©~Copyright 2022
Robert B. Weakly



Advances in Multicolor Ultrafast Spectroscopies:
Utilizing Theory and Experiment to Explore Vibronic Coupling in
Molecular Systems from the Infrared to the X-ray

Robert B. Weakly

A dissertation
submitted in partial fulfillment of the

requirements for the degree of
Doctor of Philosophy

University of Washington

2022

Reading Committee:
Munira Khalil, Chair
Anne McCoy

Stefan Stoll

Program Authorized to Offer Degree:
Chemistry



University of Washington

Abstract
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Multicolor ultrafast spectroscopies enable the simultaneous and/or sequential interrogation
of dissimilar degrees of freedom relevant to the inter- and intramolecular interactions that
drive natural and artificial chemical phenomena on the atto- to nanosecond timescale.
Two-dimensional electronic-vibrational (2D EV) and vibrational-electronic (2D VE) spec-
troscopies expand on the multidimensional spectroscopic landscape as the cross of infrared
(IR) and electronic spectroscopies. They provide a window into the coupling of nuclear and
electronic degrees of freedom. Each peak position and amplitude gives a direct measure of
how specific IR active modes are coupled to specific electronic transitions. Both of these
spectroscopies can be described by the same model Hamiltonian that consists of multiple
high-frequency vibrational modes, each uniquely coupled in both the ground and electron-
ically excited state, giving rise to a coupling between the electronic states. Polarization-
selective spectra and modeling can determine shifts in the electronic excited state potential,
and measure dipole orientations, Duschinsky mixing, and non-Condon effects. Spectroscopic
and therefore chemical information can be isolated through a host of time-frequency anal-
ysis tools. Model analysis demonstrates the strength of these techniques used in tandem.
This generalized approach can be applied to a host of molecular systems including mass and

charge transfer systems.



Because 2D EV is specifically sensitive to the couplings between nuclear and electronic de-
grees of freedom it is an effective method for uncovering non-Condon, non-adiabatic, and non-
Born-Oppenheimer effects. A model proton transfer system (10-hydroxybenzo|h]quinoline)
exhibits non-Born-Oppenheimer behavior, manifested through a coherence transfer follow-
ing optical excitation. Rather than propagating a coherence between the ground and excited
state enol geometries, there is experimental evidence that the coupled behavior of the proton
and electron motions creates a coherence between the ground state enol geometry and the
excited state keto geometry. This experimental evidence of a coherence transfer presents in
multiple ways. First, 2D EV spectra show an excited state emission at a pump frequency
lower than the electronic transition frequency. Second, coherent oscillations of that signal
in the time domain match the character of the vibrational motions previously shown to be

coupled to the proton transfer.

Multicolor X-ray pump X-ray probe transient absorption spectroscopy of molecular sys-
tems in solution directly reports on valence—core interactions by probing a core-to-core ab-
sorption measurement in a spectrally isolated area. Specifically, in third-row transition
metals, the 1s—3p transition can undergo an absorption event in the wake of an Auger—
Meitner cascade following the removal of a 1s electron which produces the necessary vacancy
in the 3p. The first of two coincident X-ray pulses removes a 1s electron. The second pulse

monitors the 1s—3p transition energy — the absorption corollary to KA fluorescence.

Markov-chain Monte-Carlo simulations can predict the core-excited electronic states
present during the cascades. Further, they can describe the time evolution of those states,
providing explanations for the types of peaks present and their temporal response profile. In
the presence of additional core and valence holes, each orbital relaxes in energy due to the
change in electrostatic shielding. Additional interactions due to 3p—3d exchange, spin—orbit
coupling, and crystal-field effects further perturb these orbitals. Time-dependent density

functional theory calculations predict that the 1s—3p transition energies shift ~ 2 eV with



each sequential hole in the valence (ta4), reporting on the strength of core-valence interac-
tions. These predictions are tested and confirmed with measurements made on K Fe''(CN)g
and K3Fe(CN)q in HyO. We utilize both the density functional theory and Markov-chain
Monte-Carlo simulations in peak assignment, and experimentally measure the predicted
~2 eV shift in 1s—3p transition energy as a function of valence hole density. This tech-

nique’s first demonstration in solution is chronicled here.
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BOA: Born Oppenheimer Approximation
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Chapter 1

INTRODUCTION
1.1 Degrees of Freedom in Photochemical Interactions

From the synthesis of small molecules in large industrial vats to photosynthesis in microscopic
chloroplasts, many of the chemical reactions we care about are multi-step and involve a host
of players (degrees of freedom). These could be separate parts of a single molecule, groups
or individual atoms, individual electrons, or protons acting intramolecularly. They could be
entire molecules, large lattice structures, or solvents that govern how molecules interact with
each other intermolecularly. Any attempt to understand, manipulate or eventually control
these reactions requires understanding each of these players’ different roles in governing the
molecules’ behavior.

Figure 1.1 shows, that many of these players evolve over drastically different timescales.
If not for its own relaxation, the vibrational motion which takes place is 107 seconds
could occur tens or hundreds of thousands of times over the course of a long-lived electronic
relaxation. Looking at just the lifetime of vibrations and electronic states, a long-lived
vibration might last tens of times longer than a short-lived electronic excitation but a short-
lived vibrational state could be created and destroyed ten thousand times during a long-lived
electronic state. While the precise location and energy of valence electrons are primarily
determined by the geometry of each atom’s nucleus, vibrational motions are constantly
changing that geometry in response to solvent effects and other long-range motions on a
timescale bridging the timescale of vibrational motion and electronic relaxation. In the
intervening years since originally published, the bounds of these timescales have shifted.

In addition to the wide range of timescales on which each of these players act, one

unavoidable fact of the diversity found in the contributing degrees of freedom is the corre-
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Figure 1.1: Timescales of Studied Systems: The relevant timescales of cutting-edge op-
tical experiments in 1990 (black) and 2006 (red dashed) extended from the femto- to the
nano-regimes. This was coincident with the advent of pump-probe and multidimensional
techniques (see Fig. 1.2). The pertinent systems and processes are informed by the capabil-
ities of the time and definitions of boxed bounds shifted as new experiments demonstrated
behavior on previously unobserved timescales. The extended (red) timescale axis shows the
next domain of experimental capabilities. Adapted from [1,2]. The red—dashed extension
of proton transfer represents the timescale of Excited State Intramolecular Proton Transfer
(ESIPT) explicitly considered in Ch. 4, as measured by Kim and Joo [3,4].

sponding range in energies of each motion. Electronic motions like a charge transfer of a
valence electron or the promotion of an electron into a higher-lying orbital typically require
photons with energy near or around the visible spectrum. One convenient unit for energy on
the atomic and molecular scale is the electron volt (eV). It relates well to the small amounts
of energy carried by individual photons. For example the entire visible spectrum of light,
from low energy red light to higher energy blue light spans from ~1.5 to ~3 eV. Molecular
vibrations, conversely, consist of the motion of comparatively slow and heavy nuclei. This
slower motion is resonant with, lower energy, infrared light (reaching down to less than 1073
eV). On the other end of the spectrum, electrons tightly bound to the nucleus (core electrons)

require immense amounts of energy on the atomic scale to move or remove. These electrons



are typically studied with photons in the extreme ultraviolet, extending out the hard X-ray
regime (reaching upwards of 10° eV). The wavelength of that low-energy MIR photon is
108 times longer than the high-energy X-ray so this range of energies and timescales also
manifests as a range of length scales. What might be the most pertinent connection here is
that none of those players act independently of the others. Understanding how dissimilar
degrees of freedom interact, with their wildly different characteristics, is key in taking steps

to control those interactions.

Annual Publications
— Picosecond (1 0'12)
— Femtosecond (107'°)
Attosecond( 10'18)
_ _ Pump Probe

Spectroscopy
__ Multidimensional

Spectroscopy

10°

102

Publications

17/
1
"
1
1
11
11
11
11

1970 1980 1990 2000 2010 2020
Year

Figure 1.2: Publication history of timescales from Pico- to Atto-: Each line corre-
sponds to the number of citations in a given year containing the phrase in the legend. The
techniques which investigate the femtosecond dynamics of molecular systems came about
in the wake of the development of the relevant optical pulses. Counts produced by Web of
Science search for publications including the legend word or phrase under “topic”.

One can imagine a molecule vibrating in just the right way, to lengthen or shrink a key
bond. In response, the electrons in the molecule subtly rearrange, changing the symmetry of

the electron cloud. Whether an electronic transition is favorable depends on that symmetry,



which triggers a second bond, elsewhere in the molecule, to break more easily. The easily
broken bond allows for another change in geometry, creating a new species, which is more
reactive or more effective at absorbing another photon. The key was getting the first vibration
just right. We could look at the vibrational spectroscopic signature to note its importance in
the process. Frustratingly, it is challenging to know if the success in the case above was due
to exactly the story that accompanied it. This could be the wrong order of events. There
could be a contributing effect that we missed like the solution the molecule is in. There could
be some intermediate state through which the system passes.

The example of a bond breaking could be any goal: forming a bond, prolonging an excited
state, harvesting a photon in a solar cell, or preventing damaging buildup in a new battery.
The goal is not to make that one bond break, but to identify the key players and understand
their specific roles. The goal is to learn how to design and build systems where we know who
is doing what, and we can change their behavior. This creates an outstandingly challenging
question: Can we understand the causality and the connection (coupling) between each of
these degrees of freedom and leverage that knowledge for specific control over molecular
species? Stopping short of direct control, we start by simply looking for connections. e.g.
Were that first vibration and the electronic transition coupled in the first place? We start
by looking for connections with ultrafast multi-color multidimensional spectroscopies.

Investigations of these processes require techniques that cover the wide range of timescales
presented above. Crucially, the experiment needs to be fast enough to resolve the fastest
action which we wish to observe. Specifically, we will reach into the femtosecond (10719)
regime, and discuss simulations/future works in the attosecond (107!®). Experimentally
producing, controlling, and detecting each energy regime of photons requires distinct equip-
ment, expertise, and considerations. while the first continuous-wave ruby laser was developed
in 1960 [5], the community needed to wait until the mid-1980s for the short duration, high-
intensity pulses required to perform these sorts of experiments [6,7].

Pump-—probe spectroscopy grew quickly following the development of high energy pulsed

lasers in the optical regime. The ability to spatially and temporally separate, recombine,



and detect those pulses allowed for numerous studies, shown over time in Fig. 1.2. While the
advent of pump—probe spectroscopy quickly followed these advancements, multidimensional

spectroscopy was a rapid next step.
1.2 Multicolor and Multi-Pulse Spectroscopies

Fundamentally pump—probe experiments work by utilizing two independently controlled
short-duration pulses of light. The first, called the pump, interacts with the system to
perturb a particular degree of freedom. The second pulse, the probe, is delayed in time so
the system can evolve and respond to the pump. It is the system’s behavior as a function of
this time (called 7) that is what we are studying. The probe pulse could assess a wide array
of measurements, but in each experiment, it is carefully tuned to probe a specific degree of
freedom. The experiment is repeated with and without the pump and the extracted data is
the difference between the two measurements, over the course of many different delay times,
we can build up an idea of what the system is doing.

The general concepts of a pump and probe do not require photon-based actions, however,
the generation of a quickly changing electric field is intrinsically tied to photons in some way.
The key is that the pump and probe are fast in relation to the action that is being measured
(7). Additionally, there is nothing limiting us to pumping and probing the same degree
of freedom. A common infrared technique, transient infrared spectroscopy (t-IR), relies on
initiating an experiment with an optical pulse to change the system’s electronic state and
monitors the vibrational response as a function of time. Comparisons of the vibrational
characteristics of the ground and electronically excited state have been used to report on an
exhaustive list of phenomena.

We can improve the quality of the information in these spectroscopies by gaining resolu-
tion about the pump pulse. This answers the question “what aspect of the pump mattered?”
Considering the vibrational spectroscopy case, by restricting the frequency distribution of the
pump to a narrow bandwidth, and progressively stepping through those frequencies, we can

build a correlation map. Pumped at X frequency, the probed difference spectrum is Y. While



the time-bandwidth product of these pulses stipulates that we can only use this method to
study long-lived (picosecond) dynamics, this serves as a method to reach two-dimensional

infrared spectroscopy with only two pulses [8-10].
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Figure 1.3: Pulse sequence and Experimental Description of Multidimensional Ex-
periments: shown via pulses in the time domain (a) and a double-sided Feynman diagram
(b-c). Descriptions of the pulse order interactions are found in the main text. Experimental
durations are shown as height in the Feynman diagrams. (b) and (c) represent an excited
state absorption and a ground state bleach respectively. They carry separate signs (positive
and negative) in the spectrum, which nearly cancel out in the linear spectrum, represented
as rectangular plots directly beneath the Feynman diagrams. For a given (73) delay, a series
of (1) are collected over which a Fourier transform is performed to retrieve the frequency
domain information, depicted in (d-e). Each small rectangle plot surrounding the square
plots represents the summation of the plot along that dimension.

We could continually increase the number of pump pulses. With each additional pump
pulse, the system undergoes further changes, enriching the spectrum with more informa-

tion, but at a cost of increased experimental complication, requiring more sophisticated data



analysis. Two-pulse (frequency domain) two-dimensional infrared spectroscopy resolved the
pump frequency dependence of the pump and enabled measurements of coupling between
vibrational modes. Three-pulse (time domain) two-dimensional infrared [11-15] and elec-
tronic [16-18] spectroscopy allowed for understanding temporal population and coherence
dynamics with improved resolution thanks to advancements in pulse generation and com-
pression. That has led to the development of experiments with more and more pulses [19-23]
limited only by our ability to produce, control, and detect the independent pulses of light.
Each experimental improvement must be met with corresponding progress in our ability to
extract information from preexisting experimental procedures [24-28]. Sometimes these the-
oretical advancements occur years before the experiment and serve as a call for and guide the
development of experimental capabilities. Other times they arise out of necessity, prompted

by confusing or unexpected experimental results.

Both nuclear (vibrational) and electronic motions have been heavily studied by pump-—
probe and multidimensional methods. The fundamental conception of those experiments is
the same regardless of the system or the type of motion, so the experiment can be described
in general and then applied to the degree of freedom that requires investigation. A brief
description of a multidimensional four-wave mixing experiment is given in Fig. 1.3. The
first pulse (E4, k1) creates a coherence state between the 0 and 1°¢ state which lasts for
a duration (7). The second pulse (Es, k3) collapses that coherence into a population in
the 1% excited state. This population, similarly, evolves for a duration (73) before a third
interaction (Ej3, k3) probes the system, which emits (k) as the detectable signal of the
experiment. Each signal in the presented field shows the coupling strength between two
degrees of freedom. For example pathway (b) accesses state (2) while pathway (c) only
accesses states (0) and (1).

The great advantage of these techniques is the resolution along both the pump and probe
axis, (w; and ws). The ability to take incredibly short steps in time correlates with the
ability to resolve high-frequency oscillations in the pumped domain. Consider the example

in Fig. 1.3 as a 2D IR experiment. The linear FTIR measurement (approximated as the



rectangular panel above plot (1.3 e)) carries vibrational information but only shows a single
weak signal. By gaining the second dimension of data, both of the pathways shown in the

Feynman diagrams above can be accessed, separated, and measured.
1.3 Multidimensional Vibronic Spectroscopies

It appears oddly formal to simply refer to states (0, 1, 2) in Fig. 1.3. There is good reason
to remain painfully general in this description. In 2D IR spectroscopy, all of these states
are vibrational modes, and we could replace each numbered state with a corresponding
bra or ket representation |v;) and |v;). In 2D ES these states are electronic in nature,
generally tracking the motion of valence electrons. For this experiment, we would write
states as |g) or |e) for ground and excited electronic states. To properly describe a vibronic
state, simultaneous description of the electronic and vibrational quantum states is required
(|g; v, vj) and |e; vy, v;)) for multiple vibrations in multiple electronic states.

Figure 1.4 shows that this multidimensional experiment can, and has, been performed
across a wide range of energies. Each colored box represents the spectral window of a per-
formed multidimensional experiment. Experiments along the diagonal of the figure measure
the coupling between similar degrees of freedom. The off-diagonal experiments, measure the
coupling between dissimilar degrees of freedom. Similar to the t-IR experiment mentioned
above, these off-diagonal experiments, two-dimensional electronic-vibrational (2D EV) and
two-dimensional vibrational-electronic (2D VE), measure the interaction between nuclear
and electronic motions. However, they benefit from the multidimensional separation of
peaks shown in Fig. 1.3.

Importantly, signals in these spectroscopies do not simply represent the separation of
vibrational stretches, or electronic states, but report directly on the coupling between those
two degrees of freedom. Fig. 1.5 (a) shows the w; projection of a 2D VE experiment
performed on a model metal-to-metal charge transfer system with four vibrational modes.
The difference in intensity between the linear FTIR (grey) and the 2D VE (black) results

from the vibronic coupling strength between the degrees of freedom.
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Figure 1.4: Multidimensional Energy Landscape: Colored regions represent the re-
ported spectral windows of distinct experiments. Boxed regions separate experiments by
type and energy. Experiments which lie along the diagonal line of this plot pump and probe
similar degrees of freedom. The off-diagonal boxes labelled VE and EV constitute the vi-
bronic spectroscopies explored here. Reproduced from [29].

The 2D analog of the t-IR experiment (2D EV) is shown in Fig. 1.5 (b). Wherein, distinct
electronic states coupled to specific vibrational modes can be readily seen. It is easy to see
how this approach holds great value when the excited state electronic manifold consists of

multiple states, impossible to separate without both axes of resolution.

These vibronic spectrscopies are comparatively young, first demonstrated in the mid
2010’s [29,32]. To date they have been harnessed to study correlated motions of atomic nuclei
and electrons in systems ranging from biological light harvesting complexes [33,34] to syn-

thetic dyes and charge/energy transfer systems [31,35]. Separately, results from polarization-
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Figure 1.5: Example of Vibronic Spectra Isolating Signals: (a) w; projection of 2D VE
spectrum of a model metal-to-metal charge transfer system consisting of four high frequency
IR active vibration modes. Grey line shows the linear FTIR. Black line shows the 2D VE
projection. The discrepancy between the two demonstrates how vibronic spectroscopies do
not simply separate and clarify signals, but report directly on the vibronic coupling within
a system. Reproduced from [30]. (b) Sample 2D EV spectrum of a model metal-to-ligand
charge transfer system. Because of the separation of signals along both the w; and w3 axes and
the inherent measurement of coupling shown in (a), this spectrum allows for the observation
and measurement of vibronic couplings across the entire vibrational spectrum and multiple
distinct electronic excited states. The vibrational mode (horizontal line) labeled (1) is has
two peaks (a and b), showing coupling to multiple electronic states. However, vibrational
mode 2 is significantly more coupled to the higher energy electronic state. Adapted from [31].

selective 2D VE have mapped the orientations of a metal-metal-charge-transfer relative to
multiple vibrations [29, 36, 37|, and 2D EV results have reported on similar mappings in
model dyes to differentiate orientations of multiple electronic transitions relative to a host
of vibrations and have tracked the time evolution of those vibrations and electronic states
acting in concert [38]. These experimental achievements are realized in tandem with theo-
retical and computational work [39-41] that allows us to build up our understanding of the
chemical information they hold and answer new questions: What approximations are valid
when you combine quantum mechanical descriptions of nuclear and electronic degrees of
freedom? What role does the three-dimensional orientation and configuration of the system

play? What experimental explanations are feasible, probable, or completely ludicrous?
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1.4 X-ray Pump X-ray Probe Spectroscopy

So far alluded to, but left largely not discussed, are the core electrons. Given that they
are localized to a single atom, and moving them requires immense effort, they play a much
different role in molecular behavior than their valence counterparts. Nonetheless, each and
every electron in an atom interacts with every other electron. Inner electrons partially shield
outer electrons from the highly charged nucleus and the size of that shielding determines the
radius of the atom and ultimately governs how it interacts electronically with other atoms.
Each shell of electrons is in a push—pull equilibrium with the shell of electrons above and
below it and pump—probe spectroscopy can help explain how these different shells interact.
Specifically, measuring the time-evolving interactions of 3p and 3d electrons is crucial for
understanding, accurately modeling, predicting, and synthesizing electronic correlations in
transition metal complexes used in catalytic, magnetic, and information storage applications
[42,43]. Notably, as the 3p and 3d electrons interact, they shift in energy not only relative

to each other but also relative to all of the surrounding shells as well.

These interactions are encoded in numerous transitions connecting the K- (n=1), L-
(n=2), or M- (n=3) edge X-ray absorption and emission spectra of transition metal com-
plexes measured at synchrotrons, X-ray Free Electron Lasers (X-FELs) and with table-top
high harmonic generation (HHG) based sources. Each shell of core electrons (labeled in Fig.
1.6) is well separated and the vast distance between energetic edges means that we can easily
separate signals from different types of atoms and different electron shells. At the K-edge,
a fluorescence experiment connecting the K- and M-shells (called K X-ray emission spec-
troscopy [XES]) probes the 3p—3d exchange energy through the relative intensities of the
spectral features sensitive to spin and 3d occupancy [44-46|. Similarly, L-edge spectroscopy
has been used extensively to monitor the electron orbital characteristics like covalency, spin,
and back-bonding in transition metals [47-50]. The extraction of core electronic state-specific
information from equilibrium and optically-pumped X-ray absorption spectroscopy (XAS)

and XES spectral features at the K-, L- and M-edges has fundamental limiting challenges.
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Vacancies in the K- or L-shell are incredibly short lived which results in spectrally broad
features [51]. That leaves the M-edge, where the spectra directly measure 3p—valence transi-
tions [52-54]. The fundamental problem with this approach is that there are so many vacant
orbitals around the valence energy that it is incredibly difficult to nail down exactly which
transition is which. They are packed close together and are not differentiable. The challenge
in accessing these 3p—3d interactions is to design an experiment where: 1) The pumped state
can live for a long time, i.e. the hole lifetime is long enough to allow for meaningful dynamics
to evolve. 2) The probed transition involves two specific states, avoiding the continuum of

states at the valence edge, to create separable data.

Just as the pump—probe transient absorption experiment was the precursor to the mul-
tidimensional optical experiment, the X-ray pump X-ray probe (XPXP) Spectroscopy ex-
periment is a precursor for multidimensional X-ray spectroscopy, enabling the study of how
core electrons interact both with each other and with valence electrons. To fit the XPXP
experiment the landscape of Fig. 1.4 without using a log-scale would require over 250 sheets
of paper laid out in a grid. To describe the experiment on a heavier metal of interest, Ruthe-
nium, would require 2,500 sheets of paper. To expand on the axis seen in Fig. 1.1, lifetimes
of core holes are on the attosecond (107'®) to ones of femtoseconds timescales [51,55]. This
extends the scale of the figure three steps to the left, shown in red. While Fig. 1.2 shows
publications in the attosecond regime arising in the late-1990s, experimental implementation
of their use has lagged behind the theoretical work. Robust femtosecond lasers are available

for purchase, while attosecond optical setups are still burgeoning.

Conceptually, this experiment is similar to the pump—probe experiments discussed thus
far. Pump: remove a 1s electron from a molecule. Probe: monitor some aspect of the
3p—3d interaction as a function of time. However, there are some significant differences.
Pump-probe spectroscopy in the laboratory was enabled by the development of robust high
repetition rate femtosecond laser systems. Tremendous progress has been made in recent
years at the world’s XFELs to enable the technical ability to generate multiple time-delayed

hard X-ray pulses of different colors with novel detection schemes [56-61].
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Just as the t-IR experiment can excite multiple electronic states the generation of a deep
core hole results in an overabundance of outcomes. For the electronic excitation, each of
those states might be conceivably tracked, often modeled as the progression of 3-10 states
over the course of thousands of femtoseconds. Rather than a single electron moving around,
when a 1s electron is removed, a cascade of all the higher-lying electrons occurs. Through
radiative and non-radiative processes each progressive hole is filled and new ones, sometimes
multiple, are generated. An iron atom with up to six vacancies would have more than 300,000
possible states. The ruthenium atom from earlier would have more 8.2 million, not a directly

calculable process.
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Figure 1.6: Energy diagram of accessed states in XPXP experiment: Red arrows
(labeled kB absorption) show the absorption event correlated with the probe pulse between
the K- and M-shells. One of the two electrons in the filled 1s orbital is promoted to the
vacancy in the 3p (K absorption). All orbitals shift and relax in energy due to a reduction
of shielding from 3p and valence holes, but they each respond differently. The progression
from (a) to (c) shows that for each additional hole in the valance (ta4) orbital, the energy of
the 1s—3p transition rises. Arrow thickness corresponds to the strength of the transition.
This is contrasted with the transient XANES experiment, shown to the left, which is tasked
with distinguishing a single weak (thin red) transition at the edge of the filled orbitals from
the dense continuum of transitions forming the edge.
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Fortunately, we restrict observation of these states using the characteristics of the X-ray
pulses we control. Specifically tuning the frequency of the probe to the 1s—3p transition
allows us to be selectively sensitive to states that carry a 3p vacancy. The probed states
are represented in Fig. 1.6, where additional holes in the valance shell of the iron atom
(labeled tq,) have caused the energy of the 1s—3p transition to rise, creating different 1s-3p
energy gaps for each configuration of elections shown in (a)-(c). Molecules in exclusively
those states absorb that light and we measure the change in intensity of the X-ray probe
pulse. The probe pulse does not significantly interact with molecules unless they have that
3p vacancy. Those are the same states which slightly shift energetically in response to the
valence occupancy, which is sensitive to the 3p—3d interaction strength. Rather than attempt
to model the cacophony of cascading states perfectly, we simply design an experiment that
probes exclusively the states that carry the chemical information we need. No doubt, the
next steps of this experiment include tracking the initial states of the cascade and correlating
them with specific behavior. That will require multidimensional resolution of the core hole

coherence, which is not currently available to researchers.
1.5 Dissertation Overview

In part I of this dissertation, chapters 2 and 3 explore the third-order orientational response
function jointly governing 2D VE and 2D EV spectroscopy and chapter 4 details recent ex-
perimental work informed by that exploration. Chapter 2 draws on the first publication in
a series of theoretical works [62], to focus on the formalism and analytical expressions gov-
erning all possible signals in the two spectroscopies. It covers the relaxation of assumptions
made in diagonal multidimensional spectroscopies and includes implications for leveraging
anisotropic analysis to reveal non-Condon effects and Duschisnky mixing. Chapter 3 extends
that approach, chronicling the second paper in that series [63], to explore the implications of
applying a model Hamiltonian to the model system from the previous chapter. The Hamil-
tonian description is accompanied by a discussion of constituent terms, relating them to

previous literature. The interaction Hamiltonian is applied and model vibronic analysis is
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performed on joint simulations of polarization selective 2D VE and 2D EV experiments.
Specific analysis of classically forbidden transitions shows promise for the isolation and de-
tection of non-Condon processes. Together chapters 2 and 3 provide a road map for how
these two spectroscopies can and should be used in tandem to measure the coherent behavior
of coupled nuclear and electronic degrees of freedom in a wide range of systems. Chapter
4 continues by presenting a brief perspective of new work featuring 2D EV spectroscopy
of a model proton transfer system. Data and analyses are presented which show strong
experimental evidence of 77 coherence transfer. This constitutes concrete evidence for the
breakdown of the Born-Oppenheimer approximation. Much of the formalism of the previ-
ous work is based on that approximation; this work prompts discussion about the validity of
treating nuclear and electronic degrees of freedom separately under the very formalism, used
to describe their coupling. Much of the progress made in experimental technique does not
relate to publishable experimental results. For that reason, technical notes on the successful

performance of these spectroscopies can be found in Appendix E.

Part II of this dissertation, chapters 5 and 6, presents work on the development of a novel
hard X-ray pump X-ray probe spectroscopy and chronicles its first-ever implementation in
solution phase. Both chapters relate to the same two works [64], — the second, not yet
published —, but divide the descriptions along theoretical and experimental lines. Chapter
5 outlines the process of modeling, proposing, and simulating the XPXP experiment. Fol-
lowing the removal of a 1s electron, determining a full molecular response is complicated.
Separate approaches are detailed for describing the plethora of electronic states which result
in two oxidation states of a model third-row transition metal [Fe'' and Fe'""]. An electronic-
structure calculation approach, which preserves core hole vacancy, is utilized to determine
the chemical shifts and dipoles present in those resulting states. Finally, preliminary cal-
culations are performed to show the feasibility of the XPXP both at the valence edge and
at the 3p level. The benefits of this experiment compared to the study of other relevant
spectroscopic edges are also put forth. Given the overwhelming advantage of the increased

dipole strength of the 1s—3p transition over the quadrapole nature of the 1s—3d transitions,
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chapter 6 recounts the performance of the XPXP experiment on both oxidation states of iron
in model salts [K,Fe''(CN)s and KyFe(CN)g]. In addition to describing the particulars of
the experimental setup and discussion of results, a new filtering approach is discussed and
conceptual improvements for subsequent experiments are posited. Data are presented that
account for distinct electronic states — those sensitive to the predicted 3p—3d interaction —

and correlate well with the simulated cascade.
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Chapter 2

MULTIMODE TWO-DIMENSIONAL VIBRONIC
SPECTROSCOPY I: ORIENTATIONAL CORRELATION
FUNCTIONS AND POLARIZATION SELECTIVITY

Relevant publications, with the permission of AIP publishing:

e [62] James D. Gaynor, Robert B. Weakly, and Munira Kahlil. “Multimode two-
dimensional vibronic spectroscopy. 1. Orientational response and polarization-selectivity”,

Journal of Chemical Physics, Vol. 154, no. 18, p. 184201-20, 2021
2.1 Introduction

This chapter is the first of two which primarily convey work [62,63] published with the
intent of building upon previous work [40] with the intent of expanding the single mode
picture to consider n coupled oscillators. The work takes advantage of the naturally occurring
difference in dipole orientation and vibrational shifts in electronically excited states to provide
a model for multiple vibrations coupled both amongst themselves and to a specific electronic
transition. The majority of that work is reproduced here. Additionally, the groundwork for
these results can be found in a previous thesis [65].

The seminal work of Ernst and co-workers [66] laid a foundation for the development
of multidimensional Fourier-transform (FT) spectroscopy, first using pulses in the radio fre-
quency spectral region to map correlated nuclear spin phenomena. In the decades since,
advancements in laser technology have enabled a spectral exploration of this technique
which now reaches throughout the terahertz, mid-infrared, visible, and ultraviolet spectral
regions. [67] Coherent multidimensional spectroscopy is now capable of measuring chem-

ical dynamics occurring on the femtosecond (fs) and picosecond (ps) timescales, in non-
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equilibrated ground and excited states, that involve complex molecular couplings between

many different degrees of freedom.

Two-dimensional electronic spectroscopy (2D ES) and two-dimensional infrared spec-
troscopy (2D IR) are well-established coherent multidimensional techniques that are used
extensively to investigate chemical and physical processes in the condensed phase. An effec-
tive probe of electronic couplings, 2D ES has been critical for understanding photosynthetic
energy transfer, [68-73] charge transfer, [74] excitonic phenomena, [75-77] and quantum co-
herences in dimers and aggregates. [78-80] The sensitivity of vibrations to molecular struc-
tural parameters has made 2D IR an essential tool for measuring chemical exchange, [81-83]
vibrational anharmonicity and couplings, [11,84-87] spectral diffusion in liquids, [28,88-91]
and structural dynamics in proteins. [8,92-96] Incorporating polarization-selectivity into
2D ES and 2D IR experiments has significantly enhanced our ability to obtain molecular-
frame structural insight and to deconvolve congested spectra. By experimentally controlling
the polarization of the three incident electric fields and the detected signal field, specific
transition dipole moments can be isolated and cross-peaks describing interactions between
different dipole moments can be enhanced. [97-100] In 2D ES, polarization-selectivity can
distinguish different electronic states through its sensitivity to the orientation of the dipole
moment. [68,99,101] In some instances, polarization-selective 2D ES has also been able to
map observed electronic dynamics onto specific vibrational coordinates. [26,102] Polarization-
selective 2D IR spectroscopy can be used to measure angles between coupled vibrational coor-
dinates, [24,103-105] to extract hydrogen bond jump angles during chemical exchange, [106]
to observe reorientation-induced spectral diffusion, [107] and to determine secondary pro-
tein structure. [108] The 2D IR and 2D ES techniques are primarily sensitive to correlated
dynamics involving vibrational and electronic motion, respectively. Direct measurements of
correlated motion involving both electronic and vibrational degrees of freedom — known
as vibronic couplings — require resonant techniques that interact with both electronic and

vibrational transitions.

Two-dimensional electronic-vibrational (2D EV) spectroscopy and its mirrored analog
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two-dimensional vibrational-electronic (2D VE) spectroscopy are among the most recent
additions to the coherent multidimensional spectroscopy toolbox. [29, 32,109, 110] These
multicolor, coherent F'T techniques include both electronically-resonant interactions in the
UV-visible spectral domain and vibrationally-resonant interactions in the mid-infrared do-
main (see Fig. 2.1 pulse sequences) and are uniquely sensitive to vibronic coupling. [40]
Recent 2D EV and 2D VE investigations have produced new insight into ultrafast charge
transfer in transition metal complexes, [30,31,37,38] proton transfer, [111] photosynthetic
light-harvesting, [33,112-114] and dynamics at conical intersections. [115,116] Polarization-
selectivity has also been experimentally incorporated into both techniques to better un-
derstand congested spectra [31,33] and separate orientational response from the vibronic
molecular response. [37] Theoretical treatments are actively developing an infrastructure
to fully understand the information content of the measured spectra for model systems
including one vibronically coupled anharmonic oscillator on two electronic states, [40] a
vibronically coupled molecular dimer containing a vibrational frequency resonant with the
excitonic energy gap, [39] and investigations into the origin of 2D EV line shapes. [41,117,118]
Of particular interest for ultrafast excited-state phenomena is the role those vibronic cou-
plings, non-Condon effects, and Duschinsky mixing play in determining relaxation trajecto-
ries. [25,27,102,119-123] By exploiting direct sensitivity to both electronic and vibrational
motions, 2D EV and 2D VE spectroscopies are well-suited for such investigations. Other
works have used the term “vibronic” to describe strong coupling between multiple excited
electronic states. [25,39] Here the term is used to explicitly describe a ground and single
excited state coupling through the vibrational modes of interest in the weak coupling limit.
This chapter is the first in a series of two that investigates the 2D EV and 2D VE spectral
signatures of a model system involving two vibronically coupled anharmonic vibrations in
two electronic states, but it is readily extendable to multiple vibrational modes. We leave the
inclusion of multiple excited electronic states for a future publication. For brevity, we will

collectively refer to both 2D EV and 2D VE spectroscopies as 2D “vibronic” spectroscopies.

The emphasis in this first chapter is on the nonlinear orientational response of the model
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system with generally defined vibronic system eigenstates. A complete treatment of the
vibronic system Hamiltonian is reserved for the second chapter in this series,3 which provides
a detailed account of how non-Condon effects, the Huang—Rhys parameter, [124, 125] and
Duschinsky mixing are measured in the 2D vibronic spectra for this specific multimode

system.

This chapter is organized as follows: Section 2.2 briefly outlines the model system dis-
cussed here and introduces the nonlinear orientational response. In Section 2.3, the 2D Vi-
bronic peak positions, amplitudes, and line shapes are discussed and a nomenclature is devel-
oped to facilitate the discussion of the 2D vibronic spectra such that each of the contributing
transition pathways and the involved transition dipole moments in each polarization-selective
2D spectrum can be specified. The system-bath interactions for this model system are treated
in the homogeneous dephasing limit. Section 2.4 treats the orientational response functions
within the framework of orientational diffusion, assuming the dipole moments behave as
symmetric diffusers in isotropic media, and gives expressions for the generalized 2D vibronic
nonlinear orientational response functions. After constructing the complete set of response
functions, the orientational responses for polarization-selective signals are calculated in Sec-
tion 2.6.1 and observables such as spectral anisotropy and the depolarization ratio are derived
and discussed. The orientational response of 2D vibronic spectroscopies inherently contains
angular dependence of at least one angle, and can have up to four angles in the framework
discussed here. Section 2.6 extends the discussion of the polarization-selective 2D Vibronic
spectroscopic observables. Importantly, new insights from a systematic anisotropy analysis
are shown which can involve multiple peaks measured in either one of these techniques. Fur-
ther, anisotropy ratios between specific vibronic pathways in both spectroscopies increases
the set of dipole moments whose relative orientations can be determined. In principle, this
systematic analysis could directly identify and quantify the presence of non-Condon effects
and Duschinsky mixing. Comparisons between 2D vibronic spectral observables and those of
other ultrafast spectroscopies are then made to contextualize the capabilities of these newer

techniques. Specific polarization schemes are discussed which can help to selectively enhance
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particular pathways of interest when spectra are congested with overlapping features. Fi-
nally, we discuss how time-dependence can be used to deconvolve the complete third-order
vibronic response probed in 2D vibronic spectroscopies. One goal of this chapter is for this
discussion to serve as a field guide for other researchers wishing to perform polarization-
selective 2D vibronic experiments on more widely varied molecular systems. Finally, Sec. 2.7

concludes the first part of this two-part series, and introduces chapter 3.

2.2 Polarization-Selective Third-Order 2D Vibronic Spectroscopy: A Model
Multimode System

The multimode vibronic system considered in this chapter consists of two coupled anhar-
monic vibrational coordinates, ¢ and 7, in two different electronic states, |g) and |e). The
vibronic couplings result in excited-state displacement along vibrational coordinates, vi-
brational frequency shifting, and vibrational mode mixing (known as Duschinsky mixing).
Generalized eigenstates for such a model system are depicted in Fig. 2.1 (a) along with
analytical expressions for the energy separations of the eigenstates. The electronic ground
and excited eigenstates are specified by |g;v;,v;) and |e; vy, vj/), respectively, where primes
denote electronically excited state vibrations. The pulse sequences for the 2D EV and 2D
VE spectroscopies are given in Fig. 2.1 (b) and (c), where the electronically-resonant and

vibrationally-resonant electric fields are identified in blue and green, respectively.

In the limit that the orientational dynamics such as rotational diffusion occur on much
slower timescales than vibronic dynamics of a molecule in solution, the complete third-
order material response tensor (ﬁ(?’)) may be expressed as the product of the orientational
response tensor (?) and the vibronic response (R). [98,126,127] The third-order material
response function consists of eight distinct Liouville pathway types that group into four
pairs of complex conjugate field-matter interaction pathways. Therefore, summing over all

possible third-order transition pathways, «, ﬁ(?’) is expressed as:
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a=11JKL a,b,c,d (21)

The nonlinear tensorial orientational response Y%, (73,72, 71), which specifies elements of
the generalized orientational tensor (?), accounts for sequential projections of the four lin-
early polarized electric fields in the fixed laboratory frame onto the fixed molecular frame for
each successive field-matter interaction. The indices (a,b,c,d) denote the vibronic eigenstates
involved in each pathway as defined by a vibronic system Hamiltonian. The time dependence
of Y% (73,75, 71) includes the molecular diffusion between field-matter interactions. The
indices [I,J, K, L] € [X,Y, Z] are a permutation of the electric field polarization over the
laboratory frame coordinates (X,Y,Z).

