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Abstract

Catalytic or biological mechanisms can be impacted by a change to the catalytic
system or its surroundings. To determine and optimize these mechanisms, these
effects that occur on an ultrafast timescale must be identified. Experimental
techniques that operate on a similar molecular timescale are necessary to
capture the evolution of these species over time. We seek to understand how
changes in the electronic structure of catalysts and photoswitches impact
solvation and structural dynamics. Using ultrafast two-dimensional infrared (2D-
IR) spectroscopy, we analyze how changes in the electron density of the Lehn
CO2 reduction catalyst Re(bpy)(CO)3Cl (ReCl) affect its vibrational dynamics by
modifying the lower axial ligand from the chloride to a more electron-withdrawing
benzimidazole ligand. We observe a significant blue shift in the carbonyl
stretching frequencies, with the A’(1) stretching mode significantly more blue
shifted than the A” stretching mode, behavior previously observed in the 3SMLCT
excited state. We find little to no impact on the solvation dynamics, but a
consistent trend in solvent dependence both of the spectral diffusion timescales
and the frequencies of the stretching modes. This trend was previously observed
for ReCl and its derivatives, and attributed to the donicity, a measure of
nucleophilicity, of the solvent. This result further supports our finding that the
carbonyl groups on this molecule are local probes of their solvation environment,
with the solvation dynamics not depending on the electrostatics of the whole

molecule.

Implementation of a novel 2D-IR spectroelectrochemical (2DIR-SEC)
experimental design allows us to study the intermediates generated in the
electrocatalytic reduction of Re(bpy)(CO)3Cl in situ, allowing us to record the

impact of reduction of this molecule on the solvation dynamics. Here, we perform

X1V



for the first time an  ultrafast 2D-IR SEC experiment wusing a
spectroelectrochemical cell designed to be used in transmission mode. Using an
optically transparent thin-layer electrochemical (OTTLE) cell, with apertures cut
into the Pt mesh electrodes to allow our beams to pass through, we are able to
measure spectroelectrochemical 2D-IR data on ReCl in THF, seeing clear
signatures from two key species that result from the one-electron reduction of
this molecule — a singly reduced anion and a Re-Re dimer. Further analysis to
extract dynamical information from the 2DIR-SEC spectra is ongoing, however
the success of this experimental geometry opens a plethora of possibilities for in
situ monitoring of an electrochemically-driven process or reaction using 2D-IR.

Ultrafast transient polarized X-ray absorption measurements performed on
methylcobalamin give a window into structural changes that occur following
photoexcitation. We wuse 520 nm Vvisible excitation to visibly excite
methylcobalamin to its long-lived excited state. Complementing our experimental
results with finite difference method near-edge structure (FDMNES) calculations
leads us to find small spectral changes in the equatorial and axial directions,
which we interpret as arising from small changes in the axial and corrin ring bond
lengths. This confirms expectations drawn from prior UV-visible transient
absorption measurements and theoretical simulations. Our results highlight the
capability of polarized transient X-ray absorption for isolating structural dynamics
in systems undergoing atomic displacements that are strongly correlated to the

exciting optical polarization.

Our studies span a variety of ultrafast spectroscopic techniques to gain insight
into key intermediate species in electrocatalytic or biological mechanisms. The
work presented here, and the future work detailed at the end of the dissertation,
demonstrates the ability of these techniques to reveal new windows into the
ultrafast dynamic processes that govern these molecules and their mechanisms.

XV



Chapter 1 Introduction

1.1 INTRODUCTION

Catalytic and biological systems drive the natural world, and exploration of these
systems will allow us to optimize them to open up possibilities for scientific and
technological advancements. A key component of understanding how these
molecules function is the determination and analysis of intermediates that occur
during the mechanisms that power important reactions throughout chemistry and
biochemistry. However, these intermediates are often short-lived and difficult to

identify, limiting our ability to resolve their roles in the overall mechanism.

The reactions and processes that generate these intermediates can occur on an
ultrafast timescale, necessitating experimental techniques that operate on a
similarly short timescale in order to gain insight into behavior of these molecules
and their environment. Phenomena such as molecular reorientation or relaxation
can take place on timescales as short as femtoseconds and capturing these
fluctuations in the molecule and environment on the timescale that they occur is
key to understanding how the system evolves over time. One common
technique used to study these ultrafast processes is pump-probe spectroscopy,
in which a very short pump laser pulse excites a molecule, followed by a probe
laser pulse that reports on changes in the molecule following the excitation after
a controlled amount of time. Varying the time delay between the pump and probe
pulse gives a window into how the system is evolving after the initial
photoexcitation as a function of time. Pump-probe spectroscopy has been
implemented using a variety of spectroscopic methods, including UV-Vis,
infrared, Raman, and x-ray spectroscopies, and has provided key insights into

reaction timescales, identification of intermediates, and excited state structures.



The pumping process can be driven by two pump pulses that can be
interferometrically scanned, yielding a two-dimensional frequency or wavelength
correlation spectrum. This expansion of pump-probe spectroscopy to a second
dimension is thus called two-dimensional spectroscopy and gives information on
how the correlation between excitation and detection frequencies changes over
time as a result of fluctuations of the molecule itself or its environment. Similarly
to pump-probe, this technique can be implemented for multiple spectroscopic
methods, including infrared, UV-Vis, and NMR spectroscopies. In this
dissertation, | will focus on two different ultrafast spectroscopy techniques
applied to two different chemical systems. First, | will discuss ultrafast two-
dimensional infrared spectroscopy measurements on the photo- and
electrocatalyst Re(bpy)(CO)sCl (ReCl), and next | will discuss ultrafast transient
X-ray absorption measurements on methylcobalamin.

1.2 APPLICATIONS OF Re(bpy)(CO)sCI

Complexes in the fac-Re(l)(L)(CO)3(N-N) family have a wide variety of
applications throughout chemistry. They are highly modifiable synthetically, with
both the diimine ligand and the axial L ligand able to be significantly varied. They
possess unique spectroscopic, photophysical, and photo- and electrochemical
properties, all of which have shown to be dependent on the nature of their lowest
excited states, and thus by the structure of the molecule.''® Modifications of
these complexes allows them to be applied to a range of chemical systems,
including photo- and electrocatalysis, protein labelling, biomolecular and cell
imaging, and biological sensors.'21316.19-32 Here, we will focus on two
applications of this robust system of molecules — as photo-triggers of electron
transfer in proteins and as electrocatalysts for CO- reduction.

1.2.1 Re(N-N)(CO)s;Cl as a photo-trigger of electron transfer

When attached to azurins via a histidine side chain, rhenium tricarbonyl diimine
complexes can trigger electron transfer reactions in the protein upon electronic
excitation to the first excited state.’®33-3° The electron transfer proceeds through

a “hopping” mechanism, aided by a charge separated state formed on a



neighboring tryptophan residue, eventually resulting in the oxidation of the
copper metal center of the protein.33-36:3840  Utjlization of the same method for
attaching the rhenium motif but on a de novo designed metalloenzyme would
allow for complete control over key degrees of freedom in this electron transfer
mechanism, such as distances between the rhenium and the hopping-assistant
tryptophan residue and differences in solvation environments. The Pecoraro
group at the University of Michigan has developed a de novo coiled-coil
metalloenzyme peptide system that contains a hydrophobic interior mimicking
what would be seen in a full-sized protein, while remaining small enough for ease
of labelling.4'*3 This peptide is comprised of a heptadic repeat LKALEEK, which
can be easily edited to incorporate the necessary histidine and tryptophan
residues for attachment of the rhenium and the electron transfer hopping
mechanism, respectively. The structure of the heptad sequence modified to be
labelled with the rhenium tricarbonyl moiety and contain the necessary

tryptophan residue is given in Figure 1.1.
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Figure 1.1 Structure of heptad LKWLEHK labelled with Re(bpy)(CO)3.
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The previously described picture of this electron transfer mechanism has been
obtained mostly from transient IR absorption studies of the phototrigger.1638.39.44
However, this system seems to be an ideal fit for two-dimensional infrared
spectroscopy, as it contains multiple vibrational probes that will be sensitive to



changes in hydration or electronic structure of the system, including the rhenium
moiety and the carbonyls in the peptide backbone. Introduction of isotope labels
in the backbone carbonyls will allow for even greater site-specificity.*>-5° We
have previously characterized the solvation dynamics of Re(bpy)(CO)3Cl in a
range of solvents, as well across a series of complexes with modifications to the
bipyridine ligand in order to test the effects of changes on electron density on the
vibrational dynamics of this molecule. We found little to no effect of the equatorial
ligand. However in the case of the peptide label the modification will be to the
axial ligand, replacing a chloride ligand with the more electron-withdrawing
histidine.5" Thus, we determined the first step towards the goal of studying the
labelled peptide system with 2DIR to be generation of small molecule models of
the system that mimic the electron-withdrawing character of the axial histidine, to
allow for future separation of changes in the vibrational dynamics that stem from
the change in electron density from changes induced by the peptide system.

1.2.2 Re(bpy)(CO)sCl as an electrocatalyst

Molecules of the type Re(L)(N-N)(CO)s are robust electrocatalysts for the
reduction of CO; to CO.52% |In addition to traditional electrochemical
experimental methods, this complex has been studied by a wide range of
spectroelectrochemical techniques, which monitor the evolution of new species
spectroscopically following the controlled application of a potential to induce
oxidation or reduction. Spectroelectrochemical (SEC) measurements on this
system have included UV-Vis-SEC, FTIR-SEC, and Raman-SEC measurements,
with the goal of determining the intermediate species that occur during the
electrocatalytic cycle and gaining greater insight into how changes to the
structure of the electrocatalyst and conditions of the environment, such as
solvent and availability of a proton source, affect both the pathway and efficiency
of the electrocatalysis.’®285255-71  Ultrafast two-dimensional infrared
spectroscopy, with its ability to separate out congested spectra that may be
generated due to the presence of multiple intermediates and as well as its known
sensitivity to the vibrational and solvation dynamics of Re(bpy)(CO)sCl can be

combined with electrochemical techniques in a manner similar to established



FTIR-SEC methods to provide an unprecedented window into the behavior of this

electrocatalyst.>!72.73

1.3 TWO-DIMENSIONAL INFRARED SPECTROSCOPY

Metal carbonyl vibrations are located in an otherwise bare region of the
vibrational spectrum, allowing for clear analysis and identification of bands
without worry of congestion of the spectrum from other species present or
different functional groups. As a result, metal carbonyl molecules are excellent
vibrational probes. The most common implementation of vibrational spectroscopy
is linear Fourier transform IR measurements (FTIR). FTIR measurements are
useful for identification of functional groups, but lack utility for determining
dynamical information unambiguously from an infrared spectrum. Two-
dimensional infrared spectroscopy (2DIR) overcomes this limitation by
incorporating correlated excitation and detection frequencies, revealing ultrafast
time-dependent changes in a vibrational spectrum that can be attributed to
dynamical processes such as chemical exchange and vibrational energy transfer.

