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Chapter 1

Abstract

Liquids may appear disordered compared to the structured nature of crystals, but
this is only true when considering long-range order. Unlike ideal gases, most lig-
uids exhibit local order due to molecular interactions, ranging from dipole-dipole
to electrostatic interactions. For example, water forms an extensive hydrogen bond
network or molecular liquids such as alcohols can form aggregates. Understanding
intermolecular forces, especially hydrogen bonding, is crucial for insights into phe-
nomena like water’s density anomalies. This thesis addresses three topics within the
framework of hydrogen bonding in liquids, with a particular focus on the dynam-
ics of these bonds. We employ linear and two-dimensional infrared spectroscopy
(2DIR) alongside ab initio molecular dynamics (AIMD) simulations to explore bond-

ing in liquids.

In the first project, we employ linear and two dimensional infrared (2DIR) spec-
troscopy to investigate the correlation of the donating hydrogen bonds of water.
Water has previously been proposed to form asymmetric hydrogen bonds based on
X-ray absorption studies. This supposed asymmetry has been controversially dis-
cussed. Our results provide experimental evidence for dynamic anti correlations
instead of static asymmetric hydrogen bonds. We use 2DIR spectroscopy to isolate
the inhomogeneous contributions to the lineshape for pure and isotopically dilute
(HOD in Hy0O) D,0O in dimethylformamide (DMF). Through the dilution in DMF
each water molecule only forms two donating hydrogen bonds to the solvent. This
allows us to distinguish between symmetric and asymmetric stretching modes for
D,0O. Comparison with density functional theory calculations (DFT) show, that the
about twice broader inhomogeneous lineshape of HOD can be explained by an anti
correlated distribution of hydrogen bonds. Furthermore analysis of the crosspeaks
for D,O give direct experimental evidence for the anti correlation. We find that this
anti correlation quickly decays (< 500 fs). Furthermore similar experiments on urea
also show this anti correlation, albeit less pronounced. This confirms that these short
lived anti correlations are not special for water but rather expected for all XH;, con-

taining molecules.[1]

In the second project we investigate the solvent properties of the fluorinated
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mono alcohol hexafluoroisopropanol (HFIP). HFIP is a solvent that is widely used
in synthetic chemistry as well as chemical biology. It has been shown to open up
novel reaction pathways and to increase the reaction speed of several reactions. This
increase in reaction speed has been coined a "booster effect’. We investigate the
dynamic origins of the booster effect of HFIP, via vibrational and dielectric spec-
troscopy of HFIP and its non fluorinated counterpart isopropanol (IP). With polar-
ization controlled time resolved IR spectroscopy (TRIR) we found that individual
HFIP molecules show a slower reorientation than IP, even though linear IR spec-
troscopy suggests weaker hydrogen bonds between HFIP molecules compared to
IP. 2DIR spectroscopy shows slower hydrogen bonding dynamics for HFIP. Using
dielectric relaxation spectroscopy (DRS), we find faster collective reorientation of
HFIP, suggesting a smaller average cluster size. Titration experiments with a hydro-
gen bond accepting substrate (diethylether) reveal that HFIP forms much stronger
hydrogen bonds with the substrate than IP. Together our findings suggest that HFIP
forms smaller clusters than IP, and thus has more terminal OH groups as potential
hydrogen bond donors. The slower hydrogen bond dynamics and reorientation of
HFIP can stabilize the hydrogen bonded clusters, and thus make solvent substrate
interactions more likely.[2]

The last projects is about specific ion effects on peptides. The strucure of peptides
depends on the solvation environment. Ions can affect peptides directly through
electrostatic interactions as well as indirectly through disruption of the solvent en-
vironment. We investigate the effects of Ca?" on the dipeptide L-alanyl-L-alanine
(2Ala). Calcium is located on the protein denaturation side of the Hofmeister series.
We in particular focus on the competition between the two potential binding sites
with the carboxylate group and the amide carbonyl group. With linear and 2DIR
spectroscopy we find a blueshifted shoulder for the carboxylate peak as well as a
small redshift for the amide carbonyl. Experiments with 3C labeled 2ALa reveal
that the shoulder is connected with Ca?" interaction at the carboxylate group. Ab
initio MD simulations show that Ca?" binds to the carboxylate and to a lesser degree
at the amide CO. This is consistent with an increasing lifetime of the amide CO peak
found from 2DIR spectroscopy with increasing salt concentration. At the carboxylate
we only find Ca%* only monodentate bonded. Vibrational density of states (VDOS)
show that this is consistent with a spectral blueshift. Additionally we find config-
urations of two Ca?>" bound mono dentally to the two carboxylate oxygens. This
configuration leads to an additional blueshift. Our results highlight the importance
of taking competition between different binding sites into account, when designing
model systems for peptide interactions.[3]
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German Abstract

Verglichen mit der strukturierten Natur von Kristallen mogen Fliissigkeiten unge-
ordnet erscheinen, das trifft aber nur zu, wenn man die Ordnung tiber grofie Distan-
zen betrachtet. Im Gegensatz zu idealen Gasen weisen die meisten Fliissigkeiten
eine lokale Ordnung auf, die auf molekulare Wechselwirkungen zuriickzufiihren
ist, die von Dipol-Dipol- bis zu elektrostatischen Wechselwirkungen reichen. So bil-
det Wasser beispielsweise ein ausgedehntes Wasserstoffbriickenbindungsnetz oder
molekulare Fliissigkeiten wie Alkohole konnen Aggregate bilden. Das Verstdndnis
der zwischenmolekularen Krifte, insbesondere der Wasserstoffbriickenbindungen,
ist entscheidend fiir den Einblick in Phdnomene wie die Dichteanomalien von Was-
ser. Diese Arbeit befasst sich mit drei Themen im Rahmen der Wasserstoffbriicken-
bindungen in Fliissigkeiten, wobei ein besonderer Schwerpunkt auf der Dynamik
dieser Bindungen liegt. Wir setzen lineare und zweidimensionale Infrarotspektro-
skopie (2DIR) zusammen mit ab initio Molekulardynamik (AIMD) Simulationen ein,
um die Bindungen in Fliissigkeiten zu untersuchen.

Im ersten Projekt setzen wir lineare und zweidimensionale Infrarotspektroskopie
(2DIR) ein, um die Korrelation der spendenden Wasserstoffbriickenbindungen von
Wasser zu untersuchen. Auf der Grundlage von Rontgenabsorptionsstudien wur-
de bisher angenommen, dass Wasser asymmetrische Wasserstoffbriickenbindungen
bildet. Diese vermutete Asymmetrie wurde kontrovers diskutiert. Unsere Ergebnis-
se liefern experimentelle Beweise fiir dynamische Anti-Korrelationen anstelle von
statischen asymmetrischen Wasserstoffbriickenbindungen. Wir verwenden 2DIR-
Spektroskopie, um die inhomogenen Beitrdge zur Linienform fiir reines und iso-
topenverdiinntes (HOD in H,O) D,0O in Dimethylformamid (DMF) zu isolieren.
Durch die Verdiinnung in DMF bildet jedes Wassermolekiil nur noch zwei Donor
Wasserstoftbriickenbindungen zum Losungsmittel aus, was uns erlaubt, zwischen
symmetrischen und asymmetrischen Streckungsmoden fiir D,O zu unterscheiden.
Der Vergleich mit Dichtefunktionaltheorie-Rechnungen (DFT) zeigt, dass die etwa
doppelt so breite inhomogene Linienform von HOD durch eine antikorrelierte Ver-
teilung der Wasserstoffbriickenbindungen erklart werden kann. Dartiber hinaus lie-
fert die Analyse der Kreuzpeaks fiir D,O einen direkten experimentellen Beweis fiir
die Anti-Korrelation. Wir stellen fest, dass diese Anti-Korrelation schnell abklingt
(< 500 fs). Aufierdem zeigen dhnliche Experimente mit Harnstoff ebenfalls diese
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Anti-Korrelation, wenn auch weniger ausgepragt. Dies bestitigt, dass diese kurz-
lebigen Anti-Korrelationen nicht speziell fiir Wasser gelten, sondern fiir alle XH>-
haltigen Molekiile zu erwarten sind.[1]

Im zweiten Projekt untersuchen wir die Losungsmitteleigenschaften des fluo-
rierten Monoalkohols Hexafluorisopropanol (HFIP). HFIP ist ein Losungsmittel, das
sowohl in der synthetischen Chemie als auch in der chemischen Biologie weit ver-
breitet ist. Es hat sich gezeigt, dass es neue Reaktionswege erdffnet und die Reak-
tionsgeschwindigkeit verschiedener Reaktionen erhoht. Diese Erhohung der Reak-
tionsgeschwindigkeit wurde als , Booster-Effekt” bezeichnet. Wir untersuchen den
dynamischen Ursprung des Booster-Effekts von HFIP mittels Schwingungs- und di-
elektrischer Spektroskopie von HFIP und seinem nicht fluorierten Gegensttick Iso-
propanol (IP). Mit Hilfe polarisationskontrollierter zeitaufgeldster IR-Spektroskopie
(TRIR) fanden wir heraus, dass einzelne HFIP-Molekiile eine langsamere Reori-
entierung zeigen als IP, obwohl die lineare IR-Spektroskopie auf schwachere Was-
serstoffbriickenbindungen zwischen HFIP-Molekiilen im Vergleich zu IP schliefsen
lasst. 2DIR-Spektroskopie zeigt eine langsamere Wasserstoffbriickenbindungsdy-
namik fiir HFIP. Mit Hilfe der dielektrischen Relaxationsspektroskopie (DRS) fin-
den wir eine schnellere kollektive Reorientierung von HFIP, was auf eine geringe-
re durchschnittliche Clustergrofie schlieflen ldsst. Titrationsexperimente mit einem
Wasserstoffbriickenbindungsakzeptor Substrat (Diethylether) zeigen, dass HFIP viel
starkere Wasserstoffbriickenbindungen mit dem Substrat bildet als IP. Zusammen-
genommen deuten unsere Ergebnisse darauf hin, dass HFIP kleinere Cluster als
IP bildet und somit mehr endstindige OH-Gruppen als potenzielle Wasserstoff-
briickenbindungsdonatoren aufweist. Die langsamere Wasserstoffbriickenbindungs-
dynamik und Umorientierung von HFIP kann die wasserstoffgebundenen Cluster
stabilisieren und damit Wechselwirkungen mit dem Losungsmittel wahrscheinli-

cher machen.[2]

Das letzte Projekt befasst sich mit den spezifischen Auswirkungen von Ionen auf
Peptide. Die Struktur von Peptiden hdngt von der Solvatationsumgebung ab. Ionen
konnen Peptide sowohl direkt durch elektrostatische Wechselwirkungen als auch
indirekt durch Stérung der Losungsmittelumgebung beeinflussen. Wir untersuchen
die Auswirkungen von Ca?* auf das Dipeptid L-Alanyl-L-Alanin (2Ala). Calcium
befindet sich auf der Seite der Denaturierung von Proteinen in der Hofmeister-Reihe.
Wir konzentrieren uns insbesondere auf die Konkurrenz zwischen den beiden po-
tentiellen Bindungsstellen mit der Carboxylatgruppe und der Amidcarbonylgrup-
pe. Mit linearer IR und 2DIR-Spektroskopie finden wir eine blauverschobene Schul-
ter fiir den Carboxylat-Peak sowie eine kleine Rotverschiebung fiir die Amidcar-
bonylgruppe. Experimente mit 3C-markiertem 2ALa zeigen, dass die Schulter mit
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der Ca?*-Wechselwirkung an der Carboxylatgruppe verbunden ist. Ab-initio-MD-
Simulationen zeigen, dass Ca?>" an die Carboxylatgruppe und in geringerem Ma-
e an das Amid-CO bindet. Dies stimmt mit der zunehmenden Lebensdauer des
Amid-CO-Peaks tiberein, die bei der 2DIR-Spektroskopie mit steigender Salzkon-
zentration festgestellt wurde. Am Carboxylat finden wir nur Ca?*, das nur mono-
dental gebunden ist. Die Schwingungsdichte der Zustande (VDOS) zeigt, dass dies
mit einer spektralen Blauverschiebung vereinbar ist. Zusitzlich finden wir Konfigu-
rationen mit zwei Ca?*, die monodental an die beiden Carboxylatsauerstoffatome
gebunden sind. Diese Konfiguration fiihrt zu einer zusatzlichen Blauverschiebung.
Unsere Ergebnisse zeigen, wie wichtig es ist, bei der Entwicklung von Modellsys-
temen fiir Peptidinteraktionen die Konkurrenz zwischen verschiedenen Bindungs-

stellen zu berticksichtigen.[3]






Chapter 3

Introduction

3.1 Liquid Dynamics Through the Lense of Vibrational Spec-

troscopy

On a superficial level liquids may look rather unordered compared to the rigid re-
peating structure of crystals. This, however, is only true looking at long range or-
dering. Most liquids differ from ideal gases through local order at short ranges.
Interactions between molecules can range from dipole-dipole interactions like van-
der-Waals interactions to electrostatic Coulomb interactions. The most obvious ex-
ample of the local order in liquids can be seen by the hydration shell of water as
seen from the radial distribution function of water, where the first hydration shell
is still rather ordered, and gets consecutively less well defined from the second to
third hydration shell. Beyond a distance of three molecules the radial distribution
function shows no further peaks, meaning there is no long-range correlation.[7] A
different example of ordering in liquids is the formation of aggregates in molecular
liquids. While water forms an extended hydrogen-bonded network(8, 9], less polar
liquids such as alcohols form molecular aggregates and transient chains in bulk so-
lution.[10, 11] In particular, the sizes of these aggregates have been proposed to vary
from alcohol to alcohol depending on factors like C-chain length, steric accessibility
or halogenation.[10] Furthermore, the size of these aggregates has effects on the sol-
vent properties.[2, 10] This local ordering is highly dependent on the intermolecular
forces, in particular electrostatic hydrogen bonding determines the local association
of molecules. Understanding not only the strengths and binding geometries but also
the dynamical behavior of hydrogen bonds in liquids is critical to gaining deeper
insights into fundamental behaviors such as the anomalous behaviors of water in
regards to density, solvent properties for organic synthesis, or ion interactions with
peptides in solution.

Vibrational spectroscopy is an obvious tool, for investigating hydrogen bonds,
because the vibrational frequency of an oscillator depends on its immediate sur-
roundings, especially H-bonds.[12, 13] While diatomic molecules only show a single
stretching vibration, polyatomic molecules show a variety of different molecular vi-
brations comprised of combinations of fundamental vibrations. Fundamental vibra-
tions are, for example, stretching or bending vibrations. A hydrogen bond leads to a
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red-shifted response for a stretch vibration and the magnitude of the redshift scales
with the strength of the hydrogen bond, as schematically shown in figure 3.1 a.[14]
This is most easily seen from the comparison of the gas phase and liquid phase linear
IR spectra of water. In the liquid phase, the spectrum shows, a broad OH stretching
mode at 3000-3600 cm~!.[15-19] The gas phase spectrum shows besides peaks from
small clusters in the bonded OH region (3000-3600 cm '), a much narrower peak at
3700 cm ™! corresponding to water monomers.[20]

A a A b
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FIGURE 3.1: a) Schematic of the relationship between hydrogen bond distance and vi-
brational frequency. b) Schematic drawing of how fluctuations in the solvation shell of
an oscillator leads to fluctuations of the vibrational frequency.

While linear vibrational spectroscopy is extremely useful for understanding lig-
uids, everything is seen as a time and ensemble average. Therefore all information
on the dynamic nature of hydrogen bonds in liquids is lost. To access this dynamical
information, nonlinear spectroscopic methods, such as pump-probe spectroscopy
or two-dimensional infrared spectroscopy (2DIR), are required. The potential of a
molecular vibration can be described by an anharmonic oscillator, as schematically
shown in figure 3.1. This model describes strong repulsions for short atomic dis-
tances and bond breaking at long distances. Dynamical changes in the solvation
shell of a molecule lead to frequency fluctuations.[21] These changes include hydro-
gen bond stretching, compression, bending, formation or breaking and effectively
stretch or compress the anharmonic potential and thus alter the instantaneous vi-
brational frequency, as schematically shown in figure 3.1 b.[21]

This, in turn, means that all previously mentioned changes to the hydrogen
bonds are in principle encoded in the frequency autocorrelation function, which is
indirectly accessible via 2DIR spectroscopy. This means that 2DIR opens up the pos-
sibility to study time-dependent phenomena such as spectral diffusion (change of
oscillator frequency with time), anisotropy decay (reorientation of molecules) and
the lifetime of the excited state, not only for water but also for a variety of different
liquids and probes. In particular, OH/NH stretch, OD/ND stretch and C=0 stretch
have been widely used as vibrational probes. However, while not as widely used

also the HOH bending mode has shown promising results as a vibrational probe.[22]
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This thesis focuses on three major areas of liquid dynamics, which are introduced
in the following chapters.

3.2 The Structure and Dynamics of Liquid Water

Water is a special liquid as it is simultaneously one of the most ubiquitous sub-
stances on earth and is essential for life as we know it, yet many of its key properties
are surprisingly little understood. However, in many cases, these anomalies make
water useful as a building block for life.[23] The most obvious example is the density
anomaly of water. Where most other liquids contract as they cool down and even-
tually freeze water has its density maximum at 4°C. This behavior is critical for the
survival of life on earth. Lakes freeze from the top and form an insulating layer of
ice that allows deeper waters to remain warmer and liquid even at much lower air
temperatures, ensuring aquatic life’s survival throughout colder periods. The details
of this behavior and other anomalies, such as a nonlinear heat capacity-temperature
relationship are still points of discussion. This and other open questions show that
understanding the structure of liquid water in detail is crucial for many scientific
fields.[24]

Due to its importance, the investigation of the structure of water reaches back
far into history but Wilhelm Roéntgen’s 1892 study "Ueber die Constitution des fliis-
sigen Wassers" is generally considered one of the earliest attempts.[25, 26] Harris
Chadwell proposed in 1928 in the review "The Molecular Structure of Water" [27]
that water consists of two distinguishable substances and changing the temperature
leads to a shift in the equilibrium between the two fractions, explaining the anoma-
lous behavior of water. In their 1969 book "The structure and properties of water",
Eisenberg and Kauzmann dismissed this two-liquid model in favor of a wide distri-
bution of molecular environments.[26, 28] A new version of the two liquids model
emerged in the 1990’s and now generally refers to a mixture of low-density (LDL)
and high-density (HDL) liquid water.[29, 30] Since its reemergence, two-phase lig-
uid water, has been controversially discussed and has not yet been resolved.[31-35]

In the 1930’s, following works on the structure of ice[36, 37] and diffraction data
of liquid water by Amaldi[38], Bernal and Fowler proposed [39] a distorted tetrahe-
dral structure for liquid water, where water forms two donating and two accepting
hydrogen bonds of similar strength, as shown in figure 3.2.

In 2004, Wernet and co-workers proposed, based on X-ray diffraction and X-ray
absorption experiments, that liquid water forms one strong accepting and donat-
ing hydrogen bond, suggesting a highly asymmetric hydrogen bonding environ-
ment.[40] This picture suggests that water forms ring- or chain-like structures in lig-
uid. Wernets paper once again sparked interest in the structure of liquid water.[31,
41-43] The asymmetric water picture was mostly based on X-Ray and theoretical
studies, but Leetmaa and coworkers showed that this picture does not fit with IR
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FIGURE 3.2: Schematic drawing of waters in a tetrahedral environment as first proposed
by Bernal and Fowler.[39]

and Raman data.[44] In recent years, there seems to be some convergence on a pic-
ture where the majority of water molecules are in a rather symmetrical tetrahedral
environment, but there is a significant number of water molecules in a highly asym-
metric environment. These asymmetric water molecules are however not a separate
static phase but only appear transiently.[13, 14, 45, 46] The hydrogen bond network
of water undergoes continuous rearrangements such as breaking and formation of
hydrogen bonds. These rearrangements are accessible with 2DIR spectroscopy.[47,
48] For pure water in particular the frequency-frequency correlation function shows
a recurrence at ~200 fs as a result of an underdamped oscillation of the hydrogen
bond.[47, 49] Additionally correlations with a lifetime of ~1 ps, such as collective
rearrangements, contribute to the overall dynamics.[15, 47, 50]

In the project presented in Chapter 6 we utilize 2DIR spectroscopy to investigate
the supposed transient asymmetry of water. For this, we dilute water with dimethyl-
formamide (DMF), so that each water molecule only forms two donating hydrogen
bonds to neighboring DMF molecules, to better resolve the coupled symmetric and
asymmetric stretching modes of D,0.

3.3 Alcohol aggregates in bulk liquid

The second project focuses on the liquid structure of bulk alcohols. In bulk liquid
form, alcohols have been shown to form aggregates in the form of chains of bonded
molecules.[10, 11, 51-53] The size of these chains depends on the alcohol, with
longer carbon tails of the alcohols leading to overall shorter and a greater number of
chains.[2, 10] The size of these aggregates has been shown to influence their solvent
properties.[10] In particular, the acidity of the terminal OH group is influenced by
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the length of the hydrogen-bonded chain. Furthermore, the size of aggregates also
affects how many free and bonded OH groups are present in the liquid.[10].

In this project, we investigate the fluorinated mono alcohol hexafluoroisopropa-
nol (HFIP). HFIP has become a widely used solvent in a variety of fields from syn-
thetic chemistry to chemical biology.[54] In synthetic chemistry, a so-called "booster
effect” has been reported.[10] This means that not only does HFIP as a solvent speed
up various chemical reactions compared to other common solvents,[55-58] but it
also opens up completely novel reaction pathways that show promise in green chem-
istry.[59] Despite the wide usage of HFIP the "booster effect" is not fully understood.
Berkessel and coworkers have shown that HFIP forms strong hydrogen bonds to
substrates and has a much higher affinity to interact with a substrate than with it-
self.[10] The exact mechanisms of the low affinity and the dynamics of hydrogen
bonds in liquid are not yet understood. We investigate HFIP in comparison with
its non-fluorinated counterpart. We employ time-resolved polarization-controlled
infrared spectroscopy (TRIR) to investigate the reorientation of individual alcohol
molecules. Using two-dimensional infrared spectroscopy (2DIR), we investigate the
hydrogen bonding dynamics in bulk alcohols. Finally, we use dielectric relaxation
spectroscopy (DRS) to learn about collective reorientation and aggregate sizes.

3.4 Ion Peptide Interactions

NH,/ K' Na" Li* Mg* Ca* Gdm*

Protein Stability

SO, CF NOs Br I ClO, SCN

anions

FIGURE 3.3: Hofmeister series for cations(top) and anions (bottom). The series goes from
left to right from protein stabilization do destabilization in aqueous solution.

The three-dimensional structure of peptides and proteins is highly dependent on
their environment. Hydrogen bonding to solvent molecules, such as water, influ-
ences the structure.[60] Besides the solvent also the presence of salt plays a crucial
role through electrostatic interactions and disruption of both the hydrogen bonds
between peptide and solvent, as well as solvent-solvent hydrogen bonds.[61] Var-
ious ions are generally classified as either structure makers or structure breakers
based on their effects on the structure of bulk water. Lewis acidic cations such as
Ca?t, MgZJr or Li* are structure makers, while ions with a lower acidity, such as
Cs*, Rb* or K, are structure breakers.[61] The relative acidity compared to wa-
ter determines whether water binds to the ions (structure makers) or not (structure
breakers).[61] The effects of ions on solvated peptides have been studied since Franz
Hofmeister’s 1888 publication "Zur Lehre von der Wirkung der Salze".[62] Based
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upon Hofmeister’s findings the Hofmeister series ranks ions based on their effect
on the stabilization of proteins in aqueous solutions.[62-65] On the left-hand side
of the series, ions such as ammonium or sulfate lead to a stabilization of proteins
in solution, while ions on the opposite site of the series, such as guanidinium or
thiocyanate, destabilize proteins.[66, 67] These specific ion effects on proteins have
been subject to extensive studies in recent years.[3, 4, 68-70] Due to the complex-
ity of protein structures, analyzing the ion interactions at specific functional groups
can prove difficult. Thus, studies generally use model systems for peptides, such
as N-methylacrylamide (NMA)[68, 69, 71] or butyramid[72] for the peptide bond or
carboxylate groups for the C-terminus and carboxylate side chains[73]. Therefore,
the competition between potential binding sites is not taken into account. We use
L-Alanylalanine (2Ala) as a small model peptide to study the competitive specific
ion effects. 2Ala has a peptide bond as well as a C and N terminus on which in-
teractions with cations and anions may take place. We focus on the interactions of
calcium with 2Ala. Calcium is an important agent in many biological processes such
as biological signaling or as cofactors in enzymes[74-76] We employ FTIR and 2DIR
spectroscopy as well as Born-Oppenheimer molecular dynamics (BOMD) simula-
tions to understand the binding geometry of calcium to small peptides.
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Chapter 4

Theoretical Background

4.1 Fundamentals of Spectroscopy

411 Introduction to Vibrational Spectroscopy

Near IR Mid IR Far IR
Wavenumber (cm™) 14000 4000 400 10

Ultraviolet S Microwave
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FIGURE 4.1: Schematic overview over the electromagnetic spectrum.[77]

1

The infrared spectrum stretches a range from about 10 cm ™! to 14000 cm~! and

is generally separated into three distinct frequency ranges.
e far-infrared (FIR) ~ 10-400 cm !
e mid-infrared (MIR) =~ 400-4000 cm !
e near-infrared (NIR) ~ 4000-14000 cm !

The near-IR extends to roughly the highest frequency absorption of water. The
mid-IR range encompasses most molecular vibrations like stretching and bending
vibrations. And finally the far-IR spectrum has both information on low frequency
molecular motions such as librations as well as intermolecular modes such has hy-
drogen bonds. As most vibrational modes fall into the mid-IR range, this thesis
focuses on mid-IR frequencies.[77]

4.1.2 Light-Matter Interactions: Maxwell’s equations

Electromagnetic radiation has, as the name implies, both an electric component E
and a magnetic component H. In the case of linear polarized light, as shown in figure
4.2, these two oscillating fields are orthogonal to each other and have a sinusoidal
shape. They can be described by[78, 79]:
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FIGURE 4.2: Schematic drawing of linear polarized light with the electric field in z- the
magnetic field in y- and the wave propagation in x-direction.[78]

E = Asin(2ntvt — kx) 4.1)

H = Asin(27tvt — kx) (4.2)

with the amplitude A, the frequency 27tv and the wave vector k. Since k is the
same for both fields they propagate in phase.[78] To understand light-matter inter-
actions we start with Maxwell’s equations, that describe the relationships of electric
and magnetic fields with charges.[80]:

VD = divD = p (4.3)

V-B=divB =0 (4.4)

V x E = rotE = ﬁ (4.5)
ot

?’xﬁ:rotH’:jJraa? (4.6)

Equation 4.3 is also known as Gauss’s law and relates the distribution of electric
charges to the resulting electric field. The electric displacement field Disan auxiliary
tield taking effects from polarization P and the electric field E into account and O is
the free electric charge density. The displacement field also depends on the relative
permittivity €* of the propagating medium, which is a complex property.[80, 81]

D= eof+ P = e*eof 4.7)

with the polarization P and the vacuum permittivity €p. The second of Maxwell’s
equations (equation 4.4) is Gauss’s law for magnetism and it states that magnetic
monopoles do not exist.[80, 82] The third Maxwell equation (equation 4.5) is Fara-
day’s law of induction. It describes the change of an electric field upon changes to
the magnetic field. And the last of Maxwell’s equations (4.6) is the Ampere-Maxwell
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law. The magnetizing field His an auxiliary field described by equation 4.8 and j
the current density.

H=- 1B _M (4.8)
Ho

With the magnetization M and the vacuum permeability . It describes how
magnetic fields relate to electric current.[80, 82]

4.1.3 Polarization and Absorption

Incident E Transmitted E

phaseshift phaseshift destructive
90° macroscopic 90° lnterference
polarization P Atrans

FIGURE 4.3: Schematic overview of linear absorption.

The displacement field D as described in equation 4.7 relates the electric field to
the macroscopic polarization P. Rearranging equation 4.7 yields a description of the
macroscopic polarization in a medium caused by interaction with an electric field
with the angular frequency w.[81]

P(w) = eoE(e* — 1) = egx’(w)E. (4.9)

The response of the electrons and nuclei to an oscillating electric field can be
modeled with the Lorentz oscillator. Here, the electron is imagined to be connected
by a hypothetical to the nucleus. After displacement, the spring undergoes a damped
oscillation until the system is back to equilibrium. This damped oscillation is driven
by an electric field. This model can be expressed in a classical equation of motion.[83]

2— -

- Iz o7 N
—qE = meﬁ + me’yg + mew(z) r (4.10)

where the first term on the right side is the accelerating force with the electron
mass 1. and the displacement from the equilibrium position 7, the second term is
a frictional force with the damping constant 7y and the third term is the restoring
force of the spring with the resonance frequency wy. The term on the left side is the
electric force driving the oscillation with the charge ¢.[83]

The time domain equation can be converted through a Fourier transformation

(see chapter 5.4) and solved for the displacement 7 to equation 4.11.[83]

Fw)=-1 _E@
Me wf — w? — iw?y

(4.11)

The displacement of the charge induces an electric dipole moment #.[81, 83]
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#(w) = =47 (w) = a(w)E (w) (4.12)

with the Lorentz polarizability a(w) a measure of how difficult it is for charges
to be displaced. Comparing equation 4.11 and equation 4.12 gives us an expression
for the Lorentz polarizability.[83]

7 1

tw)="———"——.
(w) Me w} — w? — iwy

(4.13)
The macroscopic polarization P can be calculated as the ensemble average (...)
of the dipole moment.[81]
Ng? E(w)

Plw) = N @) = = (4.14)
el

where N is the number of atoms per unit volume. Substituting equation 4.9
into equation 4.14 and solving for the complex electric susceptibility x; gives the
following expression:[81, 83, 84]

w2

* P
w) = 4.15
Xe(w) T2 iy (4.15)

2
with the plasma frequency w, = E—ZO We can split complex electric suscepti-

bility xi(w) in its real x, and imaginary part x..[85]:

2(0 2 2 2
. , " wg(wy — w?) . Wpwy
= = 4.16
K =X e = s @ e 41
We can then write the complex susceptibility in polar form:
Xe(@) = |xe(w) e, (4.17)

The magnitude |x.(w)| and complex phase ¢,. are given by:[81, 85]

[Xe(w)] = \/X& + x* (4.18)

_ Xe(w)y _ wy
$ye(w) = arctan (Xé(w) > = arctan <w3 — wz)' (4.19)

From equation 4.19 it follows that if w — w( the denominator in the argument

of the arc tangent becomes zero and wé‘i 1 — oo and the phase difference between
incident field and Polarization therefore becomes 7[85].

