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Abstract

The aqueous proton is one of the fundamental species of aqueous chemistry, but a clear
picture of its structure and transport dynamics have eluded chemists for over a century. This arises
from the complex interactions with the rapidly fluctuating hydrogen bond (H-bond) network in
water, generating a distribution of structures that can interconvert on femtosecond-picosecond
timescale. As a result, there is currently an intense debate on the structure of the aqueous proton,
typically described in terms of the limiting gas-phase structures, the Eigen cation H;O"(H20)3 and
the Zundel complex HsO,". Additionally, acidic solutions display anomalously high conductivity,
described in terms of Grotthuss diffusion where a series of small hydrogen displacements result in
the rapid flow of net charge along a H-bonded “water wire.” Despite the advances of molecular
dynamics simulations, there have been few experiments that can directly probe the structural
fluctuations and ultrafast dynamics involved in proton diffusion. Additionally, the vibrational
spectrum lacks distinct vibrational peaks, instead displaying a continuum of absorption spanning
1000-3200 cm™. The work in this thesis harnesses recent technological developments in
nonlinear IR spectroscopy to assign the vibrational features in the continuum, correlate them to
instantaneous structures, and track their evolution during proton transfer.

This thesis presents the most comprehensive 2D IR dataset to date of the aqueous proton.
All of the vibrations of the aqueous proton complex show off-diagonal cross peaks with each other,
which reveals that these modes all belong to the same molecular complex versus distinct Eigen
and Zundel species in solution. Along with high-level anharmonic calculations, the polarization-
sensitive 2D IR spectrum provides reliable assignments for the vibrations of the aqueous proton
complex. The broad feature at 1200 cm™ shows a distinctive anharmonicity pattern due to the

stretching motion of the shared proton in Zundel-like instantaneous configurations. The nuclear
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potential for this vibration is sensitive to the confinement by two solvating waters and asymmetry
from the solvation environment. This vibration is strongly coupled to the concerted flanking
bending vibrations at 1750 cm™ and the O—H stretches of the flanking waters at 3100 cm™.. The
continuous absorption from 2000-3000 cm™ arises from hydronium O-H stretches in
instantaneous Eigen-like configurations which are broadened by a distribution of H-bond strengths
to the solvation environment. There is also a large distribution of complexes in between the Eigen
and Zundel extremes which appear spectrally similar to Zundel-like complexes, but show breadth
like the Eigen vibrational response. Cross peaks between Eigen-like and Zundel-like vibrations at
the earliest waiting times support the theory that the aqueous proton is a “fluxional complex” that
rapidly fluctuates between instantaneous Zundel-like and Eigen-like configurations.

The polarization anisotropy decay of flanking bending modes reveals a 2.5 ps timescale
due to proton transfer that rotates the aqueous proton complex. Arrhenius analysis reveals that the
barrier for this process is 2.4 kcal/mol, consistent with temperature-dependent measurements of
proton transfer measured with other techniques. The anisotropy barrier and timescale are both
sensitive to the concentration of the acid and the identity of the counterion. Additionally, this
timescale grows monotonically, yet nonlinearly with the viscosity of the solution. These all point
to a proton transfer mechanism that depends on the collective rearrangement of the H-bond
network. In situations where the barrier decreases, we find that the proton transfer rate also slows
down. With Eyring analysis, we conclude that there are entropic penalties associated with proton
transfer at high concentrations, arising from obstructed proton transfer pathways and hindered H-
bond reorganization. These measurements reveal the complex behavior of proton transport in water

and provide necessary data to benchmark molecular dynamics simulations of this process.
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Chapter 1

Introduction

1.1 Aqueous Acid Chemistry

Aqueous acids are one of the cornerstone species in chemistry. In our day-to-day
experience, acidic solutions corrode metals or produce a sour taste in food. We devote multiple
weeks teaching acid-base equilibrium in our general chemistry courses, starting with the seemingly
simple dissociation of a strong acid in water.! We also commonly invoke proton transfer as a
mechanistic step in chemical reactions. Solution acidity, typically measured on the pH scale, can
catalyze chemical reactions,?> serving as a source and sink of free protons. In cellular biology, the
flow of aqueous protons couples a chemical potential gradient across a membrane to the generation
of adenosine triphosphate via ATP synthase.> Acid chemistry is also connected to some of the
grand environmental challenges of the twenty-first century. Acid rain from SOx emissions® and
ocean acidification associated with global climate change’ is responsible for various forms of
ecological damage. On the other hand, acidic solutions are also a key ingredient for low-emission
hydrogen fuel cell technology, which efficiently converts chemical energy stored in H> covalent
bonds into electrical energy as a current of protons and electrons.®

Alchemists and chemists have attempted to describe and control the properties of acids for
over a millennium. In the ninth century, Arabic scholars documented procedures for isolating

strong acids and provided the first written record of aqua regia, the mixture of hydrochloric and



nitric acids that dissolves gold.® In 1777, Antoine Lavoisier proposed the first atomistic description
of acidity, mistakenly identifying it with oxygen (Greek for “sour maker”) instead of hydrogen.!°
The definition of an acid has been updated multiple times since then, due to the efforts of Justus
Liebig in 1832,!! Svante Arrhenius in 1887,'? Brensted and Lowry independently in 1923,!%!4 and
G.N. Lewis also in 1923.!5 This attention reveals the core role acid-base chemistry plays in
chemical systems and the desire for chemists to understand its behavior. The long years of study
and application of aqueous acid chemistry would suggest that we had a fairly solid grasp of
structure of the aqueous proton and its transport through water.

However, as with many microscopic phenomena, reality is much more complicated. At
first, the aqueous proton is typically written as H'(aq), but it is also frequently written as the
hydronium ion H30", which acknowledges that a polar water molecule is so strongly attracted to
the bare proton that they form a covalent bond. This concept is important, but the confidence with
which it is presented in a general chemistry course implies the chemical formula has been
determined quantitatively. In reality, this is an immensely challenging task, and there is currently
a highly active debate amongst physical chemists about the arrangement of a proton and its nearest
waters. Because the aqueous complex in question includes water, the normally reliable “solute”
and “solvent” labels are less distinct than in other electrolyte solutions. Ambiguity on the structure
of the aqueous proton therefore introduces uncertainty in our understanding of how it participates
in chemical reactions.

Proton transport in water also behaves distinctly from other aqueous electrolytes. It has
been appreciated since the mid-nineteenth century that the conductivity of acidic solutions is
approximately five times larger than in comparable electrolyte solutions, despite a similar quantity

of dissociated charges.'® This suggests that the standard diffusion models do not accurately



describe proton diffusion.!” Instead, a model invoking ideas from Theodore von Grotthuss suggests
that many individual hydrogens undergo small displacements along a “water wire,” which results
in the rapid net flow of charge despite the relatively slow diffusion of aqueous electrolytes. While
the conceptual underpinning of this model is widely accepted, there are a multitude of competing
theories for proton transport from molecular dynamics simulations, and experimental observation
of these molecular-scale details is missing. In this thesis, I will present my contributions toward
answering questions on aqueous proton structure and transport. However, in order to place this
work into context, I will first present in this introduction a summary of the properties of pure water,

followed by a survey of the research to date on the aqueous proton.

1.2  Structural and Dynamical Properties of Liquid Water

In order to understand acidity in aqueous solution, it is necessary to discuss the physical
chemistry of water. Water’s behavior determines the outcomes of multiple processes on Earth on
scales spanning many orders of magnitude. Liquid water covers 71% of the surface area of the
planet, giving Earth the appearance of a “pale blue dot” from space.'® The movement of water
shapes Earth’s geography, climates, and weather patterns. Water also plays a central role in
biology, from single-celled microbes to complex plant and animal life. Yet despite our day-to-day
familiarity with liquid water, it is a remarkable medium from the perspective of its molecular
properties.

Liquid water is a system of associated H>O molecules, which together, behave distinctly
from individual molecules as a result of hydrogen bonding (H-bonding). A single gas-phase water
molecule is a bent molecule with average H-O—-H angle of 104.5° and O-H bond lengths of

0.957 A.'° The highly electronegative oxygen atom is spatially separated from the weakly



electronegative hydrogen, generating a static dipole moment of 1.855 Debye for an isolated
molecule.?’ The polarity of a water molecule allows electrostatic interactions with other dipoles
(including other water molecules) and ions such as H*. Beyond simple electrostatics, water
molecules also form H-bonds amongst themselves, directional non-covalent associations between
the H atom on one water with the lone pair electrons on the oxygen of another water. There is a
quantum mechanical component to this interaction, where 0.04e of electronic charge transfers from
the H-bond donor to the lone pair on the acceptor, which stabilizes a water dimer over two
monomers by 3.15 kcal/mol.?!?2 The energy of a H-bond is approximately one tenth the energy of
a typical covalent bond, meaning that a H-bond can join two water molecules but also break from
thermal fluctuations (kzT = 0.59 kcal/mol at room temperature). Compared to similar simple
molecular liquids like liquid methane or ammonia, water has been described as possessing many
“anomalous” properties such as high boiling point and viscosity because of its ability to form
relatively strong H-bonds. In larger collections of water molecules, such as in trimers, tetramers,
and in the liquid, H-bonds between multiple water molecule can stabilize or destabilize each other
as many-body interactions.?!?3-2¢ Many-body effects contribute approximately 20% of the total

21,24

stabilization in water clusters, and recent water models incorporating many-body effects have

accurately modeled many of liquid water’s physical properties.?®
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Figure 1.1: A water molecule and its four H-bonding partners in the liquid
phase. The central water molecule donates two H-bonds to the top to waters
and receives two H-bonds from the bottom two waters. The four surrounding
water molecules are roughly arranged at the corners of a tetrahedron.

Liquid water’s remarkable properties are the result of a continuous interplay between
stabilizing H-bond interactions and stochastic thermal fluctuations. In standard conditions, a single
water molecule forms four H-bonds on average (Fig. 1.1), donating two and receiving two H bonds
to waters in a roughly tetrahedral arrangement. The tetrahedral arrangement imparts a local order,
but thermal fluctuations distort tetrahedrality, break H-bonds, and scramble any long-range spatial
correlations. For the liquid, defining what constitutes a H-bond has received much scholarly
attention.?’” Various levels of sophistication have been invoked, ranging from simple geometric
cut-offs?® to degree of charge transfer from electronic structure calculations.?* One of the most
common is the Luzar-Chandler criteria, where the O---O distance between two waters is within
3.5 A (corresponding to the first minimum of the oxygen-oxygen pair correlation function) and
the donor-acceptor O-H:--O angle is more than 150°.2% Despite its simplicity, this definition is
somewhat arbitrary since H-bonds in the liquid are highly varied, from short and strong (Roo =
2.7 A, Eus = 4 kcal/mol) to long and weak (Roo > 3.0 A, Eup < 3 kcal/mol). The strength of H-
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bonds to solutes can also widely vary, depending on the nature of the solute-solvent interaction.
We will see that H-bonds involving the excess proton are particularly strong due to the high charge

density on a bare proton.?’
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Figure 1.2: The FTIR spectrum of liquid water.

The infrared spectrum of liquid water is a highly sensitive reporter of the distribution of H-
bonding configurations (Fig. 1.2). The O—H stretch vibration is an intense and broad feature peaked
at 3400 cm™! and the H-O-H bend is a weaker and narrower feature centered at 1650 cm™!. The
500 cm! breadth of the O-H stretch feature is due in part to its sensitivity to various local H-
bonding environments, an example of inhomogeneous broadening.?° Because an H-bond transfers
electronic charge to a neighboring water, the effective force constant of the O—H stretch vibration
of the H-bond donor lowers and the frequency redshifts, in accordance with Badger’s Rule.?! In
isotopically dilute HOD in D20, the O-H stretch frequency anticorrelates linearly with Roo
(R?=0.77), and this correlation increases to R?> =0.98 when frequency is compared against the
liquid’s collective electric field at the H position in the direction of Ron.*??? The shoulder at
3250 cm™! in H>O arises from anharmonic mixing between the O-H stretch and the H-O-H bend

34,35

overtone, resulting in a phenomenon known as Fermi resonance where the intensity of the
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overtone is enhanced and the two features split.’® Finally, the increased charge transfer with H-
bond strength amplifies the O-H vibrational transition dipole and the intensity of the
corresponding O-H stretches.?’

Beyond reporting on the distribution of H-bonding configurations, the IR spectrum of the
O-H stretch also contains signatures of H-bond fluctuation dynamics. In response to
environmental fluctuations such as H-bond distortion or rupture, the frequency of a single O-H
oscillator can shift stochastically in a process known as spectral diffusion.*® It has been appreciated
for the better part of a century that H-bond rupture events occur on the ps timescale,*® but direct
measurements of these dynamics have only been realized in the last couple decades.***® Low-
energy distortions cause the O-H stretch frequency to fluctuate much more rapidly, on the
timescale of the vibrational period (~10 fs for the O-H stretch). The rapid scrambling of the
vibrational coherences of an ensemble of O—H stretches induces destructive interference between
them in a process known as dephasing. Rapid relaxation of excited O—H stretches (~250 fs lifetime
in H>O%) also decays the vibrational oscillation. The decay of the coherent oscillation from
dephasing and excited state relaxation results in homogeneous broadening in the frequency
domain. A linear IR spectrum is incapable of disentangling contributions of homogeneous
broadening, inhomogeneous broadening, and spectral diffusion, but nonlinear spectroscopic
experiments have been key to disentangling these contributions and observing the ultrafast H-
bonding dynamics in water.

Some of the earliest measurements of H-bonding dynamics recorded the frequency
fluctuations of the O-H stretch of dilute HOD in D,0.3** In these experiments, Fecko ef al.
generated 45-fs IR laser pulses centered at 3400 cm™ with 300 cm™! bandwidth at full width half

maximum, which could excite the full bandwidth of the O—H stretch. They employed vibrational



echo peak shift measurements, a nonlinear spectroscopic technique which measured the frequency

correlation function C(7) = (éw(7)0mw(0)) of the O—H stretch frequency fluctuation dw using three

ultrafast pulses. From these measurements, they found multiple distinct timescales associated with
H-bond fluctuations: a large 50-fs decorrelation due to hindered rotations (librations), a 170-fs
recurrence in frequency correlation due to O---O oscillations, and a 1.2-ps timescale due to
collective H-bond reorganization events.

L 43

Subsequently, the Loparo er al.* used polarization-selective transient absorption to

o : 2 . . :
measure the O—H stretch polarization anisotropy decay »(7) = g(PZ[,u(T) - [1(0)]), where P; is the

second Legendre polynomial of the O-H stretch dipole reorientation at time t after initial
excitation. In HOD/D,O, the O—H stretch anisotropy decayed biexponentially, with one 50-fs
timescale due to librations and a 3-ps timescale due to H-bond reorientation. The ps timescale
differs between C(7) and r(7) since the anisotropy measures the second Legendre polynomial of
the orientational relaxation, not the relaxation timescale itself. Later temperature-dependent
analysis of these correlation functions revealed a shared barrier of 3.7 kcal/mol, indicating the
common underlying process of collective H-bond reorganization for these picosecond dynamics.*
These relaxations also show non-Arrhenius kinetics, revealing that H-bond relaxation occurs over
a rough potential energy surface with a distribution of energy scales.>%!

Two-dimensional infrared (2D IR) spectroscopy has more recently been an invaluable tool
for spectrally correlating various H-bonding motifs with fs time resolution. A 2D IR spectrum
(Fig. 1.3) is a two-dimensional frequency plot which correlates vibrational frequencies excited by
a pump laser and the frequencies detected as the change of absorption of a probe laser pulse
separated by a waiting time 7>. Along the diagonal reside oppositely signed doublets comprised by

positive ground state bleaches (GSB) and negative excited state absorptions (ESA) shifted in
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detection frequency due to anharmonicity of the vibrational potential. Cross peak doublets off the
diagonal indicate anharmonic coupling between different vibrational modes. The 2D IR lineshape
decomposes the inhomogeneous and homogeneous broadening contributions to the linear IR
lineshape as diagonal and antidiagonal breadth, respectively.***¢ Detailed discussions of 2D

spectroscopy theory and experimental implementation will be presented in Chapters 2 and 3,

respectively.
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Figure 1.3: Model 2D IR spectra. (a) A model 2D IR spectrum for two coupled vibrations.
Positive bleach features are shown in yellow, and negative induced absorption features are in
blue. (b) The 2D IR spectrum of an inhomogeneously broadened peak, elongated along the
diagonal.

The 2D IR lineshape of the O—H stretch of HOD in D>O decomposes different origins of
spectral broadening and elucidates molecular details of H-bond breaking dynamics. The GSB is
elongated along the diagonal at the earliest measurable waiting times (12 < 100 fs) due to
inhomogeneous broadening from the distribution of H-bonding environments. The peak is also
“pear-shaped,” where the higher frequencies display larger antidiagonal width than the lower

frequencies. This width indicates fast frequency fluctuation kinetics of weakly H-bonded O—H



oscillators, and comparison with MD simulations demonstrates that weakened or broken H-bonds
only persist for <200 fs between stable H-bonded configurations, rather than persisting as meta-
stable dangling H-bonds in the bulk.** Further experiments and modeling demonstrated that H-
bond exchange events occur via a large-angle jump diffusion mechanism between sets of H-

bonding partners, #4852
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Figure 1.4: The 2D IR spectrum of the H>O O—H stretch.

While studies on isotopically dilute water have been useful for studying H-bond dynamics,
2D IR spectroscopic studies of pure H>O have demonstrated that the O—H stretch is best described
as a highly anharmonic vibrational exciton delocalized over multiple water molecules. The
72 =100 fs 2D IR surface of H2O (Fig. 1.4) shows a broad GSB feature, and an exceedingly broad
ESA spanning detection frequencies from 3100 to below 1500 cm™.3*3 The broad ESA reflects
the extreme vibrational anharmonicity of the vibrational exciton introduced by H-bonding and the

distribution of vibrational potential shapes in various collective H-bonding configurations.
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Additionally, a cross peak bleach appears at detection frequency 1650 cm™!, which indicates
anharmonic coupling between the O-H stretch and H-O-H bend. Spectral modelling has predicted
that the O-H stretch delocalizes over approximately twelve local O-H stretch modes,** but this
number could vary depending on local density of oscillators of similar frequency. H-bonding
configurations corresponding to the wings of the O-H stretch band appear to be more localized,
whereas configurations near the 3400 cm™! peak maximum are more delocalized.?*
Delocalization of the O-H stretch also results in fast relaxation dynamics, pushing the limit
of experimental time resolution. The frequency correlation function C(z) decays on a 170 fs
timescale®* and the transient absorption anisotropy 7(z) decays on an 80 fs timescale, both an order
of magnitude faster than the observed timescales in isotopically dilute HOD in D,0.3* These
timescales reflect transient coupling and vibrational energy transfer between oscillators instead of
physical H-bonding fluctuations. The lifetime of the first vibrational excited state decreases to
250 fs (compared to 700 fs in HOD/D>0O*) due to the excitonic coupling between O—H oscillators
and efficient deposition of energy into collective low-frequency modes. In contrast to the
cascading stretch-to-bend relaxation mechanism seen in HOD/D-0,*¢ the O—H stretch in pure H.O
is directly coupled to low-frequency modes and can simultaneously relax via multiple parallel
channels. The ultrafast deposition in energy produces a transient signal that grows in on an 800 fs
timescale known as the hot ground state (HGS). This signal is isotropic in water and appears
similar to the temperature difference spectrum in neat water, but the HGS is far from equilibrium
and cannot be regarded as a temperature increase of the sample. The HGS appears like a thermal
increase because the ultrafast and equilibrium processes involve increased kinetic energy, which
weaken H-bonds and thus blueshifts O-H stretches. The delocalization and extreme anharmonicity

of water vibrations will be discussed in more detail in Chapter 4, a study of the du20 bending mode.
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The H-bonding structure and dynamics of liquid water give rise to its many fascinating
properties. They introduce local order in the system, but are weak enough to distort and even break
on the ultrafast timescale. Nonlinear IR spectroscopy has proven to be useful to learn about the

dynamics of pure water and aqueous solutions,>’=8

which naturally lends it to studying the aqueous
proton’s structure and H-bonding dynamics. The properties of this species are heavily influenced
by the aqueous environment, and the development of nonlinear spectroscopic methods have
introduced many tools for detailed study. To understand the context of the experiments and

modeling presented in this thesis, I now present a review of the key studies that have shaped the

discussion on the aqueous proton and the remaining open questions.

1.3 Foundational Studies of the Aqueous Proton: Early Conceptions of
Structure and Charge Transport

The first recorded studies of aqueous proton structure and transport date back to the nineteenth
century. While studying the conductivity of electrolyte solutions in 1853, von Hittorf measured an
unusually high conductivity in acidic and basic solutions, on the order of five times larger than in
similar monovalent salt solutions.'® Without a framework for describing the molecular structure
of aqueous solutions, this mysterious observation went unexplained. The first proposal on the
structure of the acidic species in solution came in 1899, where Collie and Tickle proposed that
oxygen could form an oxonium species OH3*,>® whose extended valency compared to water was
proposed to be analogous to the relationship between ammonia and ammonium.

In a foundational paper in 1933, Bernal and Fowler published the first detailed theoretical

study on the structure and diffusion of aqueous protons.!” In order to make headway on the

problem, they also discovered various structural properties of pure water, such as water’s bent
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structure and formation of a tetrahedral H-bond network. With a structural model in place, they
concluded that the hydronium molecule had to be trigonal pyramidal to be effectively incorporated
into water’s tetrahedral H-bond network. However, they reasoned that an intact H3O" could not
be the primary diffusing species because of the drastic difference in mobility between H" and NH4"
(32.5%10™ and 6.7x10% cm?/V's, respectively). Interestingly, they observed that the anomalous
mobility disappeared in dry HF, but returned upon the addition of water. Their central conclusion
was therefore that “an (OH3)" ion in sufficiently close contact with a water molecule OH> need not
retain its extra proton but can transfer it to the other molecule.... Indeed, these ideas are of
venerable antiquity for we really do little more than resuscitate in modern dress the idea of
Grottius’ chains.” It was in Bernal and Fowler’s work that the Grotthuss mechanism of proton
transport was postulated, while Grotthuss’s original hypothesis in 1806 was to explain the
electrolysis of pure water under an applied voltage.®°

Beyond the Grotthuss transfer mechanism, Bernal and Fowler proposed other important
mechanistic details of aqueous proton transfer. They expected that the proton transfer would be
barrierless when H3O" and another water were in close proximity, but the barrier would rise as the
two species separated, which was later demonstrated computationally with ab initio molecular
dynamics simulations.®!~%3 From the symmetry of the system, they expected that the proton would
be equally likely found on either of the two waters, and an external electric field would break this
symmetry, which Zundel and Metzger supported with experiments decades later.%*

Subsequent experimental study put Bernal and Fowler’s ideas of proton hopping on more
quantitative footing. By analyzing the temperature-dependent “excess mobility,” corrected for a
hydrodynamic contribution to the proton mobility, Gierer and Wirtz%® derived a proton transfer

barrier of 2.4 kcal/mol in 1949 using Eyring’s recent rederivation of activation free energy.®® They
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found that the excess mobility was only present in H-bonding solvents, which led them to conclude
that proton hopping only occurs over H-bonds. They further found that the barrier was the same in
acidic DCI solutions within experimental error, indicating that the rate-limiting step was due to
motion of the heavy atoms.%” They proposed this step was hydronium reorientation due to H-bonds

breaking and reforming on a timescale of ~10!!s.

» o > e

Figure 1.5: The a) Eigen and b) Zundel cations.

The present-day debate has been framed by the mid-century experimental studies by Manfred
Eigen and Georg Zundel. By comparing the molar heats of solvation in acid and salt solutions,
Wicke, Eigen, and Ackermann concluded that the H3O" species was solvated like other
monovalent cations like Li* and Na'.%® Subsequent analysis by mass spectrometry revealed a
maximum at m/z = 73, indicating equilibrium stability of the HoO4" species.? This latter species,
now known as the Eigen cation, is known by the tight solvation of hydronium by three equivalent
waters (Fig. 1.5a). Continuous near-IR absorption was also observed from 1.4-2.2 um, which the
authors attributed to fluctuation of delocalized charge within the complex. Eigen modified Gierer
and Wirtz’s structural reorganization hypothesis to account for the HoO4" species, arguing that
while the proton was free to move within the complex, proton transfer occurred by H-bond

reorganization from the environment.®

14



To explain a continuous Raman scattering spectrum of aqueous acid solutions, Zundel and
Metzger published an argument in 1968 in favor of a hydrated proton complex, HsO>", involving
just two waters (Fig. 1.5b). In an experiment with polystyrene sulfonic acid films in a humidity
cell, they found that the aqueous proton’s signature continuum appeared with at least two waters
per sulfonic acid group, implying that the aqueous proton required only two waters for solvation.
They interpreted the lack of temperature dependence of continuum intensity as resulting from a
freely fluctuating central proton in a double-minimum potential. The barrier was proposed to be
small enough that the proton could quantum mechanically tunnel across. The proton, being free to
diffuse along this potential, was thus proposed to be highly polarizable and sensitive to the
fluctuations of the electric field from the solvation environment, resulting in a broad distribution
of energy-level shifts responsible for the continuous absorption spectrum. While this motif
involves a proton flanked by two waters, the authors argued that the complex would be asymmetric
due to asymmetries in the solvation environment. Zundel and Metzger also embraced Gierer and
Wirtz’s structural diffusion ideas, and noted that the HoO4" moiety was not a necessary component
for describing proton transfer.%*

The first inference of picosecond proton transfer kinetics came from NMR linewidth analysis
in 1961. With 70O NMR spectroscopy, Meiboom interpreted NMR linewidths in terms of chemical
exchange between H3O" and H>O and recovered a time constant of 1.5 ps, which is on the order
of the H-bond reorganization timescale in pure water and predicts a proton hopping distance of
2.8 A, the average H-bond length in H>,0.%° While this time constant is on a reasonable scale, its
derivation relied on assumptions about the molecular geometry that are still up for debate. Despite
this, this numerical value is used as the point of reference for simulation studies on proton

transfer.”"~> Subsequent Arrhenius analyses of temperature-dependent NMR spectra recovered
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observed barriers in the range of 2.4-2.8 kcal/mol, consistent with Gierer and Wirtz.”#7¢ As with
the original NMR experiment, the molecular details that determine the barrier have yet to be

understood.

1.4 Structural Insight from Gas-Phase IR Spectroscopy of Hydrated Proton
Clusters

Vibrational spectroscopy of gas-phase protonated water clusters provided an opportunity to
study the Eigen and Zundel cations without complications from solvation fluctuations in the
aqueous phase. The first IR spectrum of the gas-phase Eigen cation was measured by Schwarz in
1977, revealing an intense and broad peak at 2660 cm™ from hydronium O-H stretches. The
860 cm™! redshift compared to water demonstrated the extreme H-bonds within the cation.”” These
IR spectra also demonstrated that the gas-phase cation was Csy-symmetric with the hydronium
oxygen at the apex of a trigonal pyramid. In 1989, Yeh ef al. measured the bare Zundel cation
spectrum in the O—H stretch region above 3000 cm™.”® They found that the O—H splitting pattern
revealed a Co-symmetric Zundel cation with an evenly shared central proton, while the H>-tagged
Zundel species contained an excess proton shifted by 0.1 A away from the center. Comparison
with electronic structure calculations found a 0.4 kcal/mol barrier between these two Zundel cation
geometries,”” indicating a relatively flat-bottomed proton potential well. Subsequent high-
resolution rovibrational spectra revealed tunneling splittings caused by large-amplitude, low-
frequency internal motions, revealing that the gas-phase Zundel ion is flexible even at low

temperature.
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Figure 1.6: IR predissociation spectra of the (a) D>-tagged Eigen and (b) Ne-tagged Zundel
cations with normal mode cartoons for the main features. In (a), only the central H3O™ of the
Eigen cation is shown for simplicity. Data are from Refs. 85 and 83, respectively.

While early gas-phase studies were technologically limited to the O—H stretch region above
3000 cm!, broadband IR spectroscopic studies in the early 2000s uncovered other key vibrational
features that distinguish the Eigen and Zundel motifs (Fig. 1.6). The first broadband IR spectrum
of the bare HsO," showed a complicated peak pattern between 1000 and 1600 cm™ due to
anharmonic coupling,®!*? but the Ne-tagged predissociation spectrum of the Zundel cation was
simplified to a doublet at 970 and 1080 cm™! from a Fermi resonance between the asymmetric
shared proton stretch with a combination band of low-frequency modes.®} Joint experimental and
theoretical study by Headrick ef al. extended the predissociation method to a series of clusters
H*(H2))n=2-11, setting the standard for broadband vibrational spectra for the Eigen and Zundel
cations.* In the Eigen cation,® the key features are the intense and broad 2665 cm! peak due to
the hydronium asymmetric O-H stretch mode, the hydronium in-plane bend at 1760 cm™, and a
weak umbrella mode at 1045 cm™'. The symmetric and asymmetric stretches of the first shell
waters appear as two sharp peaks at 3600 cm™ and 3720 cm!, respectively. For the Zundel

cation,’ the main features are an intense and sharp asymmetric proton stretch at 1080 cm™!, an out-
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of-phase coupled flanking water bend at 1770 cm™!, and flanking water symmetric and asymmetric
O-H stretches between 3400 and 3700 cm™'. The O-H stretch frequencies associated with the
excess proton shifted across the 1000-3200 cm™! region with varying hydration number, indicating
its extreme sensitivity to local environment. Further work measured a continuous absorption
spectrum of the H"(H20)2s cluster, a hydronium-capped water cage. The presence of the continuum
was used as evidence to suggest that the aqueous spectrum could be entirely described within the
Eigen framework.3¢

Gas-phase experiments on these model systems have contributed greatly to our intuition for
the spectral features of various protonated hydration complexes, but there are important differences
between the aqueous bulk and large gas-phase clusters. First, the minimum energy configuration
of the H"(H20)2s cluster places the H3O" on the outside of the cluster due to the oxygen’s reduced

charge density,%-88

whereas in bulk water, hydration will be more isotropic, and a weak H-bond
can be donated to this site.”%% More importantly, cluster spectra were recorded at 10K, whereas
aqueous acid species at 300K (kzT = 200 cm™) will experience much larger thermal fluctuations
and excitations of low-frequency modes. The resulting sub-A configurational fluctuations distort
the solvation environment away from ideal symmetry and blur the distinction between Eigen-like
and Zundel-like configurations. Distinct Eigen and/or Zundel motifs have been observed in the gas
phase, in crystalline HCI hydrates,” and in protonated ice,'*? but not in solution. Quantitative

assessment of the effects of an aqueous environment has required sophisticated molecular

modeling to connect to spectroscopy.
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1.5 Molecular Details of Aqueous Proton Structure and Diffusion

1.5.1 Different Assignments within the Continuous IR Spectrum of the Aqueous
Proton

In contrast to the sharp features from the smallest clusters, the aqueous IR absorption spectrum
is a continuum of absorption spanning 1000-3000 cm™! (Fig. 1.7). This broad spectrum eludes
straightforward interpretation as there are no sharp characteristic peaks to assign to molecular
vibrations. Subtraction of the water background from the acid spectrum demonstrates that there
are local maxima in the acid continuum, but these features each span hundreds of wavenumbers.
In particular, there is a broad feature at 1200 cm™!, a feature at 1750 cm™ which appears like a
shoulder of the water bend, a continuum spanning the 2000-3000 cm™! region, and finally another
local maximum around 3000 cm™!. Comparing to the gas-phase spectra, the features at 1200 cm™,
1750 cm™!, and 3000 cm™! have been proposed to correspond to the shared proton stretch, flanking
bend, and flanking stretch modes of aqueous Zundel-like species,”>*> but they have also been
assigned to the umbrella mode, protonated bend, and O-H stretch modes, respectively, of Eigen-
like species.®® By decomposing the spectrum based on geometric configuration and accounting for
solution fluctuations, molecular dynamics simulations have made important first steps connecting
experimental observables to molecular details. However, because the IR spectral assignments are

still debated, many of these details have yet to be verified by measurements.
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Figure 1.7: The linear IR spectrum of 2.5M HCl in water.

One approach to simulate the linear IR spectrum is by relating the IR spectrum to the Fourier
transform of the dipole time autocorrelation function (Eq. 2.24). This requires long trajectories (at
least 100 ps) for the autocorrelation function to converge, and simulations of the excess proton
must be able to break and form chemical bonds during proton transfer events. To satisfy these
requirements, multi-state empirical valence bond (MS-EVB) models were developed for
simulating the aqueous proton.’>° In these simulations, the state of the aqueous proton is
represented as a linear combination of different chemical bonding patterns which form an
approximate basis for the ground state nuclear potential energy surface. For each time step, relative
weights of the bonding patterns are computed based on the nuclear configuration and the ab initio
potential energy surface of a small system such as the protonated water tetramer.”%!% This
approach allows for states where the proton is localized on a single hydronium, shared between

two waters in a Zundel-like configuration, or delocalized over four waters in the Eigen complex.
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Kim et al. utilized the MS-EVB model of the excess proton to perform the first simulation of
the IR spectrum of the aqueous excess proton.”’ In this study, they found that the contribution to
the total dipole from electronic charge was necessary to replicate the continuum, and this charge
delocalized over approximately six water molecules. This result supported Eigen’s hypothesis that
fluctuations of delocalized electronic charge produced IR continuum absorption, instead of
Zundel’s polarizable shared proton. Further iterations of the MS-EVB model improved the
correspondence to experiment,®>-1%! but the dipole autocorrelation approach could not be reliably
decomposed based on aqueous proton geometry.

An alternative approach for modeling the IR spectrum involves extracting small clusters
(typically H'(H20)s) from aqueous proton simulations and calculating the frequencies and
intensities of the resulting normal modes. With this approach, the clusters can be partitioned by
geometric characteristics to collected statistically averaged spectra from Eigen-like and Zundel-
like configurations.3%7-1°! Multiple studies®”-1°1:1%2 found that Zundel-like configurations produced
features at 1200 cm™!, 1800 cm™!, and 3100 cm™ due to oscillations of the shared proton, flanking
bending motions, and flanking O-H stretches, similar to gas-phase vibrations. The continuum
between 2000 and 3000 cm’!, by contrast, arose from the variety of H-bond strengths in the
dynamically distorted Eigen complex. These gave first indications of qualitative assignments but
differences between the calculated and experimental IR lineshapes left uncertainty in these
assignments.

In a recent experimental and computational study by Biswas et al., it was revealed that the
normal modes delocalize substantially, involving waters out to the second solvation shell.!??
Additionally, decomposition by normal mode character uncovered substantial mixing between

stretching, bending, and umbrella modes, suggesting strong anharmonic mixing between
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vibrational modes. Because of the strongly anharmonic nuclear potential of the aqueous proton,
harmonic frequency positions were not accurate, but the trends were crucial for developing
intuition on the types of vibrations that were present in various regions of the proton continuum.
These studies demonstrated that anharmonicity of the nuclear potential would be a necessary
component for understanding the spectroscopy, but treating anharmonicity appropriately requires
significantly higher computational expense.

Most recently, ab initio studies on the aqueous proton have analyzed the IR spectrum with
physically intuitive models beyond the traditional Eigen/Zundel paradigm. Incorporating ab initio

molecular dynamics, spectral simulation, and IR spectroscopy,'®?

it was argued that the shared
proton stretching mode constituted a broad band spanning 1000-1500 cm™!, whereas flanking water
O-H stretches spanned 2000-3000 cm!. Additionally, nuclear quantum effects rendered the small
proton stretch barrier essentially irrelevant, which blurred the distinction between Eigen-like and
Zundel-like geometries in solution. The authors concluded that the aqueous excess proton complex
could be described as somewhat Zundel-like, but asymmetric due to solvation environment in the

spirit of Zundel and Metzger’s original picture.®

In another study employing ab initio
simulations,!* the IR spectrum was decomposed by a H-bond asymmetry coordinate which
described the solvation environment around the excess proton. In this framework, symmetric
configurations displayed the proton stretch oscillation, but their analysis pointed to oscillations out
of the O—H---O axis, resembling more of an O—H—O bending motion.

These different methods for modeling the linear IR spectrum have provided multiple
possibilities for its interpretation. However, this means that at this time, there is still significant

uncertainty with respect to the vibrational assignments, let alone how the spectrum reports on the

distributions of aqueous proton configurations. Does the 1200 cm™! feature correspond to Zundel-
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like shared proton stretch, O—-H-O bending, or Eigen-like umbrella motion? Is the 1750 cm!
feature due to bending modes, or are they strongly H-bonded Eigen O-H stretches? Is the
continuum between 2000-3000 cm™! due to Eigen O-H stretching, Zundel flanking stretching, or
charge oscillations delocalized over the Eigen complex? The difficulty in interpreting the IR
spectrum arises not only from the various assignments and the distribution of configurations, but
also because these vibrations are highly anharmonic and strongly mixed with each other and
surrounding water vibrations. For the experimentalist, putting these assignments on firm footing
is the first step to studying the molecular details of proton transfer in solution. Chapters 6 and 7
address both the linear and the nonlinear IR spectroscopy of the aqueous proton to provide some

insight on these questions.

1.5.2 Various Proposed Mechanisms of Proton Transport Dynamics

The first microscopic examinations of the Grotthuss mechanism for proton transfer occurred
in the mid-1990s with the advent of ab initio molecular dynamics (AIMD) simulations, followed
soon after by multi-state empirical valence bond (MS-EVB) simulations. Because ultrafast IR
spectroscopy was relatively new during this time, simulation studies dominated the discussion on
the aqueous proton. One key challenge in simulating proton transfer dynamics is to appropriately
treat the covalent bond exchange needed for proton hopping. AIMD treats bonding as quantum
mechanical electron density, which is calculated based on nuclear coordinates and is used to
generate forces on the nuclei for the next time step.!% There is debate regarding the accuracy of
AIMD simulations, however, because they are sensitive to density functional choices and the
“fictitious” electron mass which both introduce artifacts like slow aqueous dynamics and

overstructured hydration geometries.!° MS-EVB simulations, on the other hand, can handle larger
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systems and longer trajectories by using an approximate representation of the electronic states
which allows fluctuations between different bonding topologies.”® However, as an effectively
classical simulation technique, it also cannot entirely reproduce the structural correlations of
water.®” Simulations and analyses of the excess proton have grown increasingly sophisticated over
the last couple decades, but are based in these two methods. The following theoretical studies have
proposed many new mechanistic details and shaped our current conception of aqueous proton
transfer, most of which remain untested by experiment.

AIMD simulations of the aqueous proton depicted the aqueous proton as a dynamical
complex, fluctuating on the fs timescale, rather than discrete Eigen and Zundel motifs.!% The first
simulation of H(ag) came from Tuckerman et al. in 1995, where they found about 60% of
configurations associated with HoO4" configurations and 40% Zundel-like configurations.
However, they found significant fluctuations of the proton between two waters, but these “proton
rattling” motions did not result in proton transfer. The identities of Eigen-like and Zundel-like
groupings were further blurred upon the discovery of a “special pair” formed in Eigen species
between hydronium and one distinctly close solvation water. The barrier between Eigen-like and
Zundel-like configurations was found to be small, only ~ 0.6 kcal/mol (= kg7), and was further
reduced to < 0.15 kcal/mol when the proton was treated quantum mechanically.®! However, they
stressed that the excess proton potential had to be considered in at least two dimensions, since
extension of Roo resulted in an increased barrier, consistent with Bernal and Fowler’s proposal.!’
These studies have presented a sophisticated picture of aqueous proton dynamics, but details as
seemingly straightforward as the relative population of Eigen-like and Zundel-like geometries

have not been verified by experimental measurements.
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Figure 1.8: Schematics of the proposed (a) Zundel-Zundel and (b) Eigen-
Zundel-Eigen proton transfer mechanisms in water.

MS-EVB studies have been utilized to collect statistics in proton hopping events, leading to
conflicting proton transport mechanisms. One of the earliest MS-EVB studies arose from
Vuilleumier and Borgis, advocating a Zundel-Zundel proton transfer mechanism (Fig. 1.8a),
whose prevalence was enhanced with quantized H nuclei.”” However, Schmitt and Voth soon
afterward argued that their method for incorporating charge transfer and proton quantization over-
estimated the fraction of Zundel-like species, and in response they developed a different MS-EVB
model for describing the excess proton.”® Early MS-EVB studies from Lapid et al.'%” produced a
proton diffusion barrier of 2.7 kcal/mol, in good agreement with experiment®’’* and argued in
favor of an Eigen-Zundel-Eigen proton transfer mechanism (Fig. 1.8b).!% From their trajectories
they recovered an average Zundel lifetime of only ~370 fs, implying that the Zundel complex was
a transition state between two Eigen configurations stabilized by 0.9 kcal/mol.?>® They also found
that proton transfer events occurred with H-bond reorganization in the second solvation shell of
the reactant hydronium, as suggested before by Agmon.?*-1%8 Recently, however, a study from Xu
and Meuwly developed a multi-state reactive molecular dynamics (MS-RMD) model which

limited bias from empirical parameters in the MS-EVB technique. They found similar success as
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previous studies in reproducing experimental pair correlation functions, but with a Zundel complex
stabilized compared to the Eigen by ~1 kcal/mol and suggested a predominant Zundel-Zundel
proton transfer mechanism requiring involvement from two solvation shells.®® Conflicting proton
transfer mechanisms have been deduced despite using similar methods, which highlights how
sensitive these models are to initial assumptions.

One of the central mechanistic hypotheses from Voth and Agmon’s MS-EVB simulations is
the importance of a sub-100 fs process known as the “special pair dance.”!? In this process, a
central hydronium experiences fast fluctuations in special pair identity amongst its solvating
waters, which decorrelates its initial solvation geometry. Each “special pair” water flanking the
excess proton is three-coordinated, on average, with Roo = 2.5 A, appearing as distorted Zundel-
like configuration. But because the identity of the central hydronium persisted past the 40 fs
fluctuation timescale, Voth and Agmon argued that the Eigen species is the foundational aqueous
species, and the special pair dance reflects the delocalization of electronic charge as Eigen
hypothesized.>*® The authors argued that the special pair dance mechanism was necessary to
recover the fast diffusion coefficient of the excess proton, but this mechanism has not been studied
by other groups in detail. Due to the characteristic 40 fs timescale, verifying the special pair dance
has remained out of reach for experiment.

To distinguish fast proton rattling from successful proton transfer events, Berkelbach et al.
uncovered a “pre-solvation” proton transfer mechanism driven by collective H-bond
reorganization events.”’ In this mechanism (Fig. 1.9), the typically “hydrophobic” lone pair on
hydronium transiently accepts a water H-bond, becoming four-coordinated, while the same
fluctuation breaks a H-bond on an adjacent water, creating a solvation environment favorable for

the excess proton to exchange sites. This process was found to occur on a 1.7 ps timescale,
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consistent with the earlier NMR experiments from Meiboom.*® Comparing H-bond rupture and
formation events, the authors argued that these two process happened as a concerted H-bond jump
reorganization event, rather than as a two-step process. The pre-solvation mechanism has become
widely accepted,38%-104106. 0.1 byt experiments have yet to observe this mechanism. Recent
AIMD studies of the IR spectrum suggest that there may be spectroscopic markers of the weak H-

bond donated to H3O", which may provide a way to directly observe pre-solvation dynamics.!%*

e

h

Figure 1.9: A schematic of the pre-solvation mechanism for proton transport. (a) A concerted
H-bond reorganization event introduces a fourth H-bond to hydronium and breaks an accepted
H-bond by a first shell water. (b) The proton is pushed away from the over-coordinated
hydronium, and pulled towards the undercoordinated water, resulting in (c¢) a new hydronium
species.

In the last decade, new results from Hassanali et al. indicate that aqueous proton transfer may
occur over a hierarchy of energy, length, and time scales, pushing back on the paradigm of
individual, stepwise proton hops.®* In their simulations, they found multi-exponential proton
transfer kinetics associated with sub-100fs, concerted proton transfer bursts over many waters and
proton traps that persist for multiple ps, known as the “burst-rest” mechanism. This finding
suggests that sub-100 fs dynamics could involve long length scales, not just the localized rattling
of the proton between two waters as previously assumed. They also found that proton transfer
bursts occurred via collective O---O compression and were facilitated by the multiple parallel H-

bonding “water wires” emanating from the excess proton. The variety of H-bonding topologies in
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solution, including wire and ring motifs, meant that proton transfer could occur with a distribution
of energy barriers, similar to the multiple energy scales involved in H-bond reorganization in pure
water.’! Inclusion of nuclear quantum effects amplified solution fluctuations, increased
hydrophilicity of hydronium, and amplified the fraction of Zundel-like configurations, all
increasing the likelihood of proton transfer events.!!? A later analysis of AIMD trajectories by Tse
et al. found that water H-bond donation to hydronium was correlated with burst events, connecting
burst-rest dynamics with the presolvation mechanism.!!!

The above discussion demonstrates that the majority of our current understanding of proton
transfer comes from simulation studies, but there are many competing theories. There is currently
debate over whether proton transfer occurs via the Eigen-Zundel-Eigen mechanism, between two
Zundel-like species, or if it occurs via a concerted transfer between more than two waters. While
proton transfer has traditionally been described as step-wise, recent simulations of the pre-
solvation mechanism suggest that concerted H-bond reorganization events drive proton transfer,
even if the transfer occurs stepwise between two waters. The dynamics are thought to occur over
multiple orders in time, from sub-100 fs rattling, special pair dancing, or concerted transfer events,
to multi-ps H-bond reorganization or proton trapping timescales. Much of the remaining
uncertainty arises from the variety of the models used for study without connection to
measurements. Opposing conclusions, such as the role of Eigen-like or Zundel-like configurations,
can arise from similar models, depending on the choices for describing the nuclear potential or if
the proton is treated quantum mechanically or not. Ultrafast IR spectroscopic experiments, with

femtosecond time resolution and structural sensitivity, are uniquely suited to test these hypotheses.
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1.6  Ultrafast Infrared Spectroscopy: Recent Experimental Probes of
Structure and Dynamics

While investigations on the aqueous proton have been dominated by gas-phase experiments
and aqueous phase simulations, recent advances in 2D IR spectroscopy have made important
contributions towards the study of aqueous proton structure. In 2015, Thimer et al. employed
2D IR spectroscopy with broadband IR detection to reveal a cross peak between the features at
3200 and 1750 cm™!, respectively, indicative of strong anharmonic coupling between the presumed
flanking stretching and bending modes of Zundel-like species. The cross peak appeared to blue-
shift in excitation frequency on a 480 fs timescale, demonstrating a growing correlation with bulk
water. This timescale set a lower bound for successful proton transfer and challenged the previous
conclusion that the Zundel species was a transition state with 370 fs lifetime.!'?”

Clear evidence of the Zundel complex in bulk solution came from another 2D IR study by
Dahms et al.!'? The 2D IR spectrum of the 1200 cm™ diagonal in aqueous medium revealed an
unusual inverted anharmonicity pattern, where the ESA appeared at higher detection frequency
than the GSB. This signature was the hallmark of the Zundel species in solution, since Zundel’s
conception of the shared proton potential with confining walls implies a relatively large |1) — |2)
energy gap. Within the bandwidth of their pump and probe pulses, the feature appeared
homogeneously broadening, which was interpreted as arising from fast and large-amplitude
electric field fluctuations about a symmetric Zundel motif. The bandwidth of the pulse was much
narrower than the breadth of this feature, however, which means that the experiment could not
capture any potential inhomogeneous broadening from a distribution of solvation environments.
This study also only studied a small region along the 2D IR diagonal and did not address the

possible assignment of this feature as Eigen-like umbrella modes. The rich information housed in
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2D IR cross peaks has not yet been collected but would provide much-needed clarity on the
spectrum of the aqueous proton.
A transient absorption study by Bakker and Woutersen made the first measurements of proton

rattling in solution.!!3

This was accomplished with isotopically dilute H in deuterated SM DCl
solution, where the lone proton could fluctuate between participation in Eigen-like and Zundel-
like geometries. Their measurements involved a two-color experiment, where they pumped the
supposedly Eigen-like O-H stretch at 2800 cm™ and probed the transient response at 3300 cm™!,
argued to be due to flanking O-H stretches in Zundel-like geometries. They recovered an
exponentially decaying signal with a timescale of 120 fs, which is consistent with the fast timescale
expected for proton rattling, but is too fast for the type of irreversible proton transfer that is
responsible for the anomalously high conductivity of the excess proton.

A more recent study by Yuan ef al. employed a methyl thiocyanate (MeSCN) vibrational
probe to observe proton transfer in highly concentrated HCI solutions.”! By measuring the
chemical exchange timescale between proton-coordinated and water-coordinated SCN and
comparing with ab initio simulations, the authors were able to arrive at a proton transfer timescale
extrapolated to 1.6 ps in the dilute limit, consistent with earlier NMR measurements.®® The
similarity of the proton transfer timescale to H-bond reorganization timescales in water supported
a picture of concerted H-bond rearrangement driving proton transfer, but relied on using a
molecular probe at high HCI concentrations (>10M HCI) rather than directly observing the proton
transfer between water molecules at a more reasonable acid concentration.

These first 2D IR studies on the aqueous proton demonstrate the potential to answer some
long-standing questions regarding the structure of the aqueous proton and the dynamics of proton

transfer, but there is much more work to be done. As mentioned earlier, the vibrational assignments
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across the continuum is uncertain, which impedes attempts to make physical interpretations from
spectroscopic data. This uncertainty could be mitigated with stringent benchmarks provided by
ultrafast 2D IR spectroscopy, but studies so far have only examined a small subset of the full 2D IR
spectrum. Ultrafast IR spectroscopy is also well-suited to test the many dynamical hypotheses
proposed by molecular dynamics simulations. A direct experimental measurement of proton
transfer between waters has not been measured. The foundational NMR kinetic experiments have
measured an apparent 2.4 kcal/mol proton transfer barrier, but the interpretation of this value in
terms of a molecular process is missing.

In this thesis, I will present spectroscopic measurements that directly probe the structure and
the dynamics of the aqueous proton. With the help of high-level anharmonic vibrational
calculations, I will present reliable assignments of the features along the continuum that are
consistent with experiment. The assignments are corroborated by new polarization-resolved 2D IR
measurements spanning the entire mid-IR, which provide detailed information about the nuclear
motions of the aqueous proton complex, their anharmonic couplings, and their mutual orientational
relationships. I will then use the anharmonic vibrational calculations to analyze the 2D IR
spectrum, which directly assigns vibrational fingerprints to molecular geometries over a
distribution of aqueous-phase configurations in solution. Finally, I will present a direct
measurement of Grothuss proton transfer in solution with TA spectroscopy and analyze the
variation of the kinetics and energy barriers by solution composition to improve our understanding
of the molecular mechanism of proton transfer. These analyses provide a reliable foundation for
IR spectroscopic studies of the aqueous proton and provide the opportunity for future experiments

to directly observe new aspects of proton transfer.
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1.7  Thesis Outline

This introduction has provided a brief summary of the knowledge obtained to date on the
aqueous proton, but it also demonstrates that there is still much to learn. This thesis will present
the work undertaken to gain clarity on aqueous proton structures and proton transport dynamics
using linear and nonlinear infrared spectroscopy.

Chapter 2 presents the theory behind linear and nonlinear IR spectroscopy. This chapter will
not be exhaustive but will provide the framework necessary to read and interpret these
experiments. In particular, this chapter will discuss linear IR spectroscopy, 2D IR spectroscopy,
and transient absorption anisotropy decay, and an introduction to the anharmonic vibrational
calculations used to interpret aqueous proton spectra.

Chapter 3 contains information on the spectrometer used in these experiments. In the last five
years, we have expanded our capabilities in being able to pump across the entire mid-IR. This
chapter will present the recent successes and remaining challenges for carrying out these
experiments.

Chapter 4 presents a study of the liquid water bend with 2D IR spectroscopy. This study
expands upon the discussion of the spectroscopy of pure water in Section 1.2, with additional
measurements and a more thorough discussion of excitonic character of H>O vibrational modes.
These findings provide an important backdrop for understanding aqueous acid spectroscopy.

Chapter 5 will present a comprehensive collection of linear and nonlinear IR spectroscopic
data on strong acid solutions. This chapter contains spectra excited and detected across the mid-
IR, making this the most comprehensive collection of 2D IR spectra of the aqueous proton to date.
Spectra as a function of various parameters such as concentration, temperature, and counterion

identity are included as appendices to demonstrate their effects on the spectra.
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Chapter 6 will present a computational study undertaken to dissect the linear IR spectrum of
the aqueous proton. With high-level anharmonic calculations on 800 aqueous configurational
snapshots, it has been feasible to reliably assign the different regions of the continuum to
anharmonic modes with different vibrational character and cluster geometry. These assignments
will play a key role in interpreting the nonlinear IR spectrum.

Chapter 7 will present the second part of the computational study from Chapter 6, interpreting
the 2D IR spectrum of the aqueous proton with the aid of high-level anharmonic calculations. I
present the 2D IR spectral signatures of various geometric sub-ensembles and assess how they can
be related to experiments. These results demonstrate that inclusion of Zundel-like species is
necessary to explain the 2D cross peak pattern.

