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1 G E N E R A L I N T R O D U C T I O N

Since the early ages of history the fundamental question:“What is matter
composed of?” has been in the mind of people. The answer to this question
varied through the years with chemical affinities being described in 1675 by
Lemery in the book “Cours de Chymie” [1, 2] and in 1749 published as affinity
data by Pierre-Joseph Macquer [3], in the first volume of his monograph entitled
“Chemie Theorique”. However, with the atomic hypothesis by Dalton [4] the
theory of elective affinity was left aside. At first the atoms were described as
elementary particles that composed all the matter, from which the notion of
molecules was derived [5]. Through the years all these concepts changed as new
discoveries were made and a major step was taken with the discovery of the
electron. The notion of atomic structure, a nucleus surrounded by electrons, led
to the description of the chemical bond as sharing an electron pair, by Lewis
in 1916 [5, 6]. The concept of chemical bonding has been refined with time by
many other scientists, such as Linus Pauling [7], and huge steps to understand
the composition of matter have been taken. But after all: What is chemical
bonding?

A chemical bond is a long lived interaction between two atoms, which may
arise from sharing electrons (covalent bonding) or from electrostatic interactions
between atoms with opposite charges (ionic bonding) [5]. When two neutral
atoms share their electrons, a covalent bond is formed. If the electronegativity
of the atoms involved in the bonding differs, the bond is polar, and the electrons
are not equally shared anymore, resulting in partial charges on the atoms. In the
extreme case where the electron is “fully” transferred from one atom to the other,
an ionic bond is formed, and the two atoms are held together by electrostatic
interactions. The types of chemical bonds may vary from strong (covalent,
ionic and metallic bonds) to weak, such as London dispersion forces [8–10] and
hydrogen bonds. Thus, the chemical bonds are, not only, the glue that keeps
the matter together, but are also responsible for the diversity of structures
and materials in nature. For example, metallic bonds are present in metals,
covalent bonds (apolar and polar) in organic molecules, while hydrogen bonds
constitute the basis of diversity of biological systems. Thus, understanding
chemical bonding is a path to deepen our knowledge regarding the structural
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12 general introduction

and dynamical properties of matter. After all: Do chemical bonds change in
time? The answer to this is yes, chemical bonds can change with time. When
chemical reactions occur the bonds between the atoms change giving rise to
new molecular species and the rate at which this occurs depends on the bond
strength and the available energy. Hydrogen bonds are special cases of chemical
bonds. With an intermediate bond strength between the covalent bond and
Van der Waals interaction, hydrogen bonds are labile and dynamical [11].

Hydrogen bonding is responsible for the diversity of biological structures in
nature. Crystals, liquids, and proteins are examples of hydrogen bonded systems
in which the strength and the dynamics of this interaction differs substantially,
see Figure 1.1. Seeking more information at the molecular level is crucial
to understand these systems, and consequently to broaden the knowledge of
the macroscopic phenomena arising from fast fluctuations of hydrogen bonded
systems [12–20]. One of the first methods used to understand the properties of
hydrogen bonds was infrared absorption spectroscopy [5]. The reason is that
bonds, also hydrogen bonds, typically oscillate at defined frequencies in the
infrared region of the electromagnetic spectrum.

However useful to understand structural properties, this method is not sen-
sitive to dynamics arising from the fast fluctuations that characterize hydrogen
bonded systems. To circumvent this limitation, and inspired by correlation Nu-
clear Magnetic Resonance (NMR) techniques [21, 22], two-dimensional infrared
spectroscopy (2D IR) was developed [23]. This is correlation spectroscopy, which
can provide dynamical information on very short time scales in the range from
the femto (10−15) to pico (10−12) [23] second. Here, the absorption frequencies
of the subsequently applied laser pulses are correlated giving rise to a 2D IR
spectrum. Because of the fast speed of the measurements it is possible to
retrieve information on the timescale of the chemical bond dynamics, hence,
extracting fast dynamical details, for example allowing the real time observation
of breaking and forming of hydrogen bonds. The peaks in the 2D IR spectrum
contain dynamical information from the system, which can be extracted from
the peak shapes and intensities. Information about the distance between the
molecules and their relative orientations can be extracted from the spectral
cross peaks, since they are a measure of the molecular couplings. Because
of the crowded nature of the 2D IR spectra the interpretation is often very
challenging. Thus, theoretical methods are crucial to provide deeper insight in
a 2D IR spectrum and answer to questions that experimentalists alone cannot
answer. Computational spectroscopy provides the theoretical tools to predict
and interpret spectra [24–33].
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Figure 1.1: Illustration of the electron density of a hydrogen bonded N-
methylacetamide dimer, where the carbon atoms are represented in dark
blue, the nitrogen in light blue, and the oxygens in red, and the hydrogens
in white. The contours indicate the variation of the electron density
varying from dark grey (less dense) to light grey (more dense).

In this thesis 2D IR spectroscopy is used to retrieve structural and dynamical
properties of several hydrogen bonded systems, such as solvated molecules,
and proteins. This is done by simulating relevant systems and comparing
the results to experiment. Here, the aim is to extend our knowledge about
the long timescale macroscopic phenomena that arise from hydrogen bonding
fluctuations. In collaboration with experimentalist, our simulations provide
insight in the experimental spectra, and provide a deeper understanding of the
fast phenomena occurring in the systems. The theoretical approach is based
on a combination of molecular dynamics simulations with response function
calculations [27, 27–29, 32, 34–43]. The atomic coordinates generated by the
molecular dynamics calculations are used to construct vibrational Hamiltonians,
which are subsequently used in response function calculations to predict the
spectra. The relevant parameters that determine the Hamiltonian, such as
the site frequencies and the dipoles, are calculated using Density Functional
Theory (DFT) based (electrostatic) maps, that relate these parameters to the
electrostatic environment generated by the force field.
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The following is an outline of this thesis on hydrogen bonding dynamics
in condensed phase systems. In Chapter 2 a general introduction of hydrogen
bonding in several systems is given. This chapter highlights the importance
of hydrogen bonding in nature. The main goal is to introduce the concept of
hydrogen bonding and to link it with the particular studied systems. Chapter 3
is dedicated to a general introduction to the field of computational spectroscopy.
The main goal of this chapter is to describe the computational methods used
to determine 2D IR spectra. The next chapter, Chapter 4, gives insight of
the most proper electrostatic mapping and coupling models used to model the
amide I mode spectra of protein systems. In Chapter 5, the delicate interplay
between hydrogen bonding dynamics and exciton transfer in a protein-like liquid
is discussed. In Chapter 6 a discussion regarding the temperature collapse and
self-assembly of elastine like peptides is presented. Chapter 7 addresses the
issues of dynamics of three bulk alcohols with different alkyl chains. Finally, in
Chapter 8 three diluted alcohols and their vibrational dynamics are investigated,
and along with this chapter an interesting perspective of the role of interactions
in solvents and solutes is provided. At the end of this thesis the main findings
are summarized.



2 A N OV E R V I E W O F H Y D R O G E N
B O N D I N G

2.1 hydrogen bonding
The hydrogen bond in organic compounds was introduced by Huggins in 1919 [7].
He described semi-qualitatively the nature of these interactions referring to them
as hydrogen bridges. Later, in 1920 Latimer and Rodebush defined the hydrogen
bond as “the hydrogen nucleus held by two octets constitutes a weak bond” [44].
But it was in 1939 with Linus Pauling that the hydrogen bond (H-bond) was
introduced into a broader chemical scope. In his paper entitled “The Nature of
the Chemical Bond” the hydrogen bond was defined as a strong attraction of
hydrogen to two atoms simultaneously [45]. Nowadays IUPAC recommendations
define hydrogen bonding as an interaction between an electronegative atom (N,
O, F) and a hydrogen attached to another electronegative atom, see Figure
2.1 [46–48].

Figure 2.1: (a) Hydrogen bonded dimer. (b) Hydrogen donor and acceptor. (c)
Molecular orbitals of a N-methylacetamide hydrogen bonded dimer.

The doubly occupied nonbonding orbital (lonepair) of the electronegative
atom (N, O, F) points towards the hydrogen atom of the polar group, forming
an interaction that typically is stronger than a Van der Waals interaction and
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16 an overview of hydrogen bonding

weaker than a covalent bond. The group that contains the hydrogen atom (O-H,
N-H) is defined as the donor group, whereas the polar group is the accepting
one. These hydrogen bonds are defined as intramolecular H-bonds, when they
occur between atoms inside the same molecule, or intermolecular H-bonds when
formed between two different molecules. Ab initio [49,50] methods have been
used to study the chemical nature of the hydrogen bond and they suggest four
contributing mechanisms: polarization, quantum forces, Pauli exchange and
London dispersion forces. Resulting from the combination of these effects, the
strength of H-bonds may vary between weak (8 kJ mol−1) and strong (160
kJ mol−1) [51–53]. The nonbonding orbital of the electronegative atom of the
acceptor is deformed due to the polarization arising from the strong dipole
moment of the donor group [5]. Such effect is present in all hydrogen bonds
and it is the main contributor. Quantum forces are caused by the overlap
between the orbitals of the involved groups, resulting in the electron transfer
from the nonbonding orbital of the acceptor to the antibonding orbital of the
donor. This causes a weakening of the covalent bond of the donating group and
consequently an increase in the variation of the electric dipole moment of the
donor/acceptor [5]. Furthermore, this phenomenon is also accompanied by a
s-p rehybridization of the orbitals of the acceptor group. The last two effects
arise from the Pauli exclusion principle and the London dispersion forces and
are typical for strong hydrogen bonds. One example of weak H-bonding is in
the water-benzene complex, which results from the polarization of the benzene
π orbitals by the oxygen of water. Medium strength hydrogen bonds are formed
between carboxylic acids, whereas the strong ones occur either in acid salts or
fluorine compounds [5].
The geometrical properties of hydrogen bonds have been measured by X-ray
diffraction methods and have been related to thermodynamic properties. The
equilibrium distance distribution typically ranges between 2.5 to 3.6 Å for
strong and weak H-bonds, respectively. The equilibrium angle distribution is
centered around 0◦ with a width of 15◦, showing the high directionality of the
hydrogen bond, which makes them distinct from the more isotropic Van der
Waals interactions. This means that the H-bonds are on an almost straight
line in their equilibrium position, allowing them to dictate the assembly of
supramolecular structures. Their low formation energy at room temperature
associated with the directionality make them unique: they constitute the only
type of interaction that has both stability and flexibility [5]. Hydrogen bonding
is present in various condensed matter systems ranging from crystals to liquids,
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and complex matter such as proteins, and is responsible for their structure and
dynamics.

2.1.1 Hydrogen bonding in liquids

Water is crucial to the existence of life and it is a strong hydrogen bonded liquid
with tetrahedral H-bond arrangements [54–59]. The understanding of water
opened doors to study the dynamics and structure of other liquids, such as
alcohols and amides [33,34,60–63]. Alcohols have a hydroxyl group covalently
bonded to an alkyl chain (R-OH) and with thermodynamic properties that vary
according to the size of the adjacent groups. Containing one H-bond donor per
molecule the characteristic three-dimensional H-bond network encountered in
water is disrupted. With their amphiphilic nature alcohols carry the ability to
form hydrogen bonds with their neighboring molecules, which is conditioned
by the steric hindrance of the alkyl chain, see Figure 2.2 (a). The latter also
changes their dynamical properties, which makes them a very interesting object
of study [64,65].

Figure 2.2: Hydrogen bonds (a) in bulk methanol, (b) and in bulk N-methylacetamide.

N-Methylacetamide is a small molecule that contains a single carboxyl group
covalently connected to an amide group, by a peptide bond. This molecule
contains a donor group (N-H) and an acceptor group (C=O), which enables
the formation of hydrogen bonds with the neighboring molecules, see Figure
2.2 (b). Even though their H-bonds are restricted by the steric hindrance of
the methyl groups, they can assemble in different structures giving rise to long
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hydrogen bonded chains of molecules in a bulk liquid. These interactions are
very similar to those encountered between the protein backbones, which makes
this molecule suitable to mimic properties of proteins.

2.1.2 Hydrogen bonding in proteins

Proteins are the engines of living systems and responsible for essentially all
vital functions. They assemble in different levels of complexity from primary to
quaternary structures, which arise from different types of interactions. Here
the hydrogen bond plays a significant role in stabilization of well-defined ar-
rangements, such as the secondary structure, see Figure 2.3. Because of the
interchain H-bonds the degrees of freedom are restricted allowing the formation
of well-defined and stable structures [5].

Figure 2.3: Different secondary structure domains of proteins of DNA polymeraze
(PDB code:1AXC [66]). The α-helices are highlighted in purple, the β-
sheets in yellow, the β-turns in light blue, the random coils in light grey,
and the π-helices in dark blue.
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These hydrogen bonds are formed between the aminoacids of the protein
backbone, more precisely between the oxygen of the carbonyl group of one
aminoacid with the hydrogen of the amide group of another aminoacid. The
different types of secondary structure conformations are pleated β-sheets, α-
helices, β-turns, and random coils [5].

Figure 2.4: Ramachandran illustrations of the different protein motifs.

To indicate which conformations are energetically accessible, the energy is
plotted as function of the dihedral angles φ and ψ indicated in Figure 2.4(a), in
a so-called Ramachandran plot (Figure 2.4(b)). These dihedral angles are also
known as Ramachandran angles. With Ramachandran angles of φ=-110◦ and
ψ=+120◦ pleated β-sheets are divided in two types: parallel and antiparallel,
in which two aminoacids participate in two H-bonds, Figure 2.5 (c).

The α-helix secondary structures are more flexible than the other assemblies,
but mechanically less resistent, see Figure 2.5 (a). With systematically separated
H-bonds parallel to the helix axis, and composed by left handed aminoacids,
the right handed helices are favored. The most typical type is the α-helix,
with Ramachandran angles of φ=-60◦ and ψ=-45◦. In parallel β-sheets the
polypeptide chain is connected by a large sequence of aminoacids, called a
β-turn, see Figure 2.5 (c). In the antiparallel β-sheet, however, the β-turn
connecting both chains is smaller. The H-bonds of these assemblies also change,
being paired and less constrained for the case of antiparallel β-sheets, thus,
being more stable and easier to form than its parallel counterpart [5]. The
β-turns are sequences of aminoacids that connect the β-sheets together which
are stabilized by hydrogen bonds, however, these are typically weaker and confer
to the overall protein more flexibility. The random coils are protein domains
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Figure 2.5: Hydrogen bonding of different protein domains (a) α-helix, (b) β-sheet,
(c) β-turn, (d) π-helices, and (e) random coil.

that do not have a defined secondary structure, and are present between α-helix
and β-sheet domains, see Figure 2.5 (e). These motifs are very flexible, being
responsible for fluctuations of the overall protein structure. The π-helix , Figure
2.5 (d), domains rarely appear on proteins, and the residue i from the backbone
forms a hydrogen bond with residue i+5.

Even though important, hydrogen bonding is not only interaction dictating
secondary structure. Interactions such as salt bridges , charge, and hydropho-
bicity are as well of extreme importance [5]. However, they have not been
mentioned in this chapter since the overall goal is to provide an overview of
hydrogen bonding in different systems.



3 T H E O R Y A N D M E T H O D S

3.1 infrared spectroscopy
Spectroscopy is the study of light-matter interactions. It aims at probing the
structure of matter. When an infrared laser beam incides on matter it disturbs
the nuclear positions and motion (vibrations), and consequently the molecular
bond lengths and angles. The magnitude of this perturbation depends on the
resonance between the vibrational energy levels and the frequency of the incident
light. If the wavelength of the light is resonant with the difference between
the vibrational energy levels, the system will go from the ground state to an
excited state. The molecule will vibrate with well-defined frequencies, (as long
as the vibrations live long enough) which can be related to their structure. The
question of how a molecule goes from one state to the other arises. The energy
of a molecule is described by a potential energy surface (PES) that relates the
structure of a system with its energy. When the atoms of a molecule vibrate
they behave as a mass on a spring with an energy depending on the square of
the atomic displacement, to the lowest order approximation. This movement
can be described by a harmonic oscillator, where the different energy levels are
given by values of En = (n+ 1/2) h̄ω, where n represents the quantum number,
see Figure 3.1 a. This means that the different energy levels are quantized, and
only discrete energy levels are allowed. Each frequency is directly related with
a normal mode, which is a displacement vector of the atomic movements. A
vibration is a molecular finger print that is directly connected with the molecular
structure. The number of modes is dependent on the number of atoms (N),
and on the structure. A linear molecule has 3N − 5 normal modes, whereas
a non-linear molecule has 3N − 6 vibrations. In the harmonic approximation
these modes are fully independent of each other (orthogonal) behaving as
independent harmonic oscillators. For a transition to be infrared active it is
a necessary condition that the dipole moment associated to the transition is
non-zero. Such is the case of the O-H stretch vibration of water and the C=O
stretch vibration in proteins, which strongly absorb and vibrate in different
regions of the IR spectrum, such as 3500 cm−1 and 1600 cm−1, respectively.

21



22 theory and methods

Figure 3.1: The harmonic potential (green) and the Morse potential (blue), includ-
ing the dissociation and the zero-point energies. (b)Quantum harmonic
oscillator with the five lowest energy levels and their associated nuclear
wavefunctions.

This makes these types of vibrations well suited for infrared experiments. As
we will see later the breakdown of the harmonic approximation is crucial for
the types of spectroscopy discussed in this thesis.

3.2 molecular vibrations of special in-
terest

As described in the previous section, molecules have many possible vibrational
normal modes. This section will focus on the amide I vibration and the O-H
stretch vibration. Both modes are present in proteins and at protein water
interfaces, and as such, they are a very important subject to study.

3.2.1 The amide I vibration

The amide I vibration is mainly composed of the C=O stretch and the N-H
bending, Figure 3.2. It is present in the amide group of aminoacids, peptides,
and proteins [67–75]. This vibration is comprised in the spectral range of 1600
cm−1 to 1800 cm−1, and it has a strong absorption in the IR region [32]. The
absorption frequency is strongly dependent on the environment, making the
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Figure 3.2: Schematic representation of the Amide I vibration. The arrows indicate
the vibrational modes, namely the C=O stretch and the N-H bend.

amide I vibration widely used to probe protein structure and dynamics, since
there is a frequency shift induced by the environment.

Let us consider a dimer system composed of two N-methylacetamide molecules,
Figure 3.3, where the C=O of one molecule is hydrogen bonded with the N-H
group of the neighboring molecule. Here the amide I frequency of the H-bond ac-
cepting group will be shifted to the red side of the IR spectrum, as a consequence
of the hydrogen bond. A more complex picture arises when accounting for the
vibrational coupling between the molecules. This means that the vibrations are
close enough to feel each other. Because their electronic structure is changed,
the potential energy surface is modified, thereby altering the vibrational en-
ergy levels, and thus the vibrational frequencies. When the coupling is strong
enough, the infrared lines will split in two and the strength of the coupling is
related to the distance between the two infrared peaks. The coupling strength
is determined by the distance and the angles between the transition dipoles and
this quantity provides information that can be used to disentangle structural
conformations. The simplest model to predict the couplings is the transition
dipole coupling model [25].

In Chapter 2 the different secondary structures of proteins have been dis-
cussed and now an overview of their vibrations in the infrared region will be
given. An α-helix exhibits two main absorption peaks in the infrared region with
vibrational frequencies centered at ∼1638 cm−1 [76], due to the degenerate out
of phase amide I collective vibration, and at ∼1660 cm−1, caused by the in-phase
collective vibration of the amide I modes, the latter is the most IR intense.
Conversely, these frequencies change with the length of the α-helix [77]. The
most pronounced shift due to the in phase oscillation of all residues (A1 mode),
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Figure 3.3: Vibrationally uncoupled dimer of N-methylacetamide molecules. The
amide I unit s of the lower N-methylacetamide molecule is isotope labelled
using 13C and 18O.

that red shifts to ∼1650 cm−1 [76], with the increase of the length [78]. The
degenerate mode (E1) does not show a significant shift. Both bands are broad
and they overlap in the linear absorption spectra, thus the most characteristic
band of α-helices is centered at ∼1650 cm−1 [76].

The other common secondary structure motif, the β-sheet, also has pro-
nounced vibrations in the infrared region. Idealized β-sheets have four possible
vibrational modes but only two are infrared active [79], where the most intense
one is centered at ∼1640 cm−1. A high frequency mode is located at ∼1670
cm−1, but due to low intensity it is almost not seen in the linear absorption
spectra. β-turns are the secondary structures with the most blue shifted spectra,
∼1680 cm−1, Figure 3.4. These characteristic vibrations enable the identifi-
cation of the different secondary structures, allowing to understand also the
secondary structure composition of a protein. For example, the IR spectrum of
a protein that is mainly composed by β-sheets has a non-symmetric broad peak
centered at ∼1640 cm−1, whereas in case of a protein with a high percentage of
α-helices the peak is symmetric and centered at ∼1650 cm−1.

Solvent exposure changes the line shapes by broadening the peaks, as a
consequence of hydrogen bonding [76]. In this case, the vibrational frequencies
of the protein domains are red shifted and the line shapes are broadened when
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Figure 3.4: Frequency shifts due to different secondary domains of a protein. The
residues of an α-helix and β-sheet are in atomistic representation, and
the protein is represented in new cartoon. The oxygens are shown in
green, the nitrogens in pink, the carbons in blue, and the hydrogens in
light grey. An α-helix is colored in purple, and a β-sheet in blue. The
hydrogen bonds between different residues are represented in black. Note
that, the frequency ranges provided in the picture are the IR intervals
where these units are expected. The frequencies may shift significantly
due to environment.
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compared to the non-solvated counterparts. Because of the broadened line
shapes, caused by hydrogen bonding and the coupling between the different
units, the spectral lines overlap, making it difficult to clearly distinguish the
different structural motifs [24–33,79]. Notwithstanding, the approximated values
of the frequencies are the IR ranges that these domains are expected to vibrate.
Note that, these frequencies can be largely affected by the environment and
structural disorder. Thus, an α-helix in solution has a different frequency than
one on a membrane.

Isotope labelling of the different domains makes it possible to distinguish
between the individual amide units. In this case, atoms in the amide group are
replaced by other isotopes, most commonly 13C, 18O, and D. Due to the mass
change, the isotope labeled units will vibrate with a different frequency, and
therefore the coupling with their non-isotope labeled counterparts is reduced [80].
This method can be applied to define protein motifs enabling to study them
independently [28,43,81].

3.3 non-linear response
Linear infrared spectroscopy is a powerful method to probe structural properties
of a system as discussed above. However, it has a low sensitivity to dynamical
properties, such as molecular rotations. Two-dimensional infrared spectroscopy
is a correlation spectroscopy method, and it is sensitive to fast dynamical fluctu-
ations of a system. In the following sections a general framework for modeling
linear absorption and two-dimensional infrared spectroscopy is presented.

3.3.1 Spectral modeling

The two-dimensional spectrum can be modeled theoretically, using molecular
dynamics (MD) and response function calculations [24–33,82,83]. In classical
molecular dynamics the molecules are described by point charges and bonded
potentials, which interact with each other via non-bonded potentials [84–86].
This method enables the simulation of large systems as a function of time.
This means that we can understand how a system behaves in time by using
classical MD simulations. Here, Newton’s laws of motion are integrated in order
to predict the atomic positions as a function of time. This method has been
proven to be a useful basis for calculating two-dimensional infrared spectra, as
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it allows the extraction of dynamical information. Two-dimensional spectra
can be obtained from classical MD simulations by using the time-dependent
Hamiltonian for a vibrational mode. This Hamiltonian has the form :

H(t) =
∑
i

ωi(t)B
†
iBi −

∑
i

∆
2 (t)B†iB

†
iBiBi (3.1)

+
∑
i,j

Jij(t)B
†
jBi −

∑
i

~µi(t)· ~E(t)(B†i +Bi)

Here, B†i and Bi are the bosonic creation and annihilation operators and ~E(t)
is the external laser field used to excite the molecules. The site frequencies, ωi(t),
the transitions dipoles, ~µi(t), for each oscillator are calculated with electrostatic
maps, which assume dependence of the frequencies and transition dipoles on
the electric field [29,30,36]. The latter are based on the Stark effect [87], which
relates the shift of spectral lines with the electrostatic environment. Because
in classical MD the molecules are represented by point charges, this approach
enables the construction of the Hamiltonian from the electrostatic environment
generated by these charges. Here the electrostatic potential created by the point
charges of the force field is counted on the atoms of interest. For example, in
the case of the amide I mode there are maps that take the contribution of the
electric field, and its potential, in four atoms of the backbone of a protein while
others take only this contribution in two atoms of the protein backbone. The
anharmonicity is taken from the difference between the frequencies of the first
excited state and the second excited state ∆ = 2ωeg −ωfg, whereas the coupling
constants Jij depend on the system that is being studied. The transition dipole
coupling model provides a good description of the spatial interaction between
oscillators:

Jij =
1

4πε0

(
~µi. ~µj

r3
ij

− 3 (~µi. ~rij)(~µi. ~rij)
r5
ij

)
(3.2)

where ~µ is the transition dipole of two involved units, i and j, where ~rij is the
distance between the transition dipoles, as these are mechanically coupled. Here,
ε0 (vacuum permitivity) is used since the distances between the neighboring
molecules are very small. For short distances it breaks down, making it necessary
to employ other models, which is the case for the intramolecular coupling in
water, where the mechanical coupling dominates [88]. In summary, there are
several maps and coupling models that can be used to extract the necessary
information to build the vibrational Hamiltonian, that subsequently will be
used to calculate the spectrum. Furthermore, each approach depends on the
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target system and the information that we want to retrieve. Therefore in the
next sections a description of how these quantities are used for the spectral
calculations will be shown.

3.3.2 Induced light polarization

The aim of optics is to study light-matter interactions, and to provide an expla-
nation for the phenomena arising from the interaction of the electromagnetic
spectrum with a molecular system. When an electromagnetic field interacts with
a sample, it will cause a perturbation, which can be described by perturbation
theory, if the field is not too strong. The induced polarization can be described
as an expansion of the different powers of the perturbation:

P (t) = ε0(χ
(1)E(1) + χ(2)E(2) + ... + χ(n)E(n)) (3.3)

where χ(n) are the different orders of the susceptibility tensors and E is the
incident field vector. For a non centrosymmetric medium all susceptibilities
may be present, whereas the even ones vanish in case for the centrosymmetric
and isotropic cases. Hence, taking the macroscopic polarization as an ensemble
average of the expectation value of the transition dipole, using Dirac’s notation,
~P (t) =

〈〈
ψ(t)|~µ|ψ(t)

〉〉
E

, the nth order polarization induced by n interactions
with the light field is given by :

~P (n)(t) =
m=n∑
m=0

〈〈
ψ(n−m)(t)|~µ|ψ(m)(t)

〉〉
E

(3.4)

where
〈

..
〉
E

is the ensemble average, ~µ is the dipole operator, ψ(m) are the mth-
order corrections to the wavefunctions. The expressions for the wavefunctions
can be simplified by transforming to the interaction picture, in which the time
dependence is in the perturbative part of the Hamiltonian operator (HI

P ). This
simplifies the expressions, since the time-dependence is passed to the operators.
Thus, the wavefunction can be written as:

ψ
(m)
I (t) =

(
− i

h̄

)m ∫ t

t0

dτm

∫ τm

t0

dτm−1... (3.5)∫ τ2

t0
dτ1Ĥ

I
P (τm)Ĥ

I
P (τm−1)...ĤI

P (τ1)ψI (t0)
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This equation can be rewritten in the Schrödinger picture via an unitary
transformation:

ψ
(m)
I (t) = e−i/ h̄Ĥ

I
P
(t−t0)ψ

(m)
I (t0) (3.6)

ψ
(m)
I (t) = U(t, t0)ψ(m)

I (t0) (3.7)

where U(t, t0) is the time evolution operator, describing the time evolution of
the wavefunction and ψ(m)

I (t) is the wavefunction in the interaction picture. The
Hamiltonian can be transformed from the interaction picture to the Schrödinger
one via a unitary transformation:

ĤI
P = U †(t, t0)ĤP (t)U(t, t0) (3.8)

where, U(t, t0) is the time evolution operator and U †(t, t0) is the hermitian
conjugate. This approach is useful to describe the time-dependence of a system
upon perturbation [89].

3.3.3 Linear infrared spectroscopy

In the beginning of this section the different energy levels that compose the
vibrational oscillator have been introduced [89]. For the linear absorption only
the two lowest levels corresponding to the fundamental transition need to be
considered. Let us consider the following system composed by N two level
systems, Figure 3.5.

Figure 3.5: Schematic representation of the collection of states formed by N two level
systems, where N represents the number of single excited states.