This means as schematically shown in figure 4.3 that the induced macroscopic
polarization P in the sample has a 90° phase shift compared to the incident field
fim and the emitted field femit has another 90° phase shift compared to B. The

emitted field thus has a 180° phase shift compared to the incident field, meaning that
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both fields destructively interfere, resulting in a transmitted field with the phase of
the incident field. The amplitude becomes the difference between the amplitudes of
Einc and Eemit. The absorbance A is then defined as the negative logarithm of the
ratio of measured intensity of the transmitted field to the incident field[21, 78]:

A=—log (I“ans). (4.20)

I inc

with the Intensity being proportional to the square of the electric field I « E2.[78]

414 Harmonic and Anharmonic Oscillator
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FIGURE 4.4: Schematic drawing of a) a harmonic oscillator and b) an anharmonic oscil-
lator.[79]

The simplest model for the vibration of a diatomic molecule is two weights
bound by a spring. In this case, the restoring force of the spring F can be described
by Hooke’s law as shown in the last term in the Lorentz oscillator model (equation
4.10).[79]:

dv(r
d1(f ) = —wgmr = —kr (4.21)
2

with the potential energy V, the force constant k (k = wjm) and the displacement

F=—

r. The potential energy is then the first derivative of the restoring force[79]:

Vi(x) = %kr? (4.22)

When looking at the spring model through a classical lense V(x) can take arbi-
trary values. In quantum mechanics, this is however not true, and only quantized
values are possible. The Schrodinger equation for the harmonic oscillator allows for
the calculation of the quantized energies Exo[86]:

Ayo¥ = Ego¥ (4.23)
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where V¥ is the wave function and Hpo is the Hamilton operator for the quantum
mechanical harmonic oscillator[86]:
2 g2
- he d 1,

T gk

with the reduced mass of the nuclei y. The Schrodinger equation then becomes:

d’y n (ZyE _ pkr?
dr2 hZ hZ
When equation 4.25 is solved the energy of the harmonic oscillator comes out
to[79, 86]:

¥ = 0. (4.25)

E:hwv+%y (4.26)

The vibrational quantum number v can only take whole number values (v =0, 1,
2, ...), hence the quantization. The vibrational frequency v is given by:

1 [k
v= ool (4.27)

This also shows that E can not be zero, and the lowest possible value for E is
3hv the zero point energy. For a transition between vibrational states to be infrared
active, the general selection rule is that only transitions where the electric dipole mo-
ment changes are allowed. The molecule in question does not need to have a per-
manent dipole, but a change in dipole has to happen for a transition to be IR-active.
An example of an IR-inactive vibrational mode would be the stretching vibration of
a homonuclear diatomic molecule such as Cl,. Therefore this particular mode does
not lead to an absorption when exposed to IR light. The selection rule for transitions
in the harmonic approximation is Av = £1. This means that higher-order transi-
tions (e.g. 0 — 2), such as overtones, are forbidden in the harmonic approximation.
The thermal energy at room temperature corresponds to about kT /hc ~ 200cm ™!,
and therefore most molecules are in their vibrational ground state (for mid-IR vibra-
tional modes), which means that fundamental transitions make up the majority of
observed transitions.[79]

The harmonic approximation however does not reproduce certain key features
of real oscillations, first and foremost, that bonds dissociate given large displace-
ments. The potential energy curve flattens at the dissociation energy Ep and the
force constant tends towards 0. Additionally, the two masses repel each other when
approaching, causing the potential to be steeper than the harmonic approximation
at negative displacements. This deviation from the harmonic approximation can be
described as the anharmonic oscillator, which is displayed in figure 4.4b. The an-
harmonicity of the potential energy curve lifts the selection rules of the harmonic
oscillator so that overtones become allowed transitions, even though in most cases
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they only have weak intensities. The Morse potential can be used as a simplified
functional form of the anharmonic oscillator:[79, 86]

V(x) =Ep-(1—e )2 (4.28)

where a is a constant that controls the width of the potential.[79, 86]

4.1.5 Normal Modes

-~ A,

Vsym

FIGURE 4.5: Schematic illustration of the three normal modes of water: symmetric
stretching (Vsym), asymmetric stretching (vas) and the bending mode (6).

While diatomic molecules only show one kind of vibration, larger polyatomic
molecules show a multitude of different stretching, bending, and other types of vi-
brations. To specify the positions of all N atoms 3N coordinates are needed. Three
possible displacements correspond to the translation of the whole molecule in x,y
and z directions. To fully describe the orientation of a linear molecule in space, two
angles are needed, and in the nonlinear case, an additional angle is needed to de-
scribe the orientation along the direction specified by the other two angles. Thus, the
total number of independent vibrational modes of a N-atomic molecule is 3N — 6 or
3N — 5 for linear molecules. For water as a triatomic nonlinear molecule this comes
out to three normal modes, as shown in figure 4.5. The symmetric stretching mode
Vsym, the asymmetric stretching mode v,s and the bending mode 6. However, normal
modes are only in special cases (such as CO,) purely stretching/bending modes and
in most cases they have contributions from multiple different motions, such as the
amide-II mode, which has contributions from both N-H in-plane bending and C-N
stretching.[79, 87]

4.1.6 Vibrational Coherence and Eigenstates

The theoretical framework presented in this section is based on the scope outlined
in reference [21].

The time-independent Schrodinger equation for a harmonic oscillator (equation
4.23) can be used to calculate the eigenstates |n) of the Hamiltonian for an isolated
molecules Hy.

Hy|n) = Eq|n) (4.29)
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To now describe the interactions of the molecule with a laser pulse, the time-
dependent Schrodinger equation is required.

z'h;)t|‘1’> = H|Y) (4.30)

with the corresponding Hamilton operator H.

A= Hy—fiE (4.31)

where /i is the dipole operator and f(t) is the electric field of a laser pulse in-
teracting with the molecule. In the absence of a laser pulse Hj is time-independent,
and the solution of equation 4.30 becomes:

—iEnt

13 |n> (4.32)

[¥) =) cne

where c,, is a coefficient corresponding to the eigenstate |1). The interaction with
a laser pulse can now be modeled by combining equations 4.30 and 4.32.

d —i(En—Em)t

atCm(t):_;,)n:Cn(t)e o (mlp(t)[n) (4.33)

where (n|fi|m) is the transition dipole moment flnm.

X X du , .
fiom = (nlflm) = =L (n]2|m) (434

with the coordinate x along which the vibration takes place. The change of the
static dipole upon compression or stretching % is proportional to the absorption in-
tensity, and (n|%|m) gives rise to the Av = £1 selection rule, as the integral vanishes
if this rule is not fulfilled in the harmonic approximation. In a two-level system, the
transition from vibrational ground state |0) to first excited state |1) has the transi-

(E1—Eo)
h

tion frequency wp; = . Equation 4.33 in the two-level case yields two coupled

equations for the time evolution of both states.
i

0 ) -
- — 4= —iwort 5
& ex(t) =+ ao()e 0 11al0) E )

2 colt) = +rer (Bt 0] E (1)

Equation 4.35 can be solved to find the state of the system is after interacting with

(4.35)

the laser pulse. The solution of the time dependent Schrodinger equation will be a
wavefunction consisting of a linear combination of eigenstates |0) and |1).
iEgt ) it
|'¥)(t) = coe” 7 |0) +icre” 7 |1) (4.36)
The molecule is vibrating with a 90° phase shift with respect to the laser pulse,

and thus, if multiple molecules are excited, they are in phase with each other. There-

—
fore in the sample, a macroscopic polarization P is induced that evolves in time
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according to equation 4.36. The macroscopic polarization P can be calculated as the
expectation value of the transition dipole.

P = (u) = (¥()|Al¥(t)

R . - . (4.37)
= coc1{0[1) sin(wort) + ¢5{0|2|0) + ey (1[A[1)

In equation 4.37 (071]0) and (1]71|1) have no time dependence and can thus not
emit a field. Since the excited population is much smaller than the population in the
ground state, cp ~ 1. From equation 4.33, it follows that c; « pg;. Thus equation 4.37
can be simplified to:

i = coc1po1 sin(woit) (4.38)
P o pigy sin(wort)

The laser pulse creates vibrational coherence through a linear combination of
eigenstates that subsequently radiates an emitted field. In linear spectroscopy, the
absorption solely stems from the destructive interference between the incident and
the emitted field caused by vibrational coherence introduced by electromagnetic ra-

diation between the ground and the first excited state.

4.1.7 Bloch Vectors and the Density Matrix

The theoretical framework presented in this section is based on the scope outlined
in reference [21].

So far, we have only taken single molecules with a single vibrational frequency
into account. In the condensed phase, however, multiple molecules are in different
environments and therefore have slightly different vibrational frequencies. Consid-
ering two molecules with different vibrational frequencies, the induced macroscopic
polarization can be written as:

P(t) = C(()l)cgl)y((ﬁ) sin(w(()i)t) + C(()Z)cgz)yg) sin(w(()‘;")t) (4.39)

The electromagnetic radiation emitted from the polarizations of both molecules
would initially interfere constructively, since they are still in phase but become out of
phase after some time and destructively interfere. In an ensemble of molecules, this
leads to a continuously decreasing signal as all oscillators become more and more
out of phase. To describe the behavior of multiple excited molecules, we use Bloch
vectors. The Bloch-vector for a single oscillator is defined with the following x,y and

Z components:

By = i(co(t)ci(t) — c5(t)er(t)) = cocq sin(wort)
1

(4.40)
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excitation

t=0 | t>0

FIGURE 4.6: a) Before excitation the Bloch vector is parallel to the z-axis. After excitation,
the Bloch vector is in the z-y plane and starts precessing around the z-axis. b) Bloch
vectors of multiple molecules precess in phase at short times after laser excitation. c)
After some time, the Bloch vectors dephase, leading to partial destructive interference.

Figure 4.6 a) shows schematically a Bloch-vector of a single oscillator and how
it interacts with a laser pulse. Before the laser pulse arrives the oscillator is in its
ground state (co = 1; c; = 0) and the corresponding Bloch-vector is upright (B, = 0,
B, = 0, B, = 1). After excitation at (t = 0) the vector is in the z-y plane at an angle
that depends on the strength of the excitation. Due to the time dependence of the
coefficients the vector precesses around the z-axis, which is ultimately responsible
for the emitted signal field. The macroscopic polarization is proportional to the x
component of the Bloch-vector P(t) o By. The x and y components of the vector are
referred to as the coherence and the derivation from B, = 1 as the population.

If we look at the Bloch-vector representation for an ensemble of molecules at
early times (Figure 4.6 b) we see that the molecules initially are in phase and there-
fore constructively interfere. Since all oscillators have slightly different precession
frequencies, after some time, they become out of phase and partially destructively
interfere. The macroscopic polarization becomes the sum of the projections on the x

axis (By):

P(t) = (u) = (Bx)
=Y ips(cy(B)ei™ (8) — " (1)ci (1)) (4.41)

= i((co(t)er) = {co(H)er(t)))
where ps weighs the contributions of each wavefunction, and the brackets (- - -)

denote the ensemble average. Similarly, instead of treating the Bloch-vectors of all
molecules individually, we can write the ensemble average x, y, and z components.

(By) (4.42)
(Bz)

From this, we know that there are multiple mechanisms that contribute to a di-

minishing macroscopic polarization and therefore signal with time. The first is pure

dephasing, which is caused by a loss of phase in between the precession of oscilla-
tors Bloch vectors. This can have two different origins. First, considering a static
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non-changing distribution of oscillators with different vibrational frequencies, the
oscillators slowly dephase. The second case is the dynamic change of oscillator fre-
quencies as a response to changes in the local oscillator environment (e.g. compres-
sion and stretching of the hydration shell).

Besides the pure dephasing, population relaxation also contributes to the di-
minishing signal with time. Starting from an excited state after laser excitation
(I'¥) = c0]0) +ic1|1)) through energy transfer, the system will eventually fall back to
the ground state |0).

The components of the Bloch vector are related to the elements of the density
matrix p. The density matrix is a matrix describing an quantum mechanical ensem-
ble.

[ Poo pPo1 _ (Co(t)cé(t)) —i<Co(t)CT(t))
P_<91° pll) <i<01(f)68<t>> (c1()ci (1)) > (4.43)

Comparing Equation 4.43 and 4.42 yields the following expressions for the ensemble-
averaged Bloch vector components:

(Bx) = —(po1 + p10)

(By) = i(po1 — p10) (4.44)

(Bz) = poo — p11-

The difference of the diagonal components of the density matrix determines the

z component of the Bloch-vector. This means that the diagonal elements of p are
the respective populations. The off-diagonal elements of p are responsible for the
precession of the Bloch-vector and are therefore linked to the coherences and, ulti-
mately, to the emitted field. Without population relaxation and dephasing, the time
dependence of the matrix elements becomes:

poo(t) = c§

on(t) = cf (4.45)
po1(t) = —icocye™0nt

p10(t) = icocieiwort,

We find the diagonal elements to be constant and the off-diagonal elements dis-
play a constant harmonic behavior (Bloch-vector rotating around z). We include
dephasing phenomenologically with an exponential decay with the homogeneous
dephasing time T5.

. —t
o1(t) = —iCoClelwmt(ZTZ
eor(t) (4.46)

. —t
—lwnt,T,

p10(t) = icocre

Population relaxation results in a decay of the p;; element and a repopulation of
the poo ground state with a time constant Tj.
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ou(t) = pn(0)e™
poo(t) =1 — p11(t).

The homogeneous dephasing time T, and and population relaxation are related

(4.47)

by the pure dephasing time T;. This is because population relaxation also causes

homogeneous dephasing even without pure dephasing.

1 1 1
_ = 44
T, 2T T; (4.48)

4.2 Nonlinear Spectroscopy

The theoretical framework presented in this section is based on the scope outlined
in reference [21].

4.2.1 Pump-Probe Infrared Spectroscopy
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FIGURE 4.7: a) Pump probe pulse sequence. In pump probe geometry the signal is

collinear with the probe pulse. b) The density matrix for a two-state system. c) Schematic

of the possible interactions of the excited population with the probe pulse. d) Schematic
drawing of a pump-probe spectrum.

Pump-probe IR spectroscopy is a nonlinear spectroscopy based on the quantum me-
chanical principles thus far discussed. We employ the pulse sequence displayed in
figure 4.7 a, where an initial intense pump pulse creates a population in the first
excited state |1). The density matrix shown in figure 4.7 b shows that a diagonal
transition in the density matrix is not possible, and therefore, first coherence needs
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to be created. This also means that two interactions with the laser pulse are required
to actually obtain an excited population. This is achieved by a high-energy pump
pulse that is much more intense than the following probe pulse. After a time delay
called waiting time T, the probe pulse arrives and three possible interactions can
take place:

@ The ground state bleach (GSB) appears because of the depleted population in
|0). When the probe pulse arrives the coherence created is smaller than in the un-
pumped case. This leads to a negative signal at the wy; transition frequency in the
difference spectrum (unpumped minus pumped spectrum).

@ Stimulated emission (SE). The population in |1) can undergo stimulated emis-
sion and transition to the ground state. This subsequently reduces the absorption
and leads to a negative signal at wg;. When talking about the negative peak in pump-
probe or 2DIR spectroscopy, it is often only referred to as GSB even though it also
includes SE contributions

@ The excited state absorption (ESA) leads to a positive peak at the wj, transition
frequency. The probe laser pulse can create coherence between the first and second
excited states resulting in linear absorption. No population in the second excited
state is however generated.

In the harmonic approximation, the transition frequencies are equal wp; = w1
and therefore positive and negative peaks would overlap and, depending on transi-
tion dipoles cancel each other out fully or partially. This means that the frequency
difference of GSB and ESA peaks in the pump-probe spectrum, gives information on
the anharmonicity of the anharmonic oscillator. From the decay of the peaks in the
pump-probe spectrum, we can learn about the population relaxation of the system.
Since the preferred relaxation pathways highly depend on the local environment
of the oscillator, the change in population lifetime can give valuable insights into
changes in the immediate environment of an oscillator.

4.2.2 Two Dimensional Infrared Spectroscopy (2DIR)

Two-dimensional infrared spectroscopy is an extension of pump-probe spectroscopy
with the same underlying principles. Additionally to the frequency resolution of the
probe axis, 2DIR also gives frequency resolution along the probe axis. This means
that a narrow band pump pulse that also has a short pulse duration is needed, so as
not to lose time resolution. This, however, conflicts with Heisenberg’s energy-time
uncertainty principle (AEAt > %).[78] To circumvent this problem, we add an ad-
ditional pump pulse to the pulse sequence (see figure 4.8). The two pump pulses
have a time delay, the so-called coherence time 7, which is varied, and a time do-
main spectrum is recorded. After Fourier transformation, we obtain frequency res-
olution along the pump axis. In the pump probe geometry, the signal is collinear
with the probe pulse, as the two pump pulses are collinear. In principle, the same
interactions take place as for pump-probe spectroscopy, however, due to the addi-
tional resolution along the pump axis, additional features can be distinguished. The
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FIGURE 4.8: a) Pulse sequence used for 2DIR spectroscopy. In pump-probe geometry,
the two pump pulses are collinear and therefore the signal is collinear with the probe
pulse. b) Energy level diagram for two coupled oscillators with all possible transitions.
¢) Schematic drawing of a 2DIR spectrum of two coupled oscillators. The numbers link
peaks in the spectrum to the transitions in b). The inset shows schematically the decay
of a crosspeak caused by coupling. d) A schematic 2DIR spectrum of two oscillators that
undergo downhill energy transfer. The inset shows a schematic behavior with time of
an energy transfer cross peak.
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pump-probe spectrum is essentially the 2D spectrum projected on the probe axis.
Figure 4.8 b shows an energy level diagram of two coupled oscillators and the re-
sulting 2D Spectrum is schematically shown in figure 4.8 c. The 2D spectrum allows
for the resolution of crosspeaks as a result of coupling. Pumping the vibrational
frequency of one oscillator will also cause a signal at the frequency of the second os-
cillator through coupling. This results in off-diagonal peaks forming a square shape
together with the diagonal peaks.

These cross peaks are a useful tool for structural analysis as the presence of a
cross peak can hint at two oscillators being in close proximity. Besides coupling,
there are other mechanisms that can result in the appearance of cross peaks. Energy
transfer from one to the other oscillator results in a cross peak. Figure 4.8 d shows a
schematic 2D spectrum resulting from downhill energy transfer. A cross peak from
energy transfer can be distinguished by the peak volume over time. For two coupled
oscillators, the highest peak intensity is at ¢y following a decay (see inset figure 4.8
¢) similar to what is expected for the diagonal peaks. For energy transfer, however,
the cross peak intensity first increases to a maximum and is then followed by an
exponential decay (see inset figure 4.8 d). Additionally, cross peaks at later waiting
times can also appear due to heat dissipation into the sample, causing shifts of the
peaks resulting in a negative and positive feature in the difference spectrum. Finally
chemical exchange can also lead to cross-peak features as the oscillators inter convert
on the timescale of the measurement.[88]

4.2.3 Spectral Diffusion
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FIGURE 4.9: a) Schematic of an anharmonic oscillator stretching and compressing due to

changes in the oscillator solvation shell, changing the instantaneous transition frequency.

b) Schematic drawing of a 2DIR spectrum that undergoes spectral diffusion with time,
and c) the corresponding center line slope dynamic.

As schematically shown in figure 4.8 c) and d) diagonal peaks can be elongated
along the diagonal. This effect is called inhomogeneous broadening. With time
the environment of a molecule fluctuates through deformation of the immediate
surroundings, bond breaking or bond formation. This results in the compression
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and stretching of the anharmonic oscillator of that molecule and therefore a fluctua-
tion in instantaneous 0-1 transition frequency. This fluctuation encodes the spectral
diffusion dynamics of the system. Spectral diffusion can, for example be caused
by changes to the solvation shell or changes to the hydrogen bonding state of the
molecule. 2DIR spectroscopy allows us to access the spectral diffusion dynamics via
the tilt of the diagonal peaks. At early waiting times, not enough time has passed
in which the oscillators could have changed their frequencies, therefore, there is a
high correlation between where the oscillator was pumped and what frequency it
had when being probed (see figure 4.9 b). This results in peaks elongated along the
diagonal. The diagonal broadening for systems with a broad range of different mi-
cro environments at early waiting times is called inhomogeneous broadening. The
anti-diagonal of the peak at early waiting times is only homogeneously broadened.
At late waiting times, the initial frequency correlation is lost and the peaks become
more upright in shape. This change in tilt is essentially a measure of the frequency
frequency correlation function (FFCF) and can be accessed by the center line slope
(CLS) method[89]. In cuts parallel to the probe axis, the position of the minimum is
determined. The locations of the minima vs. the pump frequency are then fitted via
linear regression. Because of the axis assignment convention abided by in this the-
sis (x-axis: probe and y-axis: pump) the actual observable is the inverse of the CLS.
The decaying CLS with time can be fitted with one (or multiple, depending on the
system) exponential functions as well as oscillations in special cases. Important to
note is that the exponential has to decay to zero, as with infinite time, the correlation
is completely lost. Changes in the CLS dynamics can give information on changes
to the hydrogen bonding network and is therefore a useful tool when analyzing the
dynamic nature of hydrogen bonds.

4.24 Kubo Lineshape Theory

We previously discussed the homogeneous and inhomogeneous contributions to a
peak, but to better understand their origins, we will discuss lineshape theory. The
transition frequency wy; in a real system is not static but fluctuates with time, leading
to dephasing. In equation 4.48 we only treat pure dephasing phenomenologically by
including a decay with T,. Now, we want to understand dephasing on a microscopic
level. The time evolution of a density matrix of a single oscillator during the coher-
ence time is described by equation 4.49

dpo1 (t)
dt

where now the transition frequency wy(t) is time dependent. Integration of

= —inl(t)p()l(t) (449)

equation 4.49 and considering the ensemble average yields:

(01 () o <exp(—i /0 tw01(T)dT)>. (4.50)
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Because the molecules in the ensemble dephase with time, the magnitude of the
ensemble-averaged density matrix (pg;) decays with time. To simplify equation 4.50
we split the transition frequency into a static mean frequency and a time dependent-
fluctuation dwpq (f).

wor(t) = wor + 6w (¢). (4.51)

Since the time average with a time-independent frequency disappears, we get
the following expression:

P01<t> o o lwoit <exp(—i /Ot (5w01(r)dr)> . (4.52)

If all possible states of wy; are reached by time evolution, we can modify the
ensemble average to a moving time average. This gives the frequency frequency
correlation function (FFCF):

1 T
(dcon (D)ownr (0)) = 7 [ ewon (D)t (+ DT (4.53)

where T is the total length of the time trace. The FFCF can be normalized with
the variance of the fluctuations (dw?, ) so that the value at t = 0 is one.
Kubo introduced an exponential ansatz for the FFCF [90]
[7|
(bw(H)dw(0)) = Aw?e™ = (4.54)
The so-called Kubo lineshape function (g(t)) is obtained by integrating equation
4.54 twice.

g(t) = Aw?T? (eri T 1) . (4.55)

C

In the homogeneous limit, fluctuations are very fast (Awt. < 1), and the Kubo
lineshape function simplifies to:

g(t) = APttt = — (4.56)

_1
Aw? T,

can be approximated by a delta function and we obtain a Lorentzian lineshape with
width (Ti;).

with a pure dephasing time T; = . In the homogeneous limit this function

1
i

(w — w01)2 + Tzﬁz

A(w) (4.57)

The linewidth in the fast modulation limit is actually narrower than the distribu-
tion of frequencies Aw. This process is called motional narrowing and is caused by
the linear dependence of the width on the coherence time. Effectively, the fluctua-
tions are so fast that only the average is observable.
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On the opposite end of fluctuation speeds is the slow fluctuation or inhomo-
geneous limit (Awt. > 1). The frequency fluctuations are so slow that they are
assumed to be static and the FFCF is constant ({(w(t)éw(0)) = Aw?) and the line-
shape function becomes:

g(t) = Aajtz. (4.58)

The absorption spectrum reduces to a Gaussian lineshape.

W*U.)Ol

A(w) e 282, (4.59)

Typically even single-component systems are composed of fluctuations on mul-
tiple timescales, a fast (inertial) and a slow (diffusive) component. Thus, peaks in
the 2DIR spectrum show a Voigt line shape along the diagonal. A Voigt profile is a
convolution of a Lorentzian (inertial) and a Gaussian (diffusive) profile. Along the
anti-diagonal only oscillators with a singular frequency are excited, therefore, only
the fast fluctuations contribute to the line shape, and we obtain a Lorentzian line
shape.

4.3 Classical Force Field Molecular Dynamics (FFMD)

Molecular Dynamics (MD) simulation is a computational technique where Newton’s
equations of motion are solved numerically for a set of molecules. For a simple
atomic system, the classical equations of motions can be written as:[91]
2
fi = miiﬁ? = —aa;’iU(Vi) (460)
where f; is the force of an atom, r; is its position and Uj is the potential. Concep-
tually for each propagation step of length Jt the forces acting on each atom are calcu-
lated at ¢, followed by the calculation of the new positions at t+. Since atoms in the
simulation box interact with other atoms, interactions between molecules have to be
taken into account. These interactions are treated by a force field (ff). The force field
is a set of parameters describing the bonded and non-bonded interactions and is de-
rived from quantum mechanical calculations. The non-bonded pairwise interactions

(like van-der-Waals interactions) are most commonly modeled by a Lennard-Jones
Potential.[91, 92]

r

UY(r) = 4e [(‘;)12 - (‘7)6] (4.61)

where ¢ is the width and e is the depth of the well. Electrostatic pairwise inter-
actions are modeled by a Coulomb potential.

uCoulomb (7’) _ f;egi (4.62)
0
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with the charges Q1 and Q; and the vacuum permittivity €y.[91]

FIGURE 4.10: Illustration of a molecule with four atoms and the corresponding distance,
angle and dihedral angle.

The bonding potentials are split in bond, angle and dihedral interactions, as dis-
played in figure 4.10 and are described by:[91]

mtra Y Z kr 71] 7’c
bonds

+ Y K (65 (4.63)

angle

Z qukl (1 + cos(meya — ¢c))

dihedral m

The bonds are modeled by a harmonic potential with the equilibrium distance r.,
the distance r;; and the spring constant kj;. The angle contributions describe bending
motions between three connected atoms (i-j-k). This is also usually modeled with
a harmonic potential around an equilibrium angle 6., the current angle 6y and the
spring constant k?jk. The dihedral interactions describe torsion angles between four
connected atoms (i-j-k-1). It is defined as the angle between the unit normal of the
two planes defined by the two angles 8; and 6 (cos(¢iia) = (73 X 7jk) - (Fjk X 71a))-
Usually, the dihedral interactions involve an expansion in periodic functions of the
orderm =1,2,...[91]

4.3.1 The Velocity Verlet Algorithm

A full description and calculation of all molecular parameters would be very ex-
pensive, therefore different algorithms try to reduce necessary calculations. These
include the original Verlet algorithm[93, 94], the leapfrog algorithm[95], and the ve-
locity Verlet algorithm[96], that we will discuss in more detail. For a system with N
atoms with the coordinates rN = (rq, 7y, ...ry), the momenta pN = (py, p2,...pn) and
the potential energy U(r"), the velocity Verlet algorithm can then be written as:



32 Chapter 4. Theoretical Background

pi <t + ;(St) = pi(t) + %(Stfl(t) (4.64)

Stpi(t + 36t)

ri(t 4 0t) = ri(t) + ” (4.65)
pi(t+6t) = pr(t+ %61&) + %fn it +ot) (4.66)

To propagate the system by one step, first the momentum and velocity at half
of the step are calculated (equation 4.64). From there, the positions at the full step
are calculated (equation 4.65). After that the forces fi(t + 6t) are calculated, and
then finally, the momentum/velocity for the full step is calculated (equation 4.66).
Generally, calculating the force is the most expensive step. Therefore the velocity
Verlet algorithm can reduce computational costs by reducing the necessary force

calculation to once per step.
4.3.2 Periodic Boundary Conditions

@)
@)

o

© o
OD

N
T

1
O-
® o
DOCI}
© 0o
1

0)~O

—>

f\ P
FIGURE 4.11: Illustration of periodic boundary conditions in a MD simulation. When

an atom leaves the original simulation box, a copy will reenter the original box on the
opposite side at the same speed.[92]
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The number of atoms that can be included in a MD simulation is very limited and
therefore most of those atoms are at the surface. Considering 1000 atoms arranged
in a cube with 10 x 10 x 10 atoms. In this case, 488 atoms are at the surface, and in-
creasing the number of atoms still leads to a significant fraction of surface molecules.
To accurately calculate bulk properties periodic boundary conditions (PBC) are used.
This means that if an atom leaves the simulation box it will reenter from the opposite
side with the same velocity and direction. Therefore, atoms on one side of the simu-
lation box can interact with copies of atoms on the other side of the simulation box.
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This means that only bulk atoms are present. For long range interactions the atom
will only interact with the closest image of another atom. It is important to note that
the simulation box needs to be larger than the longest potential interactions. [91, 92]

4.3.3 Statistical Ensembles

In the simulation, a statistical ensemble needs to be specified. This ensemble de-
scribes which properties are kept constant and what properties are free. The most
commonly used ensemble is the canonical (NVT) ensemble. Here, the number of
particles N, the volume V and the temperature T are kept constant. On the other
hand, the chemical potential y, the pressure p and the energy E are free to vary.
The constant volume and the constant number of particles is achieved by default
but keeping the temperature static requires a thermostat. The simplest way of im-
plementing a thermostat is to periodically randomize the velocities of the particles
weighted by the Boltzmann distribution for the desired temperature.[97] A differ-
ent option is the Nose-Hoover thermostat[98]. In the Nose-Hoover thermostat, a
dynamic friction variable { is introduced to calculate the momentum.
Wi fitp @67)
The friction coefficient changes based of the ratio on set temperature to actual
temperature, and either slows atoms down or speeds them up. Other commonly
used statistical ensembles are shown in table 4.1.[99]

TABLE 4.1: Overview of commonly used statistical ensembles.