Finally, Chapter 8 will present the results of transient absorption experiments which reveal
microscopic details on the Grotthuss proton transfer mechanism in solution. In particular, I have
observed reorientation of the aqueous proton complex caused by irreversible proton transfer. These
kinetics are probed by the flanking bending modes of predominantly Zundel-like configurations at
1750 cm™!, which are strongly coupled to the proton stretching mode at 1200 cm™. These
experiments involve temperature and counterion dependence, which demonstrate competing

enthalpic and entropic effects on the proton transfer barrier.
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Chapter 2

Theoretical Background for Nonlinear Spectroscopy
and Anharmonic Vibrational Calculations

2.1 Introduction

To perform two-dimensional infrared (2D IR) and transient absorption (TA) measurements on
the structure and dynamics of the aqueous proton complex, we need a framework for understanding
these experiments. This chapter presents a summary of the main results of these techniques to
orient the reader before presenting the data. While central mathematical results are presented in
this chapter, an additional aim is to provide some physical insights for those who are less familiar
with the formalism. The topics in this chapter include light-matter interaction in the condensed
phase, linear absorption, coherent third-order signals and 2D IR spectra, and orientational
measurements via polarization anisotropy. These selected topics are key to the conclusions
regarding the aqueous proton in this thesis, but inevitably there are other topics relating to
nonlinear spectroscopy that were not included that the reader can explore if interested.!-®

For interpreting the experimental spectra of the aqueous proton, I collaborated with Dr. Qi Yu
and Prof. Joel Bowman at Emory University, who specialize in quantum-mechanical vibrational
calculations of highly anharmonic gas-phase clusters. As will be presented in Chapters 6 and 7,

their calculations on hydrated proton clusters have provided a firm footing for assigning vibrational
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modes of the aqueous proton complex. Their method, vibrational self-consistent field/virtual
configuration interaction (VSCF/VCI), can treat highly anharmonic systems with multi-mode
coupling on high-dimensional nuclear potential energy surfaces. Despite its high computational
expense, VSCF/VCI is necessary for modeling the aqueous proton due to the large anharmonicity
of each mode and strong coupling with other vibrational modes, as seen in the experimental 2D IR
spectrum (Chapter 5). To introduce the reader to the method, I have included a summary to
highlight some of the underpinnings of VSCF/VCI and why they are useful for studying the
aqueous proton. Bear in mind that I am not an expert in the technique, so the discussion will not
be too technical. Instead, I hope this may serve as a resource for experimentalists who may be

interested in learning about the technique and applying it to new systems in the future.

2.2 Time-Domain Spectroscopy and the Response Function

Spectroscopic experiments are physically possible because light and matter interact with each
other. Despite the fact that molecules are orders of magnitude smaller than the wavelength of light,
the way a beam of light changes after interacting with a sample is directly connected to its
molecular behavior. This ability to directly interrogate a microscopic system is what makes
spectroscopy valuable for observing molecular dynamics.

To begin, we treat light as an oscillating electric field E(r,?) described in terms of its position
r and time ¢, where bolded terms indicate vector quantities. We can consider the simple case where
E(r,?) is a transverse plane wave with angular frequency w, propagating in the direction of the

wavevector K:

E(r,1) = E, exp[—iot + Kk -r]+c.c. 2.1)
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An electric field traveling through a dielectric medium displaces the bound positive and negative
charges of the medium (e.g. nuclei and electrons), inducing a collective dipole called the
polarization P(r,?). This acts as a source term coupling the light and matter in Maxwell’s equations,

written here in Gaussian units:

1 O’E(r,1) _ 4m 0°P(r,1)

V?*E(r,t)— )
(r.0) ¢& o ¢ ot

(2.2)

where c is the speed of light in vacuum. Using Eq. 2.1 for E(r,?), it can be shown that P(r,?) also
takes a plane wave form whose phase is shifted by a factor of 7/2.!

The oscillatory nature of the electric field generates a collection coherently oscillating
induced dipoles, which in turn generate their own oscillating electric field. In most situations, there
is a linear relationship between the amplitude of the electric field and the resulting polarization.
However, for large electric field amplitudes (Eo> 1 V/A), the incident field is comparable to the
ambient electric field experienced by the electrons in the medium, driving them from equilibrium
in a way that scales nonlinearly with E(r,?). The polarization can be expanded by the order of

nonlinearity, written in the frequency domain as

P(w)=P"(0)+P?(w)+PP(w)+... 2.3)

= 1VE(0)+ VB (0)+ VB (@) + ... '
where y! is the linear susceptibility and ¥ for i > 1 are the i"-order nonlinear susceptibilities.'”
Experimental access to nonlinear polarization was made achievable with the development of

pulsed lasers,!!

and manifests as nonlinear optical phenomena like second harmonic generation
(SHG) or 2D IR spectroscopy.

To retrieve the molecular information from the nonlinear polarization, it is necessary to

build a framework to connect microscopic and macroscopic quantities. Because nonlinear optical
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experiments are conducted with ultrashort laser pulses, it is natural to employ a time-domain
treatment of the evolving polarization. The following semi-classical approach describes how a
quantum system responds to a classical electric field. The dynamics of the material system is
described in terms of its evolving density matrix p(¢), which is a useful quantity for characterizing
an ensemble of quantum states.

The dynamics of a system’s density matrix is described by the quantum Liouville equation:
< p()=—L[H(0.p(0)] @4)
T S '

where H (¢) is the Hamiltonian for the system. In linear response theory, the interaction between

the density matrix with the incident electric field is treated as a small perturbation V(t) , such that
H(ty=H (1) +V(2), (2.5)

with H ,(t) as the Hamiltonian of the system at equilibrium. The light-matter interaction term
reflects the coupling between the material dipole, written as the quantum operator p, and the field:
V(t)=—pn-E(2). (2.6)

This expression invokes the electric dipole approximation, neglecting weaker higher-order terms

such as coupling to electric quadrupoles. This is a reasonable approximation for bulk-sensitive

third-order spectroscopy, but is less reliable for surface-sensitive second-order techniques.!'?!3

We transform our representation to the interaction picture of quantum mechanics to
describe the action of quantum operators at specific times. An operator A(?) is transformed by

applications of the unitary time propagator U(%):

A ()=U"()AOU (1) 2.7)
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where U(t)=exp[—iH /1] is the time propagator under the equilibrium Hamiltonian and U'(?)

is its adjoint. Rewriting Eq. 2.4 in the interaction picture and integrating over time yields a solution

for the density matrix:

p.(0= Py~ JL 4t [¥,0).p, )] 2.8)

where po is the equilibrium density matrix at initial time 7. The presence of Vi(f) in the commutator
reflects that the evolution of the density matrix away from equilibrium is caused by the
perturbation rather than the equilibrium portion of the Hamiltonian.

Within a small perturbation regime, the right-hand side of Eq. 2.8 can be iteratively plugged
in for pi(¢1), which results in an expansion for the density matrix in terms of the order of the

perturbation:

p,(0)=Yp," (1), 2.9)

n=0

where

Pﬁ")“):(%j J't;dtn_[t:’dtnfl... j:dtl[tfj(tn),[l/](tn1),[...,[1/,(t1),p0]m, 2.10)

where #, > ty1 > ... >t > 10.!
In connection to the classical picture presented in Eq. 2.2, the polarization is the ensemble

average of the dipole operator, which can be calculated as a trace:
P(2)=(u,(0))=Tr{u,(0)p,(1)}. (2.11)

The nonlinear terms of the polarization expansion in Eq. 2.3 are directly related to the respective
terms in the density matrix in Eq. 2.10. We can evaluate for the nonlinear polarization of order n

by plugging in Egs. 2.9 and 2.10 into Eq. 2.11, substituting in Eq. 2.6 for V(f), which yields
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P<n>(t):(%j Jl:dtﬂ J.t:”dtH...J:dtlEn(tn)Enfl(tnfl)...El(tl)Tr{ul(zn),[u[(tnfl),...,[ul(tl),po]]}. (2.12)

We change variables from absolute times # to time intervals 7, since intervals between pulses are

actually under our control in the experiment. We send #1 = 0 and define intervals z as

T, =L

T,=t —t

32 (2.13)
T, =lhn— -

This results in the final expressions for the nonlinear polarization and response function:
P (1) = JO dr, JO drn_]...jo dtE(r—7 )E(r—t —t _).E(t—7 —..—T7)R"(1,,7,,...T,) (2.14)

and

R"”(t .t ,..1)= (éj Tf{[u,(T” +o+T, ),[;.LI(T”_l +o+T, )»""[”,(TI ),uI(O)]]]pO}HQ(Tk). (2.15)
k=1

In Eq. 2.15, time ordering has been maintained with the Heaviside step functions 6(z).
Additionally, we took advantage of the cyclic permutability of the trace to write R™ as a trace of
nested dipole commutators over the equilibrium density matrix.

There is important physical insight in the form of the response function and the
polarization. First, the response function, is invariant to translation in time, i.e. it is stationary.
Second, the Heaviside functions in the response function constrain it to be causal, which implies
that material system cannot respond until irradiated by the driving electric fields. This response is
described as a trace over the dipole commutator, which is related to quantum time correlation
functions for the dipole operator. Finally, the response function is equal to the polarization if all

electric fields can be described by J functions. In reality, though, our electric fields have a finite
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temporal width which influences the measured polarization. Eqs. 2.16 and 2.17 are the general
equations necessary for describing the resulting nonlinear polarization after excitation by an
arbitrary number of intense laser pulses. To illustrate the behavior of the response function, we

discuss the specific case of linear response R(z) before delving into third-order spectroscopy.

2.3 Linear Spectroscopy in the Time Domain

As an introduction, we examine the linear cases of Eqs. 2.16 and 2.17 to highlight key
behaviors of the response function that apply to third-order nonlinear spectroscopy. We start by

presenting the expressions for the linear polarization and response function:
PO = j: E(t—7)RV(7)dt (2.16)

and
RO(0)= - Te{[u, (0).41,0)]p, }6(D). 2.17)

For this discussion, we will treat all quantities as scalars. Eq. 2.16 states that the polarization is a
convolution of the response function with the incident electric field. In the linear regime, the
polarization also propagates in the same direction as the field. Both of these properties are useful
in the linear case, but are not necessarily true in the nonlinear regime. In Eq. 2.17, the response
function is given as the quantum mechanical trace of the dipole commutator over the equilibrium
density matrix, with a Heaviside function 6(z) to ensure causality. By expanding the commutator
in Eq. 2.17 and treating the trace over po as an ensemble average, the response becomes equal to a

difference of time correlation functions (TCFs) of the dipole operator:
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Te{la, (2.4, 0)1p, = (1,21, (0) = (1,0 1,(D))
= {1,(1)- 11, (0)) {14, (1) 11,(0)) * (2.18)
=2im{(1,(2)- 1,0))},

where the asterisk denotes the complex conjugate. This result is an example of the Onsager
regression hypothesis and the fluctuation-dissipation theorem: the system’s response to a weak
macroscopic perturbation is linearly related to its microscopic fluctuations at equilbrium.’

To get a more concrete description of the linear response function, we can evaluate it in

the eigenstate basis of the system. Starting from Eq. 2.18,
(1, (Om(©) = 3P, {alut, (D, (0 a)
- ;Pa <a U (Ut a>
- ;PH <a U'(0)uU () b><b\ ula) (2.19)
_ zb P <a eE M g B b><b\ u|a)

=P,
a,b

2 -ioy,
e .

‘llba

In the above equations, P, is the Boltzmann factor for the equilibrium occupation probability of

state |a), upa is the transition dipole matrix element for the |a) — |b) transition with frequency

wra = (Ep— Eq)/h. Eq. 2.19 reveals that the phase of the dipole TCF oscillates under the equilibrium
Hamiltonian, weighted by the equilibrium probabilities of the initial states |a). There are also two

transition dipole factors, one for each dipole in the correlation function. The complex conjugate of
< u ,(T),u(0)> contains the same oscillatory information, but evolves with opposite phase. Plugging

Eq. 2.19 into Eq. 2.18 to evaluate the linear response in Eq. 2.17 yields

sin(w, T)0(1). (2.20)

2
R(l)(T) = %ZBJ ‘Ltba
a,b

49



The linear response function can be expressed as a sum of sine functions, which reflects that at
initial time, the response must be zero and then gains amplitude as result of the perturbation.
Additionally, the response function is real-valued as expected for a quantum mechanical
observable.

In most realistic liquid-phase systems, there is a separation of system and bath coordinates,
which result in a modification of Eq. 2.18. We include a lineshape function F*(z), which
characterizes the frequency fluctuations that dampen the coherence between |a) and |b), a process
known as dephasing due to the interaction between system and bath degrees of freedom.!?*8 We
can incorporate F**(z) into the response function with terms such as

R*(t)=P |u, [ sin(w, 1)F*(1)6(7) (2.21)
If the frequency fluctuations are fast compared to the timescale of the measurement, F*(7) can be
modeled with an exponential decay with rate I'. In addition to dephasing, other contributions
influence the decay of the response function, such as energy relaxation, rotational motion, and
effects from inhomogeneous broadening. These various contributions cannot be separated with
linear spectroscopy but can each be independently measured with third-order nonlinear
spectroscopy.* Eq. 2.21 has also assumed the vibrational Condon approximation where the dipole
amplitude is independent of the nuclear coordinate. This approximation is reasonable in many
weakly anharmonic systems but fails for hydrogen-bonded vibrations like the O—H stretch in liquid
water, !

Finally, we want to connect the time-domain response to a linear absorption spectrum in

the frequency domain. Eq. 2.2 states that P(w)= y"(@)E(®), where »V) is a complex quantity,

1" (w)=y'(w)+iy"(®). The real and imaginary parts of the susceptibility correspond to
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dispersion and absorption, respectively. From Eq. 2.16, the linear polarization is a convolution of
the response and the electric field, equivalent to multiplication in the frequency domain, which
implies that the response and the susceptibility are related by a Fourier transform:

1M (w)= T RV (1) dr. (2.22)

To satisfy detailed balance, the population prefactors in Eq. 2.21 can be related to each other

which also relates <,u[(’L'),u(O)> with its complex conjugate. This results in a more direct

relationship between (" and < ,u](T),u(O)> :

2@ =3 (1=¢") [ (1, o), (2.23)

The imaginary part of Eq. 2.23 is related to the linear absorption of the system, which is given by

o(@) = 4”7“’ 1"(). (2.24)
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Figure 2.1: The amplitudes of a model mid-IR electric field E, linear response R" function
and linear polarization P(") in the (a) time domain and (b) frequency domain. Parameters for the

model are included in the main text.
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In Fig. 2.1a, we show the results of a simple time-domain calculation with a transform-limited
Gaussian electric field pulse (wo = 1666 cm™, 7, = 200 fs FWHM), response function according to
Eq. 2.21 with exponentially decaying lineshape function (ws. = 1666 cm™, T' = 0.0125 fs'!), and
polarization according to Eq. 2.16. The polarization decays more slowly in time than the response,
but inherits the response’s 7/2 phase shift relative to the driving field. Fourier transformation of
these functions produces the spectra of the electric field, response, and the resulting polarization
(Fig. 2.1b). The imaginary components of the response and the polarization both show absorptive
lineshapes. The electric field is narrower in bandwidth than the response, and the polarization is

spectrally narrowed compared to the full response due to the bandwidth limits of the electric field.

2.4 Third-Order IR Spectroscopy

sig

Figure 2.2: The pulse sequence of a 2D IR experiment arranged (a) in time and (b) in space.

Many of the properties of the linear response generalize to the third-order nonlinear response,
but the interaction of the system with three fields provides access to many new details about the
system. This section will provide an overview of the key features of third-order infrared
spectroscopy to lay the groundwork for reading a 2D IR spectrum. To begin, the third-order

polarization P® is generated when three ultrafast IR pulses interact with the sample. In time, the
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electric fields E1, E2, and E; are separated by time intervals 71 and 72, and the nonlinear signal
radiates over 73 (Fig. 2.2a). Spatially, our experiments are in the pump-probe geometry, where E;
and E; (known as the pump pulses) are collinear and cross with the probe pulse E3 (Fig. 2.2b).
Frequently, the electric fields E; are indicated by their wavevectors k;, as labelled in Fig. 2.2b. As
will soon be shown, the nonlinear polarization propagates collinearly with the probe. This is
because the phase relationship between the pulses determines the spatial direction of the nonlinear
signal, in a process known as phase matching.

The polarization and response function can be written down from Egs. 2.16 and Eq. 2.17 as
PO()= || [ dr,dr,drE (-7, -7, -7 K, (-1, ~ T )E (- T)RV(1,,7,,7,)  (2.25)

and
R (z,7,.7) = (é) Te{[ (2, + 7, +7).[ 1, (7, + 7)1, (7)1, 0] ] o, FO(T)B(2,)B(7, ). (2.26)

Similar to the linear response function R()(7), the third-order response function is evaluated by
taking the trace over po of nested dipole commutators, with Heaviside functions in 71-73 for
causality. Expanding out the commutators reveals that there are eight components to the response

function, but half are complex conjugates of the other four:

4
R(t,1,,7,)=Y RV(1,,7,,7,)-R"(1,,7,,T,). (2.27)

n=1
The four terms R’53)(1'3,’L'2,T1) correspond to different four-point dipole TCFs with distinct phase

evolution dynamics in the density matrix. With a procedure similar to Eq 2.19, one can evaluate

the pathway in terms of four eigenstates |a), |b), |c), and |d):*
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Rl(3)(T3’TZ’Tl) = Z Paucd'ubc‘uab‘uda exp(—ia)dcz'S - iwdeZ - ia)daTl)F;ade (73’72’71) (2.28)

a,b,c,d

R;3)(T3’TZ’TI) = Z Pa‘ucb‘udcﬂbaﬂad eXp(_iwaT3 +iwdb72 +iwdaT1)F;ade(T3’T2’Tl) (229)

ab,c,d

R3(3)(T3’TZ’T1) = 2 Pa'l'tch'l'tlmﬂdcuad exp(_ia)bcTS + iwcaTZ + ia)dafl)F;ade(TS’TZ’Tl) (230)

ab,cd

Rz(tz)(fsﬁz T = 2 B My M My, €XP(—i0, T — 10, T, = ia)darl)F;“de(Ts,Tz,Tl). (2.31)

a,b,c,d

These terms share similar important features to the linear response function in Eq. 2.21.
The intensities of each term are weighted by the equilibrium probability P, of occupying |a) and
four transition dipole factors for the four dipoles in the correlation function. Next, the complex
exponentials indicate that the phases of the response pathways oscillate over the three time
intervals. Because they are oscillations between the eigenstates of the system, these oscillations
indicate phase evolution under the equilibrium Hamiltonian Ho. This reflects that after interacting
with each pulse, the equilibrium Hamiltonian propagates the system. The complex exponential
terms contain phase evolution mixtures that can proceed in the positive or negative direction during
each time interval, depending on the eigenstates involved and the interaction of light with the bra
or ket sides of the density matrix. Finally, the lineshape functions F,***“(z3,72,71) characterize the
decay of oscillations with each time interval, which leads to a multidimensional lineshape in the
frequency domain.

The different correlation functions R,®)(z3,72,71) indicate the allowable transitions within
the density matrix, but the nonlinear polarization depends on which transitions are actually
resonant with the incident electric fields. According to Eq. 2.1, an electric field can be written as

the sum of two complex exponentials, but only one of these terms will be resonant with the
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oscillations in the response function. The other term will oscillate rapidly with a form such as
exp(—2iwt) and mostly cancel itself out after integration, contributing little to the overall
polarization. This leads to the rotating wave approximation for evaluating the polarization, where
nonresonant components of the electric field are removed from the calculation of P®)(¢). This phase
relationship influences the spatial behavior of the polarization as well, because the polarization of
the medium forms an oscillating spatial pattern. This pattern forms a spatial grating which only
allows generation of P®)f) in a particular phase-matched direction with wavevector
ksig = ki £ ko £ ks, where the signs depend on the phase of the interaction with the density matrix.

The rotating wave approximation leads to a diagrammatic representation of the interaction
of light with the four correlation functions of Egs. 2.28-2.31 (Fig. 2.3),! where a unique set of
interactions is known as a Liouville pathway. Each row corresponds to an element of the density
matrix, starting below with the equilibrium state |a)(a| and time proceeding up the ladder. Resonant
electric fields are depicted as arrows labelled by their wavevector ki, interacting with either the bra
or the ket side of the density matrix depending on the sign of the oscillation in the response
correlation function. Arrows pointing into the ladder correspond to absorption of light, whereas
arrows pointing out correspond to stimulated emission. Left-pointing arrows indicate a negative
wavevector for determining the phase matching condition for the pathway, whereas right-pointing
arrows indicate positive wavevector. For example, absorption on the bra side and stimulated
emission on the ket side both denote a negative wavevector. The total sign for a given pathway
can either be positive or negative, which lead to oppositely signed signals in third order nonlinear
spectroscopy. This is distinct from linear absorption spectroscopy where the signal is always
positive, and reflects the sign accumulated within the nested commutator in Eq. 2.26. The sign of

a particular pathway is determined by taking -1 to the power of the number of bra-side interactions.
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Figure 2.3: Four double-sided ladder diagrams representing various possible Liouville
pathways from the four response correlation functions in Egs. 2.28-2.31. Three common (a)
rephasing and (b) nonrephasing pathways for a three-level system corresponding to the physical
processes of ground state bleaching (GSB), stimulated emission (SE), and excited state
absorption (ESA). Asterisks on ESA pathways denote that the complex conjugates of the
response correlations are shown, corresponding to a reflection over the ladder in the diagram.
(c¢) A double-quantum coherence (DQC) pathway. (d) A third-harmonic generation (THG)
pathway.

The ladder diagrams visualize the evolving state of the density matrix over each time
interval. After an interaction, if the two sides of the density matrix are in different states, then the
density matrix is said to be in a coherence and its phase evolves with the difference frequency
between the two states. The first interaction always generates a coherence, such that 7, is frequently
called the coherence time. After a second interaction, the bra and ket sides are frequently equal,
forming a population which on its own does not show coherent oscillations. Excited state

population relaxation is frequently measured over 72, and 7> is historically called the waiting time
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after pump-probe experiments. However, coherent oscillations can be present during 7, if multiple
eigenstates are excited within the bandwidth of the pulse. The third interaction with the probe pulse
puts the system in another coherence which evolves during z3. Finally, the fourth interaction
represents taking the trace over the density matrix rather than excitation by a light pulse, and leaves
the density matrix in a population.

The pathways in Fig. 2.3 are grouped by their phase evolution. Rephasing (RP) pathways
are those where phase evolution during 71 is counteracted by phase evolution of opposite sign
during 73, and the phase matching condition is ksig = —ki + ko + k3. This leads to phenomena like

photon echoes!™!®

and contributes to measurement of inhomogeneous broadening in nonlinear
spectroscopy.* Nonrephasing (NR) pathways are characterized by phase evolution of the same sign
in both 77 and 73, resulting in ks = —Kki1 + ko + k3. The double quantum coherence (DQC) pathways
involve the same phase evolution in 7; and 72, and is less common in nonlinear spectroscopy.
Finally, in third harmonic generation (THG), the system absorbs three photons of frequency w and
emits a photon of frequency 3w. For 2D IR experiments, we will only concern ourselves with the
rephasing and nonrephasing pathways.

We illustrate the rephasing and nonrephasing pathways with a ground state bleach (GSB)
signal for a two-level system with ground state |0) and excited state |1). The GSB rephasing 2D IR
pathway (R in Fig. 2.3a) begins with an absorption of ki on the bra side, followed by stimulated
emission (SE) by k; on the bra side, absorption of k3 on the ket side, and the nonlinear signal

radiating in the direction ks = —k; + ko + ks. For the model in Fig. 2.4a, the time-domain response

was calculated from Eq. 2.30, assuming impulsive excitation and a two-dimensional decaying
exponential for the lineshape function F, (7,,0,7,).* Fourier transforming the response over both

71 and 73 generates the 2D IR spectrum expressed in terms of frequencies wi and w3 (Fig. 2.4a). In
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general, the 2D IR spectrum is complex-valued, but normally the real component is kept because
it leads to more easily interpretable signals. The peak is centered at (w1, w3) = (w10, w10), which
are the frequencies of the phase evolutions in 7; and 73, respectively. Because the phase evolution
in 71 has negative sign in RP pathways (Fig. 2.3a), the rephasing spectrum is actually reflected
over w1 from the w1 < 0 region of the spectrum. The 2D IR spectrum shows a phase twist in two
dimensions, characterized by alternating positive and negative features due to taking the real part
of the 2D Fourier transform. There is a corresponding GSB nonrephasing pathway (Fig. 2.3b)
whose 2D IR spectrum (Fig. 2.4b) is also centered at (w1, ®3) = (w10, ®10), but the phase twist is

rotated by 7/2 due to the different phase relationships in the NR pathway.
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Figure 2.4: The (a) rephasing, (b) nonrephasing, and (c¢) absorptive 2DIR spectra for a model
ground state bleach (GSB) of a two-level system. The spectrum in (¢) is the sum of the spectra
in (a) and (b).

Adding the rephasing and nonrephasing spectra produces an absorptive 2D Lorentzian
lineshape centered at (w1, @3) = (w10, w10) (Fig. 2.4c), cancelling out the dispersive components of
the rephasing and nonrephasing signals. Additionally, the absorptive resonance is much narrower,
which improves separation between multiple features in a 2D IR spectrum. Except for the model

rephasing and nonrephasing spectra in Fig. 2.4, all model and experimental 2D IR spectra shown
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in this thesis are absorptive. Experimentally, obtaining absorptive spectra occurs automatically in
the pump-probe geometry, where ki and k> are collinear with each other and crossed with k3. Both
the rephasing and nonrephasing pathways are phase matched along the direction of the probe
(ksig = k3, Fig. 2.2b) since ki = ka. Because w; is related to the time delay between the pump pulses
ki and k», we call w; the excitation frequency, whereas ki is measured with the probe and w3 is
called the detection frequency. From this perspective, the 2D IR spectrum can be viewed as a two-
dimensional conditional frequency distribution, where one measures the probability of detecting
signal at w3 given excitation at w.

A 2D IR spectrum more commonly shows a doublet along the diagonal (Fig. 2.5a), rather
than a single positive peak, arising from different possible pathways upon excitation at w1 = wio.
In addition to the two RP and NR GSB pathways, there are two stimulated emission (SE) pathways
centered at (w1, w3) = (w10, w10) (Fig. 2.3), which also are positively signed and have the same
amplitude as the GSB pathways. The negative feature (shown in blue in Fig. 2.5) is due to an
excited state absorption (ESA) from |1) — |2). This feature is present because the excitation pulses
can place the system in the excited state population |1)(1], which can be excited by the probe to
|1)(2]. This pathway oscillates in 73 with the difference frequency w>i, resulting in a peak at
@3 = w21. For an experiment in the pump-probe geometry, the positive and negative peaks can be
interpreted as positive or negative changes in transmission, respectively, because of excitation
from the pump pulses at wio. Bleaching and SE result in more light reaching detector, appearing
like positive signal, whereas ESA results in induced absorption of ks which appears like negative

signal at w3 = w21. For a weakly anharmonic system such as this, the intensity of the ESA is

,uzzl ,ulzo ~ 2,Ltl40, which is equal in amplitude to the sum of the GSB and SE pathways.

59



a) 7,=0fs b)
8M
> \_[ /o,
e 10
()
3 10 o8
()
[N
: ’
g0, @ =
9]
2
[}
a
O,
Excitation Frequency o, Waiting Time 1,

Figure 2.5: Third-order response for a model weakly anharmonic vibration. (a) Absorptive
2DIR spectrum, with a schematic potential in the top left corner indicating the w10 and w21
transitions. The dashed orange arrow indicates the GSB pathway, the solid orange arrow
indicates SE, and the solid blue arrow indicates ESA. (b) The TA spectrum for the doublet,
showing its relaxation with waiting time.

The ESA peak is separated from the GSB peaks due to the anharmonicity of the nuclear
potential, characterized by the anharmonic splitting parameter A. Since the amplitude of the
positive and negative peaks are approximately equal, if the system were perfectly harmonic (A= 0)
then the positive and negative features would cancel. Therefore, the 2D IR spectrum is observable
precisely because the system is anharmonic. This is a useful property because the access to the
second excited state provides information on the shape of the nuclear potential which cannot be
accessed otherwise.

The isotropic TA spectrum tracks the kinetics of this doublet in 7> (Fig. 2.5b). This
spectrum plots the change of the amplitude of the diagonal doublet in w3 with waiting time 7o. TA
spectroscopy is another type of third-order spectroscopy where the excitation pulses arrive at the
sample simultaneously, i.e. 71 = 0 fs. According to the projection slice theorem, the TA signal at a

particular 72 is equivalent to the projection of the 2D IR spectrum onto the w3 axis, which means
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that a TA spectrum measures the same response as the 2D IR spectrum, but without w; resolution.
Despite the loss of w1 information, the experimental benefit comes from the ability to quickly
collect data over a range of waiting times without needing to also step through 7i. This is
particularly convenient for sensitive signals like polarization anisotropy decay (Section 2.5), which

require a lot of averaging to attain a reasonable signal-to-noise ratio.
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Figure 2.6: (a) A six-level system between two coupled modes. GSB transitions are indicated
by dashed orange arrows, and SE is indicated by solid orange arrows. ESAs into overtones
are indicated in blue, and the ESA transitions into the combination band are colored in cyan.
(b) The absorptive 2DIR spectrum of the two coupled modes.

In addition to the diagonal doublets, the 2D IR spectrum visualizes the anharmonic
coupling between two vibrations |a) and |b) in the form of off-diagonal cross peaks. In Fig 2.6a,
we show a model 6-level system involving these two states. In addition to the first excited states
|a) and |b) and their overtones |2a) and |2b), the combination band |a b) is also accessible. The
2D IR spectrum of these vibrations (Fig. 2.6b) shows two doublets on the diagonal for each of
these features, with two additional doublets off the diagonal due to the coupling between |a) and

|b). Each cross peak consists of a bleach feature, which can be interpreted as population depletion
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from a shared ground state between two vibrations. The accompanying negative signal arises from
either the |a) — |ab) or |b) — |ab) transitions. Like along the diagonal, the doublet is separated in
3 by an anharmonicity constant Ag. If the system were harmonic, the cross peak would vanish.
Additionally, if two fundamental transitions are uncorrelated, such as if they belong to different
molecules, cross peaks will not appear. Therefore, a cross peak pattern can serve as a two-
dimensional vibrational fingerprint for a single species in a mixture.

In general, there is rich information content in 2D IR spectra because of its access to
anharmonicity, but the presence of anharmonicity doesn’t say much on its own. For one, no
realistic molecular systems are actually purely harmonic, but rather described as either weakly or
strongly anharmonic. Additionally, the origin of anharmonicity can come from a variety of sources
related to the molecular geometry, electronic structure, or environment. For well-behaved systems
like cold gas-phase clusters, the nuclear potential energy surface can be calculated with high
accuracy using high-level quantum mechanical calculations and fit to high-order polynomials in
terms of the complex’s vibrational coordinates.!”!® For instance, hydrogen bonding provides an
attractive interaction between donor and acceptor molecules which dramatically alters the shape
of the donor D-H stretch potential and results in a strongly anharmonic vibration.!” Beyond
anharmonicity, the presence of 2D IR cross peaks demonstrates that the nuclear potential is not
just anharmonic, but multidimensional. Physically, this reflects the fact that the eigenstates of two
coupled vibrations are mixed with each other, and displacement in one nuclear coordinate induces
motion in the other. In the case of the aqueous proton, the potential is both strongly anharmonic
and highly multidimensional, which requires a high-level treatment to calculate the vibrational
response. The VSCF/VCI method (Section 2.6) is the method of choice for this system because of

its ability to handle complicated potential energy surfaces.
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2.5 Polarization Resolution in Nonlinear Spectroscopy

2.5.1 Anisotropy Decay of One Transition Dipole

An additional capability of nonlinear spectroscopy is the ability to follow orientational
diffusion of transition dipoles, as they are vector quantities that couple to the polarization vectors
of the electric fields. In this section, polarization refers to the unit vector aligned to the transverse
direction of an electric field instead of the polarization dipole of the sample. In an isotropic medium
like liquid water, transition dipoles are randomly oriented, but a subset is selected by the excitation
pulses and the orientation is tracked by the interaction with the probe pulse. The pulses will all be
linearly polarized along the X, Y, or Z directions in the lab frame of reference. With third-order
experiments, all quantities are ensemble averaged, so the final measurement tracks an orientational
time correlation function that decays with 72. This correlation function includes mechanistic

information such as molecular reorientation due to fluctuations in the solution.

To start, the response correlation functions Rf) from Eqs. 2.28-2.31 are modified with

. . abcd .
orientational response prefactors Y, ;°(7,,7,,7)):

R, T,m) = 2, D Y (0, T, TR (1,7, (2.32)

1JKL abed
Y,j]b(zd( 7,,T,,T,) is a tensor quantity which accounts for orientational averaging for four dipoles that
interact with four electric fields. Initially, we will consider the interaction of a single dipole [
vector with the four fields, where the circumflex indicates that fiis a unit vector. The indices 7, J,

K, and L each correspond to one of the lab frame coordinates X, Y, or Z, while fI resides in its

molecular frame of reference with coordinate axes @, b, and ¢ (Fig. 2.7). For convenience, [l is

chosen to lie along the a axis, so that the relevant tensor elements to evaluate are Y.

63



Figure 2.7: A Schematic relating the lab frame (X, Y,Z) to the molecular frame (a,b,c) by the
orientation Q = (a, f3, ). The vibrational dipole [ is aligned with axis a.

In general, Y,//* can have 3*= 81 tensor elements, but only four are nonzero due to the

(3

L, inherits these

spatial symmetries of isotropic medium, and the nonlinear susceptibility tensor y

symmetries.!? Rotational symmetry implies that only three tensor elements are independent and

are related to the fourth:

Yaaaa — Yaaaa + Yaaaa + Yaaaa (2'33)

7777 zZZYY YzZyz zZYYzZ "
As indicated by Fig. 2.7, the Z direction can be taken to be vertical while Y is horizontal, but
rotational symmetry of the medium means that these definitions can be interchanged and produce

the same results.

For experiments in the pump-probe geometry, it is only necessary to evaluate Y% and

Y. To evaluate Y, we must orientationally average over four dipole interactions with the

field polarized along Z, each interaction taking the form of a dot product between unit vectors. For
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each interaction, the lab and molecular frames are related by an orientation Qi(a, S, y), where a, £,

and y correspond to a sequence of three Euler angle rotations. The averaging requires the isotropic
orientational probability density P(Q))=1/ 87” for the random intitial oriention of f. For

n=n=13=0,

Y2(0,0,0) = [dQ, [dQ, [dQ, [dQ,P(Q,)(4, - 2)*
= 12 2Jirdoc]r‘sinﬂdﬁzjfd)/cos“ﬁ (2.34)
8” 0 0 0
1
5

Y, > =1/5 means that an ensemble of randomly oriented dipoles interacting with four
simultaneous fields will respond with 1/5 the amplitude it would if they were all fixed parallel to

Z. For Y !, we average over two interactions with Z-polarized fields and two Y-polarized fields:

Y3e(0,0,0) = [dQ, [dQ, [dQ, [dQ P(Q))@, - 2) (4, )’

2z T 2
= 812 jdajsinﬁdﬁj dy cos” B-sin® B-sin’y (2.35)
4 0 0 0
_1
15

The value for the ZZYY response is less than ZZZZ by a factor of three, indicating that the initial
two interactions selectively excite molecules with a component in the Z direction, which are less

likely to have a large component in the Y direction.

Experimentally, we can measure the Y’ and Y "' tensor elements with two types of

measurements. In the first measurement, ki, ko, ks, and ki are all polarized in the Z direction,
whereas in the second measurement ki and ko are Z-polarized and ks and Ksig are Y-polarized. The

polarization anisotropy r between the ZZZZ and ZZYY experiments is defined as
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r= SZZZ _SZZYY ’ (2.36)
S, t28,,.y

7777
where Szzzz and Szzyy refer to either TA or 2D IR spectra measured with the respective polarization
schemes. According to Eq. 2.32, the nonlinear signal for a single pathway is directly proportional

to its orientational averaging tensor element. Therefore, at early waiting time,

Yaaaa _ Yaaaa 2

roc —HL__ZI — — (2.37)
Yoz ¥ 2y 3

which is the maximum possible anisotropy value for a single pathway. This result neglects the
effects of interfering signals or signal modulations due to coherences in 7. In Fig. 2.8a and 2.8b,
we show the relative amplitudes of the model 2D IR diagonal doublet from Fig. 2.5 in the ZZZZ
and ZZYY polarization schemes, displaying a 3:1 intensity ratio. As is necessary for evaluating
the polarization anisotropy for a measured spectrum, the predicted orientational response
incorporates all of the rephasing and nonrephasing GSB, SE, and ESA pathways necessary to
describe the doublet. In Fig. 8, it was assumed that the transition dipoles for all of these pathways
were parallel, which is true in the harmonic limit, but breaks down with increasing

anharmonicity.’

66



Z77Z7,=0fs b) ZZYY 1,=0fs c)

a)
g
>
&)
c
S
g d)
= o)
c

o
[~ n
g 2
[ ] <
a

Excitation Frequency o, Waiting Time 1,

Figure 2.8: Polarization anisotropy effects on a diagonal peak in 2D IR and TA spectroscopy.
The (a) ZZZZ and (b) ZZYY spectra, presented on the same scale to show the 3:1 amplitude
ratio. (c) The isotropic TA trace for the 2D IR doublet. The dashed red line indicates the center
frequency of the GSB, used for recording the TA anisotropy decay in (d). The initial anisotropy
is 0.4 and decays to 0 with increased waiting time.

In general, the fluctuations of the molecular environment will cause the orientational
diffusion of the dipole such that the initial anisotropy decays to zero over time (Fig. 2.8c-d). This
anisotropy decay is commonly distinct from the isotropic population relaxation of the doublet.
Assuming a spherical rotor diffusing by infinitesimally small angular changes, the angular
diffusion equation can be written as

I (Q,1)

== D_VW(Q,1) (2.38)

where W(€1,f) is probability of being at an orientation at time ¢, and D, is the orientational diffusion
constant. A derivation of the solution is presented elsewhere,”?! but we present the final results

here. The time-dependent expressions for Y7 and Y are

7777

Y o (T,,T,,T)= écl(f1 )61(1'3)(1 + %Cz(fz)J (2.39)

7YY

Y (T,,7,,T)= %cl(rl)cl(g)[l - %cz(rz)j, (2.40)
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where
¢,(tr,)=exp[-J(J+ D1,/ T, ]. (2.41)

The waiting-time dependent anisotropy decay is contained in the c2(z2) term, as seen by plugging

Egs. 2.39 and 2.40 into Eq. 2.36:
2
r(t,)= 502(12). (2.42)

The definition of anisotropy in Eq. 2.36 isolates the anisotropic kinetics from the total response,
removing contributions from isotropic processes like energy relaxation. By contrast, the
denominator in Eq. 2.36 cancels out contributions from c2(72), which reveals that the denominator
recovers the isotropic signal. Thus, from just the ZZZZ and ZZY'Y signal, it is possible to extract
the orientational diffusion of a molecular dipole and also characterize the spectrum free from
orientational considerations. One can also isolate the isotropic signal in an experiment where the
pump and probe are rotated by 54.7° with respect to each other, known as the “magic angle.” As
will be shown in Chapter 3, we collect both of these signals simultaneously when measuring
experimental spectra.

The orientational diffusion results presented in Eqs. 2.39-2.41 are commonly cited, but
interpretation of an anisotropy decay measurement needs to be done carefully. First, even in the
case of small angle diffusion, the decay timescale of c2(12) is scaled by the orientational timescale
7or by a value that depends on the order of the correlation function. More importantly, c2(72) does

not directly report on a physical rotational timescale, but the decay of a specific orientational time

correlation function, <P2 [[La(rz)- ﬂa(O)]>, where P, is the second Legendre polynomial,

(3cos®x—1)/2. There are other spectroscopic techniques where the P, TCF is the observable,
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such as fluorescence depolarization spectroscopy, polarization-sensitive Raman spectroscopy, and
pump-probe spectroscopy, which all involve multiple light interactions.?>?* By contrast, linear
spectroscopies like linear IR spectroscopy, NMR spectroscopy, and dielectric relaxation
spectroscopy measure P; decorrelation.’*? Because these spectroscopies measure different
correlation functions, they can in principle contain complementary information about a molecular
system.

There can also be different mechanisms for the spectroscopic anisotropy decay signal that
need to be considered, depending on the nature of the system. Orientational diffusion may occur
by large angular jumps instead of small angle diffusion.?® This situation is common in aqueous
systems, where the tetrahedral geometry of the H-bond network results in large angular hops from

one H-bonding conformation to another.?”-?

If the diffusion angle is known, then the physical
timescale is scaled by a simple prefactor, but proving that an anisotropy decay mechanism arises
from large angle diffusion requires comparison of the exact same process by techniques that
measure different correlation functions.?® This is experimentally challenging in general because
different techniques are sensitive to different facets of a physical process, which eludes
straightforward comparison. Additionally, radiative energy transfer between quasi-degenerate
dipoles can scramble the anisotropy, such that anisotropy decay does not report on an activated
physical process. This is common in vibrations that are delocalized over multiple strongly coupled
oscillators, such as the O—H stretch in neat liquid water.!*2%% In general, care must be taken when

interpreting a new anisotropy signal, but it can be quite useful for uncovering previously hidden

physical processes, as will be shown in the case of the excess proton in Chapter 8.
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2.5.2 Anisotropy from Two Dipoles
Polarization anisotropy can also be used to measure the relative orientation between two
coupled dipoles. For this discussion, we concern ourselves primarily with the initial anisotropy,

where 7, = 0 fs. Consider two unit dipole vectors [ and V in the same molecular frame presented
in Section 2.5.1, where f1 lies along the a axis and vV lies in the a-b plane at an angle © from fi.
In a 2D IR experiment pumping [ and probing vV, the first two fields interact with [ and the
second two fields interact with V. The geometry of these interactions is used to construct the form

of the orientational response. In the previous section, the orientational averaging tensor Y™ was

evaluated to account for four interactions with a single dipole parallel to the a axis. For the

orientational response between two coupled dipoles, the first two interactions with i are the same
as before, and the second two interactions involve the component of Vv in the direction of the «

axis. This requires a Yjoe term weighted by (V- @)’ =cos’© for the second two field interactions.

Another possibility is that the last two fields can interact with the component of v along the b or

c axes, but we chose V to have no component along ¢ for ease of calculation. This requires a tensor

element Y’ =1/15derived similarly as in Egs. 2.34 and 2.35, weighted by (V-5)> =sin>©. In

7777

total,

aaaa 2 aabb _: 2
SZZZZ ec YZZZZ cos ®+ YZZZZ Sin @

1 5 (2.43)
= E(H_ 2cos” O).

The values for all of the relevant Y’ tensor elements for third-order spectroscopy have been

tabulated elsewhere,”?! but can be derived through the same procedure outlined above. Like
before, this is the response expected for one pathway, and the orientational response for multiple
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pathways in a cross peak must be added together. We can also derive an expression for the

orientational response for a ZZYY pathway:

Sy < Yoot cos® @ + Yo sin® ©
1 (2.44)
=—(2-cos’O).
15
Plugging Eqs. 2.43 and 2.44 into Eq. 2.36 for the rotational anisotropy yields

1 2

r= —(3cos 0- 1)
5 (2.45)

= §<P2(cos®)>,

where P>(cos®) is the second Legendre polynomial, and angular brackets are included to indicate
ensemble averaging. Eq. 2.43 demonstrates that the initial polarization anisotropy  in a third-order
signal is directly related to the relative angle ® between the two involved dipoles. For two parallel
dipoles, » = 0.4, as was derived before for a single dipole. For two perpendicular dipoles, » =—0.2,
which means that the cross peak will have a larger amplitude in the Szzyy signal than in Szzzz.

In Fig. 2.9a, we show the polarization-sensitive cross peak doublet (assuming no
coherences in 72) for two parallel dipoles, which is three times as intense in the ZZZZ polarization
scheme as ZZYYY, like the diagonal doublet in Fig. 2.8. Conversely, if the dipoles are perpendicular
(Fig. 2.9b) then the ZZY'Y signal is twice as intense as in ZZZZ. While the polarization dependence
is easily observable for this model system, it is generally challenging to obtain an exact angle from
an experimental 2D IR cross peak because of interference within the doublet or with other peaks.
This will be the case for the vibrations of the aqueous proton complex where lineshapes span
hundreds of cm, but the polarization anisotropy will still be able to reveal approximate

orientational relationships that will be key to making assignments of these different modes.
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As a final mention, the time-dependent anisotropy decay between two dipoles is

determined by the time correlation function

6,(1,)= (B[ 1(0)-¥(z,) ]} = (B[ cosO(z,) ]). (2.46)
which in general can have many contributions like the rotation of the molecular frame, time-
dependent fluctuations in @ in a flexible molecule, or energy transfer between the two dipoles.

Disentangling these components individually requires careful analysis, but can be invaluable for

determining the mechanisms of molecular interactions.
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Figure 2.9: Polarization effects on a 2D IR cross peak. (a) ZZZZ and ZZYY spectra for two
transitions with parallel dipoles, showing more intensity in the ZZZZ spectrum. (b) ZZZZ and
ZZYY spectra for two perpendicular dipoles, where intensity is higher in the ZZYY spectrum.
The diagonal of the 2D IR spectrum is indicated by the solid black line in the lower right-hand
corner of each panel.
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2.6 High-Level Vibrational Calculations on Hydrated Proton Clusters

We close the chapter with a discussion of the anharmonic calculations used to calculate IR
spectral densities for the aqueous excess proton. The computational results in this thesis were
calculated by Dr. Qi Yu using the vibrational self-consistent field/virtual configuration
(VSCF/VCI) method developed in the Bowman group at Emory University. This method generates
accurate spectral densities using a fully quantum-mechanical treatment of electronic and nuclear
coordinates. This method has successfully calculated the IR spectrum of gas-phase clusters,?!-34
and has been extended to generate the IR spectrum of liquid H>O and D,0.333¢ Its capability at
handling calculations on highly anharmonic and multidimensional nuclear potential energy
surfaces make it an appropriate technique for disentangling the complex vibrational spectrum of
the aqueous proton.

A nonlinear molecule or molecular cluster with N atoms has 3N-6 degrees of freedom. In the
harmonic limit, these vibrations are described as normal modes Q; which diagonalize the Hessian

matrix of the nuclear potential. The coordinates Q; form the spatial basis for finding solutions to

the nuclear Schrodinger equation with the harmonic Hamiltonian Ho:
~ 1
HY, :[T+Ezk[Qf}PK =¢¥,, (2.47)
where €, = Zhwi(ni +1/2),and ¥, = Hl//n‘ (Q,). The harmonic spectral density of a molecule

can be calculated with electronic structure software packages using various levels of theory, from
density functional theory up to the highest levels such as coupled cluster theory. The spectral

density results are typically presented as stick spectra representing the frequency positions and

73



intensities from the squared transition dipole, but do not include the lineshape information
necessary to reproduce the IR absorption spectrum.

For an anharmonic molecular system with exact Hamiltonian H, the vibrational
wavefunctions are not in general separable, but can be described as a linear combination of normal

modes, which form a complete orthonormal basis. The goal of VSCF/VCI calculations is to find
the coefficients ¢ to describe the wavefunctions W which are solutions to the exact Hamiltonian
such that

¥, =)y, (2.48)
K

(L)

« arise because of the

where the squared coefficients sum to one. The coefficients c¢

multidimensional nature of the nuclear potential, which couples the various normal modes. These
coefficients are useful for characterizing the vibrational character of an anharmonic mode. When
a particular coefficient is greater than 0.9, a mode can be fairly well represented in the harmonic
limit, but frequently anharmonic modes are described as a mixture of multiple normal modes.
Eq. 2.48 grows exponentially with the number of normal modes and accessible excited states, and
in general solving the Schrodinger equation for the anharmonic Hamiltonian is intractable for
systems as small as N = 4 atoms.

One way to approximate the exact solution is to iteratively solve the Schrodinger equation
until convergence using the vibrational self-consistent field (VSCF) method, where the exact
Hamiltonian is assumed to be separable with one-coordinate effective potentials that are dependent
on the mean potential of the other coordinates. The VSCF method is similar to the Hartree-Fock
method in electronic structure calculations and finds a set of one-coordinate vibrational
wavefunctions whose corresponding eigenvalues converge. Typically the multidimensional
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potential has been fit to a permutationally invariant, high-order polynomial.'® In these calculations,
nuclei are treated quantum mechanically, which is particularly important for light atoms like
hydrogen. The resulting wave functions can be used as a new basis for determining virtual
configuration interaction (VCI) states, which evaluate the interactions between various energy
levels. For the results in this thesis, the VCI states include up to quadruple excitations of the
vibrational modes, consisting of high harmonics and combination bands. Selecting this excitation
space keeps the VCI matrix size to approximately 10*x10%,

It is necessary to make further approximations to make VSCF/VCI computationally
accessible. One significantly useful approximation is the n-mode representation of the potential,

where the full multidimensional potential is decomposed into sums of various orders:
V(00,0505 ) = 2V (0)+ 2. V(0,.0)
i ij
+> V(0,.0,.0,) (2.49)

ik

+ X V9(0,0,.0,.0,) + ...

i,j.k,l
Vl.(”(Qi) represents the 1D slice of the potential along one coordinate, V;z)(Qi,Qj) represents the

two-dimensional potential energy surface over two coordinates, and so on. For the calculations in
this thesis, the potential was evaluated in the 4-mode representation, and 10 grid points were used
in each coordinate for evaluating the potential energy surfaces. Generating a multidimensional
representation of the potential is the most expensive step, but it can reliably capture anharmonic
mode coupling effects. The efficacy of the calculation relies on a highly accurate potential energy
surface and dipole moment surface,'® beyond what can be generated with DFT calculations.

The final major approximation is to break up a large molecular system into a collection of
local monomers (LMs) such as individual molecules and discarding the coupling constants
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between monomers, which significantly reduces the number of coupled vibrational modes. For
instance, for a system of six water molecules, the full system would consist of 3N — 6 = 48 normal
modes, whereas the local monomer approach reduces the number of normal modes to 6(3-3 — 6) =
18, and anharmonic coupling would be accounted within sets of three modes rather than the
throughout the entire system. Since the total wavefunction is the product of single-mode
wavefunctions, this significantly reduces the complexity of the calculation. For instance, spectral
density of liquid H>O has been calculated with the LM method,?” reproducing the position and
intensity of the bend-libration combination band at 2200 ¢cm™!, which is typically challenging to
reproduce due to its anharmonic character. The LM approximation works best with high-frequency
anharmonic modes (w > 700 cm™), whereas low-frequency, delocalized modes are more
challenging to model. For these intermolecular modes, one can simulate the IR spectrum using the
dipole TCF, but this approach is unable to capture the coupling information that is produced from
the VSCF/VCI calculation.®

Altogether, the VSCF/VCI method with the local monomer approximation enables the
calculation of highly accurate vibrational spectral densities for anharmonic systems, such as the
aqueous proton. As a demonstration, we present the vibrational calculations of a central Zundel
Hs0:" local monomer solvated by a shell of four HxO monomers. Computational details beyond
what was described in this section are provided in Chapter 6. A comparison of the double harmonic
spectral density (Fig. 2.10a) and VSCF/VCI spectral density (Fig. 2.10b) shows that the
VSCF/VCI calculation is in much better agreement with experiment (Fig. 2.10¢).>° Improvements
in both frequency position and intensity are obtained, owing to a more appropriate treatment of

anharmonic mode mixing and nuclear quantum effects. However, the calculation omits lineshape
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considerations, and as such misses the broad lineshapes arising from coupling to low-frequency

modes.*’

a) DHO, 6Z

_M.A _AMA AA ~ M

b) VSCF/VCI, 6Z

_ o~ B AN ,,/\-//\-\_,\ e — - N /\/\
c) Expt, 6Z \
Ll l
. "'o' | | i .1 l| | I"‘." . I‘ ||
|} Iy ( 1y A ) I ‘.V‘.* -'."-_.," i 1 '-]4‘} o '.,- Y }_"' ""\‘_\_ | | 4
,,‘n,'ll”\u,u,‘.‘n’ vy, "t Mupnd A h A PR i W WA e L
L 1 1 1 1 1 1 1 1 ]
400 800 1200 1600 2000 2400 2800 3200 3600 4000

Energy (cm-1)

Figure 2.10: Calculated spectral densities of the 6-Zundel H'(H20)s gas-phase hexamer. (a)
Double harmonic spectral density calculated with the B3LYP functional. (b) VSCF/VCI
calculated spectral density with a HsO," central local monomer and four solvating water local
monomers. Features are broadened with 20 ¢m™ Gaussians. (c) Experimental spectrum
measured with IR-IR double resonance predissociation spectroscopy (Ref. 39).

In addition to the linear spectrum, the VSCF/VCI calculation generates other useful
quantities. First, the calculation provides excited states up to 6500 cm™ which can be directly
compared to ESAs in 2D IR spectra. Additionally, transition dipole amplitudes and angles for

fundamental and excited-state transitions are recorded, leading to calculated spectral densities and
anisotropy surfaces to compare to experiment. Recording the VCI coefficients ¢\ is also useful

for describing the vibrational character of an arbitrary mode. Finally, the monitoring of interacting

energy levels can be used to generate a type of two-dimensional spectral density, which can be
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compared to 2D IR spectra. All of these qualities make VSCF/VCI calculations useful for making
vibrational assignments for the linear and nonlinear excess proton spectra, which we will show in

Chapters 6 and 7.

2.7 Summary and Conclusion

The theory behind linear and nonlinear IR spectroscopy is well-developed and enables the
intuitive interpretation of spectra for well-behaved systems. In linear spectroscopy, the interaction
of the molecular dipoles with an incident oscillating electromagnetic field produces a polarization
characterized by the linear response function R((z). Nonlinear response is described in terms of
multiple interactions of ultrashort pulses with the system’s density matrix, which create a
macroscopic, coherent polarization that can be detected experimentally. In third-order
spectroscopy, this enables experiments such as 2D IR and transient absorption spectroscopies.
2D IR spectroscopy is capable of interrogating the anharmonicity and coupling of different
vibrational modes in the form of cross peaks. By controlling the polarizations of the incident fields,
it is possible to observe the orientational diffusion of a dipole and the relative orientation between
two dipoles. These analyses are useful for making vibrational assignments for different motions,
but computational assistance is necessary for connecting the spectroscopy to vibrational
assignments. VSCF/VCI calculations can handle anharmonic and multidimensional systems such
as the aqueous proton, and will be invaluable for interpreting the experimental results. The subject

of the next chapter will describe the necessary tools and methods needed to measure these spectra.
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Chapter 3

Experimental Implementation of Nonlinear IR
Spectroscopy

3.1 Overview of the Spectrometer

Detector Array
Coherent Vitara Oscillator & SSF Monochromator
Ay =800 nm, A% =70 nm FWHM Broadband IR Probe Source
At=12fsf,, =80 MHz © = 1000-4000 cm”’
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Figure 3.1: A schematic of the main components of the TA and 2D IR spectrometer.

