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ABSTRACT

Polarized transient X-ray absorption near edge structure (XANES) was used to probe the
excited state structure of a photostable B antivitamin (Cof-2-(2,4-difluorophenyl)-
ethynylcobalamin, FoPhEtyCbl). A drop-on-demand delivery system synchronized to the LCLS
X-ray free electron laser pulses was implemented and used to measure the XANES difference
spectrum 12 ps following excitation, exposing only ~45 puL of sample. Unlike cyanocobalamin
(CNCbl), where the Co-C bond expands 15 to 20%, the excited state of F>PhEtyCbl is
characterized by little change in the Co-C bond, suggesting that the acetylide linkage raises the
barrier for expansion of the Co-C bond. In contrast, the lower axial Co-Npwms bond is elongated in
the excited state of F2PhEtyCbl by ca. 10% or more, comparable to the 10% elongation observed

for CO-NDMB in CNCbl.



TOC GRAPHIC

X-ray laser pulse




Antivitamins By are a class of robust structural Bj> mimics that resist metabolic conversion
into Bi2-cofactors and are capable of inhibiting vitamin B12 activity.!** Two antivitamins B2 were
previously studied with UV-Visible transient absorbance spectroscopy.” The phenylethynyl-
cobalamin (PhEtyCbl, Figure 1) antivitamin is photostable with internal conversion to the ground
state on a ca. 60 ps time scale. These measurements and subsequent TD-DFT calculations suggest
internal conversion to the ground state involves significant elongation or dissociation of the Co-
Npwms bond in the excited state accompanied by smaller changes in the Co-C bond.” Though
information about the excited state structure can be inferred through UV-Visible spectroscopy, the
spectra are dominated by corrin n-n* transitions and provide only indirect insight into the axial
structural changes. The rational design of photoswitchable antivitamins B> will require a more
complete understanding both of the structural evolution of antivitamins following excitation to the
excited state and of the parameters that control excited state structure and reactivity. For this
reason, we have used time-resolved X-ray spectroscopy to determine the structure of the

photoexcited state of the antivitamin FoPhEtyCbl (see Figure 1).

Figure 1. Schematic diagram of F,PhEtyCbl illustrating the coordinate system used to describe the

experimental results (R = 2,4-difluorophenyl-ethynyl). The initial transition dipole excited at 520



nm is approximately along the x-axis. The lower axial bond is denoted Co-Npwms when the reference
is to experimental data and the full cobalamin structure and Co-Npv when the reference is to

simulations on the truncated structure.

TD-DFT calculations of the CNCbl S; excited state identify a single excited state minimum
characterized by ca. 10% elongation of the lower Co-N axial bond and 15 to 20% elongation of
the upper Co-C bond.'®!'! In contrast, TD-DFT calculations of the optimized excited states of
PhEtyCbl suggest that the S; state is characterized by two minima, one local minimum near the
Franck-Condon region with contracted axial bonds and a second lower energy minimum with an
elongated lower axial bond Co-Nm > 2.6 A and little change in the Co-C bond.® These minima are
separated by a barrier of 22 kJ/mol (5.3 kcal/mol). The excited state probed in UV-visible transient
absorption measurements is consistent with elongated axial bonds suggesting population of this
second minimum within 1 ps. The UV-visible data alone, however, is insufficient to distinguish
between elongation of the upper or lower axial bonds. The polarized X-ray absorption near edge
structure (XANES) difference spectrum is ideally suited to probe the structure of this excited state.

Previous work on the ultrafast and picosecond XANES of other B2 compounds has given a

1216 and polarized XANES difference spectra allow

cobalt-eye view of cobalamin bonding,
examination of structural changes in a molecule-fixed framework, further refining the structure of
the excited state.!?!> Ultrafast measurements on cyanocobalamin (CNCbl) demonstrated a
ballistic, slightly underdamped expansion of the axial cobalt-ligand bonds.'? The structure of this
excited state is in good agreement with recent TD-DFT calculations.!*!® In contrast, our study of
methylcobalamin (MeCbl) demonstrates that the excited state for this molecule is dominated by

changes in the corrin ring rather than changes in the axial bonds.'* The combination of theoretical

calculations of the potential energy surfaces (PES), transient optical spectroscopy, and ultrafast X-



ray spectroscopy using state-of-the-art X-ray free electron lasers (XFELs), allows us to converge
on a “molecular-snapshot” view of bond evolution in the excited state.

