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ABSTRACT

COHERENT VIBRATIONAL DYNAMICS IN ETHYLENE CARBONATE: INSIGHTS

FROM 2D INFRARED SPECTROSCOPY

The research presented in this dissertation explores the mechanisms of coherent
vibrational relaxation in the cyclic carbonate ester, ethylene carbonate (EC). Coherent
relaxation processes describe the redistribution of quantum superposition states, but
relatively little is known about the molecular properties governing these processes for
vibrational superpositions in chemical systems. EC, a highly coupled vibrational system
with applications in organic battery electrolyte mixtures, serves as a model compound for
studying coherent vibrational dynamics. The fundamental carbonyl stretch of EC couples
to doubly excited states via Fermi resonance. An investigation of the carbonyl
fundamental stretch using linear Fourier transform infrared spectroscopy (FTIR) and two-
dimensional infrared spectroscopy (2DIR) reveals coherent relaxation mechanisms
involving multiple vibrational degrees of freedom. Pump selective 2DIR experiments
compare the relative intensities of coherent relaxation processes to different features in
the 2DIR spectrum, finding a correlation between the spectral amplitude of coherent
relaxation processes and Fermi resonance coupling strength. A follow up investigation
uses '3C isotopic substitution to modify the Fermi resonance coupling strength in EC
isotopologues. It is found that '3C substitution strengthens the Fermi resonance coupling
in EC isotopologues; however, isotopic substitution is found to suppress the redistribution

of quantum superpositions involving Fermi coupled vibrations. Analysis of vibrational



lifetimes for the Fermi coupled states indicates that the relative strengths of coherent
relaxation processes correlate with the strength of vibrational coupling to a manifold of
experimental dark states. Those results suggest that coherent relaxation in EC is primarily
driven by the delocalization of vibrational relaxation pathways, rather than the strength of

direct coupling between Fermi coupled modes.
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Chapter 1
Introduction

1.1 Motivation

The motivation for the work presented in this dissertation lies in understanding the
molecular properties that influence the dynamics of coherent vibrational relaxation in
chemical systems. Vibrational relaxation describes how excess thermal energy stored in
the motions of chemical bonds redistributes within molecular systems and dissipates into
the environment, returning the molecule to thermal equilibrium. This process plays an
important role in many chemical and biological processes, such as energy flow in
photosynthetic pigments,’ chemical reactivity,*® and the thermal properties of
nanoscale materials.”® The efficiency of energy distribution within a system can dictate
its function, making understanding the molecular physics that dictates vibrational

relaxation a matter of practical importance for modifying function at the molecular level.

Broadly, mechanisms of vibrational relaxation can be split into incoherent and
coherent relaxation pathways. Incoherent pathways describe the dissipation of energy
localized in well-defined vibrational modes, also referred to as population states, due to
random interactions with the environment. For chemical species in solution, these
interactions reflect processes such as collisions between neighboring molecules.
Incoherent relaxation can be thought of in the context of a Plinko game, where an initially
excited vibrational state is “dropped” into an environment represented by the Plinko
board. Random interactions with the environment cause the vibrational state to dissipate
energy and change its course. The cumulative effects of environmental interactions

1



ultimately determine the final state of the molecule, reflecting a random dissipative
process. Conversely, coherent pathways involve vibrational energy that is delocalized in
quantum mechanical mixtures of molecular vibrations, also known as a superposition or
coherence state. The wavelike nature of these processes enables efficient and directed
relaxation. 817 In the Plinko analogy, a coherent pathway is akin to pouring a liquid
into the board. The delocalized energy follows an efficient path to lower energy states,
flowing smoothly around obstacles in a consistent pathway. A better understanding of
how molecular structure and environmental interactions can promote either coherent or
incoherent relaxation pathways potentially offers new methods to control thermal energy
flow at the molecular level, opening new possibilities in applications ranging from tuning

chemical reactivity to designing more efficient devices for energy storage and conversion.
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Figure 1-1: Comparing incoherent and coherent vibrational relaxation using the Plinko analogy. Left.
Incoherent relaxation pathway where balls are dropped into the board from initial state |i). Red and blue
colors represent two trajectories for the stochastic relaxation process. Only the blue trajectory transfers
energy to state |f) before dissipating into the bath. Right. Coherent relaxation pathway represented by
the flow of a liquid through the board. The structure of the board dictates how the delocalized state
propagates from |i) to |f).



Studying coherent vibrational relaxation presents both theoretical and
experimental challenges. Theoretically, accurately modeling vibrational relaxation in
condensed-phase systems requires accounting for quantum mechanical interactions
between many atoms, making such calculations computationally expensive and often
impractical.'>-'* As a result, classical approximations®'215.16 gre often employed, but their
validity in capturing coherence effects in experimental data remains uncertain.’”'® The
absence of a convenient and comprehensive theoretical framework for describing
coherent vibrational relaxation complicates the interpretation of experimental data, as the
relationship between experimental observables and underlying molecular properties is
not always well defined.’® This creates a circular problem in which limited theoretical
understanding hinders the interpretation of experiments, while uncertainty in experimental
interpretation provides limited guidance for improving theoretical models. Further,
coherence states are inherently short lived,''® as interactions with the molecular
surroundings disrupt the phase relationships between the elements of a coherent
superposition, leading to dephasing. Extracting meaningful information from experimental
observables requires techniques capable of distinguishing between coherent and
incoherent relaxation pathways with a high degree of temporal resolution. However, the
analysis of coherence effects in complex molecular systems remains challenging without
a reliable theoretical framework to link experimental observables to the physical

properties of molecular systems.

Addressing these challenges requires an effort to refine both theoretical and
experimental approaches. The work presented in this dissertation aims to contribute on

the experimental side by leveraging coherent infrared spectroscopy to characterize how



factors such as interactions between vibrational excited states shape the coherent or

incoherent nature of vibrational relaxation in chemical systems.
1.2. Overview of Coherent Infrared Spectroscopy

The primary experimental techniques utilized in this dissertation belong to the class
of coherent infrared (IR) spectroscopies. In its simplest definition, spectroscopy is the
study of interactions between light and matter. Coherent IR spectroscopies specifically
probe the change in well-defined patterns of nuclear motion along chemical bonds
(vibrational modes) due to perturbations by a coherent IR light source. The nature of the
IR light-matter interactions thus reports on the properties of chemical bonds themselves,
offering insights into chemical structures on molecular length scales. IR spectroscopy
experiments which modify properties of the IR chromophore, the solvent environment, or
the coherent IR light source can be used to investigate how vibrational relaxation
processes respond to changes in the properties of molecular systems or their

surroundings.
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Figure 1.2-1: Operating principles of IR spectroscopy: Left. A molecule residing in an initial state before
perturbation by IR light. Middle. Perturbation by resonant light generates a vibrational superposition
between two states. The superposition state corresponds to coherent oscillations in the molecular dipole
which emit radiation. Right. An IR spectrum gives the frequency domain representation of the emitted
signal.

Infrared spectroscopy provides a potent set of experimental tools for studying molecular
vibrations in condensed phase systems. The basic operating principle of IR spectroscopy
involves using coherent IR light to perturb the intrinsic dipole moment of a molecular
species, which arises from the spatial distribution of charges within a molecule. A cartoon
depiction of a perturbation by IR light is given in figure 1.2-1. The left side of figure 1.2-1
depicts a molecule residing in an initial vibrational population state |i), before perturbation
by a coherent IR light source. If energy of the incident IR light source matches the energy
difference between two vibrational states in the molecule, the perturbation induces a
transition from the initially occupied state |i) to the final state |f), forming a coherent
superposition of |i) and |f). This coherent superposition is represented by a spring
connecting states |i) and |f) in the middle section of figure 1.2-1. The generation of a
vibrational superposition coincides with coherent oscillations in the molecular dipole
moment. The oscillations of the dipole moment emit radiation at a frequency

corresponding to the energy difference of states |i) and |f).



The record of the emitted radiation, represented in the frequency domain as a
spectrum, provides a map of the vibrational energy levels of the system and the amplitude
of the emitted signal at each frequency. On the right side of figure 1.2-1, the single peak
appears on the frequency axis at the energy gap between states |i) and |f). The intensity
of peaks in an IR spectrum reports on the probability of the incident radiation promoting
the transition from [i) to |f) and is described by the transition dipole moment u;¢. The
widths of peaks in an IR spectrum directly report on the coherence lifetimes of the emitted

signal, offering insights into the stability of coherence states.

The inherent generation of vibrational superpositions in coherent IR experiments
highlights their utility in studying coherent dynamics. Factors such as the intensities and
frequency positions of peaks in an IR spectrum can additionally provide information on
the interactions between different vibrational states, indicating the presence of relaxation
pathways. This will be described in the next section in the context of linear IR absorption
spectroscopy. Further, temporally separating the generation of an initial coherence state
and detection of the emitted signal using time-dependent spectroscopies offers a means
of studying the time evolution of coherent superpositions and the flow of vibrational

energy.
1.2.1 ldentifying Relaxation Pathways with Linear Absorption Spectroscopy

Infrared (IR) spectroscopy serves as a valuable tool for studying vibrational
relaxation by identifying couplings between energetically similar vibrational states. When
two vibrational modes share common patterns of nuclear motion, they can exchange

energy at faster rates than those predicted by incoherent hopping mechanisms, through



a phenomenon known as resonance coupling. Resonance coupling can be thought of
analogously to a child on a swing. If the child kicks their legs in synch with the arc of the
swing, energy is efficiently transferred into the motion of the swing. Similarly, vibrational
modes that involve overlapping nuclear motion can transfer energy between one another.
Such resonance couplings are thought to play an important role in both the speed and

directionality of vibrational relaxation. 2021

Experimentally, resonance coupling alters both the frequency positions and
relative intensities of peaks in an IR spectrum, 22724 making it possible to study vibrational
coupling with IR spectroscopy. A special case of resonance coupling arises when an IR
allowed transition, in which the light-matter interaction changes the vibrational energy
level by a single quantum, couples to an IR forbidden two-quanta transition. This
phenomenon, known as a Fermi resonance, 2° results in intensity redistribution and the
appearance of a Fermi doublet in IR spectra. In the absence of coupling, the two quanta
transition carries no transition dipole moment; however, resonance coupling redistributes
intensity into the forbidden transition, making it experimentally observable. The relative
intensities of peaks in a Fermi doublet directly relate to the strength of interaction between
the coupled vibrational modes, 25-28 making it possible to estimate relaxation rates by
comparing peak intensities in experimental spectra. As an example, linear absorption
spectra for the Fermi coupled carbonyl fundamental (allowed) and ring overtone
(forbidden) modes of ethylene carbonate (EC) and its triply '*C substituted isotopologue

are given in figure 1.2.1-1.
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Figure 1.2.1-1: Linear IR spectra of the Fermi doublet in the carbonyl stretching region of EC (left) and
its triply 13C substituted isotopologue (right). Bond line drawings of the molecules are positioned next
to each peak, with the highlighted region indicating the peak corresponds to transitions involving
vibrations in the carbonyl (blue) or ring (orange) moeities.

The two largest peaks in each of the spectra above correspond to the Fermi coupled
transitions. The more intense peak corresponds to a superposition involving the excited
state |C) and the vibrational ground state. The motion of the atomic nuclei for |C) primarily
appears in the carbon-oxygen bonds,?%3 highlighted in blue. A superposition of the
ground state and the second excited state of mode |R) gives rise to the less intense peak.
The nuclear displacement of |R) mostly resides in the orange highlighted ring. In the
absence of coupling, the transition dipole moment of the |0) — |R) transition would be
zero. The presence of resonance coupling redistributes the intensity of the |0) — |C)
transition, making the |0) — |R) transition visible in spectrum. The experimentally
observed intensity of the ring transition reports on the strength of the resonance coupling.

From figure 1.2.1-1, we see that the intensity of the ring transition is greater in the isotopic



compound. As such, we can expect stronger coupling and faster direct relaxation from

|C) to |R) in the '3C substituted isotopologue of EC.

However, vibrational relaxation rates between modes often depend on more than
just the strength of resonance coupling. Indirect relaxation pathways can involve
intermediate states, such as internal vibrational degrees of freedom in the molecule or
vibrational modes in nearby solvent molecules. 2'3'-3% Linear IR spectroscopies alone
cannot predict whether these indirect pathways play a significant role in the relaxation
between resonantly coupled states. Addressing this limitation requires time-resolved
multidimensional spectroscopic techniques, which independently label the excitations of
different vibrational modes as well as monitor their evolution over time. Such techniques
enable the direct observation of relaxation, making it possible to disentangle complex

relaxation mechanisms.
1.2.2 Two-Dimensional Infrared Spectroscopy

Two-dimensional infrared spectroscopy (2DIR) is a multi-dimensional and time-
resolved experimental technique capable of reporting on both coherent and incoherent
mechanisms of vibrational relaxation. While a more detailed description of 2DIR is given
in chapter 2, this section offers a brief overview of the technique. A generic 2DIR pulse
sequence is given on the left side of figure 1.2.2-1. In this picture, a molecular sample
resting in the vibrational ground state is perturbed by three mid-IR pulses. The first pulse
that interacts with the sample, E;, generates a coherent superposition of the ground state
and the first excited state of a vibrational mode. By scanning the time delay between E;

and E,, the oscillations of the coherence become recorded in the 2DIR signal. In the



frequency domain, this coherence labels the molecular response on the w; excitation axis
(right side of figure 1.2.2-1). The second pulse serves to destructively interfere with the
coherence generated by E;, placing the molecule in an excited state population that
evolves incoherently over the population time, t,. Tracking the evolution of 2DIR peak
amplitudes enables 2DIR to report on incoherent population dynamics. Alternatively, the
second pulse can generate a multi-level coherence between two excited states, a
phenomenon knowns as quantum beating,3¢3” allowing the t, interval to additionally
report on the dynamics of multi-level coherence states. The third pulse, E;, again
generates a coherent superposition that emits radiation contributing to the 2DIR signal
pulse, Es,. The frequency domain representation of the final coherence dictates the
frequency position of the 2DIR signal on the w5 detection axis. As such, a single 2DIR
spectrum can be thought of as a 3D map, in which the coherences generated by the first
(wq) and third (w3) IR pulses serve to label the initial and final states of a relaxation
pathway. The waiting time, t,, represents the third dimension, over which population or
multi-level coherence relaxation occurs. Note that in figure 1.2.2-1 two peaks are shown.
The first peak, plotted in blue, represents a molecular response in which the third pulse
generates a coherence involving the ground vibrational state. The second peak, plotted
in red, corresponds to an excited state absorption process whose w5 frequency position

is shifted by the vibrational anharmonicity of the mode.
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2DIR Pulse Sequence Time-Dependent Spectra
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Figure 1.2.2-1: Left. Example 2DIR pulse sequence and molecular response pathway. The chemical
sample is perturbed by three time-ordered mid-IR pulses, represented by light blue gaussian envelopes.
Vibrational superpositions are depicted as two balls connected by a spring. The excited state population
generated by the second pulse is represented by a light-blue circle. The third pulse generates another
coherence state, whose emitted radiation contributes to the 2DIR signal. Right. Cartoon representation
of a time-dependent 2D IR experiment for a single vibrational mode. The coherences generated by the
first and third pulses are displayed on the w,; and w5 axes, respectively.

The ability of 2DIR to track both population and coherence dynamics makes it a
powerful tool for investigating vibrational relaxation in chemical systems. By monitoring
population dynamics during the waiting time, 2DIR experiments provide insights into the
factors that influence the redistribution and dissipation of vibrational energy. Studies of
vibrational population dynamics using 2DIR have been used to develop microscopic
pictures of how hydrogen bonding influences vibrational relaxation rates3®3° and to
develop strategies for modifying intramolecular relaxation pathways based on the
manipulation of vibrational couplings.*°-42 Ultimately, the information extracted from time-
dependent 2DIR experiments can provide insights into the strength of resonance coupling
between vibrational modes and interactions with the surrounding bath, which consists of

solvent degrees of freedom and other internal molecular vibrations. However, interpreting
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2DIR experiments requires theoretical frameworks that link experimental observables to
underlying molecular dynamics. The next section provides background on the Redfield

framework, a commonly used approach for describing vibrational dynamics in 2DIR.
1.3 Vibrational Dynamics in the Redfield Framework

Coupling between a molecular system and the surrounding environment, or
“pbath,” gives rise to vibrational dynamics.'343-4% The bath may consist of both internal
and external degrees of freedom, with its specific definition depending on the chosen
model. In practice, the bath consists of all degrees of freedom not explicitly considered
part of the “system” under study. The redistribution of energy between system states
coincides with an equal change of energy in the bath. Redfield theory provides a
microscopic description of vibrational relaxation by treating weak system-bath coupling
with second order perturbation theory. 4346-50 Redfield theory relies on the density
matrix formalism of quantum mechanics. In the density matrix formalism, the diagonal
elements of the density matrix, p, describe vibrational population states, which
represent the probability of the system occupying a specific vibrational energy level. The
off-diagonal coherence states give the phase relationships between elements of
vibrational superpositions of system states. The Redfield equation describes the time

evolution of the system density matrix, and is given as; 84351

0 .
(1 -1 ) apab (1) = —iwgppap(t) — ch Rab,cdpcd-

Here p,;, is a given density matrix element, w,;, corresponds to the frequency of p,;, and
the operator R,,.4 encodes the relaxation terms. The Redfield equation states that the

time evolution of a given density matrix element p,;,, is linked to each density matrix
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element p., through the system-bath interactions encoded in R, ;. The system
operators contained in R, .4 describe the likelihood that interaction with the thermal bath

induces energy transfer between system states.

Standard descriptions of 2DIR spectroscopy invoke the secular approximation to
Redfield theory.%?-54 The secular approximation does not consider the elements of
Rap cq for which w,, # w.4. Population states such as p,, evolve without phase,
meaning that w,, = wp, = 0. Under the secular approximation, only terms such as
Rap.aps Raaaa, @nd Ry, pp contribute to vibrational relaxation. Terms where the first and
second pair of indices are the same (Ryp,q5, Raqaa) reflect the decay rates of density
matrix elements due to interactions with the bath, while terms in which the first and
second pair of indices are different (R, ) describe the transfer of amplitude from one
density matrix element to another. The three sets of terms surviving the secular
approximation describe coherence dephasing (R, 41 ), POpulation relaxation (Rgq q4q),
and population transfer (R, ). When incorporated into theoretical descriptions of
2DIR, the secular approximation greatly simplified the interpretation and modeling of
2DIR experiments.'”:1951.55 However, the secular approximation does not account for
the intrasystem relaxation of vibrational superpositions. More robust descriptions of
coherent dynamics must also account for coherence transfer (R, .4) and coherence-
population coupling (R.q aq» Raaca )- Coherence transfer (CT) is the quantum mechanical
analog of population transfer, in which one coherent superposition converts into
another. 5657 Coherence-population coupling describes how vibrational coherences can

influence the populations of specific vibrational energy levels, and vice versa.>® As such,
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there is interest in applying nonsecular models of 2DIR spectroscopy to study a wider

range of coherent relaxation processes.
1.3.2 Studying Nonsecular Relaxation with 2DIR

Characterizing the dynamics of vibrational coherences using nonsecular
descriptions of 2DIR remains an active area of research. Since Khalil and Tokmakoff
first demonstrated the ability of nonsecular models to describe anomalous peaks in the
2DIR spectrum of Rh(CO)2 (acac),® researchers have been interested in
understanding how nonsecular processes manifest in experimental spectra and what
chemical information those manifestations contain. Efforts at identifying spectroscopic
signatures of coherence transfer have been the more successful thrust. Predictions of
how nonsecular processes manifest under experimental conditions such as pulse
polarization®®, excitation bandwidth’®, and the relative phases of the 2DIR pulse
train®%:50 have produced a series of experimental tests for coherent dynamics.
Applications of these methods to the study of the Fermi doublet of ethylene carbonate

are the focus of chapter 3.

However, relating the observation of coherent vibrational dynamics to the
properties of chemical systems remains challenging. For instance, a study of coherence
transfer in the spectrum of dimanganese dodecacarbonyl'” identified spectroscopic
signatures of only a handful of theoretically predicted coherence transfer pathways, with
the authors noting a lack of guiding principles for predicting which pathways are most
likely to be observed experimentally. A theoretical investigation of the same system by

Baiz et al.>® attempted to resolve this discrepancy by comparing nonsecular relaxation
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rates for models containing different numbers of dark vibrational modes. Their results
suggest that observed coherence transfer rates depend on vibrational coupling between
both experimentally observable transitions and dark states traditionally associated with
the bath. Villaeys and Liang found that anomalous cross peaks in the 2DIR spectrum of
benzonitrile and acetonitrile-ds mixtures could be modeled from intermolecular coherence
transfer processes involving specific dark states which become populated by the
dissipation of energy out of optically excited transitions.®! Those results, which explicitly
consider bright-dark anharmonic couplings, indicate a direct relationship between
relaxation pathways involving dark states and the observation of coherent dynamics. The
role of dark states in enabling the observation of coherent dynamics in 2DIR spectra was
experimentally investigated by Eckert and Kubarych in a study of three diiron
hexacarbonyl systems.'® The authors found coherent oscillations in 2DIR cross peaks
whose beating frequency corresponded to the energy gap between bright and dark
vibrational modes, which could only be attributed to coherence transfer processes
involving IR-inactive vibrations. Further, they found that chemical substitution of the
bridging dithiolate group led to observation of unique coherent relaxation pathways in
each compound. Their results prove interesting, as they indicate the possibility of
manipulating coherent dynamics via straightforward chemical modifications. Modifying
coherent dynamics by altering the nature of coupling to dark states would mark an
important step towards developing chemically insightful models of coherent relaxation in

2DIR. Such an effort is the topic of chapter 4 of this dissertation.
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1.4 Motivation for Studying the Vibrational Dynamics of Ethylene Carbonate
(EC)

While this work uses EC as a model system for investigating coherent relaxation,
the interest in studying its vibrational dynamics stems from its role as an electrolyte
component in energy storage devices. Specifically, EC serves as a component of
organic electrolyte mixtures composed of linear and cyclic carbonates in lithium-ion
batteries.®2-68 The carbonyl stretching mode of several linear and cyclic carbonates
have served as IR probes in 2DIR studies of lithium ion solvation.52-%5 However,
overlapping IR peaks in the carbonyl region of multicomponent electrolytes challenge
the unambiguous assignment of ion solvation structure and dynamics.?®7" A linear IR
absorption spectrum for a 1:1:1 molar equivalent mixture of diethyl carbonate (DEC),
dimethyl carbonate (DMC), and EC is shown in figure 1.4-1. Three peaks appear in the
spectrum shown in figure 1.4-1. Two of those peaks correspond to the Fermi doublet of
EC, while the lowest frequency peak corresponds to an overlap of the carbonyl stretch

of the linear carbonates DEC and DMC.