1.3.1 Two-Dimensional Infrared Spectroscopy Methods

Our 2DIR experimental setup uses a regeneratively amplified titanium:sapphire
laser to produce 100 fs pulses at a center wavelength of 800 nm with 1-5 mJ of
energy per pulse at a 1 kHz repetition rate. The output is then split, with one
output being used to generate a white light continuum from a YAG crystal, which
then is mixed with the remaining 800 nm light on two independent g-barium
borate (BBO) crystals to generate near IR pulses. The use of two separate BBO
crystals allows us to independently tune the frequencies of our excitation and
detection pulses. The output from each BBO is then used to generate two mid-IR
pulses with a center frequency of ~2000 cm™! with a 125 cm™' FWHM bandwidth
through difference frequency generation in two AgGaS crystals. The resulting
pulses are then split into four IR pulses — three to be used as our excitation and

detection pulses, and the fourth used as local oscillator to serve as a reference.”



Excitation Detection
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Figure 1.2. In 2DIR, three fields interact with the sample, followed by a signal emission. By
controlling the second time delay, 2, the evolution and characteristic relaxation timescale of a
molecule can be observed.

The three pulses are arranged in a background-free box-car geometry, and
interact with our sample to give a third-order noncollinear signal. The three fields
(E1, E2, and E3) each has an associated wave vector denoted here as ki, k2, and
k3. The fields are separated by two time delays, the coherence time (t1) and the
waiting time (t2), which result in the signal emitted during t3 (Figure 1.2). Our
2DIR experiment uses two different pulse sequences to obtain two phase-
matched signals, both rephasing (kr = -k1 + k2 + k3) and non-rephasing (kn = ki-
k2 + k3). We measure the phase and amplitude of the signal field (kr or ki)
directly with a spectrometer through heterodyne detection by interfering with the
local oscillator field.”>7®

In each experiment, we vary the waiting time (t2) over a range of picoseconds.
For each waiting time, we continuously scan the time delay between the first two
pulses. The resulting complex electric field is then Fourier transformed to give the
excitation frequency axis (w1). Our detection axis (w3) is obtained directly by the
spectrometer. Increasing the waiting time between our excitation and detection
pulses yields changes in the 2D spectrum, which can be ascribed to dynamic
processes such as solvation dynamics, intramolecular vibrational redistribution,

and vibrational energy transfer.””

1.3.2 Spectral Diffusion
Vibrational transition frequencies can vary with different conformations of solvent
molecules around the vibrational probe solute or variations in the solute molecule

itself, such as conformational changes or changes in electronic state. These



changes can be described as different microenvironments that the solute
samples over the timescale of a 2DIR experiment. The result of these variations
is spectral inhomogeneity, which manifests itself in the 2DIR spectrum. At short
waiting times, when the molecule is unlikely to have sampled a different
microenvironment, we observe a strong correlation between the excitation and
detection frequency, seen as an elongation of the 2D spectrum along the
diagonal. As the waiting time increases, molecules have the opportunity to
sample different microenvironments and we observe a broadening of the 2D
spectrum across the anti-diagonal as correlation is lost between the excitation
and detection frequencies. This loss of correlation is known as spectral diffusion,
and the timescale on which it occurs gives insight into the chemical dynamics.”

We obtain spectral diffusion timescales by monitoring the frequency-fluctuation
correlation function (FFCF), defined as C(1)=<dw(1)dw(0)>.”® In our
measurements, we use the amplitudes of the rephasing and non-rephasing
signals to calculate the inhomogeneity index, I(t), which is directly proportional to
the FFCF. The inhomogeneity index is calculated as follows: (Ar — An)/(Ar + An),
where Arand A, are the rephasing and non-rephasing amplitudes, respectively.”®
The rephasing pathway produces a photon echo when there is inhomogeneous
broadening, whereas the non-rephasing pathway does not yield the photon echo.
Subtracting the two amplitudes thus allows us to emphasize the contribution of
the echo, which is related to the degree of inhomogeneity in our signal.

1.4 PHOTOCHEMICALLY ACTIVATED COBALAMINS

Cobalamins are complex organometallic biological cofactors containing a central
cobalt atom and a distinguishing upper axial ligand. Adenosyl cobalamin
(coenzyme Bi2) is used in radical-based catalysis, where the Co-C bond
undergoes homolytic cleavage to yield a reactive radical species used to catalyze
a host of radical rearrangement reactions.2%-8¢ Methylcobalamin also plays an
important role in catalysis, as the active coenzyme in methyltransferases such as

methionine synthase (see structure of methylcobalamin in Figure 1.3).8487-89



Figure 1.3 Schematic structure of MeCbl. In adenosyl cobalamin, the methyl upper axial group is
replaced with a 5’-deoxyadenosyl group.

Photoactivation of these complexes also plays an increasingly important role in
chemistry and biology, with the photolysis of adenosyl cobalamin recently found
to play a crucial role in photoreceptor CarH.%-%4 Applications of photoactivated
cobalamins include providing controlled spatiotemporal drug delivery and the
availability of the key vitamin B12.95-° The upper axial ligand is easily modified
synthetically, opening up the possibility for a wide variety of ligands, further
expanding the possibilities taking advantage of the photolability of these
molecules, such as adaptation into a system for CO releasing metal carbonyls.®®
Characterization of the photoexcited state of these molecules is thus crucial to
developing our understanding of both biological and applied uses of cobalamin
photochemistry. Ultrafast time-resolved X-ray absorption spectroscopy performed
using X-ray free electron lasers (XFELSs) is capable of probing structural changes
of short lived following initial photoexcitation.'?%-197 Building off of our previous
work characterizing the excited-state dynamics of cyanocobalamin using Co K-
edge X-ray absorption near-edge structure (XANES) measurements, we now
apply this powerful technique to expand our knowledge of this important class of
photoactive compounds through probing structural changes in the excited state
of methylcobalamin.



1.5 X-RAY ABSORPTION SPECTROSCOPY

While infrared spectroscopy is sensitive to structural changes in response to the
environment, x-ray spectroscopy gives atomistic detail about structures and
further probes electronic states. There are multiple ways X-ray excitation can be
implemented to determine structural information. The most common is X-ray
crystallography, where the diffraction pattern obtained through elastic scattering
of X-rays off of a crystalline material is used to map the electron density in the
crystal, and by extension determine mean atomic positions, bond lengths, and
other structural information.'®1% However, X-ray crystallography has its
limitations. It cannot be used for molecules that may be difficult to crystallize or
intermediates that cannot be easily isolated, such as excited state species.
Removing a molecule such as a protein or virus from its physiological
environment and crystallizing may also induce conformational changes, giving an
incorrect or potentially irrelevant structure.’”® X-ray absorption spectroscopy
provides an alternative to X-ray crystallography, as it can be used with a wide

variety of sample conditions, including in solution.

In X-ray absorption spectroscopy (XAS), an edge in the absorption spectrum
occurs when a core electron absorbs energy that is greater than or equal to its
binding energy, removing the core electron and emitting a photoelectron with
kinetic energy equal to the difference between the incident X-ray energy and the
binding energy of the core electron. This photoelectron is then able to scatter off
of neighboring atoms. The excitation energy for the edge is elementally unique,
and the edges are denoted by the shell from which the core electron originated.
The metal K-edge transitions (originating from a 1s electron) are sensitive to
properties such as oxidation state of the metal and its coordination geometry,
making K-edge transitions attractive for the study of transition metal
complexes.'"112 Absorptions lower in energy than the edge are defined as being
in the pre-edge region and occur due to 1s = 3d transitions for the metal K-edge.



The features in an X-ray absorption spectrum are divided into two categories
defined by their proximity to the edge, each yielding different structural insights.
The edge and pre-edge regions yield the X-ray Absorption Near-Edge Structure
(XANES) spectrum, spanning from the edge to 20-50 eV above the edge. X-ray
absorption measurements performed tens to hundreds of eV higher than the
absorption edge yields the extended X-ray absorption fine structure (EXAFS)
spectrum, which is dominated by oscillatory features caused by scattering off of
neighboring atoms. Further mathematical analysis and Fourier Transform of the
features yields information on atomic distances within the molecule. The
photoelectron scattering that gives the EXAFS region is dominated by single
scattering pathways, where the photoelectron will interact with just one of its
neighboring atoms, allowing for cleaner assignment of peaks, although there are
contributions from multiple scattering pathways that increase the difficulty of
simulating EXAFS spectra.” In contrast, scattering in the XANES region
proceeds through multiple scattering pathways, where the photoelectron can
scatter with multiple neighboring atoms, complicating the direct assignment of
peaks to structural features.'*

Time-resolved XANES spectroscopy allows for observation of how an excited
state species evolves over time following excitation. Here, a visible pump pulse is
incorporated to excite valence electrons. An X-ray pulse generated by an X-ray
free electron laser (XFEL) then excites a core electron to the newly unoccupied
valence state or to the continuum, providing information on local electronic and
structural changes around the reporter atom following the optical excitation. Time
resolved XANES experiments using XFELs are able to be performed on an

ultrafast (femtosecond) time scale.!'2115

1.6 THESIS OUTLINE

This dissertation is organized as follows: Chapter 2 details the synthesis of both
small molecule models of a rhenium tricarbonyl labelled peptide and the peptide
itself. 2DIR experiments investigating the effects of changes in electron density in
the small molecule models of the rhenium labelled peptide on the solvation
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dynamics provide important groundwork for future analysis of solvation dynamics
of the peptide. Previously, the Kubarych group explored the effect of changing
the electron-withdrawing character of the equatorial diimine ligand of this catalyst
and observed minimal effects on the solvation dynamics from this change.’
Kiefer et al did observe solvent dependence of the spectral diffusion timescale,
which they found to correlate with the donicity, or measure of nucleophilicity, of
the solvent. Here, we modify the lower axial ligand from a chloride to the better
electron-withdrawing benzimidazole, which resembles the histidine side chain
that will be used as the attachment site for the rhenium on the labelled peptide.
Despite the significant change in electron density induced by the benzimidazole,
we observe no change in the solvation dynamics compared to the unmodified
catalyst, however we do still find a correlation between spectral diffusion
timescale and solvent donicity.

Chapter 3 describes spectroelectrochemical experiments combining 2DIR and
traditional electrochemical methods. Using an optically transparent thin-layer
electrochemical (OTTLE) cell, we were able to perform the first 2DIR-SEC
measurements on two key intermediates in the electrocatalytic cycle for the
Re(bpy)(CO)s3Cl (ReCl) catalyst, Re(bpy)(CO)s™ as well as see a 2DIR signature
from the second major intermediate formed in the reduction of the ReCl catalyst,
a Re-Re dimer. Our novel 2DIR-OTTLE cell allows for combination 2DIR and
electrochemical measurements to be performed in a transmission geometry for
the first time, analogous to how they are performed in traditional

spectroelectrochemical experiments.

Chapter 4 details time-resolved X-ray absorption near-edge structure (XANES)
measurements performed on methylcobalamin. Here, we are able to probe the
structure of the long-lived excited state of methylcobalamin, following a 520 nm
visible excitation. Our measurements and accompanying simulations of the

excited state XANES spectrum indicated that the excited state structure of
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methylcobalamin can be characterized by small changes to the axial ligands and

a larger expansion of the corrin ring.