Ensemble ‘ Given parameters ‘ Dynamic parameters
canonical N,V,T u,p,E
micro canonical N,V,E u,p, T
grand canonical wV, T N,p E
isothermal-isobaric N,p, T u,V,E

4.3.4 Radial Distribution Functions (RDF)

The radial distribution function (RDF) g(r) is given by equation 4.68.[100]

. p(r)

g(r) = [}rlg}] 47_[(%)72(# (4.68)

with the particle pair distance r, the average number of atom pairs found at dis-

tances in between r and r + dr p(r), the volume V and the number of unique pairs

of atoms Npairs- In case of an ideal gas, the denominator becomes p(r) and the radial

distribution function becomes one for all distances g(r) = 1. The denominator also

normalizes the RDF to the bulk density, and therefore, for long distances g(r) ~ 1.

The number of atom pairs found between r and r + dr can be calculated with equa-
tion 4.69:[100]



34 Chapter 4. Theoretical Background

1 N frame

Yo )Y 6(r—rp) (4.69)

P =%
frame jesely keselyk#j

with the Dirac delta function §(x)

5(x) = { 0x#0 (4.70)
00, x =10

where sel; and sel, are the selection criteria for the sets of atoms. For example
sel; could be name: O and sel; name: H. Then the RDF would represent the O-H
distances. The number of simulation frames in the trajectory is Nfame and Tijk is the
distance from atom j to atom k in frame i. Since only finite sampling is possible due
to the time steps of the simulation, the continuous function in equation 4.69 turns
into a histogram.[100]

1 N, frame

p(r) Y de(r i) (4.71)

Nframe 5 jesel; kesely;k# all”
where x indexes the bins of the histogram and dy references wether atoms are in
the bin.

(Ar)7! ifre <r <re+Arandr, < ri < rx + Ar
0 else

di(rig) = { (4.72)

with the width of the bins Ar and the minimum distance for each bin r, =
1o + kAr, where r( is the lower bound of the histogram. Because of periodic bound-
ary conditions 7jjy is the shortest distance between j and any mirror image of i. In
this case the the maximum distance sampled by the histogram should be chosen as
smaller than half the box length a to exclude counting multiple mirror images of

k.[100]

4.4 Ab Initio Molecular Dynamics (AIMD)

Classical MD treats the system as fully classical and only the force field parame-
ters are derived from quantum calculations. This means that the force field has to
be specifically parameterized for all specific interactions that can occur in the sys-
tem. Typically, more general force fields (AMBER[101, 102], CHARMM][103, 104]
or OPLS-AA[105]) are parametrized on a variety of different molecules, however,
the force field is very likely not specifically parameterized for the exact desired sys-
tem, which can lead to inaccuracies. The alternative is to parameterize a force field
for the specific problem at hand. This however requires a lot of effort. Another
drawback of classical force fields is that covalent bonds are modeled by a harmonic
potential, meaning that bond breaking and formation is impossible.[99] A solution
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to these problems comes with ab initio MD (AIMD). The basic idea of AIMD is to not
rely on a pre-parameterized force field but rather calculate the forces acting on the
atoms from electronic structure calculations during the simulation. This however
means that AIMD is much more expensive than FFMD and therefore the systems
in general have to be smaller and the simulated time be shorter. Instead of mod-
eling interatomic forces with a force field, AIMD aims to solve the time-dependent
Schrodinger equation (equation 4.30) of the system. With the Hamilton operator:

A n* A

A== 53 Vi+ Ae({r} {Ri}) (4.73)

i I
where {r;} are the electronic and {R;} the nuclear degrees of freedom, M is the

mass of the Ith nucleus and H, is the electronic Hamilton operator.[99]

4.4.1 Born-Oppenheimer MD (BOMD)

Since calculating the exact solution to the Schrédinger equation is impossible, ap-
proximations are required. In the Born-Oppenheimer approximation[106], it is as-
sumed that since the nuclei are orders of magnitude heavier than the electrons and
thy are, therefore, much slower. The nuclei can then be assumed to be static for the
calculation of the potential. Therefore, the time-independent Schrédinger equation
can be used to calculate the potential of the nuclei.[99]

Ha(r, R)a(r, R) = Ea(R)n(r, R) (4.74)

with the electronic Hamilton operator

He(r,R) = Te + Uen + Uee + Unn (4.75)

where T, is the kinetic energy operator for the electrons, Uey, is the electron nu-
cleus attraction, Use is the electron-electron repulsion and U,p is the nucleus-nucleus
repulsion. Then, the nuclear Schrodinger equation )y can be formed.[99]

[T(R) + En(R)] Xn = ihthn (4-76)

In the classic approximation, this can be expressed in the form of Newtons equa-
tions of motion:
2
Mlddﬁl = —ViEn 4.77)
In Born-Oppenheimer MD, the potential of the electrons acting on the nuclei Ej, is
calculated for every simulation step and the system is then subsequently propagated
with equation 4.77.[99]
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4.4.2 Vibrational Density of States (VDOS)
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FIGURE 4.12: a) Relative velocity over time with a schematic illustration of the veloc-

ity autocorrelation function (VAF). b) To the velocity auto correlation function (blue) a

Hamming window is applied. After Fourier transformation of the VAF the vibrational
density of states (VDOS) shown in c) is obtained.

The vibrational density of states (VDOS) is essentially a spectrum without taking
transition dipole moments into account. Therefore, it is useful to observe trends in
e.g. peak shifts upon changes to the system however it does not predict peak in-
tensities well. The VDOS is calculated through the velocity autocorrelation function
(VAF).[107]

VAF(t,T) = wrelﬁ%j;ﬂgel(t» (4.78)

Functionally, the relative velocity (U, = Ui — Uy) of a bond between atoms i
and j at time #; is correlated with the relative velocity at t; 4+ 77. This is repeated for
one t for all T and then summed up over all t as schematically shown in figure 4.12
a. Then the function is normalized by the mean square of the relative velocity. The
corresponding VAF is displayed in figure 4.12 b. Before fast Fourier transformation,
a window function (in this case, Hamming window) is applied to avoid spectral
leakage. The resulting VDOS is shown in figure 4.12 c.



37

Chapter 5

Methods and Materials

The sections of Methods and Materials are reproduced from the publications [1], [2]
and [3], with minor changes. The sections are modified to fit the format of the thesis.

5.1 Methods and Materials for Chapter 6[1]

5.1.1 Sample preparation

Deuteriumoxide (DO, 99.9 atom% D), urea (ACS reagent), and urea-d4 (98 atom%
D) were purchased from Sigma-Aldrich and used without further purification. Di-
methylsulfoxide (DMSO, 99.7+%, extra dry) and (DMF, 99.8%, extra dry) were pur-
chased from Arcos Organics. The solvents DMF and DMSO were stored over 4 A
molecular sieve (Carl Roth), which was dried in a vacuum oven prior to use. H,O
with a specific resistivity of 18.2 MQcm at 25 °C was obtained from a Synergy pu-
rification system (Merck). 10% D,0O/90% H,O and 100% D,O solutions of water in
DMF were prepared volumetrically with a constant mole fraction of water of 5%. For
the 10% D>0/90% H,O mixture, HOD molecules comprise the major fraction of iso-
topically substituted species: a binomial distribution of isotopes results in 1% D,0O,
18% HOD, and 81% H;0O. Urea/urea-d4 mixtures (30% urea-d4 and 100% urea-d4)
were prepared by weight in glass vials using an analytical balance. After isotopic
equilibration the 30% urea-d4 corresponds to ~1% urea-d4, ~8% urea-d3, ~26%
urea-d2, ~41% urea-d1, and ~24% urea. The total urea mole fraction was kept con-
stant at 2.8%. To minimize water contamination for the urea/urea-d4 mixtures in
DMSO, samples were prepared in an Ar-filled glovebox. To ensure isotopic equili-
bration, samples were prepared at least 24 h prior to experiments (see Supplemen-
tary Fig. 6.15). All samples were held between two CaF, windows separated by a
Teflon spacer (urea-d4 100%: 100 ym; urea-d4 30%: 300 um; 10% D,O: 200 ym and
100% D,O: 50 um). To avoid uptake of moisture for urea in DMSO, the sample cells
were assembled and filled in a glovebox.

5.1.2 Infrared Absorption Spectroscopy

Infrared spectra were recorded in transmission using a Bruker Vertex 70 IR spec-
trometer, with a resolution of 4 cm~! at frequencies ranging from 400 cm ™! to 4000
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cm 1. The spectrometer was purged with dried air during measurement.

5.1.3 Two-Dimensional Infrared Spectroscopy

2D-IR experiments were based on 800 nm pulses (7 W, 35 fs, 1 kHz) from a Ti:
sapphire-based regenerative amplifier (Coherent Astrella). A fraction of these pulses
(pulse energy 2.7 mJ) was used to pump an optical parametric amplifier (Coherent
Topas Prime) togenerate signal and idler pulses. IR pulses at 4 ym (30yJ, 400 cm!
FWHM) were generated via non-collinear difference frequency generation between
the signal and idler beams in a GaSe crystal (Coherent, Topas). The 4 ym pulses
are sent to a commercial 2D-IR spectrometer 2D-Quick IR (PhaseTech Spectroscopy,
Inc.). The reflection at a wedged ZnSe window is used as a probe beam. Excita-
tion pulses are generated from the residual IR beam in a pulse shaper, in which
the IR beam is diffracted from a grating (200 1/mm), collimated by a parabolic mir-
ror, and guided through an acousto-optic modulator (AOM). The beam is diffracted
from the AOM and focused by a second parabolic mirror on a second grating (200
1/mm). The waiting time (Ty) of the excitation pulses, relative to the probe pulse,
is controlled using a translational stage, and the polarization of the excitation beam
is set to 45°, relative to the probe beam using a half-wave plate. Pump and probe
pulses are focused by a parabolic mirror and overlapped at the sample position.
After re-collimation with a second parabolic mirror, the probe beam components
perpendicular/parallel to the pump pulse are transmitted/ reflected through/from
a wire grid polarizer, spectrally dispersed (SP2156 imaging spectrograph, Princeton
Instruments, 30 1/mm grating), and detected (128 x 128-pixel mercury cadmium tel-
luride array detector), to obtain the signals perpendicular (Aa (¥probe)) and parallel
(A (ﬁprobe)) to the excitation polarization, respectively, as a function of detection
frequency, Vprobe, 1N the frequency domain. The excitation frequency, 7pump, is re-
solved in the time domain by generating two pump pulses that are delayed by t;
using the pulse shaper. The resulting pulses have a pulse length of ~90 fs. A rotat-

ing frame at 2400 cm~!

was used to reduce the number of time steps[108] and the
raw data (700 fs at increments of 35 fs) were apodized using a Hamming window
and zero-padded to 128 data points before Fourier transformation to the frequency
domain (excitation frequency resolution of ~4 cm™!). For better comparability, sig-
nals were Fourier-filtered analogously along the probe axis. All 2D-IR spectra were
corrected for the frequency-dependent pump pulse intensity. From these data sets,
isotropic 2D-IR spectra, Azxiso(ﬂpump, ﬁprobe), which are free of orientational dynam-
ics, were constructed using the Eq. 5.1:

Attiso (Tpump, Tprobe) = A (Fpump: Pproe) zzAaL(ﬂpump,ﬂpmbe) (5.1)

Figures 6.2b—e and 6.5a, b in the main manuscript show Awso (Tpump, ﬂprobe) data,

Figs. 6.4a, b and 6.5d show Aa | (Tpump, ﬁprobe).



5.2. Methods and Materials for Chapter 7 [2] 39

5.1.4 DFT calculations

All calculations were performed using Orca 4.1.1 [109] (BLYP[110, 111] -D3(BJ)[112,
113] /def2-TZVPP[114, 115] level of theory). Geometries of one water (urea) molecule,
donating two (four) H-bonds to two DMF (four DMSO) molecules embedded in
a polarizable continuum[116] (DMF or DMSO) were optimized, with two hydro-
gen bond distances Hyater'*Opmr (Hurea*Opmso) of water (one amine group) con-
strained to 1.5-2.4 A at increments of 0.1 A (water) and to 1.5-2.4 A at increments of
0.1 A (urea). Coupled OD stretching frequencies of water were obtained using D,O
and uncoupled stretching frequencies using HOD. For urea, coupled N-D stretch-
ing vibrations were calculated for one of urea’s amine groups of urea-d2t2, with
the hydrogen-bonding distances to the ND, groups being varied. Uncoupled N-D
frequencies, were obtained based on urea-h1d1t2. All frequencies discussed in the
manuscript are based on harmonic normal mode frequencies and were interpolated
using spline interpolation. As anharmonic corrections exhibit a linear correlation
with harmonic frequencies[117], we scale the thus obtained harmonic frequencies
by a constant scaling factor for each mode such that the harmonic frequencies at the

energetic minimum match the experimental center frequencies.

5.2 Methods and Materials for Chapter 7 [2]

5.2.1 Materials

1,1,1,3,3,3-hexafluoroisopropanol (HFIP, spectroscopy grade, > 99.9 %, Fisher Scien-
tific) and isopropanol (Optima LC/MS Grade, > 99.9 %, Fisher Scientific). Deuter-
ated HFIP-d2 and isopropanol were purchased from Eurisotop (99.00% D, water
content < 0.3%). Diethylether (> 99.5%) was purchased from Carl Roth and Chloro-
form (99 + %) was purchased by Acros Organics. All chemicals were used without
further purification. Deuterated samples were handled under an inert Argon atmo-

sphere.

5.2.2 Linear Infrared spectroscopy

Transmission infrared spectra were recorded using a Bruker Vertex 70 IR spectrom-
eter, with a resolution of 4 cm ™! between 400 cm ™! to 4000 cm~!. During measure-
ment the spectrometer was flushed with dried air. Linear spectra of isotopically di-
lute alcohols were measured using a 50"m spacer and measurements in chloroform

were conducted using a 200™m spacer.

5.2.3 Infrared pump-probe spectroscopy

Mid-IR vibrational pump-probe spectroscopy was used to measure the decay of the
vibrational anisotropy of the OD-stretch vibration of isotoped-diluted solutions of
HFIP and isopropanol. The femtosecond IR pulses (5 u]) used in the experiments
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were characterized by a center frequency of 2500 cm !, duration ~180 fs (FWHM)
and spectral width of 150 cm ™! (FWHM) and were generated by a series of nonlinear
frequency-conversion processes pumped by a commercial Ti:sapphire regenerative
amplifier (for details see Ref. huertaviga2010). The probe and reference beams were
generated by splitting off a small portion (a few %) of the IR light with a wedged
CaF, window, while the transmitted light provided the pump beam. The measure-
ments were performed on isotopically diluted samples (D/H=0.1) to avoid coupling
between molecular oscillators [118-120]. The bandwidth of the pump and probe
beams was ~ 150cm !, large enough to avoid the influence of spectral diffusion on
the anistropy measurements. The liquid samples were loaded into 200um thick cells
equipped with CaF, windows.

5.2.4 Two-dimensional Infrared (2D-IR) spectroscopy

The setup is described in more detail in our previous work.[4, 121] Briefly, we used
800 nm laser pulses (5.6 W, 35 fs, 1 kHz) from a regenerative amplifier (Coherent
Astrella) to generate 4000 nm IR pulses (25 uJ, 400 nm full width at half maximum)
with an optical parametric amplifier (Topas Prime, Coherent) and noncollinear dif-
ference frequency generation (NDFG). The IR pulses are guided into a commercial
2D-IR spectrometer (2D Quick IR, Phasetech Inc.). A small fraction of the IR pulses
is split off as the probe pulse. We generated pump pulse pairs, delayed by 0 fs to 700
fs at increments of 35 fs, using a pulse shaper based on an acousto-optic modulator
(AOM). The pump frequency was resolved by Fourier transformation of these time-

domain data. A rotating frame at 2300 cm !

was used to reduce the measuring time.
Before Fourier transformation, the data was zero padded to 128 data points and a
Hamming window was applied. Pump and probe pulses were focused and over-
lapped in the samples, which were held between CaF, windows separated by 100
pm teflon spacers. We use a pump probe geometry yielding absorptive 2D-IR spec-
tra.[21] The probe frequency was resolved in the frequency domain by dispersing
the probe pulses onto a 128 x 128 mercury cadmium telluride (MCT) array detector.
All spectra were recorded with parallel polarized excitation and detection pulses.
For better comparability, signals were Fourier-filtered analogously along the probe

axis.

5.2.5 Dielectric relaxation spectroscopy

Complex permittivity spectra &(v) = € (v) —i¢’(v), where € is the dielectric per-
mittivity and ¢ the dielectric loss, were measured as function of field frequency, v,
using a frequency domain reflectometer using flanged open-ended coaxial probes
[122-124]. Frequencies at 0.07 < v/GHz < 0.52 were covered using coaxial probes
made from SMA hermetic feedthroughs and frequencies 0.53 < v/GHz < 43 using
coaxial probes based on 1.85mm feedthroughs connected to a vector network ana-
lyzer (VNA, Anritsu MS4647A). Spectra at 57 < v/GHz < 125 were recorded using
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a 1 mm connector coaxial probe connected to an external frequency converter (An-
ritsu 3744A mmW) in combination with the VNA [125]. The reflection coefficient at
the coaxial-probe /sample interface was calibrated using air, conductive silver paint,
and water as references [126]. Spectra were recorded from 5mL of the sample in a

glass vial in contact with the coaxial probes.

5.2.6 Density functional theory calculations

To estimate the differences in hydrogen-bond strengths formed by the two alcohols,
we determined interaction energies for HFIP and isopropanol donating hydrogen-
bonds to HFIP, isopropanol, and diethylether using density functional theory (DFT)
calculations with the ORCA program package (version 5.0.4) [109]. All calculations
were performed at the B3LYP[110, 127-129], 6-311++G(d,p) [130] level of theory. The
solvent was accounted for using the CPCM solvation model[131-134] using chloro-
form as solvent. To determine the interaction energies we optimized the geometry
of the dimers. Subsequently, we displaced the two molecules and performed a sec-
ond geometry optimization with the distance of the two oxygen atoms (the O of
the hydrogen-bond donating OH group and the hydrogen-bond accepting O) con-
strained to 30 A. The interaction energy was taken as the difference in the single
point energies of both geometry optimizations, which includes electronic and solva-

tion contributions.

5.3 Methods and Materials for Chapter 8 [3]

5.3.1 Sample Preparation

Calcium chloride (CaCly) was purchased from Sigma-Aldrich (anhydrous powder,
> 97 %). CaCl, was dried in vacuo at 200 °C for two hours and stored in an Ar-filled
glove box. L-alanyl-L-alanine (2Ala), N-methylacetamide (NMA), L-alanine (1Ala),
and D,O were purchased from Sigma-Aldrich and used without further purification.
We synthesized isotope-labeled 2Ala using a procedure described in the Supplemen-
tary Information (Supplementary Figures 1-3). All solutions were prepared in 1 mL
volumetric flasks. For all experiments reported in the main manuscript, the con-
centration of 2Ala was kept constant at 250 mM. Solutions of NMA and 1Ala were
prepared at 125 mM. The concentration of CaCl, was increased from 1 to 5M at in-
crements of 1 M.

For IR experiments, samples were contained between two CaF, windows (2mm
thickness; 2.54 cm diameter) separated by a 25 pm Teflon spacer for solutions of 2Ala
(50 um for solutions of 1Ala and NMA measurements).

5.3.2 Linear IR Measurements

Linear infrared absorption spectra were recorded using a Bruker Vertex 70 spectrom-

eter in transmission geometry at frequencies ranging from 400 to 4000 cm ™! with a
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resolution of 4cm™!.

The sample compartment of the spectrometer was continu-
ously purged with purified, dry air. Linear IR absorption spectra were reordered

prior to the 2D IR experiments.

5.3.3 2D IR Measurements

800 nm pulses (35fs pulse duration, 1kHz repetition rate, 7m] pulse energy) from
a regenerative amplified laser system (Coherent, Astrella) were used to pump an
optical parametric amplifier (Topas Prime, Coherent) with an NDFG (non-collinear
difference frequency generation) stage to generate IR pulses (6 pm wavelength, 18 ]
pulse energy, 400 cm~! FWHM, ~ 100 fs pulse duration). The IR pulses were guided
to a commercial 2D IR spectrometer (2D Quick IR, Phasetech Inc.).[135, 136] A de-
tailed description of the experimental setup (including the acousto-optic modulator
to generate pump pulse pairs), in which the modulation of an infrared probe pulse
transmitted through the sample by excitation of the sample is monitored as a func-
tion of time, can be found elsewhere.[4, 121]

The excitation frequency has been resolved in the time domain using pump pulse
pairs delayed by 0 to 2555 fs (35 fs increments, with a rotating frame at 1400 cm™1).
Frequency-dependent modulation of the probe beam was detected by dispersing the
probe beam onto a 128 x 128 mercury cadmium telluride (MCT) array detector. Prior
to Fourier transformation of the time-domain data at each detection frequency, the
time-domain data were zero-padded to 128 data points and filtered with a Hamming
window. The 2D IR spectra of pure 2Ala in D,O have been taken from ref. [4] and
reevaluated for the present study.

5.3.4 Ab initio MD Simulations

We performed Born Oppenheimer MD simulations using the CP2K code.[137] We
used the revPBE[138] exchange-correlation functional together with the empirical
van der Waals correction scheme using Grimme’s D3(0)[112] correction. We used
the mixed Gaussian and plane wave approach.[139] Atomic orbitals were described
using the DZVP-GTH basis set. Core electrons were described using norm conserv-
ing Goedecker-Teter-Hutter pseudopotentials.[140] The time step was set to 0.8 fs,
and all simulations were performed at 350 K in the NVT ensemble using a canon-
ical velocity rescaling thermostat.[141] The simulation boxes contained 60 water, 6
CaCly, and 1 2Ala in a (13.3 A)3 box, which corresponds to a ~5M CaCl, solution.
Nine simulation runs with different initial geometries were recorded. Each simu-
lation run was equilibrated for ~24 ps and trajectories were recorded every 8 fs for
~124 ps per simulation run, resulting in a total trajectory of 1.1ns. Radial distri-
bution functions (RDF) have been calculated using VMD: Visual molecular dynam-
ics.[100, 142] The vibrational density of states (VDOS) was calculated based on the
CO bond velocities.
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5.3.5 Single Point DFT calculations

Vibrational frequencies of 2Ala and an acetate ion with different Ca?" binding motifs
were calculated using density functional theory (DFT) calculations with the ORCA
program package (version 5.0.4).[109] Geometry optimizations were performed at
the PBE,[143] def2-TZVPP [114] level of theory. The atom-pairwise dispersion cor-
rection with Becke-Johnson damping (D3B]) was applied.[112, 113] Calculations were
performed with a conductor-like polarizable continuum model with the dielectric
properties of water. CHELPG partial charges were obtained using the Multiwfn
package.[144, 145] All single point DFT calculations are shown in the Supplemen-

tary Information.

5.4 Fourier Transform and the Frequency Domain Spectrum

FT IFT

\//\ VY

3a/4 2a  -2a a 0 M 2/a 0 a2 a  sas 2a
time domain frequency domain time domain

FIGURE 5.1: a) Time domain signal with unknown components. b) Fourier transform of

the unknown signal reveals three spectral components as delta functions at their corre-

sponding frequency. c) Inverse Fourier transform of the separated components reveals
the three sine waves producing the original signals.

Figure 4.3 shows a time domain picture of the linear absorption process. However
to obtain the linear absorption spectrum we must convert from time domain to fre-

quency domain using a Fourier transformation (FT).[146]

F(y) = \/127” /_O:of(x)e’iy'xdx. (5.2)

Figure 5.1 a shows a signal comprised of multiple sine functions with unknown
frequencies. A Fourier transform yields delta functions at the frequencies (and neg-
ative frequencies) of the sinusoidal components (see figure 5.1 b). This allows us to
then separate the components, and for example apply a filter function to remove the
high frequency component. An inverse Fourier transform then converts back to the
time domain.[86, 146]

Figure 5.2 shows some important functions for spectroscopy and their Fourier
transformed form. The Fourier transform of a sine (or cosine; Figure 5.2 a) wave is a

delta function at the the corresponding frequency (6(+w); Figure 5.2 b), a sinc func-
smx(x)
function (Figure 5.2 e) converts to another Gaussian function (Figure 5.2 f) and a

tion (

; Figure 5.2 c) converts to a rectangular function (Figure 5.2 d), a Gaussian
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FIGURE 5.2: Overview of functions and their Fourier transforms:a) sine wave, b) Dirac
delta function, c) sinc function, d) rectangular function, e) and f) Gaussian functions, g)
double exponential function and h) Lorentzian function.

double exponential function (Figure 5.2 g) converts to a Lorentzian function (Figure
5.2 h). In all cases these also apply in the reverse as the inverse Fourier transform is

functionally the same as the Fourier transform.[86, 146]
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FIGURE 5.3: a) Exemplary convoluted signal (light red) consisting of a sine wave, an

exponential decay and a rectangular function (dark red). After applying the Hamming

window (dark blue) the windowed signal is obtained (light blue). b) Spectra resulting
from the FFT of the original signal (red) and the windowed signal (blue).

The example in Figure 5.1 shows how useful the FT is in spectroscopy, however
this simplified picture does apply for real measurements. The sine components are
always damped in reality and the sine wave is thus multiplied with an exponential
decay. Therefore, instead of a delta function at the center frequency w. we obtain
a Lorentzian function shifted with the center frequency w.. Additionally as equa-
tion 5.2 shows we integrate over all real numbers meaning for this pure case we
would need to measure the damped sine wave until infinity. Because the signal is
only measured for a certain time the damped sine wave is essentially multiplied by
a rectangular function. Therefore, upon Fourier transformation we obtain an addi-
tional sinc wave component. This phenomenon is called the spectral leakage and
leads to a distortion of the true lineshape. This can be seen exemplary in figure 5.3 b,
where the spectrum shows distinct features of a sinc function. [147] To circumvent
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this artefact a window function is applied to the data, giving more weight to early
data points than late data points. Figure 5.3 a shows a damped sine wave multi-
plied by a rectangular window (light red). After discrete Fourier transformation we
obtain the spectrum (light red line in Figure 5.3 b) which shows artefacts due to spec-
tral leakage. Multiplying the signal with a window function (light blue in Figure 5.3
a) can reduces spectral leakage effects. Here we use a Hamming window function
(Equation 5.3 with ag ~ 0.54) as shown in dark blue (Figure 5.3 a)).[147]

ap + (1 —ag) * cos (n%) with 0<n <N (5.3)

The resulting spectrum after discrete Fourier transformation can be seen in Fig-
ure 5.3 b (light blue line), where the spectral leakage is removed.
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6.1 Abstract

Water is characterized by strong intermolecular hydrogen bonds (H-bonds) between
molecules. The two hydrogen atoms in one water molecule can form H-bonds of dis-
similar length. Although intimately connected to water’s anomalous properties, the
details and the origins of the asymmetry have remained elusive. We study water’s
H-bonds using the O-D stretching vibrations as sensitive reporters of H-bonding of
D,0 and HOD in dimethylformamide. Broader inhomogeneous linewidths of the
OD band of HOD compared to the symmetric and asymmetric OD stretching modes
of DO together with density functional theory calculations provide evidence for
markedly anti-correlated H-bonds: water preferentially forms one weak and one
strong H-bond. Coupling peaks in the spectra for D,O directly demonstrate anti-
correlated H-bonds and these anti-correlations are modulated by thermal motions of
water on a sub-picosecond timescale. Experimentally inferred H-bond distributions
suggest that the anti-correlations are a direct consequence of the H-bonding poten-
tial of XH, groups, which we confirm for the ND, group of urea. These structural
and dynamic insights into H-bonding are essential for understanding the relation-
ship between the H-bonded structure and phase behavior of water.
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6.2 Introduction

The peculiar properties of water have been ascribed to its intermolecular interac-
tions: strong and directional hydrogen bonds (H-bonds), which determine its three-
dimensional structure. Albeit controversially discussed[42, 148], the traditional pic-
ture of liquid water forming a symmetric coordination structure (Fig 6.1a)[149] has
been challenged by X-ray spectroscopy[40, 43]. Indeed, molecular dynamics simula-
tions have shown that symmetric/tetrahedral coordination cannot capture all struc-
tural details of liquid water[45, 46, 150, 151]. Transient deviations from on-average
symmetric coordination are intimately connected to local correlations of the H-bond
strengths[33, 45, 46] and asymmetric coordination geometries with, e.g., one water
molecule forming two strong and two weak H-bonds result in ring- or chain-like
structures of water[42, 150, 151]. Such motifs have been suggested to have pro-
found implications for the phase behavior of water[33] and may explain some of the
anomalous properties of water at reduced temperatures, such as a density maximum
at 277 K or a nonlinear temperature-dependence of the heat capacity[152, 153]. Also,
at ambient temperatures, where the H-bonded structure determines water’s perfor-
mance as solvent[154], asymmetric coordination geometries exist[31, 155], yet, ther-
mal fluctuations seem to limit the spatial extent of such structural correlations[156].
However, experimental evidence on the exact details of the H-bond symmetry, such
as the origin of the asymmetry, correlation of H-bond lengths, and their evolution,
is lacking.

intramolecularly
coupled modes

a C‘:'g b C |local modes f‘(as) local modes
intermolecular B -
coupling

gfo >

M
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O’% coupling ;gb (sym) gb (12)
dio

FIGURE 6.1: a Schematic illustration of a (distorted) tetrahedral coordination geometry

of water, with arrows indicating intra- and intermolecular coupling of O-H oscillators.