The third-order response function for 2D vibronic spectroscopies measures the couplings
between vibronic and vibrational transition dipole moments (see Fig. 2.1 (d)). These tran-
sition dipole moments describe either vibronic transitions, where changes in both the elec-
tronic state and vibrational state can occur, or vibrational transitions occuring in the same
electronic state. An illustration of the molecular transition dipole moments that can be se-
lectively probed in a polarization-selective 2D vibronic spectroscopy is given in Fig. 2.1 (d)
using oscillator i as an example. It is the interaction Hamiltonian, H;,, = —M - E(k,w,t),
that explicitly describes the light—matter interaction itself, where the transition dipole op-
erator is M and the time-dependent electric field is defined by its wavevector, k, and its
angular carrier frequency, w. The system dipole operator is defined in terms of the vibronic
system eigenstates (|a(r, Q)) and |b(r, Q))) and the transition dipole moment matrix element
between eigenstates a and b given by u®®. Here, the generalized vibronic eigenstates are writ-
ten as functions of the electron coordinates, r, and the nuclear coordinates, ). The transition
dipole moment vector connecting eigenstates a and b is represented by pu®® = g% x p®?;
that is, the dipole moments possess a direction in the molecular frame, expressed by the unit

vector 1%, as well as the magnitude of the dipole moment expressed by u®°. Therefore, H;,,
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X

Figure 2.1: 2D Spectroscopy Overview of a Multimode Vibronic System. The
vibronic eigenstates of a coupled multimode molecular system are shown schematically in
(a) where the electronic state (e or g) and the vibrational quanta (v; and v;) of the two
coupled oscillators, ¢ and j, are specified by |g;v;,v;) and |e; vy, v;); primes indicate elec-
tronically excited state vibrations. Analytical expressions for eigenstate separation are also
given. Experimental pulse sequences for (b) 2D Electronic-Vibrational (2D EV) and (c)
2D Vibrational-Electronic (2D VE) spectroscopies are shown; the four electric fields are de-
noted E;, E,, E; and Ey;,, with corresponding wavevectors ki, ko, ks, and kg, (blue =
electronically-resonant, green = vibrationally-resonant, and purple = signal). The molecular
orientation within the laboratory frame is exemplified in (d) using dipole moments for oscil-
lator 4 for the electronic (u®*, pu®") and vibrational (u®?, u® ") transitions. The relative
angles of these dipole moments can be accessed experimentally as well as all other combina-
tions of dipole moments contributing to any of the quantum transition pathways in either 2D
spectroscopy. See text for definitions of dipole moments. The molecular frame basis vectors
are lower case, (Z, 9, 2) while the laboratory frame basis vectors are upper case, (X Y., 7 ).
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can be written as

H;y = (ﬂa,b . EZ) « (Ma,bei(k-X—wt)) (22)

for the light-matter interaction of an electric field propagating along in the X direction
with a linear polarization in the Z direction of the laboratory frame that is defined by
the vector Ey. The first part of Eqn. 2.2 containing the scalar product is related to the
nonlinear orientational response, while the second part is related to the nonlinear vibronic
response through the transition probability between the system eigenstates given the spectral
intensity of the incident electric fields. As previously shown for a single mode case, [40]
expanding the dipole moment operator to explicitly treat the electronic and vibrational
transitions that are probed in these spectroscopies demonstrates the direct sensitivity to the
measurement of non-Condon effects and electrical anharmonicity. For example, both 2D
EV and 2D VE spectroscopies have access to vibronic transition dipole moments which only
affect the electronic state (|g;00) <> |e;0'0’)) and to those which affect both the electronic
and vibrational degrees of freedom (]g;00) <> |e;1'0')). The development of a vibronic
Hamiltonian resulting in the vibronic eigenstates shown in Fig. 2.1 (a), and the connection
between vibronic coupling parameters and the relative orientations of the vibronic transition
dipole moments shown in Fig. 2.1 (d), is detailed in Sec. 3.2.

@b: a prime

In this work, we employ a simplified transition dipole moment notation for u
denotes the excited electronic state (no prime indicates ground state), superscript index 0
indicates the common ground state (zero quanta of each oscillator), and the superscript in-
dex 1, j, or ij specifies the vibrational quanta in either ¢, j, or a common state with nonzero

vibrational quanta in each oscillator, respectively. For example, the fundamental electronic

9;00) 10),]es1'1") —

transition pl909:1¢90") is expressed p®%, and g9 p"7". The angle between the
two dipole moments pu®® and p®? is denoted 62’2{ using the same simplified notation for the
transition dipole moments. For example, the angle formed between p® and p is defined

98’8,. Here, the molecular frame is defined such that u®" is parallel to 2 with all transition
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dipole moments defined in the yz-plane; this orientation sets all dipole moments relative to
pu®?. We note that u® expresses the same dipole moment as p®9 used previously. [40] The
laboratory frame coordinates (X,Y,Z) are shown in gray with the Euler angles («, 3, ) that
describe the relative orientation of the molecular frame and the laboratory frame. Using
polarizers to control the linear polarization of the incident electric fields allows the experi-
mentalist access to specific molecular frame orientations and dipole angles. Typical polariza-
tion combinations include the parallel configuration, in which all incident fields have linear
polarization that are parallel to one another (ZZZZ), and the perpendicular (or “crossed”)
configuration in which the first two electric fields are parallel to one another and the last
two electric fields are rotated 90° from the first two fields (YYZZ). Many other polarization
combinations have also been exploited in 2D spectroscopy to isolate specific signals. [100]
Importantly, performing 2D EV and 2D VE experiments with polarization-selectivity can
facilitate signal isolation in otherwise congested spectral regions and potentially separate the

orientational signal contributions from the vibronic molecular signal contributions.

2.3 2D Vibronic Spectral Features: Positions, Amplitudes, and Line Shapes

Establishing a self-consistent system of reference for pathway types and peak characteris-
tics is crucial for furthering the present discussion. Additionally, the determination of a
particular vibrational mode’s role in a vibronic pathway greatly aids the interpretation of
the polarization-selective data as the relative orientations of vibrational modes dictate the
strength of the vibronic response. This section should be used as an informative reference
in denoting pathways for both EV and VE spectroscopy throughout both chapters in this
series. Each peak measured in a 2D EV or 2D VE spectrum of a multimode system reports
on the simultaneous contribution of multiple vibronic pathways with overlapping spectral

locations. Each pathway may be described by a symbol written as:

N (2.3)

mi,m2
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for pathway types N where N € | — VII, and vibrational indices my, my, m3. The pathway
labels in the Feynman diagrams of Figs. 2.3 and 2.4 connote the type of signal (ground state
bleach (GSB), excited state absorption (ESA), or excited state stimulated emission (ESE))
and a description of the transition pathway responsible for the signal. All pathways originate
in the ground state as we assume the low temperature (T) limit such that one vibrational

quantum is much greater than KgT', where Kp is the Boltzmann constant.

The two subscript values (mp, m;) denote the vibrational part of the vibronic state that is
involved with the first two respective light—-matter interactions. For example, in the pathway

Vi

i;» k1 induces a change in vibrational quanta of mode 7 and ks induces a change in vibra-

tional quanta of mode j. Similarly, the superscript (ij) indicates the vibrational part of the
vibronic state accessed by k3. When my, m;y, or mz are equal to zero, this indicates that the
light—matter interaction has brought the system to the lowest energy eigenstate (e.g., |g; 00)
or |e;0'0")). Importantly, this labeling scheme is generalizable to both techniques with a few
exceptions detailed below. It applies to both the 2D EV and 2D VE transition pathways
because the electronic part of the vibronic eigenstates is not directly specified, but rather
inferred from whichever spectroscopy is being discussed. For comparison, the double-sided
Feynman diagrams for pathways VI:J;J- are found in Fig. 2.3 for 2D EV spectroscopy and
Fig. 2.4 for 2D VE spectroscopy. The main differences are that the 7 coherences occur
in the electronically excited state for 2D EV (|e; 1'0") (e; 0'1’]) and the ground state for 2D
VE (|g;10) (g;01|), and that the 73 coherence period captures a purely excited state vibra-
tional coherence in 2D EV spectroscopy (|e; 1'1’) (e; 0'1|) while the 73 coherence in 2D VE
spectroscopy includes the two electronic states (|e;1'1) (g;01|). It should be noted that
for systems including more than one excited electronic state, 2D EV spectroscopy is also
sensitive to coherences involving different electronic states. [38]

Pathway numbers |-V are simple variations of previous pathway descriptions, [40] ex-
panded to include possible interactions with multiple modes in the cases of pathways Ill and
V. Pathways | and Il are GSBs and ESAs that have % electronic transitions, respectively;

all other pathway numbers have different electronic transitions, either greater or lesser in
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energy than hAw.,. Pathways Ill and IV are GSBs and ESAs that access higher-lying vi-
brational levels in |e), respectively. Notably, the two spectroscopies differ in the definition
of pathways V. The 2D EV transition pathways include excited-state stimulated emissions
for pathways labeled as V; 2D VE transition pathways do not permit stimulated emissions,
and so pathways V are ESAs with electronic transitions between states with smaller energy
gaps than fwe,. Pathways VI are the ESAs which access the shared vibrational state |e; 1'1’),
either through a coherence or population in 7. Pathways VIl only occur in 2D VE spec-
troscopy and are defined by the electronic transition driving a change of vibrational quanta
in both modes (A,, = —A,,;). In general, a 7 coherence is indicated by any pathway in
which m; # mj # 0.

Since the electronic information is not directly included in the pathway labeling scheme,
a few important labeling distinctions between 2D EV and 2D VE pathways should be noted.
First, the set of allowed transitions in 2D EV spectroscopy includes the case where m; =
m, = 0 whereas the 2D VE pathways are such that m; and m, can never both equal 0. As
a result, all pathways in 2D VE spectroscopy are uniquely described by label subscripts and
superscripts. However, knowledge of the path type N may be required to distinguish the 2D
EV pathway. For example, any 2D VE pathway in which m, = 0 denotes a GSB, while the
2D EV pathway Nj o would reference a GSB (N = 1) or an ESA (N = II).

The principal aim of this chapter is to account for the signal amplitude arising from the
directionality of the dipole moments by using polarization-selective light—matter interactions
in these 2D vibronic spectroscopies. The nature of the signatures measureable in 2D vibronic
spectra will be introduced in the remainder of this section. 2D vibronic orientational response
and polarization-selectivity are then be fully addressed beginning in Sec. 2.4 after this
groundwork has been established.

This pathway labelling scheme can result a single point of ambiguity when distinguishing
between rephasing and non-rephasing pathways that are spectrally separated and which
access a common vibrational state (e.g., |e;0'0’)). The two pathways differ by the phase of

the 71 coherence period since k; is a bra-side interaction in the rephasing pathway and a ket-
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Figure 2.2: Signal Positions for Separated R and NR Pathways. The rephasing and
non-rephasing pathways for 2D EV pathways V&- are given, along with the 2D coordinates
of the pathway position in (wq,ws).

side interaction in the non-rephasing pathway. This is compensated for in the 73 coherence
in order to achieve the phase-matched condition and end in a population. As an example,
the double-sided Feynman Diagrams for 2D EV pathways Vﬁj are given below. This is also
the case for the 2D EV pathways contributing to pathways Vﬁi. The same ambiguity arises
in 2D VE pathways VI%, VI VI, VIE, VO, and VP,

(R 3 (NEERSNE

2.3.1 2D Electronic-Vibrational Signatures

A cartoon schematic of an absorptive 2D EV spectrum for a multimode molecular system
is shown in Fig. 2.3. The pathways depicted are those which would arise from electroni-
cally resonant electric fields (E; and E,) with center frequency w,, and bandwidth 2w; to
allow resonant transitions into higher lying vibrational states of both the vibrational coor-
dinates @; and (); (where w; < w;). The vibrationally resonant field (E3) is assumed to
have sufficient bandwidth to excite one-quantum transitions only and spans the vibrational
transition frequencies of interest. The fully absorptive spectrum results from the sum of the
rephasing (R, kg, = —k1 + k2 + k3) and non-rephasing (NR, kg, = +k1 — ks + k3) signal
pathways, which differ by the phase of the oscillation propagating during the 7; coherence

period. When a R and NR signal pathway with the same (w,ws) coordinates are equally
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weighted and the dynamics can be described within the homogeneous limit, their sum results
in a symmetric pathway without any phase twist, as shown in Fig. 2.3 (e.g., pathway Ij070).
Likewise, pathways arising from unequally weighted R and NR contributions will result in

elongated features with either positive (R) or negative (NR) slopes.
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Figure 2.3: Multimode 2D EV Signals Schematic. (a) A schematic illustration of the
dipole allowed 2D EV signals appearing for a two-mode vibronically coupled system and
the energy level schematic described in Fig. 2.1. The absorptive pathways are symmetric
and result from equally weighted rephasing (R) and non-rephasing (NR) pathways, generat-
ing signals at the same (w;,ws) coordinates; phase twisted pathways result from unequally
weighted R and NR signals; red = positive signal [ground state bleaches (GSB) and excited
state stimulated emissions (ESE)], blue = negative signal [excited state absorptions (ESA)].
The pathway numbering scheme is described in the main text. (b) Double-sided Feynman
diagrams of selected 2D EV rephasing pathways. Electronic excitations (k; and ks, blue);
vibrational interactions (ks, green); emitted signal (kg;,, purple).

The specific pathway positions correspond to the transition frequencies between vibronic
eigenstates of the molecular system being studied. In general, a system Hamiltonian de-

termines the nature of the eigenstates for the system of interest. In this discussion, the
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vibronic system consists of two electronic states (the ground g and excited e states) and two
coupled anharmonic vibrations whose frequencies and couplings change in the excited state.
As shown in Fig. 2.3 (and Fig. 2.4 for 2D VE), the frequency separations of the pathways
are expressed as a combination of system transition frequencies w and energy shifts A (with
appropriate indices, defined in Fig. 2.1) resulting from the system Hamiltonian. A 2D EV
spectrum of a two-mode system includes two blocks of pathways |-V corresponding to each
of the vibrational modes (e.g., the i mode pathways: I o; Il o; 11l o; IVi;; Vi;). Each of these
pathways have equal R and NR contributions which evolve as a decaying population during
7. The electronic excitations to |e;0'0’) will appear at w; = we, and the oscillator i exci-
tations to |e;1'0") will have w; = wey + wy coordinates; the oscillator j excitations follow
similarly. New pathways also appear due to the system including two coupled vibrational
modes from pathways utilizing the shared vibrational states |g;00), |e;0'0") and |e; 1'1").
These pathways are distinguished by the first two light—-matter interactions involving one vi-
bration and the third light—matter interaction involving a different vibration, and they also
have matched R and NR pathways (e.g., IIIJi-VO). Additional pathways that excite different
vibrations during the k; and ks, interactions result in 75 coherences. The phase matching
conditions necessarily separate the R and NR pathways spectrally (e.g., V%;Vﬁi;VIHj;VIHi)
resulting in phase-twisted line shape (see Fig. 2.2 and 2.7).

The amplitudes of the 2D EV pathways are dependent on the ground state population of
molecules, (i.e., in |g; 00) (g; 00|, assumed to be all molecules in this work) and the strength of
the four transition dipole moments accessed by the field-matter interactions during a vibronic
transition pathway. The explicit treatment of the electronic and vibrational transition dipole
moments in the interaction Hamiltonian incorporate the nuclear dependence of the electronic
transition and the electrical anharmonicity of a vibration in an excited electronic state;
a complete description of dipole moments within H,;.onic can be found in Sec. 3.3.1 of
Ch. 3 [63]. Not only are the signal amplitudes governed by the magnitude of the electronic

and vibrational dipole moments, but the vectorial nature of the dipole moments in the

molecular frame contributes amplitude that depends upon their relative orientation with
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each other and with the incident electric fields.

Spectral lineshapes in the homogenous dephasing limit are based on the analytical ex-
pressions for energy gap correlation functions used in previous work [40] and follow the work
of Sung and Silbey. [126] Here they have been expanded to include multimode effects and
are reported in the Supplementary Material. Recent investigations into inhomogeneous line
shapes and dynamics of 2D EV peaks may be found elsewhere. [118] Interestingly, the corre-
lated (or anti-correlated) line shapes may occur in a multimode 2D EV spectrum even within
the homogeneous limit as a result of spectrally separated R and NR pathways with respect to
ws in the 2D spectrum. For example, consider pathway VI:J;J- which has a positively correlated
line shape when 7 is such that the |e;0'1’) (e; 1’0’| coherence is constructively interfering.
As discussed above, these contributions will necessarily oscillate at the |wj — wy| difference
frequency producing a dynamic center line slope across the bandwidth of this feature. The

spectral resolution of the pathways with this dynamic is inherently linked to the magnitude

0

i;» will have the same oscillatory behavior and

of Ay ;s because the oppositely signed ESE, V
can cancel out part of the dynamic signal in pathway VI:J;J. if Ay;» does not sufficiently sepa-
rate these two pathways in the w3 dimension. In the next chapter, Sec. 3.2.3 connects the

Ay splitting to the Duschinsky mixing.

2.3.2 2D Vibrational-Electronic Signatures

A cartoon schematic of an absorptive 2D VE spectrum and corresponding Feynman pathways
are shown in Fig. 2.4. The pathways depicted meet analogous criteria as those listed above for
2D EV. The 2D VE spectrum assumes the same spectral properties of the electronically- and
vibrationally-resonant electric fields as described above for 2D EV. However, the temporal
ordering of these electric fields are opposite in the 2D VE experiment, where E; and E,
are vibrationally-resonant and FE3 is electronically-resonant. The 2D VE schematic shows
pathways associated with the vibronic eigenstates shown in Fig. 2.1 (a) and demonstrates
the same organization of R and NR pathways; for example, pathway Vsi is symmetric while

pathways ij have spectrally separated, positively (negatively) sloped R (NR) components.
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The w; pathway positions are determined by the first light—-matter interaction, which
resonantly excites a vibrational transition in oscillator ¢ or j yielding pathways centered at
wp = w; or w;. The probed ws positions are determined by the frequencies of the final vibronic
transitions. Hence, the w3 pathway positions in 2D VE spectroscopy contain the information
regarding the vibrational structure of excited electronic states. Several pathways arise from
the participation of multiple vibrational modes as shown in Fig. 2.4. Such pathways may be
observed in the probe domain with ws positions at different frequencies from w4, as is the
case for pathway |IIJ;7O. Another set of pathways, VIHj and VIILJ- result from the two excitation
pulses creating a vibrational coherence. With exception to pathways IVfE and IVj2j, the ESA
features in 2D VE spectra appear in blocks of six pathways. For example, the lower energy
ESA manifold consists of two pairs of R (V]},V};) and NR (V{;, V;) pathways at opposite

sides of the box and a pair of absorptive pathways (V?

% V) at two corners of the box. We
note that the R pathways and the fully absorptive peaks are spectrally overlapping. The
ESA blocks are identifiable by having frequency separations of |w; — w;| between peaks in
both the w; and ws dimensions. This structure arises because the 75 coherence pathways
access an identical set of vibronic states that either differ by the interaction order of k;
and ko with respect to the vibrations, or by the phase of the 7 coherence. Each of the
R and NR coherence pathway pairs (such as V?; (R and NR)) interact with the same four

transition dipoles, exhibit identical time-dependent behavior during 7, and share the same

orientational response functions.

The faster dephasing times of condensed phase electronic transitions result in 2D VE
spectral features with typically broad line shapes with respect to ws, yielding significant
overlapping of oppositely-signed features and a unique sensitivity to vibronic coupling pa-
rameters. For example, the 2D VE spectra are sensitive measurements of the Franck—Condon
factors and Huang—Rhys parameters for the system of interest as we discuss in Sec. 3.2.2 and
3.5.3 of Ch. 3, Specifically in Eqgs. 3.6 and 3.15 and Figs. 3.2, 3.3, and 3.7. This is especially
true when the features of interest have electronic transition frequencies of ws > w4, because

these regions of the 2D VE spectrum contain GSB features and ESA features of similar
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Figure 2.4: Multimode 2D VE Signals Schematic. (a) A schematic illustration of the
dipole allowed 2D VE signals appearing for a two-mode vibronically coupled system and the
energy level schematic given in Fig. 2.1. The absorptive pathways are symmetric and result
from equally weighted rephasing (R) and non-rephasing (NR) pathways, generating signals
at the same (wy,ws) coordinates; phase twisted pathways result from unequally weighted
R and NR signals; red = positive signal [ground state bleaches (GSB)], blue = negative
signal [excited state absorptions (ESA)]. The pathway numbering scheme is described in
the main text. (b) Double-sided Feynman diagrams of selected 2D VE rephasing pathways.
Vibrational excitations (k; and ks, green); electronic interactions (kg, blue); emitted signal

(Ksig, purple).

transition pathways which overlap significantly. The sign of the observed signal immediately

indicates which of the Franck-Condon factors has greater magnitude.

More generally, the

2D VE transition pathways access a greater variety of vibronic transitions than the 2D EV
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experiment because of the initial vibrational excitation used in the 2D VE technique. Hence,
2D VE can sample more of the coordinate space for the projection between the ground and
excited electronic potentials.

The 2D VE line shapes also encode the same electronic-state-dependent vibrational de-
phasing as 2D EV spectroscopy does, and the same considerations discussed above apply here
to the 2D VE discussion. However, the larger combination of vibronic transitions allowable
in the 2D VE pulse sequence affords a larger sampling of energy gap correlation functions
for a given molecular system. In principle, the 2D VE line shapes contain a large sampling
of frequency fluctuations between ground and excited vibrational levels in both the ground
and excited electronic states. For example, the 2D line shape of pathway VIHi is determined
by the combination of auto-correlations and cross-correlations between many vibronic eigen-

states: the zero-point energies of the ground and excited electronic states (I, .,), the ratio

eg.eg
of the electronic-state-dependent vibrational fluctuations for both vibrations ¢ and j (T',, ,,,
'), .;, and the respective A; proportionality constants), and the vibronic frequency fluctua-
tions relating the electronic energy gap and the vibrational energy gaps in both electronic
states (I'c,,, and Feg%). Full lists of analytic dephasing functions for 2D EV and 2D VE

spectroscopies are given in Appendix C.
2.4 Nonlinear Orientational Response for 2D Vibronic Spectroscopies

From the initially isotropic orientational distribution of molecules in an ensemble, each lin-
early polarized electric field in the experimental pulse sequence selects a subset of molecules
from the evolving orientational distribution. Given a combination of three incident pulses
with fixed linear polarization, the orientational response for a specific transition pathway de-
pends upon the directionality of the transition dipole moments in a fixed molecular frame. In
our description of these 2D vibronic spectroscopies, we explicitly include both the electronic
and vibrational coordinates in the set of transition dipole moments accessed experimentally
(See Sec. 3.3 and Fig. 3.3 in Ch. 3.) Thus, the orientational response for a particular

vibronic transition pathway is calculated by defining the orientation of the four time-ordered
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vibronic transition dipole operators within the molecular frame and performing an orienta-

tional average to transform the motion of the molecular frame into the laboratory frame.

a,b,c,d

1 can be described within the framework

The orientational response function, (Ya)
of orientational diffusion. The orientational response is represented as the product of the
directional cosines for all four molecular dipole moments (/1) and the molecular frame basis
vectors (i, J, k, [) which is scaled by an orientational average (ﬁj%L) The solutions to
orientational diffusion equations and the accompanying conditional probability functions are
well known, [85,128,129] and the resulting analytical expressions are given in Eqs. 2.4a-2.4d
for use in calculating Y%, (73,72, 71). These factors transform the molecular orientational
diffusion into the laboratory frame.

For a specific transition pathway involving four vibronic eigenstates (a, b, ¢, d), the orien-
tational response is determined by expressing the orientation of the four involved transition
dipole moments in a fixed molecular frame, projecting each transition dipole moment onto
the molecular frame basis vectors [ﬁ,}, 12:, | € Z,7, 2] and then selecting the set of laboratory

frame polarization directions of the incident electric fields (f , J , K , LeX , EA/, Z ) over which

to orientationally average.

(V) ored(mymom) = SOV (o, m) [0 7] [t - J [0 - K] [t 1] (24a)
ijkl

(Ya)rret (s, ma,ma) = > Yiht, (ms,mouma) [0 - 4] [ - 3] [abe - k] [ 1] (2.4b)
ijkl

(V) rr (T3, m,m1) = > Vit (7,7, ) [0 -] [t - ] [ae - K] [ 1] (2.4c)
igkl

(Ya) syt (msomaom) = > Yty (msomouma) [0 3] [ - 3] [ae - k] [t 1) (2.4d)

ijkl
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The Eqgs. 2.4a-2.4d differ only by the ordering of vibronic eigenstates interacting with the
electric fields, as labeled by a. Typically, orientational diffusion timescales are much longer
than the vibronic dynamics of interest, so the orientational parts of the response function
can be simplified even further [24,98] to facilitate calculations of the orientational response
measurable with 2D EV and 2D VE spectroscopies.

By assuming that orientational dynamics are sufficiently slow with respect to 71, 75, and
73, we remove the time dependence of the orientational response, written in the examples
given in Eqgs. 2.12 and 2.13. Further discussion of anisotropic diffusion [129] non-diffusive
orientational dynamics, [130] the scrambling of the orientational response due to vibronic
coherence and population transfer processes, [15] and orientational relaxation occurring on

the timescale of vibronic dynamics can be found elsewhere. [24,98,131]
2.5 Anisotropy

The polarization-selective signals for specific 2D EV and 2D VE pathways may be calculated

using Eqn. 2.1, where the multimode vibronic response, R% (73,75, 71), is determined by

a,b,c,d

1z 1S detailed in

the physics of the system of interest, and the orientational response, (Ya)
Sec. 2.4 above. The 2D signals for parallel and perpendicular polarized experiments on the
multimode vibronic systems can now be calculated directly, as well as any other arbitrary
polarization combination. In this section, generalized analytical relationships are given for
the orientational responses with varying degrees of angular dependence. The orientational
responses generally can include angular dependence of one, two, and four angles. In con-
trast to 2D IR spectroscopy and other degenerate third-order techniques, 2D EV and 2D
VE spectroscopies do not include transition pathways involving four interactions with the
same transition dipole moment. Therefore, each 2D EV and 2D VE pathway must possess
angular dependence on at least one angle between electronic and vibrational dipole moments,
albeit # = 0°, corresponding to parallel with p®?, is fully allowed. Using these expressions,

specific polarization-selective signals can be simulated and meaningful parameters such as

the depolarization ratio and the anisotropy parameter can be derived.
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The general expression for the orientational response functions for parallel (Y z772(601))
and perpendicular (Yyyzz(61)) polarized signals of 2D vibronic signal with a single angle
dependence are given in Eqns. 2.5 and 2.6.That is, Yyy 7 represents the result for Eqs. 2.4
for which the laboratory frame polarization of electric fields [f K, IA/} = [Y, Y,Z, Z]

Yzzzz(el) = % [2 0082(91) + 1] (25)
Yoy (0)) = % [2 — cos(6,)] (2.6)

Signals that depend on one angle will result from transition pathways where interactions of k;
and ko access the same transition dipole moment, which is separate from the same transition
dipole moment accessed by the interactions of k3 and k;,. Thus, the angle between the dipole
moments accessed by ko and k3 is the one on which the orientational response depends and it
is distinguished by the vibrational character. Since it is a requirement that k; and ks interact
with the same dipole moment for pathways with single angular dependence, these transition
pathways may be GSBs or ESAs (or ESEs in 2D EV only) which evolve in a population
during the 75 evolution time period. In 2D EV spectroscopy, this is the angle between a
vibrational dipole moment in either |g) or |e) and the electronic transition dipole moment.
However, in 2D VE spectroscopy this will only be the angle between a vibrational dipole
moment in |g) and the electronic transition dipole. While the electronic transition dipole
moments may explicitly include nuclear coordinate dependence in |e) (e.g., through linear
vibronic coupling and non-Condon effects), 2D VE spectroscopy is only directly resonant
with vibrational transitions in the ground electronic state through k; and k.

The transition pathways which depend on two dipole angles have the same requirement
for k; and ks as the single angle pathways but the electronic transition must be different in
energy than hwe,. In the case of 2D EV, this occurs when a vibrationally “hot” state in |e)
is excited and for 2D VE when an electronic excitation from a vibrational “hot” state in |g)
occurs. The dependence on a second angle arises when the electronic transition has a dipole

moment with a different vibrational character or directionality than the |g;00) < |e;0'0")
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transition dipole. When this is not the case, the analytical form of the angular dependence
for such pathways reduces to the expression for a single angle. The general expressions for
the polarization-selective orientational response for signals with two-angle dependencies are

shown in Eqgs. 2.7 and 2.8.

Y 127201, 0) % [cos(2(6, — 0)) +2] (2.7)
Yyyzz(el, 02) == 3—10 [3 — COS(2(91 — 02))} (28)

Orientational response functions which depend on four separate dipole moment angles
arise if each light-matter interaction involves a different transition dipole moment. Necessar-
ily, these pathways produce a coherent superposition that propagates during the 7, evolution
time. Within the multimode molecular system considered here, the electronic transition must
also change the vibrational quantum numbers (i.e., u®" or u®") for the pathway to carry
angular dependence on four dipole angles. However, a similar angular dependence may also
arise in systems composed of multiple electronic excited states which is not discussed here.

The orientational response functions for pathways with four-angle dependency are:

1
Y 7222(01,02,03,04) = IR [cos(61 + 0, — 05 — b4)
+ COS(Ql — 02 + 93 - 04) (29)

+ COS(@l — 92 — 03 + 84)}

1
Yyyzz(0h,02,03,04) = 20 [cos(61 — b3 + 05 — 04)
+ COS(el - 62 - 93 + 94)] (210)

1
~ 39 [008(01 + 60y — 05 — 94)}
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While a pathway involving four distinct dipole moments will have an orientational response
dependent upon four angles, the analytical form of this dependence may be simplified if some
of the dipole moments are parallel. Algebraically, Eqs. 2.9 and 2.10 simplify to Eqgs. 2.7
and 2.8, respectively, when 6; = 6, and 03 = 64. Likewise, the orientational response is
simplified to Eqgs. 2.5 and 2.6 if #; = 0. The angular dependence for each 2D EV and 2D VE
pathway as defined for the multimode vibronic system of interest considered here is given in
Appendix D.

Signals collected with particular polarization dependence can be used to extract mean-
ingful parameters such as depolarization ratios and anisotropies. While the measured signals
will be dependent on both the orientational response and the vibronic response, the follow-
ing discussion focuses only on the orientational response. In the pump-probe experimental
geometry, the depolarization ratio for any 2D pathway can be obtained from the signals

which depend on the appropriate expressions for Y 777 and Yyyzz in Egs. 2.5 - 2.10 using

the relation }};YYZZ. The anisotropy parameter, r(), can be derived from the ratio of the
ZZZZ

anisotropic response (Y 7777 — Y yyzz) and the isotropic response (Y 7772 +2Y yyzz). For

pathways carrying single angle dependency, the familiar range of anisotropies of » = 0.4 for

parallel transition dipole moments and r = —0.2 for orthogonal dipole moments is obtained,
r(0) Yzz222—Yvyvzz
Yz222+2Yvvzz (2.11)

= %(3 cos?(0) — 1).

As described in Eqn. 2.11, the angle between two different dipole moments can be extracted
directly from the anisotropy. In general, the pathways that depend on a single angle are
the most directly quantifiable. The correct determination of dipole angles for pathways with
two- and four-angle dependencies may require a systems-of-equations approach where one or
more of these angles are first determined from other pathways with fewer angle dependency
or informed by other experiments. It is also important to note that a direct and accurate de-

termination of a dipole angle from experimental spectra relies upon the pathway being fairly
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isolated from other spectral features in order to exclude amplitude from different transition
dipoles in the calculation of 7(#). As discussed below in Sec. 2.6.3, such a measurement of
r(6) is most direct when the orientational response is truly dependent on one angle since
the magnitude of the isotropic response (Y zzzz + 2Y yyzz) is not angularly independent
when there exists non-zero angles between the first two dipole moments and the last two
dipole moments in the transition pathway. In particular, these type of considerations matter
when dealing with mismatched R and NR pathways, which should display 7,-dependent co-
herences. We will discuss below and in Ch. 3, [63] how polarization-selectivity can be used

creatively to enhance specific features in convoluted spectra.
2.6 Discussion

Using the orientational response described above, polarization-selective features of both tech-
niques are calculated to better understand the molecular-level information that is obtainable
from 2D EV and 2D VE experiments. It is assumed in this discussion that the signal charac-
teristics from the vibronic part of the molecular response (R**%?) are completely determined
and are effectively unity in magnitude so that the analysis of the simulated spectral features
is related directly to the orientational response, Y5, . While separating these contributions
can prove challenging in practice, it is achievable. As was shown in a recent polarization-
selective 2D VE study of a cyanide-bridged mixed-valence transition metal complex, both
the vibronic coupling strengths and the relative orientations between a metal-to-metal charge
transfer dipole moment and the dipole moments of three vibrational coordinates were de-
termined. [37] It is important to underscore the assumption that allows us to emphasize
the orientational response because, in reality, the pathway amplitudes and amplitude ratios
also depend upon the scalar part of the dipole moments which include contributions from
excited state displacement (linear vibronic coupling) effects, non-Condon effects, and me-
chanical anharmonicity effects. However, considering only the orientational response will
help to identify the orientational versus vibronic origins of signals measured experimentally.

We note that, in principle, there is vibrational character in the |g; 00) and |e; 0'0) states due
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to the vibrational zero-point energies but our analysis assumes this to be the baseline orien-
tation for the vibronic eigenstates and that the relative orientations between these states and
those containing greater vibrational quanta is the quantity of interest. This discussion builds
a foundation for extracting and separating orientational and vibronic contributions to the
total molecular response in 2D EV and 2D VE spectroscopy. In chapter 3, we discuss how
non-Condon effects and Duschinsky mixing impact the extracted angles between vibronic

transition dipoles in 2D EV and 2D VE spectra.

2.6.1  Molecular Insight from 2D Vibronic Anisotropy Analysis

In this section, a few simple examples are given for how anisotropy can be used to extract
structural information relating various dipole moments in 2D vibronic spectra. First, the
orientational responses for the fully absorptive (i.e., R + NR) 2D EV pathway IIiO’0 are
calculated where a = [g;00), b = |e;0'0'), ¢ = |e; 1'0") and d = |e; 0'0'), and o = 1 specifies

the Liouville pathway for this vibronic transition.

(Y1) zzzz = [Y555(cos®(0h ) + Y55, (sin® (605 ))]

+ Y57 (cos® (050 ) + Y2572 (sin* (650 )]y (2.12)
2 /g
= B(2 0082(08’(’]/) +1).

2222 0’3’ YYZZ . 0,4’
Yi)yyzz = [ YYZZ(COS2(90,0’ )+ Y}%ZZ(SHP(GO,OI ))}R

YaRA

+ [V (cos®(0h0)) + Y372 (s (05.0))] i (2.13)
2 . ! Z'/
= E(l + sm2(9876, ))-

The anisotropy of pathway ||i070 is found using Eqn. 2.11, yielding the expected relationship
for a pathway with an orientational response dependent upon a single angle. For a spectrally
isolated pathway II}J’O, the 2D EV anisotropy directly reports on the angle between the

excited state vibrational mode i and the fundamental electronic transition, p®. Similarly,
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pathway II{L0 has the same form of angular dependence and anisotropy relations, as do the

corresponding GSB pathways, IiO70 and I%,o.

(a) 2D EV Peak | |

(b) 2D EV Peaklll, ,
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Figure 2.5: Systematic Anisotropy Analysis using Multiple 2D Pathways. (a) The
orientational response and anisotropy for 2D EV pathway Iy . (b) The anisotropy for 2D

EV pathway IIIL0 depends on two angles: the electronic dipole moment 1% with angle 98:3,

and the vibrational dipole moment ﬂg:é, with angle 08:3, (contours given with five percent
intervals). The anisotropy ratios of pathways with different dipole moments are plotted
in (c) and (d) to illustrate how various angles may be extracted by considering multiple
pathways in the 2D EV spectrum. For a determined angle 98:3,, the relative angles between
the ground and excited state vibrational mode can be obtained (as in (c)) and the relative
angles between the electronic dipole moments %% and % can be determined (as in (d)).
Note that these figures and the discussion assumes the vibronic response is effectively unity
such that the relative amplitudes are governed only by orientational response.

The anisotropy relations described above can be used systematically on different 2D

EV and 2D VE pathways with different angle dependencies to obtain further insight into the
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molecular frame. For example, consider the 2D EV pathways Iy o, Il o, and Il ;. The Y 2272,
Yyyzz, and (65 are plotted in Fig. 2.5 (a) for 2D EV pathway Iy ,. The parallel and
perpendicular responses are equal at the magic angle, 54.7°, and the anisotropy parameter
ranges from 0.4 when 2% || 4% to -0.2 when 2% L a%%. The unit vectors (i.e., i) are
specifically used in discussing the values of r(f) to emphasize the assumptions made in the
analysis and outlined above. We note that the magnitudes of the dipole moments may still
distort r() from this range of values as a result of non-Condon effects and Duschinsky mixing;
this is thoroughly outlined in Secs. 3.3-3.5 of the second chapter in this series (3). From

the experimental observable, 7’(98:8,), the angle between the ground state vibrational dipole

~0,i

moment of oscillator i (j 100

) and the fundamental electronic transition dipole moment (/i
is determined. With 08:6, defined, the ground state vibrational transition dipole moment
can be used as a molecular-frame point of reference for determining the relative orientation
of other dipole moments. For example, the existence of a nonzero angle between %% and

!
70,1

i (98’8// # 0) provides evidence that a vibrational coordinate dependence of the electronic

transition is present in the molecular system under investigation. Since the GSB IIIL0 depends
on both 98:& and (98:3,,, this pathway can be used to determine 08:3,. The two-angle dependent
anisotropy for III}’0 is plotted in Fig. 2.5 (b). Using the determined value of 98:6, from pathway
Ib,o: this two-dimensional anisotropy is reduced to only a dependence on 08:6,, which can then

be determined from the empirical anisotropy of pathway III:}O.

Another way of quantifying angles between various dipole moments is through the ratio
of anisotropies measured for different pathways. As shown in 2.5 (¢) and (d), the anisotropy
ratios between pathways which contain at least one common transition dipole moment can
be used to identify the difference between the two pathways’ angular dependence. The
2D EV GSB pathway |i070 and ESA pathway ||i070 share the same electronic transition dipole
moment, u®’; thus, these pathways can be used to determine the difference in the vibrational
transition dipole moments involved in these transitions. Figure 2.5 (c) plots the 2D EV
anisotropy ratio (Ily /1y o) for various values of 98:6, which are determined by Fig. 2.5 (a).