Here we report a transient XANES measurement on the antivitamin Bz, Cop-2-(2,4-
difluorophenyl)-ethynylcobalamin, abbreviated F,PhEtyCbl (see Figure 1). F2PhEtyCbl is a
derivative of PhEtyCbl.!7:1"-18 The optical transient absorption spectra are similar to those reported
for PhEtyCbl (Figure 2). The molecule reaches the S state within 1 ps. Subsequent conformational
relaxation is observed on a ca. 6.5 ps timescale characterized by a slight blue-shift of the visible
af-band followed by recovery of the ground state on a 72 ps time scale. The af3-band shifts from
551 nm in the ground state to ca. 480 nm in the excited state. The blue shift of the visible absorption
band is similar to that observed for CNCbl, although the excited state spectrum is broader and

weaker than that of CNCbl (See Figure S1).!%-2!
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Figure 2. UV-visible transient absorption following excitation of FoPhEtyCbl at 400 nm. Left: the
species associated difference spectra and estimated excited state spectra are compared with the
ground state absorption spectrum. Right: kinetic traces (dark blue lines) at two probe wavelengths
compared with the fit (red dashed lines) and the residuals (gray lines). The vertical light blue line
indicates the time delay for the transient XANES measurement. See Figure S2 for a linear plot of

the early time behavior.



Advances in spectroscopic sophistication are often accompanied by increased demands for
sample availability. This is particularly true for photochemical reactions, since the techniques are
inherently destructive. Sample availability places a severe limitation on our ability to study
molecules such as the antivitamins, which are only available in relatively small quantities. Thus,
sample management is a key technical challenge. For ultrafast X-ray experiments, the conventional
liquid jet method (30 to 50 um diameter) requires aqueous sample flow rates of 1-1.5
mL/min.'%!3222* Recirculating a sample volume > 10 mL is the only feasible way to maintain such
flow rates. Unfortunately, mixing the exposed, and often contaminated, sample with the fresh
reservoir can compromise the data unless the volume is large and/or changed frequently. In
addition, interesting chemical systems like proteins, nucleic acids, bioconjugates, mimics, and
exotic molecules like the antivitamins B2, are often difficult and/or expensive to synthesize and
purify in large quantities. In order to realize fully the capabilities of devices such as X-ray free
electron lasers, it is necessary to reduce the required sample volume. Ideally, an experiment will
dispense the required sample for one laser shot then repeat. A microfluidic device, such as a micro-
dispenser can deliver precise amounts of sample for each laser shot.>>2® A drop-on-demand micro-
dispenser delivery system synchronized to the LCLS X-ray free electron laser pulses was
implemented and used to measure the XANES difference spectrum of 3.5 mM F>PhEtyCbl 12 ps
after excitation. The micro-dispenser allowed characterization of the excited state structure
requiring only ~90 picoliters per laser shot. At the LCLS repetition frequency of 120 Hz, this
sample delivery method consumes 470 pL per 12-hour shift.

Parallel and perpendicularly polarized XANES difference spectra 12 ps after excitation of

F2PhEtyCbl at 520 nm are plotted in Figure 3. The parallel and perpendicular difference spectra



are used to construct the isotropic XANES difference signal as Aljs, = (Al + 2A1,)/3 . The
isotropic difference signal is used to estimate the excited-state spectrum:

AIiso + aIGround State
a

Igxcited state =

where a is the excited fraction, Igxcired swte 1S the estimated excited state spectrum, and 16 ound siaze 18
the laser-off ground state XANES spectrum. The estimated excited state spectrum for an excitation
fraction of a=0.2 is plotted in Figure 4(b) (See also Figure S3). From these plots, the XANES edge
clearly shifts to lower energy. The red-shift of the XANES edge correlates with an increase in axial

bond length consistent with the inferences based on the excited state UV-visible spectrum (Figure

2).
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Figure 3. (a) Ground state XANES spectra of FoPhEtyCbl obtained using the microdropper and the
liquid jet. The parallel and perpendicular difference spectra are plotted on the right-hand scale. The

deviation between the two ground state spectra at 7.7265 keV is an artifact that cancels out in the



difference spectrum. (b) Isotropic XANES difference spectrum compared with the ground state

XANES spectrum and the estimated excited state XANES spectrum.

Separation of the XANES difference signals into x- and y+z contributions provides more
detail. A linear combination of parallel and perpendicular spectra creates molecule-fixed X-ray
spectra.'>!* These x-polarized and y+z polarized difference spectra allow a taxonomic approach;
classifying the major contribution of the x-polarized signal as equatorial ligands and y+z polarized
signal as dominated by axial ligands.