The H-bond distance dy_o markedly affects the resonance frequency of a single O-H

oscillator, as schematically depicted in (b), giving rise to a broad distribution of O-H

stretching frequencies in water. The experimentally observed O-H stretching linewidth

(depicted as vertical Gauss distribution in c) is further affected by vibrational coupling,
as illustrated for intramolecular coupling in (c). Reproduced from [1].
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The frequencies and linewidths of O-H stretching vibrations reflect the length
and symmetry of water’s H-bonds[13]. The frequency of a single (local) O-H stretch-
ing oscillator depends on H-bonding distance dyy_o (Fig 6.1b)[157]. A water molecule
has two local O-H stretching modes (/1, I2), which interact to form symmetric (sym)
and asymmetric (as) vibrations. The instantaneous frequencies of sym and as de-
pend on the instantaneous frequencies of /1 and [2, thus on the H-bond distances
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of the two O-H groups, and on the coupling strength (Fig 6.1c). These different
factors governing the instantaneous frequencies of sym, as, I1 and [2 make also the
linewidths of coupled and uncoupled modes to differ. In turn, the correlation of
H-bonds can be probed via the lineshapes of sym and as. However, O-H stretch-
ing frequencies in neat HyO—and similarly O-D stretching frequencies in D,O—are
also affected by intermolecular coupling with O-H groups of surrounding molecules
(Fig 6.1a)[19, 158]. This coupling gives rise to vibrational excitons—O-H stretching
modes delocalized over several molecules[19, 158-160]. This delocalized character
of the O-H stretching band in neat water impedes the direct correlation of spectral
and structural information. To eliminate delocalization, we dilute water in dimethyl-
formamide (DMF), isolating water molecules from each other[49, 161-164].

The broadening of the distribution of O-H stretching frequencies due to varying
H-bond length is represented by inhomogeneous broadening. To reveal this broad-
ening, we use two-dimensional infrared (2D-IR) spectroscopy[21]. In conjunction
with density functional theory (DFT) calculations, we show that the linewidths of
the coupled and local O-D stretching modes of isolated water in DMF indeed con-
tain the correlation of H-bond lengths. Coupling peaks in the spectra reveal that
the two H-bonds of a D,O molecule are anti-correlated, but this anti-correlation
persists for only a few hundred femtoseconds. Comparison of experimentally in-
ferred H-bond distributions to the DFT-calculated H-bonding potential indicates
that anti-correlations are intrinsic to the H-bonding potential of XD, groups. We
verify this hypothesis with experiments on the ND, groups of urea. As such, our re-
sults evidence a strong, yet rapidly randomized, H-bond anti-correlation for molec-
ular entities that can donate two H-bonds. Our observations suggest that these anti-
correlations also exist in neat water, which implies a dynamic picture with short-
lived asymmetric water molecules rather than persistent chain- or ring-like struc-
tures.

6.3 Results and Discussion

To elucidate the H-bonding of water, we measure the O-D stretching vibration of
5 mol% of water in DMF, where water-water H-bonds are negligible[161]. We char-
acterize the distribution of O-D stretching frequencies of isolated O-D groups in
DMF solution using isotopically diluted water containing ~1% D,0O, ~81% H,O,
and ~18% HOD molecules. The corresponding local O-D stretching mode (/) of pre-
dominantly HOD molecules, is centered at 2580 cm ! with a linewidth (full width at
half maximum, FWHM) of ~94 cm™! (Fig 6.2a, see also Supplementary Note 6.5.1,
Supplementary Fig. 6.6, and Supplementary Table 6.1). Conversely, for D,O in DMF,
intramolecular coupling of O-D oscillators produces the symmetric stretching band
at ~ 2540 cm~! and the asymmetric stretching band at ~ 2640 cm~! (Fig 6.2a). No-
tably, as and sym have an appreciably narrower linewidth (FWHM of ~78 cm™!)
than the local mode .
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FIGURE 6.2: a Solvent-background subtracted, normalized IR absorption spectra of 5
mol% water in DMF: D,O (orange) and HOD (green). Isotropic 2D-IR spectra at waiting
time T = 100 fs of (b) HOD in DMF (10% D,0 in H;0) and (c¢) D,O in DME. Note that
distortions of the 2D-IR lineshape in (b) at 7pump &~ 2650cm ™! presumably result from
residual D,O. Diagonal and anti-diagonal profiles along the lines indicated in the 2D
spectra (b, ¢, colored lines) are displayed for HOD in (d) and for D,O in (e). Symbols in
(d, e) show experimental data and solid lines show fits (for details, see Supplementary
Note 6.5.2). Dotted line represents Ax = 0. Note that the linewidths of the diagonal
signals in (d, e) differ from the widths in (a) due to the different experimental sensitivities
to the transition dipole[21]. Reproduced from [1].
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To disentangle the homogeneous and inhomogeneous broadening contributions
[165] to the linear spectra (Fig 6.2a), we perform 2D-IR spectroscopy experiments.
Conceptually, in a 2D-IR experiment, a subset of vibrational modes resonant with
a pump frequency (7pump) is excited and the response of these oscillators is probed
over a broad detection frequency range (7probe) by @ probe pulse[21]. The response
typically contains positive signals from induced absorption due to the excited state
absorption, and negative signals due to ground state bleaching and stimulated emis-
sion at the fundamental transition. Variation of 7pump results in a two-dimensional
spectrum reflecting the correlation between excited and detected vibrational fre-
quencies. For inhomogeneously broadened bands the bleaching signal is elongated
along the diagonal, with an adjacent, red-shifted induced absorption, as shown for
HOD in DMF in Fig 6.2b. The widths of these signals perpendicular to the diago-
nal are determined solely by homogeneous broadening[21] and the diagonal width
is given by homogeneous and inhomogeneous broadening. For D,O in DME, two
pairs of bleaching/induced absorption signals are present for sym and as at the diag-
onal (Fig 6.2c). Additionally, we observe an off-diagonal bleaching signal at (7pump ~
2540 ecm ™! /Tpump ~2640 cm ™), indicating coupling between sym and as. The cou-
pling signal above the diagonal (Fpump = 2640 cm ™! /Tpump =~ 2540 cm™!) presum-
ably overlaps with the induced absorption of as and, thus, is not visible in the spec-
trum. These off-diagonal signals will be discussed in more detail below.

For a quantitative discussion of the linewidths, we infer the homogenous line-
width by fitting a sum of two Lorentzians of opposite signs to the anti-diagonal cuts
(Fig 6.2d, e), yielding homogeneous linewidths of 6 cm™! (I), 41 cm~! (sym), and
47 cm~! (as) (see Supplementary Note 6.5.2 and Supplementary Table 6.2). These
homogeneous linewidths are likely overestimated due to ultrafast spectral diffusion
dynamics. Nevertheless, they show that the differing line widths in Fig 6.2a stem
partly from differing homogeneous broadening. With these homogeneous widths,
we deconvolve the inhomogeneous and homogeneous contributions to the diagonal
widths: We constrain the homogeneous width to the values from the anti-diagonals
and model the diagonal cuts with a Voigt profile (a Gaussian inhomogeneous dis-
tribution convolved with the Lorentzian homogeneous band[21, 166, 167]) to derive
the inhomogeneous broadening (Fig 6.2d, e, for details see Supplementary Note 6.5.2
and Supplementary Tables 6.2-6.5). The thus obtained purely inhomogeneous width
of the local O-D stretching mode of HOD (I = 38cm™1) is about twofold broader
than the inhomogeneous widths of sym and as (Igsym = 20cm !, I s = 18cm™1).
As such, although D,O and HOD experience very similar H-bonding environments,
coupling of the two O-D stretching modes in D,O results in a narrower distribution
of frequencies for as and sym as compared to /, which is the predominant cause for
the differing widths in Fig 6.2a.

To understand the origin of these different inhomogeneous widths, we calculated
normal mode frequencies under the harmonic approximation for different H-bond
geometries using DFT. We specifically address the effect of coupling on the harmonic
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normal mode frequencies by calculating the frequencies for 1, sym, and as using H/D
isotope exchange: We optimized the geometry of a water molecule donating two H-
bonds to two DMF molecules, with the H-bond lengths (H/Dyater — Opmr distance)
constrained to typical H-bonding distances[161] ranging from 1.5 to 2.4 A. The re-
sulting frequency maps for D(V-O-D), D(N-0-H®, and H(M-O-D®) molecules as a
function of H/Dyater — Opmr distances dq and dofor both H/D atoms of water, where
super- and subscripts denote the two light atoms of water, are displayed in Fig 6.3a.
This allows us to assess the effect of (thermal) fluctuations of H-bond lengths on the
vibrational frequencies of sym, 7sym, the local modes of O-D(1)/O-D(2), #1; /712, and
of as, 7,5. In particular, we consider three limiting cases of H-bond fluctuations: (i)
directly correlated (d; = dy, Fig 6.3b), (ii) anti-correlated (d; + d = 3.8 A, Fig 6.3¢c),
and (iii) uncorrelated (d, = 1.9 A, Fig 6.3d) H-bond distances.

direct correlation

d, = d,
18 1.9 20 21
d, (A)

no correlation

d,+dy,=3.8A
17 18 19 20 21
d; (A)

FIGURE 6.3: a Vibrational frequency maps for the symmetric ¥sym(gray), local 7 (blue),

75 (green), and asymmetric #,5(red) O-D stretching modes as a function of H-bond dis-

tances d; and dj, as obtained from the harmonic frequencies of relaxed surface scans

using DFT calculations. b Diagonal cut at d; = dy through the frequency maps repre-

senting directly correlated H-bonds, (c) anti-diagonal cut at di + d, = 3.8 representing

anti-correlated H-bonds, and (d) cut at d» = 1.9 representing uncorrelated H-bond dis-
tances. Reproduced from [1].

These limiting cases show that and simply scale with H bond distances d; and
dy, respectively (see also Fig 6.1b). When and are dissimilar, the frequencies of the
‘coupled’ modes and are close to those of the local modes or (see e.g., d; < 1.8 A
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ord; >20 A in Fig 6.3c, d). For H-bond configurations for which d; ~ d», cou-
pling of the local modes and results in a separation of frequencies for the coupled
modes Tsym and 7, (Figs. 3b and 1.8 A <dy1 <20 Ain Fig 6.3c, d). Therefore, all fre-
quencies show a similar dependence on for case (i) of directly correlated H-bonds.
For cases (ii) anti-correlated and (iii) uncorrelated H-bonds, coupling gives rise to
avoided crossings[168], and makes Tsym and 75 to not just scale with d;. Conse-
quently, for a given range of thermally accessible H-bond distances d;, coupling
results in a narrower distribution of 7sym and 7,s as compared to 7j; and 7, for (ii)
and (iii). Conversely, for (i), the range of thermally accessible frequencies is simi-
lar for all vibrations. As the spread of H-bond geometries underlies the inhomoge-
neous linewidth of these modes, (ii) anti-correlated and (iii) uncorrelated H-bond ge-
ometries can qualitatively explain the experimentally observed reduced IGsym and
IG,as, relative to Ig . For instance, assuming thermally accessible H-bond distances
ranging from 1.8 A to 2.0 A, the data in Fig 6.3 suggest the resulting inhomoge-
neous linewidths of sym and as to be ~2 and ~4 times, respectively, narrower than
that of | (HOD). Hence, while the comparison between calculated and experimental
linewidths cannot discriminate between (ii) and (iii), we exclude directly correlated
fluctuations of H-bond distances.

Although it is challenging to discriminate between (ii) and (iii) solely based on
the frequencies of the three modes as a function of H-bond lengths, both limiting
cases can be discerned by considering the relation between the DFT-calculated fre-
quencies TUsym and ¥,s: For (ii) the slopes of Tsym(d1) and 7as(d1) have opposite sign
(Fig 6.3c): upon increasing d1, sym increases (decreases) and 7,5 decreases (increases)
ford, <19A (d; > 1.9 A). Conversely, for (iii) Tsym(d1) and 7as(d1) have positive or
zero slopes throughout (Fig 6.3d).

Hence, for anti-correlated distances d; and d (ii), the frequencies Usym and ¥as
are anti-correlated, while for uncorrelated distances (iii) ¥sym and 7,5 are correlated.
The correlation between 7sym and 7,5 can be directly interrogated with 2D-IR spec-
troscopy as coupling between sym and as gives rise to the cross-peak (Tpump ~
2540cm ™!/ Ppump & 2620cm ) in Fig 6.2c and the line shape of the cross-peak pro-
vides information on the correlations of H-bonding distances, analogously to earlier
studies by Hochstrasser and coworkers[169-171] on different molecular systems.
Due to the relative orientation of the transition dipoles of sym and as (~90-105°),
such cross-peaks are more intense (relative to the diagonal signals) for perpendicu-
lar excitation and probing polarizations (Fig 6.4a, b)[21]. The presence of the cross-
peak at early times (T, delay between pump and probe pulses) and evolution of its
intensity similar to the diagonal signals evidences that the cross-peak is due to cou-
pling (Supplementary Note 6.5.3, Supplementary Table 6.6, and Supplementary Figs.
6.7 & 6.8)[21]. To identify frequency-frequency (anti-)correlations, we calculate the
signal-weighted local Pearson correlation coefficient (Supplementary Note 6.5.4). At
Tw = 100 fs (for other waiting times, see Supplementary Fig. 6.9) these coefficients
are positive for the diagonal signals, as expected for inhomogeneously broadened
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FIGURE 6.4: Perpendicular (<XXZZ>) 2D-IR spectrum of D,O in DMF at (a) Ty, = 100 fs
and (b) Ty = 250 fs. Contour lines show signal intensities, orange and purple areas in-
dicate spectral regions with positive and negative local Pearson correlation coefficients,
respectively. Open blue symbols indicate the center-line position of the off-diagonal peak
and the solid white line the center line. ¢ Center-line slope dynamics, CLS(T) of the off-
diagonal peak. Symbols show experimental data and error bars show the uncertainty of
the slope obtained from linear regression of the center points. The solid line shows a fit
using a sum of a damped oscillation (~310 fs oscillation period, 470 fs damping time)
and an exponential decay (50 fs decay time). The error bars are the standard errors of the
linear regression of the center lines. d Fitted H-bond conformation distribution P(dy, d;)
of D,O in DMF (pixel map) obtained from minimizing deviations between the experi-
mental, discretized inhomogeneous distribution of frequencies P;(7) (symbols in e) and
the calculated distribution using P(d;,dy) together with the frequency maps in Fig. 6.3a
(solid lines in e). Contour lines in (d) show lines of equal population probability follow-
ing the Boltzmann distribution (at 295 K) of H-bond conformations of D,O + 2 DMF as
obtained from the DFT-calculated total energy. Reproduced from [1].
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bands. Conversely, the off-diagonal peak at Tpump =~ 2540 cm ™!/ Vprobe A 2620 cm~!
is dominated by negative correlation coefficients, suggesting anti-correlated sym
and 7, (Fig 6.4a). Similarly, the center line slope (CLS) [172] of 0.05 for the cross-
peak at T,y = 100 fs demonstrates anti-correlations between Tsymand 7,5[172]. The
data in Fig 6.3 show that this anti-correlation of 7sym and 7, signifies anti-correlated
H-bond distances d; and d,. Therefore, the cross-peak provides direct evidence for
anti-correlated H-bond distances.

The frequency-frequency anti-correlations are however rather short-lived and
are ate.g., T, = 250 fs much less pronounced. The CLS at T, = 250 fs is even slightly
positive (Fig 6.4b, for other waiting times see Supplementary Fig. 6.9). Quantita-
tively, the waiting-time dependent CLS(Ty,) of the cross-peak (Fig 6.4c) rapidly de-
cays to ~0, indicating that thermal fluctuations rapidly randomize the anti-correlation
between and. Remarkably, CLS(Ty,) appears to decay with marked oscillatory dy-
namics. It has previously been reported that such oscillatory dynamics may stem
from coherence transfer within the time interval between the two excitation pulses
in the time-domain 2D-IR experiment[173, 174]. This scenario is, however, rendered
unlikely for the present system because (i) we find no evidence for oscillations in
the 2D-IR signal intensities (Supplementary Fig. 6.8), (ii) 2D-IR spectra with sup-
pressed coherence transfer from as to sym[175] exhibit the same oscillatory CLS dy-
namics (Supplementary Fig. 6.10), and (iii) also the CLS dynamics of the diagonal
peak for 1 exhibit oscillatory dynamics with the same oscillation period (Supple-
mentary Fig. 6.11). As such, these observations suggest that the oscillations of the
frequency-frequency correlations in Fig 6.4c rather originate from a modulation of
the CLS due to the inherent dynamics of water, which is also supported by molec-
ular dynamics simulations[49]. In fact, the data in Fig 6.4c are well-described as a
damped oscillation with an oscillation period of ~310 fs and a ~50 fs exponential
decay (Fig 6.4c, Supplementary Note 6.5.5, and Supplementary Table 6.7), quali-
tatively similar to predictions by simulations for water in acetonitrile[49]. These
timescales are close to the characteristic timescales of the H-bond stretching vibra-
tion for neat water at ~200 cm~! and water’s libration band at ~650 cm™! (~530
cm ™! for D,O)[Seki2020a, 156, 176, 177], which are expected to be similar for D,O
in DMF (see Supplementary Note 6.6). These intrinsic dynamics of water also mod-
ulate the decay of the CLS of the diagonal peaks (see Supplementary Note 6.6.1
and Supplementary Fig. 6.11). As these lower-frequency H-bond stretching vibra-
tions and librations are thermally excited at ambient conditions, the observed CLS
dynamics show that the thermally excited low-frequency modes modulate H-bond
anti-correlations.

To elucidate the origin of the H-bond anti-correlation, we estimate the distri-
bution of H-bond conformations, P(dy,d>) , (Fig 6.4d) by simultaneously using the
information from all vibrational modes [, sym, as. Therefore, we take the purely
inhomogeneous distribution of frequencies, P;(7), using the center frequencies and
the purely inhomogeneous linewidths (I ;) obtained from analysis of the diagonal
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and anti-diagonal lineshapes in Fig 6.2 (see Supplementary Note 6.5.2 and Supple-
mentary Tables 6.2-6.3) together with the frequencies of all modes as a function of
H-bond geometry (frequency maps in Fig 6.3a). For numerical treatment, we dis-
cretize at intervals of 15 cm™! (Fig 6.4e, symbols) and the population of H-bond
geometries at intervals of 0.01 A (Fig 6.4d). Starting from random distributions of
H-bond conformations P(dy,d,), we optimize P(dy,d;) such that the distributions
P;(7) calculated from the conformation distribution and the maps in Fig 6.3a match
the discretized, purely inhomogeneous distribution of frequencies, P;(7) in Fig 6.4e
(details on the numerical accuracy are given in Supplementary Note 6.7 and Supple-
mentary Fig. 6.12). The distribution of H-bond distances thus obtained are shown in
Fig 6.4d. We note that the slight displacement of the maximum of the distribution in
Fig 6.4d from the diagonal (symmetric H-bond distances) results from the simplified
representation of water in DMF by only one water molecule and two DMF molecules
in the DFT calculations used to obtain the frequency maps in Fig 6.3a (dispersive in-
teractions between two DMF molecules lead to symmetry breaking, see Supplemen-
tary Fig. 6.13). Nevertheless, the distribution of H-bond conformations in Fig 6.4d
confirms anti-correlated H-bond distances d; and dy: P(d;, d;) is elongated along the
anti-diagonal, similar to results from molecular dynamics simulations of water[14].

To pinpoint the origin of the anti-correlated H-bond distances, we compare
P(d,dy) (pixel plot, Fig 6.4d) to the distribution expected from the total energy of the
DFT calculations (contour plot, Fig 6.4d). Assuming a Boltzmann distribution, anti-
correlated H-bonds are also predicted solely based on the DFI-calculated energy of
D,O + 2 DMF: the shape of the Boltzmann distribution obtained from DFT (contour
lines in Fig 6.4d) and the estimated distribution P(dq,ds) (pixel plot in Fig 6.4d)
agree well. The differing widths of both distributions are likely due to neglecting
repulsive interactions with other molecules and overestimation of the homogeneous
linewidth. Irrespective of these different widths, both distributions show that the
energetically most favorable H-bond distance for one H-bond markedly depends on
the H-bond distance of the other H-bond—the H-bonds are anti-correlated.

In fact, one might expect such distributions for any molecular group that can
donate two H-bonds (XH»): the H-bonding potential for such XH; fragments typ-
ically exhibits a global minimum at both H-bond equilibrium distances, with ad-
jacent minimum energy paths for dissociation of one H-bond (see Supplementary
Fig. 6.13). The resulting Boltzmann distributions of such potentials result in an anti-
correlated distribution of H-bond distances d; and d,. Thus, we hypothesize that
the anti-correlated H-bond distances for D,O in DMF are intrinsic to the H-bonding
potential of XH; groups. Conversely, anti-correlated H-bonds are not unique to D,O
(+2 DMF) but common to XH; groups.

To test this hypothesis, we performed analogous experiments for the N(H/D),
groups of urea in dimethylsulfoxide (DMSO), for which the differences in linewidths
of | and as, sym in the absorption spectra are even more pronounced (see Supple-
mentary Fig. 6.14) as compared to D,O in DMF. 2D-IR spectra demonstrate that
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the symmetric (2420 cm~!) and asymmetric (2560 cm~—!) N-D stretching modes (Fig
6.5a) are weakly inhomogeneously broadened. Conversely, for a 30% (D) 70% (H)
isotopic mixture [ at 2480 cm™! is clearly inhomogeneously broadened (Fig 6.5b).
Analysis of the 2D-IR lineshapes suggests the inhomogeneous linewidth of | with
Ig) = 44 cm™! is ~50% broader than of as with I5,s = 31 cm ™! (Supplementary
Tables 6.4, 6.5). The extremely narrow linewidth of sym (I'Gsym = 14cm~1) is pre-
sumably due to spectral distortion by a Fermi-resonance (see also Supplementary
Note 6.7.1 and Supplementary Figs. 6.14, 6.15). Nevertheless, the H-bond distribu-
tions, fitted analogously to D,O from solely I and I s (i-e., omitting I sym) and
the corresponding frequency maps for urea + 4 DMSO (Supplementary Fig. 6.16),
also exhibit anti-correlated H-bond distances (Fig 6.5¢c). The center of this distri-
bution is displaced from a symmetric H-bond geometry (d; = d,), likely due to the
inequivalence of the two deuterium atoms of the ND; group. Similar to our find-
ings for D,0, the elliptical distribution of H-bond geometries can again be traced to
the H-bonding potential of the ND, group (Fig 6.5¢). Further, local correlation maps
of the cross-peak at 7pymp ~ 2420 cm™1/ Vprobe ~ 2580 cm~! in Fig 6.5d evidence
anti-correlated Tsym and 7,s. For urea-d4 also the cross-peak at Tpump = 2580 cm~ 1/
Vprobe A 2430 cm™! can be isolated. Yet, overlap with the induced absorption of as
distorts its lineshape and negative frequency-frequency correlations are not present
for the entire signal. Overall, our key observations evidencing anti-correlated H-
bonds are present for D,O in DMF and urea in DMSO. As such, the data in Fig 6.5
support the notion that anti-correlated H-bonds are generic to H-bonding XD, / XH;

moieties.

6.4 Conclusions

We find the H-bond distances of the two H-bond donating deuterium atoms of D,O
and urea’s ND, groups are anti-correlated: D,O and urea’s ND, group preferen-
tially donate one strong and one weak H-bond. This anti-correlation is encoded
in the inhomogeneous linewidths of the decoupled and coupled O/N-D stretching
modes and in frequency-frequency correlations between the asymmetric and sym-
metric modes. Comparison to DFT calculations suggests that these anti-correlations
stem from the H-bonding potential. Opposed to water in DME, intermolecular cou-
pling impedes spectroscopic detection of such anti-correlation in neat water[158], yet
the H-bonding potentials for isolated water in DMF closely resemble the potential
in neat water[178, 179]. As such, similar H-bond conformations are likely present in
liquid water. In fact, similar information on the H-bond correlations, herein obtained
from the O-D cross-peaks, is in principle also contained in the O-D—O-H frequency
correlations of a water molecule. Thus, using two different isotopic labels may make
this methodology also applicable to pure water.

The anti-correlations are short-lived at ambient conditions and randomize in
<500 fs—in line with predictions for water[156]. Our results highlight that H-bond
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FIGURE 6.5: a Isotropic 2D-IR spectrum of urea-d4 in DMSO at Ty, = 100 fs. b Isotropic
2D-IR spectrum of a 30%D/70%H isotopic mixture of urea, corresponding to ~1% urea-
d4, ~8% urea-d3, ~26% urea-d2, ~41% urea-d1, and ~24% urea, in DMSO at T, = 100
fs. ¢ H-bond conformation distribution P(dq,d;) of urea in DMSO (pixel map) obtained
analogously to Fig 6.4d together with contours representing equal probability of the DFT
energy-based Boltzmann distribution. d Perpendicular (<XXZZ>) 2D-IR spectrum of
urea-d4 in DMSO. Contour lines show signal intensities, orange and purple areas in-
dicate spectral regions with positive and negative local Pearson correlation coefficients,
respectively. Open blue symbols indicate the center-line position of the off-diagonal peak
and the solid white line shows the center line. Reproduced from [1].
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asymmetry in water is not simply a statistical process. The static distribution of H-
bonds and its dynamics are key to understanding the relation between H-bonded
structure and the phase behavior of water. The dynamics are governed by low-
frequency motions (H-bond stretching vibration and libration), and the formation
of structurally different subphases of water must therefore be encoded in these low-
frequency signatures. Our findings also have implications for understanding water
as solvent, as the H-bonded structure and the spatial distribution of H-bonds around
solutes and their lifetime may help understand water’s ability to efficiently hydrate

solutes.

6.5 Supplementary Notes

6.5.1 Modelling of the linear IR absorption spectra of DO in DMF

To estimate the linewidths of the vibrational bands in the IR absorption spectra, we
modelled the spectra of D,O in DMF by a sum of three Gaussian bands to account for
the overtone of the D,O bending vibration, the symmetric O-D stretching band, and
the asymmetric O-D stretching mode. The spectra of HOD in DMF were modelled
with a single Gaussian band. The experimental spectra and the fits are displayed in
Supplementary Figure 6.6 and the fit parameters are listed in Supplementary Table
6.1.

6.5.2 Lorentz and Voigt modelling of the 2D-IR slices

To model the antidiagonal cuts (Figure 6.2d and 6.2e in the main manuscript) and

determine the homogeneous linewidths, we use a combination of two Lorentzian

bands, [(7):

1 1

I(7) = Agsa,i - —at AGsB,i - —
(7 — Ve Esai)? + (LEZSA'I) (7 — Ve,GsB,i)* + (7@5&1)

5 (6.1)

with Agga; and Agsp;i (with i = [, sym, as for local, symmetric, and asymmetric
stretching mode) the amplitudes of the bleaching signal and the excited state ab-
sorption, respectively. 7. gsa i and 7. Gsp i are the resonance frequencies of the ground
state bleaching signal and of the excited state absorption, respectively. To reduce the
parameter space, we assume the full widths at half maximum I7 gsa; and I Gsgi,
of both signals to be the same. This assumption cannot be made for the symmet-
ric stretching mode of D,O since the ESA peak here contains contributions of the
symmetric stretching mode and the cross-peak. Therefore, in this case I gsas and
I, css are both adjustable parameters. To model the diagonal cuts, we fit a Voigt
profile, v(7) — a convolution of a Gaussian profile f, representing the purely inhomo-
geneous distribution with a Lorentz band f; — to the data with I gsp; constrained to

the value obtained from fitting Supplementary Eq. 6.1 to the antidiagonal cuts.
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o(7) = (fr* f2) (V) (6.2)
where:
4In2 -2

~ Ai FL,GSB,i _ 4In2 lei v
fl(v) = 2 _ ~ Tiasping’ fZ(V) = 716_,7 (63)
(7 — )+ (F5)? & Gi

with the amplitude of the Lorentz component A; and I, the purely inhomoge-

neous width of the Gaussian distribution. These fits are shown in Figure 6.2 of the
main manuscript and the obtained parameters are listed in Supplementary Tables
6.2-6.5.

6.5.3 Population dynamics

The homogeneous broadening discussed above and in the main manuscript has con-
tributions from population lifetime:[165] longer-lived vibrations give rise to nar-
rower bands. Additionally, accelerated population relaxations for certain modes
may indicate different relaxation pathways, such as Fermi resonances.[180, 181] Thus,
we quantify the population relaxation via the temporal evolution of the on-diagonal
bleaching signals of the different vibrational modes as function of waiting time T, .
We model the integrated 2D-IR signals assuming that the contribution of the excited
state decays with a relaxation time 7;1 and that the dissipation of the vibrational en-
ergy in the course of the relaxation leads to a small and persistent modulation of the
oscillator (transient signal due to heat):[6]

~Tw “Tw
V(Tw) =Vexc € & + Vheat- (1 —€ @ ) (6.4)

with Veye and Vyeqt the magnitude of the contributions of the excitation and the
heat, respectively. We integrate the peaks in the shaded areas shown in Supple-
mentary Figure 6.7. We use elliptical integration areas and the tilt of the ellipse is
taken from the tilt of the CLS at Ty, = 100 fs. Supplementary Figure 6.8 shows the
resulting fits and the thus obtained lifetimes are listed in Supplementary Table 6.6.
For water we find similar lifetimes for the symmetric and the asymmetric stretching
mode. The local mode of HOD molecules shows an increased lifetime compared to
the coupled modes. Together with the homogeneous linewidth of the local mode
being broader than the linewidths of the coupled mode, these data suggest that pop-
ulation relaxation is not the predominant broadening mechanism.[165, 182] For urea
we find similar lifetimes for symmetric stretch and asymmetric stretch and the lo-
cal mode has almost half the lifetime compared to the coupled modes, consistent
with the broader homogeneous linewidth of the local mode compared to the cou-
pled stretching modes. The peak volumes of the cross-peaks relax with timescales
(see Supplementary Figure 6.8) similar to the diagonal signals suggesting that the
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cross-peaks are due to coupling, rather than due to energy transfer or chemical ex-
change for both D,O and urea-d4.

6.5.4 Local Correlation Maps

For visualization of frequency-frequency correlations in the 2D-IR spectra, we calcu-
late the local, signal-weighted Pearson correlation coefficient r. Therefore, we take
an array of 5x5 pixels of the 2D-IR spectra, resulting in 25 data triples (Vprobe; Vpump;
IS. (ﬁprobe, Tpump|)- The correlation coefficient, 7, for the center pixel of the 5x5 array
is then determined as:

Cov(ﬁprobe/ 17pump/ | S 1 (ﬁprobe/ 17pump) | )

Y =
\/Cov(ﬁprobe/ 17prober |SJ_ (ﬁprobe/ ﬁpump) | ) : Cov(ﬁprobe/ ﬁpump/ ‘SJ_ (ﬁpump/ 17pump) | )
(6.5)
: _ Lm0 Wi—y)wi = _ Yii1.05XiWi = _ Yi—1.25YiWi
with cov(x,y, w) - Yi=1.25 Wi P = Yi=1.25Wi ’ and y = Yi=1.25Wi To

visualize correlated (r > 0), anti-correlated (r < 0), or uncorrelated (r = 0) spectral
regions, we display these coefficients in Figures 4a,b & 5d of the main manuscript
and in Supplementary Figure 6.9, where the signals are smaller than 25% of the

minimum signal or greater than 15% of the maximum signal.

