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Introduction

1.1

Structure and function of proteins

Among the many biomolecules present in a living system, proteins are the most
versatile, and play an important role in almost all biological processes. Some
examples include the transportation of oxygen and carbon dioxide through your
body by the protein hemoglobin in your blood. Saliva contains the protein amylase, which breaks down complex carbohydrates into simple sugars. Another
interesting class of proteins are motor proteins, which can convert chemical energy into directed motion, for example kinesin. This protein can "walk" over a
microtubule in a cell to transport, for example vesicles and organelles across
the cell. These motor proteins are fueled by adenosine triphosphate (ATP), a
chemical-energy rich molecule, which is synthesized by another protein called
FO F1 -ATPase, using a proton gradient across a cell membrane.
To understand how proteins perform all these different functions, knowledge
on the molecular structure and conformational dynamics of proteins is essential.
In this thesis, the forces that play an important role in determining the molecular
structure are studied. By looking at cold and isolated peptides, which are small
parts of proteins, these forces can be studied in the absence of external perturbations, such as solvent molecules and metal cations. This allows us to extract
detailed information about the intrinsic properties of these forces.

1.1.1

Protein structure on different scales

The building blocks for proteins are amino acids. It’s surprising that, although
proteins have very diverse tasks, only 20 different amino acids are being used
in the synthesis of proteins. Amino acids are built up from a central carbon
atom, connected to an amino group (-NH2 ), a carboxylic acid group (-COOH), a
hydrogen atom and a side chain. One exception is proline, where the side chain is
bonded to both the central carbon as well as the nitrogen atom, forming a cyclic
structure.
The side chains however, come in a great variety. For the smallest amino
acid, the side chain is only an H atom (glycine). Since the central carbon atom
is attached to two hydrogen atoms, this is the only achiral amino acid. All other
amino acids are chiral, and occur in natural proteins almost exclusively in their
left-handed form. The amino acid side chain can be acidic, e.g., glutamic acid
or basic, e.g., arginine. Three amino acids contain an aromatic moiety such as
a phenyl ring (phenylalanine), a phenol group (tyrosine) or an indole group
1
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(tryptophane). Other side chains contain only an aliphatic group, for instance
alanine, valine or leucine. Another important amino acid is cysteine. Its side
chain ends with an -SH group, which can form a disulfur bond ( -S-S-) with
another cysteine residue and is very important for protein stability and the overall
structure of a peptide. 1
Proteins are formed as a polymer of amino acid residues. The formation of a
peptide bond is shown in Figure 1.1. The amino group of one amino acid reacts
with the carboxylic acid group of another amino acid, forming a peptide bond.
In this way a long chain of amino acids can be formed (polypeptide or protein),
and can reach up to ∼33000 amino acid residues in titin, a protein responsible for
the passive elasticity of muscle tissue. 2

Figure 1.1: The formation of a peptide bond. φ and ψ indicate the C-N-C-C and N-C-C-N dihedral
angles. These flexible dihedral angles determine the secondary structure of proteins. The third
dihedral angle, the C-C-N-C dihedral angle (ω), is not flexible due to the planarity of the peptide
bond and is usually 180◦ .

Proteins are very large molecules, and to facilitate the description of protein
structure, a distinction is made between four different levels of structure:
Primary structure
The primary structure is simply the amino acid sequence of the polypeptide
chain, as encoded in the DNA.
Secondary structure
This level of structure describes how segments of the polypeptide chain can
fold into regular paterns with clearly defined backbone torsional angles (φ- and
ψ-angles, see Figure 1.1), such as helices and β-sheets (see Figure 1.2). These
secondary structure elements are stabilized by hydrogen bonds; electrostatic
interactions between the C=O group and NH group of the backbone of a protein.
Turns are also considered as part of the secondary structure. In these structural
elements, the direction of the polypeptide is changed. Turns can be classified in
families, according to the number of amino acid residues separating the pair of
amino acid residues which form a hydrogen bond. For instance in a γ-turn a
hydrogen bond is formed between residue i and i + 2, and in a β-turn between i
and i + 3. 3 The formation of secondary structure elements, is one of the first steps
in the formation of the final 3-dimensional structure of a protein.
2
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Tertiary structure
This level of structure describes the overall structure of the entire protein, thus
the packing of the secondary structure elements, see Figure 1.2. The previously
mentioned amino acid residue cysteine plays an important role in the tertiary
structure, by forming a covalent bond between two distinct parts of the protein
polypeptide chain. 1 Additionally, as described in more detail in the next section,
hydrophobic/hydrophilic interactions, electrostatic interactions between charged
amino acid side chains or metal ions, and hydrogen bonds play a prominent role
in the formation of the tertiary structure of proteins.
Quarternary structure
Lastly, many proteins are complexes of more than one polypeptide chain. For
example, the protein hemoglobin is a complex of four identical subunits. The
protein FO F1 -ATPase is even more complex, with the FO domain consisting of 3
different types of polypeptide chains in a ratio of 1a:2b:12c and the F1 domain of
5 types in the ratio 3α:3β:1δ:1γ:1. 1 All these elements need to be combined to
yield a functioning protein.

1.1.2

Protein folding

The functioning of a protein depends on a subtle interplay between protein
rigidity and flexibility. The rigidity is essential for the recognition of substrate
molecules, since the active site of a protein (where the substrate binds) requires
a precise orientation. 4 On the other hand, conformational changes play a crucial
role in the working of proteins. For instance, the active site of FO F1 -ATPase
goes through three distinct conformational states during the synthesis of ATP. 5
To undergo these conformational changes, the protein needs to be flexible as
well. The rigidity and flexibility of a protein is determined by intramolecular
interactions in a protein.
The manner how proteins fold into their desired 3-dimensional conformation
remains one of the holy grails in science, and the question "Can we predict how
proteins will fold?" is listed as one of the big questions in a Science article : "So
much more to know ...". 6 There are a near-infinite number of possible conformations, and a protein is able to find its native structure in just microseconds to
milliseconds. To illustrate the astronomical number of possible conformations
of proteins, Evans et al. determined the number of possible conformations of a
single capped amino acid, NATMA (N-acetyl tryptophane methyl amide, see
Figure 1.3). 7 Even for such a small system, already 164 stable minima were identified, and is depicted in a disconnectivity diagram in Figure 1.3. Therefore, for
predicting the stable conformations a protein will adopt, a detailed and fundamental understanding in the physical principles of protein folding is essential.
This can even be helpful for answering another question raised in the Science
3
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Figure 1.2: Schematic representation of different scales of the folding of proteins. Figure adopted
from http://www.wikipedia.org/.

article: "How do prion diseases work?". This disease is caused by misfolded proteins and is linked to many diseases such as the Creutzfeldt-Jakob disease and
the mad cow disease. 1 If one understands the principles in the heart of protein
folding, it can shed light on the origins of these diseases.
Fundamental knowledge about peptide folding is also crucial for the development of artificial proteins. Nowadays, existing proteins can be modified, hereby
changing the substrate specificity or even converting a substrate-binding site
into a catalytic center. 8;9 The engineering of proteins de novo is more challen4

1.1 Structure and function of proteins
ging. Also here, the progression is hampered by the large number of possible
conformations for the designed proteins. Instead of adopting their desired 3dimensional conformation, the protein often folds in an undesired low-energy
conformation, unable to perform the task it was intended for. Predicting the 3-

Figure 1.3: Disconnectivity graph for the NATMA molecule calculated using the OPLS-AA force
field. The branches are labeled according to the orientation of the peptide bonds at the N and C
termini of the amino acid. The energy is in units of kcal/mol. Figure taken from Evens et al. 7

5
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dimensional conformation a priori would be of great aid for de novo protein
design. 10 Despite these challenges, progress has been made over the past years,
and a protein is designed which can fold in a desired structure that has not been
observed in nature yet. 11 Nevertheless, there are still unsolved problems, e.g.,
there is little understanding of the protein folding landscape, and therefore the
structure of proteins cannot be predicted to a high accuracy. 12 The work presented in this thesis contributes to the fundamental understanding of protein folding
forces and moreover, can result in the development of new theoretical tools for
protein structure prediction.
The folding of a protein is a thermodynamic process; the propensity for a
protein to go from an unfolded state to the folded state should be accompanied
with a decrease in Gibbs free energy. 13 The main driving force has been under
debate for a long time. Some studies indicated that the hydrophobic effect is
the main driving force, while other studies suggested that the decrease in Gibbs
free energy during protein folding is mainly due to intramolecular hydrogen
bonding. Most recent experiments however, indicate that the hydrogen bonding
is predominantly responsible for the transition from an unfolded protein to a
folded protein. The intramolecular hydrogen bonding leads to the formation
of secondary structure elements, which are indeed formed early in the folding
process. 14;15 These secondary elements hereafter collapse to form the tertiary
structure of the protein. The timescales on which proteins fold are very diverse.
Secondary structure elements, such as helices and β-turns can fold on timescales
of 10-100 ns and 10 µs respectively. The folding times of complete proteins occur
on the timescale up to milliseconds. 16

1.1.3

Protein structure determination

To perform their tasks, proteins have to be in a very specific conformation, i.e., in
a specific 3-dimensional structure. If the protein fails to adopt its intended conformation, it will not be able to recognize and bind a specific substrate or catalyze
a biochemical reactions. Additionally, there is a subtle interplay between rigid
and flexible parts of the protein. IR spectroscopy, employed in this thesis, is an
excellent technique to study the conformations of proteins. NMR spectroscopy
and X-ray crystallography are two other popular methods to determine the 3dimensional structure of a protein. The protein data bank, an archive for the
3-dimensional structures for proteins and nucleic acids, contains almost 100,000
structures of proteins, of which the majority is determined (∼90%) by X-ray crystallography. 17 The first protein structure ever elucidated is myoglobin, a protein
made up from 154 amino acids, using X-ray crystallography in 1958. 18 X-ray
crystallography gives a resolution down to 2Å, sufficient for the determination
of protein structures, and therefore a very popular method. It has however, also
a downside. To perform X-ray crystallography, the proteins need to be precisely
oriented, and thus need to be crystallized. This has multiple disadvantages. First,
proteins are big molecules, and obtaining crystals can be very difficult. Secondly,
6
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a crystal is not the natural environment for a protein, and can influence the 3dimensional structure. Additionally, from the structures determined using X-ray
crystallography it is difficult to obtain dynamical information, e.g., transition
states. To obtain such information, often molecular dynamics simulations are
employed. 19
Using NMR spectroscopy, the 3-dimensional structure of proteins can be deduced for proteins in solution. This technique exploits the fact that some atomic
nuclei are magnetic, such as 1 H, 13 C and 15 N. The first NMR spectrum of a protein
was recorded in 1957 of ribonuclease 1. 20 However, for elucidation of the exact
3-dimensional structures, more sophisticated schemes were necessary, such as
2-dimensional NMR. The first elucidated protein structures using NMR spectroscopy was reported in the 1980’s. 21 Nowadays, elucidating protein structures using X-ray crystallography is still more popular, since this is easier accomplished
on routine basis. NMR on the other hand can provide structures for proteins
which cannot be crystallized easily. Moreover, using relaxation measurements,
also biomolecular motions can be studied using NMR. 22

1.2

Zooming in on biomolecular interactions

The forces responsible for the folding of a protein are discussed in this section.
The polarity of the side chain is obviously very important for the final folding
state of a protein. In many proteins, the outside of the protein mainly consists
of amino acids with polar side chains, while the inside of the protein mainly
consists of apolar residues. The polar residues covering the outside make the
protein soluble in water. On the other hand, transmembrane proteins, proteins
that can be found in the apolar membrane of cells, have the polar side chains on
the inside and the apolar residues on the outside. In this way, these hydrophobic
proteins are attracted to the apolar environment inside a membrane. 1
The intermolecular hydrophobic/hydrophilic interactions of the side chain is
thus of great importance on the overall structure on the protein (the tertiary structure). However, as explained in the previous section, the formation of secondary
structure elements occurs early in the folding process. Experiments in this thesis
are done in the gas phase, allowing us to study the remaining intramolecular
forces in great detail. The remaining forces are the electrostatic force and the
dispersion force. The electrostatic forces are Coulumbic interactions, while the
dispersion force is is related to the instantaneous interaction between electrons
(contrary to the average Coulumbic repulsion).
The intramolecular interactions can be divided into different types, according
to the nature of the interaction. The various intramolecular interactions are shown
in Figure 1.4A-D. From A to D, the electrostatic force becomes gradually less
dominant, while the dispersion force becomes more dominant. At the same time,
the energy of the interaction typically decreases going from A to D.
7
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A Salt bridge interactions, electrostatic interactions between two oppositely
charged moieties, e.g., a negatively charged side chain and a positively
charged metal cation. Salt bridge interactions can also occur between positively and negatively charged side chains of amino acids. These charged
side chains emerge when an acidic side chain transfers a proton to a basic
side chain. Salt bridge interactions are important for the tertiary structure
of proteins, since interactions can be formed between two side chains far
away in the primary structure. This type of interaction is shown in Figure
1.4A.
B Hydrogen bonds, a mainly electrostatic interaction between an OH or NH
group with an electronegative atom such as oxygen or nitrogen. This interaction is responsible for the emergence and stability of secondary structures.
For instance, an α-helix is formed by hydrogen bonding between the C=O
group of residue i, with the NH group of residue i + 4. In Figure 1.4B, two
hydrogen bond interactions are shown.
C XH/π interactions (X = C, O, N, S). In this type of interaction, not only electrostatic forces contribute to the interaction energy, but also dispersion
forces. 23 The dispersion force is an induced dipole-induced dipole interaction, where the XH group induces a spontaneous dipole in the phenyl ring
resulting in an attractive force. These forces contribute significantly to the
stabilization of a protein, and are shown in Figure 1.4C.
D Stacking interactions, e.g., the interaction between two phenyl rings, as presented in Figure 1.4D. It was shown that stacking interactions can also occur
between a phenyl ring and cationic amino acid side chains, for example a
protonated arginine or lysine side chain. 24 In stacking interactions, dispersion interactions provide most of the stabilization energy.

1.3

IR spectroscopy

In this thesis, the intramolecular electrostatic and dispersion interactions are studied using gas-phase IR spectroscopy. This method probes molecular vibrations,
whose frequencies are very sensitive to the electrostatic environment. This electrostatic environment changes drastically upon the formation of intramolecular
interactions. Therefore, by measuring an IR absorption spectrum, insight into the
intramolecular interactions is obtained and the 3-dimensional structure of the
peptide can be inferred. To illustrate this approach, two theoretical IR absorption spectra are shown in Figure 1.5. Both spectra are calculations originating of
molecules with an identical primary structure. The spectra however, are clearly
different. The difference of the spectra is the result of intramolecular hydrogen
bonding. The black spectrum originates from the 3-dimensional structure shown
8

1.3 IR spectroscopy

Figure 1.4: Representation of different types of molucular interactions responsible for protein
folding and stability. A) shows salt bridge interactions between a metal cation and a deprotonated
C-terminus of a proline residue (left) and between a negatively charged glutamate side chain with
a positively charged guanidium side chain of arginine. B) presents hydrogen bonds, responsible
for the stabilization of the secondary structure elements. Two HB’s are indicated, a C7- and a
C10-interaction. The name is determined by the number of atoms comprising the ring formed due
to the hydrogen bond. C) presents XH/π-interaction (X = C, O, N, S), between an OH group and
the π-cloud (left) and a NH2 -group with the π-cloud (right) and D) presents stacking interaction
between two phenyl rings. From A) to D), the influence of electrostatic interactions decreases, while
the dispersion interaction becomes more dominant.

in the black box, which does not have any intramolecular hydrogen bonding.
The NH bend vibration is found at 1513 cm−1 , and C=O stretch vibrations at 1737
cm−1 for the amide C=O group, and around 1781 cm−1 for the carboxylic acid
C=O group. The 3-dimensional structure in the red box on the other hand, has
strong hydrogen bonds. The hydrogen bonds are highlighted in the figure with
black ovals. As a result of these hydrogen bonds, the frequencies of the vibrations shift. For a C=O stretch vibration, the shift is to lower frequencies. When the
partially negative oxygen atom of the carboxyl group interacts with a partially
positively charged H atom, the bond between C and O is weakened slightly due
to electrostatic pulling of the H atom on the electron cloud forming the double
bond. This makes the bond weaker, corresponding to a lower force constant and
a lower vibrational frequency. The NH bend vibration shifts towards higher fre9
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quencies or energies upon hydrogen bonding. The vibrational motion of the H
atom is hindered by the presence of a partially negatively charged oxygen atom,
and is therefore stiffened, resulting in a shift towards higher energies.
Unfortunately, with increasing peptide size, the IR spectra of peptides become rapidly too complex to interpret and quantum-chemical calculations need
to be employed to aid in the structural assignment. These quantum-chemical
calculations are discussed in section 2.3.3.
IR absorption spectra are recorded in various spectral regions, corresponding to different types of vibrational modes. The IR wavelength region, with its
characteristic amide vibrations, is shown in Figure 1.6, together with the tuning
ranges of the free-electron lasers FELIX and FLARE.
In the region between 3000 and 4000 cm−1 , X-H stretch vibrations (X = C,
N, O) can be probed. This also includes the NH stretch vibration of the amide
NH group, commonly referred to as the Amide A vibration (see table 1.1). In
this thesis only the region below 2000 cm−1 is employed, using the free-electron
laser FELIX. Here, other amide vibrations can be found, such as the Amide I
C=O stretch vibration, and the Amide II vibration, a combined NH bending and
CN stretching vibration of the peptide backbone. In Table 1.1, various amide
vibrations are tabulated. We refer to the fingerprint region between 800 and 1400
cm−1 . This name originates from the unique pattern each conformer shows; a
fingerprint.
The experiments presented in chapter 5 and 6 are performed in the far-IR
region (< 800 cm−1 ). In this region, one finds mostly delocalized vibrations. Up
to now, this wavelength region has barely been considered to be employed for
the structural assignment of peptides. The reason for this is that the calculations, necessary for the interpretation of the experimental spectra, often fail in

Figure 1.5: Theoretical spectra of two conformations of Z-Glu-OH, obtained via DFT calculations.
The black trace belongs to the structure shown in the black box, and does not have any strong
intramolecular hydrogen bonds. The red trace belongs to the structure shown in the red box and
does have intramolecular hydrogen bonds.
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this part of the spectrum (see chapter 2.3.3 for further discussion). This region
however, can be very useful for the structural assignment. The delocalized vibrational modes are expected to be very sensitive to secondary structure motifs, for
example β-sheets, turns or helices. Another reason to include the far-IR region
for the structural assignment is spectral congestion. Spectral congestion occurs
when the absorption bands of different vibrations overlap. This obviously makes
structural assignment much more difficult. It was found that peptides suffering
from spectral congestion in the mid-IR region, may still show resolved absorption
bands in the far-IR.
Table 1.1: Fundamental amide vibrations, taken from Kong et al. 25 , Falconer et al. 26 and Bandekar
et al. 27

Mode
Amide A
Amide I
Amide II
Amide III
Amide IV
Amide V
Amide VI
Amide VII

Description
NH stretch
C=O stretch
NH bend & CN stretch
NH bend & CN stretch
OCN bend
NH out-of-plane bend & C-N torsional
C=O out-of-plane bend
NH out-of-plane bend & C-N torsional
Hydrogen bond vibrations

Frequency (cm−1 )
3300
1600 − 1690
1480 − 1575
1230 − 1300
625 − 770
640 − 800
535 − 610
∼200
50−300

Figure 1.6: The IR wavelength region of the electromagnetic spectrum, with its corresponding
characteristic vibrations probed by IR spectroscopy. Additionally, the tuning range of the freeelectron lasers FELIX and FLARE are presented.
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1.3.1

IR action spectroscopy

Since IR absorption measurements are performed in a molecular beam, action
spectroscopy is employed, instead of conventional direct absorption IR spectroscopy. In conventional IR absorption spectroscopy, the fraction of absorbed light
is measured as a function of the frequency associated with the IR photons. By
measuring the IR laser beam intensity before and after the sample, the absorbance as function of the frequency of the IR photons is obtained according to
Lamberts-Beer law:
I(ν) = I0 e−σ(ν)`n

(1.1)

In this formula, I and I0 are the intensity of the transmitted light and incident
light as a function of the frequency (ν) respectively, σ is the absorption cross
section, ` is the path length and n is the number density of molecules. This
approach works well for samples where the density of absorbing molecules is
high enough to absorb a measurable part of the incoming IR radiation. In this
thesis IR absorption spectroscopy is employed in a molecular beam expansion
where the concentration of absorbing molecules is significantly lower resulting in
an unmeasurable difference between I and I0 . One way to overcome this problem
is to increase the path length (`), which is used in for example cavity ring down
spectroscopy. 28 In this technique, the path length is effectively increased by using
a cavity bounded by two highly reflecting mirrors, where the laser beam will
bounce back and forth many times.
Another way of overcoming this problem is using action spectroscopy. Here,
one does not look at the difference between I and I0 , but rather to a secondary effect
of photons on the molecule. Examples of action spectroscopy are, among others,
the here used IR-UV ion-dip method and Infrared Multiple Photon Dissociation
(IRMPD). In the latter technique, multiple IR photons are subsequently absorbed
until enough energy is absorbed for the molecule to dissociate. By scanning the
IR laser, and monitoring the dissociation yield as a function of the frequency, an
IR absorption spectrum can be constructed.
In this thesis, IR-UV ion-dip spectroscopy is employed. Here, the IR response
of the electronic ground state is probed as a decrease in ionization signal. When
a resonant two-photon ionization scheme is employed, it allows us to record
conformation-specific IR spectra, as will be discussed in section 2.2.2. Conformation specificity is a large asset of this technique, since often multiple conformations can coexist in our molecular beam expansion.

1.4

This thesis

This thesis is based on several published scientific articles. Here, a short summary
of the chapters is given.
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In chapter 3, the conformational analysis of two capped peptides, Z-Glu-OH
and Z-Arg-OH, is presented. The main focus lies on the competition of two
types of interactions: hydrogen bonding and the dispersion interaction. Both
interactions are known to be a stabilizing force in the folding process of a protein. Although dispersion forces are sometimes considered weak, in three out of
five conformations found in the experiment, the dispersion interaction is experimentally established to be the main stabilizing force. DFT is a popular method
to predict the geometry, energy and IR response of peptides. The accuracy of
various DFT functionals to perform these calculations is also discussed.
Besides the hydrogen bond and dispersion interaction discussed in chapter 3,
another type of stabilizing force important for protein structure is the salt bridge
interaction. This is an interaction between a positively and negatively charged
moiety. In biological systems, this type of interaction occurs for instance between
metal cations and negatively charged side chains of amino acids, and is already
studied in detail previously. However, salt bridge interactions can also occur
between two charged side chains. This type has received much less attention
in gas-phase experiments. This is because for this type of interaction, proton
transfer needs to occur, which is not trivial in the gas phase. Chapter 4 focuses on
the possible occurrence of proton transfer from the carboxylic acid side chain of
glutamic acid to the guanidine side chain of arginine, and the manner in which
the two charged side chains interact.
In chapter 5, the use of the far-IR response of peptides is discussed to aid in
the structural assignment of peptides. Although mid-IR absorption spectroscopy,
in combination with DFT calculations, has proven to be a powerful tool to determine the 3-dimensional structure of peptides, it faces problems when larger
peptides are studied. This is caused by overlapping absorption bands, or spectral
congestion, making it difficult or even impossible to unambiguously assign a
3-dimensional structure to an experimental spectrum. Including the spectrum in
the far-IR region can have advantages for two reasons. First, this region appears
to be less hindered by spectral congestion. Secondly, in this region interesting
vibrations are expected which are very sensitive to secondary structure motifs.
Unfortunately, DFT frequency calculations are known to often fail in this part of
the spectrum, and an alternative theoretical tool, Born-Oppenheimer Molecular
Dynamics, to aid in the structural assignment of peptides is discussed in this
chapter.
In the final chapter, Born-Oppenheimer Molecular Dynamics has been employed to study the far-IR hydrogen bond stretching vibrations in Z-Ala3 -NHMe,
Z-Ala4 -NH2 and Z-Ala6 -NH2 . This vibration, visualized with the O· · · H distance
time-correlation function, has its intrinsic stretching vibration in the far-IR region
of the spectrum. The position of this vibration is dependent on the hydrogen bond
strength, which in turn is governed by the hydrogen bond geometry, such as the
hydrogen bond length and angle. In this chapter, the ability of BOMD to extract structural information from the far-IR absorption region is demonstrated.
In addition, we were able to assign a low-energy structure to the experimental
13
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spectrum of Z-Ala6 -NH2 , which was not possible using the mid-IR region and
static DFT calculations alone.
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Methods
Abstract
In this chapter the experimental and theoretical aspects will be
presented. The experimental tools necessary to record IR absorption
spectra of cold, isolated biomolecules will be explained first. These
tools include the laser desorption scheme to bring involatile biomolecules in the gas phase, the cooling of these gaseous biomolecules
in a molecular beam expansion and the detection of produced ions.
Hereafter the spectroscopic schemes of Resonance Enhanced Multi
Photon Ionization (REMPI) and IR-UV ion-dip spectroscopy will be
presented. In the last section, the computational tools needed for the
interpretation of the spectra will be discussed.
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2.1

Set-up

The IR absorption spectra in this thesis are recorded for laser-desorbed peptides
in a molecular beam expansion. This approach yields insight in the intrinsic
properties of the peptide, without perturbations of intramolecular interactions.
Additionally, this method yields IR spectra of cold molecules that can easily be
supported by quantum-chemical calculations.

2.1.1

General & Equipment

A schematic representation of the set-up used in this thesis is shown in Figure 2.1.
The set-up can be divided into three parts: The source chamber, the ionization
chamber and detection chamber, highlighted in the black, red and blue boxes
respectively. In the source chamber, the sample molecules are brought into the
gas phase using laser desorption, and subsequently cooled in a molecular beam.
For the laser desorption, the peptide is mixed with carbon black powder and
applied on a graphite bar. A pulsed near-IR laser (Polaris Pulsed Nd:YAG Laser
System, NewWave research) with a pulse energy of about 1.5 mJ and wavelength
of 1064 nm is used to desorb the molecules from the sample bar. The molecular
beam is produced by a pulsed supersonic valve (Jordan Co. C-211) with an orifice
of 0.5 mm. About 10 cm downstream, the molecular beam passes a skimmer with a
2.0 mm opening, and the gaseous sample molecules enter the ionization chamber.
Here, sample molecules can interact with UV and IR laser beams. The UV beam
is produced by a YAG laser (either Innolas GmbH spitlight 1200 or Quanta-Ray
Lab Series) coupled to a frequency doubled dye laser from Radiant Dyes (laser
dye: coumarin 153). The UV laser operates at 10 Hz. The IR beam is produced by
the Free-Electron Laser for Infrared eXperiments (FELIX). 29 The IR laser operates
at 5 Hz, to allow for on/off measurements (see section 2.2.2)
The ions produced in the ionization chamber are accelerated into a reflecton
time-of-flight (TOF) spectrometer (D-850 from Jordan Co.) and directed onto a
40mm Multichannel plate (MCP) detector from Jordan Co. (C-726). The transient
signal recorded by the MCP is read out by either a oscilloscope (Tektronix 3054B)
or a digital data acquisition card from National Instruments (PCI-6221).
The three chambers are differentially pumped by 3 turbopumps, and typical
pressures are shown in Table. 2.1. The source chamber is pumped by a 1250
Table 2.1: Typical pressures in the various chambers in the experimental set-up.

Source chamber
Ionization chamber
Detection chamber

Typical background
pressure
1.4 x 10−7 mbar
4.1 x 10−8 mbar
2.7 x 10−8 mbar

Pressure with molecular
beam with 3 bar of Ar
2.5 x 10−5 mbar
7.2 x 10−7 mbar
5.9 x 10−8 mbar
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L/s turbopump (TPH 1201 UP from Pfeiffer Vacuum), and the ionization and
detection chambers are pumped each by a 210 L/s turbopump (TMH 261 from
Pfeiffer Vacuum). To keep these chambers oil free, a membrane backing pump
was used (MVP 055-3 from Pfeiffer Vacuum).

Figure 2.1: A schematic representation of the set-up used to record IR-UV ion-dip spectra. The
source chamber is highlighted in black, the ionization chamber is highlighted in red and the detection
chamber is highlighted in red.

Timing is a crucial aspect in the experiments performed in this thesis. The
desorption laser should be fired at the right time to ensure that the peptides
are efficiently cooled in the molecular beam. The UV laser timing should be
optimized to create the maximum number of ions and to interact with the coldest
part of the beam. Additionally, the IR laser should arrive ∼200 ns before the UV
laser arrives for the IR-UV ion-dip experiments. Typically, the desorption laser
is fired ∼350 µs after the opening of the valve and the UV laser is fired between
600 and 700 µs after the opening of the valve. The delay of the UV laser however,
depends on the carrier gas of the molecular beam, which is always argon in this
thesis. A delay generator, is used to obtain the pulse sequence needed to perform
these experiments. Two different delay generators are used: a Stanford Research
System DG645 and a Stanford Research System DG535.
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2.1.2

Laser desorption

For the laser desorption, the peptide is mixed with carbon black powder and
applied on a graphite bar. 30 A pulsed near-IR Nd:YAG laser with a pulse energy
of about 1.5 mJ and wavelength of 1064 nm is used to heat up the graphite sample
bar with extreme heating rates ( 1010±2 K/s) during the 5 ns pulse. Once the
desorption laser hits the surface of the graphite bar, two processes compete: the
peptides desorb from the surface and enter the gas phase intact or the peptides can
react and fragment. 31 Although the reaction/fragmentation energy barrier can be
lower compared to that of intact desorption, it was shown that high heating rates
allow the energetically unfavorable desorption processes to occur for entropic
reasons. 32 In other words, the high heating rates ensure that desorption takes
place before the peptides fall apart.
In order to account for the molecular desorption, rather than fragmentation,
Lucchese and Tully performed simulations on the desorption of NO from a LiF
substrate. 33 They found that the surface temperature (1900K) far exceeded the
vibrational energy (37K), the rotational (302K) and translational temperature
(638K). One of their explanations for this temperature difference was incomplete
equilibration of the thermal energy due to different relaxation times. The residence time of the adsorbed molecules is too short to allow for vibrational energy
transfer. In a model developed by Zare and Levine, the vibrational energy transfer
is proportional to the mismatch between the surface adsorbate bond frequency
and vibrational frequency and the residence time. The larger the mismatch and
the shorter the residence time, less energy is transferred to the vibrational mode
of the adsorbate. 34 Other explanations for the lower temperatures were that desorption of the molecules takes place before the maximum surface temperature
was reached or that the energy deposited in the system is used to surmount the
NO from its attractive well with the substrate.
Using the laser-induced thermal desorption method, thermally labile biomolecules with a mass up to 2000 amu have been brought into the gas phase
in the late 70’s. 35 Also non-covalently bound dimers and clusters have been
observed. 36

2.1.3

Molecular beam

Once the peptides enter the gas phase, it is important to reduce their internal
energy so that only a few rotational states and the vibrational ground state are
populated, i.e., cool them down to low temperatures. This prevents transitions
from vibrationally excited states, which would complicate the spectra significantly. Furthermore, when more than one conformation is present in the gas phase,
efficient cooling is essential to obtain conformation-specific IR absorption spectra. A supersonic jet expansion is employed to reduce the internal energy. In
addition to the cooling effect, the peptides are isolated, so that there are no intermolecular perturbations. The properties of a supersonic jet were first described
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by Kantowitz and Grey in the 1950’s. 37
A schematic representation of the modus operandi of a supersonic jet expansion is presented in Figure 2.2. It consists of a reservoir of a gas, with a temperature
and pressure of T0 and P0 respectively. The gas can escape the reservoir via an
opening (orifice) into a chamber with a much lower pressure. If the pressure in
the reservoir is high enough, the mean free path of the gas molecules is smaller
than the diameter of the orifice. This means that only molecules, with a velocity
in the axial direction can escape the reservoir. The random motion, shown in the
bottom left panel of Figure 2.2, is converted into directed motion, shown in the
bottom right panel. The energy used to convert random motion into directed
motion results in lowering of the temperature according to
 (γ−1)/γ
P1
T
=
T0
P0

(2.1)

where γ is the heat capacity ratio (cp /cv ), which is greater than 1. Since
P0 >> P1 , the temperature will decrease. 38;39 Additionally, the coldest (most
unidirectional) part of the beam is extracted using a skimmer.
The peptides, brought in the gas phase using laser desorption, enter the molecular beam very close to the orifice of the gas reservoir. In the experiments
described in this thesis, the seed gas used in the molecular beam is argon, with a
backing pressure of typically 2−3 bar. Initially, the collisions between the peptides
and argon atoms will accelerate the peptides in the same direction as the argon
atoms. Hereafter, once the velocity of the peptides and argon atoms are equilibrated, only low-energy collisions occur, reducing the rotational and vibrational
temperatures of the peptides. 38;40 The translational, rotational and vibrational
temperatures are very different in a supersonic jet. Typically, the translational
temperature (spread of the velocity distribution in the z-direction) of the peptides is very similar to that of the argon atoms, and is established close to the
orifice. Translational temperatures smaller than 2 K have been determined. 39;41
The rotational and vibrational degrees of freedom are cooled by low-energy collisions farther away from the orifice. Since the number of collisions in that part is
limited, these internal motions are not necessarily in equilibrium. Rotational cooling is quite efficient, hence the rotational temperature is decreased significantly,
and typical values are 3 − 10 K. 40–42 The cross section for vibrational depopulation however, is much smaller compared to that of rotational depopulation, and
as a result, the vibrational cooling can be far from complete, and thus does not
reach equilibrium. These higher temperatures are not necessarily troublesome.
Even at these elevated temperatures, the excited states of most vibrations are not
populated, assuming a normal Boltzmann temperature distribution. Additionally, low-frequency vibrations tend to have a larger collisional cross section, and
are therefore more efficiently cooled. For instance, under the same conditions,
the stretching mode of I2 , at 250 cm−1 , is cooled to below 50 K, while the 750 cm−1
bending mode in NO2 is reduced to 150 K. In Z-Glu-OH, discussed in chapter
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Figure 2.2: A schematic representation of a molecular beam. A gas in the reservoir with a temperature and pressure of T0 and P0 respectively can escape into a chamber with a much lower pressure
(P1 ). In this process random motion is converted into directed motion, resulting in lowering of the
temperature. The skimmer is used to select the coldest (most unidirectional) part of the beam.

3, a vibrational temperature of ∼15 K is deduced from a hot band in the REMPI
spectrum (discussed in section 2.2.1). Lastly, since the rotational temperature is
very low, the rotational contours of the bands are negligible resulting in sharp
vibrational bands. 38;39

2.1.4

Detecion of produced ions

As will be shown in section 2.2 where the spectroscopic techniques employed in
this thesis are described, IR spectra are constructed by measuring variations in
the ion current created by the UV laser. These ions are detected using a time-offlight (TOF) spectrometer. A schematic representation of this TOF spectrometer
is presented in Figure 2.3. The ions are generated between the repeller (VA1)
and extractor (VA2) grids. The repeller grid is placed on high voltage, typically
∼3500V. The extractor grid is typically ∼1000V less positive. The G1 grid, at
ground voltage, is called the accelerator plate. The created positive ions feel
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the potential between the VA1 and VA2 grids (the extraction region) and move
through the VA2 grid into the acceleration region. Here, the potential gradient is
even steeper and the ions are accelerated into the flight tube. In the flight tube,
the created ions are separated by their m/z values.
The width of the ion package is broadened by two effects: The length of the
UV pulse used to ionize the molecules, called the temporal distribution, and
the position where the ions are created, the initial spatial distribution. To correct
for the initial spatial distribution, and also to enhance the resolution of MSTOF by effectively increasing the flight tube length, a reflector is placed at the
end of the flight tube. It consists of three plates: G2 (at ground voltage), VR1
(typically 2000V) and VR2 (typically 3500V). Consider the creation of the ions
in the extraction region, one close to the VA1 grid and the other close to the
VA2 grid. The former (represented as the red dotted trace in Figure 2.3) feels a
higher potential than the second (represented as the black trace), and is therefore
accelerated more. The latter however, is created much closer to the extraction
grid, and will pass the G1 plate earlier. After traveling for some distance, the
former, faster moving ion will catch up with the latter slower one. Hereafter, the
length of the ion package increases, decreasing the resolution of the machine.
The faster moving ions will reach the reflector first and are directed towards the
detector. The slower moving ions will reach the reflector later, but due to the
lower kinetic energy, they will not enter the reflector as deep as the faster moving
ions. In this way the slower moving ions will catch up with the faster moving
ions and thus decrease the ion package size at the detector and increasing the
resolution.