1:1:1

EC

DMC + DEC
EC

Intensity

0
1720 1760 1800 1840
w (Cm'1)

Figure 1.4-1: Linear IR absorption spectrum for the carbonyl region of a 1:1:1 molar mixture of DEC,
DMC, and EC.

16



Spectral congestion presents additional challenges in 2DIR spectroscopy, where
excited state absorption and cross peaks additionally contribute to peak overlap.
Extracting chemical information from 2DIR spectra requires distinguishing the
contributions of different molecular processes that contribute to the intensity and time
evolution of each peak. The discovery of coherent relaxation pathways in EC, detailed
in chapter 3, introduces additional complexity, as these processes can obscure or mimic

the contributions of conventional pathways.

1.5 Dissertation Outline

The remainder of this dissertation is laid out as follows: Chapter 2 provides a
description of the experimental techniques and theoretical tools used to characterize
vibrational relaxation pathways in EC and closely related molecules. Chapter 3 details
the identification of coherent relaxation pathways in EC using 2DIR spectroscopy, while
chapter 4 compares the signatures of coherent relaxation pathways in a series of EC
13C isotopologues. Chapter 5 summarizes the conclusions of chapters 3 and 4 and
discusses future applications of isotopic substitution for suppressing coherent relaxation

and eliminating spectral congestion in mixtures of organic carbonates containing EC.
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Chapter 2
Experimental and Theoretical Methods

This chapter provides an overview of two-dimensional infrared spectroscopy
(2DIR), details of the experimental equipment, and data analysis methods used in this
dissertation. The goal of this dissertation is to use 2DIR to assess the role of vibrational
coupling in facilitating coherent vibrational relaxation mechanisms in ethylene carbonate

(EC) and two of its '3C isotopologues. EC has been employed in mixtures of organic

carbonates that serve as the electrolyte of lithium-ion batteries.™” Such mixtures have
been the focus of several time-dependent vibrational spectroscopy investigations,1‘4 but

few studies probe the vibrational dynamics of EC directly.”®

The chapter begins by providing an overview of 2DIR spectroscopy and the
Feynman diagram representation of nonlinear response functions for a single vibrational
mode. Next, an overview of the 100 kHz 2DIR spectrometer used in these experiments
is provided. Methods for extracting rephasing and nonrephasing signals from the
experimental conditions used in this dissertation are then given. The penultimate section
of this chapter revisits the Feynman diagram picture for a system of two coupled
oscillators and discusses the incorporation of coherent relaxation processes in Feynman
diagrams as well as their effects on 2DIR spectra. The final section of this chapter details

data analysis methods for studying vibrational dynamics with 2DIR.
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2.1 Overview of 2DIR Spectroscopy

The signal recorded by a 2DIR experiment is the third order macroscopic
polarization of the sample, which depends on the interaction of the molecular ensemble
of oscillators and three sequential perturbations by mid-IR light. The macroscopic

polarization is given as

(2-1) P® o [P dts [ dt, [ dty Es(t — t3)Ep(t — t; — t)Ey(t —ts — t; — t;) -

R®(ts,ty, ty).

Here, E,, E,, and E; are the electric fields of the three incident laser pulses. The subscript
of each pulse denotes their time ordering, with E; arriving at the sample first and E;
arriving last. The experimental time intervals between each set of pulses are denoted by
t; and t,, while t; describes the time period over which the signal is emitted by the
sample. R® is the third order response function of the chemical system which encodes
not only the evolution of the system due to interactions with the mid-IR laser pulses but
also the vibrational relaxation of the system during the experimental time delays. Full
derivations of the macroscopic polarization and molecular response functions are given

elsewhere.®'0 The total third order response function can be written as

(2-2) RO (b, 2, t2) = () (ults + b + t3) [ty + ), [uCt0), [C0), p(=o2)]] ).

In this equation, u(t) is the transition dipole moment operator that describes the likelihood
of a perturbation by an electric field to drive transitions between vibrational eigenstates,
and p(—oo) is the system density matrix before the first light matter interaction, for which
it is assumed that the system resides entirely in the ground state population |0){0|. The
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\3
factor (%) arises from the application of time-dependent perturbation theory to three light-

matter interactions. Thus, the term [u(0), p(—)] describes the possible vibrational
transitions from the ground state to vibrational excited states by a generic E; pulse. During
the experimental time delays the evolution of p occurs due to anharmonic coupling
between the system and bath. The remaining dipole operators in the expectation value of
equation 2-2 describe the possible transitions between vibrational states induced by E,
(u(t;))and E; (u(ty + t,)) as well as the vibrational transitions which lead to the emission
of the third order signal (u(t; + t, + t3)) over t5. As such, the dipole operators describe
the probability of optically induced transitions, while the time evolution of the density

matrix characterizes the vibrational dynamics during the interpulse periods.

2DIR spectra represent a collection of molecular response pathways which encode
information on the energy levels and time evolution of different vibrational states.
Extracting information about chemical systems from 2DIR spectra requires accounting for
the various response pathways contributing to the experimental spectrum. It is often
convenient to do so by representing molecular response pathways using double sided
Feynman diagrams, which can be associated with specific features in a 2DIR spectrum.
To illustrate how Feynman diagrams aid the interpretation of 2DIR spectra, we begin with
a simple description of a 2DIR experiment for a single anharmonic oscillator which is

represented by figure 2.1-1.
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Figure 2.1-1: Overview of a 2DIR experiment for a single vibrational mode. (a) Depiction of the 2DIR
pulse sequence described in the text. (b) Ladder diagram of a stimulated emission pathway accessed
by a 2DIR experiment. Blue arrows correspond to the IR pulses. The yellow arrow corresponds to the
emitted signal field. Double sided arrows indicate that the light-matter interaction generates a
coherence state, while single sided arrows correspond to a change in vibrational populations. (c)
Double sided Feynman diagram representation of the stimulated emission process depicted in (b).
Blue arrows represent interactions between the system and electric field. Yellow arrow represents the
emitted signal. (d) Cartoon 2DIR spectrum for a single anharmonic oscillator. The dashed line
indicates the diagonal line of the spectrum. (e) Double sided Feynman diagrams contributing to the
peaks in the 2DIR spectrum shown in d.

Figure 2.1-1 gives an overview of a 2DIR experiment probing a single vibrational mode,
|a). A standard 2DIR pulse sequence is given in figure 2.1-1a. The input electric fields
(blue) consist of two excitation or “pump” pulses (E; and E,) and a single detection or
‘probe” pulse (E;). After the sample interacts with the probe pulse, it emits a signal field
(yellow) that encodes all molecular response pathways contributing to the 2DIR spectrum.

One possible response pathway sampled in a 2DIR experiment describes the processes




of stimulated emission. Depictions of stimulated emission are given in the ladder diagram
representation (2.1-1b) and the double-sided Feynman diagram representation (2.1-1c).
Both representations convey similar information and are described in parallel. In figures
2.1-1a and 2.1-1b time increases from right to left, while in figure 2.1-1¢ time increases
from bottom to top. Further details of the Feynman diagram representation are given in
the next section. Before the arrival of E,, the system occupies the ground population state
attime t = t_,,, indicated by the lowest rung in figure 2.1-1b and the state |0)(0] in figure
2.1-1c. When the first pump pulse arrives, it generates the coherence state |a)(0| which
oscillates over t;. The record of the signal over t; is then Fourier transformed to label the
pathway at w,, on the w, axis of the 2DIR spectrum in figure 2.1-1d. The second pulse
collapses the coherence to generate an excited state population in |a){a|. The
subsequent t, interval, often referred to as the waiting time, then reports on the relaxation
of the vibrational population state |a)(a|. After the waiting time of the experiment, E;
converts the excited state population into the |a){(0| coherence state. The relaxation of
|a){0| emits a photon of frequency w, , which labels the pathway on the w3 axis of figure

2.1-1d.

The utility of the Feynman diagram representation lies in its ability to compactly
relate the underlying response pathways to the (w;, w3) positions of different peaks in the
2DIR spectrum. For the stimulated emission pathway discussed above, the system
occupies the same |a)(0| coherence during both the t; and t; coherence periods. As
such, the pathway contributes to the diagonal (w; = w3) peak in figure 2.1-1d, labeled as
peak 1. Figure 2.1-1e gives additional Feynman diagrams which contribute to peak 1, as

well as diagrams for the excited state absorption pathways contributing to peak 2. Note
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that the excited state absorption pathways pass through the |2a)(a| coherence (or its
complex conjugate) during t5, causing them to appear at a different frequency on the w,
axis. This frequency shift corresponds to the vibrational anharmonicity of mode |a). The
different colors for the diagonal (blue) and off-diagonal (red) peaks in figure 2.1-1d
indicate peaks with opposite amplitude signs. For the work presented herein, blue peaks
indicate negative absorption amplitude due to ground state bleach or stimulated emission
processes. For convenience, these peaks are collectively referred to as bleach features.
Red peaks correspond to positive absorption amplitude due to excited state absorption
processes. The change in the amplitude of different pathways arises due to a time-domain
T phase shift between the emissive/bleaching and absorptive signals generated by the
interaction with E5. The w3 shift of the excited state absorption pathways relative to the
bleach/emission pathways illustrates the idea that 2DIR spectra represent a 2D
frequency-domain map of the coherences generated by E; and E;."" The spectral position
of a given response pathway can be read off from the first and last coherence states of
the Feynman diagram. In the study of vibrational dynamics, this provides a tool to quickly
relate t, evolution of the individual response pathways to peaks in the 2DIR spectrum.
This feature will prove useful for illustrating the effects of nonsecular relaxation processes,
which have not yet been considered, on the measurement and interpretation of 2DIR

dynamical observables.
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Rephasing and Nonrephasing Response Pathways

The previous section offered a description of stimulated emission pathways which
treated the ladder and Feynman diagram representations as equivalent. However, the
Feynman diagram representation provides additional information on the complex
interactions between the chemical system and the electric field, providing additional
details about the molecular response. Feynman diagrams can be separated into two

classes, rephasing and nonrephasing, based on the phase conjugation of the t; and t;
coherence states. Equivalently, the wavevector directions of the emitted signal (Esig)
separates the rephasing (ky;, = —k; + k, + k3) and nonrephasing (kg = +k; — k; + k)
signals. The 2DIR spectra presented in this work were collected with a partly collinear

beam geometry''3 for which k, = k, and Esig = k3.° The spectra are then collected as

purely absorptive spectra, which are the sum of the rephasing and nonrephasing signals.
Methods for extracting rephasing and nonrephasing signals from purely absorptive
spectra are described in section 2.3. At present, we focus on how the two signals manifest

in the Feynman diagram representation.
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Stimulated emission pathways for both rephasing and nonrephasing diagrams are

shown in figure 2.1-2.

Nonrephasing Rephasing
|ket){bral| |ket){bral|
0) (0 0) (0
« (o] « (o]
o) (o = a) (a
a) (0 7 0) (afw
0) (0 0) (0

Figure 2.1-2: Rephasing (right) and nonrephasing (left) stimulated emission response pathways.

In the nonrephasing pathway, shown on the lefthand side of figure 2.1-2, the first light-
matter interaction involves an excitation on the ket side of the density matrix. Conversely,
in the rephasing pathway shown on the right, the first interaction occurs on the bra side.
In the nonrephasing pathway, phase of the complex signal accumulates in the same
direction (|a)(0]) during both t; and t;, leading to a continuous loss of coherence in the
2DIR signal. However, for rephasing pathways, phase accumulates in the opposite
direction (]0){(a|) during the first coherence period. The phase reversal in the t; evolution
of rephasing pathways produces a photon echo that enhances the signal. This echo can
be observed by comparing the experimental rephasing (black) and nonrephasing
(magenta) signals shown in figure 2.1-3. The signals shown in figure 2.1-3 were obtained
from the experimental 2DIR spectrum of EC, which had not been Fourier transformed into

the w, frequency domain.
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Figure 2.1-3: Rephasing (black) and nonrephasing (magenta) 2DIR signal taken from an experimental

spectrum of ethylene carbonate. Time domain signals taken at w; = 1811 cm” and t,=0ps. The
horizontal axis gives the t; time interval out to 3 ps. The signal intensities have been self-normalized
and offset to facilitate comparison.

We see that the envelope of the nonrephasing signal decays exponentially as a
function of the t; coherence period. This decay reflects the accumulation of phase drift
due to system-bath interactions. The rephasing signal is largely governed by the same
decay, except for the appearance of a photon echo. This is denoted in figure 2.1-3 and
can be seen by the increase in intensity of the rephasing signal. The significance of the
photon echo in using 2DIR spectroscopy to characterize the timescales of dephasing

processes is discussed further in section 2.5.1.
Rules for Interpreting Double Sided Feynman Diagrams

Before moving to a description of 2DIR spectra of coupled vibrational modes and their
relaxation pathways (which will involve many Feynman diagrams), it is useful to review a
non-exhaustive list of rules for interpreting the Feynman diagram representation of third
order response functions.®
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1.) The left and right sides of the diagram correspond to the time evolution of the ket
and bra sides of the density matrix, respectively. Time increases from bottom to
top.

2.) An arrow pointing inwards represents a process in which the system gains
energy due to interactions with an external field, while arrows pointing outwards
indicate a de-excitation process. The emitted signal always points outward.

3.) An arrow pointing to the right represents an electric field interaction with a
positive wavevector (En), and an arrow pointing to the left indicates a negative

wavevector. The wavevector of the emitted signal is the sum of the wavevectors

of the input fields and points to the left by convention.
2.2 100 kHz 2DIR Spectrometer

The following section details the 100 kHz mid-IR spectrometer used to perform the
2DIR experiments presented in chapters 3 and 4. The spectra contained in chapter 5
were obtained using a 1 kHz 2DIR spectrometer whose description can be found

elsewhere.' A schematic of the 100 kHz laser system is shown in figure 2.2-1.

34



2DIR

3 Stage OPCPA (PPLN) ZGP Spectrometer

Cryo Yb:YAG Cryo Yb:YAG
Regen Multipass
100 kHz

Stretcher

Er Fiber
Amplifier

Er Fiber
Amplifier

1750 nm Signal
ER Fiber Oscillator 2.5 um Idler
100 MHz

1030 nm Pump

Figure 2.2-1: Schematic overview of the 100 kHz OPCPA 2DIR spectrometer used to perform 2DIR
experiments.

Briefly, an erbium fiber oscillator seeds two fiber amplifiers (Menlo Systems) coupled to
photonic crystal fibers (PCF). One PCF output is amplified by a pair of ytterbium doped
yttrium aluminum garnet (Yb:YAG) amplifiers. The PCF outputs seed a three-stage
periodically poled lithium niobate (PPLN) optical parametric chirped pulsed amplifier
(OPCPA). The output beams of the OPCPA are converted to mid-IR through difference
frequency generation (DFG) in a zinc germanium diphosphide (ZGP) crystal. The mid-IR
output is splitinto pump and probe lines. The pump beam is sent to a mid-IR pulse shaper
that uses a germanium acousto-optic modulator (AOM) to generate two excitation pulses
for the 2DIR experiment. The probe beam is sent through a motorized delay stage before
rejoining the pump beam at a pair of parabolic mirrors that focus the two beams onto the
sample. The 2DIR signal emits collinearly with the probe beam. After the sample, the
probe and signal travel to a spectrometer, where they are Fourier transformed by a
diffraction grating and recorded on a 64-element mercury cadmium telluride (MCT)

detector.
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2.2.1 Generating Signal and Pump Beams for Nonlinear Frequency

Conversion

Generation of the 100 kHz mid-IR pulse train used for 2DIR experiments begins
with a Menlo Systems ELMO Erbium fiber oscillator whose 100 MHz output feeds into
two Er fiber amplifiers coupled to two PCFs. The amplifiers generate 180 mW pulse trains
for the pump and seed lines of the three-stage PPLN OPCPA. Setting the current of the
seed amplifier to -100 mA produces a Raman shifted pulse train with a center wavelength
of 1750 nm and 60 fs pulse duration. The seed pulses are stretched to reduce peak power
before being sent to the OPCPA. The amplifier-PCF pair for the pump line produces a
continuum which is sent through a 10 nm bandpass filter to isolate the region of the
spectrum centered near 1030 nm which corresponds to the emission wavelength of
cryogenically cooled Yb:YAG crystal. Before amplification the repetition rate of the pump
line is downshifted to 100 kHz using a Pockels cell. The 100 kHz 1030 nm pulse train is
then amplified in a cryogenically cooled Yb:YAG regenerative amplifier which produces a
train of 10 ps pulses with a pulse energy of 55 pJ. The output of the regenerative amplifier
is further amplified by a Yb:YAG multi-pass amplifier which increases the pulse energy to
300 pd. The multi-pass output is then split into three lines, each of which pumps one

OPCPA stage.™

2.2.2 Generation of mid-IR light: OPCPA and DFG

The three stage OPCPA uses PPLN crystals pumped by the 1030 nm pulse train
to amplify the 1750 nm signal line. The amplified 1750 nm signal is retained for the first

and second stages while the pump and idler are discarded. After the third OPCPA stage,
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both the amplified 1750 nm signal and 2.5 ym idler are retained. The signal is compressed
by a transmission grating compressor to a 106 fs pulse duration. The idler is compressed
in a 250 mm silicon material compressor to produce 146 fs pulses. The signal and idler
are then combined in a ZGP crystal where difference frequency generation produces mid-

IR pulses centered at 5.8 um.

2.2.3 100 kHz 2DIR Spectrometer

The mid-IR pulse train is split into pump and probe lines by a waveplate polarizer
combination which determines the distribution of energy in the pump and probe pulses.
The probe line is sent through another waveplate polarizer pair and travels to an
electronically controlled delay stage which generates the t, dimension of the 2DIR
experiments. The pump line passes through a mid-IR pulse shaper (QuickShape+,
PhaseTech Spectroscopy) which will be discussed in the next section. The 2DIR
experiments contained in this dissertation utilize a partly collinear beam geometry in
which the pump and probe are slightly offset as they enter a pair of gold-plated parabolic
mirrors. The parabolic mirrors focus the pump and probe beams onto the sample. After
the sample the probe line is collimated, sent through a final polarizer, and into a Horiba
iHR320 spectrometer where the signal is dispersed by a diffraction grating. The individual
frequencies of the signal field are directed onto a 64-element mercury cadmium telluride

detector (Infrared Systems) which generates the w5 axis of the 2DIR spectrum.

The noise introduced by shot-to-shot fluctuations in the probe pulse was treated
using a two reference pixel noise reduction scheme. '8 |n this scheme, two MCT pixels

that do not carry 2DIR signal serve as reference pixels. The covariance between the shot-
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to-shot noise of the reference (4lz.r) and signal pixels (41;4), along with the variance of
Algey, is recorded over 10,000 shots to obtain an optimized scaling factor from the linear

regression of Alg, on Alg.r. The form of the correction factor, b, is given by b =

cov(Algig, Algef)
var(Algef)

. During the 2DIR experiment, the additive noise of subsequent laser shots

is subtracted according to Alg;, — Alg.s - b. This significantly reduces the shot-to-shot

noise in the experimental data.

2.2.4 Mid-IR Pulse Shaper

The individual pulses in the pump line are split into a pair of temporally separated

pulses by a mid-IR pulse shaper,’? depicted in figure 2.2.4-1.

tq

— o =

Figure 2.2.4-1: Cartoon depiction of an AOM pulse shaper. From left to right: A single input pulse is
dispersed by a diffraction grating and focused onto a germanium crystal within the AOM. The acoustic
waveform of the AOM alters the dispersion of different colors. The diffracted light is recollimated by a
curved mirror and directed onto a diffraction grating such that the signal envelope produces two
temporally separated pulses.

A broadband pulse enters the pulse shaper and is separated into its constituent
frequency components using a diffraction grating. The diffracted beam is focused with a
curved mirror and directed towards the germanium AOM, which sits in the focal plane of
the shaper. A piezo-electric transducer generates an acoustic wave within the germanium

window. The pressure gradient of the acoustic wave introduces a spatially dependent
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refractive index that allows for controlling the dispersion of each color in the broadband
pulse. The diffracted beam exits the AOM and is focused by a second curved mirror and
directed onto a second grating. Using PhaseTech Software and a radio frequency
waveform generator, the AOM is programmed to split the input pulse into a pair of
temporally separated output pulses. Scanning the delay between the two output pulses
generates the t; axis of the 2DIR experiment. Pump selective 2DIR experiments,’”:8
discussed in section 2.5.2 of this chapter as well as chapters 3 and 4, are performed by
blocking portions of the pump spectrum in the focal plane of the shaper, either manually

or by manipulating the acoustic waveform applied to the shaper.

2.2.5 Phase Manipulation of the 2DIR Signal

The programmable nature of the AOM waveform additionally enables 2DIR
collection techniques that take advantage of the signal’s (S,p;z) dependence on the
relative phase relationship between the two pump pulses (4®,, = ®; — &, ).'? The first
technique described here applies a fixed rotating frame to 4®,, such that 4®,, = —wxzpt;
where wgr is the frequency of the rotating frame. This effectively downshifts the 2DIR
signal by wgr Which reduces the sampling rate required to avoid aliasing in S,p;z. The
experiments contained in this dissertation use a rotating frame frequency of wgr = 1400
cm'. The second technique is known as phase cycling and takes advantage of the fact
that a ™ phase shift in 4®,, induces a 1 phase shift in S,,,z. This phase shift inverts the
positive and negative going oscillations in the signal, while leaving contributions from
noise and unwanted response pathways that do not depend on A4®d,, unchanged.
Consequently, subtraction of signals collected with a relative 1 phase shift to one another
amplifies the underlying 2DIR signal and eliminates unwanted contributions. The
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experiments used the 4-frame phase cycling procedure, summarized in table 2.2.5-1. In
this procedure frames A and C have zero phase shift between the pump pulses and
frames B and D have a 11 phase shift. 2DIR data sets are collected for each frame, and
then recombined according to (A-B)+(C-D). The individual subtraction steps followed by
addition results in doubling the magnitude of S,,;z while suppressing unwanted signals.
The resulting data sets are then recombined to give a total amplitude enhancement of

4S,pr compared to the individual frames.