When a short resonant laser pulse interacts with a system, a coherent
superposition between the ground state and the excited state is formed, in
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which the transition dipole dictates the amplitude of the oscillation between
the two states. With time the system goes back to the ground state resulting in
the emission of a photon. Using perturbation theory, described in the previous
section, it becomes possible to follow the time evolution of the system, and
therefore calculate the response of the perturbation created by the laser beam.
This can be represented by Feynman diagrams, Figure 3.6, which pictorially
show the time evolution of the system.

Figure 3.6: The Feynman diagram represents the linear response function. The arrows
represent the interactions with the laser field, in which an arrow pointing
towards a vertical line represents an excitation, while the dashed arrow
represents deexcitation. The τ1 and τ2 are the times when the applied
fields interact with the system.

The linear response function is given by :

S1D(t1) = −
(
i

h̄

)
〈g|µge(τ2)Uee(τ12)µ

eg(τ1)|g〉. (3.9)

where µ are the transition dipoles and Uee is the time evolution operator in
the interaction picture and τ1 and τ2 are the times at which the electric field
interacts with the system. The response function is converted to the frequency
domain by a Fourier transform:

I(ω) =

∫ ∞
0

S1De−iωt1 Γ1D(t1)dt1 (3.10)

where I(ω) is the linear absorption spectrum, Γ1D = e
−t1
2T1 is the relaxation

factor, which includes a vibrational lifetime T1, and t1 = τ2 − τ1.
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3.3.4 Two-dimensional infrared spectroscopy

Even though linear infrared spectroscopy can be a useful tool to probe dynamics,
the broadened line shapes may hide some transitions that contain information
about equilibrium fluctuations. Two-dimensional infrared spectroscopy presents
a solution to this problem and as stated before it is sensitive to dynamics.
This multipulse optical technique was inspired by correlation NMR [90] and it
is very frequently used to probe fast dynamical properties of a system, such
as hydrogen bonding dynamics. The main advantage of 2D IR spectroscopy
is that the vibrational spectrum is spread over two frequency axes, relating
the frequency of an initial excitation of a given vibration with the remaining
vibrations, thereby rendering the technique sensitive to vibrational couplings
[23, 30, 37, 72, 78–80,91–107]. Here, higher excited states are accessible and, due
to the short coherent light pulses, the oscillation of the polarization continues
after the interaction, and the radiated field can be measured by a weak laser
pulse. The laser pulses are separated by time delays.

Figure 3.7: Schematic representation of the collection of states formed by N three
level systems, with N representing the number of single excited states,
and N(N + 1)/2 is the number of doubly excited states.

For example, consider a collection of N three level systems each, with a
ground state g, a first excited state e, and a second excited state f, shown in
Figure 3.7. The system interacts with three laser pulses at three consecutive
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time points. The time delay t1 is the delay time between the first two laser
pulses, t2 is the delay between the second and third pulse, and t3 is the delay
after the third pulse. After interacting with the first laser pulse, the system
is brought to a coherent superposition between the ground state and the first
excited state and evolves during time t1. The second laser pulse can create a
coherent superposition of two single excited states or can de-excite the system
back to the ground state, or it can create a single excited state population.
The third laser pulse either brings the system to a coherent superposition
between the ground state and a single excited state, or between double excited
states. Finally, an electric field is generated after time t3. This signal may
be subsequently Fourier transformed with respect to the time delay between
the two first pulses, t1, and the time between the last pulse and the signal
detection, t3, to the frequency domain. The time delay between the second
and the third pulses is denoted the waiting time and may be used to study
dynamics. The interactions of the system with the applied laser pulses result
in three processes: ground state bleach (GB), stimulated emission (SE), and
excited state absorption (EA). These are represented by the Feynman diagrams
shown in Figure 3.8.
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Figure 3.8: Double-sided Feynman diagrams for visualizing the response functions.
The vertical lines represent the time evolution of the ket and the bra,
respectively. The time increases upwards and arrows that point towards
the vertical lines represent excitation, while arrows pointing away represent
deexcitation [82].

The 2D IR spectra are given by the sum of the signal emitted in two
directions ~kI = −~k1 + ~k2 + ~k3 and ~kII = ~k1 − ~k2 + ~k3. Here ~k1, ~k2 and ~k3
are the wave vectors of the incoming fields, and ~kI is the wave vector of the
rephasing signal, while ~kII is wave vector the non-rephasing counterpart. An
echo signal is produced in the case of the rephasing diagram, due to the fact
that the phase coherent oscillations during t1 and t3 are opposite in phase [89].
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The third-order response functions related to the Feynmann diagrams given
in Figure 3.8 [83,89,108] are:

S
(~kI )
GB (t3, t2, t1) = −

(
i
h̄

)3 〈µge(τ1)Uee(τ1, τ2)µeg(τ2)µge(τ4)

Uee(τ4, τ3)µeg(τ3)〉EΓ(t3, t2, t1)

S
(~kI )
SE (t3, t2, t1) = −

(
i
h̄

)3 〈µge(τ1)Uee(τ1, τ3)µeg(τ3)µge(τ4)

Uee(τ4, τ2)µeg(τ2)〉EΓ(t3, t2, t1)

S
(~kI )
EA (t3, t2, t1) =

(
i
h̄

)3 〈µge(τ1)Uee(τ1, τ4)µef (τ4)

Uff (τ4, τ3)µfe(τ3)Uee(τ3, τ2)µeg(τ2)〉EΓ(t3, t2, t1)

S
(~kII )
GB (t3, t2, t1) = −

(
i
h̄

)3 〈µge(τ4)Uee(τ4, τ3)µeg(τ3)µge(τ2)

Uee(τ2, τ1)µeg(τ1)〉EΓ(t3, t2, t1)

S
(~kII )
SE (t3, t2, t1) = −

(
i
h̄

)3 〈µge(τ2)Uee(τ2, τ3)µeg(τ3)µge(τ4)

Uee(τ4, τ1)µeg(τ1)〉EΓ(t3, t2, t1)

S
(~kII )
EA (t3, t2, t1) =

(
i
h̄

)3 〈µge(τ2)Uee(τ2, τ4)µef (τ4)

Uff (τ4, τ3)µfe(τ3)Uee(τ3, τ1)µeg(τ1)〉EΓ(t3, t2, t1)
(3.11)

where, Γ(t3, t2, t1) is the relaxation factor in which the vibrational lifetime T1
is included and has the form:

Γ(t3, t2, t1) = e
−
t3 + 2t2 + t1

2T1 (3.12)
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The signal is then Fourier transformed to the frequency domain and the two-
dimensional spectra are given by the sum of the rephasing and non-rephasing
signals:

S(~kI )(ω3, t2,ω1) =

∫ ∞
0

∫ ∞
0

[
S
(~kI )
GB (t3, t2, t1)

+S
(~kI )
SE (t3, t2, t1) + S

(~kI )
EA (t3, t2, t1)

]
e(i(ω3t3−ω1t1))dt3dt1 (3.13)

S(~kII )(ω3, t2,ω1) =

∫ ∞
0

∫ ∞
0

[
S
(~kII )
GB (t3, t2, t1)

+S
(~kII )
SE (t3, t2, t1) + S

(~kII )
EA (t3, t2, t1)

]
e(i(ω3t3+ω1t1))dt3dt1 (3.14)

Thus by summing the equations 3.13 and 3.14, the absortive part of the two-
dimensional spectra is given, where I is given by the imaginary part of signal:

I(ω3, t2,ω1) = Im
[
S(~kI )(ω3, t2,ω1) + S(~kII )(ω3, t2,ω1)

]
(3.15)

Numerical Integration of the Schrödinger equation, the so-called NISE approach,
is used to calculate both linear and 2D IR spectra [83, 108]. Due to the
instantaneous interaction between the external field and the system and the
short pulse duration, the system evolves during the delay between pulses as if
there is no electric field present. Hence, the coupling between excited states with
different excitation level is zero. Thus, the Hamiltonian is block diagonal with a
ground state block (Hgg), an excited state block (Hee), and double excited state
block (Hff ). This allows us to treat these blocks separately [83,108]. Therefore,
the time-dependent Schrödinger equation for each individual diagonal block is:

dψ(t)

dt
= − i

h̄
H(t)ψ(t) (3.16)

where ψ is the wavefunction at a given time t and H is the Hamiltonian. Thus,
the solutions to this equation can be found using the time evolution operator:

ψ(t) = U(t, t0)ψ(t0) (3.17)

with U(t, t0), the time evolution operator, defined as:

U(t, t0) = e

[
−
i

h̄

∫ t

t0
H0dτ

]
+ (3.18)
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where H0 is the Hamiltonian operator for the unperturbed system and the plus
sign on the exponential denotes the time ordered exponential. Therefore, the
integration is performed in small time steps during which the Hamiltonian can
be considered constant. Thus, the time evolution of the system is given by:

ψ(t) =

[
Π(t−t0)/∆t
n=0 U((n+ 1)∆t+ t0,n∆t+ t0)

]
ψ(t0) (3.19)

where n is the number of steps. In this way time-evolution matrices, U, for
each excitation manifold are obtained for the delays between the interactions.

3.3.5 Main characteristics of a 2D IR spectrum

A two-dimensional spectrum reveals the correlation between excitation and
detection frequencies. The spectrum contains diagonal peaks and off-diagonal
ones, which contains structural and dynamical information. The 2D IR spectrum,
thus, contain diagonal peaks originating from the ground state bleach and
stimulated emission, which both result in decreased absorption, Figure 3.9 (A).

Figure 3.9: Illustration of a typical 2D IR spectrum, where blue represents an induced
absorption and red bleach and stimulated emission. The different peak
types A-D are described in the text.
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Below the diagonal peaks, excited state absorption peaks are present (B),
which reflects an additional absorption and these peaks have the opposite
sign of the diagonal ones. Furthermore, cross peaks arise due to the coupling
between different modes, resulting in delocalization of vibrational excitons. The
cross peaks originate from bleach/stimulated emission (C) and excited state
absorption (D) processes [91,109].

The line shapes of the two-dimensional spectrum portray dynamical infor-
mation of the system. As written in the previous section a two-dimensional
infrared spectrum is a correlation spectrum. Here, the frequency at which a
system is excited is correlated with the frequency at which the system is probed,
after a time delay.

Figure 3.10: (a) Illustration of the variation of the line shape of a 2D IR spectrum with
the waiting time.(b) Illustration of the center line slope. (c) Illustration
of the variation of the diagonal and antidiagonal line widths with the
waiting time.

When the system is probed immediately after excitation, time delay t2=0,
there is typically a strong correlation between the frequencies, which will give
rise to a diagonally elongated peak (elliptic shape) [91, 109]. With the increase
of the waiting time the system is allowed to relax and the correlation between
both the initial and final frequencies is lost. The latter gives rise to a round peak
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with a large anti-diagonal elongation (circular peak), see Figure 3.10. With
the waiting time the peak shapes change from an elliptic peak to a round peak.
Thus, the time scale of this change provides information of how the vibrational
mode is interacting with the bath. For example, a system in which the line
shape is changing from elliptic to circular, is a system in which the dynamics
is fast, and it is said that the system has a short memory (a homogeneous
system). In case the line shape is diagonally elongated during the different time
delays the dynamics of a system is slow and it is said that it has a long lived
memory (an inhomogeneous system). Therefore, by measuring the diagonal and
anti-diagonal elongation it is possible to retrieve quantitative information on
the dynamics from the peak shape.

From the line shape of the spectrum the frequency-frequency correlation
function (FFCF) can be obtained. This is a measure of the frequency fluctuations
of a given oscillator with time [110]. This quantity describes the probability of a
molecule vibrating with a given frequency maintaining the same frequency after
a period of time. Because of structural fluctuations the vibrational frequency
of a molecule will change with time, since the molecule experiences different
environments. This process is called spectral diffusion to which FFCF’s are
often sensitive and can be used to provide more details about the time scale.
The FFCF for an isolated |0〉 → |1〉 transition is given by:

C(t) = 〈δω10(t)δω10(0)〉 (3.20)

where δω10(t) = 〈ω〉 − ω(t). The FFCF can be approximated by the sum of
two terms [110]:

C(t) =
δ(t)

T2
+
∑
i

∆2
i e
−t/τ1 (3.21)

where ∆i is the amplitude of the frequency fluctuation, τi is the correlation time
between the ith component and T2 is the dephasing time. Furthermore, for a
diagonally elongated peak one can define the axis of an ellipse as:

a = η
√

1 +M (tw) and b = η
√

1−M (tw) (3.22)

where M (tw) is the correlation function, η is a normalization factor. The ellipse
axis are defined by a (on diagonal) and b (antidiagonal). Thus, the eccentricity
of an ellipse is given by:

ε =

√√√√1−
(
b

a

)2

(3.23)
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by replacing equation 3.22 into the previous equation:

ε =

√
1− 1−M(tw)

1 +M(tw)
(3.24)

this equation can be rewritten in terms of the correlation function:

M (t) =
a2 − b2

a2 + b2
(3.25)

The above expression shows how one can use the eccentricity of a peak of
a 2D spectrum to retrieve the correlation function. Thus, for a diagonally
elongated peak (inhomogeneous) the value of the correlation function M(t) is
approximately 1 and the eccentricity (ε) should be 1. On the other extreme,
for a very homogeous peak (round) the eccentricity (ε) is 0 and the correlation
function M(t) is approximately 0.

The center line slope (CLS) analysis is a method that allows the extraction of
FFCF’s and spectral diffusion. Here, two spectral cuts parallel to the detection
frequency axis are chosen and the slope is calculated through the lines that
connect these cuts. Furthermore, for a system with only one single vibrational
component the cuts are taken within a frequency range around the maximum
of the 2D IR spectrum. This procedure is repeated for the spectrum at different
waiting times. For short waiting times the center line has a significant slope, but
with the increase in the waiting time the spectrum becomes more symmetrical
due to spectral diffusion and the center line has slope zero. The central line
slope is related with the FFCF and it takes values between 1, in the absence of
a homogeneous component, and 0 for a fully homogeneous peak [110].

Fast frequency fluctuations are a reflection of systems with fast dynamics,
resulting in antidiagonal broadening already at t2=0 as the correlation is lost
during t1 and t3. Because of the excitation transfer between oscillators, cross
peaks are likely to increase in intensity with the waiting time. A probe for
this increase in intensity, caused by the dynamics of an excitation hopping
from one site to another, is the population transfer. This quantity measures
the probability of an excited unit at time zero to be excited at a given time t.
Population transfer dynamics can be used to analyze how an excitation flows
inside the system, reflecting the strength of the coupling between molecules.

The molecules in which the transition dipole is aligned parallel with the
polarization of the electric field are excited preferentially when compared to the
case in which the transition dipole has an angle with the applied field. Because
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the number of molecules that have their transition dipole perpendicular to the
laser pulse is zero, the initial parallel response is larger than the perpendicular
one [91,105,109].

Figure 3.11: Illustration of the orientation of the laser pulses in a 2D IR experiment.

Thus, the parallel signal decays faster than the perpendicular one. This
difference in decay allows one to extract dynamical information regarding
molecular orientational motion. One quantity that is widely used to characterize
the orientational motion of the molecules is the anisotropy decay. Here the
normalized difference between the signal along the pump and probe polarization
directions is taken :

R(t) =
∆α|| − ∆α⊥

∆α|| + 2∆α⊥
(3.26)

where ∆α|| is the parallel signal and ∆α⊥ is the perpendicular one. A fast
anisotropy decay is characteristic for a system with fast reorientational or
population transfer dynamics and it is usually associated with systems with
weak hydrogen bonding or with systems in which the excitations are highly
delocalized [91,109]. For an isolated molecule the anisotropy decay reflects its
rotational motion.

Two dimensional infrared spectroscopy is also very useful to probe chemical
exchange, since it is possible to follow in time the evolution of these processes
[111–114] . Considering two molecules A and B that transform into each other
during time. Initially, there no interconversion between both species, therefore
in the 2D IR spectrum only the peaks corresponding to their initial frequencies
will appear, see Figure 3.12 .



3.3 non-linear response 41

Figure 3.12: Schematic representation of a 2D IR spectrum of a chemical exchange
process. The diagonals peaks (in purple and green) are connected with
two different configurations (A and B). The blue cross peaks appearing
at later times reveal the chemical exchange of the two species intercon-
verting.

With time the chemical exchange process takes place and can inter-convert
into each other. Thus, by probing the system after some time cross peaks
resulting from this exchange will appear. By measuring the spectra at different
waiting times, one can retrieve information regarding the reaction rates.
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4 A S S E S S I N G S P E C T R A L
S I M U L AT I O N P R O T O C O L S FO R
T H E A M I D E I B A N D O F
P R O T E I N S1

We present a benchmark study of spectral simulation protocols for the amide I
band of proteins. The amide I band is widely used in infrared spectroscopy of
proteins due to the large signal intensity, high sensitivity to hydrogen bonding,
and secondary structural motifs. This band has, thus, proven valuable in many
studies of protein structure function relationships. We benchmark spectral
simulation protocols using two common force fields in combination with several
electrostatic mappings and coupling models. The results are validated against
experimental linear absorption and two-dimensional infrared spectroscopy (2D
IR) for three well-studied proteins. We find 2D IR to be much more sensitive to
the simulation protocol than linear absorption and report on the best simulation
protocols. The findings demonstrate that there is still room for ideas to improve
the existing models for the amide I band of proteins.

1 THIS CHAPTER WAS PUBLISHED IN J. CHEM. THEORY COMPUT.,12 (8),3982-
3992,2016.
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4.1 introduction
Conformational changes in proteins are related to protein function. Such fluctu-
ations happen on time scales ranging from the picosecond to the millisecond
timescale and beyond. Fast fluctuations have been shown to influence long
timescale processes [12–20]. Probing fast dynamics along the reaction coordi-
nate can, thus, provide deeper knowledge of structure-activity relationships
of biological systems. [67–75]. The amide I band is the most probed mode in
IR spectroscopy of proteins, due to its sensitivity to solvation and secondary
structure. It is dominated by the CO stretch vibrations in the peptide backbone,
and located in the frequency range from 1600 to 1700 cm−1. The most common
signatures of secondary structure in the amide I band are peaks between 1630
and 1640 cm−1, and between 1640 and 1650 cm−1, resulting from β-sheets and
α-helices, respectively, Figure 4.1. 2D IR [23] is a novel technique to probe
transient structure and dynamics.

It has been applied extensively to the amide I mode of protein systems
[23,30,37,72,78–80,91–107], providing structural and dynamical information that
conventional absorption spectroscopy is not sensitive to. The main limitation of
infrared spectroscopy is the lack of distinct peaks in such spectra arising from a
broad distribution of different hydrogen bonding environments, delocalization of
vibrational modes [79], and side chain absorption in the amide I region [29,115].
Therefore, theoretical models [24–33] have been developed to disentangle spectral
signals, and allow interpretation in terms of structure and dynamics of the
investigated proteins. So far, few thorough tests of the theoretical models
have been made. The existing benchmarks have generally been limited to
peptides [28,116–118] or proteins with isotope labeled sites [43,81]. The aim
of this work is to benchmark some of the most popular existing models using
linear absorption and 2D IR spectroscopy on full proteins to guide the choice
of simulation protocol in future studies and identify limitations of the existing
methods.
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Figure 4.1: (a) The relationship between secondary structure and amide I vibrational
frequency in the infrared spectrum. Where the residues of, both, α-
helix and β-sheet are in atomistic representation, and the overall protein
structure is represented in new cartoon. The oxygens are shown in green,
the nitrogens in pink, the carbons in blue, and the hydrogens in light
grey. An α-helix is colored in purple, and a β-sheet in blue. The hydrogen
bonds between different residues are represented in orange. The structures
of the used proteins are represented in new cartoon (b) Lysozyme, (c)
Ribonuclease A, and (d) Concanavalin A, rendered with VMD-1.9.2 [119].
Here the random coils are presented in red, and the π-helix in orange.
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The main advantage of 2D IR spectroscopy is that the vibrational spectrum is
spread over two frequency axes relating the frequency of an initial excitation of a
given vibration with the remaining vibrations and, thus, sensitive to vibrational
couplings [23,91]. It is, thus, well documented that this spectroscopy is much
more sensitive to structural changes than conventional linear spectroscopy. The
2D IR experiment is performed by sending a number of femtosecond laser pulses
through the sample and detecting the third-order response. The first laser pulse
brings the system into a coherent superposition of the ground state and the
single excited state. The second laser pulse can create a coherent superposition
of two single excited states, or can de-excite the system back to the ground
state, or it can create a single excited state population. The third laser pulse
either brings the system to a coherent superposition between the ground state
and a single excited state, or between double excited state. Finally, a time
domain signal is emitted, and posteriorly Fourier transformed with respect to
the time delay between the two first pulses, t1, and the time between the last
pulse and the signal detection, t3, to the frequency domain. The time delay
between the second and the third pulses is denoted the waiting time and may
be used to study dynamics. In the present work the waiting time will be zero.
The interactions of the system with the laser applied pulses results in three
processes: (a) ground state bleach, (b) stimulated emission, and (c) excited
state absorption, and are represented by the Feynmann diagrams shown in
Figure 3.8 [89].

The 2D IR spectra are given by the sum of the signal emitted in two
directions ~kI = −~k1 +~k2 +~k3 and ~kII = ~k1 −~k2 +~k3. Here, ~k1, ~k2, and ~k3 are
the wave vectors on the incoming fields, and ~kI , is the photon echo, whereas
~kII is the non-rephasing signal. An echo signal is produced in the case of the
rephasing diagram, due to the fact that the phase coherent oscillation during t3
and t1 are opposite. The 2D IR spectrum, thus, contain several peaks, where the
diagonal ones correspond to the ground state bleach and stimulated emission,
which both result in decreased absorption. Below the diagonal excited state
absorption peaks are present, the process results in an additional absorption,
and, these peaks have the opposite sign of the diagonal peaks. Furthermore,
cross peaks, arise due to the coupling between different modes. This occurs due
to the delocalization of vibrational excitons [91,105,109].

The protocols for simulating the amide I spectra of proteins considered in
this Chapter follow the same basic procedure outlined below. First classical MD
simulations [84–86] are performed to determine the structure and dynamics of
the protein under investigation. The time-dependent Hamiltonian accounting for
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the amide I vibrations is constructed for numerous snapshots along the trajectory.
This is achieved by using mappings that relate the electrostatic environment
predicted by the force field with the local mode vibrational frequencies [27, 27–
29,32,34–43], and couplings [38,120–123]. This information is then converted to
linear absorption and 2D IR spectra using response function based calculations
[82, 83]. The force field point charges determining the electric fields were
not parametrized for this type of modelling, but some of the mappings were
developed for specific force fields [29,37]. For not matching combinations one
can, thus, expect significant errors for other force fields than that they we
parameterized for. Furthermore, within the wide range of existing force fields,
some do not contain parameters for various coenzymes, narrowing the options
of usage or requiring new parameterizations.

Benchmarking studies of the amide I, so far, focused on linear absorption
spectra in solution [32,124], single conformation gas phase spectroscopy [117,118],
and 2D IR spectroscopy utilizing isotope labels [28,43,81]. In a recent paper [125],
a benchmark study using linear absorption and 2D IR for full proteins was
performed. That study focused on the Gromos-54a7 and Amber99SB-ILDN
force fields. Three well studied proteins, namely Lysozyme [126] (Lys, Protein
Data Bank Identication (PDB ID): 1AKI), Ribonuclease A [127] (RNseA, PDB
ID: 1FS3), and Concanavalin A [128] (ConA, PDB ID: 1NLS) shown in Figure
4.1 were used. These were chosen due to their varying α-helix and β-sheet
content. This strategy allowed the determination of quantitative measures for
the performance of different simulation protocols. We will follow the same
benchmarking strategy of that paper, but focus on the CHARMM-27 [129] and
OPLS-AA [130] force fields. These are generally popular protein force fields,
which have both previous been used for modelling the amide-I band. We will
therefore be able to make a direct comparison between results for all four force
fields. As the present benchmarking procedure is computationally time very
demanding we limit our study to a limited set of simulation protocols using
the knowledge of previous benchmarking studies [28, 43, 81, 116–118] to narrow
down the selected protocols.

In the current Chapter, a benchmark of different electrostatic mappings,
and coupling models, are presented. The main goal is to provide information
of the best combination of force fields, electrostatic mappings, and coupling
models. The detailed simulation and benchmarking protocol are presented
in the Methods section. In the Results section the obtained FTIR and 2D
IR spectra and presented and quantitatively compared with experiment. The
conclusions are drawn in section IV.
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4.2 methods

4.2.1 Molecular dynamics

All molecular dynamics simulations were performed with the GROMACS [131]
suite 4.6.1 using the OPLS-AA [130] and the CHARMM-27 [129] force fields.
All protein systems were solvated with water using the SPC/E model [132], and
sodium/chlorine counter ions were added to keep the simulation box neutral. At
first an energy minimization was made, followed by two 100 ps equilibrations:
(1) an NVT equilibration at a temperature of 300 K [133]; and (2) an NPT at
pressure of 1 bar using a Parrinello-Rahman barostat [134]. A constant volume
production run of 1 ns, at 300 K, with a time step of 2 fs was performed, in which
a 1.0 nm cutoff was used for both Lennard-Jones and Coulomb interactions [135].
The production runs were performed in the NVT ensemble to avoid possible
artifacts due to dynamical coupling between the systems and the barostat. The
long range Coulomb interactions were treated using the Particle Mesh Ewald
(PME) method [136], with a grid step of 0.16 nm, and a convergence of 10−5.
The truncation of Lennard-Jones interactions was compensated by introducing
analytic corrections to the pressure and potential energy [135]. A V-rescale
thermostat [133] with an inverse time constant of τ−1= 0.2 ps−1 was used to
keep the temperature constant. All bonds were constrained using the LINCS
algorithm [137]. Trajectories of all atomic positions were stored with 20 fs
intervals between the snapshots, for the spectral calculations.

4.2.2 The Amide I Hamiltonian

The time dependent Hamiltonian for the amide I modes was constructed from
all stored snapshots of the MD production run:

H(t) =
∑
i

ωi(t)B
†
iBi −

∑
i

∆
2 (t)B†iB

†
iBiBi (4.1)

+
∑
i,j

Jij(t)B
†
jBi −

∑
i

~µi(t)· ~E(t)(B†i +Bi)

Here B†i and Bi are the bosonic creation and annihilation operators, and ~E(t)
is the external laser field used to excite the amide I units. The site frequencies,
ωi(t), the transitions dipoles, ~µi(t), of each amide unit of the protein backbone
were calculated with electrostatic maps. The anharmonicity ∆ was kept constant
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at 16 cm−1. [23] The electrostatic maps relate the electric fields created by
the force field point charges on each atom of the amide I unit, with the site
frequency and the transition dipole. The maps all assume dependence of the
frequencies and transition dipoles on the electric field, and in our case the electric
field gradient as well. In this study three electrostatic maps were applied: the
Skinner map [29], the Jansen map [36], and the Tokmakoff map [30]. The
Skinner and the Tokmakoff maps were parametrized for Gromos-54a7 [138],
and for CHARMM-27 [129], respectively. The map coefficients were fitted
empirically with the charges generated by the force fields, either using ab initio
results or experiment on the dipeptide for the fit. Here we will only use the
Tokmakoff map for the CHARMM-27 force field for which it was developed.
The Jansen frequency map [36] accounts for dependence on both, electric field
generated by the surroundings, and its gradient. This map was constructed
with DFT calculations in 75 different point charge environments, and is thus,
not optimized for any particular force field. In all cases, the short range
couplings and frequency shifts were calculated using the nearest neighbour
coupling model. This is a Ramachandran angle based mapping parametrized
from DFT calculations on dipeptides [120,123,139]. The long range couplings
between amide units at larger distances, Jij , were calculated using either the
transition charge coupling (TCC) [120], or the transition dipole coupling model
(TDC) [121].

For the TDC model, Eq. (4.2), the coupling is determined from the transition
dipoles, ~µi, as taken from Ref. 121, of two involved units, i and j, where ~rij is
distance between the transition dipoles [29].

Jij =
1

4πε0

(
~µi. ~µj

r3
ij

− 3 (~µi. ~rij)(~µi. ~rij)
r5
ij

)
(4.2)

The TCC coupling has the form [120,140]:

Jij =
1

4πε0

∑
n,m

(dqndqm∣∣~rnimj

∣∣ − 3qnqm(~νni . ~rnimj )(~νmj . ~rnimj )∣∣~rnimj

∣∣5
−
−dqnqm~νmj . ~rnimj + qndqm~νni . ~rnimj − qnqm~νni . ~νmj∣∣~rnimj

∣∣3 )
(4.3)

Here, the subscripts n and m number the atoms belonging to different amide
units i, and j, respectively. A charge, qn, a transition charge, dqn, and a normal
mode coordinate, ~νi, are assigned to each atom of each amide I unit, of the
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protein backbone. ~rnimj is the distance vector between atoms of the two units.
The used parameters are taken from Refs. 120,123 and from Ref. 139 for the
units preceding proline.