AL, = 2Al, — Al

Aly,, = 3A1, — Al
The molecule-fixed difference spectra are shown in Figure 4 and compared with the molecule-
fixed difference spectra for CNCbl in the S; minimum (time delay > 600 fs)'?> and MeCbl in the S;
minimum at 100 ps.'* See Figure S4 for a comparison of the isotropic difference spectra and the
estimated excited state spectra. Both polarization components show a red-shift, characteristic of
an elongation in the average bond length. The y+z-polarized amplitude is larger than the x-
polarized amplitude. For F2PhEtyCbl, the ratio of Al to Al is ~4.5:1. This is significantly smaller
than for CNCbl (~6.5:1) where axial bond elongation dominates,'>!? but larger than for MeCbl
(~2:1) where axial and equatorial changes are comparable.!* These comparisons indicate that the
combined axial expansion is larger than the ring expansion in FoPhEtyCbl, although smaller than
the axial expansion in CNCbl. Comparison of the excited state X-ray absorption edge of
F2PhEtyCbl with the ground state of MeCbl suggests that the total axial expansion is ca. 0.2 A
(Figure S5). To quantify further the ligand expansion in F>PhEtyCbl and to separate the
contributions from the Co-C and Co-Npwms bonds, we performed FDMNES simulations of the X-

ray cross-section.?>*°



10

149 65 Al - 0.6
—— F,PhEtyCbl s

1.2 4 — MeCbl - 04
3 1
[u]
(&)
25
>.0.8
®
| =
2
06
92]
L
=
<04 - - 0.1

| 0 ?Jx
02 A -0.1
0 T T T
7.7 7.71 772 773 774

X-ray Energy (keV)

Figure 4. Decomposition of the XANES difference spectrum into contributions along the optically
excited transition dipole in the corrin ring designated x and perpendicular to this direction, y+z. The
data obtained for FoPhEtyCbl is compared with CNCbl in the S; minimum at time delays >600 fs'?
and MeCbl in the S; minimum at 100 ps.'* The ground state XANES have been scaled to 1.25 at the
high-energy peak for comparison. The difference spectra are on the same scale assuming the

estimated excitation fraction for each measurement (0=0.2 to 0.25).

Simulation of the XANES difference spectra begins with a truncated crystal structure for the
ground state of PhEtyCbl (Figure 1) or a further truncation which replaces the phenyl group with
a methyl group (MeEtyCbl).!® See Supporting Information for more details. Ring expansion is
modeled by using the crystal structure for the corrin ring in adenosylrhodibalamin (AdoRbl),
which accommodates the much larger rhodium metal ion, and expanding by a set percentage along
vectors connecting the atoms in the aligned AdoRbl and PhEtyCbl corrin rings.’! This
approximation avoids expansions of the corrin ring that are physically unrealistic. Changes in the

axial bonds involve translation of the imidazole, PhEty, or MeEty groups along the z-direction.
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An expansion of the full ring 25% to 30% between the ground state PhEtyCbl corrin ring and
the AdoRbl ring is in qualitative agreement with the magnitude of the x-contribution to the
difference spectrum (Figure 5a and S13). From this starting point, we made systematic changes in
the axial bonds. An 0.09 A expansion of the upper bond (~5%) results in increased X-ray
absorption in the region around 7.7255 keV without a significant shift of the XANES edge to lower
energies (Figure 5b). Additional expansion results in an edge-shift to lower energies, but a
simulated y+z difference spectrum that is significantly larger than the measured spectrum (see
Figures S14 and S15 for additional examples).

Expansion of the lower bond by 0.2 A to 0.3 A (i.e. 9.6% to 14.4%) results in a shift of the
XANES edge consistent with the observed difference spectrum (Figure 5c, S16). These expansions
provide the best overall agreement with the measured difference spectrum. For comparison,
contraction or expansion of the Co-C bond is combined with the Co-Nm expansion in Figure 5d.
Although the qualitative trends are clear, a quantitative analysis of the structural changes upon
excitation will require additional data (e.g., EXAFS) and perhaps the development of improved

methods for modeling the XANES spectrum.
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Figure 5. Comparison of experimental XANES data with simulations. The schematic at the left
shows the ground state structure and the ring changes plotted. The legend for experimental data
applies to panels a-d. (a) Influence of variations in the corrin ring on the excited state XANES and
on the x and y+z difference spectra. The dashed lines are for the AdoRbl ring and the solid lines for
the 25% expansion. (b) The influence of expansion or contraction of the Co-C bond on the excited
state XANES and on the y+z difference spectrum. The 25% expansion is used for the ring. (c) The
influence of expansion of the Co-Nm bond on the excited state XANES and on the y+z difference
spectrum. The 25% expansion is used for the ring. (d) The combined influence of expansion of the
Co-Nv bond accompanied by contraction or expansion of the Co-C bond on the excited state
XANES and on the y+z difference spectrum. A 25% (dashed lines) or 30% (solid lines) expansion

is used for the ring.