Table 2.2.5-1: Phase of each pump pulse, relative phase shift between pump pulses, and sign of the
2DIR signal for a 4-frame phase cycling scheme.

b1 b2 [Ady, |S20ir
A o O +§
B 0 m T -S
C m ™ 0 +S
D m O T -S
(A-B)+(C-D) 45;pIr

2.3 Extracting Rephasing and Nonrephasing Signals

The rephasing and nonrephasing 2DIR signals can be extracted from data
collected with the 4-frame phase cycling scheme and experimental geometry discussed
in the previous sections.’® Matlab code for generating the rephasing and nonrephasing

spectra can be found in appendix B. Figure 2.3-1 provides a visual summary of the
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procedure for obtaining the rephasing and nonrephasing spectra. In figure 2.3-1,
S(ty, t,, w3) gives the experimentally collected spectrum. This data set represents the
purely absorptive signal which has been Fourier transformed over t; by a grating and

recorded by a mid-IR detector. This signal is the sum of the rephasing and nonrephasing

response pathways.

S(tq,tz, w3)

1

5'(tq, tz, w3)

1750 1800 1850
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Figure 2.3-1: Workflow for separating rephasing and nonrephasing spectra from a purely absorptive
2DIR spectrum collected using a 4-frame phase cycling scheme.

Step 1 for separating the rephasing and nonrephasing signals is to perform an inverse
Fourier transform to recover the fully time domain signal S(t,, t,, —t5: t3), which is complex
in t; and centered about t; = 0. Only the real parts of the complex data sets are shown
in figure 2.3-1. Step 2 imposes causality on the t; dimension, meaning all negative values
of t; are set to zero. This produces a causal data set denoted as S'(t;, t,, —t; = 0), which

is then Fourier transformed back into the w; domain during step 3. Step 4 is identical to
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the procedure for obtaining the purely absorptive spectrum from the experimental data. It
involves taking the real part of the Fourier transform over t;. When this is performed for
the causal data set, the rephasing and nonrephasing spectra appear symmetrically about
w1 = wgp. The nonrephasing spectrum is found in the wgr + w; region of the spectrum,

while the rephasing spectrum appears inverted in the wzr — w; half of the spectrum.

The success of this data processing routine is demonstrated in figure 2.3-2, where
time-dependent peak amplitudes, referred to as kinetic traces, for a diagonal bleach peak
are compared between the experimentally collected “raw” purely absorptive spectrum and
a purely absorptive spectrum reconstructed by summing the rephasing and nonrephasing
signals. On the left of figure 2.3-2 is an experimental 2DIR spectrum of the carbonyl
stretching region of ethylene carbonate dissolved in THF. The spectrum in the middle of
figure 2.3-2 is reconstructed by summing the rephasing and nonrephasing spectra

obtained by enforcing causality in the time domain data.
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Figure 2.3-2: Comparing the kinetic traces taken from raw and reconstructed purely absorptive spectra
for a sample of ethylene carbonate dissolved in THF. The kinetic traces of the most intense region of
the diagonal bleach are shown on the right for both raw (black, dotted) and reconstructed (red, solid)
data sets.

The two spectra are qualitatively quite similar, although the reconstructed spectra do not
perfectly emulate the raw data. This is likely due to the additional digitized Fourier
transforms required to make the causal data set. However, a comparison of the peak
amplitude decay between the two spectra shows that the information on vibrational
dynamics is almost exactly retained. Kinetic traces taken from the most intense point on
the diagonal bleach peak of both spectra are plotted on the right of figure 2.3-2. The raw
(black, dotted) and reconstructed (red, solid) traces are nearly identical, demonstrating

the reliability of the method described above.

2.4 2DIR of Coupled Oscillators

One advantage of 2DIR spectroscopy over lower dimensional techniques is the
ability to resolve response pathways in which the initial and final light matter interactions
involve different vibrational modes and therefor appear as off diagonal cross peaks in the
2DIR spectrum. Such pathways may report on anharmonic couplings between different
oscillators,2%-23 vibrational energy transfer pathways,?*-2” or chemical exchange.?82°

Often, the molecular response embeds information on all three phenomena in the same
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2DIR spectrum. Isolating the contributions of different pathways thus requires carefully
accounting for the underlying response pathways contributing to each peak in a 2DIR
spectrum. Consider a simple system of two anharmonically coupled vibrational modes,
denoted by |a) and |B). A cartoon 2DIR spectrum for such system is given in figure 2.4-
1. As with the spectrum given for a single anharmonic oscillator shown in figure 2.1-1,
blue peaks correspond to pathways in which the interaction between the chemical system
and E; leads to loss of absorption, while red peaks correspond to excited state absorption
pathways. Orange peaks in figure 2.4-1 also correspond to excited state absorption
pathways but arise due to either chemical exchange or vibrational energy transfer
processes during the t, interval. Additionally figure 2.4-1 gives Feynman diagrams whose
excitation frequency corresponds to the fundamental transition of |a) . The diagrams for

the diagonal peaks which were given in figure 2.1-1 are omitted.
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Figure 2.4-1. Left. Cartoon depiction for a 2DIR spectrum of a pair of coupled oscillators. Right. Sets
of Feynman diagrams contributing to peaks in the top row of the 2DIR spectrum presented on the left.
Population transfer is indicated by a blue dashed line in the Feynman diagrams.
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The Feynman diagrams listed in figure 2.4-1 have been further organized by their
behavior during the t, waiting period. The first set of Feynman diagrams given in figure
2.4-1 correspond to cross peaks for ground state bleach (peak 3) or excited state
absorption (peak 4) pathways. Compared to the diagonal peak pair of a single oscillator,
they do not encode any unique information with respect to the t, dynamics of the system.
However, the final light matter interaction of peak 4 promotes one side of the density
matrix to the combination band |af), and its w5 position reports on the strength of the
coupling between |a) and |B). The other pathways contain additional information with

respect to vibrational relaxation processes.

The second set of Feynman diagrams correspond to quantum beating (QB)
response pathways. Unlike the previously described response pathways which occupy a
population state during the waiting period, QB pathways represent fully coherent
pathways and their t, evolution directly reports on the coherence between the two
coupled oscillators. As such, QB pathways cause peak intensities to oscillate along t, at
the frequency difference of the two vibrational modes which make up the coherent
superposition. Note that QB pathways do not exclusively contribute to cross peaks in the
2DIR spectrum. Nonrephasing QB pathways directly contribute to the diagonal bleach
labeled as peak 1. Nonrephasing QB pathways also impact the diagonal excited state
absorption peaks, although their center frequency is shifted on w5. This shift occurs
because they occupy a coherence involving a combination band during t5, rather than an
overtone. As such, the absorptive nonrephasing QB pathway is labeled as contributing to

peak 2%, where the asterisk indicates that the peak is slightly shifted from the true center
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of peak 2. QB contributions to cross peaks arise from the rephasing diagrams, at least in

the secular approximation. This is an idea we will revisit shortly.

The final set of pathways listed in figure 2.4-1 corresponds to the exchange of
vibrational populations. This can arise due to chemical exchange, in the case where |a)
and |B) correspond to two distinct conformations of the same chemical system. Exchange
pathways can also arise due to vibrational energy transfer processes, which are the focus
of this dissertation. These pathways reflect the dissipation of vibrational energy between
the vibrational populations of chemical systems. This transfer process is marked by a blue

dashed line in the corresponding Feynman diagrams.

2.4.1 The Feynman Diagram Representation of Coherent Relaxation

The predicted effects of coherent relaxation processes on different features in a
2DIR spectrum can be described by including the nonsecular processes described in
chapter 1, such as coherence transfer, into the Feynman diagram representation of 2DIR
response pathways.'7-30-33 Coherent relaxation processes are denoted by a red dashed
line in the Feynman diagrams shown in figure 2.4.1-1. The furthest diagram to the left
shows a secular quantum beating pathway, while the diagrams to the right contain an
additional nonsecular coherent relaxation process occurring over the t;, t,, and t; time
intervals, respectively. The cartoon 2DIR spectra shown beneath each diagram will be
used to describe how the Feynman diagram representation aids in the interpretation of

coherent relaxation processes.
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Figure 2.4.1-1. Example of incorporating nonsecular relaxation in double sided Feynman diagrams.
(Top left to right) Feynman diagrams for a secular quantum beating pathway, and the same pathway
with a coherent relaxation process (red dashed line) occurring during the t;, t,, and t5 time intervals.
(Bottom) Cartoon 2DIR spectra which show the peaks that receive amplitude for the secular (brighter
blue) and nonsecular (red outline) pathways.

The brightly colored peaks in the cartoon 2DIR spectra shown beneath each diagram
indicate the peaks that receive amplitude from both the coherent relaxation processes

(red outline) and the secular quantum beating pathway (black outline).

In the example of the secular quantum beating pathway, the first and third light-
matter interaction both generate an |a){(0| coherence state, causing the pathway to
contribute to a diagonal peak located at w,, on both axes. However, the inclusion of
coherence transfer or coherence to population transfer leads to new pathways which
contribute to other peaks in the 2DIR spectrum. For the t; coherence transfer process,
the initially excited |a)(0| state partially decays into the state |$)(0| before the arrival of

the second pulse. This causes the new pathway to appear at w; = wg, in the spectrum,

while retaining the amplitude of the light-matter interaction between the first pulse and the
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transition dipole moment of |a).'” The second pulse in the coherent pathway generates a
population state |B){B| whose initial amplitude now depends on the transition dipole
moment strength of |a) and the coherence transfer rate. The third pulse generates the

state |B)(0], causing the coherent pathway to contribute to the diagonal peak at wg, on

both axes. Similar reasoning can be used to predict the effects of the t, and t; coherent
relaxation processes shown in figure 2.4.1-1. In both of those diagrams, the coherent
relaxation process causes the beating of the |a){(f| multi-level coherence to appear on
cross peaks, instead of on the diagonal peaks, as expected for nonrephasing
pathways.3'3 Compared to descriptions of 2DIR that invoke the secular approximation,
coherent relaxation pathways mix both the transition dipole moment strengths and ¢,
relaxation processes (population transfer, population relaxation, and multilevel coherence
decay) that contribute to peaks in 2DIR spectra. For this reason, great care should be

taken in analyzing chemical systems that display coherent relaxation mechanisms.
2.5 Studying Dynamics with 2DIR

The ability of 2DIR to report on chemical dynamics predominantly comes from the
ability to study the evolution of peak shapes and peak amplitudes as a function of the t,
waiting time. Methods for analyzing the t, evolution of 2DIR line shapes and peak
amplitudes peaks are presented in the first parts of this section. The use of pump-
selective 2DIR experiments to study t; coherence transfer processes is described in the

third section.
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2.5.1 Spectral Diffusion

The line shapes of vibrational spectra of molecules in solution are determined by
two mechanisms.!" The first mechanism, inhomogeneous broadening, arises from the
static distribution of transition frequencies in an ensemble of oscillators individually
coupled to a local environment. Inhomogeneous broadening reflects the heterogeneity of
solvent-solute microstates in solutions. The second mechanism, homogeneous
broadening, describes changes in transition frequencies whose cumulative effects
average out across the entire ensemble. Homogeneous broadening is linked to processes
such as the pure dephasing of individual oscillators,!" vibrational relaxation,® and
solvation dynamics.'3637  For an inhomogenously broadened system, this dynamic
sampling of different microstates leads to time-dependent changes in the spectral line
shape, a process known as spectral diffusion. A schematic representation of spectral

diffusion for an ensemble of oscillators is given in figure 2.5.1-1.

) 0 )

Figure 2.5.1-1 (a) Spectrum of a single oscillator homogeneously broadened via pure dephasing,
representing a singular microstate. (b) Spectrum of an ensemble of homogenously broadened
oscillators whose center frequencies and homogenous linewidths are determined by their local
environments. (c¢) Depiction of spectral diffusion, as measured in 2DIR. In this representation, the
oscillators in individual states sample other microstates over t,.
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Figure 2.5.1-1a shows a spectrum corresponding to an oscillator in a single local
environment. The width of the peak in the frequency domain is inversely proportional to
the dephasing rate of the coherence for that microstate. The spectrum of the ensemble,
shown in figure 2.5.1-1b, consists of the sum of many homogenously broadened spectra,
producing an inhomogenously broadened distribution. The spectral width of the ensemble
response characterizes the differences in energy among the different microstates in the
system. As the system samples other microstates, individual oscillators “swap” local
environments, leading to spectral diffusion. The swapping of two individual oscillators is

shown in figure 2.5.1-1¢ as a function of the waiting time t,.

The rate of spectral diffusion for diagonal peaks in 2DIR spectra approximates the
frequency-frequency correlation function (FFCF) for an ensemble of oscillators. The
FFCF measures the correlation in the center frequency of the t; and t; coherences
generated by the first and third pulses of a 2DIR experiment, respectively. At the earliest
waiting times, individual oscillators are “frozen” in their local environments, the two
coherence periods remain highly correlated, and the FFCF is maximized. At increasing
waiting times, the individual oscillators sample different local environments, leading to a
loss of correlation between the t; and t; coherence states. The rate of decay for the FFCF
can be linked to different mechanisms of homogeneous broadening in chemical

systems, 33 such as the fluctuations of hydrogen bonds in liquid water.4

One method for approximating the FFCF from the spectral diffusion of congested
or otherwise complex 2DIR spectra is by comparing the relative intensities of the
rephasing and nonrephasing intensities of diagonal peaks. The characteristic photon

echo of rephasing signals, shown previously in figure 2.1-3, arises due to the equal but
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opposite phase accumulation of the inhomogenously broadened t; and t; coherence
states.!” The photon echo increases the amplitude of the rephasing signal at early values
of t,. As the system evolves over t,, homogeneous broadening suppresses the formation
of the photon echo, causing the rephasing and nonrephasing signals to equalize in
amplitude. The relative intensities of the rephasing and nonrephasing signals can be

compared using the inhomogeneity index (I1),%74" defined as

_ Agr(t2)-Ang(t2)
(2-3) () = Ao

Here, Ar and Ayy give the integrated intensity of the absolute value of the rephasing and
non-rephasing spectra for a specific peak in the 2DIR spectrum. The inhomogeneity index

can then be related to the normalized FFCF through the equation
_ _ . (n

(2-4) C(t,) = sin (2 xII)

where C(t,) is the normalized FFCF.

2.5.2 Time Dependent Peak Amplitudes

The change in 2DIR peak amplitudes during the t, waiting period reflects the sum
of the dynamical processes of each response pathway contributing to that peak. Those
processes include population relaxation, population transfer, coherence dephasing, and
multi-level coherence transfer. These processes can be observed by integrating or
averaging each 2DIR peak over a range of frequencies in the w; and w5 directions and
plotting the intensity as a function of t,. The intensity vs. t, plot is referred to as a kinetic
trace. Analysis of the kinetic trace can be used to quantify the rates of coherence

dephasing for QB pathways, population relaxation for diagonal peaks, and population
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transfer rates for 2DIR cross peaks. At present, there is no established method to extract
information on nonsecular rate constants directly from the 2DIR spectra, and analysis of
nonsecular processes focuses on identifying pathways rather than quantifying relaxation
rates. The methods used to quantify population relaxation in diagonal peaks and
coherence dephasing from cross peaks are described in the following section.
Additionally, methods for identifying coherent relaxation pathways from Fourier analysis

of kinetic traces for diagonal and cross peaks in the 2DIR spectrum are reviewed.
Diagonal Kinetic Trace

We begin our description of time-dependent peak amplitudes by analyzing the
kinetic trace for the diagonal bleach of the carbonyl fundamental of ethylene carbonate-
13C3 (3EC) dissolved in tetrahydrofuran (THF). The 2DIR spectrum is given in figure 2.5.2-
1a, where the red circle indicates the region of integration. For this peak, we expect the
t, peak amplitude to reflect contributions from both carbonyl population relaxation and
the decoherence of nonrephasing quantum beating pathways. The contributions of QB
pathways can be seen in the corresponding kinetic trace of figure 2.5.2-1b, where we
observe strong oscillations at early waiting times due to quantum beating, as well as a

decay corresponding to the population relaxation.
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Figure 2.5.2-1: (a) 2DIR spectrum of the carbonyl stretching region of °EC dissolved in THF taken at
t, = 5 ps. The red circular region indicates the integration region of the kinetic trace. (b) The kinetic
trace (black, dotted) and corresponding exponential fit (magenta) of the region indicated in a.

To extract the time constant of the population relaxation, the kinetic trace is first

fit to a mono-exponential decay of the form ae 71 + C, where T, reports on the vibrational
lifetime of the carbonyl stretch. Measurements of T; give information on the overall
strength of the coupling between the carbonyl stretch to other vibrational degrees of
freedom in both ethylene carbonate and the solvent.#>=* This fit, given as a solid magenta

line in figure 2.5.2-1b, returns a value of T, = 6.59 + 0.07 ps.

Diagonal peaks are expected to report on the decoherence of multiple t,
coherence states due to the contributions of nonrephasing QB pathways. The additional
modes involved in the multi-level coherences can be identified by taking the Fourier
transform of the diagonal kinetic trace shown in figure 2.5.2-1b, or the residual in which
the exponential component has been subtracted from the kinetic trace. An example for

the latter method is given in figure 2.5.2-2.
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Figure 2.5.2-2. Left. Residual of the diagonal trace after subtracting the exponential fit to the kinetic
trace shown in figure 2.5.2-1b. Right. Power spectrum generated by taking the fast Fourier transform
of the residual kinetic trace for the diagonal bleach.

The multiple peaks in the power spectrum on the right side of figure 2.5.2-2 can be
attributed to vibrational modes which couple to the carbonyl stretch and whose frequency
separation from the carbonyl mode corresponds to the peak positions on the w, axis. The
peaks observed in the power spectrum of figure 2.5.2-2 indicate that the carbonyl mode
couples to additional modes whose frequencies appear at + 22 cm™ and + 31 cm™’
relative to the frequency of the carbonyl fundamental. The lower frequency peak
appearing at 5.5 cm-! cannot be unambiguously interpreted. Low frequency features in
power spectra are highly sensitive to the subtraction of the exponential component and

may appear as artefacts of the fitting procedure.

As multiple QB pathways contribute to the diagonal peaks, it can be difficult to
isolate the decoherence rate for any individual peak from the diagonal power spectrum.
Additionally, Fourier analysis is quite sensitive to interference due to spectral congestion

and incomplete fits to the population dynamics can introduce low frequency peaks in the
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power spectrum. As such, analysis of specific decoherence terms can be simplified for

highly coupled systems by analyzing cross peaks instead.
Cross Peak Kinetic Trace

In this section we outline a procedure for assessing coherence dephasing from
2DIR cross peaks. Figure 2.5.2-3a shows the same 2DIR spectrum as figure 2.5.2-1a,

only with the region of interest moved to a cross peak bleach.
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Figure 2.5.2-3. Analysis of intraband coherence dephasing for a 2DIR cross peak. (a) Same 2DIR
spectrum shown in figure 2.5.2-1a, with the region of integration on a cross peak. (b) Cross peak
kinetic trace and single exponential fit. (c) Residual trace fit to a damped exponential. (d) The power
spectrum of the residual trace for the cross peak bleach.

The oscillatory component of 2DIR cross peaks reports on a single rephasing QB
pathway, and the decoherence rate can be measured from the decay of the residual. The
population transfer rate is not directly measured in the work contained in this dissertation
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due to overlap with coherent relaxation pathways. To measure the decay of the intraband
coherence contributing to the cross peak kinetic trace, the kinetic trace is again fit to a
relaxation term (2.5.2-3b), and the residual is obtained by subtracting the fit. The residual,

shown as a blue scatter plot in figure 2.5.2-3¢, is then fit to the damped exponential

—_tz
aeTdcos (2nw - t, + d). Here T, gives the damping rate, w gives the frequency of the

oscillation, and d is a phenomenological phase offset. The damping rate approximates
the dephasing time of the coherence, which in this case corresponds to 3.2 ps. The
decoherence time can be similarly assessed by fitting the decay of the envelope or
absolute values of the residual. The assumption that only a single oscillation contributes
to the cross peak kinetic trace is checked in the power spectrum in figure 2.5.2-3d. Under
the secular approximation only a single frequency component should appear in the power
spectrum, which is largely what is observed. The power spectrum shows a single strong
peak at 22 cm', which corresponds to the frequency separation of the w, and w5 positions

of the cross peak.
Pump Selective 2DIR

One method for checking for t; coherence transfer pathways is the use of pump
selective 2DIR experiments. In a pump-selective experiment, the resonance bandwidth
of the first two excitation pulses is limited so that certain vibrational transitions cannot be
directly excited by the first two pulses.®'” Consequently, no molecular response pathways
should contribute to the unpumped region of the 2DIR spectrum, and no QB pathways
involving unpumped vibrations should contribute to kinetic traces of peaks in the 2DIR

spectrum. However, t; coherence transfer pathways, such as those discussed in section
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2.4.1, may still lead to the observation of peaks in the unpumped region of a 2DIR

spectrum.

An example of pump selective experiments for 3EC is given in figure 2.5.2-4. In
the experiment in figure 2.5.2-4a, the higher frequency carbonyl fundamental lies within
the pump bandwidth, while lower frequency transitions are blocked. Figure 2.5.2-4b
shows the opposite scenario, in which the carbonyl fundamental is no longer resonant

with the pump transition.
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Figure 2.5.2-4. Pump selective 2DIR spectra of the carbonyl region of °EC. Unpumped regions of the
2DIR spectra are shaded in a bluish grey color. The separation between the pumped and unpumped
regions is marked by a red horizontal line. Red circles indicate the integration regions for the kinetic
traces shown in figure 2.5.2-5. (a) Pump selective experiment in which the transitions with lower
frequencies than the carbonyl fundamental are blocked. (b) Pump selective spectra in which high
frequency transitions, including the carbonyl fundamental, are blocked.