Anisotropy ratios differing from 1 indicate that the vibrational motion of oscillator ¢« changes
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direction upon electronic excitation. The excited state angle can be read directly from
the plot in Fig. 2.5 (c¢). A similar relationship between pathways H),o and IIIL0 exists, as
implied by 2.5 (b) and the discussion above. The common dipole moment of these two
pathways is %% and they differ by their electronic transitions. Recasting the anisotropy
relationships between these two GSB pathways as a ratio yields Fig. 2.5 (d), where the
nuclear coordinate dependence of the %% is readily identified through an anisotropy ratio
differing from 1. While these examples have used specific 2D EV pathways, the analytical
approach is generalizeable to any set of 2D vibronic pathways with the same relationships of

angular dependence described above. This approach can also be extended to narrow down

the angular dependence of pathways that depend on four angles.

Anisotropy analyses using both 2D EV and 2D VE features naturally increases the set
of dipole moments that can be investigated when studying a molecular system. While the
anisotropy ratios for the 2D EV pathways in Fig. 2.5 (d) use the GSBs to explore the
presence of non-Condon effects, the analogous comparison in 2D VE spectroscopy lends a
different perspective on non-Condon effects through the orientational response. In particular,
the 2D VE pathway IILi uses the electronic dipole moment g which is inaccessible to 2D
EV spectroscopy. Since the 2D VE pathway I?,o accesses pu®? the anisotropy ratio of these
two pathways is directly sensitive to how vibrational mixing in either electronic state affects
the projection of the ground state vibrational coordinate onto the electronically excited
state potential. In cases where spectral overlap in 2D VE features inhibits direct anisotropic
analysis, the use of an analogous 2D EV GSB pathway that employs the same dipole moments
can facilitate the anisotropy analysis. For example, since 2D EV pathway Ii),o and 2D VE
pathway 1% both use p®® and p®, the anisotropy ratios of each of these pathways with
2D VE ESA pathway IILi contain identical information. Additionally, better ws spectral
resolution of the 2D EV anisotropy afforded by vibrationally-resonant probing should help
the comparison of these two anisotropy ratios to provide a more consistent analysis of the
2D VE anisotropy ratio. That is, by finding the ws frequencies where these two ratios

approach the same value would provide more confidence in the determination of Oé’f(;,, which
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is only accessible through 2D VE ESA pathways. For systems in which the Franck—Condon
approximation is valid, it is expected that %% = 4%, However, the presence of non-Condon
effects and Duschinsky mixing will render 08:? " and 93’5 to have increasingly different values
due to the different vibronic dipole moments on which these angles depend. This example
suggests one way that an anisotropy comparison between specific pathways measured in 2D
EV and 2D VE spectroscopy can be used in tandem to help quantify non-Condon effects.
On a broader level, it is notable that the 2D EV and 2D VE spectroscopies can directly

7:/

interrogate the p®" and p®7 transition dipole moments in comparison to the fundamental

. o . . /
electronic transition dipole moment g%,

It is important to note that an absolute — as opposed to relative — determination of
the dipole orientations can be ambiguous due to the m-periodic nature of the anisotropy
relations. [24] For example, determining 98:(’5 = 20° using Fig. 2.5 (c¢) cannot distinguish
between the full range of solutions ngéi/ = 20° £ 180°. Therefore, when the anisotropy
ratios equal 1 in Fig. 2.5 (c¢)-(d), the dipole moments of interest may either be parallel or
antiparallel to the shared dipoles between the two pathways being investigated. However,
it is reasonable to assume that such large changes in dipole moments would not retain
similar enough character to be comparable in the manner discussed here and so are outside
the scope of this discussion; much smaller angles are expected in practice. Notably, the
anisotropy ratios also become ill-defined and diverge asymptotically as the reference dipole

moment angle approaches the magic angle where r — 0. [132]

2.6.2  Brief Comparison Between Observables in 2D Vibronic Spectroscopies and Other

Nonlinear Techniques

As 2D EV and 2D VE spectroscopies are more widely applied to a variety of scientific
questions, it is useful to directly discuss how some of the observables in these newer techniques
compare to other ultrafast nonlinear techniques that have been used to study molecular

structural dynamics.
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Transient-IR (tIR) Spectroscopy vs. 2D EV Spectroscopy

Transient-IR (tIR) spectroscopy — the one-dimensional analog to 2D EV spectroscopy —
has employed polarization selectivity in femtosecond chemical dynamics investigations to
better understand excited state chemical phenomena. [133] In principle, the tIR spectrum
is obtained from a corresponding 2D EV spectrum by integrating over the excitation fre-
quency domain. As a result, any discernment of excitation-dependent features in the 2D
EV spectrum is lost. Generally, the differences between the tIR signal amplitudes and the
wi-dependent 2D EV signal amplitudes shows that an inaccurate assessment of the excited-
state molecular structure could be obtained from the tIR signal alone. This observation was
emphasized for consideration of only one vibration studied using these 2D vibronic spec-
troscopies, [40] but the effect clearly worsens as more degrees of freedom are at play in
the system of interest, and as polarization selectivity is deliberately employed to extract
molecular-frame information. A multimode vibronic system has even more oppositely signed
pathways with different orientational and vibronic responses which are all convolved in the
tIR spectrum as the w; dimension is integrated away. This fact is easily understood by
considering the 2D EV cartoon schematic in Fig. 2.3. The molecular system described by
this schematic spectrum is one in which all vibronic eigenstates assume the maximum degree
of pathway separation through various intramolecular couplings; even in this case, there are
only two spectral features that would not be convolved with at least one other pathway
composed of very different molecular transitions in a tIR spectrum. The spectral intensi-
ties and the anisotropy values are affected for most 2D EV pathways, potentially making
the tIR anisotropy values unreliable for extracting an accurate, quantitative picture of the
molecular frame. For example, considering the anisotropy of a GSB feature in a tIR experi-
ment at ws = w; would convolute the effects of dipole moment angles 98:3,, 98”(’;,, and 68:%, by
integrating signals from pathways Iy o, Il o, and Ill; . Consideration of the angular depen-
dence for pathways with common wj frequencies (shown in Appendix D) illustrates further

sources of inaccuracy possible through a polarization-selective tIR experiment. Of course,
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this effect becomes more problematic for tIR spectral interpretation as electric fields with
broader bandwidths are used for excitation. Conversely, narrower band excitation sources
used in tIR experiments would mitigate this spectral convolution. By separating out the
wi-dependent pathways in the 2D EV experiment, the separation of spectral contributions
arising from differently overlapped pathways in the w3 domain is achieved. Inevitably, for
molecular systems in which some of the vibronic eigenstates are not well separated (e.g., if
Acg; is much smaller than the vibrational line width), even the polarization-dependent 2D

EV spectrum will contain spectrally overlapping features of very different character.

Transient-2D IR (t-2D IR) Spectroscopy versus 2D Vibronic Spectroscopies

One approach to measuring electronically excited state molecular structural dynamics is by
incorporating an additional electronic excitation pulse that precedes the third-order 2D IR
pulse sequence. This technique known as transient-2D IR (t-2D IR) spectroscopy has been
successful in particular applications for studying excited state charge transfer of transition
metal complexes. [20,22,134] The promise of t-2D IR spectroscopy lies in the measurement
of excited state vibrational anharmonicities and frequency shifts through a difference mea-
surement between 2D IR spectra of the ground and excited electronic states. However, the
signal levels in t-2D IR spectroscopy are inherently much weaker due to their fifth-order
dependence on the molecular response. As shown in the schematic spectra (Figs. 2.3 and
2.4), all of the same observables are accessible through 2D EV and 2D VE spectroscopies,
which are third-order nonlinear techniques. From Figs. 2.3 and 2.4, we see that the path-
way positions directly describe the excited state anharmonicities (A, Aj, Ay;r) and excited
state vibrational frequency shifts (A.g;, Aey ;). Noting that third-order nonlinear signals are
stronger than fifth-order signals, we expect that the above information can be more easily
accessed with 2D Vibronic spectroscopy as opposed to t-2D IR. It is important to note that
the t-2D IR spectrum is capable of simultaneously measuring the vibrational anharmonic-
ity in both the ground and the excited electronic states of a molecule. This information

is not as directly discernible in 2D EV or 2D VE spectroscopy because neither of these
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third-order techniques directly access the two-quantum manifold of the ground electronic
state. Polarization-selective 2D EV and 2D VE spectroscopies provide very direct routes
to measuring Duschinsky mixing. When excited-state vibrational frequency shifting is of
interest, the 2D EV experiment has a notable advantage over t-2D IR because the degree
of mechanical anharmonicity does not determine the signal strength in 2D EV spectra, as
it does in t-2D IR. Thus, the A.y; or A, ; parameter is more directly measured with 2D
EV. In principle, 2D VE spectroscopy also measures excited state frequency shifting more
directly than t-2D IR, but the inherently overlapping features in ws may limit the direct

extraction of this information.

2.6.3 Selective Pathway Enhancement Through Polarization Schemes

The use of polarization schemes to enhance various signals compared to others is a common
strategy in both 2D IR and 2D ES spectroscopies that has been treated in depth elsewhere.
[11,24,85,97,98, 131, 135, 136] Specifically, polarization control in 2D IR has been used to
enhance cross peaks and, more recently, perform bulk-forbidden, surface-specific experiments.
[86,100,137] Many of these studies are focused on the cross peaks where two different dipoles
interact. These strategies are directly applicable to 2D EV and 2D VE spectroscopies where
every transition pathway includes at least two different dipole moments.

The Y zyyz and Y zy zy polarization configurations can be used to isolate all pathways in
both 2D EV and 2D VE spectroscopies which experience a 75 coherence. There is an inherent
separation of purely vibrational and vibronic transitions between the k; and ks interactions
relative to the k3 and k, interactions in 2D EV and 2D VE spectroscopy. Assuming that
rotational diffusion is negligible during the pulse sequence, the k; and ks ordering of the
dipole projections into the laboratory frame (ZY vs. YZ) for the 75 population pathways is
inconsequential because the same dipole is projected onto both axes. In fact, 7o-dependent
dynamics of population pathways could provide some measure of rotational diffusion during
the experiment if the rotational diffusion timescale is comparable to the population relaxation

timescale.
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On the other hand, the pathways involving four unique dipole moments possess very
different orientational responses. When separate transition dipole moments are driven by
ki, ko, k3, and k, interactions, the pathway amplitudes are sensitive to which dipole is
projected onto the laboratory frame Z and Y axes. As discussed above, all pathways involving
four distinct transition dipole moments propagate as coherent superpositions during 7,. For
example, pathways VIl in 2D VE spectroscopy lie almost perfectly on top of pathways | and
[l. However, in the absence of Duschinsky mixing, pathways VIl carry little intensity due to
the inherently low Franck—Condon overlap of the vibronic transition resulting in a change of
both vibrational quanta (e.g., |g;01) — |e; 1’0")). Since pathways | and Il have an identical
response under the Y zyyz and Y zyzy polarization schemes, the difference between these

two spectra eliminates pathways | and |l contributions and enhances those of pathways VII.

Angular Dependence of Isotropic Response
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Figure 2.6: Polarization-Selective Responses with ZYZY and ZYYZ Polarization
Combinations. The orientational response is compared for a system with four non-parallel
dipole moments with the polarization combinations Y 7777 + 2Yyyzz (solid blue) and
Y 72vzy — Y zvyz (dashed blue). The responses are plotted as a function of Afy,, the
difference between angles ¢, and 6, and of Afs,, the difference between angles 65 and 6.
The angles 61, 65, 05, and 6, are the respective angles formed between i°? and the dipole
moments driven by ki, ks, ks, and kg;,. For simplification, the orientational responses are
only plotted for the condition A5 = Afsy.

The orientational responses for the Y 77774+ 2Y yyzz and the Y zyzy — Y zyy 7 polariza-
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tion combinations for 2D EV and 2D VE pathways involving four different transition dipole
moments are expressed in terms of Af5 and Afz, where A5 = 01 — 0, and A3y = 03 — 0,
in Egs. 2.14. The angular dependence of these polarization schemes is shown by plotting
Y svzy — Y zyvyz and its comparison to Y 2777 + 2Y yyzz in Fig. 2.6. The angles 6, 65,
65, and 6, are the angles between 1% and the transition dipole moments accessed by the
light-matter interactions of ki, ks, k3, and kg4, respectively. As Eqn. 2.14a shows, the
Y 7222 + 2Y yyzz response approaches the expected value of 1/3 as Af5 and Af3y ap-
proach 0°, becoming parallel and yielding what is known as the isotropic response. This case
clearly reduces the complexity of the system such that a measurement of an angle of interest
between, for example, ko and k3 could be reliably extracted from r(#). However, it is clear
that the Y ;777 +2Y yyzz response retains angular dependence for all pathways in a system

with four non-parallel transition dipole moments.

YZZZZ + 2YYYZZ = [COS(A@H + A634) + COS(A912 — A934)] (2.14&)

[N

Yovzey = Yayyz = % [ cos(Abr + Absy) — cos(Abry — Aby)]
1 (2.14Db)
=3 sin(Af;2) sin(Afs4)
This same angular dependence can be used productively in more creative polarization com-
binations; an example is described in Eqn. 2.14b. The angular dependence of the Y zy 7y —
Y ;vyz polarization-dependent signal becomes zero for all pathways in which fewer than four
dipole moment angles are non-zero. Observation of this particular polarization-dependent
signal immediately confirms a more complicated orientational response than just a single an-
gle dependence. The comparison of the Y 7y 7y — Y zyy 7 difference and the isotropic signal
demonstrates the signal enhancement that is achievable. Spectral analysis taking advantage
of these polarization combinations is discussed at more length in chapter 3 within the context
of 2D vibronic spectral simulations.

The Y zvzyv — Y zyyz polarization combination can be exploited in all regions of the 2D
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VE spectrum. For example, eliminating pathways I, IV, and 75 populations in VI to isolate
pathways VI with 7 coherence, or eliminating the 7 population pathways V to amplify the
multimode pathways V. In 2D EV spectroscopy, it can be used to selectively interrogate
pathways V and VI for identical reasons. In general, each 7, coherence pathway for both
spectroscopies has a partner pathway. That is, for each of these pathways there exists
another 7, coherence pathway sharing the same four dipole moments, but their temporal
order of interaction is different resulting in spectral separation of these pathways in the
(w1, ws) plane. In 2D VE spectra, pathways producing such signals contribute intensity to
peaks that often overlap in ws (e.g., those generating R and NR Vﬂj, see Fig. 2.4). The
pathway pairs mentioned above acquire opposite signs in the Y zyzy — Y zyyz difference

spectrum, resulting in more easily separated signals in the w3 dimension.

To date, the polarization conditions of ZYZY and ZYYZ have not been realized experi-
mentally for 2D VE or 2D EV experiments. The experimental requirement of phase-stable
interferometric precision for k; and ks lends the implementation of these polarization schemes
more amenable to 2D VE spectroscopy over 2D EV spectroscopy. Studies using 2D EV spec-
troscopy has been performed with pulse shapers to generate two collinear pump pulses with
complete amplitude and phase shaping control. [32,109,110] As a result, k; and ko necessar-
ily must have the same linear polarization. [138] While there are examples of polarization-
selective 2D ES experiments with independently controlled excitation fields, [68,99] these
actively phase-stabilized UV-Visible interferometers have yet to be incorporated into a 2D
EV experiment. However, the Mach-Zender mid-IR interferometer used to generate pulse
pairs in 2D VE spectroscopy may be readily adapted to such polarization schemes. [29,36,37]
The partially collinear pump-probe geometry has been used in all cases of 2D EV and 2D
VE spectroscopies published to-date; this is largely for convenience because the energetic
discrepancy between the electronic and vibrational resonances will result in poor spatial
separation of signals in a non-collinear geometry. A notable experimental challenge will
be incorporating an external local oscillator as the ZYZY and ZYYZ polarization schemes

require orthogonal E3 and Ej;, fields - precluding the direct use of the self-heterodyned
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detection with E3, as employed in the pump-probe geometry.

2.6.4 1o Dependent Dynamics and Anisotropies

In 2D VE spectroscopy, pathways V-VII have an (w;,ws) coordinate mismatch between the
R and NR pathway positions, complicating data interpretation. As discussed earlier, the
spectrally separated R and NR pathway pairs propagate as a coherent superposition during
T9. In cases where the R and NR pathway pairs form spectrally overlapped pathways with
other 2D pathways (e.g., those with 7 populations), the m-dependent amplitude oscillations
characteristic of these R and NR pathway pairs can be used to target these pathway or

selectively remove them from interfering with the 7 population pathways.
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Figure 2.7: Distinguishing Population and Coherence Pathways by m»-Dependence.
(a) 2D VE excited state absorption pathways V at 7, = n(Aw)™! for integer values of n,
where Aw = |w; — w;| is the frequency difference between the two vibration. All pathways
constructively interfere and contribute signal. (b) The same set of 2D VE pathways at
7 = (n+1/2)(Aw)™"; the coherence pathways destructively interfere at these 75 delays. (c)
Coherence pathways are eliminated by summing the panels (a) and (b); the positive and
negative interferences of the coherence signals at these 7, points yields their elimination. (d)
Likewise, population pathways are eliminated by the difference of the panels (a) and (b).
See 2D VE schematic in Fig. 2.4 for referencing pathway labels.

In Fig. 2.7 the lower energy w3 manifold of a 2D VE schematic (i.e., the block of pathways

V) is illustrated for two different series of 75 delays, as the To-coherence pathways beat
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repeatedly. The first schematic (Fig. 2.7 (a)) shows all pathways V plotted at 7, = n(Aw)™*
for any integer value of n where (Aw = |w;—w;|). The m-coherence R contributions of V; and

0

V};) occupy the same (wy,ws) positions as the 7, population pathways V; and VY;, whereas the

1
0

NR coherence pathways of V{; and Vﬁi) are spectrally isolated. As a result, the R pathways
skew the line shape of the 7 population pathways. All four 75 coherence pathways oscillate in
79 with the same period because they all experience a coherence between the same two states
(|lg; 10) (g;01|). Theoretically, this means they all reach relative extrema simultaneously. The
schematic in Fig. 2.7 (b) at 75 = (n + 1/2)(Aw)~! shows the impact of simply choosing a
value of 7, where the Vﬁj and Vﬁi destructively interfere to distinguish these pathways. The
To-dependent constructive and destructive interference of the coherence pathways can be
used to further isolate signals of interest. Data from the 7, points represented in Figs. 2.7
(a) and (b) can be used to eliminate the coherence pathways by their sum (Fig. 2.7 (¢)), thus
enabling use of center line slope or other analyses [28] on the population pathways Vﬁi and
Vﬁj. Similarly, if the coherence pathways are of greater interest, the population pathways
may be eliminated by the difference of the 2D VE signals collected at 75 = n(Aw)™! and
7y = (n+1/2)(Aw)™! , as depicted in Fig. 2.7 (d). In practice, this analysis would be limited
by the residual dispersion of the pulses used in the experiment, yielding the best results with

well characterized, fully compressed broadband pulses.

The above analysis underscores the importance of obtaining 2D VE spectra at a series
of linearly spaced waiting times over which a Fourier transform is performed to resolve the
third-order molecular response of the system within the parameter space accessible to the
experiment. The resultant three-dimensional (3D) spectrum consists of cross peaks in the
(w1, ws,ws) coordinate space. Compared to using a well-chosen 7, delay time which enhances
particular features of interest, 3D spectroscopy is effectively the frequency-domain equivalent
of such spectral filtering. The 75 population peaks will approach the DC line (~0 cm™!) in the
3D VE spectrum due to much slower lifetime decay by comparison to the faster oscillations
characteristic of the 7 coherent oscillations. Employing these types of strategies will allow

isolation of multiple coherences in the case where more than two vibrational modes exist,
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including high frequency vibrations, low frequency vibrations, and even multiple electronic

states.
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Figure 2.8: Spectral Deconvolution with m,-Dependent 3D EV Amplitudes. (a) The
molecular structure of [Ru — (dcbpy)o(NC'S)s] (debpy = 4,4’-dicarboxy-2,2’-bipyridine), also
known as N34~ with the relevant degrees of freedom highlighted: metal-to-ligand-charge-
transfer (MLCT) excitation (light blue), a carboxylate symmetric stretch vooo (green), and
a low frequency vibration involved in the excited state coherence evolution, vg, n. (b)
The early time (0 < 75 < 600fs) 3D EV spectrum of N3~ showing the vibronic couplings
between all three degrees of freedom highlighted in (a). (c) A spectral slice of the 3D EV
spectrum at the vg, n vibrational frequency (340 cm™!) to demonstrate the deconvolution
of the other excited state carboxylate symmetric stretches in the 1350 ecm™ < ws < 1400
cm ™! region.

The three-dimensional approach has recently proven successful in EV spectroscopy with
the report of a 3D EV spectrum in the aqueous deprotonated ruthenium-centered solar cell
dye molecule, N3%~ [38]. The 7»-dependence of a prominent and spectrally-isolated charge
accepting carboxylate symmetric stretch (vopo) that vibronically couples with specific metal-

to-ligand-charge-transfer excited states was used to follow the excited state evolution of
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vibronic coherences in N3*~. The spectral isolation of this particular vcpp reporter vibration
enabled the success of this 3D EV experiment. However, calculations performed in the
earlier polarization-selective 2D EV studies on N3*~ indicate there are actually many near-
degenerate carboxylate symmetric stretches that split in the excited triplet states such that
the vcpo becomes spectrally isolated while the other carboxylate modes remain spectrally
overlapped with their corresponding GSB features [31]. Since the vibronic coherences evolve
in the excited state in N3*~, these ESA features should have a different 75-dependence than
the corresponding GSBs and, thus, be separable in the 3D spectrum. Figure 2.8 shows

1
, referred to as vr,—n

the 3D EV spectrum of N3*~ and a spectral slice at wy = 340 cm™
corresponding to a low frequency vibration involving the Ru-N stretch of the dcbpy ligands
(highlighted in red). The fact that the vg,_x is active during the vibronic coherence evolution
through couplings with eigenstates of vooo character accounts for the observed m,-dependence
during the first ~600 femtoseconds of relaxation. Moreover, this is used to deconvolve the
spectrally overlapped carboxylate symmetric stretches, which is represented by the peaks in

the spectral slice in the 1350< w3 < 1400 cm™! region. This is one example of how specific

To-dependencies can be exploited to simplify the interpretation of complex 2D spectra.
2.7 Conclusions

A multimode vibronic system has been generally described in this study with emphasis on the
orientational response. Various ways in which the orientational responses can be targeted to
ascertain deeper insight into a multi-vibration, vibronically coupled molecular system using
polarization-selective 2D EV and 2D VE spectroscopies have been thoroughly treated. This
discussion may serve as a field guide to other groups interested in using 2D EV and/or
2D VE spectroscopies to directly measure vibronic dynamics in molecules. In comparison
to other ultrafast nonlinear spectroscopies currently available, polarization-selective 2D EV
and 2D VE spectroscopies provide unique opportunities to measure and characterize vibronic
couplings, non-Condon effects, Duschinsky mixing, and electronic delocalization. Due to

the complementary nature of these two techniques, an in-tandem approach to studying the
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vibronic couplings of molecules should give direct access to the molecular-level vibronic
dynamics of interest during many photochemical phenomena, such as excited state charge
transfer and excited state proton transfer. This work builds upon an expanding foundation
for 2D EV and 2D VE techniques to be applied to an increasingly diverse set of scientific
investigations. Future studies of vibronic Hamiltonians with multiple electronic excited states
and multiple vibrations will also prove useful for interpreting experimental spectra. In the
second chapter of this series, the material Hamiltonian representing the system discussed
here is fully described. The experimental methods and observables detailed in this chapter
are some of the means by which the molecular machinery described in chapter 3 can be
accessed directly. Taken together the work in this series of chapters provides a road map for

obtaining a detailed view of vibronic dynamics at the molecular level.
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Chapter 3

MULTIMODE TWO-DIMENSIONAL VIBRONIC
SPECTROSCOPY II: SIGNATURES OF VIBRONIC
COUPLINGS PARAMETERS FROM
POLARIZATION-SELECTIVE SPECTRA

Relevant publications, with the permission of AIP publishing:

e [63] Robert B. Weakly, James D. Gaynor, and Munira Khalil. “Multimode two-
dimensional vibronic spectroscopy. II. Simulating and extracting vibronic coupling
parameters from polarization-selective spectra”, Journal of Chemical Physics, Vol. 154,

no. 18, p. 184202-18, 2021
3.1 Introduction

Polarization-selective two-dimensional infrared (2D IR) [15,85,97,139] and two-dimensional
electronic spectroscopy (2D ES) [16,68,99,101,135,140-142] are becoming routine tools in the
nonlinear spectroscopy toolbox. Data from both spectroscopies are rich in information, often
requiring model Hamiltonians to understand the connection between molecular structure and
spectroscopic observables . [67,79,86,143] Over the years, models of coupled vibrations and
excitons have been developed, utilizing third-order nonlinear response theory to simulate and
interpret 2D IR [12,100,144-148] and 2D ES [71,78,102,149,150] spectra. These simulations
have revealed how the magnitude of anharmonic couplings and angles between transition
dipoles of vibrational modes can be extracted from polarization-selective 2D IR spectra.
[11,14,24,131,137] Similarly, simulations of polarization-selective 2D ES spectra have shown
how couplings and angles between excitonic states are encoded in experimental spectra.

There is also considerable interest in understanding how non-adiabatic couplings between



o8

vibrations and electronic states are manifested in 2D ES spectroscopy. The concurrent
development of experiment and computational methodologies have enabled the success of
2D IR and 2D ES to uncover new details of hydrogen bonding, protein structural dynamics,
energy transfer in natural and artificial light-harvesting, and non-equilibrium vibrational
relaxation in molecules and materials. [25-27,151-154]

Fourier transform two-dimensional electronic-vibrational (2D EV) and two-dimensional
vibrational-electronic (2D VE) spectroscopies, collectively referred to as “2D vibronic” spec-
troscopies in this work, have been developed in the last few years to directly quantify coupled
vibrational and electronic motions in the condensed phase. These off-diagonal spectroscopies
directly interrogate the interplay of vibrational and electronic degrees of freedom. The iden-
tification of coupled vibronic coordinates and measuring the magnitude of their coupling
is necessary for developing predictive theory, [155] as well as new molecules and materials
with targeted functionality. The term “vibronic” has been used in several technically specific
contexts. Distinct from coupling between multiple excited electronic states, as explored else-
where, [25,39] the term in this context refers specifically to a ground and single excited state
coupling through the vibrational modes of interest in the weak coupling limit. A plausible
extension of this work is to explore the impacts of additional additional coupled electronic
excited states.

2D EV spectroscopy, was first demonstrated in 2014, [32] and 2D VE spectroscopy was
demonstrated in 2015. [29] Since then, these techniques have been successfully employed to
better understand biological light harvesting and

[112,113,156] the roles played by correlated vibrational and electronic motions during
ultrafast charge- and energy-transfer in transition metal-centered molecular systems. [30-32,
36,39,117]

Polarization-selective 2D VE spectroscopy on a cyanide-bridged mixed-valence complex
has mapped relative orientations of the coupled metal-to-metal charge transfer (MMCT)
transition and cyanide stretching vibrations providing a method to spatially map vibronic

couplings on the molecular frame. [37] Similarly, polarization-selectivity in 2D EV has led
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to differentiating vibration orientations in a transition metal solar dye [31] and aided sate
assignments of vibronic states in biological systems. [33]

Many experimental 2D EV and 2D VE investigations to date clearly highlight the se-
lectivity of these techniques to vibronic couplings and also the need for developing tools to
interpret the spectra at the molecular level. Previously, a model Hamiltonian consisting of
a single anharmonic vibration coupled to a ground and excited electronic state was used to
develop a set of selection rules for 2D VE and 2D EV spectroscopy. [40] Here, that description
of 2D vibronic spectroscopy is advanced by considering vibronic coupling between multiple
coupled anharmonic high-frequency vibrational modes and an excited electronic state, and
by calculating the nonlinear orientational response of coupled vibronic coordinates. In the
first chapter of this series, [62] a description of multimode polarization-selective 2D EV and
2D VE experiments was developed by defining generalized molecular system eigenstates and
vibronic transitions within the molecular frame. The consideration of multiple vibrational
modes resulted in additional vibronic pathways and new spectral features whose positions,
amplitudes and line shapes were explored in detail. Orientational response functions for up
to four unique vibronic transition dipoles were calculated and the use of experimental polar-
ization conditions to enhance, suppress, or analyze specific vibronic pathways was discussed.
Additionally, methods for isolating vibronic coherence and population relaxation pathways

were described as a result of their 7 dependence.

This chapter explores the molecular basis for the vibronic eigenstates and transition
dipole moments defined in chapter 2 by constructing a model Hamiltonian that encapsulates
both vibrational and electronic coupling, and describes how vibronic couplings result in
angular distortions of the electronic transition dipole moment in a mode-specific manner.
Hamiltonian parameters are connected to spectroscopic observables here, which demonstrates
how 2D EV and 2D VE spectroscopies can be used in tandem to map vibronic couplings in the
molecular frame. The rest of the chapter is organized as follows. Section 3.2 presents a model
Hamiltonian composed of two electronic states and two anharmonic oscillators that describes

vibronic interactions and coupled vibrational interactions. Fach term of the Hamiltonian is
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explored, beginning with the relationship between the linear vibronic coupling term and the
Huang-Rhys parameter in the Displaced Harmonic Oscillator (DHO.) model [124,125]. The
bilinear vibronic coupling is mapped to a specific angle of rotation in vibrational coordinate
space and connected to Duschinsky mixing [154]. Section 3.3 utilizes the transformation
matrix that was used to diagonalize the ground and excited state Hamiltonians to construct
the vector form of the anharmonic vibrational transition dipole moments. The vibronic
transition dipole moments measured in 2D EV and 2D VE spectra are constructed as a vector
sum of the electronic and vibrational dipoles in the molecular frame. Next, the effect that
the vibronic Hamiltonian terms have on the orientation and magnitude of the vibrational and
vibronic transition dipoles in the molecular frame is elucidated. Non-Condon effects (NCEs)
are calculated to first and second-order and their impact on the amplitude and direction of
the vibronic dipoles measured in 2D vibronic spectra are explored. Section 3.4 simulates
polarization-selective 2D EV and 2D VE spectra using the molecular Hamiltonian described
above. Additionally, considerations of experimental design outline methods for isolating and
extracting spectroscopic observables in congested spectra. Section 3.5 details how 2D peak
positions and amplitudes can be used to measure mode-specific Huang-Rhys and Duschinsky
mixing parameters and to extract relative angles between vibronic transition dipoles. Finally,
we discuss the prospect of extracting and quantifying non-Condon contributions from 2D

vibronic spectra.

3.2 Model Vibronic Hamiltonian: Bilinearly Coupled Anharmonic Oscillators

3.2.1 Material Hamiltonian

The vibronic material Hamiltonian, H,;pronic shown in Fig. 3.1, is defined by the sum of
the ground and excited state Hamiltonians: Hyipronic = Hy + H.. Our previously described
vibronic material Hamiltonian for a molecular system consisting of a single vibrational mode
and two electronic states [40] (the ground, |g), and first excited, |e), states) is extended to

describe the same system with two vibrational modes of interest (modes ¢ and j). These
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vibrations oscillate along vibrational coordinates ¢ and q? about an equilibrium position @)y,
and are described as a dimensionless coordinate system QY in Eqn. 3.1. Each oscillator & has
a reduced mass my and natural frequency w) along the coordinate ¢ . The oscillator index
k (not to be confused with the electric field wavevectors, k) is used to describe the behavior
of both vibrational modes where [k,, ks, ...| € [i,7]. Throughout this work, the superscript
() indicates an attribute of zeroth-order, before Hamiltonian diagonalization, when applied
to eigenstates, energies, and dipole orientations.

0

Qh =/ kg (31)

The ground electronic state Hamiltonian, Hy, takes the form of two bilinearly coupled an-
harmonic oscillators written in the QY basis, as represented in Fig. 3.2, and it is expressed
in terms of raising and lowering operators of the harmonic oscillator using the dimensionless
coordinate system Q9. The ground state Hamiltonian (Eqn. 3.2) is described as the sum of
the kinetic energy, (P?/2my,) and the potential energy, V,(Qx) (Eqn. 3.3), with momentum
given as Fj.

2 p2

H(Q% Q) = L ot o QN Q)) (3.2)

2m;

0 hw
Vo(Q0 Q) = I(QI + (@Y + BuQIQh + ¢ (Rl QD + Ml (@))F) (33)

The ground state potential, V,(Q;,Q;), is represented by two oscillators with cubic an-
harmonicity determined by (g,; and g;;;) and coupled through the bilinear mixing term,
B;;. The 2D IR community has used B;; to describe mode coupling in the ground state,
[11,14,84,97,157] which has the effect of rotating the potential relative to the QY and Q?

coordinates. The excited state Hamiltonian, H. (Eqn. 3.4), is constructed similarly to H,,
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but varies in the potential V.. Equation 3.5 describes the excited state potential lifted verti-
cally from the ground state by the electronic transition energy hwgg and perturbed by various

vibronic coupling terms (V).

H(Q0 oY = 2 B von o (3.4
Qmi Qmj

Ve(Q7F, QY) =Vy(QY, QY) + hwyy + haw ViQy + huiV;Q)

hw?

o (3.5)
21 Vii(Q9)% + TJVM(Q?)Q + Vi Q0Q)

+

The subscript of each additional term describes its vibrational coordinate dependence.
The term, Vi, is a linear perturbation in the direction @Y. Vibrational mixing in the excited
state, given by Vi;, is linear in both @ and QY. The term, Vi, which is quadratic in @}, is
responsible for the excited state red or blue shifting of each vibrational mode, changing the
curvature in each direction of the excited state potential. Vibrational mode anharmonicities
are encoded in the ground state potential (Eqn. 3.3).

Figure 3.1 shows the eigenstates resulting from the system Hamiltonian in Eqgs. 3.2-3.5.
The zeroth-order vibrational states in the electronic ground state are described as |v;, Vj)o.
The excited state manifold is increased in energy by hwgg. Since the excited state potential
energy surface is described as a perturbation of the ground state, the terms g;; and B;;
induce the anharmonic shifts in both vibrational manifolds, leading to the states |g; v;v;).
In the excited state, Vi depicts a red-shifting of both vibrational modes, corresponding
to a negatively signed perturbation term. The linear perturbation, Vj , displaces the ex-
cited state potential along coordinate @) and lowers the excited electronic states by Ahw,,.
Finally, Vi; couples and mixes the vibrational states in the electronic excited states in com-
bination with B;;. Diagonalizing the ground and excited state Hamiltonians results in the
following parameters used throughout this work: w., = electronic energy gap, wy(w;,) = fun-
damental ground (excited) state vibrational transition frequency, Ag(A}) = ground (excited)

state anharmonicity, A, = excited state vibrational frequency shift, A;;(Ay;) = ground
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Figure 3.1: Energy levels of the vibronic states obtained from the model Hamil-
tonian. Zeroth-order states denoted as |v;, Vj>0 in the electronic ground state and increased
in energy by hwgg in the electronic excited state. The effects of various couplings in the
material Hamiltonian are displayed as energetic changes in the zeroth-order states moving
from left to right. Symbols between each column of states indicate coupling terms from ma-
terial Hamiltonian (see main text for details). The resultant vibronic eigenstates are shown
on the right and are denoted as |g;v;v;) on the ground electronic state (g) with vibrational
quanta in Qy (v = 0,1,...). The vibronic eigenstates of the excited electronic state (e) with
vibrational quanta in @}, (vy = 0',1',...) are denoted as |e; vyv)/).

(excited) state mixed mode anharmonicity. The term, A;; represents energetic shifts due
to Duschinsky mixing. The vibronic eigenstates of the above Hamiltonian, |a(r,@)), are
written as Born—Oppenheimer adiabatic eigenstates, [158] which depend on both electronic
coordinates, r, and the reduced vibrational coordinates for system vibrations, ). The vi-
bronic eigenstates used here may be considered eigenfunctions of a dynamical Schrodinger
equation in a basis spanning a complete electronic space for each vibrational coordinate,

as described by the Born Representation of Ballhausen. [159] As defined the Eqs. 7 of our
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previous work [40], the wavefunction has separable electronic and nuclear components each
defined for the equilibrium geometry of the system and expanded over each coordinate ().
This separation is what permits the expansion of the vibronic transition dipole moments in

Sec. 3.3.

N Hmia: (BZ]

+Vij)

/

Omiz(Bij)

Q3 Qs

Figure 3.2: Potential Energy Surfaces: Ground and excited state potentials plotted
against zeroth-order vibrational coordinates (QY and Q?). The ground state potential is
rotated to some angle 6,,;, (B;;) relative to QY and Q?. The excited state is displaced along
Q7 and Q) by D; and D; as described in Sec. 3.2.2 and further rotated to 6y, (Bij + Vi;). The
red dotted line is parallel to the potential in the ground state ((;); vibrational anharmonicity
(giiand gj;;) does not change between electronic states.

The complete material Hamiltonian includes Hyipronic and Hamiltonians describing the
bath (Hp) and the system-bath interactions (Hgp). Following our previous description [40]
and that of Sung et al. [126] the dephasing functions, describing in appendix C are written



65

in the homogeneous limit. The interaction Hamiltonian (H;,;) describes the light—matter

interactions and is discussed at length in Sec. 3.3 below.

3.2.2  Linear Vibronic Coupling: Huang-Rhys Parameter

The linear coupling term, Vj, in Eqn. 3.5 serves a similar function to the displacement op-
erator found in the Displaced Harmonic Oscillator (DHO.) model commonly used to explain
a vibronic progression of Franck—-Condon (FC) overlap integrals in both absorption and flu-
orescence spectra. [124,125] In the case of the DHO. model, the strength of the vibronic
coupling is measured by the unitless Huang-Rhys parameter, D) , which is related to the
square of the displacement.

Multiple representations of these parameters have been published, in both the momentum
[160] and position basis [40,65,161,162]. A description of those representations, their mutual
conversion, and Eqn. 3.6 and the electronic energy correction term Aw,, are derived for the
single mode case in appendix A. The relationship between the Huang-Rhys parameter and

the linear coupling term, is quadratic as shown in Eqn. 3.6.

The above equaiton holds when g;;i, g5, Bij, Vij are zero in the model Hamiltonian (Eqgs. 3.2
and 3.4). We note that V}, is not an explicit horizontal displacement, but rather a shift of the
excited state potential along a line with its slope in proportion to V;, and therefore results
in an additional shift of the electronic transition energy equivalent to Afiwe, = >, Dy},
as shown in Fig. 3.1. To consider the Huang-Rhys factor in multiple coordinates, Dy is
defined using Eqn. 3.6 as a displacement along the zeroth-order coordinates, Q% (see Eqn.
3.1), leading to a useful description of both D; and D;, as seen in Fig. 3.2. Because the
linear coupling parameter translates the potential energy surface in () coordinate space, and

does not reorient the potential, applying either V; or V; does not shift the orientations of
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vibrational dipoles relative to the ground state dipoles, as discussed in Sec. 3.3.1.