Figure 2.3: Schematic representation of the reflectron time-of-flight spectrometer. The ions are
created between the repeller (VA1) and extractor (VA2) plate, accelerated into the time-of-flight
tube, and reflected back into the detector.
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Figure 2.4: Schematic layout of a free-electron laser.

2.1.5

Free-electron laser

The gas-phase IR absorption spectra are obtained using the Free-Electron Laser
for Infrared eXperiments (FELIX), which provides light with a high tunability
and a high fluence. 29 A free-electron laser (FEL) is a special class of lasers. The
radiation is produced by free electrons, as opposed to "conventional" lasers,
where the radiation is produced by bound electrons in atoms of the medium.
To explain the difference between these types of lasers, first the the working of
a conventional laser is illustrated. Consider a system with two energy levels,
separated by ∆E. An electron in the ground state can be excited to the higher
level by the absorption of a photon with an energy of ∆E. On the other hand,
when an electron is in the excited state, it can also be stimulated to the ground
state by a photon with an energy of ∆E, and thereby emitting a photon with an
energy of ∆E. Both processes have the same absorption cross section, and are
thus just as much likely to occur when the population of the ground and excited
state are equal. The trick for a conventional laser to work is to create a population
inversion, meaning that the population of the excited state is higher than that of
the ground state. This is however not possible in a two level system, and for these
lasers to operate a more complicated energy level scheme is necessary. When a
photon travels through such a system, the probability that an additional photon is
created is larger than the chance that the photon is absorbed, and hence the light is
amplified. The output radiation wavelength is restricted to the energy difference
between the ground and excited state, and only photons with an energy of ∆E can
be emitted. As will be explained in more detail below, the emission wavelength
of a FEL depends on the electron (kinetic) energy, the undulator period and the
magnetic field strength in the undulator. Since in principle these parameters can
be freely varied, a FEL can produce laser light at any desired wavelength, from xray radiation to far-IR radiation. The free-electron laser FELIX is able to produce
light with a wavelength between 3 µm and 250 µm.
The basics of a free-electron laser are presented in Figure 2.4. In the gun, free
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electrons are created and are accelerated in a RF cavity producing relativistic
electrons. These electrons are injected into an undulator magnet, an array of
alternating permanent magnets. In this periodic magnetic field, the electrons
undergo a "wiggling" motion due to Lorentz forces and emit dipole radiation
with a wavelength of
λ=


λu 
2
1
+
K
2γ2

(2.2)

In this equation, λu is the undulator period, K is a dimensionless parameter,
related to the magnetic field strength and γ is the Lorentz factor and is given by
γ= q

1
1−

(2.3)
v2
c2

In this equation, v is the velocity of the electrons and c is the speed of light.
When the electrons are injected at resonance energy (solve eq. (2.2) and eq. (2.3)
for v), an electron slips back 1 (or N) radiation wavelengths per undulator period
and no efficient energy transfer to the optical field is possible since then the
chance that an electron transfers energy to the optical field (gain) is equal to the
chance that an electron transfers energy from the optical field (absorption). When
the electrons are injected at slightly higher energy, the chance that the electrons
are in the gain region is higher compared to the absorption region and therefore
efficient net energy transfer to the radiation field possible.
The only tunable parameters are the magnetic field strength parameter (K) and
the kinetic energy of the electrons. K depends on the undulator period (λu ) and the
gap between the undulator magnets. However, for practical reasons the undulator
period is fixed. For the experiments, v is also fixed, and the output radiation
wavelength (λ) is tuned by adjusting the gap between the undulator magnets,
adjusting the magnetic field strength (K) in the undulator using a stepper motor.
For a given electron kinetic energy, the tuning range for the output radiation is
a factor of 3. This means that it is for instance possible to perform a continuous
scan from 6 µm to 18 µm (∼ 1700 − 600 cm−1 ). Thus, to make use of the full tuning
range of FELIX, multiple beam energies have to be employed. 43
The emission produced by the free electrons is usually low after a single pass
through the undulator and is additionally incoherent. This type of emission is
named spontaneous emission. The incoherence is mainly caused by the size of the
electron bunch, which is much larger than the radiation wavelength. To increase
the output power, the undulator is placed in an optical cavity, consisting of two
high-reflectivity mirrors at either side. The produced radiation is captured in the
cavity and is reflected back and forth in the cavity. The length of the cavity is
chosen in such a way, that fresh bunches of electrons that enter the undulator have
spatial overlap with the radiation produced by the previous bunches of electrons.
The fresh bunch of electrons interacts with the radiation field, causing the electron
to form microbunches, separated by the radiation wavelength. The size of the
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electron microbunches is now smaller than the radiation wavelength and the
electrons emit coherently, enabling a much higher output radiation fluence.
A schematic representation of FELIX is shown in Figure 2.5. The electrons are
created in the injector by a thermionic triode electron gun, and are accelerated in
the first RF Linac, to energies between 15−25 MeV. Those electrons can be injected
in the FEL1 undulator, where laser light can be produced between 25 µm and 250
µm. For laser light between 3 µm and 40 µm the electrons are further accelerated
in Linac 2 to 25−45 MeV. Additionally, a third beam line is shown. FELICE stands
for Free Electron Laser for Intra-Cavity Experiments, and provides significantly
enhanced laser intensities. This beam line has not been used in this thesis and will
not be further discussed. A typical macropulse for FELIX has a repetition rate of 5
Hz or 10 Hz and has a pulse duration of 10 µs. The macropulse consists of a train
of micropulses with a repetition rate of the micropulses of 1 GHz, reflecting the
electron bunches produced by LINAC operating at 1 GHz. The pulse structure
of FELIX is shown in Figure 2.6.

2.2
2.2.1

Spectroscopic Techniques
REMPI

In Figure 2.7, the Resonance Enhanced Multi Photon Ionization (REMPI) method
is schematically described. This method allows us to study stable gas-phase conformations separately from each other. The presented molecule has three different
stable gas-phase conformations, which each can be ionized with a high-energy UV
photon. However, by using only a single photon, it is not possible to distinguish

Figure 2.5: Schematic representation of the FELIX layout.
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Figure 2.6: The pulse structure of FELIX laser light.

between different conformations. To study the three conformations independently, we use two-step photo ionization via an intermediate electronically excited
state. Since the S1 ← S0 transition energies of the three conformations are slightly
different, they will appear as separate peaks in the REMPI spectrum. Therefore
the effect of various perturbations such as IR photons on the ionization efficiency
can be studied separately for each of the three conformations.
Various REMPI schemes exist, however here only two-photon one-color REMPI will be discussed. In one-color (1+1) REMPI a molecule is ionized via an
intermediate excited state by two photons with the same energy, originating
from a single laser, usually a dye laser. The first photon excites the molecule from
its electronically ground state, to an electronic excited state. The energy of the
second photon is used to ionize the molecule. Since the subsequent absorption of
two photons is much more probable than the absorption of two photons simultaneously (non-resonant ionization), this method gives insight in the electronic
excited states of the molecule. 44
At this point however, some practical limitations of one-color REMPI become
apparent. First, the electronically excited state energy has to be higher than half
the ionization energy and second, the electronically excited state should be sufficiently long-lived to allow the absorption of the second photon. In this thesis,
the UV-chromophore is always a phenyl ring, which is very suitable for the (1+1)
REMPI experiments performed here. The S1 ← S0 transition has a large oscillator
strength, a long-lived S1 state and an ionization potential which is less than twice
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Figure 2.7: Schematic representation of the REMPI scheme. Shown is a molecule with three stable
gas-phase conformations. Each of the three conformations can be ionized using a single high-energy
UV photon, indicated with the purple arrows. Using REMPI, these conformations can be ionized
selectively, indicated by the arrows in green, orange and blue. This creates a conformation-specific
ion current. The red arrow indicates ground state depletion by an IR laser, used for the IR-UV
ion-dip experiments.

the S1 ← S0 energy separation. 45 It is also worth mentioning that in most cases,
the absorption cross section from the electronically excited state to the ionization continuum is much larger than the cross section from the electronic ground
state to the excited state. The intensity in the REMPI spectrum is thus mainly
controlled by the (S1 ← S0 ) absorption cross section, which in turn is dictated
by the Franck-Condon (FC) factor between the two states. 44 This FC factor is determined by the overlap of the vibronic wave functions of the states, or in other
words, the similarity in geometry of the ground- and excited electronic states. 46
Apart from the main S1 ← S0 peaks, the origin, other bands appear in a typical
REMPI spectrum. On the red side of the S1 ← S0 band, hot bands can be found.
Those bands originate from transitions from a vibrational excited state of the
electronic ground state, to a vibrational level of the electronically excited state.
When the molecule is not effectively cooled in a molecular beam (see section
2.1.3), vibrationally excited states of the electronical ground state can be populated. Assuming similar absorption cross sections for the vibrational ground- and
excited state, the vibrational temperature can be deduced from hot band peaks
using the Boltzmann equation:


∆E
N0←1
= exp −
N0←0
kb T

(2.4)

Where ∆E is the vibrational energy in the electronic ground state, kb , the
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Boltzmann’s constant and T the temperature. N0←0 is the peak area of the fundamental transition and N0←1 is the peak area of the hot band. Furthermore, on
the blue side of the main transition, vibronic progressions can be found. Those
transitions occur from the vibrational ground state to various vibrational levels of
the electronic excited state. Moreover, an excitation spectrum might be the result
from an ensemble of conformations present in our molecular beam experiments,
each with a specific origin and accompanying vibrational progression.
Up to now, only REMPI experiments are described which employ a single
dye laser. For many experiments, using two independently operating dye lasers
may be beneficial, or even essential. (1+1) REMPI is for instance not possible
when the S1 state is at less than half the ioniziation potential. Employing two
independent lasers, the photon-energy of the second laser can be chosen freely.
A photon of the first laser excites the molecule to its electronically excited state,
and the photon of the second laser with a higher energy ionizes the molecule. A
second advantage is that it is possible to tune the delay between the two lasers,
and time-resolved measurements can be performed to study the nanosecond
dynamics of the excited state.
UV-UV hole-burning and UV-UV depletion spectroscopy can be performed
using two UV lasers. These two techniques are very similar to each other, and are
performed to determine which peaks in the REMPI spectrum originate from the
same conformation. The two lasers are fired subsequently, with a constant time
delay between them. The first laser is called the pump laser, and the second the
probe laser. In UV-UV depletion spectroscopy, a constant ion signal is produced
by exciting a transition found in the REMPI spectrum by the probe laser. The
pump laser, fired prior to the probe laser, is scanned. If the energy of the pump
laser is resonant with an excited state of the conformation probed by the probe
laser, the ground state will be depleted, resulting in a decrease of ion signal by the
probe laser. In this manner, all peaks which originate from the same conformer
will become apparent. UV-UV hole-burning works in a similar fashion however,
instead of scanning the pump laser, in this method the probe laser is scanned. The
pump laser depletes the ground state of a single conformation, and with the probe
laser, a normal REMPI spectrum will be obtained, with the peaks originating from
the one conformation, burned away by the pump laser, missing.

2.2.2

IR-UV ion-dip spectroscopy

The IR spectra in this thesis are recorded using IR-UV ion-dip spectroscopy
(IRIDS). This technique, first developed by Page in the 1980’s, is very similar to
UV-UV depletion spectroscopy. 47 The UV-laser (probe laser) is fixed on a transition found in the REMPI spectrum to create a constant, conformation-specific
ion current. The IR laser is scanned over the region of interest. If the IR laser is
resonant with a vibrational level of the conformation probed by the UV laser, the
ground state of that conformation is depopulated and the ion current decreases,
see Figure 2.8. By selecting different UV-probe wavelengths, the IR spectra of all
28

2.3 Computational Methods
conformations present can be recorded separately.
In a similar manner, by fixing IR laser on a vibrational transition and scanning
the UV probe laser, the analogue of UV-UV hole-burning spectroscopy can be performed. The IR laser depopulates the ground state of the selected conformation
and in the (1+1) REMPI spectrum produced by the UV probe laser, all peaks belonging to that conformation have disappeared or are strongly reduced. One has
to keep in mind however, that the possibility of overlapping IR absorption bands
is much greater than overlapping UV absorption bands, thus the IR wavelength
should be chosen with care.
Another important aspect of the double-resonance experiments performed
here are on/off measurements. The IR laser runs at 5 Hz, while the UV laser
operates at 10 Hz. In this way, active baseline subtraction can be performed,
which corrects for long term UV power drifts and changing source conditions.
The stability of the ion-signal is thus determined by the shot-to-shot fluctuations.
The absorption as function of the wavelength is calculated using
!
Io f f
(2.5)
Iabs (ω) = log
Ion
The vibrational progression of the ground state can also be probed by Laser
Induced Fluorescence (LIF). 48 In this technique, a UV laser is employed to excite
the molecule, and the fluorescence spectrum is analyzed. In principle, the laser
photon-energy minus the fluorescence photon-energy should yield the energy
of a vibrational excited state. Since these experiments are performed with a
single laser, as opposed to two lasers for IRIDS, one may wonder why this
technique is not employed in this thesis. A schematic representation of the LIF
process is shown in Figure 2.8. One of the biggest advantages of IRIDS over
LIF is that for LIF, the PES of the excited state needs to be known, to assign the
fundamental S1 ← S0 transition to know the energy offset of the emitted radiation.
Or in other words, to know the amount of energy lost due to intramolecular
vibrational relaxation in the electronic excited state (represented with the green
arrow). Additionally, IRIDS is mass selective. Another important reason is that
the peptides here are not fluorescent, instead of radiative decay, many nonradiative decay channels exist. Lastly, not all vibrational transitions found in a
LIF spectrum correspond to IR active bands.

2.3
2.3.1

Computational Methods
General

In the previous paragraphs, the methods to record the experimental spectra are
described. However, even for these relatively small peptides, the experimental
spectra are too complex to extract structural information directly. To obtain structural information, the experimental spectra are compared with theoretical spectra
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Figure 2.8: A schematic representation of the modus operandi of IR ion-dip spectroscopy (IRIDS)
and Laser Induced Fluorescence (LIF). In IRIDS, a constant ion-signal is produced by an UV laser
(blue arrows). When the IR laser excites a vibrational transition in the electronic ground state (red
arrow), the UV laser is not resonant anymore and a dip in ion-signal is observed. For LIF, the
molecule is excited using an UV laser and the fluorescence spectrum (orange arrows) is analyzed.
The green arrow represents intramolecular vibrational relaxation.

of low-energy conformations. In this section, the methods employed to obtain
these theoretical spectra are described. First, molecular dynamics is explained.
This simulation method is used to perform a conformational search, to find the
low-energy conformations. The geometry of these conformations is hereafter optimized and the vibrational frequencies are computed using density functional
theory, as explained in section 2.3.3. These computed vibrational frequencies can
be compared with the experimental ones, to assign a specific conformation to
the experimental spectrum. The last part of this section involves an alternative
technique to calculate the IR signature of peptides in the far-IR region. Vibrations in this region are difficult to compute by the static density functional theory
method. However, this far-IR region contains a lot of structural information, and
including this part for the structural assignment can be very beneficial.

2.3.2

Molecular Dynamics

Molecular dynamics (MD) is used in this thesis to perform a conformational
search. To find low-energy structures which can be further optimized using
quantum-chemical techniques such as DFT (see section 2.3.3). MD is a simulation
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technique where a system is being followed in time by solving Newton’s equations of motion. Contrary to the other computational methods described in this
thesis, MD uses classical mechanics instead of quantum mechanics. Although
MD methods exist which employ quantum mechanics, classical mechanics is
used to reduce computational time to allow for long timescale simulations for
an extensive exploration of the potential energy surface. A molecule is thus built
up from point masses, connected by springs, and the existence of electrons is
ignored. This means that the bonds between atoms must be explicitly defined. 49
The energy of the system is calculated from parameters as function of the
nuclear coordinates. Different force fields (FF’s) exist, which use different parameters to calculate the energy of a system, some are more sophisticated others.
Here, the emphasis will be on the FF used in this thesis, the amber99sb force
field. 50 The amber99 FF is parameterized for biomolecules, and the addition of
"sb" indicates that the parameters for the backbone dihedral angles φ and ψ are
improved. This makes the FF very useful for peptides and proteins, studied in
this thesis. Although the equations below are used in the amber99sb FF, they
apply to a large extend to many other FF’s.
The energy of a system is calculated using the following expression 51 :
Etotal =
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(2.6)

The first and second term describe the energy of bond and angle stretching
respectively. They are represented as simple quadratic equations, with req (θeq )
the equilibrium distance (angle) between atoms and force constant Kr (Kθ ). The
third term describes the torsional energy of a bonded interaction. The dihedral
angle is defined as the angle between the A-B and C-D bonds, in a four-atom
sequence, A-B-C-D. Since rotation over 360◦ should yield the same energy, the
term must be periodic. n describes the number of minima, e.g. n = 3 corresponds
to three minima, e.g., rotation around the C-C bond in ethane. If not all minima
are equivalent, which is for instance the case for substituted ethane, n=1 or n=2
can be used to introduce energy differences between the minima.
The first three terms are bonded interactions. The final term describes nonbonded interactions. The first two terms in the summation calculate the van der
Waals energy, using the Lennard-Jones potential. Here, the R−12 term is repulsive,
corresponding to overlapping electron clouds and the R−6 term is attractive,
corresponding to dipole-dipole interactions. The final term is the electrostatic
interaction between the atoms. It should be noted that the charges (q) are fixed
in the FF employed in this thesis. The fixed (point) charge representation is an
approximation, again to reduce the computational time.
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The conformational search is performed using the Simulated Annealing (SA)
approach. In this approach, the temperature of the system is increased to such extent that the peptide can cross all transition barriers, and thus enter any conformational state. Hereafter, the system is cooled exponentially to low temperatures,
and the low-temperature structures are recorded. The simulations are performed
in a canonical ensemble. In this system, the amount of particles (N), the volume
(V) and temperature (T) are fixed. The canonical ensemble is also called an NVT
ensemble. The temperature of the system is controlled using velocity rescaling. 52
It scales the velocity of all atoms in such a way that the total kinetic energy of the
system is equal to the average kinetic energy at the target temperature.
As mentioned before, MD follows a molecular system in time, which is
achieved by solving Newton’s equations of motion. For a given system, where the
position of all atoms is known, the force exerted on each atom can be calculated
by:
F~i = mi a~i

(2.7)

The propagation of the system in time uses the Leap-Frog algoritm. 53 The
position at t + ∆t, where ∆t is the time step of the simulation, is calculated using
the positions of the atoms at time t, the velocity of the atoms at t - (1/2)∆t, and
the force exerted on the atoms using these relations:




1
∆t ~
1
~
v t − ∆t + F(t)
v t + ∆t = ~
2
2
m

(2.8)



1
~r (t + ∆t) = r(t) + ∆t~
v t + ∆t
2

(2.9)

Using the obtained nuclear coordinates, the forces on the atom can be calculated, and the system can be propagated in time again. This can be repeated as
long as needed.

2.3.3

Density Functional Theory

The basic idea of density functional theory (DFT) is that the ground state electronic
energy is completely determined by the electron density, ρ. 54 The number of
electrons in the system is defined by the integral of the electron density, the
dips in electron density reveals the position of the nuclei, and the height of the
dips gives the nuclear charge. 55 Thus, by knowing the spatial electron density,
everything is known about the ground state of the system of interest. The goal of
DFT is to define functionals, which link the electron density to the energy of the
system.
The energy of a system can be decomposed in several elements:
EDFT = Ekin + Enn + Ene + Eee
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where Ekin is the kinetic energy of the electrons, Enn is the potential between
the nuclei, Ene is the potential between the electrons and nuclei, and Eee the potential between the electrons. 49 Since DFT operates within the Born-Oppenheimer
approximation, the potential between the nuclei is a constant at given nuclei
positions/conformation. Furthermore, the potential between the electrons can be
decomposed in a coulombic term (J[ρ]) and an exchange term (K[ρ]).The potential between the nuclei and electrons and the coulombic interaction between the
electrons can be expressed classically, and can be computed in a straightforward
manner.
The major drawback in conventional DFT (orbital-free DFT) however, is that
the kinetic energy of the electrons cannot be described exactly. The introduction of
orbitals into DFT overcomes this problem. 56 Here, the kinetic energy is calculated
using a method which is very similar to the Hartree-Fock method. Both methods
rely on solving the Schrödinger equation for a system of non-interacting oneelectron orbitals. This kinetic energy for non-interacting one-electron orbitals can
be calculated exactly by
TS =

Nelec
X
i=1

1
hφi | − ∇2 |φi i
2

(2.11)

Since electrons obviously do interact, this equation does not give the exact
kinetic energy. The total energy is calculated according to
 
EDFT = TS + Ene + J ρ + Exc
(2.12)
 
In this equation, TS , Ene and J ρ can be calculated exactly. Exc is called the
exchange-correlation term and cannot be calculated exactly. It contains the exchange energy, an effect related to the exchange symmetry of indistinguishable
particles, the correlation energy, which involves the instantaneous interaction
between electrons, and the remaining part of the kinetic energy, not taken into
account by TS . DFT consists of devising functionals that allow to calculate this
term is accurate as possible.
Different functionals have been developed, and can be classified according
to Jacob’s ladder, where each rung on the ladder represents a different set of
approximations and the higher on the ladder, the more complex ingredients are
added to calculate this Exc -term. 57 The first rung is the Local Density Approximation (LDA), which assumes a uniform electron density. The form of the exchange
energy was first derived by Dirac in the 1930’s: 58
Z
LDA
Ex = −Cx
ρ4/3 (r)dr
(2.13)
This equation is in principle exact when the length scale over which the
density varies is very large. For chemical and physical applications however,
this is of course not the case, and the next rung on Jacob’s ladder also includes
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density gradients, namely the so-called Generalized Gradient Approximation
(GGA). The next rung, meta-GGA, also takes the second order density gradient
into account. This can be seen as the second-order correction for the exchange
energy, where the GGA method is the first-order correction.
Many wide spread used functionals nowadays, such as the popular B3LYP
functional, include exact Hartree-Fock exchange energy and these are called
hyper-GGA, or hybrid functionals. The Exc term is a mixture of the exact exchange energy of non-interacting electrons (EHF
x ) with the exchange and correlation energy of interacting electrons using the LDA and/or GGA methods. The
very popular B3LYP functional for instance has the form: 59
LDA
LYP
EB3LYP
= aEHF
+ bEB88
+ (1 − c)ELDA
xc
x + (1 − a)Ex
x + cEc
c

(2.14)

In this formula EHF
x is the exchange energy from Hartree-Fock theory. The
and ELDA
are LDA-type functionals for the exchange and correlation energy
c
respectively. The B88 (for the exchange energy) and LYP (for the correlation energy) functionals are of the GGA-type. The parameters a, b and c are determined
by fitting to experimental data and are a = 0.2, b = 0.72 and c = 0.81.
ELDA
x

DFT and dispersion forces
In biomolecules various intramolecular interactions can be present, such as hydrogen bonds (HB’s), salt bridge interaction (SB’s) and XH/π interactions (X = C,
O, N, S). HB’s and SB’s have a mainly electrostatic nature, and these forces are
adequately described in DFT. This does not hold for XH/π interactions, where
dispersion forces play a noticeable role. 60 Although these dispersion forces are
considered weak, they play an important role in the conformational preferences
of large biomolecules. 61 Additionally, even in small systems it was found that
the OH/π interaction was of comparable strength as a conventional OH· · · O
HB. 62 Dispersion forces are difficult to calculate using DFT, most functionals
only take local properties, i.e., densities and density gradients into account. The
dispersion force stems from an interaction between non-overlapping electron
distributions, and density functionals are unable to describe these interactions
accurately enough. 63
Different functionals have been developed to account for these dispersion
forces, but use different approaches. The M05-2X functional, frequently used in
this thesis, incorporates a larger amount of nonlocal Hartree-Fock exchange energy, hence the 2X. Since most part of the exchange-correlation energy originates
from exchange interactions, it is able to describe medium long interactions. 64
Another approach is adding an empirical correction for dispersion interactions to the functional. An example is the Grimme’s DFT-D2 method. 65 It has the
following expression:
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In this equation C6 is the dispersion coefficient for an atom pair i j, given by
the formula:
q
ij
j
C6 = Ci6 C6
(2.16)
The C6 values are based on DFT calculations of the atomic ionization potentials
and static dipole polarizabilities and are tabulated. 65 The term fdamp (Ri j ) is a
damping term and is introduced to avoid near-singularities for small R values and
the term s6 is a functional dependent scaling factor. Grimme’s DFT-D2 method
has been used in the B97-D functional, another functional frequently used in this
thesis. The B97 functional is an exchange GGA type functional. The EDFT−D is
calculated using:
EDFT−D = EDFT + Edisp

(2.17)

The successor of the DFT-D2 dispersion correction is the DFT-D3 dispersion
correction. 66 This correction consists of a two-body and three-body term. The
three-body term however is very small compared to the two-body term. The
inclusion of this term deteriorates the results for the systems studied in this
thesis and is therefore ignored, due to reasons beyond the scope of this thesis.
The two-body term is given by
E(2) =

X

X
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This formula is very similar to the DFT-D2 formula; however, there are some
fundamental differences. The largest difference involves the dispersion coeffiij
cient Cn . Where the C6 values are empirically derived in DFT-D2, here the Cn are
computed ab initio, are computed for each atom pair and are dependent on the
geometry (coordination numbers)
  of the atoms involved. Moreover, C6 values
are no longer scaled. As the R1n dependence indicates, the higher order coefficients are more short ranged, and are used to match the potential to the chosen
functional. Higher-order multipole terms (n > 8) were found to make the method
unstable, and the method is thus truncated at n = 8.
Basis sets
A basis set is a set of functions used to describe a molecular orbital (MO) as
a linear combination of basis functions. To exactly describe a MO, an infinite
number of functions would be needed, which is of course not feasible. Therefore,
35

2 Methods
a basis set is always an approximation. To describe a MO, two different types
of functions are used, Slater Type Orbitals (STO’s) and Gaussian Type Orbitals
(GTO’s). Although STO’s have better properties than GTO’s, they require much
more CPU time. In practice, a linear combination of GTO’s is used to resemble
STO’s.
In this thesis, peptides are studied which only constitute of C, N, O and H
atoms. The minimum basis set only employs enough functions to contain the
electrons of the neutral atom, thus 1s, 2s and a set of 2p (2px , 2py and 2pz )
functions for C, N and O and only a 1s function for H. Doubling the amount
of functions yields a Double Zeta (DZ) basis set, and allows for an anisotropic
electron distribution, e.g., to make a difference between a diffuse π-bond a more
compact σ-bond in HCN. This means that for C, N and O four s-functions (1s,
1s’, 2s, 2s’) are employed and two sets of p-functions. In the same manner, a
Triple Zeta (TZ) basis set can be constructed, with six s-functions and three sets of
p-functions for C, N and O. In practice, only the valence orbitals are doubled or
tripled, since only these orbitals participate in chemical bonding, and such basis
sets are referred to as split valence basis sets.
Consider again the HCN molecule. DZ and TZ basis sets are used to discriminate between the diffuse π-bond between C and N, and the more compact σ-bond
between H and C. The electron distribution in the π-bond is also not anisotropic
as well, along the bond it is different than perpendicular to the bond. To account
for this effect polarization functions can be added, which means that p-functions
are added to s-orbitals and d-functions to p-orbitals. Lastly, diffuse functions can
be added to the basis set. These are Gaussian functions with smaller exponent,
that decay slowly with distance from the nucleus. These functions are useful for
describing anions or hydrogen bonding.
Another important aspect for basis sets is contraction. Core electrons contribute significantly to the energy, but are of little influence to the chemical properties.
A great deal of computational time is "wasted" if the core orbitals are optimized in
every calculation. Therefore, the inner-core orbitals are a fixed linear combination
of a number of primitive Gaussian-type orbitals (PGTO)
χ(CGTO) =

k
X

ai χi (PGTO)

(2.19)

i=1

where CGTO stands for contracted Gaussian-type orbital.
As an example, the 6-311+G(d,p) basis set, frequently employed in this thesis,
will be explained. This is a basis set designed by Pople. The "G" stands for
Gaussian, the basis set is built up from Gaussians. The "6" means that the core
orbital is a contraction (a linear combination) of six Gaussian functions. The core
orbital is thus represented by a single, contracted GTO (CGTO). The valence
orbitals are represented by three GTO’s, from which one is a contraction of three
PGTO ("311"), thus this is a Triple Zeta basis set. Similary, a 6-31G basis set is
a Double Zeta basis set. The "+" indicates polarization functions. A single plus
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indicates diffuse functions on heavy atoms and "++" indicates diffuse functions
on both the heavy atoms and the hydrogen atoms. The "(d,p)" stands for the
addition of polarization. This means adding p-functions to hydrogen atoms (sorbitals) and d-functions to p-orbitals.
Besides Pople style basis sets, other groups have developed similar basis sets.
Those basis sets are very similar to the Pople style basis sets, however, they differ
in the contraction schemes. It should be noted however, that the performance
among different TZ or DZ functionals is comparable. The most important factor
is the number of functions employed by the basis sets. 49
A popular family of basis sets is the correlation consistent basis set family.
The correlation consistent stems from recovering the correlation energy of the
valence electrons. These can be recognized as cc-pVNZ (N=D,T,Q,... Double,
Triple, Quadruple,...), where the cc-p stands for correlation consistent polarized.
In this family of basis sets, each level of basis sets is a systematic improvement of
the previous member. For instance, the double zeta correlation consistent basis
set (cc-pVDZ) is (3s2p1d). 1 (contracted) s-function for the core 1s orbital. Two sfunctions and two sets of p-functions for the valence orbital (double zeta) and one
d-function for the polarization. The next member of the family is cc-pVTZ, which
has the form (4s3p2d1f). Here two d-functions and one f-functions are added as
polarization function. Similarly, the cc-pVQZ has the form (5s4p3d2f1g).

DFT in this thesis
DFT calculations in this thesis are used to optimize structures obtained from the
molecular dynamics simulated annealing approach, and hereafter calculate the
vibrational Eigen modes associated with this optimized structure.
For the geometry optimization, the gradient of the energy with respect to a
nuclear coordinate and the second-order gradient is used to find a minimum of
the potential energy surface (PES) is sought. The minimum of the PES is sought
in an iterative manner, and considered converged (minimum on PES found)
when the maximum and the root mean square of the force on the atoms and
displacement of the atoms reach a certain threshold value.
When a minimum of the PES is found, a frequency calculation is performed.
This calculation is performed within the harmonic approximation. A molecule
containing N atoms has 3N − 6 vibrational normal modes. The "6" stems from
three translational and three rotational degrees of freedom. It is assumed that
close to the minimum of the PES, the potential is quadratic:
V=

1 2
kx
2

(2.20)

where x is the displacement from the minimum and k is the force constant.
For a polyatomic molecule, the potential can be written as a Taylor expansion
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(2.21)

i, j=1

Here V0 is a constant, the second term is 0 (the geometry is optimized and
therefore the atoms are in the bottom of a potential well) and the important term
is the third, in which the force constant can be recognized:
!
∂2 V
(2.22)
k=
∂xi ∂x j xi =x j =0
These terms make up a 3N × 3N matrix, which is named the generalized force
constant matrix. By transforming the coordinates into mass weighted coordin√
ates (qi = xi mi ) and diagonalizing the matrix, 3N eigenvalues are found, with
the unit force constant divided by mass. Of these eigenvalues, 6 are equal to 0
(corresponding to three translational and three rotational modes). The remaining
3N − 6 eigenvalues correspond to the vibrational frequencies of the system.

2.3.4

Born-Oppenheimer Molecular Dynamics

In chapter 5 and 6, an alternative computational methodology is used, which combines molecular dynamics with density functional theory, Born-Oppenheimer
Molecular Dynamics (BOMD). This method is used to calculate the spectroscopic
signature of peptides in the far-IR region. The static DFT method, employing
the harmonic approximation discussed in section 2.3.3, often fails to calculate
the vibrations in this region. This is due to the nature of the vibrations found in
this region; typically, they are delocalized and have a very anharmonic character.
It is expected however, that this region contains a wealth of information about
the 3-dimensional structure of peptides and including this region for structural
assingment could be very beneficial. The technique is very similar to "regular"
molecular dynamics discussed in section 2.3.2, however, in BOMD the forces are
calculated from the energy obtained from DFT calculations, instead of classical
mechanics in MD. Since the harmonic approximation is not needed employing
BOMD, it is expected that this technique is better suited for the simulation of the
far-IR spectrum of peptides.
For the BOMD simulations, the package CP2K is used. Here, a Gaussian Plane
Wave (GPW) method is used to calculate the energy of the system. For a full
description of this method, the reader is referred to a paper by VandeVondele. 67
The basic idea of this approach is two different representations of the electron
density. For regions with a quickly varying electron density, the electron density
is represented by atom based Gaussians, just like in conventional DFT. For the
smoothly varying electron density regions, the electron density is represented by
an auxiliary set of plane waves.
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BOMD is used to calculate the far-IR spectrum of peptides. BOMD has a
number of advantages over the static calculations performed with DFT, and is
visualized in Figure 2.9:
• Temperature can be taken into account. This means that thermal broadening
of the absorption bands of the vibrational modes can be described.
• Conformational dynamics can be taken into account. If the barrier separating the two conformations in Figure 2.9 is less than the energy of the
system, the barrier can be crossed, and both conformations are sampled in
the BOMD simulation. This is not possible in DFT, where only a minimumenergy structure is sought.
• Harmonic approximations are not necessary anymore. In conventional harmonic DFT calculations, the minimum of the PES is sought, and the shape
of the PES is approximated as a parabola (shown in red in Figure 2.9.In
BOMD, the PES is effectively explored "on the fly" at a given temperature
(or internal energy). The PES is thus not restricted to the minima (used in
harmonic calculations) but rather to all points accessible at the given energy. Many calculations are needed, i.e. evaluations of the energy and forces
acting on the nuclei, thus the need for "a cheap" enough DFT functional.
BOMD is thus usually performed using GGA functionals (like BLYP) that
are computationally less expensive than hybrid (like B3LYP) and metaGGA (like M05-2X) functionals. In this thesis, the BLYP functional is used
for the dynamics.
Since the experiments in this thesis are performed in a molecular beam environment, and thus at very low temperatures, the first two points are not of
great importance here. However, in for instance IRMPD experiments, which are
conducted at room temperature, the inclusion of temperature and conformational dynamics can be of great importance. At these temperatures, the floppy
biomolecules are not in a single low-energy conformation, but rather in a collection of conformations with strong conformational dynamics. Using BOMD, these
dynamics are taken into account when calculating the IR spectrum.
The fact that the harmonic approximation is not necessary anymore is very
beneficial. Far-IR vibrations have a high anharmonic character, which cannot
be corrected for by a simple scaling factor, commonly applied in the mid-IR.
To calculate the far-IR spectrum, a BOMD simulation is performed in an NVE
ensemble. In such a system, the number of particles (N), volume (V) and total
energy (E) is constant. The natural motions or vibrations present in the molecule
in the gas phase will also occur in the BOMD simulation. Using linear response
theory, the IR spectrum is calculated by the Fourier transform of the dipole
moment-time correlation function:
Z ∞
2πβω2
dt hM(t) · M(0)i exp(iωt)
(2.23)
α(ω) =
3n(ω)cV −∞
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Figure 2.9: Schematic representation of the difference between static DFT calculations and dynamical BOMD simulations. For the static DFT calculations, the minimum of the potential energy
surface (PES) is sought in an iterative manner, represented by the green dots. Hereafter, the shape
of the PES is approximated with the harmonic approximation (the red parabola). For BOMD, many
calculations are performed to effectively construct the PES, and the harmonic approximation is not
needed anymore.