To directly monitor aqueous vibrational dynamics with ultrafast IR spectroscopy, we need
to generate temporally short, spectrally broad, and intense mid-IR pulses. While the fundamental
principles of ultrashort light generation are well established, it is only in the last decade or so that
their application in the mid-IR has advanced enough for reliable experiments on the aqueous
proton. The implementation of transient absorption (TA) and two-dimensional infrared (2D IR)

spectroscopy in practice involves a remarkable coordination of many highly sensitive components
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that generate, modify, and detect ultrafast pulses of infrared light. If any one of these components
fails, the entire experiment cannot function. As a result, the operating research assistant gains an
intimate knowledge of each component over the years through iterative rounds of troubleshooting,
optimization, and development. This chapter begins with a top-level overview of the various pieces
of the 2D IR spectrometer (Fig. 3.1) before delving into each piece of the experiment in more
detail.

The foundation of the experiment lies in the generation of intense, ultrashort 800 nm
pulses. Broad-bandwidth 800 nm pulses are first generated in a mode-locked oscillator at nJ pulse
energies. They are then stretched in time and amplified to multiple mJ per pulse at a repetition rate
of 1 kHz. These intense 800 nm pulses are split into three independently controlled compressors,
bringing the pulse widths down to 25 fs each, and are used to pump three infrared light generation
sources.

IR pump pulses come from one of two separate light generation sources. Tunable excitation
pulses centered between 3 um and 3.3 pym are generated in a home-built two-stage optical
parametric amplifier (OPA) that yields pulses with 3-4 pJ pulse energy, 45 fs pulse width, and S-
polarization.! Another 800 nm arm pumps a commercial OPA to generate a pair of collinear near-
IR pulses, which are then mixed in a nonlinear crystal to produce tunable mid-IR light via
difference frequency generation (DFG). This process generates pump pulses with center
wavelength between 4-8 pm, pulse energy between 7-10 pJ, and pulse width between 50-100 fs.
With either of these two arms, we can vibrationally excite anywhere in the 1000-3000 cm! proton
continuum of absorption.

The pump pulse is then guided through a Mach-Zehnder interferometer (MZI) to generate

a pulse pair for the 2D IR experiment while simultaneously recording the pump spectrum. The
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interferometer splits the pump into two arms, one static and chopped at 500 Hz and the other on a
motorized stage controlling the pump time delay zi. These arms are re-overlapped to generate two
output arms. One outgoing arm is guided to the sample region, and the second arm is sent to a
single-channel detector, which records the pump interferogram as a function of 7. This
interferogram is processed to measure the pump’s spectrum and phase errors from slight
misalignments, both of which are needed for 2D IR measurements.

To detect the vibrational response of the sample, we use a broadband IR probe pulse based
on plasma filamentation in nitrogen gas.> To generate these pulses, the third 800 nm arm is used
to produce 400 nm and 267 nm light via second harmonic generation (SHG) and sum-frequency
generation (SFG), respectively, in beta-barium borate ($-Ba;BOs, BBO). These three beams are
focused into a stream of N, generating a plasma filament that produces light spanning THz, IR,
and visible frequencies. The mid-IR light of interest is isolated by transmission through a thin
wafer of silicon set to transmit 45°-polarized light and passed through a spatial filter before being
guided to the sample area.

At the sample region, the pump and probe pulses cross at a common focal point in the
sample. The pulses are also overlapped in time via a motorized translation stage in the probe line,
which determines the waiting time delay 7. After propagating through the sample, the pump is
blocked but can be guided to a single channel detector to measure its temporal profile. As a
consequence of the pump-probe geometry, the generated nonlinear signal is phase matched
collinearly with the probe such that they propagate together.

Before detection, the probe and signal are split into two arms with S and P polarization to
simultaneously measure polarization-resolved TA and 2D IR spectra. Each arm is guided into a

monochromator and then dispersed onto a 2x64 photodetector array where each 64-element stripe
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detects the response from the two polarization schemes as a function of a detection frequency ws.
The data are recorded as change of absorption after excitation by the pump, referenced by the
power fluctuations of the probe so as to mitigate shot-to-shot variations in laser intensity.
Frequency-dispersed and polarization-resolved TA spectra are collected by stepping the 7> delay,
which records vibrational relaxation kinetics and polarization anisotropy decay. Polarization-
resolved 2D IR spectra are collected as a series of TA spectra which oscillate over 71 for a fixed
72. This time-frequency representation of the data is then Fourier transformed across 71 to generate
an IR spectrum in terms of excitation frequency w: and detection frequency ws. Polarization-
resolved 2D IR can be used to disperse polarization anisotropy over w; and w3, and 2D IR 7> series
can be collected to measure frequency correlation kinetics.

In this chapter, I will describe the components of the spectrometer, motivate their
importance for the experiment, and demonstrate how data are collected and processed. While not
described in exhaustive detail, the descriptions of the various pieces should be a useful introduction
for new graduate students and postdocs in the lab. This chapter will also serve as a record of
experimental conditions such as IR pulse widths and energies. Where appropriate, thoughts on
potential future improvements will be included so that future group members can continue to

develop the experiment.

3.2 Generation and Amplification of Ultrafast 800 nm Pulses

Every pulse in the 2D IR experiment originates from an 800 nm seed pulse generated in a
Titanium:sapphire (Ti:Sapphire) oscillator. The oscillator (Coherent Vitara-T) consists of a laser
cavity where the gain medium is a sapphire crystal (Al,O3) with ~1% of the AI** sites substituted

for Ti**.3 The cavity is pumped by a continuous-wave, optically-pumped semiconductor laser
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(Coherent Verdi-G) at 532 nm and emits around 800 nm. Due to the Jahn-Teller splitting of the
Ti** crystal field environment and vibronic coupling with Ti:Sapphire phonons, the bandwidth of
the 800 nm laser field can span up to 100 nm,* broad enough for supporting ultrashort pulses.
Pulses with 12 fs pulse width are generated by mode-locking the cavity, which induces a well-
defined phase relationship between all of the frequencies in the band. These pulses fire at 80 MHz
with average power of approximately 400-450 mW, corresponding to about 5 nJ per pulse.

To increase the bandwidth and reduce the pulse width of the amplified 800 nm pulses, the
seed beam is guided through a spectral shaper (Coherent SSF), which is a band-rejection filter
spanning 780-820 nm. The resulting spectrum is bimodal, peaked at 770 and 830 nm with some
remaining intensity in between. Without spectral shaping, the amplified 800 nm pulse would be
comparatively narrower in frequency and longer in time due to the variation in amplifier gain
across the bandwidth of the pulse.® The spectral shaper pre-compensates for this loss in bandwidth.
A W2 waveplate before the SSF modulates the band-rejection depth, which can be tuned within a
couple degrees to minimize 800 nm pulse width and optimize mid-IR power down the line.

After spectral shaping, the 800 nm seed pulse undergoes chirped pulse amplification in a
regenerative amplifier (Coherent Legend USX), whereby the pulse is temporally stretched,
amplified in a second Ti:Sapphire cavity, and then temporally recompressed. This procedure
allows for attaining high peak powers (> 1x10'?> W) without risking damage to cavity optics or the
gain medium. A seed pulse is stretched when diffraction off a grating disperses its frequencies in
pathlength, spreading out the frequencies in time. A single stretched pulse from the 80 MHz pulse
train is then switched into the amplifier cavity via a Pockels cell, which applies a high-voltage
electrical pulse to an electro-optic component to act as a polarization gate for the selected seed

pulse. The Pockels cell (and all other electronic devices on the table) are synced to the amplifier’s

86



pump laser (Coherent Evolution), which fires at a 1 kHz repetition rate. The pump is a Q-switched,
frequency-doubled Nd: YLF laser (A = 527 nm) generating nanosecond pulses with average power
of approximately 20 W. Once the Ti:sapphire crystal has been pumped, the seed pulse bounces
within the cavity 14 times, each time stimulating emission at 800 nm. A second Pockels cell
controls the exit of the 800 nm, now amplified to an average power of 5.5 W. The pulse is split
between three arms whose intensities are determined by nested polarizing beamsplitters and A/2
waveplates. Each arm has an independent grating compressor,” which uses a pair of parallel
gratings to re-equalize the pathlengths of all frequencies in the pulse and bring the pulse width
down to 25 fs. The amount of power in each line can be manipulated to guide energy into one of
the pump lines and the probe line for a particular experiment. We have characterized the pulse
temporal properties with a single-shot frequency-resolved optical gating (FROG) autocorrelator
(Swamp Optics GRENOUILLE 8-20-USB), which retrieved a pulse width of 32 fs. This value
serves as an upper bound because the SHG crystal is not able to simultaneously phase match across

the entire bandwidth of the pulse.

3.3 Generation and Characterization of Mid-IR Pump Pulses

3.3.1 Introduction to OPA

It is necessary to convert the intense 800 nm beams to pulses in the mid-IR, which is
achieved by utilizing nonlinear optics. In standard linear optics, the polarization of a material
typically depends linearly on the amplitude of an incident electric field, whereas nonlinear optics
deals in the regime where the material’s polarization depends on higher orders of the electric field.
This regime is typically reached with intense, ultrashort pulses where the field amplitude is
compressed into the femtosecond regime. With a nonlinear optical material, typically a

birefringent crystal, it is possible to convert the frequencies of an incoming beam to new
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frequencies of output light. Some common examples of these are second harmonic generation
(SHG), sum and difference frequency generation (SFG/DFG), and optical parametric amplification
(OPA). Useful introductions to nonlinear optics and OPA is provided in the textbook by Butcher
and Cotter® and a pedagogical review by Manzoni and Cerullo,” but here T will provide a brief
introduction of the concepts behind IR light generation from 800 nm pulses.

For frequency conversion techniques like OPA and DFG, we care primarily about the
second-order terms in the nonlinear polarization Pnr, which for collinear beams propagating in
time ¢ along the z-axis, can be expressed as

P, (z,0)=2¢d  E*(z,1), (3.1
where ¢ is the vacuum permittivity and defr is an effective nonlinearity coefficient. This coefficient
is a positive scalar which depends on the nonlinear process and the identity of the nonlinear
medium. Because the incident electric fields are oscillatory, Pnr oscillates as well, which becomes
a source of electromagnetic radiation.

In second-order processes, we generally consider three-wave mixing between a high-
frequency electric field with angular frequency w3 and two fields at lower frequencies w1 and wo.
For this discussion, w1 and w3 do not refer to the excitation and detection frequencies from 2D IR
spectra, introduced above. Because Pni depends on the square of the total incoming field, the
outgoing electric field will contain cross terms at the sum and difference frequencies of w1, w2, and
w3. As the three fields propagate through the material, they can exchange energy amongst each
other facilitated by the nonlinear medium. In SFG, for example, when the amplitudes of w: and w>
are large and the initial amplitude of ws is zero, the w1 and w> fields interact to generate an electric
field with angular frequency ws = w1 + w2. In DFG, the amplitudes of w1 and w; are large while

the initial amplitude of w2 is zero, and combination in the nonlinear medium generates an electric
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field at the difference frequency w2 = w3 — w1. Energy conservation is obeyed both in terms of
frequency and intensity. When treating intensity as photon flux, three-wave mixing can be
interpreted as creation and annihilation of photons at different frequencies. In contrast to lasing,
the medium does not absorb energy. Rather, it serves as a coupling mechanism between the
photons.

In OPA, the amplitude of the incoming w; field (known as the pump) is many orders of
magnitude larger than the w: field (known as the seed), and the amplitude of the w> field is zero.
The higher-frequency field amongst w1 and w> is known as the signal and the lower-frequency
field is known as the idler. The energy from the pump is channeled into the signal and idler fields
to amplify them both by many orders of magnitude. Qualitatively, this process can be described
like a positive feedback sequence of DFG steps: when the material is excited by a photon of energy
hws, a photon of Aw: seeds a stimulation process which generates a photon at 4w and a second
photon at Aw>, where hwi + hw2 = hws. The new hAw: then stimulates the emission of another pair
of hwi and hw: photons. Assuming perfect phase matching and a sufficiently long pathlength
through the medium, the amplitudes of the w: and w> fields can grow exponentially. There are
additional details to consider which limit amplification efficiency, such as temporal walk-off
between ultrafast pulses. However, this simple model can be generalized to other amplification
schemes, such as amplification of broadband pulses by noncollinear wave mixing.

The efficiency of any three-wave mixing process depends on the term Ak = k3 — ki — k2,
known as the wavevector mismatch, where £; is the wavevector of the electric field of frequency
wi. When Ak =0, phase matching is achieved and nonlinear wave mixing is maximized. This
condition ensures that the three beams stay in phase with each other while propagating through the

medium. One of the experimental handles for ensuring phase matching is to exploit the
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birefringence of the nonlinear medium. This is because the phase matching condition can be
rewritten by relating & to the angular frequency w, the medium’s index of refraction n, and the
speed of light in a vacuum co as k = wn/co. Plugging into the phase matching condition above
yields:

n@,—no —no,=0. (3.2)
In a birefringent crystal, the index of refraction at a particular frequency depends on the orientation
of the light’s polarization and propagation direction with respect to the optical axis. When
propagating normal to the optical axis, a beam can experience the same index as that along the
optical axis, known as the ordinary refractive index n,, or a different index known as the
extraordinary refractive index n.. Depending on the details of the type of nonlinear crystal and the
three-wave mixing process, phase matching can be achieved when the beams propagate at a
particular angle # with respect to the optical axis of the crystal. This angle satisfies the phase
matching condition because n1, n2, and n3 are O-dependent mixtures of n, and n.. A useful
visualization of how refractive indices change with 6 is shown in Fig. 6 of the review by Manzoni
and Cerullo.” In practice, phase matching is found by tuning the crystal angle on output power and
center frequency of the desired pulse. The dependence of phase matching on polarization results
in two main phase matching schemes: type I phase matching where the polarizations of the k1 and
k> fields are parallel to each other but orthogonal to 43, and type II phase matching, where the

polarization of 43 is parallel to k1 and perpendicular to k.

3.3.2 Generation of 3 pm Light
3 um pulses are generated in a home-built two-stage OPA, which is described in detail

elsewhere.! Briefly, approximately 500 pJ of P-polarized 800 nm light is split into three paths with
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intensity ratios 1:34:65. These paths are used for white light generation, pumping the first OPA
stage, and pumping the second OPA stage, respectively. The white light continuum is generated
by focusing 800 nm into a 1 mm thick piece of sapphire, and is used as the seed for the first OPA
step. The white light seed is collinear with the first 800 nm pump in a 1 mm BBO crystal cut at
0 =29° and set to 6 = 21.5°, the angle for collinear type I phase-matching with a 1100 nm signal.
The 1100 nm component of the white light is amplified to 500 nJ for seeding in the second OPA
step. In the second OPA stage, the 1100 nm pulse is mixed collinearly with the second 800 nm
pump to generate an S-polarized 3 pum idler via type I phase matching in I mm of potassium niobite
(KNB) cut at §=41°. Tilting the KNB crystal adjusts the phase-matching angle 6, providing
frequency tunability of the output light. For center frequencies around 3000 cm™!, pulse energies
are typically greater than 5 puJ, but drop to below 3 uJ for center frequencies above 3400 cm™!. The
power stability is typically 2%, but can improve to 1.5% at higher pulse energy. The pulsewidth is
45 fs as measured by SHG FROG in AgGaS,.! The output energy may be improved by exchanging
sapphire for yttrium aluminum garnet (YAG) for white light generation, which has been shown to
increase the seed intensity by up to 2.5 times.® We have not seen indications that we have saturated

either of the OPA processes, so increasing the seed intensity should help amplify 3 um output.

3.33 Generation of Tunable Mid-IR Pump Pulses Spanning 1250-2800 ¢cm™!

To excite vibrational frequencies in other regions of the mid-IR, we first employ OPA to
generate near-IR signal and idler beams.” 1.4 W of compressed 800 nm light is sent into a
commercial OPA (Light Conversion TOPAS Prime) to generate tunable near-IR pulses centered
between 1.3-1.45 um (signal) and 1.8-2.0 pm (idler). The OPA occurs in two stages. The incoming

P-polarized 800 nm pump is separated into three lines with relative intensities of approximately
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1:10:200. The first beam passes through a A/2 waveplate and is focused into a sapphire plate for
generating an S-polarized white light continuum, serving as the seed for an 800 nm-pumped,
noncollinear OPA step in BBO with type I phase matching. Because of the noncollinear geometry,
the amplified signal is spatially separated from the pump and idler and can be tuned between 1.3-
1.45 ym by adjusting the BBO angle and the pump-white light timing. The signal is spatially
overlapped with the third 800 nm arm for a collinear second OPA step in BBO. The process is
type II phase matched to generate P-polarized idler centered between 1.8-2.0 pm, which can also
be tuned by rotating the angle of the BBO with respect to the beam path. The collinear signal and
idler beams transmit through an 800 nm high-reflector to separate residual pump. The signal and
idler beams contain about 300 puJ and 200 pJ of pulse energy, respectively.

The generation of mid-IR light is accomplished by DFG between the near-IR signal and
idler in a homebuilt assembly (Fig. 3.2). The collinear beams are first separated into two arms then
recombined on a dichroic mirror, where timing and spatial overlap between the two beams are
optimized for DFG in a nonlinear crystal (AgGaS; or GaSe). The DFG is separated from the signal
and idler by transmitting through a long-pass filter (Spectrogon), which was chosen to ensure
approximately constant broadband transmission (80 + 5%) from 3-12 um. A HeNe tracer beam is
reflected off this optic for overlap with the mid-IR. The beam is collimated and expanded to a 1/¢?
diameter of 8 mm with a folded reflective telescope. At the output, the mid-IR power is

approximately 7-10 pJ, depending on center frequency.
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Figure 3.2: Diagram of the DFG source. Protected silver mirrors are shown in gray, and bare
gold mirrors are shown in yellow. DM: dichroic mirror. LPF: long-pass filter, transmitting
2.5-10 pum. CM1: curved mirror 1, £=-2000 mm. CM2: curved mirror 2, f = 2500 mm.

We use a few different DFG crystals for tuning across the mid-IR. To generate 4 pm light,
we employ a 1 mm thick, anti-reflection coated (for 1.1-2.4 pm on the front face and 2.4-11 pm
on the back face) AgGaS, (AGS) crystal cut at § = 47.2° (Eksma Optics). The S-polarized mid-IR
is generated by type II phase matching between the S-polarized near-IR signal and P-polarized
idler. These pulses are typically 300 cm™ in bandwidth at full-width half maximum (FWHM), 9 uJ
in pulse energy, and 55 fs in pulse width (see Figs. 3.5 and 3.7 below). For 6-7 um pulses, we
employ a 0.5 mm thick AGS crystal cut at = 42.0° to generate light that is also S-polarized from
type 1l phase matching. The reduced pathlength diminishes pulse energy (7 pJ), but relaxes the
phase matching condition Ak = 0, enabling broader DFG bandwidth (530 cm™') and shorter pulse

width (50 fs). For both of these pulses, we can typically achieve stability of 0.7-1%.
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We have used two different methods for generating pulses at 8 um. The first involves tilting
a 1 mm AGS crystal cut at 6 = 42.0° until a center frequency of 1250 cm™' was reached. This
produced pulses with relatively small bandwidth (180 cm™ FWHM) due to crystal thickness and
low pulse energy (2 wJ) due to the low effective nonlinearity of this process in AGS
(detr = 1.5 pm/V).” We had more success with DFG in 0.5 mm of Z-cut GaSe. For this process, we
found type I phase matching produced the steepest phase matching curve, dramatically increasing
bandwidth (280 cm™! FWHM). Additionally, the pulse energy increased to 10 uJ because of the
much higher effective nonlinearity in GaSe (57.1 pm/V).? This high power sharply reduces with
redder pump frequencies, however, so we keep the pump centered at 1250 cm™'. We found that a
type Il process was also phase matched but with narrower bandwidth and orthogonal polarization.
We therefore optimized power on the P-polarized type I process, which was isolated with a ZnSe
polarizer at the exit of the DFG assembly. One downside with using GaSe, however, is that it
cannot be AR coated and produces ghost pulses at 8 ps, setting an upper bound on accessible delay
times.

We have found that in developing pumping capabilities at 8 um, many standard IR
materials absorb in this region, which required us to update most of our optics. Primarily, all
protected gold mirrors were swapped for bare gold since Si-O stretches on the silica protective
coating absorbed between 8-10 um. Dispersion becomes more of a problem in this region as well.
Non-negligible third-order dispersion arises from transmission through the germanium long-pass
filter. We found that other transmissive optics designed for application between 4-6 um were
dispersive and/or absorptive in the 8-10 pm regime. CaF; polarizers and beamsplitters are the

biggest offender, with clear absorption starting at 8 um. ZnSe optics are an improvement, but they
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impart significant negative second-order dispersion between 8-10 um. We have found that KBr

beamsplitters in the pump line significantly reduced dispersion in 8 um pulses.

3.34 Spectral Characterization of Mid-IR Pump Pulses with a Mach-Zehnder
Interferometer

We characterize mid-IR pump pulses in a Mach-Zehnder interferometer, which splits the
beam into two arms and recombines them as two output arms. A diagram of the interferometer is
shown in Fig. 3.3. The introduced beam is split on a 50:50 beamsplitter (BS1, 5 mm KBr substrate)
into transmitted and reflected arms, E7 and Er, respectively. The reflected arm Efr is retroreflected
in a static arm chopped at a 500 Hz repetition rate by an optical chopper (Newport 3507) that is
phase-locked and synchronized to the 1 kHz repetition rate from the Q-switch such that every other
Er shot is blocked. Er is then subsequently split on a second 50:50 beamsplitter (BS2) into
reflected and transmitted arms Ergz and Err, respectively. The transmitted arm E7 is retroreflected
in an arm with a computer-controlled stage (Aerotech ANT-25L), which controls the time delay 7;
between the two arms. Er is also split on BS2 to generate Errand E7g, which are collinear with
Errand Err, respectively.

The two output arms of the interferometer are used to record the spectral content of the
pump pulses in the time domain. The Err + Err output arm is sent to the sample area after
transmission through a ZnSe wire grid polarizer (Thorlabs). In this arm, each field has transmitted
through a beamsplitter exactly once, so that the temporal dispersion is matched. This arm is
sometimes called the “bright” arm because at 71 = 0 fs, the two arms constructively interfere. In
the other arm, the Err + E7r output is focused onto a HgCdTe photodetector, which can either be
a room-temperature detector or an element cooled by liquid nitrogen (IR Associates, MCT-13-0.5)
if higher sensitivity is necessary. This arm records an interferogram of the pump pulse, which
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measures how the beam interference changes as a function of zi. This second arm is known as the
“dark arm” because at 71 =0 fs delay, the E7r and Err beams destructively interfere to
approximately zero intensity. This arises because the first reflection in the Err line is at an interface
where the beam travels from low to high refractive index and induces a 7 phase shift, unlike the
second reflection. In the other arm, Err and E7r carry the same 7 phase factor from one reflection

each. Despite the phase difference in the two arms, they both record the same spectral information.

% I T, Pol
IR Pump I
from DFG or Chop - >
3 um OPA G %Enﬁ Epr f Sample
Qg N BS2 Area
E ETT+ ERR
1 BS1

Figure 3.3: Schematic of the Mach-Zehnder interferometer. BS1 and BS2: beamsplitters 1 and
2. Chop: optical chopper. L: f= 150 mm KBr focusing lens. ND: neutral density filters. MCT:
liquid-N2 cooled or room temperature HgCdTe single-channel photodetector. Pol: wire grid
polarizer. Er/ Er: electric fields of reflected/transmitted beams after BS1. E7r/ Ert/ Et1/ ERrg:
electric fields of recombined beams labeled by transmission through or reflection off of BS1
followed by transmission through or reflection off of BS2, respectively.

An interferogram of a typical 6 um pulse is shown in Fig. 3.4a. The interferogram displays
oscillating intensity as a function of pump delay 7; at an optical period of the center frequency
(~20 fs here) and an envelope with a width that is inversely related to the bandwidth of the
spectrum. At 71 = 0 fs, the interference is at its extreme because all frequency components interfere
together constructively. As 71 increases, the various frequencies oscillate with their own periods
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and their interferences cancel each other out. For times far from 7
reflects the total intensity of two non-interfering beams. We collect asymmetric interferograms
where the absolute values of the first and last waiting times differ (here, 71 =-300 to 500 fs), which

allows us to capture the spectral information in the oscillating regions of the interferogram and

reduce time collecting data in regions with low information content.
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Figure 3.4: Procedure for processing an interferogram to generate a pump spectrum. (a) Raw
interferogram from the MZI dark arm. (b) Windowed interferogram (purple) and the
accompanying window function (dashed black). (¢) The Fourier transform of the windowed
interferogram with real (blue) and imaginary (red) frequency components. (d) Fourier
transform of the pump spectrum after the Mertz correction, leaving only noise in the
imaginary spectrum. (e) The resulting spectrum (blue) and Gaussian fit (black).

g
o

0.5

0.0

—

W

~200 0 200 400
T, (fs)

— Re{S(0)}
— Im{S(®)}

~2000 0 2000
Frequency (cm™)

e)

(&)

Normalized Intensity ~—
o
o

=0 fs, the intensity offset

o
\
1
!

o
)
~
’
’

|
o
n

—-200 0 200

T, (fs)

15 — Re{S(®
El Im{S(w)}
8
> 10
2
g s
£

0 4

~2000
Frequency (cm™)

1.00

0.75

0.50

0.25

Normalized Intensity

0.00

wo =1748 cm™!
FWHM =535cm™’

1000

2000 2500 3000

Frequency (cm™)

2000



To process this interferogram, multiple steps are performed before Fourier transformation
to accurately retrieve the pump spectrum. First, the constant background is subtracted and a
window is applied to the interferogram (Fig. 3.4b). Multiplication by a window function reduces
noise at the wings and prevents a sudden jump between the first and last points during Fourier
transformation, which can introduce artificial oscillations in the spectrum. Because we sample the

interferogram asymmetrically across 71, we use a modified asymmetric Hanning window, which

T
COS[L]+1:| if 7,20

Tmax

T
cos(|ﬂ L |J+l} if 7, <0

T .

As can be seen in Fig. 3.4b, the wings of the interferogram smoothly go to zero without noticeable

takes the form:

N | —

(3.3)

N | —

distortion of the envelope. The Hanning window can be further modified by applying an exponent
o if necessary, where o < 1 generates a less aggressive window, whereas a > 1 is more aggressive.
An overly aggressive window function will compress the envelope of the interferogram and
artificially broaden the spectrum, so care must be taken when choosing a window.

The interferogram is then Fourier transformed, which can produce a complex-valued
spectrum (Fig. 3.4c). An ideal interferogram is an even function of 71, which means that the Fourier
transform should be entirely real. Inspection of Fig. 3.4a-b reveals that the sample interferogram
is not symmetric about 7 = 0 fs, leading to an imaginary component to the spectrum. This arises
from slight misalignments in the interferometer, asymmetry in the arms, or drifts in 71, but can be

accounted for using the Mertz correction.!? The phase error ¢ can be computed numerically as:
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where S(w1) is the pump spectrum. This phase is then corrected for by multiplication of the
complex spectrum by exp[-@(w;)], which can be viewed as a rotation of S(w1) onto the real axis.
Fig 3.4d shows the spectrum after the Mertz correction, which no longer contains imaginary signal.
In practice, we compute the phase over the reduced interval -|tmin| < 71 < |Tmin|, Which is lower
resolution than sampling evenly out to +zmax on both sides of the interferogram. However,
assuming continuity of the phase over the bandwidth of the spectrum, we interpolate the low-
resolution phase onto the full frequency axis. The low-resolution approach begins to fail if 71 is
not sampled far enough in negative time, and imaginary components persist in the spectrum even
after applying the Mertz correction. We have found that for our purposes, sampling out to

min = -300 fs is sufficient, but artifacts emerge when Tmin > -200 fs.
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Figure 3.5: Spectra of the OPA/DFG pump pulses. The absorption
spectrum of 2.5 M HCI (dotted black line) is included for comparison.

The spectra of the pulses used in our experiments are shown in Fig. 3.5, each centered at
features of interest for the aqueous proton. Typical bandwidths and pulse energies in the different

regions are included in Table 3.1. Even though spectra at four center frequencies are shown, we
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can tune to any center frequency between 1250 and 3400 cm!. The lowest-frequency region shows
the two spectra arising from DFG in AGS (narrower) and GaSe (broader) because data using both
pulses will be shown in Chapter 5. For the other three pulses, the bandwidths exceed 300 cm™!
FWHM, the broadest being 530 cm! FWHM. According to the Fourier transform limit for
Gaussian pulses, a spectrum with 300 cm™ FWHM bandwidth can support pulses as short as
7, = 49 fs, which decreases further with increasing bandwidth. However, the Fourier limit is
insufficient for knowing the pulse width and only provides a lower bound. To characterize the

temporal profile of our pulses, we turn to interferometric autocorrelation.

Table 3.1: Summary of Spectral and Temporal Characteristics of Mid-IR Pump Pulses

Center Freq. | FWHM | Pulse Energy | Pulsewidth w/o Sample Additional
(ecm™) (ecm™) (nd) Window (fs) Window Material
3260 400 4 45 Imm CaF, 3mm CaF*
2550 340 9 57 Imm CaF, 6mm CaF,
1750 530 7 50 0.2mm CaF» -
1250 180 2 100 0.2mm CakF»/ -
(AgGaSy) 0.4mm
Diamond
1260 (GaSe) 280 10 67 0.2mm CakF»/ Imm Ge
0.4mm
Diamond

* taken with 3 mm CaF; beamsplitters and CaF> polarizer in MZI

3.3.5 Temporal Characterization of mid-IR Pump Pulses with Interferometric
Autocorrelation

For the best temporal resolution and maximum amplitude of nonlinear signal in our
experiments, it is important to attain the shortest possible pulses. We measure their temporal pulse
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widths with interferometric autocorrelation. This technique is used to extract the intensity
autocorrelation profile of a pulse using a collinear geometry.!! A great presentation of various
temporal characterization techniques is provided in Ref. 11, but an introduction to interferometric
autocorrelation is presented here. In this measurement, two collinear copies of a pulse of interest
are focused in a nonlinear medium to generate SHG, and the SHG intensity is scanned as a function
of pulse pair delay 7;. The fundamental is filtered out with a polarizer and/or an IR-absorbing
material serving as a short-pass filter. For 6-8 pm pulses, 1-2 mm of silica are sufficient, but 5-6
mm of silica is needed to effectively filter 4 um beams. For detection, we focus the SHG on a
single-channel liquid nitrogen cooled HgCdTe photodetector (IR Associates MCT-13-0.5). In the
measurement, 7; is stepped evenly between -500 fs and 500 fs below the Nyquist frequency of the
second harmonic, typically in steps of 2 fs. The result is an oscillating SHG signal peaked at
71 = 0 fs (Fig. 3.6a). In contrast to a pulse’s interferogram envelope (Fig. 2.4a), the envelope of the
interferometric autocorrelation is not symmetric across the baseline. Instead, at t1 =0 fs, the
interferometric autocorrelation is eight times as intense as the baseline. This 8:1 ratio is a signature
of the nonlinear process, and ratios less than 8:1 may indicate sub-optimal phase matching or
residual transmission of the fundamental.

The asymmetric interferometric pattern arises from the superposition of SHG signals that
oscillate with the optical period of the fundamental (20 fs here) and the second harmonic (10 fs)
frequencies.  Fourier transformation (Fig. 3.6b) separates these from the zero-frequency
component. For a Gaussian pulse with linear chirp, the fundamental and second harmonic features
can be distorted. However, the zero-frequency component is the Fourier transform of the intensity
autocorrelation, which accurately reports on the temporal width of a Gaussian pulse. Applying a

low-pass filter and inverse Fourier transforming, the intensity autocorrelation is recovered
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(Fig. 3.6¢). The intensity autocorrelation reports on the convolution between the two copies of the

pulse. For an intensity autocorrelation with FWHM width 7. and a Gaussian pulse with FWHM

width 7, 7, =27
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Figure 3.6: An example interferometric autocorrelation of a 6 pm pulse. (a) Raw measured
interferometric autocorrelation (blue) and fit (red) for a Gaussian pulse with linear chirp.
(b) Fourier transformation of the raw data (blue) and low-frequency spectral window
(dashed black) for isolating the zero-frequency component. (c) Inverse Fourier Transform
of the zero-frequency component produces the intensity autocorrelation (blue) with
Gaussian (red).

Typical interferometric autocorrelations and extracted intensity autocorrelations for pulses
generated by OPA/DFG are presented in Fig. 3.7. Both of the 8 um pulses are somewhat longer
than those at higher frequencies, but the 8 pum pulse generated in GaSe (Fig. 3.7b,f) is the shorter
of the two. With an optical period of 27 fs at 8§ um, a pulse width of 67 fs corresponds to a 2.5-
cycle pulse. Similarly, at 6 um we can produce 50 fs, 2.5-cycle pulses. Some of these pulses require
material to compensate for dispersion from certain transmissive optics, which are included in
Table 3.1. The autocorrelations presented here are without transmission through the sample
window. The most appropriate window materials are shown in Table 3.1, each of which increase
the pulse widths by no more than 10%. For pulse frequencies below 2000 cm™!, we found that
using 0.2 mm thick CaF> windows (Crystran) was a sufficient trade-off between ease of use and
reduction of dispersion. For 8 um pulses, polycrystalline CVD-deposited diamond windows
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(Diamond Materials) are not dispersive, but suffer from high reflective losses and some scatter due
to microscopic graphite granules, adding new challenges to data collection. At these low
frequencies, it may be feasible to compensate for the dispersion from 0.2 mm CaF, sample
windows with Ge or Si, but previous attempts were not effective, likely due to effects from third-

order dispersion.
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Figure 3.7: Interferometric autocorrelations of the (a) 8 um pulses generated by DFG in
AgGaS; and (b) 8 um pulses generated by DFG in GaSe, (c) 6 um pulses, and (d) 4 pum pulses.
(e)-(h) Extracted intensity autocorrelations and measured pulse widths for the respective pulses.

3.4 Generation and Characterization of Broadband Mid-IR Probe Pulses

The success of our 2D IR measurements depends on the ability to generate a coherent,
ultrafast broadband IR (BBIR) probe pulse (Fig. 3.8). Because the details have been presented
elsewhere,? I will summarize the main aspects here and include updated experimental details. After
compression, 1.7 W of P-polarized 800 nm light is guided into the setup and retroreflected on a
computer-controlled motorized stage (Aerotech ANT-95L) to control the pump-probe waiting time

72. The beam transmits through 0.2 mm of BBO cut at § = 29.2° for collinear SHG generation of
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S-polarized 400 nm. The collinear 800 nm and 400 nm beams are then transmitted through a
2 mm thick BBO crystal cut at 66° to adjust the timing between the two pulses at the nitrogen
filament. Next, a A/2 waveplate for 800 nm rotates the fundamental to S-polarization for type |

SFG in 0.1 mm BBO cut at 44.6°, which generates S-polarized 267 nm light.

BBO1 BBO2
|—|400 nmu
1,

>
800 nm
—

: Pinhole
HeNe | N\

Tracer |
OAP

To Sample Area l

Figure 3.8: Diagram of the broadband IR generation source. BBOI1: First BBO crystal
(0.2 mm, 6=29.2°) for doubling 800 nm. BBO2: Second BBO crystal (2 mm, 6= 66°) for
delay compensation. HWP: A/2 waveplate for rotating 800 nm polarization. BBO3: Third BBO
crystal (0.1 mm, 8 =44.6°) for 267 nm generation. CM1: f = 10 mm focusing curved mirror
with high-reflective coating for 800, 400, and 267 nm (Layertec). CM2: f = 10 mm bare silver
collimating mirror. Si: 0.4 mm silicon wafer. OAP: 90° off-axis parabolic mirror with
101.6 mm effective focal length.

The 800 nm and its two harmonics are then focused into a gentle stream of nitrogen, which
generates a plasma that radiates P-polarized light with frequencies spanning from the THz to the
visible. The IR beam is collimated on a silver curved mirror and isolated by transmitting through
a 0.4 mm wafer of silicon. We select for a component that is polarized at 45° from vertical by
mounting the silicon at 45° and then rotating to Brewster’s angle (78° in the mid-IR). In practice,
the beam is about 55° from vertical with an approximately 20:1 polarization purity in intensity.

The mid-IR is too weak to measure on a thermal power head, but we estimate with a liquid N>
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cooled MCT detector (IR Associates, MCT-13-0.5) that the pulse energy is about 10 nJ with
approximately 3-5% stability and a slow power drift that oscillates on the order of one minute. The
slow drift is Fourier filtered out of 2D experiments, but contributes to noise in TA experiments
particularly when signal is less than 1 mOD. The spatial mode of the beam is non-Gaussian, so we
filter the spatial mode with a 150 um pinhole at the focus of a bare gold off-axis parabolic mirror
with effective focal length of 101.6 mm. The beam is recollimated on a matching off-axis parabolic
mirror to a 1/¢? diameter of approximately 9 mm. To guide the BBIR beam, we spatially overlap
it with a red diode laser. To limit transmission through material and therefore dispersion of the
BBIR, we have placed a flipper mirror in the BBIR beam path for the diode laser to trace the BBIR
beam path. While not ideal, it has proved to be sufficient for our alignment procedures.

The spectrum of the BBIR light source is shown in Fig. 3.9, measured with a Mach-Zehnder
interferometer in the probe line. The spectrum is peaked at approximately 1800 cm™! with a long
tail to high frequencies. In practice, adjustment of the BBO crystals and the location of the spatial
filter can be used to maximize throughput in a desired frequency region. Adjustment of the spectral
shaper after the oscillator can optimize the power uniformly across the frequency range. In the
region between 1000-1200 cm!, many IR materials absorb, and this is seen in the intensity drop-
off from using a CaF> lens to focus onto the detector. We have found that lenses made with ZnSe,
KBr, and BaF» are more appropriate for these low frequencies, revealing that there is substantial
broadband light generated below 1000 cm™!. We avoid this problem before the detection array by
focusing with a bare gold off-axis parabolic mirror. Like in the pump lines, we replaced all other
mirrors with bare gold to reduce absorption by the silica protective coating. Near the BBIR
generation plasma, this results in corrosion over time, so the closest two bare metal mirrors are

replaced once or twice a year.
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Figure 3.9: Spectrum of the broadband IR source. The IR absorption spectrum of 2.5 M HCl
is shown for comparison.

To characterize the temporal properties of the BBIR, we measure a FROG cross-correlation
in a 0.4 mm wafer of Si at the sample area, with the mid-IR pump as a reference pulse. To prevent
multi-photon absorption, we attenuate the pump until the transient response only occurs during
pulse overlap. The non-resonant response in Si with the GaSe-generated 8§ um pump is presented
in Fig. 3.10 with different amounts of material in the pump and probe beams. With no material,
the response looks essentially vertical, indicating that all frequencies arrive at the sample within
the same 100 fs interval. Introduction of 0.2 mm CaF; introduces some dispersion between 1000-
1200 ¢cm™!, making the nonresonant response somewhat U-shaped. This is exacerbated further with
1 mm CaF; windows, and pulse arrivals vary over 500 fs. Thin CaF, windows ensure sufficiently
narrow instrument response for our 2D IR measurements. When data is presented, 72 = 100 fs or
150 fs will represent the earliest measurable waiting time.

There are many challenges associated with the BBIR beam due to its nonstandard
generation mechanism and broad spectrum. Continuum THz and mid-IR generation has been

attributed to optical rectification in the plasma medium,'>!3 which is consistent with its high
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sensitivity on 800 nm bandwidth and pulse width. Spatial chirp is observed, which may arise from
the distribution of wavevector combinations introduced with focusing. As a result, the various
frequencies in the BBIR would be phase matched at different angles, resulting in spatial chirp.
Interestingly, the BBIR generated with gentle focusing displays a ring-like spatial mode,'*!5 but
is less apparent in our experiment perhaps due to the tighter focusing. We have also found that
residual visible pulse energy induces transient absorption in silicon, which enables intraband IR
absorption in the conduction band and introduces a hole in the IR spatial mode. A broadband
reflective alternative to the Si wafer such as indium tin oxide (ITO) would improve the throughput
of the broadband, assuming high reflective efficiency across the whole spectrum. Finally, it is
worth stating that an exciting development is underway for amplifying the BBIR probe with OPA
in GaSe to generate a broadband IR pump for nonlinear experiments. We have achieved greater
than 10 pJ pulse energy, corresponding to 1000x amplification, but further optimization,
characterization, and resolution of spatial chirp issues are necessary for it to be incorporated into

experiments.
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Figure 3.10: Silicon FROG cross-correlation traces with 8 pum pump pulses (a) with
no material (b) 200 um thick CaF> sample windows, and (c¢) 1 mm CaF, windows.
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3.5 Spatial and Temporal Arrangement of Pulses for Nonlinear
Spectroscopy

We conduct TA and 2D IR experiments in the pump-probe geometry, which comes with
certain benefits and drawbacks. The biggest benefit is the simplicity of alignment: only the pump
and probe beams need to cross at the sample. Additionally, both of the rephasing and nonrephasing
nonlinear signals are phase matched collinear to the probe and are collected together. As a result,
the nonlinear signal is always collected as transient absorption surfaces without the “phase twists”
inherent to rephasing and nonrephasing surfaces. Additionally, the signal is self-heterodyned with
the probe, removing the need to align and time up an external local oscillator. Heterodyning with
the probe is convenient, but for us the 3-5% stability of the BBIR probe background contributes to
noise in the transient signal.

At the sample area, the pump and probe beams are parallel and displaced 25 mm apart
before focusing at the sample with a bare gold 90° off-axis parabolic mirror (effective focal length
of 101.6 mm). About 30% of the pump power from the DFG (Table 3.1) makes it to the sample at
71 = 0 with the chopper open. The spatial profile of the pump at the focus has not been rigorously
imaged, but approximately 30% of the intensity transmits through a 100 pm pinhole at the focus,
suggesting a 1/e> beam waist diameter of 230 um. The pump and probe beams are then
recollimated on a matched parabolic mirror. The pump beam is blocked after the parabolic mirror,
whereas the probe is guided to the detection area. We also have placed an iris centered and closed
down on the probe beam to block any pump scatter off of the sample.

The setting 72 = 0 fs between the pump and probe beams slightly differs depending on the
pump source. When the pump comes from the 3 um OPA, the pathlengths of the pump and probe
beams are approximately 2 m from the regenerative amplifier to the sample, and the two beams

are phase stable with respect to each other. As a result, it is straightforward to time them up with
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the interference between the probe and the pump scattered off of a 100 um pinhole at the sample
position. However, when the pump is from the OPA/DFG line, the pathlengths increase by another
3 m in both lines, and the pump and probe are no longer phase stable. As a result, scanning 72 on
pinhole scatter generates a flat line when shots are averaged (typically over 250 shots per time
point). Instead, we collect the minimum and maximum scatter intensities summed over elements
on the detector array for each 72, which recovers a temporal envelope reflecting the bandwidth of

frequencies on the array. The maximum of the envelope is set to 72 = 0 fs with approximately 5 fs

resolution.
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Figure 3.11: Diagram of the probe reference beam path and polarization-resolved detection
lines. MCT: HgCdTe single-channel probe reference detector. ND: neutral density filter. L:
100 mm KBr lens. Poll: CaF, wire grid polarizer set to transmit P polarization. Pol2: CaF; or
ZnSe wire grid analyzing polarizer set to transmit S-polarized light. Dotted beam and mirrors
are vertically displaced 25 mm from the original line.

After leaving the sample area, the probe beam is guided to a detection line designed to
reference for shot-to-shot probe beam intensity fluctuations (Fig. 3.11). A reflection off of a BaF»
window is guided to a single-channel, liquid nitrogen cooled MCT photodetector (IR Associates,

MCT-13-0.5), which is used as a reference of the probe intensity fluctuations (described below in
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Section 3.6). Ideally, the probe intensity fluctuations would be measured as a function of frequency
without transmitting through the sample, but the vast majority of the fluctuations are frequency-
independent and the change in transmission in our samples is less than .1%, which is a negligible
contribution to the magnitude of the frequency-integrated intensity fluctuations.

The probe is then split into S- and P-polarization components with a CaF> wire grid
polarizer (Specac) set to transmit P and reflect S polarization. This is used to simultaneously collect
the ZZZZ and ZZYY response for TA and 2D anisotropy measurements, which reduces artifacts
from carrying out two separate experiments. A wire grid analyzing polarizer set to transmit vertical
polarization is placed in the reflected arm, and the polarization of the vertical arm is rotated to
horizontal with a 90° off-axis periscope to assure matched grating diffraction efficiency for both
arms in the monochromator. The two beams propagate parallel to each other, displaced vertically
by 25 mm, and sent to a 45° off-axis parabolic mirror with 150 mm effective focal length, focused

on a slit at the entrance of the monochromator.

3.6 Detection of Nonlinear Signal

The two probe beams are dispersed in a monochromator for detection in the frequency
domain (w;) by a dual-stripe 2x64 element MCT array (IR Associates MCT-9-128). The
monochromator disperses frequencies with one of three diffraction gratings blazed for 6000 nm
light with 75-300 grooves/mm. If the w3 region of interest is less than 2000 cm™, a long-pass filter
is placed in front of the entrance slit to prevent spatial overlap of second order diffraction of probe
frequencies between 2000 and 4000 cm™. We typically use the least dispersive grating because of
the broad lineshapes of aqueous features. With this grating, the w3 resolution is 1-2 cm™! near

1000 cm™, 3-4 cm™! around 1600 cm™!, 13-14 cm™ at 2500 cm™!, up to 38 cm™! at 3400 cm!, which
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varies so dramatically since diffraction angle is linear with wavelength instead of frequency. To
calibrate the frequency positions of each element on the array, we scatter pump light off of a
100 pm pinhole to put pump light on the probe line, scan between 11 = -2 ps to 2 ps and Fourier
transform the interferogram on each element.

The optical signals are recorded and processed electronically with a multi-channel boxcar
integrator (IR Systems FPAS 0144), which collects 0-5 V analog signals from the MCT array and
16 external channels. The duty cycle for detection is approximately 0.001 from the ~1 ps excited
state lifetime of the MCT in the photodetector and 1 ms spacing between pulses. The boxcar
integrator collects analog voltage from an approximately 0.8 pus time window on each element,
synced to the Q-switch trigger. This optimizes the signal-to-noise ratio by integrating over signal
and excluding detector electrical noise during the other 99.9% of the cycle. This voltage is
converted to digital signal with a 16-bit analog-to-digital converter for on-the-fly processing in
LabVIEW and data storage on the lab PC. For instance, referenced transient absorption is

calculated for each shot according to the following expression:

AM(0,) = —log{si(w3) R } (3.5)

RS, (@)

S. and R, refer to the intensities of the transmitted probe and reference pulses for a given shot i
(i+1), where each even (odd) shot was measured with the pump chopper open (closed). For a given
time point, A4 is averaged over 250-1000 shots, depending on the amplitude of the TA signal.
On the detector array, the top and bottom rows of pixels measure signal from the P- and S-
polarized probe lines, respectively (Fig. 3.12). For an S-polarized pump, this corresponds to the
perpendicular (ZZYY) and parallel (ZZZZ) third-order responses, respectively, and is reversed

when the pump is P-polarized. Fig 3.12a demonstrates that the P-polarized arm is much more
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intense than the S-arm at low frequencies, probably due to incomplete filtering of the BBIR
polarization to 45° from horizontal, losses due to poor reflection off of the CaF, beamsplitting
polarizer, and transmissive losses through the analyzer. Transient absorption values are not
impacted by this difference since absorption by definition is referenced to the amount of
transmitted light, but the low light of the S-polarized arm results in poorer signal-to-noise. The
low amount of transmitted light is exacerbated by the continuous linear absorption of aqueous
strong acid solutions, attenuating transmission by almost an order of magnitude (Fig. 3.12b). For
~1 mOD transient absorption features, we have found that at least 1000 counts of linear
transmission are necessary for high-quality data. Below this, the few counts of electrical noise
from the detector pushes the signal-to-noise ratio to < 1. Broadband IR transmission could be
further improved in the S-polarized arm by substituting the beamsplitting polarizers to ones on

BaF; substrate, since CaF» absorbs below 1200 cm™!, and ZnSe suffers from high reflective losses.
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Figure 3.12: Polarization-resolved detection of BBIR probe at low frequencies. (a) Detection
of the S and P-polarized arms without sample. (b) Linear transmission of BBIR through 3.6um
of 2M HCI. The horizontal dashed line at 1000 counts represents the minimum amount of
transmitted light needed for signal-to-noise > 1. Note the different scales between panels.

3.7 Processing TA and 2D IR Data

In a TA spectrum, transient absorption dispersed in w3 is stepped over waiting time 1,

typically out to 12> 5 ps. For the low-amplitude transient absorptions in this thesis (AA = 1-
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6 mOD), 50,000 shots per 7> point are averaged, requiring about 2 hours for a TA surface collected
at a single grating position. For weaker features such the transient absorption spectrum of the
proton stretch vibration (AA < 0.5 mOD at 1> = 150 fs), more than 2x10° shots are averaged per
time point. The polarization-separated detection lines enable simultaneous measurement of ZZZZ
and ZZYY TA surfaces. To ensure the rows are properly balanced, we compare a known isotropic
transient signal (such as the H>O hot ground state at 72 = 20 ps) on the ZZZZ and ZZYY stripes to
ensure that they are equal in amplitude and frequency alignment. From these two stripes, we
calculate the isotropic (ZZZZ + 2xZZYY) and anisotropic (ZZZZ — ZZYY) TA surfaces, as well
as the TA anisotropy r = (ZZZZ — ZZYY)/(ZZZZ + 2XZZYY).

Figure 3.13 shows sample TA spectra of the O-D stretch for 2% HOD in H2O using the
2500 cm™ pump. The sample was held between two 1 mm thick CaF, windows with a 50 um
Teflon spacer. For these surfaces, 11,000 shots were average per 72 point, which took at total of 25
minutes. Figs. 3.13a and 3.13b show the TA spectra in the ZZZZ and ZZYY polarization
geometries, respectively. The positive ground state bleach (GSB) is centered at 2500 cm™!, while
the excited state absorption (ESA) feature is negative and anharmonically shifted to approximately
2350 cm!. Figure 3.13c¢ plots the TA traces at w3 = 2500 cm™! for both polarization geometries. At
negative waiting times, the signal amplitude is close to zero, with weak oscillations due to a
coherent effect known as perturbed free induction decay.!® At 7, = 0 fs, there is a rapid increase in
signal followed by a ps-timescale decay. Within the 100 fs pulse overlap, there is a sharp dip in
signal due to interfering nonresonant response from the CaF> windows. At 7o = 150 fs, the ZZZZ
trace is approximately three times more intense than the ZZYY trace, but they become
approximately equal in amplitude at approximately 72 = 5 ps. The orientational relaxation is plotted

in Fig. 13d as polarization anisotropy 7. At 12 =150 fs, »=0.28 and decays towards zero on a
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3.5 ps timescale, which is in agreement with the 3.0 ps timescale measured previously,!” within
this dataset’s uncertainty. The early-time value is less than the theoretical maximum of 0.4, which
arises from a 50-fs librational orientational relaxation component. Finally, as the population of the
excited state decays, the signal-to-noise of the anisotropy measurement decreases, which limits the

time window for the measurement.
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Figure 3.13: Sample experimental TA spectra of the O-D stretch of 2% HOD in H>O with
simultaneous polarization collection in the (a) ZZZZ and (b) ZZYY polarization geometries.
(c) The TA time traces from both polarization geometries at w3 = 2500 cm™!, corresponding to
the dotted lines in (a) and (b). (d) The polarization anisotropy decay of the O-D stretch at
2500 cm’!, fit to an exponential decay.

Acquiring reliable TA anisotropy decays requires much more attention to detail than
collecting the TA surfaces alone. First, residual nonresonant response from sample windows
contribute to the measured anisotropy at early waiting times out to 200 fs. If the windows are thick

or if the molecular response is weak, the effect will be more noticeable. For the sample data shown
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above, the response from 1 mm thick CaF; influences the data out to 7> = 150 fs, which is slightly
beyond the 100 fs pulse overlap measured in silicon. For weaker signals (A4 = 1 mOD), anisotropy
is only reliable beyond 200 fs. Using 0.2 mm CaF> sample windows is helpful for minimizing the
window contribution. At late time, we have also seen artifacts due to misalignments between the
two arms. This includes long-time non-zero anisotropy offsets, which can be as large as = 0.1. We
have found that careful frequency alignment of the two arms is necessary to remove this artifact.
To collect a 2D IR surface, ws-dispersed transient absorption is measured as a function of
stepping the pump coherence delay 71 (Fig. 3.14a) at a fixed value of 72. The interference between
the collinear pump pulses introduces an oscillating signal in the macroscopic polarization of the
sample, known as the free induction decay (FID). The FID oscillates with the optical period of the
central pump frequency, but its decay as a function of 11 reflects the lineshape of the molecular
response, including contributions from dephasing, spectral diffusion, and population relaxation of
the vibrational feature. To generate the 2D IR spectrum, we Fourier transform across 71 to generate
the w; frequency axis. The procedure for this Fourier transformation is closely related to the
procedure for processing the pump spectrum (Section 3.3.4). First, the baseline from TA signal
between the static arm and the probe is subtracted. We then apply an asymmetric Hanning window
to the FID, which helps remove signal at negative 71 times from unwanted phase matching
pathways. We Fourier transform and calculate the phase error from the pump interferogram, which
is collected simultaneously with the 2D IR measurement. The pump Mertz correction is then
applied to the 2D IR spectrum, and the real component of the 2D IR spectrum is kept for analysis.
The 2D IR data are windowed in w1 by the pump spectrum, so spectral information at the wings
of the spectrum are lost. Because the 2D IR signal is not strictly a convolution of pulses and the

response function, it is not recommended to correct for the lineshape without full response
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calculations. This technical limitation underscores the importance of developing a broadband

pump pulse for measuring accurate 2D lineshapes.
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Figure 3.14: (a) A sample experimental 2D IR spectrum of the O-D stretch of 2% HOD in HO
in the time-frequency domain. The (b) ZZZZ and (c¢) ZZYY 2D IR spectrum after processing.
These surfaces are not corrected for the pump spectrum. (c) The 2D anisotropy surface
generated from the ZZZZ and ZZYY spectra. Black contours in (c) are from the measured
isotropic 2D IR surface, and anisotropy values are only shown in regions with at least 5% the
absolute magnitude of the GSB peak value.