To see the effects of utilizing pump selective experiments, we can compare the kinetic
traces of the cross peak, indicated by red circles in figure 2.5.2-4, to the noise of the
experiment under different excitation bandwidths. For the fully pumped spectrum (not

shown), it is expected that both quantum beating and vibrational population transfer
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contribute to the cross peak kinetic trace. When the low frequency side of the pump pulse
is blocked (2.5.2-4a), quantum beating contributions are expected to be suppressed.
Finally, no significant intensity should be observed in the kinetic trace when the high
frequency side of the pump bandwidth is blocked (2.5.2-4b). The pixel noise is obtained
by averaging the magnitude of the 2DIR signal in a region of the spectrum outside the
bandwidth of all three pulses. The results of analysis for the three experimental conditions

are shown in figure 2.5.2-5.
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Figure 2.5.2-5. Comparing cross peak t, dynamics for full (black) and pump selective (blue, red) 2DIR
experiments. Pump selective 2DIR spectra are shown in 2.5.2-4. (a) Kinetic traces for the cross peak
bleach of each experiment plotted to 6 ps. Error bars give the pixel noise of the experiment (b) Power
spectra of the raw kinetic trace for each experiment.

The kinetic trace for the fully pumped experiment is plotted in black while the pump-
selective experiments are colored in blue for the “block low” spectrum (2.5.2-4a) and red
for the “block high” experiment (2.5.2-4b). The fully pumped kinetic trace shows strong
quantum beating contributions, whose frequency component appears near 23 cm-'in the
power spectrum plotted in figure 2.5.2-5b. The “block low” experiment shows similar

population dynamics, but no oscillations are observed in the kinetic trace or
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corresponding power spectrum. This indicates a suppression of the quantum beating
pathways. Finally, the “block high” experiment yields a kinetic trace with intensity
comparable to the noise of the experiment. This indicates that no t; coherence transfer
pathway contributes significantly to the amplitude of the cross peak. If the intensity of the
kinetic trace for the unpumped cross peak was greater than the noise, as will be shown
for a similar system in chapters 3 and 4, it would be interpreted as an indication of

coherence transfer occurring in the system.
2.6 Summary and Implementation

In this chapter, we provide an overview of 2DIR and review the theoretical and
experimental tools used to study coherent vibrational relaxation in chapters 3 and 4.
Feynman diagrams provide a compact theoretical tool for predicting how both coherent
and incoherent relaxation processes manifest in 2DIR spectra under different
experimental conditions. This representation informs the use of both pump selective 2DIR
experiments and Fourier analysis of t, peak amplitude oscillations for rephasing,
nonrephasing, and purely absorptive 2DIR signals to identify signatures of coherent
relaxation in EC and its '3C isotopologues. Additionally, methods for analyzing timescales
of spectral diffusion, multilevel coherence dephasing, and vibrational population
relaxation from 2DIR spectra are also reviewed in this chapter. The study presented in
chapter 3 details the identification of coherent relaxation processes in EC and discusses
those processes’ impact on 2DIR dynamic observables. Analysis of population relaxation
timescales is used in chapter 4 to determine the extent to which a manifold of dark states
contributes to the redistribution of vibrational energy across the EC isotopic series. The
direct or indirect nature of population relaxation dynamics is then compared to the
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spectroscopic signatures of coherent relaxation across the isotopic series, granting

deeper insights into the molecular properties which drive coherent vibrational relaxation.
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Chapter 3
Signatures of Coherent Vibrational Energy Transfer in Ethylene Carbonate'

3.1 Overview

Despite having practical applications in battery technology and serving as a model system
for Fermi resonance coupling, ethylene carbonate (EC) receives little direct attention as
a vibrational probe in nonlinear vibrational spectroscopy experiments. EC contains a
Fermi resonance which is well characterized in the linear spectrum, and the
environmental sensitivity of its Fermi resonance peaks could make it a good molecular
probe for two-dimensional infrared spectroscopy (2DIR) experiments. As a model system,
we investigate the linear and 2DIR vibrational spectrum of the carbonyl stretching region
of ethylene carbonate in tetrahydrofuran (THF). The 2DIR spectrum reveals peak
dynamics which evolve coherently. We characterize these dynamics in the context of
Redfield theory and find evidence that EC dynamics proceed through coherent pathways,
including singular coherence transfer pathways which have not been widely observed in
other studies. We find that coherent contributions play a significant role in the observed
dynamics of cross peaks in the 2DIR spectrum which must be accounted for to extract

accurate measurements of early waiting time dynamics.

' Reprinted with permission from {Luke Guerrieri, Sarah Hall, Brad M. Luther, Amber T. Krummel’
Signatures of coherent vibrational dynamics in ethylene carbonate. J. Chem. Phys. 28 October 2024; 161
(16): 164504}
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3.2 Introduction

As the need for safer and more efficient energy storage devices grows, an
increasing amount of research has been dedicated to understanding the underlying
molecular physics dictating the function of battery technologies.'® Linear and time
dependent nonlinear vibrational spectroscopies have been increasingly employed as a
means of studying the structure and dynamics of electrolyte solutions relevant to battery
performance, with a fair amount of attention given to organic electrolytes composed of
mixtures of linear and cyclic carbonates commonly found in commercial lithium-ion
batteries.’24-13 lon solvation primarily occurs through interaction with the carbonyl mode
of the electrolyte components,’21%12 so it is desirable to probe the carbonyl stretching
region directly. As such the carbonyl stretching regions of several organic carbonates
have been used as molecular probes in 2DIR experiments to gain insight on the role of
the electrolyte in device function. Ethylene carbonate (EC) is a common component of
these mixtures, but time dependent vibrational studies which directly study EC are overall
scarce,’ and to our knowledge, nonexistent for the carbonyl region. One stated reason
for this is due to the presence of an additional Fermi resonance band? in the carbonyl

region which contributes to spectral congestion.

That same Fermi resonance makes EC a model compound for linear IR and
Raman studies of Fermi resonance coupling.'*-'® Time dependent IR studies show that
coherent excitations of Fermi doublets introduce oscillations in peak intensities which may
obscure underlying population dynamics.'®22 However, coherent oscillations in peak
intensities are also a signature of coherent vibrational energy transfer (CVET).23-26 This

raises the possibility that the coherent oscillations observed in 2DIR spectra of Fermi
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resonances could result from CVET pathways, in which case they reflect important
elements of the system dynamics. To our knowledge there have been no time dependent
vibrational studies directly investigating the extent of CVET in Fermi coupled systems.
Theoretical models of coherent energy transfer often assume the coupling of coherence
states is facilitated by coupling to bath coordinates. This could be of particular importance
in studies of organic battery electrolytes which use carbonyl transitions of a particular
solvent element as an IR probe. Moreover, the bath in the organic electrolyte cocktail is
a sea of carbonates. In this case the presence of energetically similar transitions in the

electrolyte and the IR probe may provide a mechanism for coherent dynamics.

To assess the viability of EC as an IR probe molecule, we set out to characterize
the 2DIR spectrum of EC using tetrahydrofuran (THF) as a model solvent. THF has
previously been used as a model solvent in studies of linear carbonates coordinated to
lithium ions, as it has some similar dielectric properties to linear carbonates used in
battery electrolytes. In this system we detect clear signatures of coherent excitations
and interpret them in the context of nonsecular Redfield theory.?”-8 Nonsecular Redfield
theory allows for additional relaxation pathways in which coherent superpositions of
system eigenstates couple to other coherences or to population states.?”2-3! This
framework has been employed?'3? to describe long lived coherences observed in time
dependent electronic spectra of photosynthetic pigments333* and was recently utilized to
identify vibrational energy transport to IR-inactive modes in a 2DIR study of metal
carbonyl compounds.?* The spectral signatures of nonsecular relaxation are well
characterized by joint theoretical and experimental 2DIR studies,?®>?® and those

signatures are easily understood by incorporating nonsecular relaxation into the well-
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known Feynman diagram representation of third order response functions. In this
framework coherent oscillations in peak intensities are directly related to features in the
linear and 2DIR spectra. Within the context of Redfield theory, we compare the frequency
positions of oscillating peaks in rephasing and non-rephasing spectra to confirm the
presence of CVET. We then use pump selective experiments to characterize the CVET

contributions to features in the 2DIR spectrum.

3.3 Experimental Methods

3.3.1 Sample Preparation and Linear IR

Ethylene carbonate (EC) and tetrahydrofuran (THF) were purchased from Sigma-
Aldrich and Oakwood Chemical, respectively. Both were used without further purification.
We stored EC in a vacuum desiccator to avoid contamination from water. Samples for
linear and 2DIR experiments consisted of 50-75 mM EC dissolved in THF. The solutions
were sandwiched between a pair of 1 mm calcium fluoride (CaF2) plates (Crystran) with
a diameter of 25.4 mm and a 25 ym path length determined by a Teflon spacer (Harrick).
We collected linear IR measurements with a Bruker Optics Vertex 70 spectrometer set to
64 scans and a resolution of 2 cm™!. Time dependent linear IR measurements indicated
that the sample remained stable over a four-hour period, which served as the upper limit

for collection of 2DIR data.

3.3.2 100 kHz 2DIR spectrometer

A home built OPCPA ultrafast laser system produced the 100 kHz mid-IR pulse
train used in 2DIR experiments. The operating principles of the system have been
described previously.3>3" These experiments utilized mid-IR pulses centered at
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1750 cm™! with a FWHM of 214 cm™1. A %waveplate and mid-IR thin film polarizer split

the OPCPA output into pump and probe lines with tunable energy. Pulse energies at the
sample were evenly divided between the two pump pulses and a single probe pulse, with

an average of 0.1 pJ of energy per pulse.

3.3.3 2DIR Data Collection

All 2DIR measurements took place in a partly collinear heterodyned pump-probe
geometry®® using a mid-IR pulse shaper (QuickShape+, PhaseTech Spectroscopy).
Descriptions of 2DIR spectroscopy in this geometry are available elsewhere?0:353839 gnd
will not be described here. For clarity, we refer to t; as the coherence time beginning at
the interaction of the first pump pulse with the sample and terminating at the arrival of the
second pump pulse. Similarly, t, gives the waiting time of the experiment between pulses
two and three, while t; describes the final coherence period during which third order signal
emits. Data collection utilized a 1x4 (2x2) phase cycling scheme*? with a rotating frame
of 1400 cm™! and ¢; scan times ranging from 0 ps to 3 ps, 8 ps, or 10 ps. All t; scans
consisted of 401 steps; however, we found improved signal intensity when oversampling
the earlier regions of our free induction decay. As such, we utilized varying t, scan times
to improve either t; resolution or signal to noise in our limited experimental window.
Because we find evidence the signatures of CVET are sensitive to t; scan lengths, we do
not directly compare the dynamics of data sets taken with different final t; delays.
Appendix A.4 2 explores this result in more detail by using varying window functions to

simulate different t; scan times.

2 Supplementary information for this chapter is provided in appendix A.
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Fourier transform of the heterodyned 2DIR signal about t; took place on a
monochromator, and the frequency resolved signal was measured using a 64-element
mercury cadmium telluride (MCT) array detector at 100 kHz (Infrared Systems.) The
geometry of the 64-element array and monochromator produced a spectral window
spanning 1714-1849 cm™! with an approximate resolution of 2.1 cm™1. A mechanically
controlled delay stage on the probe line yielded waiting time scans spanning either 0-6
ps or 0-15 ps. Scan times were chosen to optimize either signal to noise or the resolution
of Fourier transforms over t,. We employ a reference pixel noise reduction scheme*'42 to

limit the impact of probe noise on our spectra.

Data collection occurred in both the XXXX and XXYY polarization schemes3%43
which were recombined to yield isotropic data sets presented in this work.?° The free
induction decay at each pixel was treated with an exponential window function for the
final 2 ps of each scan, zero padded with an additional 401 steps, and normalized to the
laser power. A Fourier transform along t; generated the excitation axis w;. All 2D spectra
and kinetic traces presented in this work consist of the real Fourier transform of the signal.
Rephasing and non-rephasing spectra were obtained according to methods outlined
previously.** While it is more common to generate rephasing and non-rephasing signals
from a 1x3 phase cycling scheme*® we find that the purely absorptive spectrum obtained
by combining the rephasing and non-rephasing signals agrees with the experimentally

collected purely absorptive data.
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3.3.4 Pump Selective 2DIR

We employed pump selective 2DIR experiments to assess the significance of
nonsecular relaxation in our system. We take advantage of the diffraction gratings in our
pulse shaper to limit pump bandwidth, in line with previous experiments.254% To maintain
temporal resolution, we compress our pulses for both full and pump-selective
experiments, which could cause variations in the pump pulse temporal profile. However,
we do not detect significant differences in the dynamics of certain peaks (see A.3) in the
pump selective and full pump experiments. We take the consistency of these peak
dynamics as indicating changes in the signal due to the pump temporal profile are not

detectable within experimental error.
3.4 Nonsecular Relaxation in 2DIR Spectroscopy

Signatures of coherent vibrational energy transfer in 2DIR spectra are well
documented?324.26.46 gnd often addressed in the context of the Redfield equation?” which

we describe briefly.

3} .
(3'1 ) apab (t) = —lWgpPqap (t) - ch Fabcdpcd

Here p,;, is a given density matrix element, w,;, corresponds to the frequency of p,;, and
Ipea 1S @n element of the relaxation tensor which encodes information on the exchange
of amplitude between p,;, and p.,. Equation 1 results from a second order perturbative
treatment which assumes weak system-bath coupling.?”:#7-5" The secular approximation
to Redfield theory assumes dynamical independence of the off-diagonal coherence
(pap) elements of the density matrix. In other words, coherence states do not exchange

amplitude with other elements in the absence of an external force (such as a laser pulse).
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This leaves only the relaxation terms I},,,4, [happ, @nd I, Which describe population
relaxation, population transfer, and coherence dephasing, respectively. When
incorporated into third order response theory, the secular approximation greatly reduces
both the number of response pathways considered and the computational complexity of

chemical dynamics simulations used to interpret 2DIR experiments.23:25.26.46

However, nonsecular relaxation may arise when bath interactions mutually couple
a coherence state to other elements of the density matrix,2446:52-56 resulting in coherent
dynamics. To characterize CVET one may include the full Redfield tensor in 2DIR
simulations.?3:26:46.55,57.58 g ch treatments explicitly consider Redfield tensor elements of
the type Ipac » Tabcas Tapec @Nd IL40q4- The first two terms describe coupling between
coherences, and we refer to both as coherence transfer (CT). The last two terms describe
coupling between populations and coherences. In both cases energy transfer occurs
without a loss of phase information and is facilitated by mutual coupling to a bath
coordinate. Timescales of these CVET processes follow the lifetime of the originating
state. In the case of CT this corresponds to coherence dephasing times, while coherence-
population coupling may occur over the coherence lifetime of the doubly excited state or
the vibrational lifetime of the population. Joint theoretical and computational investigations
identify several spectral signatures of CVET such as line broadening,?3°? forbidden peaks

at early waiting times,?6:57 and additional oscillations in t, peak dynamics.2324.46.57

Interpretations of these results are facilitated using Feynman diagrams which offer
a convenient, if qualitative, means of accounting for CVET in 2DIR spectra. We present

a handful of possible single-step CVET 2DIR pathways in figure 3.4-1(b,c).
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Figure 3.4-1: Examples of the Feynman diagram representation of various response pathways
accessible by 2DIR: (a) quantum beating and population transfer, (b) coherence transfer, and (c)
population-coherence transfer. The Redfield tensor elements for population transfer and nonsecular
relaxation are given above the diagrams for the respective pathways. Dashed lines represent
relaxation between system states.

These pathways consider a system of four coupled oscillators with singly excited states
denoted by |a), |B), |y), and |€). Secular diagrams for population transfer and quantum
beating (QB) are given in figure 3.4-1(a) for comparison. The dashed horizontal lines in
figure 3.4-1 indicate relaxation between states. To connect this representation to the
above discussion, we include the Redfield tensor element for each dynamic response
pathway. The upper two diagrams of figure 3.4-1(b) describe coherence transfer during
the t; coherence period, and analogous diagrams can be drawn for CVET occurring
during t;. CVET contributions to cross peaks at early waiting times can be visualized by
t; and t; CT pathways whose w; and w5 positions match population transfer diagrams.
Such processes also account for line shape distortions by introducing new dynamical
processes during the coherence periods. Oscillations in peak intensities are accounted
for by the creation of new quantum beating pathways when nonsecular relaxation is
considered. QB pathways inherently pass through a coherence state during the t, waiting

period,?52646 and their intensities along t, fluctuate at the difference frequency of the
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transitions making up the coherence. Conveniently, QBs manifest at unique frequency
positions in the rephasing and non-rephasing diagrams under secular conditions.
Deviations from this convention then give an experimental indication of nonsecular
relaxation. The t; CT diagrams in figure 3.4-1(b) represent coherence transfer pathways
which reverse the phase matching dependence of oscillatory peak positions with respect
to the secular QBs in figure 3.4-1(a). The lifetime of CVET pathways is expected to be
limited by the dephasing times of the coherences involved, and predominantly contribute

to dynamics at early waiting times.?®

While the Feynman diagram representation proves useful for assessing the
potential impacts of additional relaxation pathways, the number of possible pathways
quickly grows to the point of intractability (further examples given in A.6). Other works
invoke the orientational symmetry requirements of third order response functions? to limit
the number of relaxation pathways between orthogonal states.?3?* However, in the case
of Fermi coupling, transition dipole moments of the Fermi resonance peak are expected
to have significant contributions from the fundamental 29395960 and orientational
restrictions are relaxed.*® Marroux et al. proposed a method for eliminating QB pathways
and certain coherence transfer pathways by utilizing pump selective experiments.?® This
method makes elimination of Feynman pathways in which the two pump pulses interact
with separate oscillators at t; and t, possible, given sufficient control of the pump
bandwidth. Such experiments fully eliminate QBs and reduce the number of nonsecular
pathways available to the system. However, nonsecular pathways in which both excitation
pulses resonate with a single oscillator still produce peaks in the unpumped regions of

these spectra. We leverage this fact to explore complex networks of CVET in our system.
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3.5 Results and Discussion

3.5.1 Linear IR

The linear IR (black) and second derivative (magenta) spectra of the carbonyl stretching
region of EC in THF [figure 3.5.1-1] resolve three characteristic bands, 41618 |ocated at

1773 cm™1, 1814 cm~! and 1858 cm™1.

Absorbance

1750 1800 1850
Wavenumber (c:m'1 )

Figure 3.5.1-1: Background subtracted FTIR spectrum of EC in THF (black) and corresponding second
derivative spectrum (magenta). Second derivative is scaled by a factor of 9.
The most intense band corresponds to the fundamental of the C=0O carbonyl stretch,
which is the only fundamental transition expected in the carbonyl region.'6.'® We assume
all other bands arise from Fermi resonance couplings with the fundamental and do not
consider multiple solvent configurations at this time. Of the two most intense Fermi
resonance peaks, the lower frequency mode at 1773 cm™! is assigned to the 2v, overtone
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of the ring breathing mode. The higher frequency band at 1858 cm™! is then assigned to
the v¢ + v, combination band between the ring breathing and stretching modes. Previous
IR studies of liquid EC assign the fundamental frequencies for the v,, v,, and v, transitions
to peaks at 1804 cm™1, 893 cm™! and 1073 cm™! respectively.'® The 10 cm™?! blue shift of
the fundamental in figure 3.5.1-1 relative to previously reported values indicates
nonnegligible solvatochromic effects in THF and reflects the general sensitivity of Fermi
resonance bands to the local chemical environment.'-'8 As such, precise vibrational
mode assignments for the linear spectrum require solvent inclusive frequency
calculations which are beyond the scope of this work. We maintain the assignments of
these bands out of convention, and our interpretation of the vibrational spectra relies

chiefly on their fundamental (v,) and Fermi resonance (v¢ + v,, 2v;) character.

Between the fundamental and Fermi resonance peaks, the spectrum contains
several weaker features which manifest as asymmetry on the high frequency side of the
fundamental. Our second derivative spectrum indicates the presence of several additional
peaks, which also appear as cross peaks in our 2D spectra. Further discussion of 2DIR
cross peaks collected using our full pump bandwidth are given in A.5. In both linear and
nonlinear experiments, the peaks at 1822 cm™! and 1828 cm™! appear as shoulders to
the fundamental transition. Higher frequencies show a broad feature from 1831-
1840 cm™!. Below the fundamental we observe weak transitions in the range of 1780-
1795 cm™! as well as a small peak at 1758 cm™1. We highlight the 1758 cm™! peak due
to its proximity to the carbonyl stretching modes of linear carbonates used in conjunction
with EC in electrolyte solutions for lithium-ion batteries.6' While the frequency positions

of some of these features overlap with assignments made for solid ethylene carbonate, '®
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we do not expect aggregation in our sample based on prior concentration dependent
studies.’'® However, time dependent linear IR spectra show slight changes in the
relative peak intensities of the v, and 2v, bands after four hours, which likely reflect
concentration dependent changes due to the evaporation of THF from the sample cell.
To avoid the possibility of introducing concentration effects, we limit the acquisition time

of our 2DIR experiments.

The linear IR spectrum of EC in THF highlights the congested nature of the
carbonyl  stretching region. We assume the three largest bands
(1773 cm~1,1814 cm~1,1858 cm™1!) correspond to the 2v,,v, and v4 + v, modes. The
remaining bands arise from a complex network of Fermi resonance couplings between
multi-quanta states and the v, fundamental transition. We expect that some Fermi
resonance bands share common first excited states, as is the case for the 2v, and v¢ +
v, bands. Due to the small size and high symmetry of EC this is a safe assumption,'® and
it suggests the possibility of dynamical pathways involving two or more Fermi resonance
bands. To experimentally confirm the presence of such pathways and identify the
coherent or incoherent nature of vibrational energy transfer in the carbonyl stretching

region, we turn to 2DIR.
3.5.2 Diagonal Bleach: v, and 2v,

In this section we investigate the diagonal features of the v, (1814 cm™!) and 2v,
(1773 cm™?) transitions. To separate intensity oscillations arising from secular quantum
beating pathways and those arising from nonsecular CVET pathways, we compare the

peak dynamics of the purely absorptive, real rephasing, and real non-rephasing spectra.
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The rephasing and non-rephasing spectra were extracted from the purely absorptive data
by previously outlined methods.** The results of this processing are shown in figure 3.5.2-

1.
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1730 1790 1850 1790 1790 1850
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Figure 3.5.2-1: Left to right: The purely absorptive, real rephasing, and real non-rephasing 2DIR
spectra at t, = 300 fs.

In non-rephasing (rephasing) spectra, secular quantum beats pathways appear as
diagonal (cross) peaks. In the absence of CVET, oscillations in the diagonal peak

intensities should only appear in the non-rephasing spectrum.