Here, β = kb1T , ω is the frequency, n(ω) the refractive index, V the volume
of the system and M is the total dipole moment of the system. Equation (2.23)
provides a complete IR spectrum of the molecular system, including band positions, shapes and intensities, without applying any approximation(s) or models.
Equation (2.23) can be interpreted as determining at which frequencies the total
dipole moment of the system oscillates, since at these frequencies, the molecule
will be infrared active.
The IR spectrum is thus calculated using the total dipole moment of the
system, which is determined by the nuclear coordinates and their motions, and
by the associated electronic cloud that instantaneously adapts to the nuclear
positions at each time step of the motion. The motion of the atoms is determined
by the potential energy surface, and hence the quality of the IR spectrum is
directly related to the quality of the PES. Another advantage of this approach
is that anharmonic effects are automatically included in the PES, and thus the
harmonic approximation used in conventional DFT is not needed anymore. No
such approximation has been applied in order to derive equation (2.23).
Besides calculating IR spectra, it is also important to know what kind of modes
contribute to the absorption bands. To get insight in this, a similar approach to
calculating the IR spectrum is utilized. Here, instead of using the total dipole
moment of the system, the intramolecular coordinate-time correlation function
is used.
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Z

∞

Activity(ω) =

dt hIC(t) · IC(0)i exp(iωt)

(2.24)

−∞

Here, IC stands for intramolecular coordinate and can for instance be a bond
length, e.g. the C=O bond length to study the C=O vibration, a (dihedral) angle
or even large scale motions, e.g. the distance of two atoms far apart to look at
backbone "breathing" vibrations. It should be noted however, that this equation
also gives non-IR active modes, since change in dipole moment is not being taken
into account.
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Abstract
The gas-phase conformational preferences of the model dipeptides
Z-Glu-OH and Z-Arg-OH have been studied in the low-temperature
environment of a supersonic jet. IR-UV ion-dip spectra obtained using the free-electron laser FELIX provide conformation-specific IR
spectra, which in combination with density functional theory (DFT)
allow us to determine the conformational structures of the peptides.
Molecular dynamics modeling using simulated annealing generates
a variety of low-energy structures, for which geometry optimization
and frequency calculations are then performed using the B3LYP functional with the 6-311+G(d,p) basis set. By comparing experimental
and theoretical IR spectra, three conformations for Z-Glu-OH and
two for Z-Arg-OH have been identified. For three of the five structures, the dispersion forces provide an important contribution to the
stabilization, emphasizing the importance of these forces in small peptides. Therefore, dispersion-corrected DFT functionals (M05-2X and
B97-D) have also been employed in our theoretical analysis. Secondorder Møller−Plesset perturbation theory (MP2) has been used as
benchmark for the relative energies of the different conformational
structures. Finally, we address the ongoing debate on the gas-phase
structure of arginine by elucidating whether isolated arginine is canonical, tautomeric, or zwitterionic.
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3.1

Introduction

Proteins are at the heart of the biochemical factory of an organism’s cells, performing numerous tasks including the catalysis of biochemical reactions, transport of
oxygen, transmitting nerve impulses, and acting as biomolecular motors. The
operating mechanisms of proteins are not only determined by the sequence of
amino acid (AA) residues from which they are constructed, but also by the threedimensional structure, i.e., the conformation or folding structure, that is adopted
by the protein. The structure of a protein is to a large extent determined by its
backbone intramolecular hydrogen bonds (HB’s), but also HB, electrostatic, and
van der Waals interactions between the backbone, the amino acid side chains,
and the environment are of influence. 1;68
For a detailed understanding of these intramolecular interactions, the structural conformations of small benchmark peptides have been spectroscopically
studied under isolated conditions, focusing mainly on neutral amino acids, 69–71
dipeptides, 69;72;73 and tripeptides. 69;74 To specifically mimic the behavior of the
peptide bonds and to avoid interactions with the basic and acidic termini of
the peptide, capped peptides with an acetyl group on the N-terminus and an
amide or methylamide group on the C-terminus are often studied. 75–80 Secondary structural motifs such as helices, 75;81;82 β-turns, 77 and γ-turns 83;84 have been
unambiguously identified in the gas phase based on their IR spectral signatures.
Larger systems with four, 85;86 five, 87;88 and even systems up to 15 amino acids 89
have been studied as well, although the structural assignment becomes more
challenging with increasing peptide size due to spectral congestion. Moreover,
many studies on complexes of AA’s with solvent molecules, 69;90–92 in a protonated 81;90;93 or deprotonated form, 93 or AA complexes with metal cations 90;94;95
have been performed to understand the structure to function relation in peptides
and proteins.
Gas-phase infrared (IR) spectroscopy in combination with quantum-chemical
calculations has proven to be a very powerful tool to study the conformations
of cold isolated biomolecules. These gas-phase measurements enable us to study
the intrinsic properties of biomolecules in the absence of external perturbations,
e.g., solvent molecules. Moreover, complexes of solvent molecules and metal ions
with AA’s can be made selectively, to study the effect on the conformations and
interactions of AA’s. 91;92;96 The IR frequencies of the amide C=O stretch (Amide
I) and NH bend (Amide II) modes undergo a diagnostic shift upon hydrogen
bonding and thus provide a direct view on the hydrogen bond network. Together
with the rest of the fingerprint region (900−1400 cm−1 ) these modes typically
reveal much of the peptide’s secondary structure.
In this paper, we focus on the influence of some of the most acidic and the
most basic AA’s, glutamic acid (Glu) and arginine (Arg), on the peptide’s conformational structure. 1 The protonation/deprotonation chemistry of these two
AA’s in their neutral form has been the subject of numerous publications. The
most stable gas-phase structure of neutral Arg has been the subject of a long de45
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bate. It has been suggested that a zwitterionic form of Arg may be the preferred
gas-phase structure, in which the C-terminus is deprotonated and the guanidine
side chain is protonated (Figure 3.1d). For the non-zwitterionic form of Arg, two
different tautomers can exist (Figure 3.1b,c), of which the relative stabilities differ
by only ∼1−2 kcal/mol. 97–101 Upon the basis of the observation of carbonyl stretch
vibrations in cavity ring-down spectroscopy experiments, Chapo et al. determined neutral gas-phase Arg to possess a non-zwitterionic structure, 102 although a
detailed structural assignment of gas-phase Arg describing the different possible
conformations has not been reported to date. Protonated and metal ion cationized
Arg have been structurally characterized using ion spectroscopy. 90;94
For glutamic acid, various theoretical and experimental studies on its proton affinity 103 and gas-phase acidity have been reported; however, experimental
studies addressing the conformational preferences of gas-phase Glu are largely
lacking. 104–106
Here, a conformational study is performed on two N-capped amino acids,
Z-Glu-OH and Z-Arg-OH (Z = benzyloxycarbonyl, see Figure 3.1). The Z-cap is
incorporated as a UV-chromophore, enabling us to perform conformation-specific
IR-UV spectroscopy. The IR absorption spectra of three conformers of Z-GluOH and two conformers of Z-Arg-OH are recorded in the mid-infrared range

Figure 3.1: Chemical structures of (a) Z-Glu-OH, (b) canonical Z-Arg-OH, (c) tautomerized
structure Z-Arg-OH, and (d) zwitterionic ZArg-OH.
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(900 − 1850 cm−1 ). By comparing these experimental spectra with theoretical
spectra of low-energy conformations, we identify the most abundant gas-phase
conformation. Various levels of theory have been used to elucidate the influence
of dispersion forces in these peptides.

3.2

Experimental section

3.2.1

Experimental Methods

Z-Glu-OH and Z-Arg-OH were obtained from Bachem and Fluka, respectively,
and were used without further purification. The setup used for the experiments is
described in more detail in chapter 2. For all experiments, the sample was mixed
with graphite powder and applied onto a solid graphite bar. Laser desorption
was used to bring the sample in the gas phase. A pulsed IR laser with a pulse
energy of about 1.5 mJ and wavelength of 1064 nm was used to desorb the sample
molecules from the graphite substrate as intact neutral molecules. The gas-phase
sample molecules are taken along in the supersonic molecular beam, produced
by a pulsed valve with a backing pressure of 3 bar of argon. The temperature of
the molecules is estimated to be on the order of 10−20 K. 38
The molecular beam is skimmed, and the sample molecules enter a differentially pumped reflector time-of-flight (TOF) mass spectrometer. Here, the molecules interact with a UV beam produced by a pulsed Nd: YAG laser coupled
to a frequency doubled dye laser (laser dye: coumarin 153). The UV laser is
operated at 10 Hz and typical pulse energies are on the order of 1−2 mJ. The
sample molecules are two-photon ionized via (1+1) REMPI scheme. 44 Different
conformations possess a slightly different electronically excited state energy, and
thus appear as different peaks in the UV excitation spectrum.
For the IR-UV double resonance spectra, the IR and UV beams were spatially
overlapped, but the IR pulse preceded the UV pulse by ∼200 ns. The IR radiation
is produced by the Free Electron Laser for Infrared eXperiments (FELIX). 29 The
frequency of the UV probe pulse is fixed on a transition found in the REMPI
experiment to select the conformation of interest, producing a constant ion signal.
Whenever the IR hole-burn laser excites a transition that shares the same ground
state as the probe laser (and thus is the same conformation), a dip in the ion signal
is observed since the ground state is depleted by the IR laser. An IR absorption
spectrum of a single conformer can thus be constructed by taking the logarithm
of the ion signal without the IR pulse divided by the ion signal with IR pulse. To
correct for longterm UV power drifts and changing source conditions, alternating
IR-on and IR-off signals are measured by operating the IR laser at 5 Hz and the
UV laser at 10 Hz.
To probe the number of conformations present in the experiment, IR-UV
hole-burn (HB) spectroscopy is employed. For this technique the IR laser is fixed
on a vibrational transition of a specific conformer, while the UV laser is tuned
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in frequency. In this way, peaks in the REMPI spectrum belonging to the same
conformation are removed, while peaks originating from another conformation
are not affected.

3.2.2

Theoretical Methods

Both Z-Glu-OH and Z-Arg-OH are very flexible molecules with many degrees of
freedom. As a consequence, the potential energy surface (PES) is very complex
with numerous local minima. An elaborate conformational search was performed
to probe the PES and find the local/global minima that corresponded to the structures observed in the experiment. Structural assignment is based on comparison
between theory and experiment. Briefly, the computational strategy used consisted of input structures for higher level calculations being generated by force
field calculations. Since the structures are ultimately optimized using DFT, the
lack of flexible molecular charge in the force field was assumed to have minor
influence on the final results.
The conformational search was performed by applying the simulated annealing (SA) approach using the GROMACS4 package 107 and the amber99sb
force field. 50 The maximum temperature used in the simulations was 1300 K,
and the simulation lengths were 20 ns with time steps of 2 fs. The temperature
was lowered exponentially to 5 K in 20 ps. The structures at 5 K were stored.
1000 structures were generated, from which about 50 structures were selected,
based on their relative energy and on chemical intuition, to be optimized at
the B3LYP/6-31G(d,p) level of theory using the Gaussian09 program package. 108
About 25 "promising" structures were reoptimized at the B3LYP/6-311+G(d,p)
level of theory, and their harmonic vibrational frequencies were computed at the
same level. To correct for anharmonicity, a scaling factor of 0.9845 was used. The
theoretical spectra were convoluted with a Gaussian line shape function with
a full-width-at-half-maximum of 1% of the center frequency to approximately
match the observed experimental line width. Additional low-temperature SA
simulations were performed on promising structures that showed good agreement with experiment in the Amide I and Amide II region, but poor agreement in
the fingerprint region, so that small conformational changes are induced, while
keeping the hydrogen bond network unchanged.
Neutral Glu, neutral Arg, Arg with proton transfer from N to Nnh (see Figure
3.1), as well as the Z-cap are not present in the amber99sb forcefield, and thus
had to be implemented manually. The parametrization was done by first building the specific residue in Chemcraft, 109 with an alanine residue on both the Nand the C-terminus to simulate a peptide environment. The atomic charges were
determined by the AM1-BCC charge method implemented in AmberTools. Parameters for new bond lengths, bond angles, dihedrals and impropers were copied
from existing analogues in the Amber99sb force field. The new parameters were
derived in a manner consistent with how the rest of the force field was originally
derived. 110
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Although B3LYP is frequently used for geometry optimizations and frequency
calculations of biomolecules, a known deficiency is that dispersion forces are not
taken into account. 49 In addition, computing zero point energies remains problematic. 111 Therefore, structure optimizations and frequency calculations are also
performed with the DFT-D functionals M05-2X and B97-D, which make use of
an empirical correction for the dispersion energy. 112 Furthermore, structure optimization is also performed with the second order Møller−Plesset perturbation
theory (MP2), which is assumed to give the most accurate energy because of the
inclusion of electron correlation. 84;113 These additional calculations all employ
the 6-311+G(d,p) basis set. For the DFT methods, not only the electronic energies
are determined, but in addition the zero point energy ZPE-corrected energies and
Gibbs free energies at 300 K are evaluated.

3.3
3.3.1

Results
Z-Glu-OH

Experimental Results: UV and IR spectroscopy
The top trace of Figure 3.2 shows the UV excitation spectrum of Z-Glu-OH recorded in the UV region from 37500 to 37800 cm−1 . Numerous sharp transitions
are observed over a range of 250 cm−1 . The number of conformations present in
the gas phase is usually determined by UV-UV hole-burn spectroscopy (HBS).
However, due to low depletion signals, this technique could not be applied for
Z-Glu-OH. Therefore, IR-UV ion-dip spectra were recorded for five different UV
wavelengths corresponding to the main peaks in the REMPI spectrum. Whenever
the IR-UV spectra were identical, one can assume that they originate from the
same conformation. Three distinct IR absorption spectra were found, indicating
that at least three conformations (A, B and C) coexist under our experimental
conditions. To check for additional conformations, the IR-UV hole-burning technique was used. Here, the IR laser was fixed on a peak in an IR absorption
spectrum of one of the conformers, where the other conformers showed no or
little absorption. By scanning the UV laser, peaks in the REMPI spectrum originating from the same conformation are depleted. The IR laser was fixed on 1164
cm−1 for conformation A, for conformation B on 1530 cm−1 , and for conformation
C on 1016 cm−1 , as indicated in Figure 3.3. These hole-burn spectra are presented
in the three lower traces of Figure 3.2. Overlapping IR absorptions and the finite
spectral width of the IR laser caused a minor depletion of other conformers besides the selected conformer. However, by comparing intensities and the fraction
of the signal depleted, all of the peaks found in the REMPI spectrum could be
assigned to one of the three conformations.
The three conformations identified have their vibrationless S1 ← S0 transition
at 37583.5 cm−1 (conformer A), 37628.5 cm−1 (conformer B), and 37718 cm−1
(conformer C). They show a vibrational progression, conformation A and B even
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Figure 3.2: REMPI spectrum of Z-Glu-OH (top trace) and IR-UV HB spectra for three conformations of Z-Glu-OH.

to up to 125 cm−1 above the fundamental S1 ← S0 transition. Hot bands are found
on the red side of the fundamental transition of conformation A, from which a
vibrational temperature of 15 K was estimated for the molecules.
Figure 3.3 presents the IR absorption spectra of the three conformations of
Z-Glu-OH in the region between 900 cm−1 and 1850 cm−1 . The IR absorption
spectra are recorded for conformers A, B and C with the ionization laser parked
on the peaks at 37583.5 cm−1 , 37628.5 cm−1 and 37718 cm−1 , respectively. In all
three spectra, the peaks between 1700 and 1800 cm−1 can be assigned to the C=O
stretching modes, with the carboxylic acid C=O stretch vibrations at about 1780
cm−1 and the Amide I C=O stretch vibration around 1740 cm−1 . The red-shift of
the amide C=O stretch vibration compared to the carboxylic stretch vibration is
due to the resonance structure of the peptide bond, see Figure 3.4. The C-N bond
is partly double bonded and the C=O bond is partly single bonded, effectively
decreasing the C=O bond strength and thus inducing a red-shift of the stretch
vibration. Additionally, in the measured wavelength region, the Amide II (NH
bend- and C−N stretch vibration) band can be recognized between 1500 and 1520
cm−1 , and many other conformationally diagnostic modes are observed in the
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Figure 3.3: IR-UV ion-dip spectra of three Z-Glu-OH conformations (black), and the theoretical
spectra of the assigned structures (red). The vertical lines indicate the IR frequencies used for
IR-UV HBS experiments. UV wavelengths used are 37583.5 cm−1 for conformation A, 37628.5
cm−1 for conformation B and 37718 cm−1 for conformation C. Conformation A is assigned to G5,
conformation B to G1, and conformation C to G2.

fingerprint region (900 − 1400 cm−1 ).
On the basis of the frequencies of the C=O stretch vibrations of the side chain,
the C-terminus and the amide C=O, we conclude that there is no strong hydrogen
bonds involving any of these C=O moieties in each of the three conformations.
Such HB’s would cause a noticeable red shift of up to 50 cm−1 , 114 which is not
observed. However, conformation B shows a split C=O stretch peak with the
two components separated by 16 cm−1 at about 1780 cm−1 . This relatively small
splitting indicates a slightly different HB environment for the two carboxylic
acid groups. The splitting is possibly due to hydrogen bonding of the hydroxyl
group of one of the carboxylic acid moieties, shifting the C=O stretch vibration
slightly to the red as a consequence of the so-called "neighboring effect" upon
hydrogen bonding. 114 In addition, the NH bend vibration in conformer B is
shifted to the blue by 20 cm−1 with respect to the amide NH bending modes in
conformations A and C, indicating that the NH group is involved in an HB. 115 As
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will be shown in the conformational assignment, the NH group in conformation
B indeed interacts stronger compared to the NH groups in conformation A and
C. In conformation B, the NH group weakly interacts with the C=O group of
the side chain, which is not the case in conformation A and C. In addition to the
Amide I and Amide II region, the fingerprint region from 900 to 1400 cm−1 shows
a wealth of resolved peaks, which can further aid in the structural assignment. In
this region, mostly vibrations involving the phenyl ring and the CH2 rocking and
wagging modes are expected. These vibrations are often strongly coupled to each
other. Other vibrational modes found in this region are COH bend vibrations and
single-bond CO, CN, and CC stretching modes.

Figure 3.4: Resonance structure of a peptide bond. Due to this resonance, the C=O bond has a
partial single-bond character and the C-N bond a partial double-bond character.

Calculations
Z-Glu-OH possesses multiple hydrogen bond donor and acceptor sites, so that it
can adopt various hydrogen bonding conformations. Hydrogen bond acceptors
include the side chain carboxylic acid C=O, the terminal carboxylic acid C=O and
the phenyl ring of the Z-cap. The amide NH, side chain carboxylic acid OH and
the terminal carboxylic acid OH group act as hydrogen bond donors. Figure 3.5
presents the 12 most stable structures of Z-Glu-OH. Similar structures (rotamers)
have been excluded. These structures are identical, only different by a rotation
around a single bond, and do not result in different intramolecular interactions.
Since these structures are almost isoenergetic, and have very similar IR responses,
only one is included for the conformational assignment. The intramolecular interactions of each of the structures are listed in Table 3.1, and the atom labels can
be found in Figure 3.1.
The computed relative energies for the different conformers using the different
theoretical methods are listed in Table 3.1. Some striking differences between the
energies of the various structures at the different levels of theory are noticed. For
the pure DFT method (B3LYP), structures with strong intramolecular hydrogen
bonds (between amide or carboxylic acid C=O groups and carboxylic acid OH or
amide NH groups) are lowest in energy. As expected, structures with no hydrogen
bonds are higher in energy. In addition, OH/π interactions between the side
chain carboxylic acid OH group and the phenyl group can provide substantial
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Figure 3.5: Lowest-energy structures of Z-Glu-OH. Relative energies at the MP2-level are given
in parentheses in kcal/mol.

stabilization, i.e., of the same order of magnitude as a normal hydrogen bond, as
was shown by Sasaki et al., 62 Vondráŝek et al. 116 and Kumar et al. 117 However,
it is well-known that DFT does not take dispersion forces into account, which
contribute to the OH/π interaction stabilization energy. Therefore, structures with
such interactions (G1, G2, and G3 of Figure 3.5) become further stabilized when
dispersion corrected DFT-D methods (M05-2X and B97-D) are used instead of
B3LYP. Hydrogen bond interactions are treated equally in DFT and DFT-D.
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struc
G1
G2
G3
G4
G5
G6
G7
G8
G9
G10
G11
G12

MP2
Eelec
0.00
1.08
1.19
1.37
1.82
3.71
5.22
5.39
5.90
6.27
7.66
9.54

Eelec
1.30
2.16
2.53
0.46
0.99
1.43
4.79
3.77
0.00
0.73
5.98
4.80

Calculated energies in kcal/mol
B3LYP
B97-D
ZPE
∆G
Eelec ZPE ∆G
1.57
0.53
0.00 0.00 0.00
2.41
1.26
1.59 1.44 1.34
2.45
2.11
0.60 0.87 1.39
0.63 -0.30 1.56 1.53 0.74
1.21
0.11
2.68 2.56 1.64
1.65
0.07
3.34 3.25 1.60
5.16
3.62
5.96 5.60 4.52
3.40
4.05
4.09 4.40 3.79
0.00
0.00
2.96 2.87 1.75
0.79
0.16
3.32 3.01 1.48
5.66
6.91
5.90 6.24 5.71
4.26
6.31
5.61 5.98 5.92
Eelec
0.00
1.70
1.46
0.83
2.23
3.49
5.27
4.49
2.20
3.58
6.18
6.53

M05-2X
ZPE
0.00
1.84
1.89
1.07
2.49
3.60
5.32
5.15
2.43
3.58
6.88
7.20
∆G
0.00
1.94
1.84
0.39
1.87
1.91
5.92
4.73
2.77
3.69
6.63
5.82

Ham − Osc + Hterm − Nam
Ham − Oterm + Hterm − Osc
Ham − Osc + Hterm − Oam
Hsc − Oterm
Hsc − Oterm + Hterm − Oam

Hydrogen bonds
Ham − Oterm
Ham − Oterm
Ham − Osc + Hterm − Nam
Ham − Oterm
Ham − Oterm
Ham − Osc

Interactions

CH2

X/π
OHsc
OHsc
OHsc
CH2
CH2

Table 3.1: Relative electronic energies (Eelec), ZPE-corrected energies (ZPE) and Gibbs free energies at 300 K (∆G) for the lowest-energy structures
of Z-Glu-OH. All calculations employed the 6-311+G(d,p) basis set.Intramolecular interactions for optimized structures of Z-Arg-OH. For atom
labels, see Figure 3.1.
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3.3 Results
Structures with strong HB’s between C=O groups and OH or NH groups,
but without XH/π interactions, are very stable using DFT; however, their relative
energies increase significantly when MP2 is used, see e.g., structures G9 and G10.
The lowest-energy structure (G1) according to the B97-D and M05-2X methods
agrees with that based on the MP2 energy calculations. However, these DFTD methods also seem to overestimate the stabilization energy due to hydrogen
bonding, as is observed for structures G4, G9, G10, G11, and G12. Although B3LYP
is a good method to perform structure optimization, correct energy values are a
known problem for DFT calculations. 111
As observed in the IR spectra of Figure 3.3, the frequencies of the C=O stretch
and NH bend vibration indicate that there are no strong intramolecular interactions involving one of the C=O groups. Although interactions between the
π-cloud of the aromatic ring and OH-group of the carboxylic acid moiety may
introduce small shifts in the C=O stretch position, 118 structures exhibiting strong
interactions with one of the C=O groups can be excluded from the structural
assignment. Such strong interactions are observed in structures G3, G8, G9, G10,
G11 and G12.
Conformation B shows a splitting between the two carboxylic acid C=O
stretch vibrations, indicating a different hydrogen bonding environment for the
side chain and terminal COOH groups. In Figure 3.6a, the experimental IR spectrum of conformation B in the C=O stretch region is compared with calculated
spectra for structures G1 and G6, which both show a splitting between the two
carboxylic acid C=O stretch vibrations. The frequencies of the carboxylic C=O
stretch vibrations match better for structure G1 than for structure G6. On the
other hand, the amide C=O stretch matches better with structure G6. Comparing the energies of the two structures (Table 3.1), one notices that although both
structures are almost isoenergetic at the B3LYP level of theory, structure G1 is
much lower in energy when dispersion forces are included (B97-D, M05-2X and
MP2). We therefore assign conformation B to structure G1.
The frequencies of the amide NH bend and C=O stretch vibrations of conformation A, conformation C, and structures G2, G4, G5, and G7 are listed in
Table 3.2. From an experimental-versus-theoretical comparison of these three frequencies, conformation A can be assigned to structure G5. The largest deviation
between theory and experiment for the NH bend and C=O stretch vibrations is
only 1.6 cm−1 . Moreover, the remainder of the fingerprint region also shows a
good match between theory and experiment, as can be seen in the top trace in
Figure 3.3. While the computed frequencies for G4 are close, Figure 3.6b shows
that structure G5 provides a better match to the experimental frequencies. However, structures G4 and G5 are very similar (see Figure 3.5), differing only in the
orientation of the carboxylic acid group of the side chain. It is possible that the
two conformations are simultaneously excited, despite the conformation selectivity of the IR-UV ion-dip method. This may occur when the electronic S1 ← S0
transitions of two conformations are very close. 119 The small shoulder on the blue
side of the Amide II peak near 1500 cm−1 and the shoulder on the red side of the
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Figure 3.6: (a) Experimental IR spectrum of conformation B (black) and computed spectra for
structures G1 (red) and G6 (blue) in the C=O stretch range. (b) Experimental IR spectrum of
conformation A (black) and computed spectra of G4 (blue) and G5 (red). (c) Experimental IR
spectrum of conformation C (black) and computed spectra for structures G2 (red) and G7 (blue) in
the fingerprint region.

peak at 1221 cm−1 indeed suggest the coexistence of both G4 and G5 structures
in the gas phase. Moreover, both structures have comparable energies with G5
only 1 kcal/mol higher. We suspect that both conformations are present in the gas
phase, and that the observed spectrum of conformer A originates from G5 with
possibly a small contribution of G4.
The vibrational frequencies presented in Table 3.2 also assist in the structural
assignment of conformation C. The red-shifted amide C=O stretch vibration of
structure G4 excludes this structure as the assignment for conformer C. However,
based on the NH bend and C=O stretch frequencies of the remaining structures
G2 and G7, it is not clear to which structure conformation C should be assigned;
the spectrum toward longer wavelengths in the fingerprint region provides fur56
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Table 3.2: Experimentally Observed and Calculated Frequencies in the Amide Region of Several
Conformations of Z-Glu-OH. Frequencies are given in cm−1 .

CONF A
CONF C
G2
G4
G5
G7

NH bend
1503.7
1509.2
1504
1514.1
1505
1516.6

C=O stretch
amide carb. acid
1735.3
1776.9
1745.9
1783.6
1743.8
1778
1736.7
1777.8
1734
1778.5
1743.1
1780.5

ther clues for the structural assignment of this conformer. In Figure 3.6c, the
spectrum of conformation C in the 1000 − 1400 cm−1 range is compared with
the calculated spectra of structures G2 and G7. The overall agreement is clearly
better for structure G2. In addition, the calculated energy of structure G2 is about
4 kcal/mol lower compared with that of structure G7 at the MP2 and DFT-D levels
of theory. Hence, we assign conformation C to structure G2.

3.3.2

Z-Arg-OH

Experimental Results: REMPI
The mass spectrum of Z-Arg-OH obtained upon UV irradiation at 37574 cm−1
is shown in the inset of Figure 3.7. The peak at m/z = 308 corresponds to the
Z-Arg-OH parent ion. In addition to this peak, a major fragment is observed
at m/z = 264, which suggests either loss of a CO2 group from the C-terminal
carboxylic acid group or a or a CH(NH)(NH2 ) group from the Arg side chain.
An exact mass determination on the m/z 264 fragment produced by collision
induced dissociation (CID) of protonated Z-Arg-OH in a high-resolution FTICR
mass spectrometer suggests that the fragment originates from loss of CO2 .
A REMPI spectrum recorded on the TOF mass channel of the parent m/z 308
ion as well as on the m/z 264 fragment ion of Z-Arg-OH is shown in Figure 3.7.
Unlike the REMPI spectrum of Z-Glu-OH (Figure 3.2), the UV excitation spectrum
of mass 308 is not as well resolved. Instead, a broad spectrum is observed with
some sharp resonances superimposed on it. This broad spectrum may result from
incomplete cooling of the low energy vibrational modes. The combination of a
sharp transition in the REMPI spectrum of m/z 264 and an intense hot band
confirms this incomplete cooling. However, the broadening may also be due to a
short lifetime of the electronically excited state.
Similar to Z-Glu-OH, the number of distinct conformations present is determined by recording IR absorption spectra with the UV laser tuned to each of the
dominant REMPI peaks as well as to a few wavelengths in the broad part of
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Figure 3.7: REMPI spectrum of Z-Arg-OH probing mass 264 (top trace) and mass 308 (bottom
trace) in solid. Dotted lines indicate IR-UV HBS spectra, where the red line is preceded by IR
irradiation at 1143 cm−1 . The inset shows the time-of-flight mass spectrum of Z-Arg-OH at 37574
cm−1 .

the UV excitation spectrum. Such IR-UV ion-dip spectra were recorded for both
the 308 and 264 mass channels. From this analysis, two different conformations
were identified, as shown in Figure 3.8. The IR spectrum measured with the UV
excitation laser at 37597 cm−1 for mass 308 is identical to the IR spectrum extracted from mass channel 264 at the same UV excitation wavelength, as seen in the
lower trace of Figure 3.8.
As can be seen in Figure 3.8, conformation A exhibits a weak absorption at
1143 cm−1 , while conformation B has no absorption at this frequency. We used
the IR-UV double resonance technique, where we fixed the IR laser at 1143 cm−1
and scanned the UV laser to check for additional conformations. The spectra are
shown in Figure 3.7. The peak at 37574 cm−1 imposed on the broad background
for mass 308 disappears upon IR irradiation, leaving the broad component of the
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Figure 3.8: IR-UV ion-dip spectra of two Z-Arg-OH conformations (black), and the theoretical
spectra of the assigned structures (red). The top spectrum is of mass 308, the bottom trace of mass
264. The blue line in the bottom trace is measured at mass 308 showing that they belong to a
single conformation. UV wavelengths used are 37574 cm−1 for conformation A and 37594 cm−1
for conformation B. Conformation A is assigned to AC3, and conformation B is assigned to AT3.

spectrum practically unchanged. In the spectrum extracted from mass channel
264, the IR laser also does not have a strong influence.
The IR spectra, in combination with the IR-UV IDS spectra, confirm the presence of two dominant conformations of Z-Arg-OH in the gas phase. In mass
channel 308, conformation A is found, with its fundamental S1 ← S0 transition
at 37574 cm−1 . Two small peaks, at 37601 cm−1 and 37621 cm−1 , are also associated with conformation A, and are due to vibrational progression. The broad
spectrum in mass channel 308 is attributed to conformation B. We conclude that
conformation B readily dissociates and the entire spectrum in mass channel 264
is attributed to this conformation.
Experimental Results: IR-UV Ion-Dip Spectra
IR absorption spectra are obtained from the two most abundant conformers
present in the gas phase for Z-Arg-OH via IR-UV ion-dip spectroscopy (Figure
3.8). Both conformations show an absorption band around 1770 cm−1 , which is
associated with the carboxylic acid C=O stretch vibration. Proton transfer from
the carboxylic acid C-terminus to the guanidine group has been proposed to
occur in the gas phase. 97 However, from the observation of the carboxylic acid
C=O stretch, it is clear that such a zwitterionic structure is not formed under
59

3 Conformational Study of Z-Glu-OH and Z-Arg-OH: Dispersion Interactions
versus Conventional Hydrogen Bonding
the present molecular beam conditions. Further examination of the two spectra
reveals that conformation A exhibits an absorption band around 1550 cm−1 , which
is not present in conformation B. Peaks in this spectral range are associated with
the NH bend vibration of the backbone and the guanidine side chain. A possible
explanation is tautomerization of the guanidine side chain of Arg for conformer
B, as presented in Figure 3.1c. Such tautomerization has been suggested to occur
in the gas phase. 97–99;101 Another possible explanation for the absence of this peak
in conformer B is that it has shifted to lower energies and now overlaps with the
peak at 1500 cm−1 . In the IR spectrum of conformation B, peaks are observed
around 1610 cm−1 , 1685 cm−1 , 1725 cm−1 and 1765 cm−1 . These vibrations are
associated with NH2 scissor modes, C=N stretch modes, and the C=O stretch
modes of the amide group and the C-terminus, respectively. Both the COOHand NH2 - moieties are observed, indicating that the Z-Arg-OH molecule is intact
when it is probed by the IR radiation and that dissociation likely occurs only
upon UV excitation.
Conformational search
A conformational search was performed for Z-Arg-OH in its canonical, tautomeric, and zwitterionic structure, see Figure 3.1. Similar to Z-Glu-OH, Z-Arg-OH
has multiple hydrogen bond donor and acceptor sites. Due to the flexibility of
the Arg side chain, hydrogen bonds can be formed easily. Therefore, low-energy
structures tend to have more hydrogen bond interactions compared to Z-Glu-OH.
The PES of Arg is known to exhibit many local minima at relatively low energies
resulting in a complicated and relatively shallow PES, 99 which makes the conformational search more difficult; it is not impossible that low-energy structures
are missed. The most stable structures found for Z-Arg-OH are presented in Figure 3.9, where AC, AT, and AZ refer to the canonical, tautomeric, and zwitterionic
forms of Arg, respectively.
The intramolecular interactions are listed in Table 3.3, as well as the electronic
energies, ZPE-corrected energies, and Gibbs free energies at 300 K. Z-Arg-OH
shows the same general trends as Z-Glu-OH in the sense that the lowest energy
structures at the MP2 level are all stabilized by dispersion forces, emphasizing
the importance of XH/π interactions. The effect of the neglect of dispersion forces
by the B3LYP functional becomes evident when structures are reoptimized using
MP2 or one of the DFT-D functionals. The distance between the phenyl group
and a nearby hydrogen bond donor decreases substantially, and the structure
changes noticeably. This is even the case for CH/π interactions, e.g., in structure
AC1 and AC2. If, on the other hand, no dispersion forces are present, the changes
in the structure are quite small.
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Figure 3.9: Lowest-energy structures of Z-Arg-OH, calculated at the MP2 level. Energies are
given in parentheses in kcal/mol. The AC, AT, and AZ nomenclature refers to Arg in its canonical,
tautomeric, and zwitterionic form, respectively.
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MP2
Eelec
0.00

0.44
0.93
1.44
1.91
1.93
2.20

2.28
2.94
3.40
3.72

3.80
4.76
4.81
4.93
5.30
6.68

7.20
8.44
9.24
9.69
10.88
12.05
12.98

struc
AC1

AT1
AT2
AT3
AT4
AC2
AT5

AT6
AC3
AC4
AZ1

AC5
AC6
AT7
AC7
AC8
AC9

AC10
AC11
AT8
AC12
AT9
AC13
AT10

6.59
8.38
6.37
9.07
9.93
8.37
11.52

8.58
6.52
4.93
6.99
7.43
7.21

3.45
7.16
6.94
3.59

6.85
4.91
0.00
5.34
5.11
2.39

Eelec
3.22

6.87
8.71
5.86
9.29
10.08
8.60
10.90

9.09
7.13
3.98
6.89
7.47
7.95

3.10
7.63
7.33
3.62

6.42
5.14
0.00
5.19
5.45
2.35

B3LYP
ZPE
4.20

6.25
7.96
4.01
8.23
9.72
7.99
9.11

8.13
6.84
3.19
4.87
6.39
8.02

2.10
6.84
7.73
3.65

5.89
5.47
0.00
3.45
5.02
2.33

7.52
8.68
10.91
11.46
10.21
10.91
15.29

7.10
7.07
7.10
7.27
7.75
6.31

4.04
4.71
4.99
3.05

4.13
3.97
0.42
4.79
4.93
2.71

7.47
8.37
9.66
11.19
10.06
10.46
14.02

7.65
7.42
6.23
6.86
7.60
6.74

2.86
4.89
5.00
3.08

3.97
3.88
0.00
3.98
4.86
1.70

6.61
7.43
7.45
10.56
9.26
9.55
12.05

9.82
8.37
5.14
6.25
7.12
7.20

1.90
5.99
5.72
3.45

6.00
4.75
0.00
3.95
5.45
0.98

Calculated energies in kcal/mol
B97-D
∆G
Eelec
ZPE
∆G
5.35
0.00
0.69
2.21

5.60
8.00
8.27
8.34
9.72
8.88
12.42

6.72
5.37
6.01
5.89
5.74
4.82

3.92
4.55
3.54
1.59

3.85
2.04
0.00
4.97
3.83
2.40

6.43
5.65
8.07
9.55
10.45
9.41
12.14

7.77
6.60
4.47
6.11
6.60
5.99

3.79
5.65
4.56
2.93

4.60
2.92
0.00
5.00
4.72
2.27

4.99
5.37
6.47
8.59
8.50
8.99
8.67

6.95
6.90
2.03
3.99
5.48
4.96

1.81
5.37
4.89
2.14

5.55
3.28
0.00
3.83
4.74
1.07

M05-2X
Eelec
ZPE
∆G
0.09
1.48
1.87

Interactions
Hydrogen bonds
Hterm − Nnh + Hnh2 − Oam
+ Ham − Oterm
Ham − N
Ham − Oterm + Ha2 − Oam
Ham − Oterm + Hterm − N
Ham − N
Ham − Oterm + H − Oam
Ham − N + Hterm − Oam +
Ha1 − Oes
Ham − N + Ha2 − Oes
H − Oterm + Ham − N
Hnh2 − Oam + Ham − Oterm
Oterm1 − Hnh2a + Oterm1 − H
+ Ham − Oterm2
Hnh2 − Oes + Ham − N
Ham − Oterm + Nnh2 − Oam
Hterm − N + Ham − Oterm
Ham − Oterm
Ham − Oterm + Nnh − Oam
Ham − Oterm + H − Oterm +
Hterm − Nnh2
Ham − Oterm + H − Oam
H − Oterm + Ham − N
Ham − Oterm
Ham − Oterm + Hnh − Oterm
Ham − Oterm + Hterm − Nnh2a
Hterm − Oam + H − Oterm

Table 3.3: As Table 3.1, but for the obtained structures of Z-Arg-OH.