The XANES difference spectrum could be consistent with a modest contraction of the Co-C

bond as predicted in recent TD-DFT calculations of the S; state of PhEtyCbl (ca. -0.085A in TD-
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DFT calculation).® In contrast, the data show an expansion of the Co-Npwmp bond while calculations
predict that this bond is contracted in the local MLCT minimum.® Thus, the excited state populated
at 12 ps is not at the local MLCT S| minimum identified by TD-DFT calculations. Although the
XANES spectra show a significant elongation of the Co-Npwmg bond, they are not consistent with
complete dissociation of this ligand to give a base-off cobalamin excited state. Thus, the excited
state that is populated at 12 ps is also not the second, global, minimum identified in the
calculations. The XANES difference spectra suggest the presence of a minimum on the excited
state surface with a substantially elongated, but intact, lower bond. Internal conversion to the
ground state requires barrier crossing from this region resulting in prompt return to the ground
state, as no additional intermediates are observed in the optical measurements.

In attempting to understand the differences between our experimental structures and the
theoretically predicted structures, it is important first to note that the TD-DFT calculations were
performed on PhEtyCbl rather than FoPhEtyCbl and that they used a continuum approach, the
conductor-like screening model (COSMO), to account for the effect of the solvent on the excited
state. Our finding that the Co-Npwms bond is elongated but not broken could result from solvation
interactions not included in the continuum approach, from the difference in the upper axial ligand,
or from the influence of the full tethered dimethylbenzimidazole base in contrast to the imidazole
used in the calculations. Notwithstanding these differences, both the calculations and the UV-
visible and X-ray measurements suggest that internal conversion to the ground state occurs from
an excited state that has an expanded Co-Npmp bond and a substantially unchanged Co-C bond.
We note that the calculated barriers for escape from the local S; minimum of PhEtyCbl (ca. 22
kJ/mol) and escape from the global minimum (ca. 41 kJ/mol)® are both larger than the experimental

barrier of ca. 13 kJ/mol that was found for this molecule.” This provides further evidence that the
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TD-DFT calculations reproduce the excited state surface qualitatively, but only semi-
quantitatively.

The excited state produced following excitation of the photostable FoPhEtyCbl antivitamin
B12 is characterized by only modest changes in the Co-C bond length. In contrast, the Co-Npms
bond is elongated in the excited state, as much as 10 to 15% from ca. 2.080 A to 2.280 A or more.
This is comparable to the 10% elongation observed for the lower bond in CNCbl (2.054 A to 2.275
A).101213 That is, the primary difference between the excited state structures of CNCbl and
F>PhEtyCbl is in the influence of photoexcitation on the Co-C bond length. This expands from ca.
1.85 A in the ground state to ca. 2.20 A in the excited state of CNCbI,'? while expanding very
little, if at all, in FoPhEtyCbl. The acetylide linkage inhibits expansion and dissociation of the Co-
C bond in the excited state in contrast to the photolabile Co-C bonds in alkylcobalamins.

In this work, we have also demonstrated the practical use of synchronized microdrop delivery
for transient X-ray spectroscopy of precious samples, available only in small quantities. High
quality polarized difference spectra were obtained within 70 minutes (i.e. ~5x10° pulses at 120 Hz,
exposing ~45 uL of sample, corresponding to 0.16 umoles or 0.23 mg of FoPhEtyCbl), despite the
fact that the average hit rate was only ca. 50%. Improvements in the delivery system and the
synchronization of the dropper will enable the investigation of a wide variety of precious

photoactive samples in the future.

EXPERIMENTAL METHODS
XANES spectra were obtained for a room temperature solution of FoPhEtyCbl using the XPP
instrument of the XFEL LCLS at SLAC.>? The X-ray pulses were focused to 25 um diameter at

the sample. The femtosecond optical pump pulse was centered at 520 nm (10 nm full-width at half-

maximum (FWHM)), with a focus of 150x220 um FWHM.??* The sample was delivered as free-
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space drops ~55 um diameter with velocity 1 m/s. The X-ray and visible lasers intercepted drops
200 um below the nozzle. A CSPAD detector was used to monitor the X-ray scattering from the
drops and determine overlap of the X-ray beam with the drops. Analysis of the scatter signal allows
for identification of missed drops and for correction for the effective volume of each drop that is
illuminated. The average hit-rate for the measurements, that is, those cases where the sample drop
was intercepted by the X-ray pulses, was ca. 50%. The transient spectra plotted in Figure 3 required
about 70 minutes of beam time. A more dilute solution was also used in a liquid jet system to
obtain a ground state XANES spectrum of FoPhEtyCbl. The ground state XANES from the drops
and the liquid jet are consistent. UV-Visible transient absorption measurements were performed
using a standard kHz Ti:Sapphire based system.” Additional experimental details are provided in

Supporting Information.
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