Chapter 5 will summarize the work presented in this dissertation and will discuss

future directions for this research.
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Chapter 2 Synthesis and Vibrational Dynamics of a Small Molecule Model
for a Rhenium Tricarbonyl Labelled Peptide System

2.1 INTRODUCTION

Electron transfer is an essential process in biology. The current model of electron
transfer (ET) is given by Marcus theory, which defines the reaction coordinate as
the polarization of charge from proceeding from the neutral to charge transfer
state.! Under this definition, the electron transfer event occurs when the nuclear
degrees of freedom fluctuate in such a way that the electron experiences no
energetic cost in going from donor to acceptor. In the condensed phase,
structural and solvent fluctuations modulate this energy barrier. Therefore,
understanding the dynamics of the equilibrium fluctuations of the solvent and the
molecule itself, both before and after the electron transfer, is key to

understanding how electron transfer occurs in solution.

Two-dimensional infrared (2DIR) spectroscopy has proven to be a powerful tool
for measuring equilibrium structural and solvent fluctuations.? In order to study
electron transfer using optical spectroscopy, a phototriggerable modulator of the
driving force is needed.>® Transient 2DIR spectroscopy incorporates an actinic
pulse before the equilibrium 2DIR pulse sequence described in detail elsewhere
in this dissertation. This method allows for the photo-induction of the electron
transfer as well as monitoring of the system before and after the transfer occurs.
Harry Gray and Antonin Vicek found that rhenium tricarbonyl diimine complexes
are excellent photooxidants and can be used as phototriggers of ET in azurins,
copper containing proteins.>’-19 The mechanism for the ET process is given in
Figure 2.1, and can be briefly described as follows: Upon electronic excitation
with 400 nm light, the rhenium tricarbonyl diimine photooxidant in the singlet
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metal to ligand charge transfer ("MLCT) state undergoes intersystem crossing in
~110 fs to the triplet metal to ligand charge transfer (3CT) state. Within a few
nanoseconds, the triplet state establishes an equilibrium with a charge separated
state centered on a neighboring tryptophan residue. This charge separated state
then either undergoes a tens of ns diimine ligand to tryptophan electron transfer
recombination, or undergoes a competitively fast copper(l) to tryptophan electron
transfer, resulting in the oxidation of the Cu(l) metal center in the azurin

protein.5-11

I L125

Figure 2.1 Cartoon representation of the mechanism for photoinduction of electron transfer via
rhenium tricarbonyl label as proposed by Vicek and Gray.®

The majority of the work previously performed on this system utilized transient IR
absorption measurements of the phototrigger to monitor changes in the system
as a result of the occurrence of the electron transfer event. This system seems to
be an ideal candidate for two-dimensional infrared spectroscopy, as it contains
multiple vibrational probes that will be sensitive to changes in hydration or
electronic structure of the system, including the rhenium moiety and the
carbonyls in the peptide backbone. Incorporation of this “hopping” electron
transfer mechanism into a smaller and more editable system would allow for
greater control over the degrees of freedom that are key to the occurrence and

efficiency of this process, such as the distance between the rhenium, tryptophan,
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and copper centers, and the environment around of each of these pieces of the
mechanism. Previously, in conjunction with the Pecoraro group at the University
of Michigan, we were able to characterize the active site and dynamics of a de
novo Cu-containing homotrimer metalloenzyme.'? This system, with its complete
customizability, provides a convenient and easily modified platform to monitor
electron transfer, while maintaining important similarities to natural proteins, such
as a hydrophobic interior and functional metal active site, which could be
oxidized by the rhenium through the same mechanism as the azurin copper. The
basic sequence of this peptide is a heptadic repeat, LKALEEK."*-'®> Amino acid
substitutions can be made provided they do not disrupt the overall pattern of the
peptide, requiring locations 1 and 4 to be hydrophobic residues, and 5 and 7 to
be salt-bridging residues. By substituting a histidine residue for one of the
glutamate residues, the peptide can be labelled with a rhenium diimine
tricarbonyl complex through the method used by Vicek on the azurins.>7%10 A
tryptophan residue can be substituted for the alanine in position three, providing
the necessary stepping-stone for the electron transfer from the rhenium to the
copper center.®'" The complete control over the sequence of the peptide also
allows for easy incorporation of isotope labelling in the backbone carbonyls,
giving greater site-specificity into changes in the peptide conformation before,

after, and during the electron transfer event.'6-22

The rhenium diimine tricarbonyl complex, in addition to providing a suitable
vibrational probe label for peptides, is commonly studied as Re(diimine)(bpy)X,
where X is often a halide ligand, due to its ability to both photo- and electro-
catalytically reduce CO, to CO.%> Many aspects of the design of these catalysts
have been explored for their effect on the overall catalytic behavior, such as
changes to the solvent, changes to the axial ligand (X), and modification of the
diimine ligand, with the goal of better understanding the CO:2 reduction
mechanism and improving catalytic efficiency.?43” The Kubarych group
previously studied the long-lived 3MLCT state generated as the initial product
following photoactivation of the rhenium catalyst using 2DIR.*® We observed that
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the solvation dynamics of the excited state species undergo a three-fold
slowdown relative to those of the ground state, which we attributed to multiple
factors, including increased dielectric friction caused by changing the dipole
moment in the excited state. This result then prompted an investigation into the
effects of changing the dipole moment of the molecule on its solvation dynamics,
where the diimine ligand was substituted with a series of ligands chosen to be
either more or less electron-withdrawing than the traditional bipyridine.3® While
we only observed minimal to no changes to the dynamics across the series,
there was a change in the carbonyl stretching frequencies based on the
character of the ligand, indicating that the carbonyls are sensitive to these
changes in the overall electronic structure of the molecule.

Having investigated the influence of changes to the diimine ligand on the
solvation dynamics of the rhenium catalyst, we now focus on the effect of the
electron-withdrawing character of the axial ligand. Given the sensitivity of the
carbonyls to the overall electronic structure of the molecule, it is important to
understand how the changes to the rhenium diimine tricarbonyl motif induced by
replacing the axial ligand affect the solvation dynamics, so that contributions from
the changes in electron density caused by the replacement of the axial halide
ligand can be separated out from changes that may be induced from the peptide
itself. Here, we replace the traditional halogen lower axial ligand with a more
electron-withdrawing benzimidazole ligand, forming the positively charged
Re(bpy)(CO)3(benzimidazole)* ([ReBenzim]*), and compare the solvation
dynamics of this molecule to both the ground and excited state of its parent ReCl
molecule (Figure 2.2). Additionally, we provide a procedure in this chapter for
successfully labelling a small 7-amino acid peptide with the rhenium diimine
tricarbonyl moiety, and provide FTIR spectra of the labelled peptide.
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Figure 2.2 Structures of parent Re(bpy)(CO)sCl (ReCl) (left) and [Re(bpy)(CO)s(benzimidazole)]*
[ReBenzim]+ (right).

2.2 EXPERIMENTAL METHODS

2.2.1 Equilibrium 2DIR Spectroscopy

Our 2DIR methods have been thoroughly described elsewhere.*? We use 800 nm
pulses from a regenerative amplifier to pump two independent optical parametric
amplifiers (OPAs). The resulting light generated in the OPAs goes on to drive two
separate AgGaS difference-frequency-generating (DFG) crystals, giving ~2000
cm? (125 cm™ fwhm) infrared light. This light is then split, yielding three
femtosecond infrared pulses, E4, E2, and Es that interact with the sample to
generate the third-order nonlinear signal, as well as a local oscillator field, which
allows us to measure the signal using heterodyne detection.*’

A 2DIR experiment has three time delays, each following its corresponding pulse
of E1, E2, or Es. The first time delay, t1, is the coherence evolution period,
followed by the waiting time delay (t2), and the detection coherence period (t3).
The three pulses interact with the sample in a noncollinear box geometry, giving
the emitted signal in a background-free direction. For each waiting time delay (t2)
between the pump pulses (E1 and E2) and the probe pulse (Es), we perform both
a rephasing and non-rephasing experiment. In the rephasing pathway the
coherences formed during the t1 coherence evolution period have conjugate
phases to the coherences generated in the coherence detection period t3
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whereas in the non-rephasing pathway, the coherences evolve with the same

phase during the evolution and detection periods.

For each experiment, the t1time delay between the two pump pulses is scanned
using a pair of ZnSe wedges in the path of each pump pulse. The signal at each
detection frequency (ws) is Fourier transformed to give the w1 excitation axis. The
detection frequency axis is obtained directly by Fourier transformation performed
by a spectrometer*?, with the mid-IR signal and local oscillator undergo chirped

pulse upconversion to be measured in the visible with a CCD camera.*’

By increasing the waiting time between the excitation and detection pulses, we
are able to observe processes such as spectral diffusion, vibrational energy
transfer, and vibrational energy relaxation.*® We are able to attribute the changes
these processes induce in our observed spectra over the series of time delays to

solvation and structural dynamics.*?

A 2D-IR spectrum correlates the excitation and detection frequencies, At early
waiting times, the probe molecule has not had time to sample different
microenvironments, and the excitation and detection frequencies are well
correlated. This is represented in the 2D peak as a slant in the peak shape along
the diagonal. As the waiting time t2 increases and the probe molecule is able to
sample new environments, the correlation between the excitation and detection
frequencies is lost, through a process called spectral diffusion. As the molecule
undergoes spectral diffusion, the peak shape becomes more symmetric. The
timescale on which spectral diffusion is an observable that can be linked to the
solvation environment of the probe molecule.** The asymmetry in the 2D peak
shape can be measured in multiple ways and is related to the frequency
fluctuation correlation function (FFCF). The FFCF is written as C(f) =
<Ow(0)ow(t)>, where dw(t) is the instantaneous fluctuation from the average
frequency.*® One such measurement of the asymmetry in the peak shape is the
inhomogeneity index, /(t), given by the following definition: I/(f) = (Ar — An)/(Ar +
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An), where A;is the amplitude of the rephasing signal, and A, is the amplitude of
the non-rephasing signal.*® The inhomogeneity index is directly proportional to
the FFCF. For each sample, the inhomogeneity index was measured to compare
the frequency-fluctuation correlation function between samples, and thus draw
out the timescale for spectral diffusion.

2.2.2 Sample Preparation

Samples were prepared using literature procedures.’® Re(bpy)(CO)s(Benzim)*
(Figure 2.2) was synthesized by combining equimolar (0.5 mmol) amounts of
Re(bpy)(CO)sCI*® and AgOTf in THF and refluxing for 30 minutes before adding
5 mmol of benzimidazole and refluxing for another two hours. The resulting
solution was cooled and evaporated. The crude product was dry packed onto a
silica column and washed with a mixture of acetonitrile (80%) and water (20%).
The resulting product was then dissolved in methanol and filtered to remove
remaining excess unreacted benzimidazole. The filtrate was evaporated followed
by the addition of boiling saturated KNO3 solution to precipitate the final product.

A 7-aa peptide with the sequence LKWLEHK was purchased from and purified
by Biomatik (purity >80%, MW = 953 g/mol) and used as received. Rhenium
pentacarbonyl chloride and 2,2-bipyridine were refluxed for 3 hours in toluene to
form Re(bpy)(CO)sCl. The product was dried, then dissolved in dichloromethane
with triflic acid added dropwise to yield Re(bpy)(CO)sOTf and HCI. The light-
yellow product can be precipitated out with <90% yield by slow addition of diethyl
ether. Re(bpy)(CO)3OTf was then combined in a 2:1 ratio with the peptide in 10
mM HEPES buffer in D2O and heated in the dark to 37°C for one week, inverting
the vial once a day to agitate the solution. The resulting solution was then
centrifuged to remove excess unreacted rhenium, and attachment was confirmed
using mass spectroscopy. All other reagents were ordered from Sigma and used

as received.