6.5.5 CLS Fitting of Cross-Peaks

To determine the centerline position we fitted a Gauss profile to the bleaching or
cross peak signal to slices parallel to the probe axis and the center of the Gaussian is
taken as the center position. The CLS value is determined from a linear fit of these
center points. We model the CLS dynamics of the cross-peak with a combination of
a dampened oscillation and an exponential decay:

Tw

)+

CLS(Tw) =Aosc - sin << Tw —}—qj) -27r) ~exp(—
Tdamp (6.6)

TOSC

Tw
Aex - EXP(—f) + CLSpffset

ex
with the amplitude of the oscillation A, the oscillation period Tosc, a phase
shift ¢, the damping constant Ty,mp, the amplitude of the exponential decay Aex, the
lifetime of the exponential decay Tex, and the CLS offset CLSeet. This fit is shown in
Figure 6.4c of the main manuscript and the parameters are listed in Supplementary
Table 6.7.

6.6 Estimation of Hydrogen Bond Stretching Mode

Liquid water shows broad absorption bands in the THz region at 50 cm ! (hydrogen-
bond bend), 200 cm~! (hydrogen-bond stretch), and 650 cm~! (librations).[176] For
D,0O the libration band is red-shifted to 530 cm~1.[177] Assuming the potential for



62 Chapter 6. Dynamic anti-correlations of water hydrogen bonds

the DMF-D,O hydrogen-bond is the same as for the HO-H,O hydrogen-bonds in
neat water, the frequency of the DMF-D,O hydrogen bond stretch can be estimated
from the reduced mass ratio to:

MH,0 MH,0
_1 'V mmotmuyo —
200cm ! Y22 ~ 15lcm ! 6.7)
D,0 TDMF
mp,0+MpPMF

which corresponds to an oscillation period of ~ 220 fs.

6.6.1 CLS analysis of the diagonal peaks

The CLS of the diagonal peaks show a similar oscillatory pattern as the cross-peak.
Moreover, the CLS of the diagonal peaks are reminiscent of what has been reported
for H,O in acetonitrile,[49] for which the CLS decayed on the 50 fs timescale as well
as a recurrence at ~ 200 fs, attributed to underdamped low frequency intermolecular
H-bond stretching.[49] The CLS dynamics of the diagonal peaks of the present study
can be described with the same oscillatory and fast decay dynamics as the cross-
peak, with and additional exponential decay (solid lines in Supplementary Figure
6.10), with the parameters Tosc, Tdamp- and T,y constrained to the values obtained
from the cross-peak dynamics (Supplementary Table 6.7). As such, also frequency-
frequency correlations for the individual vibrational modes are modulated by the

characteristic timescales of water libration and hydrogen bond stretching.

6.7 Fit stability of population fits

In Supplementary Figure 6.12 we show the numerical fit stability of the fits described
in the main manuscript to obtain the H-bond conformation distributions in Figure
6.4d & 6.5¢. Using a discretized 15x15 (D,0) and 12x12 (urea) distribution of H-bond
configurations P(dj,d»), we calculate from these distributions the inhomogeneous
distribution of frequencies (Figure 6.4e & Supplementary Figure 6.12c) using the fre-
quency maps shown in Figure 6.3a and Supplementary Figure 6.16a. We optimize
the P(dy, dy) distributions by minimizing the deviations of the calculated inhomoge-
neous distributions from the experimentally determined inhomogeneous distribu-
tions (Supplementary Tables 6.3 & 6.3). We note that we thereby assume transition
dipoles to be independent of frequency. Due to the large parameter space (225 pa-
rameters for DO and 144 parameters for urea) and due to numerical discretization
errors of the frequency maps, the resulting P(d;,d;) distributions are not uniquely
determined. To estimate the numerical accuracy, we perform these fits ten times,
seeded with random P(d;,d) values. In the main manuscript we show the average
distributions obtained from these 10 fits (Figure 6.4d & 6.5c). The standard devia-
tions within these 10 fits are displayed in Supplementary Figures 6.12a&b. Compar-
ison of the data in Supplementary Figures 6.12a&b to the distributions in Figure 6.4d
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& 6.5¢c shows that the obtained distributions can be determined sufficiently well to
confirm the anticorrelated distributions.

6.7.1 Linear absorption spectra of urea

Supplementary Figure 6.14 shows solvent subtracted linear absorption spectra of
urea in DMSO with varying isotopic composition at ND stretching frequencies. In
the linear absorption spectrum for urea-d4 three peaks are present, the symmetric
stretching vibration (sym) at 2420 cm ™!, the asymmetric stretching vibration (as) at
2560 cm~!, and an additional mode at 2360 cm~!. The 2360 cm~! band has also
been shown to be present in the solid state.[183] For urea-h4 in the solid state a band
adjacent to the N-H stretching band at 3264 cm ™! has been ascribed to a combina-
tion band of the symmetrical NH; deformation and the CO stretching vibration.[184]
However, at N-D stretching frequencies a hypothetical combination band of the ND,
deformation and CO stretching band would be expected at >2600 cm~! and can
therefore not explain the 2360 cm ™! peak.[183] A contribution of ND, deformation
modes is even less likely since there seems to be an approximate linear dependence
of the peak intensity on the urea-d4 concentration, which is expected for ND stretch-
ing but not for ND, deformation modes. The linear dependence of the amplitude of
this mode on the N-D concentration (Supplementary Figure 6.14) points to a Fermi
resonance including a ND stretching vibration, which in turn leads to a distortion
of the line shape of the symmetric stretching mode at 2420 cm~!. Due to this dis-
tortion we do not consider the sym mode in the analysis in the main manuscript. In
Supplementary Figure 6.15 we show the IR spectrum of urea-d4/urea (50% / 50%)
in DMSO measured over a time period of 2 weeks after preparation. The solution
was stored in a glovebox over this time period to avoid uptake of moisture dur-
ing NH/ND exchange. We find a marked change of the IR spectrum during the first
day (different shades of grey). The measured spectrum after two weeks (blue dashed
line) is nearly identical to the spectrum after 1 day (red line). We conclude that the
NH/ND exchange has reached equilibrium after 1 day. Therefore, all samples mea-
sured in this study were prepared at least one day prior to the experiment. The peak
at ~2360 cm~! decreases with isotope exchange. As during exchange the amount
of fully deuterated urea decreases, this observation supports the assignment of the
2360 cm~! peak to a Fermi resonance.
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6.8 Supplementary Figures
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FIGURE 6.6: Normalized IR spectra of D,O (orange symbols) and HOD (green symbols)
in DMF with Gaussian fits (solid black lines). Reproduced from [1].
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Reproduced from [1].
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Reproduced from [1].
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(light green), and asymmetric 7,5 (red) ND stretching modes of urea+4 DMSO as a func-
tion of hydrogen-bond distances d; and d,, as obtained from the harmonic frequencies
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6.8.1 Supplementary Tables

TABLE 6.1: Fitting parameters of the Gaussian fits for the linear spectra displayed in
Supplementary Figure 6.6. DO in DMF was fitted with three Gaussians accounting for
the overtone of the DOD bending mode (6?), the symmetric stretching (sym), and the
asymmetric stretching (as).

D,0 in DMF | D,O in DMF | D,O in DMF | HOD in DMF
(6%) (sym) (as) )
Ig(em™1) 143 79 78 94
Uc(cm™1) 2414 2545 2640 2583
Ag 0.11 0.65 0.95 0.97
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TABLE 6.2: Parameters obtained from fitting Supplementary Eq. 6.1 to the antidiagonal
cuts of the 2D-IR spectra of D,O and HOD in DMFE.

D,0 (sym) antidia- | DO (as) antidia- HOD (I) antidia
gonal at 2538 cm ™! | gonal at 2635 cm™! | gonal at 2552 cm ™!
Agsai (mOD) 0.13 0.10 0.03
Agspi (mOD) -0.08 -0.17 -0.09
Uepsai(cm™1) 2480 2600 2500
s (cm™1) 2530 2630 2560
I Esai(cm™1) 104 471 63.0
I1Gs,i(cm™1) 40.7 471 63.0

TABLE 6.3: Fit parameters obtained from fitting Supplementary Eq. 6.2 to the diagonal
slices of the 2D-IR spectra of D;O and HOD in DMFE.

‘ D,O (sym) diagonal ‘ D,0 (as) diagonal ‘ HOD (I) diagonal

A; mOD -0.07 -0.15 -0.09
#ei(cm™1) 2530 2630 2560
I gsp,(cm 1) 40.7 47.1 63.0
Ii(em™) 20.2 17.5 38.0

TABLE 6.4: Parameters obtained from fitting Supplementary Eq. 6.1 to the antidiagonal
slices of the 2D-IR spectra of urea in DMSO.

urea-d4 (sym) urea-d4 (as) 30% urea-d4 (1)
antidiagonal at | antidiagonal at | antidiagonal at
2423 cm ™! 2576 cm ™! 2470 cm~!
Agsa; (mOD) 0.07 0.30 0.32
Agsg,i (mOD) -0.22 -0.44 -0.57
Tepsai(cm™1) 2390 2540 2420
s, (cm™1) 2420 2570 2470
I Gsgi(cm™1) 23.3 31.5 42.0

TABLE 6.5: Parameters obtained from fitting Supplementary Eq. 6.2 to the antidiagonal
slices of the 2D-IR spectra of urea in DMSO.

urea-d4 (sym) | urea-d4 (as) | 30% urea d-4 (I)
diagonal diagonal diagonal
Aj; (mOD) -0.23 -0.46 -2.68
Uei(cm™1) 2420 2580 2470
I gspi(cm™1) 23 31 42
Igi(em™1) 14.1 16.5 46.9
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TABLE 6.6: Signal decay times obtained from fitting Supplementary Eq. 6.4 to the inte-
grated 2D-IR peaks.

‘ Tsym (PS) ‘ Tas (PS) ‘ Teross (PS) ‘ q (PS)
water | 0.71 £ 0.06 | 0.59 +0.07 | 0.8 = 0.1 0.8 £0.2
urea | 0.83 £ 0.08 09+0.2 1.0+ 0.2 | 0.51+0.02

TABLE 6.7: Parameters obtained from fitting Supplementary Eq. 6.6 to the CLS data of
the cross-peak of D,O in DMF.

Aosc ‘ Tosc (fs) ‘ (P ‘ Tdamp(fs) ‘ Aex ‘ Tex (fs) ‘ CLSoffset
0059 | 310 098] 470 [0049| 50 | o0.021
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7.1 Abstract

Using fluorinated mono-alcohols, in particular hexafluoro-isopropanol (HFIP), as a
solvent can enhance chemical reaction rates in a spectacular manner. Previous work
has shown evidence that this enhancement is related to the hydrogen-bond struc-
ture of these liquids. Here, we investigate the hydrogen-bond dynamics of HFIP
and compare it to that of its non-fluorinated analog, isopropanol. Ultrafast infrared
spectroscopy experiments show that the dynamics of individual hydrogen-bonds is
about twice as slow in HFIP as in isopropanol. Surprisingly, from dielectric spec-
troscopy we find the opposite behavior for the dynamics of hydrogen-bonded clus-
ters: collective rearrangements are 3 times faster in HFIP than in isopropanol. This
difference indicates that the hydrogen-bonded clusters in HFIP are smaller than in
isopropanol. The differences in cluster size can be traced to changes in the hydrogen-
bond donor and acceptor strengths upon fluorination. The smaller cluster size can
boost reaction rates in HFIP by increasing the concentration of reactive, terminal
OH-groups of the clusters, whereas the fast collective dynamics can increase the rate
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of formation of hydrogen-bonds with the reactants. The longer lifetime of the indi-
vidual hydrogen-bonds in HFIP can enhance the stability of the hydrogen-bonded
clusters, and so increase the probability of reactant-solvent hydrogen-bonding.

7.2 Introduction

Fluorinated mono-alcohols, in particular hexafluoro-isopropanol (HFIP), can accel-
erate chemical reactions in spectacular ways, and many reactions take place only in
these solvents [54, 185, 186]. In particular, when compared to its non-fluorinated
analogue, isopropanol, HFIP shows superior performance as a reaction medium
[187]. A well-known example are metal-catalyzed C—H functionalization reactions,
where HFIP has become the most commonly used solvent [54, 185, 188]. HFIP also
effectively stabilizes helical structures in proteins [185, 189]. Unraveling the molec-
ular origins of the “booster effect” [10] of fluorinated alcohols is an active field of
research. The “booster effect” has been suggested to be due to activation of reactants
via solvation/protonation of reactants or stabilization of ionic species/transition
states [185], depending on the chemical reaction. More generally, irrespective of
the specific reaction mechanism, all activation pathways via solvation and proto-
nation are intimately related to the hydrogen-bonding properties of HFIP. Based
on combined ab initio calculations using the B3LYP density functional and NMR
titration and reaction kinetics experiments, Berkessel et al.[10] have shown convinc-
ingly that the hydrogen-bonding properties of HFIP play a crucial role. In partic-
ular, aggregation of HFIP molecules into hydrogen-bonded clusters increases the
hydrogen-bond donor ability of the terminal hydroxyl proton, and reaction-kinetics
experiments show that 2-3 HFIP molecules are involved in the activation of the ox-
idant.[10] Thus, hydrogen-bonded clusters (rather than monomers) are crucial for
the unique catalytic and solvolytic effects of HFIP. Whereas the hydrogen-bonding
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FIGURE 7.1: IR absorption spectra of increasing concentrations (in mol%) of HFIP (red)

and isopropanol (blue) in chloroform. The spectra of the pure isotopically dilute (9D:1H)

alcohols are shown in the inset. Chemical structures of (b) hexafluoroisopropanol (HFIP)
and (c) isopropanol (IP). Reproduced from [2].
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structure and energetics of HFIP has been studied experimentally and computation-
ally,[10, 190-195] little is known about the dynamics of the hydrogen-bonds in fluo-
rinated alcohols. Yet, the dynamics of the HFIP hydrogen-bonds is essential to un-
derstand activation of reactive intermediates via hydrogen-bonding.[196] Here, we
explore the differences in hydrogen-bond dynamics of HFIP and its non-fluorinated
counterpart (isopropanol) by combining ultrafast-infrared and GHz-dielectric spec-
troscopy. These methods provide complementary information on hydrogen-bond
dynamics:[197, 198] time-resolved infrared spectroscopy probes the random orienta-
tional motion of individual OH groups,[11, 199-201] two-dimensional infrared (2D-
IR) spectroscopy probes the distribution and fluctuations of the hydrogen-bonds,
[6, 11, 21, 202-210] and dielectric spectroscopy can track the dynamics of collec-
tive rearrangements, in particular the orientational random motion of hydrogen-
bonded aggregates[211-214]. We find that intermolecular hydrogen-bonds in liquid
HFIP are weaker than in isopropanol. Surprisingly, whereas the hydrogen-bond
fluctuations and the reorientation of individual OH groups (as probed by time-
resolved infrared spectroscopy) are slower in HFIP than in isopropanol, the collec-
tive hydrogen-bond dynamics (probed by dielectric spectroscopy) is significantly
faster. Our results indicate that in HFIP the hydrogen-bonded clusters are smaller
and their collective rearrangements occur much faster than in isopropanol, whereas
the individual hydrogen-bonds, whose dynamics is reflected in individual molecu-
lar re-arrangements, are longer lived. These differences can be explained by the sub-
tle balance between hydrogen-bond donor and acceptor strength: HFIP is a stronger
hydrogen-bond donor, and a weaker hydrogen-bond acceptor, than isopropanol, re-
sulting in shorter, but longer-lived hydrogen-bonded clusters in HFIP. The result-
ing larger number of free hydrogen-bond donor groups in HFIP, which can donate
stronger hydrogen-bonds, can enhance reaction rates observed in HFIP.
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FIGURE 7.2: OD-Stretch anisotropy decay of hexafluoro-isopropanol (red circles) and
isopropanol (cyan diamonds) measured at 2534 cm~! and 2483 cm™!, respectively. The
samples were isotopically diluted (D/H=0.1) to avoid coupling between the molecular
oscillators. The solid lines show a least-squares fit of a single exponential decay to the
data. The inset shows the single-molecule re-orientation probed in these experiments.
The error bars of R(t) correspond to +1 standard deviation, and were estimated from
the covariance matrix of the fitting procedure used to extract the re-orientational func-
tion from the anisotropy measurement. More details on the extraction procedure can be
found in the Supporting Information. Reproduced from [2].

7.3 Results and discussion

To investigate hydrogen-bonding in HFIP and isopropanol we use the OH (or OD)
stretching vibration of the alcohols, which is a sensitive probe of the hydrogen-bond
strength.[215] To avoid excitonic-coupling effects[118, 216] we study isotopically
diluted liquids (HFIP-OD in HFIP-OH, or vice versa). In the inset of Figure 7.1
we show the OH-stretch region of the IR spectra of isotope-diluted HFIP and iso-
propanol (see SI for the OD-stretch spectra). For HFID, the spectrum exhibits weak
peaks at ~3590 cm ! and ~3630 cm ! (OD: ~2650 cm ! and ~2680 cm !, see Fig-
ure S1), which are due to the antiperiplanar and synclinal conformers of the non-
hydrogen-bonded molecules.[190, 217] These non-hydrogen-bonded OH groups in
the liquid are somewhat (~30 cm ') red-shifted as compared to the gas-phase [190],
presumably due to weak interactions with the F atoms,[218, 219] but the OH-stretch
frequency difference between antiperiplanar and synclinal is very similar in the
liquid and gas phase.[190] The intense, red-shifted OH-stretching band centered
at ~3350 cm™! in isopropanol and at ~3420 cm~! in HFIP is due to hydrogen-
bonded OH groups. Since the redshift with respect to the non-hydrogen-bonded fre-
quency is proportional the hydrogen-bond strength,[215] the difference in hydrogen-
bonded OH-stretch frequency between HFIP and isopropanol indicates that HFIP
forms weaker hydrogen-bonds with itself than does isopropanol. To confirm this,
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we record spectra of the two alcohols dissolved in chloroform at increasing con-
centrations (Fig. 7.1). At low concentration, the spectra are dominated by the free
OH peaks (at ~3620 cm™! for isopropanol and ~3570 cm~! and 3600 cm~! for
HFIP). With increasing concentration, isopropanol and HFIP show very different be-
haviour: for isopropanol, already at low concentrations a peak appears at ~3450 cm ™!,
which is due to hydrogen-bonded alcohol clusters,[220] while for HFIP the spectra
are still dominated by the free OH peak even at the highest concentration. Thus,
HFIP forms weaker hydrogen-bonds with itself than does isopropanol. This may
seem counter intuitive, since the “booster effect” of HFIP is believed to be related to
its ability to form strong hydrogen-bonds,[10, 190-194] but below we will see that
there is in fact no contradiction.

To investigate the dynamics of individual hydrogen-bonds, we track the reori-
entation of the OD (or OH) groups in HFIP and isopropanol in real time, using ul-
trafast infrared spectroscopy[21, 118-120, 197, 198, 221]. In the experiments, a short
(~180 fs) infrared pulse excites (“tags”) the stretching mode of a small fraction of
the OD (or OH) bonds of the liquid. The infrared light is polarized, and preferen-
tially excites OD (or OH) bonds that are aligned parallel to the polarization of the
excitation pulse. This results in an anisotropic distribution of excited OD (or OH)
bonds, which can be characterized by the so-called anisotropy parameter R (defined
as R = (AA| — AAL)/ (DA +2AA ), where AA| | are the excitation-induced ab-
sorption changes for light polarized parallel and perpendicular to the excitation po-
larization). The random motion of the OD groups randomizes the anisotropic dis-
tribution, leading to a decay of the anisotropy, and the decay of R directly mirrors
the correlation function of the OD random orientational motion.[21, 197, 198] In fact,
R(t) probes the dynamics of individual OH (or OD) groups.[197, 198]

We obtain R(t) from the polarization-dependent absorption changes of the hy-
drogen-bonded OH (or OD) groups after correcting the data for a small thermal
contribution using a procedure similar to that of ref.[222] (see SI for the details,
Figs. S2-5S6). Figure 7.12 shows the anisotropy decay of the OD groups of HFIP (red
circles) and isopropanol (cyan diamonds), as observed in OD/OH dilute isotopic
mixtures (the arrows in Fig. S1 indicate the frequencies at which the anisotropy de-
cay was measured). The time dependence of R(t) can be well described using a
single-exponential decay, and we find that the decay time is ~ twice as fast in iso-
propanol than in HFIP (a similar result is obtained for isotopically diluted HFIP-OH
in HFIP-OD, see Fig. S7). Thus, despite the weaker hydrogen-bonds in HFIP (see
Fig. 7.1), individual OD groups in HFIP reorient slower than in isopropanol.

The decay of R(t) for hydrogen-bonded liquids can occur via different molecu-
lar mechanisms. At short timescales (< 0.5 ps) inertia-limited motions, such as libra-
tions, can result in a loss of orientational correlation.[223] Our data however show no
evidence for a marked, fast R(t) decay at short times. On longer timescales, molec-
ular reorientation via angular jumps during which OH-groups exchange hydrogen-
bond acceptors together with the rotation of intact hydrogen-bonds - the so-called
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FIGURE 7.3: 2D-IR spectra (parallel pulse polarizations) at 100 fs for the OD-stretch band
of a) isopropanol and b) HFIP (D/H=0.1). The black symbols show the minima of the
bleaching signal at a given excitation frequencies together with a linear fit - the center
line (solid). c) Time-dependent center line slope (CLS) for isopropanol (blue) and HFIP
(red). The CLSs are the inverse slopes of the lines shown in panels a) and b). Symbols
show experimental data and solid lines mono-exponential fits. . The inset illustrates the
hydrogen-bond fluctuations probed by these experiments. Reproduced from [2].

frame orientation - give rise to the decay of the orientational memory.[223] For wa-
ter, the loss of orientational correlation due to the jumps dominates the decay of
R(t) due to the large jump angle, while the frame orientation is somewhat slower.
For alcohols, the orientation of intact hydrogen-bonds is even slower than in water
(see discussion of the dielectric spectra below) and contributions due to the slower
frame orientation to the R(t) decay are very weak.[201] Moreover, due to the fast
decay of the vibrational excitation for our samples on a ~1 ps timescale, which lim-
its our accessible time window for recording the R(t) decays, the ultrafast infrared
experiment is only weakly sensitive to slow dynamics. Hence, the observed decay
of R is dominated by hydrogen-bond exchange dynamics. In this case, the reorienta-
tion dynamics are limited by the availability of potential hydrogen-bond acceptors
to form a new hydrogen-bond after hydrogen-bond breaking, that is, the density of
OH groups.[4, 223, 224] Indeed, liquid HFIP has a lower hydroxyl-group density
(5.7 OH-groups/nm?) than ispropanol (7.9 OH-groups/nm?), which can explain the
slower hydrogen-bond dynamics in the probed time-window. Similarly, steric con-
gestion can also play an important role in slowing down exchange dynamics in HFIP,
similarly to what has been observed in MD simulations of other monohydroxyl al-
cohols.[224] To resolve the exact molecular-level details underlying the detected
orientational dynamics of the OH groups, molecular dynamics simulations would
be required, and we hope that our results will stimulate work in this direction. Ir-
respective of the exact reorientation mechanism, our results indicate that individual
hydrogen-bonds in HFIP, at the ps timescale, are less dynamic than those in iso-
propanol.

We further investigate the dynamics of individual hydrogen-bonds using two-
dimensional infrared (2D-IR) spectroscopy [21] (the description of the experimental
setup is available in ref.[4, 121]). In these pump-probe experiments, we vary the
infrared exciting and probing frequencies, and measure the absorption change as
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a function of both these frequencies [21]. The tilt of the contours (the “center line
slope” or CLS) in the 2D-IR spectrum (Figure 7.3a,b; see Fig. S8 for other waiting
times) shows to what extent the response depends on the excitation frequency, and
the time dependence of this slope (Figure 7.3c) mirrors the correlation function of
the fluctuations in the OD-stretch frequency,[21, 202] and hence of the fluctuations
in the hydrogen-bond length [202]. We find that the slope at time zero is smaller
in isopropanol than in HFIP (0.37 vs 0.55), which implies a more heterogeneous
hydrogen-bond distribution in HFIP as compared to isopropanol [21]. The decay
of the slope in the two liquids (Figure 7.3c) shows that the OD-stretch frequency
fluctuations are somewhat slower in HFIP than in isopropanol (see Table 7.2 for the
time constants; the uncertainties in this table are an underestimate of the actual un-
certainties, since the statistically determined error bars on our data points are much
smaller than the actual errors). These frequency fluctuations are due to breaking
and re-formation of hydrogen-bonds (required for rotation of the OD bonds probed
in the experiment of Fig. 7.12) and fluctuations in hydrogen-bond length and an-
gle.[11] Thus, the CLS dynamics confirm that the hydrogen-bonds in HFIP are less
dynamic than in isopropanol.

To probe the collective dynamics of hydrogen-bonded clusters in HFIP and iso-
propanol, we use dielectric spectroscopy. With this technique the molecular mo-
tion in response to an external, alternating electric field is monitored and the spec-
tra are sensitive to both single and, especially, collective hydrogen-bond dynamics,
thus providing a complementary view of on hydrogen-bond structure and dynam-
ics. [197] It is important to stress that the collective dynamics of supramolecular
structures in alcohols is expected to be significantly slower than the individual re-
orientation of HFIP molecules, as cooperative re-arrangements of more molecules
are required.

The random orientational motions of electrical dipoles (either due to motion of
individual molecules or of clusters) give rise to broad peaks in the dielectric-loss
spectra €’ (w) of a liquid, where the peak frequencies are determined by the char-
acteristic time scales of these motions [225]. In mono-alcohols, the dielectric spectra
in the MHz to GHz frequency region generally contain three distinct peaks. The
two peaks at high frequencies are predominantly due to the fast rearrangements
of individual molecules [226]. The peak at low frequency, despite different inter-
pretations[213, 214, 227-235] is usually associated with the slower, collective rear-
rangements or dipolar cross- correlations arising from supramolecular structures:
as the external electric field induces fluctuations of all molecules at the same time,
the motion of an individual dipolar molecule is affected by both, the varying ex-
ternal field and the motion of dipoles in its direct vicinity (dipole-dipole correla-
tions). As such, the lower-frequency dielectric peak mirrors the average size of
hydrogen-bonded clusters (the lower its frequency, the larger the average cluster
size/ dipole correlations).[213] Figure 7.4 shows the dielectric spectra of HFIP and
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isopropanol. Both spectra can be well described by a combination of three (Debye-
type) peaks, and from a least-squares-fit analysis (shown as the curves in Fig. 7.4;
see SI and Ref. [122-126] for details) we obtain the time constants and amplitudes
associated with each of the three peaks. The time constants are listed in Table 1
(see SI for the amplitudes). The dynamics on fast time scales, characterized by time
constants T» and 13, show the same trend as we observed in the time-resolved in-
frared experiments: both these relaxation times are shorter in isopropanol than in
HFIP, indicating that individual hydrogen-bond rearrangements occur slower in
HFIP than in isopropanol. The 7, and 7, values are of similar magnitude, which
suggests non-diffusive dynamics (in the limit of diffusive reorientational dynam-
ics, the dielectric spectroscopy time should be 3 times slower than the time-resolved
infrared time[236]). Such non-diffusive dynamics could arise from restricted dy-
namics, where the hydrogen-bonded structure imposes constraints on the angular
degrees of freedom of the molecules, impeding reorientations with small angular

increments.

(@ isopropanol (b) HFIP
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FIGURE 7.4: Dielectric-loss spectra of (a) isopropanol and (b) HFIP. Symbols show exper-

imental data, solid lines show fits of a combination of three Debye peaks to the data (see

SI for details). Shaded areas show the contributions of the individual Debye peaks to

the spectrum. The minor offsets in the data at frequencies > 50 GHz are of instrumental

origin due to the use of different coaxial probes and phase instabilities of the external fre-

quency converter (see SI). The inset schematically illustrates the type of process probed
by the low-frequency peak in these experiments. Reproduced from [2].

Whereas the time-resolved infrared and dielectric-spectroscopy experiments both
show that individual hydrogen-bond rearrangements are slower in HFIP than in
isopropanol, we find the opposite behavior for the collective dynamics: the most in-
tense, low-frequency peak in the dielectric spectrum is at a much higher frequency
for HFIP than for isopropanol (light-grey peak in Fig. 7.4), and the associated time
constant 7; is nearly three times shorter for HFIP (Table 1). The shorter 7; time for
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TABLE 7.1: Relaxation times 7; obtained from least-squares fits to the time-resolved in-
frared, center line slopes, and dielectric-spectroscopy data. See SI for details of the data
analysis.

‘ TRIR ‘ 2D-IR ‘ Dielectric spectroscopy

Tor/PS | Taus/ps | m/ps  Tw/ps T/ Pps
isopropanol | 741 |39+04 | 408+5 12.6+0.8 1.7+02
HFIP 14+1|86+£07|140+11 175+£27 24403

the collective motion of HFIP clusters, as opposed to the slower dynamics of indi-
vidual hydrogen-bonds in HFIP as compared to isopropanol, implies less coopera-
tivity in the observed lower-frequency dielectric relaxation. These reduced correla-
tions can be explained by significantly smaller hydrogen-bonded aggregates in HFIP
than in isopropanol. The smaller cluster size is in line with findings for fluorinated
and non-fluorinated tert-butanol [237] and is consistent with the higher strain (and
hence, lower barrier for opening OH: - - O hydrogen-bonds) in small ring-like clus-
ters observed in the gas phase.[195] This difference in cluster size is confirmed by
the larger spectral heterogeneity of the OD-stretch mode in the 2D-IR experiments
(small aggregates have a larger proportion of terminal hydrogen-bonds, which dif-
fer in strength from the hydrogen-bonds in the interior of the aggregate, and this
translates into a broader distribution of OD-stretch frequencies) [11, 220, 238, 239].
Similarly, more heterogeneous hydrogen-bonds giving rise to a broader distribution
of vibrational lifetimes (Fig. S9) [239], and also the enhanced number of non-bonded
OD groups in HFIP (Fig. 7.1) support reduced cluster sizes in HFIP.