The ZZZZ and ZZYY 2D IR spectra of 2% HOD in H>O are shown in Figs. 3.14b and
3.14c, respectively. For these spectra, 71 was scanned from -300 to 1000 fs in steps of 4 fs with
8000 shots averaged per time point, taking 25 minutes to collect. The GSB is on the diagonal at
2500 cm™!, while the ESA is directly below it at (w1, w3) = (2500 cm™, 2350 ¢cm™'), which matches

the peak frequency positions of the TA spectrum. By the projection slice theorem for
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multidimensional spectroscopy, the projection of the 2D IR surface onto the w3 axis is equivalent
to the TA spectrum at 72 = 100 fs. Like in the TA spectra, the ZZZZ 2D IR surface is approximately
three times more intense than the ZZYY spectrum. The lineshape of the GSB is diagonally
elongated, indicative of inhomogeneous broadening from a distribution of local environments,
which can be quantified by various metrics such as center-line slope, nodal line slope, or phase
line slope.!”8

Simultaneous polarization detection enables the straightforward collection of
2D anisotropy surfaces. The 2D polarization anisotropy (w1, @3) adds frequency correlation
information to the orientational relaxation response. This can be used to measure the change in
anisotropy values or kinetics with reduced spectral congestion. For HOD in H>O, the 2D
anisotropy surface (Fig. 3.14d) shows anisotropy values of around 0.3 near the peaks of the GSB
and ESA, and the anisotropy surface is also diagonally elongated due to frequency correlations at
early waiting time. Around the node, where there is interference between positive and negative
signals, the anisotropy value becomes less reliable.

Collecting 2D IR spectra for broad, weak features (A4 = 1 mOD) requires time for stepping
both 71 and 72, and collection on up to four grating settings. For one waiting time and one grating
position, it takes approximately 2 hours to collect a 2D IR spectrum at 3x10* shots per 71 point.
The collection time for weaker samples can be reduced by sampling up to the pump Nyquist
frequency or employing an undersampling scheme. Additionally, for the broad features in water,
the 16 fs w1 resolution by sampling out to 71 = 1000 fs is not necessary, and can be cut in half to
reduce the collection time per average. For thin aqueous samples to last more than a couple hours
before drying out, we have found that wrapping the window edges with parafilm and warming to

40°C provides a good seal, and samples can last reliably up to 48 hours.
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3.8 Conclusion

This chapter demonstrates that many highly sophisticated instruments are necessary for the
successful operation of a TA or 2D IR experiment. Not only must light be generated, but it must
be appropriately characterized and carefully handled as it travels throughout the setup, eventually
reaching the various detectors. The reward is the ability to directly measure excited state features,
multidimensional lineshapes, and ultrafast population and orientational relaxation kinetics. All of
these observables will be necessary for characterizing the spectroscopy of the aqueous proton and
the kinetics associated with irreversible proton transfer. With the experimental details in place, I
will first present a nonlinear spectroscopic study of the bending vibrations of H>O. This

background will more concretely provide context for the spectra collected for the aqueous proton.
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Chapter 4

Delocalization and Stretch-Bend Mixing of the HOH
Bend in Liquid Water

The work presented in this chapter has been published and is reprinted with permission from:
Carpenter, W.B.; Fournier, J.A.; Biswas, R.; Voth, G.A. Tokmakoff, A. Delocalization

and stretch-bend mixing of the HOH bend in liquid water. Journal of Chemical Physics
2017, 147 (8), 084503.
Copyright 2017 American Institute of Physics

4.1 Abstract

Liquid water’s rich sub-picosecond vibrational dynamics arise from the interplay of different
high- and low-frequency modes evolving in a strong, yet fluctuating hydrogen bond network.
Recent studies of the O—H stretching excitations of H>O indicate that they are delocalized over
several molecules, raising questions about whether the bending vibrations are similarly
delocalized. In this paper, we take advantage of an improved 50 fs time-resolution and broadband
IR spectroscopy to interrogate the 2D IR line shape and spectral dynamics of the HOH bending
vibration of liquid H>O (dnon). Indications of strong bend-stretch coupling are observed in early-
time 2D IR spectra through a broad excited state absorption which extends from 1500 cm! to
beyond 1900 cm!, which corresponds to transitions from the bend to the bend overtone and O-H

stretching band between 3150 — 3550 cm™!. Pump-probe measurements reveal a fast 180 fs
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vibrational relaxation time, which results in a hot-ground state spectrum that is the same as
observed for water IR excitation at any other frequency. The fastest dynamical time scale is 80 fs
for the polarization anisotropy decay, providing evidence for the delocalized or excitonic character
of the bend. Normal mode analysis conducted on water clusters extracted from molecular
dynamics simulations corroborate significant stretch-bend mixing and indicate delocalization of

OH”on on 2-7 water molecules.

4.2 Introduction

Water is a remarkable liquid whose unusual properties arise from the complex behavior of its
ordered yet fluctuating hydrogen bond (H-bond) network. The vibrational modes of water
molecules in the liquid include high-frequency modes such as stretching and bending motions and
lower-frequency intermolecular degrees of freedom such as librations, H-bond stretching and
distortions of the H-bond network. Additionally, the H-bond interactions between molecules are
strong enough that stretching and bending frequencies are heavily dependent on intermolecular
configurations. Whereas water’s intermolecular modes have long been described as highly
collective,! high-frequency motions have traditionally been thought of as localized intramolecular
vibrations. However, recent experiments®>’ and theory® !¢ have demonstrated that short-pulse
infrared excitation of O—H stretching vibrations (von) in H>O results in a vibrational exciton
delocalized over multiple molecules. The strong intermolecular couplings between different vou
oscillators responsible for this delocalization also manifest themselves as rapid energy dissipation
to low-frequency modes, orientational randomization, and decay of the frequency-frequency

correlation function, all occurring on time scales faster than the structural relaxation of the liquid.
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The bending vibration in water (duon) also has the potential to be delocalized as a result of
intermolecular bend-bend interactions or coupling of the bend to the excitonic O—H stretch. Recent

10,17-19

simulations have examined the ultrafast vibrational dynamics and delocalization of

21-24 and fast decay of the

Suon.”1%?° They modeled the rapid 200 fs vibrational relaxation of duon
frequency-frequency correlation function (120 fs)’ and concluded that Snon is actually more
delocalized than vom in liquid H>0.2° While vou is expected to delocalize over ~5 water
molecules,®?° dpon was predicted to delocalize over ~20 molecules, extending to the second
solvation shell around a central water. Other computational studies also reproduced the fast
vibrational relaxation processes and provided a detailed description of efficient and ultrafast
transfer of bending energy in one molecule to librational motion of its solvation shell.!'’-!° These
studies did not specifically account for intermolecular bend coupling needed to address
delocalization.

Despite the wealth of experimental studies on von and recent theoretical predictions,
experimental studies characterizing the ultrafast relaxation dynamics of dnon in H2O are sparse.
Infrared pump-probe studies of the bend mode have observed the fast relaxation and strong
coupling to vomn,?!?° and the 2D bend lineshape has been compared against the HOD bend in D,0.2*
The O—H stretch and HOH bend vibrations have been demonstrated to mix significantly due to the
anharmonicity of their nuclear potentials.?* Ultrafast nonlinear infrared (IR) spectroscopies have
been instrumental in characterizing stretch-bend coupling, owing to the short time scales accessible
in these experiments and the ability to detect these anharmonic interactions as cross
peaks.?3-2122.2526 Delocalization of the bend vibration in H>O remains to be experimentally

addressed. A detailed 2D IR and polarization anisotropy study should be able to elucidate bending
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frequency correlations, the nature of the interaction with von, and the possible presence of
delocalization.

In this paper, we take advantage of a 50 fs, 350 cm™! bandwidth pump pulse and a broadband
IR probe to accurately capture the fast dynamics of the bending vibration in liquid H>O using two-
dimensional infrared (2D IR) and polarization-dependent transient absorption (TA) spectroscopy.
To highlight the strongly coupled environment of neat liquid H>O, we contrast the bending modes
of neat H,O with the bending mode of H>O monomers in acetonitrile. 2D IR and TA spectroscopy
reveals an excited state absorption (ESA) of dnon in neat H>O that extends over the range of
1500-1900 cm™!, which originates in the anharmonic nature of the coupled stretching and bending
modes. We also observe an 80 fs anisotropy decay of duon in liquid H20, reminiscent of the
anisotropy decay of the excitonic voun. The fast decays and the strong mixing with the excitonic
stretch suggest that the dnon excitation is delocalized. DFT-based normal mode analysis of water
clusters extracted from molecular dynamics simulations corroborate significant stretch-bend

mixing and delocalization of dnon on up to 7 water molecules.

4.3  Methods
4.3.1 Experimental Methods

2D IR spectroscopy was used to characterize the IR spectral dynamics and interactions of the
water bending mode. The output of a Ti:Sapphire regenerative amplifier (Coherent, Legend USX,
800 nm, 5 mJ pulse energy, 1 kHz, 25 fs) is split into two paths with independent grating
compressors. One path pumps a commercial two-stage optical parametric amplifier (Light
Conversion, TOPAS Prime) to generate signal and idler pulses with wavelengths 1.4 um and
1.8 um, respectively. The collinear signal and idler pulses combine in a homebuilt difference

frequency generation (DFG) setup in a 0.5 mm thick AgGaS; crystal cut at 42.7 degrees and tilted
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to phase match at 1685 cm™! (5 uJ pulse energy, FWHM 350 cm™!, 50 fs). The autocorrelation
interferogram, extracted pulse time profile, and power spectrum are shown in Figs. 3.5 and 3.7 in
Chapter 3. The interferometric autocorrelation was fit to the autocorrelation expression for a
Gaussian pulse with linear chirp,?’ yielding center frequency of 1682 cm™! and a pulse width of
51 fs. The second path pumps a homebuilt broadband IR source, which has been described in detail
elsewhere.?® Briefly, 500 uJ of the 800 nm pulses generated the second and third harmonics
collinear with the 800 nm beam, which were focused into a gentle stream of nitrogen gas. The
resulting plasma radiates broadband IR light centered at 2000 cm’!, with bandwidth that allows us
to probe from 1000 cm™ to 4000 cm’!, pulsewidth of 50 fs, and pulse energy of < 10 nJ.

The 6 um pulses were aligned into a Mach-Zehnder interferometer equipped with two KBr
beamsplitters and high-accuracy translation stages (Aerotech ANT-25L) to generate two pulse
pairs. The pulses in each pulse pair are separated by an experimentally controlled time delay 7
with resolution of 0.3 fs, and the fixed arm is chopped at 500 Hz. One pulse pair passes through a
tunable zero-order CdSe waveplate (4lphalas) and a ZnSe wire-grid polarizer (Specac) before
focusing at the sample. The CdSe waveplate was chosen to minimize dispersion in the 6 pm region,
since the zero-dispersion point is at 6 um. The second pulse pair is sent to a single-pixel room
temperature MCT detector which is used for collecting the interferogram of the pulses and for
applying an automatic phase correction for the 2D IR spectra.?’

The 2D IR spectra were collected in the pump-probe geometry,®® with the 6 um pulse pair
serving as the pump, and the broadband IR source acting as the probe, with a controllable waiting
time delay 72. The time delay is generated by another high-accuracy translation stage (Aerotech
ANT-25L) in the broadband IR path. A gold parabolic mirror focuses the three pulses at the sample

with spot size of 130 um and generates a third-order nonlinear polarization in the sample, which
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radiates a signal field in the direction of the probe. After passing through an analyzing polarizer,
the heterodyned signal is dispersed by a 50 groove/mm grating onto one stripe of a 2 x 64 pixel
MCT array detector (Infrared Systems). Half of the probe field is sent directly to the other stripe
of the detector to serve as a reference pulse to correct for power fluctuations in the probe.

To collect the 2D IR signal at a single waiting time 72, the heterodyned signal was measured
as a function of detection frequency (w3) as the pulse pair delay (z1) was stepped in 4 fs increments.
For each point in 11 the signal was collected as a change in absorption of the probe beam as
AA4; =—log[(Si /Ri)(Ri+1/Si+1)] where i is measured with the chopped arm open, i+/ is measured
with the chopped arm closed, S; is the signal from the sample, and R; is the reference arm used to
correct for fluctuations in probe intensity. For a fixed detection frequency w3, the resulting signal
is an oscillating free induction decay (FID) with a constant offset from the pump-probe signal
arising between the static arm and the broadband probe. The constant offset is subtracted and the
FID is phased with the Mertz correction®! determined from one output of the Mach-Zehnder
interferometer. A Hann window is applied to the FID, and the data is zero padded before Fourier
transformation along the 71 axis for each point in ws. This produces the excitation frequency axis,
1.

The 2D IR spectra were collected with magic angle (MA) polarization, and transient absorption
(TA) spectra were collected with MA, ZZZZ (parallel), and ZZYY (perpendicular) polarization
schemes. Polarizations were controlled by rotating the polarization of the pump-pulses with the
CdSe waveplate, and keeping the polarization of the probe beam fixed. For the ZZZZ and ZZYY
polarizations, we made sure to match the pump pulse power. For a given frequency in detection

frequency ws, the anisotropy was calculated as 7(72) = (Adzzzz — AAzzyy) | (AAzzzz + 2AAzzvy).
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To minimize chirp and the nonresonant signal from the sample windows, we held samples of
neat H>O between two 200 um thin CaF, windows (Crystran). We characterized the nonresonant
response of the thin windows by taking TA spectra of D>O sandwiched between the thin windows
(~1 pm sample pathlength). Because the absorption of D>O is minimal in the 6 um region, the
positive signal we observe at early waiting times corresponds to the signal from the windows.
Chirp is insignificant in the desired frequency range. In order to assure that minimal nonresonant
response contributed to our dataset, we only analyzed data taken after 7> = 100 fs.*?

The linear IR spectra were measured with an FTIR spectrometer equipped with an MCT
detector (Bruker). For neat H>O, 1 puL of sample was sandwiched between two 1 mm thick CaF»
windows, such that the absorbance of von was approximately OD 1, corresponding to ~1 um path
length. Neat HoO samples were purified by reverse osmosis and ion exchange to 18 MQ-cm
resistivity (Millipore, Milli-Q). Dilute H>O in acetonitrile (Acn) samples were prepared by diluting
H>0 to 5% (by mole) in HPLC grade Acn (Sigma Aldrich), resulting in solutions of 1.6M H>O.
The dilute H2O/Acn samples were placed between two 1 mm thick CaF, windows with a 50 um

Teflon spacer, such that the optical density of dnon was ~0.4.

4.3.2 Simulation Details

To investigate the extent of delocalization of the water bending vibration, we performed a
DFT-based normal mode analysis of water clusters drawn from molecular dynamics (MD)
simulations. This builds on our recent study of the vibrational spectroscopy of water and aqueous
protons, where the description of the computational details is provided.*>* Briefly, 500 clusters
consisting of water molecules within SA of a central hydrogen (typically 18 molecules total) were
drawn from a simulation of 256 SPC/Fw waters. Normal modes of the clusters determined from

the Hessian of the potential energy were used to calculate a density of states and spectral density
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(IR transition dipole intensity weighted density of states) by averaging over all clusters. Adiabatic
potential energy surfaces were calculated at the B3LYP 6-311++G(d,p) level and basis set using
the Gaussian 09 package®*. Normal modes of cluster vibrations were obtained from the
eigenvectors e; of the Hessian with frequency eigenvalues w;, and intensities of the normal modes
were calculated as the square of the dipole moment (x) derivative with respect to normal mode

coordinate ¢,

- (4.1)

The normal mode analysis is shown as the spectral density, p(w), averaged over the number of
Clusters, N, clusters,

1

Y, D H()é(0-o). (4.2)

clusters clusters modes i

p(@)=

To analyze the delocalization of modes, the participation ratio PR; of the i normal mode was

calculated from the mode displacement vectors e; as>

PR = [N%(ef’ &) } : (4.3)

where N is the total number of atoms in the cluster and a refers to the 3NV Cartesian coordinates
describing the atomic displacements for each normal mode. For reference, a local mode yields a
PR=N"!, whereas a fully delocalized mode will approach PR=1. As an alternative representation
of delocalization, we also calculated the number of atoms, Nuwms, With |¢>0.1 A participating in
each vibrational mode. To minimize the contribution of surface water molecules, we calculated
the PR of only those normal modes which have non-zero contribution to the central water molecule

for each water cluster. To analyze the vibrational character of each mode, we used HOH bond-
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angle changes of 80uon > 1° and O-H bond length changes of drou >0.01 A as cutoffs for

determining whether a mode had bend character, stretch character, or both.

4.4  Results
4.4.1 Early-time 2D IR Spectrum of H,O
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Figure 4.1: The linear absorption spectrum of neat H>O (solid blue), and 1.6M H2O in Acn
(dashed red). The H,O/Acn spectrum is shown with Acn solvent subtracted.

To highlight the effect of the H-bond network on the HOH bending vibration, we first contrast
the FTIR spectrum of neat HoO with the 2D IR spectrum of 1.6M H>O in acetonitrile (Fig. 4.1).
At this concentration in Acn, water is solvated primarily in the monomer form which forms
relatively weak H-bonds to the CN moieties of the solvent.**” In the FTIR spectrum, the frequency
of the bend resonance red-shifts and narrows in linewidth (wuon = 1630 cm™!, 40 cm! FWHM)
compared to the neat liquid (wron = 1650 cm™!, 85 cm™ FWHM).?”38 Previous simulations of the
bend in neat H>O have demonstrated that the bend exhibits non-Gaussian frequency fluctuations,

and the lineshape broadens due to intermolecular coupling.®
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Figure 4.2: The 2D IR waiting time series of dnon for (a) — (d) neat H>O and (e) — (h) water
monomers in acetonitrile. The bend feature at 72 = 100 fs in neat H>O displays a broad ESA that
flanks the GSB. Each spectrum has been individually normalized to the feature with the
maximum absolute amplitude. The low signal to noise ratio in panel (h) is due to decreased
amplitude from population relaxation. H>O/Acn spectra are shown without Acn subtraction.

The 2D IR spectrum of H>O at early waiting time (z2= 100 fs) is presented in Fig. 4.2. The
2D IR spectra of dnon in 1.6M H2O/Acn display a doublet typical of a weakly anharmonic mode,
with a positive ground state bleach (GSB) of the 0—1 transition at 1630 cm™ on the diagonal, and
a negative 1—2 excited state absorption (ESA) anharmonically red shifted to w3 = 1600 cm!. The
peaks are roughly equal in intensity and linewidth and show no diagonal elongation, implying
homogeneous broadening. The characteristics of these peaks exemplify what one would expect for
a weakly anharmonic bend vibration,* with weak interactions between the H,O monomer and the
Acn solvent.

By contrast, the associative nature of neat water’s H-bond network results in a dramatic change
in the 2D IR spectrum of the HOH bend in neat H>O (Fig. 4.2a). As expected for a stronger H-
bond interaction, the GSB of dnon at 1650 cm™! is blue shifted compared to duon of the H.O

monomer in Acn. Although its linewidth is 100 cm™!, the bleach spreads from @i <1500 cm™ to
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>1800 cm™!. The ESA presents as a negative feature red shifted with respect to the GSB, peaked
at w3 = 1590 cm™!, consistent with a 55 cm™ anharmonicity reported previously.*! The ESA
exhibits a long tail to the red in w3,*> which is absent in the spectrum of monomeric H,O. We also
observe an additional ESA that arises from excitation of dnon which is blue shifted in w3 from the
GSB and spans w3 = 1750 — 1900 cm™. The 2D IR spectrum at higher detection frequencies
reveals that the ESA continues up to w3 = 2800 cm™!, beyond the bend-libration combination band
around 2100 cm™. Tt is likely that the two ESAs we observe arise from one extremely broad
induced absorption whose intensity interferes with the GSB. As a result, it is difficult to say
whether the diagonal broadening of the GSB line shape reflects inhomogeneous broadening. As
one feature, the ESA stretching from w3 = 1500-1900 cm™ would correspond to excitation from
the Suon singly excited state at @ = 1650 cm™! to excited states spanning the stretch and bend
overtone region: 3150-3550 cm!. Our data on the GSB are similar to previously reported 2D IR
spectra of dnon.?* However, the broader frequency pulses used in this dataset enable us to
characterize the breadth of the bleach in @1 and the length of the ESA in ws.

We also observe a diagonal bleach at 1570 cm™!, most clearly visible at 7> = 500 fs but also
present at 7> = 100 fs and 200 fs. Although a narrow resonance is not clearly present in the linear
absorption spectrum, the feature could be a weak resonance such as a hot band hidden within the
broad background on the low frequency wing of the Srom absorption.**# Since it aligns in w3 with
the bend ESA, one might expect this signal to arise from a fifth order nonlinear process that drives
the system higher up the vibrational ladder.**#” If so, its amplitude is expected to grow
quadratically with pump intensity. Given the weak signal and limited range of available pump
energy at the sample, we were unable to conclusively determine if the intensity dependence of the

feature is nonlinear.
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4.4.2 Waiting Time Dependence of 2D IR Spectra of HO

We next focus on the waiting time series of the bending features of neat and monomeric H.O
in Fig. 4.2. In 1.6M H>0O/Acn, the GSB and ESA slowly decay to zero amplitude with the same
rate and with negligible change in line shape, typical for traditional vibrational relaxation of a
homogeneous lineshape. For neat H O, however, the intensity and lineshape rapidly evolve
throughout the spectrum, which we quantify by tracking integrated intensities for several features
in Fig. 4.3. The GSB decays as an exponential with a 180 fs time scale, which is within the
literature range of 170 — 260 fs.2!?224 For the induced absorption features, the lower-frequency
portion (ESA>) decays in 150 fs, while the blue-shifted component (ESA1) decays in 110 fs. This
is consistent with the notion that these features are of similar origin, both tracking efficient
dissipation into lower-frequency modes.

In addition to fast relaxation processes, all integration windows are influenced to varying
extents by a common 840 fs exponential rise, due to a signal that rises to a constant plateau after
~3 ps. This signal represents the change in absorption of duon after the energy from the pump pulse
dissipates into low-frequency modes and is referred to as the “hot ground state” (HGS).22:32:48-50
The long-time spectral shape which results from the growth of the HGS signal is invariant in o1,
which demonstrates that the energy dissipation has randomized the initial excitation. As such, each
intensity decay was fit with a common second exponential with an 840 fs time scale, determined
by the frequency window bounded in purple in Fig. 4.3, and is comparable to other

2.3.21264249  This window shows minimal amplitude from the Smon GSB but

measurements.
substantial response from the HGS. While the decays of the GSB and ESA portions were
normalized to the initial value in Fig. 4.3,the HGS is displayed as a rise to large positive signal
(w3 = 1650 cm™ in Fig. 4.2d) to highlight the rising nature of the HGS. Because the HGS signal

varies in intensity across different integration regions, the amplitude of the HGS component varies
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in each biexponential decay. This is evident in the traces of ESA| and ESA», where the relative
HGS amplitudes are 36% and 16% respectively, giving the misleading appearance of a slower
decay of ESA;. Regardless, the fast decay time scales of the two ESA regions are distinct within

€rror.
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Figure 4.3: Time dependence of integrated intensity of the main features in the 2D IR spectrum
of neat H>O. Inset: 2D IR spectrum of H>O with colored squares indicating integration intervals
for the respective colored lines. The features were integrated with the following (w1,w3) spectral
ranges: GSB = (1640-1710 cm™!, 1650-1710 cm™!), ESA; = (1620-1700 cm’!, 1750-1825 cm™),
ESA; = (1620-1700 cm!, 1500-1590 cm™), and HGS = (1750-1800 cm™!, 1600-1650 cm™").

4.4.3 Transient Absorption Spectra and Anisotropy Decay of dnon
In Fig. 4a and 4b, we present the magic angle TA spectra for H2O in Acn and in neat H>O,

respectively. In 1.6M H>O/Acn, the GSB (w3=1640 cm™) and ESA (w3=1590 c¢cm™) decay
exponentially with the same 2.4 ps time scale (Fig. 4.5). In neat H>O, the early-time features such
as the GSB centered at w3 = 1650 cm™! and ESA stretching from w3 = 1500 — 1850 cm™! decay
rapidly in 170 fs and 140 fs, respectively, followed by an 840 fs rise of the HGS signal. To
effectively contrast the fast decays in neat H>O with the slower relaxation of monomers in Acn,
we plot the TA decays in Fig. 4.5. Traces have been normalized to the initial time point S(0) after

subtracting the frequency-dependent value of the HGS spectrum at long times, S(o0,m3):
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At 72 =5 ps, the TA spectrum closely resembles a temperature difference FTIR spectrum of
H>O, similar to observations of the HGS spectrum when other water resonances are excited and
allowed to relax.>*?223 Both the temperature difference spectrum and the HGS spectrum result
from an overall weakening of the H-bond network. There is a weak bleach feature centered at
3= 1550 cm™!, an induced absorption centered at w3 = 1620 cm™!, with a weak bleach centered at
w3 = 1690 cm!. This bleach/induced absorption/bleach pattern is consistent with the red-shifting
and narrowing of dnon. For the bending mode, then, this implies that weakening the HBs results
in a slightly more homogeneous environment. The HGS spectrum and the temperature difference
spectrum vary slightly on the low frequency side, which suggests subtle differences between
thermal heating of the sample and sub-ps energy dissipation into low-frequency modes.

1.6M H,O/ Acn MA H,O MA

(a)IU |
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Figure 4.4: Transient absorption spectra of dnon in (a) 1.6M H20/ Acn and (b) neat H>O in the
magic angle polarization scheme. Orange features correspond to negative absorption, and blue

features correspond to positive absorption. At 72 =0 in both spectra, there is a stripe of bleach
along all w3, which corresponds to nonresonant response from the CaF, windows.
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Figure 4.5: Time dependence of integrated intensity of the main features in the TA spectra of
neat H>O and H,O monomers in acetonitrile. The features were integrated with the following
w3 spectral ranges: GSB, bulk = 1650-1710 cm™'; ESA, bulk = 1500-1590 cm™';
GSB, mono = 1620-1670 cm™!; ESA, mono = 1590-1610 cm™'.

Pump-probe anisotropy decays were calculated from parallel and perpendicular polarization
TA experiments after correcting for the growth of the HGS.#-*!52 Since the HGS spectrum grows
in uniformly for all w3, we generated a surface describing the HGS growth by scaling the long-

time pump-probe trace with an exponential rise:

S 65 (T,,@,) =[1—exp(=7,/ T,,;.)1S(,,), (4.5)
where 7., = 840 fs. The difference of S, ., from the neat H-O TA surface corrects for the isotropic
HGS signal and removes a zero-crossing in the denominator of the anisotropy expression.

The resulting ZZZZ and ZZYY TA traces from w3 = 1645-1655 cm™!' (Fig. 4.6a) yield the
pump-probe anisotropy in Fig. 4.6b. The anisotropy decay was fit to an exponential with a floating
offset to qualitatively capture the decay dynamics, even though the data demonstrate that the

anisotropy is not the best described with a single exponential. Regardless, the anisotropy decays

rapidly and monotonically with a e’ time scale of 80 fs. As a way to obtain a mean relaxation time,
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the first moment of the relaxation curve was calculated to be 120 fs, which is similarly rapid. This
fast decay is similar in time scale to the anisotropy decay of the O—H stretching vibration in H>0.?
Additionally, a shoulder and a beat arise at 72 = 65 fs in the ZZZZ and ZZYYY traces, respectively,
which corresponds roughly to a librational period. These features are not retained in the anisotropy,
nor are they present in the magic angle decay, which only reports on population relaxation
dynamics. To contrast, we also present the pump-probe anisotropy decay of Omon in
1.6M H>O/Acn, which decays on 240 fs and 2.2 ps time scales (Fig. 4.6d). The long time scale
roughly agrees with the reorientation of neat Acn,> and the fast time scale agrees with the fast
anisotropy decay component seen for the O—H stretches in the H>O monomer, previously attributed
to intramolecular energy transfer.>” The 2.2 ps time scale has also been observed in the anisotropy
decay of the O—H stretches of the Ho O monomer and has been attributed to the reorientation of

H>0 in Acn.’’
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Figure 4.6: (a) TA traces for duon in ZZZZ polarization scheme (solid blue) and ZZYY scheme
(dashed green) over the range w3 = 1645 cm™'-1655 cm™!. (b) Pump-probe anisotropy decay of
OHoH. (¢) ZZZZ and ZZYY traces of duon for monomers in Acn. (d) Pump-probe anisotropy
decay of dnon for monomers in Acn.
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4.5 Discussion

4.5.1 The 2D IR Spectrum of dnon
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Figure 4.7: Energy level diagram for transitions observed in the 2D IR spectra. (Left) Energies
of the asymmetric () and symmetric stretch (s) and bend (J) vibrations of H O monomers in
Acn. (Right) Bend (0) and stretch (v) exciton states in neat H>O. Black arrows correspond to
pump excitation of dnon. Probing step is illustrated as double-headed orange arrows for the
GSB, and blue arrows for the ESA. In H O monomers, we do not observe an ESA to stretches,
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but in neat H>O ESA to the extremely broad von is indeed observed.

The 2D IR spectroscopy of the bending vibration of liquid H2O is dramatically different from
that of H,O monomers in acetonitrile. The 2D lineshape of the GSB in neat H.O broadens
substantially along and against the diagonal, indicating both faster dephasing and a larger
distribution of local H-bond environments. While the GSB and the ESA of the monomer bend are
the same width, the ESA of the bend in neat H>O is extensively broadened in ws. Previously, we
also observed extreme broadening of the absorption induced by exciting the O—H stretching
vibration of H>O, with an ESA that spread from a peak near 3000 cm™ to <1500 cm™.?3 For the
case of vou, the ESA reflected the large vibrational anharmonicity originating in the H-bond

network in addition to stretch-bend coupling via Fermi resonance, which resulted in transitions

from a stretch exciton band to doubly excited states with stretch and bend character.
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The interpretation of the broad ESA for the H>O bend observed here has origins in the same
anharmonic interactions, but manifests itself somewhat differently in the 2D spectrum. The
greatest ESA intensity is located at w3 = 1590 cm™!, which indicates that the most facile transition
is directly to the bend overtone. However, this is a small part of an induced absorption that spreads
from <1500 cm™! to >1900 cm!. After accounting for the 1 = 1650 cm! excitation frequency, the
blue-shifted ESA extending from w3 = 1750-1900 cm™! corresponds to a band of vibrational states
with energy 3400-3550 cm™!, the frequency of the von fundamental band in the linear IR spectrum.
The ESA to the bend overtone (~3240 cm™) is also merged with the stretching band in the linear
IR spectrum, as a result of the ~2:1 Fermi resonance between stretch and bend frequencies.>*>?
Therefore, it is reasonable to consider that the two ESAs that we observe are actually two regions
of one broader ESA, with a breadth that reflects the stretching band of the linear IR spectrum, as
shown in Fig. 4.7.

While the bend-to-stretch ESA is initially surprising, it is not completely unexpected in
hindsight and is even observable in previous experiments and simulations. The feature is not
expected for weakly anharmonic modes since transitions from one quantum of one normal mode
to one quantum of another normal mode is forbidden in the harmonic limit, but the strong
anharmonicity imbued upon the modes from the H-bond network relaxes this selection rule. Upon
closer inspection of previous reports of dnon, the extended ESA is visible in vibrational pump-

probe spectra of Suon

and non-equilibrium molecular dynamics simulations of the 2D IR
spectrum of dnon using the flexible and polarizable TTM3-F potential.!®
Given the unusual nature of the initial excitation, the relaxation of the bend is not readily

described by simple relaxation pathways. For H O monomers in acetonitrile, both the GSB and

ESA of dnon relax in 2.4 ps, which is typical for simple dissipation of a weakly anharmonic mode.
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Similar behavior with longer lifetimes is observed for H,O monomers in chloroform,*® which
indicate the important role that intermolecular interactions play in mediating vibrational
relaxation.”’” By contrast, in neat H,O the GSB of the bend decays in 180 fs, and the ESA decays
slightly faster. The influence of the water H-bond network are also apparent when considering the
dnon relaxation time of ~400 fs for the dnon vibration of quasi-monomeric H>O in a 6M solution
of H>O in D>0.*' Non-equilibrium simulations of bend vibrational relaxation in H>O attribute the
fast relaxation to dissipation into high frequency librations primarily of the first solvation shell.!”:!8
When the solvent is treated fully flexibly, this fast relaxation also includes transfer of bend
excitation to dnon modes on neighboring molecules, which is comparable to the rate of stretch-to-
bend relaxation.!® The mixing of the stretch and bend vibrations is clearly seen in the stretch-bend
crosspeak of H,0.%* We also note the signature of more complex mixing of bend, stretching, and
libration vibrations apparent from the uphill 2D cross-peak in which H>O excitation between 1300-
1500 cm! leads to immediate (7= 100 fs) crosspeaks to the stretch and bend overtone region at
3000-3700 cm!.%® The combination of the experimental observables and relaxation simulations
indicates that all inter- and intramolecular degrees of freedom in H>O are intertwined, resulting in
the observation of similarly fast relaxation processes regardless of excitation or detection

frequency.

4.5.2 The Excitonic Nature of duon

Strong intermolecular couplings mean that excitation of the water bending transition with a
short, broad bandwidth pump pulse enables coherent excitation of multiple interacting water
molecules. In the neat liquid, all bend transitions are resonant, and thus, the bend excitation
consists of a superposition of oscillations whose dipoles have a component along the polarization

of the pump’s electric field. The rapid dnon anisotropy decay demonstrates that this coherence
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quickly randomizes its orientation, much faster than both the 180 fs lifetime and the 1.5 ps time
scale of molecular rotation. By contrast, experiments on the H>O monomer in Acn result in a local
mode excitation that reorients in 2.2 ps as a result of diffusive molecular rotation. This anisotropy
also includes an additional faster component arising from excitation reorientation due to
intramolecular mixing of the bend, symmetric stretch, and antisymmetric stretch, in close
agreement with the O—H stretch anisotropy decay for H,O in Acn previously measured.’” In the
case of neat H»O, the extremely rapid anisotropy decay has been observed several times with the
O-H stretch, and attributed to intermolecular interactions that scramble the direction of the initial
excitation, either as a result of excitation hopping between molecules or excitonic interactions.?”
46,1112.59.60 Given that the anisotropy of the bend occurs on a on the time scale of librations (the
fastest intermolecular motions of the liquid),’! and that the bend is strongly coupled with the other
vibrations, our results point toward a collective excitonic excitation which evolves with liquid
dynamics. Similar arguments have been used to explain the ultrafast anisotropy relaxation of the
excitonic vou as well. %12

Because the bend couples strongly with the excitonic stretch, it may not be entirely surprising
that the bend behaves excitonically as well. In both of these modes, the H-bond network is the
common infrastructure that couples adjacent oscillators. Similarly, librational motion is the
common mechanism that induces rapid randomization of the transition dipole, even without
reorientation of individual molecules. This leads to the question of how delocalized the bend might
be. Previous simulations suggest that duon delocalizes over more molecules than vou 2° Assuming
that water vibrations lie in an intermediate coupling regime in which the strength of intermolecular
interactions are of the same scale as the energetic disorder, we might expect that the vibrational

delocalization scales with the distribution of vibrational frequencies. This was demonstrated in the
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2D depolarization surface of von, which displayed a lower depolarization ratio for strongly
hydrogen-bonded stretches, versus higher delocalization for stretches of intermediate frequency.’
In comparison to the bend, the OH stretching frequency is particularly sensitive to the H-bond
environment. Thus, for bends, it is possible that a narrower frequency distribution results in higher
delocalization.

Compared to the bend of the HO monomer, however, the linear IR feature for dnon in liquid
water is broadened due to hydrogen bonding frequency shifts and intermolecular coupling. In a
previous mixed quantum/classical analysis of the HOH bend, intermolecular couplings were
necessary to accurately calculate the FTIR spectrum of Smon in neat H,O.%° Setting the
intermolecular coupling to zero also accurately reproduced the spectrum of the HOH bend for
dilute H>O in D>0O. While this analysis did not quantify the extent of delocalization of dnom, it
nonetheless demonstrated that bending motions on nearby molecules resonantly couple with each

other, resulting in a dramatic change in the lineshape of the bend.

4.5.3 Simulation of the Mode-Mixing and Delocalization of dnon

To further investigate the extent of delocalization of the water bending vibration, we performed
a DFT-based normal mode analysis of water clusters drawn from molecular dynamics (MD)
simulations. The results of these calculations are presented in Fig. 4.8. The spectral density (Fig.
4.8a) shows three main peaks centered at 1000 cm!, 1730 cm™!, and 2900 cm!, which are assigned
as librations, dnon, and von resonances. These peaks differ from experimental frequencies
primarily as a result of DFT overestimating H-bond strength.%? The bending modes primarily have
pure bend or mixed stretch-bend character, as expected. On the other hand, stretching modes are
primarily pure stretch character; however, modes with bending and mixed stretch-bend character

appear on the low frequency side of the band, where the overtone of dnon is expected. Furthermore,
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the librational band clearly has stretch and bend character associated with it, emphasizing the
highly coupled nature of these vibrations.

The participation ratio (PR) is characterized as a function of vibrational frequency in Fig. 4.8b.
The mean PR reaches a maximum at the center of each vibrational band and decreases with
increasing mode frequency when comparing the stretch, bend, librational, and intermolecular
(<500 cm!) peaks. The variance in the PR is large and also reaches a maximum coincident with
the peaks in the spectral density. As a complement, the delocalization in terms of Nuoms
participating in the normal mode is presented in Fig. 4.8c, which shows the same trends as the PR.

Focusing on the bending vibration (insets of Fig. 4.8c), these calculations reinforce that dnon
is delocalized over multiple water molecules. They indicate that the center of the band (1730 cm™)
is more delocalized than the wings (1620 cm™ and 1800 cm™!), with a PR corresponding to 6-21
atoms. This value is about half the value predicted from a previous normal mode analysis of Sxomn,’
but roughly corresponds to delocalization over a central molecule and its first solvation shell,
consistent with ab initio MD simulations of spatially-resolved IR spectra of H,0.%> We also
observe that dnon is more delocalized than von, which involves on average ~6 atoms, a value that
is low compared to literature.® Frozen cluster normal mode analysis will tend to underestimate the
degree of delocalization due to a large fraction of molecules residing at the cluster surface. Taken
together, however, these calculations, theoretical studies, and our experimental findings indicate

that that the H>O bending vibration delocalizes over multiple molecules.
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Figure 4.8: (a) Spectral density for 5A-cutoff water clusters, decomposed by stretch/bend
character. The total spectral density is shown in black, stretch-only modes (6rou > 0.01 A and
80ron < 1°) are shown in blue, bend-only modes (6ron < 0.01 A and 80xon > 1°) are shown in
green, and stretch-bend mixed modes (dron > 0.01 A and 80non > 1°) are shown in red. Suon
shows significant mixing of stretch and bend character, but very little pure stretch character.
(b) Mean (PR) and standard deviation opr = [{PR?) — (PR)?]'? of the participation ratio as a
function of vibrational frequency. (c) Number of atoms participating in the normal modes of
H>O. Inset i: The participation ratio of the duon normal mode, which is highest in the center of
the band and lowest on the wings. Inset ii: Number of atoms participating in the dnon normal
mode, which follows the same trend as the participation ratio.
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4.5.4 The Hot Ground State

The delocalization of dnon goes hand-in-hand with the fast vibrational relaxation observed.
After preparing the initial delocalized bend excitation, small amplitude changes of the extended
hydrogen bond network allow the excitation to migrate and localize among bending motions of
nearby molecules. Simultaneously, there is a likelihood on any given molecule that the energy can
relax to librational motions, which further contributes to ultrafast energy dissipation. Because the
excitation is delocalized over multiple molecules, relaxation involves many parallel channels that
are together far more efficient than relaxation from a localized mode. The net result is that energy
is dissipated into low frequency modes such as librations, hydrogen-bond stretches and distortions
of the H-bond network, which is spectroscopically observed as the growth of the HGS.

The appearance of the HGS signal mimics a temperature difference spectrum since both spectra
reflect overall H-bond weakening. When temperature is increased, HBs weaken on average due to
the increase in randomized thermal motions, and the change in H-bond environment manifests as
spectral shifts and changes in intensity. Remarkably, the HGS signal rises on an ultrafast, 840 fs
time scale in liquid H>O (Fig. 4.3), which suggests that the signal we observe is not a new
equilibrium characterized by a Boltzmann distribution at an elevated temperature. Rather, the
system is still in a highly nonequilibrium state characterized by a net excess of kinetic energy in
the low-frequency intermolecular vibrations,'%%4% and the 2D IR measurement is sensitive to this
weakened H-bond network.?

The time scale of HGS growth in H2O has been measured to be ~800 fs, regardless of the

d.3:21.23.2442:49.66 Thig observation is inconsistent

measurement method or the initial mode excite
with a purely cascading relaxation mechanism between weakly coupled stretch and bend modes,
which would predict a HGS growth time scale that is longer for stretch excitation than bend

excitation. The 800 fs time scale lies between the vibrational lifetime (~200 fs) in neat liquid water
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and collective molecular rotation (1.5 ps),*” and has been modeled with frequency resolved

6467 Tn that framework, librational excitations relaxed to low

transient kinetic energy analysis.
frequency intermolecular motions, such as the stretching and distortion of hydrogen bonds and
collective reorganization of the H-bond network, predicted to occur in 790 fs. In our interpretation

stretch, bend, and librations are intimately coupled, and that any IR vibrational excitation

seamlessly drives intermolecular motions of the H-bond network.

4.6 Conclusion

We have used ultrafast 2D IR and pump-probe spectroscopy to explore the ultrafast dynamics
of the bending vibration in liquid H>O. Anharmonic interactions result in strong mixing of bend
and stretch, as demonstrated by the ESA transition between these bands. The 80 fs pump-probe
anisotropy decay is extremely rapid compared to the 180 fs bend lifetime and the 1.5 ps hydrogen
bond reorganization time. The H-bond network induces anharmonic coupling between adjacent
molecules with sufficient strength such that the initial excitation is delocalized over multiple
molecules, and the orientation of the bend dipole is quickly scrambled by librational oscillation.
Cascading relaxation from highest frequency to lowest frequency modes does not capture the full
extent of the dynamics observed in H>O. Strong couplings also allow bend excitation to drive
stretching motions (up-pumping), in addition to efficient downhill relaxation from the bend to low-
frequency modes.

Many questions remain regarding the delocalized nature of high frequency vibrations in water,
which leaves challenges for experiment and theory. What experimental tests can be used to
quantify the extent of delocalization of high frequency vibrational excitations and follow these in
a time-resolved manner? Existing experiments provide evidence for vibrational excitons, but are

difficult to translate into a microscopic picture. Theoretical studies are needed to provide a
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molecular picture of the exciton dynamics, including the initially prepared state, spatial transport,
localization, and dissipation. Previous non-equilibrium simulations of dnon dissipation have
excited only one water molecule; however, bend excitation by an infrared electromagnetic field
should take delocalization into account,’ perhaps using non-equilibrium simulations with an
explicit pulsed external field.®®*7° Addressing delocalization effects may also help resolve
differences in conclusions regarding how the excited bend energy is partitioned to other
modes.!%1%7! Additional relaxation channels are present and should also be considered, such as
Fermi resonances (both intra- and intermolecular) and nonadiabatic dynamics involving
vibrational conical intersections.”> We hope that the present experiments will work to spur interest
in modeling these topics. Unravelling these dynamics could potentially lead to a rich description

of a class of vibrational dynamics of a very different nature than most solution phase problems.
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Chapter 5

Linear and Nonlinear IR Spectra of Aqueous Acid
Solutions

5.1 Introduction: The Linear IR Spectrum

To open this chapter, the linear IR spectra of 0-2M HCI solutions are shown in Fig 5.1a,
revealing continuous 1000-3200 cm™! absorption that increases in amplitude with concentration.
The IR absorption component due to HCI addition (Fig. 5.1b) can be isolated through a singular
value decomposition (SVD) analysis followed by a maximum entropy method (MEM) for the
extraction of physically relevant constituents (see Appendix 5A).! In the HCI spectral component,
there is a broad feature at 1200 cm!, a feature at 1750 cm™! which appears like a shoulder of the
water bend, a continuum spanning the 2000-3000 cm™ region, and a local maximum around

3000 cm™'. For comparison, the bulk water IR spectral component matches the neat water

absorption spectrum with two peaks at 1650 cm™ for the water HOH bend (,, ) and 3400 cm!

for the water O—H stretch (von). To account for the effect of CI- on the HCI acid component,
SVD/MEM results are also shown for a concentration series of NaCl solutions, which reveal peaks
barely shifted from the bulk water bend and stretch due to slightly weakened H-bonds donated to

the anions.
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Figure 5.1: (a) Concentration series of aqueous HCI FTIR spectra. (b) Maximum
entropy SVD components of the concentration series for HCI and NaCl solutions.

As discussed in Chapter 1, there is a fierce debate over the assignments of the aqueous
proton IR spectrum, which in turn influence the debate on the speciation of the excess proton in
terms of Eigen-like and Zundel-like complexes. The present uncertainty arises not only from the
expected broad distribution of configurations, but also that the vibrational modes of the aqueous
proton complex are strongly anharmonically mixed amongst themselves and with the vibrational
modes of the surrounding waters. For simplicity, the IR spectrum can be decomposed into four
regions whose boundaries are not strict. Region 1 spans 1000-1500 cm! and is thought to result
from either asymmetric proton stretches of Zundel-like complexes® or umbrella vibrations of the
H30" core of Eigen-like geometries.>® Region 2 is represented by the feature at 1750 cm™ and is

generally considered to arise from bending modes of waters adjacent to the aqueous proton.?>-7-11
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However, it is unclear how Zundel-like or Eigen-like geometries contribute to this region since
they are both expected to have bending vibrations in this region. Region 3 consists of the
continuous absorption from 2000-2800 cm™!' considered to be either O-H stretches of the H3O*
core of Eigen-like geometries,>!? fluctuations of delocalized electronic charge over the Eigen
complex,'? or flanking O-H stretches of strongly hydrogen-bonded (H-bonded) waters in Zundel-
like geometries.® Finally, Region 4 spans 2800-3200 cm™ and is considered to be flanking O-H
stretches of Zundel-like geometries.*!? Continuous absorption is also observed for isotopically
dilute H" in DC1/D,0 solutions (Appendix 5B). The spectral shape of HX strong acid solutions is
also conserved across anion exchange (Fig. 5C.1).

To characterize the aqueous proton’s nuclear potential in detail, early-time (72 = 100-
150 fs) 2D IR spectra have been collected over the past six years, spanning Regions 1-4 in both
excitation frequency wi and detection frequency ws. These spectra reveal excited state transitions
and correlations between different vibrational regions. Polarization-resolved 2D IR spectra of off-
diagonal cross peaks reveal orientational correlations between vibrational modes in the form of
cross peak anisotropy, which provides clues about relative transition dipole orientations of coupled
vibrational modes. Obtained from TA spectra and 2D IR waiting time series, vibrational lifetimes
and polarization anisotropy decays quantify the ultrafast energy and orientational relaxation
kinetics of each vibrational feature. All of these features in the nonlinear spectra are useful for
understanding the physical dynamics of the aqueous proton.

Collecting 2D IR spectra across the entire mid-IR came with substantial challenges to
overcome. Getting broader bandwidth pulses was feasible with using thinner nonlinear crystals in
DFG (Section 3.3.3), which came at a trade-off with pulse power and therefore non-linear signal

amplitude. In particular, there were multiple iterations for generating reliable pulses at 1200 cm!
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and collecting 2D IR spectra in along the Region 1 diagonal. The earliest and latest attempts are
discussed in Section 5.3.1. In all regions, the vibrational features are broader than the bandwidth
of our excitation pulses, resulting in a bandwidth in w; that arises from the excitation pulse
spectrum rather than the vibrational features themselves. On top of pump pulse challenges,
mitigating dispersion and absorption of the broadband IR probe, particularly below 1400 cm’!,
required replacement of each optic in the probe beam path (see Section 3.4). To mitigate dispersion
in both the pump and probe beams below 2000 cm!, we iterated through different types of sample
windows, from 1mm thick CaF, windows to 0.2mm thick CaF> windows to 0.4 mm diamond
windows, which is free from dispersion between 1000-1500 cm™. For all of the above reasons, the
spectra are highly sensitive to experimental conditions, with further variations between
replications with the same conditions. Because of this variability, any characterizations of the data
presented here and subsequent conclusions are those which are supported by multiple rounds of
replication.

Because there are 4 regions of interest in the linear IR spectrum, there are potentially 16
regions to study in the 2D spectrum. Not all of these regions have been studied, and the
presentation of regions varies slightly to highlight the most important features. Because these data
have been collected with the 2D spectrometer in different forms over the years, experimental
details are provided at the end of each section, though some forms of data (e.g. polarization
resolution) are missing in certain regions. The chapter is organized by first presenting an overview
of the HCI 2D IR spectrum (Section 5.2), followed by the 2D IR and TA spectra of each diagonal
region, with particular attention paid to Regions 1 and 2 (Section 5.3). The cross peaks between

these features are presented in Section 5.4, with particular attention to both excitation and detection
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in Regions 1-3. Counterion and concentration dependences, when feasible, have been included in

Appendices 5C and 5D respectively.

5.2 Overview of the 2D IR Spectrum

2M HCl H,0
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Figure 5.2: The isotropic 2D IR spectra of 2M HCI and H2O. For excitation in Region 1,
72 = 150 fs. For all other excitation frequencies, 72 = 100 fs. Dashed green lines highlight the
cross peak pattern between all features.

The 2D IR spectrum of the aqueous proton complex at early waiting time is shown in
Fig. 5.2, revealing the spectroscopic features due to introduction of the proton to the solution.
While typical 2D IR spectra are over a range of about 300 cm™ in each direction, we have collected
2D IR data spanning approximately 2000 cm™! along each dimension to produce a more complete
picture of the aqueous proton vibrational spectroscopy. Along the diagonal, there are four broad

ground state bleach (GSB) features, presented in orange. Excited state absorption (ESA) features
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of opposite sign (blue) are difficult to discern or are not present, likely because they are broad and
significantly overlap with the bleaches. The only diagonal ESAs that are clearly present are in
Regions 1 and 4, centered at (wi, w3) = (1200 cm™, 1360 cm™) and (w1, w3) = (3200 cm™,
2950 cm™), respectively.

Between every pair of diagonal features is a cross peak, which indicates strong anharmonic
coupling among all vibrational modes. This would suggest that there is a single species in solution
instead of two distinct molecular ensembles. However, vibrational spectral overlap between two
distinct species (like the Zundel asymmetric proton stretch and Eigen umbrella bend at 1200 cm'!)
could also allow for cross peaks to appear between their vibrations. Each spectral region will first
be presented in detail, and the above scenarios will be discussed in Chapter 7 with the aid of

spectral calculations.

5.3 2D IR Spectra Along the Diagonal

5.3.1 Region 1: Asymmetric Proton Stretch of Zundel-like Configurations
On the diagonal in Region 1 (Fig 5.3a), excitation at w; = 1200 cm™! produces a 2D IR

doublet: a GSB at (w1, w3)=(1200 cm, 1150 cm!) and an intense ESA centered near
(w1, w3) = (1200 cm™!, 1360 cm™), which is conserved across various concentrations (Fig. 5D.1).
This arrangement indicates that the excited state transition frequency w21 (1360 cm!) lies higher
in energy than w10 (1200 cm™), in contrast to typical anharmonic vibrational potentials where w2
is lower in energy. This indicates that the shape of the vibrational potential is steeper than a
quadratic form (Fig. 5.3b), as expected for the strongly H-bonded O-H'*-O potential often
associated with a Zundel-like arrangement. This pattern is also consistent, however, with the
similar double-well potential shape associated with the umbrella inversion of H3O"

configurations.® The oscillator strength of the gas-phase Zundel proton stretch is significantly
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stronger than the hydronium umbrella mode in the gas phase,!! so it is expected that this feature
primarily arises from Zundel-like proton stretching motion. This 2D IR spectrum is consistent with
the results of Dahms ef al.,* but with our broader bandwidth pulses we reveal a stretched line shape

in both dimensions.
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Figure 5.3: 2D IR and TA Spectra of the Region 1 diagonal. (a) The isotropic 2D IR spectrum
of 2M HCI at 72 = 150 fs. b) A cartoon of the potential energy shape, highlighting that w2 >
w1o. (c) The Region 1 diagonal 2D IR spectrum of 2M HCI taken with temporally shorter and
spectrally broader pump pulses. (d) The isotropic TA spectrum of 2M HCI, subtracting off the
background response represented by 2M NacCl.
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Fig 5.3c shows the 2D IR spectrum in this region taken with updated experimental
conditions to reduce artifacts from dispersion. The spectrum in Fig. 5.3a was taken with relatively
long pulses (zp = 100 fs) with bandwidth of 180 cm™! at full-width half maximum (FWHM)
transmitting through 1 mm thick CaF; sample windows, which were later found to have dispersion
issues (Fig. 3.10c). The spectra of 2M HCI taken in Fig. 5.3c was measured with spectrally broader
and temporally shorter pulses (Aw =280 cm™ FWHM, 7, = 70 fs) using diamond sample windows
which are not dispersive in this region. The TA spectral evolution with shorter pump pulses in this
region (Fig. 5.3d) shows little noticeable dispersion revealing that the excited state absorption
significantly decays by 100 fs. As a result, the signal-to-noise ratio of the 2D IR spectrum at
72 = 100 fs is particularly low.

The updated data collection conditions have revealed some differences between the two
datasets. First, the signal-to-noise in Fig. 5.3a is significantly higher than in Fig. 5.3c. This likely
arises from two effects. First, there are approximately 30% reflective losses off of the diamond
sample windows due to its high refractive index, reducing the amount of light at the detector.
Second, the dispersion introduced by the 1 mm thick CaF, windows used in Fig. 5.3a implies that
there is still significant nonresonant response at 7> = 150 fs. As a result, there are likely artifacts
due to unwanted signals and temporal dispersion across the w1 dimension. While the spectrum in
Fig. 5.3c is noisier, the experimental conditions are more reliable. To someday improve signal-to-
noise with reliable conditions, we have taken steps to increase the amount of probe light at the
detector (discussed in Chapter 3). Combined with sampling schemes that reduce sample collection
time and therefore increase averaging, it should be feasible to collect cleaner data in this region.