2.2.3 Computational Methods
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DFT calculations of the vibrational spectrum of [ReBenzim]* were performed
using the B3LYP functional and 6-31(d,p) basis set, using the SDD

pseudopotential for the Re.*°

2.3 RESULTS

2.3.1 FTIR Measurements

We characterized [ReBenzIm]* in three polar aprotic solvents: dimethyl sulfoxide
(DMSO), acetonitrile (ACN), and tetrahydrofuran (THF). The FTIR spectrum of
the carbonyls in [ReBenzlm]* exhibits an overall blue shift of about 10 cm™
relative to the spectrum of ReCl (Figure 2.3 A). We observe a solvent dependent
carbonyl peak shift of the carbonyl stretches consistent with the trend seen by
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Figure 2.3 A) FTIR Spectrum of [ReBenzlm]+ in THF, with peak assignment to vibrational modes for
the metal carbonyl region of the spectrum. B) A’(1) mode of [ReBenzim]+ in DMSO, THF, and CAN,
showing the observed solvent-dependent peak shift.

The structure of the labelled seven amino acid length peptide with the sequence
LKWLEHK is given in Figure 2.4. The FTIR spectrum of the labelled peptide in
D20 is given in Figure 2.5, with peaks consistent with the azurin-bound rhenium
tricarbonyl reported by Vicek et al at ~2032 cm™" and 1925 cm™1.1°
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Figure 2.4 Structure of heptad peptide with the sequence LKWLEHK labelled with Re(bpy)(CO)s
through the histidine side chain.
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Figure 2.5 FTIR Spectrum of the metal carbonyl region of the heptad peptide labelled with
Re(bpy)(CO)3 in D20. The symmetric A’(1) stretching mode is at ~2030 cm!, and the two lower
frequency modes appear as one peak at ~1925 cm-"!

2.3.2 Equilibrium 2DIR measurements

We performed equilibrium 2DIR experiments in ACN, DMSO, and THF to
characterize the solvation dynamics of the [ReBenzlm]" molecule. These polar
aprotic solvents were chosen to provide direct comparison to the previous work
done for the series of modified bipyridine ReCl derivatives.®®* For these
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measurements, we focused on the high frequency A’(1) stretching mode (2029
cm™ in THF). An absorptive 2D-IR spectrum of this mode can be seen in Figure
2.6.
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Figure 2.6 Absorptive 2DIR spectrum at 0.4 ps of the 2029 cm™! peak of [ReBenzlm]+ in THF

We find [ReBenzlm]* to exhibit similar dynamics to ReCl in these solvents. The
spectral diffusion time constants determined for [ReBenzim]* are as follows:
ACN: 2.4 £ 0.7 ps, DMSO: 3.6 £ 0.6 ps, and THF: 3.2 + 0.5 ps. The FFCFs and
fits giving the spectral diffusion timescales are plotted in Figure 2.7.
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Figure 2.7 Solvation dynamics of [ReBenzim]+ probed in A) DMSO, B) THF, and C) acetonitrile.
Spectral diffusion timescales are shown on the figure.

2.4 DISCUSSION
Our FTIR measurements show an overall blue shift of the [ReBenzlm]* spectrum
relative to that of the ReCl spectrum. In the ReCl FTIR spectrum (Figure 2.8),
the peaks appear in the following order, in ascending frequency: A”, A'(2), and
A’(1). Analysis of the [ReBenzlm]* spectrum in combination with DFT calculated

peak assignments reveals a “switching places” in frequency between the A’(2)
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mode and the A” mode. The A’(2) mode experiences a stronger blue shift than
the A" mode. This effect has previously been reported in the FTIR spectrum of
the 3MLCT state of ReCl, which is also blue shifted.385° We thus attribute both
the blue shift and the switching of the two lower frequencies to the decrease in
electron density on the rhenium caused by the electron-withdrawing axial
benzimidazole ligand. Previous work by Kiefer et al demonstrated the lack of this
effect on the FTIR spectrum when diimine ligands of varying electron-
withdrawing or donating character were substituted for the standard bipyridine
ligand.3® Our results from the [ReBenzlm]* indicate that the carbonyl frequencies
are more sensitive to changes in the axial ligand than the equatorial.
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Figure 2.8 Comparison of the normalized FTIR spectra in THF for ReCl (black) and [ReBenzIm]*.
The overall trend of increasing spectral diffusion timescale across the following
series: ACN < THF < DMSO was previously observed by Kiefer et al in the
parent ReCl. The trend was found to correlate with the donicity, or nucleophilic
properties of the solvent.3%5%" Despite the significant shift between the FTIR
spectra, the dynamics of [ReBenzim]* are similar to that of ReCl, indicating that
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although the change in electron density on the rhenium changes the frequencies
of the vibrations, the dynamic behavior is unaffected by this axial ligand.

2.5 CONCLUSIONS

Changing the electron density within the photocatalyst Re(bpy)(CO)sCl by
replacing its lower axial Cl ligand with a more electron-withdrawing
benzimidazole group had no measurable effect on the solvation dynamics of the
molecule. We did observe a significant (10 cm™) blue shift in the FTIR spectrum
of the benzimidazole molecule, as well as a “switching places” in frequency of the
two lower frequency carbonyl stretching modes, reminiscent of the FTIR
spectrum for the electronically excited 3MLCT species generated in the
photocycle of this catalyst, indicating that the carbonyl frequencies were indeed
sensitive to the change in electron density. These results serve as groundwork
for future 2DIR experiments to be performed on the labelled small peptide, and
eventually larger de novo peptide systems, providing benchmark for comparisons
of solvation dynamics on the bound rhenium to free rhenium in solution with

similar distributions of electron density.
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Chapter 3  Ultrafast Two-Dimensional Infrared Spectroelectrochemical
Measurements of Electrocatalyst Re(bpy)(CO)3CI

3.1 INTRODUCTION

Spectroelectrochemistry combines electrochemical methods with spectroscopic
techniques, allowing in situ spectroscopic monitoring of a system as it undergoes
electrochemical processes. This technique has been successfully employed with
a variety of spectroscopic methods, including NMR, Raman, UV-Vis, and
infrared.™® Combining the two methods gives greater insight into an
electrocatalytic mechanism via identification and characterization of
intermediates that occur during the oxidation or reduction. Recent work in this
field has incorporated ultrafast spectroscopy into spectroelectrochemical
experiments.'™='3 The appeal of ultrafast spectroscopy is the potential to observe
electrochemical reactions in real time, leading to a more complete
characterization of unstable intermediates and a window into how solvation
dynamics are altered by changing the electronic structure of a molecule through

electrochemical means, and the effect those alterations have on the mechanism.

Ultrafast vibrational spectroscopy is able to provide a window into vibrational
dynamics of both the system of interest and its solvent or surroundings and its
solvent or surroundings on a sub-picosecond timescale. Two-dimensional
infrared spectroscopy (2DIR) in particular is a powerful tool for observing
phenomena such as preferential solvation, structural dynamics, and vibrational
energy transfer and relaxation. 2DIR offers a unique capacity to separate
congested spectra, making it well-suited to resolve and identify intermediates
generation during the electrochemical process — one of the driving goals behind
spectroelectrochemical experiments. Additionally, given the large changes in
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charge distribution invoked by changing the redox state of a molecule, the
solvent molecules surrounding the redox system may interact differently with
different oxidation states of the molecule, resulting in changes to vibrational

lifetimes or spectral diffusion timescales that could be revealed using 2DIR."

Previous work combining 2DIR and electrochemistry utilized geometries where
the surface acts as both the electrode and as a reflective material.'213.15
Bredenbeck et al utilized a spectroelectrochemical cell designed to be used in a
reflectance geometry, with both the gold working and counter electrode being
deposited as a thin layer directly on the mirror used for the reflectance, reducing
the problem of scattering. The reflectance geometry is ideal for redox systems
such as proteins, where changes to the vibrational spectrum induced by the
oxidation or reduction may be small, as the beams pass through the sample
twice, doubling the signal size relative to a transmission geometry.'® Using this
cell design, they were able to compare the anharmonic coupling and vibrational
energy transfer between the different vibrational modes in the oxidized and
reduced state of the protein cofactor flavin mononucleotides.’® Hamm et al. used
2DIR-SEC in an attenuated total reflectance geometry to measure CO adsorbed
to a platinum or indium-tin oxide sputter-coated ATR prism, which again here
serves as a crucial part of the ATR geometry and the working electrode. This
allowed for measurements of the vibrational Stark-shift spectra of the adbsorbed
CO group, as well as determination of spectral diffusion and vibrational relaxation
timescales across different electrode potentials, which they found to have no
dependence on the potential.’> While they found no evidence of a relationship
between applied potential and key 2DIR observables, Bredenbeck et al report
seeing an indication of changes in spectral band shapes based on oxidation state

in their flavin mononucleotide sample.'®
While both of these methods creatively circumvent the problem of scattering,

which has been a major roadblock to advances in combining coherent
spectroscopy with electrochemistry, neither experimental design allows for use of
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traditional transmission geometry in the way that is more analogous to the
traditional linear IR spectroscopy method and both require the electrode to be
included as part of the sample geometry. To perform similar in situ 2DIR
spectroelectrochemical measurements in a transmission geometry, we
implement an optically transparent thin-layer electrochemical cell (OTTLE cell)",
where the working platinum mesh grid electrode has a few millimeter square
aperture in the middle, allowing the IR beams to transmit through the region of
the cell with the highest concentration of intermediates while avoiding
interference from the electrode itself. This gives clean access to the
electrochemical intermediates and provides a methodology for combining
ultrafast spectroscopy with the geometry most commonly wused in

spectroelectrochemical experiments.

The Lehn catalyst, a rhenium containing CO2 reduction catalyst, has been the
subject of numerous studies across multiple disciplines of chemistry since its
initial discovery. Major areas of focus of investigations of this catalytic system
and its derivatives are optimization of the efficiency and determination of the
possible mechanisms for the reduction of CO2 to CO. Spectroelectrochemistry
has played a major role in elucidating the electrocatalytic mechanism, revealing a
solvent and ligand dependence for the reduction of the catalyst fac-Re(4,4’-R>-
bpy)(CO)sX through FTIR and UV-Vis characterization of intermediate species.'®-
36 Uniquely, the fac-Re(4,4’-R2-bpy)(CO)sX catalyst can act as both a photo- and
electrocatalyst for CO2 reduction. Previously, we took advantage of the long
excited state lifetime of the 3MLCT state formed in the initiation of the photocycle
and performed transient 2D-IR experiments, where a UV or visible pump pulse
precedes the standard 2D-IR sequence, on the equilibrium excited state of fac-
Re(bpy)(CO)sCl (ReCl).3” We observed differences in the dynamics of the 3SMLCT
state relative to the ground state, which we attributed to multiple factors including
solvent friction and the modified electronic structure of the catalyst. To further
investigate this effect we conducted a series of 2D-IR experiments on modified
versions of the ReCl catalyst, substituting electron-withdrawing or -donating
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ligands onto the bipyridine moiety and conducting the experiments over a range
of solvents.® The substitutions on the diimine ligand did not result in any
appreciable change in the dynamics, however we did observe a dependence on

the solvent donicity, a metric used to describe the nucleophilicity of the solvent.3°

To further probe the relationship between electronic structure or oxidation state
and dynamics, we studied a different transition metal complex where we could
access two difference oxidation states through chemical means. This complex,
[1,1°-bis(diphenylphosphino)ferrocene]tetracarbonyl chromium (DPPFCr),
exhibited significant oxidation state impacts on intramolecular dynamical
processes, such as vibrational relaxation and redistribution, however there was
no observable effect of the change in oxidation state on the spectral diffusion, a
primarily intermolecular process.*® We speculated that the donicty of the solvent
was masking the effect of the change in dipole moment on the dynamics, similar
to the observation from the series of modified rhenium catalysts. Hamm et al saw
similar behavior when varying the electrochemical potential and monitoring CO
adhered to a metal surface, where they observed potential-dependent frequency
shifts but no change in spectral diffusion.'?