7.4 Conclusions

Summarizing, our measurements indicate that compared to isopropanol, HFIP con-
sists of smaller, faster-moving hydrogen-bonded clusters, in which the internal, some-
what weaker hydrogen-bonds are less dynamic. How are these differences between
HFIP and isopropanol related to the difference in chemical activity of these two lig-
uids? The weaker hydrogen-bonds in HFIP as compared to isopropanol may at first
sight appear counter-intuitive, as fluorination of alcohols enhances the hydrogen-
bond donor strength and, often equivalent, acidity [240-242]. However, fluorination
also makes alcohols poorer hydrogen-bond acceptors [241, 242]. Indeed, density
functional theory calculations of hydrogen-bonded dimers suggest that the interac-
tion energy of 2 HFIPs and 2 isopropanols are comparable (see Fig. S10 while tech-
nical details are available in the supporting information and in Refs. [109, 110, 127-
134]), whereas HFIP donating a hydrogen-bond to isopropanol is energetically much
more favorable than isopropanol donating a hydrogen-bond to HFIP (Fig. 510). This
notion is in line with previous NMR titration studies by Berkessel et al.[10]). Berkessel
et al. have shown convincing evidence that the catalytic activity of HFIP is caused
by hydrogen-bonded clusters in this solvent. Interestingly, their calculations show
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that the hydrogen-bond donor capacity of a terminal HFIP molecule in a hydrogen-
bonded cluster increases with cluster size, but that this effect already levels off at
a cluster size of 3; and their chemical-kinetics experiments show that aggregates
of only 2-3 monomers are responsible for the activation of the oxidant.[10] Our re-
sults suggest that HFIP consists of many small hydrogen-bonded clusters, which
are sufficiently large and have a sufficiently long lifetime to efficiently boost chemi-
cal conversions, yet sufficiently small (smaller than in isopropanol) to posses a large
number of available active terminal sites which can donate a hydrogen-bond to a
reactant molecule.

These active terminal OH groups of HFIP can efficiently enhance chemical reac-
tion rates by activating reactants via strong hydrogen-bond donation. The hydrogen-
bonds donated to reactants by HFIP are in fact stronger than those donated by iso-
propanol, as we demonstrate for the hydrogen-bonds between the alcohols and the
model reactant diethylether in chloroform solution, see Figure 7.5. The infrared spec-
tra of 1mol % HFIP or isopropanol are dominated by the non-hydrogen-bonded
OH stretching bands at ~3600cm~!. Upon addition of the hydrogen-bond accep-
tor diethylether, the OH stretching bands of hydrogen-bonded OH- - - OEt; groups
emerge at lower frequency: at ~3450 cm™~! for isopropanol and ~3200 cm~! for
HFIP, where the reversal in the hydrogen-bonded peak order with respect to Figure
1 (inset) should be noted. This marked difference in hydrogen-bonded OH-stretch
frequencies shows that HFIP forms much stronger hydrogen-bonds to ether than
does isopropanol. The difference in hydrogen-bond strength is further evidenced
by the spectral amplitudes: non-bonded OH groups nearly fully vanish at 10 mol%
diethylether for HFIP, while a large fraction of non-bonded OH groups are present
for isopropanol (Fig. S11a). To quantify the binding strengths, we determine the de-
gree of association from the spectral amplitudes as function of diethylether content
(Fig. S11b—c, see SI for details). The data in Fig. S11c can be described by bimolecular

association [243] with association constants Kass(IP) = 0.8 -L; and K,es(HFIP) = 3.9

L
mol”

gest about two times stronger hydrogen-bonding of HFIP to diethylether as com-

qualitatively consistent with DFT calculations (Fig. S10). Our experiments sug-

pared to isopropanol.

Our spectroscopic results demonstrate that this subtle balance between the donor
and acceptor strength results in less extended hydrogen-bonding in HFIP. As a con-
sequence, (1) at ambient temperature the concentration of terminal (i.e., reactive,
hydrogen-bond donating[10]) OH groups is larger in neat HFIP than in isopropanol;
(2) due to the faster collective dynamics (i.e., the re-orientation of aggregates as a
whole), these reactive terminal OH groups have a higher frequency of encounters
with the reactant molecules; (3) the hydrogen-bonds within HFIP clusters are less
dynamic (as evidenced from the slower OH-reorientation and CLS dynamics); fi-
nally, (4) the terminal OH groups of the HFIP clusters can donate strong hydrogen-
bonds to the reactants. The latter can be seen from the linear absorption spectra and
the DFT calculated hydrogen-bond strengths between the alcohols and diethylether,
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FIGURE 7.5: IR absorption spectra of mixed solutions in CHCl3, containing 5 mol% Et,O
and 1 mol% HFIP or isopropanol. Note the reverse order of the OH- - - OEt; hydrogen-

bonded OH-stretch peaks of HFIP and isopropanol as compared to hydrogen-bonded
peaks in the pure liquids, shown in the inset of Figure 1. Reproduced from [2].

which serves as a proxy for a large class of reactants.[10]

Thus, together with the structural booster effects reported by Berkessel et al.[10],
our dynamical results complement the understanding of the enhanced reactivity in
the solvent HFIP as compared to conventional alcohols such as isopropanol.
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7.6 Supporting Information

7.6.1 Fit parameters obtained from the dielectric spectra

The dielectric spectra can be well described by a combination of three (Debye-type)
peaks, and from a least-squares-fit analysis using the fit function

3
oy 7.1
]Z 1+ 12711/1'] te (7.1)

where Ag; are the relaxation strengths, 7; the relaxation times, and ¢ is the high
frequency limit of the permittivity. All fits were performed by minimizing the sum
of the squared deviations on a logarithmic scale and error bars were obtained from
the standard deviations of fitting at least six independently recorded spectra. The
obtained fit parameters are listed in Table S1. While 7; identifies the characteristic
timescale of a relaxation mode, Ag; is proportional to the number of dipoles reorien-
tating at 7;. The obtained fitting parameters are reported in Table 7.2.
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TABLE 7.2: Fit parameters obtained from fitting eq. 1 to the experimental permittivity
spectra: relaxation amplitudes A¢;; relaxation times 7j, and infinite frequency permittiv-
ity, €co.

‘ isopropanol HFIP

Aeq 16.65 +0.06 13.66 £ 0.36
71/ ps | 408 £5 140 + 11
JAY:D) 0.75+£006 22402

T /ps|126+08 175+27
Ae3 0.70+£0.05 098=£0.13
/ps | 17+£02 24+03

€00 243+£0.03 217£0.05

7.6.2 Infrared absorption spectra of HFIP and isopropanol

Figure 7.6 shows the linear absorption spectra of OD/OH isotope-diluted isopropanol
and HFIP. The OD-stretching band of HFIP is located at a higher frequency with re-
spect to isopropanol. The small peaks at high frequencies have been assigned pre-
viously to free OH-groups[190, 217] of different conformers. The arrows indicate
the frequencies at which we measured the single-molecule reorientation dynamics

of HFIP and isopropanol.
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FIGURE 7.6: IR absorption spectra of isotope diluted (OD/OH=0.1) HFIP (red solid line)
and isopropanol (blue solid line). The arrows indicate the central frequency of the broad-
band pulses used to measure the anisotropy decay. Reproduced from [2].

7.6.3 Analysis of transient absorption spectra to obtain the ani-sotropy

The rotational anisotropy is extracted starting from the parallel and perpendicular
components of the transient absorption signal Ax|| and Aa |

A(XH — ADCJ_

= 7.2
AD{H—FZA(XL ( )
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FIGURE 7.7: (a) Energy level diagram of the model that describes the vibrational relax-
ation of the OD stretch vibration of HFIP. (b) Isotropic absorption change as a function
of frequency at different pump-probe delays. (c) Isotropic absorption change as a func-
tion of pump-probe delay at fixed frequencies. The curves in (b,c) show the result of
the global-fitting procedure. (d) Spectral components of the vibrational levels extracted
from the global fit. The red curve represents the hot ground state. Reproduced from [2].

The denominator of R is the isotropic signal

ADCH + 2An |

. (7.3)

Awjso =
Aujs, is independent of molecular reorientation and purely reflects the relaxation of
the vibrational excitation and the subsequent thermalization. Heating effects pro-
duced by the pump pulse give rise to an additional small contribution to the tran-
sient absorption, and as a consequence the anisotropy cannot be obtained directly
from A |, but only after subtracting such thermal contribution, a correction proce-
dure that is described in detail in refs.[222, 244]
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Vibrational relaxation

The vibrational dynamics of the excited OD vibration of isotopically diluted mix-
tures of both HFIP and isopropanol has been modeled as a multi-step decay process,
see Fig. 7.7(a). The first excited state decays first to an intermediate state, and fi-
nally, passing through an additional state, relaxes to a hot ground state. Modeling
the data with only 1 intermediate state could not reproduce the data well. The time-
dependent populations in this model are determined by the differential equations:

d

ENi(t) = kiiNj(t) (7.4)

where N;(t) is the population, t is the delay between the pump and probe pulse, and
kij are the relaxation rates defined by the kinetic model, in this case given by

K 0 0 0
K —k

S (7.5)
0 +ky —k3 O
0 0 +ks O

where k; and ky, k3 are the decay rates of each state. Each vibrational state is char-
acterized by a transient absorption spectrum ¢;(w), and the total time-dependent

isotropic absorption change is

N
Awiso(t,w) =) 0i(w)Ni(t) (7.6)

i=1
where N is the total number of vibrational levels. The spectral components and
the decay rates are finally obtained via a global least-squares fitting procedure on a

weighted x2:

xperimental 2
=/ (A"‘?sope ) a(ffw>—A“??5C(t'w)> deodt (7.7)

o(t, w)

Fig. 7.7-(b) and (c) show the isotropic absorption change for HFIP, along with the ob-
tained fitting curve. An excellent agreement between the experimental data and the
model can be clearly observed. Fig. 7.7-(d) shows the spectral components of each
excited states along with the characteristic lifetime. Similar results were obtained for
isopropanol, see Fig. 7.8.

Table S2 lists the decay rates obtained from the global least-squares fits for HFIP
and isopropanol. The excited-state decay rate Ty = 1/k; is similar for the OD-
vibration of HFIP and isopropanol and for the latter our value is in good agreement
with the value of 0.990 ps reported previously.[11]
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FIGURE 7.8: (a) Isotropic absorption change of the OD-stretch of isopropanol as a func-

tion of frequency at different pump-probe delays. The dashed lines are the curves ob-

tained from the fitting procedure (b) Spectral components of the vibrational levels ex-

tracted from the fitting procedure. The red curve represents the hot ground state. Repro-
duced from [2].

TABLE 7.3: Time constants T; = 1/k; associated to the vibrational dynamics of the OD-
stretch mode of isopropanol and HFIP.

Vibrational dynamics
T / ps /ps  T3/ps
isopropanol 1.0+ 0.20 112401 2084+0.2
HFIP 0.84+0.2 20+01 126+0.1
0.00 Parallel component HFIP 0.00 Perpendicular component HFIP —
e
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FIGURE 7.9: (a) Parallel (a)|) and (b) perpendicular («, ) components of the absorption

change measured in isotope diluted HFIP (D/H=0.1). The markers show the experimen-

tal data while the solid lines are the curves obtained by minimizing Eq. 7.11. Reproduced
from [2].

Reorientation dynamics

The analysis of the isotropic transient absorption can be used to analyze the reori-
entational dynamics and, in particular, to subtract the heating contribution from the
AA) L signals. We use a procedure similar to that of refs.[222, 244]. The parallel
and perpendicular components of the transient absorption signal can be expressed
in terms of R(t) (see Eq. 7.2), and using Eq. 7.6, we have

AIXH = %[1 + 2R<t>]Ni(t)0'i(w) (78)

1
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and
N

Ay =) [1—R(H]N;(t)oi(w) (7.9)

1

where R(t) is the time-dependent OH-anisotropy, which we model as
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FIGURE 7.10: (a) Parallel (ocH) and (b) perpendicular (« ) components of the absorption

change measured in isotope diluted isopropanol (D/H=0.1). The markers show the ex-

perimental data while the solid lines are the curves obtained by minimizing Eq. 7.11.
Reproduced from [2].

R(t) = Ae /T, (7.10)

where 7, is the characteristic timescale of the OH-reorientation dynamics. A and o,
are obtained by least-squares-fitting the parallel and perpendicular components via
Egs. 7.8 and 7.9 to the experimental data, specifically, by minimizing the function

) Sy (t, @) — TN+ 2RI Ny ()i (w) \
/I )

all(t, w)

(7.11)

. <5m(t,w) yN- RdM(tww))z]dwazt.

o (t, w)

In the fitting procedure, both the spectral components ¢;(w) and the population
kinetics N;(t) are fixed to the values found from the analysis of the isotropic sig-
nal. The fits were performed in a frequency range centered at the bleach maximum,
where the absorption change is largest. Examples of fitted parallel and perpendicu-
lar transient absorption signal are shown in Figures 7.9 and 7.10. Figure 7.11 shows
the anisotropy that would be obtained from the uncorrected AA|| |, together with a
calculated reconstruction of this data using the parameters obtained from the above
global least-squares fit. This shows that even without correcting for thermal effects,
a similar difference in dynamics between HFIP and isopropanol is observed as in
Figure 2 of the main text.

The time-dependent anisotropy of HFIP and isopropanol (the experimental data
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FIGURE 7.11: Total anisotropy as a function of delay time for HFIP and isopropanol

isotope diluted solutions (D/H=0.1) at 2534 cm ™! and 2483 cm ! respectively. The solid

lines are fits to the experimental data via the model described in the supplementary

information. The inset reports the first 2.5 ps of the anisotropy decay without further
processing. Reproduced from [2].

shown in Fig. 2 of the main text) were obtained by subtracting the thermal compo-
nents obtained from the analysis described above from the experimental data:

A" (1, w) = A (t, @) = [(1+ 2Rk (1)) onc (w) Nug (1] (7.12)

A (t,w) = Aw (t,w) — [(1 — Ryg(t))onc(w)Nug(t)] (7.13)

where Ryg, onc(w) and Ny (t) are anisotropy, spectral component and population
dynamics of the hot ground state. Finally, the time-dependent anisotropy is obtained

as
Ancorr — Aocj‘_’”
R(t) = —1 .
Ao + 280

(7.14)

7.6.4 Dynamics of isotopically diluted OH-groups

The reorientational dynamics of isopropanol and HFIP was also investigated in the
inverted mix, that is, diluted HFIP-OH (isopropanol-OH) in HFIP-OD (isopropanol-
OD). We used a dilution H/D=0.1. The anisotropy decays of the two molecules,
extracted using the procedure detailed in the previous sections, show an analogous
trend as observed in Fig. 2 of the main text. The obtained 7°' are in quantitative
agreement with the results obtained in D/H=0.1 solutions (see table below)
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FIGURE 7.12: OH-Stretch anisotropy decay of hexafluoro-isopropanol (violet diamonds)
and isopropanol (gray circles) measured at 3438 cm~! and 3350 cm ™! respectively, i.e.,
at the center of the OH-stretch absorption band. The samples were isotopically diluted
(H/D=0.1) to avoid coupling between the molecular oscillators. The solid lines show a
least-squares fit of a single exponential decay to the data. Reproduced from [2].

TABLE 7.4: Relaxation times 7o obtained from least-squares fits to the time-resolved
infrared data measured on H/D=0.1 isotope diluted solutions.

OH-stretch anisotropy

Tor/ ps

isopropanol 7+1
HFIP 13.5+1.6
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FIGURE 7.13: Additional 2D-IR spectra at different waiting times in < ZZZZ > polar-

ization (parallel) of a-h) isopropanol and j-o) HFIP with an isotope ratio D:H of 1:9. The

minima parallel to the probe axis (center line points) are indicated with black symbols
and the center line is displayed as solid line. Reproduced from [2].

7.6.5 Two-Dimensional Infrared Spectroscopy
Decay time maps

To explore frequency dependent vibrational relaxation dynamics in the alcohols we
calculated decay time maps shown in Figure 7.14.[210] For this we integrated a 5x5
pixel grid for each pixel, and fit the decay of the integrated signal (from 250 fs to 2500
fs to exclude fast dynamics) with an monoexponential decay relaxing to a heated
ground state[6] and display the decay times as a color map. We note that this ap-
proach neglects spectral diffusion dynamics, and spectral diffusion - as measured
by the CLS dynamics (see main text) - will result in an apparent heterogeneity of the
decay times. In this analysis we exclude pixels in the decay time maps that have less
than 10% of the minimum signal at 250 fs waiting time as well as pixels with poor fit
quality (r? < 0.8). Both HFIP and isopropanol show apparent frequency dependent
vibrational lifetimes. Despite the slower spectral diffusion that should lead to less
apparent lifetime heterogeneity (see Figure 3 of the main manuscript), HFIP shows
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FIGURE 7.14: 2D-IR spectra at Ty, = 100 fs in < ZZZZ > polarization (parallel) of a)
isopropanol and b) HFIP with an isotope ratio D:H of 1:9 (contour plot). Decay time
maps are displayed as a color map. Reproduced from [2].

more inhomogeneous decay times than isopropanol (standard deviation of the de-
cay times for isopropanol: 300 fs and HFIP 400 fs). The more pronounced hetero-
geneity is also consistent with a higher amplitude of the intermediate state in figure
7.8. The more pronounced heterogeneity of decay times in HFIP than in isopropanol
can also be explained by a larger contribution of terminal OD groups of hydrogen-
bonded HFIP chains than for isopropanol chains: Non-bonded, terminal OD groups
(B) have a blue-shifted OD(OH) stretch frequency and do therefore not contribute
to the main hydrogen-bonded IR bands (see SI Fig 7.6), however hydrogen-bonded
molecules at the end () of hydrogen-bonded chains are spectrally less shifted than
OD groups in the middle () of the chains as well as branching molecules (¢€).[11,
238] These different subspecies therefore contribute to inhomogeneous broadening
of the main, hydrogen-bonded OD peak. The ratio of these subspecies is linked to
the size of the aggregates: longer chains are dominated by 6, while short chains have
significant contributions from 7y and more branched chains from € and y motifs. The
vibrational lifetimes of these different species have been suggested to differ.[11, 238,
239] As such, different hydrogen-bonded chain lengths will results in differing het-
erogeneities in the signal decay times: The more heterogeneous decay times for HFIP
support the notion that HFIP forms smaller clusters than isopropanol.

7.6.6 Hydrogen-bonding energies from DFT calculations

To computationally asses the differences in hydrogen-bond donor and acceptor

strengths, we calculated the interaction energies of hydrogen-bonded dimers us-
ing DFT. Note that these energies are solely based on the electronic single point en-
ergies (see below for Cartesian coordinates and single point energies) and are not
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corrected for zero point energies, vibrational, or entropic terms. As such, these cal-
culations merely serve for qualitative comparison of trends in the hydrogen-bond
donor and acceptor abilities of the alcohols. As apparent from these calculations
in Figure 7.15, the hydrogen-bonding energies between two isopropanol and two
HFIP molecules are comparable. These similar interaction energies are, however, a
result of HFIP being a poorer hydrogen-bond donor (reduced interaction energy for
isopropanol donating a hydrogen-bond to HFIP) and the enhanced hydrogen-bond
donor strength (enhanced interaction energy of HFIP donating a hydrogen-bond to
isopropanol) relative to isopropanol-isopropanol hydrogen-bonding. The enhanced
hydrogen-bond donor strength of HFIP relative to isopropanol is further illustrated
by the more favorable interaction with diethylether (Figure 7.15).

IP > IP (-14.5 kJ/mol) HFIP > HFIP (-15.3 kJ/mol)

i S

IP = HFIP (-7.2 kJ/mol) HFIP = IP (-29.4 kJ/mol)

W F

IP - Et,0 (-11.8 kJ/mol) HFIP - Et,O (-24.5 kJ/mol)

3 S -

FIGURE 7.15: DFT-optimized geometries of hydrogen-bonded dimers of isopropanol

(IP) and hexafluoroisopropanol (HFIP). Top row: homo-dimers; center row: hetero-

dimers; bottom row: alcohol-diethylether dimers. Arrows indicate hydrogen-bond do-

nation. Energies in parentheses refer to interaction energies as obtained from the DFT
calculations (see text). Reproduced from [2].
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7.6.7 Association constants obtained from linear IR spectra
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FIGURE 7.16: a) IR absorption spectra of 1 mol% HFIP (red)/isopropanol (blue) (IP) in
chloroform with increasing amounts of diethylether as hydrogen-bond acceptor. Data

show spectra with a scaled solvent background subtracted. b) Plot of ;HFH’/ IP g AHFIP/I
comp.

lex Acomplex

with a linear regression according to equation 7.19 to obtain extinction coefficients. c)

Degree of association as a function of diethylether concentration. Symbols show data

extracted from spectral amplitudes and solid lines show fits with the bimolecular asso-
ciation model (Equation 7.15). Reproduced from [2].

Figure 1 in the main manuscript shows linear absorption spectra of HFIP (blue)
and isopropanol (red) at 1, 2, 5, and 10 mol% in chloroform. For HFIP we observe a
peak at 3600 cm !, which corresponds to the free OH peak. At higher HFIP concen-
trations a red shifted shoulder appears at about 3400 cm ™!, that is likely caused by
self association of HFIP molecules. For low concentrations of isopropanol the spec-
trum is also dominated by the free OH peak at about 3615 cm ™! but with increasing
concentration a bonded peak at about 3400 cm~! grows in. Together the spectra
show that self association is much more favourable for isopropanol compared to
HFIP, where even at 10 mol% the free form still dominates. This can be explained
with HFIP being a much weaker hydrogen bond acceptor.

To quantify the hydrogen-bonding of the alcohols to a representative interac-
tion motif of a reactant we measured linear absorption spectra of HFIP and iso-
propanol with increasing concentrations of diehylether dissolved in chloroform (see
Figure 7.16). From these spectra we calculate the association constants for alcohol-
diethylether association using a bimolecular association model (Equation 7.15).[243]

[complex]
[HFIP/IP][Et;0]

Kass = (715)

with the association constant K,ss, the equilibrium concentration of the alcohol-
diethylether complex [complex] and the equilibrium concentrations of the free alco-
hol, [HFIP/IP], and free diethylether [E+;O]. To relate the measured absorption A
(average absorption for HFIP bonded: 3100-3500 cm !, HFIP free: 3520-3630 cm™?,
IP bonded: 3300-3570 cm~! and IP free: 3570-3640 cm™~!) to the concentrations of
free and complexed forms we use Beer-Lamberts law (see Equation 7.16 and 7.17).

Anrp/ip = €nripytp - [HFIP/IP] -d (7.16)

Acomplex = €complex ° [Complex] -d (7.17)
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with the sample thickness d = 200 ym. To obtain the extinction coefficients
€nrrp/1p and €complex We substitute Equation 7.16 and 7.17 into the relation for the
total alcohol concentration ¥z sip Equation 7.18. To determine the total alcohol

concentration we assume ideal mixing (volumes).

ctiewp e = [HFIP/IP) + [complex] (7.18)
yielding Equation 7.19:
COHFIP/IP - 1 AHFIP/1P 1 (7.19)

Acomplex €HFIP/IP d Acomplex €complex d

. . o} A . . .
From linear regression of ;™4 vs 7 (Figure 7.16 b) we obtain the extinc-

complex Acomplex

tion coefficients from the slope and the intercept. Using these extinction coefficients

we determine the equilibrium concentrations of free and complex species at each
concentration.
To finally obtain the association constants K,ss we plot the degree of association
« (see Equation 7.20) vs concentration of diethylether C%tzo
o« = 7[‘:8’”’9 fex] (7.20)
CHFIP/IP
and fit

1 0 0 / 0
T KO ( Kass - Caprp/ip + Kass * Cp0 +1 =/ Kiss - Chiprp1p”

ass * CHFIP /1P (7.21)

_oKg2 .0 .9 .0 2 .0 2 .0
2K3ss * Cripp/1p * CEt0 T 2Kass * Ciyprp1p + Kiss * CRry0” 1 2Kass CEtZO+1>

which is based on Equation 7.15 and 7.20 and mass conservation (Figure 7.16 c).
Form these fits we obtain the association constants K,ss (IP) = 0.8 m%)l and K,ss(HFIP) =
39 L,

mol

7.6.8 Optimized Cartesian coordinates obtained from DFT calculations

IP-IP dimer

IP-IP

FINAL SINGLE POINT ENERGY -388.619213507818
C -0.69936655532737 1.07606519496207 -0.09622805530488
C 0.78489238171738 0.78701168794454 0.08863420740594
0 -1.17523930493686 1.64926212534575 1.13277625415041
C -1.49584653205521 -0.17617820716148 -0.46562742101847
H -0.81645985887085 1.81749659548525 -0.89997331556071
H 0.93331541099217 0.05916807360746 0.89294664251117
H 1.32607145813287 1.70118978945119 0.34664669194275
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H 1.21496765119488 0.37860536811464 -0.83005720698014
H -1.38941247255697 -0.93876832040834 0.31266098161560
H -1.14046575081378 -0.59492155215849 -1.41254600109740
H -2.55871917584989 0.05740624042420 -0.57784475242920
H -2.09959694170397 1.93541205123738 1.01310227694594
0 -3.89858205355720 2.48066447641060 0.91871533713185
C -4.31674114241165 3.85084108447949 1.15181847999359
H -4.06964197452041 4.10940144594221 2.18941444390774
C -5.82118839086317 3.99094319468466 0.94360189222126
C -3.50140891262995 4.72443638936233 0.21057195296744
H -4.43240645881561 1.89763218462825 1.47292799451798
H -2.43108526313231 4.58263320480761 0.37917284726004
H -3.73832466946646 5.77851512493960 0.37665226104833
H -3.72695117020319 4.47899958186183 -0.83173899162535
H -6.37321795739653 3.32777166183926 1.61735829909176
H -6.09184431721580 3.74358451443778 -0.08738496173769
H -6.13922799970997 5.01711808976205 1.14985014304201

IP-IP constrained

FINAL SINGLE POINT ENERGY -388.613688137588
C 23.83564628933190 -10.60939752523594 -1.94286903133818
C 25.24203896463911 -11.18022184729525 -1.83109662529407
0 23.48054199700651 -10.12321417956266 -0.63018392250014
C 22.81808815915103 -11.63422355679222 -2.43893150782209
H 23.85061307224656 -9.75741372991140 -2.63656425996759
H 25.25686695623476 -12.02584744031881 -1.13635990665671
H 25.93916328083676 -10.42072881853356 -1.46798253692323
H 25.58970476082298 -11.52857389035100 -2.80730230745933
H 22.79020451173745 -12.50147205111321 -1.77186669429012
H 23.07786779858375 -11.97739303263983 -3.44497505242807
H 21.81480723074515 -11.19804162169246 -2.48210582075359
H 22.58733729363151 -9.76168574600163 -0.67124943481967
0 -3.68667892146827 2.53241767247209 0.70289070928730
C -4.19773555119415 3.83115369196195 1.07383947174472
H -3.79945422932807 4.09109211249886 2.06433291703520
C -5.72320358186750 3.81750414319126 1.14049981242012
C -3.65941348807919 4.81983923961759 0.04964694935222
H -4.00553572852136 1.88628991360863 1.34401435379321
H -2.56683360699579 4.79698607256706 0.02877279022294
H -3.97815821848831 5.83586381409042 0.29720094489766
H -4.03147761240843 4.57426424320252 -0.94992661123641
H -6.07497711131860 3.07786269888089 1.86701024792149
H -6.14742511335334 3.57091885645821 0.16223775906279
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F 17.88803958975570 -17.24369399020625 0.26462207426217
H 15.51358921612790 -18.89867317632465 -0.81793338694576
0 -3.28265382108453 3.33074035943092 -0.40039175122118
C -3.79425635788471 3.97764497720586 0.73273749649698
H -3.69920877253608 5.06662610457327 0.68172241023811
C -2.95440447135381 3.52196046211452 1.93983530229162
C -5.30242537346299 3.67280598914801 0.86678540470443
H -3.22780961276004 3.956619925311973 -1.13289457762644
F -5.93040178376661 4.07204779590755 -0.25927710573135
F -5.86385718813287 4.33189141707142 1.89861874525800
F -5.55860834532717 2.36299590348052 1.02709122574296
F -1.67834356139069 3.92349518661698 1.77595852266438
F -2.94120783147716 2.18548956111795 2.08463635780277
F -3.40324821787847 4.05672060080689 3.09149975048330
IP-HFIP dimer
IP-HFIP
FINAL SINGLE POINT ENERGY -984.065846174991
C -0.62312235970652 0.93413311682941 -0.27364869632303
0.72737444781040 0.26613123131461 -0.05488346468402
-0.91593619136553 1.68379426831313 0.92230562160235
-1.73392955223948 -0.07016725313557 -0.57666592512935
-0.54048369915374 1.63660237683560 -1.11470262451543

0.67367704561888
1.49510577611466
1.03111961366623

-1.
-1.
-2.
-1

83148634849827
51558602710336
69433334751510

.76342299808901
.55130029193381
.44783959685349
.87925717313574
.62265168687856
.67096107919406
.54228610061780
.73197843396281
.47203205224778
.04559698639423
.24039001347196
.22195064951639
.53921229533193

-0.43792734279000
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.13655676153342
.98446215537848
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.70741307432043
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.28461409745497
.49251445488176
.72420905036992
.49364334858467
.59204255546824
.45061774724610
.41433524160899
.13705914367982
.70315273720056
.27531921599378
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IP-HFIP constrained

FINAL SINGLE POINT ENERGY
18.
19.
17.
17.
18.
19.
20.
20.
17.
18.
17.
.82786657688522
.14858415552753
.45173303456334
.14678819829733
.99841378449443
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.15450966961653
.01747184150117
.61267574204974
.53556474318125
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.28211582502623
.28095269016048
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02718053443264