3.2.8  Bilinear Vibronic Coupling: Duschinsky Mizing

Vibrational mode mixing due to bilinear coupling terms, B;; and Vj;, can be seen in Fig.
3.2, where both the ground and excited states are rotated relative to the (QY9) zeroth-order
basis. The total rotation of the excited state potential is dependent upon both B;; and V;;.
In a 2D vibronic experiment, the Q9 basis is not measurable, but the rotations of vibrational
transition dipole moments between |g) and |e) are measureable, as discussed later. Here,
the term Duschinsky mixing is reserved for the excited state bilinear coupling (V;;). As a
consequence of bilinear mixing, excited state vibrational modes are delocalized across the
zeroth-order state basis, [163] manifested as a rotation in the zeroth-order basis seen in

Egs. 3.7.

le;1'0") = hw?, + a|1,0)" + 80, 1)° (3.7a)

le;0'1) = hwd F B11,0)° + «]0,1)° (3.7b)

In the above equations, each state, |e' ViV >, is represented as a new linear combination of

s ViV
the zeroth-order vibrations when the cubic anharmonic couplings (g¢;; and g;;;) and the
linear vibronic couplings (V; and V;) reach a limit of zero. After mixing, the Q; coordinate
is a linear combination of aQ9 + SQ7 governed by the Duschinsky mixing. Both o and f3
represent the projection of the zeroth-order coordinate onto the rotated coordinate system
by a fraction related to +« in direction @} and to 4 in direction Q.

The effects of of V}; on the rotation of the excited state vibrational dipoles are calcu-
lated in Sec. 3.3.1 and extracted from simulated 2D EV and 2D VE spectra in Sec. 3.5.2.
Additionally, V;; influences the measurement of the Huang-Rhys parameter in the following

manner. As the excited state potential is rotated relative to the ground state, the projection

of each excited state vibrational mode onto its ground state analogue becomes more extreme
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as shown in Sec. 3.5.3. As will be discussed later, the Duschinsky mixing term is responsible
for mixed mode anharmonicity in the electronic excited state, given by Ay j,, and can be
directly measured in 2D EV spectra. The bilinear coupling parameter, V;;, is also crucial
for seeing amplitude in 2D vibronic signal pathways involving forbidden transitions (e.g.

pathways VIl in 2D VE, as discussed in Sec. 3.5).

3.3 Interaction Hamiltonian: Vibronic Transition Dipoles

The interaction Hamiltonian (H;,) describes the light—-matter interaction between the four
electric fields (E(k,w,t)) and the dipole operator (M) of the molecular system of interest.
In the first chapter of this series (2, ref. [62]) we derived the nonlinear orientational response
functions resulting from the sequential projections of the four linearly polarized electric fields
in the fixed laboratory frame onto the fixed molecular frame for each successive field-matter
interaction in 2D EV and 2D VE spectroscopy. The system dipole operator is defined below
in terms of the vibronic system eigenstates, |a(r,@)) and |b(r,@)), and the elements of the

transition dipole matrix between eigenstates a and b given by pu®®.
M =33 la(r.Q) u** (b(r, Q)| (3.8)
a b

Here, the dipole operator of the model vibronic system is built up from the zeroth-order
basis to understand how the vibronic Hamiltonian and the inclusion of NCEs impact the
amplitude and orientation of the vibronic transition dipoles are measured in 2D EV and 2D

VE spectra.

3.3.1 Orientation of Vibronic Dipoles

The complete transition dipole moment (u®’) is a vector quantity, and is the product of

~a,b

a unit vector direction (i) and a magnitude (u®®). The spatial orientation of each vi-

brational dipole vector in |g) or |e) is obtained by transforming the harmonic transition
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dipole operators, M? or M? in the zeroth-order basis, where, M = T~ ! - Mg -T. [14]
The transformation matrices, 7, and T, are obtained by diagonalizing H, and H. (Egs. 3.2
and 3.4) respectively. The contributions of each zeroth-order vibrational transition dipole is

calculated separately in both the ground and excited states as shown below:
a ~ a,b ~ a,b
N’b:N?'Mi +:U’§‘)'Mj (3.9)

In the above expression, pu®®, the indices (a,b) refer to the corresponding matrix element.
For brevity, the orientation of the vibrational transition dipole moment associated with the
k™ mode is denoted as fi* in the ground electronic state and ¥ in the excited electronic
state. In this manner, we connect the orientations of the zeroth-order (unmixed) vibrational
dipoles to the vibrational transition dipoles described by the molecular vibronic Hamiltonian.
As in chapter 2 dipole orientations, which are fixed within the molecular frame, are defined
relative to one another through dipole moment angles, 9221 For example, the angle between
%% and p® is defined 98;3,. We note that p®? expresses the same dipole moment as ;9
used in chapter 2 [62] and in previous treatments [40].

Based on the Born-Oppenheimer approximation, [164-166] the transition dipole is de-
scribed explicitly as separate operators for the vibrational and electronic transitions. Each
vibronic transition dipole may be expressed as M = M gjec(r) + M ,4(Q), the sum of the
electronic M ¢..(Q) and the vibrational M ,;(Q) dipoles. Thus, each vibronic transition
which includes vibrational character nonparallel to the purely electronic transition neces-
sarily carries additional angular dependence. The orientation of a vibronic dipole may be
considered as the vector sum of electronic and vibrational components. Combining the elec-
tronic dipole (u®9) and relevant vibrational dipoles (p*) results in the vector form of each
vibronic dipole, represented in Fig. 3.3 (c). Vibronic dipoles p*" and u®" are formed by
the corresponding vector addition.

Figure 3.4 demonstrates how Duschinsky mixing rotates the excited state vibrational

transition dipoles relative to the ground state dipoles by comparing the extent to which each
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X

Figure 3.3: Orientation of Dipoles: a) Zeroth-order dipole unit vectors (black) plotted
within the molecular frame (x,y,z, grey). b) Vibrational and electronic dipole vectors after
transformation of the unit vectors. (see Eqn. 3.9 in the main text) The parameters of the
system Hamiltonian used for the transformation are detailed in Sec. 3.3.1. ¢) Construction
of vibronic dipole orientations under the Born—-Oppenheimer approximation. Total vibronic
dipole is the sum of both electronic and vibrational dipoles. (u*" = (g; 10]e; 0'1") pu®9 — ' +

p"), (0 = (g; 00]e; 1'0) p®9 + ™).
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Figure 3.4: Orientation of Dipoles: Angular dependence of vibrational dipole moments
on bilinear coupling, V;;. Both vectors describing the transition dipole moment for |e, 0'0") —
le, 10"} (607) and e, 0'0) — |e, 0'1) (083/) respond approximately equally but retain their
relative angle. Angles are normalized to the angles between ground state vibrations dipoles,
Onorm = 0/ 498:; with B;; = giii = gj;; = 0. Blue and orange diamonds represent the values of
Vi; as calculated in Sec. 3.5.2. The black diamond, on lower axis, represents the input value
used in the simulation.
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mode k reorients in the excited state (ngl’fl), where the angles are normalized to the angle
between ground state vibrational dipole moments (987’3 ). Both 98:;1', and ngj’-j/ increase as a
function of increasing Duschinsky mixing. The sign of Vj; determines direction of rotation
in the excited state. As the two zeroth-order vibrations in the present simulation are not
perpendicular, their vector sum or difference reorient each vibrational mode asymmetrically.
In the limit where i) L /l?, both vibrational modes respond symmetrically with respect
to the sign of V;;. The angle 08:”?// reports that the excited state vibrational modes largely
retain their relative orientation through the transformation, rotating not only by similar
magnitudes, also in the same direction. The rotation of the vibrational dipoles in space is
the direct consequence of the rotation (6,,;,) relative to Q% as seen in Fig. 3.2. Figure 3.4
shows the response of zeroth-order dipole with a ground state angular separation of 45°, as
simulated in Sec. 3.4.1. In Sec. 3.5.2, the excited state vibrational dipole reorientation is

used as a metric of Duschinsky mixing, which are indicated by the diamonds in Fig. 3.4.

3.3.2  Non-Condon Effects on Amplitude and Orientation of Vibronic Dipoles

In this section, the impact that NCEs have on the amplitude and orientation of the vibronic
dipoles measured in 2D EV and 2D VE spectra is explored. The vibrational dependence of
the electronic transition dipole moment is made more explicit by letting M ¢je.(r) &~ M .4,(Q)
and Taylor expanding over each specific vibrational coordinate in the harmonic basis set

(QY) about the equilibrium nuclear configurations, Q.

pe9 =p0 (g; Vz'l/j|€§ V£V3/'> +
e Z (g;viv;|QRle;vivi) + ...

keij

(3.10)

In the above expression, the first two expansion coefficients (™) are expressed as pu® =
M.,(Qo) and pV = (OM ¢4/0Qk),- In the Condon approximation, p™>9 = 0, the FC

overlap fully describes the vibronic transition of interest and the 2D vibronic pathway am-
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Figure 3.5: Non-Condon Effects on Dipole Moments: Each marker indicates terminal
point of the labelled dipole vector (u®’) for increasingly strong contributions of NCEs,
plotted within the yz plane of the molecular frame. First u(!) is scaled from 0 to 0.25 (in
increments of 0.025) (filled diamonds), then held constant while p(? is scaled form 0 to 0.25
(open diamonds). All vectors are normalized to u®9 under the FC limit (u") = p® = 0),
shown as the blue vertical vector reaching the point (0,1), in panel (a) for reference. Panels
(a), (b), and (c) represent dipoles originated from |g;0,0), |g; 1,0), and |g; 0, 1), respectively.
Dipoles (i, i, and iii) shown in (c) all represent the same dipole (/") with varied strengths
of NCEs. i) corresponds to the FC limit, (u" = u® = 0). ii) corresponds to substantial
Herzberg-Teller coupling, (1) = 0.25, u® = 0). iii) corresponds the both first and second-
order NCEs, (u® = p® = 0.25). Hamiltonian parameters are as described in Sec. 3.4.
NCEs scale both amplitude and orientation of vibronic dipoles by non-uniform amounts.
Both first- and second-order NCEs increase the magnitude of p/* but each has oppositely

signed orientational effects.

e; V) ‘2. When the higher-order terms in

plitude is proportional to |u®9|* = | ‘2|<g; ViVj
Eqn. 3.10 become non-zero, the Condon approximation breaks down. The first-order ex-

pansion terms in M, ((Q)) are referred to as Herzberg-Teller vibronic coupling terms as this

formalism parallels the Herzberg—Teller adiabatic approximation [159, 166-168] described in

Eqn. 3.11.
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e Z {g; VileQk e; V£V§> = [ (g;vivjle; (v + 1)’1/;-> +
oy (3.11)

(g;vivjle;vi(v; £ 1)) ]

The above equation shows that the first-order NCEs result in vibronic dipoles gaining tran-
sition intensity from neighboring transitions regardless of shared vibrational character. In
other words, Herzberg—Teller coupling may drive intensity contributions to a vibronic path-
way that primarily involves oscillator j through the displacement of oscillator ¢, and vice
versa. Crucially, NCEs appear not only in amplitude modulation but also in the orientation
of vibronic dipoles. Eqn. 3.10 can be written as an expansion of vector quantities over
the same vibrational coordinates. The non-Condon contributions add scaled vectors while
amplitudes are determined by the expansion coefficients, (™. The full transition dipole
moment connecting the ground state |a) to an excited state |b) is expressed in Eqn. 3.12

with vector contributions determined by the non-Condon vibronic dipole orientations ji%®.

e = (a3 (folu) -+

keli,j]

+M(2) Z (<a‘Qi‘b> ,ﬂa,bio,%) 4o

keli,j]

(3.12)

Figure 3.5 shows how first- and second-order NCEs influence vibronic dipoles, causing
changes in orientation and amplitudes. We emphasize that simply scaling the magnitude of
a vibronic dipole moment fails to capture the full impact of NCEs. Likewise, monitoring the
relative amplitudes of pathways or individual dipole orientations is insufficient to accurately
determine the NCEs. For example, in Fig. 3.5 (c), the relative amplitudes of dipoles p/*’
and p?%" do not change drastically over the course of this calculation, but the NCEs shift
the orientation of those dipoles in opposite directions. Alternatively, dipoles of forbidden
transitions with unexpectedly large amplitudes, would indicate the presence of NCEs as

discussed later in Sec. 3.5.4.
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Polarization-selective 2D EV and 2D VE experiments, simulated in Sec. 3.5, measure
the relative angles of vibronic dipoles shown in Fig. 3.5, and give insight into the coupling
of vibrational and vibronic transition dipole moments. The relative angles of vibrational
dipoles in the ground and excited state manifest in the angular dependence of the excited
state absorption (ESA) and ground state bleach (GSB) of the |g;0,0) — |e; 0'0") transitions
in 2D EV spectroscopy (e.g., pathways | and I1). See the first chapter of this series (2) for the
definition of pathway symbol nomenclature (Sec. 2.3 and Figs. 2.3 and 2.4) [62] In 2D VE
spectroscopy, direct measurement of many vibronic transition dipoles relative to u“? can be
measured. Pathways Ill and V compare the relative impacts of the excited and ground state
vibrations respectively by probing the transitions |g;0,0) — |e; k') and |g; k) — |e;0'0').

Subsequent sections explore these measurements using simulated 2D vibronic spectra.
3.4 Results

In the following section we detail the calculation of eigenstates and transition dipole orien-
tations for a model molecular system, following the procedures described in Secs. 3.2 and
3.3, respectively, and 2D EV and 2D VE spectra of that system are then simulated. These
simulations map onto the schematic Figs. 2.3 and 2.4 in Ch. 2, [62] but they incorporate
more realistic molecular signatures (e.g., non-zero line widths). Additionally, we discuss
several points of experimental design which aid in accessing spectral information by either

increasing peak separation or by enhancing weaker signals and diminishing stronger signals.

3.4.1 Simulation of Polarization-Selective 2D EV and 2D VE Spectra

The 2D EV and 2D VE spectra were simulated using all third-order nonlinear vibronic re-
sponse functions for the molecular system described in this chapter. The third-order response
function is described as the product of an orientational response, Va, and vibronic response,
R summed over four vibronic states (a, b, ¢, d) for all considered Liouville pathways ().
The simulations incorporate (i) allowed vibronic pathways, (ii) a resonant electronic input

pulse spanning frequencies wey £ wy, (iii) a resonant mid-IR pulse with sufficient bandwidth
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to excite one-quantum vibrational transitions in the ground and electronic excited state and
(iv) two forbidden vibronic transitions, (|g;1,0) — |e;0’,1") and |g;0,1) — |e;1',0')), explic-
itly discussed in Sec. 3.5. The orientational response is determined by the four angle response
functions for the ZZ727, YYZ7Z,ZYYZ, and ZYZY experimental polarization combinations as
shown in Eqgs. 2.9 and 2.10 of chapter 2 and Eqs. C.26 and C.27 of appendix C. The electric
fields interacting with the sample are assumed to be in the delta function or impulsive limit,
where the pulse duration is sufficiently faster than system dynamics. For these simulations
we assume that the duration 7, is sufficiently short that 7 = 0 dynamically, but 75 > 0 in
terms of laser pulse ordering. Dephasing functions for each vibronic pathway are written in

the homogenous limit (see appendix C, Eqs. C.1-C.21).
Rephasing (R) and non-rephasing (NR) 2D EV and 2D VE spectra were calculated

separately in the time domain using 0.5 and 4.0 fs steps over a full duration of 4.0 and
32.0 ps in the electronic and vibrational dimensions, respectively. Time-domain data were
then fast Fourier transformed (FFT) in the 7y and 73 dimensions. The wy; and wWeectronic
dimensions have resolutions of 2.0 em™! and 16.3 em ™! respectively. Absorptive data are
obtained by summing the real components of the 2D EV and 2D VE signals following an
axis shift of the rephasing data. Data were simulated for four polarization conditions (ZZZZ,
YYZZ, ZYYZ, ZYZY) and normalized to the global extreme before calculating isotropic
spectra (ZZ7ZZ+2YYZZ). In total, 36 (48) pathways were simulated for 2D EV (2D VE)
respectively (i.e., 18 or 24 rephasing and non-rephasing pairs for the respective techniques).
A list of vibronic pathways, orientational responses, and related dephasing functions included

in these simulations are found in appendix D.

The simulated spectra originate from the material Hamiltonian, as described in Sec. 3.2.1
and diagonalized to produce the eigenstate energies and FC overlaps. Amplitudes and orien-
tations of individual vibronic dipoles are determined using the method described in Sec. 3.3.
Unless otherwise noted, the following parameters of the vibronic Hamiltonian were used to
simulate all the spectra: wgg = 16,500 ecm™!, w! = 1,850 cm ™, w;) =2,100 em™*, B;; =0,

giii = 0.2, gj;; = 0.3, V; = 0.63 — D; = 0.2 (Eqn. 3.6), V; = 0.77 — D; = 0.3 (Equ. 3.6),
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Vii=—10 em™, Vj; = =30 em™', and V;; = —0.24. Unitless values are normalized to the
corresponding w}, except V;; is normalized to ]w? —w?|. Dephasing timescale parameters were
defined as in previous work: [40] \; = A\ = 1.0, Iy ey = 40 em™, Ty, =Ty, = 4 em™,
Uvvi=Ty0, =T, =4 em™ M = p® = 0. Expressions for the lineshape and dephas-
ing functions for various 2D VE and 2D EV pathways are given in the Eqs. C.1-C.21 of
appendix C. Orientations of the zeroth-order dipoles are p, £p) = 45° , pl, £p§ = 0° by
setting: A, || 2, 7 || (2 +9). 79 | =

The energies and transition dipole orientations of the vibrational eigenstates in the ground
and excited electronic states are obtained by numerically diagonalizing both H, and H.,
each expanded to 10 vibrational quanta. The resultant energies and orientations are: we, =
15,457 em™, w; = 1,834 em™!, wj = 2,058 em™ wy = 1,806 cm™, wy = 2,042 em™1,
Aj =164 cm™, Aj = 46.5 em™, Ay = 0.0 em™, Ay = 15.0 em™, Ay = 382 em™,
Aegi = =282 em™, Agyy = =148 em™, Ay = 108 em™", Oy, = +45.0°, 653, = 0.0°,
b0y = +35.1°, 60 = —12.5°.

Table 3.1: Calculated orientations of vibrational (top panel) and vibronic (bottom panel)
dipoles 1" in the molecular frame. Angles are described as 93:8, where a and b are the initial
and final states of each transition as denoted in Eqn. 3.8. (e.g. %% forms an angles of +7.3°
with %),

le; 0,0 |e;17,07)  |e; 0, 1) e;2/,00)  |e; 1, 1)  e;07,2)
e 0,0y | — 4351 -12.5 o _ .
e 1,0 | - 4314 60 -
le; 07, 17) — — — — +56.1 -7.6
9:0,0) | 0.0 473 28 - _ -
:1,0) | 174 15 -162 443  -6.8 -
lg;0,1) 0.0 +71.7 -2.3 — -0.3 -4.2

Relative dipole orientations are listed in Table 3.1 for the excited state vibrations (top)

and vibronic transitions (bottom). The excited-state rotation described in Fig. 3.4 is seen
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here as mode 7 and j have both rotated approximately in unison away from their initial,
ground state, orientations. Relative angles for vibrational dipoles involving transitions where
Av; = 1 are negative as a result of vibration ¢ gaining character of ground state vibration
7 and partially reorienting in the —ﬂ? direction. The vibronic dipoles predominantly align
with u®9 (i.e., 2). The exceptions (|g; 10) — |e;0'0') and |g; 01) — |e; 1'0)) reflect the weak
FC overlap of the those transitions, allowing the vibrational component to more heavily
influence the vibronic dipole orientation. As discussed in Sec. 3.3.1, the reorientation of the
vibrational and electronic components of the vibronic dipole, is determined exclusively by
the couplings present in the system Hamiltonian. Figures 3.6 and 3.7 show the simulated
polarization-selective 2D EV and 2D VE spectra of the model molecular system using the
parameters listed above. Here we use the pathway numbering formalism described in Ch. 2
and shown there in Figs. 2.3 and 2.4. However, we emphasize that the labels in Figs. 3.6
and 3.7 denote the dominant vibronic pathway contributing to each peak, leaving the weaker

spectral features unlabeled.

The 2D EV spectra enables access to a wide swath of the excited state vibrational man-
ifold. Each pathway represents a measure of coupling between distinct vibrational and elec-
tronic transitions. Polarization-selectivity enables the construction of a three-dimensional
molecular frame describing coupled vibronic degrees of freedom and how vibrations change
between electronic sates. Figure 3.6 shows polarization-selective 2D EV data in the ZZZZ
and YYZZ configurations, respectively. Data are portioned into lower and upper manifolds
(probing mode i and j, respectively) and vertically aligned along three separate w; frequen-
cies. Each w; position corresponds to exciting initial coherences between the ground state
(lg;0,0)) and |e; 0/, 0) ,|e; 17,0') , |e; 0', 1), respectively. Each peak location in ws is deter-
mined by a different transition within the excited state vibrational manifold (ESA) or ground
state manifold (GSB). Measurement of excited state vibrational dipole orientations, as dis-
cussed in Sec. 3.5.2, provide a metric for the extent of Duschinsky mixing. In Sec. 3.5.1
we compare multiple pathway locations enabling the determination of the excited state an-

harmonicity, mixed mode anharmonicity and excited state frequency shifts, (Ag, Ay and
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Figure 3.6: Polarization-Selective 2D EV spectra: (a) Simulation with ZZZZ polar-
ization. Peaks are labelled with dominating vibronic pathway symbol. (b) Simulation with
YYZZ polarization. Box corresponds to region plotted in Fig. 3.8 (b-e). Contours at £+(0.01,
0.02, 0.04, 0.08, 0.12, 0.16, and 0.20). Figures are plotted with a break in the w3 dimension
to zoom in on the data.

Acy.1) respectively. Interactions between vibrational modes may be measured by considering
regions of the 2D EV spectrum where the system is first excited at a frequency (wey, + wir)
and then probing behavior of the other vibrational mode at (= w;/), or vice versa. Reported

experimental 2D EV spectra have shown closely lying electronic states in the w; dimension,
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separated by hundreds of wavenumbers. [31,32,38,113,114] The simultaneous detection of

Weg and wey +wyr peaks in the same electronic state has not been seen in experimental 2D EV

studies to date. In this chapter, we discuss how such data would allow for analyses of mode

specific Huang-Rhys parameters and vibronic dipole orientations (Secs. 3.5.2 and 3.5.3).
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Figure 3.7: Polarization-Selective 2D VE spectra: (a) Simulation with ZZZZ polar-
ization. Peaks are labelled with dominating vibronic pathway symbol. (b) Simulation with
polarization combination ZYYZ-ZYZY. Contours at +(0.01 0.02 0.04 0.08 0.12 0.16 0.20).
Figures are plotted with a break in the w3 dimension to zoom in on the data. (c-e) Isotropic
2D VE spectra of region containing pathways V. The rephasing (d) and non-rephasing (e)

data are plotted separately using the same contours levels as other simulations above.

Figure 3.7 (a-b) shows the polarization-selective 2D VE spectra of the model molecular



79

system. Further discussion of Fig. 3.7 is detailed in Sec. 3.4.2. Generally, data are grouped
into six regions, split into two columns, corresponding to an initial 7; coherence in mode i
and mode j. In the higher manifold, vibronic transitions gained one quanta of vibrational
energy so pathways cluster around we, + w; and wey + w;. The middle region corresponds
to vibronic transitions with Av; + Ay; = 0. Thus, the intense GSB of pathway | appears
convoluted with the many less intense ESAs which shift their vibrational character in the
excited state (pathways VII). The lower manifold holds only pathways V which directly
report on the coupling of the ground state vibrations to the electronic transition. Some
pathways result from a 75 coherence and always experience a displacement in ws between
the rephasing/non-rephasing contribution. Positive and negative R and NR tilts appear at
paired energies, most notably at pathways V and VII. The four peaks labelled Ill obscure
direct visualization of pathways IV and VI. Many vibronic transitions lie close in energy; the
fact that 2D VE accesses so many transition (13 in the two mode case) means that such
convolution is inevitable. Conversely, the high density of pathways indicates that spectra

are dense with information, if uncovered. In the middle manifold the obscured pathways are:

.. VIP

ij0 VIE;, and VII},i. Noting sign and NR or R tilts aids in pathway assignment. Rephasing

pathways V{; and V{; are unlabelled but lie atop V{; and V}

s e ij» respectively, as evidenced by

the positively going tilt.

2D VE spectra report on the ground vibrational manifold coupling to a large progres-
sion of vibronic transitions. Isolating and assessing carefully chosen transitions reports on
mode specific Huang-Rhys displacement, Duschinsky mixing, and NCEs. As discussed later,
polarization-selectivity also aids the understanding of how vibrations affect the orientations
of vibronic transitions. Thus far, published 2D VE spectra [29, 30, 36, 37| have been domi-
nated by negatively going features. This is possibly a result of accessing more highly excited
vibrational states, which may have greater overlap with highly excited ground state vibra-
tions to more strongly weight to ESA pathways over GSB pathways. Experimental 2D VE
data has primarily probed the we, + wy region of the electronic transition, with no data to

date in the w., — wy region. Such data could aid in determining the source of the ESA
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dominance in 2D VE spectroscopy.

3.4.2  Fxperimental Considerations

Molecular-level information held in 2D EV and 2D VE data are commonly congested by
a host of factors including lifetime broadening and poor peak separation, which convolute
amplitudes of neighboring pathways. Experimental 2D VE spectra often have little w3 defini-
tion, with spectral features broader than the probe bandwidth. [29,36,37] Here we discuss the
use of experimental design to better isolate specific transition pathways in 2D vibronic spec-
tra. For example, experimentally separating the measurement of R and NR data, achieved
in other 2D techniques by controlling the wavevectors or relative phases of the input pulses,
better separates pathway contributions to peak amplitudes. Here, amplitudes of overlapping
pathways have been determined by subtracting the amplitudes of the corresponding R and
NR neighboring pathways.

Figure 3.7 (a) shows the 2D VE spectrum for the ZZZZ (parallel) configuration. Panel
(b) shows the 2D VE spectrum resulting from the difference of the ZYYZ and ZYZY config-
urations, hereafter referred to as ZYYZ-ZYZY. The pathways hidden in the ZZZZ data (a)
are clearly seen in panel (b). While pathway VIIEJ is vanishingly weak in the ZZZ7 data, it
is has a similar magnitude to Vllj:’i in the ZYYZ-ZYZY spectrum. The ZYYZ-ZYZY differ-
ence spectrum allows us access to pathways VI, previously completely hidden by pathways
[Il'and the 7, coherence pathways V in the we, — wy region. Additionally, as a result of the

ZYYZ-7ZY'ZY response there a sign change between the R and NR pathways as the order of

signal
Hprobe

the two dipole interactions switch and therefore the sign of also flips. Separating R
and NR data by the sign of the 2D signal aids in differentiating spectral features. Figure
3.7 (c-e) demonstrates the effect of separating R from NR data. Specifically, in 2D VE spec-
troscopy, where there are more vibronic transitions and more 75 coherences, data separation
and isolation are of great importance. In each 7 coherence the R data are offset in w3 from

the NR and coincident with another pathway’s location. All R data in the lower region (i.e.,

pathways V) are restricted to only two locations [(w;, wey —w;),(wj, wey —w;)]. NR data arises
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in additional locations [(w;,wey — w;),(wj, weg — w;)]. The additional separation of NR data
allows for better data separation and amplitude measurements.

In the (wey — wy) region of the 2D VE spectrum, the two NR peaks VJ; and V}; share
the same amplitude with the R contributions, centered on top of the stronger peaks VEyk.
The peak labelled V% is equal to the pathway intensities V% + V%R as those two pathways
share spectral coordinates. The intensity of pathway V&R is not directly observable in the
spectrum. However, we can use the intensity of V&-NR instead because the two pathways share
the same four dipole moments and are equal in intensity. The fact that the pathway V%NR is
well isolated allows us to make a direct measurement of that signal contribution. The total
signal strength of the peak labelled Vgi can be written as the intensity of pathways Vfi —i—VEjNR
to distinguish the different contributions to signal observed at this (w;,ws) coordinate. To
clarify the separation of pathway intensity and peak intensity, signal strength of peaks are
denoted by spectral locations (S(wi,ws)) and signal contributions of individual pathways
are denoted by pathway symbols (S(N72 ). The example discussed above is expressed in

my,m2
Eqn. 3.13.

(3.13)

By way of example, pathways ISO and IIE’i are clearly overlapping and impacting the apparent
intensity, making a comparison without fitting unfruitful. By only considering NR data,
the negative tilt limits the extent to which the pathways overlap. Using the NR signal,
measurement of p9/p" = | /S(1%)/S(Ili;) improves from 2.61 to 1.48. We note that the
value of the ratio obtained from the Hamiltonian is 1.40.

Vibronic pathways with four distinct dipoles, which always experience a coherence in 7y,
respond non-isotropically to magic angle experiments. Due to the four separate transition
dipoles there is a non-zero angle subtended either by the two vibrational dipoles and/or

by the two vibronic dipoles. The amplitude of the ZZZZ+2YYZZ signal falls as the cosine
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of that subtended angle. Fortunately, the linear combination of geometries (ZYYZ-ZYZY)
grows as the sine of that same angle (Eqns. 2.14 in Ch. 2). [62] Pathways for which this
angle is zero respond isotropically under magic angle and ZZZ7Z+2YYZZ conditions. As a
consequence of all 75 coherences involving the same two dipoles, normalized intensities in the
ZYYZ-ZYZY combination are a function only of the transition dipoles which interact with
the probe and signal fields. Thus, this linear combination not only enhances weak pathways
by eliminating pathways with a 7 population, but can also be used as a metric to test the
validity of assuming an isotropic response. Using the procedure outlined here, analysis of
dipole orientations in Sec. 3.5.2 and signal amplitudes in Sec. 3.5.3 is restricted to pathways

that follow the isotropic responses.

3.5 Discussion: Extracting Hamiltonian Parameters from 2D EV and 2D VE
Polarization-Selective Spectra

In this section, we demonstrate how peak positions and amplitudes of the spectral features
in the 2D EV and 2D VE spectra encode information about vibronic coupling parameters,
vibronic dipole orientations and NCEs. Each of the following analyses can be performed
in either 2D vibronic spectroscopy but a combined analysis provides additional molecular
insight. For example, better peak separation in the ws dimension in 2D EV enables ac-
curate measurement of vibronic state energies, but sampling a broader range of vibronic
transitions renders 2D VE substantially more sensitive to NCEs. We will demonstrate that
signal positions in 2D vibronic spectroscopy report directly on Hamiltonian eigenstates. The
comparisons of 2D signal amplitudes inform calculations of selected vibronic dipole strength,
reporting on Huang-Rhys displacement and Duschinsky mixing. Measuring changes in dipole
orientation gives additional insight into the extent of Duschinsky mixing. Finally, both 2D

signal amplitude and anisotropy are revisited in the context of NCEs.
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3.5.1 Signal Positions: Eigenstate Energies

Signal positions in 2D VE and 2D EV spectroscopy report on eigenstate energies and do
not depend on complicating factors like the orientational response or relative amplitudes.
The relatively narrow line widths of vibrational coherences manifest in peaks which are well
separated along the detection axis in 2D EV spectroscopy. To highlight the advantages of 2D
vibronic spectroscopic signals, this discussion assumes that Hamiltonian parameters for the
ground electronic state, such as the bilinear coupling B;; and mechanical anharmonicities
(giii and gj;;), have been determined by other means. We also assume the relative strengths
of grounds state vibrational dipoles (u%‘/u7) are known. The ground state vibrational
anharmonicity (Ag), may be deduced from 2D IR measurements, and is not observable in
2D EV spectroscopy. The excited state anharmonicity (A,/) can be found by comparing
the w3 position of several pathways in 2D EV spectra. Pathways Ié,o and II‘(§70 appear at
frequencies wy and wy respectively. Table 3.2 relates measured and calculated eigenstate
energies from ws pathway position, or difference in position of two pathways, as labelled
in Fig. 3.6. There is general agreement within the precision of the FFT. The 2D signal
positions are directly sensitive to the Hamiltonian parameters which describe the model
system. The energy splitting, A, x, reports on the strength of quadratic vibronic coupling
(Vi) for each mode. Additionally, ws positions of 2D EV pathways Iy 4, 1l o, I{m, and ”J;),O
report w; = 1,834.4 em™!, wy =1,805.9 em ™, w; = 2,058.3 em™!, and wj = 2,042.2 em ™,

respectively.

Table 3.2: Measuring Eigenstate energies by signal positions measured in cm ™. Hamiltonian
values are taken as the difference of eigenstate energies of the diagonalized Hamiltonian. (Egs.
3.2 and 3.4). Simulated values represent the difference in local extrema along ws of peaks
labeled in Fig. 3.6 (b).

Aeg,i Aeg,j Ai/ A]/ Ai’j/
Simulated =285 | -16.1 | -14.3 | -36.8 | -10.3
Hamiltonian | -28.24 | -14.75 | -14.99 | -38.23 | -10.79
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For the case considered here, B;; = V;; = 0, and Ay, = Vir. We note that V;; and
Vi collectively impact the eigenstate energies so measuring A,y fails to recover Vi in
isolation. However, the error can be quantified since Ay reports on the V;;. Measuring
values of A;j; on the same order of magnitude as Ay informs the experimentalist about
the relative strength of these two parameters. We also note that A, is a direct measure
of the excited state Duschinsky mixing. It is important to note that several locations in
the 2D EV spectrum report on the same energies. For example, pathways Il and V share
an ws coordinate and the quantity A, affects signal positions for both vibrational modes.
Therefore, Ay can be measured as the difference in ws positions of any combination of
pathways |l or V with any corresponding pathway VI. Figure 3.8 shows the simulated 2D EV
spectra for a range of values for Vj;. The ws position of pathways Il along ws = w; remains
unchanged as Vj; varies, shown by the two positive features at zero along the vertical axis for
all plots in Fig. 3.8. When|V};| >> 0, the pathways IV — VI are well removed from pathways
[1l. The separation between Ill and other pathways enables direct amplitude comparisons
of pathways Il and | which is a measure of the mode specific Huang-Rhys parameter (Dy).
The structure of the other three eigenstates move in unison, as shown by the three parallel
sloped lines in Fig. 3.8 (a). Their relative positions are defined as Ay ; and A/, labelled in
Fig. 3.8 (a), and are influenced primarily by V;; and g;;; respectively.

Vibrational anharmonicity in the excited state can be measured with transient 2D IR,
however that is a fifth-order experiment [22,169-171] with substantially weaker signals. Here
we can access the same information in a third-order experiment. In special cases, transient-IR
spectroscopy can correctly measure Vj; or Vj;, with the stronger signal strengths associated
with third-order spectroscopies. However, the correct interpretation of transient-IR measure-
ments may suffer without the w; resolution afforded by 2D EV as discussed previously, [62]
complicating the direct link between signal positions and parameters in the vibronic Hamil-

tonian.
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Figure 3.8: Signal Position Dependence (a) Calculated ws positions of nearly overlapping
pathways plotted as a function of the excited state frequency shifting (V};). The spectral
effects of this shift are seen in the lower plots (b-e). A box showing the frequency of the
three shifting energy levels, shown on right, moves as a single unit relative to the unshift-
ing ground state frequency (blue line). As the system transitions from blue-shifted (b,c) to
red-shifted (d,e) the spectrum becomes congested and difficult to decipher by eye. Similar
molecular systems can present drastically different spectra, depending on the excited state
vibrational energy shifts aiding or hindering pathway separation in ws. Besides Vj; all sim-
ulation parameters were held constant to those described at the beginning of this section.
The wy positions also shift corresponding to the shifting eigenstate energies. Labelled energy
splittings combine to fully describe the energy of all measurable eigenstates for each mode.
Contours at £(0.01, 0.02, 0.04, 0.08, 0.12, 0.16, and 0.20). Plotted area corresponds to boxed

region of Fig. 3.6 (b).

3.5.2  Anisotropy: Transition Dipole Orientation

Polarization-selective 2D VE and 2D EV data provides information about the orientation

of vibrational and vibronic dipole moments in the molecular frame relative to the electronic
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transition. The intensity of each nonlinear pathway in a 2D vibronic spectrum is the product
of the orientational response (Va) and the vibronic response (R%*). By comparing the
amplitude of the same pathway in two different experimental polarization geometries, the
vibronic response is eliminated and we gain information restricted to dipole orientations.
Table 3.3 demonstrates the efficacy of angle extraction from 2D EV spectroscopy by summa-
rizing the extraction of dipole angles for pathways | — IV in the spectral simulations shown

in Fig. 3.6. Pathways V and VI can exhibit the four angle dependence and are omitted.

Table 3.3: Summary of relative dipole orientations measured from 2D EV amplitudes. Angles
92’55, determined by the anisotropy ,r(f), represent the angle between vibronic dipoles p®®
and vibrational dipoles pu“?. Signals with measured anisotropy values outside the range
(—0.2 < r < 0.4) are marked by (*) and have an angle assigned by the corresponding
extreme (0°). Hamiltonian (Ham.) values follow from the diagonalization of the material
Hamiltonian (Egs. 3.2-3.5) and are calculated as the corresponding differences in angles

found in Table 3.1.

Sym. r(0) pu*® ped «92:‘; Ham.
lhy 0.097 p*¢ ' 453 45.0
be 0401 po 47 0.0 0.0
o 0203 po9 p 350 351
Iho 0368 po9 ' 134 125
i, 0279 p p' o 266 377
Iy 0396 p® @/ 44 73
i, 0239 p®" b 312 4238
Wy 0403 p®" @/ 0.0° 28
IVZ 0348 pO"  p" 171 241
IV 0399 p0" pd% 20 48

Table 3.3 accounts for determining the orientations of all three vibronic dipoles included in
2D EV spectroscopy via multiple pathways. Anisotropy was determined by the combination
of parallel and crossed data: r(0) = (ZZZZ-YYZZ)/(ZZZZ+2YY ZZ), using the extreme
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of each peak to measure intensity. All angles were calculated directly from the anisotropy
relationship: r(0) = 1/5(3cos*(8) — 1). Peaks with a measured anisotropy slightly in excess
of physical bound (0.4) marked with an asterisk (*) and have angles assigned § = 0.

Each calculated angle is produced by the appropriate sum of angles between pu® and p®
in Table 3.1, thus calculated angles for pathways | and Il match the values in Table 3.1.
Comparing the extracted relative angles to the calculated angles, we note that the angle
recovery is more accurate better separated pathways (I, Il, 1V) and less so for pathways
[1l. Pathways Ill are often near pathways V, which can obscure the anisotropy of a single
pathway. The extracted angles allow us to spatially map coupled vibronic coordinates on
the molecular frame.