4.2.3 Spectral Calculations

All spectra were calculated with the Numerical Integration of Schrödinger
Equation method (NISE) [83,108], in which the time dependent Schrödinger
equation is solved numerically for the Amide I time dependent Hamiltonian.
Here, an instantaneous interaction between an external field and the system is
assumed, and when the electric field is vanishing the coupling between states
with different excitation is zero. Therefore, the Hamiltonian is block diagonal
with a ground state block (g), an excited state block (e), and double excited
state block (f). Consequently these blocks can be treated separately [83,108].
To solve the time-dependent Schrödinger equation for each block it is considered
that the excitations are localized on the amide I modes, and the integration is
performed in small time steps during which the Hamiltonian can be considered
constant. In this way time-evolution matrices, U, for each excitation manifold
is obtained for the delays between the interactions at times denoted τ0 to τ4.
This allows to calculate both linear response function governing the linear
absorption [89].

S1D(τ10) = −
(
i

h̄

)
〈µge(τ0)Uee(τ01)µ

eg(τ1)〉. (4.4)

Similarly the third-order response functions related to the Feynmann diagrams
in Figure 3.8 are given by [83,89,108]:

S
(~kI )
GB (t3, t2, t1) = −

(
i
h̄

)3 〈µge(τ1)Uee(τ1, τ2)µeg(τ2)µge(τ4)

Uee(τ4, τ3)µeg(τ3)〉EΓ(t3, t2, t1)

S
(~kI )
SE (t3, t2, t1) = −

(
i
h̄

)3 〈µge(τ1)Uee(τ1, τ3)µeg(τ3)µge(τ4)

Uee(τ4, τ2)µeg(τ2)〉EΓ(t3, t2, t1)
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S
(~kI )
EA (t3, t2, t1) =

(
i
h̄

)3 〈µge(τ1)Uee(τ1, τ4)µef (τ4)

Uff (τ4, τ3)µfe(τ3)Uee(τ3, τ2)µeg(τ2)〉EΓ(t3, t2, t1)

S
(~kII )
GB (t3, t2, t1) = −

(
i
h̄

)3 〈µge(τ4)Uee(τ4, τ3)µeg(τ3)µge(τ2)

Uee(τ2, τ1)µeg(τ1)〉EΓ(t3, t2, t1)

S
(~kII )
SE (t3, t2, t1) = −

(
i
h̄

)3 〈µge(τ2)Uee(τ2, τ3)µeg(τ3)µge(τ4)

Uee(τ4, τ1)µeg(τ1)〉EΓ(t3, t2, t1)

S
(~kII )
EA (t3, t2, t1) =

(
i
h̄

)3 〈µge(τ2)Uee(τ2, τ4)µef (τ4)

Uff (τ4, τ3)µfe(τ3)Uee(τ3, τ1)µeg(τ1)〉EΓ(t3, t2, t1)
(4.5)

where, Γ(t3, t2, t1) is the relaxation factor in which the vibrational lifetime T1
is included and has the form:

Γ(t3, t2, t1) = e
−
t3 + 2t2 + t1

2T1 (4.6)

The response functions Equation 4.4 and 4.5 are multiplied with exponential
appodization functions corresponding to a vibrational lifetime of 1.8 ps [27,141].
The linear absorption is then obtained by a Fourier transform of Eq. 4.4
with respect to τ01, while a two-dimensional Fourier transform with respect
to the coherence times (t1 = τ10 and t3 = τ32) of Eq. 4.5 provides the 2D IR
spectra [91], respectively. These coherence times were varied from 0 to 2.16
ps. The response functions were calculated from starting configurations along
the trajectory separated by 2 ps, giving an ensemble average over a total of
500 realizations. The used coherence times result in a spectral resolution of 0.4
cm−1 as compared to the experimental resolution of 0.5 cm−1. The spectral
window in the calculations were set to the range 1400-1800 cm−1 allowing us to
cover the entire experimental range from 1580-1715 cm−1, which was truncated
at these values to avoid contamination of the amide I region with contribution
from amide II and other nearby vibrations.
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4.2.4 Analysis

To provide the benchmark we need to determine the similarity between experi-
mental and theoretical line shapes. We achieve this through the calculation of
the spectral overlap [125,141]:

S1D =
∑
i

(I(ωi)Iref (ωi))/

√√√√(∑
i

I(ωi)2

)
×

(∑
i

Iref (ωi)2

)
(4.7)

where I(ωi) is the intensity of the theoretical spectra at a given frequency ωi, for
which the frequencies were shifted to maximize the overlap, while Iref (ωi) is the
intensity of the experimental spectra for the same frequencies. A cubic spline
interpolation was used, in order to determine the simulated spectral intensities at
the same frequencies as experiment [142]. The shift of the theoretical spectrum,
∆ω, maximizing the spectral overlap was determined to distinguish between
the ability to predict the spectral position and shape. For the linear spectra,
which are always positive the values of the spectral overlap vary in a range
between 0 to 1, where 1 indicates a perfect match between the theoretical and
experimental line shapes, while a 0 corresponds to a complete mismatch between
the spectral line shapes. As the linear spectra are always positive, negative
values cannot be obtained.

For the 2D spectra a similar spectral overlap was determined using the
spectral shift found for the linear spectra:

S2D =
∑
i,j

(I(ωi,ωj)Iref (ωi,ωj))/

√√√√√
∑

i,j
I(ωi,ωj)2

×
∑

i,j
Iref (ωi,ωj)2


(4.8)

For the 2D IR spectra the values of the spectral overlap vary between a range
of -1 to 1. Where negative values may occur if absorption and bleach regions of
the spectra have been interchanged.
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4.3 results

4.3.1 The Linear Spectra

The experimental linear absorption spectra of the three proteins presented in
Figure 4.2 are taken from Ref. 75 . The spectra are characterized by their peak
positions and lineshape, which are related with secondary structure. Lysozyme
has the narrowest spectra and the highest peak frequency, as a consequence of
the high content of α-helices (52%) [77,115]. Concanavalin A has the broadest
spectrum and the lowest frequency peak position. A shoulder at approximately
1680 cm−1 is arising from the β-sheets presence. Ribonuclease A has a mixture
of α-helix and β-sheet content.

Figure 4.2: The experimental linear infrared spectra of Lysozyme (purple), Ribonu-
clease A (blue), and Concanavalin A (aquagreen). All the spectra were
normalised with respect to maximum intensity.

As described in the methods section, in total nine models were used to
extract the time dependent Hamiltonian Eq. (6.1) for both force fields (four for
OPLS-AA and five for CHARMM-27). The linear spectra are shown in Figure
4.3. To quantify deviations in the peak positions, the frequency shift between
experiment and theory was measured, by shifting the frequencies of theoretical
spectra to maximize the spectral overlap Eq. (4.7). The numbers are given in
Table 4.1, and a graphical representation is given in Figure 4.4.
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Figure 4.3: Linear infrared spectra of (a) Lysozyme, (b) Ribonuclease A, and (c) Con-
canavalin A, using the OPLS-AA and CHARMM-27 for MD simulation
in combination with different electrostatic mappings and coupling models.
The spectrum in dashed dark blue is for the Jansen TCC combination, and
the light blue is the spectrum obtained with Jansen TDC combination.
The spectra in dashed dark green and light green colors are the ones
calculated with the Skinner TCC and Skinner TDC combination, respec-
tively. The spectrum in pink is the one for Tokmakoff TCC combination.
All experimental spectra are plotted in red color. All spectra have been
normalised with respect to maximum intensity.

For the Jansen frequency map the peak positions are overestimated requiring
a -17 cm−1 shift of the theory data to match experiment, in good agreement
with previous findings for Trpzip2, where at -20 cm−1 shift was used [143]. For
the Skinner frequency map mostly blue shifts are needed.
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Model Lys RNseA ConA Average s.d.
OPLS-AA Jansen/TCC -19.9 -15.3 -16.0 -17.1 2.0

Jansen/TDC -20.7 -15.4 -15.8 -17.3 2.4
Skinner/TCC 9.5 11.4 10.1 10.3 0.8
Skinner TDC 8.2 11.0 9.4 9.6 1.2

CHARMM-27 Jansen/TCC -38.4 -24.8 0.6 -20.9 16.1
Jansen/TDC -39.7 -35.1 0.9 -24.6 18.1
Skinner/TCC -27.2 -24.7 46.7 -1.7 34.3
Skinner/TDC -26.1 -26.2 45.5 -2.3 33.8
Tokmakoff/TCC 17.9 21.2 11.4 16.3 4.7

Amber99SB-ILDN Jansen/TCC -15.7 -15.6 -20.3 -17.2 2.2
Skinner/TCC 15.2 13.8 11.1 13.4 1.7
Tokmakoff/TCC 11.6 13.1 9.5 11.4 1.5

Gromos-54a7 Jansen/TCC -17.3 -19.6 -26.1 -21.0 3.7
Jansen/TDC -18.8 -21.5 -26.8 -22.4 3.3
Skinner/TCC 10.3 6.4 2.2 6.3 3.3
Skinner/TDC 8.5 5.1 0.9 4.8 3.1
Tokmakoff/TCC 19.3 15.3 6.7 13.8 5.3
Tokmakoff/TDC -9.9 -8.9 -11.3 -10.0 1.0

Table 4.1: The frequency shifts of the theoretical spectra applied to maximize the
spectral overlap of the linear spectra. All numbers are given in cm−1. The
values for Amber99SB-ILDN and Gromos-54a7 are generated from the
data of Ref. 125.
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Jansen TCC OPLS-AA
Jansen TDC OPLS-AA
Jansen TCC CHARMM
Jansen TDC CHARMM

Skinner TCC OPLS-AA
Skinner TDC OPLS-AA
Skinner TCC CHARMM
Skinner TDC CHARMM

Tokmakoff TCC CHARMM

Lysozyme

Ribonuclease A

Concanavalin A

-45 -35 -25 -15 -5 5 15 25 35 45
∆ω(cm-1)

Figure 4.4: The frequency shifts (∆ω) applied to maximize spectral overlap for the
different simulation protocols.
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For Lysozyme the linear spectra is dominated by a single peak, while for Ri-
bonuclease A, and Concanavalin A, multiple peaks or shoulders are present. For
the CHARMM-27 force field a general correlation between secondary structure
and frequency shift was found, where the required shift become more positive as
the percentage of β-sheet increases. The Tokmakoff map, which was developed
for the CHARMM-27 force field exhibit the smallest deviations for this force
field. These trends are force field dependent, and opposite to the findings for
the Gromos-54a7 and Amber-99SB-ILDN force fields in Ref. 125, while for
OPLS-AA the needed shift is generally independent of the different secondary
structures, thus, allowing for a correction by a systematic shift. This effect is
also recognized by the small standard deviations (s.d) of the frequency shifts
reported in Table 4.1, which also summarize the data from Ref. 125.

Model Lys RNseA ConA Average s.d.
OPLS-AA Jansen/TCC 0.991 0.988 0.994 0.991 0.002

Jansen/TDC 0.994 0.993 0.996 0.994 0.001
Skinner/TCC 0.972 0.984 0.990 0.982 0.008
Skinner/TDC 0.978 0.987 0.992 0.987 0.006

CHARMM-27 Jansen/TCC 0.981 0.869 0.603 0.818 0.158
Jansen/TDC 0.982 0.824 0.949 0.91 0.068
Skinner/TCC 0.944 0.824 0.937 0.901 0.055
Skinner/TDC 0.953 0.831 0.935 0.906 0.054
Tokmakoff/TCC 0.906 0.817 0.902 0.875 0.041

Table 4.2: The maximized spectral overlap (Eq. 4.7) between the theoretical FTIR
and the experimental FTIR.

The spectral overlap for the linear spectra Eq. (4.7), given in Table 4.2,
were calculated to evaluate the performance of the simulation protocols for
predicting the lineshapes. The maximum spectral overlap is found for the
Jansen/TDC/OPLS-AA combination associated with the minimum value of
the standard deviation (s.d.). The average spectral overlap value is 0.99. The
Tokmakoff/TCC/OPLS-AA combination has the lowest value for the coefficient
overlap, while, the values for the Skinner combinations are all greater than
0.96. The quality of these values was evaluated by imposing two limits, Figure
4.5, where the black and the red lines represent the highest and lowest value
for the spectral overlaps calculated between the experimental spectra of the
different proteins. The lowest spectral overlap was obtained for the combination
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Lysozyme and Concanvalin A, while the highest was obtained between Myoglobin
and Ribonuclease A. Ideally the spectral overlap should, thus, be better than
the highest of these values as the simulation protocols can then be expected to
be useful to distinguish between the proteins with the most similar spectra. If
the spectral overlap is lower than the lowest the simulation protocol cannot be
expected to differentiate between the proteins with the most different spectra.
The spectral overlap for the Jansen/TDC/OPLS-AA combination has values
above the highest limit. The Tokmakoff/TCC/CHARMM-27 combination has
values significantly below the lowest limit. The spectra with this protocol has a
narrower distribution of the site frequencies, resulting in the presence of multiple
peaks, and consequently the associated spectral overlap is smaller Figure 4.3.
Our findings are in accordance to what has been reported by [125], in which the
best combination was found for an all atom force field (Skinner/TCC/Amber-
99SB-ILDN). However, our results obtained with OPLS-AA for the frequency
shift show a lower s.d., than the ones reported in Ref. 125, meaning that
the errors obtained with this force field are more systematic and possible to
compensate by a fixed frequency shift. The spectral overlap, for OPLS-AA are
also higher resulting in a better prediction of the lineshape by the use of this
force field. The effect of the average shift on the spectral overlap was evaluated,
and displayed in Table 4.3. This was achieved by shifting the spectra using
the average shift and recalculating the spectral overlap for this frequency shift.
These overlaps are generally just slightly lower than the ones obtained with the
maximized shift. This allows choosing the best simulation protocol for future
simulations, when a systematic shift according to Table 4.1 is performed to
account for the error in the predicted peak position.
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Model Lys RNseA ConA Average s.d
OPLS-AA Jansen/TCC 0.985 0.988 0.994 0.989 0.004

Jansen/TDC 0.985 0.992 0.995 0.991 0.004
Skinner/TCC 0.972 0.984 0.991 0.982 0.007
Skinner/TDC 0.977 0.987 0.992 0.986 0.006

CHARMM-27 Jansen/TCC 0.799 0.867 0.820 0.829 0.030
Jansen/TDC 0.845 0.807 0.762 0.805 0.030
Skinner/TCC 0.726 0.766 0.721 0.738 0.020
Skinner/TDC 0.711 0.757 0.725 0.731 0.019
Tokmakoff/TCC 0.901 0.816 0.821 0.845 0.039

Amber99SB-ILDN Jansen/TCC 0.985 0.991 0.989 0.988 0.002
Skinner/TCC 0.975 0.989 0.989 0.984 0.007
Tokmakoff/TCC 0.947 0.943 0.973 0.954 0.013

Gromos-54a7 Jansen/TCC 0.975 0.982 0.980 0.979 0.003
Jansen/TDC 0.977 0.989 0.979 0.982 0.005
Skinner/TCC 0.973 0.991 0.983 0.982 0.007
Skinner/TDC 0.980 0.994 0.982 0.985 0.006
Tokmakoff/TCC 0.930 0.918 0.903 0.917 0.011
Tokmakoff/TDC 0.991 0.996 0.988 0.992 0.003

Table 4.3: The spectral overlap between the theoretical FTIR and the experimen-
tal FTIR calculated with the average frequency shifts. The values for
Amber99SB-ILDN and Gromos-54a7 are generated from the data of Ref.
125.
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4.3.2 The 2D IR Spectra

2D IR are expected to be more sensitive to structure and dynamics, and,
therefore, are a more sensitive benchmark and generally more difficult to
model. The simulated and experimental 2D IR spectra are given in Figure 4.6.
This include the OPLS-AA force field combined with the Jansen and Skinner
maps, which gave good predictions of the linear absorption for this force field.
The CHARMM-27 force field is included as well in the combination with the
Tokmakoff map, which was the only one giving acceptable linear absorption
spectra for this force field. Clear differences are observed between 2D IR spectra
predicted with the different simulation protocols. The spectral overlap was
calculated using Eq. (4.8) after shifting the spectra to maximize the spectral
overlap for the linear absorption. We, thus, quantify the 2D IR lineshapes and
not the ability to predict correct peak positions. A bilinear interpolation was
used, to obtain the intensities of the simulated spectra at the same frequencies
as the experimental ones. The resulting spectral overlaps are shown in Table
4.4, and Figure 4.7. Here, the red and black line, again, represent the lowest
and highest limit for the spectral overlap, respectively, and were calculated
using the experimental spectra with most similar (Myoglobin and Lysozyme),
and different line shape (Lysozyme and Concavalin A). The highest average
spectral overlaps were found for the Skinner mapping combinations, with an
average coefficient overlap of 0.89. Furthermore, the associated s.d. is low,
meaning that the quality of the predictions are consistently high. The 2D IR
spectra simulated with the Tokmakoff and Jansen mapping combinations have
the presence of multiple peaks, which are due to a too narrow distribution of
the site frequencies. The Skinner map gives rise to broader spectra, in which
the peaks are more elongated along the diagonal, providing better agreement
with experiment. Furthermore, the spectral overlaps for all Skinner mapping
combinations are above the lowest limit, meaning that both combinations are
suitable for simulating 2D IR spectra using OPLS-AA.
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Figure 4.6: Two dimensional infrared spectra of the proteins: (a) Lysozyme, (b)
Ribonuclease A, (c) Concanavalin A, simulated with the OPLS-AA force
field with the exception of the spectra with the Tokmakoff map which
were calculated using the CHARMM-27 force field. The contour lines are
equidistant, and separated by 10% of the maximum intensity, and all the
spectra have been normalised with respect to the maximum intensity.
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Model Lys RNseA ConA Average s.d.
OPLS-AA Jansen/TCC 0.797 0.819 0.663 0.760 0.069

Jansen/TDC 0.767 0.792 0.654 0.738 0.060
Skinner/TCC 0.921 0.939 0.841 0.887 0.046
Skinner/TDC 0.920 0.929 0.833 0.894 0.041

CHARMM-27 Tokmakoff/TCC 0.675 0.551 0.695 0.641 0.063

Table 4.4: The spectral overlap (Eq. 4.8) between the theoretical 2D IR and the
experimental 2D IR.

The 2D IR spectral overlaps are lower for the Jansen mapping combinations
than the ones obtained in Ref. 125 for combination of the Jansen map with the
Amber force field. However, the Skinner combinations have a higher spectral
overlap than what has been reported there, meaning that the prediction of the
2D IR lineshapes using OPLS-AA with these combination are the best so far.
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Model Lys RNseA ConA Average s.d.
OPLS-AA Jansen/TCC 0.797 0.807 0.665 0.756 0.065

Jansen/TDC 0.747 0.761 0.674 0.727 0.038
Skinner/TCC 0.923 0.932 0.841 0.898 0.041
Skinner/TDC 0.919 0.955 0.832 0.902 0.052

CHARMM-27 Tokmakoff/TCC 0.656 0.573 0.484 0.571 0.070
Amber99SB-ILDN Jansen/TCC 0.802 0.842 0.710 0.785 0.055

Skinner/TCC 0.865 0.898 0.774 0.843 0.051
Tokmakoff/TCC 0.771 0.763 0.749 0.761 0.009

Gromos-54a7 Jansen/TCC 0.787 0.828 0.538 0.718 0.128
Jansen/TDC 0.781 0.815 0.515 0.704 0.134
Skinner/TCC 0.833 0.901 0.667 0.800 0.098
Skinner/TDC 0.833 0.883 0.647 0.788 0.102
Tokmakoff/TCC 0.689 0.749 0.456 0.631 0.126
Tokmakoff/TDC 0.850 0.860 0.508 0.739 0.164

Table 4.5: The spectral overlap (Eq. 4.8) between the theoretical 2D IR and the
experimental 2D IR. The values for Amber99SB-ILDN and Gromos-54a7
are generated from the data of Ref. 125.

The overlaps evaluated using the average frequency shift for the 2D IR
spectra are presented in Table 4.5. These overlaps are similar to the ones
obtained with the maximized shift. allows choosing the best simulation protocol
for future simulations, when a shift maximizing the overlap cannot be performed
and a systematic shift according to Table 4.1 is applied instead.

4.3.3 Discussion

In this work, two force fields, CHARMM-27 and OPLS-AA, in combination with
three electrostatic maps, and two coupling models, were tested for lineshape
and peak position prediction of the amide I band. The force fields were not
developed for spectral simulations, which may be a source of discrepancies
between the simulated and experimental spectra. In previous work, [125],
the Skinner/TCC/Amber-99SB-ILDN combination was reported to give the
best results for this type of simulation protocol, with average overlap of 0.986
for FTIR and 0.862 for 2D IR. Our results are in agreement with what was
obtained before, in which both Jansen and Tokmakoff electrostatic maps seem
to underestimate the spectral broadening, giving rise to narrow spectra with
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multiple peaks. In both cases, the Skinner map shows the best results, giving
rise to a more accurate prediction of the spectral line shape.

It is important to observe that the Jansen and Skinner maps do not work
properly for the CHARMM-27 force field. This is most likely due to the
differences in the electrostatics predicted by the force fields may be further
affected by the water model combination. This clearly demonstrates that
validation, as we present in this Chapter, is crucial before the application of new
simulation protocols to predict spectra. We observe that for the CHARMM-27
force field the Tokmakoff map is the only one giving reasonable predictions of
the peak positions, while the spectral widths are underestimated. This can
probably be explained by the fact that the Tokmakoff mapping [30] was fitted
to match the peak positions in dipeptides, while the peak widths were not
explicitly included in the fitting. It may, thus, be possible to construct a better
map for CHARMM-27 by including these in the fitting procedure.

Our results show that many models used for spectral simulation should
be possible to improve, either by developing more accurate models, or by
adapting the existing models to the most popular force fields. In the present
work a fixed anharmonicty of 16 cm−1, and a lifetime of 1.8 ps is used for
all spectral simulations. These parameters could potentially be improved,
however, considering the computational cost of the present benchmarking
procedure we limited ourselves to the values deduced from previous studies
[23,27]. Furthermore, the time dependent Hamiltonian is constructed from short
MD simulations, which may neglect protein flexibility at much longer timescales.
This can be overcome by testing longer trajectories in order to sample the protein
conformational space better. This will potentially improve the protocols that
currently predict too narrow spectra, once sampling over a more inhomogeneous
distribution of structures can be expected to lead to broader spectra. Here,
the SPC/E water [132] is used to solvate protein structures as was done in
a previous benchmarking paper [125]. Commonly the TIP3P [144] is used
with the OPLS-AA force field [130]. The choice of SPC/E was made as this
model predicts the dynamical properties of water as diffusion coefficients, which
are crucial for the 2D IR, better than most other water models [145, 146].
One could consider to improve the simulation protocol, by testing other water
models [144,145,147,148], including recently polarizable water models [149–153],
or protein force fields [154–161]. The polarizable models are, however, generally
computationally demanding and not implemented in all MD packages.

In the present study we ignored the amide vibrations known to be present
in the glutamine and asparagine side chains. So far only one mapping exists
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for these side chain vibrations [29]. These vibrations generally absorb at higher
frequencies than the backbone vibrations and can be expected to contribute to
the inhomogeneity of the spectra. It will, thus, be desirable to include these
vibrations in future studies.

The protocols give the worst results for Concanavalin A. We do not know
the fundamental reason behind this. In principle it may be that the nearest
neighbour coupling model [120] does not describe β-sheets that well. It may
be due to the neglect of side chain vibrations. Alternatively, the experimental
spectra may depend sensitively on ion and protein concentrations and pH in a
way not well accounted for by the MD simulations. The latter is substantiated
by the fact that spectra of Concanavalin A at higher protein concentrations [79]
are somewhat different than for the new experimental spectra used here [75].
This was also discussed in more detail in a previous paper [125].

4.4 conclusions

We benchmarked spectral simulation protocols for amide I spectroscopy of
proteins using the CHARMM-27 and OPLS-AA force fields and three proteins
with different secondary structure content. The results were compared with the
findings of a recent benchmark study for Gromos-54a7 and Amber-99SB-ILDN.
The quality of the simulation protocols were in both cases quantified using
the frequency shift needed to best match the linear absorption spectra with
experiment, and spectral overlaps for linear and 2D IR spectra. The current
benchmarking should help users to choose the optimal simulation protocol, thus,
increasing the quality of the simulated spectra and improving interpretations of
the amide I band of proteins based on simulations. Eventually, this will pave
the way for using 2D IR spectroscopy for benchmarking force fields like has
been done with NMR [90]. We do find that the current models for spectral
simulation leave points for further improvement. In particular, we think that in
the near future one should combine a polarizable force field for proteins, and
water, to evaluate the possibility of improving the predictions of the simulated
spectra with such models.

The best model was shown to be the Skinner frequency map combined with
the transition dipole coupling model and the OPLS-AA force field. This combi-
nation exhibited a very systematic error for the average frequency shift requiring
a +10 cm−1 frequency shift to match experiment. For the linear absorption the
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best models performed very similarly, while the Skinner/TDC/OPLS-AA com-
bination performed clearly better for the 2D IR spectra. The Jansen frequency
map performed well for predicting spectral positions and linear absorption, but
gave too sharp peaks in the 2D IR spectra. We, thus, conclude that these
combinations are currently the best to use for simulating the amide I band of
proteins.



5 I N T E R P L AY B E T W E E N H Y D R O G E N
B O N D I N G A N D V I B R AT I O N A L
C O U P L I N G I N L I Q U I D
N - M E T H Y L AC E TA M I D E1

Intrinsically disordered proteins play an important role in biology, and unravel-
ing their labile structure presents a vital challenge. However, the dynamical
structure of such proteins thwarts their study by standard techniques such as
X-ray diffraction and Nuclear Magnetic Resonance (NMR) spectroscopy. Here,
we use a neat liquid composed of N-methylacetamide molecules as a model
system to elucidate dynamical and structural properties similar to those one
can expect to see in intrinsically disordered proteins. To examine the structural
dynamics in the neat liquid, we combine molecular dynamics, response-function-
based spectral simulations, and two-dimensional polarization-resolved infrared
spectroscopy in the amide I (CO stretch) region. The two-dimensional spectra
(2D IR) reveal a delicate interplay between hydrogen bonding and intermolecular
vibrational coupling effects, observed through a fast anisotropy decay. The
present study constitutes a general platform for understanding the structure
and dynamics of highly disordered proteins.

1 ALL EXPERIMENTS HAVE BEEN PERFORMED BY E. SALAMATOVA, UNDER THE
SUPERVISION OF M.S. PSHENICHNIKOV. THIS CHAPTER WAS PUBLISHED IN J.
CHEM. PHYS. LETT.,8,2438-2444,2017.
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5.1 introduction
Proteins, the engines of life, control essentially all of the processes that occur in
cells. Well-defined structural parts of proteins are responsible for their biological
activity. These systems have been extensively studied with molecular dynamics
(MD) and spectroscopic modeling. However, more recently, it has been discov-
ered that intrinsically disordered proteins (IDPs) can also have important biolog-
ical functions, such as signaling and DNA translation/transcription. [37,162–164]
IDPs are characterized by weaker interactions, low quantities of bulky side
chains, and sequence simplicity. The intrinsic disorder results in lower structural
stability and in an absence of well-defined secondary structure domains. This
provides new challenges to MD and spectroscopic modeling as the low structural
stability allows rapid fluctuations between different conformations, which is
crucial for their function. To benchmark the modeling of such systems, we
utilize a small-molecule mimic, N-methylacetamide (NMA), [23, 35, 35, 165]
as it is composed of a single peptide bond. In the dynamically disordered
hydrogen-bonded bulk liquid, the NMA molecules interact with each other in a
way similar to IDPs. The molecules have one hydrogen-bond-accepting oxygen
atom and one donating hydrogen atom, as each peptide unit in the protein
backbone, which allows fast forming and breaking of hydrogen bonds.

NMR and X-ray crystallography methods are powerful tools to determine
structure and dynamics of most biological systems. Nonetheless, the main
limitation of these techniques is rooted in the fact that they are not well suited
to probe subnanosecond dynamics. 2D IR has been used as a novel method to
probe the transient structure of biological systems, [23,100,117,143,166,167]
thus providing dynamical and structural information on femto- to pico- and
nanosecond time scales. The amide I mode, dominated by the CO stretch
and NH bending, is the most probed mode in 2D IR spectroscopy of proteins
due to its strong absorbance and high sensitivity to hydrogen bonding and
secondary structure [164]. Nevertheless, the distribution of different hydrogen
bonding environments and vibrational delocalization phenomena arising from
intermolecular vibrational coupling result in strongly congested spectra, which
are challenging to interpret. Theoretical methods developed recently are of great
support to overcome this limitation. [24, 30, 56, 82, 168–176] The combination of
classical MD with response function methods, due to their low computational
cost and high accuracy, has become a powerful tool to model 2D IR spectra. [24,
36,37,120,123,172,177] Conceptually, a time-dependent Hamiltonian containing
the site frequencies and the couplings between the molecular sites derived from
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MD simulations is generated using electrostatic maps. [30,36,43,168,175,178]
This information is converted to 2D spectra using response-function-based
calculations, [89,91] which in combination with experimental results are used
to disentangle different contributions to spectral shapes and dynamics.