While all of these approaches give insight into the effects of changes in the
electronic structure of a molecule, they each have their limitations. In the case of
the ReCl catalyst, we were only able to compare a long-lived excited triplet
neutral species to its ground state, and not while it is progressing through its
catalytic cycle. While this certainly represents a change in the dipole moment of
the ReCl, it does not give us a clear picture of how the reduced form of this
catalyst may differ from its original state. In our DPPFCr experiments, were
limited to studying species where we could synthesize the molecule in two
different oxidation states, and to solvents with a low donor number, so that the
donicity effect would not overshadow the effect from the change in oxidation
state. In this work, we build upon both our knowledge of the dynamical behavior
of both the ground and triplet excited state of ReCl as well as the previously
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proposed spectroelectrochemically determined mechanisms to perform the first
ultrafast 2DIR measurements on this molecule in situ during its electrocatalytic

reduction.
3.2 EXPERIMENTAL METHODS

3.2.1 Equilibrium 2DIR Spectroscopy

We generate infrared light by using 800 nm pulses from a regenerative amplifier
to pump to independent optical parametric amplifiers (OPAs). The light generated
in the OPAs drives two separate AgGaS difference-frequency-generating (DFG)
crystals, giving ~2000 cm™ (125 cm™" fwhm) infrared light. This light is split into
multiple beams. Two field interactions excite the molecule into a vibrationally
excited state, one is used to probe the sample, and another is used as a local
oscillator to interfere with the emitted signal to allow for heterodyne detection
using spectral interferometry. The beams are used in a noncollinear box
geometry, giving the emitted signal in a background-free detection. For each
waiting time delay (t2) between the pump pulses and the probe pulse, we perform
a rephasing and non-rephasing experiment. The phase matching conditions for
the two signals are as follows: rephasing: k, = —k; + k, + k3, and non-
rephasing: k, = +k; — k, + k3. We continuously scan the time delay (t1)
between the pump pulses using a pair of ZnSe wedges in each pump pulse path
and record the signal on a shot-by-shot basis synchronized to the laser at 1 kHz.
One pair of rephasing and non-rephasing spectra takes roughly 30 seconds, so
that a full waiting time scan can be recorded in under an hour. We Fourier
transform the signal with respect to t1 in order to obtain the excitation axis. The
detection frequency axis is obtained directly by the Fourier transformation
performed by the spectrometer, and the mid-IR signal and local oscillator are
measured in the visible using a CCD in combination with chirped pulse

upconversion.*’
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3.2.2 Sample Preparation
Re(bpy)(CO)sCl was synthesized according to published methods.*? Anhydrous
THF and tetrabutylammonium hexafluorophosphate (TBAPFs) were obtained

from Sigma Aldrich and used as received.

An IR optically transparent thin-layer electrode (OTTLE) cell'” equipped with Pt-
minigrid working and auxiliary electrodes and a Ag-wire pseudoreference
electrode was employed for the spectroelectrochemical measurements. 2-mm
thick CaF2 windows were used for all spectroelectrochemical measurements.
Cyclic voltammetry and controlled potential amperometry within the OTTLE cell
were carried out using a PalmSens EmStat3 potentiostat and the corresponding
software. FTIR-SEC spectra were measured using a JASCO 4100 spectrometer.
For spectroelectrochemical experiments, the concentration of Re(bpy)(CO)s;Cl
was 10 mM, and the concentration of the electrolyte TBAPFs was 0.1M in THF.
All spectroelectrochemical samples were prepared in a dry glovebox under an

inert atmosphere.
3.3 RESULTS

3.3.1 Linear FTIR Measurements

The mechanism for the electrocatalytic reduction of Re(bpy)(CO)3Cl (ReCl) in
THF as previously proposed can be seen in Figure 3.1."° Upon addition of the
first electron, an anionic species forms (2) which then can lose the chloride ion,
forming species 3. The molecule then either forms a Re-Re dimer (4) or
undergoes a second reduction to species 6. The dimer species can also undergo
reduction, resulting in the anionic dimer (5) followed by species 6.
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Figure 3.1 Proposed mechanism of the ReCl electrocatalytic reduction cycle in THF, showing
formation of the singly reduced rhenium species (2) and the Re-Re dimer (4).

The conditions needed to perform both the spectroscopic and electrochemical
halves of the experiment successfully necessitate specially designed
electrochemical cells. One example of such a cell is the optically transparent thin
layer electrochemical (OTTLE) cell, which has been employed successfully in
many previously spectroelectrochemical experiments. The design of the OTTLE
cell used for our 2DIR-SEC experiments is shown in Figure 3.2. Unlike previous
OTTLE cell designs, the cell used for these experiments utilizes thin CaF:
windows (2 mm). For all linear and 2DIR-SEC measurements reported here the
signal beam was sent through the square aperture cut into the working Pt grid

electrode.
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Figure 3.2 Schematic of a top-down view of the OTTLE cell used in our measurements.

Figure 3.3 illustrates the results of our linear FTIR-SEC measurements using the
thin window OTTLE cell. The characteristic carbonyl peaks from the unreduced
ReCl in THF are seen at 2019, 1917, and 1894 cm™, in accordance with the
literature. As the voltage is stepped downward, peaks assigned to the singly
reduced species (2) begin to grow in at 1996, 1883, and 1868 cm™. As the
voltage is further decreased, signatures from the dimer species (4) distinctly
appear at 1986 and 1950 cm™'. There is evidence of the lower frequency modes
of the dimer at 188 and 1857 cm™, however it becomes difficult to distinctly
separate the peaks in that region given the overlap with the lower frequency
modes of the singly and doubly reduced species. The doubly reduced species (6)
shows up at 1947 cm™" with a second broad absorption at 1843 cm™, clearly seen
in the dark purple spectra of Figure 3.3A.
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Figure 3.3 A) Full FTIR difference absorption spectrum of ReCl in THF with 0.1 M TBAPF6 over a
voltage range of -0.5 to -1.8 V. Difference is between 0 V and voltage shown on the right Y axis. B)
Zoomed in FTIR spectrum highlighting the high frequency modes of ReCl (2019 cm™), singly reduced
ReCl (1996 cm™), and the Re-Re dimer (1986 cm-').

3.3.2 2DIR Measurements

To reduce scatter in the 2D-IR spectrum during spectroelectrochemical
experiments, we instituted quasi-phase-cycling into our experiments.® A
wobbling ZnSe Brewster window was placed into one of our pump beams to alter
the optical path and introduce a sub-cycle pulse delay, which allows us to
remove scattering while only minimally impacting our signal. Example non-
rephasing spectra of ReCl in THF with 0.1 M TBAPFs showing the effect with and
without the wobbler can be seen in Figure 3.4.
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Figure 3.4 2DIR spectra of ReCl in THF and 0.1 M TBAPF6 taken without the use of phase wobbler
(left) and with the wobbler engaged (right) illustrating the reduction of scatter without major expense
to the signal.

For the 2DIR-SEC measurements, we focused on comparing the high frequency
mode of the unreacted rhenium (2019 cm™) and the same mode in the singly
reduced and dimeric species. We see a minor slowdown in the spectral diffusion
timescale when comparing the ReCl molecule in pure THF to the molecule in
THF with 0.1 M TBAPFe. The presence of the electrolyte increases our observed
spectral diffusion timescale from 1.5 ps in the pure solvent to 2.5 ps in the

electrolyte solution.3® The fits for the spectral diffusion can be seen in Figure 3.4.
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Figure 3.5 FFCF showing spectral diffusion timescale of ReCl with 0.1 M TBAPFe in THF.

The first reduction of the rhenium red shifts the frequency to 1996 cm-, as seen

in Figure 3.3. We began by taking a series of “snapshots” of the system at
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different waiting times ranging from 100 fs to 10 ps as the voltage was
incrementally stepped down. “Snapshot” non-rephasing 2DIR spectra at 0 V and
-1.7 V are seen in Figure 3.6. Here, you can see both the initial production of the
reduced rhenium at ~1996 cm™ and the eventual formation of the Re-Re dimer
as evidenced by a peak at 1986 cm™. As proposed by Fujita et al, over time
(~1h) the reduced rhenium couples into the dimer.33
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Figure 3.6 Snapshot at 0.5 ps non-rephasing 2DIR spectra showing evolution of the singly reduced
ReCl species (1996 cm') and Re-Re dimer (1986 cm') peaks, as the voltage was increased from 0 V
(A)to -1.7 V (B).

Performing DFT calculations, we found the dipole moment of the singly reduced
species to be 7.9 D, a significant decrease from our calculated ground state
permanent dipole moment of 14.1 D, but larger than our calculated dipole
moment for the 3MLCT state of ReCl of 5.8 D.3" In that work, we found the
solvation dynamics of the SMLCT state to exhibit a 3-fold slowdown relative to
that of the ground state, which was attributed in part to the change in dielectric
friction caused by coupling of the molecular dipole moment to the dielectric
medium of the solvent.3” We also observe a near order of magnitude decrease in
the vibrational lifetime, decreasing from 25 ps in the ground state in THF to 3.2
ps in the excited state.3” Preliminary measurements on the reduced species in
THF yields a vibrational lifetime of ~18 ps, a slowdown relative to that in the
ground state yet not nearly as sharp of a decrease as seen in the SMLCT state.
Further analysis is needed to determine spectral diffusion and vibrational energy

transfer timescales.
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3.4 CONCLUSIONS

We present here the first in situ 2DIR-SEC measurements performed on the CO>
reduction electrocatalyst Re(bpy)(CO)sCl. Utilizing an optically transparent thin
layer electrochemical (OTTLE) cell with apertures cut into Pt mesh working and
counter electrodes, we were able to reveal for the first time the 2D-IR signatures
of the reduced ReCl and Re-Re dimer that have previously been proposed as
key intermediates in the reduction of this electrocatalyst in THF.1819
Measurements were taken in a transmission geometry in a method analogous to
common spectroelectrochemical cell designs, as opposed to previous 2DIR-SEC
measurements, which utilized external reflectance or ATR geometries and
required specially designed electrochemical cells. Preliminary results on the
reduced species indicate a minor decrease in the vibrational lifetime of the high
frequency A’(1) carbonyl stretching mode, however further analysis is needed to
pull out additional information about the relationship between changes in the
solvent dynamics and oxidation state.
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Chapter 4 X-ray Absorption Spectroscopy of Methylcobalamin

The work in this chapter has been published in the following paper:

Michocki, Lindsay B.; Miller, N. A.; Alonso-Mori, R.; Britz, A.; Deb, A.; Glownia, J.
M.; Kaneshiro, A.K.; Konar, a.; Meadows, J. H.; Sofferman, D. L.; Song, S;
Toda, M. J.; van Driel, T. B.; Kozlowski, P. M.; Kubarych, K. J.; Penner-Hahn, J.
E.; Sension, R. J.; Probing the Excited State of Methylcobalamin Using Polarized
Time-Resolved X-ray Absorption Spectroscopy. The Journal of Physical
Chemistry B 2019, 123, 6042-6048.