Measuring the reorientations of vibrational dipoles in the excited state gives insight into
the extent of Duschinsky mixing. An approximation of the Duschinsky mixing can be made
by considering how far modes ¢ and j rotate in the molecular frame relative to the ground
state vibrations normalized to the angle between the ground state vibrations (68:; measured to
be 45.3° in Table 3.3). The ratio of angles (65", /6)"; = 10.3/45.3) and (67, /60" = 13.4/45.3)
report on the extent of the excited state rotation. The measured values in table 3.3 lead to
unitless quantities of 0.23 and 0.30 of 0,,,,., for modes ¢ and j, respectively. These values
correspond to an extracted V;; of approximately 0.3, which is greater than -0.24, used in the
simulation (see Fig. 3.4). The above ratios directly compare the orientations of the ground
and excited state, and are therefore exclusively sensitive to Duschinsky mixing, excluding

any ground state bilinear mixing.

3.5.8  Signal Amplitudes: Transition Dipole Strength

Just as comparing amplitudes of individual pathways normalized out the vibronic response
to allow for orientational analysis, specific experimental polarizations can eliminate the ori-
entational response for the analysis of dipole strengths through 2D peak amplitudes. Gen-
erally, 2D vibronic experiments performed at the magic angle or the linear combination of

(Z777+2YYZZ) signals produce the isotropic vibronic response, which is dependent only on
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dipole strength. Forgoing any orientational response, the strength of the vibronic response
for each vibronic pathway is proportional to the product of the four involved dipole moments.
The following analyses (Eqs. 3.13-3.17) reference pathway symbols to reflect the intensity
of a given pathway. For reference, pathways discussed below are listed in tables 3.4 and
3.5 along with (wy,ws) positions, pathway type: R, NR, absorptive, and the four transition
dipoles that contribute to the amplitude.

Table 3.4: Pathway Dipoles of 2D EV Spectra

Pathway | Type w1 w3 Contributing Dipoles

i 0,0 0,0/ 0,7 0,i
Ilo70 ABS Weg Wi | M H 2 ’ M ’

0,0’ 0! 0!

||i0,0 ABS Weg wy | ut

. . y ) )
|||=70 ABS Weg + wir | w; MU,Z MO,z MO,Z Mo,z

- y y . .
IIIJL0 ABS | weg + wir | wj PO 08004

The 2D EV and 2D VE spectra in Figs. 3.6 and 3.7 report peak amplitudes, distinct
from pathway intensity. For well isolated 2D spectral regions, there is only one pathway

contributing intensity to each peak. Elsewhere, multiple vibronic pathways share (ws,ws)

0

coordinates (e.g. pathways V{; and V&-R). When multiple pathways combine constructively
or destructively, effective contributions must be separated prior to dipole comparisons. As
discussed in Sec. 2.6.4 of Chapter 2 [62], careful selection of 75 can eliminate the contributions
of pathways which oscillate in 7. Separation of R and NR signals can also help to resolve
spectrally overlapping pathways as shown earlier.

Calculating the ratio of signal intensities from different vibronic pathways produces useful
information in comparing dipole strengths. We highlight four such comparisons here, though
additional comparisons may be of interest, depending on the system of interest or specific
experimental questions. First, 2D EV spectroscopy provides a direct measure to compare the

vibrational dipole strength in the ground and excited states. Calculations for both modes

may be made in a similar fashion but an example is given explicitly for mode ¢ below.
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Table 3.5: Pathway Dipoles of 2D VE Spectra

Pathway | Type | wq w3 Contributing Dipoles
|80 ABS | w; Weg Iuo,z‘ ,uo,z‘ Mo,o’ MO’O/
II:}i ABS | w; Weg — Aeg,i plt 0t
|||§?0 ABS | w; Weg + Wy i g0 MO,Z” 10 Y
IIIJi-70 ABS | w; Weg + wWir pld a0t 0
Vﬁi ABS | w; Weg — Wi ’uo,z‘ ’uO,i Mi,O’ ,ui,o’
Vi?j R Wi Weg — Wi pt uj’ol ,ui’ol
Vi | NRw Weg — Wj T i i

VIE, | ABS | wi | weg + (wj —w;) + Aggyy | p0F p0%  ptd" i’
VIE, R | wi | weg+ (W) —wi) + Ay | p% p®  phd" by’
Vllj:’i NR | wj | Weg + (wj —wi) + Aggy | p% p " i’
V”},j R Wi Weg — Deg,i pot Nj’il pt
vn;d. NR | wj | Weg + (Wi — wj) + Degi | p0F p% b

w_ Bl (3.14)

Because pathways Iy, and Iy, share the same vibronic dipoles, the ratio of their signal

strength results in a comparison of their vibrational dipoles, and this provides a direct mea-

surement of how the vibrational dipoles shift in strength in the different electronic states.

Second, the determination of mode specific Huang-Rhys parameters is possible in both spec-

troscopies. The calculation relies on comparing the FC factors of transitions p®? and p®*

and is assessed by a number of comparisons as shown below. Equations 3.15b and 3.15¢

respectively represent the comparisons that can be made in 2D VE and 2D EV to measure

the D), for each vibrational mode.
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A key advantage to note in expressions 3.15 is the abundance of available comparisons. Each
instance of pathways | and lll can be related back to the Huang-Rhys parameter, enabling
the averaging of multiple measurements in well defined spectra or an opportunity to still find
this information within a restricted detection spectral window.

2D spectral amplitude also holds information about the level of Duschinsky mixing in
the system. In 2D VE spectroscopy, pathways Ill and V share vibrational dipole moments
allowing for a direct comparison of their vibronic dipoles to inform on this delocalization as
shown in Eqn. 3.16. Signal strength of pathway V is determined using the method outlined
in Eqn. 3.13.

= : (3.16)

As stated in Sec. 3.2.3, excited state bilinear coupling changes the measurement of dis-
placement as the excited state coordinates are rotated and projected onto the ground state
coordinates. Figure 3.9 shows how the comparison in Eqn. 3.16 may be used to approximate
the level of Duschinsky mixing in a system. The trend in Fig. 3.9 provides useful information
in multiple ways. First, in the unmixed limit the DHO. prediction ( (g;0le; k') = (g; kle; 0'))
holds, so the ratio approaches unity for both modes. Second, anharmonicity plays only a
minor role in the pertubative limit and therefore might be excluded from consideration in

approximating the extent of mixing. Third, the sign of V;; may be determined by comparing
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the effect in both modes. As the excited state becomes further mixed, each mode experi-
ences the oppositely signed effect. Positive values of V;; increase the dipole ratio in the higher
frequency mode and vice versa. Fourth, as a consequence of the third point, we are better
equipped to distinguish between Duschinsky mixing and Herzberg—Teller coupling. Figure
3.5 shows Herzberg—Teller coupling increasing the intensity of all pathways with lower FC
overlaps. Here, the oppositely signed effect in each mode allows us to attribute these intensity
shifts to Duschinsky mixing altering the FC overlap, rather than an increased Q-dependence

of the electronic dipole.

Ratio of Igipole Magnitudes

Figure 3.9: Duschinsky Mixing Measured in Dipole Magnitude: Ratio of p®* /;*%
as a function of Duschinsky mixing. Both modes respond in opposing manners for opposing
signs of coupling. The parameter V;; normalized to |w; —w;|. Only V;; is varied in plot. Case
1) Represents the modeled molecular system. The parameters B;;, V;, V;, giii, and g;;; match
the modelled molecular system. Case 2) demonstrates the low impact of anharmonicity on
this measurement by varying only slightly from case 1. The parameters B;;, V;, and V; match
the modelled system but g;; = gj;; = 0. Case 3) Shows the effect the linear coupling terms
Vi and Vj in harmonic oscillators. The parameter B;; matches the simulation g;; = g;;; = 0.
The parameters V; and V; are set such that D; = D; = 0.5 (Eqn. 3.6). Black diamond
indicates the value of V;; used in the model system calculation.

Another avenue by which we access a measure of the Duschinsky mixing is through the
strength of dipoles in which the vibrational character changes. Thus, properties of the mode
switching transition dipole (p*7") also prove to be of interest. While these transitions are

typically forbidden, 2D VE spectroscopy may be more sensitive to their detection. Ideally,
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each ground electronic state vibrational mode would be compared to each electronically-
excited vibrational mode. For example, a comparison of the FC factors in the transitions
w7 and p7" could yield insight into the similarities of modes j and j'. Spectral congestion
in the present simulated 2D VE spectrum affords one such comparison, shown in Eqn. 3.17.
Any comparison of 2D VE pathways Il and VIl leads to further understanding of how the
FC overlap between a single vibration in one state is split between the modes in the other

electronic state.

(3.17)

Table 3.5 highlights that multiple pathways overlap and complicate this measurement; there-
fore, pathway amplitudes are determined by relationships like: S(VII{i) = S(wi, Weg + (w; —
wi) + Aeg i) — S(VIILNR). While poor peak definition of pathways Ii; and IIj:,j inhibits this
comparison for the present system, the effect can be discussed qualitatively. The considerable
strength of pathway VII{i and weak presence of pathway IIj:’j are further evidence for excited
state delocalization.

A summary of dipole strengths measured through ratio of pathway amplitudes is found in
Table 3.6. Calculations of Eqn. 3.15b and 3.15c¢, found by four separate comparisons report
the mean of the measured value. Pathways which are more well separated better recover
the calculated values. The determination of D; from 2D EV data is superior to that of the
2D VE data as pathways Ill in the 2D EV spectrum are isolated while pathways Il in the
2D VE data contend with contributing amplitude from pathways IV and VI. Clearly the
measurement from Eqn. 3.17 lacks accuracy due to the proximity of pathways | and Il. Both
Duschinsky mixing and Huang-Rhys displacement are of great interest to the electronic
spectroscopy community, but are difficult to measure directly, requiring assistance from
additional modeling. [123,140,142,153,172] Here, calculations of dipole orientation and dipole

strength, demonstrate the sensitivity 2D vibronic spectroscopy to both effects.
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Table 3.6: Dipole strengths measured from simulated spectra and determined from the rela-
tionships discussed above. Hamiltonian values refer to ratios of dipole strengths which result
form material and interaction Hamiltonians.

Eqn. # | Mode | Relationship | Measured | Hamiltonian
15 i I 0.80 0.899
15 ] /7’ 1.50 1.567
16 b i D; 0.60 0.523
16 b ] D; 0.42 0.303
16 ¢ i D; 0.46 0.523
16 ¢ ] D; 0.29 0.303
17 i p ) 1.67 1.964
17 ] pf7" ) 1.16 1.394
18 i )t 1.73 0.689

3.5.4 Non-Condon Effects

Section 3.3 described a method by which NCEs could impact not only the magnitude but
also the orientation of individual vibronic dipoles. This Section explores the consequences
of that angular and magnitude dependence. As described in Eqn. 3.12, the NCEs depend
on adjacent transition intensities. Figure 3.10 shows the isotropic amplitude and anisotropy
parameter (r) for selected 2D VE pathways as a function of non-Condon expansion coefficients
M and 1. Generally, the pathways show an increase in response to the intensity borrowing
described by the first-order NCEs. Interestingly, the sign change from p) to p® is not
always consistent. There are clear indications to the presence of NCEs; chief among them
is the amplitude seen in pathway VIIJ'!?J- which is negligible under the Condon approximation
due to the nearly zero FC overlap of states |g;01) , |e; 1'0"). Assigning strength of NCEs from
individual pathways is non-trivial as first- and second-order effects can a single pathway in

opposing ways. Unfortunately, an experiment cannot selectively measure a response with
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and without NCEs. As a result, these effects should be understood through the most useful
lens: their apparent effect on a normalized spectrum. Therefore, the weak presence of ;(?)

effects in the 2D VE pathways IIj:’j and VIILJ-, manifesting as a decrease in amplitude.
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Figure 3.10: Non-Condon Effects on Selected Pathways: Pathway intensity is plotted
in (a) and (b) for increasing first- (1#™") and second-order (1(?)) NCEs, respectively. Pathway
Anisotropy is plotted in (c) and (d) for the same conditions. In panels (a) and (c), u® = 0. In
panels (b) and (d), u® = 0.25. These values of ") and p? map directly onto transitioning
from case (i)-(iii) for each dipole in Fig. 3.5. Pathway intensity responds non-uniformly as the
result of each expansion term. Only through NCEs does pathway VIIJid- have any measurable
intensity. For some pathways, both first and second-order effect increase amplitude, others
strengthen under first-order NCEs and weaken under second-order NCEs. The NCEs in
anisotropy plots range from indiscernible for pathway IIiJ-, to slightly positive or negative for

A% VIIJ-;’J-), to drastic for pathway VII; ;.

Generally, the 2D VE spectrum experiences a larger shift in peak intensities as a function
of NCEs because it samples many more electronic transitions within the vibronic progression
than the 2D EV spectrum. For the system simulated here, the 2D EV spectrum is almost
entirely insensitive to the second-order NCE whereas most pathways in the 2D VE spectrum
measure some level of amplitude modulation. Of particular note, the 2D VE pathway VIILJ-

has negligible intensity under the FC limit and, under p*, has magnitude similar to allowed
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transitions because they gain strength from neighboring allowed transitions. They respond
weakly to u(? because under that term of the expansion, they are gaining intensity from other
forbidden transitions. The amplitudes of peaks arising from pathways VII do not necessarily
confirm the presence of NCEs in and of themselves. While it is true that some pathways show
enhanced sensitivity to NCEs, it is possible to encounter a system with significant overlap
between |g; 10) , |e; 0'1") and |g; 01) , |e; 10’). Such a system would have a highly mixed excited
vibrational manifold in which the first mode loses much of its ground state character - an
effect which should be detectable in the amplitudes and orientations of transitions discussed
in Secs. 3.5.2 and 3.5.3. For example, effects in the relative FC amplitudes of 2D VE
pathways IIj:’j and VIIi; are observed. In the absence of NCEs, the amplitude of pathway VIIi;
exceeds that of pathway IIij7 indicating a considerable Duschinsky rotation in the excited
state vibrational manifold. However, if first-order NCEs do play a role, then the pathway
VII intensities are expected to increase substantially. The reason for the increase is the fact
that their forbidden vibronic transitions lie adjacent to allowed transitions with significant
overlap (e.g. |g;0,1) — |e; 1’0") borrows intensity from |g;0,1) — |e;0'0')). As seen in the
amplitudes of 2D VE pathways V, these are strong dipoles. Abnormal intensities for 2D VE
pathways VII can be treated as an indication of NCEs, prompting further experimentation

and consideration in more rigorous analyses.
3.6 Conclusions

In this chapter, we made use of a simple model material Hamiltonian with linear, quadratic,
bilinear, and cubic perturbations, expanding on previous work to couple multiple vibrational
modes of arbitrary frequency and orientation. Under the Born—Oppenheimer approxima-
tion, we described the relationships between Hamiltonian parameters and vibrational and
vibronic dipole orientations, that account for the nuclear dependence of the electronic tran-
sitions cast in the molecular frame. Further, we tracked the orientational response as dipoles
responded to first and second-order NCEs. Using the model Hamiltonian and the nonlinear

orientational response functions detailed in chapter 2, polarization-selective 2D EV and 2D
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VE spectra were simulated. The 2D peak positions, amplitudes and anisotropy were used
to measure the relative orientation and amplitude of each dipole created by material Hamil-
tonian, the Huang-Rhys parameters and Duschinsky rotation. Finally, we elucidated how
NCEs can both scale and rotate dipole moments through a complete treatment of the ex-
panded vibronic dipole moment, and the surprising influence of the NCEs on the 2D vibronic
spectra was discussed thoroughly. All of these pieces fit together to answer the question left
open by Ch. 2, [62] where the discussion of the spectra was in the context of generalized
eigenstates and transition dipole moments: What gives rise to these unique eigenstates? We
identify the origin of those eigenstates and transition dipoles, and calculate their impact on
2D vibronic spectral observables. We then perform the analysis in reverse, starting with the
2D spectra to tease out the Hamiltonian parameters describing the physical and dynamical
properties of the molecular system which generate these spectra. In doing so we provide
an intuitive framework for future investigations to build molecular-level understanding with
confidence in the information measurable by these 2D vibronic spectroscopies. In this study,
two anharmonic vibrational modes are treated explicitly. However, the approach accommo-
dates an arbitrary number of anharmonic oscillators, describing any number of vibrational
coordinates including solvent interactions, and inter/intramolecular modes that are dark to
the experiment. We expect that the inclusion of bath-induced population and coherence
transfer processes will impact the extraction of angular information depending on the cou-
pling between the system and the bath. The continued experimental development and use
of 2D VE and 2D EV techniques will depend on the concurrent advances in theoretical

treatments of vibronic coherent dynamics in simulating experimental 2D vibronic spectra.
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Chapter 4

COHERENCE TRANSFER IN TWO-DIMENSIONAL
ELECTRONIC-VIBRATIONAL SPECTROSCOPY

4.1 Introduction

This chapter reports on more recent developments in the field addressing the manifestations
of coherence transfer, specifically in two-dimensional electronic-vibrational spectroscopy (2D
EV). It describes recent work which outlines how the breakdown of the Born—-Oppenheimer
approximation leads to ultrafast 7, coherence transfer in the model proton transfer system 10-
hydroxybenzo[h]quinoline (HBQ). The excited-state intramolecular proton transfer (ESIPT)
has been well studied to undergo a barrierless transition in less than 15 fs [3,173, 174],
which agrees with in silico work [175]. This transfer is well under the time duration of well-
compressed pulses used in current electronic and vibronic spectroscopies [23,36,110,116,176,
177], as vibronic spectroscopies are often limited by a bandwidth compression limit of both

the electronically and vibrationally resonant pulses.

Typically a light—-matter interaction prompts a change in the state of the system. Each
additional pulse of light in an experiment constitutes another instance at which the state
can change. Third-order nonlinear response theory assumes coherences and population states
simply decay between light-matter interactions, limiting the number of possible states ac-
cessed during experimental time to those reached explicitly by the successive application
of bra and ket side interactions of the related Feynman diagrams [40, 62, 63,85, 126]. Ad-
ditional states may be accessed during the experiment through coherence or population
transfer events, in which the system progresses into a new coherence or population with-
out the prompting of a light—matter interaction. This phenomenon has been observed and

modeled in experiments ranging from purely vibrational coherence transfer [15], to vibronic
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coherences of mixed electronic and vibrational character [178], and further discussed in the
optical regime [179] Population transfers have been specifically leveraged in vibrational spec-
troscopy to enable isolation of specific subsets of ensembles for study [180]. Recently, work by
Gaynor et al. [38] tracked the 7 dynamics of a vibronic coherence in a Ruthenium-centered
solar cell dye molecule, N34~ partially reviewed in Sec. 2.6.2. This 3D EV experiment
monitored multiple vibronic states over the course of 7. It used time—frequency analysis to
show oscillations between those two coherences, each one growing and dying in time with the
other. These results show how vibronic interactions are both utilized in molecular systems
undergoing a host of excited state dynamics and are readily measured and tracked by these

vibronic spectroscopies.
4.2 Born—Oppenheimer Approximation and Proton Transfer

The Born—Oppenheimer approximation is key to simplifying complex vibronic interactions
and is commonly invoked to separate problems into distinct electronic and nuclear compo-
nents. It states that nuclei are sufficiently large and therefore sufficiently slow-moving that
they are effectively stationary on the timescale on which electrons move [158]. Pointedly,
electronic structure calculations often assume a single averaged geometry of fixed nuclear co-
ordinates. Even our own formalism is informed by the work of Ballhausen [159] which treats
distinctly separable states as described in Sec. 3.1. This assumption has been incredibly
successful and has been invoked consistently to help researchers, ourselves included, parse
difficult problems, like developing models for these spectroscopies [40,62,63]. For light nuclei,
specifically protons, which may undergo rapid motions, transfers, or tunneling events, a full
quantum mechanical treatment is necessary [181-183].

A recent set of experiments explored the ESIPT of HBQ through the use of two- and
three-dimensional Electronic-Vibrational spectroscopy. HBQ is used as a model for the
ESIPT process because of its size, calculable tractability, solvent-dependent behavior, and
chemical tunability. Among the analyses produced in those experiments is key evidence for

HBQ violating the Born-Oppenheimer approximation seen through the origin of an excited



99

state emission (ESE) signal which arose from a 7 coherence transfer. The most intense
features (excited state absorptions, ESAs) were measured at the red edge of the enol—enol*
(E—E*) transition energy (shown in Fig. 4.1). An initially unexplained set of features arose
at an energy lower than expected, which resulted in the following analysis.

The primary feature in the 2D EV spectrum is a series of ESA peaks centered in w
just to the blue of 2.55 x 10*cm™!. These positively going features are generated from a
similar pathway in which, following both pump pulses promoting the system into the E*
state and the ESIPT shifting the system into the keto™ (K*) geometry, the probe pulse is
absorbed. These ESA peaks report directly on the vibrational manifold of the K* state.
Each peak within the column labeled ESA constitutes a different vibrational mode in the
keto*™ state coupled to the excitation. These peaks coincide, in w;, with the red edge of
the spectral bandwidth of the probe pulse and the red edge of the E—E* transition. The
unexpected data then, come in the form of spectral intensity lower in w; than the pump
pulses’ bandwidth. Any explanation must explain a 7; coherence energy gap that is not

directly excitable via the pump pulse.
4.3 Coherence Transfer Observed in 2D EV spectra

The negatively going ESE signals spanning ~ 2.40-2.47 x 10*cm™! in w;, provide unique
insight into the excited state enol to keto tautomerization process. The ESIPT has been
well studied experimentally to proceed without barrier in less than 15 fs [3,4,173,174] which
agrees with recent in silico work [175]. These signals originate from a coherence transfer
occurring during 7y in experimental time, which is modulated by a high frequency mode.
Coherence and population transfer events have been discussed and observed in the vi-
brational [11], electronic [178,184], and vibronic spectroscopies [38,40,62,63]. They are
generally observed in connection with long-duration transitions, tracked over hundreds or
thousands of femtoseconds. These data result from a distinct process in which the coherence
transfer enables the observation of the ESE signal. While ESE signals can be produced in

EV spectroscopy, their origin is tied to accessing a vibrationally excited state, oscillating in
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Figure 4.1: HBQ structure and EV Surface (a) Two-Dimensional Electronic-Vibrational
spectrum of HBQ taken at 75=250 fs. The primary signals at ws= 1450 cm~! form an ESE
and ESA. Boxes relate to the integrated areas used in analysis represented in Fig. 4.2. (b)
Structure of HB(Q shown in the enol and keto forms, before and after ESIPT. (c) Simplified
energy landscape of HBQ. The electronic excitation(blue arrow) is from (E)—(E*) states.
The proton transfer occurs balistically on the order of 12 fs. The system is then probed
(green arrow) in the (K*) electronic state while the system undergoes a series of intersystem
crossings (IC), intramolecular vibrational relaxations (IVR) and vibrational Cooling (VC).
Note that the frequency of the ESE is less than the (E,E*) energy gap.

wy at frequencies higher than w,. If it were not for the rapid transfer event, the system
would not access a vibrationally hot state required for the emission process. This consti-
tutes a direct observation of the Born-Oppenheimer approximation breaking down as the
nuclear and electronic degrees of freedom are simultaneously and cooperatively undergoing
this transfer. Not only are these nuclear degrees of freedom crucial to the production of the

ESE signal, but also in modulating the transfer, seen in its oscillation over the course of 7.

Following a procedure similar to previous work [38], a sliding window FFT over 7, was
performed with a 5 fs width, 1 fs two-sided hyperbolic tangent rise/decay, in 1 fs steps. This
produced a time domain signal correlating to the regions of 7, which most strongly contribute

to the EV signal. Both the ESA and ESE were fit, omitting the first 12 fs. The ESA fits a
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Figure 4.2: Time Frequency Analysis of ESE Along 7;: Possible coherence transfer
pathways are shown in (a) and (b) which might produce the negatively going features at
w1=2.40-2.45x10* cm™'. Coherence transfer occurs between the E* and K* states, which
produces the lower frequency oscillation during 77. A second coherence transfer is required
for the system to terminate in a population state. This can occur during in either 7 or 73
shown in (a) and (b) respectively. (c) 71 dependent signal contribution (details in text) of
the ESE and ESA region. Dashed line shows the noise floor for each region, determined in
the same manner as used for ws beat maps. The ESA has an appreciable intensity at 7,=0
and decays over that period. The ESE grows in over the first 12 fs and then clearly oscillates
in 77. (d) Time domain fitting of the ESE signal shown in (c). Data omitted from the fit
(related to the growth of the signal) is shown in red.

single exponential decay with a time constant of 13.1£0.5 fs. The ESE fit the decaying sum
of two sinusoids (equation inset of Fig. 4.2 (d) with an equivalent time constant 12+2 fs and
frequencies 755450 cm ™! and 1405490 cm™!. the low-frequency mode Joo and co-workers
attributed to the non-Born-Oppenheimer dynamics in 2020 [4].

Informed by modeling of the third-order response theory and accounting for all non-
coherence transfer pathways [40,62,63], it is clear that these signals exclusively arise from a
71 coherence transfer producing an ESE of the excited state keto* state. Feynman pathways
can be found in reference [62] and a discussion of how peaks move around in (wy, ws) space

in reference [63]. Their negative sign eliminates the possibility of an ESA pathway. As, in a
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Figure 4.3: 7o Dependence of ESE Signal in HBQ: The general oscillatory behavior
of the ESE along 7, is preserved throughout 7. Further the mean behavior of the system
retains its phase of oscillation indicating this is primarily a 7; phenomenon which is only
modulated by the system’s behavior in 75 or 73.

GSB, k; and ks interact on the same side of the Feynman diagram and ks returns the system
to the ground state, the system must evolve in 7 at a frequency resonant with the ko field.
Thus, only the ESE pathway is capable of producing signals at this low w; region. However,
the ESE pathway is incapable of producing a low w; frequency coherence in the absence of
a population or coherence transfer. Proposed Feynman pathways involving a 7 and 75 or 73
coherence transfer are shown in Fig. 4.2 (a) and (b) respectively. The fit data shows a strong
oscillation in 7y and that behavior is largely replicated along all of 75 (shown in Fig. 4.3),
suggesting that this transfer occurs within the first few femtoseconds of experimental time.
Finally, as seen in Fig. 4.2 (¢) the ESE signal grows in during 71 in contrast to the initial
amplitude seen in the ESA. This suggests that the ESE coherence is initiated as a transfer
during 7. While this does occur within the IRF of the experiment, it happens on the same
timescale on which others have observed the proton transfer [3,4,174]. The fact that each
ESE arises at a probe frequency equivalent to an ESA peak indicates that both sets of peaks

are reporting on the same vibrational manifold. This is consistent with the timeline that a 7
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population transfer occurs during the ESA pathway. For all the data shown, we are probing
the vibrational manifold which sits atop the electronically excited keto* form.

This is direct evidence of the Born—Oppenheimer approximation breaking down in ESIPT
systems. This is not surprising, but instead rather encouraging, as these spectroscopies
are specifically sensitive the coupling between nuclear and electronic degrees of freedom.
The Born-Oppenheimer approximation assumes that coupling is negligible. Signals from
outside the bandwidth of the pump pulses requires a sub-ensemble of the system to access
states during 7 which are non-resonant with those energies. Further, the sign of these
signals indicates a vibrational hot state proceeding though an ESE pathway. These two
effects combine to restrict origin of these signals to electronic states which are strongly
coupled to specific vibrational modes, but not necessarily optically accessible. In addition
to directly reporting on coupling in the electronically excited manifold, this demonstrates
the feasibility for future experiments to purposefully investigate dark electronic states in a

pseudo-background free manner.
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Chapter 5

X-RAY PUMP X-RAY PROBE TRANSIENT ABSORPTION
SPECTROSCOPY: MODELING AND COMPUTATIONS

Relevant publications, with the permission of AIP publishing:

e [64] Chelsea E. Liekhus-Schmaltz, Phay J. Ho, Robert B. Weakly, Andrew Aquila,
Robert W. Schoenlein, Munira Khalil, and Niranjan Govind. “Ultrafast X-ray pump
X-ray probe transient absorption spectroscopy: A computational study and proposed

experiment probing core-valence electronic correlations in solvated complexes”, Journal

of Chemical Physics, vol. 154, no. 21,p. 214107-9, 2021
5.1 Introduction

The advent of multicolor, ultrafast X-ray pulses at free electron lasers (FELs) such as the
linac coherent light source (LCLS), offers the possibility of performing novel X-ray pump, X-
ray probe (XPXP) spectroscopy experiments. X-ray pulses can now be separated by ~30%
of their photon energies, and future technologies will allow experimenters to arbitrarily tune
the energy of one soft X-ray pulse and one hard X-ray pulse at the Tender X-ray Instrument
at LCLS. [56, 185-188] XPXP experiments will therefore be able to measure an atomic
site-specific electronic excitation with an atomic site-specific probe potentially tuned to a
different element to directly measure charge flow in a molecule. For example, with sufficiently
short (~ 100 as) and intense pulses the X-ray pump can be used in a stimulated X-ray
Raman measurement, creating a localized electronic excitation that can be probed with an
X-ray pulse. [189-193] While pairs of different colored attosecond pulses are not currently
demonstrated, longer X-ray pulses can also be used to generate novel, atomic site-specific

excitations to study electronic dynamics.
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Most XPXP spectroscopy experiments have been conducted on gas phase molecules us-
ing electron and or ion coincidence measurements. [194-199] These experiments have suc-
cessfully studied the molecular dynamics of the selected gas phase molecules, and as a re-
sult, considerable effort has been made to extend these techniques into the liquid and solid
phases. [200-204] Recent literature suggests that XPXP techniques [191,205, 206] could be
useful for studying solvated transition metal systems, which are common models for photo-

catalysis and photosynthesis.

Optical or IR pump, X-ray probe measurements have already proven that X-ray absorp-
tion spectroscopy is a useful tool for studying the transient electronic character in solvated
transition metal complexes. [207-211] The limitation of these techniques lies in the pump
energy. While optical pulses can be used to initiate charge transfer and measure subsequent
changes in the valence electronic structure, they cannot initiate or measure changes in the
local charge density around specific atoms. Instead, in an ultrafast, XPXP experiment, we
can initiate complex orbital relaxations and electron motions by specifically ionizing the Fe
atom for example and then monitor the changes via transmissive X-ray absorption near edge

spectroscopy (XANES).

Femtosecond XPXP measurements provide the opportunity to extend these experiments
to both shorter time scales by avoiding group velocity mismatch and by exciting novel elec-
tronic states to study detailed aspects of the electronic structure. Both benefiting and com-
plicating this approach is the added layer of complexity brought by the X-ray pump pulse.
X-ray pulses generate a core hole in the excited atom which is subsequently filled by higher-
lying electrons via fluorescence and Auger—Meitner decay, resulting in the ejection of one or
more electrons and a superposition of many electronic states after a few femtoseconds [212].
Probing this host of new electronic states gives researchers access to previously hidden elec-
tronic interactions; answering questions like: What role do core electrons play in electron
transport processes? How do high-lying core electrons impact the ligand field splitting? The
diversity of electronic states to be probed requires a knowledge of their distribution resulting

from the cascade caused by the X-ray pump pulse.
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While X-ray absorption and emission spectra of solvated systems have been successfully
calculated using time-dependent density functional theory (TDDFT), [213-219] and electron
cascades have been studied in liquid and solid samples, [220] electron cascades have not yet
been studied in solvated transition metal systems to which most state-of-the-art electron
cascade calculations are not readily applicable. In this chapter, we attempt to bridge this
knowledge gap by utilizing an atomic electron cascade calculation [221,222] to guide our

TDDFT-based X-ray absorption near-edge spectroscopy (XANES) calculations.
5.2 Ground State Experimental and Calculated Spectra

We begin by examining the ground state Fe K-edge XANES spectra of K4FeH(CN)6 and
K;Fe''(CN)g to establish the essential XANES features, which will be used as a baseline
when describing the excited state Fe K-edge features in Sec. 5.5, where computational
details can be found. Given that the X-ray pump will produce a highly ionized compound,
we first compare ground state spectra of two analogous compounds, with the oxidation
state of Fe varied between them to provide reference points for understanding the spectra
to come. We present both experimental and calculated XANES spectra of K4FeH(CN)6 and
K3Fe(CN)g. Experimental XANES data were taken at the Advanced Light Source (ALS) at
beamline 10.3.2, and is reproduced from reference [216], where a more detailed experimental
account can be found.

The experimental and calculated XANES spectrum of the Fe'' and Fe™™ oxidation states
of K,Fe''(CN)g are shown in Fig. 5.1. Both K Fe'(CN)g and KsFe(CN)g have B peaks
which are quadrupole transitions from the 1s to e, orbitals and C peaks which correspond
to primarily 1s to 7* orbital transitions (shown in detail in Fig. 5.2). K;Fe(CN)g has an
“A” peak, corresponding to a quadrupole transition from the 1s to tg, orbital, which has
a vacancy in this oxidation state. Both the A and C peaks are significantly modified by
the change in oxidation state with the A peak appearing and the C peak blue shifting as
the Fe oxidation state changes from II to III. The energy splitting between the A and B

peaks is a key signature of the valency of the Fe atom in Fe(CN)g and is a direct measure
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Figure 5.1: Experimental and calculated Fe K-edge XANES of K4FeH(CN)6 and
the complimentary complex K3Fem(CN)6. Both oxidation states have B, and C peaks
which correspond to a 1s to e, and 7* transition. The A peak is only visible in the Fe'!
oxidation state where there is a vacancy in the ty, orbital. The calculated roots are broadened
by 1.5 eV and scaled by 4 x 10* from the raw oscillator strength. Figure 5.2 shows these
transitions in more detail. The experimental data are presented in arbitrary absorption
units.

of the ligand-field splitting, which is 3.3 eV in the experimental spectrum and 3.2 €V in the

calculated spectrum. [216]

While the position of the A and B peaks are well represented by the calculation, the C
peak is less so. The lowest lying roots of the C peak are 1.4 eV removed from the experimental
data and C peak maximum is further removed, more than 3 eV from the experiment. This

discrepancy is largely due to the strong solvent interactions involved in the 7* orbitals,
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which are not fully captured by the implicit solvent model. In our earlier work, [216] we
have shown how the C peak is strongly dependent on the solvent. The C peak is therefore an
important marker for probing solvent—solute interactions. All three of these peaks provide
important insights into the valency, ligand-field splitting, and solvent—solute interactions.
In the subsequent sections, we will show that the XPXP spectrum has similar peaks that
provide additional measures of these properties and provide more opportunity to study these

interactions.

5.3 Conceptual Experimental Overview

3p

>

1s ' K,Fe"(CN),
Fe?* ion

Figure 5.2: Comparison of Atomic and Molecular Orbitals in the Fe Complex:
Atomic orbitals of the bare Fe?" ion are compared with the K4FeH(CN)6 molecular orbitals.
The 3p orbitals in the solvated system are well represented by the ion, while the 3d orbitals
are strongly modulated by the ligands. Also shown are the electronic transitions involved in
the XANES spectrum. We label the 1s to ty, transition “A”, the 1s to e, transition “B”,
and the 1s to 7* transition “C”. The splittings are not drawn to scale. Both sets of orbitals
are drawn with the same isovalues. Orbitals of K ;Fe''(CN)g are further scaled in unison to
show the molecular frame and ligand contributions to e, and ty, molecular orbitals.



109

We will consider the following X-ray pump X-ray probe procedure: a femtosecond X-
ray pump with photon energy above the Fe K-edge removes a 1s electron to initiate an
electron cascade and an X-ray probe that is below the Fe K-edge observes the XANES
signal. The calculated electron cascade informs the XANES calculations by reporting the
type and distribution of both core and valence holes in the system as a function of time.
While we can calculate the Fe K-edge XANES spectrum of K4FeH(CN)6, at this time, it is
not straightforward to calculate the electron cascade of the solvated system. Therefore, to
simplify our calculations, we have performed the electron cascade calculations on an isolated
Fe?* jon, which has the same charge as the Fe oxidation state and low-spin configuration as
in K Fe''(CN)g as described earlier. We then use the resulting electronic configurations to
determine which configurations (holes) to consider as references in our XANES calculations.

The accuracy of this simplification is largely determined by the similarities and differences
between the atomic and molecular orbitals. In Fig. 5.2 we show the 3p and 3d atomic and
molecular orbitals of both the Fe?* ion and K Fe"(CN)g to compare the two. From visual
inspection, we see that both 3p orbitals are very similar. This is because the 3p molecular
orbital is completely composed of Fe atomic orbitals. The 3d molecular orbital shows obvious
differences between the ion and molecule due to the octahedral metal-ligand coordination. In
contrast to the 3p orbital, the Fe ty, orbital is hybridized with the cyanide ligand orbitals. It
is likely, therefore, that electron cascade processes that involve 3p and lower orbitals are well
represented by the Fe?' ion, while those processes that involve electrons in the 3d orbitals

are less likely to be accurately modeled.
5.4 DMonte-Carlo Simulations of Auger—Meitner Cascades

For the electron cascade dynamics, we used our previously developed on-the-fly Monte-Carlo
rate equation method, [223,224] which has been used to model nonlinear X-ray multiphoton
processes and inner-shell relaxation in atoms and molecules. In this method, all electronic
processes are treated as random quantum processes, where the probabilities are weighted

by the transition rates. The rates are computed using the Hartree-Fock—Slater (HFS) elec-
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Figure 5.3: Electron Configurations During Electron Cascade. The probability of the
top ten most likely electron configurations after 10 to 100 fs are shown above. Lines of the
same color have the same lowest electron hole, and lines of the same style have the same
highest electron hole. To prepare for the XANES portion of the calculation, we rely on the
Monte-Carlo electron cascade calculation to identify which holes are the most relevant to a
potential X-ray pump X-ray probe experiment. We see that 3p and 3d orbitals are the most
likely places for an electron hole after 10 to 100 fs.

tronic structure method, which includes relativistic corrections and spin-orbit coupling terms,
following the procedure outlined in reference [225]. We have used this method to study X-
ray interaction with bromine ions. [226] Briefly, we first calculate the non-relativistic HF'S
energies and wave functions for all the occupied and unoccupied orbitals. From these wave
functions and the HF'S potential, the relativistic energy corrections (relativistic mass-velocity
and Darwin corrections) and spin-orbit energies are computed. To compute the inner-shell
decay rate, the non-relativistic HF'S wave functions and orbital energies with relativistic and
spin-orbit corrections are used. We note that these cross-sections and rates are calculated

for spin-averaged electronic configurations, but they are sensitive to the occupation numbers
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and energies of the individual spin-orbit orbitals.