The 2DIR spectra of the v, and 2v, diagonal peaks are given in figure 3.5.2-2(a,d).
Blue and red colors correspond to bleach and absorption features, respectively. figure
3.5.2-2(a) shows the v, fundamental bleach at 1814 cm™! and its corresponding
absorption at 1797cm™1, giving an observed diagonal anharmonicity of 17 cm™1. The 2D
spectrum also reveals an additional shoulder at 1808cm~! which was not detected in the
linear IR spectrum. We observe several cross peaks involving the fundamental in both
the w, and w5 directions. Slices along each frequency axis are given in A.5, as well as
biexponential fits to the kinetic traces of select cross peaks obtained by integrating a
square region of the peak intensities.
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Figure 3.5.2-2: (a). Purely absorptive 2DIR spectrum of the diagonal band of the v, transition at t, =
300 fs. The color scale ranges from -2.5E7 to 2.5E7 intensity units. (b). Kinetic trace of the diagonal
bleach for the purely absorptive (black solid), real rephasing (blue dotted), and real non-rephasing
(red dashed) spectra. (c). Absolute value power spectrum obtained by subtracting biexponential fits of
the kinetic traces and Fourier-transforming about ¢,. (d). Real non-rephasing spectrum for the
diagonal 2v, Fermi resonance peak at t, = 100 fs and color scale -3E6 to 3E6. (e-f) Kinetic trace and
power spectrum of diagonal bleach in (d).

To highlight oscillatory features in the v, diagonal bleach, we plot the self-
normalized kinetic traces [figure 3.5.2-2(b)] for the purely absorptive (black), real
rephasing (blue), and real non-rephasing (red) spectra. Oscillations in the real rephasing
spectrum indicate the presence of nonsecular relaxation,*® although we first address the
possibility of beating due to spectral overlap.?65* The power spectra, obtained by taking
the Fourier transform of the kinetic trace over t,, for each phase matching condition [figure

3.5.2-2(c)] show beat frequencies to at least 55 cm™! which exceeds the approximately
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16 cm™! Gaussian linewidth obtained from the linear spectrum (see A.1). In that light
congestion seems insufficient to explain the oscillatory dynamics of the fundamental
bleach. Additionally, the presence of multiple peaks over a range of frequencies points to

CVET pathways involving the fundamental and multiple Fermi resonance peaks.6

The oscillations in the diagonal peak intensities are clearly present in the 2v, Fermi
resonance peak at 1773 cm™. The non-rephasing spectrum of the 2v, peak at t, =100
fs is plotted in figure 3.5.2-2(d). As shown by the kinetic trace in figure 3.5.2-2(e), this
peak manifests predominantly as an oscillation. This likely reflects the low oscillator
strength of the Fermi resonance transition compared to that of the fundamental. Based
on the ratio of intensities between the two peaks in the linear spectrum (A.1) and the
intensity of the diagonal bleach in figure 3.5.2-2(a), we estimate that response pathways
involving only the 2v, transition would only slightly exceed the noise floor of the
experiment. On the contrary, QB pathways involving the stronger v, transition should
appear with much greater intensity, leading to the observed oscillations in figure 3.5.2-
2(e). It is additionally possible that the low anharmonicity of the underlying ring mode
causes annihilation between the excited state absorption and bleach features of
traditional response pathways.®? This further implies that the off-diagonal anharmonicity
of the QB pathways exceeds the diagonal anharmonicity associated with the 2v, mode.
Again, oscillations in the real rephasing kinetic trace and corresponding peaks in the
power spectrum indicate the 2DIR peak dynamics contain CVET contributions. The
rephasing power spectrum in figure 3.5.2-2(f) contains peaks with notable intensity at
w, =41cm~1 (1732cm™1, 1814 cm™1) and w, =85 cm™! (1688 cm™1,1858 cm™1), where

the values in parentheses are 17773 cm™! + w,. The +w, values coincide exactly with
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the frequencies of the v, fundamental transition (1814 cm™1!) and v, + v, Fermi resonance
peak (1858 cm™1), indicating that CVET processes involving both the fundamental and
other Fermi coupled modes contribute to the observed dynamics of the 2v, diagonal
feature. As we detect neither evidence of vibrational ladder climbing?46364 (A.7) nor
accidental peak overlap® (A.8), we consider the dynamics observed in figure 3.5.2-2(b,e)

to reflect genuine CVET pathways between vibrational resonance states in EC.

CVET contributions also appear in the observed frequency-frequency correlation
function (FFCF) of the v, diagonal bleach. The normalized FFCF, denoted by C(t,), for

the v, band is given on the left-hand side of figure 3.5.2-3.

0.4
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Figure 3.5.2-3: Left. The normalized frequency-frequency correlation function for the fundamental
bleach obtained by inhomogeneity index. Scatter plots are given for rephasing and non-rephasing
intensities treated with a moving average (circles), Savitzky—Golay (dot), and no filter (x). The dashed
line gives the mono-exponential fit of the dotted line. Right. Normalized power spectral density
obtained by subtracting the fit from the FFCF and Fourier-transforming about the waiting time.

We obtain the FFCF by means of the inhomogeneity index,*%5¢ defined by:
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_ Agr(t2)-Apng(t2)
(3-2) I(t2) = e anan

and
(3-3) C(ty) = sin (g X 11).

Here A, and Ayg give the integrated intensity of the absolute value of the rephasing
and non-rephasing spectra for a region of interest. We assess the contribution of noise
by comparing the experimental FFCF when treating rephasing and non-rephasing
intensities with different noise filters. The scatter plots in figure 3.5.2-3 correspond to a
moving average filter (circles), Savitzky-Golay filter (x’s), or no noise filter (dots). As all

three data sets show similar oscillatory character out to 5 ps, we take this as the upper

—ty

limit for experimentally resolving oscillations from noise. We fit C(t,) to the form aecorr +
c, yielding 7., =2.05 £ 0.36 ps. In the absence of strong coupling, 7., provides an
approximate upper bound to the timescales of CVET involving the state |v,) (0| or its
complex conjugate. Both the kinetic traces in figure 3.5.2-2(b,e) and the FFCF in figure
3.5.2-3 oscillate at times later than z.,,, suggesting an extension of coherence lifetimes

due to the coupling of coherences with elements of the system and/or bath.

The coupling of the system to low frequency bath modes may give rise to the
oscillations of the FFCF. Such assignments have been made previously for time
dependent vibrational studies of hydrogen bonding in water.6-6% To assess the character
of the oscillations, we investigate the spectral density C(w), obtained by subtracting the
exponential component of C(t,) and taking the Fourier transform of C(t,). Those results

are given on the right-hand side of figure 3.5.2-3. While the power spectral density reflects
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many peaks, there are clusters near 11 cm™!, 45 cm™?, and 87 cm™?. Librational motions
with a frequency of 94 cm~! were reported in the Raman spectrum of solid EC.'¢ A
computational and experimental study of the low frequency modes of THF found evidence
of modes with frequencies in the 57-100 cm™! range by neutron inelastic scattering,
Raman active modes in the range of 14-70 cm™1! at temperatures of 150 K, and a 75 cm™?
IR band in liquid THF at 173 K.”® Computational studies which examine coupling between
EC dissolved in THF may attribute the oscillatory features of the 2DIR spectrum to such

low frequency modes.

In the context of nonsecular relaxation between system states, such oscillations may
arise from CVET processes during the t, waiting period. In this interpretation the
timescales of the oscillations reflect either the dephasing times of coherences involving
multiple excited states, or the lifetimes of populations coupled to coherence states. As we
do not detect a dampening of the oscillations in C(t,) before the onset of noise, we cannot
use timescales to distinguish these effects directly. Instead, we estimate them from the
quantum beating character of the 2v, diagonal feature. The integrated intensity of the fits
to the linear spectrum yields an approximately 3:1 transition dipole strength ratio for the
v, and 2v, band. We expect the decay of the diagonal feature of the 2v, band
predominantly describes the dephasing of the coherence state |v,) (2v,|, as coherences

between Fermi resonance states contribute only weakly.

To obtain dynamical data on the Fermi resonance band we follow the method of

Roberts et al.®® The relaxation is calculated according to:
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where T is the vibrational relaxation and Sw is the fluctuation amplitude.3®”" Rearranging
this equation allows one to solve for T; while avoiding destructive interference between
the rephasing and non-rephasing pathways. We test this method using the v, diagonal
bleach for which we obtain a biexponential decay with time constants of T[“St =139+
0.3 ps and T&°% = 14.92 + 0.31 ps. We compare these fits to values obtained by fitting
the kinetic trace of the purely absorptive spectrum and find excellent agreement (see A.5).
We then apply this metric to the 2v, diagonal band, giving a singular exponential decay
with time constant T; = 0.94 + 0.29 ps. Given that this feature appears as a quantum beat,
it is not clear that this truly reflects population relaxation, but it does provide an estimate
for the lifetimes of the doubly excited coherence states contributing to the underlying QB
pathways. As most of the oscillator strength in the system comes from the v, fundamental
transition, we assign the decay of the 2v, diagonal bleach feature to the dephasing of the
state |v,) (2v,|. This rapid dephasing remains insufficient to explain the oscillatory
behavior of the v, diagonal bleach. It is possible that coherences between the
fundamental and other Fermi resonance bands are longer lived, however the lack of
dampening in the oscillations of the FFCF or the v, diagonal kinetic trace suggests
coherence lifetimes comparable to the population lifetime of the fundamental band. As
coherences typically decay on timescales faster than vibrational relaxation, we instead

interpret these long-lived oscillations as evidence of coherence-population coupling. In
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this interpretation the interconversion of population and coherence states contributes to
oscillations in the dynamics of the rephasing and non-rephasing spectra. Observation of
coherence-population coupling does not preclude coupling between coherence states,

which we investigate using pump selective 2DIR experiments.
3.5.3 Pump selective 2DIR

In this section we consider the positions and intensities of bandwidth forbidden
cross peaks appearing in the unpumped regions of the pump selective spectra presented
in figure 3.5.3-1. These peaks provide an additional experimental check for the presence
of CVET. In a Feynman diagram picture one can imagine such peaks arising from

responses of the form:
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in which the transition from the ground state to a lies within the pump bandwidth and the
ground state to B transition does not. Under these conditions no secular response
pathways produce features at w; = wg,. This provides an intuitive picture by which the
surviving nonsecular pathways contain character of both the allowed and bandwidth
forbidden transitions over t;, and therefore contribute to the unpumped region of the
spectrum. While the Feynman diagram representation is not exact, we do find
experimental evidence that forbidden cross peaks on the w; axis correspond to
coherence transfer occurring over the t; interval. In A.4 we compare the dynamics of the

same cross peak under fully pumped (ordinary) and pump selective (forbidden)
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conditions. We treat the time domain data with varying window functions and find the
forbidden cross peaks show a greater sensitivity to the effective t; scan time. Whether
this sensitivity can be leveraged to suppress or characterize CVET contributions in future

2DIR experiments remains to be seen.

The vertically plotted spectra of the righthand side of figure 3.5.3-1 give the
normalized pump spectrum for each pump selective 2DIR experiment (left). The red
dashed lines indicate the region in which the pump intensity falls below 10% of the
maximum, and we consider features in this region to be bandwidth forbidden. The
forbidden region of each spectrum is highlighted with a blue/grey background. We
describe cross peaks in the fully pumped spectra as ordinary cross peaks. The frequency

cutoffs of the pump pulses in figure 3.5.3-1(a-d) are: wyymp>1795cm™,
Wpump>1816 cm™, w,ymp<1831 em™ , and wpymp<1815 cm™. The linear IR spectrum is

plotted above for convenience.
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Figure 3.5.3-1: Right. normalized pump spectrum for each pump selective 2DIR experiment. Left.
Pump selective 2DIR spectra at t, =300 fs. The red dashed lines indicate the w, frequency at which
features are considered forbidden, and the forbidden regions are marked by a blue/grey background.
Black squares indicate cross peaks discussed in figure 3.5.3-2. The pump frequency cutoffs and color
scale for each experiment are: (a) w,ymp>1795 cm™" (£3E6) ,(b) wyym, >1816 cm™* (+2.5E5), (c)
Wpump<1831 cm™ (+2.3E6), and (d). wpymp<1815 cm™* (+1.8E6).

Only the experiment in which the v, fundamental transition (1814 cm™1) lies outside the
pump frequency [figure 3.5.3-1(b)] fails to resolve forbidden peaks, likely due to blocking

the strong v, fundamental transition. We focus our analysis on the bandwidth forbidden

89



peaks appearing at the detection frequency of the v, fundamental. The number of
anomalous peaks and the range over which they appear along w, in figure 3.5.3-1
suggests CVET pathways disperse vibrational energy over many different overtone and
combination states of low frequency modes. The observation of these forbidden peaks is
significant, in that single coherence transfer pathways have been omitted in other studies
investigating nonsecular relaxation in 2DIR, on the basis of transition dipole moment
orthogonality in the corresponding model system.?%26 The spectral signatures of single
coherence transfer are thus not well characterized. This makes EC a strong candidate for
theoretical investigations which may provide additional insight for interpreting coherence

transfer in 2DIR spectra.

One alternative explanation for the range of forbidden peaks is incomplete
cancellation between rephasing and non-rephasing pathways, resulting in phase
twist.?526 This may arise from both secular and nonsecular quantum beating pathways
and leads to distortions in the absorptive spectrum. If this is the origin of the forbidden
peaks, their intensity should decay according to coherence dephasing rather than
population lifetimes.?® One would then expect the forbidden peaks to decay more rapidly
during the waiting period. We fit the kinetic trace of four cross peaks to biexponential
decays. The normalized fits to the intensity of forbidden pump-selective (colored) and

ordinary full-pump (black) spectra are presented as insets of figure 3.5.3-2.
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Figure 3.5.3.-2: Comparing kinetic traces for bandwidth forbidden cross peaks (dotted lines) to their
ordinary cross peak (solid black). Both intensities are normalized to the fully pumped intensity at zero

waiting time. (a,c) taken from pump selective experiment w,,,,,,,, > 1795 cm™ . (b,d) taken from pump

selective experiment w,,,,,, < 1815 cm . Inset of each figure gives the normalized biexponential fit of

the decay component of the integrated intensities. All kinetic traces were treated with a moving
average filter to suppress high frequency noise.

The w, position of the cross peak is given above each plot. From the fits in figure 3.5.3-
2, we see that the forbidden peaks and the corresponding fully pumped cross peaks share
similar t, dynamics and are therefore unlikely to be the result of incomplete cancellation
between the rephasing and non-rephasing pathways. The observation that the bandwidth
forbidden peaks in figure 3.5.3-2(a,c,d) have somewhat slower decays could suggest that
ordinary pathways passing through a Fermi resonance population during t, are subject
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to rapid relaxation, while CVET pathways involving t, coherences decay more slowly due

to coupling with population states.

Next, we assess the potential impacts of CVET on interpretation of cross peak
intensities. In the main portion of figure 3.5.3-2, we plot the ordinary and bandwidth
forbidden cross peaks normalized to the initial intensity of the ordinary cross peak. figure
3.5.3-2(a,b) correspond to cross peaks between the fundamental and two most intense
Fermi resonance bands (2v;, v4 + v;) in the linear spectrum. Both show an initial growth
in the fully pumped spectrum, indicating rapid vibrational energy transfer between the
Fermi resonance modes and the v, fundamental. Based on the w; position of the cross
peaks, growths in the kinetic trace could be interpreted as energy transfer from the Fermi
resonance modes into the fundamental; however, a similar growth appears for the vg +
v, bandwidth forbidden kinetic trace [figure 3.5.3-2(b)]. This indicates that the growth is
not due to population transfer into v,, but rather it reflects CVET from the fundamental
into vg + v,. As such the dynamics could be significantly misinterpreted in the secular
approximation. The bandwidth forbidden kinetic trace of the 2v, cross peak [figure 3.5.3-
2(a)] presents even more interesting dynamics, in that the initial intensity appears greater
in the absence of direct excitation. This defies conventional wisdom, and we cannot offer
a satisfactory explanation. Such results may reflect complicated relaxation processes
involving multiple steps. Conversely, the cross peaks represented in figure 3.5.3-2(c,d)
clearly show an initial growth only for forbidden peaks. In the case of figure 3.5.3-2(c), it
appears this growth interferes with additional oscillatory components. This suggests the
possibility of interference between secular quantum beating and potentially many CVET

processes. If oscillatory processes contain phase offsets or different frequency
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components, neither may be directly resolvable by experiment. In figure 3.5.3-2(d) the
coherent growth appears masked by additional incoherent relaxation mechanisms
present in the ordinary cross peak. Taken together these dynamics indicate a complex
relationship between CVET, population dynamics, and secular quantum beating which

need to be accounted for to extract accurate dynamics from 2DIR spectra.

From these experiments we also obtain some insight on the relative strength of
CVET processes contributing to different peaks. Khalil et al. demonstrated the intensity
of forbidden peaks at t, = 0 is proportional to the nonsecular transfer rate.?® Applying this
result to our pump selective experiments, we express the initial intensity of the forbidden
cross peak as a percentage of the initial intensity of the ordinary cross peak. This metric
gives an estimate of CVET character of the early time dynamics of each cross peak. We
apply this metric to the kinetic traces in figure 3.5.3-2 to assess the strength of nonsecular
relaxation for the cross peaks in figure 3.5.3-2(b-d). We do not interpret this value for
figure 3.5.3-2(a), as competing effects clearly need consideration. The other peaks
behave as expected, although the peaks in figure 3.5.3-2(b) and figure 3.5.3-2(c) show
significant CVET contributions which make up 77% and 29% of the zero waiting time
intensities, respectively. The peak in figure 3.5.3-2(d) indicates the weakest CVET
character, with only 8% of its early waiting time intensity present in the pump selective
data. It is interesting that the strongest Fermi resonance bands in the linear spectrum also
show the greatest CVET character, although we cannot say if this indicates a more
significant relationship or is simply a coincidence. Isotope labeling or solvent variational
2DIR experiments may serve to clarify the cause and nature of CVET in ethylene

carbonate. The degree to which CVET presents itself in other Fermi coupled systems can
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be assessed by time dependent vibrational studies which focus on identifying coherent

dynamics.

3.6 Conclusion

From the linear IR spectrum, we observe that the carbonyl region of EC in THF
represents a complex vibrational landscape containing multiple Fermi resonance peaks
and a single fundamental transition. Immediately upon investigating the diagonal
dynamics of the v, fundamental we find evidence of coherent dynamics in the form of
multiple oscillations in the real rephasing kinetic trace. The power spectrum of the
oscillations in the kinetic trace suggests the coherent dynamics reflect coupling of the
fundamental and several Fermi resonance modes. The diagonal bleach of the 2v, Fermi
resonance peak appears entirely as an oscillation and its power spectrum reveals CVET
not only with the fundamental but also amongst Fermi resonance bands. We find the
coherence lifetimes of the v, and 2v, diagonal peaks shorter than the timescale of
coherent oscillations in the spectrum. We take this to indicate that the long-lived

oscillations arise from coupling between coherence and population states.

We then confirm the presence of single coherence transfer pathways with pump
selective 2DIR experiments. In those experiments we observe bandwidth forbidden peaks
in the unpumped region of the spectrum, indicating single coherence transfer processes.
As such it could serve as a system against which to test more general models of coherent
dynamics. Upon investigating the relative intensities of unpumped cross peaks, we
observe that several cross peaks contain significant contributions from CVET, with the

cross peak corresponding to the 2v, band appearing more strongly when it lies outside
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the pump bandwidth. We find that the growth of forbidden cross peaks obscures the
nature of vibrational dynamics in the system. The dynamics of forbidden peaks reflect a
complex interplay of coherent and incoherent dynamics which must be carefully
considered to extract accurate dynamical information from experiments. Future work will
be needed to characterize these coherent dynamics and assess their information content,

so that we can better utilize molecules like EC as vibrational probes.
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Chapter 4
Manipulating Coherent Vibrational Relaxation in Ethylene Carbonate with Isotope
Substitution®

4.1 Overview

Two-dimensional infrared spectroscopy (2DIR) and linear IR spectroscopy investigate the
behavior of coherent vibrational energy transfer between Fermi coupled vibrations in a
series of ethylene carbonate (EC) '3C isotopologues. Analysis of the linear IR spectrum
and the vibrational lifetimes of the Fermi doublet modes indicate that isotopic substitution
strengthens the Fermi resonance condition while simultaneously suppressing population
relaxation pathways involving a manifold of experimental dark states. The effects of this
decoupling on the intrasystem relaxation of vibrational coherence states is investigated
by Fourier analysis of 2DIR cross peaks and comparisons of the intensity of forbidden
cross peaks in pump-selective 2DIR experiments. It is found that isotopic substitution also
suppresses coherent relaxation pathways, indicating that coherent relaxation rates are
governed by the effective coupling to the dark state manifold in a manner similar to

population relaxation.
4.2 Introduction

Two-dimensional infrared spectroscopy (2DIR) is a time-resolved multi-

dimensional technique that serves as a premier tool for studying vibrational energy

3 This chapter has been submitted to the Journal of Physical Chemistry for review. It has been reprinted
with permission from the authors; Luke Guerrieri, Sarah Hall, Carsten Mueller, Bradley M. Luther, and
Amber T. Krummel.
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transfer pathways on ultrafast timescales. 2DIR utilizes a three-pulse excitation scheme
in which resonant interactions with the first and third pulses generate coherent
superpositions of vibrational states which oscillate over the t; and t; experimental time
delays. Fourier transforms of the 2DIR signal over the t; and t; coherence periods label
the initial and final states of the vibrational relaxation pathway. Under ideal conditions for
studying the dynamics of vibrational populations, the second pulse converts the t;
coherence into an incoherent population state that evolves over the t, waiting period. In
this picture, the t, dependence of diagonal peaks describes the dissipation of energy out
of vibrational populations, while cross peak dynamics encode information on population
transfer between optically bright vibrational modes."* In both cases the rates of
population relaxation or population transfer report on the system-bath coupling

parameters which drive the flow of vibrational energy.>"

Complications to this picture arise when additional response pathways spectrally
overlap with population relaxation pathways. For instance, quantum beating (QB)
pathways appear frequently in broadband 2DIR experiments. QB pathways pass through
coherence states during the experimental waiting time, leading to t, oscillations at the
frequency difference of the vibrational modes making up the combination state. QB
pathways are indicative of dipolar coupling between vibrational transitions, and their
oscillations mask population relaxation rates in fits of 2DIR peak amplitudes.®® A more
challenging class of pathways that obscure population dynamics arise when the coherent
superpositions, generated over any of the experimental waiting periods, are themselves

subject to intrasystem relaxation processes. Such pathways reflect a failure of the secular
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approximation to theories of relaxation in open quantum systems'®-'* and manifest as

both anomalous peaks®'%16 and additional t, oscillations in the 2DIR spectrum.’’-19

Non-secular relaxation processes can be broadly separated into coherence
transfer and population-coherence transfer processes.?° Coherence transfer represents
a quantum analog of population transfer, in which one coherent superposition of system
eigenstates converts into another due to interactions with bath modes.?"??2 Population-
coherence transfer is closely related to quantum transport in excitonic systems,?3
although more generally describes correlated changes in population amplitudes and the
phase relationships of coherent superpositions. For convenience, we refer to both
processes as coherent relaxation or coherent dynamics. Coherent vibrational relaxation
processes have been invoked to describe anomalous behavior in the 2DIR spectra of
several organometallic compounds' 1718 as well as in mixtures of organic nitriles.'®
However, there is limited intuition about which chemical systems will display signatures
of coherent relaxation, and it is not clear how quantitative information about coherent
relaxation rates can be obtained directly from 2DIR experiments. While developing
phenomenological models for accurately extracting molecular information from the
observation of coherent relaxation remains an open theoretical challenge, previous
investigations offer some insight into the parameter space governing coherent vibrational

dynamics.

