligand charge transfer (MLCT) although a more

precise description might be as a 5-bond-ligand charge transfer state (SBLCT), in which electron

density has moved from axial Co-ligand bonding molecular orbitals to corrin * orbitals.%> Recent
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TD-DFT calculations of AdoCbl predict that the electronic configuration is dx,/d,2 +n—>7*.*? The
relaxed S1 AdoCbl excited state calculated using TD-DFT is characterized by an expansion of the
Co-C bond by 0.046 A (~2.3%) and contraction of the Co-Npwmp bond 0.147 A (~6.7%) resulting
in a net decrease in the average axial distance to the Co. The predicted expansion of the Co-C bond
in AdoCbl is qualitatively consistent with the experimental XANES difference spectra, but the
large contraction of the Co-Npwmp bond is inconsistent with the experimental results. A similar
contraction of the Co-Npwmsp distance was predicted for MeCbl;* in that case as well the tr-XANES
suggest that the experimental contraction in Co-Npwmg is smaller than predicted.!? It may be that
the absence of the full dimethylbenzimidazole group and the tether to the corrin ring in the reduced
model used for TD-DFT calculations results in an over-estimate for the contraction of the lower
bond. Specific interactions with the solvent may also play a role. A more detailed analysis of the
structural changes following excitation will require systematic simulation of the excited state

XANES for a range of plausible AdoCbl structures along excited state trajectories.

Both optical and X-ray differences show evidence for low frequency coherent vibrational

oscillations.

In addition to the loss of stimulated emission and appearance of the excited state y-band, there
is evidence of a small amplitude oscillation in the transient absorption signals between 550 nm and
600 nm (Figure 3d). A similar oscillation is seen in the XAS pre-edge bleach at 7.711 keV and in
the XANES edge at 7.721 keV (Figure 6). Additional evidence for coherent oscillation may also
be present in the higher energy XANES region, but the signal to noise ratio of the current data is
insufficient for further analysis in this region (see Figure S8). The visible transient absorption data
are consistent with single wavelength high time resolution measurements reported earlier.>® The

residual oscillatory components in the visible and X-ray regions of the spectrum are compared in
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Figure 8 and may arise from wave packet evolution on the ground or excited state potential energy
surfaces following impulsive excitation. The period is approximately 390 fs corresponding to one

or more vibrations around 85 cm’!, a frequency range difficult to measure using standard
vibrational methods. The appearance of this oscillation in the bleach of the Co 1s—3d.2 pre-edge
transition suggests that the motion is coupled to the mixing of the Co 4p, and 3d,2 orbitals. The
out-of-phase oscillations in x and y+z at the peak of the edge shift (7.721 keV) suggest a ring

deformation, a torsion, or a wag of the Co-C or Co-Npwms bonds modulating projections on x as

well as on y and/or z.
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Figure 8. (a) X-ray difference signal residual oscillatory component at 7.711 keV and averaged from
7.72 to 7.7215 keV (labeled 7.721 keV). The residuals at 7.711 keV are compared with a sine wave,
sin(wt) where @ = 16 rad/ps corresponding to an 85 cm! vibration. At 7.721 keV the frequency is the
same but there is a phase shift of /2 resulting in a cosine wave and the oscillation is only apparent for
the first 800 fs. (b) Visible difference signal residual oscillatory signals averaged over the given
wavelength ranges. The residuals are compared with a sine wave where © = 16.5 rad/ps corresponding

to 87.5 cm’!. The frequency may decrease slightly with time delay. See Figure S9 for a plot comparing



23

the signals, fits, and residuals.

Given our conclusion (e.g., Figure 5) that absorbance changes at 7.721 keV are primarily due
to changes in the axial ligands, it is, at first glance, surprising that we see oscillations in the x-
polarized absorption at this energy. However, examination of possible normal modes (Table S2)
suggests an explanation. DFT calculations of the AdoCbl vibrational modes identify a Co-Nu
stretch, vis, at ~87 cm™ and a wag of the Co-C bond, vie, at ~92 cm™ (see Figure 9). One or both
of these modes, which involve motion of the axial ligands and corrin ring, are good candidates for
the observed oscillation. In particular the vis Co-C wag with projections of the axial bonds on the
x and y axes could account for the out of phase oscillations in the x and y+z signals at 7.721 keV,
where the data are the most sensitive to changes in the axial bond lengths. The oscillatory
component is also consistent with previous observations of doming and ruffling in hemes and may
include response of the corrin ring to changes in the axial bonding.?!%7-%° Modes with significant
ring doming motions are calculated at 74 cm™ and 106 cm™ (vi3 and vis, Figure S10). While vi3
does not modulate the axial bonds significantly, and vis modulates the Co-Nm projection on z and
both Co-Nm and Co-C projections on y and may contribute to the observations. Precise assignment
of the motions involved in each probe region will require more extensive data sets and detailed
simulations including other motions of the corrin ring and multiscattering simulations of the
XANES region. Nevertheless this work shows great promise for the ability to resolve coherently
driven atomic motion even for a large macrocyclic complex using transient X-ray spectroscopy.
There is reason to be optimistic that transient X-ray absorption with its structural sensitivity will
be definitive in its ability to assign the coherent motion to specific potential energy surfaces, which
can be important for unraveling photochemical mechanism, but challenging or impossible in

optical spectroscopy.?*70-72
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Figure 9. Positive (violet) and negative (blue) extrema using the calculated eigenvector displacements
for vis and vi6. The plots to the right compare the projection of the Co-C and Co-Nyv bonds on the

molecule-fixed X, y and z axes for each vibrational mode. See Figure S10 for other nearby modes.

Conclusions

Femtosecond time-resolved XANES and UV-Visible measurements of excited state dynamics
following excitation of AdoCbl in water and in ethylene glycol in the visible a3 band demonstrate
rapid sequential distortion of the corrin ring of the molecule in the initial optically bright state.
Expansion of one or both axial bonds follows on a ca. 214 fs time scale as the molecule moves out
of the Franck-Condon active region of the potential energy surface. Electronic changes resulting
in a change of the UV-visible spectrum, most notably the appearance of a strong y-band absorption
at 340 nm, accompany the structural changes revealed in the XANES spectrum. The side-by-side
comparison of the optical transient absorption spectrum and the XANES difference spectrum is
able to identify the nuclear response in the bright state and the changes correlated with evolution

out of this state. The asymmetric responses report on the sequential nature of wavepacket evolution
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in the excited state of AdoCbl.

Previous studies on CNCbl demonstrated a ballistic expansion to a maximum at 190 fs
followed by a contraction to the excited state minimum within 500 fs. For AdoCbl, the response
of the axial nuclei is slower, reaching a maximum between 400 and 500 fs. This may be due to the
more massive adenosyl ligand. However, the shape of the excited state potentials are modulated
by the different axial ligands of cobalamin compounds and this is likely the more important
factor.84!

As with many other molecular systems, a coherent vibrational oscillation is apparent in the
optical transient absorption measurement. Here, an oscillation is observed in both the optical and
the X-ray measurements. This vibrational coherence highlights the importance of one or more
previously uncharacterized low frequency modes in the optical excitation of AdoCbl.

The optical and X-ray measurements reported here provide a cobalt-centered movie of the

electronically excited molecule as it evolves to the local excited state minimum.
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