4.1 INTRODUCTION

Photoactivated cobalamins (Cbls) provide the opportunity to exert spatial and
temporal control over such varied outcomes as radical formation,' drug-
delivery,?® gene activation,*’” and B2 bioavailability.®® Photo-induced bond
cleavage is central to both the engineered and the natural biological exploitation
of cobalamin photochemistry. Ultrafast time-resolved x-ray spectroscopy with x-
ray free-electron lasers (XFELs) provides the opportunity to probe structural
changes in short-lived states of molecular systems at room temperature and in
complex environments without the radiation damage due to radical diffusion,
characteristic of synchrotron source measurements. X-ray absorption near-edge
structure (XANES) and the K-edge of 3d transition metals has proved a
particularly sensitive method for identifying changes in bonding and oxidation
state upon optical excitation.'%-'” Exploiting the relative polarization of optical and
x-ray pulses permits the unique identification of structural changes along and
perpendicular to the transition dipole excited by the optical pulse. We have
previously applied this method to the study of excited state dynamics in vitamin
B12 (cyanocobalamin CNCbl).:12
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A recent picosecond time-resolved XANES measurement of methylcobalamin
(MeChbl, Figure 4.1) was reported using 400 nm excitation. Based on these data,
Subramanian et al. suggest the Co-C bond undergoes substantial bond
elongation in the excited state.' In contrast, recent theoretical simulations’8-20
and inferences based on the measured excited state absorption spectrum?'-23
suggest that the axial bond changes between the ground and excited state of
MeCbl are small, with a contraction of the lower bond and a modest expansion of
the upper bond. One of the challenges in interpreting spectra following 400 nm
excitation is the fact, as shown in previous transient absorption measurements,
that 400 nm excitation produces an excited state population that branches
between two channels: a prompt dissociation channel with a quantum yield of ca.
0.25 and formation of a long-lived excited state with a quantum yield of ca.
0.75.2* Thus, interpretation of the structural changes in the MeCbl excited state
following 400 nm excitation requires separation of the contributions from the two
different products that are present in the sample. Given the significant structural
changes that photodissociation produces, it is possible that the MeCbl XANES
difference spectrum following 400 nm excitation could be dominated by the
formation of cob(ll)alamin, potentially obscuring the identification of structural

changes in the excited state.

Here we report a study of the excited state of MeCbl following excitation in the
visible absorption band at 520 nm where the quantum yield for formation of the
excited state approaches unity.?>?* A complementary measurement on 5'-
deoxyadenosylcobalamin (coenzyme B12, AdoCbl) is used to characterize the
cob(Il)alamin product that forms in nearly quantum yield following photolysis of
AdoCbl. Polarization is used to separate the x and y+z contributions to the
XANES difference spectrum (Figure 4.1). In addition, both 540 nm and 365 nm
excitation pulses are used to photolyze AdoCbl allowing separation of the x, y,
and z contributions to the XANES difference spectrum for formation of

cob(Il)alamin.
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Figure 4.1 Schematic structure of MeCbl indicating the directions assigned as x, y, and z. The
numbering system for the ring nitrogens (inset) assumes that upper ligand is above the plane of the
figure. The lower axial ligand is the nitrogen from dimethylbenzimidazole (Npme). The upper axial
ligand is methyl. For AdoCbl, the methyl group is replaced by a 5’-deoxyadenosyl group, shown in
the upper right.

Quantitative comparison of the MeCbl excited state XANES spectrum with
simulations and the decomposition of the difference spectrum into components
polarized along or perpendicular to x as defined in Figure 4.1 permit assignment
of the structural changes in the excited state. Our measurements eliminate the
ambiguity in assignment of features in the XANES spectrum to the MeCbl excited
state or to cob(ll)alamin. In agreement with the previous report, we find an
expansion of the corrin ring in the excited state. However, we do not find
evidence for significant elongation of the Co-C bond in the excited state. The
difference between the ground and excited state structure is dominated by
changes in the corrin ring. In contrast, the XANES difference spectrum following
photodissociation of AdoCbl to form cob(ll)alamin is dominated by the z-polarized
component, reflecting loss of the upper axial ligand. Ultrafast XANES will prove a
powerful tool for monitoring excited state structural dynamics of a wide range of
important photoactive compounds.

4.2 EXPERIMENTAL METHODS

Time-resolved polarized XANES measurements were performed using the XPP
instrument of the x-ray free electron laser LCLS at SLAC.?> Samples of MeCbl
and AdoCbl were dissolved in ultrapure deionized water to a concentration of ca.
5 mM and pumped through a glass nozzle to achieve a stable 50 ym diameter jet
of solution. The x-ray beam and laser beam travel in a nearly collinear geometry
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(~1° crossing angle) intersecting the sample stream several hundred ym below
the nozzle. The polarization of the optical laser was rotation between horizontal
(parallel to the x-ray polarization) and vertical (perpendicular to the x-ray
polarization) using a remote-controlled half-wave plate. Finite-Difference Method
Near Edge Structure (FDMNES) simulations of MeCbl were performed as

described previously.'"12
4.3 RESULTS AND DISCUSSION

4.3.1 Time-resolved Polarized XANES

Time-resolved polarized XANES measurements were performed using the XPP
instrument of the x-ray free electron laser LCLS at SLAC.?®> Measurements on
MeCbl were performed using 520 nm optical excitation with the x-ray probe
delayed by 100 ps. Measurements on AdoCbl were performed using 540 nm
optical excitation with the x-ray probe delayed by 250 ps or 450 ps and 365 nm
optical excitation with the x-ray probe delayed by 250 ps. The excited state
lifetime of AdoCbl in water is ca. 100 ps. Using lifetimes determined previously
from UV-visible transient absorption measurements, the difference spectrum of
AdoCbl at 250 ps corresponds to 85% cob(ll) and 15% excited state. At 450 ps,
the populations are 97% cob(ll) and 3% excited state.?62"

Decomposition of the x-ray transient difference signal is achieved using the
formalism developed for optical absorption and presented previously for CNCbl."
The 1s - np K-edge x-ray transition can be decomposed into any set of

orthogonal molecule-fixed Cartesian coordinates. The obvious choice is a

parallel to the transition dipole initially pumped and b+¢ perpendicular to the
transition dipole direction. The signals obtained with the polarization of the optical

pulse parallel and perpendicular to the polarization of the x-ray pulse are:

AS, =0.6AS, +0.2AS, +0.2AS, AS, =248, - AS,
=
AS,.. =3AS, —AS

AS =02AS +0.4AS, +0.4AS.
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The transition dipole moments of AdoCbl excited by 365 nm and 540 nm pulses
are approximately orhtogonal. The cob(ll alamin photoproduct is identical for both
excitation wavelenghts. Thus 365 nm and 540 nm exciation wavelengths for a
time delay of 250 ps allows the unique identification of the x, y, and z
contributions to the XANES difference spectrum for bond homolysis forming
cob(ll)alamin from AdoCbl. The use of one excitation wavelength, 540 nm for
AdoCbl at 450 ps or 520 nm for MeCbl at 100 ps, only allows identification of x,
parallel to the transition moment, and the sum y+z of the perpendicular

directison.

The isotropic difference spectrum (AS =AS, +2ASL) obtained for a delay of 450

ps following excitation of AdoCbl is plotted in Figure 4.2. This plot also illustrates
the laser off XANES spectrum of AdoCbl and the XANES spectrum of
cob(ll)alamin calculated from the 450 ps difference spectrum as Scoviy = (Sor +
aASiso)/a. where a is the fraction of cob(ll)alamin in the sample. In this
measurement, the initial fraction excited by the optical pulse was ~0.23 and a at
450 ps is =#0.13 when geminate recombination of the radical pair is taken into
account. The cob(ll)alamin XANES spectrum is consistent with spectra reported
in the literature for the reduced species.?®
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Figure 4.2 (A) The XANES spectrum of AdoCbl obtained from the optical laser-off measurement is
compared with the scaled difference spectra at 250 ps and 450 ps time delay following excitation at
540 nm. The cob(ll)alamin XANES spectrum derived from the 450 ps difference spectrum is shown
for comparison. (B) The XANES difference spectrum at 250 ps decomposed into contributions in the
X, ¥, and z directions.

As expected, the XANES difference spectrum measured at 250 ps is essentially
the same as that measured at 450 ps, differing only by a small change in
amplitude. Both difference spectra represent the changes that accompany
formation of cob(ll)alamin (Figure 4.2 A). This difference spectrum was
measured using parallel and perpendicular polarization following excitation at
both 540 nm and 365 nm. The isotropic difference spectrum 250 ps after
excitation is independent of excitation wavelength as seen in Figure 4.3. This

demonstrates that the same excited state is formed with both wavelengths.
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Figure 4.3 Left: Comparison of the isotropic XANES difference spectra obtained 250 ps after
excitation of AdoCbl at 540 nm (blue) and 365 nm (yellow). The ground state XANES spectrum of
AdoCbl is plotted in black for reference. Right: Decomposition of the XANES difference spectrum
450 ps after excitation of AdoCbl into x and y+z components.

The 1rmr* transition dipoles accessed at the two wavelengths are approximately
orthogonal to each other in the corrin ring (Figure 4.4 A) and rotational diffusion
of the cobalamin is minimal over the first 450 ps (Figure 4.4 B). Thus, the
polarized difference spectra may be used to extract the contributions
decomposed into the x, y, and z directions as described previously for CNCbl.?
These difference spectra are plotted in Figure 4.2 B. Difference spectra in the x
and y+z directions at 450 ps after excitation at 540 nm are plotted in Figure 4.3.
The dominant contribution to the XANES difference spectrum corresponding to
the formation of cob(ll)alamin is an edge shift in the z-polarized component,
consistent with the loss of the upper axial ligand and contraction of the Co-Npws
bond. The equatorial contributions are quite small, consistent with the fact that
there are only small changes is the Co-Neq bonds observed in the cob(ll)alamin

crystal structure, averaging -0.3+0.1%.2%30
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Figure 4.4 (A) Isotropic difference spectrum (blue, AA) and absorption anisotropy (red, r) 40 ps after
excitation of AdoCbl at 340 nm. This plot demonstrates that the transition dipole moments at 365 nm
and 540 nm are approximately orthogonal to each other. (B) Time dependent anisotropy changes at
four wavelengths following excitation at 340 nm. The change in anisotropy over the first 200 ps
reflect changes in the excited state followed by formation of cob(ll)alamin. The anisotropy is
approximately constant from 200 ps to 450 ps demonstrating that diffusive reorientation of the
cobalamin molecule is small on this time scale. This means that the 250 ps and the 450 ps XANES
transient reflect the initial anisotropic distribution of excited states.