In the current Chapter, unlike in many other previous studies, [23,29,36,40,
113,154,170,178,179] we use bulk NMA as opposed to NMA molecules diluted
in different solvents, which provides direct insight into the interactions and
dynamics in this liquid. Previously, neat liquids of molecules each containing
a peptide unit were also studied with 2D IR. [167, 180] The first molecule,
N,N-dimethylformamide, [180] has one hydrogen-bond-accepting oxygen atom
but no donating hydrogen atom and thus does not form hydrogen bonds as a
the NMA liquid studied herein. The second molecule, formamide, [167] has
one hydrogen-bond-accepting oxygen atom and two donating hydrogen atoms,
which results in more branched structures than in peptides.

The goal of this Chapter is to investigate the structure and dynamics of
liquid NMA as a first step toward using 2D IR to study IDPs/peptides. We use
2D IR spectroscopy on the NMA amide I mode combining theoretical predictions
with experimental data. We unravel the contributions of hydrogen bonding and
vibrational delocalization over multiple peptide units to the amide I vibration
spectrum. Our findings reveal that even in highly disordered systems one can
expect to find highly delocalized amide I vibrations while the hydrogen bond
exchange is still relatively slow.

5.2 methods

5.2.1 Theoretical methods

MD simulations were performed with the GROMACS suite version 4.6.1 [131]
using the OPLS-AA [181] force field to describe 343 NMA molecules. After an
initial energy minimization, a constant-pressure equilibration of 1 ns at 300 K
using a Berendsen barostat, [182] with an inverse time constant of 0.2 ps−1,
was done. This was followed by a constant-volume equilibration of 1 ns at 300
K at the equilibrium density. A constant volume production run of 1 ns at 300
K was performed, and the coordinates were stored at each 10 fs for analysis
and spectral modeling. For all simulations, a 1 fs time step was used, and the
temperature was kept constant using the Berendsen thermostat. [182] Here, a
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1.1 nm cutoff was used for both Lennard-Jones and Coulomb interactions. The
latter were treated using the particle mesh Ewald method, with a grid step
of 0.16 nm and a convergence of 10−5. [183] The truncation of the Lennard-
Jones interactions was compensated by introducing analytical corrections to
pressure and potential energy. [184] All bonds were constrained using the LINCS
algorithm. [185] The radial distribution functions of the liquid were calculated
for all simulations and are in agreement with those previously obtained. [181]
Furthermore, the joint angular radial distribution function for the CO bonds
was calculated to quantify the angular ordering (see appendix Figure 5.6). The
time-dependent vibrational Hamiltonian for the amide I modes was constructed
from the snapshots stored from the MD production run. This Hamiltonian has
the form [23,82,186]

H(t) =
∑
i

ωi(t)B
†
iBi −

∑
i

∆
2 (t)B†iB

†
iBiBi (5.1)

+
∑
i,j

Jij(t)B
†
jBi −

∑
i

~µi(t)· ~E(t)(B†i +Bi)

Here, B†i and Bi are the bosonic creation and annihilation operators, ωi(t)
is the time-dependent fundamental amide I frequency for the ith molecule,
and µ(t) is the corresponding transition dipole. The anharmonicity, ∆i, was
kept constant at 16 cm−1. [23] The site frequencies of the amide I, ωi(t), were
calculated using the Jansen electrostatic map, [36] which relates the electrostatic
field and gradient generated by the point charges of the MD force field with the
frequency, and the transition dipoles. The long-range intermolecular couplings
between the different amide I units were calculated using the transition charge
coupling (TCC) model, [187] where a charge, qn, a transition charge, dqn, and
a normal-mode coordinate, ~vn, are assigned to each atom of the amide one I
unit. The TCC model has the form

Jij =
1

4πε0

∑
n,m

(dqndqm∣∣~rnimj

∣∣ − 3qnqm(~νni . ~rnimj )(~νmj . ~rnimj )∣∣~rnimj

∣∣5
−
−dqnqm~νmj . ~rnimj + qndqm~νni . ~rnimj − qnqm~νni . ~νmj∣∣~rnimj

∣∣3 )
(5.2)

Here, the subscripts n and m, number the atoms, which belong to differ-
ent amide I modes at molecules i and j, respectively. The distance vector
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between two atoms in the involved molecules is given by ~rnimj . This vibrational
Hamiltonian mapping was demonstrated to work well in combination with the
OPLS-AA force field in a recent benchmark study for proteins. [169]

The spectra were calculated using the Numerical Integration of Schrödinger
Equation (NISE) method. [83, 108] Here, the time-dependent Schrödinger equa-
tion is solved numerically for the time-dependent amide I Hamiltonian. The first-
and third-order functions were calculated and the linear absorption and 2D IR
spectra were obtained from Fourier transforms of these response functions. We
used coherence times from 0 to 1.25 ps and a lifetime of 1.8 ps for apodization.
The response functions were calculated from starting configurations spaced by
2 ps along the trajectory, giving an ensemble average over 500 realizations. For
analysis purposes, linear spectra were also calculated in the static approximation,
where the effect of motional narrowing is neglected.

5.2.2 Experimental section

N-methylacetamide (NMA) with purity of > 99% was obtained from Sigma-
Aldrich and used without any further purification. NMA is a solid under the
room temperature of ∼22 ◦C (the melting point is 28 ◦C [188]); therefore,
it was placed on a heat plate at a temperature of 40 ◦C until it was melted
completely. After that, an NMA droplet of ∼1.4 µL was squeezed between two
1 mm thick CaF2 windows, which were preheated to T = 40 ◦C. The NMA
sample thickness was ∼2.5 µm assuming that the NMA droplet was spread
uniformly between the 1 in. diameter CaF2 windows. The sample preparation
was performed under a nitrogen atmosphere to avoid any contact with air
moisture; after preparation, the sample was placed in a nitrogen-filled sample
holder. During the experiments, the temperature of the sample was controlled
by a thermocouple and maintained at 30.5 ± 1 ◦C by a thermostat. The water
content in the experimental samples did not exceed 5% molar.

The IR absorption spectra were recorded with a FTIR spectrometer Vertex-
70 purged with dry nitrogen, with 4 cm−1 spectral resolution. The maximal
optical density of the sample was measured as OD ≈ 0.6 at the central frequency
of the amide I mode (1656 cm−1).

A collinear 2D IR setup, based on the interferometer platform described in
ref [189], was used. In short, 25 µJ, 150 fs IR pulses (70 cm−1 fwhm spectral
width), centered at 1640 cm−1, were split into pump (90% of the total intensity),
probe, and reference beams. The reference pulse was advanced with respect to
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the pump beam by 40 ps. A wobbler in the pump beam path generated a −π,
0 ,+π , 0 phase sequence [190] for each subsequent pulse at a 1 kHz repetition
rate to remove sample scattering. Before the sample cell, the polarization of
the pump beam was rotated by 45◦ by a halfwave plate. After the sample cell,
a movable polarizer selected either the parallel or perpendicular polarization of
the probe/reference beams. The probe light was dispersed by a polychromator
(Newport Oriel MS 260i) onto one array of a 2 × 32 pixel MCT array (Infrared
Associates) to create the ω3 dimension. The second array was used for detection
of the reference spectrum over which the probe spectrum was normalized at
each laser shot. With two polychromator settings, a combined spectral window
of 150 cm−1 was achieved. The delay between the two pump pulses, t1, was
scanned up to 2 ps using a st scanning approach. [189] The waiting time between
the later pump pulse and the probe, t2, was set at different values to study
the system dynamics. The 2D signal was averaged over the wobbler-generated
phase sequence to extract the nonlinear response related to all three pulses (two
pumps and the probe), zero-padded to 4 ps, and Fourier-transformed to obtain
the ω1 dimension with the phase correction applied. [191]

For the pump-probe measurements, one of the pump pulses was blocked and
a chopper was installed in the other pump beam. The amide mode lifetime was
obtained as 450 ± 100 fs, while the thermalization time of the hot ground state
was measured as 5 ± 1 ps. These two values provide an experimental window of
∼2 ps for 2D IR spectroscopy. The whole interferometer was constantly purged
with dry air. The whole measuring cycle lasted for ∼16 h.

5.3 results and discussion
The experimental and theoretical FTIR spectra of neat liquid NMA (Figure
5.1) are quite similar. They both exhibit the main band at 1655 cm−1 and
sub-bands at ∼1695 or ∼1685 cm−1 for theory and experiment, respectively. In
the experiment, a low frequency shoulder is also observed at ∼1635 cm−1. This
is attributed to the H-O-H bend absorption of residual water (<5% molar) in
the sample. This mode was not included in the spectral modeling nor will it be
considered in the rest of the Chapter.



5.3 results and discussion 75

To disentangle the origin of the two NMA bands, we first performed spec-
tral calculations omitting the intermolecular vibrational couplings given by
the electrostatic coupling between the amide I units (details given in section
5.2.1), thus obtaining a FTIR spectrum of uncoupled NMAs (Figure 5.1). By
comparison of the coupled and uncoupled theoretical spectra, it is clear that
the intermolecular vibrational coupling lead to a ∼17 cm−1 red shift of the
main band, which is consistent with a similar effect in β-sheets, [24,105] and
an overall broadening of the spectrum. Both spectra clearly have at least two
components contributing.

To unravel the different NMA substructures underlying the spectral fea-
tures, we characterized the NMA molecules according to their hydrogen bond
configuration (Figure 5.2).

Figure 5.1: Experimental (black line) and theoretical (blue line) FTIR spectra of liquid
NMA at 300 K. The magenta line shows the theoretical FTIR spectrum
with couplings between amide I units set to zero. The additional shoulder
at around ∼1635 cm−1 in the experimental spectrum corresponds to the
water bending mode. All spectra are normalized to the height of the main
peak.

We employed a criterion similar in spirit to that of the most commonly
used hydrogen bonding criterion, which is defined in terms of the distance
between atoms in the accepting and donating groups as well as an angle
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involving two atoms of the hydrogen donor. [192] Namely, the distance between
the oxygen atom of the accepting group and the nitrogen of the donating
group is used, along with the angle between the carbon (accepting), oxygen
(accepting), and nitrogen (donating) atoms (Figure 5.2a). This criterion allows
for a better structure-frequency relationship than the more traditional donor-
centered hydrogen bonding criterion. [192] This is because the frequency shift
of the amide I depends largely on the electric field exerted by the surrounding
molecules on the NMA molecules along the CO bond, for which the oxygen acts
as a hydrogen bond acceptor.

Four main NMA species have been distinguished. The most abundant
species (42%) is a hydrogen-bonded chain (c-NMA) (Figure 5.2d) resembling
the cross-strand configurations found in intrinsically disordered peptides. [37]
This structure is followed in abundance by the substructures in which NMA is
interacting with one other NMA either by the accepting (a-NMA, 20%) or the
donating (d-NMA, 20%) group and a free NMA configuration (f -NMA, 10%)
that does not directly hydrogen bond with other molecules (Figure 5.2). The
remaining 8% of the configurations involve different types of bifurcated states,
where the NMA molecule either accepts or donates two hydrogen bonds; these
states do not play any substantial role due to their scarcity.

To understand in which species the intermolecular vibrational couplings are
most pronounced, we calculated the linear spectra in the static approximation
for each of the four species independently for both the uncoupled (Figure 7.4a)
and coupled (Figure 7.4b) cases.

For the spectra where the vibrational couplings are neglected (Figure 7.4a),
the c-NMA and a-NMA species, which both accept a hydrogen bond, absorb in
the red flank of the spectrum, while the d-NMA and the f -NMA, which do not
accept a hydrogen bond, absorb in the blue region of the spectrum.

For the coupled-case spectra (Figure 7.4b), the peaks of the species accepting
hydrogen bonds are red-shifted due to the vibrational coupling for c-NMA and, to
a lesser extent, a-NMA. Noteworthy, there is a shoulder in the c-NMA spectrum
at ∼1695 cm−1 in the coupled case that is not present in the uncoupled case (red
line in Figure 7.4). This suggests that this shoulder originates from vibrational
couplings among different c-NMA molecules and from f -NMA and a-NMA
absorption.
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Figure 5.2: Schematic drawings of the different NMA species categorized with a
hydrogen bonding configuration criterion (a), where a rNO distance smaller
than 3.5 Å and an angle θ larger than 120◦ are used to ascribe a hydrogen
bond. The colored rectangles highlight the categorized NMA molecules,
while the other molecules are the hydrogen bond partners. The four
main species identified are (b) f -NMA: NMA with no hydrogen bonds, (c)
a-NMA: accepting NMA, (d) c-NMA: chain of hydrogen-bonded NMA
molecules, and (e) d-NMA: donating NMA.
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Figure 5.3: Linear spectra calculated in the static approximation for the different
hydrogen-bonded species of NMA. In (a), the vibrational couplings are set
to zero, and in (b), the full vibrational Hamiltonian for the given subset
of molecules is included.
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2D IR experimental and theoretical spectra shown in Figure 7.3 are in good
agreement, apart from the shoulder on the red side of the experimental spectra
arising from the water bend. In both cases, the diagonally elongated spectra
are composed of two peaks with central frequencies of ∼1655 cm−1 and ∼1685
or ∼1695 cm−1, experiment and theory, respectively. Note that the subpeak at
1685 cm−1 identified previously in the linear absorption spectra (Figure 5.1) is
much clearer resolved in the 2D IR spectra because of diagonal elongation.

Figure 5.4: 2D IR parallel polarization spectra of bulk NMA for different waiting
times: theoretical NMA (left panels), uncoupled NMA (middle panels),
and experimental (right panels) spectra at different waiting times t2.
Equidistant contour lines are drawn with 10% steps from the maximum;
red colors indicate bleach, while blue colors indicate absorption.
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The anisotropy decay of neat NMA (Figure 7.5a) was extracted from the
parallel and perpendicular polarized 2D IR spectra (Figures 5.7 and and 5.8 in
the appendix) at the position of the main peak. Both theoretical and experi-
mental anisotropy transients decay considerably faster than the anisotropy of
the uncoupled case. The latter matches very well with the rotational correlation
function (Figure 7.5b, yellow line), thereby demonstrating the purely orienta-
tional origin of the decay on a 20 ps time scale (see Table 5.1 in the appendix
for the fitting parameters). This immediately suggests that the anisotropy is
affected by vibrational coupling that results in population migration from one
oscillator to another, thereby accelerating the anisotropy decay. [56,193,194]
The experimental value starts below 0.4, which is most likely related to the
finite pulse duration, which was not included in the theory.

Next, we calculated the population transfer defined as the probability that
a molecule excited at time zero will still be excited at time t (see Figure 7.5b).

The population dynamics consists of a fast part resulting in Gaussian decay
with a time scale of 400 fs and a slower part resulting in an exponential decay
of 1.3 ps. This suggests that the population transfer between hydrogen-bonded
molecules is dominated by fast Gaussian decay, while transfer involving the
non-hydrogen-bonded species is exponential and occurs on the slower time scale.
This demonstrates that the vibrational excitation moves along the hydrogen-
bonded chains (see Figure 2d), which largely preserves the orientation of the
transition dipole despite movement of the vibrational excitation. This alignment
was quantified by calculating the joint angular-radial distribution function for
the CO bonds (see appendix Figure 5.6). We further found that typical couplings
along the chains amount to -7.5 cm−1, while couplings between NMA molecules
in different chains in close proximity to each other are typically around -2.5
cm−1. This means that even the coupling is a through space electrostatic effect;
the coupling along the hydrogen bonds is 3 times larger than between chains,
which leads to more efficient delocalization of the vibrational modes along the
hydrogen bond chains than between chains. Note that a similar effect was
previously discussed for the amide-A vibration of neat NMA; [195] however, the
population transfer in that case was much slower.
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Figure 5.5: (a) Anisotropy decay for the main absorption peak integrated over the
frequency ranges (1651 < ω1 < 1661 cm−1, 1647 < ω3 < 1662 cm−1) for
both theory and experimental spectra. For the uncoupled spectra, the
anisotropy decay was integrated over the main peak frequency range (1668
< ω1 < 1674 cm−1, 1668< ω3 < 1674 cm−1). (b) Orientational correlation
function (yellow line) and population transfer dynamics (purple line),
calculated using eqs 5.4 and 5.5, respectively. The data of panel (b) were
fitted to a biexponential function for the orientational correlation function
and to a sum of a Gaussian and an exponential decay for the population
transfer. The fits are shown by dashed lines, and the parameters are
provided in Table 5.1 of the appendix
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Our conclusion on the extent of vibrational delocalization is further cor-
roborated by the inverse participation ratio [196] in the static limit, which is
a measure of the delocalization of the vibrational mode in the system. We
find that on average the vibration is delocalized over 42 molecules despite
the orientational disorder in the liquid. This is larger than values previously
reported for normal proteins, ranging from 4 to 23, [23, 197] which can be
understood by the finite size of the proteins and the fact that these proteins
also contain bulky side chains diluting the density of amide I modes. In a
previous study on N,N-dimethylacetamide [180] the inverse participation ratio
was determined for simulation boxes with different sizes, demonstrating that
this quantity depends strongly on the size of the system and that one needs
to be cautious with the interpretation of this number for three-dimensional
systems. The fact that the effects of vibrational coupling are stronger in the
c-NMA and a-NMA configurations, as seen in Figure 7.4, further demonstrates
that the hydrogen bonding facilitates the strong vibrational delocalization.

Finally, we comment on the discrepancies between experimental and theo-
retical data. While the qualitative agreement between theory and experiment
is reasonable, the calculated anisotropy decay is slightly different from the
experimental one, and the high-frequency peak positions are different also. This
indicates that the couplings predicted in our model are somewhat too large.
This agrees well with previous findings using the same coupling model. [81] The
presence of the water bend in the experiment does not affect the main amide I
peak significantly (see the Appendix for details); however, the overtone peak
region below the main peak in the 2D IR spectra might be contaminated with
the water bend response.

5.4 conclusion

In this Chapter, we have investigated both experimentally and theoretically
the structure and dynamics of bulk NMA using linear and 2D IR spectroscopy.
The main spectroscopic features from both approaches agree very well, enabling
interpretation in terms of hydrogen bonding and population transfer from
the simulations. We find that NMA aggregation involves four main hydrogen
bonding structures, of which the chain structure is most abundant. The main
absorption band is red-shifted due to intermolecular vibrational coupling. The
high-frequency shoulder contains a contribution from both a coupling-induced
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sub-band of the c-NMA hydrogen bond species and the main absorption of
the d-NMA and f -NMA species. The anisotropy decay of the main band is
much faster than the orientational relaxation due to population transfer but
is still considerably slower than the population transfer. This demonstrates
a delicate interplay between coupling effects and angular correlations of the
hydrogen-bonded amide I oscillators even in disordered liquid NMA.

2D IR anisotropic spectroscopy has proven to be a powerful tool to unravel
the interplay between hydrogen bonding vibrational delocalization in liquid
NMA. The present study serves as an important benchmark for the models
for the structure and dynamics used to unravel spectral signatures of highly
disordered systems.



A84 interplay between hydrogen bonding and vibrational coupling



A P P E N D I X

In this section some extra results concerning analysis and two-dimensional
infrared spectra are presented.

5.a angular radial distribution func-
tion

The Figure 5.6 presents the joint angular-radial distribution function between
the CO bonds on the NMA molecules. The peak centered at cos(Θ) = 1, r=0.5
nm represent the aligned NMA molecules in the hydrogen bonded chains. The
largest deviations in the angle from the straight chain (0◦) are about 60◦. An
isotropic distribution in the given representation would be a sin(Θ) function
giving no probability for cos(Θ) = 1 and cos(Θ) = −1 and largest probability
at cos(Θ) = 0.

Figure 5.6: The joint angular-radial distribution function for the CO configurations.
Θ stands for the angle between pairs of CO bonds, with cos(Θ) = 1 and
cos(Θ) = −1 representing parallel and anti-parallel bonds, respectively.
The distance between the middle of the CO bond pairs, r, has a value of
0.5 nm for hydrogen bonded pairs.

A85
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5.b two-dimensional infrared spectra

Figure 5.7 and 5.8 show the comparison of the theoretical and experimental 2D
IR spectra in the amide I region of bulk NMA at different waiting times for
parallel and perpendicular polarization, respectively. The spectra were obtained
as described in the methods sections at the end of the main chapter. A subtle
presence of a ridge, due to the couplings, is identified in the theoretical 2D IR,
at a pump/probe frequency of (ω1=1655 cm cm−1, ω3=1695 cm−1) already at
t2=0 fs. These are not visible in the experimental 2D IR at t2=0 fs, but as the
waiting time is increased the 2D IR spectra acquires a more square shape, due
to the growth of intensity at these off-diagonal positions.
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Figure 5.7: Two-dimensional infrared spectra of bulk N-methylacetamide at 300 k for
parallel polarization. Equidistant contour lines are drawn with 10% steps
from the maximum; red colors indicate bleach, while blue colors indicate
absorption.
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Figure 5.8: Two-dimensional infrared spectra of bulk N-methylacetamide at 300 k for
perpendicular polarization. Equidistant contour lines are drawn with 10%
steps from the maximum; red colors indicate bleach, while blue colors
indicate absorption.
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5.c theoretical methods
The population transfer defined as the probability of finding a vibration excited
at time 0 to still be excited at time t is determined from the equation:

P (t) =
∑

i

〈
|Uii(t, 0)|2

〉
(5.3)

where the brackets represent the ensemble average. This is obtained by
summing over the contributions from configurations generated along the MD
simulation trajectory.

5.d analysis of the dynamics
Table 5.1 contains the fit parameters of the fits (Eq. 5.4 and 5.5) of the orien-
tational correlation function, and the population transfer. The biexponential,
and the gaussian plus exponential fit parameters are defined as:

R(t) = A1e
−t/T1 +A2e

−t/T2 (5.4)

P (t) = A1e
−t/T1 +A2e

−t2/T 2
2 (5.5)

Fitting coefficients A1 T1 A2 T2
Orientation Correlation Function at 300 K 0.13 0.13 0.89 20
Population transfer at 300 K 0.32 1.3 0.68 0.41

Table 5.1: Fitting parameters for the orientational correlation function, and scaled
population transfer.
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6 T E M P E R AT U R E - I N D U C E D
C O L L A P S E O F E L A S T I N - L I K E
P E P T I D E S S T U D I E D B Y 2 D I R
S P E C T R O S C O P Y1

Elastin-like peptides (ELP) are hydrophobic biopolymers that exhibit a re-
versible coacervation transition when the temperature is raised above a crit-
ical point. Here we use a combination of linear infrared spectroscopy, two-
dimensional infrared (2D IR) spectroscopy and molecular dynamics simulations
(MD) to study the structural dynamics of two elastin-like peptides (ELPs).
Specifically, we investigate the effect of the solvent environment and temper-
ature on the structural dynamics of a short (5-residue) ELP and of a long
(450-residue) ELP. We identify two vibrational energy transfer processes that
take place within the amide I′ band of both peptides. We observe that the rate
constant of one of the exchange processes is strongly dependent on the solvent
environment and argue that the coacervation transition is accompanied by a
desolvation of the peptide backbone where up to 75% of the water molecules
are displaced. We also study the spectral diffusion dynamics of a valine residue
that is present in both peptides. We find that these dynamics are relatively
slow and are indicative of an amide group that is shielded from the solvent. We
conclude that the coacervation transition of ELPs is probably not associated
with a conformational change involving this residue.

1 ALL EXPERIMENTS HAVE BEEN PERFORMED BY O. SELIG, UNDER THE SUPER-
VISION OF Y. L.A. REZUS H. J. BAKKER AND IN AMOLF.
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6.1 introduction
Elastin is the protein which provides elasticity to many mammalian tissues,
such as the lungs [198–200], skin [201–203] and arteries [201,204,205]. Inside
these tissues elastin is present as elastic fibers formed by the self-assembly of the
precursor protein tropoelastin (mature elastin fibers result from the enzymatic
cross-linking of tropoelastin molecules). The properties of (tropo)elastin are
intimately linked to its special structure which consists of alternating hydrophilic
and hydrophobic domains [206]. The hydrophilic domains are the regions where
the cross-links occur while the hydrophobic domains turn out to play a crucial
role in the self-assembly process. These hydrophobic regions consist of short
stretches of amino-acid residues that are repeated many times and adopt a disor-
dered conformation [206]. An example of such a repetitive sequence encountered
in elastin is the pentapeptide repeat (Val-Pro-Gly-Val-Gly)n. Interestingly,
synthetic polypeptides based on this repeating sequence, also known as ELP,
can excellently mimic specific properties of elastin [207–209]. For instance,
solutions of ELPs display an inverse temperature transition around 37 ◦C:
at low temperatures ELPs are highly soluble in water while they reversibly
aggregate when the temperature is increased above the transition temperature.
This phenomenon, also referred to as coacervation, is thought to form the origin
of the self-assembly of elastin. In addition to forming an excellent model system
for studying the self-assembly of elastin, ELPs have attracted considerable
research interest because of their application perspective in, for example, tissue
engineering [210,211] and drug delivery [212,213].

The molecular mechanism underlying the inverse temperature transition of
ELPs is not well understood. Pioneering work by Urry et al. [207,214] suggested
that the coacervation may be due to the formation of a β-turn between the
two valine residues within the pentapeptide repeat unit (i.e., around the Pro-
Gly fragment). These researchers hypothesized that the formation of a high
density of β-turns would force the disordered peptide conformation (observed
below the transition temperature) into a conformation displaying long-range
order, termed a β-spiral [215, 216]. However, the existence of the β-spiral
remains highly speculative as molecular dynamics simulations indicate that this
structure is not stable in water [217, 218]. In the past a variety of spectroscopic
techniques, including infrared [219–221], Raman [222,223], NMR [214,224,225]
and circular dichroism [207, 208, 221, 226] spectroscopy, have been used to
study the coacervation transition in ELPs. However, obtaining a detailed
molecular picture of the coacervation mechanism has proven extremely difficult.
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The main challenge lies in the fact that ELPs populate a large ensemble of
disordered conformations which, moreover, interconvert on very short timescales
(down to nanoseconds) [227]. Ultrafast spectroscopic methods are in principle
well suited to characterize the disordered conformational ensemble of ELPs
because they probe molecular structures on short timescales with respect to
the interconversion time. Recently Tokmakoff and coworkers used 2D IR
spectroscopy in combination with computational methods to study the structure
of a number of very short ELPs (i.e., consisting of a single repeat unit) [37,228].
The authors found that the ELPs studied can indeed adopt a β-turn, but the
β-turn turned out to be very labile, with the result that only a small fraction
of the molecules adopts the β-turn. It should be noted that because of their
short length the ELPs in question did not exhibit a coacervation transition. As
a result the exact role of the β-turn in the coacervation transition of ELPs has
yet to be resolved.
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Figure 6.1: Chemical structure and typical infrared spectrum of ELPs in D2O. The
amide I′ groups are indicated with rectangles. The resonance at 1615 cm−1

(orange) originates from the amide I′ mode of the Val(1) residue, and the
mode at 1650 cm−1 (blue) is attributed to the amide I′ mode of the other
four residues.
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In this work we use 2D IR spectroscopy to study the coacervation transition
of ELPs. Our article is divided into two parts. The first part deals with a
450-residue ELP of the type (Val(1)-Pro(2)-Gly(3)-Xaa(4)-Gly(5))n. Here Xaa
represents a guest residue that can be any residue except proline. This ELP
displays a sharp coacervation transition, and the transition temperature can be
tuned by varying the hydrophobicity of the Xaa residue. We will specifically focus
on spectroscopic observables that report on the local fluctuations experienced by
the peptide, such as vibrational energy transfer rates and spectral diffusion rates.
These observables provide information about the interaction of the peptide with
its solvation shell, and we will study how this interaction changes as a function
of temperature. In the second part of the article we will draw a parallel between
the behavior of this long ELP and that of a very short ELP, which is composed
of the single pentapeptide repeat Val-Pro-Gly-Val-Gly. This latter ELP does
not display a coacervation transition. Nevertheless, it serves as a good model
system for studying the conformational flexibility of longer ELPs. In this case
we will modulate the interaction between this peptide and the solvent by adding
the amphiphilic molecule trifluoroethanol (TFE) as a cosolvent. TFE is known
to enhance secondary structural elements in peptides [229,230]. By comparing
the effects of temperature and solvent composition on the ELPs studied, we
gain insight into the mechanism of the coacervation transition.