HFIP-IP dimer

HFIP-IP
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-19.42412162803238 -4.51059845383638
-17.70974913526479 -5.29659337749148
-18.42315049813787 -2.34897018503560
-17.09129367680191 -3.21736732598181
-18.77078538256839 -3.66978982324911
-19.79992479605318 -3.55517580906032
-20.14596255338650 -4.90706329835559
-19.36285735936337 -5.21509241023411
-17.05035828238127 -4.44790750669768
3.86429709795134 1.79854926867189
4.20984477091422 1.41535784812217
4.24896162052245 2.25921063840686
3.14377113993957 0.44138412504636
5.63015192488101 0.81845283210095
3.52824617351991 2.70262935929274
6.50475280723089 1.76749288890614
6.02617535347456 0.37189346784774
5.73356816300788 -0.20141217358070
1.93366907037810 1.03534686029074
3.06240812613931 -0.69404522910445
3.37939540545522 0.10423552107085
-984.074369320203
0.87947977561398 -0.05793176721708
1.32056531586787 -0.27963943023953
1.29316616676160 1.21131067489145
-0.64410186314144 -0.20413703365644
1.34429515120168 -0.85883917051827
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2.66702249432425
0.92125635795811
-1.36381530261830
-1.07540151702637
-0.94507621227480
1.77076320158340

0.66532554778780
-0.24774066792434
-1.47764847171889

0.63996024826185
-1.45583500718414
0.06206794869141
1.14860012076108
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.20809770743792
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HFIP-IP constrained
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.58811047384026
.26412794203553
.78068318856447
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.63250914776136
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.59799730755885
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.67383198879833
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0.70689214985591
0.54300578404576
0.09193440168843
1.88954777002259

.42538249333270
.31069701832332
.37356480626967
.62726600495812
.00264879591203

2.57096710096078
2.35621751252948
1.76056710720519
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IP-Et20 constrained
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H -2.80023274921429 0.87232866469991 3.11078475079322
H -3.18353119966985 3.06980595902708 -1.10165796548423
H -3.92247873706430 3.12003496921269 3.03919231736734
H -4.11559458815354 4.22306158070415 0.92753309655387
C -3.87826768844083 0.96653512461688 3.26702196570221
C -4.40885461856761 2.23000736277459 2.61358408656072
0 -4.15031303487748 2.17122131547458 1.21171551239207
C -4.26284316725546 3.17514475824749 -0.96242752295291
C -4.60091337774186 3.32877976424257 0.50971237694625
H -4.06799677832664 0.99396831014359 4.34384675010344
H -4.59740081052715 4.05570229830867 -1.51815774930267
H -4.36799872273303 0.08019514616143 2.85478131835162
H -4.75509384261100 2.29486939924267 -1.38451528545109
H -5.49089206334030 2.33049831798668 2.78378670367568
H -5.68573324377635 3.44456605817175 0.64984051231763

HFIP-Et,O dimer

HFIP-Et20
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.62849356062472
.32609027581570
.17198193080793
.56441052740530
.02493245231767
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-1.76914961196024
-5.25485566149292
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-5.72529003738183

HFIP-Et20 constrained
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Chapter 8

Deciphering Spectroscopic
Signatures of Competing Ca** -
Peptide Interactions
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C.SK. analyzed and interpreted the spectroscopic data. J.S. performed the DFT cal-
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simulations. Y.N. and L.G. evaluated the simulation data. All authors discussed
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8.1 Abstract

Calcium-protein interactions are of paramount importance in biochemistry. They
are a key element in a number of biological processes, such as neuronal signaling.
Therefore, an understanding of the interaction at the molecular level is highly de-
sirable. Here, we study the zwitterionic model peptide L-alanyl-L-alanine (2Ala),
which has two distinct and competing binding sites for Ca?*: The carbonyl of the
peptide bond and the C-terminus, the carboxylate group. We perform linear and
two-dimensional IR spectroscopy experiments and find that the spectroscopic sig-
natures of both moieties in the IR spectra change in amplitude and peak position
upon the addition of CaCl,: A blueshift of the asymmetric carboxylate band and a
redshift for the amide I mode. Ab initio molecular dynamics simulations confirm
the direct interaction of the Ca?* ion at both the carboxylate and the amide CO site
leading to different spectral responses. The blueshift of the asymmetric carboxylate
band is caused by a localization of the charge, leading to a decoupling of the CO
stretching modes of the carboxylate group. The slight redshift of the amide I mode



106 Chapter 8. Deciphering Spectroscopic Signatures...

of 2Ala upon the addition of CaCl, contrasts the blueshift that has been observed for
isolated amide motifs, such as N-methylacetamide (NMA). This difference is caused
by the lower amount of water molecules being replaced by the Ca?" ion for 2Ala’s
amide compared to less sterically hindered, isolated amide carbonyls, in conjunction
with vibrational Stark effects. Our results highlight the importance of considering
potential competing binding sites, such as the amide CO backbone, the termini and
residues, as well as the nature of the hydration of both peptide and ion, when ex-
ploring ions’ interacting with small peptides and larger proteins.

8.2 Introduction

Since the seminal work by Hofmeister in 1888[62] the interaction of ions with pep-
tides and proteins in solution has been intensively studied. [4, 63, 65, 68, 69, 72,
125, 245-254] Among cations, bivalent cations have been shown to markedly inter-
act with proteins and peptides.[72] Protein-cation interactions are utilized by nature
in a plethora of biochemical processes, such as in signaling by ions or metal ions as
enzymatic cofactors. [74-76] In particular, the ubiquitous divalent cation Ca?* plays
an important role in many biologically relevant processes.[255] Calcium ions bind
to proteins, causing them to change in their three-dimensional structure. This al-
teration in protein conformation indirectly regulates cellular processes by affecting
protein function, which is crucial for signaling pathways.[255, 256]

To understand the effect of Ca?" on the conformation of proteins,[256] it is quintessen-
tial to understand the interaction of Ca?" with proteins on a molecular level. How-
ever, the molecular details of such ion-protein interactions in aqueous environments
are highly complex. These interactions involve pair-wise ion-peptide interactions
and competing interaction with the solvent water (i.e., the hydration of the ion and
the peptide). [257]

Vibrational spectroscopies have offered valuable insights into ion-protein interac-
tions at elevated salt concentrations since the amide I (CO) vibration of the pep-
tide/protein backbone has been shown to sensitively report on variations in its di-
rect vicinity, such as binding of ions. [4, 68, 210, 254, 258] The vibrational response
of amides or ketones in the presence of salts has indicated negligible[72, 259] or very
moderate[4, 71, 260] effects of monovalent anions and cations on the CO moiety.
Similarly, the CO groups of lipids have been shown to be little affected by salts, even
for bivalent cations.[74, 75] These minimal ion-specific effects have been associated
with weak interaction of these ions with the biomolecules.[72] Conversely, bivalent
cations have been demonstrated to markedly shift the CO vibration of isolated CO
groups. [68, 69, 71, 72, 254] Although these shifts are most pronounced at high salt
concentrations - much higher than physiological concentrations - weak binding has
also been inferred at low concentrations.[72] These spectral shifts in the presence of
cations with a high surface charge density have been ascribed to a salt-induced vari-
ation of the hydration of the CO groups,[68, 69] contact ion-pair formation[72], or
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to solvochromatic shifts due to the electric field of the ions exerted on the CO moi-
ety.[71] Interestingly, in contrast to isolated amide moieties, the amide group of short
model peptides with adjacent N- and C-termini is rather insensitive to the addition
of salts.[4, 261] For instance, experiments studying the effect of CaCl, on a tripeptide
have suggested that one of the two peptide’s amide vibrations undergoes a minor
redshift while for the other amide vibration, a weak, blueshifted shoulder - similar
to the findings for isolated amides - appears.[261] Rather, the carboxylate vibrations
of the peptides’ C-terminus[4, 261] have been shown to be largely affected by the ad-
dition of salts, which can be rationalized by the marked interaction of carboxylates
with cations with a high surface charge density.[262, 263] The salt-induced spectral
response of the carboxylate resembles findings for oxalate, for which a blueshifted
shoulder of the asymmetric stretching vibration is observed upon the addition of
salt.[264]

However, the molecular-level origins of the markedly different response of the CO
group for isolated CO moieties and peptides have remained elusive. Based on the
knowledge for isolated CO groups, the insensitivity of peptides’ amide bonds to
salts may stem from weaker interaction of ions with the amide CO due to competing
interaction sites at the charged termini,[4] differences in the local electric fields ex-
perienced by the CO due to the electric fields of the zwitterionic peptide,[71] or due
to different hydration of the amide CO in peptides as compared to isolated amide
groups.[68]

To elucidate the different behavior of amide groups for isolated amides and peptides,
we investigate the effect of CaCl, (0-5M) on the zwitterionic model peptide L-alanyl-
L-alanine (2Ala) using infrared (IR) spectroscopy by studying the amide I (CO) vi-
bration and the asymmetric carboxylate stretching vibration of 2Ala. With increasing
CaCl; concentration, we find marked spectral changes to the carboxylate mode with
a minor redshift at low salt concentrations and the emergence of a blueshifted car-
boxylate shoulder at high Ca?" concentrations. These spectral changes are also re-
flected in the spectral dynamics observed by two-dimensional (2D) IR spectroscopy:
In the presence of calcium, the carboxylate band becomes more heterogeneous. Con-
versely, the effect of CaCl, on the amide I band is less pronounced: We find a moder-
ate redshift of the amide I band, which contrasts the blueshifted vibration observed
for isolated amide moieties.[68, 69, 72] 2D IR experiments confirm weak, yet de-
tectable effects of CaCl, on the vibrational dynamics of the amide CO, predomi-
nantly reflected in the vibrational lifetimes. To relate the observed spectral changes
to the interaction of ions with 2Ala, we perform ab initio molecular dynamics (MD)
simulations combined with single point density functional theory calculations. The
simulations provide evidence for the direct interaction of CaZt with both, the CO
and COO~ groups of 2Ala, yet with a higher probability for Ca?* - carboxylate than
for Ca®* - amide CO interactions. MD simulations show that one or two Ca?* ions

bind to the carboxylate, which gives rise to a successive blueshift of the asymmetric
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carboxylate mode due to Ca?* lifting the degeneracy of the CO groups of the car-
boxylate moiety. Our results suggest that the CaCl-induced red-shift of the amide
CO, as opposed to the blueshift of isolated amide motifs, can be attributed to less
water molecules being replaced by a Ca?" cation upon direct interaction for the
peptide as compared to isolated amides, in conjunction with vibrational Stark ef-
fects. Our findings highlight the mutual interplay between ion binding at different
binding sites of a peptide and the importance of considering these distinct binding
sites within a peptide to understand specific ion effects on peptides and proteins.

8.3 Results and Discussion

8.3.1 Linear IR Spectroscopic Signatures of 2Ala - Ca’>* Interactions

To explore the effect of calcium on 2Ala, we study the infrared spectra of 2Ala in
D,0. The IR absorption spectrum of 2Ala (250 mM, black dashed line in Figure 8.1a)
shows the asymmetric stretching vibration of the carboxylate group at 1590 cm~*

and the amide I (carbonyl stretching) vibration at 1660 cm 1.

Upon addition of
CaCly, these spectral signatures undergo continuous variation in amplitude and res-
onance frequency: The carboxylate band decreases in amplitude, redshifts at low
salt concentrations (1 - 3 M) @ and a blueshifted shoulder emerges at ~1620 cm™!
(@) at higher concentrations. The amide I band undergoes a small, yet detectable
redshift (by about 7cm™?, @) and increases in amplitude. These spectral variations
are further illustrated by the difference spectra in Supplementary Figure 4. We note
that the spectra in Figure 8.1a have been corrected for a linear background absorp-
tion and normalized to the total peak integral to account for minor variations in the
concentrations and optical path lengths, yet the observed spectral changes are also
evident from the raw spectra (see Supplementary Figure 5, see Supplementary In-
formation for details on the background correction and normalization). The spectral
variations are similarly present at lower (50 mM) and higher (500 mM) 2Ala concen-
trations, indicating that self-aggregation of 2Ala does not contribute to the observed
spectral changes (see Supplementary Figure 6). The CaCl, induced spectral changes
are also distinctively different from the effect of pH on the 2Ala vibrations (Sup-
plementary Figure 7), which excludes CaClp-induced changes of 2Ala’s protonation
state as cause for the spectral shifts observed in Figure 8.1a. In contrast to the ef-
fect of CaCl, and in line with earlier studies,[69, 72] 2Ala’s infrared spectra are not
affected by the addition of NaCl (see Supplementary Figure 8). As such, our data
suggest that the CaCl, induced changes to the amide I and carboxylate vibrations in
Figure 8.1a originate from the interaction of Ca?" with zwitterionic 2Ala.

To elucidate the molecular origin of the Ca?"-induced shoulder at 1620cm~!, we
performed experiments using *COO~ labeled 2Ala. The IR spectra in Figure 8.1b
show that upon isotope-labelling, both the band at 1590 cm ! and the shoulder at
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FIGURE 8.1: a) IR spectra of 2Ala in D,O at frequencies characteristic for the amide I
vibration (~ 1660 cm™!) and for the asymmetric COO™ vibration (~ 1590 cm™1) with
increasing CaCl, concentration. Vertical dashed lines mark the peak positions in the ab-

sence of CaCly. Red arrows indicate the salt-induced redshift of the amide I band (@)
and the asymmetric COO~ (@) at low salt concentrations and the purple arrow the

emergence of the blueshifted shoulder of the carboxylate (@) at high salt concentra-

tions. b) Comparison of the IR spectra of 1*COO~ and ?COO~ 2Ala with and without

5M CaCl,. All spectral contributions at < 1620 cm~! redshift upon isotopic substitution

and are therefore assigned to the COO™ group. All spectra were corrected for a linear

background and normalized to the integrated absorbance (see Supplementary Informa-

tion) c) Linear IR spectra of 1Ala and NMA in D,O with and without 5M CaCl,. For

1Ala and NMA addition of CaCl, blueshifts the COO~ and the amide I band, respec-
tively. Reproduced from [3].

1620 cm ™! shift to lower wavenumbers.[265] As such, the isotope-labelling experi-
ments demonstrate that both the band at 1590 cm ! and the higher frequency shoul-
der can be assigned to the COO™ group, which is further supported by the increase
of the shoulder at 1620 cm ™! with increasing CaCl, concentration (see fits of the lin-
ear IR spectra, Supplementary Figure 9).

The observed Ca2*-induced spectral shifts for 2Ala contrast the effect of CaCl, on
simpler molecules. Figure 8.1c demonstrates that the amide I mode of N-methylacetamide
and the carboxylate mode of zwitterionic 1Ala both blueshift upon the addition of
CaCl,. The salt-induced blueshift of the amide I mode confirms earlier studies on
NMA[68-70] and is in line with findings for N-ethylpropionamide [254], and bu-
tyramide.[72]

The observed CaCl, induced redshift of the amide I vibration for 2Ala is rather
similar to the effect of CaCl, on one of the amide I modes of alanine tripeptide.[261]
Such redshifts of amide I modes have been associated with Stark shifts, originating
from the electric field due to cations and anions that accumulate at opposite ends of
the CO oscillator.[71, 72, 266]

As such, our results show that the effect of CaCl, on 2Ala distinctively differs from
the salt-induced changes to the amide vibrations of isolated amide groups, suggest-
ing differing interactions. Yet, solely based on the IR absorption spectra it remains
open whether the observed spectral changes are due to a gradual variation of the
solvent environment (e.g. CaCl, induced dehydration of 2Ala[68, 267]) or due to a
concentration-dependent variation of distinctively different molecular species with
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different Ca®" - 2Ala binding geometries.[261, 262, 268, 269]

8.3.2 2D IR Spectroscopy of 2Ala and 2Ala - CaCl; solutions
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5 b g 1
2 i |
Lo | |

rel. int.

1650

T,=0.5ps
Dpump/cm ™!
1550 1600
) E o

-0

H-O.ZS

rel. int.

: C@ [:1 f |- @ !0-05 @
P = i @Of i

.l e

1550 1600 1650 1550 1600 1650 1550 1600 1650
> -1 > - b -1
Dprobe/cm !

T, =4 ps

/em™?

1600 1650
“lo

Vpump

1550

Uprobe/Cm Uprobe/CM.

FIGURE 8.2: 2D IR spectra of 2Ala in DO (a, b, ¢) and with 3M (d, e, f) and 5M (g, h, i)
CaCl, added at different waiting times T (top to bottom). Top panels show the diagonal
cuts of the 2D IR spectra at T, = Ops. The dashed line in the top panels corresponds
to the diagonal cut in panel a (2Ala in D,0O). With increasing CaCl, concentration, the
carboxylate band becomes more heterogeneous, as evidenced by the elongation of the
carboxylate band at all waiting times. This heterogeneity persists up to T, = 4 ps (f, i),
at which spectra are dominated by signals due to the heated ground state. Red arrows

indicate the salt-induced redshift of the amide I band (@) and the asymmetric COO™
(@) at low salt concentrations and the purple arrow the emergence of the blueshifted

shoulder of the carboxylate (@) at high salt concentrations. Reproduced from [3].

To spectroscopically decipher different molecular species contributing to the ob-
served vibrational bands, we perform 2D IR experiments. In a 2D IR experiment,
a subset of oscillators with a given instantaneous frequency is excited and the sam-
ple’s response is probed over a broader detection frequency range. In this manner,
the heterogeneity of vibrational bands due to inhomogeneous broadening, such as
the distribution of molecular level oscillators with differing resonance frequency due
to, e.g., differing environments, can be assessed. Probing the molecular response
as a function of time can provide information on the dynamics of these differing
molecular-level oscillators.[21]

Figure 8.2a shows a 2D IR spectrum of 250mM 2Ala in D,O at a waiting time
T, = O0ps with < ZZZZ > (parallel) polarization combinations. For both vibra-
tional modes, the amide I and the carboxylate band, two signal pairs are detected:
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A negative signal at the diagonal due to depletion of the vibrational ground state
and stimulated emission from the excited state and a redshifted positive signal due
to the anharmonically shifted excited state absorption. The diagonal cut shown in
the top panel of Figure 8.2a resembles the squared linear IR spectrum (see Figure
8.1).[21] With increasing time delay between excitation and probe pulse, the signal
intensity decreases (Figure 8.2b, c) due to relaxation to the vibrational ground state.
Due to the faster relaxation of the carboxylate mode relative to the amide I mode, the
decrease in the signal intensity is more pronounced for the signal pair at 1590 cm 1.
In addition to the decay of the signal intensity, the shape of the 2D IR signals varies
with time: Both signals are elongated along the diagonal at 0 ps waiting time, with
the amide I band exhibiting a more pronounced elongation. With increasing T, the
signals become more vertical, evidencing a loss of correlation of the signal frequency
to the excitation frequency. These dynamics are commonly referred to as spectral dif-
fusion. At 4 ps waiting time, where the signals are dominated by thermally induced
spectral signatures due to dissipation of the vibrational excess energy (Figure 8.2c),
off-diagonal peaks can be observed.

Addition of 3 and 5M CaCl, (Figure 8.2d, e, f and g, h, i; for other concentrations see
Supplementary Figure 10) to solutions of 2Ala alters these signals: In line with the
IR absorption spectra, the relative intensities of the amide I and carboxylate signals
are altered. Also the diagonal slices at T, = 0 ps resemble the spectra in Figure 8.1
with an emerging shoulder at 1620 cm ! (@) (Figure 8.2d, g) and a redshift of the
amide I mode (@) with increasing CaCl, concentration.

Remarkably, for high CaCl, concentrations, in particular at 5M, the loss of frequency-
frequency correlations is slowed down (Figure 8.2 i): The carboxylate and to a lesser
extent the amide I signal are markedly elongated along the diagonal at T, = 0.5 and
4 ps, which contrasts the spectra for 2Ala in D,O (Figure 8.2a-c). Our data suggest
that these changes to the vibrational structure and dynamics are specific to CaCly,
as spectra of 2Ala in the presence of NaCl (Supplementary Figure 11) resemble the
spectra of 2Ala in D,0.

Spectral heterogeneity and dynamics from 2D IR

To further quantify the spectral heterogeneity and their dynamics, we evaluate the
center line slope (CLS) for both, the amide I and carboxylate signals. We determine
the CLS, a measure for the (time-dependent) spectral heterogeneity, from the minima
of the bleaching signals parallel to the probe axis. The minima (center line points)
are determined by Gaussian fits to the bleaching signals at frequencies for which
the initial (T> = 0) bleaching signal is less than 10% of the maximum bleaching sig-
nal (for details, see Supplementary Figure 12). The slope of linear fits to the center
line points as a function of excitation frequency represents the CLS. Here, a CLS of
1 means a perfect correlation between excitation and detection frequencies, while a
CLS value of 0 corresponds to uncorrelated frequencies.

We evaluate the instantaneous heterogeneity by extracting the CLS value at T, =
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0 fs (see Figure 8.3a). To determine spectral diffusion dynamics, we fit a mono-
exponential decay with the rate constant kcys to the time-dependent CLS(T,) at de-
lay times with sufficiently intense signals (1> < 800 fs for the carboxylateand T, <1
ps for the amide I mode, see also discussion of vibrational lifetimes below). The thus
obtained kcis values are shown in Supplementary Figure 12.

When CaCl; is added, we initially observe a decrease in CLS for the amide I mode at
T, = 0 fs, followed by a subsequent increase of approximately 15%. Yet, the CaCl,-
induced change is rather moderate and in line with observations for the interaction
of 2Ala with monovalent ions (such as LiCl[4] or NaCl, see Supplementary Figure
13). As such, CaCl, does not alter the vibrational structure of the amide I mode
significantly. However, the CLS(T, = 0 fs) for the anti-symmetric stretching vibra-
tion of the carboxylate mode shows a significant increase by a factor of ~ 3.5 (from
pure 2Ala to 5 M CaCl, solution). This increase is much more pronounced than for
monovalent salts: For LiCl, the instantaneous heterogeneity of the carboxylate mode
increases by a factor of ~ 2.5,[4] for NaCl by a factor of 2 (see Supplementary Fig-
ure 13). These findings demonstrate a more pronounced spectral inhomogeneity for
the carboxylate band in the presence of CaCl, as compared to NaCl and LiCl, which
may point to a broader range of ion-carboxylate interaction motifs or to a stronger
interaction and longer-lived binding of CaCl; to the carboxylate: The data suggest
the presence of multiple molecular 2Ala-Ca?* (or 2Ala-Cl~) species.

To obtain information on the lifetime of the underlying molecular species, one can
consider the spectral diffusion dynamics, i.e., the decay rates kcrs of the carboxylate
peak. We find that the decay rate decreases continuously upon the addition of CaCl,
(see Supplementary Figure 12), and the decay time (1/kcrs) parallels the variation
of CLS(T, = 0 fs) with CaCl, concentration. The marked elongation of the signals
at T, = 4ps (Figure 8.2i) demonstrates that, even at waiting times for which the
heated ground state dominates the signals (see also discussion of the vibrational re-
laxation below), the frequency response is still correlated to the excitation frequency,
indicating that the underlying molecular-level species are long-lived and spatially
separated: At 4ps the excess energy (heat) is not transferred between initially ex-
cited and initially non-excited carboxylate groups. Interestingly, the slow-down of
the spectral dynamics in the presence of CaCl; is comparable to our earlier findings
for LiCl.[4] Conversely, for NaCl only minor changes in the rate constant kcrs up to
20 % are observed (see Supplementary Figure 13).

The similarity for LiCl and CaCl, indicates slowed-down spectral diffusion dynam-
ics for both highly viscous ~ 5 M salt solutions,[270, 271] yet the altered dynamics
do not simply reflect solution viscosity: While the viscosity for aqueous 5 M LiCl so-
lutions increases by a factor of 2 (relative to neat water), the viscosity of a 5 M CaCl,
solution increases by a factor of 5. The rate constants of the decay in CLS of the
carboxylate mode decreases by a factor of ~5 for CaCly, while kcoo- ;¢ decreases
by a factor of ~4. Hence, while the decrease in the spectral dynamics can be partly
attributed to the increase in viscosity, the dynamics with which the COO™ groups



8.3. Results and Discussion 113

loose their frequency memory (i.e. the exchange of their environment) differs from
macroscopic dynamics: Exchange of environments around COO™ are very similar
for LiCl and CaCl,, despite their differing viscosities. Again, the slowed down spec-
tral dynamics evidence the presence of different molecular 2Ala-ion species, which

barely inter-convert on the timescale of a few picoseconds.

Vibrational energy relaxation dynamics

To further elucidate different molecular-level species, we consider vibrational en-
ergy relaxation dynamics - i.e., the decay of the 2D IR signals with time - in more
detail. The vibrational energy relaxation lifetime (Tygr) of each molecular species is
a result of the coupling of the vibrational mode to its microscopic environments and
may thus differ for different molecular species, which have different environments.
To explore whether CaCl, affects vibrational energy relaxation (the decay of the vi-
brationally excited state), we integrate the entire bleaching signals for the amide I
and the carboxylate signals (for details on the integration, see Supplementary Fig-
ure 14). The characteristic relaxation time of the integrated signal is determined by
fitting a kinetic model[6] (Equation 8.1) to the evolution of the signal. In this model,
the exited state decays with relaxation time Tygr and energy dissipation leads to a
persistent modulation due to a heated ground state, with the peak integral of the
excited state Veyc and the peak integral of the heated ground state Vieq:
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FIGURE 8.3: Concentration-dependence of a) CLS at 0 fs waiting time (instantaneous

heterogeneity) and b) vibrational energy relaxation lifetimes Tygr for the amide I (CO,

green) and carboxylate peak (COO™, yellow). Dashed lines serve to guide to the eye.
Reproduced from [3].

This model describes the experimental data very well (see Supplementary Figure
14) with tygr ~ 0.46 ps for the carboxylate mode and tygr ~ 0.67 ps for the amide
I mode[4] for 2Ala in D,O.[4] With the addition of CaCl,, the vibrational relaxation
time increases, for both the amide I and the carboxylate peak (see Figure 8.3b). In-
terestingly, although the spectral signatures of the amide I peak are little affected by
CaCly, its vibrational energy relaxation dynamics are altered and increase to Tygr =
0.88 ps at 5M CaCl,. For the carboxylate mode, Tygr nearly doubles from 0.46 ps
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(0M) to 0.76 ps at 5M. Conversely, vibrational energy relaxation of both modes for
2Ala is virtually insensitive to the addition of NaCl (see Supplementary Figure 15).
Although the overall relaxation time only provides the average effect of CaCly, this
analysis demonstrates that CaCl, alters energy relaxation pathways and the relax-
ation dynamics have, as such, the potential to discriminate different molecular-level
species that contribute to the observed vibrational bands.
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FIGURE 8.4: Decay time maps for 2Ala with 0 M(a), 3 M (b), and 5 M (c) CaCl; solutions.
For each data point shown here, we integrate a 5 x 5 pixel grid of the 2D IR spectra and
fit a mono-exponential decay to a heated ground state (see Equation 8.1) to the waiting-
time dependent data. The decay time is shown as color map for all regions in the 2D
IR spectra (contour lines) with a maximum bleaching signal exceeding 10% of the global
maximum the bleaching signal at T, = 0 ps. Reproduced from [3].

To elucidate whether distinct molecular species with different vibrational life-
times underlie the observed changes of the overall Tygr values, we determine decay
maps.[210] This is achieved by integrating the signal of a five-by-five pixel grid of
the 2D IR spectra and determining the decay time of the signal analogously to the
analysis above using Equation 8.1. The thus obtained decay times are shown for
spectral regions where the bleaching signal is smaller than 10 % of the maximum
bleach at T, = 0 ps in Figure 8.4 for pure 2Ala in D,O (a), 3M CaCl, (b), and 5M
CaCl, (c).

The decay time in these maps at a given spectral position can be affected by both,
vibrational energy relaxation and spectral diffusion, and the heterogeneity in the
decay times only represents heterogeneous energy relaxation dynamics if spectral
diffusion dynamics are distinctively different from the energy relaxation dynamics.
For the amide I signal, the timescales for spectral diffusion and energy relaxation
are comparable and, as such, the decay time maps exhibit an apparent heterogeneity
(Figure 8.4). Despite the similarity of the relaxation and spectral diffusion timescales,
which prevents a more detailed interpretation, this heterogeneity becomes less pro-
nounced with increasing CaCl, concentration, indicative of amide - Ca?* interaction.
Conversely, spectral diffusion and energy relaxation dynamics are distinctively dif-
ferent at low and high CaCl, concentrations for the carboxylate signal. At 0M CaCl,
the decay time map is rather homogeneous, and the observed decay time agrees
well with the relaxation time in Figure 8.3b. At high CaCl, concentration, where the
overall vibrational relaxation time is significantly faster than the spectral diffusion
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dynamics, the decay time maps become heterogeneous: At the redshifted edge of the
carboxylate signal, the decay time resembles the decay time of 2Ala in D,O, while
at higher frequencies where the shoulder in the linear IR spectra is observed (Fig-
ure 8.1) the decay time is significantly longer. As such, this analysis demonstrates
that the observed increase in the overall Tygr values (Figure 8.3b) is a result of the
emergence of molecular species with blueshifted vibrational response and a longer
vibrational lifetime in the presence of CaCl,.

Again, the emergence of species with distinctively different vibrational lifetimes ap-
pears specific to CaCl; as the decay time maps for the carboxylate band in solutions
of 2Ala and NaCl (see Supplementary Figure 15) remain homogeneous even at 5 M
NaCl. For decay time maps for 1, 2 and 4 M CaCl,-2Ala solutions see Supplemen-
tary Figure 16. Together, the vibrational lifetimes indicate the presence of at least
two underlying molecular-level 2Ala species in the presence of CaCl, with different

energy relaxation dynamics.