Previous investigations into non-secular relaxation in 2DIR spectroscopy indicate
an apparent relationship between coherent dynamics and energy transfer processes
involving both IR-active vibrations and experimentally hidden dark states.’®-'924 In a

theoretical investigation of coherent relaxation in dimanganese decacarboynl, Baiz et al.
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found that coherent relaxation rates increased with the number of IR-inactive modes
included in the system density matrix.'® In that model, increasing the number of dark
states effectively increases the local density of “bath” states strongly coupled to the
optically bright transitions. In another theoretical investigation, Villaeys and Liang found
that anomalous cross peaks in the 2DIR spectrum of benzonitrile and acetonitrile-ds
mixtures could be modeled from intermolecular coherence transfer processes involving
specific dark states which become populated by the dissipation of energy out of optically
excited transitions.’® Those results, which explicitly consider bright-dark anharmonic
couplings known to influence population relaxation rates,” indicate a direct relationship
between relaxation pathways involving dark states and the observation of coherent
dynamics. The role of dark states in enabling the observation of coherent dynamics in
2DIR spectra was experimentally investigated by Eckert and Kubarych in a study of three
diiron hexacarbonyl systems.'” The authors found coherent oscillations in 2DIR cross
peaks whose beating frequency corresponded to the energy gap between bright and dark
vibrational modes, which could only be attributed to coherence transfer processes
involving IR-inactive vibrations. Further, they found that chemical substitution of the
bridging dithiolate group led to observation of unique coherent relaxation pathways in
each compound. Their results prove interesting, as they indicate the possibility of
manipulating coherent dynamics via straightforward chemical modifications. Modifying
coherent dynamics in a predictable manner would mark an important step towards
developing chemically insightful models of coherent relaxation in 2DIR. Further, control
over coherent vibrational dynamics could be used to leverage the efficiency of quantum

relaxation processes?52% in electron transfer pathways?7-28 or improve the quality of IR
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probes in studies of population dynamics.?® As such, a direct investigation of the ability to
tune coherent dynamics by manipulating anharmonic couplings between bright and dark

vibrations seems warranted.

Fortunately, the ability to control vibrational population relaxation via dark state
coupling has been the focus of significant research,34729-32 and we presume those
results apply similarly to the intrasystem relaxation of vibrational coherences. Fermi
coupled vibrations, in which fundamental transitions couple to quasi-degenerate
combination bands or overtones of lower energy vibrations,3334 often serve as model
systems for investigating the influence of dark states on population relaxation. In the
simplest picture, the fundamental transition and Fermi active two-quanta states mix
directly through third-order anharmonic terms in the potential energy surface, and Fermi’s
Golden rule describes direct relaxation between the two modes.?>3¢  However,
experimental and theoretical studies of real chemical systems show that Fermi doublets
often couple nonlinearly to additional manifolds of weakly Fermi active modes and IR-
inactive vibrations.”-31:36-39 As such, the observation of Fermi coupling between optically
bright states suggests the presence of a more complex coupling network involving IR-
active transitions and a dark state manifold. A study by Schmitz et al. showed that the
vibrational energy transfer pathway between the cyano and azido modes of para-
azidobenzonitrile could be directed through multiple dark states by using chemical
substitution to weaken the Fermi resonance between the azido fundamental and
combination bands of the benzene ring.® A subsequent investigation by Hassani et al.
achieved suppression of dark state mediated relaxation pathways through heavy atom

and isotopic substitutions for a similar benzonitrile scaffolding. 4 As isotopic substitution
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should minimally impact the vibrational potential and interactions between a system and
a thermal bath, it seems attractive for investigating the possibility of controlling coherent

relaxation mechanisms by tuning anharmonic coupling.

As such, the work described here combines previously developed methods for
suppressing dark state contributions to vibrational relaxation in Fermi coupled systems
with spectroscopic investigations of coherent vibrational dynamics. This will provide
evidence on the tunability of coherent relaxation pathways and provide mechanistic
insight into the role of dark states in enabling coherent vibrational dynamics. Recently,
we identified*° signatures of coherent relaxation involving the Fermi coupled carbonyl
fundamental and two-quanta ring modes of ethylene carbonate (EC). 444 Building on
our previous results, this investigation compares the vibrational dynamics of the three EC

isotopologues depicted in figure 4.2-1.

°EC 'EC SEC
ﬂ ° °

ooy C

Figure 4.2-1: Isotopic series for unsubstituted ethylene carbonate (OEC), 3C substitution of the

carbonyl carbon (1EC), and fully °C substituted ethylene carbonate (SEC).

We denote each isotopologue by the number of 13C substitutions in the ring. °EC denotes
the unsubstituted molecule. In 'EC only the carbonyl carbon is isotopically substituted,
while all three carbons in “EC are replaced by '3C isotopes. We use similar notation to

differentiate spectroscopic observables for each isotopologue throughout this text. Linear
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IR spectroscopy quantifies the third-order anharmonic Fermi coupling constant and
resonance parameter of the Fermi doublet for each isotopologue. The resonance
parameter predicts the rate of direct (bright to bright) relaxation pathways, while the
experimentally determined Fermi coupling constant provides some insights into the dark
state contributions of the anharmonic coupling. As we cannot unambiguously quantify
dark state contributions to the Fermi constant from the linear spectra, the coupling
constants and resonance parameters are compared to the isotopic trend in vibrational
lifetime measurements acquired from broadband 2DIR experiments to determine whether
population relaxation pathways in EC proceed through direct or indirect (dark state
mediated) mechanisms. We then assess signatures of coherence transfer in each
isotopologue using Fourier analysis of waiting time dependent cross peaks''® and an

investigation of bandwidth forbidden peaks in pump-selective 2DIR experiments. %40

4.3 Materials and Methods

4.3.1 Sample Preparation and Linear IR

Ethylene carbonate (EC) and its isotopologues were purchased from Sigma-
Aldrich and tetrahydrofuran (THF) was purchased from Oakwood Chemical. Both were
used without further purification. Samples were stored in a vacuum desiccator to avoid
contamination from water. Samples for linear IR and 2DIR experiments consisted of 75
mM solutions of the respective EC isotopologue dissolved in THF. The solutions were
sandwiched between a pair of 1 mm calcium fluoride (CaF2) plates (Crystran) with a

diameter of 25.4 mm. A 56 um path length for each sample was set by Teflon spacers
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(Harrick). We collected linear IR measurements with a Bruker Optics Vertex 70

spectrometer set to 64 scans and a resolution of 2 cm™'.

4.3.2 100 kHz 2DIR spectrometer

A home built OPCPA ultrafast laser system produced the 100 kHz mid-IR pulse
train used in 2DIR experiments. The operating principles of the system have been
described previously.*>*7 These experiments utilized mid-IR pulses centered at 1750 cm-
Twith an approximate FWHM of 200 cm™'. A half waveplate and mid-IR thin film polarizer
split the OPCPA output into pump and probe lines with tunable energy. Pulse energies at
the sample were evenly divided between the two pump pulses and a single probe pulse,

with an average energy of 70 nJ per pulse.
2DIR Data Collection

All 2DIR measurements took place in a partly collinear heterodyned pump-probe
geometry®48 using a mid-IR pulse shaper (QuickShape+, PhaseTech Spectroscopy).
Data collection utilized a 1x4 (2x2) phase cycling scheme? with a rotating frame of 1400
cm-'. The time delay between the first two pump pulses (t;) was scanned from 0 ps to 8
ps in 20 fs steps. Fourier transform of the heterodyned 2DIR signal took place on a
monochromator, and the frequency resolved signal was measured using a 64-element
mercury cadmium telluride (MCT) array detector at 100 kHz (Infrared Systems). A
mechanically controlled delay stage on the probe line yielded 150 fs delay times between
the second pump pulse and the probe pulse (t,) which spanned 15 ps for broadband
2DIR experiments and 6 ps for pump-selective experiments. We employ a reference pixel

noise reduction scheme*®% to limit the impact of probe noise on our spectra. Pump-
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selective 2DIR experiments were performed to assess the significance of coherence
transfer for each isotopologue. We take advantage of the diffraction gratings in our pulse
shaper to limit pump bandwidth, in line with previous experiments.®° Data collection
utilized magic angle polarization conditions to produce isotropic data sets free of

orientational relaxation contributions to the dynamics.>'
2DIR Data Processing

The free induction decay at each pixel was treated with an exponential window
function for the final 1 ps of each scan, zero padded with an additional 401 steps, and
normalized to the laser power. A Fourier transform along t; generated the excitation axis
w,. All 2D spectra and kinetic traces presented in this work consist of the real Fourier
transform of the purely absorptive signal. 2DIR spectra presented in this work were
interpolated in both frequency directions to give a virtual resolution of 0.5 cm-'. Kinetic
traces of 2DIR peaks were acquired by taking the mean intensity of an approximately
circular region of each 2DIR spectrum with a radius of ~ 3 cm™" at each ¢, step. The same
procedure was performed in the low frequency region of the spectrum to quantify the
detector noise of each virtual pixel along the w5 axis. Each kinetic trace was splined to a

virtual resolution of 50 fs before being fit or Fourier transformed along ¢,.
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4 .4 Results and Discussion

4.4 .1 Isotopic Trends in Anharmonic Coupling and Resonance Strength from

Linear IR

In this section we analyze the linear IR spectra (figure 4.4.1-1) of the carbonyl
stretching region of °EC (black), 'EC (red), and 3EC (blue, dotted) dissolved in THF. We
briefly compare the absorption profile of each isotopologue, before moving to quantitative

assessment of the Fermi coupling constants (W) and resonance parameters (¢) of each.

_OEC
'ECc
.........3EC

1750 1800 1850
Wavenumber (cm'1)

Figure 4.4.1-1: Normalized linear IR spectra of the carbonyl region of ’EC (black), 'EC (red), and °EC
(blue, dotted) dissolved in THF.

To calculate the Fermi coupling constants from the linear spectra, we employ a two-state
model derived from the assumption that only a single fundamental and two-quanta
transition contribute to the anharmonic coupling.5%%3 When the anharmonic coupling

involves additional vibrations, the experimentally derived values of W reflect the
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cumulative influence of the additional states.5*-5¢ As such, this parameter provides an
indication of how isotopic substitution modifies anharmonic coupling to additional dark
states, and we expect to observe an inverse relationship between W and the vibrational
lifetimes of the Fermi doublet modes, if dark states play a key role in the redistribution of
vibrational energy. The resonance parameter (¢), defined by the ratio of the Fermi
coupling constant and the frequency splitting of the Fermi doublet, is predictive of direct
vibrational energy transfer rates pathways between the Fermi coupled modes.3*
Comparing the trends in these two parameters to the vibrational lifetimes of the carbonyl
and ring modes will serve to identify the direct or indirect nature of the dominant relaxation
mechanisms in EC isotopologues and further inform analysis of the role of dark states in

facilitating coherent relaxation.

We define the Fermi doublet for each isotopologue as consisting of the two most
intense peaks in each spectrum shown in figure 4.4.1-1. The more intense peak is
assigned to the fundamental transition of the C=0 carbonyl stretch (centered at w.) , and
is the only fundamental transition expected to contribute in this region.'4244 The weaker
peak in each doublet is associated with a two-quanta transition of the ring modes
(centered at wy). Other weaker peaks are attributable to isotopic residues or weakly Fermi
active bands and are not explicitly considered in the present analysis. Lorentzian fits
were used to characterize the Fermi doublet of each isotopologue, and the results of

those fits are summarized in table 4.4.1-1.
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Table 4.4.1-1: Results of Lorentzian fits to the linear IR spectrum and calculations of the third order
resonance parameter.

Center Peak Intensit Fermi Resonance
Frequency | Splitting R;/tio Constant | Parameter
(w) (Awcg) ®) (W) (¢)

0w 1814 cm™!
OEC < 41 cm- 11.7 14.3 cm™! 0.35
Owp 1773 cm™!

Twe 1757 cm™
EC -24 cm! 2.1 11.8 cm™ 0.49
Twg 1781 cm!

3 1773 cm-! -1
sEC |2 21 em 12 | 1em 0.52

Swgp | 1752 cm!

Both the spectra presented in figure 4.4.1-1 and the corresponding Lorentzian fit
parameters reveal significant differences in the IR absorption profile of each isotopologue.
Fitting the center frequencies of the Fermi doublets, denoted by the coordinate pair (w(,
wg), yields (1814 cm', 1773 cm™") for °EC, (1757 cm™', 1781 cm') for 'EC, and (1773
cm', 1752 cm™') for 3EC. The level inversion (w. < wg) in 'EC is consistent with previous
isotopic studies of ethylene carbonate.*? This inversion reflects a redshift in the carbonyl
fundamental band which is made more pronounced by the Fermi resonance coupling.
Substitution of the remaining ring carbons leads to a redshift in the Fermi active ring
modes of 3EC, causing the more intense carbonyl band to again appear at a higher
frequency than the two-quanta ring mode. A previous comparison of °EC and 'EC by Al-
Jallo and Al-Azawi attributes the two-quanta state to the first overtone of the CH2 rocking
mode.*? To examine whether this assignment holds for 3EC, we examined anharmonic
frequency calculations for each isotopologue. We find that substitution of the remaining
ring carbons in 3EC produces a redshift in the calculated frequency of the rocking

overtone and a slight blueshift in the frequency of the carbonyl fundamental relative to
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'EC. These results are consistent with the observed trend in the linear IR spectra,
supporting an assignment of the lower frequency band of 3EC to the first overtone of the

CHz2 rocking mode.

Further changes in the absorption spectrum can be seen in the relative intensities of

the Fermi doublet peak pairs. The ratio of integrated peak intensities, defined as R = ;—C
R

for each isotopologue decreases from R =11.7 to 'R = 2.1 to 3R = 1.2. As the two-quanta
ring modes possess negligible oscillator strength in the absence of coupling,*' the
equalization in the linear intensities with increasing '3C substitution reflects an
enhancement of the dipolar coupling between the carbonyl and ring modes, although
further analysis is needed to clarify if this enhancement arises due to improved
degeneracy between the modes or an increase in the Fermi coupling constant. To both
assess the nature of the resonance enhancement and gain predictive insight on the

vibrational dynamics of our isotopic series, we first calculate the Fermi constant according

to: 41,52,53,55

1/2 1/2 \?
[a+(a2-aw2)"?] " Re V27 |- (a2-aw?)"?]

4-1 R =
“-1) + [a+a2—aw2)1/2] Y 4 [a-(a2—aw2)1/2] PRy 1/2

Here R gives the ratio of the integrated intensity of the Lorentzian fits, R, gives the
intensity ratio under the harmonic approximation which we set to 100 in accordance with
previous calculations,*! and A = Aw, ; corresponds to the frequency separation between
the Fermi doublet peaks in the linear spectrum. From these calculations we obtain

anharmonic coupling strengths of ‘W =14.3cm ', "W =11.8cm ', and 3W = 11.0 cm .
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These results show that isotopic substitution progressively reduces the effective
anharmonic coupling between the carbonyl and ring modes of the Fermi doublet. Working
under the assumption that the changes in the effective anharmonic coupling reflect
changes in dark state contributions to the anharmonicity, the 2.5 cm ! decrease in the
Fermi constant of 'TEC compared to °EC reflects a decoupling of the carbonyl stretch from
the motion of the ring. We interpret the further 0.8 cm -' reduction in the Fermi constant
of 3EC as the decoupling of the Fermi active ring mode from additional IR-inactive states.
As such, if indirect coupling mechanisms dominate vibrational relaxation in ethylene
carbonate, we expect slower relaxation in the isotopically substituted molecules. From
the Fermi constants we additionally see that the increase in the linear intensity ratios of
'EC and 3EC arises due to enhanced degeneracy® rather than increased anharmonic

coupling strengths. To predict trends in the vibrational relaxation rates for direct transfer

. w
between the carbonyl and ring modes, we calculate the resonance parameter ¢ = |Aw
CR

For each of the isotopologues we obtain the values of % = 0.35, '¢ = 0.49, and 3¢ = 0.52.
Although the experimentally obtained values of W likely reflect weak contributions from
additional states, the dependence of ¢ on the frequency separation of the Fermi doublet
makes it unlikely that those contributions introduce significant error in this result. Given
that ¢ reflects vibrational energy transfer rates between the Fermi coupled modes, this
trend predicts that direct relaxation pathways will proceed more efficiently in '"EC and 3EC.
This directly contradicts predictions of vibrational relaxation rates based on the W. As
such, resolving this contradiction by comparing trends in both parameters to the
vibrational lifetimes of the Fermi doublet modes will serve as a basis for uncovering the

direct or indirect nature of vibrational relaxation in EC.
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4.4.2 Determining Population Relaxation Mechanisms in EC Isotopologues

Broadband 2DIR

In this section we investigate the broadband 2DIR spectra of the isotopic series,
with a focus on the decay of the diagonal carbonyl bleach (S..) and the diagonal ring
bleach (Szr) for each isotopologue. Representative purely absorptive 2DIR spectra are

presented in figure 4.4.2-1 for °EC (a), 'EC (b) and 3EC (c).

1765 1800 1835 1730 1765 1800 1730 1765 1800
wy (cm'1) ws (Cm'1)

Figure 4.4.2-1: Purely absorptive broadband 2DIR spectra for °EC (a), 'EC (b), and 3EC (c). All
spectra shown here were collected at t, = 1.5 ps and plotted with eleven equally spaced contours.
Bleach features correspond to negative intensities (blue) and absorptive features are denoted by
positive intensities (red). Spectral regions investigated to produce kinetic traces for time dependent
analysis of the peak amplitudes are indicated by red dashed circles.

Negative going peaks for emission and bleach pathways are colored in blue and
absorption peaks are shaded in red. All spectra in figure 4.4.2-1 are plotted at a waiting
time of t, = 1.5 ps. The spectral regions used to generate kinetic traces for S.., Sgr, and

the Si. cross peak [ centered at (w,, w3) = (wg, w:) ] are marked with red dashed circles.

117



General features of the 2DIR spectra behave as expected from the linear IR
spectra. In °EC (4.4.2-1a) the only on-diagonal spectral feature that appears at the level
of detail shown in figure 4.4.2-1. is the %S, carbonyl bleach. The poor resolution of °Sy
reflects the weak resonance condition of the Fermi doublet which prohibits transition
dipole mixing of the carbonyl fundamental and two-quanta ring mode. However, evidence
of coupling between the carbonyl and a weakly Fermi active manifold in °EC appears as
an elongated network of cross peaks in the spectral region of w; = w.. The larger
resonance parameters of 'EC and 3EC allow for clear observation of the diagonal ring
modes and Fermi doublet cross peaks in both '3C substituted compounds. This
improvement in resolving the ring modes of the Fermi doublet comes at the penalty of
increased spectral congestion. The small frequency spacing between the doublets of 'EC
and 3EC as well as potential contributions from isotopic residues and weakly Fermi active
modes produces the rather complicated spectra shown in figure 4.4.2-1b-c. Unfortunately

this congestion simply marks a limitation of our analysis.
Vibrational Lifetimes of EC Fermi Doublets

Assuming solvent contributions to the relaxation of the carbonyl band remain
roughly constant across the isotopic series, the vibrational lifetimes of the carbonyl
fundamental and ring mode characterize the local density of states coupled to each.”38
We assess both by examining the ¢, kinetic traces of S¢ . (figure 4.4.2-2a) and Sy 1, (figure

4.4.2-2b) diagonal bleach peaks.
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Figure 4.4.2-2: Kinetic traces of the S¢ and Sk peaks for 'EC (black), 'EC (red), and °EC (blue). (a)
Kinetic traces (solid) and single exponential fits (dashed) for the carbonyl diagonal bleach of each

isotopologue. The intensity of the °EC trace is scaled by a factor of one third. Error bars give the
average detector noise for the interpolated pixels used to generate the kinetic trace. (b) Same as a for
the kinetic traces of the Sz, diagonal bleach.

For the carbonyl mode, we fit kinetic traces of S¢ . to a single exponential function of the

form ae ™1 + C, where T; reports on the vibrational lifetime of the carbonyl stretch. Both
kinetic traces (solid) and exponential fits (dashed) are given in figure 4.4.2-2a. We note
that the intensity of %S . is scaled by a factor of one third to facilitate comparison. The
resulting fits return values of °T; = 2.38 + 0.06 ps, 'T; = 4.46 + 0.08 ps, and °T; = 6.59
0.07 ps. The progressive extension of vibrational lifetimes upon isotopic substitution
matches the predictions based on the effective anharmonic coupling parameter W rather
than the resonance condition ¢, indicating that the relaxation of the carbonyl mode
depends on the anharmonic coupling to a dark state manifold rather than the strength of

the Fermi resonance.
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For Sk r we assess the influence of dark states qualitatively, due the poor signal to

noise ratio of %Sy, » and highly oscillatory nature of all three kinetic traces shown in figure

4.4.2-2b. Consistent with our previous findings,*° OSR,R oscillates about zero intensity at

early waiting times and quickly falls to the noise level of the experiment. This indicates
that, if OSR,R reports on population relaxation at all, relaxation occurs rapidly. Similar
dynamics appear more clearly in 1SR,R, due to the enhanced resonance condition of the

Fermi doublet. Interestingly, 1SR,R oscillates about an offset at early waiting times rather
than zero intensity. This could indicate slower population relaxation due to decoupling
between the bright Fermi active mode and a dark state manifold, although the low
intensity of OSR,R makes direct comparisons between the two somewhat dubious. Rather,

the effect of isotopic substitution in extending the vibrational lifetime of the ring becomes
significantly more pronounced in 3SR,R. Although strong oscillations appear in the kinetic

trace of 3SR,R, an almost linear decay indicates that the population relaxation pathways
underlying the peak are largely decoupled from any potential dark state manifold. From
the kinetic traces of figure 4.4.2-2b, we observe an isotopic trend that indicates a minor
decoupling of the ring and dark state manifold upon '3C substitution of the carbonyl
carbon in 'EC, and significant decoupling upon '3C substitution of the other ring carbons

in SEC.