6.2 materials and methods

6.2.1 Sample

Figure 6.1 provides a general overview of the chemical structure of ELPs and
illustrates the basic features observed in the infrared spectrum of this class of
peptides. The two different ELPs studied in this work are referred to as ELP90
and ELP1. ELP90 is a 90-repeat ELPs described by the sequence (Val-Pro-
Gly-Xaa-Gly)90 where the guest position Xaa is occupied by the residues Val,
Leu and Gly in a 5:2:3 ratio. ELP90 was synthesized using recombinant-DNA
techniques as previously documented [231]. The peptide was purified using
inverse transition cycling [232] and its purity was checked by SDS-PAGE. For
the spectroscopic measurements the peptide was dissolved in D2O (Cambridge
Isotopes Laboratories, Inc.) at concentrations ranging from 10 mg/ml to
60 mg/ml.
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ELP1 stands for the single-repeat pentapeptide Ac-Val-Pro-Gly-Val-Gly-NH2.
The peptide was custom-synthesized by GL Biochem (Shanghai, China). In order
to remove residual trifluoroacetic acid (TFA) the peptide was dissolved in DCl
and lyophilized before use [233]. The spectroscopic measurements were perfomed
on solutions of ELP1 (25 mg/ml) in TFE:D2O mixtures (trifluoroethanol-d3,
Sigma-Aldrich). In these experiments the volume fraction of TFE was varied
from 0% to 65%.

6.2.2 Molecular dynamics simulations

6.2.2.1 Modeling

The pentapeptide ELP1 was modeled in two conformations, namely, an extended
and a folded conformation. Modeling was done with the help of the Avogrado
package [234]. For the folded structure a hydrogen bond between the Val(1)
and the Val(4) residues was induced. Both peptide conformations were solvated
in a cubic box in two different solvents: (1) bulk water, giving rise to a box with
dimensions of 3x3x3 nm, and (2) TFE/Water 60/40 [v/v], for which the box
dimensions were 4x4x4 nm. The charges used to describe the TFE molecule
were adapted from ethanol, where the hydrogen atoms were replaced by fluorine
atoms and the charges were changed accordingly. The interactions between the
molecules were described with the OPLS-AA force field [130].

6.2.2.2 Simulations

A constant pressure production simulation of 10 ns with a time step of 0.001 fs,
at 1 bar and 300 K, was performed using the Gromacs-4.6.1 suite [235]. The
pressure was kept constant with a Parrinello-Rahman barostat [236], with
τp = 0.2 ps−1, while a V-rescale thermostat [237], with τp = 0.2 ps−1, was
used to keep the temperature constant. The Lennard-Jones and Coulomb
interactions were determined within a 1.1 nm cut-off [238]. The latter were
treated using Particle Mesh Ewald (PME) [239], with a grid spacing of 0.16 nm,
and a convergence criterion of 10−1. The bonds were constrained using the
LINCS algorithm, and the atomic coordinates were stored every 10 fs [137].
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6.2.2.3 The spectral calculations

The amide I time-dependent vibrational Hamiltonian was constructed from the
snapshots stored from the MD simulation, and has the following form :

H(t) =
∑
i

ωi(t)B
†
iBi −

∑
i

∆
2B
†
iB
†
iBiBi (6.1)

+
∑
i,j

Jij(t)B
†
jBi −

∑
i

~µi(t)· ~E(t)(B†i +Bi)

The site frequencies are described by ωi, and the transition dipoles µi, are
calculated using electrostatic maps for the amide I mode. These maps relate
the electrostatic environment generated by the force field point charges with the
infrared frequencies of the dipoles. For this study the Jansen map was chosen [36].
The short-range couplings were determined using nearest-neighbour-coupling
(NNC) [123, 139], which is a Ramachandran-angle-based mapping parametrized
from DFT calculations on dipeptides. The long-range couplings between the
different amide I units were calculated using the transition dipole coupling (TDC)
model [121]. After generating the amide I time-dependent Hamiltonian the
spectra are calculated by numerical integration of the Schrödinger equation. The
time-dependent Schrödinger equation is solved numerically [83,108] for the amide
I time-dependent Hamiltonian, where an instantaneous interaction between the
laser field and the system is assumed. This protocol was demonstrated to give
good spectra for proteins [240].

6.3 results

6.3.1 Effect of temperature on the structural dynamics of ELP90

6.3.1.1 Linear infrared spectra

We start by characterizing the temperature-induced collapse of ELP90 using
conventional FTIR spectroscopy. Figure 6.2b displays linear infrared spectra
of ELP90 recorded at a range of temperatures starting at ∼15 K below until
∼15 K above the transition temperature. The ELP90 spectrum clearly exhibits
two resonances as is illustrated in (Figure 6.1: the resonance at 1615 cm−1

is attributed to the amide group of Val(1), and the resonance at 1650 cm−1

is due to the other four amide groups in the pentapeptide repeat. Upon
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increasing the temperature the peak absorbance at 1650 cm−1 decreases, and
an increased absorption develops around 1675 cm−1. In order to quantify
these spectral changes we use a fitting procedure to deconvolute the ELP90
spectra into Gaussian bands (Figure 6.2a). It turns out that three Gaussians
are required to adequately describe the IR spectra at all temperatures. The
Gaussian bands are centered at 1614 cm−1, 1649 cm−1, and 1676 cm−1 and
have full-width-at-half-maxima (FWHM) of 24 cm−1, 41 cm−1, and 24 cm−1,
respectively. In the fitting procedure only the amplitudes of the bands are
allowed to vary as a function of temperature (their center position and FWHM
remain fixed). Figure 6.2 shows the integrated intensity of these bands as a
function of temperature. All bands show a sigmoidal dependence on temperature
with a transition point at 305 K. The sigmoidal temperature dependence clearly
indicates that the temperature-induced aggregation is a two-state transition.
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Figure 6.2: a) Linear infrared spectra of ELP90 in D2O (20 mg/ml) for temperatures
between 296 K and 317 K. The top panel illustrates the decomposition of
the spectrum at 313 K (black squares) into three Gaussian bands (blue
lines). The red solid line represents the sum of the three Gaussians. b)
Relative contributions of the three bands to the amide I′ spectrum of
ELP90 as a function of temperature. The relative contribution is expressed
as the integrated intensity of the respective band divided by the integrated
intensity of the amide I′ spectrum.
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6.3.1.2 Two-dimensional infrared spectra

In order to gain more insight into the origin of the different bands observed
in the linear infrared spectrum of ELP90, we performed 2D IR experiments.
Figure 6.3 displays the (delay-dependent) 2D IR spectra of ELP90 recorded at
temperatures below (296 K; left-hand side) and above (318 K; right-hand side)
the transition temperature. We first consider the low-temperature 2D IR spectra.
At short delays (0.3 ps) we observe a diagonally elongated lineshape, which
indicates that the amide I′ spectrum is strongly inhomogeneously broadened.
The 2D IR spectrum consists of a negative component on the diagonal, due to
ground-state bleaching and stimulated emission of the 0→1 transition, and a
positive component at lower probe frequencies, due to the induced absorption
of the 1→2 transition. Contrary to the FTIR spectrum, in the 2D IR spectrum
the Val(1) band is observed as a well separated resonance at 1615 cm−1. The
other two subbands constituting the amide I′ spectrum overlap and give rise to
one broad resonance around 1660 cm−1. As the pump-probe delay is increased,
two effects are observed. Firstly, we see that cross-peaks appear between the
Val(1) band and the band at 1660 cm−1. These ingrowing cross-peaks point at
vibrational energy transfer between the Val(1) mode and the mode at 1660 cm−1.
The appearance of cross-peaks on both sides of the diagonal demonstrates that
both uphill and downhill energy transfer processes occur. The second effect
observed with increasing pump-probe delay is the spectral reshaping of the
band around 1660 cm−1: from a diagonally elongated lineshape at short delays
to a round lineshape at long delays.

Next we consider the changes that occur upon increasing the temperature
above the transition point. For short delays (0.3 ps) we observe the appearance
of a pronounced blue shoulder at ∼1675 cm−1. The delay-dependence of the
2D IR spectra is the same as observed at temperatures below the transition
point. Cross-peaks develop between the high-frequency band and the Val(1)
band; and the shape of the 1660 cm−1 band evolves from diagonally elongated
to round. In Figure 6.4a we compare the delay dependence of the 2D IR signals
at three positions along the diagonal that correspond to the center positions
of the three main bands identified in the linear spectra. Figure 6.4a shows
that the vibrational relaxation of the amide I′ mode speeds up with decreasing
frequency of the vibration, and that the relaxation rate does not depend on the
aggregation state of the peptide.
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6.3.1.3 Spectral diffusion of the Val(1) resonance

The 2D IR spectra in Figure 6.3 show that the Val(1) resonance (1615 cm−1) is
essentially decoupled from the rest of amide I′ band of ELP90. This resonance
therefore reports on the local fluctuations experienced by the Val(1) residue.
At short delays (0.3 ps) we see that the Val(1) resonance shows a pronounced
diagonal elongation, which points to a strong inhomogeneous broadening of the
resonance. It is interesting to consider how fast this inhomogeneity decays over
time because the decay constant reflects the degree of solvent exposure of the
respective residue: a fast decay corresponds to a solvent-exposed residue while
a slow decay points to a residue that is shielded from the solvent [241–243]. We
quantify the (time-dependent) inhomogeneity of the Val(1) resonance through
the (inverse of the) slope of the nodal line. The time-dependence of this param-
eter is shown in (Figure 6.4b for temperatures above and below the transition
temperature. We observe a very slow decay of the inverse nodal line slope at
temperatures below the transition temperature, and, interestingly, this decay
does not change upon aggregation of the peptide. As a reference experiment we
have repeated these spectral diffusion measurements for a molecule which has
an amide group that is fully solvent exposed. For this purpose we have chosen
N-acetylated proline (AcPro) because its amide group has the same chemical
environment as the amide group of the Val(1) residue in ELP90. As expected
we see that for AcPro the inverse nodal line slope decays much faster than
for ELP90 (Figure 6.4b). These spectral diffusion measurements indicate that
the amide group of the Val(1) residue is shielded from the solvent both in the
aggregated and in the non-aggregated state of the peptide.

6.3.2 Effect of the solvent composition on the structural dynamics of ELP1

6.3.2.1 Linear infrared spectra

To gain more insight into the origin of the inverse temperature transition of
ELP90 we performed additional experiments on the simpler ELP1 peptide, which
is composed of a single pentapeptide repeat unit. Because ELP1 does not display
a coacervation transition as a function of temperature, we decided to focus on
possible conformational changes induced by the addition of the amphiphilic
cosolvent TFE. TFE is generally known to induce secondary structure in
peptides [244–246]. In our experiments the solvent composition was varied from
0 to 65 volume percent TFE in D2O [v/v%]. The FTIR spectra of these solutions
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are displayed in Figure 6.5. We have used the same global fitting procedure
as for ELP90 to decompose these spectra into Gaussian bands (Figure 6.5,
top panel). The ELP1 amide I′ band can be excellently described using a
linear combination of four Gaussians (centered around 1590 cm−1, 1613 cm−1,
1645 cm−1 and 1675 cm−1). Three of the four bands have close to identical
center positions as for ELP90. The fourth band at 1590 cm−1 is assigned to
a carboxylic acid group due to incomplete amidation of the C-terminus of the
pentapeptide. The intensity of this band is very small and it does not vary
with solvent composition, so that we can disregard the band in the analysis.
Interestingly, the spectral evolution of ELP1 as a function of TFE concentration
looks very similar to the spectral changes that were previously observed for
ELP90 with increasing temperature.
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Figure 6.5: a) Linear infrared spectra of ELP1 (25 mg/ml) in TFE:D2O mixtures of
varying composition. The top panel illustrates the decomposition of a
typical spectrum (black squares) into four Gaussian bands (blue lines).
The red solid line represents the sum of the four Gaussians. b) Relative
contribution of the three main bands to the amide I′ spectrum of ELP1
as a function of the solvent composition.
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6.3.2.2 2D IR spectroscopy

Figure 6.6 shows the 2D IR spectra of ELP1 for two representative solvent
compositions. We observe a number of effects in these spectra which parallel the
observations made for ELP90. Firstly, the pronounced separation between the
Val(1) band at 1615 cm−1 and the 1660 cm−1 band is clearly visible. Secondly,
as a function of delay time we observe energy transfer between these two bands,
as well as a reshaping of the 1660 cm−1 band. Finally, when considering the
time dependence of the 2D IR signal (Figure 6.7a) on the diagonal we observe
a trend which is analogous to that of ELP90. Specifically, the relaxation speeds
up with increasing redshift of the amide I′ vibration, but it is independent of
the solvent composition.
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Figure 6.7: a) Time dependent bleaching signal extracted from the 2D IR spectra of
ELP1 (25 mg/ml) in TFE:D2O mixtures. The decay traces are shown for
solvent mixtures at a low (0%, straight lines) and at a high (60%, dotted
lines) volume fraction of TFE. The three colors correspond to the three
modes, as indicated in the legend. b) Inverse nodal line slope (INLS) of
Val(1) at a low (red) and at a high (blue) volume fraction of TFE. The
INLS was extracted from the same datasets as in a). For comparison, the
INLS of acetylated proline (30 mg/ml) in D2O (black, point dashed) and
the INLS of ELP90 (20mg/ml) in D2O (black, point dashed) is shown.
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6.3.2.3 Relaxation and exchange dynamics

We use the same relaxation model, as used above in our analysis of the ELP90
data, to quantitatively describe the ELP1 data sets. The fitting results are
summarized in Figure 6.8. We see that the vibrational relaxation rates of the
three modes that appear in the model are independent of the solvent composition
(Figure 6.8a). Next we consider the exchange dynamics, and interestingly we
observe that the two exchange constants show a very different solvent dependence.
Apparently the exchange with the Val(1) band (characterized by the exchange
constant kba) is independent of the solvent composition. The other exchange
process (i.e., the reshaping of the high-frequency band characterized by the
constant kcb), on the other hand, slows down dramatically with increasing TFE
concentration.
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Figure 6.8: Fitting results of the relaxation model described in the text to the ELP1
data sets a) Relaxation rates of the three amide I′ modes as a function
of the TFE volume fraction. b) Exchange constants kcb and kba versus
TFE volume fractions. c) Decay rate of the spectral diffusion curves of
the Val(1) resonance versus TFE volume fraction. The error bars give the
standard deviation of the mean of three measurements.
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6.3.2.4 Spectral diffusion of the Val(1) resonance

Finally we again look into the local solvation dynamics of the Val(1) residue. In
Figure 6.7b we have plotted the inverse nodal line slope of the Val(1) resonance
of ELP1 for the two limiting solvent compositions studied (0% and 60% TFE).
As a reference the figure also summarizes the spectral diffusion dynamics of
ELP90 (dashed black lined) and AcPro (solid black line). We see that for
ELP1 in neat D2O the spectral diffusion is much slower than was the case
for AcPro (whose amide group is fully solvent exposed). Upon increasing the
TFE concentration of the solvent these dynamics slow down slightly, and they
become very similar to the spectral diffusion dynamics observed in ELP90. We
have quantified these observations by fitting a monoexponential to the decay
curves, and we have plotted the resulting decay constants in Figure 6.8c.

6.4 discussion
In this work we have studied the vibrational energy dynamics of two ELPs. We
find that these two peptides exhibit striking similarities in their vibrational
energy dynamics. For both ELP1 and ELP90 we observe two vibrational energy
transfer processes with characteristic time constants in the picosecond range.
The first process is responsible for the ingrowth of the cross-peaks in the 2D IR
spectra (Figures 6.3 and 6.6), and is due to vibrational energy transfer between
the Val(1)-residue and the remaining four residues inside the pentapeptide
repeat. In the following we will refer to this process as the Val(1)-exchange
process. The second process is responsible for the reshaping of the band around
1660 cm−1 in the 2D IR spectra (Figures 6.3 and 6.6). This process is due to
the energy transfer between residues 2 to 5 of the pentapeptide repeat, so that
we will refer to this process as the tetrapeptide-exchange process. Intriguingly,
we find that the tetrapeptide-exchange process slows down with increasing
temperature and increasing TFE volume fraction, while the Val(1)-exchange
process is independent of these parameters.

A first question that arises is how to interpret the linear spectrum that we
have assigned to the tetrapeptide (residues 2 to 5). This spectrum is composed
of two Gaussian sub-bands located at 1650 cm−1 and 1675 cm−1. We found
that with increasing temperature or increasing TFE volume fraction the high-
frequency sub-band gains intensity at the expense of the low-frequency sub-band
(explaining the blueshift of the tetrapeptide spectrum). It is known that there is
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a direct correlation between the amide I′ frequency of a residue and the strength
of its hydrogen bond [247–249]. Therefore a likely explanation for the observed
substructure of the tetrapeptide spectrum could be that the low-frequency
sub-band is due to strongly hydrogen-bonded residues while the high-frequency
sub-band is due to more weakly hydrogen-bonded residues. This interpretation
is in line with the observation that the ELP1 spectrum blueshifts when the
aqueous solvent is replaced for a solvent environment with a lower density of
hydrogen bonds (i.e., TFE:D2O).

The above interpretation is further confirmed by molecular-dynamics simula-
tions of the ELP1 peptide. We simulated this peptide in two conformations: an
extended conformation and a folded conformation (which contains a hydrogen
bond between the two valine residues). As is shown in Figure 6.9, the folded
conformation best reproduces the general trends observed in the linear spectra
of ELP1, suggesting that this is the actual conformation adopted by the peptide.
Next we used the MD simulations to measure the number of hydrogen bonds
that ELP1 forms with the solvent. These numbers are given in Table 6.1. As
can be seen the total number of peptide-solvent hydrogen bonds decreases by
approximately 30% when the TFE volume fraction is increased from 0 to 60%
(both for the extended and for folded conformation). This result suggests that
the ingrowth of the blue shoulder in the ELP1 spectrum (with increasing TFE
volume fraction) can indeed be attributed to a weakening of the average strength
of the hydrogen bonds formed by the peptide groups. Another effect that could
contribute to the weakening of the average hydrogen-bond strength (that is,
apart from the presence of a large fraction of broken hydrogen bonds) is the
truncation of the water hydrogen-bond network by TFE; this truncation causes
the intact peptide-water hydrogen bonds to weaken as they are no longer part
of an extended network. The spectral similarities between ELP1 and ELP90
strongly suggest that the molecular environment experienced by ELP90 in
the coacervate is very similar to environment created by the mixed TFE:D2O
solvent. This means that the spectral changes observed upon the coacervation
of ELP90 are very likely attributable to the desolvation of the peptide backbone
during the coacervation process.
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Solvent H-bond type ELP1 Conformation
Extended Folded

water peptide-water 12.61± 1.77 10.86± 1.57

TFE:water peptide-water 3.88± 1.70 3.30± 1.52
peptide-TFE 5.40± 2.14 4.31± 1.71

Table 6.1: Average number of hydrogen bonds per ELP1 molecule in the MD simula-
tions. The errors give the standard deviation of the mean.

Having assigned the Gaussian sub-bands that make up the linear spectra of
ELP1 and ELP90 we next consider how to interpret the exchange dynamics
observed between these bands. A first point to note is that the two exchange pro-
cesses identified above occur on the picosecond timescale (for both peptides and
under all circumstances investigated). The occurrence of picosecond vibrational
energy transfer points to a well hydrated structure. The reason is that vibra-
tional energy transfer requires the presence of fluctuations to compensate for the
energy mismatch between the modes involved [250–252], and these fluctuations
are typically provided by the motions of water molecules inside the hydration
shell. Applying this reasoning to ELP90 above the transition temperature we
reach the important conclusion that despite the desolvation described above, the
ELP90 aggregates apparently still contain a relatively large fraction of mobile
water molecules. Next we have seen that for ELP1 the tetrapeptide-exchange
process slows down with increasing volume fraction of TFE. This slowdown is
likely caused by the replacement of light and mobile water molecules in the
hydration shell of ELP1 by the heavier and relatively immobile TFE molecules.
An additional effect that plays a role here is the fact that TFE molecules are
known to preferentially aggregate around peptides [230, 253], so that TFE is
very effective at displacing water molecules. A final interesting observation is
the fact that for both ELP90 and ELP1 kcb > kba. That is, vibrational energy
transfer proceeds more slowly to and from the Val(1) residue than within the
tetrapeptide unit. A likely explanation could be that for the Val(1)-exchange
process the frequency mismatch is relatively large, i.e., larger than the typical
magnitude of the frequency fluctuations.
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Figure 6.9: Linear infrared spectra calculated from the molecular dynamics simula-
tions of the extended (left) and folded (right) ELP1 in water (blue) and a
TFE:water (60/40 [v/v]) mixture (red). A three-dimensional representa-
tion of the two molecular conformations is shown above the spectra.

Given that for ELP1 the exchange constant kcb is sensitive to the degree of
hydration, it would be interesting to use the ELP1 data as a reference and to
estimate the degree of desolvation that occurs during the aggregation of ELP90.
This can be done as follows. For ELP90 the rate constant kcb decreases by about
20% upon aggregation of the peptide. In order to achieve a similar decrease for
ELP1 the volume fraction of TFE needs to be ∼25% (Figure 6.8). Because of the
preferential aggregation of TFE, mentioned above, this actually corresponds to
a much higher TFE concentration inside the solvation shell of ELP1. The degree
of preferential aggregation of TFE around ELP1 (in its folded conformation)
can be straightforwardly obtained from the MD simulations (where we assume
a solvation shell of 0.6 nm [230]). We find that (at a bulk TFE concentration
of 25%) the concentration of TFE inside the solvation shell is 3.0 times higher
than the bulk concentration, which is similar to previous findings for other
peptides [230]. Using this result we find that for an ELP1 solution in 25%
TFE:D2O the TFE volume fraction inside the solvation shell is as large as 75%.
From this we conclude that during the aggregation of ELP90 roughly 3 out of 4
water molecules are displaced from its solvation shell.
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We end the discussion of our results by turning to the spectral diffusion
dynamics of the Val(1) residue, which are displayed in Figures 6.4 and 6.7. The
decay of the inverse nodal line slopes shown in these figures directly reflects
the degree of solvent exposure of the Val(1) residue. As can be seen from the
black curve in Figure 6.4b a fully solvent-exposed residue, such as the amide
group of AcPro, exhibits a complete decay of the nodal line slope on a ∼2 ps
timescale. In contrast, for ELP90 we observe a much slower decay of the nodal
line slope, which indicates that in this peptide the Val(1) residue is shielded
from the solvent. A likely explanation for this strong shielding is that the
C=O group of the Val(1) residue may form an intrapeptide hydrogen bond
with the NH group of the Val(4) residue. The presence of such a hydrogen
bond is in line with the notion that the Pro-Gly sequence is often located
inside a β-turn [254, 255]. The molecular dynamics simulations were used to
further investigate this interpretation of our experimental results. For both
simulated conformations the frequency-frequency correlation function (FFCF)
of the Val(1) residue was computed. It turns out that on the timescale of the
simulations (10 ns) these two conformers do not interconvert, i.e., the peptide
maintains the conformation chosen at the start of the simulation. Figure 6.10
displays the FFCF for these two simulations. If we compare the simulation of the
folded and extended structures (in water), we see that indeed the presence of the
β−turn causes a slowing down of the decay of the FFCF, which corroborates our
interpretation. We further note that for the folded structure the replacement
of the aqueous solvent by a TFE:water mixture leads to an upward shift
of the simulated FFCF, which is also observed experimentally (Figure 6.7).
This upward shift can be explained by the greater inhomogeneity of a mixed
TFE:water solvation shell compared to a solvation shell made up of pure water,
in combination with the fact that the inhomogeneiy caused by a TFE molecule is
relatively long-lived due to the high mass of this solvent molecule. Interestingly,
our experiments show that the spectral diffusion dynamics and thereby the
degree of solvent shielding are identical in the dissolved and aggregated state of
ELP90 and show very little change in ELP1 as a function of TFE concentration.
This implies that the β-turn is present in both states of ELP90, and therefore
we conclude that the coacervation transition of ELPs is not actively driven
by the formation of a β-turn, in contrast to previous suggestions [256–259].
Instead we speculate that the role of the β-turn may be more indirect: that
is to say, the β-turn may stabilize a conformation in which a large number of
hydrophobic sidechains are exposed, so that hydrophobic association can occur
once the driving force (and therefore the temperature) is high enough.
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Figure 6.10: Frequency-frequency correlation function (FFCF) of the amide I vibration
of Val(1) in ELP1 extracted from MD simulations in the experimentally
accessible time interval.

6.5 conclusions
We used linear infrared spectroscopy, 2D IR spectroscopy and MD simulations
to study the structural dynamics of ELPs. To gain insight into the coacervation
transition displayed by this class of peptides we performed experiments on
two different ELPs. We studied a 90-repeat ELP (450 residues), for which
coacervation can be induced by increasing the temperature above the transition
point. We also performed reference measurements on a single-repeat ELP (5
residues). This ELP is too short to show a coacervation transition. For this
peptide we studied the effects of a change of the solvent composition (i.e.,
different volume fractions of TFE in water).

Our results show that for both peptides the amide I′ spectrum can be well
described as a superposition of three Gaussian bands located at 1615 cm−1,
1645 cm−1 and 1675 cm−1. We assign the 1615 cm−1 band to the localized
amide I′ resonance of the Val(1) residue. The 1645 cm−1 and the 1675 cm−1

bands are associated with residues 2 to 5 in the pentapeptide repeat unit, where
the low-frequency band is due to more strongly hydrogen-bonded residues and
the high-frequency band due to more weakly hydrogen-bonded residues.

From the 2D IR measurements we have identified two vibrational energy
transfer processes that take place between the three Gaussian bands. The first
process (which we call the Val(1)-exchange process) corresponds to vibrational
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energy transfer between the Val(1)-residue and residues 2 to 5 of the pen-
tapeptide repeat. The second process (which we call the tetrapeptide-exchange
process) corresponds to energy transfer amongst residues 2 to 5 of the pentapep-
tide repeat. We find that the tetrapeptide-exchange process slows down as the
volume fraction of water decreases in the peptide solvation shell. From this
we have estimated the degree of desolvation that occurs upon coacervation of
the 90-repeat ELP, and we find that this desolvation corresponds to a loss of
roughly three out of four water molecules in the hydration shell.

Finally we studied the spectral-diffusion dynamics of the Val(1) residue. We
find that these dynamics are very slow and indicative of an amide group that is
shielded from the solvent. Surprisingly, for the 90-repeat ELP these dynamics
do not change with the aggregation state of the peptide. We conclude that
the slow dynamics are likely due to the fact that the Val(1) residue forms an
intrapeptide hydrogen bond with the Val(4) residue (β-turn), and that this
hydrogen bond is present in both the solvated and aggregated form of ELP90.



7 H Y D R O G E N B O N D DY N A M I C S I N
B U L K A L C O H O L S1

Hydrogen-bonded liquids play a significant role in numerous chemical and
biological phenomena. In the past decade, impressive developments in multidi-
mensional vibrational spectroscopy and combined molecular dynamics-quantum
mechanical simulation have established many intriguing features of hydrogen
bond dynamics in one of the fundamental solvents in nature, water. The next
class of a hydrogen-bonded liquid alcohols has attracted much less attention.
This is surprising given such important differences between water and alcohols
as the imbalance between the number of hydrogen bonds, each molecule can
accept (two) and donate (one) and the very presence of the hydrophobic group
in alcohols. Here, we use polarization-resolved pump-probe and two-dimensional
infrared spectroscopy (2D IR) supported by extensive theoretical modeling to
investigate hydrogen bond dynamics in methanol, ethanol, and isopropanol
employing the OH stretching mode as a reporter. The sub-ps dynamics in
alcohols are similar to those in water as they are determined by similar libra-
tional and hydrogen-bond stretch motions. However, lower density of hydrogen
bond acceptors and donors in alcohols leads to the appearance of slow diffusion-
controlled hydrogen bond exchange dynamics, which are essentially absent in
water. We anticipate that the findings herein would have a potential impact
on fundamental chemistry and biology as many processes in nature involve the
interplay of hydrophobic and hydrophilic groups.

1 THIS CHAPTER WAS PUBLISHED IN J. CHEM. PHYS., 212450,142,2015. ALL EXPER-
IMENTS WERE PERFORMED BY K. SHINOKITA UNDER THE SUPERVISION OF M.S.
PSHENICHNIKOV

113



114 hydrogen bond dynamics in bulk alcohols

7.1 introduction

Hydrogen bond (HB) dynamics in liquids plays a significant role in chemical and
biologic reactions. In the past decade, impressive advances in 2D IR spectroscopy
[76,260] and combined molecular dynamics (MD) - quantum-classical spectral
calculations have placed HB dynamics of liquid water in the research spotlight
due to their fundamental role in nature [55,56,261]. Most of the investigation
of aqueous HB dynamics was accomplished by using the OH/OD stretching
mode as a reporter due to the OH frequency sensitivity to the surrounding HB
network. The HB exchange event was identified as occurring along a bifurcation
coordinate [262], which necessitates a large reorientational jump of the involved
HB donor. Furthermore, the importance of interactions between the hydrogen
bonded solvent and biological molecules has been highlighted [263–267].