We used 100,000 trajectories to obtain a converged time profile of the cascade dynamics.
The following steps are repeated until the transitions cease. In our cascade dynamics sim-
ulations, each trajectory is started with a 1s hole in the Fe?" ion in the low-spin electronic
configuration to approximate the low-spin K4FeH(CN)6 complex and the rates of individ-
ual Auger—Meitner and fluorescence decay channels are computed. A random number is
then generated to determine if an electronic transition takes place in a given time step. A
transition occurs if the calculated probability of the transition is greater than the randomly
generated number. If no electronic transition occurs, the time step is advanced and a new
random number is generated. If a transition occurs, one decay channel is selected and the
Auger—Meitner and fluorescence rates are computed for the new selected electronic configura-
tion. The time step is then advanced and another random number is generated to determine
if there is a transition. These steps are repeated until there are no more transitions. From the
time history of these transitions, the time profile of all participating electronic configurations

can be computed.

The result of the electron cascade calculation is shown in Fig. 5.3 where the top 10 most
probable electronic configurations after 10 to 100 fs as displayed. These electronic states
compose 75% of the total population at the start of 10 fs. We see that the original 1s hole
has resulted in configurations with primarily 3p or 3d holes. Some of these configurations
have additional lower lying holes in the 3s orbital. The probability of having a vacancy in 2s
or 2p after 10 fs is small. The remaining states not shown in Fig. 5.3 also contain primarily
3s, 3p, and 3d holes. Overall, in the 10-100 fs window, more than 99% of the configurations
has one of more 3p or 3d holes and about 17% of these configurations also have 3s hole. For
the rest of our analysis we use the resulting population statistics to motivate studying the

effect of several combinations of 3p and 3d holes on the XANES spectrum of K,Fe''(CN )6-
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5.5 Electronic Structure Calculations of Predicted States

All DFT and TDDFT-based XANES calculations were performed with the NWChem compu-
tational chemistry program. [213,227,228] The PBEO exchange—correlation functional [229]
was used as we have previously shown that this functional is sufficiently accurate to describe
the overall structure, dynamics, and spectra over a wide energy range for solvated transi-
tion metal complexes. [216,217] The COSMO (COnductor-like Screening MOdel) [230,231]
implicit solvation model with a dieletric constant of 80.1 was used to represent the water
solvent instead of an explicit solvent representation to reduce the complexity of the model.
All-electron calculations were performed using the 6-311G** basis set [232,233] for the light
atoms and the Sapporo-TZP-2012 basis for the Fe atom. [234] Previously converged geome-
tries from reference [216] and tabulated in Appendix F were used and were kept fixed for all

calculations.

Having identified 3p and 3d orbitals as the most important electron hole locations after
a 1s ionization event, we now calculate the resulting XANES spectra of the solvated system
with these reference hole configurations. The spectra we generate use the same geometry,
basis set, and exchange-correlation as those in the ground state K4FeH(CN)6 calculation.
The reference hole configurations are generated by converging the Kohn-Sham orbitals with
specified molecular orbital occupancies using the “occup” block feature in NWChem, which
are then used for XANES calculations. By using TDDFT, we acknowledge that the spectra
can only be captured within the space of single excitations. However, we believe this approach
can provide a first order estimate in combination with the appropriate reference. The final
calculated XANES spectra of K Fe''(CN)g in the ground state and five different excited
electronic configurations that involve 3p and ty, holes are shown in Fig. 5.4. Each XANES
spectrum shows the characteristic B and C peaks that represent a 1s to e, and 7* transitions,

respectively.
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Figure 5.4: Calculated XANES spectra of several electron configurations with 3p
and ty4 holes. The spectra are calculated using 100 roots, broadened by 1.5 eV, and shifted
by 143.8 eV to match the K4FeH(CN)6 ground state XANES. The top panel shows the spectra
of electronic configurations with filled 3p orbitals while the bottom panel shows the spectra
of electronic configurations with at least one hole in the 3p orbitals. For easy visualization,
we only plot the A, B, and C peak regions in the main figures. The A peaks are indicated
by arrows. The inset shows the lower energy peaks caused by a 3p vacancy.

5.5.1 Valence Hole States

The first aspect we focus on is the appearance of new peaks in the spectra shown in Fig. 5.4.
There are two main sets of additional peaks that appear, the A peak and a much stronger
lower energy peak around 7060 eV. The A peak appears when there is a vacancy in the ty,
orbital as in the configurations [Ne] 3s* 3p°® 3t3,, [Ne] 3s® 3p°® t;,, and [Ne] 3s* 3p° t5,. The

strength of the A transition also scales with the to, orbital vacancy, which can be seen by

comparing [Ne] 3s* 3p°® t3, and [Ne] 3s* 3p° 3t;,. As well, the splitting between the A and
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B peak increases with the orbital vacancy going from approximately 3.2 eV to 5.4 €V as the
hole vacancy increases from 1 to 2.

Initial states with a hole in the ty, orbital provide a unique opportunity to examine key
chemical properties of K4FeH(CN)6. As in the ground state, the splitting between the A and
B peak provides direct measurement of the splitting between the to; and e, orbitals as well
as a measurement of the Fe oxidation state. Measuring this splitting with different electron
configurations, such as with or without a 3p hole provides the opportunity to examine how
the ligand-field splitting is affected by interactions between the 3p and 3d electrons or the
oxidation state of the Fe atom. The lower energy peaks around 7060 eV, which we will refer
to as the 3p peaks, appear in the configurations [Ne] 3s* 3p® 3t§,, [Ne| 3s* 3p® 3t3,, and [Ne]
3s? 3pt 3tgg where there is a 3p vacancy. Here, the transitions are much stronger since they
are dipole allowed, compared to the A and B which are dipole forbidden. Again, the strength
of the transition scales with the vacancy of the 3p orbital. As with the A peaks, the 3p peaks
also shift with to, and 3p vacancy, once again providing a measure of the interaction between
the 3p and ty, electrons.

The electron configuration also affects the C peak. Removing electrons from the to
orbital blue shifts the broad C peak by approximately 2.5 eV, while removing a 3p electron
causes an approximately 7.5 eV shift. As we saw in the ground state calculation, the C peak
is sensitive to solvent—solute interactions. [216] Therefore, the size of the shifts reflects both
the relative screening ability of the different orbitals on the excited 1s electron and changes
in solvent—solute interactions due to the various charge states. The C peak can therefore
measure not only the effect of the overall charge on solvent interactions as noted in earlier
studies, but also the position of the charge within the total electronic state, depending on
the hole position.

In an XPXP experiment, we expect that some portion of the states we have discussed
above will contribute to the initial state since they would appear after approximately 10 fs,
a time scale short enough that significant nuclear or valence electronic motion would not yet

occur. We also see in Fig. 5.3 that the electron cascade does not significantly evolve after this
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time, meaning that further changes would then be dominated by metal-ligand, or solute-
solvent interactions. While we do not consider the evolution of these peaks as a function of
pump—probe delay in this manuscript, the peaks that we identified in this discussion would

be good candidates for monitoring in a time-evolving system.

5.5.2  3p Core Hole States

To consider the same states of interest from another perspective more robustly, we produce
in Fig 5.5 the 1s—3p XANES spectra for both K,Fe''(CN)4 (a) and KsFe™(CN)g (b). The
second oxidation state makes a convenient experiment, as it allows for comparing the electron
cascade under varied initial conditions, with and without an added valence hole. While the
Fe! complex could be missing the peak corresponding to the [Ne| 3s? 3p® tgg configuration,
other peaks should be largely comparable. While the electron cascade could vary between the
two oxidation states, that variance can be separated into two aspects. The first is radiative
decay processes from the to,, which should vary by no more than 1/6"" due to the missing
electron. The second is in Auger—Meitner and Coster—Kronig processes which could vary to

a greater extent due to the necessary action of multiple electrons.

Noting the different scale in oscillator strength, these transitions show great promise for
future exploration. Peaks generally lie to the blue of the atomic Kf energy ~7,058 eV. Just
as the valence hole states shifted with each successive hole in the 3p, we see that behavior
mirrored. For all [Ne] 3s? 3p® states, we observe an approximate blue shift in the 1s—3p
transition energy of 2 eV. This is present in both oxidation states. Additionally, subsequent
holes in the 3p, shift the 1s—3p transition energy substantially further, on the order of 10 eV.
Given the lifetime broadening of 3p states in third row transitions metals is on the order of a
single eV [235], an XPXP experiment should expect to spectrally separate and isolate these

n<6

states, affording the separate study of each 3p™<° state.
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Figure 5.5: Calculated shifts in 1s — 3p transition energy and oscillator strengths
for K,Fe'(CN)g (a) and KzFe™(CN)g (b) for a selected sample of electronic states. All
configurations listed in the inset have a filled [Ne] 3s? core. The spectra are calculated using
100 roots, broadened by 1.5 eV, and shifted by 143.8 eV to match the K4FeH(CN)6 ground
state XANES. Additional holes in the valence create a sequential blue-shift in the transition
energy in both compounds.

5.6 Proposed Experimental Design

In consideration of the proposed experiment, it is prudent to underscore an easily overlooked
outcome of the calculated XANES spectra. As seen in Fig. 5.4, a 3p core hole shifts the
valence energies sufficiently so that peaks A of 3p® 3d™ species are isolated from those which
have a 3p core hole. Thus we are left with two separable experiments. Probing the red edge
of the A-C region reports on species without 3p holes. Probing the 3p region reports on those
species with a 3p hole. The C and 3p peaks and the splitting between the A and B peaks were
identified in the previous section as useful measurements in an XPXP experiment. Given

that the A, B, and C peaks are sensitive to the ligand-field splitting and the solute-solvent
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interactions, an ideal experiment would measure the contributions of all three peaks in the
excited electronic state simultaneously. The spectral congestion in the B-C region, shown in
Fig. 5.4, limits that global resolution. We therefore explore the feasibility of measuring an
individual A peak, spectrally isolated from that congestion, and by considering the strong
signal strengths of dipole allowed transitions in the 3p region.

Of those electronic configurations containing an A peak, the [Ne] 3s? 3p° t‘zlg configuration
is both predicted by the electronic cascade and its A peak is generally well separated from
the other calculated XANES transitions. Note in Fig. 5.4, that peaks A-C of electronic state
with 3p holes are blue shifted from those with a full p shell. The A peak of configurations
with additional holes in the 3p would be further blueshifted, removing them from the present
consideration. Moreover, the splitting resulting from holes in the ty, further redshifts the A
peaks. These two interactions make [Ne] 3s® 3p° tég configuration the most likely candidate
for an individually resolved electronic state in the region. This provides the best opportunity
to calculate the feasibility of the experiment in this region, neglecting more highly ionized
species. Resolving 1s to 3p transitions is less dependent on signal size, as they are dipole

allowed.

Both X-ray pulses would be focused onto a liquid-jet of the solvated sample. The first
pulse would be tuned to above the Fe K-edge to remove a 1s electron and initiate the cascade
and resulting dynamics. We assume a ~10 fs delay between the two pulses, which represents
the time at which most electron cascade dynamics conclude. While, certainly, some valence
dynamics occur on this timescale there is a trade-off between capturing those dynamics
and probing stationary configurations. The scale of this delay should be reconsidered with
the realization of attosecond pulses but is necessary given the current technology available.
It is considered to be a portion of the instrument response function of the experiment.
Just as the experiment is limited in the short times scale (<10 fs) by the resolution of the
electron cascade and the available femtosecond pulse durations, it is also limited on the long
timescale (>100 fs) as nuclear dynamics dictate the molecular response. The assumption of

fixed molecular geometry breaks down, as would the molecule itself.
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The second pulse would be below the Fe K-edge and span the appropriate region of the
XANES spectrum. Two spectrometers would be used to measure the signal. One would be
downstream of the interaction region to measure the experimental spectrum and one would
be a transmissive spectrometer upstream to measure the incoming X-ray pulses’ shot-to-
shot spectrum. [236] While the exact spectrum of the pump pulse is not a source of noise,
the spectrum of the probe pulse is critical to extracting the spectroscopic signal. Such a
configuration is best conducted in the CXI (Coherent X-ray Interaction) hutch at LCLS, [237]
where we can make use of their liquid jet capabilities, the tight X-ray focus, and place the
upstream spectrometer in the X-ray transport tunnel. We cannot generate a full expected
experimental signal since we have not calculated all of the most likely electronic states
predicted by the electron cascade. Instead, we can predict the expected signal contribution

from electronic states in which we are most interested.

To generate the expected experimental signal, we assume an initial excitation rate of
10% and a 100 pm liquid jet with a 500 mM concentration of K,Fe'(CN)g. We use the
tabulated X-ray absorption properties of Fe to predict the absorption edge size. [238] We can
then appropriately scale the calculated XANES spectrum and superimpose it on our scaled
experimental ground state absorption edge, appropriately shifted with the B peak position
to represent the change in the ionization energy. The resultant signal is shown in the lower
panel of Fig. 5.6 for the [Ne] 3823p6t§g electronic state where we have assumed that this
state makes up 10% of the resultant initial electronic state. The corresponding ground state
absorption spectrum generated from the same edge and the calculated XANES spectrum
along with the absorption due to the water and cyanide ligands is shown in the upper panel

of Fig. 5.6.

To observe this signal, we would measure a difference spectrum between the pumped and
ground state spectrum. The uncertainty of a difference signal at the A peak energy can be
estimated from the definition of the absorption absorption spectrum, A(hv), relative to the

measurement at the downstream spectrometer, M, and the measurement at the upstream
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Figure 5.6: Predicted Contributions to XPXP valence Signal. The expected absorp-
tion signal from the [Ne] 3s* 3p° t3, electronic state, scaled for its expected ~10% probability
and ~10% overall excitation rate is shown in the lower panel. Included is both the broadened
signal and the absorption edge. The inset shows the A and B peak in more detail. The upper
panel shows the ground state absorption using the same edge, the calculated spectrum, and
the background absorption from the ligands and the solvent for comparison. This figure
allows us to estimate the signal size in order to determine the averaging time necessary for a
120 Hz experiment. The absorption edge is the combined absorption of all atoms, including
solvent, according to tabulated values. [238]

spectrometer, P, at photon energy huv:
M(hv) = P(hv)(1 — A(hv)). (5.1)

The uncertainty of the difference spectrum is then given by

s =4 (20) "+ (40" 2
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Assuming shot-noise-limited detection consistent with photon counting, and that the 5WM ~
P
P

0AA(hv) = 4A(hv), /m, (5.3)

where Nppotons(hv) is the number of photons in the X-ray probe at photon energy hv over
the bandwidth of one pixel.

For the measurement in question, we will estimate that Nppetons(hv) &~ 11000 for each
pulse, which is the pixel well depth of the ePix10k detector currently installed at the CXI
hutch. From the upper panel of Fig. 5.6, we estimate that the total absorption A between
7110 and 7125 eV is 0.22. At 120 Hz, 4.5 hours of data collection will approximately provide
the necessary number of photons to resolve the change in absorption of 6 x 107¢ at the A
peak. Averaging over several pixels would reduce this averaging time. To resolve the ~10
times larger C peak, only 2.7 minutes of data collection is necessary. With the prospect of
LCLS-II coming online, which promises MHz repetition rates, measuring both the A and C
peak are well within feasibility limits.

The same experiment can and should be conducted evaluating exclusively the 3p core
states, due to their Superior dipole strength. The technical feature possibly preventing this
experiment is the relative energetic distance between the valence edge and the 3p orbitals.
Reaching sufficiently large energy separation utilizing the current methods of most FELs

precludes that separation.
5.7 Conclusions

In order to fully exploit the unique element-specific capabilities of X-ray pump X-ray probe
experiments in solvated molecular systems, it is essential to understand the specific electronic
states resulting from electron cascades, and how these states are manifest in X-ray absorption
spectra (as measured by the probe.) We have proposed combining an atomic electron cascade
calculation with a TDDFT-based XANES calculation to accomplish this goal in a solvated

model transition metal complex. The electron cascade calculation allowed us to identify
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which molecular orbitals were most likely missing electrons after the cascade. We then
calculated the XANES spectra of several electronic configurations with the corresponding
holes. We believe this approach will be necessary for interpreting and predicting XPXP
measurements, and the methodology laid out in this manuscript could be one way to attain
these results.

We then evaluated how these different electron holes could be useful for measuring chem-
ically relevant properties, such as the ligand-field splitting, and 3p and 3d electron interac-
tions. From this we identified the A-B peak splitting and the C peak in the [Ne] 3s? 3p°
tgg electron configuration as one potential target for experimental observation. We laid out
an experimental plan that will allow us to test our computational approach and prediction,
and showed that this experiment is currently feasible with present LCLS conditions. Un-
derstanding these interactions in model transition metal systems lays the ground work for
studies on more complex interactions like those found in solvated cyanide-bridged mixed-
valence bimetallic electron transport compounds involving, for example, a combination of
3d and 4d transition metal centers. As XPXP measurements continue to mature, they will
provide new insight into not only solvated transition metal complexes, but solvated systems
in general, and the computational and experimental techniques presented here can serve as

a guide for that development.
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Chapter 6

X-RAY PUMP X-RAY PROBE TRANSIENT ABSORPTION
SPECTROSCOPY: EXPERIMENT AND ANALYSIS

6.1 Introduction

Femtosecond pump—probe spectroscopy utilizing a sequence of two time-delayed femtosecond
light pulses is used extensively to understand complex chemical phenomena in the condensed
phase following the development of high-intensity, commercially available, and tunable ul-
trafast laser systems. In these widely used experiments, the pump pulse acts as an ultrafast
trigger for a non-equilibrium process on the system of interest’s ground or electronically ex-
cited state and the probe pulse monitors the resultant state of the system as a function of
the experimentally controlled time-delay between the pump and probe pulses. Pump—probe
transient absorption experiments measure non-equilibrium species via their time-dependent
electronic and vibrational spectra by resolving the spectral content in the probe pulse. For
example, optical transient absorption experiments measure spectral signatures of transient
excitonic states following photoexcitation of the sample with the pump pulse in complex
systems. On the other hand, infrared transient absorption experiments measure vibra-
tional spectra of photo-excited systems [239]. Femtosecond optical and infrared transient
absorption spectroscopy in the condensed phase have resulted in new discoveries in many
fields [16,17,97,179,240,241].

The advent of third generation synchrotrons and the development of table-top X-ray
sources has resulted in the development of transient X-ray spectroscopy for measuring the
X-ray absorption and emission spectra of core electrons of complex samples in solution fol-
lowing optical excitation with an optical pump pulse [242-246]. X-ray spectroscopy is an

element-specific probe of electronic and atomic structure and can measure coupled electronic
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and nuclear motions with high spatial and temporal resolution in complex photochemical
phenomena in solution. Femtosecond X-rays from X-ray free electron lasers (X-FELs) are
allowing researchers to routinely measure X-ray absorption and emission spectra of transient
species in solution on the 50 fs timescale [247-250].

The generation of tunable, high intensity, time-delayed, femtosecond X-ray pulse pairs
has been recently demonstrated at various X-FELs around the world [56-61]. These tech-
nological developments have enabled X-ray pump X-ray probe experiments studying nuclear
and electronic dynamics at different atomic sites in small molecules in the gas phase through
various electron ionization detection schemes [251-253]. Two-pulse X-ray photon correla-
tion techniques have measured non-equilibrium atomic correlations on short length scales
in solutions and solid phase [254-258]. These experiments have measured simple lattices,
nanoparticles, resonant Auger—Meitner processes, shifts in the periodic behavior of lattice
solids, and even shifts in crystallographic measures of proteins [259,260]. Additionally, non-
linear X-ray matter interactions with intense X-ray pulses have resulted in seeded stimulated
emission signals at the Mn K-edge in concentrated solutions [201].

Valence-core interaction information could conceivably be accessed via a wide array of
transitions and techniques, ranging from fluorescence or table-top experiments on K, L, or M
holes, to multi-photon Resonant Inelastic X-ray scattering (RIXS) experiments. In resolving
these interactions, each of the above approaches suffer fundamental limitations. Lifetimes of
K and L holes are short-lived and have broad spectra, convoluting transitions. Alternatively,
techniques that access the valence suffer from the dense continuum of states creating an
overabundance of possible transitions to evaluate.

The use of K fluorescence (3p electron filling a 1s hole, releasing an incoherent photon)
has long been linked to the 3p-3d exchange interaction. The relative intensities of Kfy,
Kps, and Kf' are tied to the spin and occupancy of the 3d shell [44-46]. This principle
has informed a breadth of studies investigating spin states, oxidation states, and phase
changes, [261-264], viewed through both KA and the comparison of various fluorescence

channels and core holes [265,266]. Additionally, there has been a proven use of K-shell
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fluorescence as a reporter on oxidation and spin state [218,267-270] and the use of transient
X-ray Emission Spectroscopy (XES) spectroscopy to study excited state behavior [271-276].

Generally, L-edge spectroscopy has been used heavily to monitor the covalency, spin, and
back-bonding in third row transition metals [43,47-50]. In Ly/3-edge spectroscopy, the 2p
orbital is localized to the metal so intensity is directly proportional to the metal d-character
in the unoccupied valence orbitals of the metal [277,278]. Direct measurement of the 3p—
3d resonance [279,280] reports the same breadth of states available to any edge-sensitive
technique, where the density of states is high near the continuum. These interactions play
a role in modifying core lifetimes [281]. Alternatively, a more direct assessment of the 3p—
3d interactions has been made through the lens of directly resolving Auger—Meitner and
super-Coster—Kronig events [282,283].

Another proven method for measuring the 3p—3d interactions is M-edge spectroscopy [52].
Either steady-state or pump-probe experiments can report directly on the 3p electrons and
the role they play in molecular behavior. Additionally, M-edge transitions are sufficiently low
in energy to be accessed by table-top experiments [53,54,284]. Intrinsic to this detection is
the same convolution of electronic states inherent to any X-ray absorption near edge structure
(XANES) type measurement. Any spectroscopy which directly probes the continuum sees
a dense manifold of close-lying transitions, nearly indistinguishable from one another, in
combination forming a single complicated edge. Alternatively, in directly probing core hole
states, we can limit the density of states to a tangible and calculable subset, allowing us to
track individual electronic states as the ensemble evolves over time.

Experiments that have combined detection schemes have proven useful in collecting in-
formation about the same molecular behavior through multiple lenses. This ranges from
RIXS [285-288], examining The 2p shell to resolve spectra which lend insight into a variety
of molecular attributes or the combination of XES and scattering experiments correlating the
energetic and real spaces [218,289]. Both combining detection schemes, and utilizing multi-
step (RIXS) processes improve molecular-level insight by resolving signals along additional

axes.
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We can further investigate systems by correlating pump and probe frequencies in the X-
ray domain, building a road map to purely X-ray nonlinear spectroscopy. X-ray pump X-ray
probe spectroscopies have been demonstrated on simple molecules in the gas phase [251].
Additionally, X-ray photons have been utilized to directly probe resonant Auger—Meitner
processes [290]. Other proposed and theoretical work set the groundwork for two-color X-
ray experiments in which each pulse is resonant with a different elemental edge [291] or in

which multiple edges are monitored [175].

Any emission-based technique is necessarily broadened by the lifetime of the energetically
lowest core hole involved, and is limited in the time frame of the experiment to that lifetime.
Any technique, whether emission or absorption based, that directly involves a valence—core
transition suffers from the dense continuum of states which exists at the edge, creating a
convolution of peaks to unpack. Transient X-ray absorption spectroscopy has the distinct
benefits of delivering relevant chemical information, in a spectrally isolated region, due to
its core-to-core absorption probe, with narrow peak widths, temporal resolution limited by

pulse duration, and experimental duration range limited only by the longest-lived core hole.

Recently, we proposed an ultrafast X-ray pump X-ray probe (XPXP) transient absorption
experiment to measure core-valence electronic correlations in solvated chemical systems using
the transition metal complex, K Fe''(CN)g, as an example system [64]. X-ray pump pulses
generate a core hole in the Fe atom resulting in new electronic states that are probed by
measuring their transient X-ray absorption spectra with the probe pulse. We combined
atomic electron cascade calculations and excited-state time-dependent density functional
theory (TDDFT) calculations to predict the changes in the X-ray probe transmission near
the Fe K-edge following the X-ray pump interaction. This allowed us to understand how
specific states resulting from electron cascades manifest in the X-ray absorption spectra, as
interrogated by the probe. Even though the transient spectra computed within the TDDFT
framework can only be captured within the space of single excitations, this approach provided
a reasonable first-order estimate. The results revealed the advantages of measuring the

transient X-ray absorption spectra of non-equilibrium Fe 3p hole states at ~=7.06 keV as
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they are spectrally separated from the continuum states near the Fe K-edge and the 1s—3p
transition is dipole-allowed. The computational study proposed a new experimental tool
to probe the 3p-valence exchange interaction strength in solvated chemical systems. In
response to the wide array of novel excited states, each orbital relaxes in energy due to the
shift in shielding produced by new electron vacancies. The difference in how two individual
orbitals relax gives a measure of their specific interaction strength. This chapter is the
experimental realization of our previous theoretical work described above, and to the best of
our knowledge, the work presented here is the first XPXP transient absorption experiment

of molecules in solution.
6.2 Experimental Design

Figure 6.1 (a) depicts the generation of an energy tunable ~10 fs XPXP pair, separated by a
time delay (7) coincident on a thin liquid jet (250 um) containing an aqueous solution of either
K,Fe"'(CN )g Or K3FeIH(CN)6. The X-ray pump pulse centered above the Fe K-edge at 7.2 keV,
ionizes the sample by removing a 1s electron from the Fe atom. The energy of the X-ray pump
pulse (marked by the blue arrow in Fig. 6.1 (c) is chosen to ensure that fluctuations in its
photon energy or spectral shape do not influence the character of the initially prepared ionized
Fe state. The averaged width of the probe pulse is represented in Fig. 6.3 (a). Figure 6.1 (b)
provides an example of an Auger—Meitner electron cascade and we stress that this is only
one of a multitude of possible pathways explored by the system following the interaction
with the X-ray pump pulse. The representative cascade pathway in Fig. 6.1 (b) proceeds in
experimental time as follows: (1) a pump photon ejects a 1s electron to the continuum, (2)
Ka fluorescence fills the 1s hole and emits a photon, (3) Auger-Meitner decay fills the new
2p hole while removing a 3p electron, (4) Coster—Kronig decay fills the 3s hole, ejecting a
3dsos electron, resulting in an electron configuration of [Ne]3823p“3:53d€2:g4, and (5) following
the Auger—Meitner electronic cascade, the second X-ray pulse centered at 7.06 keV probes
the ensemble of resultant core-electronic excited states containing 3p holes. The X-ray probe

pulse is spectrally resolved following the sample to measure the transient X-ray absorption
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Figure 6.1: Experimental Overview of the XPXP Experiment. (a) Both the 7.20 keV
X-ray pump (blue) and 7.060 keV X-ray probe (red) are generated collinearly by separate
undulators from the same electron bunch (black haze). Insertion of a Chicane delay allows
for the pump-probe timing to scan over experimental time (7). Both beams are focused
onto the thin liquid jet by a pair of Kirkpatrick—Baez (KB) mirrors before diffracting off
a Si-220 analyzing crystal. The transmitted X-ray spectra are measured using an analyzer
crystal and an X-ray detector (ePix 10K). Data reported here are collected at 7 =0 fs. (b)
Example of an Auger—Meitner cascade in the iron complexes following removal of a Fe 1s
electron. The example shows that the 1s hole is quickly filled by various processes including
fluorescence, Auger—Meitner decay, and Coster—Kronig decay events. The resultant electronic
states have an electronic configuration of [Ne]3823px3di’2g. Details of the cascade are provided
in the text. After delay time, 7, the X-ray probe pulse, resonant with numerous 1s—3p
transitions, interrogates the core electronic excited states formed following the X-ray pump
interaction. (c) Equilibrium Fe K-edge X-ray absorption spectrum and K X-ray emission
spectrum of a 500 mM aqueous solution of K4FeH(CN)6. The X-ray absorption spectrum
(solid black, normalized to the post-edge) displays weak pre-edge features of 1s—3d., and
ls— m* transitions characteristic of an Fe!l complex as described in Ref. [216]. The X-ray
pump pulse energy is picked to be far from the edge at 7.20 keV to remove a 1s electron from
the sample. Transient 3p absorption features measured by the X-ray probe pulse are shown
in red. See Appendix G for further details on the scaling of the X-ray absorption spectra,
emission spectra, and transient signals.
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spectrum (see Fig. 6.1 (a) and Fig. 6.1 (c)). The measured XPXP transient absorption
spectra combined with simulations directly measure the oxidation state-dependent electronic
cascade pathways and are sensitive the 3p—3d valence interaction strengths in Fe'l and Fe!
hexacyanoferrates dissolved in water.

Experiments were conducted in the Coherent X-ray Imaging (CXI) hutch at the Linac
Coherent Light Source [292]. We utilize a pulse generation scheme similar to that used in
previously published work by Kroll et al. [201], utilizing the split undulator method [56]. Two
collinear X-ray pulses (=60 pJ each, 10 fs) were generated in a series of undulators from a
single electron bunch with a chicane delay providing the experimental delay (7) between the
two pulses. As shown in Fig. 6.1 (a), The electron bunch is inefficiently lased in the first half
of the undulators to produce the 7.20 keV pump pulse. The remaining electron energy is
utilized in the second half of the undulators to produce the lower-energy 7.06 keV probe pulse.
Data shown here are restricted to 7 = 0 fs. Absolute photon energies were determined by the
in-hutch notch monochromator. The spectrometer calibration was performed by inserting
a channel cut monochromator upstream at the XPP (X-ray Pump Probe) endstation [205].
The monochromator was tuned to multiple energies in the 7.06 keV region which presented
as peaks in the resolved probe spectrum.

We measure the transmission of the probe pulse as a function of pump fluence, achieved
by two focal conditions. In the first condition, we position the sample jet at the focus of
the two beams. In the second, the sample is positioned upstream (Az = +2 mm) to reduce
the fluence of both pulses. As the response to this technique is linear with respect to the
fluence of each pulse, small perturbations in the focal area create a AS oc 1/Az* drop in
signal strength.

The two focal conditions serve as “pump on” and “pump off” conditions as neither pulse
can be uniquely blocked or eliminated without drastically impacting the energy, intensity,
and temporal profile of the other pulse. The fact that both pulses are generated from the
same electron bunch creates an intrinsic link between the character and intensity of the

two pulses. Future experiments will take advantage of a non-collinear generation geometry,
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Figure 6.2: Comparison of predicted signal strength: In and out of focus experimental
conditions. Experimental measures indicate an initial diameter of 100 nm (shown by red
star). Experimental error in the diameter of a factor of 2 would still result in a drop of signal
strength greater than 103,

generating pulses from distinct electron bunches, enabling direct chopping of the pump pulses
either by mechanical means or through electron bunch control.

To show the efficacy of this approach we first consider that the experiment is bilinear,
the signal strength in a given volume is proportional to the product of the pump and probe
field strength. This bilinear relationship leads to the quartic relationship with displacement
along the direction of travel (Az = 2 mm), as seen in Eqn. 6.1, below

2
Sout  Areag,

Sim  Area?,, (6.1)
B 1+9h~Az+(9h-Az)2 1+0v-Az+(9U~AZ)2 '
= Dr D2 D, Dz )

In the above expression, Dj and D, are the diameters of the focused beam in the horizontal
and vertical dimensions. For the assumptions listed above, the change in signal strength is
shown in Fig. 6.2.

Two sets of Kirkpatrick-Baez (KB) mirrors are positioned to independently adjust the
focal plane (z) in both the horizontal and vertical dimensions of the beam profile. The

two mirrors, at different distances from the focus (0.9 and 0.5 m), impart elliptical cones of
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con/divergence from the focus ( 0, = 0.63, 6, = 1.02 mrad) in the horizontal and vertical
dimensions respectively. Imprint etchings [292] taken during the experiment indicate a focal
diameter of 100 nm. Data are collected at 120 Hz., alternating 36,000 shots (5 minutes) in
each fluence condition. Total shot counts for each spectrum are provided in Table 6.1.

The two complexes, potassium ferrocyanide (K Fe''(CN)g) and potassium ferricyanide
(K5Fe™(CN)g), were purchased from Sigma Aldrich and used without further purification.
Aqueous 500 mM solutions were prepared by dissolving these complexes in ultrapure water.
An HPLC pump was used to flow the solutions through a 250 ym (inner diameter) capillary.
A catcher placed below the capillary refed the pump to enable closed-loop recirculation of
the sample. Beam throughput was measured to be 3%. Assuming half of the beam is in the

focal volume [269], the fluence from each pulse at the sample measured 1.1x10'® W /cm?.
6.3 Data Processing and Analysis

The XPXP data were processed by separately averaging and subtracting the X-ray pumped
and unpumped probe spectra to produce the AT /T spectra and error bounds in Fig. 6.6. In-
dividual X-ray shots exhibiting abnormal characteristics in intensity or spectral distribution
were excluded from the analysis. Additionally, each X-ray probe pixel underwent individual
filtering to account for the shot-to-shot variation in spectral shape and central frequency of
individual X-ray probe pulses. The XPXP signal is dependent on the X-ray pump and probe
pulse fluence and the transient absorption signal is absent in pure water. (See Figs. 6.4 and
6.5.)

Data were filtered via three methods based off of (1) set bounds, (2) linearity between
multiple diagnostics, and (3) instance counts of individual pixels. The total amount of data
collected and displayed here is listed in Table 6.1. Descriptions of the filtering protocols
follow. Bounds filters apply two conditions (listed below as [condgeer, condy,]) based on
a single self-normalized diode or metric such that the mean of the metric is one. All shots
which are either lower in normalized metric value than condg,e,, or deviate from the mean by

condy,, number of standard deviations, are eliminated. Two photodiodes (10 mm x 10 mm
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Figure 6.3: Application of Pixel Instance Filter: (a) Average probe spectrum pre (blue)
and post (red) application of the pixel instance filter (PIF) over a randomly selected 1,000
shots detected through solvent only. Shaded areas represent standard error. (b) Sample of
initial shots in the subset averaged in (a). Each row represents a single shot. The upper
region is unfiltered data with small contributions (close to zero) in all shots. The lower
region represents data following the application of the filter threshold. For a given vertical
slice (pixel) there are fewer considered shots, increasing the value of standard error, but also
giving a more true representation of the mean value across the spectrum.
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Table 6.1: Total number of shots analyzed following bounds and linearity filters for each
spectrum.

Substance Condition Pumped | Unpumped | Figure
Solvent, Full Fluence 28,050 27,584 6.4
Fell Fe Foil Attenuated | 88,351 29,715 6.5
Fell Full Fluence 165,8355 174,422 6.6 a
Fell! Full Fluence 220,428 168,162 6.6 b

Hamamatsu Si PIN, Model: S3590, covered in light-blocking black kapton) collected scatter
off the diamond chamber window. The Diodes were positioned directly downstream of the
KB mirrors, =75 mm from the diamond window, oriented away from the liquid jet. One
diode included an additional 100 um thick Fe foil to block the pump pulse and measure only
the probe pulse intensity.

1. (Low) Photon Intensity Diode (Upstream) [0.055, 2.3]
2. (High) Photon Intensity Diode (Upstream) [0.02, 2.2]

3. (High) Photon Energy (Upstream) [0.945, 2.2]

4. (Total Combined) Intensity Diode (Upstream) [0.2,2.2]

Linearity filters remove shots whose characteristics of expected linearity exceed the listed
bounds for each diode or sensor by the listed fraction of the domain. If the data cover a span
of 1,000 arbitrary units with a bound of 0.02, shots which deviate from the best fit line by

more than 20 are removed.

1. X: (High) Photon Intensity Diode (Upstream),
Y: Fluorescence Diode (Downstream)

Bound: [0.5]
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2. X: (Low) Photon Intensity Diode (Upstream),
Y: (Low) Integrated Photon Energy Spectrum (Upstream)
Bound: [0.09]

Filtered Solvent Signal
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Figure 6.4: Progressive Effect of Pixel Instance Filter Applied to Solvent Spectra:
TOP: Progressive effect of AT/T from PIF. Spectra correspond to evenly spaced thresholds
between 0 —1 in steps of 0.025. The lower red line corresponds to no filter applied. Up-
per red line corresponds to threshold = 0.78. MIDDLE: Solvent signal without filtering.
BOTTOM: Solvent signal with final filter (Threshold = 0.78). Total signal disappears.

Two considerations in the spectral measurement of sase pulses are: (1) Due to the photon-

energy fluctuations from pulse-to-pulse, the ensemble spectral width (averaged over many
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pulses) exceeds the spectral width of an individual pulse, and (2) subsequent shots have
little to no correlation in photon energy other than the same statistical average that all
shots share in an ensemble. This creates a statistical illusion as the typical Gaussian profile
indicates that each shot carries a small intensity in the wings. This is represented as a
weak intensity measured at each shot. In reality, sase pulses are intense regardless of their
deviation from the average photon energy. There are simply fewer shots with appreciable
intensity in the wings. They are poorly sampled high-intensity readings rather than well-
sampled low-intensity readings.

Figure 6.3 shows the effect of applying the pixel instance filter (PIF) on approximately
70 randomly selected shots. Pixels with low intensity are removed from analysis. This
dramatically reduces the number of points that are considered in analysis, but also restricts
the analysis to the subset of shots in which photons interact with the detector.

Each horizontal line in Fig. 6.3 (b) shows an individual pulse spectrum. The upper
portion of the plot includes all of the data, but most of the pixels are nearly zero. If we
remove the lowest values from each spectrum (lower portion) we see that each shot leaves
the majority of the energy bandwidth relatively untouched. If we were to simply take the
value of each pixel (energy bin) as its raw readout value we would be misrepresenting the
spectrum of the pulse. By only considering the

For this reason, we filter (remove from analysis) each instance of a pixel that fails to
reach a minimum threshold intensity, which scales with the average pulse intensity. This
can be viewed as eliminating the pixel instances which contain no chemical information and
windowing each shot to the most data-rich pixels. For instance, after the application of this
filter, the pixel on the far right of Fig. 6.3 (b) would only consider the 6 shots in the lower
panel and 3 in the upper panel with appreciable intensity. Its uncertainty would increase,
changing from o 1/4/70 to o 1/4/9, but the 9 shots which are considered are the only 9
that carry any information. The increase in uncertainty is seen in panel (a) in which the red
bounds of the PIF data are wider than those of the blue (raw) data. Further, the sloped

shape of the spectrum disappears, depicting the wings of the spectrum as intense, but less
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well sampled.

Figure 6.4 Show the effect of applying the PIF on solvent data scaling the threshold
from 0—1, and at the final threshold. Note that this removes the apparent offset signal of
~ 5% and removes the false bias showing a positive signal at hv > 7.065 keV. A consequence
of this data reduction is the increase in measurement uncertainty as discussed above. The
elimination of uniform offset in sufficiently large data sets indicates the validity in considering
the mean subtracted difference spectra for small data sets. Thus Fig. 6.5 shows data both
with and without the mean subtracted. Threshold values were determined by an automated
procedure, the rate of change in the difference signal was measured as a function of the

threshold value and the smallest threshold with a negligible rate of change was selected.
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Figure 6.5: XPXP Spectrum Measured by Filtering Pump with Fe Foil: Spectrum
collected with 10 um Fe foil blocking beam path. This approximates a blocked pump pulse
and results in greater uncertainty and the elimination of the signal.
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Another method for performing this experiment would be to physically chop the pump
pulse. As the character of the pump and probe are linked through the method used to
produce both pulses, simply eliminating the pump undulators would alter the probe pulse,
making comparisons ineffective. In this colinear geometry, one other option afforded the
experimenter is to utilize the very absorption edge of study to block the pump. This can be
achieved through the insertion of a thin foil of Fe, although it does not provide an expeditious
method for performing this experiment.