Even with knowledge of the transition frequencies and shape of the potential, it is not

straightforward to draw definitive structural conclusions. Recent theoretical analysis of Daly et
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al.’ demonstrated that Zundel-like proton stretching potentials can arise from a continuum of
configurations between traditionally defined Eigen and Zundel geometric criteria, and predicted
nearly identical IR spectra for Eigen and Zundel configurations in solution. Therefore, connecting
the vibrational spectrum to cluster geometry requires an understanding of additional coordinates
within the vibrational spectrum, and will be the subject of analysis in Chapter 7.

Experimental Details

The 2D IR spectrum in Fig. 5.3a was taken of 2M HCI in H>O, with a 6 pm Mylar spacer
between two 1 mm thick CaF, windows. The 2 pJ pump pulses centered at 1250 cm™ were
generated via OPA/DFG in AgGaS; as described in Chapter 3. The polarization of the pump was
rotated from S-polarized to the “magic angle” for collecting isotropic response (54.7° from the P-
polarized probe) with a CdSe A/2 waveplate (Alfalas). The probe was split with a 50:50 KBr
beamsplitter, where one arm was sent to the sample and the second arm used as a reference arm
traveling straight to the detector. The top stripe on the 2x64 MCT array collected transient
absorption data from the sample, whereas the bottom stripe was used to reference the intensity
fluctuations of the probe.

The 2D IR and TA spectra shown in Figs. 5.3c-d were taken of 2M HCI with a 3.6 um
Mylar spacer sandwiched between one 0.4 mm thick diamond window in front of the sample and
one 0.2 mm CaF, behind. The 10 uJ, P-polarized pump pulses centered at 1250 cm™ were
generated by OPA/DFG in GaSe, characterized in detail in Chapter 3. A 45°-polarized component
of the probe transmitted through the sample then split into S and P polarization components for

simultaneous detection of the ZZZZ and ZZY'Y spectra, discussed in more detail in Chapter 3.
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5.3.2 Region 2: Bending Vibrations
5.3.2.1 Isotropic 2D IR Surfaces

The 7 =100 fs isotropic 2D IR spectrum of 2M HCI in the 1500-2000 cm™ region
(Fig. 5.4) consists of two doublets along the diagonal centered at w;=1680cm™ and

w1 = 1750 cm™! (see Chapter 4 for the water 2D IR spectrum). These features arise from the water

bend 6, , and the bending vibrations of the hydrated proton complex 5H+ . While this feature likely

encompasses Zundel-like and hydronium bending motions, it is expected that the asymmetric,
concerted bending vibration in Zundel-like complexes is more intense because of strong
anharmonic mixing with the proton stretch in the gas-phase ion.!* The two doublets are conserved
across HCI concentration below 3M (Fig. 5D.2) and in 2M HI solution (Fig. 5C.2). The presence

of two maxima along the diagonal, revealed by the quartic transition dipole scaling in 2D IR

spectra, indicates that the 6H+ feature is a separate resonance from o,  rather than a tail of the

water peak. Both GSBs are accompanied by ESAs extending from w3 = 1600 cm™ to below
1500 cm!. Off the diagonal, there is a broad bleach cross peak feature that extends across (wi,

®3) = (1500-1700 cm™!, 1750 cm™"). Because the feature is intense at the earliest measurable

waiting time and extends in w1 beyond the linewidth of the 6,  feature, we assign it as a cross
2

peak arising from strong anharmonic coupling between the high-frequency edge of Region 1 to

5H+ . There is also likely anharmonic coupling to &, ., but that cross peak would be limited to the

H,0°
region around (w1, w3) = (1650 cm™, 1750 cm™). The w: center frequency of the &, , doublet

(1670 cm™) is slightly blueshifted compared to the FTIR center frequency (1650 cm™) likely due

to destructive interference with the 5H o ESA.
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Figure 5.4: The isotropic 2D IR waiting time series of 2M HCI along the Region 2 diagonal.
Spectra are all normalized to the absolute maximum value in the 7> = 100 fs spectrum.

As waiting time increases, the early-time signal decays by 7> = 500 fs and the hot ground
state (HGS) signal grows in. As discussed in Chapter 4, the HGS arises from changes in absorption
due to the dissipation of pump energy into low-frequency motions of the solution’s H-bond
network. In detection frequency, the HGS spectrum appears as induced absorption at
w3 = 1620 cm™! with flanking absorption losses. This is consistent with a temperature difference

IR spectrum, where &, , narrows and gains intensity with increasing temperature. Since pump

(0]

excitation energy is distributed throughout the sample, pump-frequency correlation is lost and the
HGS lineshape along w; reflects the overlap of the pump spectrum and linear absorption spectrum.

While the spectrum appears like a temperature-difference spectrum, the origin for the signal is
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non-equilibrium due to its rise on the ultrafast timescale. However, in both the HGS and

temperature-difference spectra, the signals arise from deposition of energy into low-frequency

modes that weaken the H-bond network around o, , and 5H+ oscillators.

5.3.2.2 Anisotropic 2D IR Surfaces

The 2D anisotropy spectra (Fig. 5.5) present the polarization anisotropies of &, , and 5H+

as functions of both @ and ws. All spectra show positive anisotropy over 5H+ , which vanishes by

72 = 10 ps. The 2D anisotropy surface at 72 = 100 fs displays anisotropy lower than the expected
0.4 value at this early waiting time, likely due to interference with residual CaF, nonresonant

signal, and will not be analyzed here.

At 72 = 200 fs, the anisotropy across the 5H+ bleach diagonal at 1750 cm'! takes on values
of roughly 0.3, and high anisotropy (>0.4) is also seen in the ESA around (wi, w3)=
(1750 cm!, 1500-1650 cm™). The anisotropy of the uphill cross peak for w1 < 1600 cm™! is about

as high as the 6}1* diagonal and does not demonstrate any particular trend with w1 or ws. The

anisotropy of J, , along wi = 1650 cm™ is strikingly different, displaying low anisotropy values

[0}

of ~0.1. The J, , anisotropy extends to w3 > 1650 cm™ since the 6, , ESA incorporates a

transition directly from one quantum of &, jto one quantum of vou, which is at higher frequency

and coupled to the bend overtone via Fermi resonance (see Chapter 4). The fast anisotropy decay

of 6,, , is due to the delocalized nature of the water bend, which allows fast excitation transfer and

orientational scrambling.!” The frequency resolution of the 2D anisotropy measurement clearly
separates the anisotropy components with respect to different excited vibrations, which are

projected together in a TA measurement.

163



2M HClin H,O
2D Anisotropy

1,=100fs 1,=200fs

7 1900
£
)
& 1800 04
g 1700 e 03 2
[y -0 = (]

> ; = 02 =
< 7 - - =
2 1600}--. o)
g 01 3
& 1500l AL LGN 0.0

1500 1700 1900 1500 1700 1900 1500 1700 1900
~ T,=1ps T,=2pS t,=10ps
£ ,
)
04

g 03 2
E 02 %
g 01 32
T 0.0
o

1500 1700 1900 1500 1700 1900 1500 1700 1900

Excitation Frequency o, (cm™)

Figure 5.5: The 2D anisotropy waiting time series of 2M HCI along the Region 2 diagonal.
Black contours are from the corresponding isotropic spectrum, where solid lines indicate
positive features and dashed lines indicate negative features. 2D anisotropy is only shown in
regions of the spectra whose absolute intensity is at least 10% of the maximum.

As waiting time increases, the anisotropy of 6 . decreases while the anisotropy of the 6,
H 2

band remains low. At 7> = 500 fs, the anisotropy of 5H+ in the bleach regions is around 0.2, but the

anisotropy in the induced absorption region around w3 = 1620 cm! is even lower at approximately
0.1. Along the diagonal at 1900 cm’!, the polarization anisotropy is higher which can be attributed
to small residual scatter contributing preferentially in the ZZZZ polarization geometry. As the
HGS grows in, the anisotropy value is relatively uniform across the HGS, particularly at 7o = 1 ps
and beyond. By 10 ps, the anisotropy is essentially fully decayed. These 2D anisotropy

measurements confirm that the HGS signal retains its own anisotropy.
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5.3.2.3 Polarization-Resolved Transient Absorption Kinetics

The polarization-resolved TA spectral evolution of 5H+ have been measured in Region 2.

By comparing the 2M NaCl and 2M HCI spectra (Fig. 5.6), it is apparent that H>O relaxation
processes dominate the dynamics for detection frequencies w3 < 1700 cm™. In H,O, the bleach
(w3 = 1660 cm™) rapidly decays with a 170 fs time constant followed by an HGS signal rise on a
840 fs timescale.!®

In addition to the H2O features, the TA spectra for 2M HCI show a prominent bleach

centered at w3 = 1750 cm™! from 5H+ in the frequency range not influenced by bulk H>O. Unlike

in 2M NaCl, these spectra show a striking polarization dependence, as seen in Figs. 5.6c-d. After
the instrument-response limited spike around 72 = 0, the parallel spectrum rises to a maximum at
7= 170 fs for all detection frequencies between 1730-1900 cm’!, before a slower decay toward
the offset resulting from the HGS. The perpendicular trace does not show such a strong recurrence,
but grows slowly toward the same offset over several ps.

The vibrational relaxation decay of the 1750 cm™ bleach is presented in Fig. 5.7a as the
isotropic TA trace, normalized at 7> = 100 fs. The vibrational relaxation follows an exponential
decay with a 280 fs timescale and a significant offset due to the HGS. The fast timescale of these
processes indicates rapid vibrational energy dissipation. However, the anisotropic trace decays on
a much slower timescale, on the order of 3 ps, which is unusual because it is an order of magnitude
longer than the population of the vibrational excitation and it is still distinguishable at long waiting

times.
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Figure 5.6: TA spectra of the Region 2 diagonal of (a)-(b) 2M NaCl and (c)-(d) 2M HCl in the
7777 and ZZYY pump-probe polarization schemes, respectively. Surfaces are on a common
normalization equal to the maximum amplitude of the isotropic 2M HCI spectrum at 7> = 10 ps.
In all spectra, the signal around 7z, = 0 fs at all w3 is due to the instantaneous polarization
response from the solution and the CaF, windows. Grayed out regions indicate waiting times
before 7, = 200 fs, which are omitted from analysis. The colored boxes in (c) and (d) represent
the frequency range w; = 1750-1760 cm™ plotted in Fig. 5.7.
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Figure 5.7: TA isotropic and anisotropic traces and TA anisotropy of 5H+ in 2M HCl at w; =

1750-1760 cm’. (a) Isotropic and anisotropic TA traces from 7> = 200 fs to 10 ps, the latest
measured waiting time, normalized to early-time values at 7, = 100 and 200 fs, respectively. (b)
TA anisotropy decay after 7, = 200 fs, fit to a biexponential decay (solid line). Grayed regions
denote waiting times excluded from analysis due to the instrument response and interference
from window nonresonant signal. Together, these graphs demonstrate that the anisotropic
signal persists longer than the isotropic signal but decays to zero by 10 ps.

To isolate the orientational relaxation component of the TA spectrum, the TA anisotropy
decay as a function of waiting time is shown in Fig. 5.7b. At ©2 = 200 fs, the TA anisotropy starts
at 0.35 and decays biexponentially to zero with 170 fs and 2.7 ps time constants. The fast

component likely arises from vibrational energy transfer within the aqueous proton complex.

However, the anisotropy persists over an order of magnitude longer than the 280 fs lifetime of 5H+

and the 80 fs anisotropy decay of the H>O bend in neat water (see Chapter 4).!> With the 2D

7, (ps)
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anisotropy measurements (Fig. 5.5), the anisotropy appears preserved in the HGS signal, which is
peculiar because it suggests that this energy dissipation signal retains some orientational
information. The slow relaxation of the anisotropy is not strongly influenced by the identity of the
counterion (Fig. 5C.3), but the relaxation timescale increases modestly with acid concentration
(Fig. 5D.3).

The orientational relaxation of 5H+ indicates that the transition dipole moment orientation

is diffusing on a ps timescale, but the physical origin of this reorientation is not immediately clear.

The process is not likely vibrational energy transfer between 5H+ chromophores because the

relaxation timescale increases with concentration. The timescale is similar to ca. 3 ps H-bonding

reorganization in neutral H,O,!6!7

suggesting that the origin is due to collective H-bond network
rearrangement. However, it is expected that the H-bonds in the immediate vicinity of the excess
charge would be relatively stronger than in pure H2O by a few kcal/mol, suggesting that these
proximal H-bonds would remain relatively intact at room temperature. Additionally, the
reorientation of an intact Zundel-like or Eigen-like arrangement would involve the rupture of many
H-bonds, which is energetically costly compared to thermal fluctuations. Another possibility is
that the anisotropy decay occurs as a result of Grotthuss proton transfer through a bent H-bond

network, but this hypothesis needs to be assessed carefully and will be the subject of Chapter 8.

Experimental Details

The 2D IR and TA spectra shown in this section were taken with 2M HCl in a 3.6 um
Mylar spacer sandwiched between two 0.2 mm thick CaF> windows, which produced OD 1 linear
absorption at 1650 cm™. The 7 uJ, S-polarized pump pulses were centered at 1750 cm™ with

530 cm! bandwidth FWHM. A 45°-polarized component of the probe was sent to the sample, then
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split into S and P polarization components for simultaneous detection of the ZZZZ and ZZYY

spectra as presented in Chapter 3.

5.3.3 Region 3: Continuous IR Absorption of O-H Stretches Adjacent to the Excess
Proton
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Figure 5.8: The early-time isotropic 2D IR spectrum of the Region 3 diagonal in 2M HCL

Region 3 spans ~2,000-2,800 cm™!, giving rise to a broad 2D bleach (Fig. 5.8). In contrast
to the low absorption in the FTIR spectrum in this region (see Fig. 5.1), the 2D feature shows a
broad maximum centered at w3 = 2400 cm™!. This difference between the FTIR and 2D IR spectra
likely derives from the quartic intensity scaling of the 2D measurement. These observations
indicate that Region 3 has a distinct molecular origin, rather than being a featureless continuum.
This region is attributed to O-H stretches adjacent to the excess proton, either as hydronium O-H
stretching motions? or as strongly H-bonded flanking O-H stretches in Zundel-like arrangements.?

The bleach appears roughly homogeneously broadened, which implies O-H stretch frequency
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fluctuations faster than the time resolution of the experiment. With the limited pump pulse
bandwidth, we cannot draw conclusions about the spectral dynamics of the Region 3 bleach, but a
broadband excitation source will provide the necessary bandwidth to reliably measure the 2D
lineshape of this feature. There is no visible ESA counterpart to the bleach, likely because both are
broad and highly overlapping. For m3 > 2800 cm™, there is a bleach wing associated with the cross
peak to Region 4, but no visible induced absorption. Overlap between the ESA of the cross peak
to Region 4 may explain why the maximum of the Region 3 bleach lies below the diagonal.

The TA spectrum of Region 3 (Fig. 5.9) shows fast relaxation of the broad bleach, followed
by a ps-timescale rise of the hot ground state. Above w3 = 2800 cm’!, the tail of the cross peak to
Region 4 is present. Comparing the ZZZ7Z and ZZYY spectra in Figs 5.9a and 5.9b, there is a
difference in amplitude around 7> = 0 fs, but otherwise the spectra look similar. Fig. 5.9¢ shows
the evolution of the isotropic response integrated over w3 = 2300-2600 cm!. The bleach decays on
a 100 fs timescale, followed by a 1.6 ps rise of the HGS to a nonzero offset. The polarization
anisotropy in this region (Fig. 5.9d) decays on a 125 fs timescale to zero offset. The fast vibrational
relaxation and anisotropy decay are indicative a delocalized vibration that efficiently relaxes
through many relaxation channels in solution. This is perhaps not too surprising given the
frequency overlap between Region 3 and the H>O bend-libration combination bend at 2100 cm™,
which is highly delocalized and strongly coupled to low-frequency modes of the solvent. Despite
the presence of HGS signal in this region, we do not observe anisotropy out to multiple ps like in
Region 2, which means this anisotropy is not useful for reporting on physical reorientation.
Interestingly, recent TA studies in 7M HCIl solution have measured anisotropy decay in this region
on a 1.6 ps timescale,'® which may imply that the nature of the vibrational excitation changes at

significantly higher concentrations.
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Figure 5.9: TA spectra of the Region 3 diagonal with the (a) ZZZZ and (b) ZZYY polarization
schemes. The two spectra are plotted on the same scale. (c) Isotropic and (d) anisotropy TA
traces in this region, averaged over ms = 2300-2600 cm™'. The colored boxes in (a) and (b)
represent the frequency range m; = 2300-2600 cm! plotted in (¢) and (d).

Experimental Details

This dataset was taken for 2M HCI in H>O, with a 6 um Mylar spacer between two 1 mm
thick CaF, windows. The pump pulses were centered at 2550 cm™ with 300 cm™! bandwidth
FWHM. The polarization of the pump was rotated between S, P, and magic angle (54.7° from the
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P-polarized probe) with a CdSe A/2 waveplate (Alfalas), such that spectra were not collected
simultaneously. The probe was split with a 50:50 KBr beamsplitter, where one portion was sent to
the sample and the second half was used as a reference traveling straight to the detector. The top
stripe on the 2x64 MCT array collected transient absorption data from the sample, whereas the

bottom stripe was used to reference the intensity fluctuations of the probe.

5.3.4 Region 4: Flanking O—H Stretches of Zundel-like Complexes

A 2D IR waiting times series of 4M HCI in Region 4 is shown in Fig. 5.10a. From earlier
analysis of this 2D IR spectral region by Thamer et al., this region is expected to report on the
flanking O-H stretches in Zundel-like configurations.!® However, it is unclear if these flanking
stretches behave as local modes due to different local H-bonding environments, or have more
normal mode character over the complex. At ©» = 100 fs, the bleach is centered at (w1, w3) =
(3250 cm!, 3300 cm!) and the ESA is anharmonically downshifted in w3 to a peak position of
(w1, w3) = (3250 cm!, 2950 cm!). The response by this region is dominated by bulk water, as seen
by the 4M NaCl 2D IR series (Fig. 5.10b), where the broad ESA arises from strong anharmonic
coupling between water molecules in the liquid.!*?° Comparing the acid and salt solution spectra
at 72 = 100 fs, the Region 4 bleach of the acid species is slightly broader in both w1 and w3 and the
ESA intensity is slightly lower in the acid spectrum. Both of these details point to increased bleach
intensity from the acid continuum. Additionally, there is a weak induced absorption feature peaked
at w3 = 3600 cm™'. All of these characteristics are preserved when the counterion is exchanged

(Fig. 5C.4).
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Figure 5.10: Isotropic 2D IR waiting times series of (a) 4M HCI and (b) 4M NacCl solutions.
Spectra are each normalized to their respective absolute maximum values.

Inspection of the rest of the waiting time series shows that the early-time response decays
by 2 = 500 fs, giving way to the growing HGS signal. The HGS for the water O-H stretch consists
of an intense bleach centered at w3 =3300 cm™!, accompanied by a small, narrow induced
absorption at w3 =3600 cm’!. This pattern reflects the bleaching of strongly H-bonded O-H
oscillators and the induced absorption of weakly H-bonded O-H oscillators upon ultrafast energy
deposition. The small induced absorption at w3 = 3600 cm™! in the 2 = 100 fs surface reveals that
the spectral signatures of this energy deposition are present at the earliest measurable waiting times

in the acid solution. This indicates that the most redshifted, strongly H-bonded O-H stretches are
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more intimately coupled to nonadiabatic relaxation pathways in solution.? This is reinforced by
the faster relaxation of the von ESA in HCI compared to in NaCl.

In Fig. 5.11, the center-line slope decay (CLS) of the O-H stretch bleach is compared
between acid and salt solutions. The initial values of the center-line slope indicate the degree of
inhomogeneous broadening in each solution, while the timescale of the decay reports on the
frequency-frequency correlation loss for the O-H stretch. The CLS in NaCl solution starts at an
initial value of 0.2 and decays to zero on a 270 fs timescale, which is slightly longer than the 170 fs
value measured for bulk water.?® This reveals that the O-H stretch oscillators in salt solution
fluctuate on a slightly slower timescale than in bulk water due to the obstructions imposed by the
solute. For context, 4M concentration corresponds to approximately 6 water molecules per ion,
indicating there is little bulk water in solution. In 4M HCI, the initial center line slope is above 0.3,
indicating more inhomogeneous broadening than in NaCl in the presence of the excess proton, and
longer decay timescale of 360 fs. The larger initial value indicates that acid solutions create a
broader distribution of water H-bonding geometries in solution, which could arise from flanking

waters in Zundel-like complexes or waters in second solvation shells of the excess proton.
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Figure 5.11: Center-line slope decays of the O—H stretch in 4M HCI and 4M NaCl, fit to
exponential decays.
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The strong response from bulk O-H oscillators makes it challenging to isolate the response
in Region 4 due to the acid. Additionally, because these samples are assembled sandwiched
between two windows without spacers, we cannot currently control the pathlength. However, it
may be feasible to isolate this signal with an HCI concentration series of 2D IR spectra and an
SVD analysis (see Appendix 5A) to find the component of the 2D IR spectrum due to increasing
HCI concentration. This may help determine if the peak at 3100 cm™! is a separate peak from the

O-H stretch or reflects the broadening of the tail of O-H stretch absorption.

Experimental Details

This dataset was taken with 4M HCI or 4M NaCl in H>O sandwiched between two 1 mm
thick CaF, windows without spacer. The pump pulses centered at 3250 cm™ were generated via
OPA as described in Chapter 3. The polarization of the pump was rotated to magic angle (54.7°
from the P-polarized probe) with a MgF> A/2 waveplate (Alfalas). The probe was split with a 50:50
KBr beamsplitter, where one arm was sent to the sample and the second arm used as a reference
arm traveling straight to the detector. The top stripe on the 2x64 MCT array collected transient
absorption data from the sample, whereas the bottom stripe was used to reference the intensity
fluctuations of the probe.

5.3.5 Summary of 2D IR Spectra Along the Diagonal

The 2D IR and TA spectra of Regions 1-4 along the diagonal provide new spectral
information regarding the vibrational modes of aqueous proton complexes. In Region 1, the ESA
appears at higher w3 than the GSB, which is consistent with the confined anharmonic potential
shape for a shared proton oscillating between two waters in Zundel-like arrangements. This

potential shape is also expected for umbrella inversion, but the Zundel proton stretch is expected
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to be more intense. The feature in Region 2 is due to bending motions of the aqueous proton
complex, once again likely to be over-represented by Zundel-like configurations due to intensity
borrowing from the asymmetric proton stretch. In particular, this feature displays anisotropy decay
kinetics with a 2.7 ps timescale which is consistent with physical reorientation perhaps associated
with proton transfer. Region 3 represents a broad feature peaked at w3 = 2400 cm™ due to strongly
redshifted O-H stretches, either in hydronium or strongly H-bonded flanking stretches in Zundel-
like complexes. Region 4 is likely represented by the flanking O-H stretches of Zundel-like

complexes and demonstrates slower frequency fluctuation dynamics than in bulk water.

5.4 Cross Peaks

The 2D IR spectra along the diagonal are useful for characterizing the vibrations in detail,
but these assignments can be further scrutinized by examining the cross peaks between each of
these features. In particular, polarization dependence of the cross peaks is invaluable for
determining orientational relationships between these vibrations, which provide a stringent test for
the assignments that cannot be accomplished with linear spectroscopy alone. “Uphill” cross peaks
refer to the regions were ®3> ®i, whereas “downhill” refer to the opposite case 3 < wi.
Analogous uphill and downbhill cross peaks between the same two vibrations can be collected to

ensure a self-consistent description of the coupling between those modes.
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5.4.1 Uphill Cross Peak Between Regions 1 and 2
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a) Isotropic b)  Anisotropic C) 2D Anisotropy

No———

E .
=, 2000 b Q70 A 024
s 016 >
¢ 1900 //\/\ q 008 =
5 000 9
9 =
& 1800 O ~008 O
c ©
2 1700 =_— -0.16 <
I C > O 024
g 1600 S ~032

1200 1400 1200 1400 1200 1400 -0.40

Excitation Frequency o, (cm™)

Figure 5.12: Polarization-resolved 2D IR cross peak spectra at 7o = 150 fs between Regions 1
and 2 in 2M HCI. (a) Isotropic, (b) Anisotropic, and (¢) 2D anisotropy representations of the
2D IR spectrum. The anisotropic spectra is scaled by a factor of three compared to the isotropic
spectum. Black contours in (c) are from the isotropic spectrum. 2D anisotropy is only shown in
regions of the spectra whose absolute intensity is at least 10% of the maximum.

An intense cross peak bleach at w3 = 1750 cm! is immediately apparent after excitation at
w1 = 1200 cm! in the 2D IR spectrum of 2M HCI (Fig. 5.12a), indicating anharmonic coupling
between the vibrations in Regions 1 and 2. For this cross peak, the 2D IR spectrum is presented in
the isotropic (S)+2S1) and anisotropic (Sj-S1) representations to highlight the doublet in the
anisotropic spectrum (Fig. 5.12b) In the anisotropic spectrum, the GSB at w3 = 1750 cm™! appears
with an ESA at w3= 1900 cm™! arising from excitation into the combination band between the
Zundel-like stretch and bend vibrations. The induced absorption feature is hidden in the isotropic
spectrum, likely because of overlap with the broad bleach in Region 3. This cross peak doublet
displays the same inverted anharmonicity pattern as in Region 1, and is retained over various HCI

concentrations (Fig 5D.4).
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The 150 cm! splitting of the cross peak doublet demonstrates a massive coupling between
these two vibrations, compared to typical couplings in weakly anharmonic systems of <30 cm™.2!
Strong anharmonic mode-mixing between proton stretch and bend modes in Zundel complexes

has been predicted theoretically!4

and demonstrated experimentally in mixed-isotope gas-phase
Zundel ions.?? Invoking a simple mode-mixing model with two oscillators, the ~150 cm™ coupling
implies that local mode frequencies occur near ~1245 cm! and ~1705 cm’!, respectively.
However, we find that all transitions observed in our experiment cannot be satisfactorily described
with only two strongly coupled modes, but requires a higher dimensional treatment of the nuclear
potential.

The 2D anisotropy of this cross peak (Fig. 5.12c) offers important new clues into the
assignment of the vibrational modes. The bleach displays an anisotropy greater than 0.25 at
w3 = 1750 cm’!, indicating roughly parallel preference between the two vibrations. The anisotropy
decreases to negative values as @3 increases above 1750 cm™, likely due to interference with the
continuum cross peak above (see Section 5.4.2). High initial 2D anisotropy is retained with varying
HCI concentration (Fig. 5D.4). This cross peak polarization preference is consistent with strong
mode-mixing of aligned proton stretching and flanking H-O-H bending coordinates along a
common O-O axis in Zundel-like complexes.>!*?3 The high positive anisotropy also rules out
observable interaction between hydronium in-plane bending and umbrella modes because those

transition dipoles are expected to point along and perpendicular to the molecular plane,

respectively.
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Figure 5.13: TA spectra of cross peak between Regions 1 and 2 for (a) and (b) 2M NaCl and
(c) and (d) 2M HCl in the ZZZZ and ZZYY pump-probe polarization schemes. Surfaces are on
a common normalization equal to the maximum amplitude of the isotropic 2M HCI spectrum at
72 = 10 ps. In all spectra, the signal at 7, = 0 fs and all w3 is instantaneous polarization response
from the solution and the CaF, windows.

The polarization-resolved TA spectra of this cross peak region (Fig. 5.13) appear

remarkably similar to the TA spectra of the 5H+ diagonal (Fig. 5.6). Importantly, the 5H+ bleach at

w3 = 1750 cm! is present at early times in 2M HCI, followed by the rise of the HGS. The isotropic
TA trace at this frequency (Fig. 5.14a) reveals an initial decay on a 260 fs timescale, followed by
a 2.9 ps rise of the HGS. The anisotropy (Fig. 5.14b) of this signal decays biexponentially with

120 fs and 1.9 ps components, remarkably similar to the anisotropy decay of 5H+ along the
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diagonal (Fig. 5.7b). This ps anisotropy component is not visible on the Region 1 diagonal because
the lifetime is on the order of the pulse overlap, and there is no HGS to retain the anisotropy like
in Region 2. It is fascinating, therefore, that the ps anisotropy decay is present in the cross peak
TA spectrum. Fig. 5.14b records the cross anisotropy decay between the Zundel-like stretching
and bending vibrations, which is bounded above by the orientational anisotropy decays of each of

the individual modes. For the ps component to be present in the cross anisotropy, it means that
both 5H+ and the proton stretch of Zundel-like complexes must retain orientational correlation on
a ps timescale, even if the orientation correlation persists beyond both of their lifetimes. This

suggests that there is some sort of persistence in the geometry of the aqueous proton complex for

a few ps, even if its IR spectral signatures decay on a much faster timescale.
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Figure 5.14: TA (a) isotropic and (b) polarization anisotropy traces of the proton stretch- 5H+

cross peak in 2M HCl at w3 = 1750 cm™!. Both traces are fit to a biexponential decay (solid line)
starting at 7, = 200 fs.

Experimental Details

The 2D IR and TA spectra of this region were taken with 2M HCI in a 3.6 um Mylar spacer

sandwiched between two 0.2 mm CaF> windows, which produced OD 1 linear absorption at
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1650 cm™'. The 10 pJ, P-polarized pump pulses centered at 1250 cm™' were generated by
OPA/DFG in GaSe, characterized in detail in Chapter 3. A 45°-polarized component of the probe
was sent to the sample, and later split into S and P polarization components for simultaneous

detection of the ZZZZ and ZZY'Y spectra.

5.4.2 Uphill Cross Peak Between Regions 1 and 3
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Figure 5.15: Polarization-resolved 2D IR cross peak spectra at 7o = 150 fs between Regions 1
and 3 in 2M HCL. (a) ZZZZ, (b) ZZYY, and (c) 2D anisotropy representations of the 2D IR
spectrum. The ZZZ7Z and ZZYY spectra are scaled to the same normalization factor. Black
contours in the 2D anisotropy are from the corresponding isotropic spectrum. 2D anisotropy is
only shown in regions of the spectra whose absolute intensity is at least 10% of the maximum.

The early-time 2D IR spectrum of the cross peak between Regions 1 and 3 is shown in Fig.
5.15. The cross peak appears as a broad bleach centered at o3 = 2350 cm™! in detection frequency
with no noticeable ESA feature, much like the diagonal 2D IR spectrum of Region 3 (Fig. 5.8).
The ZZYY (Fig. 5.15b) spectrum is more intense than the ZZZZ (Fig. 5.15a) spectrum, and the
resulting 2D anisotropy (Fig. 5.15¢) is negative across the feature. This polarization preference
indicates that Region 1 and Region 3 correspond to vibrations with roughly perpendicular

orientation. This would be consistent with Zundel-like stretches coupled to strongly H-bonded
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flanking O-H stretches with either local mode character or asymmetric normal mode character
pointing away from the O-O axis. However, this would also be consistent with the orthogonal
polarization relationship between the hydronium umbrella and in-plane hydronium O-H stretches.
Disentangling these two contributions will be aided with anharmonic vibrational calculations,
which will be shown in Chapter 7. The perpendicular polarization preference rules out the
possibility that Region 3 arises predominantly from Region 1 0—2 overtone transition expected
at w21 + wio= 2550 cm™! or combination bands involving low-frequency O-O modes since these

would display a parallel polarization preference.’
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Figure 5.16: TA spectra of the cross peak between Regions 1 and 3 with the (a) ZZZZ and (b)
ZZYY polarization schemes. The two spectra are plotted on the same scale. (¢) Isotropic and
(d) anisotropy TA traces in this region, averaged over @3 = 2300-2600 cm™! as indicated by the
colored boxes in (a) and (b).
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The time dependence of this cross peak is plotted as the TA spectrum in Fig. 5.16. Similar
to the diagonal of Region 3 (Fig. 5.9), there is a rapid decay of the vibrational population, followed
by a slow rise of the hot ground state. The early time signal in the ZZYY spectrum (Fig. 5.16b) is
more intense than the ZZZZ signal (Fig. 5.16a), which is consistent with the 2D IR results. The
integrated TA trace of the isotropic signal (Fig. 5.16¢) shows a 100 fs fast decay of the cross peak
intensity, followed by a 3.3 ps-timescale rise of the HGS. The TA anisotropy (Fig. 5.16d) starts
around -0.1 at 72 =200 fs, and rises to a constant baseline on a 190 fs timescale. The baseline
deviates from zero, likely due to slightly misaligned ZZZZ and ZZY'Y detector stripes rather than
a long-lived non-zero anisotropy from the sample. The 190 fs timescale is consistent with the fast
anisotropy decay of the Region 3 diagonal, and suggests that it results from anisotropy decay due
to energy transfer over a delocalized vibration, rather than by physical reorientation.

At this point, the uphill cross peak between Regions 1 and 4 have not been collected, but
could provide interesting information to learn about the spectral relationships between these
features. Polarization dependence of the cross peak would help determine the orientational
relationships between the shared proton stretch and the flanking O-H stretches for Zundel-like
species. Additionally, spectral dynamics of this cross peak could reveal chemical exchange
between these modes due to proposed processes like proton rattling or special pair dancing. This
experiment is complicated by the difference in absorbance between Region 1 and 4, which may
result in low light at the detector. Vibrational energy transfer within the continuum could
complicate the interpretation of any extracted timescale, which perhaps could be remedied by
using isotopically dilute H" in DCI solution. Appendix 5B demonstrates, however, that extracting

this signal is challenging and requires analysis of double-difference spectra.
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Experimental Details

The 2D IR and TA spectra of the cross peak between Regions 1 and 3 were taken with 2M HCl in
a 3.6 um Mylar spacer sandwiched between two 0.2 mm CaF> windows. The 10 pJ, P-polarized
pump pulses centered at 1250 cm™! were generated by OPA/DFG in GaSe, characterized in detail
in Chapter 3. A 45°-polarized component of the probe was sent to the sample, and later split into
S and P polarization components for simultaneous detection of the ZZZZ and ZZYY spectra,

which is discussed in more detail in Chapter 3.

5.4.3 Downhill Cross Peak Between Regions 2 and 1
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Figure 5.17: 2D IR spectra of 2M HCI1 — H>O between Regions 2 and 1 at 72 = 100 fs in the a)
7777 and (b) ZZYY polarization schemes. Spectra are presented as differences due to the large
amplitude of the water background in this region (Fig. 5.2).

The 2D IR cross peak measured upon exciting Region 2 and detecting in Region 1
(Fig. 5.17). In the downhill cross peak in 2M HCI (Fig. 5.17a), there is a strong contribution from
the water background (Fig. 5.2) in both polarization schemes. Subtraction of the background
reveals the polarization response associated with the excess proton, but is not completely rigorous

because the fraction of water that is considered “bulk-like” water in 2M acid solution is not well
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defined. Regardless, the difference spectrum displays an intense bleach centered at (w1, @3) =
(1750 cm!, 1200 cm™) due to the coupling between asymmetric proton stretches and flanking
bends in Zundel-like complexes. Like the uphill cross peak between Regions 1 and 2, this cross
peak also displays a strong parallel preference and corroborates the assignment made from that
region. Reliable TA spectra have not been collected in this region due to dispersion issues, but
would likely decay rapidly like the Region 1 diagonal spectrum, and may not include more useful
information than is already attainable from the corresponding uphill cross peak.

Experimental Details

This dataset was taken with 2M HCl in H>O, with a 6 um Mylar spacer between two 1 mm
thick CaF> windows. The pump pulses were centered at 1750 cm™ with 530 cm™ bandwidth
FWHM. The polarization of the pump was rotated between S and P with a CdSe A/2 waveplate
(Alfalas), such that ZZZ7 and ZZYY spectra were not collected simultaneously. The probe was
split with a 50:50 KBr beamsplitter, where one arm was sent to the sample and the second arm
used as a reference arm traveling straight to the detector. The top stripe on the 2x64 MCT array
collected transient absorption data from the sample, whereas the bottom stripe was used to

reference the intensity fluctuations of the probe.

5.4.4 Downhill Cross Peak Between Regions 3 and 1

The downhill cross peak between Regions 3 and 1 is shown in Fig. 5.19. The 2D IR spectra
in 2M HCI (Fig. 5.18) demonstrate a bleach in Region 1, with larger bleach amplitude in the ZZYY
spectrum. Like in the case with the other downhill cross peaks, there is substantial water

background (Fig. 5.2), but subtraction reveals a more intense ZZY'Y spectrum compared to ZZZZ.
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The perpendicular polarization preference corroborates the polarization relationship found in the

uphill cross peak between the features in Regions 1 and 3.
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Figure 5.18: 2D IR spectra of 2M HCI — H>O between Regions 3 and 1 at 72 = 100 fs in the a)
7777 and (b) ZZYY polarization schemes. Spectra are presented as differences due to the
large amplitude of the water background in this region (Fig. 5.2).

Experimental Details

This dataset was taken with 2M HCI in H>O, with 6 um Mylar spacers between two 1 mm
thick CaF» windows. The pump pulses were centered at 2550 cm™ with 300 cm™ FWHM. The
polarization of the pump was rotated between S and P with a CdSe A/2 waveplate (Alfalas), such
that ZZ77 and ZZYY spectra were not collected simultaneously. The probe was split with a 50:50
KBr beamsplitter, where one arm was sent to the sample and the second arm used as a reference
arm traveling straight to the detector. The top stripe on the 2x64 MCT array collected transient
absorption data from the sample, whereas the bottom stripe was used to reference the intensity

fluctuations of the probe.
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5.4.5 Downhill Cross Peak Between Regions 3 and 2

Fig. 5.19 shows the cross peaks between Region 3 and Region 2. Within the bandwidth
limits of the tuned excitation pulses, the cross peak appears as a continuous transition spanning
@1 =2300 cm™! to 2700 cm!. In 2M HCI (Fig. 5.19), the ZZYY spectrum is much more intense
than the ZZZZ spectrum, indicating a perpendicular polarization preference. This polarization
preference is consistent with the earlier orientational assignments, where the bending modes of
Region 2 are parallel to the O-O axis in Zundel-like complexes, but the O-H stretches in Region 3
are orthogonal to this direction. However, it is also possible that there are contributions from
Eigen-like configurations, where hydronium bending and stretching normal modes are orthogonal
to each other but lie in the molecular plane. At this time, the TA kinetics are missing for the cross
peak region, but may be an interesting region to measure. Given that the bend hot ground state
retains orientational anisotropy, it would be interesting to see if there is a ps component to the

cross anisotropy between the stretches in Region 3 and the bends in Region 2.
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Figure 5.19: Polarization-resolved 2D IR spectra of the downhill cross peak between Regions
3 and 2 at 7, = 100 fs in 2M HCI — H>O. The spectra are all scaled to the same normalization
constant.
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Experimental Details

This dataset was taken with 2M HCl in H2O, with a 6 um Mylar spacer between two 1 mm
thick CaF, windows. The pump pulses were centered at 2550 cm™ with 300 cm™' FWHM. The
polarization of the pump was rotated between S and P with a CdSe /2 waveplate (Alfalas), such
that ZZ77 and ZZY'Y spectra were not collected simultaneously. The probe was split with a 50:50
KBr beamsplitter, where one arm was sent to the sample and the second arm used as a reference
arm traveling straight to the detector. The top stripe on the 2x64 MCT array collected transient
absorption data from the sample, whereas the bottom stripe was used to reference the intensity

fluctuations of the probe.

5.4.6 Center Frequency Dynamics in the Cross Peak Between Region 4 and Region 2
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Figure 5.20: Waiting time series of 2D IR spectra of 4M HCI, taken at the magic angle
polarization scheme to produce the isotropic 2D spectra. The maximum of the cross peak in wi
(dashed green) appears to blue shift with waiting time.

The last cross peak region in this chapter relates Regions 4 and 2, a cross peak region which
was the subject of study by Thiamer et al. previously.!? On top of the broad ESA from the Region
4 diagonal, a cross peak appears at (w1, w3) = (3200 cm™, 1750 cm™) due to coupling between
flanking O-H stretches and bends in Zundel-like arrangements (Fig. 5.20). Fig. 5C.4 demonstrates
that this cross peak is present regardless of the counterion in solution. The early-time spectrum

vanishes by 7> = 500 fs, giving way to the hot ground state. As these spectral patterns interchange,
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it appears that the maximum of the bleach shifts to higher frequencies in w1. Reliable polarization-
dependent spectra are missing in this region, but would be useful to assess the assignment of
Region 4 as flanking O-H stretches. Additionally, it would be interesting to see if there are ps-

timescale anisotropy kinetics in this cross peak, like in the cross peak between Regions 1 and 2.

3300

3280 — .

3260

3240 o,(t,) =Aexp(-t,/1) +C

3920 | T, =264 fs

3200

Center o, Frequency (cm™)

3180

Figure 5.21: Center w; frequency position of the cross peak bleach between Regions 4 and 2.

Analysis of this region by Thamer et al.!° found that the cross peak appeared to shift to

higher excitation frequency with increasing waiting time, which is corroborated by this

measurement (Fig. 5.21). The blue shift indicates a growing correlation of the 5H+ cross peak with

bulk water O-H stretches with increasing waiting time. A frequency shift in w1 with waiting time
is likely attributed to the decay of the early-time peak and a rise of a new peak at higher wi. This
can arise from either chemical exchange or energy transfer involving bulk water, and the 260 fs
timescale shown here serves as a lower bound on both of these timescales. This timescale is faster

than the previous attained timescale of 480 fs.!° Fig. 5C.5 demonstrates that this timescale was
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consistent regardless of counterion identity, which suggests that the timescale difference between

this analysis and the work by Thimer et al. arises from a difference in data processing or analysis.

5.5 Conclusion

The 2D IR and TA spectra presented in this chapter represent the vast majority of data
collected in the last six years to extract new information about the vibrational response of the
aqueous proton complex. By examining each of the diagonal features and cross peaks, we can
assemble a holistic picture of aqueous proton spectroscopy. Each of the four regions shows
significant anharmonic coupling with any other with clear polarization preferences. Based on the
data alone, we can make some preliminary assignments (Fig. 5.22). Region 1 is primarily
dominated by the stretching motions of the shared proton in Zundel-like complexes, likely with
some small contribution from hydronium umbrella modes. Region 2 is consistent with the flanking
bending modes of Zundel-like species as well, but the contribution from Eigen-like geometries is
also possible. Region 3 is consistent with either flanking O-H stretches in Zundel-like complexes
or the hydronium O-H stretches in Eigen-like configurations. Region 4 appears consistent with the
flanking O-H stretches of Zundel-like complexes, but orientational information is missing. In
Chapters 6 and 7, these results will be analyzed in more detail using high-level vibrational
calculations to decompose the vibrational response by cluster geometry.

The vibrational kinetics in this system are fast, with most vibrational lifetimes within 100-
200 fs. These ultrafast timescales reflect strong coupling to many relaxation channels within the
aqueous proton complex, enabling efficient relaxation and a substantial hot ground state in some
regions. The polarization anisotropies of these vibrations also include 200-300 fs decay timescales,

which is typical for collective vibrational modes, indicating that these vibrations are not localized
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on just one or two molecules immediately adjacent to the excess proton. Despite this, there is an

interesting 2-3 ps anisotropy decay timescale associated with the 5H+ feature at 1750 cm!, which

persists for over an order of magnitude longer than the vibrational lifetime. This timescale is
consistent with H-bond reorganization inducing reorientation of the aqueous proton complex and
is consistent with proton transfer via the Grotthuss mechanism. Chapter 8 will examine this
anisotropy decay in more detail and analyze what it implies mechanistically about the proton

transfer process.

1000 1500 2000 2500 3000
Frequency (cm™)

Figure 5.22: Schematic of aqueous proton vibrational assignments from nonlinear IR spectra.
Double arrows represent vibrational displacement, while crossed arrows represent transition
dipole orientations.
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Appendix 5A: Acid Spectral Components from the Concentration
Dependence of the HCI Linear IR spectrum

The work presented in this appendix is published and has been adapted with permission from:
Yu, Q.; Carpenter, W.B.; Lewis, N.H.C.; Bowman, J.M.; Tokmakoff, A., High-Level VSCF/VCI
Calculations Decode the Vibrational Spectrum of the Aqueous Proton. J. Phys.Chem. B. 2019,

123 (33), 7214-7224.
Copyright 2019 American Chemical Society

A concentration series of HCl FTIR and ATR spectra are presented in Fig. SA.1. For both

techniques, spectra were recorded of 0-2M HCI solutions (Figs. 5A.1a and 5A.1d). Because of the

uncontrolled pathlengths of the FTIR spectra, the absorption at 3400 cm™! in an FTIR spectrum

was normalized to the value in the corresponding ATR-IR spectrum. To decompose the IR spectra

into components associated with water and dissolved HCI, we implemented a singular value
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decomposition (SVD) analysis followed by a maximum entropy method! (MEM) to attain
physically relevant spectral components (see details below). The SVD/MEM analyses produced
two positive absorption spectra, one corresponding to water absorption, and one corresponding to
new absorption upon introduction of HCI (Figs. 5A.1b and 5A.1e). The ATR spectral components
are both all positive, but there is some residual negative signal in the FTIR acid component around
3700 cm™, possibly due to over-correction by the dissimilarity term in the objection function or an
effect from the variable pathlengths between FTIR signals. The ATR acid component includes
some noise around 2100 cm’!, likely because of the absorption by phonons in the diamond ATR
prism.

We additionally include the two components resulting from the same analysis in NaCl
solutions, which reveal a water component and water IR absorption perturbed by the CI™ anions.
In the ATR acid component spectrum, there is an absorption around 3450 cm™! which seems to
correspond to the O-H stretches perturbed by Cl~ but the correspondence is less clear in the FTIR
component spectra. In Figs. 5A.1c and 5A.1f, we show how the two components change in
amplitude with increasing acid concentration. In both ATR and FTIR spectra, the amplitude of the
acid spectrum grows linearly with acid concentration, whereas the amplitude of the water
component slightly decreases as it is “diluted” with solute. The spectral components and
amplitudes in the FTIR and ATR spectral series show consistent trends with each other, reinforcing
the validity of the decomposition. Importantly, the FTIR spectra contain only the absorption
components of the complex refractive index, and thus are a more accurate measurement of the

absorption spectra of the aqueous excess proton.
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Figure SA.1: SVD/MEM analysis of the IR spectra of HCI in H2O at various concentrations,
measured with both FTIR and ATR-IR spectroscopy. (a) The input transmission FTIR spectra
of 0-2M HCI solutions, (b) the component spectra extracted from the SVD/MEM analysis, and
(c) the amplitudes of the two components as a function of acid concentration. (d)-(f) show the
analogous results for ATR-IR spectra.

Experimental Details

Infrared absorption spectra (Bruker Tensor 27) were measured for a series of HCl and NaCl

solutions from 0-2M in steps of 0.5M. The spectra were collected between two 1 mm-thick CaF»

windows without a spacer, such that the intensity of the O-H stretch was approximately 1 OD. HCI

solutions were prepared by serial dilution of concentrated solution (37% by mass, Sigma Aldrich),

and NaCl solutions were prepared by a serial dilution of 2M NaCl stock solution generated from

the solid salt (Fisher). Contributions to the solution spectra from window absorption (particularly

between 1000-1200 cm™") were subtracted.
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We applied singular value decomposition (SVD) analysis to decompose the IR spectra of
the acid concentration series into components relating to water and the hydrated excess proton. We
applied the same maximum entropy analysis on the NaCl solutions to determine which spectral
features in the HCl spectrum could arise from waters associated with chloride solvation instead of
the proton hydration complex. In SVD analysis, the raw spectra, dependent on a variable (in this
case concentration) are represented as a linear combination of # independent spectral components
whose weights grow or decay as a function of the variable. A spectral series matrix A represented

in terms of frequency w and concentration ¢ can be decomposed into three matrices:

4 =U S VI +E (5.1)

wXxc WXn  nXn cXn wXc

where Ug x5 1s a matrix of the two component spectra, Sy x is a diagonal matrix of the singular
values representing weighting of the spectral components, Vexy is a matrix representing the
concentration-dependent amplitude changes of each spectral component, and Eg x¢ is residual

noise not captured by the » components. Two components were needed to describe 99% of the
spectral information, determined by the values of the first two weights in S x,. The first component,
representing the water absorption spectrum, contains approximately 90% of the spectral
information content, while a second component associated with the acid contains another 9% of
spectral information and the remaining components comprising noise. The components from SVD
analysis are mathematical quantities which may not represent physical absorption contributions.
For instance, SVD analysis can produce negative absorption amplitudes in certain regions of the
absorption spectrum.

To determine the physically relevant components, we applied a maximum entropy method
to reweight the SVD components in a minimally biased way. To implement this, we introduce a

mixing matrix 77 xy, such that
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A =U _§ T'T VT (5.2)

wXc WXn  nXn nXn nXn cXn

The reconstructed spectra are given by

c =U S 1 (5.3)

wXc WXn — nXn nXxn

and the reconstructed concentration weights are determined as

@ =TV (5:4)
The elements of the mixing matrix 7 are chosen such that the objective function
F=H+yP+AD (5.9
is minimized. H is a term that is minimized when information entropy across the spectral
components is maximized, P is a term that penalizes negative amplitudes in the spectral and

concentration domains, and D is a dissimilarity term that penalizes spectral overlap between

components. H is calculated as
H=-YYh In(h,) (5.6)

where /¢y 1s a normalized absolute value of the first derivative of the spectrum with respect to

frequency
|G|
h, = 2 (5.7
¢
The positivity function P was calculated as
P=3 > W(a,)a, +3 3 W(C,)C,, (5.8)
where W(x) is a weighting function for negative values
0 ifx=>0
. (5.9)
1 ifx<O.
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The dissimilarity term D was calculated as the dot product of the two spectral components
normalized by their respective maximum absolute amplitudes, which was included to ensure that
the second component represented the new spectral features that grew in with HCI concentration,
rather than recovering the spectrum of 2M HCI solution. The weights of the different penalty terms
can be balanced by the positive scalars y, 4, and a. We found that the most optimal results for the
HCl spectral series were obtained with y =500, and A = 0.005. The global minimum of the objective

function was determined with a simulated annealing algorithm.

Appendix 5B: The Linear IR Absorption Spectrum of an Isotopically Dilute
H" in DCI/D;O

The work presented in this appendix is published and has been adapted with permission from:
Biswas, R.; Carpenter, W.B.; Voth, G.A.; Tokmakoff, A., Molecular Modeling and Assignment
of IR Spectra of the Hydrated Excess Proton in Isotopically Dilute Water. J. Chem, Phys. 2016,

145 (15), 154504.
Copyright 2016 American Institute of Physics
To isolate the FTIR spectrum of a bare proton, we acquired FTIR spectra of isotopically
dilute protons in otherwise deuterated hydrochloric acid solutions between 1000 and 4000 cm.
After proton exchange, the experimentally measured absorption spectrum of the solution obtained

by mixing a small amount of H>O into DCI contains contributions from multiple isotopologues of

varying concentration. The experimental IR proton continuum spectrum for the dilute isotope in
an otherwise D>O environment (H/D,0), here denoted as S .. 1s superimposed on a strong
background from the major isotope species (D20 and D/D»0) and weaker contributions from bulk

water in the form of HOD. In our analysis of experimental spectra, we approximate the

experimental spectrum S“?* as a sum of contributions from four different species:

S (@)= S, (@)+ szo(w) +S, . (0)+S,,,(®) (5.10)

H*/D,0
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where S, ,, S ., and Swop represent the IR absorption arising from bulk DO, the aqueous excess

deuteron in D>0O, and HOD in bulk D;0O. To isolate S, ., we performed difference spectroscopy

using three additional experimental spectra for pure DO, isotopically pure D*/DCI, and

isotopically dilute HOD/D»O. These spectra also include multiple additive contributions:

S;’;’g(a)) =S,,0(®), (5.11)
$7710(@)=5,,0) 5., (@), .12
S,‘;xé’;mzo(wﬁ SDZO(a))+SH0D(a)). (5.13)

S, was obtained from the double-difference spectrum,

—_ expt expt expt expt
S, @)=| 52 (@)= 5500, 0 (@) || 5271, (@)-S5@) | (5.14)

To perform this double-difference measurement with high accuracy, we used a singular
value decomposition (SVD) analysis of a concentration series to minimize the error originating
from irreproducibility of the sample path length. We first measured the FTIR spectra of DCI in
D>0O with and without 10% HOD (Figs. 5.Bla and 5.B1b) as a function of DCI concentration. We
then applied SVD analysis with two spectral components to extract the spectrum associated with
the addition of acid, whose amplitudes are shown in Figs. 5.Blc and 5.B1d. With increasing acid
concentration, the second component weight grows approximately linearly, and the first
component drops slightly as a result of the decreasing concentration of pure water. The second
component in isotopically pure series represents changes due to the growth of deuterated acid
species, whereas the second component in the 10% HOD series represents the growth of acid

species that are both deuterated and singly H labeled.
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Figure 5B.1: Experimental isolation of the bare H" absorption spectrum. (a)-(b) 0-3.2M DCI
concentration series with 10% HOD and isotopically pure DCI, respectively. (c)-(d) The
concentration-dependent SVD weights of acid (filled circles) and water (cyan open circles)
components of the concentration series. (¢) The experimental FTIR spectra for D>O (blue) and
3.2 M DCl solution (red) with (dashed line) and without (solid line) 10% HOD. (f) The double
difference spectrum. Double difference spectrum was obtained by taking the difference of SVD
reconstructed difference spectra of isotopically dilute and fully deuterated 3.2 M acid solutions.
The difference spectra are first obtained by subtracting the pure water response from the
corresponding acid solutions. The 2200-2800 cm ™! range is not shown, since the high optical
density in the O—D stretching vibration range precludes a satisfactory analysis.

