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Spectroscopy of isolated biomolecular ions in vacuo has within the last decade or so
become a highly active research field, both for experimentalists and theorists, made
possible by the development of advanced instrumental apparatus and the steady
increase in more powerful computers. The field is highly interdisciplinary including
researchers in chemistry, physics, and molecular biology. Absorption spectra of
isolated ions shed light on the intrinsic electronic structures without perturbations
from say water molecules, counter ions, nearby charges, or polar amino acids. A
comparison with spectra of the chromophores in their natural environment then
allows one to identify possible perturbations. Spectra at the same time provide
important benchmarks for quantum chemical calculations of electronically excited
states, which is still a non-trivial task. Not only absorption spectra but also
fluorescence spectra are excellent indicators of environmental effects. In this
volume, we focus on spectroscopy of protein chromophores, amino acids and
peptides, to whole proteins and DNA nucleotides and oligonucleotides. Dissocia-
tion channels and timescales for deexcitation and dissociation are also discussed in
detail, as they shed important light on energy-flow processes within the isolated
biomolecular ion; indeed, small molecular ions with few degrees of freedom are
destined to break apart after photoexcitation due to the absence of a heat bath
(energy sink). As all systems included here are ionic, mass spectrometry in combi-
nation with lasers are used for the experiments. Experimental techniques to measure
spectra and theoretical methods commonly employed are described with a discus-
sion on limitations and advantages.

Our book comprises 11 chapters each written by one or more experts in the topic.
The book is organised as follows: At the beginning of the book, even before the
General Introduction, there are explanatory pages (Concepts) for non-experts in the
field where we briefly describe electric- and magnetic-field sectors used as ion
deflectors, photophysical processes illustrated by Jablonski diagrams, molecular
orbital theory, solvatochromic shifts of electronic transitions, peptide and nucleic
acids structures, and nomenclature regarding peptide fragmentation. Our hope is
that with these sections, the book shows potential to be used for graduate teaching
courses in photobiology and not just for researchers within the field. The second
chapter is a brief introduction by one of us (Brgndsted Nielsen) discussing
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biochromophore ions and the role of microenvironments such as water or nearby
charge sites. The chapter ends by touching upon possible future directions for the
field. In the next chapter, Wyer introduces the experimental techniques used for
performing gas-phase spectroscopy of ions with emphasis on ion storage rings and
other home-built ion beam set-ups as these are less well described in the literature.
It is certainly true that no experiment is perfect, and Wyer discusses the advantages
and disadvantages with different set-ups, differences between positive and negative
ions and importantly what to be cautious about when interpreting experimental
results. In the next chapter by Rubio and Wanko, theoretical methods that are
commonly employed to describe these rather big systems are presented. Also
here the methods are carefully evaluated and their performances relative to each
other are discussed. The subsequent chapters deal with actual biochromophores and
their photophysics. The chapter by Andersen and Bochenkova gives an overview of
the GFP chromophore anion and its absorption spectrum; this spectrum from 2001
was the first to be obtained for an isolated biochromophore ion. The authors discuss
the competition between electron photodetachment and internal conversion, which
is an issue that needs to be considered for anions whose detachment energies are
within the absorption band. The next chapter by Brgndsted Nielsen deals with the
detection of light emitted from photoexcited chromophore ions (dyes), which is
even harder experimentally than obtaining an absorption spectrum. Still fluores-
cence spectroscopy has proven to be a very strong tool for monitoring structures of
isolated biomolecular ions. Wyer and Brgndsted Nielsen summarise in the follow-
ing chapter the increasing amount of data on porphyrin and heme ions and their
complexes with amino acids and NO and compare results with protein spectra. Also
two-laser experiments are discussed allowing one to record spectra of long-lived
photoexcited ions. Spectra of whole proteins are presented in the next chapter by
Antoine and Dugourd, where either heme or aromatic amino acid residues are the
absorbing species. The authors demonstrate the importance of the charge state in
obtaining action spectra, and from two-laser experiments they nicely succeed in
performing spectroscopy on radical species. Dedonder, Féraud, and Jouvet provide
a comprehensive review of the field of spectroscopy of protonated amino acids and
small peptide ions, both at room temperature and at low temperature, with emphasis
on the fast dissociation channels that are operative when the ions are electronically
excited and that compete with internal conversion to the electronic ground state;
their relative importance is measured from photodissociation of the ions in an
electric field. The number of fragments formed in a dissociation process is found
from coincidence experiments considering momentum conservation. Timescales
for the deexcitation processes are established from femtosecond pump-probe laser
experiments. Their work nicely demonstrates how experimental results and theo-
retical ones go hand in hand in obtaining the deepest level of understanding. DNA
and RNA nucleotides and oligonucleotides are the focus of the chapter by Weber,
Marcum, and Brgndsted Nielsen who in detail discuss UV-induced fragmentation
channels, timescales for dissociation after photoexcitation and whether dissociation
is statistical or nonstatistical, and finally electronic spectra (both absorption and
photoelectron spectra). In this chapter the complex role of multiple light absorbing
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species is also considered. In all of these works either visible or UV light was used
for the experiments. In the final chapter by Schlatholter and Hoekstra, recent work
in extending the wavelength region to the vacuum ultraviolet is presented, and the
importance of this region is clearly emphasised by work on peptide ions.