Figure 6.5 shows data of the Fee!! complex with 10 um Fe foil in front of the sample area,
interacting with both pulses. The attenuation length of Fe foil is 24.38 and 3.2 pm at 7.062
and 7.200 keV respectively, leading to respective transmitted fluences of 66.35% and 4.4%.
Assuming the bilinear intensity relationship discussed in Sec. 6.2 above, this corresponds to

a 97% drop in signal strength seen as the elimination of both peaks.
6.4 Results

Figure. 6.6 displays the XPXP signal as a change in transmission of the X-ray probe spectrum
following 1s excitation of the Fe atom in solvated Fe!! and Fe'! complexes by the X-ray pump.
The data are measured at a nominal delay time of 0 fs between the two X-ray pulses. Both
plots display the presence of transient 1s—3p absorption features as two negative spectral
features, blue shifted from the atomic Fe K3 energy (vertical dashed line in Figs. 6.4 — 6.6 &
6.9). These transitions are a result of new core electronic excited states with 3p holes formed
following the initial steps of an Auger—Meitner cascade (see Fig. 6.1 (b) for an example
of electron cascade). The XPXP transient absorption signal is absent in pure water (see
Fig. 6.4) and is dependent on the X-ray pump and probe pulse fluences (see Fig. 6.5).

The spectral features in the XPXP signal are fit using Gaussian lineshapes. The best fit
is plotted as a solid red line in Fig. 6.6 and the peak amplitudes, positions and linewidths
extracted from the fit are listed in Table 6.2. From the fits, we measure that XPXP tran-
sient signals in both Fe'! and Fe™ complexes exhibit two 1s—3p transitions at ~7,060 and

~7,062 eV. The first peaks in the transient signals of the Fel and Fe!'' complexes are blue-
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keV
Figure 6.6: Difference signal (AT/T): for both (a) K,Fe'(CN)g and (b) KsFe'™(CN)g
taken at 7 = 0 fs. Negative peaks centered at ~7.060 and ~7.062 keV correspond to addi-
tional 1s—3p (KG) absorptions due to 3p holes resulting from the Auger—Meitner cascade,
reducing transmission of the probe pulse. The fit line (red) consists of the sum of two Gaus-
sians. Extracted values are shown in Table 6.2. The vertical dashed line represents the

atomic Kf line (7.058 keV). Error bars are calculated as the standard error for each pixel.
See Sec. 6.3 for details.

shifted from the peaks of each Kf X-ray emission signal (Fig. G.1) by 1.9 and 1.5 eV
respectively.

The fits reveal that the overall transient signal in the Fe!' complex is blue-shifted with
respect to the Fe''' signal. We note that this shift is within the 0.4 eV resolution of the
detection spectrometer. The width of all the peaks in the transient spectra for both samples
is &2 eV. The 1s—3p peaks in the XPXP signal are narrower compared to the K3 emission
peak because their width is limited by the non-radiative lifetime of the 3p hole rather than
the lifetime of the 1s hole, making it easier to resolve individual electronic states in the
transient absorption XPXP spectra. We compare the intensities of the spectral features by

their integrated peak areas (see Table 6.2). We find that for the Fe'! sample, the peak at
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7.060 keV is 15% more intense than the peak at 7.062 keV. In the case of the Fe'' sample,
the peak at 7.060 keV is 3% more intense than the peak at 7.062 keV. Assuming similar
dipole strengths for all 1s—3p® transitions, the integrated area of each peak corresponds to
the relative population of that particular 3p state in the sample of interest. We also observe
that the XPXP Fe!'l data show overall greater intensity by 10% of the observed transitions
relative to the Fe!l data and we attribute this to an initial additional hole in the 3dyoe orbital,
in agreement with previous calculations on the generalized case of 3p vacancy dependent M-
edge spectroscopy [293]. In summary, the 1s—3p XPXP transient absorption spectra for the
Fe'm and Fe™ complexes show remarkable similarities in the peak positions, integrated areas

and lineshapes.

Table 6.2: Parameters of fits shown in XPXP spectra

Center Frequency | Amplitude | Width (FWHM) | Relative Integrated
Pealc [eV] [%] [eV] Amplitude [ARB.]
Fell 7,060.170£0.005 -1.9084+0.150 1.9664-0.010 0.957
Fell 7,062.310+0.005 -1.71740.150 1.93340.010 0.832
Fe!l 7,060.04+0.017 -1.615+0.310 2.18540.329 1.000
Felll 7,062.09+0.013 -1.946+0.330 1.958+0.251 0.968

6.5 Discussion

To aid the interpretation of the data shown in Fig. 6.6, we revisit the two computational
approaches used in Ch. 5 to interrogate and track a specific subset of the cascade, the 3p®
hole states. The relevant application of the TDDFT work is shown in Fig. 6.9, and the
time dependent propagation of those states via the MCMC simulation is shown in Fig. 6.7.
Theoretical approaches for the on-the-fly Monte Carlo simulation of the electron cascade
[223-225] and TDDFT calculations of the 3p hole state spectral signatures [213, 216, 228]

have been outlined in previous work [64] and are described Ch.5. The present work builds
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upon previous work via the consideration of the Fe'"' electron cascade and in contrasting it

with that of the Fe'l cascade.

6.5.1 MCMC: Possible Transient Core Excited States Probed in the XPXP FExperiment
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Figure 6.7: Time-dependent probabilities of [Ne]3s23p53dty2g electronic states fol-
lowing 1s hole generation: Monte-Carlo electron cascade calculations of atomic Fell
(solid) and Fe' (dashed) are shown above where the color corresponds to the same number
of new holes (labeled N,yg4e-) in the two species. The probabilities for each state are given
with respect to all electronic configurations (including non-[Ne|3s*3p°3d},, sates). At long
times (>1 ps), [Ne|3s*3p°3d},, states comprise 18% and 21% of all possible electronic states
for Fe'l and Fe'! respectively. The electronic cascade is distinct for each species. For exam-
ple, the dashed blue line shows that the 3p®3d® configuration of Fel' survives the cascade
at times greater than 10 fs, while the solid blue line shows that the 3p®3d® configuration of
Fe!! does not.

To predict the transient electronic core-excited states created in the X-ray probe’s spec-

tral window (7060+10 eV) following the removal of a 1s core electron in the Fe atom by the
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X-ray pump pulse, we perform an electron cascade Markov-Chain Monte-Carlo (MCMC)
calculation, as described previously. The calculations serve as a starting point for under-
standing the spectral features seen in this X-ray pump X-ray probe experiment. Figure 6.7
shows the time evolution of all 3p® electronic configurations in the Fe'l and Fe™ atomic
systems produced by the MCMC simulations during the first 100 fs after ionization of a
1s electron. Lines of the same color represent states that have lost equivalent numbers of
electrons through Auger-Meitner events (N 4,4¢-) as indicated in the legend. For example,
the solid and dashed blue lines (N 4,4¢,=0) correspond to the initial 3d® and 3d® valence con-
figurations for Fe'l and Fe'" atoms, respectively. Interestingly, we note that the probability
of observing [Ne|3s*3p°3df,, state of the Fe'! system decays to zero within 1 fs. Given the
experimental X-ray pulse durations of 10 fs, we expect the largest contributions from 3p°
core excited states with 0, 1, and 3 Auger-Meitner events (Nayuger = 0, 1, and 3) depending
on the starting oxidation state of the Fe atom. The relative contributions of each of the

core-excited states will depend on their calculated probabilities as shown in Fig. 6.7.
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Figure 6.8: MCMC Determined Average 3d Occupancy: for both compounds for all
[Ne| 3s? 3p® states from 1 as 7 —1 ps.

We compare the published fluorescence yield values of the Fe atom with the probabilities
obtained from the cascade simulation. Fluorescence spectra [218] of both complexes and
integrated RIXS spectra [216] of the Fe!! complex collected at the Advanced Photon Source

are presented in Figs. G.1 and G.2 in Appendix G for reference. Krause determined that
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the fluorescence yield for Fe to be ~30% [294], with relative intensities of Kal:Ka2:Kf3
to be 50:100:17, resulting in an estimated population of the Fe!'l [Ne]3s23p®3d® state to be
approximately 3%, which is consistent with the simulation value of 4% in Fig. 6.7. Evidently,
the [Ne]3s23p°3dS state of the Fe!! complex is shorter lived. We note that this comparison
relies on the approximation that the only channel for producing [Fe™t 3p®3d°] or [Fe!™ 3p53d?]
states is through Kf fluorescence and ignores the pathways of Ka fluorescence followed by
L-edge fluorescence or corresponding Auger—Meitner processes. The MCMC simulation also
predicts the average oxidation state during the first 10 fs (the duration of the sase pulses) of
the electronic cascade to be 3d*? and 3d3® for the Fe'! and Fe!! respectively, shown in full
time resolution in Fig. 6.8.

Figure 6.8 shows the average 3d occupancy over the full range of MCMC simulations
(1 picosecond). Initially, at 7= 1 attosecond, both compounds retain valence occupations
near that of the ground state. As time progresses, variations in their respective ensemble
of Auger—Meitner cascades reduce the difference in valence occupation. Combining all the
information gleaned from the electron cascade calculations, we would expect the following in
the transient XPXP signal: (1) two or three spectral features representing distinct electronic
states for the Fe!! and Fe™ samples, (2) similar but non-identical intensity of the spectral

features, and (3) a lack of the 1s—[Ne|3s?3p?3df,, peak in the Fe'! data.

6.5.2 TDDFT: Calculated XANES Support Measurement of 3p—3d Interactions

To further aid the interpretation of the data shown in Fig. 6.6, we also perform TDDFT
calculations of 1s—3p absorption spectra for a variety of electronic configurations on separate
geometries for both Fel! and Fe™ compounds following the same computational protocol [64]
and geometries [216] used previously, provided in Appendix F and discussed in Sec. 5.5.
This approach guides the physical intuition for assigning peaks and trends in data and
is summarized in Figs. 6.9 (a) & (b), which show calculated roots of the labeled electronic
configurations relative to the atomic K3 energy (dashed line). The excited state energies and

oscillator strengths are provided in Table F.3 in Appendix F. Figure 6.9 (¢) diagrammatically
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Figure 6.9: Calculated shifts in 1s—3p transition energy and oscillator strengths
for (a) K,Fe''(CN)g and (b) KzFe™(CN); for a selected sample of electronic states. Starred
transition is not observed in the data. All configurations listed in the inset have a filled
[Ne| 3s? core. Additional holes in the valence create a sequential blue-shift in the transition
energy in both compounds. (c) Diagrammatic 1s—3p energy shift. Each additional hole
(red oval) in the ty, corresponds to a progressive increase of the 1s—3p transition energy.
Shifts are also depicted for the first two peaks of the progressions shown in (a) and (b).

shows the progressive blue shift from the atomic K energy. Each additional hole (open
circle) correlates with the 3p orbital rising in energy above the atomic Kj energy. In the

process of all orbitals relaxing in the presence of the valence hole, the difference in response
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between the 3p and valence shells gives the measure of the 3p—3d interaction strength.

The TDDFT calculations report that each progressive hole in the 3d valence shell pro-
duces a corresponding shift in the 1s—3p energy gap. For Fig. 6.9 (a) & (b) we see that in
the [Ne|3s*3p™<*3d,, configurations, each additional hole in the to, orbital corresponds to a
+2 eV shift of the 1s—3p calculated transition. In the [Ne]3s*3p°3dY,, configurations, each
additional hole in the ty; corresponds to +2 eV shift of the 1s—3p calculated transition,
which contains information about the strength of the 3p—3d interactions in the molecule un-
der investigation. The TDDFT calculations reveal that spectra of the states with electronic
configurations of the type [Ne]3323p°”3<53df2g correspond to spectral features ~6 eV to the blue
of the K3 emission (7.058 keV). Further, we see that the peak from the 1s—[Ne|3s*3p°3df,,
configuration for the Fell species (starred in Fig. 6.9 (a)), would be located around the peak

of the atomic K/ emission line.

6.5.3 Unifying the Molecular Picture

Combining the electron cascade (Fig. 6.7) and the TDDFT calculations (Fig. 6.9), we assign
the peaks at ~7.060 and ~7.062 keV in the Fe'! and Fe'! XPXP transient absorption spectra
(Fig. 6.6) to 1s—[Ne|3s?3p°3dp,, and 1s—[Ne|3s?3p°3dy,, transitions, respectively. Both the
MCMC electron cascade simulations and the TDDFT calculations confirm that the valence-
hole-free state in the Fe'' complex does not survive the nominal 1s core lifetime, and we
observe transitions to similar core excited states in both complexes. From the integrated
area of the peaks in the XPXP data, we observe that the electron cascade in the Fel
complex generates more highly ionized states in the relative populations of SdEQg and ?)df2g
states compared to the electron cascade in the Fe' complex. A comparison of the TDDFT
calculations and the XPXP experimental data reveals that excited states with configurations
of [Ne]38.23p"3<53d3t’2g are not formed in this experiment due to a lack of observed transitions
above the noise in Fig. 6.6 for X-ray probe energies greater than 7.063 keV and the fact that

the data are collected at zero nominal delay between the X-ray pump and probe pulses. We

note that the lack of 3p®<® holes may be caused by surrounding ligand or solvent electrons
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contributing to the electron cascade and effectively quenching that signal by decreasing the
3p*<? lifetime. Furthermore, for values of z < 5 the system necessarily undergoes additional
decay events that are less likely to occur at these early experimental times. Based on the
Monte-Carlo simulations, we anticipate their growth to require tens of femtoseconds and the
collected data at 7 = 0 fs likely hides these states in the present experiment.

We consider the possibility that the peaks seen in the XPXP experimental signal could
arise from the splitting of the 3p® configurations via spin-orbit interactions. In reference cal-
culations of 3p® configurations, the 3p spin-orbit coupling was computed to be ~1.3 eV for
both Fell and Fe! complexes [295]. Given that the 3p spin—orbit coupling is less than the line-
width and the energy separation of the observed peaks in the XPXP transient spectra shown
in Fig. 6.6, we maintain the assignment of the observed peaks to the 1s—>[Ne]3sz3p53d§’2g
and 1s—[Ne|3s?3p?3df,, transitions in solvated Fe'' and Fe'™ complexes. Our combined
femtosecond XPXP experimental data and simulation protocol provide a supporting experi-
mental measure of the 3p-3d valence interaction strengths by resolving the 2 eV shift in the

1s—3p transition as a function of the number of 3d holes in solvated Fe complexes.
6.6 Conclusions

In each of the exotic states produced during the cascade, core and valence electrons rearrange
and relax in energy due to the constantly changing electrostatic shielding. This additionally
includes shifts resulting from 3p—3d and 3d-3d coulomb and valence interactions, crystal field
interactions, spin—orbit interactions, and the overlap of each of the electronic wavefunctions.
Measuring the time-evolution of core-valence interactions is crucial for the understanding,
accurate modeling, and prediction of electronic correlations in transition metal complexes
used in catalytic, magnetic, and information-storage applications.

As discussed above, and shown schematically in Fig. 6.9 (c), we measure the 1s—3p
transition response, sensitive to the 3p—3d Coulomb and valence interactions as a function
of the number of 3d holes and find a +2 eV shift per hole. Our ability to extract other

interactions from the 1s—3p® spectral features is theoretically limited by the 3p non-radiative
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lifetime broadening (1-2 eV) and currently by the experimental resolution of the spectrometer
(0.40 eV) [235]. The experimental data were obtained during the experimental instrument
response function (IRF) of 14 fs dictated by the convolution of the 10 fs X-ray pump and
X-ray probe pulses. Given that the IRF is much longer than the core hole lifetime of the
1s electron ionized by the X-ray pump pulse, the transient X-ray absorption spectra are
probing a near static population of core-excited states with varying 3d holes. With the
generation of tunable hard X-ray pump and probe pulses with attosecond pulse lengths,
the XPXP experiment described here would measure transient absorption spectra prior to
Auger—Meitner decay and would be uniquely sensitive to state-specific time-evolving core—

valence interactions (pure core electronic coherences).

The interpretation of the experimental XPXP transient absorption spectra in this study
relies on the MCMC simulation of the electron cascade in isolated Fell and Fe' atoms to
model the effect of the X-ray pump pulse and the TDDFT calculations of the 1s—3p° tran-
sitions for a select group of core-excited states in Fe''(CN)g"™ and Fe'™(CN)¢~ complexes.
Despite the atomic nature of the electron cascade calculations and the single excitation na-
ture of TDDFT calculations, we were able to measure 1s—3p transition dipole sensitivity to
the 3d hole density. We stress that the successful demonstration of a fs XPXP experiment
of a solvated molecular system, as shown here, increases the urgency of developing theoreti-
cal tools to accurately model multi-pulse X-ray-matter interactions with complex molecules
in solution. Such calculations will be crucial for understanding how electronic correlations,
spin—orbit, ligand-field, and solute-solvent interactions are manifested in transient absorp-
tion spectra of X-ray core-excited molecular states. Along with theoretical developments,
experimental developments in generating intense, multicolor, time-delayed attosecond pulse
pairs in the hard X-ray regime will result in an extension of the fs XPXP spectroscopy pre-
sented here to a coherent multidimensional nonlinear X-ray experiment of complex molecular
compounds in solution. See Appendix G for a non-exhaustive proposed list of possible im-
provements across experimental and theoretical treatments. An analogy is the development

of third-order nonlinear coherent multidimensional optical and IR spectroscopy to measure
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couplings between excitonic states and anharmonic vibrations, respectively, following the
establishment of femtosecond optical pump-probe and IR pump-probe and transient grat-
ing experiments. Mukamel and co-workers have proposed several coherent multidimensional
techniques in the X-ray regime to elucidate coherent electronic charge and energy transfer
pathways [296-298]. With the availability of tunable attosecond hard X-ray pulses, it will
be possible to create and collapse coherences within the 1s core hole lifetime, generating
opportunities for investigating the coherences between specific core-excited electronic states

of complex systems in solution.
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Appendix A
THE LINEAR COUPLING PARAMETER (Vl)

A.1 Introduction

The linear coupling parameter is used in the material Hamiltonian of the vibronic modeling
work to allow for coupling between electronic states [40,62,63]. This serves as a next order
adaptation to the bilinear coupling Hamiltonian commonly utilized to describe coupled vi-
brational modes in 2D IR spectroscopy [11,14,97]. The effect is to offset the excited potential
energy surface enabling non-zero Franck—Codon (FC) overlap between non-equivalent quanta
of vibrations. This is akin to the displaced harmonic oscillator (DHO) model commonly used
to explain vibronic progressions in electronic spectra [124,125]. A cursory explanation of this
parameter of the Hamiltonian is provided in Ch. 3, but elaborated upon here in the one-mode
picture for clarity.

There are two motivating questions that spur an explanation of this coupling parameter
(represented as V). 1) What are the different representations of the linear coupling param-
eter? i.e. can we distinguish the various representations to clarify the V! various definitions
and avoid confusion? 2) What is the relationship between V! and unitless displacement
along a vibrational coordinate (¢)? And, can that be related to A, the reorganization energy
which defines the commonly used stokes shift in fluorescence or the horizontal displacement
operator, D from the DHO. model?

The formulae which form the important results of this appendix are: Eqn. A.18 defines
the unitless displacement along (¢) as a function of FC overlap through the relative inten-
sities in a vibronic progression. Eqn. A.19-A.21 relate the strength of V! directly to the
reorganization energy. Eqn. A.22 describes the effect on w,, due to using a linear coupling

instead of a horizontal displacement operator.
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A.2 Representations of V!

This discussion can occur outside of the multi-mode picture. Mode-specific subscripts are
dropped. There is an important distinction in the representation basis used to describe this
parameter. Because the concept of a linear coupling parameter, some have found it conve-
nient to utilize the position basis, while others expressed the Hamiltonian in the momentum
basis.

Work by Vallet et al. [160] defined the annihilation & creation operators in the momentum

basis. Written in terms of « those are:

of = % (}3 + 1@) (A.1)
a;z%(p_@) (A2)

The annihilation and creation operators may also be written in the position basis, as done
by Cohen-Tannoudji and co-workers [161], Tonks and Page [162], and this group [40, 65].

Written in terms of [ those are:

for completeness:

Qz%(a—oﬂ) (A.5)

P:L(a—i-oﬁ) (A.6)
V2

Q= (5" +5) (A7)
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P = 7 (8" - B) (A.8)

Vallet defines the linear coupling parameter as follows in Eqn. 3 of their work, Where Ly
is described as equivalent to V! [160]. The subscript f indexes over an arbitrary number of

modes, similar to subscripts ¢ and j in Ch. 3.

LiAy=i (af — oz}) (A.9)

This would indicate that the coefficient Ly could be treated in the complex plane. How-
ever this is in the momentum basis. Rewriting the Vallet equation in the position (3) basis

shows,

(A.10)

The operator we use turns out to be %(ﬁT — f). This corresponds to using the operator

V1P rather than our stated equation VlQ. While this seems to be a discrepancy, all the
observable parameters are unchanged by this difference (weg, @mizing, FC Overlap). The effect
of this operator is to translate the exited state potential surface both horizontally along the
q coordinate, and vertically along the w., axis. The result is slanted translation rather
than the purely horizontal shift resulting from applying the displacement operator described
below. However, FC factors are independent of vertical offset and a relationship between the

displacement value and V! can be determined analytically.
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Dependence of FC factors on Vl
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Figure A.1: Franck—Condon overlap factors: as a function of V! normalized to the
vibrational frequency (w,).

A.3 Analytical Expression for Franck—Condon Factors

Note: Some approaches define A as the extent of horizontal displacement which creates the
stokes shift, equivalent to this descriptions definition of d. For clarity, here A is refers to the

reorganization energy, half the stokes shift, not the horizontal shift.

Below is a derivation of an analytical expression for relative intensities of FC factors as
a function of D. First, we define the displacement operator where (d) is the displacement
along the vibrational coordinate (¢q). D is not the operator ﬁ; it is the dimensionless square

displacement along ¢ defined by:

_ d*muwy
p=" (A.11)
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D=cit (A.12)
H, = DH,D! (A.13)

D, extracted from FC factors

0.5 1
1 2
1/2(V"/w,)
Figure A.2: The unitless displacement: D calculated as a function of FC factors according
to Eqn. A.18. Note the X-axis gives the conversion between V! and D so each transition

follows the line Y = X, equivalent to Eqn. A.19. Progressive transitions are slightly offset
to show all lines.

The spectrum in frequency space is expressed in general as o in Eqn. A.14, and specifically

in Eqn. A.16, which gives the stick spectrum of absorbance and fluorescence for a single

molecule.
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W, , correction for 178
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Figure A.3: wey correction term: electronic transition energy both directly calculated
with the effects of V! and corrected by a /.

o(w) :/ dte™'C,,,.(t)
o o _ (A.14)

(o]

Because eP°™" has nested exponentials, it must be expressed as a Taylor expansion
(Eqn. A.15) summed over the indexing variable (v). Here each level v represents raising
the frequency by one quantum of wy. These represent transitions from the vibrational and
electronic ground state, |G,0), to the v*® vibrationally excited state of the excited state,

|E,v). This approach follows that found in reference [299].
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it x|
el = Z JD”exp[—iwot]” (A.15)
v=0
s e ”
o(w) = |fteg] Z 7D”5(w — Wey £ VW) (A.16)
v=0 ’

Taking the ratio between combinations of v in Eqn. A.16 yields the FC factors between

transitions a and b.

FCuy — |{alb)]? = - |
(A.17

Figure A.1 describes the FC factors as a function of V. This is done by explicit calcula-
tion of FC factors from the matrix representation of the mixed states. These values are what
we use to calculate D. With an undisplaced harmonic oscillator in the excited state the FC
factors for all transitions except (0 — 0) are zero. As the strength of the coupling increases,
the excited state potential shifts in ¢ and so the overlap with other states increases. As the
parameter reaches a normalized value of 1, a vibronic progression is clearly visible.

Equation A.17 can be reworked to express the unitless displacement D as a function of

the FC factors.

D= (U“a!)(alb) (A.18)

opb!

Taking the FC factors from Fig. A.1, D can be plotted rather than the FC factors by
use of Eqn. A.18. This is plotted in Fig. A.2. Note that the transformation of V! to D
is applied in the X-axis, so the plotted lines follow the line Y = X. The relationship is
described in Eqn. A.19. These two relationships form the basis of exchanging the linear

coupling parameter with the DHO. model, and the reorganization energy (\).
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Given the definition of A,
A = Dhw, (A.20)

where w, is the frequency of the harmonic oscillator. This is equivalent to wj in our expres-

sions. We can relate the linear coupling parameter directly to the reorganization energy.

(A.21)

2w,

Finally, we come to the difference between the displacement operator and the linear

perturbation, calculating shifts in we,. As the strength of V! increases, the effect on the

electronic transition energy is increased. As seen in Fig. A.3, this difference is proportional
to the square of the coupling parameter. More directly:
A (VY

Aweg = ﬁ = 2w (A22)

o
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Appendix B
MATLAB SCRIPTS

B.1 Vibrational-Electronic Response Functions

Following are the orientation-independent dephasing functions for multimode 2D VE peaks
assuming homogeneous dynamics in the molecular ensemble. Note the naming convention
used here for peaks 6_pop or 6_coh does not reflect the change in naming convention between
the simulation code and the published notation. Pathways VII_coh in the published notation
refer to peaks 7 in the simulation code. Pathways VII in the published notation refer to
pathways 8 in the simulation code. Here functions are named consistently with the simulation
code.

tl = 7 axis

t2 = 1 value

t3 = 73 axis

lambdai = parameter relating fluctuations in ground and excited state vibrations (i)

C_egeg = correlation function of electronic transition frequency

C_egvi = vibronic correlation function mode (i)

C_vivi = ground state vibrational correlation function for mode (i)

C_vivj = ground state vibrational correlation function for mixed (i,j)

function [ F | = F_VE1( t1, t3, lambda, C_egeg, C_egv, C_vv )
F = exp(-((C_vv).*t1l + (C_egeg).*t3));

end



function [ F | = F_VE2( t1, t3, lambda, C_egeg, C_egv, C_vv )
F = exp(-((C_vv).*t1 + ...
(C_egeg + C_egv*(2*lambda-2) 4+ C_vv*(lambda”2-2*lambda+1)).*t3));

end

function [ F | = F_VE3_R( t1, t3, lambda, C_egeg, C_egv, C_vivi, C_vivi )
F = exp(-((C_vivi).*t1 + ...
(C_egeg + C_egv*(2*lambda) + C_vjvj*(lambda"2)).*t3));

end

function [ F | = F_ZVE3_NR( t1, t3, lambda, C_egeg, C_egv, C_vivi, C_vjvj )
F = exp(-((C_vivi).*t1 + ...
(C_egeg + C_egv*(2*lambda) + C_vjvj*(lambda”2)).*t3));

end

function [ F | = F_VE4( t1, t3, lambda, C_egeg, C_egv, C_vv )
F = exp(-((C_vv).*t1 + ...

(C_egeg + 2*C_egv*(2*lambda-1) + C_vv*(4*lambda”2-4*lambda+1)).*t3));

end

function [ F | = F_VE5_R( t1, t2, t3, lambda, C_egeg, C_egv, C_vivi, C_vjvj, C_vivj )

F = exp(-((C_vivi).*t1 + ...
(C_vivi+-C_vjvj-2*C_vivj). *t2 + ...
(C_egeg - 2*C_egv + C_vivi).*t3));

end
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function [ F | = F_ZVE5_NR( t1, t2, t3, ...
lambda, C_egeg, C_egv, C_vivi, C_vjvj, C_vivj )
F = exp(-((C_vivi).*t1 + ...
(C_vivi+-C_vjvj-2*C_vivj).*t2 + ...
(C_egeg - 2*C_egv + C_vjvj).*t3));

end

function [ F | = F_VE6( t1, t2, t3, ...
lambdai, lambdaj, C_egeg, C_egvi, C_egvj, C_vivi, C_vjvj, C_vivj)
F = exp(-((C_vivi).*t1 + ...
(C_egeg + C_egvi*(2*lambdai-2) + C_egvj*(2*lambdaj) +...
C_vivi*(lambdai”2-2*lambdai+1) + C_vjvj*(lambdaj"2) + ...
C_vivj*(2*lambdai*lambdaj-2*lambdayj)).*t3));

end

function [ F | = F_.VE7T_R( t1, t2, t3, ...
lambdai, lambdaj, C_egeg, C_egvi, C_egvj, C_vivi, C_vjvj, C_vivj)
F = exp(-((C_vivi).*t1 + ...
(C_vivitC_vivij-2*C_vivi). 52 + ...
(C_egeg + C_egvi*(2*lambdai-2) + C_egvj*(2*lambdaj) +...
C_vivi*(lambdai"2-2*lambdai+1) + C_vjvj*(lambdaj"2) + ...
C_vivj*(2*lambdai*lambdaj-2*lambdayj)).*t3));

end



function [ F | = F_.VE7_NR( t1, t2, t3, lambdai, lambdaj,...
C_egeg, C_egvi, C_egvj, C_vivi, C_vjvj, C_vivj)

F = F_.VE7_R( t1, t2, t3, lambdaj, lambdai, ...
C_egeg, C_egvj, C_egvi, C_vjvj, C_vivi, C_vivj);

end

function [ F | = F_VE8_R( t1, t2, t3, lambdak,...

C_egeg, C_egvi, C_egvj, C_egvk, C_vivi, C_vjvj, C_vkvk, C_vivj, C_vivk, C_vjvk)
F = exp(-((C_vivi).*t1 + ...

(C_vivi+C_vjvj-2*C_vivj).*t2 + ...

(C_egeg + lambdak. 2*(C_vkvk) + ...

2*lambdak*(C_egvk-C_vivk) + ...

-2*C_egvi 4 C_vivi).*t3));

end

function [ F | = F_ZVE8_NR( t1, t2, t3, lambdak,...

C_egeg, C_egvi, C_egvj, C_egvk, C_vivi, C_vjvj, C_vkvk, C_vivj, C_vivk, C_vjvk)
F = exp(-((C_vivi).*t1 + ...

(C_vivitC_vjvi-2*C_vivj). %2 + ...

(C_egeg + lambdak.”2*(C_vkvk) + ...

2*lambdak*(C_egvk-C_vjvk) + ...

-2*C_egvj + C_vjvj).*t3));

end
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B.2 Electronic-Vibrational Response Functions

Following are the orientation-independent dephasing functions for multimode 2D EV peaks
assuming homogeneous dynamics in the molecular ensemble.
tl = 7 axis
t3 = 73 axis
lambda = parameter relating fluctuations in ground and excited state vibrations.
C_egeg = correlation function of electronic transition frequency
C_egv = vibronic correlation function

C_vv = ground state vibrational correlation function

function [ F | = F_LEV1( t1, t3, lambda, C_egeg, C_egv, C_vv )
F = exp(-(C_egeg.*t1 + C_vv.*t3));

end

function [ F | = F_.EV2( t1, t3, lambda, C_egeg, C_egv, C_vv )
F = exp(-(C_egeg.*t1 + (lambda"2.*C ).*t3));

end

function | F | = F_.EV3( t1, t3, lambda, C _egeg, C _egv, C _vv )
F = exp(-((C _egeg + 2*lambda*C_egv + lambda"2*C_vv).*t1 + (C_vv).*t3));

end

function | F | = F_VE4( t1, t3, lambda, C_egeg, C_egv, C)
F = exp(-((C_vv).*t1 + (C_egeg + 2*C_egv*(2*lambda-1) + C_vv*(4*lambda”2-...
4*lambda+1)).*t3));

end
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function [ F | = F_.VE5_NR( t1, t2, t3, lambda, C_egeg, C_egv, C_vivi, C_vjvj, C_vivj )
F = exp(-((C_vivi).*t1 + (C_vivi+C_vjvj-2*C_vivj).*t2 4 (C_egeg - 2*C_egv + C_vjvj).*t3));

end

function [ F | = F_VE5_R( t1, t2, t3, lambda, C_egeg, C_egv, C_vivi, C_vjvj, C_vivj )
F = exp(-((C_vivi).*t1 + (C_vivi+C_vjvj-2*C_vivj).*t2 + (C_egeg - 2*C_egv + C_vivi).*t3));

end
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Appendix C
VIBRONIC RESPONSE FUNCTIONS

C.1 Dephasing Functions

Representative dephasing functions are given for each pathway type in 2D EV and 2D VE
spectroscopies. The dephasing functions include only the block of pathways corresponding
to resonant vibrations with mode i (i.e., in w3 &~ w; for 2D EV and w; ~ w; for 2D VE). An
analogous set of functions are easily defined for the block of pathways corresponding to the
resonant interaction with vibration j. Rephasing or non-rephasing is specified for the path-
ways involved in a 7o-coherence since these pathways are spectrally separated. Absorptive
pathways with equal rephasing and non-rephasing contributions have equivalent dephasing

functions for both rephasing and non-rephasing components. Those functions are denoted

a,b,c,d
(NRr,NNR)"

Electronic- Vibrational

Pathway I o:
—In [F(g:,ff)i’go’eo/ (73,72, 7)) =073 + DegegT (C.1)

Pathway ||i07o:
_In [F(%?é§0l7ei,760,(T3’ To, 71)] = )\?F,,h,,ﬁg + DegegTt (C.2)

Pathway III} ;:

90,9i,90,ed’ —
—In [F (Tg,TQ,Tl)] = FZ,Z.’,/Z.Tg

G (C.3)
+ [Feg,eg + 2)\i]-—‘eg,ui + A?Fui,y,} T1
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Pathway IIILO:
—In[FE (73,72, m1)] = Do Ts (C.4)
+ [Peg,ey +2Ai g0, + A?FVj,Vj]Tl
Pathway IVf::
0,ei’,e2i’ ei’
[ (5,7 )] = M o
+ [Feg,eg + 2)\721—‘6971/,- + )\?Fw,ui] 1
Pathway V7;:
—ln[F(g;?f)i O (13,10, 11)] = AT (©.6)
+ [Feg,eg + 2)\ireg,1/¢ + )\?Fui,ui] T1
Pathway VIJ!J; i
0,ej’,ei’ 5’ ,ej’
—In[F) 7 (73,72, m)] = AT 073 o
+ [Tegeg + 20T egu; + )‘?FVWJ} T
Pathways involved in 75-coherences:
Pathway V{; (NR):
—In I:F]{]O,ej”eol’ei/ (7_3’ . Tl)j| _ A?FW’WTB,
+ NTu + AT, 0, — 23010, 2 (C.8)
+ [Feg,eg + 2)\iFeg,Vi + )\?FVZ-,VJ T1
Pathway V7; (R):
—In[F§* T (13,15, m1)] = Ny,
+ [ AT + N0, 0 — 200 00, 2 (C.9)

+ [Feg,eg + 2A g, + A?FVWJ 71



Pathway VI:J;J-

Pathway VIY,

(NR):

—ln |:F2go,6j’7ei’j/7ei’ (7_3, 7_2’ 7_1)1| = )\1?]‘—‘1/7;,112‘7_3

+ [/\?Fyh,,i + )\?ij,uj — 2)\2‘)\]‘FW,V1}TQ

+ [Cegeg + 2XLegu, + AT, 0] 11

(R):

! s/ !

g0,ei’ ei’j' ej’ N2
—ln[Fl (Tg,TQ,Tl)} = )‘iFVi,ViT?)

+ [)\eryi7yi + )\?FVjan - 2)\i>\j1—‘l/i,l/j:|7-2

+ [Feg,eg + 2)‘jregw + )‘iFVijJ} 71

Vibrational-Electronic

Pathway I?,03

Pathway IIEJ:

90,e0’,90,gi _
—In [F (T3,7'2,7'1):| = Feg,eg7-3 —|—F,ji,l,i7'1

(3:4)

—In[FE5 "9 (13, 72,m1)] = [Tegeg + 2N — Dleg,

(17

Pathway 11K o:

Pathway IVié:

+ (>\l - 1)2]‘—‘1/1',111']7-3

+ FI/i,VZ'T].

—In [FgO’Ejl’gO’gi(Tsa T2, 7'1)] = [Feg,eg + 2Aileq,;

(3:4)

~In[FQ 0 (73,72, m)]

2
+ )\jrl/j7yjj| 7—3

+ Fui,ui 1

= [TCegeg + 22X — 1)Teq,
+ (2N — DTy, ] 73

+ FW,V@' 1
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(C.10)

(C.11)

(C.12)

(C.13)

(C.14)

(C.15)



Pathway V{;:

—In [F(gl‘ggiveo’vg"(m, 72,71)] = [Cegeg = 20egun + o] 73

+ Fui,w 1

Pathway VI:J;i:

—In[FE8 9 (75, 73,m1)] = [Tegeg + Tegu (2Xi — 2)
+ Deg (20)) 4 Lo (A7 — 2 + 1)
+ ij’l,j (/\3) + Fl/i,v]- (2/\1)\3 — 2)\j>:|7'3

+ FViMTl

Pathway VI :

—In [F(gfég)i’d/7gi(73, 72,71)] = [Tegeeg + AT,
—I— QAj(Feng,j - Fl/,-,l/j)

+ Flji,l/i - 2Feg.1/i]7—3

+1, .7
Pathways involved in 7,-coherences:
Pathway V{; (R):
_In [Flgo,gj,eo’ gt (13,72, 71 ] [ egreg — 2Leg i + Fl,i,,,i}’rg
+ Lo + Loy — 2000, o
+ 1,7
pathway V; (NR):

—In [FQQ()vgj,eO’7gi (Tg; T2, 7'1)} = [Feg@g — 2Feg,1/j + ij,l/j] T3
+ [To,; + Loy — 20, 0] 7

+ FszViTl
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(C.16)

(C.17)

(C.18)

(C.19a)

(C.19b)



pathway VI:J;J- (R):
—In[FP99 9 1y 1y 11)] = [Cegieg + Tegui (20 — 2)
+ Legu (2A;) + Tos (A7 — 2X; + 1)
+ T, 0, (AF) + Lo, (2X0; — 2X)] 73
+ [Com + Ty, — 20, )70
+1', 7
pathway VI:J;J- (NR):
—In[F§9T 9 1y 1o 7)] = [Cegreg + Degus (2 — 2)
+ Degui(2X) + Ty, (A — 2X + 1)
+ Dops AD) 4 Ty AN — 2X)] 73
+ [ij,yj +T1, . — QFW,VJ-]TQ
+1',,7
pathway VII, (R):
—ln[FfO’gj’Ej/’gi(Tg, Ta, 7‘1)} = [Feg,eg + )\?Fl,jyyj
+2X(Tegw; — Torn)
+1', ., — 2Feg.u¢] T3
+ [Py + Topy — 200,072
+1',.,7
pathway VI, (NR):
—In [Fgo’gj’Ejl’gi(Tg, Ta, 7'1)} = [Fegveg + )\?ijyyj
+ 20 (Cegr, — Tuu)
+T 0 — 2Feg_l,j}7'3
+ Lo, +Tow, — 20,0, |7

+ FVi,Vi T1

199

(C.20a)

(C.20Db)

(C.21a)

(C.21Db)



C.2 DMolecular Orientational Response Functions

Case I
1
Y zvyvz(0) = 30 [30032(9) - 1}
1 2
Yzyzy(9> = %[BCOS ((9) — 1]
Case 11
1
Yzyyz(ea, 01,) = @ [3008(2(0,1 — Qb)) + 1}
1
Yzyzy(ea, Gb) = @ [3608(2(9a — 91,)) -+ 1}
Case III

1
Y zvyz(01,02,03,04) = 20 [cos(61 + 0 — 05 — 04)
+ 608(91 — 92 + 93 — 94)]

1
— % [003(61 — 92 — 83 + 94)}

1
Y zvzy (0, 02,03,04) = 20 [cos(61 + 05 — 05 — 04)
+ COS<91 — (92 — 93 + 94)]

1
— % [008(491 — 92 + 93 — 94)}
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(C.22)

(C.23)

(C.24)

(C.25)

(C.26)

(C.27)
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Appendix D

PATHWAY LABELS AND ANGLE DEPENDENCE

In all cases, the 92’7‘; angles are such that a = 0 and b = 0’ because they are all defined
with respect to the u®? dipole moment. Therefore, the subscript (0,0’) is omitted and only

superscripts, (c,d) are given for the dipole moment forming the angle with p%?".