Finally, we reconstructed the 3.2M acid spectra using linear fits to the concentration-
dependent weights of the first and second components, which serve as a method to correct for

random error in sample concentration. We took the (10% HOD) D>O reconstructed spectrum to be

S Dzo(a)) and S (w), and we took the (10% HOD) 3.2 M DCl reconstructed spectrum to be

HOD ,0

S (o) and ¥ () (Fig. 5.Ble). We could then carry out the double difference subtraction

H*/D,0 D*/D,0
as outlined in the procedure above to obtain the FTIR signal from the isolated H" in D>O, SH+ (w)
(Fig. 5.B1Y).
Figures 5.Ble and 5.B1f shows the results of our analysis. Fig. 5.Ble shows the FTIR

spectra for D>O and 3.2 M DCI solutions with and without the isotopically dilute proton. The FTIR
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spectrum of pure D>O exhibits a sharp D-O-D bend at 1208 c¢cm, a broad bend-libration
combination band around 1500 cm!, and an intense O-D stretch centered at ~2500 cm™'. The O-D
stretch peak in all of our spectra has a high enough optical density over the 2200 cm™-2800 ¢cm'!
range that we cannot perform satisfactory difference spectra, and thus, we exclude this range from
analysis. Due to imperfect isotope purity arising from sample contact with atmospheric H>O, there
remains a small amount of O-H stretch at 3400 cm™ in the isotopically pure D,O spectrum. Upon
inclusion of HOD in D,O, the weak HOD bend at 1460 cm™' and the O-H stretch at 3400 cm’!
become visible on top of the D>O features. The isotopically pure and dilute 3.2 M DCI spectra
show an intense, broad continuum due to D* species from 1000 cm! to 2500 ¢cm™!. In the case of
dilute HOD in 3.2 M DCI, extra intensity is seen along the continuum up to 3300 cm™ due to the
dilute excess proton. We isolate this signal by taking the double difference spectrum of the SVD
reconstructed FTIR spectra.

Fig 5.B1f shows the double difference spectrum between isotopically pure and dilute
3.2 M DCI and D>O, which represents the response of excess proton H/D>O. Upon addition of
acid, the reduction of bulk water O-H stretch response is manifested by the large dip around 3400
cm!, due to the population decrease of bulk HOD oscillators. The sharp rise around 3190 cm’!
arises from the O-H stretch of different proton-water complexes. The peak around 2860 cm™! most
likely arises from the Fermi resonance of H*-O-D bend overtone and O-H stretch in proton-water
complexes. The large positive broad band between 1550 and 1800 cm™! also arises from the

isotopically dilute H" species.
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Experimental Details

We acquired the FTIR of aqueous hydrochloric acid solutions in a concentration series for
samples of isotopically pure DCI/D>0O and DCI/D>O with isotopically dilute HOD. Concentration
series were acquired from 0 to 3.2 M DCI in steps of 0.4 M. For each series, solutions were
prepared as a serial dilution of 4 M DCI prepared from 35% (by mass) DCI/D20 (99.5% D,
Cambridge Isotope Laboratories) and DO (99.96% D, Cambridge Isotope Laboratories).
Isotopically dilute solutions of 10% HOD in DCI/D,O were prepared by including 5% H>O (mole
fraction) purified by reverse osmosis (to a resistivity of 18.2 MQ-cm, Millipore Milli-Q).
Transmission FTIR spectra are measured by holding 20 pL of sample between two 1 mm-thick
CaF; windows separated by a 6 pum-thick Mylar spacer. This results in samples with optical density
of ~3.0 in the O-D stretch and ~0.3 in the O-H stretch for the 10% HOD series.

In the SVD framework, the overall concentration dependent spectral responses are linearly
decomposed into a set of independent spectral components and their concentration-dependent
weights. For each concentration series, we found that two spectral components accurately model
the FTIR spectra, capturing over 90% of the spectral information. We constrained the first
component to the spectrum of bulk water (either DO or 10% HOD in D;0), so that the second
component corresponded to the change in the FTIR spectra upon adding acid. Because introducing
10% HOD reduces the concentration of D>O, we normalize the 10% HOD series with about 95%
the intensity of the isotopically pure series. This ratio was determined by the relative intensities of
the D>O bend seen in the attenuated total reflection (ATR) spectra of D>O and 10% HOD in D,O.
We exclude the O-D stretch region (2200 cm™ — 2800 cm) since the O-D stretch saturates

absorption over a 6 um path length.
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Appendix SC: Anion Dependence of Selected Spectra
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Figure 5C.1: Linear IR spectra of 4M HCI, HBr, and HI solutions, demonstrating
that the continuum is a feature of the aqueous proton complex. Samples were
prepared by sandwiching 1 pL of solution between two 1 mm thick CaF> windows.
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Figure 5C.2: Isotropic IR spectra of 2M HCI and 2M HI solutions at the Region 2 diagonal.
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Figure 5C.3: Normalized long-time TA anisotropy decays between 7> = 1-10 ps for 2M HCI,
2M HBr, and 2M HI solutions at Region 2 diagonal spectral region. Anisotropy traces are offset
for clarity (offsets shown as grey dashed lines).
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Figure 5.C4: Isotropic 2D IR spectra of 4M acid solutions in Region 4 at 72 = 100 fs. Spectra
are each normalized to their respective absolute maximum values.
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Appendix SD: Concentration Dependence of Selected Spectra
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Figure 5D.1: 2D IR spectra of 0.5M, 1M, and 2M HCI along the Region 1 diagonal, and
subtraction of the water background. These spectra were taken with 1mm CaF> windows
with 100 fs pump pulses polarized at magic angle, and are normalized to their own maxima.
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Figure 5D.2: Isotropic 2D IR spectra of H,O, 1-3M HCIl along the Region 2 diagonal.
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grey dashed lines).
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Chapter 6

High-Level VSCF/VCI Calculations
Decode the Vibrational Spectrum of the
Aqueous Proton

The work presented in this chapter has been published and is reprinted with permission from:
Yu, Q.; Carpenter, W.B.; Lewis, N.H.C; Tokmakoff, A.; Bowman, J.M. High-Level
VSCF/VCI Calculations Decode the Vibrational Spectrum of the Aqueous Proton.
Journal of Physical Chemistry B 2019, 123 (33), 7214-7224.

Copyright 2019 American Chemical Society

6.1 Abstract

The hydrated excess proton is a common species in aqueous chemistry which complexes
with water in a variety of structures. The infrared spectrum of the aqueous proton is particularly
sensitive to this array of structures, which manifests as continuous IR absorption from 1000-
3000 cm™ known as the “proton continuum.” Because of the extreme breadth of the continuum
and strong anharmonicity of the involved vibrational modes, this spectrum has eluded
straightforward interpretation and simulation. Using protonated water hexamer clusters from
reactive molecular dynamics trajectories, and focusing on their central H(H20). structures’
spectral contribution, we reproduce the linear IR spectrum of the aqueous proton with a high-level
local-monomer quantum method and highly accurate many-body potential energy surface. The

accuracy of this approach is first verified in the vibrational spectra of the two isomers of the
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protonated water hexamer in the gas phase. We then apply this approach to 800 H*(H,O)s clusters,
also written as [H*(H20)2](H20)4, drawn from MS-EVB simulations of the bulk liquid to calculate
the infrared spectrum of the aqueous proton complex. Incorporation of anharmonic effects to the
vibrational potential and quantum mechanical treatment of the proton produce better agreement to
the infrared spectrum compared to the double-harmonic approximation. We assess the correlation
of the proton stretching mode with different atomistic coordinates, finding the best correlation with
(Ron), the expectation value of the proton-oxygen distance Ron. We also decompose the IR
spectrum based on normal mode vibrations and (Ron) to provide insight on how different
frequency regions in the continuum report on different configurations, vibrational modes, and

mode couplings.

6.2 Introduction

The aqueous proton is a fundamental cationic species whose transport process is ubiquitous
and plays an important role in biological and chemical systems.!™ Due to the strength and
flexibility of the hydrogen bond (H-bond) network, the aqueous proton system exhibits unique
properties such as ultrafast proton mobility. The Grotthuss mechanism is used to explain this
ultrafast rearrangement process, whereby a series of sequential transfers of individual protons
result in overall charge transport.’~” Both experimental and theoretical efforts have been made in
investigating the structures and ultrafast dynamics of the hydrated proton complex, from gas phase
protonated water clusters®'® to the hydrated proton in the condensed phase.”-!7-2 The vibrational
spectra of acidic solutions provide essential information on the ultrafast dynamics and various
structures of the excess proton.!8:2223.2327.28 Ty the linear infrared*-?"-* and Raman?>-? spectra of
acidic solutions, the “proton continuum” presents as a broad continuous absorption spanning the

mid-IR from below 1000 cm™! up to 3000 cm!. Even though rich information about the structure,
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H-bonding environment, and dynamics of aqueous species can be obtained from vibrational
spectroscopy,!'® the broad featureless spectrum of the excess proton eludes straightforward
interpretation.

To address this issue, gas-phase vibrational spectroscopy of small protonated water clusters
has provided invaluable insight on the fundamental geometries and motions of the excess proton.
By carefully analyzing IR spectra of clusters ranging from hydronium H3O" to larger clusters H*
(H20)n, n=2-28,'%1%143! researchers have described the structure of the aqueous proton within the
framework of two idealized structures. On one end, the excess proton localizes on one water to
form a hydronium ion with a particularly tight first solvation shell, known as the Eigen species
HoO4"3%3 On the other extreme, the proton is equally shared between two flanking waters,
behaving collectively as the Zundel complex HsO,".? In the gas phase, the spectra of these two
species display distinguishable sets of resonances that reflect the complexes’ inherent molecular
symmetries, and thus have been used to broadly categorize clusters of differing sizes as
corresponding to Eigen-like or Zundel-like geometries. In particular, the protonated water hexamer
H*(H20)s is the smallest cluster for which both two structural motifs coexist at low temperature.
In the experiment conducted by Asmis and coworkers, the IR spectra of these two isomers were
decomposed via double-resonance spectroscopy, revealing distinct Eigen and Zundel forms whose
resonances were significantly broadened and coupled due to anharmonicity in their nuclear
potentials, as revealed by ab initio molecular dynamics (AIMD) simulations.?!

Within the last few years, multiple simulation studies have begun to provide insight into the
broad features in the aqueous-phase proton spectrum. With the aid of molecular dynamics
simulations using the Multi-State Empirical Valence Bond (MS-EVB) force field,*** the spectrum

of the aqueous proton was modelled at the harmonic level, revealing spectral trends with the
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geometry of the hydrated proton complex, the extent of vibrational delocalization, and the mixture
of stretching and bending character in the normal modes.?” Even at the harmonic level, the study
uncovered that the vibrations of the excess proton are highly mixed and delocalized, requiring a
careful interpretation of the vibrational bands. Another landmark study combined linear IR and
Raman spectroscopies with anharmonic local-mode spectral calculations on protonated clusters
drawn from ab initio simulations.*® This study treated the stretching motions of the excess proton
one-dimensionally, applying a discrete variable representation (DVR) of the Schrodinger equation
to the proton stretch with potential energy also calculated with DFT at the B3LYP level. This study
predicted the presence of asymmetric “Zundel-like” species in solution, similar to Zundel's original
conception and later supported by ultrafast IR experiments.!®2>37 Despite the contributions these
studies have played in illuminating the nature of the aqueous excess proton, the multidimensional
anharmonic nature of the vibrational potential was not addressed, which have been investigated in
small gas-phase protonated water clusters.!316-38

Recently, the 2D IR spectrum of the aqueous excess proton was measured to investigate the
vibrational potentials of the various modes and to directly observe the effects of anharmonic mode
mixing.!'®2° Excitation of the proton stretch mode at 1200 cm™! produces an excited state absorption
between the first and second vibrational excited states at higher frequency than the ground state
bleach.?’ This indicates that the vibrational potential of the excess proton is strongly confined by
two waters with Zundel-like vibrational behavior, rather than associating with solely with one
water as predicted for a hydronium species. A subsequent 2D IR study spanning the entire mid-IR
found that cross peaks between every main feature imply that one predominant motif describes the
aqueous proton complex.'® The polarization-dependent cross peaks between all of the main

features can be self-consistently explained by a persistent Zundel-like core around the aqueous
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proton. However, the relationship between the molecular configurations of aqueous proton
complexes and the vibrational potentials of their highly anharmonic modes has yet to be
understood. Thus, to capture the essentials of the vibrational spectrum of the hydrated proton
complex, more rigorous theoretical tools should be applied for analysis.

Calculating the vibrational anharmonicity and mode mixing has previously been more
successful in small protonated water clusters. Vendrell, Meyer and coworkers applied
multiconfiguration time-dependent Hartree (MCTDH) method to decipher the spectrum of
H*(H20), successfully.!® For larger gas-phase clusters, the vibrational self-consistent field/virtual
state configuration interaction (VSCF/VCI) approach was successfully applied to reproduce the
IR spectra of H(H20)3 and H*(H20)4.!63%3 These high-level quantum calculations are based on
highly accurate ab initio potential energy surfaces and dipole moment surfaces (PES/DMS) of
protonated water clusters that some of us developed.**#? The vibrational spectra of hydrated
proton system can also be simulated from classical MD or path integral based molecular dynamics
with an appropriate potential. However, these methods cannot fully include anharmonic effects or
mode coupling which are essential in the hydrated proton. The interested reader is referred to our
recent paper, where detailed comparison and discussion are given.** The VSCF/VCI approach and
accurate PES/DMS have enabled access to the anharmonic and multi-dimensional nuclear
potentials to disentangle the complicated spectra of protonated water clusters. However, as the size
of clusters gets larger, such as in the cases of H'(H20)s or aqueous proton complexes, it becomes
unfeasible to conduct full-dimensional vibrational analysis due to the high dimensionality and cost
of potential calculation.

To overcome the dimensionality limitations, the local monomer approximation was

developed to calculate the IR spectra of larger systems.** This approximation reduces
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computational cost by breaking a large system into smaller local monomer subgroups and
discarding the coupling constants between vibrational modes on different local monomers. The
spectrum of the whole system is a sum of contributions of vibrations from each defined monomer.
This approximation has proved to be useful and accurate for calculating the IR spectra of the liquid
and ice forms of H>O and D;O, capturing broad, anharmonic features such as the bend-libration
combination band at 2200 cm™ in H,0.4*® Thus, it becomes natural to apply the local monomer
approximation on the structures of the aqueous proton and efficiently generate accurate
anharmonic vibrational spectra for the multiple possible configurations in the liquid phase.

In this study, we extend the local monomer approximation to VSCF/VCI calculations of
hydrated proton clusters as a technique to analyze and interpret the IR spectrum of the aqueous
proton. Hydrated proton configurations were drawn from 800 H*(H>0)s geometries accessed from
aqueous-phase MS-EVB trajectories. As mentioned above, protonated hexamers constitute the
smallest cluster that incorporates Eigen-like and Zundel-like species, providing a workable trade-
off between calculation cost and incorporation of many-body effects from the solvation
environment. H'(H20)s can be rewritten as [H'(H20)2](H2O)s where we define the local
monomers as the central H'(H20)2 and four remaining water monomers. The vibrational spectrum
of the aqueous proton can be approximated as the spectral contribution from central H*(H>0)> in
those [H"(H20):](H20)s clusters. To benchmark the local monomer approximation, we first
compare our calculations of the gas-phase Eigen and Zundel isomers of the protonated water
hexamer to the experimental spectra mentioned above, finding excellent agreements with peak
position and intensity, even for subtler features. We then present the IR spectrum obtained from
the VSCF/VCI calculations on protonated hexamer geometries drawn from aqueous MS-EVB

simulations.?® We also find agreement with the experimental aqueous-phase linear spectrum, and
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we decompose the spectrum based on vibrational character to assign the various regions across the
mid-IR. The difference with the harmonic spectrum underscores the importance of accounting for
the full anharmonicity in the vibrational potentials of the aqueous proton. We then correlate shared
proton stretch frequency with various structural parameters and decompose the full spectrum by
geometry to uncover spectral trends as proton configurations transition from behaving more
Zundel-like to more Eigen-like. This information can aid the interpretation of the experimental
infrared spectrum in each IR frequency range. The high-level treatment of the anharmonicity in
these calculations also reveals substantial mode mixture of different proton-associated vibrations,

in particular the proton stretching and bending modes of Zundel-like complexes.

6.3 Methods

Experimental conditions and analysis for collecting linear IR spectra are presented in Chapter 5,
Appendix 5A.
6.3.1 Computational Details

To analyze the spectrum of the aqueous proton, we made use of 800 clusters extracted from
the snapshots of MS-EVB simulations performed in Ref. 29. In brief, the 1 ns trajectory was
obtained with the MS-EVB 3.2 model®>> of one excess proton and chloride dissolved in 256
SPC/Fw water molecules.* We used the same criteria in identifying the proton position as in Ref.
29: from instantaneous configurations of the MS-EVB trajectory, we extracted clusters of

molecules centered on a H atom that participates in an Oi---H---O; hydrogen bond, selecting them

on the basis of the proton sharing parameter 6R , =|r,

o~ 1oyl Among the three protons of the

hydronium moiety, the proton with the lowest 0Ron was chosen as the excess proton. We selected
800 clusters from the MS-EVB trajectory snapshots with all waters whose oxygen atoms were

within 5A to the defined proton, written as H'(H20),, n = 16-18. From each H"(H>0), cluster, we
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further decreased the cluster size to H(H20)¢ which only included the proton and its closest six
water molecules. We identified the central H*(H>O), structure with the proton and two closest
water monomers for all 800 H*(H20)s clusters and 800 H*(H20),, n = 16-18 clusters. The
H*(H20),, n = 16-18 clusters were used for harmonic analysis to compare with the previously
calculated harmonic spectra.?’ The H (H,0)s clusters were used for both harmonic analysis and
VSCF/VCI calculation based on local monomer approximation. Examples of the two sizes of
clusters, H(H20), and H'(H20)s are shown in the right panel of Fig. 6.1 along with their central
H*(H20): structure encircled in red. This central H"(H20)2 can be identified as proton with two
water monomers or the hydronium H3O" with its closest water according to different proton
positions. We classified all cluster structures according to the proton asymmetry dRon, with the
criterium of 0Rou = 0.2A to identify Zundel-like (< 0.2A) and Eigen-like (> 0.2A) species. Among
those 800 H*(H20)s clusters, we obtain 53% Zundel-like clusters and 46% Eigen-like clusters
which agrees with previous results.?**¢ Further decomposition by dRow of the total trajectory and
the 800 analyzed configurations indicates that the clusters are representative of the trajectory.

For each H(H20)s cluster, we located the central H*(H20): as describe above. This central
H*(H20)2, denoted as the “special pair,”>%! is the smallest structure that includes both Zundel-
like and hydronium-like geometries and is the largest local monomer that we can apply in
VSCF/VCI calculations. Larger structures like H'(H20)3 require much more computational cost
mainly because of the increasing number of normal modes. In the local H (H20)> monomer
analysis, we conducted normal mode analysis on the central H*(H20): structure with all remaining
water monomers fixed at their geometries. Anharmonic VSCF/VCI calculations were then
conducted for all 800 H'(H20)s clusters using code MULTIMODE?? in the basis of the 12-15

normal modes of a central H(H20), and 4-mode representation of the potential (4MR). The
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excitation space consists of single, double, triple and quadruple excitations resulting in a size of
the final Hamiltonian matrix around 10,000 for each cluster. We also conducted local monomer
and VSCF/VCI calculations for the two isomers of the gas-phase H"(H20O)s cluster. The local
monomers for these two isomers include (1) central H*(H20)> which is a proton with two water
monomers for the Zundel isomer and hydronium with the closest water monomer for the Eigen
isomer (2) each of four remaining water monomers. The VSCF/VCI spectrum of each isomer is
sum of contributions from all above local monomers.

Both harmonic analysis and VSCF/VCI calculations were done based on accurate ab initio
many-body PES/DMS. This PES/DMS has already been verified to be highly accurate in
describing the structures, energies, and vibrational properties of different sizes of protonated water

clusters. 16,38,41-43,53

6.4 Results and Discussion

6.4.1 Harmonic Spectra of Clusters from the Aqueous Phase

: : : . @, v &
HYH, 0 —— | @ coore, e PERN é
HYHIOE, —— | o, e & © p;a o
V v‘.. """" ‘L‘Q J . DL‘_‘
o 0 - Q}bt
2>
2 H*(H20)n
[J)
2 ¢ 3
....... o Uy §
poQ ; P @
ERETPRRE - ¢« W -
>9 Q( /9 (o\
0 500 1000 1500 2000 2500 3000 3500 4000 H*(HzO)e

Vibrational frequency (cm‘1 )

Figure 6.1: Double harmonic spectra of H'(H2O): structures in 800 protonated water clusters
with different sizes. H(H,0), has 16-18 water molecules and H*(H,O)e has proton with 6 water
molecules. The harmonic frequencies are calculated from local H(H20), monomer analysis
where central H*(H20): structures are circled in the right panel for different clusters.
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Before presenting the anharmonic spectrum of the aqueous proton, we briefly summarize the
features of the harmonic spectra from local H*(H>O), monomer analysis of two sizes of clusters,
H*(H20),, n = 16-18 and H*(H,0)s (Fig. 6.1). For both sizes of clusters, the spectrum of their
central H"(H20): consists of a broad continuum from below 1000 cm™ to above 3000 cm!. This
spectral shape agrees with the previously calculated difference spectral density for aqueous proton
at the B3LYP level (Figures 3.e and 3.f in Ref. 29). Even though the spectrum in Fig. 6.1 is the
spectral contribution from central H"(H20),, the spectrum in the previous study was calculated
from the difference spectral density between protonated water clusters and bulk water clusters.?
The harmonic spectrum includes contributions from both Zundel-like H (H20)» cores and Eigen-
like structures' central H3O" and its closest water, which already produces the IR continuum of
absorption. There are only small differences between the spectrum of the central H(H>0O), moiety
embedded in the H"(H20), and H'(H20)s clusters, which implies that the central H*(H2O)»
spectrum is more influenced by its first solvation shell and the excess proton than by the solvation
water beyond the first four hydration molecules. These observations indicate that calculating the
vibrational spectrum with a central H*(H20)» in a H*(H20)s cluster instead of in a H*(H20), cluster
is a qualitatively reasonable approximation. Additionally, since the broad continuum is recovered
using a local H*(H20)2 monomer, the VSCF/VCI calculation of these structures should also be
able to recover the main features of the aqueous excess proton spectrum. To emphasize the local
H*(H20), monomer strategy, we will denote the clusters as [H'(H20)2](H20)s rather than

H*(H20)s in the following text.

6.4.2 VSCF/VCI Spectra of Gas-Phase Protonated Water Hexamers

We next illustrate the accuracy of the local monomer VSCF/VCI calculations with two
important isomers of the gas-phase protonated water hexamer [H'(H.O).](H.0)s, known as the
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Zundel and Eigen isomers. The Zundel isomer consists of the symmetric “Zundel” core with four
solvating water molecules, while the Eigen isomer has the standard “Eigen” core with additional
two waters accepting H-bonds from the waters in hydronium's first solvation shell. Their calculated
spectra and comparisons with experiment®! are shown in Fig. 6.2. The double harmonic spectrum
of the Zundel isomer is also plotted in Fig. 2.10. The harmonic spectra appear qualitatively
different from the experimental spectra with peak position inaccuracies of several hundred
wavenumbers for some features. However, upon including anharmonicity and mode coupling, the
VSCF/VCI spectra achieve excellent agreement with experiment in terms of frequency positions
and relative intensities, even with the local H'(H,O), monomer and local water monomer
approximation. Additionally, the agreement between the calculated and experimental spectra for
the Eigen isomer demonstrate that the choice of a local H'(H.O), monomer can also be applied for

Eigen-like configurations.

a) Expt, 6Z A M |

I I

[ / W
‘,1 . f “““,»,‘.J i ~.‘\.J’\ ‘\ J,,‘ \4» e o " Mo, | A
| LW ‘,\ Wl e g L
v

q J“,“ \N‘\i‘f“'}" W oY
[
b) VSCF/VCI, 6Z H
I
I i
[ Al
[ A
M N
o~ o A NV, U
c) Expt, 6E \ |
K \ | ‘
I 1
L | ‘J ’ o) \ "N
‘ M I\ | ,.’N{L o, W \ wf w'J"L \ | f I
‘l\\: VM\JH h I’“lv,ﬂ,mw Mebwing g A M. Al M '1 LN & ST N R VYN L
\ !
o6
d) VSCF/VCI, 6E P
A N
400 800 1200 1600 2000 2400 2800 3200 3600 4000

Energy (cm-1)

Figure 6.2: Vibrational spectra of (a)-(b) Zundel (6Z) and (c)-(d) Eigen (6E) isomers of
protonated water hexamer from experiment®! and VSCF/VCI calculations.
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From the VSCF/VCI calculation, the Zundel isomer displays a strong proton stretch band at
1102 ¢cm™ which is more than 100 ¢cm™ blue-shifted from its harmonic frequency. Another
signature band of the Zundel isomer is the bending mode of the proton's hydration waters at around
1760 cm™!, which has relatively large intensity due to coupling with the proton stretch. The band
at 3167 cm’! from experiment is verified as the O-H stretch of the two flanking water monomers
within the central H*(H>0),. The harmonic analysis predicts the frequency at around 3350 cm™!
which is almost 200 cm™! higher than both experiment and VSCF/VCI calculations. The shift of
important signature bands relative to their harmonic predictions is even larger in the Eigen isomer.
Harmonic analysis produces three hydronium stretches at 3197, 2783 and 2728 cm’!, but
experiment demonstrates three strong and broad bands at 3007, 2425 and 1951 cm™'. With the
VSCF/VCI approach, we successfully reproduce these three important bands and verify their
origins. The hydronium stretches are redshifted 200-700 ¢cm™! from their harmonic counterparts
due to the anharmonicity of the system and extensive mode coupling within the local monomer.
As introduced before, this phenomenon has been seen in vibrational analyses of other protonated
water clusters, H'(H20)3 and H*(H20)4, where the VSCF/VCI approach works very well while
harmonic and some post-harmonic approaches (like VPT2) cannot fully explain the experimental
spectra.!6-38

It should also be noted that there are still some small differences between the experimental
and VSCF/VCI spectra, with respect to band position. This is likely due to the anharmonic
coupling with low-frequency modes (notably the O---O stretches within and between local
monomers) that are not included in our calculations and errors in the PES/DMS. Nevertheless, the

efficacy of the VSCF/VCI method on these two configurations establishes confidence that the
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technique can efficiently calculate the spectra of multiple [H*(H20)2](H20)4 configurations drawn

from the aqueous phase.

6.4.3 VSCF/VCI Spectrum of H (H20); from Aqueous Configurations

To analyze the aqueous proton spectrum, we begin with an introduction to the experimental
linear IR spectral features that grow in upon introduction of strong acid. The experimental
spectrum associated with aqueous HCI solution is presented as the second spectral component
derived from the maximum entropy analysis of the acid concentration series (Fig. 6.3a). We find
that the component resembles an acid-water difference spectrum consisting of broad features
centered around 1200 cm™!, 1750 ¢cm™!, 3000 cm™!, with continuous absorption between each of
these maxima and also a small positive peak around 3500 cm™. Since the maximum entropy
analysis cannot extract components due to solvation of the H" or the CI™ individually, we also
present the results of the same maximum entropy analysis on a NaCl concentration series, which
shows features centered at 1640 cm™! and 3470 cm™!. As shown in Fig. 5A.1, the 3470 cm™! peak
in both the HCI and NaCl spectra are centered at the same frequency in the ATR spectrum, but it
is nontrivial to directly interpret these spectral contributions in highly-congested spectral regions.
Above 3500 cm!, we find issues with positivity in the absorption spectrum, but this artifact
disappears in the ATR acid concentration series (Fig. SA.1).

The calculated VSCF/VCI spectrum of the H*(H20), local monomers summed over 800
[H*(H20)2](H20)4 configurations (Fig. 6.3b) consists of a continuum and three broad bands,
consistent with experiment. The first signature band spans 1000-1500 cm™! with center frequency
at 1200 cm™! in experiment but is blue-shifted to 1300 ¢cm™ in the VSCF/VCI calculations.
According to previous analyses, the feature has been assigned to both asymmetric proton stretches

13,29

in Zundel-like configurations'*** and umbrella modes in Eigen-like configurations.’* The second
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signature band is centered at 1750 cm™ in both the harmonic and VSCF/VCI and harmonic
calculations, but the bandwidths and relative intensities of the 1750 cm™' and 1200 cm™ features
are better captured by the anharmonic calculations. The 1750 ¢cm™! band has been assigned to
bending motions of the waters flanking the excess proton,!?23232° but other studies have
demonstrated that highly redshifted hydronium O-H stretches in gas-phase H"(H20)21 clusters are

also located at this frequency.!'
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Figure 6.3: Infrared spectrum of the aqueous proton from experiment and VSCF/VCI
calculations. (a) The experimental spectra include neat water (blue), 2M HCI (red) and the
maximum entropy difference component (black). (b) The theoretical (VSCF/VCI) spectrum is
spectra contributed from central H (H,0), part of 800 [H"(H,0)2](H20)4 clusters.

Between 1900 and 3000 cm™! lies the proton continuum, which has been assigned to both
hydronium stretches in Eigen-like configurations® and O-H stretches of the flanking waters in
Zundel-like configurations.!®3¢ The third signature band is around 3000 cm™! both in experiment
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and in our calculations. This band in the VSCF/VCI spectrum is more prominent than in the
harmonic calculation. This feature has also been associated with Zundel-like configurations,
arising from O-H stretches of the two flanking waters around the central excess proton.!%!323 To
assess the various assignments across the mid-IR and to explore the influence of anharmonic
mode-coupling, we will decompose this spectrum by geometric variables and vibrational character
below.

The improved accuracy of the VSCF/VCI spectrum over the harmonic spectrum underscores
the importance of anharmonic effects on the IR spectrum of the aqueous proton complex. The most
apparent difference between the two methods is the intensity of the continuum across 1900-3000
cm!. According to harmonic analysis, this continuum is assigned as both hydronium-like O-H
stretches in different distorted Eigen-like clusters and O—H stretches in flanking waters. However,
the extremely large harmonic intensity and broad bandwidth of the hydronium-like stretches
dominate over the flanking water stretches in this region. In the VSCF/VCI spectrum, strong
anharmonicity and mode mixing make hydronium stretches undergo significant red-shifts and
decreases in intensity, as in the cases of smaller gas-phase clusters.*’

While the VSCF/VCI method is a great improvement over a harmonic treatment, the
difference between the anharmonic calculation and the experimental spectrum indicates that the
special pair local monomer spectrum does not fully represent the experimental aqueous proton
spectrum. For instance, the experimental band at 1200 cm™ is blueshifted to 1300 ¢cm™ in the
VSCF/VCI spectrum. Besides the lack of mode coupling to other low-frequency modes (O---O
stretches for example) within the local monomer, there may be some uncertainty associated with
the MS-EVB model in providing correct statistics of aqueous protons structures. The MS-EVB

model reproduces the experimental radial distribution functions better than other methods,* but
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there is still some slight over-structuring that may influence the accessible configurations. We also
expect the VSCF/VCI spectra can be further improved with more normal modes included in the
calculation. Finally, the intensity of the 3000 cm! feature is larger than in experiment, but there is

variability in the literature on the measured intensity of this feature,?*-*¢

subject to details of
experimental collection. Even with the above caveats, this approach is cost-effective and reliable

for calculating highly anharmonic IR spectra and analyzing the aqueous proton spectrum.

6.4.4 Decomposition of Spectrum by Vibrational Character

To assess the various assignments outlined above, we determined the spectral contributions
from different vibrational components. For this analysis, the 800 clusters were binned into Zundel-
like and Eigen-like configurations based on the proton asymmetry parameter dRou.2%-*¢ Due to the
quantum delocalization of the proton in the VSCF/VCI calculations, the quantum expectation
value, (0Ron), with cutoff of 0.2A was used. As seen in Fig. 6.4a, the spectrum of Zundel-like
((0Ron) < 0.2A) clusters display three intense and broad bands: 1300 cm™, 1750 cm™ and
3000 cm!, whereas the spectrum due to Eigen-like configurations appears as a broad continuum
from 1000-3500 cm™! with maxima around 2000 cm™ and 2600 cm™. We next used geometric
cutoffs in normal mode displacements to identify the vibrational character. Normal modes with
O-H stretching displacements greater than 0.01A were counted as either proton stretching or
flanking water stretching modes, depending on location of the H atom in the local monomer.
Bending modes consisted of normal modes where both flanking waters changed angle by at least
1.0°, and umbrella modes consisted of normal modes where all three HOH angles of H3O" changed
by more than 0.8° with the same phase. Modes that consisted of both proton stretch and flanking
bend character were also considered. After identifying the vibrational character of the normal

mode basis in each cluster, for each VSCF/VCI state we multiplied the square of each of its normal
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mode's VCI coefficients with their respective harmonic intensities. The results of this procedure
summed over clusters are presented in Fig. 6.4b-d. Multiplying the square of VCI coefficient with
normal mode's harmonic intensity is a good approximation to identify the spectrum contribution
from different normal mode basis, which has been used to simulate the vibrational spectrum of the

formic acid dimer.>®
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Figure 6.4: a) Calculated spectra of the aqueous proton from all 800 clusters, (JRou) < 0.2A
(Zundel-like) clusters, and (6Ron) > 0.2A (Eigen-like) clusters. b) Decomposition of the total
spectra into different components, with p-OH str as proton stretch, bend as flanking water bend,
Umb as hydronium umbrella motion, w-OH str as flanking water stretch, p-OH str/bend as
motion which has both proton stretch and flanking water bend character. ¢)-d) Decomposition
results for (¢) Zundel-like and (d) Eigen-like configurations.

The vibrational character decomposition is shown for all configurations in Fig. 6.4b, with
Zundel-like and Eigen-like decompositions in Figs. 6¢ and 6d, respectively. For Zundel-like

configurations, the proton stretch has a significant contribution from 800-1600 cm™ and 1700-
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2000 cm™! while the flanking water O—H stretch mainly contributes to the region in 2500-3500
cm!'. Modes with primarily flanking water bend character and proton stretch-bend mixed character
overlap strongly at 1750 ¢cml. Umbrella modes do not make significant contributions to the
spectrum Zundel-like complexes. In Eigen-like configurations (Fig. 6d), the proton stretches span
a broad region from 1500-2600 cm™! with a maximum at 2000 cm™!, whereas the flanking water
stretches span 2500-3500 cm™. The spectral distribution of flanking waters in Eigen-like
complexes is broader than those in Zundel-like configurations since the O—H stretches on the
hydronium and nearest water differ.>® There are bending modes of Eigen-like complexes at 1750
cm’!, but they are weaker than those from Zundel-like complexes and there is less mixing with the
proton stretch. Finally, there is weak umbrella mode character at 1200 cm’!.

This decomposition assists in clarifying the various assignments presented above from the
literature. At 1200 cm™ in the total spectrum (Fig. 6b), the proton stretch of Zundel-like
configurations dominates, with little contribution from umbrella modes of Eigen-like geometries.
The intense and broad band from 1600-2000 cm™! comes from multiple sources, listed in order of
highest to lowest importance: flanking water bends and mixed stretch-bend modes in Zundel-like
configurations, proton stretches in Zundel-like and Eigen-like clusters, and bending modes in
Eigen-like configurations. This heterogeneity explains why there has been controversy in the
assignment of this region, but all of these contributions should be considered when analyzing this
region of the IR spectrum. The continuum from 2000-2700 cm™ consists of contributions from
Eigen-like proton stretches and flanking water stretches, while flanking water stretches in both
Eigen-like and Zundel-like complexes are found at frequencies higher than 2700 cm™'. In general,

flanking water stretches do not show strong mixing with the other modes and therefore do not
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donate their high intensity to those modes. As a result, the flanking water stretches become

distinguishable on top of the continuum.

6.4.5 Influence of Structural Parameters on Proton Stretch Frequency
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Figure 6.5: a) Distribution of Roo and quantum expectation values (Roo) from 800 clusters.
b) Distribution of dRon and quantum expectation values, (dRon). ¢) Correlation between (dRon)
and (Ron). Extreme Zundel structures ({Ron) = 0.0A) are indicated in red triangles and extreme
Eigen structures ((0Rou) > 0.45A) are in green squares. d) Relationship between anharmonic
proton stretch frequency and (Ron) with linear least-squares fit (solid red line), v = a-(Ron) + b
where a = -7941.2 cm™'/A, b=10603.0 cm™'. Red points are from Zundel-like (dRon) < 0.2A)
structures and blue points are from Eigen-like (6Ron) > 0.2A) structures.

To disentangle structural information encoded in the calculated vibrational spectrum, we
conduct a statistical analysis of several important proton-related structural parameters (Roo, Rown,
0Romn) and the associated proton stretch vibration in each chosen [H*(H20)2](H20)4 cluster. In each

local H"(H20), monomer, dRon is the previously defined proton asymmetry parameter, Roo is the
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distance between the oxygen atoms of the two flanking waters, and Ron is the shortest distance
between the excess proton and one of the oxygens. Previous studies have demonstrated that the

t,25°78 and these local

proton stretch frequency is highly sensitive to its local environmen
parameters may each be useful for characterizing the relationship between proton stretch frequency
and local monomer configuration. Recently, some of us analyzed the distribution of hydronium
Rown in H703" and HoO4" from classical MD and thermostatted Ring Polymer MD (TRPMD) at
100 K.# Tt was found that the hydronium O-H distance significantly lengthens in TRPMD
calculations, which reflects the strong nuclear quantum effects of the proton and is the main reason
for large shifts in anharmonic vibrational spectra. To appropriately account for quantum
delocalization of the proton, we also calculated the expectation value of each structural parameter
using the VCI ground state wavefunction for every cluster.

Figs. 6.5a and 6.5b show the value of Roo and dRon drawn from the classical simulation
frames, and their expectation values from VSCF/VCI calculations. As seen in Fig. 6.5a, there exists
high correlation between Roo and its expectation value, (Roo), which indicates that the nuclear
quantum effects do not have significant impact on the central oxygen atoms. On the other hand,
Fig. 6.5b shows that the quantum expectation value of JRon decorrelates substantially from the
values in its associated cluster's initial structure, owing to a much larger nuclear quantum effect of
the proton. A similar decorrelation is observed between Ron and (Rom). In the VSCF/VCI
calculation, the proton delocalizes and explores a large region around the anharmonic potential
energy surface, rather than remaining fixed at the initial structure. For flat, highly anharmonic
potentials such as the proton stretch, the VSCF/VCI calculation therefore more accurately

represents the delocalization of the proton in the vibrational ground state. In Table 6.1, we list the

numbers of clusters in different dJRon intervals based on initial structures and VSCF/VCI
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expectation values. From the nuclear quantum effects of the proton, the distribution of expectation
values of JdRon is skewed more to the extremes of (JRon) (specially to low JRon) than the
distribution of initial structures. Besides the nuclear quantum effects, it should be noted that the
different potential models (MS-EVB for classical MD simulations and our ab initio PES for
VSCF/VCI calculations) can be another source of differences in structural parameter distributions.

Table 6.1 Population Distribution of 800 Chosen Protonated Water Clusters from Initial
Structures in MS-EVB MD Trajectory and VSCF/VCI Calculations

MS-EVB MD
ORow (A) 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4
number 184 240 248 112 16
VSCF/VCI
(0Rom) (A) 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4
number 287 152 185 143 33

Considering the strong quantum effects on proton positions, we next explore the relationship
between structural parameters and proton stretch frequency. Generally, the initial values of Ron or
O0Ron only weakly correlate with anharmonic proton stretch frequency, but the frequency
correlations show significant improvement with (Ron) and (dRomn). As to the parameter Roo or
(Roo), it can be seen that in Zundel-like structures, the anharmonic proton stretch decreases with
longer (Roo) while proton stretch frequencies in Eigen-like structures are less sensitive to changes
in (Roo). Finally, among the initial and quantum expectation values of all three parameters, we
find the best correlation between proton stretch frequency and (Ron) (Fig. 5d). Previous studies
have raised issues with using dRon as a descriptive coordinate for the entire aqueous proton
complex3®-8? due to the additional dependence of the proton potential on Roo and the arbitrariness
of 0Ron as a cutoff on a continuum of structures. Alternatively, Ron has successfully been used
to predict the red-shift of proton-related stretches in Zundel-like and Eigen-like protonated water

clusters H'(H20),, n=2-4.4>%-7 Even more recently, vibrationally averaged Ron values were
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successfully analyzed to provide a unifying picture for predicting O—H stretch frequencies in bulk
water, flanking waters in aqueous proton complexes, and waters in the first solvation shell of halide
anions.%’ As shown in Fig. 6.5¢, (Ron) correlates well with (JRon) but correlates better with proton
stretch frequency. Interestingly, the correlation is weaker between (Rom) = 1.1A and
(6Ron) = 1.2A, which suggests that incorporating other coordinates is necessary to better describe
the proton stretch frequency for Zundel-like configurations. This likely arises from anharmonic
coupling to other degrees of freedom such as bending modes, which are known to strongly couple
10,13

to the proton stretch in the gas phase.

6.4.6 Decomposition of Spectrum by (Ron)

<Ron>/A

1.00-1.05 (7%)

1.05-1.10 (31%)

Intensity

1.10-1.15 (27%)

500 1000 1500 2000 2500 3000 3500 4000
Vibrational frequency (cm™)

Figure 6.6: Decomposition of the calculated spectra of aqueous proton according to different
(Romn) values. The percentage of clusters in each group is included in parentheses.

To examine how the various vibrations shift with (Ron), we present the full mid-IR spectrum

decomposed by (Ron) (Fig. 6.6). For (Ron) between 1.00-1.05A (extreme Eigen configurations),
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the spectrum displays intense hydronium stretches at 2500-2700 cm™! and a weak umbrella mode
around 1250 cm™'. When (Ron) lengthens to 1.05-1.10A, the continuum begins to bifurcate into
two broad features centered around 2000 cm! and 2800 cm™!. Comparing with Fig. 6.4d), the split
reflects the symmetry breaking between the three hydronium protons, resulting in a “special pair”
O-H stretch at 2000 cm™ and flanking O—H stretches at higher frequencies. The extreme breadth
of the higher-frequency feature may reflect that the flanking O-H stretches of the central
hydronium and the O—H stretches in the adjacent water of the local monomer interact differently
with the excess proton.3®

As (Ron) increases above 1.10A ((0Roun) < 0.2A), the spectral signatures of the aqueous
proton complex appear more Zundel-like. As the proton stretch redshifts with (0Ron), spectral
overlap with the bending modes increases, resulting in stronger anharmonic mode mixing. At
1800 cm’!, there is significant stretching and bending character, and the bending modes gain
intensity as a result. The stretching modes of the shared proton are centered at 1400 cm™!, while
the flanking O—H stretch band blueshifts to 3000 cm™ and narrows somewhat as the two flanking
waters share the excess proton more equitably. For (Ron) > 1.15A, the spectrum appears even
more Zundel-like with three bands at 1400 cm™!, 1750 cm!, and 3100 cm™ and negligible intensity
between 2000 and 2500 cm™! (like the Zundel isomer of H(H,0)s in Fig. 6.2).

These trends illustrate how the various frequency regions report on different instantaneous
configurations. First, because the small populations of the extreme configurations (Rou) < 1.05A
and (Ron) > 1.20A, the vast majority of spectra are best described as among a range of distorted
Eigen-like to asymmetric Zundel-like vibrational spectra. The 1000-1500 cm™ region primarily
reports on proton stretches in Zundel-like configurations, whereas umbrella modes in Eigen-like

configurations do not contribute significantly to the overall feature in the experimental spectrum.
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The intensity of the bending feature at 1750 cm! is largest for 1.10A < (Rou) < 1.20A, where the
intensity is borrowed via anharmonic coupling with proton stretching motions. In distorted Eigen-
like configurations, the stretch-bend coupling is reduced (Fig. 6.4d) and so bend features are less
apparent on top of the continuum. For these distorted Eigen-like complexes, the bend also
blueshifts to 1800 cm™!, which has been observed in the gas phase’! and more recently in contact
ion pairs between H(ag) and NO*~(ag).®! The continuum is only seen in Eigen-like configurations,
but a strongly blue-shifted O—H stretch involving the hydronium proton that donates a hydrogen
bond to the closest water is present at 2000 cm™'. There are multiple overlapping contributions
between 1500 and 2000 cm!, where stretching and bending motions of both Zundel-like and
Eigen-like complexes contribute. This ambiguity may be responsible for the counterintuitive
polarization response in the 2D IR cross peak between the stretch and bend of the proton hydration

complex.'®

6.4.7 Challenges and Outlook

The results here have been useful for disentangling assignments for aqueous proton
vibrations, but there are still some areas that require further study. As we mentioned above, the
VSCF/VCI spectra presented here are calculated from static structures of local H(H20):
monomers drawn from MS-EVB frames, which altogether leave out various characteristics of the
aqueous proton spectrum. In addition, recent 2D IR spectra of the aqueous proton demonstrated
that all of the main features displayed cross peaks between each other, implying strong anharmonic
mixing between every vibrational mode.!'® However, the spectral decomposition in Fig. 6.6 would
imply that coupling between Eigen-like and Zundel-like complexes would be missing cross peaks.

This might be reconciled with experiment by taking into account the spectral dynamics associated
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with sub-100-fs proton rattling?®>! that may blur the distinctions between Eigen-like and Zundel-
like configurations.

Regardless, the anharmonic calculations here provide an exciting opportunity to interpret
linear IR and also 2D IR spectrum of the aqueous excess proton. Excited state and combination
band energies are calculated by the VSCF/VCI method, which can be directly compared to excited
state absorptions and cross peaks in the 2D IR spectrum. Additionally, transition dipoles from
various excitations are calculated, which can be related to measured 2D anisotropy measurements
and could possibly bring clarity to the heterogeneity of vibrations in the 1500-2000 cm! region.
The multi-dimensional nuclear potential for the anharmonic proton stretch can also be compared
to its 2D lineshape to more accurately determine structure-frequency trends and to interpret low-
dimensional projections of the potential. These tools may even be useful for benchmarking
classical trajectories, which would help generate frequency and dipole trajectories needed for

capturing spectral dynamics and reproducing the 2D spectrum of the excess proton.

6.5 Conclusion

We report the anharmonic spectrum of the aqueous proton calculated from the VSCF/VCI
approach using 800 H*(H20)s clusters. The accuracy of the theoretical scheme is verified in the
Zundel and Eigen isomers of gas-phase H'(H20)s. The calculated vibrational spectrum of the
aqueous proton improves in agreement to experiment compared to the harmonic spectrum, even
though the spectrum consists of local H"(H>O)> monomers in hexamer clusters. By decomposing
the spectrum into different normal mode components, we successfully verify and make
assignments of proton stretch, flanking water stretch, and bending motions across the spectrum.
The strong mixing between proton stretch and bending motion is also observed, particularly for

Zundel-like snapshots. Further analysis finds strong nuclear quantum effects of the proton and also
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strong correlation between excess proton-oxygen distance (Ron) and associated anharmonic
proton stretch. We finally decompose the anharmonic spectrum by (Ron) to dissect the spread of
IR response over a distribution of possible configurations. By comparing the trends based on (Rown)
and on normal mode decomposition, we discuss how one can interpret different frequency regions
of the total spectrum in terms of geometry and vibrational character. We look forward to harnessing
these anharmonic calculations for in-depth interpretation of the 2D IR spectrum of the aqueous

proton and investigation of the strong anharmonic mixing between different vibrational modes.
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Chapter 7

Decoding the 2D IR Spectrum of the Aqueous Proton
with High-Level VSCF/VCI Calculations

7.1 Abstract

The aqueous proton is a common and long-studied species in chemistry, yet there is
currently intense interest devoted to understanding its hydration structure and transport dynamics.
Typically described in terms of two limiting structures observed in gas-phase clusters, the Zundel
Hs0," and Eigen HoO4" ions, the aqueous structure is less clear due to the heterogeneity of
hydrogen bonding environments and room-temperature structural fluctuations in water. The linear
infrared spectrum, which reports on structural configurations, is challenging to interpret because
it appears as a continuum of absorption, and the underlying vibrational modes are strongly
anharmonically coupled to each other. Recent two-dimensional infrared (2D IR) experiments
presented strong evidence for asymmetric Zundel-like motifs in solution, but true structure-
spectrum correlations are missing and complicated by the anharmonicity of the system. In this
study, we employ high-level VSCF/VCI calculations to demonstrate that the 2D IR spectrum
reports on a broad distribution of geometric configurations of the aqueous proton. We find that the
diagonal 2D IR spectrum around 1200 cm™ is dominated by the proton stretch vibrations of
Zundel-like and intermediate geometries, broadened by the heterogeneity of aqueous
configurations. There is a wide distribution of multidimensional potential shapes for the proton

stretching vibration with varying degrees of potential asymmetry and confinement. Finally, we
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find specific cross peak patterns due to aqueous Zundel-like species. These studies provide clarity
on highly debated spectral assignments and stringent spectroscopic benchmarks for future

simulations.

7.2 Introduction

The aqueous proton is one of the cornerstone entities in aqueous chemistry. Beyond standard
acid-base chemistry,!? the aqueous proton also plays a key role in catalysis,>~> biological energy
conversion,®’ and hydrogen fuel cell technology.®’ Yet despite its importance, a clear molecular
description of the aqueous proton has remained elusive for over a century due to the complexity
of the proton’s hydration structures and transport in solution.>!*"!* Ultrafast fluctuations of the

16-18

hydrogen bond (H-bond) network in liquid water and the low barriers separating different

proton hydration configurations are responsible for the complexity of the problem.!-2!
Experimental determination of the distribution of proton hydration configurations would be
invaluable as a foundation for studying proton transport in experiments and simulations.

The aqueous proton has been described in terms of two gas-phase structural motifs, the Eigen'!
and Zundel'? cations. In the Eigen cation HoO4", a central hydronium ion is tightly H-bonded to
three equivalent waters, whereas the Zundel cation HsO," consists of a central excess proton
equally solvated by two flanking waters. These two gas-phase species are typically invoked to
refer to H'(aq),?>* but the wide variety of aqueous H-bonding configurations in the liquid phase
suggest that there is a distribution of H*(ag) hydration configurations,**?> breaking the symmetries
inherent to the Eigen and Zundel complexes. While some simulations have described aqueous

17,24

proton structure as a distribution with Eigen and Zundel motifs as limits, other studies have

22,26,27

concluded that the predominant configurations can be described as either all Zundel-like or

19,23

all Eigen-like.
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Infrared spectroscopy provides a stringent benchmark to measure molecular
configurations'*!828-32 owing to its sensitivity to the nuclear potential, but modeling the infrared
spectrum of the aqueous proton has proven to be challenging due to the extreme anharmonicities
of the nuclear potential *3-3° This challenge has spurred the development of highly precise quantum

)33,34 and

mechanical methods such as the multiconfiguration time-dependent Hartree (MCTDH
vibrational self-consistent field/virtual state configuration interaction (VSCF/VCI) methods*7 to
calculate the IR spectrum of gas-phase protonated water clusters. The highly accurate IR spectra
from these techniques have been invaluable for disentangling the behavior of highly mixed
anharmonic modes in gas-phase clusters.?*-**36-383% Due to the expense of these techniques, fully
quantum mechanical calculations on high-dimensional potential energy surfaces have been limited
to small, cold gas-phase clusters H'(H20),, where n < 21,33-36:39:40

Analysis of the aqueous proton IR absorption spectrum is particularly challenging because it
appears as a continuum spanning 1000-3000 cm™'.2>#1:42 Molecular dynamics simulations have
reproduced the aqueous proton continuum using the Fourier transform of the dipole autocorrelation
function,***>-4> but this approach has only recently been employed for decomposing the spectrum
by Eigen-like or Zundel-like configurations.* To examine the spectral signatures of different
aqueous proton configurations, some of us recently analyzed the harmonic IR spectra of thousands
of aqueous proton clusters generated from aqueous multi-state empirical valence bond (MS-EVB)
simulations.*? While this approach illuminated spectral contributions due to hydration symmetry
with reliable statistics, it came at the cost of accuracy from the harmonic approximation.

In Chapter 6, we improved upon those harmonic calculations by employing high-level
VSCF/VCI calculations on an ensemble of 800 configurations from MS-EVB simulations.*® To

calculate the anharmonic IR spectra of these clusters, we employed the local monomer
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approximation,*® where we chose a “special pair” local monomer H*(H>0)> whose spectrum was
calculated fully quantum mechanically in an environment of four static solvating water molecules.
As a result, we were able to achieve a much more reliable decomposition of the linear IR spectrum
and address several controversies in feature assignment. In particular, we were able to reliably
distinguish features arising from Eigen-like, Zundel-like, and intermediate geometries.

The linear IR spectrum of H'(ag) provides a limited amount of information due to the high
spectral congestion of the continuum and multiple types of broadening. To address these issues,
recent nonlinear IR spectroscopic studies of the aqueous proton have provided a wealth of new
data that requires further interpretation. The 2D IR spectrum reduces spectral congestion by
spreading out the IR response over two frequency axes, distinguishes homogeneous and
inhomogeneous spectral broadening mechanisms, and identifies anharmonically coupled pairs of
modes in the form of off-diagonal cross peaks.*’*° The three ultrashort IR pulses used in the
experiment provide a 100-fs time resolution and access to higher-lying excited states such as
overtones and combination bands.*” All of these features make a 2D IR spectrum a highly stringent
observable for modeling the nuclear potential and distribution of configurations.

A burst of 2D IR experiments in the last few years has provided key insights towards
characterizing aqueous proton configurations. For instance, direct evidence of aqueous Zundel-
like configurations was established via a cross peak between the flanking water stretching and
bending modes at 3200 cm™! and 1750 cm™!, respectively.’® Measurement of the 2D IR spectrum
along the diagonal at 1200 cm™! revealed an excited state absorption (ESA) at higher frequency
than the ground state bleach (GSB), providing undeniable evidence of shared protons tightly
confined by two flanking waters in Zundel-like configurations.?? Finally, recent 2D IR spectra at

multiple key diagonal and off-diagonal regions across the mid-IR displayed cross peaks between
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all vibrational features, suggesting the coupled vibrations all belong to a single species with a broad
distribution of structures in solution, rather than distinct Eigen and Zundel configurations.’! The
2D IR spectrum was most consistent with a distribution of asymmetric Zundel-like vibrational
potentials where the excess proton feels the effects of confinement between two waters, but a
connection between potential shape and molecular geometry is missing.

Even with the strengths of 2D IR spectroscopy, the substantial anharmonicity of the nuclear
potential has hampered a straightforward analysis of the nonlinear spectroscopic data. For instance,
a clear relationship between proton stretch frequencies and geometric coordinates of the aqueous
proton complex has not been determined like in water or other aqueous solutions.?®>? Additionally,
the proton stretching vibration of Zundel-like configurations and the umbrella motion of Eigen-
like configurations are both resonant at approximately 1200 cm™,3!-*8 which introduces ambiguity
into the previous interpretation of the 2D IR spectrum. Finally, the polarization relationships
between 2D IR features have not yet been connected to relative orientations between vibrational
transition dipoles. With an establishment of spectrum-structure relationships, the 2D IR spectrum
could be employed as a constraint on possible configurations and inform simulations of the
aqueous proton.