Let us end by saying that the chosen topics for this volume present a selection of
important scientific contributions that we believe have been made to this rapidly
increasing field. They are of course biased by our own interests, and other important
work could have been covered, e.g. the electronic properties of simpler molecular
ions isolated in vacuo that were earlier explored. However, we hope that the reader
has got an impression after reading all the chapters of the rich possibilities that exist
to form and study complicated and fragile ions in vacuo, and that, most importantly,
new fundamental science is learned from such work. We would like to take the
opportunity to thank all the authors who have contributed to this volume and in our
opinion have made this volume a most timely one and one of very high quality.

Aarhus, June 25, 2013 Steen Brgndsted Nielsen and Jean Ann Wyer
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1.1 Electrostatic and Magnetic Fields

An ion with mass m, charge ¢ and velocity v that encounters an electromagnetic
field, composed of an electric field E and/or a magnetic field B, will experience the
Lorentz force F = g(E + v x B). For both electrostatic parallel plate and cylindrical
deflectors the potential difference V required to redirect an ion is dependent on the
kinetic energy to charge ratio of the ion (Figs. 1.1 and 1.2). On the other hand, the
magnitude of a magnetic field needed to deflect an ion along a radius of curvature r
depends on the momentum to charge ratio of the ion (Fig. 1.3).

As the centripetal force is perpendicular to the direction of motion, the speed
remains constant. Since the particle takes a circular path within the cylindrical
deflectors, the angle of deflection is simply the angle, 0, subtended by the deflectors.

As the force on a moving charge due to the magnetic field is perpendicular to the
velocity, the ion will take a circular path with no change in its kinetic energy.

1.2  Nucleic Acid Building Blocks

Nucleic acids are composed of nucleotides. Each building block contains a furanose
sugar, a phosphate group and a base (Fig. 1.4). In DNA the sugar is deoxyribose while
in RNA it is ribose, and the bond that links the sugar and the base together is called the
glycosidic bond. The DNA bases are adenine (A), guanine (G), thymine (T), and
cytosine (C), and the RNA bases are adenine, guanine, cytosine and uracil (U)
(Fig. 1.5). An example of a DNA homopolymer of adenine (oligonucleotide) is
shown in Fig. 1.6. The DNA double helix is formed when two complementary strands
come together according to the specific binding of A with T and G with C
(Watson-Crick base pairs, Fig. 1.5). Guanine-rich DNA strands can form G-quadruplex
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Department of Physics and Astronomy, Aarhus University, Aarhus C 8000, Denmark
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Fig. 1.1 Deflection of an ion

using parallel plates:
_Eyin 2 dtan
V=S T

Fig. 1.2 Deflection of an ion
using concentric cylindrical

plates: V=t 2d
q r

Fig. 1.3 Deflection of an ion b
using a magnetic field:
B="v 1

q

structures, either by intra- or inter-molecular complexation. These complexes are built
from stacked G-quartets comprised of four guanines that are hydrogen bonded in a
planar motif around a central metal atom (Fig. 1.7).
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Fig. 1.5 Nucleobases. In DNA duplexes, A pairs with T and G with C

The phosphate group is negatively charged, which implies that nucleic acids are
multiply charged anions in aqueous solution at neutral pH. Therefore duplex
formation requires high salt concentrations to diminish the Coulomb repulsion
between the strands. At low pH, both the phosphates and the bases are protonated,
which results in positively charged species. Nucleic acids can therefore be produced
in the gas phase both as anions and cations dependent on their protonation state.

1.3  Photoactive Amino acids and Peptides, and Their
Structures

Aromatic amino acids strongly absorb light in the UV region and are therefore of
particular relevance for this volume. They are phenylalanine, tyrosine, and trypto-
phan (Fig. 1.8). The n-conjugated network of the rings results in highly delocalised
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4
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molecular orbitals, and these amino acids thus absorb to the red of the other
seventeen naturally occurring ones. Excitations in this region are typically mr*
transitions. Due to these properties, peptides subjected to UV spectroscopic
experiments often contain at least one aromatic amino acid.