In contrast to AdoCbl, excitation of MeCbl in the visible region of the spectrum
results in formation of an excited state with a 1 ns lifetime in water at room
temperature.?>?* The XANES difference spectrum obtained 100 ps after
excitation of MeCbl at 520 nm probes this excited state. The isotropic difference
spectrum for formation of the excited state is plotted in the top panel of Figure
4.6. The ground state XANES spectrum of MeCbl, the spectrum of the
cob(ll)alamin that is formed following photolysis of AdoCbl, and the estimated
spectrum of the excited state of MeCbl (Ses = (Sor + aASiso)/a,, a = 0.25) are
plotted in the lower panel. The ground state XANES spectra of AdoCbl and
MeCbl are similar (Figure 4.5), consistent with the fact that they have very

similar corrin ring structures.
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Figure 4.5 Comparison of the ground state XANES spectra of AdoCbl and MeCbl in a room
temperature liquid jet using fs x-ray pulses. The MeCbl has been scaled to match the counts for
AdoCbl as different detector arrangements were used for these two runs. Note that, in the absence
of radiation damage, these two spectra are similar with only a slight blue-shift of the edge for MeCbl
compared with AdoCbl.

From the MeCbl ground state spectrum and the AdoCbl photolysis difference
spectrum, we can calculate the difference spectrum that should be observed
following the photolysis of MeCbl to form cob(ll)alamin (dashed line in Figure
4.6). The measured difference spectra for formation of the MeCbl excited state
and for formation of cob(ll)alamin are similar in magnitude. Thus, the assumption
by Subramanian et al. that the 200 ps difference spectrum measured after
excitation at 400 nm is dominated by the MeCbl excited state which accounts for

75% of the population is valid.
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Figure 4.6 Top: The total isotropic difference spectrum 100 ps after excitation of MeCbl and the
decomposition into x and y+z contributions. The difference spectrum for formation of cob(ll)alamin
is also plotted, calculated as the difference between cob(ll)alamin determined from the photolysis of
AdoCbl and the ground state MeCbl spectrum. Bottom: Comparison of the laser off XANES spectrum
for the ground state of MeCbl with the cob(ll)alamin XANES and the inferred excited state spectrum
of MeCbl at 100 ps. The regions marked A, B, and C are discussed in the text.

The difference spectrum for the formation of cob(ll)alamin is essentially identical
to the microsecond difference spectrum following excitation at 400 nm reported
by Subramanian et al (Figure 4.7)."* Accordingly, we suggest that this
photoproduct is not a novel microsecond-lifetime product corresponding to a
recombination product with a lengthened Co-Npms bond (DMB =
dimethylbenzimidazole), as suggested, but is instead the previously identified
cob(Il)alamin product that is known to form following 400 nm excitation (Figure
4.7). In this interpretation, the red-shift of the XANES edge arises from the loss of
the upper axial ligand, but not the expansion of the Co-Npme bond. This is
consistent with x-ray crystal structures and with theoretical simulations, both of
which report contraction of the Co-Npmus bond between AdoCbl or MeCbl and

cob(ll)alamin.8.19.29-33
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Figure 4.7 Comparison of the XANES difference spectra for the formation of the excited state (ES,
gray) and cob(ll)alamin (Cob(ll)) from the ground state (GS) of MeCbl (blue). The difference spectrum
for the formation of cob(ll)alamin is the same as the spectrum reported by Subramanian et al. for

microsecond delay. The estimated spectrum for 25% cob(ll)alamin and 75% excited state (orange) is
also shown for comparison.

The decomposition of the difference spectrum into contributions in the x and y+z
directions are plotted with the isotropic difference spectrum in the top panel of
Figure 4.6. The x-polarized component, along the optical transition dipole
moment in the coring ring, makes a significant contribution to the XANES
difference spectrum in the region between 7.72 and 7.733 keV reflected in the
increase in x-ray absorption in the first peak of the XANES spectrum. The x-
polarized contribution in region A in Figure 4.6 is approximately half the intensity
of the y+z contribution. The edge shift, indicated by arrow B in Figure 4.6, is
dominated by changes in y+z, with a smaller x-polarized contribution. Finally, the
bleach of the pre-edge transition, indicated by the arrow C, is polarized entirely in
the z and/or y directions. Comparison with Figure 4.2 B and with the much
weaker pre-edge bleach in cyanocobalamin'? indicates that the bleach of the pre-

edge transition is z-polarized, consistent with assignment to a cobalt centered

1s—3dz2/4p; transition.

Qualitatively, these observations demonstrate that, in contrast with our findings
for CNCbl, the structural changes that take place when the MeCbl excited state
forms must be approximately uniformly distributed across x, y, and z. Indeed, if
one makes the reasonable assumption that x- and y-polarized difference spectra
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should be similar, it is apparent that the changes in z must be quite modest. The
positive difference spectra reflect a small red-shift for each polarization
suggesting a modest increase in the average bond-length along x, y, and z.

4.3.2 Comparison with Computational Methods

Recent TD-DFT calculations of the excited state structure in MeCbl provide a
starting point for more detailed analysis of the XANES measurements. The
FDMNES program was used to simulate the XANES spectrum for both the
ground and excited states of the truncated structural model of the MeCbl
molecule used in TD-DFT calculations.?**> We use the FDMNES method for
simulations because it avoids the muffin tin approximation of FEFF and, in our
hands, gives somewhat more accurate predictions of the cobalamin ground
states, aside from a failure to reproduce the pre-edge, “1s-3d” region.'"'? The
ground state spectrum calculated for MeCbl is compared to the measured laser-
off XANES spectrum in Figure 4.8. The simulated excited state spectrum
exhibits an increase in intensity in region A, but no significant shift of the XANES
edge. This result is not unexpected; the TD-DFT structure predicts a small
decrease in the average axial (z direction) distances compared to the ground
state with Co-C increasing by 0.02 A from 1.986 A to 2.006 A, while Co-Npus
decreases by 0.12 A from 2.175 A to 2.055 A. A net decrease in the distance is
expected to cause a blue shift to the z-polarized spectra, with a corresponding
negative amplitude in the difference spectrum. The negative z-polarized signal
(see Figure 4.8) partially cancels the positive amplitude predicted for x and y,
giving a very small predicted differences XANES signal that is inconsistent with
the experimental data. Thus, the XANES data suggest that the excited state that
is formed following 520 nm excitation is not the optimized minimum energy

structure identified in the TD-DFT simulations.
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Figure 4.8 Left: Comparison of ground and excited state simulated spectra for MeCbl with the
measured spectra. S is the excited state structure identified in TD-DFT calculations. The axial bond
lengths in S, are (Co-C, Co-Niw) = (1.986 A, 2.175 A), in S they are (2.006 A, 2.055 A). The Co-Ng;
bonds are expanded about 2% while the Co-N1(s) bonds are essentially unchanged. The
decomposition of the simulated ground state spectrum into contributions polarized in the x, y, and z
directions is also plotted. Top Right: Comparison of the measured (orange) and simulated (yellow)
isotropic difference spectra and the x-polarized contributions (dark green experiment, light green
simulation). Bottom Right: Comparison of the y+z component of the difference spectrum for
simulation (pink) and experiment (red) along with the decomposition of the simulation into the y and
z-polarized contributions.

The most obvious difference between the truncated model used in the excited
state TD-DFT calculations and the MeCbl molecule is the presence of the full
dimethylbenzimidazole base in the latter. Crystal structures comparing imidazole
and dimethylbenzimidazole as the lower axial ligand demonstrate that the smaller
imidazole ligand favors a shorter Co-Nim bond (2.16 vs 2.09 A).36 The absence of
the full DMB base, with its steric hindrance, may cause the TD-DFT calculations
to overestimate the contraction of Co-Niv bond that takes place in the excited
state structure. To test this possibility, XANES simulations were performed for
structures having longer Co-Niv bonds, including the bond length of 2.175 A that
was calculated for the ground state. These simulations (Figure 4.9) capture the
major features of the measured difference spectrum, however they
underestimate the y contribution and appear to overestimate the z contribution to
the difference spectrum, resulting in a cancellation of contributions in the
predicted y+z component around 7.73 keV. In contrast, the experimental signal in
y+z has a significant positive absorption change in this region (region A in Figure
4.6). Systematic changes in the upper axial bond length produce a similar
discrepancy with the experimental date (Figure 4.9).
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Figure 4.9 Top Left: Comparison of the x and y+z measurements with simulations performed for a
range of Co-C bond lengths. The solid lines are y+z simulations, the dashed lines are the x
simulations. Bottom Left: Decomposition of the y+z simulation into the y (dashed lines) and z (solid
lines) contributions. Top Right: Comparison of the x and y+z measurements with simulations

performed for a range of Co-Nim bond lengths. Bottom Right: Decomposition of the y+z simulation
into the y (dashed lines) and z (solid lines) contributions.

Although the FDMNES simulation using the TD-DFT calculated S1 structure
underestimates the total XANES difference spectrum, the simulation is
qualitatively consistent with the x-polarized component of the spectrum. The TD-
DFT calculations of the Si excited state predict an expansion of the ring
consistent with m=>1* excitation of the corrin ring (Figure 4.10 A). The measured
difference spectra suggest that the changes to the corrin ring should be
somewhat larger than calculated. To model to contribution of the y+z component
around 7.73 keV we explored the influence of corrin ring expansion on the
XANES difference spectrum.
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S-Sy MeCbl simulations Increase Co-N distance Expand full ring

Figure 4.10 . Expansion of the ring distances to Co in units of mA (i.e. in S; nitrogen N3 is 0.042 A
further from the Co than it is in Sp). (A) Expansion from S, to S1 using the simulated ground and
excited states. (B) An additional expansion of the Co-N¢q distances as indicated. (C) Expansion of
the entire ring midway between rhodibalamin and S4 cobalamin

One of the challenges in simulation x- and y-polarized XANES for corrins is that
the corrin ring is quite flexible so that changes in Co-Neq distances cause
changes in the Co-C positions due to “ruffling” of the corrin ring. In addition to
adjusting the Co-Neq distances while leaving the remainder of the corrin fixed, we
sought an experimentally validated model to use for predicting positions of all of
the corrin atoms. Krautler and colleagues have synthesized an
adenosylrhodibalamin (AdoRbl) compound with the central Co replaced by the
much larger Rh atom.3” We took the crystal structure of this compound as an
upper limit for physically reasonable expansion of the M-Neq bonds in the excited
electronic state and as a plausible prediction of the Co to Ciing distances. An
expansion with the Co-Neq bonds midway between the calculated cobalamin
excited state and the rhodibalamin structure leaving the remainder of the ring in
the calculated S1 structure provides reasonable agreement with the measured
difference spectra as illustrated in Figure 4.11 A and B. Better overall
agreement between the measurements and simulation is found for expansion of
the ring coupled with the Co-C bond at 2.006 A as in the TD-DFT calculation

accompanied by a somewhat longer Co-Nu bond (Figure 4.11 C).
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Figure 4.11 Comparison of experimental and simulated XANES difference spectra for an expanded
corrin ring. The axial bond lengths are indicated as Co-C, Co-Niu. (A) Co-N¢q bonds as in Figure 4.10
B midway between calculated MeCbl S; and the AdoRbl ring. The axial bonds are at the calculated S4
distances. (B) Co-N.q bonds as in Figure 4.10 B midway between calculated MeCbl S; and the
AdoRbl ring. The axial bonds are at the calculated S, distances. (C) Co-Neq bonds as in Figure 4.10 B
midway between calculated MeCbl S1 and the AdoRbl ring. The Co-C bond is at the calculated S,
distance and the Co-Niy bond is contracted to 2.125 A from the ground state value of 2.175 A. (D) Full
corrin ring expansion as in Figure 4.10 C. The axial bonds are the same as in Figure 4.12 C.