CH2
CH2
CH2

Hterm
CH2

Ha1
Hnh2
Hnh2
Hnh2b

Ha1
CH2
Ha1

Ha1
Ha1

X/π
CH2
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3.3 Results
The lowest-energy structure found for the zwitterionic form is 3.72 kcal/mol
higher than the lowest-energy structure found for the canonical form. In addition,
several zwitterionic structures converged to canonical or tautomeric structures
upon optimization at the DFT level. This suggests that zwitterionic Z-Arg-OH
is not stable in the gas phase, in agreement with the fact that it has not been
observed under our experimental conditions, as shown below. The energy difference between the lowest-energy tautomeric structure and the lowest-energy
canonical structure is only 0.44 kcal/mol, so that one may expect to observe both
forms in the experiment.
Structural Assignment
The structural assignment is predominantly based on the Amide I and II range
of the spectrum above 1500 cm−1 , since the modes in this range are most sensitive to XH/π and hydrogen bond interactions. In Table 3.4 the experimental IR
frequencies of conformation A and B, as well as the computed frequencies of all
canonical structures of Z-Arg-OH are listed. For conformer A, the guanidine NH
bend vibration is located at 1540 cm−1 , making structures AC6, AC7, AC8, AC12,
and AC13 unlikely due to their strongly redshifted NH bend vibration. Structures
AC1, AC2, and AC10 can be excluded based on the frequency of the amide C=O
stretch vibration. In these structures, the amide C=O group is involved in a strong
HB, causing its frequency to shift substantially to the red, which is not observed
in the experimental spectrum of conformer A. Structure AC4 is excluded because
its NH2 scissor vibration is shifted to the blue by about 25 cm−1 . The red-shift of
the carboxylic acid C=O stretch vibration excludes structures AC9 and AC11.
Two structures then remain as possible candidates for conformation A, being
structures AC3 and AC5. Based only on the frequencies of the vibrations above
1500 cm−1 , it is not possible to distinguish between structures AC3 and AC5.
Additionally, the fingerprint region does not allow us either to assign either
AC3 or AC5 to conformation A. Therefore, the energetics of the two structures
are examined. The electronic energy of structure AC3 at the MP2 level is lower
than that of structure AC5, although only by 0.86 kcal/mol. However, the Gibbs
free energy at 300 K at the DFT-D levels of theory clearly favors structure AC3
as the assignment for conformer A. It should be noted, however, that structure
AC3 is quite high in relative energy, (about 5−7 kcal/mol at the DFT or DFT-D
levels and 2.94 kcal/mol at the MP2 level. Assigning the experimental spectrum
of conformation A to any of the tautomeric structure is very unlikely, since none
of those structures have absorption bands at both 1540 cm−1 and 1499 cm−1 , see
Table 3.5.
In the IR spectrum of conformer B, the vibration around 1540 cm−1 due to
the guanidine NH bending mode is clearly missing. If conformation B possesses
the canonical Z-Arg-OH structure, the frequency of this guanidine NH-bending
mode is apparently strongly red-shifted to at least near 1500 cm−1 . The only
structures having this vibration near 1500 cm−1 are AC6, AC7, AC8, AC12, and
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Table 3.4: Experimentally observed and calculated frequencies in the Amide region for several
conformations Z-Arg-OH. Frequencies are given in cm−1 .

CONF A
CONF B
AC1
AC2
AC3
AC4
AC5
AC6
AC7
AC8
AC9
AC10
AC11
AC12
AC13

C=O stretch
carb. acid amide
1779
1738
1764
1727
1778
1706
1778
1716
1773
1739
1780
1729
1786
1743
1779
1714
1781
1740
1782
1725
1744
1733
1775
1709
1762
1734
1777
1734
1780
1685

C=N
1685
1683
1651
1676
1688
1669
1690
1682
1682
1686
1688
1673
1682
1682
1674

NH2 scissor
1608
1609
1602
1605
1607
1632
1606
1630
1599
1596
1609
1605
1613
1601
1604

NH bend
side chain amide
1540
1499
1499
1542
1515
1545
1526
1541
1505
1451
1521
1544
1492
1443
1520
1506
1516
1497
1520
1541
1515
1556
1516
1542
1509
1516
1501
1508
1517

AC13. However, these structures exhibit frequencies for the other modes in the
diagnostic spectral range above 1500 cm−1 , in particular, the C-terminal C=O
stretch, which deviate strongly from the experimental values for conformation
B. It is therefore concluded that conformation B does not match with any of the
canonical structures, and conformation B is likely to be assigned to one of the
tautomerized structures.
In Table 3.5, the experimental frequencies in the diagnostic Amide I and II
frequency range above 1500 cm−1 are compared to computed frequencies for
tautomerized structures ATx (Figure 3.1c). The tautomerized structures possess
two NH2 moieties exhibiting two NH2 scissor vibrations with closely spaced
vibrational frequencies. However, only one band is observed in the experimental
spectrum, as the spacing between the NH2 modes is not large enough to be
resolved with FELIX.
Based on only the frequencies listed in Table 3.5, all structures except AT1 and
AT3 can be excluded as possible structures since they have at least one frequency
deviating strongly from the experimental value in the region above 1500 cm−1 .
Although AT1 lies 1.00 kcal/mol lower in energy than AT3, the experimental
frequencies in the 1500 − 1900 cm−1 region match better with the calculated
frequencies for AT3. To confirm our tentative assignment of structure AT3, the
fingerprint region of the spectrum is investigated in Figure 3.10, in which the
experimental IR spectrum is compared to the computed spectra for structures
AT1 and AT3 in the 1000 − 1600 cm−1 range. It is clear that the computed spectrum
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Table 3.5: Experimentally Observed Frequencies for Conformer B of Z-Arg-OH Compared to
Calculated Frequencies for Several Conformations in the Amide Region. Frequencies are given in
cm−1 .

C=O stretch
NH2 scissor
carb. acid amide C=N
1
2
NH bend
CONF B
1764
1727
1683 1609
1499
AT1
1771
1733
1693 1629 1616
1506
AT2
1777
1732
1698 1637 1602
1524
AT3
1774
1725
1692 1624 1617
1506
AT4
1794
1733
1708 1617 1608
1549
AT5
1789
1687
1707 1637 1627
1607
AT6
1794
1746
1709 1630 1622
1600
AT8
1775
1738
1711 1619 1605
1514
AT9
1757
1738
1723 1631 1608
1518
AT10
1787
1748
1711 1618 1605
1523
AT7 was excluded because it was zwitterionic upon optimization
with B3LYP. MP2 optimization resulted in tautomeric structure.

for AT3 agrees well with the experimental spectrum, particularly for the strong
doublet band near 1500 cm−1 , the set of closely spaced weak bands between 1300
and 1450 cm−1 , and the sharp feature near 1200 cm−1 . The predicted frequency
for the doublet feature between 1000 and 1100 cm−1 appears to be off by about
20 cm−1 . The computed spectrum for AT1 matches not nearly as well with the
experimental frequencies, and hence conformation B is assigned to structure AT3.

3.4
3.4.1

Discussion
Observed structures

On the basis of the relative stabilities in Table 3.1, it is not surprising that structures G1 and G2 are observed for Z-Glu-OH, i.e., they have the lowest energies.
However, one may wonder why structure G3 is not observed, while the higherenergy structures G4 and G5 are experimentally observed. Perhaps its relatively
high Gibbs free energy (at 300 K) prevents structure G3 from being present in the
molecular beam. As was shown by Gloaguen et al., 120 Řeha et al., 121 and Shubert
et al., 122 the relative conformational abundances measured in the experiment are
related to the relative conformational abundances at the temperatures prior to
expansion cooling. During the rapid cooling in the supersonic expansion, it is assumed that the system is unable to isomerize and thus stays in the conformations
that were stable at 300 K. Another explanation can be found by comparing structures G3 and G1, which are very similar and differ only in the orientation of the
65

3 Conformational Study of Z-Glu-OH and Z-Arg-OH: Dispersion Interactions
versus Conventional Hydrogen Bonding

Figure 3.10: Experimental IR spectrum of conformation B of Z-Arg-OH (black) and computed
spectra for structures AT1 (blue) and AT3 (red) in the fingerprint region.

C-terminal COOH group. In structure G1, the C=O moiety has a C5-interaction
with the amide NH, while in structure G3 the amide NH interacts with the side
chain C=O and the C-terminal OH group interacts with the lone pair of the amide
nitrogen. If the barrier between these two structures is low, structure G3 may not
become populated because it is easily converted to G1.
For Z-Arg-OH, the structures computed to possess the lowest energy in the
gas phase were not observed, for which we can only provide speculative explanations. Possibly, there are deficiencies in the computational methods employed
to establish the energetic ordering. For instance, close examination of the MP2optimized structure AC1 reveals that there is an interaction between the −CH2 −
group of the Arg side chain and the phenyl ring of the Z-cap. The MP2 calculation
may overestimate the stabilization energy due to this dispersion force, which has
been reported previously. 123 From an experimental point of view, another possibility is that the electronically excited state of the lowest-energy structure is very
short-lived. For Trp-Gly, Shemesh et al. proposed an excited state deactivation
by an electron-driven excited-state proton transfer process, 124 where radiationless excited state decay to the ground state occurs via a conical intersection. In
Trp-Gly, a strong HB is formed between the amide oxygen and the C-terminal
OH-group. In Z-Arg-OH, structure AC2 has a similar strong HB interaction, i.e.,
a HB between the amide Oam and H . It is thus possible that the excited state
lifetime of structure AC2 is too short for detection by REMPI. Yet another possible explanation may be found in the process of expansion cooling that occurs in
the molecular beam, in which molecules may become trapped in local minima,
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resulting in a nonthermal distribution of conformers. While it is not possible to
pinpoint exactly which of the above effects gives rise to the current observations,
we note that it is not uncommon to not observe the lowest-energy conformation
in this type of molecular beam experiments. For instance, studies by the groups
of de Vries, 69 Kleinermanns, 125 and Miller 126 report similar findings for other
biomolecular systems.

3.4.2

Challenges for the fingerprint region

The experimental spectra of all conformations found for both Z-Glu-OH and
Z-Arg-OH are presented in Figure 3.11 together with the calculated spectra employing the B3LYP, B97-D and M05-2X functionals. For B3LYP, the agreement
between theory and experiment is excellent in the Amide I and Amide II regions
of the spectrum. However, in the fingerprint region (<1400 cm−1 ) some discrepancies are observed. Vibrational modes in the fingerprint region are often strongly
delocalized, more anharmonic and coupled, which make them more difficult
to calculate accurately. Surprisingly, for conformation A of Z-Glu-OH and conformation B of Z-Arg-OH, the fingerprint region of the experimental spectrum is
reproduced very well by the B3LYP functional. In these structures no dispersion
forces are present, which are neglected by the B3LYP functional. This is reflected
in the difference in geometry for MP2 optimized structures and DFT / B3LYP
optimized structures, which is much larger for structures exhibiting dispersion
forces, even for weak CH/π interactions between the phenyl ring and methyl
group of a Glu or Arg side chain. The intramolecular HB interactions however,
which are most important in determining the frequencies of the vibrations above
1500 cm−1 , are still conserved, which may explain why the amide region is generally better reproduced than the fingerprint region when the calculations are
performed with B3LYP.
The calculated energies are more accurate for B97-D than for B3LYP. The
observed frequencies on the other hand are poorly reproduced, especially those of
the C=O stretch vibrations. The M05-2X functional reproduces the experimental
frequencies in the Amide I and Amide II region reasonably well, although not as
accurately as B3LYP. For the fingerprint region, the M05-2X functional is preferred
over the B3LYP functional when XH/π interactions are present. If on the other
hand, the structure is stabilized by conventional hydrogen bonding, the B3LYP
functional outperforms M05-2X in the fingerprint region.

3.5

Conclusions

We have performed a conformational analysis of the gas phase dipeptide models
Z-Glu-OH and Z-Arg-OH. Three conformations were experimentally found for
Z-Glu-OH, two of them exhibiting a OH/π interaction between the side chain
Hterm and the phenyl ring. These structures correspond to the two lowest-energy
67

3 Conformational Study of Z-Glu-OH and Z-Arg-OH: Dispersion Interactions
versus Conventional Hydrogen Bonding

Figure 3.11: Comparison of the experimental spectra for Z-Glu-OH and Z-Arg-OH with theoretical
spectra of the assigned structures calculated with the B3LYP, B97-D and M05-2X functionals.
Scaling factors employed are 0.9845, 1.000 and 0.9587, respectively.
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conformations found. The third conformation identified in the experiment is
structure G5, which does not exhibit the OH/π interaction, but only a weak
interaction between the amide H atom and thecarbonyl oxygen atom of the Cterminus. Possibly, structure G4 is present in the molecular beam experiment as
well, and is this structure simultaneously excited with structure G5. Structure
G3, which is lower in energy than structure G5, is not observed. This is probably
due to its high Gibbs free energy at 300 K.
For Z-Arg-OH, two conformations are found experimentally: one with a canonical Arg side chain structure, and one with a tautomerized guanidine structure. Zwitterionic structures were not observed, likely on account of their high
relative energies. The assigned structures are not the lowest-energy structures
found using the simulated annealing approach. Possibly, this is due to a very
short electronically excited state lifetime, making the structure unobservable in
the REMPI spectrum. Overestimation of dispersion forces by MP2 may also
explain why the experimentally observed structures do not correspond to the
structures calculated to be lowest in energy.
Three of the five assigned structures exhibit XH/π interactions, emphasizing
the importance of these interactions in peptides. Conventional DFT ignores dispersion forces, which contribute to the stabilization energy significantly. This is
a major drawback of this frequently used and efficient computational method.
Frequency calculations in the fingerprint region have to be interpreted with care
when XH/π interactions are present. However, for the structurally very diagnostic
Amide I and II region of the spectrum, B3LYP frequency calculations are very
useful for the structural assignment of small biomolecules.
In addition, the present study provides further evidence for the deficiencies
of B3LYP-based relative energy calculations for small biomolecules when dispersion forces are important. This suggests that B3LYP energy calculations should
be handled with care in the case of tyrosine, phenylalanine, and tryptophane, as
well as when other aromatic moieties are incorporated in the biomolecular system under study. Energy calculations performed with DFT-D functionals perform
much better, since dispersion forces are included. However, HB interaction energies still appear to be overestimated. In the critically diagnostic amide region
of the spectrum, frequency calculations performed with the B3LYP functional
reproduce the experimental spectrum more closely than the DFT-D functionals
B97-D and M05-2X. However, for conformations stabilized by XH/π interactions,
the fingerprint region is better reproduced by M05-2X as compared to B3LYP.
To conclude, for the energy calculations a DFT-D functional is preferred over
the commonly used B3LYP functional. However, the B3LYP functional is found
to give the most reliable result for frequencies in the diagnostic Amide I and
Amide II region. If however, XH/π interactions can be present, it is advised to
also perform the frequency calculation also with the M05-2X functional for the
fingerprint region (900 cm−1 to 1400 cm−1 ).
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4

Gas-phase salt bridge interactions
between glutamic acid and arginine
Abstract
The gas-phase side chain−side chain (SC−SC) interaction and possible proton transfer between glutamic acid (Glu) and arginine (Arg)
residues are studied under low temperature conditions in an overall neutral peptide. Conformation specific IR spectra, obtained with
the free electron laser FELIX, in combination with density functional
theory (DFT) calculations, provide insight into the occurrence of intramolecular proton transfer and detailed information on the conformational preferences of the peptides Z-Glu-Alan -Arg-NHMe (n =
0,1,3). Low-energy structures are obtained using molecular dynamics simulations via the simulated annealing approach, resulting in
three types of SC−SC interactions, in particular two types of pairwise interactions and one bifurcated interaction. These low-energy
structures are optimized and frequency calculations are performed
using the B3LYP functional, for structural analysis, and the M05-2X
functional, for relative energies, employing the 6-311+G(d,p) basis
set. Comparison of experimental and computed spectra suggests that
only a single conformation was present for each of the three peptides.
Despite the increasing spacing between the Glu and Arg residues, the
peptides have several types of interactions in common, in particular specific SC−SC and dispersion interactions between the Arg side
chain and the phenyl ring of the Z-cap. Comparison with previous
experiments on Ac-Glu-Ala-Phe-Ala-Arg-NHMe as well as molecular dynamics simulations further suggest that the pairwise interaction
observed here is indeed energetically most favorable for short peptide
sequences.
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4.1

Introduction

Intramolecular interactions in small isolated peptides have been under extensive
study over the past decade. Electrostatic interactions and dispersion interactions,
such as hydrogen bonds and XH/π interactions (X = C, O, N) dictate the 3dimensional shape of proteins and peptides to a large extent. 1 By studying these
interactions under isolated conditions, the intrinsic folding properties of the peptide can be disentangled from the effects of the environment, 127 e.g., solvent
molecules, on the conformational structure of biomolecules. 128
Another type of interaction influencing the folding structure of a peptide is
the salt bridge interaction, a non-covalent bond between a positively and a negatively charged residue. 129 This zwitterionic interaction is extensively investigated
in complexes of peptides with metal cations, mainly using infrared multiphoton
dissociation, 130–134 but also with collision induced dissociation, 135 electron capture dissociation 136 and in theoretical studies. 137
The metal ion can either have a charge solvated (CS) interaction with the peptide, or it can form a salt bridge (SB) interaction. In the SB interaction, usually the
carboxylic acid C-terminus of the peptide is deprotonated, forming a carboxylate
group. The studies address the relation between size/charge of the cation and
the relative stability of SB and CS structures. Additionally, a gas-phase SB is observed in ArgArgH+ , where a SB is formed between the protonated side chain
(SC) of arginine and the deprotonated C-terminus of the peptide. 96 However, salt
bridges can also be formed between two oppositely charged residues within an
overall neutral peptide. 87
Here, the gas-phase salt bridge formation between two amino acid SC’s,
namely the basic arginine (Arg) and acidic glutamic acid (Glu) residue in an
overall neutral system will be investigated focusing on possible SC−SC interactions. The interaction between the charged SC’s of these amino acids is stronger
than for any other pair of amino acids. 138 However, for this type of interaction
to occur, intramolecular proton transfer is required, leading to the formation
of a zwitterion, which is not trivial under isolated conditions. Under physiological conditions, polar solvent molecules and metal ions stabilize the positive
and negative charges on the biomolecule 139;140 or facilitate intramolecular proton
transfer by acting as a solvent bridge. 141;142 Obviously, this charge stabilizing
effect is absent under isolated conditions, resembling to some extent the situation
in hydrophobic protein pockets (in the absence of water molecules). In such environments, ionized residues can be stabilized by the formation of salt bridges as
well as by ion−dipole interactions with the protein. 143;144
These salt bridge interactions are not only important for the overall structure
of the peptide; salt bridge interactions are also present in active sites of proteins.
The amino acid residues studied in this paper, Glu and Arg, can for instance
be found in the active sites of F0 F1 -ATPase, 145 Ricin 146 and the human chloride
intracellular channel (CLIC). 147 In these active sites, the amino acid residues
need to be in a specific conformation to perform their task, to recognize and
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bind co-factors. In these three systems, the SC’s of the Glu and Arg residues
interact in a different manner, i.e., electrostatic interactions are formed between
different atoms. Therefore, it is of interest to obtain a detailed understanding of
the formation of these SC−SC interactions.
Formation of gas-phase zwitterions in neutral peptides has been observed
upon binding of solvent molecules to amino acids and peptides. 139;148 For example, Blom et al. observed a transition from the canonical to the zwitterionic
form of tryptophan upon addition of five water molecules to the isolated molecule. 149 The first observation of a zwitterionic structure in a neutral peptide
without solvent molecules attached was in Ac-Glu-Ala-Phe-Ala-Arg-NHMe. 87
In this system, proton transfer occurs from the acidic carboxylic acid SC of Glu
to the basic guanidine SC of Arg. However, we showed recently that the formation of a zwitterion is not trivial, for example it does not occur in Z-Arg-OH,
see chapter 3. In this system a similar proton transfer would be possible from
the C-terminal carboxylic acid of Arg to its guanidine SC. Nevertheless, this proton transfer is not observed due to competition with electrostatic and dispersion
interactions and strain on the SC.
In the present chapter, the formation of zwitterionic structures is investigated
for Z-Glu-Alan -Arg-NHMe (n = 0,1,3, see Figure 4.1). By increasing the number
of alanine (Ala) residues between Glu and Arg, the backbone of the peptide
becomes more flexible and the zwitterionic structure may be expected to be

Figure 4.1: Chemical structure of zwitterionic Z-Glu-Alan -Arg-NHMe. Atom labels used to describe the intramolecular interactions are: the C=O group of the Z-cap is O0, the NH and the C=O
group of the ith residue is called Ni and Oi, respectively. The NH group of the methylamide is Nj,
where j equals the total number of residues +1.
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formed more easily. With Glu, one of the most acidic amino acids, and Arg, the
most basic amino acid, proton transfer is expected to occur readily. 87 The Z-cap
(Z = benzyloxycarbonyl) is incorporated as a UV-chromophore, enabling us to
perform conformation-specific IR-UV ion-dip spectroscopy.
In addition to the understanding of zwitterion formation, gas-phase IR spectroscopy provides the resolution that allows us to study the SC−SC interactions in
detail. By comparing experimental IR-UV ion-dip spectra with computed spectra
of low-energy conformations, obtained via high-level quantum chemical calculations, it is possible to distinguish between the different modes in which the
SC’s can interact. Additionally, the effect of the spacing between the Glu and Arg
residues on their SC−SC interactions will be investigated here.
IR-UV ion-dip spectra are obtained in the region between 1000 and 1800
cm−1 , which is found to be structurally informative. Of particular interest are the
C=O stretch (Amide I) and NH bend (Amide II) vibrations, which are strongly
dependent on the hydrogen bond environment. Additionally, the Amide I region
provides insights into the occurrence of proton transfer. In combination with the
fingerprint region (1000 − 1400 cm−1 ), these vibrations give detailed information
on the 3-dimensional structure of the peptide.

4.2
4.2.1

Methods
Experimental Methods

The samples Z-Glu-Arg-NHMe, Z-Glu-Ala-Arg-NHMe and Z-Glu-Ala3 -Arg-NHMe
(>95% purity) were purchased from GL Biochem Ltd. (Shanghai, China) and were
used without further purification. The samples were mixed with graphite powder
and applied on a solid graphite bar. A pulsed near-IR laser with a pulse energy
of about 1.5 mJ and a wavelength of 1064 nm was used to desorb the sample
molecules from the graphite substrate as intact neutral molecules. The gas-phase
molecules are entrained in a supersonic molecular beam of argon, produced by
a pulsed valve and a backing pressure of 3 bar. See chapter 2 for more details.
The molecular beam travels through a skimmer about 10 cm downstream to
enter a differentially pumped chamber housing a reflectron time-of-flight mass
spectrometer. Here, the molecules interact with a UV beam produced by a pulsed
Nd:YAG laser coupled to a frequency doubled dye laser (laser dye: coumarin
153). The UV laser was operated at 10 Hz with typical pulse energies of 1−2 mJ.
The molecules are 2-photon ionized via a (1 + 1) REMPI scheme. 44
IR absorption spectra are obtained by employing IR-UV ion-dip spectroscopy.
In this technique, a constant ion signal is produced with a UV laser via the (1 +
1) REMPI scheme. The IR beam is spatially overlapped with the UV beam and
precedes the UV pulse by ∼200 ns. Whenever the IR laser excites a vibrational
transition of the molecule of interest, the ground state is depleted and a dip
in the ion signal is observed. By measuring the ion yield as a function of the
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IR wavelength, an IR ion-dip spectrum is obtained for a specific conformation
selected by the UV transition. To correct for long-term UV power drifts and
changing source conditions, alternating IR-on and IR-off signals are measured
by operating the IR laser at 5 Hz and the UV laser at 10 Hz. The IR radiation is
produced by the Free Electron Laser for Infrared eXperiments (FELIX). 29

4.2.2

Theoretical Methods

Conformational searches were performed by applying the simulated annealing
(SA) approach using the GROMACS4 package 107 and the amber99sb force field. 50
The maximum temperature used in the simulations was 1300K; the simulation
lengths were 20 ns with time steps of 2 fs. The temperature was lowered exponentially to 5 K in 20 ps. The structures at 5 K were stored. About 30 low-energy
conformations found in the SA approach are optimized with the B3LYP functional 59 and the 6-31G(d,p) basis set using the Gaussian 09 program package. 108
From these structures, the 15 lowest-energy structures are selected to be optimized using the B3LYP and M05-2X 64 functionals with the 6-311+G(d,p) basis set.
For the largest system studied (Z-Glu-Ala3 -Arg-NHMe), a smaller basis set (6311G(d,p)) has been employed to save computation time. It was checked that the
omission of the diffuse functions has little impact on the calculated IR absorption
spectra.
Additional low-temperature SA simulations were performed on promising
structures that showed good agreement with the experimental IR spectrum in
the Amide I and the Amide II region, but poor agreement in the fingerprint
region (∼1000−1450 cm−1 ). By running low-temperature SA simulations, small
conformational changes are induced, while keeping the hydrogen bond network
unchanged.
The obtained conformations are optimized using DFT (B3LYP) and DFT-D
(M05-2X) functionals. Frequency calculations are performed for the optimized
structures using the B3LYP/6-311+G(d,p) level of theory. To compare predicted
and experimental spectra, calculated frequencies were scaled by 0.9845 for the
6-311+G(d,p) basis set (0.9793 for the 6-311G(d,p) basis set) and convoluted with
a Gaussian line shape with a FWHM of 15 cm−1 . The frequency calculations of
M05-2X are used to determine the zero point energies (ZPE) and the Gibbs free
energies at 300 K (∆G). It was shown that the room temperature ∆G can play
a crucial role in determining the gas-phase conformational population at low
temperatures. 120 Although B3LYP has been proven to be a suitable functional for
frequency calculations on peptide systems, its performance in predicting relative energies of the conformational structures is not as accurate. In the previous
chapter addressing the conformational preferences of Z-Glu-OH and Z-Arg-OH,
it was shown that the DFT-D functionals do find the correct energetic ordering
of the various structures, comparable with the ordering predicted by the highercorrelation method MP2. 150
Neutral Glu, neutral Arg and the Z-cap are not present in the amber99sb
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force field, and therefore had to be implemented manually. The new amino acid
residues have been implemented in a manner consistent with how the rest of
the force field was originally derived. 110 Briefly, the molecular structure was
first constructed in Chemcraft 109 with an alanine residue on both the N- and
the C-terminus to simulate a peptide environment. The atomic charges were
determined by the AM1-BCC charge method implemented in AmberTools. 151
Parameters for new bond lengths, bond angles, dihedrals and impropers were
copied from existing analogues in the Ambersb99 force field.
The potential energy surface (PES) of peptides becomes very complex with
increasing peptide size. 152 Even for the smallest system studied in this paper, ZGlu-Arg-NHMe, the PES is too complex for all local minima to be explored. Not
only does it possess three peptide bonds, the SC’s of Glu and Arg are very flexible
and contain many degrees of freedom. As a consequence, the conformational
search performed here might be incomplete. However, we are confident that
the structures assigned to the experimental spectrum are accurate, based on
the agreement between theoretical and experimental spectra, as well as on the
computed relative free energies of the assigned structures, which are found to be
the lowest in our conformational search.

4.3
4.3.1

Results
REMPI Spectra

The REMPI spectra of Z-Glu-Arg-NHMe, Z-Glu-Ala-Arg-NHMe and Z-GluAla3 -Arg-NHMe are presented in Fig. 4.2. The REMPI spectrum of Z-Glu-ArgNHMe shows a partially resolved doublet, with peaks at 37578 cm−1 and 37591
cm−1 . However, the REMPI spectrum of Z-Glu-Ala-Arg-NHMe is broad and
shows only three unresolved absorption bands (at 37567 cm−1 , 37592 cm−1 and
37613 cm−1 ), while the REMPI spectrum of Z-Glu-Ala3 -Arg-NHMe features only
one very broad and unresolved band at around 37550 cm−1 .
With increasing peptide size, the REMPI spectra become broader, which is
probably due to incomplete jet-cooling of the increasing degrees of freedom of
the molecules. As observed previously, REMPI spectra of larger and complex
systems are often unresolved, as for instance observed for rotaxanes 153 and for
various peptides. 88;125;154 Additionally, the floppiness of the arginine side chain
may reduce the lifetime of the excited state due to increased IVR rates, and
consequently result in broadened REMPI spectra of Arg containing peptides.
However, despite the unresolved REMPI spectra, the IR spectra recorded by
IR-UV double resonance show well-resolved absorption bands.
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Figure 4.2: REMPI spectra of Z-Glu-Arg-NHMe (top trace), Z-Glu-Ala-Arg-NHMe (middle
trace) and Z-Glu-Ala3 -Arg-NHMe (bottom trace).

4.3.2

Z-Glu-Arg-NHMe

Conformational search
For the conformational search on Z-Glu-Arg-NHMe, three different classes of
input structures were generated: zwitterionic structures, with the Glu and Arg
SC deprotonated and protonated, respectively, and two types of non-zwitterionic
structures. The non-zwitterionic structures differ in the tautomeric form of the
Arg SC, as shown in Fig. 4.3.
For zwitterionic Z-Glu-Arg-NHMe, three different types of SC−SC interactions are found; two different types of pairwise interactions (type A and B) and
one bifurcated interaction (type C) as shown in Fig. 4.4. In the type A interaction,
one of the O atoms of glutamate is hydrogen bonded to H of Arg and the other
O atom is hydrogen bonded to an Arg Hη atom (see Fig. 4.1 for atom labels).
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Figure 4.3: Molecular structures for the Glu and Arg side chains in their zwitterionic and nonzwitterionic states.

The type B interaction has a similar pairwise interaction; however, here the two
O atoms are hydrogen bonded to Hη1 and Hη2 of the Arg SC. In the type C
interaction, one of the O atoms has a bifurcated interaction with Hη1 and Hη2 ,
while the second O is hydrogen bonded to amide NH groups of the peptide
backbone.

Figure 4.4: Three different types of side chain-side chain interactions found in the conformational
search for zwitterionic Z-Glu-Alan -Arg-NHMe.

Z-Glu-Arg-NHMe contains three peptide bonds, so that various backbone−
backbone (BB−BB) interactions are possible. A commonly found backbone interaction is a C5 interaction involving the C=O and NH groups of Glu. Another C5
interaction is possible, between the C=O and the NH group of the Arg residue.
This interaction is encountered only once, in conformer ER_C8, forming an extended β-sheet structure with two C5 interactions. Two C7 interactions are possible,
one connecting the C=O group of the Z-cap with the amide NH group of Arg
and one connecting the amide C=O of Glu with the NH group of the C-terminal
cap. In the zwitterionic structures, only the latter C7 interaction is observed. The
only zwitterionic structure where both types of C7 interactions are present is
ER_Z16. Double C7 interactions are frequently observed in the non-zwitterionic
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structures. Generally, non-zwitterionic structures exhibit more BB−BB interactions, probably due to lower interference of the non-charged SC’s. Finally, a C10
BB−BB interaction is possible between the C=O group of the Z-cap and the NH
group of the C-terminal NHMe cap. This BB−BB interaction can be classified as a
"β-turn (type I)" according to the φ and ψ dihedral angles, although slightly distorted. The β-turn is observed in the four lowest-energy structures. An overview
of the observed BB−BB interactions is shown in Fig. 4.5.

Figure 4.5: Backbone−backbone interactions observed in the conformational search of Z-Glu-ArgNHMe.