A dipeptide is made when two amino acids join together, release a water
molecule and form an amide bond (see Fig. 1.9). Addition of more amino acids
in a similar way results in longer peptides. Proteins are peptides with a biological
function, e.g., transport of small molecules or enzymatic activity. A classification of
the structural hierarchy was introduced by Linderstrgm-Lang. The sequence of
amino acid residues is denoted the primary structure, while the secondary structure
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Fig. 1.8 Structures of phenylalanine (Phe, F), tyrosine (Tyr, Y), and tryptophan (Trp, W)

amide group

Fig. 1.9 Peptide formation from two amino acids. R; and R, represent the amino-acid side-chains

refers to the different folding motifs of the substructures, e.g., a-helix, f-sheet, and
random coil. How the substructures are organised relative to each other in three
dimensions is called the tertiary structure. If a protein has more than one polypep-
tide chain, then the quaternary structure is the arrangement of the polypeptides
relative to each other.

In gas phase, peptide basic groups, e.g. amino and guanidine groups, are easily
protonated forming positively charged cations, while negatively charged anions are
formed by deprotonation of carboxylic acid groups. In mass spectrometry the
sequence of a peptide is determined by fragmentation, induced by either collisions
after acceleration, electron capture, or photoexcitation, followed by mass spectro-
metric analysis of the fragment ions. The nomenclature for fragment ions is
illustrated for a tetrapeptide in Fig. 1.10.
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a b ¢ a b c a b c
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Fig. 1.10 In the Roepstorff, Fohlman and Biemann fragmentation nomenclature a fragment is
labelled according to which bond in the repeating backbone series was broken, and whether it is
the amino-terminal (N-terminal) or carboxyl-terminal (C-terminal) part. Cleavage of the C,—Cg,
Cg—N (amide or peptide bond), or N-C, bonds result in a, b, or ¢ fragments, and x, y, or z fragments
for the N-terminal and C-terminal sections, respectively. The subscript refers to the number of
amino-acid side-chains present

1.4  Photophysical Processes

A Jabtonski diagram (Fig. 1.11) is often used to illustrate photophysical processes,
with the transitions between the different electronic states and their vibrational
levels indicated. Absorption (A) of a photon induces a transition from the initial
electronic state (Sp) to a higher-energy one (Sy), while when a photon is emitted the
transition is to a lower state. Such a transition is called fluorescence (F) if there is no
change in spin and for phosphorescence (P) if there is a change in spin. Internal
conversion (IC) is a radiationless deexcitation process, whereby a molecule relaxes
to a lower electronic state with the same spin. IC is faster between Sy and Sy._; than
Sy-1 and Sy, since the separation of the levels decreases with increasing N, and thus
the nuclear wavefunctions overlap better. This implies that S; is populated quickly,
and that the IC from S, to S is the slowest. Hence most photochemistry occurs from
S, and emission also normally occurs from there (Kasha’s rule). While the energy
may initially be localised in one specific vibrational mode, it is redistributed among
all modes through a process known as intramolecular vibrational energy redistribu-
tion (IVR) that often occurs on sub-ps to ps timescales. (Notice, IC is sometimes
also used to denote a transition between different vibrational levels.) In a solution,
this excess vibrational energy dissipates to the solvent (i.e., vibrational cooling) on
a time scale that depends on the coupling strength between the solute and the
solvent molecules. Intersystem crossing (ISC) is a radiationless transition to a state
with a different spin. This is possible due to spin—orbit coupling and is particularly
important if the S lifetime is long. ISC back to the ground state also requires a spin
flip, and as the overlap of the nuclear wavefunctions for T; and Sy is low, it is an
even slower process (Fig. 1.12).
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Fig. 1.11 A Jabtonski diagram indicating the electronic ground state (So), the first (S;) and
second (S,) excited singlet states and the first triplet state (T;). According to Hund’s rule, T; is
lower in energy than S;. A number of vibrational energy levels are shown for each electronic state;
the separation between vibrational levels decreases due to anharmonicity of the potential energy
curve. Radiative transitions are depicted with straight lines, radiationless transitions with dashed
lines, and the direction of the transition with an arrow. The difference in energy between the
absorbed and emitted photons is called the Stokes shift
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Fig. 1.12 Electronic configurations specified by occupation of orbitals and spin symmetry (each
electron “arrow” is associated with a one-electron wavefunction): HOMO Highest Occupied
Molecular Orbital; LUMO Lowest Unoccupied Molecular Orbital. The spin multiplicity of a
molecule is 25+1, where § is the total spin quantum number. Singlet (S), doublet (D), and triplet