Alcohols present another example of hydrogen-bonded liquids that differs
from water in a number of important aspects. First, in alcohols the number of
possible donated HBs per molecule (one) is half the number of possible accepted
HBs (two). This disrupts the three dimensional HB network so characteristic
for water, and results in a reduced dimensionality of alcohol HB networks. Next,
alcohol molecules are by definition amphiphilic, i.e., contain both nonpolar
alkyl hydrophobic and polar hydroxyl hydrophilic parts. This adds another
complexity to the HB dynamics in alcohols nonexistent in water because some
hydroxyl groups experience hydrophobic solvation [268–270]. The size and shape
of alcohol molecules can be easily varied, e.g., by changing the alkyl chain length
or by going from primary to secondary or tertiary alcohols, which emphasizes
the effect of the hydrophobic parts in the HB network. Finally, alcohols unlike
water are miscible with a wide variety of both polar and nonpolar solvents.

Many of the aforementioned properties have been explored by ultrafast
spectroscopy to elucidate the HB dynamics in alcohols mainly dissolved in
CCl4, with the main focus on the vibrational energy relaxation (VER). It
was demonstrated that the excitation of OH stretching mode in HB clusters
is followed by VER in the sub-ps or ps time range with the subsequent HB
dissociation [60, 61, 271, 272]. As the OH absorption band is strongly hetero-
geneous, frequency-dependent vibrational lifetimes were observed [57]. The
vibrational lifetime in clusters is faster than in monomer alcohols dissolved in
CCl4, where the VER dynamics are in the order of tens of ps [273,274]. These
results suggest that HB breaking is a final acceptor mode in VER, and the HB
strength alters the VER channels [275, 276]. It was proposed that direct HB
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breaking in the excited molecules occurs in 200 fs via intramolecular energy
transfer, while indirect HB breaking in different molecules via intermolecular
energy transfer takes ∼2 ps [271]. The HB reformation was reported to occur
on ∼10 ps timescales and even a component slower than 10 ns was reported.
The reorientation was reported to happen on the timescales of 1.7 ps and 17 ps
in the isotope diluted samples of methanol [271].

It is, however, still an open question whether the properties observed in
alcohol clusters including the larger fragility of the stronger HB are special
to the clusters isolated in the CCl4 solvent or are more general and also
applicable to bulk alcohols, where the HB network extends over numerous
molecules. Very recently, Mazur et al. studied bulk deuterated alcohols by IR
polarization-sensitive spectroscopy [62]. In particular, they found frequency-
dependent relaxation times of the OD stretch (which were explained by the
Fermi resonance to the CH3 rocking mode) extremely long, in excess of 15 ps
reorientational times.

Here we use polarization sensitive pump-probe and 2D IR spectroscopy on the
OH stretching mode to reveal HB dynamics in three alcohols: methanol, ethanol,
and isopropanol. The experimental results are supported by a theoretical
investigation, which combines MD simulations to elucidate the molecular picture
of HB dynamics with spectral simulations to make a bridge to the experimental
observables and to analyze the HB dynamics beyond the experimental time
limit imposed by OH population relaxation. Relaxation times of the OH stretch
are found independent of frequency and to increase with the size of the alcohol
molecule. From 2D IR experiments we conclude that the OH dynamics occur at
two prime timescales: the fast, ∼100 fs component is rooted to OH librations
and HB stretching and the slow, component arises from diffusive motion. The
anisotropy also decays on two timescales with weakly alcohol-dependent, 200-300
fs hydroxyl wobbling-in-a-cone type of motion, and strongly alcohol-dependent,
5-20 ps orientational-jump HB exchange. We conclude that different types of
molecular motion manifest themselves differently in the spectroscopic techniques:
the frequency fluctuations experienced by the OH acceptors are most visible in
2D IR, while reorientation of the donors governs the anisotropy transients.
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7.2 methods

7.2.1 Experiment

For 2D measurements, we used a pump-probe geometry with two collinear
pump pulses (∼3 µJ/pulse) and one probe pulse, all centered at 3350 cm−1

with ∼75 fs in duration [189]. The infrared pulses were generated by optical
parametric amplification (OPA) following a home-built amplified Ti:sapphire
laser (repetition rate 1 kHz, central wavelength 800 nm, pulse duration ∼30 fs,
energy 600 µJ/pulse). At the given waiting time between the probe and one of
the pump pulses, the other pump pulse was scanned from -400 to 400 fs creating
the coherence time interval. The spectrum of the probe pulse was measured
using a 64 element MCT coupled spectrometer providing the ω3-dimension. To
remove the contribution from an unwanted pulse sequence in early waiting times
(until the 400 fs), the signal with the positive coherence time (i.e., in which
the probe pulse followed the two pump pulses) was mirrored to the negative
coherence time. The real part of the Fourier transformation over the coherence
time provided the ω3-dimension thereby producing the purely absorptive 2D
spectra. The polarization between two pump pulses and the probe pulse is set
as the magic angle ∼54.7◦ to produce isotropic 2D spectra. Frequency-resolved
pump-probe signals were measured using a single pump pulse. For anisotropy
measurement, the parallel and perpendicular polarizations of the signal were
separated before the spectrometer, and anisotropy was calculated using the
following equation:

R =
∆OD|| − ∆OD⊥

∆OD|| + 2∆OD⊥
(7.1)

where is the change in optical density with the pump pulse on/off. To avoid
effects of intermolecular coupling of the OH oscillators [58, 59, 277] the samples
of methanol (CH3OH), ethanol (C2H5OH), and isopropanol (C3H7OH) were
diluted in the respective alcohols with deuterated hydroxyl group. For simplicity,
in the rest of the Chapter we will refer to the samples in the deuterated bath
simply as alcohols. All chemicals were obtained from Sigma-Aldrich and used
without further purification. Solutions of ∼6% native alcohols were placed in
a 50 µm-thick free-standing sapphire jet which resulted in OD ∼0.6 at the
maximum of OH-stretch absorption. The circulatory pump system was purged
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with nitrogen to minimize water absorption from the air. All experiments were
performed at room temperature (295 K).

7.2.2 Theory

MD simulations were performed in GROMACS [235] using the OPLS/AA force
field [181] for the alcohols using 301, 200, and 216 molecules for methanol, ethanol
and isopropanol, respectively. The Lennard-Jones and Coulomb interaction
were truncated at a 1.1 nm cutoff. The long-range Coulomb interactions
were accounted for using the Particle Mesh Ewald scheme [278]. After initial
equilibration, a 500 ps trajectory with snapshots stored at 10 fs intervals was
obtained for each alcohol. The simulations were performed at 298.15 K using the
constant equilibrium volume and a Berendsen thermostat [182]. All bonds were
constrained using the LINCS algorithm [137]. Snapshots from MD illustrating
the HB structures for the three different alcohols in the simulation boxes
are presented in 7.1. For methanol, long hydrogen bonded chains are clearly

Figure 7.1: Illustration of typical hydrogen bond networks in (a) methanol, (b) ethanol,
and (c) isopropanol. Oxygen atoms are red and hydrogen atoms white.
Hydrogen bonds are highlighted as dashed white lines. The snapshots
were generated with the VMD software [119].

identifiable whereas in isopropanol the hydrogen bonded chains are shorter and
more bended as a consequence of the steric repulsion of the hydrophobic groups.
In ethanol, hydrogen bonded structures are intermediate between methanol and
isopropanol.



118 hydrogen bond dynamics in bulk alcohols

A time-dependent vibrational Hamiltonian was generated for the spectral
simulations using an electrostatic mapping for the OH stretch vibration originally
developed for water [64,279] of the following form

H(t) =
N∑
i

(
ωi(t)B

†
iBi −

∆i
2 B

†
iB
†
iBiBi −

−→µi(t)
−→
E (t)(B†+i Bi)

)
(7.2)

Here, B†i and Bi are the usual Bosonic creation and annihilation operators,
ωi is the time-dependent fundamental frequency for each OH-stretch vibration,
∆ stands for the anharmonicity (fixed at 200 cm−1). The transition dipoles are
given by ~µ, and the summation runs over all OH stretches in the simulation
box. The use of this form of the Hamiltonian implies that the harmonic rule is
applied for the |1〉 → |2〉 transition dipoles.

The frequencies and transition dipoles were determined for all OH stretches
for all stored snapshots along the MD trajectory using the electrostatic mapping
for the OH stretch vibration originally developed for water [64,279,280]. This
approach allows calculating the averaged response over all OH-stretch vibrations
by treating them independently. This implies the approximation that each
OH-stretch experiences a classical environment of isotopically unlabeled solvent
molecules, but the quantum mechanical coupling is omitted leading to an
effective description of independent OH oscillators as in an isotope diluted
experiment. However, the mass of the solvent hydrogen atoms is smaller
than in the experiment, which may lead to too fast motion in the simulations.
Nonetheless, this type of approximation has been successfully applied for the
study of HB dynamics in water before [279,281,282]. The linear absorption and
2D IR were obtained using the NISE simulation code [83] with coherence times
of 320 fs and sampling at 1 ps intervals along the 500 ps trajectories. A 130
cm−1 redshift of all simulated spectra was introduced to match the experimental
position of absorption peaks.
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7.3 results

7.3.1 Linear absorption

Figure 7.2 a shows the linear absorption spectra of the OH stretching mode of
methanol, ethanol, and isopropanol. All experimental spectra peak at ∼3350
cm−1 and have decreasing widths as the alcohol size increases. The fact that

Figure 7.2: Normalized experimental (a) and simulated (b) linear absorption spectra
of hydroxyl stretch in CH3OH/CH3OD (red), C2H5OH/C2H5OD (green),
C3H7OH/C3H7OD (blue). The HDO:D2O absorption (shaded contour)
is shown for comparison.

the peak positions essentially coincide in different alcohols suggests that the
average hydrogen bond strength is not significantly affected by the size or shape
of the alkyl chains.

The appreciable width of the spectra was attributed to inhomogeneous
broadening [272], with larger broadening in longer alcohols. This trend in
broadening is well reproduced in the simulations (Figure 7.2b), although the
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calculated spectra are slightly narrower. Also, in the simulations a blue shift
of about 25 cm−1 is observed for methanol as compared to the other alcohols.
This suggests that the employed force field [283], where identical charges are
used for the three alcohols, either slightly overestimates the hydrogen bonding
in the larger alcohols or underestimates it in methanol. This may potentially
result from the neglect of polarizability in the utilized force fields.

Figure 7.3: Frequency histograms for the five different HB configurations presented
for each of the three alcohols. The coloring scheme is identical to that of
Figure 7.2
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Unlike in alcohol clusters in CCl4 [284] where clearly distinctive spectral
features originate from different HB configurations (Figure 7.4), the bulk alcohol
spectra look quite similar to that of HDO:D2O, despite being red-shifted and
narrower. The overall redshift here does not reflect the strength of HBs, but
results from the larger than in water mass attached to the oxygen, as confirmed
by gas-phase calculations and absorption spectra of alcohol molecules diluted
in acetonitrile [285].

The narrower width of the alcohol spectra as compared to water originates
from less diverse HB structures. To highlight this point, HB analysis was
performed by identifying all hydrogen bonded alcohol pairs, where the OH
distance (r) was below 2.5 Å and the OHO angle (β) was below 30◦ [286]. If an
alcohol molecule using this definition was found to donate more than one HB,
only the HB with the shortest OH distance was used. For each alcohol molecule,
the number of donated and accepted HBs along the trajectory was counted and
the alcohol molecules were categorized using the convention presented in Figure
7.4.

Figure 7.4: Schematics of the five different HB configurations in alcohols [63]. The
blue shaded lines illustrate HBs and R denotes the alkane chains. The
nomenclature is the following: α-molecules have no HBs, β accepts one or
two HBs, δ donates a HB, γ, accepts and donates a HB and, ε accepts
two and donates one HB.

Frequency distributions for each of the five HB categories are shown in
Figure 7.3. The α and β types that do not donate HBs, absorb at frequencies
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above 3570 cm−1, while the other types absorb at lower frequencies. The
more hydrogen bonds the alcohol molecule accepts, the lower the OH stretch
frequency it has. The γ type dominates in all three alcohols, while the α

and β types are slightly more abundant in isopropanol than in the smaller
alcohols. In the absorption spectra the contribution from the latter types is,
however, heavily suppressed due to pronounced non-Condon effects [287]. In
the larger alcohols, the γ and ε types are slightly less abundant, which explains
the narrowing of the linear absorption spectra due to the more homogeneous
distribution of HB environments. The average frequencies and peak widths for
the different HB types vary by about 5 cm−1 between the different alcohols.
This is minimal as compared to the frequency differences observed between
different HB configurations. We can also understand why the spectral width
in all alcohols is narrower than in water: in water many HB environments
coexists [59,287–290], while the γ-type is dominant in alcohols.

7.3.2 Pump-Probe

Figure 7.5 shows the frequency-resolved pump-probe spectra of the three alcohols.
Absorption decrease due to bleaching and stimulated emission (shown in blue)
and increase due to induced absorption (shown in red) are observed at ∼3350
cm−1 and ∼3130 cm−1, respectively. From the frequency difference between
these two contributions we estimate the anharmonic shift as ∼220 cm−1, which
is close to the value used in the simulations. The development of the hot ground
state due to vibrational thermalization is also apparent at times beyond 2 ps
as evidenced by the red-shifted induced absorption. To quantify the lifetime,
we used a two-step relaxation model consisting of excited, intermediate, and
hot ground states; the latter accounts for an increase of the temperature in
the excited volume [57,291]. The initially excited OH stretching mode relaxes
with the lifetime T1 to the intermediate state, which in turn relaxes to the hot
ground state with lifetime of Tint. The existence of the intermediate state is
observed most directly in the experimental data by inspecting dynamics at the
zero-crossing frequency, where bleaching and induced absorption compensate
each other.
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Figure 7.5: Top panels: normalized frequency-resolved pump-probe signal; middle
panels: frequency dependence of the OH stretch population lifetime (red)
and linear absorption (blue); bottom panels: averaged in the range of
0.3-0.7 ps (red curve) and 4-20 ps (blue curve) transient absorption spectra,
the scaled amplitudes of the fitting coefficients for the |0〉 → |1〉 transition
(red circles) and the hot ground state (blue squares) of methanol (left
column), ethanol (middle column), and isopropanol (right column). Blue
and red colors in (a), (d), and (g) correspond to absorption decrease and
increase, respectively. The equidistant contours are drawn at each 10% of
the maximal amplitude.

Here, the signal increases with the time that is noticeably longer than the
population time T1. Therefore, it takes additional time Tint for the population
to reach the hot ground state. Note the difference between definition of the
intermediate state used here and that in Ref. [62]: In the model [57,291] applied
herein, the intermediate state is considered to be a dark state between the
excited stretching mode and the hot ground state so that the excitation energy
is transferred to low frequency modes indirectly. In contrast, in Ref. [62] the
intermediate state is defined to mediate heat transfer from the alcohol cluster
to the solvent bath which is absent in our study.

The population lifetime of the OH stretching mode deduced from this kinetic
model (Figures.7.5b,e,h) amounts to ∼630 fs, 720 fs, and 990 fs for methanol,
ethanol, and isopropanol, respectively, with Tint=350± 25 fs. Therefore, the
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lifetime becomes longer with the increase of the hydrophobic group. The
OH stretch lifetime of ∼700 fs in liquid water (HDO:D2O) lays in between
the three alcohols apparently indicating different relaxation pathways [292].
Unlike in the alcohol clusters [57, 65, 271,292], artificial HB chains [64, 271,292],
and deuterated bulk alcohols [62], the lifetime does not seem to possess any
distinct frequency dependence, at least in methanol and ethanol. This hints at
efficient frequency mixing (spectral diffusion) at the time scale shorter than the
population lifetime. Furthermore, the α- and β-type HB configurations that
provide substantial contributions in the clusters and artificial chains, are too
scarce in bulk alcohols to contribute to the pump-probe signal. Nonetheless,
a small frequency dependence of the lifetime in isopropanol seems to extend
beyond the experimental uncertainty thereby suggesting the slower frequency
mixing as compared to methanol and ethanol. VER pathways of the OH
stretching mode in neat methanol have been extensively studied by IR/Raman
spectroscopy [275]. It was concluded that different combinations of the OH
bending mode, methyl rocking mode, CO stretching mode and CH stretching
modes of the same molecule act as energy acceptors. In the more recent
study [62], the OD relaxation time of bulk deuterated methanol in the methanol
bath was measured as 0.75 fs while for other alcohols (ethanol, 1-propanol,
and 1-butanol) it amounted to 0.9 ps. The faster and frequency-dependent
relaxation in methanol was explained by a Fermi resonance to the CH3 rocking
overtone at 2380-2440 cm−1. In the case of the OH methanol oscillator, the
relaxation as found here is even faster (0.63 ps) and cannot be explained by
the Fermi resonance. This makes us conclude that collective effects play a
prominent role in OH-stretch VER in bulk alcohols, similarly to water [293,294].

7.4 2d ir

Figure 7.6 presents experimental and calculated 2D IR spectra of the investigated
alcohols at different waiting times. At short times, all spectra are diagonally
elongated which indicates a frequency-correlated response of an inhomogenously
broadened system. With time, the memory for initial excitation frequency
still persists, keeping the 2D signal slightly tilted. The calculated 2D spectra
(lower panels in Figure 7.6) present a reasonable agreement with the experiment.
To extract frequency correlations from the 2D spectrum, the center line slope
(CLS) analysis [110] was applied in the frequency range of 3240-3415 cm−1 and
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3225-3400 cm−1 in the calculations and experiment, respectively (Figure 7.6,
orange lines). In many cases, including non-Gaussian dynamics [63, 295] the
CLS as a function of waiting time represents fairly well the frequency-frequency
correlation function.

Figure 7.6: Normalized experimental (top panels) and simulated (bottom panels)
absorptive 2D spectra of (a) methanol, (b) ethanol and (c) isopropanol
at different waiting times. Blue and red colors correspond to absorption
decrease and increase, respectively. Thick orange lines show the results of
the CLS analysis. The equidistant contours are drawn at each 10% of the
maximal amplitude.
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The results of the CLS analysis are summarized in Figure 7.7. The time
developments are similar for all three alcohols: the experimental CLS functions
initially decay at a time scale of ∼150 fs (140 fs, 110 fs, and 220 fs for methanol,
ethanol, and isopropanol, respectively, with a 50% share) followed by a longer
tail. In the simulations, the fast relaxation time is slower, ∼500 fs (380 fs,
470 fs, and 660 fs for methanol, ethanol, and isopropanol, respectively) but
the general trend of slowing down with the size of the alcohol molecule is
well captured. Faster correlation times in the experiment as compared to the
simulations might arise from intermolecular Förster-like coupling between the
OH oscillators [58, 59, 277]. However, in 6% methanol solution used in our
experiments, the averaged distance between the non-deuterated molecules is
∼1.1 nm which is much larger than the Förster radius of ∼0.2 nm [296]. This
is also consistent with the anisotropy data in Ref. [62] where the substantial
anisotropy drop began at ∼10% concentration, and our anisotropy data where
the initial anisotropy value is close to 0.4 (see Section 4.4). Therefore, the Förster
energy transfer does not contribute to the experimental CLS values. According
to the MD simulations, the fast component originates from fluctuations within
a given HB configuration as librations and the HB stretching mode which is
supported by the broad frequency distributions in Figure 7.3. These molecular
motions provide fast and efficient spectral diffusion to make the OH population
lifetime independent of frequency (see Figure 7.5). The simulations overestimate
these timescales, most probably due to a combination of inaccuracies in the
hydrogen bond dynamics predicted by the used force fields, large sensitivity
to sampling noise [141], and the presence of non-Gaussian dynamics leading
to slightly curved slope lines at short times [63, 295]. In any case, the fast
timescales are slower than that for HDO:D2O and HDO:H2O (∼50 fs) [58, 59].
The slow relaxation constants obtained from the simulations, are 4 ps, 7 ps and
14 ps, again in a sharp contrast to the HDO:D2O case, where no such long tail
is observed. To understand the CLS relaxation times, the HB dynamics were
analyzed by determining the time during which each alcohol molecule donor is
bound to the same acceptor.
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Figure 7.7: The experimental (open circles) and simulated (solid lines) CLS values for
methanol, ethanol, isopropanol, and HDO:D2O, solid line is taken from
Ref. 281) as functions of the waiting time.
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These times were determined for all alcohol molecules in the full MD tra-
jectories and counted in the histograms displayed in Figure 7.8. Here, the
number of exchanges with a given lifetime is shown and normalized by the bin
width, the number of alcohol molecules in the simulation box, and the trajectory
length (500 ps). Therefore the units on the y-axis are the number of exchanges
per alcohol molecule per ps. The HB lifetime distributions were fitted using a
triexponential function for which the fitting parameters are presented in Table
7.1. Overall, methanol exhibits most HB exchanges, which explains differences
in the fastest time scale. However, after about 20 ps fewer exchanges occur in
methanol than in the other two alcohols. In particular, isopropanol has more
HBs configurations lasting longer than 60 ps than the smaller alcohols have.
This directly influences tails of the CLS functions as each HB exchange disrupts
the frequency correlation function. The hydrogen bond exchange times found
there are somewhat different from those reported in Ref. [63]. This may be due
to the use of a different hydrogen bond criteria. Furthermore, the united atom
force field used in Ref. [63] may result in lower viscosities.

Figure 7.8: Histograms of the number of HB exchange events with a given lifetime
per molecule per ps (solid lines). The dashed lines are triexponential fits
using a weighted error function proportional to the amplitude to capture
both long and short times. The fit parameters are given in Table 7.1.



7.4 2d ir 129

Table 7.1: The parameters obtained from the triexponential fits of the HB lifetime
histograms in Figure 7.8. All times are given in ps, while the units of the
coefficients Ai is ps−1.

A1 T1 (ps) A2 T2 (ps) A3 T3 (ps)
Methanol 0.128 0.53 0.023 2.1 0.010 9.5
Ethanol 0.058 0.57 0.010 3.2 0.0022 20.3

Isopropanol 0.021 0.66 0.004 4.9 0.0004 45.2

The effect of HB exchange on the frequency correlation function can be
understood from the analysis of the change of the frequency around the time of
a HB exchange. For this, we define the time of the HB exchange as the time,
where the OH stretch frequency of the donor is the highest in the vicinity of
time around a change of acceptor partner. In spirit similar to the HB jump
analysis by Laage et al. [261, 297, 298] here we, however, directly used the
spectroscopically observable OH-frequency to set the time of the exchange event
instead of using a geometric HB criterion. In Figure 7.9 the time-evolution of
the average frequency of the donor and the two involved acceptors are presented
along with the time evolution of the average angular velocity of the OH bonds.
We found very similar behavior for the three different alcohols. The involved
donor may be a γ, δ, or ε configuration; however, from the average frequency it
can be seen that the higher frequency γ configurations are more likely donors.
Only β, δ and ε may be initial acceptors while the final acceptors are of the α,
β, γ, or δ-type. The donor is intermittently losing the donated HB giving rise
to a sharp increase in the OH-stretch frequency of the donor molecules.
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Figure 7.9: The time evolution of the average frequencies of the OH stretching mode
around the time of a HB exchange event.

Following the exchange, the donor returns to the same type of configuration
that it has come from. The initial donor has lost a HB, and the frequency
of its OH-stretch vibration has, thus, slightly increased, while the final donor
gaining a HB has received a slightly lower OH-stretch frequency. Overall,
the effect of the HB exchange on the frequency is rather small. Furthermore,
due to the non-Condon effect [282] the intermittent transition of the donor
through an α or β configuration hardly affects the slopes in the two-dimensional
spectra as the transition dipole of these states is very low. In contrast, the
frequency correlation functions that are not dependent on the transition dipole
are strongly affected by the presence of the transition state. Therefore, the
observed CLS functions mainly reflect the fluctuations within the dominating
δ configurations and to a much smaller extend the HB exchange induced by
transformations of HB acceptors between the γ, δ and ε configurations, which
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differ considerably in average frequency according to the frequency distributions
given in Figure 7.3. The amount of frequency correlation persisting through a
HB exchange event was investigated by calculating the correlation of the OH
stretch frequency 1 ps before the exchange and 1 ps after the exchange using the
following equation, which is essentially a normalized frequency auto-correlation
function synchronized to be centered at the time of the HB exchanges:

C(t) =
〈ω(t− 1ps) · ω(t+ 1ps)〉√

〈ω(t− 1ps) · ω(t− 1ps)〉 · 〈ω(t+ 1ps) · ω(t+ 1ps)〉
(7.3)

Here, t is the time of a HB exchange event and the brackets denote an average
over all HB exchanges. For the donor molecules the correlation preserved through
a HB exchange event amounts to 9%, 18%, and 23% for methanol, ethanol,
and isopropanol, respectively. Somewhat surprisingly, the correlation preserved
through a HB exchange event for the acceptor alcohols is a bit lower, with 7%,
10%, and 20% values for the three alcohols. This is explained in the light that
the HB exchange event does alter the HB configuration of the acceptor resulting
in considerable frequency changes according to Figure 7.3, while the donor
returns to its original HB type following an HB event. The delay time of 1 ps
in Eq.7.3 is somewhat arbitrary, but at all shorter times the same tendency of
lower memory loss for the donors is observed. For instance, for 40 fs time instead
of 1 ps the values for donors are 75%, 78%, and 81%, while the numbers for
acceptors are 64%, 67%, and 73% for the three alcohols, respectively. Therefore,
the difference between donors and acceptors is preserved for very long times.
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Figure 7.10: The experimental (open circles) and simulated (solid lines) transient
rotational anisotropy probed at 3300 cm−1 of methanol (red), ethanol
(green), isopropanol (blue), and water (black, reproduced from Ref. [299]
for comparison).



7.4 2d ir 133

7.4.1 Anisotropy

Whereas HB strength fluctuations of the dominant δ configurations were deter-
mined from the waiting time dependence of the 2D IR lineshapes, the angular
motion is studied through the polarization anisotropy. Figure 7.10 shows ro-
tational anisotropy of the investigated alcohols, determined at the maximum
bleach position. The theoretical anisotropy was derived from the calculated
parallel- and perpendicularly-polarized 2D spectra using Eq. 7.1; it excellently
corroborates experimental data. At the beginning the anisotropy is close to
its limiting value of 0.4 which indicates that intermolecular coupling between
the OH oscillators is low because of dilution. At later times the anisotropy
relaxes with times that become longer with the hydrophobic group length.
These features are well reproduced by the calculation even despite the limited
experimental delay range due to OH stretch depopulation. Anisotropy for all
alcohols decays noticeably slower than for water [299] (Figure 7.10 d). The
anisotropy decay rate is also independent of the probe frequency between 3250
and 3400 cm−1 in sharp contrast to HDO:H2O [64], where faster dynamics in the
high-frequency wing were assigned to HB breaking while the slower dynamics
in the low-frequency wing were attributed to HB reformation.

Time constants of anisotropy dynamics are calculated by fitting the simula-
tion curves with a bi-exponential function. This results in fast time constants
of 200 fs, 340 fs and 370 fs (contribution of ∼15%) and slow time constants of
4.6 ps, 12 ps, and 27 ps for methanol, ethanol, and isopropanol, respectively.
The slow timescales are in reasonable agreement with the NMR data of 5 ps,
12-18 ps [300–302], and 33 ps [300] for the three alcohols, respectively, although
calculated values for ethanol and isopropanol appear 20-25% faster. It is also
worth noticing that we do not confirm the 1-4 ps timescales reported in Ref. 62
and assigned to reorientation of molecules with intact HBs. In turn, Hunger et
al. [62] did not observe the sub-ps timescales seen by us and others [303]. Debye
relaxation studies [304] reported much longer timescales of 51, 163, and 329 ps
for methanol, ethanol, and isopropanol, respectively. However, Debye relaxation
depends on the first-order rotational correlation function of the dipole of the
solution, while the anisotropy decay depends on the second-order dipole corre-
lation function of the OH-stretch transition dipole. While a rule of thumb [305]
suggests that the time scales related to the Debye relaxation are by a factor of
3 slower than the anisotropy decay and experiments on water have suggested a
factor of 3.4 difference [305], one should be cautious by comparing these num-
bers directly as they relate the reorientation of different vectors. Furthermore,
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Figure 7.11: The time evolution of the average angular velocity of the OH bonds
around the time of a HB exchange event.

Debye response is also affected by dipole-induced dipole interactions due to the
polarizability of the alcohol molecules [306]. In particular, it was reported that
the slow component of the Debye relaxation is due to collective effects [306].