In addition to the pure BB−BB and SC−SC interactions, also BB−SC interactions have been found in our conformational search. These BB−SC interactions
appear more frequently in zwitterionic than in canonical and tautomeric structures. The locally charged SC’s of glutamate and Arg can interact with the backbone C=O and NH groups. The non-zwitterionic structures, with neutral SC’s,
also interact with these backbone groups, although not as strongly. The lone pair
on the N atom readily forms hydrogen bonds with the backbone in the tautomeric structures, however, interactions between the lone pair and the backbone
are not observed for canonical structures. Additionally, the phenyl ring of the
Z-cap gives rise to the occurrence of dispersion interactions. As shown in the
previous chapter, these interactions are important in small biomolecules.
A total of 38 structures have been optimized and their vibrational frequencies
have been computed using the B3LYP and M05-2X functionals employed with the
6-311+G(d,p) basis set. Zero-point corrected energies, 300 K Gibbs free energies
as well as intramolecular interactions for selected structures are shown in Table
4.1. 16 out of the 38 computed structures show proton transfer. Of the remaining
22 non-zwitterionic structures, 12 feature the Arg SC in its canonical form and
10 in its tautomeric form. The structures exhibiting proton transfer are typically
lower in energy, the first non-zwitterionic structure is found at a relative energy
of 3.8 kcal/mol with respect to the lowest-energy proton transfer structure using
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the M05-2X functional. However, close examination of the lowest energy canonical structures reveals that there is a strong interaction between the carboxylic
acid OH group and the nitrogen lone pair of the Nη H group of the Arg SC. This
interaction is found for conformers ER_C1, ER_C2, ER_C3, ER_C5, ER_C6 and
ER_C7. The stability of these structures is questionable; due to the high acidity
and basicity of the Glu and Arg SC’s, respectively, it is expected that proton
transfer readily occurs when both groups are in close proximity. This is confirmed by the observation that the three lowest-energy canonical structures are
almost identical to zwitterionic ones, only differing in the position of the proton.
ER_C1 is almost identical to ER_Z1, ER_C2 to ER_Z6 and ER_C3 to ER_Z2. In all
three cases, the zwitterionic structures are lower in energy by an amount ranging
from 2.2 to 6.0 kcal/mol. ER_T1 is the lowest-energy non-zwitterionic structure
not exhibiting this interaction, and lies about 10 kcal/mol higher in energy using the M05-2X functional. The lowest-energy canonical structure without the
SC−SC interaction is 11.4 kcal/mol higher in energy than the lowest-energy zwitterionic structure. Based on the computed energies of the non-proton transferred
structures, observing these structures in the experiment is not expected.
The lowest-energy proton transfer structure, ER_Z1, exhibits an A-type interaction (see Fig. 4.4a), a backbone C10 interaction, and a NH/π interaction between
the Nη H2 group of Arg and the phenyl ring of the Z-cap (see Fig. 4.11). In addition,
a backbone NH group interacts with the glutamate SC.
IR spectrum
IR-UV double resonance spectra of Z-Glu-Arg-NHMe are recorded with the UV
laser frequency fixed on the most intense peak in the REMPI spectrum at 37591
cm−1 . The experimental IR absorption spectrum in the 1000−1850 cm−1 region
is shown as the black trace in the top panel of Fig. 4.6. Four dominant features
are observed. According to the calculations, the feature at around 1700 cm−1 in
the Amide I region consists of six vibrational modes. Three of these vibrations
originate from the three backbone C=O stretch modes. In the case of a zwitterionic
structure, the remaining modes originate from two Nη H2 scissors and an amine
N H bend vibration, while for the canonical structures the remaining three modes
are the result of a carboxylic acid C=O stretch of the Glu SC, Cζ =Nη stretch and
Nη H2 scissor modes of the Arg SC. For the non-zwitterionic tautomeric structure,
the feature in the Amide I region consists of seven vibrations; three backbone
C=O stretch modes, one carboxylic acid C=O stretch vibration of the Glu SC, two
Nη H2 scissor modes and one Cζ =Nη stretching mode of the Arg SC.
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ER_Z1
ER_Z2
ER_C1
ER_Z3
ER_Z4
ER_C2
ER_Z10
ER_Z12
ER_C3
ER_T1
ER_T2
ER_C4
ER_T3
ER_C5
ER_Z16

M05-2X
ZPE
Gibbs
0.00
0.00
3.76
3.24
3.81
2.00
4.08
4.06
4.28
0.54
6.59
4.41
7.84
5.23
9.08
8.07
9.75
6.06
9.98
7.92
11.12
8.16
11.41
9.52
12.80
10.21
12.90
9.87
20.33
18.60

B3LYP
ZPE
Gibbs
4.06
5.79
5.89
5.01
5.41
5.03
5.82
8.22
0.00
0.00
5.88
3.74
4.64
3.82
10.02
9.55
8.37
7.56
10.83
10.76
7.66
7.29
9.76
9.41
11.96
10.69
10.48
9.84
16.20
16.03
OH−NH
A

SC−SC
A
C
OH−NH
A
A
OH−NH
A
A
OH−NH
NH2 −OH
O−(H2 N)2
N2
NH2

NH2

X/π
NH2
N2
NH2
2 x NH2

Interactions
BB−BB
C10(O0−N3)
C10(O0−N3)
C10(O0−N3)
C10(O0−N3)
C5(N1−O1) + C7(O1−N3)
C7(O1−N3)
C5(N1−O1)
C10(O0−N3)
C10(O0−N3)
C5(N1−O1)
C7(O1−N3)
C5(N1−O1) + C7(O1−N3)
C10(O0−N3)
C5(N1−O1) + C7(O1−N3)
C7(O0−N2) + C7(O1−N3)

BB−SC
N1−O
N1−O + O1−H2 N
N1−O
N1−O1 + N2−O2 + O2−H2 N
N2−O + O2−H2 N
N1−O
N2−O1 + N3−O2
N2−O
N1−O
N1−O + O3−HO + N2−N
N2−N + N3−N + O0−HO
O0−HO
N1−O + N3−N + O2−HO
N2−O

Table 4.1: ZPE-corrected energies (ZPE), Gibbs free energies at 300 K (∆G) and intramolecular interactions for the optimized structures of
Z-Glu-Arg-NHMe. The employed basis set for the M05-2X and B3LYP functionals is 6-311+G(d,p). Energies are given in kcal/mol.
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Figure 4.6: IR-UV ion-dip spectra of Z-Glu-Arg-NHMe (top panel), Z-Glu-Ala-Arg-NHMe
(middle panel) and Z-Glu-Ala3 -Arg-NHMe (bottom panel) in black. The red traces are the theoretical spectra of the assigned structures. Z-Glu-Arg-NHMe is assigned to ER_Z1, Z-Glu-AlaArg-NHMe is assigned to EAR_Z1 and Z-Glu-Ala3 -Arg-NHMe is assigned to EA3R_Z1. UV
wavelength used for Z-Glu-Arg-NHMe is 37591 cm−1 , for Z-Glu-Ala-Arg-NHMe at various
wavelengths (see the text) and for Z-Glu-Ala3 -Arg-NHMe 37530 cm−1 .

The Amide I region provides a first glimpse of the occurrence of proton
transfer. A free carboxylic acid C=O stretch vibration is usually observed around
1780 cm−1 and can be red shifted by ∼30 cm−1 due to hydrogen bonding. The
absence of a strong absorption band in this region suggests that proton transfer
has occurred in Z-Glu-Arg-NHMe. However, a full conformational assignment
is needed to confirm that this proton transfer indeed has occurred. The Amide
II band, ranging from 1450 cm−1 to 1580 cm−1 , consists mainly of backbone NH
bend vibrations and CH2 scissor vibrations. The Amide III band observed around
1200 cm−1 can be mainly attributed to backbone NH bend vibrations and CH2
twisting modes. The intense band at 1050 cm−1 is due to the C−O(C) stretch
vibration in the ester group of the Z-cap. The IR absorption at around 1400
cm−1 is also diagnostically important, as here the carboxylate symmetric O−C−O
stretch vibration of the zwitterionic structures is expected. 87
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Structural Assignment
Figure 4.7 shows the experimental IR band of Z-Glu-Arg-NHMe in the Amide
I region, which clearly consists of multiple vibrational modes. This feature is
deconvoluted using six Gaussian functions, each corresponding to one of the
vibrational modes in the Amide I region, to assist in the structural assignment.
The FWHM of the Gaussian functions is set at 20 cm−1 , to match the observed
bandwidth, which is due to the IR laser bandwidth and possible insufficient
cooling, which is typical for Arg containing peptides. 87;150 The floppy SC of Arg
is not easily frozen into a single conformation, making cooling less efficient.
The conformational assignment of the experimental spectrum is supported by
comparing the fitted frequencies and intensities of the deconvoluted Gaussians
with the computed frequencies of the low energy-structures (see Table 4.2). The
sum of the six Gaussian functions is normalized, to compare the experimental
values with the computed values. The non-zwitterionic tautomeric structures are
excluded in this analysis, since careful examination of the computed spectra of the
tautomeric structures clearly shows that these structures cannot be responsible
for the observed experimental spectrum (not shown). They all show a blue shifted
carboxylic acid C=O stretch vibration, which is not observed in the experiment.
Moreover, the calculated energies for these structures are at least 9.98 kcal/mol
above those of the zwitterionic structures.

Figure 4.7: Deconvolution of the experimental Amide I feature of Z-Glu-Arg-NHMe (blue) into
six Gaussian functions (red). The sum of the six Gaussian functions is shown in black. The raw,
unsmoothed experimental spectrum is shown in the dotted, blue trace.
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Calcs
ER_Z1
ER_Z2
ER_C1
ER_Z3
ER_Z4
ER_Z5
ER_Z6
ER_Z7
ER_Z8
ER_Z9
ER_C2
ER_Z10
ER_Z11
ER_Z12
ER_C3
ER_Z13
ER_Z14
ER_Z15
ER_C4
ER_C5
ER_C6
ER_C7
ER_C8
ER_C9
ER_C10
ER_Z16
ER_C11
ER_C12

Exp

ν1
1634.4
∆ν1
7.0
-9.4
-18.6
22.1
13.2
-2.5
-23.7
11.9
0.3
0.9
-33.6
8.5
11.6
4.6
-36.8
-10.4
-19.4
-2.3
-34.9
-26.5
-19.7
-10.8
-12.2
-21.6
-22.3
3.2
-16.9
-33.8

I1
0.29
∆I1
0.07
0.18
0.19
0.00
0.05
0.00
-0.04
0.05
0.71
-0.04
-0.03
-0.06
0.05
-0.12
-0.01
0.45
0.53
0.58
0.29
0.26
-0.16
0.22
-0.03
-0.20
-0.06
0.09
0.27
-0.14

ν2
1657.3
∆ν2
15.1
9.3
-10.2
8.7
1.7
26.9
17.9
19.6
6.8
25.7
3.0
23.6
9.3
20.2
-3.9
16.3
15.4
17.6
-6.9
-3.2
-7.1
8.7
-13.6
8.6
1.5
17.7
13.5
16.7
I2
0.18
∆I2
0.12
0.00
0.59
-0.11
0.05
0.33
0.03
-0.05
0.48
-0.05
0.48
0.22
-0.04
-0.08
0.33
0.14
0.36
0.82
0.57
0.73
0.06
0.45
0.47
0.23
0.73
0.13
0.51
0.09

ν3
1675.4
∆ν3
21.2
9.9
18.5
2.3
4.8
12.6
25.4
20.7
5.2
27.7
-4.4
13.4
3.8
12.4
18.8
4.2
16.4
14.2
-8.0
-0.4
-2.8
2.1
-4.2
-4.9
-9.3
10.5
0.4
5.7
I3
0.58
∆I3
-0.19
-0.52
-0.09
0.15
0.13
-0.15
-0.32
-0.07
-0.45
-0.27
-0.29
-0.16
0.37
-0.13
0.03
-0.41
0.39
-0.44
0.08
-0.21
-0.45
-0.39
0.35
-0.33
-0.44
-0.39
-0.22
-0.10

ν4
1698.7
∆ν4
9.4
-4.2
0.8
-4.5
0.8
-2.3
3.5
2.7
-9.4
13.5
12.3
5.9
-7.3
11.5
4.7
-1.3
7.2
0.5
-12.0
-1.6
1.0
-9.6
-17.5
18.9
13.5
-2.4
-1.1
9.8
I4
0.78
∆I4
-0.06
-0.40
-0.23
-0.72
-0.74
-0.59
-0.36
-0.46
-0.41
-0.30
-0.33
-0.14
-0.70
-0.26
-0.40
-0.21
-0.59
-0.37
-0.22
0.22
-0.71
-0.55
-0.60
-0.25
-0.12
-0.45
-0.02
-0.51

ν5
1713.5
∆ν5
2.8
-16.8
0.5
-4.9
5.4
-10.6
-5.3
-5.9
-16.0
-0.3
2.2
5.4
3.5
4.3
-6.1
-15.2
3.9
-10.3
-10.8
2.0
-11.2
-9.4
14.8
29.1
21.7
0.9
2.1
2.2
I5
0.6
∆I5
-0.27
-0.13
-0.21
0.40
0.31
-0.37
-0.18
-0.25
-0.13
-0.20
0.01
0.24
0.26
-0.03
-0.23
-0.16
-0.27
-0.44
0.37
-0.08
-0.09
0.40
-0.05
-0.06
-0.09
0.26
0.14
0.22

ν6
1736.0
∆ν6
-6.4
-30.9
-17.0
21.9
-4.4
-26.7
16.9
-12.4
-21.1
0.8
5.1
-4.1
27.2
-9.9
13.4
-5.1
-3.7
-16.7
22.2
6.5
-21.9
-3.1
-4.7
14.8
46.0
-6.6
48.6
49.4
I6
0.68
∆I6
-0.06
-0.35
-0.08
0.08
-0.21
-0.36
-0.30
-0.34
-0.22
-0.36
-0.15
-0.17
-0.17
-0.48
-0.29
-0.19
0.05
-0.19
0.22
0.05
0.16
-0.21
-0.29
-0.04
0.14
0.16
-0.05
-0.15
(|∆ν|)
61.7
80.5
65.7
64.3
30.3
81.6
92.7
73.1
58.7
68.9
60.7
61.0
62.6
62.9
83.6
52.4
66.0
61.6
94.8
40.3
63.5
43.7
67.1
97.8
114.3
41.4
82.6
117.7

P

(|∆I|)
0.77
1.59
1.39
1.47
1.48
1.80
1.23
1.22
2.39
1.21
1.29
0.98
1.60
1.10
1.29
1.55
2.19
2.84
1.75
1.55
1.63
2.21
1.79
1.11
1.58
1.48
1.21
1.22

P

Table 4.2: Frequencies and intensities of the six deconvoluted Gaussians in the Amide I region in the experimental spectrum of Z-Glu-Arg-NHMe
compared to the computed bands for the optimized structures.

4.3 Results
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The computed spectra of five selected structures are shown in Fig. 4.8. The
selection is based on deviations between the computed frequency and intensity
of the selected structures with the frequencies and intensities of the Gaussian
functions obtained by the deconvolution of the Amide I absorption band (Table
4.2). Based on these values, as well as the energetics, ER_Z1 is suggested to
provide the best match. Also in the lower frequency region of the spectrum, the
agreement between theory and experiment is satisfactory. The main bands are
nicely reproduced, although the Amide II (∼1500 cm−1 ) and Amide III (∼1200
cm−1 ) bands are slightly shifted. The peak around 1400 cm−1 corresponds to
the symmetric carboxylate O−C−O stretch vibration and is in good agreement
with experiment. Examining the remaining structures in Fig. 4.8 reveals that the
computed spectra of ER_Z10, ER_Z12 and ER_C5 all deviate further from the
experimental spectrum, so that we feel it is secure to exclude them. For example,
ER_Z10 and ER_C5 exhibit a strong absorption at around 1200 cm−1 , while for
ER_Z12 the regions at around 1050 cm−1 and 1550 cm−1 are in disagreement with
experiment. We therefore assign the experimental spectrum of Z-Glu-Arg-NHMe
to the lowest energy structure ER_Z1.

Figure 4.8: IR-UV ion-dip spectrum of Z-Glu-Arg-NHMe (black trace), and theoretical spectra of
(A) ER_Z1, (B) ER_Z10, (C) ER_Z12, (D) ER_C5 and (E) ER_Z16. Theoretical traces are shown
in red.
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4.3.3

Z-Glu-Ala-Arg-NHMe

IR spectrum
The IR-UV ion-dip spectra of Z-Glu-Ala-Arg-NHMe are recorded with the UV
laser fixed at 37526.5 cm−1 , 37554 cm−1 and 37 618.5 cm−1 . All IR-UV spectra were
identical, indicating that a single conformation is present in our molecular beam.
The middle panel of Fig. 4.6 (black trace) shows the experimental spectrum of
Z-Glu-Ala-Arg-NHMe in the 1000−1850 cm−1 range. The Amide I and Amide
II bands are broad and hardly show any resolved structure. Between 1100−1400
cm−1 weaker absorptions are observed with partly resolved structure.
Conformational search
An elaborate conformational search was performed for Z-Glu-Ala-Arg-NHMe.
The resulting structures are similar to those obtained for Z-Glu-Arg-NHMe. As
proton transfer had been established in the shorter peptide Z-Glu-Arg-NHMe,
the emphasis in the conformational search was on the zwitterionic structures,
although also canonical and tautomeric structures were included. A total of
43 structures were optimized using DFT, of which 32 are zwitterionic. Of the
remaining 11 structures, the Arg SC was in its tautomeric form in 7 of them. The
lowest-energy non-zwitterionic structure is 12 kcal/mol higher than the lowestenergy zwitterionic structure.
The zwitterionic structures have been classified according to their SC−SC
interactions, as is shown in Fig. 4.4. In the conformational search of Z-Glu-AlaArg-NHMe an additional type of a bifurcated interaction is found, which will
be referred to as SC−SC interaction C*. As compared to type C, in this type C*
interaction the Glu O -atom interacts with one Nη H2 group and with the N H
group of Arg, instead of with both Nη H2 groups. The energies and intramolecular
interactions of selected structures are shown in Table 4.3.
Structural Assignment
Based on the computed ZPE-corrected energies, observing non-zwitterionic structures experimentally is not expected. Inspection of the computed spectra of these
structures (not shown) reveals that none of these structures are responsible for
the experimental spectrum. All structures either exhibit a carboxylic acid C=O
stretch vibration between 1760−1800 cm−1 or an intense absorption at 1200 cm−1 ,
which are not observed in the experiment. We therefore conclude that proton
transfer has occurred in Z-Glu-Ala-Arg-NHMe, as in Z-Glu-Arg-NHMe.
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2.13
2.85

6.79

11.96

18.03

18.30

19.72

EAR_Z1
EAR_Z2
EAR_Z3
EAR_Z4
EAR_Z5

EAR_Z6
EAR_Z7

EAR_Z18

EAR_T1

EAR_T2

EAR_C1

EAR_C2

16.17

17.31

15.54

11.01

5.86

1.96
2.82

M05-2X
ZPE
Gibbs
0.00
0.00
0.73
0.47
1.11
2.54
1.85
1.31
1.90
2.09

14.36

15.73

14.53

12.17

7.45

4.65
3.46

13.66

17.00

14.59

14.04

8.46

7.88
7.12

B3LYP
ZPE
Gibbs
2.56
5.86
3.47
6.28
4.07
7.73
2.67
5.61
5.16
8.20

O−H2 N

A

A
A

SC−SC
A
B
B
A
A

NH2

2 x NH2
2 x NH2

X/π
2 x NH2
NH2 + N
NH2
2 x NH2
2 x NH2

C7(O1−N3) + C7(O2−N4)

C5(N1−O1)

C7(O0−N2) + C7(O2−N4)

C7(O2−N4)

C5(N1−O1)

C10(O1−N4)
C7(O2−N4)

Interactions
BB−BB
C10(O0−N3)
C10(O0−N3)
C10(O0−N3) + C10(O1−N4)
C7(O2−N4)
C10(O1−N4)

BB−SC
N1−O1 + N2−O2
N1−O1 + N2−O2
O3−(H2 N + H )
N1−O1 + N2−O2
N1−O1 + N2−O1
+ N3−O1 + O4−H2 N
N3−O + O3−H2 N
N1−O1
+ N3−O2 + O3−H2 N
N2−O1 + N3−O1
+ N4−O1 + O0−H2 N
O0−(NH2 )2 + N2−H2 N
+ N3−N + O3−HO
N1−O + O1−(H2 N)1
+ O3−(H2 N)2 + N3−N
N3−Nη H + N4−Nη H
+ O1−H2 N + O2−HO
N1−O + O1−H
+ O3−HO

Table 4.3: ZPE-corrected energies (ZPE), Gibbs free energies at 300 K (∆G) and intramolecular interactions for the optimized structures of
Z-Glu-Ala-Arg-NHMe. The employed basis set for the M05-2X and B3LYP functionals is 6-311+G(d,p). Energies are given in kcal/mol.
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4.3 Results
The calculated spectrum of the lowest energy structure, EAR_Z1, is shown in
the top panel of Fig. 4.9. There is a fairly good agreement between the calculated
and the experimental spectrum, i.e., the Amide I peak is slightly blue shifted
and the peak at 1500 cm−1 corresponding to one of the Amide II vibrations is
absent. The fingerprint region, however, is reproduced fairly well. For example,
the deviation of the carboxylate symmetric O−C−O stretch at 1400 cm−1 is only 3
cm−1 . The experimental spectrum of Z-Glu-Ala-Arg-NHMe is therefore assigned
to EAR_Z1 based on both the computed energetics and on the peak positions of
most bands in the IR spectrum.

Figure 4.9: IR-UV ion-dip spectrum of Z-Glu-Ala-Arg-NHMe (black trace), and theoretical spectra
of (A) EAR_Z1 and (B) 60/40 conformational mixture of the EAR_Z1 and EAR_Z2 conformers.

As shown in the middle trace of Fig. 4.2, the REMPI spectrum of Z-Glu-AlaArg-NHMe is largely unresolved. The conformational selectivity arises when
two different conformations can be selectively ionized, i.e., when the S1 ← S0
transitions of the conformations are sufficiently separated in frequency. Conformational selectivity for Z-Glu-Ala-Arg-NHMe is therefore not guaranteed. In
addition, the temperature of the molecule can be relatively high due to insufficient
cooling, as already mentioned in the REMPI section above. At higher temperatures conformational barriers can be crossed making it possible for two or more
conformations to coexist in the gas phase, so that the observed IR spectrum may
be a combination of more conformations.
The bottom panel of Fig. 4.9 shows the computed spectrum of EAR_Z1 and
EAR_Z2 mixed in a 60/40 ratio together with the experimental spectrum. These
structures are almost identical, different in only in the orientation of the guanidinium SC of Arg. This results in different SC interactions, being type A for
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Table 4.4: Frequencies and intensities of the seven Gaussians for the fit in the Amide I region for
the experimental spectrum, and for the match structure of Z-Glu-Ala-Arg-NHMe.

Fit experimental Amide I region
ν (cm−1 )
I
1636.7
0.33
1664.1
0.34
1688.3
0.71
1688.3
0.01
1707.7
0.85
1729.7
0.41
1751.3
0.13

EAR_Z1 (assigned structure)
ν (cm−1 )
I
Assignment
1645.2
0.29
NH2 scissor (phen)
1688.3
0.57
C=O stretch Arg
1701.5
0.03 NH imine + NH2 (COO- )
1706.9
0.37
C=O stretch Glu
1714.8
0.43
C=O stretch Ala
1719.9
0.47 NH imine + NH2 (COO- )
1732.5
0.92
C=O stretch Z-cap

EAR_Z1 and type B for EAR_Z2. In the supersonic cooling process both interactions may be formed and then cool into the same overall structure with
a C10(O0−N3) interaction, a dispersion interaction and two SC−BB interaction
between the oxygen atoms of the Glu SC and the NH groups of the backbone.
For Z-Glu-Arg-NHMe, deconvoluting the Amide I region assuming six Gaussian-shaped bands supported the structural assignment. The same approach was
used for Z-Glu-Ala-Arg-NHMe, however, to fit the Amide I region to seven
Gaussians, representing seven vibrations turned out to be very difficult. The
results of the fit are listed in Table 4.4. At first glance, the agreement between
the experimental fit and the computed vibrations of the assigned structure is
poor. The deconvoluted band at 1664.1 cm−1 is absent in the EAR_Z1 computed
spectrum. Moreover, the deconvolution yields an absorption band at 1751.3 cm−1 ,
which is the result of the tail on the blue side of the experimental spectrum. The
other vibrations, however, show a good agreement. The deconvoluted band at
1688.1 cm−1 corresponds to the C=O stretch vibration of the Arg backbone. The
computed vibrations at 1706.9 cm−1 , 1714.8 cm−1 and 1719.9 cm−1 merge and are
responsible for the experimental band at 1707.7 cm−1 . Lastly, the C=O stretch
of the Z-cap at 1732.5 cm−1 is reproduced nicely at 1729.7 cm−1 , although the
computed intensity for this vibration is much higher.

4.3.4

Z-Glu-Ala-Ala-Ala-Arg-NHMe

IR spectrum
The IR absorption spectrum of Z-Glu-Ala3 -Arg-NHMe is shown in the bottom
panel of Fig. 4.6 (black trace) recorded with the UV excitation wavelength at 37530
cm−1 . The spectrum shows two intense bands, the Amide I and Amide II bands.
Both bands show little structure and consist of a large number of overlapping
transitions. The remainder of the spectrum shows a large number of weak broad
absorptions.
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4.3 Results
Conformational search & structural assignment
Because of the size of Z-Glu-Ala3 -Arg-NHMe, a smaller basis set (6-311G(d,p)) is
employed instead of 6-311+G(d,p). Although diffuse functions are considered to
be important for DFT calculations 155 and for describing hydrogen bonding, 156 the
effect of omitting diffuse functions from the basis set on the computed IR spectra
1000−1850 cm−1 regime is minimal for Z-Glu-OH, Z-Arg-OH, Z-Glu-Arg-NHMe
and Z-Glu-Ala-Arg-NHMe.
A total of 18 structures are optimized for Z-Glu-Ala3 -Arg-NHMe, of which 11
structures exhibit proton transfer, covering all three forms of SC−SC interactions,
three structures are canonical non-zwitterionic and four are tautomeric nonzwitterionic. The type C* interaction observed in Z-Glu-Ala-Arg-NHMe is not
found for Z-Glu-Ala3 -Arg-NHMe. The relative free energies and intramolecular
interactions of selected structures are tabulated in Table 4.5. The lowest nonzwitterionic structure found is 14.8 kcal/mol higher in energy than the lowest
energy structure found with proton transfer. It is thus again unlikely that structures without proton transfer are observed in the gas-phase experiments.
Examination of the theoretical spectra of the optimized non-zwitterionic structures confirms this expectation (not shown). Nearly all non-zwitterionic structures exhibit strong absorptions at around 1200 cm−1 , which are not observed in
the experiment. Moreover, the Amide II band is predicted to be stronger than
experimentally observed. The only non-zwitterionic structure lacking a strong
absorption at around 1200 cm−1 is EA3R_T2. Overall, this structure has a decent match with the experimental spectrum, except for the band at 1050 cm−1 .
However, the calculated energy of this structure is 17.7 kcal/mol higher than the
lowest-energy zwitterionic structure, which makes it unlikely that this structure
is present in the molecular beam.
Of the 11 computed zwitterionic structures, four have a paired A-type interaction, four a paired B-type and two a bifurcated C-type interaction (see Fig. 4.4).
The lowest-energy structure, at both the B3LYP and M05-2X levels, has a paired
A-type interaction and a NH/π interaction between both Nη H2 groups and the
phenyl ring of the Z-cap (EA3R_Z1). According to the M05-2X functional results, at least two additional structures exist within less than 1 kcal/mol. Structure
EA3R_Z2 has a paired B-type interaction and a NH/π interaction, while conformer EA3R_Z3 has a paired A-type interaction, but lacks a NH/π interaction.
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0.07

0.36

3.18

3.35

14.84

16.69

17.73

33.79

EA3R_Z1

EA3R_Z2

EA3R_Z3

EA3R_Z4

EA3R_Z5

EA3R_T1

EA3R_C1

EA3R_T2

EA3R_C2

28.46

14.62

15.59

13.95

3.52

2.03

0.49

0.89

M05-2X
ZPE
Gibbs
0.00
0.00

24.48

18.28

16.41

18.09

5.89

3.69

3.93

3.71

16.24

13.54

11.82

15.00

3.93

-0.75

1.15

2.32

B3LYP
ZPE
Gibbs
0.00
0.00

B

A

A

B

SC−SC
A

NH2 + N

NH2

NH2 + N

X/π
2 x NH2

C10(O0−N3) + C14(N2−O5)
+ C7(O2−N4) + C5(N5−O5)
C7(O0−N2) + C7(N3−O5)
+ C7(N4−O6)

Interactions
BB−BB
C10(O0−N3) + C7(O2−N4)
+ C5(N5−O5)
C7(O1−N3) + C10(O2−N5)
+ C10(O3−N6)
C5(N1−O1) + C7(O1−N3) )
+ C10(O1−N4 + C10(O2−N5)
+ C10(O3−N6)
C5(N1−O1) + C7(O1−N3)
+ C10(O2−N5) + C10(O3−N6)
C7(O1−N3) + C10(O2−N5)
+ C13(O2−N6)
C10(O0−N3) + C11(N2−O4)
+ C7(O2−N4)
C7(O0−N2) + C10(O1−N4)

O1−H2 N + N3−Nη H

N2−O + O0−(H2 N)1
+ O4−(H2 N)2
N1−O1 + N4−O2
+ O4− H2 N
N5−N + N6−N
+ N1−O + O5−HO
N3−O + N6−Nη H
+ O4−(H + H2 N) + O5−OH
N1−O + N6−N

BB−SC
O4−H2 N + N1âĂŞO1
+ N6âĂŞO2
N1−O1 + N4−O2
+ O4− H2 N
N2−O + O0−(H2 N)1
+ O4−(H2 N)2

Table 4.5: ZPE-corrected energies (ZPE), Gibbs free energies at 300 K (∆G) and intramolecular interactions for the optimized structures of
Z-Glu-Ala3 -Arg-NHMe. The employed basis set for the M05-2X and B3LYP functionals is 6-311G(d,p). Energies are given in kcal/mol.
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4.4 Discussion
Of the zwitterionic structures, EA3R_Z7, EA3R_Z8, EA3R_Z9, EA3R_Z10 and
EAR3_Z11 can be excluded because they predict strong absorptions at around
1200 cm−1 (not shown), which are not observed experimentally. The six remaining
structures are presented in Fig. 4.10. The lowest-energy structure, EA3R_Z1 (Fig.
4.10A), shows a reasonably good match in the Amide I and II region. The bands
in the experimental spectrum appear broader than those for the smaller systems,
which can be an indication of insufficient cooling. The computed spectrum is
convoluted with a Gaussian line shape function with a FWHM of 15 cm−1 to
reflect the actual bandwidth of the IR source FELIX better. The temperature of
small peptides is often estimated to be around 15 K, 42 and it is expected that the
temperature of Z-Glu-Ala3 -Arg-NHMe in the molecular beam is substantially
higher due to insufficient cooling. At higher temperatures, conformational dynamics can become important, meaning that conformational exclusivity can not
be guaranteed. Of the two structures within 1 kcal/mol of the global minimum, it
appears unlikely that EA3R_Z2 contributes to the experimental spectrum since
its computed spectrum contains a moderately intense absorption at 1250 cm−1
and a C=O stretch vibration at 1758 cm−1 which is experimentally not observed.
However, a minor contribution of EA3R_Z3 cannot be excluded.
EA3R_Z1 and EA3R_Z6 (Fig. 4.10) differ only in the orientation of the guanidinium SC. In EA3R_Z1 the gaunidinium group is orientated towards the phenyl
ring, forming a strong NH/π interaction, which is not the case for EA3R_Z6. This
results in very similar calculated IR spectra. However, the energetics clearly predict EA3R_Z1 to be more favorable (3.8 kcal/mol), which is due to stabilization
by the NH/π interaction.

4.4

Discussion

The assigned structures for Z-Glu-Arg-NHMe, Z-Glu-Ala-Arg-NHMe and ZGlu-Ala3 -Arg-NHMe are shown in Fig.4.11A. There are some striking similarities
between the structures. They all show a paired A-type SC−SC interaction, where
one Glu O atom is hydrogen-bonded to an Arg Hη atom and the other O atom
is hydrogen-bonded to the Arg H atom. Moreover, they all exhibit a dispersion
interaction between the guanidinium SC and the phenyl ring of the Z-cap, although the exact form of the interaction differs between the systems. While in
Z-Glu-Arg-NHMe only one NH2 group participates in the dispersion interaction,
in Z-Glu-Ala3 -Arg-NHMe both NH2 groups participate. Z-Glu-Ala-Arg-NHMe
forms an intermediate case with one of the NH2 groups having a much stronger
interaction than the other. This suggests that with increasing backbone length,
the increased flexibility of the backbone allows the molecule to find the optimal
geometry for maximizing this interaction energy.
Besides the identical SC−SC interaction, there are other interactions that are
observed in all three molecules (see Figure 4.11B). All systems show a C10 interaction between the C=O group of the Z-cap and the NH group of the third
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Figure 4.10: IR-UV ion-dip spectrum of Z-Glu-Ala-Ala-Ala-Arg-NHMe (black trace), and theoretical spectra of (A) EA3R_Z1, (B) EA3R_Z2, (C) EA3R_Z3, (D) EA3R_Z4, (E) EA3R_Z5 and
(F) EA3R_Z6. Theoretical traces are shown in red.

amino acid residue (C10(O0-N3)). Hence, the backbone folding appears not to
depend on the identity of the participating residues. The ψ- and φ-dihedral angles
(see Fig. 1.1) of the first two residues in all three molecules lie very close to the
typical values of a β-turn (type I), except for the ψ-dihedral angle of the second
residue (typical β-turn (type I) values are 0◦ versus 17◦ for Z-Glu-Arg-NHMe, 31◦
for Z-Glu-Ala-Arg-NHMe and 46◦ for Z-Glu-Ala3 -Arg-NHMe). This deviation is
probably the result of the interacting SC’s. Moreover, in Z-Glu-Ala-Arg-NHMe
there is a strong interaction between the backbone NH of Ala and one of the Glu
side chain oxygen atoms (N2-O). In Z-Glu-Ala3 -Arg-NHMe, a deviation from the
typical ψ-dihedral angle value is probably caused by the additional C7(O2-N4)
interaction. Furthermore, in all three structures, the Glu backbone NH group
interacts with one of the oxygen atoms of its SC (see Figure 4.11B).
The similarities between the molecules are also reflected in their IR spectra.
The Amide I peak is located close to 1700 cm−1 for all three molecules, with a
shoulder at 1670 cm−1 . The peak at ∼1645 cm−1 also appears in all three spectra.
In addition, the maximum of the Amide II band lies very close to 1500 cm−1 in all
three spectra, with an unresolved tail to the blue and a peak at 1455 cm−1 . Lastly,
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Figure 4.11: (A) Assigned structures for Z-Glu-Alan -Arg-NHMe (n = 0,1,3), highlighting the
SC−SC interaction and NH/π interaction. (B) Molecular structure and intramolecular interactions
for Z-Glu-Alan -Arg-NHMe (n = 0, 1, 3).

all three molecules show an absorption at 1050 cm−1 , which corresponds to the
asymmetric COC stretch vibration of the ester group.
The symmetric COO- stretch vibration is very sensitive to its surroundings 157;158 and hence received special emphasis in the structural assignment
procedure. For the assigned structures, this mode is found at 1399 cm−1 in ZGlu-Arg-NHMe, at 1403 cm−1 in Z-Glu-Ala-Arg-NHMe and at 1393 cm−1 in ZGlu-Ala3 -Arg-NHMe. The position where the modes are located are very close,
within the bandwidth of FELIX. This suggests closely related structures. For ZGlu-Arg-NHMe and Z-Glu-Ala-Arg-NHMe, this band matches excellently with
the experiment, suggesting that the assigned SC−SC interactions are indeed cor95

4 Gas-phase salt bridge interactions between glutamic acid and arginine
rect.
In the previous chapter, the ability of the B3LYP, M05-2X and B97-D functionals were tested on reproducing the mid-IR and fingerprint region of peptides.
It was concluded that the B97-D functional was unable to accurately predict the
fingerprint response of peptides. The B3LYP functional was found to be the most
accurate in the structurally diagnostic Amide I and II region, but has difficulties
predicting the fingerprint region when strong dispersion dominated interactions
such as the NH/π-interaction are present in the peptide. The M05-2X was found
to give better results in the fingerprint region in these cases. The experimental
spectra of Z-Glu-Alan -Arg-NHMe (n=0,1,3) are plotted with the calculated spectra employing the M05-2X functional in Figure 4.12. For the three peptides, the
Amide I region is not as well reproduced by this functional, in accordance with
the conclusion of the previous chapter. However, the Amide II band (∼1500 cm−1 ),
which is calculated at higher frequencies by the B3LYP functional (see Figure 4.6),
is better reproduced by the M05-2X functional. Additionally, especially for the
Z-Glu-Arg-NHMe and Z-Glu-Ala-Arg-NHMe, the M05-2X functional nicely reproduces the experimentally observed spectrum. For the Z-Glu-Ala3 -Arg-NHMe
peptide, the match in the fingerprint region is not as convincing. The experimentally observed bands in the fingerprint region are much broader than the calculated
ones, which is possibly caused by insufficient cooling. Nevertheless, the M05-2X
calculations are in agreement with our structural assignment.
The occurrence of proton transfer in a similar system, capped Glu-Lys, has
been investigated theoretically using Born-Oppenheimer Molecular Dynamics
(BOMD) by Pluhařová et al. 148 They did not observe proton transfer in this peptide
under isolated conditions. However, the addition of a single water molecule
triggered zwitterionization in this peptide. This is in contrast with the results in
this chapter, where proton transfer was already observed in isolated Z-Glu-ArgNHMe. This deviation is possibly the result of different pKa values of the Arg
and Lys SC, being 12.5 and 10.8, respectively.
Okur et al. and Sugita et al. performed molecular dynamics simulations on
peptides containing glutamate and Arg. Replica Exchange Molecular Dynamics (REMD) on Ac-Arg-Ala-Ala-Glu-NH2 159 identified the A-type interaction in
agreement with our gas-phase experiments. In contrast, REMD simulations by
Sugita et al. found a B-type interaction, 160 perhaps as a result of the much larger size of the system studied, i.e., a 7-residue spacing between Glu and Arg.
Although the B-type interaction provides more stabilization than the A-type interaction, it induces more strain in the backbone so that the overall energy of
these structures is higher for the short peptides investigated here. The energy
difference between the lowest energy A-type interaction structure and lowest
energy B-type interaction structure decreases with increasing spacing between
Glu and Arg, going from 4.37 kcal/mol in Z-Glu-Arg-NHMe to 0.73 kcal/mol
in Z-Glu-Ala-Arg-NHMe to almost isoenergetic in Z-Glu-Ala3 -Arg-NHMe. The
lowest-energy structures for each of the SC−SC interaction are tabulated in Table
4.6 for each of the three peptides.
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Figure 4.12: In black the experimental spectrum and in red the calculated spectrum employing the
M05-2X functional (basis set employed is 6-311+G(d,p)) for Z-Glu-Arg-NHMe in the top trace, ZGlu-Ala-Arg-NHMe in the middle trace and Z-Glu-Ala3 -Arg-NHMe in the bottom trace (basis set
employed is 6-311G(d,p). The scaling factor applied for the spectra is 0.9587 for Z-Glu-Arg-NHMe
and Z-Glu-Ala-Arg-NHMe and 0.9600 for Z-Glu-Ala3 -Arg-NHMe.