Expansion of the entire corrin ring midway between the calculated cobalamin
excited state and the rhodibalamin structure gives the simulated spectrum in
Figure 4.6 D. The positive feature around 7.73 keV in the XANES difference
spectrum arises from the expansion of the ring in the excited state. The absence
of a significant difference spectrum between MeCbl or AdoCbl and cob(ll)alamin
in the region above 7.725 keV (see Figure 4.2 and Figure 4.6) is consistent with
a similarity of the corrin ring in these compounds. Simulations for other ring
distortions are summarized in Figure 4.12.
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Figure 4.12 Comparison of the influence of the corrin ring (labeled S1 ring, Rbl ring) and the Niy-Co-

C bond angle (labeled SO0 ring) on the simulated XANES difference spectrum. The axial bonds are at
the ground state distances.

Subramanian et al. reported a series of simulations of the XANES spectrum of
MeCbl as a function of structural changes using the FEFF8.4 code.'* These
simulations highlight the separate influence of modification in the Co-Neq, Co-Nim,
and Co-C bonds and allow a qualitative discussion of the structural changes. Our
simulations performed using FDMNES are in qualitative agreement with their
FEFF simulations. However, the quantitative comparison of the magnitude of the
difference spectrum, the separation of x and y+z contributions, and the
elimination of contributions arising from the formation of cob(ll)alamin, permit a
more precise analysis of the structural changes between the ground and excited
state of MeCbl.
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4.4 CONCLUSIONS

Excitation of AdoCbl at 540 nm or 365 nm results in the formation of
cob(ll)alamin. The XANES difference spectra are characterized by a large red-
shift in the z-polarized component, consistent with loss of the upper axial ligand,
but only small changes in the corrin ring. In contrast, the electronic excited state
that is populated following 400 nm or 520 nm excitation of MeCbl results in a
small elongation of the axial Co-C bond (ca. 1%) consistent with the TD-DFT
calculations and with inferences from the excited state UV-visible spectrum. This
axial change is accompanied by changes in the corrin ring larger than those
predicted in the TD-DFT calculation of the excited state structure. The TD-DFT
calculation suggests expansion of -0.1, 1.9, 2.2, and 0.1% for Co-N1.4
respectively. Somewhat larger expansions of 2, 2.4, 2.6, and 2.1%, midway
between the bond lengths predicted for the excited state and measured for
AdoRbl, provide better agreement with the measured XANES data. Finally, the
TD-DFT calculations overestimate the contraction of the Co-Npwms bond length in
the excited state. The XANES measurements are inconsistent with the predicted
5.5% contraction of this bond. A contraction of around 2.3% is more consistent
with the observed spectra. This discrepancy may be due to the influence of the
full dimethylbenzimidazole group and the constraint of the linkage to the ring on

the excited state structure.

The XANES measurements on the MeCbl excited state are consistent with our
prior interpretation of the UV-visible spectrum as indicating small axial changes in
the excited state structure. This is in contrast to the large axial expansion
observed for CNCbl and the elongation of the lower axial bond predicted from the
transient absorption spectra of AdoCbl?>?3 and two Bi2 antivitamins.8383° The
simulations of XANES spectra presented here are not exhaustive and further
refinement of the upper and lower axial bonds, as well as the expansion of the
ring, may provide better agreement with the experimental data. However, the
general trends are clear. A more detailed analysis of the excited state structure

will require systematic simulations for a wide range of potential coordinates as
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well as comparison with other cobalamin compounds. Such work is underway for
a series of cobalamins including both MeCbl and AdoCbl. Time-resolved EXAFS
measurements also provide the potential for quantitative analysis of the bond
length changes around the central cobalt atom. These measurements will
become feasible with the next generation of XFEL sources with higher repetition
rates and easier tunability over the broad energy range required.

4.5 AUTHOR CONTRIBUTION
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analysis code for and performed analysis of all XFEL data presented in this
chapter and performed and analyzed all FDMNES simulations presented in this
chapter.
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Chapter 5 Conclusions and Future Directions

5.1 KEY RESULTS

The work in this dissertation detailed how ultrafast spectroscopy can be used as
a tool for deepening our understanding of the mechanisms that drive important
chemical systems in chemistry and biochemistry. We were able to investigate
how changes in the electronic structure of a molecule affect the dynamics, both
through photo- or electrochemical induction of an excited state or reduced
species and through synthesis of molecules chosen to exaggerate the effects of
a change in charge distribution.

We find 2D-IR to be a powerful technique for examining how changes in the
electronic structure of the CO: reduction catalyst Re(bpy)(CO)sCl affect its
solvation dynamics. Changes to the electron density of the molecule induced by
the replacement of the chloride axial ligand with the more electron-withdrawing
benzimidazole ligand showed no effective change to the spectral diffusion
timescale across a series of aprotic polar solvents, in line with previously
reported results that similarly found no change when changing electron-
withdrawing or -donating nature of the equatorial diimine ligand." In our 2D-SEC

experiments, we see changes in the vibrational lifetime of the high frequency
carbonyl mode of the singly reduced rhenium species, Re(bpy)(CO)sCI. Ongoing

work will compare the spectral diffusion timescale of the singly reduced species
to both the ground state of the electrocatalyst and to its long-lived equilibrium
excited state, giving us a window into the solvation dynamics of key
intermediates in both the electrocatalytic and photocatalytic cycles of this
versatile CO; reduction catalyst.?
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Our ultrafast x-ray absorption spectroscopy measurements on methylcobalamin
and the cob(ll)alamin photoproduct that is formed following photoexcitation of
coenzyme Bi2 demonstrated the capability of polarized ultrafast x-ray pump
probe spectroscopy to give a window into the structural changes that occur
following photoexcitation. Coupling these measurements with robust simulations
of excited state structures using near-edge structure calculation software such as
FDMNES or FEFF and transient absorption measurements further enriches the
information that can be gathered from analysis of the polarized x-ray difference
spectra, linking changes in the electronic configuration to structural dynamics.3#
Additional work performed in part by the author of this dissertation on
cyanocobalamin, adenosylcobalamin, and antivitamin Cof-2-(2,4-difluorophenyl)-
ethynylcobalamin (F2PhEtyCbl) further reveals the ability of this powerful
technique to yield information on excited-state dynamics of compounds in this
class, particularly when combined with transient absorption UV-Vis
measurements.>~” The ultrafast x-ray measurements on the F2PhEtyCbl used a
drop-on-demand sample delivery system synchronized to the LCLS XFEL,
exposing only 45 pL of sample. This sample delivery method opens up the
possibility for X-ray absorption measurements on precious photoactive samples,
which would not have been easily or inexpensively integrated into more

traditional sample delivery methods.

5.1 FUTURE DIRECTIONS

The 2DIR compatible OTTLE cell opens up many possibilities for analysis of
electrocatalytic or electrochemical systems using 2DIR spectroscopy, expanding
well beyond just the Lehn Re(bpy)(CO)3ClI catalyst studied in this dissertation to
any electrochemical system with a suitable vibrational probe. One of the main
goals going forward is discerning the best method to extract dynamical
information from the 2DIR set-up. A major challenge of performing
spectroelectrochemical experiments on an ultrafast timescale is determining a
way to either hold the system at equilibrium or to monitor the relative
concentrations of different species throughout the course of an experiment, to

isolate changes in rephasing/non-rephasing amplitudes due to dynamic
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processes from the longer timescale build-up disappearance of species occurring
as a result of the electrolysis. This is of particular concern in the case of the
ReCl, where the singly reduced anionic species will couple to form the dimer
after just a few minutes, complicating its analysis. Current and future work in the
lab involves implementing a set-up where an absorption spectrum is recorded
ahead of each 2DIR spectrum, so changes in concentration of each present
species throughout the course of the experiment could be monitored and
corrected for. Successful adoption of this method into the experimental design
will allow for easier extraction of dynamical information such as spectral diffusion
timescales, something that has yet to be determined from 2DIR-SEC

experiments involving multiple species.

There is still a great deal of opportunity for future work on the ReCl system using
this method. With successful addition of CO- to the solution, the rhenium catalyst
could be monitored using 2DIR-SEC while the actual CO. to CO catalysis is
occurring, giving unprecedented detail into this mechanism. The IR OTTLE cell
described in this dissertation is easily adapted into a flowing system, which would
be necessary for such an experiment. This would allow for clear identification of
intermediate species that form throughout this electrocatalytic cycle. The
mechanism of this electrocatalysis of CO2 to CO by the Re(bpy)(CO)sCl catalyst
is reported to change based on solvent and presence of co-solvents or proton
sources.® 1?2 2DIR-SEC experiments could further reveal the role that these
species play in the mechanism, particularly the solvent or co-solvent, given the
sensitivity of the CO probes on the ReCl species to solvation environment and

phenomena such as preferential solvation.’?13

The 2DIR-SEC experimental design presented in this dissertation utilizes an
OTTLE cell design that allows these experiments to be performed in a
transmission geometry, while still avoiding issues of scatter due to the presence
of the electrodes. This adds a new option for 2DIR-SEC experimental cell design
that more closely resembles established spectroelectrochemical designs. The
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development of this method, along with the other two cell designs by Hamm and
Bredenbeck, opens up an exciting new field combining 2DIR and
spectroelectrochemistry. Here, we focus on the rhenium system, however this
technique could be used to study a host of interesting electrochemical systems
with suitable vibrational probes. Many transition metal carbonyl complexes and
clusters have been studied for their abilities to catalyze important reactions
through electrochemical methods, and would make excellent candidates for
electrocatalytic systems that could be further explored using this
technique.'#1524.16-23 One such example is manganese carbonyl complexes that
reduce CO2 to CO through a mechanism similar to that of the ReCl molecule
studied in this dissertation. Future work could focus on determining how the role
of solvents and co-solvents differs between the mechanisms for the two

molecules.

The successful implementation of the phase wobbler into our current 2DIR set-up
not only aids with the spectroelectrochemical methods, but also opens up the
possibility of studying samples that were previously inaccessible with 2DIR due
to a propensity to scatter. Samples with low solubility or a tendency to aggregate
could now feasibly be studied using our 2DIR set-up. One such example of this
includes the labelled peptide system discussed in this dissertation, which has a
low solubility and tendency to scatter. Experiments going forward on the small
seven amino-acid peptide introduced in this dissertation and the full labelled
trimer system will undoubtedly use this phase wobble set-up to eliminate
scattering effects from the sample. To further incorporate this technique into our
2DIR experimental set-up, a second phase wobbler identical to the first could be
placed in the path of the second pump beam, allowing for this elimination of
scatter in both our rephasing and non-rephasing spectra.

Future work on the cobalamin systems could include soft X-ray absorption to

probe the cobalt L-edge. L-edge absorption measurements offer better
resolution, giving further insight into the Co electronic structure, and gives access
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to transitions that are inaccessible with K-edge measurements. These

measurements can provide greater detail on the covalency of the cobalt after

photoexcitation, complementing the electronic structure information discovered

using the Co K-edge absorption measurements.?526 Additionally, transient L-

edge XAS measurements could be performed on the Re(bpy)(CO)3X catalyst,

giving further insight into the structural evolution of this molecule following

photoexcitation.
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