To explain the observed timescales, we calculated the average angular velocity
of the OH groups during the HB exchange (Figure 7.11). On average, the overall
angular velocity of the OH bonds is about 0.7 degree/fs, which corresponds to
the thermal energy of the librational motion of a hydrogen atom. For the donor
alcohol the angular velocity starts increasing about 0.5 ps before the actual HB
exchange and peaks just before and again just after the moment, where the
OH-stretch frequency peaks. The dip at time zero reflects the pass through
the transition state, where the kinetic energy has been converted to potential
energy.
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The very short duration of the actual exchange event (∼40 fs) corresponds
to one period of the librational motion (frequency of ∼800 cm−1) of the donor
hydrogen that dominates the reaction coordinate. This agrees very well to the
findings previously reported for the hydrogen jump mechanism of water and
alcohols [63]. Upon very close inspection it is seen that the angular velocity of
the initial acceptor is increasing at the time of the exchange and the angular
velocity of the final acceptor decreases. This can be understood as a reflection
of the fact that the stronger hydrogen bonded ε, configuration exhibits slightly
slower rotational dynamics than the weakly bound γ, configuration. However,
the acceptors are unlikely to contribute to an anisotropy change due to exchange
events thereby leaving the dominating contribution to the donors. Therefore,
there are two main processes that contribute to the anisotropy decay. The
fastest timescales are related to wobbling-in-a-cone type dynamics, which are
essentially similar for the three alcohols. The slow timescales are related to HB
exchange dynamics in accordance with the orientational jump model developed
for water [295] and frame reorientation with intact HB as reported for bulk
methanol and ethanol [63]. The different time constants between the three
alcohols are explained by the slower diffusional motion, required to trigger
the orientational jump, of the molecules with longer alkyl chains [307]. The
frame reorientation is naturally connected with the diffusion in a similar way as
the slow orientational jumps [63] and this contribution is expected to behave
identically to the slow exchange dynamics. This makes it difficult to determine
the actual relative importance of the two for the slow anisotropy decay.

7.5 discussion

The dynamics in alcohols can briefly be summarized as follows. On the sub-
picosecond timescale, the dynamics is governed by librational motion of the
wobbling-in-a-cone type and HB stretch motion is dominated by the contribution
from the most abundant δ-type HB configuration. The slower motion is found in
all alcohols reflecting the HB exchange dynamics. However, the exact mapping
of these dynamics depends on a particular experimental arrangement. The
2D IR spectroscopy is dominated by the frequency change experienced by
the involved acceptors. In contrast, the anisotropy transients are dominated
by reorientation of the donors. To find a correlation between the slowest
timescales of the observed properties and the diffusion motion, we calculated
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the diffusional constants as 2.57, 1.29, and 0.63·10−5 cm2/s for methanol,
ethanol, and isopropanol, respectively. Experimentally, the diffusion constant for
methanol was reported to be 2.37·10−5 cm2/s [308], in good agreement with our
theoretical findings. Figure 7.12 shows the relation between the inverse diffusion
constant (D) for the three alcohols and the slowest calculated timescales in the
anisotropy decay, the CLS, and the HB exchange dynamics is approximately
linear. The slow timescales are all different due to the differences in the
magnitude of frequency and angular changes upon HB exchange. Therefore,
this analysis suggests a universal relation between the slow timescales and the
diffusional motion, which reflects that all these slow dynamics are dictated by
the HB exchange. Here we have found a linear correlation between the slow
components of the studied dynamics with the diffusion constant, but did not
demonstrate the mechanism behind this proposed universal scaling behavior. It
is possible that the reason that both the slow parts of the CLS, anisotropy, and
HB exchange scale inversely with the diffusion constant is that these processes
share a common underlying physical mechanism with diffusion. This could be
the activated transition between hydroxyls in the first and second transition
shell of a given hydroxyl. The presented relationship is further related to the
Stokes-Einstein-Debye relation suggesting the relation between translational
and rotational diffusion for spherical particles: where η is the viscosity, RH the
hydrodynamic radius, and Drot is the rotational diffusion constant [308, 309].
The latter is sometimes assumed to be inversely proportional to the dielectric
relaxation times [310], thus, suggesting an inverse relationship between the
dielectric relaxation time and the translational diffusion times. We further note
that in Ref. [63] the difference between the behaviour of methanol, ethanol,
and water was attributed to an excluded-volume effect. This may very well be
related to our findings as one would expect that diffusion is needed to overcome
the excluded-volume effect. Future systematic experimental studies determining
both the diffusion constant and the dynamical properties under comparable
conditions for a larger number of alcohols than we could examine here should
be able to validate and find the possible limits of the proposed universal scaling.

Finally, the difference of HB structure and dynamics between water and
alcohols can be discussed. In liquid water, most molecules have three or four HB,
which results in a heterogeneous three-dimensional HB network. In alcohols, the
γ-type HB configuration dominates resulting in a more homogeneous distribution
of chain and/or ring-like HB structures. This explains the narrowing of the
linear absorption in alcohols as compared to water. In water, there is a high
density of HB acceptors and donors while in the alcohols the density is lower (in



7.6 conclusions 137

Figure 7.12: The relation between the slowest calculated timescales of the anisotropy
decay, the CLS, and the HB exchange dynamics and the inverse diffusion.
constant D for the three alcohols.

particular, of available donors). This leads to the emergence of slow diffusion
controlled HB exchange dynamics in alcohols, which is essentially absent in
water. These slow dynamics are responsible for the long tails observed in the
experimental anisotropy decay and CLS. On the other hand, the fast sub-ps
dynamics in water and alcohols is rather comparable with each other, as it is
dominated by the similar librational and HB stretch motion.

7.6 conclusions
We have investigated the HB dynamics in three liquid alcohols by 2D IR
spectroscopy and MD simulations combined with quantum-classical spectral
simulations. During the experimentally accessible timescales, the experiments
and theory exhibit good agreement allowing us to use the MD simulation for
understanding the HB dynamics well beyond the OH stretch vibrational lifetime.
The HB dynamics occur on two prime timescales. The fastest of these reflects
phase memory loss attributed to librational and translational HB fluctuations.
Interestingly, the fast component of the dynamics appears to be essentially
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universal to hydrogen bonded systems including previously studied water and
alcohol chains. The longer timescales are manifestations of the HB exchange
that are unique for the bulk alcohols. The HB exchange dynamics observed
in diluted alcohols have little or no relevance for the bulk. Although different
spectroscopic observables provide disparate relaxation times, the simulations
suggest that they are all correlated with the inverse of the diffusion constant
reflecting an intricate relation between the HB dynamics and the diffusional
motion. The larger alcohols having smaller diffusion constants thus exhibit
slower HB exchange dynamics, anisotropy decay and spectral diffusion. While
only three different alcohols are investigated here, a universal scaling behavior
relating HB exchange and diffusion is proposed. This may be based on a common
underlying mechanism as the activated transfer of molecules between different
solvation shells. Such fundamental scaling relationship will likely impact the
understanding of processes in chemistry and biology, where hydrogen bonding
plays a crucial role.



8 H Y D R O G E N B O N D A N D L I F E T I M E
DY N A M I C S I N D I L U T E D
A L C O H O L S1

Hydrogen-bonding plays a crucial role in many chemical and biochemical re-
actions. Alcohols, with their hydrophilic and hydrophobic groups, form an
important class of hydrogen-bonding molecules with significant functional tun-
ing possibilities through changes in the hydrophobic tails. A recent study in J.
Chem. Phys., 2015, 142, 212450 demonstrated that for bulk alcohols changing
the hydrophobic tail significantly changes a broad range of dynamical properties
of the liquid. Still, the understanding is lacking on the origin of such differences
in terms of a solvent- or a solute-dominated effect. Here we reveal this origin
by studying hydrogen bond (HB) dynamics in a number of alcohol molecules
– from methanol to butanol – diluted in a hydrogen-bond accepting environ-
ment, acetonitrile. The dynamics were investigated by polarization-resolved
pump-probe, two-dimensional infrared spectroscopy (2D IR) and combined
with molecular dynamics-spectral simulations, using the OH stretching mode
as a reporter. For all considered alcohols, the vibrational lifetime of the OH
stretching mode was found as ∼3 ps. The hydrogen-bond dynamics exhibit
similar behavior with a fast (∼200 fs) initial relaxation dominated by librational
motion and a slow (∼4 ps) relaxation due to hydrogen-bond exchange dynamics.
The similar dynamics over such a broad range of alcohols led us to conclude that
the previously observed differences in bulk alcohols originate from dependence
of the solvent properties on the hydrophobic tail, while the solute properties as
found herein are essentially independent of the hydrophobic tail.

1 SUBMITTED TO PHYS.CHEM.CHEM.PHYS.ALL EXPERIMENTS HAVE BEEN PER-
FORMED BY E. SALAMATOVA UNDER THE SUPERVISION OF M.S. PSHENICHNIKOV
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8.1 introduction

Hydrogen bonding [311] is one of the fundamental interactions in chemistry,
biology and material sciences, and as such has been extensively studied. [312,313]
Ultrafast 2D IR spectroscopy [91,314] has been proven as a powerful tool for
revealing HB dynamics in water, liquid [315, 316] and interfacial [317, 318]
alike. Alcohols present another example of HB liquids where the molecules form
HBs via the hydroxyl group [319] that is attached to a hydrophobic alkyl tail.
So far, most of the studies on alcohols have been devoted to alcohol clusters
in a non-polar solvent such as CCl4. [60, 320–324] The primary alcohols as
methanol and ethanol were in a particular focus [60,321,322,324–333] due to
their simple structure. S. Woutersen et.al [277] demonstrated dependence of
the OH-stretching mode lifetime on the excitation frequency in ethanol clusters
in CCl4 with timescales ranging from 250 to 900 fs. The HB recombination
time varied with the size of alkyl chain group and was ∼9 ps for methanol
and ∼15 ps for ethanol. Later, Laenen et al. [60] reported a similar trend for
methanol clusters. Gaffney et al. [271] implemented another approach, the
excitation frequency was fixed, however, the alcohol concentration varied, and
they reported the relaxation dynamics of deuterated methanol clusters as ∼500
fs for all molar ratios of methanol-d in CCl4 with the conclusion that the HB
dynamics hardly change with changing alcohol concentration. Similarly to
alcohol clusters, recent experimental and theoretical studies on bulk alcohols
showed the effect of the size of the alkyl-chain group on the hydroxyl stretching
dynamics. [177, 334, 335] Mazur et al. [334] explored such dynamics in bulk
deuterated alcohols by monitoring vibrational and rotational dynamics of the
OD stretching mode. The lifetime of the excited OD stretch was found in
the sub-ps region, with weak dependence on the alkyl chain size (0.75 ps for
methanol and 0.9 ps for ethanol, 1-propanol and 1-butanol). In contrast to
the lifetime, the structural relaxation time exhibited strong correlation with
the size of the alcohol molecule, i.e., a larger alkyl chain group led to slower
dynamics: ∼5 ps for methanol, ∼8ps for ethanol, ∼10.5 ps for 1-propanol, and
∼11 ps for 1-butanol. Furthermore, the rotational dynamics possessed similar
correlation with the size of alcohol molecule, i.e., the increase of the alkyl chain
led to slower dynamics. Shinokita et al. [177] explored the OH stretch dynamics
of methanol, ethanol and 2-propanol molecules diluted in respective deuterated
solutions to avoid intermolecular interactions. It was found that the lifetime of
the OH-stretching mode exhibits strong dependence on the size of alkyl chain
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(630 fs, 720 fs and 990 fs for methanol, ethanol and 2-propanol, respectively).
OH-stretch dynamics occurred at two prime time scales: fast ( ∼150 fs) and
long (> 4 ps), with both components slowing down with the increase of the
molecule size. The rotational dynamics of the OH group, obtained by Shinokita
et al. [177] with ultrafast IR spectroscopy and Ludwig et al [336] with NMR also
possessed the dependence on the size: the larger the molecule, the slower the
rotational dynamics. The timescales of the HB exchange dynamics, obtained
experimentally, showed an increase from 5 ps for methanol [177,334,336] to ∼90
ps to 1-hexanol [336]. All the aforementioned studies came to the unanimous
conclusion: increasing the size of this group leads to slowing down the hydroxyl
stretching mode dynamics. The dynamics, however, depend on both inter- and
intramolecular interactions, which leaves a question open: are the observed time
scales are dominated by intra- or inter-molecular interactions? Here we will
address this issue by eliminating differences in the interaction of the excited
OH-stretch and the bulk solvent by studying alcohols diluted in acetonitrile,
where intermolecular interactions between the alcohol molecules are negligibly
weak. A series of primary alcohol molecules (methanol, ethanol, two isomers of
propanol, and four isomers of butanol) were explored by linear, pump-probe
and 2D IR spectroscopy, with the OH-stretching mode (∼3530 cm−1) acting
as a reporter for HB dynamics. We show that the lifetime of the OH-stretching
mode (∼3 ps) and two timescales of HB dynamics (∼200 fs and ∼4 ps) are
similar in all alcohols studied in sharp contrast to the observations in bulk
alcohols. The latter findings are also confirmed by theoretical work, which
uses response function based calculations to predict the linear and 2D IR
spectra. The obtained results strongly suggest that in the diluted alcohols the
alkyl groups play a minor role in solvation and therefore the differences in the
vibrational lifetimes of and solvation dynamics in the bulk alcohols originate
from the intermolecular interactions.

8.2 methods

8.2.1 Experimental

Eight alcohol molecules (methanol, ethanol, 1-propanol, 2-propanol, 1-butanol,
2-butanol, 2-methyl-1-propanol, and tert-butanol) and acetonitrile (MeCN)
were obtained from Sigma-Aldrich and used without any further purification.
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Acetonitrile was used as a solvent due to its HB properties [337] and low
absorption in the region of OH-stretch frequency. Alcohol molecules were
dissolved in MeCN at pre-calculated molar ratios. The linear absorption spectra
were recorded by an FTIR-spectrometer Brucker IFS 88 at room temperature
(295±5 K), with 4 cm−1 spectral resolution in a 100 µm thickness CaF2 cuvette.
Due to hygroscopic properties of the chemicals used, all measurements were
performed within one day of preparation. The molar ratio between alcohol and
MeCN varies from 0.01 to 0.09 to determine the molar ratios where the alcohol
molecules do not cluster. For further experiments, solutions with the molar
ratio of 0.03 were used as a compromise between clustering and signal-to-noise
ratio. The IR pulses at 3540 cm−1 central wavelength with 75 fs in duration
were generated by a home-built optical parametric amplification (OPA). [338]
For the 2D IR measurements, a pump-probe geometry was used [339] for which
the OPA output was split into two collinear pump pulses (∼3 µJ/pulse) and a
probe pulse ( ∼3 µJ/pulse). The polarization between the two pump pulses and
the probe pulse was set as a magic angle of ∼54.7°. The prepared solutions were
pumped through a 50 µm thick sapphire nozzle to create a free-standing jet.
To minimize water vapor absorption by the air, the circulatory pump system
was purged with dry nitrogen. 2D IR spectra were obtained by the following
algorithm: at a given waiting time between pump and probe, one of the pump
pulses was scanned from -400 to 400 fs to create the coherence time interval.
The exact delay was calculated from the interference pattern of a backstage
Michelson interferometer referenced to a 3.39 µm CW He-Ne laser. The zero
delay between the pump pulses was determined by fitting their interference
pattern by a cosine function modulated by a Gaussian. For each OPA pulse
(1 kHz repetition rate), the spectrum of the probe pulse was measured by a
64 element MCT detector providing the ω1 (probe) dimension. To avoid the
situation when the probe pulse appears in between pump pulses during the
coherence time scan, the spectrum with the positive coherence time was mirrored
to the negative coherence time. The real part of the Fourier transformation over
the coherence time provided the ω1 (excitation frequency) dimension in the 2D
IR spectrum. For measuring a frequency-resolved pump-probe spectrum, only
one pump pulse was used, with a synchronous chopper inserted into the pump
beam path. All experiments were performed at room temperature of 295±0.5
K. The presence of water content was controlled by measuring the absorption
spectrum of the solution before and after each experimental session ( ∼8-10
hours) and stayed negligibly low during the session. The blank PP and 2D IR
experiments were performed on the solvent (MeCN) alone, and the obtained
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Figure 8.1: Illustration of the molecular dynamics simulations boxes for (a) methanol,
(b) 1-butanol, (c) tert-butanol in MeCN. The HBs are depicted with a
dashed white line. The oxygen atoms are represented in red, the hydrogen
atoms in white, the carbon atoms in light blue, and the nitrogen atoms in
yellow

signal was by a factor of at least 10 lower than for alcohol solutions even in the
region of the pulse overlap. Therefore, this signal can be safely disregarded.

8.2.2 Molecular Dynamics simulations

Molecular dynamics (MD) simulations of diluted methanol, butanol, and tert-
butanol in MeCN were performed, using the GROMACS 4.6.1 suite. [235] The
simulation boxes were composed by 1 molecule of the respective alcohol and 200
molecules of MeCN (Figure 8.1). The interactions between the molecules were
described by using the Optimized Potential for Liquid Simulations all-atom
(OPLS-AA) force field [283] for both solvent and solute. The Lennard-Jones
and Coulombic interactions were truncated at 1.1 nm cutoff. The long range
Coulombic interactions were treated using the Particle Mesh Ewald (PME)
scheme. [278] After initial equilibration, a 5 ns constant volume and temperature
of 298.15 K production run was obtained using the Berendsen thermostat. [182]
The snapshots were stored at 10 fs intervals, and all bonds were constrained
using the LINCS algorithm. [137]

8.2.3 Spectral calculations

The time-dependent vibrational Hamiltonian for the OH stretch [340,341] was
generated from the production run, and has the form:
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H(t) = ω10(t)B
†B − ∆

2B
†B†BB − ~µ(t) ~E(t)(B† +B) (8.1)

Here, B† and B are the bosonic creation and annihilation operators, ~E(t)
is the external electric field used to excite the OH oscillator, and ∆ is the
anharmonicity (fixed at the experimental value of 200 cm−1). This form of
the Hamiltonian implies that the harmonic rule is applied for the |1>→|2>
transition dipoles. [340]

The site frequency of the OH stretch ω10(t) , and the transition dipole ~µ(t),
were calculated for all stored snapshots of the production run, making use of
electrostatic maps for the OH stretch [279,341].These relate the electrostatic
field created by the force field point charges on the hydrogen atom of the
hydroxyl group in the direction along the OH bond, with the site frequency
and the transition dipole. We used the electrostatic map developed for the OH
stretch of water [279,341] which was built using electronic structure calculations
(DFT) of water clusters. Even though this mapping was developed for the OH
stretch of water, such approach has previously been successfully applied to
alcohols [64,177].

ω10(t) = 3761.6− 5060.4EOH(t)− 86.225(EOH(t))2 (8.2)

x10(t) = 0.1024− 1.29 · 10−5ω10(t) (8.3)

~µ(t) = (0.71116− 75.591EOH(t))µ
′
g~uOH(t)x10(t) (8.4)

Here, the frequency ω10(t), OH oscillator displacement x10, and electric field
EOH(t) have units of wavenumbers, Å and, Eh/a0e respectively. µ′g is equal to
0.18749 e, and ~uOH is a unit vector along the OH bond in the direction of hydro-
gen. All spectra were calculated using the Numerical Integration of Schrödinger
Equation (NISE) method, [83] in which the time-dependent Schrödinger equa-
tion is numerically propagated for the OH stretch time-dependent Hamiltonian
thus allowing the calculation of both linear and third-order response functions.
An ad hoc vibrational lifetime for the OH stretch of 1 ps was used for appodiza-
tion. The coherence times were varied from 0 to 640 fs. The response functions
were Fourier transformed to obtain the FTIR and 2D IR spectra. Sampling
was done at 1 ps intervals along the 5 ns trajectories, giving a total number of
500000 realizations.
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8.3 results and discussion

8.3.0.1 Linear absorption

Absorption spectra of methanol, 1-butanol and tert-butanol dissolved in MeCN
in the region of the OH-stretching mode are shown in Figure 8.2, together with
their simulated counterparts. The absorption peak of the OH stretch situated
near ∼3535 cm−1, slightly red-shifts and becomes ∼10% narrower as the alcohol
weight increases. The simulated spectra are wider than the experimental ones
(especially for tert-butanol) and do not possess any size-dependence which is
attributed to the fact that classical force fields are not fully optimized for this
type of modelling.

Figure 8.2: Experimental (dots) and simulated (solid lines) linear absorption spectra
of (a) methanol, (b) 1-butanol and (c) tert-butanol dissolved in MeCN.
The simulated spectra are blue-shifted by 50 cm−1 for ease of comparison.

8.3.1 Pump-probe

The pump-probe transients are shown in Figure 8.3 at the frequency of maximum
bleaching (3535 cm−1) and induced absorption (3370 cm−1). After initial
relaxation at the ps time scale, the transients level off which is attributed to
population relaxation to the hot ground state. [315] To account for this effect,
the transients were fit three-state kinetic model; the temperature jump was
estimated 0.3 K.

Lifetimes T1 of the OH stretch for all alcohols are about 3 ps (Figure 8.4)
with a weak trend to increase with the molecule size. In contrast, the lifetimes
of the hydroxyl stretching mode in bulk alcohols are shorter than 1 ps. [177,334]
Furthermore, the lifetimes of bulk alcohols show a prominent increase (by a
factor of ∼2) from methanol to 2-propanol. [177] These are clear signatures of
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Figure 8.3: Experimental transients (symbols) at a bleaching/stimulated emission
(3535 cm−1, open circles) and induced absorption (3370 cm−1, filled
circles, the sign is inverted) regions for (a) methanol, (b) 1-butanol, (c)
tert-butanol, diluted in MeCN. The fits obtained from a kinetic model
are shown by the lines with the corresponding lifetimes T1 indicated.

the fact that in bulk alcohols the OH stretch vibrational relaxation is mediated
by collective intermolecular rather than intramolecular modes.

8.3.2 2D IR spectra

Figure 8.5 shows 2D IR spectra of methanol, 1-butanol and tert-butanol solutions
at waiting times of T=0.1 ps and T=1 ps. At short waiting times, the 2D
spectra are diagonally elongated which corresponds to high correlation between
excitation and probe frequencies. By T=1 ps, the diagonal elongation decreases
virtually to zero which signifies complete loss of the phase memory. Although
the simulated 2D spectra (bottom panel) are slightly broader (see Figure 8.2
and discussion therein), they nonetheless show a reasonable agreement with the
experimental ones.

To extract quantitative information on the frequency-frequency correlation
function we applied central line slope (CLS) analysis [322] in the frequency
range of 3485-3580 cm−1 (Figure 8.5, black lines). The dependences of CLS
values on the waiting time T are summarized in Figure 8.6. The dynamics are
essentially identical for all alcohols: the fast ( ∼200-300 fs, share of ∼80%)
decay in the beginning followed by an ∼4 ps tail. The obtained dynamics have
a reasonable match with the previously reported values for MeCN as a bath
using a chromophore [342] (150 fs and ∼3 ps, respectively), water [295] and
HDO [343] (150-200 fs and 2 ps) as the solutes. The obtained results of the CLS
analyses are in a sharp contrast with those for the bulk alcohols [177] where
both fast and long components were slowing down with the size of the alcohol
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Figure 8.4: Lifetime of the OH-stretching mode T1, calculated from the three-state
kinetic model for all studied alcohol/MeCN samples (open violet diamonds)
in comparison to bulk alcohol lifetimes (filled olive circles. Data are taken
from [177]).
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Figure 8.6: Comparison of CLS analyses, obtained from experimental (open symbols)
and simulation (filled symbols) for methanol, 1-butanol and tert-butanol.
The results of biexponential fits to the experimental data are shown by
the solid lines, with the parameters indicated in the legends.

molecule. This provides a hint that the diluted alcohol dynamics are governed
by the bath rather than by a particular alcohol molecule.

In the theoretical calculations, the fast component of the CLS is underrepre-
sented, Figure 8.6 (filled symbols), most probably because of underestimation
of the time scale of the librational contribution to the frequency fluctuations.
This originates either from inaccuracies in the interaction between the MeCN
and the hydroxyl groups in the applied force field combination or from the fact
that the water mapping was employed to model alcohols.

8.4 discussion

The frequency-frequency correlation functions derived from MD simulations,
are shown in Figure 8.7. They are similar for all alcohols (strongly damped
short-time oscillations): the fast component ( ∼50 fs) originates from OH
libations (Figure 8.8) while the slow component ( ∼ 1ps) is due to spectral
diffusion as the result of rearrangement of HBs: breaking and forming new
ones (Figure 8.8). The experimental values are slower, most probably due to
the fact that the MD simulations underestimate damping of the OH librations.
The simulated frequency-frequency correlation functions are also very similar
to those previously reported for water in MeCN [342]. The tail observed for
water is slower, which may be caused by stronger HB and slower HB exchanges;
however, this conclusion should be taken with caution as the water simulations
were performed with a different force field.



150 hydrogen bond and lifetime dynamics in diluted alcohols

Figure 8.7: Normalized frequency-frequency correlation functions for the three simu-
lated alcohols. The share of each exponent is indicated in the parentheses.

Figure 8.8: Illustration of (a) OH-librations and (b) spectral diffusion of a methanol
molecule dissolved in MeCN adapted from MD simulations. A blur
represents the previous positions of the OH- stretching mode (a) and the
prior position of the methanol atoms (b). The final HBs between alcohols
and MeCN are depicted by dashed white lines.
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Figure 8.9: The hydrogen bond distance (i.e., O-N distance) distribution obtained
from MD simulations.

To understand the vanishing difference between the dynamics of the different
alcohols dissolved in MeCN, we analyzed the HB between the alcohols and the
nitrogen atoms of the MeCN molecules. Using a standard HB criterion, [344] we
found an average of 0.827, 0.802, and 0.806 of such HBs formed for methanol,
1-butanol, and tert-butanol, respectively, which already suggests very similar
HB environments. In Figure 8.9 distributions of the HB distances are shown for
solutions of the different alcohols; they again suggest analogous HB patterns.
We further analyzed the HB lifetime dynamics as the duration between HB
exchanges (Figure 8.10). Because the definition of HB is somewhat arbitrary,
briefly broken bonds may result in artificially short HB lifetimes; nevertheless,
the HB dynamics are essentially identical.

The unified picture emerges that the experimentally observed dynamics of
the alcohols depend predominantly on HB dynamics of the OH group, and
these HB dynamics are determined by the interaction of the OH group and the
MeCN bath molecules. The hydrophobic tails affect the dynamics very little
making the interaction of the OH with the bath molecules and the nature of
bath molecules the dominant factors. For bulk alcohols it was suggested [177]
that different types of dynamics largely scale with the self-diffusion constant
of the bath molecules. We found the diffusion constant of bulk MeCN to
be 4.92·10−5 cm2/s, which is almost twice as fast as the 2.57·10−5 cm2/s
reported for bulk methanol [177] . This suggests that the slow components of
the observed dynamics of the alcohols in MeCN should be faster than for any
bulk alcohol.
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Figure 8.10: Histograms of the number of HB exchange events with a given lifetime
per alcohol molecule per picosecond for the three simulated alcohols
according to the HB criterion of Ref. [344]

For the CLS the predicted slowest timescale for a bath with diffusion constant
4.92·10−5 cm−2/s (i.e. MeCN) is about 2.3 ps, which in qualitative agreement
with the slowest timescale observed herein for the CLS, and the slowest timescale
found from the frequency-frequency correlation function decay. The qualitative
agreement is, thus, consistent with the conclusion that the slow dynamics are
essentially driven by the solvent diffusion. However, caution must be taken as
the diffusion constants and HB dynamics are quite sensitive to the particular
force field choice, and MeCN and alcohols are molecules with different functional
groups (CN vs. OH).