For Ac-Glu-Ala-Phe-Ala-Arg-NHMe, an A-type interaction was found as
well. 87 This also confirms that the SC−SC interactions of our assigned structures are indeed the one present in the experiment. However, placing the phenyl
group in the center of the peptide, in contrast to the terminal position in the
present study, yields a 310 -helical structure, whereas this study shows a mixture
of C10, C7 and C5 backbone interactions. The central position of the phenyl group
may be at the origin of this structural difference. In the former, a NH/π interaction between the Arg SC and the phenyl ring is difficult to form due to steric
restrictions, while for the latter this interaction can form without much strain.
Dean et al. have explored the conformational preferences for Z-Glyn -OH (n =
1,3,5) and Z-Gly5 -NHMe. 161 This allows us to investigate the effect of the charged
residues on the backbone conformation. It appears that the charged SC’s give rise
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Table 4.6: Lowest-energy structures found for each SC−SC interaction for Z-Glu-Alan -Arg-NHMe
(n = 0, 1, 3).

Z-Glu-Arg-NHMe
Z-Glu-Ala-Arg-NHMe
Z-Glu-Ala3 -Arg-NHMe

A
0.00 (ER_Z1)
0.00 (EAR_Z1)
0.00 (EA3R_Z1)

SC−SC interaction
B
C
4.37 (ER_Z5)
3.76 (ER_Z2)
0.73 (EAR_Z2) 4.82 (EAR_Z11)
0.07 (EA3R_Z2) 8.64 (EA3R_Z8)

to a more compact BB conformation. In addition, the NH/π interaction between
the guanidinium SC and the phenyl ring disrupts the "ring-like" structure observed for Z-Gly5 -NHMe. In principle, the same number of BB interactions is
possible for Z-Gly3 -NHMe and Z-Glu-Arg-NHMe. However, the uncapped Cterminal OH group of Z-Gly3 -NHMe has a strong interaction with the phenyl
ring, which cannot be formed in Z-Glu-Arg-NHMe. Moreover, the dispersion
interaction with the Arg SC in Z-Glu-Arg-NHMe cannot be formed in Z-Gly3 NHMe. These interactions have a large effect on the backbone arrangement, so
that comparing these structures is not useful.
Finally, the gas-phase SC−SC interactions between Glu and Arg found here
are compared with SC−SC interactions observed in the biological systems, such as
Ricin, 146 ATPase, 145 and the human chloride intracellular channel (CLIC). 147 The
interaction between Glu and Arg is different in each of these proteins, although
always forming a zwitterionic interaction. In ATPase, a bifurcated interaction is
found between one of the Glu O atoms and the Arg H and Hη atoms. This is
the type C* interaction, which is not experimentally observed for the peptides
studied here. In Ricin, the same type of interaction is found as in EA3R_Z11, with
one Glu O atom interacting with one Arg NH2 group. The SC−SC interaction
of Glu and Arg in CLIC is of A-type, hence similar to what is observed for the
peptides investigated here.
Thus, in biological systems a variety of SC−SC interactions can be found.
Many other factors, apart from the stabilization energy of the SC−SC interaction,
play a role in these systems, including the overall backbone conformation, other
amino acid residues in the proximity, water molecules and possible present metal
ions. Therefore, to mimic a specific SC−SC interaction in the computations, the
influence of the biological environment on these local interactions should be
included, which is also experimentally possible using the methods employed
here. 149;162 Such studies are planned in the near future.

4.5

Conclusions

The intramolecular charge transfer between glutamic acid and arginine in isolated, overall neutral peptides has been studied to shed light on the factors con98
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tributing to the various SC−SC interactions present in active sites of proteins.
Therefore, we have performed a conformational analysis of Z-Glu-Alan -ArgNHMe (n = 0,1,3) using IR-UV ion-dip spectroscopy. For all three molecules,
only a single conformation was identified in the gas phase. The assigned structures were the lowest-energy structures found in the conformational search and
optimized with the M05-2X functional. The three assigned structures all exhibit
proton transfer and a paired A-type interaction, a NH/π interaction between the
Arg SC and the Z-cap and a C10 interaction involving the C=O group of the
Z-cap and the NH group of the third amino acid residue.
The interactions between the SC’s are identical to those observed previously
for the capped pentapeptide EAFAR. In literature reported molecular dynamics
simulations have also shown this type of interaction for Glu-Arg peptides with
comparable amino acid spacings. Moreover, such simulations suggest a paired
B-type interaction for peptides with a larger spacer (7 residues). The increased
strain on the backbone for the here studied peptides with shorter spacers is
suggested to prevent the formation of the paired B-type interaction. Further gasphase experiments on systems with a more flexible backbone are planned to
validate this hypothesis.
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5

Structural assignment of peptides
using far-IR-UV spectroscopy in combination with Born-Oppenheimer
molecular dynamics
Abstract
For the structural assignment of experimental gas-phase spectra,
it is common to compare the experimental spectrum with theoretical
spectra of low-energy conformations. Up to now, experimental spectra in the mid-IR region (1000 − 1900 cm−1 and 2800 − 3800 cm−1 )
in combination with density functional theory (DFT) has proven to
be useful to perform this task. However, when studying larger systems, structural assignment using the mid-IR region is hampered by
spectral congestion in this region, making it difficult or impossible to
unambiguously assign an experimental spectrum to a low-energy
structure. Expanding the experimental region to the far-IR seems
promising. In this region, the spectrum is less troubled by spectral
congestion. Additionally, in this region delocalized vibrational modes
are expected which are sensitive to the secondary structure of peptides. Harmonic FT frequency calculations are however of limited
use in this region, because of the harmonic approximation, that by
construction does not include anharmonicities, mode couplings and
mode delocalization, that are needed in the far-IR domain. Therefore,
the applicability of Born-Oppenheimer Molecular Dynamics (BOMD)
to reproduce the far-IR spectrum is examined for two γ-turn peptides.
The experimental spectra are measured from 100 − 1850 cm−1 . The gasphase conformations are determined using the conventional mid-IR
region in combination with DFT calculations. Hereafter, the BOMD
spectra are calculated using the assigned structures and compared
with the experimental far-IR spectra. It was found that the experimental far-IR spectra are extremely well reproduced by the BOMD
simulations, making it a promising tool for the structural assignment
of larger peptides.
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5.1

Introduction

With increasing size, the IR absorption spectra of peptides rapidly become very
complex. To extract structural information from these spectra, comparison with
theoretical spectra is essential. The use of harmonic density functional theory
(DFT) calculations has become a common practice in the structural elucidation
of small neutral and ionized gaseous peptides. 23;89;163;164 Most studies to date
consider the hydrogen stretching (XH) vibrations in the Amide A region and/or
the 1000 − 1900 cm−1 range containing the structurally very diagnostic amide
C=O stretching and NH bending modes. Although the far-IR region (<500 cm−1 )
is often not considered in these studies, it is expected to contain a wealth of structural information, as previously recognized in condensed phase studies. 165;166
Unfortunately, static DFT-based calculations are found to have limited predictive
value in this range of the spectrum. 162 As an alternative approach to reproduce
and understand the far-IR signature of peptides, we apply Born-Oppenheimer
Molecular Dynamics (BOMD). 167 Combining experiments and simulations, farIR spectra can provide structural information on gas-phase peptides superior to
that extracted from mid-IR and amide A features.
Including the far-IR spectrum in a structural analysis has several advantages. Mid-IR vibrations, such as the NH stretch, C=O stretch and NH bend
vibrations are well localized modes containing information about the local electrostatic environment. In sharp contrast, soft vibrations in the far-IR range are
typically delocalized over large parts of the peptide and are hence expected to
be highly sensitive to secondary structure motifs. 165 Moreover, the IR spectra of
larger peptides often suffer from increasing spectral congestion in the mid-IR
region, 164;168;169 even in the environment of a supersonic molecular beam expansion, 89;161;170;171 to an extent where only families of structures can be identified
rather than a single conformation. In such cases, the far-IR spectrum often shows
a wealth of well resolved absorption bands, 162;172;173 so that including this experimental information could aid in a detailed structural assignment if reliable
theoretical predictions can be made.
Especially for larger peptides, DFT spectra are usually computed within the
harmonic approximation, ignoring the intrinsic anharmonic character of the vibrations. In the mid-IR region, an empirical uniform scaling factor is usually
applied to correct for this deficiency 174;175 . Nonuniform scaling factors are used
in some studies as well. 176 However, this approach does not work well in the
far-IR region because the intrinsic anharmonic mode couplings are difficult to
approximate by scaling factor(s) only. BOMD simulations provide anharmonic
vibrational spectra directly, as reviewed earlier, 167 and are employed here as
theoretical support for our far-IR experiments.
In BOMD, the nuclei are treated classically, while the electrons are treated
quantum-mechanically using the DFT approach. The forces on the nuclei are derived from the Kohn-Sham energy, and propagation in time is achieved by solving
Newton’s equations of motion. 67 Hereafter, the vibrational spectrum is computed
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by Fourier transforming the dipole time-correlation functions, calculated along
the trajectory. 167;177 This approach has proven useful for the prediction of roomtemperature IR spectra of Ala2 H+ , Ala3 H+ , 178 Ala7 H+ , 179 the glycine radical 180
and α- and β-glucose and sucrose. 181 The same methodology can also be applied
to liquids and interfaces. 167;182;183
The performance of BOMD in calculating spectra in the far-IR region is tested
here for two γ-turn capped dipeptides, Ac-Phe-Gly-NH2 (FG) and Ac-Phe-AlaNH2 (FA), see the structural formula in Figure 5.1. Exploiting the free-electron
laser FELIX, 29 IR absorption spectra have been recorded over a unique and wide
spectral range from 1850 down to 100 cm−1 using IR ion-dip spectroscopy (IR-IDS)
in a seeded molecular beam expansion. 70;162;173 The gas-phase conformations for
the two peptides are first determined using the mid-IR region in combination
with DFT calculations. The identified structures were then used as input for the
BOMD simulations.

Figure 5.1: Experimental IR absorption spectra of Ac-Phe-Xxx-NH2 (Xxx=Ala (FA) in black and
Gly (FG) in red) in the 100 − 1850 cm−1 region. In addition, the chemical structure of the dipeptides
is presented.
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5.2
5.2.1

Methods
Experimental Methods

Ac-Phe-Gly-NH2 and Ac-Phe-Ala-NH2 were purchased from Genecust (Dudelange, Luxembourg) and used without further purification. The samples were
mixed with graphite powder and applied on a solid graphite bar. A pulsed nearIR laser with a pulse energy of about 1.5 mJ and a wavelength of 1064 nm was
used to desorb the sample molecules from the graphite substrate as intact neutral molecules. The gas-phase molecules are entrained in a supersonic molecular
beam of argon, produced by a pulsed valve and a backing pressure of 3 bar.
The molecular beam travels through a skimmer about 10 cm downstream to
enter a differentially pumped chamber housing a reflectron time-of-flight mass
spectrometer. IR absorption spectra are obtained by employing IR-UV ion-dip
spectroscopy, as already explained in chapters 3 and 4. For the absorption spectra
in the far-IR region, both the FEL1 beam line as well as the FEL2 beam line are
employed (see section 2.1.5). Recording IR spectra in the far-IR region is more
challenging than recording mid-IR region for several reasons. The absorption
cross sections are usually lower for far-IR vibrational modes. Moreover, the laser
intensity of the FEL is usually much lower as well (∼0.1−0.2 mJ at 200 cm−1 / ∼2.5
mJ at 1500 cm−1 ). Another difficulty lies in the undulator of the FEL1 beamline,
which suffers from spectral dips: regions where the output drops to almost zero.
In order to deal with these flaws, the ion signal had to be as stable as possible, and
multiple scans were recorded to handle the low signal to noise ratios and spectral
dips. It is also necessary to correct the laser intensity for the photon energy when
scanning to the far-IR. A photon flux resulting in a 1 mJ pulse energy at 1000 cm−1
is equal to a photon flux resulting in a 0.1 mJ pulse energy at 100 cm−1 ,assuming
that the laser pulse profile is the same at the two photon energies.

5.2.2

Conformational Search

Conformational searches were performed as described in chapter 2 by applying
the simulated annealing (SA) approach using the GROMACS4 package 107 and the
amber99sb force field. 50 The maximum temperature used in the simulations was
1300 K; the simulation lengths were 20 ns with time steps of 2 fs. The temperature
was lowered exponentially to 5 K in 20 ps. The structures at 5 K were stored.
About 30 low-energy conformations found in the SA approach are optimized
with the B3LYP functional 59 and the 6-31G(d,p) basis set using the Gaussian09
program package. 108 From these structures, the 15 lowest-energy structures are
selected to be optimized using the B3LYP functional with the 6-311+G(d,p) basis
set, and the frequency calculations are performed on the same level of theory. To
compare predicted and experimental spectra, calculated frequencies were scaled
by 0.9845 and convoluted with a Gaussian line shape with a FWHM of 1% of the
wavelength, the experimental bandwidth of the IR source FELIX.
105

5 Structural assignment of peptides using far-IR-UV spectroscopy in
combination with Born-Oppenheimer molecular dynamics

5.2.3

Born-Oppenheimer Molecular Dynamics

BOMD simulations are performed using the CP2K v2.3 package. 184 Details of the
method can be found in chapter 2. The simulations solve Newton’s equations of
motion of the nuclei at finite temperatures. The forces acting on the nuclei are
derived using the Density Functional Theory (DFT), with the BLYP functional 185
and the Goedecker-Teter-Hutter (GTH) pseudopotentials 186 employed. The system studied here exhibits dispersion interactions, and therefore Grimme’s D3
dispersion correction 66 has been applied. A triple-ζ (TZV2P) Gaussian basis set
and a 400 Rydberg Plane-wave density cutoff value have been applied. The simulations are performed in a cubic box with sides of 20 Å. The time step in the
simulation was 0.4 fs.
The dynamics are performed at 50 K. Although the temperature in the experiment is much lower, estimated to be ∼15 K, this higher temperature is required
to "speed up" the dynamics. The first 10 ps of the simulation was an equilibration phase, with temperature control through velocity rescaling. Afterwards,
the simulation was continued for 30 ps for data collection in a microcanonical
ensemble. During the BOMD simulation, we checked that the peptides did not
deviate much from their original conformation on average by ensuring that the
hydrogen bond and NH/π-interactions remained intact. For each peptide or conformation, three separate runs were performed and the obtained IR spectra were
averaged over the three separate dynamics.
The calculation of the IR absorption spectrum relies on the Fourier Transform
of the dipole time-correlation function derived from Linear Response Theory:
Z ∞
2πβω2
dt hM(t) · M(0)i exp(iωt)
(5.1)
α(ω) =
3n(ω)cV −∞
Here, β = 1 / kb T, ω is the frequency, n(ω) the refractive index, V the volume
of the system and M is the total dipole moment (vector) of the molecule.
For the band assignment an approach based on intramolecular coordinate
(IC) time-correlation functions is used:
Z ∞
Activity(ω) =
dt hIC(t) · IC(0)i exp(iωt)
(5.2)
−∞

This approach yields all frequencies where the intramolecular coordinate is
active (whether it is IR active or not).

5.3

IR spectra

IR absorption spectra for the two γ-turn peptides are recorded from 1850 cm−1
down to 100 cm−1 , and presented in Figure 5.1. Between 1640 cm−1 and 1800
cm−1 , intense Amide I (C=O stretch) vibrations are observed. The three C=O
stretch vibrations are partly resolved. The fact that the C=O stretch vibrations
106

5.4 Conformational Search
Table 5.1: Energies and intramolecular interactions for the optimized structures of Ac-Phe-AlaNH2 (FA) with B3LYP/6-311+G(d,p) level of representation (no ZPE included in the electronic
energies).
Structure

Energy (kcal/mol)

FA1
FA2
FA3
FA4
FA5
FA6
FA7
FA8
FA9
FA10
FA11
FA12
FA13
FA14
FA15

0.00
0.25
1.14
1.30
1.63
1.80
1.95
2.15
2.47
3.39
3.53
4.58
5.05
5.11
9.60

Interactions
Hydrogen Bonds
NH/π
C5A
C7Beq
N3
C7Aeq
Cd7eq
N2
C10
N2
C7Aax
C7Beq
N2
C5A
C5B
N3
C5A
N3 + N4
C5A
C7Beq
N4
C5B
N2
C7Aeq
C7Bax
N2
C7Aeq
C5B
C10
C10
N3
C10
C7Aax
C7Bax
N4
C7Aax
C10
N3

have different frequencies indicates a different electrostatic environment for the
three C=O moieties. Additionally, a medium intense band is observed at ∼1590
cm−1 , where the NH2 scissor vibration is expected and a triplet of bands in the
Amide II region. Both spectra show well-resolved transitions, down to 135 cm−1 ,
with a full-width-at-half-maximum (FWHM) bandwidth of about 3 cm−1 in the
far-IR region, limited by the bandwidth of the IR laser.

5.4

Conformational Search

Ac-Phe-Ala-NH2 (FA)
For the structural assignment, the mid-IR region (1000 − 1800 cm−1 ) region is
employed. The experimental spectrum of FA in this region is shown in black in
Figure 5.2. An overview of the energies and intramolecular interactions of the
optimized structures for FA are presented in Table 5.1. Figure 5.3 shows the intramolecular interactions observed in the conformational search. C7eq and C7ax
refer to two different orientations of the C7 interaction; eq stands for equatorial
and ax for axial. The corresponding φ and ψ backbone dihedral angles (see Figure
1.1) are close to -80◦ and 65◦ respectively for eq and close to 85◦ and -65◦ respectively for ax. The equatorial form is much more common in naturally occurring
proteins compared to the axial form. 3
The red trace of Figure 5.2 shows the calculated spectrum of the lowest107
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Figure 5.2: Experimental IR-UV ion-dip spectra of Ac-Phe-Ala-NH2 in black in the mid-IR region.
In red the theoretical spectrum (DFT: B3LYP/6-311+G(d,p)) of the assigned structure, FA1, is
shown.

energy conformation found in the conformational search. Considering the match
between theory and experiment, the experimental spectrum is readily assigned
to the lowest-energy conformation FA1. The structure exhibits a C5 interaction
between the NH and C=O group of the Phe residue, a C7eq interaction between
the C=O group of the Ala residue and the C-terminal NH2 group. Additionally,
there is also an NH/π interaction between the NH group of the Ala residue with
the phenyl side chain of Phe. The structure is shown in the left panel of Figure
5.5. The structural assignment is in agreement with the assignment by Mons and
coworkers, using the Amide A NH stretch region. 84
Ac-Phe-Gly-NH2 (FG)
The experimental spectrum of FG in the mid-IR region is presented in the top
trace of Figure 5.4. The spectrum is very similar to the spectrum measured for FA,
indicating a similar conformation. In Table 5.2 the optimized structures found
in the conformational search for FG are presented. The calculated spectra of
the four lowest energy conformations are shown in the bottom four traces of
Figure 5.4. Obviously, the two lowest-energy structures do not match with the
experimental spectrum, thus these cannot be responsible for the observed IR
spectrum. Structures FG3 and FG4 on the other hand, both have a good agreement
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in the mid-IR region, and can both be assigned to the experimental spectrum.
Structure FG3 and FG4 are very similar, the only difference is a C7eq vs. C7ax
interaction. Indeed, FG3 is a structural analogue of the assigned structure of
of FA, having a C5 interaction, a C7eq interaction and a dispersion interaction
of the Gly NH group with the phenyl ring of the Phe side chain, as could be
anticipated from the similar mid-IR spectra. Employing the mid-IR region, it is
not possible to distinguish between these conformations. The Amide A region
probed by Mons et al. also does not provide an unambiguous assignment of the
experimental spectrum to either of the two conformations, as can be seen in Table
5.3. 187 Based on the value of the NH stretch frequency of the Phe residue, the
experimental spectrum is assigned to FG4. The assignment is not unambiguous,
the NH stretch (Phe) vibrations for both FG3 and FG4 have a large mismatch with
the experimental value. This is attributed to the underestimation of the dispersion
interaction in the B3LYP functional. Therefore, both conformations are used as
input structure for the BOMD simulations.

5.5
5.5.1

BOMD simulations
BOMD performance predicting IR response

Figure 5.6 presents the BOMD dynamical spectrum calculated for FA1 along with
the experimental IR-IDS spectrum in the far-IR 100 − 800 cm−1 region. The far-IR
vibrations are extremely well reproduced by the BOMD dynamical spectrum.

Figure 5.3: Structural formula of Ac-Phe-Ala-NH2 with the intramolecular interactions observed
in the conformational search.
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Figure 5.4: The experimental IR-UV ion-dip spectrum of Ac-Phe-Gly-NH2 is shown in the top
trace. The bottom four traces present the theoretical spectra of the lowest-energy conformations
found in the conformational search, computed using DFT: B3LYP/6-311+G(d,p).

Especially the vibrations below 500 cm−1 are in excellent agreement, with maximum deviations below 10 cm−1 , almost within the spectral resolution. Between
500 cm−1 and 800 cm−1 , the agreement is still extremely good, although with
slightly increased deviations from experiment. Even more strikingly, the dynamical far-IR spectra of FG3 and FG4 show that only the FG3 vibrations match the
experiment. The peak at 500 cm−1 is much better reproduced by FG3. Moreover,
the pattern of bands in the 100 − 375 cm−1 region is spot-on reproduced in the
BOMD spectrum of FG3. The dynamical vibrations are in excellent agreement
with experiment, with maximum deviations of 10-20 cm−1 for band-positions be110
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Figure 5.5: The assigned structure for Ac-Phe-Ala-NH2 (FA1), the assigned structure for Ac-PheGly-NH2 (FG3) and FG4. FG3 and FG4 differ in the orientation of the C7 interaction, being in the
equatorial form in FG3 and in the axial form in FG4. The C7 interactions are indicated with the
black circles.

low 800 cm−1 . The number of dynamical active bands, positions and band-shapes
match extremely well with the experiment.
Only the NH2 -wagging vibration seems to be problematic. For FA, the position
is well predicted at ∼420 cm−1 , but it is much broader in the BOMD simulated
spectrum. A possible explanation can be found in the temperature, which was
set higher in the BOMD calculation compared to the actual temperature in the
supersonic jet. At higher temperatures in the BOMD simulations, it is expected
Table 5.2: Energies and intramolecular interactions for the optimized structures of Ac-Phe-GlyNH2 (FG) with B3LYP/6-311+G(d,p) level of representation (no ZPE included in the electronic
energies).

Structure

Energy (kcal/mol)

FG1
FG2
FG3
FG4
FG5
FG6
FG7
FG8
FG9
FG10
FG11
FG12
FG13
FG14

0.00
0.14
0.23
0.25
0.38
0.73
0.88
0.95
2.01
2.41
2.57
3.02
3.14
3.97

Interactions
Hydrogen Bonds NH/π
C10
N3
C7Aeq C7Beq
N2
C5A
C7Beq
N3
C5A
C7Bax
N3
C7Aeq C7Bax
N2
C10
N2
C10
N2
C5A
C5B
N3
C7Aeq
C5A
C7Bax
C5B
C7Aax C7Bax
N4
C7Aax C7Beq
C10
N3
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Table 5.3: Experimentally observed and calculated, scaled (SF: 0.96) harmonic frequencies
(B3LYP/6-31+G(d)) in the 3 µm region for Ac-Phe-Gly-NH2 (FG), adopted from Chin et al. 187

Exp
FG3
FG4

NH2 symmetric
3381
3378
3379

Frequencies in cm−1
NH Phe NH Gly NH2 antisymmetric
3444
3449
3523
3432
3457
3527
3446
3468
3529

that the mode coupling is stronger, causing an additional broadening of the NH2
absorption band. For FG, the predicted band shape for the NH2 -wagging is not
only much broader, but in addition also redshifted by 18 cm−1 . Nonetheless,
the remainder of the peaks are in good agreement with experiment though. The
origin of this behaviour for the NH2 vibration remains unknown to date.
Moving to higher frequencies, the dynamical BOMD frequencies start to deviate from the experiment and resemble the unscaled harmonic frequencies calculated at the same BLYP level for both FA and FG. The experimental spectrum
of FA, the anharmonic BOMD spectrum of FA and the static DFT calculation employing the BLYP functional with the 6-311+G(d,p) basis set are shown in the top
panel of Figure 5.7. The dynamical NH Amide II modes are redshifted by 30-40
cm−1 from the experiment, while the C=O Amide I modes are red-shifted by ∼70
cm−1 . In addition, in Table 5.4 the experimental frequencies of FA and FG in the
Amide A region are presented, together with the dynamical BOMD and unscaled
static BLYP frequencies. Comparing unscaled static spectra and dynamical anharmonic spectra allows us to shed some light on vibrational anharmonicities.
The two methods give similar spectra in the mid-IR and high-IR ranges (using the
same BLYP representation), showing that the Amide A and Amide I-II modes are
mostly harmonic in essence. The strong redshifts from experiment for the C=O
stretches are due to the BLYP functional; it was verified that the same redshift is
found for neutral gas-phase N-methyl-acetamide (NMA) calculated at the same
BLYP level of representation, shown in the bottom trace of Figure 5.7.
The delocalized far-IR vibrations are thus much better reproduced by the
dynamical BOMD simulations than by the static calculations, however, in the
mid-IR region the two methods are comparable. We believe this is due the nature
of the vibrations. Where localized vibrations (in the mid-IR) can be very sensitive
to small local errors of the potential energy surface, the largely delocalized farIR vibrations involve large global movements over the potential energy surface
(PES) and are therefore less sensitive to small local errors on the PES. These local
deviations can be quite large for the BLYP functional, as suggested by the scaling
factor used in the mid-IR, which is larger than 1. The scaling factor not only
corrects for anharmonicity, it also corrects for structural errors of the functional.
Since the harmonic approximation, used for the static calculations, is expected to
give blue shifted frequencies (and thus a scaling factor lower than 1) hints that
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Figure 5.6: Top panel: Experimental IR-UV ion-dip spectra of Ac-Phe-Ala-NH2 in the 100 − 800
cm−1 region in black. In red the theoretical BOMD spectrum of FA1 is presented. Bottom panel:
Experimental IR-UV ion-dip spectra of Ac-Phe-Gly-NH2 in the 100 − 800 cm−1 region in black.
The red and blue traces are the theoretical BOMD spectra of FG3 and FG4 respectively. The opaque
traces of the BOMD spectra are five-fold zooms.
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Table 5.4: Experimental and calculated frequencies of Ac-Phe-Ala-NH2 and Ac-Phe-Gly-NH2 in
the Amide A region. The BLYP frequencies are unscaled. For the static BLYP calculations, the
6-311+G(d,p) basis set is employed. Adopted from Chin et al. 187

Experiment FA
BLYP FA1
BOMD FA1
Experiment FG
BLYP FG3
BOMD FG3
BLYP FG4
BOMD FG4

NH2 sym
3370
3393
3393
NH2 sym
3381
3401
3400
3401
3395

Frequencies in cm−1
NH Phe NH Ala NH2 anti-sym
3422
3445
3521
3468
3476
3557
3474
3481
3556
NH Phe NH Gly NH2 anti-sym
3444
3449
3523
3469
3492
3568
3479
3484
3561
3477
3509
3568
3482
3503
3562

there is a substantial intrinsic error in the frequency calculation with the BLYP
functional.

5.5.2

BOMD vs DFT

In Figure 5.8, the experimental spectra (a), anharmonic BOMD simulated spectra (b) and the computed harmonic spectra of the assigned structures with the
DFT functionals B97-D (c), B3LYP (d) and BLYP (e) are presented. As expected,
the harmonic BLYP functional is unable to reproduce the far-IR signature of the
peptides. The number of bands and band positions do not agree with the experimental spectrum. The harmonic B3LYP functional performs better, but also
does not provide satisfactory results. The positions and number of active bands
from the B3LYP calculations are not in agreement with experiment, especially in
the 400 − 600 cm−1 interval for FA. Additionally, in the region below 400 cm−1 ,
B3LYP does not predict all absorption bands, or the band position is displaced
to a large extend. These large deviations make the harmonic B3LYP functional
inadequate to use for structural assignment in the far-IR region, at least for the
systems investigated in the present work.
The harmonic B97-D functional performs surprisingly well in the far-IR region
for our dipeptides, despite the general consensus and the previous work by
Cirtog et al. 162 and Carcabal et al. 173 . In these papers it was found that also the
harmonic B97-D functional has significant problems predicting the delocalized
and anharmonic far-IR vibrations of peptides. However, for both FA and FG the
peak positions are nicely reproduced in the region below 400 cm−1 , although
the intensities are often underestimated. Noteworthy is again the NH2 -vibration
in FG. Both the BOMD-BLYP simulation and the harmonic B97-D calculation
predict the vibration at a lower frequency. The mid-IR region on the other hand,
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Figure 5.7: Top panel: The experimental spectrum of Ac-Phe-Ala-NH2 is presented in black, in
red the dynamical BOMD simulation and in blue the static BLYP/6-311+G(d,p) calculation. The
bottom panel presents the BOMD spectrum of N-methyl-acetamide (NMA) in the mid-IR region
in red and in blue the static BLYP/6-31++G(d,p) calculation. The black bars are experimentally
observed vibrational frequencies, taken from Kubelka et al. 188

the C=O stretch vibrations in particular, are poorly reproduced by the harmonic
B97-D functional, as observed for Z-Glu-OH and Z-Arg-OH (see Figure 3.11 in
chapter 3). The use of this functional in that region is therefore not advised.

5.5.3

Far-IR band assignment

To identify the vibrational character of the far IR bands, Fourier transforms of
intramolecular coordinate time correlation functions (TCF) are calculated over
the trajectories. For instance, the 542 cm−1 band in FA1 is assigned to an NH out
of plane bending vibration by monitoring the OPhe - CPhe - NAla - HAla dihedral
angle TCF during the trajectory, see Figure 5.9b.
One noticeable difference between the far-IR spectra of FA and FG is the
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Figure 5.8: Spectra in the left panel correspond to Ac-Phe-Ala-NH2 , in the right panel to AcPhe-Gly-NH2 . a) Experimental spectrum; b) BOMD dynamical spectrum of assigned structure;
c-e) Unscaled theoretical spectra of assigned structure using c) DFT/B97-D/6-311+G(d,p) level; d)
DFT/B3LYP/6-311+G(d,p) level; e) DFT/BLYP/6-311+G(d,p) level.

appearance of a doublet band around 210 cm−1 in the spectrum of FA, which
does not appear in FG, suggesting that it may be due to the methyl group in FA.
However, the CAla - CαAla - CβAla - Hβ dihedral TCF of FA1 reveals that methyl
rotation contributes to both normal modes at 210 cm−1 and 240 cm−1 , though
more dominant at 240 cm−1 (Figure 5.9c). This is in contrast with the B97-D
calculation, where the activity of the methyl rotation appears to be higher at 210
cm−1 . The IC’s found to have a significant contribution to the band at 210 cm−1 ,
besides the methyl rotation, are the angles an1-an5 (see Figure 5.3), exemplifying
the delocalized character of normal modes in this frequency range. Angle an5
also contributes to the bands at 240 cm−1 , 281 cm−1 and 330 cm−1 , as shown in
trace d. The activity of angle an5 in FG3 (trace e) is noticeably different from that
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Figure 5.9: Top panel: a) BOMD anharmonic IR spectrum of FA1. b-e) Fourier transforms of ICTCF. IC for b) OPhe -CPhe -NAla -HAla (opb=out-of-plane bending), c) CAla -CαAla -CβAla -Hβ dihedral,
d) angle an5 in FA1, and e) angle an5 in FG3. Bottom panel: Black is the anharmonic BOMD IR
spectrum, red are the Fourier transforms IC-TCF of OPhe -NNH2 (C7 interaction) for f) FA1, g) FG3,
and h) FG4.

of FA1, demonstrating the complex behavior of far-IR vibrations. Even minor
structural differences result in significantly different far-IR responses. Again, the
B97-D calculations show here discrepancies with BOMD simulations. The BOMD
simulations predict an5 activity for the band at 240 cm−1 , where the B97-D shows
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more activity for an5 at 210 cm−1 .
Another crucial spectroscopic signature involves the C7 interactions present
in both the FG and FA peptides, which can be monitored using the OPhe - NNH2
distance TCF (see Fig 5.9f-h). For the identified structures FA1 and FG3 (C7eq),
this interaction gives rise to a common band at 131 cm−1 . For FG4 (C7ax), this
band is shifted to 150 cm−1 . Due to the delocalized nature of these vibrations,
the C7eq interaction in FG3 also produces a band at 144 cm−1 , while the C7ax
interaction in FG4 produces an extra feature at 117 cm−1 . Again, BOMD is able to
distinguish between subtle differences in intramolecular interactions, showcasing
the strength of BOMD combined with far-IR spectroscopy.