8.3.3 Ab initio MD simulations of 2Ala and 2Ala-CaCl, solutions

To better understand the molecular-level species that underlie the observed CaCl,-
induced spectral changes, we performed ab initio MD simulations. As different bind-
ing motifs can be readily separated from the trajectories, we limit the simulations to
2Ala in the presence of a high concentration of CaCl, (5M), at which all relevant
CaCly-2Ala species should be transiently formed. We investigate the distribution
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FIGURE 8.5: a) Oxygen—Ca2+ (solid lines) and oxygen-H,O (dashed lines) radial dis-
tribution functions for carboxylate (yellow) and amide CO (green), with a simulation
snapshot as inset b) Vibrational density of states (VDOS) of 2Ala in 5M CaCl, with no
direct Ca®* interaction (blue), one Ca?* at the carboxylate (dark yellow) and two Ca?*
at the carboxylate (yellow). Inset shows the distribution of Ca?+ around the carboxylate
group of 2Ala. ¢) VDOS of 2Ala in 5 M CaCl, solution with no direct Ca?" interaction
(blue), direct interaction at the amide CO but not at the carboxylate (bright green), and
direct interaction at the carboxylate and the amide CO (dark green). Inset shows the
distribution of Ca?* around 2Ala’s amide CO. Reproduced from [3].

of Ca®" around 2Ala by calculating the radial distribution functions (RDFs) of Ca?*
next to 2Ala’s oxygen atoms. The Ca?*-O RDFs in Figure 8.5a, show intense peaks at
2.4 A for all oxygens of 2Ala (solid lines). We find that this peak is about twice as in-
tense for the carboxylate oxygens (solid yellow line) compared to the amide oxygen
(solid green line), indicating a higher density of Ca?" ions adjacent to the carboxylate
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group than to the amide CO group. The RDF for the carboxylate group (solid yellow
line) exhibits a second peak at ~ 4.5 A, which is due to Ca?* ions bound to the other
oxygen atom of the carboxylate group, indicative of a monodentate binding being
the predominant binding motif. Comparison of the Ca?*-2Ala RDFs (solid lines) to
the water-2Ala RDFs (dashed lines) shows that the first shell peaks of the Ca?*-2Ala
RDF are due to direct Ca?*-2Ala interactions: The first peak in the carboxylate-water
RDF (CO-Hp,0) is located at 1.78 Aand for the amide oxygen at 1.88 A. The slight
difference in the location of both hydration peaks is also reflected in the oxygen-
oxygen RDFs (COO-Oyy,0: 2.83 A, CO-Oy,0: 298 A, see Supplementary Figure 17)
and suggests somewhat stronger hydration of the carboxylate group as compared
to the amide CO. The location of the first Ca*" peak at shorter distances than the
first water oxygen peak confirms that Ca?* directly interacts with the CO oxygen.
The RDFs for the chloride ion (see Supplementary Figure 18) suggest that C1~ di-
rectly interacts with both, the amide NH and the N-terminus, and the occupancy is
correlated to Ca?" interaction with 2Ala. This correlation may enhance vibrational
Stark effects upon binding of Ca?* to 2Ala, albeit a high Cl~ concentration in NaCl
solutions has negligible effect on the vibrational spectra (Supplementary Figure 8).

To quantify the interplay between the interaction of 2Ala’s oxygens with Ca®>" and
water, we categorize simulation frames based on the interaction with Ca?* (for more
detail, see Supplementary Information) and determine the hydration numbers of the
functional groups of 2Ala by integrating all water molecules within dco_p < 2.4 A).

TABLE 8.1: Average number of water molecules present for categorized frames with a
CO oxygen - water hydrogen distance dco_py < 2.4 A as bonding criterion for water.

Category Average number of water
0 Ca%* at CO 0.73
1 Ca?t at CO 0.01
0 Ca*™ at COO~ 1.64
1 Ca?* at COO™ 0.38

Table 8.1 indicates that upon direct interaction of Ca*" with the amide CO (1
Ca?" at CO) the amide CO is fully dehydrated with Ca?" replacing all water molecules.
The same full dehydration of the carbonyl upon Ca?* interaction has also been re-
ported for NMA.[69] When Ca?" binds to the oxygen of the carboxylate (1 Ca?" at
COQO™), on average about one water molecule is replaced, yet dehydration due to
Ca?" is incomplete. Thus, the analysis of the RDFs illustrates that, despite the very
different spectral response observed in the IR experiments, Ca?* ions directly inter-
act with both, the carboxylate oxygens and the amide oxygen of 2Ala. For the amide
oxygen, Ca®" ions fully replace hydrating water molecules, while the carboxylate
moiety remains partly hydrated.
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In addition to the interplay between interaction of water and/or Ca?* with the in-
dividual binding sites at 2Ala, we further consider the occurrence of Ca** at the dif-
ferent binding sites. In addition to simulation frames for which only one Ca?* ion
directly binds to only one of 2Ala’s oxygens (26% only at COO~; 2% only at CO),
we find a significant fraction (26%) of configurations for which two Ca?* ions bind
(monodentate) to the two carboxylate oxygens, which is also referred to as a bridging
binding configuration.[267] Also configurations with two Ca?* ions binding to one
of the carboxylate oxygens and to the amide CO are observed (13%). Yet, we find no
evidence for all three oxygen sites (two carboxylate oxygens and one amide oxygen)
being simultaneously occupied by Ca?" at the same time or for bidentate coordina-
tion of both carboxylate oxygens to Ca?™.

To further explore the spectral consequences of the interaction of calcium with 2Ala,
we compute the vibrational density of states (VDOS) from the relative CO velocities
for different binding states, categorized based on the interaction with Ca?* (see Fig-
ure 8.5b and c). We categorized the frames from the simulation into five categories
according to the number of Ca?* bound to each interaction site (see Supplementary
Information for more details).

Figure 8.5b illustrates the effect of 0, 1, and 2 Ca?" binding to the carboxylate group
on the VDOS, with the site at the amide oxygen not occupied by calcium, while Fig-
ure 8.5¢ shows the effect of Ca?* binding to the amide CO group. The solid blue lines
in Figure 8.5b and c represent the spectra for species for which 2Ala’s amide I and
asymmetric carboxylate vibration do not directly interact with Ca?*. The computed
spectral shifts upon binding of Ca* to 2Ala reproduce the experimentally observed
trends with increasing CaCl, concentration very well:

Upon binding of one Ca®?* ion to the carboxylate, the carboxylate band shifts to
higher wavenumbers (dark yellow line in Figure 8.5b) @ Such blueshift is com-
monly observed for calcium binding to one oxygen atom of the carboxylate, with
the other oxygen being hydrated by water. This coordination geometry is also often
termed pseudo-bridging coordination.[261, 262, 267, 269] The blueshift of the carboxy-
late band upon the pseudo-bridging interaction can be rationalized by the localiza-
tion of the charge at the interacting oxygen and, consequently, lifting of the degener-
acy of the two CO bond potentials (see Supplementary Figure 19). Single point DFT
calculations (see Supplementary Figure 20) show that the lifted degeneracy causes a
spectral blueshift for the CO group of COO™ not interacting with Ca®*, in contrast
to the redshift for a bidentate binding geometry.[262, 263, 267]

Upon interaction of a second Ca*" with the carboxylate, the VDOS exhibits an ad-
ditional blueshift (yellow line in Figure 8.5b). Single point DFT calculations suggest
that the asymmetry of the charge distribution at the carboxylate’s oxygens for one
and two Ca?" interacting with the carboxylate is rather comparable (Supplementary
Figure 19), and in both configurations the degeneracy of the two CO groups is lifted
in a similar manner. The dissimilarity of the two CO groups interacting with two
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Ca2" ions is further supported by the MD simulations, which show that the oxygen-
carbon distances of the two CO groups of COO™ differ for a trajectory with bridg-
ing Ca?" interaction as opposed to the bond distances in the absence of Ca®" (see
Supplementary Figure 21). The additional blueshift upon interaction with a second
calcium may be rationalized in analogy to the interaction of Ca?* with isolated cat-
bonyls: For the interaction of CO with water, electron density is transferred from the
carbonyl to the c* orbital of water, weakening the CO bond and leading to a redshift.
When water is replaced by Ca?*, the transfer of electron density is no longer possi-
ble, leading to a blueshift, depending on the number of water molecules replaced by
the ion.[69, 71, 72, 272, 273] Together, the gradual blueshift of the carboxylate band
with additional Ca®* ions @ interacting with the carboxylate predicted by the MD
simulations is in line with the gradual increase of the heterogeneity of the carboxy-
late band as concluded from the CLS (Figure 8.3a): The enhanced heterogeneity of
the carboxylate vibration concluded from the 2D-IR spectra can be explained by a
blueshift of the vibrational mode due to the successive binding of Ca*" to the two

oxygen sites at the carboxylate group with increasing CaCl, concentration.

The simulations at high CaCl, concentrations do not provide insights into the ini-
tial redshift of the carboxylate band @ at low salt concentrations. Yet, for amide
CO similar redshifts have been reported at low salt concentrations and ascribed to
Stark shifts, which may also be the origin of the observed redshift for the carboxy-
late.[71, 266]

The experimentally observed weak redshift of the amide I mode @ is also repro-
duced in the VDOS spectra (see Figure 8.5¢, dark and bright green line). As such,
also the simulations confirm that the spectral response of the amide I mode to Ca?*
interaction markedly differs from the response of isolated amide groups.[68, 69, 71,
72] To explore the molecular origins of this different behaviour, we disentangle the
VDOS of the amide group for three different configurations: (i) One water molecule
hydrating the amide oxygen, (ii) one Ca?* ion bound to the amide oxygen, and (iii)
neither water nor Ca>* bound to the amide oxygen (see Supplementary Figure 22).
The comparison of these three configurations shows that both, direct interaction be-
tween the amide and water (i) and the amide and Ca?* (ii) induce a similar redshift
as compared to the configurations with no interaction at the amide (iii). As such, the
replacement of water by Ca?" in the vicinity of the amide oxygen does not result in
appreciable changes in the instantaneous frequency of the amide I mode: The sim-
ulated spectra explain the weak sensitivity of the amide I frequency to the presence
of Ca?*, as opposed to the response of isolated amide groups.[68, 69, 71, 72] This
insensitivity of the amide I frequency to the molecular identity of its direct environ-
ment is in line with the experimentally observed insensitivity of the CLS to addition
of CaCl, (Figure 8.3a). The moderate redshift of the amide I mode with increasing
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CaCl, concentration (Figure 8.1a) is therefore likely related to a transition from an in-
completely hydrated amide CO group at low concentrations to configurations with
Ca?" bound to the amide moiety at high CaCl, concentrations. Despite the insen-
sitivity of the amide I mode frequency to Ca?* interaction, the presence of a water
molecule or a Ca?" ion in the vicinity of the amide oxygen will most likely alter the
density of states with lower energy and coupling of the amide I mode to those states,
which is intimately connected to vibrational energy relaxation of the amide I mode.
Therefore, the replacement of water molecules in the vicinity of the amide group
by Ca®" ions can explain the observed variation of the vibrational energy relaxation
dynamics upon addition of CaCl, (Figures 8.4 and 8.3b).

The markedly different spectral response of more isolate amide groups to CaCl, (see
Figure 8.1c and Refs. [68, 69, 71, 72]) can in turn be rationalized by the different
hydration states of isolated amide groups and the sterically less accessible amide
moiety of 2Ala: More sterically accessible amide groups like in NMA are hydrated
by about two water molecules, which are nearly fully replaced by one Ca?" ion[69]
upon addition of CaCl,. This replacement leads to a blueshift due to a reduction
of electron transfer from the environment to the ¢* orbitals for Ca?>" bound to the
amide as compared to the amide hydrated by two water molecules.[72, 272] Our re-
sults suggest that the spectral consequences for the sterically less accessible amide
CO of 2Ala are similar since less than one hydrating water molecule is replaced by
Ca?*. Hence, the accessibility to hydration water of the amide group seems to be
pivotal for the sensitivity to interaction with Ca?*. Such steric arguments should
also apply to amide groups in a protein backbone in general, suggesting that the
amide I mode frequency is not an ideal probe for detecting amide-Ca?" interactions.
However, the altered energy relaxation pathways offer the potential to spectroscop-

ically detect amide-Ca?* interaction via the vibrational energy relaxation time scale.

8.4 Conclusion

Herein, we examined the interaction between the zwitterionic dipeptide L-alanyl-
L-alanine (2Ala) and the physiologically relevant, strongly hydrated bivalent salt
CaCl,. Two distinct interaction sites at 2Ala have been examined with IR spec-
troscopy: The backbone CO (amide I mode) and C-terminus (asymmetric carboxy-
late mode). Linear IR spectra of 2Ala with increasing concentration of CaCl, show
changes in peak position and amplitude for both modes and can be summarized in
the following three major trends: @ The asymmetric carboxylate stretching peak
initially experiences a redshift, followed by @ a blueshift at concentrations above
2 M CaCl,. @ The amide I mode, on the other hand, experiences a redshift with
increasing salt concentration. Model systems that only contain either the amide I
mode (NMA) or the carboxylate mode (zwitterionic alanine), both show a blueshift
upon adding CaCl,. 2D IR experiments reveal an increase in the vibrational relax-

ation lifetime of both amide I and carboxylate peak. Together with the enhanced
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spectral heterogeneity of the carboxylate band in the presence of CaCl,, these find-
ings are indicative Ca" interaction at the amide CO and the carboxylate.

Ab initio MD simulations reveal that Ca?" interacts with both of 2Alas binding sites,
the amide CO group and the carboxylate group, but with a higher propensity at
the negatively charged carboxylate. Computed VDOS align with the experimentally
observed spectral shifts of both modes. The blueshift of the carboxylate @ with
increasing CaCl, concentration can be assigned to monodentate binding of not only
one, but also two Ca%* ions to the carboxylate, while a direct Ca?"- amide CO inter-
action only leads to minor spectral shifts.

The spectral response of the amide contrasts what has previously been observed for
NMA, where interaction with Ca?" leads to the complete dehydration of the amide
CO, which was initially hydrated by two water molecules.[69] Here, for 2Ala, the
amide CO group is initially hydrated by (on average) less than one water molecule
and the direct interaction with Ca®" replaces one water molecule only. These differ-
ences in dehydration, together with vibrational Stark effects, can explain the differ-
ing spectral sensitivities to interaction with Ca?*.

The computational spectra and experiments demonstrate the necessity to consider
all potential interaction sites within a peptide and competing binding to these sites
in order to fully rationalize specific ion effects on peptides using vibrational signa-
tures. Furthermore, our results highlight that the accessibility and hydration of both
the peptide’s interaction sites and ions critically determine the sensitivity of amide
modes to interaction with ions.
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Synthesis of isotope-labeled 2Ala
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OYNH + q EDC @) OYNH
"OH 92%

FIGURE 8.6: Step one in the reaction pathway for isotope-labeled 2Ala. Reproduced
from [3].

Boc-alanine (500 mg, 2.64 mmol), N-hydroxysuccinimide (304 mg, 2.64 mmol) and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (507 mg, 2.64 mmol) were
dissolved in dichloromethane (DCM) (15 mL) and stirred at room temperature for 1
hour. The solution was washed with saturated NaHCOg3-solution and the aqueous
phase extracted with DCM. The combined organic phases were washed with brine
and the solvent removed under reduced pressure. The product was gained as a
slightly rose solid without further purification (692 mg, 2.43 mmol, 92%).

0 S
% o 0~ "NH
N\O)H/ NaHCO;, /Kfo
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Y NH,
O\’< 13
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FIGURE 8.7: Step two in the reaction pathway for isotope-labeled 2Ala. Reproduced
from [3].

13C-labeled alanine (43 mg, 0.48 mmol) and sodium bicarbonate (80 mg, 0.95
mmol) were dissolved in 10 mL tetrahydrofuran (THF)/H,O (1:1). Boc-Ala-OSu
(150 mg, 0.52 mmol) in 5 mL THF was added drop-wise to that mixture and stirred
overnight. THF was removed under reduced pressure and the solution was acidified
to pH 2 with 1 M HCI and subsequently extracted with ethyl acetate. The product
was gained as a colorless solid (120 mg, 0.46 mmol)



122

Chapter 8. Deciphering

Spectroscopic Signatures...

HN
X%
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FIGURE 8.8: Step three in the reaction pathway for isotope-labeled 2Ala. Reproduced

50% HCI

from [3].

Boc-Ala-Ala (24 mg, 92 pmol) was suspended in 10 ml semiconcentrated HCl

and stirred overnight. The solvent was then removed under reduced pressure to

yield the product as a colorless solid (14 mg, 87 umol). Before the measurement, we
neutralized the acidic *C 2Ala with NaOH.

A normalized absorbance
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FIGURE 8.9: Difference spectra with the spectrum of 2Ala in D,O subtracted from the
2Ala - CaCl, solutions at different salt concentrations to illustrate the three major trends
with increasing salt concentration: At intermediate salt concentrations (1-3M), a slight

redshift can be observed for the carboxylate peak (@), while at higher salt concentra-
tions (3-5M) a significant blueshift is observed (@). The amide I mode redshifts as salt

concentration is increased (

). The vertical dashed lines mark the peak positions of

amide I and carboxylate in pure 2Ala solutions. Note that those difference spectra were
obtained by subtracting area normalized spectra. Reproduced from [3].
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FIGURE 8.10: a) IR absorption spectra of 2Ala and 2Ala - CaCl; solutions as measured; b)
linear background-subtracted spectra; c) linear background and area normalized spectra.

Reproduced from [3].
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FIGURE 8.11: IR absorption spectra of 2Ala and 2Ala + 5 M CaCl, solution at 0.25 M 2Ala

(dashed black line and solid blue line, respectively), as well as 0.05M 2Ala, and 0.5M

2Ala + 5M CaC(l; (solid red and orange lines). All spectra were background-subtracted

and area-normalized. The spectra do not change significantly with altered 2Ala concen-

tration even though the ratio peptide:salt changes significantly: At a wide range of 2Ala

concentrations, the nature of interaction between peptide and ions is comparable. Re-
produced from [3].
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FIGURE 8.12: IR absorption spectra of 2Ala in D,O at various pH values: pH 7 (black
solid line), pH 3 (solid blue line) and pH 10 (solid red line). With increasing pH value, the
NH; group is deprotonated, which changes the transition dipole moment of the amide
I group significantly. A decrease in pH value results in a protonation of the carboxylate
group, resulting in a decrease in signal of the asymmetric stretching vibration and the
appearance of a mode due to the COOH group at 1710 cm~!. Reproduced from [3].
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FIGURE 8.13: Linear, background subtracted and area-normalized IR spectra of 0.25M
2Ala (black), 0.25M 2Ala + 1M NaCl (light red), 0.25M 2Ala + 3M NaCl (red), and
0.25M 2Ala + 5M NaCl (dark red). Reproduced from [3].
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FIGURE 8.14: Linear IR spectra of 2Ala and 2Ala - CaCl; solutions with Gaussian fits (a-

f). 0M and 1 M CaCl, were fitted with two Gaussian functions, while 2-5 M CaCl, were

fitted with a sum of three Gaussian functions. The concentration-dependent relative

amplitudes (g) and peak positions (h) suggest that a third peak emerges with increasing
CaCl; concentration. Reproduced from [3].
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time T. The observed trends resemble those shown in Figure 3 of the main manuscript.
Reproduced from [3].
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FIGURE 8.17: a) 2D IR spectrum of 2Ala at 0 fs waiting time with diagonal cut shown

in the top panel. CLS were evaluated with the center line positions at frequencies for

which the signal was less than 10 % of the bleach maximum (see yellow and cyan lines).

The frequency range over which the CLS was evaluated was kept constant at all waiting

times. The concentration- and waiting-time-dependent values for the CLS are displayed

in b for amide I and c for carboxylate. The CLS decays were modelled with an exponen-
tial function (CLS(T,) = CLS(T, = 0) - exp(—kcrs - Tz). Reproduced from [3].
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FIGURE 8.18: Waiting-time-dependent values for CLS of amide I (CO) and carboxylate
mode (COO™) in the presence of NaCl. Solid lines show the exponential fit (compare
Figure 8.17). The respective values for the decay rates k are indicated in the Figure. The
rate constant decreases by about 20 % for the case of the COO™ mode, while the rate
constant of the amide I mode (CO) decreases by about 15 %. Reproduced from [3].
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FIGURE 8.19: Vibrational relaxation lifetime determined via area integration of all neg-

ative values in the marked area (a) of both the carboxylate mode (b) and the amide I

mode (c) and fitting them exponentially with Equation 1 (main manuscript). The vi-

brational energy relaxation times increase significantly with increasing concentration of
CaCl, (Figure 4b). Reproduced from [3].
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FIGURE 8.20: Decay time maps for 2Ala-NaCl solutions. The decay times determined
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from [3].
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FIGURE 8.21: Decay time maps for 2Ala-CaCl, solutions for 1 M (a), 2 M (b) and 4 M
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FIGURE 8.22: Radial distribution function of 2Ala carboxylate oxygen (yellow) and
amide oxygen (green) with water hydrogen (dashed) and oxygen (solid) in the pres-
ence of 5 M CaCly. Reproduced from [3].
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Categorization

For the calculation of the VDOS of different binding configurations we categorize
simulation frames based on the interaction of the three oxygen atoms of 2Ala (COO1,
COO02 and CO) with Ca*". We take the first minimum in the CO-Ca RDF (see Figure
6a) at 3.1 A as a maximum value for being classified as direct interaction. Addition-
ally, for a frame to count towards a certain category the Ca-CO distance has to be
smaller than the threshold at this frame and a frame 1 ps later. We then check the
occupation of the three binding sites and categorize frames accordingly. These cate-
gories together with their occurrence are listed below in Table 8.2. We display VDOS
spectra for categories 1-3 in Figure 6b and for categories 4 and 5 in Figure 6c. We
see no evidence for all interaction sites being occupied at the same time (category
6). Note that 1% of the frames are categorized as transitional frames where calcium

-2Ala interactions are formed /broken.

TABLE 8.2: Categories for calculation of VDOS and their occurrence.

Category number of Ca?™ number of Ca?" occurrence (%)

at carboxylate at amice CO
1 0 0 32
2 1 0 26
3 2 0 26
4 0 1 2
5 1 1 13
6 2 1 0
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FIGURE 8.23: H-Cl™ radial distribution functions for a) the N-terminus and b) the amide
NH group. Panels c¢) and d) show the O-Cl~ radial distribution functions for the amide
CO and the C-terminus, respectively. To explore correlations of Cl~ interaction to Ca?*
binding, we show RDFs separately for Ca?* bound to the amide CO (black line), Ca>*
bound to the carboxylate (red line), and no Ca?* bound to 2Ala (blue line). C1~ directly
interacts with all NH protons and the occupancy increases when Ca®* is bound to 2Ala,

while no Cl™~ ions are in direct contact with 2Alas oxygens. Reproduced from [3].
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FIGURE 8.24: DFT optimized geometries of 2Ala with a) 0 Ca®*,b) 1 Ca®" monodentate,
c) 2 Ca** monodentate, and d) 1 Ca?>" bidentate geometries together with calculated
partial charges for carboxylate oxygens to illustrate the degeneracy of both CO groups.

Reproduced from [3].
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FIGURE 8.25: Energy level diagram for the carboxylate modes with a) pseudo bridging
and b) bidentate binding of 1 Ca?* to an acetate anion as obtained from single point
DFT calculations. The harmonic, coupled normal modes are shown in the center for
the acetate (black) and the acetate with Ca?™ (green in panel a) and blue in panel b)).
Left and right energy levels correspond to the local (decoupled) CO stretching mode
frequencies, which we obtained by artificially increasing the mass of one of the oxygens
and the atoms of the methyl group to 100 u. Only for acetate in the absence of Ca?*
coupling of the two local CO modes results in an appreciable splitting into symmetric
and anti-symmetric stretching modes. This splitting is not symmetric, presumably due
to C-H mode contributions. [268] In the presence of Ca’?*, coupling is weak and the
coupled harmonic frequencies resemble the local mode frequencies, demonstrating the
lifting of the degeneracy. Reproduced from [3].
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FIGURE 8.26: a) Schematic drawing of 2Ala interacting in a bridging configuration with
the CO bonds color-coded. b) Simulation snapshot of 2Ala in a bridging geometry. CO
distances versus time for a trajectory in bridging geometry c) and without direct Ca?*
interaction d). The colors of the solid lines in c¢) and d) represent the distances with
the same color as in a). The solid lines mark the moving median distances. The mean
difference between both CO distances of 0.01 for the bridging and of 0.002 in the absence
of Ca?* illustrates the absence of the degeneracy of both CO potentials for the bridging
configuration. Reproduced from [3].
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FIGURE 8.27: VDOS of the amide CO response for direct amide-Ca?* interaction (yel-

low), direct amide-water interaction (blue), and no interaction of amide with water or

Ca?" (orange). Interaction with Ca?* or water induces a redshift of similar magnitude.
Reproduced from [3].
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Chapter 9

Conclusion and Outlook

Understanding hydrogen bonds in liquids is a crucial in step gaining a deeper in-
sight into bulk phenomena of liquids, such as water’s anomal behaviors. Especially
the dynamic nature of H-bonds and electrostatic bonds in general are not fully un-

derstood.

In chapter 6 we explored the correlation of water’s donating hydrogen bonds.
We employed linear IR and two dimensional infrared (2DIR) spectroscopy as well
as density functional theory (DFT) calculations to study pure and isotopically di-
lute water, dissolved in dimethylformamide (DMF). We found a significant increase
in line width for the decoupled HOD as compared to the coupled symmetric and
asymmetric stretching modes in D,O. With 2DIR spectroscopy we determine the re-
spective homogeneous line shape, and subsequently deconvolve the diagonal line
shape, so to obtain the pure inhomogeneous contribution. We found the inhomoge-
nous distribution of frequencies to be about twice broader for HOD. Comparison
with frequency maps, obtained from DFT calculations, reveal an anti-correlated H-
bond distribution. This anti-correlation can also be seen directly from the coupling
peak of D,O. This reveals the transient nature of the anticorrelation, which decays
in under 500 fs. We conducted similar experiments for urea-d6 and also found a less
pronounced anti-correlation. This confirms that the anti-correlated H-bonds is not
unique for water but is rather expected for all XH, like molecules.

In theoretical studies by Kithne and coworkers[14] on the correlations of Hydro-
gen bonds in liquid water and ice, these anti-correlations have been suggested to
dependent on the temperature. Temperature dependent 2DIR measurements, could
prove valuable to quantify the temperetaure dependence of these anti-correlations.
Furthermore two color 2DIR (2C2DIR) could help to better resolve the coupling peak
and therefore improve on the quantifiability of the anti-correlations. In 2C2DIR spec-
troscopy the probe and pump frequency are decoupled, and thus pumping the OH
stretch and probing the OD stretch frequency would allow to see the coupling peak

in isolation.

In chapter 7 we investigated the origin of the so called "booster effect" of hexafluoro-
isopropanol (HFIP) that was described by Berkessel and coworkers [10]. HFIP is a
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perfluorinated alcohol that has been widely used in synthetic chemistry and chem-
ical biology, due to its ability to enhance reaction speeds, to open novel reaction
pathways and its unique solvent properties. We used polarization controlled time re-
solved IR spectroscopy (TRIR) to investigate the anisotropy decay and thus the reori-
entational dynamics of individual molecules in HFIP and its non fluorinated coun-
terpart isopropanol (IP). We found a faster reorientation for IP even though linear IR
spectroscopy showed weaker H-bonds for HFIP. 2DIR spectroscopy revealed slower
H-bonding dynamics in HFIP suggesting longer lived H-Bonds. Dielectric relaxation
spectroscopy (DRS) showed faster individual reorientation for IP but slower collec-
tive reorientation. Finally FTIR titration experiments with a substrate (diethylether)
revealed that, while HFIP forms weak H-bonds with itself it forms much stronger
H-bonds with the substrate. Our results suggest that HFIP consists of many small
hydrogen-bonded clusters, which are sufficiently large and have a sufficiently long
lifetime to efficiently boost chemical conversions, yet sufficiently small (smaller than
in isopropanol) to posses a large number of available active terminal sites which can
donate a hydrogen bond to a reactant molecule. These active terminal OH groups
of HFIP can efficiently enhance chemical reaction rates by activating reactants via
strong hydrogen-bond donation.

We thus far only studied the dynamics of the bulk alcohols, yet the interaction
with a substrate revealed the largest difference. In the future measurements of a
substrate dissolved in alcohol, directly measuring the dynamics of substrate solvent
interactions using 2DIR spectroscopy could help deepening our understanding of
the substrate solvent interactions for HFIP and other alcohols. Furthermore 2C2DIR
spectroscopy could allow us to only study the terminal OH groups of H-bonded
clusters bonded to a substrate. This would allow us to study the effects of cluster
sizes on the hydrogen bonding dynamics.

In chapter 8 we investigated the specific ion interactions of Ca?" with the model
peptide L-alanyl-L-alanine (2Ala). Linear IR spectra show a pronounced blueshifted
shoulder of the carboxylate peak. Furthermore we observe a small redshift of the
amide CO band. Experiments with 13C labeled 2Ala reveal that the shoulder indeed
stems from interaction of the carboxylate with Ca?". 2DIR spectra show changes in
the population lifetime for both peaks indicating that even though we do not see a
blueshift (as seen for e.g. NMA) Ca?" seems to interact with the amide CO. Using
density functional theory (DFT) and Born-Oppenheimer molecular dynamics simu-
lations (BOMD) we find that Ca?* binds in a monodentate manner to the carboxylate
group, localizing the charge on one of the COO™ oxygens, leading to a blueshift of
the non-bonded CO group. Additionally we find a species of two monodentate Ca?*
binding to the carboxylate group, leading to an additional blueshift. Finally we find
evidence for direct interaction of the Ca?>* with the amide CO. Contrary to the case of
NMA, where the direct interaction with a Ca2* leads to a blueshift, we see only see a
small redshift. This difference is due to the different hydration states for NMA 2Ala.
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The carbonyl in NMA is more accessible and is hydrated by on average two water
molecules while for 2Ala the average number of water molecules is less than one.
The Ca®" replaces all water molecules and thus leads to different shifts depnending
on how many water molecules were replaced. Our results highlight how the pres-
ence of multiple binding sites in a system changes the interactions as compared to
the isolated cases such as NMA or alanine. Furthermore our research emphasizes
the necessity of considering multiple techniques with different sensitivities as the
absence of signal or shift, does not necessarily mean an absence of interaction.

Our results discuss the importance of considering the peptide interaction with
water when discussing changes appearing due to ions. However we thus far only
treat the peptide water interactions in the simulations. 2C2DIR measurements could
provide valuable insights into water peptide interactions, because coupling peaks
only appear for water molecules that directly interact with the peptide. Thus these
experiments could help to take the hydration state of peptides into account when
studying specific ion effects also for larger peptides.
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Appendix A

Appendix

A.1 Usage of KI Tools

I hearby declare I used "DeepL Translate" to assist the translation of the "Abstract"
section into german "Zusammenfassung". I declare that I did verify the translation

to convey the same meaning as the english abstract.
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