8.4.1 Conclusions

In this Chapter, we have studied dynamics and lifetimes of the OH-stretching
mode of diluted alcohol molecules in the polar HB-accepting solvent, acetonitrile.
Previous studies of bulk alcohols showed a large variation in the involved time
scales depending on the size of the alkyl chain. This difference could originate
from either inter- or intra-molecular interactions. In the present study, the
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intermolecular interactions between alcohol molecules are eliminated by dilution;
therefore, the obtained dynamics have solely intramolecular origin. The lifetime
of the OH-stretching mode, used as a reporter for HB dynamics in our study,
was found as ∼3 ps for all eight studied alcohols. There is no dependence on
the size of the alcohol molecules, in sharp contrast to bulk alcohols. From this
we conclude that the intermolecular interactions must be the main reason for
the observed differences in the bulk alcohols. The intramolecular vibrational
relaxation must thus predominantly be directed to modes involving only the
carbon and hydrogen atoms adjacent to the hydroxyl group under the test. The
OH stretch dynamics, deduced from the CLS analyses of the 2D IR spectra
revealed the following two timescales: a fast librational one ( ∼200-300 fs) and
a slow one ( ∼4 ps) related to the HB dynamics. The slow timescale was again
essentially independent of the alkyl chain of the involved alcohol molecule in
sharp contrast to the previous observations in bulk alcohols. This matches
well with the supposition [177] that the HB exchange is correlated with the
diffusion of the HB partners. The present findings underline the importance
of the solvent on the vibrational dynamics of HB groups such as the hydroxyl
group of alcohols. It further demonstrates that using an alcohol with a different
alkyl chain as a probe of dynamics does not significantly change the outcome.
This may prove true for other amphiphilic probes as well as provide additional
flexibility for future studies of hydrophobic hydration.
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S U M M A R Y

The hydrogen bond is a non-covalent bond that can be found in various systems,
such as proteins, liquids, and even some crystals. Being non-covalent this
unique interaction is extraordinarily labile, and the breakage and formation
occur on the pico second timescale. One example where hydrogen bonds are
particularly important is proteins, in which the different levels of organization
depend on the formation of hydrogen bonds between the different aminoacids
of the backbone. Hence, this interaction acts like a spring that keeps these
systems together, conferring enough flexible, for structural rearrangements, and
the necessary strength to keep them assembled in organized motifs. Since,
these rearrangements are typically fast (picoseconds), powerful experimental
techniques such as X-ray diffraction and NMR are not sensitive to the time
scale of such fluctuations. Thus, to probe the dynamical properties of hydrogen
bonded systems, a femto second time resolved technique, which enable to follow
the changes of the system in real time, is required. Two-dimensional infrared
spectroscopy (2D IR) is a correlation technique that allows to follow the evolution
of a system as a function of time. Here, the molecular system is perturbed by a
laser pulse to a non equilibrium state, and its relaxation to equilibrium is probed
by a weak laser pulse. Because of the time delay between the excitation and the
detection pulses, this technique allows to determine dynamically the spectral
changes, and consequently enabling the analysis of the structural fluctuations
as a function of time. Furthermore, 2D IR spectroscopy is also sensitive
to environmental fluctuations carrying time-resolved information regarding
the molecular couplings. A 2D IR spectrum portrays, not only, dynamical,
but also, structural information, which can be seen by the peak shapes, and
positions, as well as by the formation and intensity of cross peaks. The first
contain information regarding changes in the environment of the molecule,
whereas the cross peaks portray structural information concerning the angle
between and the proximity of oscillators. Due to the crowded nature of these
spectra the interpretation based on experiments alone is very challenging. Thus,
computational spectroscopy methods appear as a solution. We use molecular
dynamics combined with response function calculations, which enables the
prediction of linear and 2D IR spectra. Hence, the time-dependent vibrational

155
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Hamiltonian for one target mode is constructed with the atomic coordinates
generated by the molecular dynamics simulations. The molecular frequencies
and transitions dipoles are obtained from electrostatic maps, which relate the
electrostatic environment generated by the point charges of the force field with
the frequencies of the transition dipoles. The couplings between the different
molecules are calculated using coupling models. The spectra are then modeled
using the time-dependent Hamiltonian as an input for the response function
calculations. This method enables the spectral modeling of large systems with
a low computational cost. In this thesis, we have investigated the dynamics
of alcohols, with different alkyl chains, either in bulk or in solution. We have
also assessed the best combination of electrostatic maps used to construct
the vibrational Hamiltonian, and the molecular dynamics force field. This
information was later used to simulate protein like liquids, and the temperature
collapse of an elastine like peptide.

Computational spectroscopy methods have proven useful to interpret ex-
perimental two-dimensional spectra, since it is possible to isolate signals or
parts of the studied system, as well as to analyze microscopic properties. As a
consequence these methods provide information regarding molecular structure,
and details of their fluctuations. However, the results are dependent on the
chosen force field or electrostatic map. Thus, in Chapter 4 we assessed possible
combinations of force fields, electrostatic maps, and coupling models, for the
amide I mode of proteins. The modeled spectra obtained with different models
of three well-known proteins were compared with the experimental counterpart,
and the quality of the calculated spectra of the considered combinations was
quantified. Here, we found that the OPLS-AA force field gives the best modeled
spectra when compared to the experimental ones. This force field performed
best with all mappings and coupling models, independently of the electrostatic
map and coupling model. Making use of this benchmark, users of these compu-
tational spectroscopy methods can obtain the optimal spectra using the best
combination. Furthermore, this also calls the attention that the electrostatic
map development should also take into account transferability between force
fields and coupling models, in order to reduce spectral artifact that may lead to
an incorrect interpretation. This benchmark was considered when modelling the
spectra of a protein-like liquid (Chapter 5) and an elastine-like pepide (Chapter
6).

In Chapter 5, we modeled a protein like liquid with the purpose of mimicking
the properties of intrinsically disordered protein (IDPs) domains, as they play
important roles in many biological functions, such as signalling and DNA
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translation/transcription. However, these protein motifs are difficult to model
due to their ill defined and labile structure. Small molecules present a solution
for this problem, since they portray in the liquid phase the same lability as IDPs.
One example of such a building block is the N-methylacetamide (NMA) molecule,
which contains a peptide bond, and in bulk it forms long hydrogen bonded
chains. Thus, it can be used to mimic the properties of intrinsically disordered
proteins. Here, we investigated the structure and dynamics of bulk NMA using
linear and 2D IR. We have found that in the bulk liquid NMA aggregates in four
different structures, in which the chain one is dominating. Furthermore, we have
found that vibrational dynamics is quite pronounced in the chain like structures,
and consequently, is the main contributor for the sub band on the blue side
of the linear spectra, as well as to the cross peaks seen in the 2DIR spectra.
The delocalization of vibrational modes is corroborated by the fast population
transfer decay when compared to the orientational correlation function. This is
further confirmed by the fast anisotropy decay. Thus, this study is important
to disentangle spectral signatures of highly disordered systems.

The elasticity of animal tissues is given by a protein called elastin, which
is present in many different organs such as muscles, skin, and the lungs. The
elastic and self-assembly properties of this protein are due to the molecular
structure, which contains alternating hydrophobic and hydrophilic domains.
The latter plays an important role in self-assembly processes. The properties
of the hydrophobic domains can be mimicked using a peptide consisting of
repeats of aminoacid sequence Val-Pro-Gly-Val-Gly, named elastine-like peptides
(ELPs). However, due to its short length, this 5-residue reference ELP does not
show a coacervation (electrostatically-driven phase separation) transition. For
the 90-repeat ELP, a coacervation transition was found, induced by increased
temperatures. Concomitant with the coacervation transition, desolvation of the
peptide backbone occurs. In Chapter 6, we have found that the coacervation
transition of these peptides is not related to conformational changes, since the
amide group of valine is shielded from the solvent. Thus, the slow dynamics are
most probably due to the fact that the Val(1) residue forms an intrapeptide
hydrogen bond with the Val(4) residue, which is present in the aggregated form
of ELP90.

In Chapter 7, we studied the dynamical properties of bulk alcohols with
a different alkyl chain. Here, we have found that on the sub-picosecond time
scale the dynamics of bulk alcohols is dominated by the librational motions of
the O-H stretch, whereas the slower motion arises from the hydrogen bonding
exchange dynamics. Also, the larger alkyl alcohols have a slower hydrogen
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bonding exchange, and consequently a slower anisotropic decay. From this study,
it was still not evident to what extent the spectral diffusion and vibrational
lifetimes were dominated by inter or intramolecular degrees of freedom.

In Chapter 8, we have investigated the dynamics of diluted alcohols with
different alkyl chains, with the purpose of understanding whether the stretching
mode dynamics depends on the intra- or inter-molecular interactions. This is
achieved by removing the solvent effects and diluting the alcohol in a more inert
hydrogen bond accepting solvent. The results demonstrate that the vibrational
lifetimes arise from the intermolecular interactions, as changing the alkyl groups
does not significantly change the observed dynamics when studied in an the
same solvent.

Through this work we have found that 2D IR spectroscopy is a powerful
tool to distinguish molecular properties of various systems, enabling to infer the
influence of hydrogen bonding on the structural and dynamical properties. We
have managed to answer crucial questions regarding methodological issues, such
as the optimal simulation methodology and the interplay between delocalization
of vibrations and hydrogen bond strength and exchange. One useful example is
the amide I band spectral benchmark that can be used by other researchers to
improve the quality of their calculated spectra or to infer about possible spectral
artifacts arising from the model/force field combination. The findings regarding
hydrogen bonded chains in protein like liquids enable to understand more about
the assembly of small molecules in bulk, and from that to draw conclusions
regarding the dynamics of more complex systems. However, while the presented
research provided answers to many questions new ones emerged. Thus, the
development of coupling models between different molecular vibrations, like
the water bend and the amide I band, becomes crucial for the simulation of
more realistic spectra. Such, would allow a more detailed interpretation of
the spectral signatures seen in numerous experimental spectra. Furthermore,
these new methods would enable spectral calculations of proteins in different
conformations, likewise experiments. Thus, the urgent need for developing
computational broad band spectra implies the construction of new coupling
models, as well as an improvement of the existing ones.



S A M E N VAT T I N G

De waterstofbrug is een niet-covalente binding die voorkomt in verschillende sys-
temen, zoals eiwitten, vloeistoffen en zelfs in enkele kristallen. Deze bijzondere
interactie is zwak en het breken en vormen vindt plaats op een pico-seconde
tijdsschaal. Een voorbeeld waar waterstofbruggen erg belangrijk zijn is in
eiwitten, waarin de verschillende organisatieniveaus afhangen van de vorming
van waterstofbruggen tussen de verschillende aminozuren van de zogenaamde
ruggengraat. Deze interactie manifesteert zich daardoor als een elastiek dat deze
systemen bijeen houdt; daarbij geeft dit de eiwitten voldoende flexibiliteit voor
structuur-veranderingen, maar tegelijk zijn waterstofbruggen sterk genoeg om
de eiwitten bij elkaar te houden in georganiseerde structuren. Aangezien deze
structurele herschikkingen in het algemeen erg snel zijn (picoseconden) kunnen
zij niet bestudeerd worden met traditionele experimentele technieken zoals
Röntgendiffractie en kernspinresonantie, omdat deze technieken niet gevoelig
zijn voor zulke snelle fluctuaties. Om de dynamische eigenschappen van materi-
alen met waterstofbruggen te volgen is een femto-seconden techniek vereist, die
het mogelijk maakt om de veranderingen in het systeem te volgen in de tijd.
Tweedimensionale infrarood spectroscopie (2D IR) is een correlatie techniek die
de evolutie van een systeem in tijd kan volgen. In 2D IR wordt het moleculaire
systeem verstoord door een laserpuls en wordt het uit evenwicht gebracht. De
relaxatie naar evenwicht wordt gevolgd met een andere laserpuls. Door het
tijdsverschil tussen de excitatie en detectie pulsen kunnen met deze techniek
de spectrale veranderingen dynamisch bepaald worden en als een gevolg hi-
ervan kunnen de structurele fluctuaties geanalyseerd worden als funktie van
tijd. Bovendien is 2D IR spectroscopie ook gevoelig voor veranderingen in de
omgeving. Een 2D IR spectrum is een twee-dimensionale representatie van het
gemeten signaal als funktie van de excitatie frequentie en de detectiefrequentie.
Dit spectrum bevat verschillende soorten pieken, waarvan de vorm en positie
informatie bevat over structuur en dynamica van het onderzochte systeem.
Omdat in de gemeten spectra meestal veel pieken erg dichtbij elkaar liggen,
is de interpretatie gebaseerd op enkel experimenten erg moeilijk en zijn in de
praktijk theoretische en computationele technieken nodig om de interpretatie te
ondersteunen. Wij gebruiken moleculaire dynamica gecombineerd met respons-
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funktie berekeningen om lineaire en 2D IR spectra te voorspellen. Hierbij wordt
de tijdsafhankelijke vibrationele Hamiltoniaan voor een bepaalde vibrationele
mode geconstrueerd uit de posities van de atomen die gegenereerd zijn met
behulp van moleculaire dynamica simulaties. Hierbij wordt gebruik gemaakt
van verschillende parametrisaties die de vibratiefrequencies en koppelingen
tussen vibraties relateren aan de atomaire posities. De spectra worden dan
berekend door de tijdsafhankelijk Hamiltoniaan te gebruiken als input voor de
responsfunktie berekeningen. Met deze methode kunnen de spectra van grote
systemen gemodelleerd worden tegen een acceptabele computationele prijs. In
dit proefschrift hebben we de dynamica van alcoholen met verschillende alkyl-
staarten, zowel in bulk als in oplossing onderzocht. We hebben ook onderzocht
wat de beste combinatie is van elektrostatische parametrisaties en moleculaire
dynamica krachtvelden. Deze gegevens werden later gebruikt om vloeistoffen die
lijken op eiwitten te simuleren en de thermische ineenstorting van een peptide
dat op elastine lijkt.

Computationele methoden hebben zich bewezen om experimentele tweedi-
mensionale spectra te interpreteren, omdat het hierbij mogelijk is om signalen
of delen van het systeem te isoleren en de microscopische eigenschappen te
analyseren. Daarmee geven deze methoden ons informatie over de moleculaire
structuur en details van hun fluctuaties. De resultaten hangen echter af van
het gekozen krachtveld en de elektrostatische parametrisatie. In hoofdstuk 4
hebben we daarom gekeken naar de mogelijke combinaties van krachtvelden,
elektrostatische parametrisaties en koppelingsmodellen voor de amide I band
van eiwitten. De gemodelleerde spectra, verkregen met verschillende modellen,
van drie bekende eiwitten werden vergeleken hun experimentele spectra en de
kwaliteit van de berekende spectra werd gekwantificeerd. We vonden dat het
OPLS-AA krachtveld het beste berekende spectrum geeft in vergelijking met
het experiment. Dit krachtveld gaf het beste resultaat met alle elektrostatische
parametrisaties en koppelingsmodellen. Gebruikers van deze computationele
methoden kunnen, gebruikmakend van dit onderzoek, optimale spectra verkri-
jgen door de beste combinatie te gebruiken. Bovendien laat deze studie ook
zien dat men bij de ontwikkeling van elektrostatische parametrisaties rekening
moet houden met overdraagbaarheid tussen force fields en koppelingsmodellen
om spectrale artefacten, die kunnen leiden tot een foutieve interpretatie, te
reduceren. De resultaten van deze studie zijn gebruikt bij het modelleren van
de spectra van een eiwitachtige vloeistof (hoofdstuk 5) en een elastine-achtig
peptide (hoofdstuk 6).
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In hoofdstuk 5 hebben we een eiwitachtige vloeistof gemodelleerd met het
doel om de eigenschappen van intrinsiek wanordelijke eiwitdomeinen (IDP)
na te bootsen, aangezien zij een belangrijke rol vervullen in veel biologische
funkties, zoals signaaloverdracht en DNA vertaling/transcriptie. Echter, deze
eiwitmotieven zijn moeilijk te modelleren vanwege hun slecht bepaalde en
dynamische structuur. Kleine moleculen zijn een oplossing voor dit probleem,
omdat zij dezelfde dynamica in de vloeistoffase laten zien als IDPs. Een
voorbeeld van zo’n bouwsteen is het N-methylaceetamide (NMA) molecuul, dat
een peptide binding bevat en in bulk lange, waterstofgebrugde ketens vormt.
Dit molecuul kan daarom gebruikt worden om de eigenschappen van IDPs na
te bootsen. Hier onderzochten we de structuur en dynamica van bulk NMA
met behulp van lineaire en 2D IR. We hebben gevonden dat NMA in bulk
vloeistof aggregeert in vier verschillende structuren, waarbij de keten domineert.
Bovendien hebben we gevonden dat de vibrationele dynamica belangrijk is
in de ketenachtige structuren en als gevolg hiervan draagt deze het meeste
bij aan zowel de schouder aan de blauwe zijde van de lineaire spectra, als de
zichtbare kruispieken in de 2D IR spectra. De delocalisatie van de vibrationele
modes wordt bevestigd door de snelle populatieoverdracht afname vergeleken
met de oriëntatie correlatie funktie. Dit wordt verder bevestigd door de snelle
anisotropie afname. Deze studie is daarom belangrijk om spectrale kenmerken
van ongeordende systemen te ontrafelen.

De elasticiteit van dierlijk weefsel wordt bepaald door een eiwit genaamd
elastine. Dit eiwit is aanwezig in veel verschillende organen, zoals spieren, huid
en de longen. De elasticiteit en het zelf-organiserend vermogen van dit eiwit
wordt veroorzaakt door zijn moleculaire structuur, die alternerend hydrofobe
en hydrofiele domeinen bevat. De hydrofiele domeinen spelen een belangrijke
rol in het zelf-organiserend vermogen. De eigenschappen van de hydrofobe
domeinen kan nagebootst worden met een eiwit dat bestaat uit herhalingen van
de aminozuur volgorde Val-Pro-Gly-Val-Gly, genaamd elastine-achtige peptiden
(ELPs). Echter, vanwege zijn korte lengte, laat dit 5-residu referentie ELP geen
coacervatie overgang zien. Voor het 90-herhaalde ELP werd een coacervatie
overgang gevonden, gëınduceerd bij verhoogde temperaturen. Tegelijkertijd met
de coacervatie overgang vindt desolvatatie plaats van de peptide ruggengraat.
In hoofdstuk 6 hebben we aangetoond dat de coacervatie overgang van deze
peptiden niet gerelateerd is aan veranderingen in de conformatie, omdat de
amide groep van valine afgeschermd wordt van het oplosmiddel. Dus, de
trage dynamica worden zeer waarschijnlijk veroorzaakt door het feit dat het
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Val(1) residu een intrapeptide waterstofbrug vormt met het Val(4) residu, welke
aanwezig is in de geaggregeerde vorm van ELP90.

In hoofdstuk 7 bestudeerden we de dynamische eigenschappen van bulk
alcoholen met verschillende alkylstaarten. Hier hebben we gevonden dat op
tijdschalen kleiner dan een picoseconde de dynamica van alcoholen gedomineerd
wordt door de librationele (kleine rotatie bewegingen rond de voorkeursricht-
ing) bewegingen van de O-H strek, terwijl de langzamere beweging voortkomt
uit dynamica van het uitwisselen van waterstofbruggen. De uitwisseling van
waterstofbruggen is langzamer voor de alcoholen met een grotere alkylstaart
en als een gevolg hiervan hebben zij een tragere anisotropie afname. Uit deze
studie is niet duidelijk naar voren gekomen in hoeverre de spectrale diffusie
en vibrationele levensduur gedomineerd worden door inter- en intramoleculaire
vrijheidsgraden.

In hoofdstuk 8 hebben we de dynamica van verdunde alcoholen met verschil-
lende alkylstaarten onderzocht, met het doel om te begrijpen of de dynamica
van de strek vibratie afhangt van de intra- en intermoleculaire interacties. Dit
is bereikt door de alcohol te verdunnen in een oplosmiddel dat meer inert
is voor de vorming van waterstofbruggen. De resultaten laten zien dat de
vibrationele levensduur toegeschreven kan worden aan de intermoleculaire in-
teracties, aangezien het veranderen van de alkylgroep geen invloed heeft op de
waargenomen dynamica in hetzelfde oplosmiddel.

Door dit werk hebben we gevonden dat 2D IR spectroscopie een krachtige
methode is om onderscheid te maken tussen de moleculaire eigenschappen van
verschillende systemen en het daarbij mogelijk maakt om de invloed van wa-
terstofbruggen op de structurele en dynamische eigenschappen te onderzoeken.
We hebben cruciale vragen weten te beantwoorden met betrekking tot method-
ologische zaken, zoals de optimale simulatie methodologie en het samenspel
tussen delocalisatie van vibraties en waterstofbrug sterkte en uitwisseling. Een
bruikbaar voorbeeld is de amide I spectrale band referentie die gebruikt kan
worden door andere onderzoekers om de kwaliteit van de door hen berekende
spectra te verbeteren of om mogelijke spectrale artefacten aan te wijzen die
veroorzaakt worden door een bepaalde model/krachtveld combinatie. De bevin-
dingen betreffende de waterstofbrugketens in eiwitachtige vloeistoffen maken
het mogelijk om meer te weten te komen omtrent de organisatie van kleine
moleculen in bulk en om daaruit conclusies te trekken omtrent de dynamica van
complexere systemen. Hoewel het gepresenteerde onderzoek veel antwoorden
heeft opgeleverd, heeft het ook nieuwe vragen opgeroepen. Het is noodzake-
lijk om de koppeling tussen verschillende moleculaire vibraties te begrijpen,
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zoals bijvoorbeeld tussen de water buig-vibratie en de amide I band. Dit zou
de berekening van meer realistische spectra mogelijk maken, wat zou leiden
tot een meer gedetailleerde interpretatie van de spectrale kenmerken die in
veel experimentele spectra gezien worden. Bovendien zouden met deze nieuwe
methoden spectrale berekeningen kunnen worden uitgevoerd aan eiwitten in
verschillende conformaties, net zoals dat het geval is in experimenten. Voor
de urgente behoefte aan het ontwikkelen van computationele technieken om
breedband spectra te simuleren, dienen nieuwe koppelingsmodellen ontwikkeld
te worden en dienen de bestaande modellen verbeterd te worden.
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[1] O. Lafont, “Nicolas Lémery and acidity,” Rev. Hist. Pharm. (Paris),
vol. 50, pp. 53–62, 2002.
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s’appliquer à cette science. 6th ed., Michallet, 1687.

[3] P.-J. Macquer, Elemens de Chymie Theorique. Herissantt, 1749.

[4] J. Dalton, A new system of chemical philosophy. London, 1808.

[5] Y. Marchal, ed., The Hydrogen Bond and the Water Molecule. Amsterdam:
Elsevier, 1st ed., 2007.

[6] G. Lewis, “The atom and the molecule,” J. Am. Chem. Soc., vol. 38,
pp. 762–785, 1916.

[7] L. Pauling, “The nature of the chemical bond. IV. The energy of single
bonds and the relative electronegativity of atoms.,” J. Chem. Am. Soc.,
vol. 54, pp. 3570–3582, 1932.

[8] I. Dzyaloshinskii, E. Lifshitz, and L. Pitaevskii, “The general theory of
van der waals forces,” Advances in Physics, vol. 10, pp. 165–209, 1961.

[9] F. London, “The general theory of molecular forces,” Trans. Faraday Soc.,
vol. 33, pp. 8b–26, 1937.
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p. 55, 2012.

[264] T. Sun, “An antifreeze protein folds with an interior network of more
than 400 semi-clathrate waters,” Science, vol. 343, p. 795, 2014.

[265] S. K. Pal, J. Peon, and A. H. Zewail, “Biological water at the protein
surface: Dynamical solvation probed directly with femtosecond resolution,”
P. Natl. Acad. Sci. USA, vol. 99, p. 1763, 2002.

[266] M. Chaplin, “Do we underestimate the importance of water in cell biol-
ogy?,” Nat. Rev. Mol. Cell Biol., vol. 7, p. 861, 2006.

[267] J. Israelachvili and H. Wennerström, “Role of hydration and water struc-
ture in biological and colloidal interactions,” Nature, vol. 379, p. 219,
1996.



BIBLIOGRAPHY 195

[268] A. A. Bakulin, M. S. Pshenichnikov, H. J. Bakker, and C. Petersen,
“Hydrophobic molecules slow down the hydrogen-bond dynamics of water,”
J. Phys. Chem. A, vol. 115, p. 1821, 2011.

[269] D. Laage, G. Stirnemann, and J. T. Hynes, “Why water reorientation
slows without iceberg formation around hydrophobic solutes,” J. Phys.
Chem. B, vol. 113, p. 2428, 2009.

[270] Y. Rezus and H. Bakker, “Observation of immobilized water molecules
around hydrophobic groups,” Phys. Rev. Lett., vol. 99, p. 148301, 2007.

[271] K. J. Gaffney, P. H. Davis, I. R. Piletic, N. E. Levinger, and M. D. Fayer,
“Hydrogen bond dissociation and reformation in methanol oligomers fol-
lowing hydroxyl stretch relaxation,” J. Phys. Chem. A, vol. 106, p. 12012,
2002.

[272] R. Laenen, C. Rauscher, and A. Laubereau, “Transient hole burning in
the infrared in an ethanol solution,” J. Phys. Chem. A, vol. 101, p. 3201,
1997.

[273] R. Laenen and K. Simeonidis, “Energy relaxation and reorientation of the
OH mode of simple alcohol molecules in different solvents monitored by
transient IR spectroscopy,” Chem. Phys. Lett., vol. 299, p. 589, 1999.

[274] R. Laenen and C. Rauscher, “Time-resolved infrared spectroscopy of
ethanol monomers in liquid solution: molecular reorientation and energy
relaxation times,” Chem. Phys. Lett., vol. 274, p. 63, 1997.

[275] L. K. Iwaki and D. D. Dlott, “Three-dimensional spectroscopy of vibra-
tional energy relaxation in liquid methanol,” J. Phys. Chem. A, vol. 104,
p. 9101, 2000.

[276] K. Kwac and E. Geva, “A mixed quantum-classical molecular dynamics
study of the hydroxyl stretch in methanol/carbon tetrachloride mixtures
IIi: Nonequilibrium hydrogen-bond dynamics and infrared pump-probe
spectra,” J. Phys. Chem. B, vol. 117, p. 7737, 2013.

[277] S. Woutersen, U. Emmerichs, and H. J. Bakker, “Femtosecond mid-IR
pump-probe spectroscopy of liquid water: Evidence for a two-component
structure,” Science, vol. 278, p. 658, 1997.



196 BIBLIOGRAPHY

[278] U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, H. Lee, and L. G.
Pedersen, “A smooth particle mesh Ewald method,” J. Chem. Phys.,
vol. 103, p. 8577, 1995.

[279] B. Auer, R. Kumar, J. Schmidt, and J. L. Skinner, “Hydrogen bonding
and Raman, IR, and 2D IR spectroscopy of dilute HOD in liquid D2O.,”
Proc. Natl. Acad. Sci. U.S.A, vol. 104, pp. 14215–14220, 2007.

[280] C. P. van der Vegte, A. G. Dijkstra, J. Knoester, and T. L. C. Jansen,
“Calculating two-dimensional spectra with the mixed quantum-classical
Ehrenfest method,” J. Phys. Chem. A, vol. 117, p. 5970, 2013.

[281] F. Li and J. L. Skinner, “Infrared and Raman line shapes for ice Ih. I.
Dilute HOD in H2O and D2O,” J. Chem. Phys., vol. 132, p. 204505, 2010.

[282] T. L. C. Jansen, T. Hayashi, W. Zhuang, and S. Mukamel, “Stochastic
Liouville equations for hydrogen-bonding fluctuations and their signatures
in two-dimensional vibrational spectroscopy of water,” J. Chem. Phys.,
vol. 123, p. 114504, 2005.

[283] W. L. Jorgensen and J. Tirado-Rives, “The OPLS Potential Functions
for Proteins. Energy Minimizations for Crystals of Cyclic Peptides and
Crambin,” J. Am. Chem. Soc., vol. 110, pp. 1657–1666, 1988.

[284] O. Kristiansson, “Investigation of the OH stretching vibration of CD3OH
in CCl4,” J. Mol. Struct., vol. 477, p. 105, 1999.

[285] S. S. Farwaneh, J. Yarwood, I. Cabaço, and M. Besnard, “Infrared studies
of hydrogen-bonding of methanol in binary mixtures with acetonitrile,” J.
Mol. Liq., vol. 56, p. 317, 1993.

[286] R. Kumar, J. R. Schmidt, and J. L. Skinner, “Hydrogen bonding definitions
and dynamics in liquid water,” J. Chem. Phys., vol. 126, p. 204107, 2007.

[287] J. R. Schmidt, S. A. Corcelli, and J. L. Skinner, “Pronounced non-condon
effects in the ultrafast infrared spectroscopy of water,” J. Chem. Phys.,
vol. 123, p. 044513, 2005.

[288] C. P. Lawrence and J. L. Skinner, “Vibrational spectroscopy of HOD in
liquid D2O. II. Infrared line shapes and vibrational stokes shift,” J. Chem.
Phys., vol. 117, p. 8847, 2002.



BIBLIOGRAPHY 197

[289] T. Steinel, J. B. Asbury, S. A. Corcelli, C. P. Lawrence, J. Skinner, and
M. Fayer, “Water dynamics: dependence on local structure probed with
vibrational echo correlation spectroscopy,” Chem. Phys. Lett., vol. 386,
p. 295, 2004.

[290] K. B. Møller, R. Rey, and J. T. Hynes, “Hydrogen bond dynamics in
water and ultrafast infrared spectroscopy: A theoretical study,” J. Phys.
Chem. A, vol. 108, p. 1275, 2004.

[291] S. Yeremenko, M. S. Pshenichnikov, and D. Wiersma, “Interference effects
in IR photon echo spectroscopy of liquid water,” Phys. Rev. A, vol. 73,
p. 021804, 2006.

[292] J. J. Loparo, C. J. Fecko, J. D. Eaves, S. T. Roberts, and A. Tokmakoff,
“Reorientational and configurational fluctuations in water observed on
molecular length scales,” Phys. Rev. B, vol. 70, p. 180201(R), 2004.
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