5.6

Conclusions

Theoretical far-IR anharmonic spectra for the gas-phase FA and FG peptides obtained with BOMD show excellent agreement with experimental spectra down
to 100 cm−1 . Dynamical anharmonic spectra combined with experimental far-IR
spectra are thus a promising tool for the detailed structural characterization of
peptides in the gas phase. Particularly for larger peptides, where the diagnostic
amide vibrations in the mid-IR spectrum suffer from spectral congestion, delocalized vibrations in the far-IR spectrum may form an interesting alternative;
BOMD dynamical spectra are able to reproduce, predict and assign vibrational
features in terms of atomic motions. Special signatures, such as the C7eq/C7ax
interactions for the γ-turn capped dipeptides, can be predicted and used in a
predictive way for the analysis of far-IR spectra of peptides of increasing size
and complexity. Of specific interest for the small peptides studied here, BOMD
has been able to discriminate between two similar secondary structures, which
could not be differentiated in the mid-IR spectrum.
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Direct Probing of Intramolecular
Hydrogen Bond Stretching Vibrations by Far-IR Spectroscopy and
Born-Oppenheimer Molecular Dynamics
Abstract
Hydrogen bonds (HB’s) play a crucial role in protein folding
process, and have therefore been studied extensively. By elucidating the gas-phase conformations of small peptides, the formation of
intramolecular HB’s can be investigated. Generally, action spectroscopy in the mid- and near-IR region is employed. The far-IR region
is barely considered, since (1) the origin of the far-IR signal is difficult
to interpret due to the coupling between the vibrational modes and
anharmonic character of the vibrational model, (2) a high intensity
far-IR light source is needed and (3) theoretical tools necessary for the
interpretation of the spectra were lacking. Nevertheless, the far-IR region likely contains a wealth of information, and including this region
for studying the folding propensities can be very useful. Here, the farIR region of three polyalanine peptides (Z-Ala3 -NHMe, Z-Ala4 -NH2
and Z-Ala6 -NH2 ) is explored, with emphasis on the intramolecular
hydrogen bond stretch vibrations. To this end, we have employed
IR-UV ion-dip spectroscopy to obtain conformer-specific IR spectra
over a wide IR frequency range (100 − 1850 cm−1 ). The mid-IR region
(>1000 cm−1 ) is used to assign the gas-phase conformations. This resulted in three structures with a variety of backbone hydrogen bonds,
which were further probed in the far-IR range. Born-Oppenheimer
molecular dynamics (BOMD) simulations are employed to unravel
the far-IR signatures of these peptides, resulting in understanding
of the far-IR vibrational modes, such as the intrinsic HB stretching
vibrations. The position of this vibration is compared with the HB
geometry (distance and angles). We found that the HB strength and
therewith the stretch frequency are mainly determined by the HB
distance, the ∠NH· · · O angle, and the HB environment.
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6.1

Introduction

With proteins, nature has provided living organisms with a very versatile group
of biomolecules. Proteins are capable of performing a myriad of functions, and
play crucial roles in nearly all biological processes. 1 They consist of polymers of
amino acid residues, which fold spontaneously in a well-defined 3-dimensional
structure depending on the local intramolecular interactions. While the hydrophobic effect is considered to be of great importance for the folding process of
a protein by reducing the contact area of hydrophobic amino acid side chains
with water, studies indicate that the formation of secondary structures is one of
the initiating steps in protein folding. 14;189 Molecular dynamics simulations on
the folding process of twelve proteins show that the protein adopts native-like
secondary structure elements early in the folding process. 15 Additionally, it was
shown that the hydrophobic effect by itself is not sufficient to form secondary
structure elements, emphasizing the importance of hydrogen bonding in protein
folding process. 190 Besides the important role in protein folding, hydrogen bond
interactions provide the necessary selectivity for binding specificity of substrates
to enzymes. 191;192
To understand the folding mechanism of proteins, the hydrogen bond interactions need to be studied in detail. This allows for example for the development
of new theoretical tools for protein structure prediction, which in turn is useful
for protein design. 10 Fundamental molecular understanding of protein folding is
essential to design oligomers with a specific fold not observed in natural proteins
in a straightforward fashion. 193 Therefore, many studies are performed on small
isolated peptides to provide fundamental insight into the forces dictating protein
folding.
The isolated conditions eliminate solvent effects and allow one to study the
remaining stabilization interactions, electrostatic and dispersion interactions, in
great detail. The strong interaction between two charged side chains, interesting for designing a catalytic center in existing protein folds 8;9 has for example
been characterized in neutral peptides using IR action spectroscopy. 87;170 The
salt bridge interaction between metal cations with peptide backbone chains or
peptide side chains is ubiquitous in natural proteins and hence their interactions
have been studied using ion spectroscopy. 130;135;194
Various secondary structures have been characterized in the gas phase, including γ-turns, 78;84;113 where a hydrogen bond is formed between residue i and
i+2, β-turns (a hydrogen bond between residue i and i+3), 76;195;196 β-hairpins, 197
and helical structures. 75;198 Additionally, the gas-phase conformations are identified for unnatural amino acids, such as β-peptides, 199;200 γ-peptides 80;201 and
mixed α/β-peptides. 79;202 These secondary structural motifs all result from local
hydrogen bonding and XH/π (where X=C,N,O) dispersion interactions, which
have been studied extensively in neutral peptides using IR-UV ion-dip spectroscopy. 150;161;203;204
The folding propensities of small isolated peptides are determined by elu121
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cidating the stable gas-phase conformational structures. Structure identification
relies on comparing experimentally obtained spectra in the mid-IR region with
theoretical spectra of low-energy conformations. Certain vibrations, such as the
Amide A (NH stretch), Amide I (C=O stretch) and the Amide II (combined NH
bend and CN stretch) vibrations undergo diagnostic shifts upon hydrogen bonding. Conformationally-selective IR spectroscopy gives us a direct view on the
hydrogen bond network, and therefore on the 3-dimensional conformation. 127
The use of these regions for the structural assignment of larger peptides
is unfortunately hindered by spectral congestion. 69;87;88;170;197 The overlapping
absorption bands make it impossible to unambiguously assign one specific 3dimensional structure to an experimental IR spectrum. 89;164;171 Peptides suffering
from spectral congestion in the mid-IR region still are expected to show well
resolved absorption bands in the far-IR. Moreover, vibrations in the far-IR region
are expected to be sensitive to complete structure motifs. 165;205 Including this
region for structural assignment is therefore believed to be a very useful asset in
peptide structure characterization.
The hydrogen bond has its own intrinsic stretching vibration, located in the
far-IR wavelength region. 206 The position of the hydrogen bond stretch vibration reflects the strength of the hydrogen bond. 207;208 Using FTIR spectroscopy,
this vibration in the far-IR has been studied extensively in condensed phase
environments. 207–213 The intermolecular hydrogen bond stretching vibration is
measured in various systems under isolated conditions using laser induced fluorescence. 214–217
Here, the intramolecular hydrogen bond stretching vibration is probed by
far-IR-UV ion-dip spectroscopy in three peptides: Z-Ala3 -NHMe, Z-Ala4 -NH2
and Z-Ala6 -NH2 , shown in Figure 6.1. The IR spectra of these three peptides are
measured in a broad range, from 1850 cm−1 down to 100 cm−1 . Their gas-phase
conformations are determined in the well-established mid-IR region (1000 − 1850
cm−1 ) in combination with static DFT calculations employing the B3LYP functional. These conformations are thereafter used as input structure for the BOMD
simulation. If the mid-IR region in combination with the B3LYP calculations were
not sufficient to yield a definite structural assignment, energy calculations are
employed with either the dispersion-corrected functional B97-D or with second
order Møller−Plesset perturbation theory (MP2), to aid in the structural assignment of the experimental spectrum to a 3-dimensional structure. For Z-Ala6 -NH2 ,
the BOMD simulations were essential to yield a definitive structural assignment.
In the previous chapter, we have shown that the far-IR spectra of two γturn peptides, measured with the free-electron laser FELIX can be reproduced
accurately by Born-Oppenheimer Molecular Dynamics (BOMD). Here, the far-IR
hydrogen bond stretching vibrations in larger protein folds are probed using
far-IR spectroscopy. For the interpretation of the far-IR absorption bands BOMD
is employed.
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Figure 6.1: Structural formula of Z-Ala3 -NHMe, Z-Ala4 -NH2 and Z-Ala6 -NH2 , with the intramolecular hydrogen bonds indicated. The HB’s are indicated by blue and red lines, only for the
purpose of clarity. Additionally, the names of the backbone angles are indicated with numbers in
the structural formula and in the table.

6.2
6.2.1

Methods
Experimental methods: Peptide synthesis

Z-Ala3 -NHMe was purchased from GL Biochem Ltd. (Shanghai, China). Z-Ala4 NH2 and Z-Ala6 -NH2 were synthesized on a Breipohl amide resins using a
Labortec640 peptide synthesizer (Labortec, Bubendorf, Schwitzerland), employing a standard Fmoc solid-phase peptide synthesis (SPPS) protocol. 218 In brief,
the resin was swollen in DMF for 30 minutes prior to use. The Fmoc protecting
groups were removed with 20% piperidine in DMF (v/v, 3 * 6 minutes). FmocL-Ala-OH or Z-Ala-OH (3.0 equiv) was coupled using diisopropylcarbodiimide
(DIPCDI, 3.3 equiv) and N-hydroxy benzotriazole (HOBt, 3.6 equiv). Peptide
couplings were monitored using the Kaiser test. 219 After the final coupling the
resin was washed with DMF, DCM, i-PrOH, DCM, diethyl ether and air-dried.
Cleavage from the resin was achieved in two hours with a TFA-water mixture
(95:5). The peptides were precipitated in diethyl ether and subsequently lyophil123
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ized from acetic acid. Analytical HPLC was performed on a Shimadzu LC-20A
Prominence system (Shimadzu, ’s-Hertogenbosch, The Netherlands) equipped
with a C18 ReproSil column, 150x3 mm, particle size 3 µm (Screening Devices,
Amersfoort, The Netherlands). Elution of the peptides was achieved with acetonitrile/water gradient containing 0.1% trifluoroacetic acid (5-100%, 1-40 min,
flow 0.4 mL/min). LCMS was performed on a Thermo Finnigan LCQ-Fleet ESIion trap (Thermo Fischer, Breda, The Netherlands) equipped with a Alltima C18
column, 2.1"150 mm, particle size 3 µm (Alltech Applied Sciences BV, Breda,
Netherlands) using the same gradient as used for HPLC, only trifluoroacetic acid
was replaced with formic acid.

6.2.2

Experimental methods: IR action spectroscopy

For the experiments the peptides were used without further purification. The
samples were mixed with graphite powder and applied on a solid graphite bar.
A pulsed YAG laser operating at 1064 nm and with a pulse energy of about
1.5 mJ was used to desorb the sample molecules from the graphite substrate as
intact neutral molecules. The gas-phase molecules are entrained in a supersonic
molecular beam of argon with a backing pressure of 3 bar.
The molecular beam travels through a skimmer about 10 cm downstream to
enter a differentially pumped chamber housing a reflectron time-of-flight mass
spectrometer. Here, the molecules interact with a UV beam produced by a pulsed
Nd:YAG laser (355 nm) coupled to a frequency doubled dye laser (dye: coumarin
153). The UV laser was operated at 10 Hz with typical pulse energies of 1 − 2 mJ.
The molecules are 2-photon ionized via a one-color (1+1) R2PI scheme. 44
IR absorption spectra are obtained by employing IR-UV ion-dip spectroscopy.
In this technique, a constant ion signal is produced via the resonant excitation/ionization of the selected conformer. The IR beam is spatially overlapped
with the UV beam and precedes the UV pulse by ∼200 ns. Whenever the IR laser
excites a vibrational transition of the molecule of interest, the ground state is
depleted and a dip in the ion signal is observed. By measuring the ion yield as
a function of the IR wavelength, an IR ion-dip spectrum is obtained. To correct
for long term UV power drifts and changing source conditions, alternating IR-on
and IR-off signals are measured by operating the IR laser at 5 Hz and the UV laser
at 10 Hz. The IR radiation is produced by the Free-Electron Laser for Infrared
eXperiments (FELIX). 29
Since the experiments are performed over a very wide frequency range, the
IR laser intensity needs to be corrected for the photon energy. A photon flux
resulting in a 1 mJ pulse energy at 1000 cm−1 is equal to a photon flux resulting
in a 0.1 mJ pulse energy at 100 cm−1 , assuming that the laser pulse profile is the
same at the two photon energies. Therefore, the observed absorption intensities
are multiplied with the photon energy (in wavenumbers) en renormalized to
correct for this effect.
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6.2.3

Theoretical methods: Static DFT calculations

Conformational searches were performed by applying the simulated annealing
(SA) approach using the GROMACS4 package 107 and the amber99sb force field. 50
The maximum temperature used in the simulations was 1300 K; the simulation
lengths were 20 ns with time steps of 2 fs. The temperature was lowered exponentially to 5 K in 20 ps. The structures at 5 K were stored. About 30 low-energy
conformations found in the SA approach were optimized with the B3LYP functional 59 and the 6-31G(d,p) basis set using the Gaussian 09 program package. 108
From these structures, the 15 lowest-energy structures were selected to be optimized using the B3LYP functional with the 6-311+G(d,p) basis set.
Additional low-temperature SA simulations were performed on promising
structures that showed good agreement with the experimental IR spectrum in
the Amide I and the Amide II region, but poor agreement in the fingerprint
region (1000 − 1450 cm−1 ). By running low-temperature SA simulations, small
conformational changes are induced, while keeping the hydrogen bond network
unchanged. The Z-cap is not present in the amber99sb force field, and thus had
to be implemented manually. 110
In this chapter, we mainly used the B3LYP functional with the 6-311+G(d,p)
basis set for the structural assignment of the experimental spectra to low-energy
conformations employing the mid-IR region. This was indeed sufficient for an
unambiguous assignment of the experimental spectrum of Z-Ala4 -NH2 . For ZAla3 -NHMe, second order Møller−Plesset perturbation theory (MP2) was used
to calculate the relative energies of the structures, to aid in the structural assignment. MP2 is assumed to give the most accurate energy because of the inclusion
of electron correlation. 113;187 This resulted in an unambiguous assignment of the
Z-Ala3 -NHMe. For Z-Ala6 -NH2 , the mid-IR region was too congested to use for
a definitive structural assignment. Instead, the energies of a number of possible
matches were calculated using the DFT-D functional B97-D. 65 Based on the obtained energies, two structures were selected to be analyzed by BOMD, resulting
in a definitive assignment of the experimental spectrum using the far-IR.
The structures assigned to experimental spectra were optimized using the
DFT-D functional B97-D employed with the 6-311+G(d,p) basis set to examine
their far-IR behavior. The functional was found to reasonably reproduce the farIR spectrum of two small peptides, 220 although it failed to reproduce the far-IR
signature of the NATMA − water complex. 162

6.2.4

Theoretical methods: Dynamical BOMD spectra

The Born-Oppenheimer molecular dynamics simulations (BOMD) were performed with the CP2K package. 67;184 The structures assigned to the mid-IR experimental spectrum using static DFT calculations served as input structure for the
BOMD simulations. The nuclei are treated classically and electrons are treated
quantum mechanically within the density functional theory (DFT) formalism.
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The simulations solve Newton’s equations of motion of the nuclei at finite temperatures. Forces that act on the nuclei are derived from the Kohn-Sham energy.
The density functional implementation in CP2K is based on the hybrid Gaussian
plane wave (GPW) scheme. 221 The dispersion-corrected BLYP-D3 representation 66;185;222 has been employed with the triple-zeta aug-TZV2P Gaussian basis
(from the CP2K library). The cubic box length was 22 Å, 22 Å and 24 Å, and a
400, 500 and 500 Rydberg plane-wave basis for Z-Ala3 -NHMe, Z-Ala4 -NH2 and
Z-Ala6 -NH2 respectively.
For bothZ-Ala3 -NHMe and Z-Ala4 -NH2 three separate runs were performed
of 40 ps at 50 K, with a time-step of 0.4 fs. The first 10 ps was an equilibration
phase with a control of the temperature using velocity rescaling. The last 30 ps
of the trajectory was for data collection and is performed in a microcanonical
(NVE) ensemble. In such ensemble, the number of particles (N), the volume (V)
and the total energy (E) is kept constant. For Z-Ala6 -NH2 , only a single run of
40 ps (including 10 ps equilibration phase) was performed for each of the two
selected structures.
The calculation of the dynamical BOMD IR absorption spectra involves Fourier Transform of the dipole time correlation function derived from Linear Response Theory:
Z ∞
2πβω2
dt hM(t) · M(0)i exp(iωt)
(6.1)
α(ω) =
3n(ω)cV −∞
where β= 1/kb T, n(ω) is the refractive index, c is the speed of light, V is the
volume and M is the total dipole moment of the system. The spectra have been
smoothed with a window filtering applied in the time domain with a Gaussian
function of 3 cm−1 .
For the band assignment an approach based on intramolecular coordinate
(IC) time-correlation functions is used:
Z ∞
Activity(ω) =
dt hIC(t) · IC(0)i exp(iωt)
(6.2)
−∞

This approach yields all frequencies where the intramolecular coordinate is
active (whether it is IR active or not).

6.3
6.3.1

Results: Structural analysis
Z-Ala3 -NHMe

The REMPI spectrum of Z-Ala3 -NHMe is presented in Figure 6.2a. The spectrum
consists of a broad band ranging from 37400 − 37600 cm−1 with sharp transitions
imposed on it.
IR absorption spectra are recorded, employing IR-UV ion-dip spectroscopy,
for the peaks marked with an asterisk in the REMPI spectrum. The IR absorption
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Figure 6.2: a), c) and e) present the REMPI spectra for Z-Ala3 -NHMe, Z-Ala4 -NH2 and Z-Ala6 NH2 respectively. b), d) and f) present the experimental IR-UV ion-dip spectrum for Z-Ala3 -NHMe,
Z-Ala4 -NH2 and Z-Ala6 -NH2 respectively in black and in red the static DFT calculated spectra
of the assigned structures employing the B3LYP functional (scaled by 0.9845). The blue trace
in b) presents the DFT calculated unscaled spectrum of the assigned structure using the B97-D
functional. For the DFT calculations, the 6-311+G(d,p) basis set was employed.

spectra were identical, indicating one stable gas-phase conformation for Z-Ala3 NHMe. The IR absorption spectrum of Z-Ala3 -NHMe in the mid-IR region is
presented in Figure 6.2b (black trace). The Amide I C=O stretch vibrations can
be identified around 1700 cm−1 . The Amide I vibration at ∼1665 cm−1 is strongly
red-shifted compared to the other C=O stretch vibration, indicating that it is
involved in a strong hydrogen bond. The broad peak between 1440 cm−1 and
1600 cm−1 is the Amide II band, a combined NH bend and CN stretch vibration.
Lastly, the fingerprint region can be found from 1420 cm−1 down to 1000 cm−1 .
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The structural assignment is performed employing this mid-IR region.
A conformational search for Z-Ala3 -NHMe is performed using the simulated
annealing approach, resulting in a set of structures with a variety of backbone
interactions. The theoretical spectra of four low-energy conformations (red) together with the experimental spectrum of Z-Ala3 -NHMe (black) are presented in
Figure 6.3. The mid-IR frequency calculations did not yield in a definite structural assignment, and a selection of structures was optimized using the highercorrelation method MP2. The selection was based on agreement between the
harmonic theoretical spectrum and the experimental spectrum, the B3LYP energy and it was also assured that a representative set with a variety of backbone
conformations was obtained. Using the energies obtained with the MP2 calculations, we were able to unambiguously assign the experimental spectrum of
Z-Ala3 -NHMe to a low-energy conformation.

Figure 6.3: The experimental spectrum of Z-Ala3 -NHMe in black, and in red calculated static DFT
spectra of low-energy conformation employing B3LYP/6-311+G(d,p) (SF: 0.9845). The energies
are calculated using MP2.

The experimental spectrum is assigned to the lowest-energy structure employing MP2 and the closest match between theory and experiment in the midIR range (see Figure 6.2b). The assigned structure has two hydrogen bonds, one
between the C=O group of the Z-cap and the NH group of the third residue and
a second one between the C=O group of the second residue and the NH group
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of the NHMe-cap. Additionally, there is an NH/π interaction with the phenyl
ring of the Z-cap. The theoretical spectrum of the assigned structure is shown in
the top right trace of Figure 6.2b (red spectrum). In the Amide I and II region,
the agreement between theory and experiment is excellent. The calculated spectrum however, shows an intense absorption 1220 cm−1 , which is not observed
in the experiment. This absorption band corresponds to the Amide III vibration
(combined NH bend and CN stretch) of the first and second residue. The NH
group of the second residue forms a weak NH/π interaction with the phenyl
ring of the Z-cap. It is well-known that such dispersion dominated interactions
are underestimated using the B3LYP functional. The distance between the NH
group and the phenyl ring reduces dramatically upon optimization using MP2,
strongly altering the electrostatic environment for the NH group of the second
residue, explaining the discrepancy between theory and experiment. Indeed, the
intensity of the Amide III vibration using the harmonic dispersion-corrected B97D functional is similar to the experimentally observed intensity, shown in Figure
6.2b (blue trace). The intramolecular hydrogen bonds of the assigned structure
are shown in Figure 6.1. In Figure 6.4, the 3-dimensional structure is presented.

6.3.2

Z-Ala4 -NH2

The REMPI spectrum of Z-Ala4 -NH2 is presented in Figure 6.2c. Unlike the
REMPI spectrum of Z-Ala3 -NHMe, no broad absorption band is observed, indicating a more efficient cooling for Z-Ala4 -NH2 . This is possibly due to a more
rigid conformation adopted by this peptide as compared to Z-Ala3 -NHMe. One
major transition is observed at 37597 cm−1 , and a series of weaker transitions at
higher energies. IR absorption spectra are recorded for the transitions marked
with an asterisk, which were all identical, and thus most likely originate from a
single conformation. The IR spectrum is presented in Figure 6.2d in black.
In Figure 6.5, the experimental spectrum of Z-Ala4 -NH2 (black) is presented
with the harmonic theoretical spectra of four low-energy conformations (red).
The conformational search for Z-Ala4 -NH2 resulted in two structures whose computed spectra both provide a very good match with the experimental spectrum;
one of these structures corresponds to the lowest-energy structure found in the
conformational search. Both structures are very similar, having a C7 interaction
between the C=O group of the Z-cap and the second residue, a C14 interaction,
and a C10 interaction between the NH and C=O groups form the first residue
with the C=O and NH groups of the fourth amino acid residue, respectively.
The main difference lies in the orientation of the phenyl ring. For lowest-energy
structure the phenyl ring interacts with the NH2 -group, providing additional stabilization energy for this structure. Additionally, in the lowest-energy structure,
a second C7 interaction is formed between the C=O group of the third residue
with the C-terminal NH2 -group. In the higher-energy structure, a C10 interaction is formed between the C=O group of the second group with the NH2 -group
and an interaction between the NH2 -group and the ester oxygen atom of the
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Figure 6.4: The assigned conformations of the three studied peptides, optimized employing the
B97-D functional with the 6-311+G(d,p) basis set. The hydrogen bonds are indicated in red.

Z-cap. The lowest-energy structure is 2.65 kcal/mol lower in energy employing
the B3LYP functional, and 3.97 kcal/mol using the B97-D functional compared
to the high-energy structure. The experimental spectrum is therefore assigned
to the lowest-energy structure. The 3-dimensional structure is presented in the
Figure 6.4, and the intramolecular interactions in Figure 6.1.
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Figure 6.5: The experimental spectrum of Z-Ala4 -NH2 in black, and in red calculated static DFT
spectra of low-energy conformation employing B3LYP/6-311+G(d,p) (SF: 0.9845). The energies
are calculated using the B97-D functional.

6.3.3

Z-Ala6 -NH2

The REMPI spectrum of Z-Ala6 -NH2 , presented in Figure 6.2e, is composed of a
broad absorption band, with one clear resonance imposed on it. IR spectra are
recorded at the UV frequencies indicated with an asterisk. The IR spectra at the
two wavelengths are identical, suggesting a single gas-phase conformation for
Z-Ala6 -NH2 .
The IR spectrum of Z-Ala6 -NH2 in the mid-IR region, presented in Figure
6.2f, shows three intense absorption bands; the Amide I absorption band at 1700
cm−1 , the Amide II band at 1525 cm−1 and the Amide III band at 1250 cm−1 . The
remainder of the mid-IR spectrum shows only weak absorptions.
For Z-Ala6 -NH2 , an elaborate conformational search was performed. In Figure
6.6, the experimental IR spectrum is plotted with a number of possible matches in
the mid-IR region. Since the Amide I, II and III regions of the experimental spectrum suffer severely from spectral congestion, the mid-IR did not yield a definite
structural assignment. To yield a definite structural assignment, the energies of
the structures, which could be assigned to the experimental spectrum according to the mid-IR region, were calculated using the harmonic B97-D functional.
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Hereafter, the IR spectra of two structures were investigated using BOMD: the
lowest-energy structure, and a structure with a similar folding as the gas-phase
structure of Z-Ala4 -NH2 . This resulted in a definite assignment of the experimental spectrum of Z-Ala6 -NH2 to the structure with the lowest-energy structure
at the B97-D level of theory. The other structure studied by BOMD obviously does
not match the experimental spectrum, as shown in Figure 6.7c-d.

Figure 6.6: The experimental spectrum of Z-Ala6 -NH2 in black, and in red calculated static DFT
spectra of low-energy conformation employing B3LYP/6-311+G(d,p) (SF: 0.9845). The energies
are calculated using the B97-D functional. The experimental spectrum can be assigned to any
of the structures corresponding to the calculated spectra. BOMD simulations indicated that the
experimental spectrum should be assigned to the structure corresponding to the top trace.

The assigned structure of Z-Ala6 -NH2 , presented in Figure 6.4, has a number
of intramolecular hydrogen bonds (shown in Figure 6.1). The C=O moiety of
the sixth alanine residue is involved in two HB’s; a C20 interaction with the NH
group of the first residue, and a C17 interaction with the NH group of the second
residue. Additionally, three C10 interactions are present; between the C=O group
of the Z-cap, second and third residue, with the NH group of the third, fifth and
sixth residue respectively. The phenyl ring of the Z-cap is involved in a CH/π
interaction with the side chain of the sixth alanine residue.
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6.4
6.4.1

Discussion
How do the gas-phase structures connect to protein secondary structures?

The C10 and C7 interaction in Z-Ala3 -NHMe can be classified as a β-turn and
γ-turn respectively. The dihedral angles φ: -83.2◦ and ψ: 79.3◦ for the C7 and φ1 :
59.5◦ , ψ1 : 23.3◦ , φ2 : 63.2◦ and ψ2 : 18.0◦ for the C10 interaction are close to the
mean dihedral angles of the C7eq γ-turn and I’-type β-turn secondary structure
elements reported in literature. 3
The conformational structure of Z-Ala4 -NH2 is equivalent to that of a βhairpin turn, often observed in natural proteins. 223 As was concluded in a study
by Shukla et al., the hydrophobic effect alone was not sufficient to form this
secondary structure element, and the main stabilization force was expected to
originate from hydrogen bonds. 190 The fact that we observe this type of secondary
structure element in our gas-phase experiment demonstrates that hydrogen bond
interactions are sufficient to stabilize the compact β-hairpin turn in the isolated
environment of a molecular beam. In the absence of water, the hydrophobic
collapse seems not essential to form this type of secondary structure element, a
hydrophobic environment, the gas phase, appears to be sufficient. The C10 HB
interaction in Z-Ala4 -NH2 can be classified as an II’-type β-turn.
The assigned conformation of Z-Ala6 -NH2 is characterized by two large ring
interactions; a C17 and a C20 interaction, which can be classified as an α-turn and
π-turn respectively. 3 The remainder of the interactions observed in Z-Ala6 -NH2 ,
namely the three C10 HB interactions and one C7 HB interaction, can be classified
as I-type β-turn, II’-type β-turn, I-type β-turn and C7ax γ-turn for the C101 , C102 ,
C103 and C7 interactions respectively.

6.4.2

Far-IR performance of BOMD

In Figure 6.7, the experimental spectra of Z-Ala3 -NHMe, Z-Ala4 -NH2 and Z-Ala6 NH2 are presented in black in the far-IR region (100 − 800 cm−1 ), together with
the computed spectra using Born-Oppenheimer molecular dynamics (red trace).
For the three peptides studied in this paper, BOMD is able to provide a decent
match with the experimental spectra in the far-IR region. More importantly, for
Z-Ala6 -NH2 , the far-IR BOMD simulations were necessary for an unambiguous
assignment of the experimental spectrum, see Figure 6.7c (assigned structure)
and 6.7d (non-match). The computed intensities however, can be problematic.
This is a known issue for the calculation of IR spectra employing BOMD. 167 This
is mainly noticeable in the region above 500 cm−1 for Z-Ala4 -NH2 , where the
BOMD simulations predict much lower absorption intensities than experimentally observed.
The band positions in the region below 200 cm−1 , where the hydrogen bond
stretching vibrations are expected, are however very well reproduced, making
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Figure 6.7: a-c) The experimental spectrum of Z-Ala3 -NHMe, Z-Ala4 -NH2 and Z-Ala6 -NH2
respectively in black and in red the dynamical BOMD spectra of the assigned structures. d)
presents the experimental spectrum of Z-Ala6 -NH2 in black and in red dynamical BOMD spectra
of a non-match low-energy conformation.

the combination of far-IR spectroscopy with BOMD simulations a suitable tool to
study these vibrations. Moving to higher frequencies, the experimental spectrum
starts to deviate from the dynamical BOMD spectrum.
It should be noted that for Z-Ala6 -NH2 conformational dynamics were observed in the BOMD simulation. The C101 interaction was broken, resulting in a
C7 interaction involving the C=O group of the first residue with the NH group of
the third residue. In Figure 6.8, the distance between the C=O group of the Z-cap
with the NH group of the third residue (in black) and between the C=O group
of the first residue with the NH group of the third residue (in red) is presented.
Clearly two regimes can be distinguished. The C7 interaction is present when the
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red trace is much lower than the black trace and the C10 interaction is present
when the black trace is lower then the red trace. The spectrum presented in Figure 6.7c, involves the complete run, thus including the conformational dynamics.
The IR spectrum was also computed for the indicated selection of the BOMD trajectory where only the C101 interaction was present. The computed spectrum of
the complete trajectory shows better agreement with the experimental spectrum.
Therefore we conclude that in our molecular beam experiments, both structures
possibly co-exist and/or interconvert.

Figure 6.8: A plot of the distance between the C=O group of the Z-cap and the amide hydrogen
atom of the third residue in black and the distance between the C=O group of the first residue and
the amide hydrogen atom of the third residue in red.

6.4.3

Fundamental amide vibrations

The here presented BOMD simulations allow us to study the fundamental amide
vibrations, as presented in Table 1.1 in chapter 1. By taking the Fourier Transform (FT) of the appropriate intramolecular coordination (IC) time-correlation
functions (TCF’s), the fundamental amide vibration can be directly observed.
For instance, the Amide VI vibration , the C=O out-of plane vibration, of the ith
residue can be followed by following the Cαi -Ni+1 -Ci -Oi dihedral angle.
Using this approach, the fundamental amide IV - VII vibrations have been
studied for the three poly alanines presented in this chapter. The Amide IV
vibration, the OCN bending vibration is studied using the OCN angle as IC in
eq. (6.2). According to Table 1.1 in chapter 1, the frequency of this vibration is
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in the 625 − 770 cm−1 range. The FT of the IC TCF however, shows that for the
systems studied here, the angle oscillates at multiple frequencies. Moreover, the
vibrational frequencies cover a much wider range, from 335 cm−1 for the OCN
vibration of the second residue of Z-Ala6 -NH2 to 882 cm−1 for the second residue
of Z-Ala6 -NH2 .
For the Amide V vibration, a combination of NH out-of-plane bending and
the C-N torsional angle vibration, similar effects are observed. The NH out-ofplane bending vibration occurs over a much wider range, and often at a lower
frequency then the indicated 640 − 800 cm−1 range. In none of the studied systems,
the C-N torsional vibration shows any significant activity in the 640 − 800 cm−1
range.
The fundamental amide VII vibration, also a combined NH out-of-plane bending and the C-N torsional vibration cannot be clearly identified when using the
FT TCF of the appropiate IC’s. None of the peptides studied show any significant
activity for the NH out-of-plane bend vibration around 200 cm−1 . Additionally,
the C-N torsional vibration is mostly active below 100 cm−1 .
Lastly, the fundamental amide VI, the C=O out-of plane vibration, is almost
always observed above the indicated frequency range of 535 − 610 cm−1 . The
only exception is C=O out-of-plane bend vibration of the first residue in Z-Ala3 NHMe, which is observed 439 cm−1 .
These results indicate that the description of the fundamental vibrations is a
too simple representation of the low-frequency peptide vibrations. The peptide is
much more dynamical and especially in the low-frequency range, the vibrations
are very delocalized and cannot be described by simple localized vibrations as
described in Table 1.1.
According to the BOMD trajectories, the φ and ψ angles oscillate predominantly below 100 cm−1 , which is not measured.
The results are tabulated in Table 6.1.

Table 6.1: Fundamental amide vibrations, taken from Kong et al. 25 , Falconer et al. 26 and Bandekar
et al. 27 , compared with the fundamental amide vibrations observed in the here studied polyalanines.

Mode
Amide IV
Amide V
Amide VI
Amide VII
Hydrogen bond stretch vibrations
φ and ψ dihedral angles
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Indicated
frequency (cm−1 )
625 − 770
640 − 800
535 − 610
∼200
50 − 300
-

Observed
frequency (cm−1 )
335 − 882
∼400 − 800
664 − 792
124.7 − 202.6
<100
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Figure 6.9: Fourier transforms of the (C)O· · · H(N) and N-H distance time-correlation function for
the (a) C7 interaction in Z-Ala3 -NHMe; (b) C71 interaction in Z-Ala4 -NH2 ; (c) C72 interaction
in Z-Ala4 -NH2 ; (d) C7 interaction in Z-Ala6 -NH2 ; (e) C10 interaction in Z-Ala3 -NHMe; (f) C10
interaction Z-Ala4 -NH2 ; (g) C101 interaction Z-Ala6 -NH2 ; (h) C102 interaction Z-Ala6 -NH2 ; (i)
C103 interaction Z-Ala6 -NH2 ; (j) C14 interaction Z-Ala4 -NH2 ; (k) C17 interaction Z-Ala6 -NH2 ;
and (l) C20 interaction Z-Ala6 -NH2 . The spectra in red and orange correspond to interactions
in Z-Ala3 -NHMe, blue and cyan to Z-Ala4 -NH2 and olive and green to Z-Ala6 -NH2 for the
(C)O· · · H(N) and N-H distance time-correlation function respectively.

6.4.4

Hydrogen bond stretch vibration

The activity of the hydrogen bond stretching vibration is visualized by monitoring the Fourier transform of the time-correlation function of the O· · · H distance,
the hydrogen bond length between a C=O and an NH moiety (expressed as
(C)O· · · H(N)). Using this approach, the frequencies at which the (C)O· · · H(N)
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distance oscillates will be visualized, which thus gives us the hydrogen bond
stretching frequency. Figure 6.9 shows the HB activity for Z-Ala3 -NHMe, Z-Ala4 NH2 and Z-Ala6 -NH2 between 50 and 250 cm−1 . The behavior is clearly different
for the various hydrogen bonds for the different folding interactions. Some hydrogen bonds only show dominant activity at one distinct frequency, making the
assignment of the hydrogen bond stretch vibration trivial. Other Fourier Transform time-correlation functions (FT TCF’s) of the (C)O· · · H(N) distance show
activity at multiple frequencies, making the assignment less trivial. In these cases
the assignment is based on the distinction between direct activity due to the
hydrogen bond and indirect activity due to other large amplitude vibrations.
C7 (γ-turn) interactions
In total four C7 hydrogen bonds are observed; one in Z-Ala3 -NHMe, two in ZAla4 -NH2 and one in Z-Ala6 -NH2 (see Figure 6.1). For three of these hydrogen
bonds, the far-IR hydrogen bond can readily be identified. The FT TCF’s of the
(C)O· · · H(N) distance show a dominant activity at 111, 118 and 201 cm−1 for
the C7 interaction in Z-Ala3 -NHMe, the C71 -interaction in Z-Ala4 -NH2 and C7
interaction in Z-Ala6 -NH2 , respectively.
The C72 -interaction of Z-Ala4 -NH2 does not have this clear distinct vibration, and is active at various frequencies below 100 cm−1 . The C72 -interaction
in Z-Ala4 -NH2 is formed between the C=O group of the third residue and the
C-terminal NH2 group. The NH2 group however, is also involved by an additional interaction with the phenyl ring. The C72 hydrogen bond is due to this
perturbation substantially longer (2.33 Å) compared to the C71 hydrogen bond
(2.01 Å) and the C7 interaction in Z-Ala3 -NHMe (2.08 Å). These hydrogen bond
distances are determined by averaging the (C)O· · · H(N) distance during the
BOMD trajectory. The odd behavior of the (C)O· · · H(N) distance FT TCF is most
likely caused by the disruption of the C7-interaction in Z-Ala4 -NH2 due to the
additional NH/π-interaction.
Since the (C)O· · · H(N) distance FT TCF alone is not conclusive to assign
the far-IR HB stretch vibration for the C72 interaction in Z-Ala4 -NH2 , other intramolecular bond lengths are examined. The NH distance time-correlation function supported the assignment of the HB stretch vibration for the C72 interaction.
Obviously, the time-correlation function of the NH distance is predominantly
active in the amide A region (>3000 cm−1 ) region where the NH stretch vibrations are located. These vibrations show additional activity in the far-IR region.
This activity in the far-IR region can be related to the HB stretch vibration. For
the C72 interaction in Z-Ala4 -NH2 , the NH time-correlation function shows a
dominant activity at a single frequency, namely 85 cm−1 (see in Fig. 6.9c)This is
indeed at much lower frequency compared to the other HB stretch vibrations of
the other γ-turn interactions, which was anticipated due to the much longer HB
length. It should be noted that for the other assigned HB stretch vibrations, the
NH time-correlation functions show activity coinciding with the hydrogen bond
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stretching vibration. Therefore, the far-IR activity of NH could be considered as
well to reveal the (C)O· · · H(N) activity.