In terms of predicting the behavior of coherent relaxation in each isotopologue, the
correlated trends in the effective anharmonic coupling and the vibrational lifetimes of the
ring and carbonyl modes indicate that dark states play an important role in the vibrational

dynamics of EC. The extension of the vibrational lifetimes of S; . and Sk r upon isotopic
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substitution indicates a progressive reduction in the ability of the Fermi doublet to
dissipate energy into a reservoir of dark states. This is important for descriptions of
coherent relaxation that require bath modes to mutually couple coherent superpositions
to other elements of the system density matrix.%%.1419 If the overall density of states
around each bright state in the Fermi doublet decreases, so does the likelihood that their
coherences couple strongly to the same dark degrees of freedom. Decoupling one or both
states from the bath (which contains all experimentally dark degrees of freedom) should
produce a decrease in the coherent relaxation rate and fewer signatures of coherent

relaxation in the 2DIR spectrum.

4.4 .3 Identifying Signatures of Coherent Vibrational Relaxation

We investigate the signatures of coherent relaxation pathways in the EC isotopic
series in two ways. The first involves Fourier analysis of the S . cross peak kinetic trace
for the broadband 2DIR experiments (integration regions shown in figure 4.4.2-1). Under
secular conditions, QB contributions to Sz, are expected to oscillate along t, at a
frequency of Aw.y. However, coherent relaxation processes can lead to additional
oscillations in Sg ¢, and so multiple peaks in the Fourier spectrum of the Si ¢ kinetic trace
(denoted Fg ) serve as evidence of coherent relaxation.'”:'® Our second method relies
on pump-selective 2DIR experiments in which the ring transition lies outside the excitation
bandwidth of the first two mid-IR pulses. In this experimental configuration, coherent
relaxation manifests as a bandwidth forbidden cross peak in the unpumped region of the
2DIR spectrum.® Specifically, we examine the bandwidth forbidden kinetic trace of the Sy ¢
cross peak (denoted S7, ). We choose the S . cross peak for this analysis based on

previous pump-selective 2DIR experiments which indicated that this cross peak had
121



strong contributions from coherence transfer pathways in °EC, and so is expected to have
a greater sensitivity to changes in coherent relaxation rates due to changes in system-

bath coupling parameters.4°

a 4 2 0 2 4x10° b 2 0 2 x10° c -
1835 1800 I ; 1800 p
N (GRS -
v - Q“ 0’ "\~
£ | £ /| \O: f
S 1800 ‘ > | LRI =2 A S ,K__i
3 4 < N
A 4
. o 0.1 1 < a < |
1765 1800 1835 1730 1765 1800 1730 1765 1800
- -1 -1
w, (em™) w, (em™) w, (em™)

Figure 4.4.3-1: Pump-selective 2DIR spectra for : ’EC (a), 'EC (b), and "EC (c) plotted at t, = 1.5 ps.
Normalized pump spectrum (black) and linear IR spectrum (blue) for each isotopologue are plotted to
the right of each 2DIR spectrum. Red dashed line indicates cutoff where pump intensity drops below
10% of the maximum. Purple shaded regions indicate the unpumped region of each spectrum.

The 2DIR spectra plotted in figure 4.4.3-1 correspond to the set of pump selective
experiments in which the Fermi active ring transition lies outside the pump bandwidth.
We include the normalized pump spectra and linear IR spectra for each experiment to the
right of each 2DIR spectrum in figure 4.4.3-1. The red dashed line indicates the frequency
cutoff where pump intensity drops below 10% of the maximum, and the unpumped region
is shaded purple. All spectra shown here were taken at t, = 1.5 ps. Under these
experimental conditions, the bandwidth of the first two mid-IR pulses is limited such that
the ring transition of the Fermi doublet cannot be directly excited. This eliminates secular
response pathways which occupy the coherent superposition |0) (R| or its complex
conjugate after interacting with the first pump pulse.®*? As such no intensity should be
observed if Sy, - is well described by secular dynamics. However, if coherence transfer of

the type |0) (C| — |0) (R| redistributes vibrational energy from the excited carbonyl
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fundamental to the ring during the t; interval, the now populated |0) (R| coherence
appears as a bandwidth forbidden cross peak in the Fourier transformed signal. As such
the observation of bandwidth forbidden peaks in pump-selective experiments serves as
an additional check for the presence of coherence transfer pathways. While it is tempting
to interpret the bandwidth forbidden regions of the spectra in figure 4.4.3-1 qualitatively,
we find that it is often misleading due to experimental noise. We find it less ambiguous to
identify evidence of coherence transfer pathways by comparing the intensity of the

bandwidth forbidden features to the experimental noise over multiple t, steps.

Figure 4.4.3-2 gives the t, Fourier transform of the broadband S, cross peak
kinetic trace (Fg ¢) in (4.4.3-2a) and the bandwidth forbidden kinetic trace (S ;) in (4.4.3-

2b).
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Figure 4.4.3-2. (a) Absolute value Fourier transform spectrum of the broadband 2DIR S . cross peak

for "EC (black), 'EC (red), and ’EC (blue). (b) Kinetic trace for the bandwidth forbidden S¥ . cross
peaks. Error bars give the average detector noise for the pixels used to generate the kinetic trace.
Integration regions for bandwidth forbidden peak are the same as for the broadband experiments
shown in figure 3.
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From figure 4.4.3-2a we see that the power spectrum °F . contains at least three peaks
centered near 26 cm', 48 cm™', and 67 cm™'. The 48 cm! peak agrees reasonably well
with the frequency separation of the Fermi doublet, but the peaks at 26 cm'and 67 cm"”
serve as a positive test for the presence of coherent relaxation pathways. The spectrum
of 'Fg ¢ displays its most prominent peak at 26 cm', which corresponds to the expected
frequency separation of the doublet. Weak features in 'Fy - appear near 40 cm™ and 60
cm-', although the low amplitude and potential influence of noise makes it difficult to take
them as an unambiguous confirmation of coherent relaxation. If they truly reflect
coherence transfer pathways, it seems they contribute only weakly relative to the main
QB pathway. In the Fourier spectrum of 3F , significant intensity is only observed near
the expected frequency difference of the Fermi doublet, indicating that no coherent
relaxation pathways contribute to the cross peak. Thus, our first test indicates that
inhibiting coupling to dark state manifolds, as evidenced by isotopic trends in vibrational
lifetimes, suppresses the observation of coherent relaxation. However, it is not clear if our
ability to resolve signatures of coherent relaxation from the spectra of figure 4.4.3-2a ends
with 'EC or 3EC. For that, we gain some additional insight from the bandwidth forbidden

kinetic traces of figure 4.4.3-2b.

The amplitude of the °S¥ - kinetic trace persists well above the noise level for the
duration of the experimental time window, indicating non-trivial contributions from
coherence transfer pathways. 'S - also shows non-negligible intensity to at least a few
picoseconds, indicating that coherent relaxation pathways do contribute to the cross
peak. As such, the 40 cm™ and 60 cm oscillations in 'Fg - should reflect the frequency

spacing of the additional vibrational modes accessed by the non-secular pathway
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contributing to the cross peak. In comparison, the bandwidth forbidden cross peak of
3§Fr ¢ fluctuates about the noise floor of the experiment, indicating no appreciable
contributions from coherence transfer. Although analysis of such weak signals is
necessarily qualitative, the agreement between the trends observed in S . and Fy is
reassuring. Under both methods for identifying coherent relaxation pathways, we observe
weaker signatures of coherent relaxation upon increasing 3C substitution. This strongly
indicates that isotopic substitution provides an effective means for tuning coherent
vibrational relaxation. Furthermore, we can reasonably attribute the suppression of
coherent relaxation to the same mechanism responsible for slowing population relaxation

in 'EC and 3EC, namely the decoupling of the Fermi doublet from a dark state manifold.
4.5 Conclusion

In this work we use 2DIR to compare the signatures of coherent vibrational
relaxation for Fermi coupled vibrations across a series of EC isotopologues. We find that
even though the resonance condition of the EC Fermi doublet increases upon isotopic
substitution, the apparent rate of coherent relaxation is diminished. This isotopic trend is
mirrored by an extension of the vibrational lifetimes of the Fermi doublet modes with
increasing '3C substitution. The suppression of both coherent and incoherent relaxation
pathways indicates that they are similarly governed by manifold of dark states that
become decoupled in the isotope substituted molecules. This is significant, as the
dynamic information coherent relaxation processes encode in 2DIR spectra remains
somewhat mysterious. Theoretical investigations comparing anharmonic couplings and
coherent relaxation rates across isotopic series such as the EC series studied in this work
may identify specific dark states or delocalized coupling networks that facilitate coherent
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relaxation between |IR-active transitions. Identifying the modes responsible for enabling
coherent dynamics in closely related molecules would serve as an important step towards
developing practical models for characterizing coherent relaxation pathways directly from

2DIR experiments.
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Chapter 5
Conclusion and Future Work

5.1 Conclusions

The work presented in the previous chapters details efforts to identify coherent
vibrational relaxation processes in ethylene carbonate (EC), explore the role of vibrational
couplings in enabling coherent relaxation pathways, and assess the potential of isotopic
substitution as a method for tuning coherent vibrational relaxation pathways. Chapter 3
primarily details the discovery of coherent relaxation processes in EC. The Feynman
diagram representation of nonsecular response pathways was used to guide the
identification of coherent relaxation using a combination of phase-matching dependent
analysis of the 2DIR signal, Fourier-analysis of 2DIR peak amplitudes, and pump
selective 2DIR experiments. Signatures of coherent relaxation appeared ubiquitously in
the 2DIR spectrum, signaling EC’s potential as a model system for studying coherent
dynamics in small molecular systems. Interestingly, pump selective experiments
indicated a possible link between the strength of resonance coupling and the significance
of coherent relaxation. This observation partially motivated the work done in chapter 4,
which examined the relationship between vibrational coupling and coherent dynamics
explicitly. The study presented in chapter 4 explores the relationship between Fermi
resonance coupling, dark state mediated vibrational energy redistribution, and the
observation of coherent vibrational relaxation pathways in 2DIR spectra. Analysis of
linear FTIR spectra quantified the resonance coupling parameters of the most intense

Fermi doublet of EC and its '3C isotopologues, with isotopic substitution leading to a
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higher predicted rate of direct relaxation between the Fermi active modes. 2DIR analysis
of population relaxation rates for the Fermi coupled modes revealed a competing trend,
with isotopic substitution weakening vibrational coupling to intermediate states and
extending the vibrational lifetimes of the Fermi coupled vibrations. The relative strengths
of the direct and indirect relaxation mechanisms across the isotopic series were then
compared to observed signatures of coherent relaxation in the 2DIR spectra of each
isotopologue. Those results indicate a suppression of coherent dynamics upon increasing
isotopic substitution, suggesting that the delocalization of vibrational relaxation pathways
over intermediate states plays a more significant role than Fermi resonance coupling in
enabling coherent vibrational energy transfer in EC. Notably, the 2DIR spectrum of triply
13C substituted EC contained no discernable evidence of coherent relaxation processes,
indicating that isotopic substitution could serve as a chemically accessible method for
suppressing coherent relaxation in experimental investigations. Importantly, the ability to
alter coherent vibrational relaxation using isotopic substitution could simplify identifying

model compounds for the refinement of theoretical descriptions of coherent dynamics.
5.2 Future work: 2DIR Investigation of Carbonate Mixtures Containing EC

While the work presented in the previous chapters focuses on studying the
vibrational dynamics of EC, the motivation for studying EC at all came from the desire to
use the carbonyl stretch of organic carbonate molecules as probes in 2DIR investigations
of the structure and dynamics of the organic electrolytes in energy storage devices.
Developing a molecular level picture of the interactions between species within carbonate
mixtures in bulk solutions would provide a foundation for understanding how components

such as chemical additives, ionic species, or applied potentials restructure the solvent
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and affect charge transport within and across electrochemical cells. However, 2DIR
investigations of organic carbonate systems have been challenged by the degree of
spectral complexity in multicomponent systems. The similarity in the frequencies of
carbonyl transitions between different carbonates or between free and ion-coordinated
species leads to 2DIR spectra with overlapping peaks whose t, evolution reports on
multiple dynamical processes. For instance, 2DIR cross peaks between ion-coordinated
and free carbonate molecules may receive amplitude from various phenomena such as
chemical exchange, 2 vibrational coupling between solvent coordinated carbonates,® and
vibrational energy transfer between molecules in different solvation shells.* Accurately
extracting information from such complex spectra requires either detailed knowledge of
the underlying physical processes contributing to each peak or the ability to isolate

contributions from specific pathways.

One method which will likely prove useful in 2DIR investigations of bulk carbonate
mixtures is isotopic substitution. This will be particularly true for investigations of mixtures
containing EC. The discovery of coherent dynamics in EC, detailed in chapter 3, presents
additional challenges. Coherent dynamics will distort®-'® measurements of structural
information in polarization selective 2DIR experiments®>’ and complicate the
interpretation of dynamical 2DIR observables. Chapter 4 demonstrated that isotopic
substitution could suppress coherent relaxation in EC, making isotopologues such as 3EC
more attractive vibrational probes for the study of bulk carbonate mixtures. Additionally,
investigations of bulk carbonate mixtures would benefit from the reduction in spectral
congestion offered by isotopic substitution of different carbonate molecules. Preliminary

FTIR and 2DIR experiments meant to assess the simplification of IR investigations of bulk
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carbonate mixtures using isotopic substitution and a reduction in the number of
components are presented in the remainder of this section. Preliminary data for three
solutions of carbonate mixtures are described. The “1:1:1” solution consists of a mass
equivalent mixture of EC, diethyl carbonate (DEC), and dimethyl carbonate (DMC). The
second solution is a 1:1 by mass mixture of EC and DEC. The final solution is a 1:1
mixture of EC and a DEC isotopologue in which the carbonyl carbon was replaced by a

13C molecule, which is denoted as 3DEC in the following section.
5.2.1 Experimental Methods

Sample Preparation

All chemical samples were obtained from Sigma Aldrich, stored in a vacuum
desiccator, and used without further purification. The three organic carbonate mixtures
were prepared using equivalent mass ratios of the different carbonates. The first solution,
denoted as the 1:1:1 mixture, comprised of EC, DEC, and DMC. The second solution
contained only EC and DEC. The third solution was prepared by mixing equal masses of
EC and a DEC isotopologue in which the carbonyl carbon was replaced by a '3C
molecule, which is denoted as "*DEC in the following section. Samples were prepared
using the same cells described in chapters 3 and 4; however, the samples presented in
this chapter were prepared without using a Teflon spacer. Instead, spacer-free samples
were prepared by pipetting approximately 1-3 pL of solution directly onto the (calcium
fluoride) window. The volume of solution dispensed was used to control the absorption
intensity of the samples.!" Linear IR absorption spectra were collected using the same

instrument described in chapters 3 and 4.
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2DIR Data Collection

The 2DIR spectra presented in section 5.2.2 were collected using a 1 kHz 2DIR
spectrometer'? previously employed by the Krummel group. 2DIR measurements utilized
a partly collinear heterodyned pump-probe geometry' and a home-built mid-IR pulse
shaper. The mid-IR pulses used had a center frequency of 1760 cm-! with a Gaussian
FWHM bandwidth of 270 cm'. Because of the lower repetition rate, t, scan times were
limited to approximately 1 ps. The t; scans ran from 0 ps to 6 ps in 15 fs steps. A four-
frame phase cycling scheme'™ was employed alongside a 1400 cm-' rotating frame.
Fourier transform of the signal was done manually on a monochromator. A
monochromator grating with groove density of 150 lines/mm was used to collect spectra
for the 1:1:1 and EC:DEC solutions, while a 75 line/mm grating was used to collect spectra
for the EC:'3DEC solution. The Fourier transformed signal was measured using a 64-
element mercury cadmium telluride (MCT) array detector at 1 kHz (Infrared Systems). All
phase cycled data sets were zero padded along t; to 802 points before being Fourier
transformed into the frequency domain. Data were collected in both XXXX and XXYY
polarization schemes in order to perform polarization dependent measurements, although

the data presented here have been recombined to yield isotropic data sets. '
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5.2.2 Linear IR and 2DIR Spectra of Organic Carbonate Mixtures

The linear IR spectra for the 1:1:1 (black), EC:DEC (cyan), and EC:"*DEC

(magenta) mixtures are plotted in figure 5.2.2-1.
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Figure 5.2.2-1: Normalized FTIR absorption spectra for the 1:1:1 (black), EC:DEC (cyan), and EC and
13 .
EC: "DEC (magenta) mixtures.

The linear spectra of the three carbonate mixtures demonstrate how reducing the number
of components in the system and using isotopic substitution can reduce peak overlap in
the carbonyl region. In all three mixtures, the EC ring mode and carbonyl transition are
centered at 1776 cm™ and 1808 cm-', respectively. In the 1:1:1 solution (black), the
overlap between the DEC and DMC carbonyl stretching bands leads to a broad peak
centered near 1750 cm™'. The higher frequency side of the DEC+DMC peak appears to
overlap with the EC peak at 1776 cm, distorting its intensity. The DEC carbonyl
transition appears as a single band at 1745 cm™" in the EC:DEC mixture. Although the
removal of DMC slightly alleviates overlap between the DEC peak and the EC peak at

1776 cm', the overlap is not entirely removed. Isotopic substitution of the DEC carbonyl
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shifts the center frequency of the DEC carbonyl stretch to 1701 cm-', significantly reducing
the overlap between the DEC carbonyl and EC ring transitions. As such, isotopic
substitution of the linear carbonates, DEC and DMC, will be necessary to fully resolve the
EC doublet. This will be especially relevant for experiments utilizing EC isotopologues,

such as those whose linear IR spectra are shown in chapter 4.

2DIR spectra contain additional excited state absorption peaks and cross peaks
which increase spectral congestion compared to linear IR absorption spectra. Figure
5.2.2-2 shows the degree of spectral overlap in the 2DIR spectra, plotted for t, = 800 fs,

of the 1:1:1 (a), EC:DEC (b), and EC:"*DEC (c) solutions.
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Figure 5.2.2-2: 2DIR spectra collected at t, = 800 fs for the (a) 1:1:1, (b) EC:DEC , and (c) EC:"DEC
solutions.

In the 1:1:1 solution (5.2.2-2a), the overlapping DEC and DMC band appears as an
elongated pair of diagonal bleach and absorption features which appear to “blend” with
the excited state absorption peak of the EC ring mode and nearby cross peak absorption.
This leads to the distortion of the diagonal features in the lower frequency portion of the
1:1:1 spectrum. Furthermore, any cross peaks between the DEC and DMC carbonyl

modes will be difficult to analyze due to overlapping with the broad diagonal feature. A
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weak cross peak bleach appears near (w;, w;) = (1748 cm™', 1776 cm™') after 500 fs,
indicating possible energy transfer pathways between the EC ring mode and the linear
carbonates. However, the congested nature of the DEC and DMC band makes it difficult

to assess whether one or both linear carbonates are involved in the relaxation pathway.

In comparison, the EC:DEC 2DIR spectrum (5.2.2-2b), shows less congestion on the
lower frequency side of the spectrum, although the elongated diagonal bleach of the DEC
carbonyl transition still extends to the diagonal peak pair of the EC ring mode, consistent
with the overlap seen in the linear spectrum. The reduction in spectral congestion
suggests it may be useful to use isotopic substitution of DMC to maximize the peak
separation in future investigations of the 1:1:1 mixture, as DMC contributes to the higher
frequency side of the DEC + DMC peak. It appears that a small cross peak between the
EC ring and DEC carbonyl grows in by approximately 800 fs. 2DIR experiments with
longer t, scan times could likely confirm the cross peak growth and extract rates of
vibrational energy transfer between the two modes. Such measurements could then be
used to assess possible chemical structures of the EC:DEC mixture, based on the fact

that DEC exchanges energy with the EC ring rather than the carbonyl.

Isotopic substitution of DEC leads to the 2DIR spectrum shown in figure 5.2.2-2¢. In this
system, the overlap between the EC and DEC bands is removed. No cross peaks are
observed between DEC and EC over the 1.4 ps time interval of the experiment. This
indicates that vibrational energy transfer could be inhibited due to the frequency detuning
of the DEC carbonyl mode from the EC ring. The downshifting of the DEC peak could
prove useful not only for studying mixtures of three or more carbonates, but also for

assessing the interactions between DEC and DMC. Isotopic substitution of either DMC or
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DEC may resolve cross peaks between DEC and DMC. Such cross peaks could be used
to extract the transition dipole angle between the carbonyl stretches of the two linear
carbonates. Comparing that angle with and without the addition of EC would serve to

identify whether EC perturbs the chemical structure of the linear carbonate systems.

The preliminary data in this section demonstrates how the complex 1:1:1 mixture can be
broken down, either piecewise or through isotopic substitution, to remove spectral
congestion and isolate peaks in the 2DIR spectrum. The discovery of coherent relaxation
processes in EC solvated by THF suggests that isotopic substitution of EC could further
simplify analysis of polarization selective 2DIR experiments for organic carbonate
solutions. Notably, fully deuterated EC has been found to lack a Fermi resonance in the
carbonyl region,'® which would reduce congestion and potentially eliminate coherent
relaxation pathways. Ultimately, combinations of carbonate isotopologues may be
needed to remove both spectral congestion and coherent relaxation pathways from the

2DIR spectra of organic carbonate mixtures.
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Appendix A

Supplementary Material for Chapter 3: Signatures of Coherent Vibrational
in Ethylene Carbonate

A.1 Gaussian Fit to Linear Spectrum
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Figure. A1: Gaussian fits to the linear spectrum of EC in THF (blue) for three modes. Broad background
was excluded (green +) from the Gaussian fit (red).