To address the above challenges, we have employed anharmonic, high-level VSCF/VCI
calculations to analyze the 2D IR spectrum of the aqueous proton. The previous calculations on
800 [H*(H20)2](H20)4 clusters (Chapter 6) include frequency and dipole information for all of the
excited states accessed in the 2D IR measurement, so they provide an opportunity to test our
previous assignments. In the static limit, the 2D IR spectrum can be equated with a two-
dimensional conditional probability frequency distribution function of vibrational frequencies,

describing the spectrum of infrared transitions that can be detected given that a fundamental
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vibrational transition has been excited. We first present such 2D conditional probability spectral
distributions for single configurations of the gas-phase 6-Zundel and 6-Eigen protonated water
hexamers, which serve as limiting cases for the distribution of structures seen in the aqueous phase.
We then present 2D conditional probability spectra for Zundel-like, Eigen-like, and intermediate
aqueous configurations. An analysis of the proton stretch vibrations is presented for interpreting
the 2D IR diagonal region around 1200 cm™, followed by an analysis of the off-diagonal cross
peaks due to Zundel-like configurations. These spectral assignments provide a rigorous foundation

for structural interpretation of 2D IR spectroscopy of protonated water complexes.

7.3  Calculated Anharmonic Spectra of Gas-phase H (H,0)s Clusters

7.3.1 Anharmonicity and Coupling in Two-dimensional Conditional Frequency
Probability Distributions

We begin with calculated conditional frequency probability distributions for the 6-Zundel and
6-Eigen gas-phase hexamers to highlight the impact of anharmonicity on their characteristic
spectral features and illustrate the expected 2D IR features associated with these structures. The
conditional probability frequency distributions Prund(@3|w1) and Pexc(ws|wi1) represent the
spectrally weighted expectation values of detecting a frequency ws given excitation of a

53,54

fundamental transition at w1, and are defined here as

PFund (603‘ , ) = <2b41u501u/305(w1 - wao)é(a)3 - wb0)> (7.1a)
P (a)3‘ a)l) = —<2,u50u;&6(a)1 - a)ao)é(a)3 -, )> (7.1b)
a.f

These distributions are expressed in terms of angular transition frequency wjy associated with the

excitation from [i) — |f) with corresponding transition dipole vectors i 4 - In Eq. 7.1a, the
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summation over a and b refer to singly excited (one-quantum) states, whereas in Eq. 7.1b the index
a refers to a singly-excited state and f can be a singly-excited or higher-lying excited state with
energy up to 6775 cm™!. Ppxc(ws|wi) is primarily represented by excitations into two-quantum
states such as overtones and combination bands, but the strong anharmonicity of the system allows

excitation from one-quantum states into other one-quantum states or higher-lying excited states

such as three-quantum states. The intensity of each feature is captured by the product of ,uii terms.

Angular brackets denote ensemble averaging over calculations on many static clusters.

The sum of Egs. 7.1a and 7.1b is closely related to the static limit of the 2D IR spectrum for
these clusters, with no contribution to the line shapes from vibrational dynamics. Prund(®3|w1)
represents the positive bleach of fundamental transitions in 2D IR spectra, while Pexc(ws|w1)
represents the negative excited state absorptions between the first excited state |a) and the final
excited state |[f). These spectral densities are calculated from the coupled eigenstates from the
clusters, and are not derived from third-order response function calculations. As such, these
surfaces resemble absorptive 2D IR spectra, but do not arise from a response function calculation
or a sum over Liouville pathways. The set of accessible excited states from a collection of N
fundamental transitions include N(N+1)/2 overtones and combination bands, which behave more
anharmonically and are more strongly mixed than the fundamentals. As a result, the usual
harmonic approximation does not hold, i.e. the 21 and uio transition dipoles are not necessarily
spatially aligned and the intensity ratio u21%/u10? # 2. The large collection of excited states and
breakdown of harmonic rules result in many features in Pexc(@w3|w1) that appear dispersed along

3.

244



a) Experiment, 6Z | M |

§ Al
[ |
[\

[ N
ML’V'”‘U’WW ”W\WWWWN/ M’”“WWJWM

1 1
| “
I M

|
/
' | A

Uy JWN‘WV\

[ |
0 'K\W WA\""«MW,;(’ | M
I
b) VSCF/VCl, 62 |

d) VSCF/VCI, 6E

400 800 1200 1600 2000 2400 2800 3200 3600 4000
Energy (cm-1)

Figure 7.1: Vibrational spectra of (a)-(b) the 6-Zundel and (c)-(d) 6-Eigen protonated water
hexamers from IR-IR double-resonance photodissociation experiments (Ref. 32) and

VSCF/VCI calculations. Peaks in the calculated spectra are broadened with 20 cm™ Gaussians.
This figure is adapted from Fig. 6.2.

The 6-Zundel isomer consists of a symmetric “Zundel” core with four solvating waters. Its
absorption spectrum consists of three characteristic peaks in the VSCF/VCI calculated spectrum
(Fig. 7.1): an intense peak at 1102 cm™! from the asymmetric stretching motion of the central proton
(Peak 1), a peak at 1765 cm™! (Peak 2) from the concerted bending motion of the two flanking
waters in the Zundel core, and an intense and broad doublet peaked at 3128 and 3207 cm™! (Peak
3) due to symmetric and antisymmetric O—H stretch normal modes of the two waters flanking the
central proton, respectively. Prund(@3|w1) for the 6-Zundel cluster (Fig. 7.2a) displays a distinct
coupling pattern between these peaks spread across the mid-IR. For example, the off-diagonal
Peaks 4, 5, and 6 arise from anharmonic coupling between the proton stretch, flanking bend, and

flanking stretches, and analogous downhill cross peaks 7,8, and 9 appear across the diagonal. The
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proton stretch-associated cross peaks are particularly bright, which distinguishes the Zundel

spectral pattern.
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Figure 7.2: Conditional frequency probability distributions for the 6-Zundel and 6-Eigen
protonated water hexamers. (a) Prund(w3|w1) of the 6-Z hexamer. The cross peaks with
numerical labels are assigned in the text. (b) Prund(ws|wi) for the 6-Eigen hexamer. (c)
Prexe(ws|w1) for the excited state absorptions of the 6-Zundel isomer, with numerical labels
corresponding to the overtones and combination bands that arise from the respective features
in panel (a). (d) Pexc(ws|wi) for the 6-Eigen isomer. (e)-(f) Combined surfaces
Prund(w3|@1)+Pexc(w3|w1) for the Zundel and Eigen hexamers. Magenta boxes in (e) and (f)
outline the proton stretch regions examined in Fig. 7.2. Above each conditional probability
surface is the slice along the diagonal with quartic transition dipole scaling. Peaks presented
here are broadened with two-dimensional Gaussians with 20 cm™! bandwidth full width at half-
maximum (FWHM).
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The 6-Eigen cluster shows a different spectral pattern from the 6-Zundel species. This isomer
can be described as an Eigen species H3O*(H20)3 with two waters forming an incomplete second
hydration shell around the central hydronium. This arrangement introduces asymmetry in the
solvation environment of the hydronium compared to the Eigen cation HoO4". Its linear IR
spectrum (Fig. 7.1d) includes three intense peaks at 1991, 2345, and 2893 cm™! (Peaks 3°-5°,
respectively) from the three local O—H stretches of the central hydronium, in order from strongest
to weakest H-bonds. The lowest frequency O—H stretch participates in what is known as the
“special pair” of the hydronium and its closest first-shell water. In the 6-E complex, the special
pair first-shell water donates a H-bond to a second shell water. The intermediate-frequency O—H
stretch involves another branch with first and second shell waters, whereas the high-frequency O—
H stretch donates to the first-shell water without a second shell water. The hydronium umbrella
and in-plane bending modes appear as weak features at 1209 cm™ and 1619 cm™ (Peak 1 and 2°,
respectively). The Prunda(ws|w1) distribution (Fig. 7.2b) reveals a high cross peak density between
2000 and 3300 cm™! along both axes (inside dashed box in Fig. 7.2b).

The Prxc(ws|wi) distributions demonstrate which excited states are accessible from the
fundamental transitions in the 6-Zundel and 6-Eigen clusters. For the 6-Zundel cluster, the main
peaks are associated with overtones or combination bands that arise from the couplings between
the fundamental modes in the 6-Zundel cluster. As a result, Pexc(ws|w1) displays a similar pattern
to Prund(ws|w1), but with frequency shifts due to the anharmonicity of the nuclear potential. While
Prund(ws|w1) is symmetric across the diagonal, Prxc(ws|w1) necessarily loses that symmetry since
excitations into two-quantum states are dependent on the initially accessed one-quantum state.
Most anharmonic ESAs are lower in frequency than the GSB,*’-*° but the ESAs of all of the 6-

Zundel vibrations appear above the diagonal. This is readily observed in the combined
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Prund(w3|m1)+Pexc(ws|w1) surface in Fig. 7.2e which is the closest available match to the 2D IR
spectrum and includes the interference of positive and negative features. Combination bands
between the proton stretch, flanking bends, and flanking stretches are accessed off the diagonals
as Peaks 4*-9*. In the 6-Eigen cluster (Fig. 7.2d), there is a high density of excited states between
2000-3000 cm™ and forms a similar box pattern like the fundamentals in Fig. 7.2b. However,
assignments of these features are challenging because there is strong anharmonic mixing between
overtones and combination bands. For example, the ESA at (w;, w3) = (2000 cm™!, 2080 cm™)
arises from the excitation from the special pair O—H stretch to a combination band involving the
special pair O—H stretch overtone and another combination band between the hydronium umbrella
mode and hydronium libration.

There are some features about the Pexc(ws3|w1) distributions that are less intuitive than for the
fundamental distributions due to the large anharmonicities in these clusters. For both clusters, the
intensities of the features in Pexc(w3|w1) differ from their counterparts across the diagonal, which
is one indication of electrical anharmonicity in these clusters and the large manifold of the
accessible excited states. Here, excitation of the proton stretch amplifies the intensities of other
excited-state transitions, compared to the reverse excitation order. Many ESA peaks also appear
elongated over hundreds of wavenumbers along w; because of excitations into various
combination bands and overtones. The proton stretch and flanking bend modes in the 6-Zundel
cluster display substantial anharmonic character: the w1 transition dipoles are 9° and 7°
misaligned, respectively, from the corresponding w10 vectors, and the intensity ratios u21%/u10” are
0.286 and 0.310, respectively, instead of the expected value of 2 for harmonic transition dipoles.
Finally, harmonically forbidden direct excitations from the proton stretch and flanking bend into

the flanking stretch fundamental are present in Fig. 7.2c as Peaks A and B, respectively.
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7.3.2  Proton Stretch Potential Shapes in Gas-phase H*(H20)s Clusters

To study the hydrated proton clusters in more detail, we next analyze the vibrational
frequencies assigned to the asymmetric proton stretch in 6-Z and special pair O—H stretch in 6-E
since the proton stretch has been shown to shift dramatically as a function of hydration in gas-
phase clusters.’>*¢ As in Chapter 6, we describe the vibrations in each cluster in a harmonic basis,
assigning the proton stretch normal mode to the mode that showed the most displacement of the
local monomer central proton. The anharmonic proton stretch eigenstate was selected as the
vibration with the largest squared VCI coefficient in the proton stretch normal mode coordinate.

The anharmonicity pattern of the fundamental (w10) and excited state (w12) transitions can be used
to categorize the nuclear potential. In a harmonic system, the frequency ratio y =@, /®,,= 1.0
arises from the parabolic nuclear potential. We therefore classify anharmonic potentials as

superharmonic if the transition frequency ratio y =, /@, > 1, or subharmonic if y < 1. An

example of a superharmonic potential shape is the quartic potential in one coordinate V' (r)= yr*,

where y =1.33. y is a similar measure to the anharmonicity parameter A = w21 — w10 but is
inherently referenced to the magnitude of wio. While assigning a potential to the single number y
ignores many details, it is practical because it is directly connected to experimental observables
and can be calculated from an arbitrary potential shape.

The ®,, >®,, anharmonicity pattern (Fig. 7.3a) of the 6-Zundel proton stretch provides
indication of its superharmonic potential shape. For illustrative purposes, we show the slice of the
6-Zundel nuclear potential along the proton stretch normal mode coordinate in Fig. 7.3b. The
potential shape consists of a relatively flat bottom with steep, confining walls on both sides
compared to the harmonic oscillator, which raises the energy of the second excited state. For the

6-Zundel proton stretch, y = 1.324. By contrast, the ESA frequency of the 6-Eigen special pair O—
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H stretch at 1991 cm™ is slightly less than its respective fundamental transitions (Fig. 7.3¢-d), such
that y < 1. Interestingly, there is no “pure” O—H stretch overtone in the 6-Eigen hexamer because
the overtones are highly mixed with other excited states. There are also multiple combination
bands that mix with the overtone, as seen above the 6-Eigen proton stretch fundamental (Fig. 7.3¢).
Importantly, the proton stretch potentials shown in Fig. 7.3 are one-dimensional slices on a
multidimensional potential energy surface which couples the proton stretch to other degrees of
freedom such as bending and O---O extension.

We previously analyzed the proton stretch 2D frequency spacing and line shape in terms of an
asymmetric Zundel-like quartic potential shape in one dimension in terms of the proton stretch
normal mode coordinate r:°!

V(r)=yr*—xr’+ Br. (7.2)
We found that the quartic confinement coefficient y and the linear asymmetry £ trend strongly with
proton stretch frequencies, whereas the quadratic barrier term « is small compared to the proton
stretch zero-point energy. The magnitude of y reflects the confinement of the shared proton
between two flanking waters in the 6-Zundel hexamer. As a result, the potential shape pushes up
the second excited-state energy. Increasing S drives up wio (as seen between 6-Zundel and 6-

Eigen) while w21 is not as strongly affected, resulting in a lower y value in the 6-Eigen complex.

250



&
g

1600

— 3000
Z 1500 / ,/”\\\\5
{f \ Y
S LI I = = - _ _ 2500
m 1\ il | -~ -
£ 1400 LA il | = 1=
g \ \\ =) | £ 2000
g \ / )
2 1300 | V| <
$ : ‘ 2 1500
] o
c \ / (7]
S 1200h / 5 1000
e / i —
oy - - =~ " 500
S 1100
0
1000

1000 1100 1200
Excitation Frequency o, (cm™)

<) d)

Proton Stretch Coordinate (a.u.)

N
o
<]
<]

1800}

Detection Frequency o, (cm)
°
o
o

1700 ) /
1900‘ 2000' 5700 Proton Stretch Coordinate (a.u.)

Excitation Frequency o, (cm”)

Figure 7.3: (a) 6-Zundel proton stretch fundamental (orange) and excited state absorption
(blue) from the conditional frequency probability distributions. (b) The one-dimensional
potential energy slice along the proton stretch coordinate with fundamental and excited-state
transitions indicated as energy level gaps. (c) 6-Eigen hydronium O-H stretch fundamentals
and excited state absorptions. The ESA above the fundamental comes from a combination band
between the hydronium special pair O—H stretch and an umbrella/libration combination band.
(d) The one-dimensional potential energy slice along the coordinate of the lowest frequency
hydronium O-H stretch with indicated energy gaps. Peaks presented here are broadened with
two-dimensional Gaussians with 20 cm™! bandwidth FWHM.

7.3.3 Orientational Correlations in Gas-phase H (H20)s Clusters

Orientational information between two transition dipoles [, and [, can be obtained from
polarization-resolved experiments by measuring the 2D anisotropy
r(w,0,)= O.4<P2 [ () [Lz(a)3)]> , where P; is the second Legendre polynomial, circumflexes

over the dipoles indicate unit vectors, and the angular brackets denote ensemble averaging in
isotropic media. For two parallel transition dipoles, » = 0.4 whereas two perpendicular dipoles

produce an anisotropy of » = —0.2. Here, we calculated the polarization-resolved parallel and
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perpendicular surfaces similarly to the Prund(ws|w1) and Pexc (@3|w1) surfaces in Egs. 7.1a and 7.1b,

including orientational correlation prefactors ¥  (6):

Py (@] @,) = <%K(9)u§ou§o5 (@,-0,,)8(0,- wbo)> (7.32)
Fr (o]0~ S1 01500, -0,)5(0,-0,)} a0
P(o]o)= —<§%(9>u§ou§a5 (0,-0,)8(0 -, )> (7.3¢)
ff;,nd,l(coglwl)=—<§fIa<6'>u§ou,§a(5(wl—wao)cs (ws—w,-a)>, (7.3d)

1 1 . . .
where q(e)zg(nzcosze), YL(Q)=E(2—c0529), and 6= (o) 4, (w,). ¥ With

polarization-resolved surfaces Py and P, the 2D anisotropy can be calculated from the parallel and

perpendicular probability surfaces as

AP

HO0)=5 b
I 1

(7.4)

The 2D anisotropy can be calculated for Prund(ws|w1), Pexc(ws|wi), or the combined surface

P (0,|®)+ P, (0| o). For the combined surface, it is important to calculate the combined

I’Fund’”(a%|a)1)+PE (a)3|co1) and P (a)3|a)l)+PE

Fund L (w,|w,) surfaces separately before

xc,|| xc, L

calculating anisotropy in order to properly account for interference between positive and negative

features.
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Figure 7.4: (a)-(b) 2D anisotropy surfaces for the fundamental transitions in the (a) 6-Zundel
and (b) 6-Eigen isomers. (c)-(d) Excited state 2D anisotropy for the (c) 6-Zundel and (d) 6-
Eigen clusters. (e)-(f) 2D anisotropy surfaces for the combined surfaces. Contours and peak
labels presented here are the same as in Fig. 7.1. Anisotropy values are only shown in regions
with at least 5% of the maximum intensity in each spectrum.

The 2D anisotropy surfaces for the 6-Zundel and 6-Eigen clusters display distinct anisotropy
patterns that further distinguish these two clusters. In the 6-Zundel cluster (Fig. 7.4a), the
anisotropies of diagonal Peaks 1 and 2 are both 0.4, since the modes along the diagonal are parallel
with themselves. However, the anisotropy of Peak 3 is less than 0.4, likely due to interference of

anisotropies between symmetric and antisymmetric flanking stretches. The 2D anisotropies of the
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cross peaks encode the relative orientations between two vibrational modes. For instance, the
anisotropy of Peak 4 is near 0.4, indicating that strongly coupled proton stretch and flanking bend
modes are roughly parallel to each other, as expected from symmetry considerations. Peak 5 shows
regions of both positive and negative anisotropy, indicating that the proton stretch is parallel to the
symmetric stretch (3128 cm!) and perpendicular to the asymmetric flanking O-H stretch
(3207 cm!). The 2D anisotropy plot for the 6-Eigen complex (Fig. 7.4b) demonstrates highly
varying orientational information between the hydronium O—H stretches. Along the diagonal, each
stretch displays an anisotropy of 0.4, but the anisotropies of their cross peaks are close to zero or
negative, reflecting the large angles between them. On the other hand, the stretch-umbrella cross
peaks all show anisotropy of —0.2, which is consistent with the out-of-plane transition dipole of
the umbrella bend. The 2D anisotropy patterns of the 6-Zundel and 6-Eigen Pexc(ws3|w1) and
combined 2D anisotropy surfaces (Figs. 7.4c-f) are also similar to those for the Zundel and Eigen

fundamental surfaces.

7.4  Vibrational Spectroscopy of Aqueous Proton Geometries
7.4.1  Conditional Frequency Probability Distributions and 2D Anisotropy Surfaces of
Aqueous Structural Ensembles
To analyze the conditional probability frequency distributions of aqueous proton

configurations, we calculated the anharmonic IR spectral densities for the H"(H20)» local
monomers within 800 H'(H20)s clusters drawn from MS-EVB configurations and analyzed them
relating geometric and spectral characteristics. We previously found that (Ron), the quantum
expectation value of the distance between the shared excess proton and its nearest oxygen, strongly
correlates with the stretch frequency of the excess proton. We also found that grouping clusters
based on (Roun) produced distinct spectra that resembled the 6-Zundel and 6-Eigen gas-phase

clusters in the extreme limits. In this vein, we analyze structurally averaged spectra by grouping
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clusters into three groups: Zundel-like where (Ron) > 1.14 A, Eigen-like ((Roun) < 1.07 A), and
intermediate (1.07A < (Rou) < 1.14 A). These cutoffs represent one standard deviation away from
the median (Rou) value (1.11 A), and different choices of cutoffs do not qualitatively change the
analysis. In Chapter 6, we found a roughly linear correlation between (Ron) and the proton sharing
parameter (SRowu).>® For reference, the (Ron) > 1.14 A roughly corresponds to (SRon) < 0.15 A,
and (Rou) < 1.07 A roughly corresponds to (SRon) > 0.30, consistent with previous definitions of
Zundel-like and Eigen-like geometries.*>>® For each of these configurations, distributions of (Roo)
distances are broad and significantly overlap, but the median values shift from 2.38 A, 2.41 A, and

2.43 A for Zundel-like, intermediate, and Eigen-like configurations, respectively.

Eigen-like

.

Intermediate

Intensity (a.u.)

1 Zundel-like

1000 2000 3000
Frequency (cm™)

Figure 7.5: Calculated linear spectral densities of H(H20), local monomers from 800 aqueous
configurations. Spectra are normalized by the number of constituent clusters.

For Zundel-like configurations, the linear spectral density (Fig. 7.5) resembles that of the 6-
Zundel gas-phase cluster (Fig. 7.1a) with three features peaked at 1300 cm!, 1800 cm™, and
3100 cm™! and correspond to the proton stretch, flanking water bends, and flanking O—H stretches
in aqueous configurations, respectively. On the other end of the distribution, the aqueous Eigen-
like spectrum has features that resemble the gas-phase 6-Eigen spectrum: a weak umbrella mode
at 1300 cm™! and a broad band of hydronium and first-shell water O—H stretches spanning 2000-

3500 cm!. The spectrum of intermediate configurations displays three bands like the Zundel-like
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configurations, but are substantially broadened and contribute to the continuum of absorption
between 2000 and 3000 cm! like the Eigen-like geometries. The relative populations of Zundel-
like and Eigen-like configurations sampled may not be exactly representative of the bulk,*® so
spectral densities and two-dimensional conditional probability surfaces are all presented
normalized by the number of clusters in each geometric grouping. Between the three groups, the
integrated intensity of the normalized Zundel-like spectral density is highest, whereas the
intermediate spectral density is approximately 96% as intense and Eigen-like configurations are
approximately 85% as intense. Because the Eigen-like features are spread over one broad
frequency range instead of appearing in three peaks, the maximum intensity is somewhat weaker
than the maximum in the Zundel-like spectral density.

In Fig. 7.6a, we present the conditional probability frequency distribution of fundamental
transitions in primarily Zundel-like clusters. We observe a diagonally symmetric distribution with
features that retain the character of the peaks in the 6-Zundel Prund(@3|w1) surface (Fig. 7.2a). The
diagonal region between 1100-1500 cm™ arises from the fundamental transitions of the proton
stretching modes, and is the most intense feature of the conditional frequency distribution. There
is also a clear cross peak pattern between the proton stretch, flanking bend, and flanking stretch.
The intermediate Prund(ws|w1) (Fig. 7.6b) displays many of the trends of the Zundel-like
distribution, but the line shapes are generally broader. On the other extreme, the Eigen-like
complexes show a Prund(ws|w1) pattern (Fig. 7.6¢) that forms a box between 2000 and 3000 cm’!

like the gas-phase 6-Eigen complex.
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Figure 7.6: (a)-(c) Conditional frequency probability distributions Prund(ws|@1) of the (a)
Zundel-like, (b) intermediate, and (c) Eigen-like configurations. The diagonal slices are shown
above each surface with quartic transition dipole scaling. The cross peaks with numerical labels
are assigned in the text. (d)-(f) Conditional frequency probability distributions Pgxc(w3|w;) of
the (d) Zundel-like, (e) intermediate, and (f) Eigen-like configurations with numerical labels in
(e) corresponding to the overtones and combination bands that arise from the respective
features in panel (a). (g)-(i) Combined distributions for Zundel-like, Eigen-like, and
intermediate complexes. All surfaces have been averaged to account for number of clusters in
each group and share a common normalization factor. Surfaces have also been smoothed by
third-order Savitzky-Golay filters along each axis over a breadth of 250 cm.
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The ESA conditional frequency distributions Prxc(ws3|w1) are presented in Figs. 7.6d-f. For
Zundel-like configurations (Fig. 7.6d), the stretch and bend ESAs (Peaks 1* and 2*, respectively)
appear above the diagonal like in the 6-Zundel cluster, whereas the flanking O—H stretch ESAs
(Peak 3*) appear along the diagonal and red-shifted compared to the gas phase. The proton stretch
ESA and proton stretch/flanking bend combination band (Peak 4*) both display diagonal
elongation, which indicates inhomogeneous broadening in their line shapes. The intermediate ESA
Pexc(ws|m1) retains the same features (Fig. 7.6¢), but the overtone near 2000 cm™! is more intense
due to the presence of blue-shifted proton stretch vibrations. Two-quantum transitions are also
present in these surfaces, but are less distinct than in the gas phase (Fig. 7.2c). The Eigen-like
excited-state spectral density (Fig. 7.6f) displays the same high spectral density between
(w1, @3) =(2000-3000 cm™!, 2000-3000 cm™) like in the Prud(ws|lwi) for Eigen-like
configurations. As a result, there is significant destructive overlap in the combined surface for
Eigen-like clusters, resulting in low probability amplitude across both dimensions in the mid-IR
(Fig. 7.61).

The 2D anisotropies (Fig. 7.7) in these groupings mirror those of the gas-phase clusters, which
reinforces their separation by Zundel-like and FEigen-like character. For Zundel-like and
intermediate configurations (Figs. 7.7a-b), Peaks 4 and 7 show high positive anisotropy (r = 0.25),
while the cross peaks to the flanking stretches (Peaks 5, 6, 8, 9) display a primarily negative
anisotropy. In the Eigen-like sub-ensemble, the 2D anisotropy pattern varies significantly between
2000-3000 cm™!, but the cross peaks between the O-H stretches and the umbrella modes are
consistently negative. For all three types of configurations, the ESA 2D anisotropies (Figs. 7.7d-
f) all show similar trends as in the fundamental 2D anisotropy surfaces. For the combined

Pruna(ws|w1) + Pexe(ws|w1) surfaces, the qualitative trends of positive and negative anisotropy are
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Figure 7.7: 2D anisotropy surfaces for three groups of cluster geometries. (a)-(c) Fundamental
transition 2D anisotropies for (a) Zundel-like, (b) intermediate, and (c) Eigen-like
configurations. (d)-(f) Excited state absorption 2D anisotropy surfaces for (d) Zundel-like, (¢)
intermediate, and (f) Eigen-like configurations. (g)-(i) 2D anisotropy surfaces for the combined
features for (d) Zundel-like, (e) intermediate, and (f) Eigen-like configurations. Contours on 2D
anisotropy surfaces are from their respective conditional probabilities and the anisotropy values
are only presented in regions where the conditional probability is at least 5% of the maximum.
Anisotropy surfaces have been smoothed by third-order Savitzky-Golay filters along each axis
over a breadth of 250 cm™.
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similar to the individual surfaces, but the effect of interference between positive and negative
features results in actual anisotropy values beyond the usual limits of 0.4 and —0.2. To examine
the connection between structures and spectra in more detail, we proceed to analyze the piece of

the 2D IR spectrum pumped at 1200 cm™'.

7.4.2  The Proton Stretch Vibration Reports on Geometries of the Aqueous Proton

Complex
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Figure 7.8: (a) Experimental isotropic 2D IR spectrum of 2M HCI — H>O in the proton stretch
diagonal region from Ref. 51. (b)-(d) Conditional frequency probability distributions
Prxc(w3|w1) for (b) Zundel-like, (c) intermediate, and (d) Eigen-like clusters. In (b)-(d), each
distribution is presented with the same normalization constant and corrected for the number
of clusters, so that amplitudes reflect nonlinear intensities.

Analyzing the 2D diagonal region between 1000-1600 cm™ provides an opportunity to learn
about the ensemble of Zundel-like and intermediate aqueous proton configurations. To
demonstrate this, we present the experimental 2D IR spectrum of this region in Fig. 7.8a from Ref.
51. The ground state bleach lies along the diagonal, while the |1) — |2) ESA appears above the
diagonal, centered at w3 = 1360 cm™!. This doublet pattern demonstrates a peculiar anharmonicity,
but is consistent with its assignment as the proton stretch in Zundel-like species.?*>! In Fig. 7.8b-
d, we find that the calculated Pgxc(w3|w1) distributions in this region for Zundel-like, intermediate,
and Eigen-like clusters (Figs. 7.8b-d) share an ESA above the diagonal and also display diagonal

elongation. For Zundel-like and intermediate clusters, the ESA is primarily due to the proton
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stretch o1 transition, whereas the ESA in Eigen-like clusters (Fig. 7.8d) arises from the woi
transition of hydronium umbrella mode, which has a much smaller transition dipole amplitude.
When normalized by the number of clusters in each type of configuration, the Zundel-like and
intermediate surfaces are on average significantly more intense than the Eigen-like clusters in this
region.

The diagonally elongated probability densities of Figs. 7.8b and 7.8c indicate that there are
frequency correlations within a large distribution of wio and wo transitions. To connect proton
stretch frequencies to atomic displacements, we employed linear least-squares regression on @io
and > with collective geometric coordinates.” We began by optimizing the R? correlation
coefficient between vibrational frequency and a mixed coordinate ¢ modeled by a linear
combination of quantum expectation values of local monomer atomic distances, H-O—H angles,
and H-O—-O-H dihedrals, allowing their weighting coefficients to float freely. We found that the
two most significant parameters were the (Ron) and (Roo) distances, and therefore reoptimized
the correlations on a reduced collective coordinate:

q, :CI<ROH>+C2<ROO>’ (7.5)
where the absolute values of ¢ and ¢z were constrained to sum to one. We carried out this analysis
separately for Zundel-like, Eigen-like, and intermediate cluster geometries.

Table 7.1 shows the retrieved ¢i and ¢> coefficients and the R? value for corresponding
scatter plots in Fig. 7.9. We find that in Zundel-like configurations (Roo) is a more influential
predictor of wio than (Ron), with |c1| = 0.40 and |c2| = 0.60, whereas in Eigen-like clusters the
frequency trend is dominated by (Ron) (c1 = 0.96). As seen in Table 7.1 and Fig. 7.9d, ¢1 and c>
values are similar for w10 and w21 trends in each grouping, which points to frequency correlation

between wio and w>1 and diagonal elongation in the surfaces in Fig. 7.8. Interestingly, the
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frequency trends for the intermediate complexes are dominated by (Ron), even though the spectral
density of intermediate complexes more closely resembles that of the Zundel-like configurations
(Fig. 7.5). This suggests that the intermediate complexes represent a turning point between two
regimes dominated by (Ron) and (Roo). The influence of (Roo) on proton stretch frequency in
Zundel-like and intermediate configurations indicates that confinement from the flanking two
waters significantly influences the shape of the proton stretch potential. However, because of the
substantial overlap between proton stretch frequency distributions for Zundel-like and
intermediate configurations, the broad distribution of w10 and w21 frequencies between w1 = 1000-
1600 cm™ reflects the spread of both (Roo) and (Ron) in Zundel-like and intermediate

configurations.

Table 7.1: Coefficients c1 and ¢ for relative fractions of (Ron) and (Roo), respectively, in the
reduced collective coordinate g:.

Cluster Type | Transition c1 153 R?
Zundel-like w10 0.40 0.60 0.540
w21 0.34 0.66 0.432
Intermediate 10 0.81 0.19 0.507
w21 0.77 0.23 0.370
Eigen-like w10 0.96 0.04 0.641
w21 0.94 0.06 0.540
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While the w1 = 1000-1600 cm! region primarily reports on the heterogeneity of Zundel-like
and intermediate distributions, trends across the entire mid-IR can be used as an experimental
handle to characterize the heterogeneity of Eigen-like configurations. Fig 7.9c demonstrates that
proton stretch w10 spans almost 1000 cm™ due to the (Ron) range of approximately 0.06 A in
Eigen-like configurations. This is a relatively small distribution of values, particularly compared
to the typical values of (SRon) (0.0-0.5 A), underscoring the extreme sensitivity of the O—H stretch
on bond length. Despite the extreme red-shifting of the special pair O-H stretch, the off-diagonal
intensities in the Prund(@3|w1) and Pexc(ws|w1) surfaces of Eigen-like clusters (Figs. 7.6¢ and 7.6f,
respectively) demonstrate that all three of hydronium’s O—H stretches are anharmonically coupled
to each other. This implies that while the special pair H-bond is the primary determinant of special
pair O—H frequency, the rest of the solvation environment will have some influence on special pair

frequency as well.

7.4.3 Potential Energy Surfaces of the Proton Stretch Vibration
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Figure 7.10. Scatter plot comparing proton stretch fundamentals wio and excited state w21
transitions for all clusters. Points are colored by the (Ron) value for the given configuration.
The black dotted line represents where y = 1.33 up to w10 = 1800 cm!. The green line represents
the average y value taken over 50 cm™! windows in w.
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As discussed in the previous section, the proton stretch frequency is a highly sensitive reporter
of the configuration of the aqueous proton complex. In the static limit presented here, w10 spans
approximately 2000 cm!, spectrally separating configurations with different (Ron) and (Roo)
values. We can compare the w10 and w2 values for each cluster to uncover trends in the proton
stretch potential energy surface. To start, we present a scatter plot comparing proton stretch wio
frequencies with their corresponding w» transitions (Fig. 7.10). As shown in the previous section,
the w10 transitions of Zundel-like and intermediate clusters overlap significantly and are distributed
across 900-1600 cm™!, whereas Eigen-like special pair O-H stretches are almost all above
w10 > 1600 cm™. The wo transitions for the Zundel-like and intermediate clusters are almost all at
higher frequency than their corresponding w1y transitions, placing them above the diagonal in this
plot. This is consistent with the surfaces shown in Figs. 7.8b and 7.8c for these two types of
clusters. By averaging the w21 values over 50 cm™! intervals in wio, we can calculate a mean
frequency ratio (y) = (w21)/{wi0). In Fig. 7.6a, (y) = 1.3 when wio <1000 cm™, and gradually
reduces to (y) = 1.15 for wio = 1200 cm’!, in a range consistent with the experimental surface in
Fig. 7.6a.>! For Eigen-like clusters, the w1 transitions are closer to their corresponding wio

transitions approaching (y) = 1.
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Figure 7.11. One-dimensional slices along the proton stretch normal mode coordinate from the
multidimensional nuclear PES for representative (a) Zundel-like, (b) intermediate, and (c)
Eigen-like clusters. Orange and blue arrows represent mi1o and w21 energy gaps, respectively.
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The above trends in frequency spacing derive from the shapes of the nuclear potential. Fig.
7.11 shows representative one-dimensional potential energy slices along the proton stretch normal
mode coordinate defined in Section 7.3.2. The potential energy curve of the Zundel-like
configuration (Fig. 7.11a) resembles the 6-Zundel potential energy curve in Fig. 7.3b, featuring a
relatively flat bottom with steep walls and a mostly symmetric shape. These are the characteristics
of a superharmonic potential shape, leading to the w21 > w10 (y > 1) relationship seen in Fig. 7.10.
The potential of the intermediate complex (Fig. 7.11b) shows similar steep walls, but the bottom
of the potential appears more asymmetric. Following the discussion of the relative effects of
confinement and asymmetry in Section 7.3.2, the increase in asymmetry pushes up the wio
transition, reducing y to about 1.15. At the high-frequency extreme, the Eigen-like potential (Fig.
7.11c¢) displays a highly asymmetric shape much like the 6-Eigen potential (Fig. 7.3d) resulting in
y<1.

While these potentials are representative for Zundel-like, Eigen-like, and intermediate
configurations, there is some variation within each category. For each geometric group, one can
find examples of flat-bottomed potentials, potentials with substantial asymmetry, and there are
even a couple of cases of low-barrier double-welled potentials in each group. There are only a
handful of such potentials in our ensemble, whereas the vast majority of complexes show single-
well potential shapes along the proton stretch normal mode coordinate.

Each of the presented potentials are only slices in one dimension, but the full potential is
multidimensional and involves coupling to other degrees of freedom. VSCF/VCI calculations
reveal that quantitative calculation of proton stretch frequency requires at least four dimensions,
whereas low-dimensional surfaces fail to reproduce frequency positions.?>-7* Anharmonic

coupling with other modes influences the observed w10, w21, and y in non-trivial ways, which could
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explain the difficulty in achieving strong correlations between the proton stretch and geometric
descriptors such as (Ron) and (Roo). Strong anharmonic mixing with other modes made
identifying the proton stretch ambiguous in some cases. These issues could be alleviated by
employing a similar analysis on a simpler strongly H-bonded aqueous system with clearly
delineated vibrational modes. As a result, linear regression analyses correlating collective
geometric coordinates with proton stretch potential characteristics like confinement or asymmetry
did not yield quantitatively satisfactory correlations, even though the trends based on Eq. 7.2 were
physically intuitive. Finally, the wide variability in one-dimensional potential energy cuts is
amplified in two-dimensional surfaces, which complicates any systematic analysis of potential
energy shape in multiple coordinates. This implies that the parameter y is influenced by more than
the potential shape in one dimension. Even though y is a conceptually useful parameter, it cannot
be connected quantitatively to potential shape.

There has been illuminating work demonstrating that the proton stretch is a function of many
strongly coupled coordinates such as O---O stretching, flanking in-plane bending, and proton-
involved low-frequency modes in Zundel-like and Eigen-like complexes.’*** The VSCF/VCI
calculations are able to capture both of these aspects, but the accuracy is only achieved by applying
quantum mechanical calculations on high-dimensional potential energy surfaces, each of which
can be highly nonintuitive.>” Zundel-like complexes exhibit strong mode mixing in particular,
perhaps an effect of the smaller (Roo) distances which would increase interactions between
molecules in the complex. As configurations become more Eigen-like, proton stretch frequency
trends more linearly with (Ron) length. This suggests that coupling to other types of modes is less
important to predict frequency, but as discussed in Section 7.4.2, there is still strong coupling

between the three hydronium O-H oscillators.®
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7.4.4 2D IR Cross Peaks Between Zundel-like Vibrations

The conditional frequency distributions presented in Fig. 7.6 display distinct cross peak
patterns that distinguish spectral response from Eigen-like, Zundel-like, and intermediate
geometries. For aqueous Zundel-like solutions, the off-diagonal features are relatively intense and
tightly distributed in the four corners of the combined Prund(@3|®1) + Pexc(w3|w1) surface (Fig.
7.6g). Here, we examine two of these regions in more detail to interpret the response from
experimental 2D IR spectra.

In Fig. 7.12a, the isotropic 2D IR spectrum of 2MHCI - HxO at (w1, w3)=
(1200 cm!, 1750 cm™) consists of a broad bleach spanning more than 250 cm™! in the excitation
dimension and approximately 150 cm™!' along the detection dimension. Additionally, there are
narrow positive and negative bands below w3 = 1700 cm™ due to the anharmonic coupling between
high-frequency librational modes and bending modes in bulk water.®® The bleach at
w3 =1750 cm™ is joined by a negative feature centered at w3 = 1900 cm™. The combined
conditional probability surfaces from VSCF/VCI calculations (Fig. 7.12b) indicate that the most
intense response originates from Zundel-like geometries with some contribution from intermediate
configurations. This comparison confirms our previous assignment’! that the cross peak doublet
arises from coupling between the shared proton stretch and concerted flanking bend in Zundel-like
configurations.

Closer inspection of these surfaces reveals orientational and frequency correlations between
the proton stretch and flanking bend modes. The parallel polarization preference in the
experimental spectrum’! and calculated 2D anisotropy surfaces (Fig. 7.7g) reveal that these two
modes have roughly parallel transition dipoles, implying that the concerted flanking bend dipole
lies along the shared O---O axis and has asymmetric normal mode character. Additionally, the
calculated conditional frequency probability surface (Fig. 7.12b) displays diagonal elongation of
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bleach and induced absorptions, indicative of correlated frequencies with the excited proton
stretching mode. Inspection of the individual Prund(@s|w1) and Pexc(ws|w1) surfaces in Figs. 7.6a
and 7.6d reveals that while there is some diagonal elongation of the bleach feature, the majority of
the diagonal elongation is due to the frequency correlation in the two ESA features flanking the
bleach. This frequency correlation is not as strongly present in the experimental spectrum,

however, which suggests fast frequency fluctuations within 150 fs.
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Figure 7.12. (a) Experimental isotropic 2D IR spectrum of 2M HCI — H>O at (w1, w3) =
(1200 cm!, 1750 cm!) from Ref. 51. (b) Combined conditional frequency probability
distributions Prund(@3|@1) + Pexc(@3|w1) for the three geometric groups, corrected for number
of clusters and presented on the same scale. (c) Experimental isotropic 2D IR spectrum of
4M HCI - 4M NaCl at (w1, w3) = (3100 cm!, 1750 cm!) from Ref. 51, with accompanying (d)
combined conditional frequency distributions in this region, corrected for number of clusters
and presented on the same scale.

Another region of interest is in the cross peak in the (w1, w3) = (3200 cm™, 1750 cm™)
region (Fig. 7.12¢), which was previously measured as the first experimental evidence for the
Zundel species in solution.®® This cross peak is reproduced in the conditional probability
distribution for Zundel-like configurations (Fig. 7.12d), reinforcing this assignment as a cross peak

between the Zundel flanking stretches and flanking bends. The negative features flanking the
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bleach in the conditional probability distribution are due to excitations from the flanking stretch
into the flanking stretch/flanking bend and flanking stretch/shared proton stretch combination
bands. These are also expected in the experimental 2D IR spectrum, but this region also contains
an intense negative background due to the strongly anharmonic water O—H stretch ESA which
spans w3 = 1500-3000 cm!.6!

In contrast to the clear cross peaks of Zundel-like configurations, the 2D IR features from
Eigen-like geometries are less noticeable. Inspecting the Prund(ws|w1) and Pexc(ws|w1) surfaces
separately (Figs 7.6¢ and 7.6f, respectively) suggests that there are broad features due to coupling
with the Eigen-like stretch continuum, but the combined surface (Fig. 7.61) reveals that these
features destructively overlap. For example, if one examined the Prund(ws3|w1) surface alone, it
would appear that the cross peak between the Eigen umbrella and O—H stretch modes should be
apparent at (w1, w3) = (1200 cm’!, 2000-2800 cm™!), but this cross peak disappears when
overlapped with the Prxc(ws|w1) surface. This is inconsistent with the presence of a cross peak
bleach in the experimental 2D IR spectrum in this region.’! One possibility is that the bleach and
ESA overlap and destructively interfere in experiment. This would imply that the bleach is overall
more intense than the induced absorption, which could be justified by reduced ESA transition
dipole or larger breadth of allowable ESA transitions due to the anharmonicity of the system.

The difference between the calculated and experimental surfaces in this region means that there
are a few possible assignments for this cross peak. Previously, some of us measured a cross peak
between the 1200 cm™! and 2500 cm™! features with perpendicular polarization preference, which
was used to assign the 2000-3000 cm™ region as flanking O—H stretches of Zundel-like species.’!
However, the calculated linear spectral density and two-dimensional conditional frequency

probability distribution point to this region belonging to Eigen-like geometries. Assuming static
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configurations in solution, this would suggest that there should not be a cross peak between Eigen-

like and Zundel-like geometries.

7.4.5  Possible Fluctuations Between Configurations

The VSCF/VCI calculations on clusters pulled from MS-EVB snapshots capture the broad
distributions of structural parameters like (Ron) and (Roo), but do not account for solution
fluctuation dynamics. These distributions arise from thermal fluctuations at room temperature, the

2425 and the quantum

low or non-existent barrier for the proton to rattle between water molecules,
delocalization of the excess proton with finite zero-point energy.?’ Even in classical MS-EVB
simulations, Eigen-like configurations are stabilized compared to Zundel-like configurations by
only ~0.8 kcal/mol,®? which means that the excess proton can experience a wide distribution of
local environments at room temperature. This breadth in configurations underscores the
importance of considering the ensemble of aqueous proton structures as a distribution, rather than
characterizing it only as the Eigen and Zundel species that represent the limits of this distribution.

Within this broad distribution, simulations suggest that there are fast geometric fluctuations on
the sub-100 fs timescale. Multiple simulations have found sub-100fs proton position fluctuations,
including phenomena known as proton rattling® and the special pair dance.?* These both impact
the instantaneous values of (Ron) and (0Ron) which have been used to characterize complexes as
Eigen-like or Zundel-like. Recent ab initio simulations of the excess proton found that 6Ron
quickly decorrelates on a sub-100 fs timescale,** which suggests that (Ron) also decorrelates
rapidly. This implies that while (Ron) is spectrally sensitive to instantaneous configuration, this
vibration likely will not be sensitive to dynamics associated with slower processes like irreversible

proton transfer, which occurs on a 1-2 ps timescale.®*% Additionally, the fast and large-amplitude

fluctuation of (Ron) implies that homogeneous broadening is likely a significant component of the
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linear and nonlinear spectra that cannot be captured with the current VSCF/VCI calculations.
Indeed this is the reason that diagonal GSB features in our calculated spectra, which are by
definition perfectly correlated, are not useful in comparing to experiments with massively
broadened spectral features. This plays a particularly large role in interpreting Eigen-like clusters
in the 2000-3000 cm™ window.

These rapid nuclear fluctuations of the excess proton in an essentially barrier-free potential
would imply that the standard adiabatic assumptions for interpreting the spectroscopy are not valid.
For instance, the sub-100 fs structural interconversions would occur on a timescale comparable to
the vibrational period of the proton stretch mode (~25 fs). This would imply that the electronic and
nuclear degrees of freedom that determine anharmonic coupling are also evolving on the timescale
of the vibrational period. This could play an important role in shaping cross peaks between Eigen-
like, intermediate, and Zundel-like spectral features at early waiting times. These vibrational non-
adiabatic dynamics are known to efficiently dissipate energy in aqueous medium through
collective low-frequency modes,®%-%” and these effects are sure to influence the environment around
the excess proton. Sub-A positional fluctuations of the solvent atoms, which usually are accounted
for in models for vibrational lineshape broadening, can induce large configurational changes on
the characteristic length scale of the excess proton. These factors imply that static configurations
can be misleading as true representations of the aqueous system, despite the access to nuclear
anharmonicities.

Because of the essentially zero-barrier proton fluctuations, there may be more appropriate
geometric coordinates to consider when addressing the interconversion between Zundel-like and
Eigen-like geometries. For instance, Roo has been used to discriminate Eigen-like and Zundel-like

configurations in simulations,?* and this coordinate is expected to fluctuate on a 100 fs timescale,
g p
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as suggested by time-domain THz results.® Even then, if Eigen-like and Zundel-like
configurations interconvert on this timescale, there may be a configurational correlation on a ps
timescale due to the constraints imposed by the solvation environment. Some of us have measured
a 2.5 ps anisotropy decay timescale for the Zundel-like bending modes due to Grotthuss proton

transfer, %>

which suggests that fs-timescale fluctuations do not totally scramble aqueous proton
configurations.

One limitation of analyzing an ensemble of static configurations is the inability to characterize
the excess proton ensemble in a dynamical sense. From one perspective, some studies advocate
that the aqueous proton complex is fundamentally Zundel-like, and deviations from the symmetric
potential shape come from fast, large amplitude electric field fluctuations.!>?22°> On the other hand,
many studies continue to describe the aqueous proton as a fundamentally hydronium-like or Eigen-
like species with large fluctuations in geometry due to solvation dynamics.?*63-68.70.71 Each of these
conceptions of the aqueous proton can produce the broad distribution of (Ron) and (Roo) values
that we observed in our study, and perhaps the most appropriate description so far comes from
early simulation studies describing it as a “fluxional complex” or a dynamic, strongly bonded, and

persistent “special pair”.?*

7.5 Conclusion
We have presented an analysis of two-dimensional conditional frequency probability

distributions generated from anharmonic vibrational calculations on gas-phase H(H2O)s clusters
and 800 aqueous proton configurations, which can be used to interpret the 2D IR spectrum of the
aqueous proton in the static limit. The gas-phase clusters provide single-structure model systems
to interpret how their anharmonic potential energy surface is reflected in two-dimensional

conditional frequency probability distributions for transitions between 0-6800 cm™. By grouping
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clusters based on Zundel-like, Eigen-like and intermediate geometric sub-ensembles according to
(Ron) values, we uncover trends in vibrational frequencies, relative orientations, and potential
shape. The vibrational modes of the aqueous proton complex are sensitive reporters of
instantaneous geometric configuration, particularly the expectation value of excess proton-oxygen
distance (Ron) and (Roo) for Zundel-like configurations.

Analysis of the Prund(w3|w1) and Pexc(ws|w1) surfaces assists in connecting the spectroscopy to
potential shape. Qualitatively, as the potential asymmetry increases and the confinement decreases,
the potential becomes more Eigen-like and the frequency ratio y can take on values less than one.
The extreme asymmetry narrows the potential around the zero point and first excited states,
shifting w10 to greater than 1700 cm™. This means that the 2D IR spectrum at excitation
frequencies below wio = 1700 cm™ is primarily sampling the Zundel-like and intermediate sub-
ensemble of configurations. Moreover, from Fig. 7.6, the Zundel-like vibrations appear more
intense than the broad response from Eigen-like clusters. Additionally, the spectral response from
intermediate geometric configurations resembles that of the Zundel-like clusters. Both of these
factors suggest that IR spectroscopy more easily detects Zundel-like spectroscopic features over
Eigen-like response, especially with the u* scaling in nonlinear experiments.

Comparing calculated 2D probability distributions with experimental 2D spectra indicates that
that the majority of the clearly resolved experimental features correlate with Zundel-like
configurations and, to a lesser extent, intermediate configurations. However, in experiments there
are broad and featureless signatures in the spectral window 2000-2800 ¢m™ which are better
explained in terms of Eigen-like configuration. These features have cross-peaks to other
resonances which are consistent with Zundel-like and intermediate configurations. As a result, it

is possible that fluctuations between a distribution of configurations including Eigen-like,
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intermediate, and Zundel-like configurations will best describe experimental 2D IR spectra. Given

the lack of important dynamical effects in our calculations, and possible uncertainties in

experimental spectra (such as water background subtraction), our conclusions must be viewed one

step forward in the aqueous proton problem through a continuing advance of theoretical and

experimental methods.
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Chapter 8

Entropic Barriers in the Kinetics of
Aqueous Proton Transfer

The work presented in this chapter has been published and is reprinted with permission from:
Carpenter, W.B.; Lewis, N.H.C; Fournier, J.A. Tokmakoff, A. Entropic Barriers in the
Kinetics of Aqueous Proton Transfer. Journal of Chemical Physics 2019, 151 (3),
034501.

Copyright 2019 American Institute of Physics

8.1 Abstract

Aqueous proton transport is uniquely rapid among aqueous processes, mediated by
fluctuating hydrogen bond reorganization in liquid water. In a process known as Grotthuss
diffusion, the excess charge diffuses primarily by sequential proton transfers between water
molecules rather than standard Brownian motion, which explains the anomalously high electrical
conductivity of acidic solutions. Employing ultrafast IR spectroscopy, we use the orientational
anisotropy decay of the bending vibrations of the hydrated proton complex to study the picosecond
aqueous proton transfer kinetics as a function of temperature, concentration, and counterion. We
find that the orientational anisotropy decay exhibits Arrhenius behavior, with an apparent
activation energy of 2.4 kcal/mol in 1M and 2M HCI. Interestingly, acidic solutions at high

concentration with longer proton transfer timescales display corresponding decreases in activation
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energy. We interpret this counterintuitive trend by considering the entropic and enthalpic
contributions to the activation free energy for proton transfer. Halide counteranions at high
concentrations impose entropic barriers to proton transfer in the form of constraints on the
solution’s collective H-bond fluctuations and obstruction of potential proton transfer pathways.
The corresponding proton transfer barrier decreases due to weaker water-halide H-bonds in close
proximity to the excess proton, but the entropic effects dominate and result in a net reduction of
the proton transfer rate. We estimate the activation free energy for proton transfer as ~1.0 kcal/mol

at 280 K.

8.2 Introduction

The excess proton is a key species in redox chemistry, where protonic charge transports over
macroscopic distances in electrochemical devices,!? biological channels,® and catalytic systems.*
As an aqueous species, its motion is impacted by the fluctuating motions of water’s hydrogen bond
(H-bond) network. However, since the nineteenth century,” measurements of the diffusion of the
excess proton revealed that its transport is anomalously rapid, almost five times faster than both
the self-diffusion coefficient of water and the diffusion constants of alkali cations.® The framework
for understanding such a rapid diffusion is described in terms of the Grotthuss mechanism,
whereby net charge transport occurs through sequential transfers of individual protons. Reactive
proton hops have been modeled in molecular dynamics (MD) simulations, ranging from classical
reactive MS-EVB simulations’® to ab initio simulations with classical® and quantized'® hydrogen
nuclei. Despite the demonstration of Grotthuss diffusion in simulations, a molecular-level
understanding of aqueous proton transfer has yet to be experimentally verified.