C10 (β-turn) interactions
The assignment of the origin of the far-IR hydrogen bond stretching vibrations
for the C10 hydrogen bond interactions is less trivial, the FT TCF shows activity
at multiple frequencies. A total of five C10 hydrogen bonds are observed in the
three studied poly-alanine peptides; one in Z-Ala3 -NHMe, one in Z-Ala4 -NH2 ,
and three in Z-Ala6 -NH2 .
For the C10 interaction in Z-Ala3 -NHMe, the C10 interaction shows activity
at three distinct frequencies, at 67 cm−1 , 130 cm−1 and 142 cm−1 . First, the activity
at 67 cm−1 is considered as the hydrogen bond bend vibration. Two frequencies
remain where the HB shows activity; namely 130 cm−1 and 142 cm−1 . At 142
cm−1 however, various backbone angles (AnN1 and AnOzcap, see Figure 6.1)
and the φ-dihedral angle of the first Ala residue show strong activity. This allows
us to conclude that the activity of the C10 interaction at 142 cm−1 is indirect,
and caused by the vibrations of connected parts of the molecule. At 130 cm−1 ,
no strong activities of other IC’s are found, indicating that this is the intrinsic
hydrogen bond stretching vibration. Moreover, the time-correlation function of
NH distance, shows one distinct activity at 130 cm−1 as can be seen in Figure 6.9e,
confirming this assignment.
The hydrogen bond stretch vibration of the C10 interaction in Z-Ala4 -NH2
shows activity at several frequencies. The frequency of the hydrogen bond stretching vibration of the C10 interaction is assigned to the peak at 126 cm−1 . The activity at 118 cm−1 is excluded, because the activity originates clearly from coupling
with the C71 interaction. At 138 cm−1 and 172 cm−1 , many IC’s were found to be
active, and therefore the activity of the C10 interactions at these frequencies is
considered to be indirect, as was observed for the 142 cm−1 activity for the C10
interaction in Z-Ala3 -NHMe. Again, this assignment is confirmed by the time
correlation of the NH stretch vibration.
Z-Ala6 -NH2 has three C10 sequential interactions. The HB stretch vibration
of the second C102 turn can obviously assigned to the peak at 117 cm−1 , since
the activity at 55 cm−1 results from the HB bending vibration. For the C103
interaction, the HB stretch frequency is determined to be at 126 cm−1 . The smaller
peak at 117 cm−1 results from the associated vibration of the C102 hydrogen bond.
Additionally, the activity at 87 cm−1 was excluded because the NH stretch time
correlation function shows a clear activity at 126 cm−1 . The C101 HB shows peaks
at 105 cm−1 , 117 cm−1 and 126 cm−1 . The HB stretch frequency of the first C10 turn
is determined at 105 cm−1 . The activity at 117 cm−1 and 126 cm−1 are due to the
coupling with the C103 and C102 hydrogen bond stretch vibration, respectively.
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Larger rings
The HB stretch vibration resulting from the C14 interaction in Z-Ala4 -NH2 is
located at 153 cm−1 . The FT of the time-correlation function of the hydrogen
bond of the C14 interaction shows besides the strong peak at 153 cm−1 some
activity at 106 cm−1 and at 127 cm−1 . The former however, is much weaker and
the latter is due coupling to the C10 hydrogen bond.
The C20 hydrogen bond stretch vibration in Z-Ala6 -NH2 can be assigned
to the peak at 77 cm−1 . The assignment for the HB stretch vibration of the C17
interaction is not trivial. The activity at 77 cm−1 is clearly due to coupling with the
C20 HB vibration. For the broader band at 107 cm−1 , no additional activity could
be identified when considering the normal and dihedral angles. However, the
static DFT calculations employing the B97-D functional show that at 107 cm−1 ,
the vibration has a strong bending character, while the activity at 142 cm−1 has
more stretching character. Indeed, the time-correlation function of the ∠CO· · · H
angle, related to hydrogen bond bending vibration, is more active at 107 cm−1
than at 142 cm−1 . The remaining peak at 142 cm−1 is therefore assigned to the C17
HB stretch vibration.
Besides the (C)O· · · H(N) distance FT TCF, the NH distance FT TCF has proven
to be useful to assign the intramolecular far-IR HB stretch vibration in the here
studied peptides. One may wonder if the C=O distance FT time-correlation function would also be able to assist in the assignment. Obviously, this IC shows its
dominant activity in the Amide I region, however, it shows minor activity in the
far-IR region. It should be noted that the hydrogen atom is much lighter then the
oxygen atom, and therefore it is expected that the displacement is much larger
for the hydrogen atom, compared to the oxygen atom. Nevertheless, for most
modes, the C=O distance TCF shows indeed activity at the assigned frequency.
In some cases, the C=O distance FT TCF shows activity at the assigned far-IR
HB stretch vibration, but more intense activity at other frequencies. Lastly, when
the hydrogen bond strength is very weak, the HB interaction is not visible in
the C=O distance TCF. It is thus not advised to use this IC to assign the far-IR
HB stretch vibration, since the NH distance and (C)O· · · H(N) distance are much
more reliable.
Figure 6.10 presents the experimental and dynamical BOMD far-IR spectra
of the three peptides in the 70 − 210 cm−1 range to visualize the positions of
the far-IR vibrations. Especially in this part of the spectrum, there is an excellent agreement between the experiment and BOMD spectra, and we feel safe to
assign the hydrogen bond stretching frequencies determined using BOMD, to
experimentally observed absorption bands, indicated with blue lines.

6.4.5

Hydrogen bond strength

The strength, and thus the energy of a HB, is dependent on both the HB distance
and the HB angle. To calculate the energy of the HB, a modified Lennard-Jones
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Figure 6.10: The black traces present the experimental IR-UV ion-dip spectra of Z-Ala3 -NHMe,
Z-Ala4 -NH2 and Z-Ala6 -NH2 and in red the dynamical BOMD spectra of the assigned structures
in the far-IR region to link the assigned HB stretch vibration absorption peak to an experimentally
observed absorption peak (indicated with the blue line).

10−12 potential for hydrogen bonds is employed. 1 The energy is decomposed in
a distance-dependent term and an angle-dependent term. The dependence of the
hydrogen bond energy on the linearity of the ∠NH· · · O angle can be interpreted
as an increase in repulsion between the partially negatively charged oxygen and
nitrogen atoms. When the proton moves out of the plane of the hydrogen bond
the negative charges on the oxygen and nitrogen atom are less shielded, resulting
in a lower energy associated with the hydrogen bond. 224
The energy of the hydrogen bond is computed as
EHB

(  12
 10 )
R0
R0
= D0 5
−6
cos4 (θ)
R
R

(6.3)

Where D0 is the well-depth (8 kcal/mol, taken from ref. 225 ), R0 the hydrogen
bond equilibrium HB distance (O· · · N distance, 2.8 Å, taken from ref. 225 ), R the
HB distance and θ is the ∠NH· · · O angle. The results are presented in Table 6.2
and Figure 6.11, where the hydrogen bond stretching frequency is plotted against
the hydrogen bond energy. In Table 6.2 and Figure 6.11, the previously measured
C7 γ-turns in Ac-Phe-Gly-NH2 and Ac-Phe-Ala-NH2 are included as well. 220
As can be seen, there is a clear relation between the strength of the hydrogen
bond and the position of the hydrogen bond stretching vibration; the stronger
the hydrogen bond, the higher the frequency of the HB stretch vibration.
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Besides the general trend, other interesting features can be recognized when
examining Figure 6.11. Three C10 interactions cluster around ∼130 cm−1 and a
hydrogen bond potential of around 5.3 kcal/mol. Each of these three C10 interactions is followed by a C7 interaction. This suggests that similar backbone
hydrogen bonds indeed give its hydrogen bond stretching vibration at a similar frequency and that the far-IR spectrum of peptides does contain consistent
structural information which, if fully understood, can be a valuable addition to
structural assignment using the mid-IR region alone.
Additionally, the HB stretch vibration of all observed C10 interactions are
linearly dependent on the energy associated with the hydrogen bond, as indicated
in the blue rectangle. A similar trend is also observed for the larger rings, indicated
with the red rectangle. The less steep slope indicates that the the HB stretch
frequency of the larger rings is more dependent on the HB strength. The stretch
frequency of the HB involving the C-terminal NH2 -group is even more sensitive
to the hydrogen bond strength.
Is the increased sensitivity for the NH2 -C7 interaction reflected in the HB geometry? Based on C7 interactions found in the here studied polyalanine peptides
and the C7 interactions in FA and FG, no clear distinction can be found between
the HB geometry of the amide NH-C7 interactions and the C-terminal NH2 -C7
interactions, while the former seems to behave more like the amide NH-C10 interaction instead of the NH2 -C7 interactions. This suggests that the difference is due
to difference in electronic properties between primary and secondary amides.
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Figure 6.11: The observed frequencies of the hydrogen bond stretching vibrations plotted versus
the energy associated with the hydrogen bond. The filled symbols present the BOMD frequencies
and the open symbols the observed frequencies. The triangles present the C7 interactions (Point up:
involving amide NH group, and point down: involving NH2 group), circles the C10 interactions,
pentagons the C14 interaction, hexagon the C17 interaction and the star the C20 interaction. The
red symbols are Z-Ala3 -NHMe interactions, blue Z-Ala4 -NH2 interactions, green Z-Ala6 -NH2
interactions and black correspond to Ac-Phe-Xxx-NH2 (Xxx = Gly or Ala). The blue, red and
green rectangles are added to emphasise the general trends for the C10 interactions, the large ring
interactions and the C7 interactions involving the C-terminal NH2 group respectively.
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C7 A3
C71 A4
C72 A4
C7 A6
C10 A3
C10 A4
C101 A6
C102 A6
C103 A6
C14 A4
C17 A6
C20 A6
C7 FG
C7 FA

R
(O· · · H)
(Å)
2.08 (0.12)
2.01 (0.10)
2.33 (0.15)
1.85 (0.06)
2.06 (0.10)
2.02 (0.09)
2.22 (0.15)
2.10 (0.10)
2.04 (0.10)
1.88 (0.06)
2.03 (0.11)
2.19 (0.13)
2.14 (0.10)
2.12 (0.09)

R
(O· · · N)
(Å)
2.95 (0.10)
2.91 (0.07)
3.17 (0.13)
2.77 (0.05)
3.05 (0.10)
3.02 (0.09)
3.08 (0.10)
3.05 (0.09)
3.02 (0.10)
2.86 (0.06)
3.02 (0.10)
3.00 (0.08)
2.99 (0.08)
2.97 (0.07)
142.0 (4.54)
144.5 (4.75)
139.8 (3.67)
148.1 (3.46)
165.0 (3.99)
163.6 (5.81)
142.4 (8.40)
154.6 (5.22)
160.9 (4.61)
158.2 (5.01)
163.5 (6.34)
135.2 (6.66)
139.5 (3.97)
140.1 (3.92)

∠NH· · · O
(degrees)

Geometry hydrogen bond

107.5 (3.09)
106.7 (2.50)
94.8 (4.71)
110.1 (2.92)
125.2 (3.78)
119.6 (5.14)
107.7 (4.34)
131.7 (4.64)
118.5 (4.62)
112.8 (6.00)
105.8 (5.71)
140.3 (6.65)
103.3 (3.70)
103.7 (2.62)

∠CO· · · H
(degrees)
-2.74
-3.28
-1.65
-4.12
-5.29
-5.41
-2.27
-4.05
-5.10
-5.81
-5.40
-1.67
-2.39
-2.24

EHB
(kcal/mol)
3.55
4.85
2.18
12.67
5.41
7.21
2.30
5.22
6.85
11.86
4.70
3.26
5.05
6.33

Quad. fit
(a.u.)

Potential HB

111
119
86
200
130
127
105
117
126
153
142
77
131
132

125.1
202.6
124.7
131
128.1
152.8
143.8
136
138

Associated
frequency (cm−1 )
BOMD
Exp.

Table 6.2: Overview of the geometry of the hydrogen bond interactions observed in the studied peptides. The numbers in parentheses represent the
standard deviation. In addition, the hydrogen bond potential and the calculated and observed frequencies of the observed hydrogen bond interactions
are presented.
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6.5 Conclusions
The free-energy profile along the O· · · H distance might shed light on this
anomaly. The free-energy profiles are computed by: 226
E = −kb Tln (P (dO · · · H))

(6.4)

In this equation, kb is Boltzmann’s constant, T the temperature and P(dO· · ·H)
is the normalized distribution of the O· · · H distance. The resulting profiles are
presented in Figure 6.12. One immediately notices that the potential of the hydrogen bonds are not harmonic in nature since they cannot be fitted with a quadratic
equation
E = k(R − R0 )2

(6.5)

In this equation k is the force constant of the vibration, R0 the equilibrium
O· · · H distance and R the actual O· · · H distance given in Angstroms. The fits
however, give some qualitative insight in the frequency of the HB stretching
vibration. For instance, the highest HB stretch frequencies give indeed the largest
force constants (C14 in Z-Ala4 -NH2 and C7 in Z-Ala6 -NH2 ). If the C7 interaction
in Z-Ala3 -NHMe, C71 in Z-Ala4 -NH2 and the C7 interaction in FA and FG are
compared, the force constant for the FA and FG HB stretch vibration are indeed
higher (6.33 and 5.05 vs 4.85 and 3.55). This corresponds with higher HB stretch
vibration frequencies, which we also observe in our experiment.

6.5

Conclusions

The stable gas-phase conformations are determined for Z-Ala3 -NHMe, Z-Ala4 NH2 and Z-Ala6 -NH2 . For each of the three peptides, only a single gas-phase conformation was observed. For Z-Ala3 -NHMe and Z-Ala4 -NH2 , static DFT/B3LYP
calculations were sufficient to unambiguously assign the experiment, while for
Z-Ala6 -NH2 , the BOMD simulations were necessary to yield a definite structural
assignment.
The far-IR absorption region of the peptides is adequately reproduced by
the dynamical BOMD simulations, making it a suitable tool to investigate the
intramolecular hydrogen bonds observed in the peptides. The peptides studied in this paper contain a wealth of intramolecular hydrogen bonds, which
all have a distinct far-IR HB stretch vibration which can be visualized using
the (C)O· · · H(N) distance time-correlation function. The far-IR HB stretch vibrational frequency was found to be dependent on the hydrogen bond distance and
∠NH· · · O angle. A clear trend is observed between the hydrogen bond geometry
with the observed hydrogen bond stretching vibration.
It is shown that the similar backbone arrangements of the C10 HB in Z-Ala3 NHMe, the C10 HB in Z-Ala4 -NH2 and C103 HB in Z-Ala6 -NH2 indeed give
similar hydrogen bond stretch vibrations, indicating HB stretch vibrations give
consistent information about the local secondary structure motif. Additionally,
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6 Direct Probing of Intramolecular Hydrogen Bond Stretching Vibrations by
Far-IR Spectroscopy and Born-Oppenheimer Molecular Dynamics

Figure 6.12: Free-energy profile along the O· · · H distance for all HB interactions observed in
the three studied peptides. For a) C7 Z-Ala3 -NHMe; b) C71 Z-Ala4 -NH2 ; c) C72 Z-Ala4 -NH2 ;
d) C7 Z-Ala6 -NH2 ; e) C10 Z-Ala3 -NHMe; f) C10 Z-Ala4 -NH2 ; g) C101 Z-Ala6 -NH2 ; h) C102
Z-Ala6 -NH2 ; i) C103 Z-Ala6 -NH2 ; j) C14 Z-Ala4 -NH2 ; k) C17 Z-Ala6 -NH2 ; l) C20 Z-Ala6 -NH2 ;
m) C7 in Ac-Phe-Gly-NH2 and n) C7 in Ac-Phe-Ala-NH2 .

the local environment of the NH moiety involved in the hydrogen bond is of
great importance for the HB stretch frequency, as can be seen from the difference
between HB’s involving the C-terminal NH2 group and amide NH groups.
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Summary

The research presented in this thesis concerns the forces that control how a protein
will fold. Proteins are a class of biomolecules, which can be found in all living
organisms and have countless functions. They play, amongst others, an important
role in the digestion of food, the transport of oxygen and carbon dioxide in blood
and even in the replication process of DNA. To improve our understanding how
proteins perform all these diverse tasks, it is important to elucidate the details of
the structure and local interactions on an atomic scale.
The building blocks of proteins are amino acids. Despite the numerous functions of proteins, they are built up from only twenty different amino acids. These
amino acids are almost completely identical, only the functional group of the
amino acids vary among each other. Due to the variety of the functional group,
the chemical properties differ for each of the amino acids. Some are hydrophilic
(soluble in water), other are hydrophobic (not soluble in water), the functional
groups of amino acids can also be acidic or basic or may contain a UV chromophore.
The structure of proteins is coded in the DNA. Proteins are synthesized as
long chains of amino acids, which fold in a specific way into a well-defined 3dimensional structure. When an error occurs in the folding, proteins often fail to
perform its function. This can even lead to diseases such as Parkinson’s desease.
The forces responsible for protein folding are the central theme in this thesis.
The manner how a proteins folds in a specific and unique 3-dimensional
structure is listed as one of the most important questions in nowadays science.
From an almost infinite number of possible folds, a protein succeeds to fold every
single time in the correct structure in less than a second. If it would be possible
to determine how a protein folds when the amino acid sequence is known, it
would be an important step to understand the origin of protein misfold diseases
and to the design of artificial proteins. These artificial proteins could serve as
biomolecular machines which are easily synthesized and could perform a great
variety of functions.
The research in this thesis focuses on short chains of amino acids, called
peptides. By studying these peptides in the gas phase, a detailed view on the
forces responsible for protein folding is obtained.
To map the structure and corresponding interactions of peptides, infrared
spectroscopy is employed. Spectroscopy studies the interaction between light
and matter. This light, electromagnetic radiation, can have different energies,
depending on the wavelength of the photon (the elementary particle of electromagnetic radiation). High-energetic photons have a short wavelength (such as
X-ray photons which have a wavelength of less than 1 nm), visible light has a
wavelength between 450 nm (purple) and 800 nm (red). Infrared photons have
a wavelength between 3 and 100 micrometer. Using these photons, the struc149
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ture of molecules can be obtained by studying the vibrations between the atoms.
Molecules, and thus the studied peptides, are a collection of atoms, which are
connected by chemical bonds. These bonds can be considered as springs. Depending on the strength of the bond (the spring) and the mass of the atoms
involved, parts of the molecule will absorb electromagnetic radiation with a specific frequency and hence wavelength. For example, a relatively strong bond such
as C=O (meaning a "stiff spring") will absorb light with a shorter wavelength,
while a weaker bond, such as a hydrogen bond (a "loose spring") absorbs photons
with a long wavelength. By irradiating the molecule with electromagnetic radiation with different energies and observe which photon energies are absorbed,
a IR spectrum can be obtained, from which the structure of the molecule can be
elucidated.
An important interaction that plays a role in protein folding is the hydrogen
bond interaction. This is a Coulumbic interaction between a partly negatively
charged atom and a partly positively charged atom. One of the most common
hydrogen bonds in proteins is the hydrogen bond between an amide C=O group
and the NH group of another amide group. When the C=O group forms a hydrogen bond with the NH group, the strength of the C=O bond slightly weakens,
and the absorption will occur at a lower photon energy. Thus, by recording an infrared absorption spectrum, insight is gained in the hydrogen bond interactions
and therefore also on the folding of the peptide.
For simple molecules it is possible to understand the complete IR absorption
spectrum, meaning that every absorption peak can be assigned to a certain vibration inside the molecule. The systems that are studied in this thesis are too
large and too complex to directly understand the absorption spectrum. Therefore, computational tools are employed to elucidate the structure of the peptides.
First, molecular dynamics is employed to find probable folds of the peptides.
The infrared absorption spectrum is calculated for a selection of these folds and
compared with the experimentally obtained absorption spectrum. If the theoretical and experimental spectra are identical, the fold of the peptide is precisely
known.
In chapter 3 and 4, the mid-IR region is employed, corresponding to a photon
wavelength between 5 and 10 micrometer. In this region one finds local vibrations
from which the frequency is strongly dependent on hydrogen bonds and other
interactions. This IR region is employed to reveal how the studied peptides
in these chapters are folded and what specific interactions play a role. Local
vibrations mean that only a small fraction of atoms, mostly only two connected
atoms, move for a vibration in the molecule. For larger peptides problems it is
more difficult to see these local vibrations individually. Larger peptides have more
vibrations, thus more absorption bands, and these start to overlap. Obviously, this
makes the assignment of a given fold to an experimental spectrum much more
difficult. Therefore, we included the far-IR region.In this region, the absorption
bands do not overlap, since here each vibration results from a collective motion of
almost the entire molecule, allowing us to study complete folds at once. However,
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in this far-IR region, the theoretical techniques run into problems. This is caused
by the nature of the vibrations, which are very delocalized. Thus for this region,
new methods have to be developed.
This thesis is based on four scientific articles, chapter 4 to 7. In chapter 3 the
competition is studied between two interactions that are important in protein
folding, the hydrogen bond and the dispersion interaction. In two molecules, in
which both forces can play an important role, it is investigated which interaction
is present and dominates. It was assumed for a long time that hydrogen bonds
are much stronger than dispersion forces, and therefore are more important in
protein folding. Nevertheless, both interactions are present in the studied peptides and the energetically most favorable folds were stabilized predominantly
by dispersion interactions. Besides this, also the accuracy of various functionals
(manners to calculate the energy and infrared spectrum of a certain fold) is investigated. It was concluded that different functionals calculate different energies
and different IR spectra for the same fold. The commonly used B3LYP functional
performs really well for calculating the IR spectra (despite the fact it ignores the
dispersion forces), but the M05-2X and B97-D functionals perform better for the
energy calculation.
Another type of interaction which is important in protein folding is the salt
bridge, and is studied in chapter 4. This force is, just like the hydrogen bond,
a Coulumbic interaction between a negatively charged particle and a positively
charged particle. For the hydrogen bond however, the charges are created by
a difference in electronegativity between atoms, making one of them slightly
negative and the other slightly positive. For salt bridges, the charges are created
by the transfer of a positively charded proton or negatively charged electron. In
chapter 4, the salt bridge between two side chains of amino acids is investigated:
glutamic acid and arginine. Glutamic acid is very acidic (likes to donate a proton)
and arginine is very basic (likes to accept an extra proton). Therefore, when
proton transfer occurs, the side chain of glutamic acid will be negatively charged
and the side chain of arginine will be positively charged. It was first investigated
if proton transfer occurs in the gas phase, since under natural conditions water
molecules support the proton transfer. It was concluded that proton transfer does
occur in the gas phase. Subsequently, the manner of interaction between the side
chain was elucidated. This information is important, because these amino acids
often can be found in the "active site" of proteins, the place where molecules bind
to the protein and where chemical reactions occur.
The final two chapters concern the origin of far-IR vibrations of peptides
and the theoretical understanding of far-IR absorption to understand this information. In chapter 5, the performance of another computational technique
is investigated to calculate the far-IR absorption spectrum: Born-Oppenheimer
Molecular Dynamics (BOMD). For two peptides, the experimental spectrum is
recorded in the mid-IR region, as well as the far-IR region. The well-known midIR region is used to determine the folds of the peptides. For these folds, the far-IR
spectrum was calculated using BOMD and compared with the experimentally
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obtained absorption spectrum. BOMD turned out to be well-suited to calculate
the far-IR absorption spectrum. This enables the use of the far-IR spectrum for
the assignment of a specific protein fold to an experimental spectrum.
In chapter 6, BOMD is employed to calculate and investigate the far-IR spectrum of three other peptides. In this chapter, the focus lies mainly on the so-called
hydrogen bond stretch vibration. The frequency of this vibration is strongly dependent on the strength of the hydrogen bond, which in turn is dependent on the
hydrogen bond geometry (for instance the length of the hydrogen bond and the
angles between the atoms). Additionally, the fold of a larger peptide is determined using the far-IR region in combination with BOMD, which was not possible
using the mid-IR region and conventional computational techniques alone due
to the overlapping absorption bands.
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Samenvatting

Het promotieonderzoek gepresenteerd in dit proefschrift gaat over de krachten
die bepalen hoe een eiwit zich vouwt. Eiwitten zijn biomoleculen, die voorkomen
in alle levende organismen. Deze eiwitten hebben talloze functies. Zo spelen zij
bijvoorbeeld een belangrijke rol in het verteren van voedsel, het vervoer van
zuurstof en koolstofdioxide in het bloed, tot aan het repliceren van DNA. Om
beter te begrijpen hoe eiwitten hun taak uitvoeren, is het belangrijk om de details
van de structuur en lokale interacties van eiwitten op atomaire schaal op te
helderen.
De bouwstenen van eiwitten zjn aminozuren. Ondanks de talloze functies van
eiwitten, zijn ze opgebouwd uit maar twintig verschillende aminozuren. Deze
aminozuren zijn bijna volledig identiek, behalve de functionele groep, deze varieert voor elk van de aminozuren. Door de verscheidenheid in de zijketens hebben
de aminozuren verschillende chemische eigenschappen. Sommige zijn hydrofiel
(lossen goed op in water), andere hydrofoob (lossen niet goed op in water), ook
kunnen aminozuren een zure of een basische functionele groep hebben of kunnen
ze een UV chromofoor bevatten.
De structuur van eiwitten wordt bepaald door het DNA, waarin het direct gecodeerd is. De eiwitten worden gesynthetiseerd als lange ketens van aminozuren,
die zich op een specifieke manier opvouwen. Als deze vouwing niet goed gaat,
kunnen de eiwitten hun taak niet uitvoeren. Dit kan zelfs leiden tot ernstige
ziektes zoals de ziekte van Parkinson. De krachten die een rol spelen in de eiwitvouwing, spelen een centrale rol in dit proefschrift.
De manier hoe een eiwit zich opvouwt in een erg specifieke en unieke tot één
en dezelfde structuur wordt bestempeld als een van de belangrijkste vragen in de
hedendaagse wetenschap. Er zijn bijna oneindig veel verschillende vouwingen
mogelijk, en toch lukt het een eiwit iedere keer om de juiste vouwing te vinden in
een fractie van een seconde. Als het mogelijk is om te bepalen hoe een eiwit zich
vouwt als de volgorde van de aminozuren bekend is, is dit een belangrijke stap
om de oorsprong van ziektes die te maken hebben met fouten in eiwitvouwing te
begrijpen en het ontwerpen van kunstmatige eiwitten. Deze kunstmatige eiwitten
kunnen fungeren als biomoleculaire machines, zijn gemakkelijk te synthetiseren
en de meest uiteenlopende taken uitvoeren.
Het onderzoek in dit proefschrift concentreert zich op korte ketens van
aminozuren, genaamd peptiden. Door deze peptiden in de gas fase te bekijken,
krijg je een erg gedetailleerd beeld van de krachten die verantwoordelijk zijn
voor eitwitvouwing.
Om de structuur en bijbehorende interacties van peptiden in kaart te brengen, is gebruik gemaakt van infrarood spectroscopie. Met spectroscopie wordt
de interactie tussen licht en materie bestudeerd. Dit licht, elektromagnetische
straling, kan verschillende energieën hebben, afhankelijk van de golflengte van
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de fotonen (lichtdeeltjes). Hoog energetische fotonen hebben een korte golflengte
(zoals X-Ray, waarbij de golflengte minder dan 1 nm is), zichtbaar licht heeft een
golflengte van 450 nm (paars) tot 700 nm (rood). Infrarode straling heeft een
golflengte van 3 micrometer tot 100 micrometer. Met deze infrarode fotonen kan
de structuur van moleculen worden bestudeerd door naar de trillingen tussen de
atomen kijken. Moleculen, en dus de bestudeerde peptiden, zijn een verzameling
van atomen, die aan elkaar vast zitten met chemische bindingen. Deze bindingen
hebben veel weg van veren. Afhankelijk van de sterkte van de binding (de veer)
en de massa van de betrokken atomen, zullen bepaalde delen van het molecuul
elektromagnetische straling met een specifieke frequentie (en dus golflengte) absorberen. Een relatief sterke binding (dus een "stugge veer"), zoals C=O, zal licht
absorberen met een korte golflengte, terwijl een zwakkere binding (een "losse
veer"), zoals de waterstofbrug, licht absorbeert met een lange golflengte. Door
de moleculen te bestralen met elektromagnetische straling van verschillende energieën, en te kijken bij welke golflengten deze geabsorbeerd worden kan een
IR spectrum opgenomen worden en hiermee kan de structuur van het molecuul
opgehelderd worden.
Een belangrijke interactie die een rol speelt bij eiwitvouwing is de waterstofbrug interactie. Dit is een Coulombische aantrekkingskracht tussen een deels
negatief geladen atoom, met een deels positief geladen atoom. Een van de veelvoorkomende waterstofbruggen in eiwitten is de waterstofbrug tussen een deels
negatief geladen amide C=O groep met een deels positief geladen waterstof
atoom van een andere amide groep. Deze groep is aanwezig in de binding tussen
alle aminozuren (de enige uitzondering is proline, die geen NH groep heeft.
Wanneer een C=O groep een waterstofbinding aangaat zal de sterkte van de
binding iets zwakker worden, en zal de absorptie plaatsvinden bij een lagere
foton energie. Dus door een absorptie spectrum in het infrarode van het elektromagnetische gebied op te nemen van de peptide, kom je meer te weten over de
waterstofbruggen en dus ook over de manier hoe de peptide is gevouwen.
Voor eenvoudige moleculen is het mogelijk om het complete IR absorptie
spectrum te verklaren, wat betekent dat je iedere absorptiepiek kan toekennen
aan een specifieke vibratie binnen het molecuul. De systemen die bestudeerd
worden in dit proefschrift zijn te groot en te complex om het absorptie spectrum
te verklaren. Daarom is er gebruik gemaakt van computationele hulpmiddelen
om de structuur van de peptiden op te helderen. Eerst is molecular dynamics
gebruikt om waarschijnlijke vouwingen van de peptide te zoeken, de zogenaamde conformational search. Van een selectie van deze vouwingen is vervolgens
het infrarood absorptie spectrum berekend, en vergeleken met het experimentele
spectrum. Als deze theoretische en experimentele spectra identiek zijn, weet je
precies de vouwing van de peptide.
In hoofdstuk 3 en 4 is gebruik gemaakt van het mid-IR spectrum, fotonen
met een golflengte van 5 tot 10 micrometer. In dit gebied vind je lokale vibraties
waarvan de frequentie van de vibratie sterk afhankelijk is van waterstofbruggen
en andere interacties, en gebruik makend van deze regio zijn de vouwingen van
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de onderzochte peptiden vastgesteld en welke interacties een rol spelen. Een
lokale vibratie betekent dat voor deze vibraties maar een klein aantal van de
atomen in het molecuul bewegen. Helaas is dit gebied moeilijk te gebruiken bij
grotere peptiden, omdat grotere peptiden meer vibraties (en dus meer absorptie
banden) hebben, en deze gaan overlappen. Hierdoor wordt het aanwijzen van
een specifieke vouwing aan een experimenteel spectrum natuurlijk erg moeilijk.
Daarom hebben we besloten om de regio uit te breiden naar het verre-IR, fotonen
met een golflengte tot 100 micrometer. In deze region overlappen de absorptie
banden niet omdat vibraties in deze regio voortkomen uit collectieve bewegingen
van bijna het gehele molecuul, en is het mogelijk om de gehele vouwing in één
keer te bestuderen. De huidige theoretische technieken zijn niet toereikend om
de frequenties van deze vibraties te berekenen. Dit komt door de aard van de
vibraties in deze regio, deze zijn erg gedelokaliseerd. Voor deze regio moeten dus
nieuwe methoden ontwikkeld worden.
Dit proefschrift is gebaseerd op vier wetenschappelijke artikelen, hoofdstuk
3 tot en met 7. In hoofdstuk 3 wordt de competitie tussen twee verschillende
krachten die belangrijk voor eiwitvouwing bestudeerd, de waterstofbrug en dispersieve kracht. In twee peptiden, waarin beide krachten een belangrijke rol
kunnen spelen, is onderzocht welke van de krachten voorkomt en welke domineert. Er is lang aangenomen dat waterstofbruggen veel sterker zijn dan dispersieve interacties, en daarom belangrijker zijn in de vouwing van eiwitten.
Desalniettemin kwamen beide vormen voor in de peptiden die bestudeerd zijn,
en de meest stabiele vouwing werd voornamelijk gestabiliseerd door dispersieve interacties. Daarnaast is bekeken hoe accuraat verschillende functionalen
zijn voor het berekenen van de energie en theoretische infrarood spectrum. Er is
geconcludeerd dat verschillende functionalen andere energieën en theoretische
spectra berekenen voor dezelfde vouwing. Het veelgebruikte B3LYP functionaal
is heel goed voor het bereken van de theoretische spectra (ondanks dat dit functionaal dispersieve krachten negeert), en dat de functionalen M05-2X en B97-D
beter zijn om de energie te berekenen.
Een ander type kracht die een rol speelt in de eiwitvouwing is de zoutbrug,
en deze wordt bestudeert in hoofdstuk 4. Deze kracht is, net zoals de waterstofbrug, een Coulombische interactie tussen een negatief geladen deeltje en
een positief geladen deeltje. Het verschil tussen deze twee types krachten is dat
bij de waterstofbrug de ladingen zijn gecreëerd door verschil in elektronegativiteit tussen twee atomen, waardoor één van de atomen een beetje negatief en
het andere een beetje positief is. Bij de zoutbruggen wordt de lading gecreëerd
door de verplaatsing van een positief geladen proton, of een negatief geladen
elektron. In hoofdstuk 4 is de zoutbrug onderzocht tussen de zijketens van twee
aminozuren: glutaminezuur en arginine. Glutaminezuur is erg zuur (staat graag
een proton af) en arginine is erg basisch (neemt graag een proton op). Hierdoor zal, als de proton verplaatsing plaatsvindt, een negatief geladen zijketen
ontstaan bij glutaminezuur en een positief geladen zijketen bij arginine. Eerst
is onderzocht of proton verplaatsing plaatsvindt in de gas fase, omdat onder
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natuurlijke omstandigheden watermoleculen helpen bij de proton verplaatsing.
Nadat is vastgesteld dat deze wel degelijk voorkomt, is bekeken hoe de interactie uitziet tussen de twee ketens. Informatie over de interactie tussen deze twee
zijketens is belangrijk, omdat deze twee aminozuren vaak voorkomen in de "active site" van eiwitten, waar moleculen aan het eiwit kunnen binden en chemische
reacties plaatsvinden.
De laatste twee hoofdstukken gaan over de oorsprong van verre-IR vibraties
in peptiden en de theoretische achtergrond van verre-IR absorptie om deze vibraties beter te begrijpen. In hoofdstuk 5 is getest hoe het verre-IR spectrum kan
worden berekend met een andere computationele techniek: Born-Oppenheimer
Molecular Dynamics (BOMD). Van twee peptiden is het experimentele spectrum
opgenomen in zowel het mid-IR, als het verre-IR. Het welbekende mid-IR spectrum is gebruikt om de vouwing van de peptiden te bepalen. Vervolgens zijn
van deze vouwingen het verre-IR spectrum berekend met BOMD, en vergeleken
met het opgenomen experimentele spectrum. BOMD bleek uitermate geschikt
te zijn om het verre-IR spectrum te berekenen. Hierdoor wordt het mogelijk
om ook het verre-IR spectrum te gebruiken bij het aanwijzen van een specifieke
eiwitvouwing aan een experimenteel spectrum.
In hoofdstuk 6 is BOMD gebruikt om het verre-IR spectrum van drie andere
peptiden te onderzoeken, waarin de nadruk is gelegd op de zogenaamde waterstof strek vibraties. De frequentie van deze vibratie is sterk afhankelijk van de
sterkte van de waterstofbinding, die op zijn beurt weer wordt bepaald door de
geometrie van de waterstofbruggen (de waterstofbrug lengte en de hoeken tussen
verschillende atomen). Ook is de vouwing van een grotere peptide vast kunnen
stellen met behulp van BOMD, wat niet lukte in de mid-IR regio met behulp van
de conventionele technieken door de overlappende absorptiebanden.
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