T) states are states with spin 0, !4, and 1, respectivel
p p y

1.5 o, m and n Orbitals, and Electronic Transitions

The combination of two atomic s orbitals results in two new molecular orbitals
(MOs) that are denoted o orbitals as when viewed from the side along the
atom—atom axis they look like s orbitals (rotational symmetry). This is illustrated
for the molecular hydrogen molecule in Fig. 1.13a. Due to the overlap of the atomic
orbitals, the energy is different for the plus and minus combinations. The plus
combination results in the bonding orbital labelled o, while the minus combination
gives the antibonding orbital labelled 6* (one nodal plane between the two nuclei).
The o orbital is lower in energy than the original s orbitals while the ¢* orbital is
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a b o Modal plane C nodal plane
~nodal plane

"s.*f*' —‘—.15 Zp.-:- —:—.Zp 29.. + -t _.29

Fig. 1.13 Formation of molecular orbitals from atomic orbitals

higher in energy by more than the o orbital is lowered. Popularly speaking, “the ¢*
orbital is more antibonding than the ¢ is bonding”. (This follows from the varia-
tional principle and a non-zero orbital overlap integral. Notice that the energy of the
H 1s orbital on the figure is not that of an isolated H atom (—13.6 eV) but has been
lowered by the favourable interaction between the electron and the other nucleus at
the distance where the bond is formed.). In a similar way, the linear combination of
N p orbitals leads to N & orbitals; viewed from the side along the axis of the two
atoms the two orbitals look like p orbitals, hence the name = orbitals. The simplest
case for N = 2 is shown in Fig. 1.13b. The more p orbitals that overlap, the more
delocalised the state is, and as a result the electronic transition redshifts (Fig. 1.14).
It should also be noted that two p orbitals can combine to form o orbitals
(Fig. 1.13c). Atomic orbitals that do not participate in bonding are denoted non-
bonding orbitals (n-orbitals) or lone-pair orbitals. As an example see the illustration
of the water molecule in Fig. 1.15. All orbitals in a molecule are filled up according
to the Aufbau principle (electrons fill the lowest-energy available orbitals first) and
Pauli principle (no two electrons can have identical quantum numbers).

A transition from a ¢ orbital to a 6* orbital, i.e., 6™ transition, is electronically
allowed as the orbitals have different parity. Since the overlap of the two orbitals is
large, the oscillator strength is high. Likewise for an* transitions. A charge-transfer
transition from say a m orbital of an aromatic ring system to a o* orbital of an
ammonium group has a low oscillator strength due to the low orbital overlap. no*
states can, however, be populated from long-lived photoactive mn* states by
internal conversion. The “allowed-ness” of an electronic transition also depends
on whether spin is conserved or not and on the overlap of the nuclear wavefunctions
between the two states.

Polar solvents induce shifts in absorption/fluorescence bands relative to those in
vacuum. This is because solvent molecules stay still during light-induced electronic
transitions, and while they are oriented in the optimal position for a favourable
interaction with the initial state orbitals, they may not be in the prime position for
the final state orbitals (Figs. 1.16 and 1.17a). A solvent therefore induces a blueshift
in absorption for nn* transitions (strong solvent dependence) (Fig. 1.17a). In
contrast a redshift in absorption is often seen for mx* transitions (Fig. 1.17b)
where the dependence on solvent geometry is weak; instead the higher
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Fig. 1.18 Left: Illustration of the Franck-Condon principle for the electronic excitation/
deexcitation of a diatomic molecule. Vertical transitions have the highest probability as they are
associated with large overlap of the nuclear wavefunctions. The wavefunctions include one extra
nodal point for each step up in quantum number v, and become increasingly concentrated at the
turning points. The strongest transition will be to the vibrational level whose wavefunction has the
largest overlap with the original wavefunction. Red dotted lines are drawn to indicate the initial
nuclear wavefunctions. Right: The overall shape of the absorption band is determined by the
overlap with each vibrational mode. As fluorescence is likely to occur from v/ = 0 and the
structures of Sp and S; are similar, the emission band is often a mirror image of the absorption
band (mirror-image rule)

polarisability of the excited state than that of the ground state increases the
interaction energy between the chromophore and the solvent molecules.

1.6  The Franck-Condon Principle

According to the Born-Oppenheimer approximation, as nuclei move slowly com-
pared to the far lighter electrons, electrons follow the nuclei instantaneously.
Conversely, the nuclei adjust slowly to a change in the electronic state. This implies
that in an electronic excitation the wavefunction for the nuclear motion is nearly the
same immediately after as before the excitation (Fig. 1.18). The absorption spec-
trum of the molecule directly reflects this as the pattern is determined by the so-
called Franck-Condon (FC) factors. For one particular vibrational level in the
electronic excited state, this factor is calculated as the square of the overlap integral
of the nuclear wavefunctions in the electronic ground and excited states. In other
words, the FC factor is a measure of the relative importance of one vibrational
component of an absorption band. The overall intensity of the electronic transition
is obtained from the area under the absorption spectrum since the sum of all FC
factors adds up to one.