D.1 2D Electronic-Vibrational Pathways

Table D.1: 2D EV GSB Pathways: Dephasing Functions (R):R3, (NR):Ry

Pathway Vibronic States Angles

Type | Function W1 — Weg | W3

Symbol |a) |b) ) |d) 61 Oy | 63|06
Iiy | RENR | Fs+Fy | ]g;0,0) | g:1,0) | |g;0,0) | [e;07,0) | (0;i) | — | — | — 0 w;
Iiy |RANR| Fy+Fi | g:0,0) | [g:0,1) | |g:0,0) | [es0,0) | (03) | — | | | 0 |
IITl, | R+NR | F3+F, | [g;0,0) | [g;1,0) | [g50,0) | |e;1,0") | (0,1") | (0i) | — | — wyr w;
Iy | R4NR | Fs+F; | |g;0,0) | |g;0,1) | 1g:0,0) | [e;1,07) | (0.0") | (0) | — | - wir w;
IIT;, | R+NR | Fs+Fy | [g;0,0) | [g;1,0) | |g;0,0) | [e;0,1') | (0.37) | (0,i) | — | — wjr w;
11, |RANR | F+Fi | g:0,0) | [g:0,1) | g:0,0) | [e;0,1) | (0) | (0) | — | ~ | wir | w
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Table D.2: 2D EV ESE Pathways: Dephasing Functions (R): Ry, (NR):R;

Pathway Vibronic States Angles
Type | Function W) — Weg | W3
Symbol |a) |) ) |d) 04 0, 05 04
v R+NR | Fi+F | g;0,0) | |e;17,0°) | |e; 07,0 | |e; 17,07) | (0,17) | (0°,1") - - wyr wyr
iy R £ 950,0) | le; 0%, 1) | ]es 07, 07) | ;1,07 | (0.7) | (0,7) | (00)) | (O00) | wir | wi
‘/;(,)7 NR Fl |g* 07 0> |6; 0,7 1l> |6 0,7 0,> ‘6; 1l7 0,> (0717) (07J ) (07>i7) (OJQ) wir Wj’
Vi R £ 19:0,0) | [es1,0%) | |es0",0°) | |es 0%, 1) | (0,57) | (0.17) | (000) | (00)) | wyr | wy
Vi NR 3 950,0) | [e;1,0°) | [e;0%,0%) | [e;0%,17) | (0,7) | (O.1) | (07.)) | (O%0) | wjr | wi
|4 R+NR | Fi+ Fy | [g;0,0) | |e;0/,1") | |e;07,0°) | |e;0/,1) | (0,§) | (0°,§") - - Wy Wy
Table D.3: 2D EV ESA Pathways: Dephasing Functions (R):R}, (NR):R;
Pathway Vibronic States Angles
Type | Function W) — Weg w3
Symbol |a) |b) lc) |d) 0, 6, 63 0,
I, R+NR | Fi+ Fy | ]g;0,0) | |e; 0,07 | |e;1,0) | |e;07,0") | (0°,1) - - 0 wyr
I, | RANR | Fi+Fy | [g;0,0) | [e;0,00) | [0, 1) | [es0,00) | (005) |~ - - 0 wy
IVZ |R+NR | i+ F | g;0,0) | |e;1,0°) | [e;2,0) | |e;1,0°) | (0.0) | (¥7,20) - - wyr wir — Ay
IV | R4NR | Fi+Fy | [g;0,0) | |0,1) | |60,2) | |0, 1) | (0) | (7.2") |~ - wj wy — Ay
VIZ | RHNR | Fi+F | [g:0,0) | [e;1,00) | Jes 1, 1) | |es 1,0°) | (04) | (i) wir Wi — Apjr
VI R B 1950, 0) | e;0% 1) | fes 17 17) | e 17,0) | (00) | (0.37) | GU7) | (007) | wer | wyr — Aayr
VL5 | NR Fr  [1g:0,0) | e;0,1) | les 1 1) | e 1,00 | (00) | (0F) | (09) | G09) | wr | we = Dy
V[]lyjl R Fl |Q7 07 0> ‘87 1’7 Ol) |€7 1/7 1’) |€/ 0/7 1/> (07]7) (0‘17) (1 717]. ) (.i7>i7j7) wjr Wi — Ai'j’
VI NR 2 9:0,0) | les 17, 0) | |e; 1, 1) | ]e; 05,1 | (0.37) | (O0) | GW07) | (009) | wir | wir = Aurye
VI, [RANR | B+ F |g:0,0) | [e:0,1) | [e;1,1) | [e;001) | (0) | GN7) | - - wy | wi = Avy
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D.2 2D Vibrational-Electronic Pathways

Table D.4: 2D VE GSB Pathways: Dephasing Functions (R):R3, (NR):Ry4

Pathway Vibronic States Angles

Type | Function W1 | W3 — Weg

Symbol |a) |b) ) |d) 61 Oy | 03| 04 ’
Il R+NR | Fs+ Fy | ]g;0,0) | |e;0,0) | |g;0,0) | |g;1,0) | (0,i) | — — | = | ws 0
L, |RANR| Fy+Fy |[g:0,0) | [e;0,0) | [g:0,0) | g:0,1) | (0) | — |~ |~ |wj| 0
[[I;;O R+NR | F5+ Fy | |g;0,0) | |e;1,0°) | |g;0,0) | |g;1,0) | (0,i) | (0,") | — | — | w; Wy
][Iij,() R+NR | F5+ Fy | |g;0,0) | |e;0, 1) | |g;0,0) | |g;1,0) | (0,i) | (0,5°) | — | — | w; wjr
I[I]Z:AVO R+NR | F5+ Fy | |g;0,0) | |e;1,0°) | |g;0,0) | |g;0,1) | (0,3) | (0,i) wj Wy
I, | RANR | Fy+Fy | ]g;0,0) | [e;0,1) | |g50,0) | [g:0,1) | (0,j) | (0) | = | — | w wjr
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Table D.5: 2D VE ESA Pathways: Dephasing Functions (R): R}, (NR):R;

Pathway Vibronic States Angles
Type | Function wy W3 — Weg
Symbol |a) |b) ) |d) 0, 0y 03 04

[]iiyi R+NR F1 + F2 ‘g 01 O> |gv 17 0> |6; 1/1 Ol) ‘g 17 0> (0*1) (1~17) - - w; Acg@'

]IJJJ R+NR Fl + F2 ‘g 07 0> |g7 07 1> |€, 0/7 1’) ‘gv 0: 1> (Ovj) (0,J7) - o Wi Aeg,j

Ifo R+NR | Fi +Fy | ]9;0,0) | |g;1,0) | |e;2/,0") | |g;1,0) | (0,i) | (i,21) wi | wi+ Degi — A
IV | RANR | Fi+Fy | [g:0,0) | [g:0,1) | [es0,2) | [g:0,1) | (0) | (G.2i") |~ — wi | wp A — A

VS I RANR | Fi+Fy | [g;0,0) | [g:1,0) | e;0,0°) | [g;1,0) | (0,i) | (1,07) | ~ - |w —w;

Vloj NR o lg;0,0) | |g;0,1) | |e;0,0") | |g;1,0) | (0,0) | (0,) | (1,0") | (3,0°) | wi —wj

4% R F 19:0,0) | [g51,0) | |e;0%,0") | |g:0,1) | (0,j) | (0.3) | (1,0") | (3,0)) | wj —wj

Vjol NR F lg:0,0) | |g;1,0) | |e;0,0°) | |g;0,1) | (0,j) | (0,1) | (j,0) | (1,0") | wj —w;

VY2 | RANR | B+ Fy | [g;0,0) | [g;0,1) | |e;07,07) | [g;0,1) | (0,) | (G,0) | ~ S| W —wj

VIZ R+NR | Fi+F | 1g;0,0) | |g;1,0) | |e; 1, 1) | |g;1,0) | (0,i) | (1)) - - wi | Wy 4 Degi — Diryr
VIZ’,J7 R Fl ‘g 07 0> |gv 07 1> |€; 1’7 1l> ‘g 17 0> (071) (07.]) (JvlJ’) (1717J) w; wj’ + Aeg,i - Ai’j’
VIZZ‘ NR F 19;0,0) | 1g;0,1) | le;1,1) | 1g;1,0) | (0,i) | (0,§) | (3,i%") | (G,i'§") | wi | wir + Aegj — Aiyr
VI, R F 19:0,0) | [g51,0) | les1',1") | |g:0,1) | (0.§) | (0.4) | (LF) | (G137 | wy | wir + Aegy — Airyy
VI, NR F, 19;0,0) | [g;1,0) | les 1,17 | |g;0,1) | (0.3) | (04) | G,%3) | (Li'57) | wi | wyr + Aegs — Ao
V[;,J] R+NR F1 + F2 ‘g/ 07 0> |g7 01 1> |e7 1’7 1l> ‘g' 07 1> (07.]) (J711«]7) - B Wy | Wi + Aeg,j - Ai’j'
VH]’:J- R+NR | Fi + F | ]g;0,0) | |g;0,1) | |e;1,07) | 1g;0,1) | (0,§) | (§,1") - - wi | wi —wj+ Aegi
VI[:,] R Fl ‘g 07 0> |gv 07 1> |€7 1’7 Ol> ‘g 1 0> (071) (07.]) (J717) (lli) Wi Aeg,z'
VII; NR I 19:0,0) | [g50,1) | |es1',0%) | |g:1,0) | (0.5) | (0.j) | (B1) | (o)) |wi| wi—wj+Aey,
VI]JI,I R Fl ‘g 07 0> |gv 17 O> |€; 1’7 0l> ‘g 07 1> (OJ) (071) (11/) (J~17) "Jj Wi — Ld]' + Aeg,i
VI, NR F 19;0,0) | |g;1,0) | |e;1,0) | [g;0,1) | (0,§) | (00) | Gi) | (i) |wy Degi
VIILJ,z R+NR F1 + F2 ‘g 07 0> |gv 11 0> |€; 0/7 1l> ‘g 17 O> (071) (1]7) - - Wi W]‘ — W + Aegg’
VI, R R 19:0,0) | |9;0,1) | |e;0,1) | [g:1,0) | (04) | (04) | (") | (i) | wi | wj—wi+ Ay
VIL; | NR Fy o |19:0,0) | [g50,1) | e;0,1) | |g: 1,0) | (00) | (0.) | (i) | () | wi Ay
VI, R R 19;0,0) | 1g;1,0) | [e;0,1) | |g;0,1) | (05) | (0,0) | (i) | (") | wj Degj
VII, | NR Fy | 19:0,0) | [g1,0) | [e;0%,1) | 1g50,1) | (03) | (00) | (i) | (i) |wj | wj—wi+ Ay,
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Appendix E

TECHNICAL NOTES ON THE COLLECTION OF
TWO-DIMENSIONAL VIBRONIC SPECTROSCOPIC DATA

Relevant publications, with the permission of AIP publishing:

e [36] Zachary W. Fox, Tyler J. Blair, Robert B. Weakly, Trevor L. Courtney, and
Munira Khalil. “Implementation of continuous fast scanning detection in femtosecond

Fourier-transform two-dimensional vibrational-electronic spectroscopy to decrease data

acquisition time”, Journal of Chemaical Physics, Vol. 89, no. 11, p. 113104-7, 2018

E.1 Introduction

The following Appendix provides a series of technical notes about specific steps for calibra-
tion, timing verification, and modifications in 2D VE, but also contains relevant information
for performing other types of experiments (2D EV, 2D IR, pump-probe) regardless of the
laboratory setting. This represents the collection process at the time of writing. Much of the
lab’s operation is set by what worked when the system was developed. Improvements are
always desired, but not at the cost of delaying or preventing actual science from taking place.
Conventions like chopping notation are like the order of the alphabet. It does not matter
whether it is (high)-(low) or (low)-(high), what matters is that every piece of software that is
written agrees. Unless otherwise stated, “probe” refers to any approximately electronically
resonant field, detected in the CCD. “Pump” refers to the MIR. If at any point the flipped
experiment is discussed (T-IR), the language used will revert to energy-based names, visible

and MIR, rather than pump and probe.
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E.2 OPA and DFG

There are several benchmark values of power. Below is a short list of benchmark readings

for the lab and the corresponding detector.

1. Benchmark power for first pass: 1.1 mW OPHIR

2. Benchmark power for second pass: 160 mW OPHIR

3. Benchmark DFG power: 5 mV coherent, when spectrally centered at 2,100 cm !

For alignment of the OPA, a level white light path is crucial. This can be achieved
by moving the secondary height-only marker or iris around the OPA to check beam height
while setting the white light path. Tilting though the BBO changes the angle of interaction
with the crystal and thereby the wavelengths of signal/idler. Following the OPA, at the
signal /idler splitting optic, the signal is transmitted and the idler is reflected. This can be
confirmed by collecting the separate lines of light, independently doubling them in a crystal
and detecting the output. Part of optimization of DFG amplitude is HeNe-IR overlap. After
drastic pointing changes, this can have a huge impact even at the near field, so make sure
not to skip this step early in the optimization. This step will need to be performed again if
the collimating lens is adjusted.

After a large realignment of the OPA, the signal and idler are most likely poorly over-
lapped. To solve this and enable spatial overlap in the DFG crystal one can utilize a small
trick. The green/red outputs are good indicators of the OPA process occurring, but they are
poorly aligned with the signal/idler because they are produced by a different process with
different vector math. Much closer to the signal/idler overlap are two weak beams which pass
through a long pass filter stored by the output of the OPA. The two beams roughly correlate
with 800 nm + signal (bluish) and 800 nm + idler (reddish, usually faint). As an added
benefit they have the correct polarization to split at the T shaped signal /idler overlap area.

This means that they can be used as close proxies for overlap and recover DFG. Remember
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that these are not actually the signal and idler so additional spatial overlap tuning may be
required following the initial DFG signal. Additionally, to ensure a high quality MIR beam
mode, it is more important that the two colored paths are parallel than is their overlap, as

neither path is perfectly collinear with the corresponding signal /idler output.
E.3 Stages and XPS

All stages in lab are controlled through the XPS. Following the XPS D installation, the
intranet address of the XPS controlled was changed. The address is 192.168.254.254. Ad-
ditionally, the network address was changed; it is 192.168.0.150. Stage calibration is only
necessary for the XMS stages, which were calibrated at the factory, and whose calibration
files must be associated with the correct stage in the XPS interface. Sec. 1.3 of the XPS
configuration manual covers stages and can be found at:

https://www.newport.com/mam/celum/celum_assets/resources

E.3.1 Stage Installation

Proper stage installation ensures each stage is properly calibrated and moves according to the
encoder position correctly. This is a crucial step to ensuring the equipment can be trusted,
requiring the calibration files for S1-S3. The .txt files are stored local to the lab machine and
to the XPS interface. Additionally, the values of those .txt files are included here in Table
E.1. If completely reinstalling the stages, the .ini files need to be edited by hand to ensure
they calibrate correctly so included are backups of the stage.ini and system.ini files from
February 2022. Below are most helpful bits of the email exchange teaching how to install
stages and modify the stages.ini file.

In the stages.ini of each stage you’ll have to modify the following parameters:

PositionerMappingFileName =
PositionerMappingLineNumber = 0
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PositonerMappingMaxPositionError = 0

For the XMS50_5427:

PositionerMappingFileName = xms50_5427.txt
PositionerMappingLineNumber = 26
PositonerMappingMaxPositionError = 0.001005; Unit

Note that in addition to a calibration file each of the XMS stages has a different value

for “PositionMappingMaxPositonError”. They are listed below.

e xmsH0 4411 = 0.0005584; Unit

e xmsd50-5428 = 0.002880; Unit

e xmsd50-4975 = 0.000664; Unit

E.3.2  Stage motion

There are several common errors which occur in stage motion. If a stage attempts to move
a great distance or take a step scan while set to fast-scanning speed, the XPS will send an
order to move to a starting position but the stage will take an error inducing amount of
time as the stage will not report its arrival and the system time out. Below is a short list of

benchmark speeds for the lab stages.

1. General speed is 300 mm/s.

2. Fast-Scanning speed is 0.06 mm/s, for sampling at 1 kHz.



Table E.1: Delay Stage Calibration Values

XMS50.4411.txt XMS50.4975.txt XMS_5428.txt
Stage Positon Calibration Stage Positon Calibration Stage Positon Calibration
-25.0000000 -0.0002455 -25.000000 -0.000664 -25.000000 -0.002750
-22.8029080 -0.0002846 -23.005657 -0.000493 -23.248709 -0.002848
-20.8760360 -0.0004167 -21.003971 -0.000390 -20.661063 -0.002880
-18.6592970 -0.0002975 -18.602756 -0.000250 -18.831536 -0.002615
-16.5949940 -0.0001992 -16.612152 -0.000225 -16.466803 -0.002071
-14.6093520 -0.0000673 -14.370035 -0.000295 -14.586042 -0.001574
-12.6400020 -0.0000474 -12.606116 -0.000154 -12.400919 -0.001199
-10.4346520 0.0000298 -10.542429 0.000048 -10.434179 -0.001219
-8.3438370 0.0000607 -8.429038 0.000154 -8.630769 -0.001340
-6.1876810 0.0000105 -5.974049 0.000354 -6.395479 -0.001305
-4.2953420 0.0000526 -4.050078 0.000290 -4.059328 -0.001018
-1.9313820 0.0000307 -2.189208 0.000157 -1.815120 -0.000487
0.0000000 0.0000000 0.000000 0.000000 -0.059045 -0.000032
0.0095010 0.0000005 0.137599 0.000043 0.000000 0.000000
2.2193560 0.0000345 2.093242 0.000138 2.012817 0.000247
3.9262910 0.0000447 4.224710 0.000368 4.302222 0.000182
5.8551720 0.0001454 5.919279 0.000498 6.436503 -0.000094
8.4348340 0.0001265 8.500087 0.000541 8.170100 -0.000113
10.6145870 0.0000297 10.379911 0.000399 10.605926 0.000127
12.2929040 0.0000457 12.574682 0.000248 12.374548 0.000491
14.5765540 -0.0000814 14.474231 0.000219 14.297111 0.000844
16.6129420 -0.0000967 16.722017 0.000279 16.522926 0.001005
18.7053100 -0.0001680 18.744959 0.000440 18.736548 0.000723
20.9708720 -0.0003365 20.961088 0.000530 20.778289 0.000495
22.7816920 -0.0004552 23.136320 0.000649 22.998793 0.000448
25.0000000 -0.0005584 25.000000 0.000575 25.000000 0.000749
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To be properly accessed by the legacy .VI control system, each stage name follows a
naming convention. The naming convention for stages is S#.S# where S stands for “single

axis”. This does not apply to spindle advance screws e.g. A6.A6 used for raster scan.

Note that the positive vs negative direction for each stage is relatively arbitrary, and the
relationship between stage direction, and the sign of experimental time should be checked

before performing any experiment which is non-symmetric about 7=0. For purposes of



210

pulses characterization, FFT over 7 pulses overlap produces a symmetric signal. For that
reason it makes no difference whether the FFT is taken over positive or negative values of
71. Therefore, fast-scan collected characterization of MIR pulses simply analyzes whichever
direction allows for a longer time axis. The best practice is to scan from +100 fs to ~ F 2

ps as it provides the most averaging over a long time axis.
E.4 Detector Parameters

For an overview of information flow in the VE experiment, read the 2018 paper [36] on the

implementation of fast scanning.

E.4.1 CCD CH. 8 timing

This value/setting should very rarely change. Only after a major change like replacing a
laser, installing a new probe, moving the fiber at the detector’s slit, switching to free space
detection, etc. should this be required, but this should be checked before collecting data.

The channel 8 trigger sent out from the tower is the TDG generated delay signal for the
CCD relative to the TDG signal sent to the DAQ acquisition. This is actually telling the
CCD when during its 1 millisecond collection time to clear the pixels of charge and read out
their values. A setting of CH. 8=200 us means that the CCD will wait for 200 us after the
trigger signal. It is crucial that the system is configured in such a way that the pulse of light
arrives during that time.

Method #1: Establishing approximate CH. 8 timing

This method is approximately represented in Fig. E.1, and is an initial method for setting
timing, which must then be verified. Chop both the pump and the probe. Block the pump
and detect the probe in the CCD in chopped mode. (This should just look like the spectrum,
or its negative depending on whether the chopper is 180° out of phase. The pump must be
chopped because that is the “chop” signal that the CCD acquire VI looks for. Scan CH. 8
timing by small increments until a poorly chopped spectrum is achieved, e.g. middle panel

of Fig. E.1. This occurs when the pulse arrives halfway through the CCD charge clearing
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Figure E.1: Example of CH. 8 timings: as described by method #1. Each progressive
pane shows a shift in CH.8 timing. Sometimes it is much more subtle than this and hard to

determine the timing.

and is similar to the rolling shutter effect. Treat the 1,000 us range of the CH. 8 timing
as the same as the 360° of phase in a chopper, moving by 500 us ensures that charge is
cleared as far away from the pulse arrival as possible. Note that the rate of charge clearance
is approximately 30 pixels/us. Also note that Fig. E.1 does not show timing within the

duration of the pulse, rather it is showing the pulse arriving during the pixel charge clearing

process.

Method #2: Double-Chop, Testing CH. 8 Timing
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Figure E.2: Double-Chopped Ch. 8 Timings Power readings of the CCD with two
choppers on a single line (ch #1, #2). Performing a double chop of the probe line while
detecting the CCD ensures that one can tell the difference between (A) perfectly timing the
trigger, and (B/C) triggering a bit too early or late as to create a small amount of bleed-
through on either adjacent shot. Simple chopping makes that difficult.

This method is approximately represented in Fig. E.2. It should be used to verify the
selection of CH. 8 timing as it will show if any pulse intensity is accidentally binned into
adjacent shots. Keep the pump blocked. Move both choppers to the probe line and phase
them both. Change one chopper to run at half speed (250 Hz). This can be done directly
by setting it to run at the appropreiate sub-harmonic. See manual for further detail if
needed. This can also be accomplished by passing a 1 kHz TDG trigger through the box
car integrator and taking the output of alternating shots to produce a 500 Hz trigger for
the second chopper, so that it runs at 250 Hz. Collect VE fast-scanned data so that there
are shot-by-shot intensities. Make sure to select the “save raw data” button. As shown in
Fig. E.2, properly timed pixel clearance results in only 1 out of 4 shots holding any intensity.

Intensity on either shot adjacent to the “main” shot indicates charge bleed through.

E. 4.2 CCD Offset

Data collection is performed in batches, usually 60,000 shots (1 minute) at a time. While the
DAQ board is triggered by the Regen output, that only tells the DAQ when the shots are
coming similar to a metronome. If the goal is to have the DAQ board and the CCD to collect
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the same 60,000 shots, the system requires orchestration to tell them when to start, or select
the down beat. Because the CCD and the DAQ board have non-negligible communication
times, i.e. it takes more than a millisecond for them to send, process, and react to signals,
one of them must say when to start and then wait for the other. In this case the CCD is the
conductor. It sends a “FIRE” signal to start the collection and then must wait for the rest
of the system to start before it starts collecting data itself. The “offset” is how many shots
it waits before starting.

This would be difficult to measure if only measuring a signal chopped at 500 Hz. In that
case all even numbers look the same and all odd numbers look the same. It is possible play
a small trick by unsyncing the chopper so that there is some randomness in which shots get

through. This can be seen in Fig. E.3.

1. Remove the trigger from the probe chopper, trigger it internally, and set the frequency
to an awfully prime value (733.4 Hz).

2. Set up a photodiode (PD) to see the probe after the chopper. Picking off some of the
light so that both the PD and the CCD will see light on each shot which passes the
chopper.

3. Replace the BNC for the MCT, InGaSe, or any single channel detector in the DAQ
with one from the PD.

4. In the fast-scan Collect VI press the button to “Save Raw Data”.
5. Collect a small number of shots (10,000) for a variety of CCD offset values.

6. Access the raw data and plot the PD vs the summed CCD intensity against shot index.
Keep in mind that MCT data is generally negative and detrended before saved.

7. Adjust the CCD offset to ensure the CCD and DAQ collect the same shots and index

them similarly.
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NOTE: This needs to be redone before alignment, especially if the CH. 8 timing has
changed. Make sure to change the CH. 8 timing and then adjust the offest. Not the other

way around

Note: Provided that chopping is well determined, this does not apply to step scanning
as adjacent shots in step scans don’t require individual binning along 7;. In that case the
offset can be simply changed between an even or odd number, an offset of 1 is the same as

3, but this can ruin fast-scanning if it hasn’t been accounted for.

CCD Offset Comparison Bad

—PD

o —CCD
o
<
7 0.5¢
E‘

0 | | | |

5 10 15 20 25 30 35 40 45 50
Shot Index
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—PD

s ——CCD
o
<
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0 1 1 1 1 1

5 10 15 20 25 30 35 40 45 50
Shot Index

Figure E.3: Example of Good and bad offset plots measured on the CCD. These were
taken from two separate runs with the same offset but different CH. 8 timings, underscoring
the importance of setting the CH. 8 timing first.
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E.5 Choppers

E.5.1 Chopper Phase

Chopper phase can be set by the usual method of observing the chopped intensity from a
PD or other single channel detectors (e.g. the coherent) on an oscilloscope. Generally it will
block alternating shots; vary the phase until it blocks half of every shot and move 90° away.
The remaining question is £90°. Whether the motion is +90° or -90° determines whether
the chopper end up in phase or 180° out of phase. This difference will only impact the sign
of the data. Specifically for 2D VE fast-scan collected data, there is a software solution to
this, which is discussed below.

Subtracting unpumped data from pumped data and then mathematically switching the
sign after is not a problem in Step scanned or chop acquired data but is a problem in
fast-scanned acquired data. This is addressed in a separate note in Sec. E.5.2.

As of the writing of this Apendix all chopped CCD collection VIs performed a chop
calculation which is equivalent to (low)-(high). There is no guarantee that someone won’t
write something new or change the logic in one of them but not the other to fit their purposes
for a single day and forget about it. 1) Please don’t do that. 2) Always check to make sure
that didn’t happen

E.5.2 Fast-Scan Acquired Chopped Data

There is a subtle but important difference in the way chopping for fast-scan data is performed
compared to step scanned chopped data. In step-scanned data the system simply takes the
(lows)-(highs) of the chopper signal. This works exactly the way one would anticipate and
is perfectly valid. For the same reason that CCD offset doesn’t matter too much for these
types of scans (the 77 stage is stationary and adjacent shots all correspond to the same
experimental time) it does not matter whether the subtraction is done with the preceding
or following shots.

This would not matter in fast-scanning either, except the system subtracts the mean of
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Chopped MIR 180° out of Phase
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Figure E.4: Chopper phase for the MIR light as expected from the .m scripts which
handle the initial data processing. Note this has no bearing on the sign of the signal seen in

the acquire CCD VI which only looks at the chopped value. Here the calculation is performed
(low)-(high).

both preceding and following blocked shots from each pumped shot. This is valid because
unpumped shots don’t have a value of 7 associated with them and so both adjacent shots
are theoretically equivalent. Taking their mean distributes shot-to-shot laser fluctuations
across more pumped shots and reduces noise overall. Getting the sign of the phase wrong by
180° means that the system would be binning 7, based exclusively off of the blocked shots
and then averaging out multiple pumped shots which have different values of 7;. That is a

bad idea. This logic is performed in the .m file called to bin time VeFuastScanFileFinder.m
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starting at line #99.

To fix that problem the value of the chopper output (0 or 5) is simply ignored. It is
technically just there for diagnostics. Chopped value is actually determined by an automated
evaluation the ‘MCT _data’ which can tell when light is and is not on the single channel
detector. By comparing the mean value of the first 20 shots (odds vs evens) the .m script
determines which ones carry the pump transmitted data. It does the subtraction of prior and
following shots as described above but it doesn’t matter if choppers are 180° out of phase

for the fast-scanned collected 2DVE.

E.5.3 Choppers CH. 7 timing

IMPORTANT NOTE: CHANGING THE CH. 7 TIMING REQUIRES RE-ESTABLISHING
THE PHASE OF BOTH CHOPPERS.

CH. 7 is the trigger output that is sent to the both of the choppers. It also generally
triggers the oscilloscope associated with the bright output single channel MCT. This is
important because it can be used to artificially delay the square wave that the chopper
generates.

This might seem like a convention problem, just never change it and it will never be
an issue. However, there is good reason to temporarily change this timing, especially if
detecting a spectrally dispersed MIR pulse. This timing can be used to change the trigger
sent to FPAS so the acquire timing output is better centered around the probe pulse. This
reduces noise because it allows for the shrinking of the integration gate (shown in orange in
Fig. E.5). Reducing noise in the collection of the probe pulse might yield one of the best
returns on effort in optimizing an experiment.

Changing CH. 7 will automatically change the phase of both choppers related to the
proportion of change in CH. 7 timing.

A¢chop _ AT’CH.7
360° 1ms

(E.1)
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Figure E.5: Ch.7 Timing Delay in FPAS. Delaying the timing of the chopper signal
enables the movement of the chopper signal switch outside of the integration gate.

Delaying the chopper square wave gives the leeway to move the ~1-3 pus. This is not
much but it solves the integration gate issue in the FPAS. The integration gate in the FPAS
should cover the response curve of the MCT array. However, if the chopper wave is directly
on top of the true trigger, the integration gate will always see some of both chopper up and

chopper down. By delaying it slightly the integration gate can be safely extended.

E.6 Prism Compressor

There are two distance-related degrees of freedom related to the Py position and the length
of the delay stage (L), both of which change both the compression of the pulse and the 7 of

the experiment. While focused on the compression of the pulse, it can be easy to lose track



219

of the 7, direction and magnitude. Those delays are listed below.

e 1 mm of material in Py changes 7 delay by ~ 5.3 ps.

e 1 mm of dist increase in L. changes 7 delay by ~13.3 ps.

The prism compressor for the 400 nm probe line relies on Brewster’s angle interactions
so it requires P interactions. To account for S vs. P polarization, at the exchange point
between each region of the table (each box), the light is labelled as S or P, along with a

description of that orientation relative to the table.



TDDFT GEOMETRIES AND ROOTS

Table F.1: Converged Geometries of K,Fe''(CN)g [=] A

Appendix F

Atom X Y 7
Fe 0.00000000  0.00000000  0.00000000
C -1.81917027 -0.03335831 -0.71926660
N -2.91104648 -0.05028038 -1.14336000
C -0.26363647 1.81748256  0.66107639
N -0.39650765 2.91674740 1.04361053
C -0.65245477 -0.72431645  1.71356864
N -1.01949658 -1.14265108 2.74378932
C 0.26492194 -1.81715092 -0.66122605
N 0.39946334 -2.91608401 -1.04407649
C 0.65377106  0.72497185 -1.71283131
N 1.02222110  1.14453278 -2.74209377
C 1.81942656  0.03289085  0.71938992
N 291151676  0.04957108  1.14269602
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Table F.2: Converged Geometries of K;Fe'"(CN)q [=] A

Atom X Y 7
Fe 0.00000000  0.00000000  0.00000000
C 1.66434078  0.87659818 -0.59439314
N 2.65503328  1.38456560 -0.93290973
C 0.86003876  -0.55780875  1.68189365
N 1.37242765 -0.88008464 2.67574262
C -0.47522468  1.68896229  0.89877624
N -0.75605374  2.69018114  1.42127310
C -0.86020289  0.55931993 -1.68139135
N -1.37281553 0.88364520 -2.67454402
C 0.47285518  -1.68909585 -0.89889251
N 0.75091419  -2.69077309 -1.42192322
C -1.66433206 -0.87600171  0.59530378
N -2.65485687 -1.38303558 0.93556623
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Table F.3: Root Frequencies and Strengths:
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1s—3p XANES for K Fe'(CN)y and

K3FeHI(CN)6 in H,O, represented in calculations/figures in chapters 5 and 6. Roots are
scaled in the plot by corresponding hole density.

Geometry | Configuration | Energy [eV] | Osc. Strength E-3

Fe!! 3p° t2¢° 7058.036 8.762
3p° 12¢° 7060.150 8.755
3p° t2g* 7061.816 9.574
3p* 1298 7064.089 8.656
3p? t24° 7064.101 8.696
3p3 12¢° 7069.212 8.684x3

Fe'! 3p° t2¢° 7060.121 8.698
3p° t2g* 7061.286 8.733
3p* t24° 7064.281 8.674
3p* t24° 7064.293 8.696
3p3 1294 7068.109 8.676x1.5
3p3 12g* 7069.264 8.566x1.5
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Appendix G

XPXP EXPERIMENT: SUPPLEMENTAL SPECTRA AND
DESIGN CONSIDERATIONS

G.1 Additional Spectra
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Figure G.1: Fluorescence data for Fe' and Fe'™, displayed in counts. Peaks (at highest)
intensity in the order [ka 1; kar 2; k] for Fe'' = [37,120; 96,447; 6,626], Fe'™' = [36,097;
87,230; 6,022]. hv for kS is 7.0583 keV and 7.0590 keV respectively. ratio of total intensity
g—g = 13.7 and 13.5 respectively. See previous publication for detection information [218].
Counts, in arbitrary units, match count units displayed in RIXS spectra shown in Fig. G.2.
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Integrated RIXS

3 5
8 x10 , , 20 x10~
(a) ﬂ (b)
m 6|
o
<C
T,
i)
c
3
O 2] l ‘
0! : : 0.0 : : :
7.02 7.04 7.06 7.08 7.105 71410 7115 7.120 7.125

Emitted Energy keV Incident Energy keV

Figure G.2: Integrated RIXS spectra of 400 mM K4FeH(CN)6, see previous publication for
detection information [216]. Count units are arbitrary, but consistent between the two plots.

The intensity of the eg peak in Fig. G.2 (b) and Kf fluorescence in Fig. G.1 (b) are
used as the ratio of intensities represented in Fig. 6.1 in Ch. 6. Additionally, The transient
3p absorption intensity in Fig. 6.1 is scaled so that the integral of a single 1s—3p root
is equivalent to 1/6" the integrated K3 fluorescence. In practice the relative oscillator

strengths of the 1s—3p transitions are more than three orders of magnitude stronger than

those of the 1s—3d transitions.
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G.2  Future Experimental Design Considerations

Future studies should focus on systems which undergo more complicated processes, like
metal-to-metal charge transfer. Understanding the basic results of these measurements on
simpler systems is key to understanding larger ones. Below, potential progressive improve-

ments and augmentations for this experiment are enumerated.

1. Attosecond Time Resolution: If these two peaks arise from the same electronic
state, they will grow in on the same timescale as the cascade occurs. Noting that the
number of Auger—Meitner events corresponds directly to the hole density in the 3d,
we expect peaks that correspond to different 3d hole populations to grow in with a

different time profile.

2. Pump—Probe Delay Resolution: In the absence of attosecond resolution, we collect
multiple data points as a function of pump-probe delay scanned over the duration of

the cascade (<1 ps). The shift hypothesis would predict both peaks to vary in time.

3. Increased Spectral Bandwidth: If the Shift hypothesis is more correct, then we
should not see absorption features to the red of KA. If the 3p orbitals are splitting,
more than blue-shifting, for large 3d hole populations we expect to see peaks expanding
around the KfS line. The bandwidth available to this experiment precluded drawing
conclusion for energies distant from the 7.06 keV. Increasing the spectral range of the

experiment would permit such observation.

4. Single Shot Measurement: The shot-to-shot variation in FEL SASE pulses, ne-
cessitates single-shot measurements, comparing the probe spectrum prior to and post-
interaction. This eliminates the need to compare spectra of dissimilar sase pulses. This
could be accomplished by splitting the pulse in half and passing each path through the
sample and blank paths before resolving them jointly with the same crystal and spec-

trometer as has been done for solid samples at lower energies (Co L3- edge) [300,301].
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Pump—Probe Geometry: In lieu of a single shot measurement, spatial separation of
the two pulses will allow for the direct chopping of the pump pulse. This would also ease
the technical difficulty of achieving the single-shot measurement. Such configurations

will become available with the advent of LCLS-II.

Monte-Carlo simulations in explicit ligand field: Simulations are currently lim-
ited to an atomistic view. This misses two key aspects of the physical process. 1) the
effect of the ligand field splitting which will change the relative rates at which electrons
leave the 3d orbitals. 2) the high-lying ligand and bonding electrons themselves which

could contribute to the cascade directly.

Multiconfigurational and spin-orbit accounted XANES: Computations cur-
rently inform the type of XANES signals produced by these exotic electronic configu-
rations. Resolving specific electronic states requires an approach that can describe the

ensemble of states generated.

Simplify Cascade Behavior: Performing this experiment on a dissociating iron salt
or another metal with fewer 3d electrons could provide the computational simulations

with a simpler initial problem to solve.

Synthetic Tuning: By synthetically tuning the ligand field surrounding the iron atom
we could modulate the interaction strength between the 3d and 3p orbitals. Observing
whether the peaks shift together relative to the K3 energy or modulate their speak

separation would differentiate 3p-3d interactions from the 3p splitting.

Simultaneously Detect Seeded Emission: Given the experimental similarity re-
quired for the detection of a stimulated emission signal [201], simultaneous experiments

would combine the experimental insights of both experiments.
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