To approximate the linewidth of the three bands at 1773 cm™!, 1813 cm™! and
1858 cm™1, we fit the linear spectrum to three gaussians and excluded the broad baseline
from the fit. Fitting was performed with the MATLAB 2023b Curve Fitting Toolbox. The
results of our fit returns FWHM parameters of 11.7 cm™, 16.0cm™?, and 16.6 cm™!

respectively. Fitting this way is highly sensitive to the exclusion parameters, and the
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results give only approximate linewidth values. Still, it provides an estimate of peak widths

and their relative intensities. Integrating the fits for each peak gives a v,: 2v, ratio of 8.7:1

and 11.5:1 for v,: v, + v

A.2 Quantifying the Noise Floor for 2DIR Experiments
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Figure A2: Raw noise intensity along the w; axis for the pixel of maximum signal. Corresponds to data
set with t;scan 0:8 ps and full pump bandwidth.

To quantify the impact of noise on a given t, waiting step, we take the mean of the
absolute value of the spectrum for the maximum signal (w;=1814 cm™1) pixel over the
range of w;=1500-1600 cm~1. This serves as the noise floor for each experiment. An
example plot of the raw noise is given in figure A2. The noise floor for each experiment

presented in the main text is given in table A1.
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Table A1: Pump bandwidth, t, scan parameters, and calculated noise floor of the maximum signal
pixel for each experiment presented in the main text.

t, scantime 0:3 ps 0:10 ps 0:8 ps
Pump bandwidth Full >1795 cm ! Full <1831 cm~! | <1815cm™! Full >1816 cm !
Mean noise 2.50E+05 1.20E+05 1.70E+05 8.40E+04 7.80E+03 2.5E+04 1.80E+04

We use this metric to test the impact of noise on our interpretation of fluctuations
in the amplitudes of peaks in the 2DIR spectrum. To separate the oscillations from

vibrational lifetime decay, we rearrange equation 3 of the main text, yielding

(A-1) (6(1)(t2)2) — (AR+ANR)V 1—-C(t5)? .

me T1

For convenience we redefine this quantity as ¢ = (Sw(t,)?). We then remove the constant

offset and normalize the fluctuation amplitude according to

Ty b))
(A-2) ) = o

This value is plotted in figure A3 for the v, diagonal bleach. The error bars in figure A3
give the pixel noise for each t, waiting step, normalized to the maximum intensity of the
feature in the 2DIR spectrum. From this we see that the oscillations in peak intensity
persist well above the noise floor of the experiment. The lack of a clear dampening in

figure A3 prevents us from fitting the oscillatory components to damped exponentials.
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Figure A3: Fluctuations of the v, diagonal bleach compared to the pixel noise at each t, point. The
noise intensity was normalized to the maximum intensity of the signal. Data shown in this figure
corresponds to the data set presented in figure 3.5.2-1 of the main text.

A.3 Diagonal Peak Sensitivity to Pump Selective Experiments

Here we test the effects of pump selective experiments on the kinetic traces of
features totally within the pump bandwidth. We focus on the measured vibrational
lifetimes of the v, diagonal bleach and absorption under three pump selective conditions.
The kinetic traces from 0 to 3 ps are plotted in figure A4, and the time constants of the fits

are given in table A2. Traces out to 6 ps were fit to biexponential decays of the form

—t2 —ty

a,e’fast + a,eslow, For the diagonal bleach [figure A4(a)] the fit results are unaffected by

the pump bandwidth.
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Figure A4: Normalized integrated intensities (solid) and fits (dashed) of the diagonal bleach (a) and
absorption (b) of the v, fundamental transition under ordinary (black), w,ym, > 1795 cm’ (magenta),
and .,y < 1831 cm’ (blue) conditions. Error bars give the 95% confidence interval of the fit out to 6

ps.

Qualitatively we see small deviations in the beating pattern after approximately 1.8
ps, but they do not alter the fit. As the kinetic trace for the diagonal bleach remains

insensitive to pump selective conditions, we do not ascribe the changes in dynamics to

changes in the temporal profile of the pump pulses.
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Table A2: Time constants for the biexponential fits to the kinetic traces of the v,
diagonal bleach and absorption under different pump selective conditions.

Bleach Absorption
Pump Condition Tfast Tslow Trast Tslow
Full 0.51£0.1 ps 7.1£0.8 ] 0.5+0.2 | 7.212.0
pS ps psS
Wpump>1795 cm™ 0.41£0.1 ps 8.310.9 | 0.2+0.0 | 6.91£0.7
pS ps psS
Wpump<1831 cm™ 0.4ps+0.1ps | 7.7£1.13 | 0412 | 7.11£2.2
pS ps psS

For the diagonal absorption, we see a significant reduction in the short time

constant when the pump bandwidth is limited to: wyym,>1795 cm~1. This is apparently

due to a positive going oscillation which appears earlier compared to the other two kinetic

traces in figure A4(b). The variation in the oscillatory character of the peaks under

different pump selective experiments reflect the complicated nature of systems which may

exhibit both CVET and ordinary quantum beating. The long-time constants for both the

bleach and absorption under all conditions are within error, indicating that CVET most

significantly impacts dynamical measurements at early waiting times. It also suggests that

in systems with a broad network of CVET pathways, early time dynamical measurements

are sensitive to pump bandwidth. Care should be taken to account for oscillatory

contributions or to maintain consistent pump bandwidths when comparing data sets for

highly coupled systems that display wave-packet like dynamics.
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A.4 Comparing Ordinary and Forbidden Cross Peaks as a Function of ¢,
Scan Length
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Figure A5: Comparing the integrated intensity of the cross peak at (w,, w3)=(1831 cm',1814 cm™)
using different window functions (exponential decay with a step function) applied to raw data along t;.
Dotted lines correspond to the time (ps) at which an exponential window was applied to the t; data.
Kinetic traces in (a) and (b) were normalized to their initial intensity. (a) Normalized intensity of the
ordinary cross peak. (b) Normalized intensity of the bandwidth forbidden cross peak. (¢) Data on
signal pixel along t, (seconds) (solid) and applied window functions for no window (black) and the
exponential decay applied after 3ps (magenta). Raw data presented for ordinary pump bandwidth.

To test the t; scan sensitivity of forbidden cross peaks, we compare the integrated

intensities of the (w;, w;)=(1831 cm ',1814 cm') ordinary (figure A5(a)) and forbidden
(figure A5(b)) cross peak using different window functions. We apply an exponential
decay with different cutoffs to the time domain data, mimicking the effect of varying t;
scan time. Figure A5(c) gives examples of the time domain data (solid) for an 8 ps (black)
and 3 ps (magenta) window cutoff as well as the corresponding window function (dots).
The 8 ps cutoff represents data with no applied window function. The time domain data
with no window in figure A5(c) shows an initial decrease in intensity followed by the
appearance of new features at approximately 4 ps. As seen in figure A5(a), the window
function minimally impacts the relative intensity of the ordinary cross peak at each t, step.
The normalized intensities diverge by less than 3% over the first 3 ps of waiting time. The

same cross peak, when bandwidth forbidden, shows a much greater sensitivity to the
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effective t; scan time. In this case the normalized intensities diverge by up to 11%. This
demonstrates not only that the features seen after approximately 4 ps in figure A5(c) are
a signature of CVET, but also that the observation of CVET in 2DIR spectra is sensitive

to t; scan time.

A.5 Biexponential Time Constants for Diagonal and Cross Peak Kinetic

Traces
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Figure A6: (a) 2DIR spectrum plotted with integration regions (dotted black) for the diagonal and
cross peaks fit to biexponential decays. (b) Integrated intensities of peaks along the w5 axis. (c)

Slices taken along the w; (black) and w5 (blue) axes. Slices were taken at w=1814 cm”. (d)
Integrated intensities of cross peaks along the w; axis.

We present the integration regions [figure A6(a)], slices along frequency
axes [figure A6(c)], and kinetic traces [figure A6(b,d)] to a selection of cross peaks

in the 2DIR spectrum of EC in THF. Tables A3 and A4 provide time constants for
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fitted biexponential decays to the kinetic traces in figure A6. At present we do not
engage in further analysis of the diagonal and cross peak dynamics but include

them as references for future 2DIR studies of ethylene carbonate.

Table A3: Time constants of biexponential fits for cross peaks centered near w;=1814 cm”. The 95%
confidence interval of the fit is given in parentheses.

w; Cross Peak Biexponential Decay Time

Constants
W, 71 (PS) 72 (pS)
1856 cm™ 1.2 (-0.66, 14.7 (11.1, 18.3)
3.16)

1835 cm! 1.8 (1.3, 2.4) 16.7 (12.8,

20.6)
1828 cm"’ 3.3 (2.6, 28.7 (18.3,
4.0) 39.0)

1797 cm” | 1.5(1.0,2.0) | 13.8(10.4, 17.2)

1790 cm1! 0.8 (0.5, 14.8 (11.8,

1.1) 17.8)
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1771 cm"! 0.7 (0.3, 25.6 (18.1,

1.1) 33.1)

Table A4: Time constant of biexponential fits for cross peaks centered near w,=1814 cm”. The 95%
confidence interval of the fit is given in parentheses.

w3 Cross Peak Biexponential Decay Time Constants
w3 7, (PpS) 72 (PS)
1828 cm™ 1.9 (1.4, 2.3) 6.3 (3.5,9.0)
1814 cm™! 1.35 (1.3, 1.4) 14.9 (14.2, 15.6)
1797 cm-! 1.3(1.2,1.4) 9.9 (9.0, 10.9)
1785 cm™' 1.4 (1.2,1.7) 9.1 (5.2,13.0)
1771 cm™! 1.3 (1.0, 1.6) 13.9 (2.0, 25.7)
1761 cm™! 1.2 (0.8, 1.5) 12.2 (7.5, 16.9)
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A.6 Single Coherence Transfer Feynman Diagrams

In this section we provide additional Feynman diagrams generated by
incorporating single coherence transfer steps in secular response pathways. These
pathways follow the same conventions as those described in the main text. We use these
pathways to assess the possible (w;, w3) positions of coherence transfer contributions to
pump selective 2DIR spectra. The heading of each set of diagrams corresponds to the

secular pathways.
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Cross Peak Bleach
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A 7. Excitation Energy Dependence of EC Spectral Features
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Figure A7. Purely absorptive 2DIR of EC: dimethyl carbonate mixture diluted in acetonitrile taken with
excitation energy of (left) 30 nJ/ pulse and (middle) 60 nJ/pulse. Colored rectangles indicate regions of
integration. (right.) Peak intensity vs. excitation energy (nJ/pulse) for the highlighted regions of the 2DIR
spectrum.

To assess whether vibrational ladder climbing pathways contributed to the
observation of anomalous peaks and oscillations in peak intensities in the 2DIR spectrum
of EC, we performed a series of excitation pulse energy dependent measurements on of
a 1:1 molar mixture of EC and dimethyl carbonate diluted in acetonitrile. In these
experiments, we held the energy per probe pulse to 35 nd and varied the excitation pulse
energy from 30-60 nJ / pulse. All spectra were collected at zero waiting time. In figure A7
we plot the 2DIR spectra for the 30 (left) and 60 (middle) nd / pulse experiments, as well
as the integrated intensities (right) of the diagonal bleach (black), the diagonal absorption
(dark blue), and the additional absorption band (light blue) appearing as a shoulder in
both the EC: dimethyl carbonate mixture and in EC dissolved in THF. If vibrational ladder
climbing pathways contribute to features of the EC spectra, we expect the intensities of

the features to scale quadratically scaling of the 2DIR signal intensity with the excitation
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energy. Over the range of excitation energies tested, we do not observe a quadratic
relationship between excitation pulse energy and 2DIR signal intensity for any of the
measured peaks. As such, we cannot ascribe the additional ESA peak or oscillations in
the 2DIR peak intensities to contamination by higher order signals. Although this system
is not identical to that described in the main text, we do not believe that EC dissolved in

THF will show a greater proclivity for vibrational ladder climbing.

A.8 Real Rephasing Coherence Map for w, = 41 cm”’

To ensure that accidental overlap between diagonal and cross peaks is not responsible
for the oscillations observed in 3.5.2-2(e) of the main text, we examine the coherence
map for the data plotted in 3.5.2-2 of the main text. The coherence map given in figure
A8 was generated by subtracting an exponential fit to each (w4, w3) position in the real
rephasing spectrum. The residual was then Fourier transformed about ¢, to generate a
coherence map. In figure A8 we plot the self-normalized coherence map for w, =41 cm-
Twhich is the difference frequency between the fundamental and Fermi resonance band.
If the 41 cm™" oscillation observed in 3.5.2-2 (e-f) of the main text arose due to accidental
overlap between broad peaks, we would expect the oscillation to appear delocalized in
figure A8; however, that is not the case. Even in the real rephasing signal, where QB
pathways are only expected to contribute to cross peaks, the 41 cm-' oscillation appears
localized on the diagonal peaks. The lack of a broad background feature in figure A8

indicates that accidental overlap is not responsible for the oscillations of the 2DIR peak
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intensities examined in the main text. Rather, it appears that oscillations at this frequency

involve a select subset of peaks in the 2DIR spectrum.

Real Rephasing w, = 41 cm™

1830 T T T T T Al T 7 1

s
0 /
1820 r 4 § 0.9
s
s
%
s

1800 @ 1 107
1790 F ) < 1 106
/
/
1780 | 7 . 105

o
1770 <> ] 0.4
7
’/ d
1760 + 6/ . 0.3
y o

1750 ' ' ' ' ' : : 0.2
1750 1760 1770 1780 1790 1800 1810 1820 1830

Wg (Cm'1)

1810

0.8

T

w, (cm

Figure AS8: Self-normalized coherence map for the real rephasing spectrum, taken at w, = 41
cm!
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Appendix B

MATLAB code for extracting rephasing and nonrephasing signals from
2DIR data

clear all, hold off, close all

Input parameters

%Time domain (tau) axis parameters. Delaynum is called while importing data.
Generating pump axis from these variables comes in later section.
delaynum=401; % Number of tau steps in a single frame

Dt=20E-15; % Tau step size

RF=1400; %Rotating frame frequency (cm”~-1)

%Tw parameters

%Define Tw step sizes in picoseconds
Tw=0.15; % First Tw step Size
Twl=0; % Second Tw step size if applicable

N1=101;% Number of Tw steps for first step size
N2=0; % Number of Tw steps for second step size

%Give matlab your file name for 2DIR data pulled from LabView
Fnamel=[ 'EC_F_1501012500_ '];
Fname2=[' 20 ©X_ _@Y_0'];

%Parameters for importing 2D data

Fname=[Fnamel, '*',Fname2]; %String matlab searches for and counts * position
files = dir(Fname); %Count number of files in current directory with given name
N=numel(files); %Create variable to track number of Tw steps

%Initialize empty arrays to be populated in loops.
DT=zeros(128,delaynum,N); %Raw data
Aframe=zeros(64,N); % first non-phase cycled A frame
RFT=zeros(2*delaynum,64,N); %2D data
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R=RFT; %Rephasing spectrum
NR=R; %Non-rephasing spectrum

%Normalized data
RFTn=R;

Rn=R;

NRn=R;

%Arrays for fourier transforming data
tpc=zeros(delaynum,64,N);
zp=RFT;

Import raw data

%Give matlab your file name
%Loop imports data for each Tw step and stacks them in a 3D array with indices
(pixel #, tau, Tw)

for i = 1:N; %looping though numberof Tw steps.
name = [Fnamel, num2str(i) Fname2]; % Create a string with your file name
data=importdata(name); %Import data from single Tw step
DT(:,:,i)=data; %3D array of raw data. Indices are (pixel #, tau, Tw)
%Note: the first dimension contains 128 positions. positions 1:64 contain
phase cycled data. Positions 65:128 contain the first frame of
% data before phase cycling.
end

Make axes

% Generate pump axis, Tw axis, and import/generate probe axis

% Make time domain axis
ptal=linspace(@,delaynum*Dt,delaynum); %Time array for FID without zero padding

%Time domain axis for zero padded data

Lt=2*delaynum; %Length in time, 1202 if there are 601 time steps (with zero
padding to double # steps)

pta=linspace(@,Lt*Dt,2*delaynum); %Time array for zero padded data

Dv=1/(Dt*Lt); %change in frequency space, delta v (Hz)
Dw=(1/(299792458/Dv))./100; %delta w in wavenumbers
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%Convert zero padded tau axis to frequency axis in cm”-1
for k = 1:Lt; %loop through length of tau
V(k)=Dv*((Lt/2)*(-1)+(k-1)); %Fregeuncy axis (Hz)
V_axis(k)=(1/(299792458/(V(k)))./100); %conversion to cm-1
end

PumpAxis=round(V_axis)+RF; %adding rotating frame

Tw Axis

timel=1linspace(@, (N1-1)*Tw,N1); %Tw for short time constant
time2=1inspace((N1-1)*Tw, (N2-1)*Twl+(N1-1)*Tw,N2); %Tw for long time constant
time=horzcat(timel,time2); %Full Tw axis

Import probe axis

WL= importdata('Cal_64 5560 3'); %Import calibrated probe axis for a given
grating and center wavelength (nm)
WN=round (10000000. /WL); %Converting axis to Wavenumbers

% WN=[1:64]; %Generic pixel axis if calibrated axis is not available
Process Raw Time Domain Data

%The following sections manipulate raw data before fourier transforming into
frequency domain. They should be
%commented out if you do not want to include additional data processing.

Remove FID offset

%Loop to subtract average value of FID from time domain data

for t=1:N
for p=1:64
NT(p, :,t)=DT(p,:,t)-mean(DT(p,:,t)); %subtract any offset in FID
(should integrate to near zero if there isn't an offset)
end
end

%If this section is omitted, uncomment next line. NT is called later in the
program and needs to be given a value.
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% NT=DT;

Include exponential window function on FID

%This block applies an exponential decay to the FID of each pixel in the phase
cycled data

taulim=find(pta>=7E-12,1, 'first'); %Time step after which exponential window is
applied.

%Building window function

We(1l:taulim-1)=1; % window = 1 for all tau<taulim
We(taulim:delaynum)=exp(-1e+12.*(ptal(taulim:delaynum)-pta(taulim))); %Apply
exponential decay for tau>taulim

%plot window function and example FID

plot(ptal,We)
hold on
plot(ptal,Selfnorm(NT(41,:,1)))
hold off
1
05 \\
0
05
A
0 05 1
x10™"
for w=1:64

NTw(w, :,:)=We.*NT(w,:,:); %Multiply window by exponential decay for each
pixel and each Tw step.
end
NT=NTw;

Fourier transform time domain data

for i = 1:N; %looping though number of Tw steps

Tpc(:,:,1)=NT(1:64,:,i)"'; %transpose for plotting with pump on y and 64
probe array on x. No idea why we do it this way but we do.

% Zero Pad with number equal to tau steps (Second index in DT)
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zp(:,:,i)=padarray(Tpc(:,:,i),delaynum,@, 'post'); %zeropadding data (2*
delaynum is the number of steps in tau). Adds delaynum zeros to the end of each
FID

FT(:,:,1i)=Ffftshift(fft(zp(:,:,1)),1); %Fourier transformm zeropadded data

RFT(:,:,i)=real(FT(:,:,1))*-1; %real portion of the fourier transform. This
yields an absorbitive 2D IR spectrum.

end

Generate rephasing and non-rephasing spectra

% IFFT and imposing causality
iDT=(ifft(NT(1:64,:,:),64,1)); %Inverse fourier transform time domain data
along probe axis. (iFFT into t3)

for k=1:32
iDT(k, :,:)=0; %Force all t3<@ positions to zero (can't have negative t3

data)
end

DTf3=(fft(iDT,64,1)); %Fourier transfrom from t3 back to probe axis

%Repeat fourier transform over tau for DTf3
for i = 1:N; %looping though number of Tw steps

Tpc(:,:,1)=DTf3(1:64,:,i)"'; %transpose for plotting with pump on y and 64
probe array on Xx.

zp(:,:,i)=padarray(Tpc(:,:,i),delaynum,@, 'post'); %zeropadding data (2*
delaynum is the number of steps in tau). Adds delaynum zeros to the end of each

FID
FT(:,:,i)=Fftshift(fft(zp(:,:,1)),1); %Fourier transform zeropadded data.
RC(:,:,1)=(FT(:,:,1))*-1; %Change amplitude to match convention.

end

%Seperate rephasing and non-rephasing spectra

NR=RC; %Non-rephasing appears at positive pump axis values. Can be treated the
same way as RFT. You can see an upside down rephasing spectrum if you look at
negative pump frequencies.

%Rephasing spectrum needs to have its pump axis positions adjusted to remove
extra index position.

R(delaynum+1:2*delaynum, :,:)=Fflip(RC(2:delaynum+1,:,:),1); %Flip rephasing
spectrum from negative pump axis values to positive.

Data processing in frequency domain
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N

%Normalize to laser power and probe spectrum

ormalize to laser power

%Generate array of average intensity in for each pixel at each Tw step

for t=1:N
for p=1:64
Aframe(p,t)=mean(DT(64+p,round(delaynum/2):delaynum,t)); %mean

intesnsity of ©-0 frame tracks laser power for each tw step

end
end

% Self normalize Tw intesnity for each pixel. We only need relative differences

for each pixel.

Co 0oL www©
OR B DHCON BHC0—

for p=1:64
Laserpower(p, : )=Selfnorm(abs(Aframe(p,:)));
end

plot(time, Laserpower)

%Import probe spectrum
load("probe5560")
py=Selfnorm(probe5560(:,2));

py=smooth(py);
% py=ones(1,64); %uncomment if you don't want probe spectrum.

%Normalize 2D spectrum to laser power and probe spectrum.
for t=1:N
for p=1:64
RFTn(:,p,t)=RFT(:,p,t)./Laserpower(p,t)./py(p);
Rn(:,p,t)=R(:,p,t)./Laserpower(p,t)./py(p);
NRn(:,p,t)=NR(:,p,t)./Laserpower(p,t)./py(p);
end
end
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Save data for Calling to other scripts

% Data is saved in a cell array that can be imported into other programs
filename = ['EC_T5 Full.mat']; %Name your file
Dataset={PumpAxis,WN,RFTn,time,NT,Rn,NRn,ptal}; %Array of variables for
analysis by trial

save(filename, 'Dataset'); %Should give .mat file with cell array 'Dataset’
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