The complexity of describing these dynamics is compounded by the differing views on the

equilibrium structures that the aqueous proton can attain. The solution structure of the aqueous
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proton is most commonly described as a hydronium ion H3O", or as a hydronium with a tightly
bound first solvation shell, HoO4", known as the Eigen complex.!! On the other hand, the aqueous
proton complex has been described as a proton equally shared between two waters, the Zundel
complex, HsO>".!? The Eigen and Zundel structural motifs can be prepared in cold gas-phase
protonated water clusters, but the utility of these terms breaks down in liquid water since the
solvation environment has large amplitude thermal fluctuations that break the symmetry of these
complexes. Regardless, recent experimental studies emphasize the importance of a proton shared

13-15 and simulations that

between a pair of flanking waters for describing spectroscopic findings,
describe the aqueous proton species as hydronium-like also invoke language of a “special pair” of
waters tightly coordinated around the excess proton.® Despite the growing evidence for a broadly
two-water description, there is still debate on how to characterize the distribution of possible
aqueous proton geometries. 31

We recently collected two-dimensional infrared (2D IR) spectra of HCI solutions that provided
evidence that the aqueous proton complex is composed of a proton tightly bound between two
water molecules, a configuration we termed “Zundel-like”.'® With spectra spanning
1000-3000 cm™! in excitation and detection frequencies, we found cross peaks between every main
vibration at the earliest observable waiting time, implying that there is one dominant motif for the
aqueous proton complex, rather than separate Eigen and Zundel complexes in solution.
Furthermore, by exciting the asymmetric O-H-O stretching motions of the shared proton at
1200 cm!, we observed a 1—2 excited state absorption (ESA) at higher frequency than the 0—1
ground state bleach (GSB), indicating a proton stretching potential with steep walls bounding a

single well, a clear signature of a Zundel-like complex. The vibrational potential shape does not

directly imply that the aqueous proton complex is structurally a strictly symmetric Zundel species,
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but the anomalous anharmonicity unequivocally demonstrates that the excess proton is confined
by and strongly bound to a pair of flanking waters. Inhomogeneous broadening in both the GSB
and ESA beyond the 200 fs lifetime of the aqueous proton stretch implies that the excess proton
senses a distribution of microenvironments which persist at least 200 fs. Overall, we concluded
that structures of the aqueous excess proton complex consist of persistent Zundel-like species as
sensed by the nuclear potential, but the dynamics of this complex require further investigation.
Previous experimental studies of proton transfer have measured important kinetic quantities,
spurring further investigation from theory and simulations. From polarographic studies of acidic
aqueous solutions with varying concentrations of alkali halide salts,!” it was determined that the
majority of the proton diffusion coefficient arises from a Grotthuss component, and that the
addition of salt reduces the magnitude of this component. From a spectroscopic perspective, !’O
NMR exchange studies in acidic and basic aqueous solutions concluded that the lifetime of a single
hydronium H3O" species is approximately 1.5 ps.'® Temperature dependence of the related proton
transfer rate exhibits Arrhenius behavior with an apparent barrier of 2.4-2.6 kcal/mol.!”~2! These
results were synthesized to propose that hydrogen bond rupture in the second shell of hydronium
drives the proton transfer process.?? The proton transfer reaction was interpreted within an Eigen-
Zundel-Eigen (E-Z-E) framework, where the Zundel complex serves as a transition state between
two stable Eigen configurations. This theory was further studied with the aid of MS-EVB
simulations,’ which concluded that H-bond fluctuations which reduce the coordination of a first-
shell water provide an opportunity for a proton to hop to the undercoordinated site. Temperature-
dependent calculations of the proton diffusion coefficient obtained a barrier of 2.7 kcal/mol, which

is only slightly larger than the value determined by the NMR experiments. Ab initio studies also
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demonstrated that proton transfer occurs by fluctuation-induced undercoordination of a water

adjacent to the hydronium,®?>-2*

naming the mechanism “presolvation.”

These experimental and simulation studies have all interpreted proton transfer through Eigen-
to-Eigen (E-E) or Eigen-Zundel-Eigen (E-Z-E) mechanisms, and considering the newer evidence
for Zundel-like configurations, it is likely that important factors contributing to the mechanism are
missing. As has been shown by multiple theoretical studies of aqueous proton transfer, there is a
shallow local maximum in the reactive proton’s nuclear potential between the two waters.
However, the zero-point motion of the excess proton lies above this barrier,'%!'%?> and the
amplitude of the maximum diminishes with decreasing oxygen separation.?> Although this
maximum in the potential has sometimes been called the “proton transfer barrier”, it should be
distinguished from the 2.4 kcal/mol free energy barrier along a collective coordinate that shifts the
proton between two stable free-energy minima. Therefore, the rattling and quantum delocalization
of the proton between two waters blurs the distinction between two adjacent hydronium species.
Despite the recent evidence for persistent Zundel-like geometries in the liquid,'*'%2% proton
transfer between stable Zundel-like configurations has yet to receive attention as a potential proton
transfer mechanism.

To study these dynamics, we recently used infrared transient absorption (TA) anisotropy decay
to measure the orientational relaxation kinetics of the transition dipole moment of the bending
modes of the hydrated excess proton complex, which we refer to as 8u+.2° Supported by 2D IR
spectroscopy,'® the 8u+ bending modes at approximately 1750 cm™! were shown to be oriented
roughly parallel to the O—O axis of the flanking waters, and TA anisotropy experiments measured
du+ reorientation kinetics on a 2.5 ps timescale. Because we measured reorientation on a timescale

consistent with H-bond rearrangement in liquid water and we could rule out other processes such
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27.28 we concluded that the anisotropy decay of du+ resulted from proton transfer

as proton rattling,
events between Zundel-like configurations. Although those measurements are among the most
direct observations of aqueous proton transfer kinetics to date, the orientational relaxation rate
alone is insufficient to determine the mechanistic details of proton transfer, and processes
determining the activation barrier remains to be determined. Furthermore, the influence of the
counterion has not been carefully addressed in many proton transfer studies. At high concentration,
anions significantly perforate the H-bond network, which may influence the possible paths that
proton transfer may take.

To address questions about the mechanism of proton transport in water, we present a study of
Ou+ reorientation as a function of temperature, acid concentration, ionic strength, and counterion
identity. We measure a 2.4+0.2 kcal/mol barrier in 1-2M HCI solutions, which agrees with earlier
studies of proton transfer. We find in high concentrations of HCI and in 2M HI that the timescale
for proton transfer increases while the apparent activation barrier decreases below 2.0 kcal/mol, a
counterintuitive trend that can be rationalized by considering entropic and enthalpic barriers that
counterions place on the proton transfer process. We also find that the reorientation timescale
grows monotonically with solution viscosity, but sublinearly. These findings all point to proton
transfer driven by collective fluctuations of the solution’s H-bond network, qualitatively consistent

with a slightly modified presolvation mechanism observed in simulations.?**

8.3 Methods

Experimental details pertaining to polarization-sensitive transient absorption (TA) spectra
and polarization anisotropy decay are provided in Chapter 3. Samples were prepared using H.O
purified by reverse osmosis and ion exchange to 18 MQ-cm resistivity (Millipore, Milli-Q). HCI

solutions of concentrations of 1M—4M were prepared by serial dilution from a stock solution of
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concentrated HCI (37% by mass, Sigma-Aldrich). To control for possible effects of the counterion,
2M HI was prepared also from concentrated solutions (57% by mass, Sigma-Aldrich). Control
solutions of 1M, 2M, and 4M NaCl were prepared from the crystalline form (Fisher). Samples
were held between two 200-um thick CaF> windows (Crystran) with 3.6 pm Mylar spacers such
that the absorbance of the H>O bend was approximately 1 OD. 4M solutions were collected without
a spacer due to large linear absorption from the bending modes of bulk water and the aqueous
proton complex. FTIR measurements (Bruker Tensor 27) were taken with 1 mm CaF, windows
and 6 um Mylar sample spacers (Fig. S1 in the SI). Samples were held in a brass sample cell
plumbed to a chiller (Huber Ministat 125) set from 5.0-55.0°C in steps of 10°C. Temperatures at
the sample in the FTIR and transient absorption setups were measured with a thermocouple
(Phidgets), resulting in a sample temperature range of 8.1-50.0°C and 6.3-52.0°C, respectively.
Kinematic viscosity was measured with an Ubbelohde U-tube viscometer (Cannon) in a
water bath with temperature control of +1°C. Viscosity values were measured twice for each acid
solution at each of the six temperatures, with differences less than 1% between measurements.
Dynamic viscosities were determined by dividing measured kinematic viscosities with tabulated

densities of HCI and HI solutions.3%3!

8.4 Results

8.4.1 Infrared Spectroscopy of the Proton Hydration Bending Modes o+
In the FTIR spectrum of 2M HCI (Fig. 8.1), du+ appears as a component of the “proton

continuum” of IR absorption intensity around 1700-1800 cm™. After subtraction of the water
background, it appears as a broad yet distinct feature centered at 1750 cm!, and as a depletion of
the bulk water bend at 1650 cm™'. We previously demonstrated with 2D IR spectroscopy that Sp+

is a separate vibration from the bend of neutral water molecules (du20), most clearly shown as two
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peaks on the diagonal of the 2D IR spectrum rather than a single inhomogeneously broadened
feature®® (Fig. 5.4). Our previous simulations of the IR spectrum of aqueous acid solutions
concluded that the 6u+ resonance is composed of multiple types of HOH bending modes within the
protonated water complex that are strongly mixed with each other and other vibrations of the

complex, in a manner that depends on the varying geometries of the protonated water complex.
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Figure 8.1: FTIR spectrum of H>O (dashed black), 2M NacCl (blue), 2M HCI (red), and the

2M HCI-2M NaCl difference (green). The bending modes of hydrated proton complexes, Ou-,
are contained in the feature centered at 1750 cm’’.

With this knowledge of the nature of the du+ band, we present the polarization-resolved
transient absorption (TA) spectra of 2M NaCl and 2M HCI at 5°C in Fig. 8.2. In 2M NaCl, the
bleach of the HO bend 8mo (w3 = 1650 cm™) decays within 200 fs in the parallel and
perpendicular spectra (Figs. 8.2a and 8.2b) and the hot ground state (HGS) grows in with a 1 ps
timescale. Briefly, the HGS represents the change in IR absorption that arises from deposition of
vibrational energy from the excited H2O bend into low-frequency modes. For du20, the HGS
appears as an increase of absorption around 1630 cm!, flanked by an absorption loss around
1700 cm™! which agrees with the narrowing and intensity gain of 8o observed in 2M NaCl as
temperature increases. While the TA spectrum of the bend HGS appears as a temperature-
difference FTIR profile, it is a non-equilibrium signature that arises due to the effect of weakened
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H-bonds on the system’s vibrations (Chapter 4, Section 4.5.4). The parallel and perpendicular
spectra of 2M NaCl appear nearly identical beyond 200 fs, consistent with the 80 fs TA anisotropy
decay measured for the H,O bend (Fig. 4.6).> This ultrafast anisotropy decay is due to the
delocalized nature of the water bend, which allows fast excitation transfer and orientational
scrambling between water bending modes. There is a clear window between w3 = 1720 cm™! and

w3 = 1820 cm™! where signal from H>O is weak.
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Figure 8.2: TA spectra of (a)-(b) 2M NaCl and (c)-(d) 2M HCI at 5°C for various pump-probe
polarization schemes. Bleaches are presented in orange, and induced absorptions are presented
in blue. Surfaces are on a common normalization to the maximum amplitude of the isotropic
2M HCI spectrum at 10 ps. In all spectra, the signal at 72 = 0 fs and all w3 is instantaneous
polarization response from the solution and the CaF> windows. Grayed out regions indicate
waiting times before 7> = 200 fs, which are omitted from analysis. The colored boxes in (c¢) and
(d) represent the frequency range w3 = 1750-1760 cm™! analyzed in this study.
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The parallel TA spectrum of 2M HCl at 5°C (Fig. 8.2¢) displays a prominent, broad bleach
centered at w3 = 1750 cm™!, arising from the bending vibrations of the hydrated proton complex
(Buy).13-2632.34 Because of the clear frequency window in the 2M NaCl TA spectrum (Figs. 8.2a
and 8.2b), the feature here arises solely from the hydrated excess proton. The amplitude of this
feature is strongly polarization-dependent, as seen in the difference between the parallel and
perpendicular surfaces (Figs. 8.2c and 8.2d, respectively). The du+ bleach in the parallel spectrum
quickly relaxes within hundreds of fs, followed by a slower secondary decay within the first 2 ps.
Even though the perpendicular surface does not display such a prominent bleach feature at early
waiting time, both the parallel and perpendicular spectra of 6u+reach a constant bleaching offset
at late waiting times, corresponding to the hydrated proton’s HGS signal. The isotropic
2D spectrum of du+ (Fig. 5.4) demonstrates similar fast decay of the early-time signal and slower
rise of the HGS.

To quantify the dynamics of ou+ excitations, we present the normalized isotropic and
anisotropic TA traces at a detection frequency of w3 = 1750 cm!. In the isotropic spectrum, we
correct for the long-time constant offset due to the HGS, Sio(0), by normalizing it with the

following expression

AS (T ) — Slso(TZ) B S]sa(oo)
bt 278 (200 f5) =S, (o0)’

(8.1)

For all TA traces in this study, we only analyze data beyond > = 200 fs due to residual nonresonant
response from the sample windows. The isotropic trace in Fig. 8.3a demonstrates that the
population relaxation of 6u+ follows exponential decay kinetics with a 77,0 = 280 fs time constant.
There is a small drop below Sis, at 7> = 2 ps, which may result from a growing HGS signal, but its
amplitude is too small compared to the noise to be reliably captured by a least-squares fit to a

biexponential decay. In Fig. 8.3a, we also present the anisotropic trace, which persists more than
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an order of magnitude beyond the du+ vibrational lifetime. The anisotropic trace is better fit by a
biexponential decay with a fast timescale on the order of 200 fs and a slower, multi-ps decay such
that the anisotropic trace is not fully decayed until 10 ps. For comparison, om0 the anisotropy

decay of dmz0 in water (Fig. 4.6b) displays negligible anisotropic kinetics beyond 200 fs.
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Figure 8.3. TA isotropic and anisotropic traces, and TA anisotropy of éu+ in 2M HCl at 5°C at
w3 = 1750-1760 cm!. (a) Normalized isotropic and anisotropic TA traces from 7> =200 fs to
10 ps, the latest measured waiting time. The isotropic trace is normalized and corrected for the
hot ground state value at long waiting time according to Eq. 8.1. The anisotropic trace is
normalized to the value at 7> = 200 fs, but not corrected for a long-time offset. (b) TA anisotropy
decay after 7> = 200 fs, fit to a biexponential decay (solid line). Grayed regions denote waiting
times excluded from analysis due to instrument response and interference from window
nonresonant response. Together, these demonstrate that the anisotropic signal persists longer
than the isotropic signal, but decays to zero by 10 ps.

The isotropic TA trace reports on vibrational population relaxation, and decays with a 280 fs

decay timescale to a constant offset, similar to the vibrational relaxation of the H>O bend
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(Fig. 4.5).> We have previously examined the extent of delocalization of the bending modes of
both the proton hydration complex®? and water (Fig. 4.8),% revealing that both modes involve
delocalization over approximately 20 atoms as a result of strong anharmonic coupling induced by
the H-bond network. Even though the excess proton introduces a charge and H-bonding defect,
the similar relaxation timescales, large anharmonicities, and delocalization of both bends suggest
similar vibrational relaxation pathways to the H,O bend in neutral water.>*3 We propose, then,
that bending excitations of the proton hydration complex rapidly relax within the manifold of
bending vibrations of the complex and/or to strongly coupled adjacent water bends with the
assistance of dissipation to other intermolecular degrees of freedom.

We next calculate the TA anisotropy decay (z2) of du+ by taking the ratio of the anisotropic
and isotropic TA traces (Fig. 8.3a) at 5°C after 7> =200 fs (Fig. 8.3b), which is well fit by a
biexponential decay with fast and slow timescales of 7, = 170 fs and 7, = 2.7 ps, respectively. Near
72 = 0 fs, the anisotropy is less than 0.4 because of the nonresonant polarization response of the
CaF, windows®¢ that interferes with early-time transient du+ signal. The 170 fs anisotropy
timescale is too rapid for physical reorientation but could be consistent with an energy transfer
mechanism or partial orientational relaxation due to solvent fluctuations, which we will further
discuss below. On the other hand, the picosecond component is expected for H-bond exchange
and physical reorientation. Anisotropy decay curves in 2M HI and HCI solutions of various
concentrations exhibit similar biexponential relaxation behavior. As an independent way to
quantify the anisotropy kinetics, we applied a simultaneous fit to the parallel and perpendicular
traces at w3 = 1750 cm™!, which are consistent with the results from the anisotropy fit but assist in
determining the uncertainty of the extracted timescales. We also collected the 2D IR anisotropy

surfaces of du+ in 2M HCI (Fig. 5.5) for multiple waiting times between 7> = 100 fs and 72 = 10 ps
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to demonstrate that the anisotropy of the neutral water bend dn20 vanishes by 200 fs and contributes
only a small amount to the total anisotropy at w3 = 1750 cm’’.

The HGS, which arises from nonthermal energy deposition from the excited vibration into the
coupled low-frequency, intermolecular modes of the solvent, grows in on a somewhat slower
800 fs timescale and persists beyond 100 ps.>*37 Spectroscopically, the transient HGS signal can
be considered a ground state bleach since it represents the depletion of molecules from the
equilibrium state, and shifted into a kinetically “heated” ground state. Interestingly, we observe
that the anisotropy relaxation of du+ is encoded in the HGS beyond the ou+ lifetime. The
persistence of anisotropic signal out to 10 ps is particularly unusual for an aqueous system because
previous measurements of HGS signal had not detected polarization dependence within
experimental signal-to-noise,*-7-3° but HGS anisotropy was observed in hydroxide solutions.*
For ou+, the presence of an anisotropic HGS signal reflects anisotropic energy deposition within
the aqueous proton complex that are encoded into the HGS signal similar to the anisotropy encoded
in conventional ground state bleach TA signals. This anisotropy is retained until vibrational or
chemical dynamic processes fill this anisotropic “hole”. By contrast, the common isotropic HGS
signals reflect the fact that the anisotropy of initially excited modes decays much more rapidly
than the approximately 800-fs rise of the HGS signal, which is the case in pure H>O.2*374! In
2D anisotropy measurements (Fig. 5.5), we observe that this persistent anisotropy is distributed
relatively evenly across the entire ou+ HGS spectrum. It appears, though, that in spectral regions
which are primarily due to bulk water, such as at w3 = 1620 cm™ and 7 = 500 fs, the overlap of
large isotropic bulk HGS and 6u+ HGS results in a lower overall anisotropy.

In Fig. 8.4a, we illustrate the temperature dependence of the du+ anisotropy decay with

curves from a few representative temperatures. Qualitatively, the amplitude of the fast anisotropy
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decay component appears to diminish and the slow component decays more rapidly with
increasing temperature (Fig. 8.4a). These observations are quantified in Figs. 8.4b and 8.4c. While
the fast timescale 7, is independent of temperature within experimental uncertainty, the slower
timescale 7, decreases with increasing temperature. The vibrational lifetime of du+ does not show
a clear trend with temperature, however. As seen in Fig. 8.4c, the amplitude of the fast component
slightly decreases (although this weak trend lies within the range of experimental uncertainty) and
the slow component amplitude steadily grows in with increasing temperature until only the slow
component is experimentally detectable at 52°C. However, for all temperatures the anisotropy

values at 72 = 200 fs are consistently 0.34 + 0.02.

2MHCl: ©,=1750-1760 cm™

5 500 30
V(1) = Al + Betu + C z b) O Fast Component - ) O Fast Component
03 2 < 400 g —» @ Slow Component g E 0.4 N @ Slow Component ¢
2 6°C 2 25 S 3 03 — & ©
I 02 ; 24°C £ 3001 _ ¢ g . < E o § &
= = = : ‘: 20 3 = 02 ‘ ‘
P S 2200[%<¢ [ @ 2 8% L G
< 0.1p% o + 1 [ 1 :
3 = 8 B
b 2 100 T s g -
0.0¢ i é o g < 0.0
0 1 2 3 4 5 0 10 20 30 4}0 50 ’ 10 20 30 40 50
T, (ps) Temperature (°C) Temperature (°C)

Figure 8.4. Temperature-dependent changes in the pump-probe anisotropy decay at
w3 = 1750-1760 cm™. (a) Pump-probe anisotropy decays of 2M HCI at three representative
temperatures across the temperature range used in this analysis. Grayed regions denote waiting
times excluded from analysis due to instrument response and interference from window
nonresonant response. (b) Fast (open circles, left vertical axis) and slow (closed circles, right
vertical axis) timescales extracted by biexponential fits to the normalized anisotropy decays. The
fast timescale at 52°C is omitted because the amplitude of the fast component was not
experimentally significant within signal-to-noise. (c) Amplitudes of the two components of the
anisotropy decay from 6-52°C. Error bars represent standard deviations in timescales and
amplitudes determined from multiple measurements and two fitting procedures.
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8.4.2 Dependence of the Slow Anisotropy Timescale on Temperature, Ionic Strength, and

Solution Viscosity
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Figure 8.5. Arrhenius plots of the slow anisotropy timescale zor for du+ anisotropy decay. (a)
IM, 2M, and 4M HCI; (b) 2M HCI, 4M HCI, and 2M HCI/2M Na(l; (¢) 2M HCI and 2M HI.
(d) Correlation between activation energy E, and rate prefactor 4, where colors of the points
indicate the corresponding solutions from (a)-(c). Error bars on timescales represent their
standard deviations. Errors on the activation energy E, and intercept are standard deviation
errors on the fits determined by least-squares analysis.

Arrhenius plots for the slow timescale of the anisotropy decay in various acid solutions are

presented in Fig. 8.5. For these solutions, the slow component displays Arrhenius behavior,

7' = 4e”%"", with low activation energies that vary with acid concentration and counterions.

Beginning with the concentration dependence in Fig. 8.5a, in IM and 2M HCI the timescales are
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nearly identical within experimental uncertainty and they display apparent activation energies
E.=2.4+0.4 kcal/mol and 2.4 + 0.2 kcal/mol, respectively. In 4M HCI solution, the anisotropy
timescales are consistently slower for all temperatures, but the barrier decreases to
1.3 £ 0.3 kcal/mol. Slower anisotropy decays in higher-concentration solutions are consistent with
the slowing of water reorientation in NaCl solutions observed with pump-probe anisotropy studies
of NaCl in HOD/H>0.#* This behavior can be contrasted with previous studies on NaOH solutions

that observed faster anisotropy decays with increasing concentration,*

which may reflect a
different interplay of anisotropy decay mechanisms and solvation dynamics around aqueous proton
and hydroxide complexes.*?

To test whether the decrease in £, was due to acid concentration or chloride concentration,
we measured a barrier for the anisotropy decay in a solution of 2M HCI/2M NaCl (Fig. 8.5b),
agreeing with the timescales and the barrier in 4M HCI within experimental uncertainty. These
results suggest that the anisotropy decay timescales and barrier depend on the concentration of the
counterion in solution, more so than the concentration of H'(aq). The role of the anion is further
reinforced by the results in 2M HI, where the substitution of the counterion slows down anisotropy
timescales and lowers the activation barrier to 1.7 + 0.1 kcal/mol (Fig. 8.5¢).

Comparing all of the solutions studied we find a consistent and counterintuitive trend where
solutions with lower activation barriers for ou+ reorientation also have slower reorientation rates
(Fig. 5D.3). Summarizing the temperature-dependent anisotropy results for all studied solutions,
we find a linear relationship between the activation barriers of each solution with the natural
logarithms of their pre-exponential factors (Fig. 8.5d), indicating competing trends in these two

factors. Curiously, Fig. 8.5 shows that at approximately 280K the anisotropy timescales are

independent of the solvent conditions we studied, and therefore the activation free energy is also.
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The anisotropy decay activation energies in all solutions are low (on the order of 3-5 kgT),
and they are comparable to the barrier height of 3.7 kcal/mol for HOD reorientation in H,O.* It is
important to note, though, that the 6u+ reorientation barriers are consistently lower than the barrier
in neat water, and the barriers are further reduced upon addition of ions to the solution. Since
reorientation of bulk water molecules involves the concerted switching of multiple hydrogen bonds
within the liquid,* it is also likely that the reorientation process of du+ is related to H-bond
reorganization dynamics.

To further investigate the influence on liquid structural relaxation on the anisotropy decay,
we tested whether the relationship between solution viscosity 7 and the slow anisotropy timescale
7or follows the Stokes-Einstein-Debye (SED) equation, zor = nVi/ksT, where Vj, is the effective
hydrodynamic volume. Viscosities of each of the solutions were measured as a function of
temperature, and we plot all zor versus the corresponding #/7 in Fig. 8.6. As a point of comparison,
we also present the reorientation timescale of water molecules in bulk water measured using
isotopically dilute HOD in H,O* as a function of H>O viscosity.*® Water molecule reorientation
and the viscosity in neutral water are observed to follow a linear trend, implying that they both
depend on similar collective H-bond rearrangement dynamics of the liquid.**+7—#

Remarkably, for the HCI solutions, the orientational relaxation is significantly faster than
for the anisotropy relaxation due to H-bond switching in the neat liquid. The du+ anisotropy
timescale increases with solvent viscosity, from a value of ~1.3 ps (20% faster than bulk water) at

low viscosity to a maximum value of ~2.5 ps at high viscosity. Qualitatively, this curvature tracks
a viscosity scaling dependence of 7, ~ \/E . IM and 2M HCI solutions lie on the same trend curve,

and the 2M HI trend exhibits similar curvature, although offset to lower viscosities and longer

timescales. Comparing HCl and HI again illustrates a nonintuitive trend, in which the viscosity
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and du+ orientational relaxation times at fixed temperature are negatively correlated, rather than
the expected slowing of orientational relaxation in more viscous solutions.!” The two separate
trends provide evidence that the identity of the counterion, as a component of the solution,

influences the ou+ reorientation mechanism at high concentration.
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Figure 8.6. Stokes-Einstein-Debye plot of the slow du+ anisotropy decay timescale. Multiple
points from the same solution originate from repeated measurements at different temperatures.
Error bars in the timescales are standard deviations calculated from the measured values.
Uncertainties in measured viscosities are within 1% of the mean values, and thus are not shown.
HOD/H>2O anisotropy and H>O viscosity data are from Refs. 38 and 39, respectively. Dashed
lines correspond to linear and square-root fits to neat H-O and 1-2M acid data, respectively.

8.5 Discussion

8.5.1 Relating Anistropy Decay to Proton Transfer

The TA anisotropy decay of the ou+ transition dipole moment is well described by
biexponential kinetics with a temperature-independent 200 fs timescale and a temperature-
dependent timescale on the order of 2-3 ps (Fig. 8.4a). Anisotropy decays describe the loss of

orientational alignment of the initial excitation, which in water and aqueous solutions are
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commonly attributed either to physical reorientation of the transition dipole moment, or to energy
transfer or excitonic coupling between quasi-degenerate transition dipole moments with different
orientations. The 200 fs timescale is much faster than the structural relaxation of the liquid, and
therefore inconsistent with molecular reorientation. As described previously, we do not expect that
structural fluctuations around the aqueous proton such as O—O compression are significant
enough to irreversibly alter the orientation of the bend dipole to a substantial degree.?® Furthermore
the timescale of the fast anisotropy decay component does not show a clear trend with temperature,
and its amplitude decreases with increasing temperature. This is inconsistent with orientational
fluctuations, whose amplitude is expected to increase with temperature.

It is more likely that the 200 fs anisotropy decay arises from energy transfer or excitonic
coupling with other modes instead of reorientation of a single transition dipole. One can rule out
intermolecular energy transfer to nearby hydrated proton complexes because the fast timescale
shows no trend with HCI concentration. Because there is substantial non-zero anisotropy beyond
a few hundred fs, the 200 fs anisotropy decay mechanism retains some orientational correlation,
unlike in highly delocalized and excitonically coupled vibrations such as the O—H stretch or HOH
bend in neat water.33-"->31 The high anisotropy at 7> = 200 fs indicates that the du+ excitation is
more localized than the excitonic du20 modes of the solvent. This suggests an anisotropy decay
mechanism involving coupling within the aqueous proton complex. Given the multiple types
bending vibrations resonant at 1750 cm™!' that vary with intermolecular configuration and are
anharmonically mixed with the proton stretching modes,* excitation exchange between different
bending vibrations within the same hydrated proton complex could then lead to partial loss of
anisotropy. At present we believe this is the best explanation. A similar conclusion was also

reached for a 200-fs anisotropy decay component seen in the TA kinetics of aqueous hydroxide
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O-H stretches.*® It remains unclear why the amplitude of the fast anisotropy component does not
change significantly with increasing temperature.

Looking now at the slower activated kinetics, the picosecond anisotropy component reports on
the reorientation of the hydrated proton complex as a result of proton transfer. From HCI
concentration trends, we previously ruled out other anisotropy decay mechanisms such as
intermolecular energy transfer and orientational diffusion of the protonated water complex without
proton transfer.? The anisotropy relaxation time is also similar to the timescale for H-bond
rearrangement in neat water, which is consistent with solvent reorganization playing a role in
proton transfer.”-?>232% Since the transition dipole moment of 8u+ aligns approximately parallel to
the proton stretching mode (Figs. 5.12 and 5.17),'¢ these observations indicate that the S+
anisotropy relaxation arises from proton transfer via Grotthuss diffusion in which the identity of
the pair of flanking waters and the orientation of the proton stretching mode has changed. The
2.5 ps orientational relaxation timescale is similar to NMR measurements of 1.5 ps proton
exchange times,'®!° although we note that orientational and exchange kinetics are not directly
comparable (Section 2.5.1).

In addition to the ps timescale, the activation energies presented here provide corroborating
evidence that we measure proton transfer kinetics with the du+ anisotropy decay. The 2.4 kcal/mol
activation barrier for ou+ reorientation in 1M and 2M HCI has been obtained before in acidic
solutions with NMR spectroscopy!'®2° (2.4-2.6 kcal/mol) and in simulations of excess charge
diffusion (2.7 kcal/mol).” The similarity of barrier heights indicates a unifying origin.**>? As
further evidence, du+ reorientation timescales in this study also increase with ionic strength,
although with a much weaker dependence than bulk proton diffusion.!” Altogether, the

reorientation of dn+ appears to be a reliable reporter of proton transfer kinetics. We note that there
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is also a 2.7 kcal/mol process associated with H-bond dynamics in water and HCI solution that has
been measured with optical Kerr effect (OKE) spectroscopy,” but the corresponding timescale is

approximately 400 fs, which is inconsistent with predicted proton transfer timescales.!®-?

8.5.2 Collective Solvent Dynamics Drive Proton Transfer

One may expect that the activation energy for aqueous proton transfer would be higher than
that for H-bond reorganization in neat H>O due to the strong, contracted H-bonds formed between
the proton’s hydration complex and its solvation environment,** but we find a barrier height that
is at least 1 kcal/mol smaller. The viscosity-anisotropy trends demonstrate the different H-bonding
motions that influence water H-bond exchange and proton transfer. At low viscosities, the proton
transfer timescale in 1M and 2M HCIl is comparable to the H-bond reorganization timescale in neat
water, which suggests that proton transfer is driven by similar H-bonding rearrangement processes.
However, at higher viscosities when the H-bond network becomes more rigid, proton transfer can
occur almost twice as rapidly as water hydrogen bond reorganization. Additionally, the proton
transfer timescale appears to plateau with increasing viscosity, which implies that proton transfer
is less sensitive to the type of collective H-bond reorganization that is reported on in viscosity
measurements. Regardless, the monotonic rise of the proton transfer anisotropy timescale with
viscosity and a barrier on the same energy scale with H-bond reorganization in water points to a
proton transfer process influenced by H-bond dynamics.

Aqueous H-bond rearrangement is highly collective, involving multiple molecules traversing
different paths between configurations with varying barrier heights (~4-5 kT at 300 K).347
Collective motions of neat liquid water have previously been observed by inherent structure
analysis and Markov state modeling to explain the low barrier and non-Arrhenius behavior of H-

bond reorganization in neat water.>*>%5% Notably, it was also found that the timescales of H-bond
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exchange do not necessarily correlate with the number of waters participating in the exchange,
which implies that the fastest H-bonding fluctuations need not be the most localized. In the context
of aqueous proton transfer, the sensitivity of the timescale and barrier on the identity of the halide
anion at 2M suggests that this process involves H-bonding fluctuations spanning several water
molecules, rather than just the water molecules in immediate proximity to the aqueous proton

complex.

8.5.3 Entropic Penalties in the Proton Transfer Barrier

We find a counterintuitive trend that for solvent conditions that decrease the activation energy,
the proton transfer rate correspondingly decreases. Our observed proton transfer rates do not
follow common trends for kinetic salt effects or other dielectric properties of inert electrolyte
solutions. The primary kinetic salt effect on ion reactions from Debye-Hiickel theory predicts an
increase of reaction rate with ionic strength,> which—although a weak trend—is opposite to what
we observe. Also predicted is a decrease in rate with solvent dielectric constant as (k7)™ but
the bulk dielectric constant of water decreases with increased ionic strength. Both of these factors
would increase the rate with ionic strength by stabilizing electrostatic interactions between the
transition complex and inert anions in solution. To explain our observations, it is important to
consider other potential factors contributing to the proton transfer rate.

Qualitatively, we can interpret the trend with the Eyring equation for activated kinetics,

a0 AS*/k, —AH*/k,T
T =ke" e 4 (8.2)

where ko = ksT/h for simple unimolecular processes but includes other factors such as the

transmission coefficient k. In this framework, relaxation times can increase even with a decrease

in the activation enthalpy AH' if there is a competing decrease in the activation entropy AS*.
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Correlating the enthalpic and entropic terms of the Eyring equation with £, and In(4) of our
Arrhenius analysis, these competing effects are apparent in the linear growth in Fig. 8.5d.
Similarly, we observe that relaxation rates for all solutions are approximately the same at 280K,
although the activation energies vary. Applying Eq. 8.2 gives an activation free energy at 280K

of AG*=1.0 kcal/mol or 1.7 kT, and AS* as roughly 1-5 cal/(mol-K) across the various solutions,

decreasing with ionic strength. The values of AS* are approximate because of the various possible
terms in the pre-exponential for a solution-phase reaction, but the overall trend of decreasing
activation entropy with ionic strength explains the decreasing proton transfer rate despite the
reduction in the apparent barrier.

In solution there are multiple microscopic processes that would contribute to the decrease in
the activation entropy. A significant contributor is the influence of the counteranions, which
introduce local and global effects, according to simulation studies. On the local scale, the excluded
volume created by solvated ions obstructs the approach of potential waters that could donate H-
bonds to waters in the ions’ solvation shells.®® The significant presence of halide anions in solution
also reduces translational degrees of freedom of the solvent molecules, which increases solution
viscosity. While these effects have only a modest impact on water dynamics at low concentration,
at high concentration the majority of waters are incorporated into the first two solvation shells of
dissolved solutes. As a result of both local and global effects, excluded volume reduces the number
of possible H-bonding configurations and H-bond exchange pathways. These decrease the
activation entropies for H-bonding dynamics and also manifest as slowed down collective H-
bonding fluctuations.

Applied to proton transfer, these effects are apparent in the lower prefactors obtained for the

high-concentration chloride solutions (Fig. 8.5d). Global H-bonding defects and the local excluded
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volume from counterions reduce the H-bond connectivity between waters, reducing the probability
of successful proton transfer attempts by the Grotthuss mechanism. The local-scale H-bonding
defects around counterions result in terminations of “water wires” at the anion and reduce the
number of waters that are fully hydrated, which decrease the number of successful proton transfer
events. Indeed, simulations of 4M HCI indicate that roughly 30% of chlorides are in contact with
the water carrying the excess charge.®! On top of this, global retardation of H-bonding fluctuations
additionally slows down the frequency of proton transfer attempts. In HI solution, proton transfer
rates are slower compared to equimolar HCI since iodide’s larger solvation shells incorporates
more water into its H-bonding defect. Our observations are in line with MS-EVB simulations of
concentrated HCI and mixed HCI/NaCl solutions, where increased acid concentration and
increased ionic strength impede proton migration.®? These simulations suggest that ionic crowding
reduces the likelihood of full hydration around the excess proton, but instead results in rattling
between water molecules.

The diminished proton transfer activation enthalpies in high-concentration solutions likely
arise from the collective effect of relatively weak H-bonding to the counteranions and their
solvation waters. NMR studies of aqueous salt solutions estimate that the barrier to break a H-bond
decreases as the acceptor changes from H>O (3.5 kcal/mol) to CI” (3.3 kcal/mol) to I" (2.7
kcal/mol).%® Even though the strength of a single H-bond donated from a first shell water to the
anion is only slightly less than a H-bond between two waters, it is possible that if a large fraction
of waters are taken up by counterions, then collective H-bond motions involving multiple first-
shell waters would require less energy to weaken the H-bonds necessary for successful proton
transfer. Therefore, compared to 1M and 2M HCI, the activation enthalpy in 4M HCI would

decrease, where proton and chloride solvation shells overlap. In 2M HI, where iodide retains
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almost double the amount of first-shell waters compared to chloride, would also show a decreased

proton transfer activation enthalpy.

8.5.4 Challenges and Hypothesized Picture of Proton Transfer Dynamics

There are still challenges associated with understanding proton transfer in water. In particular,
H-bonding dynamics appear to manifest differently around the aqueous proton than in neat water,
as seen with different barrier heights and timescale-viscosity trends. Clearly analyzing these H-
bonding motions will be instrumental in providing context to coordinates predicted to drive proton
transfer, such as O—O compression,®’ fluctuations in solvent electric field,**%> and H-bond
imbalance.”%® Given the important role played by counterions, it will also still be necessary to
better understand how collective H-bonding dynamics and barriers are perturbed in salt solutions.

Proton-anion pairing at high concentration may play a key role in proton transfer in high-
concentration solutions, but its influence is unclear. In high-concentration solutions like 4M HCI,
ion pairing likely alters the speciation of the aqueous excess proton compared to the bulk.
Significant populations of proton-anion contact ion pairs have been observed in simulations and

61.6667 which have suggested a

experiments in high-concentration HCI and HNO; solutions,
preference for asymmetric hydronium-like geometries next to the anion.!*!¢ Altogether, possible
alternative H-bonding topologies and Grotthuss diffusion pathways influence how measured
proton transfer rates and barriers could be analyzed. The impact of these effects on the data in this
study are unclear, however, because relatively longer timescales and lower barriers are present in
2M HI, which is a stronger acid and less likely to form ion pairs.

There is also still some ambiguity in the relationship between the timescale for du+ anisotropy

decay and the proton transfer rate. Part of this stems from the variety of bending motions of the

aqueous proton complex. The du+ band is relatively insensitive to the configuration of the aqueous
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proton complex, and there are multiple bending vibrations in the 1750 cm™! band within a given
complex.*? Furthermore, these modes delocalize over multiple molecules and strongly mix with
other modes such as the proton stretch. A question is how much proton transfer reorients the
hydrated proton complex and the associated o~ transition dipole angle, which could form the basis
for jump reorientation analysis such as has been done for water and ionic solutions.*%-7°

Even though atomistic characterization of the proton transfer process is ongoing, we can still
infer new aspects about the mechanism and hypothesize a rough picture for proton transfer. The
hydrated proton and its flanking pair of waters can be characterized by its distinctive H-bonding
topology in which every H-bond to the solvent is donated.”%® Grotthuss diffusion can then be
viewed as the structural diffusion that translocates the H-bonding anomaly through water hydrogen
bond switching in its solvation shell. This picture is similar to the proposed “presolvation”
mechanism for Grotthuss diffusion,”* whereby proton transfer occurs by the donation of a H-bond
to the aqueous proton complex and the concerted rupture of an accepted H-bond on an adjacent
water. At high concentrations, counterions impose entropic penalties to this collective H-bond
exchange process and obstruct possible pathways that lead to proton transfer. Combined with

previous evidence for significant Zundel-like configurations in aqueous solution,!*16-26

we
hypothesize that the presolvation mechanism would involve proton transfer between two Zundel-
like species where the identity of protonated O-H"-O triplet has migrated to a new pair of adjacent

waters. However, more direct measurement of interchange between equilibrium structures will be

necessary to determine which structures interconvert during proton transfer.

8.6 Conclusion

In this study, we have analyzed the temperature- and counterion-dependence of the anisotropy

decay of the bending modes of proton hydration complexes to characterize the solvent-dependent
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dynamics of aqueous proton transfer. We found that the anisotropy decay of ou-+ is well-modeled
by a biexponential decay, corresponding to a fast (~200 fs) energy transfer process between
bending modes within the same excess proton complex and a slower timescale (~2-3 ps) associated
with reorientation due to proton transfer between Zundel-like species. In 1M and 2M HCI, the
slower component shows Arrhenius behavior with an apparent activation energy of 2.4 kcal/mol,
which is consistent with previous measurements of proton transfer and with collective H-bonding
dynamics in water. We find that for solutions where the activation enthalpy decreases, there is a
corresponding decrease in the overall proton transfer rate due to decrease in the activation entropy
arising from the disruption of the solvent’s H-bond network and obstruction of potential proton
transfer pathways. We estimate the activation free energy at 280K as ~1.0 kcal/mol. There are
many details about proton transfer dynamics that remain unclear, but recent progress analyzing
potential collective reaction coordinates for H-bond exchange and proton transfer has stimulated
vigorous study on this problem. Further experimental study of the proton transfer process will be

invaluable for validating potential mechanisms and assembling a holistic picture for this process.
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Chapter 9

Summary and Outlook
9.1 Aqueous Proton Structure: Challenges Describing a Dynamic Complex

Over the last decades, many questions have been raised about the structural and dynamical
nature of the aqueous excess proton. For instance, the aqueous proton has been described in terms
of either the gas-phase Eigen or Zundel complexes even though it was recognized that the solvation
environment removes the symmetry of the complex.!=> Recent simulations have introduced more

nuanced pictures of the aqueous proton,*>

invoking concepts such as the “special pair” and
“fluxional complex,” but there were no direct experimental verifications of these ideas. The linear
infrared (IR) spectrum is potentially a sensitive reporter on the nuclear configurations of the
aqueous proton complex, but the absorption is continuous and the underlying vibrational modes
are strongly mixed and anharmonic, preventing straightforward interpretation. Each of the
assignments across the mid-IR have been interpreted in terms of both Zundel-like and Eigen-like
vibrations without a clear way to come to a consensus.

The work in this thesis represents progress made towards answering some of these
questions using infrared spectroscopy. First, with the aid of vibrational self-consistent field/ virtual
state configuration interaction (VSCF/VCI) calculations, we made more reliable vibrational

assignments of the linear IR spectrum in terms of a distribution instantaneous geometrical

configurations (Chapter 6). Absorption at 1200 cm™! is primarily due to the stretching motion of
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the shared proton in Zundel-like and intermediate geometries, with a small contribution from
Eigen-like umbrella modes. The Zundel like stretching mode is sensitive to both the quantum
expectation value of the O-O distance (Roo) and the O—H distance (Ron) between the excess
proton and the nearest oxygen. The 1750 cm™! feature arises from multiple contributions presented
here in order of decreasing intensity: the concerted flanking bending modes in Zundel-like
configurations, vibrations of mixed stretching/bending character, high-frequency Zundel-like
shared proton stretches, and stretching and bending modes of Eigen-like configurations. The
continuous absorption between 2000-3000 cm! arises from hydronium O-H stretching modes of
Eigen-like configurations, and the peak at 3100 cm™ is due to the flanking O-H stretches in
Zundel-like configurations. The linear IR spectrum is best modeled with a broad distribution of
aqueous proton structures, with Eigen and Zundel geometries as idealized limits.
Two-dimensional infrared (2D IR) spectroscopy demonstrates the strong anharmonic
coupling between all vibrational modes in Zundel-like and Eigen-like configurations, supporting
a dynamic special pair conception of the aqueous excess proton (Chapter 7). The 2D IR spectrum
of the Zundel-like proton stretching mode at 1200 cm™!' shows an inverted anharmonicity pattern,
where the excited state absorption (ESA) lies above the ground state bleach in ws. This reflects the
confinement of the shared proton between two waters in Zundel-like and intermediate complexes.
The potential is also inherently asymmetric in shape, which is particularly pronounced in
intermediate configurations. The cross peaks between all Zundel-like vibrations are well-described
by the VSCF/VCI cluster calculations, whereas the response from Eigen-like vibrations is less well
understood. The Zundel-like cross peaks include polarization information, which reveal that the
shared proton stretch and flanking bending modes are aligned parallel to the special pair O---O

axis, whereas the O-H flanking stretch modes are roughly perpendicular to this axis. The
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experimental cross peak at (w1, @3) = (1200 cm!, 2400 cm™!) between the Zundel and Eigen proton
stretch modes is not reproduced in the VSCF/VCI calculations of the 2D spectral density, which
points to vibrationally non-adiabatic, dynamical effects in the aqueous excess proton that cannot
be captured by cluster-based calculations.

These experiments present evidence for a more sophisticated understanding of the structure
and dynamics of the excess proton, but there are many unresolved details that will require further
work. For example, even though the structure of the aqueous proton complex is best described as
a distribution of configurations, current experiments have not been able to quantify relative
populations with this distribution. Simulations with classical nuclei predict a relative stabilization
of Eigen-like configurations on the order of 1 kcal/mol,%’ but quantum mechanical treatment of
hydrogen nuclei diminishes the relevance of this barrier due to nuclear quantum effects.® The
uncertainty in the simulated distribution of configurations led us to presenting average infrared
response for the three different groupings, but the fast fluctuations within the distribution also
demonstrate the limitations of using a cluster-based approach. To better understand the impact of
ultrafast fluctuations on the IR spectrum, it is important to not only consider the multidimensional
and anharmonic nature of the nuclear potential, but also how the potential and the resulting
vibrational couplings fluctuate on the fs timescale.

In the process of these studies, it has become apparent that typical geometric descriptors
such as dRon or Ron are insufficient as the sole descriptors for a dynamical aqueous proton
complex. Where they succeed is in their intuitive description and their ability to separate certain
IR absorption regions. However, the sub-100 fs configurational fluctuations within a flat-bottomed
potential mean result in rapid decorrelations in dRon and Ron on the fastest timescales measurable

by IR spectroscopy.’ One could propose slower moving coordinates for describing the aqueous
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proton complex such as Roo, but this coordinate is predicted to decorrelate on an approximately
100 fs timescale,'® which does not provide much longer of a time window. The 2.5 ps anisotropy
timescale of the flanking bend modes suggests that there is some persistence to the aqueous proton
configuration, subject to the arrangement of the solvation environment. Perhaps there are
collective coordinates involving the solvent configuration that are more adept at capturing the
average geometric parameters of an aqueous proton configuration, even if the fast degrees of

freedom undergo large-amplitude fluctuations.

9.2 Proton Transfer Dynamics: Towards Molecular-level Detail
The anomalously high conductivity of acidic solutions is explained by the Grotthuss
mechanism, but the molecular details of this process had only been examined in the last twenty-

five years with simulations®!!-!?

with limited verification by experiment. These simulations have
examined proton transfer with atomistic detail, but they have also reached different conclusions.
Importantly, most of these analyses treat hydrogen nuclei classically, whereas some studies have
stressed the role of nuclear quantum effects amplifying the rate of proton transport.®® There remain
many competing theories for the proton transfer mechanism, such as the Eigen-Zundel-Eigen and
Zundel-Eigen-Zundel models, coherent burst-rest dynamics, and the pre-solvation mechanism.
This thesis presents transient absorption (TA) anisotropy experiments that provide the most
direct experimental measurements of aqueous proton transfer to date (Chapter 8). The anisotropy
at 1750 cm™!, primarily reporting on Zundel-like flanking bending modes, decays biexponentially
with a fast timescale on of approximately 200 fs and a slow timescale on the order of 2.5 ps. While

the fast timescale likely reflects rapid energy transfer within the aqueous proton complex, the slow

timescale reports on reorientation due to proton transfer events. The ps timescale grows with
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increasing viscosity but displays non-Stokes-Einstein-Debye behavior, which may reflect the
deviation of Grotthuss proton transport from standard hydrodynamic diffusion.

Arrhenius analysis reveals that in 1M and 2M HCI, the barrier for the anisotropy decay is
2.4 £ 0.2 kcal/mol, which matches previous measured values for the proton transfer barrier,
obtained through conductivity'* and NMR lineshape analyses.!>!¢ The measured value of the
barrier changes with solution composition, leading to the counterintuitive result that proton transfer
slows down alongside a reduction of the activation barrier. The dependence of the dynamics on
solution composition indicates that proton transfer occurs via collective H-bond reorganization
events in water. Using transition state theory, this trend in rate can be rationalized in terms of
competing effects from transition state entropy and enthalpy. The transition state enthalpy
decreases with anion concentration due to relatively weaker H-bonds formed between water and
counteranions compared to water-water H-bonds, which reduce the energy barrier of collective H-
bond reorganization. The proton transfer rate also decreases due to an entropic penalty at high
concentration, arising from anions obstructing proton transfer pathways and excluding volume
from the H-bond network.

There are multiple lingering questions regarding using anisotropy decay to measure proton
transfer kinetics. It is important to reiterate that for multiple reasons, the approximately 2.5 ps
anisotropy decay timescale is not the mean proton transfer timescale. First, the anisotropy decay
strictly reports on the total polarization response at 1750 cm™!, which includes contributions from
multiple types of vibrations, not just the Zundel-like bending modes. Additionally, the measured
timescale reflects the decorrelation of the second Legendre polynomial of the dipole orientation,
not the dipole TCEF itself, which requires comparison to simulations to extract a quantitative value

for the proton transfer timescale. Simulation analysis is also necessary for this measurement
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because proton transfer likely induces reorientation by a large angular jump. In principle,
experimental measurement of the average hopping angle involves measurements of the same
process with multiple techniques sensitive to different correlation functions, but in practice this is
challenging since these measurements are not necessarily directly comparable.

Beyond the uncertainties in interpreting what has been measured, these results still have
not addressed the multiple theories for proton transfer posed by simulations, such as the Zundel-
Eigen-Zundel, Eigen-Zundel-Eigen, the special pair dance, or the pre-solvation mechanism.
Framed more concretely, these results do not observe the interconversion between stable reactant
and product configurations with distinct free-energy minima. As a result, a reaction coordinate for
aqueous proton transfer has not been determined. Interconversion between two stable H-bonding
configurations with isotopically dilute mixtures of HOD in D,O has been shown,!”-!® and possibly
similar strategies could be employed in acidic solutions (discussed further below). These types of
experiments can be connected to computational studies to assemble a more concrete picture of
proton transfer.

Experiments with isotopically dilute H in DCI may be useful for tracking the coupling and
dynamics of proton transfer without spectroscopic artifacts like energy transfer or sub-200 fs
vibrational lifetimes. The FTIR spectrum of the dilute proton in DCI (Appendix 5B) is a starting
point for designing such experiments. These measurements indicate that nonlinear experiments
would likely be limited to above 2700 cm™! to avoid interference from the strong DCI absorption
continuum. Earlier two-color TA measurements found 120 fs and 800 fs decays in the isotropic
response exciting at 2800 cm!, and detecting at 3400 cm™!, which was interpreted as rapid Eigen-
Zundel rattling.!” It would be interesting to revisit this signal with 2D IR spectroscopy,

incorporating excitation frequency resolution, anisotropy decay kinetics, and temperature
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dependence. Additionally, pre-solvation studies predict that the O—H stretch of the H-bond donor
to excess proton complex is resonant at 3700-3800 cm!,® which is blue-shifted from bulk water
due to the relative weakness of this H-bond. There may be a cross peak at (w1, w3) = (2800 cm™,
3800 cm™!) due to coupling between this donor and the aqueous proton complex. This approach
has been employed for the HOD 2D IR spectrum in NaOD,?° revealing a Zundel-like transition
state during proton transfer in basic solutions. Similar analyses across the O—H stretch in acid
solutions might be useful for distinguishing stable states and transition states during the proton
transfer process in acidic solutions.

There may also be some utility in studying isotopically pure DCI/D-O solutions for proton
transfer studies. The DCI IR spectrum also features continuous absorption, and the deuteron and
proton transfer barriers are the same within error.!*?! However, the zero-point energy of the excess
deuteron is expected to be lower, which will affect the anharmonicity of the potential that is
experienced by the deuteron. Therefore, there may be a kinetic isotope effect with regard to proton
rattling due to its lower position in the potential well and its reduced quantum mechanical behavior.
These would be particularly valuable for the deuteron stretch mode, which would be useful for
making observations of the proton stretch potential closer to the minimum. This feature is expected

to be resonant at 900 cm™,%2 which is currently out of reach experimentally.

9.3 Experimental Progress and Challenges

This project was possible after developing tunable excitation sources down to 1200 cm™,
but there is still work to do to investigate potential artifacts due to sample conditions. As described
in Section 5.3.1, we have obtained different results in the lineshape for 2D IR features excited at

1250 cm’!, but the analyses presented in this thesis are not affected since they only involved
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frequency positions and polarization relationships. These distortions are likely due to the early
implementation of 1 mm CaF, windows, which are highly dispersive below 1300 cm™. We have
also used 0.2 mm CaF> windows and diamond windows, which are less dispersive but still have
issues at 1200 cm™ and 1800 cm™!, respectively. The development of flat jet technology holds the
promise of preparing samples as thin as a few microns without the need for windows, but will
require some effort to effectively incorporate it into the experiment.

The development of broadband IR laser technology can enable collecting the full 2D IR
spectrum with a single excitation source. Current pulses are limited to approximately 300-400 cm™!
in bandwidth, with 50 fs FWHM temporal pulse width, whereas the acid continuum spans more
than 2000 cm™! and certain proton dynamics take place on the tens of fs timescale. Preliminary
work in the group has achieved a promising broadband excitation source based on OPA in GaSe,
which can deliver pulses of >10 pJ spanning the entire mid-IR. The Fourier limit for these pulses
is approximately 20 fs, but a pulsewidth of 100 fs has been measured so far, likely due to known
angular dispersion issues. For all experiments, dispersion due to transmission through material is
a constant issue which is more difficult to manage with broadband pump pulses, further

underscoring the potential benefits of implementing a flat jet sample configuration.

9.4 Conclusion

The results and analysis presented in this thesis support predictions that the aqueous proton
is a dynamical species, shaped by the fluctuations of the surrounding solvation environment. These
studies not only provide a more accurate molecular picture for this complex, but demonstrate the
power of nonlinear spectroscopy for studying this problem. There is more work to do to understand

the mechanism and reaction coordinate for proton transfer mechanism in water, which may be
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achieved with a concerted effort from experimental and computational studies. The methods
employed here provide a framework for studying hydrated protons in a wide variety of systems,
such as in fuel cell membranes and biological proton channels. Research is already underway in
our group to study excess protons in the nanoscale pores of zeolite materials. While the bulk and
nano-confined systems show clear differences, we have found some shared behavior which has
facilitated systematic study of the proton-in-zeolite system. Further effort in this direction will not
only improve our understanding of nano-confined protonated systems, but may reveal new

fascinating details about bulk aqueous acid solutions as well.
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